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diation frequencies was in agreement with experiment. Because
of the problems introduced by possible rotation of the aromatic
ring holding the CF; group, the protons ortho and meta to
trifluoromethyl were represented by single stationary protons.
The position of the spin representing the ortho proton was
adjusted so as to reproduce the contribution of these nuclei to
fluorine relaxation that is revealed by selective deuteration
experiments;®2 the spin corresponding to the meta protons was
placed 2.48 A from the pseudo-ortho spin. Similarly, the po-
sition of a single spin was adjusted to take into account the
relaxation effects of solvent or solvent-derived protons.
Initially the R,; parameters were set to zero, but the need
for nonzero values soon became apparent, The values for R,;
and R,; given in Table IV could be varied +10% without
substantial effects on the computed '°F{'H} NOE curves.
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Crystal and Molecular Structures of
2,6-cis-Dimethylpiperidyl-/N-phenylacetamidine and 2,6-cis-
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Abstract: The single crystal X-ray analyses of 2,6-cis-dimethylpiperidyl-V-phenylacetamidine (MA) and 2,6-cis-dimethylpi-
peridyl-N-phenyl-2,2-dimethylpropionamidine (TBA) are described. MA crystallizes in the space group P2,/c with four mol-
ecules in the unit cell of dimensions @ = 10.238 (2), 5 = 10.189 (2), ¢ = 12.875 (3) A, and 8 = 95.82 (2)°. The structure was
solved and refined from 1401 unique observed reflections collected on an automated four-circle diffractometer to final values
of the discrepancy indices of R = 0.046 and R,, = 0.058. TBA crystallizes in the space group P2, /¢ with cight molecules in the
unit cell of dimensions a = 8.470 (2), b = 16.095 (3), ¢ = 24.900 (4) A, and 8 = 96.29 (2)°. From 2633 unique observed reflec-
tions similarly collected the structure was solved and refined to final values of the discrepancy indices of R = 0.061 and R, =
0.074. The structure analyses show, in agreement with 13C NMR spectroscopic data, that the two molecules adopt different
conformations around the C(sp2)-N(piperidyl) bond, the amidinic group and the piperidyl ring being approximately coplanar
in MA and orthogonal in TBA, respectively. The comparison of the present data with the data in the literature, supported by
nonbonded intramolecular potential energy calculations and INDO calculations, allows clarification of the relationshipamong
the torsion angle around the C-N bond, the bond distances in the amidinic group, the pyramidality of the N (piperidyl) atom
and the conformation of the 2,6-cis-methyl groups in the piperidyl ring.

N-Substituted piperidines of type [ have been the subject
of several X-ray crystallographic investigations and most of
them were found to adopt a nearly planar conformation (that
is, with the N—X=Y group lying in the mean plane of the
piperidyl ring). Such a conformation would not be preferred
in terms of nonbonded interactions alone and is to be ascribed
to restricted rotation around the N-X partial double bond, as
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Table I. Crystal Data

MA TBA
formula C15H22N2 ClgHngz
fw 2304 272.4
crystal system monoclinic monoclinic
cell parameters  a = 10.238 (2) A a=28570(2) A
b=10.189(2) A b=16.095(3) A
c=12875(3) A ¢ =24.900 (4) A
8 =19582(2)° 8 =96.29 (2)°
Pobsd (by 1.17gem™! 1.07 gem™!
flotation)
#(CuKa) 4.43 cm™! 4,02 cm™!
space group P2,/c P2y/c
4 8
Pealed 1.15gem™! 1.08 gem™!

can be easily proved by comparing the observed N-X distances
with those expected for a pure single bond.

In spite of the relatively high number of X-ray structure
investigations, the only systematic study on the preferential
ground state conformation of N-substituted piperidines has
been carried out by means of 'H and '3C NMR spectroscopy
at low temperature.!*4 These authors have investigated the
relative stability of the planar conformation in different de-
rivatives of type I by substitution of the piperidyl ring with
2,6-cis-dimethylpiperidyl (DMP) or 2,2,6,6-tetramethylpip-
eridyl (TMP) rings. They could thus show that the confor-
mations of N-nitrosopiperidines,! piperidyltriazenes,® and
piperidylamides* were planar regardless of the number of
methyl groups on carbons 2 and 6, while only DMP amidines?
and, probably, DMP hydrazones!-? were planar, the corre-
sponding TMP derivatives having adopted an orthogonal
conformation; moreover, piperidylamidines were found to be
the only class of compounds of type I, whose conformation was
affected by a bulky group attached to the amidic moiety of the
molecule.

The experimental evidence indicates, therefore, that pip-
eridylamidines are the compounds of type I with the widest
potential conformational variability and, consequently, the
most promising candidates for the study of the interconnections
between the torsion angle around the N~X bond and the other
geometrical parameters of the molecule. Accordingly, the
present paper reports the crystal structure of two piperi-
dylamidines, 2,6-cis-dimethylpiperidyl-N-phenylacetamidine
(MA) and 2,6-cis-dimethylpiperidyl- N-phenyl-2,2-dimeth-
ylpropionamidine (TBA), for which dynamic 3C NMR
studies* have suggested planar and orthogonal preferred
ground state conformations, respectively. It will be shown that
the assigned conformations are confirmed by the X-ray anal-
ysis and that the data collected in the present and in other
X-ray investigations agree in suggesting an interconversion
path between the planar and the orthogonal conformation
rather more complicated than usually recognized.

Experimental Section

Crystal Data. The crystals of both compounds were obtained by
recrystallization from benzene. The crystals used for the X-ray in-
vestigation were small prisms elongated along the g axis and having
dimensions of 0.20 X 0.19 X 0.50 mm for MA and 0.16 X 0.25 X 0.55
mm for TBA. The cell dimensions were determined by a least-squares
fit to the angular positions of 20 reflections collected on an automatic
Siemens AED diffractometer with Ni-filtered Cu K& (A = 1.54178
A) radiation. Crystal data for the two compounds are given in Table
1. Intensity data were collected on the same diffractometer with Ni-
filtered Cu Ko radiation and w/28 scan technique (8 < 55°). During
the data collection time, the intensity of a standard reflection was
monitored after every 20 measurements. The intensities of the stan-
dard reflections did not vary for either compound. In all, 1661 inde-
pendent reflections were collected for MA, out of which 1401 reflec-
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Table I, Positional (X 10%) Parameters for MA with esd’s in
Parentheses
atom X y z
N(1) 7149(2) 4430(2) 3378(2)
N(2) 7378(2) 6195(2) 2311(1)
C(1) 7635(2) 3476(2) 4107(2)
C(2) 7174(2) 3442(3) 5086(2)
C(3) 7546(3) 2462(3) 5793(2)
C(4) 8390(3) 1487(3) 5532(2)
C(5) 8845(3) 1506(2) 4568(2)
C(6) 8470(3) 2485(3) 3865(2)
C(7) 7869(2) 5365(2) 3097(2)
C(8) 9260(3) 5614(3) 3578(2)
CcH 6027(2) 5942(2) 1828(2)
C(10) 5867(3) 6442(3) 704(2)
C(l1) 6315(3) 7843(3) 618(2)
C(12) 7743(3) 7929(3) 1038(2)
C(13) 7974(2) 7487(2) 2170(2)
C(14) 4972(3) 6460(3) 2470(3)
C(15) 7571(4) 8512(3) 2917(3)
H(2) 6535(33) 4069(32) 5226(23)
H(3) 7198(43) 2513(39) 6501(33)
H(4) 8579(28) 787(31) 5931(24)
H(5) 9421(37) 789(40) 4324(24)
H(6) 8733(27) 2480(26) 3212(23)
H(81) 9525(21) 4952(22) 4043(16)
H(82) 9405(25) 6449(23) 3778(22)
H(83) 9950(28) 5373(25) 3102(19)
H(9) 6045(23) 4959(27) 1796(18)
H(101) 6366(27) 5902(27) 189(22)
H(102) 4901(32) 6323(26) 392(24)
H(111) 6146(33) 8136(33) —53(30)
H(112) 5797(26) 8385(25) 976(20)
H(121) 8084(38) 8925(36) 1043(29)
H(122) 8267(37) 7284(35) 642(28)
H(13) 8943(33) 7351(26) 2357(21)
H(141) 4109(37) 6120(33) 2083(26)
H(142) 4943(33) 7354(35) 2513(26)
H(143) 5126(32) 6098(31) 3181(28)
H(151) 8105(43) 9300(47) 2868(32)
H(152) 7784(36) 8147(37) 3654(34)
H(153) 6585(40) 8699(32) 2796(28)

tions having I = 3o(J) were considered observed. For TBA the
number of independent reflections was 4278 with 2633 observed.
Lorentz and polarization corrections were applied as usual but no
absorption correction was made.

Structure Determination and Refinement. Structures of both com-
pounds were solved by the system of programs MULTAN 74.° All the
subsequent calculations were carried out by means of the system of
programs SHELX 76% and scattering factors for all the atoms were
taken from the “International Tables for X-Ray Crystallog-
raphy”.?

For the first compound (MA), phases were calculated for 300 re-
flections having | E| 2 1.38. The £ map generated for the set of phases
with the highest combined figure of merit (FOM) revealed all the
nonhydrogen atoms of the molecule. For TBA, 300 reflections with
| E| = 1.84 were phased and the £ map obtained from the set of phases
with the highest combined FOM showed all the nonhydrogen atoms
of the two independent molecules comprising the asymmetric unit,
except the three methyl atoms C(16B), C(17B) and C(18B). These
latter atoms were then found by Fourier methods.

MA and TBA were successively refined by full-matrix least-squares
methods by assuming isotropic temperature factors. At convergence,
the conventional R factor (R = Z|AF|/Z|F,|) was 0.14 for MA and
0.18 for TBA. The difference Fourier maps made after isotropic re-
finement allowed the positions of all the H atoms to be found for MA
but not more than 50% of them for TBA. For this reason, the subse-
quent refinement was carried out in different ways for the two com-
pounds.

In the case of MA, all the C and N atoms were refined with aniso-
tropic temperature factors and H atoms with isotropic ones; after four
cycles of full-matrix least-squares refinement, the conventional R
factor was reduced to 0.046 and R, [=(Zw|AF{2/Zw|F,|%)1/?] to
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Table III. Positional (X 104) Parameters for the Two Independent Molecules of TBA with esd’s in Parentheses

molecule A molecule B

atom X y z X y z

N(1) 3479(4) 7301(2) 8677(1) 2375(4) 2660(2) 3722(1)
N(2) 2821(3) 5857(2) 8799(1) 3035(4) 4112(2) 3737(1)
C(1) 1951(5) 7593(2) 8500(2) 3750(5) 2364(2) 3519(2)
C(2) 1098(5) 8003(3) 8866(2) 4869(6) 1941(2) 3864(2)
C(3) —=317(6) 8379(3) 8683(3) 6159(5) 1598(2) 3668(2)
C(4) —862(6) 8373(3) 8147(3) 6333(5) 1633(2) 3134(2)
C(5) —14(5) 7979(3) 7788(2) 5218(5) 2022(2) 2785(2)
C(6) 1389(5) 7598(2) 7960(2) 3938(5) 2389(2) 2973(2)
C(7) 3862(4) 6561(2) 8799(1) 2068(4) 3411(2) 3812(1)
C(8) 5602(5) 6407(2) 8977(2) 520(6) 3566(3) 4053(2)
C(9) 1615(5) 5900(2) 9181(2) 4601(5) 4115(3) 4047(2)
C(10) 991(6) 5024(3) 9249(2) 5231(6) 5007(3) 4062(2)
C(il) 334(7) 4640(3) 8724(3) 5273(8) 5376(3) 3511(3)
C(12) 1502(6) 4686(2) 8319(2) 3724(7) 5277(3) 3183(2)
C(13) 2123(5) 5568(2) 8262(1) 3123(5) 4391(2) 3174(2)
C(14) 2278(7) 6254(3) 9728(2) 4589(7) 3782(3) 4609(2)
C(15) 3267(6) 5573(3) 7844(2) 1580(6) 4325(3) 2823(2)
C(16) 5958(6) 5530(3) 9167(2) 241(7) 4476(3) 4175(2)
Cc(mn 6177(7) 7009(4) 9413(2) 473(8) 3048(4) 4546(3)
C(18) 6563(6) 6589(4) 8508(2) —851(6) 3283(4) 3654(3)

Figure 1. Stereoscopic view of 2,6-cis-dimethylpiperidyl-/V-phenylacetamidine, MA. Thermal ellipsoids are represented at 40% probability level and

hydrogen atoms are not shown.

Figure 2, Stereoscopic view of 2,6-cis-dimethylpiperidyl-N-phenyl-2,2-dimethylpropionamidine (molecule A), TBA(A). Thermal ellipsoids are represented

at 40% probability level and hydrogen atoms are not shown.

0.058; the weighting scheme used was of the type k1w = o2(F,) +
k| Fo|2 where k; and k- are constants to be determined. The thermal
parameter of one of the H atoms linked to the methyl C(8) atom be-
came very large during the refinement and, therefore, its temperature
factor was fixed to the mean value of the other two methyl hydro-
gens.

For TBA, the structure was refined by a blocked-matrix least-
squares method (one block for each independent molecule in the
asymmetric unit) with anisotropic temperature factors for all the
nonhydrogen atoms and H atoms were assigned calculated positions
(C-H bond distance of 1.08 A) and isotropic temperature factors 20%
greater than those of the connected atoms. At convergence, the R and
R, factors were respectively 0.061 and 0.074. The weighting scheme
was the same as in the previous case.

Final difference maps on both compounds were featureless; final
atomic positional parameters are given in Tables 11 and 111. Listings
of atomic thermal parameters and of the observed and calculated
structure factors for both structures are available (see paragraph on
supplementary material at the end of this paper).

Description of the Structures

Both structures consist of discrete molecular units packed
without intermolecular distances significantly shorter than the
sums of the van der Waals radii. Figures | and 2 are ORTEP?
stereoscopic views of the molecules of MA and TBA(A),
showing the numbering scheme and the thermal ellipsoids at
40% probability Bond distances and angles for MA, TBA(A),
and TBA(B) are reported in Table IV. Distances and angles
for MA involving hydrogen atoms are available (see paragraph
on supplementary material).

The two compounds differ in configuration (£ in MA and
Z in TBA), and in conformation as far as the piperidyl ring is
concerned. In both compounds, the piperidyl ring adopts a
“chair” conformation but the two 2,6-cis-methyl groups are
diaxial in MA and diequatorial in TBA. Moreover the con-
formation of the two compounds is substantially different as
regards the torsion angle around the C(7)-N(2) bond. This
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Table IV, Bond Lengths (A) and Bond Angles for MA and for the
Two Independent Molecules of TBA with esd’s in Parentheses

MA TBA(A)  TBA(B)
N(1)-C(1) 1.406(3) 1.416(5) 1.415(5)
N(1)-C(7) 1.278(3) 1.263(5) 1.262(5)
N(2)-C(7) 1.374(3) 1.441(5) 1.424(5)
N(2)-C(9) 1.480(3) 1.482(5) 1.472(5)
N(2)-C(13) 1.470(3) 1.477(4) 1.482(5)
C(1)-C(2) 1.391(3) 1.395(7) 1.392(6)
C(1)-C(6) 1.378(4) 1.378(6) 1.388(6)
C(2)-C(3) 1.378(4) 1.387(7) 1.372(7)
C(3)-C(4) 1.381(4) 1.365(9) 1.357(7)
C(4)-C(5) 1.369(4) 1.367(8) 1.371(6)
C(5)-C(6) 1.375(4) 1.375(6) 1.373(6)
C(7)-C(8) 1.516(3) 1.529(5) 1.536(6)
C(9)-C(10) 1.528(4) 1.523(6) 1.534(6)
C(9)-C(14) 1.520(4) 1.528(6) 1.499(6)
C10)-C(11) 1.507(4) 1.498(8) 1.499(9)
C(11)-C(12) 1.509(4) 1.498(8) 1.489(9)
C(12)-C(13) 1.521(4) 1.528(5) 1.515(6)
C(13)-C(15) 1.505(4) 1.506(6) 1.507(6)
C(8)-C(16) 1.509(6) 1.519(7)
C(8)-C(17) 1.498(7) 1.488(8)
C(8)-C(18) 1.529(7) 1.523(7)
C(H-N(D-C(7) 122.0(2) 126.6(3) 125.7(3)
C(7)-N(2)-C(9) 117.3(2) 116.0(3) 116.4(3)
C(7)-N(2)-C(13) 121.1(2) 116.0(3) 117.0(3)
C(9)-N(2)-C(13) 119.0(2) 110.7(3) 110.9(3)
N(1)-C(1)-C(2) 119.5(2) 119.1(4) 119.3(4)
N(1)-C(1)-C(6) 122.8(2) 121.3(4) 122.0(3)
C(2)-C(1)-C(6) 117.5(2) 118.8(4) 118.2(4)
C(1)-C(2)-C(3) 121.3(2) 119.5(5) 120.4(4)
C(2)-C(3)-C(4) 119.9(3) 120.8(5) 120.7(4)
C(3)-C(4)-C(5) 119.3(3) 119.5(5) 119.9(4)
C(4)-C(5)-C(6) 120.6(3) 120.8(5) 120.5(4)
C(1)-C(6)-C(5) 121.4(3) 120.5(4) 120.3(4)
N(1)-C(7)-N(2) 119.3(2) 126.6(3) 126.9(4)
N(1)-C(7)-C(8) 123.6(2) 116.2(3) 115.5(4)
N(2)-C(7)-C(8) 117.1(2) 117.2(3) 117.5(4)
N(2)-C(9)-C(10) 110.3(2) 107.8(3) 108.3(3)
N(2)-C(9)-C(14) 113.3(2) 111.9(4) 112.8(4)
C(10)-C(9)-C(14) 112.7(2) 110.4(4) 110.4(4)
C(9)-C(10)-C(i1) 112.4(2) 112.9(4) 113.1(4)
C(10)-C(11)-C(12)  108.6(2) 110.6(4) 110.5(5)
C(11)-C(12)-C(13)  112.2(2) 111.9(4) 113.0(4)
N(2)-C(13)-C(12) 111.0(2) 108.6(3) 108.9(3)
N(2)-C(13)-C(15) 113.5(2) 113.1(3) 113.3(4)
C(12)-C(13)-C(15)  112.4(3) 109.2(3) 110.5(4)
C(7)-C(8)-C(16) 113.5(3) 113.4(4)
C(7)-C(8)-C(17) 109.8(4) 109.5(4)
C(7)-C(8)-C(18) 109.7(3) 109.5(4)
C(16)-C(8)-C(17) 109.9(4) 110.9(5)
C(16)-C(8)-C(18) 108.1(4) 107.0(4)
C(17)-C(8)-C(18) 105.6(4) 106.3(5)

is clearly expressed by the angles among the mean planes,
called respectively PH, AM, and PIP, through the phenyl,
amidinic, and piperidyl groups (Table V). In MA, these three
planes undergo a continuous counterclockwise rotation of 14°
from PH to AM and of 75° from AM to PIP. In TBA, the
three planes are approximately mutually orthogonal.

A selection of the most important torsion angles in MA,
TBA(A), and TBA(B) is reported in Table VI.

Bond distances and angles of the two independent molecules
of TBA have been compared by means of half-normal proba-
bility plots.® The plots are nearly linear and their regression
parameters for bond distances and angles are respectively:
intercept, —0.04 and 0.02; slope, 1.08 and 1.30; correlation
coefficients, 0.97 and 0.98, showing that the two sets of values
are statistically indistinguishable and that their standard de-
viations are substantially correct,
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Table V. Angles (Degrees) among the Least-Squares Planes
through the Phenyl Group (Ph), the Amidinic Group [N(1), N(2),
C(7), C(8) (AM)], and the Piperidyl Group [N(2), C(9), C(10),
C(11), C(12), C(13) (PIP)]

MA TBA(A) TBA(B)
Ph-AM 74.6 84.6 76.8
AM-PIP 14.1 87.3 84.0
Ph-PIP 86.0 80.3 77.9

Table VI. A Selection of Torsion Angles (Degrees)

MA TBA(A) TBA(B)
C(2)-C(1)-N(1)-C(7) 111.7 101.5 107.8
C(6)-C(1)-N(1)-C(7) —74.4 —88.8 —80.4
C(1)-N(1)-C(7)-N(2) 173.9 -1.9 -0.9
N(1)-C(7)-N(2)-C(9) -0.4 —62.6 —59.4
N(1)-C(7)-N(2)-C(13) 161.4 69.8 75.1
C(7)-N(2)-C(9)-C(10) —152.6 —162.8 —161.7
C(7)-N(2)-C(9)-C(14) 80.0 —41.3 —39.0
C(7)-N(2)-C(13)-C(12) 153.1 162.3 161.3
C(7)-N(2)-C(13)-C(15) —-79.3 40.9 37.9
N(2)-C(9)-C(10)-C(11) =511 -57.1 —55.9
N(2)-C(13)-C(12)-C(11) 51.2 57.1 56.7
C(9)-C(10)-C(11)-C(12) 59.2 52.5 511
C(13)-C(12)-C(11)-C(10) —-59.0 —-52.0 —-51.4

All the bond distances and angles are quite normal and
similar in the two compounds, with the exception of those of
the amidinic group. The values of the C(7)-N(2) and C(7)-
N(1) bond distances indicate different bond orders for the two
C-N bonds in TBA and MA. In TBA, the C(7)-N(I) bond
length of (on average) 1.262 A corresponds well to that of a
pure double bond and the C(7)~N(2) bond length of (on av-
erage) 1.433 A corresponds to the value of 1.43 A usually taken
as that of a single C(sp?)-N(sp?) bond, while the values of the
corresponding bond distances in MA [C(7)-N(1) = 1.278;
C(7)-N(2) = 1.374 A] are both intermediate between those
of a single and a double bond. The different double bond con-
tribution to C(7)-N(2) is paralleled by the different pyram-
idality of the piperidyl N atom, as the distances from the plane
C(7), C(9), C(13) of the N(2) atom are respectively 0.36, 0.34,
and 0.13 A in TBA(A), TBA(B), and MA. The different de-
gree of pyramidality is reflected by the mean value of the bond
angles at the piperidyl N(2) atom, the value of which is 114.2°
in TBA(A), 114.8° in TBA(B), and 119.1° in MA.

Conversely, the bond distances N(1)-C(1) are not signifi-
cantly different in MA and TBA, suggesting that the phenyl
m orbitals are decoupled from the 7 system of the amidinic
group, which is to be expected as in both compounds the phenyl
group is nearly perpendicular to the amidinic group plane. The
endocyclic phenyl angle C(2)-C(1)-C(6) is similar [118.8,
118.2,and 117.5°in TBA(A), TBA(B), and MA, respectively]
in both compounds and significantly displaced from 120°. As
is well known,'® the contraction of this endocyclic angle can
be taken as a measure of the electron-releasing properties of
the substituent when, as in the present case, conjugative effects
are absent. A comparison of the average value of 118.2° ob-
tained for the present compounds with the values tabulated!!
for other substituents allows us to classify the group
~-N=C(R)NR; as one of the strongest electron-releasing
groups for pure inductive effect.

Discussion of the Structures

An analysis of the differences between the two compounds
suggests that they could be rationalized according to the fol-
lowing general scheme;

(a) The piperidyl ring, by itself, tends to be coplanar with
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Table VII.!3 Geometry around the N Atom in Piperidine Derivatives and Other Related Groups®

T d o a ref
SN Y—c? 226 1.345 112.0 119.5 14
o’ / R ' : : '
R O
>C——N/_\N cZ 1.26 1316 13,1 120.0 5
O/ n/ R
/O
{ ¥—c? 3.3¢ 1.342 113.5 119.9 16
R
/ 416 1.289 113.0 120.0
< :I‘_C_SS_/C_N: > 5.36 1.344 111.0 120.0 17
A~°
N—d I 5.3¢ 1314 114.2 119.7 18
LI
Me
R\C_V/—(N_C/O 5.6¢ 1.350 115.3 120.0
A A 9.5¢ 1.353 116.3 119.9 19
Me
Me
/O
x—el_ 7.2¢ 1.349 119.3 119.8 20
Me
/O
{ x—cZ 8.1¢ 1.350 114.2 119.9 21
R
Me
/N—R
_\‘—c< (MA) 9.7¢ 1.374 119.0 119.1 this work
"
Me
(6]
d y—cZ 11.3¢ 1.343 113.6 118.9 22

A

/~\ / A

d 1\’—<_=>—R 17.4¢ 1.383 114.3 117.0 23
A

Me—N N—¢ 0 19.4¢ 1.381 113.0 116.7 2
Cl
/~\
R—N N@ 20.0¢ 1.383 1.2 116.1 25
f— N
Me
/N
Y- \—O 25.0¢ 141 112.0 114.0 26
Me/\_/
— N i
o N—¢ o 25.1¢ 1.394 112.0 115.3 24
Cl
R

di\/_\hv 48.0¢ 1.430 110.0 113.5
- 68.6¢ 1.427 109.8 112.9 27
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Table VII. (Continued)
T d o a ref
Me
N C{ (TBA) 66.2¢ 1.441 110.7 114.2 .
R 67.2¢ 1.424 110.9 114.8 this work
Me

@ Distances in A and angles in degrees. ? Angle between the planes 1,2,3,N and 2,N.4,5. ¢ Mean value of the torsion angles 1,2,N 4 and
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Figure 3. Intramolecular potential energy (kcal/mol) calculated for MA
as a function of the torsion angles T1 = C(6)-C(1)-N(1)-C(7) and T2
= N(1)-C(7)-N(2)-C(9). Calculated and experimental minima are in-
dicated by a circle and a star, respectively.

the amidinic moiety owing to the partial double bond character

of the C(7)-N(2) bond.

(b) Only in extreme cases, as in TBA, can the steric hin-
drance of the substituent groups force a conformation in which
the two moieties are nearly orthogonal, producing therefore
a total decoupling between the 7 system of the amidinic group

and the p, orbital of the N(

2) atom.

(¢) The different bond order of the C(7)-N(2) bond deter-
mines, accordingly, the C(7)-N(2) and C(7)-N(1) bond
distances and the degree of pyramidality of the N(2) atom.

(d) The rather unusual diaxial conformation of the two
2,6-cis-methyl groups on the piperidyl ring, observed in MA,
is likely to be produced by the fact that the axial-to-axial re-
pulsion between the two methyl groups is smaller than the
repulsion between equatorial methyl groups and substituent
groups when the piperidyl and amidinic moieties are nearly

coplanar.
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Figure 4. Intramolecular potential energy (kcal/mol) calculated for
TBA(A) as a function of the torsion angles T1 = C(6)-C(1)-N(1)-C(7),
T2 = N(1)-C(7)-N(2)-C(9) and T3 = N(1)-C(7)-C(8)-C(16). The
section shown is that displaying the absolute minimum of energy and
corresponds to T3 = 180.7°. The calculated minimum and the experi-
mental minima for TBA(A) and TBA(B) are indicated by a circle, a star,
and a triangle, respectively.

The role played by the partial double bond character of the
C(7)-N(2) bond in flattening the molecule can be proved, in
the present case, by the following simple arguments. The tor-
sion angles C(6)~-C(1)-N(1)~-C(7) = Tl and N(1)-C(7)-
N(2)~C(9) = T2 for MA and TBA(A) and the additional
angle N(1)~C(7)~-C(8)-C(16) = T3 for TBA(A) have been
estimated by minimizing the nonbonded intramolecular po-
tential energy U of the free molecules by using semiempirical
atom-atom potential curves.!? The map U(T1,T2) for MA is
shown in Figure 3, and in Figure 4 is reported the section of the
map U(T1,T2,T3), calculated for TBA(A) for T3 = 180.7°,
the value which corresponds to the section with the lowest
absolute value of energy and which is not far from the experi-
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Figure 5, Plot of the torsion angle around the C(7)~N(2) bond, 7, vs. the \ b / /
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Figure 6. Plot of the mean bond angle at the N(2) atom, &, vs. the bond
distances C(7)-N(2), d, for all the data of Table V1. The continuous line
shows the least-squares curve calculated assuming a parabolic dependence
of@on d.

mental value of T3 = 174.5°. The absolute minima are found
at Tl = —88.9and T2 = —80.6° for MAandat Tl = —%94.4
and T2 = —64.9° for TBA(A). Both the calculated and the
experimental values are marked in Figures 3 and 4, and their
comparison reveals that the preferred conformation of the
piperidyl group is always that nearly perpendicular to the
amidinic group, as far as the nonbonded interactions alone are
acting on the molecule, showing that the different conforma-
tion found experimentally for MA (piperidyl and amidinic
groups nearly coplanar) is caused by a different factor, which
can be tentatively identified in the partial double bond char-
acter of the C(7)~N(2) bond.

Arguments supporting points a, b, and ¢ given above can be
obtained from a general analysis of the structural parameters
of molecules having a C(sp?)-N(piperidyl) bond, mainly
amides, thioamides, dithioamides, amidines, and molecules
where the N (piperidyl) atom is linked to an aromatic carbon.
These molecules are listed in Table VII together with the pa-
rameters of interest, that is, the values of the torsion angle
around C(7)-N(2), T, bond distance C(7)-N(2), d, endocyclic
angle at N(2), «, and the mean value of the three bond angles
at N(2), & The & value can be taken as a measure of the degree
of pyramidality of the piperidyl nitrogen; this parameter was
chosen as the alternative parameter, the distance of N(2) from
the plane of the three bonded atoms, was seldom given in the
referenced literature. The data of the table are rearranged in
Figures 5 and 6 as plots T = f(d) and @ = f(d), respec-
tively.

Figure 5 shows that the bond distance C-N is dependent on
the torsion angle T and that values of 4 approaching a pure

Figure 7. Total energy (kcal/mol) of the molecule calculated in the
INDO?:30 gpproximation for MA (open circles) and TBA(A) (full circles)
as a function of the internuclear distance C(7)-N(2).

single bond C(sp?)-N(sp?) can be observed only when the
torsion angle T tends to 90°. The observed value of T appears
to be determined by the balance of two opposing forces, one
arising from the double bond contribution to the C-N bond
and the other arising from the steric hindrance of the substit-
uents. In spite of the fact that such a delicate balance could be
affected by the field of the crystal forces, the data of Table VII
indicate, in agreement with the expectation, that the values of
T increase with the increasing steric hindrance of the substit-
uents and with the decreasing contribution of the polar form
B to the ground state of the molecule. This model fits the ex-
N Do

e ~ R

A B

~~ X=0,8 NR,CHR

perimental evidence that amides (the compounds of the series
known to have the highest contribution of the polar form B)
tend to be planar irrespective, within the due limits, of the steric
hindrance of the substituents®® and fits, moreover, the intuitive
concept that the wide range (1.29 + 1.38 A) of bond distances
observed for the small interval 0° < T < 10° (see Figure 5)
could be hardly interpreted only in terms of a functional de-
pendence of d on 7. In fact, the difference of  energy asso-
ciated with a rotation of only 10° is small, as can be estimated
computing the overlap integral between two p orbitals on ad-
jacent C and N atoms as a function of the torsion angle; the
variation of such an integral is determined by the cosine of the
torsion angle and amounts only to 1.5% for a rotation from 0
to 10°.

The variation in pyramidality of the N(2) atom expressed
as mean value, &, of the bond angle at N(2) as a function of the

R
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C(7)-N(2) bond distance, d, is shown in Figure 6 for all the
data of Table VII. The flattening of the bonds at N(2) in-
creases with decreasing 4 and therefore with the increasing
double bond character of the C(7)-N(2) bond. As the & value
ranges from 120 to 112.9° while the C-N distance changes
from a double to a single bond length, the plot can be inter-
preted in terms of a continous variation of the state of hy-
bridization of the piperidyl N atom from sp? to sp3. Conversely,
the value of the endocyclic angle, «, cannot be taken as a good
indicator of the state of hybridization of the N atom. In fact,
a weak dependence of « on d is observed only for those com-
pounds not having nonequatorial 2,6-cis substituents in the
piperidyl ring, while rings in a chair conformation with diaxial
2,6-cis substituents (MA and compound of ref 20) display
endocyclic angles far smaller then expected, and an interme-
diate behavior is observed in case of 2,6 substituents in
twisted-boat rings.'?

A more direct proof of the intercorrelations among the dif-
ferent geometrical parameters would be obtained by mini-
mizing the total energy of the molecule by means of “ab initio”
or semiempirical quantum-mechanical calculations. Unfor-
tunately, the interconversion path from the conformation in
which the amidinic and piperidyl moieties are coplanar to that
in which they are orthogonal appears to be rather complicated:
it has been shown in the present paper that it implies the
variation of at least five different parameters, that is, the tor-
sion angle around the C(7)-N(2) bond, the bond distances
C(7)-N(2) and C(7)-N(1), the pyramidality of the N(2)
atom, and the switching of the 2,6-cis-methyl groups from a
diaxial to a diequatorial conformation. Moreover, this last
process could imply a transition state in which the piperidyl
ring itself is twisted. As a minimization, accounting for all the
degrees of freedom of the molecule appeared to be a difficult
problem to deal with; a simple minimization of the energy as
a function of the C(7)-N(2) bond distance, all other geomet-
rical factors remaining constant, has been undertaken for the
two molecules MA and TBA(A). The starting coordinates
were those of Tables 11 and 111 and the calculations were car-
ried out in the INDOQ?%39 approximation. A plot of the total
energy (expressed in kcal/mol above the absolute minima) as
a function of the internuclear C(7)-N(2) distance for MA and
TBA(A) is reported in Figure 7. The plot confirms the idea of
a shorter internuclear equilibrium C-N distance in MA than
in TBA(A), in spite of a certain discrepancy between the cal-
culated [1.394 A in MA and 1.414 A in TBA(A)] and exper-
imental values [1.374 A in MA and (on average) 1.433 A in
TBA].
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