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Abstract: In the Sharpless asymmetric epoxidation of
chiral secondary allylic alcohols, one substrate enan-
tiomer is predominantly converted to the anti-epoxy
alcohol. We herein report the first highly syn-selective
epoxidation of terminal allylic alcohols using a titanium
salalen complex as catalyst, at room temperature, and
aqueous hydrogen peroxide as oxidant. With enantio-
pure terminal allylic alcohols as substrates, the epoxy
alcohols were obtained with up to 98 % yield and up to
>99:1 dr (syn). Catalyst loadings as low as 1 mol % can
be applied without eroding the syn-diastereoselectivity.
Modification of the allylic alcohol to an ether does not
affect the diastereoselectivity either [>99:1 dr (syn)].
Inverting the catalyst configuration leads to the anti-
product, albeit at lower dr (ca. 20:1). The synthetic
potential is demonstrated by a short, gram-scale prepa-
ration of a tetrahydrofuran building block with three
stereocenters, involving two titanium salalen catalyzed
epoxidation steps. )

Chiral epoxides are generally valued as versatile building
blocks in stereoselective synthesis."? In this context,
enantiopure epoxy alcohols, the epoxidation products of
allylic alcohols, continue to play a particularly important
role.”! Since its first disclosure in 1980, the Sharpless
asymmetric epoxidation (AE) has served in countless cases
for the highly enantioselective epoxidation of prochiral
allylic alcohols (see Scheme 1a for an example).**! Similarly,
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(a) Sharpless AE of prochiral allylic alcohols (ref. 6):

Ti(OiPr),, (+)-DET
AN tBuOOH
HO HO™ >~

(o]
78 %, 97 % ee

(b) Sharpless KR of chiral allylic alcohols (ref. 7):

OH Ti(OiPr)y, (+)-DIPT OH OH
- tBUOOH (0.6 eq) i :
n-CgHig e e n-CgHya ﬂ‘CsHm/\{cl)
racemic mixture SHR ™ i
>96 % ee anti:syn = 99:1
> 96 % ee

Scheme 1. Titanium tartrate complex catalyzed epoxidation of allylic
alcohols: Sharpless asymmetric epoxidation (a), and kinetic resolution

(b).

the Sharpless AE allows the highly efficient kinetic
resolution (KR) of chiral allylic alcohols." In most cases,
but not exclusively, chiral secondary allylic alcohols have
served as substrates for the latter process, and a representa-
tive example is shown in Scheme 1b.%*! Note that with the
exception of cis-2,3-disubstituted allylic alcohols, the epox-
ide product is formed predominantly as the anti-diastereo-
mer. For terminal allylic alcohols such as the one shown in
Scheme 1b, the anti-preference is particularly pronounced
(antizsyn=99:1)." Similar anti-preference was observed by
Yamamoto etal. in the vanadium bis-hydroxamic acid
catalyzed KR of chiral secondary allylic alcohols.'”? As a
consequence of the anti-selectivity, the preparation of
enantiopure terminal syn-epoxy alcohols for synthesis
requires at least a two-step process, such as Sharpless KR
followed by Mitsunobu inversion of the epoxy alcohol
configuration."! For non-enantioselective epoxidations,
Adam etal.' and Scettri etal.™ have reported a pro-
nounced influence of the secondary allylic alcohol structure
and of the nature of the epoxidizing agent on the diaster-
eoselectivity of the oxygen transfer. For terminal secondary
allylic alcohol substrates, the highest syn:anti ratio achieved
was 71:29 [stoichiometric Ti(OiPr),, BuOOH].'? Enzy-
matic, monooxygenase-catalyzed resolution by syn-selective
epoxidation has been reported for a few terminal secondary
allylic alcohol substrates.'¥! Obviously, there is still a lack of
general catalytic methodology for the selective preparation
of enantiopure syn-configurated terminal epoxy alcohols.
We have reported earlier that the dimeric titanium
complex 2, derived from the cis-DACH salalen ligand 1, is a
highly active and selective, yet readily available catalyst for
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the asymmetric epoxidation of terminal olefins, such as
1-decene (Scheme 2a, b).*?! With aqueous hydrogen
peroxide as oxidant, high yields of terminal epoxides with
>95% ee are routinely achieved. We could recently
elucidate the intricate mechanism of this unique type of
catalyst,”” and also shed light on the related importance of
Ti-dimers for the function of the industrial heterogeneous
epoxidation catalyst TS-1.%’)

We were curious to explore whether our Ti-salalen
catalyst 2 would maintain its high reactivity and stereo-
selectivity when applied to the epoxidation of chiral
secondary allylic alcohols. As shown in Scheme 2c for
undec-1-en-3-ol (3a), this approach could provide the
“missing link” to terminal syn-epoxy alcohols. As outlined
in detail below, we were delighted to find that indeed the
generation of syn-epoxy alcohols represents the “matched
case”™! in this system, resulting in products of extremely
high diastereo- and enantiopurities (e.g. 4a, Scheme 2c).

cis-f
NN
(a) S R Ti(OiPr), /,—TII—\\NH anti
NH N= L wcll? . T O/A‘ \O \'
H,0 \‘ o.., | Ao)
\ -,T-\“
OH HO anti Hl\( I\N
CeFs CeFs cis-f o
dimeric

salalen ligand 1 Ti-salalen catalyst 2

(b) Titanium salalen catalyzed AE of terminal olefins (ref. 19):

0.5 mol-% ligand 1

0.5 mol-% Ti(OiPr),
OO MOR% TUOPD: i<
aq. H,0,
81 %, 96 % ee

"'C7H15M

(c) This work:
OH
)Oi/ 1 mol-% catalyst 2 )\d
n-CgH17 Z aq. H0, el o
3a 4a, 88 %
syn:anti > 99:1
>99 % ee

Scheme 2. a) Structures of ligand 1 and Ti-salalen catalyst 2 (sche-
matic) developed by our group; b) asymmetric epoxidation of a
terminal olefin with catalyst 2; c) epoxidation of a terminal allylic
alcohol with catalyst 2.

Table 1: Kinetic resolution of racemic undec-1-en-3-ol (rac-3a).”

OH catalyst 2 OH OH
Ar ——— A
n-CgHy7 agq. Ho02  n-CgHqr + Nn-CgHyz o
rac-3a (S)-3a (R)-4a
Entry  Conversion  ee3a®  Yield4a  Syn:anti 4a
1" 42% 42% 32% 7.9:1 (97 % ee syn)
21 51% 42% 0% 3.3:1 (94% ee syn)

[a] 5 Mol-% catalyst 2, 0.5 equiv 50% aq. H,0,, 20°C, 48 h. Con-
versions, yields, ees and drs determined by GC on chiral stationary
phase (see Supporting Information for analytical details). Predominant
product configurations are shown in the Table head. [b] DCM as
solvent. [c] Acetonitrile as solvent. [d] Configuration of major enan-
tiomer: S. [e] Configuration at C-3 of major diastereomer: R.
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We first surveyed the kinetic resolution of racemic
undec-1-en-3-0l (rac-3a) with the Ti-salalen catalyst 2, the
results are summarized in Table 1. As may have been
expected, catalyst 2 predominantly afforded the same
epoxide configuration as for non-functionalized terminal
olefin substrates (compare e.g. with 1-decene in Scheme 2a).
Moreover, the (R)-configurated allylic alcohol was predom-
inantly converted, resulting in the hoped-for syn-selectivity
of epoxy alcohol formation. However, while the enantiopur-
ity of the syn-epoxy alcohol product (3R)-4a was in the high
range (94-97 % ee) typical for catalyst 2, the diastereoselec-
tivity of syn-epoxy alcohol formation was only moderate (ca.
8:1 in DCM as solvent; Table 1, entry 1; see below and
Supporting Information for the determination of product
configurations). In other words, the high enantioselectivity
of catalyst 2 is maintained for terminal allylic alcohol
substrates, while—in contrast to the Sharpless KR
(Scheme 1b)—the configuration of the substrate allylic
alcohol is of only moderate influence with regard to
conversion rate.

The above observation called for the use of enantiopure
allylic alcohols as substrates. The data shown in Table 1
identify the combination of catalyst 2 (derived from the
(1R2S)-ligand 1, Scheme 2a) with the (R)-configurated
terminal allylic alcohol 3a as the “matched pair”.*" Terminal
allylic alcohols of this configuration® can be obtained in
large quantities and in virtually enantiopure form from the
racemate by enzymatic kinetic resolution, using readily
available Candida antarctica lipases (A +B).’" With this
method, the four terminal allylic alcohols 3a—c,e shown in
Table 2 were readily provided with >99 % ee, while 3d of
98% ee served as substrate (Table2; see Supporting
Information for experimental details).

Table 2: Epoxidation of the allylic alcohols 3a-e with hydrogen
peroxide, in the presence of the titanium salalen catalyst 2.

OH Ti-salalen catalyst 2 OH

ag. HyO3 (50 %, 1.5 eq)
i -
3a-e CHCI3, 20°C, 48 h

3a, 4a: R = n-CgH47
3b, 4b:R=Bn

3¢, 4c: R = c-hexyl
3d, 4d: R = {-Bu
3e,4e:R=Ph

Entry Substrate/ Catalyst2

X-ray crystal structure of 4c

Yield Syn:anti ee

product®  loading [mol-%] 4a-e [%]" 4a—e" 4a-e[%]"
1 3a, 4a 5 91 >99:1 >99
2 3a, 4a 1 88 >99:1 >99
3 3b, 4b 5 86 >99:1 >99
4 3¢, 4c 5 93 >99:1 >99
5 3¢, 4c 1 70 >99:1 >99
6 3¢, 4cd 1 88 >99:1 >99
7 3d, 4d 10 97 98:2 >99
8 3d,4d¥ 5 97 98:2 >99
9 3¢, 4e 5 98 >99:1 >99

[a] Enantiopurity 3a—c,e >99% ee, 3d: 98 % ee. [b] Determined by GC
on chiral stationary phase (see Supporting Information for analytical
details). [c] Additional 1.5 equiv H,0O, after 24h and 48 h, total
reaction time 72 h. [d] Additional 1.5 equiv H,0, after 24 h.
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Exposure of the allylic alcohols 3a-e to hydrogen
peroxide and catalyst 2 resulted in smooth conversion to the
pure syn-epoxy alcohols 4a—e in high yield (Table 2). Of the
various solvents tried for this epoxidation, chloroform
proved best (see Supporting Information for solvent screen-
ing). Inspection of Table 2 reveals that for all substrates 3a—
e, 5mol-% of catalyst were sufficient to achieve high
product yields (entries 1, 3, 4, 8, 9). Note, however, that for
the tert-butyl allylic alcohol 3d, either the catalyst loading
had to be increased (entry7), or addition of a second
portion (1.5 equiv) of H,0, was necessary to achieve full
conversion (entry 8). For the n-octyl allylic alcohol 3a and
the c-hexyl substrate 3¢, the catalyst loading could even be
reduced to 1mol-%, with no detectable loss of stereo-
selectivity, and without significant erosion of product yield
(entries 2, 5, 6). However, to achieve full conversion of the
c-hexyl substrate 3c at this low catalyst loading, the addition
of two further portions of H,O, was necessary (entry 6).

To further support the above “matched” assignment for
the interaction of catalyst 2 with e.g. the substrate 3a, we
additionally subjected the allylic alcohol 3a to epoxidation
with the enantiomer of catalyst 2, i.e. ent-2. As shown in
Scheme 3, top, indeed the anti-diastereomer S5a was ob-
tained, but with an (expected) lower diastereoselectivity of
18:1 (anti:syn). In line with our mechanistic study on catalyst
2—and in contrast to the Sharpless AE—there is no direct
coordination of the allylic alcohol’s hydroxyl group to the
titanium ions in catalyst 2.%% With this in mind, we set out to
explore whether e.g. allylic ethers may also engage in the
“matched” epoxidation process with catalyst 2. To our
delight, the methyl ether 6 derived from allylic alcohol 3¢
gave the epoxy ether 7 with just the same excellent syn-
selectivity as the parent allylic alcohol (Scheme 3, bottom).

The configurational assignments made in Tables 1,2 and
Scheme 3 warrant further explanation. For all substrate
allylic alcohols, the assignment of the enantiomer peaks in
the chiral GC analysis rests on comparison with the pure
enantiomers obtained from CAL-A,B based kinetic resolu-
tion. For the latter, the absolute configuration for the
remaining allylic alcohols 3a-e had been established
before.”?! For the assignment of the four product peaks,
the enantiopure allylic alcohols were epoxidized with
mCPBA to the corresponding syn/anti pairs. The syn/anti

= catalyst ent-2
-CgH ——F n-CgH 7,
n-GgHqz ag. H;0, 817 o)
3a 5a, 77 %
conditions as in Table 2, entry 1 anti:syn = 18:1

ee syn,anti > 99 %

OCHjg OCHj
P catalyst 2
aq. H,0, 0
6 7,68%
conditions as in Table 2, entry 4, syn:anti > 99:1
except DCE as solvent, 3 eq. H,0;, >89 % ee

Scheme 3. Top: anti-selective epoxidation of the allylic alcohol 3a with
the “mismatched” catalyst ent-2; bottom: syn-selective epoxidation of
the methyl ether 6 with the “matched” catalyst 2.
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assignment of the resulting pairs was done based on typical
shift patterns in their 'HNMR spectra (see Supporting
Information for details).”*" Additionally, the syn-config-
uration and diastereomeric purity of the product epoxy
alcohols is clearly documented by the NMR spectra of the
isolated products (see Supporting Information for NMR
spectra). Finally, we have been able to crystallize the epoxy
alcohols resulting from the Ti-salalen 2-catalyzed epoxida-
tion of the allylic alcohol 3¢ (4¢, Table2, R=c-hexyl,
S-configuration) and from the (R)-configurated pentadec-1-
en-3-ol 3f (4f, see Scheme 4 below).’! X-Ray crystallogra-
phy of these two samples (4¢ and 4f) confirmed the (2R,3R)-
configuration in both cases (see Supporting Information for
X-ray data), and thus both the syn-diastereoselectivity of the
allyl alcohol epoxidation, and the enantiospecificity of the
enzymatic resolution of the substrates.

Finally, to demonstrate the synthetic potential of our
syn-selective epoxidation method, we chose as the target the
2,5-bis(hydroxyalkyl)tetrahydrofuran subunit that is found
e.g. in annonaceous acetogenins, such as the Montanacins.*
The molecular structure of Montanacin D, harboring a syn-
trans-syn THF unit, is shown in Scheme 4, together with that
of the envisaged syn-trans-THF building block 8. As the
starting material, we chose (R)-pentadec-1-en-3-ol (3f),
again available on large scale by CAL-B resolution (see
Supporting Information for details). Epoxidation with cata-
lyst 2 afforded the pure syn-epoxy alcohol 4f in almost
quantitative yield.®® After TBDPS-protection of the
hydroxyl group (97 %), copper(I)-catalyzed epoxide opening
in 9 with allyl magnesium bromide provided the terminal
olefin 10 in 84 % yield. The epoxidation of the latter was
again carried out with catalyst 2. To our delight, cyclization
of the intermediate (S)-epoxide occurred spontaneously,
and the syn-trans-tetrahydrofuran building block 8 was
isolated in 80 % yield, on gram scale.” Note that by proper
choice of the allylic alcohol starting material, and of the
epoxidation catalyst type (Sharpless or Berkessel-Katsuki)
and configuration, all stereocenters of e.g. compound 8 can
be established at will.>!

Montanacin D o
2 mol-% catalyst 2
ol OH TBPDS-CI, TBDPSO
CioH M )\<| imidazole
n —
o cHely, 200C, 48h MO g oy g.ap0g, 160 "OEHET Sg
4f, 98 % 9,97%
X tal struct \ ‘ ) = ‘ e THF
-ray crystal structure 2 5 a p / BrM
of 4f: L 2 2 2 k’ﬂ‘i\’ 9 | 7820 °C
I ‘ 4 cul 1h
TBDPSO 5 mol-% catalyst 2 OTBDPS
oM CH,0OH ag. H,0; (50 %, 4 x 1.5 eq)
1-CzHzs 7 s —— ¥ o3P £ P =
8.80 % CHC3, 20°C, 96 h oii
10, 84 %

Scheme 4. Top: Montanacin D and its syn-trans-syn tetrahydrofuran
substructure (highlighted in blue); bottom: four-step synthesis of the
stereochemically uniform building block 8 (yields of isolated materials,
64 % total over four steps); X-ray crystal structure of the enantiopure
syn-epoxy alcohol 4f.
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In summary, we have shown that the titanium salalen
complex 2 (“Berkessel-Katsuki catalyst”)*!—developed
previously for the highly enantioselective epoxidation of
non-functionalized terminal olefins—is an outstanding cata-
lyst for the hitherto impossible syn-selective epoxidation of
terminal secondary allylic alcohols and ethers. Syn-epoxida-
tion occurs in the “matched pair” of this substrate—catalyst
system, and syn-selectivities >99:1 were observed through-
out. Nevertheless, anti-epoxidation can be forced by switch-
ing to the “mismatched pair”, with anti:syn selectivity still in
the range of ca. 20:1. Further advantages of the Ti-salalen
catalyst 2 are the low catalyst loading (1-2 mol % in most
cases), and the use of aqueous hydrogen peroxide as
oxidant.P**”) The practicality of this new tool for the catalytic
preparation of stereochemically uniform syn-epoxy alcohols
was demonstrated by the short and efficient synthesis of a
tetrahydrofuran building block for natural product synthesis.

Acknowledgements

Christina Wartmann thanks the Fonds der Chemischen
Industrie for a Kekulé Doctoral Fellowship. We thank
BASF SE, Ludwigshafen for support and Dr. J. Henrique
Teles for inspiring discussions. We thank Professor Roder-
ick W. Bates, Nanyang Technological University, Singapore
for alerting us to the structural motifs of the Montanacins,
and the potential of Ti-salalen catalytic epoxidation in this
area. We furthermore thank Sarwar Aziz for the enzymatic
kinetic resolution of pentadec-1-en-3-ol (rac-3f), and Han-
nah Dochtermann for help with the preparation of the
salalen ligand ent-1. Open Access funding enabled and
organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
in the Supporting Information of this article.

Keywords: Allylic Alcohols - Asymmetric Epoxidation - Match/
Mismatch Effect - Salalen Ligands - Titanium

[1] “Epoxidation of Alkenes”: A. Berkessel, H. Engler, T. M.
Leuther in Science of Synthesis, Catalytic Oxidation in Organic
Synthesis (Ed.: K. Muiiiz), Thieme, Stuttgart, 2018, pp. 245—
307.

[2] “Titanium and Zirconium™: D. Seebach, B. Weidmann, L.
Wilder in Modern Synthetic Methods. Vol. 3: Transition Metals
in Organic Synthesis (Ed.: R. Scheffold), Salle, Frankfurt am
Main, 1983, pp. 324-461.

[3] P.C. A. Pena, S. M. Roberts, Curr. Org. Chem. 2003, 7, 555—
571.

Angew. Chem. Int. Ed. 2022, 61, €202201790 (4 of 5)

Communications

Angewandte

intemationaldition’y) Chemie

[4] Stoichiometric Sharpless AE: a) T. Katsuki, K. B. Sharpless, J.
Am. Chem. Soc. 1980, 102, 5974-5976; catalytic Sharpless AE:
b) Y. Gao, R.M. Hanson, J.M. Klunder, S.Y. Ko, H.
Masamune, K. B. Sharpless, J. Am. Chem. Soc. 1987, 109,
5765-5780.

[5] T.Katsuki, V. S. Martin, Org. React. 1996, 48, 1-299.

[6] J. G. Hill, K.B. Sharpless, C. M. Exon, R. Regenye, Org.
Synth. 1985, 63, 66-72; Org. Synth. 1990, Coll. Vol. 7, 461-467.

[7] V.S. Martin, S. S. Woodard, T. Katsuki, Y. Yamada, M. Ikeda,
K. B. Sharpless, J. Am. Chem. Soc. 1981, 103, 6237-6240.

[8] “Epoxidation of Allylic Alcohols”: T. Katsuki in Comprehen-

sive Asymmetric Catalysis (Eds.: E. N. Jacobsen, A. Pfaltz, H.

Yamamoto), Springer, Berlin, 1999, pp. 621-648.

For the application of the Sharpless KR to the intramolecular

discrimination of two enantiomorphic allylic alcohol moieties,

see: a) I. Paterson, C. De Savi, M. Tudge, Org. Lett. 2001, 3,

3149-3152; b) J. Mulzer, E. Ohler, Angew. Chem. Int. Ed. 2001,

40, 3842-3846; Angew. Chem. 2001, 113, 3961-3964.

[10] a) Z. Li, H. Yamamoto, Acc. Chem. Res. 2013, 46, 506-518,;
b) W. Zhang, A. Basak, Y. Kosugi, Y. Hoshino, H. Yamamoto,
Angew. Chem. Int. Ed. 2005, 44, 4389-4391; Angew. Chem.
2005, 117, 4463-4465.

[11] For this type of a two-step preparation of an enantiopure syn-
epoxy alcohol intermediate in natural product synthesis, see:
R. Doran, P. J. Guiry, Synthesis 2014, 46, 761-770.

[12] a) W. Adam, R. Kumar, T. I. Reddy, M. Renz, Angew. Chem.
Int. Ed. Engl. 1996, 35, 8380-882; Angew. Chem. 1996, 108, 944—
947, b) W. Adam, A. Corma, A. Martinez, C. M. Mitchell, T. L.
Reddy, M. Renz, A. K. Smerz, J. Mol. Catal. A 1997, 117, 357-
366.

[13] a) G. Della Sala, L. Giordano, A. Lattanzi, A. Proto, A. Scettri,
Tetrahedron 2000, 56, 3567-3573; b) L. Palombi, F. Bonadies,
A. Scettri, Tetrahedron 1997, 53, 11369-11376.

[14] a) H. Lin, Y. Tang, S. Dong, R. Lang, H. Chen, Catal. Sci.
Technol. 2020, 10, 2145-2151; b) H. Lin, Y. Liu, Z.-L. Wu,
Chem. Commun. 2011, 47, 2610-2612.

[15] cis-DACH: cis-1,2-diaminocyclohexane.

[16] For the discovery of the catalytic activity of Ti-salalen
complexes in olefin epoxidation with hydrogen peroxide, see:
a) K. Matsumoto, Y. Sawada, B. Saito, K. Sakai, T. Katsuki,
Angew. Chem. Int. Ed. 2005, 44, 4935-4939; Angew. Chem.
2005, 717, 5015-5019; b) Y. Sawada, K. Matsumoto, T. Katsuki,
Angew. Chem. Int. Ed. 2007, 46, 4559-4561; Angew. Chem.
2007, 119, 4643-4645.

[17] A. Berkessel, T. Giinther, Q. Wang, J.-M. Neudorfl, Angew.
Chem. Int. Ed. 2013, 52, 8467-8471; Angew. Chem. 2013, 125,
8625-8629.

[18] Q. Wang, J.-M. Neudorfl, A. Berkessel, Chem. Eur. J. 2015, 21,
247-254.

[19] M. Lansing, H. Engler, T. M. Leuther, J.-M. Neudorfl, A.
Berkessel, ChemCatChem 2016, 8, 3706-3709.

[20] The ligand 1 is commercially available from Merck Sigma-—
Aldrich: “Berkessel ligand”, product no. 900770. The same
holds for the Ti-salalen catalyst 2: “Berkessel-Katsuki epox-
idation catalyst”, product no. 900768.

[21] A. Berkessel, Aldrichimica Acta 2019, 52, 23-31.

[22] H. Engler, M. Lansing, C.P. Gordon, J.-M. Neudorfl, M.
Schifer, N. E. Schlorer, C. Copéret, A. Berkessel, ACS Catal.
2021, 71, 3206-3217.

[23] C.P. Gordon, H. Engler, A.S. Tragl, M. Plodinec, T.
Lunkenbein, A. Berkessel, J. H. Teles, A.-N. Parvulescu, C.
Copéret, Nature 2020, 586, 708-713.

[24] S. Masamune, W. Choy, J.S. Petersen, L.R. Sita, Angew.
Chem. Int. Ed. Engl. 1985, 24, 1-30; Angew. Chem. 1985, 97, 1-
31.

[25] Note that although the spatial orientation of the hydroxyl
substituent is the same for all five allylic alcohols 3a—e shown

9

—

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/ja00538a077
https://doi.org/10.1021/ja00538a077
https://doi.org/10.1021/ja00253a032
https://doi.org/10.1021/ja00253a032
https://doi.org/10.1021/ja00410a053
https://doi.org/10.1021/ol010150u
https://doi.org/10.1021/ol010150u
https://doi.org/10.1002/1521-3773(20011015)40:20%3C3842::AID-ANIE3842%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3773(20011015)40:20%3C3842::AID-ANIE3842%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3757(20011015)113:20%3C3961::AID-ANGE3961%3E3.0.CO;2-6
https://doi.org/10.1021/ar300216r
https://doi.org/10.1002/anie.200500938
https://doi.org/10.1002/ange.200500938
https://doi.org/10.1002/ange.200500938
https://doi.org/10.1002/anie.199608801
https://doi.org/10.1002/anie.199608801
https://doi.org/10.1002/ange.19961080811
https://doi.org/10.1002/ange.19961080811
https://doi.org/10.1016/S1381-1169(96)00363-9
https://doi.org/10.1016/S1381-1169(96)00363-9
https://doi.org/10.1016/S0040-4020(00)00266-0
https://doi.org/10.1016/S0040-4020(97)00718-7
https://doi.org/10.1039/D0CY00081G
https://doi.org/10.1039/D0CY00081G
https://doi.org/10.1039/c0cc04360e
https://doi.org/10.1002/anie.200501318
https://doi.org/10.1002/ange.200501318
https://doi.org/10.1002/ange.200501318
https://doi.org/10.1002/anie.200700949
https://doi.org/10.1002/ange.200700949
https://doi.org/10.1002/ange.200700949
https://doi.org/10.1002/anie.201210198
https://doi.org/10.1002/anie.201210198
https://doi.org/10.1002/ange.201210198
https://doi.org/10.1002/ange.201210198
https://doi.org/10.1002/chem.201404639
https://doi.org/10.1002/chem.201404639
https://doi.org/10.1002/cctc.201601154
https://doi.org/10.1021/acscatal.0c05320
https://doi.org/10.1021/acscatal.0c05320
https://doi.org/10.1038/s41586-020-2826-3
https://doi.org/10.1002/anie.198500013
https://doi.org/10.1002/anie.198500013
https://doi.org/10.1002/ange.19850970104
https://doi.org/10.1002/ange.19850970104

GDCh
~~

in Table 2, application of the CIP-rules results in the descriptor
“R” for 3a and 3b, but “S” for 3¢, 3d, and 3e.

[26] a) “Resolution of Alcohols, Amines, Acids, and Esters by
Nonhydrolytic Processes”: M. Rodriguez-Mata, V. Gotor-
Ferndndez in Science of Synthesis, Biocatalysis in Organic
Synthesis (Eds.: K. Faber, W.-D. Fessner, N.J. Turner),
Thieme, Stuttgart, 2015, pp. 189-222; For the production of
highly enantio-enriched acetates of terminal allylic alcohols by
dynamic kinetic resolution, see: b) I. Yun, J. Y. Park, J. Park,
M.-]J. Kim, J. Org. Chem. 2019, 84, 16293-16298; c) J. H. Choi,
Y. K. Choi, Y.H. Kim, E.S. Park, E.J. Kim, M.-J. Kim, J.
Park, J. Org. Chem. 2004, 69, 1972-1977.

[27] a) H. V. Ferreira, L. C. Rocha, R. P. Severino, A. L. M. Porto,
Molecules 2012, 17, 8955-8967; b) F. A. Marques, M. A.
Oliveira, G. Frensch, B. H. L. N. Sales Maia, A. Barison, C. A.
Lenz, P. G. Guerrero, Jr., Lett. Org. Chem. 2011, 8, 696-700.

[28] S. E. Schaus, B. D. Brandes, J. F. Larrow, M. Tokunaga, K. B.
Hansen, A. E. Gould, M. E. Furrow, E. N. Jacobsen, J. Am.
Chem. Soc. 2002, 124, 1307-1315.

[29] a) E. D. Mihelich, Tetrahedron Lett. 1979, 20, 4729-4732;
b) B. E. Rossiter, T. R. Verhoeven, K. B. Sharpless, Tetrahe-
dron Lett. 1979, 20, 4733-4736.

[30] For NMR data of the syn/anti epoxy alcohols 4e, see: a) P. K.
Mandal, G. Maiti, S. C. Roy, J. Org. Chem. 1998, 63, 2829—
2834; b) T. Kawakami, I. Shibata, A. Baba, H. Matsuda, J. Org.
Chem. 1993, 58, 7608-7609; c) N. K. Jobson, A.R. Crawford,
D. Dewar, S. L. Pimlott, A. Sutherland, Bioorg. Med. Chem.
Lett. 2009, 19, 4996-4998.

[31] Deposition Numbers 2132886 (for 4c¢) and 2132887 (for 4f)
contain the supplementary crystallographic data for this paper.

Communications

Angewandte

intemationaldition’y) Chemie

These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum
Karlsruhe Access Structures service.

[32] a) L.-Q. Wang, W.-M. Zhao, G.-W. Qin, K.-F. Cheng, R.-Z.
Yang, Nat. Prod. Lett. 1999, 14, 83-90; b) S. Takahashi, R.
Takahashi, Y. Hongo, H. Koshino, K. Yamaguchi, T. Miyagi, J.
Org. Chem. 2009, 74, 6382-6385; c) S. Takahashi, Y. Hongo, Y.
Tsukagoshi, H. Koshino, Org. Lett. 2008, 10, 4223-4226.

[33] Compound 4f is literature known, see Guiry and Doran,
ref. [11]. However, in this earlier work, the preparation of the
syn-epoxy alcohol required Mitsunobu inversion.

[34] NMR monitoring of this transformation revealed the formation
and the decay of the expected intermediate epoxide, see
Supporting Information for details.

[35] a) L. Bosch, L. Mola, E. Petit, M. Saladrigas, J. Esteban, A. M.
Costa, J. Vilarrasa, J. Org. Chem. 2017, 82, 11021-11034; b) F.
Surup, E. Kuhnert, A. Béhm, T. Pendzialek, D. Solga, V.
Wiebach, H. Engler, A. Berkessel, M. Stadler, M. Kalesse,
Chem. Eur. J. 2018, 24, 2200-2213.

[36] In many instances, the catalyst 2 can be re-isolated during
work-up, in the form of its oxo-peroxo complex (see refs. 19,
22).

[37] a) C. Wang, H. Yamamoto, Chem. Asian J. 2015, 10, 2056~
2068; b) K. P. Bryliakov, Chem. Rev. 2017, 117, 11406-11459.

Manuscript received: February 2, 2022
Accepted manuscript online: March 29, 2022
Version of record online: May 9, 2022

Angew. Chem. Int. Ed. 2022, 61, €202201790 (5 of 5)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


https://doi.org/10.1021/acs.joc.9b02510
https://doi.org/10.1021/jo0355799
https://doi.org/10.3390/molecules17088955
https://doi.org/10.1021/ja016737l
https://doi.org/10.1021/ja016737l
https://doi.org/10.1016/S0040-4039(01)86695-8
https://doi.org/10.1016/S0040-4039(01)86696-X
https://doi.org/10.1016/S0040-4039(01)86696-X
https://doi.org/10.1021/jo971526d
https://doi.org/10.1021/jo971526d
https://doi.org/10.1021/jo00078a054
https://doi.org/10.1021/jo00078a054
https://doi.org/10.1016/j.bmcl.2009.07.064
https://doi.org/10.1016/j.bmcl.2009.07.064
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.202201790
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1080/10575639908041214
https://doi.org/10.1021/jo901150h
https://doi.org/10.1021/jo901150h
https://doi.org/10.1021/ol801576z
https://doi.org/10.1021/acs.joc.7b01973
https://doi.org/10.1002/chem.201704928
https://doi.org/10.1002/asia.201500293
https://doi.org/10.1002/asia.201500293
https://doi.org/10.1021/acs.chemrev.7b00167

