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ABSTRACT: The disappearance of 3- and 1-acetoxynortricyclanes (1 and 2) in aqueous perchloric acid was followed
by capillary gas chromatography at different temperatures and acid concentrations. According to the activation
parameters, solvent deuterium isotope effects and parameters of excess acidity equatips gster hydrolysis

with two water molecules in the transition state is dominant at the lower acid concentrations studiet(H&3®,)

and theAd:2 hydration of the cyclopropane ring is dominant at higher acid concentrationm(BE&30,) at 298 K. 3-
Nortricyclanol (3) is formed via hydrolysis from 1, whose hydration products were not analyzed. 2-Norbornanone (4)
is formed via both hydrolysis and hydration from 2. Copyrigh2000 John Wiley & Sons, Ltd.

KEYWORDS: nortricyclanes; 2-norbornanone (norcamphor); kinetics; acid catalysis; excess acidity; ester
hydrolysis; hydration; reaction mechanism

INTRODUCTION EXPERIMENTAL

The hydrolysis of 3-acetoxynortricyclane or 3-acetoxy- Materials. The syntheses of 3- and 1-acetoxynortricy-
tricyclo[2.2.1.6"%heptane(1) follows theAac2 mechan-  clanes { and2) have been presented previou$iyThe

ism (the acid-catalyzed bimolecular reaction via acyl- purities by gas chromatography (GC) wer®9.5 and
oxygen fissiony? in 1 moldm = HCIO, in 60 vol.% 97% (3% of 4-acetoxynortricyclane?), respectively. The
dioxane—water, and variations in temperature, dioxane:acetates were identified from théitC NMR and GC—
water ratio (M HCIO,) or acid concentration (60% FTIR spectr&.®

dioxane—water) do not alter the mechanisidowever,

a comparison of the rate constants of protonation (hy- Kinetic measurements. The disappearance of the sub-
dration via theAd=2 or A— S2 mechanism) of the stratesin HCIQ(aq.) was followed by GC (with an FFAP
cyclopropane ring of 3-substituted nortricyclanes hints capillary column) using nitrobenzene as the internal
that the hydration may be observable in aqueous standard and dichloromethane as the extracting solvent.
HClO,*® An increase in acid concentration should The CHCI, solution (2 cni) was neutralized by one drop
increase the level of hydration and decrease that of theof concentrated Nk{aqg.). The pseudo-first-order rate
Anc2 ester hydrolysis because of decreasing waterconstants were calculated from the slopes of the strictly
activity. Therefore, the kinetics of 3-acetoxynortricy- linear { =0.9998-0.999 995) correlation 0§ ¢S..) vs
clane (1) and of its interesting isomer, 1-acetoxynortri- t, whereS is the ratio of the GC integrals of the substrate
cyclane (2), in which the substituent is situated on a and the internal standard at the timm&ach rate constant
cyclopropane carbon atom, were studied in this work in was measured twice and the values were equal within 3%
aqueous perchloric acid at different acid concentrations. at least (average 0.5%).

Product analyses. About 0.2 g of the substrate was stirred

magnetically with 50 criiof 1 M HCIO,(aq.) for 2.7 h (ca
o Ohe <" OH 1ty,) and 24 h (ca 1@,,) in the case ofl and with the
ohe o same volume of M HCIOy4(aq.) for 4 h ¢-10t,,,) in the
1 2 3 4

case of2 at room temperature in a tightly stoppered
*Correspondence toM. Lajunen, Department of Chemistry, Uni- ~Erlenmeyer flask. The solution was extracted several
versity of Turku, FIN-20014 Turku, Finland. times with CHCI, and the combined organic solution
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Table 1. Rate constants of disappearance for 3- and 1-acetoxynortricyclanes (1 and 2) in aqueous perchloric acid at different
temperatures and acid concentrations and in DCIO,4 (D,0)

Substrate T (K) c(HCIO4)? (mol dm™3) XoP Log a,° ky (1074 s71)d

1 298.2 0.998 0.271 1.648 0.8574+ 0.003
298.2 1.000 0.8684- 0.009f
298.2 1.492 0.381 1.626 1.226+ 0.003
298.2 1.968 0.487 1.572 1.564+ 0.003
298.2 2.479 0.611 1.522 1.959+ 0.003
298.2 3.020 0.758 1.474 2.388+ 0.006
298.2 3.496 0.906 1.430 2.797+ 0.007
298.2 3.914 1.052 1.388 3.228+0.009
298.2 4.472 1.271 1.322 4.0004 0.007
298.2 4.970 1.491 1.254 5.0934+ 0.009
298.2 5.483 1.740 1.174 6.727+ 0.013
298.2 6.185 2.118 1.048 13.30+ 0.07
278.7 6.508 1.582+ 0.019
288.2 6.468 5.294+ 0.06
298.2 6.428 2.259 1.000 17.52+0.13
298.2 6.428 17.63+0.17
298.2 6.422 17.77+ 0.1
308.2 6.384 54.39+0.14
298.2 6.993 2.604 0.880 41.674+0.16
298.2 7.563 2.977 0.748 102.9+ 0.3

2 298.2 1.009 0.273 1.650 1.169+ 0.009
298.2 1.000 1.170+ 0.018
298.2 1.003 1.90+ 0.0¢°
308.2 1.006 3.10+ 0.02
318.2 1.001 7.56+ 0.04
328.2 0.995 17.14+0.3
298.2 1.457 0.373 1.630 1.671+ 0.008
298.2 2.045 0.505 1.564 2.403+ 0.004
298.2 2.459 0.606 1.524 2.954+ 0.006
298.2 2.993 0.750 1.476 3.732+0.010
298.2 3.476 0.900 1.432 4,536+ 0.010
298.2 3.840 1.025 1.396 5.3244+0.010
298.2 4.472 1.271 1.322 6.59+ 0.03
298.2 4.970 1.491 1.254 8.1254+0.014
298.2 5.483 1.740 1.174 9.86+ 0.05
298.2 6.183 2.117 1.048 14.26+ 0.05
298.2 6.428 2.259 1.000 16.61+ 0.06
298.2 6.422 22.184+ 0.0¢°
298.2 6.458 2.276 0.994 17.13+0.12
278.7 7.084 2.83+0.04
288.2 7.038 8.97+ 0.05
298.2 6.993 2.604 0.880 26.434+0.06
298.2 6.993 26.6+0.3F
308.2 6.942 74.7+ 0.3
298.2 7.563 2.977 0.748 47.6+ 0.2
298.2 8.045 3.312 0.629 107.0+ 0.4

@ Temperatureorrected.

b Excessacidity. **

€ Logarithm of wateractivity. 2

9 Error limits are standarcdeviations.

¢ Calculatedfrom the activationparametergTable 2).

f M. LajunenandV. Nieminen,unpublishedesults(1998).
9 Measuredn DCIO, (D50).

wasneutralizedanddried by allowing it to flow through RESULTS AND DISCUSSION

anhydrousk,COs. The solventwas evaporatedand the

residueanalyzedy GC andGC—FTIRspectroscopyand Rate constants, activation parameters, isotope
the productswereidentifiedby comparingtheir retention effects and products. Reaction mechanisms

times and spectra with those of the authentic 3-

nortricyclanol(3) and 2-norbornanong4).® Rateconstant®f disappearanci®r 3- and1-acetoxynor-
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Table 2. Parameters of activation and solvent deuterium isotope effects and parameters of the excess acidity equations [Egns
(5)~(7)] at 298 K for the hydrolysis of 3- and 1-acetoxynortricyclanes (1 and 2) in LCIO4 (L,O) (L=H or D), with standard

deviations
Substrate c(LCIO,) (mol dm™3) AH” (kdmol™%) AS (Imol 1K™ ka/ko
1 1.00 69.6+ 0.4 -89.3+ 1.2 0.68+ 0.09
6.43 83.7£0.% -32.3+£0.8 0.985+ 0.013
2 1.01 70.7+ 0.6 —-83.1+1.8 0.61+0.03
6.43 0.748+ 0.005
6.99 77.1+0.3 —-51.7+ 1.1°
Substrate Mechanism ¥, pPKsh: nd Log (Ko/Ksn*) ko2 (M q
1 Anc2 0.73+0.04 —2.61+0.10 0.96+ 0.06 —7.593+ 0.006
Ad:=2 0.794+0.04 —2.19+0.20 1.02+0.05° —7.25+0.07
An 1 0.76+ 0.05 —2.99+0.12 1.91+0.06 —6.80+0.11
2 Anc2 0.80+ 0.04 —2.36+0.12 1.02+ 0.06 —7.458+ 0.006
Adg2 0.82+0.03 —2.42+0.09 0.82+ 0.0 —6.66+ 0.07
An 1 0.77+0.05 —2.52+0.07 1.76+0.05 —6.53+0.10

aM LajunenandV. Nieminen,unpublishedesults(1998).
P Ref. 5.

¢ Apparentvaluesdueto two competingreactions.
ml, m5 or m3 dependlng)n the mechanism.
©mb =, mi/1.80.1

The dominantreactionat the highestacid concentrationss assumedo be entirely the Ay_1 esterhydrolysis.

tricyclanes (1 and 2) in aqueousperchloric acid at
different temperaturesand acid concentrationsand in
DCIO4(D,0) are listed in Table 1. The rate constant
(8.7 x 10 ° s 1) for 1 asmeasuredn 1.00M HCIO4(aq.)
at 298.2K is in good agreementwith that measured
earlier under similar conditions(9.1x 107> s %3, The
rate constantsfor the two isomersare generallyfairly
closeto eachother, although1 is a secondaryand 2 a
tertiary acetate.The activation parametersand solvent
deuteriumisotope effects calculatedfrom the second-
orderrate constantdk, = k,/c(HCIO,4)] are presentedn
Table 2. The entropiesof activation (—89 and —83 J
K tmol™* for 1 and 2, respectively) the enthalpiesof
activation (70 and 71kJmol~%) and the isotopeeffects
(Kn/kp = 0.68and0.61)in 1 M LCIO4(L,0) (L =H or D)
at 298K aretypical of the Axc2 mechanisnt. However,
the same parametersvhen measuredat a higher acid
concentration (6.4 or 7m), AS'=-32 and —52 J
K 2mol™%, AH* =84 and 77kJmol~* andky/kp = 0.99
and0.75,respectivelyareclearlyhigher.Thedifferences
areevidentlydueto a changeof reactionfrom the ester
hydrolysis (Aac2 mechanism;Schemesl and 2) to the
hydration of the cyclopropanering (Ade2 mechanism;
Schemed and2) with increasingacid concentratior?. If
a commonchangeof the mechanisnmof esterhydrolysis
from Apc2 to Aal (the acid-catalyzedunimolecular
reaction via alkyl-oxygen fission) took place with
increasingacid concentrationthe entropy of activation
would become less negative than observedand the
isotopeeffectwould decreaseatherthanincrease->
3-Nortricyclanol(3) wasthe only productobservedor
3-acetoxynortricylane (1) in 1M HCIO4(aqg.),in agree-

Copyright(d 2000JohnWiley & Sons,Ltd.

mentwith the earlier studies® but its level was clearly
reducedat higher acid concentrationsywhen acetoxy-
substitutechorborneolsand norbornanediolgnot identi-

fied) were probablyformed (Schemel; only oneroute,
butevidentlythemostimportant® hasbeenpresented2-

Norbornanongnorcamphor,4) was the only observed
product of l-acetoxynortricyclaa (2) at all acid con-

centrationsstudied(Scheme?). Its formationfrom 2 and
from 1-hydroxynortricyclae (5; Scheme?2) has been
reportedearlierin both alkalineandacidic media’®

Separation of two reactions by the excess acidity
method

The separationof the two competingreactionscan be
made quantitatively by applying the excess acidity
theory?*®accordingto which the pseudo-first-orderate
constantk,, obeysthe equation

logk,, — log[Cs/(Cs + Csp+ )] — logew+ — nlogay,
= m"1m*1Xo + log(Ko,1/Ks-) (1)

in the caseof Axc2 hydrolysisandthe equation

logk, — logey: = M7 ,m"2Xo + logkoz — (2)
in the caseof Ads2 hydration. In the latter reaction,
partial protonationof the carbonyl oxygen, however,
causescurvature of the ideally linear plot, log k;—
log cy+vsX. This ‘side reaction’ can be taken into
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accountwhena linear equatiort*

logk, — log[cs/(Cs + Cgy+ )] — logen+
= " ,m*,Xo + logko 2 (3)

is obtained.The correctionterm, —log[cs/(Cs + Csy:)],
canbe calculatedwith the equatior

log(Cgy+/Cs) — logey+ = m*1 X + pKgp+ (4)

In theseequationsgcs andcsy: arethe concentration®f
the unprotonatedand protonated (on the carbonyl
oxygen)substraten the aqueouscidwith concentration
¢+ [= c(HCIO,)], wateractivity a,, (the recentmolarity-
basedlog a, valuesof Cox'* are used, becausetheir
standardstateis correct,'a hypotheticaideal 1 mol dm—2
solutionof waterin water’) andexcessacidity Xo, > andn
is the numberof watermoleculesn the transitionstate®
The slopeparametersn™; and m”, areindicative of the
transition statesof the two mechanismsand the slope
parameteram*; and m*, dependon the site of proton
attack,the former on the carbonyloxygenandthe latter
on the cyclopropanering (m*,=1.80+ 0.10)**3 and
Ko,1 and kg » arethe medium-independérate constants
of therate-limitingstepdr.l.s.in Schemed and?2) of the
two reactions.Kg is the thermodynamicdissociation

Copyrightd 2000JohnWiley & Sons,Ltd.
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constantof the substrateprotonatedon the carbonyl
oxygen.

Aac2 hydrolysisis practicallythe only reactionat the
three or four lowest acid concentrations.Thus the
intercept parameter,log(ks /Ksn+), can be estimated
with Eqgn. (1) from the rate constantsmeasuredunder
these conditions (Table 1) and from the following
approximatevalues of the excessacidity parameters:
m*,=0.642471% ¥, =1.00 and pKgy. = —3.43 (for
isopropyl acetate).” The approximate rate constant
Ky apdAac2) canbe calculatedat every acid concentra-
tion, andits subtractiorfrom the correspondingbserved
k, value gives the approximate Ky, .,dAde2). The
hydrationreactionis dominantat the five or six highest
acid concentrationswhen k;, .p{Ade2) obeyswell the
linear Egn. (3) (e.g.r =0.9996for 1 and0.998for 2, if
n = 2). By extendingthelineardependence all theacid
concentrationsstudiedthe improved approximationsof
ky.imp(Ade2) canbe evaluatecandtheir subtractionfrom
the observedk, values gives improved Ky, inp(Aac2)
values. Theserate constantscan be usedfor the non-
linear least-squareminimization (NLSM) accordingto
the equatiort®

logky (Aac2) — logcy+ — nlogay
=7 1m*1Xo — 10g[1 + (Ch-+ /Ky )10 ]
+ log(ko1/Ksp+) (5)
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Figure 1. Logarithms of pseudo-first-order rate constants vs
acid concentration for 3-acetoxynortricyclane (1) in
HClO4(aqg.) at 298.2 K: W, total disappearance; @, Aac2
hydrolysis; and A, Adk2 hydration
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Figure 2. Logarithms of pseudo-first-order rate constants vs
acid concentration for 1-acetoxynortricyclane (2) in
HClO4(aqg.) at 298.2 K: W, total disappearance; @, Aac2
hydrolysis; and A, Adk2 hydration
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Figure 3. Logarithms of pseudo-first-order rate constants vs
substituent constant ¢9 of X for the Agg2 hydration of 3-X-
substituted nortricyclanes in 1.00 M HClO4(aqg.) at 298.2 K:
X=1,H; 2, CH,0OH; 3, CH,Cl; 4, COCHj3; 5, OH; 6, OCH5; 7,
OCOCHS5; 8, CN; and 9, NO,
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where improved values of the parametersm’y, m¥y,
pKsk+ andlog(ko /Ksi-) can be obtainedby iteration.
They can be used as better approximatevalues (see
above)andthe whole iteration processs repeateduntil
thevaluesof the parametersio longerchangemarkedly.
Thefinal bestvaluesaregivenin Table 2.

The NLSM iterationaccordingto the equatiort*°

logky (Ade2) — log ey = mmsXo — log|l
—+ (CH+/K5|_r+)lde°]
+ logko,2 (6)

was also made with the final kg(Adg2) values
[= Ky obs — Ke(Aac2)nism] in order to estimate the
valuesof parametersm, n*,, m*,, pKgy: andlog Ko,2-
Theseparametergrealsoshownin Table2. In this case
theiteratedvaluesare,however ratherdependenbn the
initial estimatedvalues of the parameters,probably
owing to the smallnumberof acid concentrationsvhere
the level of the Adg2 hydrationis significant enough.
Accordingly,thesevaluesmaybelessreliablethanthose
for the Axc2 hydrolysisin Table 2.
Theiterativeproceduresvorkedwell whenthenumber
of water moleculesin the transition state of the Axc2
hydrolysiswasfixed attwo, i.e.n= 2in Eqns(1) and(5),
butdid lesswell ortheexcesscidity parametersbtained
were exceptional values if n=1 or 3. Two is the
generally acceptednumber of water moleculesin the

transitionstateof the Axc2 esterhydrolysis®#9:10:12

Excess acidity parameters

The valuesof the excessacidity parametersn Table 2

seem, in the main, reasonable.The slope parameter
m*, for the protonationof the carbonyl oxygen, aver-

age 0.78+ 0.04, is in agreementwith that measured
earlier’* %8 The slope parameterni’; for the Axc2
hydrolysis,average).99+ 0.03,is practicallyunity, asit
should be? The slope parametern™, for the Adg2
hydration of 2, 0.82+ 0.04, is typical of the acid-
catalyzed protonation of the cyclopropanering of
nortricyclanes? but that, for 1 1.02+ 0.05, seemstoo
high, becausgenerally0 < m* < 1.° Onereasormaybe
the existenceof some As 1 ester hydrolysis'®'? in
additionto the Ad=2 hydrationof thecyclopropaneing at
high acid concentrations.The rate constantkyg(Aa_1)
obeysthe equation

mamiXo — log[1
+ (CH+/KS|++)1UW£XO]
+ log(koz/Ksh+) (7)

logky (AaL 1) — logcy+ =

whichis formally closeto Eqn.(6), suitablefor the Adg2
hydration, but generally gives m”; values higher than
unity (Table 2).°*? The activation parametersand the
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solventdeuteriumisotopeeffectsin 6.4M LCIO4(L,0)

(Table 2), however, show that the level of the As 1

hydrolysiscannotbelarge.Anotherreasormay be some
exceptionalbehaviorof the acetyl group (enolization?),
as was recently observed in the hydration of 3-

acetylnortricyclane[preliminary values: m*; =0.87+

0.04,m", =1.04+ 0.03 and pKgy+ = —1.55+ 0.08] (M.

Lajunen andV. Mikkola, unpublished results). The
averagepKsy: value, —2.4+ 0.2, evaluatedfor both 1

and 2, showsthat 1- and 3-nortricyclyl acetatesare as
expectedmore basic than isopropyl acetate (pKsy: =

—3.43)}" althoughthe differenceseemgoo great.

The parameterén Table2 allow the estimationof the
rate constantsfor both significant reactions,the ester
hydrolysis and the hydration of the cyclopropanering,
with Egns (5) and (6) at all acid concentrationaused.
Theseare presentedn Figs 1 and 2 togetherwith the
observedotal rateconstantsThe curvesin Figs1 and2
seem reasonable.lt is also possible to check the
correctnes®f the rate constantky (Ade2) for 1, because
thecorrespondingalueshavebeenmeasuredor several
3-X-substituted notricyclanes in  HClO4(aq.)>*121-2%
Theyarepresentedasextrapolatedo anacid concentra-
tion of 1.00mol dm~2 andatemperaturef 298.2K, asa
function of the substituentonstant'*® of X in Fig. 3.
This showsthat the ky,(Ade2) valueevaluatedor 1 is in
fair agreementvith the others,althoughits level is only
0.2% of the total disappearancerate under these
conditions.
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