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plane of the porphinato core is 0.24 A, a value smaller than that
typically observed in five-coordinate zinc porphyrinates.’® This
smaller zinc displacement is probably the result of the interaction
of one monomeric unit with its cofacial partner (see below). As
noted previously, the effect of w-complexation!! or 7— dimer
formation'? on the metal atom position with respect to the por-
phyrin plane is somewhat equivalent to that of a weakly interacting
sixth ligand. The effect of [Zn(OEP*)(OH,)],(ClO,), is relatively
large and is the presumed consequence of the extremely strong
dimerization. It is presumably the effects of dimer formation that
also lead to the relatively short Zn-N,, bonds that are close to the
2.037-A value found for four-coordinate Zn porphyrinates!? rather
than the 2.067 A found! for the five-coordinate Zn(P)L com-
plexes.

In the solid state, [Zn(OEP*)(OH,)],(ClOy), is a cofacial 7-r
dimer with several significant and novel features. First, the two
porphyrin rings in the dimer interact in an exceptionally strong
manner with an interplanar separation between the two porphyrin
planes of 3.31 A. Perhaps not surpisingly, the crystalline material
is diamagnetic.!* Second, the absence of any lateral shift between
the two cofacial porphyrin rings is unprecedented.!® Previously
characterized, extremely tight 7—r dimeric interactions between
two rings exhibit lateral shifts of about 1.5 A or larger.’8 The
absence of ring slip is illustrated in Figure 2 which shows a view
down the crystallographic 2-fold axis of one unit and clearly shows
the overall high symmetry of the dimer. The dimer has crys-
tallographically required D,-222 symmetry but additionally
conforms to the higher idealized symmetry of D,;. Third, despite
the strong interaction between rings, the rings are essentially planar
as seen in Figure 3. Fourth, the pattern of bond distances in the
inner 16-membered ring of the porphyrin core are inconsistent
with a completely delocalized system. Rather, there are two
unusually distinct sets of C,-N and C,-C,, bond distances.!”
Within each class, the two kinds of bond lengths differ by about
0.04 A. The position of the sets of short bonds in the dimer are
indicated in Figure 2 by the broken bonds. It is clearly seen that
all short bonds are within overlapped pyrrole rings. This apparent
localization of bonding'® is presumably due to the effects of di-
merization whose tightness and spin coupling suggests a new kind
of interaction, best described as a new type of nonclassical bond.
Indeed, the large enthalpy of dimerization (~17 kcal/mol), sig-
nificant spectral changes upon dimerization,* and complete loss
of paramagnetism from the radical are consistent with the notion
of forming a new compound. Interestingly, it can be noted that
similar spectral changes have been seen upon dimerization (in
solution) of the [Mg(OEP*)]* radical cation.®!?

The question of whether this unprecedented departure from
complete delocalization in porphyrin derivatives is a general feature
of tightly bonded w-cation dimers is under active investigation.
In any event, these bond length changes present an interesting
and challenging theoretical problem. We can note that the al-
ternating bond distances do not result simply from bringing two
porphyrin rings extremely close together. A similar inter-ring
separation and ring orientation is found in the [Ru(OEP)], dimer®
held together by the short Ru=Ru double bond, but no bond

(11) Williamson, M. M.; Hill, C. L. Inorg. Chem. 1987, 26, 4155.

(12) Song, H.; Rath, N. P.; Reed, C. A.; Scheidt, W. R. Inorg. Chem.
1989, 28, 1839.

(13) Scheidt, W. R,; Kastner, M, E.; Hatano, K. Inorg. Chem. 1978, 17,
706. Scheidt, W. R.; Mondal, J. U.; Eigenbrot, C. W.; Adler, A.; Radonovich,
L. J.; Hoard, J. L. Inorg. Chem. 1986, 25, 7195.

(14) The raw magnetic susceptibility data are given in the Supplementary
Material and show the presence of less than 1% paramagnetic impurity.

(15) However, such a cofacial structure was one of two possible structures
suggested by Fuhrhop et al.,* and the one they considered most probable.

(16) Scheidt, W. R.; Lee, Y. J. Struct. Bonding (Berlin) 1987, 64, 1.

(17) A complete listing of individual bond distances and angles in the
[Zn(OEP*)(OH,)]ClO, molecule are available as Supplementary Material.

(18) This localization may be reflected in the doubling of peaks in the IR
spectrum. (See spectrum in Supplementary Material.)

(19) Dolphin, D.; Muljiani, Z.; Rousseau, K.; Borg, D. C.; Fajer, J.; Felton,
R. H. Ann. N.Y. Acad. Sci. 1973, 206, 177.

(20) Collman, J. P.; Barnes, C. E.; Sweptson, P. N,; Ibers, J. A. J. Am.
Chem. Soc. 1984, 106, 3500,

length alternation in the core is observed.
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Bond heterolysis of a gaseous ion to form an ion—-molecule
complex (exemplified by the species in brackets shown in reaction
1) has been described as a gas-phase analogue of solvolysis.!

.- . .
R—OPh — (R’ 10Phl — PhOH ' + alkenes h

Conversion of a covalent bond in the precursor ion to an elec-
trostatic bond in the complex is often accompanied by rear-
rangement of the cation moiety R, as revealed by the structures
of the recovered alkenes. This communication reports the mi-
gratory aptitude of a fluorine relative to a methyl in the Wag-
ner—-Meerwein rearrangement schematically depicted in reaction
2. We have measured this using the electron bombardment flow
(EBFlow) technique? to collect neutral products of reaction 1
where ROPh is 2-fluoro-2-methyl-1-phenoxypropane. Our results
provide evidence for intramolecular fluorine transfer via a bridged
fluoronium ion.

Experimental evidence for bridged fluoronium ions is sur-
prisingly scant. Unlike the corresponding chloronium and bro-
monium ions,’ whose stability in both gas phase and solution are
well attested, neither fluoriranium (three-member ring) nor any
larger cyclic ions have been unambiguously shown to exist (not
even as transition states). In 1983 Ciommer and Schwarz reported
experimental results consistent with the intermediacy of the sim-
plest symmetrical case, ion 1, in the gas phase.* Their isotopic
scrambling data, though, could be equally well explained in terms
of structure 2, an ion—-molecule complex between a symmetrically
bridged vinyl cation (the most stable C,H;* geometry®) and hy-
drogen fluoride. Since ion—molecule complexes between vinylic
cations and hydrogen fluoride correspond to local minima on SCF
potential energy surfaces,® such an option cannot be dismissed
out of hand.

(1) (a) Morton, T. H. J. Am. Chem. Soc. 1980, 102, 1596~1602. (b) Hall,
D. G.; Morton, T. H. J. Am. Chem. Soc. 1980, 102, 5686~5688. (c) Morton,
T. H. Tetrahedron 1982, 38, 3195~3243.

(2) Morton, T. H. In Techniques for the Study of Ion-Molecule Reactions.
Techniques of Chemistry XX, Farrar, J. M., Saunders, W. H.,, Jr., Eds.; Wiley
Interscience: New York, 1988; pp 119~164.

(3) (a) Olah, G. A. Halonium Ions; Wiley: New York, 1975. (b) Holmes,
J. L,; Lossing, F. P.; McFarlane, R. A. Int. J. Mass Spectrom. Ion Proc. 1988,
86, 209-215.

(4) Ciommer, B.; Schwarz, H. Z. Naturforsch. 1983, 38B, 635-638.

(5) (a) Pople, J. A. Chem. Phys. Lert. 1987, 137, 10~12. (b) Curtiss, L.
A.; Pople, J. A. J. Chem. Phys. 1988, 88, 7405~7409. (c) Kanter, E. P,;
Vager, Z.; Both, G.; Zajfman, D. J. Chem. Phys. 1986, 85, 7487-7488. (d)
Qka, T. Phil. Trans. R. Soc. London A 1988, 324, 81-95.

(6) Stams, D. A.; Johri, K. K.; Morton, T. H. J. Am. Chem. Soc. 1988,
110, 699~706.

0002-7863/89/1511-6868801.50/0 © 1989 American Chemical Society



Communications to the Editor

H
R
'5‘4-
+
F. Y Y
¢=¢C
~
H H/ H
1.¥Y=H
4. Y =CH3

Ab initio calculations’ starting from the primary ion structure
3 imply that there are at least two barrier-free pathways to re-
arrangement. One pathway goes to the bridged ion 4 with unequal
C-F bond lengths, which corresponds to a local minimum on the
3-21G SCF potential energy surface.® The other pathway proceeds
via methyl shift to 5. With a larger basis set (6-31G**) SCF

CHa F CHs  CHg F
z—>—cr—¢2’ — >*——/ or >1—J @
F z z
3,Z=H 6.2=H 6.2=H
7.2=CHg 8.2=CHs 9,2=CHg

calculations predict that bridged ion 4 is not a minimum and has
no barrier to further rearrangement to ion 6. Calculated SCF
energies are summarized in Table I: 6is 13 kJ mol™! (3 kcal mol™)
higher than 5 at 6-31G**, suggesting that the two stable isomeric
cations are not vastly different in their stabilities.

It turns out to be complicated to assess experimentally the
proportions of 5 and 6 from rearrangement of 3. We have
therefore investigated a more highly branched system. SCF
calculations on ions 8 and 9 show that they, too, are not vastly
different in stability, with calculated SCF electronic energies given
in Table I. When corrected for a 5 kJ mol™! difference in zero-
point energies (based on normal modes calculations at 3-21G)
we estimate that 9 has a heat of formation approximately 20 kJ
mol™! (5 kcal mol™!) higher than that of 8.

We have examined the recovered alkenes from 70 eV electron
bombardment of phenyl ether 10a at 2 X 10~ Torr, as represented
by reaction 3. In the mass spectrum, reaction 1 accounts for 40%
of the total ionization. In the EBFlow, compounds 11-14 are the

— CX2=CFCH2CX3 11

F—= CX3CF==CHCX3 12

(CX3)aCFCH,0Ph —28Y 1 cx,=—CCH,F 13 (3
elactron
impact
CX3
—= (CX3),C=CHF 14

only C4H,F structural isomers recovered, as shown by 282 MHz
19F NMR of the radiolysis mixture. No evidence is seen for the
formation of [-(fluoromethyl)cyclopropane (15)® which must
therefore represent less than 3% of the C;H,F yield. These results
confirm that the molecular ion of 10 decomposes via ion—molecule
complexes containing 8 or 9, regardless of whether 7 is a discrete
intermediate. The normalized yield of C,H,F product is 2 pmol
A™'s7! and the recovered isomer ratios are summarized in Table
II.  Alkene structures 11 and 12 result from deprotonation of
ion 8, while 13 and 14 correspond to ion 9. Since there is a small
amount (5% of the PhnOH"* intensity) of free C,HgF* in the mass
spectrum of 10a, it is conceivable that a fraction of these neutral

(7) Computations performed on a Cray X-MP/48 using the program
GAUSSIAN 82 by Binkley, J. S.; Frisch, M. J,; DeFrees, D. J.; Raghavchari, K,;
Whiteside, R. A.; Schlegel, H. B.; Fleuder, E. M.; Pople, J. A. Department
of Chemistry, Carnegie-Mellon University: Pittsburgh, PA.

(8) An authentic sample of 15 was prepared by a Simmons-Smith reaction
[Rawson, R. J.; Harrison, I. T. J. Org. Chem. 1970, 35, 2057-2058] of
2-fluoropropene (PCR): 'H NMR (acetone-dg) = § 1.55 (dt, 19.2 Hz, 0.75
Hz, 3 H), 0.92 (m, 19.8, 7.9 Hz, 0.75 Hz, 2 H), 0.52 (m, 8.9 Hz, 7.9 Hz, 6.7
Hz, 2 H); '*F NMR (acetone-dg, CFCl; external reference) ~172.9 ppm, (qtt,
19.2, 19.8, 8.9 Hz); mass spectrum (70 eV) 74 (23), 73 (12), 59 (100), 53
29).
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Table I. Electronic Energies (in Atomic Units) for Monofluorinated
Carbocations (6-31G**//6-31G**)®

formula ion SCF energy (au)
C,H(F* § -216.25711%
C,;HF* 6 (E) ~216.21930?
CiHF* 6(Z) -216.22224%
C, HgF* 8 (Z) ~255.29901
C4H F* 9 ~255.28975

9 All structures were first optimized at 3-21G with no constraints
and found to have carbons and fluorine coplanar. Optimizations at
6-31G** were then performed with planar skeletons. ®Stams, D. A.;
Thomas, T. D.; MacLaren, D. C,; Ji, D.; Morton, T. H., submitted for
publication.

Table I, Isomer Distribution from 70 eV EBFlow Radiolyses of 10a
(dy) and 10b (d;) Based on Integration of °F NMR Signals
(Corrected for Differences in T Relaxation Times)?

d, SD d, SD P
12/11 090 0036 128 0043 123
(E)-12/(2)-12 057 0020 063 0017 430
14/13 093 020 148 0015 475

(11 + 12)/(13 + 14) 340 0.13 413  0.65 1.914

“From unpaired r-tests with the designated degrees of freedom (df)
isotope effects are found to be significant for the first three ratios but
not for the last one. #df = 5, p < 0.01. <df = 4, p < 0.01. 4df = 4,
not significantly different (p > 0.1) for dj and dg.

products might result from the deprotonation of the free ion rather
than via reaction 1. In any event, the recovery of 13 and 14 signals
that a fluoride shift has taken place.

CD3
CHy
/ \\ /CHa
CHo— CDs*"* Y\ CH
2 C\F I 2
16
15

EBFlow radiolysis of the hexadeuterio analogue 10b yields the
correspondingly deuterated fluoroalkenes. The isomer ratios,
summarized in Table II, predict that the ratio of PhOH** to
PhOD** from decomposition of 10b via reaction 1 ought to be
1.32 (SD = 0.04). From the peak intensities in the 70 eV mass
spectrum (after correction for 1*C natural abundances) we observe
a ratio of 1.31 (standard deviation = 0.04), in good agreement
with our predicted value.

From neutral product ratios in Table II we infer that the
migratory aptitude of a methyl group is only two times greater
than that of the fluorine (when corrected for the 2:1 statistics in
favor of methyl migration). If we compare the ratio 12a:11a with
12b:11b we infer that the primary deuterium kinetic isotope effect
for deprotonation of the acidic methyl of ion 8 in the second step
of reaction 1 is ky/kp = 1.42 (SD = 0.07). The measured ratios
of 13:14 in the two sets of experiments yield an isotope effect of
1.59 (SD = 0.05) for deprotonation of 9. These values are to be
compared with ky/kp = 1.3 for deprotonation of zert-amyl cation
in the ion—molecule complex formed by electron bombardment
of neopentyl phenyl ether.! There is also a statistically significant
deuterium isotope effect on the E:Z ratio of 12 from ion 8.

We place great emphasis on the recovery of 13b and 14b instead
of other possible isotopic analogues. A major question that has
arisen in previous reports of putative intramolecular fluoride
migrations is whether alternative pathways are responsible for
observed rearrangements.” In some cases elimination of hydrogen
fluoride followed by readdition can explain reported experimental
results in solution,' just as structure 2 might account for previous
gas-phase results.

In the ion—molecule complex from 10, elimination of hydrogen
fluoride from the cationic fragment would produce methallyl
cation. In the case of the deuterated analogue 10b, any methallyl

(9) Olah, G. A,; Surya Prakash, G. K.; Krishnamurthy, V. V. J. Org.
Chem. 1983, 48, 5116~5117.
(10) Peterson, P. E,; Bopp, R. J. J. Am. Chem. Soc. 1967, 89, 1283~1284.
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cation produced would have structure 16, which possesses chem-
ically equivalent, charge-bearing CH, and CD, groups. Therefore
the intermediacy of methallyl cation (either free or in an ion-
molecule complex) ought to yield products in which deuterium
and fluorine are attached to the same carbon approximately half
the time. From '°F NMR studies of authentic samples, we find
that methallyl fluoride with a —CD,F isotopic label is shifted 1
ppm away from a sample with a -CH,F. A shift of similar
magnitude is expected for the related label distributions in 14.
Scrutiny of the NMR of the EBFlow reaction product mixture
(both undecoupled and with 2H-noise decoupling) shows that no
other label distributions are seen above base line and that they
cannot be more than 8% of 13b or 14b. We therefore conclude
that the EBFlow data provide the first unambiguous demonstration
of an intramolecular fluoride shift.
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San Diego Supercomputing Center.
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Recently, all-carbon molecules C, have become the subject of
an increasing number of studies.! Compounds of sizes ranging
from C, to Cygo have been detected in the supersonic beams
generated by the laser vaporization of graphite. Theoretical
investigations have been useful in assigning structures to these
all-carbon molecules.? For the unambiguous determination of
the structure of a single-sized all-carbon molecule, however, its
total chemical synthesis from a well-characterized precursor is
required.> We describe here the unusual properties of cyclo-
butenoannulenes, precursors to cyclic C,g, Ca4, and Czp. These
all-carbon molecules are members of the class of the cyclo[n]-
carbons in which n carbon atoms are connected to form monocyclic
ring structures. A special relative stability has been predicted
for the larger closed-shell cycles (n = 10) with 4n + 2 atoms, e.g.,
cyclo[18]carbon.*

Our strategy to the cyclo[n]carbons C g, C,4, and Csyq involves
the preparation of the dehydro[n]annulenes 1-3 fused to 3-
cyclobutene-1,2-diones. Starting from 1-3, the residual acetylenic
bonds should be formed by irradiation or flash vacuum pyrolysis
under carbon monoxide extrusion.>$

For the synthesis of the 1,2-dione 6, a direct precursor to 1-3,
the soluble copper(I) acetylide of zerr-butyldimethylsilylacetylene
was reacted with 3,4-dichloro-3-cyclobutene-1,2-dione (THF, 20
°C, 15 min) to afford 4 in 57% yield.”® Similarly, the 1,2-dione
5 was prepared in 27% yield from trimethylsilylacetylene. Un-

(1) (a) Curl, R, F.; Smalley, R. E. Science 1988, 242, 1017-1022. (b)
Rohifing, E. A,; Cox, D. M.; Kaldor, A. J. Chem. Phys. 1984, 81, 3322-3330.
(c) Bloomfield, L. A.; Geusic, M, E.; Freeman, R. R.; Brown, W. L. Chem.
Phys. Lett. 1988, 121, 33-37. (d) Geusic, M. E.; Jarrold, M. F.; Mcllrath,
T. J.; Freeman, R. R.; Brown, W. L. J. Chem. Phys. 1987, 86, 3862~3869.
(e) Bernhole, J,; Phillips, J. C. J. Chem. Phys. 1986, 85, 3258-3267. (f)
Parent, D. C.; McElvany, S. W. J. Am. Chem. Soc. 1989, 111, 2393~2401.

(2) (a) Brown, W. L.; Freeman, R. R.; Raghavachari, K.; Schliiter, M.
Science 1987, 235, 860~865.

(3) Diederich, F.; Rubin, Y.; Knobler, C. B.; Whetten, R. L.; Schriver, K.
E.; Houk, K. N.; Li, Y. Science, in press.

(4) Hoffmann, R. Tetrahedron 1966, 22, 521-538.

(5) Obata, N.; Takizawa, T. Bull, Chem. Soc. Jpn. 1977, 50, 2017-2020.

(6) (a) Chapman, O. L; Mattes, K.; Mclntosh, C. L.; Pacansky, J.; Calder,
G. V,; Orr, G. J. Am. Chem. Soc, 1973, 95, 6134~6135. (b) Diederich, F,;
Chapman, O. L., unpublished results.

(7) (a) Logue, M. W.; Moore, G. L. J. Org. Chem. 1975, 40, 131~132. (b)
DeSelms, R. C.; Fox, C. J.; Riordan, R. C. Tetrahedron Lett. 1970, 781-782.

(8) Spectroscopic data (‘H NMR, 13C NMR, IR, EI-MS or FAB-MS,
UV-vis) and elemental analyses (exception: 9) support the structures proposed
for all new compounds.
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fortunately, all attempts to deprotect 4 or 5 to give 6 led exclusively
to polymeric material. Therefore, a route to 1-3 via carbonyl-
protected derivatives of 6 was pursued.

For the preparation of bis(ketal) 7, compound 4 was heated
in 1,2-bis(trimethylsilyloxy)ethane in the presence of 1 equiv of
trimethylsilyltriflate (80 °C, 6 h, 76%).° Deprotection of the
acetylenic groups in 7 (catalytic tetrabutylammonium fluoride,
THF, H,0, 20 °C, 30 min, 95%) gave the ene-diyne 8 as a stable
solid. While the coupling of 8 under Eglinton-Glaser conditions!®
produced only polymers, Hay coupling'! (O, CuCl:N,N,N',N*-
tetramethyl-1,2-ethylenediamine, acetone, 20 °C, [8] = 0.01 M)
gave three cyclic products, the pale yellow trimer 9 (3.8%), the
orange-red tetramer 10 (5.1%), and the bright yellow pentamer
11 (0.8%). While the hexadehydro[18]annulene 12'>!3 and the

(9) Tsunoda, T.; Suzuki, M.; Noyori, R, Tetrahedron Lett. 1980, 21,
1357~1358.

(10) Behr, O. M.; Eglinton, G.; Galbraith, A. R.; Raphael, R. A. J. Chem.
Soc. 1960, 36143625,

(11) Hay, A. S. J. Org. Chem. 1962, 27, 3320~3321.
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