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The 2,2,2-trifluoroethanesulfonates (tresylates) of specifically deuterated cis-2-acetoxycyclohexanol (cis-18d, -
cis-lad, cis-18'd;) and trans-2-acetoxyeyclohexanol (trans-18d, trans-lad, trans-18'dy) were solvolyzed in 97 wt
% trifluoroethanol at 93 and 55°C, respectively, and the secondary deuterium isotope effects were measured. The
solvolysis products from the trifluoroethanolysis of the unlabeled isomeric tresylates cis-1 and trans-1 were also
determined. The « effect in trans-lad is similar in magnitude to the effects observed in SN2 reactions (ku/kp =
1.03). The B effects in trans-18d and trans-18'ds are also small (ku/kp = 0.98 and 1.04, respectively), reflecting
the absence of significant hyperconjugative stabilization, These results are in agreement with a transition state
structure closer to the oxonium ion intermediate than to the reactants. The results obtained in the solvolysis of
the corresponding cis derivatives are significantly different. The « effect is large (ku/kp = 1.20) indicating that
ionization to the solvent-separated ion pair is rate determining, while the § effects are “normal” but larger for cis-
18d (1.34) than for cis-18'dz (1.23). On the basis of these results it was concluded that the cis derivative solvolyzes
via a twist-boat transition state. The present work demonstrates the sensitivity of secondary deuterium isotope

effects to structural changes of solvolytic transition states.

“The deuterium isotope effect has become one of the
most important of the tools which physical organic chem-
ists employ in the elucidation of the mechanisms of chemi-
cal reactions”, but “a dilemma has plagued the interpreta-
tion of the experimental data”. In 1961 when Westheimer
wrote these lines,! the dilemma was associated with a spec-
trum of values of the ratio ku/kp. Regretfully, a lack of un-
derstanding of the meaning of differences in the magni-

tudes of observed isotope effects still pertains today.2 In
spite of a satisfactory theoretical treatment of isotope ef-
fects, primary® as well as secondary,3# the interpretation of
isotopic rate data rests mostly on the empirical comparison
of these effects in systematically varied and closely related
systems. The success of such an approach has been amply
demonstrated by Shiner and co-workers® in their studies of
nucleophilic substitution reactions.
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We have shown® that the magnitude of secondary isotope
effects changes in a predictable manner with the degree of
bond breaking and bond making in the transition states of
reactions proceeding with neighboring group participation.
These studies involved mostly = and ¢ participation,
whereas only a few data are known for n-participating sys-
tems.” In the present paper, we report kinetic and product
studies on the trifluoroethanolysis of specifically deuterat-
ed cis- and trans-2-acetoxycyclohexyl 2,2,2-trifluoroeth-
anesulfonates (tresylates). The solvolysis mechanism of the
corresponding tosylates was elucidated in detail by Win-
stein,® which makes this substrate particularly appropriate
for systematic studies of the mechanistic meaning of small
differences in the ku/kp values.

Results

Undeuterated cis- and trans-2-acetoxycyclohexyl tresyl-
ates (trans-1, cis-1) were prepared according to Scheme I
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using a slightly modified version of the published proce-
dures.?10

The synthesis of specifically deuterated substrates (cis-
18d, trans-18d, cis-lad, trans-lad, cis-18'ds, trans-18'ds)
could not be accomplished by the more convenient tresyla-
tion of deuterated 2-acetoxycyclohexanol, because prelimi-
nary examinations have shown that any method involving
the preparation of sulfonate esters from 2-acetoxycyclohex-
anols leads to migration of the acetyl group.!! In our case
such a migration results in distribution of deuterium be-
tween positions 1 and 2 in the cyclohexane ring:

D D
0 OH OAc
@ “—> -

OAc OAc OH

Therefore indirect synthetic routes, shown in Schemes
II-1V, were developed for the preparation of specifically
deuterated 2-acetoxycyclohexyl tresylates.

The synthetic scheme required the introduction of the
tresyl group at an early stage of the synthesis. Fortunately
no significant loss of material due to hydrolysis was ob-
served during subsequent steps. However, some unavoid-
able loss of deuterium was observed during the conversion
of 8 to 10.

Solvolyses of trans-2-acetoxycyclohexyl tresylates
(trans-1, trans-1Bd, trans-lad, trans-18'ds) were accom-
plished in 97 wt % 2,2,2-trifluoroethanol at 55 °C for 3 h
(about 3 half-lives). The rates were measured potentiomet-
rically at a constant pH.12 Standard ampule technique in
the presence of 2,6-lutidine had to be used for the less reac-
tive tresylates cis-1, cis-18d, cis-lad, and cis-18'ds (see
Experimental Section for details). Clear first-order kinetic
behavior was observed in all cases. The kinetic results are
presented in Table I.

Table II gives the composition of solvolysis products as

Scheme II
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Table I. Deuterium Isotope Effects in the Solvoylsis Table II. Solvolysis Products of cis- and
of Some 2-Acetoxycyclohexyl Tresylates in 97% TFE trans-2-Acetoxycyclohexyl Tresylates in 97 wt % TFE
Compd Temp, °C Ex 10% s ky/kp? Substrate Products
cis-18d 923 1.81 (1)® 1.34 (3)? LOTy OH
trans-13d 55 21.0 (1) 0.98 (1) Q O:
cis-lad 93 2.01 (5) 1.20 (3)
25¢ 1.25¢ o € oo
trans-lad 55 20.00 (8) 1.03 (1) i
25¢ 1.083¢ OTr L OH (OCH,CF, OH
cis-18'd 93 1.98 (5) 1.23 (6) O: O\ (I
trdns-lﬁz’d 55 19.75 (8) 1.04 (1) OAc 0Ac OAc OAc
4 The values are corrected to 100% deuterium content, 55.6% 284% 44%
Rate constants for undeuterated compounds trans-1 and OCH,CF, 0
cis-1 were 2.050 = 0.006 X 107% s at 55°C and 2.43 + O: O/
0.04 X 10~° s~ at 93 °C, respectively. ? The errors are given
as standard errors, e.g., 1.34 (3) = 1.34 = 0.03. The values 6.5%

of the isotope effects were calculated using three (for cis-
18d, cis-lad, cis-18'd,) to six (for trans-13d, trans-1ad,
trans-1f3'd,) individual rate constants for both deuterated
and undeuterated compounds. ¢ Calculated from the ob-
served values at higher temperatures assuming no isotope
effect in the Arrhenius preexponential factor. For the rel-
ative temperature independence of $-deuterium effects see
ref 5, p 148.

established by gas chromatography. For comparison the
necessary trifluoroethyl ethers (20, 21) were synthesized as
shown below:

O:O CF,CH,OH/H*

OH OAc
AcCl
—
CC Py CC

OCH,CF, OCH,CF,
20 21
Discussion

The results obtained in the course of this work leave lit-
tle doubt that in the solvolysis of cis- and trans-2-cyclo-
hexyl tresylate small differences in the values of secondary
deuterium isotope effects can be correlated with different
transition state structures.

Only the trans isomer of the two isomeric acetoxy tresyl-

5.1%

ates solvolyzes by acetoxy participation and the formation
of a bridged intermediate.®13

CH, ™ CH, _P:

I |
C
/ \O H — O/ \O

1 OTr

trans-1

In concert with this mechanism the magnitude of the ob-
served a effect is characteristic for direct displacement re-
actions involving partial bond formation with the entering
internal nucleophile. Such small effects have been observed
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previously in SN2 reactions!? and in n-participating solvo-
lyses.® The rate effects of deuterium substitution in the 3
positions also support the established mechanistic path-
way. The structure of the bridged cation, and consequently
of the transition state leading to it, implies charge delocali-
zation. In a delocalized bridged ion stereoelectronic factors
render additional hyperconjugative stabilization by adja-
cent C-H(D) bonds superfluous.1?2:15 The §-isotope effects
reflect this situation in detail. Labeling at C, affords a
small rate increase indicative of greater inductive electron
withdrawal from the C-D bond relative to the C-H bond.!6
The steric orientation of this bond also minimizes hyper-
conjugation. The rate effect of replacing deuterium for pro-
tium at Cg is also small but positive (ku/kp = 1.04) reveal-
ing some hyperconjugative interaction with C;. This is not
surprising since bridging is probably not complete in the
transition state and steric orientation of the Cg-D bonds
does not preclude hyperconjugation. The observed effect
parallels those in other delocalized transition states.l” It is
likely that here, as in cis-4-tert-butyleyclohexyl tosylate
solvolysis,® only the axial Cs-D bond is properly oriented
for interaction with the reaction center.

From the product composition it can be inferred that
97% TFE behaves similar to wet acetic acid. For this sol-
vent Winstein proposed? the intermediacy of orthoacetate
which is formed from the initial acetoxonium ion by attack
of water and loss of proton. This reaction affords cis-2-ace-
toxycyclohexanol, which was in our case the only product
formed. ,

Inspecting the results obtained with the cis isomer an en-
tirely different picture emerges. Here acetoxy participation
is absent and the solvolysis is ~10° times slower (at 50 °C).
The o effect is close to its maximum value for the solvolysis
of sulfonate esters (~1.23) which is characteristic for rate-
determining formation of the solvent separated ion pair.!8

The stereochemistry of the substitution products (90%
inversion and 10% retention) also supports the formation of
the solvent separated ion-pair intermediate. The substitu-
tion pathway should in this case be similar to the one ob-
served in reactions of simple cyclohexyl derivatives in sol-
vents of high ionizing power and low nucleophilicity.'®

Both 8 effects are normal in magnitude and direction.
However the Cs-do compound cis-18'ds shows a smaller ef-
fect than the Co-d;-tresylate cis-18d (1.23 vs. 1.34). This,
we believe, can be rationalized as follows. In a chair confor-
mation the axial and equatorial deuteriums at Cg are not
equivalent for hyperconjugation?® and the effects should be
0.944 (equatorial) and 1.174 (axial), respectively.?! The
maximal effect in this configuration should be 0.94 X 1.174
= 1,11, which is considerably less than observed. However,
cis-2-acetoxycyclohexyl tresylate, with two bulky groups
cis to each other, should prefer a twist-boat conformation.
In this conformation the dihedral angles between the Cg-D
bonds and the developing p orbital at C; are not optimal

H H
6 H
OTr OAc
cis-1
H g
H
3 —> products
! OAc
OTr
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for hyperconjugation but both deuteriums can interact par-
tially, leading to an effect of intermediate value.22

The larger effect with the d; compound can be ascribed
to rate-determining elimination in combination with hy-
perconjugation. The elimination product, acetoxycyclohex-
ene, was shown to be unstable under the reaction condi-
tions. It affords cyclohexanone, which could be detected
among the reaction products (6% from the unlabeled tresyl-
ate). Thus, this relatively large 8 effect could be ascribed to
a partial rate-determining elimination in addition to hyper-
conjugation. Although the hydrogen participation cannot
be precisely assessed,?? an alternative rationalization based
on hyperconjugation only is also conceivable. Shiner® re-
ported 8 effects as high as 1.30 for cases where the dihedral
angle between the C-D bond and the vacant p orbital is
close to zero. In our particular case owing to the presence of
an electron-withdrawing group a conformation favoring
maximal C-H(D) hyperconjugation should be preferred?*
and the 8 effect could be even larger as to account entirely
for the observed value of 1.34. However, the present set of
experimental data does not allow us to distinguish between
these two interpretations.

Experimental Section

Melting points are uncorrected. The progress of all reactions was
followed by thin layer chromatography on silica gel. Infrared spec-
tra were recorded on a Perkin-Elmer Infracord 137 spectrometer.
For NMR spectra a Varian A-60 instrument was used. Chemical
shifts are quoted in & values against tetramethylsilane as internal
standard. Mass spectra were taken on a Varian MAT CH7 mass
spectrometer. Gas chromatography was performed on a Pye Uni-
cam 104 instrument. A 5 ft X 0.25 in. column of 20% PEG 20M on
60-80 mesh Chromosorb W HP was used. Kinetic measurements
were made on a Radiometer, Copenhagen, automatic titrator
TTT2 with autoburette ABU11 and titrigraph SBR3. The deuteri-
um content was determined by integration of the proton signals
obtained on a Varian A-60, and the deuterium signals on a Varian
HR-220 spectrometer and confirmed by mass spectrometry.

Materials. 2,2,2-Trifluoroethanesulfonyl chloride (tresyl chlo-
ride) (Willow Brook Laboratories, Inc., for synthetic purpose) and
silica gel Merck (0.08-0.2 mm) for column chromatography were
used. Lithium aluminum deuteride was Fluka A.G. (>99 atom %
D).

trans-2-Acetoxycyclohexanol (2). This material was prepared
from trans-1,2-cyclohexanediol according to the method previous-
ly described.® The original procedure was modified insofar as isola-
tion and purification were carried out by chromatography on a col-
umn of silica gel with ether~chloroform (4:1) as the eluent. In addi-
tion to 2 (31% yield) the corresponding diacetate (32%) was also
obtained: ir (neat) 3500, 1740 cm™~%; NMR (CCly) 5 0.90-2.15 (m, 8
H), 1.97 (s, 3 H), 3.10 (s, 1 H), 3.17-3.64 (m, 1 H), 4.24-4.70 (m, 1
H).

trans-2-Acetoxycyclohexyl Tresylate (trans-1). To a cooled
(0 °C) solution of 550 mg (8.5 mmol) of irans-2-acetoxycyclohexa-
nol and 430 mg (4.3 mmol) of triethylamine in 30 ml of dry dichlo-
romethane, 680 mg (3.7 mmol) of tresyl chloride was added drop-
wise with stirring. The temperature of the reaction mixture was
kept below 0 °C during the addition. The mixture was then washed
with water followed by cold 10% sulfuric acid, water, saturated so-
dium bicarbonate, and saturated sodium chloride solution. After
drying (MgS04) and removal of the solvent in vacuo, recrystalliza-
tion from petroleum ether afforded 409 mg (38%) of pure product:
mp 66-67 °C; ir (KBr) 1740, 1380, 1250, 1185, 1095, 930 cm™};
NMR (CCly) 6 1.10-2.40 (m, 8 H), 1.98 (s, 3H), 3.78 (q, 2 H,J = 9
Hz), 4.50-4.73 (m, 2 H).

Anal. Caled for C10H15F305S: C, 42.35; H, 5.28. Found: C, 42.60;
H, 5.39.

cis-2-Acetoxycyclohexanol (3). This compound was prepared
from cis-1,2-cyclohexanediol according to the same procedure? de-
scribed above for the trans isomer, 2. In addition to the corre-
sponding diacetate (32%) 26% of the desired product was obtained:
ir (neat) 3500, 1750 cm~}; NMR (CCly) 6 1.10-2.15 (m, 8 H), 2.04
(s, 3 H), 3.65-3.94 (m, 1 H), 4.67-4.95 (m, 1 H).

cis-2-Acetoxycyclohexyl Tresylate (cis-1). Following the
same procedure described for the corresponding trans isomer,
trans-1, 40% of pure product was obtained; mp 68-69 °C; ir (KBr)
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1760, 1370, 1340, 1250, 1185, 1140, 1095, 1060, 985, 945, 920 cm™1;
NMR (CCly) 6 1.42-2.20 (m, 8 H), 2.01 (s, 3 H), 3.90(q, 2 H,J =9
Hz), 4.54-5.23 (m, 2 H).

trans-2-Hydroxyecyclohexyl Tresylate (4). trans-1,2-Cyclo-
hexanediol (5.7 g, 49 mmol) and 3.0 g (30 mmol) of triethylamine
were dissolved in 350 ml of dry dichloromethane and the solution
cooled to =5 °C. Tresyl chloride (4.5 g, 25 mmol) was then added
dropwise with stirring, keeping the temperature of the reaction
mixture below 0 °C. The resulting solution was then washed with
water followed by saturated sodium bicarbonate solution and dried
(MgSO4). The solvent was evaporated in vacuo, and the crude
product chromatographed on a column of silica gel with benzene—
ether (4:1) yielding 3.7 g (57%) of pure product: mp 61-65 °C; ir
(KBr) 3480, 1375, 1270, 1195, 1140, 1095, 980, 935 cm~1; NMR
(CDCls) 6 1.00-2.59 (m, 8 H), 2.50 (s, 1 H), 3.47-3.93 (m, 1 H), 4.18
(q,2H,J =9 Hz), 4.47-4.85 (m, 1 H).

2-Oxocyclohexyl Tresylate (5). To a solution containing 400
mg (1.5 mmol) of 2-hydroxycyclohexyl tresylate in 15 ml of ace-
tone, Jones reagent (CrOs-HyS0,) was added with stirring at room
temperature until the TLC control showed the absence of starting
material (6 h). The reaction mixture was then diluted with 25 ml of
ether and 20 ml of water, and the ethereal layer was separated,
washed twice with water, and dried (MgSO,). The evaporation of
the solvent in vacuo left 330 mg (85%) of product which recrystal-
lized from petroleum ether showed mp 88-90 °C; ir (KBr) 1730,
1390, 1280, 1260, 1190, 935 cm™!; NMR (CDClz) § 1.50-2.72 (m, 8
H), 4.27 (q, 2 H, J = 9 Hz), 5.00-5.40 (m, 1 H).

cis- and trans-2-Hydroxycyclohexyl-2-d; Tresylate (6, 7).
To a cooled (0 °C) solution of 600 mg (2.3 mmol) of 2-oxocyclohex-
yl tresylate in 25 ml of methanol, 50 mg (1.2 mmol) of sodium bo-
rodeuteride was added. After the reaction was complete, 100 ml of
ether and 40 ml of water was added to the reaction mixture. The
ethereal layer was separated and the aqueous layer extracted with
ether. The combined ethereal extracts were washed with water and
dried (MgS0O,). Evaporation of the solvent in vacuo left 580 mg
(96%) of a mixture of isomeric alcohols: ir (neat) 3600, 1380, 1325,
1255, 1180, 1140, 935 cm™L.

The isomers were not separated at this stage but used as such in
the next step.

cis- and trans-2-Acetoxycyclohexyl-2-d; Tresylate (cis-
18d, trans-18d). To a cooled (0 °C) solution of 580 mg of the mix-
ture of cis- and trans-2-hydroxyeyclohexyl-2-dy tresylate, dis-
solved in 15 ml of dry pyridine, excess of acetyl chloride (2.0 ml)
was added dropwise, with stirring. After 6 h, 100 ml of ether and 20
g of crushed ice were added to the reaction mixture. The organic
layer was separated, washed with cold 10% sulfuric acid followed
by water, and dried (MgSQy) and ether removed in vacuo. The re-
sulting 596 mg of crude solid (99%) was purified by chromatogra-
phy on a column of silica gel with benzene-ether (4:1) as the el-
uent.

The separation of isomers was achieved mechanically. After slow
crystallization from petroleum ether two different types of crystals
of convenient size were obtained. Careful separation with the aid
of a microscope gave 312 mg of massive blocks (cis isomer, cis-8d)
and 60 mg of fine clustered needles (trans isomer, trans-18d) with
the following characteristics. Cis isomer: mp 68-69 °C; ir (KBr)
1740, 1870, 1360, 1255, 1190, 1140, 1100, 970, 945, 925 cm~!; NMR
(CCly) 6 1.36-2.16 (m, 8 H), 1.98 (s, 3 H), 3.91 (q, 2 H, J = 9 Hz),
4.92-5.12 (m, 1 H). Trans isomer: mp 66-67 °C; ir {KBr) 1740,
1370, 1250, 1185, 1145, 1095, 930 cm™!; NMR (CCly) 6 1.14-2.43
(m, 8 H), 1.98 (s, 3 H), 3.87 (q, 2 H, J = 9 Hz), 4.43-4.81 (m, 1 H);
deuterium content 0.85 atom D per molecule (NMR).

2-Hydroxycyclohexanone-2-d; (9). To a suspension of 3.0 g
(70 mmol) of lithium aluminum deuteride in 50 ml of dry ether,
11.2 g (100 mmol) of 1,2-cyclohexanedione was added at such a
rate that gentle boiling was maintained. The resulting mixture was
refluxed with stirring for 30 min, 15 ml of water was then added,
and the precipitate was filtered and washed with ether. The aque-
ous layer of the filtrate was separated and extracted thoroughly
with ether, the ethereal layers were combined and dried (Na;SO,)
and.ether was removed in vacuo. On standing for 24 h from 6.3 g of
a crude oily product, 0.6 g of crystalline hemiketal 8 was filtered
off and washed with ether. The oily residue was then chromato-
graphed on a column of silica gel with ether-benzene (4:1) yielding
1.5 g of the solid dimer 8: mp 148-150 °C; ir (KBr) 3400, 1220,
1130, 1100, 985, 950, 860 cm~!. As by-products 2.0 g of 1,2-cyclo-
hexanediol and 1.1 g of a product whose identity was not examined
were obtained.

On heating in a sealed tube under nitrogen to the melting point
the dimeric product 8 was converted into the liquid monomer 9,
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which was immediately used in the next step: ir (neat) 3500, 1710,
1100, 890 cm 1.

2-Oxocyclohexyl-1-d; Tresylate (10). To a cooled (0 °C) solu-
tion of 1.5 g (13 mmol) of freshly prepared 2-hydroxycyclohexa-
none-2-d; and 1.5 g of triethylamine in 40 ml of dry dichlorometh-
ane, 2.4 g (13 mmol) of tresyl chloride was added dropwise with
stirring during 15 min. Stirring was prolonged for 15 min, and the
resulting solution was washed with water, followed by 10% sulfuric
acid, water, saturated sodium bicarbonate, and saturated sodium
chloride solution, and dried (NapSOQy). After the removal of sol-
vent, chromatography on a column of silica gel with benzene—ether
(7:3) as eluent gave 1.5 g (44%) of pure product: mp 89-90 °C; ir
(KBr) 1715, 1390, 1330, 1260, 1190, 1140, 1095, 965 cm~!; NMR
(CDClg) 6 1.40-2.65 (m, 8 H), 4.28 (q, J = 9 Hz), 5.00-5.40 (m, 1
H).

cis- and trans-2-Hydroxycyclohexyl-1-d; Tresylate (11, 12).
2-Oxocyclohexyl-1-d; tresylate (1.3 g, 5 mmol) was reduced with
0.15 g (4 mmol) of sodium borohydride under the same conditions
as described above for the preparation of isomeric alcohols 6 and 7.
The chromatography on a column of silica gel with benzene-ether
(7:3) yielded 0.9 g (69%) of the mixture of isomeric alcohols 11 and
12 which was used as such in the next step.

cis- and trans-2-Acetoxycyclohexyl-1-d; Tresylate (cis-
lad, trans-lad). The mixture of cis- and trans-2-hydroxycyclo-
hexyl-1-d; tresylate (0.9 g) was esterified with 3.0 ml of acetyl
chloride in 20 ml of dry pyridine following the procedure described
above for corresponding §-deuterated compounds cis-18d and
trans-18d. After careful separation of the crystals 250 mg of the cis
and 50 mg of the trans isomer were obtained. Cis isomer: ir (KBr)
1740, 1390, 1340, 1250, 1185, 1140, 1095, 1055, 925 cm~!; NMR
(CDCly) 6 1.37-2.15 (m, 8 H), 2.05 (s, 3 H), 3.97 (q, 2 H, J = 9 Hz),
4.73-5.17 (m, 1 H); deuterium content 0.70 atom D per molecule.
Trans isomer: ir (KBr) 1740, 1380, 1250, 1180, 1145, 1090, 925
cm™~1; deuterium content 0.70 atom D per molecule.

1,4-Dioxa-6-oxospiro[4.5]decane (13). A solution of 10 g of
1,2-cyclohexanedione in 300 ml of benzene, an equimolar amount
of 1,2-dihydroxyethane, and 100 mg of p-toluenesulfonic acid was
heated at reflux for 8 h. Water was continuously separated. The re-
sulting solution was washed with sodium hydroxide solution, and
dried (MgS0y4) and the solvent evaporated in vacuo. Ten grams
(62%) of a crude oily product was obtained. The crude product
containing a certain amount of the diketal was used without fur-
ther purification in the next step: ir (neat) 1740, 1200, 1100, 1028,
957, 905 cm™~1; NMR (CDCl3) 6 1.4-2.05 (m, 6 H), 2.34-2.72 (m, 2
H), 3.94 (s, 4 H). ‘

1,4-Dioxa-6-oxospiro[4.5]decane-7,7-d> (14). A reaction mix-
ture containing 5 g (32 mmol) of the crude monoketal 18 and 20 mg
of sodium deuteroxide in 50 ml of DoO-dioxane (1:1 mixture) was
heated at 50 °C for 10 h. Solvent was then removed in vacuo and
the oily residue was treated twice as described before. After final
removal of the solvent 50 m! of benzene was added to the residue,
and the resulting solution was washed with 5 X 5 ml of DyO. After
drying (MgSO,) and the removal of benzene in vacuo 4.5 g (89%) of
an oily product was obtained: ir (neat) 2220, 2130, 1735, 1190,
1100, 1050, 1030, 955 em~1; NMR (CDCl3) 6 1.4-2.05 (m, 6 H), 3.92
(s, 4 H); deuterium content better than 1.90 atoms D per molecule
(by 'H NMR).

1,4-Dioxa-6-hydroxyspiro[4.5]decane-7,7-d> (15). To a sus-
pension of 540 mg (14 mmol) of lithium aluminum hydride in 60
ml of dry ether, 4.5 g (28 mmol) of crude ketone 14 dissolved in 5 .
ml of ether was added dropwise. Then 0.6 ml of water followed by
0.6 ml of 15% sodium hydroxide solution and 2 ml of water were
added to the reaction mixture. The inorganic precipitate was fil-
tered off, the ether layer separated, and the water layer extracted
with ether. The combined ethereal extracts were dried (MgSOy),
ether removed in vacuo, and the crude product chromatographed
on silica gel with benzene-ether (1:1); 2.9 g (64%) of pure oily prod-
uct was obtained, ir (neat) 3140, 2220, 2130, 1165, 1100, 1030, 955,
985 cm™1,

2-Hydroxycyclohexanone-3,3-d; (16). Ketal 15 (1.8 g) was
dissolved in 15 ml of acetone, 15 ml of 20% sulfuric acid was added,
and the resulting solution kept at 50 °C for 30 min. Acetone was
then removed in vacuo and the residual aqueous solution extracted
with dichloromethane (4 X 25 ml). The combined extracts were
washed with sodium bicarbonate solution followed by water and
dried (MgSO,4) and the solvent was evaporated in vacuo to a vol-
ume of ca. 40 ml. Complete removal of solvent was avoided because
it causes the formation of the dimeric product 8. The identity of
the product was checked by TLC using the corresponding nondeu-
terated compound as a standard.



790 J. Org. Chem., Vol. 41, No. 5, 1976

2-Oxocyclohexyl-6,6-d> Tresylate (17). To a cooled (0 °C) di-
chloromethane solution of the keto alcohol 16 from the previous
step an equimolar amount of dry pyridine was added calculated on
the basis of a 100% yield in the preceding ketal hydrolysis. An
equimolar amount of tresyl chloride was then added dropwise with
stirring. Isolation and purification as described for compound 10
afforded 1.1 g of crystalline product: ir (KBr) 1740, 1395, 1335,
1265, 1190, 1020, 935, 840 cm~!; NMR (CDCly) 6§ 1.40-2.75 (m, 6
H), 4.25(q, 2 H,J = 9 Hz), 5.17 (s, 1 H).

cis- and trans-2-Hydroxycyclohexyl-6,6~d> Tresylate (18,
19). Using the procedure described for the preparation of com-
pounds 11 and 12 (Scheme III), 1.1 g of keto tresylate 17 gave 0.8 g
(73%) of a mixture of isomeric alcohols, which was used without
further purification in the next step.

cis~ and trans-2-Acetoxycyclohexyl-6,6-d, Tresylate (cis-
18'ds, trans-18'ds). Applying the same method of preparation and
separation as described for corresponding compounds cis-lad and
trans-1lad in Scheme ITI, 293 mg (32%) of pure cis and 70 mg (8%)
of trans product was obtained. Cis isomer: ir (KBr) 2220, 2130,
1780, 1390, 1250, 1175, 1145, 1080, 915 cm~!; NMR (CDCly) &
1.15-2.00 (m, 6 H), 2.02 (s, 3 H), 8.92 (q, 2 H, J = 9 Hz), 4.65-5.25
(m, 1 H); deuterium content 1.95 atoms D per molecule (NMR).
Trans isomer: ir (KBr) 2220, 2130, 1745, 1380, 1250, 1185, 1145,
1095, 930 cm~1; NMR (CDCl3) 6 1.20-2.00 (m, 6 H), 2.00 (s, 3 H),
3.85(q, 2 H, J = 9 Hz), 4.45-4.80 (m, 1 H); deuterium content 1.95
atoms D per molecule (NMR).

trans-2-Hydroxycyclohexyl 2,2,2-Trifluoroethyl Ether (20).
A solution of 0.98 g (10 mmol) of cyclohexene oxide in 30 ml of
2,2,2-trifluoroethanol and one drop of sulfuric acid was heated to
reflux for 1 h. Barium carbonate was added to the cooled reaction
mixture to neutralize the acid and the resulting precipitate filtered
off. The filtrate was concentrated in vacuo and the residue chro-
matographed on column of silica gel with benzene-ether (4:1)
vielding 0.4 g (50%) of oil: ir (neat) 3460, 1280, 1180, 1160, 1120,
970 cm™1,

trans-2-Acetoxycyeclohexyl 2,2,2-Trifluoroethyl Ether (21).
trans-2-Hydroxycyclohexyl trifluoroethyl ether (197 mg, 0.1
mmol) in 10 ml of dry pyridine was treated with excess of acetyl
chloride following the procedure for preparation of cis-18d and
trans-18d described above. The chromatography on a column of
silica gel with benzene-ether (9:1) as the eluent afforded 150 mg
(63%) of pure oil: ir (neat) 1745, 1280, 1245, 1160, 1125, 1060, 1045,
974 cm~1; NMR (CCly) 6 1.77-2.18 (m, 8 H), 1.97 (s, 3 H), 3.10-
3.58 (m, 1 H), 3.85 (q, 2 H, J = 9 Hz), 4.43-4.98 (m, 1 H). A small
amount of the corresponding cis ether was also isolated and char-
acterized by ir. It was used as a standard in the GLC analysis of
solvolysis products.

Acetoxycyclohexene. This compound was prepared from cy-
clohexanol and acetic anhydride according to the published proce-
dure.?5

Kinetic Measurements., 2,2,2-Trifluoroethanol, 97 wt %
(Fluka), was used as solvent in solvolyses. Measurements of the ti-
trimetric rates for the trans derivatives trans-1, trans-18d, trans-
lad, and trans-18'ds were carried out by means of a pH-Stat Ra-
diometer, Copenhagen, TTT2 titrator with ABUI1 autoburette
and SBR3 recorder.

The titrimetric cell with solvent was allowed to stabilize at the
desired temperature (55 °C) prior to addition of substrates. The
concentration of substrate was 6-7 mg/15 ml of solvent in all ex-
periments. The titration solution was 0.02 N sodium hydroxide in
97 wt % TFE.

Six kinetic measurements were performed for each compound
alterating the solvolysis of labeled and unlabeled substance.

Rate measurements for cis tresylates cis-1, cis-18d, cis-lad, and
cis-18'ds were accomplished by the usual ampule technique at 93°
using 6 mg of substrate, 2 equiv of 2,6-lutidine, and 5 ml of solvent
(97% TFE) in each ampule. The titration was accomplished poten-
tiometrically with 0.02 N sulfuric acid as titration solution.

Rate data were evaluated by a nonlinear least-square sum-fit-
ting program.

Product Studies. trans-2-Acetoxycyclohexyl tresylate (470 mg)
in 180 ml of 97 wt % trifluoroethanol was solvolyzed at 55° under
the same conditions as in the kinetic runs for at least 8 half-lives.
GLC analysis showed only one product with identical retention
time with cis-2-acetoxycyclohexanol. After dilution of the reaction
mixture with water and subsequent ether extraction, the solvolysis
product was isolated and identified as 2-acetoxycyclohexanol by ir
spectroscopy.

Richter, Bregovec, and Sunko

cis-2-Acetoxycyclohexyl tresylate (608 mg) was solvolyzed in 130
ml of 97 wt % trifluoroethanol in the presence of 321 mg of 2,6-luti-
dine in sealed ampules at 93 °C. The products were identified by
GLC and the major products isolated by column chromatography
over silica gel and identified as trans-2-acetoxycyclohexyl trifluo-
roethyl ether (28.4%) by ir, NMR, and comparison with authentic
samples. By separate experiments the stability of all products
under the solvolytic conditions was determined. With the excep-
tion of acetoxycyclohexane all were found to be stable.
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