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Ab initio (MP2, CCSD(T)) and hybrid density functional theory (B3LYP) calculations with up to tdple-

basis set were done to locate all possible minima, where each carbon in the molecule is tetracoordinate, on
the GHe potential energy surface. The search was initiated with a total of 218 structures, and in few cases,
geometrical and stereoisomers were considered. The exhaustive study on all these topological structures resulted
in a total of 263 stationary points on theH potential energy surface. The B3LYP level characterizes 209

as minima, 31 as transition states, 8 as second-order, 7 as third-order, and 1 as fourth-order saddle points.
The remaining 7 structures could be located as stationary points only at the MP2 level. The molecules were
classified into acyclic, monocyclic, bicyclic, tricyclic, and tetracyclic. The acyclic isomers fall within a range

of 60—80 kcal/mol higher in energy compared to benzene. Among the cyclic structures, the range of relative
stabilities of minima is larger, viz., monocyclic (3146 kcal/mol), bicyclic (72159 kcal/mol), tricyclic
(72—300 kcal/mol), and tetracyclic (162156 kcal/mol). Strain due to small three and four membered rings

and constrained double and triple bonds control the relative stabilities of these isomers. The computed isomers
exhibit various novel bonding modes for carbon, namely, planar tetracoordinate, hypervalent, pyramidal, bent/
twisted double bonds, vicinal dicarbenes, nonlinear triple bonds, and so forth. Absolute chemical hardness
values have no correlation with the relative stabilities, and about 45 molecules have higher hardness values
than that of benzene.

Introduction organic chemistry is an inspiring and challenging arena, which
. . warrants a judicious combination of experiment and theory.
Ben;ene, discovered by Faraday n 18252 may be rfeg""rdEdSeveral experimental studies have been reported on the rear-
as an icon for the structural concept in chemistry and triggered T - .
intensive interplay between theory and experiment for over a range_ments of ‘?‘CYC"C ISomers Ol Lr; generatlng other
century in laying fundamental foundatiohs The structure of ~ acyclic and cyclic isomeric structurés.*© Prominently, the
benzene was established by Kekule 40 years after its discévery. "é@rrangement of 1,5-hexadiyne to other isomeric formssbisC
Many CompoundS, which include drugsy dyeS, and polymerS, has been the interest for more than three deC%dé%Ag_S?’
contain benzene as a fundamental structural unit. In principle, Huntsman and Wristers have synthesized 3,4-dimethylenecy-
about 330 isomers for the molecular formulgHgcan be written clobutene, a monocyclic isomer, in high yield from 1,5-
with tetravalent arrangement around all carbons, considering hexadiyne by thermal cyclization at 38G, which was reported
the geometrical and stereoisomers. Excluding the diastereomerso occur via 1,2,4,5-hexatetraefelhe study of heteroskeletally
and enantiomers, there are 217 possibielddsomeric struc-  substituted benzene isomers is also interesting in its own¥ight.
tures, and some of them are We”‘knog\/ﬁix valence isomers, Rearrangement reactions among mono- and disilabenzene
consisting of (CHy units, attracted considerable attention as the jsomers show the rich diversity in the structures of this class of
prime isomeric forms of benzefie:® Dewar benzene was  ¢omnound$S Hopf has reported the synthesis of 2-ethynyl-1,3-
syntr|17es_|z(Td ”; 1;’63 byl van ?I'aTg(I;a?n aniij F_’aﬁﬁ)s{mlzbach I butadiene from the thermal isomerization of 1,2-hexadien-5-
et al” isolated benzvalene in » and it was eventualy yne35-37 Houk and co-workers have studied the thermal

synthesized by Katz et al. in 1974 Prismane was prepared rearrangement reactions of 1,5-hexadiyne and 1,2-hexadien-5-

from benzvalene by Katz and Acton in 197Rerivatives of 9 :
bicycloprop-2-enyl have been prepared by Breslow and Davis YN€" Rearrangements of diverse nature have been observed

et al.221while the synthesis of the parent isomer was achieved amMong the GHs isomers.2%-3249°53 Some of the cyclic isomers
in 1989 by Billups and Hale}® obtained through electrocyclization reactions show intriguing
In addition to the valence isomers of benzene, several otherréactivitiest*"21,3-Hexadien-5-yne converts to benzene upon
isomerS, both Cyc“c and acndC, exist and are interesting in thermal CyCIiZatiOﬁ.AThe CyCliC aromatization reactions of 1,3'
their own right22-48 Exploration of the structural limitations in ~ hexadien-5-yne gained momentum in the early 1990s; several
planar, bowl shaped polycyclic aromatic hydrocarbons and other
t1ICT Communication No. 040403. novel aromatic compounds have been synthesized by cycloaro-
* To whom correspondence should be addressed. E-mail: gnsastry@ matization of the structures incorporating 1,3-hexadien-5-yne
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isomerization of 1,2,4-cyclohexatriene, which is a cyclic isomer CCSD(T)) calculations with up to valence triplebasis set were
of CsHe, to benzene has been carried out recetitly. employed in this study.

Synthesis of highly strained organic compounds, particularly
cyclic allenes and cumulenes, was considered to be impossibleComputational Details
a few decades ago. Unusual ring strained isomers of benzene

have generated considerable interest for experimentalists for the Al the structures considered in the study were initially
past few yeard*28 Numerous six membered strained cyclic optimized within the symmetry constraints at the B3LYP/6-

allenes have been trapped in addition or cycloaddition 31G* and MP2/6-31G** levels of theory using the default
reactiong®-2860 |n 1992, Christl and co-workers generated 9radientsimplemented in the Gaussian 98 progdrarequency
1,2,4-cyclohexatriene and then subjected it to trapping reac- calculations were done at the B3LYP level in order to character-
tions26 Another route, electrocyclization of 1,3-hexadien-5-yne, ize the stationary points obtained. Geometries pbtamed_usmg
has been used for successful synthesis of the same compouni'® MP2 method were taken for further calculations at higher
in recent yeara2° Shakespeare and Johnson have reported anlevels of theory. MP2 single point energy calculations with the
*k i
elegant synthesis of two highly strained benzene isomers, &-31HG** basis set were performed to assess the effect of
cyclohexan-1,2,3-triene and cyclohexan-1-en-34#iEhe syn- improving the quality of the basis set on the relative energies.
thetic success of these isomers redefines some of the limitations-311-G** is a valence t”plﬁé E/pe basis set, which m;:lu%es
of strain in that homologous series of organic compounds and polar_lzanon functions on all the atoms and a set of di use
has gained the momentum of theoreticians to study the functions on the carbon atoms. We have adopted a correction

: - ; heme (eq 1) to account for the inadequate 6-31G* basis set
structures, energetics, and reactivities of these types of strained®® ) o
compounds56: The simplest member of the radialene family, employed at the CCSD(T) level. This scheme, which includes

trimethylenecyclopropane, is another interesting benzene isomerthe.ef'feCt of improving the basis set.from 6'31.G** to 6'3.13** .
and has attracted experimental and theoretical std@if8s estimated at the MP2 level, provides relative energies which
Th d ety of . id d | are similar to the CCSD(T)/6-3#1G** level. The relative
latf € raf[nge Sn tvaze ydof‘ﬁe |sorr:ﬁrs provi etantl e? denthalpies for the valence isomers of benzene obtained using
patiorm 1o understand and focus on the unique structural and ;. equation are in very good agreement with those computed
bonding patterns in organic chemistry. One important aim of

undertaking the task of thoroughly exploring the potential energy using the G2 and G3 methodologies (Table“1y
surface of GHg is that understanding the relationship of .
energetics among the diverse structural types enables one tcéH = ABccspm T (ABupas-siriem — ABupas-sicm) +
draw principles of general applicability. The study is also AH®" (1)
focused to address the following questions. What factors control
the relative stability orderings? What are the relative stabilities ywhereAHc" is the relative enthalpy correction values obtained
of compounds with novel structural features, such as bent gt the B3LYP/6-31G* level.
cumulenic bonds, planar_ tetracoordinate carbon, bgn_t_ double The best estimates were calculated using eq 1 for all the
bonds, and so forth? While many structural connectivities are gty ctures considered in the stuyThe comparison of the
possible, how many actually turn out to be minima on the rg|ative energies computed at the B3LYP and MP2 levels of
potential energy surface? theory with those obtained at the CCSD(T) level and the best
The aim of this study is to identify the stabilities of hitherto  estimates indicates the better performance of the MP2 method
unknown structures with thesHs structural formula. The highly ~ compared to B3LYP (see the Supporting Information). Bench-
strained systems which are minima on the potential energy mark calculations on the six valence isomers of benzene and
surface provide good leads for high energy mateffaEhere- comparison with the values reported at G2 and G3 theories also
fore, exploration of strained polycyclic structures may provide pointed out the better performance of the MP2 level to model
valuable information to generate high energy materials basedthis class of compounds:14
on hydrocarbons. Such molecules are important for both their Considering the enormous diversity of prevalen¢HE
fundamental chemistry as well as possible technological ap- jsomers, identifying the uniform level of theory for the relative
plications. A high energy material typically has a very strained stapility of all the isomers is an impossible task. While a
geometry and can be decomposed into simpler gases upomajority (more than 90%) of the structures involved can be
releasing considerable energy through an exothermic processadequately treated by a single reference wave function, a few
Previous studies reported the possibility of 217 isomers with of them cannot. For example, in structis&a, the open shell
tetravalency to each carbdn? but we found one more isomer  singlet statéA, appears to be more stable than the closed shell
in tetracyclic form 217) in this study. Thus, initially, a total of ~ 1A; state. Obviously, such structures warrant application of
218 structural arrangements were considered in this studymulticonfiguration methods. Estimation of relative stabilities
(Scheme 1). To our knowledge, all the isomers with the among the structures computed with single and multireference
molecular formula @Hs have been considered taking into wave functions is a daunting task. Therefore, in the present
account the tetravalency for carbon. In other words, all six study, we would like to restrict the use of computations
carbon atoms in the 218 structures have tetravalency; structureemploying single reference wave functions. More detailed
with carbenes were not considered. However, as some of thecomputational treatment of selected molecules will be useful
structures have led to carbene types upon optimization, we didalthough it is not under the purview of the current study. Such
consider them in the study. The nature of the stationary points detailed studies are necessary and will be taken up later in the
obtained in this study is discussed first, followed by a discussion group. All the calculations were done using the Gaussian 98
on the equilibrium geometries, the various bonding modes, and suite of program&} and a graphical interface program, Mogft,
the relative energies of the isomers. The results and discussionwas used to examine the equilibrium geometries and the nature
section is arranged in the following order: (a) acyclic, (b) of the normal modes. Chemical hardness values were calculated
monocyclic, (c) bicyclic, (d) tricyclic, and (e) tetracyclic. Hybrid — at the MP2/6-31G** level. Within Koopmans’ approximation,
density functional theory (B3LYP) and ab initio (MP2 and the chemical hardness= (E.umo — Enomo)/2.
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SCHEME 12
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@ The triple bond and the allenic part outside the ring and in acyclic isomers are shown bent for convenience in drawing.

and186 could be located only at the MP2 level; the frequency
Lo . ..., calculations indicate that structut®6is a transition state and
The optimization and the frequency calculations on the initial the rest are minima. These seven isomers however do not
218 structures considered led to a few transition state Strucmrescorrespond to stationary points collapsed to other isomers at
and higher order saddle points in addition to several minima at the B3LYP level. Later, the new stationary points were also
the 33LYP/6-31G* level of theory. Out of the 218 §trugtures located at the MP2 leveB{a 40a 44a 963 1483 and1864).
?ggﬁ;drﬁ;eg) laagtrtlﬁfgge;ﬁ gr”?sp(frigrtso Sgrgsgzeen)ilsrﬂ%g ;%r::ﬁgme relative energies obtained for the structures considered at
various levels and the correlation of the relative energies as a

upon optimization at both B3LYP and MP2 levels of theor
P P y) figure are given in the Supporting Information. The discussion

which resulted in drastic skeletal distortion (Scheme 3
Considering the geometrical isomers in some cases, a total ofon the relative energies will be based on those obtained using

256 stationary points were located of which 209 are mirfina. €9 1 unless otherwise specified. The geometric features and the
Thirty-one structures were computed to be transition states; therelative energies and reactivities assessed based on hardness
normal mode corresponding to the imaginary frequency was values of all the isomers will be discussed in the following
followed in each case to obtain the minimum energy structures. order: acyclic; monocyclic; bicyclic; tricyclic; tetracyclic. The
The remaining isomers were characterized as higher order saddl@ptimized geometries for minima and higher order saddle points
points (8 second-order, 7 third-order, and 1 fourth-order saddle along with the imaginary frequencies, the best estimate relative
points). The structural arrangements3af 40, 44, 96, 148 161, energies, and the absolute hardness values are depicted in

Results and Discussion
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TABLE 1. Comparison of the Relative Enthalpies of sp, sB, and sP carbons and various types of bonds in the

Calculated Using Best Estimate (Equation 1) with the Values  hydrocarbon chain. While the isomers with two double bonds

at G2 and G3 Levels of Theory for the Valence Isomers and a triple bondi(a, 1b, 3, 13a and13b) have a relative energy
G2 G3 AH (best around 60 kcal/mol, the isomers having high energy are the

estimate) ; . . L

structure b AH He AH  this work ones possessing acetylenic, a!lenlc, and cumu.llnlc bo.nds. All
the acyclic isomers are experimentally known; experimental

Egzisgleeﬁ?ﬁg) :égi-gé?gg 72-2:52%8@8;2 7%-2 7%% studies on the rearrangement reactions of some of the acyclic
Dewar benzene —231.65465 75.6-231.92336 77.4  74.8 isomers 1o yield other acyclic and cyclic isomers have been
(873 reportec?® 43 No correlation was obtained between the hardness
prismane 204 —231.59673 111.9-231.86381 114.8 114.9 values and relative stabilities, and interestingly, four isomers

bicyclopropenyl —231.58545 119.0-231.85451 120.6 118.2 have higher hardness values compared to benzene.

(122 Monocyclic. In this category, a total of 83 structures were

2 The total enthalpies are in hartrees and the relative energy valueslocated, which are depicted in Figures 2 and 6. Twelve structures
are in kcal/mol” The values are taken from ref 14alhe values are  were characterized as transition states, 11 isomers are higher
taken from ref 14b. order saddle points (5 second-order, 5 third-order, and 1 fourth-
order saddle points), and the rest are minima. Benzé&fig (
the global minimum on the s potential energy surface, falls
in the class of monocyclics. In addition to benzene, four more
minima and three transition states possess six-membered rings.
Some of the structures considered undergo reorganization inOf the remaining 75 structures, 15, 23, and 37 fajl “’?der the

subclasses of five-, four-, and three-membered ring isomers,

the bonding upon optimization; for example, the structure .
considered with an allene bond in the three-membered ring on _respectlvely. Only benzend and20 are planar among the

o . S isomers containing six-membered rings; the planar forms of the
optimization leads to a geometry with carbene which is more .
properly called cyclopropenylidine. Any single valence bond other three isomersl{TS, 18TS and19TS) were computed

structure is not possible in such cases; the resultant geometr)}0 be tra_n_smqn staf[e_s, while the minima dré, 18, and 1.9'

is a nearly equivalent mix of at least two valence bond structures.The stabilization arising from puckering the skeletons is only
Scheme 4 depicts a general picture of the valence bond structure§IbOUt 2 kealimol in the case O.f Shakespeare benzetis,
for a three-membered ring containing an allene bond and also@1d19. In contrast, the energy difference betwelfT'S and

depicts the valence bond structures for a four-membered ring L7 IS computed to be more than 40 kcal/mol at all the levels of

involving an allene bond that leads to carbene in some casesheory employed. This may be traced to the fact that the

In some structures, a three-membered ring consisting of a tlrimesubstituents at the two ends of the allenic moiety are constrained

bond and a four-membered ring incorporating a triple bond or N the same plane in the planar form bi. In general, allenes
cumulenic bond may lead to structures with vicinal dicarbenes;

Figures 1-5 for these five classes of isomers; the compounds
with novel structural features are highlighted with boxes. The
transition state structures obtained for all five classes are
depicted in Figure 6.

prefer a perpendicular arrangement to achieve maximum

the valence bond structures in these cases are depicted in Schenf/€"ap, which is possible only in the puckered structures. The
5 minimum energy structur&? is found to be the more stable

Acyclic. The principal geometric parameters of the acyclic Molecule among the isomers possessing six-membered rings
isomers {—15) obtained at the B3LYP/6-31G* level and the Nextto benzene. The structural arrangemerif7is interesting
MP2/6-31G** level are given in Figure 1. Also depicted are due to the presence of a chiral-allene type structure, which has
the best estimates of the relative energies and the absolutd?€en studied previously, similar to 1,2-cyclohexadirré.>2
chemical hardness of the isomers along with the nature of the Several ex%?;lsmental studies have been reporteti7aand its
stationary points. Initially, 15 isomers were characterized as derivatives:®2¢ All the six-membered monocyclic isomers are
minima and 3 2TS, 13aTS and15TS) were computed to be  €xperimentally known exce@0.?*2°Both 19and20are strained
transition states (Figure 6). The normal mode of the imaginary €nynes;19in which the two multiple bonds are delocalized is

frequencies in these three cases corresponds to#@libnd  1ess stable by about 5 kcal/mol tha, where a double bond
rotations; they were followed to obtain the true minir@al(3a, and a triple bond are separated by a methylene unit. The strain
and 15). Thus, about 18 acyclic isomers of¢ds were in the skeleton seems to primarily control the relative energies

characterized as minima. The energy difference between theof these isomers. Out of 15 structures with five-membered rings,
transition state and the corresponding minimum energy structure8 are minima and 4 structures were characterized as transition
is very little (0.5-1.1 kcal/mol), indicating facile interconver- ~ states, and 4 as third-order saddle points. Similar to the situation
sions. The geometric parameters obtained using the B3LYP andin 17, the planar form o£2is a transition state and is traced to
MP2 methods are in good agreement with each other in mostthe constrained allenic moiety. The energy difference between
of the cases; a few exceptions are seen in structitesd12, the planar22TS) and puckered??) structures is about 43 kcal/
where the maximum difference between the bond lengths mol. The planar forms of the isome®8, 24, and 25, which
computed by the two methods is 0.046 A. The planar form of possess two or three consecutive double bonds, were character-
13awas characterized as a transition stdteaTg (Figure 6). ized as third-order saddle points. Fulve@&)( which is one of

The corresponding trans isomelr3p) is the minimum on the the products in the photolysis of benzene and benzvaléne,
potential energy surface in its planar form. All the acyclic is computed to be less stable by about 31 kcal/mol than benzene
isomers lie within a narrow range of relative enthalpies from (16), and this is the next lowest energy isomer in the benzene
60 to 79 kcal/mol with respect to the global minima, benzene potential energy surface. Fulver#l) has been reported as one
(16). This may be attributed to the fact that all the acyclic of the products in the thermal isomerization of 1,5-hexad#ne.
isomers are devoid of strain due to smaller rings and structural Except21 and22, the computed relative energies for all other
constraints, which is possible in the cyclic isomers. Hence the isomers with five-membered rings lie more than 100 kcal/mol
relative energies of these isomers may be decided mainly byabove that of benzene owing to the strain in the skeleton due
the subtle electronic factors due to the number and positioningto bent acetylenic, allenic, or cumulenic bonds present in the
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SCHEME 2: Structural Arrangements Initially Considered Which Collapsed to Already Existing Isomers upon
Optimization at Both B3LYP and MP2 Levels of Theory
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SCHEME 3: Structural Arrangements Initially Considered Which Yielded Significantly Different Skeletal
Arrangements
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Structures: 35a, 35b, 92, 95, 152, 153 Cc—

rings. In structuré@6, one of the C-C single bond distances is Structure: 46
longer by about 0.3 A than the normal single bond length and
the longer triple bond length, indicating a structure possessingonly at the MP2 level, where the triple bond distances are longer
the vicinal dicarbene. than the normal €C triple bond lengths. These structures upon
Among the four-membered monocyclic isomet2js found optimization at the B3LYP level lead to new stationary points
to be the most stable isomer which has been known experi- (373 40a and443d), which seem to be the skeleton with a three-
mentally33-3542|n the monocyclic isomers of four-membered membered ring and an alkylidene carbene; the new bond
ring skeletons, three structuré&5@TS 35bTS and39TS) were forming the three-membered ring is longer by about 6.03
characterized as transition states, three of the ison3& 8, A. The molecules35a and 35b that contain an allenic bond
and46) as second-order saddle points, and @t® §s a fourth- upon optimization yielded bicyclic arrangements where the
order saddle point. The minimum energy struc®@@ossesses  bridging bond of the two three-membered rings has elongated.
a chiral-allene type geometry. In contrast to the situation in six- The longer bond length of the allenic bond and the bridging
and five-membered ring structures, the energy difference bond in these two molecules seem to be the structures with a
between the structure with the planar four-membered ring, which cyclopropenylidene skeleton. In contrast, for other isomers
is a transition state30TS), and its corresponding minimur89) containing allenic bonds38 underwent ring opening and a
is only about 4 kcal/mol. The structural arrangement of the stationary point corresponding to the connectivityd@®icould
isomers37, 40, and44 possessing a triple bond could be located be obtained. The bond lengths of the two consecutive double
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rest of the molecules is traced to the strained multiple bonds
present in their skeletons.

The relative energy of monocyclic isomers with three-
membered rings ranges from 80 to 160 kcal/mol. Out of 31
minima in this category, 27 isomers have relative energies of
less than 100 kcal/mol. [3]-Radialeng&g, which has been
studied both experimentally and theoreticdfly?is about 84
kcal/mol less stable than benzene. Figure 2 clearly shows that
the isomers possessing the triple bond in the three-membered
ring were characterized as higher order saddle points except
73, which is a minimum and has higher relative energy
compared to other isomers, indicating the high strain induced
by the acetylenic bond. The longer triple bond length (by about
0.1 A) compared to the normal-6C single bond distance in
structure73may be traced to the presence of vicinal dicarbene.
The initial structure 067, which possesses a triple bond in the
three-membered ring, upon optimization yielded a ring opened
structure that consists of carbene carbon (Scheme 3). Of the
three-membered rings, isomes8, 62, and 64 have two sp
carbon centers. The lower stability 62 may be attributed to
the exocyclic three contiguous double bonds. The isob3er
which is the lowest energy structure in the class of monocyclic
three-membered ring isomers, is about 80 kcal/mol less stable
than the global minimal@). The optimized geometries indicate
that three-membered rings with allenic bonds afford more
cylopropenylidene structure to the resonance hytsR] $8a
58b, 69a 69b, 753 and75h). Cyclopropenylidene structures
have attracted much experimental and theoretical inté¥€%t.

All the isomers with a cyclopropenylidene moiety in the
monocyclic category lie within a narrow range of relative
enthalpies from 95 to 103 kcal/mol. While the isomé&sand

69b possessing substituents at two carbon centers of the
cyclopropenylidene ring and also possessing the conjugated
double bonds have the relative energy of about 95 kcal/mol,
the isomer52, where the double bond of cyclopropenylidene
and the other double bond are separated by a methylene unit,
has the relative energy of 103 kcal/mol. The relative energies
of these isomers indicate that expectedly, conjugated systems
are more stable than nonconjugated ones. The isomers with bent

Figure 1. Optimized geometric parameters (in A) of all the acyclic ; .
isomers obtained at B3LYP (normal) and MP2 (bold) levels of theory. @Cetylenic bonds are the ones that are highly unstable compared

The relative enthalpies (in kcal/mol) are obtained using the best estimatet0 the other isomers. Among the structures containing acetylenic
(eq 1), and the number of imaginary frequencies is given in parenthesesbonds in the rings, all except3 are characterized as higher
The underlir_led number corresponds to the absolute hardness valuegrder saddle points precluding the possibility of observing these
(in eV) obtained at the MP2 level. compounds. Ten of the isomer33( 37a 49, 50, 52, 54, 59,
64, 65, and71) in the class of monocyclic isomers are computed
to have higher hardness values than that of benzene. Further-
more, the molecules except the first two belong to three-
membered rings.

Bicyclic. Among the 94 structures in this class, 79 are minima
followed by 10 transition states and 2 second-ord&7(and
142) and 1 third-order 7) saddle points (Figures 3 and 6).
The remaining two structure®€ and 148 could be located

bonds in the latter structure are longer than the normal bond
lengths in allene type. The structures with acetylenic bonds in
the four-membered ring collapse to a three-membered ring
isomer at the B3LYP level; however, at the MP2 level, the
structures with four-membered rings are located as stationary
points. The geometries db and46 indicate that the structures
seem to possess vicinal dicarbenes. Similar to the situation inonly at the MP2 level. and both of them are minima. The bi-
the five-membered ring isomers, acetylenic, allenic, and cumu- cyclic isomers represent the maximum number gfigisomers.

lenic bonds cause the strain in the four-membered rings, which 1 ee of the valence isomers, Dewar benz&Te)( trans-Dewar

is reflected in the relative stabilities. The initial structure38f benzene§7h), and bicyclopropenyli22), belong to this cate-
collapsed to the ring opened structure; similarly, the original gory. The two rings in the bicyclic isomers oflds can have
structure of47 collapsed to a three-membered ring with a  the following modes of arrangement: (a) the two rings can share
carbene (Scheme 3). The collapsed structud7as a minimum one or more bonds, where the skeletons possess two bridgehead
and lies about 139 kcal/mol above the global minin#) positions that are connected by three arms; (b) two rings can
Among the four-membered ring isomers, the relative energies be separated by a bond; (c) two rings can have a common atom
of those rings which are devoid of acetylenic, allenic, or (spiro compounds). The diverse structural modes and energetics
cumulenic bonds32a, 32b, 33, 34, 36, and42) are within 100 of the huge number of bicyclic isomers may be better understood
kcal/mol of benzene energy. The high relative energy for the when they are classified and discussed according to the skeleton
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represents the isomers possessing 5- and 3-membered rings) and
the isomers containing bridge carbons.

Five and three (5/3) membered rings share a bond and furnish
12 bicyclic structures, of which 10 are minima on the potential
energy surface and their energies range from 72 to 121 kcal/
mol. The other two structures were characterized as transition
states §3TSand86TS), which lie about 7.8 and 0.2 kcal/mol
higher than the corresponding minimum energy structures,
respectively. Out of the 10 local minim&0 and81 are planar
and the bonds connected to the bridgehead carbon atoms lie
within a semicircle. The minimum energy structures of other
isomers are nonplanar; interestingly, many have pyramidal sp
carbons exce@®5. Isomer77, which is 72 kcal/mol above the
global minimum (6), is the most stable among the bicyclic
isomers, and this is followed by the valence isomer, Dewar
benzene §7a), which belongs to the 4/4-membered ring
category. Minimum energy structu@3 possesses chiral-allene
type arrangement. The geometric paramete&6andicate that
the three-membered ring is the cyclopropenylidene but the initial
structure possesses an allenic bond in the three-membered ring
(Scheme 1). Structur@6 is about 16-17 kcal/mol less stable
than the monocyclic isomers with a cyclopropenylidene ring,
and it is the only structure that has a higher hardness value than
that of benzene in the 5/3-membered category.

Ten structures are possible with bicyclic arrangement contain-
ing two four-membered rings (4/4), of which two were
characterized as transition stat8$1Sand93TS) and the others
as minima. Isomer89 and91 have a cyclobutadiene moiety,
and their planar forms are the least stable among this class of
compounds next t87b where the destabilization is due to the
trans ring junction. While89 is a minimum, its autome®1 is
a transition state in the planar form. The corresponding
minimum, the nonplanar structur@l), has a puckered double
bond and is about 12 kcal/mol more stable th@® The
experimentally and theoretically well studied valence isomer
Dewar benzene8(a) is about 75 kcal/mol more stable than
trans-Dewar benzene31b), which is in agreement with the
previous result$3 Johnson and Daoust have reported extensive
calculations on the electrocyclic ring openings of Dewar benzene
to yield benzene, Moebius benzene, and trans-Dewar be&Zene.
The isomers88, 89, 90, and91 which possess conjugated double
bonds are less stable th8#a, which is attributed to the presence
of one or two spcarbon atoms in the bridgehead. The thermal
isomerization of 1,2-hexadien-5-yne to 2-ethynyl-1,3-butadiene
has been reported to occur via the intermediate formation of
88.3% |somers89 and90 are planar, and the centraHC bond,
which is shared by both the four-membered rings, is shorter
than the typical €&C single bond length. In the case of the
former, the outer €C single bond lengths are much longer
(up to 0.10 A) than the normal-€C single bond length, which
may be due to the strain caused by two double bonds present
in the same ring. Isome32 seems to be tricyclic since a new
bond is formed in one of the four-membered rings containing
an allenic bond. The new bond formation and the longer allenic

Figure 2. Optimized geometric parameters (in A) of all the monocyclic  bond indicate that the structure seems to have a cycloprope-
isomers obtained at B3LYP (normal) and MP2 (bold) levels of theory. nylidene moiety.93 with Cs point group is computed to be a
The relative enthalpies (in kcal/mol) are obtained using the best estimateasition state. and the corresponding minimum energy structure

(eq 1), and the number of imaginary frequencies is given in parentheses
Absolute hardness values (in eV) obtained at the MP2 level are given

‘has four- and three-membered rings with carbene, which is

as underlined numbers. The compounds with novel structural featuresformed by collapsing of the four-membered ring containing a
are highlighted with boxes.

containing different sizes of the rings, and the classification is

triple bond. Seven of the structure®7@, 92, 93, 94, 95, 963,
and98) in this category have higher hardness values than that
of the global minimum 16).

Four and three (4/3) membered rings share either a bond or

as follows: 5/3-, 4/4-, 4/3-, and 3/3-membered rings (e.g., 5/3 an atom to form bicyclic skeletons ofg8s isomers. Thirty-



Exploration of GHg Potential Energy Surface

1.390
1.399
S

1.430
1.432

77,C,,71.9(0), 5.32

1.340
1.529 1.345 1.484

80, C,,, 95.0 (0), 5.93
1.539 1.518
1.521
1.491
1.493

W 1378
1363

83,C,, 106.2 (0), 4.58

1441 C,
1.444

1.500
1.497,

1.573
1.558

86,C, 112.2(0),6.73

1.538 1.581
1.529 1.569

1359 1.534
1.367 1.525

1.485 1356
1.512
1.482 1.510 1:367

88, C,, 100.1 (0), 5.75

1.572  1.538
1.559__1.534

1.340 1.571
1.350. 1.557

1.348
1.375

91, C, 127.2 (0), 4.80

1.507  1.344

1301 1.501 ~_1.351
1.311
522

1
1498 1564
1494 1553 1.516

94,C,,93.4(0), 6.68

96a, C, 130.9 (0), 7.20

1.547
1.555

1.488| 1.985;
1.480| 2.034
=

1.421

: 1.334
1.367  1.481 1.341
1362 1450

99,C,, 113.3(0), 4.46

1.471
1.346 Laga 1:460

1.325

102, C,, 1137 (0), 5.31

s
1351 1.321
1.356
1.506
1.532 1501

78,C,, 87.4 (0), 5.89

1493 1314
1489 1319
1.584
1.573 1.438
1.440
1.540 1.484
1.532 1.485

81,C,,103.3 (0), 5.89

1550
1.541 1.602

84,C,, 121.0 (0), 4.69

87a,C,, 74.8 (0), 653

1340 1.534

89,C,, 139.8 (0), 4.86

1.492

1487 1306
1.543 1319
1.534

1.513

1.505
1344 1513

1.351 1.503

79,C,, 84.9 (0), 6.21

1.465
1.460 1.505

82,C,,91.5 (0), 5.66

1.464
1243 , 1483 1513
1,25V 1.505

1533 1.507
1.506
1507 A 565

1.552

85,C,, 119.1(0), 5.05

1576 1519

1566 1517
1.352
1363

87b, C,,, 151.3 (0), 628

1355 1.549
1.364 1.544

1.568
1.559

1.428
1.424

90,C,, 110.3 (0), 5.98

1.516 1553
1.606 1509 1.544

92,C,, 125.9 (0), 6.54

1491 1627
1483 1,627

1.531
1.527”’ W
1.434

1491 1483
1484 1480 1436

95, C, 128.8 (0), 6.59

1.523

1.522
1.252

1.268
1.550 1.557
1519 1.550

97,C,, 1567 (3), 4.87

1.505
1.510

1.337 1.463
1.340
’ 1.553
143973767 1505
1372

100, C,, 109.3 (0), 4.94

1359

1381 1525
1.448 1527
1423

1.488

2.091 1473

2.145

103, C,, 119.0 (0), 4.48

93,C,, 121.7 (0), 7.14

14905921579

1519
P s
96,C, 153.2 (0), 495

1525 ) 484

1515 1'48

1.343

1353 1322
1327

1.560
1.563

98, C,, 89.9 (0), 6.48

101,C,, 91.9 (0), 5.13

2.048
1.472 1,967

1.496
Laaa 13911.490
1429 1347

104,C,, 101.5 (0), 5.16

J. Phys. Chem. A, Vol. 108, No. 51, 20041441

O
1.354 %27 1,440
1.408 424

1.366
1.498 1.474 1379
1.500 1.448

105,C,, 99.4 (0), 5.11

1.936
1.344 2.058

1.569
1.550

1.330

108, C,, 114.9 (0), 471

1.542

114,C,, 133.4 (0), 6.35

1348

1.493

1375, 1436
1.444

1.318
:gig 1,949 1.331
2,067

117,C,, 113.4(0), 4.67

1,660
1.479 1.656 1504
1502 | 30

1324 1526
1332
L300 1.527
1397 1.703 1529

1.682

120,C,, 141.5(0), 5.73

123a, C, 115.3 (0), 6.39
1305 1516
1312 1511
1.503>_<
1.505, L414

1416

124b, C,,, 113.9 (0), 5.63

1.413
1.420_C:1.439

1.443 1531
1.521

126b, C, 107.0 (0), 6.78

1.511
1.504 1,536 1.504

1.505 1,526

1469 1518
1463 1509

129,C,, 154.5 (0), 6.54

1.363

1394 1.522
1514
1.328

1.338 1.512
1571 1.507

1.557

106, C,, 145.1 (0), 5.03

1730
1.373 1 7001.548
1381 ) 1545
1518
1.543 1511
1655 1500 1's30
1.656 1.496

109, C,, 144.6 (0), 5.77

1331 1.498

1.5551.3631.497
1.5471.392

112, C,, 1268 (0), 5.44

1347 1024
347 2.045
137 1.441

370 1.442
i
1.3171485

115,C, 111.8 (0), 475

1.569  1.527

1485 1.568 1.509

1.483
1332 1501
1.340 1.506

1.549
1.550

118, C,, 142.4 (0), 5.02

121, C,, 99.4 (0), 5.11

1506 30
1506 11 309
1.519
1.514

123b, C, 116.1 (0), 6.44

1.470 1.450
1.465 1.450
1.540 1319
1.536) 1315 1.329
1.317

125,C,, 108.9 (0), 5.87

1252 1564
1268 /\1.531

1.478
1.481

127,C, 161.6 (2), 4.94

1.488 1.482

13161484 1.483 1318
1.327D%3
1485
1488 4 480 1.483
14 1.481

130, C,, 122.1 (0), 6.40

2.050

1.464 1,985
13691 1411
1.377 1.447
1.493 1.383
14897 1447 1353

1.431

107, C,, 100.7 (0), 5.15

Leoel 818
16901592 | 550

l‘(j; 1.508 1.513
1.506

1.310f74
1313

1.522

1.422

142315711521
71561

110, C, 135.6 (0), 6.33

1.386 1 712 1535
1.680

113,C, 142.0 (0), 5.73

1.354 1.469
1.375 2.089
2.149

116, C,, 116.6 (0), 4.45

1.430

1523 1.545
1538 1420

122,C,, 118.2 (0), 6.89

1.306
1.313
1.503
1.505| 1.418
1420 1513
1.509

124a,C,, 115.3 (0), 5.59

1.438

131,C,, 107.2 (0), 5.94



11442 J. Phys. Chem. A, Vol. 108, No. 51, 2004

9%
——a Rin
L N
LS\
&3 L
3
B =
S B
e} EY

== =

s
- B
s >
L
P
gy

1.440

134, C,, 101.4 (0), 5.59

1.420
1.448

1.387
1.3671.455
1.860 1.446
1.826 1508 1.501
1.506 4 1.497
1331

1.333
137, C,, 108.9 (0), 5.76

1853 576

18111574
1375

1.363 1483
1420 X 1472
1437 | g\

1463 1342
1.344

140, C,, 102.1 (0), 5.47

18491 424
1.821 1 448

143,C,, 104.3 (0), 5.86

1416 1.501
1394 1441 1.502

1372 1.460
1.446
“omg 1-STTN 1.329
%1510 N1.331

146, C,, 104.6 (0), 5.89

1.508
1.5301,501 1 508

1.520 1501
1.511 1.428
1.508 1.432
C 1.565
: 1.553
1450 (Y565

1.446 § 553

148a, C,, 121.8 (0), 6.13

1.550
1.52 1.575
1.567
1.238

151,C,, 139.1 (0), 4.96

1.500
1.494

1510

1.502 1.208
4 1222
p 1453

1.48
1.49.
1.453

132b, C, 91.8 (0), 7.65
1.375
1415
1.480

1.479
1.337

1.508  1.480\\1.340
1.498 l.479\
135,C, 129.5 (0), 5.75

1.482
1.480 1.432

1.481 1.488
1.480! 1.439
1.434 ‘\438 1,505
1.433 )
L3aN\_1:500

1.331
138, C,, 132.6 (0), 4.76

1.510
1511

1.510
1.495 1.501
1491 1210
14171223
1.418 N
141, C, 89.2 (0), 6.88

1.520

1.485

1483 [ 71431 1328
1442 1435 | 339
1.497

144, C,, 128.7 (0), 4.87

1413
1.419
V 1.493
1.492
1485
1513 1523
1515

147,C,, 126.9 (0), 6.45

1.451

1.634 1.456,

1.611 1.578
13557 1.577

1.5611.451
1.455

149, C,, 158.5 (0), 4.30

1.502
1.590 1.499
1.582 7 1617
1.633
1.552 1.479C:
1.475

152, C, 146.1 (0), 5.58

133,C,, 131.5 (0), 6.46

1.501 1.466
1.496 1.462

1539 1310
1550 1297°C_1316
1300\

136, C, 98.2(0), 6.38

1.696 1539
1615 |-
1301 1.748 1529
mosss
1533 1473

1.291
1552 1305 147

139, C,, 128.7 (0), 5.61

1.699
1.751

145,C,, 125.3 (2), 5.48

148, C,, 131.9(0), 4.71

1.574

150, C,, 139.7 (0), 5.06

1.521
1.5211.521

1508 0/ 1 591 1526
1-_5£4 N 1521

Vaos( 1526 1316
- 1.510
16141521
1.637

153,C,, 153.4 (0), 6.03

Dinadayalane et al.

level and is a minimum; the same is not a stationary point at
the B3LYP level and it collapses to a distorted struct@@a|
since the four-membered framework is opened and the isomer
possesses carbene. Isorddy the spiro arrangement of four-
and three-membered rings each having a double bond, has a
relative enthalpy of about 94 kcal/mol, while the other spiro
compounds have relative enthalpies of more than 128 kcal/mol.
Molecule95 has an allenic bond, and if the four-membered ring
is planar the structure is characterized as a transition state
(95T9). In the minimum energy structuBb, the four-membered
ring skeleton seems to be bicyclic since the allenic moiety
collapsed to a three-membered ring with one carbene. Twenty-
five bicyclic isomers belong to a 3/4-membered ring arrange-
ment shared by a bond. In this category, isoni€g 113 and

120, which have two contiguous double bonds in the four-
membered framework considered, seem to be tricyclic with
hypervalent carbon atoms. The geometries of the isorhEds
and114indicate that the four-membered ring with a triple bond
in each case considered collapsed to a three-membered ring and
carbene. Twenty-four compounds are minima, and 26819

was characterized as a transition state on the potential energy
surface; the isomer®8, 101 105 and 121 have relative
enthalpies of less than 100 kcal/mol, and 10 of the isomers lie
in the energy range of 160120 kcal/mol. Some of the -€C
single bond lengths are significantly shorter than the normal
C—C single bond length in most of the 4/3 bicyclic systems
shared by a bond. The length of the sharing@single bonds

is longer (by about 0:20.8 A) than the normal €C single
bond length in 15 of the isomers, which possess the double bond
in a four-membered ring or in a three-membered ring or in both,
and one of the carbons of the double bond is the bridgehead
position. In isomerd06, 111, 112 and118 the sharing E&C
bond is bent and the 3parbons are pyramidal. Structurt36

and 118 having two double bonds in the four-membered ring
are more than 142 kcal/mol less stable than the global minima
(16). In addition to these two isomers, the isomers containing
two consecutive double bonds in the four-membered i@,

113 and 120) and in the three-membered rind19 have
relative enthalpies of more than 140 kcal/mol, indicating more
strain induced in these isomers. The structure considered for
119consists of an allene bond in the three-membered ring, and
the bond lengths indicate that the three-membered ring appears
to be a cyclopropenylidene moiety. It is interesting to note that
both three- and four-membered rings of isorié® are in the
same plane, whereas a similar arrangement involving a 5/3-
membered ring is not coplanad®). However, in isomef 19,

the sharing bond length is less than or closer to the norma& C
single bond length. The bicyclic ring skeleton is planar for the
isomers103 108 115 116 117 and119 and as many as 14
structures have pyramidal Sparbons.

Figure 3. Optimized geometric parameters (in A) of all the bicyclic
isomers obtained at B3LYP (normal) and MP2 (bold) levels of theory.
The relative enthalpies (in kcal/mol) are obtained using the best estimate

Among the bicyclic isomers, 33 structures contain two three-
membered rings (3/3-membered ring bicyclic isomers); three

(eq 1), and the number of imaginary frequencies is given in parentheses.StrUCtureS 130TS 139TS and144TS were characterized as

Absolute hardness values (in eV) obtained at the MP2 level are given transition .states, two isomerd27 and 14.3. as Second-orQer
as underlined numbers. The compounds with novel structural featuressaddle points, and the rest of them are minima. These 33 isomers

are highlighted with boxes. can further be classified based on the structural arrangement of
two three-membered rings: (a) separated by a bond (9 isomers);

one structures come under this category, out of which two (b) spiro type, shared by a common atom (4 isomers); (c)

structures §5TS and 110TS were characterized as transition  bicyclo[2.2.0] moiety, shared by a bond (20 isomers). Similar

states and one as a third-order saddle pd}.(Among the to 4/3-membered bicyclic isomers, here also most of theCC

four spiro compounds formed by 4/3-membered rif®Faxhich single bond lengths in almost all the isomers are shorter than

possesses a triple bond in the three-membered ring is a third-the normal C-C single bond distance. Except the isorér,

order saddle point. The spiro compound with a four-membered which has a €C triple bond in one of the three-membered

ring containing a triple bon®E) was obtained only at the MP2  rings and was characterized as a second-order saddle point, other
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Figure 4. Optimized geometric parameters (in A) of all the tricyclic isomers obtained at B3LYP (normal) and MP2 (bold) levels of theory. The
relative enthalpies (in kcal/mol) are obtained using the best estimate (eq 1), and the number of imaginary frequencies is given in parentheses.
Absolute hardness values (in eV) obtained at the MP2 level are given as underlined numbers. For 20dainhg the relative energy is given

at the CCSD(T) level.

bicyclic 3/3-membered ring isomers separated by a bbhaag The isomerd 23a/ly 124a/ly and125have been synthesizé®i!

123b 1248 124hb, 125 1263 and126b) are lower in energy Out of the three spiro bicyclo 3/3-membered ring isom&2§
compared to that of the well-known valence isomer bicyclo- is found to have a nontraditional bonding mode with a planar
propenyl (22) that has a similar type of skeletal arrangement. tetracoordinate central carbon and has an energy about 150 kcal/
Geometries of the isomef26aand 126bindicate the isopro- mol above that of benzene. Attempts to locate a stationary point
penylidene moiety in the skeleton, and these structures are morewvhere the carbon atom has a traditional tetrahedral arrangement
stable by about 1811 kcal/mol than the valence isom&22 were futile; all the initial putative structures collapse to the planar
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form upon optimization at both levels. Some interesting planar fact, 153 has been located by following the normal mode of
tetracoordinate carbon (ptC) containing neutral compounds the imaginary frequency ot53TS The double bond at the
analogous to this have been reported in our group recéhtly. bridgehead position and the presence of a triple bond in the
The geometrical parameters indicate the presence of vicinalring lead to destabilization causing high relative energies (more
dicarbene, and the delocalization can take place in the three-than 130 kcal/mol) for isomers48—-153 Here, isomerd 54—
membered ring possessing vicinal dicarbene since the occupiedL58upon optimization collapsed to the already existing isomers
p-orbital at the central ptC is perpendicular to the molecular at both the B3LYP and MP2 levels (Scheme 2). The initial
plane. The other two spiro type isomei28and130) prefer a structures considered froid8to 158exceptl51violate Bredt's
tetrahedral arrangement for the central carbon and are found torule which states that a double bond cannot be placed with one
be local minima. terminus at the bridgehead of a bridged ring system unless the
All the isomers with two three-membered rings shared by a rings are large enough to accommodate the double bond, and
bond (131—147) are minima excepl45, which is a second-  thus these structures can be termed as anti-Bredt structures.
order saddle point. The bridging€C single bond distance is Some of the structuresl$4-158 Scheme 2) collapsed to
longer (0.25-0.35 A) compared to the typical-€C single bond already existing less strained structures and the rest of the
length in the isomers where either one or both of the three- molecules {48 149 150 152 and 153 have high relative
membered rings contain a=€C double bond. The bicyclic ~ energies (133159 kcal/mol) indicating high strain induced by
framework of isomersl33 and 147 is in the plane and the the bridgehead double bonds, and these structures may be highly
lengths of the sharing €C bonds are shorter than the normal reactive.
C—C single bond, indicating the presence of a double bond in  Tricyclic. A total of 51 structures come under the class of
the bridging position and a carbene. The? sarbons are tricyclic isomers, out of which 44 structures were characterized
pyramidal in isomerd 35 138 and144due to the presence of as minima and 5 isomerd§0TS 163TS 164TS 179TS and
bent G=C double bonds which are common for both the three- 201T9 as transition states (Figures 4 and 6). The well-known
membered rings. The sharing=C double bond lengths are  valence isomer benzvalenks@), which was synthesized almost
longer by about 0.£0.15 A in these cases. These three isomers 30 years ago, belongs to tricyclic isomers, and it has been
lie about 129-133 kcal/mol above the global minimdq). extensively studied both experimentally and theoreticalfi?
Isomers132g 132h 136, 141, and142 which have no double  The B3LYP and the MP2 methods differ in locating and
bonds inside any of the three-membered rings, are computeddesignating stationary points for a few structures as has been
to be competitive in energy, where the relative enthalpies are noticed before in a few cases. A stationary point corresponding
in the range 8998 kcal/mol and all other 3/3-membered to the carbon connectivity i802 could be located only at the
bicyclic isomers have relative enthalpies of more than 100 kcal/ B3LYP level, which upon optimization at the MP2 level yields
mol. This indicates that the bicyclic isomers with two three- a new bicyclic isomer 202g9. While 202 is a second-order
membered rings which possess multiple bonds are not favorablesaddle point, the bicyclic structur202ais at the minimum.
compared to the saturated ring systems. Interestingly, the bondSimilarly, 161 and186 could be located only at the MP2 level.
lengths of structure86, 119, 133 and 147, where the three-  Following the normal mode of the imaginary frequency of each
membered ring contains an allenic bond in the initial structures of the transition state structureB30TS 163TS 164TS 179TS
considered, indicate that the contribution from the cycloprope- and 201TS, the minimum energy structured40, 163 164
nylidene structure to the resonance hybrid was smaller when179 and201) were obtained. Except in the caseffl, for the
the size of the other fused ring decreased, i.e., decreased whilesther four isomers, the energy difference between the transition
going from 5/3 86) to 4/3 (119 then to 3/3 {33 and 147) state structure and their corresponding minima is found to be
membered ring bicyclic systems. Among these four structures, more than 20 kcal/mol since the significant geometric changes
119 and 86 are the least and most stable compounds, respec-were observed from transition state to minima in all four cases.
tively. Isomer118 has the highest relative energy among the The maximum energy difference of about 58 kcal/mol was
isomers where two rings are shared by a bent double bond inpbserved betweeh63TS and 163 whereas the normal mode
the bicyclic category. Among the 3/3-membered bicyclic of the imaginary frequency &01TScorresponds to €C single
isomers, eight structuresiZ2, 126 126b 128 129 1323 bond rotation with a very soft potential and the energy difference
132h, and141) have higher hardness values compared to that between the minima and the transition state is only around 3
of benzene 16). kcal/mol at both B3LYP and MP2 levels. Tricyclic isomers can
The rest of the bicyclic isomerd48—-153 possess two  further be categorized based on the sizes of three different rings,
bridgehead carbon atoms. The initial structures considered forwhich make the skeleton, and the classification is as follows:
149, 152 and 153 are bicyclic, but the optimized geometries 5/3/3-, 4/4/4-, 4/4/3-, 4/3/3-, and 3/3/3-membered ring isomers.
seem to be tricyclic since ©€C bonds, which have slightly  In general, the shared-€C single bond lengths are longer
longer bond length (1.581.63 A) compared to the typical-€C compared to the normal single bond lengths in the isomers where
single bond length, appear between the bridgehead atoms inone of the bridgehead atoms is thé sprbon. Only four of the
each of these isomers. The relative enthalpies for these thredricyclic isomers have relative enthalpies of less than 100 kcal/
isomers lie in the range from 146 to 158 kcal/mol. The isomers mol, and they ard 59 (73.3),182 (99.6),191 (95.2), and200
152 and 153 appear to have a cyclopropenylidene moiety in (98.1). Most of the tricyclic isomers have relative enthalpies of
the skeleton. Structurk48is a stationary point only at the MP2  more than 120 kcal/mol, and at least 10 of the isomers reported
level; all our attempts for this structure at the B3LYP level lead here possess energies of more than 150 kcal/mol. Four minima
to a new isomerl48a which is a tricyclic arrangement with  (159-162) and one transition statdd§0TS structures come
carbene and the length of the shared single bond of the under the category of 5/3/3-membered ring isomers. ExXte{t
bicyclobutane moiety is about 1.4 A48ais a minimum and the other three minima have relative energies of more than 110
is about 122 kcal/mol less stable than the global minit®). ( kcal/mol. The isomerl61, which is about 150 kcal/mol less
The structure obtained initially fak53is a transition state, and  stable than benzene, is a stationary point only at the MP2 level;
its normal mode corresponds to-C single bond rotation. In  the optimization of the same at the B3LYP level yields the
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strain induced by the presence of three-membered rings fused

in their skeletons.

Isomers froml73to 191 comprise two three-membered and
a four-membered ring in their skeletons considered initially.
Thus, these isomers fall in the category of 4/3/3-membered ring
isomers. Structurd 91 is the lowest energy structure in this
category, which is about 95 kcal/mol less stable than benzene
(16). Isomerl82has a relative enthalpy of about 100 kcal/mol,
and the rest of the structures have relative enthalpies between
100 and 163 kcal/mol. Isoméer86 could be obtained only at
the MP2 level, while all the putative structures upon optimiza-
tion at the B3LYP level yielded the distorted skeletonl86a
which is a minimum and contains a three-membered ring and
a carbene. All of the isomers are minima except diéTS),
which was characterized as a transition state. The energy
difference betweerld79TS and its minimum energy structure
is about 20 kcal/mol. The length of the sharing-C single
bond in179is longer than the normal-©C single bond distance.
Abundantly interesting structural features are encountered among
the isomers of this category. Fifteen isomers possess pyramidal
sp? carbons. Several isomers possessing the bent double bonds
which are shared by two of the three rings, have relative energies
in the range of 146163 kcal/mol. One of the sharing—€C
single bond lengths is much longer and is in the range of 2.0
2.3 A'in the cases 0176, 177, 180, and 181, indicating that
the structures seem to be bicyclic. Remarkably, isodfet
contains a pentacoordinate carbon, which is connected to four
atoms of the four-membered ring in the plane and to the
hydrogen atom, but one of the<T single bond distances is
longer (by about 0.050.1 A) than the normal single bond
length; it is a minimum on the potential energy surface and is
about 131 kcal/mol higher in energy than the global minimum
(16). The double bond in the initial structure ©84 (Scheme
1) becomes closer to the—<C single bond distance in the
Figure 5. Optimized geometric parameters (in A) of all the tetracyclic OPtimized geometry that appears to be tetracyclic. In the case
isomers obtained at B3LYP (normal) and MP2 (bold) levels of theory. Of isomers183, 188 and190, slightly longer new €-C single
The relative enthalpies (in kcal/mol) are obtained using the best estimatebonds are formed between the two bridgehead atoms, which
(eq 1), and the number of imaginary frequencies is given in parentheses.gre the origin for three- and four-membered rings of the skeleton.

The underlined number corresponds to the absolute hardness valuegyne of the three-membered rings in these three isomers contains

(in eV) obtained at the MP2 level. For structig0only, the relative

energy is given at the CCSD(T) level.

already existing bicyclic isomer92. Structure 160 upon
optimization at the MP2 level yielded a tetracyclic isomer that

has connectivity similar to that &f17.

The initial structures of isomefkb3and164had the skeletal

terized as transition states63TSand164TS. The correspond-
ing minima of163TSand164TSare highly distorted structures
possessing carbene carbon. Structdré3 and 164 are about

significantly longer G=C double bonds and one of the-C
single bond lengths of the other three-membered ring is
considerably longer, indicating the skeleton contains three three-
membered rings rather than one four-membered and two three-
membered rings. All three isomers have relative energies higher
than 155 kcal/mol. A quick look at isomefs82—190, which

- have similar skeletal frameworks but the double bonds are
arrangement of 4/4/4-membered rings, and those were characy|aced in different positions, indicates that a double bond in
the three-membered ring leads to significant destabilization.

The rest of the tricyclic isomersl92—203) belong to the
category of 3/3/3-membered ring isomers since the skeletal

58 anc_i 22 kca_l/_mol lower in energy com_pare_d to their corre- ¢rameworks possess three three-membered rings. Some of the
sponding transition states. Seven of the tricyclic isomeg&{

surface. All seven isomers contain pyramidal carbon in their

mol. Two among the three rings in the tricyclic isomersl6%
and 169 share a bent double bond. In isomé&& and172 a

mol higher than the global minimuni), respectively. The

) e isomers in this category consist of longer than normalCC
172 fall in the subclass of 4/4/3-membered ring isomers, and sjngje hond lengths which may be attributed to the strain induced
all of them were found to be minima on the potential energy py the fusion of three three-membered rings. Twelve isomers
are minima, and the wide range of relative enthalpies from 98
Skeleton, and the relative enthalpies range from 132 to 180 kcal/to 300 kcal/mol is observed for the isomers in this Category'
Isomer200, in which the three three-membered rings are shared
by a common bond with two bridgehead atoms and no double
new C-C single bond joins two bridgehead atoms and is com- pond inside any of the rings, is the lowest energy structure in
mon for three three-membered rings. Significant skeletal reorga-the 3/3/3-membered ring isomers. The least stable minimum
nization occurs upon optimization of the initial structures of energy isomerZ01) on the GHe potential energy surface falls
170and172 These two isomers are about 179 and 161 kcal/ in this subclass of tricyclic isomers, and it is about 300 kcal/
mol less stable than the lowest energy isomer benzgfe (
high relative energy for these isomers may be attributed to the Isomers192—194 have three rings shared by a bond and an
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Figure 6. The principal geometric parameters (in A) of the transition state structures obtained at B3LYP (normal) and MP2 (bold) levels of
theory along with the best estimate relative enthalpies (in kcal/mol) calculated using eq 1 and absolute hardness values (in eV) obtained at the MP2
level.

atom, and these structures possess spiro arrangement. Structu@btained using the B3LYP and MP2 levels along with the
194 is predicted to be less stable by about 25 kcal/mol than relative best estimate energies and chemical hardness values
192 and 193 this may be due to the strain caused by the bent calculated at the MP2 level are depicted in Figure 5. In this
double bond shared by two three-membered rings. The bondclass of compounds, the strain in the skeleton is primarily due
lengths of structur&99indicate that the skeleton is monocyclic  to the smaller ring systems. As in the case of mono/bi/tricyclic
with carbene. Isome202is a stationary point only at the B3LYP  isomers, there is no possibility of having constrained multiple
level; the optimization upon the MP2 level yielded a new isomer bonds in the ring systems, as all the tetracyclic structures are
with two carbene carbon2023 where the double bond present saturated hydrocarbons. The strain prevalent in the tetracyclic
in the original structure202 has broken. The stationary point  structures owing to the fused three/four-membered rings leads
corresponding t®®02awas located at the B3LYP level, and to high relative energies. While the relative energies of most of
frequency calculation indicates that it is a minimum on the the isomers lie in the range of 186056 kcal/mol,210, a third-
potential energy surface. Isom&@1—203possess very similar  order saddle point, is about 300 kcal/mol less stable than the
skeletal arrangements. The relative energies of iso2@tand global minima. The optimized geometl0indicates that two
202are more than 2 times that 803 indicating the strain due  of the carbons seem to be pentacoordinated with four signifi-
to the bent double bond which is shared by two three-memberedcantly longer G-C single bond lengths (Figure 5).A novel
rings. Ten structureslf9 160 163 164, 182 184, 191, 192 tetracyclic arrangement with a pyramidal carbon of structure
200, and202g out of 44 minima in the class of tricyclicisomers 209 was characterized as a transition stag)9TS. By
possess higher hardness values than that of the global minimunfollowing the normal mode of the imaginary frequency, the
(16). pyramidal carbon leads to carbene and the double bond is
Tetracyclic. The structures corresponding to the tetracyclic formed in the four-membered ring. Thus, the tetracyclic structure
isomers of GHg and the important geometric parameters collapsed to the bicyclic form209). However, the rest of the
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structures were characterized as local minima. One of the sharing  (2) (a) Gutman, |.; Potgieter, J. H. Chem. Educ1994 71, 222. (b)

C—C single bond distances is much longer (more than 1.8 A) POt%ge)ter\rl'aJ'et:g}aCh(;md;gsuo%;?cl‘éﬁ%izfgbol Vav. 74
in structure207and208 The latter structure has been studied 4) Kegum’ A_pguﬁ_ Soc. Chim. Fr. N. S1865 3,y§8. '

using high level quantum mechanical calculations, and the study  (5) (a) van Tamelen, E. Bngew. Chem., Int., Ed. Engl965 4, 738.
examined the unusual bonding pattern in the structure and the(b) Viehe, H. G.Angew. Chem., Int., Ed. Endl965 4, 746. (c) Scott, L.

: : T.; Jones, M., JrChem. Re. 1972 72, 181.
rearrangement reactions of the compofdThe geometric (6) (2) van Tamelen, E. E.; Pappas, SJPAM. Chem. S0d.963 85,

parameters of structuZ08indicate that the skeleton seems to 3297, (b) van Tamelen, E. E.; Pappas, S. P.; Kirk, KJLAm. Chem. Soc.
have a double bond and carbene. Among the tetracyclic isomers,1971 93, 6092.

- i (7) (a) Wilzbach, K. E.; Ritscher, J. S.; Kaplan,lL.Am. Chem. Soc.
structure5212 217 possess one or more unusual pyramidal 967 89, 1031, (b) Kaplan. L. Wilzbach, K. E1. Am. Chern. Sod968
tetracoordinated carbon atoms, where all the bonds connectedyy 3597 .

to a given carbon lie within a hemisphere. Interestingly, (8) (a) Katz, T. J.; Wang, E. J.; Acton, N. Am. Chem. S0d.971,
Compound§12 216 and217 are more stable Compared to the 93, 3782. (b) Katz, T. J.; Roth, R. J.; Acton, N.; Carnahan, El. Org.

) ) . Chem.1999 64, 7663.
experimentally known prismane, a valence isomer of benzene. (9) Katz, T. J.; Acton, NJ. Am. Chem. Sod973 95, 2738.

Isomer216, which is a methyl derivative of pyramidane, is the (10) Billups, W. E.; Haley, M. MAngew. Chem., Int. Ed. Engl98q
global minima on the §H, potential energy surface and is found 28, 1711.

(11) Billups, W. E.; Haley, M. M.; Boese, R.; Blaser, Detrahedron
to be around 110 kcal/mol less stable than benzene. 1094 50, 10693,

(12) Harman, P. J.; Kent, J. E.; O’'Dwyer, M. F.; Griffith, D. W. T.
Conclusions Phys. Chem1981, 85, 2731.
(13) Priyakumar, U. D.; Dinadayalane, T. C.; Sastry, GN&w J. Chem

The present study reports a systematic computational study20?124§6(va§47c-heung VS Wong, CK.: Li W-KJ. Mol. Struct
on aII'the possible isomeric forms of benzene for the f|rst t!me. (THEOCHEM) 1998 454, 17. (b) Cheung, T.-S.. Law, C.-K.; Li, W.-Kl.
The rich structural variations of¢Els came to the fore in this ~ Mol. Struct.(THEOCHEN) 2001, 572, 243.
exhaustive study. A total of 215 minimum energy structures (\}5%| L};,hZ-; R&?ers, Zé\é\g;ll\é%iggrty, F. J.; Mandziuk, M.; Podosenin,

; i . V. J. Phys. Chem. .
were Iocatgo! on the benzene pqtentlal energy syrface. In additiorf® (16) () Schulman, J. M.: Disch, R. L. Am. Chem. Sod985 107,
to these minima, several transition states and higher order saddlesg "(b) Newton, M. D.; Schulman, J. M.; Manus, M. 81.Am. Chem.
points were also located. The relative stabilities of these isomersSoc 1974 96, 17.

are mainly controlled by the strain in the skeletal arrangements. ér1r7)n (63 Gsif.naGriCh:r- 'Vlé: ﬁJaOAmlng;g-mChserr&gggﬁlﬁ gggg- (2)
Therefore, the present study indicates that several isomers thawa”gn‘ D S Gimarcc’B.'M.- Zhao. Mngrg'. Cﬂem 1994 33, 710. ©

are minima on the potential energy surface are waiting to be  (18) Johnson, R. P.; Daoust, K.J.Am. Chem. Sod996 118 7381.
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