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Abstract: The reactions of vinylketene (1a), imidoylketene (1b), and formylketene (1c) with formaldimine
(2) were studied at the B3LYP/6-31G* level. For the cycloadditions of these conjugated ketenes with 2,
several possible pathways to both [4 + 2] and [2 + 2] products were examined. The lowest energy [2 +
2] pathways are, in most cases, calculated to be stepwise, forming the products via rate-determining
conrotatory electrocyclization of zwitterionic intermediates. However, concerted transition structures
analogous to the ketene plus ethene [2 + 2] cycloaddition reaction were also located; the existence of
multiple transition states offers a resolution to a long-standing controversy regarding the mechanism of
ketene plus imine cycloadditions. Both stepwise and concerted [4 + 2] pathways were calculated for 2b
and for 2c; both these pathways are pseudopericyclic. The inherently low barriers associated with
pseudopericyclic transition states provide an explanation of the experimental preference for [4 + 2]
cycloadditions of R-oxoketenes and predict [4 + 2] cycloadditions should also be favored for imidoylketenes.
For a vinylketene constrained to a Z-geometry, the concerted [4 + 2] cycloaddition is also predicted to be
the lowest energy pathway. An explanation is offered for the unusual thermal equilibration from a six-
membered ring (3d) to a four-membered ring (4d) observed by Sato et al. Transition structures for facile
pseudopericyclic 1,3- and 1,5-hydrogen shifts in the zwitterions were also calculated.

Introduction

Ketenes have been extensively studied since Staudinger’s
original discovery in 1905,1 and their structures, reactivities,
and utility in organic synthesis are well documented.2 The
distinctive [2 + 2] cycloadditions of ketenes have been of
particular utility in synthetic methodology; for example, the
cycloaddition with alkenes provides an efficient synthesis of
cyclobutenones,2c while the cycloaddition with imines (the
Staudinger reaction3) provides a concise route toâ-lactam
antibiotics.4 There has been significant interest in and contro-
versy over the mechanism of this latter cycloaddition for many
years, with extensive experimental5 and computational studies.5e,g,6

The common cis-stereochemistry of the reactions of ketenes with
alkenes has generally been rationalized in terms of a concerted,
orthogonal transition state, as in Figure 1A.2c,7 This structure is
similar to that proposed by Woodward and Hoffmann,8 although
their original description of it as a [π2s + π2a] cycloaddition

has since been revised. Early MCSCF/4-31G (four-electron,
four-orbital) calculations by Bernardi and Robb suggested a two-
step biradical mechanism;9 however, there does not seem to be
independent support for this mechanistic possibility. Calculations
by Houk and Wang also indicated an orthogonal and highly
asynchronous transition state.10 This was interpreted as indicat-
ing a carbene-like mechanism in which the ethyleneπ-bond
adds as a nucleophile to the in-plane LUMO of the ketene, and
only past the transition state is there substantial bonding to the
â-carbon. MP2 calculations by Yamabe et al. were discussed
in terms of two separate one-centered FMO interactions.11 Wong
and Ma have recently reported a thorough computational study
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of ketene and its reaction with ethylene at the G2 level.12 This
again gives a similar geometry for the concerted [2+ 2]
cycloaddition, and the calculated barriers are comparable to
those determined experimentally.

In contrast to the concerted reaction with ethylene, there is
substantial evidence, both experimental5 and computa-
tional,5e,g,6a-e,g,h,j,k,m-o that the Staudinger reaction of a ketene
with an imine proceeds via a zwitterionic (dipolar) intermediate
as shown in Figure 1B. Thus, nucleophilic attack of the imine
on the in-plane LUMO of the ketene gives the intermediate,
which cyclizes via a four-electron, conrotatory electrocyclization
to give theâ-lactam. These electrocyclizations5g,6c,d,j,k,m,n,13often
show significant torquoselectivity.14 This mechanism also
explains the observed cis-stereochemistry of the products; the
more stable (E)-imine attacks the ketene anti to the large group,
and subsequent conrotarory electrocyclization gives the cis
product, as shown in Figure 1B.

Curiously, no one seems to have recognized the possibility
of a concerted transition state similar to the reaction of ketene
with ethylene. A higher energy transition state has been reported
by Xu, Fang, and Fu;6f,i IRC calculations indicated it was not
connected to any zwitterions. Subsequently, Sordo et al. reported
a similar higher energy transition structure at the RHF/6-31G*
level and described it as disrotatory.6k However, this description

seems unreasonable as orbital symmetry forbidden reactions8

are usually poorly described by single configuration wave
functions as at the RHF level.15 Our results below suggest that
these structures are better understood as having orbital topology
equivalent to the ketene plus ethylene transition state (Figure
1A).

Recently, there have been numerous reports of [4+ 2]
cycloadditions in which a ketene is the dienophile. Yamabe et
al. have provided NMR evidence for [4+ 2] cycloadditions
involving the carbonyl of the ketene with dienes.16 The
observation of [4+ 2] products from the reaction of ketenes
with R,â-unsaturated imines has been taken to provide support
for the importance of the zwitterionic intermediate.5a,6o,17,18In
these cases, the intermediates could close either by a four-
centered or six-centered electrocyclization to give the [2+ 2]
or [4 + 2] products, respectively.

Reactions of conjugated ketenes such as vinylketene (1a),
imidoylketene (1b), and formylketene (1c) have been of both
experimental and theoretical interest to our group19 and to
others.2c,20 In principle, these ketenes can undergo both [2+
2] and [4+ 2] cycloadditions, in the latter case participating as
the diene. Barbaro et al. reported that vinylmethylketene reacted
with N-phenylbenzaldehyde imine at room temperature and
formed [2 + 2] cycloadducts (eq 1).20a Sharma et al. have
studied reactions of various imines with butadienylketene and
observed products from [2+ 2] cycloadditions as well.20d,g

Similarly, [2 + 2] cycloaddition products are formed by
vinylketenes with other electron-rich species such as enol ethers,
alkynyl ethers, ynamines, or siloxyacetylenes.20a,b In contrast,
vinylketenes undergo [4+ 2] cycloadditions with themselves,20i

with enamines,20j dimethyl acetylenedicarboxylate, ethyl cyano-
acrylate, nitroalkenes, cyanoallene, and, in the case of silyl-
vinylketenes, with imines.20e,f

R-Oxoketenes such as1cundergo [4+ 2] cycloadditions with
a wide range of substrates, including ketones, enol ethers, and

(6) (a) Sordo, J. A.; Gonzalez, J.; Sordo, T. L.J. Am. Chem. Soc.1992, 114,
6249-6251. (b) Cossı´o, F. P.; Ugalde, J. M.; Lopez, X.; Lecea, B.; Palomo,
C. J. Am. Chem. Soc.1993, 115, 995-1004. (c) López, R.; Sordo, T. L.;
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Figure 1. (A) Orbital interactions in the concerted cycloaddition of ketene
with ethylene. (B) Stepwise mechanism for the [2+ 2] cycloaddition of
ketenes with imines. Both mechanisms predict stereoselective formation
of the cis-disubstituted products.
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imines.2,20c,kFor example, when 2-methylacetylketene is gener-
ated in the presence of imines, oxazinones are produced as in
eq 2.21 A recent synthesis ofâ-lactams by Almqvist et al.
reported [2+ 2] products from imines and Meldrum’s acid
derivatives, which are often used as pyrolytic sources of
R-oxoketenes. However, these reactions were catalyzed by HCl;
thus, there is no requirement for the intermediacy of the ketene.5o

Sato et al. have also reported that oxazinones can equilibrate
upon heating to theâ-lactams, possibly through the intermediacy
of an R-oxoketene.20k Beyond these examples, [2+ 2] cyclo-
additions are apparently unknown.2c,20cExperimental studies on
cycloadditions of imidoylketenes are rare due to difficulties in
generating these reactive intermediates and also because of
competing reactions.19g

The addition of formaldehyde to1b and1c provides a point
of comparison with the formaldimine reactions. Theoretical
studies predict19a,eand experimental studies19g,h are consistent
with approximately planar, pseudopericyclic pathways for [4
+ 2] cycloadditions of1b and1c. Such reactions are character-
ized by a disconnection in the cyclic orbital overlap that would
be expected for a pericyclic reaction. In the case of1b and1c,
this disconnection is due to the presence of in-plane orbitals on
the ketene and carbonyl, as well as the extended out-of-plane
π-system. There are three consequences of a pseudopericyclic
orbital topology: (1) the transition states can be planar, (2) the
reactions can have dramatically lowered, or nonexistent, barriers,
and (3) no pseudopericyclic reaction can be forbidden.19a,c-i,22

These points are all illustrated by the results reported herein.
The above results raise several as yet unanswered questions.

What are the factors that control the periselectivity for [4+ 2]
or [2 + 2] cycloadditions of conjugated ketenes with imines?
The presence of in-plane lone pairs in both1b and 1c raises
the possibility of pseudopericyclic overlap in their reactions as
contrasted to the lack of an in-plane lone pair on the CH2 in
1a; does this play a role in the different periselectivities of these
ketenes? Why do ketene-imine cycloadditions follow a different
pathway and not utilize the same orbitals as in ketene-alkene
cycloadditions? To answer these questions and to deepen our
understanding of these reactions, we undertook a density
functional theory (DFT) study of these three conjugated ketenes

and their reactions with2, the simplest imine, to form3 and4
(Scheme 1). The choice of2 as the model system led to some
reaction possibilities that would not be possible with an
N-substituted imine. In particular, we examined the possibility
of pseudopericyclic 1,3- and 1,5-hydrogen shifts in the zwitter-
ionic intermediates (zw) to form 5 and6.

Computational Methods

The molecular orbital calculations were carried out using Gaussian
94 and Gaussian 98.23 Geometry optimizations were attempted first at
the RHF/3-21G level and then with the B3LYP functional24a using the
6-31G* basis set.24b Some of the expected complexes and transition
structures could not be located at one or both of the levels. When an
anticipated transition state or intermediate could not be located at the
B3LYP/6-31G* level, a systematic search with constrained distances
verified there was no corresponding stationary point; these are
summarized in Table S1. There are a large number of possible
conformations; only selected structures at the B3LYP/6-31G* level from
the lowest energy pathways are presented in Figures 2-5. Geometry
optimized structures for all the reactants, intermediates, transition states,
and products and at both theoretical levels are shown in the Supporting
Information (Figures S1-S9), as are absolute energies (Tables S2-
S5). The atom numbering is based on the heavy atoms in the ketene
first and then formaldimine (2), as shown in Figure 2A. Frequency
calculations verified the identity of each stationary point as a minimum
or transition state. In some cases, intrinsic reaction coordinate (IRC)
calculations were performed to connect the transition states to their
respective minima.25 For selected transition structures, natural bond
orbital (NBO) analysis26 was performed; the results are summarized in
Scheme S1. Relative energies, free energies, and the lowest or imaginary
frequencies for all structures in the Figures are reported in Tables 1-4.
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Zero-point vibrational energy corrections have been applied, but have
not been scaled. All energies discussed in the paper are at the B3LYP/
6-31G*//B3LYP/6-31G*+ ZPE level unless otherwise noted. If the
potential energy barrier is very low, and the ZPE correction is
significant, this treatment of the energies can lead to a barrier less than
zero. Because it has been suggested that DFT calculations can
underestimate barriers’ heights by a few kcal/mol,27 such a situation
should not be over-interpreted, but can be taken as an indication of the
lack of a significant barrier.

Density functional theory using the B3LYP functional (the hybrid
three-parameter functional developed by Becke24a) was the primary
theoretical method utilized in this work. This method has been shown
to give reliable transition structure geometries and energies for a variety
of pericyclic reactions.28 In some cases, it gives more consistent results
than MP2 calculations, with much less computer time.28f To help
confirm that the B3LYP/6-31G* calculations are appropriate for ketenes,
the experimental geometry of ketene was compared with that calculated
at the B3LYP/6-31G* (this work), MP2(FU)/6-31G*,12 and MP2(FC)/
6-31G* (this work) levels. The B3LYP geometries are closer to the
experimental than are the MP2 geometries (see Supporting Information,
Figure S10). Ma and Wong12 provide additional comparisons that
support the use of B3LYP calculations for ketenes. For these particular
reactions, we reoptimized several structures with the 6-311+G** basis
set (Z-8bNS, Z-9bNS, Z-10bco, Z-11bπo, Z-11b, Z-12b, Figure S12,
Table S6A,B). There were no significant differences in the geometries
or relative energies. An attempt was also made to perform unrestricted
B3LYP calculations on these structures, to see if biradical contributions

to the transition states or intermediates were important; in all cases,
these converged to the closed shell wave function (Table S6C).

It might be expected that solvation would be important for polar
species such as the zwitterions. However, Cossı´o6m,29and Sordo6g,k have
reported numerous calculations on cycloadditions of ketenes and related
species using theoretical models for solvation; in their treatment,
solvation leads to only a minor difference in the structures and energies.
Nevertheless, calculations using the self-consistent isodensity polarized
continuum model (SCI-PCM) of solvation30 (e) 9.08) were performed
on selected structures (3b, 4b1, 4b2, Z-9bNS, Z-10bco, Z-11bπo, Z-11b,
Z-12b, Table S6D,E). Solvation stabilized each structure by between
5.0 and 8.5 kcal/mol; however, there were no significant differences
in the relative energies. In conclusion, the B3LYP/6-31G* level of
theory used in this study appears to be an appropriate model for the
reactions studied herein.

Results and Discussion

Conformations of Vinylketene (1a), Imidoylketene (1b),
and Formylketene (1c).The geometries and conformations of
these conjugated ketenes have been extensively studied at a
variety of theoretical levels.19b,e,31For consistency, we recal-
culated them at the B3LYP/6-31G* level. Our results are
qualitatively consistent with those obtained at other levels.
Specifically, we calculate that thes-E-conformation of1a is
more stable than thes-Z by 1.7 kcal/mol (Table 1). For1b,

(27) (a) Lynch, B.; Fast, P. L.; Harris, M.; Truhlar, D. G.J. Phys. Chem. A
2000, 104, 4811-4815. (b) McKee, M. L.; Shevlin, P. B.; Zottola, M.J.
Am. Chem. Soc.2001, 123, 9418-9425.

(28) Selected references include 6n, 27b, and (a) Curtiss, L. A.; Raghavachari,
K.; Redfern, P. C.; Pople, J. A.J. Chem. Phys.1997, 106, 1063-1079. (b)
Singleton, D. A.; Merrigan, S. R.; Liu, J.; Houk, K. N.J. Am. Chem. Soc.
1997, 119, 3385-3386. (c) Hrovat, D. A.; Chen, J.; Houk, K. N.; Borden,
W. T. J. Am. Chem. Soc.2000, 122, 7456-7460. (d) Cossı´o, F. P.; Arrieta,
A.; Lecea, B.; Alajarı´n, M.; Vidal, A.; Tovar, F.J. Org. Chem.2000, 65,
3633-3643. (e) Koch, W.; Holthausen, M. C.A Chemist’s Guide to Density
Functional Theory; Wiley-VCH: New York, 2000. (f) Birney, D. M.J.
Am. Chem. Soc.2000, 122, 10917-10925.

(29) Lecea, B.; Arrieta, A.; Roa, G.; Ugalde, J. M.; Cossı´o, F. P.J. Am. Chem.
Soc.1994, 116, 9613-9619.

(30) McWeeny, R.ReV. Mod. Phys.1960, 32, 335.
(31) (a) Allen, A. D.; Gong, L.; Tidwell, T. T.J. Am. Chem. Soc.1990, 112,

6396-6397. (b) Nguyen, M. T.; Ha, T.; More O’Ferrall, R. A.J. Org.
Chem.1990, 55, 3251-3256. (c) Wong, M. W.; Wentrup, C.J. Org. Chem.
1994, 59, 5279-5285. (d) Janoschek, R.; Fabian, W. M. F.; Kollenz, G.;
Kappe, O. C.J. Comput. Chem.1994, 15, 132-143. (e) McAllister, M.
A.; Tidwell, T. T. J. Org. Chem.1994, 59, 4506-4515. (f) Eisenberg, S.
W. E.; Kurth, M. J.; Fink, W. H.J. Org. Chem.1995, 60, 3736-3742. (g)
Kappe, C. O.; Wong, M. W.; Wentrup, C.J. Org. Chem.1995, 60, 1686-
1695. (h) Bibas, H.; Wong, M. W.; Wentrup, C.J. Am. Chem. Soc.1995,
117, 9582-9583. (i) Bibas, H.; Wong, M. W.; Wentrup, C.Chem.-Eur. J.
1997, 3, 237-248. (j) Badawi, H. M.; Fo¨rner, W.; Al-Saadi, A.J. Mol.
Struct. (THEOCHEM)2000, 505, 19-30.

Figure 2. Side and top views of selected B3LYP/6-31G* optimized structures for reactions between2 and vinylketene (1a). Distances shown are in angstroms.
Carbons are shaded, hydrogens are open, oxygens are striped, and nitrogens are labeled. “- - -” are close approaches and/or H-bonds; “||||||” are partial
bonds. Relative energies are in parentheses in kcal/mol. Lowest energy pathways are boxed. Transition state labels are underlined.
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there are four minima, because the imide bond can also beZ or
E. At the B3LYP/6-31G* level, theZ-s-Z, E-s-Z, and Z-s-E
structures are 2.2, 0.5, and 0.2 kcal/mol, respectively, above
that of theE-s-E structure (Table 2). For1c, all calculations
predict the two conformations to be similar in energy, but at
this level, thes-Z-conformation is 0.2 kcal/mol above thes-E-
conformation. Because the different conformations of1a, 1b,
and1c are close in energy, we have considered boths-Z- and
s-E-conformations in this work. For clarity and simplicity in
the discussion below, theE-isomer of the imine in1b will be
assumed, and thusZ and E will be used to refer only to the
s-Z- ands-E-conformations.

Complexes between Formaldimine (2) and Ketenes 1a, 1b,
and 1c. Gas-phase van der Waals complexes have been
calculated for ketenes with other reagents.19a,32The complexes
between ketene and both ethylene and acetylene have been
characterized by microwave spectroscopy.33 Both experiment

and calculation agree that complexation occurs in the plane of
the ketene, with the interaction of a weakly nucleophilicπ-bond
with the in-plane LUMO of ketene. The anticipated in-plane
complexes between1a, 1b, and1c and the nucleophilic imine
2 were indeed found (Figures 2A, 2B, S1, S4, S7).

For bothE- andZ-conformers of the conjugated ketenes1a,
1b, 1c, these complexes with formaldimine (2) were systemati-
cally explored. There has not been a consistent nomenclature
to describe the geometries of attack on the ketene, but the
descriptions outlined in Scheme 2 are in general consistent with
other discussions6b,k,n and will be used in the remainder of this
paper. The addition of2 can occur either exo (x) or endo (n) to
the substituent on the ketene (1), and the imine2 can be oriented
either syn (s) or anti (a) to theâ-carbon. Finally, there are both
E- and Z-conformers of the conjugated ketenes (see above).
Thus, there are eight possible geometries for coplanar addition
of the ketenes1 and formaldimine2, and, for example,E-7aXS
is the exo-syn complex ofE-1a with 2, as shown in Figure 2.
Indeed, van der Waals complexes between1 and2 were located
for most, but not all of these possibilities (Tables 1-3 and
Supporting Information, Figures S1, S4, S7 and Tables S2-
S4). These complexes are in shallow minima, bound by between
2.9 kcal/mol (E-7aXA) and 3.9 kcal/mol (E-7cXA, Tables 1,
2, 3). Thus, equilibration between them can readily occur by
fragmentation/recombination. TheE-1 complexes are of nearly
equal energy, within 0.4 kcal/mol of each other. TheZ-1

(32) (a) Sung, K.; Tidwell, T. T.J. Am. Chem. Soc.1998, 120, 3043-3048. (b)
Couturier-Tamburelli, I.; Aycard, J.-P.; Wong, M. W.; Wentrup, C.J. Phys.
Chem. A2000, 104, 3466-3471.

(33) (a) Gillies, C. W.; Gillies, J. Z.; Lovas, F. J.; Suenram, R. D.J. Am. Chem.
Soc.1993, 115, 9253-9235. (b) Lovas, F. J.; Suenram, R. D.; Gillies, C.
W.; Gillies, J. Z.; Fowler, P. W.; Kisiel, Z.J. Am. Chem. Soc.1994, 116,
5285-5294.

Table 1. Calculated Relative Energies (kcal/mol), Relative Energies with Zero-Point Vibrational Energy Corrections (ZPE, kcal/mol), Low or
Imaginary Frequencies (cm-1), and Free Energies (kcal/mol) for Structures Related to the Addition Reaction of Vinylketene (1A) and
Formaldimine (2) at the B3LYP/6-31G* Level

structure
relative
energya

relative energy
+ ZPE low frequencies

relative
free energy structure

relative
energya

relative energy
+ ZPE low frequencies

relative
free energy

Z-1a + 2 5.7 4.6 74.4; 1084.1 -4.2 E-10aci 21.7 23.2 394.9i 26.9
E-1a + 2 3.9 2.9 28.9; 1084.1 -5.4 E-7aNA 0.3 0.2 27.7 -0.3
Z-7aNS 2.8 2.5 17.4 1.0 E-8aNA 5.0 5.9 257.4i 8.6
Z-7aNA 3.0 2.8 22.8 1.5 E-9aNA 0.3 2.6 102.4 5.8
Z-8aNA 6.7 7.4 189.6i 10.3 E-7aXS 0.3 0.1 21.1 -0.9
Z-9aNA -0.3 2.3 124.7 6.0 E-8aXS 7.2 8.2 242.4i 10.8
Z-10aci 26.0 27.3 79.7 30.9 E-9aXS 5.9 7.8 120.2 10.8
Z-7aXS 2.2 1.8 19.6 0.4 E-7aXA 0.0 0.0 34.4 0.0
Z-8aXS 8.9 9.9 246.2i 12.5 E-8aXA 3.2 4.1 221.8i 6.7
Z-9aXS 7.2 9.3 92.1 12.4 E-9aXA -3.2 -0.7 98.8 2.6
Z-7aXA 1.8 1.7 25.6 1.1 E-10aco 15.2 16.9 340.1i 20.5
Z-8aXA 4.8 5.6 214.8i 8.3 E-10aπi 29.8 31.1 437.6i 34.6
Z-9aXA -2.0 0.6 88.2 4.1 E-10aπo 27.1 28.3 406.0i 31.7
Z-10aco 16.2 18.0 334.8i 21.8 3a -53.6 -47.9 137.7 -43.5
Z-10aπi 29.2 31.0 319.6i 35.0 4a1 -28.8 -25.0 90.8 -21.6
Z-10aπo 28.7 29.9 397.7i 33.4 4a2 -29.5 -25.8 84.4 -22.5
Z-12a 15.9 17.6 270.9i 15.3 4a3 -29.0 -25.1 79.7 -21.7
E-7aNS 0.3 0.1 25.5 -0.7

a Energies are relative toE-7aXA, the most stable complex.

Table 2. Calculated Relative Energies (kcal/mol), Relative
Energies with Zero-Point Vibrational Energy Corrections (ZPE,
kcal/mol), Low or Imaginary Frequencies (cm-1), and Free
Energies (kcal/mol) for Selected Structures Related to the Addition
Reaction of Imidoylketene (1b) and Formaldimine (2) at the
B3LYP/6-31G* Level

structure
relative
energya

relative energy
+ ZPE low frequencies free energy

E-s-Z-1b + 2 4.7 3.8 149.1; 1084.1 -4.8
Z-s-Z-1b + 2 6.5 5.5 133.0; 1084.1 -3.3
E-s-E-1b + 2 4.3 3.3 147.0; 1084.1 -5.2
Z-s-E-1b + 2 4.6 3.5 132.9; 1084.1 -5.2
3b -45.4 -40.0 155.2 -35.9
4b1 -28.6 -24.8 62.4 -21.6
4b2 -27.3 -23.6 89.0 -20.6
E-7bXA 0.0 0.0 36.3 0.0
Z-8bNS 5.5 6.2 61.7i 7.4
Z-9bNS 0.5 3.1 70.2 6.1
E-10bco 18.5 20.2 386.4i 23.5
E-10bci 22.4 24.1 409.5i 27.6
Z-10bco 23.4 24.9 374.2i 28.2
Z-10bci 20.9 22.9 329.1i 28.2
E-10bπo 29.5 30.8 464.9i 34.1
Z-11b 1.8 4.2 200.8i 7.8
Z-12b 7.4 9.2 218.0i 12.2

a Energies are relative toE-7bXA, the most stable complex.

Scheme 2
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complexes with2 are generally higher in energy by 0.2-2.8
kcal/mol, reflecting the higher energy of theZ-conformation
and, in some cases, steric congestion with the vinyl group. The
latter leads to slightly nonplanar complexes forZ-7aNA and
E-7cXS and significantly nonplanar complexes forZ-7bNS,
Z-7cNS, andZ-7cNA. Of the fourE-complexes, the exo-anti
(XA ) complexes are consistently the most stable.

Addition of Formaldimine (2) to Vinylketene (1a). We
begin the discussion with a consideration of the stepwise [2+
2] cycloadditions of2 with 1a (Figures 2A, 2B, 2E, 2F, S2,
and S3). When a stable zwitterionic intermediate (9) is formed,
it has a low barrier (via8) to fragmentation back to the complex.
Subsequent electrocyclization forms the four-membered ring
products in the rate-determining step (eq 3). These conrotatory
transition structures (10) can have the substituent rotate either
inward or outward and are designated with the suffixesci or co
respectively.

The lowest energy intermediates are the exo-anti intermedi-
ates, for example,E-9aXA (-0.7 kcal/mol). The other zwitter-
ions are apparently destabilized by steric interactions. In
particular, the endo-syn zwitterionsZ- andE-9aXSare twisted
slightly out-of-plane (gauche) and are significantly higher in
energy (9.3 and 7.8 kcal/mol, respectively). Structures corre-
sponding toZ- andE-9aNSwere not minima but were calculated
to dissociate to the van der Waals complexesZ- andE-7aNS,
respectively. It is possible that solvation would stabilize these
structures sufficiently to make them weakly bound intermediates.6g

Although the most stable, the anti zwitterions are not directly
on the reaction pathways. There was originally some confusion
in this regard. Both Cossı´o6b,d and Sordo6a,c,g described the
cycloaddition of ketene and formaldimine as first forming the

anti zwitterion, and then the electrocyclization occurring from
this conformation. Sordo subsequently revised this picture,
indicating that the cyclization occurred from the syn (gauche)
conformation, as determined by IRC calculations.6k,p We also
performed IRC calculations that connected the conrotatory
transition structureE-10aco to the syn zwitterionE-9aXS.
Computational attempts to locate a rotational transition state
connectingE-9aXS and E-9aXA led to fragmentation to the
van der Waals complexesE-7aXSandE-7aXA.34 The weakness
of the zwitterions is also reflected in the long C2-N6 bonds
(1.484-1.532 Å). Clearly, there is a facile equilibration via
fragmentation between all the zwitterions and the van der Waals
complexes.

Of the [2 + 2] addition pathways, the lowest overall
calculated energy barrier of 16.9 kcal/mol is for the conrotatory,
outward electrocyclization viaE-10aco from the exo-syn
zwitterion,E-9aXS, as shown in Figure 2A.35 In agreement with
previous results,6a-e,g,k,m,nit is the torquoselectivity of this ring
closure that leads to the stereoselective formation of the
products. This barrier is sufficiently low that the reaction could
take place readily at room temperature, in agreement with
experimental observations.20a,d,gSordo et al. calculated a barrier
of 21.3 kcal/mol (MP2/6-31G*, no ZPE correction) for ketene
plus formaldimine.6aWhile the levels of calculation are different,
the barriers are comparable; the vinyl substituent may slightly
lower the barrier for the [2+ 2] cycloaddition.

The overall barrier for the similar stepwise [2+ 2] cyclo-
addition from theZ-conformation of1a is only slightly higher,
18.0 kcal/mol forZ-10aco(Figure 2E). These electrocyclizations
exhibit significant torquoselectivity; the transition structures with
inward rotationE-10aciandZ-10aci(Figure 2B,F) have higher
barriers of 23.2 and 27.3 kcal/mol, respectively. This is in
agreement with the original work of Houk et al. who calculated
that alkene substituents prefer to rotate outward in cyclobutene
ring openings.14a

Four other transition structures for [2+ 2] cycloadditions
between1a and 2 were located. The lowest energy structure
(E-10aπo) is shown in Figure 2D; the others (designated asπo
and πi) are shown in Figures S2 and S3. While this is of
considerably higher energy (28.3 kcal/mol) than the stepwise
pathway viaE-10aco (16.9 kcal/mol), it is nevertheless of
significance. Similar structures have been the subject of
considerable controversy. In their calculations on the fluoro-
ketene plus imine cycloaddition, Xu, Fang, and Fu reported a
structure that according to IRC calculations did not connect to
a zwitterion.6f,i This conclusion was disputed by Sordo et al.6h

who have previously calculated electrocyclic transition structures
related to Z- and E-10aco.6c,g We also performed an IRC
calculation beginning fromE-10aπo, and this connected to the
cyclobutenedione4a1 (Figure S3) but not to any of the
zwitterionic intermediates. It thus appears that the results of both
Xu et al. and of Sordo et al. are correct; there are simply two

(34) Cossı´o reported locating a transition structure at the semiempirical AM1
level for a similar rotation in the cycloaddition of ketene with imine.6b

However, in the current work (B3LYP/6-31G*), constraining the C2-N5
distance to 1.525 Å gave a quasi-transition structure with a relative energy
of 14.4 kcal/mol, higher in energy than the dissociation/recombination
pathway.

(35) For thermal, conrotatory cyclobutene ring openings see: (a) Marvell, E.
N. Thermal Electrocyclic Reactions, 1st ed.; Academic Press: New York,
1980. (b) Spellmeyer, D. C.; Houk, K. N.J. Am. Chem. Soc.1988, 110,
3412-3416.

Table 3. Calculated Relative Energies (kcal/mol), Relative
Energies with Zero-Point Vibrational Energy Corrections (ZPE,
kcal/mol), Low or Imaginary Frequencies (cm-1), and Free
Energies (kcal/mol) for Selected Structures Related to the Addition
Reaction of Formylketene (1c) and Formaldimine (2) at the
B3LYP/6-31G* Level

structure
relative
energya

relative energy
+ ZPE low frequencies free energy

Z-1c + 2 5.2 4.1 143.8; 1084.1 -4.5
E-1c + 2 5.0 3.9 156.2; 1084.1 -4.7
3c -32.6 -27.5 130.7 -23.5
4c1 -25.0 -21.6 83.7 -18.6
4c2 -23.5 -20.2 114.9i -15.7
E-7cXA 0.0 0.0 42.2 0.0
Z-8cNS 3.5 3.2 466i 5.5
Z-9cNS -1.1 1.4 71.2 4.3
Z-10cco 25.3 26.6 418.4i 29.8
E-10cco 22.2 23.6 429.8i 26.8
Z-10cci 21.2 23.0 342.8i 26.6
E-10cci 21.7 23.3 211.0i 26.8
Z-10cπi 29.8 31.5 501.1i 35.0
E-10cπi 32.5 33.7 530.4i 36.8
Z-11c -0.2 2.1 174.0i 5.6
Z-12c 4.9 6.6 197.8i 9.6

a Energies are relative toE-7cXA, the most stable complex.
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transition structures and two independent pathways. As dis-
cussed above, Sordo et al. later described this transition state
as disrotatory.6k While this indeed appears disrotatory at first
inspection, there are two difficulties with this designation. As
argued above, a forbidden transition structure would not be
expected to be well described by the single determinant (RHF)
wave functions used by both Xu and Sordo. Yet more
importantly, this is a highly asynchronous, but concerted
transition structure, in which the C2-N6 is not fully formed
(1.593 Å). A closer inspection of the geometry reveals that it is
more related to the ketene plus ethylene cycloaddition transition
structure.10-12 (Side and top views of the transition states for
ketene plus ethylene and ketene plus2 are shown in Figure
S11.) Finally, the barrier of 28.3 kcal/mol forE-10aπo is
comparable to that calculated for ketene plus ethylene (28.9 kcal/
mol, G2(MP2) level).12 Both the geometry and the barrier
heights suggest that there is nothing unusual about these
transition structures (Z- and E-10aπo and Z- and E-10aπi).
Rather, the imineπ-bond is being utilized in the same fashion
as theπ-bond of ethylene. The geometry and NBO analysis of
E-10aπo are in accord with the interpretation of Yamabe that
there are two separate orbital interactions, primarily donation
from the imineπ to the in-plane keteneπ* and secondarily
from the out-of-plane keteneπ to the imineπ*. To put this in
a broader context, the orbital disconnection between the two
ketene orbitals (Figure 1A) means that these cycloadditions are
pseudopericyclic. However, the conrotatory transition structures
(Z- andE-10acoandZ- andE-10aci) are all lower in energy,
and thus the stepwise pathways are followed.

A concerted, asynchronous transition structure for the [4+
2] cycloaddition was located (Z-12a, eq 4, Figure 2G, Table
1). This nonplanar geometry is similar to other pericyclic Diels-
Alder reactions with suprafacial orbital interactions.15 However,
the imine lone pair is oriented toward the ketene carbon (C2).
This differs from the exo-lone-pair effect found by Houk and
McCarrick for Diels-Alder reaction with butadiene,36 presum-
ably because of the attraction between the lone pair and the
ketene in-plane LUMO inZ-12a. Attempts to locate a stepwise
transition structure (see below for1b and1c) led only to the
concerted structure.

Comparing the energies of the various transition states, the
stepwise [2+ 2] pathway is favored (the lowest barrier is 16.9
kcal/mol, E-10aco). This result is in agreement with the
experimental results obtained by Barbaro et al.20a and Sharma
et al.,20d,g in which [2 + 2] products are formed in reactions of
unconstrained vinylketenes with imines. However, the concerted
[4 + 2] pathway is not much higher in energy (17.6 kcal/mol,
Z-12a) than the [2+ 2], and it is the lowest pathway for the
s-Z conformation; the stepwise [2+ 2] via Z-10acois 18.0 kcal/

mol. Thus, we predict that for a vinylketene constrained to a
Z-geometry, the [4+ 2] could be competitive; this may be
relevant to the [4+ 2] cycloaddition of silylvinylketene with
imines observed by Danheiser et al.,20f although silyl substitution
significantly perturbs ketene reactivity.2c

Addition of Formaldimine (2) to Imidoylketene (1b).
Because of the difficulties with the preparation of imidoyl-
ketenes, their reactions with imines are apparently unknown.2c

The results below suggest that such reactions should be possible.
A closely related reaction of benzoimidoylketene from isatoic
anhydride with an imine has been reported.37

Seven complexes between imidoylketene (1b) and 2 were
located; theE-conformations are again more stable, andE-7bXA
is the most stable (see Supporting Information, Figure S4 and
Table S3). The missing eighth complex would beZ-7bNA;
however, attempts to optimize this structure gaveZ-7bXA.
Presumably, lone pair repulsion between the two nitrogens
destabilizes the endo-anti conformation of what would be
Z-7bNA.

Two pathways for [2+ 2] cycloadditions were again
calculated, stepwise and concerted (eq 3). These geometries and
energies were similar to those calculated for vinylketene1a.
Thus, of the four stepwise pathways for a [2+ 2] (Figures 3A-
D, S5, and S6),E-10bco was the highest barrier (20.2 kcal/
mol) on the lowest energy pathway. The zwitterionZ-9bNA is
exceptionally stabilized (-12.6 kcal/mol); there is a hydrogen
bond between N6H and N5. Although this hydrogen bond would
not be present in any substituted imine, this structure is of
relevance to the facile 1,5-hydrogen shifts reported below. The
torquoselectivity was more modest than in the case of vinyl-
ketene (1a); E-10bci had a barrier of 24.1 kcal/mol, in accord
with Houk’s results for 2-iminocyclobutene.14b For the Z-
conformation, the inward transition structureZ-10bci (22.9 kcal/
mol) was lower in energy than the outward structureZ-10bco
(24.9 kcal/mol). This again is a consequence of the choice of2
as the model imine; there is a hydrogen bond between N6H
and N5, as evidenced by substantial pyramidalization of N6 and

(36) McCarrick, M. A.; Wu, Y.-D.; Houk, K. N.J. Am. Chem. Soc.1992, 114,
1499-1500.

(37) Staiger, R. P.; Moyer, C. L.; Pitcher, G. R.J. Chem. Eng. Data1963, 8,
454-456.

Figure 3. Side and top views of selected B3LYP/6-31G* optimized
structures on the low energy pathways for reactions between2 and
imidoylketene (1b). See Figure 2 for key.
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stabilization of this structure. This would not be possible with
an N-substituted imine.

Again, four concerted transition structures were located
(Figures S5 and S6). The lowest energy wasE-10bπo (30.8
kcal/mol, Figure 3E). These geometries are again very similar
to the highly asynchronous, but concerted, cycloaddition of
ketene with ethylene. The barriers for both [2+ 2] pathways
are slightly higher than those calculated for1a. This may reflect
the greater stability of imidoylketene (1b) versus vinylketene
(1a)31e and/or the greater exothermicity of the reaction of
vinylketene (1a); the formation of 4a2 is 25.8 kcal/mol
exothermic, while the formation of4b1 is 24.8 kcal/mol
exothermic.

However, the formation of the six-membered ring3b was
calculated to be much more facile for2 + 1b than for1a. We
calculated two low energy pathways (eq 4, Figure 3F and G).
The concerted [4+ 2] pathway viaZ-12b has a barrier of only
9.2 kcal/mol. This is remarkably low when compared either to
the [4 + 2] cycloaddition of1a and 2 (via Z-12a) or to a
hydrocarbon Diels-Alder reaction.15b,38Such low barriers are
often found for pseudopericyclic reactions.19d,f,28f,39Furthermore,
the geometry is essentially planar at the ketene (C2) in contrast
to the suprafacial-suprafacial geometry of a hydrocarbon
Diels-Alder.15b,38,40Rather, this geometry is very similar to the
pseudopericyclic geometries calculated for the cycloadditions
of 1b and 1c with carbonyl compounds and described as
pseudopericyclic.19a,e,g,hFigure 5A shows the pseudopericyclic
orbital topology of this transition state, based on the geometry
and the NBO analysis (Scheme S1). Experimental support for

planar, pseudopericyclic transition states is found in the ground-
state distortions in the X-ray crystal structure of the camphor-
ketene dimer that prefigures such a reaction.19i

The other [4+ 2] pathway is stepwise, with rate-determining
nucleophilic attack of the imine nitrogen on C2 of the ketene
via a planar transition structureZ-8bNS with a barrier of 6.2
kcal/mol. This barrier is comparable to the other barriers for
the formation of the zwitterions, although there is some steric
crowding in the planar zwitterionZ-9bNS (3.1 kcal/mol). This
intermediate then undergoes very facile electrocyclic ring closure
via Z-11b to give the six-membered product (3b, eq 4). The
barrier for this reaction is remarkably low, only 1.1 kcal/mol
from the zwitterion (Z-9bNS) to the transition structure (Z-11b).
In fact, the formation of the zwitterion is calculated to be the
rate-determining step (Z-8bNS, 6.2 kcal/mol). Again, such a
low barrier is indicative of a pseudopericyclic reaction. As a
six-electron process, this would be predicted to be disrotatory.8

Both the CH2 (C7) and the NH (N5) are indeed twisted out of
the molecular plane in a disrotatory fashion. However, this
twisting is slight; the geometry about the C4-N5 imide bond
is almost perfectly planar, and the lone pair points directly at
C7. (The C3-C4-N5-NH and C3-C4-N5-C7 dihedral
angles are 174.8° and 7.2°, respectively.) This planarity and
the NBO analysis (see Scheme S1) both indicate a pseudoperi-
cyclic orbital topology with a single disconnection at N5, as
shown in Figure 5B.19f The transition structureZ-11b is quite
early, with the forming N5-C7 bond 2.658 Å long. Overall,

(38) Sauer, J.; Sustmann, R.Angew. Chem., Int. Ed. Engl.1980, 19, 779-807.
(39) (a) Fabian, W. M. F.; Bakulev, V. A.; Kappe, C. O.J. Org. Chem.1998,

63, 5801. (b) Fabian, W. M. F.; Kappe, C. O.; Bakulev, V. A.J. Org.
Chem.2000, 65, 47-53. (c) Alajarı́n, M.; Vidal, A.; Sánchez-Andrada, P.;
Tovar, F.; Ochoa, G.Org. Lett.2000, 2, 965-968.

(40) For recent X-ray crystallographic evidence for the geometry of the Diels-
Alder transition state, see: Pool, B. R.; White, J. M.Org. Lett.2000, 2,
3505-3507.

Figure 4. Side and top views of selected B3LYP/6-31G* optimized
structures on the low energy pathways for reactions between2 and
formylketene (1c). See Figure 2 for key.

Figure 5. Pseudopericyclic orbital interactions in reactions of1b, based
on NBO analysis. Note that both side and top views of p-orbitals are shown
in A and B. (A) The two orbital disconnections in the [4+ 2] cycloaddition
Z-12b. For clarity, the in-plane and out-of-plane orbitals are shown
separately. (B) The single orbital disconnection in the electrocyclization
Z-11b. (C) Orbital disconnections in the 1,5-hydrogen shift13a, 13b, and
13c. (D) Orbital disconnections in the 1,3-hydrogen shift14a, 14b, and
14c.
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this stepwise process has a slightly lower (by 3.0 kcal/mol)
barrier for the formation of3b as compared to the concerted
process. Because the stepwise formation of the six-membered
ring is calculated to have a very low energy barrier (6.2 kcal/
mol), the [2+ 2] cycloadditions ofE- or Z-1b with 2 (eq 3)
are predicted not to be competitive. To the best of our
knowledge, there is only one example of a benzoimidoylketene
reacting with an imine;37 this gave a [4+ 2] product. Other
examples are currently under investigation in our laboratory.

The transition structureZ-11b is closely related to the
electrocyclization of 1-aza-1,3,5-hexadiene that has been studied
by Rodrı́guez-Otero41aand later by Houk et al.41b As Rodrı́guez-
Otero recognized, the transition structure for this reaction is
planar on the imine and is qualitatively different from the
hydrocarbon electrocyclization. Houk suggested a very similar
orbital analysis to Figure 5B, but did not place it in the broader
context of pseudopericyclic reactions. The very low barrier
height of Z-11b can be understood in the context of the
Hammond postulate42 by comparing the exothermicities of the
reactions. Formation of3b is 40.0 kcal/mol exothermic, while
ring closure of 1-aza-1,3,5-hexadiene is 7.1 kcal/mol endother-
mic, with a barrier of 27.7 kcal/mol.41

Addition of Formaldimine (2) to Formylketene (1c).
Formaldimine (2) and formylketene (1c) are similar in that both
have an in-plane lone pair as well as an out-of-planeπ-system.
All eight expected complexes were located; theE-complexes
are, in general, more stable, andE-7cXA has the lowest energy
(see Supporting Information, Figure S7 and Table S4).

Transition structures for the two [4+ 2] pathways, concerted
and stepwise, were located (eq 4 and Figure 4G and H). These
are qualitatively similar to those of the addition of2 to 1b. In
particular, the concerted [4+ 2] transition structure (Z-12c, 6.6
kcal/mol) is close to planar (particularly at C2); the NBO
analysis (Scheme S1) also indicates this is pseudopericyclic.
For the stepwise addition, the initial formation of the zwitterion
is again rate determining (Z-8cNS, 3.8 kcal/mol) and has a lower
overall barrier than does the concerted pathway (6.6 kcal/mol,
Z-12c). The electrocyclic ring closure on the stepwise pathway
(Z-11c), although it had residual disrotatory motion, is again
close to planar (the C3-C4-O5-C7 dihedral angle is 1.6°),
and is therefore also pseudopericyclic with one orbital discon-
nection at O7, as further evidenced by the NBO analysis
(Scheme S1). It also has a very low barrier from the zwitterion
(Z-9cNS, 0.7 kcal/mol) again consistent with a pseudopericyclic
reaction.

The [2+ 2] cycloadditions (eq 3, Figures 4A-F, S8, and S9
and Tables 3 and S4) again have significantly higher energy
barriers than do the [4+ 2]. On the basis of Houk’s work,14b

the formyl substituent is expected to show significant torqu-
oselectivity for inward rotation; for bothE- andZ-conformations,
inward rotation is indeed favored. The lowest energy transition
structure isZ-10cci (23.0 kcal/mol), conrotatory with inward
rotation. Again, theZ-conformation appears to be artificially

stabilized by a hydrogen bond between O5 and N6H (2.167
Å), and N6 is pyramidalized. This hydrogen bond would not
be possible in an N-substituted imine. However, the transition
structureE-10cci lacks this hydrogen bond and yet is almost of
equal energy (23.3 kcal/mol); it is also conrotatory, with inward
rotation.

As before, the concerted transition structures have higher
energies (31.5 kcal/mol,Z-10cπi and 33.7 kcal/mol,E-10cπo,
Figure 4E and F). The barriers for both the stepwise and
concerted [2+ 2] cycloadditions are slightly higher than for
the corresponding reactions of1a and1b, reflecting the greater
stability of 1c.31e Overall, these results are consistent with the
[4 + 2] cycloaddition products experimentally observed in the
reactions of acetylketene with imines.2,20c,k,21

The calculated barrier heights for the forward and reverse
reactions of1c offer an explanation for the otherwise puzzling
reaction of1d with N-benzylidene-tert-butylamine. Sato et al.
have reported that the more strained [2+ 2] product (4d) is
formed upon prolonged heating of the [4+ 2] product (3d),20k

as shown in eq 5. The lowest calculated barrier is clearly for
the formation of3c. However, if there is sufficient energy for
this to undergo the retro [4+ 2] (31.3 kcal/mol), then there is
also sufficient energy to surmount the barrier to form4c1(23.0
kcal/mol), but there does not have to be sufficient energy to
equilibrate3c and4c1 (44.6 kcal/mol). The high barrier traps
4d.

1,5-Hydrogen Shifts. One of the consequences of using
formaldimine (2) as the model imine is that 1,5-hydrogen shifts
from the endo-anti zwitterionic intermediatesZ-9aNA, Z-9bNA,
and Z-9cNA are possible, as shown in Scheme 1 and eq 6.
Similar shifts are not likely to be as important in the case of
N-substituted imines. Transition structures corresponding to
these 1,5-H shifts were located and have quite low calculated
barriers from the intermediates (6.0 kcal/mol,13a, -0.7kcal/
mol, 13b, and-1.2 kcal/mol,13c). It is the inclusion of the
zero-point vibrational energy correction that gives these legiti-
mate transition structures (13b and13c) their negative barriers.
These transition structures are shown in Figure 6, and related
energies are in Table 4.

The zwitterionic intermediates (Z-9aNA, Z-9bNA, Z-9cNA)
leading to the 1,5-H shifts are all planar. Transition state
structures13band13cfor H-transfer in the imidoyl and formyl
cases are also planar, while the transition structure13a for the
H-shift in the vinyl case is not. The qualitative orbital inter-
actions for these pseudopericyclic H-shifts are shown in Figure

(41) The isomeric electrocyclization transition structure based onZ-11b, but
with theE-configuration about the C4dN5 imide bond, was not studied in
this work. However, there is ample computational precedence that without
the lone pair pointing towards C7, this reaction would be pericyclic, not
pseudopericyclic, and would have a significantly higher barrier. See
references 39a,b and (a) Rodrı´guez-Otero, J.J. Org. Chem.1999, 64, 6842-
6848. (b) Walker, M. J.; Hietbrink, B. N.; Thomas, B. E., IV; Nakamura,
K.; Kallel, E. A.; Houk, K. N.J. Org. Chem.2001, 66, 6669-6672.

(42) Hammond, G. S. J.J. Am. Chem. Soc.1955, 77, 334-338.
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5C and D, and the NBO analysis is in Scheme S1. In both13b
and13c, the hydrogen is transferred in the molecular plane, to
a lone pair on N5 or O5. The lack of cyclic orbital overlap,
combined with favorable geometries and electronic interactions,
are the origin of the extremely low barriers for these hydrogen
transfers.19d As the result of these very low barriers, formation
of the zwitterionic intermediates becomes the rate-determining
step. The relative energies of these transition structures,Z-8bNA
andZ-8cNA, are 2.9 and 2.1 kcal/mol, respectively.

Pseudopericyclic 1,3- and 1,5-sigmatropic rearrangements
have been widely observed and calculated inR,â-unsaturated
ketenes.19d,20h,31c,h,i,43Wentrup et al. have argued that the low
barriers are a consequence of favorable HOMO-LUMO

interactions.43f,g While this is clearly important, there are such
interactions in many pericyclic reactions that have more
substantial barriers.8,44 Thus, HOMO-LUMO interactions do
not offer a complete explanation.

For the hydrogen transfer to occur in the vinyl case, the
molecule cannot remain planar. Either the hydrogen moves out
of the plane of the molecule, or the p-orbital on the CH2 (C5)
rotates into the plane, or a combination of both motions can
occur, as is indeed the case. These out-of-plane motions weaken
the bonding and are the origin of the larger barrier for13a as
compared to the other two. This transition structure has a single
orbital disconnection at N6, which makes it pseudopericyclic,
as confirmed by the NBO analysis in Scheme S1.19f Thus, the
barrier is lower than a hydrocarbon 1,5-hydrogen shift, but
higher than13band13c, which have two orbital disconnections
and fully planar transition structures.45

1,3-Hydrogen Shifts.The orbital symmetry rules predict that
thermal, suprafacial 1,3-shifts in hydrocarbons are forbidden.8,46

However, 1,3-shifts become allowed with a pseudopericyclic
orbital topology (Figure 5E, Scheme S1).19d,22cIndeed, 1,3-silyl
migrations have been observed in the reactions ofN-silylimines
with ketenes.6n The syn zwitterions from1a, 1b, and1call have
a hydrogen poised to transfer to the oxygen and doing so would
neutralize the zwitterions (eq 7). Transition structures (Z- and
E-14a, Z- and E-14b, Z- and E-14c) were located for 1,3-
hydrogen shifts from all six of the exo-syn zwitterions (Z- and
E-9aXS, Z- and E-9bXS, and Z- and E-9cXS, respectively).
Representative structures are shown in Figure 6. The planar
geometries and NBO analysis (Scheme S1) are consistent with
these being pseudopericyclic reactions. The calculated barriers
of 23.4, 24.1, and 25.5 kcal/mol, respectively, are low enough
to be easily surmounted at room temperature. Nevertheless, they
are relatively high as compared to the practically nonexistent
barriers to the 1,5-hydrogen shifts. However, there is certainly
angle strain in these transition structures. The hydrogen is clearly
not being transferred along a linear path, nor are the angles at
the nitrogen and oxygen favorable. The angle strain in these
transition structures might be crudely estimated to be the strain
of a cyclobutane ring, 26.5 kcal/mol.47 This indicates again that
there is a relatively low barrier for the 1,3-hydrogen shift. Thus,
it would seem that both the 1,5- and 1,3-hydrogen shifts are
allowed, as expected for a pseudopericyclic reaction.

Conclusions

Although vinylketene (1a), imidoylketene (1b), and formyl-
ketene (1c) are allπ conjugated, calculations at the B3LYP/6-

(43) (a) Wentrup, C.; Netsch, K. P.Angew. Chem., Int. Ed. Engl.1984, 23,
802. (b) Kappe, C. O.; Kollenz, G.; Leung-Toung, R.; Wentrup, C.J. Chem.
Soc., Chem. Commun.1992, 487-490. (c) Kappe, C. O.; Kollenz, G.;
Netsch, K.-P.; Leung-Toung, R.; Wentrup, C.J. Chem. Soc., Chem.
Commun.1992, 488-490. (d) Fulloon, B.; El-Nabi, H. A. A.; Kollenz,
G.; Wentrup, C.Tetrahedron Lett.1995, 36, 6547-6550. (e) Fulloon, B.
E.; Wentrup, C.J. Org. Chem.1996, 61, 1363-1368. (f) Koch, R.; Wong,
M. W.; Wentrup, C.J. Org. Chem.1996, 61, 6809-6813. (g) Koch, R.;
Wong, M. W.; Wentrup, C.J. Org. Chem.1997, 62, 1908.

(44) (a) Fukui, K.Acc. Chem. Res.1971, 4, 57. (b) Bach, R. D.; Wolber, G. J.;
Schlegel, H. B.J. Am. Chem. Soc.1985, 107, 2837-2841. (c) Houk, K.
H.; Gonzalez, J.; Li, Y.Acc. Chem. Res.1995, 28, 81.

(45) (a) Jensen, F.; Houk, K. N.J. Am. Chem. Soc.1987, 109, 3139-3140. (b)
Saettel, N. J.; Wiest, O.J. Org. Chem.2000, 65, 2331-2336.

(46) Pearson, R. G.Symmetry Rules for Chemical Reactions, 1st ed.; John Wiley
and Sons: New York, 1976.

(47) (a) Engler, E. M.; Andose, J. D.; Schleyer, P. v. R.J. Am. Chem. Soc.
1973, 95, 8005-8025. (b) Wiberg, K. B.; Bader, R. F. W.; Lau, C. D. H.
J. Am. Chem. Soc.1987, 109, 1001-1012.

Figure 6. Side and top views of the B3LYP/6-31G* optimized transition
structures for the 1,5- and 1,3-hydrogen shifts. See Figure 2 for key.

Table 4. Calculated Relative Energies (kcal/mol), Relative
Energies with Zero-Point Vibrational Energy Corrections (ZPE,
kcal/mol), Relative Energies from the Precursor Zwitterion (+ZPE,
kcal/mol), Low or Imaginary Frequencies (cm-1), and Free
Energies (kcal/mol) for Structures Related to 1,5- and
1,3-Hydrogen Shift Reactions

structure
relative
energya

relative
energy + ZPE

barrier from
zwitterion

low
frequencies

free
energy

5a -28.6 -25.9 65.0 -23.2
5b -32.0 -28.9 53.5 -26.2
5c -21.8 -18.5 73.8 -15.4
6a -10.5 -7.9 91.9 -4.6
6b -6.6 -4.1 92.2 -1.1
6c -6.1 -3.8 99.0 -0.8
13a 8.4 8.3 5.0 1356.5i 12.3
13b -14.3 -13.5 -0.9 325.4i -9.8
13c -14.8 -14.3 -1.5 786.9i -10.6
14a 24.3 23.4 15.6 1673.0i 26.4
14a2 25.7 24.9 15.6 1686.7i 28.0
14b 24.9 24.1 b 1667.9i 26.9
14b2 30.5 29.5 b 1668.6i 31.6
14c 26.5 25.5 b 1678.5i 28.2
14c2 30.2 29.1 b 1682.2i 31.4

a All energies are relative to the lowest energy complexes,Z-7aXA,
Z-7bXA, andZ-7cXA. b No corresponding zwitterion was located.
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31G* level predict there to be significant differences when they
react with formaldimine (2), both in their preference for [4+
2] versus [2+ 2] pathways as well as their preference for
stepwise versus concerted mechanisms. It is now possible to
provide answers to the questions posed in the Introduction:
What factors influence the periselectivity for [2+ 2] versus [4
+ 2] cycloadditions? Are pseudopericyclic orbital topologies
important? Why are the mechanisms of the [2+ 2] cyclo-
additions of ketene with imines and alkenes different?

For all three ketenes (1a, 1b, and 1c), concerted [4+ 2]
cycloaddition pathways with2 could be found. The transition
structure for vinylketene (Z-12a, 17.6 kcal/mol) is nonplanar
and pericyclic, while those for imidoylketene (Z-12b, 9.2 kcal/
mol) and formylketene (Z-12c, 6.6 kcal/mol) are more nearly
planar, have significantly lower barriers, and can be understood
as pseudopericyclic.

Stepwise [4+ 2] pathways were found for1b and1c (but
not for 1a) reacting with2 and are calculated to be the lowest
energy pathways for these ketenes. The rate-determining steps
are the formation of the zwitterionic intermediates, while the
electrocyclic ring closures have extremely low barriers (Z-11b,
1.1 kcal/mol from Z-9bNS and Z-11c, 0.7 kcal/mol from
Z-9cNS) and are essentially planar at N5 or O5. Thus, these
reactions are also pseudopericyclic. The low barrier for the
pseudopericyclic [4+ 2] cycloaddition and retrocycloaddition
of 1cand2 provides an explanation of the thermal equilibration
from a six-membered adduct (3d) to a four-membered adduct
(4d), observed by Sato et al. (eq 5).

Both stepwise and concerted pathways for [2+ 2] cycload-
ditions are calculated for all three ketenes,1a, 1b, and1c. The
concerted transition structures (Z- andE-10xπy, x ) a, b, c; y
) i, o) are closely related to the transition structure for the
cycloaddition of ketene with ethylene, both in terms of
geometries (see Figure S11) and barriers (28.3-35.6 kcal/mol).
In these transition structures, theπ-system of the imine, but
not the nitrogen lone pair, participates in bond formation. The
most consistent interpretation of these transition states is that
proposed by Yamabe et al.,11 that the orthogonal orbitals of the
ketene remove the orbital symmetry constraints, in other words,
that the concerted [2+ 2] cycloadditions of ketene withπ-bonds
are pseudopericyclic.

In the stepwise mechanism, nucleophilic attack of the imine
lone pair on the ketene in-plane LUMO generally leads to the
zwitterionic intermediates, although in some cases steric crowd-
ing precludes a stable intermediate. The zwitterions lie in
shallow minima, and there is facile equilibration between them;
the rate-determining step is the pericyclic, conrotatory electro-
cyclic ring closure. These transition structures manifest torqu-
oselectivity as well; vinyl and imidoyl substituents rotate
outward, but the formyl substitutent prefers inward rotation, in
agreement with Houk’s original work. The barriers for these
electrocyclizations increase from 16.9 kcal/mol (E-10aco) to
20.2 kcal/mol (E-10bco) and 23.3 kcal/mol (E-10cci). This trend
reflects the stabilization of ketene by electron-withdrawing
substituents.

There has been ongoing controversy regarding the mechanism
of the [2 + 2] cycloaddition of ketenes with imines. The

existence of two pathways, stepwise and concerted, provides a
resolution of this confusion. Previous workers had, in general,
calculated one or the other, but none had recognized that the
concerted reaction is analogous to the cycloaddition of ketene
with an alkene. The stepwise pathway is followed with imines,
not because of any destabilization of the concerted reaction,
but simply because of the lower barriers for electrocyclization
of the zwitterions.

To summarize, for vinylketene (1a), the stepwise [2+ 2]
and concerted [4+ 2] pericyclic cycloadditions have similar
barriers, with the [2+ 2] generally lower in energy. The rate-
determining steps in both pathways are pericyclic, an electro-
cyclization and a cycloaddition, respectively. The [4+ 2]
cycloaddition is predicted to be competitive if1a is constrained
to theZ-conformation. For imidoylketene (1b) and formylketene
(1c), both the stepwise and concerted [2+ 2] cycloadditions
are also pericyclic and have comparable energies to1a, but both
the stepwise and concerted [4+ 2] cycloadditions have
dramatically lower barriers, with the stepwise reactions favored.
The low barriers are a direct consequence of the availability of
in-plane lone pairs in1b and1c for the pseudopericyclic orbital
topology in the [4+ 2] cycloadditions.

The choice of formaldimine (2) as the model imine led to
calculation of both 1,3- and 1,5-hydrogen shifts. These are
calculated from theZ- and E-9yXS (exo, syn) and from the
Z-9yNA (endo, anti) zwitterions, respectively. Although 1,3-
and 1,5-shifts are not generally significant in reactions of
substituted imines, 1,3-shifts are observed inN-silylimines. Both
the 1,3- and 1,5-hydrogen shifts have low barriers and planar
transition structures; these reactions are also best interpreted as
pseudopericyclic.

The barrier heights and changes in favored pathways in these
reactions can be understood by considering the pseudopericyclic
orbital topology of1b and1c. The three defining characteristics
of pseudopericyclic reactions are all illustrated in comparisons
among the plethora of pericyclic and pseudopericyclic reactions
reported herein. Specifically, low or nonexistent barriers, planar
transition structure geometries, and cyclic reactions that are
allowed irrespective of the number of atoms are calculated for
pseudopericyclic [4+ 2] cycloadditions and 1,3- and 1,5-
hydrogen shifts of1b and1c. In contrast, higher barriers and
nonplanar transition structures are found for the pericyclic
reactions.
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