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The gas-phase ion/molecule reactions of cyclometalated [Pt(bipy — H)|* (bipy =2,2’-bipyridine) with the
chloromethanes CH4.,Cl, (n=1-4) were investigated and mechanistic features were derived from deu-
terium labeling experiments. The initial step corresponds to an insertion of the platinum center into the
C-Cl bond of the chloromethanes which is either followed by an intramolecular migration of the (halo-
genated) methyl group to the platinum-bound carbon atom of the aryl ring or for the substrates CHCl3
and CCly by the losses of neutral or cationic CHCl, and CCl; fragments. In all reactions, apart from that
with CH3Cl, transfer of CH,.,Cl, (n=0-2) to the (bipy - H) ligand is observed; this process corresponds

to a platinum-mediated C-C bond formation.
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1. Introduction

The oxidative additions of neutral Pt(II)-complexes [1] to C-X
bonds (X =Cl, Br, I) of halogen-substituted methanes [2-7], higher
haloalkanes [6-10], and even metal-containing substrates [11]
have been investigated quite extensively over the last four decades,
and also in the reactions of chloroolefins and -alkanes with
Pt(0)-complexes insertions into C-Cl bonds were observed [12].
In most of the examples mentioned above, nitrogen-donor lig-
ands were employed with [Pt(CH3 ), (bipy)] (bipy = 2,2’-bipyridine)
as the mostly used structural motif [1,4,5,9-11]. Van Koten
and co-workers have investigated in detail the reaction of CHsl
with cyclometalated [Pt(CgH3(CHyNMe;),-0,0")(Hy0)][BF4] (A in
Scheme 1); however, instead of generating the oxidative-addition
product [Pt(CH3 )(I)(CgH3(CH;NMes ),-0,0')][BF4] (B), the complex
[Pt(I)(CH3CgH3(CH,;NMe; ),-0,0')][BF4] (C) was isolated; obviously,
a carbon-platinum bond had been replaced by a carbon-carbon
bond [13,14]. An intramolecular 1,2-methyl shift B— C was sug-
gested [15], and mechanistic aspects of this process were analyzed
in a comprehensive theoretical study by the Hoffmann group [16].
Cyclometalated transition-metal complexes [17-41] are encoun-
tered as intermediates in different organic transformations such
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as the Heck reaction and the Suzuki coupling [42-44], and these
compounds have also been employed in the synthesis of various
heterocyclic products [45-49].

More recently, we have studied in quite some detail the gas-
phase reactions of the “rollover”-cyclometalated Pt(II) complex
[Pt(bipy - H)]* (1) with various substrates [50-53]; this Pt(II)
cation can be conveniently produced via the consecutive losses
of methane and dimethyl sulfide from [Pt(CH3)(bipy)((CH3),S)]*
[50]. Here, we present the results of ion/molecule reactions (IMRs)
of the chloromethanes CH,4_,Cl, (n=1-4) with cyclometalated 1.
Mechanistic insight is gained through comparative reactions with
the deuterium labeled complexes [Pt([Dg]-bipy - D)]* (|[D7]-1)
and [Pt([D;]-bipy - D)]* ([D1]-1) (|D;]-bipy =3,3’-dideutero-2,2'-
bipyridine), and with the methylated complexes [Pt(CH3)(bipy)]*
(2), [Pt(CHs3)([Ds]-bipy)]* ([Ds]-2), and [Pt(CH;)(bipyrm)]* (3)
(bipyrm = 2,2’-bipyrimidine) (Scheme 2).

2. Experimental Details

The experiments were performed with a VG BIO-Q mass spec-
trometer of QHQ configuration (Q: quadrupole, H: hexapole)
equipped with an electrospray ionization (ESI) source as described
in detail previously [54,55]. In brief, millimolar methanolic solu-
tions of dimeric [Pt(CH3 ), (-(CH3)2S)]> (prepared according to Ref.
[56]) and the desired ligands, i.e. 2,2’-bipyridine (bipy), the deuter-
ated analogues 3,3'-dideutero-2,2’-bipyridine (|D,]-bipy) and
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Scheme 1. Mechanism for the formation of [Pt(I)(CH3CsH3(CH,NMe, ),-0,0")][BF4]
(C) in the reaction of cyclometalated [Pt(CsHs(CH;NMe; )2-0,0")(H20)][BF4] (A) with
Mel as suggested in Refs. [13-15]. The counter ion [BF4]~ has been omitted for the
sake of clarity.

perdeutero-2,2’-bipyridin ([Dg]-bipy) as well as 2,2’-bipyrimidine
(bipyrm), were introduced through a fused-silica capillary to the
ESI source via a syringe pump (ca. 3 wL min~!) in order to pro-
duce the ligated Pt(II) cations under investigation (Scheme 2). Apart
from [D;]-bipy, the heterocyclic ligands were purchased. [D; ]-bipy
was synthesized via palladium-mediated coupling [57] of 2-chloro-
3-deuteropyridine which was synthesized according to [58]. The
deuterium incorporation was determined to [Dg]: [D1]: [D2]=2:
19: 79 by analyzing the resulting isotope patterns of the complexes
[Pt(CH3)([Dn]-bipy)((CH3)2S)I* and [Pt(CHs3)([Dy]-bipy)]* (n=0 -
2). Analogously, a ratio of 77: 23 for the species [D1]-1 and 1 was
determined. This implies that mass selection of the ion at m/z=352
yields [D1]-1 in 97% purity. The same analysis for the purchased
[Dg]-bipy ligand reveals a distribution of [D7]-bipy: [Dg]-bipy = 12:
88. [Dg]-1 and [D7]-1 are produced in a ratio of 84: 16, and mass
selection of the signal at m/z=358 resulted in [D7]-1 in 98% purity.

In the ESI experiments, nitrogen was used as a 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 [59]. The identity of the ions was
already confirmed earlier [50,60]. The ion/molecule reactions of the
platinum complexes with the substrates were probed at a collision
energy (Ej;p) 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
[54] allows the investigation of quasi-thermal reactions, as demon-
strated previously [61-65]. All chloromethanes were purchased.
The rates (k) of the IMRs shown below are given relative to that
of [Pt(bipy - H)]* with CH,Cl; (ke = 100).

3. Results and Discussion
3.1. Reactions with CH3Cl

The mass spectrum for the reaction of mass-selected [Pt(bipy -
H)]* (1) with CH3Cl (k. =85) is shown in Fig. 1. From the adduct
complex (18% rel. intensity) HCl is eliminated nearly as the only
product (79%). When [D7]-1 is reacted with CH3Cl, losses of HCl
and DCI are observed. In Table 1, the HCl/DCl-loss ratios for the
IMRs of mass selected 1, [Dq]-1, and [D7]-1 with CH3Cl and CD3Cl
are given.

The ratios for the losses of HCl and DCl in the reactions of [D1]-1
and [D7]-1 with CH3Cl are within error bars identical. This implies
that from the heterocyclic ligand nearly exclusively the hydrogen

Table 1
Experimentally observed ratios for the losses of HCl and DCI (in %) in the IMRs of
mass selected 1, [D;]-1, and [D7]-1 with CH3Cl and CD5CI°.

1 [D1]-1 [D7]-1
CHs5Cl 100: 0 56: 44 55:45
CDsCl 54: 46 2: 98P 1:99b

2 The distributions are normalized to ¥ =100%.
b The observed signal for the loss of HCl is the result of incomplete deuteration of
[D,]-bipy and [Dg]-bipy (see Experimental Details).
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Fig. 1. lon/molecule reaction of mass-selected [Pt(bipy — H)]* (1) with CH3Cl. m/z
values are given in parentheses for the lightest isotopomer.

atom from position C(3’) is involved in the formation of hydro-
gen chloride. This is also supported by the fact that for the couple
[D1]-1/CD3Cl<2% HCI are lost. However, there must exist a fur-
ther independent pathway for HCI formation as indicated by the
HCI/DCl ratio of 56: 44 for the couple [D1]-1/CH3Cl. Obviously, the
incoming CH3Cl ligand also serves as a hydrogen-atom source. The
observed HCI/DCl ratio can be explained by a mechanistic scenario
in which both processes, the activation of the C(3’)-D bond and C-H
abstraction from the methyl group of CH3Cl compete, and a mech-
anism which accounts for this scenario is shown in Scheme 3.1 The
initially formed adduct complex [Pt(bipy — H)(CH3Cl)]* undergoes
first C-Cl bond insertion that is followed by a 1,2-methyl shift to the
platinum-bound carbon atom of the heterocyclic ligand. For both
steps, precedent exists in solution-phase reactions as mentioned
in the Introduction. Elimination of HCI can then occur by hydrogen
abstraction from the methyl group (path I), while for the formation
of HCI including the hydrogen atom from position C(3’) the hete-
rocyclic ligand has to undergo a sequence of “retro-rollover” and
“rollover” processes (path II).

There is further experimental support for this scenario: i) in the
reaction of [Pt(CHs3)(bipy)]* (2) with CH3Cl, from the adduct com-
plex the elimination of CHy4 as well as the consecutive losses of CHy4
and HCl are observed (see Fig. 2a); ii) when the deuterated analogue
[Pt(CH3)([Dg]-bipy)]* ([Dg]-2) is reacted with CH3Cl one observes
CH4 elimination as well as the combined eliminations of CH4/HCl
and CH,4/DCI; the latter occurs in a ratio of 56: 44; iii) in the reaction
of [Pt(CH3)(bipyrm)]* (3) with CH3Cl, the loss of CH4 is observed
but not the combined formations of CH4 and HCI (see Fig. 2b). In
all cases, methane loss must have initially produced the species
[Pt(L)(CH,CD)]* (L=bipy, [Dg]-bipy, bipyrm) because in the reac-
tion with [Dg]-2 no elimination of CH3D is observed and for 3 no HCI
loss occurs as a consequence of the fact that no hydrogen atoms are
accessible for an abstraction process [60] (see Scheme 4). However,
only in the first two cases an isomerization producing [Pt(bipy -
H)(CH3C1)]* and [Pt([Dg]-bipy — D)(CH,DCl)]* is, in principle, feasi-
ble and from these intermediates HCl elimination can be explained
according to Scheme 3; indeed, only in these two cases the consecu-
tive losses of CH4 and HCI (or DCI) take place. Moreover, inspection
of Table 1 reveals that for the couples 1/CD3Cl and [D7]-1/CH3Cl
loss of HCl is slightly favored as compared with DCI elimination.
This, implies that for the former pair, path II in Scheme 3 is pre-
ferred and for the latter path I. Thus, most likely, a kinetic isotope

1 H/D scrambling between position C(3') and the incoming CH3Cl can be ruled out
as this would result in an HCl/DCl ratio of 3 : 1.
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Scheme 2. Pt(II) complexes employed in the gas-phase IMRs with the chloromethanes CH4.,Cl, (n=1 - 4).
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Scheme 3. Proposed mechanisms for the HCl loss in the IMR of [Pt(bipy - H)]* (1) with CH3Cl.

effect is associated with the rate-limiting steps of C-H/D bond
activation.

We note in passing that in the IMR of 1 with chloroethane loss
of HCl is unimportant. Rather, elimination of neutral ethene consti-
tutes the dominant process; this can be easily explained by a facile
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Fig. 2. Comparison of the ion/molecule reactions of mass-selected a)
[Pt(CH3)(bipy)]* (2) and b) [Pt(CH3)(bipyrm)]* (3) with CH3Cl. m/z values are
given in parentheses for the lightest isotopomer.

B-hydrogen elimination from the platinum bound ethyl group after
initial C-Cl bond insertion. Quite likely, a “retro-rollover” process
that results in the formation of [Pt(bipy)(Cl)]* serves as a driving
force.

3.2. Reactions with CH>Cl,

In the IMR of mass-selected [Pt(bipy - H)]* (1) with CH,Cl,
(kye1 =100, Fig. 3) the most important reaction channels correspond
to the eliminations of HCI (9%), 2HCI (16%) and PtCl, (50%) from the
adduct complex (20%) (Fig. 3). For the formation of HCl, we suggest
the same mechanistic scenario as illustrated in Scheme 3 for the
couple 1/CH3Cl; this is justified because in the IMR of the deuterium
labeled precursor complex [Pt([Dg]-bipy - D)]* with CH,Cl, losses
of HCl and DCl are observed in a ratio of 74: 26 (pathways (I) and (II)
in Scheme 5). This ratio is significantly higher than in the reaction
of 1 with CH3Cl, and this is consistent with the proposed mech-
anism as coordination of the CH,Cl-group to the platinum center
can be assumed to be stronger than that of the CH3 group for the
couple 1/CH;Cl; therefore, pathway (II) should be connected with a
higher barrier for the aryl-aryl rotation. The combined losses of two
HCl molecules, on the other hand, cannot be explained as easily as
implied by path (IIl) in Scheme 5 because this scenario contradicts
the findings for the reaction with [Pt([Dg]-bipy — D)]* where both
2HCl and HCI/DCl are eliminated in a ratio of 57: 43. Obviously, par-
tial hydrogen/deuterium exchange between the incoming CH,Cl,
substrate and the heterocyclic ligand occurs; however, it is not clear
if this takes place prior or after the first HCl-elimination step. The
fact that only one deuterium atom is incorporated into the neu-
tral product suggests that only the highlighted hydrogen atom in
(bipy - H) is involved in the reactions (Scheme 5). The elimina-
tion of neutral PtCl, can be explained through the steps indicated
by pathway (IV) in Scheme 5; Cl-atom transfer (instead of H-atom
transfer) from the CH,Cl-group to the platinum center following
the 1,2-methyl shift generates PtCl, as a thermodynamically favor-
able leaving group.

3.3. Reactions with CHCl3

In the reaction of [Pt(bipy - H)]* with CHCl3 (k.. =66, Fig. 4)
the losses of HCl (44%), PtCl, (10%) and neutral CHCl, (18%) from
the adduct complex (2%) are observed as well as the formation of
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cationic CHCI,* (5%). In the reaction of [Pt([Dg]-bipy - D)]* with
CHCl3, HCI and DCI are formed in a ratio of 95: 5; this is consis-
tent with the trend already noted for the elimination of HCl in the
reactions of 1 with CH3Cl and CH,Cl,, respectively (compare path-
ways (I) and (II) in Scheme 6). Formation of PtCl, from the adduct
can be explained analogously as for the couple 1/CH,Cl; (pathway
(1) in Scheme 6). In addition to the channels which were already
observed in the reactions of 1 with CH3Cl and CH,Cl, there are two
new processes which are linked by a formal charge-transfer pro-
cess, i.e. formation of [Pt(bipy — H)(C1)]* + CHCl, versus [Pt(bipy —
H)(CI)] + CHCI,*.

X 1@

ZN-pi—ci

X 1@ X e
ZN, [~ "

H
Pt —> Pt —» /
N\ CHoCI

| XN H]®
|
0 H /N"/Pt—CI
> NN CHOL - Hel
{ =
X 1@ 2N 7@ Z e N9
) H
AN T I I/N\‘ N\IH N\I ) N\I
— Pt — L — Pt — Pt
\ HCICLA Y N HoCIC A~ -Pt—Cl HCIC ANy HOIT HCIC A
= ! = { = ™ J ™ ! X ! X !
| X ¢ |® | X @
|
) HNEN-Pt—cl HONENG
L—> / —> CH,
NN CH:  -PCL NN
! = { =

() H
_>

[Pt(bipy - H)I*
4 (349)
- PtCl,
> (169)
B
5 /
k=
(0]
2
2 - 2HCI
o (361) adduct
(bipy + H)' -Hol  (433)
(157) m/z = 181 / (397) /
] | v ]/ k . I ll. _

140 160 180 200 220 340 360 380 400 420 440/m/z

Fig. 3. lIon/molecule reaction of mass-selected [Pt(bipy — H)]* (1) with CH,Cl,. m/z
values are given in parentheses for the lightest isotopomer.
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Fig. 4. lon/molecule reaction of mass-selected [Pt(bipy - H)]* (1) with CHCl;. m/z
values are given in parentheses for the lightest isotopomer.

3.4. Reactions with CCly

In the reaction of 1 with CCly (ke =98, Fig. 5) after adduct for-
mation (4%) the main processes correspond to the losses of neutral
PtCl, (28%) and CCl3 (27%) as well as to the formation of cationic
CCl3* (27%). Amechanistic scenario for these processes is suggested

in Scheme 7.
| XN 1@ | A e
H /N.Tt —>(”|) A /N“c Pt
N CHC T N
I = { =

Scheme 5. Proposed mechanisms for the main reactions in the IMR of [Pt(bipy — H)]* (1) with CH,Cl,.
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In passing, we would like to mention that also in the reactions
of 1 with benzylchloride and tert-butylchloride abstraction of Cl—
from the neutral substrates occurs to give rise to the formations of
C7H7* and t-C4Hg* cations, respectively; however, in these cases
no signal for [Pt(bipy - H)(C1)]* is observed. This, together with the
above mentioned results implies a series of decreasing stability for
C7H7*, t-C4Hg* > CCl3* > CHCl,* > CH, Cl*, CH3* which is in line with
the trends known from carbocation stabilities [66].
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Fig. 5. Ion/molecule reaction of mass-selected [Pt(bipy - H)]* (1) with CCly. m/z
values are given in parentheses for the lightest isotopomer.

4. Conclusion

In the reactions of cyclometalated [Pt(bipy — H)]* with CH3Cl the
elimination of HCI corresponds to the most dominant process. Two
mechanisms are operative which have both in common the initial
insertion of the platinum center into the C-Cl bond followed by
an intramolecular migration of the methyl group to the platinum-
bound carbon atom of the heterocyclic ligand. Next, HCl is formed
either after hydrogen abstraction from the methyl group or in a
specific fashion from the C(3’) position of the aryl ring after two
consecutive ring rotations of the pyridyl rings. In the reaction of
[Pt(bipy — H)]* with CH,Cl, the transfer of CH, to the (bipy - H)
ligand constitutes the most important process concomitant with
formation of neutral PtCl,. In the reactions with CHCI3 and CCly
couples of CHCl, and CHCI,* as well as CCl3 and CCl3* are gen-
erated; this is likely due to the decreasing C-Cl bond dissociation
energies in the series CH3Cl, CH,Cl,, CHCl3, and CCly.
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