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Abstract: Cyclohexanetetrols belong to the family of cyclitols, a class of natural products known
for their diverse bioactivity. Their synthesis has been reported using hydrogen peroxide as a green
oxidant and water or tert-butanol as a solvent. Due to the high polarity of those compounds, a
green approach for their isolation from aqueous solutions can be challenging. Here, we report
the stereoselective synthesis of (+)-trans,trans-cyclohexane-1,2,4,5-tetraol combined with a novel
isolation method, where is possible the isolation of the product in excellent yield without the need for
derivatization, column chromatography or organic solvent extraction.
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1. Introduction

Cyclohexanetetrols are of interest because of their close relationship to the naturally
occurring betitol, quercitols and inositols [1] that are important bioactive compounds. In
particular, trans,trans-cyclohexane-1,2,4,5-tetraol has been isolated from A. modestus Diels
ssp macranthus Verdc. stem and root bark extracts and has shown antimicrobial activity
against both S. aureus and E. coli [2]. Besides this, trans-diols are important building blocks
for the synthesis of pharmaceuticals and agrochemicals, and can also be used as chiral
auxiliaries or ligands for asymmetric synthesis [3]. In particular trans,trans-cyclohexane-
1,2,4,5-tetraol is important in the industry since it can be used in the total synthesis of
biologically active compounds, such as aminocyclitols and analogs, that can be synthetized
by less demanding functional group transformations from the intermediates amino-1,2,4,5-
cyclohexane-tetrols [4].

Considerable efforts have been devoted to finding more environmentally friendly
chemical processes to reduce the emissions of volatile organic compounds (VOCs). Reduc-
tion or elimination of the traditional solvents, usually toxic and inflammable, provides an
approach to prevent pollution. To assess the sustainability of a chemical process we have
to consider the overall process, not just the reaction conditions. In addition, the work up
can contribute considerably to the green metrics of the overall process. The synthesis of
alcohols from the dihydroxylation of alkenes is a traditional methodology to obtain diols
or tetrols, although only a few of the reported methods are metal-free or use non-organic
solvents as the reaction medium [5,6]. For example, trans,trans-cyclohexane-1,2,4,5-tetraol
synthesis has been reported using selenium(IV) oxide as a catalyst; however, this method-
ology uses organic solvents in the synthesis and isolation of the product [7-9]. Nafion was
also reported in the synthesis of cyclohexane-1,2,4,5-tetraol in water, although the obtained
stereochemistry was not specified [6].

The possibility to perform this reaction using water as a solvent is a highly attractive
approach due to the reduction of organic solvents; nevertheless, it has the additional
challenge of isolating the highly polar final product from the aqueous reaction mixture
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(including the reaction catalyst). For that, several groups have reported the derivatization
by acetylation of the hydroxyl groups in order to isolate the final product [7]. This approach
is time consuming and decreases the sustainability of the process exponentially. For this
reason, we developed a chemical process for the production of trans,trans-cyclohexane-
1,2,4,5-tetraol on a large scale where no organic solvents or metal catalysts were used, with
the highly effective isolation step being the main breakthrough. It was possible to isolate
the highly polar trans,trans-cyclohexane-1,2,4,5-tetraol from the reaction mixture in only
one step, using an Amberlite column that retains the reaction catalyst.

2. Materials and Methods

All the solvents were distilled before use. All chemicals were purchased from Aldrich
(1,4-cyclohexadiene (CAS 628-41-1); toluene-4-sulfonic acid monohydrate, PTSA (CAS
6192-52-5); hydrogen peroxide 30% wt. (CAS 7722-84-1) and amberlite IRA400 hydroxide
form (can be replaced by Ambersep 900 hydroxide from Aldrich)). The closed-vessel reactor
(SYNP160002) was purchased from Aldrich. H and ¥*C-NMR spectra were recorded in
CDCl; on a Bruker Fourier 300 spectrometer at 300 and 75 MHz, respectively. Chemical
shifts are expressed in parts per million (ppm) relative to tetramethylsilane (TMS). The
coupling constants (J) are reported in Hertz (Hz).

2.1. Synthesis of (£)-trans,trans-Cyclohexane-1,2,4,5-tetraol

HO:UOH

HO “OH

PTSA (1.21 g, 20 mol%, 6.34 mmol) and H,O, (30% agq. sol., 14.38 g, 2 equiv.) were

added into a closed-vessel reactor. After complete dissolution of PTSA, 1,4-Cyclohexadiene
(3 mL, 31 mmol) was added and stirred for 21 h at 50 °C using a protection metal grid.
This is a biphasic reaction, so a vigorous agitation is necessary to ensure a maximum yield.
Performing the reaction with this oxidant at this temperature in a closed vessel requires
special attention, due to their instability and the possibility of explosion.

After that, the reaction mixture was cooled to room temperature, sodium bicarbonate
(until pH 7) was added to the solution and the solution was reduced with Na;SOs.

2.2. Isolation of ()-trans,trans-Cyclohexane-1,2,4,5-tetraol without the Use of Organic Solvents

Without further treatment, the crude reaction mixture was added to a column filled
with Amberlite® IRA400 (Figure 1) and the column was washed with 30 mL of water. After
that, the final solution was evaporated and the product dried under vacuum. trans,trans-
cyclohexane-1,2,4,5-tetraol was obtained pure by NMR without chromatographic purifica-
tion. (£)-trans,trans-cyclohexane-1,2,4,5-tetraol was obtained as a white solid with a yield
of 98.0%, with a melting point of 203-204 °C (Lit. 208 °C [9-11]). 'H NMR (300 MHz, D,0)
6 3.62 (m, 4H), 1.69 (m, 4H). 13C NMR (75 MHz, D,0) 6§ 69.4, 33.61.
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Figure 1. Isolation of 1,2,4,5-cyclohexatetrol from the crude reaction media.

2.3. Synthesis of (£)-trans,trans-Cyclohexane-1,2,4,5-tetrayltetraacetate
ACO:0,0AC
AcO “OAc
Tetraacetate was synthesized according to a literature procedure, with small changes [12].
Triethylamine (9.03 mL, 8 equiv.) and acetic anhydride (4.56 mL, 6 equiv.) were added to the
crude product of cyclohexane-1,2,4,5-tetraol (1.19 g, 8.01 mmol) and stirred for one day. After
that, the triethylamine excess was removed by evaporation and 10 mL of aqueous HCI 10%
(v/v) was added, which was extracted with 2 x 25 mL of dichloromethane. The organic layer
was dried with Na;SO4 and evaporated. The final product was purified by column chromatog-
raphy (EtOAc/Hexane 80:20), providing (&)-trans,trans-cyclohexane-1,2,4,5-tetrayltetraacetate
as a white solid (1.85 g, 73.3%) with a melting point of 148 °C (lit. 148 °C [11], 147-148 °C [12]).

1H NMR (300 MHz, CDCl;) § 5.03 (m, 4H), 2.02 (m, 16H). 13C NMR (75 MHz, CDCl3) & 169.77,
69.07, 30.10, 20.94.

3. Discussion

Trans-dihydroxylation of 1,4-cyclohexadiene was studied using a reported methodology,
where p-toluenosulfonic acid (PTSA) was used as a catalyst and water as a solvent [13,14].
After reaction optimization, it was possible to obtain (£)-trans,trans-cyclohexane-1,2,4,5-tetraol
with high stereoselectivity and 98% yield, without using any metal catalysts or organic solvents.
The challenge was to isolate the product from the acidic reaction media and two different
approaches were performed: derivatization or using Ambertile as an ion exchange resin. The
first approach for the isolation of the trans,trans-cyclohexane-1,2,4,5-tetraol was carried out by
acetylation resulting in trans,trans-cyclohexane-1,2,4,5-tetrayltetraacetate (Scheme 1), which
was isolated and purified by column chromatography (EtOAc/Hexane 80:20) with a yield
of 73.3%.
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Scheme 1. First approach for the isolation of (£)-trans,trans-cyclohexane-1,2,4,5-tetraol.

Amberlyst

\j

ACOUOAC
AcO “OAc

Isolated

Ho,:O,OH
HO “OH

Isolated

rt, 24h

After the isolation of the tetraacetate, hydrolysis was performed using the reported
methodology [15] to obtain tetrol in 78% yield. To do so, Amberlyst was used as an acid
catalyst in an aqueous solution at 80 °C overnight. Furthermore, this is not an efficient
approach since it requires two additional steps to obtain the pure tetrol. Thus, the isolation
by derivatization was abandoned.

A more efficient approach for the separation of the tetraol from the catalyst (PTSA) was
achieved using an ion exchange resin. By this way the PTSA is retained on the anionic resin
and the tetraol is eluted out from the column with excellent yields (98% yield, Figure 1).
This is an efficient methodology where it is possible to isolate the product in excellent yield
without the need for derivatization, column chromatography or extraction with organic
solvents. To show the reproducibility of the process, it was performed several times on a
31 mmol scale (3 mL of cyclehexadiene) with 96-98% yield.

It is interesting to note that this is a highly stereoselective reaction since trans,trans-
cyclohexane-1,2,4,5-tetraol is the major product; however, it is possible to observe by NMR
that the meso isomer is also formed, although in a residual amount (less than 1%). The
trans-trans stereochemistry of the final product, was confirmed by the comparison of the
NMR and melting point data with the literature (Table 1) [7].

Table 1. Observed 'H and 3C NMR and melting point data of compounds (%)-trans,trans-
cyclohexane-1,2,4,5-tetraol and (=)-trans,trans-cyclohexane-1,2,4,5-tetraacetate and comparison with
the literature data.

HO.,

HO

“"OH

AcO,,/IO,OAc
AcO “'0Ac

Melting point: 148 °C (Lit. 148 °C [11], 147-148 °C [12])

Melting point: 203-204 °C (Lit. 208 °C [9-11])

TH NMR (300 MHz, D,0) 6§ 3.62 (m, 4H), 1.69 (m, 4H). 13C NMR
(75 MHz, D,0) 6 69.4, 33.61 (Figures Al and A2).

Literature [9]: '"HNMR (400 MHz, D,0): & 3.76 (m, 4H), 1.84 (m,
4H) ppm. '3C NMR (100 MHz, D20): § 74.4, 38.3 ppm.

TH NMR (300 MHz, CDCl3) 5 5.03 (m, 4H), 2.02 (m, 16H). 13C
NMR (75 MHz, CDCl3) & 169.88, 77.51, 77.09, 76.66, 70.10, 69.08,
30.13, 20.96, 20.81 (Figures A3 and A4).

Literature [7,11]: 'THNMR (200 MHz, CDCl3) d 5.08-5.04 (m,
OCH, 4H), 2.11-2.01 (m, CH2, 4H), 2.06 (s, OAc, 12H); 13C NMR

(50 MHz, CDCl3) d 171.6, 71.2,32.2, 22.9.

4. Conclusions

This study presented a new strategy for the preparation and isolation of (£)-trans,trans-
cyclohexane-1,2,4,5-tetraol from its highly polar reaction media (PTSA and water) using
Ambertite resin, without the need for derivatization, column chromatography or extraction
with organic solvents. This methodology can be useful for carbohydrate chemistry, where
the isolation of polar compounds from the reaction mixture is needed. In this work, we
obtained (+£)-trans,trans-cyclohexane-1,2,4,5-tetraol in high yields and high purity.
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Figure Al. TH NMR (300 MHz, D,0) spectrum of (+) -trans,trans-cyclohexane-1,2,4,5-tetraol.
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Figure A2. 13C NMR (75 MHz, D,0) spectrum of (£)-trans,trans-cyclohexane-1,2,4,5-tetraol.
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Figure A3. 'H NMR (300 MHz, CDCl5) spectrum of (&)-trans,trans-cyclohexane-1,2,4,5-tetraacetate.
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Figure A4. 13C NMR (75 MHz, CDCl3) spectrum of (+)-trans,trans-cyclohexane-1,2,4,5-tetraacetate.
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