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Speciation and decomposition pathways of ruthenium 

catalysts used for selective C–H hydroxylation 

Cornelia Flender, Ashley M. Adams, Jennifer L. Roizen┴, Eric McNeill,  
J. Du Bois* and Richard N. Zare*  

Mechanistic insight into a C–H hydroxylation reaction catalysed by [(Me3tacn)RuCl3] has been 
obtained using desorption electrospray ionization mass spectrometry (DESI-MS) to identify 
reactive intermediates and to determine that fate of the starting metal complex. Our studies 
provide direct evidence for the formation of a high-valent dioxo-Ru(VI) species, which is 
believed to be the active oxidant.  Other unexpected Ru-oxo intermediates, however, have been 
identified and may also function as competent hydroxylating agents.  Mass spectral data that 
substantiate putative mechanisms for catalyst arrest and highlight reactivity differences 
between [(Me3tacn)RuCl3] and the corresponding tribromide adduct are also described.  

 

Introduction 

The hydroxylation of unactivated C–H bonds remains a leading 
challenge in modern organic chemistry despite recent, notable 
advances using both metal- and nonmetal-based catalysts to effect 
this transformation.1,2,3,4   Following earlier work of Che, we have 
demonstrated the utility of (1,4,7-trimethyl-1,4,7-triazacyclonon-
ane)ruthenium(III) trichloride  ([(Me3tacn)RuCl3], 1) for  oxidation 
of tertiary and certain benzylic C–H bonds on substrates of varying 
complexities (Figure 1).5  Under optimized conditions, this reaction 
is conducted in aqueous solution using either ceric ammonium 
nitrate (CAN) or sodium periodate (NaIO4) as the stoichiometric 
oxidant. Mechanistic evidence, including both substrate selectivity 
and kinetic isotope effect data, suggest that oxidation occurs by an 
initial C–H abstraction event followed by fast, solvent-caged radical 
rebound. In order to gain additional insight into the reaction process 
and the mechanism(s) for catalyst arrest, we have utilized desorption 
electrospray ionization (DESI) coupled to mass spectrometry (MS)6 
to detect transient reaction intermediates and catalyst-derived 
products. These experiments have revealed three oxo-substituted Ru 
species, including the putative active oxidant, a dioxo-Ru(VI) 
Me3tacn adduct; mono-oxo Ru(IV) and dioxo-Ru(V) adducts have 
also been identified by DESI-MS.  Examination of DESI-MS from 
spent reaction mixtures suggests possible mechanisms for inhibition 
of reaction turnover.  Collectively, these results underscore the 
utility of DESI-MS as an analytical method for reaction methods 
development.7 

Using DESI-MS, molecular ions corresponding to reaction 
intermediates with millisecond lifetimes can be detected.8 The 
detection of such fleeting species is achieved by spraying charged 
droplets of a reagent with the assistance of a nebulizing gas onto a 
 

 

 

Figure 1. Tertiary C–H bond hydroxylation under Ru-catalysis. 

sample that is spotted on a surface (Figure S1). Upon impact of the 
reagent and the sample, secondary droplets that contain the reaction 
partners are desorbed from the surface and directed into the MS for 
analysis. The reaction is initiated at the time the reagent droplets hit 
the sample on the surface, and continues inside these secondary 
droplets. Evaporation of the droplets takes place inside the transfer 
capillary of the MS to give the desolvated ions. The close spatial 
proximity of the microdroplet source to the MS inlet capillary allows 
for very short mixing times.9 In this study, we used DESI-MS to 
look at early time points of the [(Me3tacn)RuCl3]-catalysed C–H 
hydroxylation reaction. The distinct isotope profile of ruthenium and 
the high mass accuracy of an Orbitrap mass spectrometer10 allow for 
accurate identification of reaction products.  

Results and Discussion 

A. High-valent Ru oxidants.  The oxidation of tertiary and benzylic 
C–H bonds mediated by catalytic amounts of [(Me3tacn)RuCl3] 1 
proceeds smoothly in an aqueous alcohol solvent mixture, and either 
tertiary alcohol or ketone products can be obtained in synthetically 
useful yields (45–82%). In general, CAN proves to be the most 
effective as a terminal oxidant for this transformation.11 The addition 
of a chloride scavenger, AgClO4, improves turnover number and 
overall product yields. The Ag(I) source is presumed to dissociate 
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the Cl– groups from the [(Me3tacn)RuCl3] complex prior to the 
addition of oxidant. Initial DESI-MS studies, therefore, began by 
assessing the efficiency of this pre-incubation procedure. Catalyst 1 
was treated with 4 equiv of AgClO4, the solution filtered and spotted 
on a paper surface for DESI analysis (Figure 2, top). In the mass 
spectrum, the most abundant signal corresponds to a molecular 
formula [LRuO2H3Cl]+ (L = Me3tacn). This finding demonstrates 
that the removal of a three chloride ligands by AgClO4 is not 
complete prior to the addition of oxidant. 

 
Figure 2.  DESI spectra of [(Me3tacn)RuCl3] (top) and [(Me3tacn)RuBr3] 
(bottom) both incubated with AgClO4. 

Our initial finding from the DESI-MS that AgClO4 did not effect 
complete dissociation of chloride ligands prompted us to synthesize 
the corresponding tribromide complex, [(Me3tacn)RuBr3]. Analysis 
of this catalyst prior to treatment with Ag(I) reveals three major 
forms, [LRuOBr2H]+, [LRuO2BrH2]

+ and [LRuO3H3]
+ with 

[LRuO2BrH2]
+ as the primary component (Figure S2). This finding 

contrasts analogous data with [(Me3tacn)RuCl3], a complex that 
exists in solution almost exclusively as the tris-chloride adduct 
(Figure S3). DESI analysis of [(Me3tacn)RuBr3] following treatment 
with AgClO4 shows [LRuO3H4]

+ as the only Ru-containing species 
in the spectrum (Figure 2, bottom). From these data, it is evident that 
the bromide ligand is considerably more labile that its chloride 
counterpart.  

DESI-MS of the reaction of [(Me3tacn)RuCl3] with substrate 2 
and NaIO4 shows a cationic ruthenium (VI) complex as the major 
Ru-containing analyte, which we have assigned as [LRuO2(OH)]+ 
4 (Figure 3).  Detection of this dioxo-Ru(VI) species is consistent 
with the mechanism of Che and co-workers that a dioxo-adduct is 
the active hydroxylating agent.12 In addition to 4, we were able to 
identify a second dioxo complex, [LRuO2]

+ 5 (Figure 3). 
Subjecting [LRuO2]

+ 5 to collision induced dissociation (CID) 
requires a relative collision energy of 20% to fragment the ligand. 
Subjecting [LRuO2(OH)]+ to CID, however, leads to loss of H2O at 
a relative energy of 10%, which can be attributed to loss of the 
OH-group and fragmentation of the ligand. Further experiments 

without the application of external voltage demonstrated that the 
composition of the spectrum did not change; applying a 5 kV 
potential to the syringe supplying the spray resulted in increased 
overall signal intensity.13  To determine the origin of the oxo-
groups, 18O-labelled H2O was employed as solvent.  
Corresponding mass shifts of 6 Da for [LRuO2(OH)]+ 4 and 4 Da 
for [LRuO2]

+ 5 were recorded. These data confirm that the oxygen 
ligands present in these ions either originate from or are rapidly 
exchanged with solvent under these conditions.14 

 

Figure 3. Top:  DESI mass spectrum of [(Me3tacn)RuCl3], pre-treated with 
AgClO4, and substrate 2 sprayed with NaIO4. For full spectrum see Figure 
S4. Bottom:  Zoom-in of the signal corresponding to [LRuO2]+ and proposed 
structures for both metal-oxo species. The main isotope of [LRuO(OH)]+ 6 is 
at m/z 306.0755.   

Upon further analysis of the signal corresponding to [LRuO2]
+ 5, 

a third ruthenium-containing species was identified with a ∆m/z of 
+1 Da. While this peak is low intensity, it is well resolved by the 
Orbitrap MS (set to 60,000 at m/z 400). This new species has one 
additional hydrogen compared to [LRuO2]

+ and has been assigned as 
a mixed hydroxy-oxo-Ru (IV) adduct 6 (Figure 3, bottom). To verify 
this result, experiments were repeated using different types of 
surfaces to spot the sample (paper, glass or PTFE), with and without 
the application of voltage. Signals corresponding to 5 and 6 appear 
in the spectrum irrespective the experimental conditions. Analogous 
data were recorded when [(Me3tacn)RuBr3] was used in place of 1 
(Figure S5) While the formation of a mono-oxo Ru (IV) was 
unexpected, complexes of this type have been previously 
characterized.15 In one example, Che has described the synthesis of a 
(Me3tacn)(bipyridine)Ru(IV)-oxo species, which is capable of 
oxidizing benzylic and aromatic C–H bonds.16  Our DESI-MS 
experiments establish that the combination of [(Me3tacn)RuCl3], 
AgClO4, and NaIO4 is capable of generating at least three discrete 
oxidized ruthenium intermediates. While it is possible that the dioxo-
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Ru(VI) adduct 4 functions as the reactive hydroxylating agent, 
substrate oxidation by Ru(V) 5 and/or Ru(IV) 6 species cannot be 
discounted at this time. 

Due to the nature and number of oxidized ruthenium adducts 
detected in the DESI-MS spectra, we were interested in examining 
the relationship between oxidant concentration and catalyst 
speciation. Varying concentrations of NaIO4 were sprayed onto a 
mixture of [(Me3tacn)RuCl3], pre-incubated with AgClO4, and 
substrate 2. Figure 4 shows that the intensity of the Ru(III) species 
[(Me3tacn)RuO3H4]

+ decreases with increasing concentrations of 
oxidant. Both 5 and 6 show a maximum intensity at higher oxidant 
concentrations. The maximum signal for 6 is recorded at [NaIO4] of 
10-5 M. By contrast, 5 has a signal maximum at an oxidant 
concentration of 10-4 M. These results suggest that conversion of 6 to 
5 may be occuring at higher periodate concentrations. Above 10-4 M 
[NaIO4], the principal ruthenium species are in the dioxo form (i.e., 
4 and 5). 

 
Figure 4. Ruthenium speciation at varying NaIO4 concentrations. Ion 
intensities were normalized to the total ion count (TIC) of all ruthenium 
containing species. 

B. Catalytic Turnover and Catalyst Arrest.  Our inability to 
improve yields of C–H hydroxylation products by increasing 
[(Me3tacn)RuCl3] loading has prompted experiments to understand 
mechanisms for catalyst arrest.17 The formation of oxo-bridged 
diruthenium species may be one pathway for catalyst inactivation.18 
We have performed DESI-MS analysis of reaction mixtures 
following a 24 h mixing period of catalyst 1, substrate 2, AgClO4, 
and NaIO4. The reaction mixture was partitioned between aqueous 
and ethereal solvents, and the contents of each fraction were 
analysed separately. The full spectrum of the aqueous extract shows 
the complex composition of the spent mixture (Figure 5).  

Analysing the signals that contain at least one ruthenium ion, we 
have found that all such compounds are in the mass range of 250-
650 m/z. After 24 hours, no oxo- or dioxo-derived species can be 
identified. Notably, these experiments reveal a trioxo-bridged 
ruthenium dimer, [(Me3tacn)RuO3Ru(Me3tacn)]+2 7, which is 
detected as a doubly charged species (Figure 5). We believe that 
dimer formation represents at least one of multiple pathways for 
inhibition of catalyst turnover.  Accordingly, when a solution of 

NaIO4 (5 x 10-4 M) was sprayed onto a sample of the spent reaction 
mixture, the MS spectrum did not show any increase in the intensity 
of hydroxylation products (Figure S6). These results suggest that the 
ruthenium species present at the end of the reaction, which includes 
dimer 7, are no longer active as C–H hydroxylation catalysts. A full 
list of identified m/z signals, including a variety of mononuclear 
ruthenium species, is given in Figures S7 and S8. The 
[(Me3tacn)RuBr3] yields similar decomposition products as the 
[(Me3tacn)RuCl3] catalyst (see Figure S9), including the trioxo-
bridged dimer. 

 
Figure 5A. DESI-Mass spectrum of the aqueous fraction following work-up 
of a spent reaction mixture (catalyst 1, AgClO4, 2, and NaIO4, 24 h).  B. 
Experimental spectrum showing an isotope profile consistent with trioxo-
bridged ruthenium dimer 7. C. Simulated spectrum of 7 (note: 0.5 m/z 
intervals between isotopes are consistent with the assignment of a dimer 
having a net dipositive charge). 

Mass spectral analysis of the ethereal extract of the spent 
mixture from a reaction with [(Me3tacn)RuCl3] is shown in Figure 
S10. In addition to the major product 3, five byproducts derived 
from 2 can be identified (Table 1). These include the bis-diol product 
3a resulting from hydroxylation at both tertiary sites (i.e., C3 and 
C7) as well as two ketone products that stem from oxidation at any 
one of the four unsubstituted methylene centers (3b, 3c). Two 
additional products, 3d and 3e, arise from oxidative C–C bond 
cleavage (possibly through an alkene intermediate). To confirm the 
chemical formula assignments of the reaction products, a d5-
benzoate-labeled substrate was synthesized. Oxidation of this 
compound leads to a 5 Da mass shift for the mono-hydroxylated 
product and all other substrate-derived byproducts (Figure S10). 
Finally, examination of the product distribution over time (Table 2) 
shows that the reaction is effectively complete at 3 hours. These data 
also demonstrate that, as the reaction proceeds, the ruthenium trioxo-
ruthenium dimer 7 is formed. 
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Table 1. Major and minor byproducts from C–H hydroxylation catalysed by 
1.  Structures shown for compounds 3b and 3c are representative isomers and 
have not been definitively assigned.  Compounds 3d and 3e are products 
arising from C–C bond cleavage. 

 

Entry Sum formula m/z Relative signal intensity 

3 [C17H26O3]Na
+
 301.1774 100% 

3a [C17H26O4]Na
+
 317.1723  4.5% 

3b [C17H24O3]Na
+
 299.1618 17.5% 

3c [C17H24O4]Na
+
 315.1567  2.5% 

3d [C16H22O3]Na
+
 285.1461 10.5% 

3e [C16H20O4]Na
+
 299.1254  3.0% 

In bulk solution, [(Me3tacn)RuBr3] is less effective than 
[(Me3tacn)RuCl3] as a pre-catalyst for C–H hydroxylation of 1, and 
affords only 20% of 3 at 2 mol% loading.  When the reaction with 
[(Me3tacn)RuBr3] is examined by DESI-MS (24 h), the signal 
corresponding to substrate 2 (m/z 285.18) is significantly more 
intense than that of the product 3 (m/z 301.17, Figure 6a). This 
finding is consistent with the bulk solution data, and contrasts rather 
markedly the DESI-MS spectrum of a reaction with 
[(Me3tacn)RuCl3]. Using DESI-MS to assess the kinetic profile of 
the reaction progress clearly demonstrates the superiority of the 
[(Me3tacn)RuCl3] catalyst (Figure 6b). In spite of the presence of 
Ag(I), clearly the counterion (Cl vs Br) exerts a significant effect on 
both the speciation of the catalyst and its performance.   

Table 2. Changes in the signal intensities (normalized) vs. time of selected 
ions.  

Time (h) Substrate 2 Product 3 Dimer 7 

0.15 162 7 0 

0.5 68 43 0 

3 55 106 1.72 

24 57 108 1.65 

 

Figure 6 A.  Incubated reaction mixtures of (top) [(Me3tacn)RuCl3] versus 
(bottom) (Me3tacn)RuBr3. The signals at m/z 301.17, 317.17, 285.18, and 
285.14 correspond to the following products:  alcohol 3, diol 3a, substrate 2, 
ketone 3b or c, respectively. The signal at m/z 290.21 is an internal standard. 
B. A plot of product 3 formation vs. time for a reaction catalysed by 
[(Me3tacn)RuCl3] (red) and [(Me3tacn)RuBr3] (black). 

Conclusions 

Our studies have focused on the identification of the active 
oxidants and potential arrest mechanisms in the [(Me3tacn)RuCl3]-
catalysed hydroxylation of tertiary C–H bonds. Comparative 
experiments with [(Me3tacn)RuBr3] have also been obtained, and 
reveal striking differences between these two catalysts, which is 
reflected in their disparate performance in solution. The power of 
DESI-MS to detect reaction intermediates and products within 
milliseconds following initiation is a considerable advantage of this 
analytical technique. Data from these experiments have raised 
unforeseen questions regarding the structure(s) of the active oxidant 
in this Ru-catalysed process. Future efforts to develop next-
generation Ru systems for C–H hydroxylation may consider ligand 
designs that bias generation of a single oxidizing species. In addition 
to these findings, DESI-MS data has given evidence that catalyst 
dimerization, in this case to form a trioxo-bridged complex, is 
deleterious to catalyst turnover.  The design of alternative ligand-
metal complexes and/or discovery of reaction conditions that can 
mitigate these second order processes could result in significant 
boosts in reaction performance.   

Experimental Section 

The synthesis of the ligand Me3tacn (1,4,7-trimethyl-1,4,7-
triazacyclo-nonane) is described in detail elsewhere.19  
[(Me3tacnRu)Cl3] was obtained by metalation of 40 µL Me3tacn with 
199 mg [RuCl2(dmso)4] in 1.0 mL ethanol followed by refluxing in 
concentrated HCl.20 [(Me3tacn)RuBr3] was synthesized accordingly 
using RuCl2(dmso)4 as the starting material and refluxing in HBr. 
Activation of the catalyst was carried out by dissolving 2 mg the Ru 
complex in 0.5 mL H2O and sonicating until fully dissolved. 5 mg 
AgClO4 (Sigma-Aldrich) was added and the mixture stirred at 80 °C 
for 6 min. The heterogeneous mixture was cooled to room 
temperature, filtered through a cotton plug, and the mass analysed. 
For the analysis of incubated reaction mixtures, the suspension was 
transferred into a vial containing 37 mg substrate 2 and 85 mg 
NaIO4. The contents were stirred for a prescribed amount of time (10 
min, 30 min, 3 h, 24 h), then filtered through a cotton plug. The 
aqueous fraction was extracted with 3 x 1 mL of Et2O. DESI-MS 
experiments were carried out using a homebuilt DESI source 
(described in S1) coupled to an LTQ-XL Orbitrap mass spectrometer 
(Thermo Scientific). The instrument parameters were set as follows: 
temperature inlet capillary: 200 °C; resolution: 60,000 at m/z 400; 
scan range: 50-1000 m/z; voltage applied to syringe: 5 kV. 
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