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Abstract: Rollover cyclometalation involves bidentate heter-
ocyclic donors, unusually acting as cyclometalated ligands.
The resulting products, possessing a free donor atom, react
differently from the classical cyclometalated complexes.
Taking advantage of a “rollover”/“retro-rollover” reaction se-
quence, a succession of oxidative addition and reductive
elimination in a series of platinum(II) complexes [Pt(N,C)(Me)-
(PR3)] resulted in a rare C(sp2)�C(sp3) bond formation to give

the bidentate nitrogen ligands 3-methyl-2,2’-bipyridine, 3,6-
dimethyl-2,2’-bipyridine, and 3-methyl-2-(2’-pyridyl)-quino-
line, which were isolated and characterized. The nature of
the phosphane PR3 is essential to the outcome of the reac-
tion. This route constitutes a new method for the activation
and functionalization of C�H bond in the C(3) position of bi-
dentate heterocyclic compounds, a position usually difficult
to functionalize.

Introduction

Reductive elimination is one of the most fundamental steps in
stoichiometric and catalytic processes leading to C�C bond
formation, representing the reaction where the final product is
formed.[1] A great attention has been focused on reductive
elimination reactions from PtIV complexes, which often take
place after initial loss of a ligand to generate a more reactive
five-coordinate intermediate.[2] A great number of studies are
concerned with reductive C(sp3)�C(sp3) elimination from meth-
ylplatinum(IV) compounds, and analogous studies have been
carried out on arylplatinum(IV) compounds, including studying
the competition between C(sp2)�C(sp2) and C(sp2)�halide
bond formation,[3] or C(sp3)- and C(sp2)�halide elimination.[4]

In contrast, examples of C(sp2)�C(sp3) reductive elimination
are very scarce,[5] though they do include a catalytic process in-
volving platinum(IV) compounds.[6]

PtIV complexes with chelated nitrogen ligands (both N,N and
N,C) are often obtained through oxidative addition of C�X
bonds.[7] In the case of cyclometalated species, the resulting
PtIV complexes [Pt(N,C)(Me)2(X)(L)] (L = neutral ligand, X =

halide) usually display a fac-PtC3 arrangement, due to the natu-
ral tendency of carbon-bonded ligands to avoid mutual trans
coordination (trans-phobia), and are stable at room tempera-
ture both in solution and in the solid state.

In the vast field of cyclometalated derivatives,[8] the so-called
“rollover complexes” constitute an emerging class of com-
pounds.[9] In contrast to classical cyclometalated complexes,
obtained from monodentate ligands, this new class of com-
plexes arise from bidentate heteroaromatic ligands, which,
after chelation, may partially decomplex and undergo internal
rotation around a suitable bond and promote the selective ac-
tivation of a C�H bond previously directed away from the
metal. After cyclometalation, rollover complexes contain a free
donor atom able to contribute to the reactivity of the complex,
this possibility is usually not accessible to classical cyclometa-
lated species.[10] Among these possibilities we can find proto-
nation,[11] retro-rollover reactions,[12] successive cyclometala-
tions,[9c, 13] and polymerization.[14] Recently, catalytic cycles have
been designed, based on rollover and retro-rollover reac-
tions,[15] with the ultimate aim of activating internal positions
in heteroaromatic rings. Rollover complexes were also found
to promote C�C bond formation in the gas phase.[16]

Results and Discussion

We have recently reported the synthesis of the rollover com-
plex [Pt(L-H)(Me)(DMSO)] , 1, where L is k2-C,N-C10N2H7, a C(3)-
deprotonated, cyclometalated 2,2’-bipyridine. Complex 1 is the
parent compound of a family of complexes [Pt(L-H)(LX)(LN)]
where LX and LN are anionic and neutral ligands, respective-
ly.[12, 13]

Complex 2 a, [Pt(L-H)(Me)(PPh3)] , was obtained both from
1 by substitution of the labile DMSO ligand [Eq. (1)] , or directly
from [Pt(Me)2(DMSO)2] , bipyridine and PPh3, in a “one pot” re-
action.[12] Complex 2 a is stable in air, both in solution and in
the solid state, and was characterized in solution by means of
NMR spectroscopy.
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Our efforts in obtaining an X-ray diffraction structure were
successful and we managed to obtain crystals suitable for X-
ray determination by slow evaporation of an acetone solution.
The structure of 2 a consists of the packing of [Pt(L-
H)(Me)(PPh3)] molecules in the triclinic space group P1̄. The ge-
ometry around the metal center deduced from NMR spectros-
copy is confirmed: a slightly distorted square planar PtII com-
plex with a k2-N,C-cyclometalated unit, a PPh3, and a methyl
group (Figure 1).

The structure is slightly distorted due to the presence of the
bulky PPh3 in the coordination plane and this is reflected by
the angle N1-Pt-CH3, 169.268. In the crystal packing of 2 a,
neighboring complexes form discrete dimers interacting via
a p–p overlap between the bipy ligand (N1�N12) of one com-
plex and a symmetry related bipy on a neighboring complex.
The interacting p systems are parallel (the interaction lies
across an inversion center) and the closest atomic contact is
C5�C7 (3.2965 �) (see Figure SI1 in the Supporting Informa-
tion). Selected bond distances and angles are given in Table 1
along with the previously DFT calculated data.[12] All the
lengths are in the expected range and no particular deviations
are worth noting.

The reaction at room temperature of the electron-rich com-
plex 2 a with MeI gives the corresponding PtIV complex [Pt(L-
H)(Me)2(I)(PPh3)] , 3 a [Eq. (2)] , which was isolated in high yields
and characterized. In the absence of an X-ray structural charac-
terization compounds 3 a was analytically and spectroscopical-
ly characterized, in particular, through mono and bi-dimension-
al NMR techniques.

Though the reaction may generate several isomers, due to
trans-phobia,[12] only fac-PtC3 isomers are expected and consid-
ering the cyclometalated N,C restriction, only two isomers may
be reasonably formed, as indicated in Scheme 1, with the
phosphane in “axial” or “equatorial” position (with respect to
the bipyridine plane).

The accepted SN2 mechanism proposed for this reaction re-
quires the trapping of the five-coordinate intermediate formed
by the nucleophilic attack of the PtII on the alkyl halide to form
the kinetic equatorial product which subsequently converts
into the thermodynamic axial product.[7a, 18] In the chemistry of
cyclometalated PtIV the isolated product of the reaction is usu-
ally the axial species, and isolation of the equatorial isomer is
extremely rare.

One example in which the equatorial isomer was isolated
was with the analogous rollover complex [Pt(L-H)(Me)(PMe3)] ,
2 b, which gives, under the same experimental conditions as
here, the PtIV complex [Pt(L-H)(Me)2(I)(PMe3)] , 3 b(eq), with the
small PMe3 ligand located in the plane of the cyclometalated
ligand as demonstrated by an X-ray diffraction analysis.[19]

Figure 1. ORTEP view of the crystal structure of complex 2 a. Thermal ellip-
soids are drawn at 50 % probability.

Table 1. Comparison of structural and DFT calculated[12] bond distances
(�), ESD in parentheses, and angles (degrees) for complex 2 a.

Experimental Theory

Pt–N1 2.130(2) 2.1940
Pt–C8 2.043(3) 2.0373
Pt–C1 2.077(4) 2.0445
Pt–P1 2.2904(7) 2.3492
N1–C6 1.360(3) 1.3508
C6–C7 1.468(5) 1.4705
C7–C8 1.405(4) 1.4134

N1–Pt–C8 79.61(9) 79.47
C8–Pt–C1 91.65(11) 90.12
C1–Pt1–P1 91.41(8) 92.77
P1–Pt1–N1 97.91(6) 97.68
N1–Pt1–C1 169.26(1) 169.39
P1–Pt1–C8 173.67(7) 176.84

Scheme 1.
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In the absence of X-ray data, complex 3 a was characterized
as the axial isomer, that is, 3 a(ax), on the basis of analytical
data and NMR spectroscopy, as detailed below. The 31P NMR
spectrum of 3 a(ax) shows Pt�P coupling constant values in
agreement with a PtIV species (1JPt�P = 992 Hz), and the 1H NMR
spectrum shows two different platinum-bonded methyl groups
(d= 1.12 ppm, 3JP�H = 8 Hz, 2JPt�H = 61 Hz; 1.64 ppm, 3JP�H =

7.5 Hz, 2JPt�H = 71 Hz) as doublets with satellites due to cou-
pling to 195Pt and 31P nuclei. A comparison of 31P, 1H, and
13C NMR data of 3 a(ax) and 3 b(eq) (see Table 2) suggests co-
ordination of PPh3 in “axial” position in 3 a(ax) with respect to
the cyclometalated plane. Accordingly, the 13C NMR spectrum
shows two Pt�CH3 carbon atoms having very different P�C
coupling constants, attributable to an “axial” methyl, coordi-
nated trans to phosphorus (CH3(ax): d= + 7.06 ppm, 2JP�C =

113 Hz), and an “equatorial” methyl (CH3(eq): d=�6.87 ppm,
2JP�C = 4 Hz) coordinated cis to phosphorus. Furthermore, a 13C-
1H HSQC spectrum showed the following correlations: CH3

trans to P, that is, CH3(ax): dC = 7.06 ppm, dH = 1.12 ppm, CH3

cis to P that is, CH3(eq): dC =�6.87 ppm, dH = 1.64 ppm.
Different geometries between 3 a(ax) and 3 b(eq) were sup-

ported by 195Pt�31P coupling constant values: whereas 2 a and
2 b, show similar 1JPt�P values (2 a : d= 33.6 ppm, 1JPt�P =

2229 Hz; 2 b : d=�18.6 ppm, 1JPt�P = 2112 Hz), 3 a(ax) and
3 b(eq) have very different J values (3 a(ax): d=�11.2 ppm,
1JPt�P = 992 Hz; 3 b(eq): d=�44.6 ppm, 1JPt�P = 1467 Hz). Also
31P chemical shifts do not follow the same trend. Furthermore,
1D-NOE experiments on 3 a(ax) (Figure 2) clearly pointed out
the geometry showing, after irradiation at 1.64 ppm (CH3(eq)),
enhancement at 7.05 (H4’), 7.29 (H5’) and 1.12 ppm (CH3(ax)), and
enhancements at 9.58 (H6) and 1.64 ppm (CH3) by irradiation at
7.21 ppm (Hortho, PPh3). Finally, irradiation at 1.12 ppm (CH3(ax))
produces enhancement only at 1.64 ppm (CH3(eq)). It follows
that the signal at 1.12 ppm is the axial CH3 while the signal at
1.64 is due to the equatorial one (Table 2).

On the basis of all these data we conclude that 3 a does
indeed have a PPh3 coordinated in “axial” position with respect
to cyclometalated plane. The
iodide, coordinated close to the
N-bonded pyridine ring, is re-
sponsible for the downfield shift
of the H6 proton (d= 9.98 ppm)
as usual.[20] The different behav-
ior of PPh3 and PMe3 derivatives
can be ascribed to different elec-
tronic and steric properties of
the two phosphanes, and in par-
ticular to the larger cone angle
of PPh3, which destabilizes coor-
dination in the same plane of
the cyclometalated bipyridine.

The reaction of 2 a with CH3I
was followed by NMR spectros-
copy, in order to identify the
presence of the “kinetic” species
with the phosphane in “planar”
position and its isomerization.

No intermediate species was observed, and the reaction was
then performed with CD3I in an NMR tube, in order to distin-
guish the previously coordinated methyl from that coming
from MeI. Reaction of 2 a with CD3I, however, gives from the
beginning an equal distribution of the CD3 group in axial and
equatorial positions. This may be explained assuming that the
first step of the reaction, that is, the addition of Me+ , is fol-
lowed by rapid rearrangement of the five-coordinate inter-
mediate before addition of I� .

It is also worth noting that complex 3 a(ax) should be pres-
ent as a racemic mixture, with PPh3 coordinated “above” and
“below” the cyclometalated plane.

In analogy to the analysis carried out in the case of 3 b, we
performed DFT calculations on the two most probable isomers
of 3 a, the axial and equatorial ones. We decided to concen-
trate only on these two assuming that, due to trans-phobia,
fac PtC3 isomers would be more stable than the other isomers.
Full optimization at PBE0/def2-SVP level led to the conclusion
that the axial is more stable than the equatorial one by
25.4 kJ mol�1 (DH ZPE corrected in vacuo) showing a very simi-
lar energy difference to that for the two isomers of 3 b.[19] This
result is interesting because shows that although the two

Figure 2. NOE contacts for complex 3 a.

Table 2. Selected NMR data.[a]

1H (CH3) 31P 13C

2 a [Pt(bipy-H)(Me)(PPh3)] 0.74 (7.5) [83] 33.6 [2229] �12.37 (4.5) [725]
2 b [Pt(bipy-H)(Me)(PMe3)] 0.85 (8) [84] �18.6 [2112] �17.0 (7.0) [n.r.]
2 c[b] [Pt(bipy-H)(Me)(PCy3)] 1.00 (5.5) [84] 19.3 [2083]
2 d [Pt(L’-H)(Me)(PPh3)] 0.74 (8) [83] 32.6 [2226]
3 a(ax) [Pt(bipy-H)(Me)2(I)(PPh3)] 1.12 (8) [61] �11.2 [992] �6.87 (4) [632]

1.64 (7.5) [71] 7.06 (113) [494]
3 b(eq) [Pt(bipy-H)(Me)2(I)(PMe3)] 1.40 (7.5) [69] �44.6 [1467] 2.88 (3) [593]

0.82 (7.5) [69] 6.45 (4) [n.r.]
3 b(ax) [Pt(bipy-H)(Me)2(I)(PMe3)] 1.40 (8.5) [71] �42.9 [1239]

0.76 (8) [56]
3 c(ax) [Pt(bipy-H)(Me)2(I)(PCy3)] 1.73 (6.5) [72] �17.9 [957]

0.96 (7) [57]
3 d(ax) [Pt(L’-H)(Me)2(I)(PPh3)] 1.65 (7.5) [71] �9.71 [967]

1.19 (7.5) [60]

[a] Chemical shift are given in ppm, coupling constants, in parentheses (coupling with 31P) and square brackets
(coupling with 195Pt), are given in Hz. [b] Data taken from ref. [12] .
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phosphanes are quite different they seem to have the same
effect on the stabilization of the axial isomer; whether this
effect is due to steric or electronic factors is hard to say.

Treatment of PtIV complexes with Ag+

Compound 3 a(ax) is stable in the solid state and in solution,
in the presence of air and moisture. It is well known, however,
that five-coordinated PtIV species are highly reactive towards
reductive elimination reactions.[2] For this reason we reacted
3 a(ax) with silver salts in acetone solution in order to abstract
the iodide ligand and create coordinatively unsaturated spe-
cies. Unexpectedly, the reaction of 3 a(ax) with AgBF4 gave the
cationic PtII adduct [Pt(k2-N,N-3-Me-2,2’-bipyridine)(Me)(PPh3)]+ ,
4 a, as indicated by analytical and NMR data, where the ligand
3-Me-2,2’-bipyridine is formed through an uncommon C(sp3)�
C(sp2) coupling. The reaction is unique because, following
a retro-rollover process, the newly formed ligand stabilizes the
complex by chelation, taking advantage of the formerly unco-
ordinated nitrogen.

The 1H and 31P NMR spectra of 4 a show two species in a 1:1
molar ratio; the analysis of the spectra allows their characteri-
zation as the geometric isomers 4 a’ and 4 a’’, as indicated
below [Eq. (3)] .

In particular, the 31P spectrum of 4 a shows two singlets with
satellites at 19.2 and 18.9 ppm with coupling constants
(1JPt�P = 4294 and 4318 Hz respectively) indicative of P trans to
N in a platinum(II) complex. Also the 1H NMR spectra show two
Pt�CH3 groups (4 a’: 0.78 ppm, 3JP�H = 3.5 Hz, 2JPt�H = 71 Hz;
4 a’’: 0.80 ppm, 3JP�H = 3.5 Hz, 2JPt�H = 72 Hz) in agreement with
methyl groups coordinated in cis to a PPh3 and trans to a nitro-
gen. Two singlets at 2.94 and 2.98 ppm were assigned to
methyls on the bipyridine in the 3-position. A 1H-1H NOESY
spectrum helped in the characterization and assignments
(Scheme 2).

This reaction has points of interest : 4 a is generated by a re-
ductive elimination reaction involving a less common C(sp3)�
C(sp2) coupling; no ethane evolution, formed through a more
common C(sp3)�C(sp3) coupling, is observed. In addition, the
reductive elimination is followed by a retro-rollover reaction,
to give a chelated bipyridine adduct, and it may be that this
assists the overall process. C�C bond making and breaking by
means of transition metals has been demonstrated;[21] in our
case, however, we do not see any experimental evidence for
a reversible process at room temperature.

Our observation is in line with that reported recently by
Butschke and Schwarz,[16a] which proposed a C(sp3)�C(sp2) cou-
pling in the gas phase by means of PtII rollover complexes.

At first sight, the elimination of ethane, rather than the ob-
served C(sp3)�C(sp2) coupling, might be the expected outcome
of the treatment of 3 a(ax) with Ag+ . After all, this results in
the formation of a strong C�C bond in ethane with the addi-
tional favorable entropic contribution to the Gibbs free energy
of the reaction that arises from the release of a molecule of
gas. However, these thermodynamic factors are irrelevant in
this case as they neglect to take into consideration the spatial
requirements of the coupling groups at the five coordinate in-
termediate. If we consider the geometry of 3 a(ax) we can see
that removal of the iodide results in a vacancy in the equatori-

al plane defined by the cyclome-
talated bipyridine. Orbital con-
siderations are clear: reductive
coupling of groups within this
vacancy-containing plane results
in the population of a non-
bonding orbital, whereas cou-
pling of groups in a four coordi-
nate plane requires occupation
of a high-energy strongly anti-

bonding orbital.[22]

Thus the two Me groups occupy a four coordinate plane
(elimination unfavored) whereas one of the Me groups and the
sp2 carbon occupy a three coordinate plane (elimination fa-
vored).

Even though the five coordinate intermediate is likely to be
very fluxional, it is impossible for it to rearrange, and for the
two methyl groups to occupy a three coordinate plane, with-
out bringing the large PPh3 group back into the equatorial
plane defined by the cyclometalated group; sterically this
would be unfavorable for exactly the same reasons that
3 a(eq) is not observed.

The free ligand 3-Me-2,2’-bipyridine, 5, was isolated by reac-
tion of 4 a with dppe, 1,2-bis-diphenylphosphinoethane. The
chelating diphosphine easily displaces the bipy ligand so that
species 5 can be isolated in good yield and analyzed. The 1H
and 13C NMR spectra clearly show the methyl in position-3 (1H,
2.51 ppm, 13C, 18.89 ppm) and a NOE-1d NMR spectrum
showed a contact between the singlet at 2.51 ppm (CH3-bipy)
and the adjacent H4 proton at 7.62 ppm. The aromatic region
show 7 protons, with 4- and 3-spin systems for the unsubsti-
tuted and substituted pyridine rings, respectively, and a COSY
H�H spectrum allowed assignment of all 1H NMR signals. Fur-Scheme 2.
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ther evidence for the characterization of 5 was provided by
a high-resolution mass spectrum, which shows the [M+H]+

peak with an excellent match between the calculated and ex-
perimental values (m/z found: 171.0915, calculated for C11H11N2

[M+H]+ : 171.0917).
The synthesis of 3-methyl-2,2’-bipyridine was previously re-

ported in the literature, through co-cyclotrimerization,[23] Ne-
gishi coupling,[24] or Suzuki–Miyaura reactions.[25] Our new syn-
thetic method, however, could be of general use and might be
extended to other bidentate heterocyclic donors taking ad-
vantage of rollover C�H bond activation.

Assessing the generality of the coupling

In order to better understand the nature of the process we ex-
tended the study to the phosphanes PMe3 and PCy3, both
better donors than PPh3, but with minor and major steric hin-
drance, respectively.

The general applicability of the method was also checked,
extending the study to two bidentate heterocyclic ligands: 6-
methyl-2,2’-bipyridine, L’, and 2-(2’-pyridyl)-quinoline, L’’
(Scheme 3), both able to give rollover cyclometalation.[26]

Accordingly, a series of platinum(II) complexes were pre-
pared and characterized: [Pt(L-H)(Me)(PMe3)] , 2 b, [Pt(L-
H)(Me)(PCy3)] , 2 c, [Pt(L’-H)(Me)(PPh3)] , 2 d, [Pt(L’’-H)(Me)(PPh3)] ,
2 e, and [Pt(L’’-H)(Me)(PCy3)] , 2 f.

When a substituent is present in the ligand in proximity of
a nitrogen atom, rollover cyclometalation is facilitated. For this
reason complexes 2 b–f can be obtained even at room temper-
ature in acetone, following a one pot synthetic method. Com-
plexes 2 d and 2 f are reported
here for the first time. The 1H
and 31P NMR spectra of 2 d–f are
very similar to those of 2 a,
showing, inter alia, a methyl cou-
pled to 195Pt and 31P in the
1H NMR spectrum (e.g. , 2 f : d=

1.11 ppm, 2JPt�H = 84 Hz, 3JP�H =

6.5 Hz) and a phosphorus trans
to a carbon in the 31P spectrum
(e.g. , 2 f : d= 24.8 ppm, 2090 Hz).

The behavior of the PMe3

complex 2 b is different from
that of the PPh3 analogue, 2 a, as
only the kinetic product 3 b(eq),
[Pt(L-H)(Me)2(I)(PMe3)] , having
the phosphane in “equatorial”
position was obtained under

mild conditions. In contrast, the PCy3 complex 2 c behaves as
the PPh3 one, to give the axial complex 3 c(ax), [Pt(L-H)(Me)2(I)-
(PCy3)] . The reaction of 2 b with MeI at room temperature was
followed through NMR spectroscopy: the reaction rapidly pro-
duces the PtIV complex 3 b(eq), which converts very slowly
(ca. 10 days at 60 8C in [D6]acetone) into the isomer having the
phosphane in axial position, 3 b(ax), that is, the thermodynami-
cally stable species (Scheme 4). NMR data of 3 b(ax) are com-

parable to those of 3 a(ax), in particular 1H Pt-bonded methyls
and 31P�195Pt coupling constant values (see Table 3).

In contrast to 3 a(ax), treatment of 3 b(eq) with AgBF4 does
not induce reductive coupling, but produces a solvato com-
plex, identified as the cationic species [Pt(L-H)(Me)(PMe3)-
(H2O)]+ , 3 w, with a coordinated water in the equatorial posi-
tion and the phosphane in an axial site, as indicated by NOE
measurements. Treatment of 3 w with excess iodide does not
return back to the starting complex 3 b(eq) but gives the ther-
modynamic PtIV complex 3 b(ax). In contrast to complex 3 a(ax)

Scheme 3.

Scheme 4.

Table 3. NMR data for PMe3 complexes.[a]

2 b 3 b(eq) 3 b(ax) 3 w

CH3 ax 0.82 (7.5) [70] 0.76 (8) [56] 0.57 (8) [50]
CH3 eq 0.85 (8) [84] 1.40 (7.5) [69] 1.40 (8.5) [71] 1.35 (8) [66]
PMe3 1.57 (8) [21] 1.84 (9.5) [12] 1.14 (10) [12] 1.16 (10.5) [12]
H4’ 8.09 [44] 7.99 [30] 7.69 [44] 7.78 [54]
H5’ 7.16 [15] 7.24 [10] 7.28 [14] 7.31 [15]
H6’ 8.28 8.32 8.41 8.47
H3 8.33 8.51 8.50 8.61
H4 8.10 8.11 8.18 8.33
H5 7.44 7.52 7.60 7.84
H6 8.86 [22] 8.91 [10] 9.82 [12] 8.99 [9]
H2O 7.10
31P �18.6 [2112] �46.4 [1467] �42.9 [1239] �25.6 [1243]
195Pt �4107 �3429 �3411 �2676

[a] Chemical shift are given in ppm, coupling constants in parentheses (coupling with 31P) and square brackets
(coupling with 195Pt), are given in Hz.
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the addition of AgBF4 to 3 b(ax) does not result in reductive
elimination but leads back to the water complex 3 w. These re-
sults indicate a strong component of steric strain in the octa-
hedral complexes with PPh3, relieved by reductive coupling.

The leading effect in both oxidative addition and reductive
elimination processes seems to be steric rather than electronic,
because the analogous PCy3 complexes 2 c and 3 c, behave as
2 a and 3 a, with a slight acceleration, likely due to higher
steric congestion.

As for the reductive elimination process we may conclude
that there is not such strain in the PMe3 complexes 3 b(eq)
and 3 b(ax), and consequently the coupling does not take
place. It is worth noting that the analogous cyclometalated PtIV

complex originating from 2-phenylpyridine, [Pt(N,C)(Me)2I-
(PPh3)] , does not show corresponding behavior, giving a com-
plex mixture of unidentified products. NMR spectra did not
give evidence for C(sp3)�C(sp2) bond coupling, so this reactivi-
ty seems to be peculiar to rollover cyclometalated compounds.

Other derivatives

In contrast to 2 b, reaction of 2 d–f with MeI rapidly gave the
corresponding thermodynamic PtIV derivatives [Pt(L’-H)(Me)2(I)-
(PPh3)] , 3 d(ax), [Pt(L’’-H)(Me)2(I)(PPh3)] , 3 e(ax), and [Pt(L’’-
H)(Me)2(I)(PCy3)] , 3 f(ax), with high yields. 1H and 31P NMR data
of 3 d–f are similar to those of 3 a(ax), confirming that the PR3

ligand is coordinated in axial position (see the Experimental
Section).

Compounds 2 e and 3 e(ax) were chosen for a thorough
comparative NMR characterization (e.g. , 1H, 31P, 195Pt-1H HMQC,
H-H COSY, NOE-1d). 195Pt-1H HMQC experiments showed the
expected correlations of the Pt signal with H6’, H4, and the
methyl protons in both 2 e and 3 e(ax). As expected,[27] the
195Pt signal is strongly deshielded in the PtIV complex 3 e(ax)
(�3345 ppm) when compared to the PtII complex 2 e
(�4177 ppm). The same trend
was observed for 2 b, 3 b(eq)
and 3 b(ax) (d=�4107, �3429,
and �3411 ppm, respectively,
Figure 3).

A series of NOE-1d experi-
ments of 3 e(ax) is in agreement
with an axial structure: irradiat-
ing at 1.22 ppm (CH3,ax) gives en-

hancements at 1.75 ppm (CH3,eq), whereas irradiating at
1.75 ppm (CH3,eq) gives enhancements at 1.22 (CH3,ax), 7.27 (Ho,
PPh3), and 7.43 ppm (H4’). Furthermore, irradiation at 7.44 ppm
(H4’) enhances signals at 1.75 (CH3,eq), 7.27 (Ho, PPh3), and
7.61 ppm (H5), and irradiation at 9.73 ppm (H6’) gives enhance-
ments at 7.27 (Ho, PPh3), and 7.50 ppm (H5’).

Confirming the generality of the reductive coupling method,
reaction of 3 c–f with AgBF4 gave reductive elimination with
C(sp2)�C(sp3) coupling, to give the adducts of the correspond-
ing new methylated ligands, 3-Me-2,2’-bipyridine, (5), 3,6-Me2-
2,2’-bipyridine (6) and 2-pyridyl-3-Me-quinoline (7): [Pt(5)(Me)-
(PCy3)]+ , 4 c, [Pt(6)(Me)(PPh3)]+ , 4 d, [Pt(7)(Me)(PPh3)]+ , 4 e, and
[Pt(7)(Me)(PCy3)]+ , 4 f.

In contrast to L, L’ and L’’ have a substituent in proximity to
one nitrogen, so that in the N,N’ bidentate adducts 4 d–f steric
repulsions may affect the molar ratio between the geometric
isomers possible for these complexes.

However, 4 d’ and 4 d’’ are formed in almost 1:1 molar ratio
[Eq. (4)] , as demonstrated by 1H NMR integrals ; in one of the
isomers (4 d“) a Me in position 6 on the bipyridine is strongly
shielded in the 1H NMR spectrum (d= 0.47 ppm) with respect
to other one (d= 0.95 ppm) likely due to its proximity to the
PPh3 ligand.

Figure 3. 195Pt-1H HMQC spectra of 2e (below) and 3e (above).
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In the case of the L’’ ligand, the molar ratio of the isomers
4 e’ and 4 e“ in solution is slightly different, around 4:3, and
a third, unidentified species is also present in solution.

The main species, 4 e’, corresponds to the isomer having the
PPh3 ligand in trans to the quinoline nitrogen as may be ex-
pected by steric reasons. This is corroborated by a NOE-1d
spectrum, which shows a NOE contact between the methyl at
0.47 ppm (Pt�Me, 4 e’) and the H8 proton, a doublet at
8.28 ppm (Scheme 5). In this case the phosphorus of the two

isomers are slightly different, 4 e’: d= 18. 52 ppm, JPt�P =

4470 Hz; 4 e’’: d= 16.69 ppm, JPt�P = 4325 Hz, reflecting the Pt�
PPh3 environments. The 1H and 31P NMR spectra of complex 4 f
show only one a set of broad signals, indicating a fluxional be-
havior in solution in the NMR time scale, likely due to the bulk-
iness of the PCy3 ligand.

From 4 d–f the corresponding free ligands 3,6-Me2-2,2’-bipyr-
idine, 6, and 3-methyl-2-(2’-pyridyl)-quinoline, 7 (Scheme 6),

were isolated in the solid state and identified through high res-
olution mass spectrometry and NMR spectroscopy.

Also in this case high-resolution mass spectra show the
[M+H]+ peaks with an excellent match with the calculated
values (6 : m/z found: 185.1075, calculated for C12H13N2 [M+H]+

: 185.1073; 7: m/z found: 221.1073, calculated for C15H13N2

[M+H]+ : 221.1073).
In detail, 1H NMR of the 3,6-Me2-2,2’-bipyridine, 6, clearly

shows six aromatic signals (six protons) and two singlets (3 + 3
protons) at 2.58 ppm and 2.41 ppm which can be ascribed to
the methyls. Bipyridine 7 shows the expected signals, among
these it is the presence of the singlet attributable to the H4 in
the condensed pyridine ring and the presence of the singlet
integrating for three protons due to the methyl on the C3 that
are diagnostic.

To the best of our knowledge there is only one synthesis of
6 in the literature, by means of co-cyclotrimerization of 2-cya-
nopyridine with propyne.[28] Similarly, there is only one synthe-
sis of 7 present in the literature, that of Hoste in 1950.[29]

Conclusion

Rollover cyclometalation constitutes an uncommon way to ac-
tivate the C(3) position in 2,2’-bipyridines as well as in other bi-
dentate heteroaromatic ligands. The coupling reaction report-
ed here constitutes a new synthetic method for the prepara-
tion of substituted heterocycles: in principle, a great array of
heterocyclic bidentate donors may follow this reaction taking
advantage of a rollover/retro-rollover reaction pathway. The
C(3) position is often hard to activate: in the case of 2,2’-bipyri-
dines a bibliographic research (www.reaxys.com, September
2013) showed only 57 3-substituted 2,2’-bipyridines, compared
to 2226, 1101 and 462 2,2’-bipyridines monosubstituted in po-
sition 6, 5, and 4, respectively.

The reductive elimination step involves a rare C(sp3)�C(sp2)
coupling, in place of the more common C(sp3)�C(sp3) one, and
whether this reductive elimination takes place or not seems to
be governed principally by steric factors, as indicated by the
behavior of PPh3, PMe3, and PCy3 complexes. The reaction is
unique to rollover complexes; as a comparison, the analogous
phenylpyridine cyclometalated complexes do not exhibit C�C
coupling when treated with Ag+ .

The next steps in this research will be the extension of the
reaction to other bidentate heterocyclic donors and to alkylat-
ing species different from MeI. It will also be useful to under-
stand the factors that favor the process, such as the nature of
the anionic and neutral ligands on the platinum, the presence
of substituents on the cyclometalated ligand, and the proper-
ties of the oxidant species.

Experimental Section

All the solvents were purified and dried according to standard pro-
cedures.[30] cis-[Pt(Me)2(DMSO)2] was synthesized according to
ref. [31]. Complexes 2 a, 2 b, 2 c, and 2 e were obtained as de-
scribed in refs. [12] , [19] , and [26]. Elemental analyses were per-
formed with a Perkin–Elmer elemental analyzer 240B.
1H, 13C{1H} and 31P{1H} NMR spectra were recorded with Varian VXR
300 or Bruker Avance III 400, 500 or 600 spectrometers. Chemical
shifts are given in ppm relative to internal TMS for 1H and 13C{1H}
and external 85 % H3PO4 for 31P{1H}; J values are given in Hz. 1H-
1H COSY, 1H-13C HSQC, HMBC, and 1H NOESY-1d experiments were
performed by means of standard pulse sequences. 195Pt–1H correla-
tion spectra were recorded using a variant of the HMBC pulse se-
quence and 195Pt chemical shifts quoted are taken from here (refer-
enced to external Na2PtCl6). Accurate mass spectra were run on
a Bruker MaXis mass spectrometer.

Single crystals of 2 a suitable for X-ray analysis were grown from
an acetone solution. X-ray diffraction data were obtained on an
Oxford Diffraction Gemini four-circle system with a Ruby CCD area
detector. The crystal was held at 150(2) K with the Oxford Cryosys-
tem Cryostream Cobra. Additional material available from the Cam-
bridge Crystallographic Data Centre comprises H-atom coordinates,
thermal parameters and the remaining bond lengths and angles,
deposition number CCDC 963378. Full details are given in the Sup-
porting Information.

Scheme 5.

Scheme 6.
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Synthesis of 2c–d

An equimolar amount of the ligand L’ or L’’ was added to a solution
of cis-[Pt(Me)2(DMSO)2] (0.80 mmol) in acetone (40 mL) under nitro-
gen atmosphere. The solution was refluxed for 5 h, then the phos-
phane was added (PPh3 or PCy3, 10 % excess). After 1 h the solu-
tion was evaporated to small volume and treated with n-pentane
to give a precipitate which was filtered off, washed with n-pentane
and vacuum-dried to give the analytical sample as a yellow solid.

[Pt(L’-H)(Me)(PPh3)] , 2 d : Yield 85 %; m.p. 200–201 8C; 1H NMR
(CDCl3, 25 8C, TMS): d= 8.34 (dd, J(H,H) = 8.9, 1.6 Hz, 1 H; H3) ; 8.11
(dd sat, 1 H, 3J(H,H) = 7.8 Hz, 4J(H,P) = 5.5 Hz, 3J(H,Pt) = 47 Hz, 1 H;
H4’) ; 7.68–7.80 (m, 6 H; Hm PPh3) ; 7.35–7.45 (m, 11 H; H6 + H4 + Ho +
Hp PPh3) ; 7.10 (dd sat, J(H,H) = 7.8, 1.6 Hz, 3J(H,Pt) = 25 Hz, 1 H; H5’) ;
6.63 (td, J(H,H) = 7.4, 5.5, 1.6 Hz, 1 H; H5); 2.53 (s, 3 H; Me-bipy);
0.73 (d sat, 3J(H,P) = 8 Hz, 2J(H,Pt) = 83 Hz, 3 H; Pt-Me); 31P NMR
(CDCl3, 25 8C, 85 % H3PO4): d= 33.6 (s sat, 1J(P,Pt) = 2226 Hz, PPh3) ;
elemental analysis calcd (%) for C30H27N2PPt: C 56.16, H 4.24,
N 4.37; found: C 55.94, H 3.99, N 4.21.

[Pt(L’’-H)(Me)(PCy3)], 2 f : Yield 92 %; m.p. 225 8C; 1H NMR (CDCl3,
25 8C, TMS): d= 8.85 (d sat, J(H,H) = 5.4 Hz, 3J(H,Pt) = 14 Hz, 1 H; H6);
8.69 (dd, J(H,H) = 7.9 Hz, 1 H; H3) ; 8.59 (d, 4J(H,H) = 5.5 Hz, 3J(H,Pt) =
50 Hz, 1 H; H4’) ; 7.97–8.01 (m, 2 H; H4 + H8’) ; 7.79 (d, J(H,H) = 8.2 Hz,
1 H; H5’) ; 7.55 (dd, J(H,H) = 7.2, 6.9 Hz, 1 H; H7’ or H6’) ; 7.41 (dd,
J(H,H) = 8.1, 5.5 Hz, 1 H; H6’ or H7’) ; 7.30 (dd, J(H,H) = 5.8 Hz, 1 H;
H5) ; 2.46–1.18 (m, 33 H; PCy3); 1.11 (d sat, 3J(H,P) = 6.5 Hz, 2J(H,Pt) =
84 Hz, 3 H; Pt-Me); 31P NMR (CDCl3, 25 8C, 85 % H3PO4): d= 24.8 (s
sat, 1J(P,Pt) = 2090 Hz, PCy3) ; elemental analysis calcd (%) for
C33H45N2PPt: C 56.97, H 6.52, N 4.03; found: C 56.95, H 6.94, N 4.04.

General Procedure for Preparation of Compounds 3

MeI (3.00 mmol) was added to a solution of 2 (0.50 mmol) in ace-
tone (15 mL) under nitrogen atmosphere. The solution was stirred
for 2 h at room temperature, then Et2O was added to give a precipi-
tate which was filtered, washed with Et2O and vacuum-dried to
give the analytical sample as a pale yellow solid.

[Pt(L-H)(Me)2(I)(PPh3)] (3 a(ax)): Yield: 64 %; m.p. 169 8C; 1H NMR
(CDCl3, 25 8C, TMS): d= 9.58 (d sat, J(H,H) = 5.5 Hz, 3J(H,Pt) = 10 Hz,
1 H; H6), 8.25 (d, J(H,H) = 4.1 Hz, 1 H; H6’), 8.20 (d, J(H,H) = 7.4 Hz,
1 H; H3), 7.53 (t, J(H,H) = 7.5 Hz, 1 H; H4), 7.26–7.11 (m, 16 H; HPPh3 +
H5), 7.05 (d sat, J(H,H) = 7.9 Hz, 3J(H,Pt) = 47 Hz, 1 H; H4’), 6.82 (dd
sat, J(H,H) = 7.9, 4.6 Hz, 3J(H,Pt) = 15 Hz, 1 H; H5’), 1.64 (d sat,
3J(H,P) = 8 Hz, 2J(H,Pt) = 71 Hz, 3 H; Pt-Me), 1.12 (d sat, 3J(H,P) =
7.5 Hz, 2J(H,Pt) = 60 Hz, 3 H; Pt-Me); 13C NMR (CDCl3, 25 8C, TMS):
d= 160.2 (s sat, J(C,Pt) = 38 Hz); 152.8 (s sat, J(C,Pt) = 6 Hz); 145.8
(d sat, J(C,P) = 2 Hz, J(C,Pt) = 4 Hz); 145.2 (d, J(C,P) = 5 Hz); 139.5 (s) ;
135.9 (d, J(C,P) = 2 Hz); 134.8 (d sat, J(C,P) = 8.5 Hz, J(C,Pt) = 3 Hz);
131.0 (s sat, J(C,Pt) = n.r.) ; 130.9 (s); 130.6 (s sat, J(C,Pt) = 11 Hz);
128.8 (d, J(C,P) = 9 Hz); 126.7 (s sat, J(C,Pt) = 10 Hz); 126.4 (d sat,
J(C,P) = 2 Hz, J(C,Pt) = 25 Hz); 122.8 (s sat, J(C,Pt) = 16 Hz); 7.04 (d
sat, J(C,P) = 113 Hz, J(C,Pt) = 494 Hz); �6.89 (d sat, J(C,P) = 4 Hz,
J(C,Pt) = 632 Hz); 31P NMR (CDCl3, 25 8C, 85 % H3PO4): d=�9.3 (s
sat, 1J(P,Pt) = 970 Hz, PPh3); elemental analysis calcd (%) for
C30H28N2PIPt: C 46.82, H 3.67, N 3.64; found: C 46.95, H 3.73, N 3.66.

[Pt(L-H)(Me)2(I)(PMe3)] (3b(ax)):

Method A : A [D6]acetone solution of 3 b was heated to 60 8C and
the progress of the reaction was monitored by 1H and 31P NMR
spectroscopy. The reaction looks complete after 10 days. Quantita-
tive yield by NMR criteria.

Method B : A [D6]acetone solution of 3 b was treated with excess of
AgBF4, removal of the precipitate by filtration and subsequent
treatment with excess KI gave the product. The characterization
was carried out after filtration of the solid in the NMR tube. Quanti-
tative yield. 1H NMR (600 MHz, [D6]acetone, 25 8C): d= 9.82 (d sat,
J(H,H) = 5.6 Hz, 3J(H,Pt) = 12 Hz, 1 H; H6) ; 8.50 (d br, J(H,H) = 8.0 Hz,
1 H; H3) ; 8.41 (dt, J(H,H) = 4.4, 1.2 Hz, 1 H; H6’) ; 8.18 (td, J(H,H) = 7.8,
1.2 Hz, 1 H; H4) ; 7.69 (dt sat, J(H,H) = 7.8, 1.2 Hz, 3J(H,Pt) = 44 Hz,
1 H; H4’) ; 7.60 (ddd, J(H,H) = 7.3, 5.6, 1.4 Hz, 1 H; H5); 7.28 (dd sat,
J(H,H) = 7.8, 4.5 Hz, 4J(H,Pt) = 14 Hz, 1 H; H5’) ; 1.40 (d sat, 3J(H,P) =
8.5 Hz, 2J(H,Pt) = 71 Hz, 3 H; Pt-Me(eq)); 1.14 (d sat, 2J(H,P) = 10 Hz,
3J(H,Pt) = 12 Hz, 9 H; PMe3); 0.76 (d sat, 3J(H,P) = 8 Hz, 2J(H,Pt) =
56 Hz, 3 H; Pt-Me(ax)) ; 31P{1H} NMR (242.9 MHz, [D6]acetone, 25 8C):
d=�42.9 (s sat, J(P,Pt) = 1239 Hz, PMe3); 195Pt-1H HMQC (600 MHz,
[D6]acetone, 25 8C): d=�3411 (d, J(Pt,P) = 1250 Hz) correlates with
signals at 9.82, 7.69, 1.40, 1.14, 0.76.

[Pt(L-H)(Me)2(PMe3)(H2O)] (3w): A [D6]acetone solution of 3 b was
treated with excess of AgBF4. The characterization was carried out
after filtration of the solid in the NMR tube. Quantitative yield. The
same synthesis works starting from the complex 3 b’. 1H NMR
(600 MHz, [D6]acetone, 25 8C): d= 8.99 (d br sat, J(H,H) = 5.0 Hz,
3J(H,Pt) = 9 Hz, 1 H; H6) ; 8.61 (d br, J(H,H) = 7.8 Hz, 1 H; H3) ; 8.47 (d
br, J(H,H) = 4.2 Hz, 1 H; H6’) ; 8.33 (t br, J(H,H) = 7.8 Hz, 1 H; H4) ; 7.84
(ddd, J(H,H) = 7.4, 5.6, 1.5 Hz, 1 H; H5) ; 7.78 (d sat, J(H,H) = 7.9 Hz,
3J(H,Pt) = 54 Hz, 1 H; H4’) ; 7.31 (dd sat, J(H,H) = 7.8, 4.8 Hz, 4J(H,Pt) =
15 Hz, 1 H; H5’) ; 7.10 (d, 3J(H,P) = 1.5, 2 H; Pt-OH2); 1.35 (d sat,
3J(H,P) = 8 Hz, 2J(H,Pt) = 66 Hz, 3 H; Pt-Me(eq)) ; 1.16 (d sat, 2J(H,P) =
10.5 Hz, 3J(H,Pt) = 12 Hz, 9 H; PMe3); 0.57 (d sat, 3J(H,P) = 8 Hz,
2J(H,Pt) = 50 Hz, 3 H; Pt-Me(ax)) ; 31P{1H} NMR (242.9 MHz,
[D6]acetone, 25 8C): d=�25.6 (s sat, J(P,Pt) = 1243 Hz, PMe3); 195Pt-
1H HMQC (600 MHz, [D6]acetone, 25 8C): d=�2676 (d, J(Pt,P) =
1511 Hz) correlates with signals at 8.99, 7.78, 7.31, 7.10, 1.35, 1.16,
0.57; 31P-1H HMQC (600 MHz, [D6]acetone, 25 8C): d=�25.6 corre-
lates with 8.99, 7.78, 7.10, 1.35, 1.16, 0.57.

[Pt(L-H)(Me)2(I)(PCy3)] (3 c(ax)): Yield: 56 %; m.p. 203–204 8C;
1H NMR (CDCl3, 25 8C, TMS): d= 9.98 (d, J(H,H) = 5.2 Hz, JPt�H =
12 Hz, 1 H; H6), 8.41 (m, 2 H; H3 + H6’), 7.94 (td, J(H,H) = 7.9, 6.8 Hz,
1 H; H4), 7.77 (d sat, 3JPt�H = 47 Hz, J(H,H) = 7.8 Hz, 1 H; H4’), 7.40 (t,
J(H,H) = 6.2, 6.0 Hz, 1 H; H5’), 7.21 (ddd, J(H,H) = 7.6, 4.6 Hz, 1 H; H5),
2.0–0.90 (m, 33 H; PCy3), 1.73 (d sat, 2J(H,Pt) = 72 Hz, 3J(H,P) =
6.5 Hz, 3 H; Pt-Me), 0.96 (d sat, 2J(H,Pt) = 57 Hz, 3J(H,P) = 7 Hz, 3 H;
Pt-Me); 31P NMR (CDCl3, 25 8C, 85 % H3PO4): d=�17.9 (s sat,
1J(P,Pt) = 957 Hz, PCy3) ; elemental analysis calcd (%) for
C30H46N2PIPt: C 45.75, H 5.89, N 3.56; found: C 46.47, H 5.71, N 3.62.

[Pt(L’-H)(Me)2(I)(PPh3)] , 3 d(ax): (3 h, RT, ppt with n-hexane). Yield
70 %; m.p. 165–170 8C; 1H NMR (CDCl3, 25 8C, TMS): d= 9.55 (dd sat,
J(H,H) = 5.6, 1.6, 0.8 Hz, 3J(H,Pt) = 17 Hz, 1 H; H6), 8.22 (dd, J(H,H) =
8.0, 0.8 Hz, 1 H; H3), 7.82–7.69 (m, 2 H; H4 + H5), 7.05–7.26 (m, 15 H;
PPh3), 6.88 (dd sat, J(H,H) = 8 Hz, 3J(H,Pt) = 45 Hz, 4J(H,P) = 1 Hz, 1 H;
H4’), 6.69 (d sat, J(H,H) = 8 Hz, 4J(H,Pt) = 14 Hz, 1 H; H5’), 2.51 (s, 3 H;
Me-bipy), 1.65 (d sat, 2J(H,Pt) = 71 Hz, 3J(H,P) = 7.5 Hz, 3 H; Pt-Me),
1.19 (d sat, 2J(H,Pt) = 60 Hz, 3J(H,P) = 7.5 Hz, 3 H; Pt-Me); 31P NMR
(CDCl3, 25 8C, 85 % H3PO4): d=�9.71 (s sat, 1J(P,Pt) = 967 Hz, PPh3) ;
elemental analysis calcd (%) for C31H30IN2PPt: C 47.52, H 3.86, N
3.58; found: C 47.37, H 3.43, N 3.30.

[Pt(L’’-H)(Me)2(I)(PPh3)], 3 e(ax): (5 h, 35 8C, ppt with n-pentane).
Yield 74 %; m.p. 150–155 8C; 1H NMR (CDCl3, 25 8C, TMS): d= 9.72 (d
sat, J(H,H) = 5.5 Hz, 3J(H,Pt) = 10 Hz, 1 H; H6) ; 8.50 (d, J(H,H) = 7.9 Hz,
1 H; H3) ; 8.02 (d, J(H,H) = 8.2 Hz, 1 H; H8’) ; 7.82 (t, J(H,H) = 7.9,
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7.5 Hz, 1 H; H4) ; 7.62 (dd, J(H,H) = 7.8, 6.4 Hz, 1 H; H7’ or H4’) ; 7.47–
7.38 (m, 2 H; H6’+ H5’) ; 7.29–6.95 (m, 17 H; PPh3 + H5 + H7’ or H4’) ;
1.75 (d sat, 3J(H,P) = 7.5 Hz, 2J(H,Pt) = 71 Hz, 3 H; Pt-Me); 1.29 (d sat,
3J(H,P) = 7.5 Hz, 2J(H,Pt) = 60 Hz, 3 H; Pt-Me); 31P NMR (CDCl3, 25 8C,
85 % H3PO4): d=�10.42 (s sat, 1J(P,Pt) = 956 Hz, PPh3); elemental
analysis calcd (%) for C34H30N2PIPt.2H2O: C 49.83, H 3.69, N 3.42;
found: C 47.78, H 3.67, N 2.96.

[Pt(L’’-H)(Me)2(I)(PCy3)] , 3 f(ax): (1 h, 35 8C, ppt with n-pentane).
Yield 63 %; m.p. 185–190 8C; 1H NMR (CDCl3, 25 8C, TMS): d= 10.06
(d sat, J(H,H) = 5.4 Hz, 3J(H,Pt) = 17 Hz, 1 H; H6), 8.73 (d, J(H,H) =
7.1 Hz, 1 H; H3), 8.16–8.00 (m, 3 H; H4 + H4’ + H5’ or H8’), 7.79 (d,
J(H,H) = 7.8 Hz, 1 H; H8’or H5’), 7.67 (dd, J(H,H) = 7.4, 6.7 Hz, 1 H, H6’

or H7’), 7.61–7.46 (m, 2 H; H7’or H6’ + H5), 2.00–0.82 (m, 33 H; PCy3),
1.85 (d sat (overlapping), 3J(H,P) = 6 Hz, 2J(H,Pt) = 72 Hz, 3 H; Pt-
Me); 1.01 (d sat, 3J(H,P) = 7 Hz, 2J(H,Pt) = 57 Hz, 3 H; Pt-Me); 31P NMR
(CDCl3, 25 8C, 85 % H3PO4): d=�17.60 (s sat, 1J(P,Pt) = 945 Hz, PCy3) ;
elemental analysis calcd (%) for C35H51N2PIPt: C 49.30, H 6.03,
N 3.29; found: C 49.36, H 6.40, N 2.97.

Synthesis of complexes 4-BF4

A 10 % excess of AgBF4 (0.22 mmol) was added to a solution of 3
(0.20 mmol) in acetone (15 mL) under stirring. The mixture was
stirred for 3 h at room temperature, then filtered through Celite to
remove the AgI formed and washed with acetone. The filtered so-
lution was concentrated to small volume and treated with Et2O.
The precipitate formed was filtered, washed with Et2O, and
vacuum-dried to give the analytical sample as a pale yellow solid.

[Pt(k2-N,N-3-Me-2,2’-bipyridine)(Me)(PPh3)][BF4] (4 a-BF4): Yield
70 %. Selected 1H NMR data (CDCl3, 25 8C, TMS), 4 a’: d= 9.07 (m,
1 H; H6), 8.59 (d, 1 H; H3’), 8.43 (d, 1 H; H4), 7.93 (dd, 1 H; H3), 7.88
(m, 6 H; Hortho PPh3), 2.98 (s, 3 H; Me-bipy), 0.78 (d sat, 3J(H,P) =

3.5 Hz, 2J(H,Pt) = 71 Hz, 3 H; Pt-Me). 4 a’’: d= 9.19 (m, 1 H; H6’), 8.69
(dd, 1 H; H3), 8.58 (dd, 1 H; H4’), 8.17 (dd, 1 H; H4), 8.03 (m, 1 H; H5’),
7.88 (m, 6 H; Hortho PPh3), 2.94 (s, 3 H; Me-bipy), 0.81 (d sat, 3J(H,P) =
3.5 Hz, 2J(H,Pt) = 72 Hz, 3 H; Pt-Me); 31P NMR (CDCl3, 25 8C, 85 %
H3PO4): d= 19.2 ppm (s sat, 1J(P,Pt) = 4294), 18.9 ppm (s sat,
1J(P,Pt) = 4318 Hz).

[Pt(k2-N,N-3-Me-2,2’-bipyridine)(Me)(PCy3)][BF4] (4 c-BF4): Yield:
98 %; m.p. 160–165 8C; 1H NMR (CDCl3, 25 8C, TMS): d= 8.95 (d,
J(H,H) = 6.2 Hz, 1 H; H6), 8.80 (d, J(H,H) = 5.0 Hz, 1 H; H6’), 8.49–8.36
(m, 2 H; H3 + H4), 8.16 (t, J(H,H) = 8.6, 8.5 Hz, 1 H; H4’), 7.85–7.68 (m,
2 H; H5 + H5’), 2.90 (d, 3 H; Me-bipy), 2.45–1.19 (m, 33 H; PCy3), 1.01
(d sat, 3J(H,P) = 2 Hz, 2J(H,Pt) = 72 Hz, 3 H; Pt-Me), 0.94 (d sat,
3J(H,P) = 2 Hz, 2J(H,Pt) = 53 Hz, 3 H; Pt-Me); 31P NMR (CDCl3, 25 8C,
85 % H3PO4): d= 16.8 (s sat, 1J(P,Pt) = 4074 Hz, PCy3) ; 16.1 (s sat,
1J(P,Pt) = 4034 Hz, PCy3) ; IR (Nujol): n= 1080 cm�1 (BF4

�) ; LM (ace-
tone, 5 10�4

m) = 120 cm2 ohm�1 mol�1; elemental analysis calcd (%)
for C30H46BF4N2PPt: C 48.20, H 6.20, N 3.75; found: C 43.70, H 5.61,
N 3.43.

[Pt(k2-N,N-3,6-Me2-2,2’-bipyridine)(Me)(PPh3)][BF4] (4 d-BF4): (3 h,
RT) Yield 98 %; m.p. 160–165 8C; 1H NMR (CDCl3, 25 8C, TMS): d=
8.85 (m, 3J(H,Pt) = 38 Hz, 1 H; H6 cis-Pt-Me), 8.50–7.20 (m, aromat-
ics), 6.90 (m, 2 H), 2.95 (s, 3 H; Me-bipy), 2.92 (s, 3 H; Me-bipy), 2.84
(s, 3 H; Me-bipy), 1.94 (s, 3 H; Me-bipy (cis-Pt-PPh3)), 0.81 (d sat,
3J(H,P) = 3.5 Hz, 2J(H,Pt) = 70 Hz, 3 H; Pt-Me); 0.46 (d sat, 3J(H,P) =
4.5 Hz, 2J(H,Pt) = 70 Hz, 3 H; Pt-Me); 31P NMR (CDCl3, 25 8C, 85 %
H3PO4): d= 18.22 (s sat, 1J(P,Pt) = 4463 Hz, PPh3); 15.27 (s sat,
1J(P,Pt) = 4463 Hz, PPh3). IR (Nujol): n= 1060 cm�1 BF4

� (broad);
696 cm�1 Ph (PPh3) ; elemental analysis calcd (%) for
C31H30BF4N2PPt: C 50.08, H 4.07, N 3.77; found: C 49.57, H 4.32,
N 3.36.

[Pt(k2-N,N-3-Me-2-(2’-pyridyl)quinoline)(Me)(PPh3)][BF4] (4 e-BF4):
Yield 70 %. NMR selected signals: 1H NMR (CDCl3, 25 8C, TMS): d=
9.05 (d, 1 H), 8.97 (m sat, 3J(H,Pt) = n.r. , 1 H; H6), 8.85–6.75 (m, aro-
matics), 3.17 (s, 3 H; Me-pyquinoline, species B), 3.16 (s, 3 H; Me-py-
quinoline, species A), 0.95 (d sat, 2J(H,Pt) = 73 Hz, 3 H; Pt-Me species
B), 0.47 (d sat, 2J(H,Pt) = 72 Hz, 3 H; Pt-Me species A); 31P NMR
(CDCl3, 25 8C, 85 % H3PO4): d= 18.52 (s sat, 1J(P,Pt) = 4470 Hz, spe-
cies A, PPh3) ; 16.69 (s sat, 1J(P,Pt) = 4325 Hz, species B, PPh3).
31P NMR spectrum shows the presence of an unidentified third spe-
cies (40 % ca.) which has a chemical shift of 31.9 ppm with
1J(P,Pt) = 3144 Hz. NOE-1d: irradiating at 0.47 ppm (Pt-Me, species
A) there is enhancement of the doublet at 8.28 ppm attributable
to the H8 of the species A.

[Pt(k2-N,N-3-Me-2-(2’-pyridyl)quinoline)(Me)(PCy3)][BF4] (4 f-BF4):
(3 h, 35 8C) Yield 68 %; 1H NMR (CDCl3, 25 8C, TMS): d= 9.00–7.76
(m, 9 H; broad overlapping signals) ; 3.11 (s, 3 H; Me-bipy); 2.45–
0.75 (m, 33 H; PCy3), 0.54 (s br sat, 2J(H,Pt) = 74 Hz, 3 H; Pt-Me);
31P NMR (CDCl3, 25 8C, 85 % H3PO4): 15.34 (s br sat, 1J(P,Pt) =
4157 Hz, PCy3).

3-Methyl-2,2’-bipyridine (5): To a solution of [Pt(k2-N,N-3-Me-2,2’-
bipyridine)(Me)(PCy3)][BF4] (71.1 mg; 0.0948 mmol) in CH2Cl2

(15 mL) dppe was added under stirring (38.1 mg, 0.0956 mmol).
The solution was stirred for 15 min at room temperature. The solu-
tion immediately became colorless. The solution was concentrated
to small volume, treated with Et2O and filtered. The desired prod-
uct was obtained by flash chromatography using Et2O as eluent.

1H NMR (CDCl3, 25 8C, TMS): d= 8.69 (ddd, J(H,H) = 4.8, 1.6, 0.9 Hz,
1 H; H6), 8.54 (d, J(H,H) = 4.8 Hz, 1 H; H6’), 7.83 (td, 1 H; H4), 7.78 (dd,
1 H; H3), 7.62 (d, J(H,H) = 7.8 Hz, 1 H; H4’), 7.30 (ddd, J(H,H) = 7.6, 4.8,
1.8 Hz, 1 H; H5) ; 7.25 (dd, J(H,H) = 7.7, 4.8 Hz, 1 H; H5’) ; 2.51 (d, 3 H;
Me-bipy); 13C NMR (CDCl3): 158.91, 156.31, 148.47, 146.69, 139.19,
136.54, 132.26, 124.16, 123.01, 122.64, 19.89 (Me-bipy) ; MS: m/z
found 171.0915, calculated for C11H11N2 [M+H]+ , 171.0917.

3,6-Dimethyl-2,2’-bipyridine (6): To a solution of [Pt(k2-N,N-3,6-
Me2-2,2’-bipyridine)(Me)(PPh3)][BF4] (51 mg; 0.0659 mmol) in CH2Cl2

(15 mL) dppe was added under stirring (25.8 mg, 0.0647 mmol).
The solution was stirred for 15 min at room temperature. The solu-
tion immediately became colorless. The solution was concentrated
to small volume, treated with Et2O and filtered. The desired prod-
uct was obtained by flash chromatography using Et2O as eluent.

1H NMR (CDCl3, 25 8C, TMS): d= 8.69 (d, J(H,H) = 4.8 Hz, 1 H; H6),
7.81 (ddd, J(H,H) = 7.8, 7.5 Hz, 1 H; H4), 7.73 (d, J(H,H) = 7.8 Hz, 1 H;
H3), 7.51 (d, J(H,H) = 7.9 Hz, 1 H; H4’), 7.10 (d, J(H,H) = 7.9 Hz, 1 H;
H5’), 2.58 (s, 3 H; Me-bipy), 2.41 (s, 3 H; Me-bipy); MS: m/z found
185.1075, calculated for C12H13N2 [M+H]+ , 185.1073.

3-Methyl-2-(2’-pyridyl)quinoline (7): To a solution of [Pt(k2-N,N-3-
Me-2-(2’-pyridyl)quinoline)(Me)(PPh3)][BF4] (35 mg; 0.0440 mmol) in
CH2Cl2 (15 mL) dppe was added under stirring (20 mg,
0.0502 mmol). The solution was stirred for 15 min at room temper-
ature. The solution immediately became colorless. The solution
was concentrated to small volume, treated with Et2O and filtered.
The desired product was obtained by flash chromatography using
Et2O as eluent.

1H NMR (CDCl3, 25 8C, TMS): d= 8.72 (ddd, J(H,H) = 4.8 Hz, 1 H; H6),
8.13 (d, J(H,H) = 8.5 Hz, 1 H; H8’), 8.05 (s, 1 H; H4’), 7.89–7.84 (m, 2 H;
H3 + H4), 7.80 (d, J(H,H) = 8.2 Hz, 1 H; H5’) ; 7.67 (m, 1 H; H6’ or H7’) ;
7.54 (m, 1 H; H6’ or H7’) ; 7.30 (m, 1 H; H5); 2.62 (s, 3 H; Me); MS: m/z
found 221.1073, calculated for C15H13N2 [M+H]+ , 221.1073.

Chem. Eur. J. 2014, 20, 5501 – 5510 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5509

Full Paper

http://www.chemeurj.org


Acknowledgements

Financial support from Universit� di Sassari (FAR) is gratefully
acknowledged. L.M. gratefully acknowledges a PhD fund, fi-
nanced on POR/FSE 2007–2013, from Regione Autonoma della
Sardegna. We are grateful for support from Advantage West
Midlands (AWM) (partially funded by the European Regional
Development Fund) for the purchase of a high-resolution mass
spectrometer and the XRD system that was used to solve the
crystal structure of 2 a.

Keywords: bond coupling · NMR spectroscopy · platinum ·
reductive elimination · rollover cyclometalation

[1] R. H. Crabtree, The Organometallic Chemistry of the Transition Metals, 4th
ed. , Wiley, New York, 2005.

[2] E. g. A. T. Luedtke, K. I. Goldberg, Inorg. Chem. 2007, 46, 8496 – 8498.
[3] a) A. J. Canty, S. D. Fritsche, H. Jin, J. Patel, B. W. Skelton, A. H. White, Or-

ganometallics 1997, 16, 2175 – 2182; b) C. M. Ong, M. C. Jennings, R. J.
Puddephatt, Can. J. Chem. 2003, 81, 1196 – 1205; c) A. Yahav-Levi, I.
Goldberg, A. Vigalok, J. Am. Chem. Soc. 2006, 128, 8710 – 8711; d) A.
Yahav-Levi, I. Goldberg, A. Vigalok, A. N. Vedernikov, J. Am. Chem. Soc.
2008, 130, 724 – 731; e) A. Yahav-Levi, I. Goldberg, A. Vigalok, A. N. Ve-
dernikov, Chem. Commun. 2010, 46, 3324 – 3326.

[4] a) S. H. Crosby, H. R. Thomas, G. J. Clarkson, J. P. Rourke, Chem. Commun.
2012, 48, 5775 – 5777; b) S. H. Crosby, G. J. Clarkson, J. P. Rourke, Orga-
nometallics 2012, 31, 7256 – 7263.

[5] a) B. L. Madison, S. B. Thyme, S. Keene, B. S. Williams, J. Am. Chem. Soc.
2007, 129, 9538 – 9539; b) M. Crespo, C. M. Anderson, N. Kfoury, M.
Font-Bardia, T. Calvet, Organometallics 2012, 31, 4401 – 4404; c) C. M.
Anderson, M. Crespo, N. Kfoury, M. A. Weinstein, J. M. Tanski, Organome-
tallics 2013, 32, 4199 – 4207.

[6] a) T. Wang, B. J. Alfonso, J. A. Love, Org. Lett. 2007, 9, 5629 – 5631; b) T.
Wang, J. A. Love, Organometallics 2008, 27, 3290 – 3296; c) H. L. Buckley,
A. D. Sun, J. A. Love, Organometallics 2009, 28, 6622 – 6624; d) T. Wang,
L. Keyes, B. O. Patrick, J. A. Love, Organometallics 2012, 31, 1397 – 1407.

[7] E.g; a) L. M. Rendina, R. J. Puddephatt, Chem. Rev. 1997, 97, 1735 – 1754;
b) M. Crespo, E. Evangelio, M. Font-Bard�a, S. P�rez, X. Solans, Poly-
hedron 2003, 22, 3363 – 3369; c) C. Anderson, M. Crespo, F. D. Rochon, J.
Organomet. Chem. 2001, 631, 164 – 174.

[8] M. Albrecht, Chem. Rev. 2010, 110, 576 – 623.
[9] a) B. Butschke, H. Schwarz, Chem. Sci. 2012, 3, 308 – 326; b) B. Butschke,

H. Schwarz, Organometallics 2010, 29, 6002 – 6011; c) A. Zucca, G. L. Pet-
retto, S. Stoccoro, M. A. Cinellu, M. Manassero, C. Manassero, G. Min-
ghetti, Organometallics 2009, 28, 2150 – 2159.

[10] S. H. Crosby, G. J. Clarkson, J. P. Rourke, Organometallics 2011, 30, 3603 –
3609.

[11] A. Zucca, D. Cordeschi, S. Stoccoro, M. A. Cinellu, G. Minghetti, G. Che-
lucci, M. Manassero, Organometallics 2011, 30, 3064 – 3074.

[12] a) L. Maidich, G. Zuri, S. Stoccoro, M. A. Cinellu, M. Masia, A. Zucca, Or-
ganometallics 2013, 32, 438 – 448; b) B. Butschke, M. Schlangen, D.
Schrçder, H. Schwarz, Chem. Eur. J. 2008, 14, 11050 – 11060.

[13] a) G. L. Petretto, J. P. Rourke, L. Maidich, S. Stoccoro, M. A. Cinellu, G.
Minghetti, G. J. Clarkson, A. Zucca, Organometallics 2012, 31, 2971 –
2977; b) S. Stoccoro, A. Zucca, G. L. Petretto, M. A. Cinellu, G. Minghetti,
M. Manassero, J. Organomet. Chem. 2006, 691, 4135 – 4146.

[14] A. C. Skapski, V. F. Sutcliffe, G. B. Young, J. Chem. Soc. Chem. Commun.
1985, 609 – 611.

[15] a) J. Kwak, Y. Ohk, Y. Jung, S. Chang, J. Am. Chem. Soc. 2012, 134,
17778 – 17788; b) T. Shibata, S. Takayasu, S. Yuzawa, T. Otani, Org. Lett.
2012, 14, 5106 – 5109; c) L. Taghizadeh Ghoochany, C. Kerner, S. Farsad-
pour, F. Menges, Y. Sun, G. Niedner-Schatteburg, W. R. Thiel, Eur. J. Inorg.
Chem. 2013, 4305 – 4317.

[16] a) B. Butschke, H. Schwarz, Int. J. Mass Spectrom. 2011, 306, 108 – 113;
b) B. Butschke, M. Schlangen, D. Schrçder, H. Schwarz, Int. J. Mass Spec-
trom. 2009, 283, 3 – 8.

[17] a) J. Vicente, A. Arcas, D. Bautista, P. G. Jones, Organometallics 1997, 16,
2127 – 2138; b) M. Crespo, J. Granell, X. Solans, M. Font-Bardia, J. Orga-
nomet. Chem. 2003, 681, 143 – 149; c) J. Vicente, J.-A. Abad, A. D. Frank-
land, M. C. Ram�rez de Arellano, Chem. Eur. J. 1999, 5, 3066 – 3075.

[18] S. M. Nabavizadeh, H. Amini, F. Jame, S. Khosraviolya, H. R. Shahsavari,
F. N. Hosseini, M. Rashidi, J. Organomet. Chem. 2012, 697, 53 – 61.

[19] L. Maidich, A. Zucca, G. J. Clarkson, J. P. Rourke, Organometallics 2013,
32, 3371 – 3375.

[20] E. g. G. Sanna, G. Minghetti, A. Zucca, M. I. Pilo, R. Seeber, F. Laschi,
Inorg. Chim. Acta 2000, 305, 189 – 205.

[21] For example, a) B. Rybtchinski, D. Milstein, Angew. Chem. 1999, 111,
918 – 932; Angew. Chem. Int. Ed. 1999, 38, 870 – 883; b) M. Albrecht, R. A.
Gossage, A. L. Spek, G. van Koten, J. Am. Chem. Soc. 1999, 121, 11898 –
11899; c) M. Albrecht, A. L. Spek, G. van Koten, J. Am. Chem. Soc. 2001,
123, 7233 – 7246.

[22] a) K. Tatsumi, R. Hoffmann, A. Yamamoto, J. K. Stille, Bull. Chem. Soc. Jpn.
1981, 54, 1857 – 1867; b) T. A. Albright, J. K. Burdett, M. H. Whangbo, Or-
bital Interactions in Chemistry, Wiley and Sons Inc, 1985, 339.

[23] Sankio Chemical Co. Ltd. , Patent US6504032 B1, 2003.
[24] Y.-Q. Fang, G. S. Hanan, Synlett 2003, 852 – 854.
[25] C. G�tz, A. L�tzen, Synthesis 2010, 85 – 90.
[26] a) G. Minghetti, S. Stoccoro, M. A. Cinellu, B. Soro, A. Zucca, Organome-

tallics 2003, 22, 4770 – 4777; b) A. Zucca, D. Cordeschi, L. Maidich, M. I.
Pilo, E. Masolo, S. Stoccoro, M. A. Cinellu, S. Galli, Inorg. Chem. 2013, 52,
7717 – 7731.

[27] W. Levason, D. Pletcher, Platinum Met. Rev. 1993, 37, 17 – 23.
[28] H. Bçnnemann, Angew. Chem. 1978, 90, 517 – 526.
[29] J. Hoste, Anal. Chim. Acta 1950, 4, 23 – 37.
[30] Vogel’s Textbook of Practical Organic Chemistry, 5th ed. , Longman Scien-

tific and Technical Ed. , Harlow, 1989.
[31] a) C. Eaborn, K. Kundu, A. Pidcock, J. Chem. Soc. Dalton Trans. 1981,

933 – 938; b) R. Romeo, L. Mons� Scolaro, V. Catalano, S. Achar, Inorg.
Synth. 1998, 32, 153 – 158.

[32] For relevant information for the SHELXTL suite of programs used to
solve, refine and produce the files for this structure, please refer to “A
Short History of SHELX”, G. M. Sheldrick, Acta Crystallogr. 2008, 64, 112 –
122.

Received: October 31, 2013
Revised: January 17, 2014
Published online on March 28, 2014

Chem. Eur. J. 2014, 20, 5501 – 5510 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5510

Full Paper

http://dx.doi.org/10.1021/ic701504z
http://dx.doi.org/10.1021/ic701504z
http://dx.doi.org/10.1021/ic701504z
http://dx.doi.org/10.1021/om9610814
http://dx.doi.org/10.1021/om9610814
http://dx.doi.org/10.1021/om9610814
http://dx.doi.org/10.1021/om9610814
http://dx.doi.org/10.1139/v03-113
http://dx.doi.org/10.1139/v03-113
http://dx.doi.org/10.1139/v03-113
http://dx.doi.org/10.1021/ja062166r
http://dx.doi.org/10.1021/ja062166r
http://dx.doi.org/10.1021/ja062166r
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1021/ja077258a
http://dx.doi.org/10.1039/c001487g
http://dx.doi.org/10.1039/c001487g
http://dx.doi.org/10.1039/c001487g
http://dx.doi.org/10.1039/c2cc31572f
http://dx.doi.org/10.1039/c2cc31572f
http://dx.doi.org/10.1039/c2cc31572f
http://dx.doi.org/10.1039/c2cc31572f
http://dx.doi.org/10.1021/om3008019
http://dx.doi.org/10.1021/om3008019
http://dx.doi.org/10.1021/om3008019
http://dx.doi.org/10.1021/om3008019
http://dx.doi.org/10.1021/ja066195d
http://dx.doi.org/10.1021/ja066195d
http://dx.doi.org/10.1021/ja066195d
http://dx.doi.org/10.1021/ja066195d
http://dx.doi.org/10.1021/om300303a
http://dx.doi.org/10.1021/om300303a
http://dx.doi.org/10.1021/om300303a
http://dx.doi.org/10.1021/om400398g
http://dx.doi.org/10.1021/om400398g
http://dx.doi.org/10.1021/om400398g
http://dx.doi.org/10.1021/om400398g
http://dx.doi.org/10.1021/ol702591b
http://dx.doi.org/10.1021/ol702591b
http://dx.doi.org/10.1021/ol702591b
http://dx.doi.org/10.1021/om800247p
http://dx.doi.org/10.1021/om800247p
http://dx.doi.org/10.1021/om800247p
http://dx.doi.org/10.1021/om9008229
http://dx.doi.org/10.1021/om9008229
http://dx.doi.org/10.1021/om9008229
http://dx.doi.org/10.1021/om2007562
http://dx.doi.org/10.1021/om2007562
http://dx.doi.org/10.1021/om2007562
http://dx.doi.org/10.1021/cr9704671
http://dx.doi.org/10.1021/cr9704671
http://dx.doi.org/10.1021/cr9704671
http://dx.doi.org/10.1016/j.poly.2003.08.002
http://dx.doi.org/10.1016/j.poly.2003.08.002
http://dx.doi.org/10.1016/j.poly.2003.08.002
http://dx.doi.org/10.1016/j.poly.2003.08.002
http://dx.doi.org/10.1016/S0022-328X(01)01043-9
http://dx.doi.org/10.1016/S0022-328X(01)01043-9
http://dx.doi.org/10.1016/S0022-328X(01)01043-9
http://dx.doi.org/10.1016/S0022-328X(01)01043-9
http://dx.doi.org/10.1021/cr900279a
http://dx.doi.org/10.1021/cr900279a
http://dx.doi.org/10.1021/cr900279a
http://dx.doi.org/10.1039/c1sc00651g
http://dx.doi.org/10.1039/c1sc00651g
http://dx.doi.org/10.1039/c1sc00651g
http://dx.doi.org/10.1021/om100757e
http://dx.doi.org/10.1021/om100757e
http://dx.doi.org/10.1021/om100757e
http://dx.doi.org/10.1021/om801033g
http://dx.doi.org/10.1021/om801033g
http://dx.doi.org/10.1021/om801033g
http://dx.doi.org/10.1021/om200293e
http://dx.doi.org/10.1021/om200293e
http://dx.doi.org/10.1021/om200293e
http://dx.doi.org/10.1021/om200172h
http://dx.doi.org/10.1021/om200172h
http://dx.doi.org/10.1021/om200172h
http://dx.doi.org/10.1021/om300824d
http://dx.doi.org/10.1021/om300824d
http://dx.doi.org/10.1021/om300824d
http://dx.doi.org/10.1021/om300824d
http://dx.doi.org/10.1002/chem.200801658
http://dx.doi.org/10.1002/chem.200801658
http://dx.doi.org/10.1002/chem.200801658
http://dx.doi.org/10.1021/om200660a
http://dx.doi.org/10.1021/om200660a
http://dx.doi.org/10.1021/om200660a
http://dx.doi.org/10.1016/j.jorganchem.2006.06.024
http://dx.doi.org/10.1016/j.jorganchem.2006.06.024
http://dx.doi.org/10.1016/j.jorganchem.2006.06.024
http://dx.doi.org/10.1039/c39850000609
http://dx.doi.org/10.1039/c39850000609
http://dx.doi.org/10.1039/c39850000609
http://dx.doi.org/10.1039/c39850000609
http://dx.doi.org/10.1021/ja308205d
http://dx.doi.org/10.1021/ja308205d
http://dx.doi.org/10.1021/ja308205d
http://dx.doi.org/10.1021/ja308205d
http://dx.doi.org/10.1021/ol302375c
http://dx.doi.org/10.1021/ol302375c
http://dx.doi.org/10.1021/ol302375c
http://dx.doi.org/10.1021/ol302375c
http://dx.doi.org/10.1002/ejic.201300480
http://dx.doi.org/10.1002/ejic.201300480
http://dx.doi.org/10.1002/ejic.201300480
http://dx.doi.org/10.1002/ejic.201300480
http://dx.doi.org/10.1016/j.ijms.2010.08.030
http://dx.doi.org/10.1016/j.ijms.2010.08.030
http://dx.doi.org/10.1016/j.ijms.2010.08.030
http://dx.doi.org/10.1016/j.ijms.2008.10.019
http://dx.doi.org/10.1016/j.ijms.2008.10.019
http://dx.doi.org/10.1016/j.ijms.2008.10.019
http://dx.doi.org/10.1016/j.ijms.2008.10.019
http://dx.doi.org/10.1021/om961094h
http://dx.doi.org/10.1021/om961094h
http://dx.doi.org/10.1021/om961094h
http://dx.doi.org/10.1021/om961094h
http://dx.doi.org/10.1016/S0022-328X(03)00593-X
http://dx.doi.org/10.1016/S0022-328X(03)00593-X
http://dx.doi.org/10.1016/S0022-328X(03)00593-X
http://dx.doi.org/10.1016/S0022-328X(03)00593-X
http://dx.doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C3066::AID-CHEM3066%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C3066::AID-CHEM3066%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C3066::AID-CHEM3066%3E3.0.CO;2-F
http://dx.doi.org/10.1021/om400300n
http://dx.doi.org/10.1021/om400300n
http://dx.doi.org/10.1021/om400300n
http://dx.doi.org/10.1021/om400300n
http://dx.doi.org/10.1016/S0020-1693(00)00136-5
http://dx.doi.org/10.1016/S0020-1693(00)00136-5
http://dx.doi.org/10.1016/S0020-1693(00)00136-5
http://dx.doi.org/10.1002/(SICI)1521-3757(19990401)111:7%3C918::AID-ANGE918%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990401)111:7%3C918::AID-ANGE918%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990401)111:7%3C918::AID-ANGE918%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3757(19990401)111:7%3C918::AID-ANGE918%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C870::AID-ANIE870%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C870::AID-ANIE870%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1521-3773(19990401)38:7%3C870::AID-ANIE870%3E3.0.CO;2-3
http://dx.doi.org/10.1021/ja992494+
http://dx.doi.org/10.1021/ja992494+
http://dx.doi.org/10.1021/ja992494+
http://dx.doi.org/10.1021/ja003685b
http://dx.doi.org/10.1021/ja003685b
http://dx.doi.org/10.1021/ja003685b
http://dx.doi.org/10.1021/ja003685b
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1246/bcsj.54.1857
http://dx.doi.org/10.1021/om0301583
http://dx.doi.org/10.1021/om0301583
http://dx.doi.org/10.1021/om0301583
http://dx.doi.org/10.1021/om0301583
http://dx.doi.org/10.1021/ic400908f
http://dx.doi.org/10.1021/ic400908f
http://dx.doi.org/10.1021/ic400908f
http://dx.doi.org/10.1021/ic400908f
http://dx.doi.org/10.1002/ange.19780900706
http://dx.doi.org/10.1002/ange.19780900706
http://dx.doi.org/10.1002/ange.19780900706
http://dx.doi.org/10.1016/0003-2670(50)80005-3
http://dx.doi.org/10.1016/0003-2670(50)80005-3
http://dx.doi.org/10.1016/0003-2670(50)80005-3
http://dx.doi.org/10.1039/dt9810000933
http://dx.doi.org/10.1039/dt9810000933
http://dx.doi.org/10.1039/dt9810000933
http://dx.doi.org/10.1039/dt9810000933
http://dx.doi.org/10.1002/9780470132630.ch26
http://dx.doi.org/10.1002/9780470132630.ch26
http://dx.doi.org/10.1002/9780470132630.ch26
http://dx.doi.org/10.1002/9780470132630.ch26
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://www.chemeurj.org

