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Reactivity of TpMe2-Supported Yttrium Alkyl Complexes toward
Aromatic N-Heterocycles: Ring-Opening or C=C Bond Formation
Directed by C�H Activation

Weiyin Yi, Jie Zhang,* Shujian Huang, Linhong Weng, and Xigeng Zhou*[a]

Abstract: Unusual chemical transformations such as three-
component combination and ring-opening of N-heterocycles
or formation of a carbon–carbon double bond through mul-
tiple C–H activation were observed in the reactions of TpMe2-
supported yttrium alkyl complexes with aromatic N-hetero-
cycles. The scorpionate-anchored yttrium dialkyl complex
[TpMe2Y(CH2Ph)2(THF)] reacted with 1-methylimidazole in 1:2
molar ratio to give a rare hexanuclear 24-membered rare-
earth metallomacrocyclic compound [TpMe2Y(m-N,C-Im)(h2-
N,C-Im)]6 (1; Im = 1-methylimidazolyl) through two kinds of
C–H activations at the C2- and C5-positions of the imidazole
ring. However, [TpMe2Y(CH2Ph)2(THF)] reacted with two equiv-
alents of 1-methylbenzimidazole to afford a C–C coupling/
ring-opening/C–C coupling product [TpMe2Y{h3-(N,N,N)-N-
(CH3)C6H4NHCH=C(Ph)CN(CH3)C6H4NH}] (2). Further investiga-

tions indicated that [TpMe2Y(CH2Ph)2(THF)] reacted with ben-
zothiazole in 1:1 or 1:2 molar ratio to produce a C–C cou-
pling/ring-opening product {(TpMe2)Y[m-h2 :h1-SC6H4N(CH=

CHPh)](THF)}2 (3). Moreover, the mixed TpMe2/Cp yttrium
monoalkyl complex [(TpMe2)CpYCH2Ph(THF)] reacted with
two equivalents of 1-methylimidazole in THF at room tem-
perature to afford a trinuclear yttrium complex [TpMe2CpY(m-
N,C-Im)]3 (5), whereas when the above reaction was carried
out at 55 8C for two days, two structurally characterized
metal complexes [TpMe2Y(Im-TpMe2)] (7; Im-TpMe2 = 1-methyl-
imidazolyl-TpMe2) and [Cp3Y(HIm)] (8 ; HIm = 1-methylimida-
zole) were obtained in 26 and 17 % isolated yields, respec-
tively, accompanied by some unidentified materials. The for-
mation of 7 reveals an uncommon example of construction
of a C=C bond through multiple C–H activations.

Introduction

C–N cleavage of aromatic N-heterocycles is a challenging pro-
cess that attracts much interest because it is not only signifi-
cant for understanding hydro-denitrogenation processes
(HDN),[1] but can also provide a new strategy for the construc-
tion of novel structural organometallic complexes.[2–5] Examples
of homogenous systems that mediate ring-opening of these
heterocycles are mainly based on early-transition-metal com-
plexes and usually require the presence of multiple bonds to
the metals.[3] Rhenium-mediated ring-opening of N-heterocy-
cles employing external bases or electrophilic regents are also
known.[4] Recently, Diaconescu et al. reported that rare-earth
metal monoalkyl and uranium dialkyl complexes with a 1,1’-fer-
rocenylene-diamide ligand can initiate C–N cleavage of 1-
methylimidazole under heating.[5] However, little is known of
the reactivity of rare-earth dialkyl complexes towards aromatic
N-heterocycles.[6] On the other hand, metal-mediated inactive
C–H bond activation [including C(sp3)–H and C(sp2)–H bonds]
has become a productive research field in organic and organo-
metallic chemistry,[7] and this approach serves as one of the

most powerful tools for the construction of carbon–carbon or
carbon–heteroatom bonds.[8] However, only one or two C(sp2

or sp3)�H bond is activated (the latter was also termed cross-
dehydrogenative-coupling, CGC) and forms a new carbon–
carbon or carbon–heteroatom single bond in most cases.[7d, 9]

Examples of multiple C�H bond activations for the construc-
tion of carbon–carbon or carbon–heteroatom double bonds
are rare.[10]

Recently, we have been investigating the reactivity of yttri-
um derivatives with the tri(3,5-dimethylpyrazolyl)borate (TpMe2)
ligands[11] toward small molecules,[12] and found that
[(TpMe2)CpYCH2Ph(THF)] can activate benzonitrile to give the
imine-enamine tautomer products after insertion,[12a] and
[TpMe2Y(CH2Ph)2(THF)] can cleave the C=S bond of isothiocya-
nate, or activate the C(sp3)�H bond of the benzyl group.[12c]

Herein, we would like to report the reactivity of yttrium dialkyl
complex [TpMe2Y(CH2Ph)2(THF)] toward N-heterocycles such as
1-methylimidazole, 1-methylbenzimidazole, and benzothiazole
under mild conditions, and disclose their unusual reaction be-
havior, including three-component combination and ring-
opening beyond C–H activation. Moreover, we also display
a rare example of the construction C=C bonds through multi-
ple C–H activations.[a] Dr. W. Yi, Prof. Dr. J. Zhang, S. Huang, Prof. Dr. L. Weng, Prof. Dr. X. Zhou

Department of Chemistry
Fudan University
Shanghai 200433 (P. R. China)
E-mail : zhangjie@fudan.edu.cn

xgzhou@fudan.edu.cn

Chem. Eur. J. 2014, 20, 867 – 876 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim867

Full PaperDOI: 10.1002/chem.201303608

����<?up><?tic=Keine><?tvs=-9dd><?trubyboff=-2h><?trubybth=1h><?ruby=1><?trubyfmt=1><?rt=1><?tdw=32mm><?th=35dd>H<?rt><?ruby><?down>���<?tvs=-0.7mm><$>\vskip-0.1mm\raster(25truemm,p)=


Results and Discussion

The reaction of [TpMe2Y(CH2Ph)2(THF)] with two equivalents of
1-methylimidazole in THF at room temperature afforded
a double C–H activation product [TpMe2Y(h2-N,C-Im)(m-Im)]6 (1;
Im = 1-methylimidazolyl) in 93 % isolated yield, as shown in
Scheme 1. It should be noted that the formation of complex
1 is independent of the reaction stoichiometry; the equimolar
reaction of [TpMe2Y(CH2Ph)2(THF)] with 1-methylimidazole
under the same conditions also gave complex 1 and the origi-
nal material [TpMe2Y(CH2Ph)2(THF)] . We also investigated the re-
action of [TpMe2Y(CH2Ph)2(THF)] with 1-methylimidazole in a 1:3
molar ratio in toluene at 100 8C for two days, however, only
complex 1 was obtained. No further transformations involving
1 occurred under the reaction conditions. This result differs
from that observed in the reaction of uranium dibenzyl com-
plex with 1-methylimidazole in [D8]toluene at 100 8C, in which
C–N cleavage of 1-methylimidazole was initiated and further
cascade reactions followed.[5b]

Complex 1 was characterized by NMR spectroscopy, elemen-
tal analysis, and X-ray crystallography (Figure 1), confirming
that 1 is a hexanuclear yttrium complex with a C2v symmetrical
24-membered metallo-macrocyclic structure. Each yttrium
atom is bound with a k3-TpMe2 ligand, a h2-N,C-imidazolyl ring,
and two m-imidazolyl rings. The average Y�N and Y�C bond
distances from the bridging imidazolyl rings are 2.432(5) and
2.448(6) �, respectively [Y�N 2.392(5)–2.489(5) �; Y�C 2.439(6)–
2.461(5) �]. The average Y�N and Y�C bond distances
[2.309(6) and 2.350(7) �] from the h2-N,C-imidazolyl rings are
significantly shorter than those of the Y�N and Y�C bond from
the bridging imidazolyl rings, and are in the range of Y�C and
Y�N s and donor bonds. These bond parameters revealed that
two different C�H bonds of 1-methylimidazolyl units were acti-
vated in 1: one being the C�H bond at the C2-position from

the chelating imidazolyl ring, and the second being the C�H
bond at the C5-position from the bridging imidazolyl ring.
Consistent with this observation, the 1H NMR spectrum of
1 shows two group signals that can be assigned to the C�H
resonances of 1-methylimidazolyl : one from the chelating imi-
dazolyl moiety (d= 7.48, 7.14, and 3.61 ppm), assigned to 4-, 5-
H, and Me-Im in a 1:1:3 ratio, and the second from the bridg-
ing imidazolyl moiety (d= 7.18, 6.87, and 3.53 ppm), assigned
to 2-, 4-H, and Me-Im in a 1:1:3 ratio.

The reaction of [TpMe2Y(CH2Ph)2(THF)] with two equivalents
of 1-methylbenzimidazole in THF at room temperature gave
a nonclassical ionic-type complex [TpMe2Y{h3-(N,N,N)-N-
(CH3)C6H4NHCH=C(Ph)CN(CH3)C6H4NH}] (2) in 79 % isolated
yield, indicating that a continuous carbon–carbon coupling,
ring-opening and carbon–carbon coupling process occurred
(Scheme 1). The structure of complex 2 was also characterized
by single-crystal X-ray diffraction analysis (Figure 2). The C1�C8
bond [1.455(7) �] is clearly indicative of a C�C single bond,
whereas the lengths of the C8�C9 and C9�N3 bonds [1.356(7)
and 1.324(6) �, respectively] are between the C�C and C�N
single and double bonds, revealing the delocalization character
of the p electrons of the C8=C9 bond. Moreover, the bond
angles around C8 and C9 are consistent with sp2 hybridization.
The lengths of the Y�N1 and Y�N3 [2.473(4) and 2.371(4) �, re-
spectively] bonds are significantly longer than that of the Y�
N4 bond [2.275(5) �], with the latter being a classical Y�N
s bond. The newly formed tridentate substituted benzimida-
zolyl ligand is dianionic, bonded to an Y3 + center with a mono-
anionic TpMe2 ligand, and the observed bond lengths in the tri-
dentate substituted benzimidazolyl ligand indicate charge de-
localization. The 1H NMR spectrum of 2 also indicated that only
one hydrogen is localized near the C9 atom, which was con-

Scheme 1. Reactions of scorpionate-anchored yttrium dialkyl complex with
some N-heterocycles.

Figure 1. Molecular structure of 1 with thermal ellipsoids at 30 % probability
level. Carbon atoms on TpMe2 in 1 and all hydrogen atoms are omitted for
clarity. Selected bond lengths [�] and bond angles [8]: Y1�N7 2.319(6), Y1�
C18 2.363(7), Y1�N9 2.414(4), Y1�C25 2.439(6), Y2�N19 2.298(6), Y2�C45
2.364(6), Y2�N14 2.489(5), Y2�C21 2.461(5), Y3�N29 2.311(6), Y3�C28
2.322(7), Y3�N11 2.392(5), Y3�C48 2.443(6) ; C25-Y1-N9 105.30(17), C21-Y2-
N14 86.90(17), C48-Y3-N11 104.02(17). Symmetry transformations used to
generate equivalent atoms: �x + 1, �y + 2, �z + 1.
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firmed by a single peak at d= 7.83 ppm assignable to the C=

CH group. Two single peaks at d= 4.50 and 4.24 ppm were as-
signed to the resonances of NH (N1-H and N3-H).

The formation of 2 clearly indicated that a 1-methylbenzimi-
dazole ring-opening and three-component combination in-
cluding a benzyl group and two 1-methylbenzimidazole moiet-
ies occurred in the reaction of [TpMe2Y(CH2Ph)2(THF)] with 1-
methylbenzimidazole.[13] This result is also significantly different
from that of the known rare-earth monoalkyl or uranium di-
benzyl complexes with 1-methylimidazole or 1-methylbenzimi-
dazole.[9a, b] The latter usually gave the imidazole ring-opening
and/or coupling species, and no alkyl group was involved in
the framework of the final product. To understand the process
involved in the formation of 2, the equimolar reaction of
[TpMe2Y(CH2Ph)2(THF)] with 1-methylbenzimidazole under the
same conditions was also performed, however, only
the original material [TpMe2Y(CH2Ph)2(THF)] and 2
were isolated, which was partially attributable to fast
carbon–carbon coupling between the ring-opening
intermediate D with a second 1-methylbenzimidazole
(Scheme 2). To our delight, the equimolar reaction of
[TpMe2Y(CH2Ph)2(THF)] with benzothiazole gave
{[TpMe2Y(m-h1:h2-SC6H4NCH=CHPh-o)THF]2} (3 ; 86 %
isolated yield). The formation of complex 3 was also
independent of the reaction stoichiometry. The 1H
and 13C NMR spectra and structural determination
(Figure 3) reveal that a novel dianionic ligand
[SC6H4NCH=CHPh-o]2� in 3 was constructed through
a carbon–carbon coupling and ring-opening process.
In its 1H NMR spectrum, the NCH=CHPh fragments
were observed as two doubles at d= 8.13 and
5.80 ppm with J = 16 Hz, and its 13C NMR spectrum
displayed two resonances at d= 160.5 and
115.7 ppm, which were assigned to the NCH=CHPh
units. The N7�C7 bond length [1.392(5) �] is consis-
tent with a single bond, whereas the C7�C8 bond

length [1.334(5) �] reveals substantial double-bond character.
The Y�N1 [2.365(3) �] and Y�S1 [2.704(1) �] bonds are also in
the range of Y�N and Y�S s bonds. These structural data also
indicate the SC6H4NCH=CHPh-o ligand is dianionic. The bond
parameters of the TpMe2 ligands and phenyl rings are in the
normal range.

The formation of 3 provides credible proof that the carbon–
carbon coupling of benzyl with 1-methylbenzimidazole and its
ring-opening (i.e. , to form D ; Scheme 2) probably occurs prior
to carbon–carbon coupling of D with a second 1-methylbenzi-
midazole molecule. However, because the sequence between
carbon–carbon coupling of benzyl with 1-methylbenzimidazole
and its ring-opening process remained unclear, we reacted
[TpMe2Y(CH2Ph)2(THF)] with two equivalents of 1-methylbenzi-
midazole in THF at room temperature for 3 h, and then addedFigure 2. Molecular structure of 2 with thermal ellipsoids at 30 % probability

level. All hydrogen atoms are omitted for clarity. Selected bond lengths [�]
and bond angles [8]: Y1�N1 2.473(4), Y1�N3 2.371(4), Y1�N4 2.275(5), Y1�
O1 2.461(3), N1�C1 1.353(5), N2�C1 1.360(6), C1�C8 1.455(7), C8�C9
1.356(7), C9�N3 1.324(6), N3�C16 1.430(6) ; N1-C1-N2 110.8(4), N1-C1-C8
125.8(5), N2-C1-N8 123.4(4), C1-C8-C9 122.3(4), C1-C8-C10 119.6(5), C9-C8-
C10 118.0(5).

Scheme 2. Plausible mechanism for the formation of 2.

Figure 3. Molecular structure of 3 with thermal ellipsoids at 30 % probability
level. All hydrogen atoms are omitted for clarity. Selected bond lengths [�]
and bond angles [8]: Y1�N1 2.365(3), Y1�S1 2.7040(12), Y1�S1A 2.8738(13),
Y1�O1 2.461(3), N1�C7 1.392(5), C7�C8 1.334(5) ; C8-C7-N1 127.0(4), C8-C7-
H7 116.5, N1-C7-H7 116.5, C7-C8-C9 127.0(4), C7-C8-H8 116.5, C9-C8-H8
116.5. Symmetry transformations used to generate equivalent atoms: �x + 1,
�y + 1, �z + 1.
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an aqueous water solution of saturated NaHCO3, and stirred
the mixture for 30 min. After workup, 2-benzyl-1-methylbenzi-
midazole 4 [PhCH2C=NC6H4N(CH3)] was isolated in 73 % yield
(based on Y metal), which was confirmed by 1H NMR spectro-
scopic and X-ray crystallographic analyses. In the 1H NMR spec-
trum of 4, two single peaks at d= 4.35 and 3.59 ppm were as-
signed to the resonances of CH2 of the benzyl group and the
NCH3 unit in a 2:3 ratio, and three multiple peaks at d= 7.22–
7.81 ppm were assigned to the resonances of the phenyl ring
protons of the C6H4 and C6H5 moieties. In the crystal structure
of 4 (Figure 4), the averaged bond lengths [N1�C1 1.308(2),

N2�C1 1.367(2), N1�C2 1.382(2), N2�C7 1.375(3), C2�C7
1.393(2) �] and the sum of bond angles of 5408 [N1-C1-N2
113.01(13), C1-N1-C2 104.97(13), C1-N2-C7 106.60(12), N1-C2-
C7 110.07(15), N2-C7-C2 105.35(14)] in the N1-C1-N2-C7-C2
ring indicated that 4 is also an aromatic N-heterocyclic mole-
cule. We therefore conclude that the carbon–carbon coupling
of benzyl with 1-methylbenzimidazole probably occurs prior to
ring-opening of 1-methylbenzimidazole.

On the basis of the observations described above, we pro-
pose a possible mechanism for the formation of 2, displayed in
Scheme 2. One 1-methylbenzimidazole molecule is first coordi-
nated with the yttrium center to form intermediate
A. Then, A transforms into B through carbon–carbon
coupling between the benzyl group and the 1-meth-
ylbenzimidazole molecule. Ring-opening of benzimi-
dazolyl occurs to give intermediate C, accompanied
by elimination of one toluene molecule. Intermediate
D is formed from C through a 1,2-hydrogen migra-
tion process. A second carbon–carbon coupling be-
tween D and a second 1-methylbenzimidazole occurs
to yield E. The final product 2 is formed by 1,3- and
1,2-hydrogen migration events.

To further explore the reactivity of rare-earth alkyl
complexes toward these N-heterocycles, we also in-
vestigated the reactions of mixed TpMe2/Cp yttrium
monoalkyl complex [(TpMe2)CpYCH2Ph(THF)][14] with 1-
methylimidazole or 1-methylbenzimidazle. As shown
in Scheme 3, [(TpMe2)CpYCH2Ph(THF)] reacted with
two equivalents of 1-methylimidazole in THF at room

temperature to afford a trinuclear metallo-macrocyclic complex
with bridging 1-methylimidazolyl ligands [{TpMe2CpY(m-N,C-
Im)}3] (5 ; 62 % isolated yield), whereas it reacted with two
equivalents of 1-methylbenzimidazole under the same condi-
tions to give a monomer with C–H activation at the C2-posi-
tion [(TpMe2)CpY(HBIm)(h2-N,C-BIm)] (6 ; 72 % isolated yield,
BIm = 1-methylbenzimidazolyl). When the above two reactions
were carried out at 55 8C for two days, the latter still gave com-
plex 6, but the former afforded two structurally characterized
metal complexes [TpMe2Y(Im-TpMe2)] (7; Im-TpMe2 = 1-methyl-imi-
dazolyl-TpMe2) and [Cp3Y(HIm)] (8 ; HIm = 1-methylimidazole) in
26 and 17 % isolated yields (based on Y metal), respectively, ac-
companied by some unidentified materials.

Complexes 5–8 were also characterized by elemental analy-
sis, 1H and 13C NMR spectroscopy, and single-crystal X-ray anal-
ysis. The crystal structure depicted in Figure 5 reveals that 5
possesses a trinuclear 12-membered metallomacrocyclic struc-
ture. The quality of the crystallographic data for 5 was rather

Figure 4. Molecular structure of 4 with thermal ellipsoids at 30 % probability
level. Selected bond lengths [�] and bond angles [8]: N1�C1 1.308(2), N2�C1
1.367(2), N1�C2 1.382(2), N2�C7 1.375(3), C2�C7 1.393(2), C1�C9 1.480(2),
C9�C10 1.516(2) ; N1-C1-N2 113.01(13), N1-C1-C9 124.10(14), N2-C1-C9
122.88(14), C1-N1-C2 104.97(13) C1-N2-C7 106.60(12) N1-C2-C7 110.07(15)
N2-C7-C2 105.35(14).

Scheme 3. Synthesis of compounds 5–8 form yttrium monoalkyl complex.

Figure 5. Molecular structure of 5 with thermal ellipsoids at 30 % probability
level. Carbon atoms on TpMe2 in 5 and all hydrogen atoms are omitted for
clarity.
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poor [with the value of R on the high side, R1 = 0.0822, wR2 =

0.2362], thus the bond distances and bond angles for 5 will
not be discussed. However, the overall structure of 5 was clear-
ly determined, and indicated that the three 1-methylimidazolyl
groups adopt a m2-bonding mode, and each edge of the trian-
gular metal framework is almost equally bridged by one 1-
methylimidazolyl group. The C–H activation of the imidazolyl
group was also confirmed by the 1H NMR spectrum of 5, which
displayed only three resonances at d= 6.94, 6.74, and
3.65 ppm, assignable to the CH of C2 and C4 atoms and the N-
Me of the 1-methylimidazolyl groups, in addition to the assign-
able peaks at d= 5.82 ppm for C5H5, and the peaks at d= 5.63,
2.35, and 2.29 ppm for 4H-TpMe2, 3- and 5-Me-TpMe2.

The results of the structural determination (Figure 6) show
that complex 6 is a solvent-free monomer and that the central

metal atom, Y3+ , is bonded to one k3-TpMe2 ligand, one h5-Cp
group, one h2-N,C-1-methylbenzimidazolyl ligand, and a neutral
1-methylbenzimidazole molecule. The Y1–N1 and Y1–C6 dis-
tances of 2.356(4) and 2.410(5) �, respectively, are in the range
expected for the Y�N and Y�C bond interaction with partial
single and donor bond character. The Y1–N3 distance of
2.509(3) � is also a normal Y�N donor bond. The 1H NMR spec-
trum of 6 contains a characteristic single peak at d= 7.21 ppm
that was assigned to the C2–H resonance from the neutral 1-
methylbenzimidazole molecule (C6H4NCHNCH3).

X-ray crystallographic analysis (Figure 7) and 1H, 13C NMR
spectra of 7 confirmed that a new C=C bond was formed
through carbon–carbon coupling between the 1-methylimida-
zolyl moiety and one methyl group of a TpMe2 ligand. In 7, the
yttrium atom is surrounded by seven nitrogen atoms, and the
newly formed imidazolyl-substituted TpMe2 ligand is coordinat-
ed with the central metal in a k4-bonding mode. The C1–C5
and C5–C6 [1.366(10) and 1.405(10) �] bond lengths are signifi-
cantly shorter than that of the C–C single bond (1.50 �), indi-
cating delocalized double- and single-bond characters. The Y–
N1 length [2.417(6) �] is also comparable to the other Y–N
bond lengths in the Im-TpMe2 ligand [Y1�N4 2.390(5), Y1�N6
2.450(6), and Y1�N8 2.439(6) �]. These bond data indicate that

the newly formed Im-TpMe2 ligand is dianionic. In the 1H NMR
spectrum of 7, four single peaks at d= 6.28, 2.18, 2.14, and
2.11 ppm are assigned to the resonances of 4H-TpMe2, 3- and 5-
Me-TpMe2 in the TpMe2 ligand, respectively. Two single peaks at
d= 5.85 and 5.77 ppm are assigned to the resonance of 4H-Im-
TpMe2 in a 2:1 ratio, and three single peaks at d= 2.55, 2.48,
and 2.44 ppm are assigned to the resonances of Me-TpMe2-Im
in a 6:6:3 ratio. The chelating 1-methylimidazolyl group shows
three signals at d= 6.92, 6.53, and 2.31 ppm assignable to 4-,
5-H, and Me-Im in a 1:1:3 ratio. Moreover, a characteristic C-H
resonance at d= 6.44 ppm was also observed that could be as-
signed to the methenyl moiety C5H. Deprotonation of one
methyl group is common, however, double deprotonation of
one methyl group to construct a C=C bond has not been re-
ported so far.[15, 16] The formation of 7 implied at least three C�
H bonds [one C(sp2)-H and two C(sp3)�H bonds] were activat-
ed during this process, but the detailed mechanism is present-
ly unclear.[17]

The overall structure of 8 (Figure 8) is very similar to that of
[Cp3Y(THF)] , when the coordinated 1-methylimidazole mole-

Figure 6. Molecular structure of 6 with thermal ellipsoids at 30 % probability
level. All hydrogen atoms are omitted for clarity. Selected bond lengths [�]:
Y1�N1 2.356(4), Y1�C6 2.410(5), Y1�N3 2.509(3), N1�C6 1.335(5), N2�C6
1.387(5).

Figure 7. Molecular structure of 7 with thermal ellipsoids at 30 % probability
level. All hydrogen atoms are omitted for clarity. Selected bond lengths [�]
and bond angles [8]: Y1�N1 2.417(6), Y1�N4 2.390(5), Y1�N6 2.450(6), Y1�N8
2.439(6), N1�C1 1.352(9), N2�C1 1.375(9), C1�C5 1.366(10), C5�C6 1.405(10);
N1-C1-N2 108.6(6), C5-C1-N2 123.4(7), N1-C1-C5 128.1(7), C1-C5-C6 125.0(7),
C1-C5-H5 117.5, C6-C5-H5 117.5.

Figure 8. Molecular structure of 8 with thermal ellipsoids at 30 % probability
level. All hydrogen atoms are omitted for clarity. Selected bond lengths [�]:
Y1�N1 2.481(4), N1�C18 1.321(6), N2�C18 1.341(6).
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cule in 8 replaces the THF molecule. The yttrium atom carries
three Cp groups and one nitrogen atom from a neutral 1-
methylimidazole moiety. The Y1–N1 distance is 2.448(9) �, and
is thus a standard Y�N donor bond. The Y–C(Cp) distances are
in the normal range observed for lanthanide metallocenes.

Conclusion

We have shown that TpMe2-supported rare-earth dibenzyl com-
plexes mediate three-component combination and ring-open-
ing of 1-methylbenzimidazole and activates the C�H bonds at
the C2 and C5-position of 1-methylimidazole to construct
a rare hexanuclear rare-earth metallomacrocyclic compound.[18]

Moreover, we also reveal an uncommon example of the con-
struction of a C=C bond through multiple C–H activations. This
study provides new insights into the activation of N-heterocy-
cles in rare-earth alkyl complexes.

Experimental Section

General Methods

All reactions were carried out under a dry and inert atmosphere
using either standard Schlenk techniques or under a nitrogen at-
mosphere in a MBRAUN glovebox. The nitrogen in the glovebox
was constantly circulated through a copper/molecular sieves cata-
lyst unit. The oxygen and moisture concentrations in the glovebox
atmosphere were monitored by an O2/H2O Combi-Analyzer
(MBRAUN) to ensure both were always below 1 ppm. THF, toluene,
n-hexane were heated to reflux and distilled over sodium benzo-
phenone ketyl under nitrogen immediately prior to use. [TpMe2Y-
(CH2Ph)2(THF)] ,[12c] and [TpMe2CpYCH2Ph(THF)][14] were prepared ac-
cording to the literature. 1-Methylimidazole, 1-methylbenzimida-
zole, and benzothiazole were purchased from Aldrich and were
used without purification. Elemental analyses for C, H and N were
carried out with a Rapid CHN-O analyzer. 1H and 13C NMR data
were obtained with a Bruker DMX-400 NMR spectrometer
(400 MHz for 1H; 100 MHz for 13C).

Synthesis of [TpMe2Y(m-N,C-NC3H2NCH3)(h2-N,C-NC3H2NCH3)]6

(1)

Method A : In a glovebox, a solution of 1-methylimidazole (0.082 g,
1.00 mmol) in THF (5 mL) was added slowly to a solution of
[TpMe2Y(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL), and the
resulting mixture was stirred overnight at RT. The solution was
evaporated to dryness under vacuum, and washed with n-hexane
(2 � 10 mL), THF (20 mL) was added to the residue, and then diffu-
sion of n-hexane into the concentrated THF solution gave colorless
crystals of 1. Yield: 0.255 g (93 %); 1H NMR(400 MHz, [D8]THF, RT):
d= 7.42 (s, 6 H; C3H2N2CH3), 7.18 (s, 6 H; C3H2N2CH3), 7.14 (s, 6 H;
C3H2N2CH3), 6.87 (s, 6 H; C3H2N2CH3), 5.64 (s, 18 H; 4H-TpMe2), 3.61 (s,
18 H; C3H2N2CH3), 3.53 (s, 18 H; C3H2N2CH3), 2.48 (s, 36 H; CH3 of
TpMe2), 2.45 (s, 18 H; CH3 of TpMe2), 2.37 (s, 18 H; CH3 of TpMe2),
2.30 ppm (s, 36 H; CH3 of TpMe2) ; 13C NMR (100 MHz, [D8]THF, RT):
d= 181.57 (s, 2-C-Im ring), 170.17 (s, 2-C-Im ring), 149.85 (s, 3-C-Pz),
145.26 (s, 3-C-Pz), 138.37 (s, 5-C-Pz), 129.48 (s, 5-C-Im ring), 128.72
(s, 5-C-Im ring), 125.86 (s, 4-C-Im ring), 105.58 (s, 4-C-Pz), 35.82 (s,
C3H2N2CH3), 37.24 (s, C3H2N2CH3), 35.82 (s, C3H2N2CH3), 13.10 (s, 3-
Me-Pz), 12.94 ppm (s, 5-Me-Pz) ; elemental analysis calcd (%) for

C138H192B6N60Y6: C 50.38, H 5.88, N 25.55; found: C 50.61, H 5.96, N
25.37.

Method B : In a glovebox, a solution of 1-methylimidazole (0.041 g,
1 equiv) in THF (2 mL) was added slowly to a solution of [TpMe2Y-
(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL), and the resulting
mixture was stirred overnight at RT. The resulting mixture was
worked up as described in Method A, to give colorless crystals of
1 (0.074 g, 27 % isolated yield based on Y metal). The mother
liquid was then evaporated to dryness under vacuum, and the resi-
due was partially dissolved in toluene (15 mL), then the toluene so-
lution was evaporated slowly in a glovebox to afford the original
material [TpMe2Y(CH2Ph)2THF] as colorless crystals. Yield: 0.035 g
(11 % based on Y metal).

Method C : In a glovebox, a solution of 1-methylimidazole (0.123 g,
3 equiv) in THF (2 mL) was added slowly to a solution of [TpMe2Y-
(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL), then the mixture
was removed from the glovebox, and stirred at 100 8C for 48 h.
The resulting mixture was worked up as described in Method A, to
give colorless crystals of 1 (0.175 g, 64 % isolated yield based on Y
metal).

Synthesis of [TpMe2Y{h3-(N,N,N)-N(CH3)C6H4NHCH=C(Ph)CN-
(CH3)C6H4NH}] (2)

Method A : In a glovebox, a mixture of [TpMe2Y(CH2Ph)2THF]
(0.320 g, 0.50 mmol) and 1-methylbenzimidazole (0.132 g,
1.00 mmol) in THF (15 mL) was stirred at RT for 24 h, then the solu-
tion was concentrated to dryness under vacuum. Toluene (10 mL)
was added to the residue, and then diffusion of n-hexane into the
concentrated toluene solution gave red crystals of 2 (0.320 g,
79 %). 1H NMR(400 MHz, [D8]THF, RT): d (see Scheme 4 for number-
ing) = 7.83 (s, 1 H; a) 7.60–7.14 (m,
10 H; f, g or h), 6.50–6.30 (m, 3 H; f, g
or h), 5.66 (s, 2 H; 4H-TpMe2), 5.52 (s,
1 H; 4H-TpMe2), 4.50 (s, 1 H; b or c),
4.24 (s, 1 H; b or c), 3.77 (s, 3 H; e),
2.67 (s, 3 H; d), 2.64 (s, 3 H; CH3 of
TpMe2), 2.42 (s, 6 H; CH3 of TpMe2), 2.33
(s, 6 H; CH3 of TpMe2), 2.08 ppm (s,
3 H; CH3 of TpMe2) ; 13C NMR (100 MHz,
[D8]THF, RT): d= 153.80 (s,
C6H4NHCH=C(C6H5)C7H5-N2CH3),
151.39 (s, 3-C-Pz), 149.51 (s, 3-C-Pz),
145.78 (s, 3-C-Pz), 143.40 (s, 5-C-Pz),
137.89 (s, 5-C-Pz), 137.15 (s, 5-C-Pz),
130.38 (s, C6H4 or C6H5), 129.17 (s,
C6H4 or C6H5), 127.89 (s, C6H4 or C6H5), 127.09 (s, C6H4 or C6H5),
122.13 (s, C6H4 or C6H5), 121.67 (s, C6H4 or C6H5), 119.80 (s, C6H4 or
C6H5), 119.17 (s, C6H4 or C6H5), 114.36 (s, C6H4NHCH=C-
(C6H5)C7H5N2CH3), 109.54 (s, 4-C-Pz), 106.15 (s, 4-C-Pz), 68.03 (s,
THF), 34.86 (s, NCH3), 34.40 (s, NCH3), 26.18 (s, THF), 13.64 (s, 3-Me-
Pz), 13.00 (s, 5-Me-Pz); elemental analysis calcd (%) for
C42H52BN10OY: C 62.08, H 6.45, N 17.24; found: C 62.27, H 6.52, N
17.06.

Method B : In a glovebox, a solution of 1-methylbenzimidazole
(0.066 g, 1 equiv) in THF (5 mL) was slowly added to a solution of
[TpMe2Y(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL) at RT.
After stirring overnight, the resulting mixture was worked up as
described in Method A. Two crystals, 2 (red) and [TpMe2Y-
(CH2Ph)2THF] (colorless), were obtained from the crystalline sam-
ples, which were identified by single-crystal X-ray diffraction analy-
sis.

Scheme 4. Complex 2 num-
bering system.
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Synthesis of [{(TpMe2)Y[m-h2:h1-SC6H4N(CH=CHPh)](THF)}2] (3)

Method A : In a glovebox, a solution of benzothiazole (0.068 g,
0.50 mmol) in THF (5 mL) was slowly added to a solution of
[TpMe2Y(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL) at RT.
After stirring overnight, the resulting mixture was worked up as
described for 2, to give green crystals of 3 that were isolated from
the solution. Yield: 0.301 g (88 %). 1H NMR (400 MHz, C6D6, RT): d=
8.13 (d, J = 16 Hz, 2 H; NCHCHC6H5), 6.93–7.08 (m, 18 H; C6H5 and
C6H4), 5.80 (d, J = 16 Hz, 2 H; NCHCHC6H5), 5.47 (s, 6 H; 4H-TpMe2),
3.57 (s, 8 H; O(CH2CH2)2), 2.28 (s, 18 H; CH3 of TpMe2), 2.10 (s, 18 H;
CH3 of TpMe2), 1.39 ppm (s, 8 H; O(CH2CH2)) ; 13C NMR (100 MHz,
[D8]THF, RT): d= 160.45 (s, NCHCHC6H5), 151.35 (s, 3-C-Pz), 150.65
(s, 3-C-Pz), 149.46 (s, 3-C-Pz), 146.47 (s, 5-C-Pz), 145.99 (s, 5-C-Pz),
140.59 (s, 5-C-Pz), 130.09 (s, C6H4 or C6H5), 128.56 (s, C6H4 or C6H5),
128.41 (s, C6H4 or C6H5), 126.21 (s, C6H4 or C6H5), 124.39 (s, C6H4 or
C6H5), 115.69 (s, NCHCHC6H5), 106.53 (s, 4-C-Pz), 105.57 (s, 4-C-Pz),
68.02 (s, THF), 26.13 (s, THF), 13.74 (s, 3-Me-Pz), 12.99 ppm (s, 5-Me-
Pz); elemental analysis calcd (%) for C66H82B2N14O2S2Y2 : C 57.99, H
6.05, N 14.34; found: C 58.13, H 6.16, N 14.14.

Method B : In a glovebox, a solution of benzothiazole (0.136 g,
2 equiv) in THF (5 mL) was slowly added to a solution of [TpMe2Y-
(CH2Ph)2THF] (0.320 g, 0.50 mmol) in THF (15 mL) at RT. After stir-
ring overnight, the resulting mixture was worked up as described
for 2, to give green crystals of 3 that were isolated from the solu-
tion. Yield: 0.280 g (82 %).

Synthesis of 1-methyl(2-benzyl)benzimidazole C6H5CH2C=N-
C6H4N(CH3) (4)

In a glovebox, a mixture of [TpMe2Y(CH2Ph)2THF] (0.320 g,
0.50 mmol) and 1-methylbenzimidazole (0.132 g, 1.00 mmol) in
THF (15 mL) was stirred at RT for 3 h. An aqueous solution of satu-
rated NaHCO3 (5 mL) was added and the reaction mixture was
stirred for 30 min. All undissolved solids were removed, and the
aqueous layer was extracted with n-hexane (2 � 5 mL). The organic
layer (including the organic layer and the extracted n-hexane solu-
tion) was dried with anhydrous Na2SO4, and slowly volatilized in air
to afford 4 (0.081 g, 73 % based on Y metal) as colorless crystals.
1H NMR (400 MHz, C6D6, RT): d= 7.81 (m, 1 H; C6H4), 7.22–7.33 (m,
8 H; C6H5 and C6H4), 4.35 (s, 2 H; CH2Ph), 3.59 (s, 3 H; NCH3) ; elemen-
tal analysis calcd (%) for C15H14N2 : C 81.05, H 6.34, N 12.60; found:
C 80.79, H 6.26, N 12.81.

Synthesis of [{TpMe2CpY(m-N,C-NC3H2NCH3)}3] (5)

In a glovebox, a solution of 1-methylimidazole (0.082 g, 1.00 mmol)
in THF (5 mL) was added slowly to a solution of [TpMe2CpYCH2Ph-
(THF)] (0.307 g, 0.50 mmol) in THF (15 mL) at RT. After stirring over-
night, the resulting mixture was worked up as described in 1, to
give colorless crystals of 5 that were isolated from the solution.
Yield: 0.165 g (62 %). 1H NMR (400 MHz, [D8]THF, RT): d= 6.94 (s,
3 H; C3H2N2CH3), 6.74 (s, 3 H; C3H2N2CH3), 5.82 (s, 15 H; C5H5), 5.63 (s,
9 H; 4H-TpMe2), 3.65 (s, 9 H; C3H2N2CH3), 2.35 (s, 27 H; CH3 of TpMe2),
2.29 ppm (s, 29 H; CH3 of TpMe2) ; 13C NMR (100 MHz, [D8]THF, RT):
d= 189.46 (s, 2-C-Im ring), 150.49 (s, 3-C-Pz), 143.98 (s, 5-C-Pz),
124.91 (s, 4-C-Im ring), 123.60 (s, 5-C-Im ring), 109.47 (s, C5H5),
106.41 (s, 4-C-Pz), 35.61 (s, C3H2N2CH3), 13.73 (s, 3-Me-Pz),
13.32 ppm (s, 5-Me-Pz); elemental analysis calcd (%) for
C72H96B3N24Y3 : C 54.16, H 6.06, N 21.05; found: C 54.33, H 6.17, N
20.76.

Synthesis of [TpMe2CpY(h2-N,C-N=CC6H4NCH3)(N=

CHC6H4NCH3)] (6)

In a glovebox, a solution of 1-methylbenzimidazole (0.1322 g,
1.00 mmol) in THF (5 mL) was added slowly to a solution of
[TpMe2CpYCH2Ph(THF)] (0.307 g, 0.50 mmol) in THF (15 mL) at RT.
After stirring overnight, the resulting mixture was worked up as
described in 2, to give colorless crystals of 6·0.5C7H8 that were iso-
lated from the solution. Yield: 0.273 g (72 %). 1H NMR (400 MHz,
[D8]THF, RT): d= 7.43 (d, 2 H; C6H4), 7.23 (s, 1 H; C6H4NCHNCH3),
7.19 (m, 4 H; C6H4), 6.95 (m, 1 H; C6H4), 6.90 (m, 1 H; C6H4), 5.99 (s,
5 H; C5H5), 5.88 (s, 1 H; 4H-TpMe2), 5.79 (s, 1 H; 4H-TpMe2), 5.52 (s, 1 H;
4H-TpMe2), 3.77 (s, 3 H; NCH3), 3.73 (s, 3 H; NCH3), 2.50 (s, 3 H; CH3 of
TpMe2), 2.41 (s, 9 H; CH3 of TpMe2), 2.34 (s, 3 H; CH3 of TpMe2),
2.29 ppm (s, 3 H; CH3 of TpMe2) ; 13C NMR (100 MHz, [D8]THF, RT): d=
194.19 (s, C6H4NCNCH3), 175.21 (s, C6H4NCHNCH3), 150.88 (s, 3-C-
Pz), 143.96 (s, 3-C-Pz), 142.16 (s, 5-C-Pz), 135.32 (s, 5-C-Pz), 129.47
(s, C6H4), 128.71 (s, C6H4), 123.08 (s, C6H4), 122.30 (s, C6H4), 120.94 (s,
C6H4), 120.13 (s, C6H4), 119.86 (s, C6H4), 116.55 (s, C6H4), 110.46 (s,
C5H5), 109.97 (s, C5H5), 108.97 (s, C5H5), 106.72 (s, 4-C-Pz), 33.07 (s,
C6H4NCNCH3), 30.67 (s, C6H4NCHNCH3), 13.82 (s, 3-Me-Pz),
13.36 ppm (s, 5-Me-Pz); elemental analysis calcd (%) for
C79H90B2N20Y2 : C 62.46, H 5.97, N 18.44; found: C 62.25, H 5.85, N
18.68.

Synthesis of [TpMe2Y(Im-TpMe2)] (7; Im-TpMe2 = 1-methyl-imida-
zolyl-TpMe2) and [Cp3Y(HIm)] (8; HIm = 1-methylimidzaloe)

In a glovebox, a solution of 1-methylimidazole (0.082 g, 1.00 mmol)
in THF (5 mL) was added slowly to a solution of [TpMe2CpYCH2Ph-
(THF)] (0.307 g, 0.50 mmol) in THF (15 mL) at RT, then the mixture
was removed from the glovebox, and stirred at 55 8C for 48 h. The
solution was evaporated to dryness under vacuum, and washed
with n-hexane (2 � 10 mL). Toluene (20 mL) was added to the resi-
due (partial dissolution), and the undissolved solids (in toluene)
were collected by filtration. Diffusion of n-hexane into the clear tol-
uene solution gave colorless crystals of 7. Yield: 0.099 g (26 %,
based on Y metal). 1H NMR (400 MHz, C6D6, RT): d= 6.92 (s, 1 H; H-
Im ring), 6.53 (s, 1 H; H-Im ring), 6.44 (s, 1 H; C5-H), 6.28 (s, 3 H; 4H-
TpMe2), 5.85 (s, 2 H; 4H -TpMe2-Im), 5.77 (s, 1 H; 4H -TpMe2-Im), 2.55 (s,
6 H; CH3 of TpMe2-Im), 2.48 (s, 6 H; CH3 of TpMe2-Im), 2.44 (s, 3 H; CH3

of TpMe2-Im), 2.31 (s, 3 H; Me-Im ring), 2.18 (s, 3 H; CH3 of TpMe2),
2.14 (s, 6 H; CH3 of TpMe2), 2.11 ppm (s, 9 H; CH3 of TpMe2) ; 13C NMR
(100 MHz, C6D6, RT): d= 167.03 (s, 2-C-Im ring), 150.11 (s, 3-C-Pz),
147.27 (s, 3-C-Pz), 146.89 (s, 3-C-Pz), 143.39 (s, 3-C-Pz), 138.27 (s, 5-
C-Pz), 137.94 (s, 5-C-Pz), 129.92 (s, 4-C-Im ring), 125.78 (s, 5-C-Im
ring), 119.85 (s, 4-C-Pz of TpMe2-Im), 103.74 (s, 4-C-Pz of TpMe2), 67.83
(s, C5), 32.04 (s, CH3-Im ring), 14.38 (s, Me-Pz), 14.17 (s, Me-Pz),
14.03 (s, Me-Pz), 13.58 (s, Me-Pz), 13.12 ppm (s, Me-Pz); elemental
analysis calcd (%) for C34H47B2N14Y: C 53.56, H 6.21, N 25.72; found:
C 53.43, H 6.14, N 25.86.

THF (10 mL) was added to the undissolved solids (in toluene) and
the mixture was stirred overnight. These solids were also not com-
pletely dissolved in the THF solution. After filtration (the residue
was collected), the clear THF solution was placed in a freezer at
�35 8C, whereupon colorless crystals of 8 formed after several
days. Yield: 0.031 g (17 %, based on Y metal). 1H NMR (400 MHz,
[D8]THF, RT): d= 7.80 (s, 1 H; C3H3N2CH3), 7.09 (s, 2 H; C3H3N2CH3),
5.74 (s, 15 H; C5H5), 3.75 ppm (s, 3 H; C3H3N2CH3) ; elemental analysis
calcd (%) for C19H21N2Y: C 62.30, H 5.78, N 7.65; found: C 62.48, H
5.84, N 7.48. No useful 13C NMR spectrum of 8 was obtained due to
its low solubility in [D8]THF.
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The undissolved solids (in THF)
were hydrolyzed by the addition
of an aqueous solution of saturat-
ed NaHCO3. The mixture was
worked up as described in 4, to
give three organic products 1-
methylimidazole, 3,5-dimethylpyra-
zole, and cyclopentadiene, the
identities of which were confirmed
by GC/MS spectroscopy.

X-ray data collection, structure
determination and
refinement

Suitable single crystals of com-
plexes 1–8 were sealed under ni-
trogen in Lindemann glass capilla-
ries for X-ray structure analysis. Dif-
fraction data were collected with
a Bruker SMART Apex CCD diffrac-
tometer using graphite-monochro-
mated MoKa (l= 0.71073 �) radia-
tion. During the intensity data col-
lection, no significant decay was
observed. The intensities were cor-
rected for Lorentz-polarization ef-
fects and empirical absorption
with SADABS program.[19] The
structures were solved by direct
methods using the SHELXL-97 pro-
gram.[20] All non-hydrogen atoms
were found from the difference
Fourier syntheses. The H atoms
were included in calculated posi-
tions with isotropic thermal param-
eters related to those of the sup-
porting carbon atoms, but were
not included in the refinement. All
calculations were performed by
using the SHELXL program. A sum-
mary of the crystallographic data
and selected experimental infor-
mation are listed in Tables 1 and 2.

CCDC-951557 (1), -951564 (2),
-951558 (3), -951559 (4), -951560
(5), -951561 (6), -951562 (7), and
-951563 (8) contain the supple-
mentary crystallographic data for
this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Due to the poor
quality of data for compound 5, it was appropriate to leave most
of the atoms as isotropic because only the overall connectivity was
reliable. The diffraction intensity was too weak in the remote sets
during the crystal data collection because of the poor crystal quali-
ty of 5.
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Table 1. Crystal and data collection parameters of complexes 1–4.

1 2 3 4

formula C138H192B6N60Y6 C42H52BN10OY C66H82B2N14O2S2Y2 C15H14N2

molecular weight 3289.84 812.65 1367.02 222.28
crystal color colorless colorless colorless colorless
crystal dimension
[mm]

0.20 � 0.12 � 0.10 0.15 � 0.10 � 0.06 0.20 � 0.15 � 0.10 0.18 � 0.12 � 0.10

crystal system triclinic triclinic triclinic monoclinic
space group
unit cell
dimensions

P1 P1̄ P1̄ P21/c

a [�] 16.206(7) 11.924(4) 11.828(4) 8.661(4)
b [�] 19.041(8) 12.269(4) 12.274(4) 19.052(8)
c [�] 21.430(9) 17.650(6) 14.901(6) 7.320(3)
a [8] 112.196(5) 98.647(6) 114.290 (3) 90
b [8] 101.770(6) 100.926(5) 105.627(5) 94.550(5)
g [8] 106.071(6) 97.732(5) 98.013(4) 90
V [�3] 5518(4) 2470.8(15) 1820.0(11) 1204.2(9)
Z 1 2 1 4
1calcd [g cm�3] 0.990 1.092 1.247 1.226
m [mm�1] 1.608 1.218 1.694 0.073
F (000) 1704 852 712 472
radiation
(l=0.710730 �)

MoKa MoKa MoKa MoKa

T [K] 293(2) 293(2) 293(2) 293(2)
scan type w-2q w-2q w-2q w-2q

q range [8] 1.39 to 25.00 1.703 to 25.010 1.61 to 26.01 2.14 to 25.50
h,k,l range �19�h�8

�19�k�22
�23� l�25

�14�h�14
�12�k�14
�20� l�18

�12�h�14
�13�k�15
�18� l�17

�10�h�9
�15�k�23
�6� l�8

no. of reflections
measured

23002 10306 8285 5134

no. of unique
reflections

19103
[R(int) = 0.0573]

8549
[R(int) = 0.0975]

6984
[R(int) = 0.0364]

2239
[R(int) = 0.0408]

completeness to
q

98.2 %
(q=25.00)

95.6 %
(q=25.242)

97.2 %
(q=25.01)

100.0 %
(q=25.50)

max. and min.
transmission

0.8558 and
0.7392

0.8489 and
0.7281

0.9927 and
0.9869

refinement
method

full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

data/restraints/
parameters

19103/7/980 8549/6/508 6984/12/407 2239/0/156

goodness-of-fit
on F2

0.723 0.859 0.950 1.005

final R indices R1 = 0.0544 R1 = 0.0684 R1 = 0.0464 R1 = 0.0570
[I>2s (I)] wR2 = 0.1284 wR2 = 0.1545 wR2 = 0.1156 wR2 = 0.1550
R indices
(all data)

R1 = 0.1309 R1 = 0.1250 R1 = 0.0686 R1 = 0.0687
wR2 = 0.1437 wR2 = 0.1695 wR2 = 0.1224 wR2 = 0.1652

largest diff. peak
and hole [e ��3]

0.452 and
�0.288

0.858 and
�0.722

0.796 and
�0.857

0.260 and
�0.281
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Table 2. Crystal and data collection parameters of complexes 5–8.

5 6·1/2C7H8 7 8

formula C72H96B3N24Y3 C79H90B2N20Y2 C34H47B2N14Y C19H21N2Y
molecular weight 1596.88 1519.15 762.39 366.29
crystal color colorless colorless colorless colorless
crystal dimension
[mm]

0.12 � 0.10 � 0.08 0.20 � 0.15 � 0.10 0.15 � 0.10 � 0.06 0.20 � 0.10 � 0.06

crystal system monoclinic monoclinic triclinic monoclinic
space group
unit cell
dimensions

P21/m P21/c P1 C2/c

a [�] 10.876(4) 16.607(5) 10.144(5) 30.738(6)
b [�] 32.669(12) 21.350(7) 10.737(5) 8.3801(16)
c [�] 14.435(5) 27.416(9) 18.917(9) 14.612(3)
a [8] 90 90.00 101.989(6) 90
b [8] 104.008(5) 95.907(5) 110.768(5) 118.276(4)
g [8] 90 90.00 68.371(4) 87.697(6)
V [�3] 4976(3) 9669(5) 1851.6(15) 90
Z 2 8 2 8
1calcd [g cm�3] 1.006 1.004 1.367 1.468
m [mm�1] 1.779 1.204 1.621 3.517
F (000) 1656 3168 796 1504
radiation
(l=0.710730 �)

MoKa MoKa MoKa MoKa

T [K] 293(2) 293(2) 293(2) 293(2)
scan type w-2q w-2q w-2q w-2q

q range [8] 1.454 to 25.00 1.56 to 26.01 1.12 to 25.00 1.50 to 26.00
h,k,l range �12�h�12

�31�k�38
�14� l�17

�19�h�19
�25�k�22
�32� l�28

�12�h�12
�11�k�12
�16� l�22

�37�h�37
�10�k�5
�17� l�18

no. of reflections
measured

20697 39651 7428 7069

no. of unique
reflections

8907
[R(int) = 0.0783]

17017
[R(int) = 0.0753]

6229
[R(int) = 0.0495]

3261
[R(int) = 0.1041]

completeness to q 97.2 %
(q=25.242)

99.8 %
(q=26.01)

95.6 %
(q=25.00)

99.8 %
(q=26.00)

max. and min.
transmission

0.8860 and 0.7896 0.9090 and 0.7930 0.8167 and 0.5398

refinement method full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

full-matrix least-
squares on F2

data/restraints/
parameters

8907/20/510 17017/0/910 6229/2/479 3261/0/200

goodness-of-fit
on F2

0.915 0.824 1.001 1.013

final R indices R1 = 0.0822 R1 = 0.0509 R1 = 0.0795 R1 = 0.0567
[I>2s (I)] wR2 = 0.2362 wR2 = 0.1109 wR2 = 0.2123 wR2 = 0.1589
R indices (all data) R1 = 0.1428 R1 = 0.1097 R1 = 0.1164 R1 = 0.0729

wR2 = 0.2615 wR2 = 0.1271 wR2 = 0.2451 wR2 = 0.1693
largest diff. peak and
hole [e ��3]

1.239 and
�0.588

0.480 and
�0.427

1.355 and
�0.846

0.975 and
�1.816

Chem. Eur. J. 2014, 20, 867 – 876 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim875

Full Paper

http://dx.doi.org/10.1081/CR-200057492
http://dx.doi.org/10.1081/CR-200057492
http://dx.doi.org/10.1081/CR-200057492
http://dx.doi.org/10.1016/0920-5861(91)80033-6
http://dx.doi.org/10.1016/0920-5861(91)80033-6
http://dx.doi.org/10.1016/0920-5861(91)80033-6
http://dx.doi.org/10.1080/01614948808078617
http://dx.doi.org/10.1080/01614948808078617
http://dx.doi.org/10.1080/01614948808078617
http://dx.doi.org/10.1080/01614947908062262
http://dx.doi.org/10.1080/01614947908062262
http://dx.doi.org/10.1080/01614947908062262
http://dx.doi.org/10.1002/ange.201103275
http://dx.doi.org/10.1002/ange.201103275
http://dx.doi.org/10.1002/ange.201103275
http://dx.doi.org/10.1002/anie.201103275
http://dx.doi.org/10.1002/anie.201103275
http://dx.doi.org/10.1002/anie.201103275
http://dx.doi.org/10.1002/anie.201103275
http://dx.doi.org/10.1021/ja075326n
http://dx.doi.org/10.1021/ja075326n
http://dx.doi.org/10.1021/ja075326n
http://dx.doi.org/10.1021/ja075326n
http://dx.doi.org/10.1021/ja061590p
http://dx.doi.org/10.1021/ja061590p
http://dx.doi.org/10.1021/ja061590p
http://dx.doi.org/10.1039/b502439k
http://dx.doi.org/10.1039/b502439k
http://dx.doi.org/10.1039/b502439k
http://dx.doi.org/10.1016/S0020-1693(02)01308-7
http://dx.doi.org/10.1016/S0020-1693(02)01308-7
http://dx.doi.org/10.1016/S0020-1693(02)01308-7
http://dx.doi.org/10.1016/S0020-1693(02)01308-7
http://dx.doi.org/10.1021/ja9631312
http://dx.doi.org/10.1021/ja9631312
http://dx.doi.org/10.1021/ja9631312
http://dx.doi.org/10.1021/ja9631312
http://dx.doi.org/10.1021/ja00148a010
http://dx.doi.org/10.1021/ja00148a010
http://dx.doi.org/10.1021/ja00148a010
http://dx.doi.org/10.1021/ja00148a010
http://dx.doi.org/10.1021/ja00039a089
http://dx.doi.org/10.1021/ja00039a089
http://dx.doi.org/10.1021/ja00039a089
http://dx.doi.org/10.1021/ja00039a089
http://dx.doi.org/10.1021/ja00163a061
http://dx.doi.org/10.1021/ja00163a061
http://dx.doi.org/10.1021/ja00163a061
http://dx.doi.org/10.1021/ja00163a061
http://dx.doi.org/10.1021/ja801655d
http://dx.doi.org/10.1021/ja801655d
http://dx.doi.org/10.1021/ja801655d
http://dx.doi.org/10.1021/ja805888f
http://dx.doi.org/10.1021/ja805888f
http://dx.doi.org/10.1021/ja805888f
http://dx.doi.org/10.1021/ja805888f
http://dx.doi.org/10.1021/ja802728k
http://dx.doi.org/10.1021/ja802728k
http://dx.doi.org/10.1021/ja802728k
http://dx.doi.org/10.1021/ja802728k
http://dx.doi.org/10.1002/ange.200903270
http://dx.doi.org/10.1002/ange.200903270
http://dx.doi.org/10.1002/ange.200903270
http://dx.doi.org/10.1002/ange.200903270
http://dx.doi.org/10.1002/anie.200903270
http://dx.doi.org/10.1002/anie.200903270
http://dx.doi.org/10.1002/anie.200903270
http://dx.doi.org/10.1002/anie.200903270
http://dx.doi.org/10.1021/ja902794w
http://dx.doi.org/10.1021/ja902794w
http://dx.doi.org/10.1021/ja902794w
http://dx.doi.org/10.1021/ja902794w
http://dx.doi.org/10.1021/ja908489p
http://dx.doi.org/10.1021/ja908489p
http://dx.doi.org/10.1021/ja908489p
http://dx.doi.org/10.1021/ja908489p
http://dx.doi.org/10.1021/om0702330
http://dx.doi.org/10.1021/om0702330
http://dx.doi.org/10.1021/om0702330
http://dx.doi.org/10.1021/om0702330
http://dx.doi.org/10.1021/om0509140
http://dx.doi.org/10.1021/om0509140
http://dx.doi.org/10.1021/om0509140
http://dx.doi.org/10.1021/om0207010
http://dx.doi.org/10.1021/om0207010
http://dx.doi.org/10.1021/om0207010
http://dx.doi.org/10.1021/om0207010
http://dx.doi.org/10.1021/om00153a004
http://dx.doi.org/10.1021/om00153a004
http://dx.doi.org/10.1021/om00153a004
http://dx.doi.org/10.1021/om00153a004
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1021/ja00235a031
http://dx.doi.org/10.1039/c39830000276
http://dx.doi.org/10.1039/c39830000276
http://dx.doi.org/10.1039/c39830000276
http://dx.doi.org/10.1039/c39830000276
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1021/cr300153j
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1002/anie.201203269
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100198w
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1002/ange.201101380
http://dx.doi.org/10.1002/ange.201101380
http://dx.doi.org/10.1002/ange.201101380
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/anie.201101380
http://dx.doi.org/10.1002/ange.201101379
http://dx.doi.org/10.1002/ange.201101379
http://dx.doi.org/10.1002/ange.201101379
http://dx.doi.org/10.1002/anie.201101379
http://dx.doi.org/10.1002/anie.201101379
http://dx.doi.org/10.1002/anie.201101379
http://www.chemeurj.org


K. Tanaka, M. Miura, Angew. Chem. 2012, 124, 5455 – 5458; Angew.
Chem. Int. Ed. 2012, 51, 5359 – 5362; b) J. Wencel-Delord, C. Nimphius,
F. W. Patureau, F. Glorius, Angew. Chem. 2012, 124, 2290 – 2294; Angew.
Chem. Int. Ed. 2012, 51, 2247 – 2251; c) J. Wencel-Delord, C. Nimphius,
H.-G. Wang, F. Glorius, Angew. Chem. 2012, 124, 13175 – 13180; Angew.
Chem. Int. Ed. 2012, 51, 13001 – 13005.

[10] For an example of the formation of two C�C bonds by multiple C�H
activations, in which an intermediate with a C=C bond was presumed,
see: H. Li, Z. He, X. Guo, W. Li, X. Zhao, Z. Li, Org. Lett. 2009, 11, 4176 –
4179.

[11] For some recent examples of rare-earth complexes with pyrazolyborate
ligands, see: a) N. Marques, A. Sella, J. Takats, Chem. Rev. 2002, 102,
2137 – 2159; b) J. Cheng, K. Saliu, G. Y. Kiel, M. J. Ferguson, R. McDonald,
J. Takats, Angew. Chem. 2008, 120, 4988 – 4991; Angew. Chem. Int. Ed.
2008, 47, 4910 – 4913; c) J. Cheng, M. J. Ferguson, J. Takats, J. Am. Chem.
Soc. 2010, 132, 2 – 3.

[12] a) W. Yi, J. Zhang, Z. Chen, X. Zhou, Organometallics 2012, 31, 7213 –
7221; b) W. Yi, J. Zhang, Z. Chen, X. Zhou, Inorg. Chem. 2012, 51,
10631 – 10638; c) W. Yi, J. Zhang, F. Zhang, Z. Chen, X. Zhou, Chem. Eur.
J. 2013, 19, 11975 – 11983; d) W. Yi, J. Zhang, L. Hong, Z. Chen, X. Zhou,
Organometallics 2011, 30, 5809 – 5814; e) F. Han, J. Zhang, W. Yi, Z.
Zhang, J. Yu, L. Weng, X. Zhou, Inorg. Chem. 2010, 49, 2793 – 2798.

[13] An example of silyl transfer, C – C coupling, rearrangement and forma-
tion of C=C double bonds in the reaction of scandium silyl complex
with CO and isocyanide, see: B. K. Campion, R. H. Heyn, T. D. Tilley, J.
Am. Chem. Soc. 1990, 112, 2011 – 2013.

[14] W. Yi, J. Zhang, M. Li, Z. Chen, X. Zhou, Inorg. Chem. 2011, 50, 11813 –
11824.

[15] For examples of the construction of M=C bonds by dual C�H bond ac-
tivation of the CH3 or CH2R group, see a review: a) H. Werner, Angew.
Chem. 2010, 122, 4822 – 4837; Angew. Chem. Int. Ed. 2010, 49, 4714 –
4728; or the following primary literature: b) C. Slugovc, K. Mereiter, S.
Trofimenko, E. Carmona, Angew. Chem. 2000, 112, 2242 – 2244; Angew.
Chem. Int. Ed. 2000, 39, 2158 – 2160; c) M. Paneque, M. L. Poveda, L. L.
Santos, V. Salazar, E. Carmona, Chem. Commun. 2004, 1838 – 1839; d) A.
Prades, M. Poyatos, J. A. Mata, E. Peris, Angew. Chem. 2011, 123, 7808 –
7811; Angew. Chem. Int. Ed. 2011, 50, 7666 – 7669.

[16] For examples of the construction of rare-earth metal bridging carbenes
by single or dual C�H bond activation of the CH3 group, see: a) W.
Zhang, Z. Wang, M. Nishiura, Z. Xi, Z. Hou, J. Am. Chem. Soc. 2011, 133,
5712 – 5715; b) J. Hong, L. Zhang, X. Yu, M. Li, Z. Zhang, P. Zheng, M.
Nishiura, Z. Hou, X. Zhou, Chem. Eur. J. 2011, 17, 2130 – 2137; c) M. Zim-
mermann, D. Rauschmaier, K. Eichele, K. W. Tçrnroos, R. Anwander,
Chem. Commun. 2010, 46, 5346 – 5348; d) R. Litlabø, M. Zimmermann, K.
Saliu, J. Takats, K. W. Tçrnroos, R. Anwander, Angew. Chem. 2008, 120,
9702 – 9706; Angew. Chem. Int. Ed. 2008, 47, 9560 – 9663.

[17] Only three organic products such as 1-methylimidazole, 3,5-dimethyl-
pyrazole, and cyclopentadiene were isolated from the hydrolytic prod-
ucts of the unidentified materials, and identified by GC/MS spectrosco-
py. This result is not very useful for understanding the mechanism for
the formation of 7.

[18] For some examples of rare-earth metallo-macrocycles or MOFs, see:
a) D. Xue, A. J. Cairns, Y. Belmabkhout, L. Wojtas, Y. Liu, M. H. Alkordi, M.
Eddaoudi, J. Am. Chem. Soc. 2013, 135, 7660 – 7667; b) G. Hou, H. Li, W.
Li, P. Yan, X. Su, G. Li, Cryst. Growth Des. 2013, 13, 3374 – 3380; c) R.
Decadt, K. Van Hecke, D. Depla, K. Leus, D. Weinberger, I. Van Driessche,
P. Van Der Voort, R. Van Deun, Inorg. Chem. 2012, 51, 11623 – 11634; d) J.
Luo, H. Xu, Y. Liu, Y. Zhao, L. L. Daemen, C. Brown, T. V. Timofeeva, S.
Ma, H. Zhou, J. Am. Chem. Soc. 2008, 130, 9626 – 9627; e) J. Zhang, R.
Cai, Z. Chen, X. Zhou, Inorg. Chem. 2007, 46, 321 – 327; f) B. Zhao, H. Li,
Q. Shen, Y. Zhang, Y. Yao, C. Lu, Organometallics 2006, 25, 1824; g) Y.
Obora, T. Ohta, C. L. Stern, T. J. Marks, J. Am. Chem. Soc. 1997, 119,
3745 – 3755; h) D. M. Barnhart, D. L. Clark, J. C. Gordon, J. C. Huffman,
J. G. Watkin, B. D. Zwick, J. Am. Chem. Soc. 1993, 115, 8461 – 8462.

[19] G. M. Sheldrick, SADABS, A Program for Empirical Absorption Correction ;
Gçttingen (Germany), 1998.

[20] G. M. Sheldrick, SHELXL-97, Program for the Refinement of the Crystal
Structure ; University of Gçttingen (Germany), 1997.

Received: September 12, 2013

Revised: October 10, 2013

Published online on December 11, 2013

Chem. Eur. J. 2014, 20, 867 – 876 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim876

Full Paper

http://dx.doi.org/10.1002/ange.201201526
http://dx.doi.org/10.1002/ange.201201526
http://dx.doi.org/10.1002/ange.201201526
http://dx.doi.org/10.1002/anie.201201526
http://dx.doi.org/10.1002/anie.201201526
http://dx.doi.org/10.1002/anie.201201526
http://dx.doi.org/10.1002/anie.201201526
http://dx.doi.org/10.1002/ange.201107842
http://dx.doi.org/10.1002/ange.201107842
http://dx.doi.org/10.1002/ange.201107842
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/anie.201107842
http://dx.doi.org/10.1002/ange.201205734
http://dx.doi.org/10.1002/ange.201205734
http://dx.doi.org/10.1002/ange.201205734
http://dx.doi.org/10.1002/anie.201205734
http://dx.doi.org/10.1002/anie.201205734
http://dx.doi.org/10.1002/anie.201205734
http://dx.doi.org/10.1002/anie.201205734
http://dx.doi.org/10.1021/ol901751c
http://dx.doi.org/10.1021/ol901751c
http://dx.doi.org/10.1021/ol901751c
http://dx.doi.org/10.1021/cr010327y
http://dx.doi.org/10.1021/cr010327y
http://dx.doi.org/10.1021/cr010327y
http://dx.doi.org/10.1021/cr010327y
http://dx.doi.org/10.1002/ange.200705977
http://dx.doi.org/10.1002/ange.200705977
http://dx.doi.org/10.1002/ange.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1002/anie.200705977
http://dx.doi.org/10.1021/ja905679k
http://dx.doi.org/10.1021/ja905679k
http://dx.doi.org/10.1021/ja905679k
http://dx.doi.org/10.1021/ja905679k
http://dx.doi.org/10.1021/om3007773
http://dx.doi.org/10.1021/om3007773
http://dx.doi.org/10.1021/om3007773
http://dx.doi.org/10.1021/ic3008552
http://dx.doi.org/10.1021/ic3008552
http://dx.doi.org/10.1021/ic3008552
http://dx.doi.org/10.1021/ic3008552
http://dx.doi.org/10.1002/chem.201300610
http://dx.doi.org/10.1002/chem.201300610
http://dx.doi.org/10.1002/chem.201300610
http://dx.doi.org/10.1002/chem.201300610
http://dx.doi.org/10.1021/om2006722
http://dx.doi.org/10.1021/om2006722
http://dx.doi.org/10.1021/om2006722
http://dx.doi.org/10.1021/ic902296d
http://dx.doi.org/10.1021/ic902296d
http://dx.doi.org/10.1021/ic902296d
http://dx.doi.org/10.1021/ja00161a063
http://dx.doi.org/10.1021/ja00161a063
http://dx.doi.org/10.1021/ja00161a063
http://dx.doi.org/10.1021/ja00161a063
http://dx.doi.org/10.1021/ic2019499
http://dx.doi.org/10.1021/ic2019499
http://dx.doi.org/10.1021/ic2019499
http://dx.doi.org/10.1002/ange.201000306
http://dx.doi.org/10.1002/ange.201000306
http://dx.doi.org/10.1002/ange.201000306
http://dx.doi.org/10.1002/ange.201000306
http://dx.doi.org/10.1002/anie.201000306
http://dx.doi.org/10.1002/anie.201000306
http://dx.doi.org/10.1002/anie.201000306
http://dx.doi.org/10.1002/1521-3757(20000616)112:12%3C2242::AID-ANGE2242%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20000616)112:12%3C2242::AID-ANGE2242%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3757(20000616)112:12%3C2242::AID-ANGE2242%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/1521-3773(20000616)39:12%3C2158::AID-ANIE2158%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20000616)39:12%3C2158::AID-ANIE2158%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20000616)39:12%3C2158::AID-ANIE2158%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20000616)39:12%3C2158::AID-ANIE2158%3E3.0.CO;2-5
http://dx.doi.org/10.1039/b403705g
http://dx.doi.org/10.1039/b403705g
http://dx.doi.org/10.1039/b403705g
http://dx.doi.org/10.1002/ange.201101806
http://dx.doi.org/10.1002/ange.201101806
http://dx.doi.org/10.1002/ange.201101806
http://dx.doi.org/10.1002/anie.201101806
http://dx.doi.org/10.1002/anie.201101806
http://dx.doi.org/10.1002/anie.201101806
http://dx.doi.org/10.1021/ja200540b
http://dx.doi.org/10.1021/ja200540b
http://dx.doi.org/10.1021/ja200540b
http://dx.doi.org/10.1021/ja200540b
http://dx.doi.org/10.1002/chem.201002670
http://dx.doi.org/10.1002/chem.201002670
http://dx.doi.org/10.1002/chem.201002670
http://dx.doi.org/10.1039/c003206a
http://dx.doi.org/10.1039/c003206a
http://dx.doi.org/10.1039/c003206a
http://dx.doi.org/10.1002/ange.200803856
http://dx.doi.org/10.1002/ange.200803856
http://dx.doi.org/10.1002/ange.200803856
http://dx.doi.org/10.1002/ange.200803856
http://dx.doi.org/10.1002/anie.200803856
http://dx.doi.org/10.1002/anie.200803856
http://dx.doi.org/10.1002/anie.200803856
http://dx.doi.org/10.1021/ja401429x
http://dx.doi.org/10.1021/ja401429x
http://dx.doi.org/10.1021/ja401429x
http://dx.doi.org/10.1021/cg400174r
http://dx.doi.org/10.1021/cg400174r
http://dx.doi.org/10.1021/cg400174r
http://dx.doi.org/10.1021/ic301544q
http://dx.doi.org/10.1021/ic301544q
http://dx.doi.org/10.1021/ic301544q
http://dx.doi.org/10.1021/ja801411f
http://dx.doi.org/10.1021/ja801411f
http://dx.doi.org/10.1021/ja801411f
http://dx.doi.org/10.1021/ic061722f
http://dx.doi.org/10.1021/ic061722f
http://dx.doi.org/10.1021/ic061722f
http://dx.doi.org/10.1021/om0509995
http://dx.doi.org/10.1021/ja963775+
http://dx.doi.org/10.1021/ja963775+
http://dx.doi.org/10.1021/ja963775+
http://dx.doi.org/10.1021/ja963775+
http://dx.doi.org/10.1021/ja00071a071
http://dx.doi.org/10.1021/ja00071a071
http://dx.doi.org/10.1021/ja00071a071
http://www.chemeurj.org

