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Abstract: The hydrogen bond donating ability of 1,8-naphthalenediol was investigated via a series of 'H, *®*C, and ' P
NMR experiments. Complexation studies using triphenylphosphine oxide and cyclohexanone as hydrogen bond acceptors
revealed that 1,8-naphthalenediol is a more effective hydrogen bond donor compared to 1-naphthol and 8-methoxy-1-
naphthol. Afterwards, its effectiveness as a hydrogen bonding catalyst was demonstrated in the Friedel-Crafts-type

addition reaction of indole to trans- B-nitrostyrene.
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1. Introduction
Hydrogen bonding and Brgnsted acid catalysis are two important branches of organocatalysis, which attracted
significant attention in organic synthesis in the past two decades.'~" In the former type of catalysis, noncovalent
hydrogen bonding interaction between a hydrogen bond donor and a substrate leads to the activation of the
substrate and results in an increase in reaction rate.® Among various types of hydrogen bond donor functional
groups, alcohol and phenol derivatives found widespread use as hydrogen bonding catalysts. %10

The use of phenol-based hydrogen bond donors as highly active organocatalysts dates back to the early
1980s when Hine and coworkers introduced biphenylenediols (1) as dual hydrogen bond donors through an
elegant design (Figure 1).1171% After about two decades, Rawal and coworkers, in their pioneering studies,
demonstrated that TADDOLSs (2) are highly effective chiral hydrogen bonding catalysts for a variety of enan-
tioselective transformations (Figure 1).1°~17 In 2003, PHANOL derivatives (3) were developed by Braddock
and coworkers as paracyclophane-based dual hydrogen bonding catalysts. 81 Ar-BINMOLs (4), introduced
by Lai, Guo, and coworkers in 2011, found applications as chiral ligands for metal-catalyzed asymmetric reac-
tions and as organocatalysts.?0=22 In 2013, the performance of diarylacetylenediols?32* (5) as phenol-based,
dual hydrogen bonding catalysts was investigated by the Rawal group (Figure 1).2°> More recently, Ertiirk and
coworkers described the use of chiral HAROLs (6) as hydrogen bonding catalysts in Morita—Baylis—Hillman
reactions and as ligands for the enantioselective addition reactions of organometallic compounds to aldehydes
(Figure 1).26

Despite the exciting developments in this area, discovery of new hydrogen bond donor scaffolds for
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Figure 1. Selected examples of alcohol- and phenol-based hydrogen bonding catalysts.

use in organocatalysis is still a subject of extensive research. In this context, the diol motif present in 1,8-
naphthalenediol (7) occurred as a potential candidate to be utilized in hydrogen bonding catalysis (Figure 2).
Through IR spectroscopic studies, 1,8-naphthalenediol (7) was shown by Foti and coworkers to have the solution
structure 7/, in which one of the -OH groups participates in an intramolecular hydrogen bonding, whereas the
second ~OH hydrogen is available for an intermolecular hydrogen bonding interaction.?” The presence of the
intramolecular hydrogen bond in structure 7/ was demonstrated to increase the hydrogen bonding ability of the
remaining free -OH group of 1,8-naphthalenediol (7).2" Furthermore, this compound was found to have a high
activity in hydrogen atom transfer (HAT) processes in radical reactions and exhibited significant antioxidant
properties.2’~2? This type of increased hydrogen bond donating ability due to an intramolecular hydrogen
bond 3 has been utilized efficiently in the area of hydrogen bonding catalysis.'”31:32 In a computational study
reported in 2013, the keto-enol tautomerization equilibria of various naphthols and 9-anthrols and the effect of
hydrogen bonding on these equilibria were investigated by Korth and Mulder.3? Finally, it should be noted that
the first and second acid dissociation constants (pK,1 and pKg,s) for 1,8-naphthalenediol (7) in water were

determined to be 6.71 and >13.00, respectively,®* whereas 1-naphthol (8) has a pKa value of 9.22 in water.3?

OH OMe OMe OMe

““““

Figure 2. Structures of 1,8-naphthalenediol and naphthol derivatives.

While the X-ray structure of 1,8-naphthalenediol (7) has not been reported, the crystal structure of
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compound 9 was shown to display an intramolecular hydrogen bond between the two ~OH groups of the 1,8-
naphthalenediol core (Figure 2).3% Due to all these reasons, 1,8-naphthalenediol (7) was expected to be a good
candidate for an effective hydrogen bonding catalyst because of the increased hydrogen bond donating strength
of the phenol groups.

In this study, the hydrogen bond donating ability of 1,8-naphthalenediol (7) has been investigated in detail
using a variety of NMR spectroscopic techniques, and subsequently, its catalytic activity has been explored.
During these studies, 8-methoxy-1-naphthol (10) and 1-naphthol (8) were tested as mono-phenol-containing
hydrogen bond donors in control experiments (Figure 2). While compound 10 is expected to have a similar
intramolecular hydrogen bond in its structure (10/), 1-naphthol (8) does not have this possibility, and its -OH
group is available for an intermolecular hydrogen bonding interaction. Finally, 1,8-dimethoxynaphthalene (11)
was used for comparison in control experiments. The reported X-ray structure of this compound (11/) indicates

that the two ~CH3 groups lie in opposite directions, possibly to avoid steric repulsion.3”

2. Results and discussion

Initially, 8-methoxy-1-naphthol (10)3® and 1,8-dimethoxynaphthalene (11)3° were prepared by mono- and di-
methylation reactions starting from the commercially available 1,8-naphthalenediol (7) (Scheme). Whereas
mono-methylation of 7 proceeds smoothly at 23 °C providing 10 in 96% yield, the second methylation requires
refluxing the reaction mixture at 70 °C, and 1,8-dimethoxynaphthalene (11) was obtained in 92% yield. In the
latter reaction, dimethyl sulfate (Me3SO4) was used as the methylating agent due to its higher boiling point
compared to that of Mel. The requirement of a higher temperature for the second methylation reaction may be
attributed to the decreased acidity of the —OH group of 10 due to the presence of an intramolecular hydrogen
bond (structure 107/).

OH OMe OH OH OMe OMe
OO acetone, 23 °C acetone, 70 °C OO
10
96% yield 92% yleld

Scheme. Preparation of 8-methoxy-1-naphthol (10) and 1,8-dimethoxynaphthalene (11).

2.1. NMR studies

Hydrogen bond donating abilities of compounds 7, 8, and 10 were investigated using 'H, 3! P, and *C NMR
spectroscopic techniques. Initially, the 'H NMR spectra of these three hydrogen bond donors (0.05 M) were
recorded in CDCl3 and DMSO-dg, and the results were compared (Table 1). The chemical shift of the —
OH hydrogen of 1-naphthol (8) was measured to be 5.28 ppm, which shifted downfield to 10.08 ppm when
DMSO-dg was used as a solvent (Table 1, entry 1). CDClj3 is not a good hydrogen bond acceptor solvent, and
intermolecular hydrogen bonding between molecules of 8 is expected to be low at a concentration of 0.05 M.
Therefore, the large chemical shift difference of 4.80 ppm can be attributed to the formation of strong hydrogen
bonds between 1-naphthol (8) and DMSO-dg molecules. When a similar NMR experiment was performed using
8-methoxy-1-naphthol (10), the chemical shift dependence for the ~OH hydrogen on the nature of solvent was
found to be marginal (Table 1, entry 2). The chemical shift was observed to be 9.32 ppm in CDCljs, which
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supports the presence of an intramolecular hydrogen bond as shown in the structure of 10/ (Figure 2). In
DMSO-dg, the —OH hydrogen resonates at 9.37 ppm, corresponding to a A¢d value of 0.05 ppm. This result
clearly indicates that the intramolecular hydrogen bond present in 10 decreases the hydrogen bond donating
ability of this ~OH group and therefore it is not available for further hydrogen bonding interaction with DMSO-
dg¢ molecules. Finally, ' H-NMR spectra of 1,8-naphthalenediol (7) were recorded in CDCl3 and DMSO-dg,
again at a concentration of 0.05 M (Table 1, entry 3). The —OH hydrogens of compound 7 give only one singlet
signal at 7.83 ppm at CDClz. This can be explained by a rapid equilibrium between 7/ and 7 (Table 1) so
that the chemical shift of 7.83 ppm may be considered as an average of intramolecularly hydrogen-bonded and
free ~-OH groups. When the ' H-NMR spectrum of 7 was recorded in DMSO-dg, the chemical shift of the -OH
hydrogens was observed to be 10.83 ppm, resulting from the intermolecular hydrogen bonds between compound
7 and DMSO-dg molecules.

Table 1. Investigation of the chemical shifts of O-H hydrogens in the *H NMR spectra of 7, 8, and 10 (0.05 M) in
CDCl3 and DMSO-ds .

Entry Hydrogen §(O-H) in 0(0-H) in A (ppm)
bond donor | CDCl3 (ppm) | DMSO-dg (ppm)
8 5.28 10.08 4.80
10 9.32 9.37 0.05
7 7.83 10.83 3.00
oHuoH HogeHo
7| 7“

After the initial studies, the hydrogen bonding interaction between 1,8-naphthalenediol (7) and triph-
enylphosphine oxide (12) was investigated by 3! P{*H} NMR spectroscopy along with comparison using mono-
phenol derivatives 8 and 10 as well as 1,8-dimethoxynaphthalene (11). The singlet signal observed at 29.71
ppm in the ' P NMR spectrum of triphenylphosphine oxide (12) in CDCl3 (0.10 M) shifts to 32.95 ppm in a
1:1 mixture of 1,8-naphthalenediol (7) and 12 at the same concentration (Ad = 3.24 ppm; Table 2, entries 1
and 2). However, when the 3! P NMR spectrum of a 1:2 mixture of 12 and 10 was recorded ([12] = 0.10 M), the
singlet signal was observed to be at 29.69 ppm, which further supports that the intramolecularly bonded -OH
group of 10 does not participate in an additional hydrogen bonding interaction (Table 2, entry 3). The 3'P
NMR spectrum of a solution of 12 and 1-naphthol (8) (1:2 ratio, [12] = 0.10 M) in CDClj exhibited a signal
at 32.04 ppm that corresponds to a A value of 2.33 ppm (Table 2, entry 4). When compared to the result
obtained with 1,8-naphthalenediol (7), this result clearly demonstrates that compound 7 is a better hydrogen
bond donor than 1-naphthol (8). Finally, 1,8-dimethoxynaphthalene (11) was used in a control experiment.
As expected, compound 11, which lacks strong hydrogen bond donors, did not lead to any significant change
in the 3! P NMR spectrum of triphenylphosphine oxide (12) when 11 and 12 were mixed in 1:2 ratio (Table 2,
entry 5). The stacked 3P NMR spectra for these experiments are shown in Figure 3.

After the completion of the 3'P NMR studies, the hydrogen bonding interactions of compounds 7, 8,

and 10 with a carbonyl group were examined using '*C NMR spectroscopy. To this end, cyclohexanone (13)
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Table 2. Investigation of the chemical shift of the phosphorus of triphenylphosphine oxide (12) in the 3 P NMR spectra
upon addition of 7, 8, 10, and 11 in CDCl3.

H Ph3PO: P=
Entry ydrogen bond 3PO §(P=0) A (ppm)
(HB) donor HB Donor | (ppm)
1 - - 29.71 -
2 7 1:1 32.95 3.24
3 10 1:2 29.69 -0.02
4 8 1:2 32.04 2.33
5 11 1:2 29.67 -0.04
Ph;PO
PhsPO : 7 = 1:1 J
PhsPO : 10 = 1:2 J
PhsPO : 8 = 1:2 A
PhsPO : 11 =1:2 J
I 36.0 I 3.’;.0 34‘.0 33‘.0 32I.0 3£.0 36.0 25.0 25.0 27‘.0 I 26.0 I 25‘.0 I 241.0 23‘.0

Figure 3. Stacked 3'P NMR spectra when triphenylphosphine oxide (12) was used as the hydrogen bond acceptor.

was selected as the hydrogen bond acceptor to be used in this study. The C=0 carbon of cyclohexanone (13)
resonates at 212.20 ppm in CDCl3 (0.10 M) (Table 3, entry 1). This signal was observed to undergo a downfield
shift to 214.46 ppm (Ad = 2.26 ppm) when 13 was mixed with 1,8-naphthalenediol (7) in a 1:1 ratio (0.10 M)
in CDCl3, which is indicative of a strong hydrogen bonding interaction (Table 3, entry 2). In accordance with
the previous observations, 8-methoxy-1-naphthol (10) does not act as a strong hydrogen bond donor, and the
chemical shift of 13 showed almost no change when 13 and 10 were mixed in 1:2 ratio (Table 3, entry 3). When
the 3C NMR spectrum of a 1:2 mixture of cyclohexanone (13) and 1-naphthol (8) was recorded in CDCl3
([13] = 0.10 M), the chemical shift of the C=0 carbon was found to be 213.80 ppm (Ad§ = 1.60 ppm; Table
3, entry 4). This result once again shows that 1-naphthol (8) is capable of acting as a hydrogen bond donor
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but less effectively than 1,8-naphthalenediol (7). Finally, the use of 1,8-dimethoxynaphthalene (11) in a control
experiment did not result in any major change in the chemical shift of the C=0 carbon of cyclohexanone (13)

(Table 3, entry 5). The stacked '*C NMR spectra showing the expanded region for this signal are presented in
Figure 4.

Table 3. Investigation of the chemical shift of C=0 carbon of cyclohexanone (13) in '*C NMR spectra upon addition
of 7,8, 10, and 11 in CDCls.

Entry Hydrogen bond | Ph3PO: (P=0) A (ppm)
(HB) donor HB Donor | (ppm)

1 - - 212.20 -

2 7 1:1 214.46 2.26

3 10 1:2 212.17 -0.03

4 8 1:2 213.80 1.60

5 11 1:2 212.15 —-0.05

Cyclohexanone (13)

13:7=1:1

ettt e e
13:10=1:2 r

WMWWMW«LNWWWWW
13:8=1:2

e e e -
13:11=1:2

222 221 220 219 218 217 216 215 214 213 212 211 210 209 208 207 206 205 204 203 202 201
Figure 4. Stacked '®*C NMR spectra showing the signal for C=0 carbon when cyclohexanone (13) was used as the
hydrogen bond acceptor.

2.2. Catalytic studies

Encouraged by the results obtained from the NMR studies, the use of 1,8-naphthalenediol (7) as a hydrogen
bonding catalyst was investigated next. For this purpose, the Friedel-Crafts-type addition of indole (14) to
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trans- B-nitrostyrene (15) was selected as the test reaction (Table 4). It was shown that this reaction can be
efficiently promoted using a variety of hydrogen bonding catalysts such as thioureas, ureas, thiophosphoric
triamides, silanediols, and 1,3-disiloxanediols as well as in hydrogen bond donor solvents.%°~%° As shown in
Table 4, all reactions in the present study were performed as duplicates in CDCl3 at 23 °C, and the ratio of
indole (14) to trans- B-nitrostyrene (15) was kept constant at 1:1.5 ([14] = 1.0 M). Initially, the background
reaction between 14 and 15 in the absence of a catalyst was tested and it was found to be extremely slow at
23 °C. Under these conditions, adduct 16 was formed in only 2% conversion even after 72 h (Table 4, entry
1). Pleasingly, 1,8-naphthalenediol (7) proved to be an active catalyst for this transformation when used in 10
mol% catalyst loading, and the conversion to adduct 16 was found to be 43% (Table 4, entry 2). Next, mono-
phenol-containing hydrogen bond donors 10 and 8 were tested as catalysts. With 20 mol% loading, compound
10 was much less active as a catalyst, providing adduct 16 with only 4% conversion (Table 4, entry 3). When
1-naphthol (8) was tested with 20 mol% loading, the conversion was observed to be 25% (Table 4, entry 4). It
can be concluded from this result that while 1-naphthol (8) is a competent catalyst for the tested reaction, it

is significantly less active compared to 1,8-naphthalenediol (7).

Table 4. Catalytic studies on the Friedel-Crafts-type addition of indole (14) to trans- -nitrostyrene (15).¢

hydrogen bonding
X NO2 catalyst
| | + @/\/ G A
N CDClj3, 23 °C
H
14 15
Entry | Hydrogen Bonding Catalyst | Catalyst Loading (%) Conversion (%) after 72 h®
1 - - 2
OH OH
e o ;
7
OH OMe
10
OH
8

% Reactions were carried out using 1.0 mmol of indole (14), 1.50 mmol of ¢rans- B-nitrostyrene (15), 0.10 or 0.20 mmol
of the hydrogen bonding catalyst, and 1.0 mL of CDCls. °Average of two experiments and determined by 'H NMR
spectroscopy.
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2.3. Conclusions

In summary, the hydrogen bond donating ability of 1,8-naphthalenediol (7) was investigated via a series of 1 H,
13C, and 3'P NMR experiments. 1,8-Naphthalenediol (7) was demonstrated to be a more effective hydrogen
bond donor compared to 1-naphthol (8) in complexation experiments with triphenylphosphine oxide (12) and
cyclohexanone (13), possibly due to the presence of an intramolecular hydrogen bond within its structure.
Control experiments indicated the ineffectiveness of 8-methoxy-1-naphthol (10) and 1,8-dimethoxynaphthalene
(11) in these complexation studies. Finally, the use of 1,8-naphthalenediol (7) as a hydrogen bonding catalyst
was examined in the Friedel-Crafts-type addition reaction of indole (14) to trans- B-nitrostyrene (15). Studies
on the development of more active hydrogen bonding catalysts with 1,8-naphthalenediol skeletons are currently

underway in our laboratory.

3. Experimental

Analyses by thin-layer chromatography (TLC) were carried out using aluminum-backed plates precoated with
silica gel (Merck, 60 A, Fo54). Flash column chromatographic purifications were performed using Silicycle 40-63
pm (230-400 mesh) silica gel. 'H NMR (400 MHz), *C NMR (100 MHz), and 3!'P NMR (162 MHz) spectra
were recorded using a Bruker Avance 400 spectrometer in CDCls and DMSO-dg. Residual solvent signals
(chloroform at 7.26 ppm and dimethyl sulfoxide at 2.50 ppm for 'H NMR spectra; chloroform at 77.16 ppm
for 13C NMR spectra) were used for the calibration of NMR spectra. In 3P NMR experiments, 85% aqueous
H3PO, solution was used as an external reference (0.0 ppm). High-resolution mass spectrometry (HRMS)
data were obtained using an Agilent Technologies TOF (time-of-flight) LC/MS instrument. FTIR spectra were
acquired using a Bruker Alpha-Platinum-ATR spectrometer. All commercially available reagents were used

without further purification unless stated otherwise.

3.1. 8-Methoxy-1-naphthol (10)

The synthesis procedure was modified based on a literature report.®® 1,8-Naphthalenediol (7) (200 mg, 1.25
mmol) was dissolved in 10 mL of acetone, and Ko CO3 (207 mg, 1.50 mmol) and CH3I (117 pL, 1.88 mmol)
were added sequentially at rt. The resulting heterogeneous mixture was stirred at this temperature for 24 h.
It was then quenched with H,O (5 mL) and saturated with NH4Cl solution (5 mL). The aqueous phase was
extracted with EtOAc (2 x 10 mL). The combined organic phase was dried over anhydrous Nas SO 4, filtered,
and concentrated under reduced pressure. Purification by flash column chromatography (EtOAc:hexane = 1:19)
gave pure 10 (210 mg, 96%) as a white solid. All spectral data are in accordance with the reported values in
the literature.®® Ry = 0.51 (EtOAc:hexane = 1:9); 'H NMR (400 MHz, CDCl3): 4 9.32 (1H, s), 7.43 (1H, dd,
J =8.3,0.4 Hz), 7.36 (1H, t, J = 8.0 Hz), 7.33-7.29 (2H, m), 6.88 (1H, dd, J = 7.4, 1.2 Hz), 6.78 (1H, d, J
= 7.7 Hz), 4.06 (3H, s); 13C NMR, (100 MHz, CDCl3): § 156.3, 154.6, 136.9, 127.8, 125.7, 122.0, 119.0, 115.2,
110.5, 104.0, 56.2; FTIR (ATR, solid) 3352, 3051, 2951, 2844, 1629, 1609, 1580, 1513, 1451, 1397, 1307, 1227
cm ~t; HRMS (APCI+) caled for C13Hy3 Oo [M4H]*: 175.0754, found: 175.0759.

3.2. 1,8-Dimethoxynaphthalene (11)

The synthesis procedure has been modified based on a literature report.3 1,8-Naphthalenediol (7) (200 mg,
1.25 mmol) was dissolved in 10 mL of acetone, and K2 CO3 (1.73 g, 12.5 mmol) and Me3SO4 (1.19 mL, 12.5
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mmol) were added sequentially at rt. The resulting heterogeneous mixture was heated to 70 °C and stirred at
this temperature for 24 h. It was then cooled down to rt and quenched with Hy O (15 mL). The aqueous phase
was extracted with CH2Cly (3 x 10 mL). The combined organic phase was dried over anhydrous Na;SO4
and filtered. Concentration under reduced pressure gave pure 11 (216 mg, 92%) as a light yellow solid. All
spectral data are in accordance with the reported values in the literature.?® Ry = 0.46 (EtOAc:hexane = 1:9);
'H NMR (400 MHz, CDCl3) ¢ 7.41 (2H, dd, J = 8.2, 1.4 Hz), 7.39-7.35 (2H, m), 6.86 (2H, dd, J = 7.4, 1.2
Hz), 3.99 (6H, s); '3C NMR (100 MHz, CDCl3) § 157.2, 137.5, 126.5, 121.0, 117.8, 106.3, 56.6; FTIR (ATR,
solid) 3001, 2956, 2836, 1580, 1460, 1427, 1386, 1348, 1273, 1237 cm ~!; HRMS (APCI+) caled for C12H1304
[M+H]*: 189.0911, found: 189.0917.

3.3. General procedure for the addition of indole (14) to trans-{3-nitrostyrene (15) catalyzed by
the hydrogen bond donors
In these experiments, CDCl3 was passed through a plug of K5 CO 3 prior to use in order to remove any potential
acid that might be present. In a 20-mL vial, trans- -nitrostyrene (15) (224 mg, 1.50 mmol) was dissolved in
1.0 mL of CDCl3. Indole (14) (117 mg, 1.0 mL) and the hydrogen bonding catalyst (0.10 mmol 7, 0.20 mmol
8, or 0.20 mmol 10) were added sequentially, and the resulting clear solution was stirred at 23 °C for 72 h.
At the end of this time, 50 pL of the reaction solution was taken via a microsyringe and mixed with 0.5 mL
of CDCl3z. The progress of the reaction was analyzed by !H NMR spectroscopy. The conversion values were
determined through the comparison of the integration values for the signal of adduct 16 at 7.04 ppm“® and the

signal of indole (14) at 6.57 ppm.
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