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&tract In this study cbuniaI reactious arc uaminal from a new 

et - nhybddhffom With tbc poaibk exc@o0 of od8th- 
led@aaprooarwd~reoctionr invQlvc r&ybridhthn. Bad- 

makiqandbomd-bfdiogpmcuaa are eothbg llmm than chulgu in 

hybtidiutioa. Ia tha mt rtvdy two catogoria of poricy& rca&xu am 
examiwd with the r-orbital axir va%ar (POAV) analy& am-the thre- 

. . 
dmcauad (3D) HMO theory. The first mikes use of a #erica of related 
mduxlar -urea &!ri& from x-my CryatallogrBphy which provide 
informrtioa on the restion pathway between tbc v8knce tautomen 1.6 
mathano~tO1annulcnc (1s) and the bisnorcaradienc (lb). The second 
category involvea structures calculatad by Dcwar and ooworkura aloag tbc 
minimum energy rcactka pathway of the Cope vent of 1,s 
hexadieae (2). The analysis prwidcs a clear delineation of the ticturaI 
and &ctroaic chaopa which accompany chamical’raction. The sense of 
the *orbital axis wxtora at tbc bridgehead atoms is &wn to be the 
dctcm&ing feature in dividing the poteotlal surface of 1 between bridgcd- 
[IOlannukne (la) and bianorcaradienc (lb). 

In this work I wish to oxamine chemical reactions from a new standpoint - ni?ybrldiIurfon With 
the poaible exception of titian-reduction procesbes. all chemical reactionr involve nhybridizntiea. 
In the present article we shill focus on pcricyclic reactions, but il ia important to bear in mind that 
changer in hybridization are central to mc#t chemical rcactiolts. Bond-making and bond--g 
procesm arc nothing more than changes in hybridization. 

The rchybridization which takes place in molecules along the rcactioo pathway will be fdlowal 
with the r-orbital axis vaxor @OAV)‘-’ analysis and the threedimc&onal Huckd WkCUl8?Orbital 

(3D-HMO)’ tbaxy. The POAV app”” ch provide a basis for the -ration of u and I orbit& 
which ia valid in all (l-&J&n&~. A rorbital ia de6ned to be that hybrid orbital which ir locally 
orthogonal to the oorbitrh’ The re&ing r-orbitals arc treatad with the 3DHMO. theory to produce 
reduced resonance intcgra& which arc comparable with t& quantitia (8) which occur in the w 
HMO tbcury for planor r&ctroa systems. The appronch hu been fully documental in pmviou 
publications wbcrc the aaalyrir was appIiaJ to the (static) structurea of nooplnnar conjugated organic 
molcc&a’d The new feature in the present study ir the dynamical aspect of the moIecular structures 
and the invdvan8nt of trtition states. 

Dedicated to Michael Dcwar in appreciation of his seventieth year as a maverick. 
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The reactions for rtudy in the p-at work fall into two caworica Tbc Brat makea use of a 
procedure initially introduced by Barge and thmitz’-5 which nlia on a #ties of r&ted molecular 
Structures dfzivad fmm X-ray czystallograpbic analy5a. In ucrtain ca5ca it ha5 beea 5hown that the 
etructurts correlate with points aloag a reaction coordinate.‘** A particularly well &aunc0tcd+” 
example is the pericy& reaction involving the vakncc tautamen la and lb which emila the formal 
conversioa of C-l and C-6 between d and 59 hybridization. 

The equilibrium between bridgal4101annulcac (18) and bisnorcaradienc (lb), is extremely delicate 
and as a result it has been poaibk to experimentally characterize compounds corresponding to each 
structural extrcmc: la, R, 6 - 2.269 A (R, - R, - F)13 and lb, RI 6 - 1.539 A (R, - R2 - CN).” 
Perhaps even more 5 

“p 
fib&g ia the discovery that certain d&vat&a crystalliz with a 1.6 bond of 

intermediate length,‘+ 9 and in a certain 5cnsc thae structurea therefore provide a snap&ot of the 
minimum energy reaction pthway hctwaco la and lb.‘2’s In the case of R, - MO, Rz - CN, for 
example, structures havo been obtained with R,$ - 1.623. 1.712, 1.782 and 1.851 R’6*t7 The potential 
surface in these compounds is oxtrcmely Bat to the point that this Gngle mokcuk can uyatallixc with 
four quite d&rent 5tructura depending 00 cryttal pha5c, temperature and location in the unit 
Cell 15-17 

In the second category is a study of tbe Cope rearrangement in which we make we of thaorctically 
derived structures which have been obtained at various point5 along the minimum energy reaction 
pathway (MERP); tbc rtructura have been fully optimized with rcapect to all gaometriul paramotcrs 
with the cxccpt.ioo of a convenient ruction coordinate.-” Although it is well known that reacting 
moleculea are unlikely to actually fdlow such a pathway to the reaction producta t.hL type of analysis 
is heuristically useful and ir wide tpreed in chemistry. In the Cope rearrangement of 1.5~hcxadiene 
(21, C-l and C-6 rchybridixe from s$ to sp3, whereas c-3 a.fKl c-4 undergo the revem 
transformation. 

The mechanism of the Cope rearrangement of 2 remains the subjazt of dimurion in the 
litereture.20-24 and there arc two mechanistic extremes which may be envisaged for thL rtrction. 

The fint invdvca an aromatic transition state (3)*’ of the type originally envisaged for pcricyclic 
reactions by Woalward and Ho4Tmann.z wbcrcas a second po&bility incorporating a hiradii 
transition state (4) of the trpe ~ggcstod by Doering and coworkcn” ha5 been advanced by Dcwu 
and cowork~rs.~*‘~ We have baen ~pplial with the structures of both tranritioa states and a full 
reaction pathway for the bindi procc5s as calculated by the AMI procedurc.lo3’34 Although 
there remains some d&mtc concerning the relative energies of tbcac two reaction pathwa)a, there ir 
remarkable agreement regarding tbe structures of the transition statea (or intermediates) invdwzd in 
the rearrangement. 
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The equations required to effect the POAV and 3DHMO analysca have ban incorporated into a 
FORTRAN computer program cntitkd POAV3, which has baen deposital with the Quantum 
Chemistry Program Exchange.” The atomic coordinates of the mokcuk or mok.culu fragment of 
interest, arz the only data which arc requital for the execution of the POAV3 program.14 

The geometries for 1: R, - R, - CN, at -123’C (RI,, - 1.539 A);” R, - Me, Rt - CN, B 
phaac at -IOO”C (R, 6 - 1.623 A);” R, - Me. R2 - CN, fl pbasc (I$6 - 1.712 A);” 
R, -R2 - Me (R 
(R, ,j - 1.826 A>; 

- I.750 h;‘9 R, - Me, R, - CN. a phase (R,b - I.782 A); 
PR, 

R, - R2 - Me 
- Me, R, - CN, a phase (RI., - I.850 &;‘6 R, - R2 - H, at -12&T 

(RIs6 - 2.235 A);** R, - R2 - F, at -lOOaC (R,,6 - 2.269 I\kt3 were obtained bl an appropriate 
trakaformation of the unit cell ceordinata published by Simoactta and coworkcr~.‘~-’ The parameters 
calculatal in the POAV/3DHMO analysis were averaged within Czv symmetry. 

The gamxtka along the reaction coordinate of the Cope rearrangement were su 
Hcaly and C. Ji from AM1 cahzulatiuns car&i out by Dcwar and coworketi. 
reaction pathway was ma& available for the chair biradical mechanism, which was found to be the 
preferred route in the AM1 studies. For comparison purposes the boat aromatic transition state wan 
also included. 
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4 POAVl 

Figure 1. Definition of @, [angk made by the r-orbital to each of the &a&~, (0, - 90)’ 
[pyramidalizatioo angIeI, and the 8~118~ of the rarbital axis vector [PoAVll. In this 
coostruct the local (X,Y) plane is taken to be perpendicular to the POAVI. 

Potcnhl Surfi for the 1,6-Bridged~lO~annvletu (ld d Bistwrcaradie~ (Iti Rtaction. The 
oncccoter POAV anal@ is presented in the form of the pyramidalization angk t@,-90)“ (0, is the 
commoo angle made by the u orbitala to the K orbital, POAV 1) and the I character m in the I orbital 
(15, &air& by the imporition of orbital ortbogonality, POAV2).‘-* The aenac of the vorbital axis 
vcct~r’*~ is de&cd in Figure 1. 

It may be san from Figure 2 (and 3) that the potential surface of 1 is divided into two pnrta 
according to the sense of the r-orbital axis vccton at C-l and C-6 which is shown io the lower part 
of the Figurea. For R, 6 < 1.9 A the r-orbital axis vectors at thcac carbon atoms point downward 
(taking the direction of the bridge group to be upward), whereas for Rt 6 > 2.2 A tbc 1.6 carbon 
atoms pyramidalii upward. It should be notal that the remaining p&meter atoms are always 
pyramidalizcd so that the zarbital axis vectors point upward. It is clear therefore that the sense of 
the *-orbital axis vectors at C-l and C-6 is intimately cooooctcd with the ekctronic and mokcular 
structure of derivatives of 1. The small energetic expense which accompanies modest dcgrecs of 
pyramidalizati& probably explains tbc absence of structures with 1.9 A > R1,6 > 2.2 A. 
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The two-center POAV2/3PHMO analysis for 1 ia pracntcd in Figure 3. in the form of the p 
vacua which provide ra!ucai resonance iottgnlr pfl which: MC tuitabb for WC in ~II HMO 
calculation. 4d In the prcaent work p B values arc employed; thcae quantitica arc obtainal by SC&W the 
c&ulated overlap integral bctwao POAV hybrid orbitals with the ncarcsteeighbor p,, pI overlap 
integral for bc0ze0c.’ 

The analysis throws fur&r light on the point raised previously with respect to the direaion of 
pyramidalizatioo of C-l and C-6. It may be sao that for RIs6 > 2.2 A where tbc pyramidalizatioa 
of these atoms is upward which is in tbc same direction as the other conjugated atoms, tbc overlap 
around the perimeter is very hjglt, with pB values of all of the bonda close to unity. The 2.3 and 3,4 
bonds maintain good overlap throughout the whole potential surface with pB - 1.0 and in the r&n 
1.7 A < R,., < 1.9 A the 1.6 (homocoojugatc) bond also maintains a pB value cloac to unity, and this 
behavior is reminiscent of the homocoojugate bond in the bomotropcoylium catioo.6 Given this 
situation it is appropriate to enquire as to whether this region of the potential surface, represents a 
fully developed homonaphthalenc structure. That this situation dots IY)I hold may be attributad to the 
poor overlap achieved by the I.2 bonds. The largest ppJ value is 0.706 which occurs at 
R,., - 1.851 A, which is probably sufficient to inhibit delocalizatioo and aromatic character in the 
molecule, as this bond type occurs four times in the perimeter. IO a related sterically crowded 1,6- 
mcthano[l0]aonulcnc it was found that two bridgehead bonds with pB - 0.437 was sufficient to inhibit 
delocaliution.’ The experimental evidence also suggcs~ that tbc mo+cculea falling in this * of the 
potential surface are not fully delocalized and should be regarded as essentially nonaromatic. 

The low p,“., values seem to be directly attributable to the direction of pyramidalization of C-l and 
C-6. We have previo~ly noted that the POAVs tend to have the same sense,’ and this is maintained 
in the ideal homonromatic molecule, homotropenylium cation s*6 for 1.6 .& < R,., C 2.6 & whcrc 
C-l, C-2, C-6 and C-7 are always pyramidalized in the opposite direction to the bridge group. The 
reason homotropeoylium cation is homoaromatic, and 1 is oonhomoaromatic for 
1.7 A < R,, < 2.0 A, may therefore be attributed to the sense of pyramidalization at the 
homocoojugate atoms and their nearest neighbors. The additional conformational restraints present in 
the bicyclic 1 may dictate to some extent the preferred sense of pyramidalization. 

For R,., < 1.7 & the homoooajugate bond (1,6) becomes the strooge& r-bond in the molecuk; 
the same behavior was notal for the homotropeoylium catioo.6 Simooetta and coworkers” have carried 
out a charge density topological analysis of the tautomerism of 1 at the HF/STO-3G theoretical keel. 
On this basis they conclude that the 1.6 bond in 1 vanishes bctwan R,., - 1.770 and 1.782A for 
which we find pB - I.085 and 1.099. 

Potential Surface for the Cope Rcarrangemcn~ of 1.5-Hexadiene (2). The one-aotcr analysis of 
the Cope rearrangement of l,S-hcxadiene(2) is shown in Figure 4, and it may be seen that the r- 
hybridizations span the full range: (8,-90)” - 0 - 19.7’ (POAVI; note that 0’ is 

P 
laoar and 19.7” 

is tetrahedral gcometry),5 and m - 0 - l/3 (s”p, POAVZ, note that sop E p and s’ ‘p m sp3).’ It is 
interesting to note that C-2 exhibits a high degree of planarizatioo in reaction and product, but 
becomes quite pyramidalized near the transition state (TS). As the curve represents the biradicaloid 
pathway it is not surprising to find a high degra of rchybridixation at the TS (4) (AR - 01, as the 
1.6 and 3.4 bonds are essentially fully formed u-bonds. The open points correspond to tbc aromatic 
boat TS (3) and here the rchybridization is much less - comparable to that found for 1 and 
homotropeoylium catioo.6 

In fact the hybridizations found in 3 and 4 (Figure 4) arc remarkably close to the prescription 
provided by Doeriog and coworkers: 26 “TIte geometry to be assigned to this “coocertai” transition 
state has remained undecided bctwao the familiar four-centered *-complex, in which the 3.4~bond cao 
be dcscribal as having been transformed from sp3-sp3 to half p - half p and the I.6 no-bond has 
btcomc half p - half p, aod the cyclohtxaoe-2,Sdiyl diradical in which the 3,4-bond is essentially 
unchanged and the 1,6-bond is now an equally fully formed sp3-sp3 bond”. As may be seen from 
Figure 4, the hybridizations of C-l, 3,4 and 6 at the aromatic (*-complex) transition state (3) are 
approximately s”.063p (POAVZ) with 
TS(4, R,_, - 1.682& R,_, - l.622A)20-22 

8, - 9.8’ (PAOVl). The asymmetrical biradical 
has hybridizations at C-l.3 of sO.‘~‘P (POAVZ) with 

@UT - 14.7’ (PAOVI) and at C-3,4 of s’,~$ (PAOVZ) with 0 - 16.2’ (POAVI), whereas the 
symmetrical biradical intermediate (4, R,_, - R,_, - 1.6S4A)S41 has hybriditatioo at C-l, 3.4 and 
6 of s”.‘*‘p (POAVZ) with 0, - 15.7’ (POAVI). 

The two-center analysis is given in Figure 5, and again it may bc sun that the l-6 and 3-4 bonds 
near the biradicaloid TS have pB values much stronger than a normal r-bond and are better thought of 
BS o-bonds (4). The l-2 and 2-3 bonds appear as wclldevclopal r-bonds. The aromatic boat Ts (3, 
open points) has pB values reasonably close to unity and it is clear that this structure baa an orbital 
topology remarkably cleat to that of benzene. This is guitc consistent with tbe interpretation of 
pcricyclic reactions by Woodward and Hoffmano,2S Evaos,2 Dewap and Zimmcrmao.M 
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Figure 2. One-center POAV analysir of the structum of 1 bee Figure 1). 
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Figure 3. Two-center POAVU3D-HMO analysis of the str~~cturcs of 1, where pB is the rcdwxd 
rcaonanoc integral (units of 8) for the conjugated bon&. 
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Figure 5. Two-center POAVU3D-HMO analysis of the potential surface of 2, where pB ia the 
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