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Multicomponent reactions are attracting strong interest as they contribute to develop more efficient synthetic chemistry.
Understanding their mechanism is thus an important issue to optimize their operation. However, it is also a challenging task
owing to the complexity of the succession of molecular events involved. Computational methods have recently proven of
utmost interest to help deciphering some of these processes and the development of integrated experimental and theoretical
approaches thus appear as most powerful to understand these mechanisms at the molecular level. A good example is given
by the synthesis of amidines which are important pharmaceutical compounds. Their synthesis requires the association of
three components, often an alkyne, a secondary amine and an organic azide as nitrene precursor. We found that an alterna-
tive way is offered by an Fe-catalyzed combination of a hydrocarbon, a nitrile and a nitrene which gives amidines in good
yields under mild conditions. The efficiency of the transformation and the paucity of mechanistic information on these reac-
tions prompted us to thoroughly investigate its mechanism. Several mechanistic scenarii were explored using experimental
techniques including radical trap and N labeling studies combined to DFT calculations of reaction profiles. This allowed
us to show that the amidination reaction involves the trapping of an intermediate substrate cation by an Fe-released ace-
tonitrile molecule pointing to a true multicomponent reaction occurring exclusively within the cage around the metal center.
Moreover, the calculated energy barriers of the individual steps explained how amidination outweigh direct amination in
these reactions. The perfect consistency between DFT results and specific experiments to validate them strongly support
these mechanistic conclusions and highlights the potency of this combined approach.

INTRODUCTION selectivities. Fortunately, the past ten years have witnessed
immense progresses in the development of computational
methods which are now able to describe complicate mechanis-
tic landscapes.®> Moreover, recent work has shown that inter-
mingling them to experimental investigations is a very power-
ful approach.*® In the present work, we have used this ap-
proach to try to understand the mechanism of formation of
amidines through a multicomponent reaction associating a
hydrocarbon, a nitrile and an amine delivered as a nitrene.

Functionalization of C - H bonds in "one-pot" processes is
intensely sought-after because it allows several bond-forming
steps without requiring intermediate purification procedures,
thereby minimizing waste generation and saving time." These
processes can develop along different ways associating several
reactions and have been coined domino, cascade or tandem
reactions. Alternatively, several reagents can combine to give
a product without formation of an intermediate product in a

multicomponent reaction.? Quite understandably, the mecha- Amidines bear a strong medicinal and pharmaceutical inter-
nisms of these reactions are hugely complex but their elucida- est® both for their intrinsic properties and their involvement in
tion is highly desirable to optimize their efficacies and the syntheses of numerous heterocycles.”® As a matter of fact,
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the amidine function allows to form strong ionic or H-bond
interactions or to chelate transition metals which has led to its
inclusion in many enzyme substrates or inhibitors.**® This
strong interest motivates continuous efforts to design new
synthetic routes to a large panel of amidine derivatives, espe-
cially sulfonyl-"*** and acyl->** amidines. Amidine syntheses
have been devised from many functional groups (amides and
thioamides, isonitriles)'® but more generally amidines are
accessible from condensation of primary amines with electron-
deficient nitriles’®” (or acetals)."” Whereas this can be
achieved using high temperatures, catalysis by acidic metals
affords amidines in milder conditions.*® Simultaneous binding
of the two reagents to a (high-valent) metal facilitates the
nucleophilic addition of the amine to the nitrile. Numerous
examples of this stoichiometric reaction have been report-
ed.'®" In the past fifteen years, several metal-catalyzed multi-
component reactions have been reported to produce amidines
efficiently from a hydrocarbon, an amine and a nitrogen rea-
gent which is often a nitrene precursor.>** %224 Ag 3 typical
example, when an alkyne was reacted with a secondary amine
and an organic azide in presence of a Cu' (or Ag') salt, a
triazolyl copper species was proposed to be the key intermedi-
ate in the coupling of the nitrene to the alkyne after liberation
of N, 2! Very recently, a similar reaction was developed
by Van Vliet et al. using as nitrene precursors 1,4,2-dioxazol-
5-ones which liberate CO, when forming an acylnitrene, and
the mechanism of the reaction was investigated by *P NMR
and DFT calculations.’

Intriguingly, nitriles were used scarcely in these multicom-
ponent processes: reaction with phenyl diazonium produces
the highly electrophilic nitrilium cation which can be trapped
by a sulfonamide.”’ In this respect, it must be noted that the
catalytic formation of amidines from nitriles by a totally dif-
ferent synthetic method has been reported in a limited number
of cases. As a matter of fact, upon studying nitrene transfer
catalysis by various metal complexes, Evans et al. noted that
the reaction of cyclohexene with the iodinane PhI=NTs in
acetonitrile in the presence of Mn (or Fe) tetraphenylporphyrin
afforded 3-tosylacetamidinocyclohexene in 63 % (with respect
to PhI=NTs, Scheme 1a).”® More recently, Bagchi et al. re-
ported a similar insertion of acetonitrile in the final amination
product in the Cu-catalyzed reaction of Phl=NTs with aliphat-
ic substrates (adamantane, cis-1,4-dimethyl-cyclohexane, 2-
methylbutane) leading to the corresponding amidines in yields
ranging from 16 to 32 % (Scheme 1b).?® These amidine syn-
theses are thus akin to a multicomponent reaction associating
an olefin and a nitrile to an amine in the form of a nitrene.

There is no consensus on the mechanism of this acetonitrile
insertion. Evans et al. hypothesized that the reaction involves
the formation of a diazametallocyclobutane intermediate
formed by condensation of acetonitrile with a tosylimido spe-
cies (Scheme 1a).”® An amidine-derived nitrene would thus be
transfered to the substrate. This proposal was not supported by
experimental observations. Such support was very recently
provided by Bakhoda et al. in their study of copper aryl
nitrene intermediates (Scheme 1c).”’ Actually, these authors
were able to evidence an equilibrium between a copper imide
and the related copper amidinate resulting from acetonitrile
insertion. Support for the latter structure was brought by infra-
red spectroscopy with the help of a **C labeling study. When
the two species in equilibrium were treated by ethylbenzene,
only the corresponding amine was formed. No acetamidine
was formed by reaction either with PMe; or 'BUNC. It must be

noted that the imide / acetamidinate equilibrium is significant-
ly displaced toward the former (4:1), which may be one reason
for the exclusive formation of the amine product. Bagchi et al.
studied the mechanism of amidine formation catalyzed by
their copper complex.”® By using CBrCl; as radical trap, they
were able to conclude that H™ abstraction from adamantane by
the copper imido active species led to the formation of the
adamantyl radical which escaped in the solution (Scheme 1b).
They proposed that the radical was then oxidized in solution to
the adamantyl cation, the latter next reacting with acetonitrile
to form the acetimino carbocation which was trapped by
tosylamine present in the medium. Whereas the formation of
the adamantyl radical was evidenced, its oxidation and further
reactions were not supported either experimentally or compu-
tationally.

Scheme 1. Mechanistic proposals for amidine syntheses
involving nitrene transfer reactions.
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We reported recently that the diiron complex
[1.Fe"(NCMe)]* 2% (Scheme 2a) exhibits a high efficiency
in nitrene transfer catalysis using PhI=NTs as nitrene precur-
sor.” Through ElectroSpray lonization-Mass Spectrometry
two active species were evidenced and are hereafter designat-
ed [1.Fe"(NTs)]* and [1.FeY(NTs)]*". ¥ DFT analyses of
their electronic structure showed, in both cases, significant
charge transfer from both ligands NTs and 1 to the high-valent
Fe generating actual configurations involving ligand radicals
such as [1.Fe"'(NTs)]** and [1.Fe'V('NTs)]*, respectively.
This complex is indeed an efficient catalyst for aziridination of
styrenes (yields ca 80 %) and other olefins.**** A more moder-
ate activity was noted for amination of ethylbenzenes (yields
ca 50 %) in dichloromethane using PhI=NTs as nitrene precur-
sor.®! By contrast, we found that running the reaction in ace-
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tonitrile led to higher conversion and interestingly to the major
formation of the corresponding acetamidines. Moreover, the
acetamidine is the exclusive product formed in the same con-
ditions when cyclohexane is used as substrate (Scheme 1d).
This suggests that the amine vs amidine distribution is highly
dependent on the hydrocarbon substrate, the amidine being
favored for those having a higher bond dissociation energy
(BDE), in line with a H" abstraction process being part of the
mechanism. The fact that a high conversion to amidine can be
achieved and that no mechanistic consensus exists for acetoni-
trile insertion in aliphatic amination product prompted us to
study these processes in more details.

Our earlier studies of nitrene transfer catalyzed by
[1.Fe"(NCMe)]*" revealed that its ferric site (Scheme 2a) did
not change redox state during catalysis which involved activa-
tion of the Fe" site formally to Fe' and Fe”.***! This incited
us to develop simpler monoiron catalysts with similar envi-
ronments (Scheme 2b). We observed that the monoiron cata-
lyst [2.Fe' (NCMe),] (Scheme 2b) exhibited a mechanistically
similar reactivity for styrene aziridination albeit with more
modest conversions.**** DFT analyses of the electronic struc-
ture of the purported active species [2.Fe'(NTs)] and of the
reaction profile led to attribute this lower efficacy to a signifi-
cantly smaller electron affinity of [2.Fe"(NTs)] vs
[1.Fe"(NTs)]*" and [1.FeY(NTs)]*. Here also we observed
that the mononuclear system led to similar reactivity as
[1.Fe"(NCMe)]** with major formation of amidine vs amine
albeit in significantly lower amounts. This entitled us to per-
form a theoretical analysis of the electronic structures of the
active species and the reaction pathways using the monoiron
system. Indeed, the size combined to the complex spin state
situation preclude the calculation of reaction pathways for the
diiron system.

Scheme 2. Structure of the catalysts used in this study: a)
[1.Fe"(NCMe)]* and b) [2.Fe"(NCMe),]

b)

MeCN_ NCMe
\/

Initial exploration of the dependence of amine vs amidine
formation from ethylbenzene on acetonitrile concentration
revealed two distinct regimes. At low MeCN concentration, a
saturation phenomenon was observed where amine formation
was suppressed by acetonitrile concentration increase, pointing
to binding of MeCN to the catalyst. At saturation, the amidine
/ amine ratio reached a constant value which suggested the
trapping by MeCN of a common intermediate. DFT calcula-
tions of the reaction profiles for ethylbenzene highlighted that,
after H™ abstraction and electron transfers, attack of substrate
radical or cation by Fe-released acetonitrile emerged as the
more likely mechanism to form amidine. This molecular
mechanism was supported by radical trap and °N-labeling
specific experiments. Moreover, DFT calculations of the reac-
tion profiles for cyclohexane allow us to propose an overall

mechanism explaining the competitive formations of amine
and amidine from ethylbenzene and the exclusive formation of
amidine for cyclohexane. This overall reaction scheme was
further strengthened using a kinetic model involving competi-
tive reaction rates.

RESULTS

Catalytic acetamidine formation during amination
of hydrocarbons in acetonitrile

(i) General features of the reaction.

We reported recently that the diiron system [1.Fe' (NCMe)]**
catalyzes the amination of ethylbenzene by PhI=NTs with a
yield of 54 % using molar ratios cata-
lyst/PhI=NTs/ethylbenzene 0.05/1/50 in dichloromethane at
room temperature for 5 h (Scheme 3a).*' Changing the solvent
to acetonitrile in identical conditions afforded conversion to a
mixture of the amine and the corresponding acetamidine in the
ratio 1:~6 (Scheme 3b and Table 1).

Scheme 3. Catalysis of nitrene transfer to ethylbenzene
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MeCN, r.t., 5 h
The two products have been identified by ESI-MS and by their
'"H-NMR signatures and they were quantitated easily together
with tosylamine in the crude reaction mixture. It is noteworthy
that the catalytic solution is red in color and has a maximum
absorption in the visible region at 482 nm (Figure S1). This
observation indicates that the species active in the catalysis of
amidine formation is formally the [Fe"'Fe(=NTs)] complex
([1.Fe(NTS)I).* In the same conditions, the use of
[2.Fe"(NCMe),]*" as catalyst affords only a small amount of
acetamidine (4 %) together with trace amounts of amine,
which is consistent with its diminished nitrene transfer effica-

cy.

a)

Cr

[1.Fe'(NCMe)2*
PhI=NTs

—_—
CH,Cl, 1., 5h

(ii) Influence of acetonitrile content on amidine formation

We then investigated the influence of acetonitrile content on
amidine formation by varying the composition of the reaction
solvent dichloromethane/acetonitrile from 100/0 to 0/100 v/v.
Figure 1 illustrates the variation of the ratio Y = yield.migine/
(yieldamine + Yieldamigine) @S a function of the number (N) of
equivalents of acetonitrile with respect to ethylbenzene (EB).
In the conditions used (catalyst/Phl=NTs/ethylbenzene
0.05/1/50), N varies from 0 in dichloromethane to ca 11 in
acetonitrile. We observed that Y varies from 0 to 0.86 (86 %
acetamidine) with a plateau that is reached at ca N=1.2 corre-
sponding to a proportion of 10 % v/v acetonitrile in dichloro-
methane. Therefore, two regimes can be distinguished. (i) At
low acetonitrile/ethylbenzene ratio N<1.2 (Figure 1, inset), the
curvature of the data observed when increasing the acetonitrile
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content is reminiscent of Michaelis-Menten behavior® (see SI
Thermodynamic and kinetic modeling section) and clearly
indicative of a saturation behavior and the occurrence of a
binding equilibrium. This suggests that binding of acetonitrile
to [1.FeY(NTs)]* is involved in acetamidine formation. (ii) At
high acetonitrile/ethylbenzene ratio N>1.2, however, full
acetamidine formation is not reached since Y plateaus at 0.86.
This indicates that nitrene transfer to form amine can never
be totally outweighed by

Table 1. Catalysis of ethylbenzene amidination by
PhI=NTs in dichloromethane/acetonitrile mixtures®

[1.Fe'(NCMe))2*
_ PhisNTs ’L NTs + NHTs
T CH,ClyMeCN

rt,5h
Entry Nitrile NP \&
(% viv) (%)
1 0 0 0
2 2.5 0.27 57
3 5 0.54 71
4 7.5 0.81 79
5 10 1.08 79
6 25 2.69 86
7 50 5.38 86
8 100 10.8 86

2 Conditions [1.Fe''(NCMe)]**/PhI=NTs/EB = 0.05/1/50, 25 °C, 5
h;

® N: number of molar equivalents of acetonitrile vs EB;

¢ Y= (yiEIdamidine)/[(yieIdamidine)+(yi9|damine)]

amidine formation, pointing to a competition between the two
that does not depend on acetonitrile concentration. To get more
insights into this mechanism, we investigated the steric and
electronic influences of the nitrile.
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Figure 1. Variation of the amidine formation ratio Y with the
acetonitrile content from pure dichloromethane (N = 0) to pure
acetonitrile (N = 10.78). Inset: expansion of the domain 0 < N <
1.2.

(iii) Influence of nitrile nature on amidine formation

To evaluate the influence of the steric properties of the ni-
trile on amidine formation, we compared the yields of amidine
in the series R-C=N with R = Me, Et, n-Pr, n-Bu and t-Bu
(Table 2, entries 1-5). The reactions were performed at a ratio
catalyst/Ph1=NTs/EB/nitrile = 0.05/1/50/15. We chose to use a
small number of equivalents of nitrile vs EB (N = 0.3) to max-
imize its potential effect (Figure 1) which would possibly be
masked by working in conditions of the plateau (N > 1.2). *H-
NMR analyses of the reaction mixtures revealed an almost
con- stant proportion of amidine 45 + 4 % in the reaction
mixture. These observations indicate that neither the small
variation of electronic influence of the alkyl groups nor their
strongly increasing bulkiness have any notable influence on
the product distribution. The irrelevance of nitrile bulkiness
suggests that it binds to the Fe ion through its nitrogen, there-
fore pushing the R group away from the reaction site. By
contrast, in these conditions, benzonitrile gave a drastically
reduced amidine proportion of 22 % (Table 2, entry 6). To
investigate the latter point further, we compared the series
with R = Me, Ph and p-CFsPh in the conditions cata-
lyst/PhI=NTs/ethylbenzene/nitrile = 0.05/1/50/25 (N = 0.5)
which allow a higher conversion to the amidine (Table 2,
entries 7-9). Consistently, the respective yields of amidine
were 70 % for R =Me, 61 % for R = Ph and 32 % for R = p-
CF3Ph. These results support that the more electron-rich ni-
triles give a higher conversion to amidine.

Table 2. Influence of nitrile on amidine vs amine
distribution®

[1.Fe'(NCMe))2* R
e (N (e
rt,5h
Entry R Y© Conv.¢
(R-C=N)
1 Me 49 52
2 Et 49 42
3 Pr 41 40
4 "Bn 47 41
5 ‘Bu 45 47
6 Ph 22 39
7° Me 70 55
g Ph 61 49
QP (p-CF3)Ph 32 46

® Entries 1-6 conditions [1.Fe''(NCMe)]**/PhI=NTs/EB/nitrile=
0.05/1/50/15, 25 °C, 5 h;

® Entries 7-9 conditions [1.Fe'(NCMe)]?*/PhI=NTs/EB/nitrile=
0.05/1/50/25, 25 °C, 5 h;

°Y = (yiEIdamidine)/ [(yieldamidine)+(yie|damine)] in %

¢ Conversion vs PhI=NTs in %

(iv) Influence of the hydrocarbon substrate on amidine
formation

As mentioned above, when cyclohexane was used in similar
conditions, the reaction produced only acetamidine in 22 %
yield (Table 3). The fact that no amine was formed, whereas it
is always produced in ethylbenzene amination, suggests that
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the H" abstraction difficulty may play a significant role in the
amine/amidine distribution.

We thus studied the transformation of various substrates, the
BDE of which span the range from 85 kcal mol™ (EB) to 99
kcal mol™ (cyclohexane). As shown in Table 3, cyclooctane
and cycloheptane which possess BDE values > 94 kcal mol™
again gave no amine. By contrast, indane which has a BDE
close to that of ethylbenzene gave a strongly enhanced for-
mation of amine (43 % vs 8 % for ethylbenzene). The small
difference in BDE values (0.5 kcal mol™) cannot explain this
difference, which can tentatively be related to the higher num-
ber of indane benzylic positions.

Table 3. Influence of substrate on amine vs amidine
distribution®

! 2

e e g

! MeCN, r.t.,5h :/ \:
Substrate BDEP Conv®  Amidine®  Amine®
Cyclohexane? 99 22 100 0
Cyclooctane® 96 24 100 0
Cycloheptane® 94 29 100 0
THF? 92 50 0 100
Indane® 85.9 44 57 43
Ethylbenzene? 85.4 74 92 8

2 Conditions [1.Fe'(NCMe)]*"/PhI=NTs/substrate = 0.05/1/100,
acetonitrile, 25 °C, 5 h;

® Bond Dissociation Energy in kcal mol ™.

¢ Conversion vs PhI1=NTs in %.

4 Distribution of amidine and amine in %.

® Conditions [1.Fe''(NCMe)]?*/PhI=NTs/substrate = 0.05/1/50,
acetonitrile, 25 °C, 5 h.

We studied also the transformation of THF which has a
BDE (92 kcal mol™) comparable to that of cycloheptane. Only
the amine (2-tosylaminotetrahydrofuranne) was formed in 50
% yield and no amidine was detected (Table 3). This differ-
ence of reactivity between THF and cycloheptane most proba-
bly comes from the possibility of THF to bind the catalyst
active species [1.FeV(NTs)]**: binding of THF would outcom-
pete nitrile binding and thereby inhibit amidine formation.

(v) Summary of mechanistically relevant features

These experimental studies have unveiled a number of im-
portant features which any realistic mechanistic proposal must
account for. (i) Acetamidine formation involves binding of
acetonitrile to the catalyst in an equilibrium as evidenced by
the dependency of Y on acetonitrile content. Binding of ace-
tonitrile is also supported by THF inhibition of acetamidine
formation. Lastly, amidine formation is favored for electron
rich nitriles, which can bolster both nitrile binding to Fe and
nucleophilic attack of the substrate. (ii) Amidine formation
never suppresses amine formation in case of ethylbenzene,
which suggests that a competition exists between the two
reactions. Moreover, when the hydrocarbon BDE increases (as
for cyclohexane), only amidine is formed which suggests that
H’ abstraction or radical rebound is in competition with ace-
tonitrile binding or a subsequent process. (iii) UV-visible
monitoring (Figure S1) shows that the running catalytic solu-
tion absorbs at 482 nm indicating that the catalyst active in

amidine formation is [1.Fe'(NTs)]*".** We then resorted to
computational investigations to obtain mechanistic insights
able to explain all experimental observations and consistent
with the chemical features of the active species and substrates.

DFT calculations
(i) Methodology.

Our previous DFT investigations of the electronic structure
of the active species [1.Fe"/(NTs)]*" and [1.Fe"(NTs)]** have
highlighted the intrinsic complexity of the electronic structure
of open shell Fe binuclear systems bearing radical ligands.***"
Performing reliable calculations of reaction pathways using a
hybrid functional as B3LYP, and transition state (TS) searches
including frequency calculations is impracticable owing to the
size of these complexes. As before, we turned to monoiron
models built from [2.Fe'(NCMe),] (Scheme 2b) which has
shown similar albeit more modest reactivity (see above). In
our previous mechanistic studies of aziridination mecha-
nisms,?** we used the mononuclear model [2.Fe"(NTs)]*
(which is formed by reaction of PhI=NTs with the precursor
[2.Fe"(NCMe),]). In the present work, we considered its one
electron oxidized analog [2.Fe'(NTs)]" to model the
[1.Fe¥(NTs)] active species identified by UV-visible experi-
ments.

In order to get insights into the mechanism of amidine for-
mation, we have envisaged several plausible reaction scenarii
and tested them using DFT calculations. We started by consid-
ering the generation of a second potential active species by
acetonitrile binding [2.FeY(NTs)(NCMe)]". We then studied
the amination reaction of EB mediated by both active species
along the usual hydrogen atom transfer (HAT) and rebound
processes.®® Turning to amidination, we examined three path-
ways, starting either from acetonitrile-free or acetonitrile-
bound active species. We also analyzed how changing sub-
strate from EB to cyclohexane affects the thermodynamics of
the reactions and this will be presented in the Discussion Sec-
tion.

(if) Choice and electronic structure of the model active
species; equilibrium of acetonitrile binding.

We have thus explored the [2.Fe"(NTs)]* species and its ac-
etonitrile complex [2.FeY(NTs)(NCMe)]". In these species,
the Fe¥ ion in d® configuration gives rise to a quartet (5=3/2)
and a doublet (S=1/2) state. Our previous calculations of
[2.Fe"V(NTs)] showed that the [2.H,] ligand contributes a
small ligand field.***” When turning to the Fe¥ model without
or with acetonitrile bound, the calculations of the spin state
ordering with various hybrid functionals (TPSSH, B3LYP and
PBEQO, see Table S1) showed that although the quartet state is
the ground state, the doublet state is almost degenerate. This
led us to ex-
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Figure 2. Left: optimized structure of [2.FeV(NTs)]* model; right:
optimized structure of [2.Fe¥(NTs)(NCMe)]* model. H atoms not
represented, Fe atoms in green, N atoms in blue, O atoms in red
and Cl atoms in light green.

plore all reaction pathways on the quartet surface and most of
them on the doublet surface. Geometry optimization of the
acetonitrile adduct [2.Fe'(NTs)(NCMe)]* shows that NTs
binds preferentially in the equatorial plane and acetonitrile
axially (Figure 2, right). In absence of acetonitrile, NTs binds
the Fe ion in [2.Fe¥(NTs)]" with an SO, oxygen bound axially
(Figure 2, left). The main features of geometry optimizations,
spin densities and relative energies of spin states without and
with acetonitrile bound to Fe" are summarized in Tables S1
and S2. Examination of the spin densities reveals an electronic
configuration consistent with a [2.Fe'V(*"NTs)] species. Anoth-
er low-lying excited configuration with a [2°.Fe''(NTs)] and a
radical character on the phenolate cis to the NTs group is also
observed. The same behavior is observed with
[2.Fe¥(NTs)(NCMe)]". Such behavior is reminiscent of the
actual binuclear [1.FeY(NTs)]** complex which exhibited two
tautomers with an Fe' and a radical either on NTs or on the
phenolate ligand.*

Scheme 4. Computational studies of acetonitrile binding to
a) [2.Fe"(NTs)] and b) [2.FeY(NTs)]".

a)
NTs l [NTs |
LVE 1 LSNYA
Fe N Keg=1M Fe N
b)
NTs]™ | NTs *
o+ Fﬁ = |, _
Fe N Keq= 3.108 ML FeV—N=C—

Our previous calculations showed that acetonitrile binds
[2.Fe"(NTs)] very weakly and in a side-on geometry (Scheme
4a).***" By contrast acetonitrile binds [2.Fe¥(NTs)]" in an end-
on geometry through the N atom and the enthalpy of the equi-
librium is evaluated by DFT to -8.8 kcal mol™ in favor of the
acetonitrile complex (Scheme 4b). This difference in acetoni-
trile binding mode is in agreement with an increase of the
acidic character of the complex upon oxidation from Fe' to
Fe". These first results are consistent with the observation that
amidine formation is catalyzed by [1.Fe'(NTs)(NCMe)]**
deduced by UV-visible monitoring and the observation of a
saturation behavior when acetonitrile concentration is varied.
In addition, an electron-rich nitrile should have a higher bind-
ing constant thus favoring the nitrile adduct and thereby for-
mation of the amidine, what is observed. In the following
paragraphs, we will consider the amination of EB by
[2.FeV(NTs)]" and [2.FeY(NTs)(NCMe)]", and its amidination
either by bulk MeCN or by the acetonitrile-bound active spe-
cies [2.Fe'(NTs)(NCMe)]".

(iii) Amination pathways of ethylbenzene by f2.Fe“(NTs)/*

Few amination studies with full computed pathways have been
published®*? and they all show the so-called stepwise process
of HAT followed by a rebound step, that we have thus investi-
gated here. The thermodynamic profile for the amination of
ethylbenzene by [2.FeV(NTs)]" on the quartet surface (Figure

3) starts with the formation of the reactant complex (Re) fol-
lowed by an HAT process with a very low electronic energy
activation (4.3 kcal mol™) which yields the expected Fe'-
NHTSs species and a methylbenzyl radical (Figure 3, Intl). The
TS of the rebound process from Intl to the product (Pdt) could
not be identified. As a matter of fact, this elementary step is
controlled by the C,— Nnurs distance reaction coordinate
which decreases during the rebound process. This process
triggers an electron transfer (ET) from the radical substrate to
the Fe center owing to an increase in the oxidizing nature of
the Fe ion due to NHTs departure. This ET occurs abruptly
defining a maximum energy point as appearing on the scan.
This point was evaluated by very tight steps along this reaction
coordinate. More details on this computation of the rebound
energy are given in Sl (Computational details section). Analo-
gous difficulties in the rebound process had been already
underlined in a few previous articles, either for the imido
group®*! or even for the oxo group.*® The details of the mo-
lecular structures of the intermediate and product are shown in
Figure S3 and Table S3 and S4. The amination profile has also
been calculated in the doublet state for [2.FeY(NTs)]" and the
comparison for both spin states is illustrated in Figure S2. It
shows that the doublet is not favored with higher energies for
activation barriers and intermediates.

S=3/2 ——, —_—
vanTs|T —" (66) FeV—NHTs -0.95
[Fe —NTS] Re B 112
+ .
N 262 T1g7
“(-15.3),.-
Intl |, -68.9
“\(-52.2)
Pdt

Figure 3. Electronic energies (Gibbs energies in parentheses) in
kcal mol™ for the amination of ethylbenzene from [2.Fe¥(NTs)]",
calculated at the B3LYP-D3/BS2_COSMO//B3LYP-D3/BS1
level. Spin densities on Fe and on methylbenzyl radical in the
intermediate Int1 are shown in bold.

(iv)  Amination pathways of
R.Fe'(NTs)(NCMe)]*

From [2.FeY(NTs)(NCMe)]" (Figure S4 and Table S5), the
profile starts again with an HAT process with a low electronic
energy activation (7.6 kcal mol™) leading similarly to the
expected Fe'V-NHTs species and a methylbenzyl radical (Int1,
see Figure S5 and Table S6). Again the TS for rebound could
not be identified and the electronic energy difference is given
instead (see Figure S6). It is worth noting that, as previously,
this barrier is the highest one in the reaction. The rebound
process occurs again with the electron transfer to the Fe center
with a higher activation energy (21.7 kcal.mol™ on the quartet
surface) compared to the previous rebound without acetonitrile
coordinated (7.5 kcal.mol™, see Figure 3). Consistently, the C
- N bond formation occurs earlier (i.e. the Nurs) — C,, dis-
tance at the maximum point is longer) for the [2.FeV(NTs)]"
species (i. e. 2.60 A) than for the [2.Fe"(NTs)(NCMe)]" spe-
cies (2.38 A). Both of these features are in agreement with an
electron transfer and rebound more difficult in the latter case
that in the former. Acetonitrile binding also affects the initial
HAT with a slight increase of the activation free energy (5.1
vs 2.0 kcal mol™) consistent with a decrease of the electro-
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philic character of the active species. Finally, it should be
mentioned that the doublet surface parallels the quartet one
with similar activation energies for both spin states (Figure
S4). To summarize, our calculations show that binding of

acetonitrile to the Fe" catalyst drastically lowers its ability to
perform the amination of ethylbenzene by increasing the ener-
gy barrier of the rebound process which is the rate determining
step (RDS) in both cases.

Scheme 5. Mechanism for amination of a C(sp®)-H bond by [2.Fe¥(NTs)(NCMe)]".

' SN .
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(v)  Amidination  pathways of
[2.Fe¥(NTs)(NCMe)/*

ethylbenzene by

Acetonitrile insertion can occur at different stages of the reac-
tion depending on its binding to Fe: (i) a Fe-bound acetonitrile
can combine with the nitrene to give a new acetamidine-
nitrene” (diazaferracyclobutane) (Scheme 5A), or (ii) it can
trap a radical or cation from the substrate within Fe coordina-
tion sphere (Scheme 5B), and alternatively (iii) a bulk acetoni-
trile can trap a substrate radical or cation.”® We have consid-
ered these three possibilities successively. It followed that
formation of a diazaferracyclobutane is feasible but with a
prohibitive thermodynamic cost (23 kcal mol™) compared to
other possible pathways, as detailed in Figure S7, Tables S7
and S8. Similarly, trapping of a substrate radical by an outer-
sphere (bulk) acetonitrile before nitrene rebound faces a com-
plicated and thermodynamically costly rebound (see Sl and
Figure S8).

We were thus led to consider process (ii) in which nitrile in-
sertion occurs in the course of the amination process as shown

in Scheme 5 path B. We started by investigating the energetic
profile of pathway B in detail. Figure 4 shows the amidination
process of ethylbenzene on the quartet surface and Figure S9
on the doublet surface.

The reaction profile starts with the same HAT as the amination
described above in paragraph iv leading to Intl (Figure 4).
Then, an electron transfer step occurs from the methylbenzyl
radical to Fe, leading to a methylbenzyl cation and a Fe"'-
NHTSs species with acetonitrile partly decoordinated (Int2), as
revealed by the spin densities and charges. As a matter of fact,
the spin density (sd) on the methylbenzyl radical vanishes (sd
=0.96 — 0) while a charge develops (q =0 — 0.77) on going
from Intl to Int2. The decoordination of acetonitrile from Fe is
certainly the factor triggering this electron transfer as it renders
the Fe'Y ion more oxidizing. It is worth noting that the acetoni-
trile nitrogen is at similar distance from Fe and substrate C, in
Int2. The activation profile associated to this decoordination
coupled to ET process



Figure 4. Electronic energies (Gibbs energies in parentheses) in kcal mol™ for acetonitrile insertion
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during the amidination of ethylbenzene

from the Fe" active species in quartet state, calculated at the B3LYP-D3/BS2_COSMO//B3LYP-D3/BS1 level. The energy origin corre-
sponds to isolated reactants. Some electronic features of the intermediates Int1-3 are shown (spin densities in bold and Mulliken charge q).
Full details are in Figure S9 and Table S10. The kinked orientation of acetonitrile in Int2 is indicative of its partial decoordination.

shows again an abrupt fall which precludes the identification
of the TS. Therefore, the electronic activation energy of this
step is estimated based on tight scans (see SI and Table S9)
to be 14.3 kcal mol™. Then the bonding of acetonitrile to the
methylbenzyl cation occurs to yield Int3 which features an
acetiminium cation (q = 0.87), with a very low barrier (3-4
kcal mol™). The next step is the rebound of NHTSs to form
Int4 with a barrier of ca 10 kcal mol™. Int4 then rearranges to
the product (Pdt) through a tautomeric proton exchange. The
largest barrier in the whole process (14.3 kcal mol™) is that
of the ET after the initial HAT process. Looking at the dou-
blet surface (Figure S9), we observe a similar behavior with
a profile parallel to the quartet one. The molecular structures
of the intermediates are shown on Figure S10 and Table S10.
To summarize, this mechanism based on an inner-sphere
acetonitrile attack of the methylbenzyl radical/cation fully
explains amidine formation.

(vi) Summary of mechanistically relevant features

The computational exploration of the various possible re-
action pathways for yielding amine and amidine EB deriva-
tives has thus brought several insightful informations. Focus-
ing first on amidine formation, the process involving a
metallacycle (amidinate coordinated to Fe ion) is not plausi-
ble due to the high activation energy necessary to its for-
mation. Trapping of a benzyl radical by bulk acetonitrile
does not appear likely either owing to a disfavored rebound
pathway (Figure S8). The active species responsible for
amidination is thus proposed to be [2.Fe"(NTs)(NCMe)]" in
good agreement with i) THF experiments, ii) the existence of
a binding equilibrium of acetonitrile and iii) the low activa-
tion energy of the reaction (14 kcal mol™, Figure 4). Interest-

ingly, the calculations rationalized that the facile amine
formation from [2.FeV(NTs)]" is under control of nitrile
binding which shuts it down and revealed that amidine and
amine formation processes from [2.FeY(NTs)(NCMe)]"
diverge after H" abstraction, which is consistent with a com-
petitive production of both compounds in a fixed ratio,
amidine formation being favored.

Experimental validation of the proposed mecha-
nism

Several mechanistic features have emerged from the above
DFT calculations which differ from those suggested by
Bagchi et al..?® In particular, all molecular events occur
exclusively within the coordination sphere of the Fe catalyst
or at least in a neighboring cage as opposed to bulk solution
reactivity. This prompted us to try and get experimental
evidence to support the following points: (i) the N atom
bound to the substrate originates from acetonitrile (and not
TsNH,), both (ii) oxidation of the substrate radical and (iii)
attack of the resulting acetiminium cation by tosylamine
occur in close proximity to Fe ion. We have therefore en-
deavored to get a validation of the above conclusions
through a combination of radical trap experiments with
CBrCl, and specific labeling experiments using °N-labeled
tosylamine and CH,C"N.

(i) Acetonitrile is the source of the N atom bound to the
substrate

As a consequence of acetonitrile attack of the substrate
cation, the nitrogen atom bound to the substrate would come
from acetonitrile and not from the nitrene. We obtained the
X-ray structure of the amidine derived from cyclohexane,
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namely N-(cyclohexyl)-N'-tosylacetimidamide (Figure 5, full
details on the structure are given in Figure S11 and Tables
S11-S13). It is very similar to that of N-(1-phenylethyl)-N'-
tosylacetimidamide reported by Bagchi et al.”® and shows the
E-syn configuration of the amidine function between the
substrate and the tosyl group.** However, it does not provide
any clue on the origins of the two N atoms. As a matter of
fact, the possibility that the substrate-bound nitrogen N2
comes from the tosyliminoiodinane cannot be ruled out
owing to the fact that tosyl migration has been observed in
similar reactions in certain instances.*

p -

Figure 5. X-ray structure of N-cyclohexyl-N'-tosylacetamidine.
Selected bond distances (A) and angles (°): C8-N1 1.318(2), C8-
N2 1.323(2), C10-N2 1.452(2), S-N1 1.5953(13), C8-C9
1.493(3), N1-C8-N2 117.53(15), N1-C8-C9 126.22(16), N2-C8-
C9 116.25(16), C8-N2-C10 125.34(15), C8-N1-S 122.08(11)

To answer this question beyond any doubt, we performed the
catalytic aminations of ethylbenzene using *°N labeled rea-
gents, Ts”°NH, and/or CH,C"N, and analyzed the composi-
tion of N-(1-phenylethyl)-N'-tosylacetimidamide and N-(1-
phenylethyl)-N-tosylamine with ESI-MS and ®N-NMR. In a
series of experiments ethylbenzene was treated in a 9/1 mix-
ture of dichloromethane/acetonitrile for 5h at 25 °C in the
conditions  [1.Fe'(NCMe)]**/PhI(OAc),/ TsNH,/ethylbenze
ne 0.05/1/1/50 and the isotopic composition of TsNH, and
CH;CN was varied.

A first experiment was run using PhI(OAC),/TS”NH, in
pure dichloromethane (DCM, Figure S12). Analysis of the
reaction mixture by N-NMR in CD;CN showed the pres-
ence of a triplet of 1:2:1 intensities at 94 ppm vs aqueous
NHa, J = 80 Hz indicative of Jisy.qn coupling) which is the
signature of Ts°NH, (Figure 6a). In addition, two doublets
were present at 109 and 104 ppm (Jisn.24 = 88 Hz) that were
assigned, respectively, to the amine Ph-CH(Me)-">NHTs and
methylene-bis-tosylamine Ts“NH-CH,->NHTs, a known
side product.”® In addition, a singlet was observed at 245
ppm which corresponds to CD;C™N (natural abundance of
CD3CN). Analysis of the crude mixture from a second exper-
iment (Figure S13) run in DCM/CH;C®N using
PhI(OAC),/Ts">NH, showed the presence of three new sig-
nals, one singlet at 214 ppm and two doublets at 131 and
138 ppm (Jisnan = 92 Hz) (Figure 6d). Therefore, these
must be associated to the amidine.

To assign them further we performed experiments with dif-
ferent labeling of the CH;CN/TsNH, reagents. We started by
labeling TsNH, (reaction in DCM/CH;CN using
PhI(OAC),/Ts"°NH,, Figure S14) and N-NMR analysis
showed only the presence of the 214 ppm singlet (Figure 6b).
These observations show that the NTs group in the amidine
is not protonated and therefore part of an imine. It can there-

fore be tentatively assigned to the amidine Ph-CH(Me)-NH-
(Me)C="NTs. This assignment is supported by a recent
experimental and theoretical investigation of the *N-NMR
spectrum of famotidine which has assigned at 216 ppm the
sigqgl of a nitrogen in a similar environment RR'-C=N-SO,-
R".

b)
- WWMLM
Iesturatn
d)
25IO ZKIJO 1.%0 1(I)O 5‘0

3 (ppm)

Figure 6. ">N-NMR spectra in CD3CN of the reaction mixtures
of catalytic amination of ethylbenzene in presence of Ts™*NH,
or CH5C™N: a) Ts'®NH, absence of CH;CN, b) Ts*NH, and
CH;CN, ¢) CH3C™N and TsNH,, and d) Ts*NH, and CH,C®N.
(See Figures S12 - S14, S16 for detailed assignments.)

This assignment is also consistent with the ESI-MS fragmen-
tation pattern of the Na* adduct of amidine from this reaction
which identified the successive losses of styrene and CH3;CN
to yield Ts">NH, as terminal fragment (Figure S15). Quite
consistently ®N-NMR analysis of the reverse experiment
(reaction in DCM/CH,C™N using PhI=NTs, Figure S16)
evidenced only the two doublets at 131 and 138 ppm (Figure
6¢) and ESI-MS fragmentation the losses of styrene and
CH,C"™N to the final TsNH, fragment (Figure S17). The two
remaining doublets at 131 and 138 ppm are thus likely asso-
ciated to the amidine Ph-CH(Me)-""NH-C(Me)=NTs group.
The amidine Ph-CH(Me)-NH-C(Me)=NTs can indeed exist
as two isomers with the tosyl and methyl groups located on
the same side (E isomer) of the imine double bond or the
opposite one (Z isomer).* It must be noted that the values of
the chemical shifts and the coupling constants of these dou-
blets are close to those of the amine Ph-CH(Me)-">NHTs
(Figure 6a) in agreement with a similar structure. To summa-
rize, these "N-NMR experiments indicate that the nitrogen
bound to ethylbenzene benzylic carbon originates from ace-
tonitrile as suggested by the DFT study.

(i) Radical trap experiments

DFT calculations suggest that an intermediate
benzylmethyl radical is formed through H" abstraction and
further oxidized to the corresponding cation before being
trapped by acetonitrile released from Fe. If diffusion of the
radical occurred and its oxidation done in bulk solution, it
would be trapped by a radical scavenger. Rising the scaven-
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ger concentration would favor this reaction at the expense of
amidine formation. We thus studied the catalytic amination
of ethylbenzene in the presence of increasing amounts of
CBrCl; up to 20 equivalents per mole of catalyst. No effect
could be detected on amidine formation, in agreement with a
process occurring exclusively in Fe immediate vicinity.

(iii) Tosylamide rebound occurs within Fe close proximity

The last issue that we addressed is whether the recombina-
tion of the acetiminium cation occurs with Fe-bound or
"caged" tosylamide/tosylamine as opposed to in bulk solu-
tion with tosylamine. Tosylamine can undoubtedly be re-
leased from Fe tosylamide complex by adventitious protona-
tion. To investigate this point we performed a catalytic ex-
periment in usual conditions (catalyst/Phl=NTs/ethylbenzene
= 0.05/1/50) but in the presence of 1 equivalent Ts-°NH,
added at the start of the reaction. The final reaction mixture
was analyzed by 'H-NMR and ESI-MS and both analysis
failed to show incorporation of >NTs in the amidine, again
in agreement with a process occurring exclusively in Fe
immediate vicinity.

DISCUSSION

Our combined experimental and theoretical studies have
delineated the main mechanistic features, which allows a
rationalization of both (i) the formation of amidines through
combined nitrene transfer and acetonitrile insertion, and (ii)
the distributions of amine and amidine depending on sub-
strate nature and acetonitrile concentration.

Mechanism of amidine formation

In the following paragraphs we will examine the main as-
pects of this mechanism and contrast them to previous pro-
posals.

(i) The formation of an intermediate
diazametallacyclobutane (Metal = Mn, Fe) was initially
proposed by Evans et al. ®° and formation of such a copper
species was very recently evidenced by Bakhoda et al..”’
Such metal species can be viewed as amidinates and are well
known in the literature, notably with Fe.** In addition,
examples of formation of this kind of species within a metal
coordination sphere abound. For Pt complexes they were
shown to be intermediates in amidine formation through
amide attack of nitriles.’®*® The mechanism of the reaction
has been studied in depth by Zhang et al. for a ruthenium
anilide complex and they evidenced the required prior bind-
ing of acetonitrile to the Ru anilide followed by
intramolecular nucleophilic addition of the anilide.***" Our
calculations show that a diazaferracyclobutane could be
formed in the conditions of our catalytic experiments. How-
ever, the activation enthalpy associated to its formation by
nitrene attack of acetonitrile outweighs by ca > 15 kcal mol™
the one associated to H" abstraction making amidinate for-
mation highly unlikely and inconsistent with our experi-
mental finding that amidine formation is favored over amine
formation. It is noteworthy that the formation of a similar
azaferracyclobutane as intermediate in aziridine formation
was studies by Isbill et al. and rejected on the same ground.*
This leads to consider that amidine formation should occur
through acetonitrile interception of a substrate-derived in-
termediate, radical or cation.

(ii) Bagchi et al. proposed that after H* abstraction by the
nitrene, the radical (R") escapes from the catalyst and gets
oxidized to the corresponding cation (R*).”® The latter is then
trapped by acetonitrile giving an acetiminium cation (R-
N=C(Me)") which forms the amidine by reaction with bulk
tosylamine (R-NH-C(Me)=NTs).”® Our studies using the
same radical trap agent CBrCl; failed to detect any effect,
which shows that the two systems behave differently. Our
DFT studies allowed us to clarify the oxidation pathway and
showed that the tosyl amide recombines with the substrate
within Fe coordination sphere (see below). As a matter of
fact, our calculations showed that an electron transfer imme-
diately follows H" abstraction (Figures 4 and S9): owing to
the Fe high-valent state of the active species, the [Fe''-
NHTs] amido species resulting from HAT is powerful
enough to oxidize the radical. The coupling of electron trans-
fer with nitrene transfer has recently been noted in several
instances in sulfimidation®®* and aziridination®*, but in
only one in amination by Sastri, de Visser and coworkers
from their DFT study of benzylic oxidation by the well-
known [(N4Py)Fe'(=NTs)] complex.***® The different be-
havior of the above copper complex may reside in the fact
that the Cu" species resulting from H" abstraction is not
powerful enough to oxidize the radical rapidly, allowing for
its escape in solution.

(iii) Another point of interest in this process is the fact that
in the Fe'"' species resulting from combined H" abstraction
and electron transfer, acetonitrile binding is weakened,
which may facilitate its attack of the cation. Whereas this
attack could occur in bulk solution, our calculations suggest
that it takes place within the coordination sphere of the met-
al. Indeed, as shown by the optimized structure of the corre-
sponding intermediate (Int 2 in Figures 4 and S10) the ace-
tonitrile N is at similar distances (3.1 A) of the Fe and the
benzylic carbon of the substrate.

(iv) The last step towards amidine formation is the binding
of the TsNH™ group to the iminium cation. By contrast, our
calculations suggest that this process occurs in the coordina-
tion sphere of the metal or at least in its immediate vicinity.
Our experiments performed in the presence of free “N-
labeled tosylamine failed to show any N labeling of
amidine, which excludes reaction in bulk solution. This
process is thus likely to occur as a rebound, immediately
after formation of the benzyl cation in Fe vicinity (see ii
above) and may explain the different behavior proposed by
Bagchi et al..”®

All these mechanistic features are incorporated in the fol-
lowing scheme (Scheme 6) that we view as the most plausi-
ble major reaction steps in the catalytic cycle.

Scheme 6. Proposed reaction mechanism of Fe-catalyzed
amidine formation.
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Rationalization of amidine vs amine formation

Coming now to the overall reactivity landscape, our exper-
imental studies have shown that amidine formation is under
control of both the concentration of acetonitrile and the BDE
of the hydrocarbon substrate. Both features can be rational-
ized from our DFT analyses.

Focusing first on the transformations of ethylbenzene, the
experimental data presented in Figure 1 have revealed that
two regimes can be distinguished depending on the acetoni-
trile / ethylbenzene ratio N. When acetonitrile concentration
increases the (amidine / amine + amidine) distribution (Y)
increases until N reaches 1.2 after which Y is constant and
close to 0.9. The existence of these two regimes can be likely
rationalized as follows. In the first regime, the speciation is
controlled by MeCN binding equilibrium. As a consequence,
initial amine formation catalyzed by [2.FeY(NTs)]" is pro-
gressively outbalanced through its depletion by acetonitrile
binding giving [2.FeV(NTs)(NCMe)]* until N = 1.2 where
this amination route is shut down. At N > 1.2, only
[2.FeV(NTs)(NCMe)]" is present. The DFT analyses of
amidine and amine formations from [2.Fe"(NTs)(NCMe)]"
have shown that H’ abstraction is common to both processes
and thus the observed amidine / amine distribution reflects
the different efficacies of the two "rebound"” processes, with
and without acetonitrile insertion. The competitions between
these different processes are summarized in Schemes 7.

Scheme 7. General mechanism for amine vs amidine formation
for ethylbenzene (inset) and kinetic simulation.

100 T T T T T

Y (%)

0 2 4 6 8 10 12

To account for all experimental observations, we initially
resorted to a thermodynamical model (Figure S18) built
according to Michaelis-Menten equation.” However, where-
as this model allowed us to simulate the saturation curve of
Figure 1 quite satisfactorily, the value of the equilibrium
constant deduced form the fitting (K = 3.03 M™) strongly
differed from the one estimated by DFT (K = 3 10° M™).
This discrepancy prompted us to elaborate a phenomenologi-
cal kinetic model (Scheme 7 and S1) taking into account the
acetonitrile binding equilibrium (K = ky/k.), the apparent
initial amination rate constant (k,), and the amidination and
amination rate constants (k, and ks, respectively). Albeit this
simplified model (see Sl) did not allow us to determine all
individual constants (Table S14), it could reproduce the data
quite satisfactorily (Figure S19 and Scheme 7) and, in all
conditions studied, revealed some interesting features : (i) a
high acetonitrile binding equilibrium constant K ca 10’ M™
allows to reproduce the experimental data, what is consistent
with the value AG = -8.8 kcal mol™ estimated at T = 0 K by
DFT, (ii) a constant k; / k; ratio is found close to 4.2, which
indicates a faster binding of acetonitrile with respect to
amination of EB by [2.FeY(NTs)]" in line with acetonitrile
shutting down amination and consistent with the barrier-less
acetonitrile binding from DFT calculations and (iii) a con-
stant k, / ks ratio is found close to 10 as found on the plateau
at N > 1.2, which expresses a more efficient rebound for
amidination over amination, consistent with DFT calcula-
tions. The importance of these various competitive processes
is illustrated in Figure S20 which represents the variations of
amine and amidine produced by the different routes as a
function of N.

When cyclohexane replaces ethylbenzene as substrate no
amine is formed which is likely due to its higher BDE (99 vs
85 kcal mol™). To investigate how this change in BDE can
affect the reactivity, we computed, using the same DFT
approach, the amination and amidination reaction profiles
with cyclohexane as detailed in Figures S21 - S24 and Ta-
bles S15 - S18. These calculations showed that the activation
barrier for amination of cyclohexane by [2.FeV(NTs)]" is
significantly increased with respect to EB (12.5 vs 7.5 kcal
mol™, compare Figures 3 and S21). This ca 5 kcal mol™
increase makes amination uncompetitive with acetonitrile
binding. Concerning amine vs amidine formation by
[2.FeV(NTs)(NCMe)]" again the activation energy for amine
formation is ca 7 kcal mol™ higher in case of cyclohexane vs
ethylbenzene (28.7 vs 21.7 kcal mol™, compare Figures S4
and S21) whereas it is unchanged for amidine formation
(Scheme 8). This explains the exclusive formation of
amidine for cyclohexane.

Scheme 8. Summary of the RDS activation energies in the
processes of amination (left) or amidination (right) by
[2.FeV(NTs)(NCMe)]", for both substrates: ethylbenzene (top)
and cyclohexane (bottom).
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CONCLUSION

Understanding the mechanism of catalytic one-pot reac-
tions is notoriously difficult.>” However, their special interest
in the search for ever greener chemical syntheses has very
recently motivated several groups to develop integrated
experimental and computational studies aimed at deciphering
how they operate. In the present work, the deep interplay
between experiments and theory allowed us to delineate the
molecular mechanism of amidine synthesis from combined
nitrene transfer and nitrile insertion to hydrocarbons and to
show that all individual molecular events occur in Fe vicini-
ty. Moreover, the thermodynamics issued from the various
reaction profiles were instrumental to rationalize the amine
vs amidine competitive formations over the full range of
acetonitrile vs substrate ratio. In practical terms, this offers a
way to access a large variety of amidines in good yields and
under mild conditions. This work thus highlights the strength
of these kinds of approaches.>*"*®
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