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Comparative Study of the Catalytic Amination of Benzylic C-H
Bonds Promoted by Ru(TPP)(py)2 vs. Ru(TPP)(CO).

Gabriele Manca,™ Carlo Mealli,® Daniela Maria Carminati,”™ Daniela Intrier

Abstract: A combined experimental and DFT-based theoretical
analysis describes the influence of the axial ligand (L) on the
catalytic activity of Ru(porphyrin)L complexes to promote the
amination of C-H bonds by organic azides (RN3). Experimental data
indicate that the catalytic activity of Ru(TPP)(py). (2) (TPP = dianion
of tetraphenylporphyrin and py = pyridine) is comparable to that of
already studied Ru(TPP)(CO) (1). DFT studies disclose a possible
mechanism for the C-H bond amination reaction promoted by
[Rul(py)2 (2°) ([Ru] = Ru(porphine)). Upon the endergonic departure
of one pyridine ligand from 2’, the unsaturated species [Ru](py) (11’)
promotes the eco-friendly dismissal of N, from RN; generating the
mono-imido complex [Ru](NR)(py) (6°) which can access two
different spin states of relatively close energy. In the triplet
[RUl(NR)(py)r, the diradical character of the imino N atom is
responsible for the homolytic activation of the benzylic C-H bond of
toluene and then, thanks to a ‘rebound mechanism’, the benzylic
amine PhCH;N(R)H is formed. Alternatively, over the singlet PES
the remaining pyridine ligand can depart from [Ru](NR)(py) (6’) and,
through a second RNj activation, the bis-imido compound [Ru](NR)2
is obtained as an excellent amination catalyst.

Introduction

New catalytic strategies for the synthesis of nitrogen-containing
compounds are important given their usage as precursors in
biological and pharmaceutical processes.*

In order to respond to common requests for a sustainable
chemistry, the employment of organic azide (RN3) as nitrogen
sources for the synthesis of aza-compounds®'? is constantly
growing. In fact, this class of aminating reagents shows a high
eco-compatibility and atom efficiency due to the formation of the
benign molecular nitrogen as the only by-product of the nitrene
(‘RN’) transfer reaction to an organic molecule. Among all
available organic azides, aryl azides are very interesting
nitrogen sources because of their convenient reactivity/stability
relationship and their easy syntheses from corresponding
amines. A more extensive usage of these aminating agents is
also favoured by their commercial availability, thanks to an
efficient and safe procedure, recently developed by Sigma-
Aldrich, to obtain aryl azides in bulk amounts.™"
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Metal porphyrin complexes efficiently promote amination
reactions of saturated and unsaturated hydrocarbons by aryl
azides™??% and, in particular, they show very good activity in the
amination of activated sp® C-H bonds. Ruthenium(ll)
porphyrinsi*®2Y are competent catalysts in the synthesis of allylic
and benzylic amines and they are also active in the amination of
benzylic C-H bonds placed in a or 8 positions to an ester group
yielding biological relevant a- and B-amino esters.?® 32

One of the most extensively used amination catalyst is the five-
coordinated complex Ru(TPP)(CO) (1) (TPP= dianion of
tetraphenylporphyrin) which bears the n-acceptor CO ligand on
the axial position and a vacant coordination site to trigger a
catalytic reactivity by the azide activation. Considering that
catalytic reactions are not necessarily hindered by the presence
of a sixth ligand on the metal centre,*® here we would like to
compare the catalytic activity of Ru(TPP)CO (1) with that of
Ru(TPP)(py)2 (2), where two pyridine ligands, with essentially no
n-acceptor character and reduced c-donor features, are present
on axial positions. Even though the chemico-physical properties
of 2 have been elucidated by a variety of experimental methods
such as electrochemistry,®**! UV-vis absorption, emission,
resonance  Raman®®*”  and  picosecond transient
absorption,**?! the use of this complex as a catalyst of the C-H
bond amination by organic azides has not yet been reported.
The present study combines experimental and theoretical
approaches to interpret the catalytic activity of 2 also in the light
of our previously reported mechanistic study®” of the catalytic
allylic amination of cyclohexene by ArNs; promoted by complex 1.
A kinetic study indicated that the reaction of Ru(TPP)CO with
ArNg first affords the ruthenium mono-imido complex
Ru(TPP)(NAr)(CO) which has never been experimentally
observed. The theoretical study disclosed that for a general
aryl/alkyl R group the catalytic intermediate Ru(TPP)(NR)(CO) is
somewhat more stable in the triplet than in the singlet ground
state. Thus a diradical species may be accessed, with two
unpaired electrons more localised at the nitrogen atom of the
‘RN’ imido ligand rather than at the metal itself. This electronic
situation allows the radical activation of the cyclohexene
substrate which evolves into the desired allylic amine product
through a ‘rebound mechanism’.® It was also established that,
when the mono-imido ruthenium complex Ru(TPP)(NR)(CO)
remains in the singlet form, the axial CO ligand may be
dismissed and the activation of another aryl azide molecule at
vacant coordination site yields the bis-imido ruthenium complex
Ru(TPP)(NR).. This new species was isolated,
characterised™®2” and demonstrated to be a very active catalyst
in the amination of hydrocarbon substrates including
cyclohexene.™® 2% DFT studies revealed that a singlet/triplet
interconversion, similar to that described for Ru(TPP)(NR)(CO),
is responsible for the formation of the triplet state of
Ru(TPP)(NR), which activates cyclohexene forming the desired
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allylic amine through the ‘rebound mechanism’ based on two
consecutive couplings of radical species.

In this paper, we want to analyse the role of axial ligands on the
ruthenium centre to trigger the catalytic activity of the ruthenium
porphyrin  complexes. In particular, the major differences
between the catalytic activity of the two catalysts bearing a
n-acceptor (CO in complex 1) or a o-donor (pyridine in complex
2) axial ligand respectively will be highlighted from an electronic
and energetic viewpoint.

Results and Discussion

Experimental studies of the
Ru(TPP)(py)2 (2).

The complex Ru(TPP)(py)2 (2), was prepared in accordance to a
reported synthetic procedure! and used as the catalyst for the
reaction between aryl azide (ArNz) and hydrocarbon substrates
to yield aminated compounds 3a-3i reported in Table 1. Except
for the synthesis of compound 3c, 3,5-bis(trifluoromethyl)phenyl
azide was always employed as the aminating agent.

Data reported in Table 1 indicated that complex 2 is a competent
catalyst of C-H bond aminations and its catalytic efficiency is
comparable to that of Ru(TPP)CO (1) when used as the
catalysts for the synthesis of the same compounds.™ *? Similar
to that observed in 1-catalysed reactions, Ru(TPP)(py): (2) was
more effective in activating electron deficient azides and in fact
the reaction of 4-tert-butyl azide with ethylbenzene yielded 3c
only in a low yield (entry 2, Table 1). For all the described
reactions, NMR and GC-MS analyses of the crude revealed the
formation of ArN=NAr and ArNH, side products which derive
from a partial decomposition of the employed azide.

Considering that in previous reactions catalysed by Ru(TPP)CO
(1) 3 slightly different experimental conditions were used, the
synthesis of compound 3f was repeated in the presence of
complex 1 by using the experimental conditions described in
Table 1 giving 90% of the benzylic amine in 1 hour. Even if the
yield was better than that registered in the presence of catalyst 2
(entry 5, Table 1), the reaction time increased from 20 minutes
to one hour. An attempt was made to enhance the selectivity of
the benzylic amine 3f by reducing the formation of side products.
The azide was slowly added to the reaction mixture by a syringe
pump over 1.5 hours but unfortunately the reaction yield did not
improve. Conversely, the reaction yield was enhanced to 72%
by reducing the reaction temperature to 70 °C in parallel the time
required to completely convert the azide into 3f became too long
(7.0 h). Clearly, the lower working temperature depressed the
formation of side products as well as the activation of the azide
which was more effective at the refluxing temperature of cumene
(~150 °C).

Considering the biological relevance of pg-aminoesters, the
synthesis of 3-(3,5-bis(trifluoromethyl)phenylamino)-3-phenyl-
propanoate (3h) was studied in more detail by using different
experimental conditions. As reported in entry 7 of Table 1, the
best yield of the desired 3h compound (82%) was obtained by
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using a catalytic ratio 2/3,5 bis(trifluoromethyl)phenyl azide =
1:15 in methyl hydrocinnamate as the reaction solvent.

Table 1. Synthesis of compounds 3a-3i catalysed by Ru(TPP)(py) (2).”

R
R \
\ Ru(TPP 2 X
e C—H + Arh (TPP)(py)2 (2) R..,;: NHAr
/ -N, R™
R" 3
entry  Product Ar t)® 3 yield®
NHAr
1 35(CF).CeH. 05  3a  62%
Ph” H
5 INHAr 35(CFa),CeH, 06  3b  85%
Ph i 4-'BuCsHs 0.5 3¢ 32%
NHAr
3 Py 35(CFs).CeH, 05  3d  50%
Ph 'Pr
NHAr
44 35(CF).CeH, 030  3e  65%
Ph” Ph
NHAr
5 Ph—\—Me 35(CF3),CeH, 025  3f  61%
Me
NHAr
6l 3,5(CF3),CeH> 12 3y 56%
Ph™ >COOMe
NHAr
8 55%
7 3,5(CFs3),CeHa 3h m
Ph”” >CH,COOMe 13 82%

35(CF3),CeH, 075 3 77%

NHAr
7 O

[a]ExperimentaI conditions: 6.8x10° mmol of the catalyst (2% with respect to
ArN3) in 15.0 mL of refluxing hydrocarbon. ®Hime required for the complete
azide conversion monitored by IR spectroscopy following the N3
absorbance decrease at ~2115 cm™. Clields based on ArN; and
determined by 'H-NMR (2,4-dinitrotoluene as the internal standard).
[Reaction run at 150°C. IReaction run at 80°C. "6% of 2 was used.

The reaction was also performed in refluxing benzene by using a
catalytic ratio 2/azide/hydrocarbon = 1:15:1000 but compound
3h was formed in 5 hours with a 60% vyield. It is important to
point out that the reaction catalysed by 2 is faster than that
performed in the presence of Ru(TPP)CO (1) where, by using
the catalytic ratio 2/azide/hydrocarbon = 1:15:1000 in refluxing
benzene, 77% yield was obtained after 10 hours. This last result
indicated that the presence of two pyridine axial ligands did not
hamper the efficiency of the catalyst which frees one of the two
coordinative sites to activate the azide and promote the
hydrocarbon amination.

The reaction time was halved by increasing the methyl
hydrocinnamate concentration and, by employing a catalytic
ratio 2/azide/hydrocarbon = 1:15:2500, 70% vyield of 3h was
registered in 2.5 hours. Data reported above indicate the
importance of using high methyl hydrocinnamate concentrations
to achieve good catalytic performances and in turn, to reduce



reaction costs the hydrocarbon excess was recovered at the end
of the reaction by a simple distillation process as already
reported by us for the same reaction catalysed by complex 1.2
As already stated, the good catalytic activity of complex 2
revealed that the two pyridine ligands are not irreversibly bonded
to the metal centre and that a substitution reaction is effective in
replacing one of the two pyridine ligands with the azide molecule
to trigger the catalytic cycle. To better investigate the strength of
the ligation of pyridine to the ruthenium centre of complex 2, we
studied the ligand displacement reaction of pyridine by dimethyl
sulfoxide (DMSO). The treating of complex 2 with DMSO yielded
Ru(TPP)(DMSO), (4) in a quantitative yield to support the
hypothesis that both the pyridine ligands are weakly coordinated
to the metal centre and can be displaced by another electron-
donor ligand (Scheme 1).

Taking into account this result, we reacted 2 with an equimolar
amount of ArNs in order to substitute pyridine with an azide
ligand  vyielding either  Ru"(TPP)(ArNs)(py) (5) or
Ru"(TPP)(ArN)(py) (6), which derives from complex 5 after the
molecular nitrogen departure (Scheme 1). Unfortunately, we did
not observe the coordination of one molecule of ArNs ligand to
the metal centre forming 5 or the formation of the mono-imido
derivative 6. The NMR analysis of the reaction crude revealed
the presence of an equimolar mixture of Ru(TPP)(py). (2) and
bis-imido complex (Ru(TPP)(NAr), (7) to suggest that, even if
compounds 5 and 6 must be momentarily formed, they are too
elusive to be experimentally detected and are quickly
transformed into 7. It is reasonable to propose that the presence
of the two weakly bonded pyridine ligands can further favour the
formation of the thermodynamically stable complex 7.

DMSO DMSO py + ArN3 \/ N3Ar NAr
! -2py
DMSO Py

4 2

+ArN3l:ﬁi

NAr

1/2(?;@ + 1/2@ CRD =Ru(TPP)

NAr
7

Scheme 1. The reactivity of complex 2 towards DMSO or ArNs.

Then, we tried to detect the formation of the key intermediate
RUY(TPP)(ArN)(py) (6) by reacting equimolar amounts of
Ru'(TPP)(py)2 (2) and Ru“(TPP)(NAr); (7). Unfortunately, the
desired nitrene transfer reaction from 7 to 2 did not occur and
the formation of the elusive mono-imido intermediate 6 was not
observed (Scheme 2).2%%"

py NAr
C% NHAr @
2 7 6

Scheme 2. Reaction between complexes 2 and 7
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In conclusion, all the collected experimental data indicate that
the catalytic activity of the bis-pyridine complex Ru(TPP)(py)2 (2)
in the amination of C-H bonds by aromatic azides is comparable
to that of Ru(TPP)CO (1). This indicates that the electronic
characteristic of the axial ligand on the ruthenium centre (CO or
pyridine) does not determine the catalytic activity of the
corresponding ruthenium catalyst and similar mechanisms for
the nitrene transfer reaction can be envisaged.

In order to elucidate this statement, similarities and differences
between catalytic aminations promoted by 1 or 2 were studied
from a theoretical point of view. The molecular and electronic
underpinning of the 2-promoted reaction mechanism can be
tackled with some confidence in view of our previous
computational studies of the amination of allylic C-H bonds
catalysed by Ru(TPP)CO (1).

Computational studies

In a previous computational study, we suggested that the
mechanism of the allylic amination of cyclohexene®” by an
organic azide (RNj3) catalysed by [Ru](CO) (1°) ([Ru] =
Ru(porphine))*? consists in the two interconnected cycles (a)
and (b) reported in Scheme 3. This proposal was supported by
kinetic investigations and by the isolation and characterisation of
the key bis-imido intermediate Es in which R is an aromatic
group.[m' 20]

NR
Re-C-NHR RN,
R RS> N QRuD
rRn_, CO1 2 RNg NR ES\
R CR’
NH R NR NR

Scheme 3. Proposed mechanisms of the 1’-catalised C-H amination of
cyclohexene (R'R’"R™”CH) by RNs.

The left-side cycle (a) corresponds to the first azide activation
over the catalyst 1.1 By using methyl azide (RNs = CHsNs) as
a model,”“® a barrier of +26.8 kcal mol™tis encountered over the
singlet Potential Energy Surface (PES) (but the height is about
25% lower by modelling RNs; as the experimentally used
3,5-bis-trifluoromethyl phenyl azide). Then, the attained mono-
imido complex [Ru](CO)(NR) (Cs) (R = CHs) has two alternative
evolutions. The first pathway starts with the formation of the
triplet isomer [Ru](CO)(NCHs) (Cr), which is more stable than Cs
by -3.7 kcal mol™ and can allow a radical reactivity. In fact, the
two unpaired electrons, being more significantly localised at the
axial imido N atom rather than at the metal centre, can promote
the activation of one C-H bond of an organic substrate (e.g.,
cyclohexene for the allylic amination catalysed by 1’). The
mono-amido [Ru](CO)(NHCHs) complex is formed, together with



the cyclohexyl radical species R'R’R™Ce, by the homolytic
cleavage of the cyclohexene C-H bond and then a ‘rebound
mechanism™ is responsible for the formation of the desired
allylic amine. The estimated free energy gain for this process
is -44.8 kcal mol*.? Cycle (b) in scheme 3 was previously
shown to support allylic amination catalysis based on the active
biradical species [Ru](NR). (Er). In the following theoretical
analysis will be shown that the species in question is also
attainable starting from the bis-pyridinate complex 2, hence the
same mechanism also applies in the case of benzylic amination.

Catalytic activity of [RujJ(CO) (1°) vs. [Rul(py)2 (2°)

Since it had been experimentally established the general viability
of Ru(TPP)CO-catalysed aminations of both allylic and benzylic
substrates,™ 2% the two reactions were compared also from the
computational point of view. Indeed, the replacement of an allylic
substrate®®” with a benzylic one did not afford great differences.
The energetic profile in Scheme 4 indicated that the activation of
a benzylic C-H bond mirrors the C-H allylic activation over Cr
(cycle (a) of Scheme 3), which was already illustrated in ref. 27.
Thus, the energy Dbarrier at the Transition State
{[Ru](CO)(NCH3)t*PhCHz}rs (8'rs) (Figure S1, RR’R”CH =
toluene) was only slightly higher than the corresponding one
with cyclohexene as the organic substrate (+9.1 vs. +7.5 kcal
mol™). Similarly to the allylic amination, the amido complex
[RU](CO)(NHCHas)p (9'p) is first attained from 8’rs and implies the
separation of two radicals, which recombine into the final
diamagnetic amino complex [Ru](CO)(HN(CHs)CH;Ph) (107).
The amine ligand separation from the latter species is
energetically more expensive than that of the corresponding
allylic amine (+19.2 vs. +12.9 kcal mol™®). Such a difference also
reflects in the overall energy balance of the amination which is
somewhat less exergonic for toluene vs. cyclohexene (-37.2 vs.
-44.8 kcal mol™. respectively).

PhCH
\,
.'N/CHS ..'TI/CHS
[FI{U]T [Rulrr
81s o TS
(o]0
+PhCH, H.x-CHs

|
['I?U]D + PhCH,*®
co
PhCH,N(CH3)H
+
44.4 [Ru]

H
PhH?C\,\[M\\CH3 CO

[Rul
¢o

19.2

10

Scheme 4. Energy profile for the benzylic amine formation from the mono-
imido [Ru](NCHg3) (Cr) species.

The data described up to now showed rather similar mechanistic
behaviours for allylic and benzylic aminations catalysed by
[Ru](CO) (1’). By considering the good catalytic activity of
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complex Ru(TPP)(py) (2) described in the experimental section,
our interest turned on the catalytic effect of the ruthenium axial
ligand. The following DFT analysis was focused on the influence
of pyridine axial ligand(s) in the benzylic amination of PhCH3 by
CHsN; starting from [Ru](py). (2’). The latter species was
optimised as the stable species presented in Figure S2.
Remarkably, the main geometric parameters fully match with
those of an available X-ray structure®’*® and, in particular, the
experimental and computed Ru-Npyidgine diStances are identical
(2.09 A). In order to behave as a catalyst, 2’ must first dismiss
one pyridine ligand as corroborated by the optimisation of the
five-coordinated complex [Ru](py) (11°) (Figure 1a) although at
the not small energy cost of +22.1 kcal mol™ (first step of
Scheme 5). Even if the attainment of the unsaturated complex is
not straightforward, it must be recalled that the significant
experimental temperature (70° C) may help to overcome such a
disfavoured step. Then, the process continues with the
anchoring of an azide molecule, forming [Ru](py)(CHsNs) (5°)
(Figure 1b), and the Ny release, which is already in progress at
the transition state [Ru](py)(CH3sNs)rs (5°rs) in Figure 2.

CH; NN
"
[Ru] |
| [Ru]
Py | TS
NPy

' N,CHS
0 o Rul ¢
Py 12'
[Ru] + N3CHj 12's
[‘)y _CHs
N,CH3 h
| s [Rul ¢
[Ru] g * N2
|

Scheme 5. Energy profile for the formation of mono-imido [Ru](NCHs) (12°)
species.

Figure 1. Optimised structure of a) [Ru](py) (11’) and b) [Ru](py)(CH3N3) (5°).



Energetically, the adduct 5’ appears to be more easily formed
than its carbonyl analogue [Ru](CO)(CH3Ns) (-10.1 vs. -3.5 kcal
mol™) and this step allows to recover about half of the energy
already spent for the pyridine ligand dismissal. This point is also
consistent with a definitely shorter Ru-Nazige distance in 5’ vs.
[RU](CO)(CHsN3) (2.17 A vs. 2.31 A). From another viewpoint,
the stronger o trans influence exerted by the CO ligand
determines the major weakening of the opposite Ru-N bond,
which, as shown by specific DFTD calculations,® is largely
supported only by dispersion interactions, extending to the entire
porphyrin ring.?"

As in other transition states of the azide activation process, also
in 5’rs (Figure 2) N, is about to be released, being the Ng-N,
distance as short as 1.14 A and the N,-N; one already large
(1.58 A). Moreover, the N3 grouping is far from linearity, the
angle N,-Ng-N, being 137.2°. Scheme 5 shows that the energy
barrier at 5'rs (+13.3 kcal mol™) is about half with respect to the
formation of the corresponding [Ru](CO)(CHsNs)ts species
(+26.8 kcal mol™). The result is in line with the metastable
character of the complex 5’, which just for this reason may be
particularly efficient as a catalyst.

Figure 2. Optimised structure of [Ru](py)(CH3Nzs)ts (5rs).

The transformation of 5’rs into the imido complex
[Ru](py)(NCH3)s (6’s in Figure 3a) is largely exergonic (-37.4
kcal mol™).

Figure 3. Optimised structure of the spin isomers: a) [Ru](py)(NCHzs)s (6’s)
and b) [Ru](py)(NCHg)r (6°7).
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This product compares with the singlet Cs obtained from 1°,
although its subsequent conversion into the reactive triplet 6’
(Figure 3b) is slightly disfavoured (+2.0 kcal mol™) with respect
to the analogous formation of Cr (-3.7 kcal mol™). In any case,
this difference does not exclude the subsequent radical reactivity
toward an organic substrate promoted by 6’r. The intersystem
crossing is fundamental for this type of reactivity and it has been
proposed also in the case of the bis-imido species Es and Er
(+16.1 kcal mol™), which are operative in the catalytic cycle (b)
at the right side of Scheme 3 (see below). In that case, the free
energy cost was remarkably larger than the +2.0 kcal mol™ value,
which was found for the 6°s/6’r interconversion.

In the absence of the n-acceptor capabilities of CO, the pyridine
ligand also determines some different distribution of the
unpaired electrons at the imido group of [Ru](py)(NCH3z)t (6°1) vs.
that of [Ru](CO)(NCHs)r (Cy). This clearly emerges from the
comparison of the two singly occupied levels (SOMOs) of the
two species. In general, these correspond to combinations of the
two metal d, orbitals (dy, dy,) with the corresponding N imido p;
orbital of which one is bent.?” However, in 6’r the overall spin
density at the N atom (Figure S3) is significantly smaller than in
Cr (0.9 vs. 1.59 e*/bohr®), while the associated Ru atom is richer
in spin (0.72 vs. 0.31 e?/bohr®). Therefore, not only the energies
but also the spin density distributions are key factors in
supporting the radical reactivity and the ‘rebound mechanism’.
Thus, while the triplet 6’r is energetically easy to access from
the active catalytic species, its radical reactivity appears more
hindered due to the reduced spin density at the N atom.
Importantly, both C+ and 6’1 in their radical chemistry follow a
rather similar activation mechanism as corroborated by profiles
in Schemes 4 and 6.

Ph.,
ChH, -+, CHa
*N
Rul,
Py Hy-CHs

|
[l\?u]IJ +PhCH, *
Py
[Ru]
6'r + Ph-CH, by

32.9 + PhCH,N(CH3)H

15

Scheme 6. Energy profile for the benzylic amine formation.

In the Scheme 6, the first optimised adduct is the transition state
13’rs (Figure 4), with a well established interaction between the
benzylic methyl and imido groups. At this point, one H atom is
almost equally shared by the C and N ones, given that the CH
and H N separations are 1.34 and 1.28 A, respectively. The free



energy barrier associated to the formation of 13’rs is somewhat
higher than that to reach the transition state
{[Ru](CO)(NCHs3)r*PhCHs}rs, which arises from the combination
of Cr with PhCHs (+12.7 vs. +9.1 kcal mol™ during the toluene
amination initiated by 2’ (or better 11°) and 1’ respectively).

Figure 4. Optimised structure of ([Ru](py)(NCH3z)t*(PhCHs)rs (13'rs).

Interestingly, the analogous barrier for the cyclohexene addition
to Cris almost identical (+9.0 kcal mol™)?” to that of toluene,
corroborating the general viability of radical mechanisms of
these reactions. At 13’rs, a significant spin density is already
transferred to the exocyclic carbon atom of toluene and the spin
values for Ru, N(imido) and C(toluene) atoms are 0.36, 0.98 and
0.60 e?/bohr®, respectively. Upon the complete release of the
radical PhCHye, the doublet [Ru](py)(NHCH3)p (14’p in Figure
5a) is formed with a free energy gain of -12.0 kcal mol™. Now,
the largest radical character is at the N atom of the amidic
NHCH; group, since the corresponding N spin density is 0.61
e?bohr®, which is almost twice as large as the Ru atom spin
value (0.3 e’/bohr®).

Figure 5. Optimised structure of: a) ([Ru](py)(NHCH3)p (14’5) and b)
[Ru](py)(HN(CH3)CH,Ph) (15°).

A new N-C coupling becomes possible between the amido and
tolyl radicals, given that PhCH,e has an almost equivalent spin
concentration at the exocyclic carbon atom (0.61 e?/bohr®). The
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formation of the PhCH,;N(CH3)H ligand completes the rebound
mechanism yielding the diamagnetic complex
[Rul(py)(HN(CH3)CH2Ph)s (15" in Figure 5b) with the large
exergonic balance of -32.9 kcal mol® Conversely, the
separation of the benzylic amine PhCH;N(CHz)H from 15’ is
endergonic (+21.1 kcal mol™?) and comparable to the initial loss
of one pyridine ligand from [Ru](py). (2’) to give the five
coordinated species 11’ as the active catalyst. Overall, the free
energy balance for the benzylic amination (Eq. 1) is more
exergonic by using the pyridine complex 11’ in place of the
carbonilated 1’ (-43.3 vs. —37.2 kcal mol™, respectively).

CHsN; + PhCH; — PhCHN(CH3)H + N, Eq. 1
Once again, it is worth underlining that, while [Ru](CO) (1') is
directly available for the azide activation, the pentacoordinated
species [Ru](py) (11°) must be obtained from the bis-pyridinate
precursor [Ru](py)2 (2’) with the significant energy cost of +22.1
kcal mol™. Perhaps this is an indication of a slower starting of
the process, which is difficult to be experimentally corroborated
in view of the high temperatures needed to run the catalysis

Benzylic amination catalysed by [Ru](NR)2

For the allylic amination promoted by the catalyst [Ru](CO) (1°),
it was pointed out that the mono-imido singlet [Ru](CO)(NCHs)
(Cs) may not invariably convert into the triplet C+, but the species
may evolve with the CO ligand departure to form the five
coordinated complex [Ru](NCHz). In this manner, the right side
cycle (b) of Scheme 3 can be accessed. Although no mono-
imido species of the type Cs or Ct was ever been experimentally
characterised, its computational probe well accounts for a series
of experimental facts. Thus, the unsaturated species [RuU](NCHs)
can activate a second azide molecule, as complex 1’ does, and
generate the bis-imido singlet [Ru](NCH3), (Es). This can also
convert into a triplet isomer (Er) although with the significant
energy cost of +16.1 kcal mol™ which is not a problem in view of
the high working temperature of 70° C. The so-formed bis-imido
species can be involved into an intersystem crossing and then a
radical activation of a C-H bond (allylic or benzylic) may be
triggered associated to a subsequent ‘rebound mechanism’. As
already reported,?”! the allylic amine formation was found to
have the still significant the exergonic balance of -40.6 kcal mol™.
Present computational studies indicate that also the process
starting with [Ru](py). (2’) converge at some point into the
bis-imido diamagnetic complex [Ru](NCHj3), (Es) which, upon the
intersystem crossing to the triplet isomer Er, also supports the
radical activation of toluene. To have a better quantitative
evaluation also of the benzylic amination, specific calculations
were carried out on the amination of PhCH; catalysed by
[RU](NCHs3), (E¥).

It was found that the initial adduct [E+*PhCHslrs (16’1s) (Figure
6) is also a key transition state with a AG barrier of +10.4 kcal
mol-1, which is somewhat smaller than that estimated for the
amination of cyclohexene (+14.0 kcal mol™®).P? After the
formation of 16’rs, other evident energy differences emerge: i)
the separation of the organic radical from the amido-imido
doublet [Rul(NHCH3)(NCHz)p is exergonic by -16.4 and -26.8



kcal mol! for the toluene and cyclohexene amination,
respectively; ii) the ‘rebound mechanism’ to form the tolyl amine
complex [Ru](NCH3)(HN(CH3)CH,Ph) (17°) (Figure 7) is more
exergonic (i.e., -36.0 vs. -27.8 kcal mol™ for the toluene and
cyclohexene amination respectively), iii) the energy cost to
release the amine product is about halved (+10.5 vs. +21.1 kcal
mol™ for benzylic and allylic amine respectively).

Figure 6. Optimised structure of [Et*PhCHalrs (16 1s).

Figure 7. Optimised structure of [Ru](NCH3)(NH(CH3)CH,Ph) (17').

It may be concluded that both the catalytic processes promoted
by 1’ or 2’ (or more specifically 11’ in the latter case) consist of
two interconnected cycles as pictured in Scheme 3, concerning
the toluene substrate, the cycle (a) is more favoured over 11’
rather than over the carbonilated 1’ (-43.2 vs. -37.2 kcal mol™).
The computational results suggest an identical catalytic activity
for the 11’ and the bis-imido Er (-43.2 vs. -43.3 kcal mol™).

Conclusions

The present work illustrates the experimental catalytic activity of
Ru(TPP)(py)2 (2) to promote the C-H bond aminations by using
electron withdrawing aryl azides. Complex 2 appears as active
as Ru(TPP)(CO) (1) suggesting a low dependence of the
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catalytic activity on the electronic characteristic of the axial
ligands at the ruthenium centre. Experimental data indicate that
one of the two pyridine ligands must be lost to allow the
subsequent azide’s activation at the vacated coordination site.
To investigate the role of the axial ligand on the catalytic
efficiency, DFT calculations have monitored the system’s
evolution starting from the pre-catalyst [Ru](py)2 (2°) which forms
the active [Ru](py) (11’) after losing one pyridine ligand. This
complex affords azide’s activation with the known eco-friendly N,
release. Importantly, the formation of 11’ from 2’ has the non
small energy cost of +22.1 kcal mol® but, as mentioned, the
process seems feasible in view of the high experimental reaction
temperature. Because 11’ is a metastable species, the azide
activation encounters an about 25% lower barrier with respect to
the process initiated by 1°. Both the mono-imido singlet
complexes [Ru](py)(NCHs) (6’s) and [Ru](CO)(NCHs) (Cs)?®"can
similarly undergo an intersystem crossing that generates either
6’r or Ct. These species promote the radical activation of the
organic substrate, then completed by the ‘rebound mechanism’.
Although the triplet 6’r appears energetically less accessible
than the corresponding Cr one and the apical N atom has less
local spin density, the two processes seem to follow an equal
mechanism. The two systems become fully equivalent when the
bis-imido species Es and Er are attained from different
precursors (cycle (b) in Scheme 3). Independently from the
nature of the axial ligands, it may be concluded that, both the
allylic and benzylic aminations involve the two interconnected
catalytic cycles reported in Scheme 3 with comparable free
energy balances.

Experimental Section

General Conditions. All reactions were performed under a nitrogen
atmosphere employing standard Schlenk techniques and vacuum-line
manipulations. Benzene, toluene, cyclohexene, cumene, pyridine and
dichloromethane were purified by distillation under nitrogen over CaH, or
Na. All the other starting materials were commercial products used after
degasification.

Solvents and reagents. 3,5-Bis(trifluoromethyl)phenyl azide,® 4-tert-
butylpheny! azidel®?, TPPH,, Ru(TPP)(CO) (1),54
Ru(TPP)(CO)(MeOH),*™ Ru(TPP)(py)2 (2),1! Ru(TPP)(NAr), (7) (Ar =
3,5-bis(trifluoromethyl)phenyl),*® and methyl hydrocinnamate®®™ were
synthesised by methods reported in the literature or using minor
modification of them.

Instruments. NMR spectra were recorded at 300 K (unless otherwise
specified) operating either at 300 MHz or at 400 MHz for 1H. Infrared
spectra, UV/vis spectra, and mass spectra were recorded in the
analytical laboratories of Milan University.

Computational details. All the calculations were carried out with the
Gaussian 09 package® at B97D-DFT*Y |evel of theory. All the optimised
structures were validated as minima and/or transition states by computed
vibrational frequencies. All the calculations were based on the CPCM 7
model for the benzene solvent, the same used in the experiments. The
effective Stuttgart/Dresden core potential (SDD)®® was adopted for the
ruthenium center, while for all the other atomic species the basis set was
6-31G, with the addition of the polarisation functions (d,p). The



coordinates of all the optimised structures are reported in the Supporting
Information.

Synthesis of Ru(TPP)(DMSO0); (4).% Ru(TPP)(py)2 (13.7 mg, 1.54x10
mmol) was suspended in 2.0 mL of DMSO and the resulting solution was
heated at 110°C for 4.0 h. The solution was evaporated to dryness and
the crystalline violet solid was dried in vacuo. Analytical data are in
accord with those reported in the literature.

General procedures for catalytic reactions. In a typical run, the aryl
azide and the ruthenium catalyst (6.0 mg, 6.8x10°° mmol) were dissolved
into the hydrocarbon (15 mL). The resulting mixture was heated using a
preheated oil bath until the complete consumption of the azide. The
catalytic reaction was monitored by IR spectroscopy by measuring the
characteristic N3 absorbance at ~2115 cm™. The reaction was considered
finished when the absorbance value of the azide was below 0.01 (by
using a 0.1 mm thick cell). The solvent was evaporated to dryness and
the residue analysed by *H-NMR analysis using 2,4-dinitrotoluene as the
internal standard.

Analytical data of 3al%, 31, 3¢/6¥, 3d11%, 3¢9, 319 3¢2 3pl%2 36l
are in accord with those reported in literature.
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