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GAS-PHASE NITRATION OF THIOPHENE AND
N-METHYLPYRROLE BY PROTONATED ALKYL NITRATES
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P. le A. Moro 5, 00185 Rome, Italy

Gas-phase nitration of thiophene (1) and N-methylpyrrole (2) was studied by radiolytic techniques, supported by
chemical ionization mass spectrometry. The substrate and positional selectivities of protonated alkyl nitrates
(CH3;NO:H *, CF,CH;NO;H *) were deduced from competitive reactions with benzene performed under different con-
ditions. The apparent ks/kp ratios, which are independent of the pressure and unaffected by the presence of a strong
base (NEt;), depend on the nature of the electrophile, passing for 1 and 2 from 7-2 and 6-4, respectively, with
CH;NO;H* to 1'1 and 1-0, respectively, with the more reactive fluorinated cation. Predominant (88%)
a-substitution takes place in 1, whereas no appreciable positional discrimination is displayed by 2. The results suggest
that the electrophilic attack can also oceur at the heteroatom, and point to the same mechanism postulated for gas-
phase nitration of aromatic substrates, the reactivity being essentially governed by electrostatic interactions within the

‘encounter pair.’

INTRODUCTION

A combination of mass spectrometric (MS), radiolytic
and computational techniques has recently allowed the
study of aromatic nitration in the gas phase and the
evaluation of the mechanistic features, in particular
the selectivity of the attack by (RNO3;)H™ cations,
which appears to conform to solution chemistry
trends.' =

Extension of the study to heteroaromatic molecules is
of interest, especially since examples of predominant §3-
substitution of the latter by gaseous alkylating cations
have been reported,” which represents a noticeable
departure from their behaviour in solution.

It should be noted that heteroaromatic nitration in
condensed media is mechanistically complex, and
strongly dependent on the reaction environment,?®
which emphasizes the interest of a corresponding study
in the dilute gas state, free from complicating effects
such as solvation and ion pairing. !°

This study was aimed at evaluating the reactivities of
three model heteroaromatic molecules, pyrrole,
thiophene (1) and MN-methylpyrrole (2), towards
gaseous (RNO3)H™ nitrating cations.

Pyrrole yielded only intractable tars under the
experimental conditions employed, which restricted in-
vestigation to 1 and 2. As a useful background, it can
be mentioned that in solution these substrates are
nitrated by mild reagents predominantly at the -
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position,''™"* which has been rationalized by
arguments based on w-electrons and total charge density
for 1" and on electrostatic potentials and specific
transition-state features for 2.7

EXPERIMENTAL

Materials. The gases, having a stated purity of 99:9
mol-%, were obtained from Matheson Gas Products.
Fluka supplied benzene, thiophene and N-methylpyr-
role, the last compound being freshly redistilled before
use. The chemicals used as reference standards in the
analyses were obtained from Fluka or prepared accord-
ing to established procedures.

Radiolytic experiments. The gaseous samples were
prepared by using a greaseless vacuum line, as described
in detail elsewhere. '° The irradiation were performed at
37-5°C in a 220 Gammacell from Nuclear Canada, to
a total dose of 1:2 x 10* Gy at a dose rate of 6 x 10°
Gyh L

The irradiated vessels were cooled to 77K and a
measured amount of a methanolic solution of the inter-
nal standard (p-nitrotoluene) was added. They were
allowed to come to room temperature and their walls
were carefully washed with the solution. The dilute solu-
tions obtained were then used for gas chromatographic
(GC) analyses, using a Sigma 1 gas chromatograph from
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Perkin-Elmer and a HP 5980A
Hewlett-Packard.

The identities of the products were established by
comparison of their retention times with those of
authentic samples, and verified by GC-MS using a
Hewlett-Packard 5970B quadrupole instrument.

The following columns were wused: (1) a
3-3m x 3 mm i.d. stainless-steel column, packed with
SP-2100 (20%, w/w) and Carbowax 1500 (1%) on
100—120 mesh Supelcoport, operated at 185 °C; (ii) a
10 m x 0-53 mm i.d. fused-silica column, coated with
Carbowax 20M, operated from 60 to 120 °C; and (iii) a
12 m x0.25 mm i.d. fused-silica column coated with
methylsilicone, operated from 70 to 140 °C. The last
column was used for the GC—MS analyses.

instrument from

Mass spectrometric measurements. Chemical ioniz-
ation (CI) mass spectra were recorded using a Hewlett-
Packard 5982A guadrupole instrument and CH4—RNO3
mixtures at a source temperature of 50°C and a
pressure up to 1 Torr, as measured by a Bourdon-type
mechanical gauge.

Caution. Alkyl nitrates are hazardous compounds,
and should be handled with appropriate precautions, as
indicated previously.?

RESULTS
Mass spectrometric evidence

The formation of protonated alkyl nitrates has been
demonstrated by methane CI mass spectrometry?>
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according to the exothermic proton transfer
RNO; + C,Hs* ———— RNOsH* + C,H,

where R=CHj; or CFsCH; and n=1 or 2.

The CI mass spectra of mixtures containing CH4 and
CH;NO; in the molar ratio 103:1 and a trace amount
of thiophene display three major ions, corresponding to
the protonated nitrate, the molecular ion of 1 and its
protonated adduct (Figure 1). The ion most significant
to the present study is that at m/z 130, corresponding to
the nitrated adduct [C4H4S - NO;]* of unknown struc-
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Figure 1. CH4—CH3NO; CI mass spectrum of thiophene:
(1) NO»*; (2) (CH3NO; + Hi*; 3) M*; () (M + H)*; (5)
(M + 0)7; (6) CH30(NOz);H™; (7) (M + NO)*

Table 1 Gas-phase radiolytic nitration of thiophene and N-methlypyrrole in corgpetition with benzene by protonated methly nitrate
in CHa at 750 Torr and 37.5 C

Substrates (Torr)”?

Isomeric distribution of
nitroheteroaromatics (%)

Benzene Thiophene N-Methylpyrrole @ 8 G+ nmy total values kslkn
0-918 0-205 89 11 1-7 7-1
0-419 0-345 87 13 2-1 7-1
0-242 0-281 88 12 2-1 86
0-209 0-367 89 11 1-7 7-2
0-202 0-785 86 14 1-9 5-6
0-184 0-880 86 14 2-3 7-4
Mean: 88 +2 122 2:0+0-2 7-2%x1-0
0-266 0-308 49 51 1-4 5-9
0-312 0-309 52 48 1-2 5-1
0-349 0-354 54 46 2-4 6-1
0360 0-371 59 41 1-7 77
0-331 0-389 51 49 1-2 7-3
Mean: 53+ 4 47 * 4 1:6+0-53 6-4+1-1

“ All systems contained C:H; (10 Torr}, SFe {5 Torr) and CH3NO; (16 Torr).
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ture formed in the reaction

C4H4S + CH;NO3H+ —— [C4H4S - NO; ] *
+ CH;0H (2)

No similar adduct from thiophene is observed when
CH;NOs is replaced with CF;CH;NO;, or from the
reaction of N-methylpyrrole with either of the pro-
tonated nitrates. In both cases the spectra contain the
protonated substrate and its molecular ion.

Despite the known difficulty of extrapolating CI
results to the much higher pressures and lower
temperatures prevailing in radiolytic experiments, the
mass spectrometric observations are useful in the inter-
pretation of the radiolytic data, in that they
demonstrate the operation of an assuredly ionic nitra-
tion mechanism.

Radiolytic reaction

Irradiation of gaseous systems containing CHy
(118-750 Torr), as the bulk component, together with
RNO; (8-16 Torr) and the substrates 1 and 2 (0-2-0-9
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Torr), gives nitrated heteroaromatic products in high
yields.

Tables 1 and 2 illustrate the isomeric composition, the
apparent ks/kg values (the ks/kp ratios were evaluated
from the ratios of the yields of the products from the
substrate S and from benzene, corrected for the relative
concentrations of the competing species) and the yields
of the products obtained from the reactions of 1 and 2
at high pressure, and Table 3 relates to low-pressure
systems.

The composition of the irradiated systems deserves a
brief comment. In addition to methane and alkyl
nitrates, C;H4 and SFe¢ were used as scavengers of
radicals and thermal electrons, respectively. Very low
concenirations of the substrates were used in order to
minimize direct radiolysis.

The absolute yields of nitrated products, measured by
the corresponding Ge.ny values, which express the
number of molecules formed per 100 eV absorbed by
the gas, show that nitration is a major reaction route.
In fact, the G(+my values measured in CHs—~CH;NO;
systems cluster around 2, vs the 2-8 limit set by the

Table 2 Gas-phase nitration of thiophene and N-methlypyrrole by CF;CH,NO3H ™ jons in CHy (750 Torr) at 37-5 °C

Substrates (Torr)*

Isomeric distribution of
nitroheteroaromatics (%)

Benzene Thiophene N-Methylpyrrole o g G+m total values ksfky
0-193 0-290 87 13 1-3 10
0-338 0-354 90 10 1-5 11
0-377 0-398 50 50 1-7 1-2
0-321 0-274 49 51 0-93 0-80
“All systems contained CaHy (10 Torr), SFe (5 Torr) and CF:CH>NO; (13 Torr).
Table 3 Gas-phase radiolytic nitration at low pressure and 37-5 °C
[someric distribution of
System composition (Torr)* nitroheteroaromatics (%)
Nitrate Benzene Thiophene N-Methylpyrrole o I G+ total values ksfkn
CH:NO; 10 0-369 0-374 88 12 1-1 7-2
0-378 0-382 89 11 12 7-0
CF;CH,NO; & 0-312 0-319 90 10 0-68 1-0
0-266 0-392 91 9 0-83 0-90
CH:NO; 10 0-314 0-281 51 49 0-91 6-2
0-220 0-203 57 43 1-3 6-7
0-428 0-384 51 49 1-1 7-0
CF;CH3NO; 8 0-495 0-583 59 41 1-0 0-84

“ Al} systems contained CHy (118 Torr), C;Hs (5 Torr) and SFs (3 Torr).
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Figure 2. Absolute yields of the products from (A) M-
methylpyrrole and (B) thiophene vs the r ratio (see text).
The intercepts reflect the experimental uncertainties

G-my values of the primary ionic reactants, i.e. the
CsHs* (n=1,2) cations from the ionization of
methane. '8

Effects of additives

The ionic character of the processes of interest was en-
sured by using in all systems an effective radical
scavenger, e.g. C;Ha, at concentrations appreciable
higher than those of the substrates, and confirmed by
the sharp decrease in the nitration yields when EtsN was
added to the systems (Table 4).

In fact, the gaseous strong base has been found to

depress gradually the yields of the ionic products G,
measured in neat CH, by a factor r (Figure 2):

G {MeNO;] [S]

"= 6o (IMeNOs] + [B)({S] + (B])

The above relationship was deduced from a simple
model based on the competition of the nucleophile (B)
with the alkyl nitrate for the protonating cations, and
with the substrate (S) for the protonated alkyl nitrate,
by assuming that all processes occur at the
jon—molecule collision frequency, i.e. at the' same
specific rate.'®

DISCUSSION

Ionic reagent

As discussed previously, RNO3;H™* ions are electrophilic
reagents of an efficient gas-phase nitration.>> Both in
CI mass spectrometry and in radiolytic experiments they
are obtained by proton transfer from C,Hs*, produced
in turn from the ionization of CHy, to the alkyl nitrates,
according to the exothermic reaction (1). [ The reaction
is estimated to be exothermic by 44 (n=1) and 13
(n = 2) kcal mol™" when R = CH3, on the basis of a pro-
ton affinity (PA) of 176 of methyl nitrate. Passing to
fluorinated alkyl nitrate, whose PA is unknown, the en-
dothermic character of proton transfer from C,Hs™ to
CF3;CH:NO;s would require the PA of the latter to be
<1626 kcal mol™'].

+
+ H /OH
R-07 R~0-N{
\
NO, )
I Iz

The most stable protonated adduct from CH3;NQO;
according to MINDO calculations is the isomer I, pro-
tonated at the ethereal oxygen,2® but the stability dif-
ference between the isomeric structures [ and II is
calculated by ab initio methods to be very small (6.7
kcal mol~') and in the reverse order.?! However, owing
to the lack of selectivity of protonation by C,Hs", the
initial formation of I and II is very likely, and conse-
quently both I and II can conceivably represent the
kinetically relevant species in gas-phase nitration. In the
radiolytic systems the charged electrophiles undergo a
large number of unreactive collisions with the molecules
of the bulk gas

(RNO3H * )exe + CHs ——— RNO3H ¥ + (CHa)exe

before a reactive encounter with substrates can occur.
Consequently, RNOsH™ ions are thoroughly thermal-
ized before reacting with benzene and heteroaromatic
compounds.
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Substrate and positional selectivity

The relative reactivity of 1 and 2 measured in
CH4—-CH;NOs; systems, and characterized by apparent
ksfkw ratios of 7-2 and 6-4, respectively, is largely
independent of [S] and of the experimental condi-
tions. Nitration by the more electron-deficient
CF3;CH;NOs;H" is less selective, being characterized by
ks/ks values of 1-1 and 1-0, as would be expected from
the lower binding energy of NO,* to the ROH moiety.

By comparing these results with those obtained under
the same conditions in aromatic nitration,>~® thiophene
and N-methylpyrrole appear to react at the same rate as
toluene with CH3NO;H*. However, their reactivity
towards CF3CH,NO;H* is lower, from both a relative
and an absolute standpoint. In fact, the ks[ks values
drop to ca 1, while the absolute nitration yields from 1
and 2 decrease considerably (from ca 70 to ca 50%) on
passing from CH;3;NO3H™* to CF;CH;NO;H™*.

This trend can be rationalized on the consideration
that the electrophile can attack both the =- and the n-
type nucleophilic centres of the multidentate
substrate, *?*?3 yielding in the latter case adduct V,
which cannot convert into a stable nitration product.
The branching ratio between ring and Z attack depends
on the nature of the electrophile, and could be
rationalized by the HSAB theory,?* already invoked to
explain analogous trends in the gas-phase alkylation of
anilines. %*

Another factor that requires careful consideration is
the ability of RNO3;H™ ions to transfer a proton to the
substrates [PA (N-methylpyrrole) = 220 kcal mol~';2
PA (thiophene) = 195-9 kcal mol™';%” PA (1) = 1965,

{(> + RNO;HT - ROH
Z

PA (2) =215, PA (C¢Hg)=181-3 kcal mol ;*® PA
(CH;3NO;) = 176 kcal mol™'.?] in competition with the
nitration route:

——> SH* + RNO;  (3)

S + RNO;HY

L sNo,™ + RO (4)

Proton transfer (3) from CH3;NO3;H" is exothermic by
ca 20 kcal mol ™! with respect to thiophene and by 39
kcal mol ™! with respect to N-methylpyrrole. It has been
shown to be the predominant reaction route to the latter
substrate, and a major route to thiophene under CI con-
ditions, although increasing the pressure in the ion
source has been found to decrease the ks/ks branching
ratio, and nitration can be expected to predominate at
the much higher pressures typical of radiolytic
experiments. Probably, reaction (3) is more significant
in the case of heteroaromatic than aromatic substrates,
since proton transfer between n-type centres is known to
be particularly fast in the gas phase. The greater pro-
tonating ability of CF;CH,NO3;H™ compared with
CH;:;NO:3;H" could represent an additional factor to
explain the lower nitration yields from the fluorinated
cation.

Given the above, the overall reactivity of 1 and 2
towards gaseous nitrating ions is comparable to that of
activated aromatics. Therefore, the experimental
measured ks/kg ratios are likely to represent only lower
limits of the reactivity of 1 and 2, being affected by Z

H
—(EX
Z N02

11T

H
NO,
(Z=S,NCH,)

Iv

—
|

NO,

v
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attack and competitive protonation [reaction (3)].
Since, however, the extent of the latter processes cannot
be evaluated directly, no correction of the experimental
values has been attempted.

Concerning positional selectivity, thiophene is
nitrated predominantly at the w«-position, whereas no
discrimination between the C, and Cgz sites of N-
methylpyrrole is detected.

In principle, the high reactivity of the a-position of 1
and the B-position of 2 could be traced to the tendency
of the heteroaromatic compounds to direct the elec-
trophile towards the site characterized by the highest net
negative charge. However, this interpretation fails to ac-
count for the enhanced reactivity of the o-position of 2
towards strong nitrating agents such as RNO3;H ™ ions.

In order to develop a unified picture that accounts for
the experimental observations, one can invoke some
kind of participation of the n-type centre. In fact, in ad-
dition to direct heteroatom attack, followed by
isomerization to an a-substituted product, one can en-
visage an increased local concentration of the elec-
trophile at the «-positions owing to the preliminary for-
mation of a gaseous ‘chelate’, by analogy with the
behaviour of other bidentate substrates.?>?’

Nature of the nitration process

The thermalized RNO;H™ ions react with hetero-
aromatics 1 and 2 and benzene according to a process
that can be regarded as a nucleophilic displacement of
the corresponding alcohol:

+ /) /A2
RNO,RT + | Y ——=>ROH + sy 3)
3 g7 \Z/ ex(c

5 NO,
rNOjHY +[ )| — RoH + %1 (6)
\/ exc

as suggested by a recent investigation concerning
arylsilanes.® Nitration of CsHe¢ by protonated methyl
nitrate via reaction (6) has been shown to be energeti-
cally allowed,’ and the process is obviously more
exothermic when the fluorinated cation is involved.?
Lack of the necessary data prevents analogous calcu-
lations for process (5), which, however, can be
reasonably regarded as exothermic. [On the basis of
group additivity, reaction (5) of thiophene with
CH;NO;3;H” ions should be exothermic if PA in the ipso
position is >153 kcal mol™!']. The nitrated adducts
formed with excess of internal energy, before being

thermalized by unreactive collisions with the bath gas

(SNO;* Jore =51 —> SNO*
could conceivably isomerize into more stable structures.
Isomerization seems unlikely, at least in the investigated
pressure range, in view of the experimentally observed
insensitivity of the isomeric composition of products to
pressure changes.

Eventually, the charged intermediates evolve into the
detectable neutral products by proton transfer to any
base present in the systems, including the same
substrates:

AN
N7 -BH" Nz

[4

The ks/kg ratios and the isomeric composition of pro-
ducts are largely unaffected by the presence of a strong
base, such as Et;N; these results show that the
deprotonation step is not rate determining, and confirm
that isomerization of the heteroarenium ions is not
significant even in the absence of added bases. Hence
the isomeric distribution of nitrated products reflects
the kinetic attack of the nitrating agents on the
heteroaromatics.

It should be observed that the relative reactivity data
from this work refer exclusively to the C-nitration chan-
nel, rather to the overall nucleophilicity of 1 and 2.
Nevertheless, even taking into account the electrophilic
attack to heteroatoms, as previously discussed, the
substrate selectivity displayed by the RNO;H™* cation is
exceedingly low by the reactivity standards of
heteroaromatic nitration in solution.'""

In contrast to the low substrate selectivity, a signifi-
cant positional discrimination is observed in thiophene
nitration, suggesting that the ‘rate-determining’ and the
‘product-controlling’ steps are kinetically distinct, as in
gas-phase aromatic nitration.* This idea is consistent
with the observation that on passing from CH;NO;H*
to CF;CH2NO3;H™ ions the ksfkg ratios decrease in the
reaction of both substrates, but no change of the
isomeric distribution of the products is measured.

Such a behaviour therefore represents the counterpart
of the ‘encounter rate’ nitration occurring in solution: %
the reactants are trapped in a sort of ‘electrostatic cage’
(Formation of the early complex can be traced to the
intense electrostatic forces between the free nitrating
cation and the aromatic or heteroaromatic molecule, the
stabilization energy of ion—molecule electrostatic
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complexes being of the order of 10 kcal mol™'),3!
kinetically, if not physically, equivalent to the solvent
cage envisaged in solution, and the nitration rate of the
heteroaromatics componds is limited by the encounter
rate of RNO3H™ ions with the substrates.

On the other hand, the positional selectivity depends
on the activation barriers for the formation of the o-
isomeric complexes, and the results are in agreement
with the current ion-polar molecule interaction
theories. *2 However, this study confirms, in accord with
previous  conclusions obtained for  gas-phase
alkylations, 22> that other factors, related to the struc-
tural and electronic features of the substrate and of the
electrophile, appreciably modify the selectivity based on
purely electrostatic arguments.

CONCLUSION

Nitration of thiophene and N-methylpyrrole by gasecus
RNO;H™" ions occurs at a limiting rate, confirming that
in the gas phase sufficiently activated compounds react
at the ‘encounter rate’ with strongly charged electro-
philes.

Heteroaromatic nitration displays an intriguing
analogy with aromatic nitration. The rate appears to
be first order with respect to the heteroaromatics, as
well as to benzene, e.g. ki/kp is largely unaffected by a
21-fold change in the [1]/[B] ratio.

In conclusion, the mechanism is the same as that for
aromatic compounds, as already envisaged from related
reactions occuring in condensed media. %

In the dilute gaseous state, the intrinsic reactivity of
the free RNO3;H ™" ions towards heteroaromatics appears
to be governed by factors strictly correlated with the in-
teractions between the negatively charged sites of the
substrate and the ionic reagent, as observed in gas-phase
alkylations carried out under analogous conditions.
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