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Ab initio molecular orbital calculations indicate that the C,gH,, hydrocarbon, bowlane (tetracyclo-
[3.3.3.13191%.0]tridecane), has a C,, structure (8b) in which the C~C bonds at the quaternary carbon make angles
of 4.6°, 4.6°, 15.9°, and 15.9° with a hypothetical plane perpendicular to the C, symmetry axis. A more symmetrical
C,, structure (3a) lies 106 kJ mol™ above 8b and represents the transition structure for inversion at the quaternary

carbon.

Introduction

Neutral hydrocarbons containing a tetracoordinate
carbon atom with four bonds lying within one hemisphere
are rare. The arrangements of the substituents around the
central carbon in such cases can be loosely classified as
inverted (as, for example, in [1.1.1]propellane (1)) or py-
ramidal (e.g., [1.1.1.1]paddlane (2)). A limiting case of the
latter class occurs when all five atoms lie in the equatorial
plane and is referred to as a planar carbon. A small
number of hydrocarbons containing inverted carbons have
been experimentally characterized.? On the other hand,
hydrocarbons containing planar tetracoordinate carbon,
although discussed for a long time,® have not yet been
synthesized. The same can be said of pyramidal tetraco-
ordinate carbon.
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Recently Dodziuk,* on the basis of molecular mechanics
(MM2) calculations, suggested bowlane (tetracyclo-
[3.3.3.13101 "] tridecane) (3), a C;3H, isomer, as a possible

(1) (a) Australian National University. (b) Permanent address:
University of Georgia.

(2) See, for example: (a) Wiberg, K. B. Acc. Chem. Res. 1984, 17, 379.
(b) Wiberg, K. B. Chem. Rev. 1989, 89, 975.

(3) See, for example: (a) Hoffmann, R. Pure Appl. Chem. 1971, 28,
181. (b) Collins, J. B.; Dill, J. D.; Jemmis, E. D.; Apeloig, Y.; Schleyer,
P. v. R.; Seeger, R.; Pople, J. A. J. Am. Chem. Soc. 1976, 98, 5419.

(4) Dodziuk, H. J. Mol. Struct. 1990, 239, 167.

synthetic target containing a pyramidal tetracoordinate
carbon. Her MM2 calculations indicated a structure with
C,, symmetry and a strain energy that was not excessive.
However, it is not clear whether calculations such as MM2
that rely on parameterization based largely on normal
stable molecules will be reliable for molecules with very
unusual structures. Appropriate levels of ab initio mo-
lecular orbital theory can be expected to perform better.
Accordingly, we have carried out large scale ab initio
calculations on bowlane and the results are presented in
this paper.

Methods

Standard ab initio molecular orbital calculations® were carried
out using the TURBOMOLE®’ and GAUSSIAN 90® programs. HF/

'STO-3G and HF/6-31G* optimized geometries were obtained

subject to specified symmetry constraints and HF /6-31G* har-
monic vibrational frequencies were computed analytically. The
calculated frequencies enabled the rigorous characterization of
stationary points on the surface as equilibrium structures (all real
frequencies) or saddle points {one or more imaginary frequencies).
Structural parameters referred to in the text are the 6-31G* values.
Our 6-31G* calculations used five pure d functions rather than
the set of six second-order cartesian gaussians of the standard
6-31G* basis set. Improved relative energies were obtained
through calculations on the HF /6-31G* optimized structures using
second-order Moller-Plesset perturbation theory with the fro-
zen-core approximation and a variety of basis sets, described in
detail below.

Results and Discussion

We note to begin that ab initio calculations on hypo-
thetical synthetic targets ideally should not only determine
the structures of the molecules of interest but also should
verify that the proposed structures are minima on their
potential energy hypersurfaces. This requires the calcu-
lation of harmonic vibrational frequencies and has not
always been possible in the past because of a lack of ef-
ficient programs and computing resources necessary for
calculating ab initio molecular force fields for large mol-
ecules. In this connection, we have found that several
“standard” structures are not located at minima on their
potential energy surfaces and thus cannot correspond to
equilibrium structures. For example, we find that the
structures of D, [1.1.1.1] paddlane (2) and D, [2.2.2.2]
paddlane (4), hypothetical hydrocarbons containing py-

(5) For a description of the basis sets and theoretical methods used,
see: Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(6) Haser, M.; Ahlrichs, R. J. Comput. Chem. 1989, 10, 104.
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Lett. 1989, 162, 165.

(8) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B,;
Schlegel, H. B.; Raghavachari, K.; Robb, M. A,; Binkley, J. S.; Gonzalez,
C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.;
Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople,
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3a (Cy)
Figure 1. C,, (3a) and C,, (3b) structures of bowlane (C,3Hj).
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Table I. Calculated Geometries and Harmonic Vibrational Frequencies for Structures (3a,3b) of Bowlane

geometry® frequencies”
sym parameter® STO-3G  6-31G* sym 6-31G*

C, (3a) r(C1-C2) 1.706 1.716 a, 3329, 3230, 3202, 3149, 1771, 1652, 1512, 1454, 1225, 1078, 957, 724, 595,
r(C2-C6) 1.547 1.522 557, 423
r(C6-C10) 1.548 1.536
r(C2-H14) 1.085 1.076 a, 3313, 1512, 1484, 1371, 1279, 1184, 1021, 272
r(C6-H22) 1.091 1.090
r(C10-H26) 1.087 1.088 b, 3283, 3160, 1658, 1542, 1473, 1381, 1196, 1126, 908, 458, 342, 513i
r(C10-H27) 1.088 1.087
£(C2C1C4) 140.7 143.0 b, 3357, 3213, 3184, 1631, 1536, 1313, 1184, 1015, 959, 737, 452, 143
£(C1C2C8) 118.3 116.3
£(C2C6C10) 110.7 110.4 e 3347, 3296, 3219, 3193, 3153, 1711, 1640, 1538, 1524, 1449, 1418, 1372,
£(H14C2H15) 105.2 105.4 1262, 1215, 1081, 1063, 981, 855, 804, 654, 416, 388, 159
£(C2C6H22) 106.4 106.6
£(H26C10H27) 106.9 106.1
w(H14C2C6H22) 57.2 58.4
w(H22C6C10H2T) -82.1 -79.3

C;, (3b) r(C1-C2) 1.597 1.607 a, 3317, 3254, 3250, 3209, 3182, 3157, 1778, 1683, 1667, 1552, 1514, 1498,
r(C2-Ce) 1.645 1.640 1457, 1372, 1282, 1204, 1143, 1068, 1021, 844, 737, 713, 679, 617, 471,
r(C6-C10) 1.575 1.561 412, 284
r(C1-C3) 1.644 1.655
r(C3-CT) 1.490 1.473
r(C2-H14) 1.087 1.081 a; 3336, 3275, 3223, 3187, 1637, 1546, 1495, 1460, 1370, 1344, 1225, 1198,
r(C6-H22) 1.092 1.088 1154, 1047, 974, 950, 747, 482, 344, 113
r(C10-H26) 1.088 1.088
r(C10-H27) 1.087 1.085
r(C3-H16) 1.079 1.077 b, 3322, 3274, 3224, 3197, 3157, 1728, 1641, 1529, 1508, 1483, 1425, 1351,
r(CT-H23) 1.089 1.089 1248, 1184, 1146, 1051, 1007, 846, 801, 786, 659, 375, 336
£(C2C1C4) 169.3 170.9
£(C1C2Cs) 95.6 95.6
£(C2C6C10) 117.2 116.7 b, 3328, 3254, 3246, 3203, 3175, 1723, 1664, 1554, 1511, 1430, 1416, 1355,
£(C3C1C5) 148.4 148.1 1292, 1251, 1114, 1045, 994, 920, 851, 728, 628, 472, 390
£(C1C3CT) 113.8 113.7
£(H14C2H15) 106.6 106.2
£(C2C6H22) 105.6 105.0
£(H26C10H27) 106.4 105.7
£(H16C3H17) 104.9 104.5
£(C3CTH23) 111.9 112.4
w(C1C2C6C10) -62.7 -63.3
w(H14C2C6H22) 58.1 58.1
w(H22C6C10H26) 41.5 41.7
w(H22C6C10H27) -73.6 -72.5
w(H26C10C6H2T) 115.1 114.2
«(H16C3CTH23) 57.7 58.0

@Units: bond lengths (r) in A, bond angles () and dihedral angles () in deg, frequencies in cm™. ®See Figure 1 for atom numbering.

ramidal centers, are seventh- and fifth-order saddle points,
respectively, on their HF /6-31G* potential surfaces.* On

the other hand, we have verified that C,, pyramidane
([3.3.3.3]fenestrane) (5), the simplest possible hydrocarbon
with a pyramidal center, is a local minimum on its HF/

(9) For previous ab initio work, see: Wiberg, K. B. Tetrahedron Lett.

1985, 26, 5967.

6-31G* potential surface, as found previously by Minkin
et al.! using the STO-3G basis set.
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Figure 2. Predicted infrared spectrum of bowlane (3b, scaled HF/6-31G*).

We examined bowlane (3) initially with a C,, symmetry
constraint, yielding a structure (3a, Figure 1) whose
HF/6-31G* optimized geometry is defined in TableI. The
carbon skeleton of 3a resembles crown cyclooctane capped
by flattened and elongated pyramidane. The bonds con-
necting the pyramidal center C1 to its four substituents
C2~C5 are very long (1.716 A), about 0.1 A longer than the
analogous HF'/6-31G* bond lengths in pyramidane (1.618
A) and roughly 0.2 A longer than typical CC single bonds
(1.54 A). Since the other CC bond lengths in 3a lie within
the normal single-bond range, almost all of the bond length
strain is borne by C1, on which the lone pair HOMO
(highest occupied molecular orbital) is localized. It is not
surprising, then, that C,, bowlane is not a minimum on the
HF/6-31G* potential surface but a first-order saddle point
(see Table I for normal mode frequencies). It connects two
equivalent C,, minima, which correspond to the equilib-
rium structure of bowlane (3b).

The HF/6-31G* optimized geometry of the equilibrium
(Cy,) structure of bowlane (3b), also defined in Table I and
displayed in Figure 1, shows a strain distributed much
more evenly throughout its structure. In going from 3a
to 3b, the (C1C2, C2Cs, C6C10, C10C7, C7C3, C3C1) set
of CC bond lengths changes from (1.716, 1.522, 1.536, 1.536,
1.522, 1.716) A to (1.607, 1.640, 1.561, 1.545, 1.473, 1.655)
A and the HOMO centered on C1 becomes delocalized over
C2-C5. The occupancy of the 2p orbital at the quaternary
carbon that is oriented along the C, symmetry axis, i.e.,
the orbital that corresponds to the lone pair in planar
methane, changes from 1.63 to 1.11 electrons during this
process. Also, the pyramidane cap opens up considerably,
with C2 and C4, in fact, barely crossing the equatorial
plane, making angles of 4.6° with it. Since C3 and C5 make
angles of 15.9° with the equatorial plane, C1 has bonds on
average only 10.2° from the planar carbon limit. For
comparison, we find using this measure that the central
carbon in D,; windowpane ([4.4.4.4]fenestrane) (6) is
further away from the planar carbon limit: 24.8°, based
on its calculated structure,!! which we have verified to be
a local minimum on the HF/6-31G* potential surface. The
corresponding angle in (tetrahedral) methane is 35.3°.

The energy required to interconvert equivalent forms
of the equilibrium structure 3b of bowlane via the C,,
structure, i.e., the energy change for the process

C,, bowlane (3b) — C,, bowlane (3a) (1)

decreases with increasing size of basis set and with in-

p élg‘)‘ Minkin, V. I; Minyaev, R. M,; Orlova, G. V. J. Mol. Struct. 1984,
, 241,

(11) (a) Wiberg, K. B.; Wendoloski, J. J. J. Am. Chem. Soc. 1982, 104,
5279. (10); Schulman, J. M.; Sabio, M. L,; Disch, R. L. J. Am. Chem. Soc.
1983, 105, 743.

Table II. Calculated Reaction Energies (AE, kJ mol-!)®

reaction
1 2 3
HF/6-31G*® 149 -812 -635
MP2/6-31G** 132 =717 -677
MP2/mixed?¢ 106 =703 -659
MP2/6-311+G(2df,p) -664

¢Based on HF/6-31G* optimized structures. °Sets of five d
functions (rather than the standard six for 6-31G*) used. °See text
for a detailed description of the basis sets.

corporation of electron correlation (see Table II). Ac-
cording to our best estimate, 3b is 106 kJ mol™! lower in
energy that 3a. In contrast, we note that the MM2 cal-
culations* favor a C,, structure over a C,, structure by
about 200 kJ mol ™.

The strain energy of bowlane (3b) was calculated as the
negative of the enthalpy change AHog; for the homodesm-
ic!? reaction

bowlane + 16 ethane —
neopentane + 8 propane + 4 isobutane (2)

Initially, the energy change AE was calculated at the
HF/6-31G* and MP2/6-31G* levels of theory (Table II).
Incorporation of electron correlation can be seen to be
important. In order to examine the basis set dependence
of the MP2 relative energies, a series of calculations was
carried out for the corresponding reaction involving the
smaller pyramidane molecule (5):

pyramidane + 8 ethane — neopentane + 4 isobutane
3)

With the (largest) 6-311+G(2df,p) basis set, the MP2 en-
ergy change for reaction (3) is —664 kJ mol™!, which may
be compared with the 6-31G* value of —677 kJ mol™,
However, using a carefully chosen and consistent mixture
of atomic bases, 6-31+G(2d) for the central carbons in
pyramidane and neopentane, 6-31+G* for the other py-
ramidane carbons and for the central carbon in isobutane,
and 6-31G* for the remaining atoms, the MP2 reaction
energy becomes -659 kJ mol™, close to the 6-311+G(2df,p)
result. We used this economical approach to calculate AE
for reaction (2) with the following bases: 6-31+G(2d) for
the central carbons in bowlane (C1) and neopentane, 6-
314+G* for C2-C5 in bowlane and for the central carbon
in four of the propane molecules, and 6-31G* for the other
atoms. To the resulting AE of ~703 kJ mol™ we added a
zero-point vibrational energy contribution of 15 kJ mol™!
and a temperature correction term of -5 kJ mol™? (calcu-
lated from experimental!®!4 vibrational frequencies of all

(12) Schulman, J. M.; Disch, R. L. J. Am. Chem. Soc. 1984, 106, 1202.
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species except bowlane, for which the HF/8-31G* har-
monic vibrational frequencies of Table 1, scaled by 0.9,
werelemployed), yielding AH g, for reaction (2) of 693 kJ
mol,

Our estimated strain energy for bowlane of 693 kJ mol!
is large but not out of line with values for known highly
strained hydrocarbons of comparable size. For example,
the strain energies of [3)prismane (7) and cubane (8) have
been estimated to be 622 and 690 kJ mol™, respectively,!
and yet 7!¢ and 87 have both been synthesized. Using our
calculated enthalpy change for reaction (2) and experi-
mental'® heats of formation for all species in this reaction
except bowlane, the heat of formation of bowlane, AH sy,
emerges as 492 kJ mol™!, Previous work!® has shown this
type of approach to yield heats of formation for a variety

(13) Shimanouchi, T. Tables of Molecular Vibrational Frequencies,
Consolidated Volume; NSRDS-NBS: Washington, D.C., 1972.

(14) Snyder, R. G.; Schachtschneider, J. H. Spectrochim. Acta 1965,
21, 169,

(15) (a) Schulman, J. M.; Disch, R. L. J. Am. Chem. Soc. 1985, 107,
5059. (b) Disch, R. L.; Schulman, J. M. J. Am. Chem. Soc. 1988, 110,
2102.

(16) Katz, T. J.; Acton, N. J. Am. Chem. Soc. 1973, 95, 2738.

(17) Eaton, P. E,; Cole, T. W., Jr. J. Am. Chem. Soc. 1964, 86, 3157.

(18) Pedley, J. P.; Naylor, R. D.; Kirby, S. P. Thermodynamic Data
of Organic Compounds; Chapman and Hall: New York, 1986.

(19) Disch, R. L.; Schulman, J. M.; Sabio, M. L. J. Am. Chem. Soc.
1985, 107, 1904.

of strained and unstrained hydrocarbons to within about
13 kJ mol L.

Finally, the predicted infrared spectrum of bowlane,
based on scaled (by 0.9) HF /6-31G* harmonic vibrational
frequencies, is shown in Figure 2. The CH stretching
modes in the 2800-3000 cm™ region are much more intense
than the skeletal modes in the ca. 600~1600 cm™ region;
the latter are weak but probably observable.

Concluding Remarks

The ab initio calculations presented in this paper predict
a C,, structure (3b) for bowlane in which the bonds at the
quaternary carbon are approaching coplanarity, the av-
erage deviation being 10.2°. The calculated strain energy
of 693 kJ mol™ is comparable to that of other systems that
are highly strained but that have already been synthesized.
Our predicted infrared spectrum will hopefully aid in the
identification of bowlane during the course of its attempted
synthesis.
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Monitoring by IR spectroscopy of the broad-band irradiation of the symmetrically substituted 2-diazo-
cyclohexane-1,3-dione (11), 3-diazopentane-2,4-dione (19), and 4-diazo-2,2,6,6-tetramethylheptane-3,5-dione (24)
in Ar matrices at 12 K showed the formation of 2-carbonylcyclopentanone (s-Z-12), acetyl(methyl)ketene (s-E-20),
and tert-butyl(pivaloyl)ketene (s-E-25), respectively, in less than 10 min. On increasing the photolysis time to
>3 h, the a-oxo ketenes 12, 20, and 25 decarbonylated to the corresponding oxocarbenes which underwent Wolff
rearrangement to carbonylcyclobutane (15), dimethylketene (23), and di-tert-butylketene (28), respectively. The
reaction of 2-carbonylcyclopentanone (12) with CH;OH was monitored by IR spectroscopy. Thus, it was found
that the reaction started at ca. 100 K and was essentially complete at 140 K, involving the initial formation of
the enol form (9) of methyl 2-oxocyclopentanecarboxylate.

Introduction

There has recently been considerable interest in the
chemistry of a-oxo ketenes 1.! Typical precursors to these
species (Scheme I) include dioxinones 2, furandiones
3,laik §_keto esters 4,!% 2,4-dioxoacids and esters 5,'¢ acid

(1) (a) Andreichikov, Y. S.; Kappe, C. O.; Kollenz, G.; Leung-Toung,
R.; Wentrup, C. Acta Chem. Scand., in press. (b) Freiermuth, B.;
Wentrup, C. J. Org. Chem. 1991, 56, 2286. (c) Emerson, D. W,; Titus,
R. L.; Gonzales, R. M. J. Org. Chem. 1991, 56, 5301 (the gas-phase GC-
FTIR frequencies vcacao for 20 and 30, among others, were reported in
this study). (d) Clemens, R. J.; Witzeman, J. S. J. Am. Chem. Soc. 1989,
111, 2186. (e) Witzeman, J. S. Tetrahedron Lett. 1990, 31, 1401. (f)
Kaneko, C.; Sato, M.; Sakaki, J-i.; Abe, Y. J. Heterocycl. Chem. 1990, 27,
25. (g) Tidwell, T. T. Acc. Chem. Res. 1990, 23, 273 and references
therein. (h) Gong, L.; McAllister, M. A.; Tidwell, T. T. J. Am. Chem. Soc.
1991, 113, 6021. (i) Leung-Toung, R.; Wentrup, C. Flash Vacuum Py-
rolysis of tert-Butyl 8-Ketoesters: Sterically Protected a-Oxoketenes.
Tetrahedron 1992, in press. (j) Kappe, C. O.; Leung-Toung, R.; Wentrup,
C. Photo-conformers of acetylketene; unpublished results. (k) Kappe,
C. O,; Evans, A. R.; Kennard, C. H. L.; Wentrup, C. J. Am. Chem. Soc.
1991, 113, 4234. (1) Allen, A. D.; Andraos, J.; Kresge, A. J.; McAllister,
M. A; Tidwell, T. T. Ibid. 1992, 114, 1878.

chlorides 6,!?#® and a-diazo S-diketones 7.2¢%34

a-0Oxo ketenes are highly reactive species and have
usually been generated and trapped in situ.2b¢* A few
examples of sterically stabilized a-oxo ketenes that have
been isolated include dipivaloylketene,'® tert-butyl(piva-
loyl)ketene (25),% and tert-butyl(carbethoxy)ketene.?

Our group has been actively involved in the studies of
these species, and the use of low-temperature FT-IR

(2) (a) Newman, M. S.; Zuech, E. A. J. Org. Chem. 1982, 27, 1436. (b)
Jager, G. Chem. Ber. 1965, 98, 1184. (c¢) Maas, G. In Houben-Weyl:
Methoden der Organischen Chemie, Carbene; Regitz, M., Ed; Thieme
Verlag: Stuttgart, 1989; Vol. E19b, Part 2, p 1232ff. (d) McMahon, R.
J.; Chapman, O. L.; Hayes, R. A,; Hess, T. C.; Krimmer, H.-P. J. Am.
Chem. Soc. 1985, 107, 7597. (e) Chapman, O. L.; Gano, J.; West, P. R.;
Regitz, M.; Maas, G. J. Am. Chem. Soc. 1981, 103, 7033. Acenaphthyne
absorbs in the IR at 1930 (?), 830, and 770 em™. (f) Winnik, M. A.; Wang,
F.; Nivaggioli, T.; Kruska, Z.; Fukumura, H.; Masuhara, H. J. Am. Chem.
Soc. 1991, 113, 9702.

(3) Nicolaev, V. A.; Frenkh, Y.; Korobitsyna, I. K. J. Org. Chem. USSR
1978, 14, 1338.

(4) Regitz, M.; Maas, G. Diazo Compounds: Properties and Synthe-
sis; Academic Press: Orlando, 1986.
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