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Abstract

Labile iron complexes (e.g., [Habpy) ]3ten, [FE' (bpy)alZhen: [FE" (H20)6]3cn, and [Fé (H20)6]25 ) in base-free acetonitrile ac-
tivate dioxygen for the direct oxygenation NfN- and N-alkylated amines to fornN-dealkylated products and corresponding aldehydes.
N,N-dimethylaniline (DMA) is oxidized tdN-methylaniline (MA) and formaldehyde as well as Kbmethylanilide. Formaldehyde and
the excess of substrate undergo condensation reaction to produceetdhlenebidy,N-dimethylaniline) (MBDME). Small amounts of
N-methylformanilide (MF) and formanilide are also formed during oxidatioNgf-dimethylaniline andN-methylaniline respectively.
Iron(lll) catalysts are reduced by the substrate to iron(ll), which activates dioxygen. Dioxygen activation step is preceded by the equilibrium
reaction between iron(ll) catalyst and substrate.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction dealkylation processes, dioxygen as a direct oxidant has
been little studied5b,j,k,n].

Oxidations of amines are of considerable biological sig- In spite of the large number of studies important uncer-
nificance. Amines occur as amino acids, neurotransmitterstainties over the mechanism of oxidatidealkylation
and as components of the diet. Amine moieties are commonby cytochrome P450 still persig8]. One mechanism sug-
in drugs and other xenobiotics ingested into the bfidy gests thatN-dealkylation involves a classical hydrogen
N-dealkylation is a convenient method of degrading rich atom transfer (HAT) - hydroxyl recombination sequence.
molecules, often with the result that they are transformed The other one assumes that tNedealkylation process is
into more polar entities that are excreted from the body initiated by abstracting an electron from the amine (single
due to enhanced solubility. Moreover, an unprecedentedelectron transfer (SET)). Recent repdRg,9] postulate the
mechanism of DNA alkylation damage repair by oxida- direct oxygen atom transfer from metal-dioxygen adduct
tive demethylation process has been recently describedto organic molecule in the concerted C—H insertion mech-
[2]. Therefore, the reaction attracts a lot of attention and anism. It includes the involvement of dioxygen adducts
several heme-proteins such as P-450 and peroxid@es either (peroxo)diiron(lll) or di(oxo)diiron(lV) as reactive
and non-heme iron proteinfgl] like lipoxygenases have intermediates that first hydroxylate the C-H bonego
been used as catalysts for the reaction. A number of modelthe nitrogen affording theN-demethylated product and
systems ofN-dealkylation by means of chemic{gh,j,5] corresponding aldehyde or ketone as a final product.
(including ligand dealkylation in a catalyst compl&t-z]), In our previous studiefbk] we have found that in ace-
electrochemica[6], and photochemicdl7] methods have  tonitrile [Cd'(bpy)](ClIO4), activates dioxygen via the
also been studied. These model reactions are often perteversible formation of a:.-dioxygen complex. The com-
formed with various alternative oxygen sources including plex dehydrogenates (oxidize®y-methylanilines to give
iodosobenzene and hydroperoxides in the presence of apformaldehyde and the demethylated aniline. The reaction
propriate iron or other metal complexes. Except for ligand is first-order with respect to the concentrations of catalyst,

dioxygen, and substrate. When hydrogen peroxide is used
mspon ding author. Tek:48-17-865-1656; as the oxidantN-methylamides are also present among
fax: +48-17-854-9830. the products. The [Cbpy)]?t/0, complex does not re-
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(C-H bond energy,AHpge = 73kcalmotl) remains in an aqueous tetramethylammonium chloride solution that

unchanged in the reaction mixture after 72h. The ab- was adjusted to give a potential of 0.00 V versus SCE.
sence of any activation by [d¢bpy)]>+ for oxidation of The latter was contained in a Pyrex tube with a cracked
1,4-cyclohexadiene by dioxygen indicates that the reactive Soft-glass tip, which was placed inside a Luggin capillary
species formed in the system are unable to abstract ever{12]. The UV-vis spectrophotometric measurements were
weakly bounded hydrogen atoms. In contrast, the oxidation made with a Hewlett-Packard Model HP-8453 diode array
of N-methylanilines AHpge for the C—H and N-H bonds is ~ rapid scan spectrophotometer.
about 90-95 kcal mott) appears to occur by the removal of
two hydrogen atoms in a single step. The first-order depen-2.2. Chemicals and regents
dence of the reaction rate with respect to the catalyst, dioxy-
gen, and substrate concentrations is consistent with substrate The reagents for the investigations and syntheses were
binding to [Cd' (bpy)]2* in an initial reversible step, which the highest purity commercially available and were used
is followed by the formation of the:-dioxygen reaction without further purification. The solvent for all of the exper-
complex. The later facilitates the almost concerted removal iments was Burdick and Jackson “distilled in glass” grade
of two hydrogen atoms from each bound substrate to form acetonitrile (MeCN, 0.002% $0). High-purity argon gas
demethylated aniline, formaldehyde and water molecules. Was used to deaerate the solutions. Tetraethylammonium
The lack of reactivity for aniline andN-phenylaniline perchlorate (TEAP, GFS Chemicals) was dried in vacuo over
is consistent with this proposition. The presence of sec- CaSQ for 24 h prior to use. Iron(ll) and (lll) perchlorates,
ondary product - 4/4methylenebid(,N-dimethylaniline)  F€'(ClO4)2-6H20 (99+%) and Fé' (CIO4)3-9H,0 (99+%)
(MBDMA) - formed in the consecutive reaction between Wwere obtained from GFS Chemicals. The organic substances
N,N-dimethylaniline and formaldehyde confirms the sug- included: 2,2bipyridine (bpy, 99+ %), aniline [GHsNHz,
gested dehydrogenation pathway. 99.5 + %] N,N-dimethylaniline [DMA, GHsN(CHs)z,

Our recent studies have indicated that redox properties of 99.5+ %], N-methylaniline [MA, GHsNH(CHs), 99+ %],
iron catalyst have crucial role in the oxidation of hydrocar- N.N-diethylaniline [DEA, GHsN(CzHs)2, 99 + %],
bons by dioxygen and hydrogen peroxide. Labile iron(lll) N-ethylaniline [EA, GHsNH(CzHs), 98%], N-methylfor-
complexes in base-free acetonitrile are reduced by cyclo-manilide [MF, HCON(CH)CeHs, 99%], formanilide
hexene even in the presence of dioxyde@], and also by ~ [HCONHGCsHs, 99%], 4,4-methylenebid{,N-dimethylani-
hydrogen peroxidg11]. Therefore, we have undertaken line) (CH2[CeHaN(CHs)2]2 98%), biphenyl (PhPh, 98%),
the investigations on oxidation oN,N-dimethylaniline ~ and diphenyl diselenide [PhSeSePh 98%] were obtained
and other alkylated anilines by dioxygen, air, and hydro- from Aldrich.
gen peroxidg catalyzed by sczaveral labile iron %omplexes (C%n')thesis ofI[Fe” (MeCN)4] (g'gh)zi ;r'hle [Fé' (MeCIIN)4]_

Fell bpy) 213t~ Fe! (bpy)212E~nis Fll (H20)6]3E ~ns 1)2 complex was prepared by multiple recrystallizations
E[Feu (Hzpoy)el]z“iec“‘) ir[] acetfzitr]im‘fm [ Wecw o 1P (H,0))(CIOR) from MeCN[13,14]

MeCN Iron(11) bis(2,2"-bipyridine): The [Fé' (bpy)2]&Ecy com-

plex was prepared in-situ by mixing [E@MeCN)](ClO4)2
in MeCN with a stoichiometric ratio of bipyridine. The other

2. Experimental metal complexes were prepared in situ by mixing the cor-
responding salt with stoichiometric ratios of ligand in ace-
2.1. Equipment tonitrile.

The reaction products were separated and identified with 2.3, Methods
a Hewlett—Packard 4890A Series gas chromatograph (GC)
equipped with an HP-1 capillary column (cross-linked  The appropriate amounts of metal salt and ligand were
methyl-silicone-gum phase, 12 0.2mm i.d.) and by combined in acetonitrile followed by the addition of sub-
gas chromatography—mass spectrometry (MS) (Agilent strate (1 M) (total volume= 5ml). The solution was sat-
Technologies 6890N gas chromatograph with 5973N urated with dioxygen (@ 1atm) or air (@, 0.2atm) or
mass-selective detector). A three-electrode potentiostathigh-purity argon gas (€ 0 atm). The reaction cell (25 cn
(Bioanalytical Systems Model CV-50W) was used to record vial with cut-out cap and Teflon-faced septum) had a 20-ml
the cyclic voltammograms (CV). The experiments were headspace, which provided a reservoir to maintain a con-
conducted in a 15mL electrochemical cell with provision stant solution concentration of dioxygen. The reactions were
to control the presence of dioxygen with an argon-purge allowed to proceed for 24 h with constant stirring at room
system. The working electrode was a Bioanalytical Systemstemperature (23 1°C). After the experiment samples of the
glassy-carbon inlay (area, 0.09 &nthe auxiliary electrode  reaction solution were injected into a capillary-column gas
a platinum wire (contained in a glass tube with a medium chromatograph for analysis. In some cases the reaction was
porosity glass-frit and filled with a solution of supporting quenched with water, and the product solution was extracted
electrolyte), and the reference electrode a Ag/AgCl wire with diethyl ether. Product species were characterized by
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GC-MS. Authentic samples were always used to confirm 25 —
product identifications and to produce standard curves for
guantitative assays of the product species. Biphenyl (10 mM)
was used as an internal standard. All experiments were done
in triplicate. The presented values of concentration are the

- . =

mean values of three independent experiments. E 15
=
=
L

3. Results g 10
E
Q

In acetonitrile simple iron(ll) and iron(lll) complexes 5

activate dioxygen to oxygenat®l,N-dimethylaniline to

yield N-methylaniline (MA), N-methylformanilide (MF),

and 4,4-methylenebid{,N-dimethylaniline) (MBDMA)

(Table 1. Under argon atmosphere only traces of prod- (A)
ucts were detected. The product profiles after 24 h reaction
time indicate that the 1mM [Mabpy)z]2fcp/O2(1 atm) 25
combination is the most reactive - 48.8 products/catalyst I
turnovers; with air (0.21atm £), however the reaction 20
rate is reduced only to 34.1 product/catalyst turnovers.
[To calculate product/catalyst turnover, the amounts of
4,4-methylenebid{,N-dimethylaniline), as a product of
consecutive reaction betweeN,N-dimethylaniline and
formaldehyde, was not taken into account]. The use of
Fe(lll) instead of Fe(ll) causes the reaction yield slightly to
decreasekig. 1A and Bshow typical dependences of prod-
ucts concentrations versus time for TI{HQO)G]fAJgCN and

[Fe”(bpy)z]f,ﬁec,\I as catalysts, respectively. The presented

A
. . . . _ 0 A 1 A 1 A 1 A 1 "
plot indicates that the reaction is completed after approx 0 5 10 15 30 "

(B) Time, h

p—
n

Concentration, nM
L
<>

Table 1 Fig. 1. Dependence of products concentration on time for oxidation of
Iron-induced oxidation of 1MN,N-dimethylaniline by dioxygen and 1M N,N-dimethylaniline in acetonitrile by air catalyzed by: (A) 1 mM
air to produceN-methylaniline, N-methylformanilide, and 4;4methyl- [Fe" (H20)6] ey and (B) 1mM [Fé (bpy)alitcn-
enebisl,N-dimethylaniline)

Catalyst Oxidant (n'm) %FM) mﬁBMD)MA imately 10 h, the concentration profiles Kfmethylaniline
L oI 5 219 53 180 and 4,4-methylenebid{,N-dimethylaniline) are similar,
mM( |( 2 )6]“2"iCN 2 ' ' ' and the final concentration of the later is slightly smaller.
1mM [Fe (Hzo)e],\;eCN Alr 196 25 183 The concentration ofN-methylformanilide is generally
1mM[Fe" (H20)elyeon Oz 229 24 187 smaller than the other products. The presence of a radical
1mMIFE" (H20)elybcy  Air 156 20 133 trap diphenyl diselenide (PhSeSePh, 0.1 M) in the reaction
1mM [Fe' (bpy)2lihen Oz 314 174 221 system causes the decrease of the reaction yield, however
1mMFe (bpy)2lstey Oz PSe? 58 126 7.8 no coupling products with ~SePh were detected.
1mMIFe! (bpy)al2iey  Air 230 111 193 hThe valu;aslof l\/llmtllgklé Leactlgz ratgs md&cat? tfat;\/l (@)
1mM [Fe" (bpy)2lyben Oz 23.3 53 166 t e“ use °2+ mM- [Febpyzliecy mstea_ __O m _
LmMFE" (bpy)alPicy A 14.8 21 123 [Fe (HZ_O)G]MeCN as catalyst causes the initial reaction
16mM [Fd (H,0)g O 06 27 921 rate to increase (15.0 versus 9.2 and 12.3 versus 8.6 for
g 2o N 2 ' ' ' dioxygen and air, respectively), the effect is not so visible
16mm [FII (HzO)e]3MQCN Air 228 24 57 when the concentration of the catalyst is equal to 16 mM;
16mMFe" (H20)eljecn Oz 371 32 108 (b) the use of air instead dioxygen causes only slight de-
16mM [Fé' (bpy)aliicy Oz 38.4 36 294 crease in the initial reaction rates. The last observation is
16mM [Fe' (bpy)alihey  Air 21.7 3.9 9.2 also supported by the results presentedable 1 The de-
16mMIF" (bpy2ldtey Oz 321 38 16.4 crease of dioxygen concentration 4.8 times by the use of

Reaction fime- 24h air (1/0.21) causes the decrease of the amounts of products
a Concentration of PhSeSePh equal to 0.1M, no coupling products after 24 h approxma_tely 1.5times, V_Vh|Ch als_o indicates that
—SePh were detected. the reaction order with respect to dioxygen is less then 1.



28 D. Narog et al./Journal of Molecular Catalysis A: Chemical 212 (2004) 25-33

Table 2 T T T T T T T

Iron-induced oxidation of 1 MN-methylaniline andN-ethylaniline by OF 1,pA T
dioxygen and air to produce aniline wl / ]
Catalyst Oxidant Aniline from  Aniline from L
N-methylaniline N-ethylaniline 40 F 4
mM mM
1mM[Fe' (H20)6l3hcy Oz 5.6 3.5 60 2 .
1mMIFe (H20)6l2hcy A 7.4 3.6 sok i
1mM [FE" H20)6l35cy O2 1.4 1.7
1mMIFe (bpyol2hey O 8.2 6.5 o 1
1mM [Fe' (bpy)2lithen Air 11.0 3.6 220k J
1mMFE" bpy2ldiey  O2 135 6.9 - Evs SCE, V
16mM[Fé' (2006250 O 152 6.4 Y ¥ T
16mM[Fé' (Ho0)6l3cy Al 121 6.3 @
16mM [Fe" (H20)6]3cy  O2 8.8 8.1 . . . . .
16 mM [Fé' (bpy),]%t O, 11.5 4.7 of .
16 mM [Fé' (bpy),]%t Air 12.0 8.1 20 '_ i
16mMIFe" (bpy2ldiey Oz 3.5 5.9

40

Reaction time: 24 h.
60
The described iron catalyst/dioxygen systems convert

o o o -80 |
also N-methylaniline to aniline and traces of formanilide,

as well asN-ethylaniline to aniline. The yields of these 100 i

reactions however, are much smaller then in the case of . .

N,N-dimetylaniline Table 3. WhenN,N-diethylaniline was -120 - 1

used as a substrate, only traces of aniline were detected 140 Lz ) . ) . ) , EvsSCE, V

after 24 h reaction time. 2,0 15 1,0 0,5 0,0
Generally, in all reactionsTables 1 and Rthe presence ®)

of 2,2-bipyridine as a ligand causes an increase in the prod- rig. 2. voltammograms in acetonitrile of: (a) (1) 5mM fiEeH20)613E
ucts yield, Fe(lll) is a less effective catalyst then Fe(ll), (2) 2.5mM N,N-dimethylaniline, (3) combination of 5mM [Hk

the decrease of catalyst concentration increases the prod¢Hz0elyscy and 2.5 mMN,N-dimethylaniline after 2h in argon atmo-

uct/catalyst turnover ratio, and the reaction order with re- sphere, and (4) 5mM [H&H20)eljccyi (b) 5mM [Fe" (bpy)aliecy: (2)

spect to dioxygen is<1. 2.5mM N,N-dimethylaniline, (3) combination of 5mM [He(bpy) 2] 3y
Fig. 2illustrates the oxidation/reduction character of the grr'gMz '[ig]be"j'?éTethylam“ne after 2 h in argon atmosphere, and (4)

catalyst/substrate system. Cyclic-voltammetric measure- PY2lec:

ments indicates that the 2:1 (molar ratio) combination of

[Fe" (H20)6l e with N,N-dimethylaniline causes the ap-  peaks however, are shifted towards more negative poten-
pearance of Fe(ll) oxidation peak-curve Fiig. 2a(for the tials) and the disappearance of DMA oxidation peak. The
clarity only the anodic scans of the cyclic voltammograms ¢ompjete disappearance of substrate occurs in the range of
were shown). The peak, however is shifted towards more gy 1o DMA molar ratios from 2:1 to 1:2. Analogous be-

negative potentials (from-1.6 to+1.4 V) in comparison 0 p4yior was observed when other substrates were used. The
the Fe(ll) oxidation peak in the absence of DMA, which is  reqyits presented ifig. 2indicate that Fe(lll) is reduced to

presented by curve 4. Atthe same time the disappearance of¢(j|y by methylated anilines and that there are interactions
the substrate (DMA) oxidation peak (curve 2) is observed. penyeen Fe(ll) and methylated anilines or products of their
Similar effects exist when [F&(bpy)2lyhcy is used N ridation.

place of [Fd' (H20)6]35cy (Fig. 2b. The cyclic voltam- To confirm the last statement the cyclic-voltammetry
mogram of the acetonitrile solution of 1:2 combination of Fe(”)/DMA System was performed_ After mixing the
of Fe(ll) and bpy (curve 4) shows three oxidation peaks, reagents the oxidation peak of DMA is lowerefid. 33
which can be attributed to: [ebpy)s]Ziey (+1.15V) curve 1) and oxidation peak of [FeH,0)6]45cy, is slightly
[15], [F€' (bpy)2lZhey (+1.35V), and [F&(H20)6]25cn shifted towards more positive potentiaRid. 33 curve 2).
(+1,6 V) whereas the combination of Fe(lll) with bpy does After 2h under Ar atmosphere the DMA oxidation peak
not show any anodic peaks (curve 1). The addition of DMA almost completely disappeared and Fe(ll) oxidation peak is
to the solution of [F¥ (bpy)z]",fAJgCN causes the appearance moved towards more negative potentigfsg( 3a curve 3)

of Fe(ll) oxidations peaks (cuev3 - the second and third as observed during interaction between Fe(lll) and DMA.
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oF T v T v T v T v ] 1,0 , T , T , T
A y | Absorbance
20 - - D:x Absorbance, A = 465 nm
L 0,8 .
40 F o
-60 9 0,6 Time, h 9
15 20
-80 |- J
-100 | 4 0,4 .
120 | -
L EvsSCE,V | 0,2 _
-140 1 N 1 N 1 N 1 N
2,0 1,5 1,0 0,5 0,0 N
(@) i
0,0 . . . I i
T v T v T v T v 300 400 500 600 700
of J
] Fig. 4. The UV-Vis spectrum for the combination of 0.1mM
20 F 4 N,N-dimethylaniline and 0.1 mM [F%(HZO)B]aMfECN in acetonitrile in ar-
] gon atmosphere. Inset: the dependence of absorbance-a65nm on
40 - time.
60 F -
-80 e 80 T v T v T v T v T v T
[ Lpa » ]
-100 |- 4 60 "
R D\ ]
-120 = 40 | -
s L EvsSCE,V [ A
140 L= N 1 . 1 N 1 N 20 ? j
2,0 1,5 1,0 0,5 0,0 ol ]
(b) I J
20 F E
Fig. 3. Voltammograms in acetonitrile of: (a) (1) 2.5 mNJN-dimethyl- L P , t
aniline, (2) combination 5mM [FEH»0)]35cy and 2.5mM N,N- AF ] 1
dimethylaniline after mixing, (3) the same as (2) after 2h in ar- ~60 [ ,' _ " ]
gon atmosphere, and (4) 5mM [Fé:0)6]3Ecy (B) (1) 2.5mM [ 0,7
. - . . 1
N,N-d!methylan!l!ne, ) corr?b_lnatlon 5mM [lﬂebpy)z]ffec,\, and 2.5_ mM L . EvsSCE,V ]
N,N-dimethylaniline after mixing, (3) the same as (2) after 2h in argon 100 I T T T
atmosphere, and (4) 5mM [fteopy)2] 2L 2,0 1,5 1,0 0,5 0,0 0,5
A
Again, in Fig. 3 only anodic scans were shown for clarity. 80 —
When labile Fe(ll)-bpy complex is used the existence of in- ol brA ‘" ]
teractions between Fe(ll) and DMA is not so clearly visible. I RN
However, the decrease of the height of DMA oxidation peak F RS 1
in time is observed and the height of the peak correspond- 5| ,’\ S 4
ing to coordinately saturated Fe(ll) complex {4at.15V, by - K
analogy to [Fé(bpy)g]ﬁéCN) is increasedKig. 3h curve 3). 0 [ L a ]
As previously, the analogous situation occurs in the range 20} ’ ; .
of Fe(ll) to DMA molar ratios from 2:1 to 1:2, and simi- wk Jae | ]
lar effects were observed when other methylated anilines I / ' ]
were used instead of DMA. These results also indicate that  -60f ' , ) ]
. . . 3 V4 ~N E
interactions between Fe(ll) and methylated amines occur. sF 7 S J
The interactions between [IﬂQHZO)G]fAZCN and DMA o . . . IE“‘ SCE’IV
were also investigated spectrometrically. When the com- -100 2,0 L5 1,0 0,5 0,0 0,5

pounds are combined in acetonitrile in argon atmosphere (®)

the abSOI’ptIOI’l band of DMA.dlsappea.rs and a. new band Fig. 5. Woltammograms in acetonitrile of: (A) combination of 5mM
appears attmax = 465nm €ig. 4). This behavior was  [re' (H,0)6] oy @nd 2.5 mMN,N-dimethylaniline; (B) combination of
observed from 2:1 up to 1:3 Fe(lll)/DMA molar ratios. If smM [Fé" (bpy)2]3f~y and 2.5 mMN,N-dimethylaniline; both after 2 h

MeCN
however, the one mole equivalent of Wivas added to DMA in argon atmosphere.
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the effect occurred also for higher Fe(lll)/DMA ratios. The with N,N-dimethylaniline to produceN-methylaniline and
height of the band increases initially and then either reachesformaldehyde in a stoichiometric reaction:

a plateau (for 2:1 Fe(lll)/DMA molar ratiossig. 4, inset)

or decreases (for higher Fe(Ill)/DMA ratios). When Fe(ll) 2(bpy)3"Fé'" — OH + PhN(CH3),

catalyst is used instead of Fe(lll) there are no new peaks _, phNHCH; + HoC(O) + Ho0 + 2(bpy)3 " Fe! (1)
present on the UV spectra. The described effect is less visi-

ble (lower absorption peak height) in the presence of dioxy- The process occurs according to 2:1 (iron to substrate)
gen in the solution. The replacement of fF420)6]35cy, stoichiometry. However, the condensation reaction between
by Fe(lll)-bpy complex also attenuates the observed ef- N,N-dimethylaniline (DMA) and formaldehyde to produce
fect. In addition, the described absorption band slightly 4,4-methylenebid{,N-dimethylaniline) occurs at the com-
overlaps with [Fé(bpy)g]fﬂ*éCN adsorption peak, which  parable rate to demethylation reaction, which follows from
presence indicates that Fe(ll) is formed in the reaction. the concentration profiles{g. 1). The occurrence of the
When the described UV-Vis absorption band is present, on condensation procesgdq. (2)

H,C. .CH H,C._.CH
ERN 3 o NN 3 HC. c,
B R G S
@ 0 H © H,C H, CH,

2)
cyclic-voltammograms the reduction peak+ed.72V (ver-  causes that the overall stoichiometry of the reaction between
sus, SCE) - or a#0.60V in the presence of bpy - appears Fe(lll) andN,N-dimethylaniline is equal to 2:3.
regardless of the presence of bpy in the systéi.©). Itis Cyclic-voltammetric measurements show that for the mo-

characteristic that the height of the peak increases directly|ar combinations of Fe(lll) to the substrate from 2:1 to 1:2
from the rest potential, without an existence of a residual the oxidation peak of DMA is absent. However, the product
current. If anodic scan is performed first the small, broad of the reaction N-methylaniline - should be visible, itis also
anodic peak also arising from the rest potential is observed. oxidizable at+0.90V like DMA. The absence of substrate
All applied substratesy,N-dimethylanilineN-methylani-  or products oxidation peaks after reaction indicates that the
line, N,N-diethylaniline, andN-ethylaniline are electrochem-  Fe(ll) formed interacts with the MA (it was confirmed by in-
ically oxidizable, the shapes of their CV-peaks are the samedependent CV-measurements of Fe(ll)/MA system), which
and their oxidation potentials are very similar and equal to: also causes the Fe(ll) oxidation peak to be shifted towards
+0.90,+0.90,+-0.95, and+0.80V, respectively. negative potentials. These possible interactions explain the
existence of described effects up to 1:2 molar ratio of iron
to the substrate.

4. Discussion In acetonintile in the presence of a base Fe(lll) can ab-
stract hydrogen atom from alkyl C—H boj&d,10,17,18]

The results presented indicate that the substrdteN- Therefore, in the initial step of the reaction (1) the C—H

dimethylaniline-reduces [H&H20)¢]5hcy and  [Fé! bond of methylene group is broken with formation of water

(bpy)g]f,,JgCN to corresponding Fe(ll) complexes. The re- molecule. The total bond breakage energy for reaction (1)
duction of iron(lll) complexes by alkylated amines was pre- is the sum of C—-H bond breakage MN-dimethylaniline
viously observed8d] and demethylation of tertiary amines (H-CHx(CH3)NPh, (AHpge = 352kJmot?!, by anal-

to secondary amines by potassium hexacyanoferrate(lll) inogy to H-CHN(CH3); [20]) and Fe—-OH bond in
the presence of a base is long-time known reacfisj. (bpy)5TFé''-OH (AHpge = 222kJImot? [21] to form
Moreover, [Fé'(1,10-phenanthroling)*t complex and water molecule. Because the total bond-breakage en-
Fe(CIQy)3 in aprotic solvents are known as a one-electron ergy (AHpge = 352+ 222 = 574kJmot?) is greater
oxidants, which generates a series of cation-radicals formthan the free-energy of bond-formation for the HO-H
hydrocarbons[17]. In a recent paper we have reported bond (AGgr = 465kJmotf?! [21a]), for the observed
that Fe(lll) catalysts are reduced by cyclohexene during process Eqg. (1) to occur at reasonable rates requires
its iron-induced oxygenation by dioxygen in acetonirtiie formation of an intermediate with an iron-carbon bond
[10]. These facts indicate that in the presence of the Iarge{(bpy)%*Fé” CHoN(CH3)Phl; —AGge ~ 110kJImot?
excess ofN,N-dimethylaniline (like in the reaction con- [21b]). The latter will react at diffusion-controlled rates with
ditions applied in the paper), iron catalysts remains in a seconctbpy)§+Fé"OH to give the observed demethyla-
the reduced state, even in the presence of dioxygen. Ontion products $cheme )1

the basis of present results and those from related stud- The results obtained indicate that Fe(lll) complexes
ies [8¢,10,11,18] and taking into account properties and are reduced by the substrate and Fe(ll) is responsible for
iron(lll) agua-complexeg419] (we cannot avoid traces of dioxygen activation. The CV-measurements show that the
water in acetonitrile) we can postulate that in the absence peak of Fe(ll) oxidation in the presence of DMA is shifted
of dioxygen only (bpy)§+Fe'”—OH species is reactive towards negative potentials, which gives evidence that an
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H
2
(bpy),2*Fel-OH + H—C_ cqg {(bpy),**Fe!"-CH,(CH;)NPh}
N
H,0
(bpy)f’Fe'"-OH
H.__CH,
N 0
+ )L + 2Fe''(bpy),**
H H

Scheme 1. Proposed mechanism foN-dimethylaniline oxidation by iron(lll) in the absence of dioxygen.

interaction between the iron catalyst and substrate occurs. The proposed intermediate can: (a) reacts with another
The described if15b] process of ligand exchange in the substrate to form demethylated product, formaldehyde, and
Fe/bpy system in acetonitrile supports the assumption thatFe(ll) (path A); (b) undergoes decomposition to formanilide
Fe(ll) interacts with the substrate even in the presence of derivative, water, and the Fe(ll) catalyst (path B); (c) re-
bpy. In experimental part the evidences were shown that theacts with iron(ll) catalyst to produce demethylated product,
reaction order with respect to dioxygen is less then 1. This formaldehyde, and-oxo diiron(lll) species, which often is
situation occurs when an equilibrium step between substratethe final products of Fe(ll) oxidation (path C).
and catalyst precedes the addition of dioxy¢@2]. The mechanism is consistent with the results obtained. It
Based on these facts and previously published resultsis also coherent with the recently introduced proposition of
[10,11,18]the proposed putative mechanism, which includes the direct oxygen atom transfer from metal-dioxygen adduct
the activation of dioxygen and the substrate, is outlined in to thea C—H bond in amine molecule in the concerted in-
Scheme 2The reactive speciqngrFe'V (OOH)(CH2(CHs3) sertion mechanistfbz]. The mechanism elucidates the ob-
NPh} is a hypothetical one and was proposed on the ba- served fact that the amountsifmethylformanilide formed
sis of the results obtained for metal-induced oxygenation of is always much smaller tha¥rmethylaniline - the large con-
organic substrates in basic, nonaqueous solutjip@sl8]. centration of substrate favors the path A. The effect however,
Similar reactive intermediate was postulated in the models of is less visible for the 1 mM [ﬁb(bpy)g]fﬂZCN/dioxygen or
hydrogen peroxide activatioi23]. Moreover, several anal-  air systems. Clearly the presence of bpy as a ligand at low
ogous hydroperoxo complexes of iron have been recently catalyst concentrations causes the increase of the efficiency
isolated and characteriz¢24]. of path B. At the higher catalyst concentration the decrease

H K
2
L>Fell + H—C_ _CH, =—= {L,*'Fe!}(CH,),NPh}
N

02
L22+FeIV/ oox
CH,(CH,)NPh
PhN(CH,), (Path A) (Path B) (Path C)
L22+Fell
2PhNH(CH,) + 2H,C(O) PhN(CH,)CH(O) 2PhNH(CH,) + 2H,C(0)
+ L22+Fe“ +H,0 + L22+Fe1“OFe“I L22+

+ L,**Fell

Scheme 2. Proposed mechanism for iron(ll)-activation of dioxygen for oxygenatidliNaflimethylaniline.
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of the reaction yield is observed - in this case path C is more References

efficient and it leads to catalyst decomposition.

The interesting fact described in the paper is the existence
a chromophore atmax = 465nm, which is formed only
with Fe(lll) [not Fe(ll)] and DMA, when the concentration
the last one not exceed 3 molar equivalents with respect to
Fe(lll). The species cannot be attributed to a Fe(ll)/DMA
complex because the oxidation peak of Fe(ll)/DMA formed
after mixing Fe(lll) with DMA (Fig. 23 curve 3) is present
also when the chromophore is not visible. The observed ab-
sorption band can be attributed top@oxo dimer having
a structure [,Fé"OF€" L,]*+, whereL represents DMA
and/or bpy and a solvent ¢g& or MeCN). It is known that
Fe(lll) in the presence of traces of water shows the tendency
to hydrolyze and/or to form complex¢s9,25] One of the
major species formed is the-oxo dimer. It can also activate
dioxygen, however its catalytic activity is lower then that
for monomeric specigi25c]. The excess of DMA as a base
and also complexing agent can prevent the formation of the
products of hydrolysis, therefore the chromophore is not vis-
ible in the condition. However, in the presence of equimolar
amounts of H with respect to DMA the same chromophore
is visible for higher Fe(lll)/DMA molar ratios. This is prob-
ably due to the fact that the presence of protons in the solu-
tion can promote ligands exchange, as describ§tbb] and
favor the formation of the species. The species can undergo
additional reactions, which includes further hydroly&6],
ligand exchange, and reduction by DMA, which leads to its
disappearance. The cathodic peak observed on the CV-curve
at +0.72V (or at+0.60V in the presence of bpy) is visi-
ble only when the discussed absorption band is present can
be attributed to the reduction of the-oxo dimer. The ir-
reversible electrochemical reduction of ptte"' OL4S]4*
dimer [L = bpy or (-)4,5-pinene-bpy; S H,0 or MeCN] is
reported15b]. It is interesting that the reduction peak starts
directly from the rest potential, and also the small anodic
peak arises directly from the rest potential. Probably in the
experimental conditions the formation of a small amounts of
mixed valenceu-oxo complex [,Fe'OFé"L,]3*, is pos-
sible as well, and its oxidation is observed. The possibil-
ity of formation of such complexes was also reported in
[15b].

The described results show that the system is very labile
even in the presence of bpy as a ligand and it is difficult to
formulate the nature of the reactive species. However, the
results confirm that Fe(lll) is reduced by the substrate to
Fe(ll), which interacts with substrate and activates dioxygen
for demethylation process.
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