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Procedure for Product Analysis by GC. The reduction of
1,2-butylene oxide is representative. In a 50-mL flask fitted with
a rubber syringe cap on an inlet port, a magnetic stirring bar, and
a reflux condenser connected to a mercury bubbler were placed
4.8 mL (5.09 mmol) of a 1.06 M solution of Li3-BBNH and 0.2
mL of THF. Then 5.0 mL of a 1.0 M solution of 1,2-butylene
oxide in THF was introduced while the mixture was vigorously
stirred at room temperature. After 3 h, the excess hydride was
destroyed with 0.5 mL of water. Then the reaction mixture was
oxidized by the addition of 1.6 mL (6.4 mmol) of 4 N aqueous
sodium hydroxide, followed by 1.5 mL (13 mmol) of 30% hydrogen
peroxide and heating at 50 °C for 1 h. The aqueous layer was
saturated with 3 g of potassium carbonate and the dry THF layer
was subjected to GC analysis on a 10% Carbowax 20M column,
6 ft X 0.125 in., indicating the presence of 99% 2-butanol and
1% 1-butanol. A similar procedure was employed for examining
the stereochemistry of the reduction of cyclic and bicyclic ketones
with Li9-BBNH. The other compounds discussed were also
examined in this manner by using the appropriate internal
standard.

Procedure for Competitive Reaction. The reaction of ethyl
benzoate in the presence of caproic acid is representative. 9.4
mL of a 1.06 M Li9-BBNH solution (20 mmol in hydride) and
5.6 mL of purified THF were introduced into a dried, 50-mL flask
fitted with a rubber syringe cap on an inlet port, a magnetic
stirring bar, and a reflux condenser connected to a mercury
bubbler. The flask was maintained at room temperature with
stirring and 5 mL of THF solution containing 5§ mmol of ethyl
benzoate and 5 mmol of caproic acid was injected slowly. After
30 min, the remaining hydride was destroyed with water. Then
the reaction mixture was oxidized with NaOH-H,0,, followed
by addition of 5 mmol of n-octanol in THF (5 mL) as internal
standard. GC analysis of the mixture on a 5% Carbowax 20M
column, 6 ft X 0.125 in., revealed the presence of 5 mmol of benzyl
alcohol and the absence of 1-hexanol.
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The sulfonation of 1,6-methano[10]annulene (1), 2-methoxy-1, 11-fluoro-1, and 11,11-difluoro-1 with SO, in
dioxane at 35 °C and the low temperature protonation of the two fluoro-containing substrates in the HSO,F-8Q,CIF
(1:2 v/v) solvent system has been studied. The sulfonation and protonation of all substrates occur at the o-positions.
The subsequent sulfonation of 2-methoxy-5-sulfo-1 occurs at the 3-, 8-, and 9-position. The protonation of
11-fluoro-1,6-methano[10]annulene (3) occurs 36% at the 2-position and 64% at the 7-position, whereas the
sulfonation yields 47% of the 2- and 53% of the 7-sulfonic acid. Rate studies have shown that the increase in
the free energy of activation on replacing the methylene hydrogens of 1 successively by fluorine is additive.

The bridged monocyclic 107-electron 1,6-methano[10]-
annulene (1)? is an intriguing aromatic® hydrocarbon in
view of the nonplanarity of the annulene perimetert® and
its transannular interaction.>” We now report on the

(1) Aromatic sulfonation. 88. For part 87, see de Wit, P.; Cerfontain,
H. Can. J. Chem. 1988, 61, 1453.

(2) Vogel, E.; Roth, H. D. Angew. Chem. 1964, 76, 145.

(3) Vogel, E. Chem. Soc. Spec. Publ. 1967, 21, 113-147.

(4) Bianchi, R.; Pilati, T.; Simonetta, M. Acta Crystallogr., Sect. B
1980, B 36, 3146.

(5) Simonetta, M.; Gavezzotti, A. Helv. Chim. Acta 1976, 59, 2984,
Simonetta, M. Pure Appl. Chem. 1980, 52, 1597. Favini, G.; Simonetta,
M.; Sottocornola, M.; Todeschini, R. J. Chem. Phys. 1981, 74, 3953.

0022-3263/84/1949-3097301.50/0

products and reactivities in the sulfonation of the 1,6-
methano{10]annulene derivatives 3-5. In order to obtain

(6) Dewey, H. J.; Deger, H.; Frohlich, W.; Dick, B.; Klingensmith, K.
A.; Hohlneicher, G.; Vogel, E.; Michl, J. J. Am. Chem. Soc. 1980, 102,
6412, Cremer, D.; Dick, B. Angew. Chem. 1982, 94, 877. Klingensmith,
K. A,; Pattmann, W.; Vogel, E.; Michl, J., J. Am. Chem. Soc. 1988, 105,
3375.

(7) In 11,11-dimethyl- and 11-cyano-11-methyl-1,6-methano[10]-
annulene the distance between C(1) and C(6) is so short (1.83-1.77% and
1.85-1.77 A° respectively) that these compounds are regarded as bis-
(norcaradiene) derivatives, whereas the C(1)-C(8) of 1, its 2-carboxylic
acid, and 5 are relatively large (2.24,* 2.26,1° and 2.27 A,! respectively),
illustrating the true [10]annulene nature of these compounds.
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Table I1. Sulfonation of 1,6-Methano[10]annulenes with SO,

Cerfontain et al.

reactn conditions

unconverted
S0, temp, time, substrate,
no. equiv solvent °C h sulfonic acid products, % (£2%)° %
1 2 [?Hg]dioxane 17 05 2.S (>96) <2
3 [*Hg}dioxane 17 0.5 2-8 (17), 2,7-8, (23) 0
4 dioxane 12 0.5 2,7-S, (>96)12
2 0.9 dioxane 12 0.5 2-S (=98)12
4 dioxane 12 0.5 2-8 (=98)12
3 1 [*Hg]dioxane 35 1.0 2-S (48), 7-S (52) 36
2 [?H,]dioxane 35 1.0 2-S (47), 7-8S (53) 16
8 [2H,]dioxane 35 1.0 2-8 (47), 7-S (53) 4
4 2 [2Hg]dioxane 35 24 2-8 (>96) 5
5° 1 [*Hg]dioxane 17 0.5 5-S (>96) 57
2 [2H,]dioxane 17 0.5 5-S (73), 3,5-S, (4), 5,8-S, (7%), 5,9-S, (16°) 0

2§ stands for SO;H. ®Reaction of 5 with more than 4 equiv of SO; led to decomposition of the [10]annulene moiety. °These data may be

the reverse, cf., subscript & of Table L.

information on the relative stabilities of the s-complex
intermediates in the sulfonation of 3, we have also studied
the low temperature HSO,F protonation of 3 and 4.

12
By n_X
Z

Results

Substrates 1 and 3-5 have been sulfonated with SO, in
an aprotic solvent. The 'H NMR spectra of the sulfonic
acids and certain potassium sulfonates, are listed in Table
I (supplementary material). The sulfonic acid product
distributions are collected in Table II. All substrates yield
very predominantly, if not exclusively, the a-substituted
monosulfonic acids. The degree ~f sulfonation at the 2-
and 7-position of 3 are about the same.

The effect of replacing the methylene hydrogens of 1
successively by fluorine on the rate of sulfonation has been
studied by comparing the rate of substrate conversion
under strictly comparable reaction conditions. The results
are in Table III. The strong decrease in the annulene
reactivity upon the introduction of the fluorine atoms in
the bridge is notable and the reactivity of the [10]-
annulenes is strikingly higher than that of naphthalene.

The fluoro derivatives 3 and 4 have been protonated in
the HSO,;F-SO,CIF (1:2, v/v) solvent system at —-80 °C.
The 'H NMR data at the temperature of highest spectral
resolution are given in Table IV (supplementary material),
together with the data for protonated 1, reported by
Winstein.’? The protonation appears to occur exclusively
at one of the a-positions. The fluoro containing cations
7-9 are more stable than 6. The latter cation slowly re-
arranges!?13 irreversibly at temperatures =-60 °C to the

(8) Bianchi, R.; Morosi, G.; Mugnoli, A.; Simonetta, M. Acta Crys-
tallogr., Sect. B 1973, B 29, 1196.

(9) Bianchi, R.; Pilati, T.; Simonetta, M. Acta Crystallogr., Sect. B
1978, B 34, 21567.

(10) Dobler, M.; Dunitz, J. D. Helv. Chim. Acta 1965, 48, 1429,

(11) Pilati, T.; Simonetta, M. Acta Crystallogr., Sect. B 1976, B 32,
1912.

(12) Warner, Ph.; Winstein, S. J. Am. Chem. Soc. 1969, 91, 7785.

Table ITI. Sulfur Trioxide Sulfonation Reactivities in
[*H;]Dioxane at 35 = 1 °C

AAG*
35 °C),°
107 (£5%), s ( ﬂ:0.5,)
no. overall .k, 2 % kJ mol™!
1 8500 2100 0
3 240 58 9.2
62 9.0
4 8.8 2.2 17.5
CpoH; <3 %10 <0.6 X 10™¢ >44°

4Relative to the substitution of one a-position of 1. ®The con-
version of naphthalene in 180 days was below the limit of the na-
phthalenesulfonic acid detection, i.e., <3%. °¢These data refer to
the sulfonation at position 1.

1,2-dihydro-1,2-methano-4-naphthalenium ion,'? whereas,
e.g., 9 was found to be stable up to at least ~10 °C. The
degree of protonation of 3 is significantly smaller at the
2-position (36% =x 3%) than the 7-position (64% % 3%).

Y X

H
/—.3
|\-“
d
4
AG/\/X:Y:Z:H
Z X=F:Y=2Z=H
S X=Y=F ;ZzH
JVZV X=F Y:H)Z:SO;
Discussion

The monosulfonation of the 1,6-methano[10]annulenes
1-5, 10, and 11* leads only to a-sulfo deprotonation (cf.
Table II and ref 15), whereas that of 2,5-dimethyl-1 leads
to both a-sulfo deprotonation and a-sulfo demethylation.!
The very predominant a-substitution also occurs in bro-
mination'®!” and protiodetritiation [for 4 k,/k; (70 °C) =
24].18 Sulfonation of the 2-sulfonic acid 10 leads to sub-
stitution at the 7-position as a result of electronic deac-

(13) Lammertsma, K.; Cerfontain, H. J. Am. Chem. Soc. 1980, 102,
4528,

(14) Lambrechts, H. J. A.; Cerfontain, H. Recl. Trav. Chim. Pays-Bas
1981, 100, 291.

(15) Lammertsma, K.; Cerfontain, H. J. Am. Chem. Soc. 1978, 100,
8244,

(16) Vogel, E.; Boll, W. A,; Biskup, M. Tetrahedron Lett. 1966, 1569.
Effenberger, F.; Klenk, H. Chem. Ber. 1976, 109, 769. Klenk, H.; Stohrer,
W.-D.; Effenberger, F. Ibid. 1976, 109, 777. Vogel, E.; Bornatsch, W.
Angew. Chem. 1975, 87, 412.

(17) Scholl, T.; Lex, J.; Vogel, E. Angew. Chem. 1982, 94, 924; Angew.
Chem. Suppl. 1982, 1927-1933.

(18) Taylor, R. J. Chem. Soc., Perkin Trans. 2 1975, 1287.



Protonation and Sulfonation of [10]Annulenes

tivation of the 5-position by the sulfo group.’® Sulfonation
of the 5-sulfonic acid of 5§ does not take place at the vacant
a-positions in view of a prohibitive peri strain!? that would
occur between the 2-methoxy or 5-sulfo group, and the
incoming sulfo group at the positions 10 and 7, respectively.
Instead, sulfonation takes place at the 3-positions 3, 8, and
9.

The reactivity of electrophilic sulfonation decreases upon
replacing the two methylene hydrogens of 1 successively
by fluorine (Table III). In fact, on going from 1 via 3 to
4 the increase in the free energy of activation is additive
and the relative free energy of activation for substitution
of the 2- and 7-positions of 3 is about the same. In view
of Taylor’s report!® that the ¢* for the 2-positions of 1 and
4 are -0.80 and —0.41, respectively, the present results
imply that the ¢* values for the 2- and 7-positions of 3 are
-0.59 and -0.60, respectively. A photoelectron spectral and
theoretical study on 1, 3, and 4 revealed that the intro-
duction of fluorines in the methylene bridge leads to a
roughly equal stabilization of the (four highest) =-M0’s.?

The sulfonation reactivity is greater for 1,6-methano-
[10]annulene 1 than naphthalene,?! the free energy of
activation for the substitution of one of the a-positions
being at least 44 kJ mol™ smaller for the former substrate.
The lower free energy of activation of 1 may be explained
in part in terms of a lower resonance energy of the [10]-
annulene 1 than naphthalene, as a result of the nonco-
planarity of the perimeter of 1.

The formation of the sulfo products in the SQ; sulfo-
nation of the annulenes in dioxane is assumed to proceed
similarly as established before for chlorobenzene and
1,4-dichlorobenzene.? The primary aprotic sulfonation
proceeds via the 1-arenium-1-sulfonate (A) and 1-areni-

H H H
e Y t s
Ar ~ Ar ~ Ar\
SO+ S.0¢ SOaH
A B C

um-1-pyrosulfonate (B) as the subsequent o-complexes,
of which the latter rapidly rearranges to the arenepyro-
sulfonic acid.?%% With reactive substrates as the an-
nulenes, the resulting pyrosulfonic acid acts again as
sulfonating entity to effect the so-called secondary sulfo-
nation via the 1-arenium-1-sulfonic acid (C) as s-complex.%

The ratio in which the isomeric sulfo products will be
formed thus depends on the relative rates of formation of
the s-complexes A—C for the isomeric routes. An estimate
of the relative stability of a given set of isomeric ¢-com-
plexes may be obtained by determining the ratio of the
protonation o-complexes formed under stable ion solution
conditions, although the steric requirements for adding the

(19) Cerfontain, H. J. Org. Chem. 1982, 47, 4680.

(20) Andréa, R. R.; Cerfontain, H.; Lambrechts, H. J. A.; Louwen, N.
dJ.; Oskam, A. J. Am. Chem. Soc. 1984, 106, 2531.

(21) The sulfonation reactivity of 1 also exceeds that of anthracene,??
as appears from a comparison of the required reaction conditions.!22? It
should be realized that the sulfonation of the 9-position of anthracene
is far more retarded than that of the 2-position of 1, due to the devel-
opment of a greater peri strain on bringing the sulfo group between H(1)
and H(8) of anthracene than peri to H(10) of 1, the ky/kp of these
sulfonations being 7 & 1?2 and 3.8 * 0.3,% respectively.

(22) Cerfontain, H.; Koeberg-Telder, A,; Ris, C.; Schenk, C. J. Chem.
Soc., Perkin Trans. 2 1975, 966.

(23) Koeberg-Telder, A.; Cerfontain, H. Recl. Trav. Chim. Pays-Bas
1972, 91, 22.

(24) Lammertsma, K.; Cerfontain, H. J. Chem. Soc., Perkin Trans. 2,
1980, 28.

; (25) Bosscher, J. K.; Cerfontain, H., Recl. Trav. Chim. Pays-Bas, 1968,
87, 873.
3 2(gG) Cerfontain, H.; Kort, C. W. F. Int. J. Sulfur Chem., Part C 1968,

J. Org. Chem., Vol. 49, No. 17, 1984 3099

sulfonating entity(ies) or the proton may be different for
the nonplanar bridged [10]annulenes under study. The
electrophile may add to the nonplanar 1,6-methano[10]-
annulenes in two ways, viz., endo and exo. As to the
HOMO of 1, i.e., the 7a, =-MO, shown in Figure 7 of ref
20, the sizes of the upward and downward lobes at the
a-carbons are about the same and their direction relative
to the molecular framework is such that a small electro-
phile like a proton may attack an a-carbon from both the
endo and the exo side, yielding the same s-complex in both
cases. The far more bulky sulfonating entity(ies) will only
attack from the endo side to yield the much less strained
o-complex. This interpretation is somewhat at variance
with Vogel’s observation that the reaction of 1 with bro-
mine in chloroform at -60 °C leads to a relatively stable
1,4-cis addition product in which the two bromine atoms
at the positions 2 and 5 are both syn to the methylene
bridge.!™?" However, it should be realized (i) that the
bromo addition does not necessarily proceed via a cationic
o-complex intermediate and (ii) that the effective size of
a sulfonate group is substantially greater than that of a
bromine atom (cf. ref 28).

The sulfonation of the monofluoro compound 3 leads
to the formation of 47% =% 2% 2-sulfonic acid and 53%
£ 2% 7-sulfonic acid, whereas the protonation yields 36%
£ 3% of the cation 7, resulting from protonation at C(2),
and 64% = 3% of 8 as result of protonation at C(7). The
smaller amount of 7 as compared with 8 may be explained
in terms of strain as result of steric repulsion between the
fluorine and the exo-methylene hydrogen of the protonated
center in 7.

Experimental Section

The 1,6-methano[10]annulenes 1 and 3-5 were obtained as a
gift from Prof. E. Vogel.

Sulfonation Procedure and Analysis. The sulfonation was
effected!? by adding 0.25 mmol of the [10]annulene in [H;]dioxane
(0.40 mL) to a solution of SO; (in most cases 0.50 mmol = 2.0
equiv) in [2Hg]dioxane (1.00 mL). The compositions of the re-
action mixtures were determined by recording 'H NMR spectra
at appropriate time intervals. In some cases the products have
been isolated as their potassium sulfonates, as described previ-
ously.!? The 'H NMR spectra were recorded with a Bruker
WM-250 and a Varian X1.-12 CW spectrometer. For [?Hgldioxane
and [?Hj)acetonitrile as solvent, the chemical shifts are relative
to internal SiMe, and for ZH,0 as solvent relative to external (neat)
SiMe,. It is of diagnostic interest that the *Jy;3; between the bridge
hydrogens and the a-hydrogens of the 1,6-methano[10]annulenes
is greater when they are in the anti than in the syn orientation.?%
The sulfo product composition was determined by multicompo-
nent 'H NMR analysis.®* The assignment of the signals of the
mixture of the potassium salts of the 2- and 7-sulfonate of 3 was
made by 250-MHz *H shift correlated 2D NMR in C2H,CN at
298 K (see, e.g., ref 35). The proton-proton shift correlation

(27) Gleiter, R.; Bhm, M. C.; Vogel, E. Angew. Chem. 1982, 94, 925.

(28) Ingold, C. K. “Structure and Mechanism in Organic Chemistry”,
2nd ed.; Cornell University Press: New York, 1969; p 306 ff.

(29) Gunther, H. Z. Naturforsch., B. 1965, 20B, 948,

(30) Glinther, H.; Wenzl, R.; Grimme, W. J. Am. Chem. Soc. 1969, 91,
3803.

(31) The relatively small peri sulfo shift of H(7) of the 5-sulfonic acid
of 5 (0.28 ppm) is ascribed to the large mesomeric electron release from
the methoxy to the sulfonic acid group, leading to shielding of H(7).

(32) The ortho sulfo shifts of the 1,6-methano{10]annulene-2-sulfonic
acids in [?Hgldioxane are somewhat higher and the peri sulfo shifts
smaller than those of the planar condensed polycyclic arenesulfonic acids
in [?Hg]dimethylsulfoxide for which the values are 0.27-0.67 and 0.93-1.25
ppm, respectively.3®

(33) Cerfontain, H.; Laali, K.; Lambrechts, H. J. A. Recl. Trav. Chim.
Pays-Bas 1983, 102, 210.

(34) Cerfontain, H.; Koeberg-Telder, A.; Kruk, C.; Ris, C. Anal. Chem.
1974, 486, 72.

(35) Bhacea, N. S.; Balandrin, M. F.; Kinghorn, A. D.; Frenkiel, T. A.;
Freeman, R.; Morris, G. A. J. Am. Chem. Soc. 1983, 105, 2538.
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spectrum with the assignments is shown in Figure 1 (supple-
mentary material).

Sulfonation Reactivities. The relative substrate reactivities
have been determined from the initial slopes of graphs of log |ArH|
vs. the reaction time, using In {|ArH|}/|ArH|s} = .kt thus pre-
suming pseudo first order kinetics. For 3 and 4 the plots of log
{|ArH]|/{ArH]o} vs. time were linear up to ca. 50% substrate con-
version. The reactivity of 1 is so high that only the tail of the
plot, >89% substrate conversion, could be measured. For the
calculation of the &, of 1 it was assumed that the relative cur-
vature is the same for 1 and 3. The reaction mixtures were made
up by adding a solution of 0.25 mmol of the [10]annulene in 0.40
mL dioxane-?Hj at 35 °C to a homogeneous solution of 0.50 mmol
S0, in 1.00 mL of dioxane-?Hg and subsequent homogenization
at 35 °C.

Preparation of Monocations. The method of preparation
of the 1,6-methano[10]annulenium ions and the recording of their
'H NMR spectra was similar as described for the monocations
of the methylphenanthrenes.?® The assignment of 'H NMR
signals of the cations of 3 and 4 were made by comparison with
the fully assigned ‘H NMR spectrum of protonated 1.1* The
doublets at lowest and highest field in the vinylic part of the
spectrum were taken to be the hydrogens para and peri to the
protonated center, respectively. The triplet at 7.82 ppm in the

(36) Laali, K.; Cerfontain, H. J. Org. Chem. 1983, 48, 1092.

spectrum of protonated 3 is ascribed to H(9) of 8 [and not to H(4)
of 7], as its chemical shift is very similar to that of H(4) of 6. More
important the difference between the chemical shifts of the low
field parts of the AB absorptions of the protonated centers of the
two annulenium ions is much greater (0.33 ppm) than that be-
tween the two corresponding high field parts (0.05 ppm, cf. Table
IV). The highest shielded hydrogen, viz., that at 4.15 ppm, is
therefore ascribed to the hydrogen in closest vicinity to the
electronegative fluorine. Thus the 4.15 + 4.95 AB system is
ascribed to C(2)H, of 7 and the 4.48 + 4.90 AB to C(7)H, of 8,
and the 4.15 and 4.48 absorptions are ascribed to the endo-hy-
drogens and the 4.9 ppm absorptions to the exo-hydrogens.
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The hydrolyses (eq 1) of o-nitro- (2a) and o-benzoylbenzeneselenenic (2b) anhydrides to the corresponding
selenenic acids (1a and 1b) have been studied kinetically over a range of pH in a series of buffers in 60% dioxane.
Both hydrolyses require acid catalysis. The hydrolysis of 2a exhibits general-acid catalysis, with a nonlinear
Bronsted plot where a = 0 for catalyzing acids with a pK, < pK, of trichloroacetic acid and o« = 0.7 for acids
with pK, = pK, of dichloroacetic acid. This behavior seems best accounted for by a preassociation mechanism
(eq 8) in which addition of water to a selenium in the encounter complex 2a-HA gives a highly unstable intermediate
(I*.HA) that then collapses to products (step k,) via a proton transfer to the departing 0-O,NCgH,SeO- group
that is coincident with the cleavage of the Se—(BSe bond. With the stronger acid catalysts formation of I*-HA
from 2a-HA plus water is rate determining and o = 0. With weaker acids as catalysts the transfer of the proton
within [*-HA becomes rate determining, and « = 0.7. The hydrolysis of the o-benzoyl compound (2b) is much
faster than that of 2a and exhibits specific-H* catalysis under most reaction conditions. The pH-rate profile
for the H;O%-catalyzed hydrolysis of 2b shows an inflection between pH 2.5 and 4. This pH-rate profile, and
the other aspects of the behavior of the hydrolysis, can be best explained by a mechanism (eq 10) in which the
reactive intermediate (8) is the carbonyl hydrate of 2b. In buffers at higher pH’s buffer-catalyzed establishment
of the 2b + H,0 = 3 equilibrium is rapid, and H;O*-catalyzed conversion of 3 to products is rate determining;
but in dilute HC1 or HC10, H;O*-catalyzed formation of 3 from 2b becomes rate determining. The stabilization
of 2a (and 2b) by direct interaction of the 0-NO; (or PhC(0)) group with selenium is thought to prevent facile,
one-step displacement of ArSeQ by a nucleophile and to be the reason that the two hydrolyses are forced to adopt
the more complex mechanisms outlined above.

Selenenic acids are generated as reactive intermediates
in a considerable number of reactions in organoselenium
chemistry. For example, the widely used, olefin-forming
oxidative elimination of an arylseleno group gives an alkene
plus an areneselenenic acid (ArSeOH), and the subsequent
fate of the selenenic acid (determined by the specific re-
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action conditions employed) can have a significant effect
on the yield of alkene that is obtained.? Areneselenenic
acids are also thought to be formed as reactive interme-
diates during the reduction of areneseleninic acids (Ar-
SeO,H) by a wide variety of reagents.> In physiological
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