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Abstract 

The molecular structure and crystal packing of a 
homologous series of 4-n-alkyl-N-(4-cyanophenyl)piper- 
idines (I), where alkyl equals butyl, pentyl, hexyl, heptyl 
and octyl (n = 4-8), have been analyzed. Although the 
conformations of the (cyanophenyl)piperidyl unit remain 
fairly constant throughout, the crystal packing depends 
acutely upon alkyl chain length with one, two or four 
molecules comprising the asymmetric unit: for (I) 
(n = 4), monoclinic (P21); for (I) (n_ = 5), monoclinic 
(P21/c); for (I) (n = 6), triclinic (P1); for (I) (n = 7), 
triclinic (P1); for (I) (n = 8), monoclinic (P21/c). The 
piperidyl rings are in a chair conformation. Unit-cell and 
other crystal data are presented. 

Introduction 

It is known that trans-l-n-alkyl-4-(4-cyanophenyl)cyclo- 
hexanes form monotropic smectic and enantiotropic 
nematic mesophases between the temperatures of the 
crystal and liquid phases (Eidenschink, Erdman, Krause 
& Pohl, 1977). To determine the influence of the 
isoelectronic substitution of C - - H  by nitrogen at the 
juncture between the phenyl and cyclohexyl rings, we 
have synthesized a series of 4-n-alkyl-N-(4-cyano- 
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phenyl)piperidines, (I) (n = 4-8). Surprisingly, only (I) 
(n -- 6) is mesogenic and becomes (monotropic) nematic 
when cooled from the liquid state. In other work, we 
have shown that mesomorphism can be induced by 
mixing homologues of (I) (Sheikh-Ali & Weiss, 1991, 
1994). In order to explore possible links between the lack 
of liquid crystallinity in (I) and modes of packing in the 
solid state, the crystal structures have been analyzed and 
compared with each other and with their cyclohexyl 
analogues. 

Experimental 

Table 1 lists the experimental conditions and the final 
refinement parameters for (I) (n = 4-8). Samples of (I) 
(Sheikh-Ali & Weiss 1991, 1994) were recrystallized 
from hexane and affLxed to a glass fiber by epoxy resin 
(sans hardener). Data were collected on a Siemens 
P4/RA diffractometer with an LT-2 low-temperature 
device. No phase transitions were detected by differential 
scanning calorimetry between room temperature and 
203 K. The phase problem was solved, in some cases 
with difficulty, by standard direct methods, or integrated 
Patterson search methods (PATSEE; Sheldrick, 1985). 
The structures were developed by difference-Fourier 
calculations interspersed with cycles of full-matrix least- 
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Table 1. Crystal data and structure refinement parameters for (I) (n = 4--8) 

(I) (n = 4) (I) (n = 5) (I) (n = 6) (I) (n = 7) (I) (n = 8) 
Empirical formula CI6H22N2 C17H24N 2 CIsH26N2 C19H2sN2 C20H3oN2 
Formula weight 242.40 256.43 270.41 284.49 298.46 
Temperature (K) 203 203 203 ! 73 203 
Radiation Mo Ka Mo Ka Mo Ka Mo Kot Cu Ka 
Wavelength (,~,) 0.71073 0.71073 0.71073 0.71073 1.54178 
Crystal system Monoclinic Monoclinic Triclinic Triclinic Monoclinic 
Space group P21 P2,/c Pi Pi P21/c 
Unit-cell dimensions 

a (.~) 8.317 (2) 9.065 (2) 6.369 (3) 11.061 (!) 12.331 (2) 
b (~) 17.435 (3) 9.750 (2) 9.071 (3) 15.690 (3) 11.086 (2) 
c (A) 20.011 (4) 35.191 (7) 14.682 (4) 21.641 (3) 13.929 (3) 
a (°) 106.69 (2) 106.06 (1) 
/3 (°) 90.43 (3) 97.10 (3) 93.69 (3) 101.27 (1) 102.74 (3) 
Y (°) 93.33 (3) 100.13 (1) 

Volume (.~3) 2901.7 (10) 3086.5 (11) 808.2 (5) 3432.6 (9) 1857.2 (6) 
No. of reflections 34 38 36 60 26 
0 range (°) 10-25 10-25 10-25 10-25 10-25 
Z 8 8 2 8 4 
Dx (gem -3) 1.110 1.103 !.111 1.101 1.067 
Absorption coefficient (ram -~) 0.065 0.060 0.065 0.060 0.438 
F(000) ! 056 1120 296 1248 656 
Crystal size (mm) 0.4 x 0.3 x 0.3 0.4 x 0.3 × 0.3 0.4 x 0.3 x 0.3 0.5 x 0.3 x 0.3 0.4 x 0.3 x 0.2 
0 range for data collection (o) 1.55-24.99 2.26-25.00 2.35-28.64 1.94-25.00 5.15--48.72 
Index range h -I---+9 -10--+10 - I - -*7 -1---.12 -1--+8 

k -1---.20 -3 - - .11  -11---~ 11 -17---~ 17 -1---~ 10 
l -23  --+23 -41--+41 - 1 9  ~ 19 -25  --+25 -13  ~ 13 

No. of standard reflections (frequency) 3 (97) 3 (97) 3 (97) 3 (97) 3 (97) 
Scan type o9 co o9 co co 
Scan range (°) 0.92 0.92 1.70 1.06 0.92 
No. of reflections collected [1 > 2(r(1)] 6861 7371 4000 13 606 21 ! 7 
No. of independent reflections 5622 5436 3067 I 1 639 1565 
Rtnt 0.0472 0.0366 0.0671 0.0365 0.0620 
No. of reflections observed [I > 2xr(/)] 3057 3682 1506 7666 1129 
Data/restraints/parameters 5600/I/662 5433/0/345 3066/0/181 11605/0/757 1546/0/195 
Goodness-of-fit on F 2 1.024 1.025 1.023 1.078 0.970 
Final R indices [1 > 2~r(1)], R, 0.0714 0.0545 0.0764 0.0536 0.0693 
R indices (all data), R t 0.1421 0.0887 0.1551 0.0906 0.0906 

wR2 0.2499 0.1636 0.2314 0.1598 0.2010 
(A/or)max 0.416 --0.040 0.025 0.004 0.037 
(A #r)average 0.040 0.009 0.004 0.001 0.007 
Weighting scheme l/[a2(F2o) + (alp) z +fp], where p = [max(Fo 2, 0) + 2F~]/3 

d 0.0958 0.0679 0.1025 0.063 0.1726 
f 0.4900 0.6177 0.1068 1.3545 3.3255 

Largest difference peak/hole (e ,~-3) 0.160/-0.169 0.205/-0.160 0.202/-0.197 0.29/-0.19 0.18/-0.17 
Method Full-matrix least-squares on F 2 

squares ref'mements (SHELXTL-Plus and SHELXL93, 
Sheldrick, 1995). Methyl H atoms were located by means 
of AF syntheses with toroidal averaging, and were 
included in subsequent calculations as a group of 
idealized tetrahedral geometry riding on the methyl C 
atom. The positions of all other H atoms were calculated 
assuming standard geometries, and constrained to ride on 
their respective C atoms. For final refinements, all 

0~(41 ~o ~kC (I0' C~I) c ~ i ~ - ~ )  L ~  ' 
' 

Fig. 1. ORTEP-Iike diagram o f  (I) (n = 6). Ellipsoids are drawn at the 
50% probabili ty level. Also shown is the a tom numbering scheme 
used throughout.  Note that the alkyl tails have similar and, in some 
homologs,  smaller isotropic equivalent thermal parameters than the 
cyanophenyl  moiety.  

structures were refined on F 2 using all data, retaining 
F 2 < 0. For aesthetic convenience and familiarity, the 
unweighted discrepancy indices on F for those data 
where I > 2o'(1) are provided and denoted R 1. Final 
atomic coordinates and equivalent isotropic displacement 
parameters are given in Tables 2-6 for (I) (n = 4--8), 
respectively.* Fig. 1 shows for a representative structure, 
(I) ( n = 6 ) ,  the atom labeling scheme employed 
throughout and the general disposition of the phenyl, 
piperidyl and alkyl moieties that comprise the family (I). 

For (I) (n = 4), there are four molecules per asym- 
metric unit in space group P21, a number of sufficient 
size to warrant close inspection for missed symmetry. 
The cell is pseudo-orthorhombic [/3 = 90.43 (3)°], with a 
pseudoscrew axis parallel to x which relates pairs of 
molecules, in addition to the screw axis of P21 . However, 

* Lists o f  structure factors, anisotropic displacement parameters, H- 
atom coordinates and complete  geometry  have been deposited with the 
IUCr  (Reference: GR0375).  Copies  may  be obtained through The 
Managing Editor, International Union o f  Crystallography, 5 Abbey  
Square, Chester CH 1 2HU, England. 
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for equivalent data in an orthorhombic lattice, 
Rin t - - -0 .16 .  Close inspection of  precession-photo-like 
displays of  the reciprocal lattice revealed no sign of  glide 
planes. Refinement of  the structure in P21 proceeded 
smoothly to convergence with the highest correlation 
coefficient being less than 0.6. Moreover, the differences x y z 
in conformations are significant, and, in particular, for N(1A) 1106(10) 8134(6) 2033 (4) 
the apparently centrosymmetrically related pairs of  C(2A) 1130(11) 7495(7) 1880(5) 

C(3A) 1182 (9) 6719 (6) 1696 (4) 
molecules,  A and B, and C and D, the piperidyl rings C(4A) 1222 (9) 6495 (6) 1037 (4) 

lack an inversion relationship. The alkyl chain of  C(5A) 1268(9) 5741 (6) 868(4) 
C(rA) 1269 (9) 5135 (7) 1325 (4) 

molecule A is disordered: the minor conformer [relative C(7A) 1256 (9) 5363 (5) 2015 (4) 
occupancy 0 .14(2)]  involves disorder at the methylene C(8A) 1232 (9) 6133 (6) 2187 (4) 
site C(16A) and the methyl site C(18A). N(9A) 1416 (7) 4369 (4) 1168 (3) 

C(10A) 957 (9) 4152 (6) 470 (4) 
For (I) (n = 5), structure elaboration in P21/c (Z = 8) C( l l a )  1515 (9) 3363 (5) 297 (3) 

proceeded smoothly to convergence. A small number of  C(12A) 985 (8) 2748 (5) 794 (4) 
reflections (17) showed weak but significant violation of  C(13A) 1512 (8) 2997 (5) 1461 (4) 

C(14A) 1015 (10) 3789 (5) 1662 (4) 
the glide plane extinction [2o'(1) < I < 5o'(1)]. Develop- C(15a) 1587 (9) 1934 (6) 594 (4) 
ment of  the structure in space group P21 proceeded C(16A) 892 (10) 1283 (6) 1000 (4) 

C(17A) 1546 (11) 495 (6) 806 (5) 
unsatisfactorily, even with damping of  least-squares C(18A) 792(14)  - 1 4 7 ( 7 )  1165(5) 
refinements by augmentation of  diagonal elements of  N(10)  -1112(10) 5735(7) 4542(4) 
the least-squares matrix. Close inspection of  the structure c(2o) -1102 (9) 6388 (7) 4431 (5) 

C(3D) - 1140 (8) 7195 (6) 4266 (4) 
in P21/c revealed no aberrations in stereochemistry or c(4o) -11o7 (9) 7756(6)  4734 (4) 
atomic displacement parameters. Thus, the crystal struc- e(50) -1140 (9) 8506 (6) 4565 (4) 
ture is appropriately described in space group P21/c, and c(60) -1194 (8) 8766 (6) 3908 (4) 

C(7D) -1252  (9) 8171 (7) 3416 (5) 
the weakly observed reflections may be attributed to a c(8o) -1208  (9) 7417 (7) 3598 (4) 
minute disorder of  the molecules in the crystal structure, N(9D) -1173 (7) 9509 (5) 3727 (3) 

C(10D) -1665 (9) 10109 (6) 4217 (4) 
but of  a degree less than that seen for (I) (n -- 4 and 7), c(11o) -1181 (9) 10878 (6) 4052 (4) 
where the disorder is of  sufficient magnitude to lead to C(12D) -1601 (9) 11160 (6) 3336 (4) 
low symmetry space groups where the asymmetric unit c(13m -1069 (10) 10546 (7) 2858 (4) 

C(14D) -1522 (11) 9742 (6) 3027 (4) 
comprises two pairs of  conformationally similar mole- C(15D) -1027  (8) 11924 (6) 3157 (4) 
cules. C(16D) -1653 (8) 12622 (6) 3536 (4) 

C(17D) -1058 (11) 13370 (7) 3322 (5) 
(I) (n = 6) was initially solved by direct methods and c(18o) -1653  (13) 14082 (7) 3684 (5) 

refined to R 1 = 0.15, with two overlapping disordered N(IC) 6344 (10) 688 (6) 512 (4) 
molecules. Fragment search (PATSEE), using (I) (n -- 5) c(2c) 6348 (9) 1336 (7) 628 (5) 

C(3C) 6347 (8) 2153 (6) 792 (5) 
as a fragment, yielded a solution which refined to c(4c) 6289(9)  2716(6)  319(4)  
R 1 -- 0 .0764 for a model with no disorder. The correct c(5c) 6293 (9) 3459 (6) 478 (4) 
solution was related to the incorrect disordered one by c(6c) 6302 (8) 3722 (6) 1139 (4) 

C(7C) 6378 (9) 3129 (7) 1639 (4) 
inversion of  the mean coordinates of  each pair of  c(8c) 6406(9) 2367 (7) 1467 (4) 
atoms, e.g. N(1) and N(I'),  about the_point (¼,0, ¼). N(9C) 6350 (7) 4469 (5) 1327 (3) 

C(10C) 5962 (10) 5040 (6) 824 (4) 
For (I) (n = 7), direct methods in P1 yielded a solution C(llC) 6440 (9) 5831 (6) 993 (4) 

with two ordered and two disordered molecules in the c(12c) 5919 (8) 6112(5) 1708 (3) 
asymmetric unit, which upon refinement led to R I (7666 c(13c) 6423 (11) 5493 (6) 2189 (4) 

C(14C) 5904 (9) 4705 (5) 2003 (3) 
data) = 0 .1077 (11 562 data/150 restraints/1131 vail- c(15c) 644o (9) 6896 (5) 1894 (4) 
ables). Each ordered molecule had a pair of  translation- c(16c) 5883 (8) 7568 (5) 1483 (4) 

C(17C) 6342 (10) 8333 (6) 1730 (4) 
ally disordered molecules whose average coordinates in x c(18c) 5688 (12) 9004 (6) 1334 (5) 
and y were approximately equal to those of  the ordered rq(la) 3692 (9) 3304 (7) 2943 (4) 
molecule,  while the average z coordinate differed by c(2e) 3717(11) 2682(7) 3078(5) 

C(3B) 3864 (8) 1906 (6) 3244 (4) 
approximately 0.5. In the light of  experiences with (I) c(4a) 3781 (8) 1639 (6) 3906 (4) 
( n -  6), considerable efforts were made by means of  c(5a) 3738 (9) 889 (6) 4068 (4) 
vector-search methods, PATSEE, forced relocation of  c(6t~) 3756 (9) 316 (6) 3592 (4) 

C(7B) 3695 (8) 550 (6) 2900 (4) 
molecules,  and alternative direct-methods strategies to c(88) 3700 (8) 1316(6) 2744 (4) 
obtain an ordered structure. The relationship between N(9m 3826 (7) -465 (5) 3753 (3) 
disordered and ordered models for (I) ( n - - 6 )  was c(108) 3496(11)  - 6 6 8 ( 6 )  4447(4)  

C(I1B) 4032 (10) -1461 (6) 4622 (4) 
inspected for possible application to the apparent c(12a) 3454(9)  - 2 0 8 4 ( 5 )  4129(4)  
disorder afflicting (I) (n = 7). As is detailed below, no c(13a) 3913 (10) -1848  (6) 3441 (4) 

C(14B) 3343 (9) -1033 (5) 3266 (4) 
such application is possible, not least because for (I) c(15a) 4108 (8) - 2868  (6) 4332 (4) 
( n -  6) there is only one molecule in the asymmetric c(16B) 3453 (9) -3528 (6) 3917 (4) 

Table 2. Atomic coordinates ( X 1 0  4) and equivalent 
isotropic displacement parameters ( A 2 x  103) for (I) 

(n = 4) 

U ~  = (1 /3)  ~--~i )--~j U i j a ~ a ~ a i . a j  • 

v.  
84 (3) 
68 (3) 
59 (2) 
62 (2) 
57 (2) 
58 (3) 
60 (2) 
65 (3) 
53 (2) 
66 (2) 
59 (2) 
57 (2) 
52 (2) 
66 (2) 
67 (2) 
53 (3) 
73 (3) 
78 (4) 
87 (3) 
62 (3) 
58 (2) 
63 (2) 
62 (3) 
46 (2) 
68 (3) 
67 (3) 
60 (2) 
67 (2) 
67 (3) 
64 (2) 
75 (3) 
75 (3) 
64 (2) 
64 (2) 
81 (3) 

101 (3) 
80 (2) 
64 (3) 
62 (3) 
62 (3) 
59 (2) 
46 (2) 
61 (3) 
67 (3) 
52 (2) 
70 (3) 
67 (3) 
54 (2) 
79 (3) 
59 (2) 
63 (2) 
59 (2) 
68 (3) 
95 (3) 
82 (2) 
64 (3) 
54 (2) 
55 (2) 
59 (3) 
52 (2) 
55 (2) 
60 (2) 
54 (2) 
78 (3) 
66 (3) 
60 (2) 
69 (3) 
62 (2) 
65 (2) 
66 (2) 
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Table 2 (cont.) 

x y z Ueq 
C(17B) 3985 (12) -4323 (7) 4169 (5) 80 (3) 
C(18B) 3217 (13) -4975 (7) 3839 (5) 102 (3) 
C(16W)t 1872 (149) 1416 (76) 1190 (93) 161 (42) 
C(18W)t 2227 (196) -126  (98) 1265 (67) 224(64) 

t S e e  t e x t .  

Table 3. Atomic coordinates (xl04) and equivalent 
isotropic displacement parameters (~2 × 10 3) for (I) 

(n = 5) 

Ueq = (1 /3)  Y]~i Y~4 Uija~ a~ai'aJ" 
x y z Ueq 

N(IA) -2003 (2) 527 (2) 3233 (1) 58 (1) 
C(2A) -2644  (2) 352 (2) 2934 (1) 42 (1) 
C(3A) -3445 (2) 135 (2) 2561 (1) 36 (1) 
C(4A) -3797 (2) 1217 (2) 2309 (1) 39 (1) 
C(5A) -4562 (2) 1008 (2) 1953 (1) 37 (1) 
C(6A) -5051 (2) -309  (2) 1825 (1) 32 (1) 
C(7A) -4659 (2) -1396 (2) 2083 (1) 37 (1) 
C(8A) -3897 (2) -1180  (2) 2440 (1) 38 (1) 
N(9A) -5885 (2) -522  (2) 1476 (1) 34 (1) 
C(10A) -6137 (2) 631 (2) 1206 (1) 38 (1) 
C(llA) -7404  (2) 366 (2) 891 (1) 38 (1) 
C(12A) --7244 (2) --978 (2) 681 (1) 35 (1) 
C(13A) -7107 (2) -2109 (2) 981 (1) 41 (1) 
C(14A) -5827 (3) -1872 (2) 1290 (1) 43 (1) 
C(15A) -8516 (2) -1201 (2) 362 (1) 40 (1) 
C(16A) -8405 (2) -2492 (2) 123 (1) 41 (1) 
C(17A) -9634  (2) -2635 (2) -208  (1) 41 (1) 
C(18A) -9471 (3) -3875 (3) -459  (1) 49 (1) 
C(19A) -10718 (3) -4034 (3) -785  (1) 67 (1) 
N(IB) 4445 (2) 2906 (2) 5183 (1) 61 (1) 
C(2B) 3769 (2) 3141 (3) 4892 (I) 46 (1) 
C(3B) 2933 (2) 3460 (2) 4528 (1) 38 (1) 
C(4B) 2816 (2) 4802 (2) 4400 (I) 42 (1) 
C(5B) 2034 (2) 5119 (2) 4050 (1) 39 (i) 
C(6B) 1313 (2) 4102 (2) 3814 (1) 32 (1) 
C(7B) 1446 (2) 2739 (2) 3948 (1) 39 (1) 
C(8B) 2231 (2) 2433 (2) 4298 (1) 42 (1) 
N(9B) 451 (2) 4409 (2) 3468 (1) 32 (1) 
C(10B) 396 (2) 5837 (2) 3337 (I) 38 (1) 
C(I1B) -851 (2) 6081 (2) 3018 (1) 37 (1) 
C(12B) -794  (2) 5115 (2) 2679 (1) 33 (1) 
C(13B) -786  (2) 3658 (2) 2836 (1) 38 (1) 
C(14B) 470 (2) 3420 (2) 3154 (1) 41 (1) 
C(15B) -2059 (2) 5376 (2) 2360 (1) 35 (1) 
C(16B) -1977 (2) 4592 (2) 1987 (I) 37 (1) 
C(17B) -3282 (2) 4878 (2) 1687 (!) 40 (1) 
C(18B) -3255 (3) 4100 (2) 1314 (I) 46 (1) 
C(19B) -4600 (3) 4362 (3) 1024 (1) 66 (I) 

unit, whereas for (I) (n = 7) there are four molecules, 
which need not share a common misplaced origin. 
Eventually, in space group P1, a nondisordered solution 
emerged, that on refinement converged at R 1 - -0 .08 .  
Centrosymmetric relationships among pairs of  molecules 
were obvious not only from the coordinates, but also 
from the large number of correlation coefficients in 
excess of 0.85. With the molecules now correctly 
positioned in P1, least-squares refinements converged 
satisfactorily at R 1 = 0.0536. In the ordered correct 
model, pairs of molecules are also approximately related 
by z + ½. Relative to the disordered incorrect model, one 
pair of molecules differs by 0.75 in z, whereas the other 
pair differs by 0.25 in z. The crystal structures of  (I) 
(n = 6 and 7) provide a salutary lesson in the importance 

Table 4. Atomic coordinates ( × 1 0  4 ) and equivalent 
isotropic displacement parameters (~2 × 103) for (I) 

(n = 6) 

1 * * Ueq ~-- ( / 3 )  Z i  Z j  Uija, a) a i.aj. 

x y z Ueq 
N(1) 2806 (5) -4695 (3) 5464 (2) 51 (1) 
C(2) 2621 (5) -3868 (3) 5006 (2) 39 (1) 
C(3) 2341 (5) -2782 (3) 4466 (2) 37 (1) 
C(4) 350 (6) -2397 (4) 4240 (3) 59 (1) 
C(5) 58 (6) -1323 (4) 3760 (3) 57 (1) 
C(6) 1739 (5) -563 (3) 3483 (2) 34 (1) 
C(7) 3730 (6) -990  (4) 3699 (3) 60 (1) 
C(8) 4033 (6) -2078 (4) 4176 (3) 60 (1) 
N(9) 1460 (4) 520 (3) 2981 (2) 35 (1) 
C(10) -703  (5) 891 (3) 2806 (2) 42 (1) 
C( l l )  -892  (5) 1866 (3) 2130 (2) 45 (1) 
C(12) 573 (5) 3333 (3) 2462 (2) 38 (1) 
C(13) 2802 (5) 2864 (4) 2568 (2) 45 (1) 
C(14) 3029 (5) 1872 (3) 3237 (2) 46 (1) 
C(15) 367 (5) 4382 (4) 1818 (2) 45 (1) 
C(16) -1813 (5) 4995 (3) 1763 (2) 44 (i) 
C(17) -1975 (6) 6138 (4) 1185 (2) 48 (1) 
C(18) -4146 (6) 6750 (4) 1156 (2) 46 (I) 
C(19) -4367 (6) 7875 (4) 567 (2) 52 (1) 
C(20) -6540 (7) 8491 (4) 566 (3) 66 (1) 

of placing some faith in the original diffraction data: final 
discrepancy indices should approach the discrepancy 
index for the merging of equivalent data, unless there is a 
compelling reason for the difference, such as missing 
electron density. 

For (I) (n = 8), PATSEE yielded a solution that 
refined satisfactorily to R = 0.09. The piperidyl ring was 
almost planar, but with two C atoms at the 2- and 5- 
positions relative to the nitrogen showing exaggerated 
atomic displacement parameters and the C atom at the 4- 
position showing lesser displacement. The disorder was 
modeled by assuming two chair conformations of  the 
piperidyl ring involving flip-flops of atoms C(11) and 
C(14). Several H atoms (including half H atoms) were 
visible in the difference Fourier map in positions 
congruent with this model. For final ref'mements, H 
atoms were placed at their calculated positions and 
allowed to ride on their attached C atoms. Least-squares 
refinements converged at R 1 -- 0.069. Bond angles at the 
1- and 4-positions of the piperidyl ring deviate from 
those seen in other piperidyl rings of the family (I), 
indicating that the disorder propagates beyond atoms 
C ( l l )  and C(14). In view of the disorder, solution and 
refinement of the crystal structure in space group P21 
were investigated, since there were a number of weak but 
significant violations of  the glide plane extinction. The 
piperidyl ring remained disordered in both molecules, 
and even with mild damping applied, all the hallmarks of 
a missing inversion center were present. Therefore, the 
mildly disordered structure in P21/c represents the best 
solution to the data. Violations of the glide plane 
extinction rule are attributed to the same cause as in (I) 
(n = 5), vide supra. Although this data set is the only one 
to be collected with copper radiation, and the collection 
was not extended to higher angle because of the 
constraints of  the low temperature device, the rapid 
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Table 5. Atomic coordinates (×104)o and equivalent 
isotropic displacement parameters (A2x 103) for (I) 

(n = 7) 

Ueq = (1/3) ~i ~j Uija*a~ai.aj. 
x y z Ueq 

N(1A) 1608 (2) -5187 (1) -2396  (1) 50 (1) 
C(2A) 1713 (2) -4842  (2) -1840  (1) 38 (1) 
C(3A) 1845 (2) -4411 (1) -1141 (1) 34 (1) 
C(4A) 804 (2) -4196  (1) -912  (1) 38 (I) 
C(5A) 936 (2) -3810  (1) -241 (1) 36 (!) 
C(6A) 2104 (2) -3618 (1) 231 (1) 32 (1) 
C(7A) 3145 (2) -3818 (2) - 1 0  (!) 36 (1) 
C(8A) 3008 (2) -4210  (2) -683  (1) 39 (1) 
N(9A) 2199 (2) -3221 (1) 908 (1) 33 (1) 
C(10A) 1217 (2) -3690  (2) 1159 (1) 38 (I) 
C(llA) 1203 (2) -3140  (2) 1853 (1) 37 (1) 
C(12A) 2503 (2) -2869  (2) 2344 (1) 35 (1) 
C(I 3A) 3449 (2) -2366 (2) 2064 (1) 37 (1) 
C(14A) 3462 (2) -2948 (2) 1373 (1) 35 (I) 
C(15A) 2447 (2) -2328 (2) 3041 (1) 39 (!) 
C(16A) 3666 (2) -2084  (2) 3592 (1) 41 (1) 
C(17A) 3462 (2) -1710  (2) 4281 (1) 40 (1) 
C(18A) 4664 (2) -1388 (2) 4847 (1) 41 (1) 
C(19A) 4440 (2) -1043 (2) 5535 (1) 41 (I) 
C(20A) 5630 (2) -702  (2) 6102 (1) 46 (I) 
C(21A) 5377 (3) -372  (2) 6784 (1) 56 (1) 
N(1B) -1212 (2) 544 (2) -2469 (1) 59 (1) 
C(2B) -777  (2) 715 (2) -1910  (1) 44 (1) 
C(3B) -251 (2) 943 (2) -1205 (1) 38 (1) 
C(4B) -881 (2) 1365 (2) -758  (1) 43 (1) 
C(5B) -397  (2) 1578 (2) - 8 3  (1) 40 (1) 
C(6B) 753 (2) 1388 (2) 184 (1) 38 (1) 
C(7B) 1360 (2) 947 (2) -282  (1) 49 (1) 
C(8B) 882 (2) 740 (2) -956  (1) 46 (1) 
N(9B) 1283 (2) 1663 (1) 863 (1) 41 (1) 
C(10B) 497 (2) 1939 (2) 1319 (1) 56 (1) 
C(11B) 1284 (2) 2510 (2) 2014 (1) 47 (1) 
C(12B) 2238 (2) 2054 (2) 2307 (I) 37 (1) 
C(13B) 3042 (2) 1797 (2) 1816 (!) 47 (1) 
C(14B) 2253 (2) 1233 (2) 1119 (1) 46 (1) 
C(15B) 3079 (2) 2630 (2) 2994 ( i ) 45 (1) 
C(16B) 2380 (2) 2903 (2) 3531 (I) 42 (1) 
C(17B) 3278 (2) 3326 (2) 4225 (I) 42 (1) 
C(18B) 2637 (2) 3562 (2) 4786 (1) 42 (1) 
C(19B) 3589 (2) 3919 (2) 5469 (1) 43 (1) 
C(20B) 3019 (2) 4085 (2) 6056 (1) 49 (1) 
C(21B) 4015 (3) 4450 (2) 6718 (1) 62 (1) 
N(1C) 1486 (2) -5085 (2) 2438 (I) 51 (1) 
C(2C) 1587 (2) -4764 (2) 2996 (1) 40 (1) 
C(3C) 1728 (2) -4370  (1) 3700 (i) 35 (I) 
C(4C) 2875 (2) -4243 (2) 4156 (!) 40 (1) 
C(5C) 3005 (2) -3901 (2) 4832 (1) 38 (I) 
C(6C) 1976 (2) -3677 (1) 5080 (1) 32 (I) 
C(7C) 838 (2) -3786  (1) 4610 (1) 35 (1) 
C(8C) 711 (2) -4123 (1) 3939 (1) 35 (I) 
N(9C) 2058 (2) -3343 (1) 5762 (1) 32 (I) 
C(10C) 3299 (2) -3162  (2) 6226 (1) 37 (!) 
C(I lC) 3298 (2) -2638 (2) 6933 (1) 37 (i) 
C(12C) 2290 (2) -3149 (2) 7178 (1) 35 (i) 
C(13C) 1010 (2) -3343 (2) 6679 (1) 39 (1) 
C(14C) 1025 (2) -3829 (2) 5973 (1) 40 (1) 
C(15C) 2230 (2) -2631 (2) 7875 (1) 38 (1) 
C(16C) 3446 (2) -2381 (2) 8431 (1) 39 (1) 
C(17C) 3266 (2) -1921 (2) 9112 (1) 38 (1) 
C(18C) 4482 (2) -1554  (2) 9671 (1) 40 (1) 
C(19C) 4282 (2) -1105 (2) 10348 (1) 40 (1) 
C(20C) 5489 (2) -694  (2) 10908 (1) 45 (1) 
C(21C) 5263 (3) -246  (2) 11575 (1) 63 (1) 
N(ID) 1294 (2) -606  (2) 7600 (1) 61 (1) 
C(2D) 871 (2) -754  (2) 7044 (1) 44 (1) 
C(3D) 353 (2) -955  (2) 6337 (1) 38 (1) 
C(4D) 995 (2) -1340  (2) 5887 (1) 40 (1) 
C(5D) 532 (2) -1520  (2) 5214 (1) 39 (1) 
C(6D) -630  (2) -1344  (1) 4955 (1) 34 (1) 
C(7D) -1261 (2) -935  (2) 5423 (1) 44 (1) 
C(8D) -786  (2) -751 (2) 6093 (1) 44 (1) 

Table 5 (cont.) 

x y z Ueq 
N(9D) -1158  (2) -1583 (1) 4275 (1) 36 (1) 
C(10D) -363  (2) -1848  (2) 3820 (1) 44 (1) 
C(11D) -1150  (2) -2380  (2) 3112 (1) 41 (1) 
C(12D) -2067 (2) -1878 (2) 2838 (1) 37 (1) 
C(13D) -2865 (2) -1630  (2) 3329 (1) 46 (1) 
C(14D) -2085 (2) -1110  (2) 4033 (1) 44 (1) 
C(15D) -2908 (2) -2431 (2) 2145 (1) 44 (1) 
C(16D) -2220  (2) -2728 (2) 1611 (1) 41 (1) 
C(17D) -3123 (2) -3171 (2) 919 (1) 41 (1) 
C(18D) -2495 (2) -3462  (2) 359 (1) 40 (1) 
C(19D) -3450  (2) -3844  (2) -320  (1) 41 (1) 
C(20D) -2896  (2) -4105 (2) -910  (1) 50 (1) 
C(21D) -3905 (3) -4495 (2) -1569  (1) 60 (1) 

Table 6. Atomic coordinates ( × 1 0  4 ) and equivalent 
isotropic displacement parameters (,~2 x 103) for (I) 

(n = 8) 

Ueq = (1 /3)~- , i  ~-~j Uija*a~ai.aj. 

x y z Ueq 
N(I) -150  (4) 1499 (4) 138 (4) 83 (2) 
C(2) 184 (4) 1227 (4) 947 (4) 63 (2) 
C(3) 592 (4) 915 (4) 1950 (3) 50 (1) 
C(4) 660 (4) 1770 (4) 2686 (4) 55 (1) 
C(5) 1027 (4) 1492 (4) 3658 (3) 54 (1) 
C(6) 1359 (4) 317 (4) 3965 (3) 47 (1) 
C(7) 1296 (4) -544  (4) 3209 (3) 53 (1) 
C(8) 923 (4) -256  (4) 2233 (3) 55 (1) 
N(9) 1719 (3) 19 (3) 4945 (3) 54 (1) 
C(10) 1845 (5) 968 (4) 5682 (3) 64 (2) 
C(12) 2485 (6) -532  (5) 7039 (3) 90 (2) 
C(13) 2286 (5) -1492 (4) 6269 (3) 64 (2) 
C(i 1A)t 2382 (9) 659 (9) 6657 (7) 56 (2) 
C(14A)t 1712 (10) -1171 (9) 5231 (7) 60 (2) 
C(I 1B)t 1812 (10) 498 (9) 6746 (7) 56 (2) 
C(14B)t 2426 (10) -1069 (9) 5269 (7) 60 (2) 
C(15) 2720 (4) -930  (4) 8068 (3) 61 (2) 
C(16) 2891 (5) 0 (5) 8870 (3) 67 (2) 
C(17) 3227 (4) -464  (4) 9907 (3) 62 (2) 
C(18) 3386 (5) 503 (5) 10687 (3) 66 (2) 
C(19) 3779 (4) 71 (4) 11735 (3) 59 (2) 
C(20) 3910 (4) 1056 (4) 12496 (3) 59 (2) 
C(21) 4273 (4) 641 (5) 13553 (3) 65 (2) 
C(22) 4380 (5) 1650 (5) 14284 (4) 83 (2) 

t Disordered; see text. 

fall-off in diffraction intensity as the 20 limit of 97.5 ° 
was approached indicates that true resolution of the 
disorder of the piperidyl is probably unlikely with 
molybdenum radiation; for all the other homologues 
except (I) (n -- 6), at the limits of data collection with 
molybdenum radiation (20 ~, 50°), the proportion of data 
above background was small. 

Results 

Molecular structure 

Table 7 lists for each of the homologs of (I) a selection 
of bond lengths and angles that might be sensitive to 
crystal packing effects or delocalization effects in the 
piperidylcyanobenzonitrile moiety. With few exceptions, 
which will be described below, bond distances and 
angles among formally chemically equivalent atoms 
maintain constant values for all 12 crystallographically 
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(1) 
(n = 1  
4A 
4B 
4C 
4D 
5A 
5B 
6 
7A 
7B 
7C 
7D 
8:1: 

4-ALKYL-N-(4-CYANOPHENYL)PIPERIDINES 

Table 7. Selected average bond distances (A) and angles (o) for all molecules of (/) (n = 4-8); 

N ( 1 ) - -  
C ( 2 ) - -  
C(3) 

179 (1) 
177 (1) 
179 (1) 
179 (1) 
179.9 (2) 
178.9 (2) 
177.3 (3) 
179.8 (3) 
178.7 (3) 
179.0 (3) 
178.8 (3) 
178.9 (6) 

see Fig. 1 for atom labeling 

C ( 4 ) - -  A [ C ( 2 ) - -  
C ( 3 ) - -  C ( 3 ) - -  C ( 2 ) - -  C(3 /3 ) - -  C(4 f7 ) - -  C(5 /6 ) - -  C ( 6 ) - -  C ( 6 ) - -  C ( 6 ) - -  
C(8) C(4/8)]* C(3) C(4/8)~" C(5/8) C(6f7) N(9) C(7) N(9)] 
117 1 1.40 (1) 1.38 !.42 1.36 1.39 1.40 1.44 1.38 115 6 
118 4 1.45 (1) 1.36 1.39 1.35 1.36 1.39 1.43 1.35 115 5 
118 5 1.46 (1) 1.36 1.40 1.33 1.37 1.40 1.44 1.36 115 6 
115 1 1.39 (1) 1.40 1.44 1.33 1.37 1.38 1.44 1.40 117 3 
117.8 0.8 1.437 (3) 1.389 1 .397  1 .372  1 .371  1 .413 1.412 1.376 115.7 0.5 
118.6 0.8 1.438 (3) 1.384 1 .393 1 .372  1 .375  1.403 1.411 1.394 116.9 1.6 
117.8 0.8 1.442 (4) 1.380 1 .374  1 .371 1 . 3 7 9  1.385 1.391 1.400 115.8 0.7 
118.7 0.3 1.443 (3) 1.398 1 .387 1 .377  1 .381  i.406 1.403 1.399 117.3 2.7 
118.6 1.2 1.440 (3) 1.390 1 .391 1 . 3 7 6  1 .373  1 .408 1.410 1.382 115.9 0.6 
118.7 0.3 1.444 (3) 1.391 1 .398  1 .380  1.370 1 .407 1.405 1.401 117.1 1.8 
118.4 0.8 1.448 (3) 1.385 1 .394  1 .376  1 .372  1 .404 1.414 1.387 116.3 0.7 
117.6 0.8 1.420 (7) 1.384 1 .392  1 .365  1 .373  1 .404 1.411 1.380 115.8 0.3 

C ( 5 ) - -  A[C(5 /7 ) - -  C ( 1 0 ) - -  A [ C ( 6 ) - -  
N ( 9 ) - -  N ( 9 ) - -  
C(14) C(10/14)] 

!i4 4 
112 1 
113 3 
115 3 
113.9 0.0 
113.0 0.9 
114.0 0.7 
112.1 3.3 
113.6 0.3 
111.9 3.1 
113.2 0.6 
119 (1) I (1) 
114 (1) 3 (1) 

* Difference in bond angles C ( 2 ) - - C ( 3 ) - - C ( 4 )  and C ( 2 ) - - C ( 3 ) - - C ( 8 ) ;  similarly for other bond angles prefaced by A. 
t Bond distances C ( 3 ) - - C ( 4 )  and C(3) - -C(8) ;  similarly for other pairs of  formally chemically equivalent bond distances.  

Piperidyl ring is disordered; parameters involv ing  piperidyl atoms have higher errors and lower accuracy. 

independent molecules distributed over five homologs. 
Considerable torsional flexibility is observed, however, 
as illustrated in Fig. 2 and enumerated in Table 8. 

The cyano moiety is linear to within 2.7 (2) °, although 
significant tilting is observed, with differences in the 

NC--C--Cpheny I angles ranging from 0.3 (2) to 5 (1) ° 
and displacements of the cyano carbon from the plane of 
the phenyl ring as large as 0.071.~,, (I) (n = 6). 
Additionally, displacements of the piperidyl N atoms 
from the phenyl planes as large as 0.104 [molecule B of I 

(I) (n = 4) 

N(1A) 

(1~ (n :-~ 6) 

N(IB) 

(9C) N(IC) 

N(9D) 
I 
N(ID) 

(I) (n = 7) 

/ ~ , ~ ,  

N~l.4~ 

N(IBJ 

] _ ~  \ IN~gC~ 

C(16C) 

NtlCI 

(I) (n = 5) 

~ / ~ ~ ~ N ( 9 A )  

N(IA) 

/ AL .N(9B) 

N(IB) 

~ [ C( I 6D h I 

NI 1D) 

(I) (n = 8) 

_ _ _ ~ ) _ _ ~  ,C(10) . . . .  

N(1) 

Fig. 2. Line diagrams of  all molecules of  (I) from a common orientation. When rotated 90 ° about the cyanophenyl moiety, all molecules have atoms 
C(4), C(5), C(10), C(1 l) and C(16) on the same (lower) side of  the molecule. Thus, atom C(16) is projected out of  the plane of  the page. 
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Table 8. Angles (°) among various planes (defined and 
denoted below) 

Phenyl plane (Ph); the line connecting atoms C(10) and C(14) at 
positions 2 and 6 of  the piperidyl group (L); the plane defined by the 
alkyl tail (AI); the plane defined by piperidyl C atoms C(10), C(11), 
C(13) and C(14) (Pip); pyramidalization of  the amino N atom (Py), 
where P is the displacement (in A) of  the amino N atom from the plane 
defined by atoms C(6), C(10) and C(14); the displacement of  the amino 
N atom from the plane of  the phenyl ring (PN). The angle between Ph 
and L is approximately the angle between the p-orbital of  the ipso- 
phenyl C atom and the lone-pair orbital of  the amino N atom. See Fig. 1 
for atom labeling. All planes determined by unweighted least-squares. 

(I) (n ----) Ph/L* Ph/Pip* Ph/Al* Pip/Al* lay (,~)1" PN ('~')1" 
4A 1 16 43 41 0.274 0.081 
4B 2 18 38 35 0.243 0.089 
4C 3 17 33 34 0.238 0.043 
4D 5 17 43 35 0.227 0.051 
5A 10 21 44 32 0.236 0.074 
5B 17 23 58 38 0.287 0.070 
6 19 21 14 33 0.306 0.011 
7A 28 30 6 28 0.333 0.006 
7B 3 23 24 28 0.240 0.1 04 
7C 28 30 10 22 0.341 0.035 
7D 5 22 23 26 0.252 0.100 
8A~ (-)12 14 6 11 0.104 0.021 
8A~ (+)8 24 6 25 0.187 0.021 
DMABN§ 3 0.072 

* Except for (I) (n = 8), estimated maximum error 4-1% 
I" Except for (I) (n = 8), estimated maximum error :L-0.005 A. 

Disordered piperidyl ring; twist and pyramidalization parameters 
underestimated. 

§N,N-Dimethylamino-p-benzonitrile at 103 K (Jameson, Sheikh-Ali 
& Weiss, 1994). 

(n = 7)] are observed. All the C atoms of the phenyl 
rings are displaced by less than 0.025 ,~, from the least- 
squares plane defined by them. This is despite substantial 
distortions at the carbon ipso to the cyano group [range 
115 (1)-118.7(3)°], at the carbon ipso to the piperidyl 
group [range 115 (1)--117.3 (3)°], and in the bond lengths 
around the phenyl ring where the ordering 
(H)C--C(H) < (NC)C--C < (pip)C--C is found. This 
pattern is also seen in N,N-dimethylamino-p-benzonitrile 
(Jameson, Sheikh-Ali & Weiss, 1994). 

Selected conformational details are summarized in 
Table 8. A number of interesting correlations exist. The 
twist of the piperidyl ring with respect to the phenyl ring, 
as defined by the angle between the phenyl ring and the 
line C(10)...C(14) across the piperidyl ring, engenders 
significant differences in pairs of angles of the types 
Cpheny I - -  Cpheny I - -  Np i  p, a n d  Cpi p - -  Cpi p - -  Np i  p. M o r e  
significantly, this twist is correlated with the pyramida- 
lization at the piperidyl nitrogen, as defined by the 
displacement of this N atom from the three-atom plane of 
the attached C atoms, C(6), C(10) and C(14): specifi- 
cally, greater pyramidalization is correlated with (i) a 
greater twisting, (ii) a smaller displacement of the 
piperidyl N atom from the plane of the phenyl ring, 
(iii) a greater intemal bond angle at the ipso phenyl 
carbon, (iv) a smaller internal bond angle at the piperidyl 
N atom, and (v) a longer Cpheny I --Npi p bond length [as is 
especially apparent for the I (n = 7) homolog]. Such 

observations are consistent with notions that conjugation 
of the piperidyl N atom with the phenyl ring is weakened 
by twisting of the piperidyl ring and by increased 
pyramidalizafion at the piperidyl N atom. Relative to the 
less constrained N,N-dimethylamino-p-benzonitrile, the 
piperidyl ring puckering inhibits planarity at the nitrogen 
and delocalization of the amino N atom with the phenyl 
ring. Comparison of the inductive electron-donating 
abilities (Lowry & Richardson, 1987) of the dimethyl- 
amino group (or 1 =0.06)  and of an alkyl group 
(o I = -0.05) indicates that molecules of (I) would be 
less polar than those of the analogous trans-1-alkyl-4-(4- 
cyanophenylcyclohexanes (II) if the amino-phenyl 
interaction were purely inductive. 

All methylene groups have C - - C - - C  bond angles in 
the range 112-119 ° with the largest angles found for the 
methylene group closest to the piperidyl ring. In all 
homologs, alkyl chains are all-transoid and planar to 
within 0.09 A, although bond angles alternate in a small 
(1-3 ° ) but significant way. These deviations must be 
included in any attempt to model accurately the packing 
properties of extended alkyl chains. Relative to the 
piperidyl ring, the alkyl chains are projected in a 
generally similar manner among the homologs; relative 
to the phenyl ring there is a much larger variation (see 
Table 8). The angles between the planes defined by the 
phenyl and alkyl tail C atoms are significantly smaller for 
(I) than that reported for trans-l-(4-cyanophenyl)-4- 
octylcyclohexane, where the corresponding value is 82 ° 
(Paulus & Haase, 1983). The propyl homolog of (II) 
adopts a molecular conformation and packing in its 
crystalline state that is very similar to trans-l-(4- 
cyanophenyl)-4-octylcyclohexane (Furmanova & Timo- 
feeva, 1986). 

Crystal packing 

A surprising diversity of packing arrangements 
characterizes the crystal stuctures of the homologs of 
(I): three different space groups occur, and the asym- 
metric units consist of one, two or four molecules. 

C ? 

r A ~ 

(a) (b) 

Fig. 3. Stereodiagram of the packing of  (I) (n----4), viewed 
approximately down the a axis, showing the stacking of  molecules. 
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Table 9. Closest intermolecular ring-ring contacts (~,) of crystalline (I); see Fig. 1 for atom labeling 

( a )  Contacts betweencyano nitrogen and.phenyl C atoms m e t a  to the cyano substituent. 
(I)  (n  = )  a ( A )  b ( A )  Atoms in contact Symmetry operation* 
4 2.71 3.40 N(1A). • .C(7D) x, y, z 

2.85 3.46 N(IB).  • .C(7C) x, y, z 
2.73 3.42 B(1C). • .C(5A) 1 - x, - ½ + y, - z  
2.85 3.56 N(1D) . . .C(5B)  - x ,  ½ + y, 1 - z 

8 2.87 3.56 N ( I ) . . . C ( 5 " )  x, ½ - y, - ½ + z 

(b)  Contacts between pairs of cyanopheny.l moieties. 
(I)  (n  = )  a ( A )  b ( A )  c ( A )  d (~,) N . . . H - - C  
5 4.43 4.20 2.60 3.52 [C(4B)] 161 
6 3.20 3.29 3.05 3.79 [C(8)] 134 

3.70 3.58 2.50 3.37 [C(4)] 151 
7 3.51 3.50 2.68 3.55 [C(8C)I 151 

3.51 3.49 2.63 3.50 [C(4A)] 151 
3.57 3.46 2.51 3.38 [C(8D)] 151 
3.57 3.48 2.52 3.42 [C(8B)] 157 

8 3.38 3.38 2.67 3.51 [C(8)] 147 

Atoms in contact of type a 
N(1B). • .N(IB')  
N ( I ) . . . N ( I " )  
N(1)- • .N(I ' )  
N(IA). • .N(IC) 
N(IC).  • .N(IA) 
N(IB).  • .N(1D) 
N(1D). • .N(1B) 
N(1). • .N(I ' )  

S y m m e t r y  operation* 
i - x , l - y , l - z  
I - x , - l - y , l - z  
- x ,  - 1  - y ,  1 - z  
- x , - l - y , - z  
- x ,  - 1 - y, - z  
x , y , - l + z  
x , y , l + z  

- x ,  - y ,  - z  

N 

N 

(c)  , r - z r  t y p e  contacts between phenyl and piperidyl nitrogen moieties. 
(I)  (n  = ) Distance (A) Interplanar Ph. • .Ph angle (o) Atoms in contact Symmetry operation* 
7 3.56 17.4 C(5A). • .C(5B) - x ,  - y ,  - z  

3.54 N(9A). • .C(4B) - x ,  - y ,  - z  
3.53 12.5 C(7C). • .C(5D) x, y, z 
3.50 N(9C). • -C(4D) x, y, z 

* The space-group symmetry operation performed on the second atom to bring it into contact with the first. 

(I) ( n -  4). There are four molecules in the asym- 
metric unit of the noncentrosymmetric monoclinic space 
group P21 , giving rise to eight molecules in the unit cell. 
Crystal packing is illustrated in Fig. 3. Pairs of molecules 
(A and C, and B and D) are stacked in a head-to-tail 
fashion parallel to a. Relative to the ..ACAC.. stack of 
molecules, the ..BDBD.. stack is displaced by approxi- 
mately ~ a and related by a pseudotwofold screw axis 
parallel to a. The normal distance between phenyl planes 
is ½ a (4.2 .~,), but the shortest distance between centroids 
of phenyl planes is 6.3,4,, which is too long for 
significant zr-rr interaction. The closest interchromo- 

phoric contact is between a cyano nitrogen of one stack 
and a phenyl C - - H  moiety (meta to the cyano group) of 
a neighboring stack alongside but displaced by ¼ a. Thus, 
as is apparent in Fig. 3, there is a head-to-tail stepped 
arrangement linking molecule A to D to B to C to A .... 
starting with molecule A in the top left-hand comer of the 
diagram and proceeding stepwise and downwards from 
left to right.° The Ncyano...C(7') distances range from 
3.40 to 3.56 A, a separation similar to the sum of the van 
der Waals radii for C and N atoms, 1.80 and 1.58 ,~,, 
respectively (Kitaigorodsky, 1973). Characteristic inter- 
actions between cyanophenyl moieties of neighboring 
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molecules are summarized in Table 9. Small differences 
occur. For example, for molecules C and D, the cyano 
heads also make contact with neighboring piperidyl 
rings, and the head-to-tail cyano-methyl contacts are ca 
0.1A shorter than the corresponding contacts of 
molecules A and B. 

(I) (n = 5). There are two molecules in the asymmetric 
unit of the centrosymmetric monoclinic space group 
P2~/c, giving rise to eight molecules in the unit cell. The 
crystal packing is illustrated in Fig. 4. As in (I) (n = 4), 
molecules are arranged in antiparallel stacks, ..ABAB.., 
separated by 4.5 A, but with a lateral displacement that 
now has the piperidyl N atoms of adjacent molecules in 
the stack almost above and below the ipso carbon of the 
piperidyl substituent of the intervening molecules. 
Although the environments (and molecular conforma- 
tions) of the crystallographically independent molecules 
of (I) (n = 4) are remarkably similar, the environments 
around molecules A and B of (I) (n = 5) are dissimilar. 

Molecules A form centrosymmetrically related pleated 
layers parallel to (101), where the cyano group is 
surrounded on either side (and above and below) by alkyl 
chains (Fig. 4b). Molecules B also form centrosymme- 
trically related pleated layers, but pairs of cyanophenyl 
groups are in close side-on contact (Fig. 4c). Although 
the Ncyan o .... C(4 ' )  (carbon ortho to the cyano substitu- 
ent) contact at 3.52,~, is slightly greater than the sum of 
the van der Waals radii, the N c y a n o . . . H - - C ( 4 ' )  separa- 
tion of 2.60,~, and angle of 161 ° are consistent with a 
hydrogen bonding-like interaction (Viswamirta, Radhak- 
rishnan, Bandekar & Desiraju, 1993). Such an interaction 
has been postulated between the electron-rich cyano N 
atom and the electron-deficient ortho (to cyano) H atom 
for benzonitrile dimers in a supersonic jet (Kobayashi, 
Honna, Kajimoto & Tsuchiya, 1987), although the 
estimated (and suspiciously short) separation of 2.9,~, 
between cyano N atoms of the benzonitrile pairs is much 
shorter than that of 4.4,~ observed for (I) (n = 5). 

\ - ~ -  '/ ~ "~ -'-~" ! 

\~\ c,~ J \  N 

, a .  

(a) 

• ~ - - q . - -  - • 

(b) (c) 

Fig. 4. (a) Stereodiagram of (I) 
(n = 5), viewed approximately 
down the a axis, showing the 
stacking of molecules. H atoms 
are omitted for clarity. Atoms of 
molecule A are denoted by open 
circles and atoms of molecules B 
by filled circles. (b) Diagram 
showing the packing of molecules 
A of (I) (n = 5) into ruffled layers 
with pairing of cyanophenyl 
groups. (c) Diagram showing the 
packing of molecules B of (I) 
(n = 5) into ruffled interdigitated 
layers. 
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Neither the vertical stacking nor the nearly coplanar side- 
by-side arrangement of molecules leads to significant rr- 
rr interactions for (I) (n = 5). 

(I) (n = 6). This homolog has the smallest number of 
molecules in the unit cell: Z = 2 for the centrosymmetric 
triclinic space group P1. The antiparallel stacking of 
molecules that was found for (I) (n = 4 and 5) is not seen 
for (I) (n = 6), or for higher homologs (vide supra)• A 
pairwise centrosymmetric interaction of cyanophenyl 
groups, similar to that of (I) (n = 5) is observed, but, in 
contrast to the antiparallel arrangement of molecules in 
layers of (I) (n = 5), ribbons of adjacent (I) (n = 6) 
molecules are aligned parallel and centrosymmetrically 
related head-to-head and tail-to-tail (Fig. 5). As a result, 
in addition to the attractive interaction about one set of 
inversion c e n t e r s  [Ncyano • - • (H)C'pheny I 3.29,~,], there is a 
repulsive interaction about the second set of inversion 
c e n t e r s  (Ncyano . . -  N"cyan o 3.20,~). See Table 9 for more 
details. 

(I) (n = 7). There are four molecules in the asym- 
metric unit of the centrosymmetric triclinic space group 
P1. Molecules are arranged into two centrosymmetrically 
related layers parallel to (110), as illustrated in Fig. 6. In 
a given layer there are two ribbons of antiparallelly 
arranged molecules, A and D, and C and B. These 
ribbons are linked by pseudocentrosymmetric interaction 

of cyanophenyl groups of molecules A and C [average 
Ncyan Q . .N 'cyano,  3.51,~; average N c y a n o ' " C '  • phenyl, 
3.53 A; average Ncyano . . -H(C 'pheny l ) ,  2.66A]. In the 
other layer, a somewhat closer pseudocentrosymmetric 
interaction of cyanophenyl moieties is found between 
molecules B and D [average Ncyano---N'cyan o, 3.57,~,; 
average Ncyano • • • C'pheqyl, 3.40 A; average 
N c y a n o . . . H ' ( f ' p h e n y l ) ,  2.51A; see also Table 9]. Each 
layer of molecules in the structure of (I) (n = 7) 
resembles closely the layer of molecules B in (I) 
(n = 5). In contrast to all other homologs, where the 
closest putative phenyl..-phenyl rr-zr contacts exceed 
4.2 ,~, pairs of phenyl groups of (I) (n = 7) molecules are 
stacked parallel to b, but with a lateral displacement that 
leaves in close contact only the phenyl C atoms meta to 
the cyano moiety and the piperidyl N atom and a phenyl 
C atom ortho to the cyanOo substituent. Phenyl C atoms 
are separated by only. 3.56 A for antiparallel molecules A 
and B, and by 3.53 A for similarly aligned molecules C 
and D. The piperidyl nitrogen of molecule A contacts the 
C atom ortho to the cy.ano moiety at 3.54 ,~, for molecules 
A and B, and at 3.50 A for molecules C and D. The pairs 
of phenyl rings are almost coplanar, being tilted by 17.4 ° 
for molecules A and B, and 12.5 ° for molecules C and D. 
As is apparent in Fig. 6, these contacts correspond to a 
limited stacking of phenylpiperidyl nitrogen moieties, so 
that zr-rr interactions are expected to be weak. 

(I) (n = 8). There is a single molecule in the 
~l~ll ~ o,~.~~- ~ . ~ ~  asymmetdc unit Of the centrOsymmetric mOn°clinic 

space group P2]/c. Molecular packing, illustrated in Fig. 
7, possesses elements of the packing of (I) In = 4 and 5 

------ ~ (NB antiparallel stacking of the cyanophenylpiperidyl 
moieties)] and of (I) [n = 7 (NB antiparallel ribbons 

~ r - v -  linked into layers by, in this case, centrosymmetric 

~~r/x 
. ~ cyanophenyl interactions)]• However, the cyanophenyl 

interactions for (I) (n = 8) are repulsive ( N c y a n o " "  
I o I o• 

N cyano, 3 .38  A, Ncyano ' - "  C cyano, 3 .38  A, Ncyan o " -  
C'phenyl, 3.51 A). A second interaction, reminiscent of 
that in (I) (n = 4), is found between the cyano N atom 
and a C atom meta to the cyano substituent of a glide- 
plane related molecule. Within layers, the molecules are 
extensively interdigitated. 

(a) 

(b) 
Fig. 5. (a) Stereodiagr~n of (I) (n = 6), viewed approximately onto the 

(011) plane, showing the relative disposition of layers. H atoms are 
omitted for clarity. (b) Diagram showing the parallel alignment of 
molecules into ribbons and the centrosymmetric stitching together of 
ribbons to give a layer of (I) (n = 6). 

Discuss ion 

For molecular crystals of (I) (n = 6 and 7), both in space 
group P1, there is a centrosymmetric partner for each 
molecule. As a result, zero bulk polarization is expected. 
The noncentrosymmetric P21 space group of (I) (n = 4) 
crystals contains a twofold screw axis perpendicular to 
the molecular orientation. Thus, the bulk polarization 
should be zero as in the centrosymmetric P1 unit cell. 
The P2Jc space group of (I) (n = 5) also has its twofold 
screw axis perpendicular to the molecular orientation, in 
addition to the center of symmetry. This, again, yields a 
predicted zero polarization. 
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Large dipole moments had been thought to be an 
important factor in obtaining organic crystals with 
molecular packing conforming to one of the centrosym- 
metric space groups (for example PI;  Nicoud & Twieg, 
1987). Recently, Whitesell, Davis, Saunders, Wilson & 
Feagens (1991) carded out a statistical analysis of the 
molecular dipole moments of organic crystals within the 
space groups P1, P1 and P21, and found that the 
magnitude of the dipole moments does not correlate with 
the relative molecular orientations. 

Gavezzoti (1990) compared the relative orientation of 
cyano and carbonyl groups in organic crystals and found 
that parallel stacking of dipoles is not favored, except 
when attractive van der Waals forces dominate the 
packing, as in the case of 9-cyanoanthracene (Rabaud & 
Clastre, 1959). Antiparallel stacking of the dipoles is the 
most common structural motif, resulting in centrosym- 
metric unit cells. In such cases, approach of atoms in 

dipolar groups is as short as the sum of their van der 
Waals radii [NB I (n = 6 and 7)]. However, when the 
distance between dipole centroids of neighboring 
molecules exceeds ca 5 A, the relative orientations of 
the dipoles are not restricted to being antiparallel and can 
assume a wide range of angles which are determined by 
steric and other packing factors. This may be a factor in 
establishing a noncentrosymmetric unit cell in (I) 
(n = 4). The presence of both centrosymmetric (P1 and 
P21/c) and noncentrosymmetric (P21) unit cells of the (I) 
series indicates that dipole--dipole interactions, while 
important, do not completely control the packing 
arrangements of their crystals. The differences in packing 
arrangements may be related to the ability of the longer 
alkyl chains, (I) (n = 7 and 8), to fill lattice spaces near 
the bulky N-phenylpiperidyl group better than the shorter 
butyl, pentyl or hexyl chains. An extended heptyl or 
octyl chain is almost long enough to span the long axis of 

~D ~ A  

(a) 

A. L O~. 
(b) 

" y . B  % - 

-...,:X ,. "X 

"5 Y 

" T 

(c) 

Fig. 6. Stereodiagrams of the packing 
of (I) (n = 7). (a) Stereodiagram of 
the packing of (I) (n = 7), viewed 
approximately onto the (010) 
plane, showing centrosymmetri- 
cally related layers. H atoms are 
omitted for clarity. Note in the 
bottom left comer the laterally 
displaced stacking of the phenyl- 
piperidyl nitrogen moieties of 
molecules A and B. (b) Stereodia- 
gram of one layer of (I) (n = 7). 
Note the pairwise interaction of the 
cyanophenyl moieties of molecules 
A and C. (c) Stereodiagram of the 
other layer of (I) (n = 7). Note the 
pairwise interaction of the cyano- 
phenyl moieties of molecules B 
and D that is different to that 
between molecules A and C. 
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the phenylpiperidyl tings; the butyl, pentyl or hexyl 
chains are not. Although the electronic absorption and 
emission characteristics of (I) (n = 6, 7 and 8) are similar 
to each other and distinctly different from those of (I) 
(n = 4 and 5; Sheikh-Ali, Rapta, Jameson, Cui & Weiss, 
1994), the molecular packing of (I) (n = 6), where 
ribbons of molecules are aligned parallel, is not the same 
as those of the heptyl or octyl homolog, where ribbons of 
molecules are aligned antiparallel. In any event, the 
arrangement of molecules into flat layers [I (n = 6, 7 and 
8)], stepped layers and stacks [I (n = 5) and I (n = 4)] 
does appear to correlate with the different electronic 
absorption and emission characteristics of these mole- 
cules in the crystalline state. It is not clear whether the 
molecular packing will continue to change as the length 
of the alkyl chain is further increased. 

Other considerations 

The relationship between molecular organization in the 
solid phase and the occurrence and the type of 
mesophase derived therefrom has been reviewed by 

• i 
(a) 

(0) 
Fig. 7. (a) Stereodiagr~n of the packing of (I) (n = 8), viewed 

approximately down the a axis, showing the stacking of molecules 
and the centrosymmetric, pairwise interaction of cyanophenyl 
moieties. H atoms are omitted for clarity, and disordered piperidyl 
atoms are shown as closed circles. (b) Diagram showing the 
interdigitated packing of molecules in a layer. 

Bryan (1982). Molecular parallelism in the crystalline 
phase was found to be common among nematogens. The 
general consensus is that a spontaneous decrease in the 
molecular order occurs during the transition to the fluid 
state, and a residual orientational ordering is retained 
only if molecular parallelism exists prior to melting. 
While the parallel imbrication of molecules is a 
necessary condition for a solid to yield a mesophase, 
failure of certain crystals with such arrangements (e.g. p- 
hydroxycinnamic acid; Bryan, 1982) to yield mesophases 
indicates that it is not sufficient. This appears to be the 
case for the molecules of (I) which have their directors 
almost parallel to each other, but do not yield a 
mesophase upon melting (Sheikh-Ali & Weiss, 1991). 
The crystal structure of (I) (n = 6) shows the highest 
degree of molecular parallelism of all the homologs. 
Apparently, melting occurs at temperatures where 
significant rotational motion about all three axes is 
permitted and, thus, the crystal cannot yield a mesophase. 
However, a monotropic nematic phase can be obtained 
by supercooling either (I) (n = 6; Karamysheva et al., 
1981) or a binary mixture of any pair of homologs 
(Sheikh-Ali & Weiss, 1991). 

Since molecules of (II) generally do form mesophases 
while those of (I) generally do not, it is interesting to note 
how they differ in their crystalline conformations. The 
most important glaring difference seems to be in the 
angle of twist between the aromatic and nonaromatic 
rings: whereas overlap of the lone pair of electrons of the 
amino N atom and the rr-system of the phenyl ring allows 
the rings of (I) to be almost untwisted, the ipso-CmH of 
the cyclohexyl ring of (II) cannot have a similar overlap 
and the phenylcyclohexyl ring system adopts a very 
twisted conformation. As a result, the alkyl chains of (I) 
and (II) are projected along very different axes with 
respect to the aromatic planes. The extended C chains of 
(I) can be included in a rough plane which makes a 
relatively small acute angle with the plane described by 
the phenyl ring (Table 8); the plane of the extended chain 
of (U) is almost orthogonal to that of the phenyl ring. 

An even more interesting aspect of this work is the 
enormous effect that a methylene unit has on molecular 
packing. From Table 1, the volume occupied by each 
molecule of (I) in a unit cell is 363 (n = 4), 386 (n = 5), 
404 (n = 6), 429 (n = 7) and 464 A 3 (n -- 8). None of 
the increments, except for that between n = 7 and 8, are 
near the 34 ,~3 calculated to be the van der Waals volume 
of a - - C H  2 -  group (Bondi, 1964). This indicates that 
the (I) homologs pack in a progressively more efficient 
manner as the alkyl chain length increases at least up to 
n = 7. Since the overall shape of the molecules remains 
roughly cylindrical, the abrupt change in the crystal 
space groups must result from variations in the molecular 
aspect ratios and in the balance between dipolar and 
dispersive interactions. Presumably, with sufficiently 
long chains, molecular packing would be lamellar, like 
that observed for long n-alkanes, n-alkanones and n-alkyl 
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esters (Broadhurst, 1962). In fact, many molecules may 
suffer analogous changes in their crystal packing 
arrangements as an appended alkyl group is lengthened 
or shortened. It should be possible to catalog and exploit 
these changes in designing materials for specific uses 
(e.g. Nicoud & Twieg, 1987). 

We are grateful to the National Science Foundation 
for its support of this work (CHE-9213622) and for 
partial support of the purchase of the diffractometer 
(CHE-9115394). 
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Abstract 

C 7 H 7 N O  , M r = 121.14,  m o n o c l i n i c ,  P 2 1 / c ,  
a = 5.549 (1), b = 5.033 (1)~ c = 21.548 (4)A, 
/5=89 .22  (1) °, V =601 .74  (1)A 3, Ox= 1.35Mgm -3, 
2(MoKo0 = 0.71069A, /z = 0.086mm -I, F(000) = 
256, T =  123K, final R = 0 . 0 4 9 ,  wR=0.047, 
S -  1.457 for 3527 reflections and 213 parameters, 
including multipole electron-population parameters up to 
octapole for non-H atoms and quadrapole for H atoms. 

Introduction 

A charge-density study of benzamide was undertaken as 
part of a study of the charge density of benzene and its 
derivatives obtained by experimental methods and 
theoretical calculations (Jeffrey, Ruble, McMullan & 
Pople, 1987; Stewart, 1991). Electrophilic aromatic 
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substitution has been examined by a number of different 
researchers. March (1992), Carey & Sundberg (1990) 
and Taylor (1990) agree that first the rapid formation of a 
:r-complex occurs, followed by the slower formation of a 
a-complex in which one C atom has a H plus the 
electrophile, followed finally by the rapid loss of either 
the H or the electrophile. The orientational effects 
observed in monosubstituted aromatic compounds are 
caused by stabilization of one o'-complex and destabili- 
zation of the other. Pauling (1960) points out that the 
distribution of charge in the molecule undergoing 
substitution is an important consideration in determining 
the orientation of the next substituent. Since the 
substituent in benzamide is a meta-director for further 
electrophilic addition, there was a question as to whether 
this effect would be observed in the electrostatic 
potential, or whether it would be masked by intermole- 
cular interactions. Results of the present study are 
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