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The protonation of olefins generally is accomplished only
by relatively strong acids; in contrast, the enzymic protonation
of a double bond presumably takes place under much milder
conditions. Toward understanding of the mechanisms by
which the latter can occur, it is of interest to examine chemical
systems in which unusually facile double bond protonation
takes place. We report herein such an example which we have
uncovered.

To investigate the stability of E-«,8-unsaturated methyl
esters with respect to double bond isomerization in acidic
media,? 1 and 2 were treated with 85% phosphoric acid at room

CO,CH,
CO,CH;

1 2

temperature. In contrast to compound 2, which was recovered
unchanged after 30 min, compound 1 underwent rapid and
complete transformation. For this study, E,E- 1 was prepared
stereospecifically, as described below.

Utilizing active MnO; as the oxidant, transformation of
(E,E)-farnesol (3) into 2 was accomplished via the corre-
sponding aldehyde following the two-step procedure devel-
oped by Corey.3 Silica gel chromatography afforded the ana-
lytically pure methyl ester with >98% isomeric purity. The
ester 2 was then selectively epoxidized to give the known epoxy
ester 4 using van Tamelen’s NBS reaction, followed by
treatment with base.? Epoxide 4 was transformed into the
desired acetoxy ester 1 by standard means as outlined in
Scheme I.

A
N I

AcO
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Dissolution of compound 1 for 15 min in 85% phosphoric
acid at room temperature resulted in the formation of three
major products, as determined by TLC (R; 0.41, 0.36, 0.04; 5%
ethyl acetate in benzene). Separation of these by silica gel
chromatography and spectroscopic characterization showed
them to be the cyclized epimers 5 and 6 and the acyclic, ter-
tiary alcohol 7 (yields of 45% for 5 and 6 and 38% for 7). The
structural assignments were made on the basis of spectro-
metric properties. Thus, the NMR spectra of 5 and 6 each
show an unsplit methyl at 0.88 ppm, a broadened, vinylic
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Scheme II

COch;
1 85% H,PO,
15 min /r
COQCH3 HO CO.CH,
AN
+ r +
Ac0” AcO
6 7

methyl at 1.61 ppm, and only one vinylic proton, as a poorly
resolved multiplet at 5.55 ppm, in addition to the other ap-
propriate signals. The mass spectrum of either epimer shows
only a small molecular ion, but a base peak at m/e 107, for-
mally corresponding to loss of CH;OH, CO, and the alkyl side
chain, forming the highly stabilized carbonium ion 8. Com-
pound 7 also is easily characterized by its spectral behavior:
the IR spectrum shows the hydroxyl group at 3475 ecm™~1, in
addition to the acetate (1740 cm™—!) and unchanged «,3-un-
saturated ester (1720 and 1650 cm~1); the NMR spectrum, in
addition to the signals characteristic of the functionality un-
changed from compound 1, shows an unsplit methyl group at
1.12 ppm and only one vinylic proton (5.63 ppm); finally, the
mass spectrum contains no molecular ion, a small peak at m/e
269 (M — OH), no peak at m/e 268 {M — H,0), a base peak at
m/e 43 (acetyl), and a characteristic peak at m/e 85; these
fragments, and lack of a molecular ion, can be rationalized as
shown in Scheme III.

Scheme II1

CO.CH, T
- -CH,OH
| —
-CO,-R-
AcO
8, m/e 107
(e =+
HO CO,CH;
A ~HO-
—B—» O.\_ O R
\ CH,
(|3=0 and/or
| CH, | . |<
0" “R
CH,C=0 I k C\CH
+ 3
’ \ m/e 269
m/e 43 —_—

I 6/! + CH/~=C=0 + RH

m/e 85

In spite of the demonstrated stability of similar olefins, such
as 2, toward direct double bond protonation under these
conditions, products 5, 6, and 7 all have arisen as the result of
rapid, regiospecific protonation of the 6,7 double bond,
thereby (formally) forming a carbonium ion at C-7, which then
is subject to nucleophilic attack. Additional experiments have
provided some evidence regarding plausible causes for this
observed selectivity. Thus, when the concentration of com-
pounds 1 and 2 in 85% phosphoric acid is tenfold lower, com-

Notes

pound 1 still is protonated exclusively. This suggests that the
selectivity is not simply due to solubility differences. Further,
no reaction occurs when either compound 1 or 2 is treated with
(1) 50% phosphoric acid, (2) glacial acetic acid, or (3) a 30:70
mixture of 85% phosphoric acid and glacial acetic acid. These
experiments indicate that the selective protonation of 1 arises
from the special, highly ionizing, nonnucleophilic properties®
of 85% phosphoric acid, probably coupled with some manner
of participation by the acetoxy group. Mechanisms for in-
volvement of the acetoxy group which we consider plausible
are shown in Scheme IV: (1) intramolecular protonation of the

Scheme IV
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double bond by the protonated acetoxy group,? (2) stabiliza-
tion of the carbonium ion {and the transition state leading to
it) by the acetoxy carbonyl group, and (3) a combination of
these two alternatives, effectively a 1,2 addition to the double
bond.” Possible underlying mechanistic parallels between this
reaction and other examples® of chemical, regiospecific pro-
tonation of olefins suggest that further study of these systems
is warranted.

Experimental Section

Gas chromatographic separations were performed on a 6-ft column
packed with 4% OV-101 on high performance Chromosorb G. For TLC
and column chromatography, Merck HF54/366 and Merck PFo;4 silica
gel were used, respectively. Elemental analyses were run by Galbraith
Laboratories, Inc.

(E,E)-Methyl Farnesate 10,11-Oxide (4).? To 314 mg (1.26
mmol) of (E,E)-methyl farnesate!® (2) in 16 m! of tert-butyl alcohol
and 21 ml of HyO at ca 10 °C was added with stirring under N; 235
mg (1.32 mmol) of N-bromosuccinimide (recrystallized from Hy0).
After the reaction mixture was stirred for 80 min without further
cooling, most of the solvent was removed under reduced pressure, and
the remaining mixture was saturated with NaCl and extracted (3 X
15 ml of diethyl ether). The ether solution was dried (MgS0,), filtered,
and concentrated, affording 403 mg of crude bromohydrin 9 as an
oil.

To 390 mg (1.12 mmol) of 9 in 15 ml of CH30H was added 387 mg
of anhydrous KoCOs and the resulting mixture was stirred for 30 min,
after which 30 ml of diethyl ether and 30 mi of H,O were added. The
aqueous portion was extracted (3 X 30 ml of pentane), and the com-
bined organic portions were washed (2 X 50 ml of saturated aqueous
NaCl), dried (MgSQy), filtered, and concentrated to give 294 mg of
crude epoxide. Chromatographic purification (15 g of silica gel, 12%
ethyl acetate/hexane) of 284 mg afforded 201 mg of pure epoxide 4
(60%): TLC (20% ethyl acetate/hexane) Ry 0.56; IR (neat) 1720 (C=0)
and 1650 e¢m~! (conjugated C=C); NMR (CCly) & 5.63 (s, 1,
C=CHCO:CH3), 5.17 (broad s, 1, C=CH), 8.63 (s, 3, CO2CH3y), 2.52
(t, 1,J = 6 Hz, OCH), 2.17 (s, CH;C=CHCO5), 1.63 (CH3C=CH),
and 1.21 and 1.23 ppm [s, 6, (CH3)2C]; mass spectrum (70 eV) m/e (rel
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intensity) 266 (1), 123 (56), 109 (30), 102 (48), 95 (30), 83 (31), 81 (36),
73 (33), 70 (40), 69 (100), 59 (53), 57 (38), 43 (35), 31 (54), 29 (38).

(E,E)-Methyl 10-Acetoxy-3,7-dimethyl-2,6-decadienoate (1).
To 194 mg (0.73 mmol) of epoxide 4 in 15 ml of tetrahydrofuran and
15 ml of HoO was added with rapid stirring at room temperature 0.15
ml (0.08 mmol) of 3% HC1Q,. After the reaction mixture was stirred
for 23 h, NaCl was added to saturation, the aqueous portion was ex-
tracted (3 X 25 ml of diethyl ether), and the combined organic portions
were washed (2 X 15 ml of saturated aqueous NaCl), dried (MgSOy),
filtered, and concentrated to give 222 mg of crude glycol (10): TLC
(50% ethyl acetate/hexane) Ry 0.35; IR (neat) 3425 cm™! (OH); NMR
(CCL) & 1.08 ppm [s, 6, (CH3)2COH]); mass spectrum (70 eV) m/e (rel
intensity) 284 (6), 81 (63), 59 (52), 43 (100), 41 (56).

To 210 mg (0.74 mmol) of glycol 10 in 10 ml of tetrahydrofuran and
10 ml of Hy0 was added 444 mg (2.07 mmol) of NalQOy. After the re-
action mixture was stirred for 3 h, NaCl was added to saturation, the
layers were separated, the aqueous portion was extracted (1 X 10 ml
of pentane, 3 X 10 ml of diethyl ether), and the combined organic
portions were washed (2 X 15 ml of H20, 1 X 25 ml of saturated
aqueous NaCl), dried (MgSOy), and concentrated, affording 158 mg
of crude aldehyde (11): TLC (20% ethyl acetate/hexane) Ry 0.38; IR
(neat) 2725 cm~! (CHO); NMR (CCly) 8 9.77 ppm (s, 1, CHO); mass
spectrum (70 eV) m/e (rel intensity) 224 (6), 114 (52), 93 (100), 85 (54),
55 (79).

To 150 mg (0.67 mmol) of aldehyde 11 in 20 ml of CH30H was
added 14 mg (0.37 mmol) of NaBHy,, and the resulting mixture was
stirred for 20 min, at which time 1 ml of 2% HCl was added and most
of the solvent was removed under reduced pressure. To the remaining
mixture was added 25 ml of diethyl ether and 25 ml of H;0, the layers
were separated, the aqueous portion was extracted (3 X 15 ml of di-
ethyl ether), and the combined organic portions were washed (1 X 15
ml of 10% NaHCO;, 2 X 15 ml of saturated aqueous NaCl), dried
(MgSO0y), and concentrated, affording 149 mg of hydroxy ester (12):
TLC (20% ethyl acetate/hexane) Ry 0.17; IR (neat) 3400 cm~! (OH);
NMR (CCly) 6 3.51 ppm (t, 2,J = 6 Hz, CH;OH); mass spectrum (70
eV) m/e (rel intensity) 226 (5), 114 (52), 95 (100), 85 (56).

To 146 mg (0.65 mmol) of hydroxy ester 12 in 0.5 ml of pyridine was
added 0.5 ml of acetic anhydride, and the resulting mixture was stirred
for 23 h, at which time the volatile material was removed under re-
duced pressure. The remaining oil was dissolved in 25 ml of diethyl
ether and the resulting solution was washed (2 X 10 ml of 2% HC], 1
X 10 ml of 10% NaHCO3, 1 X 10 ml of Hy0, 1 X 10 ml of saturated
aqueous NaCl), dried (MgSQy), and concentrated, affording 154 mg
of crude acetoxy ester 1, crude yield 57% based on epoxide 4. Silica
gel chromatography (27 g, 8% ethyl acetate/hexane) of 450 mg of
material so obtained provided 335 mg of purified 1: TLC (20% ethyl
acetate/hexane) R; 0.46; UV max (95% ethanol) 218 nm (e 6700); IR
(neat) 1740 (acetate C=0), 1720 (ester C=0), and 1650 cm~! (C=C);
NMR (CClLy) 6 5.64 (s, 1, CHCOsCHy), 5.14 (broad t, 1, J = 7 Hz,
CH=CCHy3y), 3.98 (1, 2,J = 6 Hz, CH3CO;CH,), 3.64 (s, 3, CO2CHy),
2.17 [S, C(CH'})==CHCOZCH21, 1.99 (S, CH;;COQ), and 1.64 ppm [S,
C(CH;)==CHCH,]; mass spectrum (70 eV) m/e (rel intensity) 268 (3),
114 (33), 95 (100). Anal. Calcd for C;5H2404: C, 67.14; H, 9.01. Found:
C, 66.86; H, 8.95

Treatment of (FE,E)-Methyl 10-Acetoxy-3,7-dimethyl-2,6-
decadienoate with 85% H3PO,. To 206 mg (0.77 mmol) of acetoxy
ester 1 was added 17 ml of 85% HyPO, (Mallinkrodt, AR) and the
resulting homogeneous orange solution was stirred for 15 min, at
which time 170 ml of HyO was added. The resulting mixture was ex-
tracted (3 X 50 ml of diethyl ether) and 25 ml of saturated aqueous
NaCl added to the aqueous portion, which was then extracted again
(1 X 50 ml of diethyl ether). The combined organic portions were
washed (1 X 50 ml of saturated agueous NaHCOQj3, 1 X 50 ml of satu-
rated aqueous NaCl), dried (MgSQ,), filtered, and concentrated, af-
fording 195 mg of an oil. Silica gel chromatography (14 g, 2% ethyl
acetate/benzene) afforded 81 mg (42%) of purified epimers 5 and 6
total. Additional elution (ethyl acetate) afforded 71 mg (37%) of ter-
tiary alcohol 7.

Epimers 5 and 6 were obtained in three fractions, two (55 and 17
mg) of which each contained only one stereocisomer; the middle faction
(9 mg) contained a mixture of the two. They are characterized by
chromatography: TLC (5% ethyl acetate/hexane) E; 0.41 (major) and
0.36 (minor) (acetoxy ester 1, R 0.41); GC (100 °C, rising to 200 °C
at 6 °C/min) retention times 29.2 min for both epimers and 37.2 min
for acetoxy ester 1. The spectral and analytical behaviors of the two
epimers were essentially the same: UV max (95% ethanol) 218 nm (e
5600); IR (neat) 1735 cm™! (ester and acetate C=0); NMR (CCly) &
5.57 (m, 1, C=CH), 3.99 (t, 2, J = 7 Hz, CH3CO,CH,), 3.67 (s, 3,
CO2CHjy), 2.63 (s, 1, CHCO,CHzy), 1.99 (s, CH3COy), 1.63 (s,
C=CCHj), and 0.92 ppm (s, 3, CCH3); mass spectrum (70 eV) m/e
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(rel intensity) 268 (1), 236 (23), 205 (26), 192 (31), 149 (41), 148 (38),
107 (100), 95 (52), 93 (45), 91 (41), 67 (38), 43 (72), 41 (35). Anal Caled
for Cy15H9404: C, 67.14; H, 9.01. Found: C, 67.33; H, 9.11.

An analytically pure sample of tertiary alcohol 7 was obtained by
column chromatography (7 g of silica gel, 20% ethyl acetate/benzene):
TLC (25% ethyl acetate/benzene) Ry 0.23; GC (100 °C, rising to 200
°C at 6 °C/min) retention time 53 min; UV max (95% ethano!) 218 nm
(e 1800); IR (CCly) 3475 (OH), 1740 (acetate C=0), 1720 (ester C=0),
and 1650 ecm~! (C=C); NMR (CCly) § 5.63 (s, 1, C=CHCO,), 4.02 (%,
2,J = 6 Hz, CH3CO,CHy), 3.63 (s, 3, COoCHjy), 2.13 (d, J = 1 Hz,
C=CCHs), 1.99 (s, CH3CO3), and 1.12 ppm (s, 3, HOCCH3); mass
spectrum (70 eV) m/e (rel intensity) 269 (<1), 153 (31), 114 (28), 107
(26), 95 (48), 85 (62), 43 (100). Anal. Caled for C;5H2405: C, 62.91; H,
9.15. Found: C, 62.78; H, 9.12.

Determination of Yields of 4-(y-Acetoxypropyl)-3-carbo-
methoxy-2,4-dimethylcyclohexenes (5 and 6) and (E)-Methyl
10-Acetoxy-7-hydroxy-3,7-dimethyldecenoate (7) by GC. Ac-
cording to the procedure described above, 10.06 mg (0.038 mmol) of
acetoxy ester 1 was treated with 0.8 ml of 85% H3PO,. After workup
the resulting diethyl ether solution was diluted to 25.0 ml and a
1.00-ml aliquot was removed. To the remaining 24 ml was added 2.40
mg (0.009 mmol) of acetoxy ester 1 as an internal standard. GC
analysis as above showed no remaining acetoxy ester 1 in the reaction
mixture. Using compound 1 as an internal standard, the yields of
cyclized epimers 5 and 6 were determined to be 45% (ca 3:1 ratio, by
TLC) and of tertiary alcohol 7 to be 38%.

Treatment of Methyl Farnesate!! (2) with 85% Phosphoric
Acid. To 2.61 mg (0.0086 mmol) of 2 was added 0.14 mi (2.23 mmol)
of 85% H3PO, and the resulting mixture was stirred at room tem-
perature for 30 min, at which time 1.4 ml of water was added. The
reaction mixture was extracted (3 X 1 ml of diethyl ether), and 1 ml
of saturated aqueous NaCl was added to the aqueous portion, which
was then extracted again (1 X 1 ml of diethyl ether). The combined
organic portions were washed (2 X 1 ml of saturated aqueous
NaHCOj3, 1 X 1 ml of saturated aqueous NaCl), dried (MgSQ,), and
filtered; GC showed unreacted 2 to be the only compound present.

Treatment of Methyl Farnesate!! (2) and (E,E)-Methyl 10-
Acetoxy-3,7-dimethyl-2,6-decadienoate (1) with 85% Phosphoric
Acid at Tenfold Dilution. To 2.38 mg (0.0095 mmol) of 2 and 2.24
mg (0.0084 mmol) of 1 was added 2.8 ml (44.54 mmol) of 85% H3PO,
and the remaining mixture was stirred at room temperature for 15
min, at which time 28 ml of H,O was added. The reaction mixture was
extracted (3 X 10 ml of diethyl ether) and 10 ml of saturated aqueous
NaCl was added to the remaining aqueous portion, which was then
extracted again (2 X 10 m} of diethyl ether). The combined organic
portions were washed (2 X 10 ml of saturated aqueous NaHCO3, 1 X
10 m] of saturated aqueous NaCl), dried (MgSQ,), and filtered; GC
showed 2 to be completely unreacted and 1 transformed entirely into
5,6,and 7.

Treatment of Methyl Farnesate!! (2) and (E,E)-Methyl 10-
Acetoxy-3,7-dimethyl-2,6-decadienoate (1) with 50% Phosphoric
Acid. To 2.24 mg (0.0089 mmol) of 2 and 2.47 mg (0.0092 mmol) of
1 was added 0.49 ml (4.59 mmol) of 50% H3PO4 and the resulting
mixture was stirred at room temperature for 15 min, at which time
4.9 ml of HoO was added. The reaction mixture was extracted (4 X 1
ml of diethyl ether), and 1 ml of saturated aqueous NaCl was added
to the remaining aqueous portion which was then extracted again (2
X 1 m! of diethyl ether). The combined organic portions were washed
(2 X 1 ml of saturated aqueous NaHCO3, 1 X 1 ml of saturated aque-
ous NaCl), dried (MgS0;), and filtered; GC showed only unreacted
2 and 1 to be present.

Treatment of Methyl Farnesate!! (2) and (E,E)-Methyl 10-
Acetoxy-3,7-dimethyl-2,6-decadienoate (1) with Glacial Acetic
Acid. To 4.19 mg (0.017 mmol) of 2 and 4.68 mg (0.017 mmol) of 1 was
added 2.00 ml (34.86 mmol) of CH3CO2H and the resulting mixture
was stirred at room temperature for 45 min, at which time 20 mi of
H>0 was added. The reaction mixture was extracted (3 X 10 ml of
diethyl ether), and 10 ml of saturated aqueous NaCl was added to the
remaining aqueous portion, which was then extracted again (2 X 10
ml of diethyl ether). The combined organic portions were washed (2
X 10 m] of saturated aqueous NaHCO3, 1 X 10 m! of saturated aque-
ous NaCl), dried(MgS0Q,), and filtered; GC showed only unreacted
2 and 1 to be present.

Treatment of Methyl Farnesate!! (2) and (E,E)-Methyl 10-
Acetoxy-3,7-dimethyl-2,6-decadienoate (1) with a 30:70 Mixture
of 85% Phosphoric Acid and Glacial Acetic Acid. To 1.07 mg
(0.0043 mmol) of 2 and 1.23 mg (0.0046 mmol) of 1 was added 0.40 ml
(0.0068 mmol) of a 30:70 mixture of 85% H;PO4,~CH3;CO2H and the
resulting mixture was stirred at room temperature for 1 min, at which
time 4 ml of HoO was added. The reaction mixture was extracted (3
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X 1 ml of diethyl ether), and 1 ml of saturated aqueous NaCl was
added to the remaining aqueous portion, which was then extracted
again (2 X 1 ml of diethyl ether). The combined organic portions were
washed (2 X 1 ml of saturated aqueous NaHCO3, 1 X 1 ml of saturated
aqueous NaCl), dried (MgSQ,), and filtered; GC showed only un-
reacted 2 and 1 to be present.

Registry No.—1, 60718-74-3; 2, 3675-00-1; 4, 5299-11-6; 5,
60718-75-4; 6, 60718-76-5; 7, 60718-77-6; 9, 60718-78-7; 10, 36999-94-7;
11, 38227-49-5; 12, 60718-79-8; N-bromosuccinimide, 128-08-5
H.PO,, 7664-38-2; acetic acid, 64-19-7.
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Benzoin (I) is known to undergo an interesting transfor-
mation to tetraphenylfuran (II) when refluxed with p-tolu-
enesulfonic acid (PTSA) in dry xylene with azeotropic removal
of water. This observation, originally made by Berger and
Summerbell,? is still the best method for making II:34

P P
PTSA h h
OH O
bl xylene o\
Ph—CH —C—Ph — o, Ph
reflux 0
I I

Owing to the simplicity of the reaction and its possible po-
tentiality of opening up of a novel route for the synthesis of
furans, the present study was undertaken. In our hands ben-
zoin (I), when refluxed under identical conditions, besides
giving 1II, yielded five more compounds, namely, tetra-
phenyl-1,4-dioxadiene (III),2 cis-dibenzoylstilbene (IV),?
tetraphenyllactone (V),® benzil (VI),” and deoxybenzoin

Table 1. Yields of the Products Obtained in Different
Reactions of I (%)

Reaction I1 111 v \% \%! Vil
1 25.0 5.0 1.0 6.0 45.0 4.0
2 26.0 8.0 2.5 9.0 450 5.0
3 30.0 5.0 5.0 9.0 46.0 3.0
4 13.0 3.0 3.0 30,0 23.0 3.0

Notes
PTSA Ph Ph  Ph_ ,O_ Ph
xylene
I — /N + | |
reflux. — pp N o/ Ph P07 PR
36 hrs
I (25°) T (5%)
Ph Ph
Ph_  Ph Ph
+ = o+ /
Ph—C\ C-Ph Ph ~07 70
Y o”
™ (k) T (&%)
0 0 0

ol I
+ Ph—C—C—-Ph + Ph—CHZ'C—Ph

ML (459) I (4°/,)

(VII),? all of which were identified by comparison with au-
thentic compounds.

Slightly enhanced yields of all the products were obtained
when an equimolar mixture of benzoin and benzoin acetate®
was refluxed in dry xylene under identical conditions. With
deoxybenzoin (VII) added to the reaction mixture yields of
the furan (II), cis-dibenzoylstilbene (IV), and the lactone (V)
increased appreciably.

Similarly when cis-dibenzoylstilbene (IV) was added to the
reaction mixture the lactone (V) was obtained in higher yields.
On the basis of all these observations (Table I) and other re-
lated evidences we have rationalized the transformation of
benzoin (I) to the observed products in the following man-
ner.

In the presence of acid benzoin (I) undergoes a self-con-
densation reaction giving rise to the intermediate VIII which
then can form III, VI, and VII as follows.

@ Ph
H Ph\c/o\c/—OH - 2H,0
I — i | — 1T
¢ C —H
7
Ph™ “ou PL\OH
pvaine
| b
Ph
“CH ~ oH @
Ir + 1 —» YT
CH— OH
Ph”
<

The formation of tetraphenylfuran (II) in this reaction has
to involve the condensation of two species forming a carbon-
carbon bond and it is quite likely that deoxybenzoin (VII)
formed in this reaction condenses with benzoin in the presence
of acid to give the intermediate X which could ultimately vield

Ph +
@ \ ~H Ph, _OH
X f— =
2 /C\‘-\ H
Ph 0—-H oy’ SOH
Ph\/OH H\ /F’h
v § 2H,0
Ho / \ 2
~c C — 1T
/S SoH /o

X ph



