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Abstract The reactivity of Z-(2-trlmethylsdylethynylphenyl-X-lpyrlmldmes towards 
mtramolecular Duels-Alder reactions to give tricychc annelated pyndmes, decreases 
m the order X = CO >> 0 > CH2 >> NH A conformational study (MM calculations) 
and determmatlon of the heat of actlvatlon (MNDO calculations) of their 2-(2- 
ethynylphenyl-X-)pyrimldme analogs showed that the order of reactlvlty 1s 
reflected by the probability of the molecules to be m a conformation which 1s able to 
react 

INTRODUCTlON 

In a previous paper, we described the mverse electron demand Duels-Alder reactions of 2-(2- 

trlmethylsllylethynylphenyl-X-)pyrimidmes (X = 0, S, NH, NAc, CH2, CO) to give trlcychc 

annelated pyrldmesl (Scheme I) 

By heating at 160 “C the 2-(2-tnmethylsllylethynylphenyl-X-)pyrlmldlnes lA, with exceptlon 

of X = NH, easily undergo an mtramolecular Duels-Alder reaction with inverse electron demand 

to provide the trlcychc annelated pyrldmes 3A, the observed order of reacflvlty 1s CO >> NAc > 0 

> CH2 > S >> NH In previous pubhcatlons of our group and otherslJ,3 It was found that m this 

two step process the formation of intermediate 2 1s the rate determmmg step, for It was never 

possible to detect this mtermedlate species This lmphes that the mvestlgatlon towards the 

reactivity of the conversion of 1 can be focussed on the cycloaddltlon of 1 to 2 
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X = CO, 0, CH2, NH 

In Table I the reaction rates of some typical Z-(2-trimethylsilylethynylphenyl-X-Jpynmidmes and 

the mductlve effects of the correspondmg phenyl-X-groups are listed The mesomeric effects are 

not listed because the strongly twisted shape of the intermediates 2 prevents any mesomeric 

utteractions It is seen that the order of reactivity of these compounds cannot simply be explained 

by the order of the electron wlthdrawmg ablhty of the X-group In order to get a better insight 

into the factors that determme the relative rates of the cycloaddltlons, we decided to carry out 
conformational analyses towards the ‘reactive’ conformations of the starting compounds 

(Molecular Mecharucs calculations) Furthermore, the heats of activation of the rate determmmg 

Duels-Alder reaction of 1 to 2 for the various pyrrmidme systems were calculated (MNDO 

calculations) 

In previous studies of our group4 it was found that alylated and desilylated alkyne groups 

react at comparable rates m Duels-Alder reactions with inverse electron demand, although the 

sllylated compounds always react slightly slower, due to the bulkiness of the trlmethylsilyl 

group Therefore the computationally more practical desilylated molecules B instead of the 
sllylated pyrlmidmes A were used m this study 

Table I Reactivity (k) at 160 “C of some typical 2-(2-tnmethylsilylethynyl-phenyl-X-)pyrimidmes 
1A and the inductive effects (ot) of the correspondmg phenyl-X-groups 

___________-__-_____ __________ -_---______ 

compounds 1A ka 01 
_-------__- ----- -__--- __--- ----- ----------- ---___ 

x=co 1780 0 30 
x=0 0 41 0 40 
X=CHz 0 23 0 04 
X=NH <o 001 0 30 

a 10-3 s-1 
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RESULTS AND DISCUSSION 

Conformational analyses 

In this investigation, the reactivity of the 2-(2-ethynylphenyl-X-)pyr~m~dmes (see Figure I) will be 

studied by systematic changes m the geometry of the molecules To ensure that reliable startmg 

geometries were used for the conformahonal analyses, the molecules 1B (X = CO, 0, CH2, NH) 
were defined m the CHEMX-programsa and opfimlzed m the MM force fleldsb (see Table II) 

Atom numbering, defmltlon of bond angle cp and torsion angles a and p of the 2-(2- Figure I 
ethynylphenyl-X-)pyrlmldmes 1B 

ir 

III 
15 

a C9-C8-X7-C2, p C8-X7-C2-Nl, cp C8-X7-C2 

For the conformatlonal analyses, the 2-(2-ethynylphenyl-X-Jpyrlmldmes are regarded as two- 

rotor molecules6 (rotation around C2-X7 and X7-C8) and it 1s assumed that the various 

conformations considered are ‘states’ of the rigid rotor system 617~3 The bond distances C2-X7 and 

C8-X7, and the bond angle cp, used m these analyses, are listed m Table II The torsion angle a was 

rotated from -180 to 180 degrees and, due to the mu-ror symmetry of the 2-pynmldyl part of the 

Table II Some important conformatlonal parameters of the optlmlzed geometries of the 2-(2- 
ethynylphenyl-X-Jpyrlmldlnes 1B 

compounds optlmlzed values 
cpa d a-xi’b d x7-W 

_------ ____ -----_ ----___- ____ ------_______________ 

x=co 1214 1495 1 509 

x=0 123 4 1335 1331 

x=cH2 1148 1495 1494 

X=NH 1278 1337 1342 

aangles m degrees, bdlstances m A 
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molecule, the torsion angle j3 was rotated from 0 to 180 degrees Using mcrements for a and p of 

5 degrees, 2592 conformations were generated and their potential energies (EJ calculated 

Since all conformations are thermally accessable, the probablhty of a molecule to be m a 

particular conformation can be calculated as a function of the dihedral angles6 a and p (P, (a, p)), 

using the Bolzmann dlstnbutlon equation (1) 

P1 = probablhty, dEi = E, - b, R = 8 31 J KS1 mol-I, T = 433 K ( 160 “C) 

In equation (l), Eo of a compound 1s the lowest energy found during the analysis In Figure II the 

probablhty (P1 (a, p)) of each conformation 1s plotted agamst the torsion angles a and /3 for X = 

CO, 0, CH2 and NH, respectively 

Figure II shows that all four molecules have a different probability partition The probablhty 

partitions for the compounds with X = CO, 0 and NH show great slmllarltles All three 

structures have a high probablhty for conformers with an almost flat geometry, with the 

acetylene group pomtmg away from the pyrlmldme (1 e in the area 120’ < a <180°, -180’ < a < 

-120’ and 120’~ p < 180”, O”< p < 60°) The molecules are mclmed to be flat, because this 

maxlmlzes the x-electron overlap between the aromatic rmgs through the X group In the 

completely flat structure with the acetylene group pointing away from the pyrlmldme rmg 

system, (a = 180°, p = 0’ or 1800), there 1s some sterlc hindrance between H13 and Nl or N3, 

therefore, the preferred conformations are those m which the rings are somewhat twisted 

Another region with a relatively high probability 1s found for conformations with the acetylene 

group pomhng towards the pyrlmldme ring (1 e m the area 20”~ CL < 60”, -20’~ a < -60” and 0”~ p 

< 40°, 120’~ p < 180’) In these (reactive) conformations, the molecules also tend to maximize the 

rc-electron overlap but are twisted from planarity, due to sterlc hindrance between the acetylene 

group and the pyrlmldme group For X = CO, there will be sterlc mteractlons between the lone 

pairs of the oxygen of the carbonyl group and the acetylene m the open conformers, with the 

acetylene pomtmg away from the pyrlmldme The importance of these conformations decreases 

for X = CO > 0 > NH As 1s seen from the Figures IIa, IIb and IId, the importance of these reactive 

conformations decreases m the order X = CO > 0 > NH 

In Figure IIc It IS seen that the probablhty partltlon shows a completely different pattern 

when X = CH2 Smce there 1s no x-electron overlap possible between the two aromatic rings, any 

conformation, which 1s not sterlcally hindered, has an almost equal probability, so there 1s no 

clear preference for any conformation of the molecule 

From exammmg Figure II, It IS obvious that the probability of molecules with 

conformations with a flat geometry 1s the highest for X = NH, as compared to the other systems 
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Figure II Probabihty artltions of the configurations of compounds II? related to the dihedral 
angles a an B p 
IIa-X=CO,IIb X=O,IIc X=CHzII&X=NI-I 
P,(cc,fi) 1 =005%,2=020%,3=040%,4>050% 

IIa 

IIC 1600- 

100 - 

80 - 

60’ 

40 * 

20- 

0 o- 

-20. 

-lo- 

-65- 

40- 

-100 

IId 



W A W. STOLLE eta1 

This phenomenon 1s most likely due to the stronger mesomerlc interactions between the 

x-systems and the NH group as compared to the other groups Therefore, the conformers with a 

flat geometry are more stabilized when X = NH than when X = 0, CO or CH2 

It can be stated that the posslblhty for a reaction to occure Increases, 1) when the reactants 

(dlene and dlenephlle) are wlthm short distance and 11) when the probablhty increases that the 

reactants are m these positions When the drstance C5 Cl5 1s taken as a measure of the 

proxlmlty of the reactants the probablhty (Pd(dC5 C15)) that conformers have a short distance 

C5 Cl5 can be regarded as a parameter for the reactivity The probablhty of conformations to 

have a particular distance C5 Cl5 can be calculated according to equation (2) In this equation an 

arbitrary interval of 0 2 A was used in sortmg the conformations (Figure III, + lines) 

(2) Pd(dC5 C15) = $I’@) 
d=d-0’2 

As can be seen from Figure III, the compounds with X = CO, 0 and NH have a preference for 

conformations with a distance C5 Cl5 of 7-8 A (1 e non-reactive conformations) and for 

conformations with a distance C5 Cl5 of about 4A The probability of the molecules to be m 

conformations with a short distance C5 Cl5 (1 e reactive conformations) increases for X = NH < 

0 < CO For X = CH2, there 1s no clear preference for a conformation with a certam distance 

c5 Cl5 

The reactivity of a molecule depends on all the conformations having a short distance 

between the reactants To give a better insight mto the reactlvltles, the sum of the probablhtles 

havmg a distance C5 Cl5 shorter than a certain value d IS calculated according to equation 3 

The results of these calculations are plotted m Figure III ( - lines) 

(3) 
d 

Wd) = c P,(dC5 C15) 
d=o 

The advantage of this method 1s that conformations which are not m an energy muumum but 

have a short distance between the reactants, and therefore are consldered to be reactive, are also 

taken mto account Examining the F’s(d) plots m Figure III, it can be deduced that on gomg from 

X = CO to X = 0 and X = NH, the summed probablhty of the conformatlons with a short distance 

C5 Cl5 decreases For X = CH2, there 1s a gradual increase of the Ps(d) with an increase of the 

distance C5 Cl5 The summed probablhty of the molecules 1B to have conformers with a 

distance between C5 Cl5 smaller then 4 5 8, nicely reflects the observed order of reactivity of the 

2-(2-trlmethylsllylethynylphenyl-X-)pyrlmldmes (Ps (d) for X = CO 1s 25%, F’s (d) X = 0 1s 6%, 

I’s (d) for X = CH2 1s 5% and F’s (d) for X = NH 1s 2%) 



Reactwlty of 2-(2erhynyIphenyLX-)pyrmdmes 
1759 

&me III Probabihty partitions (P,.&dCS Cl!& left hand y-axis) and summed probabdities (Ps(d), 
right hand y-ax14 related to the &stance CS Cl5 of the pyrmudmes 1B 
IIkx..CO,IIIb X=O,IIIc.X=CH~IIld.X=NH. 
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Whether all conformahons with a small C5 Cl5 distance can be regarded as being reactrve, can 
be a matter of debate, smce other aspects, like for example the angle under whrch the s-electron 

systems of the dlene and dlenophrle approach each other, also play a role even rf the heat of 
actrvatron 1s the same Furthermore, the bond angle cp does have a slight effect on the 
probablhtles at short distances C5 C15, although rt hardly has any effect on the overall 

appearance of the chagrams as depicted m the Figures 2 and 39 

Determination of the heat of activation 

Since the reactrvity IS normally not determined by conformatronal effects alone, but also by the 

heat of actrvation of the rate determining step, rt was decided to calculate the transrtron-states 
and their potenual energies for the conversron of 1B mto 2B for the varrous molecules 

Because the cycloaddrtlon reaction mvolves the mteractron between the a-electron systems 

of drene and drenophrle, rt was decided to used the ‘VAMP’-programloa This program uses the 
semi-emprrlcal MNDO force field of Dewar and Thlellob and the Davldon-Fletcher-Powell 
geometry optinuzation routinell, which are generally assumed to give the most rehable results’* 
for the kmd of systems under study 

The transitron-states of the Duels-Alder reactron were determmed usmg the saddle-pomt 
method of McIver and Komornrckll3, which was also Implemented m the ‘VAMP’ program For 

reasons of computatron time the saddle-point calculations were started at the conformatrons 
lB’14, with a distance of 3 5 8, between C5 and C15, at wluch distance there was not yet any 

mteractlon between the dlene and dlenophlle The geometry of the mtermedrates 2B were 

determined by an unrestricted optlmlzatron of a conformation which had passed the heat of 

activation barrier A saddle-point calculation 13 between 1B’ and 2B provided the transmon-state 

geometries and then heats of formatron The heats of formatron of the starting conformatrons 
1A were determined by re-optrmlzmg the conformahons of mnumal energy (Es), as found m the 

conformahonal analyses, m the MNDO force field of the ‘VAMP’-program’s 

The heats of actrvatron of each mtramolecular cycloaddmon were calculated by subtractmg 
the heats of formatron of the starting point geometries from those of the transltlon state 

geometries (see Figure IV and Table III) 
The calculations show that the differences m the heats of activation are rather small and 

that the geometries of the transtrtlon states are rather similar as 1s seen m Table III, Figure IV 
and Figure V In fact, the drfferences m the heats of actlvatlon are so small that they cannot 

explain the pronounced differences In the observed reactivity of the 2-(2- 

trlmethylsllylethynylphenyl-X-)pyrrmldmes, nor do they reflect the observed order of reactivity 
The outcome of this experrment was not quote unexpected In an earlier paper3, rt was 
demonstrated that the influence of an electron wrthdrawmg or donating group on the 
mtramolecular cycloaddrtron of 5-(p-substituted phenyl)-2-(l,l-dlcyanopent-4-yn-l- 
yl)pyrrmrdmes was rather small Thus result 1s also m agreement with the assumptron that thus 

cycloaddmon 1s a concerted reactron with httle or no charge separation m the transmon state 
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Figure IV Reaction profile for the inverse electron demand Duels-Alder reaction of 1B to 2B 
+ X=CO, l X=0, A X=CH> n X=NH 

TS 
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6 7 

Another support for the slmllarlty of the transition state geometries and the accessory heats of 

actlvatlon can be deduced from the electromc properties of the X-group When the overall 

electronic effect of the X-group IS factorized mto an mductlve (01) and a mesomerlc (0~) effec@, 

It IS obvious that in the transition state the mesomerlc effect of the X-group on the pyrlmldme 

rmg can be neglected, because of the almost perpendicular orientation of the x-systems (see 

Figure V) The values of GI of the CO, 0 and NH groups all have about the same magnitude 

(or,CO = 0 30, or,0 = 0 40, (TI,NH = 0 30, see Table 1)16b, so it IS very plausible that rather similar 

transition states for these three molecules are found The mductlve effect of the CH2 group 

(or,CHz = 0 04) IS significantly smaller, which would result in a higher heat of achvahon for the 

cycloadditlon This increase in the heat of actlvatlon however seems to be compensated by the 

much smaller geometrical changes in the molecule (espeaally the change m angle cp), when 

going from the starting to the transltlon state conformation, as compared to the other molecules 

(see Table III) 

From the determination of the various transltlon-states and the accessory heats of actlvatlon 

of the rate determmmg Duels-Alder reactlon, It 1s seen that these properties are almost the same 

for the molecules under study The small differences m the heats of actlvatlon confirms the 

assumption that all molecules have the same posslblhty to react If they are in the same reactive 

conformation Furthermore, the heat of actlvatlon does not reflect the observed order of 

reactlvlty for the various 2-(2-tnmethylsllylethynylphenyl-X-)pyrlmldmes 
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Table III Some important conformatronal parameters of the starting (2A), transmon state (TS) 
and mtermedrate (2B) geometries, the heats of for-matron (Hform) and heats of 
activahon (AH) of the conversion of 1B to 28 

compound aa 8” ‘pa dC2 cl4b dC5 as” Hbm,c AHC 

CO(lB) 1771 105 8 1212 2 967 4758 819 00 

COcm 110.9 160 6 112 7 2 151 2 263 1424 605 

CO(2B) 1181 1790 105 5 1567 1536 755 -64 

008) 999 178 6 123 3 3884 6 759 773 00 

O(TS) 953 1786 1116 1945 2096 1355 582 

00B) 1193 179 8 1086 1576 1536 728 -45 

CHz(lB) 93 3 842 113 2 3 814 6 379 1090 00 

CfMTS) 80 7 169 7 110 3 2 155 2 242 1683 59 3 

CH#B) 1195 179 1 103 7 1 570 1532 1012 -7 8 
NH(lB) 1574 160 4 124 1 3 947 6 768 1161 00 

NH(TS) 1117 170 4 1139 2 190 2390 174.4 58 3 
NH( 2B) 113 9 1745 107 2 1570 1533 1121 -40 

aangles m degrees, hdrstances m A, enthalpy n-t Kcal/mol 

Fnzure V Superposttion of the transihon state geometries of the 2-(2-ethynylphenyl-XI- 
pynmrdmes m the conversion of 1B to 28 

View along C2-C5 View along C4-C6 
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CONCLUSIONS 

From the calculations presented m this paper, It can be seen that the heat of actlvatlon of the rate 

determining converslon of 1B into 2B, does not reflect the observed order of reactivity of the 

pyrlmldmes 1A Furthermore, the calculated differences between the tranahon-states (geometnc 

and energetic) are too small to explain the differences in the observed reactlvltles of the 

compounds 1A 

The conformational analyses of the different systems however, do predict an order of 

reactivity that 1s in good agreement with the observed order of reactivity of the compounds lA, 

which seemed puzzling at the start of this mvestlgatlon Especially the summed probablhtles for 

short distances between the reacting sites (F’s(d) < 4A) seem to reflect the observed order of 

reaclvlty very well From these results, it can be concluded that the conformatlonal propertles 

mainly determine the order of reactlvlty of the 2-(2-tnmethylsllylethynylphenyl-X-)pyrlmldmes 

1A investigated in this study 
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