
148 

Acta Cryst. (1967). 23, 148 

The Crystal and Molecular Structure of l-Methylamino-7-methylimino-1,3,5-cycloheptatriene* 

BY PAUL GOLDSTEIN]" AND KENNETH N. TRUEBLOOD 
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(Received 31 August 1965 and in revised form 12 December 1966) 

1-Methy lamino-7 -me thy l imino- l , 3 ,5 -cyc lohep ta t r i ene ,  C9H12N2, a typical N,N'-disubstituted anaino- 
troponeimine, forms orthorhombic orange plates of space group Iba2, with eight molecules in the unit 
cell and a0= 14.518, b0= 19.49, co= 5.982 A. The structure was solved with the help of a sharpened 
three-dimensional Patterson function, and was refined by full-matrix least-squares methods. The 
molecule has essentially mm2 symmetry, including the methyl groups, which are staggered with respect 
to the nearest ring hydrogen atoms; the molecular structure seems best described in terms of a ten- 
electron n-system encompassing the seven-membered ring and the two attached nitrogen atoms. The 
single amino hydrogen atom appeared in a final difference Fourier synthesis as two peaks of half the 
normal height symmetrically situated with respect to the two nitrogen atoms, a finding consistent with 
the nuclear magnetic resonance, infrared, and chemical evidence that the nitrogen atoms are equivalent. 
Intermolecular contacts are normal. 

Introduction 

N,N'-Disubstituted aminotroponeimines (I) are stable 
colored compounds which, like the structurally related 
tropolone, exhibit aromatic character in their physical 
and chemical properties (Brasen, Holmquist & Benson, 
1960, 1961). However, differences between tropolone 
and the aminotroponeimines in nuclear magnetic re- 
sonance (n.m.r.) spectra, in molecular dipole moments, 
and in rates of nucleophilic substitution on the ring 
indicate (Benson, 1960) that the latter compounds con- 
tain a ten-electron g-system delocalized over the seven 
ring carbons and the two nitrogen atoms (II) in con- 
trast to tropolone, which is best understood in terms 
of a g-system involving only six electrons. 
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The proton n.m.r, absorption spectrum of a chloro- 
form solution of N,N'-dimethylaminotroponeimine 
(III), shows only one peak for the methyl protons, even 
at - 8 0 ° C  and when the amino hydrogen is replaced 
by deuterium. This evidence implies that the two methyl 
groups are, on a time average, equivalent, which in turn 
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implies that the nitrogen atoms are equivalent, and 
either that the amino hydrogen is symmetrically situ- 
ated with respect to the two nitrogen atoms [as in (II)], 
or that there is an extremely fast intramolecular hydro- 
gen (or deuterium) exchange (Benson, 1960; Brasen 
et al., 1961). As discussed below, we have independently 
concluded from the X-ray evidence that the two nitro- 
gen atoms are chemically equivalent. 

The aminotroponeimines are of interest also because 
they form chelates with dipositive ions such as Z n  2+, 
Ni 2+, Cu 2+, and Co 2+. The nickel chelates exist in both 
a diamagnetic and a paramagnetic form, which are in 
equilibrium with one another in solution. The dia- 
magnetic form is presumed to correspond to a square 
planar configuration around the nickel atom and the 
paramagnetic form to contain tetrahedrally arranged 
ligands. The equilibrium appears to be governed by 
steric factors and depends on temperature, solvent, and 
the size of the substituents on the nitrogen atoms (Eaton, 
Phillips & Caldwell, 1963). 

We undertook a precise single-crystal structure anal- 
ysis of (III) in an effort to provide information about 
the aromatic character of the aminotroponeimines and 
with the hope that we might possibly locate the N- 
proton. The determination should also provide a useful 
reference standard for any structural studies of the 
chelates of this and related molecules. 

Experimental 

Crystals of N,N'-dimethylaminotroponeimine (III), 
CgHI2N2, in the form of orange plates were kindly sup- 
plied to us by Dr B. C. Fratt. Preliminary Weissenberg 
photographs showed that the crystals are orthorhombic; 
the cell dimensions were determined by an iterative 
relaxation method from measurements on zero-layer 
Weissenberg photographs calibrated with CeOz powder 
lines (a0 = 5.411 •), using 2(Cu K~) = 1-5418 ~.  They 
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are a0= 14.518 + 0.010, b0= 19.49 + 0.02, and Co = 5.982 
+0.004A.  The density calculated for an eight-mol- 
ecule unit cell is 1.163 g.cm-3; the observed density is 
1.174+0.005 g.cm -3. The systematic extinctions ar~ 
hkl with h + k + l =  2n + 1, Okl with k = 2n + 1 (or l = 
2 n + l ) ,  and hOl with h = 2 n + l  (or l = 2 n + l ) .  These 
are consistent with two space groups, Iba2 and Ibam, 
but the latter can be ruled out on the basis of packing 
considerations, since the molecules would be con- 
strained to lie either on the mirror planes or on two- 
fold axes, and their size is such that they would then 
overlap. There is thus one molecule in the asymmetric 
unit of space group Iba2. 

Intensity data were collected from crystals mounted 
about b and c, enclosed in 0.3 mm diameter thin-walled 
Lindemann-glass capillaries to minimize loss by evap- 
oration of the moderately volatile substance. The crys- 
tal mounted about b was 0.5 mm high, with cross- 
section cut to approximately 0.17 by 0.20 mm; inte- 
grated intensities for levels 0-6 and non-integrated in- 
tensities for levels 7-18 were recorded with a Nonius 
camera by the multiple-film technique with Cu Ke 
radiation. Integrated intensities were similarly collected 
about e for levels 0-5 from a crystal 0.5 mm high, with 
cross-section cut to about 0.16x0.24 mm. The inte- 
grated intensities, collected with Ni-filtered radiation, 
were measured both with a densitometer (Baird Atomic 
Model CB) and visually, by comparison with an inte- 
grated intensity scale. Estimation of the non-integrated 
intensities was done visually, using a standard scale 
having reflections of comparable size and shape. Lo- 
rentz and polarization corrections were applied; ab- 
sorption corrections were ignored, since the maximum 
error due to absorption was calculated to be less than 
5Yo for the b-axis data and less than 8Uo for that col- 
lected around c (/z= 5.8 cm -1 for Cu Ke). 

The data were correlated to a common scale in two 
steps by means of an iterative relaxation technique, 
similar to that described by Rollett & Sparks (1960) 
and programmed for the IBM 7090 computer by Dr 
Sparks. Of the 1131 reflections in the Cu Kc~ sphere, 
1031 (91~)  were accessible experimentally, and of 
these only 92 (9Y o) were too weak to be observed. 
These 92 are identified in Table 1 by the letter U; the 
Fo listed for them is approximately 0.71 Fmln, where 
Fmln is the estimated minimum observable structure 
factor amplitude in the corresponding region of re- 
ciprocal space. This value was used when they were 
included in the least-squares refinements (Hamilton, 
1955). 

Determination and refinement of the structure 

A trial structure was found by the application of ele- 
mentary search techniques to a three-dimensional Pat- 
terson function which had been sharpened by modi- 
fication of the coefficients by the factor (0.17 + sZ)e -~s2, 
with s = s i n  0/2 and B =  3.0 (Jacobson, Wunderlich & 
Lipscomb, 1961). We did not have a three-dimensional 
automatic computer search program available; hence 

the first step in the procedure was to find the plane of 
the (presumably planar) molecule by visual inspection 
of the Patterson distribution, searching for sections of 
high density which passed through the origin, corre- 
sponding to the coplanar intramolecular vectors of the 
molecule. A three-dimensional model of the peaks 
within 3.5 A of the origin in the sharpened Patterson 
function revealed this plane rather quickly. Then the 
orientation of the molecule within the section was found 
by fitting to it a vector map constructed from a model 
of the molecule; only one good fit was evident. The 
correctness of this fit was indicated when the twofold 
axis of the molecule, not a crystallographic symmetry 
element, was found to correspond with a previously 
unnoticed approximate twofold axis in the Patterson 
section on which the search was made. 

Once the orientation of the molecule had been estab- 
blished, only two translational parameters remained to 
be determined, corresponding to the position of some 
arbitrary point in the molecule relative to the origin of 
the unit cell; the third translational parameter is arbi- 
trary because e is a polar axis in space group Iba2. 
These translational parameters were found by consider- 
ation of the Harker lines P(u,O,½) and P(0,v,½) and 
their implications for the full Patterson function. Each 
Harker-line peak was analyzed by assuming it to arise 
first from a given unique atom of the molecule; this 
assumption then implied the existence of many other 
interactions, both on the Harker line and throughout 
the three-dimensional Patterson function. The fit for 
each unique atom in turn was considered. This method 
led to one and only one good fit for each of the two 
translational parameters to be specified. The trial struc- 
ture so determined gave a discrepancy index, R, of 
0.35 with all eleven carbon and nitrogen atoms in- 
cluded in the calculation, each with an isotropic tem- 
perature factor of 3.0 A 2. However, a three-dimensional 
Fourier synthesis, and a calculation of the geometry 
of the molecule, showed that an inadvertent error had 
been made in the position of one of the atoms. When 
this was corrected, R was 0.25 and it appeared very 
likely that the trial structure was correct. 

Refinement was begun at once by full-matrix three- 
dimensional least squares. The program used was a 
slightly modified version of that of Gantzel, Sparks & 
Trueblood (ACA no. 317), which minimizes %" w(Ifol 
-GIFc[) 2, where G is a scale factor (the reciprocal of 
which is actually applied to Fo). The scattering factors 
used in all calculations were those of Hoerni & Ibers 
(1954) for the carbon and nitrogen atoms, and the 
hydrogen scattering function given in International 
Tables for X-ray Crystallography (1962). Two separate 
weighting schemes were employed, first that of Hughes 
(1941) with 4Fmin= 22"4, and second, one with weights 
inversely proportional to the e.s.d.'s of the data as 
estimated during the data-correlation. The results at 
parallel stages were not significantly different; the final 
parameters quoted here are those derived from the lat- 
ter weighting scheme. 
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The initial refinement proceeded in stages during 
which the range of  reflections included was successively 
increased by lowering the minimum value of  Fo (from 
21 to 0) and raising the max imum value of  sin 0/2 
( f rom 0.40 to 0.65). Dur ing this initial refinement, an 
arbitrari ly chosen constant  isotropic temperature  fac- 
tor  of  3-0 A 2 was used. R fell to 0.18. Three further 
cycles with individual isotropic temperature  factors in- 
cluded as variable parameters  reduced R to 0.13, and 
four  more  with anisotropic temperature  factors gave 
R=0 .107 .  A difference map then revealed the approx- 
imate positions of  all twelve of  the hydrogen a toms;  
the one at tached to the nitrogen a tom appeared as a 
b road  peak about  midway between the nitrogens. All 
of  the hydrogen atoms except the one at tached to the 
nitrogen a tom were then included in further  least- 
squares refinements, including all of  the observed and 
unobserved reflections except for the seven strongest 
(which appeared to suffer f rom extinction); the posi- 
tions and individual isotropic temperature  factors of  
the hydrogen atoms were allowed to vary. Because of  
l imitations of  the program,  it was necessary to give 
two of  the heavier a toms isotropic temperature  factors 
while refining the hydrogen parameters .  Consequently,  
after the hydrogen parameters  had converged, a few 
additional cycles of  anisotropic refinement of  all of  the 
heavier a toms were done to insure convergence. All of  
the final shifts were less than 5~o of  the corresponding 
e.s.d. The final R was 0.070 for the observed and un- 
observed data,  excluding the eleven strongest reflec- 
tions. When these are included, R =  0.082. 

The parameters  resulting f rom these refinements were 
used in a final difference Fourier  synthesis. The ulti- 
mate  hydrogen a tom appeared in a b road  region of  
electron density, with two maxima  of heights 0.27 and 
0.23 e . ~  -3 and a saddle point  of height 0.20 e .~  -3 be- 
tween them (Fig. 1). The e.s.d, of  the electron density 
is nearly 0.05 e./~ -3 ; only two other features of  the map  
approached  densities of  even three times the e.s.d, and 
they were not  near  this region. The positions of  the 
two maxima representing the amino hydrogen were 
about  1.0 A apar t  and each was 1.1 A from the nearer 
nitrogen atom. Hydrogen atoms with weight 0.5 were 

Fig. 1. Final difference electron density synthesis in the plane 
of the molecule, near the nitrogen atoms. All atoms except 
the amino hydrogen atom were used in the calculation of 
structure factors. Contour interval 0.03 e.~-3, with the 
first contour at 0.14 e.~ -3, which is about 30"(0). 

put  at these positions, assigned temperature  factors of  
7 A 2, and refined by three cycles of  full-matrix least 
squares, together with all of  the heavy atoms in the 
molecule. The shifts in the parameters  of  the latter were 
negligible, while those of  the half  hydrogens themselves 
converged; the positions shifted by only about  one 

Table 2. Final position parameters 
and their standard deviations* 

x y 
C(1) 3006,2 1106,1 
C(2) 2236,2 0702,1 
C(3) 1365,2 0663,2 
C(4) 0984,2 1004,2 
C(5) 1423,3 1462,2 
C(6) 2310,2 1726,2 
C(7) 3038,2 1587,1 
C(8) 3944,2 0632,2 
C(9) 4062,3 2393,2 
N(1) 3794,2 1077,1 
N(2) 3852,2 1894,1 
H(2) 233,3 045,2 
H(3) 093,3 034,2 
H(4) 028,3 093,2 
H(5) 101,3 171,2 
H(6) 253,3 213,2 
H(8a) 386,3 013,2 
H(8b) 349,3 072,2 
H(8c) 458,3 074,2 
H(9a) 479,3 255,2 
H(9b) 355,3 279,2 
H(9c) 402,3 220,2 
H(N1) 431,5 137,3 
H(N2) 427,7 173,5 

Z 

5120 9 
4514.10 
5433 11 
7236 ~ 
8627 10 
8513 10 
7040 9 
2091 10 
8965 11 
3985 8 
7221 9 
297 8 
487 8 
754 8 
996 8 
980 8 
235 9 
081 9 
128 9 
876 9 
899 9 

1038 9 
450 10 
554 22 

* X 104 for all but hydrogen atoms, for which values are 
x 103. E.s.d.'s are separated by a comma, and are given in the 
units of the least significant digit. The values of a(z) appear 
abnormally large, but because of the polarity of e there are 
strong correlations between the z values of different atoms, 
the average correlation coefficient being about 0.65. 

t This parameter was arbitrarily fixed. 

Table 3. Thermal vibration parameters~f 

Btl B22 B33 B12 B13 B23 
C(1) 46 23 256 11 - 17 23 
C(2) 49 28 349 4 - 31 - 18 
C(3) 46 34 473 - 7 - 50 26 
C(4) 47 41 465 10 31 51 
C(5) 59 43 341 24 55 20 
C(6) 58 36 306 20 14 - 17 
C(7) 49 24 266 9 - 26 2 
C(8) 70 40 313 22 35 - 3 0  
C(9) 83 37 436 - 1 1  - 5 5  - 78 
N(1) 51 31 309 6 33 - 5 
N(2) 57 30 365 - 3 - 22 - 25 

B B 
H(2) 3"8 A2 H(8a) 3"5/~2 
H(3) 5"3 H(8b) 2.6 
H(4) 5.8 H(8c) 4"3 
H(5) 5-9 H(9a) 7"5 
H(6) 6"0 H(9b) 5"3 
H(N1) 2 H(9c) 5"0 
H(N2) 7 

* Bu and B~j x 104. The e.s.d, of B~ are ca.4 %, while for 
the hydrogen atoms a(B)_ 1.1 /I,2 for all but H(N2), for which 
t r"  2 A2. The expression used for anisotropic temperature fac- 
tors is: 

exp [ -  (B1 ih 2 + Bzzk2 + B33l 2 + Bxzhk + Bz3kl+ B13hl)]. 
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e.s.d., al though the temperature  factor of  one half-atom 
fell to 2 A 2. The significance of  this observation of  two 
'half-hydrogens '  is discussed below. The final position 
parameters ,  together with their e.s.d.'s, are given in 
Table 2, and the final temperature  factors in Table 3. 

The rigid-body tensors derived from the temperature  
factors are given in Table 4; the r.m.s, difference be- 

Table 4. Results of rigid-body analysis 
of thermal parameters* 

Eigenvectorst 
Eigenvalues (Direction cosines x 104) 

Librational 18.3 (0) 2 8317 -5031 2351 
tensor, L 11.9 4160 2842 - 8638 

9.7 3678 8162 4456 

Translational 0.0521 A2 -7573 -6499 0645 
tensor, T 0.0480 - 1458 2646 9533 

0.0415 -6365 7125 -2952 

Symmetrized:l: (37 109 -108 )  
screw tensor, S 14 14 x 105 rad.A 

-51 
* Calculated by the method of Schomaker & Trueblood 

(1966, 1967). 
I" Direction cosines of the eigenvectors are relative to a, 

b, and c respectively. L is independent of the origin, T and S 
depend upon it and are here given relative to the unique origin 
which symmetrizes S. This unique origin is about 0.52 A from 
the centroid of the molecule, displaced along the three crystal 
axes by 0.41,- 0.20, and -0.25 ~. 

:I: S is expressed relative to the principal axes of L and to the 
unique origin given above. 

tween observed and calculated U~j. was 0.0023 A 2. The 
analysis of  the rigid-body motion of the molecule was 
made by the method of Schomaker  & Trueblood (1966, 
1967) because the molecule is non-centrosymmetric  and 
consequently Cruickshank 's  (1956a) method is inappli- 
cable. Neither the librational nor the translat ional  
motion is markedly anisotropic, and the maximum 
libration amplitude is only about  4.3 °, so the libra- 
tional corrections for rigid-body motion are not great. 
Compar ison  of  results obtained by application of  
Cruickshank 's  method with those in Talzle 4, together 
with comments  on the interpretation of  the screw ten- 
sor S and quantities related to it, are given elsewhere 
(Schomaker  & Trueblood,  1967). 

The molecular and crystal structure 

The bond distances and angles in the molecule are 
shown in Figs. 2 and 3, and are given, with their e.s.d.'s, 
in Table 5. The e.s.d. 's include allowance for the high 
correlation in z (Templeton, 1960). Approximate  cor- 
rections to the bond distances and angles to allow for 
the effects of  molecular libration were made (Cruick- 
shank, 1956b); the corrections to the distances were 
quite uniformly 0.005-0.006 A, while those to the 
angles were generally less than 0.I o. Because the prin- 
cipal vibrations of the methyl groups are appreciably 
greater than those of  the attached nitrogen atoms, and 
are chiefly normal  to the respective N-CH3 bond vec- 
tors, the rigid-body model is a poor  approximat ion for 

c(4)-c(5) 
c(4)-c(3) 

c(5) -c(6) 
c(3)-c(2) 

c(6) -c(7) 
C(2)-C(1) 

C(1) -C(7) 

C(1)-N(1) 
C(7)-N(2) 

N(1)-C(8) 
N(2)-C(9) 

Table 5. Bond distances and bond angles 
Bond distances 

Uncorrected Corrected* E.s.d. Uncorrected E.s.d. 
1"378/~ 1"383/~ 6 × 10-3/~ C(2)-H(2) 1.06 A 4 × 10 -2/~ 
1.382 1.387 6 C(3)-H(3) 0.96 4 

C(4)-H(4) 1-05 4 
1.388 1.393 6 C(5)-H(5) 1.10 4 
1-381 1"386 6 C(6)-H(6) 1-15 4 

1"402 1"407 6 C(8)-H(8a) 1.00 5 
1.414 1.420 6 C(8)-H(8b) 1.03 5 

C(8)-H(8c) 1"06 5 
1-484 1"490 4 C(9)-H(9a) 1.10 5 

C(9)-H(9b) 1-07 5 
1.332 1.337 5 C(9)-H(9c) 0.93 5 
1-329 1.334 5 

N(1)-H(N1) 1.0 0.1 
1"443 1"46 (0) 7 N(2)-H(N2) 1.2 0.1 
1.458 1.47 (9) 7 

Bond anglest 
C(3)-C(4)-C(5) 126.7 ° C(2)-C(1)-N(1) 121 "7 ° 

C(6)-C(7)-N(2) 122-2 
C(4)-C(3)-C(2) 130.6 
C(4)-C(5)-C(6) 129.8 C(7)-C(I)-N(I) 113"2 

C(1)-C(7)-N(2) 112.1 
C(3)-C(2)-C(1) 130.7 
C(5)-C(6)-C(7) 131.2 C(1)-N(1)-C(8) 123.7 

C(7)-N(2)-C(9) 123.0 
C(2)-C(1)-C(7) 125"1 
C(6)-C(7)-C(1) 125.7 

* Corrected for libration of the molecule (see text). The e.s.d.'s include an (arbitrary) uncertainty of 0.001-0.002 A in this 
correction. 

"t" The e.s.d, of the bond angles are 0.3-0-4 °, with the larger values for the angles within the ring, especially those away from 
C(I) and C(7). Most angles involving hydrogen atoms are shown in Fig. 3. 
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these atoms, and consequently these distances were 
corrected by the method of Leung & Marsh (1958). 

The molecule has essentially mm2 (C2v) symmetry, 
even including the hydrogen atoms of the methyl 
groups. The rotational conformation of these groups 
is apparently governed by steric interaction with the 
nearest hydrogen atoms on the ring, H(2) and H(6) 
respectively, the methyl hydrogen atoms nearest to 
these atoms straddling them at distances of about 2.0- 
2.3 A (Table 6). The sum of the usually accepted van 
der Waals radii for two hydrogen atoms is 2.2-2.4 A, 
so these contacts are just slightly short; however, if the 

Fig.  2. B o n d  d is tances ,  i nc lud ing  a p p r o x i m a t e  c o r r e c t i o n s  fo r  
m o l e c u l a r  l i b ra t ion .  T h e  a m i n o  h y d r o g e n  a t o m  is s h o w n  a t  
the  a v e r a g e  o f  the  two  pos i t i ons  f o u n d  (Fig.  1, T a b l e s  2 a n d  5). 

08° / / / /  \\\.~ 1 1 2 ° ~ / ~  

2"1 ° 11 
122"2° ( ~  ( ~  121"7° 

H~31.125"7  1 130,7 ~ 2 5 1  ~ 1-13° ~)  
119° "-~ yl16 ° 

~ )  116° H~(4117° (~) 

Fig. 3. B o n d  angles .  

methyl groups were in the conformations 60 ° from 
those found here, the distances would be further re- 
duced by about 0.3 A. One further intramolecular dis- 
tance of interest is that between hydrogen atoms on 
adjacent carbon atoms of the ring; the average value 
is 2.31 A. In benzene, where the C-C and C-H bond 
distances are equal to those here, this distance is about 
2.48 A. The difference is of course due to the increase 
in the internal avgle at each carbon atom of the planar 
seven-membered ring. 

Table 6. Some non-bonded intramolecular distances* 

H ( 2 ) .  • • H ( 8 a )  2.34 A H ( 6 ) - ' .  H(9b)  2"03 A 
• • • H(8b )  2-19 • • • H(9c )  2-19 
• .-C(8) 2"43 ""  C(9) 2"34 

H(8c)  • • • H ( N 1 )  2.3 H ( 9 a ) .  • • H ( N 2 )  2.6 

* N o  i n t e r m o l e c u l a r  d i s t ances  a re  l is ted here ,  a l t h o u g h  
m a n y  a re  s h o w n  in F ig .4 .  T h e y  were  in no  ins t ance  sma l l e r  
t h a n  the  sums  o f  the  a c c e p t e d  van  der  W a a l s  radi i .  

The approximate twofold axis of the molecule, re- 
lating chemically equivalent distances and angles, is 
shown in Table 5 by the grouping of chemically equiv- 
alent geometrical features. The distances and angles 
that we find suggest strongly that the description in 
terms of an aromatic system containing 10 n-electrons 
is a valid one. The simplest picture to consider is the 
superposition of two equivalent resonance forms, cor- 
responding to (I) and the equivalent form with the 
double bonds all shifted to the neighboring position 
and the bond from H to N transferred to the other 
nitrogen atom. This view would lead one to expect the 
two exocyclic C-N  bonds and all of the ring bonds 
with the exception of C(1)-C(7) to correspond to the 
aromatic distance, and indeed they do, for the aromatic 
C-N distance of about 1.34-1-35 A in pyridine, pyra- 
zine, and related substances is very close to that found 
here (1.34), and the average of the six appropriate C-C 
distances here is 1.396 A (with an average deviation of 
about 0.01 A), very close to that reported for crystal- 
line benzene, 1.392+0.004 A (Cox, Cruickshank & 
Smith, 1958) and gaseous benzene, e.g. 1.397 + 0.001 A 
(Stoicheff, 1954). Furthermore, the N-CH3 distances 
are in fair accord with expectation for a bond between 
trigonally hybridized nitrogen and tetrahedral carbon, 
about 1.45 A. Finally, the C(1)-C(7) distance of 1.490 A 
agrees well with that expected for a single bond be- 
tween two trigonally hybridized carbon atoms and 
with, for example, the central 'single' bond in 1,3-buta- 
diene, 1-483 A (Almenningen, Bastiansen & Traette- 
berg, 1958) and the inter-ring bond in biphenyl, 1.497 A 
(Robertson, 1961) or 1.492 A (Almenningen & Bastian- 
sen, 1958). The analogous bond in other 10 n-electron 
systems has a similar length, e.g. in sodium tropolonate, 
1.471 A (Sasada & Nitta, 1956) and azulene, 1.483 A 
(Robertson, Shearer, Sim & Watson, 1962). On the 
other hand, in tropolone hydrochloride, where a 6 n- 
electron system prevails, the C(1)-C(7) bond length is 
only 1.39 A (Sasada & Nitta, 1957). 
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Coplanarity of all of the atoms in the molecule (ex- 
cept for the hydrogen atoms in each methyl group) is 
also to be expected if the molecule does indeed have 
aromatic character. As Table 7 shows, the methyl car- 
bon atoms, C(8) and C(9), are indeed in the plane of 
the ring. The deviations of C(4), C(5), and N(1) from 
this plane may be real, but in any event are small, 
amounting to no more than 0.02A at most. Further- 
more the twin half-peaks corresponding to H(N1) and 
H (N2) also lie in the molecular plane, as expected. 

Table 7. Planarity of  the molecule* 
Atom Deviation Atom Deviation 
C(1) 0.007 A H(2) 0.14 X 
C(7) -0.003 H(3) -0.06 
C(2) -0"008 H(4) 0"12 
C(6) - 0.002 H(5) 0.05 
C(3) 0.002 H(6) 0.02 
C(5) -0"020 
C(4) 0.019 H(8a) - 0"79 

H(8b) 0"78 
N(1) 0"015 H(8c) 0"14 
N(2) 0"004 

H(9a) -0"04 
C(8) -0"014 H(9b) 0.79 
C(9) 0-001 H(9c) - 0.77 

H(N1) 0"03 
H(N2) 0-09 

* The least squares plane, defined by the eleven heavy 
atoms, has the equation -0.3125X+O.7374Y-O.5988Z+ 
1.615=0 in which X, Y, and Z are coordinates in A measured 
parallel to a, b, and e (Schomaker, Waser, Marsh & Bergman, 
1959). 

One reasonable molecular axis is that given in Table 
7 as the normal to the molecular plane. The other 
logical mutually perpendicular axes lie in the plane, 
with direction cosines 0.0516, 0.6426, 0.7645 [approx- 
imately parallel to C(1)-C(7)] and 0.9485, 0-2080, 
-0.2388.  

The shape of the seven-membered ring in the present 
molecule is remarkably similar to that in sodium tro- 
polonate (Table 8), with significant parallel trends in 
the averages of chemically equivalent bond angles and 
bond distances. The close similarity in the geometry 
of these two molecules evident in Table 8 is confirmed 
by 2 ,2 tests, which show that neither the distances nor 
angles are significantly different. The very slight devia- 
tions from planarity in sodium tropolonate also paral- 
lel those of the present molecule. It is noteworthy that 
the dipole moments of these molecules have opposite 
polarity, 4.4D in the tropolonate anion, with the ring 
positive, and 1.24D in the present molecule, with the 
ring negative. 

One possible interpretation of our findings, both with 
regard to the two half-peaks for the amino proton and 
the aromatic character, might be that the crystal is 
statically disordered, containing a random mixture of 
two individual ' tautomers'  corresponding to (I) and 
the equivalent form with the amino hydrogen and all 
the double bonds moved. These would properly be 

Table 8. Comparisons of ring geometry 
Distance Present Sodium 
or angle* molecule tropolonatet 
1-7 1.490/~ 1.471/~ 
1-2; 6-7 1.414 1.431 
2-3 ; 5-6 1.390 1.389 
3-4; 4--5 1-385 1-396 

1 ; 7 125-4 ° 125"4 ° 
2; 6 131.0 131.5 
3; 5 130.2 129.5 
4 126.7 127.0 

* Carbon atoms are identified by number; internal ring 
angles are identified by the number of the central carbon 
atom of the three which define the angle. The e.s.d.'s of the 
distances given are about 0-004 A for the present molecule 
and 0.013 A for sodium tropolonate. 

t Sasada & Nitta (1956). 

called ' tautomers'  if there were a significant barrier to 
their interconversion; the evidence cited in the opening 
paragraphs is of course against this suggestion. How- 
ever, even if in fact these two distinct species might 
exist, the evidence is against their co-existing in this 
crystal. The atomic parameters that we find give no 
evidence of the high apparent tangential motion of the 
atoms in the ring which such a disorder would simu- 
late; in fact, for C(1), C(2) and C(7) the r.m.s, vibration 
amplitude in the radial direction is equal to or greater 
than that in the tangential direction. As Table 4 shows, 
neither the librational nor the translational motion is 
especially great or markedly anisotropic; the r.m.s. 
librational amplitude around the normal to the least- 
squares plane of the ring (Table 7) is only 3.9 °. 

Our results concerning the amino hydrogen atom 
cannot alone be considered definitive; although the 
heights of the half-peaks which represent it are between 
five and six times the e.s.d, of the electron density, 
the e.s.d, of the positions of these hydrogen atoms as 
estimated from the least-squares results are about 0.1 A, 
and systematic errors of even a minor sort could make 
the actual uncertainties significantly larger. As Fig. 1 
illustrates, the saddle-point between the maxima is 
only about one e.s.d, lower than the maxima them- 
selves. However, while it is not unequivocally estab- 
lished that there are two equivalent proton positions 
rather than a single average one, our results do clearly 
suggest that the barrier in the potential function for 
movement of this proton must be relatively low, and 
the function itself nearly symmetrical. The infrared 
spectroscopic evidence for intramolecular hydrogen 
bonding (Brasen et al., 1961) and the n.m.r, evidence 
of equivalence of the nitrogen atoms are, of course, 
in accord with this view. Dipole moment and reactivity 
studies have also been interpreted by Brasen et aL to 
support the presence of a 10-n-electron aromatic sys- 
tem, as indicated by (II), with possibly a small degree 
of transfer of the hydrogen atom's electron to the ring, 
i.e. with small contributions from a zwitterion reso- 
nance form similar to (II), consisting of a proton and 
the remainder of the molecule with a negative charge. 
Short hydrogen bonds with apparently disordered hy- 
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drogen atoms have been reported in a number of 
structures recently, e . g .  cytosine-5-acetic acid (Marsh, 
Bierstedt & Eichhorn, 1962) and fl-5-n-propoxy-o-qui- 
none-2-oxime (Romers, 1964). Proton tunneling in 
N - H . . .  N bonds has been discussed by Rein & Harris 
(1965) in connection with genetic mutations involving 
the guanine-cytosine base pair of deoxyribonucleic acid. 

Webb & Fleischer (1965) have recently reported a 
precise X-ray study of porphine with results very sim- 
ilar to those found here: a half-hydrogen atom asso- 
ciated with each nitrogen atom, and apparent equiv- 
alence of chemical bonds which would be distinct in 
individual tautomers. 

The eight molecules in the unit cell are packed in 
an efficient manner, without any unusually close inter- 
molecular contacts. The shortest intermolecular dis- 
tances are shown in Fig. 4. The molecules lie in four 
general orientations in the unit cell (the body-centering 

operation repeating these), inclined to all three axes, 
as indicated by the equation for the molecular plane 
(Table 7). They are packed in the familiar herringbone 
fashion within layers normal to b. The molecules within 
any layer are inclined, with the methyl groups and 
nearby ring hydrogen atoms forming the bulk of the 
upper and lower surfaces of the layer - thus the con- 
tacts between layers are chiefly between methyl groups, 
or methyl groups and ring hydrogen atoms of different 
molecules. The molecular planes of the molecules with- 
in any layer are inclined to one another at 36 ° (when 
related by the c-glide normal to a, e . g .  A and C of 
Fig.4), 74 ° (when related by the 21 parallel to e,  e . g .  

A and F) and 95 ° (when related by the c-glide normal 
to b, e .g .  A and D). 

It is a pleasure to acknowledge our indebtedness to 
Mary Burke Laing, who made preliminary studies of 

O,b/2 

a /4 ,b /4  "" " ', : & -', 

a/4 , -b /4  "~ 

bT 

I I 

Fig.4. View along a of the molecules bordering a reference molecule, A. The letters and subscripts associated with each molecule 
represent the symmetry transformations and axial translations which relate that molecule to the reference molecule, A, at 
position x,  y,  z. The positions of the symmetry-related molecules are B, - x ,  - y ,  z ; C, - x ,  y,  ½ + z ; D,  x , - y , ½ + z ;  F, ½ - x ,  
½ - Y , ½ + z ;  H,  ½ + x , ½ - y , z .  Symbols appearing together refer to molecules superimposed upon one another; only the nearer 
molecule is shown. Distances to the further molecule, i.e. translations in the positive a direction, are depicted by incomplete 
dashed lines. All intermolecular It-H contacts less than 2.6/~, all C-H contacts less than 3.0/~, and some others of interest, 
are shown. 
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these crystals and determined their unit cell and space 
group, to Dr  B.C.Prat t  of the Central Research De- 
partment,  E.I. du Pont de Nemours  & Company,  for 
the sample, to the U.S. Air Force for their partial sup- 
port of  this work, to Maryellin Reinecke for the illus- 
trations, and to the staff of the U C L A  Comput ing  
Facility for their cooperation in the machine calcula- 
tions. 
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The Crystal Structure of Phenylethynyl(isopropylamine)goltl(I). 

BY P. W. R. CORFIELD* AND H. M. M. SHEARER 

ChemL~try Department, The University, Durham, England 

(Received 29 October 1966) 

Phenylethynyl(isopropylamine)gold(l), i-CaH7NH2AuC--CC6Hs, crystallizes in an orthorhombic cell 
with a =  17.92, b=  17.15, c=7.22 A, Z=8 ,  space group Pccn. The structure was solved by the heavy 
atom method and refined by the method of least squares to an R value of 0.064, calculated on the 
1032 observed reflexions. The gold atoms lie in infinite zigzag chains, extending along the direction 
of the c axis, with gold-gold distances of 3.72 ,~ along the chains and angles of 153 o. The chains are 
related in pairs by the twofold axes through ¼¼0 and ¼¼0, the gold-gold distances between the chains 
being 3.27 ,~t. Each gold atom is bonded, in an almost linear manner, to a nitrogen and to an ethynyl 
carbon atom with these atoms lying nearly in the plane of the zigzag. The gold-nitrogen and gold- 
carbon distances are 2.03 and 1.94 A respectively. The amino hydrogen atoms are directed approx- 
imately towards neighbouring ethynyl groups and may be engaged in hydrogen bond formation. 

Introduction 

The complexes formed by phenylethynylgold(I) with 
pr imary and secondary amines tend to be sparingly 
soluble in inert solvents. Molecular-weight measure- 
ments (cryoscopically in benzene) show the presence 
of associated species, the extent of  association increas- 
ing with concentration. The n-octylamine complex has 

* Present address: Chemistry Department, Northwestern 
University, Evanston, Illinois, U.S.A. 

degrees of association in the range 3.1-4-1 for the con- 
centration range 1.3-5.7 wt. %; the n-nonylamine com- 
plex in the range 2-6-4.1 (0.7-5-2 wt. %). The isopropyl- 
amine complex was not sufficiently soluble to permit  
such measurements.  

The ethynyl stretching frequencies for these com- 
plexes lie in the range 2122-2125 cm -a (in a potassium 
bromide disc) and those of bisphenylethynylmercury 
at 2149 cm -1 with a weaker band at 2117 cm -I. The 
very slight lowering in the stretching frequencies of the 
gold complexes suggests that re-bonding between the 


