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Magnetic Resonance Study
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Complete and self-consistent assignment of the 13C NMR spectra of the Cs -epimeric pairs of vitamin D3 trans-
vitamin Ds, its keto analogue, and dihydrotachysterol were made. The conformational flexibility of ring A in these
compounds and their esters was investigated using the 13C as well as IH NMR data. The merits and the complemen-
tary nature of each approach are discussed in terms of the accuracy and reliability of the results. The relative excess
of the equatorial conformer in the Cs epimeric pairs of vitamin D; and its analogues was determined by both meth-
ods. This analysis indicates that in the case of vitamin Ds and its Cs epimer the methylene group affects the equilib-
rium population by stabilizing the chair conformation where the hydroxy group is axially oriented.

The recent discoveries of hormonal activity of vitamin
D metaboliteslhave renewed the interest in the structure and
chemistry of vitamin D and their analogues.2 These ring B
secosteroids exist as a mixture of two ring A conformations,
which in solution are in dynamic equilibrium.

Detailed analysis of this equilibrium in vitamin D2 (11)
using XH NMR spectroscopy was performed by La Mar and
Budd. This analysis was based on the correlation between the
observable coupling constants of the proton at C30H (J =
7.4 Hz)3and the limiting values of the axial-axial and equa-
torial-equatorial coupling constants for the cyclohexanol
proton (J = 11.1and 2.7 Hz).4Accordingly, the ratio of the two
conformers, the one with the OH group in an equatorial and
the other in an axial orientiation (Figure 1), was calculated to
be ca. 50:50.3Using lanthanide-induced shifts this ratio was
established to be 45:55 in favor of the OH-axial conformer,
which, according to the temperature dépendance of these
shifts, was also the thermodynamically more stable con-
former.3 On the other hand, Wing et al.,56 analyzing the
conformational equilibrium of vitamin D3 (1) by similar
methods, established this ratio to be 54:43 in favor of the
OH-equatorial conformer. This divergency of the results was
attributed by the latter authors to the perturbation of the
equilibrium ratio toward the OH-axial conformer by the
complexing of the shift reagent with the substrate.56

The method of correlation of the observed spin-coupling
constants with the Karplus equation was extended to ring A
substituted vitamin D3derivatives, as well as to the 10,19-
dihydrovitamin analogues, possessing a diene instead of a
triene chromophore.6-9 For some of these compounds this
method gave consistent results, but for others it failed, since
the multiplet structure due to the proton at C3was insuffi-
ciently resolved to allow such analysis.8 Even in favorable
cases, the use of the Karplus relation has a relatively large

3325

experimental error, up to 10% of the value obtained for the
population ratio. As a result, the interpretation of the differ-
ences in the conformational equilibria of compounds, whose
population ratio varies slightly, will be difficult. An additional
error may be introduced by using cyclohexanol as a model for
all the compounds investigated, although some of these pos-
sess at least one exocyclic double bond which may change the
limiting coupling-constant values.

Our decision to utilize the 13C NMR data for the confor-
mational analysis stems from the fact that there are intrinsi-
cally large 13C chemical-shift differences10 between ring A
carbon atoms in the respective conformers. The use of the
sophisticated NMR techniques enables us to obtain 13C
chemical shifts with a high degree of precision, better than 0.03
ppm. Thus, asuitable choice of conformational analysis util-
izing these 13C chemical shifts may yield results with relatively
small experimental error. For example, the limiting range of
13C chemical shifts used in the present work was 4.62 + 0.07
ppm (ca. 1.5% error) as compared to the limiting range of 8.4
+ 0.4 Hz4 (ca. 5% error) for the proton coupling constant ob-
served in vitamin D3 (1) (vide infra).

In the present work, we have investigated the 13C NMR
spectra of vitamin D3 (1) and its C3 epimer 2. Other com-
pounds studied include trans-vitamin D 3 (3), its keto analogue
7, and dihydrotachysteroL (5) as well as their respective C3
epimers 4,8, and 6. In addition, the 13C NMR spectra of the
p-nitrobenzoate esters of these compounds (la to 6a) were
recorded and analyzed. To help in the analysis we have also
studied the NMR spectra of cholesterol (9), epicholesterol
(10), and their p-nitrobenzoate esters 9a to 10a and vitamin
D2 ().

The 13C NMR spectra of all the compounds studied gave
well-resolved lines which could be fully assigned. We have first
described in detail the assignments for the various com-
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pounds, for which we have used several techniques including
13C chemical-shift additivity parameters, effects of lanthanide
shift reagents (L1S), single-frequency off-resonance decou-
pling (SFORD), and comparison with known structures.11 We
have then interpreted the 13C resonances of the A ring in terms
of the conformational equilibria between the two chair con-
formers, and use the experimental results to determine the
relative populations of the epimeric pairs. Finally, we have
compared our results with those obtained from other sources
and discussed them in terms of the possible steric factors
which affect the conformational equilibria.

While this work was in progress the 13C NMR of vitamin
D analogues, including vitamin D2and D3, irons-vitamin D2,
isotachysteroL, isovitamin D2and their acetates were reported
by Tsukida et al.122 They have also estimated the conforma-
tional equilibrium of the two chair forms by an approach
which differs from ours.

Experimental Section

With the exception of the following compounds, the samples used
in this study were either commercially available or synthesized by
previously described methods.

Epivitamin Ds (2). A solution of 0.136 g (0.78 mmol) of diethyl
azocarboxylate in 3 mL of dry tetrahydrofuran (THF) was added
dropwise, under nitrogen atmosphere, to a cold solution (0 °C) of 0.200
g of vitamin D3(1) (0.52 mmol), 0.205 g of triphenylphosphine (0.78
mmol), and 0.130 g of p-nitrobenzoic acid (0.78 mmol) in 8 mL of dry
THF. The resulting mixture was stirred at room temperature for ca.
6 h. The solvent was evaporated at room temperature, and the residue

Berman, Luz, Mazur, and Sheves

was chromatographed on silica gel using ether-hexane (1:9 mixture)
as eluent. The product was crystallized from a methanol-ether solu-
tion to give 0.050 g of p-nitrobenzoate of epivitamin D3 (2a): mp
117-118 °C; (014 -44° (c 0.89 in CHC13), -1° (C6H#6). To asolution
0f 0.040 gof 2a in 2 mL of methanol and 1 mL of ether a 5% KOH in
methanol solution (2 mL) was added. The resulting mixture was
stirred for 3 h at room temperature. The organic material was ex-
tracted with ether. The organic layer was washed three times with
saturated NaCl solution and dried over MgS04 The solvent was
evaporated to dryness and the residue was chromatographed on silica
gel, using a ether-hexane (3:7) mixture as eluent, to afford 0.025 g of
epivitamin D3 (2): [«]d -0.5° (c 0.9 in CeHg); UV \nex 264 nm (e
18 000).9'13

Epi-trans-vitamin Ds (4). The synthesis of 4 from 3 followed the
same procedure as outlined above to give the p-nitrobenzoate epi-
irans-vitamin D3 (4a): mp 104-105 °C; [a]n —95° (c 0.9 in CHC13).
After hydrolysis, 4a yielded the required product, epi-traras-vitamin
D3(4): [a]D-30° (c 0.85 in C6HE); UV Arex 272 nm U 22 000).90-13

EpidihydrotachysteroL (s). ¢ was obtained by the same method
from dihydrotachysteroL (5). The p-nitrobenzoate ester 5a, mp
100-101 °C, (o1a = -141° (c 1.0 in CHC13), was hydrolyzed to give
epidihydrotachysteroh (6); UV Arex 242, 251, and 261 nm (e 34 500,
40 000, and 26 000); exact mass calcd for C28H460: 398.6782; found;
398.6784.

NMR Spectra. All 13C NMR spectra were recorded on a Varian
CFT-20 spectrometer, operating at 20 MHz. Flip angles of 45° or less
were employed with 8K transform which gave ca. 1 Hz per data point
for a 4000-Hz sweep width. Peak positions were determined by a
software control and are considered to be accurate to within 0.03 ppm.
The LIS experiments were done by adding small portions of
Eu(fod)3u (ca. 50 mg) to a CDC13solution containing the compound
under investigation (ca. 200 mg/mL), which was then filtered. All 'H
NMR spectra were recorded on a Bruker HFX-90 spectrometer op-
erating in FT mode with a 8K transformer which gave ca. 0.2 Hz per
data point for a 900-Hz sweep width. Peak positions are considered
to be accurate to within 2 X 10-3 ppm.

Results

(a) Assignmentofthe 13C Resonances. The 13C chemical
shifts for all observed peaks and their assignments are sum-
marized in Table I. In the table, the numbering of the carbon
atoms are given in the first column to the left. The other col-
umns give the chemical shifts for the various compounds
studied in ppm relative to Me4Si as internal standard. All
measurements were performed in deuterated chloroform and
recorded at room temperature. The concentration of the so-
lution ranged between 0.5 and 0.1 M.

To illustrate the procedure of assignment, we discuss in
some detail the analysis of vitamin D3. The relevant infor-
mation is summarized in Table Il. The carbon atoms of the
side chain and of rings C and D were generally assigned by
comparison with previous results for ergosterol (12) and
cholesterol (9), discussed in detail in ref 11. Olefinic carbon
atoms (i.e., C5, C6, C7, Cg, C10, C19 could be easily distin-
guished from the rest of the carbon atoms by their large
downfield shifts, and were further subdivided according to the
multiplicity of the signals in the coupled spectra (C19triplet
(t), Cgand C7doublets (d), and C5, C8, and C10singlets (s), see
column 2in Table I1). Within each subdivision, the peaks were
finally assigned using single-frequency off-resonance pro-
ton-decoupling experiments and by the effect of lanthanide
shift reagents (column 4 in Table II).

Carbon-3 is readily identified by its unique chemical shift
and by its multiplicity in the coupled spectrum and by its large
LIS. The rest of the ring A carbon atoms were assigned by
their LIS, and the characteristic a, /3,7, and 5shifts caused by
esterification at position 3 (column 5 in Table 11).1516 The
assignments were tested by comparing spectra of epimeric
pairs and by comparison with calculated shifts (column 6, in
Table 11) based on 13C chemical-shift additivity parameters.17
Good agreement was obtained for the alkane carbon atoms
(standard deviation of 1.7 ppm), although the agreement for
the olefinic carbon atoms proved less satisfactory (standard
deviation 3.0 ppm). Similar analysis, although less extensive,
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Table 1.13C NMR Data for the Vitamins D and Analogues® 0

1 2

(1a) (2a)
32.05 32.40
(-0.05)“  (-0.35)"
35.25 35.60
(-3.15)“ (-3.25)c
69.20 69.70
(4.35) (4.15)
46.00 46.25
(-3.85)  (-3.95)
145.20 145.05
(-08)  (-0.75)
122.40 122.25
(0.55) (0.7)
117.65 117.65
(-0.2) (-0.25)
142.10 142.15
(0.7) (0.8)
29.10 29.10
135.15 135.40
(-1.35) (-1.45)
22.30 22.35
40.65 40.65
45.90 45,95
56.40 56.45
23.60 23.70
27.70 27.65
56.75 56.80
12.00 12.00
(0.05) (-0.05)
112.35 112.50
(0.7) (0.6)

3
(3a)

31.20

(-0.35)

34.80
(-3.8)
69.00
(4.0)
37.25

(-4.05)

149.25

(-0.85)

121.05
(0.55)
116.0
(-0.4)
144.55
(0.65)
29.15
134.95
(-1.3)
22.40
40.70
46.00
56.70
23.65
27.70
56.85
12.20

(-0.25)

108.15
0.3)

4
(4a)

3115
(-0.25)"
34.75
(-3.65)"
68.95
(4.05)
37.10
(-3.85)
149.20
(-0.8)
121.05
(0.5)
115.9
(-0.35)
144.65
(0.6)
29.10
134.80
(-1.45)
22.35
40.60
46.00
56.60
2365
27.70
56.75
12.15

108.2
(0.4)

5

(5a)

33.20
(0.65)
34.95
(-4.6)
70.90
(3.8)
38.30
(-4.75)
139.75
(-1.6)
117.05
1.25)
115.75
(-02)
142.15
(0.6)
29.00
37.80
0.2)
22.40
4055
45.70
56.60
23.60
27.80
56.60
12.40
(-02)
17.85
(0.0)

6 9 10
(6a) 7 8 (9a) (10a) 11

31.30 30.90 30.95 37.35 33.30 32.00
(0.75) (-0.3) (0.75)
32.05 35.30¢ 3535 3170 28.95 35.25
(-2.95) (-3.85) (-2.6)
69.65 66.55 66.65 71.75 67.15 69.20
(4.5) 4.2 (5.4)
35.65 35.65° 35.65* 42.35 39.95 46.00
(-3.2) (-4.2) (-3.4)
139.30 12880 17880  140.85 138.60 145.15
(-0.8) (-1.55) (-0.04)
119.15 13315 13315 12165 124.05 122.45
(-0.5) (1.55) (-1.37)
115.60 11565 11565 3195 32.05¢ 117.60
(-0.05) 0.0 (0.1
142.20 15645 15645 31.95 31.95¢ 142.10
(0.0) 0.0 0.0)

28.95 29.85 29.85 50.25 50.45 29.05
38.40 19935 19950 36.55 37.40 135.20

(-0.05) (0.15) (-0.2)
22.35 2220 2220 2115 20.85 22.25
40.45 4045 4045  39.90 39.85 4050
4565 4710 4710 4235 42.40 45.80

56.55 57.30 57.35 56.30d 56.25" 56.50
23.50 23.95 24.00 24.30 24.30 23.60
27.80 27.60 27.65 28.25 28.25 27.80
56.55 56.90 56.95 56.85d 56.85" 56.60

1240 1215 1220 1190 1185 1230
(-0.1) (-0.05)

(1870  (-) ) 19.40 1870  112.35
(-02) 005)  (0.25)

“ Shifts are given relative to Me4Si and are accurate within +0.05 ppm. The side-chain carbon resonances not listed in the table
for compounds 1to 4,7 to 10 and their esters are: C20, 36.20; C21, 18.90; C2, 36.20; C23, 23.95; C24, 39.60; CZ5, 28.05; C2, 22.60; CZ7, 22.80;
and for compounds 5, 6 and 11: C20, 40.35; C2i, 19.70; C22, 135.65; C23, 132.05; C24, 42.90; C26, 33.15; C26, 19.95; C27, 21.15; C28, 17.65.
. ¢on; estimated error £ 0.07 ppm; any A6 < 0.1 was neglected altogether for all carbons
other than ring A and B carbon atoms. ¢ Assignment may be reversed down any column. d Original assignments have been reversed.
“ Appears as a shoulder on the C2L resonance peak.

6 The values in parentheses are A0
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Table Il. 1:C-Chemicai Shift Assignments of Carbons 1to 19 for Vitamin Ds

Vit D3(1) shifts,

+0.05 ppm

32.05
35.25
69.20
46.00
145.20
122.40
117.65
142.10
29.10
135.25
22.30
40.65
45.90
56.40
23.60
27.70
56.75
12.05
112.35

Mul

ti-

plicity”

O OO0V~ 0nFNn OOV 0O ~+

LIS (A5),6
+0.15 ppm

0.5
0.2

0.2
17

Sster AOHC Calcdd Ergosterol,*
ppm * 0.08 ppm shifts, ppm 0.1 £ ppm
- 0.05 331 384
-3 35.7 32.0
43® 711 69.5
-3.8® 436 405
-0.8 144.9 1405
05® 1226 1195
-02 1226 116.5
0.7 143.2 140.4
_ 314 46.4
-1.3® 142.3 37.0
— 220 210
— 39.8 39.2
— 46.0 428
— 52.6 54.4
— 23.0 229
— 26.4 281
— 52.7 55.8
- 139 116
0.7 1120 158

aThe multiplicity was determined from off-resonance measurements at various offsets. ®Gradual increase of the concentration
of Eu(fod)3 up to ca. 1:1 molar ratio. ¢ Negative sign indicates an upfield shift. d Calculated from ref 15, using $= B + YliAijVi for
j = a,0, and y carbons where 3 (alkyl) = -2.5 ppm and B(alkene) = 122.1 ppm relative to Me4Si. “ Taken from ref 16. <Bars indicate
that observed differences are within the experimental error.

were made for the rest of the compounds studied and the re-
sults are given in Table I.

For those compounds which were also studied by Tsukida
et al.12there is complete agreement in the assignment of the

carbon resonances except for the reversal of the resonances
due to C5and Ci0. Our assignment is mainly based on the LIS
effect. We performed careful shift measurements on these two
signals as a function of added Eu(fod)314 and have assigned
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Table I11. »H NMR Results

Berman, Luz, Mazur, and Sheves

8‘ H(G ), H(7), 3'7h6,H7, H(19)z, H(19)e, H(3), 37H(3), H(18),
Compd ppm ppm Hz ppm ppm ppm Hz ppm
le 6.2 (6) 6.0 (6) 11.2 4.9 (6) 4.7 (3) 39¢() 38 05(®)
2 6.2 (1) 6.0 (1) 11.2 501 4.8 (0) 39 (6) 41 0.5 (5)
3C 6.5 (7) 5.8(8) 11.1 4.9 (8) 4.6 (9) 38() 4.3 05 ()
4 6.5 (6) 58 () 11.1 49 (7) 4.6 (8) 38() 4.2 0.5 (6)
5C 6.1 (5 59 (0) 11.1 3.6 (0 4.8 0.5 (s)
6 6.2 (8) 5.8 (6) 11.2 3.8 (5 37 05 ()
7 8.4 (4)d 4.9 (9) 12.0 41 (9) 38 054
8 8.4 (4)d 5.0 (0) 12.1 4.1 (38) 38 054
la 6.2 (5) 6.0 (6) 11.1 51 (2) 4.9 (0) 52 (s) 38 05 (®)
2a 6.2 (7) 6.0 (8) 113 512 49 (2 51 () 41 0.5 (5)
3a 6.5 (7) 579 11.1 5.0 (0) 47 (D) 52 (3 (-)6 0.5 (6)
4a 6.5 (9 5.8 (0) 11.0 3.0(3) 4.7 (3) 52 () 42 05 ()
5a 6.2 (1) 5.8 (0) 11.0 49 (3 4.8 05 (7)
6a 6.2 (0) 5.7 (0) 11.0 51 () )b 05 (@)

° Chemical shifts are given in ppm downfield from Me4Si as an internai standard, SD = +0.03 ppm; the coupling constants are given
in Hz and believed to be accurate to +0.2 Hz. s The fine structure of the multiplet was too distorted to permit analysis. ¢ See also ref
3. d This part of the multiplet seemed to have a secondary splitting to a triplet probably arising from the H(4) protons.

Table 1V. The Trans Vicinal Coupling Constants of H at C3, 13C3 Chemical Shift Differences, and the Relative Excess of
the Equatorial Chair Conformers at Room Temperature*

N, AN(H), A5 (230), AN (130),
Compd At,bHz %c %d ppmc %d
1(1a) 7.6 (7.6) 57 8 +12 -0.48 (-0.27) -10 (-8)x 2
2 (2a) 8.2 (8.2) 65
3(3a) 8.6 70 1+ 14 0.07 (0.01) 1(0)t1
4 (4a) 85 (85) 69
5 (5a) 9.7 (9.3) 84 26+ 15 1.29 (0.56) 2717+ 3
6 (6Q) 7.7 (7.7) 58
7 7.6 57 -2+ 1 -0.07 —2 %1

° Values in parentheses are for the corresponding p-nitrobenzoate esters. s Trans vicinal proton spin-spin coupling constant at
Cs. cPercentage of the OH-equatorial conformer calculated using the Karplus relation with clacax= 11.1 + 0.2 Hz and Jegeq= 2.7
+ 0.2 Hz; errors estimated to be ca. +10% of the value quoted. d Difference between the percentages of the equatorial conformer in
the Cs-epimeric pairs. e Difference in the 13C3 chemical shifts of the epimeric pairs.

the resonance that was more affected by the shift reagent to
Cs, since this carbon is closer to the hydroxyl group which is
expected to be the binding site for the LIS reagent.

(b) Conformational Analysis. Inadditionto the 13C NMR
measurements, we have also studied the proton spectra of all
compounds, some of which (1,3,5) have been previously an-
alyzed .35 The chemical shift of the protons bonded to Cs, Cis,
Cs, and C7, as well as the proton-proton spin-spin couplings
of the Cz multiplet, 33n > and the vicinal couplings,
3J h (s),h (), @re summarized in Table I11. In all spectra, the C3
protons exhibited a heptet indicating fast dynamic equilib-
rium between the two possible ring A conformers. We have
employed these coupling constants to determine the equi-
librium population of the conformers using the Karplus
eqguation, as was done by La Mar et al. for vitamin D2.3 The
results are summarized in column 2 of Table IV.

We attempted a similar conformational analysis on the 13C
NMR data. The analysis of 13C NMR data (Table 1) shows
that the resonance shifts of ring D and the side-chain carbon
atoms are insensitive to changes in the structure of ring A,
unlike those of ring C and the butadiene bridge. It also appears
that all these resonances are similar in the Cz-epimeric pairs
(1,2; 3,4; 5,6; 7,8). In contrast, the resonances of the ring A
carbon atoms differ significantly, not only among the com-
pounds having dissimilar ring A structure but also between
the pairs of epimers (e.g., C3 shifts in the pairs 1,2; or 3,4).
These differences are attributed to the chair-chair confor-
mational equilibrium of ring A,18 in which one conformer has

an equatorial and the other an axial OH group at C3 (Figure
1).

In principle, these differences can be used to determine the
equilibrium constants between the two conformers, provided
the chemical shifts 5eqgand oaxof the OH-equatorial and OH-
axial conformers were known for a given atom. The observed
shift 8is then given by:

(€
@)

where 8= 12("eq+ 5* ) is the average of cegand Gx A = &0—
5ax, and N eq, N ax are the fractional populations of the OH-
equatorial and OH-axial conformers, respectively. This ap-
proach cannot be utilized directly, since the values of 8 are
unknown and cannot be ascertained.

We may, however, obtain more reliable information on the
relative ratios of conformers within epimeric pairs. Corre-
sponding conformers in C3 epimeric pairs have their ring A
in a similar conformational relationship with respect to the
rest of the molecule and are thus expected to show identical
shifts (Figure 2). In particular, we may assume that A = &q
- o is identical for an epimeric pair and interpret the 13C
shift between the C3 epimers as solely reflecting the different
populations of the two conformers. Thus, fromeq 1 and 2

(G- o)/A=NaxP- Neg= AN Q)

where the superscript epi refers to the epimeric compound.

Az rot (A2)(AVeq IVaX)

Neg+ Nax = 1
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Figure 1. Conformational equilibria in vitamin D3.

Figure 2. Conformational equilibria in vitamin D3 and epivitamin
D3 (a) OH-axial conformers; (b) OH-equatorial conformers. Epivi-
tamin D3formulas are drawn inverted in the middle row to show the
pseudoenantiomeric relationship of rings A in vitamin D3and epivi-
tamin D3

Consequently, if A is known, we may determine the excess of
one of the conformers in the epimeric compound from the
relative shift (5epl —o).

For the structures under consideration, we have chosen A
= 4.62 ppm for the C3 resonances, which was calculated from
the C3 shift of cholesterol (9) and epicholesterol (10). These
two compounds have the C3 carbon with an equatorial-OH
and an axial-OH conformation, respectively, and resemble the
structure of the vitamin systems. Similar A values may be
derived from compounds having analogous substitution pat-
terns as the ring B secosteroids. For example, we calculate A
= 4.9,4.6, and 4.4 ppm for the carbinol carbon in cholestanol,19
androstanol,19 and 10-methyl-irans-decal-3-0l,20 respec-
tively.21 For the ester derivatives, we use A = 3.27 ppm which
was derived from the p-nitrobenzoic esters of cholesterol and
epicholesterol.

Discussion

In this work we have determined the equilibrium population
of the ring A conformers of vitamin D analogues using both
IH and I3C NMR spectra. The first method relies on the
spin-spin coupling of the protons at C3 using the Karplus
relation,34 while the second approach uses the 13C chemical
shift differences between an axial and equatorial carbinol
groups.

The conformational analysis using 13C NMR data as uti-
lized by us is based on the 7 -shift effect. This 7 effect is mainly
a steric effect and is directly involved with the carbon under
consideration (C3). This method does not give the absolute
equilibrium ratios, but, nevertheless, provides reliable in-
formation about the conformational equilibria.

In Table IV we have summarized the pertinent results used
for the conformational analysis. The first column shows the
vicinal coupling constants for the protons at C3, and the sec-
ond the calculated populations of the OH-equatorial con-
formers, using these values. In the fourth column are listed
the differences between 13C chemical shifts of the C3atoms
in the C3-epimeric pairs. The third and the fifth columns show
the differences between the percentage of the equatorial
conformers of these epimeric pairs, calculated from the 44 and
13C NMR data, respectively.
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Figure 3. Conformational equilibria in frans-vitamin D3 and epi-
trans-vitamin D3 (a) OH-axial conformers; (b) OH-equatorial con-
formers. Kpi-irans-vitamin D3formulas are drawn inverted in the
middle row to show the pseudoenantiomeric relationship of rings A
in trans-vitamin D3 and epi-trans-vitamin D3.

As may be seen from Table 1V, similar results are obtained
for the relative excess of the equatorial conformers in the
epimeric pairs (AN) using both the 13C and ‘H NMR methods.
However, the errors in the calculation of the ANs using the
IH NMR method are of the same order of magnitude as the
ANs themselves. On the other hand, the 13C results are of
much higher accuracy.

In the following, we discuss the four pairs of C3-epimeric
compounds in order to determine the various factors that
influence the conformational equilibrium in the vitamin D
system.

Dihydrotachysterol2 (5). The population ratios of con-
formers in dihydrotachysterol2 (5) and its epimer 6, obtained
from the coupling constants analysis of the C3proton, were
found to be 84:16 and 58:42, respectively. Accordingly, 5
possesses 26% more of the equatorial conformer than its ep-
imer 6. A similar value was calculated from the corresponding
13C NMR data (Table 1V).

Dihydrotachysterol2(5) and its epimer 6 may be regarded
as analogues of trans- and cis-4-methylcyclohexanol, re-
spectively. However, it was found that 5 and 6 have a higher
proportion of the conformer with an axial CH3group than the
corresponding 4-methylcyclohexanols (16 and 58% in 5 and
6 vs. <2 and 10% trans- and cis-4-methylcyclohexanol, 2 re-
spectively). This difference in population ratios is due to the
1:3 peri interaction between the Cg-H and C10-CH3 groups,
which destabilizes the conformers having an equatorial CH3
group by about 1 kcal/mol.&

The same ratios of conformers were found from the cou-
pling-constant analysis of the C3protons of the corresponding
p-nitrobenzoate esters 5a and 6a. However, the relative excess
of the OH-equatorial conformer, as calculated from the 13C
spectra of 5a and 6a, was found to be lower than the corre-
sponding excess in the alcohols (17 vs. 27%).23

trans-Vitamin D3 (3) and its Keto Analogue 7. In both
epimeric pairs the coupling constant of the C3protons as well
as the 13C chemical shifts of epimers were similar (see Tables
IV and I). This similarity indicates that the OH-equatorial and
OH-axial conformers in these pairs are not only magnetically
equivalent, but are also in the pseudoenantiomeric relation-
ship in respect to their ring A and C3atoms (Figure 3). How-
ever, we attribute the difference of 11% in the population ra-
tios between the irans-vitamin D3and its keto analogue (69
vs. 58%) to the change in ring A geometry caused by substi-
tuting the methylene by a carbonyl group.

The p-nitrobenzoate esters 3a and 4a have identical 44 and



3330 J. Org. Chem., Vol. 42, No. 21,1977

13C NMR spectra and a similar ratio of the conformers as the
corresponding alcohols 3 and 4.

Vitamin D3 (1). The 44 NMR spectra of 1and 2 are similar
and the only observable difference lies in their C3-proton
spin-spin coupling constants (7.6 vs. 8.2 Hz).% The calculated
ratio of the conformers in 1was 57:43 and in 2 was 65:35, i.e.,
an excess of 8% of the OH-axial conformer in vitamin D3 (1).
Similar results were obtained from the analysis of their 13C
NMR spectra. The corresponding p-nitrobenzoate esters la
and 2a have almost the same population ratios as their parent
alcohols.

The difference in the population ratio of the OH-equatorial
and OH-axial conformers in 1and 2, respectively, is surprising
as they are expected to be identical due to the pseudoenan-
tiomeric relationship of their rings A and C6 [as found in
irons-vitamin D3 (3) and the keto analogue 7 systems (Figure
2)]. Therefore, it must be assumed that there are different
steric interactions between ring A and C6and rings C/D in the
respective conformers of 1and 2. These interactions are re-
sponsible for the predominance of the ft conformation2 in
which the methylene group lies above the plane of the buta-
diene bridge.

X-ray single crystal-structure determination of vitamin D2
(124 and fﬁi have shown that two types of molecules,
each with a different ring A chair conformation, are present
in aunit cell. One molecule has the OH group in an equatorial
orientation and the methylene group below the plane of the
butadiene bridge (a conformation), while the other has the
OH group in an axial orientation and the methylene group
above the plane of the butadiene bridge (d conformation). It
was also found that in the vitamin D2the two molecules differ
not only in the ring A conformations but also in their C6-C7
torsional angle, this angle being +175° for the a conformation
and —164° for the Pconformation.

Similar differences may also exist in the solution confor-
mations of vitamin D3 (1) and its epimer 2. Thus, respective
ring A conformers in the two epimers do not have a pseudoe-
nantiomeric relationship, as the butadiene bridge is more
distorted in the /? than in the a conformation.

A different approach to the conformational analysis of vi-
tamin D analogues, using 13C NMR spectroscopy, was recently
described by Tsukida et al.12 These authors have derived the
C3 chemical shifts of the OH-equatorial and the OH-axial
conformers using the respective chemical in shifts of the cis-
and trans-4-iert-butylcyclohexanol and correcting for the
substituent effects. In order to test this approach we have
calculated the equilibrium populations in the compounds
investigated by us, using our experimental data for the 13C3
chemical shifts.26 However, these calculations resulted in
population ratios which sometimes differed significantly from
the respective ratios derived from the 31 h(3) data. Thus, the
OH-equatorial conformer populations found in irons-vitamin

Berman, Luz, Mazur, and Sheves

D3(3) and its C3epimer 4 were 46 and 44% as compared with
70 and 69%, respectively, as established from the proton
spin-spin coupling-constant values.

Registry No.—1, 67-97-0; la, 6183-79-5; 2, 57651-82-8; 2a,
60413-84-5; 3, 22350-41-0; 3a, 62743-69-5; 4, 57651-83-9; 4a, 60413-
85-6; 5, 67-96-9; 5a, 62743-70-8; 6, 62777-58-6; 6a, 60503-42-6; 7,
62743-71-9; 8,62743-72-0; 9,57-88-5; 9a, 23838-12-2; 10,474-77-1; 10a,
62743-73-1; 11, 50-14-6; p-nitrobenzoic acid, 62-23-7.
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When dissolved in concentrated sulfuric acid, 10-methyloctalone undergoes only complete protonation. It can be
recovered unchanged after long periods of storage in the dark and subsequent hydrolysis of the acid solution. Irra-
diation of the hydroxycarbocation generated by the octalone in acid with ultraviolet light of 300 nm caused an effi-
cient rearrangement to I-hydroxy-3-(I-methylcyclopentyl)cyclopenten-2-yl cation. Time-lapse spectrometry ex-
periments showed this first transformation to be virtually free of any side reactions. Further photolysis of the re-
sulting solutions with light of 254 nm, where the first photoproduct exhibited strong absorption, caused a second
rearrangement to a tricyclic hydroxycarbocation. The identity of the photoproducts was established from the spec-
tral data of their neutral derivatives and their deuterated analogues. A reaction mechanism is proposed.

The photochemistry of unsaturated cyclic ketones has
received much attention because these structures offer in-
teresting interactions between the carbonyl and alkene w
systems within the steric constraints of the cyclic configura-
tion. Numerous photorearrangements of cyclohexenone in-
corporated in polycyclic configurations have been reported.3
Several interesting rearrangements have been uncovered on
photolysis of 10-methyloctalone in organic solvents.4‘6

This paper describes our results obtained by irradiating
A18-10-methyl-2-octalone 1 in concentrated sulfuric acid. The
methyl group is not only a useful analytical “label” in the
complex problem of elucidating the structure of rearranged
photoproducts, but also the natural angular substituent at the
10 position of many steroid hormones. In fact, methyloctalone
1 represents the common “half-molecule” of androgens tes-
tosterone 2 and androstenedione 3, without the ¢ and D rings.

Since the classical method of assay of these hormones in bio-
logical fluids involves measurement of fluorescence excited
by ultraviolet light in concentrated sulfuric acid, the results
outlined in this study are also relevant to the complicated and
poorly-understood behavior of natural steroids in strongly
acidic solutions.7

Results and Discussion

When dissolved in concentrated sulfuric acid, methyloc-
talone 1formed stable solutions of hydroxycarbocation 4. The
UV spectrum of these solutions remained unchanged for many
months. The absence of any dark reaction was also demon-
strated by recovery of only the starting octalone 1from acid
solutions stored for a long time.

Time-Lapse Spectrometry (TLS).8 Figure 1shows the
consecutive changes in the UV spectrum of a dilute solution
of 1in concentrated acid on successive short irradiations at
300 nm. The absorption band centered at 290 nm, character-
istic of protonated 1, decreased progressively during the
photolysis. The formation of photoproduct s was demon-
strated by the appearance and corresponding increase in a new
absorption band with Arex 265 nm. The UV spectra of 4 and
5 are consistent with a,|3-unsaturated alicyclic ketones in
sulfuric acid.9 After a total irradiation time of 6 min there was
no residual reactant, as shown by scan 8. The absorption

curves in Figure 1 pass through three well-defined isosbestic
points at 210, 277, and 318 nm. This isosbestic behavior
testifies that the phototransformation is free of significant side
or consecutive reactions.8 The existence of only two compo-
nents, reactant ion 4 and photoproduct 5, was confirmed by
the gas chromatographic analysis of extracted hydrolysates
form preparative-scale photoreactions.

Further irradiation at 300 mm of the solution shown in
Figure 1after the completion of the 4 — 5 step caused only a
very slow decrease in absorbance at 265 nm. However, pho-
tolysis with light of 254 nm, where photoproduct s exhibited
intense absorption, caused a rapid change in the absorption
spectrum as shown in Figure 2. The peak at 265 nm in the last
spectrum of Figure 1 decreased gradually with the simulta-
neous appearance of a new maximum at 340 nm. This indi-
cated that the first photoproduct 5 underwent photolysis to
a second product. The isosbestic point formed at about 285
nm by the first seven scans in Figure 2 is less well defined than
the isosbestic points in the TLS diagram of Figure 1, with
some intersections occurring in the 284-288-nm spectral re-
gion. This suggests either the occurrence of minor consecutive
or side reactions, or the presence of some residual protonated
octalone. Since curves 15 and 16, corresponding to 10 and 12
min total irradiation, did not pass through the isosbestic point,
and the scans in 230-240-nm region did not cross at a clearly
defined point, some further breakdown of the second photo-
product seems likely.

Preparative-Scale Irradiation of 1in Sulfuric Acid. For
small scale preparative purposes, a 3 X 10~3M solution of 1
in sulfuric acid was photolyzed at 300 nm in a Vycor prepa-
ratory cell. The progress of the photoreaction was evaluated
by monitoring the UV spectra of diluted aliquots. At the end
of the first 2 h of irradiation, the 4 “m 5 conversion was es-
sentially complete with little, if any, other product being
formed. Quenching of the photolyzed solution on ice and ether
extraction of the hydrolysate followed by solvent evaporation
yielded an oil with a faint yellow tint. No degradation products
could be identified in the aqueous phase. GLC analysis of the
extract indicated the presence of only one volatile component.
The UV spectrum of this component, isolated by GLC and
redissolved in sulfuric acid, was identical with that of photo-
product 5 shown in scan 8 of Figures 1 and 2. This shows that
product 6 was recuperated from concentrated acid solutions
without irreversible change.
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Figure 1. Changes in the UV spectrum of a 6 x 10~5M solution of
10-methyioctalone in sulfuric acid, when irradiated at 300 nm. Total
photolysis time indicated in the diagram to the right of the corre-
sponding scan.

Identification of First Photoproduct. Analytically pure
photoproduct by GLC of ether extracted hydrolysate was a
clear light-yellow liquid. Its mass spectrum, like that of 1,
showed a prominent molecular ion peak at m/e 164. There is
little doubt that the overall 1 —=6 reaction represents an
isomerization.

The IR spectrum of 6 exhibited peaks at 1713 and 1683
cm-1 characteristic of a carbonyl group which is either un-
conjugated, out-of-plane with respect to an adjacent alkene
group, or part of a cyclopentenone ring.10 The relatively in-
tense IR peak at 1605 cm-1 is usually associated with a con-
jugated alkene group.

The UV spectrum of 6 in methanol showed a moderately
intense band centered at 228 nm with e = 1.1 X 104L mol-1
cm-1 consistent with the absorption of a conjugated carbonyl
group.

The NMR spectrum showed the presence of avinyl proton
(triplet centered at 5.87 ppm vs. MeiSi J = 1.8 Hz) coupled
to two equivalent protons. Multiplets centered at approxi-
mately 2.6 and 2.3 ppm, each equivalent to two protons, sug-
gested the presence of methylene groups adjacent to C=0

10
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Figure 2. Further changes in the UV spectrum of the same solution
shown in Figure 1on photolysis at 254 nm.

and/or C=C.U The rest of the spectrum displayed a broad
unresolved band from about 1.3 to 1.9 ppm, with integration
equivalent to 8 saturated protons, and a 3 hydrogen singlet
at 1.20 ppm.

Structures 6,7 ,8, and 9 at first sight seemed to satisfy the
above analytical data. They all have one vinyl proton, a ter-
tiary methyl group, 8 “high-field” methylene protons, C=0
and C=C chromophores, and an appropriate number of
methylene groups a to each of the two unsaturated groups.
However, only 6 is consistent with a 1.8-Hz coupling constant
observed for the vinyl proton of our photoproduct. All other
structures contain methylene groups adjacent to the vinyl
hydrogen which would be expected to give coupling constants
of 6-7 Hz.1415Also the chemical shifts for the vinyl protons
of 8 and 9 would be expected to be close to the 6.57 ppm re-
ported by House and Thompson13 for 10. We observed an
absorption signal attributed to avinyl hydrogen at 5.87 ppm
in the NMR spectrum of 6 in agreement with the resonance
observed at 5.81 ppm for 3-iert-butylcyclopentenone.16
Furthermore, the UV and IR data of Djerassi and Marshall12
for an authentic sample of 7 are incompatible with the data
for our photoproduct.

Effects of Deuteration. Following deuterium exchange,
6 had an average of 2.5 deuterium atoms per molecule as de-
termined by mass spectrometry and confirmed by its NMR
spectrum. The corresponding methylene and vinyl hydrogen
signals were reduced in intensity and showed quadrupole
broadening without splitting. Complete exchange of the hy-
drogens a to the carbonyl and the allyl hydrogens would
generate molecule 11 with five deuterium atoms per molecule.
Hence, only about 50% exchange was effected. The vinyl hy-
drogen was replaced by deuterium in 80% of the molecules
while only 30% exchange occurred at the high-field methylene
group adjacent to the carbonyl group and 60% at the allylic
low-field methylene protons. The exchange of the vinyl hy-
drogen, which appears to be nonreplaceable, has been reported
by other investigators.17 This seemingly unusual isotopic
exchange pattern was determined by the stereoelectronic
control of the relative rates of exchange. The orienting influ-
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ence depends on the degree of delocalization of electrons in
perturbed axial and equatorial bonds a to the exocyclic iror-
bital.18

Since the transition state for enolization-ketonization type
processes is stabilized by bonding between the a carbon and
the carbonyl carbon involving o-7r delocalization, an axial 8
substituent is lost or gained preferentially over an equatorial
8 substituent. In flexible systems such as cyclohexanone, all
a hydrogens eventually assume an axial orientation and are
subject to facile exchange. In more rigid ring systems such as
cyclopentanone and especially cyclopentenone, however, the
hydrogens are fixed in an intermediate position midway be-
tween the axial and equatorial orientations. Furthermore, the
transition state for the allylic hydrogen exchange is stabilized
by bond delocalization over the 5 atoms of the enone system.
It is reasonable, therefore, that in photoproduct 6 the ex-
change of hydrogens a to the carbonyl group is less favorable
than that of the allylic hydrogens.

Base-catalyzed exchange of 6 over two days in deuter-
iomethanol yielded a product with an average of 3.6 deuterium
atoms per molecule or about 70% replacement of exchangeable
hydrogens. The distribution was d\ 3%, <2 11%, ds 26%, d4
44%, and <5 16%. The main peaks in the mass spectrum of the
deuterated 6 were found at m/e 153, 136, and 124 corre-
sponding to loss of CH3, C2D4, and CD2CO, respectively. The
analogous peaks in nondeuterated 6 were at m/e 149 (M+ —
CHJ3), m/e 136 (M+ - C2H4), and m/e 122 (M+ - CHZ2CO,
base peak).

NMR Spectroscopy in Sulfuric Acid. The species re-
sponsible for light absorption and subsequent rearrangement
is undoubtedly hydroxycarbocation 4 formed by protonation
of 1in concentrated sulfuric acid solution. Its NMR spectrum
in D2S04 correlates well with that of unprotonated 1 in
CDZ2CI2 The signal for the vinyl proton found at 5.64 ppm in
CD2CI2was shifted to lower field by 0.8 ppm in D2SO4. The
multiplet between 2.2 and 2.5 ppm in CD2CI2 due to the
methylene protons adjacentto C =0 and C=C was separated
into two broad unresolved bands at 2.6 and 2.9 ppm in D2504.
Except for some loss of resolution, the saturated methylene
groups appeared in the same spectral range from 1to 2 ppm
in both solvents. Similarly, the chemical shift of the methyl
group remained unchanged. The downfield shift exhibited by
protons adjacent to the a,d-unsaturated carbonyl group in
sulfuric acid is undoubtedly due to the electron withdrawing
or deshielding effect of protonation on the carbonyl group. It
is thus apparent that 1 undergoes complete protonation but
maintains its structural integrity when dissolved in sulfuric
acid solution.

In separate experiments, 10-methyloctalone 1was photo-
lyzed in D2SO4at 300 nm directly in the NMR tube. The ex-
tent of photoconversion was monitored by recording ultravi-
olet absorption spectra of aliquots diluted with sulfuric acid.
After 4 h of total irradiation the 4~ -5 photoreaction was
complete. The NMR spectrum of the irradiated solution was
remarkably clean and consistent with photonated photo-
product structure 5.

The Second Photochemical Rearrangement. Solutions
(3 X 10-3 M) of 10-methyloctalone in sulfuric acid were first
photolyzed at 300 nm until the first step was complete, as
determined by recording the UV absorption of diluted ali-
quots. The photolysis was then continued with a UV source
of 254 nm. This second irradiation was terminated before all
the first product 5 was reacted in order to minimize the com-
plicating side or consecutive reactions which tended to give
more complex reaction mixtures. Usually the first 4 —=5 step
required about 4 h for completion. The subsequent photolysis
at 254 nm was stopped after another 4 h.

The final solution was hydrolyzed over ice and extracted
with methylene chloride. GLC analysis of the extract revealed
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the presence of one major product representing about 50% of
all components, eight other minor products, and unreacted
cyclopentenone 6. When the residue of the evaporated
methylene chloride was redissolved in acid, it gave the same
UV-visible absorption as the acid solution before hydrolysis,
and the same as that prepared from dissolving the GLC-
trapped components in acid. These findings show that no
essential change occurred during hydrolysis, that virtually all
the products are volatile, and that they do not exhibit sensi-
tivity to atmospheric oxygen during processing.

Characterization of Second Photoproduct. Analytical
samples of the major product from the photolysis of 5 were
obtained by repeated collection of GLC fractions from the
mixture of hydrolyzed and extracted products. The mass
spectrum exhibited a relatively weak molecular ion peak at
m/e 164, the same as that of 1 and its first photoproduct 6.
Therefore, it seems that the second photochemical reaction
represents another isomerization. Base-catalyzed deuterium
exchange of the second product gave a species with molecular
ion at m/e 168, a gain of four mass units, suggestive of four
exchangeable hydrogen atoms.

The UV absorption spectrum of an ethanolic solution
showed only a low intensity peak (e = 24 L mol-1 cm-1)
around 280 nm with no other absorption band above 220 nm.
The UV spectrum of an alcohol solution of the unresolved
reaction mixture showed a broad relatively strong absorption
band around 260-280 nm suggesting conjugated chromo-
phores in the minor photoproducts. This could be the source
of the 340-nm peak in the TLS diagram of the second photo-
chemical conversion in sulfuric acid. The IR spectrum of the
major product showed a peak at 1742 cm-1, consistent with
an unconjugated carbonyl group in a five-membered ring.10

The XH NMR spectrum showed the presence of a methyl
singlet at 1.02 ppm, eight methylene protons between 1.4 and
1.8 ppm, a partially resolved multiplet equivalent to three
protons between 2.0 and 2.3 ppm, and a singlet equivalent to
two protons at 2.4 ppm. There was no signal attributable to
vinyl protons.

Several noise-decoupled 13C magnetic resonance spectra
were recorded with a different number of scans, different
angles of pulsation, and different time intervals between
pulses. Analysis of these spectra revealed the presence of two
guaternary carbon atoms at 50.2 and 54.1 ppm, a carbonyl
carbon part of a cyclopentanone ring at 219.2 ppm,19and eight
carbons bearing hydrogen atoms between 14.4 and 43.6 ppm.
Again, no absorption signals appeared in the spectral range
between 120 and 170 ppm, usually associated with alkene
carbon atoms. The 13C atoms with chemical shifts of 54.1 and
50.2 ppm and the carbonyl carbon gave resonance signals of
lower intensity than the rest of the carbon atoms by a factor
of about 2-2.4, as expected for 13C atoms not bonded to hy-
drogens. The two quaternary carbons and the non-aldehydic
carbonyl carbon require longer relaxation times and a slower
scan rate than the proton-bearing carbons.20

The above analytical data have established that the second
photoproduct must have a molecular weight of 164, a cyclo-
pentanone ring, four exchangeable hydrogen atoms, five
low-field protons, two of which give rise to an NMR singlet,
eight protons in the methylene region between 1and 2 ppm,
a methyl group giving a singlet NMR peak, two quaternary
carbon atoms, and no alkene group. There are three structures
satisfying these requirements, namely 12,13, and 14.

Both configurations 12 and 13 contain the bicyclo[3.1.0]-
hexan-3-one moiety. Strong support for the existence of such
a group in the structure of the second photoproduct was
provided by the similarity of its infrared spectrum with that
of bicyclo ketone 15 synthesized by Winstein and Sonnens-
berg.2l The resemblance is strong enough to exclude possi-
bility 14 from consideration.2
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The selection of structure 13 over 12 was more subtle. A
singlet corresponding to the angular methyl group was re-
ported5at 1.20 ppm in the IH NMR spectrum of 16 which has
marked structural similarity to 12. In contrast, the methyl
signal of our second photoproduct was found at 1.02 ppm.
Molecular models showed that the hydrogens of the freely
rotating methyl groups of 12 and 16 have very similar orien-
tations with respect to the carbonyl groups. Therefore, one
would expect almost identical chemical shifts in their signal.
On the other hand, the methyl group in 13 is oriented directly
away from the carbonyl group and would be expected to ab-
sorb at higher field than in 16. This also agrees with the re-
ported signals at 1.1 ppm for methyl groups located at the
bridgehead carbon in bicyclopropanes.23

The mass spectra of our last photoproduct and its deuter-
ated analog are also more consistent with configuration 13
than with 12. The base peak in the second photoproduct was
found at m/e 81. The analogous peak in its deutero derivative
is also at m/e 81 but relatively less abundant. This suggests
that the peak at m/e 81 is caused by different fragments, one
of which contains no exchangeable hydrogen atoms. When the
fragment containing exchangeable hydrogens is “ subtracted
out” by deuteration, the base at m/e = 81 becomes relatively
less abundant. The presence of such a fragment was confirmed
by the appearance of a prominent new peak at m/e 85 in the
deuterated analog. Another significant difference between the
two spectra consists of the changing of the prominent peak at
m/e 96 in the product to m/e 100 in the deuterated product.
This fragmentation pattern is easier to rationalize with
structure 13 than 12 as shown in Scheme I. Loss of exocyclic
methyl group is expected to occur readily. The double fission
of the three-member ring suggested above is not unique. In
fact,24cleavage of the two bonds of the cyclopropane ring lead
to the base peak at m/e 97 in the mass spectrum of 17. The
formation of fragments at m/e 81 and 96 in the spectrum of
12 would require cleavage of two cyclopropane bonds (one of
which is part of a cyclohexane ring) and cyclohexane bond
adjacent to the quaternary C9 (m/e 81) or to C9(m/e 96) as
shown in Scheme I. Such events, requiring a two-ring opening
step, seem substantially less probable than the fragmentation
shown for 13 in the same scheme.

Reaction Mechanism. The overall photochemical trans-
formation of 1in sulfuric acid issummarized is Scheme Il. The
outcome is quite different from the reactions reported for the
photolysis of 10-methyloctalone in various neutral organic
solvents.4-6 The absence of dimerization and reduction-
dimerization combinations is not surprising, since, in acid,
such reactions would require collisional interaction of two
cations, an electrostatically unfavorable event. That afi to P,y
double bond photoisomerization does not occur in acid is
understandable since it also involves a collision between two
cationic solute molecules and since it seems to originate in an
n,l1* rather than a I1,11* excited triplet state. Since in sulfuric
acid the nonbonding electrons of the carbonyl oxygen are
subject to protonation, a n,n* reactive level excitable with
light of 300 nm is extremely unlikely.

Cornell and Filipescu

Scheme |

H, m/e=81 R
1) mZe=85 R

H, m/e = 96
D. m/e = 100

&
Py
1

Scheme Il

£H3

13

The formation of hydroxycarbocation 5 from protonated
bicyclic cyclohexenone 4 is readily visualized in terms of two
1,2 shifts with the intermediate formation of tertiary cation
19, as shown in Scheme Ill. Actually only the first 1,2 migra-
tion needs to be photochemically induced since the second 19
—*5 step could well take place after demotion to the ground
state. The latter involves an energetically favorable trans-
formation to a more stable allylic cation with further delo-
calization on the hydroxyl oxygen.

The hydrolysis product 6 was isolated in 2-5% during the
photolysis of 1 in alcohol.5 It was shown to be a side product
from the photoreaction of tricyclic ketone 16 and not directly
from 1. The photochemical 16 —6 rearrangement was re-
versible. To explain retention of chirality at Cj and inversion
at Cjoon going from 16 to 6, the authors had to postulate a
diradical intermediate formed by initial homolytic cleavage
of the C4 C 10bond, an unusual step in both ground and pho-
tochemical reactions.5We feel that the two 1,2-shifts mech-
anism from 4 to 5 is reasonable. Furthermore, no hydroxy-
carbocation corresponding to 16 could be detected during the
4 a5 reaction. If an intermediate similar to the diradical
proposed for 16 — 6 reaction were formed in the acid reaction,
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Scheme 111

PH,

HO
18

some protonated 16 should have been detectable. There is one
more basic difference between the photochemical reaction of
1in alcoholic solution and in concentrated acid. The former
gave side-product cyclopentenone 6 in less than 5% whereas
the 4 —»5 reaction was essentially quantitative.

The mechanism of the second photorearrangement in acid
solution from 5 to 18 is also reasonably explained by a se-
quence of a 1,2-shift, 7-proton elimination, tautomerization,
and reprotonation, as shown in Scheme 111. In terms of
ground-state reactions, the 1,2 shift of a methyl group in the
5 “m 20 initial step is apparently endothermic, as it converts
an allylic cation with further stabilization from delocalization
over the hydroxylic oxygen, to a simple tertiary carbocation.
This undoubtedly is an excited-state reaction. Elimination
of a proton with cyclopropane ring formation, as shown for the
20 — 21 step, is a well established pathway for carbocation
stabilization.25 The remaining enol —%ketone tautomerization
from 21 to 13 and reprotonation to homoaromatic26carboca-
tion 18 are readily acceptable steps. Again, only the initial 1,2
shift requires an electronically excited state, while all the
subsequent steps of the 5 -*m 18 rearrangement are well un-
derstood in terms of ground-state reactions.

Experimental Section

General. Ultraviolet spectra were recorded with a Cary 14
spectrophotometer.27 Infrared spectra (IR) were obtained on
a Perkin-Elmer 467 grating spectrophotometer with CCl4as
solvent. Nuclear magnetic resonance (NMR) spectra were
recorded with a Brucker WH-90 Fourier-transform spec-
trometer in CD2CI20r CDCI3, and chemical shifts are reported
in parts per million (8) from tetramethylsilane. Gas-liquid
chromatographic (GLC) analyses were performed with a
Hewlett-Packard 5750B gas chromatograph with flame ion-
ization detector and helium carrier gas. Columns were: column
A, 6ft X 0.125in., 5% Triton X-305 on Chromasorb W; column
B, 10ft X 0.125 in., 3% JXR on Gas Chrom Q; column C, 4 ft
X 0.125in., 3% JXR on Gas Chrom Q; column D, 17 X 0.25in.,
5% Triton X-305 on Chromasorb W. Mass spectra were ob-
tained with an LKB-9000 combined gas chromatograph-mass
spectrometer at an ionization potential of 70 eV employing
either columns A or C.
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The photolysis apparatus consisted of five low-pressure
lamps, either 1.3-W type RPR-3000A or 1.8-W type RPR-
2537A (The Southern New England Ultraviolet Co., Mid-
dletown, Conn.) arranged in a circle with a 30-mm core.
Photolysis of dilute solutions was carried out in a 1-cm ground
glass stoppered quartz cuvette polished on four sides, with
magnetic stirring and cooling by forced air draft. Preparatory
reactions on more concentrated solutions were carried out in
a Vycor cylindrical cell (22-mm i.d. X 33-cm length) cooled
with a 16-mm o.d. cold-finger condenser with nitrogen bub-
bling for agitation.

Synthesisof A"M O-Methyl-2-octalone. The procedure
of Hussey28was followed except that the mole ratio of meth-
iodide to ketone was 2:1, essentially as recommended by
Dauben.2 A solution of 9 g each of 2-methylcyclohexanone
and potassium tert-butoxide in 100 mL of anhydrous tert-
butyl alcohol was refluxed for 1 h. A solution of 46 g of 4-di-
ethylamino-2-butanone methiodide (from 23 g each of 4-
diethylamino-2-butanone and methyl iodide mixed slowly in
100 mL of anhydrous tert-butyl alcohol) was added slowly
with good cooling. After 16 h at room temperature, the mixture
was heated to reflux for 1 h, and then acidified with ice cold
hydrochloric acid. Solvent was removed under vacuum and
the residue extracted with ether. Removal of the ether solvent
and vacuum distillation of the remaining liquid gave 2.2 g of
the crude octalone, bp 114-127 °C (4 mm), which proved to
be 75% 10-methyloctalone by GLC analysis (13% yield).
Further purification was by GLC fractionation using column
D.

Preparation of Deuterated Species. Exchange deutera-
tion was carried out on milligram amounts of photoproduct
dissolved in a few tenths of a milliliter of deuteriomethanol
to which a catalytic amount of sodium methoxide was added.
The temperature of the solution was maintained at 50 °C for
several hours after which the solvent was removed under a
stream of nitrogen. The residue was dissolved in methylene
chloride for injection into the gas chromatograph-mass
spectrometer.

Time-Lapse Spectrometry. Changes in the UV spectrum
ofa6 X 10-5 M solution of 10-methyloctalone in concentrated
sulfuric acid were recorded upon successive short intervals of
irradiation with light of 300-nm wavelength (RPR-3000A
source). Upon disappearance of the last traces of the starting
octalone, 254-nm wavelength source lamps (RPR-2537A) were
installed in the photochemical reactor and further changes
in the UV spectrum were recorded upon continued photoly-
sis.

Photoproduct 6. Forty milliliters of a0.003 M solution of
10-methyloctalone in concentrated sulfuric acid was irradiated
for 2 h with light of 300-nm wavelength. Monitoring of the
photolysis was by UV spectroscopy on diluted aliquots. Upon
disappearance of the last trace of starting material, the sulfuric
acid solution was quenched in 250 g of ice and extracted with
ether. Analysis of the extract showed the presence of a single
photoproduct 6. Isolation of 6 was by GLC employing column
B; spectral data: UVmex (MeOH) 228 nm, log €4.04; IR (CCl4)
3080,2875,1713,1683,1605,1184,990,866, and 847 cm“ 1, XH
NMR (CD2CI2,,90 MHz) 85.87 (t, 1H, J = 1.8 Hz vinylic H),
2.6, 2.3 (m, 2H ea, cyclopentenone CH2), 1.9-1.3 (unresolved
m, 8H cyclopentane CH2), 1.20 (s, 3H, CHJ3). Mass spectrum
rule (rel. intensity): perhydro species 164 (M+, 33), 149 (22),
136 (47), 122 (100); deuterated species 168 (M +, 45), 153 (16),
136 (43), 124 (100).

Photoproduct 13. Forty milliliters of a0.05 M solution of
10-methyloctalone in concentrated sulfuric acid was irradiated
for 24 h with light of 300-nm wavelength. Conversion of the
protonated octalone to protonated photoproduct 6 was com-
plete as shown by UV scans of diluted aliquots. The source
lamps were changed to 254-nm wavelength (RPR-2537A) and
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irradiation continued for an additional 48 h. The sulfuric acid
solution was quenched in 250 g of ice and extracted with ether.
Analysis of the extract and isolation of the principal photo-
product 13was by GLC using column A.

Spectral data: IR (CCLt) 3470, 2990 (v w sh) 2952, 2920 (sh),
2887,2860 (sh), 1742,1715 (sh), 1480,1452,1402,1380,1261,
1177,1160,1130,1103,1062,1025,955,910, and 840 cm* 1L *H
NMR (CDCI3,90 M Hz) 52.40 (s, 2H); 2.3-2.0 (m, 3H); 1.7-1.4
(unresolved m, 8H cyclopentane CH2); 1.02 (s, 3H, CH?J). 13C
NMR (CDCI3, 22.6 M Hz) S(rel. intensity) 219.2 (45), 54.1
(47), 50.2 (42), 43.6 (81), 41.9 (70), 40.4 (88), 37.8 (82), 31.5 (83),
255 (83), 24.8 (100), 14.4 (74). Mass spectrum m/e (rel. in-
tensity): perhvdro species 164 (M+, 5), 149 (13), 136 (10), 123
(14) , 122 (18), 109 (30), 107 (20), 96 (42) 93 (30), 91 (22), 81
(100), 67 (68); deuterated species 168 (M+, 8), 153 (16), 140
(15) , 127 (22), 124 (18), 113 (22), 112 (26), 110 (20), 109 (22),
100 (58), 95 (32), 93 (28), 85 (72), 81 (100), 69 (52).
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Stereoselectivity of the Retro-Ene Reaction
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The retro-ene reaction of a 2-vinylcyclohexanol occurs readily in the vapor phase at 400-450 °C giving an unsatu-
rated carbonyl compound in good yield. For the reactant the terms cis and trans refer to the hydroxyl and vinyl
groups, Ri refers to the other group on Ci, and R2to that at C2. The numbers listed refer to percent E, percent Z,
percent unidentified materials, and overall yield of product. Vapor phase reaction of the following examples was
carried out: trans, 1H, 2 H, 96,0,4,95; cis, 1H, 2 H, 59,36,5,97; trans, 1 Me, 2 H, 92,0,8,98; cis, 1 Me, 2 H, 52,44,
4,93; mixture trans (53), cis (47), 1H, 2 Me, 81.14,5,92; mixture trans (90) cis (10), 1 Me, 2 Me, 92,0,8,96. The re-
sults suggest that the reaction is concerted and the products are kinetically determined. The reaction constitutes
a useful stereoselective procedure for the synthesis of trisubstituted olefins.

The last decade has seen a great enhancement of interest
in the stereoselective syntheses of double bonds of known
configuration. Problems associated with the widespread dis-
persal of persistent insecticides in the environment and the
discovery of insect pheremones have focussed attention par-
ticularly on the preparation of trisubstituted double bonds.3
Many concerted thermal rearrangements exhibit a high degree
of stereoselectivity, and numerous examples of their use for
the synthesis of such alkenes have been reported.4Though the
retro-ene reaction has not been used for this purpose, Arnold
and Smolinsky5 have established that rearrangement of

trans-2-(alk-l-enyl)cycloalkanols leads to unsaturated al-
dehydes in high yield and apparently with high stereoselec-
tivity. They examined cycloalkanols of varying ring size from
cyclopentanols to cycloheptanols. In all cases the double bonds
formed were disubstituted, and only the trans isomers were
found. These results suggested that the retro-ene reaction
might be useful for the stereoselective synthesis of more highly
substituted alkenes. However, in view of the known sensitivity
of the ene reaction to steric effects,6the stereoselectivity ob-
served for disubstituted alkenes cannot a priori be extrapo-
lated to more hindered systems. Therefore to ascertain the
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potential of the retro-ene reaction for the synthesis of alkenes
of known configuration we have prepared and pyrolyzed a
series of stereoisomeric 2-vinylcyclohexanols.

Reactants, Synthesis, and Stereochem istry

Arnold5 prepared frans-2-alkenylcyclohexanols by treating
cyclohexene oxide with an acetylide. This method suffers from
poor yields and cannot be applied in general to substituted
oxides. Both cis- and trans-2-vinylcyclohexanols have been
prepared by Crandall.7 He based his configurational assign-
ment on the reasonable assumption that vinyllithium reacts
with cyclohexene oxide to open the ring in the trans manner.
For our studies it was advantageous to use a route with greater
general utility for the preparation of substituted vinylcyclo-
hexanols. This route is shown in Scheme 1. In the first step the
use of an activated copper catalyst rather than a soluble ionic
copper coordination compound8 gave better yields and no
C-H insertion products. Reduction of the ester and formation
of the homoallylic alcohol proceeded routinely. Though for-
mation of the homoallylic product from a cyclopropylcarbinyl
reactant is attributed to thermodynamic control, the
homoallylic cation apparently reacts with water almost ex-
clusively on the axial side. We obtained appreciable amounts
of cis isomers only when the alcohol formed was tertiary. It is
not clear whether the cis isomer9arises by ring inversion at
the cation stage or via equilibration of the tertiary alcohol after
its formation. It is obvious, however, that the major product
results from kinetic control in the trapping step.

Acid catalyzed reaction of 7-hydroxymethylbicy-
clo[4.1.0]heptane gave only I1t, with no discernible Ic present.
Collins’ oxidation of 1t gave 2-vinylcyclohexanone,10and re-
duction of this ketone with lithium aluminum hydride per-
mitted a correlation between our assignments and those of
Crandall.7 When 2-vinylcyclohexanone was reduced with
lithium tri-s-butylborohydride, Ic was obtained in better than
95% purity. Reaction of I-methyl-7-hydroxymethylbi-
cyclo[4.1.0]heptane gave a mixture of two isomeric tertiary
alcohols in 83:17 ratio. The major product was assigned the
structure 2t with vinyl and hydroxyl groups trans,9partially
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Table I. Stereoselectivity of the Retro-Ene Reaction of
Substituted Vjnylcyclohexanols

% Other

Reactant %E %Z Yield0 products
It 100 0 95 4
lc 62 38 97 5
2t 100 0 98 8
2¢ 54 46 93 4
3t + 3c (63:47) 85 15 92 5
4t + 4c (90:10) 100 (-5 +0) 0 (+5- 0) 96 8

° Yields given are of total isolated material including by-
products.

by analogy with the first example. This assignment was con-
firmed by astudy of the reaction between 2-vinylcyclohexa-
none and methylmagnesium iodide. Two products were ob-
tained in a 75:25 ratio. In this case the major isomer should be
the cis product 2c¢ because the Grignard reagents generally
enter equatorially.11 As expected the major product of the ring
opening corresponds to the minor isomer from the Grignard
reaction. Opening of the cyclopropane ring of 1,6-dimethyl-
7-hydroxymethylbicyclo[4.1.0]heptane produced a mixture
of 4t and 4c¢ in 86:14 ratio. Thus both reactions which lead to
tertiary alcohols give very similar ratios of isomers. Assign-
ment in this last case was based purely on analogy with the
earlier reactions.

The final pair of isomers, 3t and 3c, was obtained by
methylation of 2-vinylcyclohexanone followed by reduction
of the methylation product. Alkylation caused unexpected
problems, principally because we failed to recognize just how
lethargic the Sn2 reaction of this enolate is. Reaction of the
carbanion with methyl iodide must be carried out at elevated
temperatures, even in the presence of HMPA. Reduction of
2-methyl-2-vinylcyclohexanone is not expected to show any
great degree of selectivity because the methyl and vinyl groups
have similar size requirements. This expectation was borne
out since a mixture containing 53% of 3t and 47% of 3¢ was

obtained. Separation of the mixture was not attempted, and
the more abundant isomer was assigned the 3t structure,
primarily because the resonance of methyl group in that iso-
mer was further downfield (1.13 ppm) than that of the other
isomer (0.98 ppm).12

Results and Discussion

The vinylcyclohexanols were pyrolyzed in a flow reactor
using nitrogen as a carrier gas. No attempt was made to opti-
mize contact times or temperatures, but recovery was excellent
in all cases, and the reaction was extremely clean. Aside from
the retro-ene product only traces (4-8%) of other products
were found, and no attempt was made to separate and identify
these minor products. The results are listed in Table I. Before
considering the significance of these data, we will discuss the
structural assignments for the products. Products from both
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isomers of 1and 2 have disubstituted double bonds, and the
presence or absence of the out-of-plane C-H bending band
at 970 £ 5 cm-1 was used to determine the double bond ge-
ometry. Coupling constants for the olefinic protons could not
be obtained from the NMR spectra. Interestingly, this as-
signment was supported in both cases by the appearance of
virtual coupling13in the resonance of the allylic methyl groups
of both trans isomers, and its absence in the cis isomers.

The initial product from 3t + 3¢ was inseparable on all GLC
columns we tried, but the NMR spectrum showed that it was
a mixture since two cleanly separated resonances appeared
for the aldehydic proton with an intensity ratio ca. 5:1. The
aldehyde was reduced to an alcohol, and the alcohols were
separated by GLC giving a ratio of the two isomers of 85:15.
The assignment of configurations to the stereoisomers of
trisubstituted double bonds of the general type RC(Me)=
CHR' has generally been based on the chemical shift of the
methyl group and the coupling constant between the methyl
and the olefinic proton.14 Two problems complicated appli-
cation of this procedure to the products from 3t + 3c. Firstthe
difference between the chemical shifts for the methyl groups
was smaller than normal, thus lending a measure of uncer-
tainty to the assignment. Second the R' group in our case is
a methyl, and its doublet pattern could not be cleanly iden-
tified. As a result the apparent splitting of the internal methyl
resonance in the spectrum of the isomer assigned the E con-
figuration could not be attributed with confidence to that
coupling. Both indicators, however, lead to the same assign-
ment for the E isomer, and this assignment is in agreement
with expections based on the first four examples and on
theory. This internal consistency engenders confidence in the
assignment. The final example 4t + 4c gave a product which
was not separable on any column we tried; however, the NMR
spectrum of the product showed one sharp singlet at 2.02.
Since the aldehydic proton of 6-methyl-6-octenal showed
peaks for the E and Z isomers separated by 15 Hz, we expected
some small separation of the methyl resonances for the E and
Z isomers of 7-methyl-7-nonen-2-one. However, even if some
separation were present, about 5% of a second isomer would
not be identified. The E assignment in this case was based
purely on analogy.

The most obvious conclusion reached from our data is that
the reaction of the trans isomers 1t and 2t (presumably also
3t and 4t) is highly stereoselective. Tests using mixtures of E
and Z products from 1t and Ic showed that 0.1% of the Z
isomer could be identified in the E. Thus stereoselectivity is
at least 99.9% for It. From this we conclude that the product
is kinetically determined, and that stereomutation of the
double bond does not occur. The stereoelectronic require-
ments for the ene reaction demand a parallel alignment of the
O-H and C-C < bond orbitals with the p orbitals of the ir
bond.6 As Scheme Il shows, this requirement can be quite
adequately met by a chair-like arrangement in the (ee) con-
former of the trans isomer. This gives the E isomer in the
product. A boat-like arrangement which would give the Z
isomer cannot meet the stereoelectronic requirement, and our
results indicate this transition state must be at least 10 kcal/
mol above the chair-like state. It is also very clear from our
results that the cis reactant is much less stereoselective. To
treat this case we assume that conformational interconver-
sions of the cyclohexane ring are fast compared to the retro-
ene reaction, and the Curtin-Hammett principle applies.
Transition states of the chair-like type having the OH either
equatorial or axial (ke and kaof Scheme 11, respectively) are
attainable. The ke state meets the stereoelectronic require-
ment better than the kastate, but the ke state introduces some
steric interaction between the vinyl hydrogen and an axial
hydrogen on the ring. While it is difficult to make any clear
predictions, one certainly expects that (a) stereoselectivity
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Scheme Il. Conformational Effects on the Retro-Ene
Reaction of 2-Vinylcyclohexanols

will be reduced in comparison with trans reactants, and (b)
stereoselectivity will be a function of the substituents R and
R'.

These ideas can be compared with our experimental results
if we assume that the trans reactants are 100% stereoselective
in all cases, and that the cis isomers with the equatorial hy-
droxyl give exclusively E products while those with axial hy-
droxyls lead only to Z products. Thus for I1c kjka= 1.6; for
2¢, 1.2; for 3¢, 2.2; and no information can be obtained for 4c.
The values for k jk aobtained seem quite reasonable in terms
of the transition states. Clearly, addition of amethyl at Ci(R
= Me) should increase the energy of the transition state for
ke (Me is axial), but the full 1.7 kcal/mol of the AGconf. for
methyl is not effective. The vinyl-methyl skew interaction in
the katransition state could account for some increase in en-
ergy in that state. A AAG* of ca. 0.5 kcal/mol favoring ka
would account for the effect of changingR = H to R = Me. For
thechange R' = H to R' = Me, i.e,, Ic to 3¢, the methyl should
show the opposite effect and a AAG* of 0.5 kcal/mol favoring
kewould give k jk s = 2.2 for 3c. The agreement is better than
this simplistic approach deserves.

Experimental Section

7-Carbethoxybicyclo[4.1.0]heptane. A mixture of 82.0g (1.0 mol)
of cyclohexene, 2.9 g of benzoyl peroxide, and 222 mg of (trimethyl
phosphite)copper(l) chloride8was heated until a green solution was
obtained. To this was added a mixture containing 82 g of cyclohexene
and 23 g (0.2 mol) of ethyl diazoacetate. The solution was heated to
reflux overnight, and the cold mixture was filtered. Excess cyclo-
hexene was removed by distillation, and the residual product was
distilled with a 45-cm spinning band column giving 26 g (77%) of 7-
carbethyoxybicyclo[4.1.0]heptane: bp 41 °C (1.9 mm) [lit.16bp 110
°C (18 mm)]; NMR (CC14) d1.13 (t, 3H, J = 7 Hz), 1.1-1.5 (broad m,
6H), 1.8 (broad m, 4H), 4.04 (q, 2H, J = 7 Hz).

I-Methyl-7-carbethoxybicyclo[4.1.0]heptane. A 13 g sample
(0.14 mol) of 1-methylcyclohexene was treated with 6.9 g (0.06 mol)
of ethyl diazoacetate according to the procedure described above.
Distillation gave 4.4 g (40%) of I-methyl-7-carbethoxybicyclo[4.1.0]-
heptane: bp 125-130 °C (25 mm); NMR (CC14) 51.05 (s, 3H), 1.15 (t,
3H,J = 7Hz), 1.1-1.3 (broad m,5H), 1.6 (broad m,4H),4.04 (q,2H,
J = 7 Hz) [lit.17bp 110 °C (18 mm)].
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Copper Catalyst. A solution containing 60 g of copper sulfate in
400 mL of water was mixed with 10 g of 20 mesh zinc, and the mixture
was stirred for 2 h at 100 °C. The precipitate was removed by filtration
and was treated for 30 min with 100 mL of a solution containing 2 g
of iodine in 100 mL of acetone. The catalyst was isolated by filtration
and was washed with a 1:1 mixture of acetone and hydrochloric acid.
After having been dried in vacuo at 66 °C for 2 h, 6.6 g of catalyst was
obtained.

1.6- Dimethyl-7-carbethoxybicyclo[4.1.0]heptane. A mixture

containing 300 mg of the copper catalyst and 6.0 g (55 mmol) of 1,2-
dimethylcyclohexene was heated to reflux and 6.3 g (55 mmol) of ethyl
diazoacetate was added dropwise. The mixture was heated at reflux
overnight, and the product was isolated as described above. Distil-
lation gave 36 g (51%) of 1,6-dimethyl-7-carbethoxy-
bicyclo[4.1.0]heptane: bp 133-135 °C (13 mm); NMR (CC14) 51.17
(t, 3H,J = 7Hz), 1.1-1.3 (broad m, 4H), 1.23 (s, 6H), 1.6 (broad m,
4H), 4.02 (g, 2H, J = 7 Hz) [lit.18 bp 105-125 °C (20 mm)].

7-Hydroxymethylbicyclo[4.1.0]heptane. A solution containing
5.6 g (33 mmoles) of 7-carbethoxybicyclo[4.1.0]heptane in 25 mL of
anhydrous ether was added dropwise to a mixture of 1.25 g (32 mmol)
of lithium aluminum hydride and 25 mL of ether. The reaction mix-
ture was treated cautiously with 1 mL of water followed by 40 mL of
10% sulfuric acid. The product was taken up in ether and dried
(MgS04), and the ether was removed giving 3.8 g (90%) of 7-hydrox-
ymethylbicyclo[4.1.0]heptane: NMR (CCl4) 5 0.70 (broad s, 2H),
I. 14.2 (broad m, 5H), 1.73 (broad s, 4H), 3.33 (d, 3/2 H,J = 6 Hz),
3.59 (d, 1/2H,J =6 Hz) 4.4 (OH). This spectrum matches that of an
authentic sample.16

1- Methyl-7-hydroxymethylbicyclo[4.1.0]heptane. A 4.4 g
sample (24 mmol) of I-methyl-7-carbethoxybicyclo[4.1.0]heptane was
reduced as described above. There was obtained 3.3 g (97%) of a liquid:
NMR (CC14) 50.70 (m, tH), I.il (s, 3H), 1.1-1.3 (broad m, 5H), 1.7
(broad m, 4H), 3.59 (m, 2H), 3.97 (OH). This crude material was not
purified but was used directly in the next step.

1.6- Dimethyl-7-hydroxymethylbicyclo[4.1.0]heptane. A sample

of 1,6-dimethyl-7-carbethoxybicyclo[4.1.0]heptane was reduced as
above, and the crude alcohol was isolated in 85% yield, 2.1 g: NMR
(CCl4) S1.04 (s, 3H), 1.16 (s, 3H), 1.1-1.3 (broad m, 5H), 1.6 (broad
m, 4H), 3.54 and 3.68 (two d, 2H, J = 7 Hz), 4.08 (OH). The crude
product was used directly in the next step.

trans-2-Vinylcyclohexanol (It). A mixture of 3.4 g (26 mmol)
of 7-hydroxymethylbicyclo[4.1.0]heptane and 25 mL of 10% sulfuric
acid was stirred at room temperature overnight. The product was
taken up in ether, and the ether solution was washed with sodium
bicarbonate solution and then with saturated sodium chloride solu-
tion. The solution was dried (Na2So 4), the ether was evaporated and
the crude product, 3.2 g (94%), was distilled giving 1.2 g, bp 41 °C (1.9
mm) [lit.7 bp 44 °C (2 mm)]. GLC analysis on a 5% FFAP column at
150 °C showed the product was a single substance: NMR (CC14) 6 1.2
(m, 4H), 1.78 (m, 5H), 2.42 (OH), 3.18 (apparent sextet, spacing 4 Hz,
probable d of t, Jaa~8,Jae—4 Hz), 5.05,5.75 (ABM part of ABMX,
3H,Jab~ -.4 AM+ Jbm = 28,IJmx —6 Hz); IR (neat) 3400,1640,995,.
910 cm-1.

trans-1-Methyl-2-vinylcyclohexanol (2t). Reaction of 1-
methyl-7-hydroxymethylbicyclo[4.1.0]heptane, 3.1 g (22 mmol), with
25 mL of 10% sulfuric acid and isolation of the product as described
above gave 1.0 g (32%) of a mixture of isomers after distillation. GLC
analysis on a 5% FFAP column at 155 °C showed the mixture to
contain 83% 2t and 17% 2c. Preparative GLC separation permitted
isolation of 300 mg of pure 2t: NMR (CC14) $1.02 (s, 3H), 1.0-2.2
(broad m, 9H), 2.3 (OH), 5.05,5.88 (ABM of ABMX, 3H, JMX = 7.5,
4am T Jbm = 27 Hz); IR (neat) 3500,1640,970,910 cm-1. Anal. Calcd
for CoH160: C, 77.09; H, 11.50. Found: C, 76.82; H, 11.49.

trans-1,2-Dimethyl-2-vinylcyclohexanol (4t). A 21 g (13.6
mmol) sample of |,6-dimethyl-7-hydroxymethylbicyclo[4.1.0]heptane
was stirred with 25 mL of 10% sulfuric acid and worked up according
to the procedure above. The distilled product was obtained in 76%
yield (1.6 g) and GLC analysis on a 5% FFAP column at 160 °C showed
the product contained 86% 4t and 14% 4c: NMR (CC14) &1.02 (s, 3H),
1.08 (s, 3H), 1.5 (m, 8H), 4.92,5X4,6.12 (ABX, JAB= 1.8, JAx = 18,
Jbx = 10 Hz). Anal. Calcd for CigHisO: C, 77.87; H, 11.76. Found: C,
77.97; H, 11.83.

2- Vinylcyclohexanone. A solution containing 2.0 g (16 mmol) of

2-vinylcyclohexanol was added in one portion to a solution containing
24 g (0.10 mol) of Collin’s reagenti2 in 315 mL of methylene chloride.
This mixture was stirred at room temperature for 2 h, and the solution
was decanted from a gummy precipitate. The precipitate was ex-
tracted with methylene chloride and the combined extracts and su-
pernatent solution was washed with 5% sodium hydroxide, then 5%
hydrochloric acid. The solution was concentrated to ca. 50 mL, dried

J. Org. Chem., Vol. 42, No. 21,1977 3339

(MgS04), and the solvent removed, giving 1.82 g (92%) of crude ke-
tone. Distillation, bp 95-96 °C (35 mm) [lit.7 bp 35 °C (0.3 mm)], gave
I. 67 g (85%) of 2-vinylcyclohexanone: NMR (CC14) 51.5-2.1 (broad
m, 6H), 2.2-2.5 (m, 2H), 2.95 (m, t H), 5.1 and 6.0 (ABM of ABMX,
Jab~ 1.5, Jam + Jbm = 28, Jmx = 6.5).

cis-2-Vinylcyclohexanol (Ic). A solution of 1.08 g (8.7 mmol) of
2-vinylcyclohexanone in 25 mL of anhydrous THF was cooled in an
ice bath under nitrogen, and 8.9 mL (8.9 mmol) of a 1 M solution of
lithium tri-s-butylborohydride in THF was added dropwise. The
solution was stirred at 0 °C for 6 h, and then 1 mL of water was added
to the mixture. After 25 mL of ether had been added the solution was
extracted with saturated ammonium chloride, water, and saturated
sodium chloride. The ether solution was dried (MgSo4) and the ether
was removed by evaporation. The residue was mixed with 5 mL of
acetic acid, the acid was neutralized with dilute sodium hydroxide,
and the organic material was taken up in 10 mL of ether. To this was
added 10 mL of 1.5 N sodium hydroxide and the mixture was cooled
in an ice bath while 4 mL of 50% hydrogen peroxide was added. This
mixture was stirred at room temperature for 12 h, and the layers were
separated. The aqueous layer was extracted with ether; the ether so-
lutions were combined and dried (MgS04). The ether was removed
and the residue distilled giving 0.66 g (60%) of a liquid which GLC
analysis showed was at least 95% Ic, bp 68-70 °C (4 mm). Preparative
GLC on a 3% DEGS column at 165 °C gave 200 mg of oure Ic: NMR
(CC14) 51.1-2.0 (broad m, 9H), 2.18 (b, OH), 3.80 (broad s, W12= 11
Hz, 1H), 5.1 and 5.9 (ABM of ABMX, Jmx = 6.5, Jam + Jbm = 28,
Jab ~1.5 Hz); IR (CC14) 3650, 3100,1640,1010. 920cm "1

eis-I-Methyl-2-vmylcyclohexanol (2c). A Grignard reagent was
prepared from 15.6 mmol of methyl iodide, and a solution containing
1.8 g (14.5 mmol) of 2-vinylcyclohexanone in 20 mL of anhydrous
ether was added dropwise. The reaction mixture was treated with
saturated ammonium chloride solution and the ether layer was sep-
arated and dried (MgS04). The ether was evaporated and 2.0 g (93%)
of crude alcohoLwas obtained. GLC analysis showed this contained
75% 2¢ and 25% 2t. A sample of 2¢ was separated by preparative GLC
on a 5% FFAP column at 135 °C: NMR (CC14) £1.13 (s, 3H), 1.2-2.0
(broad m, 10H), 5.0 and 5.9 (ABM of ABMX, Jab —2, IJmx = 8,JAm
+ Jbm = 27 Hz); IR (neat) 3500,1640,1000, 910 cm“ 1 Anal. Calcd
for CoHi60: C, 77.09, H, 11.50. Found: C, 76.97, H, 11.51.

2-Methyl-2-vinyleyclohexanone. A solution containing 1 mmol
of lithium diisopropylamide in 25 mL of THF was prepared at —60
°C under nitrogen using butyllithium as a base. To this solution at
-60 °C was added a solution of 11 mg (0.89 mmol) of 2-vinylcyclo-
hexanone in 2mL of THF. This solution was allowed to warm to room
temperature and it was heated then to 30 °C for 30 min. After 0.2 mL
of HMPT had been added, 0.3 g (2.1 mmol) of methyl iodide was
added and the solution was heated at 40 °C for 2 h. The solution was
mixed with 25 mL of ether, and the mixture was washed with satu-
rated ammonium chloride, water, and then saturated sodium chloride.
The ether layer was dried (MgS04) and the solvent was removed,
giving 110 mg (90%) of 2 -methyl-2-vinylcyclohexanone: NMR (CC14)
51.09 (s,3H).1.5-2.1 (broad m, 6H), 2.32 (m, 2H), 5.0 and 5.95 (ABX,
3H, Jab ~1.5, JAX + Jbx = 27 Hz); IR (CC14) 1725, 1000, 910
cm-1.

cis- and irans-2-Methyl-2-vinylcyelohexanols (3t and 3c).
Lithium tri-tert-butoxyaluminum hydride13 was prepared under
nitrogen in THF from 1.22 g (33 mmol) of lithium aluminum hydride
and 7.26 g (98 mmol) of tert-butyl alcohol. A solution containing 946
mg (6.9 mmol) of 2-methyl-2-vinylcyclohexanol in 6 mL of THF was
added dropwise ato °C. The mixture was stirred 22 h at room tem-
perature, and then 10 mL of a 1:1 mixture of 1 HF/H20 was added,
followed by 30 mL of 10% sulfuric acid and 50 mL of e'her. The ether
layer was washed with water, saturated sodium bicarbonate, and fi-
nally saturated sodium chloride solution. The ether solution was dried
(MgSo4), and the ether was evaporated to give 782 mg (75%) of
product. GLC analysis on a 5% FFAP column at 150 °C showed 53%
of 3t and 47% of 3c: NMR (CC14) 50.98 and 1.13 (2s, 3H), 1.2-2.0
(broad m, 8H and OH), 3.24 (broad m, 1t H), 5.1 and 5.9 (two overlap-
ping ABX, JAX + Jbx = 28 for both); IR (neat) 3400,1640,990, 915
cm-1.

Thermolysis Apparatus. All thermolyses described below were
carried out in a vertical quartz column packed with cut pieces of
quartz tubing and heated externally by a electric oven. Temperatures
were monitored continuously near the top, at the center and near the
bottom of the column. The column was surmounted by a short pre-
heater section wrapped with heating tape and equipped with a ni-
trogen inlet and a septum for injection of the sample. The preheater
was kept at 200-215 °C, while the column was maintained at 440 °C.
The nitrogen flow rate was about 50-75 mL/min, which equates to
contact times between 1.5 and 2.2 min. Products were collected in a
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series of three traps cooled in dry ice-acetone.

trans-6-Octenal. A total of 78 mg (0.62 mmol) of It was pyrolyzed
with a contact time of 1.46 min, and 74.2 mg of product (95%) was
collected. The product was separated on a 5% FFAP column, and it
contained 96% trans-6-octenal: NMR (GC14) b 1.65 (m, 3H), 1.2-1.8
(broad m, 4H), 2.0 (m, 2H), 2.36 (d of t, J = 6.8,J = 1.8,2H), 5.38 (m,
2H), 9.13 (t, 1H, J = 1.8 Hz); IR (neat) 2725,1725 (s), 965 (s) cm*“ 1
Anal. Calcd for C8H140: C, 76.14; H, 11.18. Found: C, 75.72; H,
11.23.

c/s-6-Octenal. Pure cis-2-vinylcyclohexanol, 80 mg (0.64 mmole),
was pyrolyzed with a contact time of 1.41 min, and 78 mg (97%) of
crude product was collected. GLC analysis on a 5% OV-17 column at
150 °C showed the product contained 59% trans-6-octenal, 36% cis-
6-octenal, and 5% unidentified material. A sample of cis-6-octenal
was collected from the GLC column: NMR (CCl4) 5162 (d, 3H,J =
5 Hz), 1.2-1.9 (broad m, 4H), 2.0 (m, 2H), 2.35 (m, 2H',, 5.38 (M, 2H),
9.15 (t, 1H,J = 1.8 Hz); IR (CCl4), 1715, 905, 670 cm*“ 1

trans-2-Nonen-8-one. A 72 mg (0.52 mmol) sample of 2t was
pyrolyzed with a contact time of 1.5 min, and 70 mg 98%) of crude
product was collected. GLC analysis on a column at 150 °C showed
that the product contained 92% trans-2-nonen-8-one and 8% of un-
identified products. A sample of trans-2-nonen-8-one collected from
GLC showed an NMR spectrum (CC14) $1.65 (m, 3H), 1.2-1.8 (m,
4H), 1.95 (m, 2H), 2.04 (s, 3H), 2.33 (t, 2H, J = 7 Hz), 5.38 (m, 2H);
IR (neat) 1730,1360,970 (s); mol wt 140, mass spectrum m/e (rel in-
tens) 140 (2), 125 (4.4), 122 (3.6), 111 (7.5), 97 (9.4), 82 (29.7), 81 (11.0),
71 (35.3), 67 (39.6), 58 (20.9), 55 (34.2), 43 (100), 41 (23.4).

c/s-2-Nonen-8-one. A sample of 2c (45 mg, 0.33 mmol) was py-
rolyzed with contact time of 1.98 min, and 42 mg (93%) was recovered.
The crude product was analyzed on a 3% DEGS column at 150 °C, and
it contained 52% irans-2-nonen-8-one (GLC internal comparison),
44% cis-2-nonen-8-one and 4% by-products. Separation on a 16 ft X
W in. 3% DEGS column gave pure cis-2-nonen-8-one: NMR (CC14)
$1.62 (d, 3H, J = 5Hz), 1.2-1.85 (broad m, 4H), 1.98 (broad m, 2H),
2.05 (s, 3H), 2.35 (t, 2H, J = 7 Hz), 5.38 (m, 2H); IR (CCl4) 1730 (s),
1340,860 cm-1; mol wt 140, mass spectrum m/e (rel intens) 140 (3.4),
125 (4.7), 122 (5.0), 111 (7.7), 97 (9.7), 82 (29.3), 81 (13.5), 71 (37.3),
67 (40.7), 58 (21.1), 55 (40.1), 43 (100), 41 (24.5).

Thermolysis of a Mixture of 3t and 3c. A mixture containing 53%
of 3t and 47% of 3c (244 mg, 2.6 mmol) was pyrolyzed with 2 min
contact time. The recovered material amounted to 205 mg (92%), but
the mixture which contained 5% by-products could not be separated
successfully with 5% FFAP, 3% DEGS, or 5% OV-17 columns. The
crude mixture showed NMR (CC14) b 1.55 (m), 1.60 (s, 3H), 1.98 (ap-
parentt, 2H,J ~ 7 Hz), 2.48 (d of t, 2H,J = 7Hz,J = 1Hz), 5.2 (m,
1H), 9.56 and 9.70 (2t, 1H, J ~ 1Hz); IR (CC14) 1730 (s), 1370cm*“ 1
Anal. Calcd for C9H160: C, 77.09, H, 11.50. Found: C, 77.20, H,
11.49.

(E)- and (Z)-6-Methyl-6-octen-l-ols. The mixture of 6-
methyl-6-octenals above (66.8 mg, 0.48 mmol) was added dropwise
to 20 mg (0.52 mmol) of lithium aluminum hydride in 20 mL of ether.
The mixture was stirred for 2 h and was then hydrolyzed with 10%
sulfuric acid. The ether layer was separated and the aqueous layer was
extracted with ether. The ether solutions were combined and dried
(MgSCD, and the ether was evaporated giving 65.5 mg (97%) of a
mixture of 6-methyl-6-octen-l-ols. GLC analysis on a 3% DEGS col-
umn at 140 °C showed the mixture contained 85% of the E isomer and
15% of the Z isomer. The isomers were separated on the DEGS col-
umn: E isomer, NMR (CCD i 1.2—1.8 (broad m), 1.55 (partly resolved
d,J ~ 1Hz), 1.8-2.2 (m), 3.50 (m), 5.0-5.3 (broad m); Z isomer, NMR
(CCD b1.2-1.8 (broad m), 1.56 (s), 1.8-2.2 (m), 2.85 (s, OH), 3.2-3.7
(broad m), 5.0-5.3 (broad m).

(f?)-7-Methyl-7-nonen-2-one. Three separate runs on mixtures
containing respectively 88% 4t/12% 4c, 86% 4t/14% 4c, and 90% 4t/
10% 4c were carried out under the same conditions, and the products

Marvell and Rusay

were the same in all cases. Thus 75.3 mg (0.5t) mmol) of the 86/14
mixture was pyrolyzed with a contact time of 2.2 min, and 72.1 mg
(96%) was recovered. This product contained 92% of 7-methyl-7-
nonen-2-one and 8% of unidentified material. No GLC evidence for
separation of the ketone was found, and a pure sample showed NMR
(CC14) b 1.2-1.7 (broad m), 1.55 (s, CH3), 1.8-2.1 (m), 2.02 (s, 3H), 2.32
(clean t, 2H, J = 6.5 Hz), 5.17 (m, 1H); IR (neat) 1730, 1380,1372,
1360, 805 cm -1 Anal. Calcd for CiOH180: C, 77.87; H, 11.76. Found:
C, 77.65, H, 11.80.

Registry No.—Ic, 17807-20-4; It, 6376-95-0; 2c, 63196-52-1; 2t,
63196-53-2; 3c, 63196-54-3; 3t, 63196-55-4; 4c, 63196-56-5; 4t,
63196-57-6; cyclohexene, 110-83-8; ethyl diazoacetate, 623-73-4; 7-
carbethoxybicyclo[4.1.0]heptane, 52917-64-3; 1-methycyclohexane,
591-49-1; I-methyl-7-carbethoxybicyclo[4.1.0]heptane, 63196 58-7;
1,6-dimethyl-7-carbethoxybicyclo[4.1.0]heptane, 63196-59-8; 7-
hydroxymethylbiocyclo[4.1.0]heptane, 6226-39-7; I-methyl-7-hy-
droxymethylbicyclo[4.1.0]heptane, 63196-60-1; |,6-dimethyl-7-
hydroxymethylbicyclo[4.1.0]heptane, 63196-61-2; 2-vinylcyclohex-
anone, 1122-24-3; 2-vinylcyclohexanol, 29108-24-5; methyl iodide,
74-88-4; 2-methyl-2-vinylcyclohexanone, 63196-62-3; frans-6-octenal,
63196-63-4; cis-6-octenal, 63196-64-5; irons-2-nonen-8-one,
25143-93-5; cis-2-nonen-8-one, 63196-65-6; (£)-6-methyl-6-octen-
I-ol, 63196-66 7; (Z)-6-methyl-6-octen-l-ol, 63196-67-8; (£)-7-
methyl-7-nonen-2-one, 63230-66-0.
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The 31- and 35-amino acid carboxyl terminal fragments (hCG 117-147 and hCG 111-145) based on two se-
quences for the ft subunit of human chorionic gonadotropin have been synthesized using the solid-phase technique.
Na-Boc, protected L amino acids were automatically coupled on the chloromethylated Merrifield resin by the DCC
method, with the exception of Boc-Gln, which was incorporated by the ONP active ester method. The completed
peptides were cleaved from the resins, deprotected with anhydrous liquid HF, and purified by a series of gel filtra-
tion, partition and ion-exchange chromatography columns, and preparative thin layer electrophoresis. The purity
of the two hCG fragments was shown by thin layer chromatography, electrophoresis, and amino acid analyses.

Human chorionic gonadotropin (hCG) is a glycoprotein
hormone of the placenta. It is composed of 2 subunits, a and
.1 The (Lsubunit is hormone specific, while the a subunit is
common to other pituitary glycoprotein hormones such as
luteinizing hormone, thyroid stimulating hormone, and follicle
stimulating hormone (LH, TSH, and FSH).23The ftsubunit
of hCG also has approximately 30 additional amino acids at
its carboxyl terminus which are not present in the ft subunits
of other glycoprotein hormones. Consequently, this additional
carboxyl terminal fragment is of interest from a biological
standpoint as to its function in the activity and potency of
hCG.

Two slightly differing structures for the ft subunit of hCG
have been proposed, one by Carlsen, Bahl, and Swaminathan4
and the other by Morgan, Birken, and Canfield.6 The struc-
ture of Morgan et al. contains 145 amino acid residues. The
structure of Carlsen et al. has 147 residues, namely an addi-
tional Ser-Leu-Pro sequence at the carboxyl terminus and no
Ser12l (Scheme 1).

It is of interest to synthesize specifically selected fragments
of the ft subunit of hCG. Such synthetic peptides will then be
coupled to one or more suitable protein carriers which will
then be used to achieve antibodies in vivo. It is desirable to
achieve antibodies against hCG, but not against LH, FSH, and
TSH. Since there is no established basis to indicate which
sequences of the ft subunit of hCG of the additional carboxyl
terminal fragment which might provide immunological dif-
ferentiation, a priority of peptide sequences based on this ft
subunit are being synthesized to support the biological re-
search to achieve such specific antibodies against hCG. We
now describe the synthesis of a 31- and a 35-amino acid pep-
tide fragment of this subunit. A total of five samples of the two
synthetic peptides have been provided to Dr. Sheldon Segal
and Dr. Harold A. Nash of the Population Council, the
Rockefeller University, New York. Antibody titers produced
in rabbits by the 31-unit peptide were lower than those pro-
duced by the ft subunit of hCG. Both were injected as “tetra-
mers” with Freund’'s Complete Adjuvant. The antibodies were
assayed by measuring the binding of 1125hCG. Less than 1%
binding of the labeled hCG was observed with a 1:250 dilution
of antisera from rabbits injected with the “tetramer” of the
31-unit peptide. Approximately 50% binding with a 1:250000
dilution of antisera from rabbits injected with the tetramer
of the ft subunit was observed.6

Syntheses

The peptides were synthesized by the solid phase tech-
nique78 using the chloromethylated Merrifield resin. The
starting resins were prepared by esterification with the ap-
propriate Boc-amino acid, namely Boc-Pro for hCG (117—
147)C and Boc-GIn for hCG (111-145)M, and the resin in re-

Scheme |

(hCG 117-147)C (Carlsen et al.4): hentriacosapeptide Aspn 7-Ser-
Ser-Ser-Lys-Ala-Pro-Pro-Pro-Ser-Leu-Pro-Ser-Pro-Ser-Arg-Leu-
Pro-Gly-Pro-Pro-Asp-Thr-Pro-lle-Leu-Pro-GIn-Ser-Leu-Pro-
145-0H

(hCG 111-145)M (Morgan et al.6): pentatriacosapeptide Aspm -
Asp-Pro-Arg-Phe-GIn-Asp-Ser-Ser-Ser-Ser-Lys-Ala-Pro-Pro-Pro-
Ser-Leu-Pro-Ser-Pro-Ser-Arg-Leu-Pro-Gly-Pro-Ser-Asp-Thr-Pro-
lle-Leu-Pro-GIn14SOH

fluxing ethanol and triethylamine. Amino acid analyses gave
acontent of 0.68 mM Pro/g for the Boc-Pro resin and 0.39 mM
Gln/g for the Boc-GlIn resin.

Since the Boc-Pro resin had a high amino acid content,
Boc-Leu was coupled to the Pro resin in the limited ratio of
0.80 Lue to 1.0 Pro, in order to limit the resin content to allow
sufficient space for the growing peptide chain. After acetyla-
tion of unreacted amino groups, the Leu content of the Boc-
Leu-Pro resin was 0.32 mM/g. The couplings for the remain-
der of the syntheses of both peptides were done on a Beckman
990 automatic synthesizer.

«-Amino functions were protected by the ieri-butyloxy-
carbonyl (Boc) group, except for arginine which was protected
by the amyloxycarbonyl (Aoc) group which is more soluble in
methylene chloride. Side chain protecting groups were benzyl
(Bzl) for serine, threonine, and aspartic acid; tosyl (Tos) for
aginine; and 2-chlorocarbobenzoxy (2-C1-Z) for lysine. De-
protection of the amino-protected intermediates on the resin
was accomplished with 30% trifluoroacetic acid (TFA) in
methylene chloride, with neutralization on the resulting TFA
salt by 10% triethylamine in methylene chloride to give the
free amino group. Each amino acid was coupled by the dicy-
clohexylcarbodiimide (DCC) method9 in methylene chloride
or dimethylformamide, with the exception of Boc-GIn which
was incorporated by the nitrophenyl active ester method10in
dimethylformamide. Completeness of coupling was monitored
by the ninhydrin color test procedure of Kaiser et al.11 and
when doubtful, the resin was double-coupled or acetylated
with acetic anydride.

Double coupling was employed throughout the synthesis
of hCG (117-147)C, the first coupling for 3-5 h, and the second
coupling, with fresh Boc-amino acid, for 4-6 h, while the
Boc-GIn144-ONP active ester was incorporated once as a 5-fold
excess for about 12 h. Ser145and Prol43 through Prol40 were
incorporated as 2.5-fold excesses for the first coupling and
1.5-fold excesses for the double coupling; the next ten amino
acids, Thr1through Prol12as 4.0 and 2.5-fold excesses; and
the last eleven amino acids, Leul27through Asp117as 5.0- and
3.0-fold excesses. The color tests were doubtful after coupling
liel141, Pro140, and Argl®, and the resin was acetylated. From
3.0 gofBoc-Pro-CH2resin, there was obtained 5.145 g of the
protected hentriacosa peptide resin.
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Table I. Amino Acid Analyses* of hCG (117-147)C

Found
Sample Sample
Theory 4B 5B
2 Asp 213 1.89
1Thr 0.73 0.79
7 Ser 7.22 7.65
1Glu 0.85 0.95
11 Pro 11.56 11.78
1Gly 0.91 0.80
1Ala 0.95 0.86
e 0.67 0.52
4Leu 4.06 3.82
1Lys 0.95 1.06
1Arg 102 0.91

0 Amino acid analyses were done on a Beckman Model 119
amino acid analyzer set up for a single column methodology after
hydrolysis of the peptide with 6 N HC1 at 110 or 130 °C over-
night.

Double couplings were not used in the synthesis of hCG
(111-145)M. Instead the molar excess of each Boc-amino acid
was increased with an average coupling time of 3-6 h. Prol44
through Glyl¥% were incorporated as 3.0-fold excesses; Prol®%
and Leul3 as 3.22-fold excesses; Argl33 through ProlX® as
4.0-fold excesses; Prol%through ASP117 as 5.0-fold excesses;
Ginll6as a 12-fold excess for 12 h; and Phell5through Asp1il
as 6.0-fold excesses. Using these higher molar excesses, all the
couplings appeared complete by the color tests, making double
couplings unnecessary. However, liel42 was double-coupled
to Leuld3since this is known to be a difficult coupling; 3.18 g
of Boc-GIn-CH2-resin yielded 7.05 g of the protected penta-
triacosa peptide resin.

Cleavage of the completed protected peptides from the
resins, with simultaneous removal of the protecting groups
and formation of the carboxyl terminal acid, was effected with
anhydrous, liquid hydrogen fluoride in the presence of 10%
anisole for 1 h at 0 °C.1213The crude, deprotected peptides
were extracted from the resin with diluted acetic acid, ly-
ophilized, and purified as follows.

Experimental Section

Purification. hCG (117-147)C. The crude peptide (737 mg from
3.0 g of the hentriacosa resin) after HF was first desalted by gelfil-
trationonall2X2.5cm column of Bio-Gel P-4 eluted with 1N HOAc
in 15-mL fraction. Detection of the peptide by the Folin-Lowry
procedureld at 660 nm showed a broad multishouldered peak. Ly-
ophilization of the fractions corresponding to the top of the peptide
peak (tubes 17-22) gave 465 mg of desalted peptide. This material
showed two spots on TLC.

The desalted peptide was then subjected to partition chromatog-
raphy on a 59 X 2.0 cm column of Sephadex G-25, eluted first with
upper-phase and then lower-phase of the system n-BuOH-HOAc-
H20 (4:1:5) in 6-mL fractions. Detection of the peptide by the
Folin-Lowry procedure showed one peak in the first portion of the
upper-phase eluent at tubes 11-12 (2A), a smaller peak near the end
of the upper-phase elution at tubes 53-59 (2D), and another peak at
the beginning of the lower-phase elution at tube 60 (2E).

The upper-phase peak fractions (2A) upon lyophilization gave 80.6
mg of white solid, which was further purified by ion-exchange chro-
matography on a 28 X 1.5 cm column of carboxymethyl cellulose
(CM-52) eluted in 6-mL fractions with 1to 100 mM ammonium ace-
tate buffer gradient at pH 3.5 giving one peak which yielded 52.3 mg
(3B) ofwhite solide. Upon amino acid analyses, this material proved
to be a mixture of by-product peptides which were missing about
seven or eight amino acids (namely 4.8 serines, 1alanine, 1lysine and
1 argine) and showed two high Rf spots on TLC.

The desired hentriacose peptide hCG (117—247)C was found in the
trailing end of the upper-phase eluent (2D, 118.4 mg) and the first part
of the lower-phase eluent (2E, 29.2 mg) of the 4:1:5 system partition
column. Both fractions 2D and 2E had the same TLC pattern in n-
BuOH-HOACc-EtOAc-H2 (1:1:1:1) and j-PrOH-1 N HOAc (2:1)
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Table Il. Amino Acid AnalysesO of hCG (111-145)M

Found
Sample Sample Sample Sample Sample
Theory 6B 9A 10A 10B 10C
4 Asp 3.59 4.32 3.77 3.77 4.32
1Thr 0.87 0.53 0.59 0.65 0.45
8 Ser 8.84 9.79 6.44 7.48 8.16
2Glu 186 152 177 184 164
10Pro 10.58 10.32 11.95 11.68 11.9
1Gly 116 0.88 159 115 0.86
1Ala 0.80 0.92 110 1.06 0.88
1lie 0.69 0.31 0.49 0.45 0.45
3Leu 2.73 220 2.28 223 1.89
1Phe 1.10 1.00 179 152 0.97
1Lys 0.81 118 159 1.03 0.85
2 Arg 192 2.00 192 202 164

“ Amino acid analyses were done on a Beckman Model 119
amino acid analyzer set up for a single column methodology after
hydrolysis of the peptide with 6 N HC1 at 110 or 130 °C over-
night.

Table I11. Thin Layer Chromatography r(Values* of /3
SubunithCG (U7-147)C

RfL  fif2  fit3
hCG (117—147)C (5B) 015 017 098

“ TLC systems on silica gel are: Rf1, n-BUOH-HOACc-EtOAc-
H2 (1:1:1:1); Bf2, (-PrOH-1 N HOAc (2:1); Rf, CHCI3
MeOH-conc NH40H (60:45:20).

systems consisting of major low Rf spots due to by-product peptide
contaminants.

Fraction 2E from the lower-phase eluent of the partition column
was then subjected to ion-exchange chromatography on a 28 X 1.5
CM-52 column eluted in 5-mL fractions with 1to 100 mM ammonium
acetate buffer gradient at pH 5.0. Detection of the peptide by the
Folin-Lowry procedure showed only one peak at tubes 6 and 7, which
gave 3.5 mg (4B) of white solid upon lyophilization. This material
showed only one spot, Rf = 0.15, on TLC in the n-BuOH-HOAc-
EtOAc-HaO (1:1:1:1) system and was not contaminated by the higher
Rfby-product peptides which eluted later, mixed with some more of
the hCG (117-247)C.

Since the desired hentriacose peptide was also found in the trailing
end of the upper-phase eluent of the partition column (fraction 2D),
it seemed appropriate to purify further this material by some tech-
nique employing an organic solvent rather than by ion exchange.
Thus, fraction 2D was subjected to chromatography on a 39 X 1.0 cm
column of Sephadex LH-20 eluted with n-BuOH-H20 (6:100) in
4-mL fractions. Detection of the peptide by Folin-Lowry showed one
sharp peak of tube 6 which upon lyophilization gave 57.0 mg (5B) of
white material identical by TLC to fraction 4B. Material which eluted
in the shoulder and beyond the peptide peak (5C, 36.3 mg) contained
primarily the desired hCG (117-147)C contaminated by some of the
higher Rf by-product peptides.

The data on amino acid analyses of fractions 4B and 5B, Table I,
are consistent with the 31 amino acids of the hCG (117-147)C frag-
ments. The low values for Thr are to be expected due to some oxida-
tion during hydrolysis. The low values for lie are due to incomplete
hydrolysis of the llel4l-Leul42bond. Both samples 4B and 5B were
identical by thin layer chromatography, single spot Rf’s in 3 systems,
Table 111, and each showed the same one spot moving toward the
cathode on electrophoresis.

Consequently, both ion-exchange chromatography on CM-52 and
chromatography on LH-20 were successful in separating the desired
hentriacosa peptide hCG (117-147)C from the failure sequence
peptides.

hCG (111-145)M. The crude peptide from HF (1.56 g from 4.0 g
of the protected peptide resin) was first desalted on a 118.5 X 2.5 cm
column of Bio-Gel P-4, elute