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ABSTRACT: Fe(N2Py2)/H2O2/AcOH catalytic systems
provide powerful tools for efficient C−H and CC bond
oxidations (N2Py2 = bis-alkylamine-bis-pyridine ligand). Yet,
the stability of these catalysts under the oxidizing conditions
still remains a problem. The generally accepted catalyst
decomposition pathway of Fe(N2Py2) complexes is through
oxidative dimerization to form inactive oxo-bridged Fe2(μ-
O)(N2Py2)2 dimers. Detailed ESI-MS analysis has now
shown a catalyst decomposition pathway of ligand oxidation
via C−H oxidation on the 2-pyridinylmethylene sites,
followed by dissociation of the oxidized ligand from the iron center. By deuterating the 2-pyridinylmethylene sites of a
series of N2Py2 ligands with variations on both alkylamine and pyridine fragments, providing access to the corresponding
Fe(N2Py2-D4) complexes, longer catalysts lifetimes are achieved in catalytic oxidation reactions with all complexes. As a
consequence, improved substrate conversions and product yields were consistently observed in both aliphatic C−H oxidations
and alkene epoxidations. Kinetic and catalytic studies revealed that deuteration does not change the intrinsic reactivity and
product selectivity of Fe(N2Py2) complexes. In addition, different Fe(N2Py2-D4) complexes provide different improvements in
catalytic performances and lifetimes, responding to the differences in ligand rigidity and robustness of the corresponding
nondeuterated N2Py2 ligands. Accordingly, these improvements are more pronounced for ligands with a more flexible bis-
alkylamine backbone. These observations provide insights into the development of more robust ligands for homogeneous
oxidation catalysis.
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■ INTRODUCTION

C−H and CC bond oxidations constitute essential trans-
formations in organic synthesis and in many biological and
industrial processes.1−6 These oxidations are performed
routinely in a very selective manner in nature by heme and
non-heme iron-containing enzymes via activation of O2.
Taking inspiration from these iron enzymes, considerable
efforts have been invested in the development of synthetic
non-heme iron catalysts in the past two decades.7 These iron
catalysts, especially those containing tetradentate nitrogen
(N4, generally aminopyridine) ligands, are able to oxidize
substrates with high regio- and stereoselectivities utilizing
H2O2 as the oxidant.1,2,5 These selective oxidations are
different from Fenton-like processes, which generally lead to
unselective oxidations due to the involvement of highly
reactive hydroxyl radicals. So far, iron complexes with a cis-α
topology derived from aminopyridine ligands with a linear bis-
alkylamine-bis-pyridine (N2Py2) structure have been proven
to be the most effective (Figure 1).1 On the basis of this ligand
platform, modification of the N2Py2 ligand in the bis-
alkylamine backbone or the pyridine moieties allows for the
improvement of the reactivity and for the fine-tuning of the

selectivity of the catalyst, providing powerful protocols for
efficient C−H and CC oxidations.1

Nevertheless, the stability of such iron catalysts under the
oxidizing conditions still remains a problem and attracts less
attention, despite it being an important factor that affects
catalyst efficiency.8,9 The commonly accepted catalyst
decomposition pathway of non-heme iron complexes is
through oxidative dimerization to form inactive oxo-bridged
FeIII2(μ-O)(L)2 dimers (L = ligand).10 These decomposition
species have been proposed for several N2Py2-based iron
complexes, such as [Fe(BPMEN)(CH3CN)2](ClO4)2
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Figure 1. Generic structure of the linear N2Py2 ligand platform.
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BPBP-based iron complexes,12−15 as well as for other N4
complexes like TPA-based iron complexes10 (BPMEN = N,N′-
dimethyl-N,N′-bis(2-picolyl)ethylenediamine, BPBP = N,N′-
b is(2-picoly l)-2 ,2 ′ -b ispyrrol id ine , TPA = tr is(2-
pyridylmethyl)amine).
To suppress this catalyst decomposition pathway, a slow

H2O2 addition protocol14,16−21 or an iterative addition
protocol of a solution of catalyst, H2O2, and acetic acid22−27

have generally been adopted in reaction procedures.
Modifications of the ligand by increasing the bulk of the
pyridine fragments have also been reported to suppress the
bimolecular self-decomposition pathway. Substituents at the 5-
positions, as in 5-Et-TPEN developed by Banse et al.28 or
CF3−BPBP developed by White et al.24,29 (Figure 2), can
shield the approach of another catalyst molecule toward the
iron center, which in turn limits bimolecular self-decom-
position (TPEN = N,N,N′,N′-tetrakis(2-pyridylmethyl)ethane-
1,2-diamine). In 2009, Costas et al. reported on the mcpp
ligand in which bulky pinene moieties are placed at the 4- and
5-positions of the pyridine rings (mcpp = N,N′-dimethyl-N,N′-
bis{[(R)-4,5-pinenepyridin-2-yl]-methyl}-cyclohexane-1,2-dia-
mine, Figure 2), resulting in reduced bimolecular self-
deactivation.12 The incorporation of bulky tris-(isopropyl)silyl
(TIPS) groups at the 5-positions of pyridines in [Fe-
(OTf)2(S,S-

TIPSBPBP)] has been shown to translate into
improved substrate conversions (Figure 2),20 which is likely
because of suppression of the formation of FeIII2(μ-O)(L)2

dimers. Similar observations were described for the catalytic
performance of the iron complex derived from TIPSBPBI in our
previous study (BPBI= N,N′-bis(2-picolyl)-2,2′-bis-isoindo-
line).30

Another possible cause for catalyst decomposition is
oxidative ligand degradation. For example, ligands bearing
phenyl moieties are susceptible to aryl C−H bond oxidation in
the case that hydroxyl radicals are formed during catalysis.31−33

More importantly, the 2-pyridinylmethylene sites adjacent to
an amine are vulnerable to oxidative degradation. For instance,
this 2-pyridinylmethylene site can undergo hydroxylation to
form a hemiaminal compound when exposed to the oxidant.34

One possible fate of this compound is C−N bond cleavage to
form an aldehyde28,35−40 and a secondary amine (Scheme 1,
path A). Alternatively, the hemiaminal can be overoxidized
into an amide intermediate (path B),34 which can potentially
be hydrolyzed into a picolinic acid (path C), as reported by
Browne40 and others.28,41,42 Efforts have been taken in order to
prevent deleterious oxidations on the 2-pyridinylmethylene
sites in N2Py2 ligands. For example, Britovsek et al. proposed
to introduce a methyl group or a carbonyl linkage at the 2-
pyridinylmethylene positions in the BPMEN ligand.9 However,
these ligand modifications led to inferior catalytic efficiencies
of the corresponding iron complexes in C−H bond oxidation,
which was attributed to a change in ligand flexibility in the case
of −CH3 introduction leading to less-active coordination

Figure 2. Some examples of N2Py2 ligands with increased steric bulk.

Scheme 1. Possible Ligand Oxidation Pathways for Amine-Based Non-Heme Iron Complexesa. Reproduced with Permission
from Ref 9. Copyright 2014 Royal Society of Chemistry

aThe metal center is omitted for clarity.
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modes (cis-β and trans) or to the formation of inactive
dinuclear complexes in the case of carbonyl introduction.9

Other investigations on the stability of non-heme iron
oxidation catalysts have either focused on recovering the
ligands or on ESI-MS (electrospray ionization mass spectrom-
etry) analyses after catalysis.12,14,15 In a study by White and co-
workers, 95% of nonoxidized BPBP ligand was recovered from
a catalytic C−H oxidation experiment where [Fe(BPBP)-
(CH3CN)2](SbF6)2 was employed.14 In contrast, the oxidized
ligand was identified as a major species in ESI-MS traces of
oxidation reactions using the catalytically inactive [Fe-
(OTf)2(R,S-BPBP)] complex, which features a cis-β topo-
logical configuration.15 All reported catalyst decomposition
studies were performed after the catalyst had been used in
catalytic oxidations of organic substrates. Since catalytic
conditions are often optimized to maximize product formation,
these studies make use of rather different reaction conditions.
This paper describes the development of non-heme iron

catalysts derived from N2Py2-D4 ligands in which the 2-
pyridinylmethylene positions in the ligand framework have
been per-deuterated (see Scheme 2). The development of

these ligands was inspired by the observation of significant
ligand oxidation upon exposure of the parent, nondeuterated
complexes to H2O2 in the absence of an organic substrate. This
minor ligand alteration minimizes changes in the flexibility, and
the steric and electronic properties of the ligands. The
corresponding deuterated iron complexes were found to
outperform the nondeuterated complexes in terms of substrate
conversion and product yield in all cases studied.

■ RESULTS AND DISCUSSION
Catalyst Decomposition. The study was initiated by a

simplified and dedicated decomposition experiment of [Fe-
(OTf)2(S,S-BPBP)] under typical catalytic conditions but in
the absence of an organic substrate, by mixing the complex (1
equiv) with H2O2 (150 equiv) and AcOH (50 equiv) at 0 °C
for 10 min. ESI-MS analysis of the resulting mixture revealed a
predominant peak at m/z = 337.1954 (Figure 3a), with an
isotopic pattern which is in agreement with an oxidized ligand
carbonyl compound (BPBP)O (calcd m/z for [(BPBP)O
+H]+: 337.2029, Figure 3a, inset) resulting from aliphatic C−
H oxidation of one of the methylene sites of the ligand. Of
note is that no noticeable iron-containing species derived from
the oxidized ligand product were found in the ESI-MS trace,
suggesting that the oxidized ligand dissociates from the iron
center. In addition, no dimeric oxo-complexes of the type
Fe2(μ-O)(BPBP)2 were observed in this case.

These observations are significantly different from the
notion that Fe(BPBP) decomposition occurs via dimerization
reactions12−15 and that no oxidized ligand was observed.14,15 In
the catalyst decomposition study described by White et al.,14

95% of the intact BPBP ligand was recovered. However, this
analysis was conducted after a catalytic reaction in the presence
of an alkane substrate and under distinctively different reaction
conditions (substrate: cat.: H2O2: AcOH = 100:15:360:0).
The observed ligand oxidation is likely to happen at one of

the 2-pyridinylmethylene positions of the ligand (vide supra),
since these represent the weakest of all C−H sites in the BPBP
ligand (Figure 3b). Based on this observation and assumption,
and according to the general concept of kinetic isotope effects,
a stabilization of the 2-pyridinylmethylene positions in N2Py2
ligands in general would be achieved by replacing the 2-
pyridinylmethylene H atoms by D atoms. This would in turn
make the corresponding Fe complexes more stable under the
oxidizing conditions, leading to longer catalyst lifetimes and
improved catalytic performances.

Synthesis of N2Py2-D4 Ligands and Iron Complexes.
A series of deuterium-labeled N2Py2-D4 ligands have been
synthesized following the synthesis scheme developed for the
nondeuterated ligands (Figure 4). Key to the synthesis is the
reduction of alkyl picolinate analogues by NaBD4,

43 followed
by chlorination of the resulting hydroxymethylpyridine-D2
derivatives,44 to provide chloromethylpyridine-D2 compounds.
These were readily converted into N2Py2-D4 ligands through
alkylation of the appropriate alkylamine backbones. The first
three ligands are derived from the well-known N2Py2 ligands
BPBP,22 BPMCN (N,N′-dimethyl-N,N′-bis(2-picolyl)-cyclo-
hexane-trans-1,2-diamine),45 and BPMEN,46 which have
different alkylamine backbones. Variation of the pyridine
moieties has also been considered, that is, using isoquinoline
rings as heteroaromatic fragments instead of pyridines in the
BQMEN ligand (BQMEN = N,N′-dimethyl-N,N′-bis(3-
isoquinolyl)ethylenediamine). By doing so, the applicability
of this catalyst design strategy can be properly evaluated on the
basis of variations in both the alkylamine and the pyridine
fragments in the N2Py2 ligand platform. Ligands with
incompletely deuterated 2-pyridinylmethylene sites (mainly
N2Py2-D3) have been found to be present in minor amounts
in all N2Py2-D4 ligands reported here, as confirmed by 1H
NMR and ESI-MS (see Supporting Information).
Using Fe(OTf)2·2CH3CN as iron precursor, iron complexes

1-D4, 3-D4, and 4-D4 were synthesized through complexation
with the corresponding ligands in THF (Figure 4). The
synthesis of 2-D4

47 was accomplished using FeCl2 as iron
precursor, followed by the treatment with Ag(OTf).48 From
ESI-MS, minor amounts of the [Fe(OTf)2(N2Py2-D3)]
complexes were noted in each N2Py2-D4 complex as a
consequence of the N2Py2-D3 impurity (see Supporting
Information). For comparison purposes, the parent non-
deuterated iron complexes 1−4 were also synthesized.

Confirmation of the Oxidized Site and Proposed
Ligand Oxidation Pathway. With the Fe(N2Py2-D4)
complexes in hand, the postulated site of ligand oxidation
could be confirmed. To do so, the oxidation of 1-D4 was
performed using the same reaction conditions as in the
oxidation of 1 (vide supra). ESI-MS analysis showed the
presence of the oxidized ligand product at m/z = 339.2085
(Figure 5), which corresponds to a mass difference of 12 from
the BPBP-D4 ligand (calcd m/z = 327.2481). This clearly
indicates that C−H oxidation takes place on one of the

Scheme 2. Modification of N2Py2 Ligands through the
Introduction of D Atoms on the 2-Pyridinylmethylene
Positions
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deuterated 2-pyridinylmethylene positions to form (BPBP-
D2)O (calcd m/z for [M + H]+: 339.2185, Figure 5, inset).
The small peak at m/z = 338 is due to oxidation of the 1-D3
ligand, which is present in small amounts in 1-D4. More
importantly, no noticeable species were observed that
represent ligand oxidation on nondeuterated methylene sites
(calcd m/z = 341.2274), meaning that ligand oxidation
predominantly takes place on the 2-pyridinylmethylene
positions. Notably, in this case, binuclear oxo-bridged dimers
resulting from bimolecular self-decomposition pathways were
observed in high intensities. The two peaks at m/z = 279.7833

and 494.1451 are assigned to the binuclear species [Fe2(μ-
O)(BPBP-D4)2(OAc)]

3+ (calcd m/z = 279.7861) and [Fe2(μ-
O)(BPBP-D4)2(OAc)(OTf)]2+ (calcd m/z = 494.1554),
respectively. This clearly indicates that 1-D4 more preferen-
tially undergoes the aforementioned bimolecular self-decom-
position pathway, which is assumed to be the consequence of
less favorable CD2 oxidation. The peak at m/z = 493.6447 is
again due to the presence of incompletely deuterated ligand.
Similar to the ligand oxidation experiment of 1, no noticeable
iron-containing species containing the oxidized ligand were
observed, meaning that the oxidized ligand dissociates from
iron.
From the oxidation experiments using 1 and 1-D4, it was

concluded that one of the oxidative decomposition compounds
of 1 and 1-D4 in the presence of H2O2 and AcOH is amide
(BPBP)O or (BPBP-D2)O, respectively, formed through
C−H oxidation of one of the 2-pyridinylmethylene positions in
the ligand. It is evident that this oxidation process includes at
least two steps: ligand oxidation and dissociation from iron.
Under catalytic conditions these events would lead to catalyst
decomposition/deactivation and deterioration of catalytic
activity over time.
In order to obtain insight into the ligand oxidation process,

the oxidation of the free BPBP ligand was carried out in the
presence of an equal amount of 1-D4, 150 equiv of H2O2, and
50 equiv of AcOH (Figure 6a). After the mixture was stirred at
0 °C for 10 min, a sample of the reaction mixture was
subjected to ESI-MS analysis, showing unreacted ligand BPBP
(m/z = 323.2210) as the predominant species and no obvious
formation of (BPBP)O (Figure 6b, I). In addition, in a
separate reaction of BPBP (1 equiv), 1 (2 mol %), H2O2(1.2
equiv), and AcOH (50 mol %) for 30 min, only intact BPBP
was observed both in 1H NMR and ESI-MS. Combining these

Figure 3. (a) ESI-MS trace of the mixture from a reaction of [Fe(OTf)2(S,S-BPBP)] (2 mM) with H2O2 (150 equiv) and AcOH (50 equiv) in
MeCN, stirred at 0 °C for 10 min. ESI-MS was directly measured for the reaction mixture without any workup. The peak at m/z = 337.1946
corresponds to the decomposition compound (BPBP)O, calcd m/z for C20H27N4O ([M + H]+): 337.2029 (inset). A minor peak corresponding
to free BPBP ligand was also present, with a m/z value of 323.2189 (calcd m/z for [BPBP+H]+: 323.2230). (b) Proposed decomposition pathway
of [Fe(OTf)2(S,S-BPBP)] into amide compound (BPBP)O with one 2-pyridinylmethylene position oxidized.

Figure 4. [Fe(OTf)2(N2Py2)] and [Fe(OTf)2(N2Py2-D4)] com-
plexes studied in this paper.
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observations, it is clear that it is difficult for the free BPBP
ligand to undergo C−H oxidation by the Fe(BPBP-D4)/
H2O2/AcOH catalytic system. In comparison, the deactivation
of 1 produces (BPBP)O as the major decomposition
compound within 10 min (Figure 3a), which excludes a
scenario in which the BPBP ligand dissociates from iron first,
followed by C−H oxidation of BPBP in the presence of the
Fe(BPBP)/H2O2/AcOH catalytic system.
As expected, the decomposition compound (BPBP-D2)O

(m/z = 339.2197, Figure 6b, I) derived from the oxidation of
1-D4 was observed next to intact BPBP ligand in the
experiment in which BPBP and 1-D4 were combined (Figure
6a). A similar ESI-MS trace was obtained by allowing this
reaction to continue for another 30 min, with BPBP as major
species and (BPBP-D2)O as minor species (Figure 6b, II).
After another hour at room temperature (RT), the C−H
oxidation product of BPBP started to appear at m/z =
337.1917 (assigned to (BPBP)O), along with small amounts
of secondary hydroxylation products derived from the initial
amide products (BPBP)O and (BPBP-D2)O (m/z =
353.1915 for HO−(BPBP)O and m/z = 355.2047 for HO−
(BPBP-D2)O or DO−(BPBP-D)O; Figure 6b, III).
Nevertheless, unreacted BPBP still represented the predom-
inant species in the reaction mixture after a total of 100 min of
reaction time (Figure 6b, III). Subsequently, the signal at m/z
= 323 (BPBP) disappeared after stirring overnight (ON) at
RT, and the concentration of the oxidized product (BPBP)
O was found to be increased accordingly (Figure 6b, IV). This
means that the longer reaction time eventually leads to full
conversion of BPBP into aliphatic oxidation products. At the
same point in time, the amide product derived from the BPBP-
D4 ligand was also found at considerable concentration after
the overnight reaction. As shown in Figure 6b, free BPBP is
relatively stable in the presence of the Fe/H2O2/AcOH
catalytic system at the early stage of the reaction. However, free
BPBP was also found to be oxidized into oxidized compounds
at the late stage of the reaction. It is speculated that as the
dissociation of the oxidized BPBP-D4 ligand from iron
proceeds, free BPBP can subsequently bind to the released
iron ions to form the (oxidatively) active species, which in turn
can get involved in ligand oxidation leading to the oxidation of
BPBP.
On the basis of these observations, BPBP ligand oxidation

leading to ligand dissociation is proposed to take place in an
intramolecular fashion (i.e. when the ligand is bound to an iron

center, and that intermolecular ligand oxidation does not take
place). This notion strengthens the hypothesis that enhancing
the oxidative robustness of the 2-pyridinylmethylene positions
of the BPBP ligand would lead to an increased catalyst lifetime.

Catalytic Performances. To investigate the catalytic
performances of the [Fe(OTf)2(N2Py2-D4)] complexes,
several alkenes were chosen as benchmark substrates to
examine catalytic epoxidation. For comparison purposes, for
each catalyst, a parallel experiment with the corresponding
[Fe(OTf)2(N2Py2)] complex was also carried out. The
catalytic results are displayed in Table 1. cis-Cyclooctene (5)
was epoxidized in the presence of 1 (0.25 mol %), H2O2 (100
mol %), and AcOH (1.5 mol %),15 giving rise to 84%
conversion and 75% yield of epoxide 6. Under the same
reaction conditions, the reaction with 1-D4 gave a slightly
higher conversion and yield of 89% and 80%, respectively.
Despite these differences, these two reactions showed identical
epoxide selectivities (89% for 1 and 90% for 1-D4).
Interestingly, both conversion and yield increased with 14%
when changing catalyst from 2 (73% conversion and 64%
yield) to 2-D4 (87% conversion and 78% yield). More
significant differences were found in the cases of 3 and 3-D4.
Cyclooctene epoxidation with 3-D4 provides a more than 2-
fold higher conversion and yield than the reaction carried out
with 3 (70% vs 34% conversion, and 57% vs 27% yield,
respectively). A remarkable improvement in catalytic perform-
ance was also found in the reaction catalyzed by 4-D4, with
43% conversion and 35% yield. In contrast, only 26%
conversion and 20% yield were found in the case of 4 using
the current conditions.
Two more alkene substrates, cis-4-octene and cyclo-

hexenone, were tested next. Similar trends were found in all
the reactions with the current set of catalysts; that is, the
reactions with Fe(N2Py2-D4) catalysts showed increased
conversions and yields with respect to the reactions with
Fe(N2Py2) catalysts. In the epoxidation of cis-4-octene (7),
the deuterated catalysts 1-D4 − 4-D4 performed the reaction
with a 16%, 8%, 18%, and 8% increase in conversion with
respect to nondeuterated catalysts 1−4, respectively. Similarly,
in the case of cyclohexenone (9) epoxidation, 9%, 8%, 18%,
and 5% more substrate was converted in the reactions with 1-
D4−4-D4, compared to the reactions with 1−4, respectively.
On the other hand, no major differences were observed in
terms of epoxide selectivity between the parent and deuterated
catalysts in these reactions, albeit that in most cases

Figure 5. ESI-MS of the mixture from the reaction of 1-D4 (2 mM) with H2O2 (150 equiv) and AcOH (50 equiv) in MeCN, stirred at 0 °C for 10
min. ESI-MS was directly measured for the reaction mixture without any workup. The peak at m/z = 339.2085 corresponds to the decomposition
amide compound (BPBP-D2)O (inset: calcd m/z for C28H27N4 ([M + H]+): 339.2185).
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selectivities are slightly higher for the deuterated catalysts
(Table 1).
Next to alkene epoxidation, the catalytic oxidation of

aliphatic C−H bonds by [Fe(OTf)2(N2Py2-D4)] complexes
was also examined (Table 2). Using 1.0 mol % catalyst loading,
cis-1,2-dimethylcyclohexane (11) was oxidized in the presence
of 120 mol % oxidant and 50 mol % AcOH,30 generating 3°
oxidation product cis-12 as the major product, while trans-12
and 2° oxidation products 13 and 14 were formed as minor
products. When 1 was used as catalyst, 52% conversion, 30%
total yield, and a 8.8 ratio of tertiary over secondary products
(3°/2°) were obtained. The alcohol products showed a high
retention of the substrate configuration, as an RC of 99% was
obtained (RC = retention of configuration). 1-D4 provided an
improvement in catalytic performance, with 62% coversion and

38% total yield. Diastereopurity and selectivity toward the
oxidation of 3° over 2° sites remained the same though (RC =
99% and 3°/2° = 8.8, respectively). Complexes 2 and 2-D4
showed a similar catalytic performance with respect to each
other, albeit with higher conversions and product yields, and a
lower 3°/2° product ratio compared to 1 and 1-D4. These
results are in accordance with the previous observation by
Costas et al., in which the BPMCN-based iron catalyst is more
active and shows a higher preference toward 2° oxidation than
BPBP-based catalysts in C−H oxidations.27 Similar to the
reactions with 1 and 1-D4, cis-12 was obtained nearly as a
single diastereomer (RC = 99%) using either 2 or 2-D4. In
contrast, significant differences in reactivity were noted
between the reactions with 3 and 3-D4. The oxidation of 11
catalyzed by 3 gave rise to 41% conversion and 27% yield,

Figure 6. (a) Reaction of S,S-BPBP in the presence of 100 mol % 1-D4, 150 equiv of H2O2, and 50 equiv of AcOH. The oxidized ligand
compounds from BPBP and BPBP-D4 can be easily discriminated in ESI-MS due to deuterium labeling on the 2-pyridinylmethylene carbons. (b)
ESI-MS of the reaction mixture of S,S-BPBP (1 equiv), 100 mol % 1-D4, 150 equiv of H2O2, and 50 equiv of AcOH over time. ESI-MS was directly
measured for the reaction mixture without any workup. The aldehyde compounds derived from amide compounds (BPBP)O and (BPBP-D2)
O as shown in Scheme 1 were also observed in IV (not shown in the figure).
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while with 3-D4 substrate conversion and yield increased to
56% and 39%, respectively. Similarly, 4-D4 provided a
noticeable increase in conversion and yield compared to 4,
with 22% conversion and 19% yield in the case of 4, and 31%
conversion and 28% yield in the case of 4-D4. Notably, similar
RC values and 3°/2° ratios were obsvered in these two sets of
reactions.
In the oxidation of adamantane (15), noticeably different

catalytic results were only found between the reactions with 1
and 1-D4, with an improved conversion (from 73% to 82%)
and yield (from 42% to 50%) for 1-D4. For the other three sets
of reactions, slighly higher conversions and yields were found

in the reactions with the Fe(N2Py2-D4) catalyst than the ones
with the Fe(N2Py2) catalyst (Table 2). In none of these
reaction sets was a change in the 3°/2° product ratio observed.

Kinetic Studies. In all the oxidative reactions tested, both
alkene epoxidations and aliphatic C−H oxidations, the
Fe(N2Py2-D4) complexes generally showed improved catalytic
performances with respect to the corresponding Fe(N2Py2)
complexes, both in the sense of substrate conversion and of
product yield. Accordingly, the question arises whether the
Fe(N2Py2-D4) complexes have a higher intrinsic reactivity or a
longer lifetime compared to Fe(N2Py2) complexes. To obtain
insight into their kinetic behaviors, the reaction progression
was monitored over time for a number of reactions.
Usingcis-cyclooctene (5) as the model substrate, catalytic

epoxidation was carried out with 0.25 mol % of either 1 or 1-
D4, 1.5 mol % AcOH, and 1 equiv of H2O2 (added at once). As
shown in Figure 7a, 1-D4 consistently gave higher conversion
and yield during the complete reaction duration to result in
about 10 percentage units higher conversion and product yield.
Interestingly, these two reactions showed very similar reaction
rates and took about the same time to complete (around 40
min). In a similar manner, 2-D4 showed a higher conversion
and yield than 2 from an early stage of the reaction (Figure

Table 1. Catalytic Epoxidation of Alkenes by Fe(N2Py2) vs
Fe(N2Py2-D4) Complexesa

alkene cat. conv. (%)b 6 (%)b selectivity (%)c

1 84 75 89
1-D4 89 80 90
2 73 64 88

5 2-D4 87 78 90
3 34 27 79

3-D4 70 57 81
4 26 20 77

4-D4 43 35 81
alkene cat. conv. (%)d 8 (%)d selectivity (%)c

1 72 70 97
1-D4 88 86 98
2 70 65 93

7 2-D4 78 72 92
3 55 51 93

3-D4 73 70 96
4 36 29 81

4-D4 44 37 84
alkene cat. conv. (%)d 10 (%)d selectivity (%)c

1 54 45 83
1-D4 63 55 87
2 45 38 84

9 2-D4 53 44 83
3 35 29 83

3-D4 53 47 89
4 34 29 85

4-D4 39 34 87
aReaction conditions: Fe-cat.: H2O2: substrate: AcOH = 0.25 (or
0.5): 100:100:1.5, 0 °C, oxidant added by syringe pump over 10 min,
and reaction mixture stirred for additional 30 min. Reported analysis
data represent the outcome of at least two independent catalysis
experiments. bDetermined by GC analysis. cEpoxide selectivity.
dDetermined by NMR analysis.

Table 2. Catalytic C−H Oxidation of Alkanes by Fe(N2Py2)
vs Fe(N2Py2-D4) Complexesa

alkane cat. conv. (%)b
cis-12, trans-12,
13, 14 (%)b

total
yield
(%)b

RC
(%)c 3°/2°d

1 52 27, 0.4, 1.3, 1.8 30 99 8.8
1-D4 62 34, 0.5, 1.8, 2.1 38 99 8.8
2 67 40, 0.3, 3.0, 4.0 47 99 5.7

11 2-D4 70 42, 0.3, 3.3, 4.3 50 99 5.6
3 41 24, 0.3, 1.5, 1.6 27 99 7.8
3-D4 56 34, 0.4, 2.2, 2.5 39 99 7.3
4 22 17, 0.4, 0.7, 0.9 19 98 10.8
4-D4 31 25, 0.5, 1.1, 1.5 28 98 9.8

alkane cat. conv. (%)b 16, 17, 18 (%)b total yield (%)b 3°/2°e

1 73 38, 1.3, 2.5 42 30
1-D4 82 45, 1.6, 2.9 50 30
2 76 36, 1.5, 2.7 40 26

15 2-D4 79 38, 1.6, 2.9 43 25
3 71 31, 1.5, 1.9 34 27

3-D4 72 33, 1.6, 2.2 37 26
4 70 41, 1.7, 2.6 45 29

4-D4 75 44, 1.9, 2.5 48 30
aReaction conditions: Fe-cat.: H2O2: substrate: AcOH = 1:
120:100:50, 0 °C or RT, oxidant added by syringe pump over 10
min, and reaction mixture stirred for additional 30 min. Reported
analysis data represent the outcome of at least two independent
catalysis experiments. bDetermined by GC analysis. cRC (retention of
configuration) = cis-12/(cis-12+trans-12) * 100%. d3°/2° = (cis-
12+trans-12) /(13 + 14). e3°/2° = 3 * 16/(17 + 18).
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7b). More importantly, 2-D4 exhibited catalytic activity over a
longer time frame. Consumption of 5 and formation of epoxide
product 6 almost ceased around 50 min in the case of 2, while
the reaction still occurred after 60 min with 2-D4.
Furthermore, the kinetic behavior of 3-D4 was found to be
dramatically different from that of 3 (Figure 7c). While the
reaction with 3 was observed to be complete after 30 min, the
catalytic conversion with 3-D4 continued after the observation
period of 1 h. This led to very different reaction results for 3
and 3-D4 at 60 min (33% vs 71% conversion, and 25% vs 63%
yield, respectively). Since the reaction with 3-D4 seems to
continue after 60 min, the differences between these two
catalysts can be even larger. In addition, the initial rate of the
reaction was significantly different between 3 and 3-D4 within
the first 20 min, the latter showing a higher initial rate. Finally,
different durations of catalytic activity were also found in the
reactions with 4 and 4-D4. In the case of 4, the reaction was
found to be complete after 20 min, while catalytic conversion
for the reaction with 4-D4 was observed for at least 30 min
(Figure 7d). Like for the reactions with 2-D4 and 3-D4, a
significant increase in conversion and yield was found for 4-D4
with respect to 4, confirming the observations listed in Table 1.
In all these kinetic experiments, catalysts 1-D4−4-D4 showed

enhanced catalytic abilities compared to catalysts 1−4, which is
in agreement with the observations described in Tables 1 and
2. Noticeable longer duration of catalytic activity in cis-
cyclooctene epoxidation was observed for catalysts 2-D4−4-D4,
suggesting that these Fe(N2Py2-D4) complexes have longer
lifetimes than their Fe(N2Py2) counterparts under catalytic
conditions. Considering that the oxidant was added at once,
the large initial amount of H2O2 in the reaction mixture will
cause catalyst deactivation through ligand oxidation at a
(relatively) early stage during the reaction, leading to
decreasing concentrations of active Fe(N2Py2) and Fe-
(N2Py2-D4) species in the reaction mixtures to different
extents from the very beginning of the reaction.
In order to further evaluate the reactivities of these

Fe(N2Py2) and Fe(N2Py2-D4) complexes, the reaction
progression was monitored over time using a slow oxidant
addition protocol typically used in non-heme oxidation
catalysis (see above). Catalysts 3 and 3-D4 were used in this
experiment since these showed the largest difference in
catalytic results in the epoxidation of cis-cyclooctene. In
these two experiments, 1.0 equiv of H2O2 was delivered by
syringe pump over 30 min. As clearly shown in Figure 8, 3 and
3-D4 provided nearly the same substrate conversions in the
first 30 min of the reaction. Of note is that, during the addition
of H2O2, conversions were always lower than the percentages
of H2O2 added, suggesting that the amount of oxidant present
was not a limiting factor. Beyond 30 min, the conversion rate
for 3 clearly started to drop with respect to that of 3-D4, and at
55 min, the reaction with 3 ceased; in contrast,cis-cyclooctene
was still consumed until 70 min in the case of 3-D4 (Figure 8).
This observation is consistent with previous observations,
again showing that 3-D4 has a longer lifetime under catalytic
conditions than 3, which leads to higher substrate conversions
and product yields. Because of the same reason, no obvious
differences in product selectivities were found between the
deuterated and nondeuterated catalysts (Tables 1 and 2).
This comparison indicates that the Fe(N2Py2) and

Fe(N2Py2-D4) catalysts have the same (intrinsic) reactivity
toward external substrates, which predominantly controls the
reaction rate when catalyst decomposition is significantly

Figure 7. Time-dependent reaction profiles of the catalytic
epoxidation of cis-cyclooctene (5) with catalysts 1 − 4 vs catalysts
1-D4−4-D4. Reaction conditions (a−c): Fe-cat.: H2O2: substrate:
AcOH = 0.25: 100:100:1.5, 0 °C, the oxidant was added at once.
Reaction conditions (d): Fe-cat.: H2O2: substrate: AcOH = 0.5:
100:100:1.5, 0 °C, the oxidant was added at once. Yields and
conversions were determined by GC analysis.

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b04463
ACS Catal. 2019, 9, 3564−3575

3571

http://dx.doi.org/10.1021/acscatal.8b04463


suppressed as is the case in the slow H2O2 addition protocol.
In contrast, when the initial amount of oxidant is high, as is the
case in the instant addition protocol, significantly different
reaction profiles are obtained due to the different decom-
position rates for 3 and 3-D4 under these conditions. Figure 7
clearly shows that the improvements in catalytic outcomes and
the extended lifetimes provided by the deuterated catalysts
under these conditions are different from each other. 1-D4
showed a similar lifetime and a limited improvement in
catalytic performance in comparison with 1. Notably, the
(initial) reaction rates observed for 1 and 1-D4 are also similar.

As their reactivities toward substrate 5 are identical (vide
supra), this indicates that 1 and 1-D4 have similar (oxidative)
robustness under the present conditions. In sharp contrast, 3-
D4 showed a much longer lifetime, a much higher initial
reaction rate, and significantly improved catalytic outcomes
than 3 in the epoxidation of cis-cyclooctene. The difference in
the effect of ligand deuteration is likely due to the relatively
high stability of the BPBP ligand under the oxidizing
conditions, as a consequence of increased rigidity, with respect
to the BPMEN ligand, which has a rather flexible bis-
alkylamine backbone. In this regard, 1-D4 with deuterated 2-
pyridinylmethylene sites exhibits rather limited improvements
compared to 1.
This finding is in line with previous notions that the stability

of non-heme iron catalysts under the oxidizing conditions has a
strong correlation with ligand rigidity.8,9,22,49 It is believed that
the enhanced robustness of the BPBP ligand is a key reason
that (nondeuterated) BPBP-based iron complexes show better
catalytic performances than their BPMEN-based counterparts.
Deuteration of the BPMEN ligand results in catalytic
performances of its iron complex 3-D4 that are very similar
to those of the nondeuterated BPBP-complex 1, which
illustrates the importance of oxidative ligand decomposition
on catalytic activity.

Ligand Oxidation of BPMEN-Based Iron Complexes.
These observations of evidently different catalytic perform-
ances between 3 and 3-D4 triggered a more detailed
investigation of the deactivation of BPMEN-based iron
complexes. Similar to the decomposition test of BPBP-based
iron complexes, 3 was mixed with 150 equiv of H2O2 and 50

Figure 8. Reaction profiles of cis-cyclooctene (5) oxidation using
catalyst 3 vs catalyst 3-D4 with slow addition of the oxidant (30 min).
Reaction conditions: Fe-cat.: H2O2: substrate: AcOH = 0.25:
100:100:1.5, 0 °C, the oxidant was added by syringe pump over 30
min. Conversions are determined by GC analysis.

Figure 9. ESI-MS of the reaction of 3(a)or 3-D4(b) (2 mM) with H2O2 (150 equiv) and AcOH (50 equiv) in MeCN, stirred at 0 °C for 10 min.
ESI-MS was directly measured from the reaction mixture without any workup. a): The peak at m/z = 285.1690 corresponds to (BPMEN)O. b):
The peak at m/z = 287.1843 corresponds to (BPMEN-D2)O. The peak at m/z = 289.1972 corresponds to (BPMEN-D4)O. The peaks at m/z
= 288 and 286 are due to the presence of incompletely deuterated complex 3-D3.
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equiv of AcOH in MeCN. After the mixture was stirred at 0 °C
for 10 min, similar to the observation for 1, ESI-MS of the
resulting mixture revealed a major peak at m/z = 285.1690,
with an isotopic pattern that is in agreement with a carbonyl
compound (BPMEN)O (calcd m/z = 285.1715) derived
from aliphatic C−H oxidation of the ligand (Figure 9a).
Interestingly, the same oxidation protocol applied to 3-D4 gave
two signals in this m/z region, that is, at m/z = 287.1843 and
289.1972 (Figure 9b), indicating that C−H oxidation
happened both at one of the 2-pyridinylmethylene positions
(calcd m/z for [(BPMEN-D2)O+H]+ is 287.1872, Figure
9b, inset) and at one of the methylene sites of the bis-
alkylamine backbone (calcd m/z for [(BPMEN-D4)O+H]+

is 289.2029, Figure 9b, inset). While BDE arguments would
justify that oxidation takes place at the ligand backbone, we
cannot completely rule out that oxidation (partly) takes place
at an N-methyl site. This observation indicates that ligand
oxidation in 3 and 3-D4 is not restricted to the 2-
pyridinylmethylene sites as observed for the other complexes
discussed here, but may also occur on the bis-alkylamine
backbone in the BPMEN ligand. Installation of deuterium
atoms on the 2-pyridinylmethylene positions possibly shifts
C−H oxidation more to methylene sites of the ligand
backbone in 3-D4. However, the oxidation of these methylene
sites seems to be more sluggish, leading to a slower
deactivation process of 3-D4 compared to 3, and resulting in
enhanced robustness and a much longer lifetime of 3-D4. In
addition, oxidatively dimerized species were also found in both
cases, i.e., the signal at m/z = 242.4095 corresponds to [Fe2(μ-
O)(BPMEN)2(OAc)]

3+ (Figure 9a, calcd 242.4151) and the
signal at m/z = 245.0943 corresponds to [Fe2(μ-O)(BPMEN-
D4)2(OAc)]

3+ (Figure 9b, calcd 245.0985).

■ CONCLUSIONS
The present work demonstrates that the lifetimes of Fe-
(N2Py2)-based oxidation catalysts can be enhanced by
replacing the H atoms with D atoms in the 2-pyridinyl-
methylene sites of the N2Py2 ligands. As a result, improved
substrate conversions and product yields are consistently
obtained in both catalytic aliphatic C−H oxidations and alkene
epoxidations. This slight manipulation of the ligand is actually
able to double the conversion and yield in particular catalytic
reactions, and it dramatically increase the lifetimes of the
catalysts depending on the overall structure of the N2Py2
ligand. The Fe(N2Py2) and Fe(N2Py2-D4) catalysts show
identical intrinsic reactivities (as illustrated in reaction
kinetics) and similar product selectivities (as shown in catalytic
performance), which is attributed to unchanged electronic and
steric properties of the deuterated and nondeuterated ligands.
The overall effect of ligand deuteration on catalyst perform-
ance is exemplified by the similar catalytic performance of the
deuterated BPMEN-catalyst 3-D4 compared to nondeuterated
BPBP-catalyst 1.
This ligand design strategy has wide applicability as

evaluated for a series of N2Py2 ligands with variations on
both the bis-alkylamine and pyridine fragments. Yet, the
improvements in catalytic performances and lifetimes provided
by the deuterated ligands are different and are more
pronounced for ligands with a more flexible bis-alkylamine
backbone, which is likely due to differences in the inherent
robustness of the parent N2Py2 ligands. The success of non-
heme iron oxidation catalysts based on ligands containing
more rigid bis-alkylamine backbones, with the BPBP ligand as

a prominent example, has been explained in terms of the
stronger and more rigid chelate provided by these ligands,
which would prevent (oxidative) leaching of iron.8,9 Our
current findings suggest that a more rigid ligand manifold
attenuates intramolecular ligand oxidation, which would lead
to catalyst decomposition, through a more restricted approach
of the 2-pyridinylmethylene C−H bonds to the intermediate
iron-oxo moiety. Accordingly, deuteration of the 2-pyridinyl-
methylene sites in more flexible ligands, such as BPMEN,
results in a dramatic increase in overall catalytic performance
because of less facile ligand oxidation and concomitant catalyst
decomposition. The present study highlights the sensitivity of
the 2-pyridinylmethylene positions in N2Py2 ligands under
oxidizing conditions, and provides an additional tool for the
development of more robust molecular catalysts for oxidation
reactions.
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