
Conformations of Azacyclodeca-3,8-diynes and
1,6-Diazacyclodeca-3,8-diynes and theGeneralized Anomeric
Effect: A Test for Current Conformational Models for
Azaheterocycles

Joachim Ritter, Rolf Gleiter,* Hermann Irngartinger, and Thomas Oeser

Contribution from the Organisch-Chemisches Institut der UniVersität Heidelberg,
Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany

ReceiVed August 12, 1996. ReVised Manuscript ReceiVed August 2, 1997X

Abstract: The conformations of azacyclodeca-3,8-diyne (4a) and itsN-methyl (4b) andN-isopropyl (4c) derivatives
as well as 1,6-diazacyclodeca-3,8-diyne (5a) and its 1,6-dimethyl (5b), 1,6-diisopropyl (5c), 1,6-di-tert-butyl (5d),
and 1,6-ditolyl (5e) derivatives have been investigated by single-crystal X-ray diffraction, in solution by NMR and
by theoretical methods. In the solid state,4a,cand5a-e adopt a chair conformation with the substituents in the
bis-axial positions. In solution4 and5 show∆Gq ) 10.4 and 11.0 kcal/mol, respectively, for ring inversion. Trapping
of 5cwith HCl indicates the presence of bis-axial, axial, and equatorial conformations in solution. The equilibrium
between boat and chair conformations in4 and5 is ascribed to much reducedtorsional strainbetween the propargylic
hydrogens. The preference of the axial orientation of the substituents on the nitrogen atom(s) in4 and5 is interpreted
in terms of the vicinal interactions of both the NR bond and thelone pairwith the adjacent CH and CC bonds,
synaxial 1,3-interactions of both the NR bond and thelone pair, and secondary interactions of CH/CC bonds of the
alkyl substituent with the endocyclic CH2 groups as well as with triple bonds (backand front strain).

Introduction

Conformational preference of N-substituted piperidines (1),
piperazines (2), and related azaheterocycles has been a major
topic of conformational analyses since early work from Eliel,
Anet, and others showed that exocyclic amine substituents in
piperazines and piperidines are found to favor the equatorial
rather than the axial position.1,2 In contrast to this observation
1,3-azacycles (3) like tetrahydrooxazines, tetrahydrothiazines,
and hexahydropyrimidines prefer an axial orientation of the
amine substituent in most cases,3 implying a gauche position
of the N-R axial substituent with respect to the C-X endocyclic
bond. This phenomenon is a manifestation of thegeneralized
anomeric effect4 and has been discussed controversely in terms
of dipole-dipole interactions,5 interactions betweenlone pairs
(rabbit ear effect),1b and hyperconjugative interactions.6,7 The
orientational preference of exocyclic amine substituents in1-3
can be considered as a result of two major contributions: (a)
vicinal interactions between endocyclic methylene groups and

N-R groups as well aslone pairs and (b) synaxial 1,3-
interactions. To gain further information on the impact of the
first contribution, an investigation of model compounds lacking
synaxial 1,3-interactions seemed intriguing.
The formal insertion of one triple bond each between the

endocyclic C-C bonds in1 and 2 leads to the “elongated
piperidine and piperazine” azacyclodeca-3,8-diyne (4a) and 1,6-
diazacyclodeca-3,8-diyne (5a).8 The triple bonds in4 and 5
lead to a total “knock out” of synaxial 1,3-interactions as well
as of torsional strain between the endocyclic methylene groups.
Therefore our model compounds4 and 5 allow study of the
interactions of lone pairs and their preferred orientation for the
first time. In terms of conformational analysis of azacycles this
is a new methodological approach. In this paper, we report
the conformational properties of4 and5; however, our observa-
tions are not restricted on these alkynes. Our study was also
designed to provide additional insight into the influence oflone
pair interactions on conformational properties of cyclic amines.
This is directly related to thegeneralized anomeric effect. As
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reported previously9 we expect similar energies for the chair
and boat conformations of4 and5 with a preference for the
axial conformers. To check these predictions and to find a
common explanation for the influence oflone pair interactions
on cyclic organonitrogen stereodynamics, we have studied the
structures of4a8 and5a8 as well as those of their homologues
4cand5b-e (a ) H, b ) Me, c ) i-Pr,d ) t-Bu, e) p-Tol)8

using single-crystal X-ray diffraction and in solution using
dynamic NMR spectroscopy and conformational trapping by
kinetically controlled protonation.

X-ray Investigations and Theoretical Calculations

Single crystals of the azacyclodeca-3,8-diynes4a (R ) H)
and4c (R ) i-C3H7) were obtained by vacuum sublimation at
50 °C and crystallization from CHCl3 solutions at-20 °C,
respectively. The X-ray diffraction experiments were performed
at 183 K/223 K to avoid thermal decomposition. Compound
4a crystallizes in the monoclinic space groupP21/c (Z ) 4),
and4c crystallizes in the triclinic space group P1h (Z ) 2). The
structure of4a is shown in Figure 1 (top). Structure4c is
available as Supporting Information. Both structures exhibit a
chair conformation with the NH- and N-i-C3H7 bonds

orientated axially. The most relevant distances and angles of
4a,c are collected in Table 1 and are compared with the
corresponding data published for 1,6-cyclodecadiyne (6)10 and
1,6-dioxacyclodeca-3,8-diyne (7).11 The bond lengths of the
triple bonds of4a,c (1.190-1.194), the transannular distances
between the triple bonds (2.98-2.99 Å), and the angles at the
C(sp) centers (169.1-172.0°) are close to the values reported
for 6 and7. The endocyclic (sp-C(sp3)) bonds, especially those
of the azapropano bridges, are somewhat longer (ca. 0.010-
0.020 (Å)) than in6.
Semiempirical MO calculations (AM112) as well as Hartree-

Fock SCF calculations15 with a 3-21G* basis predict a prefer-
ence for the chair conformation with the axial orientation of
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Table 1. Selected Bond Lengths, Transannular Distances (Å), and Bond Angles (deg) of the Azacyclodeca-3,8-diynes4a,c and the
1,6-Diazacyclodeca-3,8-diynes5a-e, 6, and7

bond
C(sp)-C(sp)

length
C(sp)-C(sp3)

transannular
C(sp)‚‚‚C(sp) distance 1‚‚‚6 (I)a

bond angle
C(sp)-C(sp)-C(sp3)

pyramidalization
of Nb

6 1.188(1) 1.466(3) 2.991(2) 5.141(2) 171.7(2)
4a 1.192(1)

1.194(1)
1.474(2)
1.472(2)
1.478(2)
1.477(2)

2.978(2)
2.987(2)

5.133(2) 170.5(2)
170.3(2)
171.8(2)
172.0(2)

0.347(2)

4c 1.190(2)
1.192(2)

1.473(2)
1.472(2)
1.484(2)
1.484(2)

2.976(2)
2.984(2)

5.128(2) 169.1(2)
169.9(1)
171.3(2)
172.0(1)

0.402(2)

5a 1.188(1) 1.482(2)
1.478(2)

2.927(2) 5.141(2) 170.7(1)
171.1(1)

0.358(2)

5b 1.190(1) 1.484(1)
1.487(2)

2.952(2) 5.137(2) 169.8(2)
170.8(1)

0.395(2)

5c 1.190(2) 1.473(2)
1.477(2)

2.959(2) 5.099(2) 168.7(2)
169.9(2)

0.412(3)

5d 1.181(3) 1.487(3)
1.484(3)

2.919(3) 5.217(2) 169.7(2)
170.8(3)

0.296(3)

5e 1.172(4) 1.475(4)
1.472(4)

2.999(4) 5.002(2) 168.0(3)
170.4(3)

0.290(4)

7 1.189(2) 1.469(2) 2.909(2) 4.935 169.6(1)

a (I) Transannular distances between atomic (C, N, O) positions 1 and 6 parallel to the triple bonds.bDistance of the N-atom from the plane of
the three adjacent C-atoms.

Scheme 1a

a e ) equatorial, ee) bis-equatorial, a) axial; 3: X ) O, N, S;
4a: R) H, 4b: R) Me, 4c: R) i-Pr; 5a: R) H, 5b: R) Me, 5c:
R ) i-Pr, 5d: R ) t-Bu, 5e: R ) p-Tol; 6: X ) CH2; 7: X ) O.

Figure 1. Molecular structures as determined by X-ray analyses of
azacyclodeca-3,8-diyne (4a) and 1,6-diazacyclodeca-3,8-diyne (5a).
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the substituent at the nitrogen atom in both4aand4c (see Table
2). Similar results were obtained by using the MNDO/213 and
PM314 procedures. It is interesting to note that all four methods
anticipate the boat conformation with the nitrogen substituent
(R) in the axial position to be about the same energy as the
axial chair conformation. The same result is found for the
corresponding equatorial species, indicating that not the boat
to chair transformation but the inversion of the nitrogen atom
has a crucial influence on the total energy of the conformations.
The X-ray investigations on single crystals (from Et2O or

CHCl3 solutions, -20 °C) of 5a-e16 reveal for all five
compounds the chair conformation with all substituents adopting
the axial positions solely (monoclinic,Ci symmetry, space
groupsP21/n or P21/c, two molecules in each unit cell). In
Figure 1 (bottom) we show the molecular structure of5a. The
structures of5b-e look similar and are provided as Supporting
Information. The most relevant bond distances and bond angles
are collected in Table 1. As anticipated, the transannular
distances between the triple bonds (2.919-2.999 Å) are between
those reported for6 and 1,6-dioxacyclodeca-3,8-diyne (7).11 The
cisoid deformation at the sp centers amounts to 8.9-12.0°. As
seen for the monoaza compounds, the endocyclic C(sp)-C(sp3)
bonds are slightly longer (ca. 0.010-0.020 (Å)) than in6. The
pyramidalization varies between 0.290 and 0.412 Å increasing
with the donor ability of the exocyclic nitrogen substituent. In
the case of thetert-butyl derivative5e steric effects seem to
have a stronger influence.
Quantum chemical calculations on5a-ewith semiempirical

methods (AM112) and HF-SCF calculations15 with a 6-31G*
basis for5a,b and a 3-21G* basis for5c predict very similar
energies for the bis-axial chair and the bis-axial boat conforma-
tions (Table 2). Similar results on5a,b were obtained with
MNDO/213 and PM314methods. Regardless, the structure with
the highest possible symmetry was found to be the local
minimum on the conformational hypersurface. Bis-equatorial
boat and chair conformations are always found to be signifi-
cantly higher in total energy. The difference in energies between
bis-axial and mixed axial/equatorial species is exactly one-half
of the difference between bis-axial and bis-equatorial conform-
ers. In all cases, the total energy or heat of formation depends
mainly on the position of the nitrogen substituents and thelone
pair orientation, respectively.

Solution Investigations

Compounds1 and2 adopt chair conformations17 in solution
and in the gas phase. At room-temperature fast ring (IR) and
nitrogen inversion (IN) interconverts all axial and equatorial
positions. Assuming the equatorial and axial substituents (ei,
ai) to be nonidentical both dynamic processes lead to four
different conformers which are generally rapidly interconverting
with each other. The free activation enthalpies of these
processes for1a,b and2a,b are∆Gq ) 11-13 kcal/mol (IR)
and ∆Gq ) 4-6 kcal/mol (IN),1a,c,f,g,18 respectively. The
standard free energies for the equatorial/axial equilibrium are
0.4 kcal/mol in the case of1a1g,2b and 2.7 kcal/mol for1b1e,19

with the equatorial species being the more stable in both cases.

NMR Investigations and Used Formulas2d,20

As in the case of piperidine, dynamic NMR spectroscopy and
conformational trapping were used to investigate the inversion
processes of4 and5. Important quantities for dynamic NMR
spectroscopy are the lifetimeτ of a conformer which is equal
to

where∆ν is the difference of the resonance frequences of two
exchanging nuclei. For geminal exchanging protons A and B
with a coupling constant2J, the ratekc at the coalescence
temperatureTc amounts to

This gives

The conformational equilibria in4 and5 are more complex than
in 1 and 2 because boat conformations also have to be
considered. For entropic reasons a direct inversion of boat or
chair conformation is less likely than a half-ring inversion
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Table 2. Absolute and Relative∆Hf Values (AM1) as Well as Hartree Energies (3-21G*/6-31G*) of the Axial and Equatorial Chair (I, II )
and Boat Conformations (III , IV ) of Monoazacyclodecadiynes4a-c and the 1,6-Diazacyclodeca-3,8-diynes5a-e

method I (chair axial) II ( chair equatorial) III ( boat axial) IV (boat equatorial)

4a AM1 79.9/0.0 86.7/6.8 79.8/-0.1 87.1/7.2
6-31G* -251962.1/0.0 -251958.5/3.6 -251961.9/0.2 -251958.4/3.7

4b AM1 83.0/0.0 88.0/5.0 82.6 /-0.4 88.0/5.0
3-21G* -274923.5/0.0 -274916.8/6.7 -274923.4/0.1 -274916.8/6.7

4c AM1 78.2/0.0 83.5/5.3 78.3/0.1 83.5/5.3
3-21G* -323641.6/0.0 -323632.7/8.9 -323641.4/0.2 -323632.6/9.0

5a AM1 90.4/0.0 103.8/13.4 90.6/0.2 104.3/13.9
6-31G* -261987.4/0.0 1-261980.2/7.2 -261987.0/0.4 -261979.6/7.8

5b AM1 96.0/0.0 106.2/10.2 96.0/0.0 106.8/10.8
6-31G* -310968.3/0.0 -310961.1/7.2 -310967.6/0.7 -310960.6/7.7

5c AM1 87.1/0.0 97.2/10.1 87.0/-0.1 97.6/10.5
3-21G* -406684.5/0.0 -406666.9/17.6 -406684.2/0.3 -406666.3/18.2

5d AM1 88.2/0.0 96.2/8.0 89.1/0.9 96.4/8.2
5e AM1 176.1/0.0 183.6/7.5 179.2/2.9 184.3/8.1

1/2π∆ν G τ ) 1/k (1)

kC ) 2.22(∆ν2 + 6JAB
2)1/2 (2)

∆Gq
C ) 4.58TC[10.32+ log(TC/kC)] (cal/mol) (3)
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processIR* as shown in Scheme 2 for5. The half-ring inversion
processIR* is different from the ring inversionIR found in
piperazines (where the boat is a transition state) since a
conformation with a different symmetry (boat) is found after
one singleIR* process. In the full scheme (see Supporting
Information), 16 different species are related to each other by
IN (rows) andIR* (columns). The axial (Ha) and equatorial (He)
hydrogen atoms will appear as a single resonance in the1H NMR
only if both IR* and IN are fast on the NMR time scale, i.e.,
(Ha) and (He) interconvert rapidly with each other. A twist boat
form was not found to be a local minimum on the conforma-
tional hypersurface (force field, AM1, PM3, ab initio calcula-
tions). The theoretical results suggest strongπ-π interactions
being the main reason for the instability of twist boat conforma-
tions.
At room temperature, the1H NMR spectrum (CD2Cl2) of the

dimethyl derivative5b exhibits only two resonances, one signal
for the ring protons (δ ) 3.49) and one for the methyl protons
(δ ) 2.52). Similarly the13C NMR spectrum also exhibits one
resonance for the sp3 ring carbon atoms (δ ) 46.6) and one
signal for the CH3 group (δ ) 39.9). The resonance of the
alkyne carbon atoms is found atδ ) 82.5. Lowering the
temperature leads to a broadening of the1H NMR CH2 signals
at δ ) 3.49. This broadening is due to retardation of the half-
ring inversion (IR*) process (Scheme 2). The coalescence
temperatureTC for the half-ring inversion process is 230 K (-43
°C) (Figure 2). Similarly the methyl signal displays coalescence
at 216 K (-59 °C).
Further temperature lowering to 193 K (-80 °C) leads to

decoalescence to five signals in the1H NMR spectrum atδ )
3.2-3.7 and two signals centered atδ ) 2.5. According to
these results at temperatures belowTC, two sets of diastereomers
can be discriminated, the chair conformersC and the boat ones
B (see Scheme 2). Due toIR* being slower thanIN an AA′BB′
pattern for the diastereomeric ring protons is observed separately
for boat and chair conformers. Superposition of the two AA′BB′
subspectra (AA′BB′(1), AA ′BB′(2)) of different intensities and
slow-exchange-limit frequency separation (δν) results in the
pattern observed betweenδ ) 3.2-3.7. From the variable
temperature1H NMR data (Table 3), we can derive a free
activation enthalpy∆Gq of 10.7-11.0 kcal/mol. At 193 K, the
methyl signals of both conformers are separated and an
equilibrium constant ofKR ) 1.3( 0.1 was measured.
Our assumption that the boat is the preferred conformation

in solution is based on the higher average dipole moment of
the C2V symmetric boat since polar solvents such as CD2Cl2
should stabilize the conformer with a higher dipole moment.
AM1 calculations result in a calculated dipole moment near zero
for bis-axial and bis-equatorial chair conformers, while for the
boat conformers, 0.72/2.20 D (5b) and 0.98/2.36 D (5c) are
calculated. The higher differences in dipole moments for the
isopropyl derivative conformers of5c compared to the methyl
compound5b result in the higher diastereomeric ratio observed
for 5c.

Although the AA′BB′ subspectra seem to display two
different coupling constants (14 and 16 Hz), an unequivocal
assignment to either the boat or the chair conformation is
difficult due to strong overlap of the signals. For 1,6-bridged
1,6-diazacyclodeca-3,8-diynes9 (fixed boat conformation) a
geminal coupling constant of2J ) 16.2 Hz was found.
The interpretation as a result of boat/chair coexistence is

supported by13C NMR spectra which display two broad (C (sp),
CH3) and one unchanged sharp CH2 resonance at 213 K
evidence for the slow exchange rate for theIR* process on the
13C NMR time scale. At 203 K two signals for the CH3 and C
(sp) carbon atoms are observed while the resonance of the CH2

carbon atoms remains unchanged (Table 3). Furthermore, the
NMR data recorded for5c (Table 3) are consistent with the
results obtained for5b, but the diastereomeric ratio is four to
five times larger. In the case of the parent system5a,dynamic
NMR analysis was not possible due to its poor solubility at
low temperatures in suitable solvents.
To analyze the possible inversion processes in4bwe assume

that in addition to the nitrogen inversion two independent half-
ring inversion processes,IR*(N) and IR*(C), interconvert the
chair and the boat conformers. The processes,IR*(N), IR*(C),
andIN, give a set of eight equilibrating structures (Scheme 3).
In contrast to5b, where the ring inversion process is degenerate,
we expect for4ba higher activation energy for the ring inversion
at nitrogen (IR*(N)) than for IR*(C). This assumption is based
on1H as well as13C NMR investigations on 1,6-cyclodecadiyne
(6), which shows a coalescence temperature in CD2Cl2 below
175 K; however, a full investigation of the signal pattern at
175 K was not possible since the inversion process is still too
fast. One might argue that the lowerTc for cyclodeca-1,6-diyne
does not necessarily refer to a lower∆Gq, if the slow-exchange-
limit frequency separation (∆ν) is smaller than for4 or 5.
However, even if∆ν is only 40 Hz for cyclodeca-1,6-diyne
andTc ) 175 K (in fact,Tc is below 175 K since only line
broadening was observed), the activation barrier amounts to only

Scheme 2.Half-Ring InversionIR* and Nitrogen Inversion
IN for 1,6-Diazacyclodeca-3,8-diynes (only four out of 16
structures are shown)

Figure 2. Low-temperature1H NMR spectra of5b (200 MHz, CD2-
Cl2, 0.06 mol/L).
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8.4 kcal/mol whereas for5b (∆ν ) 84 Hz) 11 kcal/mol was
found. The1H NMR investigations of4b in CD2Cl2 determined
a coalescence temperature of 218 K which supports the above
assumption. Below 218 K a single AA′BB′ resonance is
observed for the CH2N protons (Figure 3), as the second ring
inversion processIR*(C) is still fast on the1H NMR time scale
and the equilibrium between chair and boat is not resolved.
The data obtained by these investigations of4b are collected

in Table 4 and compared with those for5b,c. It is interesting
to note that the∆Gq value obtained for the monoaza compound
4b (10.4 kcal/mol) is very similar to that of5b (10.7-11.0 kcal/
mol). This provides further evidence for the half-ring inversion
processIR*(N) independently active at each endocyclic aza-
propano unit. As anticipated in the13C NMR spectrum, only
one set of signals is observed since boat and chair conformations
are in fast equilibrium due to theIR*(C) process. At 183 K,
strong broadening is observed for the13C NMR resonance of
the central CH2 carbon atom nearby 25 ppm and it is difficult
to accurately determine the coalescence region. This is a result
of the retardation of theIR*(C) process. (The corresponding
spectra are provided as Supporting Information).

Conformational Trapping by Fast Protonation

The protonation of the nitrogen atom in amines in strongly
concentrated Broensted acids is known to be faster than nitrogen

inversion by several orders of magnitude. The product ratio of
diastereomeric dihydrochlorides may reflect quantitatively the
chemical equilibrium of conformers in the free base if the
following conditions are given:21 Low pH values to guarantee
a kinetically controlled reaction and sufficiently low concentra-
tions of free amine to avoid any local pH increase during the
protonation reaction. Moreover, retention of configuration

(21) (a) Booth, H.Chem. Commun.1968, 802. (b) McKenna, J.;
McKenna, J. M.J. Chem. Soc. B1969, 644. (c) Crowley, P. J.; Morris, G.
A.; Robinson, M. J. T.Tetrahedron Lett.1976, 17, 3575.

Table 3. 2H NMR Data for5b,ca

T (K) 2J (Hz) δν (Hz) Tc (K) kC (s-1)
∆Gq

C

(kcal/mol) KR K
∆G

(kcal/mol)

Compound5b
1H NMR
CH2 (AA ′BB′(2)) 193 14-16 71( 4 230( 4 178( 10 11.0( 0.3 1.3( 0.1b 1.2( 0.1c -0.10( 0.03b

CH2 (AA ′BB′(1)) 193 14-16 85( 4 230( 4 206( 10 10.9( 0.3 0.10( 0.03b

CH3 193 34( 2 216( 4 75( 5 10.7( 0.2 1.3( 0.1b 0.10( 0.02b
13C NMR
C(alkyne) 203 35( 8 213( 5 78( 17 10.5( 0.4 ≈1.6d ≈0.2d
CH3 203 56( 8 218( 5 124( 18 10.6( 0.3 ≈1.5d ≈0.15d

Compound5c
1H NMR
CH2 (AA ′BB′) 193 17.5( 1 26( 4 208( 5 111( 10 10.1( 0.3 n/a n/a n/a
CH 193 22( 4 n/a n/a n/a 6.0( 1b 0.7(0.1b

13C NMR
C(alkyne) 193 40( 5 208( 6 89( 10 10.2( 0.3 ≈6b ≈0.7b

a Slow-exchange-limit temperature,T; geminal coupling constants,2J; 1H NMR and13C NMR slow-exchange-limit frequency separation of the
resonances of chair and boat atT, Tc; rate constants forIR*, kC; free activation enthalpy,∆Gq

C; thermodynamic equilibrium constant,KR ) [boat]/
[chair]; kinetic equilibrium constant,K ) kC2/kC1; free reaction enthalpy forIR*, ∆G. b 193 K. c 230 K. d 203 K.

Scheme 3.Half-Ring InversionsIR*(N) and IR*(C) and
Nitrogen InversionIN for 4b

Figure 3. Variable-temperature1H NMR spectra of4b (200 MHz,
CD2Cl2, 0.06 mol/L).
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during the protonation and the possibility to distinguish the
protonated species by NMR is required. Kinetically controlled
amine protonation of piperidines and piperazines was realized
successfully providing data according to corresponding VT
NMR results.1a,e,f,22

While in the case of dialkylpiperazines (2) bis-equatorial (ee)
(>99%) and bis-axial (aa) (<0.5%) conformers givetrans-
dihydrochlorides and mixed conformers (ae and ea,< 1%)cis-
dihydrochlorides exclusively, the situation forN,N′-dialkyl-1,6-
diazacyclodeca-3,8-diynes (5) is somewhat more complicated.
As outlined in Scheme 4, pure5(aa) or5(ee) as well as mixed
conformers5(ea) and5(ae) should give either5-trans2+ or
5-cis2+ depending on whether the boat or the chair conformation
is protonated. Hence without further assumptions, the ratio of
both diastereomeric ammonium ions gives no information about
the ratio of the bis-axial, bis-equatorial, and mixed conformers
in solution: boat and chair conformations with identical
geometries of the nitrogen atoms lead to different dihydrochlo-
rides due to their different overall symmetry.
In the case of a kinetically controlled protonation one obtains

the ratio of diastereomersRD by eq 4. Additionally the
equilibrium constantKR between the boat and the chair
conformers is expressed by eq 5. Assuming that the ratio (γ)
between the bis-axial/equatorial conformers and mixed con-
formers is about the same for both chair and boat23 (see eqs 6
and 7), eq 4

can be simplified to the form of eq 8. The dependence of the
diastereomeric ratioRD(γ) on the boat-chair equilibrium
constantKR andγ is graphically shown in Figure 4, revealing
that only for higherKR values a significant influence ofγ on
RD is expected.

Four cases should be considered in principle:
(a) A small concentration of the bis-axial and bis-equatorial

conformers whereas mixed conformers are supposed to be
favored. ThenRD(γ) goes to 1/KR.

(b) A high preference for the bis-equatorical conformers gives
eq 10, where the approximated value forRD(γ) is closely related
to KR, determined by NMR experiments reported above.

(c) A high preference for the bis-axial species leading to the
same result as in case b.
(d) For RD(γ) ≈ 1, one obtainsγ ) 1, indicating a small

energy difference between the conformers.

The energy diagram for d is given in Figure 5.

(22) (a) Anet, F. A.; Yavari, I.; Ferguson, I. J.; Katritzky, A. R.; Moreno-
Manas, M.; Robinson, M. J. T.Chem. Commun.1976, 399. (b) Delpuech,
J.-J.; Martinet, Y.Tetrahedron1972, 28, 1759. Delpuech, J.-J.; Deschamps,
M.-N. Tetrahedron1978, 34, 3017. (c) Anet, F. A.; Yavari, I.Tetrahedron
Lett. 1976, 17, 2093. (d) Reference 2d and references therein.

(23) Due to the fact that the axial/equatorial equilibrium should be
influenced mainly by vicinal interactions betweenlone pairsand methylene
groups and not by the chair or boat skeleton as shown by quantum chemical
calculations (Table 2).

Table 4. 2H-1H NMR Data of4b Compared with Those for5b,ca

compound T (K) 2J (Hz) δν (Hz) Tc (K) kC (s-1) ∆Gq
C (kcal/mol)

4b 183 17.5( 1 64( 3 218( 3 171( 9 10.4( 0.2
5b 193 14-16 71/85( 4 230( 4 178/206( 10 11.0/10.9( 0.3
5c 193 17.5( 1 26( 4 208( 5 111( 10 10.1( 0.3

a Slow-exchange-limit temperature,T; geminal coupling constants,2J; 1H NMR slow-exchange-limit frequency separation of the geminal proton
resonances atT, Tc; rate constant forIR*(N), kC; free activation enthalpy,∆Gq

C.

Scheme 4. Fast Protonation of All Possible Boat and Chair
Conformers of a 1,6-Diazacyclodeca-3,8-diyne (5) Results in
Formation of Dications5-trans2+ and5-cis2+ a

aC) chair, B) boat , aa) bis-axial, ae/ea) axial-equatorial, ee
) bis-equatorial. [A]) [Caa]+ [Cee]; [B] ) [Cae]+ [Cea]; [C] )
[Baa] + [Bee]; [D] ) [Bea] + [Bae].

Figure 4. Drawings of the functionRD(γ) for differentKR values.

lim
γf0

RD(γ) ) 1/KR (9)

lim
γf∞

RD(γ) ) (KRγ)/γ ) KR (10)

lim
γf1

RD(γ) ) 1 (11)

RD )
[5-cis2+]

[5-trans2+]
)
[C] + [B]

[A] + [D]
(4)

KR )
[C] + [D]

[A] + [B]
(5)

γ )
[C]

[D]
)
[A]

[B]
[C] ) [D]γ [A] ) [B]γ (6)

KR )
[D]

[B]
(7)

RD(γ) )
KRγ + 1

KR + γ
(8)
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If RD(γ) is found to be close to 1, bis-axial and mixed
conformers should have similar concentrations, while ifRD(γ)
is closer toKR, the bis-axial species should predominate. For
this reason kinetic trapping experiments were performed with
5c (KR ≈ 6) rather than5b (KR ) 1.3). In our trapping
experiment we added slowly a solution of5c in dry methanol
to a saturated methanolic solution of dry HCl at 0°C. The13C
NMR spectrum of the dihydrochlorides in CF3COOD shows
two isomers. The1H NMR spectrum confirms these results,
although a definitive assignment of5c-trans2+ and5c-cis2+ is
not possible. The ratios of the13C NMR resonances suggest a
RD(γ) value of 1.5 (see Supporting Information). In a second
experiment, the protonation was carried out with DCl/D2O
(40%) by adding a diluted solution of5c in cyclohexane with
vigorous stirring. The1H NMR spectrum of the acidic phase
shows two superimposed AA′BB′ patterns attributed to the
different CH2 groups and two sets of heptets and doublets for
the two different isopropyl groups. Integration gives a diaster-
eomeric ratio of the dihydrochlorides asRD(γ) ) 1.3( 0.2 (see
Supporting Information). Protonation with DCl/D2O (10%) did
not affect the diastereomeric ratio.
Both results provide evidence for the presence of both bis-

axial and mixed conformers in similar concentrations. There-
fore, the energy difference between aa and ae free base
conformers should be less than 1 kcal/mol.

Discussion

We have found a large difference in the conformational
preference of compounds4 and5 relative to those known for1
and 2. In the diynes4 and 5 we encounter an equilibrium
between chair and boat conformations at room temperature in
solution and in the solid state and a preference for the axial
orientation of the substituents at the nitrogen atom(s). Due to
the unique appearance of bis-axially orientated NR groups in
the solid state, the bis-axial conformation must have a reasonable
concentration in solution.
The equilibrium between boat and chair conformations in4

and5 we ascribe to the fact that thetorsional strainbetween
the propargylic hydrogens is minute.
The preference for the axial orientation of the substituents at

the nitrogen(s) in4 and5 can be explained in terms of three
contributions: (1) vicinal interactions of both the NR bond and
the lone pairwith the adjacent CH and CC bonds;
(2) synaxial 1,3-interactions of both the NR bond and the

lone pair(Figure 8, top).; and (3) secondary interactions between
CH/CC bonds of the alkyl substituent and the endocyclic CH2

groups as well as with triple bonds (back and front strain effects;
Figure 8, bottom).
The parent compounds4aand5aare exceptions as hydrogen

substituents show noback straineffects with endocyclic CH2
groups, providing additional information about the competitive
importance ofback straineffects and vicinal interactions.
Crucial differences between axial and equatorial conforma-

tions are found in terms of different interactions of the nitrogen
lone pairsin the two conformers.

The axial orientation of the substituents at the nitrogen atoms
in 5 (Figure 6, left) causes a gauche arrangement between the
lone pairat the nitrogen atoms and the propargylic CH2 groups
and an anti arrangement with the CCσ-bond.
In the case of an equatorial orientation of the substituents on

the nitrogen atoms in5 (Figure 6, right), the adjacent axial CH
bonds and the nitrogenlone pairsshow an anti arrangement,
whereas lone pairs and endocyclic CC bonds are gauche. In
both conformations an antibonding anti interaction of either the

Figure 5. Possible nitrogen inversion (IN) energy diagram for chair
conformations ofN,N′-dialkyl-1,6-diazacyclodeca-3,8-diynes according
to frontier value considerations for∆G1/2 < 1 kcal/mol,RD(γ) ≈ 1.

Figure 6. Nitrogen inversion at5b and the corresponding vicinal
interactions of the lone pairs for axial (left) and equatorial (right)
orientation.

Figure 7. Qualitative MO diagram for nN-σCH and nN-σCC hyper-
conjugation.

Figure 8. Synaxial 1,3-interactions of axial amine substituents in
piperidine (1) and3 (top) and differentback-strain effectsin axial and
equatorial conformers of5b (bottom).
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endocyclic CC bonds or the CH bonds with both nitrogenlone
pairsoccurs. Competitive interaction depending on the strength
of lone pairCH σ-bond hyperconjugation and on thelone pair
CC σ-bond hyperconjugation on the other hand should have
major influence on the preference for axial or equatorial
orientation of the nitrogen substituent and thelone pair,
respectively.
Usually hyperconjugation between nitrogenlone pairsand

CH bonds is stronger than between CC bonds due to a smaller
energy difference24 betweenlone pairsand CH bonds (Figure
7). Exceptions can be found in highly strained systems.
Therefore thelone pairs’preference to occupy the equatorial

position (in axial conformations) is an expected result upon
further consideration. In the six-membered heterocycles such
as 1 and 2 these antibonding hyperconjugative effects are
overruled by strong synaxial 1,3-interactions between NR- and
axial CH bonds forcing the nitrogen substituent R into the
equatorial position. An exchange of theâ-CH2 groups in
piperidine with heteroatoms (X) O, S, NMe) diminishes these
interactions (Figure 8, top), resulting in the preference of an
axial orientation of the methyl group (generalized anomeric
effect).
In the case of4 and5 such synaxial 1,3-interactions are not

present since both positions are occupied by triple bonds instead
of CH2 groups and through-space interactions betweenlone pairs
and triple bonds in4 or 5 are small.8

Back straineffects should also favor the axial conformation.
In Figure 8 (bottom) the synaxial 1,3-interactions between exo-
and endocyclic CH bonds are shown for the bis-axial conformer
and the bis-equatorial conformer of5b. Whereas for the bis-
equatorial arrangement five repulsive synaxial 1,3 interactions
are encountered, the bis-axial arrangement shows only three.
In the axial conformation two weaker synaxial 1,3-interactions
between exocyclic CH and endocyclic CC bonds replace two
strong synaxial 1,3-interactions between endo- and exocyclic
CH bonds, resulting in decreased strain (this is due to the fact
that repulsion between bonding orbitals of similar energy is
usually stronger24). Thus theseback straineffects also favor
the bis-axial conformation; however, we do not believe that this
is a crucial factor since4a and5awhich also exhibit the (bis)-
axial structure in the solid state have similar∆∆Hf values
compared to the methyl derivatives for the difference between
bis-axial and bis-equatorial conformations according to the
AM1, MNDO, and ab initio 6-31G* calculations.

Generalized Anomeric Effectand nN-σCH, nN-σ*
Hyperconjugation

We emphasize that our observations are not restricted to4
and5. The well-known conformational properties of1-3 are
consistent with our findings. The results for4 and5 provide
evidence that both vicinal hyperconjugative interactions between
lone pairsand CH bonds as well as synaxial 1,3-interactions
of axial ring substituents should be crucial parameters for the
preferred orientation oflone pairsin compounds such as1-5
and therefore important for the origin of thegeneralized
anomeric effectin 3.4,5

Additional evidence for our conclusions can be derived from
X-ray diffraction data of 1,8-diisopropyl-1,8-diazacyclotet-
radeca-4,11-diyne (8).25 In contrast to4 and5 there are strong
1,3-interactions between NR andâ-CH2 groups in the axial
conformation of8. Consequently, the bis-equatorial conformer
was found in the crystalline state as in the case of piperazine.

In the case of six-membered N-heterocycles containing exo-
or endocyclic C-X bonds hyperconjugative nN - σ*CX (X )
OR, N, Cl) interactions have also been reported to stabilize
conformations where a sufficient overlap between nN and
σ*CX is possible (e.g.,3).7,26,27 This kind of stabilization
demands “low-energy”σ* orbitals and “high-energy” occupied
orbitals which means that X should have a distinctly higher
electronegativity than carbon.28 Despite the fact that the C(sp)-
C(sp3) bonds in X-ray structures of4 and5 are slightly elongated
compared to the carbocyclic6, which might be an indication
for nN-σ*C(sp)-C(sp3) interaction, we do not believe them to be
crucial. Neither open shell/closed shell AM1 nor HF-6-31G*
HF-6-31G*-MP2 calculations indicate a distinct nN-σCC inter-
action in bis-axial conformations (based on theRC AO coef-
ficients) while antibonding interaction between thelone pair
andR-CH orbitals is strong in equatorial conformations. We
attribute this to the fact that the energy gap between nN and
σ*CC is too large. One might argue that n-σ* interactions might
be as important asσCH-n interactions. Our calculations show
that there is no evidence that n-σ* interaction is crucial since
a significant n-σ*sp-sp3 interaction was not found (based on
the AO coefficients). In addition, if n-σ* sp-sp3 interaction
would be more important than n-CH hyperconjugation, this bond
length should increase steadily from5a to 5d with increasing
energy of the nitrogen lone pair. This is not the case. Small
front straineffects between the out-of-planeπ system and the
axial nitrogen substituent can cause elongation of the propargylic
bonds in some cases.

Conclusion

Our investigations of “elongated” piperazines and piperidines
aza- (4) and 1,6-diazacyclodeca-3,8-diynes (5) provide evidence
which indicates that competitive synaxial 1,3-interaction and
lone pairR-CH hyperconjugative destabilization are crucial for
the preference of axial or equatorial conformers in six-membered
N-heterocycles. In any case, axiallone pairscause repulsive
hyperconjugation with vicinal axial C-H bonds. In the absence
of strong synaxial 1,3-interactions of the amine substituent,
conformers with equatorially orientated nitrogenlone pairsand
axial amine substituents are favored. In the presence of vicinal
endocyclic CX bonds, as in hexahydrooxazines and -pyrimidines
additional hyperconjugative Nn - σ*(CX) interactions should in-
crease the observed preference. We believe that thegeneralized
anomeric effectis a result of both types of hyperconjugative
interactions and competitive synaxial 1,3-interaction with the
relative contribution of these interactions depended upon the
steric, structural, and electronic properties of the system.
Moreover, we have shown that separation of adjacent CH2

groups in six-membered rings by introducting triple bonds leads
to a local energy minimum for the boat conformation which is
as stable as the chair.

Experimental Section

The preparation of4a-c and 5a-e has been described in the
literature.8

Trapping Experiments. Our trapping experiments were carried out
under the same conditions used for piperazines and piperidines and
where the Curtin-Hammet principle does not apply1c,f by extracting a

(24) Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre,
W. J.; Salem, L.J. Am. Chem. Soc.1972, 94, 6221.

(25) Gleiter, R.; Wolfart, V.Tetrahedron Lett.1996, 37, 479.

(26) (a) Salzner, U.; Schleyer, P. v. R.J. Org. Chem.1994, 59, 2138.
(b) Salzner, U.J. Org. Chem.1995, 60, 986.

(27) Anet, F. A.; Kopelevich, M.Chem. Commun.1987, 595. Forsyth,
D. A.; Hanley, J. A.J. Am. Chem. Soc.1987, 109, 7930. Forsyth, D. A.;
Prapansiri, V.Tetrahedron Lett.1988, 29, 3551.

(28) Strong interactions were found inR-fluoroamines andR-fluoro-
carbanions, for instance: Schleyer, P. v. R.; Kos, A. J.Tetrahedron1983,
39, 1141.
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diluted solution in an inert immiscible solvent (c < 0.2 m) with an
excess of a strong acid. A second experiment using methanol instead
of cyclohexane as a solvent was performed to see whether a trapping
experiment under homogeneous conditions leads to different results.
(a) Trapping experiment in cyclohexane: A solution of5c (0.02 m,

80 mg in 20 mL of cyclohexane, 295 K) was dropwise added to a
mixture of 10 mL of DCI/D2O (40%) and 20 mL of cyclohexane under
vigorous stirring over a period of 1.5 h. The D2O layer was separated
and immediately investigated by NMR spectroscopy.
(b) Trapping experiment in methanol: At 273 K a methanolic

solution of5c (0.05 m, 110 mg in 10 mL of dry MeOH) was added
dropwise to 50 mL of a saturated methanolic solution of dry HCl over
a period of 1.5 h. The white precipitate was separated by utilizing a
centrifuge and dried in vacuo (298 K), giving a white powder. This
mixture of diastereomeric dihydrochlorides was dissolved in neat CF3-
COOD under dry conditions and immediately investigated by NMR
spectroscopy.
X-ray Analyses of 4a-c and5a-e. The reflections were collected

with an Enraf-Nonius CAD4 diffractometer (Mo KR radiation, graphite
monochromator,ω-2θ scan). Intensities were corrected for Lorentz
and polarization effects. The structures were solved by direct methods
(MULTAN 29). The structural parameters of the non-hydrogen atoms
were refined anisotropically, and the parameters of the hydrogen atoms
were refined isotropically according to a full-matrix least-squares

technique (refinement onF2). The hydrogen atoms of the tertiary butyl
groups of 5d were calculated and were fixed in the refinement.
Calculations were carried out with the MolEN program system.30

Crystallographic data are provided as Supporting Information.
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