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Abstract: The ion-molecule reactions
of dimethyl ether with cyclometalated
[Pt(bipy—H)]* were investigated in
gas-phase experiments, complemented
by DFT methods, and compared with
the previously reported ion-molecule
reactions with its sulfur analogue. The
initial step corresponds in both cases to
a platinum-mediated transfer of a hy-
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oxygen- and sulfur-containing metalla-
cycles serve as key intermediates. Oxi-
dative C—C bond coupling (“dehydro-
sulfurization”), which dominates the
gas-phase ion chemistry of the
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[Pt(bipy—H)]* ion with dimethyl sul-
fide, is practically absent for dimethyl
ether. The competition in the forma-
tion of C,H, and CH,X (X=O0, S) in
the reactions of [Pt(bipy—H)]* with
(CH;),X (X=0, S) as well as the ex-
tensive H/D exchange observed in the
[Pt(bipy—H)]*/(CHj;),0 system are ex-
plained in terms of the corresponding

drogen atom from the ether to the

latinum
(bipy—H) ligand, and three-membered 12

Introduction

Cyclometalated transition metal compounds!!) have received
much interest in different areas of chemistry, because of
their photoluminescent and electronic properties,”! as metal-
lomesogens,’! or as building blocks for supramolecular ar-
chitectures.! Moreover, one encounters cyclometalated in-
termediates in different metal-mediated organic transforma-
tions such as the Heck reaction and Suzuki coupling,” and
these compounds can also be employed for the synthesis of
various heterocycles.["] Their direct use as catalysts, however,
has hardly been explored. For example, Periana and co-
workers investigated the heterolytic C—H bond activation of
methane and benzene with a cyclometalated Pt" complex as
well as catalytic methane hydroxylation using an Ir'"™™ NNC
pincer complex in acidic solution;”* another study deals
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potential-energy surfaces.

with transfer hydrogenation mediated by a cyclometalated
Ir'"" compound.”’! 2,2'-Bipyridine (bipy) and related hetero-
cycles, which are versatile ligands in the coordination
chemistry of transition metals,'”! are well suited for the for-
mation of cyclometalated compounds. Moreover, it has been
shown that cyclometalated [Pt(bipy—H)]™ (1) can formally
dehydrosulfurize a variety of thioethers in the gas phase;M!
especially in the reaction with dimethyl sulfide, efficient oxi-
dative C—C bond coupling and concomitant formation of
neutral ethene was observed.” In general, pre-complexa-
tion of a substrate with the active center of a catalyst
through the heteroatom of the incoming ligand promotes
C—H bond activation reactions,"” and in gas-phase process-
es the nature of the substrate itself may also affect the reac-
tion, in that the energy content of the adduct complex
changes when the heteroatom is altered. For example, in the
adduct formation of an ether with an ionic late transition
metal complex, the energy gained is smaller than with the
analogous thioether because the ion-induced dipole interac-
tion is smaller for oxygen, as is its polarizability, when com-
pared with the sulfur analogues. To probe the influence of
the heteroatom on the outcome of the reaction, comparative
studies of structurally related ether/thioether compounds in
ion-molecule reactions (IMRs) with organometallic reagents
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could be interesting. As solution-phase experiments—by
definition—are obscured by both solvent and aggregation
effects as well as the influence of counterions, related ion—
molecule experiments in the gas phase, due to their very
nature, are well suited to study the intrinsic features of such
processes.

Here, we report gas-phase studies on different Pt" com-
plexes (Scheme 1), including cyclometalated [Pt(bipy—H)]*
(1), generated by electrospray ionization (ESI),' with di-
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Scheme 1. Pt" complexes employed in the studies.

methyl ether and [1,1,1-D;]dimethyl ether. Labeling experi-
ments provide insight into the origin of the hydrogen atoms
transferred and therefore into mechanistic details of the var-
ious reaction channels. The role of the nature of the hetero-
atom of ethers versus thioethers was studied by analysis of
the product distributions in the ion-molecule processes;
quantum-chemical calculations were performed with the aim
of gaining further understanding of mechanistic aspects of
the reactions.

Experimental and Computational Section

Experiments: The present experiments were performed with a VG BIO-
Q mass spectrometer of QHQ configuration (Q: quadrupole, H: hexa-
pole) equipped with an ESI source as described in detail previously."” In
brief, millimolar solutions of dimeric [{Pt(CH;),(u-Me,S)},] or [{Pt(CDs),-
(u-Me,S)},] (prepared according to ref. [16]) and the desired ligands, that
is, 2,2"-bipyridine (bipy) or its fully deuterated analogue ([Dg|bipy) and
1,10-phenanthroline (phen), in pure methanol were introduced through a
fused-silica capillary to the ESI source by syringe pump (ca. 3 pL.min"")
to produce the ligated Pt" ions under investigation (see Scheme 1). All
heterocyclic ligands employed were purchased. Nitrogen was used as
nebulizing and drying gas at a source temperature of 80°C. Maximal
yields of the desired platinum complexes were achieved by adjusting the
cone voltage (U,) between 50 and 60 V; U, determines the degree of col-
lisional activation of the incident ions in the transfer from the ESI source
to the mass spectrometer.'”! The identity of the ions was confirmed by
comparison with the expected isotope patterns,'® collision-induced disso-
ciation (CID) experiments, and labeling studies. The isotope pattern also
assisted in the choice of the adequate precursor ion to avoid coincidental
mass overlaps of isobaric species in the mass-selected ion beam.!"”! The
ion-molecule reactions of the platinum complexes with the substrates
were probed at a collision energy (E,,;) set to nominally 0 eV, which in
conjunction with the ca. 0.4 eV kinetic energy width of the parent ion at
peak half-height!™™ allows the investigation of quasithermal reactions, as
demonstrated previously.”” Dimethyl ether (4) and [1,1,1-D;]dimethyl
ether ([D;]4) were purchased. To confirm the correct labeling of [D;]4, it
was allowed to react with atomic Fe* (generated from a millimolar solu-
tion of FeCl, in methanol); we observed the formation of CH;D, CH,D,,
and CHD; in a ratio of 56:1:43 which confirms [D;]4 to be (CH;)O-
(CD,).
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Computations: In the computational studies we employed the Gaussi-
an 03 program packagel™ using basis sets of approximately triple-§ quali-
ty. For H, C, N, O, and S atoms these were the triple-E plus polarization
basis sets (TZVP) of Ahlrichs and co-workers. For platinum, the Stutt-
gart-Dresden scalar relativistic pseudopotential (ECP60MDF replacing
60 core electrons) was employed in conjunction with the corresponding
(8s,7p,6d)/[6s,5p,3d] basis set describing the 6s5d valence shell of Pt.*l In
these computational studies we focused on four aspects of the reaction of
[Pt(bipy—H)]* (1) with dimethyl ether (4): 1) does the initial bond-acti-
vation step after adduct formation correspond to insertion of the plati-

num center into a C-O or a C-H

bond of the ether, 2) which reaction

mechanism is responsible for the main

e - e reaction channel, 3) why is ethene loss,

IN cH « IN Db as observed in the reaction of 1 with
\Pt/ 3 “Pt/ 3 dimethyl sulfide, not an option for di-
N AN methyl ether, e}nd 4) what is the origin
| s of the extensive hydrogen exchange

between the methyl groups of dimeth-
yl ether in the reactions of 1 with
[Ds]4? The reaction pathways for the
processes defined in Equations (1) and
(2) (X=0, S) were calculated with the
BP86™! functional and the basis sets
given above. All energies (given in
kJmol ") are corrected for (unscaled) zero-point vibrational energy con-
tributions. Intrinsic reaction coordinate (IRC) calculations were per-
formed to link transition structures with the respective intermediates.?
The discussion of the computational findings is confined to the singlet
state of the various platinum cations, because exploratory calculations re-
vealed that the triplet states are generally much higher in energy for all
species investigated and are therefore not likely to be involved in experi-
ments conducted at ambient temperature.

[Pt(bipy—H)]" + (CH,),X — [Pt(bipy)(CH,)]" + CH,X )

[Pt(bipy—H)]" + (CH;),X — [Pt(bipy)(XH)]" + C;H, ©

Results and Discussions

Experimental results: The product-ion spectrum of the ion—
molecule reaction (IMR) of cyclometalated [Pt(bipy—H)]™*
(1) with dimethyl ether (4) is shown in Figure 1. The main
reaction channels correspond to loss of neutral CH,O
(58 %), most probably being formaldehyde, formation of
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Figure 1. Ion-molecule reaction of mass-selected [Pt(bipy—H)]* (1) with
dimethyl ether (4).
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protonated bipy [bipy+H]* (14%), and elimination of
[C,,H,4, 0] (8% ). Adduct formation (9 %), and the losses of
H, (4%) and [C,H,,0] (2%) are of only minor importance.
The assignment of the signals to particular elemental com-
positions is based on the reaction of 1 with [1,1,1-
D,]dimethyl ether ([D;]4) as well as on the *C isotope pat-
terns of the ionic products. For example, elimination of a
fragment with Am=17 (4%) is assigned to the combined
losses of CH; and H, rather than to neutral OH because the
reaction of 1 with [Ds]4 gives rise to Am =17, 18, 19, and 20
in a ratio of 6:15:35:44; thus, the fragment with Am=17
must contain more than one hydrogen atom. We note that,
among the products generated from the couple 1/4, forma-
tion of neutral ethene is negligible (1%) in contrast to the
reaction of 1 with (CHj;),S, for which this channel amounts
to 55%. Loss of CH,S, however, is of minor importance
(5%) for 1/(CH,),S."1 Obviously, the exchange of sulfur for
oxygen has dramatic consequences with regard to the prod-
uct distribution. We also carried out the reaction of 4 with
the fully deuterated analogue of [Pt(bipy—H)]" (1), that is,
[Pt([Dg]bipy—D)]* ([D;]1). Similar to the IMRs with
(CH;),S,"? partial exchange of hydrogen atoms between the
incoming ether and the (bipy—H) ligand takes place. In
terms of the f,. value (defined in ref. [11]) hydrogen ex-
change in the adduct complex prior to the elimination of
neutral molecules is much less pronounced for the oxygen
compound than for dimethyl sulfide; for example, for the
loss of CH,X (X=0, S) the analysis leads to f...(X=0)=
28% versus f. (X=S)=66%; formation of protonated bi-
pyridine [bipy+H]* is accompanied by f..(X=0)=19%
versus [ (X=S)=77%.

Further, the reactions of [Pt(CD;)(L)]* (L=bipy, phen;
[D;]2, [D;]3) with dimethyl ether also shed light on the ini-
tial steps of the reaction of 1 with these substrates. The use
of the CDs-labeled platinum complexes aids in separating
isobaric ions; in addition, when phen is employed as ligand
the reaction manifold is simplified on the grounds that this
ligand, in contrast to bipy, is not able to undergo a (“roll-
over”) cyclometalation process and therefore also can not
engage in hydrogen/deuterium exchange processes with the
incoming ether; this simplification is of importance in the in-
terpretation of the data. As shown in Figure 2a for the com-
plex [D;]2, adduct formation with dimethyl ether (4) is fol-
lowed by the loss of mainly CHD;. This requires activation
of a C—H bond of 4, which has also been observed in solu-
tion experiments.'*! More interesting than the mere C—H
bond-activation process is the fact that in the gas phase
elimination of CHD; is followed by liberation of CH,O; as
noted above, the latter reaction constitutes the main channel
in the reaction of 1 with 4 (Figure 1). This observation sug-
gests that both couples 1/4 and [D;]2/4 decompose via a
common intermediate. The fact that the spectrum resulting
from the reaction of [D;]3 with 4 (Figure 2b) resembles es-
sentially that for the reaction of [D;]2 with 4 and that phen,
in contrast to bipy, is not able to undergo a “rollover” cyclo-
metalation point to an intermediate which we assign to
[Pt(L)(4—H)]* with L=phen, bipy.
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Figure 2. Ion-molecule reactions of mass-selected a) [Pt(CD,)(bipy)]*
([D;]2) and b) [Pt(CD;)(phen)]* ([D5]3) with dimethyl ether (4).

To gain further insight into mechanistic features of the re-
action, we carried out the reaction of 1 and [D,]1 with
[1,1,1-Ds]dimethyl ether ([Ds]4); one observes the formation
of CH,O, CHDO, and CD,O in ratios of 21:54:25 and
20:54:26, respectively. These data indicate rather extensive
hydrogen/deuterium exchange between the hydrogen atoms
within the incoming (CH;)O(CD;) substrate prior to the
production of formaldehyde. In the reactions of 2 and 3 with
[D;]4 one observes losses of CH,, CH;D, and CH,D, in a
ratio of 55:42:3; reactions of [D;]2 and [D5]3 with [D;]4 give
rise to elimination of CH,D,, CHD;, and CD, in a ratio of
4:53:43. This indicates a kinetic isotope effect of about 1.3
for abstraction of a hydrogen atom from the methyl group
of dimethyl ether without the occurrence of pronounced H/
D exchange processes. Moreover, also in the reactions of 2,
3, [Ds]2, and [D3]3 with [D;]4 the loss of formaldehyde, fol-
lowing methane elimination, is accompanied by extensive
hydrogen/deuterium exchange within the ether; on average,
the methyl group is lost together with H/CH,O, H/CHDO
or D/CH,0, H/CD,O or D/CHDO, and D/CD,0 in a ratio
of 7:46:41:5.

Computational results: To gain deeper insight into the
mechanistic details of the reaction of [Pt(bipy—H)]* (1)
with dimethyl ether, the pathways for production of CH,O
and C,H, were computationally explored. After adduct for-
mation the initial step either corresponds to a C—H or to a
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C—O bond insertion. We succeeded in locating two transi-
tion structures TS1¢_o and TS2q_ for C—O bond insertion,
which lie —8 and —16 kImol™, respectively, below the en-
trance channel, as well as a transition structure TSy
(=13 kJmol™) for the direct transfer of one hydrogen atom
of dimethyl ether to the bipyridyl ligand (for the structures,
see Supporting Information SI 1). If the experimentally con-
firmed hydrogen transfer actually proceeds via this energeti-
cally rather demanding TS¢_y, and this step then necessarily
constitutes the rate-limiting act, a sizable kinetic isotope
effect is expected to occur in the reaction of 1 with [Ds]4.
However, the extensive hydrogen-exchange processes ob-
served in the reaction of 1 with [D;]4 make it difficult, if not
impossible, to measure this effect; in fact, a kinetic isotope
effect is not observed in the related IMRs of the couples 1/
[D;]4 and [D,]1/[D;]4, respectively. While we cannot defini-
tively rule out the involvement of TS¢_y (Supporting Infor-
mation SI 1), an extensive search of the PES (Figure 3) pro-
vided as an alternative a multistep sequence for the hydro-
gen transfer that is significantly lower in energy than TS¢ 4
and which accounts for the experimental findings. The re-
sulting PES for the reactions given in Equations (1) and (2)
(X=0) is depicted in Figure 3, and some important struc-
tures together with the relevant geometric details are given
in Figure 4 (for a comprehensive presentation of all struc-
tures, see Supporting Information SI 2 and SI 3).

The first step after formation of the adduct complex 5 cor-
responds to an isomerization forming 6; this intermediate is
characterized by an agostic interaction of the platinum
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center with one of the C—H bonds of the ether, which is
therefore elongated to 1.233 A. Next, 6 is subject to a se-
quence of oxidative addition via TS 6/7 and reductive elimi-
nation via TS 7/8 which are followed by a minor structural
reorganization (TS 8/9) to eventually result in the recon-
struction of an intact bipyridine ligand in 9; a rather energy-
demanding “retro-rollover” process via TS 9/10 gives rise to
10. The latter serves as a common intermediate for the reac-
tions of 1, 2, and [D;]2 with 4. Species 10 is formed with dif-
ferent energy contents depending on its precursors. This be-
comes obvious when one compares the reaction enthalpies
calculated at the BP86 level of theory for the reactions
[Pt(bipy—H)]™ (1) + (CH,),0 (4) — [Pt(bipy)(4—H)]* (10)
(ARH=-223kJmol™") and [Pt(CH,)(bipy)]* (2) +
(CH),0 (4)—[Pi(bipy)@-H)* (10) + CH, (AgH=
—112 kIJmol ').? In fact, it is reasonable to argue that all
further steps involve the bidentate bipyridine complex in-
stead of a cyclometalated isomer, because 1) in the reactions
of both [D;]2 and [D5]3 with 4, after loss of CHDj;, one ob-
serves liberation of formaldehyde analogous to the IMR of
the couple 1/4, although phen can not form a cyclometalated
complex in the reaction of [D;]3 with 4, and 2) the energy
gained through the regeneration of a bidentate ligand pro-
vides the driving force for the subsequent reactions, as indi-
cated by previous DFT calculations.'” Species 10 also serves
as a branching point to explain the preferred formation of
neutral formaldehyde and to account for the negligible loss
of C,H,. With regard to the former process, 10 isomerizes
via TS 10/11 to give rise to 11, which is stabilized by an

Formaldehyde
Formation

14 + CH,0 18510
4172 Ts14ns 128

+ CH,0
TS 12113 \ el
130 0 i

o 24 + C,H,
.- TS 20/21 153
] -164 Ethene s
Formation
TS 21/22
228
TS 22123

_299 -258

TS 17118 TS 19/20

-286

23
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Figure 3. Simplified potential-energy surface for the ion-molecule reaction of [Pt(bipy—H)]* (1) with (CH;),0 (4) to generate CH,O and C,H,, as calcu-
lated at the BP86 level of theory. The red part corresponds to the initial transfer of a hydrogen atom from the ether to the bipyridyl ligand followed by a
“retro-rollover” process to generate 10. Intermediate 10 serves as branching point to generate CH,O (major process; green part) and C,H, (minor reac-
tion; blue part). The half-reaction for the degenerate isomerization of 11 (depicted in black in the inset) accounts for the hydrogen exchange between
the methyl groups of the ether that precedes formation of formaldehyde and 15.
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Figure 4. Geometry-optimized minimum structures of some of the species mentioned in Figures 3 and 5 together with relevant bond lengths (in A)

around the Pt core as calculated with the BP86 functional.

agostic interaction of the platinum center with a C—H bond
of the methyl group (elongation of one C—H bond to
1.235 A). Oxidative addition into this C—H bond leads to
the formal Pt" hydride 12, from which formaldehyde com-
plex 13 can be formed via TS 12/13 in a [2+2] cycloreversion
reaction. From 13 neutral CH,O is eliminated in a barrier-
less reaction to give Pt" hydrido carbene complex 14, which
may isomerize to the Pt" methyl complex 15 via TS 14/15.
In the experimentally observed H/D exchange preceding
formation of CH,O, 11 serves as the starting point. The inset
in Figure 3 shows the half-reaction for the degenerate iso-
merization of 11, in the course of which one hydrogen atom
from the methyl group is transferred to the methylene
group. To this end 11 isomerizes via TS 11/12 and TS 12/16
to give symmetric metallaoxocyclobutane intermediate 16, a
formal Pt hydride complex, from which the platinum-
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bound hydrogen atom is easily transferred to either of the
methylene groups by reversion of the above-mentioned
steps. As these steps are energetically much below the exit
channel for the loss of formaldehyde, a nearly statistical hy-
drogen-atom exchange is expected to occur in the reactions
of 1 and [D;]1 with [D;]4;” the hydrogen atoms of the
(bipy—H) ligand are hardly involved in this process. The ex-
perimental observation of the same hydrogen exchange ac-
companying formaldehyde loss after methane elimination in
the reactions of the methyl complexes 2, 3, [D5]2, and [D5]3
with [D;]4 illustrates that 10 and 11 are indeed the key inter-
mediates for both formaldehyde loss and hydrogen ex-
change within the ether. As to the negligible formation of
ethene, the PES depicted in Figure 3 can explain this result.
Starting from 10, formation of C,H, requires transfer of the
methyl group to the platinum center (10—17) followed by a

Chem. Eur. J. 2010, 16, 3962 —-3969
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sequence of rather complex rearrangements which eventual-
ly lead to formation of [Pt(bipy)(OH)(C,H,)]* (23) as the
global minimum; from 23 C,H, can be liberated to form
platinum hydroxy complex [Pt(bipy)(OH)]* (24) as the
ionic product. While C,H, formation is thermochemically
favored, the barrier TS 10/17 for the initial methyl transfer
process is 44 kJmol™' higher than the energy required to
produce formaldehyde. Therefore, under kinetic conditions
elimination of CH,O clearly dominates the ion—-molecule re-
action of 1 with (CHj;),0 (see Figure 1). In distinct contrast,
in the reaction of 1 with (CHj;),S about 55% C,H, and only
5% CH,S are formed from the adduct complex.['” The cor-
responding potential-energy surface, although already dis-
cussed in reference [12] using a different DFT functional,
was, for comparison, recalculated at the BP86 level of
theory. This new PES and structure 30 are given in Figures 4
and 5 (for a comprehensive presentation of all structures see
Supporting Information SI 4 and SI 5). The most remark-
able differences in the reactions of the couples 1/(CHj;),0
versus 1/(CH;),S are connected with the energy demands
for isomerization of 10 and 30, respectively, to intermediates
from which CH,X (X=0, S) and C,H, are formed as well
as the energetics of the two exit channels for the two sys-
tems in question (compare Figures 3 and 5). While for the
ether ligand the isomerization 10 —11 and the liberation of
CH,O are energetically significantly more favored than the
initial methyl transfer in the process 10—T8S 10/17—17——
24+ C,H,, the opposite holds for the thioether-containing
system. Here, while the isomerization of 30 towards inter-
mediates from which CH,S loss can occur is energetically
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comparable with methyl transfer to the platinum atom
(30—TS 30/36—36), the former process is disfavored by
149 kI mol™" with regard to the energetics of the exit chan-
nel as compared to formation of C,H, and cationic [Pt-
(bipy)(SH)]* (42). A more quantitative analysis based on
RRKM theory® is beyond the scope of this work and
would require significantly more accurate PES calculations
to make this exercise meaningful.

In spite of some fundamental differences, an interesting
structural aspect we note for both substrates (CH;),X (X=
O, S) is that their reactions with 1 proceed through three-
membered metallacycles 10 (X=0) and 30 (X=S) as key
intermediates; in the condensed phase, such species are
rather common only for sulfur but quite rare for oxygen-
bridged systems.!'f!

Conclusion

We have studied the ion-molecule reactions of dimethyl
ether with cyclometalated [Pt(bipy—H)]* (1) in the gas
phase. The application of DFT-based calculations as well as
the analogous reactions with the platinum methyl cations
[Pt(CH,)(bipy)]*, [P(CD5)(bipy)]*, [Pt(CH,)(phen)]*, and
[Pt(CD;)(phen)]™ suggest that the initial step for all reaction
pathways corresponds to transfer of a hydrogen atom to the
(bipy—H) ligand forming three-membered metallacycles as
intermediates. A comparison of the reactions of the ether
with that of the analogous sulfur compound is rather instruc-
tive and points to delicate differences in the reactions with
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Figure 5. Simplified potential-energy surface for the ion-molecule reaction of [Pt(bipy—H)]* (1) with (CH;),S to generate CH,S and C,H, at the BP86
level of theory. The red part corresponds to the transfer of a hydrogen atom from the thioether to the bipyridyl ligand followed by a “retro-rollover” pro-
cess to generate 30. Intermediate 30 serves as a branching point to generate CH,S (minor process; green part) and C,H, (major reaction; blue part).
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[Pt(bipy—H)]*; most importantly, [Pt(bipy—H)]* does not
give rise to oxidative C—C bond coupling of (CHj;),0, in
contrast to the reaction of complex 1 with dimethyl sulfide;
in the latter, dehydrosulfurization results in the formation of
ethene as the major decomposition path. On the other hand,
CH,O0 loss dominates the reaction of [Pt(bipy—H)]* with di-
methyl ether, whereas the elimination of CH,S constitutes
only a minor channel in the reaction with dimethyl sulfide.
This distinct behavior is explained in terms of the corre-
sponding potential-energy surfaces and has its origin in the
weaker interaction of platinum with oxygen than with
sulfur. An analogous study of the reaction of 1 with dimeth-
yl ether and ethyl methyl ether is published elsewhere.[*"!

Acknowledgements

We thank Dr. Xinhao Zhang and Professor Martin K. Beyer for enlight-
ening discussions and are grateful for financial support to the Fonds der
Chemischen Industrie as well as the Cluster of Excellence “Unifying
Concepts in Catalysis” coordinated by the Technische Universitidt Berlin
and funded by the Deutsche Forschungsgemeinschaft.

[1] a) J. Dehand, M. Pfeffer, Coord. Chem. Rev. 1976, 18, 327; b) M. L.
Bruce, Angew. Chem. 1977, 89, 75; Angew. Chem. Int. Ed. Engl.
1977, 16, 73; c) R.J. Watts, J. S. Harrington, J. Van Houten, J. Am.
Chem. Soc. 1977, 99, 2179; d) I. Omae, Coord. Chem. Rev. 1979, 28,
97; e) I. Omae, Chem. Rev. 1979, 79, 287; f) I. Omae, Coord. Chem.
Rev. 1980, 32, 235; g) W. A. Wickramasinghe, P. H. Bird, N. Serpone,
J. Chem. Soc. Chem. Commun. 1981, 1284; h) E. C. Constable, K. R.
Seddon, J. Chem. Soc. Chem. Commun. 1982, 34; i) S. Dholakia,
R.D. Gillard, F. L. Wimmer, Inorg. Chim. Acta 1983, 69, 179; j) G.
Nord, A. C. Hazell, R. G. Hazell, O. Farver, Inorg. Chem. 1983, 22,
3429; k) P.J. Spellane, R.J. Watts, C.J. Curtis, Inorg. Chem. 1983,
22, 4060; 1) E. C. Constable, Polyhedron 1984, 3, 1037, m) P. S. Bra-
terman, G. A. Heath, A.J. MacKenzie, B. C. Noble, R. D. Peacock,
L.J. Yellowlas, Inorg. Chem. 1984, 23, 3425; n) 1. P. Rothwell, Poly-
hedron 1985, 4, 177; o) G. Minghetti, A. Doppin, A. Zucca, S. Stoc-
coro, M. A. Cinellu, M. Manassero, M. Sanzour, Chem. Heterocycl.
Compd. 1999, 35, 992; p) Y. Wu, S. Huo, J. Gong, X. Cui, L. Ding,
K. Ding, C. Du, Y. Liu, M. Song, J. Organomet. Chem. 2001, 614—
640, 637; q) M. Albrecht, G. van Koten, Angew. Chem. 2001, 113,
3866; Angew. Chem. Int. Ed. 2001, 40, 3750; r) A. Zucca, A. Drop-
pin, M. A. Cinellu, S. Stoccoro, G. Minghetti, M. Manassero, Orga-
nometallics 2002, 21, 783; s) G. Minghetti, S. Stoccoro, M. A. Cinel-
lu, B. Soro, A. Zucca, Organometallics 2003, 22, 4770; t) I. Omae,
Coord. Chem. Rev. 2004, 248, 995; u) A. Zucca, M. A. Cinellu, G.
Minghetti, S. Stoccoro, M. Manassero, Eur. J. Inorg. Chem. 2004,
4484; v) S. Stoccoro, A. Zucca, G. L. Petretto, M. A. Cinellu, G.
Minghetti, M. Manassero, J. Organomet. Chem. 2006, 691, 4135;
w) F. Mohr, S.H. Priver, S. K. Bhargava, M. A. Bennett, Coord.
Chem. Rev. 2006, 250, 1851; x) G. Minghetti, S. Stoccoro, M. A. Cin-
ellu, G. L. Petretto, A. Zucca, Organometallics 2008, 27, 3415; y) A.
Zucca, G. L. Petretto, S. Stoccoro, M. A. Cinellu, M. Manassero, C.
Manassero, G. Minghetti, Organometallics 2009, 28, 2150.

a) S.-W. Lai, T.-C. Cheung, M. C. W. Chan, K.-K. Cheung, S.-M.
Peng, C.-M. Che, Inorg. Chem. 2000, 39, 255; b) B. Ma, P. I. Djuro-
vich, M. E. Thompson, Coord. Chem. Rev. 2005, 249, 1501; c) M.
Ghedini, I. Aiello, A. Crispini, A. Golemme, M. La Deda, D. Pucci,
Coord. Chem. Rev. 2006, 250, 1373; d) M. L. S. Lowry, S. Bernhard,
Chem. Eur. J. 2006, 12, 7970; e) L.-L. Wu, C.-H. Yang, L.-W. Sun, S.-
Y. Chu, P.-C. Kao, H.-H. Huang, Organometallics 2007, 26, 2017,
f) S. C. F. Kui, I. H. T. Sham, C. C. C. Cheung, C.-W. Ma, B. Pan, N.
Zhu, C. M. Che, W.-F. Fu, Chem. Eur. J. 2007, 13, 417; G. Zucchi, O.

2

—

www.chemeurj.org

3968 ——

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

Maury, P. Thuéry, F. Gumy, J.-C. G. Biinzli, M. Ephritikhine, Chem.
Eur. J. 2009, 15, 9686.

[3] M. Marcos in Metallomesogens. Synthesis Properties and Applica-

tions (Ed.: J. L. Serrano), VCH, Weinheim, 1996; D. Pucci, G. Bar-

neiro, A. Bellusci, A. Crispini, M. Ghedini, J. Organomet. Chem.

2006, 691, 1138.

a) W. T.S. Huck, R. Hulst, P. Timmerman, F. C.J. M. van Veggel,

D. N. Reinhoudt, Angew. Chem. 1997, 109, 1046; Angew. Chem. Int.

Ed. Engl. 1997, 36, 1006; b) J. R. Hall, S.J. Loeb, G. K. H. Shimizu,

G.P. A. Yap, Angew. Chem. 1998, 110, 130; Angew. Chem. Int. Ed.

1998, 37, 121; ¢) W. T. S. Huck, L. J. Prins, R. H. Fokkers, N. M. M.

Nibbering, F. C.J. M. van Veggel, D. N. Reinhoudt, J. Am. Chem.

Soc. 1998, 120, 6240; d) R. F. Carina, A. F. Williams, G. Bernardinel-

li, Inorg. Chem. 2001, 40, 1826; e¢) M. Lopez-Torres, A. Ferndndez,

J.J. Fernandez, A. Sudrez, S. Castro-Juiz, J. M. Vila, M. T. Pereira,

Organometallics 2001, 20, 1350; f) M. Q. Slagt, D. A. P. van Zwieten,

A.J. C. M. Moerkerk, R. J. M. Klein Gebbink, G. van Koten, Coord.

Chem. Rev. 2004, 248, 2275; g) W. Lu, V. A.L. Rpy, C.-M. Che,

Chem. Commun. 2006, 3972; h) M. Gagliardo, G. Rodriguez, H. H.

Dam, M. Lutz, A.L. Spek, R.W.A. Havenith, P. Coppo, L.

De Cola, F. Hartl, G. P. M. van Klink, G. van Koten, Inorg. Chem.

2000, 45, 2143.

a) Z. Xiong, N. Wang, M. Dai, A. Li, J. Chen, Z. Yang, Org. Lett.

2004, 6, 3337; b) G. D. Frey, J. Schiitz, E. Herdtweck, W. A. Herr-

mann, Organometallics 2005, 24, 4416; c) S. P. Mulcahy, P. J. Carroll,

E. Meggers, Tetrahedron Lett. 2006, 47, 8877.

a) M. Pfeffer, Pure Appl. Chem. 1992, 64, 335; b) J. Vicente, J.-A.

Abad, R. Bergs, P. G. Jones, M. C. Ramrez de Arellano, Organome-

tallics 1996, 15, 1422; c) W. Ferstl, I. K. Sakodinskaya, N. Beydoun-

Sutter, G. de Borgne, M. Pfeffer, A.D. Ryabov, Organometallics

1997, 16, 411; d) S.J. Hwang, S. H. Cho, S. Chang, J. Am. Chem.

Soc. 2008, 130, 16158; ¢) K. L. Hull, M. S. Sanford, J. Am. Chem.

Soc. 2009, 131, 9651.

[7] K.J. H. Young, S. K. Meier, J. M. Gonzales, J. Oxgaard, W. A. God-
dard II1, R. A. Periana, Organometallics 2006, 25, 4734.

[8] K.J. H. Young, J. Oxgaard, D. H. Ess, S. K. Meier, T. Stewart, W. A.
Goddard III, R. A. Periana, Chem. Commun. 2009, 3270.

[9] C. Azerraf, D. Gelman, Chem. Eur. J. 2008, 14, 10364.

[10] a) A. Togni, L. M. Venanzi, Angew. Chem. 1994, 106, 517; Angew.
Chem. Int. Ed. Engl. 1994, 33, 497; b) Y. Himeda, N. Onozawa-Ko-
matsuzaki, S. Miyazawa, H. Sugihara, T. Hirose, K. Kasuga, Chem.
Eur. J. 2008, 14, 11076.

[11] B. Butschke, M. Schlangen, D. Schréder, H. Schwarz, Int. J. Mass
Spectrom. 2009, 283, 3.

[12] B. Butschke, M. Schlangen, D. Schréder, H. Schwarz, Chem. Eur. J.
2008, 74, 11050.

[13] a) H. F. Luecke, B. A. Arndtsen, P. Burger, R. G. Bergmann, J. Am.
Chem. Soc. 1996, 118, 2517; b) M. W. Holtcamp, L. M. Henling,
M. W. Day, J. A. Labinger, J. E. Bercaw, Inorg. Chim. Acta 1998,
270, 467; c) J. S. Owen, J. A. Labinger, J. E. Bercaw, J. Am. Chem.
Soc. 2006, 128, 2005; d) N. M. West, P. S. White, J. L. Templeton, J.
Am. Chem. Soc. 2007, 129, 12372.

[14] a) J. B. Fenn, Angew. Chem. 2003, 115, 3999; Angew. Chem. Int. Ed.
2003, 42, 3871; b) http://nobelprize.org./chemistry/laureates/2002/.

[15] a) D. Schroder, T. Weiske, H. Schwarz, Int. J. Mass Spectrom. 2002,
219, 729; b) C. Trage, D. Schroder, H. Schwarz, Chem. Eur. J. 2005,
11, 619.

[16] G.S. Hill, M. I. Irwin, C.J. Levy, L. M. Rendina, R.J. Puddephatt,
Inorg. Synth. 1998, 32, 149.

[17] N. B. Cech, C. G. Enke, Mass Spectrom. Rev. 2001, 20, 362.

[18] http://winter.group.shef.ac.nk/chemputer/.

[19] D. Schroder, H. Schwarz, Can. J. Chem. 2005, 83, 1936.

[20] a) D. Schréder, H. Schwarz, S. Schenk, E. Anders, Angew. Chem.
2003, 115, 5241; Angew. Chem. Int. Ed. 2003, 42, 5087; b) C. Trage,
M. Diefenbach, D. Schroder, H. Schwarz, Chem. Eur. J. 2006, 12,
2454; ¢) D. Schroder, M. Engeser, H. Schwarz, E. C. E. Rosenthal, J.
Dobler, J. Sauer, Inorg. Chem. 2006, 45, 6235; d) P. Gruene, C.
Trage, D. Schroder, H. Schwarz, Eur. J. Inorg. Chem. 2006, 4546;
e) B. Jagoda-Cwiklik, P. Jungwirth, L. RuliSek, P. Milko, J. Roithov4,

[4

—_

[5

—

6

—_

Chem. Eur. J. 2010, 16, 3962 —-3969


http://dx.doi.org/10.1016/S0010-8545(00)80431-2
http://dx.doi.org/10.1002/ange.19770890205
http://dx.doi.org/10.1002/anie.197700731
http://dx.doi.org/10.1002/anie.197700731
http://dx.doi.org/10.1021/ja00449a026
http://dx.doi.org/10.1021/ja00449a026
http://dx.doi.org/10.1016/S0010-8545(00)82010-X
http://dx.doi.org/10.1016/S0010-8545(00)82010-X
http://dx.doi.org/10.1021/cr60320a001
http://dx.doi.org/10.1016/S0010-8545(00)80376-8
http://dx.doi.org/10.1016/S0010-8545(00)80376-8
http://dx.doi.org/10.1039/c39810001284
http://dx.doi.org/10.1039/c39820000034
http://dx.doi.org/10.1016/S0020-1693(00)83570-7
http://dx.doi.org/10.1021/ic00165a013
http://dx.doi.org/10.1021/ic00165a013
http://dx.doi.org/10.1021/ic00168a047
http://dx.doi.org/10.1021/ic00168a047
http://dx.doi.org/10.1016/S0277-5387(00)88056-0
http://dx.doi.org/10.1021/ic00189a032
http://dx.doi.org/10.1016/S0277-5387(00)84489-7
http://dx.doi.org/10.1016/S0277-5387(00)84489-7
http://dx.doi.org/10.1007/BF02252169
http://dx.doi.org/10.1007/BF02252169
http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20011015)113:20%3C3866::AID-ANGE3866%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3773(20011015)40:20%3C3750::AID-ANIE3750%3E3.0.CO;2-6
http://dx.doi.org/10.1021/om010913h
http://dx.doi.org/10.1021/om010913h
http://dx.doi.org/10.1021/om0301583
http://dx.doi.org/10.1016/j.ccr.2004.05.011
http://dx.doi.org/10.1002/ejic.200400371
http://dx.doi.org/10.1002/ejic.200400371
http://dx.doi.org/10.1016/j.jorganchem.2006.06.024
http://dx.doi.org/10.1016/j.ccr.2005.10.003
http://dx.doi.org/10.1016/j.ccr.2005.10.003
http://dx.doi.org/10.1021/om800027g
http://dx.doi.org/10.1021/om801033g
http://dx.doi.org/10.1021/ic991089g
http://dx.doi.org/10.1016/j.ccr.2005.02.004
http://dx.doi.org/10.1016/j.ccr.2005.12.011
http://dx.doi.org/10.1002/chem.200600618
http://dx.doi.org/10.1021/om061101u
http://dx.doi.org/10.1002/chem.200600686
http://dx.doi.org/10.1002/chem.200901517
http://dx.doi.org/10.1002/chem.200901517
http://dx.doi.org/10.1016/j.jorganchem.2005.11.039
http://dx.doi.org/10.1016/j.jorganchem.2005.11.039
http://dx.doi.org/10.1002/ange.19971090930
http://dx.doi.org/10.1002/anie.199710061
http://dx.doi.org/10.1002/anie.199710061
http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C130::AID-ANGE130%3E3.0.CO;2-J
http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C121::AID-ANIE121%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C121::AID-ANIE121%3E3.0.CO;2-O
http://dx.doi.org/10.1021/ja974031e
http://dx.doi.org/10.1021/ja974031e
http://dx.doi.org/10.1021/ic0009526
http://dx.doi.org/10.1016/j.ccr.2004.08.014
http://dx.doi.org/10.1016/j.ccr.2004.08.014
http://dx.doi.org/10.1039/b607422g
http://dx.doi.org/10.1021/ic051967c
http://dx.doi.org/10.1021/ic051967c
http://dx.doi.org/10.1021/ol048749s
http://dx.doi.org/10.1021/ol048749s
http://dx.doi.org/10.1021/om049001g
http://dx.doi.org/10.1016/j.tetlet.2006.10.054
http://dx.doi.org/10.1351/pac199264030335
http://dx.doi.org/10.1021/om950847h
http://dx.doi.org/10.1021/om950847h
http://dx.doi.org/10.1021/om960674b
http://dx.doi.org/10.1021/om960674b
http://dx.doi.org/10.1021/ja806897h
http://dx.doi.org/10.1021/ja806897h
http://dx.doi.org/10.1021/ja901952h
http://dx.doi.org/10.1021/ja901952h
http://dx.doi.org/10.1021/om060410h
http://dx.doi.org/10.1039/b823303a
http://dx.doi.org/10.1002/chem.200801728
http://dx.doi.org/10.1002/ange.19941060504
http://dx.doi.org/10.1002/anie.199404971
http://dx.doi.org/10.1002/anie.199404971
http://dx.doi.org/10.1002/chem.200801568
http://dx.doi.org/10.1002/chem.200801568
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/10.1002/chem.200801658
http://dx.doi.org/10.1002/chem.200801658
http://dx.doi.org/10.1021/ja953437t
http://dx.doi.org/10.1021/ja953437t
http://dx.doi.org/10.1016/S0020-1693(97)06102-1
http://dx.doi.org/10.1016/S0020-1693(97)06102-1
http://dx.doi.org/10.1021/ja056387t
http://dx.doi.org/10.1021/ja056387t
http://dx.doi.org/10.1021/ja074488g
http://dx.doi.org/10.1021/ja074488g
http://dx.doi.org/10.1002/ange.200300605
http://dx.doi.org/10.1002/anie.200300605
http://dx.doi.org/10.1002/anie.200300605
http://dx.doi.org/10.1002/chem.200400715
http://dx.doi.org/10.1002/chem.200400715
http://dx.doi.org/10.1002/9780470132630.ch25
http://dx.doi.org/10.1002/mas.10008
http://dx.doi.org/10.1139/v05-217
http://dx.doi.org/10.1002/ange.200351440
http://dx.doi.org/10.1002/ange.200351440
http://dx.doi.org/10.1002/anie.200351440
http://dx.doi.org/10.1002/chem.200500718
http://dx.doi.org/10.1002/chem.200500718
http://dx.doi.org/10.1021/ic060150w
http://dx.doi.org/10.1002/ejic.200600587
www.chemeurj.org

Ton-Molecule Reactions of [Pt(bipy—H)]*"

J. Lemaire, P. Maitre, J. M. Ortega, D. Schroder, ChemPhysChem
2007, 8, 1629.

[21] S. LeCaér, H. Mestdagh, D. Schroder, W. Zummack, H. Schwarz,
Int. J. Mass Spectrom. 2006, 255-256, 239.

[22] Gaussian 03, Revision E.01, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgom-
ery, Jr., T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S.S.
Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani,
N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K.
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J.
Dannenberg, V. G. Zakrzewski, S. Dapprich, A.D. Daniels, M. C.
Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K. Raghavachari,
J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cio-
slowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaro-
mi, R. L. Martin, D.J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng,
A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wall-
ingford, CT, 2004.

[23] A. Schafer, C. Hubers, R. Ahlrichs, J. Chem. Phys. 1994, 100, 5829.

[24] The basis sets and the ECPs correspond to the revision from June
27, 1997, of the Stuttgart/Dresden groups. Also see: a) D. Andrae,
U. Haeussermann, M. Dolg, H. Stoll, H. Preuss, Theor. Chim. Acta
1990, 77, 123; b) M. Dolg, H. Stoll, H. Preuss, R. M. Pitzer, J. Phys.

FULL PAPER

Chem. 1993, 97, 5852; c) K. A. Peterson, D. Figgen, M. Dolg, H.
Stoll, J. Chem. Phys. 2007, 126, 124101.

[25] a) J. P. Perdew, Phys. Rev. B 1986, 33, 8822; b) A. D. Becke, Phys.
Rev. A 1988, 38, 3098.

[26] a) K. Fukui, J. Phys. Chem. 1970, 74, 4161; b) K. Fukui, Acc. Chem.
Res. 1981, 14, 363; c) C. Gonzalez, H. B. Schlegel, J. Phys. Chem.
1990, 94, 5523.

[27] The analogous reaction of the phen complex [Pt(CH;)(phen)]*
(3)+(CH3),0 (4)—[Pt(phen)((CH;),0—H)]*+CH, is associated
with AgH=—111kJmol .

[28] If one assumes that the hydrogen exchange observed in the reac-
tions of 1 and [D;]1 with [D;]4 involves 11 one has to consider the
exchange within [C,,H,,D5,0] and [C,,H;,D,,0]. Statistically, CH,O,
CHDO, and CD,0O are lost from the former in a ratio of 10:60:30
and from the latter in a ratio of 30:60:10. Due to a small kinetic iso-
tope effect, [C,,H,,D3,0] is formed in small excess over [C,,H;,D,,0]
in the initial hydrogen abstraction process. Therefore, it is expected
that CH,O, CHDO, and CD,O are lost in a ratio that deviates slight-
ly from 20:60:20, favoring CD,O loss as observed in the experiment.

[29] W. Forst, Unimolecular Reactions. A Concise Introduction, Cam-
bridge University Press, 2003.

[30] B. Butschke, S. Ghassemi Tabrizi, H. Schwarz, Int. J. Mass Spectrom.
2010, doi: 10.1016/j.ijms.2010.01.015.

Received: October 5, 2009
Revised: December 30, 2009
Published online: February 23, 2010

Chem. Eur. J. 2010, 16, 3962 —-3969

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

www.chemeurj.org

— 3969


http://dx.doi.org/10.1002/cphc.200700196
http://dx.doi.org/10.1002/cphc.200700196
http://dx.doi.org/10.1007/BF01114537
http://dx.doi.org/10.1007/BF01114537
http://dx.doi.org/10.1021/j100124a012
http://dx.doi.org/10.1021/j100124a012
http://dx.doi.org/10.1063/1.2647019
http://dx.doi.org/10.1103/PhysRevB.33.8822
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1021/j100717a029
http://dx.doi.org/10.1021/ar00072a001
http://dx.doi.org/10.1021/ar00072a001
http://dx.doi.org/10.1021/j100377a021
http://dx.doi.org/10.1021/j100377a021
www.chemeurj.org

