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Abstract: In a combined experimental/
computational investigation, the gas-
phase behavior of cationic [Pt(bipy)-
(CH)(CH),S)* (1) (bipy=2.2"-bi-
pyridine) has been explored. Losses of
CH, and (CH;),S from 1 result in the
formation of a cyclometalated 2,2'-bi-
pyrid-3-yl species [Pt(bipy—H)]* (2).
As to the mechanisms of ligand evapo-
ration, detailed labeling experiments
complemented by DFT-based computa-

Pt-bound methyl group to produce
CH,. Activation of a C—H-bond of the
(CH;),S ligand occurs as well, but is
less favored (35% versus 65%) as
compared to the C(3)—H bond activa-
tion of bipy. In addition, the thermal
ion/molecule  reactions  of  [Pt-
(bipy—H)]* with (CHj;),S have been
examined, and for the major pathway,
that is, the dehydrogenative coupling of
the two methyl groups to form C,H,, a

mechanism is suggested that is compat-
ible with the experimental and compu-
tational findings. A hallmark of the
gas-phase chemistry of [Pt(bipy—H)]*
with the incoming (CHj;),S ligand is the
exchange of one (and only one) hydro-
gen atom of the bipy fragment with the
C—H bonds of dimethylsulfide in a re-
versible “roll-over” cyclometalation re-
action. The Pt"-mediated conversion of
(CH;),S to C,H, may serve as a model

tions reveal that the reaction follows
the mechanistically intriguing “roll-
over” cyclometalation path in the
course of which a hydrogen atom from
the C(3)-position is combined with the

activation

Introduction

2,2'-Bipyridine (bipy) and related heterocyclic systems rep-
resent versatile ligands in the coordination chemistry of
transition metals. Their complexes have received widespread
interest, for example in the assembly of supramolecular net-
works,!! to serve as molecular devices of photochemical
relevance,” to act as pre-catalysts in polymerization process-
esl to provide useful intermediates in synthesis or to
afford insight in intrinsic reactivity features by probing their
gas-phase properties.”!
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to obtain mechanistic insight in the de-
hydrosulfurization of sulfur-containing
hydrocarbons.

bond

With regard to the timely topic of metal-mediated bond
activation, the mechanistically intriguing “roll-over” cyclo-
metalation of 2,2’-bipyridines, which entails a sequence of
decomplexation, rotation around the central C(2)—C(2')
bond, and cleavage of the C(3)—H bond of a pyridine ring
(Scheme 1), has received quite some attention.l! While the
structures of the resulting, still rather rare C—Pt cyclometa-
lated 2,2'-bipyridines are now confirmed after a long and
controversial debate, mechanistic details of the reaction are
far from being settled conclusively.®
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[MX], [M]: transition-metal complexes
R, R'": various substituents

Scheme 1. “Roll-over” cyclometalation of 2,2'-bipyridines.
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Here, we report gas-phase experiments of Pt" complexes
of 22'-bipyridine, generated by electrospray ionization
(ESD™ and probed by mass-spectrometric methods. These
experiments, complemented by labeling studies and density-
functional calculations, provide for the first time evidence
for the operation of the “roll-over” cyclometalation of an
unsubstituted 2,2"-bipyridine by a “bare” cationic Pt" core in
the gas phase (Scheme 2).[¥! In addition, mechanistic variants
operative in the course of the ligand evaporation from [Pt-
(bipy)(CH;)((CH;),S)]" (1) will be discussed as well as
unique interligand hydrogen-exchange processes that prevail
in the dissociation of 1 and in the ion/molecule reactions
(IMR) of the resulting product [Pt(bipy—H)]" ion (2) with
neutral (CHj,),S.

CHj;

v v

[1 - (CHa);S] - CHy]

-CH, - (CHg),S

[1-CHg - CoHyl

-H,S

Scheme 2. Gas-phase generation of C-Pt cyclometalated 2,2'-bipyridine 2.
The path 1—[1—(CHj;),S]—2 is a high-energy process (see below) and
does not compete at lower energies with the alternative sequence 1—
[1-CH,]—-2.

Experimental and Computational Details

The present experiments were performed with a VG BIO-Q mass spec-
trometer of QHQ configuration (Q: quadrupole, H: hexapole) equipped
with an ESI source as described in detail previously.”! In brief, millimolar
solutions of dimeric [Pt(CH;),(u-(CH;),S)], (prepared according to refer-
ence!'”) and the desired ligand bipy (or analogous heterocycles) in pure
methanol were introduced through a fused-silica capillary to the ESI
source via a syringe pump (ca. 3 pLmin"). All heterocyclic ligands em-
ployed were either purchased or synthesized according to literature-re-
ported standard procedures. For the generation of complexes with
(CD;3),S as a ligand instead of (CHj;),S, an excess of (CD;),S was added
to the solution. Nitrogen was used as a nebulizing and drying gas at a
source temperature of 80°C. Maximal yields of the desired [Pt(bipy)-
(CH;)((CH;),S)]* complex 1 and related platinum complexes were ach-
ieved by adjusting the cone voltage (U,) between 20 and 60 V, which de-
termines the degree of collisional 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 pat-
terns,I"?! collision-induced dissociation (CID) experiments, and extensive
labeling studies. The isotope pattern also assisted in the choice of the ad-
equate precursor ion in order to avoid coincidental mass overlaps of iso-
baric species in the mass-selected ion beam.!'! For CID experiments, the
ions of interest were mass-selected using Q1, interacted with Xe as a col-
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lision gas (typically p=10"* mbar) at variable collision energies of E,;,=
0-20 eV, while scanning Q2 to monitor the ionic products. Parent-ion
scans, in which the first analyzer scans a regular mass spectrum while the
second mass analyzer is fixed to the m/z value of the desired product ion,
were used to identify all ions (“parents”) which give rise to a particular
product ion. The ion/molecule reactions of [Pt(bipy—H)]™ (2) and related
complexes with (CHj;),S and its isotopologues were probed at a collision
energy (Ep,) set to nominally 0eV, which in conjunction with the ca.
0.4 eV kinetic energy width of the parent ion at peak half height™
allows the investigation of quasi-thermal reactions, as demonstrated pre-
viously."¥! In order to also recognize secondary reactions, the pressure of
the neutral substrate was deliberately increased to multiple-collision con-
ditions.™ In the case of ion 2, the ESI source was operated at a cone
voltage of U,=60 V. Harsher conditions lead to further fragmentation
and undesired overlap of isobaric signals, whereas lower cone voltages
decrease the yield of the desired product ion 2.

In the computational studies, which primarily aim at a qualitative de-
scription of the unimolecular reactions of 1 and the ion/molecule reac-
tions of 2 with (CHj),S, the geometries of all species were optimized at
the B3LYP level of theory!'® as implemented in the Gaussian03 program
package!'”! using basis sets of approximately triple-& quality. For H, C, N,
and S atoms these were the triple-§ plus polarization basis sets (TZVP)
of Ahlrichs and co-workers."® For platinum, the Stuttgart-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."”! The nature of the sta-
tionary structures as minima or saddle points was elucidated by frequen-
cy analysis, and intrinsic reaction coordinate (IRC) calculations were per-
formed to link the transition structures with the respective intermedi-
ates.”” Energies (given in kJmol™') are corrected for (unscaled) zero-
point vibrational energy contributions. The discussion of the computa-
tional findings will be confined to the singlet states of the various plati-
num cations, because exploratory calculations show that the triplet states
are generally much higher in energy for all species investigated.

Results and Discussion

Under soft ionization conditions (i.e., U, up to about 30 V),
the ESI ion-source mass spectra of a methanolic solution of
[Pt(CH,),(u-(CHj;),S)], and bipy (Figure 1) are dominated
by a signal which we attribute to the formation of the cat-
ionic complex [Pt(bipy)(CH,)((CH;),S)]* (1). As expected,
the extent of fragmentation of 1 increases with increasing
U.; the latter controls the amount of energizing collisions
occurring in the source region.”'*!! When increasing the
cone voltage starting from U.=30V, one observes first the
elimination of CH,, then of (CHj;),S and, at yet higher ener-
gies, a combination of the two neutral fragments resulting in
the formation of [Pt(bipy—H)]* (2). In addition, some of
the primary fragment ions undergo consecutive reactions,
for example, the combined losses of CH, and C,H, formally
yielding [1-CH,—C,H,].”! As also shown in Figure 1, sever-
al ions form adducts with N, used as the drying gas in ESI
and the amount of the N, complexes heavily depends on the
experimental conditions chosen. Assignment of these ions as
genuine N, complexes has been confirmed by variation of
the ESI solvent, that is, CD;OD and CH;CN, and is also
consistent with the data obtained in the labeling experi-
ments.

The generation of the fragment ions is further elucidated
by a series of CID spectra of mass-selected [Pt(bipy)(CHj;)-
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Figure 1. ESI-source mass spectra of a dilute methanolic solution of [Pt-
(CH;),(p-(CHs),S)], and 2,2-bipyridine at different cone voltages.

((CH3),S)]* (1) which imply the sequence of dissociation re-
actions shown in Scheme 2. At low collision energies, the
losses of methane and dimethylsulfide are observed as the
first fragments with apparent thresholds of AE(—CH,)=
(0.94+0.2) eV and AE(—(CH;),S)=(1.2+0.2) eV (Figure 2),
where these values should only be considered as a rough ori-
entation for the energy demands of the fragmentations.””’]
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Figure 2. Energy dependence of the parent ion (e) and the primary cat-
ionic fragments [1—(CHj;),S] (a) and [1-CH,] (m) in the CID spectra of
mass-selected [Pt(bipy)(CH;)((CH;),S)]* (1) at various collision energies.
Note that secondary fragments are summed into the ion abundances for
the primary channels. The inset shows the branching ratio of the compet-
ing losses of CH, and (CHj;),S, respectively, and of the [Pt(bipy—H)]*™
fragment (2) resulting from the combined elimination, that is,
CH,/(CH,),S.
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Note further, that the threshold behavior of 1 is of compo-
site nature and that there is another component, most likely
a direct fragmentation pathway becoming predominant at a
collision energy of about 3eV. At a collision energy of
about 2 eV, the combined loss of CH,/(CH,),S starts to
appear and the branching of these three channels (see inset
in Figure 2) implies that this is mostly due to loss of CH,
followed by that of (CH,),S because the [1-CH,] fragment
serves as a feed for the [Pt(bipy—H)]* fragment (2), where-
as the fraction of [1—(CHj;),S] remains relatively constant.
A parent-ion scan for 2 performed at U.,=30V further con-
firms the reaction sequence depicted in Scheme 2; we note
in passing that also the N, clustered species [Pt-
(bipy—H)(N,)]* and [Pt(bipy)(CH;)(N,)]t serve as “pa-
rents” for 2. At elevated collision energies, also the expul-
sion of neutral Pt-species concomitant with formation of the
protonated ligand LH* is observed; according to the label-
ing data, the additional proton stems from the dimethylsul-
fide ligand. According to the CID results, the formation of
LH™ occurs as a consecutive fragmentation of the primary
fragments at elevated collision energies, e.g. [1-Me,S]—
(bipy+H)* +PtCH,. Therefore, and because this reaction
only occurs at higher energies and leads to the degradation
of the platinum cations, this pathway is not discussed in fur-
ther detail.

Labeling experiments with [Pt(bipy)(CH;)((CDs),S)]*
and [Pt([Ds]bipy)(CH;)((CHs),S)]* as precursor ions reveal
that methane is generated from the (intact) Pt-bound
methyl group together with a hydrogen atom which is pro-
vided mostly by the bipy ligand (ca. 65%); only up to 35%
originate from the dimethylsulfide group. As to the evapora-
tion of dimethylsulfide from 1, this process is a clean reac-
tion in that prior to ligand loss no hydrogen-exchange reac-
tions of the ligands of 1 seem to occur in the gas phase.
When mass selected [1-CH,] is subjected to a collision ex-
periment, the major reaction amounts to the elimination of
Am 28. CID experiments with the labeled ions [Pt(bipy—H)-
((CD3),S)]* and Pt([Ds]bipy—D)((CH,),S)]* result in losses
of Am 31 and 32 from the former compared to Am 28 and
29 from the latter precursor ion. While the relative ratios of
Am 31 versus 32 and of Am 28 versus 29 vary with the colli-
sion energy applied, at E;,=10 eV the two channels are of
comparable importance for each isotopologue. Obviously, in
the course of this reaction one (and only one) hydrogen
atom of the heterocyclic ligand is exchanged with a hydro-
gen atom of the dimethylsulfide group prior to the elimina-
tion of ethene. The occurrence of such a process is further
supported by CID of the ion [1-CH,—C,H,], in which one
observes a signal due to the loss of Am 34 (H,S) while in
the spectrum of the respective ion generated from [Pt(bipy)-
(CH,)((CD5),S)]* this signal splits into Am 35 and 36 (in a
1:1 ratio).

As will be shown later, all these findings can consistently
be explained by invoking a gas-phase “roll-over” cyclometa-
lation of 1 in the course of its fragmentation; indirect sup-
port that the final product does indeed correspond to cyclo-
metalated 2 is provided experimentally as well as by theory.
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For example, DFT-based calculations reveal that the “roll-
over” product 2 is 138 kJmol ' more stable than its conceiv-
able isomer 3 (X=CH); the latter ion would arise upon an
energetically demanding activation of the C(6)—H bond ac-
companied by a complete sacrifice of the stabilizing chela-
tion of the platinum center by the nitrogen atom of the
second pyridine ring.

Using 2,2"-bipyrimidine (bipyrm) instead of bipy as a
ligand leads to the ion-source spectra shown in Figure 3.
From [Pt(bipyrm)(CH;)((CH;),S)]* (4) a signal due to the
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Figure 3. ESI source mass spectra of a dilute methanolic solution of [Pt-
(CHs;),(p-(CHjs),S)], and 2,2'-bipyrimidine at different cone voltages.

loss of CH, is observed as well, but the fourth hydrogen
atom is provided exclusively by the dimethylsulfide group as
unequivocally shown by labeling experiments with the isoto-
pologous (CD;),S-containing complex of 4, which shows no
discernible contribution from the heterocyclic C—H bonds.
Further, in the collision-induced formation of ethene from
[Pt(bipyrm)((CD;),S—D)]*, no hydrogen/deuterium ex-
change precedes the reaction and exclusive elimination of
C,D, is observed. As the 2,2-bipyrimidine complex 4
(Scheme 3) lacks a C(3)—H bond, a “roll-over” cyclometala-
tion is impossible for this substrate on structural ground.
Consequently, and as shown later in the context of the dis-
cussions of the ion/molecule reactions of [Pt(bipy—H)]* (2)
with dimethylsulfide, the very existence of a structural unit
such as 2 constitutes a prerequisite for the exchange of one
hydrogen atom of the heterocycle with the hydrogen atoms
of the dimethylsulfide ligand coordinated to the platinum
core. In Table 1, CID data for [Pt(L)(CH;)((CHs),S)]* cat-
ions with L=2-phenyl pyridine (phpy), 2,2’-bipyridine
(bipy), 2,2'-pyridylpyrimidine (pypyrm), and 2,2'-bipyrimi-
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Table 1. Product branching ratios (normalized to ¥ =100) in the CID
spectra of mass-selected [Pt(L)(CH;)((CH;),S)]* cations with L=2-
phenyl pyridine (phpy), 2,2"-bipyridine (bipy), 2,2-pyridylpyrimidine
(pypyrm), and 2,2-bipyrimidine (bipyrm) at a collision energy of E,=
25eV.

L —CH, —(CH3),S —(CH/(CHs;),S) LH*
phpy 61 2 27 10
bipy 9 59 26 6
pypyrm 3 73 6 18
bipyrm 6 74 2 20
X=CH
N
XN CHy
L e
XZON US(CHy), ¢
U
X —F—> I

1| CH X~ IN

aln KA

Scheme 3. Conceivable cyclometalation pathways for Pt" complexes of
2,2'-bipyridine (X=CH) and 2,2"-bipyrimidine (X =N).

dine (bipyrm) is summarized. Fully consistent with the pro-
posed “roll-over” mechanism, the loss of methane is most
pronounced for phpy, which does not require a “roll-over”
prior to activation of an aromatic C—H bond, and in the
case of bipyrm the consecutive CH,/(CHj;),S loss is of no im-
portance.

Next, the results of the DFT-based calculations for the
process 1—2 are mentioned briefly with a focus on the ener-
getics for the competitive eliminations of CH, and (CHj;),S.
For the former, only the “roll-over” path will be dealt with,
as activation of a pyridine C—H bond corresponds to the
major channel (ca. 65%) as compared to C—H-bond activa-
tion of the dimethylsulfide ligand. Also the details of the
combined C,H,/H,S loss from [1-CH,] will not be ad-
dressed in the present context, as the mechanism(s) of this
formal dehydrosulfurization® will be discussed in some
detail further below; there, we will describe the ion/molecule
reaction of 2 with (CHj;),S leading to the loss of C,H,. Struc-
tural details and selected geometry data of the relevant spe-
cies involved in the process 1—2 are collected below (se-
lected bond lengths given in A of the minima and transition
structures depicted in Figure 4; charges have been omitted
for the sake of clarity), and a simplified potential-energy
surface (PES) is given in Figure 4. The brief discussion of
the PES will be arranged along the color code used in
Figure 4 for the various mechanistic alternatives.

In the overall endothermic transformation 1—2, the four
competing pathways for ligand evaporation accompanied
with cyclometalation fall into two categories which are clear-
ly distinguished energetically. In the most favored one, the
first step corresponds to methane elimination in the pres-
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Figure 4. Schematic PES for the reaction: [Pt(bipy)(CH;)((CH;),S)]*
(1)—[Pt(bipy—H)]* (2) + CH,+ (CH,),S (see text for details).

ence of the stabilizing dimethylsulfide ligand (pathways
given in blue and red); in contrast, when the (CHj,),S ligand
is initially evaporated from 1 (i.e. 1—12), the remaining
bond activation and bond formation steps (indicated by the
green and pink curves in Figure 4) are significantly higher in
energy. In fact, according to the DFT data the energy re-
quirements of several of the transition structures that con-
nect intermediate 12 with the final products 2/CH,/(CH,),S
exceed the exit channel substantially. Thus, this pathway is
unlikely to play a role in the formation of 2 near threshold
conditions of the CID experiments, even though the routes
via 2 might compete at elevated collision energies. In con-
trast, in the initial step for the production of CH,, complexes
6 and 10 (either of which may then serve as intermediates
for the final evaporations of CH, and (CHj;),S to generate
2) are more easily accessible energetically and the rate-de-
termining steps 5—6 and 8 —9 are associated with the “roll-
over” metalation reaction, that is, the activation and trans-
formation of an agostic C(3)—H bond. There are, however,
subtle mechanistic differences, and a few of them are
worthy of mentioning. In the “blue” reaction path, 1-5—
6—7—2, platinum retains its formal oxidation state Pt", and
the crucial step 5—6 has the signature of a o-bond metathe-
sis reaction.” In contrast, the related steps §—9—10 are
better described in terms of an oxidative addition/reductive
elimination reaction that is, Pt'—Pt"Y —Pt". Another, rather
general structural aspect concerns the geometric arrange-
ment of the dimethylsulfide ligand in the (CH;),S com-
plexes. A preference for a trans-alignment of the N-Pt-S
unit seems to exist, as shown for 6 and 7.7 This feature
bears some resemblance with the X-ray structure of [Pt(Cl)-
(L—H)((CH;),S)] with L=6-tert-butyl-2,2'-bipyridine;*" in
this cyclometalated complex, the (CH;),S ligand occupies a
trans-position with a Pt—N-bond length of 2.042 A and a Pt—
S-bond length of 2.263 A. The DFT-derived data for the cor-
responding N-Pt-S unit in the gas-phase, structure 7, are
2.069 and 2.346 A, respectively. A stereoisomer of 7, with a

Chem. Eur. J. 2008, 14, 11050 -11060

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

cis N-Pt-S alignment, could not be located as a minimum in
our rather extensive PES screening.

As mentioned above, CID of [1-CH,] yields a signal due
to the loss of C,H,. This observation prompted us to address
the ion/molecule reaction of (CHj;),S with mass-selected [Pt-
(bipy—H)]* (2), where the latter has been generated from 1
at U,=60 V. The dominant product ions of the IMR at E,,,
nominally set to 0V (Figure 5) correspond to the loss of

A Pubiey-HY
-CoHa
= ¥
‘B
=
8 : at
= M — i
L)
= -H,SH _
5 TR Ho
2| (ipy+Hy ¥
- CH,S
- CH,
dduct
-[C2Hy.S \’4 - CH;S -CHyH; | -CHs / -
R L
| .
120 140 160"’ 350 360 370 380 390 400 410 m/z’

Figure 5. Ion/molecule reactions of mass-selected [Pt(bipy—H)]* (2) with
(CH,).S.

C,H, (55% of all product ions formed) and the generation
of protonated bipy (m/z 157) with 15% of the branching
ratio. Obviously, the first process corresponds to a formal
dehydrosulfurization of (CH,),S and an oxidative C—C cou-
pling of the two methyl groups to liberate C,H,. In the pro-
duction of m/z 157, one hydrogen atom and one proton are
transferred from the incoming (CH;),S ligand to the
(bipy—H) fragment, yielding (bipy+H)*. When this ion/
molecule reaction is conducted with (CD;),S, the spectrum
shown in Figure 6 is obtained. Obviously, all relevant signals,
that is, losses of, for example, ethene (Am 28) and thiofor-

A [Pt(bipy - H)I [Ds-(bpy + HY'
[D2]-(bpy + H)*
Z -CDs CHDs oy £
2 - CHD,/D E
- 212 -
g CO:S  ondior CD4/HD 2
© =
2 -CD4D CHD, 2
© o
3 - CHD_SC Ds- C.HD
-[C,H,Ds,S] ¢ 2\4_ 2HD3y 156158160162
/ ; adduct
k E .
340 350 360 370 380 390 400 410 420 .

Figure 6. Ion/molecule reactions of mass-selected [Pt(bipy—H)]* (2) with
(CD;),S. The signals for the loss of protonated bipyridine are shown as
inset.
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maldehyde (Am 46) or the formation of protonated bipy,
are split into doublets. For example, for the latter ion, one
does not only observe a signal due to the expected transfer
of only two deuterium atoms from the (CDj;),S ligand to
(bipy—H), resulting in m/z 159; rather, a third deuterium
has been incorporated through hydrogen exchange giving
rise to m/z 160. Similarly, in the eliminations of ethene and
thioformaldehyde, the expected signals of C,D, and CD,S
are accompanied by signals due to the eliminations of
C,D;H and CDHS, respectively. Quite clearly, prior to these
dissociation processes one (and only one) hydrogen atom
from the heterocyclic (bipy—H) fragment undergoes an H/D
exchange process with the dimethylsulfide ligand. Such a
scenario is expected to occur for a cyclometalated structure
16 (Scheme 4) in which the still available C(3')—H bond un-
dergoes the H/D exchange with the dimethylsulfide ligand

™ °
=N,
Pt
H P
N R
™
18
2 1
x @
A
Ho Ay
S |
19
b)

Scheme 4. a) Hydrogen exchange between C(3')-H of a Pt-bound 2,2"-bi-
pyridine fragment and RH (R stands for CH;SCH,); b) reversible hydro-
gen transfer from RH to a Pt-bound 2'-pyridinyl-2-pyrimidine fragment.

(depicted as RH in Scheme 4).
Thus, an unprecedented reversi-
ble “roll-over” process is opera-
tive. For a system lacking this

) its i la
structural feature, as in the cy- (PMS) andits isotopologues.

A [Pt(pypyrm - H)'

=

2 -C,D,

g

R=

¢ [Do]-(pypyrm + H)"

: e /

om0 s
-CD,S * / ¢

L | RN .
160 350 360 370 380 390 400 410 420

Figure 7. Ion/molecule reactions of mass-selected [Pt(pypyrm—H)]* with
(CD;),S.

does not exhibit any evidence for H/D exchange between
the two ligands prior to product formation.

A closer inspection of Figure 6 reveals, however, that the
actual mechanism of ethene elimination, which forms the
focus of our interest, actually seems more subtle than to
follow a simple combination of intracomplex hydrogen ex-
change between ligands terminated by a specific transfer of
“H,S” from the dimethylsulfide ligand to the [Pt(bipy—H)]*
core. Therefore, a rather extensive labeling study employing
[Dg]bipy, CH;SCD;, and (CD;),S, was conducted; the exper-
imental isotope distributions in the formations of C,H,, (x=
0—4) was subjected to a detailed kinetic modeling.”” In this
kinetic model, we take into account i) the existence of aver-
aged primary kinetic isotope effects for the various transfers
of H/D atoms (KIE,,,) and of a secondary isotope effect as-
sociated with the formation of C,H,_,D, (KIE,.), ii) a statis-
tical exchange process of one hydrogen/deuterium atom
from the bipy fragment with any of the six hydrogen/deute-
rium atoms of the dimethylsulfide ligand (we abbreviate the
fraction of this “scrambling” reaction f.), and iii) the possi-
bility that the two hydrogen atoms of dimethylsulfide are
transferred directly, that is, without H/D exchange, to the
[Pt(bipy—H)]* fragment (f,,). For the “direct” path we fur-
ther distinguish two mechanistic variants, that is, a formal
1,1-transfer (both hydrogen atoms originate from the same
methyl group) or a 1,3-process (the notations f;,; and f ; are
used for these two alternatives). As shown in Table 2, one

Table 2. Experimentally observed and computationally derived distributions for the formation of C,H, ,D,
(x=0-4) in the ion/molecule reactions of [Pt(bipy—H)]* (2) and [Pt([Dg]bipy—D)]* with dimethylsulfide

clometalated Pt" complex 22 of

[Pt(bipy—H)]"

[Pt([Dy]bipy—D)]*

2-pyridinyl-2-pyrimidine DMS [D,]DMS [Dg]DMS DMS [D,]DMS [Dg]DMS
(pypyrm), one does not expect CH: 100 (100) 2.0 (2) - 56.6 (57) - -
any of these exchange processes 10 - 283 (28) - 43.5 (43) 113 (11) -

y gep S CH,D, - 55.9 (56) - 547 (54) -
to occur. In fact, as shown in C,HD, _ 13.8 (14) 43.5 (44) 31.6 (32) -
Figure 7, the ion/molecule reac- C,D, - - 56.6 (57) 2.4 (3) 100 (100)

tion of
(pypyrm—H)]*

mass-selected  [Pt-
with (CH;),S data.
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[a] The distributions are normalized to ¥=100%. Numbers given in parentheses refer to the experimental
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obtains excellent agreement between the experimental find-
ings for all six independent reactions and the kinetic model-
ing for the following modeling parameters: f,,=0.74, f,=
0.26, f1,=0.32, f,3=0.68; KIE,,,=1.1 and KIE,,.=0.95. As
can be seen from these values, the loss of ethene is preceded
by a rather strong but not complete scrambling (f,..=0.74)
of one hydrogen atom from the (bipy—H) ligand and the six
hydrogen atoms from (CHj;),S. This is also reflected in the
low value of 1.1 for KIE,,. Moreover, for the selective
channel one finds a preference for a 1,3-elimination mecha-
nism (f; 3=0.68).

Further insight into mechanistic aspects of the rather un-
usual C,H, generation from the encounter complex [Pt-
(bipy—H)]*/(CH,),S is obtained from DFT-based calcula-
tions. As applied for the reaction sequence 1—2, also in the
ion/molecule reaction of 2 with (CHj;),S only singlet states
are considered because the triplets are invariably much
higher in energy. Further, here we report only the reaction
path that commences with a C—H-bond activation of the in-
coming (CHj,),S ligand, and we will confine ourselves to the
1,3-hydrogen-atom transfer variant which forms the major
component in this rather complicated system (see Table 2).
The conceivable initial activation of a C—S bond by oxida-
tive insertion of platinum in this bond has also been ad-
dressed computationally.””® However, due to the unavoida-
ble involvement of high-energy Pt! species in this path of
bond activation and C—C-bond formation, this reaction var-
iant was found to proceed via transition states that are locat-
ed well above (> 115 kJmol™') the entrance channel; thus,
they do not play a role in the thermal experiment and will
not be discussed here.

The simplified PES of the IMR of [Pt(bipy—H)]*™ with
(CHs;),S is shown in Figure 8, and relevant geometric details
are shown below (selected bond lengths given in A; charges
omitted for clarity). The reaction commences with the for-
mation of the rather stable encounter complex 7 (for the ge-
ometry of 7, see above). The energy gained in this step is
substantial (—224 kImol ') and is contained as ro-vibration-
al energy in the encounter complex to drive the system
toward product formation. Actually, all intermediates and
their connecting transition structures are located energeti-
cally below the entrance channel; the overall reaction to
form C,H, and [Pt(bipy)(H)(S)]* (32) is exothermic.”® The
most stable structure is 26 in which the C—H-bond activa-
tion of dimethylsulfide delivers a hydrogen atom for re-es-
tablishing the aromatic C—H bond of the nitrogen ligand, re-
sulting in a formal coordination of deprotonated dimethyl-
sulfide to the platinum center.”*! There are two steps
which are rather high in energy. The first one, TS 7/25, is as-
sociated with the platinum-mediated transfer of a hydrogen
from the incoming (CHj;),S ligand associated with Pt—C
cleavage and C-H-bond formation (7—25); next, in a se-
quence of events 25 gives rise to 28 (from which also CH,S
may be liberated). The crucial C—C-bond forming-step, to
generate a precursor for the eventual formation of C,H,,
commences from 28 to give rise to 29. The latter structure
has all requirements to rearrange via a conventional y-hy-
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drogen transfer (29—30) followed by a cycloreversion of the
metallacycle. This process (30—31), once more, is rather
energy-demanding; in contrast, the evaporation of C,H,
from 31, which terminates the dehydrosulfurization of
(CH,),S, is facile. While elimination of neutral ethene is also
observed in the ion/molecule reaction of mass-selected [Pt-
(pypyrm—H)]* with (CH;),S (Figure 7), this does not hold
true for the analogous reaction of [Pt(phpy—H)]* with
(CH;),S. Assuming a mechanism analogous to that depicted
in Scheme 2 is operative for all three heterocyclic systems
(Scheme 5), the deviating behavior of the [Pt(phpy—H)]*/

[Pt(bipy - H)I"  [Pt(pypyrm - H)I [Pt(phpy - H)I"

Scheme 5. Structural representations of [Pt(bipy—H)]* (2), [Pt-
(pypyrm—H)]*, and [Pt(phpy—H)]*.

(CH,),S couple can be related to the step 25—26, which is
accompanied by an energy gain of about 105 kJmol™!' for
the bipy system because of the second nitrogen atom that
coordinates to the platinum core in this step. In the related
phpy system, however, no such coordination is possible;
consequently, the exit channel would be higher by this
amount of energy in comparison to the bipy system. In
future work we will address various structural and mechanis-
tic aspects of this technologically rather important process
of hydrocarbon refining in more detail.

E o [kJ mol ]
2+DMS
0 e m e o
157426 TS30/31
- 501 -63 32?% CoHe
TS26/27 L -
- 1004 115 ]
TS25/26
- 150 -156 TS27/28
1529/30
- 2004
- 250
- 3004 26

Figure 8. Simplified PES for the ion/molecule reaction of [Pt(bipy—H)]*
(2) with (CH,),S to generate C,H, (see text for details).

Conclusion

The combined experimental/theoretical investigation of the
fragmentation behavior of cationic [Pt(bipy)(CHs)-
((CH3),S)]* (1) provides insight into various bond-activation
and bond-coupling reactions promoted by cationic platinum

— 11057

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

H. Schwarz et al.

A EUROPEAN JOURNAL

complexes in the gas phase. In the competitive loss of meth-
ane and dimethylsulfide, methane is mostly formed from the
Pt-bound methyl group and one C(3)-H hydrogen atom
from the bipy ligand, and a “roll-over” cyclometalation
mechanism is operative. This reaction is without precedence
in the gas phase. Further fragmentation yields the cyclome-
talated species [Pt(bipy—H)]* (2). The genesis of the latter
ion was furthermore studied theoretically using DFT calcu-
lations. In ion/molecule reactions of [Pt(bipy—H)]* with di-
methylsulfide we probe a part of the potential energy sur-
face that is also accessed in the CID experiments of
[1-CH,]. Labeling experiments demonstrate that the expul-
sion of ethene is accompanied by an extensive scrambling of
one (and only one) hydrogen atom from the heterocyclic
ligand with the six hydrogen atoms of the dimethylsulfide
unit. This, and other experiments, are best interpreted as
evidence for the reversibility of the cyclometalation process
in the gas phase. An extensive labeling study of this reaction
permits to derive a kinetic model of the data, revealing a
preferred 1,3-hydrogen transfer from dimethylsulfide to [Pt-
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(bipy—H)]™* in the course of ethene liberation. The ion/mol-
ecule reaction of [Pt(pypyrm—H)]* with dimethylsulfide
further suggests that the “active” hydrogen in the bipy
ligand must be the C(3)—H hydrogen atom and thus further
support the operation of a reversible “roll-over” cyclometa-
lation process. To elucidate the mechanism of the unusual
oxidative C—C-coupling reaction in the transformation
CH;SCH;—CH,=CH,, exploratory DFT calculations were
carried out. As a main result, together with the experiment,
the driving force for the whole reaction sequence is the for-
mation of a second Pt-N coordination in the course of the
retro “roll-over” process.
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