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Abstract: The [2�2�1] cycloaddition
reaction of 1,4-diazabutadienes, carbon
monoxide and ethylene catalyzed by
iron carbonyl complexes produces pyr-
rolidin-2-one derivatives. Only one of
the two imine moieties is activated
during the catalysis. The mechanism of
this cycloaddition reaction is studied by
density functional theory at the B3LYP/
6-311��G(d,p) level of theory. In ac-
cordance with experimental results, a
[(diazabutadiene)Fe(CO)3] complex of
square-pyramidal geometry is used as
the starting compound S of the catalytic
cycle. Based on experimental experi-
ence, the reaction with ethylene is con-

sidered to take place before any inter-
action with carbon monoxide. Accord-
ing to the computational results, the
reaction does not proceed by ligand
dissociation followed by addition of
ethylene and subsequent intramolecular
activation steps but by the approach of
an ethylene molecule from the base of
the square-pyramidal complex. This re-
action yields an intermediate I4 in which
ethylene is coordinated to the iron

centre and a new C�C bond between
ethylene and one of the imine groups is
formed. The insertion of a terminal
carbon monoxide ligand into the met-
al ± carbon bond between ethylene and
iron produces the key intermediate I7.
The reaction proceeds by metal-assisted
formation of a lactam P. The catalytic
cycle is closed by a ligand-exchange
reaction in which the diazabutadiene
ligand substitutes P with reformation of
S. This reaction pathway is found to be
energetically favored over a reductive
elimination. It leads to the experimen-
tally observed heterocyclic product P
and a reactive [Fe(CO)3] fragment.

Keywords: cycloaddition ¥ density
functional calculations ¥ homogene-
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Introduction

Transition-metal-catalyzed cycloaddition reactions are among
the most versatile methods for the synthesis of carbocyclic or
heterocyclic compounds and have thus been thoroughly
reviewed in past years.[1] Compared to classical methods to
construct cyclic compounds, catalytic cycloaddition reactions

have proven to be advantageous, especially in terms of
selectivity and atom economy.
The Pauson ±Khand reaction is a formal [2�2�1] cyclo-

addition reaction that is used for the formation of five-
membered ring systems. Originally, the Pauson ±Khand
reaction allowed the preparation of cyclopentenones from
an intramolecular reaction of an alkyne, which is introduced
as an [(alkyne)Co2(CO)6] complex, with an olefin and one of
the CO ligands at cobalt.[2] In the meantime, some catalytic
variations of this reaction have also been developed.[3] In
addition, the reaction principle may also be exceeded towards
the formation of heterocyclic compounds. Thus, lactones may
be generated if carbonyl compounds are used instead of the
alkyne. Unsaturated lactones or lactams, respectively, are
produced from CO, an alkyne and an aldehyde or an
aldimine.[4] However, it must be pointed out that nearly all
those reactions start from a substrate that already contains
two of the functionalities used by the [2�2�1] cycloaddition
reaction, which then is catalytically reacted with CO. One
exception is the synthesis of functionalized �-butyrolactones
from a ketone, ethylene and CO.[4f]

Very recently, we demonstrated that [Ru3(CO)12] catalyzes
the reaction between 1,4-diazabutadienes, CO and ethylene to
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selectively produce pyrrolidin-2-one derivatives in a three-
component reaction.[5] Because we used cyclic imines, we
were able to obtain spirolactams from these reactions, in
which regioselectively only one of the imine subunits of the
starting material has been transformed.
It is widely accepted that metal-catalyzed cycloaddition

reactions proceed in a stepwise fashion. There is some
mechanistic evidence that the intramolecular Pauson ±
Khand reaction takes place via the substitution of a CO
ligand by ethylene followed by the formation of a C�C bond
between the alkyne and the alkene. The insertion of CO into a
metal ± carbon bond and the reductive elimination of the
cyclopentenone completes the reaction sequence.[6] Very
recently, DFT calculations on the Pauson ±Khand reaction
on the basis of this mechanistic evidence have been published
in order to provide a deeper understanding of the regiose-
lectivity of this reaction.[7]

Since lactones, as well as lactams, are important building
blocks in a number of natural products and compounds of
pharmaceutical interest,[8] we were also interested in the
mechanism of this metal-catalyzed cycloaddition reaction.
This knowledge will be useful in the design of new synthetic
procedures towards these classes of compounds. In addition,
computational techniques have proven to be powerful tools in
understanding reactions of transition metal complexes by
making it possible to rationalise experimental results, espe-
cially with regard to catalytic reactions.[9] Therefore, a series of
high-level DFT calculations have been performed in order to
calculate a complete catalytic cycle, which explains the
experimentally observed formation of lactams by the three-
component reaction of an diimine with CO and ethylene.

Results and Discussions

Orientating experiments : To obtain deeper insight into the
reaction course, we performed some orientating experiments.
For economical as well as for toxicological reasons, we were
interested whether the reaction of N,N�-bis(aryl)tetrahydro-
pyrrolo-[2,1c][1,4]oxazine-3,4-ylidenediamines, 1, with CO
and ethylene that yields spirolactams, 2, may be catalyzed
by iron carbonyl complexes in addition to [Ru3(CO)12], as
some of us had previously demonstrated.[5] In general, we
found that the reaction also leads to the catalytic formation of
the corresponding spirolactams in the presence of [Fe2(CO)9],
although the turnover numbers and frequencies are quite low.
In the presence of 4 mol% [Fe2(CO)9], 55% of 1 is selectively
converted to 2, while the rest remains unreacted. To find out
whether the insertion of ethylene or CO is the first reaction
step, we performed the catalysis with ethylene and without
CO or vice versa. The results are depicted in Scheme 1: there
is no reaction at all in the presence of CO without additional
ethylene. In contrast, if the starting material is reacted with
ethylene alone, it is consumed to the same extent as in the
experiments that used mixtures of CO and ethylene. Never-
theless, the reaction is not at all selective as a large number of
different compounds is produced, presumably oligomeric and
polymeric compounds. These experiments led us to the
conclusion that the insertion of ethylene is the first reaction

Scheme 1. Catalytic reaction of N,N�-bis-(p-tolyl)-tetrahydropyrrolo-
[2,1c][1,4]oxazine-3,4-diylidenediamine with CO and/or ethylene.

step in the catalytic reaction that finally leads to the formation
of pyrrolidinones.
Another important test was the reaction of an imine instead

of a 1,4-diazabutadiene under the same reaction conditions as
in the synthesis of the spirolactams. Again, catalysis occurs;
however, it is much less selective. In our opinion, this is strong
evidence that the diimine serves as a chelating ligand during
catalysis.
In conclusion, we assumed that the catalytically active

species should be a mononuclear iron carbonyl complex with
the iron atom coordinated by the 1,4-diazabutadiene in a
chelating manner. This seems to be reasonable because it has
been shown by DFT calculations that [Fe2(CO)9] will decom-
pose to yield mononuclear fragments at the temperatures that
we used for the catalytic reactions.[10] These mononuclear
fragments may react with a diazabutadiene substrate to build
a complex of the general formula [(1,4-diaza-butadiene)Fe-
(CO)3].

Test of the B3LYP/6-311��G(d,p) method : (For computa-
tional details, see the Experimental Section). Although the
coordination chemistry of diazabutadiene ligands coordinated
to iron and ruthenium centres has been extensively studied
during the past decades,[11] to our surprise, only one mono-
nuclear [(diazabutadiene)Fe(CO)3] complex has been char-
acterized by X-ray crystallography.[12] In some cases, such
complexes have been proposed to be the intermediates in the
formation of diazabutadiene metal carbonyls of higher
nuclearity.[13]

During our studies on the chemistry of glyoxal-bisimines,
we were able to isolate a mononuclear iron carbonyl complex
which was also characterized by an X-ray structure analysis.
The molecular structure of (glyoxaldiylidene-bis-4-methox-
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yaniline)irontricarbonyl (3) is shown in Figure 1. The same
molecule was calculated with the level of theory we decided to
use for the calculation of the intermediates and transition
states of the catalytic cycle. The most important bond lengths,
bond angles and torsional angels from the X-ray structure
analysis and from the calculations are summarized in Table 1.
The comparison of the data shows that the B3LYP-/6-311��

G(d,p) level leads to an excellent agreement of the outcome
of the calculations and the structural analysis. The values

calculated for bond lengths and angles of 3 are mostly in the
range of the standard deviations of the structure analysis. The
X-ray structure determination shows a square-pyramidal
coordination sphere around iron with a crystallographic
mirror plane through iron, the apical CO ligand and the
centre of the C�C bond between the imine carbon atoms of
the diazabutadiene ligand. The bond lengths and bond angles
are in the expected range, particularly those of the diazabu-
tadiene system. The imine double bonds are lengthened as a

result of coordination of the
nitrogen atoms, whereas the
central C�C bond is shortened.
Similar trends were observed
for the other [(diazabutadiene)-
Fe(CO)3] complex character-
ized by X-ray crystallogra-
phy.[12] Together with the fact
that 3 as well as other 1,4-
diazabutadiene compounds are
diamagnetic iron or ruthenium
low-spin complexes,[11] the com-
parison of the calculated struc-
ture with the experimentally
determined bond lengths and
angles show that the level of
theory used herein is suitable to
handle the calculations of sta-
tionary points of the catalysis.

Calculations on the mechanism
of the catalytic cycloaddition
reaction : Figures 2 and 3 show
the intermediates and transi-
tion states as well as the energy

Figure 1. The molecular structure of 3.

Table 1. Bond lengths [pm], angles [�], and torsional angles [�] of 3 (B3LYP/6-311��G(d,p) results are given in
italics).

Fe�N1 194.2(2), 194.9 Fe�C9 180.1(4), 178.5 Fe�C10 178.9(3), 181.2
N1�C1 134.2(3), 133.8 N1�C2 143.9(3), 142.6 C1�C1a 139.0(5), 138.8
C2�C3 139.1(3), 139.6 C3�C4 139.7(3), 139.6 C4�C5 138.9(3), 139.6
C5�C6 138.9(3), 140.0 C6�C7 139.0(3), 138.5 C7�C2 139.7(3), 140.2
C5�O1 137.8(3), 136.4 O1�C8 143.8(5), 142.1 C9�O2 115.5(4), 114.8
C10�O3 115.6(4), 114.5
C10-Fe-C10a 87.3(1), 87.7 C10-Fe-C9 99.1(1), 99.4 C10-Fe-N1 90.45(9), 90.5
N1-Fe-N1a 81.1(1), 80.9 N1-C1-C1a 115.0(1), 115.2 C3-C2-N1 121.7(2), 120.8
C4-C3-C2 120.9(2), 121.2 C5-C4-C3 119.5(2), 119.8 C6-C5-C4 120.0(2), 119.3
C7-C6-C5 120.2(2), 120.5 C2-C7-C6 120.4(2), 120.7 C7-C2-N1 119.4(2), 120.7
O1-C5-C4 124.5(3), 124.7 O1-C5-C6 115.5(3), 115.9 C8-O1-C5 118.0(4), 118.6
Fe-C9-O2 179.8(4), 179.1 Fe-C10-O3 178.3(4), 178.3

Figure 2. The addition of ethylene to S by a dissociative/interchange pathway. For relative free energies of the starting complex S, TS6 and the intermediates
I1 ± I6, see Table 3.
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differences between them calculated by the B3LYP/6-311��
G(d,p) method. Table 2 summarises the DFT (B3LYP) total
energiesE for all stationary points calculated with LANL2DZ
and the 6-311��G(d,p) basis sets. As bimolecular reactions
are involved (such as S � C2H4� I4), we calculated thermal
and entropic corrections under standard reaction conditions
(298.5 K, 1 atm).[14, 15] The resulting values Ecorr (Table 2) and
in addition, the relative Gibbs free energies �G for the
elementary steps (Table 3) allow a more realistic estimate of
the intrinsic relative energy relationships than those resulting
from the relative E values. In addition, some of the key
intermediates and transition states have also been calculated
with the standard augmented correlation-consistent triple �

basis set with a relativistic ECP of the SD group in
conjunction with the [2f,1g] set. The comparison of the
equilibrium geometries calculated with the B3LYP/aug-cc-
pVTZ and the B3LYP/6-311��G(d,p) procedures reveals
acceptable agreement, again showing that the latter is suitable
to calculate the stationary points of the catalytic cycloaddition
reaction we are interested in. Table 3 lists the elementary
steps and their relative free energies compared to the starting
complex S. Figures 4 ± 7 show the calculated molecular
structures of the starting compound S, all intermediates and
transition states as well as the final product P together with
the some selected bond lengths.
We knew from several experiments (vide supra) that the

first step of the catalytic cycle is the reaction of ethylene with
the coordinated diazabutadiene. As a starting complex, we

chose S, which is a [(1,4-diaza-butadiene)Fe(CO)3] complex
that is comparable with 3 on account of the identical ligand
environment of the central iron atom. The organic substitu-
ents at the imine nitrogen atoms have been replaced by
hydrogen. A comparison of the calculations of S (Figure 4)
with the structure determination of 3 (Figure 1) reveal
essentially identical structural properties with regard to bond
lengths and angles as well as the symmetry properties of the
complex. The slight differences in the bond lengths of the
apical and equatorial CO ligands may be caused by packing
effects in the structure determination of 3, since CO ligands
act as acceptors of hydrogen bonds in crystalline com-
pounds.[16] In addition, charge densities and bond orders and
thus the electronic properties of 3 and S are essentially the
same showing that S is an acceptable model for 3.
It is well-accepted for a wide variety of transition metal-

catalyzed reactions that a catalytic cycloaddition reaction
starting from S should proceed by the formal substitution of
one CO ligand by ethylene (I2), which then would undergo
subsequent reactions and thus form the observed products. It
has been shown by computational methods that CO-substi-
tution reactions in [Fe(CO)5] and in 18-electron complexes, in
general, follow a dissociative or a dissociative/interchange
mechanism.[17] Therefore, we first investigated the dissocia-
tion of a CO ligand from the starting compound S. The results
are depicted in Scheme 2. Because S is a complex with a
square-pyramidal geometry, there are two different types of
CO ligands. If the bond length between an equatorial ligand

Figure 3. The interaction of ethylene with S by an associative pathway and the formation of the product compound P. For relative free energies of the starting
compound S, the transition states TS1 ±TS5, the intermediates I4 and I7 ± I13 and P, see Table 3.
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and the iron centre is increased stepwise, it finally dissociates
from S to generate the intermediate I1 (Figure 2 and
Scheme 2). If the same procedure is applied to the axial CO
ligand, a pseudo-rotation takes place transforming the former
axial CO group into an equatorial one, and an equatorial CO
ligand of S migrates towards the axial position from which it
disappears again to generate I1. This pseudo-rotation may also

be rationalized by the fact that in a MO diagram of a square-
pyramidal complex, the xy, xz and yz orbitals, which are non-
bonding orbitals, are responsible for the backdonation of
electron density from the metal into the �* orbital of the CO
ligands. This backdonation is most effective for the ligand in
axial position and, therefore, the dissociation of the equatorial
CO is the less energetic process. Thus, if the bond length of the
axial ligand is increased to a Fe�C bond length of �2.368 ä,
the system helps itself by interchanging the ligands by a
pseudo-rotation to convert the axial ligand to an equatorial
one which might then be eliminated more readily.
The molecular structure of S and I1, calculated with the

B3LYP/6-311��G(d,p) method, are shown in Figure 4. As
already indicated, the bond lengths and angles of S corre-
spond very well with those calculated for 3. According to the
loss of an equatorial CO ligand, the C�Fe bond length of the
axial CO group in I1 is shortened by 2.4 pm compared to S. In
addition, the N�Fe bond trans to the free coordination site in
I1 is 5.1 pm shorter than that in the starting compound; this
corresponds to an increased bond strength. The remaining
bond lengths are almost not affected by the elimination of an
CO ligand in S to produce I1. This reaction that generates I1 is
endothermic by 27.4 kcalmol�1. As expected, the electroni-
cally unsaturated compound I1 is significantly less stable than
the starting complex S (Figure 2, Table 3).
The addition of ethylene to I1 leads to an 18-electron iron

complex I2. The reaction is exothermic by 10.0 kcalmol�1

Table 2. Calculated total energies (E) and energies after thermal and entropic corrections (Ecorr) at 298.5 K and 1 atm for ethylene, carbon monoxide, 1,4-
diazabutadiene (s-cis conformation), [Fe(CO)3], S, I1�I13, TS1 ±TS7 and P.

Compound B3LYP/LANL2DZ B3LYP/6-311��G(d,p) B3LYP/6-311��G(d,p)
�E [a.u.] Nimag[a] ZPE[kcalmol�1] �E [a.u.] Nimag[a] ZPE[kcalmol�1] �Ecorr [a.u.]

C2H4 78.5782089 [0] 32.21 78.6155382 [0] 31.87 78.586283
CO 113.2778564 [0] 2.9 113.3490503 [0] 3.16 113.363132
C2H4N2 (one N-H�N) 188.0298001 [0] 39.15 188.1313986 [0] 39.23 188.0956406
C2H4N2 (no N-H�N) 188.022714 [0] 38.99 188.1283669 [0] 39.14 188.092700
[Fe(CO)3] 1603.7874649 [0] 15.10 1603.796751
S 651.5143798 [0] 57.94 1792.0467359 [0] 57.84 1791.992897
I1 538.1615878 [0] 52.08 1678.6334392 [0] 51.87 1678.586080
I2 616.7779717 [0] 86.88 1757.2877968 [0] 86.50 1757.188242
I3 616.7451664 [0] 88.20 1757.2550047 [0] 87.82 1757.151592
I4 730.0687745 [0] 93.24 1870.6396917 [0] 93.09 1870.530783
I5 616.7645287 [0] 88.27 1757.2695701 [0] 87.87 1757.166748
I6 730.0700104 [0] 93.15 1870.6359125 [0] 92.65 1870.528677
I7 730.0862129 [0] 94.73 1870.6470717 [0] 94.34 1870.535962
I7T 730.0542567 [0] 93.06 1870.6157514 [0] 92.72
I8 843.3844718 [0] 99.29 1984.0051137 [0] 99.12 1983.889600
I9 843.4225691 [0] 100.94 1984.0357842 [0] 100.33 1983.921341
I10 2172.186819 [0] 140.88 2172.014860
I11 2172.241075 [0] 141.54 2172.070449
I12 730.0285667 [0] 91.13 1870.588991 [1] 90.85 1870.484242
I13 730.0099235 [0] 91.70 1870.5688762 [0] 91.47 1870.463678
TS1 730.0465156 [1] 91.17 1870.615980 [1] 90.93 1870.511230
TS2 730.0442949 [1] 91.83 1870.609582 [1] 91.67 1870.503750
TS3 1870.6074719 [1] 92.48 1870.499063
TS4 1870.6177348 [1] 92.80 1870.508539
TS5 1983.9917928 [1] 98.60 1983.876458
TS6 1757.2552063 [1] 86.42 1757.154971
TS7 1757.2189212 [1] 86.13 1757.118471
P 380.0079748 [0] 83.53 380.1866035 [0] 82.87 380.086717

[a] Number of imaginary frequencies. [b] B3LYP/aug-cc-pVTZ optimizations: C2H4: 78.6240647, 0, 31.93; C2H4N2 (no N-H�N): 188.1467133, 0, 39.13; S :
652.305576, 0, 57.89; I9 : 844.3100810;[c] TS1 : 730.8829459;[c] TS2 : 730.8760423;[c] TS4 : 730.8838839;[c] P : 380.2211039, 0, 82.90. [c] Frequency calculations have
not been performed.

Table 3. Relative Gibbs free energies of all elementary steps leading to I1 ±
I13, TS1 ±TS7 and P.

Elementary step �G [a] Elementary step �G [a]

[kcalmol�1] [kcalmol�1]

S� I1 � CO 27.4 I4 �TS3 19.9
I1 � C2H4� I2 � 10.0 I4 �TS4 14.0
I2 � I3 23.0 TS2 � I7 � 20.2
I3 �TS7 20.8 TS3 � I7 � 23.2
I2 � I5 13.5 TS4 � I7 � 17.2
I2 �TS6 20.9 I7 � CO� I8 6.0
TS6 � I5 � 7.4 I8 �TS5 8.2
I3 � CO� I4 � 10.1 TS5 � I9 � 28.2
I5 � CO� I6 0.8 I9 � C2H4N2� I10 � 0.5
S � C2H4�TS1 42.6 I8 �P � [Fe(CO)3] 3.9
S � C2H4�TS2 47.3 I9 �P � [Fe(CO)3] 23.8
S � C2H4� I12 59.6 I10 � I11 � 34.9
S � C2H4� I13 72.5 I11 �P � S � 5.8
TS1 � I4 � 12.3
[a] Values have been determined taking frequency calculations into
consideration.
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Figure 4. Structures of S, I1 ± I4 and TS7 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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Figure 5. Structures of TS1 ±TS3, TS6, I5 and I6 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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Figure 6. Structures of I7 ± I10, TS4 and TS5 optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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(Figure 2, Table 3). The coordination mode of iron in I2 is
trigonal-bipyramidal with the ethylene ligand in an equatorial
position (Figure 4). This corresponds very well with the
molecular structures of the few iron ethylene complexes
which were characterized by X-ray diffraction.[18] The struc-
ture is also very similar to [CpRu(�2-C2H4)(1,4-dia-
zabutadiene]� , which was described by Vrieze et al.[19] The
axial positions are occupied by one of the CO ligands
(C1�O1) and one nitrogen atom of the diazabutadiene ligand
(N1). The bond lengths and angles are in the range of
expected values. The bonds between iron and the axial ligands
are elongated compared to the same coordination sites in
equatorial positions. The ethylene ligand is bound in a
symmetrical fashion, which indicates that the Fe�C bond
lengths are nearly identical (214.6 and 215.9 pm).

The interaction of the ethylene ligand coordinated side-on
in I2 with the diazabutadiene ligand may, in principle, proceed
by two different reaction pathways.

Pathway 1: Formation of a C�C bond between ethylene and
one of the imine carbon atoms (C3) of the diazabutadiene
ligand to generate I3 (Figures 2 and 4), which is an endother-
mic process (23.0 kcalmol�1, Table 3). This pathway does not
appear to be very realistic, as in I2 the shortest distance
Cethylene�C3 is 395.5 pm. Despite many attempts, we never
succeeded in locating a transition structure that connects I2

and I3. Nevertheless, it is hard to tell for certain whether this
pathway can be excluded. I3 is an iron(��) complex of square-
pyramidal geometry, in which the diazabutadiene and ethyl-
ene generate a formally dianionic tridentate ligand. Accord-

Figure 7. Structures of I11 ± I13 and P optimized at the B3LYP/6-311��G(d,p) level, distances given in pm.
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ing to this interpretation, the bond between the imine
nitrogen atom N2 and iron is 12.7 pm longer than the bond
between the amide nitrogen (N1) and iron. Correspondingly,
the bond length of the CO ligand trans with respect to the
imine nitrogen (N2) is 3.0 pm shorter than the bond between
iron and the CO group trans with respect to the amide
nitrogen. Furthermore, the length of the bond between C3
and the amide nitrogen N1 is indicative of a single bond
(147.2 pm), whereas the bond between N2 and C4 is shortened
(I3 : 127.8 pm, I2 : 133.8 pm) because now there is no conjuga-
tion to another imine double bond. The other bond lengths
and angles are in the expected ranges.
In the course of our systematic investigations, we located a

transition structure TS7 (Figure 4) which determines the
interconnecting pathway between the ethylene carbon atom
being bound to the equivalent imine carbon atoms of the
diazabutadiene moiety (c.f. I3). This transition state shows a
perfect symmetry with respect to a plane through Fe, C5 and
the centroid of the C3�C4 bond. In the case of our simplified
model compounds, the resulting activation barrier is
20.8 kcalmol�1. This value should be a function of the
substitution pattern at the C and N atoms of the diazabuta-
diene ligand.
Since I3 is a 16-electron complex, the addition of another

CO ligand leads to the coordinatively saturated octahedral
complex I4 (Figures 2 and 4). The reaction is exothermic by
10.1 kcalmol�1 (Table 3). The formation of an 18-electron
complex has some influence on the bonding of the dianionic
tridentate ligand formed from the diazabutadiene and ethyl-
ene towards iron. The C6�Fe bond length in the trans position
with respect to the new CO ligand is increased by 8.2 pm
compared to the situation in I3. In addition, the N1�Fe bond is
elongated by 11.9 pm, whereas the other bond lengths and
angles are almost unaffected. The observed changes in the
bonding of the dianionic moiety to the metal centre reflect the
situation of the iron atom in I4 now being electronically
saturated and so the bonding to the most nucleophilic centres
of the ligand environment is weaker than in I3. In summary,
the formation of I3 and I4, respectively, would lead to a new
C�C bond between the ethylene ligand and one of the imine
carbon atoms of the former diazabutadiene ligand which is
also observed in the products, such as 2, obtained in the
experiments (Scheme 1).

Pathway 2 : A reaction channel
in which a bond between ethyl-
ene and one of the imine nitro-
gen atoms (N1) is formed to
produce I5 via TS6 seems to be
more reasonable for steric rea-
sons (Figures 2 and 5). The
Cethylene�Naxial distance in I2 is
286.4 pm, which shortens to
199.1 pm in TS6. The activation
barrier for this process is
20.9 kcalmol�1. In TS6, the
trigonal-bipyramidal coordina-
tion sphere around iron is pre-
served to a great extent, al-
though one of the ethylene

carbon atoms (C5) is moved in the direction of N1. The bond
lengths between N1 and iron or C3 are elongated compared to
I2 as a result of the interaction with C5. Thus, in contrast to
pathway 1 (I2 � I3), the intramolecular formation of I5 from I2

via TS6 should be feasible as well as the back-reaction, for
which a barrier of only 7.4 kcalmol�1 has to be surmounted.
It is noteworthy that the formation of I5 is energetically

favored by 9.5 kcalmol�1 compared to I3 (Table 3). I5 shows a
highly distorted trigonal bipyramidal coordination sphere
around iron. The formation of a C�N bond generates a four-
membered ring (Fe-C5-C6-N1), which is responsible for the
observed distortion of the trigonal-bipyramidal coordination
sphere, and which may also be responsible for the low
activation barrier to recover I2. The calculated bond lengths
correspond to the description of I5 as a 16-electron iron(��)
complex. N1 now represents an amine nitrogen atom that is
coordinated to the iron centre by its lone pair. So the N1�C3
bond is in the range of a single bond (144.2 pm), whereas the
bond between the two imine carbon atoms of the former
diazabutadiene ligand (C3 ±C4) shows a value typical for C�C
double bonds (134.7 pm). The second nitrogen atom N2 is
negatively charged, thus leading to a nitrogen ± iron bond
(188.2 pm) shorter than the N1�Fe bond (205.9 pm).
Addition of CO to the 16-electron species I5 results in the

formation of the 18-electron complex I6 (Figures 2 and 5).
This reaction is endothermic by 0.8 kcalmol�1 (Table 3) for
entropic reasons in combination with the highly strained four-
membered ring system. The latter is also responsible for the
distorted octahedral coordination around iron in I6. Again,
the fact that iron now is electronically saturated leads to a
lengthening of the bonds between the formally anionic centres
N2 and C6 and iron compared to the situation in I5. The other
bond lengths and angles are almost unaffected by the addition
of a third CO ligand.
There are systems described in the literature which may

serve as models for the above-mentioned reactions. Iron or
ruthenium 1,4-diazabutadiene complexes react with alkynes
to produce organometallic compounds in which a new C�N
bond or a new C�C bond, respectively, between the alkyne
and the diazabutadiene ligand has been formed. This would
correspond to the formation of I5 or I6. On the other hand,
depending on the reaction conditions and the alkyne proper-
ties, the reaction may also lead to a system in which the

Scheme 2. Dissociation of a terminal CO ligand of S from an equatorial or from the apical position.
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diazabutadiene, the alkyne and one CO ligand are coupled.[20]

The reaction of [(1,4-diazabutadiene)Fe(CO)3] complexes
with alkenes does not lead to isolable products. Nevertheless,
if all CO ligands are exchanged by bulky isonitrile moieties, an
equilibrium between the starting compounds and a complex
closely related to I4 may be observed by NMR techniques.[18f]

As depicted in Figure 2, the formation of a C�N bond
between ethylene and the diazabutadiene, leading to the
formation of I5 and I6, is the energetically more favored
reaction pathway compared to the alternative formation of a
C�C bond to generate I3 and I4. As already indicated, we have
not been able to identify any minimum reaction pathways
which connect I2 with I3 or I5 with I3. In all cases, any reaction
ends in the formation of I5 or the reformation of I2. For
example, the stepwise elongation of the C�N bond in I5 always
led to I2. In addition, we must point out that, in the course of
our experimental investigations, we never detected products
which would result from an intermediate, such as I6, as the
experiments only generate products in which ethylene is
connected to the former imine carbon atom. Furthermore, for
the real catalytic cycle (at �440 K and elevated pressure) the
formation of I5 and I6 should be strongly disfavored also from
an experimental point of view on account of the steric
demands of the aromatic substituents on the imine nitrogen
atoms compared to that of the model substituents (the imine
hydrogen atoms). Therefore, we concluded that alternative
reaction channels had to be taken into account in which the
ethylene molecule interacts directly with S without a preced-
ing dissociation of a CO ligand. We will demonstrate in the
following that these concerted reaction pathways readily
explain the formation of the experimentally observed product
species.
Because the starting material S shows a square-pyramidal

geometry, the iron centre should be directly accessible from
the base of the complex. If ethylene is calculated to approach
stepwise towards the iron atom, the intermediate I4 is
generated in a concerted reaction. The outcome of this
reaction pathway is independent of the starting orientation
of ethylene relative to the coordinated diazabutadiene. Thus,
a reaction coordinate leading to I6 is never observed from the
approach of ethylene toward the base of the square-pyramidal
complex S. Figures 3 and 5 show the transition state TS1 for
the formation of I4. The activation energy was calculated to be
42.6 kcalmol�1 (Table 3). As we did not detect the transition
state leading to I1 from S in the calculations, there is no way of
directly comparing these two initial steps of the potential
catalytic cycle. Nevertheless, it is a convincing fact that the
associative pathway leading to I4 via TS1 produces a C�C bond
in the exact same position as it is observed in the experimental
work. The activation energy of 42.6 kcalmol�1 is mostly
probably the result of the highly negative activation entropy
of this associative process. However, because the experimen-
tal results were obtained at �440 K and an ethylene and CO
pressure of 10 atm, we are sure that is possible to surmount
this high barrier and that an associative pathway is feasible.
The structure of TS1 shows that the coordination sphere

around iron is changed from square pyramidal in S towards an
octahedral arrangement by the approach of the alkene. In
addition, the bond lengths of the imine moiety are strongly

influenced by this process, which indicates the beginning of
the interaction with ethylene. One of the imine double bonds
(C4�N1) is elongated by 2.7 pm, whereas the C�C bond
length of the diazabutadiene (C4�C5) is increased by 3.8 pm
compared to S. In contrast to the starting complex S, the
diazabutadiene ligand in TS1 also shows an angle of 22.9�
between the diazabutadiene plane and the plane through iron
and both the imine nitrogen atoms, whereas this arrangement
is absolutely planar in S. The structure of I4 is, of course,
identical if it is generated from TS1 or by the dissociative
reaction pathway described above.
The stepwise approach of ethylene towards S from the base

of the square-pyramid, as an alternative to the formation of I4,
leads to two additional products, I12 and I13, although these
reactions are much less favorable on account of their
energetic demands (Figure 2, Table 3). I12 is produced in an
endothermic reaction affording 59.6 kcalmol�1 (Table 3). The
structure of I12 is shown in Figure 7. The approach of ethylene
leads to a side-on coordination of the olefin. This forces one of
the CO ligands to interact with one of the imine nitrogen
atoms. The structure may best be interpreted as a metalla-
azaridine-2-one with a trigonal-bipyramidal coordination
sphere around iron, in which ethylene and N2 occupy the
apical positions of the bipyramid. There is only one complex
of this kind reported in the literature which was characterized
by X-ray crystallography. It is a molybdenum compound with
two phenyl-isocyanato ligands coordinated side-on along with
a macrocyclic ligand coordinated by four sulfur atoms.[21]

The energetically most unfavorable intermediate we iden-
tified in the calculations of the approach of ethylene towards S
from the base of the complex is I13, which is produced in an
endothermic reaction from S and ethylene (72.5 kcalmol�1,
Figures 3 and 7). The system avoids the steric constraint
induced by the approach of ethylene by means of an
interaction of two terminal CO ligands to produce a C2O2

ligand. The structure may also be described as a trigonal-
bipyramidal arrangement of the ligands around iron with N1
and the remaining CO ligand (C1) occupying the apical
positions. To the best of our knowledge, such a transition-
metal complex has not yet been reported in the literature. The
most similar compounds are two tantalum complexes with
dihydroxyacetylene ligands described by Lippard et al.[22]

Another possible approach of a molecule of ethylene
towards S would be, of course, towards one of the triangular
planes that forms the apex of the square-pyramid. If ethylene
is moved towards S in the direction of the plane formed by the
nitrogen atoms of the diazabutadiene ligand and the CO
moiety adopting the apical position of the square-pyramid,
the formation of I7 is observed. This reaction proceeds via the
transition state TS2, which is also depicted in Figure 5. The
activation energy is determined to be 47.3 kcalmol�1 (Fig-
ure 3). In TS2, the coordination sphere around iron still shows
a square-pyramidal arrangement. Corresponding to the for-
mation of an acyl ligand, the COmoiety is no longer linear but
is bent to an angle of 139.4�. The Fe�C1 bond length of this
CO group is also significantly longer than the corresponding
bonds of the other terminal CO ligands because of the
decreased back-bonding (185.8 pm versus 179.0 and
179.5 pm). In addition, the interaction of ethylene with the
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diazabutadiene unit leads to significant changes in the bond
lengths of the ligand. Thus, the C4�C5 bond (143.0 pm) as
well as the N1�C4 bond (134.9 pm) of the imine unit
interacting with ethylene are elongated compared to S,
whereas the N2�C5 bond (130.6 pm) is shortened.
The molecular structure of I7 (Figures 3 and 6,) again shows

an iron complex of square-pyramidal geometry with the acyl
ligand occupying the apical position. The Fe-C1-O1 bond
angle is 126.6�, the bond lengths of the tridentate ligands show
the expected values. Thus, the former imine double bond
between N1 and C4 now clearly represents a single bond
(145.1 pm), whereas the second imine double bond is
shortened compared to the situation in the starting complex
S as a result of the loss of delocalization (N2�C5, 127.9 pm).
The Fe�N bond lengths have different values, whereby the
coordination of the amido nitrogen atom N1 is 13.1 pm
shorter than the corresponding bond length of the imine
nitrogen atom N2.
Although the formation of I7 directly from the approach of

ethylene towards S via TS2 would give an intermediate in
which the two new C�C bonds observed in the experimental
catalytic reactions are already present, the attack of ethylene
from the base of S leading to I4 via TS1 is the energetically
more favorable path, since the activation energy is
4.7 kcalmol�1 lower (Figure 3). Therefore, in order to form
I7 from I4, one of the equatorial CO ligands in I4 has to insert
into the Fe�C bond which was formed by the previous
interaction of ethylene with S. Because one of the CO
(C2�O2) ligands in I4 is situated trans to an imine nitrogen
atom (N2),whereas the other one (C1 ±O1) is in a trans
position with respect to an amide nitrogen atom (N1), there
should be a difference in reactivity. Therefore, the reaction
coordinates for both the potential insertion reactions have
been calculated (Scheme 3). In I4, the two CO ligands show
different distances to C6 (C1�C6 277.0 pm, C2�C6 265.5 pm).
If C1 inserts into the Fe�C6 bond of I4, the transition state TS3

is observed, and the activation barrier for this process affords
19.9 kcalmol�1 (Table 3). On the other hand, the insertion of
C2 into the Fe�C6 bond of I4 leads to the transition state TS4,
the activation energy now reduces to 14.0 kcalmol�1. Thus, the
reaction via TS4 is energetically more favorable by

5.9 kcalmol�1. The structures of TS3 and TS4 are shown in
Figures 5 and 6, respectively. It is obvious that the bonding in
TS4 between the inserting CO ligand and the former ethylene
moiety as well as the interaction between C6 and the iron
centre are stronger than in TS3. The fact that the insertion of
the CO ligand trans to the imine group is preferred to the
insertion of the CO group trans to the amide does not only
reflect the steric situation in I4. This behavior also shows the
importance of the trans-effect of the imine ligand, which is the
better � acceptor compared to the amide ligand. Following
the reaction coordinates, the transition states TS3 and TS4

both lead to the formation of I7. This process of CO insertion
corresponds very well with results that have been achieved in
earlier work which showed that the migratory insertion of CO
involves a three-centre transition state, and the exothermicity
of these processes was estimated to be �10 kcalmol�1 for
first-row transition metals.[23]

The addition of another CO ligand to I7 leads to the
coordinatively saturated complex I8, the reaction being
endothermic by 6.0 kcalmol�1 as a consequence of entropic
effects (Figures 3 and 4, Table 3). I8 shows an octahedral
coordination mode of iron. The bond lengths and angles
inside the tridentate ligand are very similar to the values
observed in I7. It is obvious that the coordination of the
ligands to iron is weaker than in I7. Both N�C bond lengths as
well as the bond lengths of the acyl ligand to iron are longer
than in I7. In addition, the CO ligand trans to the acyl function
(C4�O4) shows the longest C�Fe bond of the three terminal
CO ligands (Fe�C4 190.3 pm).
The formation of the experimentally observed heterocyclic

products P may proceed via two different mechanisms. The
first possibility is a reductive elimination which generates P by
establishing a new bond between N1 and C1 and a highly
reactive [Fe(CO)3] fragment. This [Fe(CO)3] fragment then
might react with a diazabutadiene molecule to produce S
again thus closing the catalytic cycle. In order to achieve the
thermodynamics of this conceivable reaction pathway, P as
well as the [Fe(CO)3] fragment were calculated (Table 2,
Figure 7). The conformation of the imine moiety of P with
respect to the lactam ring is determined by a hydrogen bond
between N2 and the amide hydrogen (N2�H1 254.1 pm). The

Scheme 3. Two different reaction courses of the insertion of an equatorial CO ligand in I4 into the Fe�C bond to give to I7.
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relative energies show that a dissociation of I8 into P and
[Fe(CO)3] would be an endothermic process with an overall
free reaction energy of 3.9 kcalmol�1 (Figure 3).
The second possibility which might explain the formation of

P is the closure of the N1�C1 bond in the coordination sphere
of iron leading to I9 via TS5 (Figures 3 and 6). If, in I8, N1 is
moved towards C1, the transition state TS5 is produced; this
represents an activation barrier of 8.62 kcalmol�1 (Table 3).
In TS5, the calculated N1�C1 distance is still 200.3 pm,
whereas the bond between the the acyl moiety and the iron
centre (C1�Fe 207.3 pm) is only shortened slightly by 2.8 pm
compared to that in I8. In contrast to I8, in which the
coordination mode around the iron centre is nearly octahe-
dral, in TS5 N1 is moved out of the Fe-N2-C2-C3 plane by
99.1 pm. On the other hand, all CO ligands show an increased
bond strength towards iron in TS5 compared to I8, which leads
to shorter C�Fe bond lengths.
The ring closure between C1 and N1 converges in the

formation of I9 (Figures 3 and 6). The overall reaction of I8 to
form I9 is exothermic by 20.0 kcalmol�1. In I9, the heterocyclic
lactam still acts as a bidentate ligand through the lone pairs of
the amide nitrogen N1 and the imine nitrogen N2. The
coordination sphere around iron shows a trigonal-bipyramidal
geometry with the imine nitrogen N2 and one of the CO
ligands (C2�O2) occupying the apical positions. The most
significant changes in the bond lengths are shown by the two
N�Fe interactions. Compared to the situation in I8, the bond
between the imine nitrogen atom N2 and the iron centre is
4.3 pm shorter in I9. In addition, the bonding between the iron
centre and the nitrogen atom in the heterocycle (N1) is
31.0 pm longer than it was in I8 before the ring closure.
A dissociation of I9 into P and a [Fe(CO)3] fragment would

be endothermic by 23.8 kcalmol�1 (Figure 3). On the other
hand, the quite weak interaction between the amide nitrogen
atom in I9 and iron clearly indicates the position in which an
attack of a diazabutadiene might take place. This reaction
coordinate results in the formation of I10, which is slightly
exothermic (0.5 kcalmol�1, Figures 3 and 6). In I10, the
diazadiene as well as the lactam both act as mono-dentate
ligands. The coordination sphere around iron is trigonal-
bipyramidal with the exocyclic imine function of the product
P adopting one of the apical positions. The bond lengths of the
lactam ligand are nearly identical with those of noncoordi-
nated P with the exception of the N2�C6 double bond, which
is 1.3 pm longer in I10 than in P because of the coordination of
the nitrogen lone pair to the iron center. The calculated
torsional angle N2-C6-C5-N1 is 32.6� in I10, whereas this
exocyclic imine moiety is nearly coplanar with the lactam ring
in I9, I11 and P.
The coordination of the second imine function of the

diazabutadiene ligand in I10 to the iron center leads to the
liberation of the product P and to the formation of the starting
compound S. As an intermediate of this process we identified
I11, in which P still interacts with S through a hydrogen bond
between the imine nitrogen atom of P and one of the
hydrogen atoms attached to the imine nitrogen atoms of the
diazabutadiene ligand (Figures 3 and 7). As expected, the
formation of I11 from I10 is highly exothermic by
34.9 kcalmol�1 showing the high tendency of the system to

form S by using the diazabutadiene as a chelating ligand again
(Table 3). The bond lengths in I11 are nearly identical to the
values calculated for the isolated molecules P and S (Figures 4
and 7). In another exothermic process (5.8 kcalmol�1, Fig-
ure 3, Table 3) the hydrogen bond in I11 is broken to produce
P and S as isolated species. According to our calculations, the
overall reaction of I9 with a diazabutadiene results in the
formation of P and S and is highly exothermic by
41.2 kcalmol�1, thus representing the driving power of the
whole catalytic reaction.
All calculations reported here were carried out assuming

singlet ground states for the iron carbonyl compounds. This is
justified in our opinion since it has been shown before that
closed-shell singlets are the most stable structures for iron
carbonyls.[10c] In addition, it is well-accepted that B3LYP is the
most accurate method for determining thermochemical as
well as vibrational data if iron carbonyl fragments are
involved.[10b,c] Nevertheless, we calculated the key intermedi-
ate I7 with a triplet ground state for iron (I7T, Table 2). In
analogy with reported results, we also found this intermediate
to be less stable by 18.0 kcalmol�1 than the corresponding
singlet state (I7) at the B3LYP/6-311��G(d,p) level. As
expected, the triplet ground state also shows a large degree of
iron ± ligand repulsion as indicated by bond lengthening and a
significantly distorted coordination geometry for iron. It is
also worth mentioning that, even if the triplet ground states
were more stable than the electronic structures we assumed
for the intermediates and transition states of this catalysis, we
are just comparing different reaction channels by their
relative energy differences. Therefore, a consideration of the
triplet ground states for all compounds calculated herein will
certainly not lead to any substantial changes in the mechanism.

Conclusion

Wewere able to show bymeans of density functional theory at
the B3LYP/6-311��G(d,p) level that the catalytic [2�2�1]
cycloaddition reaction between a diazabutadiene, carbon
monoxide and ethylene proceeds via a series of mononuclear
iron carbonyl complexes. The starting point of the catalytic
cycle is the [(diazabutadiene)Fe(CO)3] complex S of square-
pyramidal geometry. A closely related compound was char-
acterized by X-ray diffraction and the results have been used
to prove that the level of theory we chose for the calculations
is suitable for compounds of this type since the calculated and
experimentally observed bond lengths, angles and even
torsional angles are essentially identical.
Interestingly, the catalytic reaction does not start with CO

dissociation followed by an addition of ethylene and subse-
quent intramolecular reactions since this reaction pathway
leads into a ™dead-end∫ situation producing the highly
strained intermediate I5, which readily decomposes to yield
I2 again.
The more reasonable reaction channel is the approach of

ethylene towards the base of the square-pyramidal starting
complex. This reaction produces the intermediate I4 in which
a new C�C bond between ethylene and one of the imine
carbon atoms of the diazabutadiene is established along with a



Hetero-Pauson ±Khand-Type Cycloadditions 1166±1181

Chem. Eur. J. 2003, 9, No. 5 ¹ 2003 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0947-6539/03/0905-1179 $ 20.00+.50/0 1179

C�Fe interaction with the remaining ethylene carbon atom.
An intramolecular CO insertion into the new C�Fe bond
produces the electronically unsaturated 16-valence-electron
compound I7 which readily adds one molecule of carbon
monoxide to yield the octahedral complex I8.
Our calculations indicate that the experimentally observed

lactams P with an additional exocyclic imine moiety are
formed by a metal-assisted pathway. The intermediate I9

shows the lactam still acting as a bidentate ligand with the
N�Fe bond from the amide nitrogen atom being quite weak.
This bond is attacked by another diazabutadiene molecule to
produce the free lactam P and the starting compound S again,
and thus closing the catalytic cycle. The complete catalytic
cycle that we postulate on the basis of our calculations is
shown in Scheme 4.
In addition, the high-level DFT calculations we performed

showed the existence of additional reaction channels that
might be selectively accessible by employing appropriate
reaction conditions and precatalysts or suitable substitution
patterns of the substrates. Experimental work is in progress to
prove these assumptions.

Experimental Section

General : All procedures were carried out under an argon atmosphere in
freshly distilled anhydrous solvents. The preparation of glyoxaldiylidene-
bis(-4-methoxyaniline) was carried out according to reference [24]. Infra-

red spectra were recorded on a Perkin
Elmer FT-IR System2000 in 0.2-mm
KBr cuvettes. NMR spectra were re-
corded on a Bruker AC200 spectrom-
eter (1H: 200 MHz, 13C: 50.32 MHz,
CDCl3 as internal standard) and on a
Bruker DRX400 spectrometer (1H:
400 MHz, 13C: 100.62 MHz with CDCl3
as internal standard). Mass spectra
were recorded on a Finnigan
MATSSQ710 instrument. High-reso-
lution mass spectra were recorded on a
Finnigan MAT95XL using ESI tech-
niques and methanol as the solvent.
Elemental analyses were carried out at
the Institute of Organic and Macro-
molecular Chemistry of the Friedrich-
Schiller-University, Jena (Germany).

X-ray crystallography : The structure
determination of 3 was carried out on
an Enraf Nonius Kappa CCD diffrac-
tometer, crystal detector distance
25 mm, 180 frames, graphite-mono-
chromated MoK� radiation. The crystal
was mounted in a stream of cold
nitrogen. Data were corrected for
Lorentz and polarization effects, but
not for absorption. The structure was
solved by direct methods and refined
by full-matrix least-squares techniques
against F 2 with the programs
SHELXS86 and SHELXL93.[25] The
molecular illustrations were drawn
with the program XP.[26] The crystal
and intensity data are given as a foot-
note.[27]

CCDC-177821 contains the supple-
mentary crystallographic data for this

paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336033; or deposit@ccdc.cam.uk).

General procedure for catalytic cycloaddition reactions : In a typical
experiment, N,N�-bis-(p-tolyl)-tetrahydropyrrolo-[2,1c][1,4]oxazine-3,4-
diylidenediamine (1 mmol, 333 mg) was dissolved in toluene (3 mL). The
solution was transferred together with [Fe2(CO)9] (0.04 mmol, 15 mg) into
a 75-mL stainless steel autoclave. The autoclave was evacuated and then
pressurized with 13 atm CO and 8 atm ethylene. The reaction mixture was
heated to 140 �C for 16 h. After the autoclave had cooled to room
temperature, the pressure was released and the solution was transferred
into a Schlenk tube. Then toluene was evaporated leaving a brown oily
residue. This residue was used to determine the yield of the spirolactam 2
by NMR spectroscopy to be 55% along with 45% of the starting compound
1. Analytical data for the compound derived from N,N�-bis-(p-tolyl)tetra-
hydropyrrolo[2,1c][1,4]oxazine-3,4-diylidenediamine have already been
published by some of us.[5] Experiments with CO as the only gaseous
reactant were performed as described, but without ethylene. The reactions
with only ethylene were performed as for the typical experiment, but
without CO. If the experiment was performed reacting cylohexylcyclohex-
ylidene amine (1 mmol, 179 mg) with CO and ethylene, the 13C NMR
spectrum showed that not all of the starting compound had been consumed
during the reaction and, in addition, that there are at least six different
product compounds present on account of the observation of six
resonances beneath the corresponding peak of the starting material in
the region typical for keto or imine carbon atoms.

Preparation of 3 : [Fe2(CO)9] (0.5 g, 1.37 mmol) was suspended in a Schlenk
tube in n-heptane (40 mL) together with glyoxaldiylidene-bis(-4-methoxy-
aniline) (0.44 g, 1.65 mmol). The mixture was heated to 50 �C for 45 min.
The color of the solution changed from pale yellow to deep red. After all
volatile material had been evaporated in vacuo, the oily residue was
chromatographed on silica gel. With light petroleum (b.p. 40 ± 60 �C) and

Scheme 4. Catalytic cycle of the [2�2�1] cycloaddition reaction of a diazabutadiene, carbon monoxide and
ethylene generating lactams (substituents at nitrogen atoms have been omitted for the sake of clarity).
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CH2Cl2 in a 2:1 ratio, 3 is obtained as a deep red solution. 3 may be
recrystallized at �20 �C from light petroleum and CH2Cl2 in a 4:1 ratio
(yield: 120 mg, 22%). M.p. 130 �C (decomp); elemental analysis (%) calcd:
C 55.91, H 3.95, N 6.86; found: C 55.28, H 4.06, N 6.71; MS (EI) (m/z)
(fragment, %): 408 ([M]� , 6), 380 ([M�CO]� , 10), 352 ([M� 2CO]� , 37),
324 ([M� 3CO]� , 100), 267 ([C16H15N2O2]� , 4), 162 ([C11H14O]� , 49), 148
([C10H12O]� , 8), 134 ([C9H10O]� , 25), 120 ([C8H8O]� , 15), 106 ([C7H6O]� ,
8), 92 ([C6H4O]� , 9), 77 ([C6H5]� , 13), 56 ([Fe]� , 36); IR (CH2Cl2, 298 K):
�� � 2034 (s), 1959 (br, s) cm�1; 1H NMR (CDCl3, 298 K): �� 3.85 (s, 6H,
OCH3), 6.86 ± 7.03 (m, 4H; CarH), 7.34 ± 7.50 (m, 4H; CarH), 7.58 ppm (s,
2H; N�CH); 13C NMR (CDCl3, 298 K): �� 55.0 (OCH3), 113.3 (CarH),
123.6 (CarH), 144.0 (Car), 150.2 (N�CH), 157.2 (Car), 209.7 (CO), 211.9 ppm
(CO).

Calculations : Full geometry optimizations (i.e. without symmetry con-
straints) were carried out with the GAUSSIAN98 program package[28] and
a hybrid Hartree ± Fock DFTapproach (B3LYP/6-311��G(d,p)) through-
out.[29] The density functional employed contains a term which accounts for
the effects of dynamic electron correlation (Coulomb hole).[30] The use of a
basis set with triple � quality[31] and which contains diffuse functions is
necessary because of the consideration of weakly bound (i.e. van der
Waals) complexes, hydrogen-bridged species and a variety of interacting
electron lone pairs. The B3LYP functional has previously been found to be
of suitable theoretical level for the study of the interactions of transition
metals with ligands, especially with CO.[32] To assess the reliability of the
B3LYP/6-311��G(d,p) method, we 1) compared the X-ray structural
data of complex 3 with results calculated at the B3LYP/6-311��G(d,p)
level and 2) calculated the structures of I9, P, S, TS1, TS2, TS4, 1,4-
diazabutadiene, and ethene with the standard augmented correlation-
consistent triple � (aug-cc-pVTZ) basis set as defined by Dunning et al.[33]

For the iron center we used a relativistic ECP of the SD group (SDD)[34] in
conjunction with the [2f,1g] set.[35] The equilibrium geometries calculated
with the B3LYP/aug-cc-pVTZ and the B3LYP/6-311��G(d,p) proce-
dures compare remarkably well (see Table 2).[36] Relative energies, for
example, as calculated for the ligand-exchange reaction (I9 � diaza-
butadiene� S � P), only differ to within 1 kcalmol�1 (�E�
�43.42 kcalmol�1 (B3LYP/6-311��G(d,p)), �43.84 kcalmol�1 (B3LYP/
aug-cc-pVTZ)). Thus, the B3LYP/6-311��G(d,p) approach appears to be
an acceptable compromise as the aug-cc-pVTZ method would have
significantly exceeded our contingent of CPU time.

In most cases B3LYP/LANL2DZ[37] optimizations were used to generate
suitable starting geometries. Interestingly, in many cases, the LANL2DZ
structures and (to a lesser extent), relative energies compare quite well with
the 6-311��G(d,p) results. Stationary points were rigorously character-
ized as minima or transition states according to the number of imaginary
modes by application of a second-order derivative calculation (vibrational
analysis).[38] Visualization of the reactive mode in the transition structures
was used to support the assignments of the pertaining minimum structures.
Zero-point energy (ZPE) corrections have been made.

Thermochemistry calculations were performed with the standard routine in
Gaussian98, VersionA11 (for details, see the Gaussian98 User×s Refer-
ence, 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.[14, 15]
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