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Abstract: Exhaustive direct fluorination of dimethyl bicyclo[1.1.1]pentane-1,3-dicarboxylate leads to dimethyl
pentafluorobicyclo[1.1.1]pentane-1,3-dicarboxyla®® #énd hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylae (

The latter was hydrolyzed to the diacid)) @nd converted to the 1,3-dibromo and 1,3-diiodo analogbiend6) by

the Hunsdieker reaction followed by treatment with @mNa/NH; reduction of the disodium saltO causes cage

C—C bond cleavage. Single-crystal X-ray diffraction analysi8 ofvealed very short nonbondee-F separations

of 2.41 A and an interbridgehead distance of 1.979 A, long compared with 1.875 A in 1,3-diacetylbicyclo[1.1.1]-
pentane]9; cf. 1.954 A calculated (MP2/6-31G*) for 2,2,4,4,5,5-hexafluorobicyclo[1.1.1]penteB)g (Calculation
suggests a strain energy of 101 kcal/mol (MP2/6-31G*) for the hexafluorinated cage, compared with 68 kcal/mol for
the parent bicyclo[1.1.1]pentan2Q). The remarkably low i, values of4 [0.73 and 1.34; cf. 3.22 and 4.26 for the
parent diacid24] originate in a direct field effect of fluorine atoms, combined with an increased s character of the
exocyclic hybrid orbital on the bridgehead carbortifcalculated 34% ir13) relative to24 (calculated 30% ir20).
Analysis of the strongly coupled nuclear spin system2 afd3, based on a combination of two-dimensional NMR,
spectral simulations, and GIAO-HF/6-31G* calculations of chemical shifts, revealed large and stereospecific long-
range!H—13C, IH—19F, 13C—-19F, and!9%F—1% spin—spin coupling constants.

Introduction Chart 1. Bicyclo[1.1.1]pentanes
There are several reasons for which the presently unknown X
analogues ofrJstaffanes 1) fluorinated on the bridge carbons R QR'
Xy XY
R+©+R'
1 R R X Y
would be useful to synthesize and investigate. First, their 2 COOCH, COOCH, F H

bridgehead hydrogens might be sufficiently acidic for direct

. . A - . . 3 COOCH, COOCH;, F F
functionalization, facilitating attempts to use these rodlike oo coon . .
molecules as modules in molecular-size construction Isets. ¢
Second, it would be interesting to compare the properties of 5 Br Br F F
fluorinated oligomeric or polymericn]staffanes with those of 6 I I F F
the parent fiJstaffanes. Among others, we would like to 7 COOCH, COOCH, H q
evaluate the effects of fluorination on electronic interaction . B . v ;
through these relatively rigid spacers, e.g., on the long-range
propagation of spin density from a terminal bridgehead position. ’ H ! F F
Third, the fluorine atoms present in the neighboring bridges of 10 COONa COONa F F
the bicyclo[1.1.1]pentane cage are forced to be much closer than 13 H H F F
the sum of their van de_-r W_aals radii, and it would be |ntere_st|ng " COCH, CocH, H H
to see how the crowding is accommodated, what effect it has " " , “ “
on cage strain, and whether any unusual reactivity or spectral
properties might result from the nonbonded interactions. u H H F H
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bicyclo[1.1.1]pentane-1,3-dicarboxylat8) (are accessible by
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Scheme 1. Fluorination and Functional Group

direct fluorination, albeit in moderate yields, and that the latter Transformations

is easily converted via the diaci#tiinto the symmetrically 1,3-
dihalogenated hexafluorobicyclo[1.1.1]pentarfesind 6 and

degraded to cyclobutane derivatives under strongly reducing

conditions, (ii) all nine atoms in the GRgroups of3 lie in a
single plane, with very short-H= nonbonded distances, the

bridgehead-to-bridgehead distance is significantly longer than
in the hydrogenated parent, and calculations suggest very high

steric strain, (i) the g, values of4 suggest that the classical
field effect on carboxyl acidity is important in spite of the

apparently unfavorable orientation of the CF dipoles, and that
changes in the hybridization at the bridgehead carbon play a

role, and (iv) theH—13C, 'H—19F 13C—19F, and'®F—1% spin—
spin coupling constants deduced from the NMR spectra of

and3 are highly stereospecific and many are unusually large.

The assignment of the NMR spectrazivas not obvious and
was only arrived at upon comparison wih initio calculations

of chemical shifts. It is compatible with results independently

obtained for3.

Results and Discussion

Direct Fluorination. Successful direct fluorination of various
polycyclic hydrocarbons (norbornafeicyclo[2.2.2]octané,
adamantang,diamantané, and bisnoradamantaf)ehas been
reported. However, according to a preliminary repoihg

H> Fa
)
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2
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F2 Fy F2 F2
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and disappearance of an intermediate product, 1-bromo-3-
iodohexafluorobicyclo[1.1.1]pentan®)( was followed by GG

MS and®F NMR spectroscopy, but no attempt was made to
isolate it. Excess Smlis to be avoided, as it conversto a

opening was observed during attempted direct fluorination of Material whose spectra fit the structure of 1-iodo-2,2,4,4,5,5-
[1.1.1]propellane and cubane, presumably because of theirhexafluorobicyclo[1.1.1]pentan@)(
highly strained nature. Thus, it was not clear whether the very  Electron transfer from Sm(ll) t& with a concomitant loss

high strain in the bicyclo[1.1.1]pentane cage (68 kcalfnaill

of Br~ to yield a bridgehead radical capable of abstracting an

not cause difficulties. Successful radical chlorination of bicyclo- iodine atom from Sml (or a hydrogen atom from the solvent)

[1.1.1]pentanes has been reporedVhen both bridgeheads

is a reasonable mechanistic possibility. Another plausible

were blocked, it produced 2,2-dichloro derivatives smoothly, mechanism is a halogen exchange in a complexwith Smb.
but attempted perchlorination under forcing conditions caused Other possiblities cannot be excluded at this time. Treatment

cage degradatioff.

Dimethyl bicyclo[1.1.1]pentane-1,3-dicarboxylaf®f was
subjected to direct fluorinatioH. After workup with methanol,
the main product wa8 (40%), with a significant amount &,

with Smk may represent a general reaction for the conversion
of bridgehead bromides to iodides, and needs to be explored
further.

Reduction of Disodium Hexafluorobicyclo[1.1.1]pentane-

and smaller amounts of less completely fluorinated materials, 1,3-dicarboxylate (10). Reductive dehalogenation of the

which were not isolated.
Functional Group Transformations. The hydrolysis of the
diester3 to the free diacidl (Scheme 1) presented no difficulties.

hexafluorobicyclo[1.1.1]pentane cage was attempted as a po-
tentially selective synthetic route to partially fluorinated bicyclo-
[1.1.1]pentane derivatives. Although perfluorinated hydrocar-

The Hunsdieker reaction of the diacid proceeded well under bons are extremely stable toward reduction, powerful electron-

standard conditions to give a 68% yield of the dibromiidén

transfer reducing agents, such as solutions of alkali metals in

contrast, all attempts at decarboxylative iodination using com- ammonia and some radical anions, can defluorinate ffem.

mon procedurés failed.

However, a reaction dd with samarium diiodide in tetrahy-
drofuran produced the diiodidgin a yield of 31%. The yield
is best when 1 equiv of Smis added slowly. The buildup

(3) Campbell, S. F.; Stephens, R.; Tatlow, J.Tétrahedron1965 21,
2997.

(4) Adcock, J. L.; Zhang, H. Unpublished results, quoted in ref 7.

(5) (@) Moore, R. E.; Driscoll, G. L.J. Org. Chem1978 43, 4978. (b)
Robertson, G.; Liu, E. K. S.; Lagow, R. J. Org. Chem1978 43, 4981.
(c) Adcock, J. L.; Robin, M. LJ. Org. Chem1983 48, 3128.

(6) (@) Adcock, J. L.; Luo, HJ. Org. Chem1992 57, 2162. (b) Wei,
H.-C.; Corbelin, S.; Lagow, R. J. Org. Chem1996 61, 1643.

(7) Adcock, J. L.; Zhang, HJ. Org. Chem1996 61, 1975.

(8) Wiberg, K. B.Angew. Chem., Int. Ed. Engl986 25, 312.

(9) (@) Robinson, R. E.; Michl, 1. Org. Chem 1989 54, 2051. (b)
Wiberg, K. B.; Williams, V. Z.J. Org. Chem197Q 35, 369.

(10) Kaszynski, P.; Michl, JJ. Org. Chem1988 53, 4593.

(11) (a) Moore, G. G. I.; Guerra, M. A. U.S. Patent 5 476 974, Dec 19,

1995. (b) Costello, M. G.; Moore, G. G. I. U.S. Patent 5 286 880, Feb 15,

1994, Example 6.

(12) (a) Abeywickrema, R. S.; Della, E. W. Org. Chem.198Q 45,
4226. (b) Moriarty, R. M.; Khosrowshabhi, J. S.; Dalecki, T. 8.Chem.
Soc., Chem. Commuh987, 675. (c) Della, E. W.; Taylor, D. KAust. J.
Chem.1991, 44, 881.

Several attempts to redut®with sodium naphthalenide and
sodium-benzophenone ketyl did not yield any detectable
product!* and the starting material was recovered. Two
products were obtained in a total yield of 34% whEhwas
reduced with a solution of sodium in liquid ammonia. After
acidification and esterification, they were separated by prepara-
tive GC. They have very similar NMR spectfaand their
structures were assigned as the cid)(and the trans12)
isomers of dimethyl 1-(difluoromethyl)cyclobutane-1,3-dicar-
boxylate. The stereochemistry was determined by single-crystal
X-ray diffraction analysi®> A precedent for this €EC bond
cleavage can be seen in the repoltedduction of a benzylic

(13) Smart, B. E. InOrganofluorine Chemistry: Principles and Com-
mercial ApplicationsBanks, R. E.gt al,, Eds.; Plenum Press: New York,
1994; p 57 and references cited therein.

(14) No fluoride anions were detected BY¥ NMR in the worked up
reaction mixtures from these experiments. Defluorination of perfluorocar-
bons may yield colloidal solutions of elemental carbon and fluoride (for an
example see: Marsella, J. A.; Gilicinski, A. G.; Couglin, A. M.; Pez, G. P.
J. Org. Chem1992 57, 2856).

(15) See the Supporting Information.
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Scheme 2. Proposed Mechanism for Reduction 1 a F
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H Hy 272 Figure 1. Molecular geometries 0f3 (calcd, MP2/6-31G*)3, and
" 12 19 (obsd).

bond in 2-phenylbicyclo[1.1.1]pentane upon treatment with
excess sodium in liquid ammonia, which yields benzylcyclobu-
tane.

The mechanism of the reductive cleavage of-aCbond in
10is of interest. A plausible proposal is outlined in Scheme 2.
An extra electron is initially accepted into an orbital@fc—c
character. RHF/6-31G* calculations on a model system,
2,2,4,4,5,5-hexafluorobicyclo[1.1.1]pentari), confirm that
the LUMO is localized mainly on carbon atoms of the cage,
and has a node across eachCbond. Cleavage of one of the
six CC bonds followed by further reduction and protonation
generates a CHFgroup, inert to reduction, and a cyclobutane
ring carrying four fluorine atoms in positighto a carboxylate
enolate. A sequence of repeatgeblimination, double bond
reduction, and protonation steps completes the process. Thes%lr
fluorine loss steps apparently occur much faster than the initial
CC bond cleavage, since no products with a partially fluorinated
cyclobutane ring were detected. The formation of the two
stereoisomers is presumably the outcome of a kinetically
controlled final protonation step. Under the reaction conditions
product epimerization is relatively slow, but over a period of
hours, the portion of the cis isomer in the strongly basic reaction
mixture grows from about 60% to nearly 100%.

Molecular Geometry. The way in which the hexafluorinated
bicyclo[1.1.1]pentane cage solves the potentially severe problem
of fluorine atom crowding (the standard van der Waals radius
of the fluorine atom is 1.47 &7 strikes us as particularly
interesting. The geometry o8 was determined by X-ray
diffraction on a single crystal. The distances and angles for
the major component of a disordered structure are shown in
Figure 1. In order to obtain a nearly flat final difference map,
two alternative sets of positions for carbons in the cage core
were refined. Final site occupancies were 0.91 for the principal
site and 0.09 for the minor sifé. A thermal ellipsoid plot of
the principal site is shown in Figure 2.

Figure 2. Thermal ellipsoid plot of the principal site &

The six fluorines and the three bridge carbons of the cage
e coplanar. The two bridgehead carbons and the two
carboxylic carbons lie on an approximate 3-fold axis of
symmetry, perpendicular to the plane of the fluorines. The
deviations of the cage carbon atoms from 3-fold symmetry are
larger than the deviations of the fluorine atoms. The largest
' deviation in CC bond lengths exceeds the error of measurement
by a factor of 3. At 2.159 A the geminal fluorines are closer
to each other than the proximate ones (four bonds apart, 2.411
A), but the latter are still about 0.5 A closer to each other than
the sum of the van der Waals radii. The distance between
geminal fluorines is very close to the value observed for
numerous ordinary geminal difluoro compouridsand is in
excellent agreement with the fluorine nonbonded radius of 1.08
A postulated by Barteft?

The structural parameters of selected geminally difluorinated
hydrocarbons are listed in Table 1. At 1.347 A, thefEbonds
in 3 are shorter than those in 2,2-difluoropropaié; (1.370
A)20 and are similar in length to those in perfluoropropah; (
1.34 A) and in 1,1-difluorocyclopropand & 1.355 A)2! but

(18) Glidewell, C.; Meyer, A. Y.J. Mol. Struct.1981, 72, 209 and
references cited therein.

(16) Wiberg, K. B.; Ross, B. S.; Isbell, J. J.; Mc Murdie, §.Org.
Chem.1993 58, 1372.
(17) Bondi, A.J. Phys. Cheml1964 68, 441.

(19) Bartell, L. S.J. Chem. Phys196Q 32, 827.
(20) Mack, H.-G.; Dakkouri, M.; Oberhammer, Bl. Phys. Chenl991
95, 3136.
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Table 1. Comparison of Experimental Bond Lengths and Valence
Angles in Geminally Difluorinated Hydrocarbons

r(CF) r(C-CF) [OFCF [OC—CFR—C

molecule A A (deg) (deg) ref
14 1.370 1.512 106.2 115.3 20

15 1.34 1.55 109.3 115.9 8
16 1.355 1.464 108.4 64.1 21
17 1.314 1.505 112.2 60.0 22
18 1.335 1.526 109.9 89.3 23
18 1.324 1.511 109.0 89.2 24

3 1.347 1.562 106.5 78.6 b

aCF; group.® Present study.

they are longer than those in perfluorocyclopropatig {.314
A)22and perfluorocyclobutand g, 1.335 A, 1.324 A324The
endocyclic G-C bond length in3 (1.562 A) exceeds only
slightly the 1.547 A value found in the hydrogenated bicyclic
cage of 1,3-diacetylbicyclo[1.1.1]pentari®) 2> As a rule FCF
angles are smaller than HCH angles in unfluorinated analogous
compounds, and the-@CF,—C angles larger than -©CH,—

C.18 The 106.52 FCF angles in3 are among the smallest
known, presumably due to steric repulsion between proximate
fluorines. The CCC angles Biand19 also differ significantly,

84° at the bridgehead and 78t the bridge ir8, compared with

88° and 74, respectively, inl9. This is reflected in a greatly
increased bridgehead-to-bridgehead separation, 1.978Asn
opposed to 1.875 A in9.

F, K F2 F,
CF;CF,CF; v
F2 Fa Fy
15
17 18
CF3
>—COZH >—C03H CF,CO,H
CF3
25 26 29

The structural effects of fluorination make sense in terms of
Bent's rules*® The hybrids used in the CF bonds are enriched

J. Am. Chem. Soc., Vol. 119, No. 52, 12853

overestimates the resistance put up by nonbonded fluorines when
they are pushed together.

Analysis of the density matrices df3 and 20 in terms of
Weinhold’s natural hybrid orbita#8 yielded results collected
in Table 2. Itis seen that the exocyclic hybrid orbitals used by
the bridge carbons indeed have much higher p charactE3 in
than in 20, and the endocyclic ones have much higher s
character, accounting for the difference in the valence angles.
The negative atomic charges on the bridgehead carbob3 in
are remarkably large, almost twice those(Table 2). This
suggests that fluorine lone pairs participate drelectron
delocalization, and it is possible to write resonance structures
with a double bond to fluorine and a negative charge on the
bridgehead carbon. Since the CF bond is so short, the overlap
of the fluorine lone pair orbitals with the p orbitals of the carbon
neighbor is high, and formal donation of electron density from
the former does not remove it from the highly electronegative
fluorine atom much. Similar fluorine lone pair participation
has been recently postulated in fluorocub&h& he calculated
positive charge on the bridgehead hydrogenld is also
remarkably high.

We were unable to grow suitable crystalsand have at
our disposal only the MP2/6-31G* values for a model com-
pound, 2,2,4,4,5-pentafluorobicyclo[1.1.1]pentaB&, Figure
3). They suggest that the substitution of one fluorine by
hydrogen in the perfluorinated cage causes a certain amount of
strain relief in that it permits the crowded geminal fluorines to
move a little further apart (2.162 and 2.171 Adm, compared
to 2.155 A in13). However, two of the proximate fluorine
atoms, F(B) and F(E), actually move 0.015 A closer to each
other (distancee in Figure 3), presumably as a result of the
HCF valence angle i2 being a little larger (1083 than the
FCF angles ir8 (106.5). The computed distance between the
hydrogen atom and the proximate fluorine four bonds away is
0.46 A shorter than the sum of the atomic van der Waals radii.
The calculated separation of the other two proximate fluorine
atoms (distance in Figure 3) is the same as 8 (2.495 A)
and is 0.44 A shorter than twice the fluorine van der Waals
radius. Itis likely that this value is subject to a similar error as
was the case i13, and that the real distance is the same
as in3, nearly 0.5 A shorter than twice the van der Waals radius.

in p character compared to those used in CH bonds, and smalleThe computed bridgehead-to-bridgehead distan2d ia 0.014

FCF angles and larger CC(bridge)C angles3inompared to
19, as well as the greatly increased interbridgehead distance,

A shorter than i3,
Calculated Strain Energies of 13 and 21. The strain

reflect increased s character in the carbon atomic hybrids usedenergies oft3 and 21, SH13) and SH21), can be estimated

in CC bonds.

MP2/6-31G* calculations foll3 provide numerical support
for this interpretation. Unconstrained optimization yielded a
cage geometry very close to that observed3¢Figure 1), and
a bridgehead-to-bridgehead distance of 1.967 A [this level of
calculations yields 1.874 A for this distance in bicyclo[1.1.1]-
pentane 20)27]. The most serious discrepancy between the
geometry observed f@&and that calculated fdr3is the distance
between proximate fluorine atoms, computed to be almost 0.1
A longer than observed i8. This is unlikely to be the result
of the presence of two carboxymethyl group8jand probably
results from the accumulation of small errors in the computed
valence angles. It appears that MP2/6-31G* level of calculations

from their calculated energie§(13) andE(21), by comparison
with the known calculated energy and strain energy of a similar
compound®® We choose20 as the reference, and take alkanes
and fluorinated alkanes as standards, strain-free by definition.
As shown in Scheme 3, the isodesmic reaction (12@fvith
three molecules ofl4 to yield 13 and three molecules of
propané! (22) was calculated at the MP2 (RHF)/6-31G* level,
including zero-point energy corrections, to be unfavorable by
33 (32) kcal/mol. An analogous reaction (2) 20 with two
molecules of14 and one molecule of 2-fluoropropang3,
yielding 21 and three molecules &2, is unfavorable by 21
(20) kcal/mol. Adding to these energies the experimental strain
energy of20 (68 kcal/mof), we estimatedSE (13) to be 101

(21) Perretta, A. T.; Laurie, V. WJ. Chem. Physl975 62, 2469.

(22) Chiang, J. F.; Bernett, W. Aletrahedron1971, 27, 975.

(23) Chang, C. H.; Porter, R. F.; Bauer, S. H.Mol. Struct.1971, 7,
89

(24) Alekseev, N. V.; Barzdain, P. Zh. Strukt. Khim1974 15, 181.

(25) Friedli, A. C.; Lynch, V. M.; Kaszynski, P.; Michl, JActa
Crystallogr. 199Q B46, 377.

(26) Bent, H. A.Chem. Re. 1961, 61, 275.

(27) (a) Wiberg, K. B.; Rosenberg, R. E.; Waddell, SJTPhys. Chem.
1992 96, 8293. (b) Barfield, MJ. Am. Chem. Sod 993 115, 6916.

(28) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,

899 NBO 4.0 Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter,
J. E.; Weinhold, F., Theoretical Chemistry Institute, University of Wisconsin,
Madison, 1994.

(29) Della, E. W.; Head, N. 1. Org. Chem1995 60, 5303.

(30) (a) Wiberg, K. BAngew. Chem., Int. Ed. Endl986 25, 312. (b)
Schleyer, P. v. R.; Williams, J. E.; Blanchard, K. R.Am. Chem. Soc.
197Q 92, 2377.

(31) Olivella, S.; Sole, A.; McAdoo, D. J. Am. Chem. Sod996 118
9368.



12754 J. Am. Chem. Soc., Vol. 119, No. 52, 1997

viheet al.

Table 2. Calculated Atomic Charges and Fraction of s Character in NHOs

charges fraction (%) of s character
atom 13 20 21 bond 13 20 21
C (bridgehead) —0.374 —0.212 —0.354 CcC 21.8 23.1 21.8,22.4,21.8
CH 34.0 30.1 334
C (bridge) +0.871 —0.427 +0.867,+0.871,+0.256 CcC 27.7 233 28.1,28.0, 245
CF 22.3 22.3,21.5,22.3,
21.7,20.8
CH 26.6 30.0
H (bridgehead) +0.268 +0.221 +0.261 CH 100 100 100
F (bridge) —0.400 —0.400,—0.419,—0.403, CF 324 32.8,32.4, 32.5,
—0.409,-0.409% 32.6,31.8
H (bridge) +0.210 +0.233 CH 100 100

aNBO? MP2/6-31G* calculations at MP2/6-31G* optimized geomefriraction of s character in hybrids used in bond to C(A), C(B), and
C(C), respectively¢ Charges at C(A), C(B), and C(C), respectivelfraction of s character in hybrids used in bonds to F(A), F(B), F(C), F(D),
and F(E), respectivel\t.Charges at F(A), F(B), F(C), F(D), and F(E), respectively.

F <~ F
Fe--—H
f
Distance 21 Distance 21 Angle 21 Angle 21

A Calcd A Caled deg Caled deg Caled
a 2.162 j 1.368 o 105.6 13 84.7
b 1272 k 1.373 B 118.2 A 85.41
c 2.001 1 1.088 Y 117.7 n 83.2
d 2.495 m 1.547 3 119.8 v 129.3
e 2470 n 1.541 € 105.9 3 128.9
f 2232 o 1.559 ¢ 116.4 n 129.1
g 1359 p 1.954 n 118 o 78.3
h 1.355 q 1.090 [¢] 116.4 o 78.7
i 1.353 1 108.3 4 77.6

Figure 3. Molecular geometry oR1 (calcd, MP2/6-31G*).

(100) kcal/mol andSH?21) to be 89 (88) kcal/mol. The origin
of the additional strain may be seen in the naturally large
C—CF,—C valence angle, which causes the;@Foup to resist
incorporation into small rings [at the MP2 (RHF) level of
calculation without inclusion of zero-point energiés§,is 13.4
(13.6) kcal/mol more strained than cyclopropane].

The 13-16 kcal/mol difference betweeBH13) and SH21)
provides a rough estimate of strain relief resulting from the
substitution of one of the fluorine atoms I8 by hydrogen.

Scheme 3. Isodesmic Reactions for Estimation of Strain

Energies
Hj Fa
H‘<>*H + 3 CH3CF,CH; — H‘QH + 3 CH3CH,CH3
Hz Hy 14 F2 Fp 22
20 13
F2
20 + 2 14 + CH3CFHCH; —* H‘QH + 3 CH3CH,CH;
23 F2 FH 22
21
Hy H» F, H
:; + 14 — : ; + CH;CH,CH3
Hz Hjp 22
16

the observet value of 4114 3.5 kcal/mol. For the bridgehead
proton in 21, AHacg = 374.4 kcal/mol. Abstraction of the
proton from the bridge carbon &1 is more difficult, and the
calculated enthalpy is 384.3 kcal/mol. This acid is about as
strong as waterAHaciq = 384.1 kcal/maot?).

Acidity of 4 in Aqueous Solution. The Kj values of4 in
water were measured by potentiometric titration to be 673
0.15 and 1.34t 0.06, and can be compared to those measured
for the parent diaci®4 (3.22+ 0.02 and 4.26t 0.03). Thus,
the introduction of the six fluorines lowers the firspvalue
by 2.55 pH units. This is surprisingly large compared with the
1.75 pH unit difference between 1,1,1,3,3,3-hexafluoroisobutyric
(25; pKq = 2.35)° and isobutyric 26; pKa = 4.1)¢ acids. In
order to reduce the uncertainty in the potentiometric determi-
nation of the first dissociation constant4fwe also attempted
to measure the Ky valuess for4 and 24 by means of
conductometry of their agueous soluticfisUnfortunately, we

The existence of such relief was already deduced above fromWere unable to obtain useful results since the concentrational

the inspection of the calculated geometries.

Calculated Gas-Phase Acidity of 13 and 21.The acidity
of the bridgehead hydrogen will be important for many of the
intended applications. An enthalpy for proton abstraction in
13 (AHacig) was calculated to be 366.4 kcal/mol. Thus, in the
gas phasé3is expected to be about as strong an acid ag-CH
CN (AHgciq = 364.0 kcal/moP). The analogous value f&0

dependence of conductance of solutions of both acids and their
sodium salts could not be approximated by the Kohlrausch law

(33) Graul, S. T.; Squires, R. R. Am. Chem. S0d.99Q 112 2517.

(34) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, G. W.J. Phys. Chem. Ref. Datt988 17, Suppl. 1.

(35) England, D. C.; Krespan, C. G. Am. Chem. S0d.966 88, 5582.

(36) (36) Handbook of Chemistry and Physid8th ed.; Weast, R. C.,
Selby, S. M., Eds.; The Chemical Rubber Co.: Cleveland, OH, 1968; p

was calculated to be 416.8 kcal/mol, and can be compared withD-108.

(32) Koppel, I. A,; Taft, R. W.; Anvia, F.; Zhu, S.-Z.; Hu, L.-Q.; Sung,
K.-S.; DesMarteau, D. D.; Yagupolskii, L. V.; Yagupolskii, A. Yu.; Ignatev,
N. V.; Kondratenko, N. V.; Volkonskii, A. Yu.; Vlasov, M. V.; Notario,
R.; Maria, P.-C.J. Am. Chem. S0d.994 116, 3047.

(37) (a) Spiro, M. InPhysical Methods of Chemistrgnd ed.; Rossiter,
B. W., Hamilton, J. F., Eds.; John Wiley: New York; 1986; Vol. Il, p 663.
(b) Justice, J.-C. II€omprehensie Treatise of ElectrochemistrConway,
B. E., Bockris, J. O’'M., Yeager, E., Eds; Plenum Press: New York; 1983;
Vol. 5, p 223.
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of independent ionic migratiShand Fuoss Onsager equation Scheme 4 Calculated Gas-Phase Acidities 28 and 27 at
for concentration dependence of conductatiéé. The most Different Geometries

probable reason for such behavior is multiple ion association Hy 3.3 keal/mol Hy

in the solutions of these acids and salts even at low concentra- ;: ' Q

tion. H OOH — H OOH
Over the years the mechanism by which electronegative Hy Hy Hy H»

substituents increase the acidity of carboxylic acids has received

much attentio$® A general consensus seems to have been 27 27 "streched",

reached that direct field effect is much more important than the at geometry at geometry

classicalo-inductive effec£% even though substituent effect optimized for 27 optimized for 28

in some compounds is not straightforward to account for

accurately by either on¥ In 4, the six CF bond dipoles are

oriented gergendicular to the 3-fold cage symmetl?y axis, and 13.3 keal/mol l 24.8 keal/mol

cancel each others’ contribution to the electric field exactly at

the center of the cage. Since this collection of charges provides

no net dipole, we expected its electric field to fall off fast with Fa 8.2 keal/mol F2

distance, and the direct field effect of the six fluorine atoms on

the K, value of4 to be smaller than that of the six fluorines H‘Q_COOH HQ_COOH

on the (K, value of 25, where the six CF bonds combine to F2 F2 F2 P

produce a net dipole. The measured values thus came as a 28 28

surprise and seemed to suggest a role foptirductive effect. " " at seomet
However, when we evaluated the contribution of the direct compressed”, - 8¢ fry 28

field effect of fluorination on the acidity of the bicyclo[1.1.1]- at geometry optimized for

pentane-1-carboxylic acid2y), 26, and acetic acid by a optimized for 27
numerical calculation of the electric field and electrostatic _ _ _
potential generated by a system of point charges located at thel@Ple 3. NMR Chemical Shifts and Coupling Constants2n
positions of carbons and fluorines of €&nd Ck groups in J (Hz)
(22,3),4,24;5,5-(;1tte>§f€|;1fluorobi(t:yclo[.ég(Lé)l]pentan_e-l-carbo>:yli(t: él'gid nucleus & (ppmp F(A) F(B) F(C) FD) FE) H

, 25, and trifluoroacetic acid29), assuming a constan —
dipole, the initial expectation turned out to be wrong. For all Eggg 95.96 +156.2 4706 448 <05 +22.6

. g . . —115.90 +78 —114 +854 <05
three acids the electric field at the point where the carboxylic g(c) —118.70 11620 —14.7 —1.4
proton projects on the direction of the-© bond holding the F(D) —128.68 <05 +1.3
carboxylate group is very nearly equal. The electrostatic F(E) —201.82 +62.7
potential at this point is significantly lower f&5 than for28 H o 5.88
and29; the latter two are very close. At the exact location of ggggb ﬁg;? 302 33(?& ng 3(2)2 32 gg
the proton the potential i29 is somewhat higher than that in c(cy 83.30 7 <2 17 17 258 201
28 and much higher than that 5. The order of potentials Cbe 6558 19 19 19 19 19 <2

matches the order of dissociation constants of the acids in
aqueous solutions Ky for trifluoroacetic acid in aqueous
solution is 0-0.2 as measured by different methdfisnd for

acetic acid, it is 4.75), supporting the usual notion that the 5,565 an even larger decrease of acidity. These data confirm
d|r_er_;t f!eld effect of fluorine ator_ns IS the_majqr_factor n the_ that the acidity can change significantly with a geometrical
aC|d.|ty increase. A.much larger increase in acidity from acetic distortion, but they do not allow us to separate unambiguously
to trifluoroacetic acids compared with the increase i1t~ e part of the effect that is due to a geometrical change from
4is not explained this simply, and undoubtedly requires explicit ihar effects on the acidity of bicylo[1.1.1]pentanecarboxylic
consideration of the solvent and perhaps of hybridization .iqq
changes as well. he di field eff ¢ o Analysis of the NMR Spectra of 2. The spectra of the

In an attempt to separate the direct |e_d effect of substitution pentafluorinated diestérare first-order and are easier to analyze
of hydrogens for fluorines from a possible geometry change yhap the spectra of hexafluorinated die@erThe 1F NMR of

effect, we calculated the gas phase aciditie2®and27 at 5 expipits five multiplets, and théH NMR shows a doublet of
(RHF/6-31G*) optimized cage geometries of both. From the o hjets of triplets for the proton on the bicyclic cd§eThe
results shown in Scheme 4 we conclude that fluorination causes,iripution of the short- and long-range coupling constants to

a larger change in acidity than does a geometry change. Still, e five fluorines F(A)-F(E) and the lone hydrogen was aided
geometry effects, presumably mediated by hybridization changes,by 19F{13C} heteronuclear multiple-quantum coherence (HM-

are not negligible. _For both compounds, the_acidity is h_ighest QC) experiments tuned to observe coupling constants of
at their own optimized geometry. A reduction of the inter- jitterent magnitude£300,~30, and~15 Hz). The chemical
bridgehead distance i28 causes a significant decrease of ghifis and coupling constants are collected in Table 3.
acidity, and an elongation of the interbridgehead distan@¥in The largestlee coupling constants have values typical of

(38) Fuoss, R. M.; Onsager, . Phys. Chem1957, 61, 668. geminalPJre (J = 160 Hz) coupling and the largeddr coupling
(39) For a general discussion see: (a) MarchAdvanced Organic constants have values expected for one-bkad coupling ¢

Chemistry 4th ed.; John Wiley: New York, 1992; pp 19, and pp 263 ~ ;
272 and references therein. (b) Exner, O.; FriedRidg. Phys. Org. Chem. 300 Hz). The nuclei F(A) and F(B) are very strongly coupled

1993 19, 259. (c) Bowden, K.; Grubbs, E. Prog. Phys. Org. Chem. to C(A), nuclei F(C) and F(D) are coupled to C(B) with

apPpm from CFCJ, CDCk (6 77.0), or TMS. For Jcr andJch signs
were not determined.Bridgehead.

1993 19, 183. (d) Bowden, K.; Grubbs, E. &hem. Soc. Re 1996 25, constants of comparable size, and F(E) couples strongly to C(C).
171.
(40) Milne, J. B.; Parker, T. 1. Solution Chem1981, 10, 479 and (41) Guide to NMR Experiments. VNMR 4.3; Varian, Nuclear Magnetic

references cited therein. Resonance Instruments Pub. No. 87-195140-00, Rev. A0993.
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F(A) F(B) no prior information on long-rangdsr and Jue coupling
constants in the highly strained fluorinated bicyclo[1.1.1]pentane
cage is available, we cannot be absolutely sure from the values
F(C) F(E) of the coupling constants alone which one of the eight possible
N - / assignments is correct.
C(B) e We reduce the number of possibilities from eight to two by
l l assuming that the unusually high values of theyrc) and
F(D) H Jr@)rE) coupling constants are both caused by the same special
A stereochemical relationship. Two such relationships come to
mind: spatial proximity and a pseudo-W arrangement (the four
F(D) F(C) bonds of the W’s in2 are not all in the same plane). In the
former case (“proximity-dominatedrg), F(A), F(C) and F(B),
F(E) are pairs of adjacent fluorine atoms that are pushed into
F(B) )\ F(E) uncomfortable nonbonded proximity (assignment in Figure 5a).
N C)/

C(A)

C(B)

In the latter case (“W-dominatedirs), these are the pairs of

&) A most distant fluorine atoms that are in an approximate W

l I relationship (assignment in Figure 5b).
F(A) H In either assignment the strikingly lard@-a)n constant is
B attributed to the nondominant stereochemical relationship. In

the proximity-dominated case (Figure 5a), atoms F(A) and H
are in a pseudo-W relation, and in the W-dominated case (Figure
5b), they are proximate. Clearly, whatever the correct assign-

We label the fluorine atoms such that F(A) is geminal with F(B), ment, theJyr constant is large _for a different stereochemical
Jrwre = 156.2 Hz, and both reside on C(A), and F(C) is reason than thégr constant. Since the large long-ranggy

geminal with F(D),Jrcro) = 162.0 Hz, and both reside on coupling constants usually are those that fella W coupling

C(B). The fifth fluorine, F(E), is located on C(C), along with ~Path® sinceJi andJye coupling constants often are roughly

the lone hydrogertJegn = 62.7 Hz, Xy = 201 Hz. proportional!® and since the W coupling path is not particularly
All remaining coupling constants involving the fluorines and noted for producing large long-ranger coupling constants

the hydrogen must be of the four-bofilte and*Jue types. The it vv_ould appear that the proximity-d(_)minated case of I_:igure

stereospecificity of the long-randé-- constants is striking. Two & is more likely. However, the strained cage syster@ &f

are extremely largeJeayrc) = 70.6 Hz, andlrgyre) = 85.4 sufficiently unusual that we hesitate to rule out the W-dominated

Hz, and two are immeasurably smakayre) andJrpyrg (<0.5 case of Figure 5b.

Hz). One of the*Jur values is much larger than the others, Among the smallefJer constantsJr(c)re) and Jre)r(o) are

Jue = 22.6 Hz, again demonstrating remarkable StereOSpeCi-dISthtly Iar_ggr than _the c_)thers, _per_haps W|t_h the exception of

ficity. Spin-tickling® 19{19F} experiments were performed to Jr@)rcy Thisis sen3|blg, in that in either assignment the F(C),

determine the relative signs 6 andJye coupling constants. ~ F(E) and F(B), F(D) pairs of fluorines are in the nondominant

When theZJes values were presumed positive, like all other but still special steric relationship, while the other pairs are

known coupling constants of this kifdthe absolute signs for ~ Neither in spatial proximity nor in a pseudo-W relationship.

all constants resulted. Three of them are negdfive. Indeed, among the latter, the origin of the small but still distinct
Table 3 also lists the coupling constants for the carbon atoms, difference betweedlrg)rc) on the one hand, and:ayre),

and those involving the bridge carbons C(A), C(B), and C(C) JF@)FE) and to a lesser degrég)r(), on the other hand, must

are particularly informative. Th&Jcr values are very similar ~ P€ attributed to secondary effects. _
for all the CR; fluorine nuclei in2, as is the case for majority An additional weak argument in favor of the assignment

of fluorocycloalkaned? The two3Jcy and the3Jer coupling ~ Shown in Figure 5a is suggested by consideration ofae
constants are again very stereospecific and range from undetect€OUPIing constants. For these, two steric relationships between
able (<2 Hz) to very large (33 Hz). On the basis of HMQC the carbon and fluorine atoms are possible, one Z-shaped and
spectra (Figure 4 in the Supporting Information), thkr one U-shaped. Although neither set of three bonds is planar, it
constants were divided into four groups: those close to 30 Hz @PPears more reasonable for the Z-shaped coupling path to
[C(B)—F(B) and C(B)}-F(E)], those between 30 and 15 Hz provide the larger coupling constants. Inspection of Table 3
[C(A)—F(D)], those close to 15 Hz [C(EYF(C) and C(C) shows that this happens for the proximity-dominated assignment
F(D)], and those much smaller than 15 Hz [CH8(C), C(A)— (Figure 5a), whereas in the W-dominated assignment (Figure
F(E), C(B)-F(A), C(C)-F(A), C(C)-F(B)]. The final assign- 5b), t'he U-shaped path would generally provide the larger
ment was based on partiall§F andH decoupled*3C NMR coupling constants. - _
spectra. In summary, aIthou_gh the above pl_Jrer emp|r|c_al reasoning
Assignment of NMR Spectra of 2. While the identity of suggests that the assignment shown in Figure 5a is more likely

F(E) as the fluorine of the CHF bridge is obvious, those of the than that of Figure Sb, and singles out these two as most

fluorines F(A)-F(D) are not (Figure 5; the molecule is viewed Probable among the eight that are possible, some uncertainty
along the C+C3 line). For full stereochemical assignmentwe eémains. We have therefore sought help in quantum chemical

need to determine (i) whether fluorine F(E) is located syn to calculations. The size of the molecules does not permit a

carbon C(A) or carbon C(B), (ii) whether F(A) or F(B) is syn (45) (a) Jackman, L. M.; Sternhell, Bpplication of Nuclear Magnetic
to C(C), and (iii) whether F(C) or F(D) is syn to C(C), Since Resonance Spectroscopy in Organic Chemiging ed.; Pergamon Press:
Oxford; p 334. (b) Wiberg, K. B.; Lowry, B. R.; Nist, B. J. Am. Chem.
(42) Ginther, H.NMR Spectroscopy. An Introductiodohn Wiley and Soc.1962 84, 1594. (c) Wiberg, K. B.; Lampman, G. M.; Ciula, R. P;
Sons: New York, 1980; p 292. Connor, D. S.; Schertler, P.; Lavanish,T&trahedron1965 21, 2749.
(43) See ref 42, p 351. (46) Middleton, W. J.; Lindsey, R. \d. Am. Chem. So4964 86, 4948.
(44) Schneider, H.-J.; Gschwendtner, W.; Heiske, D.; Hoppen, V; (47) Hirao, K.; Nakatsuji, H.; Kato, HJ. Am. Chem. Sod972 94,
Thomas, FTetrahedronl1977 33, 1769. 4078.

Figure 5. End-on view of the bicyclic cage & and proposed NMR
assignment.
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Table 4. NMR Chemical Shifts i2 and21

21 (calcd) —Ac*® 2 (obsd)Aod 21 (calcd) —Ac*® 2 (obsd)Aod
nucleud (ppm) rel to3 (ppm) rel tol13 nucleud (ppm) rel to3 (ppm) rel to13
F(A) 19.49 20.26 C(A) 4.06 3.10
F(B) —0.04 0.26 C(B) 0.91 0.51
F(C) -3.77 —2.54 C(C) —28.16 —26.94
F(D) —15.70 —12.52 c —3.64 —-3.21

F(E) —81.16 —85.66

a See Figure 5a for atom labesGIAO-SCF/6-31G*, at MP2/6-31G* optimized geometries (Figure 3). For details see thé Redative NMR
chemical shifts were obtained as minus the relative NMR chemical shieldings. NMR chemical shielding computed for Alictdative to those
computed for nuclei in3, o(F) = 352.56 ppmo(Coridgd = 143.01 ppmo(Coridgenead = 99.91 ppm NMR chemical shifts observed for nuclei in
2 relative to those observed @ 6(F) = —116.16 ppm(Chriggd = 110.26 ppm O (Chriagenea) = 68.79 ppm e Bridgehead.

T T i LN

reliable computation of the spirspin coupling constants, given

our present resources. Although for a molecule of the size of (a)

2 only very crude calculations of chemical shifts are possible }

today with programs that are easily available, we believe that UH Hi
i |
LI

‘i

the simpler model molecule¥3 and 20 will show the same "L

trends. Still, the presence of five carbons and five or six il

fluorines prevents us from using a large basis set with a

correlated wave function, and the calculated chemical shifts can

only be expected to agree semiquantitatively. Since the

observed shifts of C(A) and C(B) differ by less than 3 ppm and N

gL

ﬁ Jw i

are both nearly identical to the value observed for the CF l
carbons in3 (110.26 ppm), the calculation will not be able to  0Obsd Jl“ \ WY “_ MW
distinguish between these two carbons reliably. - | LMWWJMI“ U\H,*"MW.MM\M/ ik W,

Fortunately, the observed chemical shift of F(A) is about 20.3 T T ; .
ppm less negative than those of F(B) and F(C), which are nearly 14200 14000 13800 13600 °C 5 (Hz)
equal to those of the fluorines i (—116.16 ppm), whereas
that of F(D) is about 12.5 ppm more negative. These differences
are quite striking, particularly that between the chemical shifts (b)
of F(A) and F(B), which only differ in their stereochemical
relation to a rather distant hydrogen on another bridge. There
apparently is efficient electronic communication across the
strained cage. Although most of the past computational
experience pertains #8C chemical shift$8 it still suggests that Obsd
these largd®F chemical shift differences should be reproduced
even at the 6-31G* Hartreg~ock level (at an MP2/6-31G*
optimized geometry) that is feasible for us today.

In the two assignments considered most likely (Figure 5),
one of these two special fluorines2ns in a pseudo-W relation
to the proton, and the other is spatially proximate to the proton. : : :

As shown in Table 4, the calculations predict that relative to -116.0 -116.4 -116.8 "1 8 (ppm)

the chemical shift of the fluorines ib3, that of the fluorine in Figure 6. Observed and simulated undecoupled spectfa df) 1*C

the pseudo-W relation to the proton I8 is about 19.5 ppm and (b)1°F (3C satellites).

less negative, and that of the fluorine that is spatially proximate

to the proton irl3is about 15.7 ppm more negative. Assuming modified by 10 Hz converged to the same result. An iteration
that the presence of the carbomethoxy group2 and 3 has starting with interchanged values of constafils across the
only a minor effect on the chemical shift differences in the W-Shaped and U-Shaped paths failed to converge to a fit to the
pentafluorinated and the hexafluorinated cage, these resultspbserved spectrum.

identify the assignment in Figure 5a as correct. The initial set of parameters treated the coupling constants

Analysis and Assignment of NMR Spectra of 3. The 3C of the fluorine nuclei in3CF, as equal to those iHCF,, even
NMR spectrum of the diest& shows a multiplet of more than  though their chemical shifts differ. Subsequently, this symmetry
100 lines attributed to a bridge carbon (Figure 6a). The absenceconstraint was removed, and further iteration yielded somewhat
of symmetry suggests that tRéCF, and *“CF, fluorines are different coupling constant values for the two types of fluorines
inequivalent. The spectrum was simulated as an AXX (Table 5). The slight difference between the coupling constants
YY'Y"Y" spin system, starting with averages of the corre- ijnvolving 13CF, and!2CF, fluorine atoms (up to 0.3 Hz) exceeds
sponding coupling constants obtained above Zorlteration the statistical error margins (0.03 Hz with 90% confidence)
yielded a match for the observed spectrum (Figure 6a). Severalof the iteration procedure, but not by much. If it is real, it
simulation attempts starting with coupling constant values represents a rare example of a third-atom isotopic effect on
coupling constants.

Caled ﬁ ﬂ

\\ UJ bﬁv"m\'\ wud.w’l”xh’mJJU&U““MLJ{'LM, I

)

|

W

i li T

Caled

(48) (a) Chesnut, D. BAnnu. Reports NMR Spectrost994 29, 71.

(b) Kutzelnigg, W.; van Wlken, Ch.; Fleischer, U.; Franke, R.; Mourik, T. In order to obtain an independent verification of the correct-
V. In NMR Shieldings and Molecular Structyrgossel, J. A., Ed.; Kluwer ness of the coupling constants derived from the simulation
Academic Publishers: Norwell, MA, 1993; pp 14161. (c) Facelli, J. C.; program, the coupling constants and the isotopic shift of the

Grant, D. M.; Michl, J.Acc. Chem. Red.987, 20, 152. (d) Siehl, H.-U.; . . .
Mdiller, T.; Gauss, J.; Buzek, P.; Schleyer, P. V..R.,g\n)”l. Chem. Soc.  “°F nuclei derived from th&C NMR spectrum (Figure 6a, Table

1994 116 6384. 5) were used without any adjustment to simulate A&
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Table 5. Spin-Spin Coupling Constants B

viheet al.

coupling constant type coupling constaftiz)

coupling constant type coupling constaiiz)

ek —299.3
2k 160.8
160.4
3Jck (Z-shaped path) 25.1
3Jcr (U-shaped path) -4.0

“Jrr (proximate fluorines) 979
97.6

4Jrr (sickle-shaped path) 8.6
4Jee (W-shaped path) -10.3
—-10.2

a Coupling constants were calculated within 0.03 Hz limits with 90% confidehBeth *°F atoms bound t&°C. ¢ Both *°F atoms bound té?C.

9 One % atom bound td2C, the other bound t&C.

satellites in thé% spectrum (Figure 6b). In spite of a relatively

Karplus rule, but the largest values exceed those calculated from

low signal-to-noise ratio in the satellite spectrum, the agreementthe above formula. Two constants observed 2ndiffer

with the simulated spectrum is most satisfactory. The signals
of the 13C satellites partially overlap with a very strong singlet
that is due to thé?CF, fluorines. Thel*C isotopic effect on
the1%F chemical shift is particularly clear from the displacement
of this strong singlet from the center of tH€ satellite pattern.
The coupling constants derived f8follow the same trends
as those obtained fdt. the constantJqr between proximate
fluorines is huge, 98 Hz, thBr constant across the W-shaped
path is negative and a little larger in absolute value than the
positive*Jer constant across the sickle-shaped path, anélthe

significantly from the calculated value§;]c(c),:(A) is unexpect-
edly small, ancdJc(c)r(p) is unexpectedly large.

The largedJcq constants ir2, in which the HCCC dihedral
angles are close to either 0 or £8@ollow the Karplus-type
rule for CH coupling constaritswell.

The long-range couplings between proximate fluorines are
among the largest known between aliphatic fluorines®&f:
= 75 Hz between two of the fluorines in bis(trifluoromethyl)-
tetrachloroethane (at150 °C)5* %) = 105 Hz between
fluorines in an aziridine derivative of thendo dimer of

constant across the Z-Shaped path is Significantly Iarger than perﬂuorocydopentadierﬁ,and4JFF =78 and 81 Hz in 1,2,3_
the one across the U-shaped path. This agreement can begrichlorononafluoronorbornarfé. The large magnitudes of these
considered as yet another piece of evidence in favor of the coupling constants i@ and3 are undoubtedly due to the very

assignment of the NMR spectrum @fdescribed above and
shown in Figure 5a.

Spin—Spin Coupling Constants and Chemical Shifts in 2
and 349 It is of interest to compare NMR characteristics of
fluorinated bicyclo[1.1.1]pentanes with those of previously
studied fluorinated hydrocarbons.

One-bond coupling constantdcr in 2 and 3 are similar to
those in fluorocycloalkane$. The 1Jcy coupling constant is
larger in2 (201 Hz) than in parent bicyclo[1.1.1]pentanes (167
Hz),%5 in accord with the increased s character of the carbon
hybrid orbital used in the CH bond (Table 2).

Geminal C-F coupling constantdJcr in fluoroalkanes are
known to depend primarily on the electronegativity and orienta-
tion of substituents on the carbon with respect to the coupled
fluorine. The constants range frorl1.3 Hz in fluoroetharf®
to 46 Hz (sign unknown) in perfluoroethable. Since the
methyl carboxylate substituents thare oriented in the same
way towards all the fluorines, it is no surprise that #e- values
do not differ. The 19 Hz value is close to those measured for
other bicyclic fluorocarbon% and it is noticeably smaller than
those in 4-fluorocubane derivatives 225 Hz)2°

Vicinal C—F coupling constant&)cg in alicyclic compounds
are stereospecific and follow a Karplus-type rdié&r = 11.0
cog 04452 (9 is the FCCC dihedral angle). In bridgehead
fluorinated adamantanes and diamant&?es 2Jcr values range
from —10.9 to+17.0 Hz. In 4-substituted bicyclo[2.2.2]oct-
1-yl fluorides52d 3Jcr constants are 7-911.3 Hz, and in
4-substituted fluorocubanes they are even smallei7 #z2°
The largesBlcr value reported is 42.5 Hz in 1-fluorobicyclo-
[1.1.1]pentané2® In 2 and 3, the 3Jcr values range from-4
to +25 Hz. These constants are stereospecific and follow the

(49) For compilations of coupling constants see: (a) Wray].\Chem.
Soc., Perkin Trans. 2976 1598. (b) Emsley, J. W.; Phillips, L.; Wray, V.
Prog. Nucl. Magn. Reson. Spectrod4®75 10, 83.

(50) Jensen, H.; Schaumburg, Mol. Phys.1971, 22, 1041.

(51) Graves, R. E.; Newmark, R. A. Chem. Physl967, 47, 3681.

(52) (a) Olah, G. A.; Shih, J. G.; Krishnamurthy, V. V.; Singh, BJP.
Am. Chem. Sod984 106 4492. (b) Krishnamurthy, V. V.; Shih, J. G.;
Singh, B. P.; Olah, G. AJ. Org. Chem1986 51, 1354. (c) Duddeck, H.;
Islam, Md. R.Tetrahedron1981, 37, 1193. (d) Della, E. W.; Cotsaris, E.;
Hine, P. T.J. Am. Chem. S04981, 103 4131. (e) Grutzner, J. B.; Jautelat,
M.; Dence, J. B.; Smith, R. A.; Roberts, J. D.Am. Chem. S0d.97Q 92,
7107.

short distance between the nonbonded fluorines, about 0.5 A
shorter than the van der Waals radii. An even much larger
value, 170 Hz, has been reported fdgr between aromatic
fluorines in a 1-substituted 4,5-difluoro-8-methylphenanthféne.

The “Jer constants are perhaps the least well understood.
Those across the W-shaped pathiand 3 are smaller and
negative. Their absolute values are only a little larger than those
of the positive*Jer constants across sickle-shaped path8 in
and in half of the cases i Surprisingly, F(E) does not couple
detectably with F(A) and F(D) across the sickle-shaped path.
Similar constants in adamantanes and diamantanes fluorinated
on bridgeheads were reported to range fr&i®.5 Hz for the
latter to+10 Hz for the formef? In fluorinated acyclic allylic
cations the!Jrr constants decrease in absolute magnitude in the
order “U” > “W" > “sickle”, without changing sigf8

The 4Jur coupling constant across the W-shaped patB, in
Jnra) = 22.6 Hz, is undoubtedly one of the largest known long-
range hydrogenfluorine coupling constants. The record holder
probably is the bridgeheatridgehead coupling constant along
a W path in 1-fluorobicyclo[1.1.1]pentak& 4 = 70.6 Hz.
Most of the examples of larghlyr values occur across rings,
such as 10.2 and 11.9 Hz in 3,3,4-trifluoro-4-chlorocyclob¥ane
(between the two nonequivalent fluorines of the;@Foup and
the diagonally opposed olefinic protons), and 11.6 Hz in 1,1,2-
trifluoro-3-chlorocyclobutarfé (between the fluorine and one
of the diagonally disposed protons).

The “Jye coupling between proximate H and F(D) is only
1.3 Hz. Although short in absolute terms, the-H distance

(53) Karplus, M.J. Chem. Phys1959 30, 11.

(54) Weigert, F. J.; Roberts, J. D. Am. Chem. Sod 968 90, 3577.

(55) Banks, R. E.; Bridge, M.; Fields, R.; Haszeldine, R.INChem.
Soc. C1971, 1282.

(56) Lindon, J. C. Ph.D. Dissertation, University of Birmingham, 1969,
quoted in ref 49.

(57) Servis, K. L.; Fang, K.-NJ. Am. Chem. S0d.968 90, 6712.

(58) Bakhmutov, V. I.; Galakhov, M. V.; Raevskii, N.lzv. Akad. Nauk
SSSR, Ser. Khin1987 1884.

(59) Barfield, M.; Della, E. W.; Pigou, P. E.; Walter, S. R Am. Chem.
Soc.1982 104 3549.

(60) Newmark, R. A.; Apai, G. R.; Michael, R. Q. Magn. Resori969
1, 418.

(61) Park, J. D.; Michael, R. O.; Newmark, R. A.Org. Chem1964
29, 3664.
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(2.232 A, MP2/6-31G*) is apparently still too large for the
mechanisms of through-space spspin coupling”-52to operate,
or else through-space and through-bond contributions cancel

Conclusions

The bicyclo[1.1.1]pentane cage with penta- or hexafluorinated
bridges is extremely highly strained. It features very closely

spaced nonbonded fluorines and an increased bridgehead-tog

J. Am. Chem. Soc., Vol. 119, No. 52, 12859

and iterations were performed with the PERCH $9%ogram on a
486/40 MHZ/8 Mb RAM IBM-compatible PC, and the Varian 4*3b

software on a SUN workstation. Nonlinear regression analysis of

titration curves was performed with Axum 4.0 softwéfe.

X-ray Diffraction on 3.5 Crystals of3 were grown from heptane
solution in the form of clear, colorless parallelepipeds. Indexing was
determined after collection of three sets of twenty’Qu3scans on a
Siemens SMART CCD diffractometer with a graphite crystal mono-
chromator using Mo K radiation. A least-squares refinement of final
ell dimensions was performed using 5632 reflections. A hemisphere

bridgehead separation relative to the parent cage. It is suscepof data was collected. Equivalent reflections were merged and all data

tible to reductive G-C bond cleavage, exibits remarkable
stereospecific NMR coupling constants dffd chemical shifts,
and has a peculiarly large acidifying effect on a bridgehead
carboxyl, apparently due to a direct field effect of the fluorine
substituents.

Experimental Section

General Procedures and Characterization. Melting points were
determined on a Boetius PHMKO05 apparatus with a microscope
attachment (#C/min). %F NMR spectra were obtained at 282.4 and
376.5 MHz on Varian VXR 300 and Bruker 400 spectrometers,
respectively. 13C NMR spectra were obtained at 100.6 and 125.7 MHz
on Bruker 400 and Varian VXR 500 spectrometers, respectively. The
former was used to obtain thel spectrum at 400 MHz. HMQ®F-
{13C} experiments were done on a Varian VXR 500 spectrometer. The
measurements were performed in chlorofatigelvent unless specified
otherwise. Fluorotrichloromethane, chlorofodyand tetramethylsilane
internal standards were used f&iF, 13C, and 'H NMR spectra,
respectively, unless specified otherwise. Positive shifts are downfield.
Infrared spectra were recorded on a Nicolet 800 FTIR instrument in
CS (2 and3) or in KBr pellets @, 5, and6). Electron-impact mass
spectra were taken on a HP 5988A GKIS instrument. High-
resolution mass spectra were taken on a VG 7070EQ instrument.
Elemental analysis was performed by Desert Analytics, Tucson, AZ.
Preparative GC was done on a SE-30 (20% on Chromosorb W) 6 ft
long 1/4 in. diameter column.

Reagents. Commercially available samarium diiodide solution in
THF (Strem), bromine (Fluka), mercury(ll) oxide (Aldrich), and 1,2-
dibromotetrafluoroethane (Aldrich) were used without purification.

Calculations. Computations were done on an IBM RISC 6000-
590 workstation. All geometries were optimized at both RHF and MP2
levels of theory (except foR8, 27, and their conjugate carboxylate
anions, whose geometries were optimized at the RHF level only) using
the 6-31G* basis set for neutral molecules and 6-Gt basis set for
anions, with the GAUSSIAN 92 and GAUSSIAN 94 progratas-or

were corrected for Lorentz and polarization effects. No merging was
performed on Friedel opposites. Structure solution by direct methods
in the noncentrosymmetric space grdefy2,2; with dimensionsa =
8.6131(10) Ab = 9.8943(10) A, anat = 12.4533(14) A revealed the
complete non-hydrogen structure. The final residuals WRere2.54%
[2448 = 20(l)] andwR = 6.97% (all data) for 186 parameters. The
data were processed with the SHELXTL progfamn a Silicon
Graphics Indigo2 XL workstation.

X-ray Diffraction on Hydrolyzed 11.%5 Crystals were grown from
water solution in the form of clear, colorless parallelepipeds. The
crystal was selected under Exxon Paratone N oil and mounted in the
123 K N; cold stream of a Siemens LT-2A low-temperature apparatus
attached to the Siemens SMART diffractometer using Mor&diation.
Initial cell parameters were determined from analysis of 3 sets of 20
detector frames. The orientation matrix was passed to SHIOF
integration of the intensity data. Cell parameters were refined after
every 40 frames and final dimensions determined by utilizing all 3569
reflections withl > 100(1).

Structure solution in monoclinic space grde®y/c revealed the non-
hydrogen structure. Hydrogens were added at calculated positions
which were allowed to ride on the position of the parent atom through
the refinement. All non-hydrogen atoms were modeled with anisotropic
parameters for thermal motion. Isotropic thermal parameters set to
1.2 times the equivalent isotropic thermal parameter of the parent atom
were employed for hydrogen atoms. No unusual intermolecular
contacts were noted.

Dimethyl Hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylate (3).
A general procedure for direct fluorinatiBrwas followed. A 600 mL
jacketed aluminum reactor equipped with a 50 cm double tube
condenser set at14 °C (described in detail elsewhét® was charged
with CR,CICFCL (400 mL), and a gas flow of {66 mL/min) and N
(244 mL/min) was begun.Caution: Pure fluorine is extremely
hazardous. All construction materials must be carefully pagsd
with diluted fluorine and the reactor and fluorine supply must be
barricaded. The reactor temperature was set at’C7 and 210 mL of
a solution of7*° (11.0 g) in CRLCICFCL was introduced by a syringe
pump over a periodfo4 h with vigorous stirring. The reactor was

the geometries optimized at RHF level vibrational frequency analysis then purged with nitrogen for 1 h, the contents were mixed with 13%
was performed, and no imaginary frequencies were found. Enthalpiesgr, in methanol (50 mL), and the solvent was distilled to leave a
of proton abstraction were calculated at the MB2, @0, and21) and semisolid (8.0 g). At this point, GEMS analysis showed that the
HF (28 and27) level of theory, using the 6-31G* basis set for both  major constituents wer@ (30%) and3 (43%). The mixture was
neutral and anionic forms, without zero-point corrections. Strain resubmitted to the fluorination and workup procedure described above.
energies were calculated from isodesmic reactions with the 6-31G* The distillation residue was crystallized from hexane to yield 6.3 g of

basis set at the HF and the MP2 levels, with HF zero-point energy an 88:12 mixture oB and2 (by GLC). For most further use was
corrections. NMR chemical shifts were calculated using both the 6-31G fyrther purified by crystallization from aqueous methanol, and the

and the 6-31G* basis sets with the ACES@rogram at the GIAG
HF level for MP2/6-31G* optimized geometries. NMR simulations

(62) Wasylishen, R. E.; Barfield, M. Am. Chem. Sod975 97, 4545.
(63) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J,;

Stewart, J. J. P.; Pople, J. &aussian 92 Revision C; Gaussian, Inc.:
Pittsburgh, PA, 1992.

(64) (a) Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett,
R. J.ACES II. Quantum Theory Projedtniversity of Florida: Gainsville,
FL, 1991. ACES Il includes the VMOL integral and VPROPS property
integral programs of J. Almifoand P. R. Taylor and a modified version of
the integral derivative program ABACUS written by T. Helgaker, H. J.

Aa. Jensen, P. Jgrgensen, J. Olsen, and P. R. Taylor. (b) Stanton, J. F.

Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, RntJ.J. Quantum
Chem. Sympl992 26, 879.

typical overall yield of material suitable for further work was about
40% based on7. An analytical sample was crystallized from a
pentane-ether mixture (5:1): mp 73C; 'H NMR ¢ 3.92; 3C{H}
NMR 6 53.54, 68.79 (septef, = 19 Hz), 110.3 (br m), 156.455C-
{**F} NMR 6 53.54 (q,J = 15.0 Hz), 68.79, 110.26, 156.44 @~
3.8 Hz);%F NMR (CCkF) 6 —116.16; IR 1756 (€-0), 1331 (C-0),
1232 (C-F) cmy; EIMS, m/z 261 [M — MeOQOJ" (1), 234 [M —

(65) Laatikainen, R.; Niemitz, M.; Sundelin, J.; Hassinen, An
Integrated Software for Analysis of NMR Spectra on; R@rsion 1/95,
PERCH Project, University of Kuopio: Kuopio, Finland.

(66) Axum 4.0 for Window<Copyright 1995, TriMetrix, Inc.

(67) Sheldrick, G. M.SHELXTL. A Program for Crystal Structure
Determination Version 5 beta; Siemens Analytical X-ray Instruments:
Madison, WI, 1995.

(68) SAINT, v.4.036; Siemens Industrial Automation, Inc., Madison, WI,
1995.
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COOMeJ" (5), 171 (23), 93 (35), 81 (92), 59 (100). Anal. Calcd for
CoHeFsO4: C, 37.00; H, 2.01; F, 39.02. Found: C, 37.05; H, 1.97; F,
38.60.
Dimethyl Pentafluorobicyclo[1.1.1]pentane-1,3-dicarboxylate (2).
A small amount of this material was isolated from the above direct
fluorination mixture by preparative gas chromatography: mp 4C;5
I1H NMR and®®F NMR (Table 1; CH 6 3.87);C{*°F} NMR (Table
2; CH; 6 53.34, COOd 158.42, bridgehead C (one of th¥ atoms
decoupled)d 65.58 (p,J = 19 Hz); IR 2952 (C-H), 1754 (C=0),
1328 (G-0), 1237 and 1198 (EF) cn'%; EIMS, m/z 243 [M — MeOJ*
(2), 214 (8), 153 (16), 106 (18), 93 (25), 81 (70), 75 (30), 63 (50), 59
(100). Anal. Calcd for GH/FsOs: C, 39.43; H, 2.58; F, 34.65.
Found: C, 39.34; H, 2.37; F, 34.76.
Hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylic Acid (4). A
50% aqueous solution of NaOH (1.280 g, 16 mmol) was added to a
solution of3 (2.0 g, 6.85 mmol) in methanol (20 mL). The reaction
mixture was stirred fol h atroom temperature and then was acidified
with 37% aqueous HCI (3 mL). Solvents were removed on a rotary
evaporator. A solid residue was extracted with acetone (two 10 mL
portions). Upon evaporation of the solvent, the combined extracts
yielded 1.652 g (91% yield) of the diacid. An analytical sample was
sublimed (10° Torr, 70°C): mp 206-208 °C (dec);3C{*°F} NMR
(acetoneds) 0 70.03, 111.44, 157.34%F NMR (acetoneds) 6 —116.76;
IR 3408 (O—H), 1731 (G=0), 1414 (C-0), 1224 (C-F) cnT%; EIMS,
m/z 236 [M — COJ" (11), 218 [M— CO;]" (32), 200 (35), 183 (33),
174 (57), 159 (100), 137 (54), 124 (69), 93 (69), 69 (79), 44 (100);
CIMS (NHs), mz 280 [M + NH,]*.
1,3-Dibromohexafluorobicyclo[1.1.1]pentane (5).A mixture of
4(0.528 g, 2 mmol), mercury(Il) oxide (1.0 g, 4.6 mmol), magnesium
sulfate (0.4 g), and bromine (0.940 g, 5.9 mmol) in 1,2-dibromotet-
rafluoroethane was irradiated with a 150 W tungsten bulb for 36 h.

viheet al.

a period of 9 h. Ammonia was allowed to evaporate. The remaining
solid was treated with aqueous HCI (35%, 1.1 mL) and extracted with
ether (3x 30 mL). The ethereal solution was treated with diaz-
omethane in ether, obtained frqwtoluenesulfonylmethylnitrosamide
(2.14 g, 10 mmoly? Ether was evaporated, and two major products
were separated by preparative GCThe yields of methyl 1-(difluo-
romethyl)cyclobutane-1,3-dicarboxylate isomers were (cis) 80 mg (26%)
and (trans) 15 mg (8%). Son®&was recovered (30 mg, 7%). The
structure of the cis isomer was determined by X-ray diffraction analysis
on a crystal of the diaci&, obtained fromil1 by hydrolysis with NaOH

in aqueous methanol and further acidification with aqueous HCI.

Cis Isomer: 'H NMR ¢ 6.12 (t,J = 56 Hz, 1H), 3.75 (s, 3H), 3.69
(s, 3H), 3.15 (pJ = 9 Hz, 1H), 2.73 (m, 2H), 2.57 (m, 2H)}*F NMR
0 —128.96 (d,J = 56 Hz); 3C{*H} NMR ¢ 27.43 (t,J = 4.4 Hz),
32.02 (s), 46.54 (t) = 22.8 Hz), 52.04 (s), 52.75 (s), 115.94 t=
234 Hz), 171.20 (t) = 6.5 Hz), 174.41(s); EIM$n/z 223 (55) [M+
1]+, 222 (21) M, 202 (9) [M — HF]*, 191 (96), 170 (74), 163 (93),
143 (60), 131 (56), 115 (74), 105 (65), 85 (74), 77 (58), 59 (100), 55
(95), 51 (71); HRMS (calcd for §H:.F,04 222.0704) 222.0707.

Trans Isomer: *H NMR 6 6.02 (t,J = 56.4, 1H), 3.79 (s, 3H),
3.69 (s, 3H), 3.26 (pJ = 9Hz, 1H), 2.66 (m, 2H), 2.55 (m, 2H}%F
NMR ¢ —128.23 (d,J = 56 Hz); °C{*H} NMR 6 27.26 (t,J = 4.7
Hz), 31.92 (s), 46.92 (1) = 26.3 Hz), 52.01 (s), 52.79 (s), 114.68 {(t,
J = 242.3 Hz), 171.99 (t) = 5.1 Hz), 174.11(s); EIMSn/z 222 (2)
MT, 202 (1) [M — HF]*, 191 (60), 170 (30), 162 (93), 143 (23), 131
(17), 115 (26), 111 (36), 105 (25), 85 (28), 71 (27), 59 (100), 55 (93),
51 (30); HRMS (calcd for @H1F,04 222.0704) 222.0701.

Determination of pK, Values of 4 and 24. Titrations were
monitored by pH measurements with an Orion 81-72 Sure-Flow
electrode and Orion 701A lonalyzer. Aqueous solutiond ahd of

Excess bromine and the solvent were distilled off, and a residue was 24 (~0.1 M; 20 mL) were titrated with an aqueous solution of NaOH

sublimed (0.01 Torr, room temperature): yield 460 mg (68%); mp 77
78 °C; 13%C NMR ¢ 49.01 (septet]) = 21 Hz), 108.8 (br m):3C{*°F}
NMR 6 49.01, 108.81°F NMR (CCkF) 6 —122.72 (s); IR (gas phase)
1292, 1259 (G-F), 1233, 874, 660, 643 cry EIMS, m/z 255 [M —
Br] (100), 253 [M— Br] (94), 236 (21), 234 (23), 193 (54), 191 (50),
174 (14), 155 (30), 124 (92), 93 (58), 74 (33); HRM# (calcd for
Cs°Br8'BrF 333.8251) 333.8268.
1,3-Diiodohexafluorobicyclo[1.1.1]pentane (6).A 0.1 M solution
of Smk in THF (8.5 mL) was slowly added to a solution 5f0.285
g, 0.84 mmol) in THF (10 mL) at-78 °C. Aliquotes of the reaction
mixture were taken fot’F NMR® and GC-MS analysis during the
addition of Smj solution. As more Smlwas added, the intensity of
the%F NMR signal atd —122.8 ppm, attributed t6, decreased. The
intensity of the signal ab —121.5 ppm, due t@&, judging by its mass
spectrunt? increased in the beginning but decreased later, and the
intensity of the signal ab —120.2 ppm, attributed t6, increased?
After the reaction mixture turned yellow, it was distilled on a vacuum
line with three traps at-40, —78, and—193°C. A fraction collected
at —40 °C was crystallized from pentane to give 0.112 g (31% yield)
of a crude product containing 92%°F NMR) of 6. An analytical
sample was obtained by recrystallization from pentane: mMiC2%C-
{**F} NMR ¢ 16.92, 107.86%°F NMR (CCkF) 6 —120.34; IR (neat
liquid) 1278, 1226 (G-F), 857, 641, 600 cmi; EIMS, m/z 428 [M]
(16), 301 (100), 282 (29), 239 (10), 174 (51), 127 (29), 124 (69), 105
(10), 93 (14), 74 (17); HRM$vz (calcd for GFel, 427.7994) 427.8001.
Sodium Hexafluorobicyclo[1.1.1]pentane-1,3-dicarboxylate (10).
A suspension 08 (0.52 g, 1.78 mmol) in a solution of NaOH (0.15 g,
3.7 mmol) in water (3 mL) was refluxed for 1.5 h. Water was
evaporated under reduced pressure. The yield was 0.52 g (97%).
Reduction of 10. Sodium (0.240 g, 10.4 mol) was added in 60 mg
pieces to a suspension ©d (0.41 g, 1.37 mmol) in N&I(30 mL) over

(69) An external capillary with a standard solution (10% of hexafluo-
robenzene in benzery; 6 —163 ppm) was used to obtain lock and a
reference signal il®F NMR measurements.

(70) EIMS for8: m/z 382 [M], 380 [M], 301 [M — Br], 255 [M — 1],

253 [M — 1], 174 [M — | — Br], 127 [I], 124, 93.

(71) When a large excess of Snid used, the intensity of the signal of
6in 19 NMR spectrum of the reaction mixture decreases, and a doublet (
= 1.6 Hz)6 —119.2 ppm appears in the spectrum. The mass spectrum of
the new compound was assigne®torm/z 302 [M], 175 [M — [], 155 [M
— | — HF], 127 [1], 125, 113, 75.

(0.979 M). Readings of pH were recorded after addition of ea@li2

mL of NaOH solution. In one test experiment a basic solution after
NaOH titration was titrated back with an aqueous solution of HCI (0.990
M). Nonlinear least-squares regression analysis of the volume of added
NaOH solution and HCI solution as a functié® of [H™] yielded
dissociation constants for the diacids. In all experiments the standard
deviation of the fitv = f([H*])”> was below 5% of the mean value of

V.

The conductance of aqueous solutiongaind of24 and of their
sodium salts £0.000-0.1 M) was measured in a glass cell (cell
constant~1) with platinum electrodes with a CV-50W voltammetric
analyzer’® A potential step of 10 mV was applied to the cell with a
solution, and the current was sampled at 54 andi§after the step
had been applied. The current decays exponentially, and the initial
current was calculated by extrapolating to zero time. The measurement
was performed 256 times for each solution, and the results were
averaged.
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