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Oxo transfer chemistry mediated by iron underpins many biological processes and today is
emerging as synthetically very important for the catalytic oxidation of conventionally hard to
activate C-H and C=C moieties.}® Despite the vast amount of research in this area, the
identity of the reactive species under catalytic conditions has not been observed, although the
Fe(V)=0 species has been postulated as being this species.* Herein, using temperature
variable mass spectrometry, we were able to observe the Fe(V)=0O within the synthetic
[FeV(O)(OH)(MeHPytacn)]* (MeHPytacn = 1-(2’-pyridylmethyl)-4,7-dimethyl-1,4,7-
triazacyclononane) complex at -40 °C and its reaction with an olefin. We were also able to
follow oxygen atom transfer from H20:2 / H20 through Fe(V)=0 to the products with isotopic
labelling, as well as probe the reactivity as a function of temperature. This is the first ever
implementation of temperature variable mass spectrometry to investigate reactive

intermediates.

When it comes to small molecule activation processes, iron is the element of choice, selected by
nature in order to perform a number of chemically challenging oxidative processes with high

precision and reaction rates. Iron-based enzymes such as Cytochrome P450' and Rieske
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dioxygenases,” among others, use O to catalyze highly selective C-H and C=C oxidation reactions,
as key steps in the metabolic synthesis of metabolites, and xenobiotic degradation, among other
crucial functions. At the heart of these transformations, it is proposed that the catalytic iron centre
forms a highly oxidising ferryl species (Scheme 1).8 In P450 the ferryl species (formally Fe(V)=0),
is best described as a oxo-Fe'V-porphyryl radical cation,! but in the case of the Rieske dioxygenases
family of enzymes, which lack the red-ox non innocent porphyrin ligand, an oxo-iron(V) species
has been postulated as being the reactive species.>® The observation of these highly reactive
intermediates remains a formidable challenge that has been recently solved for P450,'! but so far it

has not been accomplished in a non-heme enzyme.'?13
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Scheme 1. Mechanistic proposals for the formation of formally oxo-iron(V) species in Rieske

Dioxygenases and P450.

Functional models of non-heme iron dependent oxygenases are the focus of current major
research efforts due to the major challenges in modern synthetic chemistry that selective and
environmentally benign C-H hydroxylation and olefin cis-dihydroxylation reactions represent, with

the aim of such studies being to gain an intimate understanding of the processes underpinning the
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enzymatic reactions.*®* Mechanistic studies of naphthalene 1,2-dioxygenase,**> a member of the
Rieske dioxygenases family, and of model compounds®?! point strongly towards the involvement
of a highly electrophilic oxo-iron(V) species, yet direct evidence under catalytic conditions is
lacking.?>?® In this respect the development of temperature variable mass spectrometry (TV-MS)
could be used as a very powerful technique to allow the study of highly reactive intermediate
species at very low reagent concentrations, without the need of large product accumulation required
for most spectroscopic techniques. TV-MS could also be used to follow the emergence of the
reactive species under much colder conditions normally used in electrospray mass spectrometric
experiments, thus minimizing bimolecular decomposition pathways commonly associated with
highly-reactive species. Therefore we envisaged that the observation of reactive species may not
only be possible by using low temperature mass spectrometry?*?°, but we also postulated that
varying the temperature of the electrospray source during the experiment under catalytic conditions
may also give further insight and evidence of the identity of the reactive intermediate.

Cryospray mass spectrometry (low temperature mass spectrometry) has not been used before to
follow reactive intermediates, and herein we present a new technique that uses cryrospray
technology to allow temperature variable mass spectrometry (TV-MS). This technique allowed the
temperature controlled trapping and characterization of a Fe(V)=0 species which acts as a
functional model of Rieske dioxygenases. Isotopic labelling studies have been used to provide
unambiguous chemical description of these species, and have demonstrated atom transfer from the
reagent, via the Fe-complex, into the product i.e. the cis-dihydroxylation of an olefin. The data
presented in this work allowed us to elucidate the nature of the iron-based species responsible for
performing alkane hydroxylation and olefin cis-dihydroxylation in synthetic and enzymatic

systems.



Results and Discussion

The non-heme iron complex [Fe(CFsSOs)2(M#HPytacn)] (1) (Scheme 2) catalyzes the
hydroxylation of alkanes and cis-dihydroxylation of alkenes using H.O2 as oxidant, and thus it
constitutes a functional model of the Rieske dioxygenases family of enzymes.!®*?® The
hydroxylation of cis-1,2-dimethylcyclohexane is stereospecific and affords a racemic mixture of
1R,2R-trans-dimethylcyclohexanol and 1S,2S-trans-dimethylcyclohexanol (Scheme 2). Likewise,
oxidation of cis-2-heptene by 1 is syn-stereospecific and affords a 2:1 racemic mixture of 95%
erythro-heptane-2,3-diol and 2-butyl-3-methyloxirane (97% cis). When the catalytic reactions are
performed in the presence of H2!0, the oxidized products exhibit a correspondingly large content
of 0 (Scheme 2); alcohols 1R,2R-trans-dimethylcyclohexanol and  1S,2S-trans-
dimethylcyclohexanol are 76+3% 80-labeled, while erythro-diol is 84+3% 080 labelled, that is
one of the two oxygen atoms was derived from H,O. The complementary experiment using H2'%0>
as oxidant showed that the second oxygen atom was derived from the peroxide. The isotopic
labelling experiments, in combination with DFT computational methods allowed us to confidently
propose that a FeV(O)(OH) species is responsible for the C-H and C=C oxidation events.!®?° Such a
mechanistic scenario has been previously proposed for related non-heme iron catalysts,***® but no
direct spectroscopic evidence of the putative high-valent species, with the benefit of isotopic

labelling, has been obtained so far.?
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Scheme 2. Stereospecific hydroxylation of cis-1,2-dimethylcyclohexane (1000 equiv.) (top)
and epoxidation and cis-dihydroxylation of 2-heptene (1000 equiv.) (bottom) with H.O> (10 equiv.),

catalyzed by 1, in the presence of H2*30 (1000 equiv.).

Monitoring of the reaction of 1 with H2O, by UV-vis spectroscopy in a range of
temperatures from room temperature (RT) to -40 °C, did not lead to accumulation / observation of
any intermediate species. Therefore the reaction was explored at between room temperature and -40
°C by using temperature variable (cryospray) mass spectrometry (TV-MS) with the aim of
observing the elusive reaction intermediates that could be present at low, presumably steady-state
concentrations. CSI-MS analysis of the reaction of 1 with H20 (100 equiv) between 20 °C and -40
°C showed the growth of a  prominent peak at m/z = 470.1 that was assigned to
{[Fe""(OH)(MeHPytacn)](CFsSOs)}, 2, and a second, less intense peak at m/z = 486.1 = M, which
could be formulated as {[Fe"'(O0H)(M&HPytacn)](CFsSOs)}, 3P, or
{[Fe"(O)(OH)(M*HPytacn)](CFsS03)}*, 30 on the basis of its m/z and isotopic distribution ratio.
This second peak was not observed when reactions were performed at room temperature, and it
rapidly disappeared as the temperature was raised from -40 °C to room temperature. This directly

implied that 3 was the metastable reaction intermediate (Figure 1).
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Figure 1. Graph showing the decomposition of 3P/30 species (486 m/z) when the temperature is

increased from -40 °C to 20 °C using the TV-MS technique.

In order to distinguish between the two possible formulations for 3, isotopic labelling
experiments were conducted. Because of consistency with our catalytic reactions experiments, and
also the experimental limitations of the isotopically labelled reagents (H2'20; is a 2% w:w solution
in water), we studied 1) the reaction of 1 with H2O, (10 equiv) in the presence of H20 (1000
equiv), 2) the complementary experiment involving the reaction of 1 with H2'®0, (16 equiv.) in the
presence of H,O (1000 equiv) and 3) the reaction of 1 with H2'80, (10 equiv.) in the presence of
H,'®0 (1000 equiv). However, because our H»'®0; solutions are 2% in H20, over 300 equiv of
H.'®0 were also present in solution in this experiment.

Most remarkably, the spectrum of the reaction of 1 with H2'0; in the presence of H,0
showed a new cluster peak assigned to 3, which was now displaced by two m/z units and centred at
m/z = 488.1 = M+2. (Figure 2B). The complementary experiment using H2*0, and H'®0,
confirmed our initial formulation,®?° and showed a peak centred at m/z = 488.1 = M+2 (Figure
2C). Finally, 30 was generated by using H2!802 (10 equiv.) in the presence of H,'80 (1000 equiv.),
(Figure 2D). In this case, the peak at m/z = 488.1 = M+2 continue to be the major species, but a
peak at m/z = 490.1 = M+4 appeared as the second most intense component of the spectrum. The

large intensity of the M+2 peaks is partially explained because the sample contained a large amount



of H2*%0 that came from the H2'80, reagent (2% solution in H,*%0). In addition, the large amount of
water present in this experiment decreased the intensity and stability of the ion peaks associated to
30% (see supporting information S4 for the full explanation). Since the peroxide type species does
not exchange their oxygen atoms with water,?® the isotopic labelling observations appeared
incompatible with 3P. Instead, the MS isotopic labelling experiments provided strong indication
that 3 must be described as {[FeY(O)(OH)(Me"Pytacn)](CFsSO3)}*, where a single oxygen atom
was derived from H2O, and a second oxygen atom was derived from H>O, presumably via a water
assisted heterolytic O-O breakage in a hydroperoxide {[Fe"'(OOH)(OH.)(M&"Pytacn)](CFsSO3)}*,
3P-H20 species (Figure 2, top).3? Isotopic labelling experiments showed that optimum simulation
of the spectra shown in figures 2B and 2C required ~10% contribution of species with m/z = M+4.
These  species were assigned to  {[Fe"(OH)(*®OH.)(MeHPytacn)](CFsSOs)}*  and
{[Fe"'(**0OH)(OH2)(Me"Pytacn)](CFsSO3)}*, corresponding to the acqua-ligated form of 2.
Although the MS data does not provide direct indication of the oxidation state of the iron site, we
concluded that Fe¥ was the most plausible oxidation state because of the redox innocence of all the
ligands, with this is also being consistent with DFT analysis of this species.®?°

Having established good evidence for the identity of 30, we sought to demonstrate its
reactivity with respect to an intermolecular oxidation reaction, as this would provide further proof
that 30 is reactive as predicted by our mass spectrometric assignment. To do this, we chose a
reaction with an olefin because we envisioned that should 30 perform a olefin cis-dihydroxylation
reaction; i.e. it would form a kinetically stable iron-(hydrogen)glycolate species (Figure 3, top). In
such case, the use of 80 labels were also used as a powerful tool to demonstrate that the

transformation was indeed mediated by the reactive Fe(V)=0 species assigned to the identity of 30.
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Figure 2. (Top); Mechanistic diagram for the formation of the oxo-iron(V) species 30, via a water
assisted heterolytic cleavage of the O-O bond in 3P-H20. (Bottom); CSI-MS spectra in acetonitrile
solution at -40 °C. Red-bars correspond to the simulated data, (see supporting info for the full
analysis of the isotopic envelope) while black lines correspond to the experimental data. A) 30

generated with H20; (10 equiv.) in the presence of H>'®0O (1000 equiv). B) 30a, 30 generated
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with H20; (10 equiv.) in the presence of H2'®0O (1000 equiv). C) 30b, 30 generated with H2*%0;
(16 equiv.) in the presence of H,*%0 (1000 equiv). D) 30c, 30 generated with H,*®02 (10 equiv.) in
the presence of H.O (1000 equiv). (All calculated peaks fit the statistical treatment of

experimental error).
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Figure 3. (Top); Mechanistic diagram for the reaction between the oxo-iron(V) species 3P with an
olefin to form hydrogenglycolate species 5, and glycolate species 4. (Bottom); CSI-MS spectra in
acetonitrile solution at -40 °C. Red-bars correspond to the simulation (See supporting info for the
full analysis of the isotopic envelope), while black lines correspond to the experimental data. A) 5
formed by reaction of cyclooctene (100 equiv.) with 30 (generated with H2'°02 (3 equiv.) in the
presence of H,'®0 (1000 equiv)). B) 5a, 5 formed by reaction of cyclooctene (100 equiv.) with 30
(generated with H2*%0, (3 equiv.) in the presence of H,*®0 (1000 equiv). C) 5b, 5 formed by
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reacting cyclooctene (100 equiv.) with 30 (generated with H,'®0, (3 equiv.) in the presence of
H,®0 (1000 equiv)). D) 5¢, 5 formed by reacting cyclooctene (100 equiv.) with 30 (generated with
H,'®0, (3 equiv.) in the presence of H,'®0 (1000 equiv)). (All calculated peaks fit the statistical
treatment of experimental error).

To this end, 30 was generated and reacted with cyclooctene (100 equiv.) at -40 °C. MS
analysis of the reaction indicated that the cluster peak assigned to 3 had disappeared, and new peaks
at m/z = 446.2 and m/z = 596.2 (Figure 3A) had emerged. The isotopic pattern of these ions could
be successfully simulated as the complexed glycolate species [Fe''(CsH1402)(M&"Pytacn)]*, 4 and
the complexed hydrogenglycolate species {[Fe'"'(CsH14(0)(OH))(M¢HPytacn)](CFsSOs)}*, 5
(4+H"+CF3S0s3), resulting from a cis-dihydroxylation reaction of 3 with cyclooctene. (See
supporting information for the spectrum of dihydroxylation of 1-octene and cyclohexene).

GC and GC-MS analysis at the end of the low temperature reaction with cyclooctene
showed that the expected epoxides (0.9 TN) and diols (1.0 TN) were formed. M/z and isotopic
patterns assigned to 4 and 5 could also support alternative epoxide-bound formulations
[Fe'''(0)(CsH140)(Me"Pytacn)]*, for 4 and {[Fe"'(OH)(CsH14(0O))(MeHPytacn)](CFsSOs)}*, for 5.
However, epoxides are well-known to be very poor ligands with putative epoxide bound species
dissociating very fast, thus being kinetically unstable. lon peaks corresponding to 4 and 5 remained
stable over time, and did not show oxygen exchange with water molecules from the reaction
mixture. Also, the lack of water exchange that hydroxide and oxide ligands in thermally stable
Fe(I1l) complexes will engage in and the stability of the ion peaks associated to 4 and 5 points
towards no observation of epoxide bound formulations. Therefore, we can conclude that epoxide
bound species could not be detected in the spectra.

Further evidence that 30 was the reactive intermediate came from isotopic labelling
experiments. 30 (30a) was generated with H,*0; in the presence of H,®0 (1000 equiv) and
reacted with cyclooctene (100 equiv.). In this case (Figure 3B), the cluster ion associated to 5 (5a)

was displaced by 2 mass units. Likewise, when 30 (30b) was generated with Hz*0; in the
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presence of H,'®0 (1000 equiv), and then reacted with cyclooctene (100 equiv.), the spectrum
(Figure 3C) shows again the formation of cluster ions at m/z = 448.2 and m/z = 598.2 assigned to
4b and 5b, respectively. Analogous results were obtained when 1-octene and cyclohexene were
chosen as substrates (see supporting information). These observations led us to conclude that 30
constitutes a reaction intermediate that precedes formation of 4 and 5 upon reaction with an olefin.
We have previously described on the basis of DFT computations that water assisted
transformation of 3P into 30 is thermoneutral and has a small (AG” = 20 kcal-mol™) activation
barrier,’*?° in good agreement with literature values for related non-heme iron complexes.®? For
comparison, homolytic breakage of the O-O bond in the Fenton intermediate [(H20)sFe''OOH]?* is
computed to have a comparable barrier of 21 kcal-mol™.3* In order to substantiate the proposal that
the FeV(0O)(OH) species is indeed the executor of the cis-dihydroxylation event, the reaction of 30
with 2-butene, as a model substrate was also computed by DFT methods.®*® A summary of DFT
results are illustrated in Fig. 4. The dihydroxylation is strongly exergonic, being 5 60.96 kcal-mol*
more stable than 30. In addition, the reaction proceeds with very small energy barriers. The ground
state of 30 is S = 3/2, and it is well separated in energy by 11.50 Kcal-mol™* with respect to the first
excited state (S= 1/2). The attack of the hydroxo ligand over the olefin leads to the formation of the
first C1-O1 bond, forming intermediate I, with a small barrier of AG* = 3.32 kcal-mol™. I then
evolves via attack of the oxo ligand over C2, without an energy barrier and leads to the direct
formation of the gycolate species 5. We notice that the concerted, yet unsymmetric nature of the cis-
dihydroxylation event derived from our calculations bears strong resemblance to the analysis
recently described by Che et al for the cis-dihydroxylation reaction mediated by a non-heme iron
complex, upon reaction with Oxone.?* On the other hand, on the basis of product analyses and DFT
calculations, two recent studies have proposed that Fe'V(OH). species could be responsible for cis-
dihydroxylation reactions in selected iron catalysts.®®” These catalysts exhibit different reactivity

patterns with respect to the [Fe(M®HPytacn)] system described in this work. In the former cases,
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isotopic analysis shows that cis-dihydroxylation preferentially takes place via insertion of two

oxygen atoms from a single H.O> molecule.

Further evidence for a different mechanistic scenario was provided by the observation that

[Fe'V(O)(OH)(MeHPytacn)]** does not mediate the cis-dihydroxylation of olefins. This complex

was recently prepared and spectroscopically characterized by us,*® and computational analyses

indicate that a [Fe'V(OH)2(M&HPytacn)]?* intermediate is involved in its water exchange reactions.

In conclusion, the mechanisms underlying cis-dihydroxylation reactions mediated by

[Fe(OTf)(M*HPytacn)] are likely to be fundamentally distinct from these operating through a

Fe''/Fe!V cycle.
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Figure 4. Mechanistic diagram for the DFT analysis of the reaction between the oxo-iron(V)

species 30 with 2-butene to form hydrogenglycolate species 5 (See supporting info for full details

on the computational methods).
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Conclusions

Previous computational and product analysis experiments in catalytic C-H hydroxylation
and C=C cis-dihydroxylation reactions mediated by non-heme iron catalysts have previously
predicted FeV(O)(OH) species as the real oxidant that executes very fast stereospecific C-H and
C=C oxidation reactions.1®-20323% With this work we have presented the development and first ever
application of TV-MS to the investigation of the reaction between the non-heme iron catalyst 1 with
H>O, between + 20 and -40 °C, which has led to the first experimental evidence for the
identification of a  metastable intermediate that could be formulated as
{[Fe"(O)(OH)(M*HPytacn)](CFsSO3)}* 30 on the basis of isotopic labelling experiments. Such
experiments provide experimental evidence that 30 contains an O atom that comes from H>O> and
a second O atom that originates from water, which in turn constitutes strong evidence for the
assistance of a water-assisted path towards its generation (however direct kinetic proof is not yet
available and will be the subject of further studies). Despite this limitation, isotopic labelling
experiments demonstrated that 30 precedes the cis-dihydroxylation reaction of olefins. This study
provides the first experimental evidence, corroborated by a full DFT analysis, and isotopic labelling
characterization for such a powerful oxidant, under conditions relevant to catalysis. Thus, results
disclosed in this work provide new fundamental framework for understanding the nature of the iron-
based species responsible for performing alkane hydroxylation and olefin cis-dihydroxylation in
synthetic and enzymatic systems, as well as showing the potential of temperature variable mass

spectrometry (TV-MS) in the investigation of reactive intermediates.

Methods

A Bruker microTOFQ Spectrometer with a cryospray attachment was used for ESI-MS and TV-
MS. Samples were diluted to a maximum concentration of 5x10° M in acetonitrile and samples

were injected at a rate of 180 pL per hour.
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Procedure for Temperature controlled mass spectrometry. [Fe(M&"Pytacn)(CFsSOs)2] (1) (0.5
mg, 8 x 10* mmols) was dissolved in MeCN (~ 7 ml) and the solution cooled to 4 °C. A solution of
H202 (10 mM in 10 ml MeCN) was made up and also cooled to 4 °C. The solution of 1 (300 pl) was
added to a vial that was cooled in a dry ice/MeCN bath and H>O (15 pl) added. To this stirring
solution H202 (300 pl, 3 x 10 mmols) was added (i.e. so the reaction mixture was injected at a
lower temperature than -40 °C) and the solution injected directly into the mass spectrometer (CSI-
MS -40°C). The spectrum was collected as a function of temperature, and the temperature variation

of the cryospray source -40 to being around 20 °C taking 15 minutes.

[Fe(MeHPytacn)(CF3S0s3)2] (1). Synthesis was carried out using a reported procedure.®* MS (CSI-

MS -40°C) m/z 453.1

{[Fe(OH)(MeHPytacn)](CFsSO3)} (2),  {[Fe''(OOH)(MeHPytacn)](CFsSO3)}  (3P),
{[FeV(O)(OH)(MeHPytacn)](CFsS03)}* (30) [Fe(MeHPytacn)(CFsSOs).] (1) (0.5 mg, 8 x 10*
mmols) was dissolved in MeCN (~ 7 ml) and the solution cooled to 4 °C. A solution of H>O> (10
mM in 10 ml MeCN) was made up and also cooled to 4 °C. The solution of 1 (300 pl) was added to
a vial that was cooled in a dry ice/MeCN bath and H>O (15 pl, 0.83 mmols) added. To this stirring
solution H,02 (300 pl, 3 x 10 mmols) was added and the solution injected directly into the mass
spectrometer (CSI-MS -40°C). The spectrum was collected immediately for 2 minutes. MS (CSI-

MS) m/z 470.1 (2), 486.1 (3P, 30).

Procedure for isotopic labelled mass spectrometry.

{[FeV(O)(**OH)(MeHPytacn)](CF3S0O3)}* (30a). [Fe(MeHPytacn)(CFsS0s),] (1) (0.5 mg, 8 x 10
mmols) was dissolved in MeCN (~ 7 ml) and the solution cooled to 4 °C. A solution of H>O> (10
mM in 10 ml MeCN) was made up and also cooled to 4 °C. A solution of H2O, (650 mM in 10 ml

MeCN) was made up and also cooled to 4 °C. The solution of 1 (300 ul) was added to a vial that

14



was cooled in a dry ice/MeCN bath and H2*0 (15 pl, 0.83 mmols) added. To this stirring solution
H,02 (300 pl, 3 x 10° mmols) was added and the solution injected directly into the mass
spectrometer (CSI-MS -40°C). The spectrum was collected immediately for 2 minutes. MS (CSI-

MS) m/z 488.1 (30a).

{[FeV(**0)(OH)(MeHPytacn)](CF3SO3)}* (30b). [Fe(MeHPytacn)(CFsS0s)2] (1) (0.5 mg, 8 x 10™
mmols) was dissolved in MeCN (~ 7 ml) and the solution cooled to 4 °C. A solution of H>'80, (10
mM in 10 ml MeCN) was made up and also cooled to 4 °C. The solution of 1 (300 pl) was added to
a vial that was cooled in a dry ice/MeCN bath and H>O (15 pl, 0.83 mmols) added. To this stirring
solution H2*802 (300 pl, 3 x 10 mmols) was added and the solution injected directly into the mass
spectrometer (CSI-MS -40°C). The spectrum was collected immediately for 2 minutes. MS (CSI-

MS) m/z 488.1 (30D).

{[FeV(*80)( BOH)(MeHPytacn)](CFsS0s3)} (30c¢). [Fe(MeHPytacn)(CFsS0s)] (1) (0.5 mg, 8 x 10™
mmols) was dissolved in MeCN (~ 7 ml) and the solution cooled to 4 °C. A solution of H>'80; (10
mM in 10 ml MeCN) was made up and also cooled to 4 °C. The solution of 1 (300 pl) was added to
a vial that was cooled in a dry ice/MeCN bath and H>'®0 (15 pl, 0.83 mmols) added. To this stirring
solution H2*02 (300 pl, 3 x 10 mmols) was added and the solution injected directly into the mass
spectrometer (CSI-MS -40°C). The spectrum was collected immediately for 2 minutes. MS (CSI-

MS) m/z 490.1 (30c).

[Fe'"'(CsH14O2)(MeHPytacn)]* (4), {[Fe'"'(CsH14(O)(OH))(MeHPytacn)](CFsSO3)}* (5) (where 5
stands for (4)+H*+CF3S03).

[Fe(M&HPytacn)(CFsS03)2] (1) (0.5 mg, 8 x 10* mmols) was dissolved in MeCN (~ 7 ml) and the
solution cooled to 4 °C. A solution of H202 (10 mM on 10 ml MeCN) was made up and also cooled

to 4 °C. The solution of 1 (300 pl) was added to a vial that was cooled in a dry ice/MeCN bath and
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H2O (15 pl, 0.83 mmols) added. To this stirring solution H,O2 (300 pl, 3 x 10 mmols) and
cyclooctene (10 ul, 0.08 mmols) were added and the solution injected directly into the mass

spectrometer (ESI-MS). The spectrum was collected for 2 mins. MS (ESI-MS) m/z 446.2 (4), 596.2

(5).

[Fe'"'(CsH14O(*2Q))(MeHPytacn)]* (4a), {[Fe"'(CsH14(O)(**OH))(MeHPytacn)](CF3SO3)}* (5a)
(where 5a stands for (4a)+H*+CF3SOs3).

[Fe(MHPytacn)(CFsS03)2] (1) (0.5 mg, 8 x 10* mmols) was dissolved in MeCN (~ 7 ml) and the
solution cooled to 4 °C. A solution of H.O> (10 mM on 10 ml MeCN) was made up and also cooled
to 4 °C. The solution of 1 (300 pl) was added to a vial that was cooled in a dry ice/MeCN bath and
H.'%0 (15 pl, 0.83 mmols) added. To this stirring solution H2O, (300 pl, 3 x 10 mmols) and
cyclooctene (10 ul, 0.08 mmols) were added and the solution injected directly into the mass
spectrometer (ESI-MS). The spectrum was collected for 2 mins. MS (ESI-MS) m/z 448.2 (4a),

598.2 (5a).

[Fe'"'(CsH14¥0(0))(MeHPytacn)]* (4b), {[Fe'""(CsH1(**O)(OH))(MeHPytacn)](CF:SO3)}* (5b)
(where 5b stands for (4b)+H*+CF3SOs3).

[Fe(MeHPytacn)(CFsS03).] (1) (0.5 mg, 8 x 10* mmols) was dissolved in MeCN (~ 7 ml) and the
solution cooled to 4 °C. A solution of H,'®0, (10 mM on 10 ml MeCN) was made up and also
cooled to 4 °C. The solution of 1 (300 pl) was added to a vial that was cooled in a dry ice/MeCN
bath and H2O (15 pl, 0.83 mmols) added. To this stirring solution H2!802 (300 pl, 3 x 10 mmols)
and cyclooctene (10 ul, 0.08 mmols) were added and the solution injected directly into the mass
spectrometer (ESI-MS). The spectrum was collected for 2 mins. MS (ESI-MS) m/z 448.2 (4b),

598.2 (5b).
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[Fe'"'(CsH14¥O(*80))(MeHPytacn)]* (4c), {[Fe'"(CsH14(**0)(**OH))(MeHPytacn)](CF3SO3)} (5¢)

(where 5¢ stands for (4¢)+H*+CF3SOs).

[Fe(M&HPytacn)(CFsS0s).] (1) (0.5 mg, 8 x 10* mmols) was dissolved in MeCN (~ 7 ml) and the

solution cooled to 4 °C. A solution of H,'®0, (10 mM on 10 ml MeCN) was made up and also

cooled to 4 °C. The solution of 1 (300 pl) was added to a vial that was cooled in a dry ice/MeCN

bath and H2*20 (15 pl, 0.83 mmols) added. To this stirring solution H2*#0, (300 pl, 3 x 10 mmols)

and cyclooctene (10 ul, 0.08 mmols) were added and the solution injected directly into the mass

spectrometer (ESI-MS). The spectrum was collected for 2 mins. MS (ESI-MS) m/z 450.2 (4c),

600.2 (5¢).
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