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Iron complexes with aminopyridine ligands [FeII(BPMEN)-
(CH3CN)2](ClO4)2 (1) [BPMEN = N,N�-dimethyl-N,N�-bis(2-
pyridylmethyl)-1,2-diaminoethane] and [FeII(TPA)(CH3-
CN)2](ClO4)2 (2) [TPA = tris(2-pyridylmethyl)amine] are rare
examples of iron-based catalysts for selective olefin epoxid-
ation with H2O2/CH3COOH combination. Using 1,2H NMR
and EPR spectroscopy, it was shown that the active species
of the catalytic systems 1/H2O2/CH3COOH and 2/H2O2/
CH3COOH are mononuclear iron(IV)-oxido complexes
[(BPMEN)FeIV=O(S)]2+ and [(TPA)FeIV=O(S)]2+, respectively
(S = solvent molecule). These intermediates are formed via
decomposition of the corresponding acylperoxido complexes

Introduction

Iron complexes with aminopyridine ligands are known
to efficiently catalyze selective olefin oxidation using H2O2

or CH3CO3H as terminal oxidants.[1–13] [FeII(BPMEN)-
(CH3CN)2](ClO4)2 (1) [BPMEN = N,N�-dimethyl-N,N�-
bis(2-pyridylmethyl)-1,2-diaminoethane] and [FeII(TPA)-
(CH3CN)2](ClO4)2 (2) [TPA = tris(2-pyridylmethyl)amine]
(Figure 1) represent the catalysts investigated thus far in the
most detail.[1–3,10] Interestingly, the epoxidation of olefins
by H2O2 catalyzed by 1 and 2 was improved by the addition
of acetic acid,[2] and the in situ formation of peroxyacetic
acid was later inferred in these systems.[4] The iron(IV)-ox-
ido species [LFeIV=O(S)]2+ (L = BPMEN or TPA, S = sol-
vent molecule) are considered as possible reactive interme-
diates of the catalytic systems 1/H2O2/CH3COOH and 2/
H2O2/CH3COOH. This postulate was derived from nearly
identical product distribution obtained for olefin oxidations
catalyzed by 1 and 2 with CH3CO3H and H2O2/CH3OOH
as oxidants.[12] However, whereas the [(TPA)FeIV=O(S)]2+

intermediate active towards cyclooctene was trapped in the
catalytic system 2/CH3CO3H,[14] such type of species have
never been detected in 2/H2O2/CH3COOH and 1/H2O2/
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[(L)FeIII(O3CCH3)]2+ (L = BPMEN or TPA). The acylperoxido
complex [(BPMEN)FeIII(O3CCD3)]2+ was identified in the
catalytic system 1/H2O2/CD3COOD by 2H NMR spec-
troscopy. The improved epoxidation activity and selectivity
of the catalytic systems 1/H2O2/CH3COOH and 2/H2O2/
CH3COOH, with respect to 1/H2O2 and 2/H2O2, is caused by
the effective formation of intermediates [(L)FeIV=O(S)]2+ via
decomposition of the acylperoxido complexes [(L)-
FeIII(O3CCH3)]2+.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

CH3COOH combinations. Thus, the experimental proof is
required for the proposed key role of an FeIV=O oxidant in
1/H2O2/CH3COOH and 2/H2O2/CH3COOH systems.

Figure 1. Structures of complexes 1 and 2.

For 1/H2O2 and 2/H2O2 catalytic systems, the nature of
active intermediates is even less clear. The low-spin ferric
hydroperoxo species [LFeIII(OOH)(S)]2+ were identified in
1/H2O2

[6] and 2/H2O2.[15,16] Later, it was proposed that
[(TPA)FeIII(OOH)(S)]2+ by itself is a sluggish oxidant but
could be a precursor of more reactive species (e.g. [(TPA)-
FeIV=O(S)]2+).[17] However, mononuclear [LFeIV=O(S)]2+

intermediates have never been detected in 1/H2O2 and 2/
H2O2 systems.

In this work, we report 1,2H NMR and EPR detection
and reactivity studies of [LFeIV=O(S)]2+ and other interme-
diates formed in the catalytic systems 1/CH3CO3H, 2/
CH3CO3H, 1/H2O2/CH3COOH, 2/H2O2/CH3COOH, and
1/H2O2.
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Results and Discussion
Catalytic Systems 1/CH3CO3H and 1/H2O2/CH3COOH

The 1H NMR spectrum recorded 10 min after onset of
the reaction of 1 with 2 equiv. of CH3CO3H at –50 °C in a
1:1 CD2Cl2/CD3CN mixture displays broad peaks of FeIII–
O–FeIII dimers and additional sharp peaks (marked by
points) of the new complex 3 (Figure 2, a). Most of the 1H
NMR peaks of 3 possess negative 1H NMR chemical shifts,
whereas mononuclear high-spin ferrous complex 1 and di-
nuclear FeIII–O–FeIII species with BPMEN ligands exhibit
mainly the 1H NMR peaks with positive chemical
shifts.[6,18] Such unusual negative 1H NMR chemical shifts
were previously observed for X-ray characterized low-spin
mononuclear complex [(N4Py)FeIV=O]2+, where N4Py is
the pentadentate ligand N,N�-bis(2-pyridylmethyl)-N-bis(2-
pyridyl)methylamine.[19] Thus, complex 3 could be assigned
to a mononuclear FeIV=O complex. In agreement with this
assumption, complex 3 could also be obtained upon reac-
tion of 1 with 1 equiv. of iodosylbenzene at –50 °C in a 1:1
CD2Cl2/CD3CN mixture (Figure 2, b). The reaction of a
ferrous precursor with iodosylbenzene is the commonest
method for the generation of FeIV=O species.[14] By analogy
with X-ray characterized complex [(TMC)FeIV=O-
(CH3CN)]2+ (TMS is tetradentate ligand tetramethylcy-
clam, cyclam = 1,4,8,11-tetraazacyclotetradecene),[20] the
following structure could be proposed for 3: [(BPMEN)-
FeIV=O(CH3CN)]2+. A molecule of solvent (CH3CN) occu-
pies the sixth coordination site of 3.

Figure 2. 1H NMR spectra (–50 °C) of 1/CH3CO3H (a) and 1/PhIO
(b) systems recorded 10 min after mixing the reagents at –50 °C in
a 1:1 CD2Cl2/CD3CN mixture ([1] = [PhIO] = 0.05 , [CH3CO3H]
= 0.1 ). Points denote peaks of 3.
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The number of the 1H NMR peaks of 3 corresponds to
the number of chemically nonequivalent protons of the
BPMEN ligand.[21] The intensities of the 1H NMR peaks
of 3 correspond to the conversion of up to 30% of 1 into
3. Complex 3 is stable in a 1:1 CD2Cl2/CD3CN mixture at
–50 °C and decays at higher temperatures (the half-life time
τ1/2 is 15 min at –10 °C). After the addition of 5 equiv. of
cyclohexene to the solution containing 3 at –50 °C, the lat-
ter disappears within several minutes. This decay is ac-
companied by the rise of the 1H NMR peaks of the 1,2-
epoxycyclohexane. Thus, complex 3 is the key intermediate
of epoxidation by the catalytic system 1/CH3CO3H.

The same complex 3 was observed by 1H NMR upon
addition of H2O2 into the 1/CH3COOH system ([1] =
[H2O2] = [CH3COOH] = 0.05 , 1:1 CD2Cl2/CD3CN mix-
ture, –50 °C). The concentration of 3 was close to that for
the 1/CH3O3H system ([1] = [CH3CO3H] = 0.05 , 1:1
CD2Cl2/CD3CN mixture, –50 °C). Thus, mononuclear
ironoxido complex [(BPMEN)FeIV=O(S)]2+ (3) is the active
species of cyclohexene epoxidation by the catalytic systems
1/CH3CO3H and 1/H2O2/CH3COOH.

Apparently, it is the ferric acylperoxido complex
[(BPMEN)FeIII(O3CCH3)]2+ (4) that is the precursor of 3.
We have undertaken the search for 4 by 2H NMR using
deuterated peroxo acetic acid (CD3CO3H). The 2H NMR
spectrum recorded 10 min after the addition of 1.5 equiv. of
CD3CO3H to 1 in a 1:1 CH2Cl2/CH3CN mixture at –50 °C
exhibits a broad peak at δ = 102.7 ppm (the half height
width ∆ν1/2 = 230 Hz) (Figure 3). The same peak was ob-
served after the addition of 1 equiv. of H2O2 to the sample
containing 1 and 1 equiv. of CD3COOD in a 1:1 CH2Cl2/
CH3CN mixture at –50 °C ([1] = 0.05 ). This peak disap-
peared upon warming (τ1/2 = 10 min at –30 °C). For the
high-spin complex (TPP)FeIII–O–O–CD2–CD3 (TPP = di-
anion of tetra-p-tolylporphyrin), a CD2 peak was observed
at δ = 180 ppm, and a CD3- peak at 4 ppm.[22] On the basis
of these data, the resonance at δ = 102.7 ppm could be as-
signed to the OOCCD3 or O3CCD3 moiety bound to high-
spin FeIII. To rule out the assignment of the observed peak
to the OOCCD3 moiety, CD3COOD was added to the solu-
tion containing 1 at –50 °C. In this case, no 2H NMR peaks
near 100 ppm were observed. Thus, the 2H NMR resonance
at δ = 102.7 ppm belongs to the O3CCD3 moiety of the
high-spin ferric acylperoxido complex 4. The maximum

Figure 3. The 2H NMR spectrum (–50 °C) of the system 1/
CD3CO3D recorded 10 min after mixing the reagents at –50 °C in a
1:1 CH2Cl2/CH3CN mixture ([1] = 0.05 , [CD3CO3H] = 0.075 ).
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concentration of 4 was about 10% of the initial concentra-
tion of 1.

The high-spin mononuclear ferric complex 4 should dis-
play an EPR signal at g = 4.23.[23,24] EPR spectra recorded
in various moments of time after onset of the reaction of 1
with 2 equiv. of CH3CO3H at –60 °C in a 2:1 CH2Cl2/
CH3CN mixture show: (1) a signal at g = 4.23 (peak-to-
peak width ∆H = 260 G), (2) an axially anisotropic signal
(g1 = g2 = 2.42, g3 = 2.67), and (3) a very broad signal at g
≈ 2 (∆H = 1200 G) (Figure 4, a and b). The signal at g
= 4.23 (∆H = 260 G) was gone upon warming to room
temperature, and another weaker and sharper signal (∆H =
70 G) with the same g-factor was observed. The latter signal
persists after storing at room temperature for hours and
thus belongs to a stable mononuclear high-spin ferric spe-
cies. The broad signal near g = 2 disappeared upon warm-
ing (Figure 4, c).

Figure 4. X-band EPR spectra (–196 °C) recorded 1 min (a) and
10 min (b) after mixing 1 and CH3CO3H at –60 °C in a 2:1 CH2Cl2/
CH3CN mixture. Sample (b) after warming to room temperature
(c). ([1] = 0.05 , [CH3CO3H] = 0.1 ).

It is tempting to assign the observed signal at g = 4.23
(Figure 4, a and b) to acylperoxido complex 4. However,
another high-spin ferric species (e.g., high-spin hydroxido
complex [(BPMEN)FeIII(OH)]2+) could have an EPR signal
in the same range. At present, it is difficult to determine the
contribution of 4 to the observed signal at g = 4.23. The
origin of a very broad signal near g = 2 (Figure 4, a and b)
is also unclear.

The axial spectrum (g1 = g2 = 2.42, g3 = 2.67) (Figure 4,
a and b) belongs to the very unstable complex 5 (τ1/2 =
10 min at –60 °C). The same signal could be observed in
the catalytic system 1/H2O2 along with the rhombic spectra
of the low-spin ferric hydroperoxido complexes [(BPMEN)-
FeIII(OOH)S]2+ (see below).

EPR spectra of the low-spin ferric complexes (heme and
non-heme) show a rhombic pattern (gx � gy � gz) with g-
values in the range ca. 1–4 (one of the g-values is less than
ge = 2.0024)[10,23–26] These spectra differ markedly from that
of 5 (g1 = g2 = 2.42, g3 = 2.67). The EPR spectra of high-
spin ferric complexes with TPA- and BPMEN-type ligands
display an EPR signal at geff = 4.23.[10,23–26] Therefore, com-
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plex 5 is not the low-spin, nor the high-spin ferric complex.
EPR spectra of binuclear FeIIIFeII moieties reported for
some enzymes (methane monooxygenase, ribonucleotide re-
ductase, Rieske-type dioxygenase, etc) and model com-
pounds exhibit resonances in the range g1 = 1.93–2.01, g2

= 1.85–1.92, g3 = 1.64–1.80,[24,25] and again are very dif-
ferent from that of 5. Complexes with FeIII–O–FeIII,
FeIV=O, and FeIV–O–FeIV fragments are EPR sil-
ent.[13,14,24,27] Thus, it is reasonable to assume that 5 is a
binuclear FeIIIFeIV complex. Recently, Wieghardt et al. have
identified iron species formed upon photooxidation of
trans-[(cyclam)Fe(N3)2]ClO4 in acetonitrile solution by
Mössbauer and EPR spectroscopy. The major photolysis
product in liquid solution at room temperature was nitrido-
bridged binuclear (FeIII, FeIV) complex with localized anti-
ferromagnetically coupled FeIII (S = 3/2) and low-spin FeIV

(S = 1) units, the total spin being S = 1/2.[28] The EPR
spectrum of this (µ-nitrido) diiron complex (g-values of
2.04, 2.06, and 2.20) resembles that of complex 5. Both the
spectra display almost axial symmetry and for both spectra
all the g-values are larger than ge. Thus, complex 5 can be
tentatively assigned to a mixed-valence FeIIIFeIV complex.
The formation of FeIII–O–FeIII binuclear complexes is
highly characteristic for the catalytic systems studied.[18,29]

Therefore, the existence of binuclear intermediates
[(BPMEN)FeIII–O–FeIV=O(BPMEN)(S)]3+ (5) along with
mononuclear species [(BPMEN)FeIV=O(S)]2+(3) seems to
be rather probable. The attempts to obtain additional spec-
troscopic evidences in favor of the proposed structure of 5
were unsuccessful due to the low concentration of 5 with
respect to the concentrations of the other iron species pres-
ent in the sample.

Intermediate 5 (τ1/2 = 10 min at –60 °C) is far less stable
than 3 (τ1/2 = 15 min at –10 °C). As was mentioned, in the
presence of cyclohexene, the decay of 3 at –50 °C is ac-
companied by the rise of concentration of the 1,2-epoxycy-
clohexane. Thus, despite the fact that intermediate 5 could
also react with cycloxehene (see below), intermediate 3 is
the active species of cyclohexene epoxidation by the cata-
lytic systems 1/CH3CO3H and 1/H2O2/CH3COOH.

Catalytic Systems 2/CH3CO3H and 2/H2O2/CH3COOH

By analogy with BPMEN-based systems, it is natural to
assume that the active species of 2/CH3CO3H and 2/H2O2/
CH3COOH systems is the oxidoiron(IV) complex [(TPA)-
FeIV=O(S)]2+ (6). In full agreement with this assumption,
peaks of 6 (marked by points) were observed in the 1H
NMR spectra of 2/H2O2/CH3COOH and 2/CH3CO3H in
1:1 CD2Cl2/CD3CN at –50 °C (Figure 5). The remaining
paramagnetically shifted signals belong to binuclear FeIII–
O–FeIII species.[29] Complex 6 is unstable (τ1/2 = 10 min at
–10 °C). The most characteristic and easily assignable peaks
of 6 belong to β,β�-protons of the picolinic rings [1:1
CDCl3/CD2Cl2, –50 °C, δ = 58.8 (2 H), 49.8 (1 H), –24.9 (2
H), and –28.7 (1 H)]. The ratio between the four observed
peaks (2:1:2:1) corresponds to two equivalent and one
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unique picolinic rings of a coordinated TPA ligand. The
observed pattern of β,β�-protons of 6 resembles that for X-
ray characterized complex [(N4Py)FeIV=O]2+ [δ = 44.4 (2
H), 30.05 (2 H), –11.2 (2 H), –17.8 (2 H)].[19] The assign-
ment of the other signals of 6 is more complicated and is
still not completed, as in the case of [(N4Py)FeIV=O]2+.
Complex 6 is stable at –50 °C and rapidly (within several
minutes) disappears at this temperature in the presence of
5 equiv. of cyclohexene. The decay of 6 was accompanied
by the rise of the 1H NMR peaks of 1,2-epoxycyclohexane.
Fresh portions of CH3CO3H or H2O2/CH3COOH restore
the concentration of 6. Apparently, it is the oxidoiron inter-
mediate [(TPA)FeIV=O(S)]2+ (6) that is the active species of
the catalytic systems 2/H2O2/CH3COOH and 2/CH3CO3H.
An intermediate similar to intermediate 5 in the BPMEN-
based system was not detected in the TPA-based analogue.

Figure 5. The 1H NMR spectrum (–50 °C) of the 2/H2O2/
CH3COOH system recorded 10 min after addition of H2O2 to 2/
CH3OOH in a 1:1 CD2Cl2/CD3CN mixture at –50 °C ([2] =
[CH3COOH] = 0.05 , [H2O2] = 0.1 ). Points denote peaks of 6.

Catalytic System 1/H2O2

The 1H NMR spectrum of 1 in CD3CN at high tempera-
ture corresponds to a paramagnetic high-spin ferrous com-
plex. Complex 1 decreases its spin state with decreasing
temperature and displays the 1H NMR spectrum character-
istic of diamagnetic low-spin ferrous species at –40 °C.[8,30]

The addition of 2 equiv. of H2O2 to the 0.03  solution of
1 in CD3CN at 20 °C gives rise to immediate conversion of
the major part of 1 into a new complex with a 1H NMR
spectrum very similar to that reported for binuclear com-
plex [(OH)(BPMEN)FeIII–O–FeIII(BPMEN)(H2O)](ClO4)3

(7).[18] Thus, the predominant iron-containing species in the
1/H2O2 system is µ-oxo diferric complex 7. To identify un-
stable intermediates, the reaction between 1 and H2O2 was
studied at low temperatures.

Figure 6 shows the EPR spectrum recorded 1 min after
onset of the reaction between 1 and 1.5 equiv. of H2O2 in a
2:1 CH2Cl2/CH3CN mixture at –60 °C. It is seen that be-
sides the characteristic signals of the low-spin ferric hydro-
peroxo intermediates [(BPMEN)FeIII(OOH)(CH3CN)]2+

(8-CH3CN) (g1 = 2.218, g2 = 2.178, g3 = 1.967) and
[(BPMEN)FeIII(OOH)(H2O)]2+ (8-H2O) (g1 = 2.195, g2 =
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2.128, g3 = 1.970),[6] the axially symmetric signal of com-
plex 5 (g1 = g2 = 2.42 and g3 = 2.67) is observed. In the
presence of 8 equiv. of cyclohexene, the decay of 5 at –60 °C
increases at least by a factor of 5, whereas the rate of 8-
CH3CN and 8-H2O decomposition remains unchanged
(Figure 7 and Figure 8). These data are in agreement with

Figure 6. X-band EPR spectrum (–196 °C) recorded 1 min after
mixing 1 and 1.5 equiv. of H2O2 at –60 °C in a 2:1 CH2Cl2/CH3CN
mixture. ([1] = 0.05 ).

Figure 7. EPR spectra recorded 2 min (a), 5 min (b), and 7 min (c)
after onset of reaction of 1 with 1.5 equiv. of H2O2 in a 2:1 CH2Cl2/
CH3CN mixture at –60 °C.([1] = 0.05 ). Arrows denote signals of
5.
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our assumption that 5 contains the active FeIV=O moiety.
The concentration of intermediates 5 and 8 does not exceed
5% of the concentration of 1.

Figure 8. EPR spectra recorded 2 min (a), 3 min (b), and 6 min (c)
after onset of reaction of 1 with 1.5 equiv. of H2O2 in a 2:1 CH2Cl2/
CH3CN mixture containing cyclohexene at –60 °C ([1] = 0.05 ,
[C6H10] = 0.4 ). Arrows denote signals of 5.

In contrast to the 1/CH3CO3H and 1/H2O2/CH3COOH
catalytic systems, the mononuclear iron(IV) oxido interme-
diate 3 was not detected in the catalytic system 1/H2O2. The
only observable intermediate sensitive to the presence of
substrate is complex 5 with the proposed structure
[(BPMEN)FeIII–O–FeIV=O(BPMEN)(S)]3+. Thus, different
intermediates operate in the catalytic systems 1/H2O2 and
1/H2O2/CH3COOH. This result agrees with differing activi-
ties and selectivities of the catalytic systems 1/H2O2 and 1/
H2O2/CH3COOH in epoxidation of olefins.[2,4,12] However,
the actual role of intermediate 5 in epoxidation with 1/H2O2

is far from being established. Very recently, it has been
shown that binuclear iron(III)-BPMEN complexes are less
active in epoxidation with H2O2 than mononuclear complex
1 under the same conditions.[31] This result argues against
the involvement of a binuclear intermediate in the 1/H2O2

system. On the other hand, the diiron complex with dinu-
cleating, covalently linked TPA derivatives confirms the
high reactivity of oxo-bridged diiron(III) species in olefin
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epoxidation.[32] Further studies are needed to elucidate the
active species of the 1/H2O2 and 2/H2O2 catalytic systems.

Fortunately, for the most active and selective epoxidizing
systems 1/H2O2/CH3COOH and 2/H2O2/CH3COOH, the
situation is more definite. On the basis of the results of our
study, the active species of these catalytic systems are mono-
nuclear FeIV species [(L)FeIV=O(S)]2+. The improved epox-
idation activity and selectivity of the catalytic systems 1/
H2O2/CH3COOH and 2/H2O2/CH3COOH, with respect to
1/H2O2 and 2/H2O2, is caused by the effective formation
of intermediates [(L)FeIV=O(S)]2+ via decomposition of the
acylperoxido complexes [(L)FeIII(O3CCH3)]2+.

Experimental Section
Acetonitrile, [D3]acetonitrile, dichloromethane, [D2]dichlorometh-
ane, [D4]acetic acid, 2-picolyl chloride hydrochloride, and N,N�-
dimethyl-1,2-ethanediamine were purchased from Aldrich and used
without additional purification. Hydrogen peroxide (95 %) was ob-
tained by concentration of commercial 30% H2O2 under reduced
pressure. The concentrated H2O2 diluted ten times by a 1:1 CH2Cl2/
CH3CN mixture was used for the preparation of samples.
CH3CO3H (or CD3CO3D) was prepared by mixing equivalent
amounts of 95% H2O2 and CH3CO3H (or CD3COOD) in the pres-
ence of 1% H2SO4, and stirring the mixture overnight. [(TPA)-
FeII(CH3CN)2](ClO4)2 and [(BPMEN)FeII(CH3CN)2](ClO4)2 were
synthesized following a method previously described[3,24] and satis-
factorily characterized by 1H NMR spectroscopy. To start the reac-
tion, 1.5–2 equiv. of CH3CO3H or H2O2 was added to 0.5 mL of a
0.05  solution of 1 or 2 in CH2Cl2/CH3CN or CH2Cl2/CH3CN/
CH3COOH mixtures at –60 to –50 °C directly in quartz EPR or
glass NMR tubes (d = 5 mm). For kinetic EPR studies, solutions
containing unstable intermediates were placed in a thermostat at
an appropriate temperature directly in an EPR tube. To stop the
reaction, the tube was immersed in liquid nitrogen, followed by
registration of the EPR spectrum at –196 °C. For kinetic NMR
studies, 1H or 2H NMR spectra of intermediates were recorded
at selected temperatures. If necessary, the appropriate amounts of
cyclohexene were added to the reaction solutions. For evaluation
of the concentration of 3 by 1H NMR, the integral intensity of the
N–CH3 peak of 3 was compared with the integral intensity of the
residual peak of CD2HCN in CD3CN. The concentration of resid-
ual CD2HCN in CD3CN was preliminarily determined by 1H
NMR spectroscopy. For this goal the specified amount of CHCl3
was added to CD3CN. For evaluation of the concentration of 4,
the integral intensity of its CD3CO3 peak was compared with that
of CD3COOD.

EPR spectra (–196 °C) were recorded at 9.2–9.3 GHz with a Bruker
ER-200D spectrometer. Measurements were made in a quartz De-
war vessel filled with liquid nitrogen. EPR signals near g = 2 were
quantified by double integration with copper(II) chloride as a stan-
dard at –196 °C. 1,2H NMR spectra were recorded at 400.13 and
61.425 MHz in 5-mm glass sample tubes, on a Bruker Avance
400 MHz NMR spectrometer. The following operating conditions
were used for 1H NMR measurements: spectral width 125 kHz,
spectrum accumulation frequency 10 Hz; number of scans 5000–
10000; 45° pulse at 5 µs. The 1H and 2H chemical shifts were refer-
enced to the residual peak of the solvent (CHD2CN, and CDH2CN,
δ = 1.96 ppm). The typical operating conditions used for 2H NMR
measurements were as follows: sweep width 125 kHz; spectrum ac-
cumulation frequency 2.5 Hz; number of transients 5000–10000;
45° pulse at 10 µs.
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