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a complex mechanism†
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Conventional kinetic analysis of the reactions of nitromethane (NM), nitroethane (NE) and
2-nitropropane (2-NP) with hydroxide ion in water revealed that the reactions are complex and involve
kinetically significant intermediates. Kinetic experiments at the isosbestic points where changes in
reactant and product absorbance cancel indicate the evolution and decay of absorbance characteristic
of the formation of reactive intermediates. The deviations from 1st-order kinetics were observed to
increase with increasing extent of reaction and in the reactant order: NM < NE < 2-NP. The apparent
deuterium kinetic isotope effects for proton/deuteron transfer approach unity near zero time and
increased with time toward plateau values as the reaction kinetics reach steady state. It is proposed that
the initially formed preassociation complexes are transformed to more intimate reactant complexes
which can give products by two possible pathways.

Introduction

The observation1 of the unusual inverse order of kinetic and ther-
modynamic acidities of the simple nitroalkanes (nitromethane =
NM, nitroethane = NE and 2-nitropropane = 2-NP) during their
reactions with hydroxide ion in water more than a half-century
ago was later referred to as the nitroalkane anomaly.2 Data for this
novel relationship are reproduced in Table 1. This phenomenon
has perplexed physical organic chemists ever since its discovery
and a number of papers were published on the topic for reactions
in protic solvents,3 aprotic solvents.4 and mixed solvents.5

The reactions of arylnitroalkanes in the presence of benzoic
acid buffers in DMSO were observed to be free of complications
from ion pairing and a 1-step proton transfer equilibrium was
proposed.4 A recent study6 led to the conclusion: “Calculations
also show that the ‘nitroalkane anomaly’, well established in
solution, does not exist in the gas phase.” It is important to
note at the outset that explanations of the nitroalkane anomaly
have generally involved a single transition state on the reaction
coordinate, i.e. the proton transfers have been assumed to take
place in a single step, sometimes followed by rapid hydrogen
bonding or ion pairing. An exception to the latter7 was the
proposal of slow reaction of a hydrogen bonded substrate molecule
to an anionic intermediate in which the charge is localized on the
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Table 1 Equilibrium and rate data often cited in support of the
“nitroalkane anomaly”

Substrate NM NE 2-NP

pKa in water 10.22a 8.60a 7.74b

Relative kapp
c 1.00 0.188 0.0114

a Ref. 1e. b Ref. 1b,c. c Ref. 3a corrected for symmetry factor (NM = 3, NE =
2, 2-NP = 1).

carbon attached to the nitro group by the hydrogen bond. It was
later pointed out8 that hydrogen bonding to oxygen of the nitronate
product by the conjugate acid of the base is more likely than the
formation of an intermediate. Reference to a 14C kinetic isotope
effect study9 was cited as evidence against the proposed reaction
intermediate. We now report convincing experimental evidence
that the assumption that rate determining proton transfer is the
first step in the mechanism is not correct.

The present work is a part of our general effort to determine the
mechanisms of fundamental organic reactions. We have recently
shown10 that the reaction of 2,4,6-trinitroanisole (TNA) with
methoxide ion in methanol takes place by a reversible consecutive
mechanism (Scheme 1). The latter is contrary to the long-
accepted belief that formation of the 2,4,6-trinitro-1,3-dimethoxy-
cyclohexadienylide (I) and the 1,1-dimethoxy complex (II) take
place by a competitive rather than a sequential mechanism.
The tentatively proposed intermediate (III) was not observed
but the 1H NMR spectrum had previously been recorded.11 A
reversible consecutive mechanism was previously proposed for the
proton transfer reaction between 1-nitro-1-(4¢-nitrophenyl)ethane
(NNPE) with hydroxide ion in aqueous acetonitrile.12
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Scheme 1 Proposed mechanism for the reaction of TNA with methoxide
ion in methanol.

Results and discussion

Absorbance–time profiles for the evolution of products at 240 nm
over several half-lives for the reactions of NM, NE and 2-NP
with hydroxide ion in water at 298 K are illustrated by the plots
in the left column of Fig. 1. (Spectra of anions of nitroalkanes
in water have been reported.13 Reactant spectra and extinction
coefficients of NM, NE and 2-NP are shown in Fig. S4, electronic
supplementary information (ESI)).† It is evident that the reactions
go to completion and the absorbance values at the plateaus
indicate that the reaction products are stable during the time
periods of the experiments. 1H NMR spectra of reaction mixtures
after several half-lives show no significant signals indicative of side-
products. The acid–base reactions produce the conjugate bases

Fig. 1 Absorbance–time profiles (a, b, c) and ln(1 - E.R.)–time profiles
(a¢,b¢,c¢) for the reactions of nitroalkanes (a,a¢ NM, b,b¢ NE, c,c¢ 2-NP)
with hydroxide ion in water at 298 K.

according to Scheme 2 where the anionic products are represented
as two resonance forms showing the distribution of the negative
charge.

Scheme 2 Reactions of nitroalkanes with hydroxide ion in water.

The conventional first-order analyses of the reactions are
revealing in terms of whether or not the reactions conform to
first-order kinetics as is expected from the previous studies.3 The
latter is illustrated by the ln(1 - E.R.)–time profiles, where E.R. is
the extent of reaction, along with the corresponding least squares
correlation lines. The degrees of deviation of the experimental data
from the correlation lines were observed to be inversely related to
the kinetic reactivity of the nitroalkane, i.e. deviations are more
pronounced in the order, 2-NP > NE > NM. The latter was also
observed to increase with increasing E.R. and the data for 2-NP
began to deviate from that expected for first-order kinetics during
the first half-life of the reaction while deviations for the other two
substrates became significant at greater E.R. The relationships are
illustrated by the plots in the right column of Fig. 1 and in more
detail in the ESI.†

In order to be able to describe the deviations of the nitroalkane
proton transfer reactions with hydroxide ion in more detail, the
least square correlations of ln(1 - E.R.)–time profiles were carried
out incrementally14 over the 2000 point profiles by two different
procedures. In the first, the analyses were carried out on 101 point
increments, beginning with data points 1 to 101, followed by data
points 101 to 201 and subsequent increments with the final one
being from data points 1701 to 1801. The data, summarized in
Table 2, clearly show that the apparent first-order rate constants
are E.R. dependent, decreasing continuously as the reactions
proceed toward completion.

The data in Table 3 were obtained using a modification of the
pseudo first-order analysis procedure. The experimental procedure

Table 2 Variations of the apparent pseudo first-order rate constants for
the reactions of nitroalkanes with hydroxide ion in water over several half-
lives (5 half-lives for NM, 4 half-lives for NE, 3 half-lives for 2-NP)

Point rangea k/s-1 (NM)b k/s-1 (NE)b k/s-1 (2-NP)c

1–101 0.493 0.240 0.01506
101–201 0.494 0.242 0.01447
201–301 0.492 0.240 0.01377
301–401 0.486 0.234 0.01299
401–501 0.477 0.224 0.01215
501–601 0.465 0.211 0.01131
601–701 0.452 0.195 0.01049
701–801 0.440 0.179 0.00970
801–901 0.430 0.164 0.00896
901–1001 0.423 0.152 0.00824
1001–1101 0.416 0.141 0.00752
1101–1201 0.408 0.129 0.00677
1201–1301 0.394 0.112 0.00597
1301–1401 0.366 0.0885 0.00512
1401–1501 0.322 0.0585 0.00425
1501–1601 0.266 0.0289 0.00344
1601–1701 0.220 0.0117 0.00283
1701–1801 0.221 0.0215 0.00261

a Described in the text. [NaOH] = b 20 mM and c 50 mM in H2O at 298 K.
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Table 3 Apparent rate constants for the reactions of nitroalkanes with
hydroxide ion in water over the first half-life at 298 K

NMa NEb 2-NPc

kapp/s-1 ± kapp/s-1 ± kapp/s-1 ± Segment

0.478 0.056 0.280 0.010 0.0248 0.0013 1
0.560 0.010 0.276 0.005 0.0223 0.0007 2
0.548 0.002 0.273 0.004 0.0214 0.0005 3
0.545 0.002 0.271 0.002 0.0210 0.0008 4
0.544 0.001 0.269 0.001 0.0206 0.0008 5
0.538 0.003 0.265 0.001 0.0200 0.0008 6
0.531 0.004 0.261 0.001 0.0193 0.0007 7
0.527 0.004 0.259 0.001 0.0187 0.0006 8
0.525 0.004 0.258 0.001 0.0183 0.0006 9
0.523 0.004 0.257 0.001 0.0179 0.0006 10
0.522 0.004 0.256 0.001 0.0176 0.0006 11
0.521 0.005 0.256 0.002 0.0173 0.0006 12
0.519 0.005 0.255 0.002 0.0171 0.0006 13
0.519 0.005 0.255 0.002 0.0170 0.0006 14
0.518 0.005 0.254 0.002 0.0168 0.0006 15
0.517 0.005 0.254 0.002 0.0167 0.0006 16
0.516 0.005 0.253 0.002 0.0166 0.0006 17
0.515 0.005 0.253 0.002 0.0165 0.0006 18
0.514 0.005 0.252 0.002 0.0164 0.0006 19
0.514 0.005 0.252 0.002 0.0163 0.0006 20
0.513 0.006 0.251 0.002 0.0162 0.0006 21
0.512 0.006 0.251 0.003 0.0162 0.0006 22
0.511 0.006 0.251 0.003 0.0161 0.0006 23
0.511 0.006 0.250 0.003 0.0161 0.0006 24

a [NM] = 0.10 mM, [NaOH] = 20.0 mM, average of 3 sets of 12–20 stopped-
flow repetitions. b [NE] = 0.10 mM, [NaOH] = 50.0 mM, average of 4 sets of
10–20 stopped-flow repetitions. c [2-NP] = 0.10 mM, [NaOH] = 50.0 mM,
average of 3 sets of 15–20 stopped-flow repetitions.

involved recording 2000 point absorbance–time (Abs–t) profiles
over about the first half-lives of the reactions and carrying out
a sequential first-order analysis on specific point segments of the
Abs–t profiles. The procedure also employed least squares linear
correlation but in this case 24 different analyses were carried out
over different point segments in the profile. The point segments
include points 1 to 11, 1 to 21, 1 to 31, 1 to 41, 1 to 51, 1 to 101, 1
to 201, 1 to 301, 1 to 401, 1 to 501, 1 to 601, 1 to 701, 1 to 801, 1 to
901, 1 to 1001, 1 to 1101, 1 to 1201, 1 to 1301, 1 to 1401, 1 to 1501,
1 to 1601, 1 to 1701, 1 to 1801 and 1 to 1901. If a reaction obeys
first-order kinetics the values of the rate constants for all of the
point segments are expected to be time independent and have the
same value. This procedure was described earlier10 but is repeated
here for clarity. A factor that should be taken into account of the
data in Table 3 in comparison to that in Fig. 1 is that the former
corresponds to 2000 points over the first half-life and the latter to
2000 points over more than 4 half-lives. This difference means that
the data segments for Table 3 begin at shorter times than those in
Fig. 1.

What is immediately apparent in Table 3 is that in all 3 series
of reactions, involving NM, NE and 2-NP as substrates, is that
the kapp–time profiles begin at relatively high values of kapp and
decay with time toward steady state values. Although it might
be argued that the standard deviations of the short time data in
Tables S1 to S3 (ESI†) are relatively high, the mean values of three
determinations (Table 3) have a small degree of variance and are
certainly significant.

The apparent deuterium kinetic isotope effects (KIEapp) for all
three nitroalkanes were observed to be E.R. dependent, with a low

value at low conversion and to increase with increasing E.R. This is
illustrated in Fig. 2 for the reaction of NE (0.1 mM) with hydroxide
ion (50 mM) and for NM and 2-NP in Fig. S1 and S3 (ESI†),
respectively. The KIEapp–time profiles show a similar trend (Figs.
S9 (NM), S10 (NE), and S11 (2-NP)†) but in this case the values
are near unity at zero time and approach a constant value at
longer times where the reactions reach a steady state.

Fig. 2 Apparent KIE for the reactions of NE and NE-d2 as a function of
degree of conversion under the conditions shown.

The data discussed in the previous paragraphs clearly rule
out a simple 1-step mechanism for the proton transfer reactions
between the nitroalkanes and hydroxide ion. Some form of the
reversible consecutive mechanism (Mechanism 1 illustrated in
Scheme 3) provides a starting point to search for a mechanism
that is consistent with the experimental data. The integrated rate
law is available for this mechanism.15

Scheme 3 The 2-step reversible consecutive mechanism applied to the
proton transfer reactions between the nitroalkanes and hydroxide ion in
water (Mechanism 1).

In the simplest form of Mechanism 1 (Scheme 3) the intermedi-
ate is a preassociation complex in which there are no new covalent
bonds formed. Under those circumstances, a steady state would be
expected to be reached early in the reaction. However, contrary to
the latter, the reactions of the simple nitroalkanes with hydroxide
ion in water reported here do not reach a steady state early in
the reactions as shown by the data in Table 2. For this reason
we believe that Mechanism 1 is unlikely for the proton transfer
reactions between the nitroalkanes and hydroxide ion reported
here.

A feature of the data in Tables 2 and 3 of great mechanistic
significance is that the time dependent kapp values for all three
substrates decrease from the values at short times toward steady-
state values at longer times. The only circumstance that gives
rise to this general behavior is when the absorbances monitored,
primarily due to the anionic products, also have contributions due
to intermediates. For purely product absorbance (Fig. 3a) the time
dependent rate constants (kinst) increase from zero to the steady
state value for mechanism 1 (Fig. 3b). The most significant point
with regard to the presence of an intermediate is that when the
apparent absorbance includes both that due to product and a
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Fig. 3 Simulated concentration–time (a, c) and kinst–time (b, d) profiles
for the reversible consecutive mechanism with the rate constants shown.
kf¢ = kf[Excess Reactant]0.

significant contribution from an intermediate (Fig. 3c) the time
dependent rate constants decay from an initial value to a steady
state value (Fig. 3d). The very different form of the kinst–time
profiles for analysis of pure product absorbance (Fig. 3b) and
that in the presence of a significant concentration of intermediate
(Fig. 3d) provides a very definitive mechanism probe.

Due to the fact that we do not have reliable methods to estimate
either the absorbance maximum wavelengths or the extinction
coefficients of the intermediates, it is pointless to attempt to fit
experimental data to simulated data such as shown in Fig. 3. The
simulation (Fig. 3) assumed that the intermediate and product
have equal extinction coefficients in the simulated experiment.

The presence of intermediates during the reactions was con-
firmed by carrying out the diode-array experiments (Fig. 4) near

Fig. 4 Diode-array UV absorption spectra of the reaction between NE-d2

(20.37 mM) and hydroxide ion (100.0 mM) in water at 298 K: start time,
0 s; cycle time, 10 s; total run time, 300 s.

the isosbestic points. There is no true isosbestic point for the
absorbance–time curves illustrated in Fig. 4 due to the interference
of intermediate absorbance. How the latter can be determined in
the presence of absorbance from intermediates is shown in Fig. 6 in
the experimental section. The rationale for these experiments was
based upon the fact that reactant and product absorbance changes
with time are cancelled at the isosbestic point. The absorbance–
time data at the isosbestic points in Fig. 5 were obtained during the
reaction of (a) NE and (b) NE-d2 with hydroxide ion in water at
298 K. Absorbance–time curves at isosbestic points are shown
in Figs. S5 to S8 (ESI†) for NE, NE-d2, 2-NP and 2-NP-d1,
respectively.

Fig. 5 Abs–time profile at the isosbestic points for the reactions of (a)
NE, (b) NE-d2 with hydroxide ion in water at 298 K.
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Simulations show that if the intermediate does not absorb
at the isosbestic point, a negative Abs–time profile is observed
due to decreases in absorbance of reactant and product ac-
companying the intermediate formation. This is also the case if
the intermediate absorbs with an extinction coefficient less than
that of the reactants and product. The fact that positive Abs–
time profiles were observed (Fig. 5, S5 to S8†) suggests that the
extinction coefficients of the intermediates are greater than that
of products and reactants at the isosbestic wavelengths in this
study.

It should be pointed out that the Abs–time profiles of the
intermediates in Fig. 5 (and Figs. S5 to S8†) were obtained at
substrate concentrations much greater than were used in the
kinetic experiments. The fact that absorbance due to reactants
and products cancel at the isosbestic points made the latter
determinations possible. The absorbance due to the intermediates
have a lesser effect on the Abs–time profiles under kinetic
conditions. The most important effect of intermediate absorbance
under kinetic conditions is that illustrated in Fig. 3a as compared
to that in Fig. 3c. For the case where only product absorbs (Fig. 3a),
there is an evident lag in the onset of product absorbance near
zero time while were both product and intermediate to absorb, the
absorbance rises sharply from zero time. These facts give rise to a
more dramatic effect in the corresponding kinst–time profiles. When
only product absorbs, kinst rises from 0 at zero time to a plateau
value when steady-state is achieved. When the intermediate also
absorbs at the wavelength where product absorbance is monitored,
kinst decreases from a relatively large value near zero time to the
steady-state plateau value. The latter assumes that the extinction
coefficient of the intermediate is sufficiently large to cause an
increase in absorbance at the wavelength where product evolution
is monitored.

Mechanisms that account for both our kinetic data and for the
inverse relationship between the kinetic and thermodynamic acidi-
ties of NM, NE and 2-NP are necessary. Mechanism 2 (Scheme 4)
involving either an intra-complex electron transfer coupled with
hydrogen atom transfer (HACET)16 or a polar reaction (kprod) as
shown in Scheme 4, accounts for the observations. In Mechanism
2 it is assumed that the association complex is in equilibrium
(Kassoc) with reactants. Simulations of this mechanism showed that
to observe the “late” achievement of the steady-state, it requires
kf¢ (equal to kRCKassoc), k-RC and kHACET or kprod to be close in
magnitude. Our data do not allow us to differentiate between
the two possibilities for product forming reactions illustrated in
Scheme 4.

Scheme 4 The 3-step reversible consecutive mechanism applied to the
reactions between the nitroalkanes and hydroxide ion in water (Mechanism
2).

The requirement of rate constants of similar magnitude is
demonstrated by the simulated kapp–time profile illustrated in
Fig. 3. With the three pertinent rate constants equal at a value of
0.02 s-1, nearly three half-lives are required to reach steady-state
(Fig. 3d). The inverse relationship between the thermodynamic
and kinetic acidity can be explained by either option shown in
Mechanism 2. First, the E◦ values become more negative17 in
the order NM > NE > 2-NP and the values of the equilibrium
constants for the formation of the reactant complexes are likely
to be in the same order. Taking these factors into account leads
to the prediction that the kinetic order for proton transfer to
hydroxide ion is NM > NE > 2-NP which is the reverse of the
thermodynamic acidity order of the substrates. The second option,
direct proton transfer within the reactant complex, is consistent
with the observed result simply from the fact that the relative
rates of reactions of substrates in a 3-step reaction cannot be
predicted from the thermodynamic stabilities of reactants and
products.

Some comment is necessary in order to explain how we view
the association and reactant complexes to differ. The interactions
between OH- and the nitroalkanes in the former are expected to
be relatively weak and the two entities are expected to retain their
solvation shells to a large degree. For this reason, the HACET is
not expected to be favourable at this stage. We view the formation
of the reactant complex to involve extrusion of solvent from the
two entities and a change in geometry which allows the concurrent
transfer of an electron from hydroxide ion to the nitroalkane and a
hydrogen atom from the nitroalkane to hydroxide ion. The changes
taking place in going to the reactant complexes would also enhance
the favorability of the direct proton transfer.

A question which arises from our work in relation to the
previous work on these reactions is: “Why was the complexity
in mechanism not observed in the earlier studies?” The work
of Bell and Goodall3a was presented in greater detail than other
kinetic work on this reaction series. The most important details
presented3a which explain why the complexities that we have
observed went unnoticed are: (a) the reactions were carried
out for only about one half-life and (b) the rates of reaction
were followed by a pH-stat, a procedure less reliable than the
direct spectrophotometric monitoring of product formation used
here.

Experimental

Materials

2-NP-d1 was prepared by using the literature procedure.3a The
other nitroalkanes (NM, NE, 2-NP, NM-d3, NE-d2) were obtained
commercially from Sigma-Aldrich and were subjected to an
additional purity check by 1H NMR spectrometry before use.
Distilled water was further purified by passing through a Barnsted
Nanopure Water System. Concentrated sodium hydroxide solu-
tion was commercially available from Fisher Scientific, which had
been determined by titration with standard oxalic acid solutions.

Kinetic experiments

Kinetic experiments were carried out using a Hi-Tech SF-61
stopped-flow spectrometer installed in a glove box and kept under
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a nitrogen atmosphere. The temperature was controlled at 25 ◦C
using a constant temperature flow system connected directly to the
reaction cell in the return pathway to a bath situated outside of
the glove box. All stopped flow experiments included recording
10–20 absorbance–time profiles at 240 nm. Each experiment
was repeated at least three times. The 2000 point absorbance–
time curve data were collected either over 1+ or 5+ half-lives
(HL).

Absorbance–time (Abs–t) profiles for product evolution were
analyzed individually by two different procedures. The first step
in both procedures was to convert the Abs–t profiles to (1 -
E.R.)–time profiles. E.R. denotes extent of reaction, carried out
by dividing each absorbance value by the maximum absorbance
value obtained in the long-time (>10 HL) kinetic runs, when the
reaction goes to completion, such as the profiles shown in Fig. 1.
This procedure gave (1 - E.R.)–time profiles that decayed from
(1 - E.R.) = 1 for either 1 or 5 HL depending on which analysis
procedure was used. For pseudo first-order kinetic analysis the (1 -
E.R.)–time profiles were converted to ln(1 - E.R.)–time profiles.
For further processing, the individual 5 HL (1 - E.R.)–time profiles
were first averaged to give the average profiles.

The first kinetic procedure used was simply least squares linear
correlation of the ln(1 - E.R.)–time profiles to give the apparent
pseudo first-order rate constants over either 1 or 5 HL. These
values are recorded in the Results section. The second kinetic
procedure, the modified pseudo first-order analysis, has been
described in detail in the former section. The second procedure
involved recording the Abs–time profiles over slightly more than
the 1st HL followed by the sequential 24 linear correlations
described in the Results section.

Determination of isosbestic points

The diode-array kinetic experiments were carried out near the
apparent isosbestic points using an Agilent 8453 UV-vis. spec-
trophotometer. The start time and cycle time were set equal to
0 s and 1 s, respectively. The total run time was dependent upon
how long the reaction takes to reach completion. The resulting
Abs–t profiles, recorded at an interval of 1 s, were first converted
to DAbs–time profiles by subtracting the initial value from each
absorbance value.

It was pointed out earlier that true isosbestic points were
not observed due to the contributions of absorbance of the
intermediates. This is very obvious for the reactions of NE-d2

(Fig. 4) and 2-NP-d1 (Fig. S8, ESI†) in which cases the lifetime
of the intermediates appears to be the longest observed. The
latter is based upon the fact that the absorbance observed due
to the intermediate is substantially greater than all other cases
studied (see Fig. S5, S7, ESI†). The wavelength judged to be
most close to the true isosbestic point was selected based upon
the comparison of the DAbs–time profiles as shown in Fig. 6.
Although the absolute absorbance values are not known, due
to inherent instrumental error, the DAbs values are expected to
be reliable and have been verified by multiple determinations.
The DAbs–time profile judged to be most significant is that with
the long-time value approaching zero since the concentration of
intermediate is expected to approach zero as the reaction goes to
completion.

Fig. 6 DAbs–time profiles for the reaction of NE-d2 (20.37 mM) with
hydroxide ion (50.0 mM) in water at 298 K near the isosbestic point,
267.5 nm (a: from 266.0 nm to 269.0 nm with an increment of 1.0 nm; b:
from 267.3 nm to 267.7 nm with an increment of 0.1 nm). DAbs = Abst -
Abs0.

Conclusions

The proton transfer reactions of NM, NE and 2-NP with
hydroxide ion in water take place by a complex mechanism. This
conclusion is supported by conventional 1st-order analysis as well
as by a sequential 1st-order analysis designed to show changes
in the apparent pseudo-first-order rate constant if they exist. For
all three reactions the kapp were observed to be relatively large
at short times and decrease toward steady-state values later in
the reaction. Absorbance–time profiles at isosbestic points show
the presence of intermediates which absorb at these wavelengths.
The absorbances due to intermediates are most persistent for
NE-d2 (compare the time scales in Figs. S5 and S6†) and 2-NP-
d1 (compare the time scales in Fig. S7 and S8†) in which the
acidic protons are replaced by deuterons. The latter indicates that
the deuterium kinetic isotope effects are not associated with the
formation of the intermediates. This is also illustrated by the fact
that the KIE are E.R. dependent approaching unity near zero time
and increasing toward a plateau value as steady-state is achieved.
A reversible consecutive mechanism is proposed with two possible
product forming steps involving either a polar proton transfer
or an intra-complex H Atom Coupled Electron T

¯
ransfer from a

“Reactant Complex”.
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