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Properties of Phenylene-Based Hydrocarbon Bowls and Archimedene
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Geometries, energies and magnetic shieldings are reported at the ab initio B3LYP/6-31G* level for the
phenylene cluster {z (archimedene) and eight phenylene-based hydrocarbon bowls consisting of four-, six-,
and ten-membered rings. The six-membered rings are branched, angular, or terminal. The latter are the most
aromatic, based upon NICS criteria and lack of substantial bond alternation. At the other extreme are branched
rings, having less negative NICS values. Four-membered rings, except those on a rim, are nearly square.
Regularities are found in the ab initio energies, heats of formatidif), and strain energies relative to those

of hypothetical planar acyclic analogues. The bowls appear to have little aromatic character, and their interiors
are but slightly shielded. Archimedene, witfH{ = 2191 kcal/mol, has energetic and structural properties

akin to those of phenylene-based bowls.

The past two decades have seen syntheses and studies ¢~
convex polyhedral clusters of carbon atoms based upon networks
of fused five- and six-membered unsaturated rings: fullerenes
and their bowl-shaped hydrocarbon fragments. An analogous
class of bowls could be based upon phenylene units: alternately
fused unsaturated four- and six-membered ringso, Ghe
polyhedral phenylene known as archimedéngith 20 six-
membered, 30 four-membered, and 12 ten-membered rings
corresponds to fullerenegg, having 20 six-membered and 12
five-membered rings; both are &f symmetry. Archimedene
and its fragment hydrocarbons, primarily bowls, are the subject g
of this study. The bowls are of interest in their own right, and ¢

Phenylene-based bowls are also potential nanomaterials sucl™,
as nanotips and semiconductors. \
Synthetic realization and characterization of many acyclic
phenylenes have come largely from the efforts of Vollhardt and
collaboratorg, in a variety of motifs, most recently helical
phenylenedid The experimental work to date has been ac-
companied and to some extent encouraged by theoretical®work.
In this work ab initio theory is used to obtain energies,

geometries, and magnetic shieldings of archimeddpeaiid <o—e@

eight bowl-shaped phenylene hydrocarbdhsg, Charts 1 and 1

2)# The selected bowls have hexagons, decagons, or rectangles

of carbon atoms as their bases, giving rise to molecule&of Methods. Ab initio calculations were performed with Gauss-

Cs,, and C,, symmetry, respectively (Table 1). The rings are ian 98 on servers of the Digital Alpha architecture. Geometries
nearly planar, exactly so when required by symmetry, as in the were obtained from calculations in the 6-31G* basis the
case of a base ring or any ring in archimedene. We denote eactB3LYP density-functiondllevel. Such calculations give bond
symmetrically equivalent set of six-membered rings 6A, 6B, lengths in good agreement with experimental X-ray values,
..., in order of increasing “distance” from the base. Similarly, where available; for example, the average deviation between
4A, 4B, ... and 10A, 10B, ... are sets of four-membered and experiment and theory for [8]heliphene is 0.004%Proton
ten-membered rings. and**C chemical shifts relative to TMS and NICS values were
Nucleus-independent chemical shifts (NICS) introduced by calculated at the B3LYP/6-31G* geometries using the GIAO
Schleyer and co-worketrsare used to assess the extent of method at the HF/6-31G* level. Vibrational frequencies were
aromatic or antiaromatic character by computation of the calculated at the B3LYP/6-31G* level, except forogs,
magnetic shielding at poisitl A from the centroids of the rings,  Ci14Hes, and Gzo, where the B3LYP/6-31G level was used. All

both inside and outside the bowl. of the frequencies were found to be real, ranging from 20 to 40
cm1 for the lowest of each bowl. The lowest frequency @§{C
* Corresponding author. E-mail: schulman@forbin.qgc.edu. is 124 cn1? (o). The ab initio energies are listed in Table 1.
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Supplemented by zero-point and thermal corrections, they are(6); derived from GoHio (9, cyclic [5]phenylené?d shown
used to calculate standard enthalpies of formation. below viewed along it<Cs axis, it is one of several possible
Geometries.The six-membered rings in phenylene bowls are bowls having terminal but no angular rings.
branched, angular, or terminal, having, respectively, three, two, The six-membered rings of archimedene have (formal) single
and one fused four-membered rings (“cyclobutadienes”) and, and double bonds of lengths (B3LYP/6-31G*) 1.479 and 1.364
equivalently, zero, two, and four hydrogen atoms. The six- A. Nearly identical lengths are found in the larger bowls. For
membered rings of archimedene are branched. Angular six-branched rings 6A, 6B, and 6C ofi§Hs (3) and GiHs (2)
membered rings are found on the bowl rims, except foHg the longest and shortest bond lengths are 1479.001 and
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CHART 2

9
TABLE 1: Symmetries, Energies and Dipole Moments of The (planar) four-membered rings of archimedene are ap-
Phenylene Bowls and Archimedene proximately square, with formal single CC bonds endocyclic
unique total dipole and exocyclic to the six-membered rings of lengths 1.479 and
rings ringst energy,h  moment, D 1.477 A, respectively. Four-membered rings of the phenylene
1 C120Ho (I1) 1,1,1 30,20, 12 —4570.96328 0.0 bowls, excluding those lining the hydrogenated rim, are also
2 C1adHe (C3y) 6,53 27,19,9 —4346.09865 3.7 nearly square: the shorter, 1.4#40.002, and the longer, 1.480
3CiwoHs (C2)  8,6,3 25,18,8 —4118.78033 5.3 + 0.001. Four-membered rings on a rim have bond lengths of
4CoH10(Cs)  3,3,2 20,156 —3434.36576 7.5 up to 1.503 A.
5CpH12(Ca)  5,4,2 15,12,4 —2749.94619 75 ) .
6CooHz0 (Cs)  2,2,1 10,10,1 —2297.85495 4.3 Energetics. Energies of phenylene bowls (Table 1) show
7CeoH12(Ca)  3,3,1 12,10,3 —2292.84782 6.9 regularities such as those found in the sequengglG (5),
8 CugHi12 (C2) 3,3,1 9,82 —1835.75073 5.4 CygH12 (8), and GoHi2 (7). Thus, AE for reaction 1 is only
9CsH10(Cs)  1,1,1 551  —1148.87380 3.2 0.86 kcal/mol, arising from ab initio energy and zero-point
10CeoH20(Dsg)® 1,1,0 10,10,0 —2297.76139 0.0 contributions of 0.80 and 0.06 kcal/mol.
aNumber of four-membered, six-membered, and ten-membered
rings, respectively? The sense of the electric dipole is from the base C,Hi, (5) + CueH1o (8) — 2CsH 7) 1)

toward the rim®Not a bowl, but a circular band of angular six-
membered rings.
Similarly, a smallAE, 3.75 kcal/mol, is found for reaction 2,

1.364+ 0.001. Branched six-membered rings along rims show from ab initio energy and zero-point contributions of 4.15 and

somewhat more bond alternation. Thus, ring 6D ef8s (2) —0.40 kcal/mol.

and rings 6D and 6E of {ggHs (3) have the longest and shortest

lengths of 1.486 and 1.358 0.001. 2CyHqo + 5CygH ,— 2CH, o+ 5CH;
Angular six-membered rings show less bond alternation than

the branched rings. For ring 6E ofifgHs (2), 6F of GodHs 2(4) +5(8) — 2(9) + 5(5) (2)

(3), and 6B of GoH1p (4) the bond lengths are 1.444 0.001

and 1.367+ 0.001 A. The five equivalent terminal six- The small ab initio contributions depend upon equal numbers
membered rings of §H-o (6) show the least bond alternation:  of six-membered ringsf each typen products and reactants;
1.424 and 1.379. The fact that they are the most aromatic ringsfor example, a total of 30 branched and 40 angular rings in
is confirmed by NICS(1) values. reaction 2. Such ring-conserving reactions may be termed
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TABLE 2: AH?and Extra Strain Energies, kcal/mol

Schulman and Disch

TABLE 3: NICS(1) and NICS(—1) Values (ppm) of
Phenylene Bowls

AHP? AH? (planar ESE —
1 CiagHo (1) 2191 1983 208 fing size
ey b o
4 Cogtine (Co)) 1501 1361 140 1 Cuz0 Al —1.9(-13) A 32(4.2) A -0.2(-0.0)
5 CyaH12 (C2,) 1145 1038 107 2CuHs Al —24(-15) A 2.8(4.1) A:—0.8(-0.1)
6 CoaHzo (Cs.) 781 747 34 B: —2.6(-1.2) B: 2.3(4.3) B:—1.8(—0.9)
7 CooH12 (Cay) 927 839 88 C: —3.2(-1.3) C: 2.3(4.6) C:—1.7(-0.5)
8 CugH12 (C2) 708 641 67 D: —2.6(—-1.2) D: 1.6(4.0)
9 CsoH10 (Csy) 410 369 41 E: —7.05.3) E: 0.2(1.7)
10 CsoHzo (Dsg) 812 738 74 F: 2.2(4.3)
a Calculated using homocyclic reactions with inclusion of zero-point 3CwdHs A :2'8(:1'3) A 25(4.2) A :1'0(:0'2)
: . . B: —3.2(-1.3) B: 2.2(4.2) B:—1.9(-1.0)
energies and thermal effectsAH;) of a hypothetical planar acyclic Y . 5 A
. . C: —3.9(-17) C: 2.2(4.6) C:—2.0(-0.7)
phenylene having the same number of angular, branched, and terminal D: —2.8(-1.3) D: 15(3.9)
six-membered rings. Additive enthalpic increments H,, and H are E: _1'3(_0'0) E: 0.7(3.6)
given in the textS Extra strain energy attributable to nonplanarity. = —7.'8(—5..7) = 0:0(1:8)
. . . _ . G: 2.0(4.5)
homocyclic.” Small zero-point contributions are anticipated for H: 1.3(3.6)
any hydrocarbon reaction of zero molecularity, by an empirical 4 CgoH1 A: —4.0(-1.6) A: 1.9(4.7) A:—1.4(-0.2)
formulal® B: —1.6(-0.1) B: 0.5(3.4) B:—2.4(-0.9)
Enthalpies of formation (kcal/mol) of phenylene bowls (Table C: -87(-6.2)  C: 0.9(3.7) .
2) were obtained from homocyclic reactions involving the bowl 7 A: —49(-18) A: 1.6(5.4) A: —25(-0.9)
i D binhenvl ? henvl N B: —2.0-0.3) B: 0.5(3.9) B:—2.6(—1.0)
of interest Dz, biphenylene (&Hg), Cz, [3]phenylene (GeHao), C: —84(-6.1) C: 1.2(3.8)
and brancheg3, [4]phenylene (G4H12). Experimental values D: —6.8(-4.7) D: 0.6(3.2)
of AH; for the latter three are 100%2174.311P and 249.9;1® E: 3.9(6.7)
respectively. Thus, for §H1o(4), use of reaction 3 and ab initio 6 CeoHzo gf —g-g((—g-g)) /gf Z%)—é(%)—)% A: —5.3(-3.9)
:antQaI?eAslﬁo_rrelcStgg for zero-point energies and thermal effects 7CaHn A —56(22) A 06(43) A —2.7(-1.0)
eads toAH¢ = . B: —2.3(-0.4) B: 0.8(3.3)
C: —6.8(-4.6) C: 4.0(6.7)
5CigHio + 10CGHyp— CogHyp(4) +20C Hg  (3) 8CuiH A —27(-07) A 01(36) A —27(-1.0)
B: —7.2(-5.0) B: 1.1(3.8)
Reactions 4 and 5 furnishH? = 781 and 2191 for gHao (6) .- ii —g-(ls((—i‘»s’-g)) gi gg((gg)) A 22(.06)
i 30110 . —o.6(—a. 1 3.2(5. 1 —2.2(—0.
and Gizo (1), respectively. 10CsHn A —6.0(-4.0) A 1.6(4.2)

5C,,H,,— 2C5H,0(6) + 5C;,Hg 4) 2NICS(—1) values are in parentheses. NICS(1) and NIcB(are

isotropic shielding 1 A from the ring centroid in a direction
(5) perpendicular to the mean plane of the ring and, respectively, inside
and outside the bowl. For benzene, NICSf)-12.8; for cyclobuta-
diene, NICS(1)= 17.5.

20C,Hyp— Cip0(1) + 30C Hg

Magnetic Shielding. Chemical shifts of protons, which
generally increase with size of the bowl, range fréné.4 in
CagH12(8) to 7.2 in G14Hs (2); chemical shifts for the terminal-
ring protons of GeHzo (Cs,) ared 7.2 and 7.3. All of these
values are slightly downfield from those calculated for large
zigzag phenylenes: 6.5 for the angular and—7Z@® for the
terminal protonsa

13C chemical shifts of the basal carbons @i (4), CrodHs
(3), and G14Hs (2) are in the narrow rangé 142—-143 vs 141
for archimedene. Carbon atoms on the rims resonate ffom
138 to 153. The larger values of 15053 are those of carbons
in angular rings, adjacent to a CH moiety. Hydrogen-bearing
carbon atoms hav®C chemical shifts of 126122, similar to
0 120 of planar zigzag phenylenés.

The aromatic character of individual rings can be assessed
by calculations of NICS(1) and NICS(l) values, at points 1
A from the ring centroids, inside and outside the bowls,
respectively (Table 3). NICS(1) values are all algebraically
smaller than NICS{ 1), indicating greater shielding within the
bowl. Most aromatic are the five terminal rings oo (6),
with NICS(1) and NICS(1) values of—9.5 and—9.4 ppm.
Other hydrogen-bearing rings have NICS(1) ranging frefl
to —8.7. NICS(1) values for the branched six-membered rings
range from—1.3 to—5.6. The branched rings are less aromatic
than the hydrogen-bearing rings, as is found for large zigzag
phenylenega

NICS(1) values for the four-membered rings are, with one
exception, positive, as is usually the case in phenyléh&he

few examples of small negative NICS(1) values in four-
membered rings include those of the branché&d,
[4]phenylene®® NICS values for the ten-membered rings are
all small and negative, implying slight aromatic character, with
the possible exception ofggHzg (6).

Discussion

Electric dipole moments of phenylene bowls (Table 1) are
oriented along the bowl axis with the positive end toward the
rim. Similarly directed dipole moments are calculated for
fullerene bowls, with magnitudes somewhat smaller than those
of the analogous phenylene bowls (e.gsstGo, 4.6 D2 vs
CsoH12, 7, 6.9 D) owing, in part, to the steepness of the latter.

The large extent of bond alternation in their six-membered
rings, and the near thermoneutrality of reactions 1 and 2 imply
little aromatic character in phenylene bowls. This conclusion
would seem to hold also for archimedene. Its cyclohexatrienic
six-membered rings have NICS(1) and NI€3(] of —1.9 and
—1.3. From theAH? values of Table 2AH° of reactions 6 and
7 are 9 and 6 kcal/mol, the smallness implying that in terms of
energies archimedene is akin to bowl-shaped phenylenes.

2CyH10(4) — 2C30H14 (9) + Cpp0(2) (6)
5C;H15(5) — 5CygH1,(8) + Cpp0(1) (7)
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We can estimate the extra strain energy (ESE) of a bowl or From theAH? values of Table 2, this reaction is thermoneutral
archimedene over and above that dfygotheticalplanar acyclic (AH® = 0).
phenylene with the same numbers of angular (a), branched (b),
and terminal (t) rings. Th&H; (planar) values of Table 2 are C,,Hy, + CiodHg = CoHag (Dsg) + Ciag (9a)
obtained from additive enthalpic increments (in kcal/moly H

= 73.80, B, = 99.15 and K= 50.25. These are derived from | contrast is the significant exothermicity of reaction b °
the three experimentalHy values™ of planar phenylenes; they = 31 kcal/mol, which arises from the imbalance of angular
are refinements of the values suggested previGi&IiE values  and terminal rings, that is, reaction 9b is not homocyclic.
range from 34 for GH2o (6) to 208 kcal/mol for Gy (1). They

enerally increase with molecular size, as do the values per -
garbon )r:uom, all<2.0. This underscores, once again, thpe Cr2H12 + CrogHa = CooHz0 (Cs.) + Cazo (9b)
flexibility of phenylenes, whether planar, helialpr bowl-
shaped.

As noted previously, gHzo (6) is obtained by appending a
terminal ring to each of the five angular rings 0§81 (9), a
change adding little extra strain energy. Thus, the two com-

There is a series of relationships among #te; values of
Table 2. Archimedene can be prepared by hypothetically
“splicing” Ci0eHs (3) and biphenylene, GHs, extruding 16
hydrogen atoms (as 8Hto form the requisite four additional
four-membered rings (Table 1), with four angular and two

pounds have similar ESE values: 34 versus 41 kcal/mol, despite
the fact that there are twice as many rings@nas in 9.
Conversely, archimedene fragméi, a Dsq isomer of GoHzo

(6) in the form of a circular band of 10 zigzag-arranged angular
rings, has a higher ESE, 74 kcal/mol.

terminal six-membered rings becoming six branched rings in
the process. The enthalpy change of this splice is estimated to
be AH?(3) + AH7(biphenyleneH 6Hy, — 4H, — 2H, or 1858

+ 100.5+ 6 x 99.15— 4 x 73.80— 2 x 50.25= 2158 kcal/

mol. This value is only slightly smaller thaftH? = 2191 for

Ci20 (1), as would be expected for H-increments pertaining to
planar rather than bent moieties.

Another such splice forms archimedene from twgHG, (7)
bowls. In this instance, six additional four-membered rings are
formed and 12 angular six-membered rings become 12 branched
rings. Its enthalpic change, 2 927 + 12 x (99.15— 73.80)
= 2158 kcal/mol, again somewhat smaller than 2191.
Archimedene may be formed by joining other members of Table
2, including two GoHzg (6, C5l,); CyoH1o (4) with CsoH10 (9),
C7oH12 (B5) with CygHiz (8); and GoHoo (10, Dsg) with two
CsoH10 (9), one above and one below (the first step forming
CooH10). The AH{ values of1 thereby obtained are similarly
smaller than those computed by means of homocyclic
reaction 5.
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