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Abstract The mechanism of the Lewis acid-catalyzed
oxy-2-azonia-Cope rearrangement between f,y-unsaturated
ketones and imines leading to the formation of homoallylic
amides and lactams has been theoretically studied using the
B3LYP density functional theory methods enhanced with a
polarized continuum solvation model. It was predicted that
the SnCl,-catalyzed tandem dimerization/oxy-2-azonia-
Cope rearrangement mechanism is highly preferred over
the uncatalyzed version as well as the plausible tandem
dimerization/Prins rearrangement mechanism. A two-step
pathway was found for the overall reaction, involving the
initial nucleophilic dimerization followed by the [3,3]-sig-
matropic rearrangement. The latter phase was considered to
be the rate-limiting step. Particularly, the transition states
account for the experimentally observed stereoselectivities
and Z/E selectivities. The high stereoselectivity and Z/E
selectivity for the chiral cyclic substrates can be attributed
to the relative conformational stabilities of TSs. Moreover,
distortion—interaction analysis has been performed in an
attempt to quantify the various contributions to the reac-
tion transition states, and it revealed that interaction energy
E! and distortion energy AE£l associated with the forma-

nt
tion of the 2COM2 complex are the determining factors to
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define the Z/F selectivities for nine- and ten-membered ring
pathway, respectively. Investigation on the ethyleneimine-
involved reaction predicts a relatively very low barrier in
the pathway; thus, the sequence might be a useful strategy
for synthesis of macrolactams.

Keywords Oxy-2-azonia-Cope rearrangement -
Prins rearrangement - Density functional theory -
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1 Introduction

Stereoselective  [3,3]-sigmatropic rearrangements have
developed into a generally powerful tool for construction
of carbon—carbon as well as carbon—heteroatom bonds in
organic synthesis [1-3]. Among them, both of the Claisen
[4-6] and Cope [7-9] rearrangements have aroused excep-
tionally great interests in the past decades. The rearrange-
ment of N-substituted 1,5-dienes is known as the aza-Cope
rearrangement. This reaction has many variants, namely
l-aza-, 2-aza-, 3-aza- and various diaza-Cope rearrange-
ments [10]. One of the inherent major problems of the
reaction is the reversibility of the process. For driving the
2-azonia-Cope rearrangements to completion, Overman’s
tandem 2-aza-Cope rearrangement (2-azonia-[3,3]-sigma-
tropic rearrangement) and Mannich reaction are remark-
able, which have provided impressive methods for the rapid
assembly of pyrrolidine-containing structures [11, 12]. As
with all [3,3]-sigmatropic rearrangements, the activation
energies can be significantly lowered when the starting 1,5-
diene system is charged, and under these cases, the reaction
takes place at a lower temperature.

Quite recently, we have uncovered a new variant for the
2-azonia-[3,3]-sigmatropic rearrangement [13, 14]. Thus,
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Scheme 1 Oxy-2-azonia-Cope rearrangement

in the presence of a Lewis acid, B,y-unsaturated ketones and
oximes undergo nucleophilic addition to produce dimeric
zwitterionic intermediates, and subsequent 2-azonia-Cope
rearrangements to afford homoallylic amides (Scheme 1). We
have termed this new variant as oxy-2-azonia-Cope rearrange-
ment. This strategy is featured by overcoming the reversibil-
ity problem with formation of an amide bond and has been
utilized for the synthesis of functionalized allyl a-amino acid
derivatives with imino ethyl glyoxalates as the substrates [14].

Although various 2-azonia-Cope rearrangements have
found a myriad of applications in organic synthesis, the
theoretical investigation is, however, anecdotal [13, 15].
An important theoretical approach to the mechanism has
recently been devoted to these rearrangements by P. Merino
and coworkers. They disclosed that the located transition
states of 2-azonia-Cope rearrangements of cyclic nitrones
have a chair-like conformation, and the uncatalyzed pro-
cess proceeds through a neutral transition state, while the
catalyzed process takes place through cationic species [15].
We have proposed in our recent work that, in the EtAICI,-
catalyzed oxy-2-azonia-Cope rearrangement reaction, the
chair-like transition states are generally preferred over boat-
like ones, and the [3,3]-sigmatropic rearrangement step is the
rate- and product-determining step despite of a high-energy
preequilibrium in the formation of zwitterionic intermediates
[13]. However, this initial hypothesis for the mechanism was
put forward by the density functional theory (DFT) study
on a single rearrangement reaction of a rigid cyclic B,y-
unsaturated carbonyl compound and an oxime ether [13].

In this paper, the mechanisms of this novel variant of
2-azonia-Cope rearrangement under catalysis of SnCl, have
been investigated by theoretical calculations. The research
was aimed at getting a general overview of the mechanism,
especially the stereochemistry defining step of the reaction.
The outcome would be informative for achieving a ration-
ale of the substrate reactivity scope of the reaction. First,
we interpreted that the Cope-type pathway is preferred with
respect to the alternative Prins-type mechanism in the tem-
plate reaction. Then, we probe deeply into the key influenc-
ing factors for the observed high chirality transfer using a
ten-membered ring lactam case as the model. In addition,
the discrepancy of Z/E selectivity in nine-membered ring and
ten-membered ring lactam reaction (with reverse selectiv-
ity) was examined particularly by adopting transition state
theory, nature bond orbital analysis and distortion/interaction
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analysis. Furthermore, the non-substituted ethyleneimine
was utilized to explore the scope of this novel rearrangement
reaction. The result indicates that it is a promising strategy
for the synthesis of macrolactams via this SnCl,-catalyzed
tandem nucleophilic addition reaction. The localized orbital
locator (LOL) and reduced density gradient (RDG) functions
based on localized electron analysis were also used to ana-
lyze the covalent bond and non-covalent interactions in order
to unravel the mechanism of the title reactions.

2 Computational method

All calculations were carried out using the B3LYP func-
tional in Gaussian 09 program package [16]. Considering
the previous work, the small-core, quasi-relativistic Stutt-
gart/Dresden effective core potential (standard SDD basis
set in Gaussian 09) basis set was applied for Sn [17, 18].
The standard 6-314+G(d,p) basis set, which is pervasively
used to investigate similar reactions, was used for C, H,
O, N and CI atoms [19-21]. Geometry optimizations of all
minima and transition states involved were implemented at
the chosen level of theory. To confirm that all of the sta-
tionery points are indeed the minima or first-order saddle
points, frequency calculations were conducted at the same
level. Free energy at 298.15 K was computed that included
entropic contributions by considering the vibration, rotation
and translational motions. The intrinsic reaction coordinate
(IRC) pathway was traced to identify the transition state
[22, 23]. Solvent effects were treated in single-point cal-
culations on the gas-phase optimized structures, using the
polarizable continuum solvation model (PCM) with dichlo-
roethane as a solvent with UFF radii [24-28]. The natural
population analysis (NPA) [29] allows the evaluation of the
charge transfer degree and the direction between the reac-
tants parts at the TSs. The charge transfer discussed in the
context is in terms of the residual charge on the oxime ether
(or imine fragment). In addition, second-order perturbation
theory analysis of the Fock matrix can evaluate the donor—
acceptor interaction in the NBO basis [30].

LOL [31] and RDG [32] functions have been used to
study the covalent bond and non-covalent interactions for
some stationary points in our studied reactions. LOL is
based on the electron kinetic energy density as a measure of
electron localization. It gives simple, recognizable patterns
in classic chemical bonds and proves useful in interpreting
the structure using graphical representations. And it is ref-
erenced with a LOL value of 0.5. Values of LOL larger than
0.5 are characteristic of regions with localized electrons,
typical of covalent bonding and lone pairs, and these are
shown as green, yellow and red in LOL maps. LOL values
smaller than 0.5 are characterized by delocalized electrons
and are typical of regions with multicenter bonding shown
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in deep blue, blue and light blue in LOL contour plots. In
order to investigate the weak interactions in real space based
on the electron density and its derivatives, RDG was devel-
oped by Johnson et al. The RDG is a fundamental dimen-
sionless quantity coming from the density and its first
derivative. Its density tails show that large, negative values
of sign(kz)p are indicative of attractive interactions (such
as dipole—dipole or hydrogen bonding), while if sign(1%)p
is large and positive, the interaction is non-bonding. Values
near zero indicate very weak, van der Waals interactions.
The sign of A% is utilized to distinguish the bonded (1* < 0)
from non-bonded (1% > 0) interactions [32]. Multiwfn pack-
age, version 2.1 [33], has been employed for LOL and RDG
analysis using the wavefunction obtained from the same cal-
culation level described above.

To identify the stable structures of the reactants includ-
ing B,y-unsaturated ketone and oxime ether, the relaxed
scans were carried out at B3LYP/6-31+G(d,p) level in gas
phase, and the scan results are presented in Figure S1-S4.
Afterwards, the lowest local minima on the potential
energy curves were optimized at the same level. The stable
conformers and the absolute energies of the reactants are
shown in Table S1.

3 Results and discussion

3.1 The mechanism of the template reaction (the Cope
pathway vs. the Prins pathway)

First, we selected the SnCl -catalyzed tandem nucleophilic
addition reaction of the acyclic carbonyl compound la

Scheme 2 Two plausible

and the oxime ether 1b as the template reaction to study
the possible mechanism (see Scheme 2). The product 1P
can be formed through oxy-2-azonia-Cope rearrangement
[13]. Nevertheless, it could be produced alternatively in a
Prins-type [34, 35] manner by coordination of the Lewis
acid SnCl, to the N atom of oxime 1b, as illustrated in
Scheme 2. In this work, the coordination manner of SnCl,
to the oxime was assigned to form a chelate having a trigo-
nal bipyramidal geometry [36].

The computational results are shown in Fig. 1, and the
relevant stationary point structures are shown in Fig. 2. For
clarity, only the lowest energy pathway for Cope and Prins
reaction is presented in Fig. 1. In both energy profiles,
only the chair-like transition states are involved, which is
in agreement with a typical Cope and Prins rearrangement
(see Electronic supplementary material). For 1Cope-TS in
the Cope pathway, the lowest energy chair-like geometry is
13.4 kcal/mol more stable than the lowest energy boat-like
one, which is attributable to the strain due to the annulated
ring system. The axial disposition of SnCl, in both path-
ways is favored over the pseudo-equational one, which
is determined by the required orientation of the orbitals
involved in the rearrangement [13, 15].

For the Cope pathway with the lowest energy, reactant
1a is firstly activated by coordination of SnCl, to the car-
bonyl group to generate 1Cope-COM1. Upon addition of
oxime ether 1b, the zwitterionic complex 1Cope-COM2 is
formed via I TSCOM12. In 1Cope-COM2, 0.516 e charge
is transferred from oxime ether 1la fragment to 1COM1
fragment. The distance between C4 and N29 turns to be
only 1.60 A, while the one between C6 and C22 is still
3.30 A, far beyond bond forming (Fig. 2). Finally, SnCl,
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Fig. 2 Selected stationary points shown in Fig. 1

coordinated product 1PSnCl, is produced through Cope
rearrangement transition state 1Cope-TS. In 1”TSCOM12
and 1Cope-TS, C4-C3-C2-C6-C22-N29 formed a six-
membered ring with chair-like conformation. From the
NBO analysis of 1Cope-TS, the bond orders of two newly
formed ¢ bonds (C4-N29 and C6-C22) are 0.889 and
0.469, respectively. This inferred clearly that the Cope rear-
rangement step is a highly asynchronous concerted process

@ Springer

[37-39]. It should be underlined that only the lowest chair-
type process is two-step for the Cope pathways, which dif-
fers from other one-step processes including the boat-type
paths of Cope and Prins paths (see Electronic supplemen-
tary material).

For lowest energy Prins pathway, the activation mode for
the reactant 1a is different. In this case, the Lewis acid is
coordinated to the N atom of oxime ether 1b instead of the
O atom of the carbonyl group of 1a. The forming 1Prins-
COM1 is less stable than 1Cope-COM1 in Cope pathway
by 7.7 kcal/mol. Without the generation of zwitterionic
complex 1Prins-COM?2, the Prins rearrangement proceeds
with a dramatically high barrier 40.9 kcal/mol to form the
same product 1PSnCl,. These results are in good agreement
with the recent theoretical study by Kraft et al. [40]. Com-
parison between the total barriers for the two paths shows a
clear preference for Cope pathway whose total free energy
barrier is only 10.3 kcal/mol, while that for the lowest Prins
pathway 38.9 kcal/mol. The dramatically higher barrier for
the Prins pathway may result from the electron-withdrawing
inductive effect of the methoxy group. The effect prevents
the perfect coordination of N atom with Sn compared to the
free carbonyl oxygen atom in Cope pathway. The bond dis-
tance of N-Sn in 1Prins-TS (2.24 A) is 0.12 A longer than
that of O—Sn bond in 1Cope-TS (2.12 A), which proves the
aforementioned effect of the methoxy group to some extent.
This effect can be clearly expressed in color-filled contour-
line diagrams of LOL isosurfaces (Fig. 3a, b). As shown in
Fig. 3a, the interaction between O atom and Sn atom is very
strong, and O—Sn bond is almost an ionic bond. The N-Sn
bond is completely a covalent bond (Fig. 3b), however. In
fact, SnCl, may not be a catalyst in the Prins pathway as
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Fig. 3 Color-filled contour-line diagrams of LOL isosurfaces through the variable v, = ¢/(1 + t,) for part of 1Cope-TS (a) and 1Prins-TS (b);

LOL isosurfaces (v; = 1/2 a.u.) for 1Cope-TS (c) and 1Prins-TS (d)

the barrier for non-catalyzed Prins pathway is 2.3 kcal/mol
lower than that of the SnCl,-catalyzed one in dichloroeth-
ane. No doubt binding SnCl, to N atom of the oxime ether
1b increases the electrophilicity of C atom of double bond,
while makes the N a weaker nucleophile and induces more
steric hindrance, which leads to a higher overall barrier than
the uncatalyzed Prins pathway.

The LOL analysis for 1Cope-TS and 1Prins-TS can also
give valuable information for the preference of Cope path-
way. As shown in Fig. 3c, in 1Cope-TS, the bond regions of
newly formed bonds C6—-C22 and C4-N29 are circular cross
sections and extend into the o region. Particularly for C4—
N29, the bond regions have more distinct shape and extend
somewhat into the 7 region above and below the bond
axis, which is considerably a little double-bond featured.
As a result, these stronger interactions stabilize 1Cope-TS.
On the other hand, in 1Prins-TS (Fig. 3d), there is nothing
expressed above and below the bond axis of C4-N29 by the
LOL analysis, which indicated that the covalent bond inter-
action of the atom N29 and C4 has not been formed yet, and
the interaction between them is dominated by the weak elec-
trostatic attraction. As for another newly formed bond (C6—
C22), the bond regions around the bond axis corresponds to
o-region with a big and distinct circular cross section, where
the typical single o-bond is expected. Thus, two strong bonds
forming interactions in 1Cope-TS and just one strong bond
forming interaction in 1Prins-TS make Cope rearrangement
as the preferred pathway. This is in good agreement with the
conclusion from Fig. 1, the relative free energy of 1Cope-TS
is 28.6 kcal/mol dramatically lower than that of 1Prins-TS.

In addition, it is worth noting that the Prins process is
also asynchronously concerted. However, the C6-C22
is formed earlier than C4-N29 bond (Fig. 2). This is in
reverse compared to the Cope path, in which C4-N29
bond forming is more advanced than bond C6-C22. That
is to say, the C-N formation could be regarded vital for the
Cope process, while in the Prins process it is the C—C bond
forming. In 1Prins-TS, C4-C3-C2-C6-C22-N29 also
formed a six-membered ring with chair-like conformation.

To validate the above results from B3LYP/6-314+G(d,p)
method, the two lowest pathways shown in Fig. 1 are rec-
omputed at B2PLYP/6-314-G(d,p) level [41]. The results
are shown in Fig. S5. The discrepancy between B3LYP
and B2PLYP is on a range of 2.0-11.6 kcal/mol. Albeit the
different relative values, the similar reaction profiles were
obtained. And the same conclusion of Cope pathway’s pref-
erence can be drawn. Thus, B3LYP/6-31+G(d,p) method is
adopted throughout this work.

3.2 The mechanism investigation for formation of [n + 4]
ring-expanded lactams

o] o)
NS
% N Ol N O
snCl, / R

(S)-2a 60 min, 89% (S,E)-2P
98%ee [E/Z > 99:1] 90%ee

Encouraged by the initial results, we employed 2-vinylcy-
cloalkanone (S)-2a to define the mechanism of the rigid
substitutes, especially on the diastereoselectivity and Z/E
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selectivity. According to our calculation results for the
above reaction, with the solvent effect of dichloroethane
taken into consideration (Fig. 4), the catalyzed reaction
also features a two-step pathway in line with the former
result: first generation of zwitterionic complex 2COM2
followed by the Cope rearrangement. The charge transfer
from oxime ether moiety to ketone part in 2TS is 0.243
e. The forming of C—O and C-C bonds is also asynchro-
nous, and the degree of asynchronicity, in the Wiberg bond
indexes, is 0.337 [42].

The results demonstrated that the non-catalyzed reaction
was a one-step process without the formation of zwitterionic
complex. And 2TS_NoCat is similarly asynchronous with the
catalyzed 2TS. In addition, the charge transfer from oxime
ether fragment to ketone fragment in 2TS-NoCat is only
0.178 e (0.243 e in the catalyzed version). The corresponding
transition states are shown in Fig. 5. The distance between C6
atom (C=0) and N12 atom decreased from 1.58 A in 2TS_
NoCat to 1.49 A in 2TS, and the separation between C9
atom (C=C) and C11 atom (C=N) reduced distinctly from
2.22 A in 2TS_NoCat to 2.03 A in 2TS. These results must
be accredited to the fact that the coordination of SnCl, promi-
nently enhances the electrophilicity of C=0 group, facilitates
the charge transfer, thus dramatically reduces the reaction
barrier from 35.8 to 11.7 kcal/mol and results in mild condi-
tions for the tandem nucleophilic reactions.

Experimentally, the reaction of 2a achieves not only a
good yield but also a high diastereoselectivity. The possible
stereochemistry processes of 2a are presented in Scheme 3.
The four chair-like and four boat-like processes were calcu-
lated. However, for clarity, only chair-like pathways are pre-
sented (Fig. 6). As inferred from Fig. 6, the profiles predict
the S,E pathway as the most favored process, which is +2.9,

@ Springer
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Fig. 5 Lowest TS conformations of rate-determining steps in the
non-(left) and SnCl,-catalyzed pathways of 2a and 1b (right)

+4.4 and +7.1 kcal/mol decrease of the total free energy
barrier as compared to the other three processes, RZ, RE and
SZ, respectively. The energy gaps between TSs were magni-
fied in comparison with those of 2TSCOM12s. For example,
the gap between 2TSCOM12s for S,E and R,Z is 0.8 kcal/
mol, while the value is 2.9 kcal/mol between the correspond-
ing TSs. This predicts briefly that the high diastereoselectiv-
ity is determined from the step of Cope rearrangement to a
large extent. On the other hand, the stability orders of the
stationary points at the same stages for different pathways
are not identical. For instance, the order at 2TSCOM12
stage is SE > RZ > SZ > RE, while at 2TS stage it turns to
be SE > RZ > RE > SZ. This means that the selectivity trend
of the four routes could not be maintained in the whole pro-
gress. But fortunately the SE pathway is always the most
favorable, thus ensuring the high chirality transfer.

In order to understand the discrepancies in the route
selection, we located eight feasible conformations of
2TSCOM12 and 2TS, respectively, including four boat-like
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Scheme 3 Conceivable mecha-
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and four chair-like geometries, which were provided in
Fig. 7. The instability of other 2TSCOM12s and 2TSs
compared to Chair-S,E version is obvious, and the most
unstable structure is Boat-S,E version of 2TSCOM12 and
2TS. The instabilities may be ascribed to three factors. The
first is conformation of the backbone. For the Chair-R,Z
2TSCOM12 and 2TS, as the second-lowest conformations,
although the backbones are composed of two chair confor-
mations, they are joined through an axial-equatorial union
bond type. This conformation is less stable than the Chair-
S,E version 2TSs, because of relatively unfavorable non-
bonded interactions within the concave area. In addition,
the presence of the concave area also depresses the possibil-
ity for nucleophilic attack. Similar phenomena can also be

(S.E)-2PSnCl,

found in Chair-S,Z, Boat-R,E and Boat-S,E cases. Second,
the decrease of stability may also result from the twisted
skeleton from a six-membered chair-like conformation to a
six-membered boat-like one. The third possible influencing
factor is the steric hindrance caused by the 1,3-diaxial repul-
sions between two methyl groups in C=C bond and C=N
bond (labeled with red circles in Fig. 7), also presented in
Chair-R,E, Chair-S,Z, Boat-R,Z and Boat-S,E cases. Under
the synergistic effect of the three factors discussed above,
the calculation results reveal that the Chair-S,E path is the
most favored one and the Boat-S,E path displayed the high-
est energy transition structure of all counterparts.

The mechanism of this system may vary with the sub-
stitution pattern, and other transition states with slightly

@ Springer
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Fig. 7 Transition states for 2TSsCOM12
reaction of 2a. Free energy
(AAG?) are given in kcal/mol.
The hydrogen atoms are omit-
ted, and the steric hindrances
caused by the repulsive interac-
tion between two methyl groups
are labeled by red circles
+0.0
Chair-S,£

o

+1.1
Boat-S,7

2T

+0.0
Chair-S,£

+13.3
Boat-5,7

different conformations may also come into play. However,
the high diastereoselectivity observed in the reaction of 2a
and 1b is well supported by our calculations since a pericy-
clic process with complete transfer of chirality is predicted
for the rearrangement.

3.3 Z/E selectivity for nine-membered ring

(@] | (@]
.\“‘\ AN ’O\ /
s “ N-O
snCl, s
(S)-3a 60 min, 3.5% (S)-3P
98%ee (E/Z < 1:99] 90%ee
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+4.3
Chair-R,E

+4.6

Chair-R,Z Chair-5,7

+5.6
Boat-R,Z

+6.1
Boat-R,E

Boat-S,£

+2.9 +3.3 +7.1
Chair-R,Z Chair-R,E Chair-$,7

+11.6
Boat-R,E

+14.3
Boat-R,Z

+15.5
Boat-S,£

To get more details of the reaction mechanism for ring-
shaped reactants, we next employed the five-membered
(S)-3a as another substrate that also keeps intact in high
chirality transfer, but has reversed Z/E selectivity to 2a.
The prior results for the reaction with 2a revealed that only
chair- like transition states should be taken into account in
the pathway (Fig. 8). From the following potential energy
surface in the solvent dichloroethane, we can see that the
total barrier for £ and Z pathway are 15.0 and 14.3 kcal/
mol, respectively, and the Z product is thermodynamically
5.2 kcal/mol more stable than the E product. Thus, in line
with the experimental findings, the Z-configuration prod-
uct is favored both kinetically and thermodynamically. A
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Fig. 8 Calculated
[PCM(dichloroethane)/
B3LYP/6-31+G(d,p)] free
energy profiles for reaction of
3a and 1b (unit: kcal/mol)
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small but significant difference between Z and E route is
observed. For E pathway, the 3TSCOM12_E presents the
highest barrier, which suggests that the first phase is the
rate-limiting step in the two-step process. But the situation
is different in the Z pathway. At the meantime, the rela-
tive energy of 3TS_Z is 0.9 kcal/mol higher than that of
3TS_E, but 0.7 kcal/mol lower than that of 3TSCOM12_E
geometry, which results in a Z-selectivity in a balance of
two aspects. The four conformations of the transition states
are exhibited in Fig. 9, which elaborated the essential rea-
sons for this case.

The charge transfer in terms of the residual charge
on the imine fragment, for 3TSCOMI2_E and
3TSCOM12_7Z, is 0.289 and 0.355 e, respectively. This
means that the direction of charge transfer is from imine
moiety to 3a, and the magnitudes reveal a more charge
transfer for Z pathway, which may be the cause for the
lower barrier of the first step for Z pathway [43]. Accord-
ing to the second-order perturbation theory analysis of
the Fock matrix in NBO basis, there is more interaction
between oxime ether part and SnCl, in 3TSCOM12_Z
(3.05 kcal/mol) than in 3TSCOM12_E (2.46 kcal/mol).
Also the distance between N atom of C=N and O atom of
C=0 in 3TSCOMI12_E is about 0.12 A longer relative to

64(5&

,_4%
=y

3Tscom12_z

3TSCOM12_E

3152

Fig. 9 Transition states for reaction of 3a and 1b

3TS_E
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Scheme 4 Reaction pathway [
for nine- and ten-membered e . .
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that in 3TSCOM12-Z (see Fig. 9). Accompanied with the

increase in the distance, a fairly weak charge tran
less weak donor—acceptor interaction between

parts, a 15.0 kcal/mol barrier emerged for 3TSCOM12 in
E pathway. However, the free energy of 3TS_E decreases
to 13.4 kcal/mol, less than that of 3TS_Z, which should
owe to the equatorial-equatorial bond union in the chair-

like transition state structure (labeled by red ci
Fig. 9).

@ Springer

3.4 Distortion—interaction analysis for Z/E selectivity
sfer and of nine- and ten-membered ring

reactant

To get a better understanding of Z/E selectivity for the
[n + 4] ring-expanded lactams, a distortion—interac-
tion analysis was performed for TSCOMI12s and TSs
in the pathway of nine- and ten-membered ring product
[44—47]. The substrates are (S)-3a and (S)-2a, respec-

tively. And only the lowest energy paths were considered.

rcles in
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Table 1 Electronic energies of TSCOM12s and TSs for the lowest
energy pathway, SnCl,-coordinated 2a, 3a and oxime ether 1b distor-
tion energies and sum of them, difference between distortion energies

for TSs and COM2s, and interaction energies between SnCl,-coordi-
nated substrates and oxime ether 1b (kcal/mol)

Path AE! EXSnCl,-Sub) EX(1b) E} EL, AE" EN(SnCl,-Sub) EN(1b) El ET

9E 13.3 163 8.4 24.7 —11.4 14.9 21.8 11.2 33.0 —18.1
97 14.0 19.2 9.7 28.9 —14.9 11.9 21.2 12.1 33.3 —21.4
10E 5.6 9.8 8.9 18.7 —13.1 7.4 21.3 123 33.6 —-26.2
10Z 19.0 25.5 10.0 35.5 -16.5 6.9 18.3 11.4 29.7 -22.8

This analysis allows quantification of individual contri-
butions to the reaction barriers, from the distortion of the
SnCl, complexes and oxime ether fragments, and interac-
tions between them (Scheme 4; Table 1). As the analysis
is performed generally in gas phase, and the reaction path
is similar with that in solution, solvent correction is not
employed for the pathway shown in Scheme 4. The distor-
tion—interaction analysis revealed several factors that influ-
ence the Z/E selectivity. Firstly, for nine-membered ring
pathways, interaction energy, EL, is the determining factor
that defines the Z/E selectivity, on account of that AE! and
AEY are within 1 kcal/mol for the Z and E pathways, while
EN (=21.4 kcal/mol for Z vs. —18.1 kcal/mol for E pro-
cess) almost exactly accounts for the 3 kcal/mol difference
in AE™. Secondly, for ten-membered ring pathways, unlike
the nine-membered version, the two AE values are within
only 1 kcal/mol, so EL is not the factor controlling the Z/E
selectivity. However, there is a 13.4 kcal/mol preference
of AE' for the E pathway. And the lower distortion energy
associated with the formation of the 2COM2 complex in
the E pathway mostly accounts for the energy difference,
so AE} is the factor that determines the Z/E selectivity.
Thirdly, the only factor favoring COM2s and PSnCl,s is
the electronic interaction between the SnCl, complexes
and the oxime ethers 1b. Fourthly, in all the pathways, the
major energy cost mainly comes from the distortion of the
SnCl, complexes (E;(SnCl -Sub)) as well as the distortion
of oxime ethers (E4(1b)). Fifthly, the geometries of oxime
ethers are less perturbed in the structures of TSCOM12s
and TSs, as can be seen from the lower values of the oxime
ether distortion energies than those of the SnCl, complex.

3.5 Non-substituted imine substrate

In order to broaden the scope of this novel Cope rearrange-
ment with regard to the tolerance of non-substituted imine
substrate, the reaction between acetaldehyde imine (2b) and
(S)-2a was employed for investigation. Note that only the
S,E pathway is considered for clarity. The calculation result
is shown in Fig. 10. The total pathway is two-step as well,
involving the initial nucleophilic dimerization followed by
the [3,3]-sigmatropic rearrangement. In 4TSCOM12, the
second-order perturbation theory analysis indicates a stronger

interaction (4.56 kcal/mol) between imine fragment and
SnCl, than those in TSCOM12s of nine- and ten-membered
ring (e.g., 3.05 kcal/mol for 3TSCOM12-E and 2.46 kcal/
mol for 3TSCOM12-E). The charge transfer in 4TS is 0.268
e, also larger than that in oxime ether reactions. Such results
should come from the absence of methoxy group, a group
of electron-withdrawing inductive effect in character. In
addition, this makes the charge on N atom of imine in 4TS
(—0.589 e) increase as well in comparison with the counter-
parts in oxime ether reactions (about —0.14 e). The inexist-
ence of the methoxy group also shortens the distance between
N atom (C=N) and C atom (C=0) in 4TS to only 1.45 A,
about 0.05 A shorter than the corresponding distance in TS of
oxime ether reactions shown in Figs. 2 and 5.

The RDG analysis for 2TS and 4TS also indicates that
the steric effect of the methoxy group will affect the sta-
bilities of the two transition states (Fig. 11). In 2TS, there
are two areas of big lower density surface, which are cor-
responding to the repulsion interactions. One is between
the methoxyl and the methyl group, the other is between
methoxyl and the methylene group. However, in 4TS,
the express of the first big lower density surface between
methoxyl and the methyl group disappeared and the area
between methylene group and amino group decreases
sharply, where the weak repulsion is expected. This indi-
cated the repulsion in 2TS is more strongly than that in
4TS, which may be another cause for the higher stability of
4TS than 2TS.

Moreover, the variations between the gas phase and the
solution phase are very obvious. The solvent dichloroeth-
ane can stabilize 4TSCOM12 and 4TS sharply, but more
for 4TS; thus, the rate-determining step in solution is
changed to 4TSCOM12 from 4TS in gas phase. The total
barrier in solution is only 2.1 kcal/mol, which can be eas-
ily surmounted under mild reaction conditions. It deserves
comment since a new and efficient way to construct ring-
expanded lactams could be excavated.

4 Conclusions

To sum up, our theoretical approach properly describes
the Sn-catalyzed tandem nucleophilic addition of

@ Springer
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Fig. 10 Relative free energy
profile in gas phase (black line)
and in dichloroethane (red
line) for the reaction of 2a and
ethanimine 2b at the B3LYP/6-
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Fig. 11 Optimized geometries (B3LYP/6-31+G(d,p)) and gradient
isosurfaces (s = 1/2 a.u.) for 2TS (left) and 4TS (right). The sur-
faces are colored on a blue—green—red scale according to the values

B,y-unsaturated ketones with imines and the consecutive
[3,3]-sigmatropic rearrangements leading to homoallylic
amides. The calculated results provided an insight into the

@ Springer

of sign(A%)p, ranging from —0.04 to 0.02 a.u. Blue indicates strong
attractive interactions, and red indicates strong non-bonded overlap

reaction mechanism and diastereoselectivity from micro-
cosmic direction. DFT predicts that the SnCl,-catalyzed
tandem dimerization/oxy-2-azonia-Cope rearrangement
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pathway between B,y-unsaturated ketones and imines
is highly preferred over non-catalyzed case as well as
the tandem dimerization/Prins rearrangement pathway.
Accordingly, a stepwise dimerization/oxy-2-azonia-Cope
rearrangement mechanism was inferred for the reaction.
The reaction is initiated by formation of zwitterionic
intermediates that undergo consecutive Cope-type rear-
rangement as the rate-limiting step. Chair-like six-mem-
bered ring geometry of intermediates and TSs in Cope
pathway always plays a predominant function in both flex-
ible and rigid substrates. The solvent dichloroethane can
effectually stabilize all transition states; thus, the barriers
are decreased in the solution. Chirality-retention products
can be obtained in ring-expanded lactam reactions from
2-vinylcycloalkanones. However, the Z/E selectivity may
be altered with respect to the size of the ring. Our cal-
culation results agree well with the experimental results.
The high Z/E selectivity and chirality transfer are mainly
governed by the conformational stabilities of TSs, includ-
ing chair conformation over boat-like conformation, e,e-
bond-type union over a,e-type one between two rings and
1,3-diaxial repulsion. Moreover, distortion—interaction
analysis has been performed in an attempt to quantify
the various contributions to the reaction transition states,
and it revealed that interaction energy E.., and distortion
energy AE! associated with the formation of the 2COM2
complex are the determining factors to define the Z/E
selectivities for nine- and ten-membered ring pathways,
respectively. The ethyleneimine-involved reaction reveals
an extraordinary low barrier in the reaction path, thus
envisioning a feasible route to lactams.
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