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Abstract: 2,2,6,6-Tetramethyl substitut-
ed piperidines with a �-branched N-
alkyl substituent were synthesized by
the photoreaction of N-Me precursors
with ketones. The main conformation
features of these sterically-hindered
amines (established by NMR and IR
spectroscopy) are a ring in the chair
form, an eclipsed conformation for the
N-substituent and an intramolecular

OH ¥¥¥N bond. High barriers for the
geminal substituent topomerization
were measured for these piperidines at
different temperatures by means of line-
shape analysis of the temperature-de-

pendent 13C and 1H NMR spectra. An
MM3-derived conformation scheme in-
dicated that, for one of the studied
analogues, the rotation of the N-sub-
stituent determines a slow topomeriza-
tion rate. A new mechanism of nitrogen
inversion–a concerted hydrogen-bond
dissociation/nitrogen inversion proc-
ess–is considered for hydrogen-bonded
amines.
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Introduction

The conformation analysis of monocyclic alkylpiperidines
demonstrates that there is no qualitative discrepancy between
the thermodynamic conformation features of unhindered and
most of the hindered analogues. With few exceptions,[1a±e] the
chair form is the preferred piperidine ring conformation and a
tendency of the ring substituents to adopt an equatorial
orientation determines the conformation equilibrium for
mono-, di-, tri-, and polysubstituted piperidines.[2a±f]

In contrast, the conformation dynamics of these cycles are
sensitive to the ring substitution. For instance, the low-energy
pathways of topomerization of the ring substituents are not
equivalent for N-Me piperidine 1a and N-Et piperidine 1b
(see Figure 1 and Scheme 1).[3, 4] In consequence, the NMR-
measured barriers[3±5] for this topomerization (observed as a
doubling of resonance signals of the geminal ring substituents)
are appreciably different. In general, it is difficult to predict
how the ring crowding would influence the topomerization
kinetics. The barriers decrease with an increase of the bulk,
such as the N-alkyl substituent in some C-unsubstituted
piperidines 2a ± c. In contrast, these barriers increase in other
C-unsubstituted piperidines[6a,b] as well as in hindered ana-
logues 1b ± e. Such barriers are extremely high in spiro
compounds 3a and 3b.[6c]

Even for close analogues 1b ± e it is difficult to conclude
whether a significant increase (more than 3 kcalmol�1) of the
topomerization barrier for compound 1e is due to the increase
in the bulkiness of the N-substituent, or to the involvement of
different intramolecular motions. For instance the latter gives
rise to the 4 kcalmol�1 difference for piperidines 1a and 2a.[3±5]

In this work we discuss the relationship between confor-
mation kinetics and the structure of the N-alkyl substituent in
piperidines with a sterically hindered amino fragment and
also describe their conformation dynamics in terms of
conformation schemes. We synthesized 2,2,6,6-tetramethyl-
piperidines, bearing a �-branched N-substituent, measured
topomerization rates for analogues with a nonfunctionalized
piperidine ring by dynamic NMR (DNMR) spectroscopy, and
performed MM3-based calculations in order to identify the
rate-determining intramolecular dynamic processes.

Results and Discussion

Synthesis of sterically hindered piperidines

The highly crowded amines 4 ± 7 were prepared by using two
different approaches (see Scheme 2). The less-hindered 4 was
synthesized by the alkylation of secondary amine 8 by isobutyl
iodide 9 in 70 ± 80% yield. Attempts to introduce a neopentyl
substituent by the alkylation of 8 were unsuccessful. Amine 8
remained unchanged when heated with a 30-fold excess of
neopentyl iodide (160 �C, 15 days) or with neopentyl triflate
(nitromethane, reflux, 8 h).
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Figure 1. Amines 1a ± e, 2a ± c, 24, 25 and 26 (the corresponding NMR-
measured barriers, kcalmol�1, are in parentheses).

Scheme 1. Three formal intramolecular motions (taken in an arbitrary
sequence) which provide the DNMR-observed topomerization chair A�
chair B in piperidines, for example, in piperidine 1a[4,5] (the asterisk is a
formal label, numbers indicate the methyl groups).

Hindered amines 5 and 6, which possess an intramolecular
hydrogen bond (see below), were obtained by a modification
of the N-methyl substituent of tertiary amine 1a by photo-
chemical reduction of ketones.[7a] Photolysis of amine 1a with

Scheme 2. Piperidine derivatives 1 ± 8, 11 ± 23. For photoreactions in
benzene (i.e., not in the acetone-water mixture) only the isolated cross-
recombination products 5, 6, 15 ± 19 are shown.

an excess of acetone 10a or with acetophenone 10b in benzene
led to 5 and 6 (cross-recombination products[7a,b]) in 20 ± 25%
yield. Acetylation of aminoalcohol 5 to acetoxy compound 7
was performed by means of the DMAP-based procedure
(DMAP� dimethylaminopyridine).[8a,b] The corresponding
trifluoroacetate was formed quantitatively (as observed by
NMR spectroscopy) when 5 was acylated by trifluoroacetic
acid anhydride (without DMAP). However, this compound
was not isolated because of its rapid decomposition on silica
into a mixture of the olefinic products of elimination of the
trifluoroacetate group (observed by NMR spectroscopy).

We also studied this photoreaction for N-Me 4-piperidones
(see Scheme 2). These aminoketones possess two photo-
reactive centers–the amino function and the carbonyl group,
which are capable of photooxidation by ketones and photo-
reduction by amines,[7a] respectively–and, therefore, have
more transformation possibilities. In addition, the keto group
in aliphatic ketones is, in itself, photolabile.[9] For instance, the
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piperidine ring of tropinone
(11) hydrochloride is opened
under UV irradiation[10] due to
the photolytic cleavage of the
keto fragment (in this case the
photoreductive ability of the N-
Me group is suppressed by the
salt formation).

As we now show, the piper-
idone N-methylamino and keto
functions interact when the ter-
tiary amino group is not proto-
nated; piperidone 12 is convert-
ed in a multicomponent mix-
ture after 8 h irradiation in
benzene. In the presence of
ketone 10b, however, 12 gave
piperidone 15 in 15% yield.
Also, reaction of 11 ± 14 with
benzophenone (10c) led to the corresponding piperidones
16 ± 19 in 10 ± 23% yields. A significant part (about 30 ± 40%)
of the starting amines 11 ± 14 is transformed into the
corresponding N-demethylation products, which were only
detected by NMR spectroscopy and not isolated.

We found that this photoreaction (for the photodemeth-
ylation of amines by ketones see ref. [7a]) may serve as a
preparative route to N-demethylation of functionalized ter-
tiary methylamines; demethylation yields are increased when
an acetone/water mixture is employed as the reducing solvent.
If, for example, aminoketones 11 and 12 are irradiated in this
mixture, N-H compounds 20 and 21 are isolated in 79 and
82% yield, respectively (no appreciable amounts of the
dimerization and cross-recombination products[7a,b] were
formed). Another example is aminoalcohol 22. This com-
pound, with two potential photoreducing centers (the tertiary
amino[7a] and the secondary hydroxy[11] groups), is chemo-
selectively converted under the same conditions into second-
ary piperidole 23 in 72% yield.

NMR and IR spectroscopic study

Conformation analysis : Data for the room-temperature 1H
and 13C NMR spectra of compounds 4 ± 7 and 15 are given in
Tables 1 and 2. Our experimental data support a predom-
inance of the chair conformation for polysubstituted piper-
idines with a bulky N-substituent. In the 1H NMR spectrum of
piperidone 15 we can detect a long-range coupling interaction
between the axial protons H-3 and H-5 (2.4 Hz), which, being
diastereotopic, are chemically nonequivalent. Cyclic ketones
only possess such a long-range spin ± spin interaction in the
chair conformation.[2d] In addition, the chemical shift differ-
ence for the geminal protons in the 3- and 5-positions of 17
(0.48 ppm) is the same as the difference for the equatorial and
axial protons at C-2 of the conformationally restricted ™chair
compound∫ 16 (0.46 ppm).

A preference for the conformation in which the nitrogen
atom is intramolecularly hydrogen-bonded was found in
aminoalcohols 5, 6, and 15 ± 19, as indicated by a very broad
signal for the OH proton at room temperature at about

5.5 ppm. The temperature dependence of the OH chemical
shift strongly supports this conclusion; heating (for 5 and 6)
causes only a small upfield shift for these signals (�0.2 ppm/
100 �C). This information provides evidence for the presence
of an intramolecular hydrogen bond in close analogue 1e, as
claimed in reference [12] .

Furthermore, the IR spectra of dilute solutions of com-
pounds 15 ± 19 in CCl4 show broad absorbances centered at
3260, 3372, 3360, 3392, and 3400 cm�1, respectively, due
to a hydrogen-bonded hydroxy group,[13a] , while a sharp
absorbance at 3600 ± 3640 cm�1 arising from a free hydroxy
group[13a] is absent. According to a ��OH-based estimation of
the strength of the intramolecular hydrogen bond,[13a] the
detected hydrogen bonds belong to a strong OH ¥¥¥N type
bond.[13b,c]

The difference between the chemical shifts (0.4 ppm) of the
bridgehead protons of tropinone (11) and its derivative 16
shows the shielding influence of the magnetic anisotropy of
the phenyl groups on the equatorial �-substituents of the
piperidine ring for compounds of this type. Hence, we can
assign the substantially downfield singlets of the �-methyl
substituents for 5 ± 7, 15, 17, and 19 (see, e.g., Table 1) to

Table 1. Data from the 1H NMR[a] (�H, J [Hz]) and high-resolution mass spectra (m/z) for piperidines 4 ± 7 and
15.

�-Me ring CH2×s N-CH2 Others MH� (calcd)

4 0.99 br s 1.3 ± 1.6 2.22 0.85 d, 6.7 (Me) 198.217
d, 7.2 1.65 th, 7.2, 6.7 (CH) (198.222)

5 1.05 s 1.4 ± 1.6 2.52 s 1.22 s (2 Me) 214.224
1.08 s 5.3 br s (OH) (214.217)

6 0.35 se 1.3 ± 1.7 3.00 s 1.47 s (Me) 5.7 br s (OH) 276.215
0.91 sa 7.14 m (p-H) 7.27 m (m-H) (276.233)
1.09 sa 7.41 m (o-H)
1.19 se

7 0.97 s 1.3 ± 1.7 2.91 s 1.49 s (2 Me) 256.229
0.98 s 1.94 s (COMe) (256.228)

15 0.52 se 2.14 dd, 12.6, 2.4 (3-Ha) 3.12 s 1.52 s (Me) 5.3 br s (OH) ±
0.94 sa 2.48 dd, 12.6, 2.4 (5-Ha) 7.17 m (p-H)
1.13 sa 2.54 d, 12.6 (3-He) 7.29 m (m-H)
1.37 se 2.66 d, 12.6 (5-He) 7.44 m (o-H)

[a] In CDCl3 at 25 �C; h� septet, a� axial, e� equatorial.

Table 2. 13C NMR data for piperidines 4 ± 7 and 15 in CDCl3 at 25 �C.

C-2, C-3, C-4 �-Me[a] C-1� C-2� Me Others
C-6 C-5

4 54.58 41.67 18.10 28.30 br 52.33 30.90 21.15 ±
5 55.16 41.09 17.70 22.32a 54.00 63.57 31.61 ±

35.18e

6 54.85 40.93 17.62 22.59a 56.85 67.33 33.55 124.60 (p)
55.42 41.02 22.09a 125.37 (o)

34.55e 127.57 (m)
34.65e 152.80 (i)

7 54.87 41.59 17.87 21.58a 54.52 85.47 25.79 22.69 (MeCO)
34.90e 170.66 (C�O)

15 59.78 55.47 208.02 24.30a 56.51 67.85 33.50 124.53 (p)
60.30 55.51 23.82a 125.85 (o)

34.48e 128.30 (m)
34.64e 151.99 (i)

[a] a� axial, e� equatorial, br� broadened.
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equatorial methyl groups. We can also conclude that these
methyl groups and the phenyl fragments of the N-substituent
are spatially proximal (the one downfield signal among the
signals of the �-methyl groups for 5 and 15 indicates the
spatial proximity of the phenyl group to one of the equatorial
methyl groups). These experimental data together with those
related to the hydrogen bonds are complementary to the
calculation results which rigorously relate the lowest energy
conformer for piperidines 5 ± 7, 15, 17, and 19 to conformer A
(see Figures 2 and Scheme 3 as well as the section on
molecular mechanics calculations).

Figure 2. Calculated geometry of selected low energy chair conformers for
piperidines 4 and 5. Top: the lowest energy conformer of 4 by MM3;
middle: the lowest energy hydrogen-bonded conformer of 5 by MM3 (A�);
bottom: the lowest energy conformer of 5 by OPLS as well as Amber force
fields (A). An intramolecular hydrogen bond is present in the middle and
bottom chairs.

Topomerization kinetics : Four signals are seen for the geminal
methyl groups in the room-temperature NMR spectra of
piperidines 1e,[5] 6, and 15 (this work), which possess a chiral
ring substituent. These collapse into two at higher temper-
atures (0.74 and 1.01 ppm at 427 K for 6). The equally
oriented Me groups on opposite sides of the ring (1/3 and 2/4,
see Figure 3), and the geminal ring substituents (Me groups 1/
2 and 3/4) remain anisochronous under conformation trans-
formations of these piperidines. In contrast, diastereotopo-
merization occurs for the pair of Me groups 1/4 (and 2/3) of
different (axial or equatorial) orientation, for example, in
compound 6. Thus, the averaging in time equalizes two pairs

Scheme 3. Each of the five isolated intramolecular dynamic processes
results in the break-up of the intramolecular hydrogen bond in conforma-
tion A of N-(2-hydroxyethyl)piperidines (the asterisk is a formal label,
numbers indicate the methyl groups).

Figure 3. Manifestation of fast topomerization with the temperature
increase in the NMR spectra of piperidine 6. Chair A� chair B
topomerization is shown schematically by three formal intramolecular
motions. The ring methyl groups are indicated by numbers 1 ± 4 while
numbers 5 and 6 correspond to the N-CH2 protons (the asterisk is a formal
label).

of the four nonequivalent Me groups for 1e,[5] 6, and 15. When
the molecule does not possess a chiral center (as in 4, 5, and 7),
two pairs of geminal Me substituents (two axial and two
equatorial) become equal under the conditions of fast
conformation exchange.

The difference in resonance frequency for the two N-CH2

protons in compounds 1e and 6 is temperature-independent
(see ref. [5] for 1e and this work for 6). Lowest energy
conformers A and B (see Figure 3) of piperidine 6 are both
identical in energy and also the sole populated conformations
(see section on molecular mechanics calculations). Therefore,
the chemical shift differences for the N-CH2 protons as well as
for two pairs of the �-methyl groups for 1e and 6 represent the
values of intrinsic anisochronism for these substituents.

The activation parameters for the intramolecular motion in
4 ± 7 were obtained by iterative fitting of the signals of the �-
methyl groups of the piperidine ring to their simulated line
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shapes (13C for compound 4 and 1H for compounds 5 ± 7). The
results obtained (see Table 3) show only weak dependence
of the free energy of activation (�G�) on the temperature
for most of the studied compounds (as is the case for
piperidines 1a and 1b[4]). We can, therefore, compare �G�

values for these compounds with that of steric energy
difference (�E ; see below), obtained from molecular me-
chanics calulations, even though the force field parameter-
ization does not accurately take into account the entropy
contribution.

We can conclude that an increase in the crowding of the
amino fragment (a combination of �-branching of the N-
substituent with complete substitution of the �-positions of
the piperidine ring) leads to increase of these barriers. Indeed,
among piperidines 1b, 4, and 7 (amines without an intra-
molecular OH ¥¥¥ N bond) the difference between �G� values
for the N-Et compound 1b[4] and N-isoBu compound 4 is
1.8 kcalmol�1, while that between compounds 4 and the more
hindered 7 is 4.3 kcalmol�1. It is also possible to estimate the
contribution of an intramolecular hydrogen bond to the
barriers for hindered N-(2-hydroxyethyl)piperidines. The
lowest energy conformer of 5 is stabilized by the OH ¥¥¥ N
bond by 1.8 kcalmol�1 relative to the related acetate 7 (the
difference between the barrier values for close analogues 5
and 7). Thus, the presence of this bond causes an increase in
the barrier approximately by an additional 2 kcalmol�1. This
energy estimate is in excellent agreement with experimental
values for piperidines 5 and 24 ; while the ��OH value for 5 is
about 340 nm, the intramolecular OH ¥¥¥ N bond with �G0 of
1.8 kcalmol�1 for 24 is characterized by a ��OH value of
347 nm.[14]

In a similar fashion to piperidines 5 ± 7, the topomerization
process is so slow for hindered piperidones 15, 17, and 19 as to
provide separation of the signals of the geminal ring
substituents for 15 and 17 in the room-temperature NMR
spectra; for the trans-isomer of 19, this applies to all the
substituents. This is not only because of the increase in the
bulk of the N-substituent (even with intramolecular hydrogen
bonding). As with N-Me compound 13, no signal doubling is
observed for the geminal ring protons in the room temper-
ature 1H NMR spectrum of piperidone 18.

Molecular mechanics calculations and barrier assignment

The assignment of the NMR-measured barriers to specific
intramolecular dynamic process(-es) is not straightforward for
compounds with complex conformation dynamics, for exam-
ple, for amines.[4, 15, 16] A rational approach for organic systems
consists of computational modeling of their potential energy
hypersurface. Comparison with the calculated barriers evi-
dently permits determination of the lowest energy conforma-
tion pathways and thus to assignment of the NMR-measured
barriers to the intramolecular dynamic processes that con-
stitute the highest energy points in these pathways. For
organic molecules with a low number of atoms, the strategy
may consist of an energy calculation for a relatively low
number of all the stationary points forming the conformation
graph of an assumed structure.[17, 18] However, knowledge
about the number of these points and the formal relationship
between them is limited already in the case of five- or six-
membered rings.[3, 4]

In addition, concerted processes have often been over-
looked in such modeling. For instance, experimental barriers
for heterocycles 3a and 3b have been assigned to the
corresponding pseudorotation transition states[6c] using the
conformation scheme for cyclohexane[19] as the source of a set
of stationary points. Hence, the low-energy topomerization
itineraries for these six-membered cycles are screened ac-
cording to a ™common∫ stereodynamic model (for cyclo-
hexane[19]), while, as mentioned above (see Introduction),
conformation dynamics may be different even for related
compounds. The conformation schemes for cyclohexane and
piperidines are not the same.[3, 4] As a result, the study of 3a
and 3b[6c] is not very useful in determining possible con-
formation itineraries for topomerization of the geminal
substituents. Therefore, in spite of intensive use of calcula-
tions, the assignment[6c] of the experimental barriers for
piperidine 3a and related morpholine 3b to the pseudorota-
tion transition states is unreliable. An appreciable deviation
of the calculated barriers from the experimental values
(�2 kcalmol�1 of overestimation) backs up our suspicion.

More reliable computational modeling of conformation
dynamics consists of the generation of a conformational space

Table 3. Kinetic parameters for the topomerization of geminal substituents in piperidines 4 ± 7.

T [K] 4 5 6 7
k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1] k [s�1] �G� [kcalmol�1]

235.6 25� 4 12.2� 0.2
256.2 180� 20 12.3� 0.1
276.9 550� 120 12.6� 0.2
301.7 6700� 2000 12.4� 0.2
303.6 3.5� 1 17.1� 0.2
313.9 11� 2 16.9� 0.1
324.2 32� 4 16.8� 0.1
334.5 5.5� 0.5 18.5� 0.2 78� 20 16.8� 0.1
344.7 10.5� 1 18.7� 0.2 8� 2 18.9� 0.2 160� 40 16.8� 0.2
355.0 26� 3 18.6� 0.1 600� 170 16.4� 0.2
365.3 84� 20 18.3� 0.1 21� 3 19.3� 0.1 2400� 900 15.9� 0.3
381.0 220� 40 18.4� 0.1 70� 8 19.3� 0.1
396.2 800� 150 18.2� 0.2 240� 40 19.1� 0.1
411.6 600� 100 19.2� 0.2
427.0 1500� 300 19.1� 0.2
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by different heuristic methods.[20a±g] Recently, a reliable MM3-
based approach has been developed for organic compounds of
relatively simple structure.[3, 4, 20i,j] Full conformation schemes
are created by using the MM3 package[21a±c] without prelimi-
nary assumptions. This allows assignment of the experimental
barriers for compounds with complex stereodynamics.[3, 4]

This MM3-based methodology[3, 4] is employed here for
compound 4. The full conformation scheme (Figure 4) was
built by the MM3-assisted stochastic conformation search (for
details see Experimental Section). This finds the conforma-
tions, some of which correspond to energy minima (stable
conformers) and others correspond to energy maxima (tran-
sition states, which are distinguished from the stable con-
formers by means of the normal mode vibrational analysis
included in MM3). Conformations with �E� 16 kcalmol�1

(relative to the lowest energy conformer) are not included in
the scheme, since they are significantly higher than the
experimental barrier for 4. Formal relationships between the
transition states and corresponding stable conformers were
established by energy minimization for intermediate struc-
tures that lie between the transition state and the correspond-
ing stable conformers. These structures were obtained using
the Vibplot program (a MM3 package component) using the
eigenvectors for the transition states.

Stable conformers : As expected, the lowest energy stable
conformers for piperidines 4 ± 7 adopt a chair form of the
piperidine ring according to the MM3 package-based stochas-
tic search. The Monte-Carlo conformation search implement-
ed within the Macromodel package[22a±c] with MM3* (a
slightly modified MM3 force field; Macromodel package),
OPLS and Amber force fields inside the Macromodel pack-
age (for details see Experimental Section) confirm this
conclusion, for example, for compounds 5 and 6. In addition,
for the chair conformers of 4 ± 7 and 17 the endocyclic C�N
bonds and the C��H bonds of the N-substituent (see Figure 2)
are eclipsed. Thus, amines 4 ± 7, 15, 17, and 19 belong to a rare
set of alkylamines for which isolated nitrogen inversion[4]

(INI) is possible owing to eclipsing in the stable conformers.[4]

The experimentally detected predominance of a conforma-
tion with an intramolecular OH ¥¥¥ N bond for aminoalcohols
5, 6, and 15 ± 19 (see section on NMR and IR spectroscopy) is
not reproduced well by MM3. For compound 5, this is
probably because of insufficiently good parameters for
hydrogen bonds in this generally reliable force field. An
MM3-based stochastic search for 5 by using the hydrogen-
bond parameters of MM3 identified the three lowest energy
conformers as similar chairs with different locations of the
OH group proton. The difference in steric energy�E for these
conformers is 0, 0.3, and 0.3 kcalmol�1 and only one among
the two last conformations is intramolecularly hydrogen-
bonded (A� in Figure 2). However, the Amber and OPLS
force fields, with better parameters for hydrogen bonds,
recognize chairAwith an intramolecular OH ¥¥¥ N bond as the
strongly predominant conformation for 5. A Monte-Carlo-
based conformation search with these force fields found this
conformer to be the lowest in energy and, in addition, to be
the only conformer within a 3 kcalmol�1 �E range. Also for
aminoalcohols 16 and 25, only intramolecularly hydrogen-

bonded conformers (more than ten for 16 or 25 within a
2 kcalmol�1 �E range) were identified by these force fields as
the lowest energy conformers.

Conformation dynamics : Seven intramolecular dynamic pro-
cesses are possible for N-Et compound 1b (excluding rotation
of the methyl groups):

isolated C�N rotation (ISR), nitrogen inversion/rotation
(NIR), ring inversion (RI), ring inversion/nitrogen inversion
(RINI), ring inversion/C�N rotation (RIR), ring inversion/
nitrogen inversion/C�N rotation (RINIR), isolated nitrogen
inversion (INI).

Six of these (see Figure 4), as well as additional rotations
around the C�C bond and a concerted rotation around the
C�C and C�N bonds of the isoBu substituent, are present for
piperidine 4. The generated conformations of 4 may be
classified into two equal groups ((l) and (d)-diastereotopom-
ers in Figure 4) according to diastereotopic relations between
the geminal substituents of the piperidine ring. For instance,
chairs A1 and A2 with equatorial methyl substituents 1 and 3
belong to the group of (l)-diastereotopomers™, while chairs B2

and B1 with axial orientation of these substituents belong to
group (d)diastereotopomers. Only part of the group of
(d)-diastereotopomers is represented in order to avoid over-
loading the scheme.

Formal transition from one group to another is necessary in
order to provide the NMR-observed topomerization (e.g.,
A1�B2). Two pathways (L1 and L2) of the topomerization
(with the high-energy points being a chair and a 1,4-half-chair
with �E� 12.0 and 12.3 kcalmol�1, respectively) are appreci-
ably lower in energy than all others. The high-energy points
for L1 correspond to RI (4-sofa with�E� 12.0 kcalmol�1) and
a concerted C�N/C�C rotation of the N-substituent (chair
with �E� 12.0 kcalmol�1). For L2 these points correspond to
RINI (1,4-half-chair with a planar nitrogen fragment; �E�
12.3 kcalmol�1) and a concerted C�N/C�C rotation of the N-
substituent (chair; �E� 12.0 kcalmol�1). Since the energy
difference between the high-energy points is small for the
lowest energy itineraries L1 and L2 (0.3 kcalmol�1), as well as
for the points for L2 (0.3 kcal mol�1), the measured barrier
should be assigned to simultaneous slowing of RI, RINI, and
concerted C�N/C�C rotation.

These calculations are in very good agreement with the
DNMR measurements (Table 4; the averaged experimental
�G� value for 4 is given): the deviation of the calculated
barriers from the experimental one is only 0.1 ± 0.4 kcalmol�1.
We emphasize that, as for other examples,[3, 4] the similarity of
the measured topomerization barrier to the calculated values
in the topomerization-providing itineraries of lowest energy
strongly supports the conformation scheme for piperidine 4.

Table 4. Calculated[a] and experimental values [kcalmol�1] of the barriers
for piperidine 4.

�E for conformation �E for conformation Averaged experimental
pathway L1 pathway L2 �G� value

12.0 (RI) 12.3 (RINI)
12.4

12.0 (ISR-ISR) 12.0 (ISR-ISR)

[a] Relative to the lowest energy conformer.
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Figure 4. Scheme of conformation transformations for piperidine 4 (only a representative part of the scheme, fragment (l), is shown). Energies (in rectangles,
kcalmol�1) are relative to the lowest energy conformer. The asterisk is a formal label, numbers indicate the methyl groups. Conformers of the same ring
geometry are grouped in columns. The names and the relative energies for the transition states are in bold (transition states in a 1,4-twist ring conformation
belong to ISR). The orientation of the N-substituent is shown in parentheses (ax: axial, eq: equatorial, �eq: pseudoequatorial, �ax: pseudoaxial, bo:
bowsprit, fl : flagstaff). ChairA1� chair B2 itinerary L1 of low energy is marked by bold lines. Another low energy chairA2� chairB1 pathway L2 is shown by
dotted lines.
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Thus, the same three dynamic processes are slowest in the
topomerization of piperidine 4, with a branched N-substituent
(RI, RINI, and ISR/ISR), and for piperidines 1b ± d, with a
primary N-alkyl substituent (RI, RINI, and ISR, see Intro-
duction). Participation of RI and RINI is quite an unexpected
result for 4 ; experimental barriers for these processes are
appreciably lower, for example, for the parent compound
1a.[4] Lower energy RI and RINI transition states are also
present for 4 (a 3-sofa with �E� 8.5 kcalmol�1 or a 4-sofa
with �E� 8.3 kcalmol�1). However, the conformation
scheme shows that among the RI and RINI transition states
of 4 the high energy ones lie in the lowest energy itineraries L1

and L2.
In spite of the similarity in conformation dynamics for

piperidines with primary and with �-branched N-substituents,
we would prefer not to extrapolate the above conclusions for 4
to the more hindered compounds 5 ± 7, 15, 17 ± 19 because of
the lack of reliability of a such an assignment (see Introduc-
tion). Only ISR may be also attributed to compounds 5 ± 7, 15,
17 ± 19 as a rate-determining intramolecular dynamic process;
an increase of rotation-associated barriers usually correlates
with an increase of steric hindrance of the rotating frag-
ment[15, 23, 24] (see ref. [25] for an exception). In principle, the
NIR barrier also increases with the crowding of the nitrogen
fragment for some sterically-encumbered amines (we singled
out these amines as a third type of alkylamines[24]). Never-
theless, NIR is not involved in the observed slowing of the
topomerization in the studied piperidine derivatives. The
calculated values of the lowest ISR and NIR barriers (by
MM3) for piperidine 7 in chair conformation A are 16.1 and
13.0 kcalmol�1, respectively: only the calculated ISR barrier is
close to the experimental value (the averaged �G� value is
16.7 kcalmol�1). It is remarkable that the measured barrier for
hindered amine 6–19.2 kcalmol�1–is the highest barrier
known as yet for rotation around a C�N bond in aliphatic
amines.

Hydrogen-bonded amines and NIR

An acyclic analogue of N-(2-hydroxyethyl)piperidines (e.g.,
18) is amine 25 (see Figure 1). Topomerization of methyl
groups for this compound (a formal result of subsequent NIR
and ISR) in acidic water solution has been detected by
DNMR spectroscopy.[26a] However, we accept neither the
value quoted for the ™apparent barrier∫ nor the assignment of
the measured barrier to nitrogen inversion.

The 8.8 kcalmol�1 value extracted from the DNMR data
(given by the authors[26a] as the nitrogen-inversion barrier)
would only be significant if ™the rate of interconversion of
amine and salt is rapid∫[27] in acidic solution. However, the
deprotonation of the ammonium salt is not rapid, and it can be
significantly slower than pyramidal inversion in alkylamines.
Free energies of activation for deprotonation in alkyl-
amines[28a,b] lie in the range 15 ± 17 kcalmol�1, while the NIR
barriers do not usually exceed the 9 ± 10 kcalmol�1 limit (see
refs. [3, 15, 16] for values of NIR in amines and ref. [24] for
structural features of exceptional alkylamines, such as amine
4, possessing high NIR barriers). The barriers for dissociation
of an intermolecular hydrogen bond in simple aliphatic

amines in water (i.e., for a HOH ¥¥¥NR3 form) are also not
high (lower by 4 ± 5 kcalmol�1).[28a,b] Thus, the required
deprotonation step is rate-determining for the observed
diastereotopomerization of 25 in acidic solutions (see
Scheme 4; indicated as a kinetic stage with constant ka also

Scheme 4. Simplified scheme of diastereotopomerization of the N-Me
groups in amine 25 in acidic solutions (spatial reorganization of substituent
R is not considered). Deprotonation with kinetic constant ka is the rate-
determining step of this topomerization.

in ref. [28a,b]), and the authors[26a] actually measured ka under
different conditions (as kobs in ref. [26]) and not a NIR barrier.
Unfortunately, the use of this inadequate kinetic model[27] led
to the similarly incorrect assignment to nitrogen inversion for
tens of alkylamines (reviewed in refs. [2b, 15]).

Another study in the literature[26b] measured that a barrier
of 16.3 kcalmol�1 for the diastereotopomerization of the
methyl groups (their signals coalesce above room temper-
ature) of the protonated form of the antidepressant drug 26
(Figure 1). Pyramidal nitrogen inversion is carefully discussed
only as a process that provides isochronism for the N-Me
groups, but the authors do not link the experimental barrier
and the deprotonation process for the ammonium salt of 26,
even though this is the rate that was in fact measured.

The claim that in aminoalcohol 25 ™the hydroxy proton
does not reach the nitrogen to form a hydrogen bond∫, is an
additional problematic point.[26a] In the light of our exper-
imental data for the above piperidine derivatives (see section
on NMR and IR spectroscopy) as well as the above
calculation results for 25, a strong intramolecular OH ¥¥¥ N
bond should be present in 25 in aprotic nonpolar solutions. In
water, the only question is whether the amine is intermolec-
ularly or intramolecularly hydrogen bonded. Thus, the
assignment[26a] of the NMR-detected conformation transfor-
mation to nitrogen inversion would be unreliable even in the
hypothetical case of fast deprotonation kinetics. Without an
adequate quantitative conformation scheme one may not
conclude for which process the rate has been measured in the
case of aminoalcohol 25 : NIR, ISR, a concerted hydrogen
bond dissociation/NIR or a concerted H-bond dissociation/
ISR process. Finally, to consider the obtained value[26a] as
™typical∫ for the conformation dynamics of N,N-dimethyl-N-
alkyl amines is incorrect. The NIR barrier for an amine
strongly depends on the structure of the N-alkyl substitu-
ent.[24, 25] For example, the NIR barrier for Me3N[29] is
8.2 kcalmol�1, while for N,N-dimethyltriptycylamine it is too
low[24, 29] to be measured by conventional DNMR techniques.
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In general, the literature does not discuss how NIR or ISR
occur for hydrogen-bonded amines (such as alkylamines
possessing an intramolecular OH ¥¥¥N bond), whether step-
wise, through a break-up of the hydrogen bond followed by
NIR or ISR in the intermediate free amine, or as a
synchronous process of NIR or ISR and hydrogen-bond
dissociation. For instance, a description of conformation
dynamics for N,N-diethylaminomethylphenols with an intra-
molecular OH ¥¥¥ N bond[30a,b] presumes only a two-step
mechanism for NIR: break-up of the chemical bond (hydro-
gen bond) followed by the usual conformation transformation
of a free amino group (NIR). Other topomerization mecha-
nisms for amines in aqueous solutions are actually intermo-
lecular and do not include pyramidal nitrogen inversion
itself.[30c]

We analyzed whether there is a NIR transition state that is a
single energy maximum in the pathway hydrogen-bonded
invertomer 1 to non-hydrogen-bonded invertomer 2 using
MM3-based modeling. Several first-order NIR transition
states for piperidine 5 were generated (see Experimental
Section for details) and their relationship with the corre-
sponding stable conformers was established as described
above. Indeed, two transition states (TS1 and TS2; see
Figure 5) for a concerted hydrogen-bond dissociation/NIR

Figure 5. Two NIR transition states (TS1 and TS2) and the corresponding
stable conformers for piperidine 5 (MM3-optimized structures are pre-
sented). Energies (kcalmol�1) are shown as relative values to steric energy
of conformer A�.

process were found. The lowest energy hydrogen-bonded
chair with an equatorial N-substituent (conformer A�; see also
Figure 2) and the lowest energy hydrogen-bonded chair with
an axial N-substituent are transformed through the corre-
sponding transition states into non-hydrogen-bonded chairs
with an axial and equatorial substituent, respectively.

Since MM3 does not provide the desired accuracy in the
energy calculation for hydrogen-bond-containing conformers
(see above) the Amber force field was also employed to check
the MM3 results. The relationship between TS1 and the
corresponding conformers A and C for amine 5 was estab-
lished similarly to the MM3 case, by using full-matrix
minimization and the normal mode vibrational analysis
implemented by Macromodel. It was found that TS1 (opti-

mized by Amber) for NIR in piperidine 5 lies between
conformers A (hydrogen-bonded; see Figure 2) and C (not
hydrogen-bonded; Figure 5) in the pathway A�C.

Finally, we undertook quantum mechanical ab initio
calculations in order to examine these conformation trans-
formations (e.g., B�D) by a reliable and independent
method. Optimization of the MM3-derived geometry of TS2

at the RHF/6-31G* level led to a first-order transition state of
essentially the same geometry as that obtained by the
molecular mechanics force fields. As in the case of molecular
mechanics, normal mode vibrational analysis (carried out
using Gaussian98[31]) demonstrated that this TS2 is the
transition state for the conformation transformation of non-
hydrogen-bonded conformer B into hydrogen-bonded D and
vice versa. This confirms our hypothesis of a concerted
hydrogen bond dissociation-NIR process taking place in
hydrogen-bonded amines.

Experimental Section

Acetonitrile and triethylamine were dried and distilled, while other
analytical grade solvents and commercial reagents (Aldrich) were used
without additional purification. Piperidine derivatives 8, 11, and 13 are
commercially available (piperidone 13 was redistilled before use). Piper-
idones 12 and 14 (a 1:1 mixture of cis- and trans-isomers) as well as
piperidol 22 were obtained according to the reported procedures.[1b, 32, 33]

An Osram 125 W medium-pressure lamp was used as an external UV light
source. Elemental analysis was carried out for compounds 15 ± 19 ; for
related compounds 4 ± 7 high-resolution mass spectra were obtained and
the purity was ascertained by TLC in two different systems (CHCl3/EtOH,
15:1 and CHCl3/diethyl ether, 2:1) on silica gel 60 F254 plates (Merck) and in
one chromatography system (MeCN/water, 9:1) on KC18 reversed silica
plates (Carlo Erba Reagenti). High-resolution mass spectra (chemical
ionisation, reagent gas isobutane) were recorded on a VG AutoSpec mass
spectrometer; other mass-spectra were recorded on a VG-7070E spec-
trometer (70 eV, 50 ± 100�). IR spectra were obtained for 0.001 ± 0.0005�
solutions of piperidine compounds in dry CCl4 on a Perkin ±Elmer 580B
instrument.

All 1H and 13C NMR spectra were obtained on a Bruker AM-300
spectrometer. TMS was used as internal standard. Samples (20 ± 30 mg in
C6D5Br (0.5 mL)) were equilibrated �10 min at each temperature before
every NMR experiment. Temperatures were measured with a calibrated
Eurotherm 840/T digital thermometer and are believed to be accurate to
�0.5 K. For the complete line-shape analysis, a modified version of a
program written by R. E. D. McClung, University of Alberta, Edmonton
(Canada), was used with visual fitting. At the lowest measured temperature
the �� values were 1109 Hz (4, 13C), 36.4 Hz (5, 1H), 53.6 and 121.7 Hz (6,
1H, two pairs of methyl singlets) and 21.8 Hz (7, 1H). In every case, 3 ± 5 ��

values, at different temperatures, were obtained from the fitting procedure.
These were extrapolated for the calculated line shapes at temperatures
above coalescence. The contributions to the linewidth from the dynamic
process were 1 Hz or more (at the lowest and/or highest temperature
extremes) for the entries in Table 3. The activation parameters were
calculated by using the Eyring equation.

The 1996 version of the MM3 program[21a±c] with an explicit parameters for
amines[21b] was used for molecular mechanics calculations. Energy mini-
mization in the regions of the minima and maxima of steric energy was
performed without restriction for the structural elements (full-matrix
minimization option). For the calculation of barriers in 5 and 7, two
procedures were employed: a) the dihedral driver option and b) the one-
plane fixation of the N-fragment. In a), the exocyclic N-substituent was
rotated in the range �180 to �180� around both the C�N and C�N bonds
(NDRIVE��1; block diagonal minimization; 6� rotation steps for each
dihedral angle). In the regions of the energy maxima 1� rotation steps were
used. Full-matrix minimization (option 3) was further used for the high-
energy points. For b), amine structures with a planar amino fragment were
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oriented to place the N atom and the two ring C� atoms in the xy plane; the
z coordinate of the third C� atom was changed to zero. Block diagonal
minimization of this structure with restricted motion along the z coordinate
for the N atom and three C� atoms was performed; the final step was full-
matrix minimization (option 3) for the resulting structures. In both cases
a) and b) the NIR transition states were distinguished from the ISR
transition states by normal mode vibrational analysis.

A stochastic search followed by full-matrix minimization (option 9) was
used for the generation of an entire set of transition states and stable
conformations for piperidine 4. This search (200 pushes) was performed six
times, starting from different ring conformations until no new conforma-
tions were generated in the last search. Coordinates derived from the
eigenvectors (produced by option 5 and Vibplot) of vibrational modes with
imaginary frequency were employed as starting coordinates for minimiza-
tion in the establishment of the formal relationship between conformers
and transition states.

MM3*, Amber and OPLS force fields (Macromodel6.5 package[22a±c]) were
used for conformation analysis of the piperidine compounds as well as
amine 25. The ™no solvent∫ and ™distance-dependent dielectric electro-
statics∫ options were employed for the energy minimization. Full-matrix
minimization (FMNR) and vibrational analysis (VIBR) options were used
in the case of the NIR transition state for piperidine 5. The ™Monte-Carlo∫
option was used for conformation search (generation of 5� 105 structures
for each compound with the energy upper limit 3 kcalmol�1 from the
lowest energy conformer found).

The Gaussian98 package[31] was used for ab initio calculations (gas phase)
of the transition state of a concerted NIR/hydrogen-bond dissociation
process in 5 by employing the Berny optimization algorithm and the
Newton ±Raphson optimization procedure at each level of ab initio
calculations. MM3-derived geometry for TS2 served as the starting
structure. Initial ab initio geometry optimization was performed at the
restricted Hartree ± Fock level with the 3-21G basis set. The resulting
geometry was optimized at the RHF/6-31G* level. For the location of the
first-order NIR transition states the ™NoEigenTest∫ option was employed
at the initial calculation step at the RHF/3-21G level, followed by the use of
the ™CalcAll∫ option in the next calculation step (at the same level of
theory). Further calculations with the ™CalcAll∫ option were carried out at
the RHF/6-31G* level.

General procedure for preparation of piperidines 5, 6, 15 ± 19 : A solution of
amine 2 (10 mmol) in a benzene/ketone 10a mixture (7:3, 100 mL) or a
solution of amines 2 or 12 (10 mmol) and ketone 10b (15 mmol) in benzene
or a solution of amines 11 ± 14 (10 mmol) and ketone 10c (15 mmol) in
benzene (80 ± 100 mL) in a quartz flask were irradiated under reflux with
bubbling argon for 10 ± 15 h. A solution of H2SO4 (10 mmol) in water
(50 mL) was added, the aqueous phase treated with NaOH to pH� 12 and
extracted with CHCl3, and the organic layer evaporated and purifies by
chromatography on a silica column. Gradient elution (from CCl4 to CHCl3)
afforded compounds 5, 6, 15 ± 19.

1-(2-Hydroxy-2-phenylpropyl)-2,2,6,6-pentamethyl-4-piperidone (15):
M.p. 83 ± 84 �C; IR (CCl4): �� � 1720 (C�O), 3260 cm�1 (OH); elemental
analysis calcd (%) for C18H27NO2 (289): C 74.7, H 9.3, N 4.8; found: C 74.4,
H 9.3, N 5.0.

8-(2-Hydroxy-2,2-diphenylethyl)-8-azabicyclo[3.2.1]octane-3-one (16):
M.p. 106 ± 108 �C; 1H NMR (CDCl3): �� 1,49 (m, 2H; H-6, H-7), 1.88 (m,
2H; H-6, H-7), 2.04 (dd, 2J(H,H)� 16.5 Hz, 3J(H,H)� 1.5 Hz, 2H; Hax-2,
Hax-4), 2.50 (dd, 2J(H,H)� 16.5 Hz, 3J(H,H)� 4.5 Hz, 2H; Heq-2, Heq-4),
3.40 (s, 2H; N-CH2), 5.4 (br s, 1H; OH), 7.2 ± 7.8 (m, 10H; Ph); IR (CCl4):
�� � 1710 (C�O), 3372 cm�1 (OH); MS: m/z (%): 303 [M��H2O];
elemental analysis calcd (%) for C21H23NO2 (321): C 78.5, H 7.2, N 4.5;
found: C 78.3, H 7.4, N 4.5.

1-(2-Hydroxy-2,2-diphenylethyl)-2,2,6,6-pentamethyl-4-piperidone (17):
M.p. 216 ± 218 �C; 1H NMR (CDCl3): �� 0.7 (s, 6H; �-Meeq), 1.01 (s, 6H;
�-Meax), 2.00 (d, 2J(H,H)� 11.5 Hz, 2H; Hax-3, Hax-5), 2.48 (d, 2J(H,H)�
11.5 Hz, 2H;Heq-3, Heq-5), 3.54 (s, 2H;N-CH2), 5.5 (br s, 1H; OH), 6.9 ± 7.6
(m, 10H; Ph); IR (CCl4): �� � 1725 (C�O), 3360 cm�1 (OH); elemental
analysis calcd (%) for C23H29NO2 (351): C 78.6, H 8.3, N 4.0; found: C 78.6,
H 8.1, N 3.1.

1-(2-Hydroxy-2,2-diphenylethyl)-4-piperidone (18): M.p. 62 ± 64 �C;
1H NMR (CDCl3): �� 2.28 (t, 3J(H,H)� 6.0 Hz, 4H; �-H), 2.67 (t,
3J(H,H)� 6.0 Hz, 4H; �-H), 3.38 (s, 2H; N-CH2), 5.2 (br s, 1H; OH),

7.0 ± 7.7 (m, 10H; Ph); IR (CCl4): �� � 1710 (C�O), 3392 cm�1 (OH);
elemental analysis calcd (%) for C19H21NO2 (295): C 77.3, H 8.6, N 4.7;
found: C 77.0, H 8.9, N, 5.1.

1-(2-Hydroxy-2,2-diphenylethyl)-2,2,3,5,6,6-heptamethyl-4-piperidone (a
1:1 mixture of cis- and trans- isomers) (19): M.p. 127 ± 129 �C; 1H NMR
(CDCl3, the signals of the trans-isomer are marked by asterisk): �� 0.57*
(s, 3H; �-Meeq), 0.71 (s, 3H; �-Meeq), 0.71* (s, 3H; �-Meeq), 0.78 (s, 3H; �-
Meax), 0.83* (s, 3H; �-Meax), 0.96* (s, 3H; �-Meax), 0.84 ± 0.88 (m, 9H; �-
Me), 1.24* (d, 3J(H,H)� 7.2 Hz, 3H; �-Me), 2.14* (q, 3J(H,H)� 7.2 Hz,
2H; �-H), 2.76 (q, 3J� 6.6 Hz, 2H; �-H), 3.54* (br s, 2H; N-CH2), 3.62 (s,
2H;N-CH2), 5.4 (br s, 1H; OH), 6.9 ± 8.1 (m, 10H; Ph); IR (CCl4): �� � 1716
(C�O), 3400 cm�1 (OH); MS:m/z (%): 361 [M��H2O]; elemental analysis
calcd (%) for C25H33NO2 (379): C 79.1, H 8.7, N 3.7; found: C 78.8, H 8.9, N
3.3.

Piperidine 4 : A mixture of amine 8 (10 mmol) and iodide 9 (80 mmol) was
heated for 4 ± 5 h at 155 �C in a sealed tube. After addition of hexane and
filtration the solution was treated with 1� HCl to pH� 1 and extracted
with CH2Cl2. The aqueous phase was altered to pH� 11 by using NaOH
and extracted with CHCl3. The organic phase was concentrated at 25 �C
and loaded on to a 4 cm layer of silica gel. Elution with CH2Cl2/diethyl
ether (4:1) afforded compound 4.

1-(2-Acetoxy-2-methylpropyl)-2,2,6,6-tetramethylpiperidine 7: A solution
of amine 6 (21 mg, 0.1 mmol), acetyl chloride (24 mg, 0.3 mmol), triethyl-
amine (30 mg, 0.3 mmol), and DMAP (5 mg) in MeCN (2 mL) was stirred
for 3 days at 25 �C. Water and CH2Cl2 were added, the organic layer
evaporated, and gradient chromatography on C18 reversed phase silica
(from MeCN/water (80:20) to MeCN/water (95:5); eluent volume 200 mL)
led to compound 5 (16 mg, 56%).

N-Demethylation (general procedure): A solution of amine 11, 12, or 22
(10 mmol) in a water/ketone 10a mixture (4:1, 100 mL) was irradiated
(quartz) for 8 ± 10 h under reflux and under bubbling argon. H2SO4

(0.5 mL), K2SO4 (5 g), and CHCl3 (80 mL) were added, the aqueous phase
was treated at 0 �C with NaOH to pH �11 and extracted with CHCl3 (3�
80 mL), and the organic phase (dried over K2CO3) was concentrated.
Chromatography on silica led to compounds 20, 21, or 23, respectively.
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