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The relative energies of the stepwise one-bond and synchronous two-bond reaction pathways are 
compared at the semi-empirical AM1 and PM3 SCF and ab initio MP2 levels for the closed shell 
,2, + .4, cycloaddition reaction between the NOz+ ion and ethyne. The intrinsic bias towards the 
stepwise route for this reaction is estimated at 11 kcal mol-' for PM3 and rather more for AM1.t 
There is reasonable agreement between the AM1 and PM3 geometries and those obtained using ab 
initio MCSCF methods for the .2, + .4, reaction between ethene and butadiene, the n2, + .2, 
cyclodimerisation of ethene, and the .2, + ,2, reaction between ethene and ketene. The location of 
two second-order saddle points for the latter reaction, where the antarafacial component is located 
on either the ethene or the ketene, allows the antarafacial stabilisation via the carbonyl group to  be 
estimated as 27 kcal mol-l. The effect of € / Z  isomerism and of antarafacial components on the 
geometries and energies of the synchronous stationary points for a range of larger ring 
cycloadditions is established at the AM1 and PM3 levels. The prediction by Mclver that such 
reactions will become increasingly asynchronous as the ring size increases is only weakly 
manifested at the closed shell RHF SCF level, but is more prominent at the spin unrestricted UHF 
level. The crossover between synchronous and asynchronous bond formation probably occurs for 
ten-membered rings. 

The suggestion by McIver that the transition states for cyclo- 
addition reactions should tend towards asymmetry with in- 
creasing ring size has provoked much attention over the years. 
The original argument was based on a consideration of the 
relative magnitude of the interaction force constant cfi z) and 
the stretching force constants (fl ~ r f ~ ~ )  for the two bonds rl 
and r2 involved in the reaction (Scheme 1). For cases where 
rl  = ca. rz,  the relationship fll > f12 should be increasingly 
true as the ring size increases. If so, the corresponding (2 by 2) 
force constant matrix would necessarily have two negative and, 
in the limit, degenerate roots, and the stationary point for the 
geometry r l  = ca. rz would be a second-order saddle point 
(SOSP) and not a true transition state. 

Scheme 1 

The first quantitative normal coordinate analyses were per- 
formed at the MIND0/2 and MIND0/3 closed shell SCF- 
MO levels for the transition state 1 corresponding to the .2, + 
,4, reaction between butadiene and ethene. The calculated 
Hessian matrices, expressed in Cartesian coordinates, in each 
case had two negative roots corresponding to symmetric (vl) 
and antisymmetric (v2) combinations of the rl  and r2 stretches. 
This result implied that the McIver effect could be manifested 
even for six-membered rings, but numerous subsequent cal- 
culations at both single (SCF) and subsequently multi-con- 
figurational (MCSCF) ab initio levels4 for five- and six- 
membered .2, + ,4, additions show that the Hessian matrix 
for the symmetrical structure has only one negative root 
corresponding to the mode v 1. These early semi-empirical 
results are now thought to be the result, at least in part, of 
overestimating the core-core or the electron-electron repul- 
sions in the C-C region 2.0-2.5 Others have argued that 
the inherent features of the NDDO approximations intrinsic- 

ally favour unsymmetrical transition states.6 More recent semi- 
empirical parametrisations such as AM1 s or PM3 ' have 
addressed the core-core repulsion problem, and these methods 
do allow a genuinely symmetrical transition state (rl = ca. r 2 )  
at the RHF-SCF level, at least for six-membered rings. Less 
attention has been given to antarafacial pathways, but recent 
ab initio MCSCF calculations for e.g. the synchronous route 
for ,2, + ,2, dimerisation of ethene or its reaction with ketene 
indicate that for such topology the force constant for the v2  
mode is negative, and the reaction proceeds instead along 
asynchronous biradicaloid pathways. We present here semi- 
empirical AM1 and PM3 calculations for a range of cyclo- 
additions which assess the impact of ring size, and of the 
presence of E/Z isomerism and antarafacial components on the 
synchronous stationary point geometries. 

Computational Procedure.-Initial estimates of the station- 
ary point geometries were obtained by molecular mechanics 
minimisation using either the Macromodel (V3.0) program or 
the Tektronix CAChe workstation system and employing the 
MM2(85) hydrocarbon force field. The variables rl  and r 2  
were constrained to 2.12 A by assigning to them large stretch- 
ing force constants. All other force field parameters were 
unchanged from the MM2 values. For large ring systems where 
the number of E/Z permutations is large, less favourable 
isomers were eliminated on the basis of the molecular mech- 
anics calculations. The approximate geometries obtained were 
then expressed in terms of an appropriate set of 3N - 6 internal 
coordinates, and re-optimised at the AM1 or PM3 level whilst 
maintaining the constraint on rl  and r 2 ,  using the MOPAC 
(V5.0 and more recently V6.0) program" implemented on 
Vaxstation 3200, RS 6000/530 or CAChe workstations. Finally 
all the 3N - 6 internal coordinates were re-optimised by 
minimising the sum of their squared scalar gradients (keyword 
NLLSQ), followed by calculation of the force constant matrix 

t 1 cal = 4.184 J. 
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Table 1 Calculated AM 1 and PM3 properties of cycloaddition reactions as a function of ring size 
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Entry" 

RHF 
1 
5 
11 2, z 
12 E, Z 
13 Z ,  Z 
14 E, Z 

UHF 
15 
16 Z,  Z 
17 E, Z 
18 2, Z 
19 E, E 
20 z, z/z 
21 Z ,  EIZ 
22 zjz, z/z 
23 ZjZ,  ZjZ 
24 E/Z, EIZ 
25 ZlZ,  EIZ 
26 EIZ, EIZIE 
27 E/Z,  ZIEIE 

2 s  + n4s 
2 s  + n2a 
n4s + n4a 
n4s + n4a 
n4s + n6s 
n4s + n6s 

2 s  + n4s 
n4s + n4a 
n4s + n4a 
n4s + n4s 
ff4s + ff4s 
n4s + x6s 
n4s + n6s 
n6s + n6s 
n6s + n6a 
n6s + n6s 
n6s + n6a 
n6a + n8a 
n6s + n8s 

23.0 (-9.51, 147) 
70.8 (- 1167, - 214) 
52.7 ( - 1763, - 130) 
54.2 (- 1655, - 183) 
40.8 (- 1818, 5 )  
38.2 (- 1981, - 121) 

21.1 (-804, -223) 
39.2 (-854, -651) 
41.6(-847, -700) 
24.1 (-783, -657) 
27.9 (-771, -672) 
22.5 ( - 709, - 588) 
20.4 ( - 707, - 602) 
18.0 (- 722, - 673) 
26.9 (-690, -644) 
21.1 (-724, -605) 
27.7 (- 659, - 565) 
18.5 ( - 673, - 638) 
16.4 (- 690, - 659) 

2.12, 21.2 
2.10,2.10 
2.07, 2.10 
2.07, 2.09 
2.09,2.21 
2.08,2.13 

2.11,2.12 
2.06, 2.1 1 
2.06, 2.06 
2.07,2.08 
2.08, 2.08 
2.10,2.12 
2.10,2.11 
2.09, 2.09 
2.10,2.11 
2.09, 2.09 
2.10, 2.15 
2.10, 2.1 1 
2.08,2.09 

26.3 (- 937, 15 1) 
74.0 ( - 1325, - 275) 
54.3 (- 1761, -77) 
57.5 (- 1668, - 36) 
42.5 (- 1775,49) 
39.7 (- 1916,64) 

24.5 (- 762, - 112) 
40.1 (- 850, - 679) 
44.0(-818, -682) 
27.1 (- 752, - 567) 
31.1 (-734, -624) 
26.8 ( - 653, - 525) 
24.5 (- 673, - 553) 
22.5 (-667, -611) 
31.3 (-644, -593) 
24.1 ( - 664, - 605) 
32.5 ( - 632, - 536) 
20.0 ( - 637, - 594) 
18.8 (- 622, - 582) 

2.14, 2.14 
2.13, 2.10 
2.07, 2.1 1 
2.07, 2.09 
2.06, 2.19 
2.10, 2.1 1 

2.14, 2.16 
2.10, 2.1 1 
2.08, 2.08 
2.13, 2.14 
2.11,2.11 
2.15, 2.17 
2.14, 2.15 
2.13, 2.13 
2.14,2.15 
2.13, 2.14 
2.13,2.19 
2.15, 2.15 
2.14, 2.14 

The nomenclature for the EIZ isomers is based on the final product geometry. Calculated enthalpy of activation in kcal mol-' and vibratioiial 
wavenumbers in cm-' in parentheses. Imaginary modes are shown as negative numbers. All barriers are relative to the corresponding ground state. 
' Bond lengths in A. 

Fig. 1 
a difference map. Contour levels are separated by 0.5 kcal mol-'. 

Potential energy surfaces for the .2, + .4, reaction between HCCH and 0 2 N +  as a function of r1 and r2  at (a) PM3, (b) AM1 levels and (c) as 

and normal coordinate analysis. Final values of the gradient 
norms were < 1  kcal A-'. Where location of true transition 
states was desired, the eigenvector following method recently 
implemented in MOPAC" was employed. A b  initio calcu- 
lations were performed using the GAUSSIAN 86 program 
system,' transition states being located using the eigenvector 
following implementation due to Baker.' Molecular coordin- 
ates in the form of Gaussian archive files and MOPAC 
Cartesian coordinates have been deposited for located station- 
ary points [Sup. pub. no. 56832 (14 pp.)]. Normal mode 
diagrams were generated using the Molecule program. l4 

Results and Discussion 
(i)ff2s + ,4, Cyc1oaddition.-The calculated AM1 and PM3 

properties (Table 1) for the transition state 1 are similar to 
those reported at the ab initio level.* Likewise, the calculated 
normal mode v 2  corresponding to the antisymmetric distortion 
(rl - r 2 )  is real at both AM15 (147 cm-') and the PM3 (151 
cm-') R H F  levels. No numerical value for this mode at the 

multi-configurational (MCSCF) ab initio level has been 
r e p ~ r t e d . ~  The semi-empirical value may be distorted by 
several effects; intrinsic bias towards asymmetrical structures as 
a result of the NDDO approximations,6 variation in the AM1 
or PM3 parameters themselves l 5  or the use of a closed shell 
wavefunction in which any biradicaloid character introduced 
from asymmetrical distortion of 1 is not i n ~ l u d e d . ~  We 
followed two strategies to try to assess these two effects 
separately. The first was to investigate charged systems for 
which the one-bond stepwise reaction (rl # r 2 )  and the two- 
bond synchronous reaction (rl = r,)  are formally both closed 
shell species and can therefore at least qualitatively be 
compared using the same SCF level formalism. The closest 
analogy to transition state 1 would be from the reaction 
between ally1 cation and ethene, but this system proved 
unsuitable because of the very early nature of the transition 
state and the corresponding low barrier (ca. 1 kcal mol-I). 
Instead we chose as our model the .2, + .4, reaction between 
ethyne and the electrophilic nitronium ion NO, + (Scheme 2). 
This system has the advantage of a low number of degrees of 
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Table 2 Calculated properties for the cycloaddition of ethyne to 0 2 N +  or 0 2 B -  

O,N+ 0 , B -  

Energy a Vi, v 2 b  Energy a V 1 r  v2 

288.4 (14.6) -411, -86 -34.5 (81.2) -970, -353 
PM3 291.3 (34.0) - 527,42 
6-31 + G -280.3113 (11.6) -462,134 -251.1140(105.5) -1023, -115  
6-3 1 * - 280.4683 (25.5) -617,199 -251.1624 (116.0) -1124, -337 
6-31 + G* - 280.4736 (27.6) -632,194 -251.2016(112.4) -1138, -327 
M P2/6-3 1 G -280.9591 (12.2) -628,321 - 251.61 32 (88.4) -919, -74 
MP2/6-31 + G - 280.9724 (1 3.7) - -251.6711 (81.8) -852,89 
MP2/6-31G* -281.3328 (4.5) -631,307 -251.9291 (78.4) - 1020, - 356 

- - AM1 

a In kcal mol-' for AM1 and PM3, in Hartree for the ab initio calculations. The energy of the stationary point relative to the ground state reactants 
is given in parentheses in kcal mol-'. Vibrational wavenumbers, in cm-' for the first two normal modes. 

(a ) 

1.233 (1.251) 163.4 (160.1) 

(1.979) 

n 

11 1.606 

Fig. 2 PM3 transition state geometries for (a) 2 and (b) 3 for the 
reaction between 0 2 N +  and HCCH. Bond lengths in 8, with MP2/6- 
31G* values in parentheses. 

freedom, which allows ab initio calculations up the MP2/6- 
31G* level to be carried out within reasonable computing 
resources (Table 2). 

A PM3 contour map of energy against r 1  and r2 reveals the 
presence of a genuine synchronous transition state (2, Fig. la), 
although a stepwise route is also available leading to a trans- 
ition state 3 which is 3.0 kcal mol-' lower in energy than 2. This 
contrasts with the AM1 surface, which reveals 2 to be a second- 

O=N=O \ 
+ 

Scheme 2 

order saddle point [Fig. l(b)] having two negative force con- 
stants. The difference in the two surfaces (Fig. lc) is clearly 
attributable to the parameters, as both parametrisations are 
based on the same approximations. In particular, we have 
previously noted a specific error in the AM1 nitrogen para- 
metrisation which is not found in PM3.' s Qualitatively similar 
geometries to those obtained using PM3 were found at the ab 
initio SCF and MP2 levels (Fig. 2) and v 2  for 2 was similarly real. 
Although a significant ah initio basis set effect on the relative 
energy of 2 is evident, the frequencies of v 1  and v2 were less 
affected (Table 2). Most significantly, v,(MP2/6-3 1G*) is ca. 270 
cm-' greater than the corresponding PM3 value for this mode. 
The ab initio calculations do differ qualitatively from PM3 in 
that no MP2/6-31G saddle point corresponding to 3 could be 
located, despite extensive searching using eigenvector following 
techniq~es. '~ From the calculated MP2/6-31G energy of this 
system at 0-C bond lengths of 2 . s 1 . 9  A, the energy in the 
stepwise region of the potential surface is estimated as being 8 
kcal mol-' higher than in the synchronous region. We conclude 
that, for the formation of C-0 bonds at least, PM3 has a bias of 
ca. 1 1  kcal mol-' against the energy of the symmetrical structure, 
manifested in a value of v2 that is ca. 270 cm-' lower than the ab 
initio value (Table 2). The AM1 method shows greater 
divergence, 3 being 7.7 kcal mo1-' lower than 2, with an error 
in v2 of 393 cm-'. Nevertheless, the energy bias against 
symmetrical structures has been a feature of all semi-empirical 
parametrisations, and it seems unlikely that this is due to the 
parameters alone. This is also supported by our results for the 
simplest of all two-bond reactions, a proton transfer between 
two heteroatoms. We have previously observed l 6  that the PM3 
or AM1 errors in the calculated transfer barriers were of the 
order of 20 kcal mol-'. These are of a magnitude that seems 
unlikely to be due to the values of the parameters alone and may 
instead be due to the inherent NDDO approximations or the 
limited orbital basis set employed in these methods. 

It is possible to perturb the system such that 3 becomes 
lower in energy than 2 and in the process a genuine transition 
state. The B 0 2 -  anion is isoelectronic to the NO2+ cation, and 
identical with respect to the forming C-0 bonds, but the 
calculated reaction barrier is much higher since the reactants 
are both nucleophilic (Table 2). In this case modes v 1  and v 2  
for the symmetrical geometry are both imaginary at all levels 
of theory. For this specific case, good agreement is obtained 
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(c 1 

R2 

2.25 
Fig. 3 PM3 energy contour maps for the .2, + .2, dimerisation of ethene as a function of the distance rm between the two C-C bond mid-points and 
the dihedral angle y between the two planes defined by the three atoms of the terminal methylene groups, at (a) the RHF, (b) the UHF level and (c) as a 
difference map between (a) and (b). C, symmetry was maintained throughout and contour levels are separated by 1 kcal mol-I. 

R 

Fig. 4 Calculated PM3 geometry of (a) the second-order saddle point 
point 5 (bond lengths in %i, with the corresponding MCSCF/4-31G 
values in parentheses) and (b) 6 

between the AM1 and the highest level ab initio calculations, 
although the barrier to reaction is so high that a bias of ca. 10 
kcal mol-' in the semi-empirical result might not be apparent. 

All alternative perturbation may derive from geometrical 
constraints in the transition state itself. In other work," we 
have noted that the .2, + .4, transition state 4 has significant 
ring strain induced by the particular stereochemistry of this 
system. This strain is manifested in a substantially unsym- 
metrical PM3 geometry (rcc 1.61, rC+ 2.67 A), whereas 

4 

unstrained stereoisomers have similar values for rl and r2.  A 
similar induction of asymmetry was observed in certain six- 
electron dihydrogen transfer reactions from di-imide to highly 
strained bridgehead alkenes.I8 

Our second strategy was to consider the effect that the use of 
a closed shell wavefunction in which biradicaloid character is 
excluded might have on the symmetry of transition state 1. The 
simplest formalism which allows approximate biradical char- 
acter in a wavefunction is the unrestricted Hartree-Fock 
(UHF) a p p r ~ a c h . ' ~  At this level, the re-optimised stationary 
point 15 is no longer a true transition state, both v1 and v2 
being imaginary at the AM1 and the PM3 levels (Table l).'" 
Compared with the PM3-RHF results, the UHF energy 
lowering (1.8 kcal mol-I), change in geometry and degree of 
biradical character for 1 ((s2) = ca. 0.5) are small, but the 
change in v 2  (- 263 cm-') is more significant (Table 1). More 
rigorous treatments at the ab initio MCSCF level4 indicate the 
symmetrical structure 1 still to be a genuine transition state, 
but with little biradicaloid character. The absence of a reported 
value for v 2  at the MCSCF level as noted above does not 
permit comment regarding the effect of the UHF approximation 
on this normal mode. However, such results are available for 
the related .2, + .2, dimerisation of ethene or its reaction with 
ketene, which we consider next. 

(ii) .2, + .2, Cycloaddition.-At the MCSCF/4-3 1G level,' 
the symmetrical stationary point for the dimerisation of ethene 
(5) has been reported as having imaginary values for both 
normal modes v1 and v 2  (1072i and 327i cm-' respectively) 
with rl = r2 = 2.27 A. The formal antarafacial component is 
accommodated via a dihedral angle cp of 40.8" between the two 
reactant C-C bonds and by the relative twisting (y CQ. 90") of 
the two methylene groups of one reactant ethene. AM1 or PM3 
energy contour maps of y against the mid-point separation, rm, 
of the two reactant C-C bonds show an apparent saddle point 
in this region (Fig. 3a), with a geometry which reveals (Fig. 4) 
an antarafacial distortion similar to the ab initio MCSCF 
values [ cp  36.0" (PM3), 42.5" (AMl)]. The effect of the RHF 
approximation is seen in the calculated length of the C-C 
antarafacial bond, which is noticeably shorter than the 
MCSCF value (Fig. 4). As found previously,' 5 is not a true 
transition state since the v 2  mode is imaginary, and the contour 
map shows a saddle point only because C,  symmetry was 
imposed. The AM1 or PM3 force constant corresponding to v 2  
is less negative than the MCSCF value (Table l), possibly 
because of the use of a single determinantal wavefunction. 
Despite the significant twisting in one alkene component there 
is nevertheless good agreement between the semi-empirical 
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W 

Fig. 5 Calculated PM3 geometries for stationary points (a) 7, (b) 8, (c) 9 and (d) 10 

Table 3 PM3 HOMO and LUMO energies (eV) for Structures 1, 5 
and 11-14 

Entry EHOMO EL"M0 

1 - 9.02 0.34 
5 - 8.75 0.204 

11 -7.91 0.17 
12 -8.14 - 0.43 
13 - 7.76 - 0.84 
14 - 7.95 - 0.7 1 

closed shell and the ab initio MCSCF results for 5. Inspection 
of the HOMO-LUMO gap (Table 3) reveals it to be only 
slightly less than that for 1 itself, and therefore that quali- 
tatively similar geometries at the SCF and MCSCF level for 
this reaction are not entirely unexpected.20 The calculated 
barrier to 5 is substantial (Table l), but when the v2 mode is 
followed using eigenvector following techniques,' a genuine 
transition state 6 (rl = 1.576/1.584, r2 = 2.609/2.609 A, 
PM3/AM1) can be located (Fig. 46) with an accompanying 
energy lowering of 11.5/11.7 kcal mol-'. Structure 6 clearly has 
major biradical characteristics and when such character is 
introduced into the semi-empirical wavefunction using the 
UHF approximation, the potential surface for the dimerisation 
of ethene does change (Fig. 3b), most significantly in regions 
where r ,  is > 2  A and the relative twisting of one alkene 
component is close to 90" (Fig. 3c). This introduces a new 

stationary point corresponding to ,2, + ,2, addition (r ,  ca. 2.1 
A, y ca. 00) and the resultant distortion of the potential surface 
in this region removes the .2, + .2, second-order saddle point 
previously observed. Since this stationary point persists at the 
more rigorous ab initio MCSCF level, this semi-empirical result 
must be considered an artifact of the UHF approximation. 

Further comparison with ab initio MCSCF calculations is 
possible for the ketene + ethene cycloaddition, which has been 
extensively studied theoretically.8 We were able to locate two 
second-order saddle points at the PM3/RHF level, the first (7, 
Fig. 5a) being analogous to the ab initio structure, with the 
antarafacial component clearly located on the ketene, and the 
second previously uncharacterised point (8, Fig. 5b) having 
the antarafacial component located on the ethene. Comparison 
of the calculated semi-empirical and ab initio MCSCF proper- 
ties (Table 4) shows qualitative agreement between the two 
approaches in predicting the C-C bond in 7 to be shorter than 
the C-CO bond length. By following the PM3 v2  mode for 7 in 
one direction we were able to locate a genuine transition state 
(9, Fig. 5c) which was 3.5 kcal mol-' lower in energy. The 
values for the C-C and C-CO bond lengths for this transition 
state are approximately equal (Fig. 5) at the PM3 level but less 
equal at the AM1 level (Table 4). However, given the propen- 
sity of semi-empirical methods to disfavour a symmetrical 
structure in favour of an unsymmetrical alternative (cf. 2 us. 3 
above), and the observation that SCF and MCSCF methods 
show feast divergence for symmetrical structures (cf: 5), it may 
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Table 4 AM1 and PM3 properties for the ,2, + ,2, cycloaddition between ethene and ketene 
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AM1 PM3 

rc-0 rc-co Entry E(v,, v J a  rc-0 rc-co E(V1, V d a  

7 45.2 (-957, - 121) 1.729, 2.483 46.3 (-982, -269) 1.757,2.502 
(- 1447, -403)' 2.08, 2.36d 7 

9 39.7 ( - 780, 164) 2.454, 1.731 42.8 (- 1150, 149) 2.158,2.037 
-226.7122' 1.888, 2.325 
- 229.6820f 1.756, 2.441 
- 227.0438 ' 1.960, 2.320 

1.700,2.515 45.8 (- 578) 1.625,2.629 10 45.2 (- 877, 121) 
8 72.0 (- 1236, - 274) 2.220, 2.004 73.1 (- 1308, -286) 2.201, 2.040 

a Calculated enthalpy of activation in kcal mol-' and vibrational wavenumbers in cm-' in parentheses. Imaginary modes are shown as negative 
numbers. Bond lengths in A. MCSCF/STO-3G values.8 MCSCF/4-31G values.' ' SCF/3G calculation. f SCF/6-31G* calculation. MP2/3G 
calculation. 

indeed be possible that 9 has an analogue at the MCSCF level 
in addition to the unsymmetrical gauche transition states 
already located.* We also note that where asynchronous bond 
formation is predicted at the ab initio SCF level, allowance for 
dynamic electron correlation (e.g. the MP2 correction) tends to 
result in more synchronous structures, as for example the 
Beckmann rearrangement.I5 To check this, we carried out ab 
initio calculations for 9 at the minimal STO-3G and 6-31G* 
basis level (Table 4). Application of the MP2 correction at the 
STO-3G level does indeed symmetrise the transition state 
somewhat, but use of a larger basis at the SCF level decreases 
the symmetry. A 6-3 1G*/MP2 level calculation was precluded 
by the computational resources available to us. 

The possibility that the symmetry of 9 is an artifact of the 
PM3 potential surface should also be considered. In particular, 
the properties of 4 noted above seem to indicate that PM3 
predicts either essentially synchronous or highly asynchronous 
bond formation, with no intermediate continuum of structures. 
This might well be a feature of the parametrisation scheme, in 
which between two and four attractive or repulsive gaussian 
functions are used to modify the basic coreecore repulsion 
function.' An erroneous value for the mid-point of one of these 
functions is responsible for the AM 1 nitrogen error previously 
discussed,'' and such faults also cause ridges in the AM1 
phosphorus potential.20 A less discernible ridge in the PM3 
C-C potential might distort a modestly unsymmetrical saddle 
point towards either more (i.e. 9) or less (i.e. 4) symmetrical 
species. To resolve these two explanations, MCSCF calcul- 
ations at e.g. the MP2 level of theory 2 1  are probably needed to 
establish whether a genuine ,2, + ,2, transition state for the 
ethene + ketene cycloaddition actually exists. Following the 
PM3 v 2  mode of 7 in the opposite direction results in a less 
contentious and highly unsymmetrical transition state 10 (Fig. 
5 4  more akin to the gauche transition states' referred to 
above. 

The structure of the alternative saddle point 8 [Fig. 5(b)] is 
similar to that of the analogous 5 and is 26.8 kcal-' higher in 
energy than 7, which provides a measure of the stabilisation of 
the antarafacial component across the ketene via involvement of 
the previously orthogonal p, orbitals from the carbonyl group. 
Following the v 2  mode in 8 results in a pair of true transition 
states [rcX 1.568, r,,, 2.735 or rC4 2.793, rcq0 1.537 A (PM3); 
r,, 1.571, r,,, 2.627 or rCx 2.760, rcxo 1.541 A (AMl)] which 
are respectively 18.8, 13.1, 17.9 and 13.5 kcal mol-' lower in 
energy. All these points are nevertheless > 11 kcal mol-' higher 
than 9 showing that the lack of symmetry does not remove the 
preference of the antarafacial component for the ketene. 

Several important conclusions can be drawn from these 
various results. At the AM1 or PM3 RHF level, stationary point 
cycloaddition geometries involving either supra or antarafacial 
components in four-, five- or six-membered rings are qualitat- 

ively similar to those obtained by ab initio MCSCF calculations. 
For cycloadditions involving e.g. charged reactants where the 
wavefunction in both the synchronous and asynchronous 
regions of the potential surface is dominated by a closed shell 
configuration, the semi-empirical RHF force constant corre- 
sponding to antisymmetric distortion v2  appears to be 
underestimated, the error being larger for AM1 than PM3. This 
error is compensated by this force constant being overestimated 
(i.e. too positive) for e.g. uncharged antarafacial mode reactions 
where other electronic configurations contribute significantly 
to, but do not dominate, the wavefunction. Use of the semi- 
empirical UHF approximation gives values of v2  which are 
clearly too large (negative), but it remains to be established if 
this is still true for reactions where the RHF approximation 
breaks down completely. To investigate this aspect, we next 
applied the AM1 and PM3 Hamiltonians to a variety of larger 
ring cycloadditions, particularly with regard to the calculated 
geometries, energies and normal modes of the symmetrical 
stationary points (r l  = ca. r2).  For such systems, ab initio 
calculations become increasingly expensive, and the utility of 
'pathfinding' semi-empirical methods needs to be established. 

(iii) Larger Ring Reactions at the RHF Level.-The effect of 
E / Z  isomerism in the product cycloalkenes and the possibility 
of antarafacial modes of addition in the larger ring reactions 
render these geometrically much more complex than the simple 
Diels-Alder case 1. At the closed shell RHF level, symmetrical 
stationary points (r l  = ca. r2 )  corresponding to either Z / Z  or 
E/Z products were located for the ,4, + ,4, (11 and 12 
respectively) and the ,4, + ,6, systems (13 and 14 respectively, 
Table 1). All the C-C bond lengths other than rl  and r2 were in 
the range 1.37-1.41 A. For the eight-membered ring, the 
stationary point corresponding to a product with one trans 
double bond was energetically higher than the cis isomer, whilst 
the reverse was true for the ten-membered ring case. The 
calculated RHF barriers are significantly higher than for 1 and 
as the ring size increases, the HOMO-LUMO gap decreases to 
ca. 7 eV for 13 or 14 (Table 3). This trend eventually resulted in 
anomalous behaviour during attempts to locate a stationary 
point for the ,6, + ,6, or ,6, + ,8, reactions. In the expected 
saddle point region ( r l  = ca. r2 = ca. 2.15 A), pronounced 
bond alternation was observed, with discontinuous transition 
between reactants and products; a phenomenon clearly due to 
the closed shell approximation. For this reason, we think it 
unlikely that any genuine stationary points exist at the RHF 
level for these larger rings. 

The McIver force constant argument predicts that as the ring 
size increases, the two normal modes v 1  and v 2  would event- 
ually both become imaginary and degenerate. For the eight- 
membered rings in which an antarafacial mode is present (11 
and 12), v 2  is indeed imaginary, although the force constants 
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Fig. 6 
formed in the product, and do not indicate the bond orders in the transition state. 

Calculated PM3 UHF geometries for the suprafacial mode transition states 20, 21 and 27. Double bonds shown in yellow relate to those 

(Facing p. 944) 
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Fig. 7 Calculated PM3 UHF geometries for the antarafacial mode transition states 23,25 and 26 
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Fig. 8 Stationary point geometries and calculated form of the normal modes v 1  and v 2  for (a) 1 and 15, (b)  11 and 16 and (c) 12 and 17 

are Zess negative than was found for the four-membered ring 
case, especially for PM3 (Table 1). However, v 1  also increases 
substantially in both cases and there is no indication of v1 and 
v 2  becoming degenerate. Thus at the AM 1 level for 13 or 14, the 
value of v 2  decreases only modestly compared with its value 
in 1, and with PM3 this ‘McIver’ effect is even less prominent, 
v 2  being real rather than imaginary (Table 1). As noted above 
however, we expect the RHF approximation to result in too 
positive a value for the v 2  force constant and this would 
become increasingly true as the difference in HOMO/LUMO 
energies becomes smaller. This decrease is particularly 
apparent for the ten-membered rings 13 and 14 (Table 3) and 
it seems probable that this ring size may represent the 
crossover point where cycloaddition reactions become 
inherently asynchronous. 

(iv) Larger Ring Reactions at the UHF Level.-The decrease 
in the HOMO-LUMO energy gap for the larger rings suggests 
that the closed shell RHF approximation becomes increasingly 
inappropriate for these systems. Use instead of the UHF 
method in these instances results in continuous potential 
surfaces for all ring sizes, and enabled the ‘allowed’ .6, + .8, 
(27) and .6, + .8, (26) modes to be located as well as ana- 
logues to those previously located at the RHF level (1517,  20, 
21, Fig. 6). In common with the results described for 5, the 
‘forbidden’ .4, + .4, (18, 19) and .6, + .6, (22, 24) modes 
could also be located. Several of these stationary points in- 
volved antarafacial components (Table l), suggesting that the 
failure noted above to locate the UHF equivalent of 5 (Fig. 3) 
was a particular result of the localisation of the antarafacial 
component across a single double bond. In the larger ring, the 
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antarafacial twisting is delocalised over four or more atoms, 
resulting in much less, if any strain (Fig. 7). 

Direct comparison between the RHF and UHF stationary 
points is possible for the pairs 1/15, 11/16, 12/17, 13/20, 14/21 
(Fig. 8). The calculated geometries and in particular the relative 
E/Z or supra/antarafacial energies are highly consistent. For 
example, the energy differences 12 - 11 (3.2) and 17 - 16 (3.9), 
or 14 - 13 (- 2.8) and 21 - 20 (- 2.3 kcal mol-’) show that the 
UHF and RHF methods predict similar E/Z substituent effects, 
and the comparisons 11 - 13 (11.8) and 16 - 20 (13.3 kcal 
mol-’) indicate that this is also true for the supra-antarafacial 
energy differences. More significantly, at the UHF level the 
values of the activation barriers are significantly lower, and the 
normal modes v1 and v 2  are both imaginary for all ring sizes. 
Specifically, the v 2  mode is often discernably different at the RHF 
and UHF level (Fig. 8). Within the UHF series 15-27, the value 
of v1 gradually decreases whilst that of v 2  rapidly approaches the 
value of v l .  This is exactly the phenomenon predicted by McIver. 
However the UHF wavefunction contamination from triplet 
and higher spin states becomes more significant for the larger 
rings. This probably results in overestimation of the McIver 
effect, whereas the RHF calculations underestimate it. Another 
consequence of the UHF method is that the .4, + ,4, (18, 19) 
and .6, + .6, (12, 24) ‘forbidden’ modes are now genuine 
stationary points, lower in energy than the ‘allowed’ antarafacial 
modes by 13.0 and 8.8 kcal mol-’ respectively. In reactions where 
there is no formal symmetry, the location of such ‘forbidden’ 
reactions is not precluded at the RHF level, as shown by the 
existence of both ‘forbidden’ and ‘allowed’ modes for the [1,2) 
methyl group migration in the Stevens rearrangement.” 
Nevertheless, it remains a possibility that 18,19,22 and 24 may 
be specific artifacts of the UHF method. Finally, we note that the 
antaralantara system 26 is not significantly disfavoured with 
respect to the supralsupra isomer 27, indicating that in these 
large rings, such modes may be energetically quite accessible. 

The structural similarities between the RHF and UHF 
structures for the ‘allowed’ stationary points, and the con- 
gruence with published ab initio MCSCF calculations noted 
above suggests that these semi-empirical calculations should 
provide valuable estimates of the geometries of such reactions. 
Whilst entropic considerations imply that in the absence of a 
catalyst the larger ring reactions are unlikely to be preferred to 
alternative smaller ring pathways, the use of e.g. abzymes for 
mediating such cycloadditions 23 provides an interesting indi- 
cation of how such transformations might be accomplished, as 
well as suggesting a possible experimental probe for studying 
the symmetries of these reactions. 
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