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Abstract: Conjugation energies, aromaticity indices, Ig, and strain energies have been

calonlatad frowm nuhlichad axnarimantal dimencione for a ranoe of hanzenoid derivativee
CaClaits irom pudsisiieC experimenta: Qunensions I0r a range of denzenoid genvalives
displaying bond alternation and their quantitative interrelationships investigated.

© 1998 Elsevier Science Ltd. All rights reserved.

INTRODIIOTIN
ANS

ALN A ANV RIF N 1

The oniginal postulate by Mills and Nixon" that fusi ive-membered ring onto a benzenoid one as in
indane wouid resuit in doubie bond fixation and ensuing changes in reactivity paticrns has been a
continuing focus for investigation for both benzenoid and heterocyclic systems.‘ﬁ Although the original
argument for its occurrence is now recognised to have been based upon a misconception the past few years
has witnessed the description of an increasing number of benzenoid molecules displaying bond alteration,
vide infra. Apart from some fragmentary observations little is known about the effect of bond alternation
on the aromaticity of such benzenoid rings. In this paper we report the results of a comparative quantitative
study of the effects of molecular structure on the aromaticity of those compounds for which accurate

maolecular dimenciong are currentlv available,
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AROMATICITY CRITERIA EMPLOYED IN THIS STUDY
Resonance energies are a widely employed criterion of aromaticity. In recent papers4'5 we have
introduced a method for estimating the resonance energy of an aromatic ring system from molecular
dimensions which entails calculating the energy necessary to deform the real molecule into its Kekulé or
resonance structure as illustrated for benzene;
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In eceence thic entaile calenlatino the enerov Fn reanired to convert each bond of the conineated
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ER = 85.94 (Rg or Ry - R)Z (44.39 - 26.02R ) keal. mole-!
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where R (A) is the length of the bond.Summation of the values for the Kekulé struc
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1.337A respectively. The energies for the separate Kekulé forms are then summed to give the overall
conjugation energy, CE, according to the foilowing expression:
=6

CE=nE; (VE+ X VE )

The summation coefficients obtained can also be used to estimate the relative contributions of the
individual Kekulé forms and have been used in this paper to provide the exo/endo ratio..

The aromaticity index, 16,6‘8 which has been commended® as an alternative criterion of classical
aromaticity,was also calculated for each compound This index is based upon a statistical evaluation of the

extent of variation of ring bond order provided by the expression
16 - lOO(I -VIV K)

o AR,
where V=400 /2 (N-N)*
N 6

and N is the arithmetic mean of the 6 various ring bond orders, N, which were obtained 10 from the
corresponding experimentally determined bond lengths using the relationship N = 6. 80/R? - 1.71. Vk
has the value of 33.3 for the corresponding non-delocalised form of the benzene ring.

It was recognised at the outset that the extent of bond fixation was a function of the endo ring an
the most obvious way of placing this on a quantitative basis was to calculate the sum of the strain
eneroies. X Vo. resultine from deformine each of these an gles from 120°. The s
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where A is the bond angle deformation constant (0.026 kcal. mole‘ldeg2) and o is the bond angle
deformation. While the absolute magnitude of the resulting strain energies may be open to question this
approach provides a convenient assessment of relative values as will be seen later.

RESULTS AND DISCUSSION
The structures of the range of compounds under consideration are shown in formulae 1 to 11. As
illustrated for 1 to 5 the benzenoid ring can be depicted as having two contributing Kekulé structures in
one of which the double bonds are endo to the annelating rings and the other in which they are exo. In
valence bond terms most of these molecules behave as though the exo form makes a greater contribution
to the resonance hybrid than the endo one. Perusal of the data in Table 1 shows that this behaviour is
manifested by an increasing disparity between adjacent ring bond lengths . Whereas the introduction of
six substituents into the benzene ring as in hexamethylbenzene results in a slight increase in the ring
carbon-carbon bond lengths the fusion of three additional rings as instanced by entries 3 through 8 has
the converse effect and the extent of bond alternation increases as the fused ring size decreases. One
surprising exception to the general trend is provided by the hexafluorotris(cyclobutano)benzene 7. As
virtually identical dimensions have been derived for this molecule by two different groups of workers20
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i case t
can only assume that case th n Y
counterbalanced by the bond lengthening effect of hexasubstitution
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1 X=Y= CH,CH, VN
2 X= CHQC}{?_, Y= CH:)_ I

3 X=0-CgH,,, Y= CH, _ AR
4 X=CH=CH; Y=0 6 R=SiMe; R
5 X=Y= CI"IQ
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from molecular strain energies. Analysis of the relative energies for the various Kekulé structures of
hinhenvlene 11 and € and 9 indicates that species such as 11a make little or no contributi to the
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quaterm conchician in line with the verv lono hond lenothe of ca. 1.51 A obhgerved n the
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benzene rines. Of narticlar e is the substantial decrease in conijugation enerev of the central ring A
ne rngs, U particinar note 18 the  subsianbial decrease 1n conjugation energy th ng

in 6, which explains inter alia the facility with which this ring is selectively hydrogenated and the



C. W. Bird / Tetrahedron 54 (1998) 46414646

4644

‘uonsanb ur punodwoo 3y} JO§ BIBP [RINJINIS ABI-X JO S2UNOS Y} O} A48 SAUIIJAY
oW ey
saos3ap u1 ajfue opug +

vT SL 9pE L1l 06 6€°€ TLL OLE'] 621 1§ Pl
€7 89 433 L1l 06 9Ty 0’8 65€'1 el o1 €1
91 L8 (9 1L $'901 89°1 LT 69€°1 L6€1  (resoydusd)e 7y
o4 9€¢ LT v'ET 06 L1'S 1'68 LPEL Al (renuo)g 11
1z S'SL 8'SE 86'6 SpOl S6T LyL LOE'] il 8 01
0T L6 v'6y - 06 (80 99 98¢’ £6€'1 L 6
61 €€ [~ 1'se 06 09~ #'86 See'l povl (enuac)9 g
81 €9 'S8T 7T €701 66'S LS8 6vEl 8Ep'| s 'L
L1 oL £9€ 86'6 01 €0t 108 €5€°1 STH'l 4 9
9l 8L 8'EY 89 8901 897 8'TL 09€'1 rAta (Bouso)e S
SI 8 8°0b 1L 5901 91T €89 6LET L] 7 b
1 $6 SEY ST V&l SE'1 S'LS €6%'1 80P [ I €
€1 001 8'Sp 0 VN VN VN L6E'1 L6€'1 4% T
Al 001 Y02 - VN VN WN YOI¥'l  YOI¥'l 9% g
Y 91 i) iSAZ g>opwo opusjoxa oxaq Aag%%y PPy punodwop Anug

sSury piouszuag Joj BUIL) AJDNRWOLY pue santedold [eduewoad °f e,



C. W. Bird / Tetrahedron 54 (1998) 46414646

relative ease with which the ring undergoes ring cleavage to the isomeric cvclic tria crylcnelg ;

Thaoretical ralr-nlnhnnezs have led 1o the conclucion that anonlar fuced novnhenvieneg ag @ 2 anll
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have a lower energy than their linear fused counterna 19 26 Winicmcinn xrn mrmiesn at tha ~eeaecita
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conclusion, since we calculate conjugation energies of 119.5 and 128.6 Kcal. mole”! for 9 and 12
respectively from the pubiished dimensions. Additionaily these compounds are reported to have virtuaiiy

lucnuuu arrays of DUBU d[lgl% anu ncnw aimosi 1ucnubdl sirain CIICI'gle.

) o PN R PP L - N £ PR At _

Bond aliemation is aiso engendered by ihe fusion of iwo mlga entries i and i1, and even by one,
entries 12-14. The size of the effects are once again dependent on the size of the fused ring.

Table 2. Comelaiion Coefficients for Pairs of indices
C.E. Ig exo/endo ZVg
CE. 1.000
g 0.902 1.000
exo/endo 0.933 0.977 1.000
ZVg 0.944 0.948 0.853 1.000

It was of especial interest to establish the extent of correlation between the individual criteria listed in
Table 1 in view of our earlier work27 on the aromatic character of the benzene ring when located in a
variety of polybenzenoid syystems. This indicated that there was a relatively poor corelation between
‘geometrical” criteria such as the aromaticity index Ig and various ‘energetic’ indices, which did not

however include coningation enermec The correlation coefficients listed in Table 2 were obtained

assuming linear relationships betwecn the pairs of criteria indicated using the data from Table 1 but
omitting entries 1 and 9. It is immediately apparent that satisfactory relationships are ohserved between

e exo/endo ratio where
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0.99, but the range of data presently available are insufficient for exploring this aspect further at present.

-CD

REFERENCES
1. Mills, W.H.; Nixon, 1.G., J. Chem. Soc., 1930, 2510-2524.
2. Badger, G.M.,"The Structures and Reactions of the Aromatic Compounds”, Cambridge
University Press, Cambridge, 1954
3. F.ank, N.L.; Siegel, 1.S., Advances in Theoretically Interesting Molecules, 1995, 3, 209-260.
4. Bird, C.W., Tetrahedron, 1997, 53, 13111-13118.
5. Bird, C.W._ Tetrahedron, 1997, 53, 17195-17200.
6. Bird, C.W., Tetrahedron, 1985, 41, 1409-1414.
7. Bird, C.W., Tetrahedron, 1986, 42, §9-92,

5 = 3 3 i

4645



4646 C. W. Bird / Tetrahedron 54 (1998) 464 1-4646

MAHA 4O AL VAN

Bird, C.W., Teiranedron, 1952, 48, 335-340.

o 9o

|7 SO T . cemmesa kel ML R Mo s L ' Y o DR U N SN SN WU o F MUY
Muuzxy, 1‘\ l‘., Darct.ynsu r., usiunariq, \J., risanou, ., oSZdirdil, vi. J. Am. cnem. 30C.,

1989, 111, 7-15; Katritzky, A R.; Feygelman,V ; Musumarra G.; Barczynski, P.;Szafran, M.,

F Do L. 100 229 QL2 OLN. K ooe_iesle; Barczyiski. P.: Szafran. M.: Fevgelman
J.Praxi. Chem., 1770, 334, 0J3-0U7, NATIZKY, A. 1\., DAarCZyiisKi, r.; SZaitai, ivi.; rcygeiimarii,
X7 e Rl €Y L2 d Q7MY QOA. Wosoleobr A D Do bl T SLId Q08 OO7. Ko steb o,
V., Mousumarra, G. ibid., 0 /U-004, RAWIZKY , AN DAICZynsKi, r. ivid.,005-07 7, RANZKY,
AD.Qoofoee MM . MMalbhobon N o honde: QTT . Awdave T Tosenbhodeunie £ rem Afael. 1QQNH
ALK, DZAITAl, VL., Midinoua, IN,, Lnaudry, 5.9, ANGCIS, L. elianearon Comp. méin. i rr v,

3, 247-269.

N Noeder W F Mhose Dilse
U. \FURUY, ¥V .y . UIETT. £ 15 YS.

p—
¢
1

MNanbha ToeNobarwn A6 Al boenidn 4L 12
- uauucu, ll..l <y WUBUOUINC, NANT. TUMAO Wwuyine 1o

j—
ot

W Y -4

Sociery, Aiianiac Ciiy, N.J., 1956, p 37-O. Trosi, B.M.; Kinson, P.L.; Maier, C.A.; Paui, 1.C. J.
Am. Chem. Soc., 1971, 93, 7275-7282.

12. Maverick, E.; Trueblood, K.N.; Bekoe, D.A., Acta Cryst., 1978, B34, 2777-2781.

13. Jeffrey, G.A.; Ruble, J.R.; McMullan, R.K.; Pople, J.A., Proc. Roy. Soc. Ser. A, 198
4i4, 47-57.

14. Komatsu, K.; Jinbu, Y.; Gillette, G.R.; West W., Chem.Lett., 1988, 2029-2032.

5. Frank, N.L.; Baidridge, K.K.; Gantzel, P.; Siegel, J.S., Tetrahedron Lett., 1995, 36, 4389

4392,

16. Cossu, S.; de Lucchi, O.; Lucchini, V.; Valle, G.; Balci, M.; Dastan, A.; Demirci, B.,
Tetrahedron Len., 1997, 38, 5319-5322.

i7. Carduiio, F.; Giuifrida, D.; Kohnke, F.H.; Raymo, F.M.; Stoddart, j.F.; Wiiiiams, D.J.,

=~

s AN

Angew Lnem., ini. can L'J’lgl., l’!’!’, 332, 339-341
18. Burgi, H.-B.; Baldridge, K.K.; Hardcastle, K.; Frank, N.L.; Gantzel, P.; Siegel, J.S.; Ziller,

: 4 A _ ral S _ 7 o~ > A 1 ACA VAL
J., Angew. Chem., ini. Edn. Engi., 1995, 34, 1454-1456.
10 TN Ty oML L r PN O 100L 1N0 315N 11527
1>, LACICAS, K., VUlndIUl, ] ' rb PRRY N ﬂ”l wnaen. 0OC., 1700, 1UV0, JD10U-0104
AN LT A N . Diccenia =310 - N P 1072 D29 10Q0N0 T(MM)L. Thitoazean
20. Cobbledick, R.E.; Einsiein, . W.B., Acia Crysi,, 1976, B32, 1508-1909; Thummici, R.P.;
Korp, 1.D.; Bernal, I.; Harlow, R.L.; Soulen, R.L., J. Am. Chem. Soc., 1976, 99, 6916
£010
-0710.
M1 Kahanlba E . Mathine TD- Ctaddard TR . Qlawin A M7 - WWilliarmag M T Aty Mevos
<1i. nOniRe, ., iviauiias, s.1.;, S10GGarG, 4.1, S1aWill, A.viLA) vinldiis, 7.0.,A0i46 LTIYsi.,
10Q7% r'AQ ALY LAS
LT T TG, GUIT-OUT.
22. Diercks, R.; Volhardt, K.P.C.,Angew. Chem., Int. Edn. Engl., 1986, 25, 266-268
2 \X’:ntnr \U nn tiore T  Artal'ruer 10801 27 1824 1827
L. VYL .y ULLUAODy R oy FAL4E %ol yObey RF U By /iy RTLT 2 TLd
M Vabknrelli A - Wilcox Ir O F:-Raner SH T Am hom ne 1974 Q8 1(MA-103)
&5, YORQZCKL, AL WHECK o1, .., £aUel, S.n., J. Am. Lagm. 300, a2 715, 70, 1401034
25. Rerrig, R.C.: Hovakeemian G Tai V - Mectdao Volhardt K PC I Am Chsom
<3, DCIMS, 4.0, novagkedmian, .0, 24l Y .o, MIeSlgagh, ) VouaarGy, R.r. ., J. Aam, Lagm

26 thnlman IM : nm{'h RI

L7, wdSean exxxiirasg woea AN N

/4
Kovacek D : Fpkert Makgic, M :

SUYESSN, L 8ce Lt | AoRS2 LA 4 SR IR0, VAL, ARAUSRlIIEwEs Ve 145

6410-6416.
27. Krygowski, T.M_; Ciesielski

</ SR ey

35,203-210.



