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ABSTRACT: Primary deuterium kinetic isotope effects (PDKIE) in parazoline-annelatedsyn-sesquinorbornenes
exhibiting irreversible intramolecular (4s� 2p) thermal dyotropy reveal unambiguous evidence for a tunnelling
contribution to the kinetics in one instance but not for a close analogue. For analogous dyotropy of a cyclohexadiene-
annelatedsyn-sesquinorbornene, the tunnelling components of the kinetic behaviour is small by comparison. The H
atom traverse between alternative loci for the pyrazolines, deduced from x-ray and neutron diffraction data, is in
agreement with approximate barrier parameters obtained by fitting of the PDKIE data to the Bell equation; barrier
penetration is 3.22 kcal below the computed barrier corrected for the tunnelling contribution. The relative kinetic
effect of systematic variation of thep-donor/acceptor groups on aryl ring substituents at C and N in the pyrazoline ring
is consistent with a pericyclic process for dyotropy of these compounds, but not with rearrangement mediated by
biradicals resulting from single H atom transfer in the rate-limiting step. Computer modelling of the transition state
for dyotropy of these compounds is also consistent with a thermal, orbital symmetry conserved pericyclic reaction.
1998 John Wiley & Sons, Ltd.

KEYWORDS: intramolecular thermal (4s� 2p) dyotropy; kinetic isotope effects; limiting barrier parameters;
quantum tunnelling; 2H transfer processes

The thermal isomerizations depicted for theendo
constrained trienes1, 3 and 5 into their aromatic
counterparts21, 42 and 63 by transfer of two H atoms
on to the proximate receptorp-bond are examples of
uncatatalysed intramolecular dyotropic rearrangements
as defined4 following unambiguous recognition of the
process.1 Intramolecular 2H group transfer is an orbital–
symmetry allowed thermal process5 analogous to 2H
exchange in the degenerate ethane� ethene� ethene
� ethane intermolecular process which has (4n� 2)-
electron transition-state MOs of aromatic character,
where, however, a substantial barrier (50–70 kcal molÿ1)
is predicted by theory.6,7 Dyotropy of triene1, 3 and5
(Scheme 1) and close analogues is an irreversible,
exothermic, quantitative process free from side reactions
and very fast for5 (→6) with an estimated activation
energy of�18 kcal molÿ1, but more generally character-
ized by an Ea in the range 25.1–28.3 kcal molÿ1 for

chlorine-substituted 2H receptorp-bond analoguese.g.1
(→2) and3 (→4);1–3,8(Ea values ofca28 kcal molÿ1 are
also found for compounds like1 but having a vinyl ether
ClC = COR receptorp-bond2a,3,8). The relative reactivity
of trienes1, 3 and5 is such that5 is unisolable at room
temperature, whilst1 only slowly transforms into2 at ca
25°C with a meank1 for dyotropy in decalin solution of
7.10� 10ÿ8 sÿ1 measured at 26.6°C. Triene 3 is less
reactive still; kinetic data extrapolated to 26.6°C for
comparison with1 shows that its rate of conversion into4
is nearly 80 times slower than dyotropy of1 into 2.8

Significantly, dyotropomer2 is the sole product formed
on long-term storage of crystalline1 at 20°C.3,8

The measured exothermicity (DHi) for dyotropy of
triene 3 is 22.63� 0.41 kcal molÿ1 and from this,Ea,0,
the barrier for thethermoneutral, single-stepprocess can
be calculated2ato be 39.6 kcal molÿ1. This value ofEa,0is
in very good agreement withab initio calculations for the
thermoneutral dyotropy of the parent hydrocarbon7� 8
(Scheme 2) carried out by Houket al.9 which yield
Ea,0= 39.9 kcal molÿ1 for the concerted (but not neces-
sarily synchronous) process. These calculated data for the
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thermoneutralreactionalsocomparefavourablywith Ea,0

estimated for the dyotropic equilibrium of furano
compounds9 � 10 in experimentsby Vogel et al.10

andcalculatedfrom datasuppliedby Paquetteetal.11 for
syn-sesquinorbornenederivatives, 11 � 12. These
experimentaldata yield 36–39 and 36.5kcal molÿ1,
respectively,for Ea,0. Clearly, for trienes1, 3 and5 and
their analogues, p-bond saturation and aroma-
tization are importantbarrier-loweringfeaturesof their
irreversibledyotropy.

Analogous reactionsare found for the pyrazolines
13→ 14, 15→ 16 and 17→ 18 (Scheme 3), which
exhibit clean kinetic behaviourin oxygen-freedecalin
solution(cf. Fig. 1), but herethe observedEa valuesare
higher and cover a wider range,31.1–36.7kcalmolÿ1,
with dyotropic rate-constants102–103 times smaller at
comparabletemperaturesthanfor thetrienes1, etc.2a,8In
analogyto triene5, which hasan unsubstitutedreceptor
p-bond,dyotropyof norbornene-unsubstituted pyrazoline
19 is considerablyfaster,by 15-fold,comparedwith, e.g.,

Scheme 1.

Scheme 2.

Scheme 3.
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pyrazoline13, but theeffectis notsodramaticasseenfor
triene 5 where the rate-differential k1 (5): k1 (1) is
�2� 105 at 36°C. The ratespreadseenfor dyotropyof
thesecompounds,normalizedto the rate for the fastest
example observed,5→6, is extraordinarily wide, viz,
1012–1013 for the ratio k1 (max):k1(min) observed,and
invitesinterestin thedetailedreactionmechanism;is it a
concerted (if asynchronous)process as allowed by
theory5,6,7andsomeof theexperimentaldata(asabove),
or cantheexperimentalfactsalsobeaccommodatedin a
two-stepprocessmediatedby biradicals?9,12

Recent evidence from the solution and solid-state
kinetic behaviourof trienessuchas 18 providesstrong
evidencethat reactiveintermediatesarenot involved in
their dyotropy; differential solvent effects on the
dyotropicratefor the trienesystemsandsmall aryl-ring
substituentkineticeffectsin thepyrazolinesanalogousto
13 do, however,indicatedevelopmentof polarity in the
transitionstate,suggestiveof asynchronicityin the 2H

Figure 1. Typical unimolecular kinetic behaviour of 10,12-
diarylpyrazolines in degassed N2-purged decalin solution:
compound 25, 196°C, 1 h intervals, �max pyrazoline
372.5 nm, pyrazole 292±293 nm

Interatomicdistances(Å)

Bond AM1 PM3 2H-1 crystall-data

C(14)— H(14)= C(9) — H(9) 1.327 1.356 1.093(2),1.095(2)a

C(5) — H(9) = C(4) — H(14) 1.421 1.453 2.50(5),2.35(5)a

C(4) — C(5) 1.448 1.441 1.341(2)a

C(9) — C(14) 1.488 1.479 1.569(2)a

C(9) — C(5)= C(14)— C(4) 2.595 2.626 3.041(7),3.072(7)
C(12)— C(13)= C(10)— C(11) 1.371 1.363 1.343(2)a

C(13)— C(14)= C(10)— C(9) 1.447 1.449 1.507(2),1.503(2)a

C(11)— C(12) 1.442 1.434 1.474(2)a

Interatomicangles(°)
C(14)— H(14) — H(4) = C(9) — H(9) — C(5) 141.58 138.39 119.3,127.3
C(1) — C(14)— H(14)= C(8) — C(9) — H(9) 101.46 102.26 112.4,111.5a

H(9) — C(9) — C(14)= H(14) — C(14)— C(9) 103.51 104.35 111.6,110.3a

a Neutrondiffractiondata,15K. Foracloselyrelatedprotio-isotopolgueof [2H]-1, neutrondiffractiondataindicatethatC(14)— H(14)andC(9)—
C(9) areidenticalwith relevantC— D bondlengthswithin a maximumdifferenceof 0.005Å.

Figure 2. Computer modelling of transition state for dyotropy of triene 1 (→ 2), AM1 and PM3 methods and comparison of
parameters with crystallographic data for [2H]-116
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transferprocess.If a two-stepmechanismis involved,
since ca 90% of reactionsproceedingby transferof a
single species,H�, H� or Hÿ, are believedto involve
quantumtunnelling,13,14it is expectedthattunnellingwill
contributeto the kinetic behaviour,particularlyasthese
compoundsarepre-stressedwith respectto receptorsp2 C
atomsand transferringH atoms,which are held closer
than the van der Waalsdistance(2.9Å ). The relevant
intramolecularseparation(dCH) in thesecompoundsis
typically2a,b,82.4–2.5Å andsimilar to dCH in sesquinor-
bornene(11).11 Whentunnellingoccursit is usualto find
a large primary deuterium kinetic isotope effect
(PDKIE), a steeptemperaturedependenceof thePDKIE
and due to curvature in the experimentalArrhenius
relationship,a fractional value of the pre-exponential
interceptsAH/AD, curvaturebeinglesspronouncedfor the
heavyatomisotopologue.15 From PDKIE datafor [1H]-
and [2H]-triene 1, all three criteria are indecisive in
detecting a tunnelling contribution,2a,c and as found
later,8 a linear Arrhenius relationship holds perfectly
(r2 = 1.000)over a wide temperaturerange(0–110.3°C)
with a rate spreadof 105 for triene [1H]-1, suggesting
purely ‘classical’ behaviour,i.e. Eyring equationcom-
pliance.14 Some additional evidence for the detailed
mechanismof rearrangementof 1 (→2) derives from
semiempiricalAM1 andPM3 computerprogrammodel-
ling of the transitionstate,which indicatessymmetrical
structures,with only one imaginary frequency and a
tractabletransferof 2H atomswith little deformationof
thecarbonframeworkC(1)—C(14)definingthereaction
cavity. Transition-stateparametersareillustratedin Fig.
2, veryclearlyindicatingits reactant-likestructure,theH
atomshavingadvancedtowardsthereceptorC atomsby
ca 20%of their total trajectoryin thetransformationof 1
into 2.

By contrast,from datafor [1H]- and [2H]pyrazolines
13, tunnelling is clearly indicated,2a,c with a k1

2H/k1
2D

ratio of 4.60� 0.29at 207.6°C, whilst a steeptempera-
ture dependence,ln(k1

2H/k1
2D) vs 103 Kÿ1 of 1.420

(Table 1), delivers a kinetic ratio k1
2H/k1

2D of 28.2 at
25°C (cf. trienes1, 13.8 at 25°C). In addition, for the

pyrazolines 13, the intercept ratio A2H/A2D is
0.245� 0.143.Sincechlorinesubstituentchangesin the
norbornenering proximateto the receptorp-bondresult
in parallelkinetic effectswhich arevirtually identical in
magnitudefor bothtrienes,e.g.3 andpyrazolines17 (and
for other analogouspairs of partially dechlorinated
compounds)at the sametemperature,8 it is reasonable
to assumethattransition-statefeaturesfor thepyrazolines
aresimilar to thosecalculatedfor triene1. On this basis,
andthegeneralpostulatethatonly onenormalvibrational
mode acquiresan imaginary frequencyin a transition
state,the C— H/C— D zero-pointenergydifferenceis
not simply doubled for the 9,13-2H2-isotropologueof
pyrazoline13 comparedwith the 9,13-1H2-species17 as
tacitly assumed.2,8 Thedifferencein themeanactivation
energies(Ea

2Dÿ Ea
2H) for the isotopologuesof 13 is

considerable,2.80kcalmolÿ1, reflecting the substantial
tunnelling contribution to the kinetic behaviourof the
protio compound.The magnitudeof this differencein
activation energies will also be influenced by the
exothermic nature of the processfor which relevant
C—H/C—D vibrations may not entirely vanish in a
reactant-liketransition-state.15 It is revealingthatnoneof
the criteria for a tunnellingcontributionaremet for the
closeanalogue15 of pyrazoline13. For 15 themeasured
valueof Ea, 33.2kcalmolÿ1, is larger thanthe apparent
valueof Ea for 13, andyet15 rearrangesfasterthan13by
a factor >2.2a It is thereforepossiblethat Ea for the
behaviourof pyrazoline15 is closeto a critical valuefor
theonsetof significanttunnelling,which mustbea little
larger than 33kcalmolÿ1.8 Analysis of the barrier
parametersfor pyrazoline13 by fitting of the PDKIE
data to the Bell equation18b fully corroboratesthis
conclusion.

As discussedby Melanderand Saunders14 and using
their terminology,whentunnellingoccurs,theArrhenius
equationis modifiedby a coefficient,QH (or QD), which
representsa temperature-dependentenhancementof the
‘true’ (semiclassical)rate constant,k1(SC), due to the
tunnellingcontributionandk1(obs) is actually the value
of, e.g., QHAexp(ÿEa/RT). Using the Caldin–Mateo

Table 1. Calculated mean temperature dependence of primary deuterium kinetic isotope effect for pryazolines 13 and 15 and
triene 1a

T (K) 503.1 493.1 483.1 473.1 463.1 453.1 443.1 433.1 423.1 413.1 403.1
103(1/K) 1.988 2.028 2.070 2.114 2.159 2.207 2.257 2.309 2.363 2.421 2.481
Pyrazolines 13
Ln(k1

2H/k1
2D) 1.407 1.464 1.523 1.586 1.648 1.716 1.788 1.861 1.937 2.020 2.104

Pyrazolines 15
Ln(k1

2H/k1
2D) 1.586 1.607 1.629 1.652 1.675 1.700 1.726 1.753 1.781 1.812 1.843

T (K) 398.1 388.1 378.1 368.1 358.1 348.1 338.1 328.1 318.1 308.1 298.1
103(1/K) 2.512 2.577 2.645 2.717 2.792 2.873 2.958 3.048 3.144 3.246 3.354
Trienes1
Ln(k1

2H/k1
2D) 1.903 1.958 2.017 2.078 2.143 2.213 2.286 2.363 2.445 2.532 2.626

a Activation parametersusedfor calculation,following themethodof MelanderandSaunders14 andotherdatausedarethosereported.2a

Graphicalplot gradients(r2 = 1.000):13, 1.414� 103; 15, 0.512� 103; 1, 0.859� 103. Observed PDKIE: 13, 4.60� 0.29and15, 5.33� 0.18at
207.6°C; 1, 7.63� 0.14at 108.7°C.
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computerprogram19 we haveevaluatedQH and QD for
the triene istopologues[1H]- and [2H]-1 and for the
analgouspairsof istopologuesof pyrazolines13 and15.

The semi-classicalrate constantsk1(SC) are derived
from k1(SC)= k1(obs)/QH(D) andthe resultsaregiven in
Table2. From thesedata,the Arrheniusequationgives
activationenergies,Ea(SC),correctedfor tunnellingand
derived‘classical’ and observedactivationenergiesare
comparedin Table3. It is clearthat for pyrazoline[1H]-
13, barrier ‘penetration’ is occurring 3.22kcalmolÿ1

below the apexof the classicalbarrier,Ea
2H(SC) being

34.65kcalmolÿ1. It is alsovery interestingthatthemean
activationenergydifference,[Ea

2D(SC)ÿ Ea
2D(obs)] for

the 2H-istopologueof pyrazoline13 is larger than the
experimentaluncertainties,remarkableevidencefor non-
classical kinetic participation even for a ‘particle’ of
largerrelativemasscomparedwith H. Ontheotherhand,
for pyrazoline 15 and its isotopologue,the measured
valueof (Ea

2Dÿ Ea
2H) is �0.41kcalmolÿ1 with a ratio

of A2H/A2D of 1.73� 0.76, strongly suggestive of
insignificanttunnelling.Here,fitting the kinetic datato
theBell equationdeliversvaluesof QH andQD as1.010–

Table 2. Semi-classical rate constants k1(SC) for dyotropy, k1
2H(SC) = k1

2H(obs.)/QH,k1
2D(SC) = k1

2D(obs.)/QD, where QH(D) are
tunnelling coef®cients.a

Compound T (°C) 105k1
2H(2D)(obs.) QH(D) 105k1

2H(2D)(SC)

Triene[1H]-1 75 2.34 1.562 1.49(8)
79.8 3.85 1.542 2.49(7)
82.2 4.85 1.532 3.16(6)
84.8 6.26 1.522 4.11
87.7 8.46 1.510 5.60
90.0 10.6 1.502 7.05(7)
95.0 16.6 1.484 11.1(9)
96.0 18.4 1.480 12.4
99.9 26.2 1.467 17.8(6)

Triene[2H]-1 98.7 3.03 1.203 2.51(9)
104.1 5.08 1.197 4.24
108.7 7.73 1.191 6.49
110.7 9.42 1.189 7.92
114.1 12.6 1.186 10.6
115.7 14.8 1.184 12.5
118.9 19.5 1.180 16.5
123.8 29.9 1.175 25.4

Pyrazoline[1H]-13 183.1 1.87 3.730 0.501
185.7 2.34 3.651 0.641
190.0 3.14 3.528 0.896
193.0 3.94 3.448 1.14
196.7 5.15 3.356 1.53
199.5 6.28 3.290 1.91
207.6 11.04 3.116 3.54

Pyrazoline[2H]-13 195.1 0.965 1.684 0.573
199.9 1.34 1.665 0.805
205.0 2.05 1.645 1.24(6)
207.6 2.39(8) 1.635 1.46(7)
215.0 4.26 1.608 2.64(9)
217.0 4.92 1.601 3.07
220.0 6.02 1.591 3.78
224.9 8.54 1.575 5.42

a Kinetic dataobservedreferto N2-purgeddegasseddecalinsolutions.Valuesof k1 wereusuallyobtainedfrom five composition–timedeterminations
at eachtemperature.2a Total numberof log[rel.conc]–timedata-pointscollected(non-correlatingdatapointsneglected)andstandarddeviations,
(sn ÿ 1)/k1� 100, range%, average%:[1H]-1, 50, (0), �0.5–2.47%,�1.38%;[2H]-1, 40, (2), �0.33–3.16%, �1.78%;[1H]-13, 33, (2), �0.66–
4.98%,�2.29%;[2H]-13, 37, (0),�1.41–4.53%,�2.73%.

Table 3. Observed and tunnelling-corrected activation parameters for dyotropy, (Ea, kcal molÿ1)

Compound Ea(obs.) Ea(SC) Log A(obs.) Log A(SC)

[1H]-1 25.0(7)� 0.1 25.70� 0.1 11.09� 0.0(6) 11.29� 0.1
[2H]-1 26.7(7)� 0.1 26.9(4)� 0.1 11.20� 0.0(5) 11.25� 0.0(4)
[1H]-13 31.4(3)� 0.2 34.6(5)� 0.1 10.32� 0.0(8) 11.29� 0.1
[2H]-13 34.2(3)� 0.3 35.2� 0.2 11.93� 0.1(4) 11.20� 0.1(7)
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1.011and 1.005–1.006,respectively,over the tempera-
ture range185.7–220°C, confirming the aboveconclu-
sion. By contrast, the activation energy difference
[Ea

2H(SC)ÿ Ea
2H(obs)] for triene[1H]-1 althoughsmall,

0.63kcalmolÿ1, is significantly larger than the experi-
mental uncertainties; the tunnelling contribution is
evidentlysosmall (2.5%in Ea terms)asto translateinto
imperceptiblecurvaturein atypicalArrheniusplot overa
temperaturerangeof 110.3°C. For isotopolgue[2H]-1,
[Ea

2D (SC)ÿ Ea
2D (obs)] is of the same order of

magnitudeas the experimentaldeviations and conse-
quently no conclusioncan be drawn with respectto a
tunnelling contributionto the kinetic behaviourhere.If
presenttheeffectis likely to besmallerthanfor the[1H2]-
1 isotopologue.

Fitting of the PDKIE data to the Bell equationalso
yieldsthebarrierhalf-width,0.6Å for pyrazoline13, and
this comparesfavourablywith the distancetraversedby
theH atomsin dyotropicshift, ca 1.4Å establishedfrom
x-ray and neutron diffraction data for these types of
compounds8,16 andwhich may be takento representthe
approximatebarrier width. Strictly, the Bell tunnelling
calculation gives information about the shapeof the
barrierat theheavy-atomgeometryof thereactioncavity
wherebarrieravoidanceoccurs.This is not thegeometry

of either the Eyring transition state or the reactant.17

However,for constrained,rigid frameworksasdescribed
hereandareactant-liketransitionstateaspredictedfor an
exothermicprocessanddiscussedin detail by Klumpp15

together with calculations as described above, the
inherentapproximationsin visualizing the barrier para-
metersare more reasonablethan may generallybe the
case.For the triene [1H]-1 the datayield a barrierhalf-
width of ca1 Å . ThePDKIE analysisthereforequantifies
the greatercompressioneffect requiredin the reaction
zone to accomplish dyotropy in the pyrazoline 13
comparedwith the triene 1, as reflectedin the kinetic
divergence between the pyrazolines and trienes in
general.

Tunnelling is most likely when the amplitudeof the
wavefunctionof thetransferring‘particle’ is of thesame
orderof magnitudeasthebarrierwidth, especiallyat the
point of ‘penetration,’and a measureof this is the de
Broglic wavelength�dB.21 For a particle of mass 2
relativeto aH atom,with energyof 30kcalmolÿ1, �dB is
0.18Å (we thankDr J. Oliva, University of Bristol, for
this value). For a parabolic function Vx = V0(1-x2/a2)
taken to representthe barrier,21 with Vx = 31.43 and
V0 = 34.65kcal for 13, with a barrier half-width, a, of
0.6Å the regionof penetrationis 0.18Å (ÿx) from the

Scheme 4.
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vertical axis defining the barrier centre. (Using a
Gaussianform for the barrier,Vx = V0 exp x2/, a2 yields
essentiallythe sameresult.) It may be conjecturedthat
whenthewavefunctionof the‘particle’ extendsonly half
way through the barrier, sufficient ‘recognition’ of the
particle wave function on the product side develops
leading to tunnelling. However, it may be coincidence
that the penetration distance x and �dB are nearly
identical,especiallygiven theapproximationsinvolved.

The absenceof significant tunnelling in dyotropy of
triene 1 and pyrazoline15, togetherwith their relative
reactivities,is goodevidencethatsingleH atomtransfers
arenot involved.Tunnellingobservedin dyotropyof 13
maysimplybeaconsequenceof increasedbarrierheight.

The kinetic effect of varying the aryl-ring substitu-
tents,asin the pyrazolines13 and15, is small,2a with a
rate-differenceof ca2 for 15,> 13at196°C. Usefulnew
information has now beenfound by comparingdiphe-
nylpyrazoline 31 (Scheme 4) with two series of
compoundsin which either N(10)-Ph (series A) or
C(12)-Ph (series B) is replaced with a p-anisyl, p-
chlorophenylor p-nitrophenyl group. In the A series
(Table4), pyrazolines21,22and23 therelativerateratio
k1 (21): k1 (31) is ca 2 at 196°C, thep-donorp-methoxy
substituentsignificantlyacceleratingreaction.Whenthe
aryl substituent is a strong p-acceptor as for p-
nitrophenyl, a more than 10-fold rate reduction is
observed,k1 (23):k1(31) being 0.09. In the B seriesof
compounds24, 25 and 26, substituentvariation effects
are much smaller. For example, the effect of the p-
methoxygroup in pyrazoline24 is almostinsignificant,
k1(24):k1(31) being1.05,whilst for thep-nitro compound
26 the p-acceptorsubstituentis much lesseffective in
reducingthereactionratethanit is for isomer23, with a
rate ratio of 0.58 for k1(26):k1(31), k1(26) being more
than six times larger than k1(23). A similar reactivity
patternis seenin the A andB seriesfor the isomericp-
chlorophenyl compounds[and in the A series for p-
trifluoromethyl at N(10) wherethe rate ratio compared
with 31 is 0.24,a considerableratereduction20].

A two-stepmechanismfor dyotropy,mediatedby di-

radicalsgeneratedby H atomtransferonto theproximate
p-bond from either C(9) or C(13), in the rate-limiting
step,appearsunlikely alsoon the basisof theseresults.
Resonancecanonical representationof a pyrazoline
radical producedat C(9) next to N(10), for example,
shows that an identical substituentat N(10) or C(12)
shouldhaveasimilareffectonradicalstabilityandhence
reaction rate. Alternatively, since in the reactant-like
transitionstatethe pyrazolineis transforminginto a 6p
aromatic pyrazole utilising the N(10) 2p lone-pair,
attenuatedelectron density on N(10) by, e.g., the p-
nitrophenylgroupin 23 nicely accountsfor theobserved
rate-reductioncomparedwith 31. As expectedfrom this
hypothesis,N(10)-p-anisyl substitutionis moreeffective
in promoting reactivity, i.e. in analogue21, than for
C(12)-p-anisyl compound24. Here, polarizationof the
Ar—C = N element,with relativelylargeelectrondensity
alreadypresenton N(11), resultsin a ‘saturation’effect
with respectto p–p-donorgroupsin thearyl ring attached
to C(12). This effect rationalizesthe very small rate-
changeseenfor pyrazoline24comparedwith 31andalso
indicatesthatsignificantkineticeffectsaremorelikely to
be seenwhen C(12) is substitutedwith electron-with-
drawing groups—preciselywhat is observed for p-
nitrophenylcompound26.

Therelativeratesof rearrangementof pyrazolines27–
30 (seriesC), which have both N(10) and C(12) aryl
groupsp-substituted,arealsowell accommodatedby the
above interpretation.For example N(10), C(12)-di-p-
anisyl compound27 is only slightly more reactivethan
the N(10)-mono-p-anisyl analogue21, whilst the intro-
duction of a secondp-chlorophenylgroup at C(12) in
pyrazoline 28 results in the expected,if small, rate
reduction comparedwith N(10)-mono-p-chlorophenyl
analogue22. As seenfrom Table4, k1(27):k1(21) is 1.03
andk1(28):k1(22) is 0.87.For the p-anisyl/p-nitrophenyl
substitutedisomers29and30 it is onceagainclearthatit
is the N(10)-aryl substituent which largely controls
dyotropicreactivity.N(10)-p-anisyl-C(12)-p-nitrophenyl
compound29 is only about0.7-foldlessreactivein terms
of rate ratio comparedwith mono-N(10)-p-anisyl com-

Table 4. Unimoleculor rate-constants, k1, for dyotropy of pyrazolines 21±30 in N2-purged decalin, 196°Ca

SeriesA 21 22 23 (31)
105k1 (sÿ1) 14.7� 0.50 4.8� 0.10 0.67� 0.01 7.40� 0.18
SeriesB 24 25 26
105k1 (sÿ1) 7.78� 0.10 6.98� 0.20 4.30� 0.10
SeriesC 27 28 29 30
105k1 (sÿ1) 15.1� 0.30 4.18� 0.10 10.1� 0.10 2.24� 0.22
a For themethodof synthesisof novelpyrazolines21–27,29 and30 andotherpropertiesof this classof compounds,seeMackenzieet al.3 These
compoundshavebeenfully characterizedby C, H, N elementalcomposition;m/z; UV and1H NMR.20 Kinetic dataarefor fivecomposition–time
determinationsfor eachcompoundusingpyrazolineabsorptionat 260–275nm (whereisomericpyrazolesaretransparent).For a descriptionof the
methodusedseeMackenzieandco-workers.2a,3,8TheusualUV procedureprovedunsatisfactoryfor nitro compounds23, 26 and30 andk1 values
wereobtainedby 1H NMR methodsusingca 20mg samplesdissolvedin N2-purgeddecalin,solventblow-off (N2) and1H NMR integrationof
pyrazoline/pyrazolesignals(CDCl3–TMS, Jeol Lambdainstrument,300MHz) No significant productsother than the releventpyrazoleswere
detected,but it is believedthatslightsolventoxidationor productdecompositionincreasedthebackgroundabsorptionin theca10ÿ5

M solutionused
in the UV assaymethod;this effect producedstandarddeviationsof �5–10%in k1 valuescomparedto �0.5–4.5%for all otherpyrazolinesand
trienes,of the type describedhere,which havebeeninvestigated.
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pound21. If the substituentsare switchedround, as in
isomer 30, the N(10) 2p lone-pair depletion effect
operatesvery effectively, reducingreactivity consider-
ably comparedwith N(10)-p-anisylcompound21, with a
rateratio k1(30):k1(21) of 0.15.

Acknowledgements

K. MackenzieandJ.A. K. HowardthanktheEPSRCfor
financialsupportandE. C. Gravett,R. J.GregoryandC.
Wilson thank the EPSRC for researchstudentships.
NicholasGreenis thankedfor assistancewith computa-
tions andProfessorM. Kreevoy(Minnesota)for helpful
comments.We warmly thankProfessorW. H. Saunders
(Rochester,NY) for a copy of a computerprogramand
his interest.

REFERENCES

1. K. Mackenzie.J. Chem.Soc.4646–4653,(1965).
2. (a)K. Mackenzie,J.A. K. Howard,F. Mason,E. C. Gravett,K. B.

Astin, L. Shi-Xiong,A. S. Batsanov,D. Vlaovic, J. P. Maher,M.
Murray,D. Kendrew,C.Wilson,R.E. Johnson,T. PreissandR.T.
Gregory.J.Chem.Soc.,PerkinTans.2 1211–1228(1993);(b) J.A.
K. Howard, K. Mackenzie, R. E. Johnsonand K. B. Astin.
TetrahedronLett. 30, 5005–5008(1989);(c) K. Mackenzie,E. C.
Gravett, R. J. Gregory, J. A. K. Howard and J. P. Maher.
TetrahedronLett. 33, 5629–5632,(1992).

3. K. Mackenzie,G. Proctor and D. Woodnutt. Tetrahedron43,
5981–5993,(1987).

4. M. T. Reetz.Tetrahedron,29,2189–2194,(1973);Agnew.Chem.,
Int. Ed. Engl. 11, 129,130–131,(1972).

5. R. B. Woodwardand R. Hoffmann. Acc. Chem.Res.1, 17–22,
(1968).

6. D. F.Feller,M. W. SchmidtandK. Reudenberg.J.Am.Chem.Soc.
104,960–967,(1982).

7. M. L. McKeeandD. M. Stanbury.J. Am.Chem.Soc.114,3214–
3219,(1992). [cf. D. M. Stanbury,Inorg. Chem.30, 1293–1296,
(1991), for kinetics of dilmide reductionof alkenes,a 2H group
transfer].

8. K. Mackenzie,J. A. K. Howard,R. Siedlecka,K. B. Astin, E. C.
Gravett,C. Wilson, J. Cole,R. G. GregoryandA. M. Tomlins.J.
Chem. Soc., Perkin Trans. 2 1749–1760 (1996). For recent
correlative work seeW. Grimme, K. Pohl, J. Wortmannand D.
Frowein,LiebigsAnn., 1905–1916(1996).

9. K. N. Houk, Y. Li, M. A. McAllister, G. A. O’Dhoerty, L. A.
Paquette,W. SiebrandandZ. K. Smedarchina.J. Am.Chem.Soc.
116,10895–10913,(1994).

10. J.-P.Hagenbuch,B. StampfliandP.Vogel.J. Am.Chem.Soc.103,
3934–3935,(1981).

11. L. A. Paquette,M. A. KesselmayerandR.D. Rogers.J.Am.Chem.
Soc.112,284–291,(1990),L. A. Paquette,G.A. O’DohertyandR.
D. Rogers.J. Am. Chem. Soc. 113, 7761–7762,(1991), 116,
10883–10894,(1994).

12. W. SiebrandandZ. K. Smedarchina.J. Mol. Struct.297,207–212,
(1993).

13. M. A. Amin, R. C. PriceandW. H. Saunders.J. Am.Chem.Soc.
112,4467–4471,(1990).

14. L. Melander and W. H. Saunders.Reaction Rates of Isotopic
Molecules.Wiley, New York (1980).

15. G. W. Klumpp. Reactivity in Organic Chemistry.Wiley, New
York (1982).

16. C. Wilson. PhD ThesisUniversity of Durham,(1995);cf. Ref. 8;
full detailsof x-ray andneutrondiffraction experimentswith this
andrelatedcompoundsarebeingreportedseparately.

17. M. Kreevoy.personalcommunication.
18. R. P. Bell. (a) TheProton in Chemistry, 2nded.p. 280.Chapman

andHall, London(1973);(b) Trans.FaradaySoc.55,1–4,(1959).
19. E. F. Caldin andS. Mateo.J. Chem.Soc.,FaradayTrans.1, 71,

1876–1904,(1975).
20. K. Mackenzie.unpublishedwork (1996–97).
21. M. D. Harmony.Chem.Soc.Rev.1, 211–228,(1972).

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 879–886(1998)

886 K. MACKENZIE ET AL.


