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The acid-catalyzed hydration of 2-norbornen-5-one (1) in 5 mol dm~3 HCIO, at 358 K
produces, according to GLC analyses, exo-5-hydroxy-2-norbornanone (2), 2-oxa-
bicyclo[3.2.1]octan-3-one (3), which is in equilibrium with cis-3-hydroxycyclopenta-
neacetic acid (5), and 2-oxabicyclo[3.3.0]octan-3-one (4). The former lactone (3) is
unstable and rearranges slowly to the latter (4). The ketoalcohol (2) is formed via the
slow protonation of norbornenone at C(3) and via subsequent hydration of the
carbocation. The lactones are formed via complicated routes started by the prot-
onation of norbornenone at C(2), and comprising 3- and 2-cyclopenteneacetic acids
(7 and 9) as unstable intermediate products.

The hydration of 2-norbornen-5-one (a special §3,y-unsat-
urated ketone) in aqueous acid was investigated kinetically
about ten years ago.! The protonation of the carbon-carbon
double bond was concluded to be the rate-limiting stage of
the reaction on the basis of the activation entropy, solvent
deuterium isotope effect and the effects of methyl sub-
stitution. In accordance with the product analysis made by
Krieger? of the sulfuric acid catalyzed addition of acetic
acid to norbornenone, the hydration products were sup-
posed (although they were not analyzed) to be exo-5- and
exo-6-hydroxy-2-norbornanones (eqn. 1). The amount of
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the former ketoalcohol was estimated to be somewhat grea-
ter, because a methyl substituent at C(2) of norbornenone
accelerates the protonation of the double bond more than a
methyl substituent at C(3) (egns. 2 and 3).!
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Carrupt and Vogel’ recently studied the products of elec-
trophilic additions of benzeneselenyl- and arenesulfenyl
halides to norbornenone (eqn. 4) and 5-chloro-5-cyano-2-
norbornenes (eqn. 5) in different solvents. Their results are
in agreement with ours* in the latter case, since the electro-
phile (PhSe™) used by them attacks solely C(3) (eqn. 5) of
5-cyano-2-norbornenes, and that (H*) used by us attacks
mostly C(3) (eqn. 6). However, their results differ from
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ours' in the case of norbornenone, since the electrophiles
(PhSe* and ArS*, = E) used by them attack exclusively
C(2) (eqn. 4), but that (H*) used by us attacks C(2) and
C(3) in the ratio 38:62 according to our kinetic data (eqns.
2 and 3). Carrupt and Vogel® also observed that a “hard”
electrophile, especially in solvents of strong ionizing
power, causes fragmentation of the intermediate cation and
formation of monocyclic products (eqn. 4). This kind of
fragmentation has also been found in the solvolyses of
2-norbornyl tosylates containing a strongly electron-donat-
ing substituent (e.q. OH or OCHj;) at C(6), and it has been
observed to cause a marked increase of reaction rate (a
so-called frangomeric effect).®

The proton is a hard electrophile and water is a solvent of
strong ionizing power. Thus, the fragmentation might also
dominate in the hydration of norbornenone, since the oxo
group is evidently also such an electron-donating (frango-
meric) substituent which enforces a possible positive charge
formation initially at C(3), wherefrom it transfers to the
carbonyl group.'® The attack (or shift) of a proton at C(2)
is, however, a condition for the fragmentation in the acid-
catalyzed hydration. In order to see whether the hydration
products of norbornenone are different from those sup-
posed earlier and/or whether they are in conflict with the
ratio of protonation at C(2) and C(3) obtained by a kinetic
methyl-substituent method,' the products of acid-catalyzed
hydration of 2-norbornen-5-one(1) were studied and their
routes of formation are discussed in the present paper.

Experimental

Syntheses. 2-Norbornen-5-one (1) was prepared by hydro-
lyzing the Diels-Alder adduct of cyclopentadiene and 2-
chloroacrylonitrile in alkaline DMSO.” Its purity was
98.6 %, and 'H and "*C NMR spectra were identical with
the reported ones.*’

exo-5-Hydroxy-2-norbornanone (2) was prepared by addi-
tion of acetic acid to 3-nortricyclanone, catalyzed by sul-
furic acid, and hydrolysis of the product, exo-5-acetoxy-2-
norbornanone, in aqueous KOH.? Ketoalcohol 2 is very
soluble in aqueous media, and repeated ether extraction of
the solution was therefore carried out. Yield 58 %; purity
99 %; "*C NMR (15.0 MHz, CDCl,): § 49.0 (C-1), 217.5
(C-2), 40.1 (C-3), 43.2 (C-4), 72.2 (C-5), 35.5 (C-6) and
33.6 (C-7). The IR spectrum was similar to that reported.’

2-Oxabicyclo[3.2.1]octan-3-one (lactone of cis-3-hydroxy-
cyclopentaneacetic acid) (3) was obtained by oxidizing 2-
norbornanone with 3-chloroperbenzoic acid in CH,Cl, in
the presence of p-toluenesulfonic acid at room temperature
for 2-3 d." Yield 75 % purity 96 %; *C NMR (15.0 MHz,
CDCl,): 6 81.1 (C-1), 170.8 (C-3), 29.3, 31.9, 32.5, 35.8
and 40.7 (other carbon atoms); MS [IP 70 eV; m/e (% rel.
int.)]: 126 (11, M), 98 (21, [M-CO]}), 97, [M-CHOYJ), 83
(70, [M-CH,CO]), 82 (100, [M-CO.]), 70 (25), 69 (48), 68
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(12), 67 (94, [M-CO,CHj;]), 56 (19), 55 (61), 54 (57) etc.
The IR spectrum was in agreement with that reported.!!

2-Oxabicyclo[3.3.0]octan-3-one (lactone of cis-2-hydroxy-
cyclopentaneacetic acid) (4) was prepared by stirring (a)
2-norbornenone, (b) lactone (3) or (c) 2-cyclopentenea-
cetic acid in 5 mol dm~* HCIO, at ca. 358 K for ca. 66 h and
extracting the products with ether or CH,Cl,. In case (a),
the ether solution was washed with water until ketoalcohol
2 was totally removed. The organic solution was dried over
Na,SO,, the solvent was evaporated and the product was
distilled in vacuo (b.p. 385.7 K/0.48 kPa). Yield 10-32 %;
purity 95-97%; *C NMR (15.0 MHz, CDClL;): & 86.5
(C-1), 177.8 (C-3), 23.5, 33.5, 33.6, 36.1 and 38.0 (other
carbon atoms). The IR, 'H NMR and MS spectra were in
agreement with those reported. !>

2-Cyclopenteneacetic acid (9) was a commercial product
from Merck-Schuchardt (purity 98 %). C NMR (15.0
MHz, CDCIL,): 6 31.9 (C-1), 133.5 (C-2), 131.7 (C-3), 40.3
(C-4), 29.7 (C-5), 41.9 (C-6) and 179.6 (C-7) (these assign-
ments are tentative).

A mixture of 2- and 3-cyclopenteneacetic acids (9 and 7) was
obtained by hydrolyzing 2-norbornenone in moist DMSO
in the presence of ferr-BuOK." Yield 53 %; purity 95 %
(containing 4 % of tert-BuOH). The mixture of the acids
gave only a single GLC peak, but contained 46 % of 2-, and
54 % of 3-cyclopenteneacetic acids according to NMR ana-
lyses. *C-NMR for the 3-isomer (15.0 MHz, CDCl,): § 33.6
(C-1), 38.8 (C-2), 129.5 (C-3), 40.5 (C-6) and 179.4 (C-7)
(these assignments are tentative). The IR and 'H NMR
spectra of the components were in agreement with those
reported.'>-10

Product analyses. The disappearance of 2-norbornenone
and its probable intermediate products, and the formation
of hydrolysis products in 5 mol dm~ aqueous HCIO,, usu-
ally at 358 K, were followed by GLC by taking samples
after appropriate intervals and either [method (a)] by neu-
tralizing them with concentrated ammonia, centrifuging to
isolate the precipitated salt, and analyzing the aqueous
solutions by gas chromatography, generally with an FFAP
packed column (the ketoalcohol was always analyzed in
this way), or [ method (b)] by extracting the samples with
CH,Cl, and analyzing the organic solutions by gas chroma-
tography with an XE-60 or NB-225 capillary column. Nitro-
benzene, or o- or m-nitrotoluene were used as internal
standards. The analyses of ketoalcohol 2 and lactone 3
were not accurate, possibly due to their decomposition,
especially when analyzing the aqueous solutions. Each run
and analysis was repeated at least once.

The relative peak areas for the components were cor-
rected according to their response ratios (RR) determined
separately in CH,Cl, or acetone and in water (eqn. 7). In

RR, = (a/n)/(a,/n,) 0
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Table 1. Disappearance rate constants for 2-norbornen-5-one and for some for its hydration products in 5.0 mol dm~2 HCIO,, and

activation parameters at 348.2 K.

Substrate TK k/107%s™! Activation parameters
2-Norbornen-5-one 358.2 1.22(10)@ AH* = 109(2) kJ mol~'?
AS* = —-30(6) J mol~! K™'®

2-Oxabicyclo[3.2.1]octan-3-one 358.2 0.44(4)¢

Mixture of 2- and 3-cyclopenteneacetic acids? 338.2 4.07(1)
348.2 12.9(1)
358.2 33.3(6)

2-Cyclopenteneacetic acid 338.2 3.42(14) AH* = 104(6) kJ mol~’
348.2 11.3(7) AS* = —17(18) J mol~" K!
358.2 28.3(9)

3-Cyclopenteneacetic acid 338.2 4.68(20) AH* = 100(6) kJ mol™'
348.2 14.8(6) AS* = —27(18) d mol~' K™’
358.2 35.5(13)

aA mean value of the measurements by methods (a) and (b). °Ref. 1. “The rate constant measured for the formation of 2-oxa-
bicyclo[3.3.0]octan-3-one is (3.7 + 0.4)x107° s™'. “The ratio of the isomers is 46:54, respectively.

this equation, a; = integral of component i in a chroma-
togram, n; = (mass of i)x(GLC purity of i)/(molecular
weight of i). The subscript 1 refers to 2-norbornenone. The
response ratios of ketoalcohol (2) and lactones (3) and (4)
were markedly lower in water than in organic solvents.

Isomerization of 2-cyclopenteneacetic acid (9) to 3-cyclo-
penteneacetic acid (7) was studied by stirring a solution (50
cm?®) of the former acid (0.5 cm®) in 5 mol dm~ HCIO, for
20 or 40 min at 343 K, extracting the solution with CH,Cl,,
drying the organic solution over Na,SO,, evaporating the
solvent in vacuo and analyzing the residue by NMR (‘H
and BC) in CDCl;. The amount of the 3-isomer could be
estimated from the integrals of the signals for the olefinic
hydrogens. '®

Equilibria of lactones (3 and 4) with hydroxycyclopentanea-
cetic acids (5 and 6) were studied by alkali titration of the
hydroxyacids formed from the lactones (initially 0.014 mol

dm™) in 0.02 and 0.1 mol dm* HCIO, at 298.2 K after S
and 2 days, respectively.!” The low solubilities of the lac-
tones made the measurements rather inaccurate.

Results and discussion

The disappearance rate constant (Table 1) measured in this
work for 2-norbornen-5-one (1) in 5.0 mol dm™* HCIO, at
358.2 K is in agreement with that measured earlier
(1.24x107*s7"). ! Norbornenone yields the following prod-
ucts detectable by GLC: exo-5-hydroxy-2-norbornanone
(ketoalcohol, 2), 2-oxabicyclo[3.2.1]octan-3-one (the lac-
tone of cis-3-hydroxycyclopentaneacetic acid) (d-lactone,
3) and 2-oxabicyclo[3.3.0]octan-3-one (the lactone of cis-2-
hydroxycyclopentaneacetic acid) (y-lactone, 4) (see Fig. 1
and Scheme 1). The ketoalcohol and the y-lactone are
practically stable products in the reaction medium, but the
O-lactone rearranges to the y-lactone at a rate which is
ca. 36 % of the rate of disappearance of norbornenone,
(Table 1)."*

%
100
80
60
X
40
2 ]
0l ...~,<4 Fig. 1. The amounts (mol %) of the substrate and products
S (visible in the GLC analyses) during the hydration of 2-
- _;.-._7,,,.4.35-;_":"" »’f 0\01 norbornen-5-one in 5.0 mol dm~2 HCIO, at 358.2 K. Symbols:
f;Z-T-ZX—' 1 ) + “-~~—‘lr- _________ +3 A O, 2-norbornen-5-one (1); O, exo-5-hydroxynorbornan-2-one
: 100 200 300 200 /"‘9‘1400 (2); +, 2-oxabicyclo[3.2.1]octan-3-one (3); and X, 2-

t/min oxabicyclio[3.3.0]-octan-3-one (4).
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Scheme 1

The rearrangement of the d-lactone was investigated
separately under the conditions mentioned above. Its dis-
appearance followed satisfactorily, and the formation of
the y-lactone followed nicely, first-order kinetics. The GLC
peak area for the y-lactone in the final samples (taken after
ten half-lives) was on an average 2.34 + 0.06 times greater
than that for the d-lactone in the initial samples. An evi-
dent explanation is the existence of an equilibrium between
the d-lactone and cis-3-hydroxycyclopentaneacetic acid (5),
with an equilibrium constant ([hydroxyacid]/[lactone]) of
1.34 £ 0.05. The equilibrium constant was also measured
under milder conditions, viz. in 0.02 and 0.1 mol dm™
HCIO, at 298.2 K, and the resulting values (0.81 + 0.07 and
1.26 £ 0.12, respectively) agree fairly well with the value
above. Thus, the acid concentration and temperature have
no marked effect on the equilibrium constant.

An equilibrium between the y-lactone and cis-2-hydroxy-
cyclopentaneacetic acid (6) was also studied in 0.02 and 0.1
mol dm™ HCIO, at 298.2 K. The equilibrium constants,
0.013+0.015 and 0.038 +0.035, respectively, show that
the proportion of hydroxyacid at equilibrium is very small
in this case. The equilibrium constants for the y- and &-
lactones are in agreement with those measured for sub-
stituted y-butyrolactones and d-valerolactones.'’

The formation of ketoalcohol (2), which obeys fairly well
first-order kinetics, is easy to rationalize (Scheme 1) on the
basis of the earlier mechanistic results.' The carbon—carbon
double bond of norbornenone (1) is slowly protonated at
C(3). and the resulting 5-oxo-2-norbornyl cation (I,) is
subsequently attacked by a water molecule from the exo
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side. A possible Wagner-Meerwein rearrangement of the
cation is degenerative and produces the enantiomeric ke-
toalcohol.

The rationalization of the formation of the lactones (3
and 4: Scheme 1) is more complicated. Since their amounts
are considerable (Fig. 1), they are probably also formed via
protonation of the carbon—carbon double bond, although
in this case at C(2). The carbonyl group of the 6-oxo0-2-
norbornyl cation (I,) formed is in a proper position for
donating conjugatively electrons to the carbocation center,
causing fragmentation of the cation.*¢ The new 3-cyclopen-
tenylethanyl cation (I;), which is probably more stable than
the 6-0xo-2-norbornyl cation,® is subsequently attacked by
a water molecule producing 3-cyclopenteneacetic acid (A3-
acid, 7). No formation of another possible hydration prod-
uct, viz. exo-6-hydroxy-2-norbornanone (8), was detected.
This ketoalcohol is probably rather unstable, since an at-
tempt to prepare it by hydrolysis of the corresponding
acetate' in aqueous alkali failed.

The reaction of cyclopenteneacetic acid was investigated
separately in the same medium. The disappearance of the
mixture of 3- and 2-cyclopenteneacetic acids (A’ and A%
acids, 7 and 9, in the ratio 54:46) obeyed nicely first-order
kinetics, but the fit to first-order kinetics for the pure
A*-acid was only satisfactory (Table 1). This was assumed
to be due to the close similarity of the rate constants for the
acids and to a possible isomerization of the acids to each
other, the equilibrium constant being close to unity. The
isomerization of the A-acid to the A’-acid could also be
detected by 'H and “C NMR measurements (see Experi-




mental). After 32% and 50 % disappearance of the A%
isomer, 3.5 % and 6 % of the A*-isomer, respectively, were
formed. By subtracting the calculated peak area for the
A?-acid from that for the mixture in every GLC sample, the
disappearance rate constant for the A*-acid could be eval-
uated (Table1). It is 25% greater than that for the A%
iomer, and 29 times greater than the disappearance rate
constant for norbornenone in 5.0 mol dm™3 HCIO, at 358.2
K. Thus, the rate of isomerization of the A%- and A3%-acids
to each other is ca. 3 times greater than the rate of hydra-
tion of norbornenone.

The disappearance rate constants for cyclopenteneacetic
acids were also measured at different temperatures and the
activation parameters were calculated from the data. The
values are slightly disturbed by the mutual isomerization of
the acids. The activation entropies, viz. — 17 and - 27 J
mol~! K~! for the A%- and A’-isomers, respectively, are
similar to the value measured for the hydration of cyclo-
pentene (- 27 J mol™! K™! at 348.2 K), and the rate con-
stants are 8 (A%acid) and 6 (A3-acid) times smaller than
that measured for hydration of cyclopentene.”” The data
are in accordance with slow protonation of the carbon-
carbon double bond, since the inductive effects of the 3-
and 4-carboxymethyl substituents? retard the hydration of
cyclopentene.

The protonation of the carbon—carbon double bond of
cyclopenteneacetic acids produces carbocations, which are
subsequently attacked by present nucleophiles. The attack
of a water molecule produces 3- and 2-hydroxycyclopenta-
neacetic acids (5 and 6; both cis- and trans-forms are pos-
sible), and the intramolecular attack of the carboxyl group
produces - and y-lactones (3 and 4; Scheme 1). The pre-
pared mixture of cyclopenteneacetic acids produced the 8-
and y-lactones in a rather steady ratio of 63:37, and the
pure A%-acid in the ratio 45:55. Thus, a ratio of 79:21 can be
calculated for the A’-acid. This is equal to that (78:22)
measured for the hydration of norbornenone 30 min after
the start of the reaction. This supports the view that 3-
cyclopenteneacetic acid (7) is the first uncharged interme-
diate product in the route started by the protonation of
norbornenone at C(2) (see above). In the subsequent sam-
ples from the hydration of norbornenone, the proportion of
the y-lactone increased and that of the d-lactone began to
decrease (Fig. 1). The rather fast isomerization of the A
acid to the A’isomer and the ca. ten times slower re-
arrangement of the d-lactone to the y-lactone explain the
variation of the ratio of the lactones with time.

The unsaturated acids (7 and 9) are not visible in the
GLC analyses of the samples taken during hydration of
norbornenone due to their low concentrations: they are
formed slowly but disappear rapidly. It is interesting to
note that the salts of the same acids are also formed as final
products in the basic hydrolysis of norbornenone.” The
hydroxycyclopentaneacetic acids (5 and 6) are also un-
detectable by the GLC analysis technique used, because
they are neutralized to their salts when the reaction is
stopped by addition of ammonia [method (a); see Experi-
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mental] or because their solubilities in CH,Cl, are poor
[method (b); cf., only a trace, ca. 1 %, of the ketoalcohol 2
was observed by method (b) for the same reason].

It is possible to estimate roughly the total amount of the
non-visible products by subtraction of the percentages of
norbornenone and the visible products from one hundred
(Fig. 1). The difference increases from 6 % (30 min) to
35 % (390 min), although not steadily. A part (6 to 13 %) of
the difference is evidently due to cis-3-hydroxycyclopenta-
neacetic acid (5), which is in equilibrium with the d-lac-
tone. The remainder of the difference is possibly due to the
trans forms of the hydroxyacids (5 and 6). The difference
for the final sample (14 %) is smaller than for the previous
ones. This is reasonable, since the cis form hydroxyacid §
also isomerizes to the y-lactone, the corresponding acid (6)
of which does not occur to any appreciable extent in the
equilibrium (see above).

The data above show that cyclopenteneacetic acids (7
and 9), lactones (3 and 4) and hydroxycyclopentaneacetic
acids (5 and 6) are generated instead of exo-6-hydroxy-2-
norbornanone (8) from norbornenone. The formation of
these fragmentation products supports the strong hyper-
conjugative effect of the carbonyl group.*¢ The same fran-
gomeric effect also controls the ratio of protonation at C(2)
and C(3) of norbornenone, since the protonation should
occur almost exclusively at C(3) on the basis of the elec-
tron-attractive inductive effect of the carbonyl group.? The
frangomeric effect is, however, not so great as could be
presumed from the product analysis made by Carrupt and
Vogel (eqn. 4).° This is probably due to the different stages
of the reactions which control the formation of the prod-
ucts. In the case of the acid-catalyzed hydration of nor-
bornenone, the slow protonation of the olefinic carbon
atoms also determines the ratio of the formation of the
ketoalcohol and the fragmentation products, but in the case
of the addition of benzeneselenyl- and arenesulfenyl ha-
lides to norbornenone, the formation of the different prod-
ucts is determined by the attack of nucleophiles (ClI~ or
Br™) on the cyclic cation (I,).

The ratio of protonation of C(2) and C(3) of 2-nor-
bornen-5-one is, according to the present work, 43:57 (+2)
if only the products detectable by GLC are taken into
account; 53:47 (%2) if the estimated amount of cis-3-hy-
droxycyclopentaneacetic acid (5) is also included; and
63:37 (£1) if the roughly estimated amount of trans-hy-
droxycyclopentaneacetic acids (5 and 6) is additionally in-
cluded. The kinetically obtained ratio, 38:62 (*1; see
above), agrees best with the first of these values, but the
resisting effect of a methyl group at C(3) with respect to the
transfer of the positive charge from C(3) to the carbonyl
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group (eqn. 8) may make the kinetic ratio too small. The
other two product-analytic ratios are thus probably more
correct. They show that protonation at C(2) is slightly more
favored than at C(3), which is in agreement with the calcu-
lated gas-phase energies of 6- and 5-oxo-2-norbornyl ca-
tions (I, and I,, respectively).® The discrepancy between
the kinetic and product-analytic ratios is, however, rather
small. -
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