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Introduction

Cycloaddition reactions represent one of the most effective
and atom economic—and thus enviromentally benign—ap-
proaches to the synthesis of heterocyclic compounds. One of
the major goals in the development of cycloaddition reac-
tions is the control of the regio- and stereochemistry. Ac-
cordingly, a number of studies have been published in which
the experimentally observed outcome of cycloaddition reac-
tions that lead to heterocyclic products has been rationalized

by computational methods with the aim of gaining informa-
tion to allow the regio- and stereochemistry of a given reac-
tion to be predicted. Most of the calculations were per-
formed on dipolar cycloaddition reactions using, for exam-
ple, nitrones,[1] nitrile oxides,[2] diazo compounds,[3] azides,[4]

several cumulene systems,[5] aromatic nitro compounds,[6] di-
polar heterocyclic systems such as sydnones[7] or muench-
nones[8] or even sulfur trioxide[9] or ozone.[10] Computational
studies by various groups also focused on the reactivity of
nitriles or isocyanides,[11] carbenes,[12] thiocarbonyl com-
pounds[13] or compounds with carbon�phosphorous multiple
bonds[14] in cycloaddition reactions.
Recently, some of us reported the synthesis of chiral

spiro-lactams from the [2+2+1] cycloaddition of a ketimine
with carbon monoxide and ethylene catalyzed by ruthenium
or iron carbonyl complexes (Scheme 1).[15] The starting com-
pound is a chiral 1,4-diazabutadiene produced from enantio-
merically pure l-prolinol and the corresponding
bis(imidoyl)oxalyl chloride. As can be seen from Scheme 1
the cycloaddition reaction exclusively takes place at the
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Abstract: The transition-metal-cata-
lyzed [2+2+1] cycloaddition reaction
of 1,4-diazabutadienes, in which the
imine-carbon atoms are part of an oxa-
zine ring system, with ethylene and
carbon monoxide leads to the regiose-
lective formation of pyrrolidinone de-
rivatives. To explain this regioselectivi-
ty, the transition states and intermedi-
ates of the rate-determining step of the
catalysis are determined by high-level
DFT calculations. The experimentally
observed regioselectivity is consistent
with the lower activation energy of the
addition of ethylene towards the
carbon atom next to the oxazine
oxygen atom. Furthermore, the activa-
tion barrier of a conceivable back reac-
tion is higher for the intermediates

with the experimentally observed re-
gioselectivity. These thermodynamic
and kinetic arguments at first sight
appear to be confirmed by the calculat-
ed NPA charges in the transition states,
which reveal that the differences in
these charges are greatest for those
transition states that lead to the forma-
tion of the energetically favored transi-
tion structures. Nevertheless, calcula-
tions of analogous transition structures
and reaction products starting from
1,4-diazabutadienes with a 2-fluoro, 2-
hydroxo or 2-amino substituent re-

vealed that the regioselectivity is not
determined by the electronegativity of
the heteroatom and thus by the differ-
ences in the NPA charges or the result-
ing Coulombic interactions in the tran-
sition structures. The main reason for
the observed regioselectivities is the p-
donor ability of the substituent to con-
tribute to a delocalized p system incor-
porating the adjacent imine moiety.
The increasing p-donor capability re-
sults in decreased reactivity of this
moiety and increases the (relative) re-
activity of the second imine group. This
effect can even overcompensate for
strong intramolecular Coulombic at-
tractions in the transition structures.
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imine functional group adjacent to the oxazine oxygen
atom. For both metal carbonyls, the regioselectivity of this
reaction is 100%, whereas the overall yields in the case of
[Ru3(CO)12] are almost quantitative when R represents an
aryl group without ortho substituents. Turnover numbers are
somewhat lower when [Fe2(CO)9] was used as the precata-
lyst.[15]

The complete catalytic cycle of this formal cycloaddition
reaction has been calculated at a high level of theory.[16] A
simplified catalytic cycle is depicted in Scheme 2. The cycle

is initiated by the formation of the [(1,4-diazabutadiene)Fe-
(CO)3] complex A, in which the metal center displays a
square-pyramidal coordination sphere. The catalysis is a
stepwise process with the introduction of ethylene (B) as
the first substrate. Ethylene adds to the starting complex A
from the base of the square pyramid to yield the metalla-bi-
cyclic intermediate C via the transition structure TS

(Scheme 2). The formation of this transition structure also
turned out to be the rate-determining step of the catalytic
cycle. After insertion of a CO ligand into the C�Fe bond
(formation of D), addition of an external molecule of
carbon monoxide (to give E) followed by a metal-mediated
ring closure via the intermediate F, the final product, the
pyrrolidinone derivative G is replaced by the next 1,4-diaza-
butadiene substrate. This replacement step closes the cata-
lytic cycle.
Herein we summarize the results of a theoretical study at

the B3LYP/6–311++G(d,p) level of theory which provides a
first systematic attempt to evaluate the influence of the
“second sphere” substituents of the 1,4-diazabutadiene
moiety, that is, the heteroatoms of the oxazine ring, on the
regioselectivity (Scheme 1).
These calculations should provide an explanation for the

experimentally observed perfect regioselectivity of the reac-
tion and thus may be considered to be an important step to-
wards the general prediction of the outcome of catalytic cy-
cloaddition reactions in terms of their regio- or stereochem-
istry. To the best of our knowledge, to date there is no ex-

haustive theoretical investiga-
tion that explains the
regioselective reaction of bi-
functional substrates with both
potential reaction sites being
coordinated to the catalytically
active transition metal and
which include the complete cat-
alytic cycle.
There are a few reports deal-

ing with cycloaddition reactions
in which main group or transi-
tion metals are involved. The
former have essentially been in-
vestigated owing to their Lewis
acid activity. The role of BF3 or
BBr3 in the cycloaddition reac-
tion of a,b-unsaturated alde-
hydes with 1,3-butadienes,
which proceed via asynchro-
nous transition structures, has
been investigated by computa-
tional methods.[17] In contrast, it
has been shown that the reac-
tion of 2-azadienes with alde-
hydes catalyzed by BF3 works
by means of a concerted mech-
anism.[18] The Lewis acid coor-
dinates to the dienophile reduc-
ing the reaction barrier and in-
creasing the stereoselectivity by

interaction with the imine lone pair. The regioselectivity of
the Diels–Alder reaction of 4,5-dimethylene-2-oxazolidi-
nones with unsymmetrical dienophiles was also highly im-
proved by the addition of AlCl3 or TiCl4 as Lewis acid. Nev-
ertheless, calculations performed on this reaction did not ex-
plain the role of the metals since they were not taken into
consideration.[19]

Scheme 1. Catalytic reaction of N,N-bis(aryl)tetrahydropyrrolo-
[2,1c,1,4]oxazine-3,4-diylidenediamine with carbon monoxide and ethyl-
ene.

Scheme 2. Catalytic cycle of the [2+2+1] cycloaddition reaction of a diazabutadiene, carbon monoxide, and
ethylene to generate lactams.
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In the cobalt-catalyzed cycloaddition of 5-hexynenitrile
and 1,3-diynes leading to disubstituted 2,2’-bipyridines, the
function of the transition metal has been rationalized by cal-
culations. The regioselectivity of the reaction is ensured by
the preferential coordination of the catalytically active spe-
cies to an amino functional group constructed in the first un-
catalyzed reaction step.[20]

The most closely related reactions with respect to the sub-
ject of our work, in which a metallacycle is formed by a
formal cycloaddition reaction was described by Beckhaus
et al. The reaction of a titanocene vinylidene complex with
alkynes, diynes, or isothiocyanates results in methylene-met-
allacyclobutenes or methylene-metallathietane complexes,
respectively.[21] The regioselectivities of the cycloaddition re-
actions may be attributed to the polarity of the substituted
alkyne substrates or the lower polarity of the C=S bond
compared to the C=N bond in the latter case.

Computational Methods

Full-geometry optimizations (i.e. without symmetry constraints) were car-
ried out with the GAUSSIAN98 program package[22] in which the hybrid
Hartree–Fock DFT approach (B3LYP/6–311++G(d,p)) was used
throughout.[23] The density functional employed contains a term which ac-
counts for the effects of dynamic electron correlation (Coulomb hole).[24]

Use of a basis set with triple z quality[25] and which contains diffuse func-
tions allows a better consideration of weakly bound (i.e. van der Waals)
complexes, H-bridged species, and a variety of interacting electron lone
pairs. The B3LYP functional has previously been found to be of a suita-
ble theoretical level for the study of the interactions of transition metals
with ligands, especially with CO.[26]

Suitable starting geometries concerning the coordination sphere of the
iron atom were taken from the calculation of the complete catalytic cycle
of this cycloaddition reaction.[16] Stationary points were rigorously charac-
terized as minima or transition states according to the number of imagi-
nary modes by applying a second-order derivative calculation (vibrational
analysis).[27] Visualization of the reactive mode in the transition structures
was used to support the assignments of the pertaining minimum struc-
tures. Zero-point energy (ZPE) corrections have been made.

Thermochemistry calculations were performed by using the standard rou-
tine in GAUSSIAN98, Version A11 (for details see Gaussian 98 UserNs
Reference, Gaussian Inc., Carnegie Office Park, Building 6, Pittsburg,
PA, USA) or the freqchk routine in conjunction with the final checkpoint
file resulting from successful frequency calculations.[28] Reed and Wein-
holdNs natural bond orbital (NBO) analysis[29] was used to calculate natu-
ral atomic charges.

Results and Discussion

First of all we had to decide on the model compound for the
calculations. Scheme 3 shows four different degrees of sim-
plification. The pyrrolidine system—present in the system
used experimentally because prolinol was used as the start-
ing compound (Scheme 1)—was omitted in all cases. Com-
pound type A (Scheme 2, 3) was used to calculate the com-
plete catalytic cycle of this cycloaddition reaction, but due
to its symmetry A is not suitable for discriminating between
the two imine moieties. Compound type H has an amino
and a hydroxy substituent in the “second sphere” along the
diazadiene backbone, which allows a differentiation between
the two C=N bonds. It is however obvious that we have to

expect strong intramolecular hydrogen bonding effects,
which will influence the bonding in the 1,4-diazabutadiene
substrate both electronically and sterically. Compound type
J is very close to the system used in the experiments, but
the basis sets for calculations at a high level of theory would
be extremely large. Compound type I seems to be the best
compromise for a suitable model substrate in which the
bonding closely resembles that in the real substrate, and the
basis set is of a workable size.
Scheme 4 shows the two elementary steps of the catalytic

cycloaddition reaction that we investigated in the course of
this work. The addition of ethylene (B) to the cyclic (1,4-di-
azabutadiene)Fe(CO)3 complex I1 from the base of the
square-pyramidal coordination sphere of iron was shown to
be the rate-determining step of the whole reaction se-
quence.[16] In addition, these elementary steps produce the
new C�C bond between ethylene and the competing imine-
carbon atoms, and thus determine the regioselectivity of the
complete cycloaddition (Scheme 1). This reaction can also
be interpreted as a [3+2] cycloaddition reaction in which a
metal is involved leading to a new ferra-pyrrolidine ring and
thus is closely related to the formation of titanacyclobu-
tenes.[21] The addition of ethylene leads to the diastereo-
meric transition states TS1 and TS2, in which a new C�C
bond is formed between ethylene and the imine functional
group next to the oxazine nitrogen atom. Alternatively, the
new C�C bond is established between ethylene and the
imine functional group next to the oxazine oxygen atom
(TS3, TS4); these products reflect the experimentally ob-
served regioselectivity. The transition states TS1–TS4 then
produce the intermediates P1–P5. There is more than one
transition structure and more than one product for each re-
action channel because different conformations of the oxa-
zine ring system have to be taken into account. The methyl-
ene groups of the oxazine may be situated above or below
the plane formed by the imine functional groups and the
heteroatoms of the oxazine. Another way to describe the

Scheme 3. Different degrees of simplification leading to the model used
in the calculations.
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different conformations would be that the apical carbon
monoxide ligand may be situated on both sides of the
above-mentioned substrate plane leading to the same con-
formers.
Figures 1–3 show the calculated structures for the starting

compound I1, the transition states TS1–TS4, and the inter-
mediates P1–P5. Specific bond lengths are summarized in
Table 1. The calculated molecular structure of I1 is presented
in Figure 1. The bond lengths of I1 are typical for a (1,4-di-
azabutadiene)Fe(CO)3 complex. The C=N bonds are slightly

elongated due to back donation
from d orbitals of the iron atom
into p* orbitals of the imine
double bonds. In addition, the
C4�N3 and C5�O4 bonds are
shorter than normal single
bonds because of a de-
localization of electron density
between the imine double
bonds and the heteroatoms of
the oxazine system. The imine
functional group next to the ox-
azine oxygen atom (C5=N2)
seems to be a more efficient
donor site for the coordination
of the Fe(CO)3 group, because
the Fe�N2 bond is 2.0 pm
shorter than the corresponding
Fe�N1 bond (Table 1). The co-
ordination sphere of iron is a
square pyramid in which the
iron atom is situated slightly
above the base of the pyramid

Scheme 4. The addition of ethylene to I1 leading to TS1–TS4 and P1–P5.

Figure 1. Structure of I1 optimized at the B3LYP/6–311++G(d,p) level.
Bond lengths are given in Table 1.

Table 1. Calculated bond lengths [pm] of I1, TS1–TS4 and P1–P5 ; Calculations performed at the B3LYP/6–311++G(d,p) level.

I1 TS1 TS2 TS3 TS4 P1 P2 P3 P4 P5

Fe�C1 179.7 180.2 180.1 179.8 179.1 181.2 181.3 181.2 178.4 180.9
C1�O1 115.0 114.5 114.6 114.6 114.6 114.3 114.3 114.3 114.4 114.4
Fe�C2 179.5 179.0 180.3 180.6 180.0 178.4 178.3 178.3 180.9 178.4
C2�O2 114.8 114.6 114.6 114.6 114.6 114.4 114.4 114.4 114.4 114.4
Fe�C3 179.2 180.5 179.3 179.0 179.8 184.9 184.7 184.8 184.6 184.9
C3�O3 114.9 114.2 114.2 114.4 114.4 113.8 113.9 113.9 113.9 113.8
Fe�N1 196.7 196.4 196.8 200.0 199.9 202.6 202.1 203.1 203.6 203.5
Fe�N2 194.7 199.9 198.8 195.7 195.4 203.4 203.6 202.9 203.3 202.2
N1�C4 131.8 135.7 135.4 130.1 130.4 144.7 145.2 145.8 129.3 129.2
N2�C5 131.1 129.3 129.5 134.3 134.6 127.9 127.9 128.0 143.9 143.3
C4�C5 142.2 145.5 145.0 146.2 145.9 152.3 152.6 152.1 152.8 152.7
C4�N3 139.1 142.0 142.8 137.0 136.6 146.9 146.5 147.1 135.0 135.2
C5�O4 136.3 134.8 135.0 138.8 138.9 133.5 133.4 133.1 143.5 143.8
O4�C6 144.0 144.9 144.9 142.9 143.0 145.9 145.9 146.0 141.8 141.7
C6�C7 152.3 151.8 152.5 152.4 152.2 152.2 152.2 151.4 152.3 152.2
N3�C7 146.4 146.1 146.3 146.5 146.1 146.1 145.6 145.8 147.0 146.8
C8�C4 – 210.3 211.7 – – 156.0 156.0 156.1 – –
C8�C5 – – – 210.2 209.7 – – – 155.0 155.7
C8�C9 – 142.3 141.5 141.1 140.8 153.0 152.7 152.7 152.7 152.8
Fe�C9 – 247.8 253.3 258.4 259.5 211.7 211.3 211.6 211.5 211.5

B 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5717 – 57295720

FULL PAPER W. Imhof and E. Anders

www.chemeurj.org


(N1, N2, C1, and C2). The geometry of the bonds around
N3 lies somewhere between a planar and a tetrahedral ar-
rangement with the sum of bond angles of 345.68. This tran-
sition from tetrahedral coordination (sum of bond angles
328.58 without consideration of the lone pair) towards pla-
narity (sum of bond angles 3608) is also attributed to the de-
localization of electron density between N1, C4, and N3.
The transition states TS1–TS4 are depicted in Figure 2,

and specific bond lengths are given in Table 1. All the tran-

sition states are formed by the addition of ethylene to I1
from the base of the square-pyramidal coordination sphere
around iron. TS1 and TS2 arise from an addition of the ethyl-
ene carbon atom C8 to the carbon atom next to the oxazine
nitrogen atom (C4), whereas in TS3 and TS4 a new C�C
bond (C5�C8) to the imine group next to the oxazine
oxygen atom is produced. In general, the bond lengths in
TS1–TS4 show some similar trends to those in the corre-
sponding substrate I1. The interaction between C9 and Fe
produces an octahedral coordination geometry around the
iron center. Nevertheless, this interaction in all cases is quite
weak and the bond lengths fall in the range 248–260 pm.
The interaction between C8 and C4 (TS1, TS2) or C5 (TS3,
TS4) shows bond lengths of 210–212 pm. The bond between
C8 and C9 is elongated compared to the C�C bond in free
ethylene (134.8 pm[16]) by about 6 pm.
The former imine nitrogen atom next to the carbon atom

that interacts with ethylene formally becomes a more nega-
tively charged amide donor compared with the imine nitro-
gen atoms in I1. The N�Fe bond lengths of this nitrogen
atom (N1 in TS1 and TS2, N2 in TS3 and TS4) to iron are

shorter than the distances between the unaffected imine ni-
trogen atoms, such as N2 in TS1, and the metal center. In
TS1 and TS2 this difference is 3.5 and 2.0 pm, respectively,
whereas the corresponding bond lengths in TS3 and TS4
differ by 4.3 and 4.5 pm, respectively.
Another interesting difference in the bonding modes in

the transition structures that are produced by the addition
of ethylene to the imine subunit next to the oxazine nitro-
gen atom (TS1, TS2) compared to TS3 and TS4 is related to

the geometry around N3. In
TS1 and TS2 the sum of angles
around N3 is 339.1 and 335.98,
respectively. Compared to the
situation in I1 this indicates a
shift towards a more tetrahe-
dral coordination mode for N3.
In contrast TS3 and TS4 show a
nearly perfectly planar arrange-
ment around N3 with a sum of
angles of 353.3 and 357.28, re-
spectively. Obviously, in TS1
and TS2 N3 is no longer part of
a delocalized system, whereas
the delocalization is at its opti-
mum for TS3 and TS4.
The conformations of the ox-

azine ring that resulted from
our calculations basically differ
by 1,2-, 1,3-, or 1,4-interactions
of the hydrogen atoms of ethyl-
ene with protons at the oxazine
ring. In TS1 there is one interac-
tion with the axial hydrogen
atom at C7 (249.2 pm) and an-
other one with the proton at N3
(255.9 pm). In TS2 the interac-
tion between ethylene and the
axial proton at C7 is still there

although it is much weaker (252.5 pm). The proton at N3
adopts a position trans to ethylene in this case. TS3 also
shows a quite short interaction between ethylene and the
axial hydrogen atom at C6 (242.9 pm), whereas the shortest
contact in TS4 is observed between ethylene and a hydrogen
atom at C7, which is much weaker (286.1 pm).
The calculated molecular structures of P1–P5 are depicted

in Figure 3, and specific bond lengths are listed in Table 1.
Following the reaction coordinate from the transition states
to the intermediates P1–P5, again leads to some similar
trends for all products compared to the situation in TS1–TS4.
The coordination sphere around the iron center is octahe-
dral. The Fe�C9 bond length is very similar in all products
(211.3–211.7 pm). The carbon monoxide ligand trans to the
formally carbanionic center at C9 shows the longest Fe�CCO
bond and, correspondingly, the shortest C�O bond length.
The Fe�N bonds are longer than in the transition states. The
differences between the Fe�N bonds in the same molecule
are between 0.2–1.5 pm in P1–P5.
Each molecule exhibits one C�N bond that is clearly a

double bond (N2�C5 in P1–P3, N1�C4 in P4 and P5) with a

Figure 2. Structures of TS1–TS4 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in
Table 1.
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bond length of 127.9 pm in P1–P3 and 129.3 pm in P4 and P5.
This difference is clearly due to the fact that the imine
group is situated next to the oxazine nitrogen atom in P1–P3

and next to the oxazine oxygen atom in P4 and P5. All the
remaining bond lengths are consistent with single bonds be-
tween the corresponding atoms.
The bonding around N3

shows the same trend as for the
transition states TS1–TS4. All
products in which a new C�C
bond is established between C8
and the imine group next to the
oxazine nitrogen atom show a
nearly perfect tetrahedral coor-
dination of N3 (sum of bond
angles P1: 330.98, P2 : 334.58, P3 :
333.58). On the other hand, all
compounds that were produced
by the addition of ethylene to
the imine group next to the ox-
azine oxygen atom show a per-

fectly planar arrangement of
substituents around N3 (sum of
angles P4 : 357.78, P5 : 355.98).
This observation is attributed to
the fact that the possibility of
establishing the delocalization
of any electron density from N3
to a p system is only present in
P4 and P5.
The conformers depicted in

Figure 3 again differ mostly by
variations of 1,2- and 1,3-inter-
actions of hydrogen atoms at
C8 with some protons of the
oxazine ring system. P3 and P4

show no short contacts of this
type. In P1 quite a short interac-
tion between protons at C8 and
C7 (235.4 pm) is observed. A
similar interaction may be seen
in P5 between hydrogen atoms
at C8 and C6 (223.8 pm). In P2

both hydrogen atoms at C8 are
in close contact to the proton at
N3 (240.0 pm, 245.1 pm).
Table 2 summarizes the cal-

culated total energies of the re-
actants I1 and B, the transition
states TS1–TS4, and the product
complexes P1–P5. In addition,
thermal and entropic correc-
tions have been applied, since
the experimental cycloaddition
reactions were carried out at a
reaction temperature of 438 K
and a pressure of 20 atm.[15a,16]

We have also shown that the re-
action works quantitatively with

lower pressures down to 1.5 atm.[15b] The reaction conditions
of 438 K and 10 atm are therefore realistic. Figure 4 shows
the energy profiles of the addition of ethylene, B, to [(1,4-di-
azabutadiene)Fe(CO)3], I1. In Table 3 the relative Gibbs
free energies of elementary steps leading to the stationary
points of the reactions are given.

Figure 3. Structures of P1–P5 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in Table 1.

Table 2. Calculated total energies E, energies after thermal and entropic corrections at 298.15 K and 1 atm
(Ec1), and energies after thermal and entropic corrections at 438 K and 10 atm (Ec2) for B, I1, TS1–TS4 and P1–
P5.

[a]

Compound �E [a.u.] [Nimag][b] ZPE [kcalmol�1] �Ec1 [a.u.] �Ec2 [a.u.]

B 78.6155382 [0] 31.87 78.5862822 78.5965222
I1 2000.0934433 [0] 93.65 1999.9879433 2000.0154383
TS1 2078.6675927 [1] 126.87 2078.5095777 2078.5388527
TS2 2078.666917 [1] 127.01 2078.508616 2078.537814
TS3 2078.6711452 [1] 126.74 2078.5134482 2078.5428592
TS4 2078.6704107 [1] 126.49 2078.5136397 2078.5433877
P1 2078.6981395 [0] 129.30 2078.5355555 2078.5641055
P2 2078.6957439 [0] 129.18 2078.5335849 2078.5622929
P3 2078.696566 [0] 129.14 2078.534616 2078.563413
P4 2078.7066372 [0] 129.13 2078.5445532 2078.5733082
P5 2078.7042162 [0] 129.12 2078.5419262 2078.5705382

[a] All calculations performed at the B3LYP/6–311++G(d,p) level. [b] Number of imaginary frequencies.
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Activation barriers : In comparison with the symmetrical
model complex A (Scheme 2,3), the “second sphere” atoms
N and O of the oxazine ring both cause the decrease of the
activation barriers for the ethylene addition, which for the
addition of A to B via TSA–B is 42.6 kcalmol

�1 (298.15 K,
1 atm).[16] In the case of the most stable transition states, TS1
and TS4, the oxazine nitrogen atom lowers this barrier (TS1)
by just 2.0 kcalmol�1, whereas the corresponding value for
the alternative addition via TS4 at the oxazine oxygen atom
site is significantly lower (4.6 kcalmol�1). In other words,
TS4 is the transition state that is lowest in energy; it is,
2.5 kcalmol�1 (298.15 K, 1 atm) or 2.8 kcalmol�1 (438 K,
10 atm) more stable than the lowest transition state for an
addition of ethylene to the carbon atom next to the oxazine
nitrogen atom (TS1).
It is obvious that there are no significant differences in

the selectivity of the reaction under the different reaction
conditions (Table 3, Figure 4).
The conformeric transition states and products TS1 and

TS2, TS3 and TS4, P1–P3 as well as P4 and P5 are so close in
energy that they interconvert at the temperatures chosen for
the calculations. In addition, the stabilization connected

with the formation of P1 from
TS1 is considerably lower than
the corresponding energy in the
reaction of TS4 to P4

(�16.30 kcalmol�1 versus
�19.40 kcalmol�1 at 298.15 K,
1 atm and �15.84 kcalmol�1
versus �18.78 kcalmol�1 at
438 K, 10 atm, Table 3). The
formation of adducts of ethyl-
ene with I forming product
complexes in which the new
C�C bond is established next to
the oxazine oxygen atom is fa-
vored thermodynamically due
to the relative product stability
as well as kinetically because of
the higher activation barrier of
a potential reverse reaction (cf.
the relative energies of TS1,
TS2, Figure 4).

NPA charges : Table 4 shows the NPA charges of selected
atoms of I1 and the transition states TS1–TS4. It can be seen
that Fe exhibits almost identical values for all transition
states. The charges of the imine-nitrogen atoms (N1, N2)
are shifted to more negative values on the addition of ethyl-
ene. The carbon atoms of ethylene also show very similar
charges. The most significant differences are observed for
the values calculated for C4 and C5. If the new C�C bond is

established to the imine group next to the oxazine nitrogen
atom (TS1, TS2) the NPA charge at C4 is lower than that in
the substrate I, whereas the corresponding charge at C5 is
enhanced. For TS3 and TS4, where ethylene is added to the
carbon atom next to the oxazine oxygen atom, higher charg-
es are observed at C4 and C5. In summary, this leads to a
much higher difference in the NPA charges between the
carbon atom C8 of ethylene and the imine-carbon atom of I
to which it is added for TS3 and TS4. Since this regioselectiv-
ity is the one that is exclusively observed in the experiments,
it appears to be conceivable that Coulombic interactions de-
termine the regioselectivity of this cycloaddition to a signifi-
cant extent.

Figure 4. The interaction of ethylene with I1 at different temperatures and pressures. For relative free energies
of I1, TS1–TS4, and P1–P5 see Table 2.

Table 3. Relative Gibbs free energies of elementary steps leading to TS1–
TS4 and P1–P5.

Elementary step DG Elementary step DG
(298.15 K, 1 atm) [kcalmol�1][a] (438 K, 10 atm) [kcalmol�1][a]

B + I1!TS1 40.56 B + I1!TS1 45.87
B + I1!TS2 41.17 B + I1!TS2 46.53
B + I1!TS3 38.14 B + I1!TS3 43.35
B + I1!TS4 38.02 B + I1!TS4 43.03
TS1!P1 �16.30 TS1!P1 �15.84
TS1!P2 �15.06 TS1!P2 �14.71
TS1!P3 �15.71 TS1!P3 �15.41
TS4!P4 �19.40 TS4!P4 �18.78
TS4!P5 �17.75 TS4!P5 �17.04

[a] Values have been determined taking frequency calculations into con-
sideration.

Table 4. NPA charges of selected atoms of I1 and TS1–TS4. Calculations
performed at the B3LYP/6–311++G(d,p) level.

I1 TS1 TS2 TS3 TS4

Fe �0.03 �0.10 �0.09 �0.09 �0.09
N1 �0.69 �0.81 �0.81 �0.71 �0.72
N2 �0.68 �0.71 �0.71 �0.80 �0.80
C4 0.32 0.29 0.29 0.42 0.41
C5 0.45 0.58 0.56 0.45 0.45
N3 �0.64 �0.66 �0.67 �0.63 �0.63
O4 �0.55 �0.55 �0.55 �0.58 �0.58
C8 – �0.46 �0.44 �0.47 �0.45
C9 – �0.50 �0.49 �0.47 �0.47
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The differences in the NPA charges suggest that the elec-
tronegativity—or s-acceptor ability—of the substituents in
1,4-diazabutadienes determine the regioselectivities. On the
other hand, as we pointed out before, one interesting prop-
erty of the transition structures and products concerns the
coordination geometry around the oxazine nitrogen atom.
This property of course corresponds to the ability of this
amino group to act as a p donor establishing a delocalized
p-electron system incorporating the adjacent imine group.
To determine whether the s-donor or the p-acceptor capaci-
ties are the decisive factor for the observed regioselectivities
we calculated the analogous reaction of ethylene with a 1,4-
diazabutadiene bearing either a fluoro, hydroxo, or amino
substituent in the 2-position. If the s-acceptor ability were
to prove the most important influence, the regioselectivity
would be at its optimium in the case of the fluoro substitu-
ent. If the p-donor ability was in fact the crucial influence
determining regioselectivity, the amino function would rep-
resent the most selective derivative.
Scheme 5 shows the iron tricarbonyl complexes I2–I4 of

the three 2-substituted 1,4-diazabutadiene ligands. The cal-
culated transition structures and products together with the
corresponding bond lengths are summarized in Figure 5 and
Table 5 (F-substituted), Figure 6 and Table 6 (OH-substitut-
ed), Figure 7 and Table 7 (NH2-substituted).

The bond lengths for I2–I4, TS5–TS10, and P6–P11 show sim-
ilar trends to those described for the transition structures
and products mentioned above. The approach of ethylene
during the formation of TS5–TS10 leads to an elongation of
the C�C bond in ethylene itself. In addition, the C�N bond

of the imine group that does not interact with ethylene is
shorter than that in the corresponding starting compound
I2–I4, whereas the other imine bond is also elongated. Inter-

Scheme 5. The addition of ethylene to I2–I4 leading to TS5–TS10 and P6–
P11.

Table 5. Calculated bond lengths [pm] of I2, TS5, TS8, P6, and P9 (R=F).
Calculations performed at the B3LYP/6–311++G(d,p) level.

I2 TS5 TS8 P6 P9

Fe�C1 180.3 180.9 180.4 181.6 181.3
C1�O1 114.5 114.3 114.4 114.3 114.2
Fe�C2 181.1 179.1 179.9 178.0 178.9
C2�O2 114.5 114.4 114.4 114.4 114.2
Fe�C3 179.2 180.2 180.2 185.1 185.2
C3�O3 114.5 114.1 114.1 113.7 113.7
Fe�N1 195.3 200.3 196.9 206.2 202.8
Fe�N2 190.5 195.1 197.0 201.9 202.4
N2�C4 133.8 136.0 129.8 145.8 127.2
N1�C5 131.0 128.5 134.0 126.5 142.3
C4�C5 139.4 142.8 143.5 149.3 150.6
C5�F 134.6 134.3 137.1 133.7 141.6
C4�C6 – 208.6 – 156.1 –
C5�C6 – – 206.3 – 154.8
C6�C7 – 141.9 141.3 153.3 153.0
Fe�C7 – 253.5 256.4 212.2 213.2

Table 6. Calculated bond lengths [pm] of I3, TS6, TS9, P7, and P10 (R=

OH). Calculations performed at the B3LYP/6–311++G(d,p) level.

I3 TS6 TS9 P7 P10

Fe�C1 179.9 180.6 180.5 181.3 181.3
C1�O1 114.6 114.4 114.4 114.4 114.3
Fe�C2 180.7 179.2 179.7 178.0 178.8
C2�O2 114.6 114.5 114.4 114.4 114.3
Fe�C3 179.5 179.8 180.5 184.8 184.8
C3�O3 114.6 114.2 114.1 113.8 113.8
Fe�N1 195.9 199.5 196.5 205.4 202.2
Fe�N2 189.7 194.4 197.5 201.7 202.1
N2�C4 133.7 135.8 129.6 145.7 127.3
N1�C5 131.4 129.3 134.9 128.1 144.5
C4�C5 140.6 144.2 144.6 150.1 151.2
C5�O4 136.0 135.4 138.9 134.0 142.2
C4�C6 – 209.3 – 155.8 –
C5�C6 – – 205.8 – 155.2
C6�C7 – 141.3 142.7 153.3 153.0
Fe�C7 – 259.3 246.4 212.1 213.2

Table 7. Calculated bond lengths [pm] of I4, TS7, TS10, P8, and P11 (R=

NH2). Calculations performed at the B3LYP/6–311++G(d,p) level.

I4 TS7 TS10 P8 P11

Fe�C1 179.6 180.3 180.5 181.0 181.4
C1�O1 114.7 114.6 114.4 114.4 114.3
Fe�C2 180.2 179.1 179.4 178.1 178.5
C2�O2 114.8 114.6 114.4 114.5 114.3
Fe�C3 179.7 179.6 180.0 184.6 184.5
C3�O3 114.7 114.3 114.0 113.9 113.8
Fe�N1 196.7 199.6 197.1 204.1 201.4
Fe�N2 189.9 194.0 197.6 202.0 202.2
N2�C4 133.2 135.5 129.8 145.4 127.4
N1�C5 132.2 130.5 136.4 129.2 136.4
C4�C5 141.4 144.9 144.3 151.0 144.3
C5�N3 138.9 137.5 142.2 135.6 145.8
C4�C6 – 209.4 – 155.6 –
C5�C6 – – 205.4 – 156.3
C6�C7 – 141.1 143.7 153.3 152.9
Fe�C7 – 261.5 239.7 212.0 212.6
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estingly, the bond length of the imine bond next to the het-
eroatom increases in the order F<OH<NH2 no matter
whether ethylene adds to this double bond or not. The re-
maining C�N double bond is almost unaffected by the het-
eroatom. The central C�C bond of the 1,4-diazabutadiene is
also longer for all transition structures TS5–TS10 than for I2–
I4 due to the loss of delocalization in the parent 1,4-diazabu-
tadiene system.
The formation of the products P6–P11 from TS5–TS10 also

leads to changes in the respective bond lengths, as expected.
Nevertheless, it should be noted that there are differences if
ethylene is added to the imine bond bearing the heteroatom
substituent (N1�C5) or to the imine function with a hydro-
gen atom as the substituent at the imine-carbon atom (N2�

C4). In the latter case the new Fe�C bond is always shorter
than that in the isomers in which ethylene is bound to C5.
In addition, the C6�C4 bonds are always slightly longer
than the C6�C5 bonds in the isomeric compounds.
The C�N bond lengths depend on the nature of the heter-

oatom: For R=F the C�N double bond in P6 (C5�N1) is
shorter than the corresponding bond in P9 (C4�N2). On the
other hand, the C�N single bond in P6 (C4�N2) is longer
than the C5�N1 bond in P9. For R=OH or NH2 this trend
is reversed: the C�N double bond in P7 and P8 (C5�N1) is
longer than the corresponding bond in P10 and P11 (C4�N2),
respectively. The C�N single bond in P7 (C4�N2) is longer
than the C5�N1 bond in P10, whereas the C4�N2 bond in P8

is shorter than the C5�N2 bond. These facts again demon-

Figure 5. Structures of I2, TS5, TS8, P6, and P9 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are given in Table 5.

Chem. Eur. J. 2004, 10, 5717 – 5729 www.chemeurj.org B 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5725

Iron-Catalyzed [2+2+1] Cycloadditions 5717 – 5729

www.chemeurj.org


strate the higher p-donor abilities of a NH2 substituent,
leading to a delocalization of electron density towards the
imine moiety.
Table 8 summarizes the calculated total energies of the re-

actants I2–I4, the transition states TS5–TS10, and the product
complexes P6–P11. Figure 8 shows the energy profiles of the
addition of ethylene (B) to I2–I4. In Table 9 the relative
Gibbs free energies of elementary steps leading to the sta-
tionary points of the reactions are given.
From Figure 8 and Table 9 it is obvious that for R=F

there is no selectivity for the addition of ethylene (B) to I2.
The two transition structures represent essentially the same
activation barrier. The product in which ethylene is added
to the imine group bearing the fluorine substituent (P9) is
just 1.2 kcalmol�1 more stable than P6 relative to the reac-
tants I2 and B.
If a hydroxo group is present in the 2-position of the 1,4-

diazabutadiene (I3), the activation barrier leading to the ad-

dition of ethylene to the imine
group in the 3-position (TS6,
Scheme 5, Figure 6) is 5.0 kcal
mol�1 lower than the barrier for
the addition of ethylene to the
imine bond next to the hydroxo
group. The formation of the
corresponding products P7 and
P10 is 1.1 kcalmol

�1 more exo-
thermic for P10. Nevertheless,
P7 is 3.9 kcalmol

�1 more stable
than P10 relative to I3 and B.
The differences in the activa-
tion energy lead to a regioselec-
tive addition of ethylene to I3
to give P7.
If an amino group is used as

the substituent (I4, Scheme 5,
Figure 7), the addition of ethyl-
ene to give TS7 has an activa-
tion barrier 7.6 kcalmol�1 lower
than that for the formation of
TS10. In this case the formation
of P8 from TS7 is also more
exothermic (4.14 kcalmol�1)
than the reaction of TS10 to pro-
duce P11, leading to an overall
stabilization of P8 over P11 of
11.8 kcalmol�1 relative to the
reactants I4 and ethylene. In the
reaction of I4 with ethylene a
perfect regioselectivity is there-
fore expected in generating the
product in which ethylene inter-
acts with the imine-carbon
atom in the 3-position (TS7, P8).
Table 10 shows the NPA

charges of selected atoms of I2–
I4 and the transition states TS5–
TS10. In contrast to the values

Table 8. Calculated total energies E for I2–I4, TS5–TS10 and P6–P11.
[a]

Compound R �E [a.u.] [Nimag][b] ZPE
[kcalmol�1] [kcalmol�1]

I2 F 1891.3147247 [0] 52.61
I3 OH 1867.2952703 [0] 60.23
I4 NH2 1847.4245624 [0] 68.04
TS5 F 1969.8888788 [1] 85.77
TS6 OH 1945.8714572 [1] 93.54
TS7 NH2 1926.0015656 [1] 101.20
TS8 F 1969.8887558 [1] 85.61
TS9 OH 1945.8629218 [1] 93.16
TS10 NH2 1925.9893032 [1] 101.14
P6 F 1969.9172107 [0] 88.04
P7 OH 1945.9008121 [0] 95.96
P8 NH2 1926.0168416 [0] 103.55
P9 F 1969.918793 [0] 87.83
P10 OH 1945.894105 [0] 95.66
P11 NH2 1926.0355175 [0] 103.50

[a] All calculations performed at the B3LYP/6–311++G(d,p) level.
[b] Number of imaginary frequencies.

Figure 6. Structures of I3, TS6, TS9, P7, and P10 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths are
given in Table 6.
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presented in Table 4 it is obvi-
ous here that Coulombic inter-
actions are not the main reason
for the regioselectivity in the
reaction of I3 and I4 compared
to I2. The charge differences be-
tween C6 and the imine-carbon
atom interacting with ethylene
for all substituents is bigger for
those transition structures in
which an addition of ethylene
to the imine group in the 2-po-
sition bearing the heteroatom
takes place. Taking into account
only Coulombic interactions
would lead to incorrect predic-
tions in terms of the regioselec-
tivity in the reactions of I3 and
I4 and would lead to a greatly
overestimated value for the re-
gioselectivity in the reaction of
I2. On the other hand, the NPA
charges also demonstrate the
higher p-donor capability of an
amino group compared to the
OH and F substituents. The
amino-nitrogen atom shows a
much higher partial negative
charge than O4 and F corre-
sponding with a less positive
NPA charge at C5. This means
that the amino group is able to
effectively establish a delocal-
ized p-electron system with the
adjacent imine group by conju-
gative effects.

Conclusion

From this investigation we con-
clude that high-level B3LYP/6–
311++G(d,p) DFT calculations
allow the reliable interpretation
and prediction of the subtle

substituent effects that are responsible for the regioselectivi-
ty of the ethylene addition to substituted [(1,4-diazabutadi-
ene)Fe(CO)3] complexes.
Calculations on related 1,4-diazabutadienes with substitu-

ents in the 2-position indicated that the reason for this re-
gioselectivity is not the electronegativity and thus the s-ac-
ceptor ability of the heteroatom, but that this effect is over-
compensated for by the p-donor ability of the hetero sub-
stituents. The more efficient a directing substituent X, the
better it supports—incorporating the adjacent imine
moiety—the formation of a delocalized p system, (X)�C=
NH with X=H, F, OH, NH2. In other words, without excep-
tion, the ethylene attack will always be directed towards the
less stable (X)�C=NR subunit that exhibits the less efficient

Figure 7. Structures of I4, TS7, TS10, P8, and P11 optimized at the B3LYP/6–311++G(d,p) level. Bond lengths
are given in Table 7.

Table 9. Relative Gibbs free energies of elementary steps leading to TS5–
TS10 and P6–P11.

Elementary step DG [kcalmol�1]

B+ I2 !TS5 27.26
B+ I2 !TS8 27.18
B+ I3 !TS6 26.13
B+ I3 !TS9 31.11
B+ I4 !TS7 25.47
B+ I4 !TS10 33.11
TS5!P6 �15.51
TS8!P9 �16.63
TS6!P7 �16.00
TS9!P10 �17.07
TS7!P8 �19.01
TS10 !P11 �14.87
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delocalization of p-electron density. If the 2,3-carbon atoms
of the 1,4-diazabutadiene are part of an oxazine ring system
as in I1 or in J (Scheme 3), the two p systems (O)�C=NH
and (N)�C=NH compete. The p system of the (N)�C=NH
moiety is obviously better stabilized and thus forces the eth-
ylene attack to the oxygen site. As demonstrated, this path-
way demands a lower activation barrier and results in a
product that is better stabilized. All our DFT results are in
complete agreement with our earlier experimental findings.
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TS9 �0.10 �0.82 �0.66 0.09 0.44 �0.72 �0.46 �0.51

Fe N1 N2 C4 C5 N3 C6 C7

I4 �0.02 �0.72 �0.64 �0.07 0.36 �0.79 – –
TS7 �0.09 �0.73 �0.77 �0.03 0.43 �0.79 �0.44 �0.48
TS10 �0.11 �0.83 �0.66 0.11 0.31 �0.82 �0.44 �0.53

Figure 8. The interaction of ethylene with I2–I4. For relative free energies of I2–I4, TS5–TS10, and P6–P11 see
Table 8.
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