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What makes a Neutrai Imino Dieneophile Undergo a Thermal,
Non-catalysed, Diels-Alder Reaction?
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Abstract: Ab initio calculations have been carried out at the MP2/6-31G* level of theory on
the aza-Diels-Alder reaction of a range electron deficient imines (with sulfonyl and/or
carbonyl substituents) with buta-1,3- diene. In all cases but one, an early cyclic transition-
state could be located in which most often, the forming N-C bond was more fully formed

ale e Lrnmeeszaece £33 € hvmd Ilncrasrase - v, i v xx
than the forming C-C bond. However, examples werc found in which this order of bond

formation was reversed. Examination of HOMO-LUMO energy levels show that aza-Diels-
Alder reactions are HOMO (diene)-LUMO (dienophile) controlled and that the most electron
deficient imines should be more reactive than simple alkyl or aryl imines and imines
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ssessing less electron withdrawing groups. Evidence is also found for exo-lone pair

effects, but these effects become obscured by other stereoelctronic effects as electron
Wlthdrawmg substituents are added to the imine. © 1998 Elsevier Scicnce Ltd. All rights reserved.

Introduction.

The aza-Diels-Alder reaction’ of an imine 1 with a diene 2 has become increasingly important over the
last few years for the synthesis of tetrahydropyridine derivatives 3 (Equation 1)?, largely because they can
be readily converted into a wide range of natural product derivatives such as indolizidine alkaloids® and 1-aza
carbohydrates®.

Equation 1.
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The asymmetric synthesis of tetrahydropyridines 3 via asymmetric aza-Diels-Alder reaction® has also
become an important goal to allow the preparation of chiral precursors of these natural products. Despite recent
reports of high asymmetric induction in imine-based aza-Diels-Alder reactions using stoichiometric homochiral
Lewis-acids®, there have been no reports to date of successful catalvtic Lewis-acid catalysed variants. Work
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hag heen nn(hrwny in thic area in our laboratories for some tim 97 which has involved the develonment of
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homochiral Lewis-acid catalysed reactions of electron deficient N-sulfonylimino dienophiles such as 4* but has
failed to produce a solution io the probiem of asymmetric induction arising from chiral catalysis in such
processes’. Indeed, the problems of catalysing such reactions is highlighted by the fact that N-suifonylimine 4
has been found to react rapidly with cyclopentadiene even at -100°C in the absence of any catalyst’. This
surprising level of thermal reactivity clearly makes the development of new methods for the asymmetric
induction of aza-Diels-Alder reactions difficult. It has therefore become our aim to gain a greater understanding
of the electronic factors which govern this potentially synthetically important process.
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lthough the mechanism'®! of the aza-Diels-Alder reaction is generally assumed to be a concerted,
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hetero-Diels-Alder reactions from a theoretical aspect'’, including imino and imminium ion systems in some
detail. This work clearly shows that aza-Diels-Alder reactions can occur, at least from a theoretical perspective,
howeyver, in order to probe the high level of reactivity of dienophile 4 and related systems further, theoretical
study is necessary. In particular, an understanding of the reactivity of more electron deficient imines (non-
imminium ion based) in aza-Diels-Alder reactions is required. Indeed, the most fundamental question to
address would seem to be: what kinds of imines are able to undergo thermal, non-catalysed Diels-Alder
reactions? In order to address this question, an ab initio study on imines related to 4, i.e. § and their carbonyl
substituted derivatives 6. In this paper we discuss the results of this work, contrast these findings with

experimental results and discuss the electronic effects of different electron withdrawing groups on the likely
alo . TR _1_ AT.2_ nEE AT
thermal reactivity of imino dienophiles in the Diels-Alder reaction.

Methods.
Approximate initial transition-state structures were generated for each set of reactants using an edited
version'? of the Diels-Alder transition-state MM2 force field” in MacroModel', followed by ab initio
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optimisations, which was camied out at the restricted Hartree-Fock level using Gaussian 94'°. For each
reaction, the reactants, transition-state structures, and products were optimised with the 3-21G* basis set.
Frequency calculations were performed on each transition-state structure and the results checked for a single
1mamnarv vihrational freouencv. comesnonding to the motion fnrmmg the new C-C and C-N bonds for
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calculations on the structures previously optimised to the 3-21G* level. Both electron density and atomic
orbitais were visualised using Moiden 3.1'® and optimised transition-state diagrams produced using Chem3D
Plus®’.

Equation 2.
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Equation 7.
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The first stage in this study was to determine that the calculations of Houk could be accurately
reproduced to check that our ab initio caiculations were being carried out in a comparabie manner o previous
work. Thus, transition-states for the cycloaddition of formaldimine 7a and diazines 8 with buta-1,3-diene
were located and found to be reproduced exactly as those described'!. Hence, a systematic search for each
transition-state was then undertaken for imines Sa, Sb, 5S¢, 5d, 6a, 6b, 6¢, and 7b with cis-buta-1,3-diene
(as shown in Equations 2-8). In each case, and where relevant, both endo- and exo-orientations of the
transition states of each of the imine substituents were calculated. The transition states located for each system
are shown graphically in Tables 1-4, calculated energies in Table 5, relative energies of imines and
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imine-butadiene combination for which no transition state could be located, was for imine Sa with an exo-
orientation of the methylsulfonyl group, but with the methyl substituent orientated towards the diene [i.e. the
rotamer of transition state TS14 (Table 3) in which the N-S bond is rotated by ca. 180°].

Examination of HOMO-LUMO coefficients (Tables 8 and 9) show that all the electron deficient
imines examined are predicted to react via HOMO(diene)-LUMO(dienophile)'®, which strongly parallels the
observed reactivity all carbon Diels-Alder reactions. A frontier orbital treatment of the process shown in

Equation 1 alone, suggests that the most reactive system should the triply activated imine 6d, followed by
he N-sulfonyl, C-ald dehvde combination §b. N-sulfonvl substituen
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alone (i.e. 5a and 5d), provide the least activation towards cycloaddition, with the corresponding mono C-
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aldehyde and mono N-aidehyde sysiems 6a and 7b provmlng iniermediaie reactivity. This analysis fits
broadly with observed reactivity”®’ and suggests that carbonyl functions provide greater activation towards
cycloaddition with buta-1,3-diene than sulfonyl functions and that these carbonyl functions have a greater
activating effect when on the carbon end of the imine than the nitrogen end (for example, compare the
reactivity of imines 6a versus 7b). Does this analysis using a frontier orbital approach explain reactivity in
such systems better than analysis of activation energies?

To answer this question, one needs to examine Table 6 and Figure 1; inspection of these data allow

nalysis of the stereoelectronic effects which may be operative on the aza-Diels-Alder process of imines.
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Transition state TS1 : imine Z-7b, endo-CHO
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iransition state 153 . imine Z-7b, exo-CHO

Transition state TS4 : i

Of similar energies are transition states TS9, 7, 17 and 11, followed by TS1, according to their
activation energies. A closer inspection of their corresponding transition state structures reveals (with the
obvious exception of transition state TS17) that all the lower activation energy transition states have an endo-
carbonyl function, with a C-carbonyl function having preference over an endo N-carbonyl function. This

conclusion, taken in conjunction with the frontier orbital interpretation, can be explained by secondary orbital
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Table 3.
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Transition state TS13 : imine 5a, endo-N-S=0

Transition state TS14 : imine 5Sa, exo-N-SO,Me
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Transition state TS16 : imine 5d, endo-N-S=0

Transition state TS17 : imine 5d, exo-N-S-Ph
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endo-C-CHO

Transition state TS18 : Z-imine Sc¢, endo-N-S-Me +

Transition state TS19 : Z-imine Sc, exo-N-S-Me +

exo-C-CHO
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Transition state TS20 : Z-imine 5S¢, endo-N-S=0 +
endn-C-CHO
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Transition state TS21 : E-imine 5b, endo-N-S-Me +
exo-C-CHO

Transition state TS22 : E-imine 8b, endo-N-S=0 +
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Transition state TS23 : E-imine Sb, exo-N-S-Me +
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Table 8. Table of calculated energies.

Transition state | Energy (3-21G%) | Energy (6-31G*) ZPE Encrgy (MP2)| Corrected MP2 |
Energy
(Hartrees) (Hartrees) (Hartrees/Part)] (Hartrees)
Tol ~330.00000 361.61135 0.151108 362.74753 -362.59642
TS2 -359.5837] -361.59571 0.150442 -362.73407 =362 58353
1S3 -339.30337 -361.60528 0.150762 -362.74241 -362.50163
194 359.38073 -361.60201 0.150764 -362.73740 -382.38883
153 -339.5976 -361.61106 0.149859 -362.73964 36238978 |
TS6 -359.50831 -361.61325 0.150574 -362.74138 -362.50080 |
TS7 -471.68932 -474.33661 0.160955 -475.77434 -475.61338
i a7\ J ] THT 2NN AT A BRI N T LT A AE SENT ASE ERGSSA ]
1006 -R/1.0/1458 -} /4.341Y 1/ V. 10U1LY4 &G /12.19FU1 “472.07004
T30 Z71.60177 -474.33957 0.160896 -475.77440 -475.61351
T310 -471.67886 -4'74.32964 0.160004 -475.76613 -475.60613
TS11 -383.77128 -587.04093 0.170732 -588.79907 -588.62834
TS12 -583.75967 -587.04316 0.170394 -588.78957 -588.61918
TS13 -830.83367 -835.08484 0.182534 -836.53866 -836.35613
TS14 830.83212 -835.08460 0.182417 -836.54352 -836.36111
RN TE BAR BARER BRAE ARNANRZ N T0ATAN SAZ EANC BT R TBAN ]
1515 -830.83950 -3835.07006 0.182129 -836.53060 -8306.34847
TS16 -1020.30257 -1025.50100 0.240391 -1027.67611 -1027.43573
TST7 -1020.30052 -1025.59060 0.240337 -1027.69212 -1027.43178
TSI8 -942.916335 -947.78629 0.191951 -949 54887 -949.35692
TSI | 54093027 94779858 | 0.192405 | -949.55739 94936498 |
TS20 04293469 -9477.79998 0.192516 -949.56350 -949.37008
TS21 -942.92455 -947.79043 0.192359 | -949.55979 04936743 |
7 LT pre——— RS W R YA W T4 Y4) oS Vs Y V) Y e Wt EN-E) RIR AN T
1522 -942.9380> -947.830488 0.192663 -949.57152 -8049.37880
1823 -942.93733 -947.80865 0.192005 -949 56679 -939 37479
Table 6. Table of Relative Energies of reaciant imines and product aza-Diels-Alder adducts.
_Equaﬁon E of imine (structure) Total energy of Encrgy of product
number (k¥/mol) reactants (kJ/mol)
(kJ/mol)
2 307.21467 (Tb) -362.60331 ~362.66351 |
3 -207.28387 (6a) -362.61251 -362.69421
4 -320.28880 (6b or ¢) -475.61744 -475.70306
5 -433.79438 (6d) -588.63302 -588.70905
6 -681.05315 (3a) -836.38179 -836.44255
7 -872.12719 (5d) -1027.45583 -1027.51764
3 -794.06344 (8b or c) -949 39208 949.45307
overlap in these transition states, causing a lowering of the transition state energies. However, the fact that
transition state TS9 has only a slightly lower activation energy than TS7, suggests that the steric demand of a
g . 2aunt b emasberade b AT A P Py Frrrnntinme Fram adnntin " n/]nasﬂ ntatinn Thic

pm}e is sufficient peniio both N- and C-carbonyl functions from adopling an endo rientation. This
is further shown by TS11, which having three carbonyl functions, can not avoid less favourable
stereoelectronic interactions, despite the combined activation of the three electron withdrawing groups. This
dienophile (i.e. 6d) does however prefer to adopt a transition state in which two carbonyl functions are endo
in the transition state. This being the case, how does one explain the extreme experimental reactivity of
dienophile 4 with cyclopentadiene and the exo-selectivity with respect to the ester group?
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Table 7. Table of calculated activation and reaction energies.

Mransition | Energy | Energy Energy Energy
state activation | activation reaction reaction
_ (Hartrees) | (kJ mol") | (Hartrees) | (kJ mol™)
TS1 0.00690 181 T 0.06019 158.0
o2 0.01903 317 0.06019y i58.0
TS3 0.01187 30.6 0.06019 158.0
TSE | 001558 438 006010 1580
T33 0.02272 | L{ N 0.08171 2145

— 136 | 0.02170 | 370 0.08171 214.5
TS7 0.00406 | 10.7 0.08562 224.8
T3S 0.01862 489 0.08562 2248
T30 0.00393 10.3 0.08562 224 8
To1U 0.01131 297 0.08562 224.8
Is1l 0.00469 12.3 0.07603 199.6
1312 0.01384 364 0.07603 199.6

TS13 0.02366 674 0.06076 159.5
TS14 0.02068 333 0.06076 159.5
TS13 0.03332 873 0.06076 159.5

TS16 0.02011 52.8 0.06173 162.1
TS17 0.00404 10.6 0.06173 162.1
TSIS T 00318 | 923 0.06008 T60.1

1319 o0Z7Ia | 112 | 0.0609% 160.1
1820 | 0.02110 334 0.06008 160.1
— TS21 0.023%8% [ W] 0.06098 160.1
. 7 7) 0.01730 133 0.06098 160.1

TS23 0.01320 34.7 0.06098 160.1

The closest transition states to that which would be involved in the observed reaction of 4 with
cyclopentadiene studied here, are transition states TS 18-23. The lowest activation energy is that found for
TS23, ie. the transition state which combines both an endo-C-carbonyl function and an exo-sulfonyl
function, with the methyl group orientated away from the transition state. While this can be viewed as being
surprising in light of the observed stereocontrol in this reaction (i.e. reaction of 4 with cyclopentadiene

produces solely the exo-ester product), it may be indicative of the limitations of this kind of molecular orbital
interpretation of such processes. Specifically, if the reaction of an imine such as 5S¢ were highly reversible,
thermodynamic effects could control the reaction outcome, i.e. even though TS23 is predicied to have a lower

activation energy than TS22 and the reaction could be driven to completion via TS22 rather than TS23, by
the fact that in the product (i.e., 16, if cyclopentadiene were used) would have a pseudo-equatorial (exo)
carbonyl function which would be thermodynamically more favourable than the corresponding pseudo-axial
(endo) product (i.e. 17). This possibility is further supported by the anomalous result eluded to above, i.e.
that TS17 appears as one of the lowest energy transition states; if this reaction were also highly reversible,
one might predict that despite the very low activation energy, the reaction equilibrium favours starting

rather than the products. This possible reversibility of the reaction is confirmed by examining the
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relative energies of formation of the imines. It is noticeable from Tables 6 and 7 that N-sulfonyl imines in

materials
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general are more thermodyn:

d versus imines 7b and 6a-d, Tabie 6). Additionally, the overall energies o
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Table 8. Table of HOMO / LUMO energies.

[ROMO energy[LUMO energy
Equation 2 -0.41261 0.08466
Equation 3 -0.41533 0.08800
Equation 4 | -0.42367 0.03319
Equation 5| -0.4063% 0.00088 |
Equation 6 | 042884 0.10002 |
Equation 7| 043718 0.03387
Equation 8 | -0.33954 0.09720 |

Table 9. Table of HOMO/ LUMO energies relative to cis-butadiene.

HOMO imine | LUMO imine

"Equation 2 0.60013 0.404%0 |
Equation 3 0.60287 040823 |
Equation 4 0.61121 0.35342

R — e ——— T T K N XRARTT
Equation 5 0.59409 0.35011 |
Equation 6 0.61638 0.22113
Eguation 7 0.62472 0.35410

[ Equation 8 | 0.34708 0.41752
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Table 10. Table of calculated transition state bond angles (see Figure 2 for numbering key).

Transition 1 2 3 3 3 6
state
|(Degrees)f (Degrees)|(Degrees)| (Degrees)|(Degrees)| (Degrees)
T, B S VY e AN N Y Y. wrd T W voer-emn
151 113.58 103.7 93.1 123.6 | i2i.4 100.0
104 1138 104.8 95.0 123.6 | 121.0 108.9
T 1132 1033 929 1237 1 120.9 107.6

T 113.6 | 1039 | 1030 | 1240 | 1215 | 99.3
— 155 | 1078 | 109.3 | 983 | 1232 | 1204 | 1005
 TS6 T34 ] 1075 | 98.8 [ 123.2 | 121.0 | 98.4
—TST 113.8 | 1058 | 94.8 | 123.4 | 1219 | 98.1

re——TR TR TRy eV TR Ty Y WA AV B
I>s 113.9 1.9 0.1 123.U 120.0 4.2
TS50 112.8 104.3 99.1 123.7 | 120.3 97.8

TS10 1133 104 1 95 13 123.5 1211 105.1

AwFaw A2l ARV B PV P | L S } 45 N § ER VO Y

TS11 114.1 1023 88.7 124.1 | 122.5 98.0
T512 115.1 101.9 93.1 1232 | 121.5 | 107.4
TS13 109.3 1109 | 1004 | 122.6 | 120.7 96.9

1514 1072 | 1003 97.3 123.9 | 120.6 99.6

TSI3 | 1117 | 108.7 | 1007 | 1229 | 1208 | 935
19190 1U0.1 1Vi.0 92.9 }14.2 }13.6 88.5
ST 11179 | 913 | 877 | 1210 | 1217 | 1043

TS18 1132 1 107.0 | 100.8 | 129.1 | 121.4 99.4

IS19 1083 1073 96.1 123.5 | 120.5 98.7
1520 111.1 1088 [ 100.3 | 1223 | 120.8 96.9
TS21 1122 1 106.0 | 96.0 123.6 | 121.7 97.9
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(approximately 160 kJ mol™) compared to the di- and tri-carbonyl substituted imines (reaction energies in the
range 200-225 kJ mol™), supporting the possibility of greater reversibility in the reaction involving N-sulfonyl

a a

N n—SOMe LX‘N _SO,Me
A Mwo Zl\r

16 17 CHO



(=N

A TEFY 20 Y A& XAFr 7 Vs A 1 ¥ A I NNOLN £NAAL LN
A.ywnnng, C. M. WInasor /s I ertranedron 24 (i 76) oU3ID-0UIU

Table 11. Table of transition state bond lengths (see Figure 2 for numbering key).

[Transition] 1 y) i q 3 6
state Al AD] DI AdH]T D] A

TSI [ 1.307[2438] 1.362] 1.390] 1.385] 1.913
152 1314 2330 1.371] 1.390| 1.384 | 1.949
T\ 1 memm % DO reYaYal
190 1.}/ £, N0 1.9301 1.9 1.38Y 1 Lo -4V}

TS4 1300 2332 1372 1.392 [ 1.381 | 1.969

T3 1332120261 13831 13051 1.361 | 2.270

LY !.r"'w“h'w.". 1.»1-1 TN 4.A~A A.I\AI\
1o1u LA ] £LO1UY L.O/1 1.3%D 1.3/74 ] £.U8U
TCT1 A0 T 3 20d T T s T TS T T 1991 1047
1011 L.&F7 | &UF% | L.INF | L%1& | L.Oi7 | L.7%41
TSI2 [ 1305 2497 [ 1360 1399 | 1.377 | 1.9%6
TS13 13351 2007 1.375| 1396 | 1.364 | 2.243

Examination of bond angles and bond lengths in each of the transition states (Tables 10 and 11)
clearly show all the located transition states are more or less skewed, as found by Houk for aldimine'.
However, in that case, the newly forming nitrogen-carbon bond was more formed in the transition state than
the carbon-carbon bond (i.e. bond 6 was more formed than bond 2, Figure 2). In the case of electron
deficient imines activated by carbonyl groups, the nitrogen carbon bonds are more fully formed in the
transition states, but N-sulfonyl substituents have the effect of lengthemng the newly forming carbon-nitrogen

hande in cnma nncae (TE12T 14 17 12 10 20 mnAd P2 Te 20
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are not all exo-transition staies

aen L .4 WY

i
S1%, 26 and 23), which are both N-sulfonyl and C-car
with respect to the suifonyl substituent (TS20 being the exception). The picture is similar with N-suifonyl
susbstituents alone (both endo- and exo-transition states TS13 and 14 show longer C-N than C-C bonds),
however the combination of endo-lone pair repulsion'’ and stereoelectronic repulsion between the sulfonyl
oxygens and diene hydrogens could be to blame for the abnormal transition state skewing. These observations
do suggest however, that for certain orientations of N-sulfonyl substitutents on the imine, and depending upon

the carbon susbstitutent orientation, there is little assistance for transition state formation, suggesting that

(=4
limited secondary orbital overlap via the sulfonyl S=0 bonds does not occur. Indeed, the fact that exo-
nriontatinne nf tha culfanvl aronn nradnes lawer anerov trancitinn etatoe alen annnarte thie conclucinn
VLICIIGUULIID Ul UIv QULLUVII Y1 SIVUMY PIUGULWL IUVWLL VIIVIE Y W GUISIMUIL S QIO SUPPAJIL WL VULIVIMSIVIL.

Houk’s study'' of imine based systems found clear evidence for an exo-lone pair effect (vide supra),
an effect which favoured exo-orientation of the imine dienophiie nitrogen lone pair, presumabiy due to

stereoelectronic repulsion between the diene w-orbitals and the nitrogen lone pair. A similar effect also seems

~
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to be operative for some of the electron deficient systems examined here, however, the effect becomes less
important as other stereoelectronic effects become more demanding. The clearest case is not surprisingly for
the C-formyl imines which produce transition states TS1-4. For the pair of endo-transition states TS1 and
TS2, the only difference is the orientation of the nitrogen lone pair; TS1 has an exo-lone pair and TS2 an
endo-lone pair. The effect of this change is to raise the activation energy of the reaction by approximately 24
kJmol™; a substantial rise which reflects the added instability of the transition state due to repulsion between

the endo-nitrogen lone pair and diene, and in this case, between the nitrogen lone pair and C-formyl oxygen. It
el 2o allo o Al oo A fal dodmo de ASOC o altn Ldecaan al o e o1l 3 5 sxAssal
Ib U (.uu. m U Lasc U1 uu:sc two transition staies to aifierentiaie petween these two I puisions, .. wilkn

~

contributes most to the 24 kimol" activation energy increase? Examination of the next pair of transition staies
(i.e. TS3 and TS4), clarifies the situation to some extent. In these two cases, the C-formyl group of the
dienophile is exo and each transition state differs only in the orientation of the nitrogen lone pair. The endo-
lone pair orientation is still less stable again, but only by 13 kJmol”. Since the nitrogen lone pair to C-formyl
oxygen repulsion may be taken as approximately constant between the pairs TS1 and TS2, and TS3 and
TS4, one may estimate that orientation of the nitrogen lone pair into the endo-position, destabilises the
transition state by the order of 11 kImol'!. The situation becomes much less clear with N-formyl substuents,

nraducing tranaition
.cc l." UUU\;LII& Gk SREROA LAVJEE

favourable and one can not separate lone pair orientation effects from the effect of changmg the N-formyl
orientation. Indeed, the entire situation with respect to the effect of the ione pairs becomes biurred as further
substituents are added; an extreme example can be seen by looking at transition states pair TS7 and TSS,
which differ in energy by 38 kJmol"'. The highest energy transition state, TS8 does have the less favourable
endo-orientated lone pair. However, the transformation of TS7 to TS8 also involves the movement of both
C- and N-substituents from an endo- to an exo-orentation. Clearly, the effects of moving both C- and N-
susbstitutents into positions where secondary orbital overlap is not possible is likely completely to outweigh
any lone pair effects. Certainly, by the time N-sulfonyl substitutents are added, one finds that endo-lone pair

atoe TER and TEE rac mr‘h\n:llu

states TSS and T res nece these two transition states are not mrh(‘ulnrlv

’

the stereoelectronicallv demandin

the stereoelectronically demanding N-sulfon
1

orientation is not at all un avourahle in comnaricon to

P x owan e £ hln PRY fann
group in the more favourabic exo-posilion (sce

transition states TS18-23).

Summary.

The location of transition states which are could be involved in the aza-Diels-Alder reaction involving
imino dienophiles by ab initio methods provides an insight into why electron withdrawing substituents are
necessary to achieve thermal cycloaddition with butadiene. Calculation of HOMO-LUMO energies shows that
the thermal cycloaddition is HOMO{diene)-LUMO(dienophile) for all electron deficient imines examined and

exnected that germra"u the more electron withdrawing groups added. the more reaction the imine

VAL ] WAV ARV s o QUL VL Uil UK

towards aza-Diels-Alder reaction. Carbonyl (formyl) substituents are more activating than sulfonyl functions

PR PO S UL IV, Fgre Tn Alam~nl grantas than addias

and the effect aoamg the electron wunurdwmg group 1o ui€ carbon-end of the uu;uuplmc is greawr uiadi aqdiing
the electronc withdrawing group to the nitrogen-end. Secondary orbital overiap is an important factor for all
carbonyl-susbtituted imines, i.e. producing a stabilising effect on the transition state. In contrast, however,
sulfonyl groups do not seem to to be able to cause transition state stabilisation when orientated into the endo-

position. Lone pair effects are apparent in the less substituted transition states, however, as more



stereoelectronically demanding groups are added to the dienophile, the repulsive effect of endo-lone pair
orientation becomes less significant.

Such studies of the rules that govern imine cycloaddition reactivity are important for the successful use
of imino dienophiles in the aza-Diels-Alder reaction and help to clarify what is a remarkably difficult reaction to
predict. Further studies to examine the effects of Lewis-acid activation and hence the development of suitable
catalysts are underway.
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Supplementary Material.

All ulmlemmmrv material, including the MM_ force fields and all calculated structure files can he
accessed and downloaded from the following web site: http://uchsg11.ch.umist.ac.uk/model/index.htm, or by
direct contiact via email i0 a.whiting@umist.ac.uk .
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