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Abstract: A single step method for aniline formation was examined. Using a vanadate catalyst with
iron oxide co-catalyst and hydroxylamine hydrochloride as amine source, up to 90% yield of aniline
could be obtained with high selectivity. Further study shows that the overall reaction is pseudo-
second order in hydroxylamine concentration. Regioselective H-D exchange experiments suggest
that the C-N bond formation step occurs via an irreversible electrophilic pathway. Based on all of
the key observations, a mechanism is proposed.
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1. Introduction

Aniline has been produced annually in massive amounts as a broadly used industrial
material [1]. The current industrial method for aniline production is a two-step process:
nitration of benzene followed by catalytic hydrogenation of nitrobenzene [2]. The tradi-
tional aniline production method has proved to be economically efficient, but not atom
efficient. Consequently, chemists have been interested in aniline production via direct
benzene amination, with the ideal method combining ammonia and benzene with oxygen
as the oxidant. A series of catalysts and conditions have been studied; however, these
methods failed to provide high selectivity and yields of aniline [3,4].

To avoid the difficulty of cleavage of both an aromatic C-H bond and ammonia N-H
bond in the same system, an alternative pathway is to use hydroxylamine as the amination
reagent. This route has become increasingly attractive as new achievements have been
reported on hydroxylamine production and the related mechanism [5] An example re-
ported by Kuznetsova et al. in 2000 shows the possibility of aniline formation with hy-
droxylamine using a transition metal catalyst in acidic aqueous solution [6]. The reaction
gives a 3-47 % yield of aniline with vanadium oxide catalysts under different conditions.
Further developments were reported by Zhu et al. using sodium metavanadate as catalyst
in acetic acid aqueous solution [7]. After screening different conditions, the best combina-
tion of temperature, solvent, reaction time, and catalyst loading gave a 60-70 % yield of
aniline. In 2016, Chen and Yang reported a catalyst comprised of vanadium-containing
molecular sieves that showed similar reactivity [8]. The above reports demonstrate that a
vanadium salt is capable of catalyzing the direct amination reaction between hydroxyla-
mine and benzene, while still leaving ample room to improve the yield and selectivity.

To further improve benzene amination by hydroxylamine, a variety of vanadium
complexes and co-catalysts were screened in our lab under a variety of reaction conditions
(eq 1). Under optimized conditions, the yield was improved to over 90% with high selec-
tivity. The loss of yield is a result of polymerization of the aniline product, leaving the
potential for an even higher yield if this side reaction can be subverted. The change of
vanadium oxidation state was also studied, along with the regioselectivity and the kinetic
behavior of the system. Based on our observations and results, a new mechanism is pro-
posed.
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NH,
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+ NH,OH ——mMMmmm™ + HO (1)
TFA/H,O
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2. Materials and Methods

2.1. General considerations. Hydroxylamine hydrochloride and trifluoroacetic acid
were obtained from Sigma-Aldrich Chemical Co. and used as received. Sodium meta-
vanadate and iron oxide were obtained from Strem Chemicals, Inc. GC analysis was per-
formed on a Shimadzu GC17A or GC2010 gas chromatograph equipped with a 30m x 0.25
mm (0.5 p film) DB-WAXETR column. X-band EPR spectra were recorded on a Bruker
EMXplus spectrometer equipped with a 4119HS cavity and an Oxford ESR-900 helium
flow cryostat. The instrument parameters for all samples were as follows: 5 K; 0.5 mW
power; modulation amplitude 8 G; 9.38 GHz; modulation frequency 100 kHz.

2.2. General procedure for amination reaction (Entry 6). To a 25 mL two-neck flask fitted
with a reflux condenser was added 208.4 mg (3.00 mmol) of hydroxylamine hydrochlo-
ride, 11.0 mg sodium metavanadate NaVOs (0.09 mmol, 3% vs. hydroxylamine), 7.2 mg
Fe20s (0.045 mmol, 1.5% vs. hydroxylamine), 8 mL of trifluoroacetic acid, and 2 mL of
water. The solution was stirred while heating to reflux until a clear light green solution
formed, about 20 min. At this point, 0.82 g (10.5 mmol, 3.5 equiv) benzene was introduced
and the reaction refluxed for 5 h under an air atmosphere. For GC analysis, a syringe was
used to collect a 0.1 mL aliquot of the reaction solution, which was neutralized with 1 mL
40% sodium hydroxide aqueous solution. The product was extracted with 10 mL of di-
ethyl ether. All insoluble solid products were removed by filtration through cotton prior
to examination by GC. For NMR analysis, a 1 mL sample of the reaction solution was
neutralized with 40% sodium hydroxide solution, then extracted with diethyl ether and
dried over MgSOs. The ether and the unreacted benzene were removed under vacuum to
give aniline as a yellow liquid. Further details and yields are provided in Table 1 and in
the Supporting Information.

3. Results

3.1. Identification of a vanadium catalytic system for aniline formation. Initial investiga-
tions of the amination of benzene using hydroxylamine hydrochloride were carried out
by examining several vanadium compounds and transition metal oxidants as catalyst. Re-
actions were carried out under reflux open to the air. The compounds VO(OMe)(EIMP),
VO(acac)2, NaVOs, NaMoOs, and Mn(acac): were examined as catalysts in acetic acid/wa-
ter solvent (4:1, v:v) at 1-3 % catalyst loading (conditions similar to those reported previ-
ously [7], EIMP = 2-[[(2-hydroxyethyl)imino]methyl]phenol). It was found that using an
aqueous trifluoroacetic acid solvent mixture (TFA:H20, 4:1, v:v) resulted in superior
yields of aniline, and that addition of iron oxide resulted in even higher yields. GC analy-
sis showed aniline formation with no other soluble byproducts. A black precipitate
formed as the reactions approached completion that was identified as polyaniline (emer-
aldine salt, vide infra) [9].

In no case was aniline or an organometallic product seen when these metal com-
pounds were treated with benzene in the absence of hydroxylamine, which indicated that
the catalysts were activating the hydroxylamine toward reaction with benzene, rather
than the other way around. Table 1 shows the different catalysts, conditions, and additives
tested. The most efficient (and inexpensive) system involved both sodium vanadate and
iron oxide as co-catalysts.
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Table 1. Aniline yields under different conditions?

NH,
cat.

Co-

Entry Catalyst IC;:;KS; Co- catalyst Solvent Temp.  Yield
o catalyst loading  (4:1, viv) (°O) (%)
(%)
(%)
1 V((;ﬁ\;;)' 1 - N/A  AcOH:LO 80 22
2 VO(acac)2 1 - N/A AcOH:H0 80 trace
3 NaVOs 1 Fe20s 1.5 AcOH:H0 90 32
4 NaVOs 3 - N/A TFA:H20 70 11
5 NaVOs 1 Fe20s 1 TFA:H20 100 96¢
6 NaVOs 3 Fe20s 1.5 TFA:H20 100 85-404
7 NaVOs 3 Fe20s 3 TFA:H0 r.t. 0
8e NaVOs 1 Fe:0s 1 TFA:H:0 1r0?' 21
of NaVOs 3 Fe20s3 3 TFA 100 3
10 - - Fe20s 3 TFA:H20 100 trace
118 NaVOs 3 Fe20s 3 TFA:H20 100 53
12 V-cluster A 3 Fe20s 3 TFA:H20 100 58
13h V-cluster A 3 FeSOs 3 TFA:H20 100 26
14 V-cluster A 50 - N/A TFA:H0 100 0
15 Mn(acac): 3 - N/A TFA:H0 100 0
16 NaMoO:s 3 - N/A TFA:H0 100 0
17 NaMoOs 3 Fe203 3 TFA:H0O 100 0

2 Reaction time is 5 hours unless otherwise noted. The catalysts and 3.0 mmol [NHsOH]CI were
R SN OH
T
dissolved in 10mL solvent (0.3 M), then 0.94 mL benzene was injected; * EIMP: R ,R=H,
t-Bu; € 6 mL solvent instead of 10 mL, product mixture contains solid polyaniline; ¢ Product mixture
contains trace amount of polyaniline; ¢ Reacted at 100 °C for 30 min, then at room temperature for

48 h; f Reaction in TFA solvent; & 1 equiv. of benzene. " Reaction under nitrogen; i No hydroxylamine
added, but cluster A contains 2 molecules of co-crystalized hydroxylamine per vanadium.

After testing a variety of conditions, it was observed that all vanadium complexes
showed similar performance during the reaction, suggesting that the ligands simply dis-
sociate under the strong acidic reaction conditions. Changing the iron:vanadium ratio
only slightly influenced the aniline yield. Keeping the amounts of solvent and catalyst
constant, a decrease in hydroxylamine concentration led to less polymerization, but at the
expense of the yield of aniline. Increasing the reaction time also resulted in a drop in ani-
line yield due to the polymerization reaction.

Although the net reaction is a straightforward bimolecular dehydration reaction, the
observation of multiple color changes as the reaction progressed indicated a more com-
plicated process. To maximize the aniline yield, the catalysts were first reacted with hy-
droxylamine to form the active species followed by addition of benzene. From the clear
initial reaction solution, black solid was observed at the end of the reaction. The black
solid was confirmed to be polyanilinium trifluoroacetate by infrared spectroscopy. The
spectrum matches that of protonated polyaniline as reported by Stejskal [10] with an ad-
ditional peak at 1666 cm for the trifluoroacetate counterion. The polymer is removed be-
fore determining the yield of aniline by GC. Thus, the mass balance is not complete from
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the GC analysis. A trace amount of N-phenyl-p-phenylenediamine was observed in the 115
GC spectrum, which is consistent with the formation of polyaniline. A trace amount of 116
phenol is also observed in the GC spectrum as a side product. No bis-aminated product 117
is observed. 118

To gain insight into the mechanism, our first effort was to attempt to isolate interme- 119
diates from the reaction. A blue vanadium(IV) cluster (A) was crystallized from the reac- 120
tion solution prior to the addition of benzene (Figure 1). The structure of A shows two 121
symmetry-related octahedral [VIVO(O2CCFs)4(H20)]?- complexes bridged by sodium ions. 122
There are also 3 additional waters (one attached to Na*, two outer sphere), 2 hydrox- 123
ylammonium cations, and 1 trifluoroacetate anion in the asymmetric unit, which balance 124
the charge of the VIV complex. The co-crystallized hydroxylammonium trifluoroacetate 125
indicated that vanadium is not further reduced to vanadium(III) even with excess hydrox- 126
ylamine present at room temperature. However, upon heating the blue solution with hy- 127
droxylamine, the change of color from blue to green indicates the possibility of vana- 128
dium(IV) reduction to vanadium(III). No decomposition is observed after the crystal was 129
exposed to air for several months. When cluster A was used to replace sodium meta- 130
vanadate as the catalyst in a 1:1 vanadium ratio, similar observations and aniline yields 131
were obtained under the same reaction conditions. These observations support that the 132
initial step is the reduction of vanadium(V) to vanadium(IV) by hydroxylamine. A related 133
complex, Nas(VO)2(CFsCOz)s(THF)s(Hz))2 has been structurally characterized by Cotton.!" 134

135
Figure 1. Crystal structure of vanadium cluster A, [Naz(VO)2(O2CCFs)s(OHz)4]*, omitting exogenous 136
[O2CCFs], [NH3OH]J*, and H20. The complete formula of the crystalline material in the unit cell is 137
[NH3OH]4[Naz(VO)2(O2CCFs)s(OHz2)4][O2CCFs]2 4H20. 138

The structure of A shows no vanadium-nitrogen bond, suggesting the activation of 139
hydroxylamine is through an oxidation process instead of metal coordination. The crystal 140
structure also shows co-crystalized hydroxylammonium trifluoroacetate in a 2:1 ratio to 141
vanadium in the cluster, which suggests that the cluster is the active species during the 142
reaction. However, the reaction of the cluster and benzene (3.5 equiv. vs hydroxylammo- 143
nium in the cluster as determined by elemental analysis of nitrogen) with no additional 144
hydroxylamine produced no aniline. This result argues against the cluster as the active 145
intermediate. 146

To explore the possibility that there could be a V-Fe cluster in solution, the vana- 147
dium(IV) crystalline material (A) was treated with iron oxide. The iron oxide precipitated 148
separately from the solution with no reaction. Finding no evidence that iron is coordinat- 149
ing with hydroxylamine or benzene, it is believed that iron is playing a role as an electron 150
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shuttle between vanadium and hydroxylamine. To confirm this possibility, the reaction 151
was tested under oxygen-free conditions using a nitrogen atmosphere with the vana- 152
dium(IV) cluster A and FeSOs. While aniline is observed, the yield is about half of that 153
observed under an atmosphere of air, and polyaniline formation is only observed when 154
the sample is neutralized. We conclude that vanadium(V) is not necessary for aniline for- 155
mation, which is consistent with the hypothesis that vanadium(IV) can be further reduced 156
to vanadium(IIl) during the reaction. Thus, the observations strongly suggest that hydrox- 157
ylamine was activated when it was oxidized during reduction of VV to give an active in- 158
termediate. The observation of polymerization suggests that an intermediate in forming 159
the aniline product is the aniline radical cation, which becomes the chain initiator to pro- 160
duce polyaniline. 161
In an effort to observe an intermediate in the reaction, a reaction was run using the 162
conditions of entry 6 in Table 1. After 45 min, a 0.3 mL aliquot was transferred to an EPR 163
tube and freeze-quenched in liquid nitrogen. The EPR spectrum was immediately rec- 164
orded, as shown in Figure 2. Two species can be readily identified by comparison to liter- 165
ature spectra. The iron appears as [Fe(H20)s]** at g = 4.24 as a result of the Fe2Os being 166
hydrolyzed in the strongly acidic aqueous solvent.? The other species appearing near g= 167
2.0 is identical to that reported for [O=V(H20)s]>*.> Consequently, the metals are seen in 168
their resting states as Fe(Il) and V(IV), indicating that the vanadium is indeed reduced by 169
hydroxylamine in the experiment. No evidence for a nitrogen- or carbon-based radical is 170
seen, suggesting that any such species must be short-lived in the reaction. 171
EPR
1000

800
600 [0=V(OH,);]**

400 [Fe(H,0)¢]**

200
0

-200

-400

-600

-800

-1000
0 100 200 300 400 500
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172

Figure 2. EPR spectrum at 5 K of the reaction mixture from Table 1, Entry 6, after 45 min. 173

3.2. Kinetic and mechanistic study. The variation of reaction yields in Table 1 led us to 174
become interested in the kinetics of the reaction. To best avoid the polymerization, kinetic 175
experiments were performed with lower substrate concentrations. To prevent the for- 176
mation of solid polyaniline (Table 1, entry 5), the concentration of hydroxylamine was 177
varied over a range below 0.4 M. The brown color of the product solution still indicated 178
that some polymerization occurs, which limited the quality of the kinetic data. Plots of the 179

yield of aniline vs. time for various initial conditions are shown in Table 2 and Figure 3. 180
181
Table 2. Effect of variation of hydroxylamine concentration? 182

Entry [NHsOHCl], M [NaVOs], mM cat. loading, %
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4e
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0.170
0.247
0.295
0.408
0.184

6.0
6.0
6.0
4.0
5.5

3.6
24
2.0
1.0
3.0

a Reactions carried out with 1:1 NaVOs:Fe20s in 10 mL 4:1 TFA:H20 at 100 °C and 0.6 M benzene. b

0.5 M benzene. ¢1.4 M benzene.
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Figure 3. Aniline yield under different initial conditions over time. All experiments are under reflux
at 100 °Cin 4:1 TFA:H20. Mol. ratio NaVOs : Fe203 =1:1.
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Figure 4. Hydroxylamine concentration vs. time. Hydroxylamine concentration is calculated from
measured aniline concentration quantitative conversion w/o side reactions up to the time where
polyaniline forms (~60 min). [NH20H]¢ = [NH20H]o — [aniline]:

In these reactions, a decrease in yield of aniline is observed after a certain time of re-
action, which can be associated with the polymerization that occurs only after substantial
formation of aniline. A similar decrease in yield was noted in previous reports, but there
was no accounting for this decrease other than ‘experimental error’ [7]. When plotting the
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calculated concentration of hydroxylamine versus time (from the formation of aniline), it 197
is observed that the point at which the disappearance of hydroxylamine stops is strongly =~ 198
correlated with the point at which the aniline concentration decreases, ~60 min (Figure 4). 199
A possible explanation for this is that there are two competing pathways. When the con- 200
centration of hydroxylamine is sufficiently low, the effective reduction potential will not 201
be high enough to form the active vanadium(IV) intermediate. At the point where the 202
aniline concentration decreases, the pathway switches from vanadium-catalyzed aniline 203
production by oxidizing hydroxylamine to vanadium catalyzed aniline polymerization 204
[14-16]. The polymerization process consumes aniline at a faster rate than it is produced, 205
but then slows due to the consumption of aniline. This leads to a drop in yield followed 206
by an increase as the aniline production continues. It is worth noting that once the 207
polymerization started, the mass balance of benzene to aniline is poor since some material 208
is lost to polyaniline formation. Therefore, only the data points before the drop in aniline 209
formation were considered for useful kinetic analysis. 210

To analyze the data, the kinetic method reported by Burés was used to determine the 211
reaction order in hydroxylamine [17]. Product concentrations over time were plotted un- 212
der different initial hydroxylamine concentrations while the concentration of catalyst re- 213
mained unchanged (Table 2, entries 1-3, Figure 5). The effective concentration of benzene 214
is limited by the low solubility in the aqueous reaction solution and is therefore consid- 215
ered to be constant. When plotting the data according to the variable time normalization 216
analysis, hydroxylamine shows a second order kinetic dependence. Plotting 1/[aniline] vs. 217
time for each data set shows good linear behavior indicating that the reaction is the overall 218
second order in hydroxylamine concentration (Figure 6). The order of vanadium catalyst 219
was not determined due to the significant change in yield when changing the catalyst 220

loading. 221
0 order 0.5 order
0.14 0.14
© Entry1:0.17 M NH30HCI ® Entry1:0.17 MNH3OHCI
0.12 0.12 - ™ Entry2:0.25 M NH30HCI
— —_ A Entry 3:0.30 MNH30HCI
2010 2 010 -
& o008 & 008
0.06 0.06
0.04 0.04 -
0.02 P 0.02
0.00 + - - - 0.00 " " "
0 20 40 60 80 0 10 20 30
normalized time, min normalized time, min
1st order 2nd order
0.14 0.14
© Entry1:0.17 MNH30HCI e Entry1:0.17 M NH30HCI
0.12 0.12 {® Entry 2: 0.25 M NH30HCI
—_ — A Entry 3: 0.30 M NH30HCI
g 0.10 g 0.10 -
E 0.08 E 0.08 -
0.06 0.06 -
0.04 0.04 -
0.02 0.02 -
0.00 -+ 0.00 +
0 5 10 15 0.000 1.000 2.000 3.000
normalized time, min normalized time, min

222

Figure 5. Variable time normalization analysis of aniline concentration. Data points from experi- 223
ments differing only in hydroxylamine concentration will overlay only when the x-axis is the time =~ 224
integral of the hydroxylamine concentration raised to the correct power. Entries 4 and 5 are not 225
included because of different catalyst concentrations. 226
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227

Figure 6. Second order rate law approximation for aniline formation reactions under different initial ~ 228
conditions (first 60-70 min). 229

To gain insight into the activation of the benzene C-H bond, the use of CsDs for aniline 230
formation was examined (Scheme 1). The product was characterized by GC-MS to deter- 231
mine the number of protons exchanged in the process (Table 3). CsDs and hydroxylamine 232
were mixed with the catalysts in H2O and TFA. The product observed initially had a high- 233
est m/z = 98 corresponding to CsDsNHz, along with a highest fragment peak of m/z =71, 234
arising from loss of HCN where the carbon lost is the ipso carbon [18]. As the reaction 235
proceeded, the major isotopomer has m/z =97, corresponding to CsHDsNH: with a highest 236
fragment peak of 70 after 2 hours. After 5 hours, the highest mass peak was m/z = 95 237
(CeHsD:2NH2), with a highest fragment peak of m/z = 68. The H/D exchange continued at 238
room temperature at a slower rate. The decrease in the molecular weight of the product 239
to m/z = 95 strongly indicates H-D exchange of the aromatic ring, where at most 3 deuter- 240
iums are replaced by hydrogens. When looking at the benzene peak in the above GCMS 241
experiments, no H/D exchange is observed, which also proved the formation of the C-N 242
bond is not reversible. 243

Although H-D exchange of benzene is known to occur in the presence of TFA and 244
water under specific conditions [19], a control reaction (Scheme 1, A) showed no MS peak 245
at m/z =83 (CsDsH), suggesting the reaction conditions in this work were not sufficient for 246
benzene H-D exchange. Control reactions B and C rule out the possibility of aniline aro- 247
matic C-H activation by the catalyst system. The minor MS peaks at m/z = 95 and 96 are 248
considered as H-D exchange of the amine group through protonation and deprotonation 249
and cannot be used to prove that H-D exchange has occurred on the aromatic ring. In 250
conclusion, the catalyst system does not activate aromatic C-H bonds of aniline or benzene 251
in the absence of NH>OH. This conclusion supports our hypothesis that the key step of 252
aniline formation is hydroxylamine activation. 253

To understand the regioselectivity of H-D exchange, the 'H NMR spectrum of the 254
aniline produced by the reaction of CsDs and NH20H in TFA/H20 was examined. In the 255
aromatic region, only two singlets are observed at & 6.51 (1 H, para-substituted) and 6.58 256
(2 H, ortho-substituted). A singlet at & 5.01 ppm corresponds to the amine group. Only 257
the in-situ produced aniline undergoes aromatic H-D exchange at para- and ortho- posi- 258
tions under these conditions, which leads to the assumption of an aniline radical cation 259
intermediate. 260

Surprisingly, high yields were not obtained when applying the same system to other 261
aromatic substrates (Table 4). Toluene gave a combined yield of 33% for para- and ortho- 262
substituted products. Trifluorotoluene only gave a trace amount of meta-trifluoromethyl 263
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aniline. Naphthalene gave 1-naphthylamine as the only product with a yield of 31%. Chlo-
robenzene and fluorobenzene gave <10% yield. Phenol, anisole, aniline, styrene and pyr-
idine gave no amination product under the same conditions. It is possible that the for-
mation of an iron(IlI)-phenol complex in aqueous solution prevents phenol and anisole
(which decomposes to phenol under such strongly acidic conditions) from reacting with
hydroxylamine. However, an experiment using sodium vanadate as the catalyst without
the addition of iron co-catalyst still gave no amination product. Considering that iron-
benzene complexes are not usually observed other than in charge-transfer reactions [20-
22] the explanation of how iron increases the yield of benzene amination is not under-
stood.

Scheme 1. H-D exchange reactions.
C6D6 + NaVO3/F6203
H-D Exchange —— > CgDyH5.NH;
NH,OH'HCI TFA/H,0

NaVO3/Fe203

Control Reaction A CéDg ——————> CgDnHen
TFA/H,0

ontro eaCtiOn B - =
6'15 2 TF"/Dzo 64nt15-n mt12-nr

_ TFA/D,0
Control Reaction C  CgHsNH, ———————=——> C¢D,H5.,NDp,Ho

Table 3. GC-MS results for H-D exchange reactions

Number of atoms

. Reaction Peak Relative In-
Reaction time (m/2) tensity (%) exchanged
e (D—H)
95 18.1
D 96 62.6
) 2 hours 97 100 1
exchange
98 79.4
99 45
94 11.9
HD 95 100 3
) 5 hours 96 65.1
exchange
97 20.3
98 4.8
Control A 5 hours 84 100 0
93 69.0
94 100 1
Control B 5 hours
95 64.7
96 16.0
93 100 0
94 85.2
Control C 5 hours
95 30.1

96 4.8
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279
Table 4. Aniline formation for other aromatic substrates? 280
Substrate Yield (%)
toluene 33
trifluorotoluene trace
naphthalene 31
chlorobenzene 7%
fluorobenzene trace
phenol 0
anisole 0
aniline 0
styrene 0
pyridine 0

2 Reaction conditions: To a 25 mL two-neck flask fitted with a reflux condenser was added 208.4 mg 281
(3.00 mmol) of hydroxylamine hydrochloride, 11.0 mg sodium metavanadate NaVOs (0.09 mmol, 282
3% vs. hydroxylamine), 7.2 mg Fe20s (0.045 mmol, 1.5% vs. hydroxylamine), 8 mL of trifluoroacetic 283
acid, and 2 mL of water. The solution was stirred while heating to reflux until a clear light green = 284
solution formed, about 20 minutes. At this point, 10.5 mmol (3.5 equiv) substrate was introduced 285
and the reaction refluxed for 5 hours under an air atmosphere. 286
287

3.3. Mechanistic Proposal. Reviewing all the results above, the mechanism shown in 288
Scheme 2 fits all the key observations. First, only vanadium is necessary for the amination 289
reaction, iron does no more than support the reaction. Second, vanadium(V) and vana- 290
dium(IV) catalysts have similar performance for both yields and processes, with both re- 291
ducing to V(III) at the initiation of the reaction. Third, the C-N bond formation step is 292
irreversible. After the C-N bond formation step, the intermediate undergoes an aromatic 293
H-D exchange reaction. In the last stage, the reaction product polymerizes in the strongly = 294
acidic environment in the presence of oxygen but does not polymerize under nitrogen 295
until being neutralized (Scheme 2). The reaction exhibits second order behavior in hydrox- 29
ylamine, leading to a hypothesis that the reduction is only triggered when two molecules 297
of hydroxylamine are coordinated to the vanadium center together. The selectivity of ani- 298
line H-D exchange and amination of other aromatic substrates comply with the classic =~ 299
rules of electrophilic aromatic substitution, suggesting the active intermediate behaves as 300

an electrophile rather than a nucleophile. 301
302
Scheme 2. Proposed mechanism. Intermediate A, B and C are not observed directly. 303
B and C undergo radical H-D exchange at para- and ortho- positions. 304
305
NH2
Polyaniline

yme_ NHZOH

TOZ/OH v(m- Q*f/ \(Y \(m-1)+
NH, NH, -
/ﬁ;ﬁ—> NH,OH
H )
S /
W O

H2N\
A OH 306
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This mechanism suggests that other sources of NHz* should also work. The same re- 307
action as in Table 1, Entry 6 was carried out using methoxyamine hydrochloride 308
(MeONHzsCl) in place of hydroxylamine hydrochloride. However, no aniline was ob- 309
served by GC. 310

Other possibilities for the mechanism include acylation of the hydroxylamine to 311
make [(CF3CO2)NHs]*Cl- which could act as an electrophilic source of NHz. There is liter- 312
ature precedent for direct acylation of hydroxylamine on oxygen rather than nitrogen,? 313
so this species could lose a proton and then deliver NHz* to the arene (electrophilic ami- 314
nation). This pathway would not require vanadium, however, which is contraindicated 315
by Entry 10 in Table 1. In addition, acylation of hydroxylamine would have to be compet- 316
itive with protonation to form [NHsOH]* under the highly acidic conditions employed in 317
these experiments, which favor [NHsOHJ* as the dominant species. Note that the X-ray 318
structure of A displays two [NHsOH]J* cations and a [CF3CO:]- anion within the asym- 319
metric unit. Therefore, for hydroxylamine to be involved in the reaction, [(CFsCO2)NHs]* 320
would have to be present in equilibrium with its deprotonated form for the mechanismin 321

Scheme 2 to apply. 322
323
4. Conclusion 324

In summary, a vanadium-iron catalytic system to produce aniline directly from ben- 325
zene in high yield has been developed. Using hydroxylamine as the amination reagent, 326
no oxidant was needed for this transformation. The system is currently limited to unsub- 327
stituted benzene as the substrate since the other aromatic compounds only exhibit low 328
yields or not reactive in the system. Based on the kinetic study and H/D exchange experi- 329
ments, a new mechanism is proposed, which could help develop the next generation of 330
catalysts for aniline formation. 331

Supplementary Materials: The following supporting information can be downloaded at: 332
www.mdpi.com/xxx/s1, detailed experimental procedures, summary of X-ray structural determi- 333
nation of A. . 334

Author Contributions: Conceptualization, N.L., M.S., W.].; methodology, N.L., M.S; formal analy- 335
sis, N.L., W.].; investigation, N.L., M.S.; writing and editing, N.L., W.].; supervision, project admin- 336
istration, funding acquisition, W.J. All authors have read and agreed to the published version of the 337
manuscript. 338

Funding: This work was supported by the NSF under the CCI Center for Enabling New Technolo- 339
gies through Catalysis, CHE-1205189. 340

Data Availability Statement: Accession Code CCDC #2283056 contains the supplementary crystal- 341
lographic data for this paper. These data can be obtained free of charge via 342
www.ccde.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc. cam.ac.uk, or by contact- 343
ing The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: 344
+44 1223 336033. 345

Acknowledgements: W. D. J. acknowledges assistance obtaining X-ray structures by Dr. William 346
W. Brennessel at the X-ray Crystallographic Facility of the Department of Chemistry at the Univer- 347
sity of Rochester. 348

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 349
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu- 350
script; or in the decision to publish the results. 351

Dedication: This manuscript is dedicated to the contributions of Professor Masahiro Miura, for his 352
contributions to catalytic chemistry and n-conjugated molecule synthesis. 353

354

355



Chemistry 2023, 5, FOR PEER REVIEW 12

References

[1] Grand View Research Aniline Market Analysis; Grand View Research http://www.grandviewresearch.com/industry-analysis/ani-
line-market (accessed May 21, 2015), 2015.

[2] Parshall, G. W. & Ittel, S. D. Homogeneous Catalysis: The Applications and Chemistry of Catalysis by Soluble Transition Metal Complexes,
2nd Ed., Wiley, NY (1992).

[3] Zheng, Y.-W.; Chen, B.; Ye, P.; Feng, K.; Wang, W.; Meng, Q.-Y.; Wu, L.-Z.; Tung, C.-H., Photocatalytic Hydrogen-Evolution Cross-
Couplings: Benzene C-H Amination and Hydroxylation. J. Am. Chem. Soc. 2016, 138, 10080-10083.

[4] Desrosiers, P.; Guan, S.; Hagemeyer, A.; Lowe, D. M.; Lugmair, C.; Poojary, D. M.; Turner, H.; Weinberg, H.; Zhou, X.; Armbrust,
R.; Fengler, G.; Notheis, U., Application of combinatorial catalysis for the direct amination of benzene to aniline. Catal. Today
2003, 81, 319-328.

[5] Caranto, J. D.; Lancaster, K. M., Nitric oxide is an obligate bacterial nitrification intermediate produced by hydroxylamine oxi-
doreductase. Proc. Nat. Acad. Sci. 2017, 114, 8217.

[6] Kuznetsova, N. I.; Kuznetsova, L. I; Detusheva, L. G.; Likholobov, V. A_; Pez, G. P.; Cheng, H., Amination of benzene and toluene
with hydroxylamine in the presence of transition metal redox catalysts. . Mol. Catal. A: Chemical 2000, 161, 1-9.

[7] Zhu, L. F.; Guo, B.; Tang, D. Y.; Hu, X. K; Li, G. Y.; Hu, C. W,, Sodium metavanadate catalyzed one-step amination of benzene to
aniline with hydroxylamine. J. Catal. 2007, 245, 446-455.

[8] Chen, G.; Yang, C., One-Step Synthesis of Aniline From Benzene With Hydroxylamine Over V-MCM-41 Mesoporous Molecular
Sieves. J. Chem. Soc. Pak. 2016, 38, 282.

[9] Feast, W.; Tsibouklis, J.; Pouwer, K.; Groenendaal, L.; Meijer, E., Synthesis, processing and material properties of conjugated
polymers. Polymer 1996, 37, 5017-5047.

[10] Trchova, M.; Stejskal, J., Polyaniline: The infrared spectroscopy of conducting polymer nanotubes (IUPAC Technical Report).
Pure Appl. Chem. 2011, 83, 1803-1817.

[11] Cotton, F. A,; Lewis, G. E.; Mott, G. N. Dinuclear and Polynuclear Oxovanadium(IV) Compounds. 2. A Complicated Sodium
Oxovanadium(IV) Trifluoroacetate Compound, Na«(VO)2(CFsCO2)s(THF)s(H20)2. Inorg. Chem. 1983, 22, 1825-1827.

[12] Klencsar, Z.; Kontds, Z. EPR Analysis of Fe and Mn?* Complexation Sites in Fulvic Acid Extracted from Lignite. ]. Phys. Chem.
A 2018, 122, 3190-3203.

[13] Krzystek, J.; Ozarowski, A.; Telser, J.; Crans, D. C. High-Frequency and -Field Electron Paramagnetic Resonance of Vanadium(IV,

III, and IT) Complexes. Coord. Chem. Rev. 2015, 301-302, 123-133.

[14] Ballav, N.; Biswas, M., Oxidative polymerization of aniline and pyrrole by isopolymetallates of vanadium. J. Appl. Polym. Sci.
2005, 96, 1483-1486.

[15] Anaissi, F.; Demets, G.-F.; Timm, R.; Toma, H., Hybrid polyaniline/bentonite-vanadium (V) oxide nanocomposites. Mater. Sci.
Eng.: A 2003, 347, 374-381.

[16] Kanatzidis, M. G.; Wu, C. G.; Marcy, H. O.; Kannewurf, C. R., Conductive-polymer bronzes. Intercalated polyaniline in vanadium
oxide xerogels. | Am. Chem. Soc. 1989, 111, 4139-4141.

[17] Burés, J., Variable Time Normalization Analysis: General Graphical Elucidation of Reaction Orders from Concentration Profiles.
Angew. Chem. Int. Ed. 2016, 55, 16084-16087.

[18] Rinehart, K. L.; Buchholz, A. C.; Van Lear, G. E., Mass spectral fragmentation of aniline-1-carbon-13. . Am. Chem. Soc. 1968, 90,
1073-1075.

[19] Munz, D.; Webster-Gardiner, M.; Fu, R.; Strassner, T.; Goddard, W. A.; Gunnoe, T. B., Proton or Metal? The H/D Exchange of
Arenes in Acidic Solvents. ACS Catal. 2015, 5, 769-775.

[20] Pal, S. K.; Alagesan, K.; Samuelson, A. G.; Pebler, ]., Synthesis and characterization of novel charge transfer complexes formed
by N,N'-bis(ferrocenylmethylidene)-p-phenylenediamine and N-(ferrocenylmethylidene)aniline. ]. Organomet. Chem. 1999,
575,108-118.

[21] Ruiz, J.; Ogliaro, F.; Saillard, J.-Y.; Halet, ].-F.; Varret, F.; Astruc, D., First 17-18-19-Electron Triads of Stable Isostructural Organ-
ometallic Complexes. The 17-Electron Complexes [Fe(CsRs)(arene)]?* (R = H or Me), a Novel Family of Strong Oxidants: Isola-
tion, Characterization, Electronic Structure, and Redox Properties. ]. Amer. Chem. Soc. 1998, 120, 11693-11705.

[22] Lehmann, R. E.; Kochi, J. K., Structures and photoactivation of the charge-transfer complexes of bis(arene)iron(Il) dications with
ferrocene and arene donors. J. Amer. Chem. Soc. 1991, 113, 501-512.

[23] Jencks, W. P. The Reaction of Hydroxylamine with Activated Acyl Groups. II. Mechanism of the Reaction. J. Am. Chem. Soc. 1958,
80, 4585-4588.

356
357



