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Selective C—H bond hydroxylation of cyclohexanes
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A new approach for selective hydroxylation of non-activated cyclohexanes using dioxirane generated in situ
in water through supramolecular control has been developed. Using B-CD and y-CD as the supramolecular

hosts, selective hydroxylation of cyclohexane substrates, including trans/cis-1,4-, 1,3- and 1,2-
Received 6th April 2017 dimethylcycloh d trans/cis-decahydronaphthal hieved in up to 54% yield in wat
Accepted 30th May 2017 imethylcyclohexanes and trans/cis-decahydronaphthalene, was achieved in up to % yield in water.

Furthermore, site-selective C—H bond hydroxylation of (+)-menthol was achieved by obstructing the

DOI: 10.1039/c7ra03930a approach of dioxirane to the C—H bond with higher steric hindrance through inclusion complexation
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Introduction

Over the decades, significant advancements in the research area
of C-H bond oxidation'* have been accomplished using stoi-
chiometric oxidizing reagents,”**" catalytic transition metal
catalysts™™® and biomimetic supramolecular complexes.>**>*
Notably, selective oxidation of non-activated sp® C-H bonds of
alkanes is a very useful reaction because it offers a strategy with
improved atom- and step-economy to transform inert C-H
bonds into versatile functionalities for further synthetic elabo-
rations.® However, it is regarded as one of the most challenging
tasks in organic chemistry as the functionalization of non-
activated C-H bonds generally requires harsh reaction condi-
tions, and the highly reactive oxidizing agents employed exhibit
low functional group tolerance.*'*** Furthermore, the presence
of multiple C-H bonds with similar reactivity in a single
molecule renders site-selective oxidation difficult.** In the
literature, synthetic methods have been developed for selective
oxidation of non-activated sp®> C-H bonds on the basis of elec-
tronic, steric, and substrate-based directing effects.”® However,
these approaches are limited by the inherent structural prop-
erties of the substrates. For example, less activated aliphatic
C-H bonds could be selectively targeted for oxidation using
“directing” groups strategically installed in the substrates.'”*
In view of the significance of C-H bond functionalization, there
remains great interest in developing new strategies for selective
sp® C-H bond oxidation to target a diverse variety of substrates.

“The Hong Kong Polytechnic University, Shenzhen Research Institute, Shenzhen, PR
China. E-mail: mankin.wong@polyu.edu.hk; jian-fang.cui@polyu.edu.hk; Fax: +852
2364 9932

“State Key Laboratory of Chirosciences, Department of Applied Biology and Chemical
Technology, The Hong Kong Polytechnic University, Hung Hom, Hong Kong, PR China
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra03930a

30886 | RSC Adv., 2017, 7, 30886-30893

Oxidized cyclohexanes are commonly found in the structural
skeletons of natural products such as artemisinin,' taxanes,*
terpenes,””*® and steroids.>® Thus, selective oxidation of cyclo-
alkanes would be an appealing reaction for efficient synthesis of
these structurally diverse oxidized cyclohexane-containing
organic molecules.

Supramolecular host-guest chemistry provides promising
approaches for achieving selectivity enhancement in a wide
range of organic reactions.***® Generally, supramolecular hosts
are able to preferentially position the target sites of the
substrates in proximity to the reaction centre, leading to selec-
tive organic transformations. On the other hand, access to the
non-target sites of the substrates for reaction could be
obstructed through inclusion complex formation.

Cyclodextrins (CDs) are amphipathic molecules bearing
a hydrophilic exterior surface and a hydrophobic interior cavity
(Fig. 1). Due to the hydrophobic cavity of cyclodextrins and their
derivatives, “host-guest” inclusion complex formation with a wide
diversity of guest molecules through hydrophobic interactions has
been extensively employed in supramolecular catalysis.***® Bre-
slow reported a pioneering study on selective C-H bond oxidations
of steroids using cyclodextrin-attached metalloporphyrins as
catalysts.*>** In 2003, we developed a cyclodextrin-ketoester as
a supramolecular catalyst for stereoselective alkene epoxidation.*”
Then, Bols and co-workers developed cyclodextrin ketones for
organic oxidations.”™ In 2012, we studied the site-selective

a) b) Primary OH-face .
interior cavity
(hydrophobic)
OH a-cyclodextrin, n =6
4 B-cyclodextrin, n =7 H4—!
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HO
3 OH
o Secondary OH-face ~ exterior surface
n (hydrophilic)

Fig. 1 General structure of cyclodextrins.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra03930a&domain=pdf&date_stamp=2017-06-14
http://orcid.org/0000-0003-1574-6860
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra03930a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007049

Open Access Article. Published on 16 June 2017. Downloaded on 4/28/2026 4:02:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

oxidation of tertiary C-H bonds of 3,7-dimethyloctyl esters using
cyclodextrins as the supramolecular host.*®

Because selective C-H bond hydroxylation of cyclohexanes
using supramolecular control remains largely unexplored and
cyclodextrin-promoted reactions are environmentally friendly
using water as the solvent, we aim to realize site-selective oxida-
tion of C-H bonds on cyclohexanes in water using cyclodextrins as
supramolecular hosts, which would lead to interesting selec-
tivity.** Based on our previous studies on cyclodextrins,**** we
developed a new approach for site-selective hydroxylation of
cyclohexane derivatives through supramolecular control using
cyclodextrins as the hosts. The inclusion models of trans-1,4-
dimethylhexane (1) and (+)-menthol (9) with B-CD and y-CD as
well as the relationship between inclusion models and site-
selective C-H bond hydroxylation of 9 have also been investi-
gated. It is noteworthy that B-CD and y-CD could act as reaction
vessels such that the C-H bond hydroxylation could be performed
in water without using organic solvents.

Results and discussion

The effect of different CDs on C-H bond hydroxylation of
cyclohexanes

To study the efficiency of different CDs on C-H bond hydroxyl-
ation of cyclohexanes, trans-1,4-dimethylcyclohexane (1) was
employed as the substrate (Table 1). Dioxirane generated in situ
from 1,1,1-trifluoroacetone and Oxone was used as the oxidizing
agent.**” Initially, the reaction was carried out at room temper-
ature by stirring trans-1,4-dimethylcyclohexane (1) (1.0 mmol)
with B-CD (1.1 mmol) and 1,1,1-trifluoroacetone (1.0 mmol) in
water (50 mL) for 1 h, and then 8 portions of a mixture of Oxone
(2.5 mmol x 8) and NaHCO; (7.75 mmol x 8) were added within
7 h (one portion was added per hour). After stirring for an addi-
tional 16 h, the hydroxylation product 1a was isolated in 12% yield
by flash column chromatography (Table 1, entry 1). Using y-CD
instead of B-CD as the supramolecular host, 1a was obtained in

Table 1 Studies on the effect of different cyclodextrins towards C—-H
bond hydroxylation of trans-1,4-dimethylcyclohexane (1)¢

.

Cyclodextrin
CF3COCH; OH
8 X (Oxone, NaHCO3) N

H,0
24 h,rt

HO :

1a

Entry Cyclodextrins Yield of 1a” (%)
1 B-CD 12

2 y-CD 32

3 o-CD Trace®

4 Without CD (in H,0) 0°

57 Without CD (in CH;CN/H,0) 16

“ Reactions were conducted with 1 (1.0 mmol), 1,1,1-trifluoroacetone
(1.0 mmol) and cyclodextrin (1.1 mmol) in H,O (50 mL) at room
temperature with Oxone (2.5 mmol x 8) and NaHCOj; (7.75 mmol x
8). ? ield of isolated product. © Observed by TLC analysis. ¢ CH;CN
(25 mL) and H,O (25 mL).
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32% yield (Table 1, entry 2). On using o-CD, only a trace amount of
1a was observed by TLC analysis (Table 1, entry 3). A control
experiment was performed in water without cyclodextrin, and no
hydroxylation product 1a was obtained, probably due to the low
solubility of 1 in water (Table 1, entry 4). 1a was obtained in 16%
yield when the reaction was conducted in 1:1 CH3;CN/H,O
without cyclodextrins as the supramolecular host (Table 1, entry
5). These results suggest that B-CD and y-CD could enhance the
hydroxylation yield by acting as a reaction vessel and maximizing
the dispersion of 1 through inclusion complex formation.*
Furthermore, 3-CD and y-CD could bind to 1 and dioxirane so as
to place the two reactants in close proximity, stabilizing the
transition state of the reaction and reducing the activation energy,
and thus accelerating the reaction.®

Subsequently, cis-1,4-dimethylcyclohexane (2), trans/cis-1,3- and
1,2-dimethylcyclohexane (3-6), and trans/cis-decahydronaph-
thalene (7 and 8) were employed as substrates. As shown in Table
2, dimethylcyclohexanes (1-6) can be oxidized by dioxirane
generated in situ through complexation with B-CD or y-CD to give
the corresponding hydroxylation products. Notably, cis-1,4-dime-
thylcyclohexane (2) and trans/cis-1,3-dimethylcyclohexane (3 and 4)
gave monohydroxylation and dihydroxylation products (Table 2,
entries 2-4), while trans/cis-1,2-dimethylcyclohexane (5 and 6) and
trans/cis-decahydronaphthalene (7 and 8) gave only mono-
hydroxylation products (Table 2, entries 5-8). In the presence of B-
CD, trans/cis-decahydronaphthalene (7 and 8) did not give mono-
hydroxylation or dihydroxylation products. Good yields (54% and
40%) were achieved when y-CD was used as a supramolecular
host. These findings indicate that f-CD and y-CD could act as
reaction vessels through inclusion complexation of hydrophobic
cyclohexanes in water. Moreover, these results showed that using
Y-CD as the supramolecular host gave higher yields than using B-
CD as the supramolecular host.

"H NMR titration for binding of 1 to B-CD/y-CD

To investigate the effect of the cavity sizes of f-CD and y-CD on
C-H bond oxidation of cycloalkanes, we studied the inclusion
complex formation between trans-1,4-dimethyl-cyclohexane (1)
and B-CD or y-CD by 'H NMR titration (Fig. 2 and 3).3***7° The
signals of H3 and H5 of B-CD or y-CD were shifted significantly
upfield when the amount of 1 increased in the aqueous solution
of B-CD or y-CD, while the chemical shifts of H2 and H4 remained
unchanged. These results indicate that 1 interacts with the
hydrogens in the hydrophobic cavities of B-CD and y-CD.

'"H NMR titration curves were obtained by plotting the
change in the chemical shift of H3 against the ratio of 1 to p-CD
(Fig. 4) and the change in the chemical shift of H3 against the
ratio of 1 to y-CD (Fig. 5). The stoichiometry for the inclusion
complex formation between B-CD and 1 was 1 : 1, while that of
the inclusion complex formation between y-CD and 1 was 1 : 2,
as determined by extrapolating the curve.

The effect of CDs on selective C-H bond hydroxylation of
mixtures of trans/cis-cycloalkane isomers

As both B-CD and y-CD enhanced the selective C-H bond
hydroxylation reactions of trans/cis-1,N-dimethylcyclohexanes

RSC Adv., 2017, 7, 30886-30893 | 30887
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Table 2 Comparison of C—H bond hydroxylation of various disubsti-
tuted cyclohexanes with and without CDs*

Cyclodextrin

5,

CF3COCH;z R OH
8 X (Oxone, NaHCO3)

R_ OH

OH
d and / or
é R ij<R

y-CD
Without CD
(in CH;CN/H,0)

1,n-Disubstituted 24h, 1t monohydroxylation dihydroxylation
cyclohexanes product product
n=2234
Yield”
Entry Substrate Product (%) CDs
OH 12 B-CD
32 ¥-CD
1 g . 16 Without CD
: HO'= (in CH3CN/H,0)
1 1a
OH 7 B-CD
11 v-CD
15 Without CD
(in CH;CN/H,0)
2a
2 +
2 5 B-CD
9 v-CD
7 Without CD
(in CH;CN/H,0)
OH 11 B-CD
\ 30 v-CD
, 40 Without CD
é N (in CH,CN/H,0)
3° +
3 3 B-CD
7 v-CD
4 Without CD
(in CH;CN/H,0)
OH 10 B-CD
X 27 ¥-CD
16 Without CD
g)\ 4a (in CH3;CN/H,0)
4 +
4 WOH 3 B-CD
) 7 v-CD
LOH 5 Without CD
4b (in CH;CN/H,0)
5 B-CD
5 ’ 5 12 Without CD
a (in CH;CN/H,0)
/ 9 B-CD
e TN
6 6a 35 Without CD
(in CH;CN/H,0)
H OH — B-CD
A
7

;’118
| P
&O
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Table 2 (Contd.)
Cyclodextrin
R CF3COCH3 R_OH R_OH
8x (O , NaHCO.
i)—R X (Oxone, Nal 3) i}R and / o i§<§H
H,O
1,n-Disubstituted 24h, 1t monohydroxylation dihydroxylation
cyclohexanes product product
n=2234
Yield®
Entry Substrate Product (%) CDs
H OH -4 B-CD
54 v-CD
8 65 Without CD
; o (in CH;CN/H,0)

“ Reactions were conducted with substrate (1.0 mmol), and 1,1,1-
trifluoroacetone (1.0 mmol) in H,O (50 mL) at room temperature with
Oxone (2.5 mmol x 8) and NaHCO; (7.75 mmol x 8). ?Yield of
isolated product. ¢ The substrates 3 and 5 used in the experiments
were racemic mixtures. ¢ Not detected.
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Fig. 2 Partial '"H NMR spectra of a mixture of 1 and B-CD in D,O
(signals of B-CD). Ratios of 1/8-CD: (a) 0: 10, (b) 1: 10, (c) 2 : 10, (d)
4:10,(e)6:10,(f)8:10,(9)1:1,(n) 12:10, (i) 15:10, () 2: 1.

in water, it is of interest to study the C-H bond hydroxylation
selectivity in a mixture of trans and cis isomers. In this regard,
a 1:1 mixture of ¢trans- and cis-1,3-dimethylcyclohexane (3 and
4) was chosen to study the effect of CDs on the selectivity of C-H
bond hydroxylation of the trans and cis isomers.

As shown in Scheme 1, when a 1 : 1 mixture of trans- and cis-
1,3-dimethylcyclohexane (3 and 4) was subjected to the oxidation
conditions with -CD as the supramolecular host, the ratio of the
corresponding products 3a and 4a was found to be 1: 1. This
result is consistent with the outcomes of the individual oxida-
tions of trans- and cis-1,3-dimethylcyclohexane (3 and 4) under
supramolecular control by B-CD. Using y-CD as the supramo-
lecular host, a 2 : 1 ratio of 3a and 4a was obtained. These find-
ings indicate that y-CD could provide enhanced isomer-selective
C-H bond oxidation for 1,3-dimethylcyclohexane (3 and 4).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Partial 'H NMR spectra of a mixture of 1 and y-CD in D,O
(signals of y-CD). Ratios of 1/y-CD: (a) 0: 10, (b) 1: 10, (c) 4 : 10, (d)
7:10,(e)1:1,(/12:10,(9)15:10,(h)18:10,()2:1, () 3:1, (k) 3.5: 1,
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Fig. 4 H NMR titration curve for 1 and B-CD.
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Fig. 5 'H NMR titration curve for 1 and y-CD.

Using y-CD as the supramolecular host, a 1: 1 mixture of
trans- and cis-decahydronaphthalene (7 and 8) was oxidized
giving the corresponding products 7a and 8a in a 1: 3 ratio
(Scheme 2). In contrast, the ratio of 7a and 8awas 1 : 1.4, when 7
and 8 were individually oxidized in water with y-CD as the
supramolecular host.

This journal is © The Royal Society of Chemistry 2017
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B-CD <
+
CF3COCH3 3a 4a

(Oxone, NaHCO3)

QL -

24 h, 1t

1:1 mixture

,,,,, el

6%(3a 4a=2: 1)

Schemel Hydroxylationofal: 1 mixture of 3and 4 with B-CD and y-
CD as the supramolecular hosts. Reactions were conducted withal: 1
mixture of 3 (0.5 mmol) and 4 (0.5 mmol), 1,1,1-trifluoroacetone (1.0
mmol), and B-CD or y-CD (1.1 mmol) in water (50 mL) with Oxone
(2.5 mmol x 8) and NaHCO3 (7.75 mmol x 8).

y-CD
H H CFsCOCH, OH OH
8 X (Oxone, NaHCO3)
+ R +
S HxO 8
A H 24h, 1t A H
7 8 7a 8a

1:1 mixture 51% (7a: 8a=1:3)

Scheme 2 Hydroxylation of a1 : 1 mixture of 7 and 8 with y-CD as the
supramolecular host. Reactions were conducted with a1 : 1 mixture of
7 (0.5 mmol) and 8 (0.5 mmol), 1,1,1-trifluoroacetone (1.0 mmol), and
v-CD (1.1 mmol) in water (50 mL) with Oxone (2.5 mmol x 8) and
NaHCOg3 (7.75 mmol x 8).

The effect of CDs on site-selective C-H bond hydroxylation of
(1S,2R,5S)-(+)-menthol (9)

Menthol is an easily accessible chiral monoterpene possessing
a cyclohexane skeleton with different types of C-H bonds that is
an ideal substrate for studying C-H bond hydroxylation. To
investigate the effects of B-CD and y-CD on site-selective C-H
bond hydroxylation, (1R,2R,5S)-(+)-menthol (9), which bears
three tertiary C-H bonds at C2/, C5’ and C8/, was chosen as the
substrate.

The reaction was carried out at room temperature by stirring
9 (1.0 mmol) with B-CD or y-CD (1.1 mmol) and 1,1,1-tri-
fluoroacetone (1.0 mmol) in water (50 mL) for 1 h, and then
adding 8 portions of a mixture of Oxone (2.5 mmol x 8) and
NaHCO; (7.75 mmol x 8) within 7 h (one portion was added per
hour). After stirring for an additional 16 h, products 9a and 9b
were isolated by flash column chromatography (Scheme 3).

As shown in Scheme 3, using B-CD as the supramolecular
host, the C5’-hydroxylated product 9a (10% yield; minor) and the
C8'-hydroxylated product 9b (32% yield; major) were obtained
with 20% conversion. Using y-CD as the supramolecular host,
significantly increased conversion (50%) was achieved, and the
product distribution was reversed with respect to 9a (20% yield;
major) and 9b (4% yield; minor). In addition, a dihydroxylation
product 9¢ (5% yield) was obtained when y-CD was used.

"H NMR titration experiments for binding of 9 with B-CD and
v-CD

To understand the different product distributions in the
hydroxylation of 9 using B-CD and y-CD as the supramolecular

RSC Aadv., 2017, 7, 30886-30893 | 30889
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HO 9a HO op
o 3 4 CF3COCH; 10% 32%
(R), (S) 8 X (Oxone, NaHCO3) (minor) (major)
& By ——— =
S, HO
Ho ' ® 24 h, 1t

y-CD

L

OH
%9 + 9b + HO ety

20% 4% R
(major) (minor) HO 9c
5%

(minor)

9
(18,2R,58)-(+)-menthol

Scheme 3 Hydroxylation of (+)-menthol (9) with 3-CD and y-CD as
supramolecular hosts. Reactions were conducted with 9 (1.0 mmol),
1,1,1-trifluoroacetone (1.0 mmol), and B-CD or y-CD (1.1 mmol) in
water (50 mL) with Oxone (2.5 mmol x 8) and NaHCOx (7.75 mmol x
8). The yields were calculated based on the conversion of 9.

hosts, we studied inclusion complexation between 9 and -CD
or y-CD by "H NMR titration. The peaks of H3 and H5 of the CDs
showed significant upfield shifts when the amount of 9
increased in the aqueous solution of CDs (Fig. 6 and 7). Two 'H
NMR titration curves were plotted based on the change in the
chemical shift of H3 against the ratio of 9/B-CD (Fig. 8) and 9/y-
CD (Fig. 9). The stoichiometry of the inclusion complex between
B-CD and 9 was found to be 1 : 1 and that between y-CD and 9
was 1: 2, as determined by extrapolating the curves.

Studies on the binding geometry of (+)-menthol (9) with -CD
and y-CD through 2D ROESY experiments

To further investigate the effect of B-CD and y-CD on site-
selective C-H bond oxidation of (+)-menthol (9), 2D ROESY
experiments were conducted to determine the binding geom-
etry of 9 with B-CD and y-CD.

The 2D ROESY spectrum for the binding between 9 and -CD
showed that 9 has NOE correlation signals with hydrogens H3,
H5 and H6 of B-CD (Fig. 10), which suggested that 9 was located
inside the cavity of B-CD. As shown in Fig. 10, the 2D ROESY
spectrum regarding the binding between 9 and B-CD showed
that H9' and H10’ of 9 have strong NOE correlation signals with
H3 and H5 of B-CD and weak NOE correlation signals with H6 of
B-CD. Moreover, strong NOE correlation signals of H7' of 9 with
H5 of B-CD and weak NOE correlation signals of H7' of 9 with

H3 Ho6 HS5 H2 H4

M
M

J\J‘A‘\WA A MMANA T
MMANA_ B

AN SN
M&,J’\N\J\J\
Y, ¢ J\NJ, /\‘\‘;/’\/L_JVW\ /\J/\ f B

— iduu\& JV\M/\M

c
b
MM AN~

.

298 1% a8 380 ars ol 16 360 ass 1% aus
(opm)

Fig. 6 Partial *H NMR spectra of a mixture of 9 and B-CD in D,O
(signals of B-CD). Ratios of 9/B-CD: (a) 0 : 10, (b) 2 : 10, (c) 4 : 10, (d)
6:10,(e)8:10,(f)1:1,(g) 12:10, (h )15_10,()2
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295 a0 388 380 ars 370 365 260 a8 350 a4s
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Fig. 7 Partial '"H NMR spectra of a mixture of 9 and y-CD in D,O
(signals of y-CD). Ratios of 9/y-CD: (a) 0 : 10, (b) 1: 10, (c) 4 : 10, (d)
7:10, () 1:1, (f 12:10, (g) 15:10, (h) 18:10, () 2:1, () 25 : 1, (K
3:4,(135:1,(m)4:1

H6 of B-CD also appeared on the ROESY spectrum. These NOE
correlation signals and the 1 : 1 stoichiometry of the complex-
ation between 9 and B-CD suggested that f-CD most likely binds
to 9 in two possible binding models: (1) the terminal methyl
(H7') of 9 located deep in the B-CD cavity with the terminal
isopropyl (H9', H10') of 9 outside of the cavity and close to the
secondary OH-face (Fig. 11, binding mode A); and (2) the
terminal isopropyl (HY, H10’) of 9 located deep in the B-CD
cavity with the terminal methyl (H7') of 9 outside of the cavity
and close to the primary OH-face (Fig. 11, binding mode B).
Further analysis of the strength of the NOE correlation signals
indicated that B-CD prefers to bind to 9 in binding mode A
rather than binding mode B.
For 9 and y-CD, the 2D ROESY spectrum (Fig. 12) showed
that H7' of 9 has NOE correlation signals with H1’, H8' of 9 and
5’ of 9 have NOE correlation signals with H9', H10’ of 9. The
2D ROESY spectrum also showed that H3, H5, and H6 of y-CD
have strong NOE correlation signals with H7', HY’, and H10' of
9; H6 of y-CD has NOE correlation signals with H2', H3', H5/,
H7', HY, and H10' of 9; and H5 of y-CD has NOE correlation
signals with H4', H5', H6/, and H8' of 9. Given the 2 : 1 stoi-
chiometry of the complexation between 9 and y-CD, the

0.045 4
0.04 4

0.035

0.03

Ad of H3 of B-CD
@

0.025

0.02

0 0.5 1 1.5 2
Mole ratio of 9/B-CD

Fig. 8 H NMR titration curve for 9 and B-CD.
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Fig. 10 Partial contour plot of the 600 MHz 2D ROESY spectrum for
binding of (+)-menthol (9) to B-CD in D,O.
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Fig. 11 Proposed binding geometry for the inclusion of (+)-menthol
(9) in B-CD.

possible binding modes involve two molecules of 9 encased in
the cavity of y-CD. Therefore, two possible binding modes
between y-CD and 9 were proposed: (1) the terminal isopropyl
(HY, H10') of 9 inserted deep into the y-CD cavity with the
terminal methyl (H7’) of 9 outside of the cavity and close to the
secondary OH-face (Fig. 13, binding mode C); and (2) the
terminal methyl (H7') of 9 inserted deep into the y-CD cavity

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Partial contour plot of the 600 MHz 2D ROESY spectrum for
binding of (+)-menthol (9) to y-CD in D,O.

with the terminal isopropyl (H9', H10') of 9 outside of the cavity
and close to the primary OH-face (Fig. 13, binding mode D). The
experimental results indicated that binding mode C is the
favored binding geometry.

Schematic diagrams for site-selective C-H bond oxidation of 9
with B-CD and y-CD as supramolecular hosts

Based on the binding geometries of 9 to B-CD (Fig. 11), sche-
matic diagrams for how B-CD affects the site-selectivity of C-H
bond hydroxylation were proposed in Fig. 14. The preferred
binding geometry of 9 to B-CD, in which the terminal methyl of
9 is located deep in the cavity of B-CD and the terminal iso-
propyl of 9 is exposed outside of the cavity, renders the C-H
bond at position C8 more easily subject to hydroxylation by
dioxirane than that at position C5'. This leads to site-selectivity
in the C-H bond hydroxylation. The proposed schematic
diagrams are reasonably consistent with the experimental
results (see Scheme 3, 9a/9b = 1:3) on the site-selectivity of
C-H bond hydroxylation of 9 when using B-CD as the supra-
molecular host.

In contrast, for the binding of 9 to y-CD, the preferred
binding geometry is such that the C-H bond at position C5’ is

,"Hﬁ, ’
/
H2

@?ﬁ»

5 5 < Binding mode C

Binding mode D

Fig. 13 Proposed binding geometry for the inclusion of (+)-menthol
(9) in y-CD.
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Fig. 14 Schematic diagrams for site-selective C—H bond oxidation of
9 in B-CD.

Fig. 15 Schematic diagrams for site-selective C—H bond oxidation of
9in y-CD.

more easily approached by dioxirane than that at position C8,
which gives 9a as the major product (Fig. 15). Thus, the binding
geometries of 9 to y-CD and steric hindrance lead to high site-
selectivity in the C-H bond hydroxylation of 9 (9a:9b = 5: 1).

Conclusions

In summary, we have investigated the hydroxylation of various
cyclohexanes with dioxirane generated in situ through supra-
molecular control using f-CD and y-CD as the hosts. The results
indicated that CDs could act as reaction vessels for hydroxylation
reactions performed in water without the use of organic solvents.
The stoichiometries of inclusion complexation between B-CD or
¥-CD and cyclohexanes were determined by "H NMR titration.
The effect of B-CD and y-CD as supramolecular hosts on chemo-
selective C-H bond hydroxylation of trans and cis isomers of
disubstituted cyclohexanes was investigated. Site-selective C-H
bond hydroxylation of (+)-menthol (9) was achieved through
inclusion complex formation with B-CD and y-CD in water.
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