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Abstract: The conformations of azacyclodeca-3,8-diyAa)(@nd itsN-methyl @b) andN-isopropyl éc) derivatives

as well as 1,6-diazacyclodeca-3,8-diyd@)(and its 1,6-dimethylgb), 1,6-diisopropyl §¢), 1,6-ditert-butyl (5d),

and 1,6-ditolyl 6€) derivatives have been investigated by single-crystal X-ray diffraction, in solution by NMR and
by theoretical methods. In the solid stade,c and 5a—e adopt a chair conformation with the substituents in the
bis-axial positions. In solutioA and5 showAG* = 10.4 and 11.0 kcal/mol, respectively, for ring inversion. Trapping
of 5¢c with HCl indicates the presence of bis-axial, axial, and equatorial conformations in solution. The equilibrium
between boat and chair conformationgliand5 is ascribed to much reducéatsional strainbetween the propargylic
hydrogens. The preference of the axial orientation of the substituents on the nitrogen ataha(sjifnis interpreted

in terms of the vicinal interactions of both the NR bond and ltree pair with the adjacent CH and CC bonds,
synaxial 1,3-interactions of both the NR bond andItivee pair, and secondary interactions of CH/CC bonds of the
alkyl substituent with the endocyclic GHjroups as well as with triple bondbgckandfront strain).

Introduction N—R groups as well adone 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 G-C bonds inl and 2 leads to the “elongated
piperidine and piperazine” azacyclodeca-3,8-diyt® and 1,6-
diazacyclodeca-3,8-diyné&#).8 The triple bonds i4 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 compoundsand 5 allow study of the

Conformational preference of N-substituted piperidinBs (
piperazines ), 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 positior? In contrast to this observation
1,3-azacyclesd) like tetrahydrooxazines, tetrahydrothiazines,
and hexahydropyrimidines prefer an axial orientation of the
amine substituent in most casesnplying a gauche position

of the N—R axial substituent with respect to the-& endocyclic . . . - > .
interactions of lone pairs and their preferred orientation for the

bond. This phenomenon is a manifestation of geaeralized L ) . ;
anomeric effeétand has been discussed controversely in terms f|rst time. In terms of gonformatlonal analygls of azacycles this
of dipole—dipole interaction$,interactions betweelone pairs IS a new methodologlcal gpproach. In this paper, we report
(rabbit ear effect,’? and hyperconjugative interactioh$. The the conformational properties dfand5; however, our observa-
orientational preference of exocyclic amine substituentsif tions are not res_tncted on the;e _alky_nes. Ol.” study was also
can be considered as a result of two major contributions: (a) designed to provide additional insight into the influencéook

vicinal interactions between endocyclic methylene groups and pair intergctions on conformational properties of.cyclic amines.
This is directly related to thgeneralized anomeric effectAs

® Abstract published irAdvance ACS AbstractSeptember 15, 1997.
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Table 1. Selected Bond Lengths, Transannular Distances (A), and Bond Angles (deg) of the Azacyclodeca-3,8atiyard the
1,6-Diazacyclodeca-3,8-diyném—e, 6, and 7

bond length transannular bond angle pyramidalization
C(sp)-C(sp) C(sp)-C(sp) C(sp)--C(sp) distance1+6 (1)2 C(sp)-C(sp)-C(sp) of NP
6 1.188(1) 1.466(3) 2.991(2) 5.141(2) 171.7(2)
4a 1.192(1) 1.474(2) 2.978(2) 5.133(2) 170.5(2) 0.347(2)
1.194(1) 1.472(2) 2.987(2) 170.3(2)
1.478(2) 171.8(2)
1.477(2) 172.0(2)
4c 1.190(2) 1.473(2) 2.976(2) 5.128(2) 169.1(2) 0.402(2)
1.192(2) 1.472(2) 2.984(2) 169.9(1)
1.484(2) 171.3(2)
1.484(2) 172.0(1)
5a 1.188(1) 1.482(2) 2.927(2) 5.141(2) 170.7(1) 0.358(2)
1.478(2) 171.1(1)
5b 1.190(1) 1.484(1) 2.952(2) 5.137(2) 169.8(2) 0.395(2)
1.487(2) 170.8(1)
5¢ 1.190(2) 1.473(2) 2.959(2) 5.099(2) 168.7(2) 0.412(3)
1.477(2) 169.9(2)
5d 1.181(3) 1.487(3) 2.919(3) 5.217(2) 169.7(2) 0.296(3)
1.484(3) 170.8(3)
5e 1.172(4) 1.475(4) 2.999(4) 5.002(2) 168.0(3) 0.290(4)
1.472(4) 170.4(3)
7 1.189(2) 1.469(2) 2.909(2) 4.935 169.6(1)

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

Scheme 1
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R =i-Pr,5d: R=1-Bu,5¢ R=p-Tol; 6: X =CHy; 7. X =0.

/l\ 2 vFNl'
O s, C5
reported previousfywe expect similar energies for the chair 2 c3-—@

and boat conformations &f and5 with a preference for the \\‘/ \) &
axial conformers. To check these predictions and to find a O
common explanation for the influence lohe pairinteractions 5a

on cyclic organonitrogen stereodynamics, we have studied the
structures oftaf and5a® as well as those of their homologues
4cand5b—e(a=H, b =Me,c=i-Pr,d =t-Bu,e=p-Tol)®
using single-crystal X-ray diffraction and in solution using
dynamic NMR spectroscopy and conformational trapping by
kinetically controlled protonation.

Figure 1. Molecular structures as determined by X-ray analyses of
azacyclodeca-3,8-diyné#) and 1,6-diazacyclodeca-3,8-diyrizs).

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-cyclodecadi@)¥ @nd
1,6-dioxacyclodeca-3,8-diyn&)(!* The bond lengths of the
triple bonds ofd4a,c(1.190-1.194), the transannular distances

Single crystals of the azacyclodeca-3,8-diydesR = H) between the triple bonds (2.98.99 A), and the angles at the
and4c (R = i-CgH;) were obtained by vacuum sublimation at C(sp) centers (169:1172.C) are close to the values reported
50 °C and crystallization from CH@lsolutions at—20 °C, for 6and7. The endocyclic (spC(sp)) bonds, especially those
respectively. The X-ray diffraction experiments were performed of the azapropano bridges, are somewhat longer (ca. ©.010
at 183 K/223 K to avoid thermal decomposition. Compound 0.020 (A)) than in6.

X-ray Investigations and Theoretical Calculations

4a crystallizes in the monoclinic space gro@gi/c (Z = 4), Semiempirical MO calculations (AM3%) as well as Hartree
and4c crystallizes in the triclinic space group R1= 2). The Fock SCF calculatiod8 with a 3-21G* basis predict a prefer-
structure of4a is shown in Figure 1 (top). Structurc is ence for the chair conformation with the axial orientation of
available as Supporting Information. Both structures exhibit a
chair conformation with the NH and N-i-CsH; bonds (10) Gleiter, R.; Karcher, M.; Jahn, R.; Irngartinger,&Ghem. Ber198§
121, 735.
(9) Gleiter, R.; Heermann, K.; Ritter, J.; Nuber, B\ngew. Cheml995 %11) Gleiter, R.; Rittinger, S.; Irngartinger, Kkhem. Ber1991, 124,

107, 867. 365.
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Table 2. Absolute and RelativéAH; Values (AM1) as Well as Hartree Energies (3-21G*/6-31G*) of the Axial and Equatorial Qhair) (
and Boat ConformationdlI(, IV) of Monoazacyclodecadiyneta—c and the 1,6-Diazacyclodeca-3,8-diyrigs—e

method | (chair axial) Il ( chair equatorial) Il ( boat axial) IV (boat equatorial)
4da AM1 79.90.0 86.76.8 79.8+0.1 87.117.2
6-31G* —251962.10.0 —251958.58.6 —251961.90.2 —251958.43.7
4b AM1 83.00.0 88.05.0 82.6 0.4 88.05.0
3-21G* —274923.50.0 —274916.86.7 —274923.40.1 —274916.86.7
4c AM1 78.20.0 83.55.3 78.30.1 83.55.3
3-21G* —323641.60.0 —323632.78.9 —323641.40.2 —323632.69.0
5a AM1 90.40.0 103.813.4 90.60.2 104.313.9
6-31G* —261987.40.0 1-261980.27.2 —261987.00.4 —261979.67.8
5b AM1 96.00.0 106.210.2 96.00.0 106.810.8
6-31G* —310968.30.0 —310961.17.2 —310967.60.7 —310960.67.7
5c AM1 87.10.0 97.210.1 87.0~0.1 97.610.5
3-21G* —406684.50.0 —406666.917.6 —406684.20.3 —406666.318.2
5d AM1 88.20.0 96.28.0 89.10.9 96.48.2
5e AM1 176.10.0 183.677.5 179.22.9 184.38.1

the substituent at the nitrogen atom in bdtrand4c (see Table

2). Similar results were obtained by using the MND8/2nd
PM3" procedures. ltis 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 (fromy@&tor and AG* = 4—6 kcal/mol (y),12cf9.18 respectively. The

. AR s )
CHCl; solutions, _20 C) of _5a el reveal for all five . standard free energies for the equatorial/axial equilibrium are
compounds the chair conformation with all substituents adopting 0.4 kcal/mol in the case dfal¢2band 2.7 kcal/mol forlble.19

the axial positions solely (mOHOCI'n'(_Ci symmetry, space i the equatorial species being the more stable in both cases.
groupsP24/n or P24/c, two molecules in each unit cell). In
Figure 1 (bottom) we show the molecular structur&af The
structures obb—e look similar and are provided as Supporting . o .
Information. The most relevant bond distances and bond angles AS in the case of piperidine, dynamic NMR spectroscopy and
are collected in Table 1. As anticipated, the transannular conformational trapping were used to_ |_nvest|gate theT inversion
distances between the triple bonds (2:92999 A) are between ~ Processes of andS. Important quantities for dynamic NMR
those reported fo and 1,6-dioxacyclodeca-3,8-diyrid & The spectroscopy are the lifetimeof a conformer which is equal
cisoid deformation at the sp centers amounts te-8 8. As to

seen for the monoaza compounds, the endocyclic EGEP)
bonds are slightly longer (ca. 0.020.020 (A)) than ir6. The
pyramidalization varies between 0.290 and 0.412 A increasing
with the donor ability of the exocyclic nitrogen substituent. In
the case of theert-butyl derivative5e steric effects seem to
have a stronger influence.

Quantum chemical calculations 8a—e with semiempirical
methods (AM1?) and HF-SCF calculatioA3with a 6-31G*
basis for5ab and a 3-21G* basis fobc predict very similar
energies for the bis-axial chair and the bis-axial boat conforma- g gives
tions (Table 2). Similar results oBab were obtained with
MNDO/213 and PM3* methods. Regardless, the structure with
the highest possible symmetry was found to be the local

minimum on the conformational hypersurface. Bis-equatorial The conformational equilibria id and5 are more complex than
boat and chair conformations are always found to be signifi- jn 1 and 2 because boat conformations also have to be
cantly higher in total energy. The difference in energies between considered. For entropic reasons a direct inversion of boat or

bis-axial and mixed axial/equatorial species is exactly one-half chair conformation is less likely than a half-ring inversion
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 anddhe
pair orientation, respectively.

Solution Investigations

Compoundsl and2 adopt chair conformatiofsin solution
and in the gas phase. At room-temperature fast ripgdnd
nitrogen inversion Ig) interconverts all axial and equatorial
positions. Assuming the equatorial and axial substituents (e
a) 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 folla,b and 2a,b are AG* = 11—-13 kcal/mol (r)

NMR Investigations and Used Formulagd2°

YAy = v =1k 1)

whereAv is the difference of the resonance frequences of two
exchanging nuclei. For geminal exchanging protons A and B
with a coupling constantl, the ratek. at the coalescence
temperaturél. amounts to

ke = 2.22(Av* + 63,592 2)

AG*C = 4.587[10.32+ log(T/ko)] (cal/mol)  (3)

(17) (a) Ansel, G. B.; Burkard, L. A.; Finnegan, W. Ghem. Commun.
1969 459. (b) Buckley, P. J.; Constain, C. C.; Parkin, JCBem. Commun.
1968 668. (c) Blackburne, I. D.; Duke, R. P. K.; Jones, R. A. Y.; Katritzky,
A. R.; Record, K. A. F.J. Chem. Soc., Perkin Trans. 173 332. (d)
Lambert, J. B.; Featherman, S.Ghem. Re. 1975 75, 611.

(18) (a) Baldock, R. W.; Katritzky, A. R. Chem. Soc. BR968 1470.
(b) Gittins, V. M.; Heywood, P. J.; Wyn-Jones, EJJChem. Soc., Perkin
Trans. 21975 1642. (c) Lambert, J. B.; Keske, R. G.; Carhart, R. E;

(12) Dewar, M. J. S.; Zoisch, E. G.; Healy, E. F.; Stewart, J. J.P.
Am. Chem. Sod 985 107, 3902.

(13) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4899.

(14) Stewart, J. J. Rl. Comput. Cheni989 10, 209. Jovanovich, A. PJ. Am. Chem. Sod.967, 89, 3761.

(15) Program SPARTAN: Hehre, W. J.; Burker, L. D.; Shusterman, A. (19) Crowley, P. J.; Robinson, M. J. T.; Ward, M. Getrahedrornl977,
J.; Pietro, W. J. Wavefunction, Inc., Irvine, CA, 1995. 18, 915.

(16) Gleiter, R.; Ritter, J.; Irngartinger, H.; Lichteritbg J. Tetrahedron (20) Reference 2d, Chapter 7.1.4, 7.2. Friebolin, ®he- and two-
Lett. 1991 32, 2887. dimensional NMR SpectroscopgyVCH: Weinheim, Germany, 1992.
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Scheme 2Half-Ring Inversionlg* and Nitrogen Inversion
Iy for 1,6-Diazacyclodeca-3,8-diynes (only four out of 16
structures are shown)

! 9
c \F;f“ o —n
b I b

4 :
PN =

procesdg* as shown in Scheme 2 f& The half-ring inversion
processlg* is different from the ring inversiorlg found in
piperazines (where the boat is a transition state) since a
conformation with a different symmetry (boat) is found after
one singlelg* process. In the full scheme (see Supporting
Information), 16 different species are related to each other by
In (rows) andg* (columns). The axial (i) and equatorial (k)
hydrogen atoms will appear as a single resonance HhithNR

only if both Ig* and Iy are fast on the NMR time scale, i.e.,
(Ha) and (H) 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 strargr interactions

LM\J
being the main reason for the instability of twist boat conforma- ; |

tions. 540 35 30 25 20

.At room tgmpgrature, t.hJG.H NMR spectrum (CECl,) of th.e Figure 2. Low-temperaturéH NMR spectra obb (200 MHz, CD)-
dimethyl derivativebb exhibits only two resonances, one signal Cl,, 0.06 moliL).
for the ring protonsd = 3.49) and one for the methyl protons
(0 = 2.52). Similarly the"®C NMR spectrum also exhibits one
resonance for the 8ping carbon atoms& = 46.6) and one
signal for the CH group ¢ = 39.9). The resonance of the
alkyne carbon atoms is found @t = 82.5. Lowering the
temperature leads to a broadening of tHHENMR CHj signals

230K (-43°C)

NI

| | | | |
8 4.0 3.5 3.0 25 20

193K (-80°C)

-

I

Although the AABB' 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-diyrfegfixed boat conformation) a

ato = 3.49. This broadening is due to retardation of the half-
ring inversion (g+) process (Scheme 2). The coalescence
temperaturdc for the half-ring inversion process is 230 K43

°C) (Figure 2). Similarly the methyl signal displays coalescence

geminal coupling constant 8J = 16.2 Hz was found.

The interpretation as a result of boat/chair coexistence is
supported by*C NMR spectra which display two broad (C (sp),
CHs) and one unchanged sharp £lesonance at 213 K

at 216 K (=59 °C).

Further temperature lowering to 193 K-80 °C) leads to
decoalescence to five signals in theé NMR spectrum at =
3.2-3.7 and two signals centered @&t= 2.5. According to
these results at temperatures beltyytwo sets of diastereomers
can be discriminated, the chair conformérand the boat ones  results obtained fobb, but the diastereomeric ratio is four to
B (see Scheme 2). Due tg* being slower tharly an AA'BB' five times larger. In the case of the parent systadynamic
pattern for the diastereomeric ring protons is observed separatelyNMR analysis was not possible due to its poor solubility at
for boat and chair conformers. Superposition of the twoB& low temperatures in suitable solvents.
subspectra (ABB'(1;), AA'BB' () of different intensities and To analyze the possible inversion processethiwe assume
slow-exchange-limit frequency separatiadv) results in the that in addition to the nitrogen inversion two independent half-
pattern observed betweeh = 3.2—3.7. From the variable  ring inversion processe$z*(N) and Ig*(C), interconvert the
temperature'H NMR data (Table 3), we can derive a free chair and the boat conformers. The proceskgéN), Ir*(C),
activation enthalpyAG* of 10.7-11.0 kcal/mol. At 193 K, the andly, give a set of eight equilibrating structures (Scheme 3).
methyl signals of both conformers are separated and anlIn contrast tcbb, where the ring inversion process is degenerate,
equilibrium constant oKg = 1.3 + 0.1 was measured. we expect fodb a higher activation energy for the ring inversion

Our assumption that the boat is the preferred conformation at nitrogen [g*(N)) than for Ig*(C). This assumption is based
in solution is based on the higher average dipole moment of onH as well as®C NMR investigations on 1,6-cyclodecadiyne
the C,, symmetric boat since polar solvents such as,Cp (6), which shows a coalescence temperature in@Pbelow
should stabilize the conformer with a higher dipole moment. 175 K; however, a full investigation of the signal pattern at
AM1 calculations result in a calculated dipole moment near zero 175 K was not possible since the inversion process is still too
for bis-axial and bis-equatorial chair conformers, while for the fast. One might argue that the lowEyfor cyclodeca-1,6-diyne
boat conformers, 0.72/2.20 blf) and 0.98/2.36 DHc) are does not necessarily refer to a lows&*, if the slow-exchange-
calculated. The higher differences in dipole moments for the limit frequency separationAy) is smaller than for4 or 5.
isopropyl derivative conformers &c compared to the methyl  However, even ifAv is only 40 Hz for cyclodeca-1,6-diyne
compoundbb result in the higher diastereomeric ratio observed and T, = 175 K (in fact, T; is below 175 K since only line
for 5c. broadening was observed), the activation barrier amounts to only

evidence for the slow exchange rate for the process on the

13C NMR time scale. At 203 K two signals for the Gldnd C

(sp) carbon atoms are observed while the resonance of the CH
carbon atoms remains unchanged (Table 3). Furthermore, the
NMR data recorded fobc (Table 3) are consistent with the
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Table 3. 2H NMR Data for5b,c?

AG*c AG
T (K) 2J (Hz) ov (Hz) T (K) ke (s7) (kcal/mol) Kr K (kcal/mol)
Compoundsb
IH NMR
CH; (AA'BB';z) 193 14-16 71+ 4 230+4 178+10 11.0+0.3 13401 1.240% —0.10+ 0.02
CH; (AA'BB'(3) 193 14-16 85+ 4 230+ 4 206+ 10 10.9+ 0.3 ' ’ ’ ' 0.10+ 0.0
CHs; 193 34+ 2 216+4 75+5 10.7+£0.2 1.3+0.1° 0.10+ 0.02
13C NMR
C(alkyne) 203 358 213+5 78+17 105+ 04 =~1.¢ ~0.24
CHs; 203 56+ 8 218+5 124+18 10.6+03 ~1.5 ~0.15'
Compoundbc
1H NMR
CH, (AA'BB') 193 175+1 26+4 208+5 111+10 10.1+0.3 nla n/a n/a
CH 193 22+ 4 n/a n/a n/a 6.6 1° 0.740.1°
13C NMR
C(alkyne) 193 406t 5 208+ 6 89+10 10.2+0.3 ~6° ~0.7°

2 Slow-exchange-limit temperatur&, geminal coupling constant3]; *H NMR and3C NMR slow-exchange-limit frequency separation of the
resonances of chair and boatTafT; rate constants fdik*, kc; free activation enthalpyAG*c; thermodynamic equilibrium constanz = [boat]/
[chair]; kinetic equilibrium constanK = kco/kes; free reaction enthalpy fdir*, AG. ? 193 K. €230 K. 9203 K.

Scheme 3. Half-Ring Inversiondg*(N) and Ig*(C) and 298K (25°C)
Nitrogen Inversionly for 4b
a b
Q l
— N\ | — ND
(o] = 2 - = a

I*(N) Ix*(N)
_ ' _ fL u\}m

B a =l a ] | | { |
Z7 = rw\bND ﬁ? = rw\b‘N/ 535 30 25 20 15

1r*(C) I5*(C) 15%(C) 218K (-55°C)

c - T =
= Ry
b | bo

la*"(N) l5*(N)
-

¢
SR JA

8.4 kcal/mol whereas fobb (Av = 84 Hz) 11 kcal/mol was 535 30 25 20 15

found. The'H NMR investigations o#tb in CD.Cl, determined

a coalescence temperature of 218 K which supports the above

assumption. Below B K a single AABB’ resonance is

observed for the CHN protons (Figure 3), as the second ring

inversion procesk*(C) is still fast on the!H NMR time scale

and the equilibrium between chair and boat is not resolved.
The data obtained by these investigationdlofire collected

in Table 4 and compared with those fal,c. It is interesting

to note that theAG* value obtained for the monoaza compound

4b (10.4 kcal/mol) is very similar to that &b (10.7—11.0 kcal/

mol). This provides further evidence for the half-ring inversion

processlg*(N) independently active at each endocyclic aza-

propano unit. As anticipated in tHéC NMR spectrum, only Figure 3. Variable-temperaturéH NMR spectra of4b (200 MHz,

one set of signals is observed since boat and chair conformationg=DzClz, 0.06 mol/L).

are in fast equilibrium due to th*(C) process. At 183 K, inyersion by several orders of magnitude. The product ratio of
strong broadening is observed for tH€ NMR resonance of  giastereomeric dihydrochlorides may reflect quantitatively the
the central CH carbon atom nearby 25 ppm and it is difficult - chemjcal equilibrium of conformers in the free base if the
to accurately dgtermlne the coalescence region. This is a res“"i‘ollowing conditions are giveR! Low pH values to guarantee
of the retardation of théx*(C) process. (The corresponding g kinetically controlled reaction and sufficiently low concentra-
spectra are provided as Supporting Information). tions of free amine to avoid any local pH increase during the
protonation reaction. Moreover, retention of configuration

IF

I

173K (-100°C)

| | | | |
33.5 3.0 25 20 1.5

Conformational Trapping by Fast Protonation

. . . . . (21) (a) Booth, H.Chem. Commun1968 802. (b) McKenna, J.;
The protonation of the nitrogen atom in amines in strongly pckenna, J. M.J. Chem. Soc. B969 644. () Crowley, P. J.; Morris, G.
concentrated Broensted acids is known to be faster than nitrogema.; Robinson, M. J. TTetrahedron Lett1976 17, 3575.
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Table 4. 2H—H NMR Data of4b Compared with Those fdsb,c?

compound T (K) 2J (Hz) ov (Hz) T (K) ke (s79) AG¥¢ (kcal/mol)
4b 183 1751 64+ 3 218+ 3 171+ 9 10.44+ 0.2
5b 193 14-16 71/85+ 4 230+ 4 178/206+ 10 11.0/10.9+0.3
5¢ 193 1751 26+ 4 208+ 5 111+ 10 10.1+ 0.3

a Slow-exchange-limit temperatur€, geminal coupling constantd]; *H NMR slow-exchange-limit frequency separation of the geminal proton
resonances &, T, rate constant fotg*(N), kc; free activation enthalpyAGFe.

Scheme 4. Fast Protonation of All Possible Boat and Chair
Conformers of a 1,6-Diazacyclodeca-3,8-diyBg Results in
Formation of Dication®-trans?™ and 5-cis?t @

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 0 | . hl'b
NMR resultstaef.22 Moe="% Q/ [/
While in the case of dialkylpiperazine®)(bis-equatorial (ee) = |
(>99%) and bis-axial (aa)<(0.5%) conformers givdrans ;.,,N/é\Nm\..H _H | boat 2:“’]] | chair 22[A1| H' 5 irans?
dihydrochlorides and mixed conformers (ae and€d%) cis- =
dihydrochlorides exclusively, the situation frN'-dialkyl-1,6- 5-rans™ H H
diazacyclodeca-3,8-diyne5)(is somewhat more complicated. _ N X
As outlined in Scheme 4, pufaa) or5(ee) as well as mixed N NG H | boat :3[01 | chair gﬁl H o 5cis®
conformers5(ea) and5(ae) should give eitheb-trans®™ or H \+2/ " |
5-ci* depending on whether the boat or the chair conformation 5o d'u _ »'lb g"‘;:\
is protonated. Hence without further assumptions, the ratio of —/ \Zﬁg(

both diastereomeric ammonium ions gives no information about
the ratio of the bis-axial, bis-equatorial, and mixed conformers  C = chair, B= boat , aa= bis-axial, ae/ea axial—equatorial, ee
in solution: boat and chair conformations with identical E;;?'iq[‘éi‘g]r_'a[:ﬁ][ﬂ:[lg[g%aitég;e]? [B] = [Cae] + [Cea]; [C] =
geometries of the nitrogen atoms lead to different dihydrochlo- ’ '

rides due to their different overall symmetry.

. . . . Kgy +1
In the case of a kinetically controlled protonation one obtains Ro(7)- Kot 7
the ratio of diastereomer&, by eq 4. Additionally the 5
equilibrium constantKr between the boat and the chair . Ka=6
conformers is expressed by eq 5. Assuming that the rgio (4
between the bis-axial/equatorial conformers and mixed con- |
formers is about the same for both chair and Bo@ee eqs 6 s Kp=
and 7), eq 4 K=
_ [5cig] _[C1+[B] @ 2] Ko
[5-trans’"] [A] +[D] , o

_[C]+[D] © 4

K - T T T T T T T T T T T T T T T T
R [A] +[B] 1 5 10 15 7
Figure 4. Drawings of the functiorRp(y) for differentKg values.
[C] _[Al
] [CI=[Oly [Al=[Bly (6 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
_[D] favored. TherRp(y) goes to 1Kg.
Kr= E (7)
lim Ro(y) = 1K 9)
Kgy + 1 ’
Ro(r) = Kg + v 8) (b) A high preference for the bis-equatorical conformers gives

eq 10, where the approximated value Ry(y) is closely related

can be simplified to the form of eq 8. The dependence of the t0 Kr, determined by NMR experiments reported above.
diastereomeric ratioRp(y) on the boatchair equilibrium

constantKg andvy is graphically shown in Figure 4, revealing yﬂl Ro(7) = (Ke¥)ly = Kg (10)

that only for higherKr values a significant influence gf on

Ro is expected. (c) A high preference for the bis-axial species leading to the
(22) (a) Anet, F. A.; Yavari, |.; Ferguson, |. J.; Katritzky, A. R.; Moreno- same result as in case b. . o

Manas, M.; Robinson, M. J. TThem. Commuri976 399. (b) Delpuech, (d) For Ro(y) ~ 1, one obtaings = 1, indicating a small

J.-J.; Martinet, Y Tetrahedronl972 28, 1759. Delpuech, J.-J.; Deschamps, energy difference between the conformers.
M.-N. Tetrahedronl978 34, 3017. (c) Anet, F. A.; Yavari, [Tetrahedron
Lett. 1976 17, 2093. (d) Reference 2d and references therein. .
(23) Due to the fact that the axial/equatorial equilibrium should be lim RD(V) =1 (11)
influenced mainly by vicinal interactions betweleme pairsand methylene r—1
groups and not by the chair or boat skeleton as shown by quantum chemical ) L o
calculations (Table 2). The energy diagram for d is given in Figure 5.
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N
AB<1keal
Figure 5. Possible nitrogen inversiony) energy diagram for chair H H
conformations ofN,N'-dialkyl-1,6-diazacyclodeca-3,8-diynes according R
to frontier value considerations fé&xGy, < 1 kcal/mol,Rp(y) ~ 1. = <=
. . . . = H = H
If Ro(y) is found to be close to 1, bis-axial and mixed = R =

conformers should have similar concentrations, whilggfy) Figure 6. Nitrogen inversion atb and the corresponding vicinal
is closer toKg, the bis-axial species should predominate. For jyeractions of the lone pairs for axial (left) and equatorial (right)
this reason kinetic trapping experiments were performed with grientation.

5c (Kr ~ 6) rather than5b (Kr = 1.3). In our trapping
experiment we added slowly a solution ®¢ in dry methanol

to a saturated methanolic solution of dry HCl &t@ The®*C E ——
NMR spectrum of the dihydrochlorides in gFOOD shows —_r— A
two isomers. ThéH NMR spectrum confirms these results, 1 ABy oS

although a definitive assignment 6é-trans* and5¢-cis?* is
not possible. The ratios of tH6C NMR resonances suggest a
Ro(y) value of 1.5 (see Supporting Information). In a second
experiment, the protonation was carried out with DGZD
(40%) by adding a diluted solution &t in cyclohexane with ; ; :
vigorous stirring. ThéH NMR spectrum of the acidic phase i
shows two superimposed ABB' patterns attributed to the ] / '
different CH: groups and two sets of heptets and doublets for
the two different isopropyl groups. Integration gives a diaster- ;
eomeric ratio of the dihydrochlorides Bs(y) = 1.3+ 0.2 (see —H— i
Supporting Information). Protonation with DCKD (10%) did Oc-c N
not affect the diastereomeric ratio.
Both results provide evidence for the presence of both bis- Figure 7. Qualitative MO diagram for i—ocH and m—occ hyper-
axial and mixed conformers in similar concentrations. There- conjugation.
fore, the energy difference between aa and ae free base

conformers should be less than 1 kcal/mol. /%
Discussion A\ N ' )

H
H\\\/’} \\j
We have found a large difference in the conformational

preference of compoundsand>5 relative to those known fat 1 3
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 conformationg in
and5 we ascribe to the fact that tttersional strainbetween
the propargylic hydrogens is minute.

The preference for the axial orientation of the substituents at
the nitrogen(s) i and5 can be explained in terms of three H Ty
contributions: (1) vicinal interactions of both the NR bond and L/"
the lone pairwith the adjacent CH and CC bonds;

(2) synaxial 1,3-interactions of both the NR bond and the Figure 8. Synaxial 1,3-interactions of axial amine substituents in
lone pair(Figure 8, top).; and (3) secondary interactions between Piperidine () and3 (top) and differenback-strain effect& axial and
CHI/CC bonds of the alkyl substituent and the endocyclieCH €duatorial conformers dsb (bottom).
groups as well as with triple bondsgck and front strain effects The axial orientation of the substituents at the nitrogen atoms
Figure 8, bottom). in 5 (Figure 6, left) causes a gauche arrangement between the

The parent compound and5aare exceptions as hydrogen lone pairat the nitrogen atoms and the propargylic Qjfoups
substituents show nback straineffects with endocyclic Chi and an anti arrangement with the @cbond.
groups, providing additional information about the competitive  In the case of an equatorial orientation of the substituents on
importance ofback straineffects and vicinal interactions. the nitrogen atoms ib (Figure 6, right), the adjacent axial CH

Crucial differences between axial and equatorial conforma- bonds and the nitrogelone pairsshow an anti arrangement,
tions are found in terms of different interactions of the nitrogen whereas lone pairs and endocyclic CC bonds are gauche. In
lone pairsin the two conformers. both conformations an antibonding anti interaction of either the
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endocyclic CC bonds or the CH bonds with both nitrograre In the case of six-membered N-heterocycles containing exo-
pairsoccurs. Competitive interaction depending on the strength or endocyclic C-X bonds hyperconjugativeyn— &y (X =
of lone pairCH o-bond hyperconjugation and on thene pair OR, N, CI) interactions have also been reported to stabilize

CC o-bond hyperconjugation on the other hand should have conformations where a sufficient overlap betweep and
major influence on the preference for axial or equatorial o%y is possible (e.g.,3).?627 This kind of stabilization
orientation of the nitrogen substituent and tlene pair, demands “low-energyd* orbitals and “high-energy” occupied
respectively. orbitals which means that X should have a distinctly higher
Usually hyperconjugation between nitrogkme pairsand electronegativity than carb@f. Despite the fact that the C(sp)
CH bonds is stronger than between CC bonds due to a smallerC(sp) bonds in X-ray structures dfand5 are slightly elongated
energy differenc® betweenlone pairsand CH bonds (Figure =~ compared to the carbocycli, which might be an indication
7). Exceptions can be found in highly strained systems. for NN—0¢ sp)-cspa) INteraction, we do not believe them to be
Therefore thdone pairs’preference to occupy the equatorial ~ crucial. Neither open shell/closed shell AM1 nor HF-6-31G*
position (in axial conformations) is an expected result upon HF-6-31G*-MP2 calculations indicate a disting{-Rocc inter-
further consideration. In the six-membered heterocycles suchaction in bis-axial conformations (based on the AO coef-
as 1 and 2 these antibonding hyperconjugative effects are ficients) while antibonding interaction between tlhome pair
overruled by strong synaxial 1,3-interactions betweer-NRd and o-CH orbitals is strong in equatorial conformations. We
axial CH bonds forcing the nitrogen substituent R into the attribute this to the fact that the energy gap betwegramd
equatorial position. An exchange of th®CH, groups in o*ccis too large. One might argue thato* interactions might
piperidine with heteroatoms (% O, S, NMe) diminishes these  be as important ascy—n interactions. Our calculations show
interactions (Figure 8, top), resulting in the preference of an that there is no evidence that-o* interaction is crucial since
axial orientation of the methyl groupméneralized anomeric @ significant r-o*sp—sp?® interaction was not found (based on
effec). the AO coefficients). In addition, if no* sp—sp® interaction
In the case oft and5 such synaxial 1,3-interactions are not Would be more important than n-CH hyperconjugation, this bond
present since both positions are occupied by triple bonds insteadength should increase steadily frdba to 5d with increasing
of CH, groups and through-space interactions betviees pairs energy of the nitrogen lone pair. This is not the case. Small
and triple bonds it or 5 are smalFf front strain effects between the out-of-plamesystem and the
Back straineffects should also favor the axial conformation. @xial nitrogen substituent can cause elongation of the propargylic
In Figure 8 (bottom) the synaxial 1,3-interactions between exo- bonds in some cases.
and endocyclic CH bonds are shown for the bis-axial conformer )
and the bis-equatorial conformer 5b. Whereas for the bis-  Conclusion
equatorial arrangement five repulsive synaxial 1,3 interactions

arehenco_ulntered, the_bis-axial arrkangemen_t Ishovx{s only _threeaza_ @) and 1,6-diazacyclodeca-3,8-diyn& grovide evidence
In the axial conformation two weaker synaxial 1,3-interactions nich ‘indicates that competitive synaxial 1,3-interaction and

between exocyclic CH and endocyclic CC bonds replace tWo |one pair-CH hyperconjugative destabilization are crucial for
strong synaxial 1,3-interactions between endo- and exocyclic yq nreference of axial or equatorial conformers in six-membered
CH bonds, resulting in decreased strain (this is due to the faCtN-heterocycles. In any case, axlahe pairscause repulsive
that repulsion between bonding orbitals of similar energy is hyperconjugation with vicinal axial €H bonds. In the absence

usually strongéf). Thus t'heseback straineffects also favor ¢ 'strong synaxial 1,3-interactions of the amine substituent,
the bis-axial conformation; however, we do not believe that this conformers with equatorially orientated nitrogene pairsand

Is a crucial factor sincéa andsawhich also exhibit the (bis)- 54 amine substituents are favored. In the presence of vicinal
axial structure in the solid state have similanH; values  onqqcyclic CX bonds, as in hexahydrooxazines and -pyrimidines
E(_)mpa_lred to the methy| derivatives for the difference between g4 gitional hyperconjugative N- olex, interactions should in-
is-axial and bis-equatorial conformations according to the ¢reage the observed preference. We believe thagtheralized
AM1, MNDO, and ab initio 6-31G* calculations. anomeric effects 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.
We emphasize that our observations are not restrictetl to Moreover, we have shown that separation of adjacent CH
and5. The well-known conformational properties bf-3 are groups in six-membered rings by introducting triple bonds leads
consistent with our findings. The results férand5 provide ~ to alocal energy minimum for the boat conformation which is
evidence that both vicinal hyperconjugative interactions between as stable as the chair.
lone pairsand CH bonds as well as synaxial 1,3-interactions
of axial ring substituents should be crucial parameters for the Experimental Section
preferred orientation dbne pairsin compounds such as-5 The preparation o#4a—c and 5a—e has been described in the
and therefore important for the origin of thgeneralized literature®
anomeric effectn 3.4° Trapping Experiments. Our trapping experiments were carried out
Additional evidence for our conclusions can be derived from ynder the same conditions used for piperazines and piperidines and
X-ray diffraction data of 1,8-diisopropyl-1,8-diazacyclotet- where the Curtin-Hammet principle does not applypy extracting a
radeca-4,11-diyne8f.?> In contrast to4 and5 there are strong
1,3-interactions between NR afiCH, groups in the axial (b)%Ga)IzE}?r,sl??.n(e)rr’gyér?;nﬁlfggg g(-)’vég'é-.org Chem1994 59, 2138.
conformation o8. Consequently, the bis-equatorial conformer " 57)"Anet, F. A.: Kopelevich, MChem. CommurL987, 595. Forsyth,

was found in the crystalline state as in the case of piperazine.D. A.; Hanley, J. A.J. Am. Chem. S0d.987 109, 7930. Forsyth, D. A;
Prapansiri, V.Tetrahedron Lett1988 29, 3551.
(24) Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v. R.; Hehre, (28) Strong interactions were found @fluoroamines andx-fluoro-
W. J.; Salem, LJ. Am. Chem. S0d.972 94, 6221. carbanions, for instance: Schleyer, P. v. R.; Kos, Alelrahedron1983
(25) Gleiter, R.; Wolfart, V.Tetrahedron Lett1996 37, 479. 39, 1141.

Our investigations of “elongated” piperazines and piperidines

Generalized Anomeric Effecand ny—ocH, Nn—0*
Hyperconjugation
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diluted solution in an inert immiscible solvent < 0.2 m) with an technigue (refinement df?). The hydrogen atoms of the tertiary butyl
excess of a strong acid. A second experiment using methanol insteadgroups of 5d were calculated and were fixed in the refinement.
of cyclohexane as a solvent was performed to see whether a trappingCalculations were carried out with the MolEN program systém.
experiment under homogeneous conditions leads to different results.Crystallographic data are provided as Supporting Information.
(a) Trapping experiment in cyclohexane: A solutiorbef(0.02 m,
80 mg in 20 mL of cyclohexane, 295 K) was dropwise added to a Acknowledgme_nt. Our work was supported by the Deuts_che
mixture of 10 mL of DCI/RO (40%) and 20 mL of cyclohexane under ~ Forschungsgemeinschaft (SFB 247), the Fonds der Chemischen
vigorous stirring over a period of 1.5 h. The®@layer was separated  Industrie, and the BASF Aktiengesellschaft in Ludwigshafen.
and immediately investigated by NMR spectroscopy. J.R. thanks the Studienstiftung des Deutschen Volkes for a Ph.D.
(b) Trapping experiment in methanol: At 27K a methanolic fellowship.
solution of5¢ (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 ~ Supporting Information Available: Figures showing mo-
a period of 1.5 h. The white precipitate was separated by utilizing a lecular structures ofdc, 5b—e, complete Scheme 2, low-
centrifuge and dried in vacuo (298 K), giving a white powder. This temperaturéd3C NMR spectrum of4b at 183 K, and'C and
mixture of diastereomeric dihydrochlorides was dissolved in negt CF 14 NMR spectra of the dihydrochk)rides and dideuteriochlorides
COOD under dry conditions and immediately investigated by NMR  of 5¢ and a table of crystallographic data féa,c and 5a—e

spectroscopy. . (15 pages). See any current masthead page for ordering and
X-ray Analyses of 4a-c and5a—e. The reflections were collected Internet access instructions

with an Enraf-Nonius CAD4 diffractometer (Modradiation, graphite

monochromatorgp—26 scan). Intensities were corrected for Lorentz  JA9628258

and polarization effects. The structures were solved by direct methods (29) Main, P.. Fiske, S. J. Hull, S. E.. Lessinger, L; Germain, G.:
(MULTAN?). The structural parameters of the non-hydrogen atoms pegjercq, J.-P.; Woolfson, M. MMULTAN '11/82 University of York,
were refined anisotropically, and the parameters of the hydrogen atomsgngland, 1982.

were refined isotropically according to a full-matrix least-squares (30) Fair, C. K.MolEN; Enraf-Nonius: Delft, The Netherlands, 1990.




