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Introduction: General methods for epoxide synthesis:
Epoxides or oxiranes are 3 membered cyclic ethers, the simplest
members of their class. They are common synthetic intermediates,
and their chemistry is well predicted by a few general considerations.
Namely, due to the strain of this system, and its polarized nature,
epoxides are generally liable to open through nucleophilic addition.
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Under basic or neutral conditions, this tends to take place from the

less substituted side of the epoxide. Under acidic conditions, the : >Q< :

opposite selectivity is favored, due to greater partial positive charge —

buildup on the more substituted carbon.

Although simple, these patterns of reactivity have been leveraged for

extremely powerful tranformations, particularly in cascade reactions

to form cyclic polyethers, polyene cyclizations, and polymer o)

chemistry. —
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This talk will not discuss these topics further, opting instead to
explore the following three topics:

1.) The chemistry of the oxiranyl anion and similar species

2.) The fate of oxiranyl and oxiranyl carbinyl radicals

3.) Reductive radical opening of epoxides with transition metals In clockwise order:

.) Weitz-Scheffer epoxidation (alkaline hydroperoxide)
Homoallylic alcohol directed epoxidation (V or Hf mediated)
Allylic alcohol directed epoxidation (V, Ti)
Nucleophilic epoxidation (mCPBA, DMDO, TFDO, Jacobsen, Shi)

Topics beyond the scope of this talk: ;;
3.)
4))
5.) Halohydrin collapse (base-mediated)
6.)
7.)
8.)

Detailed discussion of the preparation of epoxides
Cyclopropane, aziridine, or thiirane anions, radicals, or radicals
adjacent to these rings. See final slide for reviews.

R X R X R X . Corey-Chaykovsky (sulfur ylide and carbonyl derivative)
X=CH,, NR, S >L\ >L\ >Q( Metallocarbenoid insertion (Cu, Rh, Ag)
R™ OR R R R R Darzens reaction (base-mediated)
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An oxiranyl anion wears many hats. It is a nucleophile, an
electrophile, and exhibits carbenoid reactivity.
Early evidence of oxiranyl anion intermediate:
Ph O H NaOEt Ph O (o)
VA _, Ph D
Me COPh EtOD |Me” ©O°COPh Me; ;COPh
25-78 °C

H. O. House., JACS., 1958, 80, 2428

Unusual findings suggest more involved reactivity
than simple anionic rearrangement:

(0]
Ph. O Ph LiNEt,
>Q< —_— Ph)k/ Ph
H H Et,O o
reflux 70%
. CHO
H O pPh LiNEt,
Ph H Et,O Ph o Ph
reflux 66%

A. C. Cope et al. JACS., 1958, 80, 11, 2844-2849

Gradually, further studies provided insight into the nature of this

species:
0] HO
+
46% 0%

F.T. Bond, JOC., 1976, 41, 1421

(0] o)
LDA
—
Et,0

64%
R. W. Thies, JOC., 1979, 44, 1342

_ LiNEt,
CeHe

O LiTMP
|>/\/\/<I —_— OH C\/\/\/\CHO
THF
r.t. 71%
o) o [o)
CsH17<kD C8H17ﬂ@ . C8H1-,/Y
D D D

Li OLi D
0 CgH
CsH17J<kD — 8 17ND — C8H17)\f0
D

D

- Formation of H o

aldehyde involves no  ~ p B B (0]
carbene intermediate  ° 17—<k“D — C8H17/Y
- Deprotonation is H H
completely selective

(sensitive to sterics)
A. Yanagisawa, JCSCC., 1994, 2103
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Carbenoid reactivity: transannular C-H insertion:

LiNEt, H OH
Q _Eb070% '
LDA
Et,O-hexanes H
80%
(= 0O
H H
32% 55-60%
H
LiNEt,
o —_— +
Y Et20 . o
reflux H OH
73%
A:B 92:8

A. C. Cope et al. JACS.,, 1958, 80, 11, 2849-2852

Additional C-H insertion chemistry:

_ LiNEt; oH
PR

reflux
55% J. K. Crandall et al. JOC., 1964, 29, 2830
D D OH
oSz —

H
Unchanged deuterium labels rule out peripheral deprotonation

J. K. Crandall et al. JOC., 1971, 36, 510

Further insertion studies elaborate on the behavior of the

carbenoid: |

J. K. Crandall, JOC, 1971, 36, 4, 510-513
protons in equilibrium with amide bases

C-H insertion does not
OH preferentially occur
according to strain

CyNDLl

© " ppn
reflux

o L|NEt2
Et20
0-35°C
48 h. 82%
J. R. Neff, Tet. Lett., 1977, 6, 499-500
L|NEt2 L@/
PhH, Et20
heat
50 h. 84% 8% ~1%
mech?
(l ONEt2
52% 23%

R. N. McDonald, JOC, 1975, 40, 12, 1694-1698
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Oxiranyl lithium species can be added into with suitably strong
nucleophiles through an "alkylation-elimination" pathway:

0 Li, ' "
° o R-M —
R i L. ———> R
R -LiOM

Organolithium reagents are suitable, but tetralkylcerates proved
higher yielding.

o) nBu,CelLi Ph Ph
/Q —_— = —/
Ph DME nBu nBu
-78 —-5°C
84% 93 7
i Ph Ph  Ph

o Ph nBu,CelLi : _ ’ Y,

Ph DME nBu Ph nBu
-78 —-5°C
98% 84 16

o) nBu,CelLi Ph Ph Ph

Ph Ph DME nBu Ph nBu
-78 —-5°C
84% 45 55
Me
R= >=\_//
o Me e
R4CeLi
—_— >
" DME-E,0  Me |
e
43% Me Me

Similar alkylation-elimination reactions can be performed
with oxiranyl lithiums and trialkyllaluminum or other organo-
aluminum species.

Epoxy silanes provide a stable masked form of the oxiranyl anion:

Et,NF
Ph, O H DMSOdg

’, N
"t 5.

H TMS 1 min.
r.t.
Epoxy silanes can also be converted to lithiates by reaction
with nBulLi. Likewise they can be prepared from the lithiate with TMSCI.
The same holds for epoxy stannanes.
T. H. Chan et al. Tet. Lett. 1976, 31, 2667-2670
Oxiranyl anions can conveniently generate highly reactive allene
oxides:

™S 0
wg LAY LI &
dlglyme 68-78% e

1d.55% Nu

Aryl substitution results in rearrangement to the highly reactive
cyclopropanone, which readily reacts with nucleophiles.

0
Ar\A

often not
isolable

Ph, O H

H” ©

70% Ph, O H
—

’, .
“t s.

H D

Ar_ O TMS F-
H

Cl

Dialkyl substituted epoxides also undergo this rearrangement.

TMS
CO,Me
0 Et,NF N
Cl >
MeCN, MeOH
91%

T. H. Chan et al. Tetrahedron, 1980, 36, 2269-2289
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Asymmetric epoxides as precursors to chiral alpha substituted

ketones: 1) L-(+)-DET
Ti(OiPr),
R, TMS {BUOOH Ry, Q .TMs
__ - >y
OH 2.) MsClI OMs
97% ee

TBAF (1.95 eq.) *

R>)L e 2
e~ | RN
F

87%

97% ee
M. M. Kabat, Tetrahedron Asymmetry, 1993, 4, 7, 1417-1420
Allene oxides and cycloaddition chemistry:

R O TMS F o Cp R
R, Me
H — > W\ — @)\V(
Cl (0]
T. H. Chan et al. Heterocycles, 1977, 7, 2, 913-918 30-48%

P, —

T.H. Chan et al. Tet. Lett., 1974, 39, 3511-3514
X

X
Ar K\ /;
/ -
X = CH,, O, NCO,Me
(0] 47-72%

Copper-mediated cross-coupling of oxiranyl stannanes:

o E-X
R, Rs — R, \_R
> Cu,S (10 mol%) 2L\
Ry SnBuj; R E
THF, 45 — 66 °C 1

5-24 h. 50-93%

- Works on mono, di, and tri-substituted stannyl epoxides of all
patterns - The reaction is stereospecific/stereoretentive

- Can be performed on doubly stannylated epoxides

- Electron withdrawing groups proximal to the stannyl group tend to
help reactivity

E = prenyl bromide, CICSOPh, TMSCI

Cu,S (10 mol%) PR %
3( " 0 SnBu, CICSOPh (2.0eq) 4 OPh
CSOPh (2.0 e
BuzSn CO.Et  14h,50°Cc MO CO,Et
57% yield

Alkyl, aryl, ester, and ketone functionalities all tolerated.

J. R. Falck et al. Synlett., 1997, 481-482
Hodgson cylopropanation:
TMP (0.5 eq.)

o nBuLi (3.0 eq.)
—_—
S~ 78 C G
70%, >75% ee

- Numerous examples including decorated backbones
- Enantiospecific (retentive wrt. epoxide)

- Prefers 5 membered ring formation over larger

- Can form fused ring systems

- Highly scalable (kg scale)

- Has been utilized in total synthesis

D. M. Hodgson et al. JACS, 2007, 129, 14, 4456-4462
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Total synthesis of resveratrone: OTBS

l o
A,

HO 0/ 0\
resveratrone |>)<Me
o]
OTBS
l l BPin
TBSO
I\ OTBS
0 O (1.3) eq.
> we

(o) LiTMP (2.0 eq.)
THF 0 to r. t. overnight
60 C 2 h. 32%

TBSO I I

mech?

C. Hirschhauser et al. Chemistry Open., 2022, 11, 1-4

o)
iPrLi
—>
(-)-a-isosparteine

[sii0 OIS HO

(-)-xialenon A

D. M. Hodgson et al., Tetrahedron., 2003, 59, 9719-9728

! ! BPin
TBSO

"Stabilized" lithiated epoxides in total synthesis:

DEIPS BuOOH DEIPS
Ts tBuOK Ts
j\j\/j;/ -20 C 81% \Rj\/j;/
4:1 dr.

As previously

mentioned, Bu o H nBuLi, HMPA

oxiranyllithium species tBu-Si’ oTf THF, -100 C

tend to be quite reactive. o. 50 min, 88%
el TMS >19:1 d.r.

The addition of electron
withdrawing substituents |
allows for the formation
of persistant, and
configurationally stable
lithiates at low
temperatures (-78 to -
100 °C)

Silyl groups, sulfinates,
fluorides, aryl groups, or
other unsaturated
groups tend to control
regioselectivity of
lithiation and afford
stability.

The use of TMEDA or
other chelating ligands BnO
has also demonstrated

to be effective. ABCD fragment of gymnocin B 6

Y. Mori et al., Tet. Lett., 2019, 60, 151261
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Oxiranyl radical intramolecular cyclization:
Thermal decomposition to 1,3 dipoles:

' N — -
o w 0] o) : i CN
H '
ASIAGEN e | AN/ AN o ArAENE @E\g 0 UV (450W Hanovia) \
H CN H ® OCN H CN ; N o —
: \.. \ /S 0.05M, THF,N, N
All reactions onthe  R1 o r.t., 12 min. (0’
order of minutes, ' \ V/ L _
whereas the R, :
classical heating Ar_ o. CN
conditions take HﬁCN '
hours/days '
R, R, CN
- No reactivity on geminally disubstituted or cis olefins N .
- EDG or EWG on the arene increase rate, but NO; kills ' N .:(O
reactivity entirely '
- Product distribution relative to standard thermal reactions ' 33% 7% 6%
doesn't change, but yield increases ' -1In all cases, the oxiranyl radical inversion outcompetes cyclization.
. - The product distribution dictated by sterics.
E F. E. Ziegler et al. Tet. Lett.,, 1993, 34, 28, 4505-4508
Towards the total synthesis of cyclophellitol:
hv
7 ’
%Bn 59 | nBusSnH (1.5 eq.)
MeOZCMJJLO,N o
: : THF, 0.015M
OBn OBn S 30%
epi-cyclophellitol (+)-cyclophellitol

- Made both cis and trans substituted epoxides above, both gave same pdt and bypdt yields.

- Demonstrates that the inversion here also outcompetes cyclization.

- Attempts to prepare the trans epoxide on the opposite face failed.

- Attempts to cyclize with the cis epoxide on the opposite face were met with complex mixtures

- Ultimately made the scaffold through allylation of the unsaturated ester, followed by metathesis to close the ring Ziegler et al. JOC, 1998, 63, 7920-7930

. Ziegler et al. JOC, 1998, 63, 426-7

mm

F.
F.
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Oxiranylcarbinyl radical cyclization cascade:

COZMe

H CO,Me

H OH

nBu3zSnH, AIBN»
PhH, reflux, 69%

d CO,Me
G el

(f}ﬁg/rcozm

l

H7

/). co,Me

o

Initial radical generation is followed by swift rarrangment to
allyloxy radical. 1-5 HAT and subsequent 5-exo-trig cyclization

affords the syn 6,5 bicycle.

V. H. Rawal et al. JOC, 1990, 55, 18, 5181-3

Radical ring cleavage: fused bicyclic precursors to medium-

sized rings:
COMe Me nBuzSnH
JSL AIBN
—_— >
N~ O
(/\J o PhH,
N= reflux, 40%
CO,M
¢ Me
-
(0]

R. K. Dart et al. Syn lett. 1992, 987

002Me

oy

|

002Me

o)

Me

Me

e S

Selecting for C-C bond scission of C-O in rearrangement:

inverse addition — —
nBu;SnH, AIBN

72%

)
JU
o) 'L/}
o
Ph

>

|

e

-«
Ph

@

Ph

9
e,

C-O cleavage is the most common scission, but can be overriden in
the presence of sufficiently stabilizing groups, most commonly aryl.

V. H. Rawal et al. Tet. Lett., 1993, 34, 5197-5200

Relative rates of cyclopropyl carbinyl vs. oxiranyl carbinyl radical

cleavage:

Through a competition
experiment relative rates of
rearrangement between
cyclopropy! carbinyl and
oxiranyl carbinyl radicals
was measured

The oxiranyl cleavage
relative rate was 107,
while the cyclopropyl was
two orders of magnitude
lower at 108

)

VW
v/\/\o- : 0

detemined by pdt ratio

\

S
} ~——

OH o)

G. J. Gleicher et al. J. Phys. Org. Chem., 1993, 6, 228-232




Baran Group Meeting

Pierre Loch-Temzelides  Beyond Sy2: Unconventional Epoxide Reactivity 1/16/2025

Cascade cyclopropyl and oxiranyl carbinyl radical ring opening in the
total synthesis of prostaglandin B, derivatives:

oCs,Me
0CS,Me oq o 2

Me (o)

Remote functionalization leveraging the oxiranyl carbinyl radical:

|2, HgO, CCI4
r. t. pyr.
— 3 Me Me -

Et

1.) nBu3SnH (1.2 eq.), AIBN (1.0 eq.)
PhMe, 75C 2 h.

Me*'

o
(nBu3Sn), 0.1 eq. l

o
o)
7 "Ry C-C scission : R
< o " : R
H o 2

C-0 scission

1.0 eq. pyr., PhH
reflux, hv, 80%
R. L. Smith et al., JOC., 1992, 7, 1967 over 2 steps
mech?
0]

o)
7 Ry 1,5 HAT IR
=R, ——> 1
H (0] L= R
H OH

60 C 58%

HO o HO 0
194 191
>g?\ - 48% HF CH,CN 1:19 0

2.) "stannyl lewis acid", 55%

- Initial deoxygenation of the o /ZMe
. . . xanthate provides impetus for 0]
Simvastatin metabolite radical cascade. o) o
i L . ) , - 1,5 HAT from the O-centered
- Th(_a target is the_C-I_-| oxidation derivative of Slmvastatm,_ _ radical allows for conjugation
s_emlsynth_et_lc derivative of fungal natural product lovastatin, which has - Final lewis acid addition. = Me
similar activity. promotes isomerization to HO

- Used in the treatment of hypercholesteremia. ; ;
desired E olefin. F.E. Ziegler et al. Tet. Lett., 1996, 37, 809
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Generation of Cp,TiCl, a Ti""

’ Zn ’
+..Cl +.Cl. s
'TI’CI Jisg-Ti + ZnCl,
> o &
Initial studies by RajanBabu and Nugent:
o Cp,TiCl ATCp2Cl - cp,Ticl
/\NRo "= o R, —» R1/\,.,~Rz
Ri R, -(CpTiICLIO ) 44

Lack of E/Z olefin selectivity suggested radical intermediate,
confirmed by followup studies (cyclization, radical trapping)

Cyclization study:
0 Cp,TiCl
U —>

oD D O[Ti] TiCp,Cl

D+
B \U)

O[Ti] O[Ti]

VR o

lezTiCI

Analogous alkynyl
system performs
identically

reagent capable of opening epoxides:

Radical capture and coupling (Giese)

CO,Me OfTi]

0
[Tilo
P e Meo” Xy M o~y
—_ = —_ =
[Til0

T. V. RajanBabu and W. A. Nugent JACS. 1994, 116, 986-997

Gansauer modification and adaptation to a catalytic system:

5% Cp,TiCl, Mn

(0]
Me Me
fi 0
=
Me I}l Me
©
H ¢l

OH OH
Me +

- Catalytic!

- Requires acid with pKa btw 5 and 15 to liberate Ti from alcohol

- Requires mild H atom donor (1,4 CHD)

- Metal reductant also can't make salts or cause issues

- These were optimal cond, in THF 16h 85% isol. 10
- Product distribution 96% H, 2% ClI, 2% sm

A. Gansauer et al. JACS. 1998, 120, 12849-12859
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Reductive radical opening of epoxides with cobalt - opposite regioselectivity:
Pattenden et al. Tet. Lett., 1991, 132, No.2, pp 243-246

Me 4 Me [Co]"
Co'(dmgH),Py S
Me™ ™S OH > Me” X 0
wOH
Me Me
hv
Stoichiometric one-pot procedure
CgHg reflux
Me Me
S, Me
/I OH Me” Y ° Me._O
< Me” X
.1 OH \''OH OH
Me Me Me

Works through Sy, mechanism, opening epoxide on less hindered side.
Light cleaves the Co-C bond, forming [Co]" and a C-centered radical.

Catalytic variation, employing photoredox catalysis:
B. Morandi et al. Chem. Comm., 2016, 52, 9679-9772

[Co(dmg),(py)iPr] 10 mol%
KOiBu (20 mol%)

X0

(0] MeOH 34C, 24 h.
White LEDs
[Co]' -MeO-, + MeOH
-« -[CO]"I-H
[Co]" [Co]"
hv o H
0 + H*, -MeO-

Reductive radical opening of epoxides with zirconium: a
different approach to the same regioselectivity:

5.0 mol% [Zr] R, OHH
3.0 mol% Ir(4-MeOppy), 1.,
60 mol% T3 R2 Rj
1,4 CHD (3.0 eq.)

R, O,
Ry Rs3

R, QM ]
R, R3J

PhCF; (0.05 M)
Blue LEDs, 35 C, 12 h. s

2z Me. M N-PP
<< H o H

T3

- The role of thiourea not determined but essential for
controlling regiochemistry, though for reasons unknown.

- Origin of regioselectivity not completely understood, but
around 20:1 on most substrates.

- Speciation of the active complex is an interesting question
likely responsible for regioselectivity.

- The authors reference the "Bell-Evans-Polyani" principle -
activation energy decreases with increasing exothermicity of
epoxide opening. Thus an earlier transition state more
"starting material like". Such a state should be less affected by
relative radical stability post cleavage, less favoring the more
substituted position compared to Ti.

- TiO BDE: 115 kcal/mol, ZrO BDE: 132 kcal/mol

J. Yamaguchi et al. Chem., 2022, 8, 1762-1774

11
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H,C=CHCO,TFE

H . Co.Ti
- ‘ poTiCl,, Zn
Me <L Cp,TiCl : /O_o 2,4,6-collidine-HCI ’/\—/}
Me - Me — E Me iy ) > Me / J _\=O
e \\ 82% ! OTBS 74% Me
H Me OH :
' \ - : H
M'\: > - Me - ! Me Me
e ¥ : ' O
H Me Me H Me ' MeHO 7 0 H «— TBSO'\.ne
ceratopicanol D. Clive et al., Tet. Lett., 1995, 36, 15-18 o OOAC o 0™ xX¢
(-)-maoecrystal Z Reisman et al., JACS., 2011, 133, 14964-14967

e Cp.TiCl; (20 mol%)

M
Mn, TMSCI
J:Ti%ll?@ 2,4,6-collidine
| :
OAc THF, rt
0] Me 31%

Me

For numerous more examples of this chemistry in total synthesis, see:
T. R. Newhouse et al., Chem. Rev., 2017, 117, 11680-11752

For reviews on oxiranyllithium species, see:
T. Satoh, Chem. Rev., 1996, 96, 3303-3325

For the oxiranyl and oxiranylcarbinyl radicals, see:
J. J. Li, Tetrahedron., 2001, 57, 1-24

Thank you for listening. | hope you learned something!

stypoldione Barrero et al. Chem. Eur. J. 2004, 10, 1778-1788

12



