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Abstract

Oxidatively generate@-nitrosoo-quinone methides undergo anand/orperi-intramolecular cyclization to
arene-fused 1,2-oxazoles, 1,2-oxazines or inddlgs. reaction, found to be an innate process, has be
scrutinized by DFT/B3LYP and MP2 calculations. Diee its rapidity, the process has been termed a
“reclusive” one. Competing-(1,5)- andperi-(1,6)- or (1,5)-cyclizations advanaéa successive transition
states. Activation barriers are drastically loweireécOH, probably through H hopping or tunnelinbaveas
they are barely reduced in other solvents. Aroritgtindices, such as HOMA, land ABO, have been used
to assess the stability of the end-heterocyclestlamgreponderance of any one of them. Thus, tekeped
cyclization mode, i.e., the prevalence or exclusorenation of one of the heterocycles, appearstoxidant-
directed rather than determined by the quinone isetheometry. The question of theri-cyclization, being

a primary or a secondary process, has been tackled.

Key words: p-nitrosoo-quinone methides, intramolecular and peri-cyclization, innate reclusive reaction,
DFT and MP2 calculations.



1. Introduction

0-Quinone MethidesotQM) 1 (Fig.1) have enjoyed considerable attention iranigand bioorganic
synthesis as reactive intermediates. They have beaked in biological processes, enzyme inhibitio
natural product synthesis and polymer synthesish s melanin and lignit? Lately, there has been a
resurgence of interest in their chemiéfrand biology>® They play a key role in the chemistry of several
classes of antibioti¢§ and antitumour drugs* As highly polarized species, they react with elgutiles?
and nucleophile§** The latter is the most commonly used and it isalipuriven by the rearomatization of
the structure. They are also known to act as DN&laling or cross-linking agent8 DFT calculations have
been reported with sulfur, nitrogen and oxygen eophiles'® Consequently, many efforts have been directed
towards understanding their properties and reactienhanisnms while many approaches have been devised
to generate their structufé. '®*'°1 cannot be easily isolated, therefore, it is comiyndrappedin situ by
(Hetero) Diels-Alder reactions, wheteacts as the (hetero) dieflé! The reactions are exceptionally facile,
compared with their traditional variants, owinghe transition state and product stabilization ted by the
extendedn-systent? Early computational studies on the parent strectdr as well as some recent DFT-
based one¥;**have focused on deciphering its reactivity asehlder component or its biological activity

as a Michael acceptor, in aqueous medfa:?’

Aoy &

Figure 1. Structures ofb-quinone methide4, 2 and S-nitroso-o-quinone methide8 and4 (in the Zand E

R =H, Me, Et, Ph

conformers, the NO group is towards and away frieencarbonyl O atom, respectively. E is distingeshas

E; or E if the nitroso O atom is towards or away from ttimg).

Conjugated3-nitrosoalkene$>>? a class of reactive molecules, are of significanithetic potential
and are mainly known ast2r 4t components in cycloaddition reactions. They hbgen identified by
isolation (in some cases, at ledstspectroscopic characterizatioror studies of their kinetics and stereo-
chemistry®® In general, they are unstable but their stabiligreases markedly by halogen, aryl or t-alkyl
substituents, strong intramolecular H-bondfray formation of transition metal complex8sThese molecules
are trapped by reactions similar to those.8t** A substantial part of their chemistry has beeweilad by
Gilchrisf®*° and Reissi§’*' The nitrosoalkene motif has been extensivelyistlih the N-oxide chemistry
of furazan¥ and has also been invoked in the formation of M@ of 1,2-benzisoxazolés??

S-Nitroso-0-quinone methide8 or 4 (Fig. 1) encompassoth 1 and 2 entities. In our earlier reports,
they have been proposed as transiently generatéagdine oxidation of o-hydroxyaryl acyloxim&s!® A

theoretical insight into the salient features & #tructure o8 and4 (all its isomers) and the reflection upon
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their reactivity profile has been recently repof2dany useful heterocylic structures have beencambe
prepared from these intermediates, fused 1,2-oza8obr 10 and 1,2-oxazine$2 among them (Scheme 1).

1,2-oxazoles, C-3 substituted with pharmacophorgsan area of intense research driven by diverse
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Scheme 1.0- and peri-Cyclization of oxime5 or 6 Z/E isomers, throughl or 8 and S-nitrosc-o-quinone
methides3 or 4.



pharmaceutical applicatiol§. The 1,2-oxazole ring, for instance, occupiesamnent position in isoxazole-
based marketed drugs, such as, penicillin antgsditloxacillin, dicloxacillin, flucloxacillin), ammpsychotics
(risperidone, paliperidone), COX 2 inhibitors (pao®ib) to name a few.

It is known that heterocycles with a ring N-O boade important core structures in many
pharmaceuticals. Furthermore, ring opening of thketerocycles, asymmetric reduction in particular,
provides access to optically active structurese cmmponents in a variety of medicirfésindeed, facile ring
cleavage of 1,2-oxazing2™*** or 1,2-oxazoled™ lead tochemically and biologically useful outcomes, for
instance ring hydroxylatidfi** or diaryl amines as perspective metal ion chejaligands. It is, thus, the
documented significance @f(or 2) and the potential of their nitroso analogugéor 4) as key intermediates
or that of 9 and 12 in (bio)organic synthesis and biology, outlinedoady along with some intriguing
experimental dat&*® that sparked the present theoretical insight itiie pathways of their innate

intramolecular reactivity profile.

2. Methodology

The cyclization modes o8 and 4 were studied in the gas phase and in solution (TEHCI,).
AcOH is liberated from the oxidants during the teag thus, the latter was studied in the preserficdscOH;
AcOH was included in the calculations of stableicires of all minima, intermediates and transistates
(see Fig. 2). Minima of intermediates and transitstates for tentative pathways were fully optirdizesing
the hybrid B3LYP functiona?® coupled with the 6-311G+(d,3). However, while the suitability of the
B3LYP functional has been questioned, it has, innyn@ases, been found reliable for theoretical
calculation8®*® and prediction of organic reaction mechaniSms.Thus, for comparison, additional
calculations were carried out for some minima aneirtintermediate transition states using the arig-c
pVTZ*® basis sets. The credibility of the B3LYP functibrwas tested using the MO06-Zxfunctional
(recommended for the study of non-covalent intévas) (Table 1). The second order Mgller-Plesset
perturbation theory (MP2) was also used. Relativergies, geometries and harmonic frequencies alsoe
determined for C-3 substituted derivatives (R=H, Bt Ph).

Our calculations show that all three B3LYP, MO06-20d MP2 methodologies give similar
geometries. Moreover, they predict similar trdositenergies and comparable relative energy levels
irrespective of the basis set used (Table 1). r§elaenergy barrier and a more stabilized produas w
calculated fodE; — 11reaction (Fig. 4) by the M06-2X functional compdite B3LYP and MP2 techniques;
whereas all three techniques gave similar energyebs and reaction energies for thé— 12 reaction (Fig.
4). Clearly, within the same method, both basis,®811G+(d,p) and aug-cc-pVTZ, give comparabselte
as do the B3LYP functional with the ab initio MP2timod. It is, thus, safe to consider B3LYP/6-31(d33),
as a good choice for our purpose.

For the calculations in THF and @El, solvents, the polarizable continuum model was eygu®°
This model is divided into a solute part, lyingidesa cavity, surrounded by the solvent part regores] as a

structureless material characterized by its maommsqroperties, i.e. dielectric constants and exaivadius.



This method reproduces solvent effects quite #lefior some minima and transition states, their fully
optimized geometries in these solvents were foudtigally identical to those in the gas phase.ndde
single point calculations were carried out at the phase geometry for all minima and transitiotesta

A

8.m2 13

tS41



J‘v . 3/3
tS2 12 )tSZJ_Ju 7 ts,, 14_0'7 1813 24 19.9 tsz4_,4]6'O

Fig. 2 Minima and transition structures in tlee and peri-cyclization modes of thg-nitroso-o-quinone

methides3 and4 with AcOH; relative energies in kcal/mol with resp#o the3E; and4E, minima structures,

respectively.

Table 1 Relative energies (kcal/mol) of the calculatedimia and transition states included in 4 — 11

and17 - 12reactions calculated at different levels of thefoy R = H?

4E; - 11 17 - 12
4E; 1S4E1-11 11 17 1S17.12 12
B3LYP/6-311+G(d,p 0 8.2 -4.5 0 56.€ -14.4
B3LYP/aug-cc-pVTZ 0 8.1 -5.2 0 58.1 -16.C
M062X/6-311+G(d,p 0 13.t -8.2 0 58.¢ -13.¢
MO062X/aug-cc-pVTZ 0 13.1 -9.C 0 57.2 -15.¢
MP2/6-311+G(d,p’ 0 7.3 -3.€ 0 56.7 -12.¢

4Minima4, 11, 12, and17 are depicted in Fig.3 and Fig. 4.

For the calculations with AcOH, the basis set sppsition error (BSSE) has been taken into
account* assuming weak hydrogen bonds among the specimedoduring the various stages of the reaction.
Harmonic frequencies, performed using the Gaus8@rprogram packadd,confirmed that the

structures are minima or transition states. Altw@lated minima and transition structures, for Rl=Me, Et,



and Ph, their absolute energies, relative enemigsgeometries in the gas phase, in THF andOGHare
given in the Supplementary material section, Fi§. Eor R = H in the presence of AcOH, the calcdlate
minima and transition structures are given in Rgand Fig. 2S, where some additional local minima a
presented for some structures.

Reformulated HOMA (rHOMA), bond uniformity {I) and average bond order/bond order deviation
(ABO/BOD) have been calculated as aromaticity iadjcto assess relative stabilities of the hetetesyc
Reformulated HOMA (rHOMA) inde¥ ® has been calculated by the delineated equation.

a n
rHOMA =1——Z(Ropt ~RiJ?
=)
wheren is the number of bonds in the aromatic systeRyy is the optimum bond length, aftlis the real
bond length of the bond taken into consideration. This equation retass the use of the normalization
constanta for each type of bond. The used valuescage= 257.7 and R=1.388 for CCocy = 93.52 and
Rop= 1.334 for CNpco= 157.38 and R= 1.265 for COppo = 57.21 and R= 1.248 for NO?

Bond order Uniformity indexaf*®’

and average bond order (ABO) and its deviation Bp@om
ABO indeX®® are statistical estimates of bond order variatibnidex is based upon a statistical evaluation

of the extent of variation of ring bond order piaed by the expression:

N-N)?
I, = 100F(1-V/\K), whereV =1T|3° Z(%
N is the arithmetic mean of the n various ring bondeocs, N, is the bond ordery\s the value of V for the

corresponding non-delocalised form of the ring Brigl a scaling factd:®’

3. Results and Discussion

Features that dominate a structure invariably apemy or match those that dictate its reactivity.
Pertinent to the reactivity & or 4 are the exocycli@-nitrosoalkene and o-quinone methide entities algari
the alkene moiety.

The NO group is a known participant in electrocation$®3*’° and hetero Diels-Alder
cycloadditiong®3*"! |n the case at hand it has a multiple engagem&sia substituent it gives rise to E- and
Z-conformers of3 and4. For the Z conformer only one minimum is stabls an ambident nucleophile or
electrophilé®”?it may trigger intramolecular cyclization 1@ and14 or 9 and10 (Scheme 1). Its HOMO is a
high energy antibonding combination of N and O Iqguedrs responsible for its nucleophilicity while
orthogonal to those orbitals is a low-lyinty LUMO responsible for its electrophilicit’:”* This feature, as
well as its powerful withdrawing ability, accourits some polarization of the alkene3rand4. On the other
hand, their propensity to aromatize, an inhererfiswntial driving force, in cooperation with the NO
electronic effects, leads to the innate intramdhkaceyclization.

Relative energies of Z- and E-conformers3@ind4 have been calculatgéfig. 3 and Table 3S3 or

4 for thea-c derivatives (Scheme 1) appear to have their loeestgy in the Econformation. On the other



hand, it is3d, in its Z conformation, which is of lowest enerdye 3E; - 3E, and4E; - 4E; interconversions
have very low energy demandsaat 1.4 — 4.2 and 0.8 — 3.1 kcal/mol, respectively(B). On the contrary,
the 3E,- Z and4E, - Z interconversions have substantial energy baroéisa. 28.1 — 34.8 and 18.1 — 35.2
kcal/mol, respectively.

The energy landscape for the intramolecolaandperi- cyclizations of the8 and4 minima for R=H
is depicted in Figs 3-6, with or without the AcOiitygered interactions. That, on the other handttfe other
derivatives is depicted in Figs 3S-6S. The basrigrall transition states and intermediates avergiwith

respect t@E; or 4E; conformers, to allow for comparisons between coitipetmechanisms.

3.1 0-(1,5)-Cyclization

0-(1,5)-Cyclization, with the NO group acting as alectrophile, takes place through the Z conformer
(Scheme 1, path (iv), Fig. 3 and Fig. 3S).

32 = e ts3E2-3Z ts

7 % [_] waz Y
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Fig 3 Relative energies corrected for ZPE of thél,5)-cyclization of3 and4 minima to9 and 10 (solid
black line) in the presence of AcOH (dashed limg)R = H (C atoms = gray spheres, H = white, Od; emd
N = blue). Note: C, H, and O atoms participatingtle cyclizations in this and subsequent figures, a

numbered only in a way to facilitate the preseatatf results and relevant discussion.

Non zero but very low energy barriers were caleddbor3a and4a,b of 0.1, 1.7 and 0.3 kcal/mol,



respectively. An insignificant elevation is obsefva solution with the corresponding barriers being, 3.1
and 0.7 kcal/mol (Fig. 3S)o-cyclization of the other derivatives 8fand4 occurs instantaneously as the near
zero energy barrier indicates (Scheme 1, pathKig), 3S). These observations reflect the stabhtjzffect of
(i) benzo-fusion, (ii) solvent and (iii) substitoti on3 or 4. o-Cyclization of 3—9 has a higher energy
demand ofa. 1.5-2.5 kcal/mothan its4—10 counterpart. On the other ha®@-c appears to be more stable
than 10a-c by ca. 1.5-3.0 kcal/mol anda. 6.0 kcal/mol than th&0d derivative. These variations may be
attributed to a larger perturbation of theensity in10, induced by the 1,2-fusion of the isoxazole ring &s
N-O dipole, onto the naphthalene core. Thd,5)-cyclization of3 and4 minima toward€Q and10 in the
presence of AcCOH further stabilizes the transisitates up to 3.5 kcal/mol while that for the oVierahction
to 9 and10up to 3 kcal/mol (Fig. 3).

The N-Q bond in10 or 9 falls within the range 1.202-1.242A found in furog4 and it remains as
short as in the NOgroup (Table 2), a feature common to heteroaramiibxides”™ The ring N-Q bond in9
is quite stretchedc@. 1.492A) and compares with the most strained bamdased furoxans. This bond is
slightly shorter in10. The corresponding N-(bond length of their deoxygenated congeners isteshby
0.07 A (Table 2). Interestingly, the-©, bond appears within a range of 1.348-1.368A, thmplying some

double bond character of this bond.

Table 2 Bond lengths (K)and angles (degreés) the N-oxide® and10 compared to their deoxygenated

analogues.
N 3 S 3
- A\
T Ly
51, <10
Expt” 9 10

N-O; 1.247 1.215 1.217
N-O, 1.468 1.492 1.485 1.416(1.412)
Cs-N 1.319 1.323 1.325 1.302(1.306)
Ci-O, 1.368 1.356 1.354 1.356(1.351)
Ci-Os-N 103.9 105.1 105.1 108.1(108.2)
2B3LYP/6-311G+(d,p) level of theory’. Experimental values from X-ray analysis, ref“¥@&lues refer to

the deoxygenated derivatives®and in parenthesis ab.

3.2 Peri-cyclization

Peri-cyclization (Scheme 1) to eith&R or 14 may take place through the O- (Scheme 1, pathdv) )
N-site (Scheme 1, path (vi) ) of the NO group, extipely. The latter may act as either an electitepdr a

nucleophile. The first and key step in either pattihe formation of the ringl{ or 13in Scheme 1).

1C



3.2.1. 1,6-Cyclisation

1,6-Cyclization tol2 occurs through the;Econformer and may be envisaged to proceed by Wway o
two alternative reaction paths (Schemd. 1), Energy requirements for their minima and traosistates are
depicted in Figs. 4 (via path vii) and 5 (via puiif) and in Figs. 4S (via path vii) and 5S (viatlpaiii).

Energy barriers (reflecting the distortion of thansition state geometry) for some intermediates ar
quite high, e.dl7- 12, having an energy barrier in the range of 56.®3%&al/mol (Fig. 4S). Slightly lower
energy demands, in the range of 1-2 kcal/mol, asewed in CHCl, and THF compared with those in the
gas phase. A marked drop for the energy barrietisepresence of AcOH is generally observed. Fangte
for the17- 12 conversion, the energy barrier is reduced by aB0utcal/mol. The largest one, however, of
ca.39 kcal/mol is observed for tf¥3- 12 conversion (Fig. 5). Apparently, AcOH facilitatasH transfer,
taking place not only contiguously but more intéiregy through hopping or tunnelling’® perhaps, as shown
by the additional transition states correspondmbl transfer between non adjacent C positions ksge 2, 4
and 5). This may well account for the 20 kcal/madpl(Fig. 4) while the lower still energy demand3$f
kcal/mol transition (Fig.5) may be regarded as iheferred one. It is to be noted that AcOH fadéisaH
transfers between C atoms, which are not adjaéden& result, ACOH intervenes in the process (Fjgath
vii and Fig. 5, path viii). For instancé]l is converted td.7 in two steps, vidl6 (path vii), without AcOH
while in the presence of AcOH, the same convers@moccur as a one-step process, viaddhe- transition

state with an overall activation energy drop ok2al./mol.

%y Tt o 8.5, ¢

¢ € @
q &€

L 4
Q.

&
®

pe
v |
@
F

Relative Energy (kcal/mol)

=30 -

40 -

Fig4 Relative energies corrected for ZPE of thei-(1,6)-cyclization (via path vii, Scheme 1) df
minimum to 12 (solid black line) and in the presence of AcOHsfud lines) for R = H (C atoms = gray
spheres, H = white, O =red, and N = blug}; (7 only in AcOH)
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Relative Energy (kcal/mol)

Fig5 Relative energies corrected for ZPE of thexi-(1,6)-cyclization (via path viii, Scheme 1) df
minimum to12 (solid black line), in the presence of AcOH (dashees) for R = H (C atoms = gray spheres,

H = white, O =red, and N = blue).

3.2.2. 1,5-Cyclization
1,5-Cyclization occurs through the Eonformer (Scheme 1, path (vi) ). Energy demdadsinima

and transition state structures are given in Figné Fig. 6S. The formation of the final quinonstducture
14 may be explained on the same grounds dif his is in evidence by the notably lower energgribato
cyclization of4b-d, in the range o€a. 5.1-6.3 kcal/mol compared with that of its pargntictureda of ca. 15
kcal/mol, in the gas phase. The inherent ringirstia 15, a result of accumulated-density (see earlier
arguments o® and10), discourages its formation, in favour 4. It is of interest to note that substitution,
once again, confers stability dd. The reaction (total) energy for the conversdz—14is 26.8, 32.7, 33.4
and 35.6 kcal/mol for th@-c derivatives in the gas phase. A lower energy deimaf 1-3 kcal/molis
observed in CECl, and THF. Again, the presence of AcOH results sigmificant decrease of the energy
demand by about 30 kcal/mol (see Fig. 6). As shiowfig. 6, in the absence of AcOM3is converted td4
via 24,in a two-step process while the presence of Ac€ifécts the same conversion in one-step, via the
tsis14transition state, with an overall activation eryetigop from 35 to 5 kcal/mol.

It should be noted that the diagrams for the nedagnergies, relative enthalpies and free Gibbs
energies for the-(1,5)-, peri- (1,6)- and (1,5)-cyclizations & or 4 minima to9, 10, 12 or 14 are similar to
the relative energies corrected for ZPE depictegigs. 3-6.

12



40 <

30 —

o
]

N
o
]

Relative Energy (kcal/mol)

Fig 6 Relative energies corrected for ZPE of peei-(1,5)-cyclization o minimum to14 (solid black line)
and in the presence of AcOH (dashed lines) for R (€ atoms = gray spheres, H = white, O = red, [drd
blue).

3.3. Reflections on the Cyclization Profile of 3 and 4

Experimental findings on the cyclization ®br 4, oxidatively generated from the oximég®r 6, have
been quite intriguing, with regard to the varyimgction outcome®:* Accordingly, 3b,c and4a-d give the
correspondin® and 10, respectively (Scheme 1, path (iv) ) whlais quite tempermental, furnishing mainly
hydrolysis and polymerization produéf$® The latter is a hardly surprising result, takingtenof (a) the
propensity of3ato rapid re-aromatization and (b) the C-3 unstiitstil reactive position &, as soon as it is
formed, giving rise to other, alternative to cyclization, competing reacs. An analogous primarg-
cyclization is shown byla. In that case, however, benzo-fusion (a) conferbilsation and (b) offers
alternativeperi-cyclization routes (Scheme 1, paths (v) and)({if*4°

Lead (IV) acetate (LTA) oxidation okimes5 or 6 producesboth 12 and 14’® while the use of
phenyliododiacetate (PIDA) as oxidant, under similanditions, directs the reaction selectivelyl@***>"°
Worth noting is that the reaction proceeds equaiyl in solvents of varying polarity, e.g. THF, @&,
mainly but also in MeCN.

This oxidant-selective outcome may be correlatedh® O-X bond dissociation enthalpy in the
transient complexe or 8 (Scheme 1° The easier the O-X rupture, the faster will be ¢iyclization of the

resulting intermediate8 or 4 to the corresponding N-oxide% 10 or 1,2-oxazinel2. Indeed, bond
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dissociation enthalpies @f. 91.17 andta. 55.60 kcal/mohave been reported for Pb-O and I-O in various
compound$® The notably stronger former bond, of an estimawyth of ca. 2.25-2.30A, probably
attributed to a multiple back-bonding from Pb Igaers” is apparently the toughest to cleave. Accordingly
of the corresponding complex&sor 8, the Pb-based ones have the highest energy demandgcfization.

An energy demanding 6-membered pseudo chelatestingture for these complexes may also be regasled
a viable possibility. The experimental outcomes mr@eed, consistent with these arguments.

Both oxidants release acetic acid during the reactiegardless of the solvent used, unless it is
trapped. Thus, the overall proceiss in effect, dominantly acid-catalyzdoly way of a 1,5-electrocyclization
of 3or4to9or10**or a 1,6 (5)-electrocyclization and sequential itsho 14 and/or12®? (Scheme 1).
The latter may be effected by hydrogen scrambladriramolecularly, via a trajectory of successive shifts
or (b)intermolecularly, via either acid-or solvent-assistedtn shuttling”®®* It is the trajectory mode of the
successive H shifts that differentiates betweenwloepaths.

H transfer (polar or radical in nature), an argyabiportant process in chemistry and biology, is
usually fast but it can become rate determinintptilyzed. This is especially true when the tranisféo and
from C atoms or concerted bond cleavage and foomamong heavy atoms ( i.e non H atoms).

H transfer, in our case, does not necessarily itmpakinetic advantage towards stabilizing the
transition states, it rather complements the thdgmamic driving force, through re-aromatizationttie end-
products. The latter, perhaps, may sidestep tmedton of charged intermediates.

Given that the activation energy is ersely related to the solvent dielectric constanthe
insignificant drop of the activation barriers, letrange of 1-3 kcal/mol, in other solvents, mayriokcative
of a rather negligible sensitivity of the reactipath to solvent polarity. Yet, this observation rainstill
firmly point to the identity of the engaged spedies that dipolar, diradical or neutral).

HOMA, 1, and ABO/BOD indices have been chosen as the magbnsive to the observed outcomes.
Calculated HOMA values (Table 3) are consistenhwitmassive revert-to-type process to the extegtlof
95%. Comparing, however, the overall aromaticitgragye in the reaction sequences (Scheme 1), aastibbt
decrease is evident in the fused heterocygld®, 12and14. A drop in the range of 23-51% is estimated in
going from the oxime$ and6to 9, 10, 12or 14. Certain features are of particular interest lj&) generation
of o-quinone methide intermediat8sand4 is accompanied by a rise of 23% and 7%, respédgtifalowed

by aca. 28% drop towards the products, (b) the reactamrdinate encompasses successive transition &tates,
activation barriers being due to their geometryadigon, (c) the aromatic character®and10 compares well
with that of12 (d) 10 shows a markedly lower aromatic character agdifisfe) peri (1,8)- fusion appears to
increase the diene geometry of the tricydi2end14, (f) a naphthalene—baseeri-fused tricyclel2 appears

to have an aromatic character of comparable madmito a quinonoid tricycle, lik&4, of distinct diene
geometry, (g)L5, with a higher aromatic “arrangement” than the,reannot survive due to the severe strain
inherent in the 5-membergari (1,8)-fused ring exacerbated by the N-O dipole-oetbaccumulated ring
density.
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Table 3 Calculated rHOMA, 4 and ABO/BOD values for heterocycl8s10, 12, 14, 15 and their precursors

o-quinone methides8, 4 and oxime$,6 (a:R=H)?

rHOMA Ia ABO/BOD

Z E, E,
3 0.97F c
4 0.818 0.026 0.101
5 0.787 0.923 0.951
6 0.764 0.778
9 0.476 90.2¢ 1.607/0.228
10 0.55¢ 1.638/0.163
12 0.585 109.10 1.296/0.077
14 0.528 112.43 1.281/0.078
15 0.740 164.25 1.306/0.042

2B3LYP/6-311G+(d,p)° Ref. 46 insignificantly low value.” Ref 82.

Compounds3 and4, in their Z conformation, show higher HOMA valu&sn their precursor oximes
5 and®6, respectively (Table 3). Geometry optimizatiors li@monstrated the development of an exteaded
delocalization into a 5-membered N-oxide ring, thylmo-(1,5)-cyclization®® The end-products N-oxidés
and 10, on the other hand, indicate markedly lower HOM&#lues. The extent of delocalization, gradually
building up along the reaction path, reaching thecsssive transition states, subsequently des¢endsds
the end product. It is the N-O dipole, in the Igtteat has been incriminated for this chaffgdhe issues of
stabilization through resonance or extended cotipigare in effect, herein. Indeet and14 have HOMA
values of comparable magnitude (Table 3). Appardidth have an inherent extended diene charaater,
their common stabilizing factor, of different originonetheless, i.e. localizedframes due tgeri-fusion in
12, and benzo-fused quinone typelih

Bond uniformity h and bond order ABO/BOD variations (Table 3) follow general, the HOMA
portrait. Accordingly, the aromatic character irages in going from the N-oxid€sand10 to the peri-fused
12, 14 and the fictitious 15, in concert witha correspondingncrease of their diene charactdihe only
discordance is the reverse order of magnitude artfeglOMA and A of 12 and14.

In as much as aromaticity reflects stability onpests that the former lags behind bonding changes a
the transition states (in other words, its losslrmp should be ahead of these changes) leading itaceease
of AG°® along the reaction path. Interestingly, a befum®d quinone stabilization it4 (an optimal orbital
alignment, perhaps?) could be similarly accountad & comparableAG® increase in the corresponding
reaction path. In both cases, aromaticity chandesamsition structures, as the reaction progresaes
confirmed from the bond length changes of the quinand the nitrosoalkene entities (Tables 4S-7S).

Substitution also introduces selectivity in thectean outcome (Tables 4 and 5). What is more

interesting is that substitution follows the paitebserved for oxidant selectivity. Indeed, oxidatof oximes
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6b-d with PIDA leads selectively t&2d or 10b,c , i.e., alkyl substitution favours-cyclization whereas aryl
substitution prefers exclusiveperi-(1,6)-cyclization. Oxidation with LTA, on the othband, appears to be
substituent- insensitive and leads to bti?rand10in a 3:2 ratio.

It is, therefore, clear that 1,6-cyclization comgsetwvith its 1,5-rivals, in terms of geometry anérgy
constraints of the process. Relative energies tf t®woandperi-cyclization modes suggest tH and14 have
comparable stabilities (Tables 4 and 5), indicatingtability orderl2>14>9>10 We observe an overall
stabilazion of the reaction, up to 3 kcal/mol, in@H (see Tables 4 and 5) while this catalyst hasagked
stabilizing effect on the minima or transition s&{Fig. 51s,3.1> 0Or Fig. 6,tS,4.19) (see also sectiorg2.1and
3.2.2earlier).

Table 4. Reaction energiés(kcal/mol) for o- and peri-cyclization structures of4 to 10, 12 and
14°

Reaction H H°¢ Me Et Ph
4E,;-10 -14.0(-13.9)[-13.9] -17.2(-17.0)[-17.0] -18.1(-18.6)[-18.7] -18.1(-18.6)[-18.7] -17.3(-17.1)[-17.0]

4E; .12 -39.4(-40.1)[-40.1] -39.9(-40.2)[-40.3] -41.1(-42.1)[-42.2] -40.5(-41.6)[-41.7] -38.2(-39.4)[-39.4]
4E, .14 -33.3(-35.4)[-35.5] -36.5(-38.4)[-38.5] -39.2(-42.2)[-42.3] -39.1(-42.1)[-42.3] -39.1(-40.9)[-40.9]
AE,.14 -26.8(-28.4)[-28.5] -30.2(-32.1)[-32.2] -32.7(-35.1)[-35.2] -33.4(-35.8)[-35.9] -35.6(-36.4)[-36.4]

2 At the B3LYP/6-311G+(d,p) level of theory; data tine gas phase(in THF solvent)[in g, solvent].
ba: R=H, b: R=Me, c: R=Et, d: R=PA.Structures interacting with AcOH.

Table 5. Reaction zero point energies correctds}, (kcal/mol), enthalpiedH (kcal/mol) and free energies

AG(kcal/mol) foro- andperi-cyclization structures & to 9, and4 to 10, 12 and14.%

Reaction H HP Me Et Ph

AEg AH AG | AEp AH AG | AEp AH AG | AEp AH AG | A, AH AG
3E;—9 148 156 134 176 183 165 183 194 16.6 1998 118.2| 20.8 21.7 19.0
4E;—10 126 13.3 11.3 158 164 146 165 17.1 55 16.40115.2| 154 16.1 144
4E;—12 38.1 38.6 369 384 39.1 3711 39.6 40.0 38.6 3884 337.6| 36.6 37.1 35.7

4E,—14 31.8 322 30.8 348 354 335 375 37.7 36.7 37473368 37.2 375 36.2
% At the B3LYP/6-311G+(d,p) level of theory; data tile gas phase; a R=H, b R=Me, ¢ R=Et, d R=Ph.

W = =

w

® Structures interacting with ACOH.

From the data at hand and their analysis the faligwjuestion is inevitably raised: ‘jgri-annelation
to 12 or 14 a primary or a secondary process?” That is, dassume the E conformation directly, as soon as
it is generated (primary process) or does it dbribugh its Z variantp-cyclization t010, re-opening of the

latter and isomerization (secondary process)? ifgy process should require that the precursomexi
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(Scheme 1) takes up 8- conformation, followed by its oxidation throughet complex7 or 8 and its
eventual collapse directly #E (E, or E,). The Z-conformation of oxim@ais more stable than its E-variant
by 7.7 kcal/mol. The energy cost for their E- taeahversion is 4.2 kcal/mol. In a secondary preces the
other hand, the required-ZE conversion should go through the intermediacg fafrm of4.%°

Indeed 4 cyclizes tol0 readily, via its Z conformer, with a very low oo energy barrier and this has
been experimentally observ&dUnsubstituted1O (i.e., 108 re-opens equally readily and assumes the E

conformatiof® (Scheme 2), ultimately cyclizing t&® or 14.

0 0
+ _= -
N7 N
N\ + _
3Z or 4Z \o/N_O y or y 3E or 4E 12 or 14
0~ 0
90r10 16 17

Scheme 2lsomerization rearrangement 8hitrosoo-quinone methide8 and4.

The N-Q bond compressed among accumulatedensity of a distorted riffy * is seriously
weakene® and suffers facile rupture, when triggered. Ithis lability of H-3 in9 or 10 that provides that
trigger. The isoxazole ring, once opened, may tetelits Z precursor or change into its E countdrpa
(Scheme 2), eventually undergoingexi-cyclisation. Thus, it is reasonable to assumecaailibrium among
the proposea-quinone methide formSprior to final cyclization. It is worth noting théhe Z—E conversion
can be envisaged through a dipolar (zwitterionggcges, such a5 ( Scheme 2). A biradical species, such as
17 (Scheme 2), on the other hand, would be consistghtsome of the calculated high energy barrierg.g
6). However, the comparable barrier magnitudesutatied in solution (see earlier comments), canatglg
favour one of the possible arrangements of thermdiate species. The estimated rise in HOMA values
(Table 3), during the generation ®&nd4, lends support to an “aromatic” arrangement likavithout ruling
outthat of17.

The energy barriers of these successive changge fesm 12-16 kcal/mol, 16-32 kcal/mol and 6-9
kcal/mol, respectively. These energy costs casupplied by the total reaction energy of ca.38-d&l/knol
for the most favoured reactidifc; - 12.

The reactioda— 12 is favoured over its competitda— 14 by ca. 6 kcal/mol (i.e., the former has a
higher total reaction energy of 39.3(40.1) kcal/meér the latter of 33.3(35.4) kcal/mol, in the gdsse (or
in solution). Interestingly, the reactiod®-d- 12 and 4b-d- 14 of the other derivativehave comparable
reaction energies. However, the largest barrighénsequence of the most favoured routd 6fl2 exceeds
that of 4-14 by ~10 kcal/mol. This indicates a larger distartiof the relevant transition state and is
consistent with the observed much longer time td&ethe cyclization reaction to be compleféd.

Overall, it appears that the 1,6-sequence is tkéepedperi—cyclization mode. However, it is of

interest that whether this is the prevalent or sbke reaction path will depend primarily on the dait-
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directed conformation and subsequent collaps& of 8 and not that ob-quinone methide8 or 4. The
reaction is so fast that takes precedence overodingr that could compete through the presence of a

nucleophile’® The term “reclusive” is, therefore, coined to itigrits uniqueness.

4. Conclusions

The intramolecular cyclization & and4 is a reclusive process in that it takes precedenee any
other from external stimuli. It follows asxidant-dependerit,6- or a competing 1,5-electrocyclization. This
selectivity appears to be correlated to the disgimei enthalpy of the O-Pb or I-O bond of the Ph-based
intermediate complexesor 8.

Regardless of the solvent used, it appears thadtiminant reaction medium, unless trapped, is
AcOH, liberated by both oxidants. Intramolecularimtermolecular solvent-assisted, contiguous dr kb
shift trajectories, probably through hopping orrtaling, account for the successive transition stateolved
and the substantial drop of activation barriersathr insignificant changes have been observedharo
solvents, in the absence of AcOH, compared to thoske gas phase though stabilization, in all sas&as
larger in solution. Thus, the proposed reactiohgapparently, do not favour charged species.

Substitution follows the oxidant selectivity patterAccordingly, in PIDA, alkyl substitution prefer
the 0-(1,5)-cyclization to N-oxide® or 10 and aryl substitution favours the peri -(1,6)-cyclizatito 1,2-
oxazine 12. LTA, on the other hand, proves to besswent-insensitive, giving rise to all cyclizai
products.

Aromaticity indices, as stability indicators of thend structures, cannot discriminate between
competing paths, as their values are of comparablgnitude. They do, however, suggest a markedlgiow
aromaticity of the heterocycles compared to the&cprsors, attributed to thgeri-triggered enhanced diene
geometry of their-frame.

The available evidence cannot irrefutably clariffiather theperi-cyclization is a primary or a
secondary process. It appears that the prefertbdgaxidant-directed.

The reaction takes precedence over any other thald ccompete through the presence of a

nucleophile and has been termed “reclusive” totifieits uniqueness.
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Table 1S  Absolute energies E(hartree) of the calculated minima and transition states including in the 4E; — 11 and 17 — 12 reactions calculated at the different

level of Theory, for R = H.

B3LYP/6-311+G(d,p)

M062X/6-311+G(d,p)

B3LYP/aug-cc-pVTZ

Mo062X/aug-cc-pVTZ

MP2/6-311+G(d,p)

4E, -628.6336672 -628.3755581 -628.6940221 -628.4426685 -626.8808669
tS4p1-11 -628.6204659 -628.3540327 -628.6811214 -628.4217762 -626.8692873
11 -628.6408267 -628.3885758 -628.7023249 -628.4570791 -626.8866461
17 -628.6735007 -628.4260921 -628.7353191 -628.4946151 -626.9245853
tS17.12 -628.5833857 -628.3322955 -628.6427488 -628.4033982 -626.8342524
12 -628.6964032 -628.4482470 -628.7608848 -628.5199157 -626.9451728
Table 2S  Absolute energies E(hartree) of the calculated minima and transition states (ts) at B3LYP/6-311+G(d,p) level of theory in the gas phase and in THF and CH,Cl, solvents.
R -H -Me -Et -Ph
-E Gas phase THF CH,(Cl, Gas phase THF CH,Cl, Gas phase THF CH,Cl, Gas phase THF CH,(Cl,
Fig.2: 359
3E, 474.9506962  474.9579536  474.9582475 514.2790486  514.2853570 514.2856169 553.6019143  553.6079219  553.6081726 706.0548490  706.0628668  706.0632247
tSsprape  474.9439574 4749513783  474.9516774 514.2754487 514.2820820 514.2823539 553.5994658  553.6056581  553.6059173 706.0505064  706.0583147  706.0586536
3E, 4749575672  474.9654561  474.9657753 514.2871233  514.2934606 514.2937213 553.6098440  553.6159450 553.6162000 706.0588100  706.0678553  706.0682732
tsszape  474.9020528  474.9112037  474.9115902 514.2350507 514.2439206 514.2443047 553.5599202  553.5682407 553.5686136 706.0140700  706.0236574  706.0240881
3Z 4749484999  474.9592437  474.9597105 514.2829390* 514.2917589" 514.2921378% 553.606600°  553.6150987% 553.6154695% 706.0614480* 706.0711740* 706.0716020°
tS37.0 4749483638 4749584321  474.9588720 b b b b b b b b b
9 474.9771083  474.9843307 474.9846314 514.3108880 514.3184057 514.3187216 553.6350983  553.6421981  553.6425047 706.0916436  706.0989217  706.0992400
Fig.2: 4510
4E, 628.6336672  628.6418541  628.6421915 667.9590967 667.9665427  667.9668563 707.2827697  707.2898389  707.2901407 859.7385026  859.7474627  859.7478670
tSep1apz 028.6305954  628.6383250  628.6386419 667.9571040 667.9643168 667.9646150 707.2815649  707.2882557  707.2885376 859.7343008  859.7425466  859.7429062
4E, 628.6441212  628.6529377  628.6532994 667.9695513  667.9778502  667.9782004 707.2918544  707.2999762  707.3003217 859.7441669  859.7546339  859.7551091
tsqzapr  028.5880761  628.5989566  628.5994286 667.9212489 667.9318464 667.9323180 707.2463983  707.2564137  707.2568725 859.7154207  859.7273319  859.7278581
47 628.6379789  628.6498244  628.650331 667.9635983  667.9749553  667.9754452 707.2870940  707.2970574  707.2974913 859.742627 859.7529273  859.7533751
ts;z0  628.6353218  628.6449581  628.6453769 667.9630908  667.9738853  667.9743514 b b b b b b
10 628.6559149  628.6640721  628.6644155 667.9880029  667.9962599  667.9966100 707.3116056  707.3195361  707.3198751 859.7660683  859.7746488  859.7750243
Fig.3: 4512
4E, 628.6336672  628.6418541  628.6421915 667.9590967 667.9665427  667.9668563 707.2827697  707.2898389  707.2901407 859.7385026  859.7474627  859.7478670
tSqpr.n 028.6204659  628.6297728  628.6301673 667.9478227 667.9561990 667.9565599 707.2717030  707.2797663  707.2801207 859.7266688  859.7371585  859.7376508
11 628.6408267  628.6527581  628.6532694 667.9704931 667.9816727 667.9821628 707.2941900 707.3051373  707.3056208 859.746601 859.7599215  859.7605451
tS11-16 628.5819469  628.5985602  628.5992622 667.9122276  667.9274468 667.9281007 707.2355005 707.2500482  707.2506808 859.6847042  859.7024513  859.7032720
16 628.6028577 628.6176865 628.6183314 667.9325229  667.9462774  667.9468835 707.2552377  707.2689163  707.2695205 859.7064438  859.7231903  859.7239750
tS16.17 628.5873955 628.6015743  628.602172 667.9181958 667.9311615 667.9317174 707.2417193  707.2539571  707.2544899 859.6904880  859.7049177  859.7055766
17 628.6735007  628.6830375  628.6834325 668.0036167 668.0128146  668.0132035 707.3259775  707.3346710  707.3350457 859.7775442  859.7876498  859.7880974
tS17.12 628.5833857  628.5902224  628.5906886 667.9157640 667.9248943  667.9252821 707.2373589  707.2461600  707.2465377 859.682589 859.6944856  859.6950381
12 628.6964032  628.7057692  628.7061703 668.0245771  668.0336790  668.0340766 707.3472664  707.3561440  707.3565358 859.7993516  859.8102085  859.8107086
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4E,
tS4p1-11
11
tS11.18
18
tS15.19
19
t519.20
20
t820.21
21
82122
22
522,23
23

tS23.12
12

4E,
4E,
tS4E2.13
13
tS13.24
24

524.14
14

Fig. 4:
628.6336672
628.6204659
628.6408267
628.6004883
628.6485905
628.5971445
628.6515645
628.6063952
628.6483354
628.5951333
628.6313363
628.5934285
628.6292351
628.6036526
628.6525108
628.5771736
628.6964032

Fig. 5:
628.6336672
628.6441212
628.6171982
628.6309337
628.5739896
628.6182587
628.5889780
628.6867541

4-512
628.6418541
628.6297728
628.6527581
628.6165972
628.6634126
628.6152071
628.6636255
628.6255729
628.6653222
628.6122996
628.6417989
628.608428
628.6446323
628.6202666
628.6630061
628.5869533
628.7057692
4-514
628.6418541
628.6529377
628.6281712
628.6442693
628.5879251
628.6377776
628.60219996
628.6982498

628.6421915
628.6301673
628.6532694
628.6172892
628.6640324
628.6159887
628.6641452
628.6264111
628.666035

628.6130472
628.642246

628.6090726
628.6452764
628.6209737
628.6634529
628.5873653
628.7061703

628.6421915
628.6532994
628.6286212
628.6448244
628.5884941
628.63859703
628.6027423
628.69877998

667.9590967
667.9478227
667.9704931
667.9308854
667.9790913
667.9265872
667.9797162
667.9355294
667.9785760
667.9247382
667.9601455
667.9214979
667.9567349
667.9318677
667.9807005
667.9092009
668.0245771

667.9590967
667.9695513
667.9571043
667.9662119
667.9111402
667.9577040
667.9266598
668.0216119

667.9665427
667.956199

667.9816727
667.9455419
667.9922589
667.9431492
667.9908214
667.9530793
667.9937624
667.9403369
667.9697762
667.9351767
667.9702789
667.9473006
667.9903975
667.9182643
668.033679

667.9665427
667.9778502
667.9643199
667.9787891
667.9238133
667.9752283
667.9385075
668.033784

667.9668563
667.9565599
667.9821628
667.9461843
667.9928259
667.9438782
667.9913097
667.9538601
667.9944161
667.9410309
667.9701969
667.9357797
667.9708626
667.9479713
667.9908202
667.9186558
668.0340766

667.9668563
667.9782004
667.9646182
667.9793237
667.9243434
667.9759803
667.9390091
668.0343068

707.2827697
707.271703

707.2941900
707.2543708
707.3025619
707.2499175
707.3028184
707.2587598
707.3020719
707.2481135
707.2831302
707.2447308
707.2808556
707.2553099
707.3037828
707.2320974
707.3472664

707.2827697
707.2918544
707.2815648
707.2897969
707.2350032
707.2815612
707.2503012
707.3451583

707.2898389
707.2797663
707.3051370
707.2686660
707.3151471
707.2660303
707.3137760
707.2758194
707.3166296
707.2632739
707.2925408
707.2579075
707.2938035
707.2702719
707.3132212
707.2408449
707.356144

707.2898389
707.2999762
707.2882553
707.3020235
707.2471834
707.2984955
707.2616775
707.3569925

707.2901407
707.2801207
707.3056208
707.2693009
707.3156934
707.2667466
707.3142613
707.2765849
707.3172626
707.2639558
707.2929565
707.2584969
707.2943653
707.2709309
707.3136371
707.2412276
707.3565358

707.2901407
707.3003217
707.2885372
707.3025516
707.2477035
707.2992240
707.2621600
707.3575093

859.7385026
859.7266688
859.7466010
859.7048729
859.7509426
859.6986611
859.7539706
859.7080428
859.7504033
859.6980088
859.7340990
859.6947704
859.7309989
859.7048796
859.7553514
859.6851737
859.7993516

859.7385026
859.7441669
859.7343008
859.7440391
859.6889988
859.7393424
859.7053227
859.8008493

859.7474627
859.7371585
859.7599215
859.7222045
859.7668346
859.7181934
859.7678381
859.7285079
859.7683825
859.7165257
859.7464335
859.7112353
859.7469489
859.7232125
859.7676035
859.6960981
859.8102085

859.7474627
859.7546339
859.7425467
859.7569872
859.7012518
859.7555071
859.7159023
859.8125613

859.747867

859.7376508
859.7605451
858.7230121
859.7675682
859.7191060
859.7684876
859.7294683
859.7692106
859.7174031
859.7470172
859.7120018
859.7476847
859.7240596
859.7681821
859.6966096
859.8107086

859.7478670
859.7551091
859.7429063
859.7575686
859.7017932
859.7562364
859.7163678
859.8130799

* The structure is not very stable because there is no gap which has to overcome and it end up to lowest 9 or 10 minimum. ° There is no transition state, the gap is 0.



Table 3S Relative energy levels (kcal/mol) of the calculated minima and transition states (ts) involving in the inframolecular
cyclization of B-nitroso-o-benzo(naphtho)quinone methide, 3(4) at B3LYP/6-311+G(d,p) level of theory in gas phase and in THF
and CH,Cl, solvent.

R -H -Me -Et -Ph
Gas ph. THF CH,Cl, Gas ph. THF CH,Cl, Gas ph. THF CH,Cl, Gas ph. THF CH,Cl,
Fig.2: 359
3E, 0 0 0 0 0 0 0 0 0 0 0 0
tssprape 4.2 4.1 4.1 2.3 2.1 2.0 1.5 14 1.4 2.7 2.9 2.9
3E, -4.3 -4.7 -4.7 -5.1 -5.1 -5.1 -5.0 -5.0 -5.0 -2.5 -3.1 -3.2
tsszsgz 305 29.3 29.3 27.6 26.0 259 26.4 249 24.8 25.6 24.6 24.6
3Z 1.4 -0.8 -0.9 -24 -4.0 -4.1 -2.9 -4.5 -4.6 -4.1 -5.2 -5.3
tS3z_9 1.5 -0.3 -0.4
9 -16.6  -16.6  -16.6 -20.0 -20.7  -20.8 -20.8 215 215 -23.1 22,6 226
Fig.2: 4-10
4E, 0 0 0 0 0 0 0 0 0 0 0 0
tSsprapz 1.9 2.2 2.2 1.3 1.4 1.4 0.8 1.0 1.0 2.6 3.1 3.1
4E, -6.6 -7.0 -7.0 -6.6 -7.1 -7.1 -5.7 -6.4 -6.4 -3.6 -4.5 -4.5
tsqzap2  28.6 26.9 26.8 23.7 21.8 21.7 22.8 21.0 20.9 14.5 12.6 12.6
47 -2.7 -5.0 -5.1 -2.8 -5.3 -54 -2.7 -4.5 -4.6 -2.6 -34 -3.5
tS47.10 -1.0 -1.9 -2.0 -2.5 -4.6 -4.7
10 -140 -139 -139 -18.1  -18.6  -18.7 -18.1  -18.6  -18.7 -17.3  -17.1  -17.0
Fig.3: 4512
4E, 0 0 0 0 0 0 0 0 0 0 0 0
tS4E1-11 83 7.6 7.5 7.1 6.5 6.5 6.9 6.3 6.3 7.4 6.5 6.4
11 -4.5 -6.8 -7.0 -7.2 9.5 -9.6 -7.2 -9.6 -9.7 -5.1 -7.8 -8.0
tS11-16 325 27.2 26.9 29.4 24.5 24.3 29.7 25.0 24.8 33.8 28.2 28.0
16 19.3 15.2 15.0 16.7 12.7 12.5 17.3 13.1 12.9 20.1 15.2 15.0
tS16.17 29.0 253 25.1 25.7 222 22.1 25.8 22.5 224 30.1 26.7 26.5
17 -25.0 258  -259 -279  -29.0  -29.1 -27.1 281 -28.2 -245 252 252
tS17.12 31.6 324 323 27.2 26.1 26.1 28.5 274 274 35.1 332 332
12 -394 401 -40.1 -41.1 421 422 -40.5 416 417 -382 -394 -394
Fig. 4: 4512
4E, 0 0 0 0 0 0 0 0 0 0 0 0
tS4E1-11 83 7.6 7.5 7.1 6.5 6.5 6.9 6.3 6.3 7.4 6.5 6.4
11 -4.5 -6.8 -7.0 =12 -9.5 -9.6 -1.2 -9.6 -9.7 -5.1 -7.8 -8.0
tS11.18 20.8 15.8 15.6 17.7 13.2 13.0 17.8 13.3 13.1 21.1 15.8 15.6
18 94 -13.5  -13.7 -125  -16.1  -16.3 -124  -159  -16.0 -7.8 -122 -124
tS15.19 229 16.7 16.4 20.4 14.7 14.4 20.6 14.9 14.7 25.0 18.4 18.0
19 -11.2 -13.7 -138 -129  -152  -153 -12.6  -15.0 -15.1 -9.7 -12.8  -129
tS19.20 17.1 10.2 9.9 14.8 8.4 8.2 15.1 8.8 8.5 19.1 11.9 11.5
20 9.2 -147  -15.0 -122 -17.1 -17.3 -12.1 -16.8  -17.0 -1.5 -13.1 -134
tS20.21 242 18.5 18.3 21.6 16.4 16.2 21.7 16.7 16.4 25.4 19.4 19.1
21 1.5 0.03 -0.03 -0.7 -2.0 2.1 -0.2 -1.7 -1.8 2.8 0.6 0.5
tS51.22 253 21.0 20.8 23.6 19.7 19.5 239 20.0 19.9 274 22.7 22.5
22 2.8 -1.7 -1.9 1.5 2.3 -2.5 1.2 -2.5 -2.7 4.7 0.3 0.1
t552.23 18.8 13.5 13.3 17.1 12.1 11.9 17.2 12.3 12.1 21.1 15.2 14.9
23 -11.8  -133 -133 -13.6  -15.0 -15.0 -132 -147  -147 -10.6  -12.6  -12.7
tS23.12 355 345 344 313 30.3 30.2 31.8 30.7 30.7 335 322 322
12 -394 401 -40.1 -41.1 421 422 -40.5 -41.6 417 -382 -394 -394
Fig.5: 4514
4E, 0 0 0 0 0 0 0 0 0 0 0 0
4E, -6.6 -7.0 -7.0 -6.6 -7.1 -7.1 -5.7 -6.4 -6.4 -3.6 -4.5 -4.5
tS4p2-13 10.3 8.6 8.5 1.3 1.4 1.4 0.8 1.0 1.0 2.6 3.1 3.1
13 1.7 -1.5 -1.7 -4.5 -1.7 -7.8 -4.4 -7.6 -7.8 -3.5 -6.0 -6.1
S13.24 374 33.8 33.7 30.1 26.8 26.7 30.0 26.8 26.6 31.1 29.0 28.9
24 9.7 2.6 2.3 0.9 -5.5 -5.7 0.8 -5.4 -5.7 -0.5 -5.0 -5.3
tS24.14 28.0 24.9 24.8 20.4 17.6 17.5 20.4 17.7 17.6 20.8 19.8 19.8
14 -333 -354  -355 -39.2 422 423 -39.1 421 423 -39.1 409 409




Table 4S Bond distances (A), angles and dihedral angles (degrees) of the structures (minima and transition states (ts))

of Fig. 3S.

R=H 3E1 tS3E1.3E2 3E2 3Z tS37.9 9
01-C1 1.223 1.224 1.222 1.221 1.229 1.356
C1-C2 1.520 1.513 1.520 1.508 1.493 1.404
C2-C3 1.366 1.349 1.361 1.361 1.364 1.426
C3-N 1.404 1.090 1.412 1.416 1.408 1.323
N-02 1.216 2.128 1.222 1.218 1.211 1.215
C3-R 1.085 2.255 1.087 1.090 1.088 1.077
N-O1 4.145 2422 4.199 2.716 2.511 1.492
01-C1-C2 121.6 121.7 121.3 121.6 120.2 111.1
C1-C2-C3 115.7 116.4 117.5 120.5 117.1 105.6
R-C3-N 113.4 111.3 118.1 115.7 115.3 118.3
C3-N-02 119.0 37.7 113.5 114.2 118.5 135.5
01-C1-C2-C3 8.1 2.0 0.0 21.8 15.6 0.0
C1-C2-C3-N 170.6 2.9 180.0 12.0 13.2 0.0
C3-N-01-02 24.8 55 0.2 120.3 122.5 180.0
R-C3-N-02 152.3 30.6 0.0 22.0 39.3 0.0
R =Me 3E1 tS3E1.3E2 3E2 3Z tS37.9 9
01-C1 1.229 1.230 1.227 1.249 1.259 1.355
Cl-C2 1.514 1.504 1.515 1.460 1.451 1.404
C2-C3 1.378 1.362 1.198 1.378 1.384 1.431
C3-N 1.435 1.458 1.449 1.422 1.396 1.325
N-02 1.210 1.204 3.692 1.204 1.203 1.221
C3-R 1.496 1.495 3.408 1.492 1.493 1.490
N-O1 4.271 4.300 4.496 2.129 2.016 1.486
01-C1-C2 122.2 122.4 122.0 118.0 117.1 111.1
C1-C2-C3 119.0 119.9 141.2 112.2 111.4 106.2
R-C3-N 110.3 111.9 114.7 113.5 114.1 119.6
C3-N-02 118.9 1159 64.9 121.7 127.8 134.0
01-C1-C2-C3 0.2 0.4 170.8 8.2 3.6 0.0
C1-C2-C3-N 172.4 176.1 95.9 133 8.6 0.0
C3-N-01-02 53.8 46.7 68.6 125.5 134.1 180.0
R-C3-N-02 139.1 87.5 43.0 51.7 54.5 0.0
R =Et 3E1 tS3E1.3E2 3E2 37 tS37.9 9
01-C1 1.229 1.230 1.227 1.240 1.354
Cl-C2 1.515 1.506 1.517 1.476 1.404
C2-C3 1.376 1.362 1.379 1.377 1.432
C3-N 1.438 1.457 1.449 1.418 1.326
N-02 1.211 1.206 1.215 1.209 1.221
C3-R 1.502 1.502 1.493 1.500 1.496
N-O1 4.300 4.326 4.320 2.248 1.489
01-C1-C2 122.3 122.7 122.2 119.1 111.1
C1-C2-C3 119.7 120.8 120.9 114.4 106.2
R-C3-N 109.7 110.7 118.4 115.2 119.9
C3-N-02 118.3 115.7 114.9 120.8 134.3
01-C1-C2-C3 9.8 6.6 12.1 11.2 0.2
C1-C2-C3-N 172.3 175.7 179.3 11.8 0.4
C3-N-01-02 74.7 66.8 254 126.9 179.7
R-C3-N-02 133.7 84.6 1.3 43.5 1.2
R =Ph 3E1 tS3E1-3E2 3E2 3Z tS3z_9 9
01-C1 1.225 1.226 1.222 1.244 1.355
Cl-C2 1.518 1.509 1.523 1.477 1.402
C2-C3 1.383 1.367 1.379 1.388 1.441
C3-N 1.432 1.485 1.456 1.443 1.335
N-02 1.208 1.201 1.213 1.206 1.220
C3-R 1.472 1.469 1.475 1.464 1.467
N-O1 4.243 4.385 4.322 2.213 1.478
01-C1-C2 122.9 123.2 122.4 119.1 111.2
C1-C2-C3 120.0 122.1 121.2 1134 106.2
R-C3-N 109.0 110.6 118.7 116.0 121.5
C3-N-02 120.9 115.0 115.5 121.5 134.8
01-C1-C2-C3 7.5 9.8 3.0 7.5 0.4
C1-C2-C3-N 156.8 169.4 170.0 15.6 0.9
C3-N-01-02 60.3 45.6 44.6 126.7 179.6
R-C3-N-0O2 136.5 79.8 2.0 43.9 0.5
R=H 4E1 tS4E1-4E2 4E2 47 tS4z_10 10
01-C1 1.221 1.223 1.221 1.217 1.249 1.354
C1-C2 1.526 1.532 1.526 1.512 1.459 1.389



C2-C3 1.369 1.362 1.362 1.356 1.374 1.423
C3-N 1.407 1.409 1.408 1.418 1.380 1.325
N-02 1.216 1.214 1.224 2.121 2.073 2.062
C3-R 2.962 2.906 2.838 2.204 2.310 2.353
N-O1 4.116 4.024 4.137 2.771 2.154 1.485
C2-C4 1.463 1.477 1.469 1.469 1.450 1.424
01-C1-C2 121.4 121.5 121.2 122.2 117.9 111.5
C1-C2-C3 112.3 110.9 113.5 120.1 111.5 105.6
R-C3-N 72.3 61.7 53.4 30.6 24.7 213
C3-N-02 121.0 119.8 113.3 27.7 28.6 27.5
01-C1-C2-C3 27.1 33 18.5 339 9.8 0.0
C1-C2-C3-N 154.8 171.0 172.9 5.6 10.1 0.0
C3-N-01-02 3.7 324 174.1 52 1.6 0.0
R-C3-N-02 8.5 49.9 155.2 15.1 50.0 0.0
R =Me 4E1 tS4E1-4E2 4E2 47 tS4z_10 10
01-C1 1.224 1.225 1.223 1.215 1.229 1.352
C1-C2 1.511 1.508 1.510 1.514 1.491 1.389
C2-C3 1.382 1.358 1.376 1.366 1.370 1.433
C3-N 1.426 1.460 1.442 1.450 1.445 1.331
N-02 1.210 1.204 1.218 1.215 1.210 1.224
C3-R 1.501 1.501 1.497 1.499 1.501 1.493
N-O1 4.258 4.328 4.316 2.696 2.363 1.473
C2-C4 1.463 1.481 1.468 1.471 1.467 1.044
01-C1-C2 122.8 122.9 122.7 123.0 120.7 111.6
C1-C2-C3 116.4 117.0 118.4 119.0 114.5 105.9
R-C3-N 109.5 107.5 118.3 117.3 114.1 119.1
C3-N-02 123.3 117.3 115.6 114.4 117.1 134.5
01-C1-C2-C3 35.7 344 30.3 44.8 254 0.0
C1-C2-C3-N 144.0 161.1 162.5 4.0 6.5 0.0
C3-N-01-02 57.2 17.4 16.3 128.2 122.3 180.0
R-C3-N-0O2 144.2 98.8 13.0 16.7 42.7 0.0
R=Et 4E1 tS4E1-4E2 4E2 47 tS4z_10 10
01-C1 1.224 1.225 1.222 1.231 1.352
C1-C2 1.512 1.507 1.514 1.494 1.390
C2-C3 1.381 1.359 1.375 1.374 1.435
C3-N 1.428 1.455 1.444 1.462 1.331
N-O2 1.210 1.205 1.218 1.207 1.225
C3-R 1.507 1.509 1.502 1.500 1.498
N-O1 4.289 4.323 4.355 2.307 1.470
C2-C4 1.467 1.481 1.467 1.472 1.430
01-C1-C2 123.0 122.8 123.5 119.9 111.6
C1-C2-C3 116.6 116.9 119.7 113.0 105.8
R-C3-N 109.4 107.3 117.1 112.1 118.3
C3-N-02 122.7 117.7 115.5 117.9 134.2
01-C1-C2-C3 38.2 34.7 30.8 19.3 0.6
C1-C2-C3-N 145.5 160.4 159.3 16.9 0.9
C3-N-01-02 56.0 14.6 25.5 121.9 179.5
R-C3-N-02 139.4 100.5 14.7 36.6 0.7

R =Ph 4E1 tS4E1.4E2 4E2 47 tS47.10 10
01-C1 1.222 1.221 1.220 1.236 1.353
Cl-C2 1.512 1.509 1.511 1.482 1.389
C2-C3 1.393 1.359 1.379 1.371 1.438
C3-N 1.421 1.480 1.453 1.445 1.337
N-O2 1.208 1.201 1.214 1.204 1.221
C3-R 1.471 1.478 1.475 1.484 1.476
N-O1 4.210 4.391 4.369 2.240 1.469
C2-C4 1.454 1.479 1.464 1.467 1.432
01-C1-C2 123.8 123.5 123.8 119.7 111.7
C1-C2-C3 117.6 117.9 119.6 113.1 105.7
R-C3-N 110.2 107.5 118.3 112.6 118.9
C3-N-02 124.8 116.8 115.8 120.8 134.7
01-C1-C2-C3 332 38.6 345 17.4 1.0
C1-C2-C3-N 131.6 158.0 154.3 6.2 1.3
C3-N-01-02 74.2 30.5 34.6 124.8 179.3
R-C3-N-02 148.3 92.8 12.5 55.6 1.9




Table 5S Bond distances (A), angles and dihedral angles (degrees) of the structures (minima and transition states (ts)) of Fig. 4S.

R=H 4E1 tS4E1_11 11 ts11-16 16 tSlﬁ_17 17 tSl7_12 12
C5-02 2.813 1.954 1.443 1.337 1.288 1.354 1.374 1.369 1.378
02-N 1.216 1.260 1.406 1.539 1.475 1.502 1.437 1.403 1.412
N-C3 1.407 1.327 1.289 1.283 1.322 1.283 1.272 1.290 1.284
C2-C3 1.369 1.428 1.454 1.435 1.384 1.438 1.506 1.438 1.449
C3-R 1.084 1.081 1.084 1.089 1.088 1.088 1.086 1.085 1.085
C2-C4 1.463 1.390 1.356 1.415 1.513 1.492 1.497 1.408 1.417
C4-C5 1.405 1.441 1.500 1.462 1.496 1.444 1.384 1.412 1.411
C2-C1 1.526 1.495 1.479 1.440 1.440 1.449 1.535 1.443 1.384
C1-01 1.221 1.225 1.227 1.236 1.233 1.235 1.217 1.363 1.368
H1-C5 1.078 1.083 1.108 1.369 2.088 2.068 2.924 4.177 5.579
H1-C4 2.150 2.163 2.131 1.319 1.116 1.176 2.125 3.030 4.343
H1-C2 2.763 2.728 2.822 2.310 2.182 1.572 1.105 2.006 3.171
H1-C1 4.213 4.159 4.170 3.405 3.086 2.492 2.090 1.170 1.924
HI1-01 5.010 4.986 5.067 4.498 4.182 3.539 2.786 1.530 0.963
C5-02-N 104.0 111.9 1154 118.3 123.9 116.3 117.0 121.6 121.2
02-N-C3 121.0 124.5 116.6 112.5 111.3 113.3 116.1 117.3 117.6
N-C3-C2 129.5 119.5 124.2 128.8 128.5 128.0 125.2 125.8 126.1
C5-C4-C2 123.8 118.5 116.0 118.1 107.4 116.7 117.4 118.1 118.5
02-C5-H1 413 84.2 107.0 110.4 111.6 95.8 84.0 954 95.7
C4-H1-C5 34.7 36.3 41.9 65.9 43.7 427 26.2 133 7.9
C9-C4-H1 143.8 139.5 123.1 99.3 105.8 108.1 120.3 974 932
C4-H1-C2 31.6 30.3 27.5 33.6 40.3 63.9 41.9 22.6 12.3
C3-C2-H1 84.4 71.5 78.8 105.4 108.4 114.5 106.9 106.6 105.1
C1-H1-01 11.5 114 10.4 8.4 9.0 12.7 239 58.8 41.9
H1-01-C1 43.7 42.1 38.0 23.8 23.1 26.2 44.0 473 110.1
C5-C4-C9-C2 178.2 173.3 179.0 172.2 122.9 162.9 179.6 177.9 180.0
N-02-C5-C4 39 39.8 52.1 289 16.6 43.8 30.3 32 0.0
C2-C3-N-02 48.4 32.8 6.0 8.6 12.6 11.8 0.1 0.6 0.0
C5-C4-C9-C8 5.1 53 9.3 0.2 19.4 6.0 4.2 1.5 0.0
C4-C9-C8-C7 2.1 0.0 24 1.7 7.7 53 1.7 0.8 0.0
C2-C4-C9-C10 6.8 11.1 4.6 7.7 37.7 11.9 5.7 0.3 0.0
C4-C9-C10-C11 5.5 2.9 24 3.6 22.7 5.6 5.5 1.2 0.0
C10-C11-C1-C2 9.9 2.6 1.7 4.9 10.5 5.2 13.6 7.8 0.0
R =Me 4E1 tS4E1_11 11 ts11-16 16 tSlﬁ_17 17 tSl7_12 12
C5-02 2.674 1.940 1.433 1.334 1.284 1.349 1.369 1.369 1.370
02-N 1.210 1.260 1.411 1.525 1.471 1.495 1.442 1.455 1.409
N-C3 1.426 1.334 1.295 1.291 1.331 1.290 1.278 1.283 1.290
C2-C3 1.382 1.442 1.474 1.455 1.400 1.456 1.530 1.492 1.470
C3-R 1.501 1.502 1.504 1.508 1.509 1.509 1.501 1.503 1.507
C2-C4 1.463 1.396 1.361 1.420 1.521 1.499 1.501 1.450 1.426
C4-C5 1.404 1.438 1.500 1.462 1.491 1.443 1.384 1.393 1.411
C2-C1 1.511 1.497 1.486 1.444 1.436 1.453 1.537 1.451 1.389
C1-01 1.224 1.227 1.228 1.238 1.238 1.237 1.219 1.288 1.370
H1-C5 1.078 1.084 1.109 1.367 2.072 2.052 2.830 3.597 5.594
H1-C4 2.151 2.160 2.133 1.315 1.118 1.173 2.120 2.728 4.332
H1-C2 2.753 2.711 2.816 2.312 2.182 1.582 1.104 1.444 3.187
H1-C1 4.153 4.141 4.183 3.362 3.074 2.460 2.092 1.605 1.918
HI1-01 4.942 4.975 5.107 4.457 4.190 3.506 2.699 1.370 0.963
C5-02-N 105.6 110.6 1134 117.8 123.9 115.8 115.6 115.3 121.1
02-N-C3 123.3 126.3 117.4 114.2 113.0 114.8 116.6 116.0 119.3
N-C3-C2 121.5 116.7 122.0 126.3 126.1 125.6 121.5 122.0 124.1
C5-C4-C2 123.2 118.4 116.1 118.4 108.5 117.0 116.5 117.7 119.0
02-C5-H1 56.6 85.0 107.2 109.9 110.9 94.9 79.1 78.1 97.6
C4-H1-C5 34.6 364 41.8 66.0 44.2 433 28.1 20.0 7.3
C9-C4-H1 143.6 140.1 123.7 98.2 104.9 108.2 125.8 120.1 91.8
C4-H1-C2 31.8 30.8 27.8 33.7 40.7 63.9 423 19.5 13.1
C3-C2-H1 84.1 76.1 76.9 106.4 107.0 115.1 104.9 94.8 108.0
C1-H1-01 11.9 11.4 10.0 8.5 8.5 12.9 25.7 50.6 42.4
H1-01-C1 442 41.7 36.4 23.8 21.7 264 48.1 74.2 109.4
C5-C4-C9-C2 176.9 173.4 179.8 173.2 125.4 163.9 179.9 171.8 180.0
N-02-C5-C4 19.7 43.8 57.5 31.5 13.5 45.6 36.7 383 0.0
C2-C3-N-02 53.0 33.9 4.7 9.3 13.6 11.4 1.3 1.7 0.0
C5-C4-C9-C8 5.9 39 7.7 1.3 18.5 4.8 3.5 7.4 0.0
C4-C9-C8-C7 2.6 0.0 2.6 1.2 8.2 4.7 1.1 2.8 0.0
C2-C4-C9-C10 6.6 9.6 4.0 8.4 36.6 12.7 4.2 24 0.0
C4-C9-C10-C11 7.6 1.4 29 23 22.1 4.5 2.0 34 0.0
C10-C11-C1-C2 15.0 1.2 2.8 2.5 11.2 2.9 4.7 16.0 0.0
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R=Et 4E1 tS4E1_11 11 tsll-lﬁ 16 tSlﬁ_17 17 tSl7_12 12
C5-02 2.688 1.942 1.434 1.334 1.282 1.348 1.368 1.368 1.369
02-N 1.210 1.259 1.410 1.525 1.484 1.497 1.440 1.455 1.409
N-C3 1.428 1.334 1.295 1.291 1.327 1.290 1.279 1.283 1.290
C2-C3 1.381 1.444 1.476 1.457 1.404 1.458 1.534 1.494 1.472
C3-R 1.507 1.508 1.509 1.519 1.519 1.519 1.512 1.517 1.516
C2-C4 1.467 1.397 1.361 1.422 1.523 1.503 1.504 1.451 1.428
C4-C5 1.404 1.438 1.500 1.462 1.492 1.443 1.384 1.393 1.411
C2-C1 1.512 1.498 1.486 1.444 1.435 1.454 1.539 1.451 1.390
C1-01 1.224 1.228 1.228 1.238 1.239 1.238 1.219 1.288 1.371
H1-C5 1.078 1.084 1.109 1.363 2.064 2.057 2.853 3.601 5.596
H1-C4 2.151 2.160 2.134 1.317 1.119 1.174 2.120 2.726 4.331
H1-C2 2.756 2.709 2.812 2.314 2.180 1.578 1.105 1.441 3.189
H1-C1 4.148 4.141 4.184 3.369 3.078 2.460 2.088 1.601 1.919
HI1-01 4.931 4.976 5.109 4.470 4.200 3.512 2.720 1.372 0.963
C5-02-N 104.8 110.4 113.3 117.4 123.9 115.4 115.9 115.2 121.0
02-N-C3 122.7 126.5 117.5 114.3 113.3 114.9 117.3 116.4 119.6
N-C3-C2 121.4 116.6 121.9 126.1 126.4 125.4 121.6 121.9 123.9
C5-C4-C2 123.3 118.4 116.0 118.5 109.3 117.1 116.9 117.9 119.1
02-C5-H1 55.6 85.0 107.2 109.9 111.6 95.0 80.4 78.4 979
C4-H1-C5 34.6 364 41.7 66.1 44.6 43.1 27.6 19.9 7.3
C9-C4-H1 143.6 140.2 124.2 98.2 104.1 108.3 124.4 120.0 91.6
C4-H1-C2 31.8 30.8 279 33.8 40.9 64.2 42.5 19.6 13.3
C3-C2-H1 85.0 75.9 76.7 106.2 107.4 115.3 105.2 94.7 108.5
C1-H1-01 11.9 11.4 10.0 8.4 8.4 12.8 253 50.6 42.4
H1-01-C1 44.5 41.7 36.4 234 213 26.0 47.0 73.9 109.4
C5-C4-C9-C2 176.9 173.3 179.7 173.5 127.1 163.9 179.5 171.6 179.6
N-02-C5-C4 15.3 441 57.7 319 13.4 46.0 35.1 38.1 39
C2-C3-N-02 56.0 34.0 5.4 10.7 11.8 12.7 0.1 32 0.4
C5-C4-C9-C8 5.9 3.7 7.1 1.3 18.8 4.9 33 7.5 0.7
C4-C9-C8-C7 2.7 0.0 2.7 1.2 8.5 4.8 1.1 2.8 0.3
C2-C4-C9-C10 6.7 9.6 3.8 8.1 34.8 12.7 4.5 24 0.7
C4-C9-C10-C11 8.0 1.4 29 2.5 21.5 4.7 2.5 34 0.4
C10-C11-C1-C2 16.3 1.3 2.7 3.1 10.5 3.7 6.6 15.9 0.4
R =Ph 4E1 tS4E1.11 11 tS11-16 16 tS16.17 17 tS17.12 12
C5-02 2.655 1.922 1.438 1.330 1.283 1.350 1.371 1.365 1.372
02-N 1.208 1.260 1.404 1.513 1.471 1.491 1.441 1.396 1.408
N-C3 1.421 1.333 1.298 1.300 1.334 1.292 1.282 1.300 1.292
C2-C3 1.393 1.449 1.476 1.448 1.401 1.460 1.541 1.461 1.470
C3-R 1.471 1.478 1.487 1.494 1.495 1.501 1.490 1.489 1.495
C2-C4 1.454 1.393 1.361 1.428 1.523 1.504 1.503 1.419 1.427
C4-C5 1.406 1.440 1.499 1.451 1.493 1.442 1.383 1.409 1.410
C2-C1 1.512 1.501 1.488 1.445 1.442 1.460 1.537 1.452 1.390
C1-01 1.222 1.224 1.225 1.235 1.234 1.234 1.219 1.356 1.364
HI1-C5 1.080 1.085 1.108 1.414 2.074 2.044 2.780 4.056 5.584
H1-C4 2.153 2.160 2.138 1.330 1.118 1.173 2.120 2.943 4.329
H1-C2 2.722 2.698 2.810 2.282 2.185 1.587 1.102 1.991 3.186
H1-C1 4.162 4.162 4.215 3.431 3.136 2.437 2.100 1.172 1.916
H1-01 4.980 5.024 5.150 4.532 4.275 3.454 2.635 1.530 0.963
C5-02-N 104.8 109.6 112.7 117.7 123.7 114.5 114.7 120.9 120.5
02-N-C3 124.8 125.9 117.3 114.5 112.7 114.5 116.3 118.9 118.9
N-C3-C2 120.5 116.1 121.5 125.7 125.9 125.4 120.2 123.4 124.1
C5-C4-C2 122.0 117.9 1159 118.5 108.3 117.1 116.0 118.7 119.0
02-C5-H1 63.1 85.6 106.8 116.0 110.9 94.3 76.7 94.7 96.9
C4-H1-C5 34.7 36.5 414 63.7 44.2 43.6 29.0 14.4 7.5
C9-C4-H1 143.9 140.3 125.4 102.0 105.0 108.8 129.5 97.5 92.0
C4-H1-C2 321 309 279 35.6 40.7 64.0 42.4 25.1 13.2
C3-C2-H1 79.4 73.4 75.5 91.8 105.1 116.3 104.8 110.8 108.6
C1-H1-01 11.5 10.9 9.7 8.1 7.4 13.8 26.9 58.5 421
H1-01-C1 425 40.1 35.6 232 19.2 282 513 47.5 109.6
C5-C4-C9-C2 177.1 172.5 178.2 170.4 125.1 163.8 178.7 180.0 178.4
N-02-C5-C4 36.9 48.6 59.7 28.0 9.3 48.9 39.6 14.0 14.3
C2-C3-N-02 48.0 33.6 5.9 11.5 15.1 11.5 2.5 0.6 1.0
C5-C4-C9-C8 4.1 2.3 5.7 3.6 194 4.8 4.5 0.9 24
C4-C9-C8-C7 1.9 0.7 33 1.3 9.1 4.6 1.2 0.4 0.8
C2-C4-C9-C10 3.8 9.1 4.0 3.1 352 12.5 4.2 1.8 23
C4-C9-C10-C11 6.5 4.0 4.9 4.9 242 32 04 4.0 1.4
C10-C11-C1-C2 14.1 5.3 7.5 5.0 15.1 1.4 3.6 10.9 1.2




Table 6S Bond distances (A), angles and dihedral angles (degrees) of the structures (minima and transition states (ts)) of Fig. 5S.

R=H 4E1 tS4p1.11 11 tS11.18 18 tS18.19 19 tS19.20 20 £S20.21 21 tS21.22 22 tS22.23 23 tS23.12 12
C5-02 2.813 1.954 1.443 1.344 1.304 1.341 1.381 1.337 1.304 1.343 1.375 1.369 1.365 1.370 1.375 1.376 1.378
02-N 1.216 1.260 1.406 1.486 1.464 1.477 1.420 1.465 1.464 1.470 1.420 1.415 1.393 1.417 1.418 1.425 1.412
N-C3 1.407 1.327 1.289 1.286 1.301 1.284 1.281 1.285 1.302 1.284 1.282 1.285 1.295 1.286 1.283 1.283 1.284
C2-C3 1.369 1.428 1.454 1.440 1.411 1.436 1.451 1.435 1.410 1.438 1.451 1.446 1.433 1.442 1.445 1.446 1.449
C3-R 1.084 1.081 1.084 1.087 1.088 1.087 1.085 1.087 1.088 1.087 1.085 1.085 1.085 1.085 1.085 1.085 1.085
C2-C4 1.463 1.390 1.356 1.383 1.423 1.394 1.362 1.390 1.422 1.392 1.359 1.383 1.409 1.404 1.376 1.413 1.417
C4-Cs 1.405 1.441 1.500 1.440 1.396 1.415 1.446 1.432 1.410 1.418 1.436 1.430 1.414 1.423 1.436 1.418 1.411
C2-C1 1.526 1.495 1.479 1.459 1.459 1.453 1.474 1.460 1.458 1.452 1.476 1.471 1.470 1.449 1.463 1.401 1.384
C1-01 1.221 1.225 1.227 1.235 1.239 1.237 1.227 1.237 1.240 1.237 1.225 1.238 1.248 1.241 1.223 1.292 1.368
C5-C6 1.396 1.434 1.495 1.445 1.494 1.401 1.346 1.388 1.443 1.396 1.361 1.370 1.388 1.376 1.363 1.374 1.378
C6-C7 1.390 1.368 1.347 1.408 1.502 1.490 1.496 1.412 1.345 1.398 1.449 1.424 1.393 1.413 1.437 1.421 1.411
C7-C8 1.394 1.426 1.449 1.391 1.345 1.400 1.489 1.446 1.492 1.396 1.345 1.368 1.400 1.377 1.356 1.368 1.378
C8-C9 1.396 1.377 1.368 1.403 1.447 1.396 1.355 1.415 1.501 1.490 1.509 1.435 1.388 1.414 1.448 1.431 1.417
C4-C9 1.425 1.437 1.441 1.430 1.414 1.443 1.457 1.430 1.400 1.442 1.500 1.445 1.416 1.428 1.466 1.444 1.422
C9-C10 1.454 1.450 1.449 1.434 1.413 1.433 1.453 1.425 1.411 1.440 1.501 1.476 1.497 1.429 1.360 1.399 1.421
C10-C11 1.346 1.349 1.351 1.361 1.377 1.361 1.348 1.364 1.378 1.359 1.340 1.396 1.483 1.456 1.490 1.416 1.376
C11-C1 1.464 1.472 1.476 1.471 1.460 1.470 1.475 1.465 1.459 1.472 1.479 1.446 1.418 1.460 1.525 1.458 1.414
HI1-C5 1.078 1.083 1.108 1.318 2.110 2.242 3.216 2.961 3.653 2.829 2912 3.377 4.439 4.120 5.053 5.068 5.579
H1-C6 2.143 2.164 2.124 1.410 1.099 1.321 2.148 2.317 3.207 2.818 3.239 3.805 4.825 4.779 5.866 6.037 6.765
H1-C7 3.389 3.334 3.081 2.304 2.154 1.292 1.103 1.341 2.109 2.201 2.902 3.351 4.155 4.433 5.613 5.966 6.949
H1-C8 3.860 3.810 3.484 2.862 3.221 2.206 2.114 1.335 1.101 1.309 2.072 2.285 2.834 3.299 4.492 4.923 6.052
H1-C9 3.405 3.387 3.157 2.842 3.679 2.834 3.218 2.309 2.154 1.307 1.114 1.347 2.131 2.189 3.233 3.584 4.644
H1-C10 4.633 4.578 4.360 4.150 5.061 4.175 4.470 3.417 2.874 2.253 2.068 1.299 1.103 1.247 2.131 2.627 3.835
H1-C11 4.946 4.862 4.735 4.759 5.859 5.117 5.609 4.573 4.181 3.339 2.990 2.228 2.112 1.399 1.099 1.375 2.467
H1-C1 4.213 4.159 4.170 4.461 5.684 5.196 5.922 5.020 4.957 3.873 3.404 2.948 3.299 2377 2.128 1.646 1.924
HI1-01 5.010 4.986 5.067 5.485 6.744 6.344 7.114 6.228 6.174 5.071 4.553 4.099 4.370 3.357 2.667 1.441 0.963
C5-02-N 104.0 1119 115.4 118.3 123.1 121.3 122.1 122.6 123.3 121.9 121.7 121.8 121.7 121.6 122.0 121.3 121.2
02-N-C3 121.0 124.5 116.6 113.6 113.2 114.2 117.0 114.5 113.0 114.8 116.8 116.9 117.2 116.8 116.5 116.6 117.6
N-C3-C2 129.5 119.5 124.2 127.5 127.5 127.7 125.7 127.3 127.9 127.4 125.7 126.2 126.3 126.6 126.0 126.0 126.1
C5-C4-C2 123.8 118.5 116.0 117.4 117.0 118.0 119.2 118.3 116.6 119.2 118.9 119.2 118.1 118.2 118.0 117.5 118.5
C5-C6-C7 120.4 120.0 120.6 119.8 114.1 119.0 121.2 119.1 119.3 120.6 119.9 119.3 118.3 119.6 119.9 120.0 119.1
C6-C7-C8 119.5 121.4 121.8 119.6 121.7 119.0 115.0 120.5 123.4 121.3 122.5 122.6 121.5 121.5 122.0 121.2 121.6
C7-C8-C9 121.0 120.9 121.8 122.7 122.1 121.3 123.2 120.1 114.9 119.2 119.6 119.0 120.5 119.6 120.3 120.2 119.9
C8-C9-C10 119.7 123.0 124.4 124.7 124.4 123.5 123.4 124.1 123.3 124.5 118.2 125.7 124.2 124.2 123.9 123.1 124.5
C9-C10-C11 122.7 121.8 121.2 121.6 122.5 121.9 121.8 121.6 122.5 120.9 122.8 122.0 117.3 120.9 123.0 119.8 121.4
C10-C11-C1 120.9 121.9 122.4 123.7 1242 123.7 122.2 123.3 123.9 124.0 122.6 123.4 126.1 123.3 117.8 119.5 121.1
C11-C1-01 122.1 122.1 122.3 122.6 123.7 122.4 122.2 122.9 123.5 122.1 122.4 124.3 126.0 122.0 121.1 108.2 122.1
02-C5-H1 413 84.2 107.0 112.5 96.9 130.9 141.7 153.4 165.6 155.4 140.4 138.7 142.8 128.5 119.5 111.4 95.7
C5-H1-C6 345 35.8 41.9 63.9 423 35.7 17.9 272 23.1 28.6 24.8 209 16.6 15.6 11.5 10.1 6.6
C6-H1-C7 13.1 15.1 21.3 352 40.7 69.5 40.7 33.6 17.2 29.2 26.6 21.8 15.7 17.1 14.2 13.6 11.7
C7-H1-C8 209 21.7 24.5 28.7 17.9 36.6 42.0 65.4 423 36.9 249 17.8 7.8 11.7 8.7 9.4 9.3
C8-H1-C9 21.0 21.0 23.1 28.5 23.0 28.9 17.3 34.0 40.6 69.5 45.1 36.0 28.2 18.8 10.8 6.9 1.8
C9-H1-C10 11.3 12.1 12.5 9.8 3.9 8.4 11.2 18.4 28.2 36.9 44.9 67.8 41.6 37.9 17.5 19.1 15.9
C10-H1-C11 15.7 16.1 16.4 15.7 11.8 12.2 8.3 10.5 7.2 17.1 22.6 35.7 41.7 66.5 41.1 20.0 2.8
C11-H1-C1 16.0 16.5 17.6 18.0 14.4 16.4 14.4 16.7 15.6 22.0 25.7 28.3 16.9 34.6 432 56.9 349
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C1-H1-01 11.5 11.4 10.4 8.0 5.9 4.6 2.6 2.8 24 4.0 6.2 7.5 9.7 15.5 26.6 49.0 41.9
C1-O1-H1 43.7 42.1 38.0 30.2 28.3 19.8 12.6 11.3 9.7 12.6 17.4 18.0 264 30.8 51.3 73.8 110.1
C5-C4-C9-C2 178.2 173.3 179.0 179.4 180.0 179.9 180.0 179.4 180.0 178.8 179.1 178.5 180.0 179.6 180.0 176.1 180.0
N-02-C5-C4 39 39.8 52.1 30.0 0.0 8.6 0.0 0.9 0.0 1.8 7.4 35 0.0 1.5 0.1 114 0.0
C2-C3-N-02 48.4 32.8 6.0 53 0.0 1.4 0.0 0.1 0.0 1.1 3.1 0.9 0.0 0.5 0.0 0.3 0.0
C5-C4-C9-C8 5.1 53 9.3 1.6 0.0 0.4 0.0 1.1 0.0 24 26.4 5.0 0.0 0.5 0.0 1.2 0.0
C4-C9-C8-C7 2.1 0.0 24 24 0.0 1.6 0.0 1.4 0.0 1.3 21.9 3.8 0.0 0.0 0.0 0.9 0.0
C2-C4-C9-C10 6.8 11.1 4.6 0.7 0.0 0.4 0.0 0.1 0.0 2.7 16.8 0.7 0.0 1.2 0.0 6.2 0.0
C4-C9-C10-C11 5.5 2.9 24 0.9 0.0 0.1 0.0 0.4 0.0 1.8 13.7 1.5 0.0 3.2 0.0 2.8 0.0
C10-C11-C1-C2 9.9 2.6 1.7 1.3 0.0 0.9 0.0 0.4 0.0 1.8 6.2 1.4 0.0 1.2 0.2 19.0 0.0
R =Me 4E1 tS4E1_11 11 ts11-18 18 ts18-19 19 tSlg_zo 20 t520-21 21 t521-22 22 t522_23 23 tSz3_12 12
C5-02 2.674 1.940 1.433 1.338 1.300 1.335 1.373 1.331 1.300 1.337 1.366 1.360 1.356 1.362 1.367 1.370 1.370
02-N 1.210 1.260 1.411 1.479 1.452 1.467 1.416 1.455 1.452 1.461 1.417 1.412 1.390 1.414 1.414 1.424 1.409
N-C3 1.426 1.334 1.295 1.294 1.311 1.293 1.288 1.294 1.313 1.292 1.289 1.293 1.305 1.294 1.291 1.288 1.290
C2-C3 1.382 1.442 1.474 1.461 1.431 1.458 1.473 1.457 1.430 1.460 1.473 1.469 1.455 1.463 1.467 1.459 1.470
C3-R 1.501 1.502 1.504 1.506 1.504 1.506 1.506 1.506 1.505 1.506 1.506 1.506 1.507 1.507 1.506 1.504 1.507
C2-C4 1.463 1.396 1.361 1.388 1.430 1.401 1.369 1.397 1.430 1.400 1.366 1.392 1.420 1.414 1.384 1.416 1.426
C4-C5 1.404 1.438 1.500 1.440 1.396 1.416 1.446 1.432 1.410 1.418 1.435 1.430 1.414 1.422 1.435 1.417 1.411
C2-C1 1.511 1.497 1.486 1.465 1.464 1.459 1.483 1.467 1.463 1.458 1.484 1.480 1.480 1.455 1.470 1.403 1.389
C1-01 1.224 1.227 1.228 1.237 1.242 1.239 1.228 1.238 1.243 1.239 1.225 1.239 1.249 1.243 1.223 1.295 1.370
C5-C6 1.396 1.432 1.495 1.445 1.495 1.401 1.347 1.389 1.444 1.397 1.363 1.372 1.390 1.378 1.365 1.376 1.380
Co6-C7 1.390 1.368 1.346 1.406 1.499 1.487 1.493 1.410 1.344 1.396 1.445 1.420 1.390 1.410 1.433 1.419 1.408
C7-C8 1.394 1.423 1.448 1.391 1.343 1.399 1.486 1.444 1.490 1.394 1.345 1.367 1.399 1.377 1.355 1.368 1.378
C8-C9 1.396 1.378 1.368 1.403 1.447 1.396 1.355 1.414 1.502 1.490 1.508 1.434 1.388 1.413 1.448 1.431 1.417
C4-C9 1.424 1.437 1.444 1.432 1.416 1.446 1.461 1.433 1.402 1.445 1.505 1.449 1.420 1.431 1.470 1.446 1.424
C9-C10 1.452 1.447 1.446 1.432 1.410 1.431 1.450 1.423 1.408 1.438 1.497 1.473 1.493 1.427 1.358 1.398 1.419
C10-C11 1.346 1.348 1.349 1.358 1.374 1.357 1.345 1.360 1.374 1.355 1.337 1.391 1.476 1.450 1.483 1.414 1.371
C11-C1 1.468 1.472 1.476 1.471 1.459 1.470 1.475 1.465 1.458 1.472 1.479 1.446 1.418 1.459 1.526 1.460 1.416
H1-C5 1.078 1.084 1.109 1.318 2.110 2.249 3.219 2.958 3.644 2.818 2.886 3.368 4.430 4.107 5.046 5.066 5.594
H1-C6 2.141 2.164 2.123 1.410 1.099 1.324 2.147 2.310 3.200 2.810 3.213 3.796 4.807 4.764 5.855 6.031 6.766
H1-C7 3.387 3.342 3.091 2.308 2.153 1.289 1.103 1.336 2.108 2.204 2.893 3.350 4.136 4.423 5.601 5.955 6.927
HI1-C8 3.859 3.817 3.497 2.867 3.214 2.202 2.113 1.340 1.101 1.312 2.070 2.279 2.812 3.285 4.473 4.906 6.004
H1-C9 3.404 3.390 3.170 2.850 3.672 2.834 3.220 2.315 2.153 1.304 1.114 1.348 2.130 2.181 3.222 3.572 4.603
H1-C10 4.620 4.585 4.380 4.165 5.052 4.173 4.457 3.409 2.852 2.246 2.069 1.295 1.103 1.244 2.127 2.617 3.777
H1-C11 4.907 4.858 4.750 4.773 5.848 5.116 5.595 4.563 4.155 3.329 2.981 2212 2.108 1.402 1.099 1.370 2410
H1-C1 4.153 4.141 4.183 4.482 5.685 5.210 5.924 5.024 4.941 3.869 3.388 2.931 3.300 2.388 2.124 1.652 1.918
H1-01 4.942 4.975 5.107 5.536 6.771 6.381 7.126 6.238 6.155 5.071 4.534 4.066 4.345 3.363 2.629 1.437 0.963
C5-02-N 105.6 110.6 113.4 117.3 123.2 120.8 122.1 122.6 123.3 121.8 121.7 121.7 121.6 121.5 122.0 121.7 121.1
02-N-C3 123.3 126.3 117.4 115.0 115.1 115.9 118.7 116.4 115.0 116.5 118.5 118.8 119.1 118.5 118.3 118.0 119.3
N-C3-C2 121.5 116.7 122.0 125.1 125.2 125.3 123.5 125.0 125.5 125.1 123.5 124.0 123.9 124.4 123.8 124.1 124.1
C5-C4-C2 123.2 118.4 116.1 117.7 117.7 118.6 119.8 118.9 117.3 119.7 119.6 119.9 118.8 118.9 118.7 117.7 119.0
C5-Co6-C7 120.4 120.1 120.7 119.8 114.1 119.1 121.4 119.3 1194 120.8 120.2 119.6 118.6 119.8 120.1 120.1 119.3
C6-C7-C8 119.5 121.1 121.5 119.2 121.2 118.5 114.4 119.9 122.8 120.8 122.0 122.0 120.9 121.0 121.5 121.0 121.1
C7-C8-C9 120.9 121.0 122.1 123.0 122.4 121.5 123.4 120.3 115.1 119.4 119.6 119.2 120.8 119.7 120.4 120.2 120.0
C8-C9-C10 120.3 122.4 123.7 123.9 123.4 122.6 122.3 123.0 122.3 123.4 117.2 124.4 122.8 123.1 122.8 122.7 123.6
C9-C10-C11 122.0 121.3 120.7 121.0 121.8 121.2 121.2 121.0 121.8 120.3 122.1 121.3 116.6 120.3 122.5 119.5 120.8
C10-C11-C1 121.2 122.3 122.8 124.1 124.6 124.1 122.7 123.8 124.4 124.5 123.0 123.9 126.8 123.8 118.2 119.6 121.6
C11-C1-01 121.3 120.7 120.6 120.9 121.7 120.3 120.2 120.8 121.6 120.0 120.3 122.0 123.4 119.7 119.0 107.5 119.6
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02-C5-H1 56.6 85.0 107.2 112.7 96.4 131.4 141.1 152.9 165.5 156.2 140.9 138.8 143.9 129.4 120.4 111.9 97.6
C5-H1-C6 34.6 35.8 42.0 63.9 424 355 17.9 27.2 232 28.7 25.1 21.0 16.7 15.7 11.6 10.2 6.8
C6-H1-C7 13.2 14.8 21.0 34.9 40.6 69.4 40.6 33.8 17.3 29.3 26.7 21.8 15.7 17.1 14.2 13.6 11.7
C7-H1-C8 20.9 21.6 24.4 28.7 18.0 36.7 41.9 65.3 42.2 36.7 25.1 17.7 7.6 11.7 8.6 9.3 9.1
C8-H1-C9 21.0 21.0 23.0 28.4 23.1 28.8 17.2 33.8 40.8 69.4 452 36.3 28.6 19.0 11.0 7.1 2.3
C9-H1-C10 11.5 11.9 12.2 9.4 3.9 8.4 11.5 18.6 28.5 37.0 44.6 67.7 414 38.1 17.7 19.2 15.9
C10-H1-C11 15.9 16.1 16.3 15.7 11.8 12.1 8.2 10.5 7.2 17.1 22.7 36.0 41.5 66.1 40.9 20.2 2.0
C11-H1-C1 16.0 16.5 17.6 17.9 14.4 16.3 14.3 16.7 15.6 22.0 259 28.5 16.7 342 434 56.9 36.0
C1-H1-01 119 114 10.0 7.4 5.6 4.0 2.2 2.5 2.7 3.9 6.4 8.2 10.4 15.6 273 49.0 424
C1-O1-H1 442 41.7 36.4 28.0 26.4 17.1 10.8 10.2 10.9 12.2 17.9 19.8 28.4 31.2 52.7 74.2 109.4
C5-C4-C9-C2 176.9 173.4 179.8 178.4 180.0 179.3 180.0 179.4 180.0 178.8 178.0 178.4 180.0 179.7 180.0 176.6 180.0
N-02-C5-C4 19.7 43.8 57.5 34.4 0.0 14.6 0.0 1.1 0.0 5.9 3.9 7.2 0.0 2.6 0.1 6.8 0.0
C2-C3-N-02 53.0 339 4.7 5.9 0.0 24 0.0 0.2 0.0 1.9 34 0.6 0.0 1.0 0.0 0.8 0.0
C5-C4-C9-C8 5.9 3.9 7.7 0.1 0.0 1.2 0.0 1.3 0.0 2.4 26.5 5.1 0.0 0.7 0.0 1.0 0.0
C4-C9-C8-C7 2.6 0.0 2.6 1.7 0.0 14 0.0 1.7 0.0 1.5 22.3 3.7 0.0 0.1 0.0 0.6 0.0
C2-C4-C9-C10 6.6 9.6 4.0 1.2 0.0 1.0 0.0 0.1 0.0 3.5 17.9 1.1 0.0 1.4 0.0 6.1 0.0
C4-C9-C10-C11 7.6 1.4 2.9 0.0 0.0 0.4 0.0 0.5 0.0 1.5 134 1.5 0.0 4.2 0.0 3.3 0.0
C10-C11-C1-C2 15.0 1.2 2.8 0.6 0.0 0.7 0.0 0.0 0.0 1.1 7.1 3.4 0.0 1.5 0.2 19.8 0.0
R=Et 4E1 tS4E1_11 11 ts11-18 18 ts18-19 19 tSlg_zo 20 t520_21 21 t821_22 22 t522_23 23 tSz3_12 12
C5-02 2.688 1.942 1.434 1.338 1.299 1.335 1.371 1.331 1.300 1.337 1.366 1.360 1.357 1.362 1.367 1.369 1.369
02-N 1.210 1.259 1.410 1.480 1.452 1.468 1.421 1.455 1.452 1.461 1.418 1.411 1.391 1.413 1.414 1.425 1.409
N-C3 1.428 1.334 1.295 1.293 1.310 1.292 1.288 1.293 1.312 1.291 1.289 1.293 1.303 1.294 1.290 1.288 1.290
C2-C3 1.381 1.444 1.476 1.463 1.433 1.460 1.474 1.459 1.432 1.462 1.474 1.471 1.455 1.465 1.468 1.461 1.472
C3-R 1.507 1.508 1.509 1.514 1.514 1.515 1.514 1.515 1.514 1.515 1.514 1.514 1.513 1.514 1.514 1.513 1.516
C2-C4 1.467 1.397 1.361 1.388 1.432 1.402 1.369 1.399 1.432 1.401 1.368 1.394 1.420 1.415 1.385 1.418 1.428
C4-C5 1.404 1.438 1.500 1.441 1.397 1.416 1.446 1.432 1.410 1.418 1.434 1.429 1.413 1.422 1.435 1.417 1.411
C2-Cl1 1.512 1.498 1.486 1.466 1.465 1.460 1.483 1.468 1.464 1.459 1.484 1.481 1.477 1.456 1.471 1.403 1.390
C1-01 1.224 1.228 1.228 1.237 1.242 1.240 1.228 1.239 1.243 1.239 1.226 1.239 1.250 1.244 1.223 1.296 1.371
C5-C6 1.396 1.432 1.495 1.445 1.496 1.401 1.347 1.389 1.445 1.397 1.364 1.372 1.390 1.378 1.365 1.376 1.380
C6-C7 1.390 1.368 1.346 1.406 1.499 1.486 1.494 1.410 1.343 1.395 1.444 1.420 1.390 1.410 1.433 1.418 1.407
C7-C8 1.394 1.422 1.447 1.390 1.343 1.399 1.487 1.444 1.489 1.394 1.345 1.367 1.399 1.377 1.356 1.368 1.378
C8-C9 1.397 1.378 1.368 1.403 1.448 1.396 1.355 1.414 1.502 1.490 1.507 1.434 1.388 1.413 1.448 1.431 1.417
C4-C9 1.424 1.437 1.444 1.432 1.417 1.446 1.460 1.433 1.403 1.446 1.506 1.450 1.420 1.432 1.471 1.447 1.425
C9-C10 1.452 1.447 1.445 1.431 1.409 1.430 1.450 1.422 1.407 1.437 1.497 1.472 1.495 1.426 1.359 1.398 1.419
C10-C11 1.346 1.348 1.349 1.358 1.373 1.357 1.345 1.360 1.374 1.354 1.336 1.391 1.478 1.449 1.483 1.413 1.370
C11-C1 1.468 1.471 1.476 1.470 1.458 1.469 1.475 1.464 1.457 1.472 1.480 1.445 1.416 1.458 1.523 1.460 1.416
HI1-C5 1.078 1.084 1.109 1.318 2.109 2.249 3.212 2.957 3.644 2.823 2.893 3.357 4.385 4.111 4.875 5.078 5.596
H1-C6 2.142 2.164 2.123 1.410 1.099 1.325 2.147 2.308 3.200 2.814 3.213 3.787 4.788 4.769 5.696 6.043 6.767
H1-C7 3.388 3.344 3.098 2.311 2.152 1.288 1.103 1.335 2.109 2.208 2.890 3.347 4.150 4.428 5.479 5.964 6.925
HI1-C8 3.859 3.819 3.507 2.874 3.210 2.202 2.112 1.341 1.101 1.314 2.067 2.283 2.848 3.289 4.388 4.910 5.999
H1-C9 3.403 3.391 3.179 2.859 3.666 2.834 3.208 2314 2.152 1.303 1.114 1.347 2.128 2.183 3.126 3.576 4.598
H1-C10 4.619 4.587 4.390 4.178 5.047 4.176 4.447 3411 2.849 2.246 2.071 1.295 1.103 1.245 2.109 2.616 3.771
HI1-C11 4.904 4.859 4.757 4.786 5.844 5.119 5.576 4.566 4.153 3.330 2.982 2.217 2.109 1.399 1.103 1.368 2.404
HI1-C1 4.148 4.141 4.184 4.492 5.684 5.212 5.895 5.027 4.939 3.871 3.389 2.951 3.310 2.386 2.105 1.654 1.919
H1-01 4.931 4.976 5.109 5.550 6.776 6.387 7.100 6.246 6.154 5.076 4.546 4.111 4.396 3.361 2.737 1.437 0.963
C5-02-N 104.8 110.4 113.3 117.2 123.1 120.6 121.0 1224 1232 121.6 121.5 121.7 121.3 1214 121.7 121.4 121.0
02-N-C3 122.7 126.5 117.5 115.2 115.3 116.1 118.3 116.6 115.2 116.7 118.4 118.9 119.1 118.7 118.4 118.2 119.6
N-C3-C2 121.4 116.6 121.9 125.0 125.1 125.2 123.3 124.9 125.5 125.0 1234 123.9 123.7 124.3 123.6 124.0 123.9
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C5-C4-C2 123.3 118.4 116.0 117.7 117.8 118.6 119.6 119.0 117.4 119.8 119.7 120.0 118.7 118.9 118.6 117.8 119.1
C5-C6-C7 120.4 120.1 120.8 119.8 114.2 119.1 121.3 119.3 119.5 120.8 120.3 119.6 118.5 119.8 120.1 120.1 119.4
C6-C7-C8 119.5 121.1 121.4 119.1 121.2 118.4 114.5 119.9 122.7 120.8 121.9 121.9 121.0 120.9 121.5 121.0 121.1
C7-C8-C9 120.9 121.0 122.1 123.0 122.4 121.5 1234 120.4 115.1 119.4 119.6 119.2 120.7 119.7 120.4 120.2 120.1
C8-C9-C10 120.3 122.4 123.6 123.8 123.2 122.5 122.5 122.8 122.1 1232 117.2 124.3 123.2 123.0 122.8 122.6 1234
C9-C10-C11 122.0 121.3 120.7 121.0 121.7 121.1 121.1 120.9 121.7 120.2 122.1 121.3 116.4 120.2 1222 119.4 120.8
C10-C11-C1 121.2 122.4 122.9 124.1 124.7 124.2 122.8 123.9 1244 124.5 123.1 124.0 126.1 123.8 117.8 119.7 121.7
C11-C1-01 121.3 120.6 120.4 120.6 121.3 120.1 120.0 120.4 121.2 119.8 120.1 121.7 123.8 119.4 119.4 107.3 119.2
02-C5-H1 55.6 85.0 107.2 112.8 96.6 131.8 143.9 153.7 166.0 157.1 143.3 140.1 142.3 129.7 119.7 112.2 97.9
C5-H1-C6 34.6 35.8 41.9 63.9 42.5 35.5 18.1 27.2 232 28.7 25.1 21.1 16.7 15.7 11.9 10.2 6.8
C6-H1-C7 13.1 14.8 20.8 34.8 40.6 69.3 40.6 33.8 17.3 29.2 26.7 219 159 17.1 14.6 13.5 11.7
C7-H1-C8 20.9 21.6 243 28.6 18.1 36.7 41.9 65.3 42.2 36.6 252 17.9 8.6 11.6 9.4 9.2 9.1
C8-H1-C9 21.0 21.0 229 28.3 23.1 28.9 17.6 33.8 40.8 69.4 452 36.1 279 18.9 11.0 7.1 2.3
C9-H1-C10 11.5 11.9 12.1 9.2 3.8 8.3 114 18.5 28.6 37.0 44.5 67.7 41.6 38.0 20.2 19.1 15.9
C10-H1-C11 159 16.1 16.3 15.6 11.8 12.1 8.4 10.4 7.2 17.1 22.7 35.8 41.6 66.2 41.9 20.2 2.0
C11-H1-C1 16.0 16.5 17.5 17.9 14.4 16.3 14.4 16.7 15.6 22.0 259 28.2 16.3 342 443 56.8 36.1
C1-H1-01 119 114 10.0 7.4 5.5 3.9 2.1 2.3 2.8 3.7 5.9 7.1 9.3 15.7 25.2 49.0 424
C1-O1-H1 44.5 41.7 36.4 27.7 259 16.7 10.3 9.3 11.1 11.7 16.6 17.2 253 31.2 47.1 74.3 109.4
C5-C4-C9-C2 176.9 173.3 179.7 177.9 179.5 178.8 179.6 180.0 179.6 178.3 177.8 179.0 179.7 179.5 179.1 176.8 179.6
N-02-C5-C4 15.3 441 57.7 35.0 0.3 16.2 19.2 3.7 0.0 8.1 5.9 3.0 7.3 4.3 7.2 9.8 3.9
C2-C3-N-02 56.0 34.0 54 4.9 1.0 1.6 1.4 0.5 1.0 1.2 3.5 0.7 0.3 0.3 1.3 1.7 0.4
C5-C4-C9-C8 5.9 3.7 7.1 0.9 0.6 2.1 32 0.4 0.6 1.6 24.8 4.6 1.5 0.2 0.2 0.0 0.7
C4-C9-C8-C7 2.7 0.0 2.7 1.2 0.1 1.1 0.0 1.4 0.2 1.2 219 3.8 0.7 0.0 0.5 0.3 0.3
C2-C4-C9-C10 6.7 9.6 3.8 1.7 0.4 1.5 3.1 0.6 0.4 39 194 0.4 3.0 0.8 1.5 7.2 0.7
C4-C9-C10-C11 8.0 1.4 2.9 0.3 0.1 0.7 0.3 0.9 0.1 1.1 12.8 3.0 6.1 4.4 0.5 3.1 0.4
C10-C11-C1-C2 16.3 1.3 2.7 0.9 0.2 1.2 1.5 1.0 0.1 0.4 5.6 3.2 15.0 2.3 15.8 19.7 0.4
R=Ph 4E1 tS4E1_11 11 ts11-18 18 ts18-19 19 tSlg_zo 20 t520_21 21 t821_22 22 t522_23 23 tSz3_12 12
C5-02 2.655 1.922 1.438 1.339 1.301 1.338 1.373 1.334 1.301 1.340 1.367 1.363 1.361 1.365 1.369 1.373 1.372
02-N 1.208 1.260 1.404 1.476 1.449 1.462 1.421 1.452 1.448 1.458 1.418 1.412 1.387 1.412 1.414 1.414 1.408
N-C3 1.421 1.333 1.298 1.298 1.314 1.295 1.291 1.296 1.315 1.295 1.292 1.295 1.306 1.296 1.293 1.292 1.292
C2-C3 1.393 1.449 1.476 1.461 1.432 1.459 1.473 1.458 1.431 1.461 1.473 1.468 1.454 1.464 1.465 1.461 1.470
C3-R 1.471 1.478 1.487 1.492 1.494 1.494 1.491 1.494 1.494 1.492 1.491 1.491 1.489 1.493 1.491 1.489 1.495
C2-C4 1.454 1.393 1.361 1.388 1.433 1.402 1.368 1.397 1.433 1.400 1.367 1.390 1.419 1.413 1.381 1.417 1.427
C4-C5 1.406 1.440 1.499 1.439 1.395 1.414 1.445 1.432 1.409 1.416 1.432 1.429 1.410 1.422 1.435 1.418 1.410
C2-Cl1 1.512 1.501 1.488 1.468 1.468 1.461 1.483 1.469 1.468 1.460 1.484 1.479 1.473 1.456 1.474 1.407 1.390
C1-01 1.222 1.224 1.225 1.233 1.237 1.236 1.225 1.235 1.238 1.235 1.223 1.235 1.245 1.239 1.218 1.290 1.364
C5-C6 1.394 1.434 1.494 1.445 1.495 1.402 1.346 1.388 1.444 1.396 1.364 1.370 1.389 1.377 1.363 1.374 1.379
C6-C7 1.392 1.367 1.345 1.407 1.499 1.485 1.495 1.410 1.344 1.396 1.444 1.422 1.391 1.411 1.435 1.419 1.409
C7-C8 1.394 1.424 1.448 1.391 1.343 1.399 1.489 1.445 1.489 1.396 1.346 1.367 1.399 1.377 1.356 1.367 1.378
C8-C9 1.396 1.377 1.368 1.403 1.447 1.397 1.355 1.415 1.502 1.488 1.506 1.435 1.388 1.413 1.449 1.431 1.417
C4-C9 1.424 1.439 1.444 1.432 1.417 1.446 1.459 1.432 1.403 1.446 1.506 1.447 1.418 1.430 1.469 1.447 1.423
C9-C10 1.451 1.447 1.446 1.432 1.410 1.430 1.451 1.423 1.408 1.438 1.498 1.475 1.496 1.427 1.360 1.397 1.419
C10-C11 1.346 1.347 1.348 1.358 1.373 1.357 1.345 1.360 1.373 1.355 1.337 1.391 1.481 1.447 1.486 1.412 1.371
C11-C1 1.471 1.474 1.477 1.473 1.461 1.471 1.477 1.467 1.460 1.475 1.482 1.448 1.418 1.465 1.523 1.462 1.417
HI1-C5 1.080 1.085 1.108 1.321 2.116 2.234 3.224 2.947 3.649 2.837 2.910 3.375 4.478 4.124 5.180 5.039 5.584
H1-C6 2.142 2.165 2.125 1.401 1.098 1.318 2.145 2.309 3.202 2.824 3.228 3.800 4.834 4.765 5.987 6.004 6.759
H1-C7 3.388 3.341 3.109 2.307 2.156 1.296 1.102 1.341 2.108 2.207 2.893 3.345 4.129 4.409 5.710 5.931 6.925
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H1-C8

H1-C9
H1-C10
H1-C11
H1-C1

H1-01
C5-02-N
02-N-C3
N-C3-C2
C5-C4-C2
C5-Ce6-C7
C6-C7-C8
C7-C8-C9
C8-C9-C10
C9-C10-C11
C10-C11-C1
C11-C1-01
02-C5-H1
C5-H1-C6
C6-H1-C7
C7-H1-C8
C8-H1-C9
C9-H1-C10
C10-H1-C11
C11-H1-C1
CI1-H1-01
C1-O1-H1
C5-C4-C9-C2
N-02-C5-C4
C2-C3-N-02
C5-C4-C9-C8
C4-C9-C8-C7
C2-C4-C9-C10
C4-C9-C10-C11
C10-C11-C1-C2

3.862
3.408
4.623
4.906
4.162
4.980
104.8
124.8
120.5
122.0
120.2
119.7
120.9
120.7
122.0
121.9
120.7
63.1
345
13.2
209
21.0
11.5
15.9
16.1
11.5
42.5
1771
36.9
48.0
4.1
1.9
3.8
6.5
14.1

3.818
3.394
4.591
4.868
4.162
5.024
109.6
125.9
116.1
117.9
120.0
121.2
121.0
122.5
121.2
122.5
120.5
85.6
35.8
14.9
21.7
21.0
11.8
16.0
16.5
10.9
40.1
172.5
48.6
33.6
23
0.7
9.1
4.0
5.3

3.528
3.199
4414
4.784
4.215
5.150
112.7
117.3
121.5
115.9
120.7
121.6
122.1
123.7
120.7
122.8
120.8
106.8
41.8
20.6
242
22.8
12.0
16.2
17.5
9.7
35.6
178.2
59.7
59
5.7
33
4.0
4.9
7.5

2.880
2.874
4.198
4.813
4.526
5.591
116.4
114.6
124.8
117.5
119.6
119.2
123.0
124.0
121.0
124.1
121.0
113.0
64.1
34.8
28.5
28.2
9.0
15.5
17.8
7.1
26.9
176.4
38.1
7.0
2.0
0.5
1.5
1.8
4.9

3.227
3.690
5.066
5.853
5.678
6.737
123.0
115.1
125.2
117.8
114.1
121.1
122.4
123.2
121.7
124.6
121.5
952
421
40.4
17.7
229
4.1
11.9
14.5
5.9
28.4
177.3
6.8
0.8
1.3
0.6
0.1
22
6.7

2.205
2.842
4.164
5.092
5.179
6.308
120.6
115.9
125.2
118.6
119.1
118.5
121.5
122.6
121.2
124.2
120.4
126.4
36.0
69.2
36.6
28.8
9.1
12.3
16.4
5.0
215
177.5
16.0
34
2.7
1.9
1.5
1.9
6.2

2.117
3.239
4.481
5.619
5.945
7.118
120.0
117.5
123.3
119.3
121.0
114.6
123.4
123.0
121.1
122.7
120.7
138.6
17.6
40.8
41.8
16.7
11.3
8.2
14.3
3.1
15.2
179.5
274
29
5.1
0.6
3.7
1.3
5.9

1.334
2.310
3.392
4.532
4.981
6.155
121.8
116.2
124.8
118.9
119.1
119.9
120.4
123.1
120.9
123.8
120.9
149.6
27.3
339
65.4
339
19.0
10.9
16.9
3.9
16.1
177.1
15.0
24
34
2.1
1.0
1.7
6.7

1.101
2.152
2.832
4.128
4914
6.099
123.2
115.0
125.5
117.4
119.5
122.7
115.2
1221
121.7
124.4
121.3
164.8
23.2
17.3
422
40.8
28.9
7.6
15.7
3.8
15.0
177.4
59
0.9
2.0
1.7
0.2
1.9
6.1

1.308
1.311
2.261
3.358
3.909
5.128
120.6
116.0
124.7
119.6
120.7
120.8
119.5
123.5
120.2
124.5
120.2
159.3
28.6
29.0
36.6
69.3
36.6
16.6
21.8
2.6
8.2
176.4
19.6
4.5
0.4
0.4
4.1
0.8
4.1

2.066
1.114
2.075
3.001
3.427
4.611
120.9
117.5
123.3
119.5
120.2
122.1
119.6
117.4
122.3
123.2
120.7
145.3
25.0
26.6
25.1
45.2
44.4
223
25.6
4.4
12.3
178.9
17.1
53
229
21.2
20.2
11.0
0.4

2.268
1.348
1.294
2.200
2.894
3.974
120.5
118.2
123.7
119.6
119.4
122.0
119.3
124.9
121.3
123.6
122.6
136.6
21.0
21.8
17.6
36.7
67.8
36.5
29.2
10.1
243
179.0
214
0.5
6.6
4.1
1.6
1.7
12.8

2.783
2.134
1.102
2.114
3.273
4.260
121.1
118.9
123.5
118.6
118.4
121.1
120.6
123.6
116.3
125.4
124.8
144.2
16.6
15.4
6.5
292
41.4
41.5
17.9
11.7
32.1
178.5
11.9
0.4
1.0
0.4
3.6
8.7
20.5

3.263
2.186
1.247
1.399
2.373
3.276
120.5
118.1
124.2
118.7
119.7
120.9
119.8
123.4
120.2
123.8
120.1
127.7
15.8
17.1
11.6
19.7
38.0
66.0
349
17.5
352
179.6
18.9
1.3
24
0.5
22
0.1
10.9

4.558
3.309
2.152
1.094
2.140
2.547
121.0
117.6
123.7
118.4
119.9
121.6
120.5
123.3
1221
117.2
120.6
119.1
11.3
13.8
8.0
10.8
15.4
39.7
42.4
28.5
56.9
178.5
18.8
3.1
23
0.2
0.3
0.3
21.8

4.885
3.556
2.612
1.372
1.652
1.433
121.7
118.3
123.9
117.8
120.0
120.9
120.4
122.6
119.4
119.6
107.4
111.2
10.2
13.6
9.4
7.3
19.5
20.6
56.9
48.8
74.5
176.1
7.3
3.0
29
1.1
4.0
4.1
21.2

6.005
4.604
3.781
2414
1.916
0.963
120.5
118.9
124.1
119.0
119.2
121.1
120.1
123.7
120.8
121.7
119.8
96.9
6.8
11.7
9.1
23
15.9
2.1
359
421
109.6
178.4
143
1.0
24
0.8
2.3
1.4
1.2
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Table 7S Bond distances (A), angles and dihedral angles (degrees) of the structures (minima and transition states (ts)) of Fig. 6S.

R=H 4E1 4E2 tS4E2_13 13 tSl3_24 24 tSz4_14 14
C5-N 3.323 2.960 1.973 1.522 1.490 1.491 1.432 1.392
C5-02 2.813 4.131 2.868 2427 2.459 2.423 2.554 2452
02-N 1.216 1.224 1.225 1.257 1.273 1.370 1.505 1.382
N-C3 1.407 1.408 1.348 1.333 1.419 1.496 1.427 1.373
C3-C2 1.369 1.362 1.409 1.442 1.379 1.343 1.360 1.386
C3-R 1.084 1.087 1.083 1.078 1.078 1.078 1.078 1.078
C4-C2 1.463 1.469 1.390 1.362 1.409 1.450 1.438 1.419
C4-C5 1.405 1.404 1.441 1.477 1.402 1.375 1.385 1.399
C5-H1 1.078 1.080 1.088 1.103 1.394 2.060 2.214 2.872
02-H1 2.126 3.338 2.708 2.697 2.187 1.983 1.366 0.968
H1-C5-N 56.2 433 81.2 100.7 53.9 28.6 25.1 342
C5-H1-N 105.6 117.9 68.1 472 66.8 43.5 335 24.5
02-HI1-N 225 13.3 25.8 264 31.7 40.4 74.4 44.7
N-O2-H1 115.5 25.6 48.3 46.1 32.7 293 44.7 105.7
N-C3-R 110.7 116.7 119.2 120.3 117.4 1159 118.6 120.4
C5-02-N-C3 294 138.6 142.6 172.0 162.8 117.9 140.1 167.6
C5-N-C3-R 177.6 172.7 171.6 175.6 179.8 176.8 176.2 177.5
C5-N-C3-C2 232 10.2 195 9.0 2.5 0.9 4.4 2.6
N-C3-C2-C4 16.2 3.8 10.2 2.7 1.6 1.2 2.8 1.5
C3-C2-C4-C5 31.2 18.0 10.7 5.1 0.1 1.1 0.2 0.0
R =Me 4E1 4E2 tS4E2_13 13 tSl3_24 24 t524_14 14
C5-N 3.217 2.797 3.045 1.510 1.489 1.487 1.431 1.394
C5-02 2.674 3.843 3.049 2.428 2.463 2415 2.551 2.449
02-N 1.210 1.218 1.203 1.265 1.275 1.361 1.505 1.383
N-C3 1.426 1.442 1.460 1.337 1.428 1.529 1.441 1.382
C3-C2 1.382 1.376 1.358 1.450 1.388 1.350 1.368 1.393
C3-R 1.501 1.497 1.501 1.486 1.480 1.472 1.478 1.486
C4-C2 1.463 1.468 1.481 1.363 1.408 1.448 1.436 1.418
C4-C5 1.404 1.403 1.402 1.477 1.403 1.375 1.385 1.398
C5-H1 1.078 1.080 1.080 1.103 1.377 2.048 2.217 2.879
02-H1 2.267 3.183 2.270 2.704 2.195 1.974 1.350 0.968
HI1-C5-N 64.8 55.7 58.5 101.3 54.6 29.0 25.2 34.1
C5-H1-N 95.7 102.1 101.2 46.6 67.1 44.0 335 244
02-HI1-N 22.7 18.9 27.0 26.5 31.6 40.3 74.9 44.7
N-02-H1 110.9 389 94.2 459 32.7 29.6 45.1 105.9
N-C3-R 109.5 118.3 107.5 120.8 118.4 116.6 119.7 122.3
C5-02-N-C3 254 122.8 71.9 171.6 163.7 120.1 140.2 165.8
C5-N-C3-R 165.1 162.7 170.3 174.6 179.2 176.0 174.3 177.4
C5-N-C3-C2 32.0 22.5 19.9 8.8 24 1.2 5.0 3.0
N-C3-C2-C4 243 11.3 7.9 24 1.4 0.6 32 1.8
C3-C2-C4-C5 39.0 30.9 36.8 5.2 0.2 0.3 0.3 0.1
R=Et 4E1 4E2 tS4E2_13 13 tSl3_24 24 t524_14 14
C5-N 3.217 2.773 3.060 1.510 1.489 1.487 1.431 1.394
C5-02 2.688 3.802 3.031 2423 2.460 2418 2.549 2.445
02-N 1.210 1.218 1.205 1.266 1.276 1.360 1.504 1.383
N-C3 1.428 1.444 1.455 1.338 1.430 1.530 1.443 1.383
C3-C2 1.381 1.375 1.359 1.452 1.388 1.350 1.369 1.394
C3-R 1.507 1.502 1.509 1.491 1.485 1.476 1.483 1.491
C4-C2 1.467 1.467 1.481 1.363 1.408 1.448 1.436 1.417
C4-C5 1.404 1.403 1.402 1.477 1.403 1.375 1.385 1.398
C5-H1 1.078 1.080 1.080 1.103 1.376 2.043 2214 2.880
02-H1 2.261 3.164 2.257 2.699 2.196 1.973 1.349 0.968
H1-C5-N 65.4 57.4 58.6 101.2 54.6 29.1 25.3 34.0
C5-HI-N 95.1 100.1 101.1 46.7 67.1 44.2 33.6 243
02-H1-N 22.5 194 26.8 26.6 31.6 40.4 74.9 44.7
N-O2-H1 112.0 40.4 95.8 46.1 32.7 29.6 452 105.8
N-C3-R 109.4 117.1 107.3 121.3 118.6 116.8 120.0 122.6
C5-02-N-C3 30.5 118.9 70.2 172.1 163.4 120.5 140.4 165.5
C5-N-C3-R 164.6 161.5 169.7 174.2 179.9 175.3 174.6 178.1
C5-N-C3-C2 30.8 252 20.4 8.4 22 1.8 52 32
N-C3-C2-C4 22.0 14.2 8.5 2.1 1.2 1.0 34 2.0
C3-C2-C4-C5 40.9 30.8 37.1 5.3 0.4 0.2 0.4 0.2
R =Ph 4E1 4E2 tS4E2_13 13 tSl3_24 24 tSz4_14 14
C5-N 3.185 2.788 3.010 1.499 1.479 1.473 1.423 1.386
C5-02 2.655 3.806 3.086 2.394 2.426 2.368 2.501 2.423
02-N 1.208 1.214 1.201 1.265 1.276 1.369 1.503 1.381
N-C3 1.421 1.453 1.480 1.349 1.443 1.539 1.456 1.390

14



C3-C2

C3-R

C4-C2
C4-C5
C5-H1
02-H1
H1-C5-N
C5-H1-N
02-H1-N
N-02-H1
N-C3-R
C5-02-N-C3
C5-N-C3-R
C5-N-C3-C2
N-C3-C2-C4
C3-C2-C4-C5

1.393
1.471
1.454
1.406
1.080
2.370
64.5
95.8
24.0
102.8
110.2
10.1
156.8
39.5
35.1
35.0

1.379
1.475
1.464
1.403
1.081
3.199
59.1
98.3
19.3
41.1
118.3
116.3
157.7
27.8
16.5
32.8

1.358
1.478
1.479
1.402
1.080
2.334
60.0
99.3
27.0
90.8
107.5
74.3
168.7
22.0
9.5
38.5

1.471
1.465
1.364
1.474
1.104
2.683
101.6
46.3
26.9
46.5
122.0
171.2
171.4
10.1
3.0
5.5

1.407
1.461
1.409
1.402
1.369
2.179
54.8
66.8
322
333
119.7
164.7
177.6
2.6
1.3
0.6

1.375
1.448
1.451
1.374
2.051
1.984
28.6
43.0
40.3
29.3
115.7
119.5
174.8
2.8
2.0
0.3

1.388
1.460
1.437
1.383
2.201
1.339
25.9
34.0
75.0
45.6
120.8
143.5
177.2
5.6
4.2
14

1.408
1.466
1.419
1.397
2.870
0.969
343
244
445
106.0
122.1
178.9
178.6
0.8
1.0
0.9
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Fig.1S Minima and transitions structures involved in the o- and peri-cyclization modes of the S-nitroso-o-
quinone methides 3 and 4.
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Fig.2S Minima and transitions structures the involved in the o- and peri-cyclization modes of the S-nitroso-o-

quinone methides 3 and 4 interacting with a AcOH molecule; relative energies in kcal/mol with respect to the 3E,
and 4E, minimum structures, respectively.
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Fig 3S Relative electronic energy levels of the o-(1,5)-cyclization of 3 and 4 minima to 9 and 10 in the gas phase (solid line), in THF solvent (dashed line) and in CH,Cl,
solvent (dotted line). R = H (black lines), Me (red), Et (blue), and Ph (green). (C atoms = gray spheres, H = white, O = red, and N = blue).
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Fig4S Relative electronic energy levels of the peri-(1,6)-electrocyclization of 4 minimum to 12 in the gas phase (solid line), in THF solvent (dashed line) and in CH,Cl,

solvent (dotted line) via first route. R = H (black lines), Me (red), Et (blue), and Ph (green). (C atoms = gray spheres, H = white, O = red, and N = blue).
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Fig SS Relative electronic energy levels of the peri-(1,6)-electrocyclization of 4 minimum to 12 in the gas phase (solid line), in THF solvent (dashed line) and in CH,Cl,
solvent (dotted line) via second route. R = H (black lines), Me (red), Et (blue), and Ph (green). (C atoms = gray spheres, H = white, O =red, and N = blue).
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Fig 6S Relative electronic energy levels of the peri-(1,5)-electrocyclization of 4 minima to 14 in the gas phase (solid line), in THF solvent (dashed line) and in CH,Cl,
solvent (dotted line) via second route. R = H (black lines), Me (red), Et (blue), and Ph (green). (C atoms = gray spheres, H = white, O = red, and N = blue).
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