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A combined experimental and DFT-based theoretical analy-
sis elucidated the influence of the axial ligand L on the cata-
lytic activity of Ru(porphyrin)L. complexes in promoting the
amination of benzylic C-H bonds by organic azides (RNj3).
Experimental data indicated that the catalytic activity of
Ru(TPP)(CO) (1) (TPP = dianion of tetraphenylporphyrin) is
comparable to that of Ru(TPP)(py), (2) (py = pyridine). DFT
modelling disclosed that 2 can be regarded as a precatalyst
that becomes active after the endergonic loss of one pyridine
ligand to give the unsaturated species [Ru](py) (11) {[Ru] =
Ru(porphine)}. This complex would react with RN; to give
the mono-imido singlet complex [Ru](py)(NR)s (6s), which

can be easily transformed into the triplet isomer 61 having
diradical character at the imido N atom. The subsequent for-
mation of the benzylic amine PhCH,NHR occurs through a
radical homolytic activation of one C-H bond of the toluene
substrate (PhCH3). Conversely, by staying on the singlet po-
tential-energy surface, 6s can undergo dissociation of the
pyridine ligand to form [Ru](NR). This complex can activate
another RN3; molecule to form the bis-imido compound
[Ru](NR),, which is also catalytically active. At this point, the
mechanism becomes independent of the nature of the origi-
nal ligand L coordinated to [Ru].

Introduction

The catalytic syntheses of nitrogen-containing com-
pounds are important for their potential use as precursors
of biological and pharmaceutical compounds.['-?l In re-
sponse to the demand for sustainable chemistry, the em-
ployment of organic azides (RN3) as nitrogen sources for
the synthesis of aza compoundsP~'9 is constantly growing.
In fact, this class of aminating reagents shows high eco-
compatibility 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 available
organic azides, the aryl azides are very interesting nitrogen
sources because of their convenient reactivity/stability rela-
tionship and their easy syntheses from the corresponding
amines. More extensive employment of these aminating
agents is also favoured by their commercial availability,
thanks to an efficient and safe procedure to obtain aryl
azides in bulk amounts.['!]
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Metal porphyrin complexes efficiently promote amin-
ation reactions of saturated and unsaturated hydrocarbons
by aryl azides,'>?°! and they show very good activity in
the amination of activated sp> C-H bonds. Ruthenium(II)
porphyrins!!®-21-3% are active catalysts in the synthesis of all-
ylic and benzylic amines. They are also efficient in the amin-
ation of benzylic C-H bonds in the a or B positions with
respect to an ester group to yield the corresponding and
biologically relevant a- and B-amino esters.[?3-31-33]

One of the most extensively used amination catalyst is
the five-coordinate complex Ru(TPP)(CO) (1) (TPP = di-
anion of tetraphenylporphyrin), which has the m-acceptor
CO ligand in the axial position. The vacant coordination
site in the trans position is suitable for azide activation. Ki-
netic®” and DFT?7! studies indicated that the reaction of
Ru(TPP)CO with ArNj first affords the octahedral mono-
imido complex Ru(TPP)(NAr)(CO) in a singlet state, which
can be transformed into a slightly more stable triplet with
the two unpaired spins largely localised at the NAr ligand.
Such a diradical can promote the activation of different or-
ganic substrates,*” in particular the homolysis of a C-H
bond of a hydrocarbon with consequent formation of the
corresponding aminel>’4 by the so-called rebound mecha-
nism.B4 Conversely, if the species Ru(TPP)(NAr)(CO) re-
mains a singlet, the bis-imido complex Ru(TPP)(NAr),
(7)118:291 is formed through CO departure and another azide
activation. Complex 7 can also behave as a diradical species
for a similar type of amination chemistry.
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Both CO and NR ligands, placed trans to the vacant co-
ordination site at which the azide is activated, combine 7-
acceptor and o-donor abilities. To analyse the catalytic in-
fluence of the electronic features of the axial ligand, we here
report the combined experimental and computational study
of the catalytic behaviour of Ru(TPP)(py), (2). Although
the physicochemical properties of 2 were already elucidated
by a variety of experimental methods, such as electrochem-
istry,333¢1 UV/Vis absorption, emission, resonance Ra-
man7-* and picosecond transient absorption,>#3! the use
of this complex to catalyse C—H amination by organic az-
ides has not yet been reported.

Results and Discussion

Experimental Studies on the Catalytic Activity of
Ru(TPP)(py)2 (2)

The bis-pyridine Ru'! complex 2 was prepared in accord-
ance with a reported synthetic procedure*” and used to
catalyse the reaction between aryl azides (ArNs) and vari-
ous benzylic substrates of general formula R'R’'R’""C-H
to yield the corresponding aminated compounds 3a-3h
(Table 1). 3,5-Bis(trifluoromethyl)phenyl azide was used as
the aminating agent, with the sole exception of the synthesis
of compound 3¢, for which 4-zerz-butyl azide was employed.

Data reported in Table 1 indicate that complex 2 is a
good catalyst of C-H amination, and its catalytic efficiency
is comparable to that of Ru(TPP)CO (1) when used to cata-
lyse the synthesis of the same compounds.['®-33 As observed
in 1-catalysed reactions, 2 was more effective in activating
electron-deficient azides. Indeed, the reaction of 4-tert-butyl
azide with ethylbenzene yielded 3¢ in a low yield (Table 1,
entry 2), which suggested an electrophilic role of azide in
the amination reaction. Complex 2 was also active in pro-
moting the amination of the allylic C—H bond of cyclohex-
ene by 3,5-bis(trifluoromethyl)phenyl azide. The corre-
sponding allylic amine N-(cyclohex-2-en-1-yl)-3,5-bis(tri-
fluoromethyl)aniline (3i)?°! was formed in 0.75 h with 77%
yield. For all the described reactions, NMR and GC-MS
analyses of the crude product revealed the formation of
ArN=NAr and ArNH, side products derived from partial
decomposition of the employed azide.

Considering that in previous reactions catalysed by
Ru(TPP)CO (1),['%:33 slightly different experimental condi-
tions were used, the synthesis of compound 3f was repeated
in the presence of complex 1 by using the experimental con-
ditions described in Table 1 to give 90% of the benzylic
amine in 1 h. Even though the yield was higher than that
obtained in the presence of 2 (Table 1, entry 5), the reaction
time increased from 20 min to 1 h. An attempt was made
to enhance the selectivity of 3f by reducing the formation of
side products. Thus, azide was slowly added to the reaction
mixture with a syringe pump over 1.5 h, but unfortunately
the reaction yield did not increase. Although the reaction
yield was enhanced to 72% by working at 70 °C, the time
required for full conversion of the azide to 3f became ex-
cessively long (7.0 h). Clearly, the lower working tempera-
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Table 1. Synthesis of compounds 3a-3h catalysed by 2.4

. R
R \
\ Ru(TPP 2 _
Ri-GH + AN RudPPey), @), ,)\l(py)“ ) Ri-CNHAr
N2 R"
R 3
Entry Product Ar t (h)® 3 Yield %
NHAr
1 3,5-(CFa),CeHs 0.5 (N 3a 62 (66)
Ph” H
) )"t”‘r 35-CFo)oCeHs 0.6 (@)Y  3b 85 (85)
Ph” ~Me 4-tBUC4H, 0.5 3¢ 32
NHAr
3 . 3,5-(CFa),CeHs 0.5 (N 3d 50 (75)
PR ipr
NHAr
4 3,5-(CF3),CeHs 0.3 (0.4)"  3e 65 (65)
Ph Ph
NHAr
5 Ph—\—Me 3,5-(CFa),CeH3 0.25 (1.15)  3f 61 (90)
Me
NHAr
6l 3,5-(CFa),CeHs 12 (6)®  3g 56 (80)¢
Ph” SCOOMe
NHAr fa] fa]
70 35CF)CH, S0P 3n 237
Ph” SCH,COOMe .

[a] Experimental conditions: 6.8 X 103 mmol of the catalyst (2%
with respect to ArNs) in 15.0 mL of refluxing hydrocarbon sub-
strate as the reaction solvent. [b] Time required for complete azide
conversion, determined by IR spectroscopic monitoring of the de-
crease in Nj absorbance at about 2115 cm™!. [c] Yields based on
ArN; and determined by '"H NMR spectroscopy (2,4-dinitrotolu-
ene as the internal standard). [d] Reaction catalysed by 1.1 [e]
Reaction run at 150 °C. [f] Reaction run at 80 °C. [g] Reaction cata-
lysed by 1.331 [h] 6% of 2 was used.

ture inhibited the formation of side products as well as the
activation of the azide, which was more effective at the re-
fluxing temperature of cumene (= 150 °C).

Considering the biological relevance of B-amino esters,
the synthesis of 3-[3,5-bis(trifluoromethyl)phenylamino]-3-
phenylpropanoate (3h) was studied under different experi-
mental conditions. As reported in entry 7 of Table I, the
best yield of the desired compound 3h (82 %) was obtained
by using a catalytic ratio 2/3,5-bis(trifluoromethyl)phenyl
azide of 1:15 in methyl hydrocinnamate as the reaction sol-
vent.

The reaction was also performed in refluxing benzene
with a catalytic ratio 2/azide/hydrocarbon of 1:15:1000, but
compound 3h was formed in 5 h with 60% yield. Import-
antly, the reaction catalysed by 2 is faster than that per-
formed in the presence of Ru(TPP)CO (1), for which 77%
yield was obtained after 10 h with a catalytic ratio 1/azide/
hydrocarbon of 1:15:1000 in refluxing benzene. This last re-
sult is important because it indicates that two coaxial pyr-
idine ligands do not hamper the efficiency of the catalyst,
even though the latter must vacate one coordination site to
allow the activation of the azide and the subsequent amin-
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ation reaction (see the conclusions of the theoretical analy-
sis below). The reaction time was halved by increasing the
methyl hydrocinnamate concentration, and 70% yield of 3h
was obtained in 2.5 h by employing a catalytic ratio 2/azide/
hydrocarbon of 1:15:2500. Data reported above indicate the
importance of using high methyl hydrocinnamate concen-
trations to achieve good catalytic performance. To reduce
the reaction costs, the excess hydrocarbon 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 1.133

To obtain experimental information on the strength of
the Ru-py bond in 2, we studied the process of pyridine
substitution by dimethyl sulfoxide (DMSO). The reaction
with DMSO quantitatively yielded the complex
Ru(TPP)(DMSO), (4), which supports the hypothesis that
the two pyridine ligands in 2 are not irreversibly coordi-
nated to the metal centre and can be displaced by another
2e-donor ligand (Scheme 1, path a). In view of this result,
we treated 2 with an equimolar amount of ArN; in order
to substitute pyridine by an azide ligand to give Ru'l-
(TPP)(py)(ArN3;) (5) or Ru'Y(TPP)(py)(NAr) (6), which is
derived from 5 by elimination of molecular nitrogen
(Scheme 1, path b). Unfortunately, we did not observe the
coordination of one ArNj ligand to the metal centre yield-
ing 5 or the mono-imido derivative 6. The NMR analysis
of the crude reaction product revealed the presence of an
equimolar mixture of Ru(TPP)(py), (2) and bis-imido com-
plex Ru(TPP)(NAr), (7). This suggests that, even if com-
pounds 5 and 6 are momentarily formed, they are too elus-
ive to be experimentally detected, most likely because 7 is
quickly formed as the thermodynamically stable product
(Scheme 1, path c). Then, we tried to detect the formation
of the key intermediate Ru'V(TPP)(py)(NAr) (6) in the reac-
tion of equimolar amounts of 2 and 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 1, path d).[2%-27]

DMSO - VSO + AN hig id

’ 112 172
DMSO Zthpy -py,— N NAr py
4 path a 2 path ¢ 7 2

NAr
2 o RD
-N
By path d path b Py 2 py
6 CRD = Ru(TPP) ° ®

Scheme 1. The reactivity of complex 2 towards DMSO, ArN; and
complex 7.

In conclusion, all the collected experimental data indi-
cate that the catalytic activity of the bis-pyridine complex 2
in the amination of C-H bonds by aromatic azides is com-
parable to, and in some cases better than, that of Ru-
(TPP)CO (1). This result is somewhat surprising, because 2
first needs to vacate one coordination site for azide acti-
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vation. Moreover, the pyridine ligand differs from CO in
having no significant t-acceptor capability, which was com-
putationally found to be important in singlet/triplet in-
tersystem crossing for promotion of the radical activity. For
these reasons, we compare in the following theoretical sec-
tion some important electronic aspects of catalysts 1 and 2
as well as the corresponding reaction profiles of amination
reactions.

Computational Studies

General Aspects of the Amination Reaction Catalysed by
[Rul(CO) (1)

Our previous computational studies illustrated the pos-
sible mechanisms of the catalytic allylic amination of cyclo-
hexene by an RN; molecule.?”? With [Ru](CO) (1) {[Ru] =
Ru(porphine), porphine = parent compound of
porphyrins} as catalyst, the overall process consists of the
two interconnected cycles (a) and (b) shown in Scheme 2.
The mechanistic proposal is supported by kinetic investi-
gations and by the isolation and characterisation of the bis-
imido complex Ru(TPP)(NR), (7) {R = 3,5-bis(trifluoro-
methyl)phenyl}, which is catalytically active in several hy-
drocarbon aminations.[!8-20]

()-NHR N, NR
N #@
Q}/ C01N 2 %/ NR Es\

NHR NR NR

@ CS‘_C‘E (b)

RN

NR Er

& o do

Scheme 2. Overall mechanism of the 1-catalysed C—H amination of
cyclohexene by an organic azide (RN3).

co Cr

Cycle (a) starts with RNj5 activation by complex 1 to give
the mono-imido species [Ru](CO)(NR)g (Cg) via a well-de-
fined TS (not shown in Scheme 2).*”I Importantly, the em-
ployment of CH3Nj3 in place of the experimentally used 3,5-
bis(trifluoromethyl)phenyl azide does not change the over-
all reaction profile. Only the barrier of +26.8 kcalmol ! is
about 25% higher than that optimised by modelling the ex-
perimentally used azide. Since such a difference is not dra-
matic, CH;Nj; is indicated as RNj in all the subsequent
modelling, including that relative to reactions promoted by
2 (see below).

In cycle (a) the singlet minimum Cg is first obtained after
the TS, although its triplet isomer [Ru](CO)(NR)y (Cy) is
-3.7 kcalmol™!' more stable. The implied intersystem cross-
ing is fundamental to trigger radical reactivity, given that
the two unpaired electrons are largely localised at the axial
imido N atom. Complex Cr is able to promote the homo-
lytic cleavage of a C-H bond of cyclohexene (CsH;o) to
form the mono-amido [Ru](CO)(NHR)p doublet interme-
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diate together with the free cyclohexenyl radical (C4Hy).
Subsequently, the two radicals pair their spins to afford the
desired allylic amine (C¢Ho)NHR, first as a ligand and then
as a free molecule. This process corresponds to the known
rebound mechanism.[? The overall estimated free-energy
gain for cycle (a) is —44.8 kcalmol.[>7]

If not promptly converted to Cy, Cg has the alternative
possibility of losing the CO apical ligand to afford access
to cycle (b) of Scheme 2. The derived five-coordinate
[Ru](NR) species has a vacant coordination site to activate
a second azide molecule, which, after another similar TS,
affords the bis-imido complex [Ru](NR), (Eg). In principle,
the latter singlet complex also has the possibility of trans-
forming into the triplet isomer Ey, although such process is
endergonic rather than exergonic like the Cs—Cry transfor-
mation.

Then, one of the two coordinated NR groups of Ey may
initiate radical reactivity towards the cyclohexene substrate.
Hence, a similar rebound mechanism leading to the same
allylic amine product with an energy balance comparable
with that of cycle (a) is also possible in this case.

Comparison of the Amination of Toluene and Cyclohexene
Catalysed by [Ru](CO) (1)

The mechanism of Scheme 2 refers to the 1-catalysed all-
ylic amination of cyclohexene, whereas the catalytic activity
of 2 was mainly studied in the amination of the benzylic
substrates indicated in Table 1. Since the behaviour of 1 was
previously highlighted only toward allylic amination,*” we
now briefly illustrate some comparative aspects of benzylic
amination promoted by the same catalyst 1.[1%2% Toluene
(PhCHj;) was therefore modelled as the benzylic substrate,
and Scheme 3 shows the energy profile relative to the acti-
vation of the methylic C-H bond by the diradical [Ru]-
(CO)(NR)t (Ct) complex. As discussed above, Cy is formed

PhCH
Q2

Scheme 3. Energy profile for formation of the benzylic amine
PhCH,NHR starting from the mono-imido diradical [Ru](CO)-
(NR) (Cy).
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independent of the chemical nature of the hydrocarbon sub-
strate (cyclohexene or toluene).

The energy barrier at the transition state (TS) {[Ru]-
(CO)(NR)*PhCHj;} s (81s, see Figure S1) is only slightly
higher than that obtained with cyclohexene (+9.1 vs.
+7.5 kcalmol™"). Additionally, the following step toward
the combined doublet [Ru](CO)(NHR)p (9p) and the free
tolyl radical PhCH, is somewhat less exergonic (—13.0 vs.
—18.3 kcalmol™"), which suggests a possibly more difficult
process. On the other hand, the recombination of the two
radicals to give the diamagnetic amino complex
[Ru](CO){HN(R)CH,Ph} (10) is more exergonic than that
in the corresponding allylic amination (-44.4 vs.
—-38.6 kcalmol™"). The final separation of the benzylic
amine (PhCH,NHR) from the metal is somewhat more hin-
dered than that of the allylic amine (C4dHg)NHR (+19.2 vs.
+12.9 kcalmol™). Such an important difference is reflected
in the overall lower exergonicity of the amination process
involving toluene compared to that involving cyclohexene
(=37.2 vs. —44.8 kcalmol™!, respectively).

Catalytic Activity of [Ru](py), (2)

Benzylic amination catalysed by [Ru](py), (2) was com-
putationally analysed. The isolated octahedral precursor 2
was optimised (Figure S2) with two identical Ru-N,,, dis-
tances of 2.09 A, which fully match those of the available
X-ray structure.*+#! To behave as a catalyst, 2 must first
lose one pyridine ligand to allow activation of the azide,
similar to what happens at 1. The optimised five-coordinate
complex [Ru](py) (11) (Figure 1, a) has an about 0.1 A
shorter Ru-N,,, bond with respect to that of [Ru](py), (2).
This is attributable to the loss of any trans influence on
vacating one of the two coordination sites. The transforma-
tion of 2 into 11 involves a high energy cost of
+22.1 kcalmol™' (first step in Scheme 4). All attempts to
identify a TS for the dissociation failed, while a scanning
technique indicated that the process proceeds monoto-
nously uphill. Therefore, the formation of 11, corroborated
by its subsequent catalytic activity, must be attributed to the
relatively high temperature used in the catalytic experiments
(> 170 °C, see Table 1).

Figure 1. Optimised structures of (a) [Ru](py) (11) and (b) [Ru]-
(PY)(RN3) (5).

The vacant coordination site at 11 allows the coordina-
tion of one azide to the metal to give the adduct [Ru](py)-
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[Ru] \

Scheme 4. Energy profile for formation of mono-imido complex
[Ru](NR) (12) starting from [Ru](py), (2).

(RN3) (5) of Figure 1 (b). Note that 5 has a higher stabilisa-
tion energy than the corresponding carbonylated complex
[Ru](CO)(RN3): —10.1 versus —3.5 kcalmol™'. In this re-
spect, we recall that 1 is largely stable as an unsaturated
species, whereas its azide adduct [Ru](CO)(RNj) is stabi-
lised only by weak dispersion forces,?! as clearly estab-
lished by usage of the DFTD functional ]

The greater stabilisation of [Ru](py)(RN3) (5) is reflected
in the shorter Ru-N,,4. coordination bond compared to
that in [Ru](CO)(RN;) (2.17 vs. 2.31 A) due to the stronger
CO trans influence. The significant energy gain of the ad-
duct 5 may in part compensate the energy previously lost
with the first pyridine departure from 2, and thus justifies
the observed catalytic activity of Ru(TPP)(py),.

Azide activation by 11 proceeds, as described before,
through the TS 5¢g (Figure 2), which shows previously ob-
served structural features.’”? At this point, diatomic N, is
about to be released, since the Ng—N, distance is short as
1.14 A, while its separation from the still-coordinated N,
atom is already quite large (1.58 A). In the process, the Ny

Figure 2. Optimised structure of [Ru](py)(RN3)rs (51s)-
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group has already lost its original linearity, since the angle
N,—Ng-N, is 137.2°.

In Scheme 4, the barrier at 5yg of +13.3 kcalmol™! is
about 50% lower than that in the corresponding process
catalysed by 1 (+26.8 kcalmol™!). Therefore, after the ini-
tially difficult activation of the catalytic reactivity, the evol-
ution of the amination reaction seems to be facilitated by
the presence of pyridine. Not only is the barrier lower, but
also the following imido product [Ru](py)(NR)s (65 in Fig-
ure 3, a) is significantly more stable than the carbonylated
analogue [Ru](CO)(NR)g (Csg) (-37.4 vs. -27.9 kcalmol ).

Figure 3. Optimised structure of the spin isomers (a) [Ru](py)-
(NR)s (6s) and (b) [Ru](py)(NR) (67).

Importantly, the complex 6s, analogously to Cg, is found
to undergo intersystem crossing to the triplet spin isomer
61 (Figure 3, b), which is the fundamental step for promot-
ing the radical reactivity. The main difference between the
two pairs of spin isomers is that, while the Cs—Cr intercon-
version is somewhat exergonic, the 6s— 6y process is ender-
gonic (-3.7 vs. +2.0 kcalmol '), but in any case the differ-
ences are not large enough to hamper the following radical
reactivity.

For [Ru](CO)(NR)g (Cy), an orbital analysis suggested
that two singly populated MO levels of the Cy triplet re-
ceive a favourable contribution from the two CO n* orbit-
als.?”] In fact, a percentage of the latter is present in the
singly occupied molecular orbitals (SOMOs), which are
mainly combinations of metal d, (d.., d,.) and NR p, or-
bitals. This is not exactly the case for 6y, in which the apical
pyridine ligand is not involved in the SOMOs. Therefore,
the 6s—61 intersystem crossing is less facile, as quantita-
tively supported by calculations. In the case of the
carbonylated complex, the minimum-energy crossing point
(MECP)“# was found to be null.?”l Conversely, an appro-
priate scan for the 6s—6y interconversion (see Figure S3)
shows that 6g lies constantly below 6y, except for very short
Ru—N,,, distances (< 2.02 A), for which the isomers become
isoenergetic. Distinct  MECP values of +3.8 and
+6.6 kcalmol ™! were determined for 6g and 6y, respectively,
confirming a more hindered spin crossing. This is also con-
sistent with the computed spin-density distribution in 6y
(Figure S4), which shows smaller spin accumulation at the
N imido atom compared to Cy (0.9 vs. 1.59 e>bohr3). The
trend is opposite at the ruthenium centre (0.72 vs.
0.31 e>bohr3).
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The subtle but evident electronic differences do not seem
to preclude a radical pathway, which starts with 6y
(Scheme 5) and can be related to the profile of Scheme 3.
Otherwise, the singlet 65 may lose its pyridine ligand to af-
ford the intermediate [RuJ(NR) (12) at the relatively small
energy cost of +7.4 kcalmol~!. As discussed below, the ca-
talysis may still proceed from 12 with a different pattern.

PhCH,NHR
+
61+ Ph-CH3 [Ru]
I

32.9 Py

H
PhH,C_1 R
\
[Ru]
|
Py,

15

Scheme 5. Energy profile for formation of the benzylic amine
PhCH,NHR starting from 6.

As occurs at Cr, the radical activation of the organic sub-
strate is already enhanced at the TS 13yg (Figure 4). The
corresponding barrier appears somewhat higher than that
of 8pg for the process promoted by 1 in Scheme 3 (+12.7
vs. 9.1 kcalmol™"), but in both cases one methylic H atom
of toluene already lies halfway between the methylic carbon
atom and the N acceptor, given that the C-H and N-H
distances in 13yg are 1.34 and 1.28 A, respectively. At this
point, the spin densities at the Ru and Nj,;q, atoms are
0.36, 0.98 e?bohr3, respectively, and the exocyclic carbon
atom of the tolyl ring has also large spin localisation
(0.60 e?bohr3).

Figure 4. Optimised structure of {[Ru](py)(NR)r*(PhCHj3)rs}
(137s).
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In the next step, the radical PhCH," is fully separated
from the doublet [Ru](py)(NHR)p, (14p in Figure 5, a) with
an energy gain close to that of the corresponding separation
from 9p in Scheme 3 (=13.0 vs. —12.0 kcalmol ™). In 14, the
radical character at the amidic N atom (0.61 e>bohr™) is
almost twice that of the ruthenium atom, which suggests a
new prompt coupling with PhCH," to yield the diamagnetic
product [Ru](py){HN(R)CH,Ph}g (15) of Figure 5 (b). The
energy balance is exergonic by —32.9 kcalmol ™.

Figure 5. Optimised structure of: a) ([Ru](py)(NHR)p (14p) and b)
[Ru](py) {HN(R)CH,Ph} (15).

Finally, the separation of the benzylic amine
PhCH,NHR from 15 is endergonic by +21.1 kcalmol !, an
energy cost similar to that calculated for removing one pyr-
idine ligand from the starting complex [Ru](py), (2). The
departure of the benzylic amine restores the catalyst
[Ru](py) (11), which is available for a new catalytic cycle.
Concerning the overall free-energy balance of the process,
the benzylic amination described in Equation (1) catalysed
by the pyridine complex 11 is more exergonic than that pro-
moted by the corresponding [Ru](CO) (1) catalyst (—43.3 vs.
—37.2 kcalmol™!, respectively). However, whereas 1 is di-
rectly available for azide activation, 11 must be first gener-
ated from the bis-pyridine precursor 2, which has a high
energy cost of +22.1 kcalmol .

RN; + PhCH;— PhCH,NHR + N, (1)

Benzylic Amination Catalysed by [Ru](NR),

Cycle (a) of Scheme 2 for the allylic amination promoted
by catalyst 1 is not the only possible process. In particular,
the bis-imido species [Ru](NR), (Es) can independently be-
have as a catalyst for the comparable amination process
shown in cycle (b) of Scheme 2.1?71 Species Eg is obtained
as a side product of cycle (a) when the mono-imido com-
plex Cg is not promptly transformed into the triplet isomer
Cr. In fact, the singlet Cg has a chance of losing the weakly
bound CO ligand to form the five-coordinate complex
[Ru]J(NR), which allows access to cycle (b). Although no
mono-imido species of the type Cg or Cy has been ever
isolated, their computational study accounts for a series of
experimental facts. Another azide molecule can be an-
chored and activated at the vacant site of [RuJ(NR), similar
to what happens at complex 1. The subsequent N, loss gen-
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erates the bis-imido singlet [Ru](NR), (Eg), which can be
converted to the triplet isomer Er. Such an intersystem
crossing is significantly endergonic, at variance with the
Cg—Cy process, but the cost of +16.1 kcalmol™! may not
be an insurmountable barrier in view of the high working
temperatures. In Ep,[>7! the two unpaired spins are initially
shared by the two NR groups, but the C-H bond activation
still occurs only at one of them (Scheme 2) to provide the
doublet [Ru](NR)(NHR)p, in which the surviving unpaired
electron is largely localised at the amido ligand. The subse-
quent spin pairing of the amido complex with the pre-
viously separated allylic radical C¢qHy" is again consistent
with the rebound mechanism affording the allyl amine
(C¢Hy)NHR. The overall process is exergonic by
~40.6 kcalmol .

Our present experimental and computational studies on
the catalytic activity of 2 in the benzylic amination of tolu-
ene also support the alternative formation of the diamag-
netic bis-imido complex [Ru](NR), (Eg), from which a cycle
of type (b) may be initiated. Scheme 4 shows the energy
profile for the transformation of 2 into the five-coordinate
singlet [Ru]J(NR) (12), which provides access to cycle (b) of
Scheme 2, which was already described for the allylic amin-
ation.?”]

To obtain a comparable quantitative overview for the
benzylic amination of PhCHj;, corresponding DFT calcula-
tions were carried out starting from triplet isomer [Ru]-
(NR), (Et). It was found that the initial adduct
[Er*PhCHs]rs (161s) (Figure 6) is again a key TS with a
AG barrier of +10.4 kcalmol !, which is smaller than that
for the amination of cyclohexene (+14.0 kcalmol").*81 On
the other hand, some evident energy differences emerge af-
ter 161s: (1) the separation of the organic radical (PhCH,
or C¢Hy) from the amido imido doublet [Ru](NR)-
(NHR)p, is exergonic by —16.4 and —26.8 kcalmol ™! for tolu-
ene and cyclohexene, respectively; (2) the rebound mecha-
nism to form the complex [Ru](NR){HN(R)CH,Ph} (17)
(Figure 7) is more exergonic than in the case of cyclohexene
amination (-36.0 vs. —27.8 kcalmol™"); (3) the energy cost
to release the amine product is approximately halved for
benzylamine (+10.5 vs. +21.1 kcalmol !).

Figure 6. Optimised structure of [Et*PhCHj;]rs (161s).

The somewhat contrasting trends do not clearly allow
one to establish which amination process (allylic vs. benz-
ylic) is more efficient. Conversely, the most important con-
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Figure 7. Optimised structure of [Ru](NR){HN(R)CH,Ph} (17).

clusion is that the catalytic process, initiated by 1 or 2,
eventually becomes a unique type that involves the same
bis-imido species [Ru](NR),. (Eg).

Conclusions

The present work has illustrated the experimental cata-
lytic activity of Ru(TPP)(py), (2) in promoting the amin-
ation of benzylic C-H bonds by aryl azides. Complex 2
showed comparable behaviour to the already studied
Ru(TPP)(CO) (1), which suggests that the dependence of
the catalytic activity on the nature of different axial ligands
is of secondary importance. Experimental results were cor-
roborated by DFT analyses, which contributed to ratio-
nalising key aspects of the catalytic mechanism, also by
elaborating a previously developed model of the 1-catalysed
allylic amination of cyclohexene.

The loss of one pyridine ligand from the precatalyst 2
affords the active catalyst [Ru](py) (11) with a rather ender-
gonic balance, which seems to disfavour the catalytic pro-
cess, at least in the beginning. On the other hand, this step
is essential to allow coordination of the azide reactant to
the metal centre and its subsequent activation with eco-
friendly release of N». It was found that this process occurs
through a TS with common features in all the studied cases.
The subsequent mono-imido complexes {e.g., [Ru](py)(NR)
(6g) or [Ru](CO)(NR) (Cg)} transform, more or less easily,
into their triplet isomers (6 or Cy), which essentially pro-
mote the radical activation of a C—H bond of the studied
benzylic substrate. Two subsequent spin couplings allow the
formation of the benzylic amine product, according to the
known rebound mechanism.*¥ Alternatively, the mono-
imido singlet Cg or 65 may lose the apical ligand frans to
the NR ligand, which is CO or pyridine. The vacated coor-
dination site allows another azide activation, which in any
case leads to the same bis-imido complex [Ru](NR),. This
complex may also exist as a singlet (Eg) or a triplet (Ey),
but only the latter supports the radical activation of the
benzylic substrate and affords benzylic amine through the
known rebound mechanism. Importantly, the process cata-
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lysed by Eg and Ey does not depend on whether the bis-
imido catalyst was generated from precursor 1 or 2.

Experimental Section

General Conditions: All reactions were performed in a nitrogen at-
mosphere by employing standard Schlenk techniques and vacuum-
line manipulations. Benzene, toluene, cyclohexene, cumene, pyr-
idine and dichloromethane were purified by distillation under ni-
trogen in the presence of CaH, or Na. All the other starting materi-
als were commercial products used after degasification.

Solvents and Reagents: 3,5-Bis(trifluoromethyl)phenyl azide,*! 4-
tert-butylphenyl  azide,’®! TPPH,,°l Ru(TPP)(CO) (1),5%
Ru(TPP)(CO)(MeOH),35! Ru(TPP)(py), (2),411 Ru(TPP)(NAr), (7)
{Ar = 3,5-bis(trifluoromethyl)phenyl}[!8) and methyl hydrocinna-
matel>3! were synthesised by methods reported in the literature or
using minor modifications thereof.

Instruments: NMR spectra were recorded at 300 K (unless other-
wise specified) and 300 or 400 MHz for 'H. IR, UV/Vis and mass
spectra were recorded in the analytical laboratories of Milan Uni-
versity.

Computational Details: All calculations were carried out with the
Gaussian 09 packagel®¥ at the BO7D-DFTH 0! level of theory. The
TPP ligand (C4HgN4) was replaced by porphine (CyoH4Ny),
which has H atoms in place of Ph groups at the meso positions, in
all DFT calculations. In addition, the simple CH3N; was used in
place of the experimentally used 3,5-bis(trifluoromethyl)phenyl az-
ide reactant. All optimised structures were validated as minima
and/or transition states by calculation of vibrational frequencies.
The transition states along the reaction pathways were also vali-
dated through Intrinsic Reaction Coordinate (IRC) calculations.!!
All calculations were based on the CPCMP% model for the benzene
solvent, the same as used in the experiments. The effective Stutt-
gart/Dresden core potential (SDD)P7 was adopted for the ruth-
enium centre, while for all the other atomic species the basis set
was 6-31G, with addition of the polarisation functions (d,p). The
coordinates of all the optimised structures are reported in the Sup-
porting Information.

Synthesis of Ru(TPP)(dmso), (4):°8 Ru(TPP)(py), (13.7 mg,
1.54 X 102 mmol) was suspended in DMSO (2.0 mL), and the re-
sulting 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 were 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, 6.8 X 103 mmol)
were dissolved in the hydrocarbon (15 mL). The resulting mixture
was heated in a preheated oil bath until complete consumption of
the azide. The catalytic reaction was monitored by IR spectroscopy
by measuring the characteristic N5 absorbance at about 2115 cm 1.
The reaction was considered finished when the absorbance value
of the azide was less than 0.01 (by using a 0.1 mm-thick cell). The
solvent was evaporated to dryness and the residue analysed by 'H
NMR analysis with 2.4-dinitrotoluene as the internal standard.

Analytical data of 3a,[1] 3b,[11 3¢,[5%1 3d,[1] 3¢,1191 3f,[1°] 3g [33] 3K[33]
and 3il°! were in accord with those reported in the literature.
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