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The iron tris(2-pyridylmethyl)amine) (Fe(TPA)) class of non-haem 

Fe catalysts is proposed to carry out selective hydrocarbon 

oxidations through the generation of high-valent Fe species. Using 

ambient mass spectrometry, we obtain direct evidence for the 

formation of an Fe
V
(O)(OH) species under catalytic conditions. In 

addition, 
18

O-labelling suggests that this Fe
V
(O)(OH) species serves 

as the active oxidant in hydrocarbon oxidation catalysis. 

 Mononuclear non-haem iron-containing enzymes activate 

dioxygen to carry out a range of metabolically important 

transformations,
1-4,5

 A common feature found for these 

enzymes is a mononuclear iron centre coordinated to a 2-His-

1-carboxylate facial triad motif,
1
 with two adjacent labile sites 

available for dioxygen binding and activation.
6, 7

 Inspired by 

these enzymes, a class of non-haem iron catalysts has 

emerged, which are supported by tetradentate nitrogen-rich 

ligand frameworks such as TPA (TPA = tris(2-

pyridylmethyl)amine) (Fig. 1 left) and use H2O2 as a two-

electron oxidant to carry out stereoselective hydroxylation of 

C–H bonds, epoxidation of olefins, and cis-dihydroxylation of 

C=C bonds.
8-11

 The high selectivity exhibited by these catalysts 

excludes unselective hydroxyl radicals as the oxidant but 

instead implicates metal-based oxidants, analogous to those 

proposed for metalloenzymes. 

 One important mechanistic question is the identity of the 

active oxidant. Significant evidence has been accumulated in 

the last 20 years from 
18

O-labelling experiments to provide 

strong but indirect support for an Fe
V
 active oxidant in these 

catalytic systems (Fig. 1 right).
12-16

 In our current 

understanding, an Fe
II
 precursor reacts with H2O2 to form a 

well-characterized metastable Fe
III

(OOH) species,
17, 18

 which is 

a “sluggish oxidant” and does not oxidize substrates directly.
19

 

It is instead proposed to undergo rate-determining water-

assisted O–O cleavage through a five-membered ring 

transition state (A in Fig. 1) to unmask an Fe
V
(O) oxidant (B in 

Fig. 1) responsible for the oxidative transformations associated 

with this catalyst.
13,14

 

 

Figure 1. Iron complexes used in this study (left) and scheme showing the 
proposed water-assisted mechanism for Fe(TPA)-catalysed olefin oxidation by 
generation of a high-valent Fe

V
(O)(OH) species as the active oxidant (right).  

 Upon O–O bond cleavage, the distal oxygen atom from the 

Fe
III

(OOH) species is lost as water to generate the Fe
V
(O)(OH) 

oxidant with one O atom from H2O2 and the other O atom 

from water. This mechanism is supported by 
18

O-labelling 

experiments showing partial incorporation of 
18

O from H2
18

O 

into alcohol and epoxide products, and the incorporation of 

one O atom from H2O2 and H2O each into cis-diol products. 

The observed label incorporation can only occur after O–O 

bond cleavage to generate Fe
V
(O)(OH) followed by oxo-

hydroxo tautomerism to scramble the isotopic labels (B in Fig. 

1). As a result, the oxo oxygen that ends up in the alcohol or 

epoxide product could originate from either H2O and H2O2.
13

 

On the other hand, olefin cis-dihydroxylation entails transfer of 

both the oxo and hydroxo groups of the Fe
V
(O)(OH) oxidant to 

the same face of the substrate C=C bond to form cis-diol with 

one oxygen atom each from H2O and H2O2.
13

 

 There is scant direct spectroscopic evidence for such an 

Fe
V
(O)(OH) species in the literature, with only one report, by 

Costas and co-workers, on a related non-haem iron catalyst 

Fe(PyTACN) (PyTACN = 1-[2′-(pyridyl)methyl]-4,7-dialkyl-1,4,7-

triazacyclononane). The Fe
V
(O)(OH) species was trapped and 
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identified at -40 °C using cryo-spray ionization mass 

spectrometry (CSI-MS).
20

 The transient nature of this Fe
V
 

species under catalytic conditions presents a major challenge 

in obtaining direct evidence for its existence. 

Desorption electrospray ionization MS (DESI-MS),
21, 22

 the 

original ambient-ionization technique, enables direct analysis 

without the need for prior sample preparation or treatment
23

 

and is capable of detecting transient intermediates formed in 

catalytic reactions.
24-26

 In these experiments, sensitivity is 

significantly influenced by microdroplet spray distances and 

angles relative to the sample surface and MS inlet. 

Transmission mode DESI (TM-DESI)
27, 28

 reduces these 

optimisation requirements by directing the microdroplet 

sprayer at the MS inlet and using a mesh positioned 

perpendicular to the primary microdroplet beam as the sample 

surface. By placing reagents in the primary microdroplet spray 

and on mesh surfaces (Fig. 2), an ambient mass spectrometric 

technique
21

 named multistage reactive TM-DESI (rTM
n
-DESI,

24, 

25
 with n representing the number of desorption and/or 

reaction steps) offers a simple approach for detecting 

intermediates and products on a timescale < 1 ms. In addition, 

rTM
n
-DESI provides the ability to spatially separate reagents 

and control their order of introduction into the reacting 

system, thereby minimizing unwanted reactions that lead to 

catalyst deactivation and degradation products.
25

 

 
Figure 2. Experimental setup of rTM

n
-DESI-MS, where 

n
 = 1. 

This report describes rTM
1
-DESI and 

18
O labelling 

experiments that provide evidence for the formation of an 

Fe
V
(O)(OH) species under catalytic conditions and its 

involvement in substrate oxidation. In rTM
1
-DESI-MS, a 

microdroplet spray containing MeCN and H2O2 impacts 

(velocity of the microdroplets ~ 50–100 m/s) a polyether ether 

ketone (PEEK) mesh (71 μm strand diameter, 56% open area) 

on which the iron complex [Fe(TPA)(MeCN)2](OTf)2 or 

[Fe(TPA*)(MeCN)2](OTf)2 was deposited (5 μL of 1 mM solution 

in MeCN). When microdroplets impact the surface of the 

mesh, the iron complex is solubilized and desorbed into 

secondary microdroplets. The reaction of the iron complex 

with H2O2 proceeds in the secondary microdroplets, 

generating high-valent iron species that are detected using an 

Orbitrap mass spectrometer (mass accuracy 1-2 ppm and 

resolution of 100,000 at m/z 400
29

). The short timescale of 

desorption and microdroplet evaporation in rTM
n
-DESI (< 1 

ms) enabled detection of the Fe
V
(O)(OH) oxidant generated in 

the secondary microdroplets. 

 We first present results from the reactions of H2O2 with an 

electron-rich variant of Fe(TPA), namely Fe(TPA*) (TPA* = 

tris(3,5-dimethyl-4-methoxypyridyl-2-methyl)amine), with the 

expectation that TPA* should lengthen the lifetimes of the 

higher-valent species formed and enhance the intensities of 

these ions. With H2
16

O2 and H2
16

O in the reaction mixture (Fig. 

3a), signals were observed at m/z 276.605, which can be 

formulated as either [Fe
III

(TPA*)(
16

O
16

OH)]
2+

 or  

[Fe
V
(TPA*)(

16
O)(

16
OH)]

2+
, and at m/z 702.163, which is 

consistent with either {[Fe
III

(TPA*)(
16

O
16

OH)](OTf)}
+
 or 

{[Fe
V
(TPA*)(

16
O)(

16
OH)](OTf)}

+
. A signal at m/z 704.133, arising 

from [Fe
III

(TPA*)Cl(OTf)]
+
, was also observed, at around half 

the intensities of the Fe
III

(OOH) and/or Fe
V
(O)(OH) species 

(m/z 276.605: m/z 702.163: m/z 704.133 = 44:38:18). Signals 

of the ferrous precursor, ferric by-products as well as ferrous 

and ferric species with varying degrees of ligand oxidation 

were also observed (Table 1, Fig. S1). 
 

Table 1. Iron species observed in rTM
1
-DESI-MS experiments with unlabelled H2O2/H2O. 

Species Dication 

(m/z) 

Monocation 

with OTf (m/z) 

(L)Fe
III

(OOH)
 
or 

(L)Fe
V
(O)(OH)

 

276.605 

189.543 

702.163 

528.038 

(L)(Fe
II
) 260.106 669.165 

(L)Fe
III

(OH) 268.608 686.168 

(L)Fe
III

(Cl) - 704.133 

[(L)2Fe
III

2(O)(OH)](OTf) 611.188 - 

[(L)2Fe
III

2(O)](OTf)2 677.163 - 

–CH2– backbone hydroxylation 268.104 685.160 

(L)Fe
III

(OH) w/ one –CH2– 

backbone oxidized to C=O 

275.597 700.147 

L = TPA*. Italicised number: m/z for corresponding species found when L = TPA. 

 When H2
18

O2 was used (Fig. 3b), base peaks at m/z 277.607 

and m/z 704.167, corresponding to Fe
V
(O)(OH) species with 

single 
18

O atom incorporation, were observed. The absence of 

appreciable signals at m/z 278.608 and m/z 706.171 indicates 

that single 
18

O substitution predominates, thereby excluding 

the Fe
III

(OOH) species, which would carry both 
18

O atoms from 

H2
18

O2. These observations support a mechanism involving water-

assisted O–O bond cleavage of Fe
III

(OOH) species to form 

[Fe
V
(TPA*)(

16
O)(

18
OH)]

2+
 or [Fe

V
(TPA*)(

18
O)(

16
OH)]

2+
 (Fig. 1). 

The rTM
1
-DESI-MS results are in congruence with previous 

bulk-phase 
18

O-labelling studies for alcohol, epoxide, and cis-

diol products of these reactions.
12-16

 Complementary 

H2
16

O2/H2
18

O experiments (Fig. 3c) also saw an increase in the 

relative intensities of m/z 277.607 and m/z 704.167 peaks 

compared to the reaction with H2
16

O2/H2
16

O, suggesting 
18

O-

atom incorporation from H2
18

O. The peak at m/z 704.133 

present in the H2
16

O2/H2
16

O experiment and assigned to 

[Fe
III

(TPA*)Cl(OTf)]
+
 can be clearly resolved from the m/z 

704.167 peak arising from single 
18

O-labelled Fe
V
(O)(OH) 

species (Fig 3a and 3c insets). The signals attributed to ligand 

degradation products in Table 1 were insensitive to isotopic 

labelling and saw no significant changes in relative intensities, 
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suggesting that these pre-existing impurities did not 

participate in these reactions (Fig. 3, Fig. S2). 

 
Figure 3. Mass spectra (rTM

1
-DESI-MS) of reaction mixtures of Fe

II
(TPA*) with 

spray mixtures containing isotopically labelled H2O and H2O2. (a) 15 mM 90% 
H2

16
O2 in H2

16
O; (b) 120 μM H2

18
O2 (2% in H2

16
O, 90% 

18
O enriched) in MeCN; (c) 

20 mM 90% H2
16

O2/0.5 M H2
18

O in MeCN. Insets: zoomed in region of spectra. 
m/z ratios shown underneath the formulae are the expected m/z ratios Offset 
Red traces are simulated spectra of the corresponding mixture of ions computed 
using Thermo Xcalibur (see Fig. S3 for parameters for the simulations). 

 Parallel experiments on the parent Fe
II
(TPA) complex 

corroborate the results observed for Fe
II
(TPA*) (Fig. S4). 

Signals at m/z 190.545 and m/z 530.043, consistent with the 

incorporation of a single 
18

O-atom into the Fe
V
(O)(OH) species 

are observed for the H2
18

O2/H2
16

O reaction, along with signals 

at m/z 191.547 and m/z 532.047, consistent with Fe
III

(OOH) 

species with both oxygen atoms of the peroxo moiety 

originating from H2O2. Interestingly, while the relative intensity 

of the Fe
V
(O)(OH) dication (m/z 189.543) is 4 times that of 

penta-coordinated Fe
III

(OOH) dication (m/z 191.547), the 

triflate-bound Fe
III

(OOH) species (m/z 532.047) 

[Fe
III

(TPA)(
18

O
18

OH)(OTf)]
+
 dominates the m/z 530 region and is 

about 9 times the intensity of the corresponding triflate-bound 

Fe
V
(O)(OH) species (m/z 530.043). This drastic difference in 

speciation suggests triflate coordination to the sixth site of the 

Fe
III

(OOH) species, which prevents water-assisted O–O bond 

cleavage in the gas phase and leads to the accumulation of the 

Fe
III

(OOH) species. Indeed, under the conditions of these 

experiments, the use of the H2
16

O2/H2
18

O combination did not 

result in the appearance of the Fe
V
(O)(OH) species with a 

single 
18

O atom incorporated and major species observed were 

consistent with Fe
III

(
16

O
16

OH) species.  

 

Figure 4 Tandem mass spectra (30% normalized collision energy) of m/z 189.542 
in rTM

1
-DESI-MS (top) and ESI-MS (bottom). Reactions conditions for ESI-MS: 0.7 

mM Fe
II
(TPA) and 7 mM H2

16
O2 in MeCN were infused into a mixing tee (-40 

o
C) 

at 4 µL/min. The reaction mixture was then infused into an ESI source with 60 psi 
nebulizing gas; the resulting reaction time was approximately 4 seconds.  

 Further insight was obtained from tandem mass 

spectrometry (MS/MS) experiments (Fig. 4). Using cold mixing-

tee electrospray ionization mass spectrometry (ESI-MS), the 

ion at m/z 189.542 dissociates to yield fragments at m/z 

181.040, m/z 180.537, m/z 180.033, and m/z 173.043, which 

correspond to loss of OH (17 Da), H2O (18 Da), [H2O + H] (19 

Da) and OOH (33 Da), respectively. On the other hand, 

fragmentation of the species at m/z 189.540 in rTM
1
-DESI-MS 

affords three peaks at m/z 181.039, m/z 180.535, and m/z 

180.031 corresponding to the loss of OH (17 Da), H2O (18 Da), 

and [H2O + H] (19 Da), respectively, with different relative 

intensities compared to those obtained from ESI-MS. In 

addition, the loss of OOH (33 Da) is not observed in rTM
1
-DESI 

MS/MS experiments. These observations indicate that the ion 

populations at m/z 189.542 in ESI-MS and rTM
1
-DESI-MS 

correspond to species with different chemical structures 

and/or compositions. 

The signal at m/z 189.540 can be formulated as either 

[Fe
III

(TPA)(
16

O
16

OH)]
2+

 or [Fe
V
(TPA)(

16
O)(

16
OH)]

2+
. The intensity 

of the parent ion signal at m/z 189.540 relative to the 

fragment peak at m/z 180.535 (-H2O) in the MS/MS spectra is 

much higher for ESI-MS (≈50 ± 17%) than for rTM
1
-DESI (≈17 ± 

11%) (average for multiple experiments; Fig. 4 shows one set 

of spectra). The lower ratio observed in the rTM
1
-DESI 

experiment is most likely due to facile loss of •OH from 

Fe
V
(O)(OH) rather than from Fe

III
(OOH), owing to the stronger 

O–O bond in the hydroperoxo species than the Fe
V
–OH bond 

in its isomer. The nascent •OH then abstracts a H-atom from 

the ligand to form H2O. Ligand oxidation during catalysis has 

been ruled out by control experiments that evaluated the 

reaction of free TPA ligand with H2O2 and Fe(TPA) (Fig. S5). In 

these experiments, free TPA ligand and Fe(TPA) were 

deposited on a series of meshes (rTM
2
-DESI-MS). When the 

microdroplet spray containing H2O2 reacted with free TPA 
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ligand (mesh 2) and Fe(TPA) (mesh 1), ion signals 

corresponding to ligand oxidation products were not observed 

(Fig. S5). In addition to the facile loss of •OH observed in the 

rTM
1
-DESI spectra, the absence of a signal at m/z 173.043 due 

to loss of OOH also supports the notion that the parent ion at 

m/z 189.540 is primarily composed of the [Fe
V
(TPA)(O)(OH)]

2+
 

ion; the same argument would apply to the ion population at 

m/z 276.605, which would primarily be composed of 

[Fe(TPA*)(O)(OH)]
2+

. Detection of the highly reactive 

Fe
V
(O)(OH) intermediate by rTM

1
-DESI is enabled by the short 

timescales for desorption, reagent transfer, and evaporation of 

the secondary microdroplets in rTM
n
-DESI (< 1 ms). In contrast, 

the reaction times for the ESI-MS experiments using a cold 

mixing tee (-40 
o
C) are on the order of a few seconds, resulting 

in lower yields and/or complete depletion of the Fe
V
(O)(OH) 

moiety prior to analysis. 

In an attempt to observe oxygenated products directly, 

substrate oxidation experiments with a rTM
1
-DESI setup were 

carried out in which a solution of 4-vinylaniline (4VA):H2O2 was 

sprayed onto a mesh that was bare (Fig. S6a) or one that 

contained Fe(TPA) (Fig. S6b). As shown in Fig. S6a, peaks at 

m/z 120.081 and m/z 136.076 were observed, corresponding 

to [4VA + H]
+
 and its protonated oxidized product formed from 

reaction with H2O2, respectively. When Fe(TPA) was added to 

the mesh (Fig. S6b), the product-to-substrate ratio increased 

by at least a factor of ten. The identity of the peak at m/z 136 

was confirmed using MS/MS (Fig. S6c), which showed a 

fragmentation pattern indicating oxygenation of the C=C bond. 

These results show that catalytic conversion occurs on the 

rTM
n
-DESI timescale and strongly implicate the Fe-based 

intermediates observed by rTM
n
-DESI during catalysis. 

 In conclusion, we have reported evidence for the formation 

of an Fe
V
(O)(OH) species in the reactions of a bio-inspired non-

haem iron catalysts Fe(TPA) and Fe(TPA*) (a more electron-

rich variant of TPA) with H2O2. The short timescales for 

desorption and microdroplet evaporation in rTM
n
-DESI-MS 

have enabled detection of this transient catalytic intermediate 

under ambient conditions. The identity of the Fe
V
(O)(OH) 

oxidant was established experimentally using 
18

O-labelled H2O2 

and H2O experiments. This work identifies directly the 

proposed iron intermediate active in Fe(TPA)-catalysed 

hydrocarbon oxidations. 
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Here we provide direct evidence for the formation of an Fe

V
(O)(OH) 

species in non-haem iron catalysis by using an ambient mass 

spectrometric technique. 
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