Conformations of 3,3-Dimethylpiperidine

of casting solvent was used and how they are dried. There-
fore, the surface structure of a polymer blend is not a simple
function of the surface free energy difference or the molec-
ular interaction.

Figure 6 shows XPS results of (PMMA/SAN 30) ul-
trathin films with ca. 13 nm thick and thick films with 2
um thick. Polymeric films with thickness less than about 2
Rg of the higher weight component, here PMMA (2 Rg=
14.6 nm), was defined as the ultrathin blend films.* Since
polymeric chains at the interface, in general, are thermody-
namically unstable, the molecular aggregation structure in
the ultrathin film of binary polymer blend must be greatly
different from that in the thick film. The surface structure of
ultrathin film did not show any surface enrichment of
PMMA, the lower surface free energy component in the
blend. This result was agreed with that of (PMMA/PVACc)
ultrathin films, that is, the mobility of chains in a blend film
with this thickness is restricted due to its very narrow space.’

Conclusion

The surface structure of (PMMA/SAN) blends with vari-
ous AN contents of SAN and in the carboxyl acid contents
of PMMA was investigated on the basis of XPS, ATR-FT
IR and AFM measurements. It was revealed that the degree
of surface enrichment in phase mixed- and phase-separated
systems is not a simple function of the surface free energy
difference, entropy of mixing, or molecular interaction. The
component entiched at the surface of a blend is strongly de-
pendent on the difference of surface free energy between
components in the blend whereas the degree of surface en-
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richment is dependent on several factors such as surface
free energy difference, intermolecular interaction and sam-
ple preparation history. The carboxyl group in H-PMMA
reduces the compatibility of (PMMA/SAN 30) blend due to
the dilution of the repulsive force between S and AN unit.
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'H NMR spectra of 3,3-dimethylpiperidine (1) at — 70 to 30 °C exhibit gradual change from slow to rapid ex-
change between two alternate chair forms. The exchange rate constant was determined as a function of tem-
perature by simulating the line shape of the signal from the two methyl groups using the modified Bloch
equations. The resulting free energy of activation is AG* =44.4+1.9 kI mol ' at 298 K. The 'H NMR spec-
trum of a D,O or dimethylsulfoxide-dy (DMSO-d,) solution containing 1 and [SiW,,Co"O5,]°" exhibits separate
signals for the free ligand and the complex, indicating that the ligand exchange is slow on the NMR time scale.
In D,0 the piperidine ring is frozen as a chair form even at room temperature with the cobalt ion bonded to
the axial position of the nitrogen atom. When DMSO-d; is added to the D,O solution, the NMR spectral
change suggests that a rapid exchange occurs between the chair form and another conformer. It is proposed
that the conformation of 1 coordinated to [SiW;;Co"05,]® in DMSO-d, is close to a twist form.

Introduction

Numerous NMR studies have been carried out on pi-

peridine and its derivatives to elucidate their conformations.
A recent book on piperidine devoted three chapters to con-
formational analysis and 'H and C NMR spectroscopies of
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piperidine derivatives.! NMR spectra show that piperidine
exists in solution as two chair conformers in rapid exchange
at room temperature.” In addition, the equatorial and axial
NH conformers are in rapid exchange, the equatorial/axial
ratio being 7:3 at room temperature.” The ring inversion is
frozen below -85 °C, the free energy of activation being
43.5 kJ/mol.** The nitrogen inversion is frozen at a much
lower temperature.

The 'H NMR spectra of 2-, 3- and 4-methylpiperidine
show that the piperidine ring is frozen even at room tem-
perature as the chair form with the equatorial methyl group.
The chair conformer with the axial methyl group has high
energy because of two gauche interactions and repulsive in-
teractions between the axial methyl group and the axial hy-
drogen atom(s).” Detailed assignments of the 'H NMR
peaks for these compounds were reported before.®

While studying '"H NMR spectra of piperidine derivatives
coordinated to the paramagnetic heteropolyanion, [SiW,;-
Co"05]* (SiW;Co, 2), we have noted that a detailed 'H
NMR study of 3,3-dimethylpiperidine (1) has not been re-
ported. *C chemical shifts of 1 as a function of temperature
were reported, and a chair-twist equilibrium was assumed.’
However, we have found that the '"H NMR spectra of 1 can
be better interpreted in terms of two alternate chair con-
formers in equilibrium. This paper reports assignments of
'H NMR peaks of 1 in dichloromethane-d,, determination
of the free energy of activation for the chair-chair conv-
ersion, and conformations of 1 coordinated to the paramag-
netic [SiW;,Co"05]°" anion in D,O and DMSO-d,.

Experimental

3,3-Dimethylpiperidine was used as obtained from Al-
drich. Dichloromethane-d, solutions were prepared ~0.1 M
in 1. K([SiW;;Co(H,0)05]-nH,O was prepared according
to the method of Simmons.® D,O and DMSO-d, solutions
were prepared ~0.02 M in each of 1 and K,[SiW;,Co(H,0)
0O,,]-nH,0.

"H NMR spectra were obtained in the Fourier-transform
mode with Varian Gemini-300 and -200 spectrometers
equipped with broad band narrow-bore probes. NMR meas-
urements were made at —70 to 30 °C. Sodium salt of 3-
(trimethylsilyl)propionic-2,2,3,3-d, acid (TSP) or TMS was
used as an internal reference.

The NMR spectra were simulated by using the computer
program NMRSM’ and also a program written by us. Two
programs produced essentially the same results.

Results and Discussion

Free 3,3-Dimethylpiperidine. The 'H NMR spectra
of 1 at —70 to 20 °C are shown in Figure 1. The spectrum
at — 70 °C is typical of a fixed chair conformation of the pi-
peridine ring. As the temperature is raised, the signals are
broadened, then some signals merge, and finally the merged
signals become sharp. Such temperature dependence is ex-
pected when the exchange rate between two different con-
formers increases with increasing temperature. The two
methyl peaks appearing at 0.95-0.80 ppm at —70 °C be-
come an exchange-narrowed peak at 20 °C, indicating that
the axial and equatorial methyl groups are exchanged ra-
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Figure 1. 'H NMR spectra of 3,3-dimethylpiperidine in CD,Cl,

at — 70 to 20 °C. The peaks designated by arrows originate from
Hzo.

pidly in the two conformers. Then the two conformers in-
volved must be the two alternate chair forms. If a chair
form and a twist form were involved, the two methyl peaks
would not be merged even at high temperatures.

The spectrum at 20 °C will be assigned first. The axial
and equatorial protons bonded to the same carbon atom
have the same average environment in the rapidly inter-
converting system. Since the o — protons are deshielded
more than the other protons in 3- or 4-methylpiperidine,’
the peaks at 2.67 and 2.42 ppm may be assigned to the o -
protons. The singlet at 2.42 ppm is assigned to 2-H, for no
significant spin-spin coupling is expected with the methyl
groups at the position 3. The triplet at 2.67 ppm is then as-
signed to the 6-H protons, which are coupled with the 5-H
protons. The spin-spin coupling constants for the two ra-
pidly interconverting chair conformers can be obtained by
averaging the values for the fixed chair forms. Analysis of
the low-temperature spectrum produced one common value
for each of J,, J,, and J,, irrespective of the positions of
the protons (see below).”’ The 6-H peak is expected to split
into a doublet by J,=(J,.+/..)/2 and again into doublets by
Jo=(J .+ 2)2. Since J, (6.5 Hz) and J, (4.5 Hz) are similar,
the signal looks like a triplet. The triplet at 1.27 ppm is as-
signed to 4-H similarly as 6-H. The J values determined (/'
=7.0 and J,'=5.1 Hz) are slightly larger than the values det-
ermined from the 6-H signal. The quintet at 1.43 ppm is as-
signed to 5-H, for the peak is expected to split into a triplet
by J, and J,' and again into triplets by J, and J,. And fi-
nally the singlet at 0.85 ppm is assigned to the methyl
groups.

The spectrum below -70 °C comes from a fixed pi-
peridine ring. The fine structure is useful in assigning the
signals. The coupling constant between geminal protons in
the piperidine ring is ~13 Hz, and J,, J,., and J,, are in the
range of 8-13, 2-6, and 1-4 Hz, respectively.!! The peak at
2.67 ppm at 20 °C splits into a doublet at 2.96 and a triplet
at 2.37 ppm, which are assigned to 6-H, and 6-H, on the
basis of their fine structures. This assignment is consistent
with the well-established fact that an equatorial o — proton
is deshielded more than an axial one.”” The two doublets at
2.52 and 2.32 ppm, which merge into a singlet at 2.42 ppm
at 20 °C, are assigned to 2-H, and 2-H,, respectively.

The quartet at 1.54 ppm and the triplet at 1.20 ppm are
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Figure 2. (a) Measured and (b) simulated spectra of 3,3-di-
methylpiperidine in CD,Cl, at 1.7-1.1 ppm.

assigned to 5-H, and 4-H,, respectively, based on their fine
structures. Then the peaks centered at 1.40 ppm should be
assigned to 4-H, and 5-H,. Since this portion of the spec-
trum is complicated, the measured and simulated spectra are
shown in Figure 2. The resulting chemical shifts of 4-H,
and 5-H, are 1.42 and 1.38 ppm, respectively. Finally the
peaks at 0.95 and 0.80 ppm are assigned to the equatorial
and axial methyl groups. The chemical shifts and the spin-
spin coupling constants are given in Table 1.

The spin-spin coupling constants determined from the
low-temperature spectrum are Ji.,,=12.3, J4.4,=14.2, Js.5.=
129, Jo=12.0, %7,=12.9, and °J,.=4.3 Hz. An accurate
value of 3/, could not be determined. If *J,, is assumed to
be 1.1 Hz, (/,+/..)/2=7.0 Hz is in agreement with J,', but
slightly larger than J,. The average value of J,, and J,,, 4.3
Hz, is slightly smaller than J, and J,'.

Free Energy of Activation. Temperature-dependent
line shapes of the signal from the methyl groups were simu-
lated by using the modified Bloch equations,’* and the
transition probability, P, between the two conformers was
determined as a function of temperature. According to the
transition state theory the Arrhenius equation can be ex-
pressed as®

P = 1;—?— exp(AS* /R) exp(-AH* /RT)

Table 1. Chemical Shifts (in ppm) and Spin-Spin Coupling
Parameters (in Hz) for 3,3-Dimethylpiperidine at — 70 °C

2-H, 252 d* (12.3)

2-H, 232 d (12.3)

4-H, 142 d (14.2)

4-H, 1.20 ddd (142, 12.9, 4.3)
5-H, 1.38 d (12.9)

5.H, 1.54 dtt* (12.9, 12.9, 4.3)
6-H, 2.96 d (12.0)

6-H, 237 ddd (12,0, 129, 4.3)
3-CH, (e) 0.95 s*

3-CH, (a) 0.80 s

*s, d, and t represent singlet, doublet, and triplet, respectively.
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Figure 3. Least squares fit of In(Ph/kT) as a function of 1/T.
Two straight lines were obtained by using five experimental
values at 0 to ~40 °C and four experimental values at —40 to
- 70 °C. Symbols represent values determined by simulating the
line shape of the signal from the two methyl groups.

When In(Ph/kT) is plotted as a function of 1/T (Figure 3),
the experimental values fall on two straight lines instead of
one. This may represent that more than one path contribute
to the chair-chair interconversion. The activation parameters
depend on the straight line chosen,' but the free energies of
activation at room temperature are close enough to be ex-
pressed as 44.4+1.9 kJ mol '. This value is similar to that
(43.5 kJ mol ') of piperidine.’

SiW;,Co Complex. 'H NMR spectra of 1 coordinated
to 2 in D,O, D,0-DMSO-d;, and DMSO-d; are shown in
Figure 4. Separate peaks are observed for the free ligand
and the complex, showing that the ligand exchange is slow
on the NMR time scale. The peaks originating from the
complex exhibit large isotropic -shifts due to the unpaired
electrons on the cobalt ion. Nine out of ten expected peaks
are observed for the D,O solution. Since the room-tem-
perature spectrum of the free ligand exhibits well-resolved
peaks from 2-, 4-, 5-, and 6-H protons, saturation transfer
technique was used to identify these peaks. Then the peaks
were assigned to the equatorial or axial protons by com-
paring with the spectra of related systems (see below).

5He
j SHe 2He

———):k . T .,

40 30 20 10 0 -0  -20 30  -40PPM
Figure 4. 'H NMR spectra of (a) D,0, (b) 40% (by volume)
DMSO-d,, (c) 80% DMSO-d;, and (d) DMSO-d; solutions con-
taining 3,3-dimethylpiperidine and SiW,,Co in a 1:1 molar ratio.
The peaks originating from the complex are labeled.
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Table 2. Chemical Shifts (in ppm) for 3,3-dimethylpiperidine
Coordinated to SiW,,Co

D,0 solution

DMSO0-d, solution

2-H, 339 -338
2-H, 59 ~402
4-H, - -11.0
4-H, -94 -218
5-H. 414 29.5
5-H, -11.1 -269
6-H, 386 30.0
6-H, 9.6 55
3-CH, (¢) 0.0 -10.4
3-CH, (a) -30 -208

The lowest-field peak at 41.4 ppm in the D,0 spectrum,
which comes from 5-H, is assigned to 5-H, by comparing
with the spectrum of 4-methylpiperidine coordinated to 2."
The broad peak at 38.6 ppm in the D,O spectrum, which
originates from 6-H, is assigned to 6-H, by comparing with
the spectrum of 3-methylpiperidine coordinated to 2."” The
other peak at 9.6 ppm originating also from 6-H is assigned
to 6-H,. The two peaks at 33.9 and 5.9 ppm, which ori-
ginate from 2-H, are similarly assigned to 2-H, and 2-H,,
respectively. Assignments of the other peaks are shown in
Figure 4 and Table 2.

Addition of DMSO-d, to the D,0 solution generally shifts
the peaks upfield. Most remarkably 2-H, and 2-H, peaks are
shifted by 68 and 46 ppm, respectively, when D,O is re-
placed by DMSO-ds. The gradual decrease of the chemical
shifts with increasing concentration of DMSO-ds suggests
that the chair form is in equilibrium with another conformer
in D,0-DMSO-d, solutions (see below).'® Assignments for
the DMSO spectrum are also given in Table 2.

Conformations of the Coordinated 3,3-Dimethyl-
piperidine. The NMR spectrum of 1 coordinated to 2 in
D,O exhibits separate peaks for equatorial and axial protons,
indicating that the chair-chair interconversion does not oc-
cur even at room temperature. It is quite likely that the pi-
peridine ring is frozen as a chair form, which is consistent
with the observation that the chemical shifts of the two
equatorial (or axial) o — protons are similar. The question ar-
ises whether the cobalt ion is bonded to the axial or
equatorial position of the nitrogen atom. The chair con-
former can exist in axial (A) and equatorial (E) forms.

CH, H CH,

o o

A conformer E conformer

Since equatorial and axial o — protons in the A conformer
are in equivalent steric positions with respect to the ni-
trogen lone pair,” they should exhibit the same isotropic
shifts when the A conformer is coordinated to 2. On the oth-
er hand, equatorial and axial o — protons are not equivalent
in the E conformer. The fact that the peaks from the
equatorial and axial o - protons in the D,O spectrum are
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Figure 5. (a) The E form of the chair conformer and (b) the

twist conformer coordinated to SiW,;Co.

separated by 28 ppm indicates that the coordinated pi-
peridine exists as the E conformer (Figure 5).

It is quite surprising that the coordinated 1 has the E con-
former, although it is slightly more stable than the A con-
former for free piperidine.® The A conformer, if coor-
dinated to 2, would be directed away from 2, while the E
conformer, especially its axial methyl group, comes close to
the surface of 2. The A conformer would be preferred, if
there were a repulsive interaction between the methyl group
and the surface of 2. However, the following observations
suggest that there is an attractive interaction between them.
The piperidine ring of 1 coordinated to 2 in D,O is frozen
even at room temperature, while the free ligand undergoes
rapid inversion. On the other hand, piperidine coordinated
to 2 is in rapid equilibrium between two chair conformers.”
It is probable that the axial methyl group in 1 forms a weak
hydrogen bond with a bridging oxygen atom in 2.7

When D,O is replaced by DMSO-dq, 6-H peaks are shift-
ed upfield by less than 10 ppm, but 2-H peaks are shifted
upfield by 48 and 69 ppm. In the DMSO-d, spectrum 2-H,
and 2-H, peaks are separated by less than 7 ppm, while 6-
H. and 6-H, peaks are separated by more than 30 ppm.
These observations, suggesting that 2-H, and 2-H, are in
similar steric positions with respect to the Co-N bond and
that 6-H, and 6-H, are not, cannot be explained in terms of
either the E or A form of the chair conformer. The chem-
ical shifts can be similar for 2-H, and 2-H, and quite dif-
ferent for 6-H, and 6-H,, only when the ligand is in a boat
or a twist conformer. For free piperidine the boat form cor-
responds to a transition state and the twist form to a po-
tential energy minimum.” So it is more likely that the li-
gand has a twist form in DMSO-d, (Figure S5).

The question arises why 1 coordinated to 2 has different
conformations in D,O and DMSO-d,. We speculate that the
hydrophobic side of the piperidine ring in D,0 moves away
from the solvent toward the surface of SiW,;,Co. It is prob-
able that a weak hydrogen bond between the axial methyl
group and a bridging oxygen atom in SiW;;Co stabilizes
the E form of the chair conformer. On the other hand, the
piperidine ring in DMSO-d; may be more stable when sur-
rounded by the solvent molecules. Now the axial methyl
group destabilizes the chair form causing conversion to the
twist form, in which the two methyl groups can be ac-
commodated in the axis position.

The isotropic NMR shifts in a paramagnetic system con-
tain contact and pseudocontact contributions. Since the pseu-
docontact shifts arise from through-space dipolar inter-
actions between the electronic and nuclear moments,” they
can provide detailed information about the conformation of
the ligand. Unfortunately, it has not been possible to
separate the isotropic shifts into contact and pseudocontact
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contributions for our system. More work is needed to ex-
tract detailed conformational information from our NMR
data.
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An approximate molecular theory of classical fluids based on the nonrandom lattice statistical-mechanical theo-
ry is presented. To obtain configurational Helmholtz free energy and equation of state (EOS), the lattice-hole
theory of the Guggenheim combinatorics is approximated by introducing the nonrandom two-fluid theory. The
approximate nature in the derivation makes the model possible to unify the classical lattice-hole theory and to
describe correctly the configurational properties of real fluids including macromolecules. The theory requires
only two molecular parameters for a pure fluid. Results obtained to date have demonstrated that the model cor-
relates quantitatively the first- and second-order thermodynamic properties of real fluids. The basic simplicity
of the model can readily be generalized to multicomponent systems. The model is especially relevant to (multi)
phase equilibria of systems containing molecularly complex species.

Introduction

Knowledge of phase equilibria is essential for the und-
erstanding of various phenomena occurring in nature and in-

dustrial processes. Investigation of these equilibria, especial-
ly in multicomponent systems, is of importance in numer-
ous branches of science and engineering. In principle a sin-
gle volumetric equation of state (EOS) is sufficient for des-



