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ABSTRACT: The synthesis of novel hexahydrotriazine-based NHCs from easily
available starting materials is described. Tribenzyltriazacyclohexane 1 is converted
stepwise to the six-membered diamino carbene 3 with a saturated ring structure.
Analogously, the cyclic mixed amino−amido carbene 12 is obtained starting from a
cyclic urea derivative. Both carbenes were characterized by trapping reactions with
sulfur and selenium as well by the preparation of metal complexes of the type
(COD)MX-NHC (M = Rh, Ir; COD = 1,5-cyclooctadiene), which were converted
to the respective dicarbonyl complexes (CO)2MX-NHC. IR spectra of the carbonyl derivatives allowed the Tolman electronic
parameter to be determined for carbenes 3 (2052 cm−1) and 12 (2058 cm−1) and revealed a shift of 6 cm−1 due to the presence
of one amide function. X-ray structure determinations are reported for an amidinium species, a carbene sulfide, and the
(COD)RhBr complex of the amino−amido carbene 12.

■ INTRODUCTION
The chemistry of N-heterocyclic carbenes (NHCs) has a long
tradition based upon preliminary work by Wanzlick and Öfele
in the 1960s and the synthesis of the first isolable NHC by
Arduengo in 1991. Since then, a tremendous number of
different NHCs have been prepared and examined.1 When
coordinated to metal fragments, they lead to an increased
stability of the NHC metal complexes compared to related
phosphane complexes. As ligands NHCs are strong σ-donors,
while their ability to exhibit additional π-acceptor properties has
been neglected for a long time. The electronic properties can be
modified by substituents attached to the nitrogen atoms or to
the NHC ring,2 which is important for their utilization as
ligands in catalytic reactions.3 The groups of Ceśar and
Lavigne4 and Bielawski5 reported six-membered diamidocar-
benes derived from malonic acid with reduced σ-donor abilities
and a significant π-acceptor character. The related five-
membered diamidocarbene derived from oxalic acid is an
even poorer σ-donor and shows a higher propensity for π-back-
bonding, as is evident from a Tolman electronic parameter
(TEP) parameter of 2068 cm−1,6 which is the highest value
reported so far for a NHC. In addition, five-membered
monoamidocarbenes were reported independently by Glorius7

and Ceśar.8 NHCs derived from triazine systems have not been
described yet, apart from a very recent study reported by Ceśar,
Lavigne, and co-workers, who prepared a triazine-based
diamidocarbene exhibiting ambidentate behavior.9 In the
present paper we wish to disclose our findings concerning
synthetic routes to and properties of triazine-based NHCs,
including diamino as well as mixed amino−amido derivatives.
These new structures nicely supplement the systems reported
by Ceśar and Lavigne.9

■ RESULTS AND DISCUSSION
Synthesis of NHC Precursors. In order to get access to a

suitable carbene precursor, our intention was to convert a 1,3,5-
triazacyclohexane derivative to the corresponding amidinium
cation, and two potential routes were found to furnish the
1,3,5-tribenzyltetrahydrotriazinium salts 2X (X = Br−, BF4

−)
starting from 1,3,5-tribenzylhexahydrotriazine (1), which is
easily obtained10 by condensation of benzylamine with aqueous
formaldehyde under basic conditions in 89% yield (Scheme 1).
In route A the amidinium tetrafluoroborate salt 2BF4 was

obtained from triazine 1 by hydride abstraction using trityl
tetrafluoroborate in dichloromethane in 41% yield following a
slightly modified protocol reported in 1973 by Möhrle.11

According to route B, the amidinium bromide 2Br could be
obtained by treatment of triazine 1 with one equivalent of N-
bromosuccinimide (NBS) in glyme, a procedure that was
successfully applied earlier to related aminals.12 A complete
conversion was observed within only a few minutes, with the
bromide salt 2Br precipitating from the solution. After removal
of the succinimide by washing with glyme, 2Br was isolated in
analytically pure form as a white crystalline solid in virtually
quantitative yield. Given the excellent yield, the short reaction
time, and the high purity of the amidinium salt 2Br, the
reaction with NBS (route B) is the method of choice for
obtaining the cationic carbene precursor. Both salts are stable
toward air and moisture and are soluble in polar organic
solvents such as dichloromethane, acetonitrile, or DMF. They
were fully characterized by 1H and 13C NMR spectroscopy,
mass spectrometry, and elemental analysis. The MALDI-TOF
mass spectra are dominated by a base peak centered at m/z 356
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for the cationic moiety 2+ irrespective of the nature of the
accompanying anion. Crystals of 2Br suitable for an X-ray
diffraction study were obtained from dichloromethane and
hexane, and the molecular structure of the compound is
depicted in Figure 1 together with selected geometrical

parameters. As expected, the formamidinium fragment is planar
with angle sums of 360° for N1, N3, and C3, respectively, and
short N−C3 distances around 1.30 Å. In contrast, N2 is in a
pyramidal environment with longer bonds to C1 and C2 (ca.
1.43 Å). The longest C−N bonds are observed for N1−C1 and
N3−C2 (ca. 1.48 Å). The data concerning the amidinium part

of the structure are close to those reported for other amidinium
salts.13 In the 1H NMR spectra, the chemical shift of the
amidinium proton NCHN is significantly affected by the nature
of the counteranion, with the resonance for 2BF4 appearing at
higher field (8.92 ppm) compared to 2Br (10.74 ppm). Singlet
resonances are observed for the CH2 units of the benzyl groups
and the heterocyclic ring, indicating effective C2v symmetry due
to a fast inversion at N2.14 In the 13C NMR spectra the
influence of the anion on the amidinium C resonance is
negligible (153.7 vs 154.4 ppm).

NHC Precusor Deprotonation. The amidinium derivative
2Br could be deprotonated with sodium bis(trimethylsilyl)-
amide (NaHMDS) in THF at −80 °C, leading to the neutral
carbene 3, which could be trapped by addition of elemental
sulfur or selenium to give the thiourea 4 or the analogous
selenide 5 in good yield (Scheme 2). Carbene 3 is not stable at
ambient temperature, as all attempts to isolate the free carbene
resulted in decomposition into unidentified products. The
MALDI mass spectrum of the reaction mixture shows no peaks
attributable to the olefin arising from carbene dimerization.
Like cation 2, derivatives 4 and 5 are C2v-symmetric in

solution according to their NMR spectra, the absence of the
resonance for the amidinium protons (NCHN) being the most
notable feature of the 1H NMR spectra. In the 13C NMR
spectrum of the thiourea 4 the signal for the N2CS carbon atom
is recorded at a typical chemical shift of 180.6 ppm. Compound
4 was crystallized from ether/hexane, and its molecular
structure was determined by X-ray diffraction (Figure 2). The
geometrical data compare well with other thiourea deriva-
tives13a,15 and are also close to those described above for the
cation 2Br with a planar thiourea subunit. The presence of the
sulfur atom leads to a lengthening of the adjacent C1−N bonds
(1.332(7) Å to N1, 1.374(7) Å to N2), the differences for all
other C−N bonds being much smaller.
After the successful preparation of the carbene adducts 4 and

5 we decided to exploit the intermediate carbene 3 for the
preparation of metal complexes.

Synthesis of Rhodium(I) and Iridium(I) Complexes.
Deprotonation of the amidinium salt 2BF4 with KOtBu at

Scheme 1. Preparation of Amidinium Salts 2

Figure 1. Molecular structure of the cation 2 in 2Br in the solid state.
Displacement ellipsoids are drawn at the 30% probability level. The
Br− anion and the solvating H2O have been omitted for clarity.
Selected interatomic distances [Å] and bond angles [deg]: N1−C3
1.314(5), N1−C1 1.480(4), N2−C2 1.431(5), N2−C1 1.432(5), N3−
C3 1.297(5), N3−C2 1.482(5); C3−N1−C1 117.8(3), C2−N2−C1
110.5(3), C3−N3−C2 119.8(3), N3−C3−N1 124.2(4), N2−C2−N3
110.9(3), N2−C1−N1 111.7(3).

Scheme 2. Preparation and Reactivity of NHC 3
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−80 °C and subsequent treatment of the intermediate carbene
with [(COD)MCl]2 (M = Rh, Ir) resulted in the formation of
the anticipated carbene metal complexes [(COD)M(3)Cl] 6
(M = Rh) and 7 (M = Ir), respectively, in very good yield
(Scheme 3). The tretrafluoroborate precursor was chosen in
order to prevent a halide exchange at the metal from chloride to
bromide. Both complexes are air and moisture stable and were
purified by chromatography on silica and completely
characterized by analytical and spectroscopic techniques.
In the 1H NMR spectra of complexes 6 and 7, the CH2

protons of the benzyl groups in positions 1 and 3 appeared to
be diastereotopic, giving rise to AB patterns, as did the
methylene protons of the N-CH2-N units within the triazine
systems. The CH2 protons of the benzyl group at N5 remained
equivalent and were recorded as a singlet. This observation
indicated that there is no rotation around the metal carbene
bond at room temperature. A high-temperature 1H NMR study
in toluene-d8 showed no broadening of the peaks. Similar
results have been reported for five ring NHCs by Crabtree16

and Özdemir.17 In the 13C NMR spectra of the Rh complex 6
the carbene carbon appeared as a doublet at 208.5 ppm (1JC−Rh

= 46.8 Hz), falling in the range previously observed for related
Rh complexes with six-membered NHCs. For the iridium
complex 7 the carbene carbon occurred as a singlet resonance
at 202.2 ppm. The EI mass spectra of both complexes showed
peaks for the molecular ions as well as for the fragments
resulting from the loss of the chlorine atom.

Reaction of Complexes 6 and 7 with CO. In order to
estimate the donor properties of the new carbene ligand 3 by
means of IR spectroscopy, the COD complexes 6 and 7 were
exposed to a slow stream of CO in dichloromethane solution
for a couple of minutes, resulting in a clean conversion to the
corresponding dicarbonyl derivatives 8 and 9 in excellent yield
(Scheme 3). The IR spectrum of complex 8 in CH2Cl2 featured
two strong CO stretching vibrations at 1999.3 and 2079.3 cm−1

(ν(av) = 2039.3 cm−1), from which a TEP of 2052 cm−1 was
calculated.1c,2e,18 Analogously, from the two carbonyl bands at
1983.6 and 2066.8 cm−1 (ν(av) = 2025.2 cm−1) recorded for
the iridium derivative 9 a TEP value of 2053 cm−1 was
calculated, in a good agreement with the Rh-derived value,
indicating that NHC 3 is a similarly powerful donor compared
to other five- and six-membered diamino carbenes. Thus, not
surprisingly, the incorporation of an additional N atom into the
NHC backbone has a negligible effect on the donor properties.

Synthesis of the Mixed Amino−Amido NHC Deriva-
tives. We then turned our attention to modify the electronic
properties of the basic triazine system 3 by converting one N-
CH2-N unit to a N-CO-N motif, i.e., to proceed from the
diamino-NHC 3 to a mixed amino−amido-NHC. Thus, the
cyclic triazinone 10 was prepared from dimethylurea, benzyl-
amine, and formaldehyde solution according to a procedure
reported by Overman19 in 72% yield and subsequently
converted to the corresponding amidinium cation by reaction
with one equivalent of NBS in glyme as outlined above
(Scheme 4). The amidinium bromide 11Br was isolated after
workup in analytically pure form in 89% yield as a white solid
and fully characterized. The 1H and 13C resonances for the
amidinium moiety NCHN were detected at 10.64 and 158.4
ppm, respectively. Hydride abstraction from compound 10 with
trityl tetrafluoroborate was not successful in this case.
Analogously to carbene 3, attempts to isolate the amino−

amido carbene 12 after deprotonation of the amidinium cation
11 with either NaHMDS or KOtBu in THF at −80 °C resulted
in decomposition. However, treatment of cation 11 with
NaHMDS at low temperature in the presence of S8 or red
selenium gave the corresponding heteroureas 13 and 14 in 59%
and 63% yield, respectively, which were completely charac-
terized (Scheme 5).
After the successful trapping of the in situ generated carbene

12, the preparation of metal complexes was envisaged. Thus,

Figure 2. Molecular structure of compound 4 in the solid state.
Displacement ellipsoids are drawn at the 30% probability level.
Selected interatomic distances [Å] and bond angles [deg]: S1−C1
1.694(3), N1−C1 1.332(7), N1−C4 1.427(7), N1−C2 1.504(6), N2−
C1 1.374(7), N2−C3 1.442(6), N3−C2 1.411(6), N3−C3 1.456(7);
C1−N1−C2 120.7(4), C1−N2−C3 121.5(4), C2−N3−C3 107.4(4),
N1−C1−N2 117.2(3), N1−C1−S1 122.0(4), N2−C1−S1 120.7(4),
N3−C2−N1 110.9(4), N2−C3−N3 115.4(4).

Scheme 3. Preparation of Carbene Metal Complexes
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the rhodium and iridium complexes 15 and 16 were prepared
in ca. 70% yield in an analogous manner by precursor
deprotonation with KOtBu in THF at −80 °C in the presence
of [(COD)MCl]2 (M = Rh, Ir). Both complexes were purified
by column chromatography and fully characterized. Elemental
analyses and an X-ray diffraction study revealed the presence of
the bromo derivatives, arising from a substitution of the initially
metal-bound chloride ligands by the bromide being present as
the counteranion in 11Br. Such halide substitution reactions
have been observed before.20 The methylene protons in the
NHC ring as well as in the benzyl group are diastereotopic and
exhibit AB patterns in the 1H NMR spectra. In the 13C NMR
spectrum of complex 15 the carbene carbon appeared as a
doublet at 222.1 ppm (1JC−Rh = 47.2 Hz).
Crystals of complex 15 were obtained from ether/hexane and

examined by X-ray diffraction (Figure 3). As is usually
observed, the NCN plane of the carbene is in a perpendicular
orientation to the coordination plane around the Rh atom, with
short Rh−C distances to the olefinic COD carbons trans to the
bromide (mean: 2.12 Å) and longer ones trans to the NHC
ligand (mean: 2.22 Å). The heterocyclic ligand is essentially
planar, with the exception of the CH2 carbon C2, which is
located 59 pm above the mean plane defined by the remaining
ring atoms. Within the heterocycle, significantly different bond
lengths are noteworthy. For example, the N1−C1 (1.319(5) Å)
bond is shorter than the N2−C1 bond (1.381(5) Å), whereas
N2−C3 (1.394(6) Å) is shorter than N1−C2 (1.447(5) Å).
The lone pair at N1 obviously donates to the carbene C atom
pz-orbital, leading to a short distance, while the N2 lone pair is
also engaged in the amide resonance involving the carbonyl
group at C3, which makes the C3−N2 bond short and
consequently leads to a longer C1−N2 bond. N3 engages only
in the amide bond with C3 and consequently displays a short
N3−C3 distance (1.356(6) Å). Alternatively, the heterocycle
can also be regarded as a cyclic urea derivative, and,
accordingly, the NHC 12 could be described as an amino-
ureyl carbene. However, given the pronounced difference in the
C3−N bond lengths (see above) and in order to emphasize the
difference from the diamino carbenes, we prefer the description
of 3 as an amino−amido carbene. The Rh−C1 bond length of
2.022(4) Å is at the short edge of the range of values observed
for other NHC-Rh(COD) complexes.21

Finally, the COD complexes were converted straightfor-
wardly to the corresponding carbonyl derivatives 17 and 18,
which allowed the electronic nature of the amino−amido
carbene 12 to be inferred from the IR spectra (Scheme 6). As
expected, both complexes exhibited CO vibrations that are

shifted to higher wavenumbers compared to the diamino
carbene complexes 8 and 9 (17: 2008.0 and 2086.1 cm−1; ν(av)
= 2047.1 cm−1; 18: 1992 and 2073 cm−1, ν(av) 2032.5 cm−1).
Additionally, the amide CO group gave rise to an intense band
at 1714 and 1718 cm−1, respectively. From these data, TEP
values of 2058 and 2059 cm−1 were calculated for carbene 12.
Thus, compared to the diamino carbene 3, the introduction of
one amido function into the backbone brings about a shift of 6
cm−1 to higher values, reflecting the diminished donor strength
of the amido−amino carbene 12. It should be noted that the
carbenes 3 and 12 have different steric properties due to their
different substitution patterns at the N atoms (benzyl/benzyl
for 3, %VBur = 32.8; methyl/benzyl for 12, %VBur = 27.6).22 For
comparison, a shift of comparable magnitude (7 cm−1) has

Scheme 4. Preparation of Carbene Precursor 11Br

Scheme 5. Preparation and Trapping of Carbene 12

Figure 3. Molecular structure of complex 15 in the solid state.
Displacement ellipsoids are drawn at the 30% probability level. All H
atoms except those connected to C2 have been omitted for clarity.
Selected interatomic distances [Å] and bond angles [deg]: Rh1−C1
2.022(4), Rh1−C13 2.107(5), Rh1−C14 2.134(5), Rh1−C17
2.208(5), Rh1−C19 2.224(5), Rh1−Br1 2.4884(6), N3−C3
1.356(6), N3−C2 1.458(5), C1−N1 1.319(5), C1−N2 1.381(5),
O1−C3 1.219(5), N2−C3 1.394(6), C2−N1 1.447(5), C13−C14
1.381(8), C19−C17 1.386(8); C1−Rh1−Br1 89.24(12), C3−N3−C2
117.3(4), N1−C1−N2 115.2(4), N1−C1−Rh1 121.8(3), N2−C1−
Rh1 122.9(3), C1−N2−C3 124.0(4), O1−C3−N3 123.1(4), O1−
C3−N2 121.9(4), N3−C3−N2 114.9(4), N1−C2−N3 108.0(3), C1−
N1−C2 120.2(4).
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been observed for the introduction of one keto group to the
saturated N,N′-dimesitylimidazolidin-2-ylidene8b or for the
attachment of one nitro group (6 cm−1) or two chlorine
atoms (4 cm−1) to N,N′-dimethylimidazol-2-ylidene.2a Interest-
ingly, the triazine-based neutral diamido carbene reported
recently by Ceśar and Lavigne9 showed virtually the same TEP
as the amino−amido carbene 12, while deprotonation of the
former lead to enhanced donicity and thus a diminished TEP of
2049 cm−1.

■ CONCLUSION
Novel triazine-based NHCs have been straightforwardly
obtained from easily available starting materials. NBS oxidation
of an N-CH2-N fragment to an amidinium functionality allowed
the in situ liberation of the corresponding carbene by
deprotonation at low temperature. The synthetic approach
provided access to both electron-rich diamino (3) and less
donating mixed amino−amido carbenes (12). Evaluation of
their TEP values revealed a pronounced effect exerted by the
additional keto group, leading to a shift of 6 cm−1. Ongoing
work includes attempts to generate bis-carbenes derived from a
triazine system.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed with

standard Schlenk techniques in an oxygen-free, dry nitrogen
atmosphere. Solvents were dried and distilled under nitrogen by
using standard procedures. Diethyl ether and THF were distilled over
sodium/benzophenone; dichloromethane was distilled over CaH2, and
n-hexane over sodium. NMR spectra were recorded on a Bruker
Avance DRX 200 and a Bruker Avance DRX 500 spectrometer. 1H and
13C{1H} spectra are referenced to the residual solvent signal. Mass
spectra were recorded on a Thermo Finnigan Trace DSQ 7000 (EI)
and Bruker Ultraflex I TOF (MALDI). Elemental analyses were
recorded on a Perkin CHN 2400 Series II. IR spectra were obtained
with a Shimadzu IR Affinity-1 spectrometer. Reagents such as
potassium tert-butoxide and NaHMDS (2 M in THF) were purchased
from Acros Organics and Sigma Aldrich and used as received.
[RhCl(COD)]2 and [IrCl(COD)]2 were synthesized according to a
literature procedure.
Synthesis of 1,3,5-Tribenzylhexahydrotriazine (1). To a

stirred solution of benzylamine (20.7 g, 193 mmol) at 0 °C was
slowly added a 36.5% aqueous formaldehyde solution (19.4 mL, 200
mmol) so that the temperature remained below 5 °C. Aqueous sodium
hydroxide (1 M) (5 mL) was added to the resulting precipitated gum,
and the mixture was stirred for 1 h at 0 °C. After 1 h 40 mL of diethyl
ether was added, and the aqueous phase was washed with 3 × 15 mL
of diethyl ether. The combined organic fractions were dried over
MgSO4, filtered, and evaporated to dryness in vacuo to yield a colorless
oil, which crystallized upon standing for two weeks (20.45 g, 89%). 1H
NMR (200 MHz, CDCl3): δ 7.41 (m, 15H, Ar-CH), 3.78 (s, 6H, Ph-
CH2), 3.54 (s, 6H, N-CH2-N).

13C NMR (500 MHz, CDCl3): δ 138.9,
129.4, 128.7, 127.5 (all aromatic C), 74.2 (Ph-CH2), 57.5 (N-CH2-N).
MS (MALDI): m/z 356 [M − H]+. Spectral data were consistent with
literature values.10

Synthesis of 1,3,5-Tribenzyl-4,6-tetrahydrotriazinium Tetra-
fluoroborate (2BF4). This compound was synthesized according to a
modified literature procedure.11 To a mixture of trityl tetrafluor-
oborate (1.68 g, 5.1 mmol, 1.1 equiv) in 40 mL of CH2Cl2 was added
1 (1.79 g, 5.0 mmol, 1.0 equiv) in 20 mL of CH2Cl2 over 10 min. The
resulting green solution was stirred at room temperature for 90 min.
Removal of the solvent in vacuo resulted in a yellow compound, which
was treated with 10 mL of water and extracted with CH2Cl2 (3 × 10
mL). The combined organic fractions were dried over MgSO4, filtered,
and evaporated to dryness in vacuo to yield 910 mg (41%) of 2BF4 as a
colorless crystalline powder. 1H NMR (200 MHz, CDCl3): δ 8.92 (s,
1H, NCHN), 7.36 (br s, 10H, Ar-CH), 7.12 (m, 3H, Ar-CH), 6.68 (m,
2H, Ar-CH), 4.64 (s, 4H, N-CH2-N), 4.16 (s, 4H, Ph-CH2), 3.29 (s,
2H, Ph-CH2).

13C NMR (500 MHz, CDCl3): δ 153.7 (NCHN),
135.3, 132.9, 129.5, 129.3, 129.1, 128.91, 128.6, 128.1 (all aromatic C),
62.5 (N-CH2-N), 56.8 (Ph-CH2), 55.6 (Ph-CH2). MS (MALDI): m/z

Scheme 6. Preparation of Metal Complexes 15−18

Table 1. Crystal Data and Structure Refinement for
Compounds 2 Br·0.5H2O, 4, and 15

2Br·0.5H2O 4 15

CCDC number 859272 859273 859274
empirical formula C48H54Br2N6O C24H25N3S C20H27BrN3ORh
fw 890.77 387.54 508.26
temp (K) 291(2) 291(2) 291(2)
cryst syst monoclinic trigonal monoclinic
space group I2/a P31 P21/c
unit cell dimens
(Å, deg)

a = 19.8620(14) a = 9.2617(4) a = 22.3837(7)
b = 8.3618(2) b = 9.2617(4) b = 7.0530(3)
c = 27.6873(18) c = 20.5439(9) c = 12.7219(4)
β = 95.560(3) β = 98.650(3)

volume (Å3) 4576.7(5) 1526.14(11) 1985.59(12)
Z 4 3 4
densitycalc (Mg/
m3)

1.293 1.265 1.700

absorp coeff
(mm−1)

1.812 0.173 2.886

F(000) 1848 618 1024
cryst size (mm3) 0.3 × 0.3 × 0.3 0.35 × 0.3 ×

0.28
0.3 × 0.3 × 0.3

theta range (deg) 2.06 to 25.00 1.98 to 25.94 2.76 to 25.00
reflns collected 16 455 21 864 14 502
indep reflns 4024 [R(int) =

0.0730]
3951 [R(int) =
0.0410]

3501 [R(int) =
0.0978]

completeness to
theta = 25.85°

100.0% 99.3% 99.8%

absorption corr none none none
data/restraints/
params

4024/2/261 3951/1/254 3501/0/237

goodness-of-fit on
F2

1.395 1.076 1.093

final R indices [I >
2σ(I)]

R1 = 0.0635, wR2
= 0.0982

R1 = 0.0553,
wR2 = 0.1378

R1 = 0.0419, wR2 =
0.1139

R indices (all data) R1 = 0.0871, wR2
= 0.1026

R1 = 0.0649,
wR2 = 0.1437

R1 = 0.0461, wR2 =
0.1166

largest diff peak
and hole (e·Å−3)

0.644 and
−0.213

0.498 and
−0.264

0.942 and −1.038
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355.9 [M − H]+. Anal. Calcd (%) for C24H26BF4N3: C, 65.03; H, 5.91;
N, 9.48. Found: C, 64.97; H, 6.16; N, 9.33.
Synthesis of 1,3,5-Tribenzyl-4,6-tetrahydrotriazinium Bro-

mide (2Br). Compound 1 (1.56 g, 4.35 mmol, 1.0 equiv) was
dissolved in 20 mL of dimethoxyethane and treated with NBS (0.77 g,
4.35 mmol, 1.0 equiv). The resulting yellow solution was stirred at
room temperature. After 2 min a white solid precipitated and was
filtered off, washed with 20 mL of dimethoxyethane and 10 mL of
diethyl ether, and subsequently dried in vacuo to yield 1.87 g (99%) of
2Br as a colorless crystalline powder. Single crystals of 2Br were grown
by slow evaporation from methylene chloride/hexane. 1H NMR (200
MHz, CDCl3): δ 10.74 (s, 1H, NCHN), 7.47−7.37 (m, 10H, Ar-CH),
7.16 (m, 3H, Ar-CH), 6.66 (m, 2H, Ar-CH), 4.87 (s, 4H,N-CH2-N),
4.18 (s, 4H, Ph-CH2), 3.30 (s, 2H, Ph-CH2).

13C NMR (500 MHz,
CDCl3): δ 154.4 (NCHN), 135.1, 133.0, 129.5, 129.4, 129.3, 128.8,
128.7, 128.2 (all aromatic C), 62.6 (N-CH2-N), 56.4 (Ph-CH2), 55.8
(Ph-CH2). MS (MALDI): m/z 355.9 [M − H]+. Anal. Calcd (%) for
C24H26BrN3: C, 66.06; H, 6.01; N, 9.63. Found: C, 66.00; H, 6.20; N,
9.52.
Synthesis of 1,3,5-Tribenzyl-4,6-tetrahydrotriazine-2-thione

(4). A suspension of 2Br (505 mg, 1.16 mmol, 1.0 equiv) and S8 (74
mg, 2.32 mmol, 2.0 equiv) in 20 mL of THF was cooled to −80 °C,
and NaHMDS (2 M in THF, 0.26 mL, 1.28 mmol, 1.1 equiv) was
added dropwise. The resulting orange solution was stirred for 20 min
at −80 °C, the cooling bath was removed, and the solution was
allowed to warm to room temperature within 2 h. After evaporation of
all volatiles, the crude product was purified by flash chromatography
(SiO2, ether) to yield 4 as a bright yellow, crystalline solid (309 mg,
69%). Single crystals of 4 were grown by slow evaporation from ether/
hexane. 1H NMR (200 MHz, CDCl3): δ 7.53−7.36 (m, 10H, Ar-CH),
7.21 (m, 3H, Ar-CH), 6.63 (m, 2H, Ar-CH), 5.26 (s, 4H, N-CH2-N),
4.22 (s, 4H, Ph-CH2), 3.55 (s, 2H, Ph-CH2).

13C NMR (500 MHz,
CDCl3): δ 180.6 (N2CS), 137.3, 136.8, 129.0, 128.8, 128.4, 128.3,
127.8, 127.6 (all aromatic C), 65.7 (N-CH2-N), 55.5 (Ph-CH2), 55.2
(Ph-CH2). MS (EI): m/z 387 [M]+. Anal. Calcd (%) for C24H25N3S:
C, 74.38; H, 6.50; N, 10.84. Found: C, 74.11; H, 6.24; N, 10.97.
Synthesis of 1,3,5-Tribenzyl-4,6-tetrahydrotriazine-2-sele-

nide (5). A mixture of 2Br (435 mg, 1.0 mmol, 1.0 equiv) and red
selenium (157 mg, 2.0 mmol, 2.0 equiv) in 15 mL of THF was cooled
to −80 °C, and NaHMDS (2 M in THF, 0.22 mL, 1.1 mmol, 1.1
equiv) was added dropwise. The resulting dark red suspension was
stirred for 30 min at −80 °C, the cooling bath was removed, and the
suspension was allowed to warm to room temperature over a period of
3 h. All volatiles were removed in vacuo, and the residue was taken up
in 15 mL of CH2Cl2 and filtered through a short pad of Celite. After
washing the solid with CH2Cl2 (5 mL), the combined filtrates were
evaporated, which afforded the desired product as a white crystalline
solid (313 mg, 72%). 1H NMR (200 MHz, CDCl3): δ 7.52−7.29 (m,
10H, Ar-CH), 7.13 (m, 3H, Ar-CH), 6.75 (m, 2H, Ar-CH), 5.34 (s,
4H, N-CH2-N), 4.13 (s, 4H, Ph-CH2), 3.45 (s, 2H, Ph-CH2).

13C
NMR (500 MHz, CDCl3): δ 179.7 (N2CSe), 136.9, 136.7, 129.0,
128.9, 128.5, 128.4, 128.0, 127.7 (all aromatic C), 65.3 (N-CH2-N),
58.7 (Ph-CH2), 55.6 (Ph-CH2). MS (EI): m/z 435 [M]+. Anal. Calcd
(%) for C24H25N3Se: C, 66.35; H, 5.80; N, 9.67. Found: C, 66.10; H,
5.88; N, 9.75.
Synthesis of Chlorido-1,5-cyclooctadiene-1,3,5-tribenzyl-

4,6-tetrahydrotriazin-2-ylidenerhodium(I) (6). A 20 mL Schlenk
flask was charged with 2BF4 (461 mg, 1.04 mmol, 1.0 equiv), KOtBu
(140 mg, 1.25 mmol, 1.2 equiv), and [(Rh(COD)Cl)]2 (256 mg, 0.52
mmol, 0.5 equiv). The solid mixture was cooled to −80 °C. After 10
min at −80 °C, 20 mL of cold THF was added dropwise with vigorous
stirring. The mixture was stirred for 30 min at −80 °C, the cooling
bath was removed, and the suspension was warmed to room
temperature and stirred overnight. The resulting dark red solution
was evaporated to dryness in vacuo, and the crude product was purified
by flash chromatography on silica gel 60 with n-hexane/ether (1:1) as
mobile phase. All volatiles were evaporated in vacuo, yielding 6 as a
yellow solid (513 mg, 82%). 1H NMR (200 MHz, CDCl3): δ 7.54 (m,
3H, Ar-CH), 7.44−7.35 (m, 6H, Ar-CH), 7.25 (m, 4H, Ar-CH), 7.18
(m, 2H, Ar-CH), 5.97 (d, 2H, JHz= 14.9, Ph-CH2), 5.78 (d, 2H, JHz =

14.9, Ph-CH2), 5.02 (br s, 2H, CH COD), 3.94 (d, 2H, JHz = 11.7, N-
CH2-N), 3.78 (d, 2H, JHz = 11.7, N-CH2-N), 3.70 (s, 2H, Ph-CH2),
3.61 (br s, 2H, CHCOD), 2.33 (m, 4H, CH2 COD), 1.89 (m, 4H,
CH2 COD).

13C NMR (500 MHz, CDCl3): δ 208.4 (d,
1JRhC = 46.8 Hz,

N2C), 137.4, 136.7, 129.2, 128.8, 128.7, 128.2, 128.0, 127.7 (all
aromatic C), 98.2 (d, JRhC = 6.8 Hz, CHCOD), 69.3 (d, JRhC = 14.8 Hz,
CHCOD), 63.9 (Ph-CH2), 61.2 (N-CH2-N), 54.9 (Ph-CH2), 33.0
(CH2 COD), 29.1 (CH2 COD). MS (EI): m/z 601 [M]+. MS (MALDI):
m/z 566 [M − Cl]+. Anal. Calcd (%) for C32H37ClN3Rh·0.5H2O: C,
62.90; H, 6.27; N, 6.88. Found: C, 62.79; H, 6.58; N, 6.82.

Synthesis of Dicarbonylchlorido-1,3,5-tribenzyl-4,6-tetrahy-
drotriazin-2-ylidenerhodium(I) (8). CO was bubbled into a
solution of 6 (120 mg, 0.2 mmol) in CH2Cl2 (5 mL) for a few
minutes. During this procedure the solution turned from yellow to
bright yellow. After 10 min of stirring, all volatiles were removed in
vacuo. The residue was washed with 5 mL of n-hexane, and 8 was
obtained as a bright yellow solid (106 mg, 96%). 1H NMR (200 MHz,
CDCl3): δ 7.44−7.32 (m, 10H, Ar-CH), 7.22 (m, 3H, Ar-CH), 7.25
(m, 2H, Ar-CH), 5.62 (d, 2H, JHz = 15.1, phenyl-CH2), 4.97 (d, 2H,
JHz = 15.0 phenyl-CH2), 4.02 (d, 2H, JHz = 12.0, N-CH2-N), 3.91 (d,
2H, JHz = 11.9, N-CH2-N), 3.72 (s, 2H, Ph-CH2).

13C NMR (500
MHz. CDCl3): δ 196.3 (d, NCN,

1JRhC = 39.7 Hz), 184.7 (d, CO, JRhC
= 53.5 Hz), 182.3 (d, CO, JRhC = 76.1 Hz), 135.5, 134.2, 128.1, 127.9,
127.6, 127.4, 127.2, 127.1 (all aromatic C), 64.8 (Ph-CH2), 59.8 (N-
CH2-N), 53.9 (Ph-CH2). MS (MALDI): m/z 493 [M − 2CO]+. IR
(CH2Cl2): ν 2079.3, 1999.3 cm−1 (CO). No correct elemental
analysis could be obtained, due to slow decomposition or instability of
the compound.

Synthesis of Chlorido-1,5-cyclooctadiene-1,3,5-tribenzyl-
4,6-tetrahydrotriazin-2-ylideneiridium(I) (7). A 20 mL Schlenk
flask was charged with 2BF4 (332 mg, 0.75 mmol, 1.0 equiv), KOtBu
(101 mg, 0.9 mmol, 1.2 equiv), and [(Ir(COD)Cl)]2 (255 mg, 0.38
mmol, 0.5 equiv). The solid mixture was cooled to −80 °C. After 15
min at −80 °C 15 mL of cold THF was added dropwise with vigorous
stirring. The mixture was stirred for 30 min at −80 °C, the cooling
bath was removed, and the suspension was warmed to room
temperature and stirred overnight. The solvent was removed in
vacuo, and the orange-red crude product was purified by flash
chromatography on silica gel 60 with ether (100%) as mobile phase.
All volatiles were evaporated in vacuo and yielded 7 as a bright yellow
solid (409 mg, 79%). 1H NMR (200 MHz, CDCl3): δ 7.48 (m, 4H,
Ar-CH), 7.34 (m, 6H, Ar-CH), 7.19 (m, 3H, Ar-CH), 7.11 (m, 2H,
Ar-CH), 5.91 (d, 2H, JHz = 14.8, Ph-CH2), 5.29 (d, 2H, JHz = 14.8, Ph-
CH2), 4.52 (br s, 2H, CHCOD), 3.95 (d, 2H, JHz = 11.8, N-CH2-N),
3.78 (d, 2H, JHz = 11.7, N-CH2-N), 3.64 (s, 2H, Ph-CH2), 3.20 (br s,
2H, CHCOD), 2.15 (m, 4H, CH2 COD), 1.58 (m, 4H, CH2 COD).

13C
NMR (500 MHz, CDCl3): δ 201.8 (s, NCN), 137.1, 136.3, 129.1,
128.9, 128.5, 128.5, 127.9, 127.8 (all aromatic C), 83.2 (s, CH COD),
63.9 (s, CH COD), 60.1 (s, Ph-CH2), 54.6 (s, N-CH2-N), 52.9 (s, Ph-
CH2), 33.4 (s,CH2 COD), 29.3 (s, CH2 COD). MS (EI): m/z
691[M]+. MS (MALDI): m/z 691 [M]+, 656 [M − Cl]+. Anal. Calcd
(%) for C32H37ClN3Ir C, 55.59; H, 5.39; N, 6.08. Found: C, 55.65; H,
5.57; N, 6.10.

Synthesis of Dicarbonylchlorido-1,3,5-tribenzyl-4,6-tetrahy-
drotriazin-2-ylideneiridium(I) (9). CO was bubbled into a solution
of 7 (69 mg, 0.1 mmol) in CH2Cl2 (5 mL) for a few minutes. During
this procedure the yellow solution turned bright yellow. After 10 min
of stirring, all volatiles were removed in vacuo. The residue was washed
with 5 mL of n-hexane to give 9 as a bright yellow solid (106 mg,
96%). 1H NMR (200 MHz, CDCl3): δ 7.26 (m, 10H, Ar-CH), 7.17
(m, 3H, Ar-CH), 7.10 (m, 2H, Ar-CH), 5.61 (d, 2H, JHz = 14.8,
phenyl-CH2), 4.97 (d, 2H, JHz = 14.7, phenyl-CH2), 3.97 (d, 2H, JHz =
12.16, N-CH2-N), 3.84 (d, 2H, JHz = 11.51, N-CH2-N), 3.73 (s, 2H,
Ph-CH2).

13C NMR (500 MHz. CDCl3): δ 193.8 (s, NCN), 184.3 (s,
CO), 180.5 (s, CO), 134.8, 129.7, 129.3, 129.0, 128.9, 128.7, 128.5,
128.4 (all aromatic C), 63.3 (Ph-CH2), 60.8 (N-CH2-N), 54.9 (Ph-
CH2). MS (MALDI): m/z 576 [M − CO − Cl]+. IR (CH2Cl2): ν
2066.81, 1983.85 cm−1 (CO). No correct elemental analysis could
be obtained, due to slow decomposition or instability of the
compound.
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Synthesis of 5-Benzyl-1,3-dimethylurea-4-hydrotriazinium
Bromide (11Br). Compound 10 (1.47 g, 6.7 mmol, 1.0 equiv) was
dissolved in 30 mL of dimethoxyethane and treated with NBS (1.19 g,
6.7 mmol). The resulting red solution was stirred at room
temperature. After 45 min a white precipitate formed and the red
solution turned yellow. The white solid was filtered off, washed with
20 mL of dimethoxyethane and 10 mL of diethyl ether, and dried in
vacuo to yield 1.71 g (86%) of 11Br as a colorless crystalline solid. 1H
NMR (200 MHz, CDCl3): δ 10.64 (s, 1H, NCHN), 7.60−7.57 (m,
2H, Ar-CH), 7.56−7.35 (m, 3H, Ar-CH), 5.26 (m, 2H, N-CH2-N),
4.90 (s, 2H, Ph-CH2), 3.49 (s, 3H, CH3), 2.90 (s, 3H, CH3).

13C NMR
(500 MHz, CDCl3): δ 158.4 (NCHN), 147.2 (CO), 130.4, 129.9,
129.6, 129.5 (all aromatic C), 62.6 (N-CH2-N), 57.1 (Ph-CH2), 35.2
(CH3), 33.3 (CH3). MS (MALDI): m/z 217 [M − H]+. Anal. Calcd
(%) for C12H16BrN3O: C, 48.34; H, 5.41; N, 14.09. Found: C, 48.09;
H, 5.69; N, 13.93.
Synthesis of 5-Benzyl-1,3-dimethylurea-6-hydrotriazine-4-

thione (13). A suspension of 11Br (320 mg, 1.08 mmol, 1.0 equiv)
and S8 (69 mg, 2.16 mmol, 2.0 equiv) in 20 mL of THF was cooled to
−80 °C, and NaHMDS (2 M in THF, 0.24 mL, 1.19 mmol, 1.1 equiv)
was added dropwise. The yellow solution was stirred for 30 min at
−80 °C, the cooling bath was removed, and the solution was warmed
to room temperature within 3 h. After evaporation of all volatiles, the
crude product was purified by flash chromatography (SiO2, THF
100%) to yield 13 as a bright yellow, crystalline solid (160 mg, 0.64
mmol, 59%). 1H NMR (200 MHz, CDCl3): δ 7.36 (m, 5H, Ar-CH),
5.25 (s, 2H, N-CH2-N), 4.41 (s, 2H, Ph-CH2), 3.56 (s, 3H, CH3), 2.91
(s, 3H, CH3).

13C NMR (500 MHz, CDCl3): δ 181.9 (CS), 151.7
(CO), 135.0, 129.0, 128.3, 127.6, (all aromatic C), 60.9 (N-CH2-
N), 55.4 (Ph-CH2), 35.5 (CH3), 33.3 (CH3). MS (EI): m/z 249 [M]+.
Anal. Calcd (%) for C12H15N3OS: C, 57.81; H, 6.06; N, 16.85. Found:
C, 57.64; H, 6.30; N, 16.94.
Synthesis of 5-Benzyl-1,3-dimethylurea-4-hydrotriazine-6-

selenide (14). A suspension of 11Br (205 mg, 0.69 mmol, 1.0 equiv)
and red selenium (109 mg, 1.38 mmol, 2.0 equiv) in 20 mL of THF
was coolded to −80 °C, and NaHMDS (2 M in THF, 0.16 mL, 0.76
mmol, 1.1 equiv) was added dropwise. The yellow solution was stirred
for 30 min at −80 °C, the cooling bath was removed, and the solution
was warmed to room temperature within 4 h. After evaporation of all
volatiles, the crude product was purified by flash chromatography
(SiO2, THF 100%) to yield 14 as a yellow crystalline solid (129 mg,
63%). 1H NMR (200 MHz, CDCl3): δ 7.32 (m, 5H, Ar-CH), 5.36 (s,
2H, N-CH2-N), 4.36 (s, 2H, Ph-CH2), 3.61 (s, 3H, CH3), 2.83 (s, 3H,
CH3).

13C NMR (500 MHz, CDCl3): δ 184.0 (CS), 150.0 (CO),
134.1, 128.7, 128.1, 127.3 (all aromatic C), 60.8 (N-CH2-N), 58.2 (Ph-
CH2), 38.2 (CH3), 33.0 (CH3). MS (EI): m/z 297 [M]+. Anal. Calcd
(%) for C12H15N3OSe: C, 48.65; H, 5.10; N, 14.19. Found: C, 48.37;
H, 5.26; N, 14.11.
Synthesis of Bromo-1,5-cyclooctadiene-1,3-dimethylurea-6-

hydrotriazin-2-ylidenerhodium (15). A 20 mL Schlenk flask was
charged with 11 (291 mg, 0.98 mmol, 1.0 equiv), KOtBu (132 mg,
1.18 mmol, 1.2 equiv), and [(Ir(COD)Cl)]2 (329 mg, 0.49 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 10 min at −80
°C 20 mL of cold THF was added dropwise with vigorous stirring.
The mixture was stirred for 30 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The solvent was removed in vacuo, and the yellow
crude product was purified by flash chromatography on silica gel 60
with THF (100%) as mobile phase. All volatiles were evaporated in
vacuo, giving 15 as a yellow solid (354 mg, 71%). 1H NMR (200 MHz,
CDCl3): δ 7.42 (m, 5H, Ar-CH), 6.06 (d, 1H, JHz = 15.3, Ph-CH2),
5.80 (d, 1H, JHz = 15.8, Ph-CH2), 5.11 (br s, 2H, CHCOD), 4.41 (d, 1H,
JHz = 11.4, N-CH2-N), 4.15 (d, 1H, JHz = 11.6, N-CH2-N), 4.13 (s,
CH3), 3.48 (br s, 1H, CHCOD), 2.80 (s, CH3), 2.26 (m, 4H, CH2 COD),
1.91 (m, 4H, CH2 COD).

13C NMR (500 MHz, CDCl3): δ 222.1 (d,
1JRhC = 47.2 Hz, N2C), 149.6 (N2CO), 134.4, 129.6, 128.9, 128.3,
128.1 (all aromatic C), 99.5 (d, JRhC = 6.4 Hz, CHCOD), 99.4 (d, JRhC =
6.4 Hz, CHCOD), 71.0 (d, JRhC = 14.4 Hz, CHCOD), 70.6 (d, JRhC = 14.5
Hz, CHCOD), 61.9 (N-CH2-N), 60.8 (Ph-CH2), 39.4 (CH3), 33.5
(CH3), 32.7 (CH2 COD), 32.6 (CH2 COD), 29.2 (CH2 COD), 29.2

(CH2 COD). MS (MALDI): m/z 428 [M − Br]+. Anal. Calcd (%) for
C20H27BrN3ORh: C, 47.26; H, 5.35; N, 8.28. Found: C, 48.18; H,
5.04; N, 8.34.

Synthesis of Dicarbonylchlorido-1,3-dimethylurea-6-hydro-
triazin-2-ylidenerhodium (17). CO was bubbled into a solution of
15 (76 mg, 0.15 mmol) in CH2Cl2 (5 mL) for a few minutes. During
this procedure the solution turned from yellow to bright yellow. After
10 min of stirring, all volatiles were removed in vacuo. The residue was
washed with 5 mL of n-hexane, resulting in a bright yellow solid (63
mg, 93%). 1H NMR (200 MHz, CDCl3): δ 7.45 (m,5H, Ar-CH), 6.10
(d, 1H, JHz = 15.4, N-CH2-N), 5.85 (d, 1H, JHz = 14.8, N-CH2-N),
4.61 (d, 1H, JHz = 8.9, Ph-CH2), 4.22 (d, 1H, JHz = 8.9, Ph-CH2), 4.37
(s, 3H, CH3), 2.84 (s, 3H, CH3),

13C NMR (500 MHz, CDCl3): δ
209.5 (d, NCN, 1JRhC = 40.32 Hz), 185.9 (d, CO, JRhC = 40.32 Hz),
181.7 (d, CO, JRhC = 76.96 Hz), 148.8 (CO), 132.8, 129.4, 129.2,
128.7, 127.9 (all aromatic C), 61.7 (N-CH2-N), 61.3 (Ph-CH2), 39.8
(CH3), 33.2 (CH3). MS (MALDI): m/z 398 [M − 2CO]+. IR
(CH2Cl2): ν 2086.1, 2008 (CO), 1714 (NCON) cm−1. No correct
elemental analysis could be obtained, due to slow decomposition or
instability of the compound.

Synthesis of Bromo-1,5-cyclooctadiene-1,3-dimethylurea-6-
hydrotriazin-2-ylideneiridium (16). A 20 mL Schlenk flask was
charged with 11 (290 mg, 0.98 mmol, 1.0 equiv), KOtBu (132 mg,
1.18 mmol, 1.2 equiv), and [(Ir(COD)Cl)]2 (242 mg, 0.49 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 10 min at −80
°C 20 mL of cold THF was added dropwise with vigorous stirring.
The mixture was stirred for 30 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The resulting red solution was removed in vacuo, and
the red crude product was purified by flash chromatography on silica
gel 60 with THF (100%) as mobile phase. All volatiles were
evaporated in vacuo, and 16 was obtained as a dark yellow solid (404
mg, 71%). 1H NMR (200 MHz, CDCl3): δ 7.43 (m, 5H, Ar-CH), 5.84
(d, 1H, JHz = 15.2, Ph-CH2), 5.68 (d, 1H, JHz = 15.1, Ph-CH2), 4.74
(br s, 2H, CHCOD), 4.42 (d, 1H, JHz = 15.2, N-CH2-N), 4.15 (d, 1H,
JHz = 9.8, N-CH2-N), 3.94 (s, 3H, CH3), 3.04 (br s, 2H, CHCOD), 2.81
(s, 3H, CH3), 2.09 (m, 4H, CH2 COD), 1.65 (m, 4H, CH2 COD).

13C
NMR (500 MHz. CDCl3): δ 213.6 (s, NCN), 150.8 (CO), 134.0,
129.35, 128.7, 128.6, 127.9 (all aromatic C), 86.2 (CHCOD), 86.2
(CHCOD), 61.9 (Ph-CH2), 60.0 (N-CH2-N), 54.8 (CHCOD), 54.4
(CHCOD), 38.7 (CH3), 33.3 (CH2 COD), 33.2 (CH2 COD), 32.8 (CH3),
29.6 (CH2 COD), 29.3 (CH2 COD). MS (MALDI): m/z 518 [M − Br]+.
Anal. Calcd (%) for C20H27BrN3OIr: C, 40.20; H, 4.55; N 7.03.
Found: C, 40.17; H, 4.72; N, 6.88.

Synthesis of Dicarbonylchlorido-1,3-dimethylurea-6-hydro-
triazin-2-ylideneiridium(I) (18). CO was bubbled into a solution of
15 (71 mg, 0.12 mmol) in CH2Cl2 (4 mL) for a few minutes. During
this procedure the solution turned from yellow to bright yellow. After
15 min of stirring, all volatiles were removed in vacuo. The residue was
washed with 5 mL of n-hexane, leaving 18 as a bright yellow solid (57
mg, 87%). 1H NMR (200 MHz, CDCl3): δ 7.39 (m, 5H, Ar-CH), 5.77
(d, 1H, JHz = 15.5, N-CH2-N), 5.11 (d, 1H, JHz = 14.8, N-CH2-N),
4.51 (d, 1H, JHz = 9.6, Ph-CH2), 4.37 (d, 1H, JHz = 9.8, Ph-CH2), 3.73
(s, 3H, CH3), 2.84 (s, 3H, CH3).

13C NMR (500 MHz, CDCl3): δ
203.3 (s, NCN), 180.0 (s, CO), 167.3 (s, CO), 149.7 (CO), 132.7,
129.5, 129.2, 128.2, 128.4 (all aromatic C), 62.3 (N-CH2-N), 61.0 (Ph-
CH2), 39.6 (CH3), 33.5 (CH3). MS (MALDI): m/z 438 [M −
2COl]+. IR (CH2Cl2): ν 2073.08, 1999.08 (CO), 1718 (NCON)
cm−1. No correct elemental analysis could be obtained, due to slow
decomposition or instability of the compound.

Crystal Structure Determinations. Crystals of compounds
2Br·0.5H2O, 4, and 15 suitable for X-ray study were selected by
means of a polarization microscope and investigated with a STOE
imaging plate diffraction system and an Oxford Diffraction Xcalibur
diffractometer, respectively, using graphite-monochromatized Mo Kα
radiation (λ = 0.71073 Å). Unit cell parameters were determined by
least-squares refinements on the positions of 13 509, 8000, and 22 305
reflections, respectively. Space group no. 14 was uniquely determined
for 15. For crystals of 2Br·0.5H2O systematic absences were consistent
with reflection conditions of space group types Ia and I2/a. In the
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course of structure refinement, the latter proved to be the right one.
Taking into account the symmetry of the diffraction pattern, the
systematic absences, and the number of formula units in the unit cell,
the members of the enantiomorphous pair P31 and P32 were identified
as possible space groups for the crystals of the sulfur compound 4. For
the crystal under investigation, P31 proved to be the right one by
inspection of the anomalous dispersion (Flack parameter:23

−0.04(12)). Crystals of 4 suffer from twinning by merohedry, and
the respective twin law (expressed as the matrix that transforms the hkl
indices of one component into the other: 0 1 0 1 0 0 0 0 −1) was
taken into account, assuming additivity of the intensities of the
reflections of the twin components. The fractional contributions of the
twin components for the crystal under investigation were 0.376(3) and
0.624(3). Corrections for Lorentz and polarization effects were applied
in all cases. The structures were solved by direct methods24 and
subsequent ΔF syntheses. Approximate positions of all hydrogen
atoms were found in different stages of converging refinements (max.
shift/s.u. = 0.001, 0.000, and 0.000, respectively) by full-matrix least-
squares calculations on F2.25 Anisotropic displacement parameters
were refined for all atoms heavier than hydrogen. With idealized bond
lengths and angles assumed for all the CH, CH2, and CH3 groups, the
riding model was applied for the corresponding H atoms and their
isotropic displacement parameters were constrained to 120%, 120%,
and 150% of the equivalent isotropic displacement parameters of the
parent carbon atoms, respectively. In addition, the H atoms of the CH3
groups were allowed to rotate around the neighboring C−C bonds.
Selected crystal data and refinement results are compiled in Table 1.
CCDC-859272 (2Br·0.5H2O), CCDC-859273 (4), and CCDC-
859274 (15) contain the supplementary crystallographic data
(excluding structure factors) for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Ceśar, V.; Gornitzka, H.; Lugan, N.; Lavigne, G. Organometallics 2010,
29, 2616.
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Düsseldorf, Germany

*S Supporting Information

ABSTRACT: The synthesis of a new mixed amino−amido N-heterocyclic carbene
(type A) starting from anthranilic acid is presented. A new straightforward synthetic
approach to related diaminocarbenes of type B is also described. Both NHCs react with
group 6 elements to form heteroureas and coordinate to L2ClM fragments (M = Rh, Ir;
L2 = COD, (CO)2). IR spectroscopic analysis of the carbonyl complexes reveals that the
diamino-NHC is a better donor ligand (TEP: 2054 cm−1) compared to the amino−
amido NHC (TEP: 2060 cm−1). In line with this behavior, a carbene dimerization to
give the corresponding olefin is observed only for derivatives of type A. X-ray structure determinations are reported for two Rh
complexes of ligand A and its cationic precursor.

■ INTRODUCTION

N-Heterocyclic carbenes (NHCs) have developed into a well-
recognized class of compounds with applications as ligands for
organometallic complexes and organocatalysts within the last
twenty years.1 The modification of the electronic nature of
NHCs continues to stimulate active current research, and a
number of different backbone structures and substitution
patterns have been reported within this context.2 In
diaminocarbenes the nitrogen lone pairs provide electron
density for the stabilization of the carbene carbon atom,
whereas this electron-donating effect is drastically diminished in
the case of diamidocarbenes.3 Accordingly, when regarded as
ligands in transition metal complexes, the former are classified
as superb σ-donors, while for the latter a π-acceptor interaction
also contributes significantly to the metal−carbene bonding.
Additionally, the diamido substitution pattern leads to a smaller
singlet−triplet gap and endows the diamidocarbenes with some
electrophilic reactivity in addition to the typical nucleophilic
behavior of NHCs. Mixed amino−amido-type NHCs show
properties intermediate between those described above.4 In
continuation of our efforts to develop new backbone structures
for electron-poor NHCs5 we present here a new amino−amido
carbene A, which is easily derived from anthranilic acid. A
related diamino NHC B based upon the same scaffold was also
accessed to enable a comparison of electronic properties. Our
report is stimulated by a very recent publication by Zhang and
Shi,6 who described an alternative synthetic approach to the
diamino carbenes B.

■ RESULTS AND DISCUSSION

Synthesis of Anthranilic Acid-Based NHCs 6. The cyclic
amidinium salts 5 were identified as precursors for the new
carbene structure A, and they were synthesized as depicted in
Scheme 1. The basic heterocyclic scaffold quinazolin-4-one 3
was assembled by the condensation of anthranilic acid 1 and

formamide 2 at elevated temperature according to a protocol
described by Sherill.7 Introduction of the substituent at the
amide nitrogen atom was achieved by treatment of 3 with KOH
and an excess of alkylation reagent (MeI, EtI, BzBr) in
acetonitrile at elevated temperature, affording the neutral
derivatives 4 in good yield.
More powerful alkylation reagents were required for the

conversion of derivatives 4 to the respective amidinium salts 5.
Thus, treatment of 4 with either methyltriflate in ether or
Meerwein’s salt (Me3O BF4) in acetonitrile at room temper-
ature provided the desired cations with tetrafluoroborate (5a−
c) or triflate (5d−f) anions as colorless crystalline solids in high
yield.
The 1H and 13C resonances for the amidinium moiety

NCHN were detected at 9.84−10.12 and 153.9−154.5 ppm,
respectively. Crystals of the tetrafluoroborate salt 5a-(BF4)
were obtained by diffusion of ether into a THF solution and
examined by X-ray diffraction analysis. The molecular structure
of the cation is depicted in Figure 1 together with selected
geometrical data. The molecule is entirely flat and shows bond
lengths and angles that are comparable to those in related
amidinium carbene precursors.3a,8 The C1−N1 bond involving
the amide-type nitrogen N1 is significantly longer (1.321(4) Å)
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than the C1−N2 bond to the amine-type nitrogen N2
(1.297(4) Å).

The amino−amido carbenes 6 were then successfully
generated in situ by deprotonation of the amidinium salts 5
with NaHMDS in THF at −80 °C and trapped by elemental
sulfur or selenium, resulting in the formation of the heteroureas
7 and 8 (Scheme 2). When 6a was generated in the absence of
a scavenging reagent, the corresponding olefin 9a arising from
carbene dimerization was isolated in 71% yield after workup as
a mixture of cis and trans isomers (ca. 1:1 ratio), as evident
from two signal sets in the 1H and 13C NMR spectra.
After the successful trapping of the in situ generated carbene,

the preparation of metal complexes was studied. NHC
precursors 5a−c were deprotonated with KOtBu in THF at
−80 °C in the presence of [(COD)MCl]2 (M = Rh, Ir),
resulting in the metal complexes 10a−c and 11a−c (Scheme
2).
All (COD)metal complexes were isolated in high yield after

column chromatography and were fully characterized. For the
(COD)Rh complexes 10 doublet resonances were observed in
the 13C NMR spectra for the carbene C atoms as a result of a
1JC−Rh coupling of ca. 50 Hz. Suitable crystals of complexes 10a

Scheme 1. Preparation of Quinazoline-4-ones and Cationic Carbene Precursors

Figure 1. Structure of the cation in the crystal of compound 5a-(BF4).
Bond lengths [Å] and angles [deg]: O1−C2 1.210(4), N1−C1
1.321(4), N1−C2 1.408(5), N2−C1 1.297(4), N2−C4 1.409(4), C2−
C3 1.441(5), C3−C4 1.381(5); C1−N1−C2 121.2(3), C1−N2−C4
120.0(3), N2−C1−N1 124.4(3), N1−C2−C3, 115.3(3), C4−C3−C2
120.8(3), C3−C4−N2 118.3(3).

Scheme 2. Reactions of Carbenes 6
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and 10c were examined by X-ray diffraction (Figures 2 and 3).
10c crystallizes in the monoclinic space group P21/c with two

independent molecules in the asymmetric unit, which show
identical geometrical parameters within experimental uncer-
tainty. In both structures, the plane of the essentially flat
carbene ligand is in a perpendicular arrangement to the
coordination plane of the rhodium atom. Bond lengths and
angles are not significantly affected by the exchange of a methyl
(10a) for a benzyl group (10c); they coincide for both
structures within the 3σ range. In complex 10a, the Rh1−C1
bond of 2.030(4) Å and the Rh−C distances to the olefinic
carbon atoms of the COD ligand cis (ca. 2.12 Å) and trans (ca.
2.20 Å) to the carbene are within the range usually observed for
complexes of this type.1b,c,4g,h,9 More specifically, the Rh−C
distance is identical to that for the complex with the 1,3-
dimethylimidazol-2-ylidene ligand,10 while it is 3 pm shorter
than that reported by Zhang and Shi for a related complex

containing a ligand of type 18 (vide infra).6 Within the six-
membered heterocycle of the NHC ligand, the C(carbene)−N
bond lengths show comparable differences, as described above
for the precursor molecule 5a: the longer C1−N1(amide) bond
of 1.382(5) Å reflects the reduced interaction of this amide-
type nitrogen with the carbene center compared to the amine-
type N atom with a C1−N2 distance of 1.341(4) Å. In both
carbene complexes the C1−N bonds are significantly elongated
by ca. 5 pm compared to the amidinium precursor, while the
N−C−N angle decreases by 8°.
The Tolman electronic parameter (TEP) is a commonly

applied measure of the donor properties of NHC ligands,1c and
it can be easily calculated from the CO stretching vibrations of
suitable NHC−metal carbonyl complexes.2e,11 Therefore, in
order to classify the new carbenes 6, the dicarbonyl complexes
12 and 13 were prepared by passing a slow stream of CO
through dichloromethane solutions of the (COD)metal
complexes 10 and 11 (Scheme 2). Complexes 12 and 13
were characterized in solution by NMR, mass spectrometry,
and IR. The stretching vibrations of the carbonyl ligands are
listed in Table 1 together with the TEP values derived thereof.

Synthesis of Diamino NHC Derivatives 18. In order to
assess the influence of the keto group attached to the scaffold of
NHC 6, the synthesis of related diamino NHCs 18 was
targeted. The appropriate amidinium salt precursors 16 are
straightforwardly available from 2-aminobenzylamine 14, which
was cyclized by treatment with triethylorthoformate at elevated
temperature, affording the dihydrochinazoline 15 in 61%
yield.12 Reaction of 15 in acetonitrile with alkylating reagents
(MeI, EtI, BzBr) in the presence of KOtBu provided the
desired amidinium salts 16 as colorless crystalline solids in
excellent yield (Scheme 3), which were fully characterized by
NMR spectroscopy, mass spectrometry (ESI-MS), and
elemental analysis. Zhang and Shi reported recently the
syntheses of several dihydrochinazolinium salts via imine
formation from aromatic aldehydes.6 Their approach allows
the preparation of derivatives with different substituents
attached to the nitrogen atoms including aryl groups. However,
sophisticated starting materials and/or Pd-catalyzed coupling
reactions are required. Notably, the protocol described here
provides the dihydrochinazolinium salts in two steps
commencing from cheap convenient starting materials.
Characteristic downfield resonances for the C2−H fragment

were observed in the 1H (8.73−9.87 ppm) and 13C NMR

Figure 2. Molecular structure of compound 10a in the solid state. H
atoms are omitted for clarity. Displacement factors are shown at the
30% probability level. Selected bond lengths [Å] and angles [deg]:
Rh1−C1 2.030(4), Rh1−C11 2.111(4), Rh1−C12 2.128(3), Rh1−
C15 2.190(3), Rh1−C16 2.228(3), Rh1−Cl1 2.3710(10), O1−C2
1.224(4), N1−C2 1.397(5), N1−C1 1.382(5), N2−C1 1.341(4), N2−
C4 1.408(4), C2−C3 1.447(5), C3−C4 1.394(5); C1−Rh1−Cl1
87.37(10), N2−C1−N1 116.3(3).

Figure 3. Molecular structure of compound 10c in the solid state.
Only one of two independent molecules in the asymmetric unit is
shown. H atoms are omitted for clarity. Displacement factors are
shown at the 30% probability level. Selected bond lengths [Å] and
angles [deg]: Rh1−C1 2.026(4), Rh1−C11 2.131(2), Rh1−C12
2.125(2), Rh1−C15 2.221(2), Rh1−C16 2.218(2), Rh1−Cl1
2.3780(6), O1−C2 1.216(3), N1−C2 1.404(3), N1−C1 1.375(3),
N2−C1 1.345(3), N2−C4 1.402(3), C2−C3 1.452(3), C3−C4
1.392(3); C1−Rh1−Cl1 87.27(6), N2−C1−N1 116.1(2).

Table 1. CO Streching Vibrations (CH2Cl2 solution) and δ
13C of the Carbene C Atom for Carbonyl Complexes 12, 13,
23, and 24

complex ligand ν(CO) (cm−1) δ 13C (ppm) TEP (cm−1)

12a 6a 2089, 2010 219 2060
12b 6b 2088, 2010 219 2059
12c 6c 2089, 2012 213 2061
13a 6a 2075, 1994 210 2060
13b 6b 2075, 1993 210 2060
13c 6c 2075, 1995 213 2061
23a 18a 2075, 2003 198 2051
23b 18b 2075, 2002 214 2051
23c 18c 2082, 2005 208 2055
24a 18a 2062, 1986 201 2051
24b 18b 2071, 1989 218 2056
24c 18c 2070, 1989 208 2056
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spectra (152−153 ppm) of the cations 16a−c. Anion exchange
from halide to PF6

− did not significantly increase the solubility
of the cationic carbene precursors in organic solvents. Both
hexafluorophosphates 17 and halide derivatives 16 were used
for subsequent reactions.
Treatment of the amidinium salts 16a−c with NaHMDS in

THF at −80 °C led to the formation of the corresponding
carbenes 18a−c (Scheme 4), which were trapped by addition of
S8 or selenium to give the corresponding heteroureas 19 and 20
in good yield after standard workup. In the absence of trapping
reagents, formation of the carbenes 18 was evident from the
absence of the characteristic downfield signal for the C2H
proton of the precursor in the 1H NMR spectra recorded at
−80 °C. However, the free carbenes 18 turned out to be
extremely moisture sensitive and were hydrolyzed much faster
than a 13C NMR spectrum could be recorded. The resulting
ring-opened N(o-aminobenzyl)formamide was identified by
NMR spectra and MALDI mass spectra. No indication of a
dimerization product was observed. NHC metal complexes
were then obtained as outlined above by reaction of the free
carbeneobtained in situ by precursor deprotonation with
KOtBu at −80 °Cwith [(COD)MCl]2 (M = Rh, Ir) in THF,
affording the COD derivatives [(COD)M(18)Cl] 21 and 22,
which were subsequently converted to the carbonyl complexes
23 and 24 in good yield (Scheme 4).
All COD complexes were purified by chromatography on

silica and completely characterized by NMR and mass
spectrometry because halide exchange at the metal center
from chloride to iodide or bromide (which were present from
the starting materials 16) prevented correct elemental analyses.
The protons of the CH2 group of the carbene ligand in
complexes 21 and 22 appeared to be diastereotopic, giving rise
to an AB pattern in the 1H NMR spectra. In the 13C NMR
spectra of the Rh complexes 21 the carbene carbon appeared as

doublets in the range from 208 to 215 ppm due to a 1JC−Rh
coupling of 42−46 Hz, while singlet resonances were obtained
in the case of the iridium complexes 22 between 203 and 206
ppm. All complexes were also identified in the ESI mass
spectra, where a base peak corresponding to the [M − X]
fragment was present.
The CO stretching vibrations recorded for the carbonyl

complexes 23 and 24 are listed in Table 1 together with the
corresponding TEP values calculated from these data. For the
amino−amido NHCs 6, the TEP values for the Rh (12) and Ir
(13) bound ligands are identical and the influence of the one N
substituent (a, b, c) is within a small range of 2 cm−1. A mean
TEP value of 2060 cm−1 is typical for mixed amino−amido
NHCs.3m,4 For the diamino NHCs 18 an average TEP of 2054
cm−1 is calculated, reflecting the increased donor capacity of
this NHC type. However, much more scattered individual
values are seen: for the same N-substituents, the TEP values
derived for Rh (23) and Ir (24) complexes differ by 3 cm−1,
and a difference of 5 cm−1 is noted when comparing N-Me and
N-Et derivatives 24a and 24b, respectively. While it is
comprehensible that the variation of substituents at both N
atoms of the heterocycleas is the case for carbenes 18has a
more pronounced effect on the donor properties of the carbene
than the permutation of only one N-substituent as in the case
of NHCs 6, a difference of 5 wavenumbers for the Me and Et
NHCs 18a and 18b, respectively, is certainly more than one
would expect for such a structural variation. Care should thus
be taken in order not to overestimate TEP values, especially if
they are obtained under nonidentical conditions.1c Interest-
ingly, Shi and co-workers reported IR data for complexes of
NHCs similar to 18 bearing different substituents on the N
atoms (e.g., iPr and Bz), which were recorded as KBr disks.6

Conversion of their CO stretching vibrations leads to TEP

Scheme 3. Preparation of Amidinium Salts 16 and 17

Scheme 4. Reactions of Carbenes 18

Organometallics Article

dx.doi.org/10.1021/om301152n | Organometallics 2013, 32, 854−861857



values around 2044 cm−1, well apart from our values, which
were recorded in dichloromethane solution.

■ CONCLUSION
Two six-ring NHC systems with benzo anellation are easily
accessible from convenient starting materials in high yield.
Assessment of the electronic properties of the new ligands by
means of IR spectroscopy reveals a higher donor capacity for
the diamino carbenes 18 compared to the mixed amino−amido
NHCs of type 6. Further studies concerning the reactivity and
potential applications especially of the latter type are currently
under way.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed with

standard Schlenk techniques in an oxygen-free dry nitrogen
atmosphere. Glassware was dried at 120 °C in an oven for at least
12 h. Solvents were dried and distilled under nitrogen by using
standard procedures. Diethyl ether and THF were distilled over
sodium/benzophenone, dichloromethane over CaH2, and n-hexane
over sodium. NMR spectra were recorded on a Bruker Avance DRX
200 and a Bruker Avance DRX 500 spectrometer. 1H and 13C{1H}
spectra are referenced to the residual solvent signal. Mass spectra were
recorded on a Thermo Finnigan Trace DSQ 7000 (EI), Ion Trap-API
mass spectrometer, and Bruker Ultraflex I TOF (MALDI). Elemental
analyses were recorded on a Perkin CHN 2400 series II. IR spectra
were obtained with a Shimadzu IR Affinity-1 spectrometer. Reagents
such as potassium tert-butoxide and NaHMDS (2 M in THF) were
purchased from Acros Organics and Sigma Aldrich and used as
received. [RhCl(COD)]2 and [IrCl(COD)]2 were synthesized
according to a literature procedure.13

Synthesis of Compound 3. A 50 mL Schlenk flask was charged
with anthranilic acid (8.2 g, 60 mmol, 1.0 equiv) and formamide (10.0
mL, 250 mmol, 4.2 equiv). The mixture was stirred for 3 h at 150 °C.
After 2 h a white precipitate formed. The solid was filtered off, washed
with 20 mL of diethyl ether and 20 mL of n-hexane, and subsequently
dried in vacuo to yield 5.70 g (65%) of 3 as a white powder. 1H NMR
(200 MHz, DMSO-d6): δ 10.36 (s, 1H, NH), 8.14 (m, 1H, Ar−CH),
8.08 (s, 1H, NCHN), 7.78 (m, 1H, Ar−CH), 7.67 (m, 1H, Ar−CH),
7.49 (m, 1H, Ar−CH). 13C NMR (126 MHz, DMSO-d6): δ 161.1 (s,
CO), 149.1 (aromatic C), 145.8 (s, NCHN), 135.0, 128.0, 127.1,
126.2, 123.0 (all aromatic C). MS (EI): m/z 146 [M]+. Anal. Calcd
(%) for C8H6N2O: C, 65.75; H, 4.14; N, 19.17. Found: C, 65.48; H,
4.38; N, 19.34.
Synthesis of Compound 4a. A suspension of 3 (1.00 g, 6.94

mmol, 1.0 equiv) and KOH (1.17 g, 20.8 mmol, 3 equiv) in 60 mL of
acetonitrile was stirred for 15 min at room temperature, and
iodomethane (0.48 mL, 7.6 mmol, 1.1 equiv) was added dropwise.
The resulting suspension was stirred for 4 h at 65 °C. After removing
the solvent in vacuo, the crude product was suspended in 20 mL of
H2O and 20 mL of CH2Cl2. The organic phase was washed three times
with 20 mL of H2O and dried over sodium sulfate, the combined
organic phases were evaporated in vacuo, and 4a was obtained as a
bright yellow solid (720 mg, 65%). 1H NMR (200 MHz, CDCl3): δ
8.36−8.31 (m, 1H, Ar−CH), 8.08 (s, 1H, NCHN), 7.83−7.69 (m, 2H,
Ar−CH), 7.57−7.49 (m, 1H, Ar−CH), 3.62 (s, 3H, CH3).

13C NMR
(126 MHz, CDCl3): δ 160.6 (s, CO), 147.3 (s, NCHN), 145.8,
133.2, 126. 4, 126.3, 125.5, 121.0 (all aromatic C), 33.1 (s, CH3). MS
(EI): m/z 160 [M]+. Spectral data were consistent with literature
values.
Synthesis of Compound 5a. A mixture of 4a (580 mg, 3.63

mmol, 1.0 equiv) and trimethyloxonium tetrafluoroborate (697 mg,
4.71 mmol, 1.3 equiv) in 30 mL of acetonitrile was stirred at room
temperature overnight. The solvent was removed in vacuo, and the
yellow crude product was dissolved in 5 mL of acetonitrile and treated
with 25 mL of diethyl ether. After a few minutes a white solid
precipitated and was filtered off, washed with 20 mL of diethyl ether,
and subsequently dried in vacuo to yield 780 mg (82%) of 5a as a

white solid. Single crystals of 5a were grown by slow evaporation from
acetonitrile/n-hexane. 1H NMR (200 MHz, DMSO-d6): δ 9.84 (s, 1H,
NCHN), 8.38−8.34 (m, 1H, Ar−CH), 8.22−8.15 (m, 1H, Ar−CH),
8.06−8.01 (m, 1H, Ar−CH), 7.92−7.85 (m, 1H, Ar−CH), 4.06 (s,
3H, CH3), 3.65 (s, 3H, CH3).

13C NMR (126 MHz, DMSO-d6): δ
158.1 (s, CO), 154.1 (s, NCHN), 138.0, 136.7, 129.9, 127.7, 119.3,
118.4 (all aromatic C), 40.1 (s, CH3), 35.8 (s, CH3). MS (MALDI):
m/z 176 [M − BF4]

+. Anal. Calcd (%) for C10H11BF4N2O: C, 45.84;
H, 4.23; N, 10.69. Found: C, 45.81; H, 4.34; N, 10.58.

Synthesis of Compound 5d. A 100 mL Schlenk flask was
charged with 4a (2.19 g, 13.7 mmol, 1.0 equiv) in 30 mL of diethyl
ether. After stirring for 15 min at room temperature, methyltriflate (2.0
mL, 17.79 mmol, 1.3 equiv) was added dropwise and the mixture was
stirred overnight. A white-yellow solid precipitated and was filtered,
washed with small portions of acetonitrile and diethyl ether, and
subsequently dried in vacuo to yield 3.63 g (82%) of 5d as a white
solid. 1H NMR (200 MHz, DMSO-d6): δ 9.88 (s, 1H, NCHN), 8.40−
7.38 (m 4H, Ar−CH), 4.09 (s, 3H CH3), 3.66 (s, 3H, CH3).

13C NMR
(126 MHz, DMSO-d6): δ 169.7 (CO), 160.8 (NCHN), 138.4,
137.2, 129.3, 128.1 (all aromatic C), 122.3 (q, CF3), 119.8, 118.9 (all
aromatic C), 40.1 (s, CH3), 35.8 (s, CH3). MS (MALDI): m/z 175 [M
− CF3SO3]

+. Anal. Calcd (%) for C11H11F3N2O4S·H2O: C, 39.64; H,
3.63; N, 8.41. Found: C, 39.56; H, 4.00; N, 8.47.

Synthesis of Compound 7a. A suspension of 5a (150 mg, 0.56
mmol, 1.0 equiv) and S8 (220 mg, 0.84 mmol, 1.5 equiv) in 20 mL of
THF was cooled to −80 °C, and NaHMDS (2 M in THF, 0.23 mL,
1.13 mmol, 2.0 equiv) was added dropwise. The resulting orange
solution was stirred for 10 min at −80 °C, the cooling bath was
removed, and the solution was allowed to warm to room temperature
within 2.5 h. After evaporation of all volatiles, the crude product was
dissolved in 20 mL of dichloromethane and filtered through a short
pad of Celite. The filtrate was evaporated, and the yellow solid was
purified by flash chromatography on aluminum oxide with dichloro-
methane as mobile phase. All volatiles were evaporated in vacuo, to
yield 7a as a white solid (57.7 mg, 50%). 1H NMR (200 MHz,
CDCl3): δ 8.30−8.25 (m 1H, Ar−CH), 7.78−7.70 (m, 1H, Ar−CH),
7.40−7.32 (m, 2H, Ar−CH), 4.17 (s, 3H CH3), 3.91 (s, 3H, CH3).
13C NMR (126 MHz, CDCl3): δ 178.3 (s, CS), 159.9 (s, CO),
141.2, 135.8, 129.4, 125.1, 117.5, 115.4 (all aromatic C), 39.4 (s, CH3),
36.4 (s, CH3). MS (EI): m/z 206 [M]+. Spectral data were consistent
with literature values.

Synthesis of Compound 8a. A suspension of 5a (300 mg, 1.15
mmol, 1.0 equiv) and Se (132.2 mg, 1.72 mmol, 1.5 equiv) in 20 mL
of THF was cooled to −80 °C, and NaHMDS (2 M in THF, 0.35 mL,
1.72 mmol, 1.5 equiv) was added dropwise. The resulting gray solution
was stirred for 10 min at −80 °C, the cooling bath was removed, and
the solution was allowed to warm to room temperature within 2.5 h.
After evaporation of all volatiles, the crude product was dissolved in 10
mL of CH2Cl2 and filtered through a short pad of Celite. The filtrate
was treated with 20 mL of n-hexane and subsequently dried in vacuo
to yield 174.5 mg (65%) of 8a as a white powder. 1H NMR (200 MHz,
CDCl3): δ 8.34−8.29 (m 1H, Ar−CH), 7.84−7.75 (m, 1H, Ar−CH),
7.50−7.42 (m, 2H, Ar−CH), 4.38 (s, 3H CH3), 4.09 (s, 3H, CH3).
13C NMR (126 MHz, CDCl3): δ 181.2 (s, CSe), 159.0 (s, CO),
141.2, 136.0, 129.5, 126.7, 117.8, 115.9 (all aromatic C), 43.5 (s, CH3),
40.1 (s, CH3). GC/MS (EI): m/z = 254 [M]+. Anal. Calcd (%) for
C10H10N2OSe: C, 47.44; H, 3.98; N, 11.07. Found: C, 48.06; H, 4.36;
N, 10.84.

Synthesis of cis/trans-Olefin (9a). To a suspension of 5d (240
mg, 0.74 mmol, 1.0 equiv) at 25 °C in 20 mL of THF was added
NaHMDS (2 M in THF, 0.18 mL, 0.89 mmol, 1.2 equiv) dropwise.
After 25 min at 25 °C the clear yellow solution was dried in vacuo and
the yellow crude product was washed with 20 mL of n-hexane and 20
mL of diethyl ether to give 9 as a colorless solid (183 mg, 71%). cis-
Isomer: 1H NMR (200 MHz, CDCl3): δ 8.02 (m, 2H, Ar−H), 7.52−
7.41 (m, 2H, Ar−H), 7.09−6.90 (4H, Ar−H), 3.26 (s, 6H, CH3), 3.16
(s, 6H, CH3).

13C NMR (126 MHz, CDCl3): δ 163.8 (CO), 147.2,
134.0, 129.4, 127.0, 121.3, 119.7, 115.5, 40.0 (s, CH3), 34.6. trans-
Isomer: 1H NMR (200 MHz, CDCl3): δ 8.02 (m, 2H, Ar−CH), 7.47
(m, 2H, Ar−CH), 7.09−6.90 (m, 4H, Ar−H), 3.22 (s, 6H, CH3), 3.14
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(s, 6H, CH3).
13C NMR (126 MHz, CDCl3): δ 164.1 (CO), 147.1,

134.0, 129.2, 127.0, 120.7, 119.21, 114.53, 39.4 (s, CH3), 34.5 (s,
CH3). MS (MALDI): m/z 348 [M]+. HRMS (ESI): [M + H+]+ calcd
for C20H21N4O2 349.41250, found 349.1659.
Synthesis of Complex 10a. A 50 mL Schlenk flask was charged

with 5a (250 mg, 0.95 mmol, 1.0 equiv), KOtBu (117.3 mg, 1.05
mmol, 1.1 equiv), and [(Rh(COD)Cl)]2 (233.7 mg, 0.47 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 10 min at −80
°C 20 mL of THF was added dropwise with vigorous stirring. The
mixture was stirred for 15 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The resulting brown solution was evaporated to
dryness in vacuo, and the crude product was purified by flash
chromatography on silica gel 60 with THF as mobile phase. All
volatiles were evaporated in vacuo to yield 10a as a yellow solid (320
mg, 80%). Single crystals of 10a were grown by slow evaporation from
CH2Cl2/diethyl ether.

1H NMR (200 MHz, CDCl3): δ 8.33−8.29 (m,
1H, Ar−CH), 7.82−7.78 (m, 1H, Ar−CH), 7.55−7.44 (m, 2H Ar−
CH), 5.19 (br s, 2H, CH COD), 4.96 (s, 3H, CH3), 4.65 (s, 3H, CH3),
3.39 (br s, 2H, CHCOD), 2.51 (m, 4H, CH2 COD), 2.05 (m, 4H,
CH2 COD).

13C NMR (126 MHz, CDCl3): δ 219.4 (d,
1JRhC = 50.3 Hz,

NCN), 158.7 (s, CO), 140.7, 135.4, 129.0, 126.9, 118.5, 115.3 (all
aromatic C), 100.4 (d, JRhC = 6.3 Hz, CHCOD), 100.1 (d, JRhC = 6.3 Hz,
CHCOD), 71.0 (d, JRhC = 13.8 Hz, CHCOD), 70.6 (d, JRhC = 13.8 Hz,
CHCOD), 44.7 (s, CH3), 40.8 (s, CH3), 33.2 (s, CH2 COD), 32.6 (s,
CH2 COD), 29.3 (s, CH2 COD), 29.0 (s, CH2 COD). MS (MALDI): m/z
420 [M]+. Anal. Calcd (%) for C18H22ClN2ORh·0.5CH2Cl2: C, 47.97;
H, 5.00; N, 6.05. Found: C, 47.48; H, 4.74; N, 6.10.
Synthesis Complex 11a. A 50 mL Schlenk flask was charged with

5a (154 mg, 0.59 mmol, 1.0 equiv), KOtBu (73 mg, 0.65 mmol, 1.1
equiv), and [(Ir(COD)Cl)]2 (197 mg, 0.29 mmol, 0.5 equiv). The
solid mixture was cooled to −80 °C. After 10 min at −80 °C 20 mL of
THF was added dropwise with vigorous stirring. The mixture was
stirred for 15 min at −80 °C, the cooling bath was removed, and the
suspension was warmed to room temperature and stirred overnight.
The solvent was removed in vacuo, and the red crude product was
purified by flash chromatography on silica gel 60 with diethyl ether/
CH2Cl2 as mobile phase. All volatiles were evaporated in vacuo to yield
11a as bright yellow solid (250 mg, 83%). 1H NMR (200 MHz,
CDCl3): δ 8.36−8.31 (m, 1H, Ar−CH), 7.83−7.79 (m, 1H, Ar−CH),
7.56−7.46 (m, 2H Ar−CH), 4.84 (br s, 2H, CHCOD), 4.76 (s, 3H,
CH3), 4.44 (s, 3H, CH3), 3.00 (br s, 2H, CHCOD), 2.31 (m, 4H,
CH2 COD), 1.87 (m, 4H, CH2 COD).

13C NMR (126 MHz, CDCl3): δ
210.7 (s, NCN), 159.8 (s, CO), 141.5, 135.5, 129.0, 126.7, 118.4,
115.4 (all aromatic C), 87.2 (s, CHCOD), 86.8 (s, CHCOD), 54.9 (s,
CHCOD), 54.5 (s, CHCOD), 44.1 (s, CH3), 40.3 (s, CH3), 33.8 (s,
CH2 COD), 33.2 (s, CH2 COD), 29.8 (s, CH2 COD), 29.5 (s, CH2 COD).
MS (MALDI): m/z 510 [M − Cl]+. Anal. Calcd (%) for
C18H22ClIrN2O: C, 42.39; H, 4.35; N, 5.49. Found: C, 42.29; H,
4.31; N, 5.28.
General Synthesis of Dicarbonylhalogenido-Rhodium/Iridi-

um Complexes 12a and 13a. CO was bubbled into a stirred
solution of complex 10a or 11a (100 mg) in CH2Cl2 (5 mL) for 5 min
at room temerature. All volatiles were removed in vacuo, and the
residue was washed with 5 mL of n-hexane. 12a and 13a were obtained
as solids, which were characterized by IR, NMR, and MS spectrometry.
The carbonyl complexes were too sensitive to provide correct
elemental analyses.
Complex 12a. Yield: bright yellow solid (76.0 mg, 84%). 1H NMR

(500 MHz, CDCl3): δ 8.21−8.19 (m, 1H, Ar−CH), 7.73−7.70 (m,
1H, Ar−CH), 7.48−7.36 (m, 2H Ar−CH), 4.85 (s, 3H, CH3), 4.54 (s,
3H, CH3).

13C NMR (126 MHz, CDCl3): δ 218.0 (d, JRhC = 49.1 Hz,
NCN), 184.5 (d, JRhC = 54.4 Hz, CO), 180.8 (d, JRhC = 75.2 Hz, CO),
157.4 (s, NCO), 134.6, 127.7, 127.5, 125.5, 114.8, 113.9 (all aromatic
C), 43.3 (s, CH3), 39.4 (s, CH3). MS (ESI): m/z 368 [M − 2CO]+. IR
(CH2Cl2): ν 2089 (CO), 2010 (CO), 1693 (NCON) cm−1.
Complex 13a. Yield: bright yellow solid (80.0 mg, 87%). 1H NMR

(500 MHz, CDCl3): δ 8.40−8.38 (m, 1H, Ar−CH), 7.91−7.89 (m,
1H, Ar−CH), 7.65−7.56 (m, 2H Ar−CH), 4.54 (s, 3H, CH3), 4.21 (s,
3H, CH3).

13C NMR (126 MHz, CDCl3): δ 198.8 (s, NCN), 178.2 (s,

CO), 166.3 (s, CO), 157.9 (s, CO), 139.5 134.7, 127.9, 126.9, 117.7,
115.0 (all aromatic C), 44.0 (s, CH3), 39.8 (s, CH3). IR (CH2Cl2): ν
(CH2Cl2) 2075 (CO), 1994 (CO), 1701 (NCON) cm−1.

Synthesis of Compound 16a. A 100 mL Schlenk flask was
charged with 15 (1.69 g, 12.9 mmol, 1.0 equiv) and KOtBu (1.59 g,
14.2 mmol, 1.1 equiv) in 60 mL of acetonitrile. Iodomethane (1.61
mL, 25.8 mmol, 2.0 equiv) was added dropwise, and the yellow
solution was stirred for 4 h at 80 °C. After removing the solvent in
vacuo, the crude product was suspended in 5 mL of acetonitrile and
treated with 25 mL of diethyl ether. Directly a white solid precipitated
and was filtered, washed with 20 mL of diethyl ether, and subsequently
dried in vacuo to yield 3.40 g (91%) of 16a as a white powder. 1H
NMR (200 MHz, DMSO-d6): δ 8.73 (s, 1H, NCHN), 7.37−7.24 (m,
4H, Ar−CH), 4.83 (s, 2H, Ph−CH2), 3.46 (s, 3H, CH3), 3.24 (s, 3H,
CH3).

13C NMR (126 MHz, DMSO-d6): δ 153.1 (s, NCHN), 132.2,
129.5, 127.8, 127.1, 118.9, 115.6 (all aromatic C), 48.5 (s, Ph−CH2),
41.9 (s, CH3), 37.8 (s, CH3). MS (MALDI): m/z 162 [M − I]+.
HRMS (ESI): [M − I]+ calcd for C10H13N2 161.10732, found
161.10732.

Synthesis of Compound 17a. A solution of 16a (666.1 mg, 2.31
mmol, 1.0 equiv) in H2O (20 mL) was cooled to 0 °C. Ammonium
hexafluorophosphate (570.1 mg, 3.5 mmol, 1.5 equiv) was added in
small portions with vigorous stirring. Immediately a white solid
precipitated, and the suspension was stirred for 15 min at 0 °C. The
white solid was filtered off, washed with 10 mL of diethyl ether and 10
mL of n-hexane, and subsequently dried in vacuo to yield 694.8 mg
(98%) of 16a. 1H NMR (200 MHz, DMSO-d6): δ 8.51 (s, 1H,
NCHN), 7.46−7.20 (m, 4H, Ar−CH), 4.79 (s, 2H, PH−CH2), 3.45
(s, 3H, CH3), 3.22 (s, 3H, CH3).

31P{1H} NMR (81 MHz, DMSO-
d6): δ −142.95 (sept, JPF = 711.3 Hz, PF6

−). 13C NMR (126 MHz,
DMSO-d6): δ 153.2 (s, NCHN), 132.1, 129.5, 127.9, 127.1, 118.8,
115.5 (all aromatic C), 48.3 (s, Ph−CH2), 41.9 (s, CH3), 37.7 (s,
CH3). MS (MALDI): m/z 161 [M − PF6]

+. Anal. Calcd (%) for
C10H13F6N2P·H2O: C, 37.05; H, 4.66; N, 8.64. Found: C, 36.68; H,
4.18; N, 8.67.

Synthesis of Compound 19a. A suspension of 16a (250 mg, 0.86
mmol, 1.0 equiv) and S8 (41.2 mg, 1.29 mmol, 1.5 equiv) in 20 mL of
THF was cooled to −80 °C, and NaHMDS (2 M in THF, 0.35 mL,
1.72 mmol, 2.0 equiv) was added dropwise. The resulting orange
solution was stirred for 10 min at −80 °C, the cooling bath was
removed, and the solution was allowed to warm to room temperature
within 2.5 h. After evaporation of all volatiles, the orange crude
product was purified by flash chromatography (Al2O3, diethyl ether
100%). All volatiles were evaporated in vacuo and yielded 19a as a
white solid (79.6 mg, 47%). 1H NMR (200 MHz, CDCl3): δ 7.38−
7.32 (m, 1H, Ar−CH), 7.14−7.11 (m, 2H, Ar−CH), 7.02−6.98 (m,
1H, Ar−CH), 4.47 (s, 2H, Ph−CH2), 3.81 (s, 3H, CH3), 3.55 (s, 3H,
CH3).

13C NMR (126 MHz, CDCl3): δ 179.72 (s, CS), 137.40,
127.59, 124.06, 122.63, 119.77, 112.89 (all aromatic C), 50.36 (s, Ph−
CH2), 42.27 (s, CH3), 36.95 (s, CH3). GC/MS (EI): m/z 192 [M]+.
Anal. Calcd (%) for C10H12N2S: C, 62.46; H, 6.29; N, 14.57; S, 16.68.
Found: C, 62.28; H, 6.22; N, 14.36; S, 16.41.

Synthesis of Compound 20a. A suspension of 16a (300 mg, 1.04
mmol, 1.0 equiv) and selenium (106.7 mg, 1.35 mmol, 1.3 equiv) in 20
mL of THF was cooled to −80 °C, and NaHMDS (2 M in THF, 0.32
mL, 1.56 mmol, 1.5 equiv) was added dropwise. The resulting gray
solution was stirred for 10 min at −80 °C, the cooling bath was
removed, and the solution was allowed to warm to room temperature
within 2.5 h. After evaporation of all volatiles, the crude product was
taken up in 20 mL of dichloromethane and filtered through a short pad
of Celite. The filtrate was evaporated, taken up in 5 mL of
dichloromethane, precipitated in 10 mL of n-hexane, and subsequently
dried in vacuo to yield 200 mg (80%) of 6a as a white powder. 1H
NMR (200 MHz, CDCl3): δ 7.41−7.33 (m, 1H, Ar−CH), 7.21−7.03
(m, 3H, Ar−CH), 4.49 (s, 2H, Ph−CH2), 3.94 (s, 3H, CH3), 3.68 (s,
3H,CH3).

13C NMR (126 MHz, CDCl3): δ 180.1 (s, CSe), 136.4,
127.8, 124.2, 123.3, 113.0, 50.3 (all aromatic C), 45.6 (s, Ph−CH2),
40.4 (s, CH3), 29.9 (s, CH3). GC/MS (EI): m/z 240 [M]+. Anal.
Calcd (%) for C10H12N2Se·H2O: C, 46.60; H, 5.49; N, 10.89. Found:
C, 46.49; H, 5.18; N, 9.38.
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Synthesis of Complex 21a. A 50 mL Schlenk flask was charged
with 16a (290 mg, 1.01 mmol, 1.0 equiv), KOtBu (124.5 mg, 1.11
mmol, 1.1 equiv), and [(Rh(COD)Cl)]2 (245 mg, 0.5 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 10 min at −80
°C 20 mL of THF was added dropwise with vigorous stirring. The
mixture was stirred for 15 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The resulting brown solution was evaporated to
dryness in vacuo, the crude product was taken up in 5 mL of
dichloromethane, the reagent was precipitated in 30 mL of n-hexane,
and the solution was dried in vacuo to yield 264 mg (52%) of 21a as a
green-yellow solid. 1H NMR (500 MHz, CDCl3): δ 7.25−6.92 (m,
4H, Ar−CH), 5.15 (br s, 2H, CH COD), 4.36 (d, 1H, J = 15.0 Hz, Ph−
CH2), 4.29 (d, 1H, J = 10.0 Hz, Ph−CH2), 4.26 (s, 3H, CH3), 3.92 (s,
3H, CH3), 3.49 (br s, 2H, CHCOD), 2.31 (m, 4H, CH2 COD), 1.85 (m,
4H, CH2 COD).

13C NMR (126 MHz, CDCl3): δ 210.3 (d,
1JRhC = 45.3

Hz, NCN), 134.1, 127.6, 124.7, 123.3, 118.7, 111.6 (all aromatic C),
94.5 (d, JRhC = 7.5 Hz, CHCOD), 94.39 (d, JRhC = 7.5 Hz, CHCOD),
71.51 (d, JRhC = 13.8 Hz, CHCOD), 71.3 (d, JRhC = 15.09 Hz, CHCOD),
49.1 (s, Ph−CH2), 45.1 (s, CH3), 40.5 (s, CH3), 31.1 (s, CH2 COD),
30.9 (s, CH2 COD), 28.5 (s, CH2 COD), 28.4 (s, CH2 COD). MS
(MALDI): m/z 498 [M − I]+. Halide exchange at the metal center
from chloride to iodide prevented correct elemental analyses.
Synthesis of Complex 22a. A 50 mL Schlenk flask was charged

with 16a (250 mg, 0.86 mmol, 1.0 equiv), KOtBu (106 mg, 0.95
mmol, 1.1 equiv), and [(Ir(COD)Cl)]2 (289 mg, 0.43 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 10 min at −80
°C 20 mL of THF was added dropwise with vigorous stirring. The
mixture was stirred for 15 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The solvent was removed in vacuo, and the red
crude product was purified by flash chromatography on silica gel 60
with n-hexane/diethyl ether as mobile phase. All volatiles were
evaporated in vacuo and yielded 22a as a red solid (329 mg, 65%). 1H
NMR (200 MHz, CDCl3): δ 7.88−7.01 (m, 4H, Ar−CH), 4.78 (br s,
2H, CHCOD), 4.48 (d, 2H, J = 6.8 Hz, Ph−CH2), 4.12 (s, 3H, CH3),
3.80 (s, 3H, CH3), 3.08 (br s, 2H, CHCOD), 2.21 (m, 4H, CH2 COD),
1.83 (m, 4H CH2 COD).

13C NMR (126 MHz, CDCl3): δ 203.2 (s,
NCN), 129.3, 128.3, 126.5, 125.8, 123.3, 116.8 (all aromatic C), 79.5
(s, CHCOD), 65.4 (s, CHCOD), 59.5 (s, Ph−CH2), 36.1 (s, CH3), 35.6
(s, CH3), 31.3 (s, CH2 COD), 30.9 (s, CH2 COD), 29.8 (s, CH2 COD),
28.6 (s, CH2 COD). MS (MALDI): m/z 588 [M − I]+. Halide exchange
at the metal center from chloride to iodide prevented correct
elemental analyses.
General Synthesis of Dicarbonylhalogenido-Rhodium/Iridi-

um Complexes 23a and 24a. The carbonyl complexes 23a and 24a
were prepared according to the protocol described above for the
synthesis of complexes 12a and 13a. Due to slow decomposition, no
elemental analyses could be obtained. The complexes were
characterized by IR and NMR spectroscopy.
Complex 23a. Yield: red-orange solid (50 mg, 84%). 1H NMR (500

MHz, CDCl3): δ 7.33−7.02 (m, 4H, Ar−CH), 4.52 (q, 2H, J = 14.8
Hz, PH−CH2), 3.86 (s, 3H, CH3), 3.56 (s, 3H, CH3).

13C NMR (126
MHz, CDCl3): δ 198.2 (d, JRhC = 37.7 Hz, NCN), 186.6 (d, JRhC =
52.8 Hz, CO), 180.3 (d, JRhC = 79.2 Hz, CO), 161.8 (s, CO), 133.7,
128.0, 124.9, 124.4, 118.3, 112.3 (all aromatic C), 49.4 (s, Ph−CH2),
45.4 (s, CH3), 40.9 (s, CH3). IR (CH2Cl2): ν 2075 (CO), 2003 cm−1

(CO).
Complex 24a. Yield: dark red solid (60 mg, 79%). 1H NMR (500

MHz, CDCl3): δ 7.75−6.97 (m, 4H, Ar−CH), 4.52 (m, 2H, Ph−
CH2), 3.78 (s, 3H, CH3), 3.49 (s, 3H, CH3).

13C NMR (126 MHz,
CDCl3): δ 200.8 (s, NCN), 179.7 (s, CO), 179.6 (s, CO), 166.3 (s,
NCO), 129.3, 128.3, 126.5, 125.8, 124.9, 116.8 (all aromatic C), 49.9
(s, Ph−CH2), 45.0 (s, CH3), 40.5 (s, CH3). IR (CH2Cl2): ν 2062
(CO), 1986 cm−1 (CO).
Crystal Structure Determinations. A colorless plate (0.42 mm ×

0.39 mm × 0.08 mm) of 5a-[BF4], a yellow prism (0.30 mm × 0.30
mm × 0.10 mm) of 10a, and a yellow prism (0.15 mm × 0.10 mm ×
0.07 mm) of 10c suitable for X-ray study were selected by means of a
polarization microscope and investigated at 291 K with a STOE

imaging plate diffraction system (5a-[BF4]) and an Oxford Diffraction
Excalibur diffractometer, respectively, using graphite-monochromat-
ized Mo Kα radiation (λ = 0.71073 Å). Unit cell parameters were
determined by least-squares refinements on the positions of 3066, 17
838, and 9818 reflections, respectively. For 5a-[BF4], the monoclinic
crystal system and systematic absences are consistent with space group
types P21 and P21/m. In accordance with E-statistics significantly
better results were observed in the centrosymmetric type P21/m in the
course of structure refinement, taking into account a structural model
with a 1:1 disorder of the tetrafluoroborate anion. For 10a, the
monoclinic crystal system and systematic absences are consistent with
space group types Cc and C2/c. The latter proved to be the right
choice in the course of structure refinement. Corrections for Lorentz
and polarization effects and multiscan absorption corrections in the
case of 10a (Tmin = 0.402, Tmax = 0.613) and 10c (Tmin = 0.768, Tmax =
1.000) were applied. The structures were solved by direct methods14

and subsequent ΔF syntheses. Approximate positions of all the
hydrogen atoms were found in different stages of converging
refinements by full-matrix least-squares calculations15 on F2 (max.
shift/s.u. = 0.001 in each case). Selected crystallographic data are
shown in Table S1. Anisotropic displacement parameters were refined
for all atoms heavier than hydrogen. With idealized bonds lengths and
angles assumed for all the CH, CH2, and CH3 groups, the riding model
was applied for the corresponding H atoms and their isotropic
displacement parameters were constrained to 120%, 120%, and 150%
of the equivalent isotropic displacement parameters of the parent
carbon atoms, respectively. In addition, the H atoms of the CH3
groups were allowed to rotate around the neighboring C−C bonds.
The disordered anion of 5a-[BF4] was treated as rigid groups with
idealized geometry. Appropriate anisotropic displacement restraints
had to be applied for its atoms. CCDC-912080 (5a-[BF4]), CCDC-
912081 (10a), and CCDC-912588 (10c) contain the supplementary
crystallographic data (excluding structure factors) for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT: The synthesis of the new mixed amino−amido N-
heterocyclic carbene 2, featuring a hypoxanthine structural unit, starting
from caffeine via the hypoxanthinium precursor 4 is described. NHC 2
forms adducts with group 6 elements, coordinates to L2ClRh fragments
(L2 = COD, (CO)2), or dimerizes to yield olefin 8. The donor
properties of NHC 2 were evaluated by IR spectroscopic assessment of
its TEP value (2058 cm−1), which is typical for an amino−amido NHC.
Dicarbenes are also easily obtained by converting the imidazole moieties of the hypoxanthinium cation 4 or the olefin 8 into
NHC functions. X-ray structure determinations of a Rh complex of carbene 2 and the olefinic dicarbene precursor 13 are
presented.

■ INTRODUCTION

Since the isolation of the first stable N-heterocyclic carbene
(NHC) by Arduengo in 1991, the diamino substitution as
present in imidazole derivatives and other 1,3-diaza hetero-
cycles has played a major role in the stabilization of the carbene
center. The development of new backbone structures
implementing new reactivity patterns is an area of intense
current research.1 For example, the recent development of
diamidocarbenes has extended the range of electronic proper-
ties of NHCs considerably, which were shown to exhibit
unusual reactivities such as addition to olefins leading to
cyclopropanes or insertion into a variety of σ bonds.2 Not
surprisingly, mixed amido−amino NHCs3 feature electronic
properties and reactivities intermediate between those of the
parent diamino and diamido systems, respectively. In
continuation of our investigations into such mixed carbenes,
we report here our preliminary results obtained for NHCs
derived from hypoxanthine. The use of caffeine for the
preparation of a diamino NHC by modification of the
imidazole ring, i.e. caffeine-8-ylidene 1 (Scheme 1), dates
back to early work by Taube (1975)4 and Beck (1976)5 and
was later systematically investigated by Herrmann6 and other
groups.7 In contrast, the closely related hypoxanthine system
should provide access to a mixed amido−amino NHC. Indeed,

Wanzlick suggested the hypoxanthine-2-ylidene 2 (Scheme 1)
as a reaction intermediate as early as 1969,8 but no reports on
the chemistry of carbenes of this type have been published
since then.

■ RESULTS AND DISCUSSION

The NHC precursor 1,3,7-trimethylhypoxanthinium nitrate 4
was synthesized in two steps starting from caffeine 3 according
to a protocol reported by Wanzlick, which involves initial
hydrolytic cleavage of the urea fragment of caffeine9 and
subsequent ring closure with triethyl orthoformate (Scheme 2).

Received: August 29, 2012
Published: October 10, 2012

Scheme 1. NHCs Related to Caffeine (1) and Hypoxanthine
(2)

Scheme 2. Syntheses of Compounds 2 and 4−6a

aReagents and conditions: (a) (1) aqueous NaOH, room temperature,
24 h, then concentrated HNO3, 2 h, 43%, (2) HC(OEt)3 (neat), 110
°C, 1.5 h, 77%; (b) NaHMDS, THF, −80 °C, 15 min; (c) S8 or Se,
THF, −80 °C to room temperature, 1.5 h, ca. 60%.
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Cation 4 has the amidinium motif incorporated within the six-
membered ring and displays a characteristic 1H NMR signal at
9.82 ppm in DMSO-d6 for the relevant proton. If a better
solubility in organic solvents such as CH2Cl2 and THF is
required for subsequent reactions, the hexafluorophosphate salt
5 can be obtained from nitrate 4 by a simple anion exchange
with NH4PF6 in water.
Treatment of precursor 4 with sodium bis(trimethylsilyl)-

amide (NaHMDS) in THF at −80 °C leads to the neutral
mixed amino−amido carbene 2, which could be trapped by the
addition of elemental sulfur or selenium, resulting in thiourea 6
or the analogous selenide 7 in good yield after workup.
However, carbene 2 is not stable at ambient temperature.
Instead, when a solution of carbene 2, prepared in situ at −80
°C, was warmed to room temperature, the olefin 8 was
obtained in 87% yield as a white crystalline solid as the result of
a carbene dimerization (Scheme 3). Two signal sets in the 1H

and 13C NMR spectra indicated that olefin 8 was formed as a
1:1 mixture of cis and trans isomers. Resonances for the olefinic
C atoms were detected at 128.6 and 128.5 ppm, respectively.
NHC 2 could also be obtained by deprotonation of cation 4

with KOtBu and reacted cleanly with [(COD)MCl]2 (M = Rh,
Ir) to afford the complexes [(COD)M(2)Cl] (9 and 10) in
good yield (Scheme 4). The structure of Rh complex 9 was

determined by X-ray diffraction (Figure 1).10 Bond lengths and
angles around the Rh atom are within the range usually
observed for Cl(COD)Rh−NHC complexes.1b,d,11 The differ-
ence in the C−N bond lengths to the carbene C atom (C1−N1
= 1.370(4) Å, C1−N2 = 1.347(4) Å) is smaller than for other
mixed amino−amido NHC complexes.3d,e The purine skeleton
is essentially planar.
Exposure of complexes 9 and 10 to gaseous CO in CH2Cl2

led to a release of the COD ligand and concomitant formation
of the corresponding dicarbonyl complexes 11 and 12, which
were examined by IR spectroscopy. Employing a relation
established by Nolan and Plenio,1b,11,12 a TEP parameter of
2058 cm−1 was calculated from the IR carbonyl stretching
vibrations, which classifies carbene 2 as less electron donating

in comparison to diaminocarbenes. The TEP value is in accord
with other mixed amino−amido NHCs.3a,e

Next, we decided to examine if the imidazole rings of the
neutral carbene dimerization product 8 could be transformed
into NHC functions. Thus, alkylation at the unsubstituted N
atoms proceeded straightforwardly with Meerwein salt
(Me3OBF4) in acetonitrile to afford the bis(imidazolium)
derivatives 13 in good yield. Interestingly, the trans isomer
precipitates selectively from the reaction mixture, while the cis
isomer remains in solution. Upon slowly cooling a diluted
warm acetonitrile solution, crystals of the tetrafluoroborate salt
of the trans isomer of 13 were obtained and investigated by X-
ray diffraction (Figure 2).10,13 The dication is located on an

inversion center in the monoclinic space group P21/c. The
central N2CCN2 fragment is almost planar (torsion angle
N1−C1−C1a−N2a = 3.3(2)°). Both purine units are also
essentially planar, with the exception of the olefinic C atom C1,
which is located 49.1(1) pm above the best plane defined by
the atoms N1, C2, C3, C4, and N2.14 The geometry around the
amido type nitrogen N1 is essentially planar (sum of angles
359.9(1)°), while a significant pyramidalization is observed for
N2 (sum of angles 349.9(1)°).

Scheme 3. Formation of Dimerization Product 8

Scheme 4. Syntheses of Complexes 9−12a

aReagents and conditions: (a) [(COD)MCl]2 (0.5 equiv), THF,
−80°C to room temperature, 24 h; (b) CO, CH2Cl2, room
temperature, 10 min.

Figure 1. Molecular structure of complex 9 in the solid state. H atoms
are omitted for clarity. Displacement factors are shown at the 30%
probability level. Selected bond lengths (Å) and angles (deg): Rh1−
C1 = 2.025(3), Rh1−C13 = 2.106(3), Rh1−C14 = 2.118(4), Rh1−C9
= 2.174(4), Rh1−C10 = 2.212(4), Rh1−Cl1 = 2.3810(11), O1−C2 =
1.219(4), N1−C1 = 1.370(4), N1−C2 = 1.431(4), N2−C1 =
1.347(4), N2−C4 = 1.387(4), N3−C5 = 1.343(4), N3−C3 =
1.377(4), N4−C5 = 1.344(4), N4−C4 = 1.348(4), C2−C3 =
1.417(4), C3−C4 = 1.358(4), C9−C10 = 1.366(6), C13−C14 =
1.388(5); C1−Rh1−Cl1 = 86.50(9), C1−N1−C2 = 128.1(2), C1−
N2−C4 = 120.0(3), C5−N3−C3 = 105.4(2), C5−N4−C4 =
102.4(3), N2−C1−N1 = 116.8(3), C3−C2−N1 = 110.3(2), N3−
C5−N4 = 113.8(3).

Figure 2. Molecular structure of dication trans-13 in the crystal of
trans-13[BF4]2. All H atoms are omitted for clarity. Displacement
factors are shown at the 30% probability level. Selected bond lengths
(Å) and angles (deg): O1−C2 = 1.2238(13), N1−C2 = 1.3797(14),
N1−C1 = 1.4259(12), N2−C4 = 1.3734(14), N2−C1 = 1.4286(14),
N3−C5 = 1.3118(17), N3−C3 = 1.3841(15), N4−C5 = 1.3417(16),
N4−C4 = 1.3773(15), C1−C1a = 1.332(2); N1−C1−N2 =
116.65(9), N3−C5−N4 = 110.54(11).
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Deprotonation of the dicationic carbene precursor trans-13
with KOtBu in THF at −80 °C cleanly resulted in the
formation of the bis-NHC derivative 14, which was trapped by
addition of [(COD)RhCl]2, resulting in the bis-Rh complex 15
(Scheme 5), which was characterized by MALDI-MS and 1H

and 13C NMR spectroscopy. The bis(dicarbonyl) derivative 16
formed upon exposure of complex 15 to CO and allowed the
TEP parameter of 2057 cm−1 to be determined for the bis-
NHC ligand 14 by IR spectroscopy.
Finally, the synthesis of the hypoxanthine-based dication 17

was envisaged. Treatment of monocation 4 with a mixture of
MeOTf and Me3OBF4 under microwave irradiation afforded
the dication 17 in good yield. Subsequent deprotonation with
NaHMDS at low temperature resulted in the formation of the
dicarbene 18, which was trapped by reaction with selenium to
afford the bis-selenide 19 (Scheme 6). Several bis-carbenes

have been described in the literature for the formation of
dinuclear metal complexes,15 for the assembly of macrocyclic
metal complexes,16 and as precursors for polymeric materials,17

respectively.

■ CONCLUSION
In conclusion, a series of new NHCs is available starting from
caffeine by simple manipulations via the hypoxanthinium
derivate 4, which serves as a precursor either for the amino−
amido NHC 2 orafter being converted to the dication 17
for the bis-NHC 18. While carbene 2 can be trapped with
electrophiles, it dimerizes to give olefin 8 in the absence of

suitable reagents. The imidazole moieties in dimer 8 again
provide access to the bis-NHC complex 14 by an alkylation/
deprotonation sequence. The use of dicationic precursors to
derive heterobimetallic carbene complexes is currently under
investigation.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed with

standard Schlenk techniques in an oxygen-free, dry nitrogen
atmosphere. Solvents were dried and distilled under nitrogen by
using standard procedures. Diethyl ether and THF were distilled over
sodium/benzophenone, dichloromethane was distilled, over CaH2, and
n-hexane was distilled over sodium. NMR spectra were recorded on a
Bruker Avance DRX 200 and a Bruker Avance DRX 500 spectrometer.
1H and 13C{1H} spectra are referenced to the residual solvent signal.
Mass spectra were recorded on a Thermo Finnigan Trace DSQ 7000
(EI) and Bruker Ultraflex I TOF (MALDI). Elemental analyses were
recorded on a Perkin CHN 2400 series II instrument. IR spectra were
obtained with a Shimadzu IR Affinity-1 spectrometer. Reagents such as
KOtBu and NaHMDS (2 M in THF) were purchased from Acros
Organics and Sigma Aldrich and used as received. [RhCl(COD)]2 and
[IrCl(COD)]2 were synthesized according to a literature procedure.

Synthesis of Caffeidine Nitrate.9 To a stirred solution of sodium
hydroxide (1 N, 40 mL) was added caffeine (2 g, 10.3 mmol). The
white suspension was stirred for 24 h at room temperature, resulting in
a colorless solution. After 24 h 6 mL of concentrated nitric acid (65%)
was added dropwise to the cooled reaction mixture. After additional
stirring for 2 h the white precipitate was filtered off, washed with 3 ×
10 mL of water, and subsequently dried in vacuo to yield 1.02 g (4.41
mmol, 43%) of the product as a colorless crystalline powder. 1H NMR
(200 MHz, DMSO-d6): δ 8.73 (s, 1H, NCHN), 7.60 (br s, 1H, NH),
3.87 (s, 3H, CH3), 2.83 (s, 3H, CH3), 2.75 (d, 3H, J = 4.3 Hz, CH3).
13C NMR (126 MHz, DMSO-d6): δ 159.4 (s, CO), 143.8 (s,
NCHN), 131.6, 104.9, 36.0 (s, CH3), 30.3 (s, CH3), 25.9 (s, CH3).
MS (EI): m/z 168 [M − HNO3]

+. Spectral data were consistent with
literature values.

Synthesis of 1,3,7-Trimethylhypoxanthinium-NO3
− (4).8 A

suspension of caffeidine nitrate (1.8 g, 7.8 mmol) and triethyl
orthoformate (15 mL, 91 mmol, 13.5 g) was stirred for 1.5 h at 110
°C. After the mixture was cooled to 60 °C, 8 mL of acetone was added
and the white precipitate was filtered off, washed with small portions of
acetone and diethyl ether, and subsequently dried in vacuo to yield
1.44 g (5.97 mmol, 77%) of the product as a analytically pure colorless
powder. 1H NMR (200 MHz, DMSO-d6): δ 9.82 (s, 1H, NCHN),
8.57 (s, 1H, NCHN Imidazole), 4.05 (s, 3H, CH3), 3.98 (s, 3H, CH3),
3.64 (s, 3H, CH3).

13C NMR (126 MHz, DMSO-d6): δ 151.6 (s, C
O), 151.4 (s, NCHN), 146.2 (s, NCHN Imidazole), 114.4, 37.4 (s, CH3),
35.6 (s, CH3), 33.8 (s, CH3). MS (MALDI): m/z 179 [M − NO3

−]+.
Anal. Calcd for C8H11N5O4: C, 39.84; H, 4.60; N, 29.04. Found: C,
39.67; H, 4.80; N, 28.92.

Synthesis of 1,3,7-Trimethylhypoxanthinium-PF6
− (5). Com-

pound 4 (200 mg, 0.83 mmol, 1.0 equiv) was dissolved in 10 mL of
water and treated with ammonium hexafluorophosphate (148 mg, 0.91
mmol, 1.1 equiv). The resulting solution was stirred at room
temperature. After a few minutes a white solid precipitated and was
filtered off, washed with 5 mL of water and 10 mL of diethyl ether, and
dried in vacuo to yield 263 mg (0.81 mmol, 98%) of 5 as a colorless
crystalline powder. 1H NMR (200 MHz, DMSO-d6): δ 9.76 (s, 1H,
NCHN), 8.56 (s, 1H, NCHNimidazole), 4.05 (s, 3H, CH3), 3.97 (s, 3H,
CH3), 3.63 (s, 3H, CH3).

13C NMR (126 MHz, DMSO-d6): δ 151.6
(CO), 151.2 (s, NCHN), 146.2 (NCHNimidazole), 114.4, 100.8, 37.4
(s, CH3), 35.6 (s, CH3), 33.9 (s, CH3). MS (MALDI): m/z 179 [M −
PF6

−]+. Anal. Calcd for C8H11F6N4OP: C, 29.64; H, 3.42; N, 17.28.
Found: C, 29.76; H, 3.40; N, 17.11.

Synthesis of Thione 6.8 A suspension of 4 (250 mg, 1.04 mmol,
1.0 equiv) and S8 (67 mg, 2.08 mmol, 2.0 equiv.) in 15 mL of THF
was cooled to −80 °C, and NaHMDS (2 M in THF, 0.23 mL, 1.14
mmol, 1.1 equiv) was added dropwise. The resulting orange-yellow
solution was stirred for 15 min at −80 °C, the cooling bath was

Scheme 5. Syntheses of Compounds 14−16a

aReagents and conditions: (a) KOtBu, THF, −80 °C, 10 min; (b)
[(COD)RhCl]2 (0.5 equiv), THF, −80 °C to room temperature, 12 h,
74%; (c) CO, CH2Cl2, room temperature, 10 min.

Scheme 6. Syntheses of Compounds 18 and 19a

aReagents and conditions: (a) NaHMDS, THF, −80 °C, 30 min; (b)
Se, THF, −80 °C to room temperature, 2 h, 62%.
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removed, and the solution was warmed to room temperature within
1.5 h. After evaporation of all volatiles, the crude product was purified
by flash chromatography (SiO2, THF 100%), to yield 6 as a bright
yellow crystalline solid (124 mg, 0.59 mmol, 57%). 1H NMR (200
MHz, CDCl3): δ 7.57 (s, 1H, NCHNimidazole), 4.01 (s, 3H, CH3), 3.98
(s, 3H, CH3), 3.81 (s, 3H, CH3).

13C NMR (126 MHz, CDCl3): δ
176.0 (s, CS), 154.3 (s, CO), 149.4 (s, NCHNimidazole), 142.2,
110.8, 37.2 (s, CH3), 35.2 (s, CH3), 34.0 (s, CH3). MS (EI): m/z 210
[M]+. Spectral data were consistent with literature values.
Synthesis of Selenide 7. A mixture of 4 (200 mg, 0.83 mmol, 1.0

equiv) and red selenium (131 mg, 1.66 mmol, 2.0 equiv) in 15 mL of
THF was cooled to −80 °C, and NaHMDS (2 M in THF, 0.18 mL,
0.91 mmol, 1.1 equiv) was added dropwise. The resulting dark red
suspension was stirred for 20 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature over a
period of 1.5 h. All volatiles were removed in vacuo, and the residue
was taken up in 15 mL of CH2Cl2 and filtered through a short pad of
Celite. After the solid was washed with CH2Cl2 (5 mL), the combined
filtrates were evaporated to afford the desired product 7 as a white
crystalline solid (135 mg, 0.52 mmol, 63%). 1H NMR (200 MHz,
CDCl3): δ 7.60 (s, 1H, NCHNimidazole), 4.12 (s, 3H, CH3), 4.02 (s, 3H,
CH3), 3.96 (s, 3H, CH3).

13C NMR (126 MHz, CDCl3): δ 177.4 (s,
N2CS), 153.8 (s, CO), 149.6 (s, NCHNimidazole), 142.2, 111.5,
40.8 (s, CH3), 38.7 (s, CH3), 34.1 (s, CH3). MS (MALDI): m/z 258
[M]+. Anal. Calcd for C8H10N4OSe: C, 37.37; H, 3.92; N, 21.79.
Found: C, 37.39; H, 3.76; N, 21.75.
Synthesis of Olefin 8. To a suspension of 4 (120 mg, 0.5 mmol,

1.0 equiv) at −80 °C in 20 mL of THF was added NaHMDS (2 M in
THF, 0.10 mL, 0.55 mmol, 1.1 equiv) dropwise. After 10 min at −80
°C the yellow suspension was warmed to room temperature within 45
min. The resulting yellow-white suspension was filtered through a
short pad of Celite. The yellow solution was dried in vacuo, and the
yellow crude product was washed with 15 mL of n-hexane and 10 mL
of diethyl ether to give 8 as a colorless solid (154 mg, 0.43 mmol,
87%). Cis isomer: 1H NMR (200 MHz, CDCl3) δ 7.31 (s, 1H,
NCHNimidazole), 3.89 (s, 3H, CH3), 3.19 (s, 3H, CH3), 3.09 (s, 3H,
CH3);

13C NMR (126 MHz, CDCl3) δ 159.0 (CO), 155.7 (s,
NCHNimidazole), 141.3, 128.6, 108.6, 36.7 (s, CH3), 33.8 (s, CH3), 33.4
(s, CH3). Trans isomer:

1H NMR (200 MHz, CDCl3) δ 7.31 (s, 1H,
NCHNimidazole), 3.89 (s, 3H, CH3), 3.17 (s, 3H, CH3), 3.07 (s, 3H,
CH3);

13C NMR (126 MHz, CDCl3) δ 158.8 (CO), 155.2 (s,
NCHNimidazole), 141.1, 128.5, 108.1, 36.3 (s, CH3), 33.8 (s, CH3), 33.2
(s, CH3). MS (MALDI): m/z 356 [M]+. Anal. Calcd for
C16H20N8O2·0.5CH2Cl2: C, 49.69; H, 5.31; N, 28.09. Found: C,
49.40; H, 5.52; N, 28.23.
Synthesis of Rhodium Complex 9. A 100 mL Schlenk flask was

charged with 4 (120 mg, 0.50 mmol, 1.0 equiv), KOtBu (67 mg, 0.60
mmol, 1.2 equiv), and [Rh(COD)Cl]2 (123 mg, 0.25 mmol, 0.5
equiv). The solid mixture was cooled to −80 °C. After 15 min at −80
°C, 20 mL of cold THF was added dropwise with vigorous stirring.
The mixture was stirred for 30 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The resulting dark brown solution was evaporated to
dryness in vacuo, and the crude product was purified by flash
chromatography on silica gel 60 with THF (100%) as the mobile
phase. All volatiles were evaporated in vacuo to yield 9 as a yellow
solid (140 mg, 0.33 mmol, 66%). 1H NMR (200 MHz, CDCl3): δ 7.58
(s, 1H, NCHN), 5.09 (br s, 2H, CHCOD), 4.72 (s, 3H, CH3), 4.53 (s,
3H, CH3), 3.99 (s, 3H, CH3), 3.24 (br s, 2H, CH2 COD), 2.42 (m, 4H,
CH2 COD), 1.96 (m, 4H, CH2 COD).

13C NMR (126 MHz, CDCl3): δ
213.8 (d, 1JRhC = 49.9 Hz, N2C), 154.0 (CO), 149.3, 141.9, 112.5,
99.8 (d, JRhC = 6.7 Hz, CHCOD), 99.7 (d, JRhC = 6.7 Hz, CHCOD), 70.3
(d, JRhC = 14.6 Hz, CHCOD), 70.1 (d, JRhC = 14.4 Hz, CHCOD), 41.1 (s,
CH3), 40.1 (s, CH3), 33.9 (s, CH3), 32.7 (d, J = 5.4 Hz, CH2 COD),
29.0 (d, J = 5.0 Hz, CH2 COD). MS (MALDI): m/z 424 [M]+. Anal.
Calcd for C16H22ClN4ORh: C, 45.25; H, 5.22; N, 13.19. Found: C,
44.99; H, 5.40; N, 13.15.
Synthesis of Iridium Complex 10. A 20 mL Schlenk flask was

charged with 4 (100 mg, 0.42 mmol, 1.0 equiv), KOtBu (56 mg, 0.5
mmol, 1.2 equiv), and [Ir(COD)Cl]2 (0.141 mg, 0.21 mmol, 0.5

equiv). The solid mixture was cooled to −80 °C. After 15 min at −80
°C 15 mL of cold THF was added dropwise with vigorous stirring.
The mixture was stirred for 30 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The solvent was removed in vacuo, and the red
crude product was purified by flash chromatography on silica gel 60
with THF (100%) as mobile phase. All volatiles were evaporated in
vacuo to yield 10 as a bright red solid (153 mg, 0.30 mmol, 71%). 1H
NMR (200 MHz, CDCl3): δ 7.58 (s, 1H, NCHNimidazole), 4.71 (br s,
2H, CHCOD), 4.54 (s, 3H, CH3), 4.31 (s, 3H, CH3), 4.01 (s, 3H, CH3),
2.89 (br s, 2H, CHCOD), 2.27 (m, 8H, CH2 COD).

13C NMR (126
MHz, CDCl3): δ 206.3 (s, N2C), 154.8 (CO), 150.0, 142.0, 112.1,
86.4 (s, CHCOD), 86.2 (s, CHCOD), 54.1 (s, CHCOD), 53.8 (s, CHCOD),
40.6 (s, CH3), 39.5 (s, CH3), 33.9 (s, CH3), 33.3 (s, CH2 COD), 33.2 (s,
CH2 COD), 29.5 (s, CH2 COD), 29.3 (s, CH2 COD). MS (MALDI): m/z
514 [M]+. No correct elemental analysis could be obtained, due to the
instability of the compound on silica columns.

Synthesis of Dicarbonylrhodium Complex 11. CO was
bubbled into a solution of 9 (55 mg, 0.13 mmol) in CH2Cl2 (5
mL) for a few minutes. During this procedure the solution turned
from yellow to dark yellow. After 10 min of stirring, all volatiles were
removed in vacuo. The residue was washed with 6 mL of n-hexane and
11 was obtained as a bright yellow solid (43 mg, 0.12 mmol, 89%). 1H
NMR (200 MHz, CDCl3): δ 7.71 (s, 1H, NCHNimidazole), 4.42 (s, 3H,
CH3), 4.18 (s, 3H, CH3), 4.08 (s, 3H, CH3).

13C NMR (126 MHz,
CDCl3): δ 201.9 (d, NCN,

1JRhC = 33.1 Hz), 185.6 (d, CO, JRhC = 54.3
Hz), 182.0 (d, CO, JRhC = 75.0 Hz), 153.6 (s, CO), 148.9 (s,
NCHNimidazole), 142.7, 113.4, 41.9 (s, CH3), 40.6 (s, CH3), 34.0 (s,
CH3). MS (MALDI): m/z 315 [M − 2CO]+. IR (CH2Cl2): ν 2086
(CO), 2008 (CO), 1706 cm−1 (NCON). No correct elemental
analysis could be obtained, due to slow decomposition of the
compound.

Synthesis of Dicarbonyliridium Complex 12. CO was bubbled
into a solution of 10 (82 mg, 0.16 mmol) in CH2Cl2 (5 mL) for a few
minutes. During this procedure the red solution turned dark red. After
10 min of stirring, all volatiles were removed in vacuo. The residue was
washed with 6 mL of n-hexane to give 12 as a dark red solid (58 mg,
0.125 mmol, 78%). 1H NMR (200 MHz, CDCl3): δ 7.71 (s, 1H,
NCHN), 4.38 (s, 3H, CH3), 4.12 (s, 3H, CH3), 4.06 (s, 3H, CH3).

13C
NMR (126 MHz, CDCl3): δ 196.4 (s, NCN), 180.0 (s, CO), 167.9 (s,
CO), 154.7, 149.5, 143.2, 129.1, 42.0 (s, CH3), 40.7 (s, CH3), 34.3 (s,
CH3). MS (MALDI): m/z 406 [M − 2CO]+. IR (CH2Cl2): ν 2074,
1992, 1714 cm−1. Slow decomposition of the compound prevented a
correct elemental analysis.

Synthesis of 13-(BF4
−)2. To a stirred suspension of 8 (150 mg,

0.42 mmol, 1.0 equiv) in 10 mL of CH3CN was added
trimethyloxonium tetrafluoroborate (155 mg, 1.05 mmol, 2.5 equiv).
The resulting green-yellow solution was stirred for 2.5 h. After 2.5 h
the resulting precipitated was filtered off, washed with 2 × 1 mL of
CH3CN and 10 mL of diethyl ether, and subsequently dried in vacuo
to give 87 mg (0.16 mmol, 37%) of the product as a colorless
crystalline powder. 1H NMR (200 MHz, DMSO-d6): δ 9.10 (s, 2H,
NCHN), 4.01 (s, 6H, CH3), 3.85 (s, 6H, CH3), 3.26 (s, 6H, CH3),
3.08 (s, 6H, CH3).

13C NMR (126 MHz, DMSO-d6): δ 155.3 (s, C
O), 143.6 (s, NCHN), 137.5, 129.7, 110.7, 35.4 (s, CH3), 35.3 (s,
CH3), 34.2 (s, CH3), 33.7 (s, CH3). MS (MALDI): m/z 385 [M −
2BF4

− − H]+. Anal. Calcd for C18H26B2F8N8O2·0.5H2O: C, 37.99; H,
4.78; N, 19.69. Found: C, 38.00; H, 4.96; N, 19.25.

Synthesis of Bis[(COD)Rh] Complex 15. A 100 mL Schlenk flask
was charged with 13 (60.5 mg, 0.11 mmol, 1.0 equiv), KOtBu (67 mg,
0.23 mmol, 2.1 equiv), and [Rh(COD)Cl]2 (54 mg, 0.11 mmol, 1.0
equiv). The solid mixture was cooled to −80 °C. After 15 min at −80
°C, 8 mL of cold THF was added dropwise with vigorous stirring. The
mixture was stirred for 10 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature and
stirred overnight. The resulting yellow suspension was filtered off and
washed with diethyl ether. All volatiles were evaporated in vacuo to
yield 15 as a yellow-orange solid (71 mg, 0.08 mmol, 74%). 1H NMR
(200 MHz, CDCl3): δ 5.06 (br s, 4H, CHCOD), 4.27 (s, 6H, CH3),
4.10 (s, 6H, CH3), 3.35 (br s, 4H, CHCOD), 3.25 (s, 6H, CH3), 2.90 (s,
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6H, CH3), 2.37 (m, 8H, CH2 COD), 1.99 (m, 8H, CH2 COD).
13C NMR

(126 MHz, CDCl3): δ (Rh−Ccarbene not observed) 156.1 (CO),
144.9, 130.5, 112.8, 100.4 (d, JRhC = 5.6 Hz, CHCOD), 100.4 (d, JRhC =
5.7 Hz, CHCOD), 68.8 (d, JRhC = 13.3 Hz, CHCOD), 68.5 (d, JRhC = 14.4
Hz, CHCOD), 40.3 (s, CH3), 37.5 (s, CH3), 35.0 (s, CH3), 34.2 (s,
CH3), 33.1 (d, J = 8.6 Hz, CH2 COD), 29.0 (br s, CH2 COD). MS
(MALDI): m/z 841 [M − Cl]+. Anal. Calcd for C16H22ClN4ORh: C,
45.25; H, 5.22; N, 13.19. Found: C, 44.99; H, 5.40; N, 13.15.
Synthesis of Bis[dicarbonylrhodium] Complex 16. CO was

bubbled into a solution of 15 (62 mg, 0.07 mmol) in CH2Cl2 (6 mL)
for a few minutes. During this procedure the solution turned from
yellow to orange. After 15 min of stirring, all volatiles were removed in
vacuo. The residue was washed with 10 mL of n-hexane, and 16 was
obtained as a bright orange solid. IR (CH2Cl2): ν 2086 (CO), 2005
(CO), 1677 cm−1 (NCON). No correct elemental analysis could be
obtained, due to slow decomposition of the compound.
Synthesis of 17-(OTf)2. A microwave tube was charged with 4

(100 mg, 0.41 mmol, 1.0 equiv), trimethyloxonium tetrafluoroborate
(250 mg, 1.69 mmol, 4.12 equiv), and methyl trifluoromethansulfonate
(1.8 mL, 18.5 mmol). The suspension was heated at 100 °C (10 bar)
for 30 min under microwave irradiation. The resulting clear brown
solution was suspended in 20 mL of diethyl ether, and the mixture was
stirred for 2 h. After 2 h the resulting white precipitate was filtered off
and washed with 2 mL of THF to give 17 as a white solid (159 mg,
0.32 mmol, 79%). 1H NMR (200 MHz, DMSO-d6): δ 10.02 (s, 1H,
NCHN), 9.79 (s, 1H, NCHNimidazole), 4.33 (s, 6H, CH3), 4.18 (s, 3H,
CH3), 3.70 (s, 3H, CH3).

13C NMR (126 MHz, CDCl3): δ 155.3 (s,
CO), 150.3 (s, NCHN), 144.3 (s, NCHNimidazole), 136.8, 120.7 (q,
CF3), 115.4, 41.2 (s, CH3), 37.2 (s, CH3), 36.5 (s, CH3), 36.4 (s,
CH3). MS (MALDI): m/z 210 [M + H2O − H]−. Anal. Calcd for
C11H14F6N4O7S2: C, 26.83; H, 2.87; N, 11.38. Found: C, 26.42; H,
2.90; N, 10.85.
Synthesis of Selenide 19. A mixture of 17 (50 mg, 0.10 mmol,

1.0 equiv) and red selenium (20 mg, 0.25 mmol, 2.5 equiv) in 15 mL
of THF was cooled to −80 °C, and NaHMDS (2 M in THF, 39 μL,
0.21 mmol, 2.1 equiv) was added dropwise. The resulting dark
suspension was stirred for 30 min at −80 °C, the cooling bath was
removed, and the suspension was warmed to room temperature over a
period of 2 h. All volatiles were removed in vacuo, and the residue was
taken up in 10 mL of CH2Cl2 and filtered through a short pad of
Celite. The filtrate was evaporated to afford the desired product 19 as
a white crystalline solid (22 mg, 0.06 mmol, 62%). 1H NMR (200
MHz, CDCl3): δ 4.35 (s, 3H, CH3), 4.19 (s, 3H, CH3), 4.08 (s, 3H,
CH3), 3.95 (s, 3H, CH3).

13C NMR (126 MHz, CDCl3): δ 184.3 (s,
N2CSe), 179.6 (s, CSe), 164.0 (s, CO), 122.9, 120.4, 44.6 (s,
CH3), 39.7 (s, CH3), 38.4 (s, CH3), 36.3 (s, CH3). MS (EI): m/z 351
[M]+, correct isotopic pattern.
Crystal Structure Determinations. Crystals of compounds 9 and

13[BF4]2 suitable for X-ray study were selected by means of a
polarization microscope and investigated with an Oxford Diffraction
Xcalibur (EOS) diffractometer, using graphite-monochromated Mo
Kα radiation (λ = 0.710 73 Å). Unit cell parameters were determined
by least-squares refinements on the positions of 20 431 and 4046
reflections, respectively. Space group type No. 14 was uniquely
determined for both compounds. Crystals of 13[BF4]2 suffer from
twinning by reticular pseudomerohedry with a small twin obliquity
that was treated like a case of reticular merohedry with the twin law
1,0,0, 0,−1,0, 1/3,0,−1 (expressed as the matrix that transforms the hkl
indices of one component into the other), assuming additivity of the
intensities of the reflections of the twin components. The fractional
contributions of the twin components for the crystal under
investigation were 0.3973(6) and 0.6027(6). Corrections for Lorentz
and polarization effects and, in the case of the rhodium compound 9
with respect to the nonisometric shape of the crystals, multiscan
absorption corrections were applied (Tmin = 0.326, Tmax = 0.456). The
structures were solved by direct methods18 and subsequent ΔF
syntheses. Approximate positions of the hydrogen atoms were found
in different stages of converging refinements ((maximum shift/su =
0.001 and 0.001, respectively)) by full-matrix least-squares calculations
on F2.19 In the case of 13[BF4]2 disorder of the BF4

− ions and of one

methyl group had to be taken into account. Anisotropic displacement
parameters were refined for all atoms heavier than hydrogen. With
idealized bond lengths and angles assumed for all the CH, CH2, and
CH3 groups, the riding model was applied to the corresponding H
atoms and their isotropic displacement parameters were constrained to
120%, 120%, and 150% of the equivalent isotropic displacement
parameters of the parent carbon atoms, respectively. In addition, the H
atoms of the CH3 groups were allowed to rotate around the
neighboring C−C bonds. Selected crystal and refinement parameters
are compiled in Table S1 (Supporting Information). CCDC-889182
(9) and CCDC-889183 (13[BF4]2) contain supplementary crystallo-
graphic data (excluding structure factors) for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Organometallics 2008, 27, 3570. (c) Mas-Marza,́ E.; Mata, J. A.;
Peris, E. Angew. Chem. 2007, 119, 3803. (d) Viciano, M.; Mas-Marza,́
E.; Poyatos, M.; Sanau,́ M.; Crabtree, R. H.; Peris, E. Angew. Chem., Int.
Ed. 2005, 44, 444. (e) Tennyson, A. G.; Ono, R. J.; Hudnall, T. W.;
Khramov, D. M.; Er, J. A. V.; Kamplain, J. W.; Lynch, V. M.; Sessler, J.
L.; Bielawski, C. W. Chem. Eur. J. 2010, 16, 304. (f) Er, J. A. V.;
Tennyson, A. G.; Kamplain, J. W.; Lynch, V. M.; Bielawski, C. W. Eur.
J. Inorg. Chem. 2009, 1729.
(16) (a) Schmidtendorf, M.; Pape, T.; Hahn, F. E. Angew. Chem.
2012, 124, 2238. (b) Radloff, C.; Hahn, F. E.; Pape, T.; Fröhlich, R.
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a b s t r a c t

Imidazolium and benzimidazolium salts featuring exocyclic N-acyl or N-sulfonyl groups were prepared
and converted in situ to the corresponding N-heterocyclic carbenes by deprotonation. The NHCs were
further converted to group six adducts (sulfur and selenium) and metal complexes with Rh(I), Ir(I), Cu(I),
Ni(II) and Fe(II). The N-acyl derivatives were found to be much more sensitive toward hydrolytic
degradation than the N-sulfonyl compounds. IR spectroscopic analysis of NHC-carbonyl complexes
revealed the N-acyl NHCs to be slightly better donors (TEP 2054e2055 cm�1) compared to the N-sulfonyl
based ligands (TEP: 2056e2061 cm�1). Both classes are comparable to cyclic mono- and diamido car-
benes regarding their donor properties.

� 2013 Published by Elsevier B.V.

1. Introduction

N-Heterocyclic carbenes (NHCs) continue to be a class of
fascinating compounds. Since Arduengos [1] pivotal report of
the first archetypical example in 1991, a plethora of derivatives
have been reported [2]. Apart from being increasingly applied
in organo [3]- as well as transition metal catalysis [4], consid-
erable research effort is directed toward a better understanding
of the electronic properties of these compounds. In recent
years, investigations into electron poor NHCs revealed that
these systems may feature a decent p-acceptor character when
coordinated to transition metal atoms. Furthermore, it became
evident, that a small singlet-triplet (S-T) gap leads to some
electrophilic character of those carbenes in addition to their
well established nature as good nucleophiles/Lewis bases.
Incorporation of the carbene-stabilizing nitrogen atoms into
amide functions turned out to be one suitable approach to
design electron poor NHCs and a couple of cyclic mono [5] and
diamido [6] NHCs have been reported.

In extension of our previous work, we intended to investi-
gate amido NHCs that feature an acyl group attached to at
least one imidazole nitrogen atom and to compare these
exocyclic amido carbenes with the related cyclic amido NHCs
mentioned above. There are only a few previous literature re-
ports concerning NHCs with exocyclic acyl groups. Crabtree

and coworkers used the N-benzoyl function as a protecting
group that enabled protic NHC species to be obtained after
deprotection [7]. This already points to a potential pitfall of
these exocyclic amido species, i.e. their potential susceptibility
towards nucleophilic cleavage. Indeed, this property has
already been exploited for the preparation of 2-substituted
imidazoles [8]. On the other hand, Batey et al. presented an
air- and moisture-stable Pd complex of a carbamoyl-substituted
NHC [9]. The enhanced stability of this system can be attrib-
uted to the presence of the additional N atom of the pyrroli-
dine moiety leading to a barely electrophilic urea function.
Interestingly, Au(I) complexes with an N-benzoyl NHC ligand
have been reported as early as 1993 [10]. However, no sys-
tematic study of the electronic properties of N-acyl NHCs has
been reported to date. In contrast to carboxamides, sulfon-
amides are known to be much more robust entities which also
exert a strong electron withdrawing effect. Therefore, we wish
to report our first results concerning the syntheses and prop-
erties of NHCs featuring exocyclic acyl and sulfonyl groups,
respectively, derived from ferrocene carboxylic and sulfonic
acid chloride. The ferrocenyl residue was chosen as it provides
considerable steric demand. Ferrocenylated NHCs were first
investigated by Bildstein [11] and coworkers and have since
then attracted attention [12] as chiral ligands for catalysis [13]
and as redox-switchable systems [14]. Furthermore, an NHC
comprising a ferrocenophane backbone was found to display a
unique reactivity [15].* Corresponding author. Tel.: þ49 211 8112288.

E-mail address: christian.ganter@uni-duesseldorf.de (C. Ganter).
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2. Results and discussion

2.1. Synthesis of carboxamide and sulfonamide based NHC
precursors

The carboxamide based NHC precursors 3a and 3b were syn-
thesized starting from easily available ferrocenylcarboxylic acid
chloride 1 [16]. The imidazolium salt 3a simply precipitated as a red
solid in 92% yield upon treatment of the acid chloride with N-
methylimidazole in diethyl ether. The benzimidazolium salt 3bwas
synthesized in two steps: first, the acid chloride reacted with
benzimidazole in the presence of triethylamine to afford the
literature-known neutral amide 2 [17], which was subsequently
converted to the benzimidazolium derivative 3b by alkylation with
methyl trifluoromethansulfonate (Scheme 1).

The related sulfonamides 6a and 6b were straightforwardly
prepared starting from ferrocenesulfonylchloride 4 by treatment
with imidazole and benzimidazole, respectively, and subsequent
methylation of the neutral sulfonamides 5 with methyl triflate
(Scheme 1). The synthesis of 5b has been reported earlier by Yang
[18]. The reaction of sulfonylchloride 4 and methylimidazole to
provide the cationic species 6a in one stepwas not successful in this
case. However, treatment of MeSO2Cl and p-TosCl with methyl-
imidazole in ether cleanly afforded the related imidazolium salts 6c
and 6d [19] which precipitated from solution.

All precursors 3a,b and 6aed were completely characterized by
1H- and 13C{1H}-NMR spectroscopy, mass spectrometry and
elemental analysis. The MALDI-TOF mass spectra are dominated by
a base peak (100%) centered at m/z 295 (345) for the cationic
moiety in 3a (3b) and at m/z 331 (381, 161) for the corresponding
cations in 6a (6b, 6c).

The 1Hand 13C{1H}NMRspectra shownosignificantdifferences to
thoseof other imidazoliumorbenzimidazoliumsalts. The resonances
for the amidinium proton (NCHN) were detected between 8.93 ppm
and 9.74 ppm. The corresponding amidinium carbon atom gave a
resonance between 137.6 ppm and 143.1 ppm. Furthermore, the free

rotation in solution of the ferrocenyl precursors 3a,b and 6a,b led to
effective Cs-symmetry as only two resonances in the 1HNMR spectra
and three resonances in the 13C NMR spectra were recorded for the
substituted cyclopentadienyl rings.

Suitable crystals for X-ray diffraction studies could be ob-
tained for the salts 3b and 6b by diffusion of hexane into
dichloromethane solutions. The molecular structures are depic-
ted in Figs. 1 and 2 together with selected geometrical param-
eters. The benzimidazole fragment and the ferrocene unit are
linked via a trigonal planar carboxy group in the amide 3b and a

Scheme 1. Synthesis of the precursors 3a,b and 6aed (a ¼ imidazole, b ¼ benzimidazole).

Fig. 1. Molecular structure of the cation 3b in the solid state. Thermal ellipsoids are
drawn at the 30% probability level. The OTf- anion has been omitted for clarity. Selected
interatomic distances [�A] and bond angles [deg]: O1eC9 1.216(6), N1eC2 1.349(6), N1e
C3 1.403(6), N1eC9 1.447(6), N2eC2 1.322(6), N2eC8 1.385(6), N2eC1 1.463(6), C9e
C10 1.439(7); C10eC9eN1 117.0(4), N2eC2eN1 109.9(4).
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tetrahedral sulfonyl group in compound 6b. The quality of the
structure determination of compound 3b is limited due to a
disorder of the triflate anion. The carboxamide fragment (N1, C9,
C10, O1) is neither coplanar with the substituted Cp ring of the
ferrocene nor with the imidazole ring, but forms torsion angles
to those of 14.1(3)� and 26.8(3)�, respectively.

To the best of our knowledge, 6b is the first sulfonamidinium
compound to be structurally characterized. Compared to a struc-
turally related neutral benzimidazole derivative of type 5b [20], the
SeN bond in cationic 6b is significantly elongated. While the NeC2
bonds differ only by 3.5 pm in the amidinium fragment of 6b, they
can be classified as single (129.1 pm) and double bonds (141.1 pm)
in the neutral precursor, respectively.

A significant difference between the carboxamide and sulfon-
amide saltswas observed regarding their stability. The carboxamides
3 turnedout tobemuchmore susceptible towardsnucleophilic attack
- in accordwith their use as protecting or reactive groups as reported
by Crabtree [7] and Hlasta [8]. Especially in solution the amide
function is quickly hydrolyzed by traces of moisture. In contrast, the
sulfonamide precursors 6 show only slight air and moisture sensi-
tivity and are much more robust in the solid state as well as in solu-
tion.Due to their better stability, the sulfonamideprecursorswere the
preferred substrates for subsequent experiments.

2.2. Deprotonation of sulfonamide based NHC precursors

Initial attempts to convert the cationic precursors into carbenes
were carried out with the ferrocenyl sulfonamides 6a and 6b. Depro-
tonation with sodium hexamethyldisilazide (NaHMDS) in THF

at�80 �C afforded the anticipated NHCs 7a and 7b in situ that unfor-
tunately eluded isolation. However, trapping of the in situ generated
NHCs at low temperature with elemental sulfur or selenium provided
thioureas8a,bor selenides9a,b inmoderate togoodyields (Scheme2).

As pointed out above for the precursors 6a,b the new carbene
derivatives 8 and 9 also show effective Cs-symmetry in solution
according to their NMR spectra. The absence of an NCHN proton
signal in the 1H NMR spectra indicates the successful deprotona-
tion. Additionally, the imidazole based compounds 8a and 9a show
two doublets for the backbone protons in the 1H NMR spectra. The
13C{1H}-NMR spectra as well as the mass spectra and the elemental
analysis also confirm the successful synthesis of derivatives 8e9.
Crystals of the thiourea compound 8b were investigated by X-ray
diffraction. The molecular structure is shown in Fig. 3. The overall
conformation of the molecule is close to that of its cationic pre-
cursor 6b. However, some noteworthy metric differences are
evident: as expected, the CeN-bonds involving C2 are significantly
elongated (by ca. 4 and 6 pm) compared to the related bonds in the
amidinium fragment of precursor 6b whereas the other bonds
within the heterocycle remain basically unchanged. In the same
vein, the S1eN1 distance becomes shorter, the S1eC9 bond longer
when the imidazolium cation 6b is converted to the thiourea 8b.
Obviously, the nitrogen atom N1 in the neutral urea fragment en-

ables a stronger SeN bond than in the case of 6b, where the lone
pair at N1 is involved in the mesomeric stabilization of the amidi-
nium moiety. Finally, the N1eC2eN2 angle decreases by about 5�

from 6b to 8b as is typically observed.
After the successful trapping of the new NHCs 7 as heterourea

derivatives we next focused our attention towards the syntheses of
NHC-metal complexes.

Fig. 2. Molecular structure of the cation 6b in the solid state. Thermal ellipsoids are
drawn at the 30% probability level. Only one of two independent molecules in the
asymmetric unit is shown. The OTf- anions have been omitted for clarity. Selected
interatomic distances [�A] and bond angles [�]: S1eO2 1.408(4), S1eO11.413(4), S1eC9
1.702(5), S1eN1 1.729(4), N1eC2 1.344(7), N1eC3 1.406(7), N2eC2 1.309(7), N2eC8
1.390(7), N2eC1 1.466(7), C3eC4 1.384(8), C3eC8 1.392(7), C4eC5 1.382(9), C5eC6
1.373(10), C6eC7 1.376(10), O2eS1eO1 122.4(3), C9eS1eN1 103.3(2), C2eN1eC3
108.4(4), C2eN1eS1 122.7(4), C3eN1eS1 129.0(4), C2eN2eC8 108.7(4), N2eC2eN1
110.3(5).

Scheme 2. Preparation and reactivity of NHC 7a,b (a ¼ imidazole, b ¼ benzimidazole).

Fig. 3. Molecular structure of the thiourea 8b in the solid state. Thermal ellipsoids are
drawn at the 30% probability level. Selected interatomic distances [�A] and bond angles
[�]: S1eO2 1.416(2), S1eO1 1.416(2), S1eN1 1.701(2), S1eC9 1.727(3), S2eC2 1.642(3),
N1eC2 1.414(4), N1eC8 1.416(4), N2eC2 1.350(4), N2eC3 1.390(5), N2eC1 1.461(5),
C3eC8 1.378(5), C3eC4 1.392(5), C4eC5 1.372(6), C5eC6 1.369(6), C6eC7 1.395(5), C7e
C8 1.391(4); O2eS1eO1 119.77(15), N1eS1eC9 101.66(13), C2eN1eC8 109.4(2), C2e
N2eC3 111.7(3), N2eC2eN1 105.0(3), C8eC3eN2 107.8(3), C3eC8eN1 106.0(3).
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2.3. Synthesis of nickel, copper and iron complexes

Deprotonation of the precursor 6a with KOtBu in THF in the
presence of copper(I) iodide at�80 �C cleanly afforded the bis-NHC
complex [(7a)2Cu]I (11) in 75% yield (Scheme 3). The 1H- and 13C
{1H}-NMR spectra feature only one signal set for both NHC ligands
which would also be in accord with the neutral mono carbene
complex (NHCeCueI). However, the mass spectrum and the
elemental analysis confirm the nature of the complex as a sym-
metric cationic bis-carbene species with iodide as counterion.

When the cationic precursor 6a, nickelocene and sodium iodide
were refluxed in THF, the nickel half sandwich complex 10 was
obtained as a red solid after chromatographic workup (Scheme 3).
In this case, one cyclopentadienyl ring of the nickelocene acts as
base for precursor deprotonation. The appearance of four signals
for the substituted Cp ring of the ferrocene in the 1H NMR spectrum
indicates a C1-symmetric structure of complex 10 in solution. Its
molecular structure in the solid state was determined by X-ray
diffraction analysis (Fig. 4). The NieC2 distance of 188.4(3) pm is
typical for a CpNi(NHC)I halfesandwich complex, as are the NieI
and the C2eN distances [21].

In contrast to the sulfonamide precursors 6a,b the deprotona-
tion of the carboxamide derivatives 3a,b turned out to be much
more challenging. Thus, all attempts using bases like acetate
(Pd(OAc)2), oxide (Ag2O) or butoxide (KOtBu) were unsuccessful,
leading to complex product mixtures. In our hands, NaHMDS at low
temperature turned out to be the only appropriate base. Accord-
ingly, treatment of imidazolium salt 3a with NaHMDS in THF
at �80 �C led to deprotonation and generated the corresponding
carbene 12a in situ. While all attempts to isolate the free NHC 12a
met with failure, it reacted with a toluene solution of CpFe(CO)2I
providing the half sandwich iron complex 13 in 73% yield, which
precipitated from solution in analytically pure form (Scheme 4).

According to the NMR spectra, complex 13 features effective Cs
symmetry in solution. Three CO stretching vibrations were
observed in the IR spectrum, one for the amide CO (1715 cm�1) and
the two bands for the symmetric and antisymmetric modes of the
metal bonded CO ligands (2004, 2051 cm�1). The latter values are in
the range usually observed for other complexes of the type
[CpFe(CO)2(NHC)]þ [22].

Having established the ability of the carbenes 7 and 12 to engage
in metal binding we next proceeded to the synthesis of Rh com-
plexes in order to get an estimate of the donor properties of the
new NHC ligands.

2.4. Synthesis of rhodium and iridium complexes

Deprotonation of the precursors 3 (using NaHMDS) and 6 (using
KOtBu) in the presence of [M(cod)Cl]2 (M ¼ Rh, Ir) afforded the
desired complexes of the type [M(cod)(NHC)Cl] (14, 16, 17) in
reasonable to good yield as orange (14) or yellow (16,17) solids after
chromatographic workup (Scheme 5).

All compounds were completely characterized by analytical and
spectroscopic techniques. For all rhodium complexes doublet

resonances were observed for the metal bonded C atoms in the 13C
{1H} NMR spectra as a result of a 1JRh-C coupling. Crystals of complex
14bwere obtained from dichloromethane/hexane and examined by
X-ray diffraction (Fig. 5). The structure displays the typical features
of a square planar Rh complex with the plane of the NHC ligand in
an almost perpendicular arrangement to the coordination plane
around the Rh atom. The RheC(NHC) bond of 2.006(3) �A in 14b is
quite short and compares well to other (cod)ClRhNHC complexes
containing electron poor imidazole-2-ylidenes with, for example,
4,5-dicyano (2.006(6) �A), 4-nitro (2.005(3) �A) and 4,5-dichloro
substitution (2.021(2) �A) [23], or a 6-membered cyclic dia-
midocarbene (A, Scheme 6) (2.011(2) �A) [24]. Crabtree reported a
IreC bond of 1.999 �A for a related N-benzoyl complex [7]. As is
usually observed, the RheC bonds to the cod ligand are short for the
C atoms trans to the chlorine and significantly longer (ca. 10 pm) for
the bonds trans to the carbene ligand.

Crystals of the rhodium complex 16a were of poor quality and
the structure solution proved only the molecular connectivity but
prevented a meaningful discussion of the geometrical parameters.

Finally, dichloromethane solutions of the cod complexes were
exposed to a slow stream of carbon monoxide for several minutes,
resulting in a complete COD / CO exchange leading to the corre-
sponding dicarbonyl derivatives 15, 18 and 19 in quantitative yield
(Scheme 5). The IR spectra of all dicarbonyl complexes featured the
symmetrical and the antisymmetrical CO stretching vibrations
from which the Tolman Electronic Parameter (TEP) was calculated
according to awell established correlation [25] (Table 1). TEP values
are commonly used to evaluate and compare different NHC ligands
regarding their donor properties. However, a potentially more
useful scale based on 31P NMR data of the carbene-phosphinidene
adducts has been recently established by Bertrand and coworkers,

Scheme 3. Preparation of nickel and copper complexes 10 and 11 (Fc ¼ ferrocenyl).

Fig. 4. Molecular structure of the nickel complex 10 in the solid state. Thermal ellip-
soids are drawn at the 30% probability level. Selected interatomic distances [�A] and
bond angles [�]: I1eNi1 2.5106(6), Ni1eC2 1.884(3), S1eO1 1.418(3), S1eO2 1.419(3),
S1eN2 1.705(3), S1eC5 1.719(4), N1eC2 1.338(4), N1eC3 1.385(4), N1eC1 1.455(4),
C2eN2 1.374(4), C3eC4 1.331(5), C4eN2 1.395(4); C2eNi1eI1 93.97(9), O1eS1eO2
120.30(17), N2eS1eC5 104.18(15), N1eC2eN2 103.0(3).
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that allows the s- andp-contributions to themetal-NHC bond to be
deconvoluted [26].

Some trends become evident from the TEP data in Table 1: Both,
sulfonamide as well as carboxamide substituted NHCs feature
higher TEP values than carbeneswithout amido functionality (e.g. A
[27] and B [28] in Scheme 6). For the ferrocene containing NHCs the
sulfonamides show a slightly higher TEP than the corresponding
carboxamides, reflecting the stronger electron withdrawing char-
acter of the sulfonyl group. Interestingly, the presence of either an
imidazole or benzimidazole core has no detectable effect on the
TEP. The ferrocenyl sulfonamide NHCs consistently provide the
same TEP irrespective of the metal (Rh or Ir). The highest TEP is
observed for the methyl sulfonamide in complex 18c. Conclusively,
regarding their ligand properties, the sulfonamide NHCs reported
in this work are comparable to the cyclic six-membered diamido-
NHC C [29]and the five-membered monoamido-NHC D [30]
(Scheme 6), while the oxalic amide derived five-membered NHC
E [6f] is characterized by an even higher TEP.

3. Conclusion

Imidazolium salts with N-acyl and sulfonyl groups have been
prepared and were converted to the corresponding NHCs by
deprotonation. The carbenes were shown to react with group 6
elements and formed metal complexes with iron, nickel, copper,
rhodium and iridium. According to IR data obtained for their metal
carbonyl complexes, the ligand properties of the new NHCs are
intermediate between those lacking any heterosubstitution and
cyclic mono- and diamido carbenes, respectively.

4. Experimental section

4.1. General

All reactions were performed with standard Schlenk techniques
in an oxygen free and dry nitrogen atmosphere. Solvents were
dried and distilled under nitrogen by using standard procedures.
Diethyl ether and THF were distilled over sodium/benzophenone,
dichloromethane over CaH2 and n-hexane over sodium. NMR
spectra were recorded on a Bruker Avance DRX 200 and a Bruker
Avance DRX 500 spectrometer. 1H and 13C{1H} NMR spectra are
referenced to the residual solvent signal. Mass spectra were
recorded on a Thermo Finnigan Trace DSQ 7000 (EI), Bruker
Ultraflex I TOF (MALDI) and a Bruker Daltonics UHR-QTOFmaxis 4G
(HR-ESI). Elemental analyses were recorded on a Perkin CHN 2400
series II or an Elementar vario Micro cube. X-ray crystal structure
date were collected on a Bruker Apex Duo at 297 K. IR spectra were
obtained with a Shimadzu IR Affinity-1 spectrometer. Reagents
such as potassium tert-butoxide and NaHMDS (2 M in THF) were
purchased from Acros Organics and Sigma Aldrich and used as
received. [RhCl(COD)]2 and [IrCl(COD)]2 were synthesized accord-
ing to a literature procedure [31].

The ferrocene carboxylic acid was synthesized from ferrocene as
reported in the literature [32,33]. Conversion of the carboxylic acid
with oxalylic chloride led to the acid chloride 1 [16]. Compound 2
was generated by conversion of the acid chloride 1 with benz-
imidazole and triethylamine [17]. Compound 6dwas prepared from
p-toluenesulfonyl chloride and N-methylimidazole in diethyl ether
in 80% yield [19a].

Scheme 4. Synthesis of the iron complex 14.

Scheme 5. Synthesis of Rh and Ir complexes 14e19 (a,c,d ¼ imidazole, b ¼ benzimidazole).
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4.2. Syntheses

4.2.1. Synthesis of 3a
Ferrocenylcarboxylic acid chloride 1 (500 mg, 2.00 mmol) was

dissolved in 60 ml diethyl ether. To the clear red solution N-
methylimidazole (160 ml, 2.00 mmol) was added dropwise. The
resulting red suspension was stirred over night at room tempera-
ture. The precipitated red solid was filtered and washed with
diethyl ether (3 � 20 ml) to get compound 3a (540 mg, 1.63 mmol,
92%). 1H NMR (200MHz, CD3CN): d 9.74 (s, 1H, NCHNIm), 7.99 (s, 1H,
NCHCHNIm), 7.55 (s, 1H, NCHCHNIm), 5.13 (m, 2H, Cpsubst.), 4.92 (s,
2H, Cpsubst.), 4.40 (s, 5H, Cpunsubst.), 4.05 (s, 3H, NeCH3). 13C NMR
(126 MHz, CD3CN): d 168.1 (s, COamide), 139.3 (s, NCHNIm), 125.6 (s,
NCHCHNIm), 121.6 (s, NCHCHNIm), 76.6 (s, Cpsubst.), 73.7 (s, Cpsubst.),

72.8 (s, Cpunsubst.), 71.5 (s, Cpsubst.,quart.), 38.1 (s, NeCH3). HR-ESI:
Calcd for C15H15FeON2

þ: m/z 295.05289. Found: m/z 295.05283.

4.2.2. Synthesis of 3b
A 100 ml Schlenk flask was charged with N-ferrocenylcarbox-

ybenzimidazole (204 mg, 0.60 mmol) and 20 ml dichloromethane.
To the red solution methyl trifluoromethansulfonate (80 ml,
0.73 mmol) was added dropwise. The reaction mixture was stirred
over night at room temperature. The solvent was evaporated in
vacuo and the residue was washed with diethyl ether (3� 20ml) to
yield 3b (130 mg, 0.26 mmol, 44%) as a deep red solid. 1H NMR
(200MHz, CD3CN): d 9.55 (s,1H, NCHNBenzIm), 8.30 (m,1H, BenzIm),
7.96 (m, 1H, BenzIm), 7.82 (m, 2H, BenzIm), 5.14 (m, 2H, Cpsubst.),
4.95 (m, 2H, Cpsubst.), 4.40 (s, 5H, Cpunsubst.), 4.18 (s, 3H, NeCH3). 13C
NMR (126 MHz, CD3CN): d 169.1 (s, COamide), 143.1 (s, NCHNBenzIm),
133.5 (s, BenzImquart.), 131.0 (s, BenzImquart.), 130.1 (s, BenzIm),
129.4 (s, BenzIm), 117.7 (s, BenzIm), 114.9 (s, BenzIm), 76.4 (s,
Cpsubst.), 73.4 (s, Cpsubst.), 72.5 (s, Cpunsubst.), 70.3 (s, Cpsubst.,quart.),
35.3 (s, NeCH3). MS (MALDI): m/z 345 [M]þ. Anal. Calcd. for
C20H17FeO4N2F3S: C, 48.60; H, 3.47; N, 5.67. Found: C, 48.40; H,
3.70; N, 5.53.

4.3. Improved synthesis of ferrocenylsulfonic acid chloride (4) based
on reference [34]

To an ice cooled suspension of ammonium ferrocenylsulfonate

monohydrate (705 mg, 2.34 mmol) in dichloromethane was added
oxalylic chloride (0.4 ml, 4.70 mmol) and a few drops of dime-
thylformamide. The reaction mixture was stirred for 30 min at 0 �C.
A gas evolution was noted during this time. The cooling bath was
then removed and the solution was allowed to warm up to room
temperature and stirring was continued for further 12 h. After
evaporation off all volatiles, the product was extracted with hexane
to yield 4 as a red-orange amorphous powder (600 mg, 2.11 mmol,
90%). 1H NMR (200 MHz, CDCl3): d 4.85 (m, 2H, Cpsubst.), 4.60 (m,
2H, Cpsubst.), 4.45 (s, 5H, Cpunsubst.). 13C NMR (126 MHz, CDCl3):
d 94.2 (s, Cpsubst.,quart.), 72.4 (s, Cpsubst.), 72.0 (s, Cpunsubst.), 68.7 (s,
Cpsubst.). MS (GCeMS): m/z 284 [M]þ.

4.3.1. Synthesis of 5a,b
Compound 4 (136 mg, 0.48 mmol), imidazole (33 mg,

0.48 mmol) and potassium carbonate (70 mg, 0.51 mmol) were
suspended in 35 ml acetonitrile and refluxed for 15 h. After
reaching room temperature the reactionmixturewas evaporated to
dryness and the product was extracted with diethyl ether. The
evaporation of all volatiles led to an analytical pure yellow solid of
5a (107 mg, 0.34 mmol, 71%). 1H NMR (200 MHz, DMSO-d6): d 8.19
(m,1H, NCHNIm), 7.60 (m,1H, NCHCHNIm), 7.06 (m,1H, NCHCHNIm),
4.95 (m, 2H, Cpsubst.), 4.67 (m, 2H, Cpsubst.), 4.48 (s, 5H, Cpunsubst.).
13C NMR (126 MHz, DMSO-d6): d 136.8 (s, NCHCHNIm), 130.7 (s,
NCHNIm), 118.1 (s, NCHCHNIm), 84.5 (s, Cpsubst.,quart.), 72.4 (s,
Cpsubst.), 70.9 (s, Cpunsubst.), 69.0 (s, Cpsubst.). MS (GCeMS); m/z 316
[M]þ. Anal. Calcd (%) for C13H12FeSO2N2: C, 49.39; H, 3.83; N, 8.86.
Found: C, 49.35; H, 4.04; N, 8.73.

Scheme 6. Compilation of selected NHCs and their TEP values.

Table 1
CO stretching vibrations (in CH2Cl2) and d 13C (in CDCl3) of the carbene C atom.

Complex n(CO) [cm�1] nav(CO) [cm�1] d 13C (ppm) TEP [cm�1]

Carboxamide:
15a FceIm, Rh 2081, 2002 2041.5 186 2054
15b FceBz, Rh 2083, 2006 2043.5 e 2055
BenzoyleBz, Ir [7] 2065, 1986 2026 190 2053
Sulfonamide:
18a FceIm, Rh 2083, 2007 2045 186 2056
18b FceBz, Rh 2083, 2006 2044.5 186 2056
18c MeeIm, Rh 2088, 2013 2050.5 185 2061
18d ToseIm, Rh 2084, 2009 2046.5 e 2057
19a FceIm, Ir 2070, 1990 2030 181 2056
19b FceBz, Ir 2068,1991 2029.5 186 2056

Fig. 5. Molecular structure of the rhodium complex 14b in the solid state. Thermal
ellipsoids are drawn at the 30% probability level. Selected interatomic distances [�A] and
bond angles [�]: Rh1eC2 2.006(3), Rh1eC20 2.099(3), Rh1eC21 2.121(3), Rh1eC24
2.210(3), Rh1eC25 2.230(3), Rh1eCl1 2.3959(9), O1eC9 1.203(4), N1eC2 1.387(3), N1e
C3 1.402(3), N1eC9 1.439(4), N2eC2 1.350(3), N2eC8 1.392(3), N2eC11.456(4), C3eC8
1.382(4), C20eC21 1.390(5), C24eC25 1.365(5); C2eRh1eCl1 87.08(8), C2eN1eC3
110.7(2), C2eN2eC8 112.1(2), N2eC2eN1 104.6(2).
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Compound 5b was prepared as described in literature from 4
(1.87 g, 6.57 mmol), benzimidazole (780 mg, 6.57 mmol) and po-
tassium carbonate (1.25 g, 9 mmol) in 44% yield (1.05 g, 2.86 mmol)
[18]. The crude product was purified by flash chromatography on
silica gel with diethyl ether/dichloromethane (1:1) asmobile phase.
1H NMR (200 MHz, CDCl3): d 8.26 (s, 1H, NCHNBenzIm), 7.77 (m, 2H,
BenzImarom.), 7.35 (m, 2H, BenzImarom.), 4.80 (m, 2H, Cpsubst.), 4.52
(s, 5H, Cpunsubst.), 4.44 (m, 2H, Cpsubst.). 13C NMR (126 MHz, CDCl3):
d 144.2 (s, NCHNBenzIm.), 141.3 (s, BenzImquart.), 131.1 (s, BenzIm-
quart.), 125.4 (s, BenzImarom.), 124.6 (s, BenzImarom.), 121.1 (s, BenzI-
marom.), 112.8 (s, BenzImarom.), 84.8 (s, Cpsubst, quart.), 72.3 (s, Cpsubst.),
71.6 (s, Cpunsubst.), 69.3 (s, Cpsubst.). MS (MALDI):m/z 367.1 [MþH]þ.
Anal. Calcd. (%) for C17H14FeN2SO2: C, 55.75; H, 3.85; N, 7.65. Found:
C, 55.49; H, 3.81; N, 7.51.

4.3.2. Synthesis of 6a,b
ToN-ferrocenylsulfoxyimidazol 5a (49mg, 0.16mmol) dissolved

in dichloromethane was added methyl trifluoromethansulfonate
(20 ml, 0.18 mmol). The reaction mixture was stirred for 6 h at room
temperature. After evaporation of all volatiles the residue was
washed with diethyl ether (3 � 20 ml) to yield 54 mg (0.11 mmol,
72%) of 6a as a pure yellow powder. 1H NMR (200 MHz, CD3CN):
d 8.93 (m, 1H, NCHNIm), 7.65 (m, 1H, NCHCHNIm), 7.39 (m, 1H,
NCHCHNIm), 4.99 (m, 2H, Cpsubst.), 4.82 (m, 2H, Cpsubst.), 4.56 (s, 5H,
Cpunsubst.), 3.81 (s, 3H, NeCH3). 13C NMR (50 MHz, CD3CN): d 137.6
(s, NCHNIm), 126.2 (s, NCHCHNIm), 120.5 (s, NCHCHNIm), 80.4 (s,
Cpsubst.,quart.), 75.5 (s, Cpsubst.), 72.8 (s, Cpunsubst.), 71.4 (s, Cpsubst.),
37.5 (s, NeCH3). MS (MALDI): m/z 331 [M]þ. Anal Calcd (%) for
C15H15FeS2O5N2F3: C, 37.51; H, 3.15; N, 5.83; S, 13.35. Found: C,
37.55; H, 3.30; N, 5.83; S, 13.44.

The precursor 6b was prepared analogously to compound 6a in
82% yield (337 mg, 0.64 mmol). 1H NMR (200 MHz, CD3CN): d 9.38
(m, 1H, BenzImC2H), 8.07 (m, 1H, BenzImarom.), 7.84 (m, 1H, BenzI-
marom.), 7.76 (m, 2H, BenzImarom.), 5.08 (m, 2H, Cpsubst.), 4.78 (m, 2H,
Cpsubst.), 4.60 (s, 5H, Cpunsubst.), 4.04 (d, 4JHH ¼ 0.7 Hz, 3H, NeCH3).
13C NMR (126 MHz, CD3CN): d 143.1 (s, BenzImC2), 133.8 (s, Ben-
zImquart.), 129.9 (s, BenzImarom.), 129.3 (s, BenzImquart.), 129.1 (s,
BenzImarom.), 115.3 (s, BenzImarom.), 115.2 (s, BenzImarom.), 80.8 (s,
Cpsubst.,quart.), 75.6 (s, Cpsubst.), 73.0 (s, Cpunsubst.), 71.6 (s, Cpsubst.),
35.1 (s, NeCH3). MS (MALDI): m/z 381 [M]þ. Anal. Calcd. (%) for
C19H17FeN2S2O5F3: C, 43.03; H, 3.23; N, 5.28. Found: C, 43.05; H,
3.25; N, 5.29.

4.3.3. Synthesis of 6c
A 100 ml Schlenk flask was charged with 20 ml diethyl ether. 1-

Methylimidazole (1.00 ml, 12.55 mmol) and methanesulfonyl chlo-
ride (1.00 ml, 12.92 mmol) was added dropwise. The solution was
stirred for 3 h at room temperaturewhile awhite solid precipitated.
This solidwas filtered off and dissolved inwater. After addition of an
aqueous solution of ammonium hexafluorophosphate 6c precipi-
tated again as a white solid (2.46 g, 8.04 mmol, 64%). 1H NMR
(200MHz, CD3CN): d 8.98 (s, 1H, NCHNIm), 7.77 (m,1H, NCHCHNIm),
7.53 (m, 1H, NCHCHNIm), 3.92 (s, 3H, eCH3), 3.64 (s, 3H, eCH3). 13C
NMR (125MHz, CD3CN): d 138.8 (s, NCHN),126.7 (s, NCHCHN),121.4
(s, NCHCHN), 44.1 (s, eCH3), 37.9 (s, eCH3). 31P NMR (200 MHz,
CD3CN): d �143.4 (sept, PF6). MS (MALDI): m/z 160.7 [M]þ. Anal.
Calcd (%) for C5H9N2SO2PF6: C,19.61;H, 2.96; N, 9.15; S,10.47. Found:
C, 19.68; H, 2.97; N, 9.10; S, 10.77.

4.3.4. Synthesis of group 6 derivatives 8e9
4.3.4.1. General procedure. The precursor 6a (or 6b) and S8 (or Se)
were suspended in 20 ml THF and cooled to �80 �C. Meanwhile
sodium bis(trimethylsilyl)amide was diluted in 5 ml THF and af-
terward added dropwise to the precooled reaction mixture. The
mixture was stirred over night while the solution was allowed to

warm up to room temperature. After the solvent was evaporated
and the residue dissolved in dichloromethane, the resulting sus-
pension was filtered over Celite. The clear yellow solution was
reduced in vacuo and precipitated by addition of n-hexane to give
8a,b (9a,b) as yellow solids.

Compound 8a: The deprotonation of 6a (100 mg, 0.21 mmol)
with NaHMDS (120 ml, 2 M in THF, 0.24 mmol) in the presence of S8
(11 mg, 0.34 mmol) led to 77% of 8a (59 mg, 0.16 mmol). For the
elemental analysis 8a was dissolved in 3 ml dichloromethane and
crystallized by slowly diffusion of n-hexane. 1H NMR (200 MHz,
CDCl3): d 7.18 (d, 3JHH ¼ 2.7 Hz, 1H, NCHCHNIm), 6.59 (d,
3JHH ¼ 2.7 Hz, 1H, NCHCHNIm), 5.08 (m, 2H, Cpsubst.), 4.52 (m, 2H,
Cpsubst.), 4.48 (s, 5H, Cpunsubst.), 3.46 (s, 3H, NeCH3). 13C NMR
(50 MHz, CDCl3): d 118.4 (s, NCHCHNIm), 114.8 (s, NCHCHNIm), 72.2
(s, Cpsubst.), 71.7 (s, Cpsubst.), 71.5 (s, Cpunsubst.), 35.0 (s, NeCH3). MS
(MALDI): m/z 363 [M þ H]þ. Anal. Calcd (%) for C14H14FeS2O2N2: C,
46.42; H, 3.90; N, 7.73. Found: C, 46.25; H, 4.40; N, 7.45.

Compound 8b: The deprotonation of 6b (202 mg, 0.38 mmol)
with NaHMDS (200 ml, 2 M in THF, 0.40 mmol) in the presence of S8
(18 mg, 0.56 mmol) led to 50% of 8b (78 mg, 0.19 mmol). For the
elemental analysis and the crystal structure 8b was dissolved in
3 ml dichloromethane and finally crystallized by slowly diffusion of
n-hexane. 1H NMR (200 MHz, CDCl3): d 8.04 (m, 1H, BenzImarom.),
7.26 (m, 2H, BenzImarom.), 7.05 (m, 1H, BenzImarom.), 5.08 (s, 2H,
Cpsubst.), 4.51 (s, 5H, Cpunsubst.), 4.47 (m, 2H, Cpsubst.), 3.63 (s, 3H, Ne
CH3). 13C NMR (50 MHz, CDCl3): d 169.4 (s, BenzImC2), 132.7 (s,
BenzImquart.), 130.1 (s, BenzImquart.), 125.0 (s, BenzImarom.), 124.2 (s,
BenzImarom.), 114.4 (s, BenzImarom.), 109.0 (s, BenzImarom.), 83.9 (s,
Cpsubst.,quart.), 72.0 (s, Cpsubst.), 71.6 (s, Cpunsubst.), 71.3 (s, Cpsubst.),
31.0 (s, NeCH3). MS (MALDI):m/z 413 [M þ H]þ. Anal. Calcd. (%) for
C18H16FeS2O2N2: C, 52.43; H, 3.91; N, 6.79; S, 15.55. Found: C, 52.16;
H, 3.98; N, 6.60; S, 15.29.

Compound 9a: The deprotonation of 6a (152 mg, 0.32 mmol)
with NaHMDS (170 ml, 2 M in THF, 0.34 mmol) in the presence of
selenium (80 mg, 1.00 mmol) led to 89% of 9a (116 mg, 0.28 mmol).
1H NMR (200 MHz, CDCl3): d 7.39 (d, 3JHH ¼ 2.6 Hz, 1H, NCHCHNIm),
6.75 (d, 3JHH ¼ 2.6 Hz, 1H, NCHCHNIm), 5.16 (m, 2H, Cpsubst.), 4.54
(m, 2H, Cpsubst.), 4.49 (s, 5H, Cpunsubst.), 3.56 (s, 3H, NeCH3). 13C
NMR (126 MHz, CDCl3): d 158.3 (s, NCNIm), 120.1 (s, NCHCHNIm),
117.6 (s, NCHCHNIm), 81.7 (s, Cpsubst.,quart.), 72.3 (s, Cpsubst.), 72.1 (s,
Cpsubst.), 71.7 (s, Cpunsubst.), 37.3 (s, NeCH3). MS (EI): m/z 410 [M]þ.
Anal. Calcd (%) for C14H14FeSO2N2Se: C, 41.10; H, 3.45; N, 6.85; S,
7.84. Found: C, 40.42; H, 3.32; N, 6.88; S, 8.15.

Compound 9b: The deprotonation of 6b (150 mg, 0.28 mmol)
with NaHMDS (150 ml, 2 M in THF, 0.30 mmol) in the presence of
selenium (80mg,1.00mmol) led to 71% of 9b (92mg, 0.20mmol). 1H
NMR (200 MHz, CDCl3): d 8.11 (m, 1H, BenzImarom.), 7.29 (m, 2H,
BenzImarom.), 7.16 (m, 1H, BenzImarom.), 5.15 (m, 2H, Cpsubst.), 4.52 (s,
5H, Cpunsubst.), 4.48 (m, 2H, Cpsubst.), 3.76 (s, 3H, NeCH3). 13C NMR
(126 MHz, CDCl3): d 167.0 (s, BenzImC2), 133.7 (s, BenzImquart.), 131.6
(s, BenzImquart.),125.3 (s, BenzImarom.),124.6 (s, BenzImarom.),114.8 (s,
BenzImarom.), 109.6 (s, BenzImarom.), 83.6 (s, Cpquart.), 72.1 (s, Cpsubst.),
71.7 (s, Cpunsubst.), 71.5 (s, Cpsubst.), 33.3 (s, NeCH3). MS (MALDI):m/z
460.9 [M þ H]þ. Anal. Calcd. (%) for C18H16FeSO2N2Se: C, 47.08; H,
3.51; N, 6.10; S, 6.98. Found: C, 47.28; H, 3.64; N, 5.99; S, 7.16.

4.3.5. Synthesis of nickel complex 10
A mixture of 6a (206 mg, 0.43 mmol), nickelocene (80 mg,

0.43 mmol) and sodium iodide (138 mg, 0.92 mmol) in 30 ml THF
was heatedunder reflux for 15 h. The resulting dark red solutionwas
evaporated to dryness and the crude product was purified by flash
chromatography on silica gel with diethyl ether (100%) as mobile
phase. All volatiles were evaporated in vacuo to yield 11 (60 mg,
0.10mmol, 24%). 1H NMR (200MHz, CDCl3): d 7.44 (d, 3JHH¼ 2.2 Hz,
1H, NCHCHNIm), 6.91 (d, 3JHH¼ 2.2 Hz,1H, NCHCHNIm), 5.84 (m,1H,
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Cpsubst.), 5.38 (s, 5H, Ni-Cp), 4.64 (m, 1H, Cpsubst.), 4.58 (m, 1H,
Cpsubst.), 4.52 (s, 5H, Cpunsubst.), 4.52 (m,1H, Cpsubst.), 4.38 (s, 3H, Ne
CH3). 13C NMR (126 MHz, CDCl3): d 173.9 (s, NCNIm), 123.7 (s,
NCHCHNIm), 122.8 (s, NCHCHNIm), 93.6 (s, Ni-Cp), 82.9 (s, Cpsubst.,-

quart.), 75.0 (s, Cpsubst.), 72.7 (s, Cpsubst.), 72.4 (s, Cpsubst.), 71.5 (s,
Cpunsubst.), 69.5 (s, Cpsubst.), 41.7 (s, NeCH3). MS (MALDI): m/z 453
[M� I]þ. Anal. Calcd. (%) for C19H19FeSO2N2NiI: C, 39.29; H, 3.30; N,
4.82; S, 5.52. Found: C, 39.20; H, 3.19; N, 4.68; S, 5.75.

4.3.6. Synthesis of copper complex 11
Amixture of compound 6a (201mg, 0.42mmol), potassium tert-

butoxide (52 mg, 0.46 mmol) and copper(I) iodide (80 mg,
0.42 mmol) was precooled to �80 �C. After addition of 35 ml THF
the solution was stirred over night while the temperature slowly
increased to room temperature. The solvent was removed in vacuo.
The residue was dissolved in dichloromethane, filtered over Celite
and the resulting solution was reduced in vacuo. After addition of
20 ml n-hexane the copper complex precipitated as a yellow solid
(134 mg, 0.16 mmol, 75%). 1H NMR (200 MHz, CDCl3): d 7.44 (d,
3JHH ¼ 2.0 Hz, 2H, NCHCHNIm), 6.90 (d, 3JHH ¼ 2.0 Hz, 2H,
NCHCHNIm), 5.01 (m, 4H, Cpsubst.), 4.58 (m, 4H, Cpsubst.), 4.50 (s,10H,
Cpunsubst.), 3.85 (s, 6H, NeCH3). 13C NMR (151 MHz, CDCl3): d 179.3
(s, NCNIm), 122.1 (s, NCHCHNIm), 119.8 (s, NCHCHNIm), 83.3 (s,
Cpsubst.,quart.), 73.2 (s, Cpsubst.), 71.8 (s, Cpunsubst.), 70.5 (s, Cpsubst.),
39.6 (s, NeCH3). MS (MALDI): m/z 723 [M]þ. Anal. Calcd. (%) for
C28H28Fe2S2O4N4CuI: C, 39.53; H, 3.32; N, 6.58; S, 7.54. Found: C,
39.28; H, 3.28; N, 6.46; S, 7.24.

4.3.7. Synthesis of iron complex 13
Compound 3a (109mg, 0.33mmol) was suspended in 20ml THF

and cooled to �80 �C. Sodium bis(trimethylsilyl)amide (165 ml, 2 M
in THF, 0.33 mmol) was diluted in 5 ml THF and added dropwise to
the precooled reaction mixture. The solution was stirred 20 min
at �80 �C while the red suspension changed to a brown solution.
Cyclopentadienyliron(II) dicarbonyl iodide (100 mg, 0.33 mmol)
was dissolved in 5 ml toluene and added dropwise to the reaction
mixture. The solution was stirred over night at room temperature.
The resulting brown solid was filtered, washed with toluene and
extracted with dichloromethane. All volatiles were evaporated in
vacuo to yield 13 (143 mg, 0.24 mmol, 73%) as a red-brown solid.
Microcrystals for the elemental analysis were obtained by layering
a CDCl3 solution in the NMR tube with n-hexane. 1H NMR
(200 MHz, CDCl3): d 8.06 (d, 3JHH ¼ 1.9 Hz, 1H, NCHCHNIm), 7.70 (d,
3JHH ¼ 1.9 Hz, 1H, NCHCHNIm), 5.38 (s, 5H, Fe-Cp), 4.95 (m, 2H,
Cpsubst.), 4.81 (m, 2H, Cpsubst.), 4.43 (s, 5H, Cpunsubst.), 4.19 (s, 3H, Ne
CH3). 13C NMR (50 MHz, CDCl3): d 211.0 (s, FeeCO), 174.3 (s, COa-

mide), 169.2 (s, NCNIm), 127.9 (s, NCHCHNIm), 125.4 (s, NCHCHNIm),
87.9 (s, Fe-Cp), 74.8 (s, Cpsubst.), 72.6 (s, Cpsubst.), 71.2 (s, Cpunsubst.),
42.0 (s, NeCH3). MS (MALDI): m/z 471 [M]þ. IR (CH2Cl2): y 2051
(FeeCO), 2004 (FeeCO), 1715 (COamide). Anal. Calcd. (%) for
C22H19Fe2O3N2I*H2O: C, 42.90; H, 3.44; N, 4.55. Found: C, 42.61; H,
3.51; N, 4.32 (the water comes from the CDCl3).

4.3.8. Synthesis of rhodium complexes 14a,b

4.3.8.1. General procedure. The precursor 3a (3b) and [(cod)RhCl]2
were dissolved in 35 ml THF and precooled to �80 �C. Sodium
bis(trimethylsilyl)amide was diluted in 5 ml THF and added drop-
wise to the reaction mixture. The solution was stirred over night
while the temperature rose up to room temperature. For the pu-
rification of compound 14a the solvent was evaporated, the residue
resolved in diethyl ether and filtered over Celite. The solution was
evaporated to dryness and the resulting solid washed with n-
hexane. Compound 14b was purified by flash chromatography on
silica gel with diethyl ether as mobile phase.

The deprotonation of 3a (135 mg, 0.41 mmol) with NaHMDS
(210 ml, 2 M in THF, 0.42 mmol) in the presence of [Rh(cod)Cl]2
(101 mg, 0.21 mmol) led to 41% of 14a (90 mg, 0.17 mmol). 1H NMR
(200 MHz, CDCl3): d 7.50 (d, 3JHH ¼ 1.9 Hz, 1H, NCHCHNIm), 6.95 (d,
3JHH ¼ 1.9 Hz, 1H, NCHCHNIm), 6.05 (m, 1H, Cpsubst.), 5.34 (m, 1H,
Cpsubst.), 4.91e4.73 (m, 2H Cpsubst. þ 2H CODolef.), 4.30 (s, 3H, Ne
CH3), 4.23 (s, 5H, Cpunsubst.), 3.09 (m,1H, CODolef.), 2.58e2.31 (m,1H
CODaliph. þ 1H CODolef.), 2.18e1.22 (m, 7H, CODaliph.). 13C NMR
(126 MHz, CDCl3): d 187.1 (d, 1JRhC ¼ 51 Hz, ImC2), 173.6 (s, COamide),
123.1 (s, NCHCHNIm), 120.3 (s, NCHCHNIm), 98.9 (d, 1JRhC ¼ 7 Hz,
CODolef.), 98.1 (d, 1JRhC ¼ 7 Hz, CODolef.), 74.3 (s, Cpsubst.), 74.0 (s,
Cpsubst.), 73.5 (s, Cpsubst.), 73.1 (s, Cpsubst.), 72.2 (s, Cpsubst.), 71.0 (s,
Cpunsubst.), 68.5 (d, 1JRhC ¼ 15 Hz, CODolef.), 66.1 (d, 1JRhC ¼ 15 Hz,
CODolef.), 39.7 (s, NeCH3), 35.4 (s, CODaliph.), 30.2 (s, CODaliph.), 29.4
(s, CODaliph.), 27.2 (s, CODaliph.). MS (MALDI): m/z 505 [M � Cl]þ.
Anal. Calcd. (%) for C23H26FeON2RhCl: C, 51.09; H, 4.85; N, 5.18.
Found: C, 50.35; H, 4.87; N, 5.19.

The deprotonation of 3b (203 mg, 0.41 mmol) with NaHMDS
(210 ml, 2 M in THF, 0.42 mmol) in the presence of [Rh(cod)Cl]2
(101 mg, 0.21 mmol) led after purification to 19% of 14b (45 mg,
0.08 mmol). 1H NMR (200 MHz, CDCl3): d 7.89 (m, 1H, BenzImarom.),
7.38 (m, 3H, BenzImarom.), 5.97 (m, 1H, Cpsubst.), 5.45 (m, 1H,
Cpsubst.), 5.00e4.83 (m, 1H Cpsubst. þ 2H CODolef.), 4.78 (m, 1H,
Cpsubst.), 4.50 (s, 3H, NeCH3), 4.28 (s, 5H, Cpunsubst.), 3.24 (m, 1H,
CODolef.), 2.67 (m, 1H, CODolef.), 2.57e2.41 (m, 1H, CODaliph.), 2.15e
1.94 (m, 2H, CODaliph.), 1.83e1.75 (m, 2H, CODaliph.), 1.71e1.36 (m,
3H, CODaliph.). 13C NMR (75 MHz, CDCl3): d 197.2 (d, 1JRhC ¼ 50 Hz,
BenzImC2), 174.6 (s, COamide), 135.6 (s, BenzImquart), 134.1 (s, Ben-
zImquart.), 124.7 (s, BenzImarom.), 124.2 (s, BenzImarom.), 113.7 (s,
BenzImarom.), 110.1 (s, BenzImarom.), 100.6 (d, 1JRhC ¼ 7 Hz, CODolef.),
100.0 (d, 1JRhC ¼ 7 Hz, CODolef.), 74.6 (s, Cpsubst.), 74.4 (s, Cpsubst.),
73.7 (s, Cpsubst.), 73.0 (s, Cpsubst.), 72.8 (s, Cpsubst.), 70.8 (s, Cpunsubst.),
69.2 (d, 1JRhC ¼ 15 Hz, CODolef.), 66.0 (d, 1JRhC ¼ 15 Hz, CODolef.), 36.4
(s, NeCH3), 35.7 (s, CODaliph.), 30.1 (s, CODaliph.), 29.6 (s, CODaliph.),
26.9 (s, CODaliph.). HR-ESI: Calcd. for C27H28FeN2ORhþ: m/z
555.0601. Found: m/z 555.0600.

4.3.9. Synthesis of dicarbonylrhodium complexes 15a,b
A solution of 14a (14b) in dichloromethane was stirred at room

temperature while carbon monoxide was slowly bubbled through
for 10 min. The solvent was evaporated in vacuo and the residue
was washed three times with hexane. 15a: 1H NMR (200 MHz,
CDCl3): d 7.58 (m, 1H, NCHCHNIm), 7.06 (m, 1H, NCHCHNIm), 5.09
(m, 2H, Cpsubst.), 4.72 (m, 2H, Cpsubst.), 4.33 (s, 5H, Cpunsubst.), 4.09 (s,
3H, NeCH3). 13C NMR (126 MHz, CDCl3): d 185.7 (d, 1JRhC ¼ 55 Hz,
NCNIm), 182.4 (d, 1JRhC ¼ 75 Hz, COtrans), 178.5 (d, 1JRhC ¼ 44 Hz,
COcis), 171.7 (s, COamide), 123.3 (s, NCHCHNIm), 121.1 (s, NCHCHNIm),
73.9 (s, Cpsubst.), 72.6 (s, Cpsubst.), 71.8 (s, Cpsubst, quart.), 71.4 (s,
Cpunsubst.), 40.2 (s, NeCH3). MS (MALDI): m/z 424.8 [MeCOeCl]þ.
15b: 1H NMR (200MHz, CDCl3): d 7.79 (m,1H, BenzImarom.), 7.47 (m,
3H, BenzImarom.), 5.19 (m, 2H, Cpsubst.), 4.77 (m, 2H, Cpsubst.), 4.34 (s,
5H, Cpunsubst.), 4.29 (s, 3H, NeCH3). 13C NMR (126 MHz, CDCl3):
d 135.2 (s, BenzImquart.), 129.0 (s, BenzImquart.), 125.4 (s, BenzI-
marom.), 125.2 (s, BenzImarom.), 114.3 (s, BenzImarom.), 111.1 (s, Ben-
zImarom.), 73.4 (s, Cpsubst.), 73.1 (s, Cpsubst.), 71.2 (s, Cpunsubst.), 37.0 (s,
NeCH3). MS (MALDI): m/z 475.0 [MeCOeCl]þ.

4.3.10. Synthesis of rhodium complexes 16 and iridium complexes
17
4.3.10.1. General procedure. Compound 6aed, potassium tert-but-
oxide and [(cod)MCl]2 (M ¼ Rh, Ir) were charged into a 100 ml
Schlenk flask and precooled to �80 �C. After 10 min 30 ml THF was
added and the resulting solutionwas stirred over night. The solvent
was evaporated in vacuo and the residue was purified by flash
chromatography on silica gel with a mixture of diethyl ether and
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dichloromethane (1:1) for the compounds 16a,b and 17a,b and
with THF for the compounds 16c,d.

Deprotonation of precursor 6a (198 mg, 0.41 mmol) with po-
tassium tert-butoxide (52 mg, 0.46 mmol) in the presence of
[Rh(cod)Cl]2 (101 mg, 0.21 mmol) led to 77% of 16a (183 mg,
0.32 mmol). 1H NMR (200 MHz, CDCl3): d 7.34 (d, 3JHH ¼ 2.2 Hz, 1H,
NCHCHNIm), 6.78 (d, 3JHH ¼ 2.2 Hz, 1H, NCHCHNIm), 5.62 (m, 1H,
Cpsubst.), 4.96 (m, 2H, CODolef.), 4.67 (m, 1H, Cpsubst.), 4.57 (m, 1H,
Cpsubst.), 4.51 (m, 1H, Cpsubst.), 4.51 (s, 5H, Cpunsubst.), 4.25 (s, 3H, Ne
CH3), 3.79 (m,1H, CODolef.), 3.39 (m,1H, CODolef.), 2.70e2.16 (m, 4H,
CODaliph.), 2.14e1.76 (m, 4H, CODaliph.). 13C NMR (126 MHz, CDCl3):
d 122.4 (s, NCHCHNIm), 121.2 (s, NCHCHNIm), 98.3 (d, 1JRhC ¼ 8 Hz,
CODolef.), 97.4 (d, 1JRhC¼ 7 Hz, CODolef.), 83.8 (s, Cpsubst.,quart.), 73.3 (s,
Cpsubst.), 72.8 (s, Cpsubst.), 72.3 (s, Cpsubst.), 71.5 (s, Cpunsubst.), 70.4 (d,
1JRhC ¼ 15 Hz, CODolef.), 69.9 (d, 1JRhC ¼ 14 Hz, CODolef.), 69.5 (s,
Cpsubst.), 39.8 (s, NeCH3), 34.0 (s, CODaliph.), 31.9 (s, CODaliph.), 29.7
(s, CODaliph.), 28.4 (s, CODaliph.). MS (MALDI): m/z 541 [M � Cl]þ.
Anal. Calcd (%) for C22H26FeSO2N2RhCl: C, 45.82; H, 4.54; N, 4.86; S,
5.56. Found: C, 45.57; H, 4.49; N, 4.70; S, 5.50.

Deprotonation of precursor 6b (212 mg, 0.40 mmol) with so-
dium bis(trimethylsilyl)amide (210 ml, 2 M in THF, 0.42 mmol) in
the presence of [Rh(cod)Cl]2 (102 mg, 0.20 mmol) led to 82% of 16b
(206 mg, 0.33 mmol). 1H NMR (200 MHz, CDCl3): d 7.82 (m, 1H,
BenzImarom.), 7.25 (m, 3H, BenzImarom.), 5.57 (m, 1H, Cpsubst.), 5.13
(m, 2H, CODolef.), 4.85 (m, 1H, Cpsubst.), 4.54 (s, 5H, Cpunsubst.), 4.50
(s, 3H, NeCH3), 4.43 (m, 1H, Cpsubst.),4.38 (m, 1H, Cpsubst.), 3.71 (m,
1H, CODolef.), 3.38 (m, 1H, CODolef.), 2.76e2.25 (m, 4H, CODaliph.),
2.16e1.80 (m, 4H, CODaliph.). 13C NMR (126 MHz, CDCl3): d 203.1 (d,
1JRhC ¼ 51 Hz, BenzImC2), 135.5 (s, BenzImquart.), 132.9 (s, BenzIm-
quart.), 124.6 (s, BenzImarom.), 123.8 (s, BenzImarom.), 113.8 (s, Ben-
zImarom.), 109.9 (s, BenzImarom.), 99.1 (d, 1JRhC ¼ 7 Hz, CODolef.), 98.3
(d, 1JRhC ¼ 7 Hz, CODolef.), 84.2 (s, Cpsubst.,quart.), 72.8 (s, Cpsubst.), 72.7
(s, Cpsubst.), 71.8 (s, Cpsubst.), 71.5 (s, Cpunsubst.), 70.8 (d, 1JRhC ¼ 14 Hz,
CODolef.), 70.4 (d, 1JRhC ¼ 15 Hz, CODolef.), 70.0 (s, Cpsubst.), 36.9 (s,
NeCH3), 34.0 (s, CODaliph.), 31.8 (s, CODaliph.), 29.5 (s, CODaliph.), 28.8
(s, CODaliph.). MS (MALDI): m/z 591 [M � Cl]þ. Anal. Calcd. (%) for
C26H28FeSO2N2RhCl: C, 49.82; H, 4.50; N, 4.47; S, 5.12. Found: C,
49.56; H, 4.51; N, 4.37; S, 5.29.

Deprotonation of precursor 6c (126 mg, 0.41 mmol) with po-
tassium tert-butoxide (67 mg, 0.60 mmol) in the presence of
[Rh(cod)Cl]2 (100 mg, 0.20 mmol) led to 29% of 16c (48 mg,
0.12 mmol). 1H NMR (200 MHz, CDCl3): d 7.47 (d, 3JHH ¼ 2.2 Hz, 1H,
NCHCHNIm), 6.91 (d, 3JHH ¼ 2.2 Hz, 1H, NCHCHNIm), 5.03 (m, 2H,
CODolef.), 4.34 (s, 3H, eCH3), 3.87 (s, 3H, eCH3), 3.87 (m, 1H,
CODolef.), 3.45 (m, 1H, CODolef.), 2.53e2.34 (m, 4H, CODaliph.), 2.06e
1.88 (m, 4H, CODaliph.). 13C NMR (126 MHz, CDCl3): d 191.2 (d,
1JRhC ¼ 51 Hz, NCNIm), 122.6 (s, NCHCHNIm), 121.7 (s, NCHCHNIm),
99.2 (d, 1JRhC¼ 7 Hz, CODolef.), 98.9 (d, 1JRhC¼ 7 Hz, CODolef.), 72.0 (d,
1JRhC ¼ 14 Hz, CODolef.), 70.9 (d, 1JRhC ¼ 14 Hz, CODolef.), 44.8 (s, e
CH3), 39.9 (s, eCH3), 33.2 (s, CODaliph.), 32.3 (s, CODaliph.), 29.2 (s,
CODaliph.), 29.0 (s, CODaliph.). MS (MALDI):m/z 370.8 [M� Cl]þ. Anal.
Calcd. (%) for C13H20N2SO2RhCl: C, 38.39; H, 4.96; N, 6.89; S, 7.88.
Found: C, 37.40; H, 4.86; N, 6.57; S, 7.90.

Deprotonation of precursor 6d (278 mg, 1.02 mmol) with po-
tassium tert-butoxide (188 mg, 1.68 mmol) in the presence of
[Rh(cod)Cl]2 (246 mg, 0.50 mmol) led to 56% of 16d (275 mg,
0.57mmol). 1H NMR (200MHz, CDCl3): d 8.20 (m, 2H, Tosarom.), 7.44
(d, 3JHH ¼ 2.2 Hz, 1H, NCHCHNIm), 7.35 (m, 2H, Tosarom.), 6.83 (d,
3JHH ¼ 2.2 Hz, 1H, NCHCHNIm), 4.96 (m, 2H, CODolef.), 4.26 (s, 3H, e
CH3), 3.85 (m,1H, CODolef.), 3.44 (m,1H, CODolef.), 2.77e2.42 (m, 4H,
CODaliph.), 2.41 (s, 3H, eCH3), 2.36e1.94 (m, 4H, CODaliph.). 13C NMR
(126 MHz, CDCl3): d 191.1 (d, 1JRhC ¼ 51 Hz, NCNIm), 146.8 (s,
Tosarom.quart.), 134.0 (s, Tosarom.quart.), 130.2 (s, Tosarom.), 129.7 (s,
Tosarom.), 122.9 (s, NCHCHNIm), 121.5 (s, NCHCHNIm), 98.5 (d,
1JRhC ¼ 8 Hz, CODolef.), 98.1 (d, 1JRhC ¼ 7 Hz, CODolef.), 70.7 (d,

1JRhC ¼ 15 Hz, CODolef.), 70.1 (d, 1JRhC ¼ 14 Hz, CODolef.), 39.9 (s, e
CH3), 34.3 (s, CODaliph.), 31.7 (s, CODaliph.), 29.9 (s, CODaliph.), 28.2 (s,
CODaliph.), 22.1 (s, eCH3). MS (EI): m/z 482 [M]þ. HR-ESI: Calcd. for
C19H24N2O2SRhþ: m/z 447.0608. Found: m/z 447.0609.

Deprotonation of precursor 6a (144 mg, 0.30 mmol) with po-
tassium tert-butoxide (37 mg, 0.33 mmol) in the presence of
[Ir(cod)Cl]2 (100 mg, 0.15 mmol) led to 86% of 17a (172 mg,
0.26 mmol). 1H NMR (200 MHz, CDCl3): d 7.41 (d, 3JHH ¼ 2.0 Hz, 1H,
NCHCHNIm), 6.78 (d, 3JHH ¼ 2.0 Hz, 1H, NCHCHNIm), 5.48 (m, 1H,
Cpsubst.), 4.66 (m, 1H, Cpsubst.), 4.59e4.51 (m, 2H Cpsubst. þ 2H
CODolef.), 4.48 (s, 5H, Cpunsubst.), 4.06 (s, 3H, NeCH3), 3.43 (m, 1H,
CODolef.), 2.98 (m, 1H, CODolef.), 2.47e2.30 (m, 2H, CODaliph.), 2.25e
2.08 (m, 2H, CODaliph.), 1.93e1.78 (m, 1H, CODaliph.), 1.76e1.49 (m,
3H, CODaliph.). 13C NMR (126 MHz, CDCl3): d 185.9 (s, NCNIm), 121.8
(s, NCHCHNIm), 120.7 (s, NCHCHNIm), 85.0 (s, CODolef.), 84.2 (s,
CODolef.), 83.6 (s, Cpsubst.,quart.), 73.6 (s, Cpsubst.), 72.9 (s, Cpsubst.), 71.9
(s, Cpsubst.), 71.4 (s, Cpunsubst.), 69.5 (s, Cpsubst.), 53.9 (s, CODolef.), 53.6
(s, CODolef.), 39.4 (s, NeCH3), 34.4 (s, CODaliph.), 32.8 (s, CODaliph.),
30.0 (s, CODaliph.), 29.1 (s, CODaliph.). MS (MALDI): m/z 666 [M]þ.
Anal Calcd (%) for C22H26FeSO2N2IrCl: C, 39.67, H, 3.93; N, 4.21; S,
4.81. Found: C, 39.51; H, 3.95; N, 4.09; S, 4.84.

Deprotonation of precursor 6b (161 mg, 0.30 mmol) with so-
dium bis(trimethylsilyl)amide (165 ml, 2 M in THF, 0.33 mmol) in
the presence of [Ir(cod)Cl]2 (100 mg, 0.15 mmol) led to 84% of 17b
(180 mg, 0.25 mmol). 1H NMR (200 MHz, CDCl3): d 7.90 (m, 1H,
BenzIm), 7.26 (m, 3H, BenzIm), 5.46 (m, 1H, Cpsubst.), 4.83 (m, 1H,
Cpsubst.), 4.81e4.63 (m, 2H, CODolef.), 4.52 (s, 5H, Cpunsubst.), 4.43 (m,
1H, Cpsubst.), 4.40 (m, 1H, Cpsubst.), 4.34 (s, 3H, NeCH3), 3.40 (m, 1H,
CODolef.), 2.89 (m, 1H, CODolef.), 2.54e2.39 (m, 2H, CODaliph.), 2.32e
2.18 (m, 2H, CODaliph.), 1.91e1.76 (m, 2H, CODaliph.), 1.75e1.62 (m,
2H, CODaliph.). 13C NMR (126 MHz, CDCl3): d 196.9 (s, BenzImC2),
135.6 (s, BenzImquart.), 133.0 (s, BenzImquart.), 124.7 (s, BenzImarom.),
123.9 (s, BenzImarom.), 114.2 (s, BenzImarom.), 109.9 (s, BenzImarom.),
86.4 (s, CODolef.), 84.7 (s, CODolef.), 84.5 (s, Cpsubst.,quart.), 72.6 (s,
Cpsubst.), 72.5 (s, Cpsubst.), 71.9 (s, Cpsubst.), 71.6 (s, Cpunsubst.), 69.9 (s,
Cpsubst.), 55.3 (s, CODolef.), 54.0 (s, CODolef.), 36.6 (s, NeCH3), 33.9 (s,
CODaliph.), 33.1 (s, CODaliph.), 29.9 (s, CODaliph.), 29.3 (s, CODaliph.). MS
(MALDI): m/z 716 [M]þ. Anal Calcd. (%) for C26H28FeSO2N2IrCl : C,
43.61; H, 3.94; N, 3.91. Found: C, 43.61; H, 3.94; N, 3.73.

4.3.11. Synthesis of dicarbonyl complexes 18 and 19
Carbon monoxide was slowly bubbled through a solution of the

respective cod-complex 16aed or 17a,b in dichloromethane under
stirring for 10 min. The solvent was evaporated in vacuo and the
residue was washed three times with hexane. 18a: 1H NMR
(200 MHz, CDCl3): d 7.53 (d, 3JHH ¼ 2.1 Hz, 1H, NCHCHNIm), 6.93 (d,
3JHH ¼ 2.1 Hz, 1H, NCHCHNIm), 5.39 (m, 1H, Cpsubst.), 4.74 (m, 1H,
Cpsubst.), 4.62 (m, 1H, Cpsubst.), 4.56 (m, 1H, Cpsubst.), 4.51 (m, 5H,
Cpunsubst.), 3.99 (s, 3H, NeCH3). 13C NMR (126 MHz, CDCl3): d 185.9
(d, 1JRhC ¼ 56 Hz, NCNIm), 182.6 (d, 1JRhC ¼ 74 Hz, COtrans), 179.8 (d,
1JRhC ¼ 44 Hz, COcis), 123.1 (s, NCHCHNIm), 121.3 (s, NCHCHNIm),
82.7 (s, Cpsubst.,quart.), 73.2 (s, Cpsubst.), 72.9 (s, Cpsubst.), 72.7 (s,
Cpsubst.), 71.7 (s, Cpunsubst.), 69.9 (s, Cpsubst.), 40.3 (s, NeCH3). MS
(MALDI): m/z 489 [M � Cl]þ. IR (CH2Cl2): y 2083 cm�1 (C]O),
2007 cm�1 (C]O). 18b: 1H NMR (200 MHz, CDCl3): d 8.02 (m, 1H,
BenzImarom.), 7.40 (m, 3H, BenzImarom.), 5.37 (m, 1H, Cpsubst.), 4.88
(m, 1H, Cpsubst.), 4.54 (s, 5H, Cpunsubst.), 4.53 (m, 1H, Cpsubst.), 4.49
(m, 1H, Cpsubst.), 4.24 (s, 3H, NeCH3). 13C NMR (126 MHz, CDCl3):
d 190.2 (d, 1JRhC ¼ 44 Hz, COcis), 186.1 (d, 1JRhC ¼ 56 Hz, NCNBenzIm),
182.7 (d, 1JRhC ¼ 75 Hz, COtrans), 135.0 (s, BenzImquart.), 132.6 (s,
BenzImquart.), 125.5 (s, BenzImarom.), 125.4 (s, BenzImarom.), 114.6 (s,
BenzImarom.), 111.0 (s, BenzImarom.), 83.4 (s, Cpquart.), 72.9 (s,
Cpsubst.), 72.6 (s, Cpsubst.), 72.3 (s, Cpsubst.), 71.7 (s, Cpunsubst.), 70.0 (s,
Cpsubst.), 37.5 (s, NeCH3). MS (MALDI): m/z 548.0 [M � CO]þ. IR
(CH2Cl2): y 2083 cm�1 (C]O), 2007 cm-1 (C]O). 18c: 1H NMR
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(500 MHz, CDCl3): d 7.61 (d, 3JHH ¼ 2.1 Hz, 1H, NCHCHNIm), 7.06 (d,
3JHH¼ 2.1 Hz,1H, NCHCHNIm), 4.10 (s, 3H,eCH3), 3.76 (s, 3H,eCH3).
13C NMR (126 MHz, CDCl3): d 185.1 (d, 1JRhC ¼ 56 Hz, NCNIm), 181.8
(d, 1JRhC ¼ 74 Hz, COtrans), 181.0 (d, 1JRhC ¼ 44 Hz, COcis), 123.5 (s,
NCHCHNIm), 121.7 (s, NCHCHNIm), 45.1 (s,eCH3), 40.4 (s,eCH3). MS
(MALDI): m/z 290.6 [MeCOeCl]þ. IR (CH2Cl2): y 2088 cm�1 (C]O),
2013 cm�1 (C]O). 18d: 1H NMR (200 MHz, CDCl3): d 8.10 (m, 2H,
Tosarom.), 7.67 (d, 3JHH ¼ 2.2 Hz, 1H, NCHCHNIm.), 7.37 (m, 2H,
Tosarom.), 7.00 (d, 3JHH ¼ 2.2 Hz, 1H, NCHCHNIm.), 3.99 (s, 3H, eCH3),
2.43 (s, 3H, eCH3). 13C NMR (126 MHz, CDCl3): d 147.6 (s, Tosarom,

quart), 133.3 (s, Tosarom, quart), 130.4 (s, Tosarom.), 129.7 (s, Tosarom.),
123.6 (s, NCHCHNIm), 121.6 (s, NCHCHNIm), 40.4 (s, eCH3), 22.1 (s, e
CH3). IR (CH2Cl2): y 2084 cm�1 (C]O), 2009 cm�1 (C]O). 19a: 1H
NMR (200 MHz, CDCl3): d 7.57 (d, 3JHH ¼ 2.1 Hz, 1H, NCHCHNIm),
6.93 (d, 3JHH¼ 2.1 Hz,1H, NCHCHNIm), 5.40 (m,1H, Cpsubst.), 4.77 (m,
1H, Cpsubst.), 4.61 (m, 1H, Cpsubst.), 4.57 (m, 1H, Cpsubst.), 4.51 (m, 5H,
Cpunsubst.), 3.96 (s, 3H, NeCH3). 13C NMR (126 MHz, CDCl3): d 180.6
(s, NCNIm), 177.4 (s, IreCO), 167.8 (s, IreCO), 122.7 (s, NCHCHNIm),
121.1 (s, NCHCHNIm), 82.4 (s, Cpsubst.,quart.), 73.5 (s, Cpsubst.), 73.2 (s,
Cpsubst.), 72.6 (s, Cpsubst.), 71.7 (s, Cpunsubst.), 70.1 (s, Cpsubst.), 40.3 (s,
NeCH3). MS (MALDI): m/z 615 [M þ H]þ. IR (CH2Cl2): y 2070 cm�1

(C]O), 1990 cm�1 (C]O). 19b: 1H NMR (200 MHz, CDCl3): d 8.11
(m, 1H, BenzIm), 7.43 (m, 3H, BenzIm), 5.33 (m, 1H, Cpsubst.), 4.89
(m, 1H, Cpsubst.), 4.54 (s, 5H, Cpunsubst.), 4.53e4.48 (m, 2H, Cpsubst.),
4.21 (s, 3H, NeCH3). 13C NMR (126 MHz, CDCl3): d 186.1 (s, Ben-
zImC2), 180.4 (s, IreCO), 168.0 (s, IreCO), 134.7 (s, BenzImquart.),
132.5 (s, BenzImquart.), 125.8 (s, BenzImarom.), 125.7 (s, BenzImarom.),
115.1 (s, BenzImarom.), 111.2 (s, BenzImarom.), 83.5 (s, Cpsubst.,quart.),
72.8 (s, Cpsubst.), 72.7 (s, Cpsubst.), 72.5 (s, Cpsubst.), 71.8 (s, Cpunsubst.),
70.0 (s, Cpsubst.), 37.5 (s, NeCH3). MS (MALDI):m/z 629 [M� Cl]þ. IR
(CH2Cl2): y 2068 cm�1 (C]O), 1991 cm�1 (C]O).

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jorganchem.2013.10.058.
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7. Eidesstattliche Erklärung


