
Inorganica Chimica Acta 327 (2002) 66–89

www.elsevier.com/locate/ica

1,3-Dipolar cycloaddition to the Fe�S�C fragment 20. Preparation
and properties of carbonyliron complexes of di-thiooxamide.
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Abstract

Reaction of Fe2(CO)9 at room temperature in THF with the di-thiooxamides (L), S�C{N(R,R�)}�C{(R,R�)N}�S [R=Me,
R�–R�= (CH2)2 (a); R=H, R�= iPr (b); R=H, R�= iPr (c), R=H, R�=benzyl (d); R=H, R�=H (e)], results for ligands a–d
initially in the formation of the mononuclear �-S, �-S� chelate complexes Fe(CO)3(L) (7a–d), which could be isolated in case of
7a and 7d. Under the reaction conditions, complexes 7a–d react further with [Fe(CO)4] fragments to give three types of
Fe2(CO)6(L) complexes (8a–d) in high yields, depending on the di-thiooxamide ligand used together with traces of the known
complex S2Fe3(CO)9 (14). The molecular structures of these complexes have been established by the single crystal X-ray diffraction
determinations of 8a, 8b and 8d. In the reaction with ligand e the corresponding complex 7e was not detected and the well-known
complexes 14 and S2Fe3(CO)9 (15) were isolated in low yield. In situ prepared 7a reacts in a slow reaction with 1 equiv. of
dimethyl acetylene dicarboxylate in a 1,3-dipolar cycloaddition reaction to give the stable initial ferra [2.2.1] bicyclic complex 10a
in 60% yield. In complex 10a an additional Fe(CO)4 fragment is coordinated to the sulfido sulfur atom of the cycloadded Fe�S�C
fragment. When a toluene solution of 10a is heated to 50 °C it loses two terminal CO ligands to give the binuclear Fe�Fe bonded
complex 11a in almost quantitative yield. The molecular structures of 10a and 11a have been confirmed by single crystal X-ray
diffraction. Reaction of 7d at room temperature with 2 equiv. of dimethyl acetylene dicarboxylate results in the mononuclear
complex 12d in 5% yield. The molecular structure of 12b has been established by single crystal X-ray diffraction and comprises
a tetra dentate ligand with two ferra-sulpha cyclobutene, and a ferra-disulpha cyclopentene moiety. When the reaction is
performed at 60 °C a low yield of 2,3,4,5-thiophene tetramethyl tertracarboxylate is obtained besides complex 12d. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

In the last decade, the reactions of the mononuclear
M(CO)n(CNR)3−n(R-DAB) complexes (M=Fe, Ru;
n=0, 1, 3) [1–8] with the alkynes DMAD and MP
have been studied extensively in our laboratory. These
reactions have been shown to give some interesting
highly functionalised coordinated heterocyclic ligands
such as in complexes 4 and 5 (cf. Scheme 1). It has been
demonstrated in the previous parts of this series that
the initial step in these reactions consists of a 1,3-dipo-
lar cycloaddition reaction of the activated alkyne (dipo-
larophile) across the M�N�C fragment (1,3-dipole),
resulting in the formation of the bicyclo [2.2.1] interme-
diate 2. In order to extend the synthetic potential of this
reaction we studied the reaction of the isostructural
mononuclear Fe(CO)3(N�O) (N�O=�-iminoketone
and �-iminoester) complexes and found that they react
via a similar reaction sequence [9,10]. This was proven
by the solid state structure of the initial bicy-
clo[2.2.1]Fe(Ph2PCH2CH2PPh2)(CO) adduct 6 [11] and
the isolation of the stable adducts 2 (cf. Scheme 1;
X=O, L=PR3).

To further exploit this reaction we recently directed
our interest to the N,N � di- and tetra-substituted di-
thiooxamides (abbreviated as R2-DTO and R4-DTO,
respectively). The objective was to synthesise mononu-
clear chelate �-S, �-S� Fe(CO)3(DTO) complexes and to
probe their reactivity towards DMAD. The X-ray
structures of several R2-DTO ligands (R=Et, iPr, H)
[12,13] showed that they consist of two C�C coupled

almost perfectly planar and rigid thioamide functions in
a planar E-s-trans-E geometry (cf. Fig. 2; b,c,e). In case
of Et4-DTO [14], the two thioamide groups are almost
orthogonal (dihedral angle around SC�CS=89.8°) in
the solid state due to steric hindrance of the ethyl
groups. The quite perfect sp2 geometry of nitrogen
evidences the strong electron delocalisation within the
N–C–S moiety (cf. Fig. 1), which is characterised by
longer C�S and shorter C�N bond lengths with respect
to the usual value for the corresponding un-conjugated
bonds. The long central C–C bond reveals that there is
no net delocalisation of the �-electrons over both
thioamide groups.

A large number of papers have been published con-
cerning transition metal complexes with di-thiooxamide
ligands [14–21]. However, in only a few of them the
di-thiooxamide is coordinated as a neutral bidentate
�-S, �-S� ligand in a s-cis conformation and without
hydrogen bonds to other, e.g. halide, ligands. Further-
more, the crystal structures of Zn(Me2-DTO)Cl2 [16],
Cu(Bzl2-DTO)2[ClO4]2 [16], and particularly
Re(CO)3Br(Et4-DTO) [21] show that these ligands do
not possess a planar geometry when they are S, S�-coor-
dinated to a metal centre in a s-cis conformation. A
planar co-ordination is precluded by the steric interac-
tions between, respectively, the amide protons or the
ethyl groups on the rigid sp2 nitrogen, which results in
dihedral angles around the central C�C bond of ap-
proximately 36 and 77°, respectively.

In the earlier parts of this series we have reported on
the 1,3-dipolar cycloadditions of M(CO)n(CNR)3−n-
(R-DAB) (M=Fe, Ru; n=0, 1, 3) and Fe(CO)n-
(PR3)3−n(N�O) (N�O=�-iminoketone and �-imi-
noesters; n=0, 1, 2) complexes. From these investiga-
tions two important conditions with respect to the
1,3-dipolar reactivity emerged; (i) since the Fe�X�C
(X=NR, O) fragment can be classified as nucleophilic
type I 1,3-dipole [22–27], a relatively high electron
density is required [1,6,8,10,28–30], and (ii) because the
cycloaddition proceeds over the Fe�X�C (X=NR, O)
fragment, the metal atom must be able to increase its
co-ordination number and oxidation state.

As has been shown, the 1,3-dipolar cycloadditions
proceed readily with 1,4-dihetero-1,3-diene ligands (D-
DAB, �-imino-ketone and esters) which possess a low
lying �*-orbital in combination with the electron rich
metals Fe(0) and Ru(0). Apparently, strong �-back
donation of the metal into the �*-LUMO of these
ligands activates the Fe�X�C (X=O, NR) fragment
for cycloaddition reactions. Consequently, our aim was
to synthesise five-co-ordinate d8-metal complexes with a
�-S, �-S� chelate DTO ligand in which a synergism of
�-back donation and flattening of the S�C�C�S back-
bone would lower the LUMO energy and populate the
�*-level sufficiently for 1,3-dipolar cycloaddition across
the Fe�S�C fragment.

Scheme 1. Reactions of Fe(CO)2L(R1-DAB) and Fe(CO)3(�-iminoke-
tone) with electron-deficient alkynes.

Fig. 1. Resonance structure of thioamide fragment.
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Fig. 2. Structures and geometry of DTO ligands.

under an atmosphere of dry nitrogen by conventional
Schlenk techniques. Silicagel for column chromatogra-
phy (Kieselgel 60, 70-230 mesh, E. Merck, Darmstadt,
Germany) was dried and activated prior to use by
heating to 160 °C under vacuum for 16 h. Fe(CO)5

(Strem Chemicals), DMAD (Janssen) and di-thiooxam-
ide (Janssen) were used as commercially obtained.
Fe2(CO)9 [34]1 has been prepared according to the
published procedure. The ligands cyclo-DTO [35] (a),
R2-DTO (b, c) [36] and Et4-DTO (d) [36] were prepared
according to published procedures.

2.2. Synthesis of Fe(CO)3(cyclo-DTO) (7a)

To a stirred suspension of 1.092 g (3.00 mmol)
Fe2(CO)9 in 40 ml of THF an amount of 486 mg (3.00
mmol) of cyclo-DTO (a) was added, whereupon the
solution immediately turned deep blue (7a). After all
the Fe2(CO)9 had been consumed (�45 min), the deep
blue coloured solution was evaporated to dryness and
the residue was redissolved in 60 ml of pentane/Et2O
(1:1) (7a) and filtered. Cooling the pentane/Et2O solu-
tion of 7a to −30 °C resulted in dark blue–purple
lustrous micro crystalline material of Fe(CO)3(cyclo-
DTO) (7a) in about 40% yield together with small
amounts (�5%) of the dimeric Fe2(CO)6(cyclo-DTO)
(8a). Unfortunately, these crystals were not suitable for
X-ray diffraction. Subsequent crystallisation from the
concentrated mother liquor at −30 °C led to a second
batch of crystalline material of 7a (20%), giving a total
yield of about 60% (based on the amount of cyclo-DTO
used).

2.3. Synthesis of Fe(CO)3(Et4-DTO) (7d)

To a stirred suspension of 1.092 g (2.00 mmol)
Fe2(CO)9 in 40 ml of THF an amount of 696 mg (3.00
mmol) of Et4-DTO (d) was added, whereupon the
solution turned deep green–blue (7d) within 3 min.
After all the Fe2(CO)9 had been consumed (�30 min),
the deep green coloured solution was evaporated to
dryness and the residue was redissolved in 60 ml of
pentane and filtered. Cooling the pentane solution to
−30 °C resulted in a voluminous precipitate of the
excess free Et4-DTO ligand. Filtration gave a deep
green–blue solution containing a mixture of the
mononuclear complex Fe(CO)3(Et4-DTO) (7d) and the

The co-ordination behaviour of several R2- and R4-
DTO ligands to Mo(CO)4−n(PR3)n has been studied by
tom Dieck et al. [18,19]. For n=0, 1, they found that
the DTO ligand acts as a relatively strong donor and
for n=2, the R2- and R4-DTO ligand acts as good
�-acceptor ligand. Obviously, the electron density on
the Mo centre is sufficiently increased by the two
phosphorus ligands to cause extensive �-back donation
into the �*-LUMO, which results in a planar S�C�C�S
skeleton. Servaas et al. [21] have shown and supported
by MO-calculations that the decrease in the dihedral
angle of the cyclic DTO ligand N,N �-dimethylpiper-
azine-2,3-dithione (cyclo-DTO; Fig. 2(a)) from 35.4°
(free ligand) to 18° in (cyclo-DTO)Re(CO)3Br is the
result of �-back donation from the metal in to the
�*-LUMO of the cyclo-DTO ligand. The central C�C
bond is accordingly shortened because the �*-orbital is
bonding between these two carbons. This shortening of
the central C–C bond is also found in the solid state
structures of Fe(CO)3(R-DAB) [31,32] complexes and
Fe(CO)3(MeN�C(Ph)�C(Ph)�O) [33].

The five DTO ligands used in this investigation are
shown in Fig. 2. The cyclic DTO ligand a is used
because it already has a cis arrangement, and no steric
hindrance between the thioamide functions is expected.
As representatives for the R2-DTO and R4-DTO lig-
ands, we have used iPr2-DTO (b), benzyl2-DTO (c) and
Et4-DTO (d), respectively. Finally, di-thiooxamide (e) is
also used.

The reactions of ligands a–e with Fe2(CO)9 are inves-
tigated. In the case of ligands a–d, initially, the deep
green or blue Fe(CO)3(DTO) complexes (7) are ob-
served before they react further with [FeCO)4] to three
different types of Fe2(CO)6(DTO) complexes 8. The
reactions of 7a and 7d with DMAD have been studied.

2. Experimental

2.1. General information

1H and 13C NMR spectra were recorded on a Bruker
AMX-300 spectrometer. The IR spectra were recorded
on a Biorad FTIR-7 spectrophotometer. Elemental
analyses were carried out by Dornis and Kolbe, Micro-
analytisches Laboratorium, Mülheim a. d. Ruhr, Ger-
many and by the University of Amsterdam. The
solvents were carefully dried and distilled under nitro-
gen prior to use. All preparations were carried out

1 Fe2(CO)9 was prepared by a slightly modified literature procedure
using a quartz Schlenk tube and starting with 25 ml Fe(CO)5, 150 ml
glacial acetic acid and 10 ml acetic anhydride(the latter was added to
prevent the mixture containing too much water). A rayonet RS
photochemical reactor (�max=2500 A� ) was used for irradiation and a
continuous stream of air was used to cool the reaction mixture.
Filtration, washing with water, ethanol, ether, and subsequently
drying in vacuo gave Fe2(CO)9 in usually more than 90% yield.
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dimeric complex Fe2(CO)6(Et4-DTO) (8d) in a ratio of
approximately 2:1, in a total yield of about 50% (based
on the amount of Et4-DTO used).

2.4. Synthesis of Fe2(CO)6(DTO) (8a–d)

2.4.1. Reaction in THF
To a stirred suspension of 1.820 g (5 mmol) Fe2(CO)9

in 40 ml of THF an amount of 2.00 mmol of the
respective DTO ligand was added [324 mg (a); 408 mg
(b); 600 mg (c) and 464 mg (d)], whereupon the solution
turned deep blue (a), or deep green–blue (b–d). The
reaction mixture was stirred for 3 h during which time
the colour of the reaction mixture changed from dark
blue–green to dark brown. After evaporation of the
solvent the residue was redissolved in a minimum of
CH2Cl2 and the products were separated by column
chromatography on silicagel (column 1×15 cm).

In all cases, elution with pentane/Et2O (19:1) af-
forded a reddish-brown fraction from which after evap-
oration of the solvent the known complex Fe3(CO)9S2

(14) [37] could be obtained as a dark brown powder in
approximately 2% yield. Reaction with ligand a: further
elution with Et2O/CH2Cl2 (9:1) afforded a dark brown
fraction which after evaporation of the solvent gave
Fe2(CO)6(cyclo-DTO) (8a) as a brown powder in 70%
yield. Crystals of 8a suitable for X-ray diffraction were
obtained by slow addition of CH2Cl2 to a suspension of
8a in Et2O until the product was completely dissolved,
followed by cooling to −60 °C for 2 days. Reaction
with ligands b,c: further elution with pentane/Et2O (1:1)
afforded an orange–brown fraction which after evapo-
ration of the solvent gave Fe2(CO)6(R2-DTO) (8b,c) as
dark orange–brown oils in about 80% yield. Complexes
8b, c dissolve very well in pentane and could not be
crystallised from this solvent. Crystals of 8b suitable for
X-ray diffraction were obtained by cooling a concen-
trated EtOH solution (500 mg in 2 ml) of 8b to −60 °C
for several weeks. Reaction with ligand d: further elu-
tion with pentane/Et2O (3:1) afforded a dark reddish-
black fraction which after evaporation of the solvent
gave Fe2(CO)6(Et4-DTO) (8d) as a dark black powder
in about 90% yield. Black crystals of 8d suitable for
X-ray diffraction were obtained from a saturated EtOH
solution made at room temperature and then cooled to
+4 °C.

2.4.2. Reaction in toluene
The reactions in toluene were performed as in THF

only taking 16 instead of 3 h. The yields were lower;
35% (8a) and 70% (7a–d). In the case of the reaction of
cyclo-DTO (a), a new product was formed. Elution
with Et2O afforded an orange fraction, which after
evaporation of the solvent yielded the dimeric complex
9 as an orange oil in about 2% yield. Crystals of 9
suitable for X-ray diffraction were obtained by cooling
a pentane solution to −60 °C for several weeks.

2.5. Reaction of Fe2(CO)9 with di-thiooxamide (e)

To a stirred suspension of 1.820 g (5 mmol) Fe2(CO)9

in 40 ml of THF an amount of 240 mg (2.00 mmol)
di-thiooxamide (e) was added. The reaction mixture
was stirred until all Fe2(CO)9 had reacted (�3 h),
during which time the colour of the reaction mixture
had changed to dark brown. The reaction mixture was
evaporated to dryness and the products were separated
by column chromatography on silicagel (column 1×15
cm). Elution with pentane/Et2O (19:1) afforded a red-
dish-brown fraction which, after evaporation of the
solvent, gave a mixture of the known complexes
Fe3(CO)9S2 (14) and Fe2(CO)6S2 (15) (3:1) as a dark
brown powder in approximately 4% yield.

2.6. Synthesis of complexes 10a and 11a by in situ
reaction of 7a with DMAD

To a stirred suspension of 2.548 g (7.00 mmol)
Fe2(CO)9 in 40 ml of THF an amount of 486 mg (3.00
mmol) cyclo-DTO was added, whereupon the solution
immediately turned deep blue indicating the formation
of Fe(CO)3(cyclo-DTO) (7a). Immediately a solution of
381 �l (3.1 mmol) DMAD in 20 ml of THF was added
dropwise at such a rate (ca. 1 drop/3 s) that the
solution stayed light green. During the reaction the
solution became dark brown and when all the Fe2(CO)9

had reacted, the reaction mixture was stirred for an-
other 30 min. The IR spectrum of the reaction mixture
showed only the CO stretching bands of complex 10a.
After evaporation of the solvent, the remaining dark
brown oily residue was redissolved in 5 ml of CH2Cl2
and the product was purified by column chromatogra-
phy on silicagel (column 1×15 cm). Elution with Et2O
gave a yellow fraction containing impurities. Subse-
quent elution with Et2O/CH2Cl2 (2:1) afforded a red-
dish brown to brown fraction, which after evaporation
of the solvent gave a mixture of 10a and 11a (6:1) as a
red–brown powder in a total yield of about 60%. Since
10a and 11a could not be separated by column chro-
matography on silicagel they were separated by crys-
tallisation. Deep red–brown crystals of 10a suitable for
X-ray diffraction were obtained by slow addition of
CH2Cl2 to a suspension of the mixture of products in
Et2O, followed by cooling to −60 °C for 2 days in
about 80% yield (based on the weight of the column
fraction).

Because it was not possible to separate the two
products remaining in the red brown mother liquor, it
was stirred in toluene at 50 °C to convert 10a in 11a.
The reaction was monitored by IR spectroscopy and
was stopped when the CO stretching bands of 10a had
been completely converted into those of 11a, during
which time the colour of the solution changed from red
brown to brown. Complex 11a can also be obtained
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from pure 10a by stirring it at 50 °C in toluene.
Crystals of 11a suitable for X-ray diffraction were
obtained by slowly adding CH2Cl2 to a suspension of
Et2O until a clear solution was obtained, followed by
cooling to −60 °C for 1 week.

2.7. Reaction of Fe(CO)3(cyclo-DTO) (7a) with
DMAD

To a dark blue solution of 628 mg (2.00 mmol)
Fe(CO)3(cyclo-DTO) (7a) in 40 ml of THF a solution
of 246 �l (2.00 mmol) DMAD in 15 ml of THF was
added in one lot. The reaction was followed by IR
spectroscopy. The IR-bands of the starting complex 7a
disappeared during approximately 1 h, however, only a
minute amount of a defined product (�5% of 10a)
could be isolated by column chromatography.

2.8. Reaction of 10a with CO

(a) A stirred toluene or THF solution of 10a was
placed under an atmosphere of CO at room tempera-
ture. The reaction was followed by IR spectroscopy and
no change could be detected after several days. Heating
the solution to 50 °C resulted in the formation of 11a.

(b) A toluene solution of 10a was placed in an
autoclave under 20 bars of CO. The reaction was
followed by IR spectroscopy and revealed that 10a
slowly decomposes and no other complexes were
detected.

2.9. Reaction of 10a with MeI

A weighted amount of 10a was dissolved in toluene
or THF and an excess of MeI is added. The reaction
was followed by IR spectroscopy and no change could
be detected after several days.

2.10. Synthesis of 12d and 13

(a) To a solution containing approximately 1.00
mmol of Fe(CO)3(Et4-DTO) (7d) (see above) in 30 ml
of hexane was added 492 �l (4 mmol) DMAD at room
temperature. The reaction was followed by IR spec-
troscopy. Complete conversion of Fe(CO)3(Et4-DTO)
(7d) took approximately 2 weeks during which time the
colour of the reaction mixture changed from deep
green–blue to dark brown–black. After evaporation of
the solvent, the remaining red–brown oily residue was
redissolved in 3 ml of CH2Cl2 and the product was
purified by column chromatography on silicagel. Elu-
tion with pentane/Et2O (1:1) afforded a dark brown–
black fraction which after evaporation of the solvent
gave Fe2(CO)6(Et4-DTO) (8d) and free DMAD as a
dark brown–black oil. Subsequent elution with Et2O/
CH2Cl2 (9:1) afforded an orange–red fraction which

after evaporation of the solvent gave 12d as a red oil in
about 5% yield. Red–orange crystals of 12d suitable for
X-ray diffraction were obtained by slow addition of
CH2Cl2 to a suspension of 12d in pentane, followed by
cooling to −60 °C for 2 days.

(b) The reaction was performed analogous to a, only
at 60 °C. On column chromatography, elution with
Et2O afforded an orange–red fraction which after evap-
oration of the solvent gave a mixture of 12d and 13 as
a mixture of red and white powders in a total yield of
7%, in a ratio of approximately 1:1. When the obtained
mixture of 12d and 13 was stirred at 60 °C with DMAD
the ratio did not change.

(c) The reaction was performed in THF as described
above. However, no detectable amounts of either 12d
or 13 were formed.

2.11. Reaction of Fe2(CO)6(Et4-DTO) (8d) with
DMAD

To an amount of 512 mg (1.00 mmol) 8d in 20 ml of
hexane or THF was added 492 �l (4 mmol) DMAD at
room temperature or 60 °C. The reaction was followed
by IR spectroscopy and no change could be detected
after several days.

2.12. Crystal structure determinations of 8a, 8d, 10a,
11a and 12d

Crystals suitable for X-ray diffraction were glued to
the tip of a glass fibre and transferred into the cold
nitrogen stream on an Enraf–Nonius CAD4-T diffrac-
tometer on rotating anode. Accurate unit-cell parame-
ters and an orientation matrix were determined by
least-squares fitting of the setting angles of a set of
well-centred reflections (SET4) [38]. Reduced-cell calcu-
lations did not indicate higher lattice symmetry [39].
Crystal data and details on data collection and refine-
ment are collected in Table 1. All data were collected in
�–2� scan mode.

Data were corrected for Lp effects and for the ob-
served linear decay of the reference reflections. An
empirical absorption correction was applied for all
compounds except for 12d (DIFABS) [40].

The structures of all compounds were solved by
automated Patterson methods and subsequent differ-
ence Fourier techniques (SHELXS86 [41] for 8a and
DIRDIF-92 [42] for the other complexes). All structures
were refined on F2 using full-matrix least-squares tech-
niques (SHELXL-93) [43]; no observance criterion was
applied during refinement on F2. Hydrogen atoms were
included in the refinement on calculated positions, rid-
ing on their carrier atoms. All methyl hydrogen atoms
were refined in a rigid group, allowing for rotation
around the C�C, N�C or C�O bonds. The non-hydro-
gen atoms of all structures were refined with an-
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Table 1
Crystal data and details of the structure determination of 8a, 8b, 8d, 10a, 11a and 12d

8d8a 8bCompound

Crystal data
C16H20Fe2N2O6S2C14H16Fe2N2O6S2C12H10Fe2N2O6S2Empirical formula
512.17Formula weight 454.05 430.0
triclinictriclinicCrystal system monoclinic

Space group P1� (No. 2)P21/c (No. 14) P1� (No. 2)
8.460(3)8.938(1)a (A� ) 9.9573(6)
11.377(3)b (A� ) 10.7268(6) 9.603(2)
11.814(5)12.359(3)c (A� ) 15.2144(9)
71.97(3)� (°) 90 88.15(2)
81.32(3)74.18(2)95.902(5)� (°)
86.26(3)� (°) 90 88.92(2)
1068.7(7)1020.0(5)V (A� 3) 1616.44(16)

44 2Z
1.5921.50Dcalc (g cm−3) 1.866

492912 524F(000) (electrons)
136.5 [Cu K�]20.7 [Mo K�] 15.9 [Mo K�]� (cm−1)

0.15×0.25×0.350.30×0.40×0.600.05×0.25×0.30Crystal size (mm)

Data collection
150228150Temperature (K)
1.8, 27.5�min, �max (°) 2.1, 27.5 3.7, −75.1
9.82, 15.03 [25 refl]40, 43 [23 refl]SET4 �min, �max (°) 10.19, 13.95 [25 refl]

0.71073 [Mo K�] 1.54184 [Cu K�] 0.71073 [Mo K�]Wavelength (A� )
graphite mon.graphite mon.Filter/monochromator graphite mon.
1.65+0.35 tan ��� (°) 0.63+0.35 tan � 1.2+0.15 tan �

4.15, 4.003.00, 1.00Horizontal and vertical aperture (mm) 2.17, 4.00
4815 20X-ray exposure time (h)

352Linear instability (%)
0 0 3, 0 2 02 2 4, −4 2 1, −1 5 1 −2 1 −4, −2 2 −4, 0 −2 2Reference reflections

−10:0, −14:14, −15:14Dataset −12:12, 0:13, −17:19 −11:0, −12:12, −15:14
473742026643Total data

42023684 4415Total unique data
0.023 0.093Rint

[no crit applied]2771 [I�2.5�(I)]Observed data [no crit applied]
Absorption correction range (DIFABS) 0.15, 2.24 0.65, 1.610.90, 1.09

Refinement
Number of refined parameters 257219

0.0335 [3005I�2�(I)] 0.107 [I�2.5�(I)] 0.0569 [2803I�2�(I)]Final R1
a

Final wR2
b 0.13630.0819

0.147Final Rw
0.966Goodness-of-fit 1.029
�2(F2)+(0.0692P)23.0+F+0.013F2w−1 c �2(F2)+(0.0398P)2+1.32P
0.000, 0.001(�/�)av, (�/�)max 0.000, 0.014 0.000, 0.97

−2.9, 2.3 −0.58, 0.78−0.58, 0.78Minimum and maximum resd. dens.
(e A� −3)

11a10a 12d

Crystal data
Empirical formula C17H16Fe2N2O9S2·CH2Cl2 C24H32FeN2O10S2C19H16Fe2N2O11S2

628.50653.08624.17Formula weight
monoclinicCrystal system triclinic monoclinic
Cc (No. 9)P21/c (No. 14)Space group P1 (No.2)
13.3849(11)a (A� ) 11.450(2) 14.9993(9)
19.267(2)10.2231(7)14.4347(13)b (A� )
11.5416(9)c (A� ) 15.490(2) 18.9091(13)
9090� (°) 93.109(10)

120.417(5)103.116(12) 107.515(6)� (°)
9090� (°) 93.771(10)
2838.4(4)V (A� 3) 2481.7(6) 2500.4(3)
44Z 4

1.7351.671 1.471Dcalc (g cm−3)
131213201264F(000) (electrons)
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Table 1 (Continued)

8aCompound 8b 8d

15.9 [Mo K�]� (cm−1) 7.3 [Mo K�]13.9 [Mo K�]
0.05×0.15×0.35 0.15×0.20×0.80Crystal size (mm) 0.15×0.15×0.45

Data collection
Temperature (K) 150150 150

1.6, 27.5 1.9, 27.5�min, �max (°) 1.4, 27.5
9.93, 13.87 [25 refl]11.58, 13.88 [25 refl] 9.86, 14.04 [25 refl]SET4 �min, �max (°)

0.71073 [Mo K�]Wavelength (A� ) 0.71073 [Mo K�] 0.71073 [Mo K�]
graphite mon.Filter/monochromator graphite mon.graphite mon.
0.55+0.35 tan �0.73+0.35 tan � 0.72+0.35 tan ��� (°)

2.62, 4.00Horizontal and vertical aperture (mm) 3.00, 4.00 3.04, 4.00
20X-ray exposure time 1724
32 1Linear instability (%)

−2 1 5, 3 2 2, −2 4 2Reference reflections −2 3 1, 0 2 5, 5 1 2 2 −2 −3, 4 −2 −6, −5 −5 2
−14:13, −18:18, 0:19Dataset −19:17, −13:0, −21:24 −17:17, −24:0, −14:14

10 02310 845 6946Total data
10 454Total unique data 5726 6462
0.061Rint 0.045 0.019

[no crit applied][no crit applied] [no crit applied]Observed data
Absorption correction range 0.86, 1.20 0.92, 1.07

Refinement
Number of refined parameters 320657 361

0.0488 [3710I�2�(I)] 0.0407 [5178I�2�(I)]Final R1
a 0.0577 [6559I�2�(I)]

0.09640.1252 0.0907Final wR2
b

Final Rw
0.964Goodness-of-fit 1.0300.992
�2(F2)+(0.0327P)2�2(F2)+(0.0510P)2 �2(F2)+(0.0432P)2+1.05Pw−1 c

0.000, 0.005(�/�)av, (�/�)max 0.000, 0.001 0.000, 0.001
Minimum and maximum resd. dens. −0.55, 0.56 −0.53, 0.77 −0.30, 0.33

(e A� −3)

a R1=���Fo�−�Fc��/��Fo�.
b wR2= [�[w(Fo

2−Fc
2)2]/�[w(Fo

2)2]]1/2.
c P= (max(Fo

2, 0)+2Fc
2)/3.

isotropic parameters. The hydrogen atoms were refined
with a fixed isotropic parameter related to the value of
the equivalent isotropic displacement parameter of their
carrier atoms by a factor of 1.5 for the methyl hydrogen
atoms and 1.2 for the other hydrogen atoms.

Compound 12d contains a pseudo inversion centre at
[0.486, 0.000, 0.227]. Refinement in the centric space
group C2/c (No. 15) leads to considerably higher R-
values (wR2=0.19, R1=0.07) and introduces confor-
mational disorder in the ester groups containing C(2)
and C(21) and, to a lesser degree, also in the N-ethyl
groups. Refinement in spacegroup Cc gives a complete
ordered model with no residual density above 0.2 A� -3
near the ester groups. The Flack x parameter [44],
derived during the structure factor calculation,
amounted to a value of 0.72(2), indicating a possible
racemic twin. Refinement of a racemic twin model
resulted in better wR2-values and a component ratio of
0.28(2):0.72.

Neutral atom scattering factors and anomalous dis-
persion corrections were taken from the International
Tables for Crystallography [45]. Geometrical calcula-
tions and illustrations were performed with PLATON

[46], all calculations were performed on a DEC station
5000 cluster.

2.13. X-ray structure determination of 8b

A crystal with dimensions 0.30×0.40×0.60 mm was
used for data collection on an Enraf–Nonius CAD-4
diffractometer with graphite-monochromated Cu K�
radiation and �–2� scan. A total of 4202 unique
reflections was measured, of which 2771 were above the
significance level of 2.5�(I). The maximum value of
(sin�)/� was 0.63 A� −1. Two reference reflections were
measured hourly and showed a decrease of 5% during
the 48 h collecting time, which was corrected for.
Unit-cell parameters were refined by a least-square
fitting procedure using 23 reflections with 80�2��
86°. Corrections for Lorentz and polarisation effects
were applied. The structure was solved by the PATTY/
ORIENT/PHASEX option of the DIRDIF91 [47] pro-
gramme system. The hydrogen atoms were calculated.
Full-matrix least-squares refinement on F, anisotropic
for the non-hydrogen atoms and isotropic for the hy-
drogen atoms, restraining the latter in such a way that
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the distance to their carrier remained constant at ap-
proximately 1.09 A� , converged R=0.107, Rw=0.147,
(�/�)max=0.97. An empirical absorption correction
was applied (DIFABS) [40]. A final Fourier map revealed
a residual electron density in the vicinity of the heavy
atoms. Scattering factors were taken from Cromer and
Mann [48]; International Tables for X-ray Crystallogra-
phy [49]. The anomalous scattering of Fe and S was
taken into account. All calculations were performed
with XTAL [50], unless stated otherwise.

3. Results and discussion

The complexes discussed in this investigation are
schematically presented in Schemes 2–4, and the lig-
ands are shown in Fig. 2. The types of complexes are
identified by Arabic numbers.

3.1. Synthesis of mononuclear �-S, �-S � chelate
complexes Fe(CO)3(DTO) (7) and the dimeric
complexes Fe2(CO)6(DTO) (8a–d)

Reaction of Fe2(CO)9 with the DTO ligands a–d in
THF at room temperature results in all cases initially in
the formation of the deep blue–green coloured
mononuclear chelate Fe(CO)3(�-iminoketone) com-
plexes (7a–d). However, only with the ligands a and d
complexes 7 are reasonably stable under the reaction
conditions and can be isolated in moderate (7a; 60%)
and low (7d; 38%) yield. Complex 7d is isolated as a
mixture together with the dimeric complex 8d (see
Section 2). Complexes 7a,d have been characterised
spectroscopically (IR, UV–Vis, 1H NMR, 13C NMR,
FD-mass) and by elemental analysis of 7a.

In the case of the reaction with ligands b and c, the
initial deep green–blue Fe(CO)3(DTO) complexes 7b,c
are formed in low stationary concentrations because
they directly react further with [Fe(CO)4] to form the
dimeric Fe2(CO)6[R�N�C(S)�(S)C(H)N(H)R�] com-
plexes 8b,c in high yield. The two sulfur atoms of the
modified DTO ligand in complexes 8b,c are reduced to
sulfido groups which are bridging between the two
Fe(CO)3 fragments (�2-S co-ordination), thus acting as
a six-electron donor. In complexes 8b,c, one of the
amide protons has undergone a 1,3-H shift to the
carbon atom of the other thioamide moiety with forma-
tion of a new imine function. The proposed structure
was confirmed by a single crystal X-ray diffraction
analysis of complex 8b. Also the mononuclear com-
plexes 7a,d react with [Fe(CO)4] to form the dimeric
complexes 8a,d, however, they both differ structurally
from 7b,c. Reaction of 7a with [Fe(CO)4] results in the
formation of Fe2(CO)6(cyclo-DTO) (8a) in good yield.
The cyclo-DTO ligand in 8a is �-S, �2-S�, �2-C�S�
coordinated, donating six electrons to the metal centres,
which is confirmed by a single crystal X-ray structure
determination of 8a. This type of co-ordination is well
known and observed in many other M2(CO)6(L) com-
plexes (M=Fe, Ru, FeRu; L=R-DAB [51–54], �-imi-
noketone [33] and �-iminoester [55]). When the reaction
of a with Fe2(CO)9 is performed in toluene instead of
THF, a new dimeric complex (9a) is formed in very low
yield besides 8a. The molecular structure of 9a is estab-
lished by single crystal X-ray structure determination.
Reaction of 8a in toluene at room temperature or 70 °C
does not result in a detectable amount of 9a, indicating
that 9a is not formed from 8a. However, since the
structure of complex 9a is beyond the scope of this
thesis, the characterisation and the X-ray crystal struc-
ture determination will be reported elsewhere.

Reaction of 7d with [Fe(CO)4] results in the forma-
tion of Fe2(CO)6(Et4-DTO) (8d). In complex 8d both
the reduced sulfido atoms of the DTO ligand are �2-S
coordinated between two Fe(CO)3 fragments donating
six electrons to the metal centres, analogous to 8b,c.

Scheme 2. Reactions of the di-thiooxamide ligands a–d with
Fe2(CO)9.

Scheme 3. Reaction of Fe(CO)3(cyclo-DTO) (7a) with DMAD.

Scheme 4. Reaction of Fe(CO)3(Et4-DTO) with DMAD.
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Fig. 3. ORTEP drawing (50% probability level) of the molecular
structure of 8a.

When a solution of 10a is heated in toluene to 50 °C
it reacts further to the dinuclear Fe�Fe bonded complex
11a. Complex 11a is also formed to a small extent upon
purification of 10a on silicagel (see Section 2). The
molecular structure of 11a is confirmed by a single
crystal X-ray structure determination. Closely related
complexes have been observed in the in situ 1,3-dipolar
cycloaddition reactions of Fe(CO)3(L) (L=�-iminoke-
tone [57], �-iminoester [58]) with DMAD (cf. Fig. 8)
and in the reactions of M2(CO)6(R-DAB) (M=FeRu,
Ru2) with DMAD and other alkynes [59–61].

3.3. Reactions of 7d with DMAD

When a mixture of the mononuclear Fe(CO)3(Et4-
DTO) (7d) and the dimer Fe2(CO)6(Et4-DTO) (8d) is
reacted at room temperature with 4 equiv. of DMAD,
the mononuclear complex 12d is obtained in a very
slow reaction in only 5% yield (cf. Scheme 4).

Because pure 8d does not react with DMAD at room
temperature in hexane, 12d must originate from the
reaction of 7d and DMAD. From the IR, FD-mass and
1H NMR spectra it is clear that complex 12d is
mononuclear and contains 2 equiv. of DMAD. The
molecular structure has been determined by single crys-
tal X-ray structure analysis. Reaction at 60 °C in
hexane gives, as well as 12d, the thiophene derivative 13
in low yield (�3%). When complex 12d is reacted with
DMAD at 60 °C, no observable reaction is detected,
indicating that 13 is not formed from 12d. Further-
more, 13 is not formed by the reaction of DMAD with
either 8d or free ligand (d). Apparently, in the reaction
of 7d with DMAD the reaction co-ordinate branches at
some stage, producing either 12d or 13, or a totally
different reaction path is followed.

3.4. Molecular structure of Fe2(CO)6(cyclo-DTO) (8a)

An ORTEP drawing of the molecular structure of 8a
together with the atomic numbering scheme is shown in
Fig. 3. Selected bond lengths and angles are given in
Table 2.

The structure consists of two inequivalent Fe(CO)3

units which are linked by an Fe�Fe metal bond and
bridged by a �-S, �2-S�, �2-C�S� coordinated cyclo-
DTO ligand, which donates six electrons to the metal
centres. All CO ligands are terminally bonded with
normal bond distances and angles. The Fe–Fe bond
distance (Fe(1)–Fe(2)=2.6714(6) A� ) compares well
with the values of 2.671(1) and 2.705(1) A� reported for
Fe2(CO)6[SCS(CH2)2S] [62] and Fe2(CO)6(SC(Ph)C-
(O)SMe) [62], which both contain a similar mono �2-S
bridge, and falls within the range of 2.50–2.70 A� [63]
for a normal Fe�Fe single bond. Compared to the
Fe�Fe bond distances of the isostructural complexes
Fe2(CO)6(L) (L=PhCH(Me)N�C(H)C(OEt)�O [64],

The molecular structure of 8d is confirmed by single
crystal X-ray determination. Complexes 8 are further
characterised spectroscopically and by elemental analy-
ses. Reaction of Fe2(CO)9 with di-thiooxamide (e) does
not result in a detectable concentration of Fe(CO)3-
(DTO) (7e); instead, the known complexes Fe3(CO)9S2

(14) [37] and Fe2(CO)6S2 (15) [56] are formed in low
yield.

3.2. Reactions of 7a with DMAD

In situ prepared mononuclear Fe(CO)3(cyclo-DTO)
(7a) reacts in a slow reaction at room temperature with
1 equiv. of DMAD to give the initial bicyclo[2.2.1]
cycloadduct 10a as a result of a 1,3-dipolar cycloaddi-
tion reaction across the Fe�S�C fragment (cf. Scheme
3). From the IR data it is evident that 10a contains two
carbonyl iron moieties in different oxidation states since
the six observed CO stretching bands cover a range
from 2095 to 1928 cm−1. The structure is confirmed by
a single crystal X-ray structure determination, which
showed that an additional Fe(CO)4 unit is coordinated
to the sulfido sulfur atom. Reaction of isolated 7a with
1 equiv. of DMAD also gives 10a, however, in very low
yield. The additional Fe(CO)4 unit is supplied by partial
decomposition. The co-ordination of Fe(CO)4 is obvi-
ously essential to stabilise the bicyclo[2.2.1] structure
which otherwise decomposes. Attempts to displace the
�-S coordinated Fe(CO)4 unit from 10a with either CO
(1 bar) or by oxidative addition of MeI, to study the
further reaction, failed because no reaction was de-
tected. Reaction under higher pressures of CO (20 bar)
leads to decomposition.
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Table 2
Selected bond distances (A� ) and angles (°) for 8a (e.s.d.s in parentheses)

Bond distances
Fe(2)�S(2)Fe(1)�Fe(2) 2.1850(8)2.6714(6) S(2)�C(2) 1.757(3)

Fe(1)�S(1) 2.2864(8) Fe(2)�C(2) 2.149(3) N(1)�C(2) 1.418(4)
Fe(2)�C(10) 1.795(3)2.2242(8) N(1)�C(3)Fe(1)�S(2) 1.454(4)

1.810(3)Fe(1)�C(7) Fe(2)�C(11) 1.791(3) N(2)�C(1) 1.325(4)
Fe(2)�C(12) 1.783(3) N(2)�C(6)Fe(1)�C(8) 1.457(4)1.813(3)
S(1)�C(1) 1.713(2) C(1)�C(2)1.792(3) 1.462(4)Fe(1)�C(9)

Bond angles
C(5)�N(2)�C(6) 115.8(2)101.48(11) N(1)�C(2)�C(1)Fe(1)�S(1)�C(1) 114.1(2)
S(1)�C(1)�N(2) 119.1(2) N(1)�C(4)�C(5) 109.3(2)Fe(1)�S(2)�Fe(2) 74.58(3)
S(1)�C(1)�C(2) 120.1(2)100.03(11) N(2)�C(5)�C(4)Fe(1)�S(2)�C(2) 111.1(2)
N(2)�C(1)�C(2) 120.8(2)Fe(2)�S(2)�C(2) Fe(1)�C(7)�O(7)65.02(10) 179.0(3)
Fe(2)�C(2)�S(2) 67.16(11)119.5(2) Fe(1)�C(8)�O(8)C(2)�N(1)�C(3) 177.8(3)

111.8(2)C(2)�N(1)�C(4) Fe(2)�C(2)�N(1) 123.4(2) Fe(1)�C(9)�O(9) 176.6(3)
Fe(2)�C(2)�C(1) 108.5(2)113.6(2) Fe(2)�C(10)�O(10)C(3)�N(1)�C(4) 176.5(3)
S(2)�C(2)�N(1) 117.5(2)C(1)�N(2)�C(5) Fe(2)�C(11)�O(11)122.5(2) 178.9(3)
S(2)�C(2)�C(1) 118.3(2)121.5(2) Fe(2)�C(12)�O(12)C(1)�N(2)�C(6) 174.9(3)

chex-DAB [51]) the Fe�Fe bond in 8a is somewhat
elongated, which is probably due to the bigger radius of
sulfur compared to that of nitrogen. The Fe(1)�S(2)
and Fe(2)�S(2) bond distances of 2.2242(8) and
2.1850(8) A� , respectively, and the Fe(1)�S(2)�Fe(2) an-
gle of 74.58(3)°, compare well with those reported for
Fe2(CO)6(SC(Ph)C(O)SMe), which contains a ligand
with a similar �-S, �2-S�, �2-C�S� co-ordination. The
Fe(2)�C(2) �-bond (2.149(3) A� ) in 8a is somewhat
longer than the corresponding bond of 2.110(4) A� in
the latter complex. The Fe(1)�S(1) �-bond of 2.2864(8)
A� is somewhat shorter than those in 10a (2.3170(14) A� ),
11a (2.3087(11) A� ), and other �-S Fe(CO)3 [65] com-
plexes, which may be due to the rigidity of the cyclo-
DTO ligand. Due to its �-co-ordination, the C(2)�S(2)
bond (1.757(3) A� ) is significantly elongated compared
to the mean C�S bond distance of 1.664(4) A� found in
the free ligand [21]. The N(1)�C(2) bond (1.418(4) A� ) is
also significantly elongated compared to the mean value
of 1.326(4) A� reported for the free ligand, because the
conjugation within the N(1)�C(2)�S(1) moiety is lost
(cf. Fig. 1). The S(1)�C(1) double bond (1.713(2) A� ) is
only slightly elongated due to co-ordination to iron,
and the C(1)�N(2) bond length (1.325(4) A� ) is almost
equal to that in the free ligand, indicating that the
N(2)�C(1)�S(1) thioamide fragment is still fully conju-
gated. This is reflected in the sp2 hybridisation of N(2).
The sum of the angles around N(2) is 359.8(3)° and the
atoms N(2), C(1), S(1) and C(2) are almost coplanar
(largest deviation: C(2)=0.004(3) A� ). The sum of the
angles around N(1) amounts to 344.9(3) A� .

3.5. Molecular structure of
Fe2(CO)6[ iPrN�C(S)�(S)C(H)N(H) iPr)] (8b)

An ORTEP drawing of the molecular structure of 8b
together with the atomic numbering scheme is shown in

Fig. 4. Selected bond lengths and angles are given in
Table 3.

Although the high R-value (0.107) of structure 8b
does not warrant a detailed discussion, the structure is
clear. Complex 8b consists of two inequivalent Fe(CO)3

fragments held together by two S-sulfido bridges (�2-
coordinated) of the modified iPr2-DTO ligand, which
donate six electrons to the metal centres and a normal
Fe�Fe single bond of 2.504(3) A� . The Fe(1)�Fe(2) bond
length compares very well with the values found for
many other complexes containing a similar Fe2(CO)6-
(�2-S)2 moiety, e.g. 2.502(1) A� in [Fe(CO)3(SCH2)]2 [66],
2.507(5) A� in [Fe(CO)3SC(C6H5)]2 [67], and 2.495(3) A�
in [Fe(CO)3(�2-SPh)]2 [68]. Also the mean Fe�S bond
distances (2.254(4) A� ) and the mean Fe�S�Fe bond
angles (67.5(1)°) of the Fe2(CO)6(�2-S)2 moiety in 8b are
almost equal to corresponding bond lengths and angles
reported for [Fe(CO)3(SCH2)]2, [Fe(CO)3SC(C6H5)]2
and [Fe(CO)3(�2-SPh)]2. As a result of the 1,3-H shift of
the amide proton from N(1) to C(2), the N(1)�C(1)
bond is oxidised to an imine double bond which is

Fig. 4. ORTEP drawing (30% probability level) of the molecular
structure of 8b.
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Table 3
Selected bond distances (A� ) and angles (°) for 8b (e.s.d.s in parentheses)

Bond distances
Fe(2)�S(1) 2.268(3)Fe(1)�Fe(2) S(1)�C(1)2.504(3) 1.80(1)
Fe(2)�S(2) 2.253(3)2.251(3) S(2)�C(2)Fe(1)�S(1) 1.85(1)

2.243(3)Fe(1)�S(2) Fe(2)�C(12) 1.73(1) N(1)�C(1) 1.25(2)
Fe(2)�C(13) 1.81(1) N(2)�C(2) 1.42(2)Fe(1)�C(9) 1.79(1)
Fe(2)�C(14) 1.79(1)1.78(1) C(1)�C(2)Fe(1)�C(10) 1.51(2)

Fe(1)�C(11) 1.79(1)

Bond angles
Fe(2)�S(2)�C(2)Fe(1)�S(1)�Fe(2) 102.7(4)67.3(1) N(1)�C(1)�C(2) 120(1)
C(1)�N(1)�C(3) 123(1)106.2(4) S(2)�C(2)�N(2)Fe(1)�S(1)�C(1) 110(1)

98.0(4)Fe(2)�S(1)�C(1) C(2)�N(2)�C(6) 116(1) S(2)�C(2)�C(1) 109.9(8)
Fe(1)�S(2)�Fe(2) 67.7(1) S(1)�C(1)�N(1) 125(1) N(2)�C(2)�C(1) 110(1)

S(1)�C(1)�C(2) 115.0(9)104.2(4)Fe(1)�S(2)�C(2)

reflected in the N(1)�C(1) bond distance of 1.25(1) A� .
This is confirmed by the sum of the angles around C(1)
which amounts to 360(1)°, indicating sp2 hybridisation.
The different hybridisations (sp2 and sp3) of carbons
C(1) and C(2) probably account for the difference in
bonding distances to the respective sulfur atoms,
1.80(1) and 1.85(1) A� , respectively.

3.6. Molecular structure of
Fe2(CO)6[(Et)2N�C(S)�(S)C�N(Et)2] (8d)

An ORTEP drawing of the molecular structure of 8d
together with the atomic numbering scheme is shown in
Fig. 5. Selected bond lengths and angles are given in
Table 4.

The molecule of 8d consists of two identical Fe(CO)3

units held together by two �2-bridging sulfido groups of
the reduced Et4-DTO ligand which donate six electrons
to the metal centres, and an Fe�Fe bond. The molecule
exhibits non-crystallographic twofold rotation symme-
try with the rotation axis running through the centres
of the C(1)�C(2) and the Fe(1)�Fe(2) bonds. All the CO
ligands are terminally bonded with normal bond dis-
tances and angles. The Fe(1)�Fe(2) bond distance of
2.4805(15) A� compares very well with that in 8b, and
those of the other complexes discussed earlier contain-
ing a similar Fe2(CO)6(�2-S)2 skeleton. The four Fe�S
bond distances vary from 2.2439(1) to 2.265(2) A� , and
the two Fe�S�Fe bond angles are 66.67(6) and 66.81(6)°
for S(1) and S(2), respectively. These bond distances
and angles are, as expected, again almost equal to those
in [Fe(CO)3SC(C6H5)]2 [67], [Fe(CO)3(SCH2)]2 [66],
[Fe(CO)3(�2-SPh)]2 [68], and 8b. As a result of the
reduction of both the sulfur atoms, the central
C(1)�C(2) bond is oxidised to a double bond (1.341(8)
A� ). This bond length is comparable with the corre-
sponding C�C bond length of 1.350 A� in
[Fe(CO)3SC(C6H5)]2 [67]. The two C(1)�S(1) and
C(2)�S(2) bond distances (1.817(6) A� and 1.800(5) A� ,
respectively) are slightly different and compare well

with those in [Fe(CO)3(SCH2)]2 and [Fe(CO)3-
SC(C6H5)]2. Though in solution all corresponding nu-
clei in the two molecular halves are equivalent in 1H
and 13C NMR down to 163 K, in the crystal structure,
the C(1)�N(1) (1.366(8) A� ) and C(2)�N(2) (1.415(7) A� )
bond distances differ significantly, indicating partial
double bond character for the C(1)�N(1) bond. This is
corroborated by the sum of the angles around N(1) of
359.9(8)° which indicates sp2 hybridisation while the
sum of the angles around N(2) is 339.7(8)°, indicative of
a hybridisation in between sp2 and sp3. Furthermore,
the sp2 character of N(1) is supported by the coplanar-
ity of S(1), S(2), C(1), C(2) and N(1) [largest deviation;
C(2)=0.053(5) A� ] with N(2) 0.267(4) A� from this
plane. The difference in geometry of N(1) and N(2) is
probably due to packing effects in the crystal lattice.

Fig. 5. ORTEP drawing (50% probability level) of the molecular
structure of 8d. Hydrogen atoms are omitted for clarity.
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Table 4
Selected bond distances (A� ) and angles (°) for 8d (e.s.d.s in parentheses)

Bond distances
Fe(2)�S(1) 2.265(2)Fe(1)�Fe(2) S(1)�C(1)2.4805(15) 1.817(6)
Fe(2)�S(2) 2.2439(18)2.2483(18) S(2)�C(2)Fe(1)�S(1) 1.800(5)

2.262(2)Fe(1)�S(2) Fe(2)�C(14) 1.796(6) N(1)�C(1) 1.366(8)
Fe(2)�C(15) 1.784(6) N(2)�C(2)Fe(1)�C(11) 1.415(7)1.779(6)
Fe(2)�C(16) 1.786(6)1.795(6) C(1)�C(2)Fe(1)�C(12) 1.341(8)

Fe(1)�C(13) 1.789(6)

Bond angles
C(2)�N(2)�C(9)Fe(1)�S(1)�Fe(2) 112.6(4)66.67(6) N(1)�C(5)�C(6) 112.4(5)
C(7)�N(2)�C(9) 111.9(5)104.0(2) N(2)�C(7)�C(8)Fe(1)�S(1)�C(1) 111.9(5)

102.02(19)Fe(2)�S(1)�C(1) S(1)�C(1)�N(1) 115.0(4) N(2)�C(9)�C(10) 111.1(5)
S(1)�C(1)�C(2) 114.3(4) Fe(1)�C(11)�O(1)Fe(1)�S(2)�Fe(2) 178.2(5)66.81(6)
N(1)�C(1)�C(2) 130.7(5)102.73(19) Fe(1)�C(12)�O(2)Fe(1)�S(2)�C(2) 179.1(5)
S(2)�C(2)�N(2) 117.1(4)Fe(2)�S(2)�C(2) Fe(1)�C(13)�O(3)103.70(19) 178.7(5)
S(2)�C(2)�C(1) 115.3(4)121.3(4) Fe(2)�C(14)�O(4)C(1)�N(1)�C(3) 178.2(6)

121.6(5)C(1)�N(1)�C(5) N(2)�C(2)�C(1) 127.4(5) Fe(2)�C(15)�O(5) 178.7(5)
N(1)�C(3)�C(4) 111.3(5)117.0(5) Fe(2)�C(16)�O(6)C(3)�N(1)�C(5) 177.7(5)

115.2(4)C(2)�N(2)�C(7)

Fig. 6. ORTEP drawing (30% probability level) of the molecular structure of 10a. Hydrogen atoms are omitted for clarity and only one of the two
crystallographically independent molecules is shown.

3.7. Molecular structure of [2.2.1] bicyclic complex 10a

An ORTEP drawing of the molecular structure of 10a
together with the atomic numbering scheme is shown in
Fig. 6. Selected bond lengths and angles are given in
Table 5. The asymmetric unit of the unit cell contains
two crystallographically independent molecules. Num-
bers in brackets refer to the corresponding geometrical
parameters in the second molecule.

The molecular structure of 10d consists of an Fe(2)
centre coordinated by a newly formed [2.2.1] bicyclic
structure, in which the Fe(2) and the former thiocar-
bonyl carbon C(1) occupy the bridgehead positions,
and three terminal CO ligands. Furthermore, an
Fe(1)(CO)4 fragment is coordinated to the sulfido atom

S(1). The co-ordination geometry around the central
Fe(2) atom is distorted octahedral as a consequence of
its [2.2.1] bicyclic structure. The [2.2.1] bicyclic terden-
tate ligand is not able to span three regular octahedral
co-ordination sites (S(2)�Fe(2)�C(10)=87.68(13)°
[87.18(13)°], S(2)�Fe(2)�S(1)=87.14(5)° [87.42(5)°] and
S(1)�Fe(2)�C(10)=80.32(14)° [81.29(14)°]). These an-
gles are less distorted from an ideal octahedral geome-
try than those of the isostructural [2.2.1] iron [11,69]
(e.g. 6 in Scheme 1) and ruthenium [7] complexes.

As a result of the 1,3-dipolar cycloaddition reaction
over the Fe�S�C fragment, the S(1)�C(1) bond is re-
duced to a single bond of 1.905(5) A� [1.881(5) A� ],
which compares well with the value of 1.910(5) A� for
the corresponding S�C(sp3) bond in 11a. The C(1)�N(1)
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bond is also elongated to 1.412(6) A� [1.417(7) A� ] com-
pared with the C�N distance in free DTO which clearly
shows that the N(1)�C(1)�S(1) moiety is not conjugated
anymore. The S(2)�C(6) and C(6)�N(2) bond distances
of 1.694(5) A� [1.691(5) A� ] and 1.292(6) A� [1.303(6) A� ],
respectively, are comparable with the corresponding
bond distances reported for several free DTO ligands
[12,13,21], indicating that this thioamide moiety is still
fully delocalised. The C(7)�C(10) bond of the former
alkyne has been reduced to a double bond of 1.329(6)
A� [1.324(6) A� ], and C(10) is �-bonded to iron by a
bond of 1.997(5) A� [1.998(5) A� ]. Both these bond
distances are similar to those found in two isostructural
iron [2.2.1] bicyclic structures [11,69]. The Fe(2)�S(2)
�-donative bond distance of 2.3170(14) A� [2.3116(15)
A� ] is comparable with that in 11a and several other
�-donative S�Fe(CO)3 bond distances reported in the
literature [65]. The sulfido sulfur atom S(1) is �-bonded
to Fe(2) by a bond of 2.2851(14) A� [2.2880(15) A� ] and
bonded to Fe(1) by a �-donative bond of 2.2950(14)
[2.3117(14) A� ], i.e. �2-coordinated between Fe(1) and
Fe(2). These bond distances are somewhat longer than
those found in 8b,d, because the two iron centres in 10a
are only bridged by one sulfido group. The co-ordina-
tion geometry of Fe(1) is trigonal bipyramidal (devia-
tion; 4.6% [10.4%] along the Berry pseudo rotation

co-ordinate) [70], with the sulfur donor S(1) in an apical
position [71].

The most important result in the context of this
paper, however, is the observation of the [2.2.1] bicyclic
structure, which proves that the Fe�S�C fragment re-
acts with DMAD in a 1,3-dipolar cycloaddition.

3.8. Molecular structure of 11a

An ORTEP drawing of the molecular structure of 11a
together with the atomic numbering scheme is shown in
Fig. 8. Selected bond distances and angles are given in
Table 6.

The molecular structure of 11a consists of an
Fe(CO)3 and an Fe(CO)2 fragment held together by a
metal–metal bond and a newly formed bridging eight
electron donating ligand. All CO ligands are terminally
bonded with normal bond lengths and angles. The new
ligand results from C–C bond formation between one
of the alkyne DMAD carbons (C(9)) and the former
thiocarbonyl carbon atom C(1) of the cyclo-DTO lig-
and. Similar C–C connecting reactions have been ob-
served in the in situ cycloaddition reactions of
Fe(CO)3(�-iminoketone) and Fe(CO)3(�-iminoester)
with DMAD (cf. Fig. 7) resulting in Fe2(CO)5(OIB) [58]
(A) and Fe2(CO)5(OPP) [57] (B) complexes. Reaction of

Table 5
Selected bond distances (A� ) and angles (°) for 10a (e.s.d.s in parentheses)

Bond distances
2.2950(14) Fe(2)�C(18)Fe(1)�S(1) 1.811(6) N(2)�C(5) 1.475(6)
1.794(6)Fe(1)�C(13) 1.292(6)Fe(2)�C(19) N(2)�C(6)1.829(5)

1.531(6)Fe(1)�C(14) C(1)�C(6)1.905(5)S(1)�C(1)1.786(6)
1.784(6) S(2)�C(6)Fe(1)�C(15) 1.694(5) C(1)�C(7) 1.532(7)

Fe(1)�C(16) 1.772(6) N(1)�C(1) 1.412(6) C(3)�C(4) 1.508(7)
C(7)�C(8)Fe(2)�S(1) 1.476(6)2.2851(14) N(1)�C(2) 1.458(6)
C(7)�C(10)Fe(2)�S(2) 1.329(6)2.3170(14) N(1)�C(3) 1.432(6)

1.480(7)C(10)�C(11)1.478(6)Fe(2)�C(10) N(2)�C(4)1.997(5)
Fe(2)�C(17) 1.818(6)

Bond angles
S(2)�Fe(2)�C(19)89.1(2) 106.6(3)S(1)�Fe(1)�C(13) S(1)�C(1)�C(6)87.63(14)

S(1)�Fe(1)�C(14) S(1)�C(1)�C(7)83.69(17) 100.4(3)C(10)�Fe(2)�C(17) 90.1(2)
94.9(2) C(10)�Fe(2)�C(18)S(1)�Fe(1)�C(15) 89.8(2) N(1)�C(1)�C(6) 112.6(4)

S(1)�Fe(1)�C(16) 174.0(2) C(10)�Fe(2)�C(19) 173.7(2) N(1)�C(1)�C(7) 113.2(4)
107.4(4)C(6)�C(1)�C(7)95.2(3)C(13)�Fe(1)�C(14) C(17)�Fe(2)�C(18)116.7(3)

122.1(3) C(17)�Fe(2)�C(19)C(13)�Fe(1)�C(15) 94.1(2) N(1)�C(3)�C(4) 107.5(4)
C(13)�Fe(1)�C(16) 91.7(3) C(18)�Fe(2)�C(19) 94.6(2) N(2)�C(4)�C(3) 109.1(4)

120.11(5)121.2(3) S(2)�C(6)�N(2) 122.1(4)Fe(1)�S(1)�Fe(2)C(14)�Fe(1)�C(15)
90.7(3) Fe(1)�S(1)�C(1)C(14)�Fe(1)�C(16) 118.93(15) S(2)�C(6)�C(1) 117.4(3)

C(15)�Fe(1)�C(16) 89.6(3) Fe(2)�S(1)�C(1) 91.35(15) N(2)�C(6)�C(1) 120.5(4)
S(1)�Fe(2)�S(2) 87.14(5) Fe(2)�S(2)�C(6) 101.43(16) C(1)�C(7)�C(8) 116.3(4)

80.32(14) C(1)�N(1)�C(2)S(1)�Fe(2)�C(10) 118.0(4) C(1)�C(7)�C(10) 118.4(4)
169.73(18) 123.9(4)S(1)�Fe(2)�C(17) C(8)�C(7)�C(10)118.1(3)C(1)�N(1)�C(3)

117.4(3)Fe(2)�C(10)�C(7)118.2(4)S(1)�Fe(2)�C(18) C(2)�N(1)�C(3)88.39(19)
S(1)�Fe(2)�C(19) 95.17(15) C(4)�N(2)�C(5) 115.2(4) Fe(2)�C(10)�C(11) 119.8(3)
S(2)�Fe(2)�C(10) 122.7(4)87.68(13) C(4)�N(2)�C(6) 123.2(4) C(7)�C(10)�C(11)

121.6(4)C(5)�N(2)�C(6) O(3)�C(11)�O(4)88.90(18)S(2)�Fe(2)�C(17) 123.2(4)
112.0(4)115.6(3)S(1)�C(1)�N(1)175.18(18)S(2)�Fe(2)�C(18) O(4)�C(11)�C(10)
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Table 6
Selected bond distances (A� ) and angles (°) for 11a (e.s.d.s in parentheses)

Bond distances
Fe(2)�C(12)Fe(1)�Fe(2) 1.943(5)2.5279(8) N(1)�C(4) 1.466(5)
Fe(2)�C(17) 1.809(5)Fe(1)�S(1) N(2)�C(1)2.2826(11) 1.423(5)
Fe(2)�C(18) 1.798(4)2.3087(11) N(2)�C(5)Fe(1)�S(2) 1.458(4)
Fe(2)�C(19) 1.780(5)Fe(1)�C(9) N(2)�C(6)2.104(4) 1.455(5)
S(1)�C(1) 1.910(5)2.039(4) C(1)�C(2)Fe(1)�C(12) 1.532(5)
S(2)�C(2) 1.702(3) C(1)�C(9)Fe(1)�C(15) 1.513(5)1.795(5)
N(1)�C(2) 1.304(4)1.776(4) C(4)�C(5)Fe(1)�C(16) 1.498(5)
N(1)�C(3) 1.466(5) C(9)�C(10) 1.493(7)Fe(2)�S(1) 2.2371(11)

Bond angles
Fe(2)�S(1)�C(1)Fe(1)�C(9)�C(1) 104.71(11)92.9(3) S(1)�C(1)�C(9) 99.1(3)
Fe(1)�S(2)�C(2)Fe(1)�C(9)�C(10) 93.20(12)118.8(2) N(2)�C(1)�C(2) 113.1(3)
C(2)�N(1)�C(3) 121.3(3)67.7(2) N(2)�C(1)�C(9)Fe(1)�C(9)�C(12) 115.5(3)
C(2)�N(1)�C(4) 121.8(3)C(1)�C(9)�C(10) C(2)�C(1)�C(9)118.0(3) 107.9(3)
C(3)�N(1)�C(4) 116.7(3)121.6(4) S(2)�C(2)�N(1)C(1)�C(9)�C(12) 123.5(3)

119.6(3)C(10)�C(9)�C(12) C(1)�N(2)�C(5) 112.5(3) S(2)�C(2)�C(1) 115.1(2)
C(1)�N(2)�C(6) 114.9(3)78.77(17) N(1)�C(2)�C(1)Fe(1)�C(12)�Fe(2) 121.4(3)
C(5)�N(2)�C(6) 112.7(3)Fe(1)�C(12)�C(9) N(1)�C(4)�C(5)72.7(2) 111.6(3)
S(1)�C(1)�N(2) 119.1(3)130.8(2) Fe(2)�C(12)�C(9)Fe(1)�C(12)�C(13) 122.7(3)
S(1)�C(1)�C(2) 100.2(3)Fe(1)�S(1)�Fe(2) Fe(2)�C(12)�C(13)68.01(3) 117.1(3)
S(1)�C(1)�C(9) 99.1(3)77.97(11) C(9)�C(12)�C(13)Fe(1)�S(1)�C(1) 119.3(4)

FeRu(CO)6(R-DAB) with DMAD results in the forma-
tion of the analogous complex FeRu(CO)6(AIB) [60].
The complexes A and B differ in their �,�-co-ordina-
tion of the former alkyne DMAD. Complex 11a is
isostructural with complex B.

The Fe(1)�Fe(2) bond distance of 2.5279(8) A� is
almost equal to the bond distance of 2.5257(10) A�
found for complex B. In 11a the sulfido atom S(1) is
�-bonded to Fe(1) (Fe(1)–S(1)=2.2826(11) A� ) and
also bonded to Fe(2) via a �-donative bond of
2.2371(11) A� , i.e. �2-S bridging with an Fe(1)�S(1)�
Fe(2) angle of 68.01(3)°. These Fe�S(1) bond distances
are somewhat shorter (Fe(2)) and longer (Fe(1)) than
the corresponding distances in 8b,d, whereas the
Fe(1)�S(1)�Fe(2) angle is almost equal to the Fe�S�Fe
angles observed in 8b,d. The ligand in 11a is further-
more bonded to Fe(1) via S(2) and C(12). The
Fe(1)�S(2) �-donative bond distance of 2.3087(11) A�
compares well with the one in 10a of 2.3170(14) A� and
other �-donative (CO)3Fe�S bond distances reported in
the literature [65]. The Fe(1)�C(12) �-bond of 1.943(5)
A� is almost equal to the corresponding bond distances
of 1.944(5), 1.950(11) and 1.955(5) A� in A, B and
FeRu(CO)6(AIB), respectively. The double bond
C(9)�C(12) (1.405(5) A� ) is elongated and rather asym-
metrically coordinated to Fe(1) [Fe(1)�C(9)=2.104(4)
A� , Fe(1)�C(12)=2.039(4) A� ], a feature also observed in
the co-ordination of the olefinic double bond in the
related complexes A, B and FeRu(CO)6(AIB). As a
result of the C–C coupling on C(1), the C(1)�N(2)
bond is elongated to 1.423(5) A� because it lost its
conjugation with the C(1)�S(1) bond. The N(1)�C(2)
and C(2)�S(2) bond distances of 1.304(4) and 1.702(3)
A� indicate that this thioamide moiety is still delocalised.

3.9. Molecular structure of 12d

An ORTEP drawing of the molecular structure of 12d
together with the atomic numbering scheme is shown in
Fig. 9, and selected bond distances and angles are given
in Table 7.

The molecular structure of 12d consists of an Fe(II)
centre coordinated by a newly formed dianionic ligand
and two carbonyl ligands. The co-ordination around
the central iron centre is distorted octahedral. This
distortion is due to the formation of two four-mem-
bered rings, Fe(1)�C(1)�C(4)�S(1) and Fe(1)�C(20)�
C(17)�S(2), which make an angle of 82.8(2)° with each
other. The new ligand is coordinated to iron by two
Fe(1)�S �-donative bonds and two Fe(1)�C �-bonds,
and is probably formed by two successive insertions of
the former DMAD triple bonds C(1)�C(4) and
C(17)�C(20) in the Fe(1)�S(1) and Fe(1)�S(2) bonds,
respectively. The Fe(1)�S(1) and Fe(1)�S(2) �-donative
bonds of 2.3356(14) and 2.3517(13) A� are slightly
longer than those in 10a and 11a, which may be due to
some strain in the four-membered rings. However, this
is not reflected in the Fe(1)�C(1) and Fe(1)�C(20) bond
distances (1.974(6) A� and 1.975(6) A� ), which are

Fig. 7. Two complexes with a similar type of ligand as 11a.
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Table 7
Selected bond distances (A� ) and angles (°) for 12d (e.s.d.s in parentheses)

Bond distances
S(1)�C(7) 1.786(6)Fe(1)�S(1) N(1)�C(7)2.3356(14) 1.365(7)
S(2)�C(12) 1.784(5)2.3517(13) N(2)�C(12)Fe(1)�S(2) 1.385(6)

1.974(6)Fe(1)�C(1) S(2)�C(17) 1.805(6) C(1)�C(2) 1.468(7)
Fe(1)�C(20) O(9)�C(23)1.975(6) 1.157(7) C(1)�C(4) 1.335(7)

O(10)�C(24) 1.134(7)1.766(6) C(4)�C(5)Fe(1)�C(23) 1.494(7)
1.782(6)Fe(1)�C(24) C(7)�C(12) 1.383(8)

S(1)�C(4) 1.774(5)

Bond angles
C(20)�Fe(1)�C(24)S(1)�Fe(1)�S(2) 96.8(2)84.91(4) C(13)�N(2)�C(15) 115.4(4)
C(23)�Fe(1)�C(24)S(1)�Fe(1)�C(1) 90.5(3)71.20(15) Fe(1)�C(20)�C(17) 104.7(4)
Fe(1)�S(1)�C(4) 77.85(15)94.67(14) Fe(1)�C(1)�C(4)S(1)�Fe(1)�C(20) 102.9(4)

92.67(19)S(1)�Fe(1)�C(23) Fe(1)�S(1)�C(7) 106.98(18) C(2)�C(1)�C(4) 126.8(5)
C(4)�S(1)�C(7) 103.2(2)S(1)�Fe(1)�C(24) S(1)�C(4)�C(1)167.71(19) 107.8(4)
Fe(1)�S(2)�C(12) 106.51(17)93.95(14) S(1)�C(4)�C(5)S(2)�Fe(1)�C(1) 118.7(4)

70.88(14)S(2)�Fe(1)�C(20) Fe(1)�S(2)�C(17) 78.11(19) C(1)�C(4)�C(5) 133.4(5)
167.16(19)S(2)�Fe(1)�C(23) C(12)�S(2)�C(17) 100.8(3) S(1)�C(7)�N(1) 117.6(4)

C(7)�N(1)�C(8) 124.6(4)94.56(19) S(1)�C(7)�C(12)S(2)�Fe(1)�C(24) 118.0(4)
160.49(16)C(1)�Fe(1)�C(20) C(7)�N(1)�C(10) 116.5(4) S(2)�C(12)�N(2) 117.7(4)
97.2(2)C(1)�Fe(1)�C(23) C(8)�N(1)�C(10) 115.7(4) S(2)�C(12)�C(7) 118.8(4)

C(12)�N(2)�C(13) 117.7(4)96.6(2) S(2)�C(17)�C(18)C(1)�Fe(1)�C(24) 120.1(4)
C(12)�N(2)�C(15) 123.6(4)C(20)�Fe(1)�C(23) 96.8(2)

Table 8
IR-data a, elemental analyses and mass data c of complexes 7, 8, 10, 11, 12, 13, 14 and 15

Elemental analyses (%) �max (nm)MCompound IR: 	(CO) and 	(NH) (cm−1)

C obs (calc.) H obs (calc.) N obs (calc.) Obs (calc.)

314 (314) 493, 6148.97 (8.92)7a 2037 (s), 1972 (s) 34.32 (34.41) 3.29 (3.21)
372 (372)2049 (s), 1985 (s) 463, 6377d not analysed

2061 (s), 2009 (vs), 1995 (sh), 1954 (m), 1942 6.23 (6.17) 454 (454)8a b 31.64 (31.74) 2.29 (2.22)
(m) (4:1)

8b 3313 (vw), 2078 (s), 2042 (vs), 2007 (vs), 34.94 (34.73) 3.38 (3.33) 5.72 (5.79) 484 (484)
2001 (sh), 1990 (m), 1959 (w), 1633 (m)

580 (580)8c 3315 (vw), 2080 (s), 2044 (vs), 2008 (vs),
1999 (sh), 1992 (m), 1961 (w), 1636 (m)

512 (512)5.43 (5.47)4.91 (3.94)37.46 (37.52)8d 2071 (s), 2033 (vs), 2000 (vs), 1993 (vs), 1980
(m), 1951 (w)
2095 (s), 2085 (m), 2045 (sh), 2040 (vs), 1959 36.49 (36.56) 2.65 (2.59)10a b 4.41 (4.49) 624 (624)
(m), 1928 (s), 1712 (m)

11a b 568 (568)2063 (s), 2009 (vs), 1987 (m), 1966 (w), 1699
(m) (4:1)

628 (628)4.43 (4.48)4.98 (5.14)45.95 (45.86)2035 (s), 1987 (s), 1709 (s) (4:1)12d b

13 b 1736 (m), 1719 (m) 316 (316)
14 2062 (s), 2044 (s), 2024 (s), 2007 (m), 1984 484 (484)

(w)
15 344 (344)2084 (m), 2043 (s), 2007 (s)

a Measured in hexane, s=strong, m=medium, w=weak.
b Measured in hexane/CH2Cl2 (4:1).
c Observed (calculated) FD masses of molecular ion M+ (m/e); M+ values are based upon 56Fe isotope.

somewhat shorter than the corresponding Fe�C(sp2)
bonds in 10a and 11a and fall within the range nor-
mally found for Fe�C(sp2) bonds [11,72–74]. As a
result of the coupling reaction, the former alkyne triple
bonds C(4)�C(7) and C(17)�C(20) are reduced to dou-
ble bonds of 1.335(7) and 1.339(7) A� , respectively. The

central C(7)�C(12) single bond is oxidised to a double
bond with a bond distance of 1.383(8) A� . This distance
is rather long for a double bond. The N(1)�C(7) and
the N(2)�C(12) bond distances of 1.365(7) and 1.385(6)
A� , respectively, are rather short for C(sp2)�N(sp3)
bonds and suggest partial double bond character for
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these bonds. This is corroborated by the sum of the
angles around N(1) and N(2) which are 356.8(7) and
356.9(7)°, respectively. All this may be explained by
partial delocalisation in the N(1)�C(7)�C(12)�N(2)
fragment. The S(1)�C(7), S(2)�C(12), S(1)�C(4) and
S(2)�C(17) bonds distances are 1.786(6), 1.784(5),
1.774(5) and 1.805(6) A� , respectively. These bonds are
somewhat longer than the mean value of 1.75 A� [75] for
organic C(sp2)�S bonds, probably due to the co-ordina-
tion of sulfur to iron.

3.10. IR, UV–Vis spectroscopy and elemental analyses

The IR, UV–Vis and analytical data of complexes
7a,d, 8a–d, 9, 10a, 11a, 12d, 13, 14 and 15 are listed in
Table 8.

3.10.1. Complexes 7
The three terminal carbonyl ligands in 7a,d give rise

to two strong absorption bands in the terminal 	(CO)
region, a sharp band at higher frequency and a broad,
slightly asymmetric absorption band at lower fre-
quency. A similar pattern is observed for the (alkyl-
DAB)M(CO)3 (M=Fe, Ru) [31,76–78] complexes. The
position of the CO stretching bands of 7a,d compare
well with those of Fe(CO)3(p-Tol, p-An-DAB) [32],
suggesting that the DTO ligands also possess a similar
low-lying �*-LUMO level. The higher CO stretching
frequencies of 7d compared to 7a indicate that the
Et4-DTO is a better �-acceptor than cyclo-DTO. This
agrees well with the position of the low energy absorp-
tion band of 7d in the UV–Vis spectrum, which is
found at lower energy than that of 7a, indicating a
lower �*-level (see below).

The UV–Vis spectra of 7a,d in hexane show a very
intense absorption band at 616 and 637 nm, respec-
tively. A second band of low intensity is located at 493
and 463 nm. The absorption bands at low energy show
hardly any solvatochromic behaviour [7a; 616 nm (hex-
ane), 623 nm (THF): 7b; 637 nm (hexane), 641 nm
(THF)]. The pattern of the bands in the UV–Vis
spectra of complexes 7 resembles that found for
Fe(CO)3(R-DAB) [31,78] and Fe(CO)3(�-iminoketone)
[33], except that the low energy band is further red-
shifted by 80 to 120 nm. The absence of solva-
tochromism in Fe(CO)3(R-DAB) and Fe(CO)3(�-imino-
ketone) has been attributed, on basis of MO-calcula-
tions and resonance Raman spectra, to a strong mixing
of the metal d�-(HOMO) orbitals and the
low lying �-diimine �*-(LUMO) orbitals [31]. As a
result, the transition between these orbitals mainly has
metal–ligand bonding to anti-bonding character and
hardly possesses any charge transfer character.

The presence of a similar transition in complexes 7a,d
as in Fe(CO)3(R-DAB) and Fe(CO)3(�-iminoketone)
indicates that the DTO possess a similar delocalised
�*-orbital, however, of lower energy than those of

R-DAB and �-iminoketone, which is indicated by the
low energy shift of the absorption bands. This further
implies that the DTO ligand in 7a, d is coordinated to
iron in a �-S, �-S� chelate fashion and adopts a planar-
syn conformation to achieve a maximum of orbital
overlap with formation of a low lying �*-orbital. This is
confirmed by the 1H and 13C NMR data (see Section
3.11). Analogous to Fe(CO)3(R-DAB) and Fe(CO)3(�-
iminoketone), the bands at 493 and 463 nm for 7a,d are
assigned to a LF transition.

3.10.2. Complexes 8
The six terminal CO ligands in 8a in hexane/CH2Cl2

(4:1) give rise to five IR absorption bands of medium to
very strong intensity in the 	(CO) region. The pattern
and position of the CO stretching bands compare very
well with those of the isostructural complexes
Fe2(CO)6(L) (L=R-DAB, �-iminoketone and esters).
When the IR is measured in CH2Cl2, three broad bands
are observed at 2095, 2007 and 1950 cm−1, with a
shoulder at 1992 cm−1.

The six terminal carbonyls in complexes 8b–d give
rise to six CO stretching bands. It must be noted that
the weak absorption at the low frequency side of the
spectrum has never been reported before. The pattern
and the position of the five other medium to very
strong CO stretching bands are characteristic for an
Fe2(CO)6(�2-S)2 moiety [67,79,80]. The newly formed
imine fragment in 8b,c gives rise to an absorption band
of medium intensity at 1633 and 1636 cm−1, respec-
tively. The remaining N–H bond in 8b,c gives rise to a
weak absorption in the 	(N–H) region at 3313 and
3315 cm−1. These absorptions are significantly shifted
to higher frequency compared to those of the free
ligands at 3154 cm−1 (b) and 3174 cm−1 (c) (KBr). The
shift is due to the change from an ‘‘acidic’’ sp2 hy-
bridised nitrogen (free ligand) to a basic sp3 hybridised
nitrogen in 8b,c. In the 1H NMR, a very pronounced
shift is also observed for the N–H resonance.

3.10.3. Complexes 10a and 11a
The IR spectrum of 10a in hexane/CH2Cl2 (4:1)

shows six absorption bands in the terminal 	(CO)
region between 2095 and 1926 cm−1. The two high
frequency bands at 2095 and 2040 cm−1 (broad) are
assigned to the Fe(II)(CO)3 centre of the bicyclo [2.2.1]
structure. The broad band at 2040 cm−1 is probably
composed of two, nearly coincident, vibrations of the
Fe(CO)3 fragment and one band (see below) of the
Fe(CO)4 moiety. The position of the two bands of the
Fe(II)(CO)3 centre agrees quite well with those of the
isostructural bicyclo[2.2.1]Fe(CO)3 complex [11]. Con-
sequently, the three absorptions at low frequency, 1964,
1939 and 1926 cm−1, are assigned to the carbonyls of
the axially S-coordinated Fe(CO)4 fragment. The pat-
tern of these bands compares well with that of axially
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Fig. 8. ORTEP drawing (50% probability level) of the molecular
structure of 11a. Hydrogen atoms and solvent molecule are omitted
for clarity.

plex. The pattern is very similar to that of complexes A
and B (cf. Fig. 8), although in complex A the �,�-co-or-
dination of the alkene bond is opposite to that in 11a.
The absorption bands of 11a are found at approxi-
mately 10 cm−1 to higher frequency compared to those
in both A and B, which is probably due to the better
electron donor properties of sulfur in 11a compared to
that of oxygen in A and B. The absorption at 1699
cm−1 is assigned to the carbonyl ester groups.

3.10.4. Complexes 12d and 13
The two terminal CO ligands in 12d give rise to two

strong absorption bands at 2035 and 1987 cm−1. These
absorptions lie at rather low frequency for a formal
Fe(II) centre. This is probably due to the almost perfect
trans-position of the S-donors and the carbonyl ligands
in 12a [cf. Fig. 9; S(1)�Fe(1)�C(23)=92.67(19)°,
S(2)�Fe(1)�C(24)=94.56(19)°] which enhance �-back
donation in this direction. The ester carbonyl groups
give rise to an absorption at 1709 cm−1. The ester
carbonyl groups of the organic thiophene derivative 13
give rise to two absorptions in the organic carbonyl
region at 1736 and 1719 cm−1.

3.11. NMR spectroscopy

The 1H and 13C NMR spectroscopic data of com-
plexes 7, 8, 10, 11, 12, 13, 14 and 15 are listed in Tables
9 and 10, respectively.

3.11.1. Complexes 7
The 1H NMR spectrum of the free Et4-DTO ligand

shows a pair of equally intense ABX3 patterns [14]. This
means that the ethyl groups on each amide nitrogen are

coordinated Fe(CO)4(L) (L=PR3) complexes [81]. The
bands are positioned at somewhat lower frequency than
those of Fe(CO)4(PnBu3) [81], showing that the sulfur in
10a is a strong donor. For Fe(CO)4(PnBu3), an absorp-
tion band of medium intensity is also found at 2047
cm−1. Therefore, the shoulder at 2045 cm−1 is assigned
to the corresponding CO stretching band of the
Fe(CO)4 fragment in 10a. The carbonyl ester groups in
10a give rise to an absorption at 1712 cm−1.

The five terminal CO ligands in 11a give rise to a
characteristic absorption pattern for this type of com-

Fig. 9. ORTEP drawing (50% probability level) of the molecular structure of 12d. Hydrogen atoms are omitted for clarity.
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Table 9
1H NMR data a,b of complexes 7, 8, 10, 11, 12, 13, 14 and 15


-Values (ppm)Compound

3.41 (4H, s, 2×NCH2), 3.21 (6H, s 2×NCH3)7a
3.52 (4×2H, q, 6.8Hz, NCH2CH3), 1.07 (4×3H, t, 6,8Hz, NCH2CH3)7d
3.45 (1H, m, NCH), 3.33 (1H, m, NCH), 3.22 (3H, s, NCH3), 2.94 (1H, m, NCH), 2.78 (3H, s, NCH3), 2.78 (1H, m, NCH)8a

8b 4.17 (1H, d, 6.0Hz, SCH), 4.17 (1H, sept, 6.2 Hz, C�NCH(CH3)2), 3.16 (1H, dsept, 6.2 Hz, 6.2 Hz, CNCH(CH3)2), 1.64 (1H,
dd, 6.2 Hz, 6.0 Hz, NH), 1.22, 1.20 (2×3H, d, 6.3 Hz, CH(CH3), 1.16, 1.10 (2×3H, d, 6.3 Hz, CH(CH3)
7.35 (10H, m, arylH), 4.95 (2H, s, C�NCH2), 4.20 (1H, d, 4.9Hz, SCH), 4.16 (dd, 13.7Hz, 7.0Hz, CNCH), 3.97 (dd, 13.7Hz,8c
6.4Hz, CNCH), 2.35 (ddd, 7.0Hz, 6.4Hz, 4.9Hz, NH)

8d 2.88 (4×2H, q, 7.1 Hz, NCH2CH3), 0.98 (4×3H, t, 7.1 Hz, NCH2CH3)
4.02 (1H, ddd, 12.6 Hz, 9.1Hz, 4.0 Hz, NCH), 3.84 (1H, ddd, 12.6 Hz, 9.1 Hz, 4.0 Hz, NCH), 3.81 (3H, s, OCH3), 3.70 (3H,10a
s, OCH3), 3.65 (3H, br., s, NCH3), 3.60 (1H, ddd, 12.3 Hz, 4.0 Hz, 4.0 Hz, NCH), 3.18 (1H, ddd, 12.3 Hz, 4.0 Hz, 4.0 Hz,
NCH), 2.73 (3H, s, NCH3)

11a 3.84 (3H, s, OCH3), 3.80 (1H, ddd, 10.7 Hz, 3.6 Hz, 2.5 Hz, NCH), 3.65 (3H, s, OCH3), 3.52 (3H, br, s, NCH3), 3.29 (1H,
ddd, 10.7 Hz, 3.6 Hz, 2.5 Hz, NCH), 2.69 (2H, m, 2×NCH), 2.28 (3H, s, NCH3)
3.74 (3H, s, OCH3), 3.65 (4H, dq, 14.0 Hz, 7.0 Hz, 4×NCH), 3.61 (3H, s, OCH3), 3.46 (4H, dq, 14.0 Hz, 7.0 Hz, 4×NCH),12d
1.02 (12H, t, 7.0 Hz, 4×NCH2CH3)

13 3.92 (12H, s, 4×OCH3)

a The resonances are characterised in consecutive order by 
-value (in ppm, relative to Me4Si), rel. intensity, multiplicity, coupling constant and
assignment.

b Measured in CDCl3 at 293 K and 300.13 MHz; s=singlet, d=doublet, t= triplet, q=quartet, dd=double doublet, dq=double quartet,
sept=septet, dsept=double septet, ddd=double double doublet.

inequivalent due to the hindered rotation around the
C–N axis as a result of the electron delocalisation
within the thioamide N�C�S moieties (cf. Fig. 1). Fur-
thermore, the methylene protons in each ethyl group
are diastereotopic. This means that the N�C�S planes
are tilted relative to each other in solution and that the
barriers for rotation around the chiral C�C axis are
high in solution. In the S,S �-chelate complex PtCl2(Et4-
DTO) [14], an ABX3 pattern is also observed, indicat-
ing that the chiral axis is still present. In
Re(CO)3Br(Et4-DTO) [21], the ethyl groups are again
inequivalent and give rise to a complicated pattern of
resonances.

As opposed to the free ligand and the above-men-
tioned complexes, the 1H and 13C spectra of complex 7d
show 4 equiv. ethyl groups, i.e. one quartet and one
triplet, indicating that in this case the S�C�C�S frag-
ment is flat, and rotation around the C�N bond is not
hindered on the NMR time scale. Analogously, in
Mo(CO)2(PR3)2(Me4-DTO) [18,19] the four methyl
groups give rise to one singlet while in Mo(CO)4−

n(PR3)n(Me4-DTO) (n=0, 1) the methyl groups are
pairwise inequivalent and give rise to two resonances of
equal intensity. The equivalency of the methyl groups is
attributed to the formation of a flat S�C�C�S backbone
due to extensive �-back donation from the electron rich
Mo(CO)2(PR3)2 into the �*-orbital of the Me4-DTO
ligand. Consequently, the conjugation within the
thioamide moieties is lost and the rotation around the
C�N bond becomes significantly less hindered, which
results in equivalent methyl groups. Accordingly, on
this basis we propose that the DTO ligands in 7a,d are
coordinated in a planar-syn �-S, �-S� chelate fashion,

which agrees well with the IR and UV–Vis data. As a
result of the extensive �-back donation, the thiocar-
bonyl carbon atom resonances are shifted 22.7 and 19.4
ppm to lower frequency in comparison with those of
the free ligands. Comparable shifts to lower frequency
have been observed for the ketone carbon atom in
Fe(CO)3(�-iminoketone) [33], whereas somewhat
smaller shifts have been found for the imine carbon
atoms in Fe(CO)3(R-DAB) [32] and Fe(CO)3(�-imi-
noketone). The three terminal CO ligands in complexes
7a,d give rise to a single resonance at 213.6 and 210.8
ppm indicating that they rapidly interchange on the
NMR time scale at 263 K. This interchange has also
been observed for the M(CO)3(R-DAB) (M=Fe, Ru)
[76,82,83] and Fe(CO)3(�-iminoketone) and may be ex-
plained by Berry pseudo-rotations [84].

3.11.2. Complexes 8
In the 13C NMR spectrum of 8a the �-S coordinated

thiocarbonyl carbon atom resonates at 194.0 ppm, a
shift of 7.1 ppm to higher frequency compared to the
free ligand. The �2-C�S coordinated thiocarbonyl car-
bon atom resonance, observed at 95.7 ppm, is shifted
91.4 ppm to lower frequency. These shifts are typical
for a �-S, �2-S, �2-C�S co-ordination of the DTO
ligand and have also been observed for the isostructural
complexes M2(CO)6(L) (Fe, Ru, Os; L=R-DAB, �-
imino-ketone and ester) [33,52,53,55,85].

Since the cyclo-DTO ligand in Fe2(CO)6(cyclo-DTO)
is asymmetrically coordinated, the six terminal carbonyl
ligands in 8a are inequivalent. In a rigid skeleton this
should give rise to six independent resonances for the
carbonyl groups. At 263 K, three sharp resonances are
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observed of equal intensity, while at room temperature
a fourth resonance is observed which does not lie at the
weighted average ppm value of the three signals at 263
K. This is indicative for local scrambling of the car-
bonyl groups on one iron centre at 263 K, while the
carbonyl groups on the other iron centre are in the limit
of slow exchange. The same dynamic behaviour has
been found for Fe2(CO)6(�-iminoester) [55]. Like in the
Fe2(CO)6(�-iminoester) complexes, the three separate
CO resonances observed at 263 K correspond to the
�-S�, �2-S coordinated Fe(CO)3 centre and the single
resonance, observed at room temperature, belongs to
the �2-S, �2-C�S coordinated Fe(CO)3 fragment.

In complexes 8b–c one of the amide proton atoms is
1,3-H shifted to the central carbon atom of the other
thioamide fragment. The remaining N–H proton in 8b
gives rise to a double doublet at 1.64 ppm due to the
coupling with the new C–H proton and the iPrC–H
proton. In 8c it gives rise to a double double doublet at
2.54 ppm due to the coupling with the new C–H
proton and the two diastereotopic methylene protons of
the benzyl substituent. Compared to the free ligands
(10.22 ppm (b), 10.53 ppm (c)), the N–H resonances
are shifted drastically to lower frequency due to the
change from a delocalised (R)H�N(sp2)�C�S moiety to
a (R)H�N(sp3)�C�S moiety. The reduced thiocarbonyl
carbon atom in 8b,c is chiral. As a result the methylene
protons of the benzyl substituent in 8c attached to the
amide nitrogen are diastereotopic and are observed as
double doublets at 4.16 and 3.97 ppm due to the
coupling with the N–H proton and a geminal coupling
of 13.7 Hz. The methylene protons of the benzyl on the
imine nitrogen are observed as a singlet at 4.95 ppm.
The reduced thiocarbonyl carbon atom in 8b,c, ob-
served at 67.4 and 68.7 ppm, respectively, is strongly
shifted to a lower frequency compared to the corre-
sponding carbon atom in the free ligand due to the
rehybridisation from sp2 to sp3. The newly formed
imine carbon atoms resonate at 162.1 and 166.4 ppm,
normal ppm values for imine carbon atoms.

As in complex 8a, the DTO ligand in 8b–c is asym-
metrically coordinated, which should, in a rigid skele-
ton, result in six independent resonances for the six
carbonyl ligands. At 323 K, two closely spaced reso-
nances of equal intensity are observed. Upon cooling to
room temperature one broad resonance is observed
which disappears in the baseline at 263 K. Further
cooling to 203 K results in six sharp resonances for the
six terminal carbonyl ligands. This means that at 323 K
the carbonyl ligands on both the Fe(CO)3 fragments are
in the limit of fast exchange, while at 203 K both the
Fe(CO)3 fragments are in the limit of slow exchange.
Individual assignment, however, is not possible.

As expected, the symmetrical complex 8d shows only
one set of resonances in the 1H and 13C NMR spectra
for all corresponding nuclei in the two molecular
halves, even down to 163 K (freon/CH2Cl2). The four
ethyl groups give rise to one quartet and one triplet
indicating that the rotation around the C–N bond is
not hindered even at very low temperatures. Obviously,
the partial double bond character in one of the N–C
bonds which was found in the solid state structure of 8d
is not present in solution. The carbon atoms of the
central C�C bond resonate at 141.8 ppm, a normal ppm
value for alkene carbon atoms. The two equal Fe(CO)3

fragments should in a rigid structure give rise to three
Fe-carbonyl resonances. This was indeed observed at
203 K. Upon heating the NMR sample the signals
broaden and disappear in the baseline at 243 K and

Table 10
13C NMR data a of complexes 7, 8, 10, 11, 12, 13, 14 and 15

Compound 
-Values (ppm)

7a 213.6 (3×CO), 164.4 (S�CN), 49.8 (NCH2),
43.0 (NCH3)

7d 210.8 (3×CO), 173.6 (S�CN), 46.9 (4×N
CH2CH3), 12.7 (4×NCH2CH3)

8a 214.8, 210.2, 205.8 (3×CO), (214.1 3×CO) b,
194.0 (C�S), 95.7 (C�S), 52.1 (NCH3), 49.6
(NCH3), 44.1 (NCH2), 41.9 (NCH2)

8b c 209.2, 209.1, 208.9, 208.8, 206.7, 206.0 (6×CO),
162.1 (C�N), 67.4 (S�C), 58.0 (C�NCH(CH3)2),
47.7 (C�NCH(CH3)2), 23.9, 23.6, 23.4, 21.2
(4×CHCH3)

8c c 209.2, 209.1, 209.0, 208.8, 205.8, 205.5 (6×CO),
166.4 (C�N), 138.5, 138.0 (2×i-arylC), 129.1,
129.1, 128.8, 128.5 (4×o/m-arylC), 128.0, 127.9
(2×p-arylC), 68.3 (S�C), 60.4 (NCH2), 51.5
(NCH2)

8d 209.4 (2×CO), 208.7 (2×CO), 208.7 (2×CO),
141.8 (2×C�C), 47.1 (4×NCH2), 14.6
(4×NCH2CH3)

10a 215.4 (4×CO), 204.5, 203.9, 203.3 (3×CO),
198.0 (Fe�C��C), 180.8 (S�C), 175.0, 164.5
(2×C�O), 142.8 (Fe�C�C	)), 94.5 (S�C), 53.4
(NCH2), 53.1, 52.8 (2×OCH3), 47.3 (NCH3),
45.0 (NCH2), 40.1 (NCH3)

11b 213.3, 211.2 (2×CO), 208.6 (3×CO), 203.4
(Fe�C��C), 188.9 (C�S), 176.5, 168.5 (2×C�O),
99.5 (Fe�C�C	), 93.0 (S–C)), 53.0 (NCH2), 52.9,
52.8 (2×OCH3), 44.5 (NCH2), 43.2 (NCH3),
42.7 (NCH3)

12d 213.9 (2×CO), 193.2 (2×Fe�C��C), 173.8
(2×C�O), 156.8 (2×C�O), 128.0 (2×Fe�C�C	),
127.7 (2×C�C), 53.2 (2×OCH3), 52.4
(2×OCH3), 46.2 (2×NCH2), 14.3
(2×NCH2CH3)
163.3 (2×C�O), 160.8 (2×C�O), 137.513
(2×C�C), 136.0 (2×C�C), 54.0 (2×OCH3),
53.9 (2×OCH3)

14 209.6 (9×CO)
209.0 (6×CO)15

a The resonances are characterised in consecutive order by 
-value
(in ppm, relative to Me4Si), and assignment, measured in CDCl3 at
263 K and 75.47 MHz.

b Measured at 293 K.
c Measured at 203 K.
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further heating to room temperature results in one
sharp resonance at 209.1 ppm. This means that at room
temperature the three carbonyl ligands on each
Fe(CO)3 fragment are in the limit of fast exchange and
they are in the limit of slow exchange at 263 K.

3.11.3. Complexes 10a and 11a
In the 1H NMR spectrum of 10a all four protons of

the NCH2CH2N moiety are inequivalent, giving rise to
four double double doublets. As a result of the cycload-
dition reaction the protons of the two ester methyl
groups of DMAD are inequivalent and resonate at 3.81
and 3.70 ppm. The 13C NMR spectrum shows the
characteristic resonances for a [2.2.1] bicyclic structure.
The former thiocarbonyl bridgehead carbon atom reso-
nance is shifted 70.2 ppm to lower frequency compared
to 7a due to the rehybridisation of this carbon form sp2

to sp3. The intact thiocarbonyl carbon atom, observed
at 180.8 ppm, is shifted 16.4 ppm to higher frequency
indicating the decrease of �-back donation to this iso-
lated thiocarbonyl fragment. The two former alkyne
carbon atoms resonate at significantly different ppm
values. The former alkynic carbon C	, which is C�C
connected to the bridgehead carbon atom, resonates at
142.8 ppm. The position of this resonance compares
well with that of the corresponding carbon atom in the
isostructural [2.2.1] complex 6 (cf. Scheme 1). The C�

carbon atom, �-bonded to iron, resonates at 198.0 ppm
which compares well with the resonances of the corre-
sponding Fe–C(sp2) carbons atoms in [2.2.1] [11,69]
and [2.2.2] [4,86,87] bicyclic complexes. The additional
shift of 56 ppm to higher frequency is due to paramag-
netic shielding of the iron centre. The three terminal
CO ligands on the [2.2.1]Fe(CO)3 centre give rise to
three resonances at 204.5, 203.9 and 203.3 ppm. The
four CO ligands on the Fe(CO)4 fragment appear as
one signal at 215.4 ppm, indicating that they rapidly
interchange on the NMR time scale.

The 1H and 13C NMR spectra of complex 11a show
many similarities with that of 10a except for the C	

alkene carbon atom. The �-bonded C� alkene carbon in
11a resonates at 203.4 ppm, which is comparable with
the resonance at 198.0 ppm in 10a and somewhat to
higher frequency compared to those at approximately
189.0 ppm in A and B, respectively. The C	 alkene
carbon atom resonates at 93.0 ppm, which compares
quite well with the resonance at 98.0 ppm of the
corresponding carbon atom in B. In complex A C	 is
found at approximately 77 ppm, a shift of 16 ppm to
lower frequency, which is probably due to the change in
�,�-co-ordination of the alkene. The terminal carbonyl
ligands give rise to three resonances with relative inten-
sities of 1:1:3 going from high to low frequency. Appar-
ently, the carbonyls on the Fe(CO)2 fragment are in the
limit of slow exchange and the carbonyls on the

Fe(CO)3 fragment are in the limit of fast exchange, at
263 K.

3.11.4. Complex 12d and compound 13
The 1H and 13C NMR spectra of complex 12d show

only one set of resonances for the two structurally
similar halves of the molecule. However, from the solid
state structure it could be seen that 12d is not symmet-
ric since the two four-membered rings are almost per-
pendicular. This means that in solution the molecule is
involved in a dynamic process by which the two molec-
ular halves of the molecule become equivalent. As
opposed to complexes 7d and 8d, the methylene protons
of the 4 equiv. ethyl groups in 12d are diastereotopic
due to the chiral sulfur atoms and give rise to two
double quartets at 3.65 and 3.46 ppm, with a geminal
coupling of 14.0 Hz. The methyl groups give rise to a
triplet at 1.02 ppm. The partial delocalisation within
the (Et2)N�C�C�N(Et2) fragment, which is suggested
by the bond lengths in the solid state structure of 12d,
apparently does not hinder a free rotation around the
C–N bond in solution. This makes the two ethyl
groups on each NEt2 group equivalent. Further, a
flip-flop exchange of the axial and equatorial sulfur
atoms exchanges the two NEt2 groups and also all
other nuclei. The carbon atoms of the central C�C
bond resonate at 127.7 ppm, a normal position for a
C(sp2) resonance. The C� alkene carbon atoms, �-
bonded to iron, resonate at 193.3 ppm. This is a normal
ppm value for an Fe-C(sp2) [9,11,72–74] carbon atom
and comparable with that of 198.0 ppm in 10a. The C	

alkene carbon atom is observed at 128.0 ppm, which is
within the range generally observed for sp2-alkene car-
bon atoms.

Surprisingly, the protons of the four carboxy methyl
groups in 13 give rise to one singlet in the 1H NMR.
However, in the 13C NMR two sets of resonances are
observed for the ester methyl carbon atoms and the
carbonyl carbon atoms. Obviously, the resonances of
the pairwise inequivalent carboxy methyl protons coin-
cide by chance and thus appear as one singlet. The
alkene carbon resonances at 137.5 and 136.0 ppm com-
pare well with those of thiophene-2-aldehyde and thio-
phene-3-aldehyde [88]. The ester carbonyl carbon
resonances are found in the expected region at 163.3
and 160.8 ppm.

3.12. Complex formation

3.12.1. Formation of complexes 7
The reaction of Fe2(CO)9 with the DTO ligands a–d

at room temperature in THF or toluene results in initial
formation of the deep blue–green Fe(CO)3(DTO) com-
plexes (7), probably via a monodentate �-S coordinated
Fe(CO)4[S�C(NRR�)�C(NRR�)�S] intermediate. This
type of complexes’ monodentate has been isolated for
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Scheme 5. Proposed reaction mechanism for the formation of 8a.

Subsequent �-co-ordination of one C�S bond (�2-S,
�2-C�S co-ordination) with concomitant extrusion of
CO completes the structure of 8a. Complex 8a is iso-
lated as a dark-brown air-sensitive powder. In crys-
talline form it is slightly air-sensitive. In THF, complex
8a is formed in good yield (70%) and in toluene in
moderate yield (35%). Obviously, in toluene also other
reaction pathways play a role, which is expressed by the
formation of the new dinuclear complex 9a, although it
is formed in very low yield.

3.12.3. Reaction of 8a with CO
Treatment of Fe2(CO)6(R-DAB) with carbon monox-

ide (40–50 bar) at elevated temperatures yielded the
monomeric complexes Fe(CO)3(R-DAB) and Fe(CO)5.
Reaction of Fe2(CO)6(cyclo-DTO) (8a) with CO, how-
ever, leads only to decomposition and the monomeric
complex 7a is not detected.

3.12.4. Formation of
Fe2(CO)6[ iPrN�C(S)�(S)C(H)N(H) iPr)] (8b–c) and
Fe2(CO)6[(Et)2N�C(S)�(S)C�N(Et)2] (8d)

Like complex 8a, complexes 8b–d are formed by
initial reaction of the mononuclear Fe(CO)3(DTO)
complexes 7b–d with [Fe(CO)4] resulting in the corre-
sponding intermediates C. Subsequent �-co-ordination
of one of the C�S bonds with concomitant extrusion of
CO results in the formation of structure D, analogous
to the formation of 8a in Scheme 5. However, contrary
to 8a, structure D is not stable with ligands b–d and
reacts further to form the final products 8b–d which
contain an Fe2(CO)6(�2-S)2 skeleton, i.e. the two sulfur
atoms are reduced to sulfido groups. A possible mecha-
nism for their formation is shown in Scheme 6. The
next step in the reaction is probably initial �-co-ordina-
tion of the remaining thiocarbonyl C�S bond with
concomitant redistribution of the electrons resulting in
structure E, in which both sulfur atoms are reduced to
sulfido groups and the central C–C bond is oxidised to
a double bond. In the case of ligand d (R=R�=Et),
structure E is stable and thus the final product (8d).
However, in the case of ligands b (R=H, R�= iPr) and
ligand c (R=H, R�=benzyl) one of the amide protons
undergoes a subsequent 1,3-H shift to the thiocarbonyl
carbon atom of the other thioamide moiety resulting in
the final products 8b, c. Cleavage of the N–H bond is
often observed in reactions of R2-DTO ligands with
metal ions giving rubeanate-DTO complexes [14,20]. In
those cases, however, the proton is lost from the com-
plex, e.g. the reaction of cis-[PtL2R2] with H2-R�2-DTO
results in [PtL(R)(H-R�2-DTO)]+L+RH.

The observation that 8a is stable and does not react
further to form an Fe2(CO)6(�2-S)2 skeleton, even upon
heating to 70 °C in toluene, is probably due to the
reduced flexibility of the cyclic DTO ligand, which

Scheme 6. Proposed reaction mechanism for the formation of 8b–d.

thioureas and amides [37]. Unfortunately however,
complexes 7 can only be isolated with ligands a and d,
because with these ligands the further reaction with
[Fe(CO)4], resulting in the dinuclear complexes 8a,d, is
relatively slow. Complexes 7b,c react very fast with
[Fe(CO)4] to the corresponding dinuclear complexes
8b,c. Analogous to Fe(CO)3(L) (L=R-DAB, �-imi-
noketone) and Mo(CO)2(PR3)2(DTO) [19] (R=alkyl),
complexes 7a,d are intensely coloured and extremely
air-sensitive. The stoichiometry of 7a has been estab-
lished by elemental analysis. Complexes 7a,d are well
soluble and stable in common solvents such as hexane
(7d), Et2O, toluene, and THF, but decompose in chlori-
nated solvents like CHCl3, as is the case for Fe(CO)3(L)
(L=R-DAB, �-iminoketone).

3.12.2. Formation of Fe2(CO)6(cyclo-DTO) (8a)
Reaction of Fe(CO)3(cyclo-DTO) (7a) with [Fe(CO)4]

in THF or toluene results in the formation of the
known type of dinuclear complex Fe2(CO)6(cyclo-
DTO) (8a), in which the cyclo-DTO ligand is �-S, �2-S�,
�2-C�S coordinated to the metal centres. Complex 8a is
probably formed via the dinuclear CO-bridged interme-
diate C (cf. Scheme 5), since similar intermediates have
been proposed for the formation of the isostructural
complexes Fe2(CO)6(R-DAB) [89], Fe2(CO)6(�-imi-
noketone) [33] and Fe2(CO)6(�-iminoester) [55]. The
formation of C can be described as an isolobal ana-
logue [90,91] of the addition of a carbene to an olefin
giving a cyclopropane ring system. In this case
[Fe(CO)4] is isolobal with a carbene and adds to the
Fe�C double bond (isolobal with an olefin) in reso-
nance structure 7a* with formation of intermediate C.
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apparently prevents �-co-ordination of the second C�S
bond.

3.12.5. Formation of 10a
The formation of complex 10a is shown in Scheme 3.

In the earlier parts of this series we have demonstrated
the isolobal analogy between the M�N�C fragment in
M(CO)n(CNR)3−n(R1-DAB) [M=Fe, Ru] and an
azomethine ylide, and the isolobal analogy between the
Fe�O�C fragment in Fe(CO)3−n(PR3)n(�-iminoketone)
and a carbonyl ylide, which are both well known
organic 1,3-dipoles. Likewise, the Fe�S�C fragment in
Fe(CO)3(DTO) is isolobally related to a thiocarbonyl
ylide which is also a known organic 1,3-dipole [92].

On this basis, the in situ reaction of 7a with the
activated alkyne DMAD is described as an oxidative
1,3-dipolar cycloaddition across the Fe�S�C fragment,
resulting in the stable bicyclo[2.2.1] complex 10a (cf.
Scheme 3). In 10a an additional Fe(CO)4 fragment is
coordinated to the sulfido sulfur of the cycloadded
Fe�S�C fragment. In the reaction of pure 7a with
DMAD, 10a is also formed, however, in only 5% yield.
The Fe(CO)4 fragment is supplied by partial decompo-
sition. This strongly suggests that the coordinated
Fe(CO)4 fragment is essential, and stabilises the [2.2.1]
bicyclic structure probably by preventing insertion of
CO into the Fe–S bond which would normally be the
next step in the reaction sequence. When insertion of
CO in the Fe–S is possible, as in the case of reaction of
pure 7a with DMAD, mainly decomposition is ob-
served. Apparently, the [2.2.2] bicyclic complex, which
is formed after insertion of CO, or another intermediate

along the reaction co-ordinate, is unstable and
decomposes.

3.12.6. Formation of 11a
Complex 11a is formed on heating a toluene solution

of 10a to 50 °C. Since complex 11a is similar to
complex A, although the co-ordination of the alkene
fragment is opposite, they are probably formed via a
comparable reaction mechanism (cf. Scheme 7).

Like the formation of intermediate A, the formation
of intermediate G can be seen as an isolobal analogue
to the reaction of a carbene to an olefin. In the case of
10a, dissociation of one of the terminal CO ligands of
the Fe(CO)4 fragment results in a (�-S)Fe2(CO)3 frag-
ment (isolobal with [Fe(CO)4]), which is isolobal with a
carbene. Subsequent intramolecular addition of this
carbene to the Fe�C bond of one of the three terminal
CO ligands on Fe1 leads to intermediate G. The next
step may be either (i) �-co-ordination of the alkene to
Fe2 with concomitant extrusion of CO leading to inter-
mediate H which in turn isomerises via a �,�-rearrange-
ment to the final product 11a, or (ii) first �-migration,
i.e. breakage of the Fe1�C �-bond and formation of a
new �-bond to Fe2, followed by �-co-ordination of the
alkene to Fe1 with concomitant loss of CO. The change
in co-ordination of the alkene is probably due to the
reduced flexibility of the cyclic DTO ligand, which
makes the observed co-ordination apparently thermo-
dynamically more favourable.

3.12.7. Formation of 12d
From the structure of complex 12d it is clear that it

is not formed via a 1,3-dipolar cycloaddition reaction.
This may be due to the bulky N(Et)2 groups which
hinder attack at the thiocarbonyl carbon atom. The
formation of 12d may be rationalised by two successive
insertions of DMAD into Fe�S �-bonds, with recoordi-
nation of the oxidised sulfur atoms to iron by �-dona-
tive bonds. It is, however, difficult to propose a
mechanism for the formation of 12d and 13 because no
intermediates can be observed. It seems however likely
that a ‘‘dithiolate’’ type of complex plays a role in the
formation of complex 12d (cf. Fig. 10). Due to the
extensive �-back donation of iron into the low lying
�*-LUMO of the Et4-DTO ligand, 7d can be considered
to have a (dithiolate)Fe(II) resonance structure with an
open co-ordination site. Co-ordination of the alkyne
DMAD to the open co-ordination site and subsequent
insertion in the Fe�S bond, followed by loss of CO and
a second insertion of DMAD, would give 12d.
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