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Acid-catalyzed Hydrolysis of Bridged Bi- and Tricyclic
Compounds. XXIII. Kinetics of Hydration and Hydrolysis
of exo- and endo-5-Chloromethyl-2-norbornenes and
3-Chloromethylnortricyclane
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Total disappearance rates of exo- and endo-5-chloromethyl-2-norbornenes (I and 2) and
3-chloromethylnortricyclane (3) in aqueous perchloric acid have been divided between two
competing reactions, hydrolysis of the chloromethyl group and hydration of the double bond
or the cyclopropane ring. The rate constants for the hydrolysis have been estimated from the
disappearance rates of exo- and endo-2-chloromethylnorbornanes (4 and 5). The hydrolysis is
evidently an acid-catalyzed reaction (an A-2 mechanism). The hydrations of the double bond
and the cyclopropane ring occur by A—Sz2 mechanisms and their rate constants agree with
those of other substituted norbornenes and nortricyclanes. The portions of hydrolysis are ca.
15, 33 and 4 % of the total disappearance rates of I, 2 and 3, respectively in 1 mol dm™
HCIO, at 348 K.

Primary alkyl halides, especially chlorides, are generally hydrolyzed very slowly in water
(e.g. k=6.6x107¢ s! at 348.2 K for n-butyl chloride).”? If, however, formation of a
carbocation is possible, the hydrolysis rates are much greater (e.g. k=2.1x10"2s™* for benzyl
chloride and ca. 0.14 s™! for cyclopropylmethyl chloride at 348.2 K)."? Acid catalysis has
been observed in the hydrolysis of primary alkyl halides only when formation of a
carbocation is probable, e.g. in the case of benzyl halides.?* In the case of primary aliphatic
chlorides the effect of perchloric acid is similar to that of sodium perchlorate: it retards the
reaction rate (a linear relationship prevails between log k and the concentration of the
electrolyte).? Some cations, such as Ag* and Hg?*, have a special promoting effect on the
hydrolysis rates of alkyl halides.*>

A bromomethyl group has recently been used as a substituent in the hydrolysis of
6-substituted 2-norbornyl tosylates without any side reactions caused by the substituent.®’
Thus a chloromethyl group might also be a stable substituent in the acid-catalyzed
hydrations of 5-substituted 2-norbornenes and 3-substituted nortricyclanes.®® This idea is
tested in the present work by measuring the total disappearance rates of exo- and
endo-5-chloromethyl-2-norbornenes (I and 2) and 3-chloromethylnortricyclane ((3) in
aqueous perchloric acid and by estimating the hydrolysis rates of the chloromethyl group by
measuring the disappearance rates of the substrates in aqueous sodium perchlorate and the
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disappearance rates of their saturated analogues, exo- and endo-2-chloromethylnorbornanes
(4 and 5), in aqueous HC1O, and NaClO,. However, the main aim is to get more data for the
investigation of substituent effects on the hydration of norbornenes and nortricyclanes.®®

EXPERIMENTAL
Syntheses. An effort was made to enrich a commercial mixture of S5-hydroxymethyl-2-

norbornenes (Fluka AG, exo/endo=15/85) on a Perkin Elmer Auto Annular Still. The
separation was, however, poor. The best fractions were separated twice on a Perkin Elmer F
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21 Preparative Gas Chromatograph (FFAP column). Part of the two pure (=98 %) epimers
was treated with thionyl chloride in pyridine, which reaction produced the corresponding
5-chloromethyl-2-norbornene (I and 2) with about 20 % of 2-oxatricyclo[4.2.1.0]nonane, an
endo ether, whose retention time (FFAP and Carbowax 20 M columns) was nearly the same
as those of the chloromethylnorbornenes. The impurity is stable in concentrated mineral
acics,'® thus no effort was made to remove it. Part of the epimeric chlorides was
hydrogenated in acetone into the corresponding saturated chlorides (4 and 5) using
palladium on carbon as catalyst.

3-Chloronortricyclane *!! was transformed into nortricyclyl magnesium chloride with
magnesium turnings in diethyl ether. Bubbling of carbon dioxide through the solution on an
ice bath and addition of aqueous hydrogen chloride produced 3-nortricyclane carboxylic
acid. It was reduced by lithium aluminium hydride in diethyl ether into 3-hydroxymethylnor-
tricyclane, which was turned into 3-chloromethylnortricyclane (3) by thionyl chloride in
pyridine.

The substrates were identified from their IR (—Cl 710-735 cm™), 'H NMR (dcu,c1
3.3-3.6), and *C NMR (Scy,c1 47-50) spectra.'>1

Kinetics. The disappearance of a substrate was followed by taking samples after
appropriate intervals from an aqueous solution of the substrate, by neutralizing and dilutin
(1:1) the acidic samples (LCIO, solutions, L=H or D) with cold ammonia or diluting (1:1
the neutral samples (NaClO,4 and pure L,O solutions) with cold Sorensen phosphate buffer
(pH 7.0), by chilling the sample tubes in crushed ice, and by analyzing them by GLC (FFAP
and Carbowax 20 M columns). The reaction solutions were very dilute in regard to the poor
solubilities of the substrates (7x10~>*~4x10* mol dm™). The solution also contained about
the same amount of cyclopentanone, cyclohexanone, norcamphor, or camphor, which were
used as internal standards in GLC analyses. When pure water was used as reaction medium,
it was redistilled before use.

Precautions were made to prevent evaporation of the substrates by keeping the air
volume of the reaction vessel small and the stopper tightly closed between the samplings.
The reaction vessel was protected from light during the runs. The GLC analyses demanded
the highest available sensitivity of the GLC apparatus (Perkin Elmer F 11) and were not very
accurate. Therefore they were repeated at least once, often twice or more times, and each
rate constant was measured 2—4 times.
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Table 1. Rate constants of disappearance for exo- and endo-5-chloromethyl-2-norbornenes
1 and 2), 3-chloromethylnortricyclane (3), and exo- and endo-2-chloromethylnorbornanes
4 and 5) in aqueous solutions, and activation parameters (at 298.2 K) and solvent deuterium

isotope effects (M=mol dm™).

Sub- Solution Temp./ ky/ Activation parameters and
strate K 105 st solvent isotope effects

1 1MHCIO, 298.2 0.54(6)*
1 M HCIO, 318.2 6.3(4 AH*=94(3) kJ mol™'®
1 M HCIO, 328.2 19.5(6 AS*=-29(8) J mol™! K1®
1 M HCIO, 338.2 50.1(8
1 M DCIO, 338.2 72(2 kyl/kp=0.69(3)
1 M HClIO, 348.2 151(4
1 M HCIO, 348.2 148(8)?
1 M NaClO, 348.2 7.6(2)

2 1M HCIO, 298.2 0.295(4)*
1 M HCIO, 318.2 3.16(10) AH*=91(1) kJ mol™'®
1 M HCIO, 328.2 9.2(2 AS*=-45(1) J mol™! K1®
1 M HCIO, 338.2 25.1(5
1 M DCIO, 338.2 34.4(10 ky/kp=0.73(4)
1 M HCIO, 348.2 65.8(12
1 M HCIO, 348.2 67.2(5)*
1 M NaClO, 348.2 7.3(2)
H,0 348.2 2.45(10)

3 1M HCIO, 298.2 1.79(8)*
1 M HCIO, 318.2 19(2 AH*=90(1) kJ mol1®
1 M HCIO, 328.2 534 AS*=-32(4) J mol* K®
1 M HCIO, 338.2 146(3)
1 M DCIO, 338.2 110(3) ku/kp=1.32(6)
1 M HCIO, 348.2 387(16)
1 M HCIO, 348.2 380(8)*
1 M HCIO, 348.2 4.8(4)

4 1M HCIO, 298.2 0.33§5)“
1 M HCIO, 318.2 1.96(3) AH*=70(3) kJ mol™
1 M HCIO, 328.2 5.2(1) AS*=-114(10) J mol'! K!
1 M HCIO, 338.2 10.2(3
1 M DClO, 338.2 17.1(5 ku/kp=0.60(3)
1 M HCIO, 348.2 21.2(3
1 M HCIO, 348.2 22.4(14)?

5 1MHCIO, 298.2 0.4754;"
1 M HCIO, 318.2 2.45(9 AH*=64(2) kJ mol!
1 M HCIO, 328.2 5.6(1 AS*=-132(6) J mol! K!
1 M HCIO, 338.2 10.6(1
1 M HCIO, 348.2 21.5(5
1 M HCIO, 348.2 21.9(8)*
1 M DClO, 348.2 39.8(14) ky/kp=0.54(3)
1M NaClO4(HZO; 348.2 7.5(4)
1 M NaClO4(D,0) 3482 6.9(2) ky/kp=1.08(10)
H,0 348.2 3.0(1)
D,0 348.2 2.4(1) ku/kp=1.27(9)

¢ Calculated from the activation parameters; rate constants in dm® mol™ s™*. ® Apparent values due to
two competing reactions.
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RESULTS AND DISCUSSION

The total disappearance rate constants for exo- and endo-5-chloromethyl-2-norbornenes (1
and 2), 3-chloromethylnortricyclane (3), and exo- and endo-2-chloromethylnorbornanes (4
and 5) in aqueous 1.00 mol dm= HCIOj at different temperatures are listed in Table 1. The
activation parameters and the solvent deuterium isotope effects are also presented.

Earlier measurements of hydrolysis rate constants for primary alkyl halides have been
made titrimetrically (AgNO3) or conductometrically.!? From the results by Koskikallio ? the
hydrolysis rate constant can be estimated for n-butyl chloride in 1 mol dm™ HCIO, at 348.2
K to be ca. 4.7x107° s! (no acid catalysis, see above). The uncatalytic hydrolysis rate of
isobutyl chloride is roughly six times slower.!"** Thus the hydrolysis rates measured in this
work for exo- and endo-2-chloromethylnorbornanes (Table 1, 4 and 5) are ca. 280 times
higher than that of isobutyl chloride, an aliphatic analogue of the bicyclic chlorides. It is
improbable that this large deviation is due to the difference in methods of measurement. It is
easier to suppose that the high rate of hydrolysis of 2-chloromethylnorbornanes is due to an
acid catalysis (see above). To study the hydrolysis more extensively the disappearance rate
constants were measured for the endo epimer in aqueous HCIO4—NaClO, solutions (Fig. 1),
in NaClO4(D,0), and in ordinary and heavy water (Table 1). Some measurements were also
made for the other substrates in these solutions (Table 1).

The hydrolysis rate of endo-2-chloromethylnorbornane (5) is 2.5 times as high in 1 mol
dm™ NaClO4(H,0) and 7 times as high in 1 mol dm™3 HCIO4(H,0) as in ordinary water.
This kind of behavior is different from that of e.g. benzyl chloride, but resembles that of
benzyl fluoride.>® The solvent deuterium isotope effects for 5 in L,O (L=H or D,
ku/kp=1.3) and in aqueous NaClO, (ky/kp=1.1) are normal for the hydrolysis of alkyl
halides in water,’'* but those measured for 4 and 5 in perchloric acid (ku/kp=0.5 to 0.6) are
exceptional. The last values are, however, typical of the acid-catalyzed hydrolyses of many
oxygen and nitrogen compounds, which reactions occur via a fast pre-equilibrium
protonation of the hetero atom followed by a monomolecular (A-1 mechanism) or
bimolecular (A-2 mechanism) rate-limiting stage.!>’® The values are, however, different
from that measured for benzyl fluoride (ky/kp=0.98 at 323.2 K).?
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Fig. 1. Disappearance rate constants of
endo-2-chloromethylnorbornane (5) versus
HCIO, concentration of the solution. Ionic
strength=1.00 mol dm™ with the aid of
NaClO,.
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The rate constants measured in HCIO,—NaClOj solutions (ionic strength 1 mol dm™) at
348.2 K for 5 (Fig. 1) show that the acid-catalyzed portion of the hydrolysis is still minimal in
0.33 mol dm™ acid, but becomes more observable in higher acid concentrations. The
activation enthalpies and entropies measured for the hydrolysis of chloromethylnorbornanes
(4 and 5) in 1 mol dm™ HCIO, (Table 1) are typical of the A-2 type acid-catalyzed reaction
where one or more water molecules participate in the rate-limiting stage of reaction, e.g.
according to eqn. (1).!6

+
GIH-OH,
Hq0* + 3H0 ! _ .
Rcuzca.__—hl*;acnzu-u =2, R-CHy —>RCHa0H +C1™+ 2H30
1

(6H2)2

Comparison of the disappearance rate constants measured in 1 mol dm HCIO, for exo-
and endo-5-chloromethyl-2-norbornenes (I and 2) and for exo- and endo-2-chloromethyl-
norbornanes (4 and 5) shows that the hydrolysis of the chloromethyl group may be a
noteworthy reaction of 1 and 2. In order to estimate its portion, the disappearance rates of 1
and 2 were measured in 1 mol dm™ NaClQ,, where the acid-catalyzed hydration of the
double bond does not occur. The rate constants at 348.2 K (Table 1) are 9—20 times slower
than in 1 mol dm= HCIO,. They are equal in the limits of experimental error to the
disappearance rate constant of endo-2-chloromethylnorbornane (5) in 1 mol dm™ NaClO,.
The hydrolysis rates of 2 and 5 in water are also close to each other.

If it is assumed that the replacement of the 1 mol dm= NaClO, solution by the 1 mol
dm™ HCIO, solution causes a similar increase of rate (x2.9 at 348.2 K) in the hydrolysis of
the chloromethyl group of norbornanes (4 and 5) and norbornenes (I and 2), the hydrolysis
rates of 1 and 2 can be estimated from the disappearance rates of 4 and 5 measured under the
same conditions. The portions of the hydrolysis of the chloromethyl group in the total
disappearance of I and 2 are, when estimated in this way, 15 and 33 %, respectively, in 1
mol dm™ HCIO, at 348.2 K.

In the case of 3-chloromethylnortricyclane (3) the best reference compound for the
estimation of the hydrolysis rate of the chloromethyl group would be 7-chloromethylnorbor-
nane (6). Its synthesis, however, failed. So the rate constants measured for 4 and 5 and
multiplied by the ratio of the hydrolysis rate constants of 3 and 1 or 2 (very similar) in 1 mol
dm™ NaClO, at 348.2 K (i.e. 4.8x10%/7.5x107%) were used as the rate constants of
hydrolysis of the chloromethyl group of 3. The portion of hydrolysis is quite small, ca. 4 %
in 1 mol dm™ HCIO, at 348.2 K.

Now we can calculate the approximate hydration rate constants for substrates 1—3
(Table 2): e.g. Knyarat.(I)=Kaisapp.(1)—Kaisapp.(4). The activation parameters and solvent
deuterium isotope effects have also been calculated. The value of the activation entropy is in
the case of 1 and 3 typical of the slow protonation of the double bond or the cyclopropane
ring (A—Sg2 mechanism), but exceptional (>0) in the case of the endo epimer (2).%° The
method of estimation of the rate constants and the experimental inaccuracy are probable
reasons for the last value, but it might also be effected by the endo-5-chloromethyl group
close to the double bond. The hydration rate of 2 is 2.5 times slower than that of I in 1 mol
dm™3 HCIO, at 348.2 K. The deuterium solvent isotope effects for the hydration of 1 and 2
are somewhat exceptional (ky/kp=<1), evidently due to the reasons mentioned above, but
that mesured for 3 is normal for the slow protonation of the cyclopropane ring.®’
Comparison of the hydration rate constants of 1—3 with those of other 5-X-substituted
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Table 2. Rate constants of hydration for exo- and endo-5-chloromethyl-2-norbornenes (1
and 2) and 3-chloromethylnortricyclane (3) in 1.00 mol dm™ HCIO,, and activation
parameters (at 298.2 K) and solvent deuterium isotope effects.

Sub- Temp./ ky/ Activation parameters and
strate K 1075 s solvent isotope effects
1 2982 0.31(4)*
318.2 4.3(5 AH* =101§3) kJ mol!
328.2 14.3(6 AS*=-11(8) J mol™ K!
338.2 39.9(9
338.2 55(2)° ku/kp=0.72(5)
348.2 130(5
348.2 127(7)
2 298.2 0.030(6;“
318.2 0.71(14 AH'*=125(5) kJ mol™?
328.2 3.6(3 AS*=51(15) J mol™ K™
338.2 14.5(5
338.2 15.2(12)° ku/kp=0.95(11)
348.2 44.3(13
348.2 50(5)*
3 298.2 1.58(8)?
318.2 17.5 AH*=92(1) kJ mol
328.2 49.2 AS*=-28(4) J mol™! K!
338.2 139
338.2 9g® kkp=1.42
348.2 373
348.2 377109)*
4 Calculated from the activation parameters; rate constants in dm> mol™ s, ® Measured in 1.00 mol

dm DCIO,.

2-norbornenes and 3-X-substituted nortricyclanes (X=H, CH,OH, OH, COCHj3, CN, and
NO,, cf. Ref. 8) shows that also the rate constants calculated for the hydration of the double
bond of the 5-chloromethyl-2-norbornenes and the cyclopropane ring of 3-chloromethylnor-
tricyclane are of the order of magnitude expected.
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