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Carbon-nitrogen bond
formation catalysed
by metallo-porphyrins

by Sergio Cenini, Emma Gallo and Andrea Penoni

A survey of the amidation and amination
reactions of unsaturated and saturated
hydrocarbons catalysed by metallo-porphyrins is
reported. Chloramine-T, (p-CH;CgH,SO,NCI) Na*,
and its derivatives, and organic azides, ArNs,
have been discussed as aminating

agents, while the use of tosylimino derivatives,
ArSO,N=IPh, has been considered only when
appropriate. The possible intermediates in these
reactions have been discussed, on considering
the nature of the products that can be obtained
by reaction of these aminating agents with the
metallo-porphyrin derivatives.

ransition metal-mediated reactions that form and cleave

the bonds of organic molecules are the foundation of
homogeneous catalysis. The formation of carbon-hydrogen
and carbon-carbon bonds by reductive elimination from a
metal centre is now common. Catalytic hydrogenation of
alkenes, hydroformylation, alkene arylation (Heck reaction)
and cross-coupling processes are the most important ex-
amples that involve C-H and C-C bond formation.
The formation of carbon-heteroatom bonds by homoge-
neous, catalytic reactions is less common, and only recent-
ly this has become a very intense field of research. In par-
ticular, the formation of carbon-nitrogen bonds has attract-
ed a great deal of interest, due to the importance in several
fields of compounds containing this bond. Particularly use-
ful are the metal-mediated catalytic hydroaminations of
olefins and alkynes, which avoid production of by-products,
like salts, generally observed in metal-catalysed amination
of C-X derivativatives (X=halogen for example). However,
known aminations of olefins often require stoichiometric use
of transition metals and general methods for carrying out
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Figure 1 - M=Ca', X=none;
M=Ru'l, X=CO; M=Fe'l, Mn'!!,
X=Cl. (A)=aryl substituents in the
meso positions of the pophyrin
ring; (B)=alkyl substituents in the
beta position of the porphyrin ring

aminations catalytically are not yet available. Works carried
out in our laboratories have deeply investigated the catalyt-
ic carbonylation of aromatic nitro compounds, to give iso-
cyanates, carbamates, ureas, allylic amines and heterocy-
cles, to mention the most important products [1]. However,
the rather drastic conditions required by these catalytic re-
actions (ca. 140-170 °C and 40-80 atm of carbon monox-
ide) precluded the application of this methodology to the
synthesis of other complex, fine chemical products. We thus
became interested in the use of other aminating agents such
as Chloramine-T, (p-CH;C¢H,SO,NCI)-Na*-3H,0, and or-
ganic azides, R N, for the synthesis of organic compounds
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such as aziridines and
CH3 allylammines, starting
from olefins, and of
amines and Schiff ba-
ses, starting from satu-
rated hydrocarbons. It
turned out that the best
catalysts for these re-
actions are the por-
phyrin derivatives of
transition metals.
These compounds ha-
ve been succesfully
applied in catalytic oxi-
dation reactions [2].
On the other hand,
amination reactions
with reasonable good
results have only been
obtained until recently
by using [N(ptolylsu}
fonyl)imino]phenyliodinane, PhI=NTs (Ts=SO,CgH,CH3-p),
and related derivatives as the nitrogen source [3]. However,
this is in reality an amidation reaction, since these reagents
can only be obtained starting from the corresponding sul-
fonamides. Metalloporphyrins are fascinating compounds
from several points of view (Figure 1).

The synthesis and applications of metallo-porphyrin deriva-
tives in catalytic reactions, was initiated having in mind the
modeling of heme-containig enzymes which were able to
catalyse various oxidation reactions [2]. For example cy-
tochromes P450 react with single oxygen atom donors
such as hydrogen peroxide with the intermediate formation
of oxo ferryl complexes, which are the active species in the
catalytic cycle and are formally equivalent to the FeV=0
system. This system could be a (porphyrin radical
cation)Fe'V=0 or a (porphyrin)Fe!V=0 complex with a free
radical derived from a one-electron oxidation of a protein
aminoacid close to the heme [2].

On considering that the oxo, M=0O, imido, M=NR, and car-
bene, M=CR,, species are isoelectronic, it is not surprising
that metallo-porphyrin derivatives have been subsequently
employed as shuttles of nitrene and carbene species to the
substrate, from precursors such as PhlI=NTs and diazoalka-
nes. The use of PhI=NTs as aminating agent is very popu-
lar and originates from the

Figure 2 - Structure of the bridged
nitrene complex, Fe'(TPP)(NTs)CI

trene of PhI=NTs to alkenes or alkanes could be a FeV-ni
trene complex, which has been never isolated nor charac-
terised in situ. The only species that could be isolated was
the bridged nitrene complex reported in Figure 2, resulting
from the insertion of the N-tosyl moiety into a Fe-N bond of
Fe(TPP)CI. This species is a dead form of the intemediate
active species, since it does not react with an olefin such as
cyclooctene [4a]. However it is still active in catalysing
alkene aziridination by PhI=NTs, and presumably under the
catalytic conditions it is in equilibrium with the terminal,
FeV-nitrene complex. Although the X-ray crystal structures
of OsV(TPP)(NTs), [5] and of OsV(TPP)(NCgH,NO,-p), [6]
are known (both showing terminal imido ligands), the corre-
sponding ruthenium complex, RuV(TPP)(NTSs),, has been
reported without the crystal structure determination [3].

At room temperature, this last compound reacts readily with
styrenes and norbornene to give the corresponding
aziridines in stoichiometric reactions. Ruthenium(1V) para-
magnetic mono nitrene complexes, Ru(TBPP)(NR)
[TBPP=dianion of 5, 10, 15, 20-tetrakis(p-ter-butylphenyl)
porphyrin; R=p-XCgH,, X=Me, H, CI, I], have also been re-
ported without the crystal structure determination [7].
Interestingly, they undergo facile imido transfer reactions
with tertiary phosphines to give the corresponding phos-
phinimines, but no reaction was observed with alkenes.
Electronwithdraving groups in the R substituents accelerate
the reactions with phosphines. It seems, thus, that in the
case of ruthenium complexes, the nitrene ligand must be
activated by another imido ligand in the trans position or by
a base like a phosphine, in order to have imido transfer re-
actions. However, the situation is more complex. By reac-
tion of p-NO,CgH,4N5; with Ru(TPP) (CO) in toluene, we
have isolated the mono imido complex, Ru(TPP)(CO)
(NCgH,4-NO,-p). This derivative proved to be very reactive,
and attempted crystallizations from tetrahydrofuran, gave
an immediate reaction with the solvent (Equation 1):

Ru(TPP)CO(NCgH,NO,-p) +
+2 THF ® 2 Ru(TPP)(CO)(THF) +
+ p-NO,CgH,N=NC¢H,NO,-p 1)

This complex readily reacts also with alkenes (Figure 3).

More investigations are at the moment necessary, in order
to clarify the conditions by which a ruthenium-imido species
becomes reactive. One final point should also be consid-

good results obtained by
using PhlO as the single
oxygen atom donor. Sev-
eral nitrene complexes of
transition metal porphyrin
derivatives have been iso-
lated and characterised
by X-rays. Of these, the
iron(lll) complex, Fe(TPP)
(NTs)CI (TPP=dianion of
the meso-etraphenylpor-
phyrin) requires some
comments (Figure 2) [4].

The active intermediate in

N
~Np..”
Ru(TPP)CO + p-NO,CeH4N; —> (N/1§“\ >

4. O

T OO

the iron porphyrins catal-
ysed transfer of N-tosy! ni-

Figure 3 - Stoichiometric reactions or Ru(TPP)(CO) (NCgH,NO,-p) with cyclohexene
and cyclooctene to give the corresponding allylamine and aziridine respectively
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ered. In transition metal porphyrin complexes, usually the
metal lies in the plane of the porphyrin ring, a situation
which by steric reasons favours a trans coordination of the
entering ligands. Thus, in reactions like those reported in
Figure 3 we should think to an external nucleophilic attack
of the olefin to an electrophilic nitrogen atom of the imido
ligand. This seems to be the case, since in the catalytic am-
ination reactions of olefins with organic azides (see later),
we have observed a reactivity which follows the order:
p-N O,C¢H,N;>p-CICH,N;>p-OMeCgH,N;.

However, highly substituted porphyrin derivatives exhibit
significantly distorted, non planar conformation in the solid
state, and chelating ligands can adopt a cis coordination at
the metal centre. In early transition metal porphyrin deriva-
tives, incorporation of small ions causes the porphyrin ring
to ruffle to reduce the hole size and a cis coordination even
of non chelating ligands can be observed [8].

Thus, labile intermediate species having this type of coordi-
nation cannot be excluded even for late transition metal por-
phyrin derivatives,
particularly when the
metal is in a high oxi-
dation state.

CH;

Hj

Catalytic reactions

CH

Comparison of the cr }
aminating agents

Tosylimino iodobenzene, PhI=NSO ,CzH,CH3-p, and relat-
ed derivatives, can be obtained by oxidation of Phl with per-
acetic acid, to give PhI(OAc),, and its subsequent reaction
with the arylsulfonamides (Equation 2).

KOH
PhI(OAc), + ArSO,NH, ——> PhI=NSO,Ar + AcOK  (2)

Thus it is not a reagent readily available and moreover it is
a polymer, with [---eeeee N OF [eeeeeeeee O bridges, insoluble in
the common solvents. This creates some problems, partic-
ularly for conducting experiments with a controlled quantity
of reagents in solution. Chloramine-T, (p-CH;CgH,SO,NCI)-
Nat*-3H,0, has the structure reported in Figure 4.
Centrosymmetric dimers result from the bridging of sodium
by water and from intradimer hydrogen bond (dotted lines).
In addition, the sixth coordination site on each sodium is
filled by the chlorine of an adjacent dimer (dashed lines).
Thus, the best description of Chloramine-T is that its struc-
ture is close to that depicted in B rather than its more com-
mon representation A.

- Na'

(R Na® ?

H C—< >— —N_ H3C—< >— =

’ (ﬁ) \Cl (ﬁ) 1\KCI
A B

Chloramine-T is an inexpensive and commercial product,
which can be redily obtained by reaction of tosylsulfon-
amide with NaClO, and it is formally the nitrogen analogue
of sodium hypochlorite. However, not only it is rather insolu-
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Figure 4 - Portion of the structure of Chloramine-T

ble in the common solvents, but also it crystallizes with
three molecules of water and the catalytic reactions can be
altered by the presence of humidity. This reagent can be
dried by heating at 100 °C or by vacuum pumping in the
presence of P,0O,q, but it should be kept in mind that it can
explode [9]. We have eliminated all these problems by us-
ing an appropriate tetraalkylammonium salt of Chloramine-
T [10] (Equation 3).

CHj
®3)
0o CH;
o=ﬁ—o'Na*- 3H0 + H;C--IIIL-(CHz)wCHa ch2C> 0='S|—0' H3C—I]“"(CH2)15CH3+3 H0 +NaCl
Cl/N CH;

Of course, wih both tosyilimino iodobenzene and Chlo-
ramine-T only a tosylimino residue can be transferred to the
substrate. The same happens when using tosylazide, p-
CH3CgH,SO,N3, as aminating agent. However, the family
of the organic azides is very wide [11], and with these
reagents real amination reactions can be re-
alized. Even this class of compounds can be
dangerous, particularly the aliphatic deriva-
tives. The aryl azides as a class are reported
to detonate if heated at temperatures higher than 100 °C,
and should be treated as potentially liable to detonate, par-
ticularly in the presence of heavy metals or acids. For these
reasons we avoided in general the use of liquid azides,
which require a distillation for their purification.

The literature concerning the use of tosylimino iodoben-
zene and related derivatives as aminating agents is so
abundant, that a rather long review should be necessary for
an appropriate discussion of their catalytic amination reac-
tions. In the following, we will mention them only when rele-
vant for the discussion. The reader interested in this subject
can find in [6] and [7] and in the reported literature, some of
the most recent and relevant results obtained in this field.

Chloramine-T and related derivatives
as aminating agents of olefins

The use of Chloramine-T as aminating agent of olefins has
been mainly developed by Sharpless group. Anhydrous
Chloramine-T reacts with selenium metal to give a reagent in
solution which probably is the bis-imido compound, Se(NTs),
[9a]. It reacts with olefins to give allylic sulfonamides, and re-
lated sulfur species also effect allylic amination of olefins. Al-
lylic amination and 1,2-diamination of mono and dienes with
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a modified diiminoselenium reagent have also been carried
out by replacement of the insoluble Chloramine-T with the
more reactive and entirely soluble dichloroamine derivative,
NsCl, (Ns=2-nosyl=0-NO,CzH, SO,N) [12]. The use of the
dichloroamine derivative resulted in a substantial process im-
provement. The stoichiometric reactions of several hydrocar-
bon substrates with an iron(Il)chloride-Chloramine-T com-
plex prepared in situ in anhydrous conditions, have been
studied [13]. Tosylamination of adamantane and chlorination
of mesitylene proceed in good yield, while naphthalene gives
N,N’-bis(toluene-p-sulfonyl)-1,4-naphthoquinone diimine. A
variety of olefinic substrates undergo both cis and trans-addi
tion to the double bond as well as allylic functionalisation.
Aziridination of alkenes proceeds succes-
fully in moderate to good yields, using an-
hydrous Chloramine-T in acetonitrile in
the presence of various copper(l) cata-
lysts [14] (Equation 4).

Ts
|
R R; CH,eN R N R
>=< + (NCYNa' ~ o>
R Ry R; R4
2 25° C
o

The reactions are carried out in the pres-
ence of 5A powdered molecular sieves,
and CuCl proved to be the best catalyst. RO lf
The aziridination of trans-beta-methy} Cl
styrene proceeds stereospecifically to give

the trans aziridine isomer. Chloramine-B (C¢H,SO,NCI)-Na*
and the 4-nosyl derivative (p-NO,CgH, SO,NCI)Na* have al-
so been used. Anhydrous Bromamine-T (TsNBr)-Na* was
shown to be a superior source of nitrene compared to Chlo-
ramine-T in the copper catalysed aziridination of olefins in
CH;CN with 5A powdered molecular sieves [15]. The en-
hanced reactivity could be due to weaker nitrogen-bromine
bond (weaker than nitrogen-chlorine) facilitating the forma-
tion of a copper-nitrenoid complex. With CuCl as catalyst, the
aziridination of cyclohexene and styrene, which is carried out
in 5 and 31% yields respectively with Chloramine-T, is im-
proved with Bromamine-T giving the products in 55 and 48%
yields. However, it has been recently reported that
phenyltrimethylammonium tribromide (PhNMe;*Bry-, also
known as PTAB) provides good to excellent yields of
aziridines across a wide range of olefin classes, with Chlo-
ramine-T in acetonitrile [16].

Thus the role of bromine in the aziridination reaction with
Bromamine-T could be more complex than supposed. By
using CuOTTf as catalyst in the aziridination of alkenes in
CH4CN, in the presence of the n-pentylimine of pyridine-2-
carboxaldehyde as ligand, hydrate Cloramine-T could be
used, and even in the absence of molecular sieves good
yields (45-75%) have been obtained [17]. The reaction is
slow (three days at room temperature). Tosylamide, TSNH,,
was the main by-product (12-25%).

In spite of the presence of water and of the possible hydrol-
ysis of the supposed copper-nitrene intermediate complex
to give a metal-oxo species, no epoxide was observed
among the products. However, with cyclohexene as the
alkene the allylamine becomes the most abundant product

R
(TsNC)Na' - 3H,0 + E
R

(22%), together with the aziridine (8%), while the obtained
TsNH, was 64%. In the amination of tetraline, 46% of the
tosylamidation product in the alpha position was obtained,
with 54% of TsNH,. It is rather peculiar the reason by which
the n-alkylimine of pyridine-2-carboxaldehyde has been
used as ligand. It has been supposed that it could be a bet-
ter ligand than for example 2,2’-bipyridine for copper(l),
since this happens for iron(ll) [18]. Vicinal, cis-oxyamination
of olefins by Chloramine-T hydrate has been effected in
good yields by using OsO, as catalyst, at 60 °C and with a
substrate to catalyst ratio of 100 [19] (Equation 5).

Probably, the imido derivative OsO3(NTSs) is formed in situ.
The procedure has been improved by conducting the reac-

HO R
1% OSO4

—_— + NaCl (%)

TsN R

tions in the presence of a phase transfer cata-

“) lyst [20a]. The osmium-catalysed oxyamina-
tion of olefins has also been carried out in
+ NaCl good yields by using N-chloro-N-argento car-
bamates generated in situ as aminating
H
R |
1% OSO4 Rl/o\'rN R
+ ANO; + | CH;CN/ H,0 o (6)
R room T HO R

agents [20b] (Equation 6). The asymmetric aminohydroxyla-
tion of olefins in good yields and with high e.e. (70-80%) has
been carried out by the Sharpless group by using Chlo-
ramine-T hydrate and K,0sO,(OH), as catalyst, with ligands
based on dihydroquinidine-phthalazine and dihydroquinine-
phthalazine [21]. Smaller substituents on nitrogen facilitate
the asymmetric aminohydroxylation of olefins [22]. By using
anhydrous Chloramine-M, (CH;SO,NCI)-Na*, higher enan-
tioselectivities, higher regioselectivities and better chemose-
lectivity (which principally means suppressing formation of
the vicinal diol, sometimes a significant by-product) have
been obtained. Methanesulfonamide is the major by-product
and it is easily removed. Alpha, beta-unsaturated amides
gave only racemic products in the reaction with Chloramine-
T, K,0s0,(0OH), as catalyst and optically active ligands, but
afforded excellent reactivity, giving high yields of the hydrox-
ysulfonamide products, whether or not ligand was added
[23]. Thus a ligand independent aminohydroxylation of alpha,
beta-unsaturated amides was carried out, with only 1% mol
of catalyst, 1.2 equivalents of (TsNCI)-Na*-3H,0, in
CH;CN/H,0. Catalytic, asymmetric aminohydroxylation with
amino-substituted heterocycles as nitrogen sources has
been investigated, for the direct introduction of biomedically
relevant heterocyclic substrates to olefins

[24]. The enantioselective procedure forthe  CI\_ . +
vicinal addition of a hydroxy group and N Na
amino-substituted heterocycles to olefins, )\
makes use of K,0s0,(OH), in the presence N~ N
of dihydroquinidine or dihydroquinine as cat- I\/Il
alyst, and of compounds such as C and re-

C

lated derivatives as aminating agents. Very
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high e.e. have been obtained. With
the exception of the OsO, catalysed
hydroxyamination reactions of olefins
with Chloramine-T, for which the inter-
mediate formation of osmium-oxo-imi-
do species is supported by the syn-
thesis and properties of trioxoalkylimi-
do and dioxobisalkylimido osmium
(VIII) derivatives, the nature of the ac-
tive species can only be supposed,
without experimental evidences. On
the other hand, as discussed in the in-
troduction, porphyrin complexes of
transition metals are likely candidates
to give nitrene complexes by reaction
with the proper precursor. In fact, by
reaction of Fe(TPP)CI with a te-
traalkylammonium salt derived from
Chloramine-T (see introduction) we
have isolated the bridged nitrene

complex, Fe(TPP)(NTs)CI [10] (see Figure 2). We have then
carried out a study of the amination of aliphatic olefins with

Science and Technology

Table 1 - 2Calculated with respect to the
starting ammonium salt of Chloramine-T.
bReaction carried out for one hour, at reflux
in dry CH,CI, (2 ml), with the olefin
(5.5-7.5 ml), the aminating agent and

the catalyst in a 2000:20:1 ratio

Olefin Product Yield%a. b
Fe(TPP)CI Mn(TPP)CI

Cyclohexene allylamine 18.7 221
a-chloroamine 13.5 16.8
cyclooctene allylamine 7.2 9.2
aziridine 8.5 10.3
a-chloroamine 5.4 8.1
cyclopentene allylamine 15.4 19.1
a-chloroamine 5.2 6.1

the alkylammonium salt derived from Chloramine-T, catal-

ysed by M(TPP)CI complexes (M=Fe, Mn) (Equation 7).

The reactions were not selective since mixtures of products

were in general obtained with cyclic olefins (Table 1). The
most important by-product of the reactions was TsNH, (40-

H;

[N(CH:)J(CHz)lscm]*o=ﬁ—0‘ + O

NCl

50%), even if the reactions were con-
ducted in dry solvents, in the pres-
ence of molecular sieves and under a
dinitrogen atmosphere.

By using the bridged nitrene complex,
Fe(TPP)(NTs)CI as catalyst in the
amination of cyclohexene, no reaction
was observed after 24 hours. The al -
pha-chloramine derivatives are prob-
ably derived by attack of the chloride
ion of the alkylammonium salt present
in solution to an intermediate aziri-
dine. It is known that this reaction is
favoured by electronwithdraving
groups present as substituents at the
nitrogen atom of the aziridine, and in
fact the preformed aziridine of cyclo-
hexene by reaction with the tetraalky-
lammonium salt derived from Chlo-
ramine-T in CH;CN and in the pres-
ence of Mn(TPP)CI or in the absence

Chimica & Industria - Ottobre 2000

Hs Hs

M(TPP)CI
CH,Cl,
reflux NH NH

@ d |

)

M @

0=§=0 + 0=§=0+* [N(CH:)x(CH):sCH] Cl

of any catalyst, gave the 1-
chloro-2-sulfonamide de-
rivative. On considering
that the intermediate aziri-
dine is at least in part con-
verted into the correspond-
ing alpha-chloramine,
we can conclude that the
yield of the products were
comparable to those ob-
tained by using tosylimi-
no iodobenzene deriva-
tives as aminating agents
[25]. Good results have
been obtained by using
Ru(TPP)(CO) as catalyst
in refluxing cyclohexene.
The allylamine has been
obtained in 67.2% yields,
with 7.1% of the aziridine

and 18.5% of TsNH,. The same catalyst gave with styrene
in refluxing benzene 34% of the corresponding aziridine.

Organic azides as aminating agents of hydrocarbons

The first report on the use of organic azides as aminating
agents of olefins deals with the catalytic decomposition of

benzenesulfonyl azi-

de in cyclohexene

solution at 84 °C, in
(7) the presence of cop-
per powder [26].
A complex mixture
of products was ob-
tained: the amide
(837%), the aziridine
(15%), the enamine
(17.5%) and the ally-
lamine (3%). No re-
action was observed

Figure 5 - Synthesis of N-trifluoroacetyl aziridine

of cyclooctene starting from Mn(TPP)N; and TFFA
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in the absence of copper and inter-
mediate copper-azide and copper-ni-
trene species were suggested.

On the other hand, Groves first re-
ported the use of an azido-mangane-
se(lll) porphyrin system, Mn(TMP)N4
(TMP=meso-tetramesitylporphyrin
dianion) for the stoichiometric synthe-
sis of N-trifluoroacetyl aziridine of cis-
cyclooctene with trifluoroacetic anhy-
dride (TFFA) [27] (Figure 5).
The key point is the irradiation of the Co(TPP)

azido complex in benzene, which af- Co(p-OMeTPP)

Catalyst

fords a nitridomanganese(V) por- Co(OEP)d
phyrinato complex 1, which by reac- Co(m-MeTPP)
tion with TFFA gives an acylimido Ru(TPP)CO
manganese(V) trifluoroacetate deriv- Ru(OEP)COd

ative 2. Compound 2 is the crucial in-

termediate able to transfer the imido

ligand to the olefin. Overall, this sequence of reactions cor-
responds to the aziridination of cyclooctene by CF;CONs.
Other nitridomanganese(V) complexes with Schiff bases as
ligands were later used for the amination of electron-rich
olefins, such as ketone silyl enol ethers to give the corre-
sponding N-trifluoroacetylated alpha-amino ketones, of gly-
cal substrates to give 2-amino sugars and of styrene to give
the N-trifluoroacetyl amino alcohol [28].

The reaction of arylazides with chromium(ll) porphyrin com-
pounds leads to the production of paramagnetic imido com-

PhMeS=NTs

</ \N+ "NTs
MoO(Endtc), + { = — > MoO(NTs)(Etydic),

PhI=NTs

\_TsN=Ri=N

plexes, Cr'V(TPP)NAr, susceptible to hydrolysis to give
CrlV(TPP)O [29]. These complexes undergo reaction with
PPh3, benzaldehyde, CS, and styrene leading to transfer of
the imido group. With styrene the corresponding aziridine is
formed. In a report by Holm, several compounds were
found to function as imido group donors to a N,N’-diethylditi
ocarbamate complex of molybdenum [30] (Equation 8).

Of these, PhI=NTs gave with styrene 96% yield of the corre-
sponding aziridine, in few minutes at 25 °C, by using 5 mol %
of CuOTf as catalyst , TsN; gave only 12% of the aziridine
after 12 hours at 65 °C, while the other two compounds gave
no reaction [31]. Thus tosylimino iodobenzene was the pre-
ferred reagent to be used as aminating agent of olefins. By
using TsNj in refluxing cyclohexene to give the allylamine
and with several tran-

Table 2 - @Amination in cyclohexene t
reflux with TSN to give the allylamine;
catalyst/azide=1/20. PTime required for the
complete consumption of the azide.
¢Calculated with respect to the starting azide.
dOEP=dianion of beta-octaethylporphyrin

Table 2. Ru(TPP)CO pro-
ved to be the best catalyst
and in these conditions the
yield of the allylamine was
quite satisfactory. In the al-
lylic amination of cyclohex-
ene, by using Ru(TPP)CO
as catalyst in CH,CI, atre-
flux, with molar ratios cata-

allylamine  p-toluenes lyst/ aminating agent/cyclo-
................ ey .. ulfonamide(’)®  hexene=1/20/2000,acom-
2.75 375 27.0 parison of the aminating
23.6 37.2 ability of the tosyl deriva-

229 36.9 tives has confirmed the su-

26.3 24.6 perior performance of

57.8 34.5 TsN=IPh (Table 3). Howew

15.4 37.9 er, in our hands other aro-

matic azides proved to be
efficient reagents not only
for the amination of olefins, but also of saturated C-H
bonds, by using transition metal porphyrin derivatives as
catalysts (see later). In particular, p-NO,CgH,N; was very
effective. In the amination of cyclohexene used as solvent
to give the allylamine, with a catalyst/azide ratio of 1/50,
Co(OEP) and Ru(TPP)CO catalysed a complete conver-
sion of the azide in ca. one hour to give the product in 61%
yield, with p-NO,CgH,NH, as the main by-product [32]. In
the blank experiment, only the corresponding aziridine was
slowly formed and in low yield. With other olefins such as
styrene and alpha-methylstyrene and with
Ru(TPP)CO as catalyst, the formation of the corre-
sponding aziridine in ca. 90% yield was observed.
In the reactions catalysed by Ru(TPP)CO, the inter-
mediate formation of a ruthenium(lVV) mono nitrene
complex is likely (see Figure 3). However, the forma-
tion of a ruthenium(VI) bis nitrene complex can not
(8)  be excluded [3, 32]. In the case of the cobalt-catal-
ysed reactions the situation is more complex. The re-
action between Co(TPP) and p-NO,CgH,N3, was run
in a NMR tube and signals attributable to [Co(TPPL
(p-NO,CgH4N=NCgH,NO,-p) were observed. Attempts to iso-
late and characterise this complex were unsuccesful because
of the easy decoordination of the diazene moiety. Moreover,
reactions of p-NO,CgH,N; with cis and trans-3-heptene catal-
ysed by Ru(TPP)CO gave the corresponding cis and trans
aziridine respectively, although in low yields*. When the sa-
me reactions were carried out by using Co(TPP) as catalyst,
mixtures of the aziridines were obtained and in very low yield.
This seems to suggest that the intermediate ruthenium-ni-
trene complex gives a concerted reaction with the olefin,
without the formation of radical species (Equation 9).
We have carried out a kinetic investigation on the reaction
leading to the allylamine from cyclohexene and p-NO,Cq4
H,N5, catalysed by Co(TPP). The reaction was followed by

sition metal porphyrin Rig e

derivatives as cata- R R, ©)

lysts, we obtained the N R; N—R [

results reported in <N\ /N> R, R; <N\R“/N (N\RU/N> Ry R;
U, + >=< E—— _— + >§ 7<

* M. Pizzotti, S. Quici, per- N<_>N R Ry N/| \N N/| \N Ry ’i‘ Re

sonal communication. co co co R

Chimica & Industria - Ottobre 2000



Science and Technology

IR spectroscopy and it is first order in all the regents. The
kinetic data indicates the existence of a reversible pre-equi-
librium followed by a slow reaction and allows to exclude
the slow, irreversible formation of an imido intermediate, fol-
lowed by a fast reaction with the olefin. One possible reac-
tion scheme is reported in Figure 6.

Works are in progress in order to clarify the nature of the
reaction intermediates. By using Co(TPP) as catalyst in the
amination in toluene as solvent of cyclohexene, we have
observed that even small amounts of the Schiff base de-
rived from benzaldehyde and para-nitroaniline were also
formed. It soon became clear that the benzylic group of
several hydrocarbons can be readily aminated with p-
NO,CgH,N; and Co(TPP) as catalyst. An example is report-
ed in Equation 10.

Co(TPP) Co(TPP)

AN; + PhCH; e
3

PhCH,NHAr

2

The first product is the benzylic, secondary amine. When
the benzylic carbon does not bear a second hydrogen atom
as in isopropylbenzene, the reaction stops at this stage.
When a second hydrogen atom is present the reaction fur-
ther proceeds, and a second molecule of the azide oxidises
the amine to the corresponding Schiff
base (Equation 9). We have confirmed
this behaviour with compounds such as
ethylbenzene, fluorene, sec-butylben
zene, tetrahydronaphthalene and dihy-
droanthracene. The catalytic amination
of saturated C-H bonds is a reaction
which has few precedents in the litera-
ture and it is of high synthetic value.
Very recently it has been reported that Ru(TPP)(NTs), and
related derivatives reacts in a stoichiometric way with
adamantane, ethylbenzene and cumene to give the corre-
sponding amides in good yields [3b]. With a chiral man-
ganese(lll)porphyrin complex the catalytic aziridination and
amidation of styrene-type substrates with PhI=NTs has
been realised with enantiomeric excess ranging from 43 to

R

X

(R=H; CHs)

PhCHNAr + ArNH; + N,

+ N,CHCOOEt

Table 3 - 2Amination of cyclohexene to give the
allylamine, Ru(TPP)CO as catalyst in CH,Cl, at reflux;
catalyst/aminating agent/cyclohexene=1/20/2000.

bCalculated with respect to the starting amount

of aminating agent

TsN=IPh
39.9

Aminating agent
Yield (%)

TsN3
16.5

(TSNCI)-(NR'Rs)*
25.7

68% [33]. The asymmetric amidation of saturated C-H
bonds of ethylbenzene and ethylnaphthalenes with 45-58%
e.e. has also been realised with chiral ruthenium(ll) and
manganese(lll) porphyrin derivatives as catalysts [3c].

To the best of our
knowledge, those re-
ported in this review
are the only exam-
ples of amination reactions in which a cobalt(Il)-porphyrin
catalyst has been successfully employed. We briefly also
mention that these complexes are good catalysts even for
the cyclopropanation reactions of styrene and alpha-methyl
styrene, with ethyldiazoacetate (EDA) (Equation 11).

COOEt

(10)

R

Co(p-OMeTPP)

o

(11)

In CH,CI, at reflux, with catalyst/EDA/olefin ratios of
1/100/500, a quantitative conversion of EDA has been ob-
served in 6-7 hours, with formation of the cyclopropane de-
rivatives in a trans/cis ratio of ca. 80/20. In these reactions,
porphyrin derivatives of ruthenium have been already em-
ployed as catalysts [34], while cobalt complexes with lig-
ands different than porphyrins have only been used [35].

i
N
I
N+
L-
I KegNs 1 ki 1
Co+ AIN3*——— Co - » Co+
cicloexene,” N,
k2
-N
N——=N slow 2
Q>
Ar—N Ar
S |
N—Ar Ne
deactivation LI I

Co ——————» Co

R=K¢q[ArN;][Co]tot(k; [olefin] + k)

o

'+

Conclusions

In this report we have discussed the use of
reagents such as Chloramine-T and organ-
ic azides in the amination reactions of un-
saturated and saturated hydrocarbons,
catalysed by metallo-porphyrin derivatives.
When relevant, a comparison has been
made with the related amidation reactions,
where imido precursors such as Arl=NTs
have been used. We like to emphasize
that the use of organic azides as aminating
agents, considerably expands the number
of organic products that can be catalytical-
ly obtained by this methodology, which can
find interesting applications in the field of
fine chemical syntheses.

secondary
products

u

Figure 6 - Possible reaction scheme for the allylic amination
of cyclohexene with p-NO,CgH,N; catalysed by Co(TPP)
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Formazione del legame carbonio-azoto
catalzzata da metallo-porfirine

Nellarticolo vengono discusse le reazioni di ammidazione e di
amminazione di idrocarburi saturi ed insaturi catalizzate da
metallo-porfirine. Viene ampiamente illustrato I'impiego di azidi
organiche, ArN3, Cloramina-T, (p-CH;CgH,SO,NCIyNa*, e
suoi derivati come agenti amminanti, mentre I'uso di tosilimmi-
no derivati, ArSO,N=IPh, € preso in considerazione solo nei
casi appropriati. Possibili intermedi per questo tipo di processi
vengono discussi considerando la natura dei prodotti che si ot-
tengono per reazione degli agenti amminanti stessi con de-
rivati metallo porfirinici.
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