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Abatrack MNDGPM3 calculations on endo and exe transition sttuctums (TS) of cycktsdditions of 
~-~~~~~~~~~~~~~~~ ~~~~~~n 
of cakulatiou with experknts which were desciibed for methyl wry % and ~~~~yl~~ as 
dien hiles shows that no corm&km exists under “gas-phase conditions”, but that self-consistent reaction 
field “t” 
polar character of the TS, as expressed by theii dipole momtnts, is msponsible o?%=!%e~ 

SQRF) calculations using benzene or dicwthane as solvents lead to 
sads@c7 

abhor of endo and exo TS by the solvent 

The observation of endo/exo selectivities has fascinated organic chemists ever since Alder and Stein 
formulated the rule of maximum accumulation of double bonds in the endo transition state (Alder’s I&).~ 
Numerous attempts have been made to find convincing explanations. Among these the concept of secondary 

orbital ov&ap in the endo transition structum (TS) has played a nqjor sole.* When this explanation was 

unsatisfactory, other influences, e.g., steric effects3 were made msponsible. A change in mechanism may 
also be inv01ved.~ lbe importam% of solvent effects was recoguixed by Berson and led him to develop a 
solvent polarity scale.s More mcently, Busslow has noticed a strong incmase in endo selectivity in water as 

solvent. Tbe smali AAG= values involved in this selectivity problem which should be due to AAH= rather 
than to AAS= is the nsuit of cooperativity of severai factors. 

Eqmhfmtal studies on cycloadditions of six-membered carbo- and hetetucyclic dienes 1 to 6 to methyl 
acrylate and (N,Ndimethyl)acrylamide revealed a pictum in which a strong pmference for endo addition (1) 

is shifted to an almost exch&vc fan of exo adduct (6) (see Table 2).’ These systematic studies lent 

themsehres for a theoreticat investigation. Results on one of these cycloadditions have aheady been 
rqxuteds 

Results 

RHP MNDGPM3 &~ti~ of TS for endo and exo addition wem caked out.s.te In order to simpiii 
the computational pmblem WC reduced methyl acrylate to acrylic acid (AA) and (N,N-dimethyl)acrylamide 
to acryhuuide (AM). Likewise the substitucnts at the silyl groups were replaced by hydrogen atoms. The 
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1 X=Cl&Y=Z=EI 

2 X=CI&Y=Z=Ocq 

3 X=CH,Y=tBDMSO,Z=H 

4 x=CIqY=TA4So*z=CH~ 

5 X=CH,Y=Z=tBDh4SO 
Z 

6 X=N.Y=Z=tBDIkGO 
a3 
I 

tBDMS0 = (Ii3C)&-S;G TMSO = (H3C!)$i-0 

a3 

confcmationchosenforauylicacidcomspondstothe minimum energy mufztl&, that of auylamide was 

assumed analogously. Au TS are true saddIe points as shown by one negative vibrationaI fkequency. 

SomrepresentativeTS~Shownin7tolO.Thew#ltSymmtricPlTSreoultsfarl~~ne(7). 

the incipient bond lengths being 2.2 A and 2.1 A. A silyloxy group at C-Z leads to a slightly less 
symmeti TS (2.3 A and 2.04 A) which is displayed for acrykmide as dienophik in 8. AcryIamide leads 

to~sults~~tothaseobteinedforecrylicacid~oeilyloxyOrwpsatC-landC-3I#oduceaTS 

withseparationsof1.8Aand3.4Kshownin9f~tbeendoTSandbeingverysimilarfortheexoTS.Both 
leadtoinmmdiattswithcmrtbond-lcngthofl.6Aandadistanccof3.4Aforthtsecoodincipitntbond 

Tbe inmmedhue is energetically 2.53 kcal m& (endo addition) and 1.27 kcal mol-1 (exo addition) below 
theenergyleveloftheTS. Thesmchm5softbein~anothenviseverysimilartothoseoftheTS. 

A related situation (10) exists for 6, the 2-azadkne system. ‘l%e q&additions of 2 to acrylic acid and 

aaylamideconsti~~intaestingcpser.~gto~cplculatiolltbewroedductrffoDmedvia 
concerted pathways with xpamdons of the macdng centers of 2.46 and 1.99 A for AA. respecdvely 2.39 
and 2.02 A for AM. undo addition. conversely, is found to take phuze via twmtep pmcesses showing 

similarasymmetxicalbondfcmationasthecyckmdditionsof5and6. 

UnsymmtricalTSandintamdiatcsanobcaioedin~cascswhertazwitterionicstructllreis 
rational&d nxmt easily by chemical intuition. Two rilyloxy or alkoxy gmups at the end positions of the 
allylic cation can stabilk a positive charge and the carboxy group a negative charge. One silyloxy group as 
in8isnots~~ttoproduccahightyunsynrmttricplTS.Itmaybediscusscd,howtvcr,whttherthe 
cycloadditionsofSand6shoutdboconsidcrtd~urmestep~rscrorwhethathtymightrathesbe 
twmtage rca~tions.~~ The results for 2 where diffmnt mechaaktk conclusions are reached for exo and 
endo addition indicate that cooccrtcd and twlpstep pmcess are vq close to each other. It is just&d to ask 
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whether the reliability of MNDG PM3 or generally semlempirical procedutes might be overrated at this 
point?Inthedelicatebalancebetweenatrueconccrted and a tw*step cycloaddition MNDG PM3 seems to 
have a tendency to favor the MNlcollcQttd pathway. In calculations on cycloadditions of thioformaldehyde 

to diazomthane it was shown that ab-initio and MNDG PM3 led to opposing results for the formation of 
one of the regio&mus. l4 On the other hand. in the case of the 13dipolar cycloadditionl* mentioned above 
MNDGPM3oanfinned the X-ray structure of the interme&te. In any case, the substitution pattern of 
dienes 2,s. and 6 will facilitate tw~~step processes. 

Activation energies were &term&d as differences of the ground-state heats of formation of 

geometry+imixed reactants snd TS. The values (Table 1) seem to be rather high if compamd with the 
conditions under which the wrperimnts wem carried out. However, no kinetic data are available. An 
overestimation of activation ene@s is observed in other cases including ab-initio calcuUons.ls Mom 

information, however, can be derived ti relative energies. The highest activation energy is found for 
cyclohexadiene (l), the lowest for the bissilyloxy substituted diene 6. This is in line with expectation, i.e. 
the mom electron-rich the diene, the higher its reactivity in normal Diels-Alder mactions.t6 In those csses 
where two-step reactions am encountered the activation energies refer to the formation of the intermediate. 

Table 1: Activation energies (kcal molt) for cycloaddition of 1 - 6 to acrylic acid 
(AA) and acrylic amide (AM). 

compound Ill2 13141~1 61 

endo 34.31 30.81 31.66 30.90 26.60 26.22 
AA 

exo 35.00 32.60 32.05 32.46 27.98 26.52 

endo 34.60 31.15 32.56 - 27.64 27.35 
’ AM 

eX0 35.19 33.12 32.90 - 29.17 27.50 
I 

In Table 2 we have collected the heats of formation of TS and in-s for “gas-phase conditions”, in 
“benxene”, and in “dichloromthane”. The calculations in “solution” sm carried out with the GEOMOS 
program of I&ail and ~inaldit7 which is based on the dielectric continuum model for the solvent. This is 

inwrpom&linthescRPformalism. l* We moptimized the structures of the intermediates in solution 

whereas for the TS this could not be done because the program does not offer this possibility. Therefore, a 
single SCRP calculation in “solution” was performed on the “gas-phase” TS. The comparison of the 
moptimized structums for the intermediates in the “gas-phase” and in “solution” tells that the solvent alters 
the structures only marginally. 

The experimental results in benzene show that endo preference decreases for 1 to 3 from 86 to 50%,4 yields 
a 50 : 50 mixture, and 5 and 6 give incmasing amounts of exo addition (60 - 92%).’ The calculation under 
“gas-phase” conditions favors endo addition in sll cases, although to variable extent (0.3 - 2.0 kcal mol-‘). 

The calculations, therefore, are at vatiance with experiment, particularly for 5 and 6. Not too much weight 
should be attributed to the mune&al msults for dienes 3 and 4. It is daring to assume that quantum-chemical 
calculations of this type can reproduce reliably selectivities within a range of 50 f 15 %. The trend analysis 

is to us the most important indicator. 
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Table 2: Heats of formation (AI=@ in kcal mol“ and dipole moments in D (ii brackets) of TS and 
~ntennediates in cy&additions of 1 - 6 to acrylic acid (AA) and acrylamide (AM) and 
experimental en& : exo ratios.‘) 

-23.31 : -21.86 

(5.02) : (5.88) (5.41) : (6.25) 

-77.08 : -76.6 

S+AM 30:70 -90.39 ; -87.59 -94.04 / -94.01 
IN (8.46) : (11.86) (9.61) : (14.37) 

-95.95 i -98.24 
(10.24) : (16.02) 

6+AM 15:85 -94.63 ; -93.42 
IN (8.71) : (10.90) 

-98.41 ; -99.34 
(9.63) : (12.84) 

-100.30 ; -102.82 
(10.16) : (14.05) 

6+AA 8:92 -146.07 ; -144.69 -151.26 i -152.75 -154.24 j -157.69 
IN (10.22) ; (12.21) (11.45) ; (14.68) (12.25) : (16.02) 

a) calculations refer to 1 - 6 with hydrogen at 0 and Si, to acrylic acid and to acrylamide 
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The results are an indication that mme attention should be paid to solvent effects when anparing quantum 
chemical calculations with experiments obtainedin sohdon. 
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reaction coordinate 

Fig. 2: Reaction coordinate for ring closure of intermediate 118 under 
“gas-phase conditions” and in dichloromethane (kcal n&). 
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