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Abstract: The IH NMR signal due to the ring methylene protons of 1,3,5-trimethyl-1,3,5-triazacyclohexane
(TMTAC), 1,3,5-triethyl-1,3,5-triazacyclohexaneTETAC), 1,3,5-tri-isopropyl-1,3,5-triazacyclohexane
(TPTAC), and 1,3,5-tri4ert-butyl)-1,3,5-triazacyclohexan@ BTAC ) decoalesces over the temperature range
from 330 down to 190 K due to the slowing of chair-to-chair interconversion. Free energies of activation
(AG* = 12.8-10.3 kcal/mol) decrease with increasing steric bulk of the alkyl substituents. At temperatures
below 200 K, in solvents that do not hydrogen-bond to nitrogen tthand 23C{*H} NMR spectra show a
second decoalescence due to slowing inversion at nitrogen. Under conditions of slow chemical exchange, the
spectra of all four compounds show a strong preference for three equivalent monoaxial conformations. No
other conformations are detected. Free energies of activation for interconversion among monoaxial conformations
via sequential inversions at nitrogeAG* = 7.3—5.7 kcal/mol) decrease with increasing steric bulk of the

alkyl substituents. FOTBTAC, this work constitutes a rare, unequivocally documented case of a preferred
axial tert-butyl group unconstrained by any counterpoised substituent on the chair conformation of a saturated
six-membered ring. The data also establish a strong preference for the monoaxial conformaliemac
andTPTAC. In a solvent that can hydrogen-bond to nitrogen (@El; TMTAC andTETAC show a strong
preference for the monoaxial conformations, but they also show about 1% of the triequatorial conformation at
120-130 K, providing evidence for mitigation of the anomeric effect by hydrogen-bon@RgAC shows

only monoaxial conformations in CHEI; the triequatorial conformation is not detected. In a dramatic reversal

of conformational preferenc@ BTAC in CHR,CI shows only the triequatorial conformation at 112 K. Barriers

to conformational interconversion, via nitrogen inversion, increase inCHEonsistent with hydrogen-bonding

to nitrogen. Attempts to calculate the energies of 1,3,5-trialkyl-1,3,5-triazacyclohexane equilibrium conformations
using available molecular mechanics force fields were unsuccessful. Changes in three torsional constants in
the MMX (PCMODEL) force field give significantly improved agreement with experiment and with ab initio
(HF/6-31G*) calculations. The modified MMX (PCMODEL) force field was also used to study the effect of
hydrogen-bonding by methanol on the conformational energies of the 1,3,5-trialkyl-1,3,5-triazacyclohexanes.
These calculations are in remarkably good agreement with the experimental NMR datai@ICOHEuding

the reversal of conformational preferencBTAC , providing additional support for mitigation of the anomeric
effect by hydrogen-bonding.

Introduction tetramethyl-1,2,4,5-tetrathiacyclohexane is more stable than the
chair form by 0.5 kcal/mo?.

For monosubstituted cyclohexanes, there is a general, but not
exclusive, preference for the equatorial over the axial conforma-
tion.> Moreover, while chlorocyclohexane prefers the equatorial
conformation by 0.5 kcal/moltrans-1,4-dichlorocyclohexane

Saturated six-membered rings are prevalent in organic
chemistry. For cyclohexane, experimental and computational
studies have established that the chair conformation is 5.5 kcal/
mol more stable than the twist forfn? In contrast, the chair
conformation of cyclohexasilane is only 0.4 kcal/mol more stable
than the twist fornf. The twist conformation of 3,3,6,6- (5) For a review of cyclohexane and monosubstituted cyclohexane

stereodynamics, see: Bushweller, C. H.@onformational Behaor of
T Professor Emeritus, University of Vermont. Address correspondence Six-Membered Rings. Analysis, Dynamics, and Stereoelectronic Effects

to the author at 9 Worth St., South Burlington, VT 05403-7839. Juaristi, E., Ed.; VCH Publishers: New York, 1995. See also: Wiberg, K.
(1) van't Hoff, J. H.Bull. Soc. Chim. Fr1875 23, 295. Sachse, HBer. B.; Hammer, J. D.; Castejon, H.; Bailey, W. F.; DeLeon, E. L.; Jarret, R.
Dtsch. Chem. Ged89Q 23, 1363. Sachse, HZ. Phys. Chem1892 10, M. J. Org. Chem1999 64, 2085.
203. Barton. D. H. RExperiential95Q 6, 316. Hassel, OActa Chem. (6) For a review of ab initio studies, see: Cremer, D.; Szabo, K. J. In
Scand1963 17, 1181. Jensen, F. R.; Bushweller, C.HHAm. Chem. Soc. Conformational Behaior of Six-Membered Rings. Analysis, Dynamics, and
1966 88, 4278. Stereoelectronic Effectduaristi, E., Ed.; VCH Publishers: New York, 1995.
(2) For an historical review, see: Eliel, E. L. Gonformational Behaior (7) For a review of molecular mechanics studies, see: Osawa, E.; Varnali,
of Six-Membered Rings. Analysis, Dynamics, and Stereoelectronic Effects T. In Conformational Beheior of Six-Membered Rings. Analysis, Dynamics,
Juaristi, E., Ed.; VCH Publishers: New York, 1995. and Stereoelectronic Effectduaristi, E., Ed.; VCH Publishers: New York,
(3) Dommen, J.; Brupbacher, Th.; Grassi, G.; BauderJ.AAm. Chem. 1995.
So0c.199Q 112, 953. (8) Smith, Z.; Almenningen, A.; Hengge, E.; Kovar, D. Am. Chem.
(4) Squillacote, M.; Sheridan, R. S.; Chapman, O. L.; Anet, F. Al.L. Soc.1982 104, 4362.
Am. Chem. Sod975 97, 3244. (9) Bushweller, C. HJ. Am. Chem. Sod.969 91, 6019.
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prefers the diequatorial conformer by only 0.2 kcal/m#l. tions1216 |t is noteworthy that dipole moment measurements
Transannular dipoledipole attractions are clearly opposing were misleading in the case of 1,3,5-trimethyl-1,3,5-triaza-
steric repulsions in determining conformational preference in cyclohexanél? A preference for an axiakert-butyl group has
trans-1,4-dichlorocyclohexane. been observed in constrained systems. For examplasi®-

Saturated six-membered heterocycles that contain one or moreémethyl-5-ert-butyl)-1,3-dioxane, the chair conformation with
nitrogen atoms generally show a strong preference for the chairtert-butyl axial and methyl equatorial is preferréddowever,
conformation over the twist forrk This is analogous to the  in this case, theert-butyl group is constrained to be axial by
case with cyclohexane. However, for these saturated multi- the counterpoisedtis-2-methyl group that shows a greater
nitrogen six-membered rings that contain multiple bond dipole preference for the equatorial orientation thandtee(tert-butyl)
moments, individual substituent conformational preferences cangroup. It must be noted that &e(t-butyl)-1,3-dioxane does show
deviate significantly from those observed in cyclohexane a 1.4 kcal/mol preference for the equatorial conformatiorhis
analogued! The 1,3,5-trialkyl-1,3,5-triazacyclohexane system preference is 3.5 kcal/mol lower than thattert-butylcyclo-
is a case in point. Early dipole moment studies of 1,3,5- hexane and is due, presumably, to the smaller steric size of
trimethyl-1,3,5-triazacyclohexane suggested a preference for twoOXygen lone pairs as compared to protons.
types of equilibrium conformation. One conformation has one ~ This paper report3H and*C DNMR studies of the 1,3,5-
axial and two equatorial methyl groups, and the other has onetrimethyl-, 1,3,5-triethyl-, 1,3,5-tri-isopropyl- and 1,3,5-tte«t-
equatorial and two axial methyl group&The study suggested  butyl)-1,3,5-triazacyclohexanes in a variety of solvents. The tri-
that little of the triequatorial conformation is present. A isopropyl and tri4ert-butyl) derivatives were especially intriguing
subsequerfH dynamic NMR (DNMR) study of 1,3,5-trimethyl-  in light of the substantial preference of isopropylcyclohexane
1,3,5-triazacyclohexane showed an apparently exclusive pres{2.2 kcal/mol) andert-butylcyclohexane (4.9 kcal/mol) for the
ence of the three equivalent monoaxial conformi@ra. later equatorial conformet.In solvents that do not hydrogen-bond
13C DNMR study confirmed théH DNMR results! However, to nitrogen (CECly, CH;=CHCH;, CH,=CHCI), the NMR
it must be noted that the NMR spectra used in both of these spectra of all four triazacyclohexanes at slow chemical exchange
reports were recorded at relatively low observation frequencies reveal the presence of only the monoaxial conformers. For 1,3,5-
with low inherent signal-to-noise ratios. Any signals due to tri-(tert-butyl)-1,3,5-triazacyclohexane, this paper reports a rare,
minor conformations might have gone undetected. unequivocally documented example of a preferred abeiett

In light of the fact that methylcyclohexane prefers the bPutyl group unconstrained by any counterpoised substituents
equatorial conformation by 1.7 kcal/mthe strong preference 0N the chair conformation of a saturated six-membered ring.
for the monoaxial conformations in 1,3,5-trimethyl-1,3,5- While we were pursuing thIS. research, an |ntergst|ng report did
triazacyclohexane is remarkable. This preference is due to an@PPear showing that 1,3 5-trineopentyl-1,3,5-triazacyclohexane
undetermined partition of factors including reduced steric N CFRCl2 at 147 K exists as 9% triequatorial and 91%
repulsions between the axial methyl group and the syn-axial monoaxial conformgtloné?.ln our studies in a solvent that does
nitrogen lone paifé and a preferential orientation of bond Nydrogen-bond to nitrogen (CHEI),* the trimethyl and triethyl
dipoles, i.e., the anomeric effett5In a monoaxial conformer, ~ derivatives show a strong preference for monoaxial conforma-
the equatorial nitrogen lone pair is vicinal and anti to two tons, but they also show about 1% of the triequatorial
electronegative nitrogen atoms. This orientation enhanee¢n ~ conformation at 130 K. The tri-isopropyl derivative shows only
orbital overlap, postulated to be an important stabilization monoaxial forms. For 1,3,5-trigrt-butyl)-1,3,5-triazacyclo-

associated with the anomeric effé&tipole—dipole interac- ~ hexane in CHECI, only the triequatorial conformation is
tions, and possibly other factors, including diminishedot detected. Consistent with previous studies, hydrogen-bonding
orbital overlap, destabilize the triequatorial conformatisyr by CHF,CI slows the rate of nitrogen inversion in the triaza-

1,3-Dimethyl repulsions destabilize the diaxial conformation. cyclogoexanes compared to the solvents that do not hydrogen-
Previous reports employingC DNMR spectra suggest a bond: . . . .

preference for the monoaxial conformations of 1,3,5-triethyl- . Molgcular mechanics calculat|qns have bqen usgful in provid-

1,3,5-triazacyclohexane and 1,3,5-tri-isopropyl-1,3,5-triaza- ing insight into the stereodynamics of acyclic amieblow-

- b Iculation of conformational energies for the 1,3,5-
cyclohexané# Definitive spectra under conditions of slow ever, ca . . =
chemical exchange were not reported. Based on dipole momenltgﬂlalg}j’:é’f'ggazzcﬁ:\jl’gegjqefs usw;_g ltge MMZ(giMMX i
measurements, it has also been suggested that 1,3t&rtri-( ( )7 an (94F* force fields were not quanti-

butyl)-1,3,5-triazacyclohexane prefers the monoaxial conforma- tatively accurate. In th_|s paper, we report modifications of Fhe
MMX force field that give substantially better agreement with

139. conformational preferences and with ab initio calculations. The
(11) For reviews, see: (a) Crabb, T. A.; Katritzky, A.A&v. Heterocycl.
Chem.1984 36, 3. (b) Delpuech, J.-J. I€yclic Organonitrogen Stereo- (16) Also see: Angiolini, L.; Duke, R. P.; Jones, R. A. Y.; Katritzky,
dynamicsLambert, J. B., Takeuchi, Y., Eds.; VCH Publishers: New York, A. R.J. Chem. Soc., Chem. Commu971, 1308.
1992. (17) Eliel, E. L.; Knoeber, M. CJ. Am. Chem. Sod.968 90, 3444.
(12) Jones, R. A. Y.; Katritzky, A. R.; Snarey, M. Chem. Soc. (B) (18) Anderson, J. E.; Casarini, D.; ljeh, A. I.; Lunazzi, L.; Tocher, D.
197Q 135. A. J. Am. Chem. S0d.995 117, 3054.
(13) Bushweller, C. H.; Lourandos, M. Z.; Brunelle, J.AAm. Chem. (19) Larson, J. W.; McMahon, T. B. Am. Chem. S0d.984 106, 517.
Soc.1974 96, 1591. (20) Casarini, D.; Davilli, S.; Lunazzi, L.; Macciantelli, D. Org. Chem.
(14) Baker, V. J.; Ferguson, I. J.; Katritzky, A. R.; Patel, R. C.; Rahimi- 1989 54, 4616 and references therein.
Rastgoo, SJ. Chem. Soc., Perkin Trans.1®78 11, 377. (21) Bushweller, C. H. InAcyclic Organonitrogen Stereodynamics
(15) For reviews, see: Juaristi, E.; CuevasT& Anomeric EffecCRC Lambert, J. B., Takeuchi, Y., Eds.; VCH Publishers: New York, 1992.
Press: Boca Raton, FL, 1995. Kirby, A.The Anomeric Effect and Related (22) Allinger, N. L. QCPE 1987, Program No. MM2(87). Profeta, S.,

Stereolectronic Effects at Oxygedpringer-Verlag: Berlin, 1983. Sinnott, Jr.; Allinger, N. L. J. Am. Chem. Sod985 107, 1907. Profeta, S., Jr.
M. L. Adv. Phys. Org. Chem1988 24, 113. Szarek, W. A.; Horton, D. QCPE Bull 1983 3, 36.

Anomeric Effect. Origin and Consequenc@€S Symposium Series 87; (23) PCMODEL, Version 6.0 (5/16/96); Serena Software, Box 3076,
American Chemical Society: Washington, DC, 1979. Romers, C.; Altona, Bloomington, IN 47402-3076.
C.; Buys, H. R.; Havinga, ETopics Stereochem969 4, 39. Juaristi, E.; (24) Thomas, H. D.; Chen, K.; Allinger, N. lJ. Am. Chem. S0d.994

Cuevas, GTetrahedron1992 48, 5019. 116, 5887.
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Figure 1. Experimental'H DNMR spectra (500.16 MHz) of 1,3,5-
trimethyl-1,3,5-triazacyclohexane (3% v/v in £F) in the left column

and theoretical simulations in the right column. The rate conskahnt (

is associated with conversion of one monoaxial conformation to one
other monoaxial conformer.

MMX force field is parametrized to treat hydrogen-bonding to
alcohols, amines, and thiols. Using the modified MMX amine
force field, calculations of the energies of 1,3,5-trialkyl-1,3,5-
triazacyclohexane conformations that are hydrogen-bonded to
methanol agree with the NMR data in the hydrogen-bonding
CHFR,CI. The calculations correctly predict the switch of
conformational preference for thert-butyl derivative from the
monoaxial conformations in a non-hydrogen-bonding solvent
system to triequatorial in a hydrogen-bonding solvent.

DNMR Studies

1,3,5-Trimethyl-1,3,5-triazacyclohexane. The 'H NMR
spectrum (250.14 MHz) of 1,3,5-trimethyl-1,3,5-triazacyclo-
hexane TMTAC ; 3% v/v in toluenedg) at 340 K shows a
singlet resonance at 2.15 ppm (9H) due to the methyl groups
and a differentially broadened singlet at 3.06 ppm (6H) due to

Jewett et al.

chair interconversion as a function of temperature compiled in
Table 1S (Supporting InformatioAj.The activation parameters
for chair-to-chair interconversiod\H* = 13.3+ 0.4 kcal/mol,
ASF=1.44+ 2.0 cal mott K=, AG* = 12.94+ 0.1 kcal/mol at
280 K) are in good agreement with those previously re-
ported?>26 The activation parameters in the gas phasd{=
13.2+ 0.5 kcal/mol,ASF = 1.4+ 1.8 cal mot! K=1, AG* =
12.8 £+ 0.2 kcal/mol at 288 K are identical within experi-
mental error to those in toluerds-

TheH NMR spectrum (500.16 MHz) 6TMTAC (3% v/v
in CRCly) at 199 K shows the AX spectrum due to the
methylene protons at 3.46 and 2.59 pplint = —10.1 Hz),
consistent with slow ring reversal on the NMR chemical
exchange time scale. The spectrum also shows a singlet
resonance for the methyl groups at 2.17 ppm (Figure 1). The
methylene protons signal at 2.59 ppm is differentially broadened
due to the onset of slowing nitrogen inversigri*

At temperatures below 199 K, th#d NMR spectrum of
TMTAC shows a complex decoalescence due to slowing
inversion at nitrogen and is sharpened into a slow-exchange
spectrum at 126 K (Figure 1§:14In the 126 K spectrum, the
methylene protons show an AX spectrum (2H) with chemical
shifts at 3.58 (“A”) and 2.07 (“X”) ppm3Jax = —7.9 Hz) and
two CM spectra (4H) with chemical shifts at 3.38 (“C”) and
2.81 (“M”) ppm (BJcm = —11.2 Hz). The methyl groups show
singlet resonances at 2.56 (3H) and 1.96 ppm (6H). The
spectrum at 126 K shows only the three equivalent monoaxial
conformations ¢ea eae aed of TMTAC (e.g., seel).1314

Signals due to other diastereomeric conformers are not observed.
The doublets at 3.58 and 2.07 ppm are assigned respectively to
the equatorial (“A”) and axial (“X”) protons irl. The axial

“X” proton is subject to the well-established shielding of a
proton that is vicinal and anti to a nitrogen lone pair; indeed,
the “X” proton is anti to two lone pairé The relatively small
coupling between the geminal “A” and “X” proton8Jgx =

—7.9 Hz) is typical of an NCBEN methylene group that has the
axial proton vicinal and anti to two nitrogen lone pafsThe

two CM spectra (4H) are assigned to the other two methylene
groups inl, with the chemical shift for the two enantiotopic
equatorial protons (“C”) at 3.38 ppm and the enantiotopic axial
protons (“M”) at 2.81 ppm. The axial “M” protons are subject

to the reduced shielding of just one anti lone pair. The larger

the methylene protons. At lower temperatures, the resonancefwo-bond coupling between geminal “C” and “M” protorfSdy
due to the methylene protons decoalesces due to slowing chair= —11.2 Hz) is typical of an NCkN methylene group that has

to-chair interconversion and, at 210 K, is sharpened into an AX
spectrum with chemical shifts at 3.39 (“A”) and 2.53 (“X”) ppm
(3Jax = —10.0 Hz)?>26 At 210 K, the methyl resonance at 2.10
ppm remains a singlet. Simulations of the DNMR spectra due
to the methylene protons gave the rate constants for chair-to-

(25) (a) Gutowsky, H. S.; Temussi, P. A. Am. Chem. Sod.967, 89,
4358. (b) Lehn, J. M.; Riddell, F. G.; Price, B. J.; Sutherland, 3. GChem.
Soc. (B)1967, 387.

(26) LeMaster, C. B.; LeMaster, C. L.; Tafazzoli, M.; Suarez, C.; True,
N. S.J. Phys. Chem1988 92, 5933.

the axial proton vicinal and anti to one nitrogen lone pair and
gauche to a second lone p&irThe methyl signal at 2.56 ppm
(3H) is assigned to the axial methyl group, and that at 1.96

(27) Brown, J. H.; Bushweller, C. HQCPE 1993 Program No. 633.

(28) (a) Bushweller, C. H.; Fleischman, S. H.; Grady, G. L.; McGoff,
P.; Rithner, C. D.; Whalon, M. R.; Brennan, J. G.; Marcantonio, R. P;
Domingue, R. PJ. Am. Chem. S0d.982 104, 6224. (b) Lambert, J. B.;
Keske, F. G.; Carhart, R. E.; Ivanovich, A. R.Am. Chem. S0d.967, 89,
3761.

(29) Chivers, P. J.; Crabb, T. Aletrahedron197Q 26, 3369.

(30) Chivers, P. J.; Crabb, T. Aletrahedron197Q 26, 3389.
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Scheme 1.Conformational Exchange via Nitrogen Inversion Table 1. Free Energies of ActivationAG*) for Conformational
among Various Stable and Unstable Equilibrium Interconversions in 1,3,5-Trialkyl-1,3,5-triazacyclohexanes
Conformations of a Chair Conformer of _ solvent process AGH kcal/mol (K)
1,3,5-Trimethyl-1,3,5-triazacyclohexane € Equatorial - -

Methyl; a = Axial Methyl) 1,3,5-Trimethyl-1,3,5-triazacyclohexanBMTAC )

CFR.Cl, eeatoeae 7.3+ 0.2 (152 K)
aae CH,=CHClI eeatoeae 7.2+ 0.1 (151 K}
% % CHF.CI eeatoeae 7.84 0.2 (167 K)
aee eae eeatoeaa 7.6+ 0.2 (167 K)
Q ? eeatoeee 8.2+ 0.2 (167 K)
Tl eee Tl 50% CRCl./50% CHFCI eeatoeae 7.8+ 0.2 (170 K)
eeatoeaa 7.5+ 0.2 (170 K)
aea ” eaa eeatoeee 8.2+ 0.2 (170 K)
N 2 . .
N - 1,3,5-Triethyl-1,3,5-triazacyclohexanEETAC)

eea CF.Cl, eeato eae 6.4+ 0.2 (137 K)
ppm (6H) is assigned to the two equatorial methyl groups. The 50% CFRCl,/50% CHFCI eeatoeae 6.94 0.2 (147 K)
protons on the axial methyl group are subject to steric eeatoeaa 6.7+ 0.2 (147 K)
compression deshieldirf§. eeatoeee 7.4+ 0.2 (147 K)

With ring reversal slow on the NMR chemical exchange time 1,3,5-Tri-isopropyl-1,3,5-triazacyclohexarERTAC)
scale at 199 K, the DNMR spectra ®MTAC below 199 K CF§C|2 . eeatoeae 5.7+ 0.2 (122 K)
reflect the slowing of interconversion among the three monoaxial 50% CRCL:/50% CHRCI eeatoeae 6.7+ 0.2 (137 K)

forms of TMTAC by sequential inversions at nitrog&hBoth o L3.5-Tri-ertbutyl)-1,3,5-triazacyclohexan& BTAC )
ab initio and molecular mechanics calculations (vide infra) 0% CH=CHCI/30% CH=CHCHs gggﬁg ggg g'gi 8'3 Eﬂg E)
clearly indicate that the three equivalent diaxial conformeas( 50% CECl,/50% CHRCI unknown 5.7+ 0.2 (117 Kg

aea aa® and the triequatorial formegg are equilibrium
conformations, albeit significantly less stable than the monoaxial  * See ref 13.

conformations. Therefore, conformational exchange among the(methyl carbons) and 77.99 ppm (methylene carbons), as shown
dominanteeg eae andaeeconformers offMTAC involves in Figure 1S (Supporting Information). At lower temperatures,
theeag aea aae andeeeforms as unstable intermediates and the signal due to the methyl carbons decoalesces into two
proceeds via sequential single inversions at nitrogen, eeg., singlets at 41.67 (1C; axial methyl) and 40.16 ppm (2C;
to eaato eae eeato eeeto eae etc. For a chair conformer of  equatorial methyls). The signal due to the methylene carbons
TMTAC, all the interconversion pathways are illustrated in also decoalesces into two singlets at 80.91 (1C; ring carbon
Scheme 1. During the interconversion of theg eae andaee flanked by two equatorial methyl groups; sBeand 75.70 ppm
conformers, equatorial ring protons remain equatorial and axial (2C). No other signals are detected at 126 K. Consistent with
protons remain axial. Therefore, the DNMR spectra of the the!H NMR data, the spectrum at 126 K (Figure 1S) shows
methylene protons iITMTAC were simulated by invoking  only the three monoaxial conformations MTAC . The
exchange of magnetization among AX, CM, and CM spin DNMR spectra of each of the methyl and methylene carbon
systems (se&); the DNMR spectra due to the methyl protons resonances were simulated accurately by employing exchange
were simulated by invoking exchange among three equally of magnetization among three singlet resonances. The free
populated singlet resonances at 2.56, 1.96, and 1.962ppm. energy of activation AG*) for conversion of one monoaxial
Superposition of the methylene and methyl protons spectra andform to another is 7.2 0.2 kcal/mol at 161 K, in good
iterative adjustment of the rate constant for exchange gave theagreement with the value from thel DNMR data (Table 1).
spectral fits at various temperatures illustrated in Figure 1. The The dipole moments of theeg eeg eag andaaaconforma-

rate constantkq) reflects the rate of conversion of one monoaxial tions of TMTAC calculated by using the MM2(87) molecular
form to one other. Because the diaxial and triequatorial mechanics force field are respectively 1.153, 1.911, 0.593, and
conformers are undetected and do not contribute to the DNMR 1.111 D??2 Compared to the relatively small dielectric constant
line shape, it is not possible to determine the relative rates of of CR:Cl, (¢ = 2.13), the dielectric constant of CHEl (¢ =
interconversion associated with the two different interconversion 6.11) is appreciably larger and should lead to an increased
pathways (Scheme 1). The free energy of activativg*) for preference for conformers having larger dipole moments, e.g.,
an eeato-eaeconversion is 7.3t 0.2 kcal/mol at 152 K. We  the eeeform. In addition, there is evidence from gas-phase
hesitate to reporAH* and AS* values for the rate processes studies that CHECI can hydrogen-bond about as effectively as
detected because of the error in temperature measurem@nt (  methanol® Such hydrogen-bonding will alter dipotelipole

K) on the 500-MHz NMR spectrometer used. The data suggestinteractions in the various triazane conformations and could, in

a small positive entropy of activatiod§" ~ 3 cal mot? K1) principle, alter n-o* orbital overlap. Both effects could mitigate
for the interconversion. ThAG* value in CRCl, (7.3 4+ 0.2 the anomeric effect.
kcal/mol at 152 K) is within experimental error of that in &+ TheH NMR spectrum (500.16 MHz) ofMTAC (3% v/v

CHCI (7.2 £ 0.1 kcal/mol at 151 K}3 AG* values for in CHFR,CI) at 218 K (Figure 2S, Supporting Information) shows

conformational interconversions in all four 1,3,5-trialkyl-1,3,5- the AX spectrum due to the methylene protons at 3.61 and 2.71

triazacyclohexanes are compiled in Table 1. ppm @Jax = —10.1 Hz), consistent with slow ring reversal on
The BC{*H} NMR spectrum (125.76 MHz) ofMTAC the NMR chemical exchange time scale. The spectrum also

(10% v/v in CRCly) at 218 K shows two singlets at 40.52 shows a singlet resonance for the methyl groups at 2.24 ppm.
(31) Fleischman, S. H.; Weltin, E. E.; Bushweller, C. H.Comput. The **CHs isotopomer doublet is observed at 2.24 pﬁﬂtfﬁ

Chem.1985 6, 249. Brown, J. H.; Bushweller, C. H. Phys. Cheml994 = 135 Hz). This has been incorporated into the simulation at
98,(315)4;1. 3. H.: Bushweller. C. H. Am. Chem. S00992 114 8153 218 K. A singlet resonance due to an impurity at 2.18 ppm
rown, J. A.; busnweller, C. A. Am. em. S0 3 . H
(33) Lambert, J. B.; Shurvell, H. F.; Verbit, L.; Cooks, R. G.; Stout, G. .broad.ens and disappears from the spectra below 170 K. Other_
H. Organic Structural AnalysisMacMillan: New York, 1986; see pp 33 impurity resonances are observed between 2.75 and 2.85 ppm;

34, these remain sharp down to 127 K.
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ky =125 Ky
kz = 4¢7" [

1257 “A” and “X” on structure 1), the only other chair conformation
457 that would give such a signal and show this coupling isebe

form. Indeed, all three axial protons on teeeconformation
J are homotopic and anti to two nitrogen lone pairs. This signal
152K

is logically assigned to the three homotopic equatorial protons
on theeeeform. Of course, assigning this signal to the equatorial
protons on theeeconformation requires the presence of a sister
doublet due to the axial protons at a chemical shift that should
L be near the “X” resonance of the monoaxial conformations (see
1 and Figure 1), i.e., a large shift to lower frequency (“higher
field”) as compared to the signal for the equatorial protons. A
0.5 136 K 05 careful inspection of the equatorial methyl signal at 2.06 ppm
0.2 0.2 at 127 K (Figure 2) shows more inflections on the higher
frequency base of the peak than on the lower frequency side,
suggesting the presence of minor signals. Indeed, as shown in
Figure 3S (Supporting Information), narrow-band homonuclear
L irradiation near 2.06 ppm results in the collapse of the minor
L - L
(“B”) and about 2.11 (“Z") ppm {Jsz = —8.0 Hz). This is
00 127K o0 rigorously consistent with the molecular geometry of tee
0.0 conformer. Additionally, a minor singlet resonance is observed
at 2.18 ppm in the 127 K spectrum (Figure 2) that overlaps the

doublet at 3.71 ppm to a singlet, confirming the presence of a
BZ spin system with widely divergent chemical shifts at 3.71
higher frequency component of the equatoff@iH; isotopomer
doublet. This singlet has a chemical shift close to that of the

equatorial methyl groups of the monoaxial conformations (2.06
L L L \\ ppm) and is logically assigned to the equatorial methyl groups
on theeeeconformer. Consistent with the structure of e
40 ppm 34 24 e conformer, simulations of the spectrum at 127 K employed an
Figure 2. Amplifications of selected regions of the experimeritdl area ratio of the minor singlet at 2.18 ppm to the BZ spectrum

DNMR spectra (500.16 MHz) of 1,3,5-trimethyl-1,3,5-triazacyclohexane equal to 3:2. As shown in Figure 2, these minor signals broaden
(3% v/v in CHRCI) in the middle columns and theoretical simulations  and coalesce into the dominant spectrum at higher temperatures,
in the outside columns. Signals due to tH€H; isotopomers are  consistent with their being associated with the triazane molecular
included in the simulations. The rate constan) (s associated with - system. Complete line shape simulation at 127 K (Figures 2
conversion of one monoaxial _conformgtlon tq one other_ monoaxial and 2S), including incorporation of tH&CH; doublet due to
conform_er. The rate c_onstamQIls_assomat_ed with conversion of one the equatorial methyl groups, shows that the spectral area for
monoaxial conformation to the triequatorial form. : ’

the eee conformer is about 1.0% of that due to the three
monoaxial conformation&’ This corresponds to an equilibrium
constant between the triequatorial conformer and one monoaxial
in CF,Cl, (Figure 1), but with some notable differences. The form ([eed/[eed) equal to 33:1 or a free energy preference for
167 K spectrum in Figure 2S is more decoalesced than the 167tN€ &eaconformer over theeeof 0.9+ 0.1 kcal/mol at 127 K.
K spectrum in Figure 1, revealing a slower rate of nittogen ~ Simulations of the DNMR spectra in Figures 2 and 2S
inversion in CHECI than in CECl,. At slow exchange in  invoked an exchange of magnetization among dominant AX,
CHR,CI (127 K spectrum in Figure 2S), the spectrum is CM, and CM spin systems (monoaxial conformers) and the
dominated by signals due to the monoaxial conformations. The minor BZ spin system (triequatorial form) for the methylene
methylene protons show an AX spectrum (2H) with chemical Pprotons. For the methyl groups, simulations invoked exchange
shifts at 3.78 (“A”) and 2.27 (“X”) ppm{Jax = —8.2 Hz) and among four singlet resonances, including three equally populated
two CM spectra (4H) with chemical shifts at 3.60 (“C”) and singlets for the dominant monoaxial forms and one minor singlet
3.02 (“M”) ppm Jem = —11.0 Hz). The methyl groups show for the eeeform. This exchange matrix is constrained by the
singlet resonances at 2.64 (3H) and 2.06 ppm (6H). It is fact that rates of exchange among the AX, CM, and CM spin
noteworthy that all the methylene protons’ chemical shifts in systems and among the three methyl singlets of the monoaxial
CHF.Cl are at higher frequency (“lower field”) by 0.2 ppm than  forms must be equal. Additionally, it was necessary to increase
those in CECl,. This is consistent with hydrogen-bonding by the population of theeeconformer as the temperature increased
CHFR,CI.1920The spectrum at 127 K shows a clear dominance in order to obtain line-on-line fits of the spectra. In Figures 2
of the monoaxial conformations. However, the spectrum at 127 and 2Sk; is the rate constant for conversion of one monoaxial
K also shows minor signals that are too intense to be associatedorm to one other monoaxial conformeg; is the rate constant
with any impurity signals observed at 218 K. In particular, there for conversion of one monoaxial form to the triequatorial. The
is a doublet signal observed at 3.71 ppm. Amplifications of AG* value for conversion of one monoaxial conformer to one
selected regions of the spectrum are shown in Figure 2. Theother monoaxial form is 7.8 0.2 kcal/mol at 167 K. ThAG*
separation between the lines in the doublet at 3.71 ppm is 8.0value for conversion of one monoaxial conformer to the
Hz; this is the magnitude of a typical geminal coupling constant triequatorial form is 8.2+ 0.2 kcal/mol at 167 K. Presuming
for an NCHN ring methylene group that has the axial proton that aneaaconformer is an unstable equilibrium conformation
vicinal and anti totwo nitrogen lone pairg? Other than the and therefore an intermediate in the interconversioaeafand
unique methylene moiety in the monoaxial form (see protons eaeconformers (Scheme 1), the rate constant fordbato-

At temperatures below 218 K, the spectrumTdTAC in
CHF,CI decoalesces in a manner analogous to thatbf AC
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eaaconversion is twicek;. Thus, theAG* value for theeea

to-eaanitrogen inversion process is 746 0.2 kcal/mol at 167
K, or 0.6 kcal/mol lower than that for theeato-eeenitrogen
inversion (Table 1).

The presence of a detectable population ofedbeconformer
in CHR,CI, and not in CECly, is due at least in part to the
higher dielectric constant of CHEI. A 50% CHRCI/50%
CF.Cl, solvent system should have a bulk dielectric constant
intermediate between those of the two pure solvents. If the
dielectric constant were the only factor to be considered, the
population of theeeeform in the 50% CHECI/50% CRCl,
solvent system should be lower than that in pure gHF

At temperatures below 215 K, the spectrumT®iTAC in
50% CRCl,/50% CHRCI (Figure 4S, Supporting Information)
decoalesces in a manner that is virtually identical to that for
TMTAC in pure CHRCI (Figure 2S). At 132 K (Figure 4S),
the spectrum is dominated by signals due to the monoaxial
conformations. Theeeconformation shows a BZ spectrum at
3.71 and 2.11 ppm2Jsz = —8.4 Hz) due to the methylene
protons and a methyl singlet at 2.18 ppm. Amplifications of
selected regions of the DNMR spectra are shown in Figure 5S
(Supporting Information). Complete line shape simulaticat
132 K shows the spectral area due to gemconformer to be
about 1.4% of that due to the three monoaxial conformations,
corresponding to a free energy preference foretsaconformer
over the eee of 0.8 + 0.1 kcal/mol at 132 K. Within
experimental error, this free energy difference is identical to
that in pure CHECI (0.9 + 0.1 kcal/mol at 127 K).

The 'H DNMR spectra of TMTAC in 50% CRCl,/50%
CHFR,CI were simulated by using an exchange matrix that is
identical to that used for the simulations in pure GBFE The
various free energies of activation are listed in Table 1. Within
experimental error, the free energies of activation in 50%
CF.Cl,/50% CHRCI are identical to those in CHEI (Table
1).

The population of theeee conformer is the same within
experimental error in 50% GEI/50% CHF,CI and in pure
CHFR,CI. This suggests that bulk dielectric is not a dominant
factor in determining conformational preference. It would appear
that the stabilization of theeeconformer relative to theea
form in 50% CRCI,/50% CHF,CI and in CHRCl is due in large
part to a mitigation of the anomeric effect by hydrogen-bonding.
In 50% CRCl,/50% CHRCI, it appears that CHEEI prefer-
entially solvatesTMTAC , resulting in virtually identical
populations of theeeeconformer in 50% C§Cl,/50% CHRCI
and in pure CHECI.

The 13C{*H} NMR spectrum (125.76 MHz) offMTAC
(10% v/v in 50% CKCI,/50% CHRCI) shows signals due to
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Figure 3. Experimental’*C{'H} DNMR spectra (125.76 MHz) of
1,3,5-trimethyl-1,3,5-triazacyclohexane (10% v/v in 50%CIE50%
CHFE.CI) and theoretical simulations above and to the right. The rate

constants are defined in the caption to Figure 2.

spectrum in Figure 3 was simulated by invoking an exchange
of magnetization among three dominant methyl carbon singlets
at 41.23, 39.65, and 39.65 ppm and the minor peak at 40.22
ppm. This exchange matrix is identical to that used to simulate
the IH DNMR spectra of the methyl groups (Figure 4S). A
strictly analogous exchange matrix was used to simulate the
13C{H} DNMR spectra of the methylene carbons with dominant
chemical shifts at 80.91, 75.62, and 75.62 ppm and the minor
peak presumed to be at 80.91 ppm. The fit at 165 K (Figure 3)
is very good and gives rate constants for interconversions that
agree with thélH DNMR results.
1,3,5-Triethyl-1,3,5-triazacyclohexaneThe 'H NMR spec-

trum (250.14 MHz) of 1,3,5-triethyl-1,3,5-triazacyclohexane

the methyl carbons at 40.44 ppm and due to the methylene(TETAC; 3% v/v in toluenedg) at 300 K shows the quartet

carbons at 78.20 ppm (Figure 3). At lower temperatures, the

(2.39 ppm) and triplet (0.99 ppmdyy = 7.1 Hz) due to the

spectrum decoalesces and is sharpened into a slow-exchangethyl groups and a broad singlet at 3.26 ppm/¢ = 10 Hz)

spectrum at 126 K. At 126 K, the methyl carbons show dominant
signals for the monoaxial conformers at 41.23 ppm due to the
axial methyl group and at 39.65 ppm due to the equatorial
methyl groups. A minor singlet is observed at 40.22 ppm near
the signal due to the equatorial methyl groups of the monoaxial
forms, with an integrated area that is 1% of the area due to
both methyl signals of the monoaxial conformers. The intensity
of this resonance is equal to teeepopulation determined from
the 'H NMR data. This peak is logically assigned to thee
conformation. At 126 K, the methylene carbons show two
signals at 80.91 (1C) and 75.62 (2C) ppm. No minor peak for
the eeeconformer is detected in this region of the spectrum,

due to the ring methylene protons. At lower temperatures, the
signal due to the ring methylene protons decoalesces and, at
220 K, is sharpened into an AX spectrum with chemical shifts
at 3.73 (“A”) and 2.68 (“X”) ppm tJax = —10.0 Hz). The
resonances due to the ethyl groups are unchanged at 220 K.
Simulations of the DNMR spectfadue to the ring methylene
protons (Table 1S) gave activation parameters for chair-to-chair
interconversion AH* = 13.44 0.4 kcal/mol ASF = 3.8+ 2.0
cal mort K1, AG* = 12.44 0.1 kcal/mol at 260 K) that agree
with those previously reporteld:.25p

The IH NMR spectrum (500.16 MHz) 6TETAC (3% v/v
in CR.Cly) at 199 K shows the quartet (2.39 ppm) and triplet

suggesting signal overlap. The exchange-broadened 165 K(1.04 ppm;3Jyy = 7.2 Hz) due to the ethyl groups. The
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methylene protons show an AX spectrum at 3.72 and 2.64 ppm
(3Jax = —10.0 Hz). The spectrum GFETAC between 4.2 and 199 K
1.6 ppm shows a complex decoalescence at temperatures below
199 K due to slowing inversion at nitrogen (Figure 4) and is
sharpened into a slow-exchange spectrum at 117 K. The
spectrum at 117 K is rigorously consistent with a strong J B
preference for the monoaxial conformations.

At 117 K, rotation about the exocyclic NC bonds that
interconverts conformations such 2s3, and4 is fast on the 148 K
DNMR time scale’® With rapid isolated rotation about all J

b

kq, = 417000 5™

—

1100

:

=l

2]
Y ]

e

127 K 21

117K

exocyclic N-C bonds, the time-averaged symmetry of a = — o
monoaxial conformer of ETAC is Cs. The chemical shifts of oo ' '
the methylene protons on the axial ethyl group will be time- Figure 4. Experimental'H DNMR spectra (500.16 MHz) of the
averaged to one value. However, the methylene protons on eacHnethylene groups in 1,3,5-triethyl-1,3,5-triazacyclohexane (3% v/v in
equatorial ethyl group are diastereotopic. Their molecular CF2Cl2) in the left column and theoretical simulations in the right
environments cannot be mutually interchanged by internal column..The rate copstankli is associated wqh conversion of one
. ) L . monoaxial conformation to one other monoaxial conformer.

rotation or any symmetry operation. In principle, they will show
two different chemical shifts in a time-averag€gsymmetric As shown in Figure 6S (Supporting Information), the methyl
monoaxial conformer. signal shows broadening at lower temperatures, but no decoal-

Complete line shape simulation at 117 K shows a widely escence into separate, resolved resonances, revealing an insen-
spaced AY spectrum (2H) with chemical shifts at 3.85 (“A”) sitivity to being axial or equatorial. The chemical shift of the
and 1.96 (“Y”) ppm &ay = —8.0 Hz), and two CN spectra  methyl groups at 117 K (1.10 ppm) is typical of methyl groups
(4H) at 3.64 (“C") and 2.78 (“N”) ppm¥cn = —11.0 Hz) for that are oriented vicinal and gauche to the lone pair, and not
the ring methylene protons. In a manner strictly analogous to anti, showing an apparent preference for conformations such
that of TMTAC (vide supra), the spectrum due to the ring as2 or 3, and not4.28a
methylene protons oFETAC is rigorously consistent with the The 'H DNMR spectra of TETAC were simulated by
molecular geometry of the monoaxial conformation. The AY invoking equal rates of magnetization exchange among AY, CN,
spectrum is assigned to the methylene group between the twoand CN spin systems for the ring methylene protons and among
equatorial ethyl groups; the CN spectra are assigned to the twoM,Z3, VXZ3, and XVZ; spectra for the ethyl groups. The rate
methylene groups that flank the axial ethyl group. constant ;) in Figure 4 reflects the rate of conversion of one

Consistent with time-averagétl symmetry, the ethyl meth-  monoaxial form to one other. The free energy of activation
ylene protons show three signals at 2.84, 2.16, and 2.03 ppm af{AG") for an eeato-eae conversion is 6.4+ 0.2 kcal/mol at
117 K (Figure 4). These signals are simulated accurately by 137 K (Table 1).
invoking one MZ3 spectrum (5H; axial ethyl) with chemical The3C{H} NMR spectrum (125.76 MHz) 6FETAC (10%
shifts at 2.84 (“M”) and 1.10 (“Z") ppm¥Puz = 7.0 Hz), and v/v in CRCl,) at 198 K shows three singlets at 13.14 (methyl
two VXZ3 spectra (10H; equatorial ethyl groups) at 2.16 (“v"), carbons), 47.17 (methylene carbons on ethyl groups), and 74.68
2.03 (“X”), and 1.10 ppm (“Z”) with3Jyz = 7.5 Hz,3)xz = ppm (ring methylene carbons), as shown in Figure 7S (Sup-
6.5 Hz, and?Jyx = —12.0 Hz. Superposition of the spectra due porting Information). At lower temperatures, all three resonances
to the ring methylene and ethyl groups gave an excellent fit of decoalesce into two signals, and, at 117 K, the spectrum shows
the 117 K spectrum. There was no need to invoke any other methyl carbon resonances at 13.65 (1C) and 12.05 (2C) ppm,
resonances to achieve an accurate spectral simulation, indicatingthyl methylene carbon signals at 46.89 (2C) and 46.57 (1C)
a strong preference for the monoaxial conformations. No other ppm, and ring carbon peaks at 77.32 (1C) and 72.85 (2C) ppm.
conformations are detected. No other resonances are detected. The spectrum at 117 K
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117 K 122 K 127 K The13C{H} NMR spectrum (125.76 MHz) 6FETAC (10%
vivin 50% CFRCl,/50% CHF,CI) at 198 K shows three singlets
at 13.10 (methyl carbons), 47.36 (methylene carbons on ethyl
groups), and 75.00 ppm (ring carbons), as shown in Figure 10S
3 42 T T

(Supporting Information). At lower temperatures, two reso-
8 ' 4
ppm

at 77.31 (1C) and 73.00 (2C) ppm, and one singlet due to the
ethyl methylene carbons at 43.80 ppm. The chemical shifts of
the axial and equatorial ethyl methylene carbons are coincident.
Signals due to theeeconformer are not detected due to signal

L resonances at 14.16 (1C) and 12.34 (2C) ppm, ring carbon peaks

nances decoalesce. At 117 K, the spectrum shows methyl carbon
42 40 3

T T ~
2 6 3.6

Figure 5. Amplification of a selected region of the experimenitl overlap and/or inadequate signal-to-noise ratios. The 117 K
DNMR spectra (500.16 MHz) of 1,3,5-triethyl-1,3,5-triazacyclohexane spectrum does confirm the dominance of the monoaxial
(3% viv in 50% CRClo/50% CHRCI). conformations. The DNMR spectra of each of the three types

of carbon atoms were simulated accurately by employing a
confirms the strong preference SETAC for the monoaxial  chemical exchange matrix identical to that for fit DNMR
conformations. The free energy of activatiah®’) for conver-  spectra ofETAC in 50% CRCl/50% CHRCI with chemical
sion of one monoaxial form to another is 6£50.2 kcal/mol at  shifts for the methyl, ethyl methylene, and ring carbons of the
139 K, in good agreement with the value from #éDNMR eeeconformation presumed to be respectively at 12.4, 43.80,
data (Table 1). and 77.5 ppm. Using this model, a calculated spectrum at 147

At temperatures below 199 K, thél DNMR spectrum of K incorporating 2% of theeeconformation gave rate constants
TETAC in 50% CRCl,/50% CHRCI (Figure 8S, Supporting  essentially identical to those determined from theDNMR
Information) decoalesces in a manner analogous to that ofgpectrum at 147 K.

TETAC in CRClI; (Figure 4), but with some expected differ-
ences. At slow exchange in 50% £H,/50% CHFCI (117 K
spectrum in Figure 8S), the spectrum is dominated by signals
due to the monoaxial conformations. At 117 K, signals due to
the ethyl groups of the monoaxial conformers are simulated by
invoking one NZz spectrum (5H; axial ethyl) at 2.89 (“N”)
and 1.10 (“Z2") ppm {nz = 7.0 Hz) and two RVZ spectra
(10H; equatorial ethyl groups) at 2.29 (“R”), 2.16 (“V”), and
1.10 ppm (“Z") with SJRZ = 3J\/z =7.0Hz an(FJRV = -13.0

Hz. Resonances due to the ring methylene protons of the
monoaxial forrnf are S|mulat:ad" by employlig an AU spectrum _ 0.3+ 2.0 cal mot K-, AG* = 11.2-+ 0.1 kcal/mol at 240
(2H) at 4.03 (*A") and 2.21 (*U") ppm {ay = —8.0 Hz) and K) that agree with those previously reporféd@sb

two CM spectra (4H) at 3.83 (“C”) and 3.00 (“M”) ppmcum 1 9 P Y rep '

— —11.0 Hz). The chemical shifts due to the methylene protons  1h€ "H NMR spectrum (500.16 MHz) of PTAC (3% viv

in 50% CRCl/50% CHRCI are at higher frequency (lower N CRClo) at 199 K shows the septet (2.81 ppfin = 6.5
field) by 0.2 ppm than those in GEl, consistent with Hz) and doublet (1.03 ppm) due to the isopropyl groups. The
hydrogen-bonding by CH¥EI.1® methylene protons show an AX spectrum at 3.88 and 2.9_5 ppm

In the 117 K spectrum o ETAC in 50% CRCl,/50% (Cdax = —lO.Q Hz). The s_pectrum from 4.2 to 2.3 ppm (Figure
CHF.CI (Figure 5), the equatorial ring methylene proton doublet 11S, Supporting Information) decoalesc_es at Ipwer temperatures.
for the eeeconformation is observed at 3.97 ppAiif = —8 Below 115 K, the sample froze; the melting point of pureZCIE
Hz). As expected, this signal shows coalescence with the IS 118 K. At 115 K, the methyl groups show a single broad
dominant monoaxial resonances as the temperature increase§€sonance. The decoalescence is best assigned to slowing
The population of theeeconformer is about 1.4% at 117 K, inversion at nitrogen that interconverts dominant monoaxial
showing a 0.7 kcal/mol free energy preference for one mono- conformations o PTAC. Another rate process that could affect

axial conformer over theeeat 117 K. This conformational  the DNMR line shape is isolated rotation about the exocyclic
preference is similar to that ffMTAC in 50% CRCl,/50% N—C bonds. However, the DNMR-detectable barrier to isolated
CHR.CI and is consistent with similar steric requirements for otation about the methine carbenitrogen bond in isopropyl-
methyl and ethyl groups, as reflected by their respedtivalues  dimethylamine is 4.5 kcal/mdf: For TPTAC, this speaks for
(1.6 and 1.8 kcal/mob. fast rotation about exocyclic NC bonds on théH DNMR time
As shown in Figure 9S (Supporting Information), the methyl Scale at 115 K.
signal shows broadening but no decoalescence into separate, The 115 K spectrum is subject to broadening due to a
resolved resonances at lower temperatures. moderate rate of chemical exchange. The 115 K spectrum can
Simulations of the DNMR spectra of the ring methylene be simulated accurately by employing equal rates of exchange
protons (Figure 8S) invoked an exchange of magnetization of magnetizationk; = 40 s'*) among three equally populated
among dominant AU, CM, and CM spin systems (monoaxial septet resonances at 2.60, 2.60, and 3.32 §gmy & 6.5 Hz)
conformers) and a BT spin system (3.97 and 2.21 pjdgt; = due to the methine protons and among equally populated AX,
—8.0 Hz) for the eee conformer. The ethyl spectra were AX, and CY spin systems due to the methylene protons with
simulated by employing magnetization exchange among domi- chemical shifts at 3.84 (“A”), 3.04 (“X"), 3.65 (“C”), and 2.94
nant NZz, RVZ3, and VRZ spectra for the monoaxial conform-  (“Y”) ppm. 2Jax and?Jcy values were presumed to bell
ers and a minor &3 (2.27 and 1.10 ppm3Jsz = 7.0 Hz) and —8 Hz, respectively. The chemical shifts for the ring
spectrum for the triequatorial conformer. Activation parameters methylene protons in the monoaxial conformationg BT AC
are compiled in Table 1. are different from those ifMTAC andTETAC (vide supra).

1,3,5-Tri-isopropyl-1,3,5-triazacyclohexaneTheH NMR
spectrum (250.14 MHz) of 1,3,5-tri-isopropyl-1,3,5-triaza-
cyclohexane TPTAC; 3% v/v in toluenedg) at 300 K shows
a broadened singlet\y» = 3.4 Hz) due to the methylene
protons at 3.48 ppm. At lower temperatures, this signal
decoalesces and, at 190 K, is sharpened into an AX spectrum
with chemical shifts at 3.89 (“A”) and 3.02 (“X”) ppridax =
—10.0 Hz). Simulations of the DNMR spectfadue to the
methylene protons (Table 1S) gave activation parameters for
chair-to-chair interconversiom\H* = 11.24 0.4 kcal/mol AS
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These chemical shift changes are consistent, at least in partremarkable in light of the strong preference for the equatorial
with the effects of steric compression due to the additional conformation of isopropylcyclohexane (2.2 kcal/malhd attests
methyl groups ifTPTAC .33 The area ratio of the methine proton  to a significant stabilization of the monoaxial conformations of
signal at 3.32 ppm to that at 2.60 ppm is exactly 1:2. The TPTAC due to the anomeric effect.

chemical shift difference (0.72 ppm) between these two  As shown in Figure 13S (Supporting Information), the
resonances is characteristic of protons on axial and equatoriapNMR spectrum (500.16 MHz) of PTAC (3% V/v in 50%
carbon atoms on the trialkyltriazane chair conformation (vide CR,Cl,/50% CHRCI) decoalesces at lower temperatures, reach-
supra). The spectrum at 115 K is consistent with a strong ing slow exchange at 119 K. The 119 K spectrum is simulated

preference for the monoaxial conformationsTH#TAC. The accurately by invoking methine proton septets at 3.17 Elhi;

free energy of activationAG*) for conversion of one monoaxial = .0 Hz) and 2.69 ppm (2HJun = 6.0 Hz) in addition to a
conformation to one other monoaxial conformer is 570.2 CY spectrum (2H) at 3.77 and 3.13 ppAddy = —7.7 Hz) and
kcal/mol at 122 K (Table 1). two AX spectra (4H) at 3.98 and 3.19 ppAidx = —11.0 Hz)

The3C{'H} NMR spectrum (125.76 MHz) ofPTAC (10% for the methylene protons. The 119 K spectrum is consistent
viv in CRCly) at 199 K shows three singlets at 20.19 (methyl with a strong preference for the monoaxial conformations of
carbons), 50.23 (methine carbons), and 68.95 ppm (methyleneTPTAC. We could not locate any other signals in the 119 K

carbons), as shown in Figure 12S (Supporting Information). At spectrum that might be due to minor conformations. The free
lower temperatures, all three resonances decoalesce. At 115 Kenergy of activation AG*) for conversion of one monoaxial

the 13C NMR spectrum is substantially more sharply defined form to another is 6.2 0.2 kcal/mol at 137 K.

than thelH NMR spectrum at 115 K, reflecting great&C The3C{1H} NMR spectrum (125.76 MHz) GFPTAC (10%
chemical shift dispersion and different chemical exchange time |\, i, 5004 CRCL/50% CHRCI) decoalesces below 199 K

scales for theH and*C spectra. At 115 K (Figure 1.28)’ the reaching slow exchange at 126 K (Figure 6). At 126 K, the
methyl carbons show three equally populated and differentially spectrum shows methylene carbon signals at 72.09 (1C) and

broadened signals at 18.30, 18.99, and 21.71 ppm. The methingsg g5 (>¢) ppm, methine carbon resonances at 52.45 (2C) and
carbons signal is decoalesced into two singlets at 51.81 (20)48_02 (1C) ppm, and methyl carbon signals at 21.89 (2C), 19.80
and 46.49 (1C) ppm. The methylene carbons also show just(zc), and 18.15 (2C) ppm. No other signals due to e

two resonances at 69.95 (1C) and 66.77 (2C) ppm. No o,therconformation were detected. The spectrum at 126 K is rigorously
resonances are detected. The spectrum at 115 K is consistent ) \sistent with the time-average molecular symmetry of
with a strong preference GiPTAC for the monoaxial confor- the monoaxial conformation ofPTAC (vide supra) and a
mations. With slow interconversion among monoaxial confor- strong preference for the monoaxial conformations. At 126 K

Lnatljosgzstsn? rapid |solat§d rotatlct)n a]l?out all expclyclrefm\l and below (Figure 6), differential transverse relaxation times
onds,” the ime-averaged Symmetry of a monoaxial Conformer ,are ysed to simulate differential broadening due to the onset

is Cs The_ stereochem|cal_ relat_|onsh|p between methyl groups of slowing equatorial isopropyl group rotatiétT he free energy
on each isopropyl group is strictly analogous to that between ¢ o qiyation AG*) for conversion of one monoaxial form to

metfhyleng pro;?él_?Acc):n PTSCh ethyl _I_ghroup c;]f Ia rrkl)onoaxial another is 6.7 0.2 kcal/mol at 141 K, in excellent agreement
conformation o (vide supra). The methyl carbons on iy the barrier obtained from thiH DNMR data (Table 1).

the axial isopropyl group iMTPTAC will show one singlet, . .
: : : . 1,3,5-Tri-(tert-butyl)-1,3,5-triazacyclohexaneThe'H NMR
hile th methyl h of th I

while the diastereotopic methyl carbons on each of the equatoria spectrum (250.14 MH2) of 1,3,5-trtert-butyl)-1,3,5-triaza-

isopropyl groups will, in principle, show two different signals. ) .
This is consistent with the observation of three methyl carbon cyglohexane'(BTAC, 3% viv in tolueneds) at 296 K shows
signals at 115 K. In simulating the 115 K spectrum, it was a'smglet due to theert-butyl protons (27H) at 1.12 ppm and a
necessary to invoke significantly longer effective transverse singlet due to the methylene protons (6H) at 8.74 ppm that_
relaxation times for the methine carbon signals as compared tOQecoaIesces_ at lower temperatures due to slowing chair-to-chair
the methylene and certain methyl carbon signals. This is Interconversion. At .190 K,_the methylene protons show an AX
consistent with the onset of slowing isolated rotation about SPECIUM with chemlgal shnfts at4.30 ("A") and 3.18 ("X") ppm

g (3Jax = —10.4 Hz). Simulations of the DNMR spectfalue to

equatorial exocyclic NC bonds (e.g., interconversion among h vl Table 1S oF
conformationss and 6 and others) that differentially broadens the 'met' ylene protogs (Table 15) gave activation parameters
for ring inversion AH* = 10.24+ 0.4 kcal/mol AS" = —0.3+

methylene and methyl carbon sign&sThe free energy of
y y 9 9y 2.0 cal mott K—%, AG* = 10.3+ 0.1 kcal/mol at 225 K) that

agree with those previously report&e?>°
Oi@;

The'H NMR spectrum (500.16 MHz) 6FBTAC in a solvent
system that cannot hydrogen-bond to nitrogen (3% v/v in 70%
CH,=CHCI/30% CH=CHCH;) at 177 K shows théert-butyl
singlet at 1.11 ppm and an AX spectrum at 4.24 and 3.06 ppm
(3Jax = —10.0 Hz) due to the methylene protons. It is interesting
to note that, especially for thirt-butyl derivative, the?Jax
value is a typical time-averaged value for a trialkyltriazane that
shows a strong preference for monoaxial conformations (vide
5 supra). There is a singlet observed at 1.14 ppm due to a
persistent impurity that has an intensity about twice that for
activation AG¥) for conversion of one monoaxial form to  either component of thECHjz isotopomer doublet at 1.11 ppm
another (5.7 0.2 kcal/mol at 131 K) is in good agreement (XJcy = 125 Hz). This impurity signal remains a singlet down
with the value from théH DNMR data (Table 1). to 105 K. At temperatures below 140 K, the signals due to the
In a solvent that does not hydrogen-bond to nitroger-GLi, methylene protons (Figure 7) and tteet-butyl protons (Figure
there is a strong preference for the monoaxial conformations 8) decoalesce. Both decoalescence phenomena are consistent
of TPTAC. No other conformations are detected. This is with a major presence of the monoaxial conformations of

2
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ki = ky =
186000 s°1 186000 s7!

k; = 10000 s°1
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186000 s’
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4.5 4.0 - 35 3.0
17K 1 Figure 7. Experimental!H DNMR spectra (500.16 MHz) of the
methylene protons of 1,3,5-trigt-butyl)-1,3,5-triazacyclohexane (3%
1 viv in 70% CH=CHCI/30% CH=CHCH;) and theoretical spectra.
l I l _J The rate constank() is associated with conversion of one monoaxial
) conformation to one other monoaxial conformer.

% - 5 ) - % . coupling is barely resolved. The small&lgy coupling is an
estimate determined by an iterative fit of the spectrum at 105

AN

f

ppm

Figure 6. Experimental*3C{*H} DNMR spectra (125.76 MHz) of : S — .
1,3,5-tri-isopropyl-1,3,5-triazacyclohexane (10% v/v in 50%ClK K. Using the same transverse relaxation timés (= 0.022 s;

50% CHRCI) and theoretical simulations of spectra due to the Wy, = 14.5 Hz) for all methylene.protons. at 105 K 2y
methylene carbons to the left, due to the methine carbons above and@lue 0f—9 Hz produces B and N signals with flat tops that do
to the right, and due to the methyl carbons to the right. The rate constantNOt reflect the experimental spectrum?Jay value of —6 Hz
(k) is associated with conversion of one monoaxial conformation to produces B and N signals that are clearly sharper than the
one other monoaxial conformer. At temperatures below 126 K, experimental spectrum.
differential transverse relaxation times were used to simulate differential ~ The spectrum of the methylene protonsI&TAC at 105 K
broadening due to the onset of isolated rotation about equatorial js strictly analogous to that due to the methylene protons on
exocyclic N-C bonds. the monoaxial conformation &FPTAC, is consistent with the
TBTAC. Not only do both signals decoalesce in response to molecular symmetry of the monoaxial conformationf®&TAC ,
slowing interconversion among the monoaxial conformations, and reveals a strong preference for the three equivalent
but the tert-butyl resonance also shows decoalescence into monoaxial conformations. The BN spectrum (2H) with the
multiple signals, consistent with both nitrogen inversion and smaller2Jgy value is assigned to the unique methylene group
tert-butyl rotation being slow at 105 K. Decoalescence of the flanked by two equatoriakrt-butyl groups; the two AM spectra
spectra due to both thtert-butyl and methylene protons is  (4H) with the largerrJay value are assigned to the other two
inconsistent with a strong preference for tg-symmetriceee methylene groups that flank the axig@rt-butyl group. As
conformation, which would show no decoalescence for the compared to the spectra ®PTAC, the chemical shifts due to
methylene protons below 190 K but could show decoalescencethe equatorial protons on the monoaxial conformation of
of the tert-butyl signal. In this instanceCs, symmetry also TBTAC are shifted significantly (0.450.48 ppm) to higher
requires that theert-butyl groups will show just two signals  frequency, consistent with enhanced steric compression deshield-
with a 2:1 intensity ratio. The 105 K spectrum (Figure 8) shows ing due to the additional methyl group d¢ert-butyl.33
four singlets. The DNMR spectra off BTAC in Figure 7 are simulated

At 105 K (Figure 7), the methylene protons show a sharpened, accurately by employing equal rates of exchange among equally
slow-exchange spectrum that is simulated by invoking two AM populated AM, AM, and BN spin systems with no compelling
spectra (4H) at 4.29 (“A”) and 3.15 (“M”) ppmidam = —11 need to invoke additional spectra due to minor conformations.
Hz) and one BN spectrum (2H) at 4.13 (“B”) and 2.87 (“N”) The free energy of activationAG*) for conversion of one
ppm @Jsn = —8 Hz). No other signals are observed. Broad monoaxial form to another is 58 0.2 kcal/mol at 118 K.
lines due to rapid transverse relaxation and signal overlap could As shown in Figure 8, the signal due to tteet-butyl protons
hide minor signals. Due to the broad lines, the largiy decoalesces and, at 105 K, shows four resolved albeit broad
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interpretation, axial and equatorigirt-butyl rotations are both
slow at 105 K. For the axiaert-butyl group, the signal due to
the unique methyl group that is anti to the lone pair and oriented
over the ring overlaps a 6H singlet due to two other enantiotopic

136 K

i - 300000577 ki - 160057 methyl groups at 1.23 ppm; the signal due to the other two
enantiotopic methyl groups on the axiatt-butyl group occurs
at some other frequency.
177 K

The slow-exchange spectrum at 105 K can be simulated
accurately by employing chemical shifts assignments based on
either interpretation presented above. Either interpretation is
consistent with theCs molecular symmetry of the monoaxial
conformation. However, attempts to simulate ttest-butyl
DNMR spectra over a wide temperature range were not
122 K 135 successful when using chemical shift assignments based on the
first interpretation. Acceptable internally consistent fits of the
DNMR spectra over a wide temperature range were obtained
by employing axiatert-butyl chemical shifts at 1.08 (6H; two

methyl groups) and 1.23 ppm (3H; one methyl group) and
equatorialtert-butyl signals at 1.23 (6H), 1.15 (6H), and 0.87
115 K 5 (6H) ppm. The chemical shift at 0.87 ppm due to two methyl
groups is typical of methyl groups that are oriented vicinal and
anti to the nitrogen lone pair itert-butyldialkylamines:!-31.34
For the monoaxial conformation 6fBTAC, this signal is
assigned to the methyl group that is anti to the lone pair on

each of the two equatorigrt-butyl moieties. For the axiaért-
butyl moiety, the methyl group that is anti to the lone pair, and
over the ring, is apparently subject to steric compression
deshielding. Acceptable fits of the exchange-broademeed
butyl DNMR spectra (Figure 8) were then obtained by employ-
ing a chemical exchange matrix that allows no direct exchange
of magnetization among three axiaft-butyl frequencies at 1.08
(3H), 1.08 (3H), and 1.23 (3H) ppm and no direct exchange
among equatoridert-butyl signals at 1.23 (6H), 1.15 (6H), and
pom 0.87 (6H) ppm. The chemical exchange matrix does allow
Figure 8. ExperimentalfH DNMR spectra (500.16 MHz) of thiert- complete exchange between the two sets of axial and equatorial
butyl groups of 1,3,5-tritert-butyl)-1,3,5-triazacyclohexane (3% v/iv  tert-butyl signals; i.e., each of the three axiait-butyl frequen-
in 70% CH=CHCI/30% CH=CHCH;) and theoretical spectra dis-  cies exchanges with all three equatorial frequencies. This matrix
played to the right. The rate constak)(is associated with conversion  g|lows indirect exchange of equatorial frequencies via axial
of one monoaxial conformation to one other monoaxial conformer. frequencies, and vice versa. In simulating the DNMR spectra
) in Figure 8, good fits were obtained by employing a rate of
(W2 = 19 Hz;To* = 0.017 s) singlets at 1.23 (9H), 1.15 (6H),  ransfer of magnetization from each of the axial signals to each
1.08 (6H), and 0.87 ppm (6H). The impurity signal is still @ ¢ the equatorial resonances that is equal to the rate of
relatively sharp singlet at 105 K and appears on the low- jhterconversion between monoaxial conformations determined
frequency side of theert-butyl signal at 1.15 ppm. The fact  gom simulations of the methylene protons’ DNMR spectra
that the methyl groups on thert-butyl moieties show singlet (Figure 7). This is analogous to the stereodynamicsedt
resonances at 195 Kindicaltes that isolated rotation ofindlividual butyldialkylamines in which the lowest barrier process for
methyl groups inTBTAC is fast on the DNMR chemical  jnterconvertingtert-butyl methyl groups among different mo-
exchange time scale at 105°KThe spectrum of the methylene  |gcyjar environments irt-butyl rotation that occurs in concert
protons of TBTAC at 105 K shows a clear preference for the ith nitrogen inversiof-3 The lowest barrier process that
monoaxial conformations. With nitrogen inversion aed-butyl interconverts methyl groups among various molecular environ-
rotation slow at 105 K, the spectrum due to tee-butyl groups ments inTBTAC is tert-butyl rotation that occurs in concert
in a Cs-symmetric monoaxial conformer should, in principle,  yth inversion at nitrogen, i.e., interconversion among monoaxial
show five singlets; it shows four. The 105 K spectrum can be ¢onformations. The implication is that isolated rotation barriers
|_nterpre_ted in essentlally_two_ different ways. In one interpreta- for axial and equatoridkrt-butyl groups inTBTAC are equal
tion, axial tert-butyl rotation is very fast and equatorigrt- to or higher than that for nitrogen inversion. Barriers to isolated
butyl rotation is slow at 105 K. Under these conditions, the 4yja|tert-butyl rotation (6.4 kcal/mol) and equatoriart-butyl
singlet at 1.23 ppm (9H) would have to be assigned to the axial ygtation (7.5 kcal/mol) calculated using a reparametrized MMX

tert-butyl group, and the singlets at 1.15 (6H), 1.08 (6H), and (pcMODEL) molecular mechanics force field support this
0.87 (6H) ppm would be assigned to the three d'aStereo'EOP'Cinterpretation (vide infra).

methyl groups on each of the two equatotét-butyl moieties.

An alternative interpretation would require that the chemical
shifts of all methyl groups on the axi&rt-butyl moiety are
coincident; in this case, axiaért-butyl rotation could be fast
or slow at 105 K. In either case, all signals due to the axial ~(34) Bushweller, C. H.; Anderson, W. G.; Stevenson, P. E.; Burkey, D.
tert-butyl group occur at the same chemical shift. In the other L.; O'Neil, J. W. J. Am. Chem. S0d.974 96, 3892.
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Molecular mechanics calculations (vide infra) predict that the
eaaconformation ofTBTAC is 14.5 kcal/mol less stable than
the eeaform. The barrier to nitrogen inversion IBTAC is
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Scheme 2.Conformational Exchange via Nitrogen Inversion
among Various Stable and Unstable Equilibrium
Conformations of One Chair Conformer of
1,3,5-tri-gert-butyl)-1,3,5-triazacyclohexane (Protons Have
Been Deleted for Clarity)
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5.8 kcal/mol. In contrast t&d MTAC , for which equilibrium

J. Am. Chem. Soc., Vol. 122, No. 237900

methylene protons remain essentially unchanged, except for
increased line broadening due to increasing rates of transverse
relaxation at lower temperatures. No differential broadening or
decoalescence is observed. This spectral behavior is rigorously
consistent with a strong preference for {ig-symmetriceee
conformation of TBTAC; all three equatorial protons are
homotopic, and all three axial protons are homotopic. With
chair-to-chair interconversion slow at 190 K, the methylene
protons will show no additional decoalescence below 190 K.
The 'H NMR spectrum of TBTAC in 50% CRCl/50%
CHFR.CI at 199 K also shows a singlet at 1.11 ppm due to the
tert-butyl groups, thé3CHs isotopomer doublet (1.11 pprhlcy
= 125 Hz), and the impurity singlet at 1.18 ppm (Figure 15S,
Supporting Information). At lower temperatures, tee-butyl
resonance decoalesces, and, at 112 K, it shows two resolved
albeit broad singlet resonances at 1.19 (18H) and 0.97 (9H) ppm.
Thetert-butyl signals at 112 K can be simulated accurately by
invoking three singlets of equal intensity at 1.19, 1.19, and 0.97
ppm and a rate constant for random exchange among all three

eaaandeeeconformations are accessible unstable intermediatessinglets equal to 2073. The observation of just twtert-butyl
in the interconversion of the monoaxial conformations (Scheme chemical shifts is consistent with ti@, symmetry of theeee

1), theeaaconformer ofTBTAC is not a reasonable intermedi-
ate in the interconversion of the monoaxial formsT&TAC .
The only reasonable unstable intermediate iseeconforma-

conformer. The signal at 1.19 ppm is assigned to the two
enantiotopic methyl groups on eatért-butyl group that are
vicinal and gauche to the nitrogen lone pair; the signal at 0.97

tion. Thus, it would appear that any two monoaxial conforma- ppm is assigned to the methyl group on eett-butyl group

tions of TBTAC interconvert via theeeeconformation as the
sole intermediate (Scheme 2). Presuming thaetteeonformer

that is anti to the lone paff234The spectrum of theert-butyl
and methylene protons at 112 K is rigorously consistent with

is an unstable equilibrium conformation and the intermediate the C;, symmetry of theeeeconformation of TBTAC .

in the interconversion of monoaxial conformers (Scheme 2),

the rate constant for aeeato eeeconversion is twicek; in
Figure 7. TheAG* value for aneeato-eeenitrogen inversion
process is 5.6t 0.2 kcal/mol at 118 K.

While mitigation of the anomeric effect iTMTAC and
TETAC due to hydrogen-bonding by CHEI results in the
presence of about 1% of theeeconformation (vide supra),
TBTAC shows a much stronger preference for de=form.

Based on dipole moment measurements, it has been suggestegihe syjitch inTBTAC conformational preference on going from

thatTBTAC prefers theeeaover theeeeconformation by 0.35

non-hydrogen-bonding to hydrogen-bonding solvents is remark-

kcal/mol at 298 K.z Dipole moment measurements Were apje This enhanced preference for thee conformation in

misleading in the case of MTAC .12 We believe that the

TBTAC is due to an additional destabilization of the monoaxial

DNMR data presented above provide unequivocal evidence for oonformers due to increased steric repulsions experienced by

clearly preferred monoaxial conformationsTBTAC . This is
arare, unequivocally documented case of a preferred t@xial

butyl group that is unconstrained by any counterpoised sub-
stituent on the chair conformation of a six-membered ring. In

contrast to the 4.9 kcal/mol preference for equatotet-
butylcyclohexané, the significant switch in conformational
preference IMBTAC is due, in part, to the small steric size of
axial lone pairs on nitrogeH.The nearly isosteric Si€rt-butyl)-

1,3-dioxane shows a 1.4 kcal/mol preference for the equatorial

conformationt’ 3.5 kcal/mol lower than that irert-butyl-

cyclohexane, attesting to the smaller steric size of lone pairs asy
compared to protons. The anomeric effect does not influence

the conformational preference of ttegt-butyl group in 5-{ert-

butyl)-1,3-dioxane. However, the monoaxial conformation of
TBTAC does derive additional stabilization from the anomeric

effect, leading to its preference over theeform.

the methyl group in the axidgert-butyl group that must reside
over the ring.

The DNMR spectra in Figure 15S were simulated accurately
using the chemical exchange matrix described above for the
spectrum at 112 K. The free energy of activation for exchange
of magnetization between any two singlets is 570.2 kcal/
mol at 117 K. The DNMR spectra do not allow identification
of the rate process associated with the decoalescence in Figure
15S. All that is clear is that chair-to-chair interconversion,
nitrogen inversion, andert-butyl rotation are all slow at 112

Ab Initio and Molecular Mechanics Calculations

ForTMTAC , the MM3(92) molecular mechanics force fi#ld
predicts theeeeconformation to be more stable than that of

The™H NMR spectrum (500.16 MHz) due to the methylene eeaby 0.17 kcal/mol, with the relative energies of thaaand

protons ofTBTAC in a hydrogen-bonding solvent (3% v/v in
50% CRCl»/50% CHRCI) at 180 K shows an AX spectrum
with chemical shifts at 4.27 and 2.81 ppRifx = —7.7 Hz).

aaa conformations at 3.67 and 8.46 kcal/mol. The MM3(92)
relative energies of theeeandeeaconformations are clearly
at variance with experiment (vide supra). The MM2(87) force

The small2]ax value suggests that all three methylene groups field predicts relative energies feea(0.00 kcal/mol) eee(0.13
have an axial proton anti to two lone pairs, consistent with a kcal/mol), eaa (4.13 kcal/mol), andaaa (11.55 kcal/mol)

strong preference for theeeconformation. The chemical shift

conformations that are in better qualitative agreement with

difference between the A and X resonances is 1.46 ppm, similarexperimen£? However, assuming no difference in entropy
to the chemical shift difference between the protons on the betweereeeandeeaconformations and taking into account the
uniqgue methylene group of the monoaxial conformation of statistical preference for the three monoaxial conformatio$ (

TBTAC (1.26 ppm; Figure 7). At lower temperatures (Figure

= RIn 3), the 0.13 kcal/mol preference feeaovereeewould

14S, Supporting Information), the resonances due to the give an easily detectable 17#eeat 126 K, which is not



320 J. Am. Chem. Soc., Vol. 122, No. 2, 2000 Jewett et al.

observed. The MMX (PCMODEL, v6.0) force field also predicts Table 2. Dipole Moments and Relative MMX Energies for

a 0.17 kcal/mol preference for tleeaconformation ovepee?3 Trialkytriazane Conformations Calculated Using Modified Torsional
The MM2(87) and MMX force fields, which both use the Farameters
Profeta-Allinger amine parametef,predict the correct order _ relative energy  dipole moment
of stability for eeaandeeeconformations but overestimate the ~_compound  conformation  (kcal/mol) (D)
stability of theeeeform. The MM3, MM2(87) and MMX force TMTAC # eea 0.00 1.18
fields all incorrectly predict theeeconformation ofTBTAC eaa 1.45 0.64
to be more stable than tleeaconformation by 0.39, 0.38, and tevsiit é'gg é-gg
0.73 kcal/mal, respectlvely_. These dls_crepanmes between the teracbe eea 0.00 1.19
DNMR data and conformational energies calculated by molec- eaa 1.72 0.65
ular mechanics are not surprising in light of the fact that all eee 3.29 1.93
three force fields have not been parametrized for the nitrogen twist 8.81 0.87
anomeric effect. Others have noted similar discrepancies for TPTAC eea g-(l)g igi
1,3,5-trineopentyl-1,3,5-triazacyclohexae. o " oo 060

In principle, extensive parameter changes in the MM2 and twist 8.39 0.87
MMX force fields [torsional constants, €N bond moments, TBTAC® eea 0.00 1.13
lone pair (Lp) “hardness”, and effective size] could be required eee 211 191
to accurately model the anomeric effect in trialkyltriazacyclo- te"‘e’l';t 12'22 8'?8

hexanes. Based on parameter changes that better model the
oxygen anomeric effeéf2one obvious adjustment is to increase ~ *1,3,5-Trimethyl-1,3 5-triazacyclohexarfel,3,5-Triethyl-1,3,5-tri-
the N-C—N—Lp V5 torsional parameter to reflect the stabiliza- azacyclohexané.Relative energy of conformation with most stable
. . k o L - combination of alkyl group rotamers about exocyclie® bonds (see
tion assoqated with onentl_ng the Io_ne pair vicinal and anti to structures3, 7, 8: 6, 9, 10). ¢ 1,3,5-Tri-isopropyl-1,3,5-triazacyclohex-
another nitrogen atom. An increase in this parameter from 0.00 ane.¢ 1,3,5-Tri-tert-butyl)-1,3,5-triazacyclohexane.
to 1.00 has been used to model the G—N effect in bicyclic
aminals®® This change gives qualitatively acceptable results for present at a barely NMR-detectable 1% concentration at 125 K
TMTAC , but quantitative agreement is still wanting. A recent (vide supra).
attempt to model the NC—N effect that employed an extensive Methyl andtert-butyl groups are symmetric rotors. Confor-
adjustment of many parameters does not give reasonable relativenational analysis oTMTAC andTBTAC is not complicated
energies for the various conformationsTTAC .37 by the existence of diastereomeric equilibrium conformations
We found that the minimal MMX force field changes required resulting from rotation about the exocyclicC bonds.
to accurately reflect the conformational energetics of all four However, forTETAC and TPTAC, three staggered rotamers
trialkyltriazacyclohexanes involves three torsions about the associated with each of the three exocyclie ®lbonds results
N—C—N linkage, consistent with recent attempts to model the in multiple equilibrium conformations for each of teea eeg
oxygen anomeric effect using the MM3 force fiéfh.Specif- and eaa conformations. In Table 2, the MMXTAC relative
ically, when V, torsional parameters for NC—N—Lp(TOR energies listed are between the most st&tgla eag andeee
166), H-C—N—Lp(TOR 163), and &C—N—Lp(TOR 154) conformations, i.e, those conformations with the most stable
linkages are changed from 0.00 to 1.001.00, and—0.60, combination of alkyl group rotamers. FGIETAC, the most
respectively, the MMX force field gives relative conformational stable eea conformations are3, point group G, and its
energies that are consistent with the experimental observationenantiomer. Ir8, a methylene proton on the axial ethyl group
that, for all four trialkyltriazacyclohexanes (includii@gTAC), is over the ring; placing the methyl group over the ring increases
the eea conformer is the dominant species detected in non- the energy by 1.94 kcal/mol. The methyl groups on the
hydrogen-bonding solvents (Table 2). It should be noted that equatorial ethyl moieties i8 are each gauche to a lone pair,
the N—-C—N—Lp and H-C—N—Lp modifications successfully =~ and both point toward the axial ethyl substituent. The various
model TMTAC and TBTAC. The additional GC—N-Lp conformations that have all methyl groups gauche to a lone pair
change is required to modelETAC and TPTAC and, all have energies within 0.1 kcal/mol of each other. For an
therefore, all four trialkyltriazacyclohexanes. Moreover, the latter equatorial ethyl group, placing methyl anti to the lone pair (e.qg.,
change gives better agreement between calculated and experisee4) increases the energy by about 0.4 kcal/mol. The most
mental conformational energies for various acyclic amfiég. stableeaaandeeeconformations offETAC are7 (C;) and8

The modified MMX force field ("MMXTAC?”) calculations (Cy).
predict that theeaa and eee conformations ofTMTAC are
respectively 1.45 and 2.90 kcal/mol less stable thaneth®

conformation (Table 2). These energy differences are consistent > O}{
with the DNMR spectrum foTMTAC in CF.Cl, at 126 K O ﬁ:
that shows only monoaxial conformations. An energy difference o o_d W ‘,l
of about 0.9 kcal/mol will result in a minor conformation being (D qf ¢) A wfo
& X o S
q &

(35) (a) Allinger, N. L.; Chang, S. H.-M.; Glaser, D. H.; Hoenig, Ik
J. Chem 198Q 20, 51. (b) Barrows, S. E.; Storer, J. W.; Cramer, C. J,;
French, A. D.; Truhlar, D. GJ. Comput. Cheni998 19, 1111. The HOCO
torsional parameter¥i, V,, andVs were changed from 0.00 t61.832, 7 8
—2.208, and—0.547, respectively.
(36) Alder, R. W.; Heilbronner, E.; Honneger, E.; McEwen, A. B.; Moss,

R. E.; Olefirowicz, E.; Petillo, P. A.; Sessions, R. B.; Weisman, G. R,; For TPTAC, the most stableeaconformation is theCs
White, J. M.; Yang, Z.-ZJ. Am. Chem. S0d.993 115 6580. ; ; ial i

(37) Senderowitz, H.; Aped, P.; Fuchs, B.Comput. Cheml993 14, symmgtr|c6. In 6, the methme proton on the axial |sopropyl
944, group is over the ring; placing a methyl group over the ring

(38) Brown, J. H.; Bushweller, C. H. Am. Chem. So¢995 117, 12567. increases the energy by 1.45 kcal/mol. The methine protons on
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the equatorial isopropyl groups hare each gauche to a lone
pair, and both point away from the axial isopropyl substituent.
For the equatorial isopropyl groups, conformations that have
the methine proton gauche to a lone pair are all within 0.2 kcal/
mol of each other; placing the methine proton anti to the lone
pair increases the energy by about 0.9 kcal/mol. For each
equatorial isopropy! group, this preference for orienting one
methyl group gauche and the other anti to the lone pair is
consistent with observations in other systéfiEhe most stable
eaaandeeeconformations offPTAC are9 (C;) and10 (Cy).

In 9, the methine protons on the axial isopropyl groups are anti
to the lone pair and over the ring.

g

The MMXTAC calculations also predict that the twist
conformation of the trialkyltriazacyclohexane ring is abot%
kcal/mol less stable than tleeachair conformation (Table 2).

In Table 2, the relative energies of the most stable twist forms
are listed. FOMBTAC, the twist is predicted to be considerably
more stable than the highly distortedaform. These calcula-
tions suggest strongly that all equilibrium conformations of all
four trialkyltriazacyclohexanes detected by NMR adopt the chair
conformation.

For theeeaconformations offMTAC , TETAC, TPTAC,
andTBTAC, the C-N—(axial carbon) bond angles are respec-
tively 112.7, 113.5, 113.7, and 116.5, with C—N—(equatorial
carbon) bond angles respectively 112.113.3, 114.9, and
115.7. The progressive increase in these bond angles in
proceeding from methyl tdert-butyl shows a progressive
decrease in pyramidality at nitrogen that is consistent with
progressively decreasing nitrogen inversion (Table 1) and chair-
to-chair interconversion barriers (vide supra).

Ab initio geometry optimizations of theeag eag andeee
conformations offMTAC were computed at the HF/6-31G*
level using GAUSSIAN 98W? The relative energies (Table
3) are in good agreement with the MMXTAC molecular
mechanics calculations (Table 2). The ab initio dipole moments
for theeea(1.27 D),eaa(0.89 D), andeee(2.08 D) conforma-
tions of TMTAC are also in good agreement with the
MMXTAC calculations. There is excellent agreement with
various structural parameters; e.g., the ab initio and MMXTAC
C—N—(axial C) bond angles in theea conformation are
respectively 111.9and 112.1. Frequency calculations, per-

(39) Frisch M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,, Jr,;
Stratman, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.;
Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M,;
Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski,
J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98Revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.
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Table 3. Ab Initio Energies for Optimized Geometries of Chair
Conformations of 1,3,5-Trimethyl-1,3,5-triazacyclohexane

HF/6-31G* MP2/6-31G*

E rel. energy EUMP2 rel. energy
conf. (hartrees) (kcal/mol) (hartrees) (kcal/mol)
eea  —399.243382 0.00 —400.518026 0.00
eaa  —399.240985 1.70 —400.516927 1.08
eee  —399.237171 3.50 —400.510826 4.91

formed at the HF/6-31G* level, confirmed that these three chair
conformations of TMTAC are equilibrium geometries (no
imaginary normal modes). These calculations also demonstrated
that, while quantitatively significant, zero-point energy correc-
tions do not change the relative order of stability of #eg

eaa and eee conformations (0.00, 1.70, and 3.50 kcal/mol,
respectively). Furthermore, geometry optimizations at the MP2/
6-31G* level (Table 3) showed that electron correlation does
not change the relative order of stabilities.

Both ab initio and MMXTAC calculations predict a strong
preference for theeaconformation offMTAC (Tables 2 and
3). Both calculations also predict teaaconformer to be more
stable than theeeeconformer. All of this is consistent with
invoking eaa aea aae and eeeconformations as unstable
intermediates in the interconversion of the NMR-detectable
monoaxial conformations (Scheme 1).

In a solvent that does not hydrogen-bond {CE), the NMR
spectrum offMTAC at 126 K (Figures 1 and 1S) shows only
monoaxial conformations. In a solvent that does hydrogen-bond
(CHF.CI), the NMR spectrum of MTAC at 127 K (Figures 2
and 2S) shows dominant monoaxial conformations, but it also
shows 1% of theeee form. No diaxial conformations are
detected in either solvent. THel NMR spectrum ofTBTAC
in a non-hydrogen-bonding solvent (70% &FCHCI/30%
CH,=CHCH) at 105 K (Figures 7 and 8) shows only monoaxial
conformations. In a significant reversal of conformational
preference, théH NMR spectrum ofTBTAC in a hydrogen-
bonding solvent (50% CEI,/50% CHRCI) at 112 K (Figures
14S and 15S) shows a strong preference foreteronforma-
tion. It is clear that mitigation of the anomeric effect, due in
large part to hydrogen-bonding by ChH, reverses the relative
energies okeaandeeeconformations. FOTMTAC , based on
the MMXTAC calculations, the mitigation is at least 2.0 kcal/
mol.

lon cyclotron resonance studies have established thapCIHF
forms hydrogen bonds to bases that are about as strong as those
formed by methand? The MMX force field is parametrized
to prevent hydrogen-bonding by-& bonds, but it is well-
parametrized for hydrogen-bonding involving-®l, N—H, and
S—H bonds. In principle, the MMX force field can model the
effect of certain hydrogen-bonding solvents on the relative
stabilities of various Binsted bases in solution. It must be
recognized that CHEI is neither isosteric nor isoelectronic with
methanol. It is also possible that the fluorine atoms on a
molecule such as CHEI may weakly hydrogen-bond to the
C—H bonds in a trialkyltriazacyclohexard&Nevertheless, the
similar hydrogen-bonding capabilities of CKHH and methanol
suggest that methanol may be a reasonable surrogate for- CHF
Cl in an investigation of the role of hydrogen-bonding in
mitigating the anomeric effect. Using the MMXTAC force field,
we have performed those calculations. The results are presented
in Table 4.

Docking a single methanol molecule with each trialkyltri-
azacyclohexane conformation at the sterically most accessible

(40) Jones, D. A. K.; Watkinson, J. G. Chem. Sacl964 2366.
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Table 4. Relative MMX Energies of Conformations of TMTAC detected by NMR in CHJEI is the eeeform. The
1,3,5-Trialkyl-1,3,5-triazacyclohexanes, Hydrogen-Bonded to One  eaaconformation apparently remains too unstable to be NMR-
Methanol Molecule, Using Modified Torsional Parameters detectable. This speaks for the validity of the MMXTAC force

compound conformation relative energy (kcal/rol) field. The results foTETAC are essentially identical to those
TMTAC ® eea 0.00 for TMTAC (Tables 2 and 4).
eaa 1.56 For TPTAC, the MMXTAC energy difference between
TETAGE eee 8-3(2) hydrogen-bondedeaandeeeconformations is reduced to 0.70
eea : kcal/mol (Table 4). This energy difference would result in an
eaa 1.61 . . .
cee 0.81 NMR-detectable concentration of tkeeconformation. While
TPTACH eea 0.00 signal overlap could obscure the presence of signals due to the
eaa 2.03 eeeconformation, simulations of the DNMR spectra in 50%
eee 0.70 CF,Cl»/50% CHRCI at 117 K and above (Figures 6 and 13S)
TBTAC® eea 0.84

did not require invoking theeeconformation (vide supra).
: _ : For TBTAC, the MMXTAC preference for theeaconfor-
*Relative energy of conformation with most stable alkyl group mation over theeeeform in the gas phase is 2.11 kcal/mol

rotamers about exocyclic-NC bonds and the most stable orientation _ ; ;
of methanol (e.g., see structurdd—13). ® 1.3,5-Trimethyl-1.3 5- (Table 2). For hydrogen-bondetBTAC, this preference is

eee 0.00

triazacyclohexan€. 1,3,5-Triethyl-1,3,5-triazacyclohexarfel, 3,5-Tri- reversed, witteeemore stable by 0.84 kcal/mol. The 0.84 kcal/
isopropyl-1,3,5-triazacyclohexantel,3,5-Tri-gert-butyl)-1,3,5-triaza- mol preference foeeeand the statistical preference for three
cyclohexane. monoaxial conformations would result in 9586eat 105 K, in

. . o ] ) agreement with experiment.
nitrogen lone pair, and optimizing the orientation of the  golyation of the trialkyltriazacyclohexanes is no doubt more
methanol molecule, gives the relative energies listed in Table complicated than the simple model used to perform these
4. ForTETAC andTPTAC, the calculations employed the most  cajculations. Nevertheless, the fact that these calculations are
stable gas-phase conformation in the array of conformations remarkably consistent with experiment supports the hypothesis
resulting from rotation about the exocyclictC bonds (see  that hydrogen-bonding can mitigate the anomeric effect. Pre-
Table 2 and structure; 7, 8; 6, 9, 10). In Table 4, the relative  |iminary calculations with three methanol molecules hydrogen-
energies are between the most stable complexes of each typggnded taTMTAC also predict theeeaconformer to be more
of conformation. lllustrations of the optimized complexes for gtaple than theeeconformer by 0.92 kcal/mol. Steric consid-
TMTAC are shown below1(1-13). For TETAC, TPTAC, erations suggest thatiPTAC is accessible to solvation by no
more than two methanol molecules af@TAC only one.
Given the fact that CHIEI has a much larger molecular volume
than methanol, it may be that only one CiF molecule
solvates all four trialkyltriazacyclohexanes. Solvent dielectric
may also contribute to the observed changes in conformational
preferences, but the experimental data suggest that this is not a
major contributor (vide supra).

Experimental Section

NMR Spectra. The 250-MHz!H and 62.9-MHz3C{'H} NMR
spectra were recorded by using a Bruker WM-250 NMR system. The
WM-250 magnet pole gap was modified to allow safe operation (no
magnet O-ring freezing) down to 93 K. NMR sample temperature was
varied by using a custom-built cold nitrogen gas delivery system in
conjunction with the Bruker BVT-1000 temperature control unit. From
about 300 down to about 200 K, temperature measurement is accurate
to £1 K. From 200 down to 100 K, the error in temperature
measurement can be as hightz3 K. The 500-MHZz*H and 126-MHz
13C{1H} NMR spectra were recorded by using a Bruker ARX-500 NMR
system. The NMR sample temperature was varied by using a Bruker
BVT-2000 temperature control unit. Temperature measurement is
accurate tat3 K.

NMR samples were prepared in precision 5-mm tubes and sealed
after four freeze-pump-thaw cycles. All spectra are referenced to
tetramethylsilane at 0 ppm.

13 1,3,5-Trimethyl-1,3,5-triazacyclohexanevas purchased from Al-
drich Chemical Co. and used without any further purification. Purity
o ) ) was determined byH and3C NMR spectroscopy (see text).
andTBTAC, the optimized orientation of the methanol molecule ;1 3 5 Triethyl-1,3,5-triazacyclohexanevas purchased from Aldrich
with respect to the triazane ring is virtually identical to that in - chemical Co. and used without any further purification. Purity was
TMTAC . determined byH and3C NMR spectroscopy (see text).

For hydrogen-bondedMTAC , the energy difference be- 1,3,5-Tri-isopropyl-1,3,5-triazacyclohexanewas prepared as de-
tweeneeaand eeeconformations is reduced to 0.82 kcal/mol scribed previously by the condensation of isopropylamine with
(Tables 2 and 4). The energy difference betweeaandeaa formaldehydeg?214.25b:414Pyrification was done by fractional distillation
conformations is essenually.unchanggd. Itis graufylng to note (41) Duke, R, P.- Jones, R. A, Y. Katritsky, A. R.. Scattergood, R.
that these MMXTAC relative energies are in quantitative Rigdeil. F. G.J. Chem. Soc., Perkin Trans.1®73 2109.
agreement with experiment. The only minor conformation of  (42) Graymore, JJ. Chem. Sacl924 2283.
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under reduced pressure: bp 38233 K (20 mmHg). Molecular DNMR spectra of 1,3,5-trimethyl-1,3,5-triazacyclohexane (3%
structure and purity were determined ¥¥and**C NMR spectroscopy vlv in CHR,CI), 1,3,5-trimethyl-1,3,5-triazacyclohexane (3% v/v

(see text). ; 0 0 ; _
Anal. Calod. for GHzNg: C, 67.55; H, 12.76; N, 19.69, Found: 1 2070 CRCla/S0% CHECI), the methylene groups in 1.3,5

C.67.29: H, 12.76: N, 19.74. triethyl-1,3,5-triazacyclohexane (3% v/v in 50% £H/50%
1,3,5-Tri-(tert-butyl)-1,3,5-triazacyclohexanewas prepared as de- CHRCI), the methine and methylene protons in 1,3,5-tri-

scribed previously by the condensation trt-butylamine with isopropyl-1,3,5-triazacyclohexane (3% v/v in &F), the

formaldehydé?425>414purification was done by fractional distillation  methine and methylene protons in 1,3,5-tri-isopropyl-1,3,5-
under reduced pressure: bp 40103 K (20 mmHg). Molecular triazacyclohexane (3% v/v in 50% @E1,/50% CHRCI), and

structure and purity were confirmed B NMR (see text) and*C .
NMR (CBrF; at 200 K): 28.06 (methyl carbons), 54.37 (quaternary due to thetertbutyl groups of 1,3,5-tritert-butyl)-1,3,5-

carbons)’ and 64.86 ppm (methy|ene Carbons)_ triazacyclohexane (3% V/V in 50% @IHZ/50% CHECI) and
Anal. Calcd. for GsHaaNs: C, 70.53; H, 13.02; N, 16.45. Found:  theoretical simulations!H NMR spectra of 1,3,5-trimethyl-
C, 70.27; H, 12.86; N, 16.46. 1,3,5-triazacyclohexane (3% v/v in ChE) at 130 K with

narrow-band homonuclear irradiation at 2.06 ppm, the methyl
Lgroups of 1,3,5-triethyl-1,3,5-triazacyclohexane (3% v/v in
CRCly) at 199 and 117 K, the methyl groups of 1,3,5-triethyl-
1,3,5-triazacyclohexane (3% v/v in 50% £H,/50% CHRCI)
Supporting Information Available: Table showing rate at 199 and 117 K, and due to the methylene protons of 1,3,5-

constants as a function of temperature for the chair-to-chair tri-(tert-butyl)-1,3,5-triazacyclohexane (3% v/v in 50% Ci/
interconversion in 1,3,5-trialkyl-1,3,5-triazacyclohexanes, and 50% CHFRCI) at various temperatures, and amplifications of
figures showing experiment&iC{*H} DNMR spectra of 1,3,5-  selected regions of the experimeritdDNMR spectra of 1,3,5-
trimethyl-1,3,5-triazacyclohexane (10% v/v in &), 1,3,5-  trimethyl-1,3,5-triazacyclohexane (3% v/v in 50% CH/50%

trietﬂy:-i,S,5-tr@azacyc:02exane (110(;/" ‘/’/V_ in %}42)* %33 CHFR:CI) (PDF). This material is available free of charge via
triethyl-1,3,5-triazacyclohexane (10% v/v in 50% CF,/50% the Internet at http://pubs.acs.org.

CHF,CI), and 1,3,5-tri-isopropyl-1,3,5-triazacyclohexane (10%
viv in CRCl,) and theoretical simulations, experimenté JA990760D
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