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On the Protonation and Deuteration of Hydroxy-
Substituted Naphthalenes — A 'H NMR Study**

Horst Hartmann*® and Xiuling Yu™

The 'HNMR spectra of all possible structural isomers of mono
and dihydroxy substituted naphthalenes are measured in
trifluoracetic acid and trifluormethanesulfonic acid as well as in
their deuterated derivatives. These spectra indicate different
protonation/deuteration positions in the compounds studied.
Whereas with the relative weak TFA the OH group as most
basic group of the substrates is protonated, with the more
acidic TFS also aromatic positions with lower basicity are
protonated. However, some of these position were indicated
only by using deutertated acids. To quantify the degree of

Introduction

Super acids, such as fluorosulfonic acid or a mixtures of HF and
SbF,, are able to protonate phenols."” Depending on the type
and pattern of substituents linked at the aromatic ring,
different products can be formed and indicated rather simply
by means of '"HNMR spectroscopy (see Scheme 1). Usually, a
protonation of phenol (1A) occurs at the OH group under
formation of the OH-protonated species 1B. A direct proof for
this reaction is, however, not simple possible by means of
'HNMR spectroscopy owing to a quick exchange process of the
protons at the OH group. Therefore, this protonation is
observable only by rather low temperatures (<—100°C). An
indirect proof of the formation of the species 1B is possible;
however, by comparison of the proton signals of the non-
protonated species 1A with the signals of the protonated
species 1B their proton signals are noticeable shifted towards
lower fields.
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proton/deuterium exchange at the aromatic rings, dioxane as
proton standard was used. For the OH-protonation a complex
between the appropriate naphthol and the acid used, in which
a quick proton exchange can be occur, is assumed. Further-
more, the formation of corresponding trifluoroacetates or
triflates by reaction of the naphthols with the corresponding
acids has been indicated. In some cases, in which the ring
positions of protonation are not definitely clear, 2D NOESYNMR
experiments have been performed..

With substituted phenols, such as with methyl- and meth-
oxy-substituted derivatives, instead of an OH protonation
several C-protonated species are formed their generation
tendencies depend on the substitution pattern at the aromatic
ring. Thus, methyl-substituted phenols with an unsubstituted
para-position are protonated at C4 of the aromatic ring under
formation of the protonated species D, whereas phenols with a
free ortho-position and a blocked para position are protonated
at C2 of the aromatic ring under formation of the protonated
species C. Finally, phenols with an unsubstituted meta-position
and blocked ortho and para positions by methyl or methoxy
groups can be protonated at C3 of the aromatic ring under
formation of the protonated species E.#! The different proto-
nated species can be unambiguously indicated, as depicted in
Scheme 1, by their different chemical shifts of the protons
linked at the corresponding ring C-atoms.

Slightly different results were obtained by the reaction of
super acids with bis- and tris-hydroxy substituted benzene
derivatives.” Thus, with catechol 6A and resorcinol 7 A the C4
protonated species 6 D and 7 D, respectively, were obtained. In
contrast, hydroquinone 8A could not be protonated at the
aromatic ring, but at the OH group yielding the OH-protonated
species 8 B. However, with very strong super acids, such with a
1:1 mixture of FSO,;H/SbF,, a bis-protonation of hydroquinone
8A at both OH groups giving rise to the formation of the
dicationic species 8 B (R*=0H,*) could be detected.”

With naphthols as benzo-condensed phenols, similar results
were obtained by their reaction with super acids. Thus, 1-
naphthol 9A is protonated by fluorosulfonic acid at its C4
position yielding the mono-protonated species 9D, as far as
this position is unsubstituted (see Scheme 2).”! Otherwise, e.q.
with the 4-bromo derivative (10A) a protonation at C2 occurs
yielding the corresponding protonated species 10 C®!

In contrast, 2-naphthol 18A is protonated by super acids
exclusively at C1 giving rise to the formation of the protonated
species 18C, also if this position is substituted, e.g. by Br as in

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Scheme 1. Protonated compounds formed be reaction of phenols with strong acids
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Scheme 2. Protonated compounds formed be reaction of 1-naphthols with strong acid.

19A.7 In accordance with this finding, 1,3-dihydroxy-naphtha-
line 12A, which can be regarded a 1-naphthol as well 2-
naphthol derivative, is mono-protonated by super acids
yielding the protonated compound 12C (see Scheme 2, 3).”!
Because except of 1,3-dihydroxynaphthaline 12 A no further
dihydroxynaphthalines have been studied hitherto by their

@HH

OO R? TFA Re OO

A B

TFS R

reaction with super acids, this reaction was studied now more
in detail with all known dihydroxynaphthalenes by us using
trifluoroacetic acid (TFA)® with a pK,=—0.26 and ftrifluor-
methane sulfonic acid (TFS) as super acid with a pK,=- 14.1""
Moreover, also the deuterated trifluoromethanesulfonic acid
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Scheme 3. Protonated compounds formed be reaction of 2-naphthols with strong acids.
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(TFS-d) and deuterated trifluoroacetic acid (TFA-d) were used
additionally for these experiments.

Results and Discussion
Protonation experiments

All the hydroxynaphthalenes studied can be divided in three
different groups. The first class A comprises with 1-naphtol
(9A), 1,4-dihydroxynaphthalene (13A), 1,5-dihydroxy
naphthalene (14A) and 1,8-dihydroxynaphthalene (17A) all
compounds with the OH groups linked at the a-position of the
naphthalene core, the second class B comprises with 2-
naphthol (18 A), 2,3-dihydroxynaphthalene (20 A), 2,6-dihydrox-
ynaphthalene (21A) and 2,7-dihydroxynaphthalene (22A) all
compounds with the OH groups linked at the p-position of the
naphthalene core and class C comprises with 1,2-dihydrox-
ynaphthalene (11 A), 1,3-dihydroxynaphthalene (12 A), 1,6-dihy-
droxynaphthalene (15A) and 1,7-dihydroxynaphthalene (16 A)
all compounds with a a- and 3-linked OH groups

At first glance in the '"HNMR spectra of the compounds
studied it is to see, that both the TFA and TFS are able to
protonate all the compounds studied at their OH groups. This
protonation is indicated by disappearing of the OH proton
signals measured at about 10 ppm in DMSO and is obviously
affected by the formation of a complex between the phenolic
OH group and the corresponding acid.

In contrast, a C-protonation at the naphthalene moieties of
the compounds studied occurs only by TFA with 1,3-dihydrox-
ynaphtalene (12A) and 1,4-dihydroxynaphtalene (13 A). Where-
as the last-mentioned compound 13A is transformed thereby
into its tautomeric 2,3-dihydro-1,4-naphthalenedione (13F),™
1,3-dihydroxynaphtalene (12 A) is protonated at its C4 position
yielding the cationic species 12D. (Scheme 4). A possible
isomeric (2 protonated species 12C could not be detected,
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Scheme 4. Protonated and deuterated compounds formed be reaction of
1,3- and 1,4-dihydroxynaphthalene with strong acids and their relative 7-
localisation energies; chemical shifts given ppm.
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however. In contrast to TFA, which protonated all the hydroxyl-
substituted naphthalenes studied at their OH groups only, the
significantly stronger TFS is able to protonate the same
hydroxy-substituted naphthalenes, including the monohydroxy
compounds 1-naphthol (9A) and 2-naphthol (18A), at one of
their naphthalene positions. Thereby, with 1-naphthol (9 A) the
(4 protonated species (9D) and with 2-naphthol (18 A) the C1
protonated species (18 B) are formed (see Scheme 5).

A mono-protonation with TFS at C4 occurs also with 1,5-
dihydroxynaphthalene (14A) and 1,8-dihydroxynaphthalene
(17 A) as representatives for the group A compounds and with
1,2-dihydroxynaphthalene (11A), 1,6-dihydroxynaphthalene
(15A) and 1,7-dihydroxynaphthalene (16A) as representatives
for the group C compounds. Thereby, the (4 protonated
species 14D, 17D, 11D, 15D and 16D, respectively, are formed
(see Scheme 6). These compounds exhibit characteristic proton
signals between 3.96 and 4.41 ppm, indicating the protonation
at the designed (4 position.

In contrast to a protonation at C4, a mono-protonation at
C1 with TFS occurs with 2,3-dihydroxynaphtalene (20A), 2,6-
dihydroxynaphtalene (21A) and 2,7-dihydroxynaphtalene
(22 A) as representatives for the group B compounds. Thereby,
the mono-protonated species 20C and 22C are formed from
their parent compounds 20A and 22A, respectively. From
compound 21A besides of the mono-protonated compound
21C the bis-protonated compound 21F is formed in a small
extent. Obviously, the mono-protonated compounds 20A and
22A inhibit the formation of corresponding diprotonated
compounds, whereas such an inhibition is not complete
prohibited with compound 21A. All the protonated species
regarded here exhibit characteristic proton signals at about
between 4.3 ppm (see Scheme 7).

Under the same conditions, 2,6-dihydroxynaphthalene
(21A) can be twofold protonated with TFS even. Thereby, the
bis-protonated species (21F) is formed, however, in an extent
of about 10%. In contrast, 1,3-dihydroxynaphthalene (12A)
which is twofold protonated by a mixture of CF,SO;H/SbF./
FSO,Cl is not protonated neither by TFA nor by TFS."®

Because the problem of simultaneous protonation at differ-
ent naphthalene positions, e.g. found for 1,4-dihydroxynaphta-
lene (13 A), or of alternative protonation, which is possible for
1,3-dihydroxynaphtalene (12A), additional experiments, such
as 2D 'HNMR measurement and deuteration experiments with
deuterated TFA and TFS, have been performed for confirming
the structure of the given compounds.

2D NOESY experiments

Because for certain dihydroxynephthalenes, especially for
dihydroxynaphtalene (12A), 1,6-dihydroxynephthalene (15)
and 1,7-dihydroxynaphthalene (16), different C-protonated
species can be formed (see Scheme 8), 2D NOESYNMR coupling
experiments have been performed to recognize possible
alternative protonations at some other positions related to the
hydrox groups. From the experiment with 1,3-dihydroxynaph-
talene (12A) follows unambiguously that the proton of the
TFA, which is used as protonation reagent, is added at C4

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Scheme 5. Protonated and deuterated compounds formed be reaction of 1-naphthole with strong acids and their relative ni-localisation energies; chemical

shifts given ppm.

position of the naphthalene ring indicated by the coupling of
the protons at this position with the proton at (5 (see
Figure 1).

Similar results were obtained with 1,6-dihydroxynaphtha-
lene (15) and 1,7-dihydroxynaphthalene (16) which add the
proton at C4 of their 1-naphthole moieties giving rise to the
formation of the protonated species 15D and 15D (Scheme 8).
The corresponding 2DNMR spectra are depicted in Supporting
Information.

Y-FiE it TEMS in TFA + DR

I i_l_‘ ‘ l
— Ty

Figure 1. 2D NMR spectrum of compound 12 A in TFA-d.
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Deuteration experiments

To recognize, if the acids used for the protonation experiments
are able to protonate the studied naphthols at positions, which
can't indicated by the usual '"HNMR measurements, owing to a
low extent of protonation, experiments with deuterated acids
have been initiated. These experiments were performed by
dissolving the appropriate hydroxynaphthalenes in TFA-d and
measuring the appropriate 'HNMR spectra. As far as a
deuteration occurs at any napthalene positions, a partial or
complete loss of intensity of the corresponding 'HNMR signal
at the appropriate position can be indicated. Thus, 1,3-
dihydroxnaphthalene (12A) and 1,4-dihydroxnaphthalene
(13A) are deuterated completely, as expected, at the
naphthalene ring linked with the two OH groups (see
Scheme 4).

In contrast, the 1-hydroxynaphthalene (9A) and 2-hydrox-
ynaphthalene (18A) are deuterated only partially at their
hydroxyl-substituted naphthalene moieties. Thereby, the deu-
terated species 9 A-d, and 18 A-d,, respectively, are formed (see
Scheme 5). In contrast, no deuteration occurs at the C3
positions in these compounds. In this context it is worth
mentioning that 1-hydroxnaphthalene (9A) and 2-hydroxy-
naphtalene (18 A) can be deuterated at their 4- and 1- position,
respectively, by p-toluenesulfonic acid in D,0 yielding the
corresponding mono-deuterated species."?

Similar results are obtained with 1,2-dihydroxnaphthalene
(11A), 1,5-dihydroxnaphthalene (14A), 1,6-dihydroxnaphtha-
lene (15A), 1,7-dihydroxnaphthalene (16A) and 1,8-dihydrox-
naphthalene (17 A). All these dihydroxy-substituted naphtha-
lenes were not deuterated by TFA-d at their C3 positions, but

© 2022 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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Scheme 6. Protonated and deuterated compounds formed be reaction of some dihydroxynaphthalenes with strong acids and their relative n-localisation

energies; chemical shifts given ppm.

with the exception of 11A, further deuterated at certain other
naphthalene positions. Thus, 15A is additionally deuterated at
(5 and 16A at (8 yielding the deuterated species 15D-d; and
16 D-d;, respectively. The compounds 14A and 17 A are trans-
formed by their reaction with TFA-d into the penta-deuterated
compounds 14 D-d; and 17 D-d;, even (see Scheme 6).

A multiple deuteration occurs also with 2,3-dihydroxnaph-
thalene (20A) and 2,6-dihydroxnaphthalene (21A) in TFA-d.
Both compounds are transformed in this solvent into the
deuterated species 20A-d, and 21A-d, respectively (see
Scheme 7).

The deuteration of 2,7-dihydroxnaphthalene (21A) at (3
and (6 of the naphthalene moiety is somehow surprisingly,
because in other 2-hydroxy substituted naphthalene deriva-
tives, such as in 9A, 11A, 14A-17A, as demonstrated in the
corresponding Schemes5 and 6, a deuteration at these

ChemistrySelect 2022, 7, e202202836 (5 of 10)

positions does not occur. Obviously, the hydroxyl groups at C2
and (7 activate the opposite (3 and (6 positions for a
protonation/deuteration. This statement can be confirmed by
quantum-chemical calculations.

Because certain dihydroxynaphthalines, like the 1,2-dihy-
droxynaphthalene (11A) and 2,7-dihydroxynaphthalene (22 A),
can't be deuterated with TFA-d, TFS as stronger acid was added
in a small amount (~ 25%) to the solution of these compounds
in TFA-d. Thereby a deuteration not only at the ortho and para
positions of their OH groups occurs, as expected, but also at all
other naphthalene positions surprisingly. For checking, if such
a deuteration can occur also with all the other hydroxyl-
substituted naphthalenes the behavior of these compounds in
TFS-d have been measured. Therein, all compounds were
deuterated at all naphthalene positions with an extent that
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Scheme 8. Alternative formation of protonated compounds by reaction of some dihydroxynaphtalenes with strong acids; chemical shifts given ppm.

depends, however, on the substitution pattern at these
compounds as well as on the reaction time.

For quantifying the deuteration extent, the measurements
have been performed by addition of some amounts of dioxane
(~209%) to the solution of the appropriate hydroxynaphthalene
in TFS-d. Whereas the intensities of the proton signals in the
hydroxynaphthalenes studied diminish in this solvent with the
time, the intensity of the proton signal of the added dioxane is,
as expected, constant over the time. Hence, a quantification of
the proton/deuterium exchange at the compounds studied

ChemistrySelect 2022, 7, e202202836 (6 of 10)

was possible. The result of these measurements are collected in
Table 1 and exemplified with compound in Figure 2.

As can be seen, all hydroxy-substituted naphthalenes can
be deuterated not only at their naphthalene C-atoms related in
ortho or para positions to a hydroxy group but also at all other
C-atoms. Obviously, TFS is such a strong acid which initiates a
proton/deuterium exchange at all naphthalene C-atoms and
don't need a support of the hydroxyl groups at the
naphthalene moiety.

To confirm this statement, deuteration experiments with
naphthalene as parent compound were performed. Thus, by
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Table 1. Degree of deuteration (in percent) by standing the compounds designed in TFS-d at room temperature for the given time.

compound OH group time C1 2 3 ca cs 6 7 c8

9D-ds 1-CH 2h - 90 90 92 14 ] 6 mn
3d - 20 90 88 53 33 38

11D-d, 1,2-(0OH), 2h - - 90 a3 73 75 6 mn

3d - - 20 o 88 89 38 44

12Dd, 1,3-(0OH), 2h - a5 46 18 16 18 14

3d - a5 - 7 19 16 19 14

13Dd, 1,4-(0OH), 2h - 20 90 10 10 10 10

3d - 100 100 - 0 0 0 0

14D-d, 1,5-(0H), 2h - a1 91 90 - 91 92 92

3d - 1| il 20 - a 92 92

15D-d, 1,6-0H), 2h - 92 65 o a1 - 92 3

3d - 92 85 a2 a1 - 92 42

16D- 1,7-(0OH), 2h - 0 ] ] 0 0 0 0

3d - 93 0 o 9 94 - 95

17Dd, 1,8-(0OH), 2h - 85 ] 84 a5 0 85 -

3d - 88 ] o a1 0 88 -

18C-ds 2-0H 2h 88 - 84 18 87 87 87 87

3d &8 - 87 68 87 87 a7 87

20C-d, 2,3-(0OH), 2h 80 - - 80 80 80 80 80

3d 80 - - 80 80 80 80 80

21C-dg 2,6-0H), 2h 89 - 89 89 89 - 89 89

3d 89 - 80 89 89 - 89 89

22C-d, 2,7-0H), 2h &7 - 88 62 65 88 - 80

3d 88 - 88 73 73 88 - 88

| .1|! | ' III“

9A in DMSO 9Ain TFA
H H HX
H O/ H \O‘\
X X
H H H H
H H

9A in TFA-d 9A in TFA-d after 24h
H DX H, DX
H ‘\O.n H ‘\o.
O XCr
H H H H
D H D

Figure 2. 'H NMR spectra of 9 A in different solvents and the structure of the species formed.

dissolving naphthalene in TFA-d containing some dioxane as
proton indicator no deuteration was observed in contrast to
the result obtained by addition of same amount of TFS to this
solution. After standing the reaction mixture for 24 h nearly a
complete deuteration (~90%) at all naphthalene C-atoms
occurs indicated by the nearly complete diminishing the
naphthalene proton signals at about 7.5 ppm (see Figure 3).

Further information, especially on the complete 'HNMR
spectra of all the compounds studied are deposited in the
Supporting Information.

ChemistrySelect 2022, 7, e202202836 (7 of 10)

Theoretical consideration

To understand and to explain the protonation results at the
compounds studied quantum chemical calculations have been
performed using the semi-empirical PPP method."™

From this method, the calculated electron densities and
localization energies are derived as most important data and
depicted in Figure 4. Whereas the first mentioned data simulate
the electrostatic interaction of a proton with the m-electron
distribution at different positions of the whole m-system, the
second mentioned data simulated the energetic effort for
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Figure 3. 'H NMR spectra of naphthalene measured under different conditions.
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Figure 4. Calculated m-electron densities and ionization energies (first line) and relative values of m-localisation energies (second line).
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Scheme 9. postulated structure of the compounds formed by reaction of TFA
and TFS with hydroxy-substituted naphthalenes (Ar=naphtyl).

accepting a proton at the aromatic rings under formation of
cationic species of the Wheland type."”

ChemistrySelect 2022, 7, e202202836 (8 of 10)

As can be seen from the data depicted, both sets of values
agree widely and indicate usually a high reactivity of ring
positions related in ortho-positions, followed form positions
related in para-positions, of the OH-groups. However, the
differences between both sets of values are mostly marginal, so
that no large differentiation between such ring positions is
indicated.

Only in 2,6-dihydroxynaphthalene (21A), the relations in
the m-electron densities and n-localisation energies disagree in
some extent. Thus, accordingly to the m-electron distribution,
the 1,5-naphthalene positions in this compound are the most
electron rich ones, whereas accordingly to mn-localisation
energies the 4,8-naphthalene positions display the highest
reactivity towards a protonation. Therefore, for a better
describing of the reactivity of the hydroxyl-substituted naph-
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thalenes studied towards a protonation MO-calculations on a
higher sophisticated quantum-chemical level seem helpful.

Conclusions

Although the basicity of the studied hydroxy-substituted
naphthalenes A, quantified by their basicity constants pK,-
(ROH), are not known but only corresponding values of phenol
(pK,(PhOH,")—6.74),"" similar values for the naphthalene
compounds can be assumed. Therefore, the hydroxynaphta-
lenes studied seem unable to be transformed into protonated
species B-D by reaction with acids their acidity constants have
lesser negative values as —6.5, such as the TFA with pKa=
—0.3." Nevertheless, the hydroxy-substituted naphthalenes A
lost the proton signal at about 11 ppm, as documented above,
by dissolving these compounds in TFA soon. Therefore, other
species acting as precursors for the generation of the
protonated species have to be assumed. For these species a
structure H (H') as depicted in Scheme 9 seems plausible.

Therein a quick intramolecular proton transfer, which is
responsible for the loss of the proton signal of the hydroxyl-
substituted naphthalenes by their solution in TFA, can occur.
However, by addition of TFS, the trifluoracetate moiety is
displaced by the trifluorosulfonate anion which has a signifi-
cant higher stability as the trifuoracetate anion owing to the
significant higher acidity of FTS, quantified by pK,(TFS)=
—14)," and so the possibility for a C-protonation by means of
the stronger acidic TFS is given.

Although the previous documented measurements indicate
the protonation and deuteration of the hydroxy-substituted
naphthalenes at their hydroxyl groups and naphthalene cores
unambiguously, they leave the possibility for a transformation
of these compounds into their corresponding trifluoroacetates
before or during the protonation or deuteration processes. In
this case, the NMR data have to be attributed instead to the
hydroxyl substituted compounds to the corresponding trifluor-
oacetates or trifluomethanesulfonates. This possibility was
supported by measurement the 'HNMR spectrum of O-(1-
naphthyl-2,2,2-trifluoroacetate) (9T, see Scheme 5) its proton
signals are shifted to shorter &-values of about 04 ppm in
respect to the proton signals of the parent 1-naphtol (9 A).

In some cases in which the position of protonation is not
definitely clear, 2DNMR experiments have been performed to
clarify this problem. Although the most hydroxy-substitited
naphthalenes studied seem to be not protonated at their
aromatic rings by reaction with TFA the use of TFA-d indicates,
however, such a protonation. It occurs in a small extent and
gives rise to the formation of certain ring-deuterated com-
pounds.

By addition of TFS to a solution of the hydroxyl-substituted
naphthalenes in TFA-d, the deuteration extent increases
significant and a nearly complete deuteration of the com-
pounds studied at all naphthalene positions occurs. The extent
of this deuteration could be easily quantified by adding of
some dioxane as external standard to the solutions of the
appropriate compounds in TFA-d.

ChemistrySelect 2022, 7, e202202836 (9 of 10)

Experimental Section
All solvents and reagents were used without further purification.

1-naphthol (9A), 2-naphthol (18A), 1,2-dihydroxynaphthalene
(11 A), 1,3-dihydroxynaphthalene (12 A), 1,5-dihydroxynaphthalene
(14 A), 1,6-dihydroxynaphthalene (15 A), 1,7-dihydroxynaphthalene
(16 A), 2,3-dihydroxynaphthalene (20 A), 2,6-dihydroxynaphthalene
(21A) and 2,7-dihydroxynaphthalene (22A), trifluoroacetic acid
(TFA) and its O-deuterated derivative (TFA-d), containing 99.9%
deuterium, trifluoromethane sulfonic acid anhydride (TFSA) and
CDCl; were purchased from Aldrich. 1,8-dihydroxynaphthalene
(13 A) was purchased from ABCR GmbH. 1,4-dihydroxynaphthalene
(13A) was prepared by reduction of 1,4-naphthoquinone with
sodium dithionite accordingly to ref. [16].

'H and "CNMR spectra were recorded in the designed solvents
using a Broker DRX 500 P instrument at 500.13 MHz. Chemical
shifts were recorded as part per million (ppm) in the & scale
downfield from 0 ppm using CDCl, with 6=7.26 ppm as standard.
The spectra recorded in TFA and TFA-d as well as in TFS were
referenced externally to the resonance of DMSO-d; (6=2.50 ppm)
in a capillary tube. Multiplicities are reported as follows: s=singlet,
d-doublet, dd=double doublet, t=triplet, m=multiplet, bs=
broad singlet.

2D NOESY experiments were performed by means of Bruker
AVANCE Ill 600 MHz spectrometer using standard techniques."”
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