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ABSTRACT: A DFT-based theoretical analysis describes the
allylic amination of cyclohexene by 3,5(CF,),phenylazide
catalyzed by [Ru](CO) ([Ru]= Ru(TPP), TPP = dianion of
tetraphenylporphyrin). The activation of an azide molecule
(RN;) at the free ruthenium coordination site allows the
formation of a monoimido complex [Ru](NR)(CO) with the
eco-friendly dismissal of a N, molecule. The monoimido
complex can undergo a singlet—triplet interconversion to
confer a diradical character to the RN ligand. Hence, the
activation of the allylic C—H bond of cyclohexene (C¢H,,)
occurs through a C—H:--N interaction over the transition state.
The formation of the desired allylic amine follows a “rebound”
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mechanism in which the nitrogen and carbon atom radicals couple to yield the organic product. The release of the allylic amine
restores the initial [Ru](CO) complex and allows the catalytic cycle to resume by the activation of another azide molecule. On
the singlet PES, the CO ligand may however be eliminated from the monoimido complex [Ru](NR)(CO)g, opening the way to
an alternative catalytic cycle which also leads to allylic amine through comparable key steps. A second azide molecule occupies
the vacant coordination site of [Ru](NR)g to form the bis-imido complex Ru(TPP)(NR),, which is also prone to the intersystem
crossing with the consequent C—H radical activation. The process continues until the azide reactant is present. The
interconnected cycles have similarly high exergonic balances. Important electronic aspects are highlighted, also concerning the

formation of experimentally observed byproducts.
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B INTRODUCTION

The insertion of an “RN” moiety into an organic skeleton is a
process of fundamental interest affording aza-derivatives with
intriguing pharmaceutical and/or biologic properties.' >
Among available “RN” sources, organic azides (RN;) are eco-
friendly and efficient aminating reagents, since the only
byproduct is molecular nitrogen.’”® Therefore, the research
on the topic has strongly increased in the past decade.” !
Among transition metal catalysts able to transfer a nitrene
functionality into an organic skeleton,'”'*~"* metal porphyrins
present excellent activity, which is often associated with high
chemio-, stereo-, and enantioselectivity.m_18 The studies on the
catalytic efficiency of these complexes in the direct and low cost
amination of hydrocarbon C—H bonds'®'”'® have been hence
aimed to understand the reaction mechanisms, based on which
the experimental procedures can be optimized.**~>°

In the past few years, some of us reported a mechanistic
investigation of the ruthenium porphyrin-catalyzed amination
of allylic C—H bonds by aryl azides (ArN;). A catalytic
mechanism was suggested from the nature of isolated
ruthenium intermediates and kinetic and spectroscopic
studies.”® Data indicated two coexisting catalytic cycles
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involving the complex Ru(TPP)(CO) (TPP = dianion of
tetraphenyl porphyrin), which is the precursor of the oxidized
species Ru(TPP)(NAr)(CO) and Ru(TPP)(NAr), (Ar =
3,5(CF3)2C6H3).30 While Ru(TPP)(NAr)(CO) has never
been isolated, the bis-imido complex Ru(TPP)(NAr), was
fully characterized and independently found to have good
catalytic activity in the amination of allylic C—H bonds. This
raises the hypothesis that the two imido complexes, which both
support an independent catalytic cycle, can be strictly
interconnected.

This paper presents a DFT computational investigation on
the allylic amination of cyclohexene, which sheds light on the
activation of aryl azides by ruthenium porphyrins toward allylic
C—H bonds. Our parent model is [Ru](CO) (where [Ru] is
the Ru(TPP) planar moiety with H in place of Ph substituents),
and methyl azide CH;N; was preferred to the aryl analogues
used in the experiments for their high stability/reactivity
relationship.”® The approximations sped up the calculations and
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facilitated general electronic interpretations such as an evident
radical character of the chemistry. In some cases, the
experimentally employed 3,5(CF;),C4H;N; azide was modeled
to provide a more quantitative evaluation of key catalytic steps.
In particular, it was found that not only the energy barriers are
about 25—30% lower with respect to those calculated by
employing CH;Nj; but also the access to some key intermediate
is more energetic.

B RESULTS AND DISCUSSION

Synthetic Studies. The kinetic and spectroscopic data in
our previous papers””*° suggested the existence of the two
catalytic mechanisms highlighted in Scheme 1. A particular
relevance had the very reactive species [Ru](NAr)(CO), C,
obtained upon the activation of one aryl azide molecule over
[Ru](CO).

Scheme 1. Proposed Mechanism for the [Ru](CO)-
Catalyzed Allylic Amination of Cyclohexene
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To favor the trapping and characterization of [Ru](NAr)-
(CO), the allylic amination of cyclohexene was attempted in
the presence of 4('Bu)C4H,N;. The low oxidation power of this
azide could prevent the formation of the bis-imido complex D,
usually obtained by employing more oxidant azides such as
3,5(CF;),C¢H;N;. As expected,20 the reaction did not occur at
room temperature, but at 80 °C it leads to the [Ru"](Ar'NH,)-
(CO) amino complex, A (Ar' = 4(Bu)C¢H,). As already
discussed,?® the probable precursor of A is the monoimido
species [Ru"](NAr')(CO), which can be easily involved in
hydrogen abstraction reactions. It is noteworthy that the similar
amino complex [Ru](ArNH,)(CO) was also obtained at 0 °C
by irradiating the reaction mixture of [Ru](CO) and 3,5-
(CF;),C¢H;N; with a halogen lamop. Then, the reaction
between the isolated [Ru](NAr),”® and [Ru](CO) was
attempted to study the oxidation power of the ruthenium(VI)
complex. The expected disproportion reaction to yield
[Ru](NAr)(CO) did not occur even at relatively high
temperatures or under a CO atmosphere.

The following computational analysis provides a useful
validation of various aspects of Scheme 1 and highlights
important species which govern the catalytic reactivity.
Additionally, this theoretical study sheds light on the
connection of the two catalytic cycles (Scheme 1) which are
both active in the experimental chemistry.
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DFT Computational Studies of the Catalytic Mecha-
nisms. The B97D functional®" was preferred to the standard
B3LYP one®” for including dispersion forces. These can play an
important role in systems where a delocalized metal-porphyrin
planar unit weakly interacts with apically coordinated ligands.
In any case, the different response of the two functionals will be
occasionally pointed out, in particular for important steps of the
intersystem crossing.

Activation of the First Azide Molecule and Formation
of the 16e~ [Ru](NCH;)(CO) Species. The optimized 16e~
model [Ru](CO) is a minimum (Figure S1), although in
several X-ray structures™ the moiety is weakly coordinated by a
sixth ligand (e.g, an H,O solvent molecule®*). The closest
experimental evidence of an almost pure five-coordinated
[Ru](CO) complex is the adduct between Ru"(OEP)(CO)
(OEP = dianion of octaethylporphyrin) and a Cg4, molecule.*
The latter is only weakly coordinated to ruthenium through
one 5:6 junction likely on account of extended dispersion forces
involving the fullerene 7 system and the OEP periphery. Our
optimized [Ru](CO) model shows Ru—CO and Ru—Nppp
distances only 0.03 A larger (1.78 and 2.07 A, respectively) than
those reported in the paper discussed above.*®

Although an azide adduct of [Ru](CO) was never
experimentally identified, two alternative minima were
optimized with the CH;N; coordinating through either the
N, or N, atom (Figures 1 and S2, respectively). While the

Figure 1. Optimized azide adduct [Ru](CH;N;),(CO).

former adduct [Ru](CH;N;),(CO) (Figure 1) is exergonic by
—3.5 keal mol ™', the isomer [Ru](CH;N;),(CO) is disfavored
(+2.5 kcal mol™') because the remote methyl substituent is
uninvolved in dispersion interactions.

Previous theoretical studies (e.g, for nonporphyrin ruthe-
nium complexes®®”) have exclusively addressed the azide N,
coordination, while the importance of the N, adduct was
experimentally corroborated for a tantalum azide complex.*®
The latter evolves into a four-membered “TaN;” ring, of which
no “RuNj;” analogue could be computationally detected. For
this reason, no further analysis of the reactivity through the
azide y coordination was pursued.

The azide coordination in the minimum [Ru]-
(CH;N;,3),(CO), of which no experimental structural evidence
has ever been reported, is rather weak. The dispersion forces
used in our calculation clearly provide extra stabilization, since
the large Ru—N, distance of the 2.37 A computed at the
B3LYP level (see Figure $3)*? is reduced to 2.31 A. From
previous experimental/theoretical studies, the Ni—S interaction,
involving a Ni' macrocycle and an apical thioethereal group,
was found to become bonding only at low temperatures, being
computationally attributed to dispersion forces.”

In the energy profile of Scheme 2, the formation of the azide
adduct [Ru](CH;N;,),(CO) allows subsequent access to the
transition state [Ru](CH;N;)(CO)rs with a AG cost of +26.8

dx.doi.org/10.1021/cs4010375 | ACS Catal. 2014, 4, 823—832
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Scheme 2. Energy Profile for the Formation of Ru'Y Mono-
Imido Species
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temperature required for the catalysis to proceed.

Since electron-withdrawing aryl substituents at the azide are
known to favor the experimental reactivity,** we checked
whether the barrier is lowered when the azide 3,5-
(CF;),C¢H3N; is used as a substrate (see Scheme S1). A
path analogous to that reported in Scheme 2 was computed,
and the recorded lower barrier of +20.4 kcal mol™ confirms the
better catalytic performance of azides bearing electron
withdrawing substituents on the aryl moiety. It is worth
mentioning that similar barriers were generally computed for
the activation of an organic azide over a cobalt porphyrin
complex with no trans CO ligand.***"** The system in
question can be related to ours, because the metal axial orbital
(mainly z*), which in our case contributes to the Ru—CO &
bond, for Co(II) stands alone as singly occupied without
interfering with the azide activation. Figure 2 shows structural

Figure 2. Optimized singlet structure of [Ru](CH;N;)(CO)rs.

details of the [Ru](CH;N,)(CO)g optimized structure, where
an almost unperturbed N, molecule is ready to leave. In fact,
the N;—N, distance is relatively short (1.13 A), while the N,—
Nj one is 1.72 A long and the N; unit has lost its linearity (N,—
Ny—N, angle = 136.6°). In the initial adduct [Ru]-
(CH;N;3),(CO) (Figure 1), both the N,—N; and Ny—N,
distances are comparably short (1.24 and 1.15 A, respectively),
consistent with two orthogonal 7z delocalized interactions
somewhat related to those of unsubstituded 16e” linear
triatomics (see below).

At [Ru](CH;N;,)(CO) g, the Ru—N,, linkage is strengthened
from 2.31 to 2.04 A, while the trans Ru-CO bond elongates
from 1.81 to 1.92 A, hence a reduced Ru—CO back-donation.

825

An IRC procedure beyond TS indicates that the N, elimination
is stabilizing (—27.9 kcal mol™ in Scheme 2) and leads to the
complex [Ru](NCH;)(CO)s with a formal Ru" metal and an
imido dianionic ligand. Importantly, the same compound also
exists as the triplet [Ru](NCH,)(CO)y, which is more stable
by —3.7 kcal mol™". Figure 3 shows the spin isomers with a
consistent primary octahedral structure but some different
geometrical parameters.

Figure 3. Optimized structures of [Ru](NCH;)(CO)s and [Ru]-
(NCH,)(CO)r.

In particular, the Ru—N, and Ru—CO distances follow
opposite trends. The imido ligand in the singlet isomer is more
strongly bound (1.85 vs 1.97 A), while the CO one is more
loose (2.10 vs 1.91 A) as it had almost departed. Indeed, the
attainment of the five-coordinated derivative [Ru](NCHs;)g
(Figure S4a) has practically no cost (—0.2 kcal mol™"), while
in the triplet the CO loss, to give [Ru](NCHj;)1 (Figure S4b),
costs +8.5 kcal mol™".

At this point, we focused on the timeliness of the spin
crossings and its implications for the catalytic reactivity. First of
all, attempts to optimize the triplet TS analogous to
[Ru](CH;3N;)(CO) s failed, thus excluding the possibility of
the intersystem crossing before the azide activation. For any
couple of spin isomers in Scheme 2, the AG gap and eventually
the stability order depends on the used DFT functional. To
check the point, the B3LYP and BP86*' functionals (besides
B97D) were tested, confirming that in any case the triplet is
more favored for the octahedral species but disfavored for the
five-coordinated one. The largest AG difference does not
exceed S kcal mol™!. To elucidate the evolution of the spin
crossin§ and its energy cost (Minimum Energy Crossing Point,
MECP"), we combined in Figure 4 the B97D relaxed scans of
both [Ru](NCH,;)(CO)s and [Ru](NCH;)(CO); species
upon the Ru—CO distance elongation (from 1.8 to 2.6 A),
which seems to be a major governing parameter for spin
crossing. The right side of the picture implicitly corresponds to
the behavior of the five-coordinated complexes [Ru](NCHj;)q
and [Ru](NCHj,)y, since the Ru—CO distance of 2.6 A is

dx.doi.org/10.1021/cs4010375 | ACS Catal. 2014, 4, 823—832
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Figure 4. Singlet/triplet relaxed scans at the B97D level for the Ru—
CO elongation in octahedral structures of type [Ru](NCH;)(CO)
(see Figure 3).

almost nonbonding. It appears that the triplet is stabilized at
short Ru—CO distances, while the singlet is favored beyond the
crossing point of ~2.1 A. Since the intersection of the curves
coincides with the minimum of the singlet PES, no extra energy
cost has to be accounted for the spin crossover (MECP = 0).*

Electronic Aspects of the Azide Activation. The triplet
[Ru](NCH,4)(CO)y is relevant for promoting radical reactivity.
In fact, the unpaired spins do not exclusively concern the metal
but also the imido nitrogen atom and possibly the delocalized
TPP 7 system as suggested by other authors.* Significant spin
localization at the NCH; moiety can determine its radical
character, hence trigger the C—H homolysis at an hydrocarbon
substrate with the subsequent formation of N—H and N—C
bonds in the allylic amine product. The N, departure over the
singlet state of [Ru](CH;N;)(CO) implies an oxidative
addition process with the concomitant formation of a formal
NCH;*" dianion and a Ru' metal center. In a possible
intermediate, the N,—N cleavage may be promoted by its ¢*
population at the expense of d, metal electrons, but no
evidence of the azide dihapto coordination has ever been found.
It is important to underline that the metal mitigates the
activation process which can be even explosive in the case of
the free methyl azide.® The different behavior can be explained
in MO terms. In fact, Scheme 3a suggests that the two
orthogonal and delocalized 7z levels of an isolated CH;N;
molecule compare with classical 16e” triatomics (e.g., CO,)
with some orbital reorientation due to the bent CH;—N

Scheme 3. Electronic Underpinnings of the RN; Activation
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linkage. After the N, departure, the N, p, orbital, in the plane
of the Ru—N and R—N vectors, is a formal sp2 vacant hybrid,
which lies close in energy to the orthogonal and filled p,, orbital.
This allows the NCH; conversion into a nitrene diradical,
which can dimerize to yield the experimentally observed
CH;N=NCH]; diazene with the high exergonic balance of
—105.2 kcal mol™'.*

Scheme 3b illustrates the azide orbital evolution in the metal
complex upon the N, departure. Some d, metal back-donation
takes place from d,, into the N p, vacant orbital (“bent” p, or
sz component) and prevents the analogous electron unpairing,
which occurs in the absence of the metal (Scheme 3a). Indeed,
the transition state [Ru](CH;N;)(CO)qg only exists as a
singlet, also characterized by a 4e” repulsion between the
populated N-p, and Ru-d,, orbitals. Importantly, the LUMO,
which descends from the N,—Nj 6™ level, steeply stabilizes as
N, separates. The crossing with the HOMO, which is in
principle forbidden by the orthogonality of the two levels,
becomes possible because of the lost azide planarity and the
NCH; rotation about the Ru—N vector (the NpppRuNC
torsion angle at [Ru](CH;N;)(CO)rg is 26° as shown in
Figure 2). In the singlet product [Ru](NCH;)(CO)s, the
inverted HOMO/LUMO levels are again roughly orthogonal,
with the LUMO having (py—dyz)* nature (left side of Scheme
4). The energy separation is however small enough to allow the

Scheme 4. Frontier MO Distribution in [Ru](NCH;)(CO)g
and [Ru](NCH;)(CO)y
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attainment of the triplet [Ru](NCH;)(CO); upon the
unpairing of the (p,—d,,)* HOMO electrons (right side of
Scheme 4). Also, it is worth remarking that the CO ligand is
less strongly bound to the metal (hence, more easily lost) in the
singlet than in the triplet (2.10 A vs 1.91 A as shown in Figure
3). In the former case, the metal z-back-donation from d,, into
NCH; competes with that into CO, while in the triplet, two
orthogonal interactions equally involve three electrons.

A plot of the spin density in the triplet [Ru](NCH;)(CO)y
is shown in Figure 5. Clearly, there is a larger concentration at
the N, atom than at the ruthenium one (1.59 vs. 0.31 e*/

Figure S. Spin density plot for [Ru](NCH,)(CO)r.

dx.doi.org/10.1021/cs4010375 | ACS Catal. 2014, 4, 823—832
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bohr?). Therefore, a significant diradical character is attributed
to the imido ligand. This may trigger a C—H homolytic
dissociation of the organic substrate (e.g, cyclohexene) and
eventually favors the amination chemistry depicted on the left
side of Scheme 1. An analogous singlet/triplet interplay for
the bis-imido complex will be later indicated to support a
diradical activity also in the cycle described on the right side of
Scheme 1.

Activation of a Second Azide Molecule to Form
[Ru](NCH3), Species. After the CO departure, both the five-
coordinated spin isomers [Ru](NCH,)g and [Ru](NCH;)r
possess a vacant ¢ hybrid to anchor another azide molecule.
Both the adducts [Ru](NCH;)(CH;N;)g and [Ru](NCHj,)-
(CH;N;)1 were optimized (Figure SS) with a similarly small
exergonic balance (—0.3 and —1.9 kcal mol', respectively). The
Ru—N, linkages are similarly weak (2.35 and 2.34 A,
respectively), and the dispersion forces are mainly responsible
for the azide addition as also corroborated by the comparison
with B3LYP calculations. The subsequent azide activation is
quite similar to that already described for the coordination of
CH;Nj; over [Ru](CO). In fact, the local structural features of
the singlet TS species [Ru](NCH;)(CH;N;) s (Figure 6) are
strictly comparable with those of [Ru](CH;N;)(CO)rg
illustrated in Figure 2. Again, no analogous TS triplet could
be optimized.

[RU](NCH,)(CH;N;)1g '

Figure 6. Optimized structure of [Ru](NCH;)(CH;N;) .

The energy profile in Scheme S shows that the TS barrier for
the azide activation is approximately half of that in Scheme 2
(+14.0 vs +26.8 kcal mol™"), while the subsequent bis-imido
complex [Ru](NCH,;), ¢ is more stable than the corresponding
monoimido one (—41.6 vs —27.9 kcal mol™). Finally, the
triplet isomer [Ru](NCHy;), 1 appears definitely more difficult
to reach (+16.1 vs. +5.3 kcal mol™}).

Scheme S. Energy Profile for Activation of the Second Azide
Molecule
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The strategy used for the plots in Figure 4 was repeated to
study the intersystem crossing between [Ru](NCHs;), s and
[Ru](NCHj;), 1 on varying one Ru—N,, distance. The singlet
curve remains below the triplet one with an almost constant
gap. Therefore, the triplet appears as an excited state, which lies
+16.1 kcal mol™" above the singlet. The AG gap is possibly
overcome by heating and/or irradiating the reaction mixture. In
fact, it was experimentally observed that the catalysis performed
in the presence of bis-imido complexes is hindered at low
temperatures and proceeds definitely better upon heating.

The isomers [Ru](NCHj;), s and [Ru](NCH,;), 1 are shown
in Figure S6. The former and more stable compound is
validated by the X-ray structure of [Ru](NAr), with Ar =
3,5(CF;),C4H;.*° The computed and experimental Ru—N,
distances are equal (1.81 A), as well as the relative
stereochemistry of the two imido ligands, which eclipse each
other, but their plan is differently oriented with respect to the
[Ru] basal unit. In the optimized model, the two NCHj ligands
project halfway in between two consecutive Ru—Nrpp bonds.
However, the 45° torsion is about halved (22°) in the real
structure, minimizing in this way the steric hindrance between
the bulky aryl groups and the TPP phenyl substituents. As
previously mentioned, the rotational freedom of apical ligands
importantly affects the interactions between the metal d,
orbitals and the nonequivalent imido p, ones (Scheme 3)
with consequences for the electronic structure.

The formation of the singlet [Ru](NCHj;), ¢ determines the
formal Ru"Y—Ru"" oxidation with the unique metal electron
pair (d*) in the nonbonding d,, orbital. With reference to
Scheme 3b, the two d, orbitals, slightly different in energy,
must be vacant. Therefore, the derived triplet isomer
[Ru](NCHj;), r should have configuration (d,,)'(d.)", as
also sug%ested by other authors for a comparable OEP
complex.” Surprisingly, the computed wave functions, shown
in the upper of Figure 7, indicate essentially equivalent & and j

J
9,0 density

9

Figure 7. Upper part: equivalent & and § spin components of the d,,

orbital in [Ru](NCHj;), 1. Lower part: prevailing spin density at the
trans-axial N atoms.

spins for d,, confirming its double population as in the singlet.
Therefore, the two unpaired electrons in [Ru](NCH,), ¢ have
scarce metal character, as also emerging from the spin density
plot in the lower part of Figure 7. The calculations show that
the spin is mainly localized at the apical N atoms with a very
small metal contribution (0.9 vs 0.02 e*/bohr’). As an
explanation, the unpaired electrons have unique NCH;
character, suggesting the partial reduction of these ligands to
monoanions (NCH;"™) rather then dianions.

dx.doi.org/10.1021/cs4010375 | ACS Catal. 2014, 4, 823—832
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For related iron species, such as cytochrome P450, the
porphyrin P system was proposed to supply frontier unpaired
electrons,”® but no significant TPP spin contribution emerges
from the present case (Figure 7). Although more focused
studies are needed to define the precise electronic structure of
[Ru](NCHj), 1, data recorded up to now confirm the diradical
character of the NR ligands which fundamentally supports the
catalytic activity of the system.

Radical Activation of the Substrate C—H Bond by
[Ru](NCH;)(CO); or [Rul(NCH3), 1. The triplet states for both
the mono- and bis-imido species help to understand the C—H
bond activation of an organic substrate such as cyclohexene
(C¢Hyp) to afford the allylic amine HN(C4H,)CH; and a
number of byproducts. In fact, radical mechanisms are
hypothesized and supported by DFT calculations.

Reactivity of [Rul(NCH;)(CO) Monoimido Derivatives.
Although never isolated, the monoimido carbonyl complex,
derived from the activation of one azide molecule, plays a key
role in both their singlet or triplet state. [Ru](NCH;)(CO) is
prone to releasing the CO ligand and favoring the activation of
a second azide molecule to form the bis-imido derivatives
(Scheme S). Alternatively, the somewhat more stable triplet
[Ru](NCH,)(CO)y, with a diradical character (Scheme 4) at
the NCH; ligand (Figure S), can activate a cyclohexene C—H
bond to yield the allylic amine. The corresponding energy
profile is illustrated in Scheme 6.

Scheme 6. Energy Profile for the Allylic Amine Formation
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The adduct between C¢H;, and [Ru](NCH;)(CO)r
corresponds to the ([Ru](NCH;)(CO)*CgH,o)rs transition
state with the relatively small barrier of +7.5 kcal mol™". The
species, depicted in Figure 8, features the two almost collinear
and somewhat elongated C—H and N—H linkages (1.25 and

Figure 8. Optimized ([Ru](NCH,)(CO)*C¢H,)rs structure.
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1.39 A, respectively). This suggests that one of the unpaired
electrons of the coordinated nitrogen atom delocalizes toward
the cyclohexene ring favoring the separation of the radical
CgH,* and the amido complex [Ru](HNCH,)(CO)p, in Figure
S7. As shown in Scheme 6, the process is exergonic by —18.3
kcal mol ™.

From a plot of the [Ru](HNCH;)(CO)p spin density, the
unpaired electron appears largely localized at the amido N atom
(0.8 e*/bohr®), which should be treated as an uncharged radical
rather than a monoanion. The C¢H,* species is a stable
minimum thanks to the partial endocyclic delocalization over
three adjacent carbon atoms of the allylic-type character.*
Therefore, CcHy® can remotely migrate to exert its radical
reactivity (see below). Probably, C¢H,* combines with the
[Ru](HNCH;)(CO)p, radical in a highly exorgeonic manner
(—38.6 kcal mol™") to give the diamagnetic amino complex
[Ru](HN(C¢H,)CH,)(CO) (Figure S8). A reactivity pattern
of this type is known as the “rebound mechanism,” which was
proposed for some metallo-porphyrin promoted oxidations.*®
In these cases, the initial H-abstraction from an R—H bond is
followed by the combination of the freed R® radical with the
generated OH group.”” It should be noted that the rebound
mechanism was also underlined®>** in the case of the cobalt-
promoted aminations.

The last step of the process in Scheme 6 corresponds to the
release of the desired allylic amine as already deducible from
the rather weak Ru—N,, ;.. bond of 2.36 A of [Ru](HN-
(C¢Hy)CH;)(CO). Although this process costs +12.9 kcal
mol ™}, it importantly restores the precursor [Ru](CO) for a
new catalytic cycle. Incidentally, the same process is exergonic
by —8.4 kcal mol™' at the B3LYP level, confirming the
relevance of the dispersion forces in these systems.

The separation of stable doublets after TS (Scheme 6)
addresses the largely debated problem of the H transfer
mechanism at transition metal complexes. This has been
interpreted as the combined motion of two elementary particles
such as a proton and an electron.*® Therefore, while the former
is captured by a ligand having residual basicity, the latter
reduces the metal atom. Our interpretation of the process,
based on the intersystem crossing, instead implies that a H*
radical transfers to the NCHj group, which in the triplet
complex resembles the free nitrene of Scheme 3a. In other
words, H*® couples its electron with an unpaired one on
nitrogen to form the N—H bond without affecting the metal
oxidation state.

The overall amination reaction, summarized by eq 1, has the
largely exergonic balance of —44.8 kcal mol ™. The formation of
the allylic amine may continue as long as equimolar amounts of
azide and cyclohexene are available.

[Ru]CO
CH,N, + C¢H,, —— HN(C,H,)CH, + N,

(1)

The catalytic cycle described up to now is interrupted upon
the CO loss from the singlet [Ru](NCH;)(CO)g (last step in
Scheme 2). At this point, a different catalytic cycle can start
with the activation of a second azide molecule giving the bis-
imido isomers [Ru](NCHj;), s and [Ru](NCH;), 1 (Scheme
S).

Reactivity of [Ru](NCH;), Bis-Imido Derivatives.
Diamagnetic complexes of the type [Ru](NAr), were
experimentally isolated®® and validated for their independent
capability of promoting the catalytic amination of cyclohexene.
Our DFT studies suggest that the triplet isomer [Ru]-
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(NCH;), 1 is formed at a energy cost of 16.1 kcal mol™*
(Scheme 5) and promotes the C—H activation due to the
presence of unpaired electrons at the two NCH; groups. The
process likely occurs through the transition state ([Ru]-
(NCHj;), 1#C¢Hyg)rs analogous to the optimized ([Ru]-
(NCH;)(CO)1*CgHyo)rs one (Figure 8). In actuality, the
species could not be optimized due to the rather flat PES
around it. In fact, ad-hoc scans, performed by linearly
approaching one C—H bond of the substrate to the imido N
atom, indicate that the barrier is at most +3 kcal mol™. It is
worth mentioning that, after the original submission of this
paper, other authors presented a comparable computational
study for the stoichiometric amination of C—H benzylic bonds
performed by the complex [Ru](NMs), (Ms = SO,-p-
MeOCgH,).* In this case, a triplet TS, similar to the one
expected by us, was optimized, but the authors pointed out a
somewhat more favorable singlet pathway on the basis of a TS
also showing a linear C---H---N arrangement. Conversely, we
suggest that the first order process, leading to the distinct N—C
and N—H linkages in the amine product, should involve a
triangular arrangement of the three atoms, which is
unaccounted for in the published* reaction profile. For this
reason, we continue to believe that the separation of radicals
after TS (hence a higher order reactivity) is more viable for
systems of this type.

The analysis of the triplet PES also justifies the formation of
some byproducts indicated below. In particular, Scheme 7

Scheme 7. Energy Profile for the Radical Reactivity of
[Ru](NCH;), ¢

_CH
.'?f 3 a CeHg' b
Ru
e H_ CHaH_ 2 CHs
'N‘CH ';l )
_2 [Ru] =—= [Ru]
] 1l
+ CgH1o K\N N
128 o CHs CHs
doublet

CE;HQLN/CH3
[Ru]
Ru] I
27.8 | N,
N. CH3
Cl —
mino/imido "+ HN(CgHg)CH3

N
CeHg~ “CHs

bis-amido

shows that the homolytic cleavage of the C—H bond, yielding
the doublets [Ru](NCH;)(HNCHj;)p, (Figure S9) and C4H,*,
is exergonic by —12.8 kcal mol™. Another —27.8 kcal mol™" is
gained upon the subsequent coupling of the two radicals (path
b in the box of Scheme 7) to give the diamagnetic complex
[Ru](NCH,) (HN(C4H,)CHS,) of Figure 9.

Here, the large Ru—N,, ... distance of 2.47 A anticipates an
easy amine departure, although the process costs +8.0 kcal
mol ™, which are again necessary to win the dispersion forces.

The release of the allylic amine leads to the known five
coordinated monoimido complex [Ru](NCHj;)s, which can
react with another azide molecule (Scheme $) to initiate a new
catalytic cycle involving the bis-imido species. The spin density
plot in Figure 10 for the imido-amino intermediate [Ru]-
(NCH,;)(HNCH,;)p indicates scarce metal localization (+0.2
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Figure 10. Spin density distribution in[Ru](NCH,)(HNCH,)p,

e’/bohr’), while larger values of the opposite sign are
computed for the imido and amido N atoms (+1.13 and
—0.43 e*/bohr’, respectively). Although the spin concentration
at the amido ligand suggests poor coupling capabilities, the
allylic amine is likely formed when CH,® is still in close
proximity. Conversely, the radical migration may allow either
inter- or intramolecular coupling. In the latter case, the
[Ru](N(C4¢H,)CH;)(HNCH,)g complex with different diami-
do ligands (Figure S10) forms as the deepest minimum of
Scheme 7 (path a in the box) with a AG gain of —36.2 kcal
mol™". On the other hand, intermolecular migrations lead to
alternative bis-amido complexes (see SI), which can be
indicated as byproducts or resting intermediates. The latter
attribution ensues from the radical catalytic reactivity observed
in some cases, possibly due to an accessible intersystem
crossing. Such a subject will be analyzed in detail in a future
publication, although the formation of a bis-amido triplet is
addressed below to justify the formation of a dimeric [Ru],
byproduct.

Importantly, the five-coordinated singlets [Ru](CO)g and
[Ru](NCH,)g similarly allow the activation of one azide
molecule and the continuation of the respective catalytic cycles
through a radical mechanism in which cyclohexene is aminated
(Scheme 1). The overall process based on the bis-imido species
[Ru](NCH,), s (eq 2) has practically the same exergonicity of
that illustrated in eq 1 (—44.8 and —44.4 kcal mol’},
respectively). However, the most critical point in the two
processes has a different nature. In the amination promoted by
[Ru](CO)s, the highest barrier corresponds to the activation of
the azide (+26.8 kcal mol™, Scheme 2), while the intersystem
crossing step is the most expensive one for the amination
catalyzed by [Ru](NCH,)g (+16.1 kcal mol™’, Scheme S).
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[Ru](NCH,),

CH;N; + C(H,, HN(C(H,y)CH; + N, (2)

These computational results strongly support the exper-
imental and kinetics studies,”® which already suggested the
existence of two interconnected catalytic cycles without
providing a clear-cut distinction between them.

Byproducts or Resting Intermediates. As previously
reported, the catalyst [Ru](NAr), s can be the precursor of
mixed bis-amido complexes such as [Ru](N(C¢H,)Ar) (HNAr)
and analogous species with equal pairs of trans amido ligands
such as HNAr or N(C¢Hg)Ar. The optimized models are
shown in Figures S11 and S12, respectively, and a discussion on
their possible formation is also provided in an SI section. Other
detected byproducts are C,H;3 deriving from the C—-C
coupling of two allylic C4Hy radicals and a black amorphous
compound, which probably corresponds to the known dimer
[Ru], complex.

The Paramagnetic [Ru], Dimer Complex. The NMR
spectroscopy of a crude catalytic mixture revealed the presence
of a black paramagnetic species,”® which was hypothesized to
be the X-ray characterized double-decker [Rul,.’ Our
unprecedented full optimization of the [Ru], triplet (Figure
11) confirms the short Ru—Ru experimental distance of 2.34 A

[Ru],

Figure 11. Optimized structure of [Ru]; in triplet configuration.

in accordance with the existence of a double bond as already
proposed by a qualitative MO explanation reported in the
original paper.>!

Namely, the two Ru" ions have four nonbonding electrons,
while the other eight are involved in direct 6 and 7 interactions.
Given the population of the bonding ¢ level, the remaining six
electrons occupy the d,—d, bonding and antibonding “e”
degenerate sets, with the higher one characterized by two
unpaired spins. Therefore, two Ru—Ru half 7-bonds are present
besides the o one. The original paper indicated that the
synthesis of [Ru], occurs through the pyrolysis of the
mononuclear complex [Ru](pyridine),.>" Thus, after the loss
of one apical ligand, two five-coordinate fragments would
dimerize with the ultimate departure of the still coordinated
pyridine ligand. By analogy, our [Ru], precursor can be the
byproduct [Ru](HN(C¢H,)CHj,), derived from a double C—H
activation performed by the bis-amido species [Ru](N(C¢H,)-
CHj,), to also provide that this species can exist as a triplet. As a
matter of fact, the black residue was experimentally observed
during the amination catalysis promoted by the isolated singlet
[Ru](N(CgHy)Ar), 5.

The present theoretical studies confirm that the bis-amido
model [Ru](HNCH,),  is —7.4 kcal mol™" more stable than
the triplet [Ru](HNCHj;), 1 (the two isomers are shown in the
Figures S11 and S13, respectively). It appears that in the triplet
the two amido ligands are orthogonally oriented at variance
with the coplanar arrangement present in the singlet isomer.
Therefore, the torsion is the evident governing parameter of the
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intersystem crossing, which occurs at a torsion angle value of
76°. The associated MECP value <1 kcal mol™" confirms the
feasibility of this process. The spin density plot for [Ru]-
(HNCHs;), 1 (Figure 12) shows equivalent distribution at the

Figure 12. Spin-density distribution for the bis-amido triplet
[Ru](HNCH;), 1

metal and the N atoms (0.6 and 0.7 e*/bohr’, respectively), not
excluding that the C—H bond of the C4H,, substrate can be
activated similarly to what described for bis-imido species
(Scheme 7).

The formation of an amino/amido doublet (AG = —3.9 kcal
mol™") precedes that of the unsymmetrical bis-amine derivative
[Ru](H,NR)(HN(C¢Hy)R) (AG = —25.8 kcal mol™") which,
after the release of the amines, leads to the paramagnetic [Ru],
byproduct. The whole process, summarized in eq 3, has a AE
balance of —32.4 kcal mol™.>?

2[Ru](HNCH,); + 2C¢H,,

— [Ru,]; + 2HN(C4H,)CH, + 2H,NCH, 3)

B CONCLUDING REMARKS

The computational analysis of the azide activation and
amination of a cyclohexene C—H bond promoted by a [Ru]-
based catalyst has provided mechanistic insights. The
interconnection of two distinct catalytic cycles, giving the
same allylic amine, has been highlighted (Scheme 8).
Remarkably, both cycles are largely favored from the energy
viewpoint (about —45 kcal mol™).

When [Ru](CO) is involved, the N, departure from an
anchored azide molecule leads to the singlet monoimido
derivative [Ru](CO)(NCHj)s. This can either lose CO to pass
to the right side cycle or be transformed into the triplet isomer
[Ru](CO)(NCHj,)y, which triggers the radical reactivity on the
left side of Scheme 8. The spin density at the imido nitrogen
atom promotes the C—H homolysis of the cyclohexene
substrate with the immediate H* coupling and C¢H,® release.
By assuming that the latter radical remains in close proximity to
the amido group (also a radical), the desired allylic amine
product is generated via the known “rebound” mechanism.*’
Conversely, upon the loss of the CO ligand from the singlet
[Ru](NCH,)(CO)s (Scheme 2), a second azide molecule is
anchored at the vacated site and then activated to give a bis-
imido complex. The latter can also exist in distinct spin isomers,

dx.doi.org/10.1021/cs4010375 | ACS Catal. 2014, 4, 823—832
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Scheme 8. Proposed Mechanisms of C—H Amination, As
Emerging from the DFT Study

r*

R.H.CeHo

\d-/ NHFKR

catalysis over [Ru](CO)

q-
HCeHo %

catalysis over [Ru](NR),

and the triplet [Ru](NCH;), 1 plays a fundamental role for the
radical catalysis, since the “rebound” mechanism of C¢H;, over
one imido ligand affords the allylic amine. On the other hand,
the radical character of the trans imido ligands is responsible for
the formation of a variety of bis-amido complexes (Scheme 7
and SI) as either byproducts or resting states displaying radical
reactivity. An example of the latter behavior is the formation of
the bis-amino Ru" byproduct, which is proposed to be the
precursor of the known paramagnetic [Ru], double-decker
(Figure 11).

The most important result from our computational analysis
is that the amination chemistry by organic azides involves an
intersystem crossing at the ruthenium catalyst. This theoretical
interpretation has been validated by a number of experimental
observations. The inhibition of catalytic reactions performed in
the presence of the radical-trap TEMPO (2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl)>> supports the formation of radical
intermediates which can also justify the observed mixture of
catalytic byproducts.

In the singlet chemistry, the formation of mono- and bis-
imido derivatives implies formal metal oxidations (Ru"—Ru'""
and Ru"V—Ru"!, respectively), which are associated with the full
nitrogen reduction (RN?” dianion). However, in the
corresponding triplet isomers, the NR group contains unpaired
spins excluding a correspondingly high metal oxidation state.
Therefore, the radical reactivity implies alternative concepts of
the electron transfer.

B COMPUTATIONAL DETAILS

The models were first optimized at the B3LYP-DFT>? level of
theory and later with the B97D®' functional within the
Gaussian 09 program.** All the optimized structures were
validated as minima and/or transition states by computed
vibrational frequencies, with the exception of [Ru](N(C¢H,)-
CH,), s and [Ru], due to the lack of adequate computing
power. Some selected structures have also been investigated
with the BP86 functional”’ mainly with the purpose of
understanding the factors for the intersystem crossing, which
is a fundamental aspect of this study. All the calculations were
based on the CPCM model*® for the benzene solvent used in
the expenments The effective Stuttgart/Dresden core potential
(SDD)*® was adopted for the ruthenium atom, while for all the
other atoms the basis set was 6-31G, with the addition of the
polarization functions (d, p). Qualitative MO arguments have
been developed with the help of the EHMO analysis of the
wave functions, derived from the CACAO package®” and
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sufficiently consistent with the DFT ones. The coordinates of
all the optimized structures are reported in the Supporting
Information.
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Tables list the Cartesian coordinates and thermal parameters of
all the optimized structures. This material is available free of
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