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Carboxylate-assisted Pd-catalyzed C—H bond activation constitutes a mild and versatile synthetic tool to
efficiently and selectively cleave inert C—H bonds. Herein, we demonstrate a simple method to experi-
mentally evaluate both reactivity and selectivity in such systems using mass spectrometry (MS) methods.
The N-heterocyclic carbene (NHC) cations [(NHC)PdX]", bearing as X~ ligand bases commonly used to
promote the C—H activation (carboxylates and bicarbonate), are generated in the gas-phase by ESI-MS.
Their C-H bond activation at the N-bound groups of the NHC is then studied using Collision Induced
Dissociation (CID) experiments. lon Mobility Spectrometry (IM)-MS is exploited to identify a number of
regioisomers associated with the distinctive site selective C—H activations. It is demonstrated that such
C—-H activation concomitant with acetic acid release occurs from a mixture of activated [(NHC-H)Pd
(CH3CO,H)I* and non-activated [(NHC)PA(CHsCO,)l* complexes. The identity of the X-type ligands (X =
Cl7, carboxylates and bicarbonate) has a significant impact on the regioisomer branching ratio upon CID
conditions. IM-MS in conjunction with a DFT mechanistic study is presented for the acetate-assisted C-H
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Introduction

The palladium-catalyzed direct conversion of C-H into C-X (O,
N, halogen, S or C) bonds constitutes a valuable method in
organic synthesis."™ The simultaneous combination of high
reactivity and a high degree of selectivity is a prerequisite to be
fulfilled by such Pd systems in order for them to be of practical
importance. In particular, the use of Pd in conjunction with
carboxylate salts represents a generally mild method for C-H
activation.® It is commonly integrated into catalytic multiple-
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activation of the [(NHC)Pd(CHzCO,)1" cation featuring butyl and aryl as N-donor groups.

step cycles where the substrate is engaged in an initial C-H
activation step, and then can react with a coupling partner.®®
Because these C-H activation steps are often involved in the
rate-limiting step, their intimate mechanisms have been exten-
sively investigated by experimental and computational
methods and the relevance of carboxylate assistance has been
clearly recognized.”™?

Highly regioselective carboxylate-assisted C-H activation
processes can be accomplished,"*™"” particularly for ligands
that contain chemical groups able to coordinate to Pd. These
so-called directing groups'® are able to bring the metal into
the vicinity of a particular C-H bond. Subsequently, they
undergo a ligand-directed and carboxylate-assisted C-H acti-
vation reaction commonly through cyclopalladation.
N-heterocyclic carbene (NHC) ligands can be regarded as such
class of ligands.’®° After the metalation of the imidazolium
carbon atom, the NHC ligands behave as directing groups to
promote C-H activation at the N-substituted groups. The rele-
vance of cyclometallated NHC complexes in catalysis has been
demonstrated.*’>* For instance, this process is critical in the
deactivation of Grubbs’ second-generation olefin metathesis
catalysts,”® which in turn afford outstanding alkene isomeriza-
tion cyclometallated NHC catalysts.>® Cyclometallation at
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different N-bound groups of NHC ligands is known to afford
several regioisomers that display distinctive catalytic
activity,>’° thus being catalytic systems that are particularly
appealing in the context of transition metal regiodivergent cat-
alysis.>* Cyclometallated NHC complexes are also intermedi-
ates en route to annulated NHC compounds.**** The ability of
promoting these annulation reactions in a regioselective
fashion would imply directing the formation of regiospecific
cyclometallated NHC complexes with implications also for
regiodivergent catalysis. Therefore, a detailed understanding
of the intimate mechanism of NHC cyclometallation is highly
desirable to understand both reactivity and regioselectivity
issues.

In this context, soft ionization mass spectrometry (MS)
methods, such as electrospray ionization (ESI), and its tandem
version are commonly used to obtain mechanistic insights in
catalysis.**™*® By using MS methods, it is possible to isolate an
individual type of metal complex and directly investigate its
fundamental reactivity in the gas-phase in the absence of sol-
vents or counterions. This is illustrated through the mechanis-
tic investigations on the gas-phase carboxylate-assisted C-H
activation of phenylpyridines or acetanilides mediated by Ru,
Pd and Cu.*™* However, regioselectivity issues cannot be
directly addressed by conventional MS methods due to the
inherent isobaric nature of the distinctive isomers that result
from site-selective C-H bond activations. In this sense, ion
mobility spectrometry mass spectrometry (IM-MS) could serve
to identify these isomers as long as the site-selective C-H bond
activation affords products of different topology (size and
shape).*> The use of the IM-MS technique for gas-phase ion
chemistry studies was pioneered in 2011,****> but mechanistic
reports that rely on the use of IM-MS are still scarce.*®™?
Herein, we investigate the C-H activation at the N-bound
groups of NHC palladium complexes (see Scheme 1a).
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Scheme 1 NHC-Pd complexes under study (a), general ionization
mode (b), and different isomers after C—H activation (c).
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Regioselectivity aspects are addressed by Ion mobility MS
methods and DFT calculations.

Results and discussion

The ESI mass spectrum of the (NHC')PdCl,(py) complex dis-
played two dominant peaks (Fig. 1). The peak attributed to the
[(NHC")PACI]" cation (m/z 447.1) is the base peak. It is formed
through a Pd-Cl bond breaking, accompanied by the loss of
the pyridine ligand. A second species is also seen formulated

s [(NHC' — H)Pd]" (m/z 409.1), which is associated with the
loss of a HCI molecule. The "H NMR of methanol solutions of
(NHCYPACl,(py) did not show evidence of either HCI or pyri-
dine decoordination. This experimental evidence suggests that
the formation of the species [[NHC' — H)Pd]*, presumably fea-
turing a cyclometallated NHC' ligand, is promoted upon the
ESI conditions.

We also explored the halide ligand substitution in (NHC")
PdCl,(py) by carboxylate (acetate and formate) and bicarbonate
groups, the common bases used to promote C-H activation.®
Such replacement can be performed readily upon ESI of
methanol solutions of the (NHC")PdCl,(py) compound in the
presence of a three-fold excess of sodium carboxylates or bicar-
bonate (see Scheme 1b). It resulted in a prominent peak
associated with the [(NHC")Pd(X)]" (X = CH;CO,”, HCO,™ or
HCO;") species in their respective ESI mass spectra. The intra-
molecular C-H bond activation is then triggered upon CID
conditions involving the second X ligand and the reactive C-H
site concomitant with the liberation of HX (see Scheme 1c).

C-H activation of the [(NHC™)PdX]" (X = CH;CO,~, HCO,™ or
HCO;") cations studied by CID-IM MS

The distinctive N-bound groups of the NHC' ligand, namely
3,4,5-trimethoxybenzyl and n-butyl, make the series of [[NHC")
PdX]" (X = CH;CO,~, HCO,™ or HCO;") cations amenable to
trigger both C(sp*)-H or C(sp®)-H bond activation steps upon
CID conditions. Such isomers should display differences in
size and topology; thus, they could be readily differentiated by
ion-mobility MS. The CID mass spectra followed by ion mobi-
lity separation of the [(NHC")PA(HCO,)]" (m/z 457.1) and
[(NHC")Pd(CH;CO,)]" (m/z 471.1) cations are exemplified in
Fig. 2, together with the arrival time distribution (ATD) of the
product ions. The liberation of HCO,H (Am 46) and CH3CO,H

[(NHC!)PACI]*

100 4471

« INHC! ~H)Pd]*
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N L 1 1l | niinn
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Fig. 1 ESI mass spectrum of CH,Cl,/methanol solutions (1 x 107¢ M) of
the complex (NHCY)PACl,(py).
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Fig. 2 CID-IM mass spectra of the precursor ions (a) [[INHCY)Pd(HCO,)I* (m/z 457.1) and (b) [INHCY)Pd(CH3CO,)]* (m/z 471.0) registered at a col-
lision energy of 10 V. The insets show the ATDs of the product ions of formula [(NHC® — H)Pd]* (m/z 411.1) highlighting the occurrence of three

mobility peaks. Note that decarboxylation (Am = 44)%3>%

(Am = 60) is clearly dominant in the 2-20 V collision energy
range to yield the same [(NHC' — H)Pd]" cation (m/z 411.1) as
the sole product ion. However, the ATD of such product ion
displays three mobility peaks (insets in Fig. 2) associated with
the occurrence of three distinctive C-H activation sites. Two of
them are prominent and centered at 3.05 and 3.25 ms,
whereas a third mobility peak is barely evidenced at 3.50 ms.
Likewise, the release of HCl (Am 36) and H,CO; (Am = 62) is
exclusively observed upon CID of the [(NHCYPACI]" (m/z
445.1) and [(NHC")PA(HCO,)]" (m/z 473.1) cations, respectively
(Fig. S2 and S37), with a similar ATD pattern to that found for
the carboxylate members.

An inspection of the ATDs of the precursor ions is also
instructive. For the precursors [([NHC')PdCI]" and [(NHC")Pd
(HCO,)]', a single Gaussian-shaped mobility peak is observed
at the covered collision energies. However, the ATD profiles of
the precursor [(NHCYPA(HCO;)]" and [(NHC')Pd(CH;CO,)]"
displayed two and three mobility traces (see Fig. S4t). As we
will address below, such observation is rationalized by consid-
ering the coexistence of both non-activated and activated Pd
metal complexes of the general formula [(NHC')PdX]" and
[(NHC' — H)Pd(HX)]", respectively.

The study of the fragmentation characteristics upon CID
conditions of the members with the symmetrical NHC?, NHC?
and NHC® ligands is instructive to clarify the origin of the
regioselectivity in the congeners with the NHC' ligand. The
CID-IM mass spectrum of the [(NHC?*)Pd(CH3CO,)]" displays
the exclusive liberation of CH;CO,H to produce the product
[(NHC> — H)Pd]" ion that displays a single Gaussian-shaped
mobility peak in its ATD (see Fig. S5t). Conversely, the CID-IM
mass spectrum of [(NHC?)Pd(CH;CO,)]", bearing n-butyl as the
N-bound group, affords a product ion formulated [(NHC® - H)
Pd]" that displays two mobility peaks that are associated with
the competitive C-H activation at two different positions (see
Fig. S67). In this particular case, the CID mass spectrum also
reveals the elimination of ketene (Am = 58) and NHC backbone
fragmentations.>® We believe that C-H activation at the C1
carbon atom of the n-butyl groups in [(NHC?)Pd(CH;CO,)]"
would lead to a highly strained four-member ring, and we
hypothesize that C-H activation occurs at the C2 and C3 posi-
tions forming a five- or six-membered ring. Consistent with
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is also observed as a minor fragmentation channel for the precursor [(NHCY)Pd(HCO,)]*.

this statement, the CID mass spectrum of the complex with
the ethyl group as the N-bound group, namely [(NHC*)Pd
(CH3CO,)]", displays only a single-Gaussian-shaped mobility
peak, thus suggesting that C-H activation at the C2 position is
occurring (Fig. S71). Overall, the CID-IM study of both NHC?
and NHC? congeners indicates that one C-H activation event
occurs at the 3,4,5-trimethoxybenzyl group, whereas the
remaining two C-H activation sites are located at the n-butyl
group.

Complementary CID experiments registered after the ion
mobility separation, the so-called CID-IM-CID experiment,*?
were performed as a means to obtain structural information of
the three mobility-resolved peaks and assign them to specific

N)\Pd N N
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? 7 7
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Isomer| . ; Isomerll _-  Isomerlll
100 \ ! .
\ e
4
= 7’
'
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TWCCSy, (A2)
Calculated CCSP (A2) 165 167 171

Fig. 3 (a) Mobility traces of the product ion [(NHC! — H)Pd]* formed
upon CID of mass-selected [(NHCY)PA(HCO,)* together with the
specific mobility peak assignment. The structures labelled as isomers |-
Il correspond to the DFT minimized geometries; (b) comparison of the
experimental Collisional Cross Section of isomers I-Ill together with the
calculated CCS obtained from the DFT-optimized structures. "TWCCSNZ
refers to the determined CCS values using a Travelling Wave lon Mobility
(TWIM) instrument and nitrogen as buffer gas; °CCS were calculated
using Trajectory Methods (TM) as implemented in the IMoS software.
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isomers. In this mode of operation, the ion mobility-resolved
isomers are subjected to a second fragmentation step. A sche-
matic picture of the mobility peak assignment is given in
Fig. 3 based on CID-IM-CID and DFT calculations. The nomen-
clature used was isomers I-III, where the isomers I and II were
assigned to the products resulting from C(sp®)-H activation at
the C3 and C2 position of the n-butyl group, whereas the
isomer III was assigned to the product that is formed upon
C(sp®)-H activation at the aryl group, respectively. We cannot
definitely rule out that C-H activation is also occurring at the
C4 position. Even though seven-membered cyclometallated
intermediates are less common than those with five and six-
membered rings, its computed stability is similar to that of
isomer II and its corresponding calculated Collisional Cross
Section (CCS) amounts to 168 A% so that such a hypothetic
isomer IV would be masked by the other ones both in terms of
energy and of CCS value. It is reported in the ESI,} but it will
not be further discussed here.

CID-IM-CID mass spectra and a tentative assignment of the
fragmentation pathways of the isomers I-III are shown in
Fig. S8.1 The CID-IM-CID mass spectra of the isomers associ-
ated with the mobility peaks at 3.05 and 3.25 ms (isomers I
and II) display a product ion at m/z 229, whereas this peak is
absent for the isomer attributed to the mobility peak at
3.50 ms (isomer III). The second-generation product ion at m/z
229 is formed through the loss of 3,4,5-trimethoxytoluene,
which should be facilitated from isomers I and II via a single
proton transfer. For the isomer III that is cyclometallated at
the aryl group, such fragmentation should involve a complex
rearrangement of the molecule, thus supporting its assign-
ment to the mobility peak at 3.50 ms. We also note that the
identity of some of the second-generation product ions of the
isomers I-III is similar. Such similarities in the fragmentation
characteristics of the ion mobility-resolved isomers point to a
partial interconversion between isomer I-III upon CID.’® The
CID-IM-CID mass spectra of the isomers I-III of the
[(NHC® — H)Pd]" cation, in which methoxo groups have been
replaced by hydrogen (Fig. S9t), were also studied. The
isomers I and II display a fragmentation channel associated
with the elimination of toluene that is not observed for the
isomer III. These observations suggest that releasing toluene is
diagnostic of the presence of non-activated aryl N-donor
groups. CID-IM-CID mass spectra of the activated [(NHC" — H)
Pd]" (n = 2-4) species were also investigated (see Fig. S10-
S121). However, they do not display any diagnostic second-
generation product ions.

The specific isomer assighment was confirmed by using
geometries of the three isomers obtained from computation.
DFT calculations were carried out with a B3LYP-D3B] func-
tional in vacuum. The DFT-optimized structures were used as
inputs for CCS predictions, and then these were compared
with the experimental ™(CCSy, data obtained by IM-MS. From
the observed drift times of the product ions, their corres-
ponding ™ CCSy, values ("WCCSy, refers to the determined
CCS values using a Travelling Wave Ion Mobility (TWIM)
instrument and nitrogen as buffer gas) were estimated by the

This journal is © The Royal Society of Chemistry 2024
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calibration method.””*® The ™CCSy,values for the three
isomers I-III were calculated using Trajectory Methods (TM),
as implemented in the IMoS software.>® The calculated struc-
tures of the cyclometallated isomers at the butyl groups,
namely isomer I and isomer II, display predicted CCS values of
165 A% and 167 A% respectively (see Fig. 3b). These values
follow the CCS trends obtained experimentally at 170 A*> and
174 A? (for the mobility peaks at 3.05 and 3.25 ms, respect-
ively) with CCS deviations of less than 5%. For isomer III, one
could expect different ion topology depending on the relative
conformation of the non-activated butyl group. In fact, this is
an inherent issue of the Ion mobility MS analysis of molecules
having flexible alkyl chains.®® Different conformations for this
isomer III were computationally explored to find lower energy
conformers. We consider the four most stable conformers,
which display energy differences of less than 1 kcal mol™, and
their associated CCS values were calculated using trajectory
methods. The resulting CCS values display a narrow range
from 168.5 to 171.2 A% These values support the isomer I
cyclometallated at the aryl group displaying the largest CCS
that consistently reproduces the experimental ™ CCSy, trend
of 179 A” (estimated from the mobility peak at 3.50 ms). The
computed energetics will be discussed below when analyzing
the reactivity, but it can already be mentioned that the most
stable isomer was the one activated at the C3 position of the
butyl group (isomer I), which in turn corresponds to the most
abundant product ion observed experimentally. The isomer I
was 7.5 and 8.5 kcal mol~" more stable than those activated at
the C2 position (isomer I) and the aryl group (isomer III),
respectively.

The fragmentation characteristics of the member with butyl
and benzyl as N-groups, namely (NHC®)PdCl,y(py) (see
Scheme 1), are also studied. The CID-IM mass spectra of the
precursor [(NHC’)PACI]" and [(NHC’)Pd(CH;CO,)]" ions
display a closely related fragmentation pattern to that found
for the homologues with the (trimethoxy)benzyl group. The
exclusive liberation of HCl (Am 36) and CH3CO,H (Am 60) is
observed to afford up to three regioisomers (see Fig. S13 and
S14}). However, their branching ratios were significantly
different, with the formation of the isomer I (due to C(sp’)-H
activation) being more favourable.

Reactivity and regioselectivity issues

Reactivity and regioselectivity are two important characteristics
of a C-H activation event. By using CID-IM experiments, these
features can be evaluated in the gas-phase from the breakdown
profiles of the precursor and product ions. The breakdown pro-
files are representations of the relative abundance of the pre-
cursor and product ions as the collision energy is increased. It
is illustrated in Fig. 4 for the precursor [(NHC')Pd(CH;CO,)]*
ion, and its product ions that correspond to the isomers I-III.
Isomer I is progressively formed as the collision energy is
increased, and then it starts to deplete in favour of isomer II.
As we anticipated before from the CID-IM-CID experiments of
isomer I and II, this would be consistent with a possible inter-
conversion between isomer I and II. Ion mobility MS experi-
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Fig. 4 Breakdown profile of the precursor [(NHCY)Pd(CHsCO,)l* ion
together with its product ions, namely isomer I-lll. At CE values above
15 V, NHC backbone fragmentation was also evidenced to a low extent.
These fragmentation channels were not drawn in the breakdown profile
for clarity.

ments were exploited to study such isomerization process
through the generation and mass-selection of the isomer I
formed in the source region of the mass spectrometer, fol-
lowed by CID and Ion mobility MS (Fig. 5). At low collision
energy (5 V), the isomer I is dominant and it evolves to isomer
II as the collision energy is raised. At a collision energy of 15V,
both isomers coexist with similar abundances. This experi-
ment clearly indicates that such isomerization is truly occur-
ring. Details on the energetic profiles for such isomerization
are shown in Fig. S23.f

It is well-documented that switching the base on Pd cata-
lytic systems significantly alters (or even reverses) the site
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Fig. 5 (a) CID mass spectra of the mass-selected [(NHC! — H)Pd]* (m/z
411.1) cation at increasing collision energies, followed by IM-MS and (b)
its corresponding mobility traces. The [(NHC! — H)Pd]™ (m/z 411.1)
cation was generated in the ESI source region of the mass spec-
trometers according to the scheme depicted in (c).
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selectivity of the C-H activation.®™®* In the present case, regio-
selectivity can be evaluated from the branching ratios of
isomers I-III extracted from the energy-resolved CID experi-
ments (Fig. 6). The formation of isomer I is invariably domi-
nant at low collision energy for all precursors with chloride,
carboxylates and bicarbonate. As the fragmentation conditions
are increased, ion abundances of the product associated to
isomer II are enhanced and isomer III starts to form. However,
in all cases, its relative abundance remains low.

Thus, for the [([NHC")PdCI]" cation, the regioisomer branch-
ing ratio at a collision energy of 10 V is 80/20% (isomer I in
front of isomer II), while isomer III was not detected (Fig. 6a).
At higher collision energies, the isomer I-to-isomer II branch-
ing ratio is shifted to a lower proportion of isomer I (65%) over
isomer II (25%), whereas isomer III represents 8%. Closely
related branching ratios were found for the isomers I-III gener-
ated from the [(NHC'")Pd(CH;CO,)]" and [(NHC")Pd(HCO;)]*
precursors (Fig. 6b and c). Regioisomer branching ratio of ca.
60-70/40-30% at CE 10 V were observed for isomers I and 1II,
respectively, and this trend is shifted towards an enrichment
of isomer II and the minor formation of the isomer III when
increasing the collision energy. The case of the [(NHC')Pd
(HCO,)]" cation was unique, as this species displayed a more
pronounced propensity towards the formation of isomer II.
The branching ratio is 66/34% for isomers I and II, respect-
ively, at CE 10 V. This trend is shifted towards an isomer II
enrichment until its ion abundance is comparable to isomer I
at higher collision energies (Fig. 6d). Isomer III was, as in pre-
vious cases, barely detected only at high collision energies.
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Fig. 6 Relative branching ratios of isomers I-Ill formed from the pre-

cursors (a) [(NHCYHPACU*, (b) [(NHCYHPA(CHsCO,)I*, (c) [(NHCYHPd
(HCO3)1*, and (d) [INHCY)PA(HCO,)]* investigated at collision energies of
10 and 15 V.
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DFT study on the mechanism of the site-selective acetate-
assisted C-H activation

A DFT study was undertaken for the [(NHC')Pd(CH;CO,)]"
cation with the NHC' and acetate ligand to gain insight into
the competing acetate-assisted C-H activation reactions. The
initial structure for this cation is depicted in Fig. 7, and dis-
plays the characteristic monodentate NHC ligand together
with a bidentate acetate ligand. Fig. 7 also shows the com-
puted free energy profile for the competing acetate-assisted C-
H activation reactions at the butyl and the aryl groups. The
three C-H activation processes follow a similar template. A
sizeable energy barrier (27.4, 29.1, 22.4 kcal mol™" for TS1,
TS2, TS3, respectively) is overcome, and an adduct where the
acetic acid fragment remains attached to the palladium centre
is reached. This adduct then evolves to the three possible pro-
ducts, isomers I, IT and III, through a mostly barrierless separ-
ation of acetic acid. The benzylic C-H activation is less likely,
considering the higher barrier (TS5) and higher energy of the
corresponding minima (Fig. 7 and see Fig. S22} for the energy
profiles of all probable C-H activations).
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In agreement with the experimental observation that cyclo-
metallation is already occurring upon ESI conditions, we
hypothesize that the ion population of the precursor ion gener-
ated by ESI indeed comprises both the non-activated [(NHC")
Pd(CH3CO,)]" and the activated [(NHC' — H)Pd(CH;CO,H)]*
precursors (hereafter named [isomer I-II + CH3CO,H]"). This
is supported by inspection of the ATD’s of the precursor
[(NHC")Pd(CH;CO,)]" ion (Fig. S4ct). Its ATD featured two
well-resolved mobility peaks, thus pointing that several
isomers constitute the ion population of the precursor ion gen-
erated by ESI. Likewise, the precursor [(NHC')Pd(HCO;)]" also
displayed a broad non-Gaussian mobility peak, where up to
three mobility peaks were identified (Fig. S4df). A closely
related scenario was claimed recently by Roithova’s group to
explain the ease of the acetic acid liberation associated with C—-
H activation in Pd complexes bearing 2-phenylpyridine (L) by
MS methods.** It was proposed to start either from the acti-
vated complex [(L — H)M(CH;CO,H)]" or the result of C-H acti-
vation in the non-activated complex [(L)M(CHsCO,)]", with the
former being significantly favoured. In the present case,
energy differences between the activated [isomer I-II +
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CH;CO,H]" isomers amount to —0.6, 4.8 and 6.9 kcal mol ™ for
the [isomer I + CH;CO,H]", [isomer II + CH;CO,H]" and [isomer
I + CH;CO,H]" isomers, respectively. The thermodynamic
data, therefore, suggest a major participation of [isomer I +
CH;CO,H]" isomer in the sampled precursor ion population,
whereas the contribution of [isomer II + CH;CO,H| and
[isomer I + CH3;CO,H]" isomers should be minor. Our com-
puted free energy profile indicates that the formation of the
corresponding product ions due to the loss of acetic acid,
namely isomer I (10.4 kcal mol™), isomer II (17.9 kcal mol™)
and isomer I (19.6 kcal mol™"), is associated to barrierless
steps. This is consistent with our experimental isomer abun-
dance distribution upon CID conditions.

Conclusions

The C-H bond activation of the [[NHC")PdX]" (X = CI, carboxy-
lates and bicarbonate) cations in the gas-phase is characterized
by the formation of the sole [[NHC' — H)Pd]" product ion. It dis-
plays three distinctive mobility peaks in their respective CID-IM
mass spectra associated with three regioselective C-H activation
steps. Such C-H activations concomitant with acetic acid release
occur from a mixture of activated [(NHC -H)Pd(CH;CO,H)]" and
non-activated [(NHC)Pd(CH;CO,)]" complexes. The fragmenta-
tion channel expelling CO, (Am = 44) was only observed for the
[(NHC")PA(HCO,)]" member to a low extent, thus reinforcing
the propensity of the investigated Pd/carboxylate (and bicarbon-
ate) complexes to undergo C-H activation. The assignment of
the mobility peaks to the specific isomers was carried out by (i)
the study of palladium complexes containing different sym-
metric NHC ligands, (ii) CID-IM-CID experiments, and (iii) DFT
calculations and comparison of experimental-vs.-predicted CCS
values from the minimized DFT structures. Two C-H activation
steps occur at the n-butyl group that are observed as low-energy
processes. The one involving the formation of a six-membered
metallacycle (C3 position, isomer I) of the n-butyl group is
favoured over that forming a five-membered metallacycle (occur-
ring at the C2, isomer II). Moreover, we can distinguish a
unique dual origin for formation of isomer II. On one side,
there is the direct C-H activation at the C2 site in which the pre-
cursor [(NHC")PdX]" itself evolves to the isomer IL On the other
side, there is an isomerization process from isomer I to isomer
II. We experimentally proved such isomerization process
decoupled from the direct C-H activation via Ion mobility MS.
In parallel, C-H activation at the aryl group is only observed at
elevated collision energies for the members with the NHC'
ligand. However, the replacement of the methoxo groups by
hydrogen in the aryl groups (NHC® ligand) produces a major
reverse of regioselectivity. In particular, the activation of C(sp®)-
H versus C(sp*)-H bonds is comparable. Such insights may have
implications for the regioselective synthesis of cyclometalated
members, as the presence of methoxo groups in the aryl group
inhibits the C(sp®)-H bond activation, thus facilitating the selec-
tive formation of C(sp®)-H bond activation products.
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The breakdown profiles of the [(NHC")PdX]" (X = CI, car-
boxylates and bicarbonate) species allowed us to explore regio-
selectivity aspects and identify distinctive isomer branching
ratio distributions for the congeners with (X = CI7, carboxylates
and bicarbonate). Together with the well-documented appli-
cation of ESI-MS and its tandem version for mechanistic
studies, we demonstrate in this work that IM-MS techniques
could have an important impact in mechanistic or speciation
studies in catalysis based on MS methods. For example, a com-
monly found challenge in MS-based mechanistic studies relies
on whether the reaction product of two reactive species com-
prise merely an adduct formation or a genuine reaction. This
is illustrated by several crucial reactions in organometallic
chemistry, such as oxidative additions-vs.-adduct formation,®
or inner-vs.-outer sphere mechanisms,®® with most of them
integrated in important transformations.

Experimental section
Materials and methods

PolyAlanine was purchased from Sigma Aldrich. The NHC
complexes used in this study were synthesized as previously
reported. Compound (NHC")PdCl,(py) was synthesized as pre-
viously reported.®> Compounds (NHC?)PdCl,(py) and (NHC®)
PdCl,(py) were prepared by adapting the reported method in
the literature (see ESIT).°> The synthesis of (NHC®)PdBr,(py)
and (NHC*)PdBr,(py®) is also described in the ESI section,t
along with their 'H, "*CG{"H}, ESI-MS and single-crystal X-ray
diffraction studies.

ESI ion mobility spectrometry mass spectrometry (ESI-IM-MS)

Experiments were performed using a SYNAPT XS High-
Definition = Mass  Spectrometer (Waters Corporation,
Manchester, UK) equipped with an electrospray ionization
(ESI) source. A schematic view is given in Scheme S1.1 Details
on the conditions for the ESI-MS, IM-MS and CID-IM acqui-
sitions are also given in the ESL.f Dichloromethane sample
solutions (ca. 107 M) of the NHC complex of interest were
diluted with methanol to a final concentration of 107® M, and
investigated by ESI-MS and ESI-CID-IM-MS. In all compounds
depicted in Scheme 1, cyclometallation was already occurring
upon ESI conditions, as evidenced by the presence of promi-
nent species of formula [NHC" — (H)Pd]" in their respective
ESI mass spectra. For the study of the carboxylate (and bicar-
bonate) homologues, the use of alkylammonium carboxylate
salts (from acetic or formic acid and alkylamines) was detri-
mental at detecting cationic carboxylate-substituted Pd species
in their respective positive ESI mass spectra because of the
strong signal of the alkylammonium cations. Conversely, the
addition of a three-fold excess of sodium carboxylate (or bicar-
bonate) salts to the 107® M methanol solutions of the NHC
complex of interest produce prominent species in their ESI
mass spectra assigned to carboxylate-substituted Pd species.
For the CID-IM MS experiments, the cation of interest was
mass-selected with the first quadrupole using an isolation

This journal is © The Royal Society of Chemistry 2024
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width of 1 Da, and interacted with argon in the trap region
(prior to the Ion mobility separation, see Scheme S2t) by
increasing the applied voltage in the trap (Ugap) and monitoring
the Arrival Time Distribution (ATD) profiles of the product ions,
while analyzing the ionic fragments with the TOF analyzer. The
collision energy in the trap region (Ug.p) was systematically
increased in the U, = 2-20 V range (3 V increments), where
the cyclometallation concomitant with the HX liberation was
dominant. Such collision energies are not related to an absolute
energy scale. At higher collision energies, complex fragmenta-
tion of the NHC backbone was observed.>® Even at the lowest
CE, partial dissociation of the precursor ion via HX liberation
was observed in some cases. It was attributed to the loosely
bound nature of the HX molecule in the precursor ion, as well
as the intrinsic ion heating of the IM separation process.®®®”
For example, the extent of fragmentation for the [(NHC")PdCI]"
precursor ion at parity of collision energy is slightly larger upon
CID-IM than CID conditions. Additional experiments were per-
formed in the transfer cell (behind the ion mobility section) by
increasing the applied voltage in the transfer (Uyanster), the so-
called CID-IM-CID, which aimed to prove the additional frag-
mentation of the previously ion mobility-resolved product ion.

The breakdown profile graphics represent the relative abun-
dance of the precursor and product ions as the collision energy
is increased. For these representations, the relative abundance
of the precursor ion was calculated as I/(Ip + Zlg,g), where I, is
the peak intensity of the precursor ion, and X, is the sum of
the peak intensities corresponding to all fragments. Breakdown
profile representations were estimated for the series of closely
related [(NHC')PdX]" (X = Cl, HCO, , HCO;~ and CH3CO,")
cations. In some cases, several isomers contribute to the ion
population of this product ion, and the branching ratio of each
one was extracted from the deconvoluted areas of their mobility
peaks from the ATD profiles according to Russell’s procedure.®®
Their relative abundances from CID experiments were deter-
mined from mass spectra averaged over 80 scans. There was
little variation (max. 3%) in the relative product ion abundances
from three consecutive CID-IM mass spectra.

CCS calibration

Drift times were converted into CCS following the CCS cali-
bration protocol reported by Ruotolo.’” Calibration of the IM
device for determining collision cross—sectional areas from
drift time measurements was performed using a mixture of
polyalanine reference ions covering the transit time of the
investigated ions.”® Their ""CCSy, values were taken from the
literature (polyAlanine®®). As the TWIMS device is operated
with N, buffer gas, the obtained ™ CCS values will be noted as
T™CCSn,. Drift times (¢p) were subjected to correction for
mass-dependent and mass-independent flight times according

\/E
to t'p =tp — C X ﬁ— 0.9 (C = 1.5, and the term 0.9 ms is

the mass-independent time to account for the time of transit
of one wave in the IM and the transfer region). The literature
CCs converted to CCS' according to

values were
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CCS' =

CCS /A
z

the collision partners and the charge state, respectively. The cali-
bration curve is represented as CCS' as a function of ¢, using a
power law,”® CCS’ = Ax(¢5)®. Constants A and B were subsequently
derived from the calibration plot, and used to calculate cross-sec-
tional areas ("WCCSys) of unknown species from corrected drift
time measurements extracted for specific m/z values from the data.

, where p and z stand for the reduced mass of

Estimation of CCS with TM methods

For Trajectory Methods (TM) calculations, IMoS 1.10 was
used.>® Atomic coordinates were exported as .xyz files from
minimized energy models. For TM methods, the potentials
employed are standard TM Lenard-Jones using a 4-6-12 poten-
tial. The number of rotations was 3 with 300 000 gas molecules
per rotations.

Computational details

Density functional theory calculations were performed with the
Gaussian 09 package.”! The hybrid functional B3LYP">”* with
Grimmés dispersion corrections including Becke-Johnson
damping (D3B])"*”” was used for all of the calculations. All cal-
culations were performed in gas phase. For geometry optimiz-
ation, the Los Alamos National Laboratory (LANL2DZ)’® basis
set with associated effective core potentials (ECP) was used for
the palladium (Pd), and the 6-31G(d)””’® basis set was used for
C, H, O and N (BS1). All of the structures were fully optimized
and established as genuine minima or transition states (TS) on
the appropriate potential energy surfaces. It was confirmed by
the analysis of the corresponding Hessian matrices. The IRC
(Intrinsic Reaction Coordinate)”® calculations were performed
for 10 steps to ensure that the TS corresponds to the desired
reaction coordinate, and the final structure was further opti-
mized to locate the corresponding reactant and product.
Potential energies (single point energies) were calculated at
B3LYP-D3BJ, and cc-pVTZ-PP*® basis set with ECP28MDF
effective core potentials for Pd and cc-PVTZ for other atoms;®"**
this combination of basis set is denoted as BS2. The cc-pVTZ-PP
basis set was downloaded from the Stuttgart/Cologne group
website.®* Frequency analysis enables the calculation of thermo-
chemical corrections and free energy correction at the BS1 basis
set. The quasi-harmonic entropy correction proposed by
Grimme®* with a cutoff of 100 cm™" was also employed to get
free energies using GoodVibes program.®> The conformational
search®® of isomer Il was performed by metadynamics
sampling as implemented in the XTB package®” and using the
CREST program.®® All computational results have been
uploaded to the ioChem-BD repository and can be accessed via
https://dx.doi.org/10.19061/iochem-bd-1-297.%°
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