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Abstract: A series of heteroleptic
[Ti1,X]~ complexes have been selec-
tively constructed from a mixture of
Ti" ions, a pyridyl catechol ligand
(H,1; H,1=4-(3-pyridyl)catechol), and
various bidentate ligands (HX) in the
presence of a weak base, in addition to
a previously reported [Til,(acac)]”
(acac = acetylacetonate) complex.
Comparative studies of these Ti"¥ com-
plexes revealed that [Tily(trop)]”

stable than the [Til,(acac)]” complex,
which allows the replacement of acac
with trop on the [Til,(acac)]” complex.
This TiV-centered site-selective ligand
exchange reaction also takes place on a
heteronuclear Pd"-Ti"V ring complex
with the preservation of the Pd"-cen-
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tered coordination structures. Intra-
and intermolecular linking between
two Ti' centers with a flexible or a
rigid bis-tropolone bridging ligand pro-
vided a tetranuclear and an octanuclear
Pd"-Ti" complex, respectively. These
higher-order structures could be effi-
ciently constructed only through a step-
wise synthetic route.

(trop=tropolonate) is much more

Introduction

Metal-ligand exchange is a fundamental characteristic of
metal complexes that enables the dynamic transformation of
structures and functions of supramolecular coordination
compounds.! In particular, site-selective reversible ex-
change of ligands on a certain metal center is an indispensa-
ble tool for stepwise construction of higher-order self-assem-
bled structures from metal-centered constructs.”) In this
regard, it is well known that the dynamic behavior of metal-
ligand exchange is influenced by the structure and proper-
ties of the metal and ligand and its combination (e.g., the
hard/soft acid-base rule, HSAB), and external stimuli (e.g.,
light, acid or base, oxidation or reduction, temperature).”!
However, it is still rather difficult to control the dynamic ac-
tivities of multiple ligands on a labile metal complex, com-
pared with those on relatively inert metal complexes. If it is
possible, the formation of heteronuclear dynamic supramo-
lecules in which the different metal centers work independ-
ently would be expected when using the difference of affini-
ties of metal-ligand coordination binding such as the hard
and soft nature of metal ions and ligands. In line with the
growing strategic importance of more complex, heteroge-
nous self-assembled molecular structures, this study is aimed
at developing Ti"™-centered dynamic chemistry, which could
provide a platform for heteronuclear higher-order self-as-
sembled architectures.
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It is well known that the Ti'V ion forms an octahedral
complex with three catecholate ligands, [Ti(cat),]*~ (cat=
catecholate), in the presence of a strong base. Because this
Ti" complex is stable in solution and in the solid state, this
structural motif has often been used for supramolecular
compounds.”! We recently reported the selective formation
of a [Til,(acac)]” (acac=acetylacetonate) complex formed
from a pyridyl catechol ligand, H,1 (H,1=4-(3-pyridyl)cate-
chol), and [TiO(acac),] in the presence of a weak base."!
This Ti"V complex contains three bidentate ligands, one
monoanionic acac and two dianionic catecholate ligands. Be-
cause the acac ligand appears to be more labile compared
with the other two catecholate ligands, and the formation of
this heteroleptic complex is not affected by the pyridyl
ligand in 1 at all, both sites were expected to serve as plat-
forms independently for a site-selective ligand exchange site
with various functional ligands and a soft metal binding
site,l¥) respectively, to construct higher-order heteronuclear
coordination molecules in a stepwise manner. In this study,
we have examined the reactivity of [Til,(acac)]” and have
expanded this bifunctional coordination building block into
the efficient construction of higher-order structures, tetranu-
clear [Pd,Ti,1,2Cl,]>" and octanuclear [Pd,Tis143,Cls]*", by
means of the bis-tropolone bridging ligands H,2 and H,3
(Scheme 1).

Results and Discussion

Selective formation of [Til,X]  complexes from various bi-
dentate ligands (X ) and comparison of the stabilities for
the resulting [Til,X] complexes: To examine whether the
acac moiety of [Til,(acac)]” could be substituted for other
bidentate ligands, we prepared a diverse array of chelate li-
gands (HX) for constructing [Til,X]~ complexes (Hbzac=
benzoylacetone, Hbzbz =dibenzoylmethane, H4=3-phenyl-
24-pentanedione, HS5=N-benzoyl-N-phenylhydroxylamine,
Hmal =maltol, Hq = quinolinol, and Htrop =tropolone). Ac-
cording to our previous results that [Til,(acac)]” can be
formed from a mixture of H,1, N-methylmorpholine, Ti-
(OiPr),, and Hacac,”! we performed similar complexation
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Scheme 1. a) Site-selective ligand exchange on the heteroleptic [Til,(acac)]” complex, b) Schematic represen-
tation of the construction of higher-order multicomponent self-assembled complexes through site-selective
ligand exchange reactions on a precursory heteronuclear Pd"—Ti'V ring complex.
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reactions by using other bidentate ligands (HX) such as [3-
diketones instead of Hacac. For example, when Htrop
(6.0 mm) was added to a mixture of H,1 (12 mm), N-methyl-
morpholine (12 mm), and Ti(OiPr), (9.0 mM) in [D,;]DMEF,
its 'H NMR spectrum after 12 h showed only one set of sig-
nals (Figure 1). The ESI-TOF mass spectrum of the resulting
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Figure 1. Partial '"HNMR spectra (500 MHz, [D;]DMF, 293 K, [H,1]
(12 mm)) of the [Til,(trop)]” complex (4:4:3:2 mixture of H,1, N-methyl-
morpholine, Ti(OiPr),, and Htrop).
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complex exhibited signals that
were assignable to [Til,-
(trop)]~, [Ti1,(trop) +2H],
and [{Til,(trop)},+3H]t at
m/z=539.0, 541.0, and 1081.3,
respectively (see Figure S12 in
the Supporting Information).
These results indicate the selec-
tive formation of [Til,(trop)]™.
Under similar reaction condi-
tions, various [Til,X]~
plexes were exclusively formed
not only with a few (-diketone
derivatives (HX =Hbzac,
Hbzbz, and H4) but also with
other a-hydroxyketone deriva-
tives (HX=tropolone, maltol,
and H5) and Hq (see Fig-
ures S6-12 in the Supporting
Information).

To evaluate the relative sta-
bilities of the [Til,X]~ com-
plexes, the formation ratio of
[TilA]/[Ti1,B]~ was compared
by the 'HNMR spectra of
mixed solutions including two
kinds of HXs, HA (6.0 mm) and HB (6.0 mm), in the pres-
ence of H,1 (12 mm), N-methylmorpholine (12 mm), and Ti-
(OiPr), (9.0 mm; Table 1 and Figures S13-19 in the Support-

ﬁlo
[Titz(trop)] &

com-

Table 1. Comparison of the relative stabilities of the [Til,X]~ complexes.
HA HB

Relative stabilities of
[Ti1,X]~ complexes

[TiLy(trop)]” >[Tilx(q)]
[Til,(q)]" > [Tily(mal)]”
[Til,(mal)]~ > [Ti1,5]~
[TiL,5] ~[Tily(bzbz)]
[Til,(bzbz)]™ > [Til,(bzac)]~
[Ti1,(bzac)]™ > [Til,(acac)]”
[Til,(acac)]” > [Til,4]

[a] Determined by integral ratios of the 'H NMR signals.

Formation ratios of
[TilA]~/[Ti1,B] ™

Htrop Hq 2.0
Hq Hmal 1.9
Hmal H5 1.3
H5 Hbzbz 1.0
Hbzbz Hbzac 1.3
Hbzac Hacac 1.4
Hacac H4 1.8

ing Information). Based on the results of these competitive
experiments, the order of the relative stabilities of [Til,X]~
complexes was determined as follows: [Tily(trop)]™>
[Tily(q)]” > [Tily(mal)]™ > [Til,5] ~[Til,(bzbz)]™ > [Til,-

(bzac)]” >[Til,(acac)]” >[Til,4]". This order has a few fea-
tures: First, [Til,X]~ containing a five-membered chelate
ring is more stable than that containing a six-membered che-
late ring (i.e., [Til,(mal)]~ vs. [Til,(bzbz)]"), which is gener-
ally known from the relationship between the chelate ring
size and the chelate effect. Second, ring-structure-based
rigid bidentate ligands provide more stable [Til,X]  com-
plexes compared with structurally more flexible ones (e.g.,
[Til,(mal)]~ vs. [Til,5]7). Third, because the metal complex-
ation is accompanied by deprotonation of the bidentate

Chem. Eur. J. 2010, 16, 3318 -3325
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ligand, more acidic ligands give more stable complexes
under the given condition, for example, Htrop (pK,=
6.70) > Hmal (pK,=8.50)."

Site-selective ligand exchange of acac with trop in various
Ti'"V and Pd"-Ti"V complexes: Subsequently, we investigated
the ligand exchange reactivity of the acac group of [Til,-
(acac)]”. Because the [Til,(trop)]” complex is much more
stable than the [Til,(acac)]” complex as mentioned above, it
was highly expected that ligand exchange of acac with trop
would occur efficiently. Upon the addition of an equimolar
amount of Htrop to [Til,(acac)]™ in [D,]DMEF, the signal for
coordinating acac, H", gradually disappeared whereas that
for trop bound to Ti', H™, appeared within 20h in the
"H NMR spectrum (Figure 2a and b). This indicated that
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Figure 2. Partial 'HNMR spectra (500 MHz, [D,;]DMF, 293K, [H,1]
(12 mm)) of site-selective ligand exchange of acac with trop on [Til,-
(acac)]” (a and b), Pd"-Ti" ring complexes (c and d), and [Ti{Pd-
(dien)1},(acac)]** (e and f): a) [Tily(acac)]”, b) 1:1 mixture of [Til,-
(acac)]” and Htrop (20 h; O =the signals for [Til,(acac)]"), c) [Pd,Ti,1,-
(acac),CLJ*~ ring, d) 1:2 mixture of the [Pd,Ti,1,(acac),CL]*" ring and
Htrop (20 h), e) [Ti{Pd(dien)1},(acac)]**, and f) 1:1 mixture of [Ti{Pd-
(dien)1},(acac)]** and Htrop (20 h).
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the acac ligand of [Til,(acac)]™ was site-selectively replaced
by trop to form [Til,(trop)]”. A 1:1 mixture of Htrop and
[Ti(cat),(acac)]” also provided a trop-substituted [Ti(cat),-
(trop)]” complex (Figure S20 in the Supporting Informa-
tion). The transformed ratios were fairly high (ca. 70%) in
both cases, therefore, both [Til,(acac)]” and [Ti(cat),-
(acac)]” complexes were expected to serve as versatile plat-
forms for higher-order multicomponent self-assembly.

Furthermore, to confirm whether this Ti'V-centered site-
selective ligand exchange takes place in heteronuclear metal
complexes with the preservation of the coordination struc-
tures of the Pd" centers, ligand exchange properties of the
[Pd,Ti,1,(acac),Cl,)*" ring complex™® were then investigated.
Upon the addition of two equivalents of Htrop to a solution
of the ring complex in [D;]DMF, a new set of the signals ap-
peared in the '"H NMR spectrum, and after 20 h the signal
for acac bound to Ti", H", disappeared but was comple-
mented by the signals for trop bound to Ti"¥, H™*, whereas
the signals for the pyridyl catechol ligand H,1, H**, did not
exhibit any significant shifts (Figure 2d). The ESI-TOF mass
spectrum of the solution showed a signal at m/z=1399.1 for
[Pd,Ti,1,(trop),Cl;+2H]* (Figure S24 in the Supporting In-
formation). These results indicate the quantitative formation
of the [Pd,Ti,1,(trop),Cl,]>" ring complex. Notably, this
ligand exchange reaction on the Pd"~Ti" ring complex took
place quantitatively, whereas that on the [Til,(acac)]” com-
plex did not. To understand what the factors that determine
the efficiency of the ligand exchange process are, a control
experiment was carried out by using [Ti{Pd(dien)1},(acac)]**
(dien = diethylenetriamine)® in which a pyridyl group of 1
coordinates to a Pd"—dien complex. The 'H NMR spectrum
of a 1:1 mixture of Htrop and [Ti{Pd(dien)1},(acac)]**
showed complexation behavior similar to that of a mixture
of Htrop and the [Pd,Ti,1,(acac),CL,]*" ring complex (Fig-
ure 2f). This indicates that the acac ligand of [Ti{Pd-
(dien)1},(acac)]’* was also quantitatively substituted for
trop within 2 h. Thus, the coordination of the pyridyl group
of [Til,(acac)]™ to the Pd" ion enhances the ligand exchange
from acac to trop to form a thermodynamically stable trop-
substituted complex.

Stepwise construction of higher-order structures with bridg-
ing ligands: In view of the above-mentioned characteristics
of the Ti"V precursor complexes in the site-selective ligand
exchange, we then performed the construction of higher-
order structures by using two types of bridging ligands, H,2
and H,3," which have one tropolone moiety on each side
and are connected by a structurally flexible alkyl and a rigid
ethynylene linker, respectively. These bridging ligands, H,2
and H,3, were expected to connect the two Ti'V centers of
the [Pd,Ti,1,(acac),Cl,]*" ring complex intra- or intermolec-
ularly, respectively. 'H NMR titration studies were conduct-
ed by using these bridging ligands and the [Pd,Ti,1,-
(acac),Cl,]*" ring complex in [D,]DMF. Upon the addition
of an equimolar amount of H,2 to a solution of the
[Pd,Ti,1,(acac),Cl,]*~ ring complex in [D;]DMF, the signals
for the original ring complex gradually disappeared and a
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set of new signals appeared with an increase in the intensity
of the signals for tropolone groups bound to Ti", H"" (Fig-
ure 3b). This result suggests that the acac ligands of the ring
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Figure 3. Partial '"HNMR spectra (500 MHz, [D;]DMF, 293 K, [H,1]
(12 mm)) of site-selective ligand exchange of acac with bridging bistropo-
lone ligands on Pd"-Ti" ring complexes: a) [Pd,Ti,1,(acac),Cl,]*" ring,
b) 1:1 mixture of the [Pd,Ti,1,(acac),Cl,]*" ring and H,2 (20 h), and c) 1:1
mixture of [Pd,Ti,1,(acac),Cl,]*" ring and H,3 (20 h).

complex were site-selectively substituted for the tropolone
ligands of bridging ligand 2. ESI-TOF mass spectra of the
solution showed a signal at m/z=1529.1, which could be as-
signed to a 1:1 [Pd,Ti,1,2Cl;+2H]* complex in which the
two Ti" centers of the ring complex are intramolecularly
connected by the structurally flexible ligand 2 (Figure S25 in
the Supporting Information). On the other hand, a 1:1 mix-
ture of H,3 and the [Pd,Ti,14(acac),Cl,]*" ring complex re-
sulted in the formation of an intermolecularly connected
complex. The '"HNMR spectrum showed the quantitative
formation of a single species in which a set of signals for tro-
polone, H™, bound to Ti"¥ was observed (Figure 3c). The
ESI-TOF mass spectrum of the mixture showed a signal at
m/z=2878.8, which could be assigned to a 2:2
[Pd,Ti1:3,Cl,+4H]* complex, indicating the formation of
an octanuclear [Pd,Ti 153,Cls]*" complex in which the two
ring structures were intermolecularly connected by two
bridging ligands 3 (Figure S26 in the Supporting Informa-
tion). The size difference of these two complexes was also
supported by diffusion-ordered NMR spectroscopy (DOSY)
measurements of a 12 mixture of octanuclear
[Pd,Ti,143,Clg]* and tetranuclear [Pd,Ti,1,2CL,]>~ complexes
n [D,]DMF. The spectrum of [Pd,Ti,133,Cl;]*~ showed a set
of signals with a log D value of —9.78, which is smaller than
that of [Pd,Ti,1,2Cl,]* (—9.63). This indicates that the inter-
molecularly assembled [Pd,Ti 133,Cli]*” complex is larger
than the intramolecularly assembled [Pd,Ti,1,2Cl,]*" com-
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plex (Figure S27 in the Supporting Information) as expected
from molecular-modeling studies. In addition, tetranuclear
[Pd,Ti,1,2C1,]* and octanuclear [Pd,Ti153,Cls]*" complexes
have two and four possible isomers, respectively, arising
from the configurational isomerism of the Ti"V centers. How-
ever, both '"H NMR spectra of these two higher-order struc-
tures in [D;]DMF showed only one set of signals for the pyr-
idyl catecholate and tropolonate ligands. This may suggest
fast isomerization between multiple structures or an exis-
tence of only one isomer in each solution. From the molecu-
lar-modeling study, the structures shown in Scheme 1 were
found to be the most plausible structure for each complex
(for the molecular-modeling calculation, see Figure S31 and
Table S1 in the Supporting Information).

One-pot syntheses of higher-order structures: As mentioned
above, tetranuclear [Pd,Ti,1,2Cl,)> and octanuclear
[Pd,Ti,153,Cls]*" complexes can be quantitatively construct-
ed through a preassembled [Pd,Ti,1,(acac),Cl,]*" ring com-
plex in a stepwise manner. To establish the efficacy of such
a stepwise procedure, the one-pot syntheses were conducted
in a way such that all components were mixed at once.
Upon mixing H,1, H,3, [TiO(acac),], [PdCL,(CH;CN),], and
N-methylmorpholine at the same time in [D,]DMF, a pre-
cipitate was immediately formed. The '"H NMR spectrum of
the mixture showed broadened and complicated signals
(Figure 4c¢). After 15 h, the spectrum showed two sets of sig-
nals that could be assigned to [Pd(H,1),Cl,] and the desired
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Figure 4. Partial '"HNMR spectra (500 MHz, [D;]DMF, 293K, [H,1]
(12 mm)) of the one-pot syntheses of tetranuclear [Pd,Ti,1,2Cl,]>~ and oc-
tanuclear [Pd,Ti 133,Clg]* complexes: a and b) 4:4:3:2:1 mixtures of H,1,
N-methylmorpholine, [TiO(acac),], [PdCL(CH;CN),], and H,2 after
Smin (a) and 15h (b; A =the signals for [Pd,Ti,1,2Cl,]*"); ¢ and
d) 4:4:3:2:1 mixtures of H,1, N-methylmorpholine, [TiO(acac),], [PdCl,-
(CH;CN),], and H,3 after Smin (c) and 15h (d; @ =the signals for
[Pd,Ti,143,Clg]").
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octanuclear [Pd,Ti,133,Clg]*” complexes, although the pre-
cipitate still remained (Figure 4d). The yield of the octanu-
clear complex was estimated to be 38% from the integral
ratio of '"H NMR spectrum. Moreover, the one-pot synthesis
of the tetranuclear [Pd,Ti,1,2Cl,]*~ complex resulted in only
69 % yield of the desired complex (Figure 4a and b). Thus,
the one-pot syntheses of the tetranuclear [Pd,Ti,1,2Cl,]*"
and octanuclear [Pd,Ti 143,Cls]*" complexes were not quan-
titative under the given conditions.""

Because [Pd(H,1),Cl,] was observed in the solution of the
mixture in both cases, it is likely that the insoluble material
contains Ti"V and bridging ligand 2 or 3 at an early stage of
the reaction process. In a model study, upon mixing H,3 and
[TiO(acac),] in the presence of N-methylmorpholine in
[D,]DMF, a precipitate was immediately formed and the sig-
nals of the aromatic region completely disappeared in the
'HNMR spectrum (Figure 5b), implying that a polymeric

Ne — b_c
", [oj Hz1 § T 2%,
ooa[TiO(acac)z] insoluble [PACl2(CH3CN)2] . g+ insoluble
HO o [D7IDMF Ti-3 complex - Ti-3 complex
H23 HO  OH HO ©OH
[Pd{Hz1)=Clz]

{octanuclear [Pd4Tis1s32Clg]* was not formed)

(CD3)2NCHO Hacac

i

.5

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
S8/ ppm

Figure 5. '"H NMR spectra (500 MHz, [D,]DMF, 293 K, [H,3] (3.0 mm))
of a) H,3; b) 1:4:3 mixture of H,3, N-methylmorpholine, and [TiO(acac),]
(a precipitate appeared immediately after mixing); and c) after addition
of H,1 and [PdCL,(CH;CN),] to the solution from (b) (the spectrum of a
1:4:3:4:2 mixture of H,3, N-methylmorpholine, [TiO(acac),], H,1, and
[PACL(CH;CN),] showed signals that could be assigned to [Pd-
(Ha1),CL]).

insoluble material was formed. Even when H,1 and [PdCl,-
(CH;CN),] were further added to the mixture, the '"H NMR
spectrum showed only one set of signals, which could be as-
signed to [Pd(H,1),Cl,] (Figure 5c). These results indicate
that once insoluble material arising from Ti"V with 3 is
formed, the formation of the octanuclear complex is partial-
ly inhibited, even in the presence of H,1 and [PdCl,-
(CH,CN),]." To understand the ligand exchange processes
on the Ti" centers further, a simple model synthesis was
conducted by using [Til,(trop)]” in both a one-pot and a
stepwise manner. When H,1, [TiO(acac),], and Htrop were
mixed at once in the presence of N-methylmorpholine,
[Til,(trop)]” was formed relatively slowly, which was con-
firmed by time-course 'H NMR analysis over five days (Fig-
ure S29 in the Supporting Information). In contrast, when
Htrop was added to [Til,(acac)]~, [Tily(trop)]~ was formed
within two hours (Figure S30 in the Supporting Informa-
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tion). From these results, in the case of the one-pot synthe-
sis, the formation of [Til,(trop)]” was partially inhibited by
some kinetically controlled products containing Ti"V and
trop. Overall, in all the one-pot syntheses, the formation of
the desired product was inhibited to some extent owing to
the formation of kinetically controlled insoluble products
(Figure 6).3) Thus, we demonstrated that the stepwise syn-
thesis employed here is an efficient tool for constructing the
higher-order tetranuclear [Pd,Ti,1,2Cl,]>~ and octanuclear
[Pd,Ti 143,Clg]* complexes.

: Hz1 Ha23

® O

[TiO(acac)z] [PACK(CH:CN):

N [PdiTicle3:Cl)

insoluble material containing Ti" and 3 x M
(formed kinetically)

[Pd(Hz1)2Clz]

Figure 6. Schematic representation of the one-pot synthesis of the octanu-
clear [Pd,Ti 133,Clg]*~ complex. A mixture of H,1, H,3, [TiO(acac),], and
[PACL,(CH;CN),] gave [Pd(H,1),Cl,] and insoluble material containing
Ti" and 3 as the kinetically controlled products in addition to
[Pd,Ti,133,Clg]*.

Conclusion

In conclusion, we have developed Ti"-centered dynamic
chemistry on heteroleptic [Ti(cat),(acac)]” and [Til,(acac)]”
complexes that are stabilized by an acid-base balance. A
series of [Til,X]~ complexes were selectively formed by
using other bidentate chelate ligands, HX, such as p-di-
ketone derivatives, Hmal, and Htrop. Comparative studies
of the thermodynamic stabilities among these [Til,X]~ com-
plexes revealed that [Til,(trop)]” is more stable than the
[Til,(acac)]” complex. On the basis of these results, we dem-
onstrated that the acac ligand can be site-selectively re-
placed by tropolonate on the [Til,(acac)]” complex. Because
the binding of the pyridyl group of 1 to Pd" takes place
almost independently of the ligand exchange on the Ti'V
center, the [Pd,Ti,1,(acac),Cl,]>~ ring complex prepared
from the [Til,(acac)]” complex provides a platform for step-
wise construction of higher-order multicomponent Pd"-Ti"
complexes, tetranuclear [Pd,Ti,1,2CL,]*~ and octanuclear
[Pd,Ti,1:3,Cl]*", by using bis-tropolone bridging ligands.
Notably, the one-pot syntheses of these complexes were not
highly efficient. Thus, the present stepwise synthesis through
a heteroleptic metal complex has great potential for multi-
component self-assembly by site-selective ligand exchange.
Higher-order multinuclear constructs formed as a result
would provide excellent platforms for multipoint molecular
recognition and multitopic catalysis.
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Experimental Section

General: All ambient '"H NMR spectra were recorded on a Bruker DRX
500 (500 MHz) by using TMS (CDCl;), DMSO ([D4]DMSO), and DMF
([D,]DMF) as the internal references. ESI-TOF mass spectra were re-
corded on a Micromass LCT mass spectrometer KB 201.

General procedures for the syntheses of [Til,X] complexes: N-Methyl-
morpholine (0.54 mg, 5.3 mmol, 1.0equiv) and Ti(OiPr), (1.2 puL,
4.0 mmol, 0.75 equiv) were added to a solution of H,1 (1.0 mg, 5.3 mmol)
in [D;]DMF (0.45 mL), and the reaction mixture was allowed to stand at
room temperature for 12h. A bidentate ligand HX (2.7 mmol,
0.50 equiv) was then added to the solution, which was allowed to stand
for an additional 12 h. The respective "H NMR studies showed the selec-
tive formation of each [Til,X]~ complex.

[Til,(bzac)]: '"HNMR (500 MHz, [D;]DMF, 293K): 0=8.75 (d, J=
1.8 Hz, 2H), 8.39 (dd, /=4.7, 1.8 Hz, 2H), 8.09 (d, /=7.4 Hz, 2H), 7.88
(ddd, J=7.9, 1.8, 1.8 Hz, 2H), 7.57 (t, J=7.4 Hz, 1H), 7.49 (dd, /=74,
7.4 Hz, 2H), 7.33 (dd, /=179, 47 Hz, 2H), 6.79 (dd, /=8.0, 2.1 Hz, 2H),
6.71 (s, 1H), 6.52 (d, /=2.1 Hz, 2H), 6.24 (d, J=8.0 Hz, 2H), 2.25 ppm
(s, 3H); ESI-TOF (DMF): m/z: 579.0 [Til,(bzac)]™, 581.4 [Til,(bzac)+
2H]*, 1161.3 [{Til,(bzac)},+3H]*.

[Til,(bzbz)]: '"HNMR (500 MHz, [D,]DMF, 293K): 6=8.75 (d, J=
1.8 Hz, 2H), 8.38 (dd, J=4.7, 1.8 Hz, 2H), 8.30 (d, /=7.4H, 4H), 7.88
(ddd, J=7.9, 1.8, 1.8 Hz, 2H), 7.61 (t, J=7.4 Hz, 2H), 7.53 (dd, /=74,
7.4 Hz, 4H), 7.49 (s, 1H), 7.32 (dd, J=7.9, 4.7 Hz, 2H), 6.79 (dd, J=38.0,
2.2 Hz, 2H), 6.54 (d, /J=2.2 Hz, 2H), 6.26 ppm (d, /J=8.0 Hz, 2H); ESI-
TOF (DMF): m/z: 641.1 [Til,(bzbz)]~, 643.2 [Til,(bzbz)+2H]*, 1285.3
[{Ti1,(bzbz)},+3H]*.

[Til4]~: "HNMR (500 MHz, [D,]DMF, 293 K): 6=8.77 (d, J=1.8 Hz,
2H), 8.39 (dd, J=4.7, 1.8 Hz, 2H), 7.89 (ddd, /=7.9, 1.8, 1.8 Hz, 2H),
7.45 (t, J=7.5Hz, 2H), 7.39-7.29 (m, 5H), 6.80 (dd, /=8.0, 2.1 Hz, 2H),
6.53 (d, J=2.1 Hz, 2H), 6.26 (d, J=8.0 Hz, 2H), 1.88 ppm (s, 6 H); ESI-
TOF (DMF): m/z: 593.1 [Til,4]", 595.2 [Til,4+2H]", 1189.3 [(Til,4),+
3H]*.

[Ti1,5]7: '"HNMR (500 MHz, [D;]DMF, 293 K): 6=8.76 (d, J=1.7 Hz,
2H), 8.38 (dd, J=4.5, 1.7 Hz, 2H), 7.89 (ddd, /=8.0, 1.7, 1.7 Hz, 2H),
7.48-7.32 (m, 12H), 6.80 (dd, /=8.0, 2.1 Hz, 2H), 6.57 (d, J=2.1 Hz,
2H), 6.30 ppm (d, J=8.0 Hz, 2H); ESI-TOF (DMF): m/z: 630.1 [Til,5],
632.2 [Ti1,5+2H]"*, 1263.3 [(Til,5),+3H]™*.

[Til,(q)]: '"HNMR (500 MHz, [D,]DMF, 293 K): 6=9.01 (dd, J=4.7,
1.0 Hz, 1H), 8.75 (d, /=1.7 Hz, 2H), 8.53 (dd, /=83, 1.0 Hz, 1H), 8.38
(dd, J=4.7, 1.7 Hz, 2H), 7.87 (ddd, J=7.9, 1.7, 1.7 Hz, 2H), 7.71 (dd, /=
8.3, 47 Hz, 1H), 7.50 (dd, J=8.0, 8.0 Hz, 1H), 7.32 (dd, /=7.9, 4.7 Hz,
2H), 7.28 (d, J=8.0 Hz, 1H), 6.81-6.79 (m, 3H), 6.57 (br, 2H), 6.29 ppm
(d, J=79Hz, 2H); ESI-TOF (DMF): m/z: 5619 [Til)(q)]", 564.0
[Ti1y(q)+2H]", 1125.0 [{Til,(q)},+H] ", 1127.1 [{Tily(q)},+3H]"*.
[Til,(mal)]: '"HNMR (500 MHz, [D;]DMF, 293K): 6=8.75 (d, J=
1.8 Hz, 2H), 8.44 (d, J=5.1 Hz, 1H), 8.38 (dd, /=4.7, 1.8 Hz, 2H), 7.88
(ddd, /=179, 1.8, 1.8 Hz, 2H), 7.32 (dd, /=7.9, 4.7 Hz, 2H), 6.78 (d, J=
5.1 Hz, 1H), 6.78 (dd, J=8.0, 2.1 Hz, 2H), 6.52 (d, /=2.1 Hz, 2H), 6.25
(d, J=8.0 Hz, 2H), 2.38 ppm (s, 3H); ESI-TOF (DMF): m/z: 543.0 [Til,-
(mal)]~, 545.0 [Til,(mal)+2H]*, 1089.0 [{Til,(mal)},+3H]*.
[Til(trop)]: '"HNMR (500 MHz, [D;]DMF, 293K): 6=8.76 (d, J=
1.8 Hz, 2H), 8.39 (dd, /J=4.7, 1.8 Hz, 2H), 7.89 (ddd, J=7.9, 1.8, 1.8 Hz,
2H), 7.83 (dd, /=10.4, 10.4 Hz, 2H), 7.40 (d, J=10.4 Hz, 2H), 7.36 (t,
J=10.4 Hz, 1H), 7.33 (dd, J=7.9, 4.7 Hz, 2H), 6.80 (dd, /=8.0, 2.1 Hz,
2H), 6.55 (d, J=2.1Hz, 2H), 6.27 ppm (d, /J=8.0 Hz, 2H); ESI-TOF
(DMF): m/z: 539.0 [Tily(trop)], 541.0 [Til,(trop)+2H]*, 1081.3 [{Til,-
(trop)},+3H] ™.

General procedure for the competitive experiments: N-Methylmorpho-
line (0.54 mg, 5.3 mmol, 1.0 equiv), and Ti(OiPr), (1.2 mL, 4.0 mmol,
0.75 equiv) were added to a solution of H,1 (1.0mg, 5.3 mmol) in
[D;]DMF (0.45 mL), and the reaction mixture was allowed to stand at
room temperature for 12 h. Then, HA (2.7 mmol, 0.50 equiv) and HB
(2.7 mmol, 0.50 equiv) were added to the solution, and the reaction mix-
ture was allowed to stand for additional 12 h. The formation ratio of
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[TilA]7/[Til,B]~ was determined by the integral ratio of '"H NMR sig-
nals.

Ligand exchange of acac by trop in various Ti'¥ complexes: Tropolone
(0.33 mg, 2.7 umol, 1.0 equiv based on acac) was added to a solution of
each Ti"V complex (2.7 umol for [Tily(acac)] and [Ti{Pd(dien)1},(acac)]**
(dien = diethylenetriamine), and 1.3 pmol for the [Pd,Ti,1,(acac),Cl,]*"
ring complex; all of the Ti'¥ complexes were prepared from H,1 (1.0 mg,
5.3 umol)) in [D,]DMF (0.45 mL), and the reaction mixture was then al-
lowed to stand for 2-20 h at room temperature. 'H NMR titration studies
demonstrated highly selective ligand exchange reactions of acac with
trop in Ti'"¥ complexes as shown in Figure 2.

[TifPd(dien)1},(trop)’* ring: '"H NMR (500 MHz, [D;]DMF, 293 K): 6 =
8.91 (s, 2H), 8.57 (d, J=5.5Hz, 2H), 8.24 (d, J=8.0 Hz, 2H), 7.92 (dd,
J=8.1, 8.1Hz, 2H), 7.61 (dd, /=80, 5.5Hz, 2H), 7.56-7.51 (m, 2H),
7.51-7.45 (m, 3H), 6.92 (dd, J=8.1, 2.0 Hz, 2H), 6.60 (d, /=2.0 Hz, 2H),
6.32 (d, J=8.1 Hz, 2H), 5.91-5.86 (m, 4H), 5.63-5.60 (m, 4H), 3.36-3.28
(m, 2H), 3.24-3.20 ppm (m, 4H; one signal that could be assigned to the
methylene protons was behind the water peak); ESI-TOF (positive,
DMF): m/z: 8541 [M—2H-dien]*, 957.3 [M—2H]*, 10203 [M—-H+
NO;]* (M =[Ti{Pd(dien)1},(trop)]**).

[Pd,Ti,1 ,(trop),CLJ*~ ring: '"HNMR (500 MHz, [D;]DMF, 293 K): 6=
9.14 (s, 4H), 8.58 (d, /J=5.4Hz, 4H), 8.14 (d, J=8.0 Hz, 4H), 7.87 (dd,
J=10.3, 10.3 Hz, 4H), 7.50 (dd, /=8.0, 5.4 Hz, 4H), 7.47 (d, /=10.3 Hz,
4H), 7.40 (t, J=103 Hz, 2H), 6.87 (dd, J=8.1, 2.0 Hz, 4H), 6.68 (br,
4H), 630 ppm (d, /J=8.1Hz, 4H); ESI-TOF (positive, DMF): m/z:
1399.1 [Pd,Ti,1,(trop),Cl;+2H]*.

Stepwise construction of tetranuclear [Pd,Ti,1,2CL,]*": Ligand H,2
(0.50 mg, 1.3 umol, 1.0 equiv) was added to a solution of the [Pd,Ti,1,
(acac),CL]*" ring complex (1.3 pmol, prepared from 1.0 mg of H,1) in
[D;]DMF (0.45 mL), and the reaction mixture was then allowed to stand
for 12 h at room temperature. The '"H NMR spectrum showed the quanti-
tative formation of the [Pd,Ti,1,2C,]*~ complex as shown in Figure 3b.
[Pd,Ti,1,2Cl,J”~: "H NMR (500 MHz, [D;]DMF, 293 K): 6=9.33 (s, 4H),
8.50 (d, /J=5.4Hz, 4H), 820 (d, J=8.1Hz, 4H), 7.95 (d, /=109 Hz,
4H), 7.54 (d, /=109 Hz, 4H), 7.49 (dd, J=8.1, 5.4 Hz, 4H), 6.95 (dd, /=
8.1, 2.1 Hz, 4H), 6.86 (d, J=2.1 Hz, 4H), 6.33 (d, J=8.1 Hz, 4H), 2.51 (t,
J=6.0 Hz, 4H), 1.67-1.63 (m, 4H), 1.61-1.57 ppm (m, 4H); “C NMR
(125 MHz, [D;]DMF, 293 K): 6=181.11, 172.62, 162.06, 151.54, 149.97,
139.10, 135.69, 125.98, 125.65, 125.35, 118.29, 118.19, 111.96, 109.19, 94.54,
83.86, 28.80, 28.53, 19.39 ppm; ESI-TOF (positive, DMF): m/z: 1529.1
[Pd,Ti,1,3CL;+2H] *.

Stepwise construction of octanuclear [Pd,Ti 1;3,Clg]*: Ligand H,3
(0.36 mg, 1.3 umol, 1.0 equiv) was added to a solution of the [Pd,Ti1,
(acac),CL]*" ring complex (1.3 umol, prepared from 1.0 mg of H,1) in
[D;]DMF (0.45 mL), and the reaction mixture was then allowed to stand
for 12 h at room temperature. The 'H NMR spectrum showed the quanti-
tative formation of [Pd,Ti13,Cls]*" as shown in Figure 3c.

[Pd,Ti 13,ClJ* : "H NMR (500 MHz, [D;]DMF, 293 K): 6 =9.23 (s, 8H),
8.56 (d, /J=5.5Hz, 8H), 8.19 (d, /J=8.1Hz, 8H), 8.13 (d, J=12.0 Hz,
8H), 7.54 (br, 8H), 7.49 (dd, J=8.1, 5.5 Hz, 8H), 6.94 (dd, /=8.1, 2.0 Hz,
8H), 6.83 (d, J=2.0Hz, 8H), 6.33 ppm (d, /J=8.1 Hz, 8H); "C NMR
(125 MHz, [D;]DMF, 293 K): 6=181.49, 172.59, 161.92, 151.17, 150.19,
143.81, 139.22, 136.02, 125.64, 125.50, 118.43, 118.29, 112.07, 109.05,
94.72 ppm; ESI-TOF (positive, DMF): m/z: 2878.8 [Pd,Ti,1,3,Cl,+4H]*.
One-pot synthesis of tetranuclear [Pd,Ti,1,2C1,]* : N-Methylmorpholine
(0.54 mg, 5.3 pmol, 1.0 equiv), [TiO(acac),] (1.1 mg, 4.0 umol, 0.75 equiv),
and [PdCl,(CH;CN),] (0.69 mg, 2.7 umol, 0.50 equiv) were added to a so-
lution of a mixture of H,1 (1.0 mg, 5.3 umol) and H,2 (0.50 mg, 1.3 pmol,
0.25 equiv) in [D,;]DMF (0.45 mL), and the reaction mixture was then al-
lowed to stand for 15 h at room temperature. A precipitate was generat-
ed and the '"H NMR spectrum of the resulting suspension showed the for-
mation of [Pd,Ti,1,2CL,]*" (69% vyield) and [Pd(H,1),Cl,] complexes as
shown in Figure 4b.

One-pot synthesis of octanuclear [Pd,Ti,143,Cl]* : N-Methylmorpholine
(0.54 mg, 5.3 pmol, 1.0 equiv), [TiO(acac),] (1.1 mg, 4.0 umol, 0.75 equiv),
and [PdCl,(CH;CN),] (0.69 mg, 2.7 umol, 0.50 equiv) were added to a so-
lution of a mixture of H,1 (1.0 mg, 5.3 umol) and H,3 (0.36 mg, 1.3 pmol,
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0.25 equiv) in [D,]DMF (0.45 mL), and the reaction mixture was then al-
lowed to stand for 15 h at room temperature. A precipitate was formed
and the '"H NMR spectrum of the resulting suspension showed the forma-
tion of octanuclear [Pd,Ti1;3,Cli]*" (38% yield) and [Pd(H,1),Cl,] as
shown in Figure 4d.

Complexation studies of bridging ligands with [TiO(acac),]: N-Methyl-
morpholine (0.54 mg, 5.3 pmol, 4.0 equiv), and [TiO(acac),] (1.1 mg,
4.0 umol, 3.0 equiv) were added to a solution of bridging ligand
(1.3 umol; 0.50 mg for H,2, 0.36 mg for H,3) in [D;]DMF (0.45 mL). A
precipitate was immediately formed after mixing, and no signals were ob-
served in the aromatic regions of the "H NMR spectra as shown in Fig-
ure S28 in the Supporting Information and Figure 5 for H,2 and H,3, re-
spectively. Ligand H,1 (1.0 mg, 5.3 pmol, 4.0 equiv) and [PdCL,(CH;CN),]
(0.69 mg, 2.7 pmol, 2.0 equiv) were also added to the suspension, and the
reaction mixture was then allowed to stand for 21 h at room temperature.
These 'H NMR spectra showed the formation of [Pd(H,1),Cl,] in solu-
tion although the precipitate still remained.

Acknowledgements

This work was supported by Grants-in Aid from MEXT of Japan and the
Global COE Program for Chemistry Innovation. Y.S. thanks the Japan
Society for the Promotion of Science for a JSPS Research Fellowship for
Young Scientists.

[1] a) J. W. Steed, J. L. Atwood, Supramolecular Chemistry, 2nd ed.,
Wiley, New York, 2009; b) M. C. Jiménez-Molero, C. Dietrich-Bu-
checker, J.-P. Sauvage, Chem. Commun. 2003, 1613; c) A. Marquis,
J.-P. Kintzinger, R. Graff, P. N. W. Baxter, J.-M. Lehn, Angew. Chem.
2002, 114, 2884; Angew. Chem. Int. Ed. 2002, 41, 2760; d) M. Bar-
boiu, G. Vaughan, R. Graff, J-M. Lehn, J. Am. Chem. Soc. 2003,
125, 10257; ¢) A. M. Brown, M. V. Ovchinnikov, C. L. Stern, C. A.
Mirkin, J. Am. Chem. Soc. 2004, 126, 14316; f) J. Heo, Y.-M. Jeon,
C. A. Mirkin, J. Am. Chem. Soc. 2007, 129, 7712; g)J. Kuwabara,
C. L. Stern, C. A. Mirkin, J. Am. Chem. Soc. 2007, 129, 10074; h) P.
Mal, D. Schultz, K, Beyeh, K. Rissanen, J. R. Nitschke, Angew.
Chem. 2008, 120, 8421; Angew. Chem. Int. Ed. 2008, 47, 8297; i) S.
Hiraoka, T. Yi, M. Shiro, M. Shionoya, J. Am. Chem. Soc. 2002, 124,
14510; j) S. Hiraoka, K. Harano, M. Shiro, M. Shionoya, Angew.
Chem. 2005, 117, 2787; Angew. Chem. Int. Ed. 2005, 44, 2727; k) K.
Harano, S. Hiraoka, M. Shionoya, J. Am. Chem. Soc. 2007, 129,
5300.

a) J. R. Farrell, C. A. Mirkin, J. Am. Chem. Soc. 1998, 120, 11834,
b) A. H. Eisenberg, M. V. Ovchinnikov, C. A. Mirkin, J. Am. Chem.
Soc. 2003, 125, 2836; c) A. M. Brown, M. V. Ovchinnikov, C.L.
Stern, C. A. Mirkin, Chem. Commun. 2006, 4386; d) R. D. Sommer,
A. L. Rheingold, A.J. Goshe, B. Bosnich, J. Am. Chem. Soc. 2001,
123, 3940; e) N. C. Gianneschi, M. S. Maser III, C. A. Mirkin, Acc.
Chem. Res. 2005, 38, 825; f) B.J. Holliday, C. A. Mirkin, Angew.
Chem. 2001, 113, 2076; Angew. Chem. Int. Ed. 2001, 40, 2022; g) P. J.
Lusby, P. Miiller, S. J. Pike, A. M. Z. Slawin, J. Am. Chem. Soc. 2009,
131, 16398.

2

—

FULL PAPER

[3] For a review of metal-centered ligand exchange reactions, see: D. T.
Richens, Chem. Rev. 2005, 105, 1961.

[4] For examples of Ti"V-containing supramolecular molecules, see:
a) D.L. Caulder, K. N. Raymond, Acc. Chem. Res. 1999, 32, 975;
b) D. L. Caulder, C. Briickner, R. E. Power, S. Konig, T. N. Parac,
J. A. Leary, K. N. Raymond, J. Am. Chem. Soc. 2001, 123, 8923;
c) M. Albrecht, S. Mirtschin, M. de Groot. I. Janser, J. Runsink, G.
Raabe, M. Kogej, C. A. Schalley, R. Frohlich, J. Am. Chem. Soc.
2005, 7127, 10371; d) M. Albrecht, L. Janser, J. Runsink, G. Raabe, P.
Weis, R. Frohlich, Angew. Chem. 2004, 116, 6832; Angew. Chem. Int.
Ed. 2004, 43, 6662; ¢) T. Kreickmann, C. Diedrich, T. Pape, H. V.
Huynh, S. Grimme, F. E. Hahn, J. Am. Chem. Soc. 2006, 128, 11808.
S. Hiraoka, Y. Sakata, M. Shionoya, J. Am. Chem. Soc. 2008, 130,
10058. Although we reported the formation of [TiH1,(acac)] in this
paper, we discovered after further detailed study that only approxi-
mately 20% of [Til,(acac)]™ are protonated to form [TiH1,(acac)]
and that this heteroleptic Ti'V complex is stabilized by an acid-base
balance. In the present paper, this equilibrium mixture is designated
as [Til,(acac)]~ for simplicity. For the details, see the Supporting In-
formation.

For examples of self-assembled heteronuclear complexes based on

the HSAB theory, see: a) X. Sun, D. W. Johnson, D.L. Caulder,

R. E. Powers, K. N. Raymond, E. H. Wong, Angew. Chem. 1999,

111, 1386; Angew. Chem. Int. Ed. 1999, 38, 1303; b) X. Sun, D. W.

Johnson, D. L. Caulder, K. N. Raymond, E. H. Wong, J. Am. Chem.

Soc. 2001, 123, 2752; c) X. Sun, D. W. Johnson, K. N. Raymond,

E. H. Wong, Inorg. Chem. 2001, 40, 4504; d) T. Okada, K. Tanaka,

M. Shiro, M. Shionoya, Chem. Commun. 2005, 1484; ¢) F. E. Hahn,

M. Offermann, C.S. Isfort, T. Pape, R. Frohlich, Angew. Chem.

2008, 120, 6899; Angew. Chem. Int. Ed. 2008, 47, 6794; f) H.-B. Wu,

Q.-M. Wang, Angew. Chem. 2009, 121, 7479; Angew. Chem. Int. Ed.

2009, 48, 7343.

[7] A.E. Martell, R.M. Smith, Critical Stability Constants, Vol. 3,
Plenum Press, New York, 1977.

[8] The selective formation of [Pd,Ti,1,(acac),Cl,]*" ring complex has
already been reported in our previous paper (for the details, see ref-
erence [5]).

[9] The selective formation of [Ti{Pd(dien)1,}(acac)]’* complex was
confirmed by the '"H NMR titration study and ESI-TOF mass spec-
trometry (for further details, see Figures S21 and 22 in the Support-
ing Information).

[10] For the syntheses, see the Supporting Information.

[11] These higher-order structures were neither quantitatively formed,
even after one month, nor accelerated at elevated temperatures.

[12] Complexation of H,2 and [TiO(acac),] in the presence of N-methyl-
morpholine produced a similar result (see Figure S28 in the Support-
ing Information).

[13] Elemental analysis of the insoluble material from a mixture of H,3,
[TiO(acac),], and N-methylmorpholine revealed that the material
contains a nonstoichiometric mixture of Ti'*-bound tropolonate and
TiO, arising from hydrolysis of the Ti'" species.

5

—_

6

—_

Received: January 1, 2010
Published online: February 24, 2010

Chem. Eur. J. 2010, 16, 3318 -3325

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 3325


http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2884::AID-ANGE2884%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2884::AID-ANGE2884%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20020802)41:15%3C2760::AID-ANIE2760%3E3.0.CO;2-1
http://dx.doi.org/10.1021/ja0301929
http://dx.doi.org/10.1021/ja0301929
http://dx.doi.org/10.1021/ja045316b
http://dx.doi.org/10.1021/ja0716812
http://dx.doi.org/10.1021/ja073447h
http://dx.doi.org/10.1002/ange.200803066
http://dx.doi.org/10.1002/ange.200803066
http://dx.doi.org/10.1002/anie.200803066
http://dx.doi.org/10.1021/ja028659n
http://dx.doi.org/10.1021/ja028659n
http://dx.doi.org/10.1002/ange.200462394
http://dx.doi.org/10.1002/ange.200462394
http://dx.doi.org/10.1002/anie.200462394
http://dx.doi.org/10.1021/ja0659727
http://dx.doi.org/10.1021/ja0659727
http://dx.doi.org/10.1021/ja982688+
http://dx.doi.org/10.1021/ja027936n
http://dx.doi.org/10.1021/ja027936n
http://dx.doi.org/10.1039/b609931a
http://dx.doi.org/10.1021/ja004279v
http://dx.doi.org/10.1021/ja004279v
http://dx.doi.org/10.1021/ar980101q
http://dx.doi.org/10.1021/ar980101q
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D
http://dx.doi.org/10.1021/ja907297z
http://dx.doi.org/10.1021/ja907297z
http://dx.doi.org/10.1021/cr030705u
http://dx.doi.org/10.1021/ar970224v
http://dx.doi.org/10.1021/ja0104507
http://dx.doi.org/10.1021/ja052326j
http://dx.doi.org/10.1021/ja052326j
http://dx.doi.org/10.1002/ange.200453975
http://dx.doi.org/10.1002/anie.200453975
http://dx.doi.org/10.1002/anie.200453975
http://dx.doi.org/10.1021/ja063655u
http://dx.doi.org/10.1021/ja803115j
http://dx.doi.org/10.1021/ja803115j
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1386::AID-ANGE1386%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3757(19990503)111:9%3C1386::AID-ANGE1386%3E3.0.CO;2-I
http://dx.doi.org/10.1002/(SICI)1521-3773(19990503)38:9%3C1303::AID-ANIE1303%3E3.0.CO;2-8
http://dx.doi.org/10.1021/ja0029376
http://dx.doi.org/10.1021/ja0029376
http://dx.doi.org/10.1021/ic010154v
http://dx.doi.org/10.1039/b415567j
http://dx.doi.org/10.1002/ange.200801172
http://dx.doi.org/10.1002/ange.200801172
http://dx.doi.org/10.1002/anie.200801172
http://dx.doi.org/10.1002/ange.200903575
http://dx.doi.org/10.1002/anie.200903575
http://dx.doi.org/10.1002/anie.200903575
www.chemeurj.org

