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For optimization of the reaction conditions we used racemic

ABSTRACT: The first catalytic, highly C3-selective, cis-2,3-epoxy hexane-1-ol (la) and aniline (2a) as standard
stereosepecific ring-opening reaction of 2,3-epoxy alcohols substrates. Initially, a background reaction in the absence of W-
and 2,3-epoxy sulfonamides has been accomplished. This salt was carried out and no ring-opening reaction occurred
process was efficiently promoted by W-salts, and the (Table 1, entry 1). Encouragingly, when the reaction was
developed method was applicable to various epoxides with

diverse N- and O-nucleophiles affording the products in Table 1. W-Salts and Solvents Screening for the Regioselective
good to excellent yields (up to 95%) and generally with Ring Opening with Aniline as the Nucleophile®

high regioselectivities (C3:C2 up to >99:1).

o HPn I} NHPh
W-Salt (x mol % : o
’)\/OH + PhNH, w, n-Pr OH + n-pr >
h-Pr 55 °C, solvent, 1d
. . Ny - OH
A. s 2,3-epoxy alcohols are readily available in highly OH

enantioenriched form through asymmetric epoxidation of 1a 2a 3ad 3al

allylic alcohols,"* regioselective and stereospecific ring opening entry Wosalt x solvent  yield (%)"  C3:C2°
of these compounds with various nucleophiles provides a direct
) ' iy X 1 - 0 PhCF, 0 -
acc;ess 1to vecrlsat;le ch:iral butllidltl?g bloclks for th‘et hsyr];t‘hlems' of 5 wo,cl, 10 PhCE, a1 8218
natural products and synthetic analogues wi iologica
activities.g -8 Nucleophilicyaddition at theg C-3 position ofg2,3- i xngCllz ;8 iigis Zz :éi
4 3 .
epoxy alcohols by amines affords 3-amino 1,2-diols as products, s WO, (acac), 20 PhCE, 31 7921
which are synthetic intermediates of cardiovascular,” antibacte- 6 W(OE), 20 PhCE, 9% 90:10
rial,'* and sedative agents.'' Although regioselective ring 7 W(OE), 20 DCE 87 89:11
opening of epoxides using amines, phenols, and alcohols as 8 W(OE), 20 toluene 95 85:15
nucleophiles has been intensively studied in the past decades and 9 W(OEt), 20 EtOAc 85 87:13
tremendous progress has been achieved, excellent regioselectiv- 10 W(OEt), 20 THF 73 83:17
ities are usually obtained in the case of terminal epoxides, while 11 W(OEt)4 20 MeCN 94 937
regiocontrol is generally difficult to realize for the ring opening of 12 W(OEt), 15 MeCN 94 93:7
trisubstituted, cis-, and trans-disubstituted oxiranes, especially the 13 W(OEt), 10 MeCN 84 93:7
aliphatic analogues.'”"* For the C-3 regioselective ring opening 14 W(OEt)s 10 PhCF; 91 90:10
of 2,3-epoxy alcohols employing amines as nucleophiles, on?f a “Unless otherwise specified, reactions were performed on a 0.25 mmol
Sdgh scale of racemic cis-2,3-epoxy hexane-1-ol (la) using 2.0 equiv of

few direct and practical approaches have been reported.**
The pioneering progress in this field was achieved by Sharpless et
al, who developed a Ti(OiPr),-mediated C3-selective ring
opening of 2,3-epoxy alcohols using a variety of nucleophiles
including secondary amines, alcohols, and phenol.*** Never-

aniline (2a), x mol % W-salt at 55 °C in 0.6 mL of solvent. “Combined
yields of the isolated C3- and C2-regioisomers. “Determined by 'H-
spectroscopy of the reaction mixtures. “Reaction was performed at rt.

theless, all these reported protocols utilize stoichiometric performed in PhCF; at rt employing WO,Cl, as the catalyst (10
amounts of promoters and thus the development of a catalytic mol %), the desired product 3a was obtained in a yield of 31%
version of this type of reaction is highly desirable. Furthermore, a with moderate regioselectivity (C3:C2 = 82:18, entry 2). In order
large number of biological active compounds bearing anti-HIV- to improve the conversion, the reaction was conducted at 55 °C
activities contain 1,3-diaminoalkan-2-ol as a structural subunit,"* with 20 mol % catalyst leading to an increase of the yield to 93%,
which could be accessed through regioselective addition of while the regioselectivity did not diminish significantly (entry 3).
amines to 2,3-epoxy amines or amides. To the best of our Subsequently, three other W-salts were investigated as catalysts
knowledge, this type of reaction utilizing nonterminal epoxides for this reaction (entries 4—6) and the best outcome with respect
as precursors remains elusive."> Herein, we report a tungsten- to both yield and regioselectivity was obtained in the case of
catalyzed C-3 regioselective and stereospecific ring opening of

structurally diverse 2,3-epoxy alcohols and 2,3-epoxy sulfona- Received: March 24, 2014

mides using amines, alcohols, and phenol as nucleophiles. Published: April 29, 2014
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W(OEt)s (entry 6). Next, a brief solvent screening was
undertaken (entries 7—11) and the best regioselectivity
(C3:C2 = 93:7) was achieved in the case of MeCN (entry 11).
No decrease of the yield was observed when the catalyst loading
was reduced to 15 mol % (entry 12). Lowering the amount of
W(OEt), further to 10 mol % resulted in a lower yield (entry 13).
Furthermore, the ring-opening reaction turned out to be more
efficient in PhCF;, although the regioselectivity was relatively low
(entry 14). Notably, the resulting two regioisomers 3a-I and 3a-
IT of the ring-opening reaction could be easily separated through
column chromatography affording both compounds in regio-
merically pure form.

After optimizing the reaction conditions we started to evaluate
the substrate scope of this reaction. We first explored a variety of
2,3-epoxy alcohols 1a—o with different substituted patterns, and
the results are summarized in Chart 1. Generally, all the reactions

Chart 1. Regioselective ng-Opemng Reactions of 2,3-Epoxy

Alcohols with Aniline as Nucelophile'®*~
R! l:’h\NH
o ., W(OEt)g (x mol%) OH
RZNR*  * PhNH, R Re
R MeCN 5
pe OH 55°C,1d R%gaOH
1a-0 2a 3a-0
NHPh NHPh NHPh NHPh
n-Pr/\[OH n-Pr)\[OH n-Pent)\EOH n»Hex/\*EOH
OH OH OH OH
3a 3b 3c 3d

87 % 86 %
C3:Co= 93:7 (>99:1%)  C4:Cp= 95:5 (>99:1%)

89 %
C4:Co= 95:5 (>99:1°)

78 %
C3:Co= 91:9 (>99:1°)

NHPh Me, NHPh NHPh NHPh

OH OH
OH
Me OH ‘ KtMe Ktwh
Me
OH Me”™ "Me OH OH OH
3ef 3ff 3g'
81% 84 % 81% 93 % 87 %
CaiCy= 97:3 (>99:1%)  Cy:C,>99:1 C3:Cp >99:1 CaiC2 991 CyiCp>99:1
NHPhOH NP NHPh NHPh NHPh
OH
E%SH Ar)\[ Ph ,,OH Ph OH
OH OH Me e
OH OH OH
3 3K 31: Ar=Ph, 91 % 3n 30
82% 86 % 3m: Ar=4-FCqHy, 89 % 92% 82%
C3:C2>99:1 C3:C,>99:1 C3:C, >99:1 for 31 and 3m C3:C2>99:1  Cy:Cp>99:1

“Unless otherwise specified, reactions were performed on a 0.50 mmol
scale of racemic 2,3-epoxy alcohols 1 using 2.0 equiv of aniline (2a)
and x mol % W(OEt)s at 55 °C in 1.2 mL of MeCN. ® Catalyst
loading: 2 mol % for 3h, 3i, and 31-n; 5 mol % for 3j, 3k, and 30; 7.5
mol % for 3b and 3¢; 15 mol % for 3a, 3d, and 3e—g.  Yields of the
isolated C-3-regioisomer. ¢ All regiomeric ratios were determined by
"H-spectroscopy. ¢ C-3/C-2 ratios after separation through column
chromatography. f PhCF; was used as solvent.

proceeded smoothly at 55 °C affording the products 3a—o in
good to excellent yields (78—93%) with high to complete
regioselectivities (C3:C2 = 91:9 — 99:1) in favor of the
formation C-3-regioisomers irrespective of the substitution
patterns at the C-3 position of the epoxy alcohols. Moreover,
the results obtained show clearly the following trend of the
reactivity of different substrates: terminal epoxides ~ aromatic
epoxides > aliphatic trans-disubstituted epoxides > aliphatic cis-
disubstituted epoxides > aliphatic trisubstituted epoxides.
Remarkably, even sterically demanding trisubstituted epoxides
1f and 1g turned out to be competent substrates for the ring-
opening reaction furnishing the products 3f and 3g bearing two
consecutive quaternary and tertiary stereocenters in good yields
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(81 and 84%) and complete regioselectivities (C3:C2 > 99:1).
Furthermore, all the C-3-regioisomers of 3a—e could be readily
separated from the corresponding minor C-2-regioisomers
through simple column chromatography.

Subsequently, we studied the substrate spectrum further by
variation of structure of the N-nucleophiles. Various substituted
anilines bearing electron-withdrawing or -donating substituents
at different positions, secondary aromatic amines, and aliphatic
amines were reacted with structurally diverse 2,3-epoxy alcohols
1 (Chart 2). Generally, the products 4 were obtained in high to

Chart 2. Regioselective Ring-Opening Reactions of 2,3-Epoxy
Alcohols with Various Amines as Nucelophiles'®*~*

RS _R®
N
R' o H W(OEt)s (x mol%) . OH

R? RY + RSRE T rR2|~R*

R3 MeCN R NoH
Jon 55°C, 1d R3
1 2 dar

4-MeOCgH;
4-MeOCeHa~ 4MeOCeHav, Me  Me, NH 2 -MeOCeHav
S _OH OH OH
n-Pr/\[
OH
4a Me Me  4¢f
84 % 82 % 3% 79 %
C3iCo= 92:8 (>99:1°)  C3:Co= 94:6 (>99:1°) C3:C2 >99:1 C3:Co= 95:5 (>99:1°)

3,5-(MeO),Cota~ | 4-BrCeHan, 4-BrCeHa 4NOzCoHary
OH OH OH OH
n»Pen()\[ n-Pr)\[ Et Ph)\E’Me
OH OH g OoH OH
4e af 4g 4h
7% 80 % 85 % 72%
C3iCo=96:4 (>99:1°)  C3iCp= 92:8 (>99:1°) C5:Co >99:1 CaiC, >99:1

3,5-(F5C)2CeHan Ph.

NH N”
OH n-Pent OH OH
n-Pent

88%

Me

OH OH
e
q OH 4m
82%

2

78 % 95 % 93 %

C3:C,>99:1 C3:Cy= 94:6 C3:C= 937 C3:C,>99:1 C3:C2>99:1
L, 320 CI0 QO

4-BrCeHsn

OH OH
Ph)\[ )\[OH PhJ\EOH \E Et
OH
4s
69% 86% 89% 79% 85% 84 %
C3:C2>99:11  C3:C,>99:1 C3:C,>99:1 C3:C, >99:1 C3:C2>99:11  C3:Co= 94:6 (>99:1°)

“Unless otherwise specified, reactions were performed on a 0.50 mmol
scale of racemic 2,3-epoxy alcohols 1 using 2.0 equiv of amines 2 and x
mol % W(OEt)g at 55 °C in 1.2 mL of MeCN. ’ Catalyst load: 5 mol
% for 4m, 40, 4p, and 4r; 7.5 mol % for 4b, 4d, 4e, and 4s; 10 mol %
for 4f, 4g, and 4i; 15 mol % for 4a, 4c, 4j—1, and 4n; 20 mol % for 4h
and 4q. © Yields of the isolated C-3-regioisomer. ¢ All regiomeric ratios
were determined by 'H-spectroscopy. ¢ C-3/C-2 ratios after separation
through column chromatography. / PhCF; was used as solvent. &
Combined yield of the C-3- and C-2-regioisomers.

complete regioselectivities (C3:C2 = 92:8 — 99:1). Methoxy-
and Br-substituted anilines and secondary aromatic amines
demonstrated similar reactivity and regioselectivities compared
with aniline. Strong electron-withdrawing groups such as NO,
and CF; lowered the nucleophilicity of the NH, moiety. Also,
aliphatic amines were less reactive than their aromatic analogues.
Thus, a higher catalyst loading was necessary for these substrates
to achieve good yields. Importantly, all the products except 4j
and 4k could be isolated in regiomerically pure form after column
chromatography.

Moreover, we are also interested in the regioselective
aminolysis of 2,3-epoxy sulfonamides, which can be synthesized
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in a highly enantioselective manner using our Hf-bishydroxamic
acid catalytic system.'” To our delight, the sulfonamide moiety
turned out to be a good directing group for the ring-opening
process (Chart 3). All the reactions proceeded smoothly
affording the products 6 in 51—95% yields and in most cases
with complete regioselectivities.

Chart 3. Regioselective Ring-Opening Reactions of 2,3-Epoxy
Sulfonamides with Amines' %~

R* _RS
R! N
o W(OEt)s (x mol%) H
R £ RRS R
H MeCN 5
NHR3 55°C, 1d NHR
5 2 6a-k
NHPh NHPh NHPh NHPh NHPh
KEOH n-PrJ\EOH n-Hex/\[OH Ph)\EOH M;j\[OH
NHTs NHTs NHMbs® NHTs NHMbs®
6a 6b 6c 6d 6e
9% 57 % 89 %' 84% 51%
C3:.C2>99:1  C3:C2>99:1 C3:C2294'6 C3:C2>99:1 C3:C2>99:1
o
) e O R
N N on OH N on OH
o OH o OH K[
NHTs NHTs
NHTs NHTs NHTs
6f 69 6h° 6i 6j: R=n-Bu, 77 %
89 % 78% 95 % 92 % 6k9: R=Bn, 65 %
C3:C2>99:1 C3:C2>99:1 C3:C2>99:1 C3:C2>99:1 C4:C, >99:1 for 6j and 6k

“Unless otherwise specified, reactions were performed on a 0.50 mmol
scale of racemic 2,3-epoxy sulfonamides 5 using 2.0 equiv of amines 2
and x mol % W(OEt)s at 55 °C in 1.2 mL of MeCN. * Catalyst
loading: 5 mol % for 6a and 6i—k; 10 mol % for 6d and 6f; 20 mol %
for 6b, 6¢, 6e, 6g, and 6h. © Yields of the isolated C-3-regioisomer. 4 All
regiomeric ratios were determined by 'H-spectroscopy. ¢ Mbs: 4-
methoxybenzenesulfonyl. / Combined yields of the C-3- and C-2-
regioisomers. § PhCF; was used as solvent.

Furthermore, we have also studied the use of various O-
nucleophiles for this ring-opening reaction. Unfortunately, the
protocol developed for amines could not be applied to phenol or
alcohols. Nonetheless, we found that the use of AgOTf as an
additive showed a crucial influence on the outcome of this
reaction (Chart 4). Under the optimum conditions both alcohols
and phenol were successfully employed as nucleophiles for the
ring opening of various 2,3-epoxy alcohols and 2,3-epoxy
sulfonamides furnishing the products 8 in moderate to high
yields (42—81%) and generally with complete regioselectivities.
Moreover, the use of aqueous hydrogen peroxide as a
nucleophile resulted in the formation of two regioisomers of
the corresponding hydroperoxide and the triol 8i. Upon
treatment with aqueous Na,SO; solution the triol 8i was
obtained as the sole product in excellent yield (89%).

To gain more insight into the effect of the OH and NH-
sulfonyl groups on the regioselectivity, we performed some
control reactions using unfunctionalized epoxides.'® In the case
of the trans-2,3-epoxy octane both the aminolysis and alcoholysis
proceeded without regioselectivity. When styrene oxide was
employed as the substrate, the ring-opening reactions occurred
only at the more substituted site. Further, the reaction using 1,2-
epoxy 3-methylpropane as a precursor also proceeded in favor of
the more substituted position, but the regioselectivity (70:30)
was only moderate. By comparing these results with 2,3-epoxy
alcohols and 2,3-epoxy sulfonamides demonstrated in Charts
2—4, we can conclude that the OH and NH-sulfonyl moieties
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Chart 4. Regioselective Ring-Opening Reactions of 2,3-Epoxy
Alcohols and 2,3-Epoxy Sulfonamides with O-

Nucleophiles'®*~
R4
R o WO,Cl, (4 mol%) X
ZKL AgOTf (10 mol%) R1JV\[0H
R +  RAXH R?
R3 PhCF3, r.t, 1-24 h R®
1or5 7 8a-i

R3= OH or NHTs;
R*XH= PhOH (7a), BnOH (7b), n-PrOH (7c), i-PrOH (7d), t-BuOH (7e) or H,0,.

OPh OPh On-Pr 0OBn On-Pr
A OH OH OH OH OH
n-Pr/\[ Me/,\t:[ Me/,\t:[ n-Pr)\[ n-Pr
OH OH OH NHTs NHTs
8a’ 8hb¢ 8c? 8d 8e
52 % 42 % 55 % 75 % 63 %
C3:C2>99:1 C3:C2>99:1 C3:.C2>99:11  C3:C2>99:1 C3:C2>99:1
Oi-Pr Ot-Bu QBn OH
OH kEOH n_HeX/\EOH . /-\EOH
NHTs NHTs NHMbs OH
8f 8g 8h 8if
81% 59 % 78 %° 89 %
C3:C2 >99:1 C3:C2>99:1 C3:C2=937 C3:C2 n.dS

“Unless otherwise specified, reactions were performed on a 0.50 mmol
scale of racemic 2,3-epoxy alcohols 1 or racemic 2,3-epoxy
sulfonamides $ using 10 equiv of phenol (7a) or S equiv of alcohols
7b—e, 4 mol % WO,Cl,, and 10 mol % AgOTf at rt in 1.2 mL of
PhCF;. ® Yields of the isolated C-3-regioisomer. ¢ All regiomeric ratios
were determined by 'H-spectroscopy. ¢ Reaction was performed with
2 mol % WO,Cl, and 5 mol % AgOTf. * Combined yields of the C-3-
and C-2-regioisomers. / Reaction was performed with 2 mol %
WO,Cl, in absence of AgOTf using 2 equiv of 30% H,O, as
nucleophile. After completion of the conversion the reaction mixture
was treated with saturated aqueous NaS,0; solution to reduce the
hydroperoxide to a triol. ¢ Not determined.

play a significant role as a directing group for the site preference
of the W-catalyzed ring-opening reactions.

Since the utility of ring-opening reactions relies on both the
regioselectivity and stereospecificity, we investigated whether
our W-catalyzed ring-opening reactions proceed in a stereo-
specific pathway. Several reactions using enantioenriched
substrates were conducted under the same reaction conditions
used for the racemic epoxides.'® To our delight, the products 3c,
4j, 6¢, and 8a were all furnished with identical enantiomeric
excesses in comparison to their epoxide precursors indicating the
stereospecificity of this W-catalyzed reaction.

In summary, we developed a W-catalyzed regioselective ring-
opening reaction, with the following advantages and break-
throughs: (1) first catalytic version of a C-3 selective ring-
opening reaction of 2,3-epoxy alcohols and 2,3-epoxy
sulfonamides; (2) excellent regioselectivities obtained for diverse
epoxides with various N- and O-nucleophiles, especially, the
successful use of challenging trisubstituted epoxides allowing the
construction of two consecutive quaternary and tertiary
stereocenters; (3) stereospecificity of the ring-opening process
allowing preparation of enantioenriched highly functionalized
compounds starting from readily available chiral epoxides
without racemization; (4) commercial availability of the W-
catalysts easing the practical use of this method.
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