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Direct Synthesis of Fluoro Bicyclic Compounds with Fluorine
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Elemental fluorine under suitable and simply achieved conditions acts as a strong electrophile able to substitute
tertiary, including bridgehead, hydrogens of various bicyclic compounds. The skeleton of the bicyclo molecule
was usually unchanged, and the yields, even in the worst cases, represent a great improvement for those extremely
few fluoro bicyclic compounds that have previously been prepared. A good correlation between the hybridization
of the tertiary C~H bond to its ability to be substituted by fluorine was found. The 3C NMR spectra reveal
some similarities to other fluoro compounds as far as the carbons « and 3 to the halogen are involved, but no

firm rules could be detected for the v or the & carbons.

Despite the wealth of synthetic fluorinated compounds
of almost every conceivable type, only a few fluorinated
bicyclic molecules have been described in the literature.
The main reason for this discrepancy is the difficulty of
their preparation. Most fluorinated compounds, inde-
pendent of type, are prepared by various nucleophilic re-
actions, by building a desired molecule from fluorine-
containing fragments, or through addition reactions to
double bonds.! These approaches, however, are of limited
use when fluoro bicyclic compounds have to be prepared.
Many such derivatives do not have suitable double bonds
because of the strain involved, while nucleophilic reactions
too often involve carbocations which rearrange easily to
compounds with different skeletons. Thus, despite being
tedious and difficult, the total synthesis approach has
provided up to now the relatively most successful results
in this field.?

In recent years we have shown that organic chemists do
not have to shy away from F,. This element can be used
in an indirect way as a source of electrophilic fluorine® and
nucleophilic fluorine? and, surprisingly, also as a tool for
performing difficult organic transformations leading to
fluorine-free products.? One of the more fundamental and
interesting reactions, however, is the direct electrophilic
substitution of unactivated tertiary hydrogens by fluorine,?
which proceeds through a pentacoordinated carbonium ion
accompanied by full retention of configuration.®®
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We have already shown that a prerequisite for a suc-
cessful electrophilic substitution of a tertiary hydrogen by
fluorine is a relatively high p-orbital contribution (hy-
bridization) to the corresponding C-H bond.f From this
point of view, adamantane (1) seems to be an ideal sub-
strate since no strain is involved around its tertiary hy-
drogens, ensuring a quite suitable hybridization for an
electrophilic substitution.® Indeed, as a result of passing
fluorine diluted with nitrogen through a cold (-78 °C) 1:1
CHCIl—CFCl; solution!! of 1, 1-fluoroadamantane (2)!2 was
obtained in 90% yield. In the methoxy and p-nitro-
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benzoate derivatives (3 and 4 respectively), the calculated
hybridization of the tertiary hydrogens is little changed
respective to 1 and the yields of the corresponding 5 and
6 still remained high. The reaction times for the oxygen-
ated compounds, however, were considerably longer, a fact
that could be best observed from a series of competitive
reactions carried out with mixtures of 1 and 3 and 3 and
4. It could be seen clearly that 3 started to react only after
more than 70% conversion of 1 had been achieved. Similar
behavior was observed with the mixture of 3 and 4, the
latter being the less reactive component. Although the
described conditions encourage ionic reactions, there are
always some side pathways involving homolytic cleavage
of the fluorine molecule resulting in indiscriminate radical
reactions. Since F, is constantly bubbled through the
reaction mixture, the longer the reaction time, the more
fluorinated tars are produced. Thus, although, for exam-
ple, the unprotected adamantanol (7) was successfully
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fluorinated to 1-hydroxy-3-fluoroadamantane (8), solubility
problems slowed down the reaction, resulting in a some-
what reduced yield of 70%.

While tertiary hydrogens in adamantane derivatives are
easily substituted, ones with very low hybridization are
highly resistant to Fy. The tertiary hydrogen located on
the cyclopropane ring in the tricyclic molecule 9 and those
in cis-pinalol (10) or nopinone (11) have such a low hy-
bridization (sp®®2%) that no electrophilic substitution can
take place. Even high fluorine concentrations of up to 15%
caused in these cases only a very slow deterioration of the
starting material as a result of the inevitable fluorine
radical reaction.

OAc CHz0Ac
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While the low hybrldlzatlon of the tertiary hydrogen in
9 is due only to the fact that it is located on the strained
cyclopropane ring, the nearby electronegative oxygen atom
in 10 and 11 also contributes to the same effect. When
this atom is found further away from the tertiary center
by one CH, unit as in 12, the electrophilic substitution is
already enabled, although in very modest yields. It can
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be shown that, in this compound, the C, tertiary hydrogen
has the highest hybridization (sp*®), and indeed this is the
hydrogen replaced by fluorine, forming 13 in 15% yield
along with a small amount of the isomeric 14. The yields
of some of the fluorinated bicyclic molecules may look at
first sight quite low. However, the yields of most of the
fluoro bicyclic compounds totally synthesized by multistep
reactions range from a few to a fraction of a percent.? The
yields in the direct fluorination method thus represent an
improvement of at least an order of magnitude.

The 'H and 3C NMR spectra are of great help in
structure elucidation. Thus, for example, the magnitude
of Jac_py in both 13 and 14 is very large (220-225 Hz),
characteristic of CF bonding orbitals with a high s con-
tribution® and indicating that no rearrangement took
place. Another CH, unit inserted between the oxygen-
carrying moiety and the tertiary center, as in the case of
nopyl acetate (15), makes the hydrogen at C; much more
favorable for electrophilic substitution than the other
tertiary hydrogens (sp®? vs sp?®). Only one monofluoro
compound, identified as 16, was thus formed in a re-
spectable 40% yield.

The same trend was observed with the [2.2.1] bicyclic
system. The carbonyl group has a strong deactivating
effect toward electrophilic substitutions at the nearby
tertiary hydrogens,® so camphor (17) was fully resistant
even to high fluorine concentrations and only the typical
slow deterioration was observed. However, in bornyl
acetate (18), there is a greater p-orbital contribution to the
single tertiary C-H bond (sp?>7) and one could already
observe the formation of 4-fluorobornyl acetate (19) in 20%
yield.
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In 2-bicyclo[3.2.1]octyl acetate (20), one of the rings of
the bicyclic skeleton is enlarged without releasing the strain
of the bridgehead C-H bond (sp?*?). This does not much
change the reactivity toward electrophilic substitution.
Again only 20% of the corresponding fluoro derivative 21
was isolated and identified with the help of 'H, °F, and
13C NMR spectra. For example, C, appears as a slightly
shielded singlet, typical of a carbon # to the fluorine atom,
excluding the possibility of the fluorine being attached to
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The case of 2-norbornylethyl p-nitrobenzoate (22) with
its additional, nonbridgehead reacting center, resembles
the [3.1.1] bicyclic system 12. In both cases the nonbrid-
gehead tertiary hydrogen has a relatively high hybridiza-
tion and therefore reacts somewhat better than the hy-
drogen at C,. Still the proximity of the electron-with-
drawing p-nitrobenzoate moiety limits the yields of 23 and
24 to only 20% and 10% correspondingly. Protecting the
primary alcohol by acetylation (25), rather than p-nitro-
benzoylation, deactivated the two tertiary hydrogens to
a lesser degree; the reaction was faster, and 26 and 27 were
isolated in 30% and 15% yields, respectively. The iden-
tification of these isomers was based partly on their °F
NMR spectra. In 23 and 26 the fluorine nucleic appeared
as a double quintet (JayEngor = 56 Hz; Jepr = 28 Hz and
Janexor = 9 Hz), in good agreement with the corresponding
dihedral angles. The multiplicity of the fluorine atom in
24 and 27 was a heptet, reflecting the fact that the dihedral
angle between the fluorine atom and Hypngo) and Hienao)
is very near 90° (J3 sn(exor = 42 Hz and Jey, r = 21 Hz).

The surprising regioselectivity of this most reactive el-
ement can be demonstrated by its reaction with endo-
tricyclo[5.2.1.0%%]decane (28). This molecule has no elec-
tron-withdrawing elements which may polarize or deac-
tivate some of the potential reactive centers. PRDDO
calculations reveal that there is a small difference in hy-
bridization between the tertiary hydrogens at C, and C,
(sp*” and sp*® respectively). This difference seems to be
sufficient, and after a relatively fast reaction, only the
2-fluoro derivative 29 was isolated in higher than 75%
yield. Here again the °F and *C NMR spectra were of
major help in determining the structure.
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The regioselectivity and its dependence on the hybrid-
ization can clearly be observed also in the reaction of
fluorine with 2-ethyl-1-methoxybicyclo[2.2.2]octane (30).
Although the tertiary hydrogen on C, is closer to the
methoxy oxygen, it is not a bridgehead one and its hy-
bridization was calculated to be sp®! vs sp?? for the C,~H
bond. The oxygen atom, though, slows down the reaction,
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and as a result, only a 25% yield of the 2-ethyl-2-fluoro-
1-methoxybicyclo{2.2.2]octane (31) was obtained. As in
the previous cases, the various NMR spectra did not leave
any doubt about the carbon to which the fluorine atom was
attached. Thus the CHj triplet and the methoxy singlet
were shifted to a lower field by 0.1 and 0.17 ppm respec-
tively. The shifts and the coupling constants of the various
C-8 and C-v carbons in the 3C NMR spectrum are also
in full agreement with the assigned structure.

In compounds 32-34, the ethyl group in 30 is replaced
with electron-withdrawing groups. This caused a total
deactivation of the molecule toward electrophilic reactions,
and again even high concentrations of fluorine did not
react with the starting materials except by the minor
radical fluorination pathway which could never be totally
suppressed.

As we have previously seen, without electron-with-
drawing groups in the [2.2.2] bicyclic system, the reaction
proceeds much faster and therefore much more cleanly.
Passing fluorine through the parent bicyclo[2.2.2]octane
(35) resulted in the formation of only two main com-
pounds, which were readily isolated. It was easy to show
that the major component was the expected 1-fluoro-
bicyclo[2.2.2]octane (36, 50% yield). The second com-
pound, however, possessed a secondary fluorine, and all
the spectral evidence pointed toward the formation of
2-fluorobicyclo[3.2.1]octane (37, 40% yield).

Although this is the first and only example for a rear-
rangement process connected with this electrophilic sub-
stitution, it can be easily explained by noticing that the
pentacoordinated carbonium ion which is formed in the
first step® is highly stabilized and is in resonance with the
nonclassical carbonium ion A keeping eight electrons
around each carbon.? The fluorine atom even enhances
the stability of A compared to the known parent hyperc-
oordinated carbocation. The charged A eventually ejects
either the C,, C,, or Cg4 hydrogen with rearrangement of
the relevant C—C bonds, forming 36 and 37 respectively.
It may be of interest to note that a somewhat similar
remarkably stable nonclassical carbocation was recently
described by Schleyer.!?

13C NMR spectroscopy is usually of great help in the
structure determination of fluorinated compounds. As
expected, the electronegative fluorine atom introduces an
enormous paramagnetic shift on the o carbons of 50-70
ppm along with unique Juc.p coupling constants of
175-190 Hz. When, however, the fluorine is attached to
a carbon with unusually high s character bonding orbitals,
Jasc_p) increases dramatically? up to 225 Hz (see com-
pounds 13 and 14). The three 8 carbons are also de-
shielded, usually by 0.5-10 ppm, and have a characteristic
3Jusc-py coupling constant of 15-25 Hz. While these fea-
tures are common to all tertiary fluorinated compounds,
the picture is not so uniform with the carbons in the y
position. When working with strain-free, rigid!* or con-

(13) Bremer, M.; Schleyer, P. R.; Schotz, K.; Kausch, M.; Schindler,
M. Angew. Chem., Int. Ed. Engl. 1987, 26, 761.
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figurationally fixed®® compounds possessing a tertiary
fluorine, we were witness to a consistent pattern for the
carbons v to the halogen. Those gauche to the fluorine
atom were always shifted to a higher field, while the ones
anti to it were deshielded by 2-4 ppm and usually had
13C-F coupling constants of 0~10 Hz. However, in agree-
ment with Della’s findings,” no firm conclusions could be
drawn for the v carbons in the highly constrained bicyclo
molecules. Most of these carbons, regardless their C-C~
C-F dihedral angle, were shifted to higher field by 0.5-9
ppm although a few were deshielded by up to 5 ppm (see
Experimental Section). The large majority of the 3Jus_p
coupling constants are either 0 or very small, but again a
few exceptions were found with no apparent consistent
pattern. The é carbons were usually shifted to a higher
field, but here, too, a couple of exceptions were recorded.
It is obvious that the way the fluorine atom affects the v
carbons in strained bicyclic molecules has still to be fully
evaluated.

In conclusion, it seems that, though it is the most re-
active element, F, can perform quite selective reactions
on sites that are not accessible by any other means. Thus,
for the first time, a general way was opened for a direct
substitution of bicyclic unactivated hydrogens.

Experimental Section

'H NMR spectra were recorded with Bruker WH-90 and Bruker
WH-360 spectrometers at 90 and 360 MHz respectively using
CDCI; as solvent and Me,Si as an internal standard. The °F
NMR spectra were measured at 84.67 and 338.8 MHz respectively
and are reported in parts per million upfield from CFCl;, which
also served as internal standard. The proton broad band de-
coupled 3C NMR spectra were recorded on Bruker WH-90 and
WH-300 spectrometers at 22.63 and 75.46 MHz, respectively.
CDCl; served as a solvent and TMS as internal standard. The
13C NMR spectra of the parent compounds were also recorded,
and the & values were derived by comparing the latter spectra with
those of the fluorinated compounds. A$ is defined as the difference
in parts per million between the chemical shift of the relevant
carbon atoms in the corresponding unfluorinated and fluorinated
derivatives; “+” represents a deshielding effect and “~ a shielding
one, both introduced by the fluorine atom. Unless otherwise
stated, the signals are singlets and all coupling constants are C-F
couplings. In many cases the *C NMR spectra of the paraffinic
parent bicyclic skeletons have been reported in the literature and,
after the usual corrections for the various substituents, a full
agreement with the 13C NMR spectra of our substituted parent
compounds was found. Mass spectra were measured with a Du
Pont 21-491B spectrometer. IR spectra were recorded as neat
films, in CHCl, solution, or in KBr pellets on a Perkin-Elmer 177
spectrophotometer.

General Fluorination Procedure. Fluorine is of course a
strong oxidizer and a very corrosive material. An appropriate
vacuum line made from copper or Monel in a well-ventilated area
should be constructed for working with this element. Variations
of such vacuum lines are described for example in Matheson
Report No. G-115B and in a recent review.!®> The reactions
themselves can be carried out in glass vessels. If elementary
precautions are taken, work with fluorine is relatively simple, and
we have had no accidents. The reactions were usually carried
out at =75 °C on scales of 1-6 mmol of substrate dissolved in 400
mL of 1:1 CFCl3-CHCl;. The reactions were monitored by TLC
and GC on 20% SE-30 or 10% OV-17 columns. They were usually
stopped when the conversion reached about 90-95%. The fluorine
concentration varied between 1 and 6% F, in N, according to the
type of the substrate. The gas mixture was prepared in a sec-
ondary container'® before the reaction was started. This mixture

(14) (a) Rozen, S.; Ben-Shushan, G. Org. Magn. Reson. 1985, 23, 116.
(b) Rozen, S.; Ben-Shushan, G. J. Org. Chem. 1986, 51, 3522.

(15) Vyplel, H. Chimia 1985, 39, 305.

(16) Various mixtures of fluorine in inert gases such as N, or He are
commercially available.
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was first passed through a dry NaF column serving as a HF
scavenger (Matheson) and then in a slow stream of about 15
mL/min through a vigorously stirred solution of the substrate
containing NaF. Efficient mixing, which is an especially important
factor for obtaining higher yields, is achieved by using a vibromixer
(Chemapec), which also ensures a fine dispersion of the gas
bubbles. The term “worked up as usual” means stopping the
reaction by pouring it into 500 mL of water, washing the organic
layer with NaHCOj solution followed by water until neutral, drying
the organic layer over MgSO,, and finally evaporating the solvent
preferably at room temperature. The crude product was usually
purified by vacuum flash chromatography using silica gel 60-H
(Merck) and if needed also by HPLC (Waters) on Merck’s Li-
Chrosorb Si-100. In general, when no melting point is given, the
product is liquid at room temperature.

Preparation of Starting Materials. In general, alcohols were
treated with Ac,O—pyridine for acetate preparation and with
freshly prepared p-nitrobenzoyl chloride-pyridine for the prep-
aration of the p-nitrobenzoates. The crude products were usually
purified by short-column chromatography using 2-4% EtOAc in
petroleum ether (pe) as eluent.

Fluorination of adamantane (1) was performed on 2.0 g (14.7
mmol) by using 1% F, in N,. After the usual workup, the crude
reaction mixture was flash chromatographed with pe followed by
HPLC using cyclohexane as eluent. The pure 2, identical with
an authentic sample.'? was thus isolated in 90% yield.

Fluorination of 1-methoxyadamantane (3) was performed
as described above on 0.65 g (3.9 mmol) by using 4% F; in N,.
After the usual workup, the crude reaction mixture was flash
chromatographed with 10% EtOAc in pe, followed by HPLC using
5% EtOAc in cyclohexane as eluent. The pure 5 was thus isolated
in 90% yield: IR 2815, 1120 em™; *H NMR 3.25 (3 H, CH;CO,
8), 2.40 (2 H, CFCH,CO, br s), 1.94-1.41 (12 H, m); °F NMR
~131.9 (s); MS, m/e 184 (M*), 153 [(M - OMe)*]. Anal. Caled
for C;;H;FO: C, 71.74; H, 9.24. Found: C, 71.82; H, 9.35.

Fluorination of 1-adamantyl p-nitrobenzoate (4)'7 was
performed on 1 g (3.32 mmol) by using 4% F; in N,. After the
usual workup, the crude reaction mixture was flash chromato-
graphed with 5% EtOAc in pe followed by HPLC using 5%
EtOAc in cyclohexane as eluent. The pure 6 was thus isolated
in 90% yield: mp 179 °C (from cyclohexane); 'H NMR 8.24 (4
H, AB, J = 8 Hz), 2.46-1.2 (14 H, m); °F NMR -133.55 (s); 1*C
NMR 92.50 (C3[«], d, J = 187 Hz, A5 = +61.3), 46.78 (C2[8}, d,
J =20 Hz, AS = +5.2), 41.61 (C4,C7[8], d, J = 18 Hz, A3 = +5.5),
83.10 (C1[v], d, J = 12 Hz, Aé = +0.3), 31.54 (C5,C8[~] d, J =
10 Hz, Aé = +0.42), 39.92 (C6,C10[4], Aé = ~1.6), 34.59 (C9[4],
A =-1.7), 150.5, 137.0, 130.8, 123.3 (Cprom); MS, m/e 316 (M*).
Anal. Caled for C;H;sFNO,: C, 63.95; H, 5.64. Found: C, 64.94;
H, 6.00.

Fluorination of 1-adamantanol (7) was performed on 0.5 g
(3.28 mmol) by using 6% F, in N,. After the usual workup, the
crude reaction mixture was flash chromatographed with 20%
EtOAc in pe, followed by HPLC using 30% EtOAc in cyclohexane
as eluent. The pure 8 was thus isolated in 70% yield and was
identical with the compound described in the literature.!®

Fluorination of cis-mirtanyl p-nitrobenzoate (12, mp 60
°C) was performed on 0.5 g (1.65 mmol) by using 5% F, in N,.
After the usual workup, the crude reaction mixture was flash
chromatographed with 10% EtOAc in pe followed by HPLC using
5% EtOAc in cyclohexane as eluent. Two compounds were thus
isolated. The less polar one proved to be (cis-6,6-dimethyl-2-
fluoro-2-bicyclo[3.1.1]heptyl)methyl p-nitrobenzoate (13): 15%
yield; mp 65 °C (hexane); 'H NMR 8.25 (4 H, AB, J = 8 Hz), ABX
system 4.64 (1 H, H,, dd, Juy = 10.9 Hz, Jyr = 5.4 Hz), 4.46 (1
H, HB’ dd, JHH = 10.9 HZ, JHF = 8.9 HZ), 2.88 (1 H, CI-H, m),
2,57 (1 H, Cs-H, m), 2.22 (2 H, C4-H, m), 1.85 (4 H, C,-H, C,-H,
m), 1.24 and 1.14 (6 H, Me, s); F NMR -154.8 (narrow m, W,
= 38 Hz); 13C NMR 96.54; (C2[al, d, J = 225 Hz, A6 = +53.65),
67.54 (C10[8], d, J = 5 Hz, A5 = —2.8), 44.00 (C1[8], d, J = 16
Hz, A6 = +2.9), 39.44 (C3[B8], d, J = 18 Hz, Aé = +14.3), 44.03
(C6[v], Ad = +5.7), 24.32 (CT[~], Ad = -8.43), 21.42 (C4[v], A

(17) Fort, R. C.; Schleyer, P. R. J. Org. Chem. 1965, 30, 789.

(18) Alker, D.; Barton, D. H. R.; Hesse, R. H.; James, J. L.; Markwell,
R. E.; Pechet, M. M.; Rozen, S.; Takeshita, T.; Toh, H. T. Nouv. J. Chim.
1980, 4, 239.
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= +2.98), 35.77 (C5[6], Aé = -4.37), 22.66 (C8[8], d, J = 5 Hz, AS
= —4.37), 22.04 (C9[5], A = —0.94), 150.2, 135.7, 130.8, 123.6 (Cyror),
164.5 (CO); MS, m/e 199 [(M - CeH/NO,)*], 171 [(M -
COCgH,NO,)*1, 155 [(M - OCOCgH,NO,)*]. Anal. Caled for
Ci7HyFNO,: C, 63.55; H, 6.23. Found: C, 62.93; H, 6.46. The
more polar compound was found to be (cis-6,6-dimethyl-1-
fluoro-2-bicyclo{3.1.1]heptyl)methyl p-nitrobenzoate (14): 10%
yield; mp 55 °C (hexane); 'H NMR 8.25 (4 H, AB, J = 8 Hz), ABX
system (CH,0) 4.33 and 4.29 (1 H each, both dd, Jy,y, = 10.7
HZ, JHaoerHx =178 HZ), 2.63 (1 H, C5-H, m), 2.39 (2 H, Cz'H,
Cr-Hgg, m), 2.09 (4 H, Cs-H, C,-H, m), 1.77 (1 H, C;-H,,, m), 1.23
and 1.16 (6 H, Me, s); F NMR -148.7 (br s, W, = 35 Hz); 13C
NMR 95.55 (Cl[e], d, J = 220 Hz, Aé = +54.43), 44.30 (C2[3],
d,J =21 Hz, Ad = +1.4), 39.84 (C6[B8], d, J = 19 Hz, A6 = +1.49),
37.65 (C7{8], d, J = 17 Hz, Aé = +4.9), 69.38 (C10{v], As = -0.53),
38.50 (C5[v], A = -1.64), 29.57 (C8[v], Aé = +1.93), 22.63 (C3[~],
AS = -2.48), 20.86 (CI[v], As = -2.12), 20.54 (C4[8), A = +2.1)
150.7, 185.6, 130.7, 123.5 (Cypom), 164.6 (CO); MS, m/e 166
(OCOCGHNO,)*. Anal. Caled for Ci;H,FNO,: C, 63.55; H, 6.23.
Found: C, 63.31; H, 6.00.

Fluorination of nopyl acetate (15) was performed on 1.0 g
(4.76 mmol) by using 5% F, in N,. After the usual workup, the
crude reaction mixture was flash chromatographed with 8%
EtOAc in pe followed by HPLC using 5% EtOAc in cyclohexane
as eluent. The pure (6,6-dimethyl-2-fluoro-2-bicyclo[3.1.1]-
heptyl)ethyl acetate (16) was thus isolated in 40% yield: 'H NMR
4,15 (2 H, CH,0, m), 2.5-1.9 (6 H, CH,CH,0, C;-H, C;-H, C;-H,
m), 2.05 (3 H, Ac, s), 1.68 (2 H, C,-H, m), 1.55-1.00 (2 H, C;-H,
m), 0.97 and 0.87 (6 H, Me, s); '°F NMR -179.3 (m, W}, = 90
Hz); 3C NMR 96.07 (C2[a], d, J = 176 Hz, As = +64.46), 38.95
(C1[8], d, J = 20 Hz, Aé = +3.03), 32.65 (C10[8], d, J = 10 Hz,
Aé = +1.32), 30.10 (C3[B], d, J = 31 Hz, A5 = +8.77), 63.03
(C11[~], A6 = +0.45), 46.34 (C8[~], d, J = 4.5 Hz, Aj = +5.50),
30.28 (C7[v], Aé = —7.67), 20.94 (C4[~], As = -0.15), 36.36 (C5[4],
A = -9.53), 27.86 (C8[4], As = —3.47), 23.21 (C9[4], AS = -8.4),
20.9 (CH3CO), 170 (CO); MS, m/e 165 [(M - HF - Ac)*]. Anal
Calcd for C;3sHy FOy: C, 68.42; H, 9.21. Found: C, 67.96; H, 9.11.

Fluorination of bornyl acetate (18) was performed on 0.6
g (3.0 mmol) by using 5% F, in N,. After the usual workup, the
crude reaction mixture was flash chromatographed with 5%
EtOAc in pe followed by HPLC using 5% EtOAc in cyclohexane
as eluent. A single product was obtained and identified as 4-
fluorobornyl acetate (19): 15% yield; 'H NMR 4.90 (1 H, CHO,
ddd, 4JHF =176 HZ, 3JH(exo)H(endo) =26 HZ, 3JH(exo)H(exo) =11 HZ),
2.04 (3 H, Ac, s), 1.03, 0.92, 0.90 (3 H each, Me-8, 9, and 10),
2.60-0.60 (6 H, m), °F NMR -158.4 (m, W,,» = 115 Hz); 3C NMR
96.83 (C4[a], d, J = 187 Hz, A = +5o.86§, 50.46 (C7[8], d, J =
19 Hz, As = +2.63), 37.51 (C3[B], d, J = 18 Hz, Aé = +0.66), 32.24
(C5[8], d, J = 13 Hz, Aé = +4.16), 77.66 (C2[v], As = -2.15), 20.08
(C8[v], A6 = ~7.08), 20.08 (CI[v], As = +1.23), 19.37 (C8[4], AS
= —0.39), 47.31 (C1[8], d, Aé = -1.43), 12.54 (C10[4], AS = +0.34),
21.18 (CH,CO), 171.18 (CO); MS, m/e 214 (M™), 171 [(M - Ac)*].
Anal. Caled for C;;H,gFO,: C, 67.29; H, 8.87. Found: C, 67.00;
H, 8.56.

Fluorination of 2-bicyclo[3.2.1]Joctyl acetate (20) was
performed on 0.39 g (2.3 mmol) by using 6% F, in N,. After the
usual workup, the crude reaction mixture was flash chromato-
graphed with 5% EtOAc in pe followed by HPLC using 5%
EtOAc in cyclohexane as eluent. A single compound was thus
isolated and identified as 5-fluoro-2-bicyclo[3.2.1]octyl acetate
(21): 20% yield; 'H NMR 4.70 (1 H, CHO, m, W}, = 18 Hz),
2.01 (3 H, Ac, 8), 2.50-0.90 (11 H, m); 1%F NMR -162.7 (m, Wie
= 140 Hz); 13C NMR 97.59 (C5[c], d, J = 175 Hz, Aé = +64.03),
40.67 (C8[8], d, J = 22 Hz, AS = +3.79), 33.90 (C4[8), d, J = 32
Hz, AS = +3.65), 32.50 (CB[G], d, J = 22 Hz, A§ = +8.17), 45.0
(C1[y], As = +5.65), 29.71 (C3[v], A6 = +1.62), 23.0 (C7[v], A
= -0.51), 74.0 (C2[5], As = ~0.77), 21.20 (CH,CO), 173.50 (CO);
MS, m/e 143 [(M - Ac)*], 127 [(M - OAc)*]. Anal. Caled for
CioHsFOy: C, 64.52; H, 8.06. Found: C, 64.02; H, 8.28.

Fluorination of 2-norbornylethyl p-nitrobenzoate (22, mp
36 °C) was performed on 0.5 g (1.73 mmol) by using 4% F; in
N,. After the usual workup, the crude reaction mixture was flash
chromatographed with 10% EtOAc in pe followed by HPLC using
8% EtOAc in cyclohexane as eluent. Two compounds were thus
isolated. The less polar one proved to be (4-fluoro-2-nor-
bornyl)ethyl p-nitrobenzoate (24): 10% yield; mp 34 °C (hexane);
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'H NMR 8.24 (4 H, AB, J = 8 Hz), 4.55 (2 H, CH,0, t, J = 7 Hz),
2.37-1.0 (12 H, m); 1F NMR -159.47 (heptet, Jrmexo) = 43 Hz,
Jyy = 21 Hz); *C NMR 101.7 (C4[a), d, J = 183 Hz, As = +62.84),
45,95 (C7[6], d, J = 21 Hz, As = +10.53), 43.28 (C3[8], d, J =
24 Hz, A6 = +7.66), 38.47 (C5[8], d, J = 27 Hz, As = +9.68), 38.50
(C1{y], d, J = 4.4 Hz, A = -2.77), 28.00 (C2[v], A8 = -8.65), 21.4
(C6lv], d, J = 13 Hz, A = -8.69), 36.59 (C8[5], Aé = -1.76), 61.9
(C9, As = -3.09), 150.5, 136.4, 130.6, 123.4 (Cym), 164.5 (CO); MS,
m/e 307 (M*), 287 [(M — HF)*]. Anal. Caled for CgH;sFNO,:
C, 62.54; H, 5.86. Found: C, 62.60; H, 5.46. The more polar
compound was found to be (2-fluoro-2-norbornyl)ethyl p-nitro-
benzoate (23): 20% yield; mp 40 °C (hexane); 'H NMR 8.25 (4
H, AB,J = 8 Hz), 4.39 (2 H, CH,0, t, J = 6.8 Hz, “Jyr = 1.7 Hz),
2.33-1.0 (12 H, m); °F NMR -162.57 (d quintet, Jryendo) = 57
Hz, JF‘H = 28 Hz, JFH(exo) =9 HZ); 13C NMR 95.64 (C2[a], d, J
= 184 Hz, Aé = +58.99), 47.10 (C1[8], d, J = 19 Hz, Aj = +5.83),
39.2 (C8[8], d, J = 20 Hz, As = +0.85), 35.90 (C3[B],d, J = 29
Hz, As = +0.28), 64.54 (C9[v], Ad = —-0.45), 34.87 (C7[v]), d,J =
13 Hz, Aé = -0.55), 32.3 (C4[v], As = -6.56), 29.30 (C6[v], A =
-0.79), 32.11 (C5[6], As = +38. 32), 150.5, 136.4, 130.7, 123.4 (C o)
164.5 (CO); MS, m/e 307 (M*), 287 [(M - HF)*]. Anal. Caled
for C,cH,;FNO, C, 62.54; H, 5.86. Found: C, 61.82; H, 5.73.
Similarly the acetate of 2-norbornylethanol (25) was fluorinated,
and after chromatography, two fractions were isolated. The less
polar one proved to be the 4-fluoro derivative 27: 15% yield; 'H
NMR 4.24 (2 H, CH,0, t, J = 7 Hz), 2.04 (3 H, Ac, s), 2.40-1.0
(12 H, m); F NMR -159.6 (heptet, Jryiexo) = 44 Hz, Jpy = 22
Hz); MS, m/e 200 (M*), 180 [(M - HF)*], 157 [(M - Ac)*], 137
[(M - Ac- HF)*]. Anal. Caled for C;H,;FO,: C, 66.00; H, 8.50.
Found: C, 65.87; H, 8.26. The more polar compound was the
corresponding 2-fluoro isomer 26: 30% yield; 'H NMR 4.06 (2
H, CH,0, dt, J = 6.5 Hz, Jry = 1.5 Hz), 2.05 (8 H, Ac, 8), 2.40-0.9
(12 H, m); *F NMR -162.6 (d, quintet, Jruendy = 56 Hz, Jry =
27 Hz, Jppexe) = 9 Hz); MS, m/e 200 (M*), 180 [(M - HF)*), 157
[(M - Ac)*], 137 [(M - Ac - HF)*]. Anal. Calcd for C,;H,FOy:
C, 66.00; H, 8.50. Found: C, 66.21; H, 8.36.

Fluorination of tricyclo[5.2.1.02¢]decane (28) was performed
on 1.0 g (7.35 mmol) by using 1.5% F, in N,. After the usual
workup, the crude reaction mixture was flash chromatographed
with pe followed by HPLC using cyclohexane as eluent. A single
compound was thus isolated in 75% yield and identified as 2-
fluorotricyclo[5.2.1.0>6]decane (29), a white solid that sublimes
at room temperature: 'H NMR 24 (1 H, C¢-H, m), 2.2 (1 H, C;-H,
m), 2.10-1.20 (13 H, m); *F NMR -126.76 (m, Wye = 75 Hz);
13C NMR 114.1 (C2[a], d, J = 188 Hz, Ad = +67.60), 54.20 (C6[B],

d,J = 18 Hz, A = +7.70), 45.90 (C1[B], d, J = 26 Hz, A = +3.40),
32.70 (C3[B8], d, J = 26 Hz, As = +8.77), 40.5 (C10[v], Aé = -3.71),
40.47 (CT[vy], Aé = -2.08), 28.2 (C4[~], As = -1.50), 25.26 (C9{~],
d,J = 3.1 Hz, A§ = -2.56), 23.20 (C5[v], d, J = 8.9 Hz, A6 = -0.72),
21.49 (Cg[6], A = -6.33); MS, m/e 154 (M*). Anal. Caled for
CioHisF: C, 77.92; H, 9.74. Found: C, 77.56; H, 9.44.

Fluorination of 2-ethyl-1-methoxybicyclo[2.2.2]octane (30)
was performed on 0.5 g (2.97 mmol) by using 4% F, in N,. After
the usual workup, the crude reaction mixture was flash chro-
matographed with 5% EtOAc in pe followed by HPLC using 5%
EtOAc in cyclohexane as eluent. A single compound was thus
isolated in 25% yield and identified as 2-ethyl-2-fluoro-1-meth-
oxybicyclo[2.2.2]octane (31): 'H NMR 3.29 (3 H, OMe, d, Jpy
=1 Hz), 2.20-1.0 (13 H, m), 0.99 (CH;CH,, t, J = 7 Hz); F NMR
-146.18 (q, Jry = 32 Hz); 3C NMR 101.45 (C2{«a], d, J = 180 Hz,
A6 = +61.94), 76.91 (C1[8], d, J = 33 Hz, As = +2.13), 40.40 (C3[83],
d, J = 23 Hz, A6 = +6.34), 26.45 (C10[8], d, J = 26 Hz, Aé =
+2.73), 50.78 (C9[v], As = +2.40), 27.11 (C7[~], d, J = 6.9 Hz,
Ad = +0.40), 26.45 (C6[v], Ad = -2.55), 22.77 (C4[~],d,J = 7.5
Hz, A8 = ~2.09), 6.26 (C11[v], d, J = 4.4 Hz, Ab = -5.42), 25.90
(C5[5], A = -1.01), 25.08 (C8[5], As = —0.67); MS, m/e 186 (M™),
166 [(M - HF)*]. Anal. Caled for C;H;4,FO: C, 70.97; H, 10.21.
Found: C, 70.99; H, 10.18.

Fluorination of bicyclo[2.2.2]octane (35) was performed on
1 g (9.09 mmol) by using 2% F, in N,. After the usual workup,
the crude reaction mixture was flash chromatographed with pe

‘followed by HPLC using cyclohexane as eluent. Two compounds

were isolated. The less polar one was proved to be 2-fluoro-
bicyclo[3.2.1]octane (37): 40% yield; mp 131 °C (from pen-
tane-methanol); 'H NMR 4.77 (1 H, CHF, br dd, Jyy = 53 Hz,
J =9 Hz), 2.05-1.2 (12 H, m); *F NMR -169.68 (m, W}, , = 140
Hz); 13C NMR 91.08 (C2[a], d, J = 175 Hz, A§ = +58.28), 35.50
(C1[8], d, J = 20 Hz, As = +0.30), 29.25 (C3[B8], d, J = 19 Hz,
AS = +10.15), 26.89 (C8[], d, J = 7 Hz, Aé = -12.8), 25.90 (C4[v],
Ab =-6.90), 22.03 (C7[v], d, J = 8 Hz, A6 = -6.87), 24.29 (C5[4],
AS = -10.9), 18.39 (C4[8], d, J = 5 Hz, As = ~10.5); MS, m/e 128
(M*). Anal. Calcd for CgH 3 F: C, 75.00; H, 10.16. Found: C,
74.60; H, 9.85. The more polar compound was the expected known
1-fluorobicyclo[2.2.2]octane (36), obtained in 50% yield; mp
(sealed tube) 174 °C, identical in all respects with the one reported
in the literature,?
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The reaction of glyoxal with ethyl or methyl esters of acetoacetic acid in aqueous solution at pH 7 yields
furo[3,2-b)furan derivatives 6a and 6b, respectively. The structures were based on 'H and *C NMR and mass
spectra and confirmed by X-ray analysis of 6b. Dehydration of 6a under acidic conditions afforded a mixture
of furan 2a and diethyl cis-3a,8a-dihydro-2,5-dimethylfuro{3,2-b]furan-3,6-dicarboxylate (7a). The corresponding
methyl esters were obtained by using 6b. These results require revision of structures reported by earlier workers

for some of these products.

The reaction between glyoxal and $-keto esters has been
the subject of several studies. From the reaction of glyoxal
with ethyl acetoacetate in concentrated aqueous zinc

chloride, Polonowsky! obtained a crystalline product, mp
207 °C, identified as 2-methyl-3-carboxyfuran-5-acetic acid,
and two isomers, one a crystalline product, mp 139 °C, and
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