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Reaction of (Carbonyl)triruthenium with Acetylferrocene Thiosemicarbazone:
Synthesis, X-ray Diffraction, and Insight into the Solution Structures
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Reaction of acetylferrocene thiosemicarbazone [L] with
Ru3(CO)q, was investigated. Two new complexes, Ruz(CO)g-
[L-H] (1) and Ruy(CO)4[L], (2) were isolated. They were char-
acterized by IR, 'H NMR, and 3*C NMR spectroscopic analy-
sis. The crystal structures of 1 and 2 were also determined.
In trinuclear cluster 1, the acetylferrocene thiosemicarbazone
ligand was deprotonated and acted as an N,S-chelating li-
gand as well as a sulfur bridge. Dinuclear compound 2 is the
first bis(cycloruthenated acetylferrocene thiosemicarbazone)
carbonyl derivative. This complex contains two ruthenium

atoms in a dinuclear structure with a Ciopocener N, S, and
(CO), coordination sphere for each ruthenium atom, as both
L ligands act as a Cierrocener INs Sy chelate, and sulfur bridge.
The behavior of 1 and 2 under electrospray ionization mass
spectrometry (ESI-MS) was studied and the key intermediate
Ru(CO),[L-H] (3) in the formation of 2 was directly detected
in the reaction solution.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The chemistry of transition-metal carbonyl clusters with
organosulfur ligands is being widely developed due to its
importance in both bioinorganic chemistry and synthetic
chemistry. The chemistry of (carbonyl)triruthenium clusters
has proved to be an important entry into the basic under-
standing of the fundamental processes occurring on car-
bonyl polymetallic units. Additionally, thiosemicarbazones
are an important class of organic ligands, as they can coor-
dinate as neutral ligands or in their deprotonated forms. In
mononuclear or dinuclear transition-metal complexes, thio-
semicarbazone ligands are known to bind to metal ions as
neutral, deprotonated N,S bidentate,!'! or N,S,X (X = N,
O, C)-tridentatel® donors to form five- or four-membered
chelate rings. Although a number of studies of the coordi-
nation behavior of thiosemicarbazone derivatives have con-
cerned high-oxidation-state transition-metal cations, there
is little structural information on low-oxidation-state trinu-
clear complexes!®! with thiosemicarbazones.

Here we report the investigation of the reaction of (car-
bonyl)triruthenium with acetylferrocene thiosemicarbazone
(n>-CsHs)Fe(n*-CsH4)C(Me)=NN(H)C(S)NH(Me) [L]* in
thf. During this reaction, two products were obtained. Clus-
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ter 1 has an unsymmetrical triruthenium triangle frame-
work, in which the ligand is deprotonated and acts as a
bidentate N,S donor as well as a sulfur bridge. Dinuclear
compound 2 consists of a multiring system with a RuS,Rul]
core, and the nondeprotonated ligand is in the unusual
cycloruthenated (Cperrocenes N>S)-tridentatel®  coordination
mode, resulting in a significant increase in the stability of
2.

Recent developments in electrospray ionization mass
spectrometry (ESI-MS)I"I have enabled the investigation of
metal carbonyl ions in solution.®] We used this method to
characterize 1 and 2 and directly detect the key intermedi-
ate, Ru(CO),(L-H) (3), in the reaction solution.

Results and Discussion

Treatment of a thf solution of Rus(CO),, with (n°-
CsHs)Fe(n’-CsH,)C(Me)=NN(H)C(S)NH(Me) [L] in a 1:1
ratio at 40 °C for 6 h gave Ru;(CO)q[L-H] (1) and Ru,-
(CO)4[L], (2) as the major products. The yield of 2 increases
with higher reaction temperatures and longer reaction
times. For convenience, the compounds and reaction are
shown in Scheme 1.

The core of the Ruz(CO)o[L-H] (1) cluster is presented in
Figure 1. Selected bond lengths and angles are listed in
Table 1. The Ru-Ru bond lengths are Rul-Ru2 2.8416(7),
Rul-Ru3 2.7883(7), and Ru2-Ru3 2.8134(7) A. This indi-
cates that the three ruthenium atoms form an unsymmetri-
cal triangle. The Rul-S1 distance is 0.0579 A shorter than
the Ru2-S1 bond length. The monodeprotoned L binds as
an N,S-chelate through N1 and SI to Rul to form a five-
membered chelate ring with a bite angle of 80.56° (which
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Scheme 1. An overview of the reaction of L with Ru;(CO);,.

closely resembles that in the single metal ion compound™)
as well as edge-bridging (through p,-S1 to Rul and Ru2).
The two C-N distances, C6-N1 and C8-N2, are 1.293(7)
and 1.295(7) A, respectively, which indicates that the coor-
dinated L has greater conjugation and more delocalized
electron density than the uncoordinated L. All nine CO li-
gands are in distinguishable sites. The room-temperature
13C NMR spectroscopic data are consistent with the molec-
ular structure found in the crystal persisting in solution.

Figure 1. The molecular structure of 1.

The dinuclear compound Ru,(CO)4[L], (2, Figure 2; se-
lected bond lengths and angles are listed in Table 2) is the
first example in which L acts as a cycloruthenated
(CrerroceneN,S)-tridentate  ligand without deprotonation.
The ligand coordinates through the imine nitrogen, sulfur,
and carbon atoms of the substituted Cp ring to form two
five-membered chelate rings to one ruthenium atom, with
the ortho H atom of the cyclopentadienyl ring having been
displaced in the cyclometalation reaction. The molecule lies
on a crystallographic twofold axis, which passes through
the center of the four-membered ring of the two Ru atoms
and the two bridging S atoms. The two symmetry-related
5618
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Table 1. Selected bond lengths and angles for 1.
Bond lengths [A]

Rul-Ru2 2.8416(7) Ru2-S1 2.4025(15)
Rul-Ru3 2.7883(7) NI1-C6 1.293(7)
Ru2-Ru3 2.8134(7) N2-C8 1.295(7)
Rul-NI1 2.190(4) NI1-N2 1.397(6)
Rul-S1 2.3446(14) S1-C8 1.771(6)
Bond angles [°]

Cl6-Rul-N1  104.3(2) CI5-Rul-N1  100.3(2)
Cl6-Rul-S1  96.13(18) Cl5-Rul-S1 171.08(18)
N1-Rul-S1 80.56(12) Cl6-Rul-Ru3  89.14(17)
CI5-Rul-Ru3 92.54(17) NI1-Rul-Ru3  160.87(11)
S1-Rul-Ru3  84.56(4) NI-Rul-Ru2  101.29(11)
S1-Rul-Ru2  54.17(4) Ru3-Rul-Ru2 59.954(15)

Ru atoms are in a distorted octahedral coordination envi-
ronment, with two bridging S atoms in the equatorial plane
and two bridging Ru-S distances of 2.514(2) and
2.451(2) A. These distances are longer than those observed
in 1. The C13-N3 [1.311(9) A] bond length becomes longer,
increasing its single-bond character. The N-Ru-S bite angle
of 2 [N3-Ru-S 79.47(18)°] is only slightly smaller than that
of 1.

Figure 2. The molecular structure of 2.

In the NH-stretching region (3400-3090 cm™') of the IR
spectrum, it is clear that deprotonation makes the spectrum
of 1 (3412 cm ™) different from that of 2 (3439, 3091 cm ™).
The presence of absorption bands at 829 and 816-804 cm!
are assigned to the v(C=S) band in the IR spectra of 1 and
2, respectively. The medium intensity bands around 1585
and 1547-1573 cm™! in the spectra of 1 and 2 are assigned
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Table 2. Selected bond lengths and angles for 2.
Bond lengths [A]

Ru-N3 2.105(6) N1-C15 1.292(9)
Ru-S 2.451(2) N3-C13 1.311(9)
Ru-S#1 2.514(2) NI1-N3 1.385(8)
S-CI15 1.788(8)

Bond angles [°]
C2-Ru-N3 89.5(3) N3-Ru-S 79.47(18)
Cl-Ru-N3 174.0(3) C2-Ru-S#1 175.4(2)
Cl1-Ru-N3 78.8(3) Cl-Ru-S#1 86.9(3)
C2-Ru-S 94.5(3) CII-Ru-S#1  89.0(2)
Cl-Ru-S 106.5(3) N3-Ru-S#1 94.18(18)
CIl11-Ru-S 156.4(2) S-Ru-S#1 83.54(8)

to v(C=N), indicating that C=N groups are involved in co-
ordination. In the carbonyl region, there are four carbonyl
stretching bands at 2089, 2049, 2002, and 1934 cm™! that
appear in the spectrum of 1. The IR spectrum of 2 shows
two strong bands at 2027 and 1958 cm™'.

The 'H and '*C NMR results for 1 were obtained in
CDCl; solution. Due to the configuration and the m-elec-
tron delocalization of 1, the four nuclei of the substituted
Cp rings have different chemical shifts, and each nuclear
signal is split by coupling with all of the other nuclei. Thus,
each nucleus gives the multiplet pattern shown at ¢ = 4.59,
4.61, 4.65, and 5.03 ppm. There is an upfield shift of the
NH signal to 6 = 4.92 ppm. The room-temperature '3C
NMR spectrum of 1 shows all but one of the nine reso-
nances in the carbonyl region at 0 = 185.66, 190.45, 193.42,
197.49, 199.00, 203.74, 204.64, and 204.86 ppm (there is an
accidental coincidence of two carbonyl signals at room tem-
perature).

In 2, the delocalization of electron density in the
multiring system gives rise to a ring current. Because of
the ring-current effect, a pronounced tendency towards line
broadening was observed for 2 in the nonpolar solvent
CDCl;. The 'H NMR spectrum of 2 in [DgJacetone showed
that the ring current shields the NH protons and induces
large upfield shifts, and as a consequence, the chemical
shifts of the two NH protons appear at 6 = 2.57 and
2.82 ppm, respectively. There are three peaks corresponding
to the substituted Cp ring at 6 = 3.76, 4.39, and 4.72 ppm.
In the 3C NMR spectrum of 2, the broad, low-intensity
metalated carbon signal at § = 103.49 ppm was observed
due to the nuclear Overhauser effect.l!”) These data pro-
vided evidence of cycloruthenation of the substituted Cp
ring. The chemical shifts of the carbonyl ligands in the '3C
NMR spectrum show two signals at 6 = 194.03 and
201.49 ppm as a result of the high rigidity and symmetry of
the molecular structure.

Although single-crystal structure analyses of the prod-
ucts can provide important insight into mechanistic details,
the direct detection of short-lived intermediates of the reac-
tion in solution by ESI-MS methods can detail the reaction
mechanism in a stepwise fashion. The use of formic acid/
methanol as the mobile phase in ESI-MS allows this tech-
nique to be used to analyze the novel species of this reac-
tion.
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First, the ESI-MS technique was employed to examine
the pure compounds (Figure 3). The skimmer cone voltage
was maintained at a low value (5 V) to minimize the frag-
mentation of ions. The ESI-MS (positive mode) analysis of
pure trinuclear cluster 1 (m/z = 869) and dinuclear product
2 (m/z = 942) in methanol containing formic acid showed
the presence of the molecular peaks corresponding to the
intact parent ions after electron capture. However, the loss
of a number of CO ligands is only observed in the ESI mass
spectrum of 1, and even at higher cone voltages, the loss of
CO is especially difficult with 2.
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Figure 3. ESI spectrum of a MeOH solution of (a) 1 and (b) 2.

The reaction of Rus(CO),, with acetylferrocene thiosemi-
carbazone in thf at 40 °C was also monitored by positive-
ion ESI-MS analysis. As shown in Figure 4, after heating
the reaction system for 30 min, peaks are observed at m/z
= 785 and 813, values typical for carbonyl loss from
Ru3(CO)o[L-H] and corresponding to the ions Ru;(CO)g[L-
H] and Ru;(CO),[L-H], respectively. A peak corresponding
to dinuclear compound Ru,(CO)4[L], is also observed at
m/z = 942. In the range of m/z = 590-640, two peaks, which
may be assigned to the triruthenium cluster ions Rus-
(CO);1(H30) and Ru3(CO)o(H50),, are observed at m/z =
630 and 595, respectively. These ions are derived from
Ru;(CO)y,.

It is noteworthy that all three ESI mass spectra of the
reaction mixture contain peaks in the mass range between
m/z = 465 and 480 (A, B, C, Figures 3 and 4). To obtain
more information for justifying the peak assignments above,
we compared the experimental isotopic patterns of A, B,
and C (see insets). All three observed isotope patterns of
the molecular ion peaks contain the highly characteristic
isotope pattern for ruthenium.!'') Peak centroid A is ob-
served at m/z = 474 and may be readily assigned to the
Ru(CO),[L-H] + 3H ion derived directly from the fragmen-
tation of 1. Peak B at m/z = 472 may be assigned to the
5619
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Figure 4. ESI spectrum of the reaction solution.

ion Ru(CO),L, derived from the fragmentation of 2. The
observed peak C at m/z = 471 in Figure 4 confirms the exis-
tence of intermediate Ru(CO),[L-H] (3) and could originate
either from the preexistence of 3 ions in the sample solution
or by the fragmentation of products 1 under the electro-
spray conditions.

Conclusions

These results, taken in conjunction with the well-estab-
lished structural features of the two products, allow us to
rationalize the sequence of reactions as summarized in
Scheme 1: Initial substitution of CO ligands by L to form
cluster Ruz(CO)o[L-H] (1), in which deprotonation of the
ligand takes place. Next, the breakdown of 1 gives rise to
intermediate Ru(CO),[L-H] (3). The activation of the che-
lated Ru atom and S atom must occur along the cleavage
of one S—Ru bond and two Ru-Ru bonds, and this should
make cycloruthenation of the ferrocenyl group easy. Finally,
the dimerization of 3 occurs rapidly to generate 2.

Experimental Section

General Remarks: All reactions were carried out in redistilled sol-
vents under a nitrogen atmosphere by using standard Schlenk tech-
niques. Ru3(CO);, was from our laboratory, and acetylferrocene
thiosemicarbazone was prepared by using a literature procedure.[4
Column chromatography was carried out by using silica gel col-
umns of 160-200 mesh. The purified products were divided into
two parts, one portion was kept in a vacuum dryer as the sample
for NMR spectroscopy, elemental analyses, and IR study; the other
portion was recrystallized from hexane/CH,Cl, at —20 °C for X-ray
diffraction analysis. The existence of dichloromethane molecules in
the crystal lattice occurred during recrystallization. Infrared spectra
were recorded with a Nicolet 405 FTIR spectrometer, and NMR
spectra were obtained with a Bruker AC 400 NMR spectrometer
operating at 400 MHz for '"H NMR and 100 MHz for *C NMR
spectroscopy. The 'H and '*C NMR chemical shifts are reported
relative to TMS. Elemental analyses (C, H) were performed with a
Perkin-Elmer 2400-type analyzer. The structures of products 1 and
2 were determined by single-crystal X-ray diffraction. Suitable crys-
tals were mounted on the tips of glass fibers with perfluoropoly-
ether oil coated on them. Data were collected at 293 K with a
Respecton, an R-AXIS-IV diffractometer (Mo-K, radiation)
equipped with an imaging plate area detector and a rotating anode.
The structure was solved by direct methods (SHELXS-97) and ex-
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panded by using Fourier techniques. All non-hydrogen atoms were
refined anisotropically by full-matrix least-squares on F2 by using
the SHELXL-97 crystallographic program package. Electrospray
mass spectra were recorded with a Waters ZQ4000 ESI-MS spec-
trometer operating in positive-ion mode. The mobile phase was for-
mic acid/methanol. For monitoring reactions, ca. 0.5-mL samples
of the mixture were extracted by syringe, diluted under an atmo-
sphere of argon with methanol, and injected into the spectrometer
by a syringe pump. The source temperature was 100 °C, and nitro-
gen was used as both the nebulizing and drying gas. The skimmer
cone voltage was maintained at a low value (5 V) to minimize the
fragmentation of ions.

Reaction of Ru3(CO),, with FcC(Me)=NNC(S)NHMe: A 250-mL
three-necked flask with a condenser and a gas inlet was charged
with Ru3(CO);, (200 mg, 0.313 mmol), FcC(Me)=NNC(S)NHMe
(93.9 mg, 0.313 mmol), and thf (40 mL). The reaction mixture was
heated at 40 °C for 6 h under a slow nitrogen sweep, during which
time the solution changed from saffron yellow to chrysoidine. The
solvent was removed under reduced pressure, and the residual solid
was purified by column chromatography (silica gel; petroleum 60—
90/CH,Cl,, 6:1). The second orange band, which included 1
(26 mg, 9.56%), and a third red band, which included 2 (66 mg,
22.39%), were collected, and the solvent was removed under re-
duced pressure. Crystals suitable for X-ray diffraction analysis were
obtained by recrystallization from hexane/CH,Cl, at —20 °C.

1: FTIR (KBr): ¥ = 2089 (), 2049 (s), 2002 (vs), 1934 (m) [v(CO)],
1585 (m) [v(C=N)] cm . 'H NMR (400 MHz, CDCLy): 6 = 2.56 (s,
3 H, CH,), 2.92 (d, 3 H, CHy), 4.24 (s, 5 H, CsHs), 4.59 (sext., 1
H, CsHy), 4.61 (sext., | H, CsH,), 4.65 (quint., 1 H, CsH,), 4.92
(d, 1 H, NH), 5.03 (quint, 1 H, CsH,) ppm. '*C NMR (100 MHz,
CDClLy): 6 = 26.77, 32.30, 69.30, 69.72, 69.89, 71.15, 73.26, 88.20,
172.31, 172.94, 185.66, 190.43, 193.40, 197.49, 198.99, 203.72,
204.64, 204.86 ppm. C»3H,sFeN;O0oRu;S(869.43): caled. C 28.93,
H 1.68; found C 28.89, H 1.70.

2: FTIR (KBr): v = 2027 (vs), 1958 (vs) [V(CO)], 1573 (m), 1546
(m) [v(C=N)] cm™". '"H NMR (400 MHz, [DgJacetone): § = 2.57 (s,
1 H, NH), 2.61 (d, 3 H, CH3), 2.79 (t, 3 H, CH;), 2.82 (s, 1 H,
NH), 3.76 (s, 1 H, CsH3), 4.13 (s, 5 H, CsHs), 4.39 (s, 1 H, CsHs),
4.72 (s, 1 H, CsH3) ppm. 3C NMR (100 MHz, CDCl;): § = 15.70,
32.56, 64.94, 69.76, 70.10, 76.02, 93.61, 103.43, 163.07, 170.50,
194.03, 201.49 ppm. C;,H;,Fe;,NgO4Ru,S; (942.52): caled. C 40.72,
H 3.39; found C 40.76, H 3.43.

X-ray Crystallography

1: C53H sFeN;3;OgRu5S, M, = 869.43, monoclinic, space group P2,/
e, a=9.2352(12) A, b = 22.731(3) A, ¢ = 15.622(2) A, a = 90°, 8
= 106.133(2)°, y = 90°, V = 3150.4(7) A3, Z = 4, p = 2.012 gcm 3,
F(000) = 1852, crystal size 0.490 X 0.345 X 0.220 mm?, R, = 0.0446
[WR, = 0.0968, I>2c(1)], R, = 0.0689 (wR, = 0.1026, all data),
GOF = 0.858. Data/restraints/parameters of 6790/3/394, T =
293(2) K, 4 = 0.71073 A.

2: C3,H;3,N¢O4S,Fe,Ru,, M, =942.52, monoclinic, space group P2/
n, a = 7.8664(12) A, b = 10.7140(16) A, ¢ = 22.582(3) A, a = 90°,
£=99.569(3)°, y = 90°, V' = 1876.7(5) A3, Z =2, p = 1.818 gcm 3,
F(000) = 1024, crystal size 0.396 X 0.192 X 0.047 mm?, R, = 0.0657
[WR, = 0.1371, I>20(I)], R, = 0.1262 (wR, = 0.1576, all data),
GOF = 0.854. Data/restraints/parameters of 4307/0/233, T =
293(2) K, 4 = 0.71073 A.

CCDC-648043 (for 1) and -242282 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.
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Supporting Information (see footnote on the first page of this arti-
cle): "TH NMR, 3C NMR, and IR spectra for compounds 1 and 2.
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