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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 |
steric interactions in the NIR transition state due to restriction®fsubstituent 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 mol™*) on going from NMe or NH (usual amines) to more bulkyalkylhomologs (amines of the third type).
Structures of some of these amines were predicted and their NIR barriers were estimated by MM3. Copl/@ighit

John Wiley & Sons, Ltd.
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INTRODUCTION However, high NIR barriers (12.1 and
11.7 kcal moit)***2 were indicated by NMR for other

Nitrogen inversion—rotation (NIR) barriers fomost bicyclic amines, which do not belong to either of these

alkylamines in aprotic solvents do not exceed the two types, namely azabicyclononada and triptycyl-

9 kcal mol™* limit*~2 (although many authors consider amine2a, respectively (see Fig. 1). For piperidin@and

this as nitrogen inversion, in most cases an NIR process is

actually occurring?). Substantially higher NIR barriers

were reported for different methyl-substitutemethyl-

piperidines in aqueodd® and organic solution¥, but 1a,b R 2ab 9\\ N
they rather relate to other intramolecular conformational N

transformationé. Also, experimental values for azeti- L ‘\—& @I/
dines (9-10 kcal mol")® should be considered as kinetic -

characteristics of a concerted ring inversion—NIR process *a: R = £BuCH, R 2a 5:3‘_‘9 - 3 10(8.0)
(and not NIR)’ b R 8.7 2b: R = Me (3.5)

Thus, when NIR barriers are11 kcal mol?, in the
absence of stabilization of a nitrogen pyramid via a strong 4, sab gab
N---H bond (e.g. an intramolecular H-bdhdthey may //jﬁ Aﬁ /bﬁ
be defined as high NIR barriers. Two types of compounds RN R—N R—N
with high NIR barriers are known among a variety of 4a:R=tBuCH,(10.3) 5a:R=£tBuCH, (16.7) 8a: R = BuCH, (15.3)
alkylamines: (1) aziridines (with barriers of16 kcal 4b: R = Me (7.4) 5b: R =Me (9.7) 8b: R =i-Bu (13.1)
mol™)® and (2) azanorbornanes (with barriers 13 S tBu B8) BoR=Me (627

kcal mol).%19In both cases specific effects cause this
increase: abnormal angle strain in the aziridine tasel

7a,b R 8a,b 9a,b R
R
strain together with the ‘bicyclic effect’ in the azanorbor- :’3 hh El/s h'l ;5 h'l
nane casé'® In general, azanorbornanes belong to the \«\ﬁt7 (A \/\ZI ]

class of polycyclic amines whose backbone disallows a 7a:r = Me (11.9) 8a: R =Et(11.8) 9a: R = -Bu (14.0)
concerted ring inversion—nitrogen inversion—process. 7b:R=H(7.5) 8b: R = Me (11.5) 9b: R = Me (13.2)
S . . . . ; h 8c: R=H (6.3) 9c:R=H(7.7)

drastic increase in NIR barriers is predicted for suc 8d: R = -BuCH, (7.0)
systems. _ , . .

Figure 1. Amines 1a,b-10 and corresponding NIR barrier

values (kcal mol™', in parentheses). Eor 9d and the INH
*Correspondence to:A. M. Belostotskii, Chemistry Department, ~compounds these are the barriers of isolated N inversion.
Bar-llan University, Ramat-Gan 52900, Israel. Experimental barriers are marked with asterisks
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6a the MM3 force field estimatedthe NIR barriersas"’
12.1 and 15.3kcalmol™ (for the problems of the
assignmenbf the NMR-measuredarrier for 3,2 see
Ref.4). Thehigh barrierfor 1awasexplainedvia alarge
energy contribution of the rotational component of

NIR.* While 2a possessean additionalNIR barrier of

lower energy(9.6kcal mol2),'? the measuredigh NIR

barrier for 1a is the only NIR barrier for this system.
Henceaminesla, 3 and6a canbeclassifiedasbelonging
to a third type of alkylamineswith a high NIR barrier.
Thistype maybe definedasalkylaminesfor which (a) an
increasedheight of the NIR barrier is causedby an
increasedcontribution of steric interactionsof the N-

substituentén the NIR transitionstateand(b) this barrier
is thelowestNIR barrieramongtheNIR barriersinherent
to the lowestenergystableconformer.

Indeed, when an N-alkyl substituentof an amine
rotates during NIR, an energy-loweringreorientation
(sequentiakotation, conrotationor disrotation)of other
substituents obviously occurs to avoid tight steric
contacts.Thesecontactsare usuallyminimal in the NIR
transition statesince the distancebetweenthe a-carbon
atoms of the N-substituentsis maximal for a planar
nitrogengeometry.A situationis possiblein which this
reorientationis restricted.For instancejn the smalland
mediumsizesaturategzacycleandmoresoin bicycles,
the C—N rotation of two endocyclic fragments is
essentially limited, whereasthe third, exocyclic N-
substituentcan rotate freely. Hencerepulsionof the N-
substituentsnay increaseevenin the lowestenergyNIR
transition state relative to this repulsionin the stable
pyramidalconformation.

The above definition considersthe lowest energy
conformeralthoughit doesnot necessarilyundergoNIR
most rapidly. For instance, the higher energy twist
conformersof piperidines possesdower NIR barriers
thantheminimal energychairconformer®’ Ourchoiceis
basedon a practical convenience:experimentalNIR
barriersrelateto conformationaltransformationf the
minimal energyconformers.

It is difficult to definea priori structuraffeatureof this
amine type since the above-mentionedhigh-energy’
combination of N-substituentsmay be different for
variousamines.Neopentylamineda, 3 and 6a turn out
to bethe only examplesof the third type of alkylamines.
Neverthelesghe presencef an N-neopentylsubstituent
in anaminesystemdoesnot necessarilyeadto high NIR
values,e.g the highestNMR-measuredralueslie in the
8.3-9.7kcalmol™* range for the oEen-chaintertiary
mono-,di- andtrineopentylamines->

It was demonstratedecentlythat, unlike someother
computational methods (e.g MM2- or AM1l-based
calculations;for a criticism seeRefs. 10 and 16), the
MM3 force field***° providesa good estimationof NIR
barriers”*%*® For instance restriction of selectedatom
motionin the MM2 block diagonalmatrix minimization
is usedfor modelingof transitionstateswith anassumed
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geometry(see,e.g.,Ref. 11 for the NIR transitionstate)
but the still usedMM2 programhas no tool to prove
whetherthis structureis a transitionstateand obviously
whetherit is the first-ordertransition state.In contrast,
convenientfeaturesof the MM3 package,namely full
matrix minimization option as well as normal mode
vibrationalanalysis permitoneto find transitionstateson
conformational pathwaysand also to determinetheir
order®®17andto establistformal geneticrelationships
betweenthesetransition statesand the corresponding
conformers®’ Thereforejn orderto prove‘the third type
of amines’conceptandto revealcharacteristideatures
for theseamines,we haveundertakeran 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;'° see Experimental)turned out not to be straight
forward in some cases(e.g. for amines2b and 6b).

Furthermore since more than one NIR barrier may be
presentor anamine(e.g.for amine2a?), this approach
becomegproblematidor thefinding of thelowestenergy
transitionstate. Therefore,we employedalsotwo other
MM3-based methodologies for calculation of NIR

barriers: rotational procedure(b) and conformational
searchfollowed by full matrix minimization (c)’*® (see
Experimental for the details). The last calculation
methodologyis necessaralsofor the finding of lowest
energystableconformerge.g.for amines4b, 5a,6b, 11—
13and16a,b. Four-andfive-memberedzacycledave
been not consideredbecausethose are the ‘no NIR

systemsbor belongto aminesof type (2) whentheserings
arestructuralcomponent®f nitrogen-bridgegolycycles
(seeaboveandalsoRef. 16).

We succeededin finding new high NIR barrier
systemsnamely hinderedamines5a, 6b and 7a, 8a,b,
9a,b and 16a Somewereashigh as16kcalmol™ (see
Figs 1 and2 for calculatedbarriervalues).However,no
simple structure—highbarrier relationship may 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
systemsconsideredpossesghis branchingwhile usual
NIR values were measuredfor different cyclic and
bicyclic alkylamineswithout this structuralfeature'®=2°
We reportedrecentlyaboutsecuremeshingfor rotation
of the synperiplanar-orieted tert-butyl groups in
norbornane systems* However, even this spatial
proximity of rotating groupsis not essentiafor NIR in
bis-endesubstitutechorbornaned 1 and12 (amineswith
only onea-branching)the calculatedbarriersaresimilar
to a low value for the exo—endebis-substitutedcom-
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1 (7.7) 12 (6.6) 13 (6.6) 14
N— N—
\ \ v
I "
R = +-BuCH, (8.5)
17 (5.3) 16a,b 15a,b

R
~N
~~N N R
N
15a: R = +-BuCH, (7.1)
15b: R = £t (3.3)

16a: R = -BuCH, (14.4)
16b: R = Me (3.5)

Figure 2. Amines 11-17 and calculated NIR barrier values
(kcal mol~", shown in parentheses)

pound13 (seeFig. 2). Also, no concertedNIR-NIR and
no concertedNIR—ISR (tert-butyl) processesverefound
for diamine12 andamine 11, respectively.Only an N-
neopentyl compound,unbranchedpiperidine 3,23 be-
longsto type (3) of alkylamines.Onthe otherhand,NIR
barriersfor some a-branchedcycles, N-neopentylazat-
wistanesl3aand14, areestimatedas‘usual’ values.One
finds alsothat:

(a) A neopentylsubstituentis often a ‘high-barrier
inducer’ (e.g piperidinesla, 3, 5a and 6a and bicycle
163). OnenotesthatthecorrespondingN-Me compounds
1b, 5b and6¢> possessnuchlower barriers.In contrast,
the correspondingvaluesfor neopentylcompounds4a
andl3aarenotundulyhighalthoughtheyarehigherthan
for N-Me andN-Et analogstb and13b, respectivelyFor
neopentyl compound 9d NIR does not occur and
pyramidal inversionis an isolated proces3*® (without
C—N rotation)with a barrierof 7.0kcalmol™™.

(b) Althougha-branchingfor two of the N-substituents
is essentialto provide a high NIR barrier (seeabove),
branchingor thethird substituenmaybea (amine9a) or
p (aminesla, 4a,5a, 6b and16a) or may beabsenie.g
amines7, 8a,b and9b with a primary N-substituent).

(c) Systenrigidity doesnotdetermingheheightof the
barrier. Whereasrigid N-Me piperidines7a, 8b and 9a
with diequatorial 2,6-substituentdelong to the high-
barrier systemsthe calculatedNIR barrier for the even
morerigid N-methylazaad@antanel0 with diequatorial
methyl groupsis similar to the valuesfor flexible N-
methylpiperidinessb and6c.

(d) A piperidinecycle is not an attributeof an amine
systemof type (3) (e.g. seeFig. 2 for the calculated
barrierfor azabicyclo[4.4.1]undecat@enesystem16a).

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
la and 5a which contain cis-2,6-substituent®f diaxial
and diequatorialorientation, respectively,possessigh
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NIR barriers.trans-2,6-Substitutechnalogs4a and 13a
with equatorial-axialand dipseudoaxial orientations,
respectively, have appreciablylower barriers. Never-
theless, cis-stereochemistryof «-substituentstogether
with the presencef a bulky N-substituentlsocannotbe
a characteristicstructuralfeaturefor aminesof type (3):
e.g.no NIR wasfoundfor diequatoriallysubstitutectis-
piperidine 9d (seeabove).Hencestructuralcriteria for
the third type of aminesare problematic.

This situation is similar to the case of type (2)
alkylamines which also may be definedin structural
termsonly approximately.The 7-azabicyclo[2.2.1]hep-
tane backbone does not provide slow NIR: tert-
butylazanorbornanpossessethe correspondingarrier
of 6.1kcalmol ! at room temperaturé® Since a tert-
butyl substituents aknown‘NIR barrierreducer>*°we
give herean exampleof an N-methylazanorbmane of
low NIR barrier(seeFig. 2 for 17).

Therefore,we proposea ‘non-structural’ criterion for
aminesof type (3) which is basedon comparisorof the
NIR barrierof a high NIR barrier systemwith that of a
lesshinderedanalog t is well knownfor alkylamines'®
that an increasen steric hindrancelowersNIR barriers
(e.g. for N-methylamine5b and N-tertbutylamine5¢).
However,for aminepairs la—1b,5a—5b,6b—6c,6a—6b,
8a—8b,9a—9band 16a—16b(more hinderedsystem—less
hinderedsystem)the barriervaluesrise with increasen
the bulk of the N-substituent.This phenomenorshould
take placewhenintramolecularrepulsivestericinterac-
tions for an amine are increasedn the NIR transition
state.Sincethis correspondgo theabovedefinitionof the
third type of aminesystemsadecreas@ NIR barrierson
goingfrom amorehinderedsystemwith a high barrierto
alesshinderedsystemwith alowerbarrierappearso bea
reasonableriterion for the third type of amines.Thus,
aminesla, 5a, 6b and7a, 8a,b, 9a,b and 16a belongto
type (3) of amines. This situation (a higher barrier
correspondso a more hinderedsystem)may alsooccur
within the‘usual’ NIR barrierrange(e.g aminesl3aand
13b andthe MesN casementionedbelow).

It is conveniento comparea high NIR barrieramine
containinganN-alkyl substituentvith thoseof the N-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 aminespossesdower NIR (or
nitrogeninversionin the caseof NH compoundsbparriers
thantheir N-alkyl homologsof type (3). Moreover,the
barriersfor theseNH compound$ave‘usual’ valuesfor
inversion barriers.For instance,the calculatedbarriers
for theNH analogsrb, 8c and9c of the N-Me-containing
high-barriersystemsra, 8b and9b lie in therange6.3—
7.7kcalmol™* (seeFig. 1). The calculatedgeometryof
the correspondingNH andN-Me compoundss similarin
the stable conformation and in the transition state.
Therefore,the 4.0-5.5«calmol~! increasein the NIR
valuesfor the high-barriertertiary amines7a, 8b and9b
with respectto the secondaryanalogsis causedonly by

J. Phys.Org. Chem.12, 659-663(1999)



662 A. M. BELOSTOTSKIIAND A. HASSNER

anincreasen stericinteractionswith the morebulky N-
substituent.

Flattening of a nitrogen pyramid, which rises with
increasein crowding, was mentionedas an NIR rate-
acceleratingfactor}#? The insufficiency of only this
explanationis revealedevenunderconsideratiorof the
simplestmethylamines(their experimentalbarriersare
reviewedin Ref. 22): more flattenedMeszN possesses
about a twofold higher NIR barrier than Me,NH and
MeNH,.2> Hence, the ~4 kcalmol™! discrepancyon
going from Me,NH and MeNH, to MesN is causedby
synchronousotationof threemethyl groupsduring NIR
in MesN (this concertedrotation is revealedwhen the
stableconformation—tk NIR transitionstatepathwayfor
MesN, is modeledoy MM3 via stepwiseflatteningof the
nitrogen-containingragmentfollowed by minimization
in eachste®).

Now we canalsoexplainwhy no aminestructure—NIR
barrier height relationshipcan be evaluatedfor alkyl-
amines.The caseof aminesof type (3) and also MesN
andaminesl5aand15b demonstratdow large may be
therotationcontributionin the NIR barriers.t is obvious
thatfor otheralkylaminesrotationof N-substituentslso
contributego the barrier,althoughto a smallerextent.In
otherwords,the differencein the NIR barrierheightsfor
alkylaminesis determinedooth by the nitrogenpyramid-
ality in stableconformationsof theseaminesand steric
interactionsof N-substituentswhich appeareddue to
their rotation during NIR, in the correspondingNIR
transitionstatesWhile thetendencyof thefirst NIR rate-
acceleratingactor (the pyramidality decreasejs simply
predictablevia amine structure(seeabove),thereis no
trendfor the rotation contribution. This secondfactor is
case-specificasthe exampleof alkylaminesof type (3)
shows.

EXPERIMENTAL

The 1994versionof the MM3 progrant**®*wasusedfor
molecularmechanicgalculations.The Vibplot program
from the MM3 packagenvasemployedfor normal-mode
vibrational analysis. The minimum energy stable con-
formerswere found via MM3-supportedconformational
search (option 8). Transition states were found as
describedn (a)—(c).Their belongingto NIR (or to other
transitionstates)andtheir orderswereprovedby normal-
modevibrationalanalysisasfollows: coordinateslerived
by the Vibplot programfrom the eigenvectorgproduced
by option 5 of the MM3 program)of vibrationalmodes
with imaginary frequency were employed as starting
coordinatedor full minimization(option3). Forstructure
comparisorthe moleculargraphicsprogram(Xmol) was
used.

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

Copyrightd 1999JohnWiley & Sons,Ltd.

the xy-plane;changeof the z-coordinateof the third C-o
atom to zero and block diagonal minimization of this
structurewith restrictedmotionalongthez-coordinatefor
theN atomandthreeC-o atoms;full matrix minimization
(option 3).

(b) For calculationof NIR barriersvia a rotational
procedurethe Driver option was used(NDRIVE = —1).
The exocyclicN-substituentvasrotatedgraduallyin the
range —180 to 18C° (1° rotation step). Full matrix
minimization (option 3) was further employedfor the
high-energypointsof rotation(NIR transitionstatesvere
distinguishedrom the C—N rotationtransitionstatesvia
normalmodevibrationalanalysis;seeabovefor details).

(c) Stochasticsearchfollowed by full matrix mini-
mization (option 9) was used for locating the NIR
transitionstatesandcorrespondingtableconformations.
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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