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ABSTRACT: A new type of alkylamines possessing high nitrogen inversion–rotation (NIR) barriers is described (in
general, these are hindered cyclic amines). The increase in barrier values for these amines is caused by an increase in
steric interactions in the NIR transition state due to restrictions forN-substituent rotation (usually steric repulsion of
N-substituents is decreased on going to a planar NIR transition state of alkylamines). Since these compounds may be
essentially different in structure, a comparison between the NIR barriers of homologs is proposed as a criterion for the
assignment of amines to this type. According to this criterion, the NIR barriers are drastically increased (3–
5 kcal molÿ1) on going from NMe or NH (usual amines) to more bulkyN-alkylhomologs (amines of the third type).
Structures of some of these amines were predicted and their NIR barriers were estimated by MM3. Copyright 1999
John Wiley & Sons, Ltd.
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INTRODUCTION

Nitrogen inversion–rotation (NIR) barriers formost
alkylamines in aprotic solvents do not exceed the
9 kcal molÿ1 limit 1–3 (although many authors consider
this as nitrogen inversion, in most cases an NIR process is
actually occurring3,4). Substantially higher NIR barriers
were reported for different methyl-substitutedN-methyl-
piperidines in aqueous5a,b and organic solutions,5c but
they rather relate to other intramolecular conformational
transformations.4 Also, experimental values for azeti-
dines (9–10 kcal molÿ1)6 should be considered as kinetic
characteristics of a concerted ring inversion–NIR process
(and not NIR).7

Thus, when NIR barriers are>11 kcal molÿ1, in the
absence of stabilization of a nitrogen pyramid via a strong
N…H bond (e.g. an intramolecular H-bond8), they may
be defined as high NIR barriers. Two types of compounds
with high NIR barriers are known among a variety of
alkylamines: (1) aziridines (with barriers of>16 kcal
molÿ1)6 and (2) azanorbornanes (with barriers of>13
kcal molÿ1).9,10 In both cases specific effects cause this
increase: abnormal angle strain in the aziridine case8 and
strain together with the ‘bicyclic effect’ in the azanorbor-
nane case.9,10 In general, azanorbornanes belong to the
class of polycyclic amines whose backbone disallows a
concerted ring inversion–nitrogen inversion–process.7 A
drastic increase in NIR barriers is predicted for such
systems.7

However, high NIR barriers (12.1 and
11.7 kcal molÿ1)11,12 were indicated by NMR for other
bicyclic amines, which do not belong to either of these
two types, namely azabicyclononane1a and triptycyl-
amine2a, respectively (see Fig. 1). For piperidines3 and

Figure 1. Amines 1a,b±10 and corresponding NIR barrier
values (kcal molÿ1, in parentheses). For 9d and the NH
compounds these are the barriers of isolated N inversion.
Experimental barriers are marked with asterisks
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6a the MM3 force field estimatedthe NIR barriersas4,7

12.1 and 15.3kcalmolÿ1 (for the problems of the
assignmentof the NMR-measuredbarrier for 3,13a see
Ref.4). Thehigh barrierfor 1a wasexplainedvia a large
energy contribution of the rotational component of
NIR.11 While 2a possessesan additionalNIR barrierof
lower energy(9.6kcalmolÿ1),12 themeasuredhigh NIR
barrier for 1a is the only NIR barrier for this system.
Henceamines1a,3 and6acanbeclassifiedasbelonging
to a third type of alkylamineswith a high NIR barrier.
This typemaybedefinedasalkylaminesfor which (a)an
increasedheight of the NIR barrier is causedby an
increasedcontribution of steric interactionsof the N-
substituentsin theNIR transitionstateand(b) thisbarrier
is thelowestNIR barrieramongtheNIR barriersinherent
to the lowestenergystableconformer.

Indeed, when an N-alkyl substituentof an amine
rotates during NIR, an energy-loweringreorientation
(sequentialrotation,conrotationor disrotation)of other
substituents obviously occurs to avoid tight steric
contacts.Thesecontactsareusuallyminimal in the NIR
transitionstatesincethe distancebetweenthe a-carbon
atoms of the N-substituentsis maximal for a planar
nitrogengeometry.A situationis possiblein which this
reorientationis restricted.For instance,in the small and
mediumsizesaturatedazacyclesandmoresoin bicycles,
the C—N rotation of two endocyclic fragments is
essentially limited, whereas the third, exocyclic N-
substituentcan rotatefreely. Hencerepulsionof the N-
substituentsmayincreaseevenin the lowestenergyNIR
transition state relative to this repulsion in the stable
pyramidalconformation.

The above definition considers the lowest energy
conformeralthoughit doesnot necessarilyundergoNIR
most rapidly. For instance, the higher energy twist
conformersof piperidinespossesslower NIR barriers
thantheminimalenergychairconformer.4,7Ourchoiceis
basedon a practical convenience:experimentalNIR
barriersrelate to conformationaltransformationsof the
minimal energyconformers.

It is difficult to definea priori structuralfeaturesof this
amine type since the above-mentioned‘high-energy’
combination of N-substituentsmay be different for
variousamines.Neopentylamines1a, 3 and6a turn out
to betheonly examplesof thethird typeof alkylamines.
Nevertheless,thepresenceof anN-neopentylsubstituent
in anaminesystemdoesnotnecessarilyleadto highNIR
values,e.g. the highestNMR-measuredvalueslie in the
8.3–9.7kcalmolÿ1 range for the open-chain tertiary
mono-,di- andtrineopentylamines.13b

It was demonstratedrecently that, unlike someother
computational methods (e.g. MM2- or AM1-based
calculations;for a criticism seeRefs. 10 and 16), the
MM3 force field14,15providesa goodestimationof NIR
barriers.7,10,16For instance,restrictionof selectedatom
motion in theMM2 block diagonalmatrix minimization
is usedfor modelingof transitionstateswith anassumed

geometry(see,e.g.,Ref. 11 for the NIR transitionstate)
but the still usedMM2 programhas no tool to prove
whetherthis structureis a transitionstateandobviously
whetherit is the first-ordertransitionstate.In contrast,
convenientfeaturesof the MM3 package,namely full
matrix minimization option as well as normal mode
vibrationalanalysis,permitoneto find transitionstateson
conformationalpathwaysand also to determinetheir
order10,16,17andto establishformal geneticrelationships
betweenthese transition statesand the corresponding
conformers.4,7Therefore,in orderto prove‘the third type
of amines’conceptand to revealcharacteristicfeatures
for theseamines,we haveundertakenan MM3-assisted
searchandanalysisof othersystemsof this type.

RESULTS AND DISCUSSION

Finding of NIR transition states using the simple
methodology (a) (construction of a planar nitrogen-
containingfragmentfollowed by full matrix minimiza-
tion;10 seeExperimental)turned out not to be straight
forward in some cases(e.g. for amines 2b and 6b).
Furthermore,sincemore than one NIR barrier may be
presentfor anamine(e.g.for amine2a12), this approach
becomesproblematicfor thefindingof thelowestenergy
transitionstate.Therefore,we employedalso two other
MM3-based methodologies for calculation of NIR
barriers: rotational procedure(b) and conformational
searchfollowed by full matrix minimization (c)7,16 (see
Experimental for the details). The last calculation
methodologyis necessaryalso for the finding of lowest
energystableconformers(e.g.for amines4b, 5a,6b, 11–
13 and16a,b). Four-andfive-memberedazacycleshave
been not consideredbecausethose are the ‘no NIR
systems’or belongto aminesof type(2) whentheserings
arestructuralcomponentsof nitrogen-bridgedpolycycles
(seeaboveandalsoRef. 16).

We succeededin finding new high NIR barrier
systems,namelyhinderedamines5a, 6b and 7a, 8a,b,
9a,b and16a. Somewereashigh as16kcalmolÿ1 (see
Figs1 and2 for calculatedbarriervalues).However,no
simple structure–highbarrier relationshipmay be de-
duced from these data. We can only maintain that
trialkylaminesof type (3) shouldusually havea mono-
or polycyclic backbonewhich is a-branchedrelative to
the amine nitrogen. Indeed, most of the high-barrier
systemsconsideredpossessthis branchingwhile usual
NIR values were measuredfor different cyclic and
bicyclic alkylamineswithout this structuralfeature.18–20

We reportedrecentlyaboutsecuremeshingfor rotation
of the syn-periplanar-oriented tert-butyl groups in
norbornane systems.21 However, even this spatial
proximity of rotatinggroupsis not essentialfor NIR in
bis-endo-substitutednorbornanes11and12 (amineswith
only onea-branching):thecalculatedbarriersaresimilar
to a low value for the exo–endo-bis-substitutedcom-
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pound13 (seeFig. 2). Also, no concertedNIR–NIR and
no concertedNIR–ISR(tert-butyl) processeswerefound
for diamine12 and amine11, respectively.Only an N-
neopentyl compound,unbranchedpiperidine 3,13a be-
longsto type(3) of alkylamines.On theotherhand,NIR
barriers for somea-branchedcycles, N-neopentylazat-
wistanes13aand14, areestimatedas‘usual’ values.One
findsalsothat:

(a) A neopentylsubstituentis often a ‘high-barrier
inducer’ (e.g. piperidines1a, 3, 5a and 6a and bicycle
16a). OnenotesthatthecorrespondingN-Me compounds
1b, 5b and6c5 possessmuchlower barriers.In contrast,
the correspondingvaluesfor neopentylcompounds4a
and13aarenotundulyhighalthoughtheyarehigherthan
for N-Me andN-Et analogs4b and13b, respectively.For
neopentyl compound 9d NIR does not occur and
pyramidal inversion is an isolatedprocess5,16 (without
C—N rotation)with a barrierof 7.0kcalmolÿ1.

(b) Althougha-branchingfor two of theN-substituents
is essentialto provide a high NIR barrier (seeabove),
branchingfor thethird substituentmaybea (amine9a) or
b (amines1a,4a,5a,6b and16a) or maybeabsent(e.g.
amines7, 8a,b and9b with a primary N-substituent).

(c) Systemrigidity doesnotdeterminetheheightof the
barrier.Whereasrigid N-Me piperidines7a, 8b and 9a
with diequatorial 2,6-substituentsbelong to the high-
barriersystems,the calculatedNIR barrier for the even
morerigid N-methylazaadamantane10 with diequatorial
methyl groups is similar to the values for flexible N-
methylpiperidines5b and6c.

(d) A piperidinecycle is not an attributeof an amine
systemof type (3) (e.g. see Fig. 2 for the calculated
barrierfor azabicyclo[4.4.1]undecatetraenesystem16a).

Therefore, we can conclude that sole backbone
structure(atom connectionorder) does not determine
theNIR barrierheight.Stericrepulsionof N-substituents
in the NIR transition state dependson, e.g., their
stereochemistry.For instance, N-neopentylpiperidines
1a and 5a which containcis-2,6-substituentsof diaxial
and diequatorialorientation,respectively,possesshigh

NIR barriers.trans-2,6-Substitutedanalogs4a and 13a
with equatorial–axialand dipseudoaxialorientations,
respectively,have appreciably lower barriers. Never-
theless,cis-stereochemistryof a-substituentstogether
with thepresenceof abulky N-substituentalsocannotbe
a characteristicstructuralfeaturefor aminesof type (3):
e.g.no NIR wasfoundfor diequatoriallysubstitutedcis-
piperidine9d (seeabove).Hencestructuralcriteria for
the third typeof aminesareproblematic.

This situation is similar to the case of type (2)
alkylamines which also may be defined in structural
terms only approximately.The 7-azabicyclo[2.2.1]hep-
tane backbone does not provide slow NIR: tert-
butylazanorbornanepossessesthe correspondingbarrier
of 6.1kcalmolÿ1 at room temperature.10 Since a tert-
butyl substituentis aknown‘NIR barrierreducer’,1,10we
give herean exampleof an N-methylazanorbornaneof
low NIR barrier(seeFig. 2 for 17).

Therefore,we proposea ‘non-structural’criterion for
aminesof type (3) which is basedon comparisonof the
NIR barrierof a high NIR barriersystemwith that of a
lesshinderedanalog.It is well knownfor alkylamines1,10

that an increasein sterichindrancelowersNIR barriers
(e.g. for N-methylamine5b and N-tert-butylamine5c).
However,for aminepairs1a–1b,5a–5b,6b–6c,6a–6b,
8a–8b,9a–9band16a–16b(morehinderedsystem–less
hinderedsystem)the barriervaluesrise with increasein
the bulk of the N-substituent.This phenomenonshould
takeplacewhen intramolecularrepulsivesteric interac-
tions for an amine are increasedin the NIR transition
state.Sincethiscorrespondsto theabovedefinitionof the
third typeof aminesystems,adecreasein NIR barrierson
goingfrom amorehinderedsystemwith ahighbarrierto
alesshinderedsystemwith alowerbarrierappearsto bea
reasonablecriterion for the third type of amines.Thus,
amines1a, 5a, 6b and7a, 8a,b, 9a,b and16a belongto
type (3) of amines. This situation (a higher barrier
correspondsto a morehinderedsystem)may alsooccur
within the‘usual’ NIR barrierrange(e.g. amines13aand
13b andtheMe3N casementionedbelow).

It is convenientto comparea high NIR barrieramine
containinganN-alkyl substituentwith thoseof theN-Me
or NH analogin order to prove the attribution of this
amine to type (3). According to the above-mentioned
criterion, N-Me and NH aminespossesslower NIR (or
nitrogeninversionin thecaseof NH compounds)barriers
than their N-alkyl homologsof type (3). Moreover,the
barriersfor theseNH compoundshave‘usual’ valuesfor
inversion barriers.For instance,the calculatedbarriers
for theNH analogs7b, 8cand9cof theN-Me-containing
high-barriersystems7a, 8b and9b lie in the range6.3–
7.7kcalmolÿ1 (seeFig. 1). The calculatedgeometryof
thecorrespondingNH andN-Me compoundsis similar in
the stable conformation and in the transition state.
Therefore,the 4.0–5.5kcalmolÿ1 increasein the NIR
valuesfor thehigh-barriertertiaryamines7a, 8b and9b
with respectto the secondaryanalogsis causedonly by

Figure 2. Amines 11±17 and calculated NIR barrier values
(kcal molÿ1, shown in parentheses)
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an increasein stericinteractionswith themorebulky N-
substituent.

Flattening of a nitrogen pyramid, which rises with
increasein crowding, was mentionedas an NIR rate-
acceleratingfactor.1,22 The insufficiency of only this
explanationis revealedevenunderconsiderationof the
simplestmethylamines(their experimentalbarriersare
reviewed in Ref. 22): more flattenedMe3N possesses
about a twofold higher NIR barrier than Me2NH and
MeNH2.

22 Hence, the �4 kcalmolÿ1 discrepancyon
going from Me2NH and MeNH2 to Me3N is causedby
synchronousrotationof threemethylgroupsduringNIR
in Me3N (this concertedrotation is revealedwhen the
stableconformation–theNIR transitionstatepathwayfor
Me3N, is modeledby MM3 via stepwiseflatteningof the
nitrogen-containingfragmentfollowed by minimization
in eachstep23).

Now wecanalsoexplainwhy noaminestructure–NIR
barrier height relationshipcan be evaluatedfor alkyl-
amines.The caseof aminesof type (3) andalsoMe3N
andamines15a and15b demonstratehow largemay be
therotationcontributionin theNIR barriers.It is obvious
that for otheralkylaminesrotationof N-substituentsalso
contributesto thebarrier,althoughto asmallerextent.In
otherwords,thedifferencein theNIR barrierheightsfor
alkylaminesis determinedbothby thenitrogenpyramid-
ality in stableconformationsof theseaminesandsteric
interactionsof N-substituents,which appeareddue to
their rotation during NIR, in the correspondingNIR
transitionstates.While thetendencyof thefirst NIR rate-
acceleratingfactor (thepyramidalitydecrease)is simply
predictablevia aminestructure(seeabove),thereis no
trendfor the rotationcontribution.This secondfactor is
case-specific,asthe exampleof alkylaminesof type (3)
shows.

EXPERIMENTAL

The1994versionof theMM3 program14,15wasusedfor
molecularmechanicscalculations.The Vibplot program
from theMM3 packagewasemployedfor normal-mode
vibrational analysis.The minimum energystablecon-
formerswerefound via MM3-supportedconformational
search (option 8). Transition states were found as
describedin (a)–(c).Their belongingto NIR (or to other
transitionstates)andtheirorderswereprovedby normal-
modevibrationalanalysisasfollows: coordinatesderived
by theVibplot programfrom theeigenvectors(produced
by option 5 of the MM3 program)of vibrationalmodes
with imaginary frequency were employed as starting
coordinatesfor full minimization(option3).Forstructure
comparisonthemoleculargraphicsprogram(Xmol) was
used.

(a) Amine structureswith a planar amino fragment
werebuilt by the following algorithm:orientationof the
moleculeto placetheN atomandtwo cyclic C-a atomsin

thexy-plane;changeof thez-coordinateof the third C-a
atom to zero and block diagonalminimization of this
structurewith restrictedmotionalongthez-coordinatefor
theN atomandthreeC-a atoms;full matrixminimization
(option3).

(b) For calculation of NIR barriersvia a rotational
procedurethe Driver option wasused(NDRIVE =ÿ1).
TheexocyclicN-substituentwasrotatedgraduallyin the
range ÿ180 to 180° (1° rotation step). Full matrix
minimization (option 3) was further employedfor the
high-energypointsof rotation(NIR transitionstateswere
distinguishedfrom theC–N rotationtransitionstatesvia
normalmodevibrationalanalysis;seeabovefor details).

(c) Stochasticsearchfollowed by full matrix mini-
mization (option 9) was used for locating the NIR
transitionstatesandcorrespondingstableconformations.
Stochasticsearch(400 pushesfor amine 12 and 200
pushesfor other amines)was performedstarting from
arbitrary amine conformations.Establishmentof the
formal relationshipbetweenconformersand transition
states was performed via normal-mode vibrational
analysis(seeabove).
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