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Abstract 
The activation of C-H bonds in a selective manner still constitutes a major challenge from the 

synthetical point of view, thus it remains as an active area of fundamental and applied research. 

Herein, we introduce Ion Mobility Spectrometry Mass Spectrometry-based (IM-MS) approaches 

to uncover site-selective C-H bond activation in a series of metal complexes of general formula 

[(NHC)LMCl]+ (NHC = N-Heterocyclic carbene; L = pentamethylcyclopentadiene (Cp*) or p-

cymene; M = Pd, Ru and Ir). The C-H bond activation at the N-bound groups of the NHC ligand 

is promoted upon Collision Induced Dissociation (CID). The identification of the resulting 

[(NHC - H)LM]+ isomers relies on the distinctive topology that such cyclometalated isomers 

adopt upon site-selective C-H bond activation. Such topological differences can be reliably 

evidenced as different mobility peaks in their respective CID-IM mass spectra. Alternative 

isomers are also identified via dehydrogenation at the Cp*/p-cymene (L) ligands to afford 

[(NHC)(L – H)M]+. The fragmentation of the ion mobility-resolved peaks is also investigated by 

CID-IM-CID. It enables the assignment of mobility peaks to the specific isomers formed from 

C(sp2)-H or C(sp3)-H bond activation and distinguishes them from the Cp*/p-cymene (L) 

dehydrogenation isomers. The conformational change of the NHC ligands upon C-H bond 

activation, concomitant with cyclometallation, is also discussed on the basis of the estimated 

Collision Cross Section (CCS). A unique conformation change of the pyrene-tagged NHC 

members is identified that involves the reorientation of the NHC ring accompanied by a folding 

of the pyrene moiety. 
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Introduction 
Cyclometalation constitutes one of the mildest metal-mediated activation of unreactive 

bonds, especially for C(sp2)-H or C(sp3)-H bonds.1–4  A wide range of ligands are prone to form 

cyclometalated complexes, including N-Heterocyclic Carbenes (NHCs).5–7 Due to their strong σ-

donation capability, they are excellent candidates to facilitate intramolecular C-H bond activation 

processes involving their N-bound substituents, eventually leading to cyclometalated species. C-

H activation in NHCs has enormous implications for catalysis. For instance, cyclometalated NHC 

complexes of Pd, Ru, Co, Rh, Ir are efficient catalysts in transfer hydrogenation, amidation, 

oxidation of alcohols or tandem oxidation / Wittig /reduction processes.6–13 They also display 

unique reactivity patterns; for example, as intermediates in the direct functionalization of azolium 

salts for the synthesis of functionalized molecules,14–17 or in the preparation of complexes 

containing ruthenium-element (E = Si, Ge, Sn) multiple bonds.18,19 Still, a major challenge in C-

H bond activation is the ability to differentiate (and activate) highly similar C-H bonds in a target 

molecule. In the case of cyclometalated NHCs, subtle modifications in the NHC backbone, the 

solvent medium and/or the metal precursor may lead to site-selective C-H activation sites upon 

metal coordination.20 The NHC cyclometalated complexes derived thereof display distinctive 

physico-chemical features that are known to substantially alter their intrinsic catalytic activity.21–

24 

The mechanistic picture of the above-mentioned transformations is often triggered by an 

intramolecular C-H activation in the N-bound groups of the NHC. Such C-H bond activation is 

frequently found to be a reversible process and produce highly reactive and/or short lived 

cyclometalated intermediates.25–33 Despite having a comprehensive mechanistic proposal is 

crucial to success, the identification of the site-selective C-H bond activation in these NHC 

complexes may become challenging using NMR or X-ray diffraction methods. In this context, 

soft ionization Mass spectrometry (MS) techniques, such as Electrospray Ionization (ESI), and 

its tandem version are commonly used to uncover speciation and mechanistic insights in 

catalysis.34–42 However, MS detection itself does not provide structural and conformational 

information about the isomers resulting from competitive C-H activation unless selective 

deuteration is achieved (a task difficult to achieve).43 We envisioned that Ion Mobility 

Spectrometry Mass Spectrometry (IM-MS) could serve to identify these isomers as long as site-

selective C-H bond activation affords isomeric products of different topology (size and shape). 

Until now, IM-MS has facilitated the identification of mixtures of isomers on a wide spectrum 

of compounds based on their distinctive Collision Cross Section (CCS), which can be correlated 

with their size and shapes.44,45 In the case of gas-phase ion chemistry studies, the use of the IM-

MS technique was pioneered in 2011,46,47 and it has also been used to study the structural and 
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conformational analysis of Ru/arene complexes,48–50 and to differentiate the topology of 

organometallic gyroscope-like complexes.51 Mechanistic studies that rely on the use of IM-MS 

are also documented,52–56 although the technique is rarely used. In this context, we have foreseen 

that it could potentially be used to identify the cyclometalated products resulting from site-

selective C-H bond activation, since to the best of our knowledge it remains unexplored. 

Herein we investigated the C-H activation of a series of NHC based metal complexes of 

general formula [(NHC1-4)LMCl]+ (NHCn = N-Heterocyclic carbene ligands where 1: R = R’ = 

3,4,5-trimethoxybenzyl; 2: R = Me, R’ = Pyr; 3: R = R’ = Me ; 4: R = Mes, R’ = Pyr; L = 

pentamethylcyclopentadiene (Cp*) or p-cymene; M = Pd, Ru and Ir) displayed in Chart 1 using 

IM-MS methods. The NHC ligands bound to Pd, Ru and Ir encompass both symmetrical and 

unsymmetrical NHC ligands, two halides and one additional (pyridine, Cp* or p-cymene) ligand. 

The unsymmetrical NHC ligands bear different N-bound groups both of them amenable to be 

involved in intramolecular C-H bond activation processes.  

 

 

Chart 1. Schematic representation of the NHC based Ir, Pd and Ru complexes   

 
Results and dicussion 
 
The compounds shown in Chart 1 were investigated by Electrospray Ionization (ESI), Collision 

Induced Dissociation (CID) and Ion Mobility Spectrometry Mass Spectrometry (IM-MS). These 

dihalide complexes are gently transferred to the gas-phase upon ESI via loss of a first halide 

ligand (see equation 1).57 Hence, the ESI mass spectra of Ir and Ru compounds displayed the 

corresponding [(NHCn)Cp*IrCl]+ or [(NHCn)(p-cym)RuCl]+ cations as the base peak. In the case 
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of the Pd PEPPSI type complexes,58 besides halide release, the loss of the pyridine ligand also 

takes place to produce the [(NHCn)PdX]+ (Cl or Br) cations as the base peak.   

 

(NHCn)LMCl2   → [(NHCn)LMCl]+   + Cl-   (equation 1) 

[(NHCn)LMCl]+   → [(NHCn – H)LM]+  + HCl  (equation 2) 

[(NHCn – H)LM]+   → second-generation product ions (equation 3) 

 

The intramolecular C-H bond activation is triggered upon Collision Induced Dissociation 

(CID) involving the second halide ligand and the reactive C-H site (see equation 2) concomitant 

with the liberation of HCl. Such transformation is reminiscent to the dehydrochlorination 

procedure occurring in solution to access Ru-based cyclometalated NHC complexes via C-H 

bond activation.18,28 Numerous studies also exploit the HCl release upon CID conditions as a 

means to promote C-H bond activation and explore its mechanism in detail in a well-defined gas-

phase environment.59–64 In the present work, CID experiments were performed upon mass-

selection of the species of interest in the first quadrupole, subjected to CID fragmentation 

followed by ion mobility separation aimed at identifying potential cyclometalated isomers (see 

equation 2). Complementary CID experiments registered after the ion mobility separation were 

also performed as a means to obtain structural information of the ion mobility-resolved isomers 

(see equation 3). In this mode of operation, the precursor ion of interest is selected with the 

quadrupole mass filter, subjected to CID fragmentation followed by ion mobility separation. 

Next, ion mobility-resolved isomers are subjected to a second fragmentation step in a second 

collision cell. Hence, second-generation product ions are detected that can help to the structural 

assignment of the isomers. Additional experimental details are given in the Experimental Section 

and Schemes S1-S3 in the Supporting information.  

Initially, we evaluated the C-H bond activation of two distinct metal complexes bearing 

the symmetrical NHC1 ligand (1: R = R’= 3,4,5-trimethoxybenzyl) (Chart 1). CID mass spectra 

followed by ion mobility separation of [(NHC1)PdCl]+ (m/z 567.0) and [(NHC1)Cp*IrCl]+ (m/z 

789.2) are shown in Figure 1 a) and b), respectively together with the arrival time distribution 

(ATD) of the product ions. In both cases, the exclusive dehydrochlorination is clearly evidenced 

as a neutral loss of HCl (Δm 36) upon CID conditions. 
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Fig. 1. CID mass spectra of a) [(NHC1)PdCl]+ (m/z 567.0) and b) [(NHC1)Cp*IrCl]+ (m/z 789.2) 

registered at a collision energy of 25 V along with the arrival time distributions (ATDs) of the 

product ions; c) proposed cyclometalated ligand arrangement in the [(NHC1 – H)Pd]+ cation (also 

applicable to the related Ir [(NHC1 – H)Cp*Ir]+ member; d) breakdown profile of the precursor 

[(NHC1)Cp*IrCl]+ (m/z 789.2) ion showing the contribution of both [(NHC1 - H)Cp*Ir]+ and 

[(NHC1)(Cp* - H)Ir]+ isomers extracted from the areas of their mobility peaks. 

 

For the palladium [(NHC1)PdCl]+ (m/z 567.0) complex, its product ion at m/z 531.1 displays a 

single gaussian-shaped mobility peak in its ATD (see inset in Figure, 1a), suggesting the presence 

of a single and energetically-favored isomer. The occurrence of multiple C-H activation 

processes is clearly ruled out due to the symmetric nature of the NHC1 ligand. A plausible 

cyclometalated arrangement is depicted in figure 1c through ortho-metalation concomitant with 

the formation of a six-membered metalacycle. With regards to the iridium complex 

[(NHC1)Cp*IrCl]+ at m/z 789.2, its CID mass spectrum is shown in Figure 1 b) together with the 

arrival time distribution of the product ion (m/z 753.2). At low collision energy (below CE = 25 

V; data not shown), the product ion at m/z 753.2 displayed a single gaussian-shaped mobility 

peak at 5.50 ms. A second mobility peak in its ATD profile is observed at 5.83 ms at higher 
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collision energy (CE = 25 V) (as illustrated in the inset in Figure 1 b)). Besides cyclometalation 

of the NHC ligand, as in the case of the palladium [(NHC1)PdCl]+ congener, C-H activation of 

the Cp* ligand is feasible and both processes could be differentiated by IM-MS. The gas-phase 

dehydrogenation of the Cp* ligand is precedented in related complexes and it is typically found 

at harsh fragmentation conditions. It proceeds via deprotonation of a methyl group at the Cp* 

ligand accompanied by a loss of the chloride ligand leading to a product ion with a η4- 

tetramethylfulvene ligand 65–67and the Ir metal in the oxidation state +I. An schematic 

representation of both [(NHC1 - H)Cp*Ir]+ and [(NHC1)(Cp* - H)Ir]+ isomers is given in Figure 

S1. Further structural insights on the ion mobility-resolved isomers, namely [(NHC1 – H)Cp*Ir]+ 

or [(NHC1)(Cp* - H)Ir]+, were gathered from fragmentation studies in the second collision cell. 

Thus, we obtained second-generation fragments characteristic of each isomer (see figure S2). 

The isomer that displays the fastest drift time at 5.50 ms presents a product ion at m/z 505.1 that 

is associated to the disruption of the symmetrical NHC ligand. This disruption proceeds via loss 

of a R’-NHC neutral fragment (R´= 3,4,5-trimethoxybenzyl) leaving the remaining 3,4,5-

trimethoxybenzyl group still cyclometalated to the Cp*Ir fragment and is consistent with the 

assignment of the isomer [(NHC1 – H)Cp*Ir]+ to the mobility peak at 5.50 ms. The slowest 

drifting ion at 5.83 ms displayed a poorer fragmentation pattern (a minor loss of H2), thus lacking 

structural information. Breakdown profile graphics represents the relative abundance of the 

precursor and product ions as the collision energy is increased in a controlled manner. Figure 1 

d) shows the breakdown profile the [(NHC1)Cp*IrCl]+ cation, taking into account the relative 

intensity of the precursor and product ions. As different isomeric product ions were identified by 

CID and IM-MS, the branching ratio of each isomer, namely [(NHC1 - H)Cp*Ir]+ or 

[(NHC1)(Cp* - H)Ir]+ was extracted from the relative areas of their mobility peaks at 5.50 ms 

and 5.83 m, respectively. Such representation is useful to get decoupled insights on the kinetic 

barrier to trigger site-selective C-H bond activation at the NHC ligand versus Cp* 

dehydrogenation, otherwise inaccessible by CID experiments in the absence of IM separation. 

From a perusal of figure 1d) it can be observed that the kinetic barrier for the C-H bond activation 

at the NHC ligand is lower than the one observed for the dehydrogenation of the Cp* ligand.  

Next, we investigated the C-H bond activation of the ions [(NHC2)Cp*IrCl]+, [(NHC2)(p-

cym)RuCl]+ and [(NHC2)PdBr]+, all of them featuring the same pyrene-tagged NHC2 ligand (2: 

R = Me, R’= Pyr ).  The CID mass spectrum of the [(NHC2)Cp*IrCl]+ cation at low collision 

energy resulted in the product ion at m/z 621.2 (loss of one HCl molecule) that displayed a single 

gaussian-shaped mobility peak (see figure 2 a). This observation points towards a selective C-H 

activation from the pyrene group likely at the ortho position (see inset in Figure 2 a). This 

hypothesis is confirmed by inspecting the IM-MS of the authentic Ir cyclometalated complex at 
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the pyrene group, namely [(NHC2 - H)Cp*IrCl],68 whose ATD of the ESI-generated [(NHC2 - 

H)Cp*Ir]+ cation matches that of the product ion generated from the [(NHC2)Cp*IrCl]+ cation 

(see figure S3). At higher collision energy, a second ATD profile is evidenced as a barely visible 

shoulder with reduced drift time (note the assymetric shape of the mobility peak at 4.64 ms) that 

we attribute to the Cp* dehydrogenation as we have previously evidenced in the case of complex 

[(NHC1)Cp*IrCl2]. Its breakdown representation (see figure S4) points that C-H activation from 

the NHC2 ligand is accomplished at lower collision energies that those seen for the NHC1 ligand, 

thus suggesting a lower kinetic barrier associated to NHC2 vs NHC1 metalation. This also 

correlates with the observed tendency of the pyrene C(sp2)-H bond to spontaneously metalate in 

solution. We observed that ESI-MS and NMR monitoring of methanol solutions of 

[(NHC2)Cp*IrCl2] leds to the quantitative formation of [(NHC2 - H)Cp*IrCl] after several hours. 

 

 

 
 

Fig. 2 a) CID mass spectra of [(NHC2)Cp*IrCl]+ (m/z 657.1) and b) [(NHC2)(p-cym)RuCl]+  (m/z 

561.1 along with the ATDs (arrival time distributions) for the product ions recorded at 10 V (top) 

and 20 V (bottom). 

 

Likewise, the product ion at m/z 525.1 that comes from the precursor for [(NHC2)(p-

cym)RuCl]+ (m/z 561.1) ion displays a single mobility peak at 4.64 ms at low collision energies 

associated to the C-H activation from the pyrene group (see figure 2 b). At higher collision 

energy, a second mobility peak at 4.24 ms is evidenced in its corresponding ATD to the gas-

phase dehydrogenation of p-cymene into p,α-dimethylstyrene, a well-documented gas-phase 

behavior for Ru/p-cymene complexes.48 Further evidence of the high collision energy associated 

to the p-cymene dehydrogenation was given by inspection of the CID mass spectra of the cation 

[(NHC3)(p-cym)RuCl]+ (see Chart 1). This cation is used as a model because it lacks of N-bound 
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groups prone to be metalated and the only viable C-H activation process is p-cymene 

dehydrogenation. Detailed breakdown profiles and CID mass spectra are given in figures S4 and 

confirm that p-cymene dehydrogenation occurs at high collision energies. For the [(NHC2)PdBr]+ 

cation, lacking Cp* or p-cymene ligands, the product ion that results from the HBr loss, namely 

[(NHC2 - H)Pd]+ (see figure S6), displayed a single gaussian-shaped mobility peak associated to 

the C-H activation from the pyrene group in a similar way that found for its Ir and Ru congeners.  

Then, we investigated the C-H bond activation at the NHC4 ligand (4: R = Mes, R’ = Pyr). 

In this case, the [(NHC4)(p-cym)RuCl]+ ion displays a NHC ligand with different N-bound 

groups, namely pyrene or mesityl, amenable to trigger both C-(sp2)H and C(sp3)-H bond 

activation, respectively Either ortho-metalation or alkylmetalation are well-documented 

cyclometalation reactions observed for Ru.30 The CID mass spectrum of the precursor 

[(NHC4)(p-cym)RuCl]+ ion is shown in Figure 3. 

 

Fig. 3 a) CID mass spectrum of [(NHC4)(p-cym)RuCl]+ (m/z 671.2) at 25 V; blue background is 

given to the product ions at m/z 635.1 that is formed via HCl liberation; the inset shows its ATD 

highlighting the occurrence of three mobility peaks that supports the formation of up to three 

isomers. 

 

In this particular case, the dehydrochlorination dissociation pathway (loss of one HCl 

molecule Δm 36) was minor with respect to a second fragmentation step that involves the p-

cymene liberation (Δm 134). A third product ion at m/z 501.1 that results from the 

dehydrochlorination and p-cymene liberation (Δm = 170) is also evidenced. Such p-cymene 

liberation was not observed in the previous examples (neither for [(NHC2)(p-cym)RuCl]+ nor 

[(NHC3)(p-cym)RuCl]+ complexes) and we hypothesized that the bulky nature of the NHC4 

ligand facilitates the Ru-p-cymene bond dissociation. Nonetheless, the ATD distribution of the 

dehydrochlorination product ion at m/z 635.1 does reveal the occurrence of the three site-
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selective C-H bond activation steps as evidenced clearly by three mobility peaks centered at 5.17, 

5.76 and 6.23 ms (see inset in figure 3) in its ATD profile. Following the separation in the ion 

mobility section, these ion mobility-resolved isomers were subjected to fragmentation providing 

second-generation product ions. Such fragmentation studies gave crucial structural information 

to propose a tentative assignment of the three isomers. As can be inferred from figure 4 b) and 

c), the isomers associated to the mobility peaks centered at 5.17 and 5.76 ms display a 

characteristic loss of p-cymene (Δm 134), thus pointing that both isomers still preserve the p-

cymene ligand and should result from the competitive C-(sp2)-H or C(sp3)-H bond activation 

from the N-bound groups in the NHC4 ligand. Besides the loss of p-cymene, the isomer attributed 

to the mobility peak at 5.76 ms (see figure 4 c)) also presents a loss of the Mesityl-NHC group 

to produce a second-generation product ion at m/z 449.1 that still keeps the p-cymene and the 

metalated pyrene group. The formation of the product ion at m/z 449.1 requires that a hydrogen 

transfer from the methylene group to the nitrogen of NHC to form the neutral Mesityl-NHC 

molecule concomitant with the product ion depicted in figure 4 which presumably features two 

metalated moieties. Such second-generation product ion is absent in the fragmentation of the 

isomer that displays the mobility peak at 5.17 ms that only presents a dominant p-cymene 

liberation fragmentation channel at identical fragmentation condtitions. This experiment strongly 

suggests that the isomer associated to the C(sp2)-H bond activation (from the pyrene group) is 

that linked to the mobility peak at 5.76 ms whereas the isomer that results from the intramolecular 

C(sp3)-H bond activation (from the mesityl group) is attributed to the mobility peaks at 5.17 ms. 

Conversely, the isomer associated to the mobility peak at 6.23 ms does not display p-cymene 

liberation and it is observed predominantly at higher collision energies. It was attributed to the 

[(NHC4)(p-cym - H)Ru]+ isomer following our previous observation on the intrinsic higher 

collision energy required to promote dehydrogenation from Cp* and p-cymene ligands. Second-

generation product ions due to losses of Δm 2 (m/z 633.1) and Δm 132 (m/z 503.1) are observed 

upon CID conditions (see figure 4 d). The product ion at m/z 633.1 is presumably formed through 

and additional p-cymene dehydrogenation (Δm 2) whereas the product ion at m/z 503 formally 

corresponds to the release of p,α-dimethylstyrene (Δm 132) which could be formed via hydride 

transfer from the (p-cym – H) ligand to the Ru center.  
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Figure 4. a) ATDs of the product ion at m/z 635.1 that is formed upon CID from the precursor 

[(NHC4)(p-cym)RuCl]+ ion. Second-generation product ions from the ion mobility-resolved 

isomers using 25 V and 30 V in the trap and transfer regions, respectively; b) isomer at 5.17 ms; 

c) isomer at 5.76 ms and d) isomer at 6.23 ms together. Tentative assignment of the isomers is 

included on the basis of the identity of the second-generation product ions. 
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dehydrogenation from the NHC ligands are considered. From the observed drift times of the 

precursor and product ions, their corresponding TWCCSN2 values (TWCCSN2 refers to the 

determined CCS values using a Travelling Wave Ion Mobility (TWIM) instrument and nitrogen 

as buffer gas) were estimated by the calibration method.69,70 Table 1 collects the TWCCSN2 values 

for selected precursor/product cations.  

 

Table 1. Drift times and TWCCSN2 calculated values of the complexes under study and their 

cyclometalated isomers upon CID conditions. 
 

Entry Precursor / Product ion  TWCCSN2a (Å2) 
1 [(NHC1)PdCl]+ /  [(NHC1 - H)Pd]+ 212 / 203 

2 [(NHC1)Cp*IrCl]+ / [(NHC1 - H)Cp*Ir]+   253 / 236 
3 [(NHC2)Cp*IrCl]+ / [(NHC2 - H)Cp*Ir]+ 217 / 216 
4 [(NHC2)(p-cym)RuCl]+  / [(NHC2 - H)(p-cym)Ru]+ 208 / 218 
5 [(NHC2)PdBr]+ /  [(NHC2 - H)Pd]+ 207 / 213 
6 [(NHC4)(p-cym)RuCl]+  / [(NHC4 - H)(p-cym)Ru]+,c 232 / 228C(sp3)-H, 243C(sp2)-H 

a Values obtained by calibrating the drift time scale of the TWIM device with standards of known DTCCSN2 
(DTCCSN2 refers to the determined CCS values using a drift tube instrument and nitrogen as buffer gas) 

cross-sectional data from the literature. bSamples were measured by triplicate, and standard deviations 
were below 0.5 %.  c TWCCSN2 values for the isomers that results from the C(sp3)-H or C(sp2)-H bond 
activation at the mesityl or pyrene groups are included. 

 

We noticed a significant TWCCSN2 increase with the bulkiness of the ligands, as illustrated 

for the bulkier NHC1 ligand (1: R = R’ = 3,4,5-trimethoxybenzyl) over the NHC2 ligand (2: R = 

Me, R’ = Pyr) at parity of metal (Ir) and ligand (Cp*) (entries 2 and 3). Likewise, species 

featuring the NHC4 ligand (4: R = Mes, R’ = Pyr) display larger TWCCSN2 values than the NHC2 

(entries 6 and 4) Ru homologues. The [(NHC3)(p-cym)RuCl]+ complex displayed the lowest 
TWCCSN2 value (165 Å2) in agreement with the smallest nature of the N-methyl substituted NHC3 

ligand. As far as the cyclometalated product ions is concerned, substantially smaller TWCCSN2 

values (a 4 % and 7 % TWCCSN2 reduction) are evidenced upon cyclometalation of the complexes 

with the NHC1 series (entries 1 and 2). This CCS reduction can be intuitively attributed to the 

elimination of the Cl anion and also to the recoilment of one of the N-bound groups of the NHC1 

ligand upon cyclometalation. The series of cations with the pyrene-tagged NHC2 ligand displayed 

the opposite trend. Virtually identical TWCCSN2 values (or a slightly increase of 3-5 % TWCCSN2) 

are experienced upon cyclometalation for the NHC2-containing cations (see entries 3-5). The 

[(NHC4 - H)(p-cym)Ru]+ cation indeed corresponds to two isomers that results from the C(sp3)-

H or C(sp2)-H bond activation at the mesityl or pyrene groups. Such isomers display smaller (ca. 

2 %) and larger (ca. 5 %) TWCCSN2 values than their corresponding parent [(NHC4)(p-
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cym)RuCl]+ ion (see entry 6) and are consistent with the previously observed larger TWCCSN2 

values for the cyclometalated N-bound pyrene groups in the NHC2 ligand.  

Insights on the unique rearrangement suffered by the NHC2 ligand upon cyclometalation 

were extracted from DFT calculations of the cations [(NHC2)(p-cym)RuCl]+ and its 

corresponding product [(NHC2 - H)(p-cym)Ru]+ ion. An inspection of the DFT optimized 

molecular models suggests that the loss of a HCl from the parent [(NHC2)(p-cym)RuCl]+ has a 

dramatic effect on conformation of the NHC2 ligand as well as the pyrene group around the Ru 

center. The most stable conformation of the precursor [(NHC2)(p-cym)RuCl]+ resulted the one 

having the isopropyl group from the p-cymene and the Cl atom located at the opposite side of 

the pyrene moiety (see figure 5). However, upon cyclometalation, the NHC2 ring is reoriented 

around the Ru-p-cymene group accompanied by a turning of the CH2-pyrene group. As illustrated 

in figure 5, such rearrangement leaves the pyrene group in a more expanded fashion, which could 

explain the enhanced TWCCSN2 value upon cyclometallation. To validate this hypothesis, the 

DFT-optimized structures were used as inputs for CCS predictions, and then these were 

compared with the experimental TWCCSN2 data obtained by IM-MS. The CCS values for the 

[(NHC2)(p-cym)RuCl]+/[(NHC2 - H)(p-cym)Ru]+ were calculated using Trajectory Methods 

(TM) as implemented in the IMoS software.71 The calculated structures of the model [(NHC2)(p-

cym)RuCl]+  cation and its cyclometalated [(NHC2 - H)(p-cym)Ru]+ homologue display 

predicted CCS values of 204 Å2 and 210 Å2, respectively that consistently reproduced the 

experimental TWCCSN2 trend (208 Å2 and 218 Å2).  

 

Figure 5. DFT optimized structures for the precursor [(NHC2)(p-cym)RuCl]+  and its 

corresponding cyclometalated product ion [(NHC2 - H)(p-cym)Ru]+ produced upon CID 

conditions; identical Ru(p-cymene) orientations are shown for clarity. 

 

Conclusions 
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When studying the mechanism of challenging C-H activations, most reaction pathways often 

involve highly reactive intermediates, which are key to our understanding, but difficult to study. 

Therefore, we turned out attention to gas-phase experiments using Mass Spectrometry (MS) 

methods, which could greatly simplify the study of such processes. The site-selective C-H bond 

activation of a series of NHC complexes of Pd, Ir and Ru has been investigated in the gas-phase 

upon CID conditions leading to a series of isomeric cyclometalated product ions. We demonstrate 

that the use of IM-MS offers a reliable approach to identify site selective C-H bond activation; 

however, the ability to separate such isomers raises the problem of assigning all the ion-mobility-

resolved peaks that are observed. This would require the synthesis of all possible cyclometalated 

isomers formed upon site-selective C-H bond activation, which is clearly not practical. We turned 

our attention to the fragmentation of the ion-mobility resolved isomers and we demonstrate that 

it can be used as an additional structural characterization tool. On the basis of the identity of the 

second-generation product ions, we are able to assign mobility peaks to specific isomers. This is 

illustrated for the [(NHC4)(p-cym)RuCl]+  cation that displays N-bound groups with C(sp2)-H 

and C(sp3)-H bonds amenable to be metalated upon CID. Together with the well-documented 

application of ESI-MS and its tandem version for mechanistic studies and the recent 

developments for “in-situ” monitoring and kinetic analysis of the reaction intermediates by MS 

methods,72,73  the development of new IM-MS-based approaches have the potential to have an 

important impact in mechanistic or speciation studies in catalysis. It is reasonable to consider 

that IM-MS could also be used to identify other site selective C-X bond activation (X = halogen, 

CN etc..) processes as long as their metalated intermediates formed along the C-X activation 

paths display distinctive topology.  

 
Experimental Section  

Materials and methods. PolyAlanine were purchased from Sigma Aldrich. The NHC complexes 
used in this study were synthesized as previously reported.68,74–77. The synthesis of [(NHC4)(p-
cym)RuCl2] was carried aout as follows: Silver oxide (73 mg, 0.31 mmol) was added to a solution 
of 1-mesityl-3- (methylpyrene) imidazolium bromide (150 mg, 0.31 mmol) in CH3CN in a round 
bottom flask covered with aluminium foil. The suspension was refluxed for 5 h. Then [Ru(p-
cymene)Cl2]2 (96 mg, 0.15 mmol) was added to the suspension and stirred overnight at reflux 
temperature. The resulting suspension was filtered through celite and the solvent was removed 
under reduced pressure. The crude product was purified by column chromatography. The pure 
compound [(NHC4)(p-cym)RuCl2] was eluted with dichloromethane/acetone (9:1) and 
precipitated in a mixture of dichloromethane/pentane to give a brown solid. Yield: 116 mg 
(53%).1H NMR (300MHz, CDCl3): δ 8.42(d, 3JH-H = 9.2 Hz, 1H, CHpyr), 8.22- 8.05 (m, 7H, 
CHpyr), 7.83 (d, 3JH-H = 7.9 Hz, 1H, CHpyr), 7.00 (s, 2H, CHmes), 6.90 (d, 3JH-H = 2.0 Hz, 1H, 
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CHimid), 6.79 (d, 3JH-H = 1.9 Hz, 1H, CHimid), 6.63 (s, 2H, CH2), 5.28 (d,  3JH-H = 6.1 Hz, 2H, CHp-

cym), 5.11 (d,  3JH-H = 6.1 Hz, 2H, CHp-cym), 2.54 (m, 1H, CHiPr), 2.36 (s, 3H, CH3,mes), 2.28 (s, 6H, 
CH3,mes), 1.75 (s, 3H, CH3,p-cym), 1.00 (d, 3JH-H = 7.0 Hz, 6H, CH3,iPr). 13C {1H} NMR (75MHz, 
CDCl3): δ 175.1 (Ccarbene), [139.1, 137.8, 136.7, 134.4, 131.5, 131.2, 130.9, 129.9, 128.8, 128.6, 
127.9, 127.4, 126.4, 126.2, 125.7, 125.6, 125.3, 125.1] (Cpyr, Cmes), 125.0 (CHimid), 124.7 (Cpyr), 
123.8 (CHimid), 122.8 (CHpyr), [106.1, 94.0] (Cp-cym), [87.3, 84.3] (CHp-cym), 54.6 (CH2), 30.6 
(CHiPr), 22.4 (CH3,iPr), [21.2, 19.4] (CH3,mes), 18.0 (CH3,p-cym). 

 ESI Ion Mobility 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. 

A capillary voltage was set to 1.5 kV operated in the positive ionization mode and in the 

resolution mode. Source settings were adjusted to keep intact the complexes of interest. Typical 

values were cone voltage 20 to 40 V and source offset 4 V; source and desolvation temperatures 

were set to 110 and 350 ºC, respectively. Cone and desolvation gas flows were 150 and 500 (L/h), 

respectively. Calibration of the m/z axis up to m/z 1000 was performed using the routine 

implemented in intellistart from a mixture of sodium hydroxide and formic acid in 1:9 v/v 

H2O:isopropanol. The instrument was switched from TOF acquisition to mobility TOF 

acquisition mode and left for 30 minutes before recording Travelling Wave Ion Mobility (TWIM) 

mass spectra. The ion mobility separation occurs through the so-called triwave device that 

operates with three regions: trap, ion mobility separation, and transfer with a helium cell located 

between the trap and ion mobility separation regions. The m/z 50-900 range was investigated and 

ion mobility separation settings were used as follows: the traveling wave height was set to 40 V 

and wave velocity was set to 650 m/s. The drift gas was nitrogen (N2) at a flow rate set to 90 

mL/min. The helium cell gas flow was 180.00 mL/min. IMS DC values were as follow: Entrance 

20; Helium cell DC 50; Helium exit -20; Bias 3; Exit 0. Trap DC bias was 45 V; entrance, 3; Exit 

0. The TWIM-MS data were processed using Masslynx 4.2 (SCN 982). Ion mobility spectra of 

the species of interest were extracted using a 0.15 Da mass window and were converted from 

waters.raw to .txt files. Gaussian fitting of the IM data was applied to improve the precision of 

the drift time measurements. The reported drift times values were obtained by Gaussian peak 

fitting using origin 6.0 (Microcal) rendering good correlation in all cases. In those cases where 

partial overlapping of the ATD profiles was observed, deconvolution to several gaussian 

functions was performed. Each sample was recorded by triplicate on the same day and the 

deviation in the drift time values was less than 0.5 %.  

Acetonitrile sample solutions (ca. 10-6 M) of the NHC complex of interest were 

investigated by ESI-MS and ESI-IM-MS. Simulated isotopic patterns were checked for each 

identified ion and in all cases, they exactly matched the experimental ones, thereby indicating 
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that ionization of these compounds took place exclusively via the loss of a chloride ligand. ESI 

Ion mobility (IM) mass spectra were virtually identical to those obtained by single-stage ESI-MS 

in the absence of mobility separation.  

For collision induced dissociation (CID) experiments, the cation of interest was mass-

selected with the first quadrupole using an isolation width of 1 Da, interacted with argon in the 

trap region (prior to the Ion mobility separation) by increasing the applied voltage in the trap 

(Utrap) and monitoring the ATD characteristics of the product ions while analyzing the ionic 

fragments with the TOF analyzer. In this particular case, the mass selection of the monoisotopic 

peak, even though it displays much lower ion counts, was advantageous to clearly differentiate 

losses of HCl (H35Cl Δm 36) that occurs simultaneously with losses of nH2 (Δm 2 and 4). 

Additional experiments were performed in the transfer cell (behind the ion mobility section) 

section by increasing the applied voltage in the transfer (Utransfer) aimed to prove the additional 

fragmentation of the previously ion mobility-resolved product ion. When the CID experiment is 

conducted in transfer section, the generated second-generation product ions will have same drift 

time as their parent ion in ion mobility mode. The collision energy in the trap region (Utrap) was 

systematically stepped in the Utrap = 1–30 V range (5 V increments) where the 

dehydrohalogenation fragmentation step (Δm 36) was dominant. At higher collision energies, 

complex fragmentation of the NHC backbone and p-cymene or Cp* ligand was observed.  

Breakdown profile graphics represents the relative abundance 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 Ip/(Ip+Σ Ifrag), where Ip is the peak intensity of the 

precursor ion, and Σ Ifrag is the sum of the peak intensities corresponding to all fragments, in 

most cases the product ion that results from losses of Δm 36. In some cases, several isomers 

contribute to the ion population of this ion and the branching ratio of each one was extracted 

from the areas of their mobility peaks  from the ATD profiles according to the Russell 

procedure.78  Their relative abundances from CID experiments were determined from mass 

spectra averaged over 120 scans. There was little variation (max. 3%) in the relative product ion 

abundances from three consecutive CID mass spectra. The collision energy was increased every 

5 V in the 1-30 V range and typically 7 CE points were considered to yield a clear picture of the 

distinctive propensity to eliminate HCl from the Cp*(or p-cym) or the NHC ligand. 

CCS Calibration. Drift times were converted into CCS following the CCS calibration protocol 

reported by Ruotolo.69 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.70 Their DTCCSN2 values were taken from the 

literature (polyAlanine79). As the TWIMS device is operated with N2 buffer gas, the obtained 
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TWCCS values will be noted TWCCSN2. Drift times (tD) were subjected to correction for mass‐
dependent and mass‐independent flight times according to 𝑡 ´ = 𝑡 −  𝐶 ∗ /  − 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 values were converted to CCS´ according 

to  𝐶𝐶𝑆´ = √  where μ and z stands for the reduced mass of the collision partners and the 

charge state, respectively. The calibration curve is represented as CCS´ as a function of tD´ using 

a power law,80 CCS´ = A x (tD´)B. Constants A and B were subsequently derived from the 

calibration plot and used to calculate cross-sectional areas (TWCCSN2) of unknown species from 

corrected drift time measurements extracted for specific m/z values from the data.  

DFT calculations 

Geometry optimizations, single-point calculations and frequency calculations were performed 

using Gaussian 09 suite of programs with the PBE1PBE functional and the LanL2DZ basis for 

Ru and 6-31G(d) for (C H N O).81 Frequency calculations were performed on optimized 

geometries to ensure true minima. 

Calculate CCS with TM methods. For Trajectory Methods (TM) calculations, IMoS 1.10 was 

used.71 Atomic coordinates were exported as .xyz files from minimized energy models in pdb 

format. For TM methods, the potentials employed are standard TM Lenard-Jones methods using 

a 4-6-12 potential. The number of rotations was 3 with 300000 gas molecules per rotations.  
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Ion Mobility Spectrometry Mass Spectrometry-based (IM-MS) approaches are presented to 

uncover site-selective C-H bond activation in a series of N-hetrocyclic carbene metal complexes 

based on the distinctive topology that the cyclometalated isomers adopt upon C-H bond 

activation.  
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