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Dynamic kinetic resolution of transient hemiketals:
a strategy for the desymmetrisation of prochiral
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Identification of an electron poor trifluoroacetophenone allows the formation of uniquely stable hemiketals

from prochiral oxetanols. When exposed to a cobalt(i) catalyst, efficient ring-opening to densely

functionalized dioxolanes is observed. Mechanistic studies suggest an unprecedented redox process
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between the cobalt() catalyst and the hemiketal that initiates the oxetane-opening. Based on this

observation, a dynamic kinetic resolution of the transient hemiketals is explored that uses a Katsuki-type
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Introduction

The stereoselective synthesis of polyols has been a cornerstone
of organic chemistry due to the prevalence of this structural
motif in biologically important molecules such as polyketides
or carbohydrates (Scheme 1, top). As a result, continuous effort
is devoted to the development of new methods that establish
C-0 bonds with high levels of stereocontrol. One possibility to
accomplish such an endeavor invokes the application of
a transient hemiacetal as an intramolecular nucleophile and
was introduced by Evans and coworkers in 1993.' Since this
early example, many diastereoselective’ and enantioselective®
variants have been developed on the basis of Bronsted acid, as
well as Lewis acid, catalysis (Scheme 1, middle). Recent exten-
sions regarding the alkene-electrophile* as well as applications
in the synthesis of natural products® have renewed the interest
in hemiacetals as a platform for reaction development.
However, nucleophilic attack of a transient hemiacetal to other
groups than activated alkenes are rare,® even though this would
allow a much broader range of polyolic targets to be accessed.

To address this limitation, we hypothesized that when
adequately activated a transient hemiacetal would be able to
undergo ring-opening at a strained heterocyclic core. Based on
our laboratory's interest in desymmetrisation of prochiral four-
membered rings,” we considered 3-oxetanols as promising
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ligand for stereoinduction (up to 99:1 dr and 96 : 4 er) and allows a variety of 1,3-dioxolanes to be
accessed (20 examples up to 98% yield).

candidates to test this hypothesis (Scheme 1, bottom). Here, the
preformed hemiacetal attacks the oxetane ring to form a diox-
olane, which is energetically favourable due to the
~20 kcal mol " of strain release, and opens the possibility to
forge two new stereogenic centres along the way. According to
literature precedent, a number of catalysts qualify to activate
oxetanes towards desymmetrisation.®* Among them, Co™-salen®
as well as chiral phosphoric acids' are worth mentioning
because they proved viable for the synthesis of various oxygen-
heterocycles in the past. However, no synthetic strategy
towards the formation of 1,3-dioxolanes was reported so far,
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Scheme 1 Overview of asymmetric strategies using hemiacetals to
forge new C-O bonds. CoA = coenzyme A; EWG = electron with-
drawing group.
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which we now wish to report on along with our efforts identi-
fying a suitable catalyst system for a highly selective desym-
metrisation process."

Results and discussion

We commenced our study by exploring the ring-opening of 3-
phenyloxetanol (1a) with simple aldehydes in the presence of
a range of Bregnsted acids as well as Lewis acids (see ESIt for
further details). However, these attempts were met with limited
success, presumably due to the low stability of the transient
hemiacetal. We addressed this problem by installing electron
withdrawing groups at the carbonyl core to increase the stability
of the hemiacetal moiety."” After exploring a range of electron
withdrawing  groups,  we identified 3,5-dinitrotri-
fluoroacetophone 2 as a suitable candidate for the envisioned
transformation.”® In the presence of 1 mol% of Co"-salen 3a,
oxetanol 1a underwent cyclization to dioxolane 5a in 95% yield
and in a diastereomeric ratio (dr) of 76 : 24 (Table 1, entry 1). As
expected, no ring-opening was observed without the catalyst
(Table 1, entry 2). Interestingly, when the parent tri-
fluoroacetophenone was used instead of 2, no conversion to the
respective dioxolane was detected (entry 3). The reaction was

Table 1 Reaction optimization for the desymmetrization of oxetanol
1a“

O2N CF3
o 3a (1 mol%) Artin o
HO>C (CH.Clp) 25 °C, 24 h
o + B o.
O,N Ph OH
1a 2 5a
Entry Changes from std. conditions Yield 52° dr° er?
1 — 95% 76:24 —
2 No catalyst added — — —
3 BzCF; instead of 2 — —_ —
4 1 equiv. H,O added 7% n.d. —
5 Catalyst 3b instead of 3a 92% 79:21 60:40
6 Co""-catalyst 3¢ instead of 3a <5% n.d. n.d.
7 Catalyst 3d instead of 3a 48% 78:22 60:40
8 Katsuki-type cat 4a instead of 3a  90% 90:10 75:25
9 Katsuki-type cat 4b instead of 3a  86% 96:4 86:14

R R R

—

=N, _N=
N o0
M.
tBu—Cé:o/ \ob—mu
tBu 3 tBu

3aR=H,M=Co 4
3b R = (CHp)4, M= Co

3¢ R = (CHy)4, M = Co-OTf
3d R =Ph, M=Co

‘,

4aR = (CHyp) R'=Ph
4b R = (CHa)g, R' = 4-tBu-CgH

% Reactions were run on a 0.1 mmol scale using 1 equivalent of ketone 2
in 0.5 mL of dry solvent (0.2 M). ? Yield of 5a (Ar = 3,5-(NO,),-C¢Hs)
determined by 'F NMR using trifluorotoluene as an internal
standard. ¢ Determined by '°F NMR from the crude reaction mixture.
4 Enantiomeric ratio of the major diastereomer was determined by
HPLC analysis using a chiral stationary phase. In this case, the
expected product Ar = Ph was not detected. n.d. = not determined; Bz
= benzoyl; OTf = trifluoromethanesulfonate.
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also found to be highly water-sensitive, which lends credibility
to a transient hemiketal being a crucial reaction intermediate
(Table 1, entry 4).

To develop an asymmetric variant, commercially available
complex 3b was tested in the reaction sequence. To our delight,
product 5a was obtained in a small but detectable enantiomeric
ratio (er) of 60 : 40 (Table 1, entry 5). It was surprising that the
oxidized form (TfO)Co™-salen 3c, a privileged catalyst for the
ring-opening of strained cyclic ethers, resulted in only traces of
product (Table 1, entry 6).° When replacing the cyclohexyl
backbone with the sterically more demanding phenyl groups,
no notable improvement in enantioselectivity was observed, but
the overall yield dropped to 48% (Table 1, entry 7). Following
that, we considered a distal group for stereoinduction and were
attracted by Katsuki-type ligands 4.™ With ligand 4a an increase
in selectivity to 90 : 10 dr and 75 : 25 er was detected (Table 1,
entry 8). Finally, the overall performance of the ligand was
further improved by the installation of pendant tert-butyl
groups (complex 4b) providing dioxolane 5a in good yield and
selectivity (Table 1, entry 9).

While some of the results from the optimization were in
accordance with what we had envisioned, some were not and
prompted us to conduct further mechanistic investigations. In
particular, the origin of the unique activity of dinitrotri-
fluoroacetophenone 2 compared to trifluoroacetophenone
remained unclear. First, we studied hemiketal formation using
a range of para-substituted trifluoroacetophenones 6 (Scheme
2a). To quantify the electronic effect on hemiketal stability,
a Hammett study was performed. A linear correlation between
log(K) and the Hammett constant ¢ was found (Scheme 2a,
entries 1-5)."* The sensitivity constant p was determined to be
1.8 highlighting the crucial role of the aryl-substitution on
hemiketal stability. As a consequence, ketone 2 pushes the
equilibrium far to the hemiketal side. Validation for the
proposed structures was provided by X-ray diffraction of
compound 8e, a stable hemiketal deriving from 4-nitro-
acetophenone 6e and benzyl alcohol (Scheme 2b). Next, we
studied hemiketal formation of 2 with different oxetanols
(Scheme 2c). Sterically accessible 3-oxetanol (1b) reversibly
formed the expected hemiketal rac-9b, which could be moni-
tored by NMR spectroscopy. Tertiary oxetanols such as 1a on the
other hand, did not form detectible amounts of the respective
hemiketal rac-9a. However, the formation of oxy-Michael
product rac-10c from oxetanol 1c still points towards the tran-
sient formation of tertiary hemiketal rac-9c, albeit in low
concentration. While these results show the steric and elec-
tronic contributions to hemiketal formation, they do not
account for the relative reactivity towards ring-opening. To
investigate the opening without having a pre-equilibrium step
present, we designed substrate rac-11 (Scheme 2d). Surpris-
ingly, rac-11 underwent no cyclization to oxolane rac-12 under
the optimized conditions. While this may be explained by the
reduced electrophilicity of rac-11 due to its lack of an oxygen
atom at the 3-position, an insufficient activation of the oxygen
nucleophile by the catalyst seems also reasonable. We hypoth-
esized that an in situ aerobic Co"-salen oxidation initiated only
by acidic hemiketals takes place increasing their inherent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a) Hammett study

5 Ho/\nBu nBu
(1 equiv) HO, 9
CF, (CDCl3) 25 °C cF,
~—
R 6 R rac-7
0.5
Entry Ketone R o Ratio (6:rac-7)
1 e H 0 94:6 e
2 e F 006 93:7 z
3 6 Br 023 87:13 505
4 ed CN 066 53:47 - *
5 6e NO, 078 41:59 . log(K) = 1.8 ox~ 1.2
[ 6 2 ketone: hemiketal = 12:88 | 1.5 T T T
0 0.25 0.5 0.75
o
b) Molecular structure of hemiketal
Ph
9 Ho o—/
BnOH »
CFy ——=~ = CF3
OaN 6e OaN rac-8e
c) Hemiketal formation
O2N HO. CF3
HO. >C (CD,Cly) 1t \FAr
O B 0.
R ><>o
.................. R
O=N Equilibrium
2 (1 equiv) 1b (R =H) 40:60 rac-9b
1a (R = Ph) >99:1 rac-9a
CF3
(CH20|2) FaG
,24h A/O
Ar” o 0
\
MeOOC MeOOC MeOOC
1c rac-9c rac-10c
(spectroscopically 80% yield
not observed) 60:40 E/ZZ
d) Unsuccessful ring opening
Fq 3a (1 mol%) 0.
m o
O{' (CHzClp) t, 24 h FC
N OH
O
H
rac-11 rac-12
e) Aerobic oxidation by acidic hydrate
Co'le(tBu)salen (3b) HX = OH

wE

l ' CF3

HX (50 equiv)

(CHZCIz) 0t O,N =
N NO»
(X)Co"e(tBu)salen (3e) 13 ¢
Scheme 2 (a)—(e) Pieces of experimental data highlighting the unique

character of ketone 2 for the mechanism. Ar = 3,5-(NO5),-
CCDC 2130260 (rac-8e), CCDC 2130259 (13).1

CeHs.

nucleophilicity.’ In accordance with literature reports, this
oxidation process typically requires Bronsted acids with a pK,
below 10." As this coincides well with the expected pK, for
electron deficient hemiketals deriving from 2, we decided to
study such an aerobic oxidation based on easily accessible
hydrate 13 as a surrogate (Scheme 2e). When catalyst 3b was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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treated with 13 under ambient conditions, cobalt oxidation was
observable by the naked eye through a color change from
orange to green. UV-vis analysis showed good consistency with
related complexes of the general type (X)Co™-salen (see ESIT for
further information).*® By contrast, less acidic trifluoroethanol
showed only limited potential in aerobic oxidation of Co™. This
not only explains the unsuccessful ring-opening of rac-11 but
also underpins the inimitable role of ketone 2 to modulate both
the stability and acidity of its respective hemiketals.

Based on the collected data, a mechanistic picture for the
desymmetrization of oxetanols is proposed in Scheme 3.%°
Reversible formation of the hemiketals 9a and ent-9a is facili-
tated by the electron deficient nature of ketone 2 and can occur
without a catalyst as suggested by the findings from Scheme 2a.
However, an influence of the catalyst on the underlying equi-
librium can neither be excluded nor confirmed at this point.
The enhanced acidity of the hemiketals triggers aerobic oxida-
tion to furnish Co™ intermediates 14a and epi-14a, respectively.
Cobalt-hemiketalate 14a exhibits an enhanced nucleophilicity
triggering efficient ring-opening to furnish intermediate 15a.
Catalyst turn-over can be explained by proton transfer from
hemiketal 9a to 15a regenerating hemiketalate 14a and
releasing the dioxolane product 5a. The overall high yield and
selectivity can be rationalized by a dynamic kinetic resolution
(DKR) of the racemic hemiketals.”® This implies that hemiketal
ent-9a reacts much slower than its enantiomer 9a while the rate
of racemization remains relatively fast. About a dual role of the
catalyst can only be speculated based on our current data, but it
seems reasonable that the catalyst also acts as an inter- or
intramolecular Lewis acid further facilitating oxetane-opening.

With a reasonable mechanistic picture in hand, we started
exploring the scope of the oxetane desymmetrization (Scheme
4). Steric substitution at the ortho, meta, and para position of the
phenyl core was well tolerated furnishing tolyl-dioxolanes 5d,
5e, and 5f. Electronic perturbations resulted in an overall
improved enantioselectivity of up to 96 :4 er for the corre-
sponding electron-deficient dioxolanes 5g-5k. Moreover, gram-

. FaC F3C

: % _OH OH

' Ar-—r HO Ariniiy
—_— —

: ————— >Co —_— s

- >

' Ph

ent-9a 1a 9a

FsC

O
Artues &‘ Sco'llsalen
-— ~
slow >C

——l/ Sco'lsalen
> "
slow
Ph

minor
isomers

epi-14a
CF3
Arm,,’ o 14a 9a Arn,,, fast
3
Ph OH redox neutral PR ocolsalen
5a (major isomer) 15a

Scheme 3 Mechanistic picture of the desymmetrization via a dynamic
kinetic resolution of a transient hemiketal in best accordance with the
findings from Scheme 2. Ar = 3,5-(NO,),-CgHs.
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O,N CF3
4b (1 mol%) Artgh
(CH,Clp) 25°C, 24 h

—_— o.
CFs S
R

e}

T
X
[
+

N

-
N

59
86%, 98:2 dr
73%, 96:4 er

5e
87%, 93:7 dr
80%, 85:15 er

a 87%, 95:5 dr
78%, 85:15 er

89%, 97:3 dr
85%, 82:18 er

5j
86%, 93:7 dr
79%, 91:9 er

6%, 91:9 dr
1:75%, 94:6 er

75%, 93:7 dr
69%, 83:17 er

5k 51 5m 5n
1:90%, 93:7 dr 77%, 94:6 dr 95%, 93:7 dr 98%, 96:4 dr
1:83%, 93:7 er 71%, 85:15 er 87%, 88:12 er 80%, 89:11 er

CF3 CF3 CF3 CF3
Ariu, Arh,

)

/ OH //
TIPS tBu Ph

50° 5p® 5q° 5r¢
1:52%, 95:5 dr 97%, 99:1dr 90%, 99:1dr 94%, 98:2 dr
1:48%, 83:17 er 87%, 919 er 87%, 88:12 er 92%, 86:14 er
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O
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o
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fo)
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I
\ O.
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o
o
II, 4,
o
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CF3 CF, CF3 CF,
Arin,, To) Arn,, o Arin,, 0 Ar,, o)
° = N—on X \“—oH H “\—OH
< 5b
TMS Me Me, 85%, 72:28 dr
Bs® 5¢C 83%, 75:25 er
1:92%, 99:1 dr 84%, 95:5 dr Q O su

1:85%, 92:8 er 78%, 72:28 er 76%, 96:4 dr, 70%, 71:29 er

Scheme 4 Scope of the desymmetrization of prochiral oxetanols 1 via
a DKR of the respective transient hemiketals. EDetermined by 19F NMR
using trifluorotoluene as an internal standard. ®Isolated yield and
enantiomeric ratio correspond to the major isomer only. [FIReactions
were run at 40 °C instead of 25 °C. Fluorobenzene was used instead
of trifluorotoluene as the internal standard. ®Reactions run with
catalyst 4a instead of 4b. Ar = 3,5-(NO,),-CeHs. CCDC 2141905 (5j).1

scale reaction was feasible with no loss in selectivity as indi-
cated by bromophenyl dioxolane 5j. The very same dioxolane
was also suitable for growing single crystals to determine the
absolute configuration. Extended m-systems such as naphthyl
and diphenylyl as well as heterocycles such as thiophene
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N CF;
4b (1 mol%) g
ON
2 (CH,Cly) ]
40°C, 24h o\<
—_— N
PR M\—OH

1a 6e CF3 16a
! a 26%, 68:32 dr
ed® 15%, 77:23er

on ON
2 4b (1 mol%)
Ph O (CHoCl) CF.Cl
o &t o
HO CF,Cl ON d
N

18a
2 89%, 94:6 dr
ed® 73%, 74:26 er

Scheme 5 Ketone scope. “Determined by °F NMR using tri-
fluorotoluene as an internal standard. ®solated yield and enantio-
meric ratio correspond to the major isomer only.

revealed good efficiency in the cyclization event (51-5n). In
addition, alkenyl as well as alkynyl substitution was tolerated
(50-5s). Replacing the aryl group with an n-butyl group resulted
in a substantial decrease in enantioselectivity (5t). Furthermore,
sterically encumbered aryl 1u as well as unsubstituted oxetanol
(1b) successfully underwent ring-opening to the corresponding
alcohols 5u and 5b, albeit in significantly lower diastereo- and
enantioselectivity. These results suggest that some sort of -
interaction between the catalyst and substrate is crucial for
a successful DKR.

In contrast to the quite general scope of the oxetanol
precursor, alterations at the ketone scaffold were less fruitful
(Scheme 5). Changing from two to one nitro-groups (ketone 6e)
significantly reduced the reaction rate and only 15% yield of

a) Reaction divergance

CF3 2 FaC
A, see ; o
g o HO, AGNO; DBU Ar+
4 4 O (PhMe)25°C, 24 h & 0
-~ _—
. 74 \
/ PH 1r
PH

Ph 5r Cobalt Silver 19r
96% yield

b) Different ring size CFs

Ar C Army| 0
" 2, 4b (1 mol%)
OH  (CH,Cly) 25°C, 24 h HO! 0
O H ) e}
L)
; o OH
rac-20 rac-5b
(glycidol) rac-21 96% yield

63:37 dr

c) Chemoselective hydrolysis

r Ar
= = ,CF;
5 hoiosm = #
o % (Hz0/acetone)
ey O _sorc.1eh .
(@)
Me
5u 94%yre/d

71:29 er 69:31er

Scheme 6 Reactions using hemiketal formation as a platform for
reaction development (a and b). Chemical stability of ketals deriving
from ketone 2 (c). Ar = 3,5-(NO,),-CgHs=.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dioxolane 16a were obtained after 24 h. On the other hand,
replacing the CF; by a CF,Cl group (ketone 17) allowed the
synthesis of dioxolane 18a in reasonable yield and moderate
selectivity. More drastic changes to the scaffold of ketone 2
completely shut down the reaction (for details see the ESIT).
Altogether, these results underline the unique character of
ketone 2, which was further elaborated upon in Scheme 6. First,
a stereodivergent synthesis of dioxolanes 5r and 19r from phe-
nylacetylated oxetanol 1r was achieved by switching the metal
catalyst (Scheme 6a).°>¢ Ring-opening at other strained rings
such as epoxides was also feasible. This was showcased by the
reaction of glycidol (rac-20) to dioxolane 5b using 1 mol% of
cobalt catalyst 4b (Scheme 5b).>" It should be noted that for this
epoxide-opening no signs of kinetic resolution were observed,
presumably because the reaction is too fast. Nonetheless, no
reaction was observed in the absence of catalyst 4b. Unlike 1,2-
diol protecting groups such as acetonide or benzylidene,
attempts to cleave the ketal group deriving from tri-
fluoroacetophenone 2 were unsuccessful (see ESIT for a table of
all tested conditions). While this currently limits the applica-
bility of the presented method, there were some interesting
observations made during the attempted -cleavage. The
complementary nature of electron deficient ketals allows a che-
moselective deprotection indicated by the conversion of dioxo-
lane 5u to ketone 5i upon treatment with hydrochloric acid
(Scheme 6c). The unexpected stability towards acids might
qualify trifluoromethyl-dioxolanes as a rare acetal motif suitable
for (oral) drug discovery, an important property as elucidated by
Yu and Meanwell in a recent review.”” Further studies to
successfully cleave the trifluoroketal-motif and access the free
triol motif are currently underway in our laboratory.

Conclusions

In this study, electron deficient trifluoroacetophenone 2 was
identified to form remarkably stable hemiketals with unique
properties. Based on this observation, a novel ring-opening of
prochiral oxetanols was pursued, which relies on a dynamic
kinetic resolution of transiently formed hemiketals and an in
situ oxidation of the Co™ catalyst. By providing access to a range
of complex dioxolanes with good control of selectivity, this
study not only widens the reach of hemiketals but also serves as
a platform for future reaction development.

Data availability

Crystallographic data for rac-8e, and 5j has been deposited at
the CCDC and is available under 2130260, 2130259, and
2141905 respectively. Experimental data including detailed
procedures, characterisation of new compounds as well as NMR
and HPLC spectra is accessible in the ESI.}
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