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Abdmct-The come of ekctrophilic addiin lo a mokcuk having two isokted double bonds in close proximity to 
give a traoaa~~kr crosx or paraW briQba product. depewk on the thmnodymmic stability of the products. If 
the difference in alcuktai rteric energies between neutral hydrocarbon skeletons of the cross sod pnrxfkl adducts 
exceeds IO kcal/mol then the more stabk product ia fonoed exclusively, whereas if the enemy d8etcnce is ku 
then IO kcal/mol both types of brunmanuht products can be formed. Weti exampks apparently not confomGm 
to thix empirical rok xre discussed. 

Over the two decades since its inception by Westheiatcr 
in 1956,’ the empirical force 5cld (molecular mechanics) 
method has been developed to a stage where now not 
only static and dyaamic conformational probkms but 
also steric aspects of organic reactions arc being handled 
with success. usually with aa accuracy comparable to or 
higher than that of the best semi- aad aoncmpirical 
quantum chemical calculations.’ 

For those reactions where the higbcst energy inter- 
mediates arc defined with some con5deace. such as 
acid-ca!alyxcd ester hydrolysis’ aad esterilicatioas,’ 
auckophilic addition to ketoaesP chromic acid oxidation 
of akobols,’ aad carboaim ion reactions,* the energy of 
tbc transition Hate can be readily estimated by molecular 
mechanics on the basis of the presumed structure.’ 
However, this approach is not directly applicable to the 
majority of other reactions. where we have little kaow- 
kdgc of reaction intermediates. Nevertheless, if the 
highest barrier along the reaction coordinate is close 
eaougb to either the initial or 5aal state, molecular 
mechanics caa be advantageously used to estimate Ibe 
stcric contriiution to activation energy. Thus, on the 
assumption of a product-like transition state, selective 
C-C bond cleavage in the catalytic hy~a~a of 
strained cage hy~~a~,~.” aad selective formation 
of two adaamatcm dhaers” have been successfully ia- 
terpreted by steric energy calculations. This paper des- 
cribes further application of this latter approach to the 
iaterpretatioa of an intramolecular ring closure reaction. 

Attack of an ekctrophile 10 a molecule having two 
isolated doubk bonds in spatial proximity usually leads 
to transaamdar bridge fonnatioa, for which two formal 
possibilities, cross and parallel, exist (qn 1). 

Experimental results on this type of reaction have 
been confusing. In some cases only the cross or the 
parallel bridged product is isoIated, wbik in other cases 
both products are formtd s~ul~~usly (Tabk I). 
Recently, Iaagaki d uf.” advanced a perturbation theory 
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to interpret those cases where preferential cross bridging 
takes place. Whik the orbital mixing effect must cer- 
tainly be working when cross bridging occurs, a general 
theory must explain why aad to what extent pamlkl 
addition takes place in other systems. Shortcomings 
arisiag from a geacral ignorance of stcric effects in 
previous mokcular orbital treatments have recently been 
brought to attention.” We propose here that this reaction 
is likely to be under product development control and 
thaf accordiiy comparisoa of stcric energies among 
possible products should provide a uniformly reasonable 
intcrpntation. 

Table 1 summarixes reported experimental results 
aloag with dilfercnces in calculated stcric energies (SE) 
bclwccn the cross aad panlkl products. For technical 
reasons, calculatioas were performed on tbc hydrocar- 
&a skeletons, using Eagkr (El” aad 1971 Allinger (A)” 
force fkld models. With both force fit&, energy mini- 
ad&ion was achieved by the pattern search method.” 
Compu~o~ results arc tabulated ia Tabk 2. 

The first two examples (X.4) in Tabk 1 represent cases 
where o&y cross bridged product (2.5) is obtained aad 
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Tabk 2. Cahhted cahlpica and atrain eacrgh for polycyclic mdecuka (kcal/mol) 

Compound 

AH; strain ensrgy 

E! 
b 

A- E' 
b 

A- 

Tetracyclo[4.2.2.02D5,03~7]d~~~"~ (5, R,Rl,R2,R3=H) 20.07 

Pentacyclo[5.4.1.02'g.03~6.04~0]d~d~~~"~ @II') 25.04 

pe"tacyclo[6.4.0.02's.03~7.06~11]d~d~~~"~ (!jb') 

Tetracyclo[4.4.0.02gs.03~0]d~~~~~ (g, R,R1,R2,R3=H. 

0ihydrobssketane)c 

Pentacyclo[4.3.1.02'5.03~g.04~7]d~cane (2, R.R1=H, 

Dihydropentepriam8ne) 

p~ntscyclo[7.3.0.02'6.03~11.04*0]dodecan~ (1,1, R=H) 

Pentacyclo[7.2.1.02'6.03~10,04~0]dodscan~ (& R=H) 

21.75 

33.55 

60.35 

8.72 

13.54 

Pentacyclo[9.4.0.02'7.03,12,04~g]t~t~~d~~~"~ 

(12, R,Rl,R2,R3=H) 

Pentacyclo[0.3.1.02'7.03~11.04~g]t~tradecan~ 

(L,e, R,Rl,R2.R3'H) 

Tricyclo[3.2.0.03'6]hepLane (ZE?, R=H) 

cis,cis-1,5-Cyclooctadlene (22, twist boat) 

5,6-0enzotetracyclo[6.3.1.02~7.04~11]dod~can~ 

5,6-0enzotetrscyclo[6.4.0.02'7.04D11]dod~cana 

Tetracyclo[b.J.l.O 2'7.04'11]dodecsne (2%~) 

Tetrscyclo[6.4.D.02'7.04'11]dodecsne (28s) 

-0.94 

-7.51 

45.92 

(_2_6, R-H) 

(2:. R'H) 

-10.00 

5.7e 

23.74 54.35 

30.54 62.04 

23.21 59.55 

32.97 67.03 

65.02 07.09 

11.50 46.72 

15.39 51.34 

-21.27 39.12 

-13.60 40.55 

54.13 69.95 

24.02 

26.3& 

41.76d'z 

-11.71 32.94 

7.57z 49.4@ 

57.43 

60.53 

61.21 

66.66 

92.64 

49.30 

53.39 

27.11 

34.70 

70.32 

11.60 

32.36 

51.6ti 

i Based on Enqler force Field, ref. 14. b Based on' 19'1-19'2 Allinqer fores field, ref. 

15. c N. A. Saeaki, R. Zunker and H. Russo, mm. Bet., j.JX, 2996 (1973). d Steric 

enerqy in gas phase at 25'. For definition, amn ref. 150. 8 Eclipsed conformation. 

Twist Form is so unstable that it is transformsd Into sclipss Form in tha course of 

energy minlmizatlon. 

no pardkl adduct observed.“*‘~ In both examples, the 
hydrocarbon skeleton of the cross product (2, !I) is about 
10 kcal/mol more stable than that of parallel product 
(3, Q.‘lr, If this energy difference relkct.9 that between 
the transition states leading to the two types of products, 
the exclusive formation of cross product can be readily 
rationalized. The cross bridg product 5 was fist assign- 
ed a S-membered lactone structure Sa based on IR CEO 
absorption at 1770 cm-‘.” However, the skeletal twist in 
5 imposed by the cross transannukr bridging would seem 
to render the Cwmbered lactose Sb more easily formed 
and more stable than Sa. Calculations on hydrocarbon 
models revealed that Sb’ is considerably more stabk than 
51’ (Table 2). and recent X-ray analysis of lactone S has 
actually confirmed the bmembered Iactooe spucture 
Sb.19 

It was proposed that the cross bridged intermediite 8 
intervenes in the bromination of hypostrophene O.= 
The assumption of 8 rather than 9 seems quite 
reasonabk seeing that the calculated energy difference 
between them is as large as those in the two exampks 
mentiolu!d above. Thus. up to this point the results of 
our analysis a8re.e well with the orbital mixing theory. 
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In contrast to the cleanly sekctive bridging in 1 and 4, 
tetTacyclododecadkm 10 gives th parallel as well as the 
cross bridged product in apparent violation of the orbital 
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mixing rule. In terms of the strain energy diflerence, 
however, this result is hardly surprising. The cakukted 
steric energy dilference between 11 and 12 is consider- 
ably smaller than those in the previous examples. If we 
assume here that these values are proportional to but 
overestimate the actual enthalpy difference between the 
product development states for cross and parallel trans- 
annular bond formation, we can still rationalize the 
concomitant formation of the parallel addition product 11 
on steric grounds atone. The highly strained birdcagc 
hydrocarbon derivative 15 must have been formed 
through 1% with which the strain energy of 14 should be 
compared. Thus, similar product distribution for the 
reactions from 10 and 13 is understandabk. 

I 

Cl 

Cl a ’ I 

The bromination product from 16 has not been 
thoroughly sttuGLp Prediction of tbs product structure, 
eitlmr 17 or 18 or both, is diffkult due to large dis- 
crepancy in the SE(cross~E@rallel) values from the 
two force fields employed, but one would expect a 
mixture of 17 and 18 with the former probobly pre- 
dominating. 

Norbomadiene (19) provides a case of dramatic 
dominance of steric energy; no cross bridged product 
(29) has ever been detected, the parallel bridged product 
with the nortricyclane skeleton (21) being formed 
exclusively.‘124 This apparently abnormal behavior is 
compatiile with the extemely hi& strain cakulated for 
the cross product (29) compared to 21. The si8nitkantly 
smaller distance (cu. 2.4& between the two juxtaposed 
double bonds of norbomadiene compared with those (cu. 
3 A) in the other diolefins= cited in Tabk 1, and the 
consequent interaction between them even in the ground 
state, are expected to diminish the energy barrier leading 
to the paralkl product 21. 

The overwhelming stability of the bicyclof3.3.0joctane 
system relative to the bicyclo[df.Okctane system is 
well-known.‘& The central point of the ekctrophilic 
addition to cyclooctadkne (22) is, therefore, not the 
exclusive formation of 23 over 24,= but rather the reason 
why transannukr cyciixation occurrs on a tkxible 
monocyclic substrate like 22. It is only ncently that the 
prevailing conformation of this dkne in solution has 
been contirmed to be the twist-boat form (22. Cz point 
group).=-= 

tMany substituted norbomancs do iadccd have twisted struc- 
turn Ref. 32. 

m is miat& io Ref. 2S, which should hve tbc lowest coolly 
at tbc edipd cooformation Sian the ia 8a much U 
2OkaUmd c&dated strain energy diRerena bctwcen the 
eclipxcd lad twilted forms of t& ooo&lxo dcrivuivc (tricy- 
cloI4.2.2.2%odccx-3.7-dienc) in favor of tbc former ho- 
pow muns). 

Wephcement d thc rid xobydridc mop of 4 with more 
ttrKm#ly ekctron witbdrx* @wlpx also 1uppresIu the tram- f 
m~~uhr reaction. Namely. tbc pmductx of bromine addition are 
tbcn exclohly clrdibromidcs on the cycbbutxnc riru (Ref. 
3s~.TbersrsrultrueckulyductohdPctiveeff~tmdue~t 
in waUict with tk prercat inteapmtxtioo. 

In this conformation, Cl and C5 are closer than in 
other potential conformers such as boat and chairm 
Accordin to X-ray analysis of syn-3,7diiomo-22, the 
Cl-C5 distance is 3.45 *o.o3A.” The correspondin 
distance in 22 relaxed in t& Allinger force 6eld”b is 
3.~2 A. Tmnsannukr cross bridginq in 22 from this 
conformation appears to fit the least motion principk.” 

We also checked the possibility of twisting confor- 
mations in the ground state of the other dknes discussed 
in Tabk 1. Twistin of 1, for example, around the axis 
passing through tlm two norbornane-bridgeh C atoms 
would relieve the repulsion within the eclipsed etbano 
bridge and promote cross bridge formati0n.t However, 
according to mokcukr mechanics cakuktions by Allin- 
ger force field,” all the substrate dknes discussed above 
have, except for 22. “eclipsed” double bond awangement 
attheirglotmlenergy mininu~~$ Thus, in the product 
development stsge of the ekctrophilic addition reactions, 
which we consider here as the ratedeterminin8 stage, 
carbon nucki must move from the initial “eclipsed” 
cor&untion to that close to the product, either cross or 
parallel. It is attractive to assume a long-lived “1 com- 
plex” intermediate like la, incorporating an aromatic 
2~ckctron system, in order to allow nuclear movements 
tooccur,thoughitshouldbenotedthatinthepertur- 
bational tteatment based on the orbital mixing ale’* it is 
not necessary to take the movements of nuclei into 
account. However, the concomitant formation of parallel 
addition product can be best explained by the long-lived 
intermediate whose fate is determined by steric energy 
change accompanying the nuclear movements. 

& r 
‘+. 
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The steric interpretation of the transannular bridgin9 
mode presented above should not in principle be limited 
to electrophilic additions but should be extendable to 
other reactions under product development control. We 
note here, however, three cases which show the danger 
there can be in overestimating steric effects. 

One is the addition of aichloromethyl radical to 4, 
which gives only the adduct on the cyclobntene double 
bond Ma),” in acc&ance with the suggested necessity 
of a long-lived intermediate to effect bridge formation.“~ 

The second example of the limitation of our approach is 
the observation that the oxirane ring cannot induce cross 
bridge formation, but always gives parallel bridgiru. Two 
examples are reported (eqns 2 and 3). These reactions lead 
to thermahy lus stabk parafkMridged products. We 
sugf$st here a protonated oxirane intermediate like 13b. in 



SI4 

which the distance from &e back lobe of the bent Q bond of 
the orixsmc * to the diagouaily juxtapoacd px orbital of 
the double bond must be simply too krge to allow 
formation of a mss bridge, unkas such formation in- 
volved an extremely twisted iarmediate. In contrast, 
however, HCI treatment of epoxy-4 (4b) g&s only the 
cross-bridged product & in quantitative yield (cqn 4)*” 
which may appear to be in contmdktion to the expknatioa 
given for eqns (21 and (3). As indicated by Sasakif it is 
reasoNltik to assume the ritagqcncd int~~kt& 4c 

(4) 

rather thxn the protonatcd oxirane 4d in view of the 
eno~~ strain expected in the ~oto~t~ Eoxobicy- 
cio[2. I .OJpcntane partial strucnne in the latter. 

Fiiy. ~xy~~~tioo of 3.4 - bcn?&ri* 
cyct0[4.2.2.~‘~@deca - 3.79 - triene (U, Table I)= 
presents the most serious obstack against our stcric 
analysis. Force G&i cahsdations on hydrocarbon 

skeletons indicate that the cross-bridged prc&ict (24, 
R=H) is IS kc&mof more strble t&o tbc paralkl brid@ 
product W, R=H). This energy dBerencc arises from the 
Saturated portions of these mokcuks, 8s seea in the 

corner been parent systems #r and 27s flxbk 2). 
Thus, one wouid have expected exclusive forgo of ZT. 
However, one fourt& of tbc product mixture wa8 pnrtdki- 
bridged n (R=Hgx) while thrtc fourths were cross- 
bridged Y (R=Hgx). The reason for the fo~~n of 27 
must be in steric but ia electronic effects, 
po~lblv coin of the c-c bond of 
the liWy ~~~~ 2sa with the arfxnatic ring. 
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