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Abstract: The Lawesson reagent and P,Ss mediated reductive coupling of phenalenone (6) gives LPAH
peropyrene (5) in 47% and 54% yields. The mechanism of the reaction involves the formation of
phenalenethione (10), Z- and E-1,1'-biphenalenylidene (3), and 9 as intermediates. The electrocyclization
reaction of Z-3 to 9, followed by aromatization, gives 5. The results of an ab initio and DFT study of 3 and
2,2'-biphenalenylidene (12) are reported. E-3 and Z-3 have a diradical character with twist angles of 44.8°
and 57.8° (at UB3LYP/6-311G**). AE*rt = 10.2 kJ/mol and AG'zes = 10.6 kJ/mol for E-3 = Z-3
diastereomerization. These unusually low energy barriers are due to the ground-state diradical destabilization
and the aromatic stabilization of the transition state TS-3. Triplet Z-3 is higher in energy than singlets E-3
and Z-3 by 10.4 and 3.1 kJ/mol. In the concealed non-Kekulé 12, singlet 12 is more stable than the triplet
by 1.3 kd/mol. Singlet 12 is more stable than singlet E-3 by 2.0 kJ/mol, and orthogonal singlet TS-12 is
lower in energy than singlet TS-3 by 6.0 kJ/mol. The energy barriers for the hexatriene-cyclohexadiene
electrocyclization Z-3 — 9 are AE*to; = 94.8 and A G*295 = 98.3 kJ/mol (at (U)B3LYP/6-31G*). The reaction

occurs thermally in a conrotatory mode.

Introduction

The bistricyclic aromatic enes (BAES))(are representatives
of the more general class of overcrowded polycyclic aromatic

enes (PAEs}2 These systems are convenient substrates for the =

chemistry of overcrowded PAEs. Thermochromic and photo-
chromic BAEs serve as candidates for potential molecular
switches>*whereas 9-(Bl-fluoren-9-ylidene)-8i-fluorene @),

the parent BAE, and related BAEs serve as potential starting
materials for the preparation of buckyboWt$. The syntheses

of the fullerene fragment diindeno[1,2,3}éfg1',2,3,4-mnog-
chrysene fron® and its 1,1-dibromo derivative by FVP have
been reported® 11 The topic of BAEs has been review&g1213
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Chart 1
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BAEs were perceived as bridged tetraarylethylenes or tetra-
benzofulvalenes and were classified into homomerous BAEs
(1, X=Y) and heteromerous BAE%,(X = Y).2 1-(1H-phenalen-
1-ylidene)-H-phenalene3), a constitutional isomer d?, has
eluded the attention of the exploréfsFormally, 3 is a BAE,
but has a different topology thdn It is composed of two units
of 1H-phenalene4), known for its unusual chemistiy. 17 BAE
3 may also be regarded as phenalenofulvalene. BAt®ntrary
to 2, can exist as two diastereomefs3 and Z-3. Both are

(12) Sandstim, J. In The Chemistry of Double-Bonded Functional Graups
Supplement A3, Part 2Patai, S., Ed.; Wiley: New York, 1997: pp 1253
1280

(13) Biedermann, P. U.; Stezowski, J. J.; Agranat, Adlrances in Theoretically
Interesting MoleculesThummel, R. P., Ed.; JAI Press: Stamford CN, 1998;
vol. 4, pp 245-322.

(14) The formation of 7-(A-benzfeanthracen-7-ylidene)H-benzpean-
thracene, a dibenzo derivativedfhas been reported briefly in the literature,
but the product has not been characterized: Zinke, A.; Ott, R.; Weinhardt,
E. Monatsh. Chem195Q 81, 878-886.

(15) Reid D. H.Tetrahedron1958 3, 339-352.

(16) Reid, D. H.Quarter. Re. 1965 19, 274-302.

(17) Murata, I. InTopics in Nonbenzenoid Aromatic ChemistNozoe, T.,
Breslow, R., Hafner, K., tpS., Murata, ., Eds.; Wiley: Tokio 1973; vol
1, pp 159-190.
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overcrowded: E-3 has twocove regions, whereaZ-3 has a
fiord region and aay region. The overcrowding iZ-3 and
E-3 leads to out-of-plane deformations and to a variety of
conformations, whereas close carbaarbon nonbonding dis-
tances at th§ord region ofZ-3 could facilitate an aromatization
process, leading to dibenzaflm]perylene (peropyrend), a
large polycyclic aromatic hydrocarbon (LPAH). LPABKwas
identified as a component of coal tar pitéof diesel particulate
extract!® and as a product of bituminous coal volatiles pyroly-
sis20 |t was synthesized fromH-phenalen-1-one (phenalenone,
6) by the Clar reaction, a reductive coupling of phenalenone-
type polycyclic aromatic ketones, using Zn dust in a melt of
NaCl and ZnC} at 300 °C.2122 Peropyrene §) can also be
formed from phenalenyl radical7§), which is reported to
undergoo-dimerization to form its dimer 1;dbiphenalenyl §)

in an equilibrium reactioA>® At < —25 °C 7a exists only in
the dimeric form?3 It has also been shown to form a staggered
“dimeric pair”, with weak or intermediate covalent bonding
between two molecules ofa?* Dimer 8 disproportionates

S:g:’;'ﬁr’] a; ;?](()jn;rt]el:?q[i) de;gI#if d ?\n%rgae?rfrl‘r):alt?c b?gggakﬁr;zsene, the subsequent application of Barton’s 2-folded extrusion diazo/
y 9 y P thione coupling methdd 3¢ with 10 and 1-diazo-H-phenalene

also been mentioned as a possible intermediate in the formationt0 ive5, was considered. Alternativelg0 could be converted
of 5 from 1-(1-hydroxy-H-phenalenyl)-H-phenalen-1-ol under 9 ' .

doubly occupied, respectively. This is not expected to introduce
a significant destabilizing effect. Thus, TREPE values, calculated
for 7a-c, are positive and almost identical, indicating similar
aromatic stabilizatiod” The unusual thermodynamic stability
of 7ais noted'®1’ The problem of kinetic instability ofa due
to o-dimerization to8, leading to5, was overcome by introduc-
ing bulky substituents in7a. 2,5,8-Tritert-butylphenalenyl
radical and perchlorophenalenyl radical were synthesized and
their X-ray structures were determing&e?®

We report here the Lawesson reagent anfs Pnediated
reductive coupling of phenalenoné) (leading to peropyrene
(5) and the mechanism of the reaction, including the formation
of 1H-phenalene-1-thionel() and ofZ-3 andE-3 as intermedi-
ates. The results of an ab initio and DFT study of the
conformational space af-3 and E-3 and related species are
presented. Special emphasis is drawn to the electrocyclization
of Z-3 in the multistep transformation & to 5. We note the
very low barriers forE == Z diastereomerization &.

()
)
:

7*
7c” 8

Results and Discussion

Synthesis of Peropyrene (5) by Reductive Coupling of
Phenalenone (6)We have previously reported an attempted
synthesis 0f3%° by a low-valent titanium-induced reductive
carbonyl coupling reaction, a convenient synthetic method for
preparation of aromatic and aliphatic enes from carbonyl
compounds, referred to in the chemical literature as the
McMurry reaction31-33 Treatment of with low-valent titanium
species generated from TiCind LiAIH,4 did not produceZ-3
andE-3, but gave LPAHS5 in a relatively low yield (15%%°
The possibility of converting into phenalenethionel (), with

acidic catalysig>16The reductive dimerization of phenalenium to 5 by a reductive coupling with copper.
perchlorate with Zn dust in diethyl ether at 26 via radical
7a yields 5.25 Radical 7a can also be generated fro6y516

Dimer 8 has neither been isolated nor characterized and the

mechanism of the formation &ffrom 8 has not been elucidated.

The phenalene system has gained a special status in Nove

Aromatic Chemistry!®17 Consider the odd-alternant phenalenyl
Dsn-Ci3Hg system. Phenalenyl radicBlz-CisHg® (7d), phen-
alenium cationD3z;-Ci3Hgt (7h), and phenalenide anioDazp-
C13Hg™ (70) all possess special thermodynamic stabilit¥his
extraordinary picture stems from the kel diagram of mo-
lecular z-orbitals. The HOMO/LUMO of the odd-alternant
speciesra, 7b, and7cis a nonbonding orbital (NBMO), lying

above three degenerate bonding orbitals. Phenalenium catio

(7b) is a truly closed shell speci@swith an empty NBMO,
whereas in radicala, and anion7c this orbital is singly and

(18) Fetzer, J. C.; Kershaw, J. Ruel 1995 74, 1533-1536.

(19) Fetzer, J. C.; Biggs, W. R.; Jinno, Khromatographial986 21, 439—
442,

(20) Wornat, M. J.; Ledesma, E. B.; Marsh, N. Buel 2001, 80, 1711-1726.

(21) Clar, E.Ber. Dtsch. Chem. Ge4943 76, 458-466.

(22) Clar, E.Polycyclic HydrocarbonsAcademic Press: New York, 1964; Vol
1, p 242-245.

(23) Gerson, FHely. Chim. Actal966 49, 1463-1467.

(24) Takano, Y.; Taniguchi, T.; Isobe, H.; Kubo, T.; Morita, Y.; Yamamoto,
K.; Nakasuji, K.; Takui, T.; Yamaguchi, KI. Am. Chem. So@002 124,
11 122-11 130.

(25) Pettit, R.J. Am. Chem. Sod.96Q 82, 1972-1975.

(26) Minkin, V. I.; Glukhovtsev, M. N.; Simkin, B. Y.Aromaticity and
Antiaromaticity: Electronic and Structural Aspect/iley: New York,
1994,
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Treatment of6 with P,Ss in boiling benzene under argon
atmosphere for 10 h did not give the expected thidAebut
afforded LPAH5 in 54% yield. The reaction & with Lawesson
reagent under similar conditions for 2.5 h gave LPB\ 47%

yield. NeitherZ-3 nor E-3 were found in the product mixture.

To explore the reaction furthelt NMR spectra were recorded
5, 30, and 60 min from the beginning of the reactioratith
P,Ss. In addition to5 and6, signals ascribed to two unknown
compounds | and Il were recorded. After 5 min, the reaction
mixture contained 7995% of Compound |, 620% of6, and
small amounts 05 and Compound II. After 30 min, the reaction
mixture contained 3640% of Compound I, 1540% of 5,

"

27) llic, P. Trinajstic N. J. Org. Chem198Q 45, 1738-1748.

(28) Goto, K.; Kubo, T.; Yamamoto, K.; Nakasuji, K.; Sato, K.; Shiomi, D.;
Takui, T.; Kubota, M.; Kobayashi, T.; Yakusi, K.; OuyangJJAm. Chem.
Soc.1999 121, 1619-1620.

(29) Koutentis, P. A.; Chen, Y.; Cao, Y.; Best, T. P.; ltkis, M. E.; Beer, L.;
Oakley, R. T.; Cordes A. W.; Brock, C. P.; Haddon, R.JCAm. Chem.
Soc.2001, 123 3864-3871.

(30) Podogin, S.; Agranat, Drg. Lett.1999 1, 1387-1390.

(31) Mukaiyama, T.; Sato, T.; Hanna, Ghem. Lett1973 1041-1044.

(32) Tyrlik, S.; Wolochowicz, IBull. Soc. Chim. Fr1973 2147-2148.

(33) Smith, M. B.; March, MMarch’s Advanced Organic Chemistry: Reactions,
Mechanisms and Structur& Ed; Wiley: New York, 2001; pp 1561
1562.

(34) Reason and Imagination: Reflections on Research in Organic Chemistry:
Selected Papers of Derek H. R. Bartd@arton, D. H. R., Ed.; Imperial
College Press and World Scientific: Singapore, 1996; vol. 6, p 489.

(35) Barton, D. H. R.; Willis, B. 3JJ. Chem. Soc., Perkin Trans.1972 305-
310.

(36) Barton, D. H. R.; Guziec, F. S.; ShahakJlChem. Soc., Perkin Trans. 1

1974 1794-1799.
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Scheme 1. Proposed Mechanism of the Reductive Coupling of via 8 into 5.1516 The conditions of the reductive coupling 6f
Phenalenone (6) to Form Peropyrene (5) mediated by Lawesson reagent and bySPrule out the

‘ ‘ ‘ formation of8 as an intermediate.
[s] . . .
2 — 92 — — > E3+23 Conformational Space of 1,1-Biphenalenylidene (3).The
O‘ O‘ % O conformational space of BAB was studied by ab initio HF
° S and MP2 and DFT B3LYP methods. DFT can be successfully
6 10 used to probe the aromaticity of large molecular systems, in a

cost-effective way, using the different energetic, geometrical

‘ ‘ O O and magnetic criteria of aromaticit§.Lately, B3LYP hybrid
O‘ O‘ “ “ functional was successfully employed to treat BAESPAHSs 2
| = 0 — O . O fullerenes, and fuIvaIer_1é§.TabIe S1 and '_I'able S2 give HF,
‘O O‘ “ -2H “ MP2,_and B3LYP relative an_d total energies of BAETable
O O O O S3 gives selected geometrical parameters3.offhe global
E-3 Z-3 9 5

1"

minimum of 3 is twistedE-3 (w = 37.5), with twistedZ-3 (v

= 38.9) being less stable by 15.4 kJ/mol (at RB3LYP/6-31G*).

These twist values are similar to the pure twist2p34.0°.4%
0—30% of Compound I, but no traces 6f After 60 min, the Both twisted conformations o8 are slightly overcrowded,
reaction mixture contained 3%0% of 5, 35% of Compound having nonbonding distance&C® = 305.6 pm (11% penetra-
I, and trace amount of Compound I. TR NMR spectrum  tion; the van der Waals radii of carbon is 171 4frand C--
of the latter sample recorded after a week showed 98 of -C¥ = 313.9 pm (8% penetration). Thentafolded E-3
5. The UV—vis spectrum of the dark orange solution (Com- conformation is a local minimum, 27.5 kJ/mol less stable than
pound 1), resulting from the reflux & with P,Ss in benzene (5 E-3. Synfolded Z-3, which is 78.1 and 62.7 kJ/mol higher than
min), demonstrated signals at 470, 444, 418, 394, 375, 356,E-3andZ-3, respectively, is a transition state. It is overcrowded,
340, 328, and 315 nm. TH&d NMR spectrum of this orange ~ With nonbonding distances®H-H? = 171.5 pm (25% penetra-
solution (Compound I) resembled thd NMR spectrum of, tion; the van der Waals radii of hydrogen is 115%and C-
with a slight shift to a lower field. After evaporating the solvent +-C® = 301.7 pm (12% penetration). For comparisamij-folded
in a vacuum and dissolving the residue again, the color of the and synfolded 2 are 39.0 and 74.3 kJ/mol less stable than
solution changed from dark orange to green. The-Wis twisted 2.41 PlanarE-3 and Z-3 are third-order saddle points
spectra showed a broad band at 647 nm with the intensity rapidly and are located 104.1 and 147.3 kJ/mol ali&x&; respectively.
decreasing in time and disappearing after 50 min, whereas the Spin unrestricted treatment d&-3 and Z-3 lowers their
intensities of the characteristic bands belonging to LPAH38, relative energies by 3.1 and 10.7 kJd/mol, respectively, &igh
409, 382, and 354 nm) were consistently increasing. It was being less stable th&#-3 by 7.8 kJ/mol (at UB3LYP/6-31G*).
concluded that the orange Compound | is phenalenethid®e (At UB3LYP/6-311G**, the energy difference is 7.3 kd/mol.
The signal of aliphatic protons in théd NMR spectrum of ~ Both E-3 and Z-3 have a diradical charact&¥¢ which is
Compound Il could be ascribed 49, or another intermediate  reflected in higher twist angles as compared to spin restricted

product of the phenalenone coupling reaction, leadirfy ithe geometries: 457land 55.8, respectively. The transition state
band at 647 nm in UVvis spectrum is ascribed -3 and/or for E = Z diastereomerization, the orthogonally twisted 3'S-
E-3. conformation ¢ = 88.5’), is located 12.0 and 4.2 kJ/mol above

The proposed mechanism of the coupling reaction is depicted E-3 andZ-3, respectively (at UB3LYP/6-31G*). Figure 1 shows
in Scheme 1. Thiond0 is formed first. Thiones of aromatic  the relative energies of the important, twisted conformations of
ketones can undergo dimerization, including carboarbon 3. Figure 2 shows the three-dimensional views of twisdfe8|
bond formatiort”38Thione10then undergoes dimerization and  Z-3, and TS3. TheE,Z—diastereomerization barrier is remark-
desulfurization, via carbengl or, alternatively, via 2,4-bis- ably low: AE*re = 12.0 kJ/mol (UB3LYP/6-31G*) and 10.2
(1H-phenalenyliden)-1,3-dithiane, leading to BAE (E)-3 kJ/mol (UB3LYP/6-311G**). The enthalpy of activation of the
readily isomerizes toZ)-3 (vide infra), which then undergoes reaction AH*93 = 7.4 and 5.5 kJ/mol, respectively. Gibbs
a hexatriene-cyclohexadiene electrocyclization, to give hepta- activation energyAG*yggis 12.5 and 10.6 kJ/mol, respectively.
cyclic hydrocarbord. Subsequent aromatization ®fyields 5. For comparison, the experimentsflG* for thermal E,Z-

This reaction may be compared with the reductive coupling diastereomerization of disubstituted bifluorenylidenes are in the
of 7H-benzpiganthracen-7-thione with copper powder in boiling  range of 79.5-104.6 kJ/moF
toluene, to give LPAH tetrabenzafd,j,Im]perylene as the sole The unusually low energy barrier f&;Z-diastereomerization
reductive dimerization product in 14% yiel®l The reductive of 3is ascribed to a combination of a ground state destabilization
coupling of6 to 5 with P,Ss or with Lawesson reagent requires  of this BAE, possessing a diradical character, high torsion angles
a moderate heating (8), but does not require high temper- and significantly weakened central double bond, and of an
atures as the Clar reaction. The depicted mechanism (Scheme
1) differs considerably from the reported transformatiorvaf ~ (49) De Proft, F.; Geerlings, REhem. Re. 2001 101, 1451-1464.

)
(41) Biedermann, P. U.; Stezowski, J. J.; AgranaiChem. Commun2001,
954-955.
)
)

(37) Pedersen, B. S.; Scheibye, S.; Nilsson, N. H.; Lawesson, BulD.Soc. (42) Pogodin, S.; Agranat, II. Org. Chem2002 67, 265-270.
Chem. Belg1978 87, 223-228. (43) Scott, A. P.; Agranat, |.; Biedermann, P. U.; Riggs, N. V.; Radom].L.
(38) Cava, M. P.; Levinson, M. Tetrahedron1985 41, 5061-5087. Org. Chem.1997 62, 2026-2038.
(39) Pogodin, S.; Agranat, lLarge Polycyclic Aromatic Hydrocarbons by Peri- (44) Zefirov, Yu. V.Crystallogr. Rep1997 42, 111-116.
Peri Reductie Coupling of Polycyclic Aromatic Ketones and Thioketones. (45) Borden, W. T. IrDiradicals, Borden, W. T., Ed.; Wiley-Interscience: New
Abstracts, The 9th International Symposium on Novel Aromatic Com- York, 1982; pp £72.
pounds, Wanchai, Hong Kong, August-2, 1998, Poster 15. (46) Borden, W. T.; Davidson, E. RAcc. Chem. Re<981, 14, 69-76.
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AEry,, kd/mol AEq,, kJ/mol
T S T
104 10.4 Z-3 ® o TS3 102 12.1-6-TS12
N 101 s
73423 8.6 - TS-12 .
79-e- TS12
57 s
6.2-e- TS-12
5%
! 0.0 = E3 T
0 - 125 %12
ot 0.0 e-12
-5 + 4 4 + + +
0 30 60 90 120 150 180
pure twist, deg. -5 + + + +- + +
. . . . -30 0 30 60 90 120 150
Figure 1. DFT relative energiesAErot, kJ/mol) of the twisted conforma- pure twist, deg.

tions of BAE 3 (at UB3LYP/6-311G**; AEro(E-3) = 0; S: singlet, T:
triplet).

134 “
ﬁ @

X o I «
1 ;1 ¥ hord 1x I
ﬂ o f i#* i I
e v IYY r T
Y .&_ 'S N N Y
AL A, I I

T Y
E3 TS-3 z-3

Figure 2. Three-dimensional representations of twiske8 andZ-3 and
of the transition state fdE,Z-diastereomerization & (singlets, at UB3LYP/
6-311G**).

aromatic stabilization of the orthogonally twisted transition state
TS-3. The degree of this stabilization could be estimated by a
comparison of T3 with the analogous transition state for
enantiomerization of twiste?l*! TS-3 is more stable than T3-
by 101.3 kJ/mol (at UB3LYP/6-31G*). Hence, the experimental
E,Z-diastereomerization barriers in derivatives Dfare sub-
stantially higher (vide supra). The results of HF and MP2
methods are in agreement with the results of DFT. At UHF/6-
31G*, E-3 (w = 61.5) is more stable tha#-3 (w = 66.4) by
0.4 kJ/mol, and TS is less stable thak-3 and Z-3 by only
2.0 and 1.6 kJ/mol, respectively. At UMP2/6-31G*//UHF/6-
31G*, the energy difference betwe&i3 and Z-3 is 0.2 kJ/
mol, whereas TS is less stable thak-3 andZ-3 by 3.0 and
2.8 kd/mol, respectively. However, the high spin contamination
of the resulting open shell singlet®?(= 3.68-3.69) should be
noted.

Kekulé versus Non-KekuleBiphenalenylidenesTriplet Z-3
(w =77.C¢°) is a minimum, being higher in energy than singlets
E-3 andZ-3 by 10.4 and 3.1 kJ/mol (at UB3LYP/6-311G**).
A similar picture was revealed in Clar Golflet(4H,13H-
diphenaleno[2,1,9,8efg2',1',9,8-opgrjpentacene-4,13-diyl).
However, Clar Goblet is a planar concealed non-Kékule
LPAH,*® in contrast to3, which is obviously a Kekdle
hydrocarbon. Non-Kekulemolecule is a fully conjugated

(47) Clar, E.The Aromatic SexteWiley: London, 1972; pp 118119.
(48) Pogodin, S.; Agranat. 0. Org. Chem2003 68, 2720-2727.
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Figure 3. DFT relative energies AEror, kJ/mol) of the optimized
conformations of diradical2 (at UB3LYP/6-311G**; AErq of twisted
singlet12 = O; S: singlet, T: triplet).

%@

Chart 3

1
%@

@% %?

molecule, each of whose KeKué&ructures contains at least two
atoms that are not-bonded®-5! A distinction has been made
between concealed and nonconcealed (obvious) non-Kekule
hydrocarbon$?-56 In a concealed non-Kekuleydrocarbon, the
numbers of starred and unstarred carbon vertexes are ¥ghal.
In contrast to3, its constitutional isomers 2Z;biphena-
lenylidene (2) and 1,2-biphenalenylidenel@d) diradicals are
concealed and nonconcealed non-Kékuldrocarbons, respec-
tively.5” The AM1-ROHF CI calculations of diradical? and
13 (Chart 3) have been reportétithe triplet of nonconcealed
13(w = 50°) was more stable than the singlei & 80°) by
10.4 kJ/mol, whereas the singlet of conceal&d(w = 44°)
was more stable than the triplab (= 44°) by 7.2 kJ/moFk8
Figure 3 shows the relative energies of the optimized conforma-

(49) Longuet-Higgins, H. CJ. Chem. Phys195Q 18, 265-274.

(50) Dewar, M. J. SThe Molecular Orbital Theory of Organic Chemistry;
McGraw-Hill Book Company: New York, 1969; pp 23236.

(51) Borden, W. T.; lwamura, H.; Berson, J. Acc. Chem. Re4994 27, 109~
116

(52) (a) Cyvin, S. J.; Gutman, KekuleStructures in Benzenoid Hydrocarbons
(Lecture Notes in Chemistry 46%pringer-Verlag: Berlin, 1988; pp 18
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tions of12. The DFT relative and total energiesI# are given

in Table S1 and Table S2 (see the Supporting Information).
The DFT calculations showed that singlg2 (v = 41.7°) is

the global minimum and is lower in energy than triplet (w

= 42.9) by 1.3 kd/mol (at UB3LYP/6-311G**). Note that the
POMOs 86 and 8 of singlet12 as well as singletg-3 and

Z-3 are disjoint and localized on the upper and the lower
phenalenylidene unit, respectively (Figure S1 and Figure S2).
Orthogonally twisted singlet and tripl&R are transition states
for the enantiomerizations of the respective twisted conforma-
tions: (M)-12==TS-12 (orthogonal)}= (P)-12. They are located
6.2 and 6.6 kJ/mol higher than the corresponding singlet and
triplet twisted12. Planar singlet and tripléi2 are also transition
states for the enantiomerization®){12 = TS-12 (planar)=
(M)-12. They are located 8.6 and 10.8 kJ/mol higher than singlet
and triplet12, respectively. All of these transition states are
achiral. The conformations df2 are slightly more stable than
the respective conformations 8 Thus, singlefl2is more stable
than single€-3 by 2.0 kJ/mol, and triplet2is lower in energy
than triplet Z-3 by 11.0 kJ/mol (at UB3LYP/6-311G**).
Orthogonally twisted singlet T$2 is more stable than orthogo-
nally twisted singlet T3 by 6.0 kd/mol. The increased stability
of 12 can be explained by the different topologies of these
Cu6H16 Species (vide infra).

Table S4 gives the eigenvalues of the seven highest occupieo9 as

(80—86), the seven highest vacant (893) 7-MOs of 3 and
12, and the relevant MOs of the parefa. The degeneracy of

11,
Ao
r rhy
Iaaé

Z-3
Figure 4. Three-dimensional representationsZe8, 9, and the transition
state TS9O for Z-3 — 9 electrocyclization (singlets, at (U)B3LYP/6-311G**).

T8-9

bridgehead €and G atoms of3, whereas it is low at the
bridgehead €and G atoms ofl12, thus reducing spin exchange
between two phenalenyl units df2. This difference may
account for the lower energy df2 relative to3.

Reductive Coupling of Phenalenone (6) to Peropyrene
(5—A Computational Approach. The transformation o into
5 is described as a multistep process, including formation of
the intermediate ends-3 and Z-3 with subsequent electrocy-
clization followed by aromatization, leading ®(Scheme 1).
The latter steps include the formation of heptacyclic hydrocarbon
an intermediate. Table S6 and Table S7 gives DFT relative
and total energies 09. It may exist as RR/SS and RS
diastereomers, with the twos@—H hydrogens located on the

the three highest doubly occupied and the three lowest vacantSaMe side or on the different sides of the plane of the aromatic

MOs of D3g-7a is lifted, lowering the MO symmetry t&;,.
The HOMO-LUMO gaps in singlet&-3, Z -3, and12are 1.81,
1.84, and 1.90 eV, respectively (at UB3LYP/6-31G*).

Table S5 and Figure S3 give the total atomic spin density at
the carbon atoms dfa, twisted conformations a3, and12 (at
UB3LYP/6-311G**). In 7a, the calculated spin density is
concentrated mainly at thperi Ct, C3, C# C8 C/ and C
positions (0.309). This pattern is maintained3mnd 12. In
singletsk-3, Z-3, TS-3, 12, and TS12, the highest positive and
negative values of spin density are located atptbe positions
Cl C8 C*CS C/and C of one phenalenylidene unit and at
CY, C3, C* C8, C/ and C of the other phenalenylidene unit,
respectively. The positive spin density in tripl&ts3, 12, and
orthogonal TSt2 is delocalized mainly through all thgeri
positions. The spin density at the centré®@nd C° atoms
are low for all the species. These results are consistent with the
literature spin density distribution fata and12.58 The absolute
values of spin density in singléE-3 (w = 44.8) at theperi
positions are considerably lower than the respective values in
radical 7a (0.226-0.201 vs 0.309), except for the bridgehead
Cland G atoms (0.284 vs 0.309). Increasing the pure twist in
singletsZ-3 (57.8) and TS3 (87.5’) and in tripletZ-3 (77.C°)
breaks ther-conjugation along the &-C! bond, thus eliminat-
ing the spin exchange between two halves of the molecules. In
12, the bridging G—C? bond lies in a nodal plane of the spin
active POMOs 86 and 8@, and the spin density values are
very close to those iia. The calculated spin density pattern in
the singlets o8 and12 suggests that each of the two electrons
of opposite spin occupies one of the degenerate POMOs, which
are disjoint and located on different phenalenylidene units.
Obviously, the net spin of these singlets is zero. Due to the
different topology of3 and 12, the spin density is high at the

skeleton of9, respectively. Twiste® is the global minimum,
with torsion angle around the former double bond 21F@lded
9is a local minimum, 48.9 kJ/mol higher in energy than twisted
9 (at B3LYP/6-311G**). Folded TS lies 59.6 kJ/mol higher
than twistedd, and, according to IRC calculations, serves as a
transition state for diastereomerization of fold@dwith an
energy barrier of 10.7 kJ/mol. Singlet twisted 9$& = 0.21)
is a transition state for the hexatriene-cyclohexadiene electro-
cyclization ofZ-3 to 9.and lies 119.7 kJ/mol higher in energy
than twisted9 (at UB3LYP/6-31G*). Figure 4 shows three-
dimensional representationsof3, TS-9, and9. Table S8 gives
selected geometrical parameters of the centfat@2a—C!—
CY—C%—C? ring in Z-3, TS9, and9. In the course of th&-3
— TS-9— 9electrocyclization, the nonbonding<©C? distance
shortens from 328.5 via 219.1 to 155.5 nm, and tfA&-C'—
CY—C¥% torsion angle changes from 59.9ia 37.5 to 21.0.
The length of the central ethylene bond hardly changes.

The energy barrier for the electrocyclization8 AE*ry is
94.8 kJ/mol. The enthalpy of activation of the reactidH*,gg
is 92.4 kd/mol, wherea8G¥ygg is 98.3 kJ/mol (at (U)B3LYP/
6-31G*). For comparison, the experimentaG* for the tZt-
1,3,5-hexatrienetZt-HT) — 1,3-cyclohexadiene (CHD) elec-
trocyclization is 123.8+ 1.3 kJ/mol®® whereas the calculated
energy barrier for th&Zt-HT — cZcHT diastereomerization is
47.1 kJ/moFP Thus, the energy barrier for the reacticbc-HT
— CHD, which corresponds to the reacti@ds3 — 9, is 76.7
kJ/mol. The higher value of the barrier for the latter electro-
cyclization could be ascribed to a more rigid structureZes
and to the temporary loss of aromatic stabilization during the

(59) (a) Lewis, K. E.; Steiner, HI. Chem. Soc1964 3080-3092. (b) Marvell,
E. N.; Caple, G.; Schatz, Bletrahedron Lett1965 385-389.

(60) Henseler, D.; Rebentisch, R.; Hohlneicher]r. J. Quantum Cheni999
72, 295-305.

J. AM. CHEM. SOC. = VOL. 125, NO. 42, 2003 12833



ARTICLES

Pogodin and Agranat

reaction. The central ring of TShas a twisted chair conforma-

using CDC} as solvent and as internal standa¥(QHCls) = 7.26 ppm).

tion, and its geometry differs considerably from the geometry **C NMR spectra were recorded at 100.6 MHz using CGIsolvent
of the transition structures for the disrotatory and conrotatory @nd as internal standard(CHCl;) = 77.01 ppm). Complete assign-

ring closure oftZt-HT.6168 Table S8 (see the Supporting

Information) gives the calculated and experimental energy
barriers and selected geometrical parameters in the hexatrien

ments were made through 2-dimensional correlation spectroscopy
(DQF-COSY, NOESY, and HSQC). The literature procedti&for
converting aromatic ketones to thiones was slightly modified to afford

§he maximal yields of the product. The reactions were carried out under

region of the reagents, the transition states and the product ofs,. pansene was dried over sodium and freshly distilled.

the electrocyclizations 03 and CT.
ThetzZt-CT — CHD reaction occurs thermally in a disrotatory
fashion, in accordance with the Woodwatdoffmann rule$-70

Reaction of Phenalenone (6) with Lawesson Reagent in Benzene.
To a magnetically stirred boiling solution 6f(0.509 g, 2.82 mmol) in
benzene (35 mL), Lawesson reagent (875 mg, 2.16 mmol) was added.

By contrast, the displacements of the atoms of the central The color of the mixture changed rapidly from yellow via orange to

aromatic ring of TS9 along the normal mode of the imaginary

dark brown. The mixture was refluxed for 2.5 h. Column chromatog-

frequency correspond to the conrotatory course of the thermalraphy of the reaction mixture (Si@ried, diethyl ether/petroleum ether

Z-3 — 9 electrocyclization. The reaction, however, obeys the
conservation of orbital symmetry rule: the symmetry of the two
degenerata-POMOs ofZ-3 implies an overlap between orbital
envelops on opposite sides of the hexatriefte C2—C1—C —
C%—C9 system to form the &-C% o—bond @ntarafashion),
thus requiring a conrotatory motion. Ttaatarafashion closure

is facilitated by a significant twist around the centrai-C"
bond: the torsion angle ®€-C'—CY—C% in Z-3 is 59.9 (at
UB3LYP/6-311G**). The respective torsion angle ¢éZc-CT

is 0—10° (Table S8).

Conclusions

1,1-Biphenalenylidene3d), a BAE with a topology different
from that of the conventional BAES4L), is found to have a
diradical structure. Despite this, singl&s3 andZ-3 are more
stable than BAE2 by 21.9 and 14.1 kJ/mol, respectively (at
(U)B3LYP/6-31G*). On the other han@®, a Kekulehydrocar-
bon, is found to be less stable than the non-Kekwyigrocarbon
12. Singlet12 is more stable than singl&-3 by 2.0 kJ/mol,
and triplet12is lower in energy than triplez-3 by 11.0 kJ/mol
(at UB3LYP/6-311G**). BAE3 readily undergoek,Z-diaster-
eomerization: AE*ro = 10.2 kJ/mol andAGgs = 10.6 kJ/
mol (at UB3LYP/6-311G**). TS3is lower in energy than T3-
by 101.3 kJ/mol, due to the aromatic stabilization of its
phenalenyl units. The electrocyclization 8f3 to 9 has the
energy barrierd\Efro; = 94.8 kJ/mol andAGheg = 98.3 kJ/
mol, and occurs under modest heating {8). The experimental
and computational results do not, in principle, rule out the
possibility of synthesizing kinetically stable derivativeso8,
Z-3, and12.

Experimental Section

General. Melting points are uncorrected. All NMR spectra were
recorded with Biker DRX 400. U\+-vis spectra were recorder with
Kontron UVIKON 860H NMR spectra were recorded at 400.1 MHz
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Org. Chem.1995 60, 7134-7141.
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So0c.1988 110, 8554-8555.
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(64) Pichko, V. A.; Simkin, B. Ya.; Minkin, V. 1J. Mol. Struct. (THEOCHEM)
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7092
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31, 682-708.
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40-60, 1:1) afforded 377 mg of a yellow solid containing ca. 47% of
5. The crude product was purified by sublimation (250, 0.4
mmHg): 19.6 mg of crud8 yielded 10.6 mg (54%) of purgas yellow
crystals, mp 386385 °C decomp. (lit* mp 374-375°C); 'H NMR:

0 =9.27 (d,J = 8.1 Hz, H> H, H,*2 H'9), 8.44 (d,J = 9.3 Hz, H}

H,” H,}1 H4), 8.38 (d,J = 7.6 Hz, H, H3, H2 H0), 8.18 (1,J = 7.4
Hz, J = 7.6 Hz, H, H%; *3C NMR: 6 = 130.95 (CG3C,aC,10aC143),
127.66 (CIC,/CC¥), 126.01 (C,C%, 125.15 (C3CShCr2aCi?h),
125.19 (G,C3,C2C9), 125.20 (CionCi4n) 122.95 (Ci28C49), 122.88
(C5CsCr2Cy) (cf. ref 30,71); UV-vis (CsHis, nm): 436, 411, 387,
366, 323, 310 (cf. ref 21, 25). An analogous reaction conducted at 25
°C for 24 h afforded only the starting ketoGe

Reaction of 6 with Phosphorus Pentasulfide in Benzendlo a
magnetically stirred boiling solution @& (2.00 g, 0.111 mol) in benzene
(200 mL), BSs (4.93 g, 0.222 mol) was added. The color of the mixture
changed from yellow via orange to dark brown. The mixture was
refluxed for 10 h. The reaction mixture was cooled and filtered, the
residue was extracted seven times with cold chloroform. The joint
extracts were evaporated in a vacuum. Recrystallization of the solid
residue from toluene yielded 983 mg (54%) mgbadis a dark brown
powder, mp 376-:380°C. The'H NMR and3C NMR spectra of the
product were identical with those of the product of the reactiob of
with Lawesson reagent. The UWis spectrum was recorded for the
orange solution before and after its evaporation and dissolving again
(the green solution). The orange solution: Ywls (GsHs, nm): 656
(very weak), 470, 444, 418, 394, 375, 356, 340, 328, 315. The green
solution: UV-vis (CsHs, nm): 647, 465, 438, 409, 382, 354.

Reaction of 6 with Phosphorus Pentasulfide in Chloroformel.

To a magnetically stirred boiling solution 6f(50 mg, 0.277 mmol) in
chloroformd (15 mL), BSs (185 mg, 0.832 mmol) was added. The
mixture was refluxed for 1 h. The samples of the reaction mixture were
taken 5, 30, and 60 min after the beginning of the reaction, filtered,
and!H NMR spectra of resulting dark orange solution were recorded
immediately and after a week. The following signals were observed:

(1) 9.24 (d, 2H), 8.39 (d, 2H), 8.36 (d, 2H), 8.15 (t, HHssigned
to 5;

(2) 8.66 (d, 1H), 8.23 (d, 1H), 8.05 (d, 1H), 7-78.84 (m, 3H),
7.62 (t, 1H), 6.78 (d, 1Hjyassigned td.

(3) 8.87 (br. s., 1H), 8.26 (br. s., 1H), 8.04 (br. s., 1H), 7.87 (br. s,
1H), 7.68 (tr, 1H), 7.557.48 (m, 3H)-assigned td.0 (Compound I).

(4) 7.82-7.70 (m), 7.54-7.49 (m), 7.38-7.33 (m), 6.99 (d, 1H),
6.59 (br. d, 1H), 6.04 (dd, 1H), 4.07 (br. s, 2HFompound II.

Swift decomposition of Compound | and low concentration of the
samples made it impossible to recd®@ NMR spectra.

Computational Methods. The ab initio and DFT calculations were
performed using the Gaussiari®package. The RHF Hamiltonian was
used for the closed shell systems, whereas RHF and/or UHF Hamil-
tonian were used to treat the twisted conformation8 @nd open-
shell systems. Becke's three parameter hybrid density functional

(71) Ueda, T.; lwashima, S.; Aoki, J.; Takekawa, Magn. Reson. Cheri995
33, 95-103.
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B3LYP,”® with the nonlocal correlation functional of Lee, Yang, and processes were calculated for selected transition states. The dummy
Parr+7¢ was used. The basis sets STO-3G, 6-31G*, and 6-311G** atoms and symmetry constrains were removed, and two IRC calcula-
were employed. MP2 single point calculations were carried out at the tions for each transition state were run to follow the normal mode with
HF/6-31G* optimized geometries. All structures were fully optimized  jmaginary frequency in both directions.

using symmetry constrains as indicated. Vibrational frequencies were
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