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Identification of N- or O-Alkylation of Aromatic Nitrogen
Heterocycles and N-Oxides Using 1H–15N HMBC NMR
Spectroscopy
Kevin J. Sheehy,[a] Lorraine M. Bateman,[a,b,d] Niko T. Flosbach,[c] Martin Breugst,*[c] and
Peter A. Byrne*[a,d]

In memoriam of Professor Rolf Huisgen

Abstract: A series of representative diazines and pyridine N-
oxides were subjected to alkylation using several different alkyl-
ating agents. The 15N NMR chemical shifts (δN values) of the
diazines, pyridine N-oxides and derived alkylation products
were determined using 1H-15N HMBC NMR spectroscopy at nat-
ural 15N abundance. The changes in the 15N NMR chemical
shifts (Δ(δN) values) that occurred on going from starting mate-
rials to products in these reactions were analyzed. N-alkylation
of diazines resulted in large upfield shifts of the δN values of
the alkylated nitrogen (of the order of 100 ppm or greater).
While O-alkylation of pyridine N-oxides resulted in upfield shifts
of the δN values of the N-(alkoxy)pyridinium nitrogen, the Δ(δN)
values were of a much smaller magnitude (ca. –42 ppm) than

Introduction
In the course of recent preliminary studies on the Lewis basicity
of compounds containing multiple Lewis basic sites, we have
found in several cases that standard 1H, 13C and two-dimen-
sional NMR correlation spectra do not allow unambiguous es-
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those observed for N-alkylations of diazines. Nitrogen NMR
spectroscopic data from the literature of relevance to alkylation
of azines, diazines, azine N-oxides and diazine N-oxides was
gathered together, and using this in tandem with our 15N NMR
spectroscopic data, we have been able to corroborate our ob-
servations on the trends observed in the Δ(δN) values associ-
ated with N- and O-alkylation reactions of aromatic N-heterocy-
cles and N-oxides. An analysis protocol that relies on synergistic
evaluation of 1H-15N HMBC and 1H-13C HMBC NMR spectra has
been developed that enables unambiguous diagnosis of the
occurrence of N-alkylation of aromatic N-heterocycles and O-
alkylation of aromatic N-oxides.

tablishment of which Lewis basic site of a given compound
had undergone reaction with a carbon-centered Lewis acid or
electrophile.[1] That is, the structures of the products could not
be determined without ambiguity. In order to circumvent this
problem, we have endeavored to find other means of establish-
ing the structures of the products of these reactions. Since
many of the compounds of interest in our investigations are N-
containing aromatic heterocycles (azines, diazines, and derived
N-oxides) containing one or more Lewis basic nitrogen atoms,
exploiting modern nitrogen NMR spectroscopic techniques
seemed to be a natural choice to achieve this goal.

To this end, the indirect detection technique of 1H-15N HMBC
NMR spectroscopy at natural 15N abundance is of particular in-
terest and potential utility.[2] This technique exploits the sensi-
tivity of measurement of 1H NMR signals to circumvent the diffi-
culties that have typically been associated with direct detection
of 15N NMR resonances. Coupled with cryoprobe technology,
this enables measurement of 15N NMR chemical shifts with rela-
tively short acquisition times (20–30 minutes), and without any
requirement for costly 15N-enrichment of analytes.

However, while modern spectroscopic techniques and instru-
mentation have removed the barriers that until recently existed
to the routine acquisition of 15N NMR spectroscopic data, a
problem nonetheless remains with the approach of employing
15N NMR chemical shifts in a diagnostic manner to determine
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the identities of alkylation products of aromatic N-heterocycles
– in particular if there is more than one possible alkylation site.
Although systematic studies have been carried out to establish
the manner in which aromatic 15N NMR signals are altered upon
N-protonation,[2–4] and coordination of aromatic nitrogen atoms
to metals,[2,5] data in the literature indicating how aromatic
nitrogen NMR signals change upon N-alkylation of azines and
diazines or O-alkylation of aromatic N-oxides is somewhat
sparse (this data is discussed in detail below). In several instan-
ces in publications containing one or more examples of
aromatic N-alkylation, statements are made to the effect that
N-alkylation of aromatic nitrogen atoms result in large upfield
shifts of the δN value of the alkylated nitrogen (of the order of
100 ppm). However, frequently in these instances, no references
to other relevant publications are cited, and in some others
no experimental data is reported. As a result, nitrogen NMR
spectroscopic data on aromatic N-heterocycle alkylation reac-
tions is scattered throughout the literature, essentially uncon-
nected in any systematic way to the other relevant pieces of
data. Consequently, although important results relating to
nitrogen NMR spectroscopic analysis of N-alkylation of aromatic
N-heterocycles have been reported in several studies,[2d,4–14]

the existence of a systematic trend in how δN values change
upon N-alkylation of constituents from this rather broad range
of compounds (which would be of use in a diagnostic sense)
has not been definitively established. Furthermore, only two
examples exist indicating the effect on δN of O-alkylation of
azine or diazine N-oxides.[10,15] Hence, at present, one cannot
unambiguously diagnose the occurrence of N-alkylation of
aromatic N-heterocycles or the occurrence of O-alkylation of
aromatic N-oxides using nitrogen NMR spectroscopy.

Prompted by this, in carrying out this study, we aimed to
achieve the following goals:

(i) To establish δN values for some representative aromatic
N-heterocycles and N-oxides and N- or O-alkylation products
derived from these that had not previously been characterised
in order to widen the scope of available data, and to hence
establish diagnostic changes in δN values (i.e. Δ(δN) values) for
these alkylation reactions.

(ii) To gather together existing relevant data from the litera-
ture and combine it with our data in order to establish a sys-
tematic basis for understanding the manner in which 15N NMR
chemical shifts change during the course of alkylation reactions
of N-containing aromatic heterocycles.

As is described in detail below, in this work, Δ(δN) values
that are characteristic of N-alkylation reactions of aromatic
N-heterocycles and of O-alkylation of aromatic N-oxides have
been established. In tandem with multiple-bond correlation
data from two-dimensional NMR spectra (1H-15N HMBC and
1H-13C HMBC) and certain 13C{1H} NMR spectroscopic data, the
Δ(δN) data provides a basis on which to unambiguously
diagnose the occurrence (i) of N-alkylation of aromatic N-
heterocycles, or (ii) of O-alkylation of aromatic N-oxides. It will
also enable distinction between products of N-alkylation and
O-alkylation in instances where ambiguity exists. The general
nature of the approach developed, which involves synergistic
application of the 1H-15N HMBC, 1H-13C HMBC and 13C{1H} NMR
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spectroscopic techniques, is such that it is sure to find use in a
wide range of applications. Long range 1H-15N NMR correlation
techniques have been exploited in previous analogous studies
to establish the sites of N-oxidation of various compounds con-
taining multiple nitrogen environments.[16]

Results

To achieve the goals specified above, we selected diazines 1–3
and pyridine N-oxides 4–6 as our test substrates (see Scheme 1
and Scheme 2 for compound structures), on the basis that they
should undergo alkylation reactions with no ambiguity over the
site of attachment of the alkyl group in the product. That is,
compounds 1–3 undergo N-alkylation specifically, while com-
pounds 4–6 undergo O-alkylation.

Scheme 1. Use of methylating agents MeI and MeOTf to effect (a)–(c) N-
methylation of diazines 1–3; (d) O-methylation of pyridine N-oxides 4–6.
Products were dissolved in DMSO or [D6]DMSO for recording NMR spectra.
X = I or OTf throughout. Yields are shown in parentheses. [a] The reaction
giving this isolated yield of 17 was carried out in CDCl3 solvent. High conver-
sion was also observed for the reaction in MeCN.[18]

The 15N NMR chemical shifts (δN values) of starting com-
pounds 1–6 were recorded, as were δN values for alkylation
adducts derived from 1–6.[17] The alkylation reactions that were
conducted are shown in Scheme 1 and Scheme 2,[18] yielding
N-alkylation adducts 7–12, and O-alkylation adducts 13–17. As
all of the products in Scheme 1 and Scheme 2 are hygroscopic
and/or hydrolytically unstable, the reactions were conducted
under inert atmosphere.[24] Hydrolytically unstable compounds
were characterized by NMR spectroscopy by transferring the
reaction mixture directly into an NMR tube under inert atmos-
phere (i.e. benzhydryl adducts 8, 10, 12, 14 and 16), and were
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Table 1. 15N NMR chemical shift (δN) values of starting compounds 1–6, derived N-alkylation products 7–12, and derived O-alkylation products 13–17, and
Δ(δN) values (change in 15N chemical shift) between starting compounds and products upon N- or O-alkylation.[a,c] The δN values are referenced to liquid
ammonia at 0 ppm (equivalent to referencing to nitromethane at 380.2 ppm). Throughout, Ar = para-tolyl group.

[a] Δ(δN) = The change in the δN value of the nitrogen atom of the alkylated compound compared to the δN value of that nitrogen in the parent compound.
The δN and Δ(δN) values associated with the alkylated nitrogen are highlighted in bold in the table in products containing more than one nitrogen NMR
environment. [b] This δN value (in [D6]DMSO solvent) was reported in ref. [20]. [c] 14N NMR chemical shift values of 85.64 ppm (in DMSO) and 85.66 ppm (in
CH2Cl2), referenced to nitromethane at 0 ppm, were reported in ref. [21]. These literature δN values equate to 294.6 and 294.5 ppm, respectively, when re-
referenced to ammonia at 0 ppm. [d] The δN value given for compound 5 is extracted from a 1H-15N HMBC NMR spectrum of a reaction of the compound.
See also ref. [22]. [e] No reference δN value for starting compound (5) was obtained in CH2Cl2. [f ] A similar δN value (285.2 ppm, relative to nitromethane at
380.2 ppm) was determined in CDCl3 solvent in ref. [23].

Eur. J. Org. Chem. 2020, 3270–3281 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3272
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Scheme 2. N- and O-alkylation of nitrogen heterocycles 1–5 using benzhydryl
triflate 19, generated in solution from the parent benzhydryl chloride +
AgOTf. Throughout the scheme Ar = p-tolyl. Conversions of these hydrolyti-
cally unstable products were determined from 1H NMR spectra – see the
Supporting Information for details.[18,19]

not isolated. Conversions based on integrations of signals in the
inert atmosphere 1H NMR spectra of these products are shown
in Scheme 2. Moisture-stable compounds were isolated – in
some instances this was achieved by carrying out separate reac-
tions on significantly larger scale than that used for the
1H-15N HMBC NMR characterization experiments.[18] Relatively
low conversions and yields were observed in some reactions of
MeI due to the weak Lewis basicities of some of the diazines or
N-oxides employed (Scheme 1).[25] Table 1 shows the δN values
recorded for starting materials 1–6, for derived N-alkylation
adducts 7–12 and for O-alkylation adducts 13–17 using
1H-15N HMBC NMR spectroscopy.

Also shown in Table 1, in the column furthest to the right,
are the Δ(δN) values associated with each of the alkylation reac-
tions. These Δ(δN) values show the extent to which the chemi-
cal shift of a 15N nucleus changes relative to the δN value of
the starting material (diazine or pyridine N-oxide) upon occur-
rence of an alkylation reaction. If the δN value of an alkylation
product is upfield of the δN value of the corresponding 15N
NMR environment in the starting material, this is represented
as a negative value of Δ(δN) in Table 1. Conversely, a positive
value of Δ(δN) indicate that the chemical shift of the 15N envi-
ronment in question has moved downfield relative to the corre-
sponding environment in the starting material upon alkylation.
In Table 1, in each instance in which the starting material and/
or product contains more than one nitrogen NMR environment

Eur. J. Org. Chem. 2020, 3270–3281 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3273

(entries (i) – (ix)), the 15N NMR chemical shift of the nitrogen
atom of the starting material that undergoes alkylation and that
of the alkylated nitrogen atom of the product are highlighted
in bold. The Δ(δN) value associated with the N-alkylation proc-
ess is also highlighted in each of these instances. Each of the
pyridine N-oxides employed contains only one nitrogen envi-
ronment, and hence there is no potential for ambiguity in in-
stances involving these.

The 1H-15N HMBC NMR spectra of compounds 7–12 (N-alkyl-
ation adducts of compounds 1–3) indicate that there is a sys-
tematic shift upfield of the δN value of the alkylated nitrogen
environment relative to the δN value of the corresponding nitro-
gen nucleus in the starting material (i.e. the Δ(δN) value is nega-
tive – see Table 1 entries (i) – (ix)).[6] That the upfield signal in
each case belongs to the alkylated nitrogen is shown by the
existence of a correlation in the 1H-15N HMBC NMR spectrum
of the product between the upfield 15N signal and the proton(s)
of the methyl or benzhydryl groups (i.e. CHAr2 of the latter). The
δN values of the non-alkylated nitrogen signals move downfield
relative to the corresponding δN values in the starting materi-
als.[26] The 1H-15N HMBC NMR spectrum of 11b is shown in

Figure 1. (a) 1H-15N HMBC NMR spectrum of 11b showing correlation of N-
methyl 1H signal with upfield 15N signal, (b) 1H-13C HMBC NMR spectrum of
11b showing correlations between (i) N-methyl 1H signal and ortho-13C sig-
nals, and (ii) ortho-1H signals and N-methyl group 13C signal.
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Figure 1a as an example – in this image, one can clearly see
the spectral features described above.

The 1H-15N HMBC NMR spectra of compounds 13–17 (O-
alkylation adducts) also indicate that there is a systematic shift
upfield of the δN value of the alkoxypyridinium nitrogen of
these compounds relative to the δN value of the starting mate-
rial N-oxide nitrogen (Table 1 entries (x)–(xiii)). A three-bond
coupling interaction is shown to exist for each of these com-
pounds between the alkoxypyridinium nitrogen and the methyl
group CH3 protons or benzhydryl CH proton by correlations in
the 1H-15N HMBC NMR spectra of the compounds.[27,28]

The data presented in Table 1 make clear that the upfield
Δ(δN) values associated with the alkylated nitrogen atom in
N-alkylation reactions are systematically larger than the Δ(δN)
values associated with O-alkylations (e.g. compare Table 1 en-

Table 2. Nitrogen (14N or 15N) NMR chemical shift (δN) values of starting compounds and derived alkylation products from literature reports, and Δ(δN) values
(change in 15N chemical shift) between starting compounds and products upon N-alkylation.[a] The δN values are referenced to liquid ammonia at 0 ppm
(equivalent to referencing to nitromethane at 380.2 ppm), and hence in some instances have been re-calculated from the literature values, which are
referenced relative to a different standard.

[a] Δ(δN) = The change in the δN value of the alkylated nitrogen compared to the δN value of that nitrogen in the parent compound. The δN and Δ(δN) values
associated with the alkylated nitrogen are highlighted in bold in the table in products containing more than one nitrogen NMR environment, as are δN values
of nitrogen atoms of starting materials that undergo N-alkylation. [b] The δN value originally reported in ref. [4], referenced relative to nitromethane at 0 ppm,
was reported as –64.0 ppm. It has been re-referenced to ammonia at δN 0 ppm in the Table to enable comparison with the δN values in Table 1. A δN value
of –63.0 ppm (relative to nitromethane at 0 ppm) has also been reported for this compound in DMSO.[29] δN values of 275.2 ppm and –57.6 ppm have also
been reported for this compound in DMSO relative to external 2 mol L–1 (Me4

15N)Cl and external 1 mol L–1 HNO3 in D2O (enriched in 15N), respectively.[30] A
δN value of –62.7 ppm (14N NMR spectroscopy; relative to nitromethane at 0 ppm) has also been reported for this compound in nitromethane.[6] [c] The δN

value originally reported in ref.[4], referenced relative to nitromethane at 0 ppm, was reported as –179.9 ppm. δN values of 159.1 ppm and –173.7 ppm have
also been reported for this compound in DMSO relative to external 2 mol L–1 (Me4

15N)Cl and external 1 mol L–1 HNO3 in D2O (enriched in 15N), respectively.[30]

A δN value of –179.2 ppm (14N NMR spectroscopy; relative to nitromethane at 0 ppm) has also been reported for this compound in nitromethane.[6] [d] Very
similar values of Δ(δN) (–116.1 ppm in DMSO solvent, –116.5 ppm in MeNO2) are derived from the data reported by Yavari and Roberts,[31] and Costisella et
al., respectively.[6] [e] The δN value originally reported in ref. [6], referenced relative to nitromethane at 0 ppm, was reported as –104.7 ppm. [f ] The δN value
originally reported in ref.[6], referenced relative to nitromethane at 0 ppm, was reported as –222.3 ppm. [g] The δN value originally reported in ref. [31],
referenced relative to nitromethane at 0 ppm, was reported as 59.02 ppm. [h] The δN value shown was reported in ref.[32] No information was given on the
referencing of the 15N NMR spectrum. Note: The identity of the counter-cation of the pyrazinium ion was not specified. [i] The δN value shown was reported
in ref. [11], referenced relative to ammonia at 0 ppm.

Eur. J. Org. Chem. 2020, 3270–3281 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3274

tries (i) and (x) for methylation reactions, and entries (iii) and
(xii) for benzhydrylations).

As alluded to in the introduction, by making reference to
previous studies in the literature, we were able to find some
additional examples of azines, diazines, azine N-oxides and the
derived N- and O-alkylation adducts of these compounds for
which 14N and/or 15N chemical shifts are known. These are
gathered together in Table 2, Table 3 and Table 4. As in Table 1,
the δN values of the nitrogen atoms of the starting materials or
products that are involved in the N- or O-alkylation processes
(and the derived Δ(δN) values) are highlighted in bold in Table 2
and Table 4 in instances in which there are more than one
nitrogen NMR environments. A further example, involving
methylation of compound 18 to give 19 (see structures in Fig-
ure 2) results in an upfield shift in the δN value of the methyl-
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ated nitrogen of Δ(δN) = –112.4 ppm.[2d,12] Across all of the
examples from the chemical literature involving N-alkylation of
azines, diazines and diazine N-oxides for which nitrogen NMR
spectroscopic data is available (16 examples in total – see
Table 2, Table 3, and Table 4 and Figure 2), one can discern that

Table 3. Nitrogen (14N or 15N) NMR chemical shift (δN) values of starting compounds and derived alkylation products from literature reports, and Δ(δN) values
(change in 15N chemical shift) between starting compounds and products upon N-alkylation.[a] The δN values are referenced to liquid ammonia at 0 ppm
(equivalent to referencing to nitromethane at 380.2 ppm), and hence have been re-calculated from the literature values, which were referenced to nitrometh-
ane at 0 ppm.

[a] Δ(δN) = The change in the δN value of the nitrogen atom of the alkylated compound compared to the δN value of that nitrogen in the parent compound.
[b] The δN values of the quinolines in entries (i) – (vii) originally reported in ref. [9], referenced relative to nitromethane at 0 ppm, were reported as –71.1,
–47.9, –76.6, –67.0, –70.2, –72.8, and –69.7 ppm, respectively. [c] The δN values of the N-methylquinolinium salts in entries (i) – (vii) originally reported in ref.
[9], referenced relative to nitromethane at 0 ppm, were reported as –191.6, –188.8, –192.0, –191.4, –190.2, –192.1, and –192.8 ppm, respectively. [d] The δN

value originally reported in ref. [4], referenced relative to nitromethane at 0 ppm, was reported as –64.0 ppm. A δN value of –63.0 ppm (relative to nitromethane
at 0 ppm) has also been reported for this compound in DMSO.[29] [e] The δN value (14N NMR spectroscopy) originally reported in ref. [7], referenced relative
to nitromethane at 0 ppm, was reported as –172.9 ppm (at 0.1 mol L–1 concentration; slight concentration dependence of δN is reported).

Eur. J. Org. Chem. 2020, 3270–3281 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3275

N-alkylation of these compounds does result in an upfield shift
of the δN value of the alkylated nitrogen atom of over 100 ppm
(i.e. Δ(δN) = ca. –100 ppm), as indicated in several previous
publications on the basis of small numbers of results or without
reference to other literature examples.
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Table 4. Nitrogen (14N or 15N) NMR chemical shift (δN) values of starting compounds and derived alkylation products from literature reports, and Δ(δN) values
(change in 15N chemical shift) between starting compounds and products upon N- or O-alkylation.[a] The δN values are referenced to liquid ammonia at
0 ppm (equivalent to referencing to nitromethane at 380.2 ppm), and hence have been re-calculated from the literature values, which were referenced to
nitromethane at 0 ppm.

[a] Δ(δN) = The change in the δN value of the nitrogen atom of the alkylated compound compared to the δN value of that nitrogen in the parent compound.
The δN and Δ(δN) values associated with the alkylated nitrogen are highlighted in bold in the table in products containing more than one nitrogen NMR
environment, as are δN values of nitrogen atoms of starting materials that undergo N-alkylation. [b] The δN values of the compounds in entries (i) – (iv)
originally reported in ref. [10], referenced relative to nitromethane at 0 ppm, were reported as –55.5 and –35.7 ppm for 2-choropyrazine (entry (i)), –74.6 and
–72.8 ppm for 2-chloropyrazine N-oxide (entry (ii)), and –65.8 and –85.1 ppm for 3-chloropyrazine N-oxide (entries (iii) and (iv)). [c] The δN values of the
compounds in entries (i) – (iv) originally reported in ref. [10], referenced relative to nitromethane at 0 ppm, were reported as –35.2 and –141.7 ppm (entry
(i)), –63.5 and –179.0 ppm (entry (ii)), –53.9 and –181.1 ppm (entry (iii)), and –110.3 and –37.3 ppm (entry (iv)). [d] The δN value originally reported in ref. [15],
referenced relative to nitromethane at 0 ppm, was reported as 95.9 ppm. [e] The δN value originally reported in ref. [15], referenced relative to nitromethane
at 0 ppm, was reported as –134.4 ppm.

Figure 2. δN Values of compounds 18 and 19 (referenced to ammonia at δN

0 ppm; solvent not specified).[2d,12]

The compounds involved in these studies were pyridines
(3 examples),[4,6,7,8] quinolines (7 examples),[9] pyrazine N-oxides
(2 examples),[10] a pyridazine,[11] and an isoquinoline alkal-

Eur. J. Org. Chem. 2020, 3270–3281 www.eurjoc.org © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3276

oid.[2d,12,13] N-alkylation of purines (which occurs on one of the
imidazole nitrogen atoms) has also been reported to result in a
large upfield shift in the δN value of the alkylated nitrogen
(Δ(δN) = –80 to –90 ppm).[14] Two reports from the literature
indicate that O-alkylation of azine and diazine N-oxides results
in much smaller changes in the δN values of the N-oxide
nitrogen nuclei (Δ(δN) = ca. –40 ppm) – see Table 4 entries (iv)
and (v).[10,15]

The data in Table 2, Table 3, and Table 4 has allowed us to
establish further Δ(δN) values associated with N- and O-alkyl-
ation processes. Across all of the adducts of N-alkylation (i.e.
those in Table 1, Table 2, Table 3, and Table 4 and Figure 2; 26
examples in total), the average upfield Δ(δN) value associated
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with N-alkylation is –112 ppm. The shift upfield in the N-oxide
nitrogen δN value upon O-alkylation is significantly smaller –
i.e. the average Δ(δN) value across the N-oxide O-alkylation ad-
ducts shown in Table 1 and Table 4 is –42 ppm (8 examples in
total). From this, we can conclude that there is a characteristic
Δ(δN) value associated with N-alkylation of an azine, diazine or
diazine N-oxide, distinct from (and significantly larger than) the
characteristic Δ(δN) values associated with O-alkylations of
azine N-oxides or diazine N-oxides.

Another very important observation is that in the 1H-13C
HMBC NMR spectra of compounds 7–12, the signals of the
N-methyl or N-benzhydryl proton(s) are correlated with the
13C NMR signals of the aromatic carbons directly bound to the
alkylated nitrogen. Similarly, the N-methyl or N-benzhydryl
Ar2CH 13C NMR signal is correlated with the 1H NMR signals
of the aromatic protons on the ortho-positions relative to the
quaternized nitrogen. These correlations can be seen in the
1H-13C HMBC NMR spectrum of 11b shown in Figure 1b. The
connectivity indicated by the 1H-13C HMBC NMR data for each
compound is entirely consistent with the conclusions indicated
by the 1H-15N HMBC NMR data. In contrast, in the 1H-13C HMBC
NMR spectra of compounds 13–17, the signals of the O-methyl
or O-benzhydryl proton(s) are not correlated with the 13C NMR
signals of the aromatic carbons directly bound to the N-oxide
nitrogen. Similarly, the O-methyl or O-benzhydryl Ar2CH 13C
NMR signal is not correlated with the 1H NMR signals of the
aromatic protons in the ortho-positions relative to the alkoxy-
pyridinium group. Hence, the absence of these correlations (in
tandem with 15N NMR spectroscopic data) is indicative of O-
alkylation. An example of a 1H-13C HMBC NMR spectrum show-
ing the absence of these four-bond 1H-13C NMR correlations
for compound 13b is shown on page S39 of the Supporting
Information (Figure S35).

Furthermore, a thorough examination of the 13C{1H} NMR
chemical shifts of the N- or O-alkyl group carbon atoms directly
bound to the heteroatoms (in our data and literature data) re-
vealed a systematic trend. On its own, this data does not allow
definitive establishment of N- or O-alkylation, but if analysed
together with Δ(δN) and 1H-13C HMBC NMR data, the δC values
of these carbons can be used to identify N-alkylated aromatic
compounds and O-alkylation adducts of aromatic N-oxides (alk-
oxypyridinium ions).

The 13C NMR signals of the N-benzhydryl group NCH carbons
of compounds 8, 10 and 12 exhibit δC values in the range 75–
80 ppm, as is shown in Table 5 entries (i) – (iii). The δC values
of the benzhydryl NCH carbons in related benzhydrylpyridinium
ions ranges from 65 to 76 ppm.[33,34] The δC values of the OCH
benzhydryl group carbon signals of 14 and 16 are substantially
higher, at 97.1 and 97.8 ppm, respectively (Table 5 entries (iv)
and (v)).

The δC values of a variety of aromatic N-methylated com-
pounds and alkylation adducts of aromatic N-oxides for which
13C NMR spectroscopic data has been reported in the literature
are gathered together in Tables S1 and S2 in the Supporting
Information.[35] The 13C NMR chemical shifts of the N-methyl
group carbon in these compounds appear in the range 36–
53 ppm,[36,37] while the δC values of the O-methyl group
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Table 5. 13C NMR chemical shift (δC) values of benzhydryl group Ar2CH carbon
nuclei (position indicated by arrow in compounds below) of compounds 8,
10, 12, 14 and 16 in CD2Cl2 solvent. Ar = p-tolyl throughout.

carbons of methoxypyridinium ions are in the range 62–
75 ppm.[38,39] Similar systematic trends exist for other N- and
O-alkyl groups.[33,40,41]

It is clear from this data that for each alkyl group, there is a
well-defined characteristic 13C NMR chemical shift range in
which one can expect to observe the signal of the N-alkyl group
N+–C nucleus of an aromatic N-alkylated compound. Similarly,
there is a distinct chemical shift range in which the 13C NMR
signal of the O-alkyl O–C nucleus of an alkoxypyridinium ion
can be reliably expected to appear. Although in isolation the
13C NMR chemical shift of a single carbon environment is cer-
tainly not uniquely diagnostic, it can be used in tandem with
Δ(δN) and 1H-13C HMBC NMR data to diagnose the occurrence
of N- or O-alkylation of aromatic N-heterocycles or N-oxides.

Discussion

Since the compounds selected for this study each contain only
one Lewis basic site or two equivalent Lewis basic sites, there
is no ambiguity over the site of alkylation of these compounds
by alkyl electrophiles. Consequently, comparison of the 15N
NMR chemical shifts of the alkylation adducts with the chemical
shifts of the corresponding nitrogen atoms in the starting mate-
rials has enabled diagnostic trends in the magnitudes of the
Δ(δN) values for reactions of these compounds to be associated
with N- or O-alkylation. In combination with collected nitrogen
NMR spectroscopic data from the literature relating to azine,
diazine, or diazine N-oxide alkylation (Table 2, Table 3, and
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Table 4 and Figure 2), our results clearly show that N-alkylation
reactions of these compounds result in very large upfield shifts
in the δN values of the alkylated nitrogen atoms (Δ(δN) values
of the order of –100 ppm from starting material to product).
Given that a similar phenomenon has also been observed for
N-alkylation reactions of purines (with Δ(δN) values of –80 to
–90 ppm for the alkylated nitrogen),[14] it is clear that large
negative Δ(δN) values are strongly indicative of N-alkylation of
aromatic nitrogen nucleophiles. We have also established that
information from13C{1H} and 1H-13C HMBC NMR spectra of alkyl-
ation adducts can be used to compliment the 15N NMR chemi-
cal shift data from 1H-15N HMBC NMR spectra. Hence, analysis
of products formed in reactions of aromatic N-heterocycles us-
ing the 1H-15N HMBC, 1H-13C HMBC and 13C{1H} NMR spectro-
scopic techniques in tandem provides a definitive means of es-
tablishing the occurrence or otherwise of N-alkylation in these
reactions.

In a similar fashion, our 1H-15N HMBC NMR spectroscopic
data on pyridine N-oxides and their O-alkylated derivatives
shows that there is a characteristic upfield shift in the δN values
of aromatic N-oxide nitrogen nuclei upon O-alkylation that is of
much smaller magnitude (Δ(δN) = ca. –42 ppm) than that ob-
served for the N-alkylations discussed above. This observation
aligns closely with the two literature precedents involving O-
alkylation of aromatic N-oxides in which nitrogen NMR spectro-
scopic data has been reported Table 4 entries (iv) and (v)).[10,15]

1H-15N HMBC NMR spectra of N-alkoxypyridinium ions (13–17)
show three-bond coupling interactions between the N-oxide
nitrogen and alkoxy group protons.[27] 1H-13C HMBC NMR spec-
tra of the O-alkylated adducts show that long-range correla-
tions are not present between the O-alkyl protons and carbons
and the aromatic carbons and protons.[7] Hence, long-range
correlation data obtained from 1H-15N HMBC and 1H-13C HMBC
NMR spectra can also be used in tandem with Δ(δN) values
and δC values (from 13C NMR spectroscopy) to diagnose the
occurrence of O-alkylation of aromatic N-oxides.

It is appropriate at this point to compare the characteristic
Δ(δN) values associated with formation of N-alkylated adducts
of aromatic N-heterocycles and O-alkylated adducts of aromatic
N-oxides (established above) with some Δ(δN) values associated
with other important chemical transformations of N-hetero-
cycles.

In contrast to the large negative Δ(δN) value associated with
N-alkylation of an aromatic N-heterocycle, N-alkylation of ali-
phatic or alicyclic N-heterocycles (i.e. amines) results in a com-
paratively small downfield shift in δN of ≤ +10 ppm (small posi-
tive Δ(δN)).[42]

N-oxidation of aromatic N-heterocycles results in an upfield
shift of δN of the oxidised nitrogen of the order of 20–30 ppm
(i.e. Δ(δN) = –20 to –30 ppm).[43] Comparison of the δN values
of the pyridine N-oxides that we have recorded in this project
(295.1 and 284.3 ppm, respectively, for 4 and 6 in [D6]DMSO)
with the δN values of pyridine and 4-methylpyridine
(316.2 ppm[4] and 311.0 ppm,[2h] respectively, in [D6]DMSO) in-
dicates Δ(δN) values for N-oxidation of these pyridines of
–21.1 ppm and –26.7 ppm, respectively. In contrast, N-oxidation
of aliphatic N-heterocycles (amines) has been reported to result
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in a relatively large downfield shift of the δN value of the signal
of the nitrogen nucleus involved (Δ(δN) = ca. +68 to
+85 ppm).[16a,16b,44]

Conclusions

The diagnostic NMR spectroscopic analytical protocols de-
scribed above are of general utility, and are likely to prove
beneficial in other applications in organic chemistry involving
aromatic N-heterocycles and N-oxides, especially given the
analogous effects observed on δN values upon N- or O-protona-
tion[2–4] or oxidation[43] of aromatic N-heterocycles, and upon
complexation of aromatic nitrogen atoms to metals.[2,5] In addi-
tion, this approach can be used to distinguish between the N-
and O-alkylation in reactions in which there is ambiguity over
the outcome, e.g. in alkylation reactions of compounds contain-
ing both aromatic nitrogen(s) and N-oxide(s). The data reported
in this article will facilitate our future studies on Lewis basicity
and ambident nucleophilicity by enabling us to overcome the
previously intractable challenge of unambiguously establishing
the structure of products formed in alkylation reactions of aro-
matic N-heterocycles with multiple Lewis basic and/or nucleo-
philic nitrogen or oxygen sites.

Importantly, our use of 1H-13C HMBC NMR spectroscopy
alongside 1H-15N HMBC NMR spectroscopy in this study has
enabled the information contained in 1H-13C HMBC and 13C{1H}
NMR spectra to take on a new significance. The NMR 1H-13C
HMBC and 13C{1H} NMR spectroscopic data, which in isolation
was ambiguous up until now, has been rendered diagnostic
in the context of the 1H-15N HMBC NMR spectroscopic data,
facilitated by the findings reported herein.

Experimental Data
Supporting Information is available for this article, containing a full
set of experimental procedures, characterization data for products
and reaction mixtures, general experimental details, and copies of
NMR spectra. Selected experimental details are given below.

Details on NMR Spectroscopic Experiments: NMR spectra were
recorded in 5 mm diameter NMR tubes on Bruker Avance III 600,
Bruker Avance I 400 and Bruker Avance III 300 NMR spectrometers.
These spectrometers are equipped, respectively, with a Bruker
5 mm Broadband (BBFO) Cryoprobe (Avance III 600), a Bruker 5 mm
QNP room temperature probe (Avance I 400), and a Bruker 5 mm
Broadband room temperature probe (Avance III 300).
1H NMR spectra (600 MHz, 400 MHz and 300 MHz respectively),
13C{1H} NMR spectra (proton decoupled mode; 150 MHz, 100 MHz
and 75 MHz, respectively), COSY, 1H-13C HSQC and 1H-13C HMBC
NMR spectra were acquired at 300 K on the Avance II 600 spectrom-
eter (cryoprobe coil temperature = 16 K) and Avance III 300 spec-
trometer and at 293 K on the Avance I 400 spectrometer. Tetrameth-
ylsilane (TMS) was employed as the external chemical shift refer-
ence standard for these.
1H-15N HMBC NMR spectra were recorded at 300 K on the Bruker
Avance III 600 NMR spectrometer [600.1 MHz (1H), 60.8 MHz (15N)],
equipped with Bruker BBFO cryoprobe (coil temperature 16 K) and
referenced externally to ammonia (at 0 ppm), the value of which
was uncorrected. 1H-15N HMBC NMR spectra were acquired using
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the Bruker hmbcqpndqf pulse program (2D H-1/X correlation via
heteronuclear zero and double quantum coherence optimised on
long range couplings), with 4 scans and spectral width of 600–
650 ppm. Spectra recorded in non-deuterated solvents were ac-
quired using the Bruker NOESY presat (noesygppr) solvent suppres-
sion pulse sequence, using presaturation during the mixing time
and relaxation delay.

Preparation of N-methylpyrazinium Triflate (7b)

Pyrazine (1) (0.142 g, 1.77 mmol) was dissolved in dry MeCN (5 mL)
in a N2-filled Schlenk flask, which was wrapped in aluminium foil to
protect the product from light. Methyl triflate (0.295 g, 1.79 mmol)
was subsequently added dropwise. After ca. 18 hours, the MeCN
was removed under vacuum – precise details on how this was done
are given in Procedure A in the General Procedures section in the
Supporting Information. The solid product (7b) was washed by ad-
dition of dry Et2O, which was removed by cannula filtration (under
inert atmosphere). Three aliquots of dry Et2O (2 mL each) were used
in this manner to wash the product (yield = 0.372 g, 86 %; product
contained ca. 2 % of 1, therefore yield = 86 % × 0.98 = 84 %). Dry
[D6]DMSO (ca. 0.9 mL) was added carefully to the Schlenk flask in
such a way as to ensure dissolution of only a portion of the solid
(ca. 10–20 mg), and the resulting solution was transferred to a NMR
tube under inert atmosphere. Full details of the protocol used for
preparation of samples for NMR spectroscopy under inert atmos-
phere are given in Procedure B in the General Procedures section
in the Supporting Information. The NMR tube was sealed with a
rubber septum (wrapped around the outside with PTFE tape and
then Parafilm) under inert atmosphere, and brought to the NMR
spectrometer.
1H NMR (400 MHz, [D6]DMSO) δ = 9.50 (s, 2H), 9.13 (s, 2H), 4.42
(s, 3H).[37a] A very small signal from residual pyrazine is visible at
8.73 ppm.

(b) Pyrazine (1) (0.113 g, 1.41 mmol) was dissolved in dry MeCN
(5 mL) in a N2-filled Schlenk flask which was wrapped in aluminium
foil to protect the product from light. Methyl triflate (0.167 g,
1.02 mmol) was subsequently added dropwise. After ca. 30 minutes,
the MeCN was removed under vacuum – precise details on how
this was done are given in Procedure A in the General Procedures
section in the Supporting Information. This is likely to have also
resulted in removal of much of the excess pyrazine (1). If any unre-
acted MeOTf remained, it would also have been removed under
vacuum. The solid product (7b) was washed by addition of dry Et2O,
which was removed by cannula filtration (under inert atmosphere).
Three aliquots of dry Et2O (2 mL each) were used in this manner.
The resulting solid was dried under vacuum (again, precise details
on this are given in Procedure A in the Supporting Information).
The entirety of the solid residue was dissolved in dry DMSO (2 mL),
and a portion of this (0.8 mL) was transferred to a NMR tube under
inert atmosphere. Full details of the protocol used for preparation
of samples for NMR spectroscopy under inert atmosphere are given
in Procedure B in the General Procedures section in the Supporting
Information. The NMR tube was sealed with a rubber septum
(wrapped around the outside with PTFE tape and then Parafilm)
under inert atmosphere, and brought to the NMR spectrometer. 1H
and 1H-15N HMBC NMR spectra were recorded for the sample using
the solvent signal suppression protocol referred to above.
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1H NMR (600 MHz, DMSO) δ = 9.47 (s, 2H), 9.10 (d, J = 3.2 Hz, 2H),
4.38 (s, 3H).[37a] A small signal from residual pyrazine is visible at
8.73 ppm. 15N NMR (60.8 MHz, DMSO): δ = 357.4, 220.7.

Preparation of N-Methoxypyridinium triflate (13b)

(a) Pyridine N-oxide (4) (0.220 g, 2.31 mmol) was dissolved in dry
MeCN (5 mL) in a N2-filled Schlenk flask. Methyl triflate (0.384 g,
2.34 mmol) was subsequently added dropwise. After ca. 18 hours,
the MeCN was removed under vacuum – precise details on how
this was done are given in Procedure A in the General Procedures
section in the Supporting Information. The solid product (13b) was
washed by addition of dry Et2O, which was removed by cannula
filtration (under inert atmosphere). Three aliquots of dry Et2O (2 mL
each) were used in this manner to wash the product (yield =
0.469 g, 78 %). The resulting solid was dried under vacuum (again,
precise details on this are given in Procedure A in the Supporting
Information). Dry [D6]DMSO (ca. 0.9 mL) was added carefully to the
Schlenk flask in such a way as to ensure dissolution of only a por-
tion of the solid (ca. 10–20 mg), and the resulting solution was
transferred to a NMR tube under inert atmosphere. Full details of
the protocol used for preparation of samples for NMR spectroscopy
under inert atmosphere are given in Procedure B in the General
Procedures section in the Supporting Information. The NMR tube
was sealed with a rubber septum (wrapped around the outside with
PTFE tape and then Parafilm) under inert atmosphere, and brought
to the NMR spectrometer.
1H NMR (300 MHz, [D6]DMSO) δ = 9.40 (d, J = 6.3 Hz, 2H), 8.61 (t,
J = 7.8 Hz, 1H), 8.22 (t, J = 7.3 Hz, 2H), 4.45 (s, 3H).[39a]

(a)Pyridine N-oxide (4) (0.064 g, 0.67 mmol) was dissolved in dry
MeCN (5 mL) in a N2-filled Schlenk flask. Methyl triflate (0.111 g,
0.670 mmol) was subsequently added dropwise. After ca. 20 min-
utes, the MeCN was removed under vacuum – precise details on
how this was done are given in Procedure A in the General Proce-
dures section in the Supporting Information. The entirety of the
solid product was dissolved in DMSO (0.8 mL), and this solution
was transferred to a NMR tube under inert atmosphere.

Full details of the protocol used for preparation of samples for NMR
spectroscopy under inert atmosphere are given in Procedure B in
the General Procedures section in the Supporting Information. The
NMR tube was sealed with a rubber septum (wrapped around the
outside with PTFE tape and then Parafilm) under inert atmosphere,
and brought to the NMR spectrometer. 1H and 1H-15N HMBC NMR
spectra were recorded for the sample using the solvent signal sup-
pression protocol referred to above.
1H NMR (600 MHz, DMSO) δ = 9.41 (d, J = 6.3 Hz, 2H), 8.59 (t, J =
7.7 Hz, 1H), 8.21 (t, J = 7.2 Hz, 2H), 4.41 (s, 3H).[39a] 15N NMR
(60.8 MHz, DMSO): δ = 252.4.

(b)Pyridine N-oxide (4) (0.026 g, 0.27 mmol) was dissolved in dry
CH2Cl2 (0.8 mL) in a vial inside a glove box under an atmosphere
of dry N2. Methyl triflate (0.040 g, 0.24 mmol) was added to the
solution dropwise. The entire reaction mixture was transferred to
an NMR tube. The NMR tube was sealed with a rubber septum
(wrapped around the outside with PTFE tape and then Parafilm)
under inert atmosphere. After ca. 30 minutes, the NMR tube was
removed from the glove box, and the sample was analysed by 1H
and 1H-15N HMBC NMR spectroscopy (in CH2Cl2, using the solvent
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signal suppression protocol referred to above). Quantitative conver-
sion to the product was observed based on the 1H NMR spectrum
(based on consumption of MeOTf, i.e. the excess of 4 used remains).

1H NMR (600 MHz, CH2Cl2) Signals of 13b: δ = 9.18 (d, J = 6.7 Hz,
2H), 8.57 (td, J = 7.8, 0.8 Hz, 1H), 8.17 (t, J = 7.2 Hz, 2H), 4.47 (s,
3H).[39a] Signals of residual 4: δ = 8.24–8.21 (m, 2H), 7.45–7.38 (m,
3H). 15N NMR (60.8 MHz, CH2Cl2): δ = 251.0 (13b). No correlations
for signals of 4 were detected.
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