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metallo-carbonyl ylides generated by the Lewis acid promoted
C-C bond cleavage of donor-acceptor oxiranes are trapped
exclusively by the N=C cumulated bond of ketenimines
producing oxazolidines. In contrast, ketenimines use its C=C
cumulated bond to capture metallo-azomethine ylides formed
from the Lewis acid assisted C-C bond fragmentation of donor-
acceptor aziridines yielding pyrrolidines. The mechanisms of
these [3+2] annulation reactions have been computationally
scrutinized by using DFT methods in order to understand the
selectivity related to the cumulated double bond used by the
ketenimines when reacting with both types of ylides.

Our previous work
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Scheme 1 [3+2] annulation of ketenimines with donor-acceptor cyclopropanes,
oxiranes and aziridines

Results and Discusion

We selected the [3+2] annulation of ketenimine 1a with
the donor-acceptor oxirane 2a as our starting point for
screening different Lewis acids. The reactions were initially
carried out in the presence of 25 mol% of the Lewis acid, in
dichloromethane at room temperature. First no reaction was
observed when using Sc(OTf); or Yb(OTf); as catalyst (Table 1,
entries 1 and 3). Gratifyingly, the desired cycloaddition
product 3a was obtained running the reaction of 1a with 2a
under the catalysis of the same Lewis acids but in the presence
of 4 A molecular sieves, thus showing the crucial role played by
this additive (Table 1, entries 2 and 4). Other commonly used
trifluoromethanesulfonate salts such as In(OTf); and Y(OTf);
and the perchlorate salt Ni(ClO,),-6H,0 (Table 1, entries 6, 8
and 10) were also shown to afford the targeted oxazolidine 3a
in low to moderate yields. The Lewis acids Ga(OTf)3;, La(OTf);
and Cu(ClO,4),-6H,0 turned out not to be catalytically active.
Thus, among the catalysts essayed, Yb(OTf); provided the best
result: consumption of the starting ketenimine 1a occurred
after 6 hours affording the
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Table 1 Optimization of the reaction conditions® of the [3+2] annulation between
ketenimine 1a and activated oxirane 2a

Ph CO,Me
CH3@N:C:C\ b o CO.Me
Ph

. X _Ph
1a Lewis acid N
Q CO,Me solvent, CHy Ph
COMe additive,
rt. t(h)
CHs 2a 3a o
MeO,C
MeO,C o
WX Ph
CHjy Fh
4a  CH,
entry Lewis LA additive Solvent | Time | Yield®
acid® mol% (h) (%)
1 Sc(OTf); 25 none DCM 24 0
2 Sc(OTf), 25 4 A Ms DCM 24 52
3 Yb(OTf), 25 none DCM 24 0
4 Yb(OTf), 25 4 A Ms DCM 6 78
5 Ga(OTf), 25 4AMS DCM 48 0
6 In(OTf), 25 4 A Ms DCM 24 34
7 La(OTf), 25 4 A Ms DCM 24 | trace
8 Y(OTf); 25 4 A MS DCM 24 76
9 Cu(Clo,), 25 4AMS DCM 24 | trace
10 Ni(ClO,), 25 4AMS DCM 8 75
11 Yb(OTf); 25 4AMS | toluene 24 40
12 Yb(OTf), 25 4AMS | 1,2-DCE 6 97
13 Yb(OTf), 20 4AMS | 1,2-DCE 6 97
14 Yb(OTf); 10 4AMS | 1,2-DCE 6 77
15 Sn(OTf), 25 none DCM 24 0
16 Sn(OTf), 25 4AMs DCM 24 0
17 Hg(OTf), 25 4 A Ms DCM 48 0
18 Hg(ClO,), 25 4AMS DCM 48 0

? Reaction conditions: 1a (0.4 mmol), 2a (0.46 mmol?, Lewis acid (25 mol%) and
activated 4 A MS (240 mg) in 8 mL of anhydrous solvent at room temperature,
under nitrogen.

b Cu(ClO4),, Ni(ClO,4), and Hg(ClO,), were used as the hexahydrate salts.

“lIsolated yields.

oxazolidine 3a in the highest yield (78%, Table 1, entry 4). A
short survey of other solvents, toluene or 1,2-dichloroethane
(1,2-DCE) revealed that the reaction media has a significant
effect on the yield. When the reaction was performed in
toluene the vyield decreased to 40% (Table 1, entry 11),
whereas in 1,2-dichloroethane the yield increased to 97%
(Table 1, entry 12). In 1,2-dichloroethane solution a slight
reduction of the Yb(OTf); loading to 20 mol% was not
detrimental to the vyield of 3a (97%, Table 1, entry 13),
although further lowering to 10 mol% decreased the yield to
77% (Table 1, entry 14).

This journal is © The Royal Society of Chemistry 20xx
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It is worth to mention that the isomeric oxazolidine 4a,
which may result via C-O bond cleavage of the oxirane 2a, was
never detected under the described conditions. Moreover, the
divergent synthesis of 4a was attempted under the catalysis of
Sn(OTf),, Hg(OTf), and Hg(ClO,4),-6H,0 (Table 1, entries 15-18),
which have been proven to be catalysts promoting the
cleavage of the C-O bond of oxirane rings.1oa Unfortunatelly
these catalysts were not effective for the expected alternative

This journal is © The Royal Society of Chemistry 20xx

annulation as complex reaction mixtures of unidentified
products were obtained.

Therefore, the optimal reaction conditions were selected
as follows: ketenimine 1, donor-acceptor oxirane 2 (1.15
equiv), Yb(OTf); (20 mol%) and 4 A MS in anhydrous 1,2-
dichloroethane (0.05 M in ketenimine 1) at room temperature.
Under these conditions the reactions of various ketenimines 1
with several donor-acceptor oxiranes 2 were investigated, and
the results are shown in Scheme 2. Different electron-donating

J. Name., 2013, 00, 1-3 | 3
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and electron-withdrawing groups were tolerated in the aryl
moiety at the nitrogen atom of the N-aryl-C C-diphenyl
ketenimines 1. With respect to the oxiranediesters 2 phenyl
rings bearing electron-donating groups [CHs-, (CH3)3C- and Ph]
or a 1-naphthyl fragment at C3 were compatible and
underwent the reaction efficiently. Meanwhile, in our hands,
an electron-withdrawing group such as Cl at the para position
of the C3-phenyl ring prevented the [3+2] annulation. This may
be consequence of the destabilization of the positive charge of
the carbonyl ylide intermediate by the electron deficient aryl
group.

The multi-substituted oxazolidines 3 were identified by "H
and *C NMR analyses, as well as by X-ray crystal structure
determination of 3a (Figure 1). The oxazolidine ring presents
an envelope conformation, retained by the intramolecular
hydrogen bond C42-H42..04, established between the
hydrogen of a phenyl moiety at the exocyclic C=C double bond
and the carbonyl oxygen atom of one of the ester groups at
C3. The (E) configuration of the exocyclic carbon-carbon
double

Figure 1 Solid-state molecular structure of 3a. Thermal ellipsoids are drawn at the 50%
probability level

bond of compound 3m was determined with the help of a
NOESY experiment.

In these [3+2] annulations involving activated oxiranes the
ketenimine participates as the dipolarophilic component
exclusively via its N=C cumulated double bond.

Next we investigated the [3+2] annulation of ketenimines
with donor-acceptor aziridines. Initial reaction development
focused on the reaction of N-(4-methylphenyl)-C,C-
diphenylketenimine 1a and diethyl 3-(4-methylphenyl)-N-
tosylaziridine-2,2-dicarboxylate 5a as model reactants. A
representative selection of trifluoromethanesulfonate salts,
including Ga(OTf);, In(OTf);, La(OTf);, Sc(OTf)s, Sn(OTf),,
Y(OTf); and Yb(OTf); were tested in dichloromethane solution
at room temperature in the presence of 4 A molecular sieves
(Table 2). The molecular sieves were added to the reaction
medium as it is known that the starting aziridine 5a easily
undergoes Lewis acid catalysed decomposition by reacting
with trace amounts of water. In this respect, a slight excess
(1.1 equiv) of the N-tosyl aziridine 5a was used. All the Lewis
acids examined were found to catalyse the generation of the
metallo-azomethine ylide from the donor-acceptor aziridine 5a

4| J. Name., 2012, 00, 1-3
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and its [3+2] annulation with ketenimine 1a, vyielding a
cycloadduct identified as the multi-substituted pyrrolidine 6a.

Notably Y(OTf); gave the highest yield (Table 2, entry 6).
With Y(OTf); as the optimal catalyst further attempts to
improve the results focused on the solvent. Alternative
solvents such as toluene and 1,2-dichloroethane were tested.
The reaction carried out in 1,2-dichloroethane gave 6a in 57%
yield (Table 2, entry 9), whereas in toluene only traces of the
product were detected by thin layer chromatography (Table 2,
entry 8). The amount of catalyst was also screened: when the
loading of Y(OTf); decreased to 20 and 10 mol% there was a
significant drop in the yields of the reactions to 62% and 67%,
respectively (Table 2, entries 10 and 11).

Examples of pyrrolidines 6 obtained by the [3+2]
annulation of several ketenimines 1 with two different donor-
acceptor aziridines 5, promoted by Y(OTf); as catalyst under
the optimal reaction conditions of entry 6, are summarized in
Scheme 3.

Table 2 Optimization of the reaction conditions® of the [3+2] annulation between
ketenimine 1a and activated aziridine 5a

'I"s
- Fh N CO,Et
CH3—<: :FN—C—C\ +
Ph CO,Et
1a
CH3

solvent, 5a

4AMS, |Lewis acid

rt.,24h

Ts  COgEt
‘N—{—COEt
N @cm
Ph' P
CHj
6a
entry Lewis LA Solvent Yield®
acid mol% (%)

1 Ga(OTf); 25 DCM 28
2 In(OTf)s 25 DCM 73
3 La(OTf); 25 DCM 41
4 Sc(OTf); 25 DCM 65
5 Sn(OTf); 25 DCM 44
6 Y(OTf)3 25 DCM 84
7 Yb(OTf); 25 DCM 68
8 Y(OTf);3 25 toluene traces
9 Y(OTf)3 25 1,2-DCE 57
10 Y(OTf)s 20 DCM 62
11 Y(OTf)3 10 DCM 67

? Reaction cgnditions: 1a (0.4 mmol), 2a (0.44 mmol?, Lewis acid (25 mol%) and
activated 4 A MS (240 mg) in 8 mL of anhydrous solvent at room temperature,
under nitrogen.

®Isolated yields.

Single-crystal X-ray structure of pyrrolidine 6a showed that
the pyrrolidine ring presents an envelope conformation (Figure
2), and this conformation is stabilized by a m-m stacking

This journal is © The Royal Society of Chemistry 20xx
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interaction between the aromatic rings of the p-tolyl moieties
C21-C26 and C11-C16 attached to C1 and to the sulfonyl
group, respectively. The distance between the centroids of
these planes is 3.71 A.

Figure 2 Solid-state molecular structure of 6a. Thermal ellipsoids are drawn at the 50%
probability level

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3 Synthesis of pyrrolidines 6

CH30

All these Lewis acid catalysed [3+2] annulations involving
activated aziridines take place with the selective participation
of the ketenimine as dipolarophile through its C=C cumulated
double bond.

It is also well known that upon thermal treatment
aziridines undergo electrocyclic ring-opening at the carbon-
carbon bond resulting into azomethine yIides.21 Thus, at that
point of our investigation we decided to study the [3+2]
cycloaddition between aziridines and ketenimines under
thermal conditions as a complementary methodology.
Following a brief search for optimal conditions, we found that
by heating at 115-120 °C, in the absence of solvent, mixtures
of ketenimines 1 and diethyl cis-1-(4-methylphenyl)aziridine-
2,3-dicarboxylate 7 (1.5 equiv) the respective imidazolidines 8
were obtained in high yields (Scheme 4). These reactions are
regio and diastereoselective affording only trans-adducts.

J. Name., 2013, 00,1-3 | 5
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Scheme 4 Synthesis of imidazolidines 8

The structure of products 8 was supported by an X-ray
crystallographic analysis of a monocrystal of 8a (Figure 3),
allowing the assignment of the trans orientation of its two
ethoxycarbonyl groups. The central imidazolidine ring has a
slightly deflected envelope conformation.

Figure 3 Solid-state molecular structure of 8a. Thermal ellipsoids are drawn at the 50%
probability level

Interestingly, under conventional heating ketenimines 1
participate in the [3+2] cycloaddition with the in situ generated

6 | J. Name., 2012, 00, 1-3

azomethine ylide as the 2m component via its N=C double
bond.

Ph CO,Me
N:C:C/ + COzMe
/ \
p-Tol Ph PH
1a 90 (X=0)
AG2g s 9y (X=N-Ts)

Y(OTF)3, DCM

CO,Me

COMe
?( ><002Me + \( ><COZMe
pr” \,\\1 p-Tol” )\\
e Ph

p-Tol Ph
100 (-19.7) 110 (_23‘7)
10N (-21.8) 11N (—22.6)

Scheme 5 Reaction free energies for the formation of the products 10and 11 computed
at the MO06/6-311+G(d,p)/SDD//SMD(DCM)/B3PW91/6-31g(d)/SDD theoretical level.
The Gibbs Free Energies are reported in kcal/mol (1 atm and 298 K), relative to 1a + 9
are shown

An overview of the above results reveals that the mode in
which ketenimines 1 take part as dipolarophiles in the [3+2]
annulation processes significantly depends on the nature of
the three-membered heterocyclic counterpart, either oxiranes
2 or aziridines 5 and 7, as well as on the reaction conditions. A
DFT study of the mechanism of these annulation reactions was
performed, mainly motivated for finding an explanation to the
formation, somewhat unexpectedly, of the pyrrolidines 6, the
only instances in which ketenimines react through its C=C
cumulated bond.

This theoretical analysis started by computing the reaction
free energies AGyggs, Of the Y-catalyzed reaction between
ketenimine 1a and the simplified aziridine 9y (X=N-Ts) and
oxirane 9, (X=0), to yield the possible products resulting either
via participation of the heterocumulenic C=C bond leading to
10 or the heterocumulenic C=N double bond leading to 11
(Scheme 5). In the case involving the oxirane 9, the oxazolidine
11, is about +4.0 kcal/mol more stable than the
tetrahydrofuran 10,.

When the aziridine 9y reacts with the ketenimine 1a both
potential azacyclic products 10y and 11y present very similar
reaction free energies, -21.8 and -22.6 kcal/mol respectively,
the diazacycle 11y being the most thermodynamically stable
reaction product. Thus, the computations predict that the
annulation of the heterocycles 9 with the ketenimine 1a via its
C=N double bond should drive to the most stable products 11
as far as the processes are thermodynamically controlled. It is
remarkable that this mode of annulation is that experimentally
observed in the reaction of ketenimines 1 with the oxiranes 2,
for yielding oxazolidines 3, but not the case of the annulations
involving aziridines 5, that furnish pyrrolidines 6 as result of
participating the C=C bond of the ketenimines 1. For this
reason, here we will comment on the results obtained for the
computations related to the conversion 1a + 9y — 10,/11,
(see ESI for the computational study realized for the
mechanism of the transformation 1a + 95 — 10,/11,).

This journal is © The Royal Society of Chemistry 20xx



http://dx.doi.org/10.1039/c8qo00255j

oNOYTULT D WN =

ocouuuuuuuuuuud,DdDDDBDDAMDMDMNDAEDANEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 a@Qaaa0
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

Organic Chemistry Frontiers

Journal Name ARTICLE

Ts OMe \fY(OTf):;
Ph N /—o-.
_-Y(OTf)3 MeO —————— LUMO
INTw3ne N/ =0 p-Tol—N_ @ INTy-2ne , -0.05244
Ve C <
-Tol .
p-To \ OMe —ph Sy
ph, Ph /
Ph Ph
i HOMO
T‘S N= -0.21504
Ph N co,Me
Ts
p-ToI/N\C CO,Me X coMe

Ph

" Y(OTH)

INTy-1
INTy-1 1a
Ph
Ph\C pToI\ Figure 4 Frontier Molecular Orbital diagram. HOMO and LUMO levels of the
Ph/ azomethine ylide INTy-1 (left) and the ketenimine 1a (right). Energies computed at
“ \l M06/6-311+G(d,p)/SDD//SMD(DCM)/B3PW91/6-31g(d)/SDD  theoretical level. The
10y x / “grhital surfaces are plotted with an isovalue of +0.04 (blue) and -0.04 (red)

2Y(0TH),
c
PH’ N OMe
V"‘Tol-p F'h/C\iPh
Ci\\ ®
INT\-3cc N INT\-2cc
Tol-p

Scheme 6 Proposed mechanisms to the formation of the products 10y and 11y
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computed are reported in kcal/mol (1atm and 298K), relative to INTy-0 +1a are shown.

Two plausible mechanisms are conceivable for the
annulation of the aziridine 9y with the heterocumulene 1a
depending on which double bond of this last one, either C=C or
N=C, is acting as 2t component in the process (Scheme 6).
First, intermediate INTy-1 is expected to be formed after the
coordination of the azacycle 9y to the yttrium metal through
its two carbonyl groups and the further C-C bond break of the
three-membered ring. At this point, either the terminal C or N
atom of the ketenimine fragment could attack the electron
deficient benzylic carbon atom of INT\-1, leading respectively
to the intermediates INTy-2¢c and INTy-2yc. The subsequent

This journal is © The Royal Society of Chemistry 20xx

ring-closing process at both INTy-2, involving the C-C bond
formation between the central carbon atom of the original
heterocumulene 1a and the C,-atom of the initial malonate
moiety, would yield the annulated complexes INTy-3¢c and
INT\-3pc. Finally, further departure of the Y(OTf); catalyst
would generate the respective five-membered heterocycles
10, and 11y,

The products 10y and 11y could be also formed by
inverting the order of the mechanistic steps, that is via an
initial attack of the C,-atom of INTy-1 to the electrophilic
central carbon atom of the ketenimine 1a, followed by a ring-

J. Name., 2013, 00, 1-3 | 8
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closure process through the extreme C or N atom coming from
the heterocumulene and the benzylic carbon atom of the ylide
INT\-1 (see ESI). However, these alternative paths were
discarded by taking into account the results of the Frontier
Molecular Orbital (FMO) analysis applied to the reaction
between the azomethine ylide INTy-1 and the ketenimine 1a
(Figure 4). The computed HOMO-LUMO gaps indicate that the
more favoured attacking mode is that involving the HOMO of
the ketenimine 1a and the LUMO of the ylide INTy-1 (1.65 eV).
The HOMO of ketenimine 1a shows the electron density
located along the C=C=N axis, while in the LUMO of the ylide
INTy-1 it is mostly placed at the benzylic carbon atom next to
the nitrogen atom. Thus, the FMO analysis supports the
proposed initial attack of the extreme C/N atom of the
ketenimine 1a to the benzylic carbon atom of the ylide INT-1.

Then, the Potential Energy Surfaces (PESs) of the formation
of the two possible Y-annulated complexes INTy-3¢c and INTy-
3nc Were computed (Scheme 7). The initial aziridine complex
INT\-0 converts into the metallo-azomethine ylide INTy-1 (-
11.2 kcal/mol) via a ring-opening process through the
transition structure TSy-0 (AG™= +13.2 kcal/mol). Next, the
intermediate INTy-2.c is formed overpassing an energy barrier
of +18.4 kcal/mol while the conversion into intermediate INTy-
2nc requires a slightly higher energetic demand (AG™= +19.1
kcal/mol). Concerted transition structures were not located at
this level of theory.

The computed relative energies of TSy-1ye and TSy-1cc
correlate with the lengths of the forming bonds at both
transition structures, TSy-Lyc (dN-C = 2.05 A) and TSy-1¢c (dC-C
= 2.23 A), the shortest one determining a higher steric
congestion around the respective bond and so a higher energy
(Figure 5). It should be noted that the intermediate INTy-2’¢c
resulting of the initial C-C, bond formation was also located
but presents a relative free energy of +53.9 kcal/mol, much
higher than those of the intermediates INTy-2¢cand INTy-2yc (-
6.6 and -3.1 kcal/mol, respectively). Once these later
complexes are formed they are prone to cyclize forming a five-
membered ring at INTy-3¢c and INTy-3yc. Computations predict
that while the intermediate INT\-2.c progresses quite easily
toward INTy-3¢c, whose formation takes place through TSy-2,
AG” = +4.2 kcal/mol, the pathway driving to INTy-3yc could be
reversible once INTy-2y is formed. It is necessary to surmount
an energetic barrier of +11.8 kcal/mol, via TSy-2yc, to get the
cyclic complex INTy-3yc, Whereas the reverse conversion
toward the ylide INTy-1 and the ketenimine 1a is easier, AG, =
+11.0 kcal/mol.

Regarding the exocyclic N=C bond at the intermediate
INTN-3¢c, it presents a Z stereochemistry, matching with that
found in the X-ray crystal structure of the pyrrolidine 6a. The
transition structure TSy-2¢c shows the C=N=C,, angle of 173.8°
whereas the lone pair of the N atom is located antiperiplanar
respect to the forming C-C, bond, thus finally leading to the Z-
N=C exocyclic bond geometry of the resulting INT\-3¢c (see
ESI).

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 Computed transition structures TSy-1yc and TSy-1¢c for the both proposed
pathways shown in Figure 3. Distances are shown in Angstrom

In both mechanistic routes, and according to the transition-
state theory, the rate-determining step is the initial attack of
the ketenimine 1a to the ylide INTy-1, being the pathway
leading to intermediate INTy-3¢c the kinetically preferred by
less than +1.0 kcal/mol over that ending at INTy-3yc. This fact
suggests that both pathways are kinetically very competitive
and the potential reversibility of the C=N pathway should be
the key fact that would predict the formation of the
experimentally obtained pyrrolidines 6.

Conclusions

In conclusion, we have disclosed a [3+2] annulation of
trisubstituted ketenimines with metallo-carbonyl and metallo-
azomethine ylides obtained from Lewis acid-catalyzed C-C
bond cleavages of oxirane and aziridine 2,2-diesters. This
protocol allowed the efficient production, under mild
conditions, of a variety of novel highly functionalized
oxazolidines and pyrrolidines. Azomethine ylides generated
thermally from aziridine 2,3-diesters also undergo a similar
annulation with ketenimines producing imidazolidines in high
yields. Computational mechanistic investigations suggested
that the process leading to the oxazolidines in which the
ketenimines involve its C=N bond is kinetically and
thermodynamically favoured. On the other hand, the
formation of the pyrrolidines, that involves the participation of
the ketenimines as dipolarophiles through its C=C bond, seems
to be controlled by the reversibility of the alternative pathway
involving the C=N of the ketenimine.
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