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1. Introduction

An ideal oxidant should be highly reactive, selective, and environmentally
benign. It should transform a broad range of substrates with diverse functional
groups, preferably under catalytic conditions, and be readily generated from
commercially available and economical starting materials. Of course, such an
ideal oxidant has not yet been invented; however, the dioxiranes, which have
risen to prominence during the past few decades, appear to fulfill these
requirements in many respects. These three membered ring cyclic peroxides
are very efficient in oxygen transfer, yet very mild toward the substrate and
product. They exhibit chemo-, regio-, diastereo-, and enantioselectivities, act
catalytically, and can be readily prepared from a suitable ketone (for example,
acetone) and potassium monoperoxysulfate ( 2KHSOs - K,SO4 - KHSOy,
Caroate®, Oxone®, or Curox®), which are low-cost commercial bulk chemicals.
Throughout the text we shall use KHSOs to specify this oxygen source, rather
than refer to one of the commercial trade names.

Isolated dioxiranes (as solutions in the parent ketones) perform oxidation
under stric eutral conditions so that many elusive oxyfunctionalized
products h been successfully prepared in this way for the first time.
Epoxidations, heteroatom oxidations, and X-H insertions constitute the most
investigated oxidations by dioxiranes. An overview of these transformations is
displayed in the rosette of Scheme 1. These preparatively useful oxidations
have been extensively reviewed during the last decade in view of their
importance in synthetic chemistry. (1-12)

Scheme 1. An Overview of Dioxirane Oxidations (Np = 1-Naphthyl, ED = Electron Donor,

EA = Electron Acceptor)
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The prese view deals mainly with the epoxidation of carbon-carbon double
bonds [ p beRUs in simple alkenes and with these electron donors (ED),
electron acceptors (EA), and with both ED and EA; examples 1-4 in the
rosette] with either isolated or in situ generated dioxiranes (Eq. 1). In view of
the vast amount of material on alkene oxidation (ca. 400 references), the
epoxidation of the double bonds in cumulenes (allenes, acetylenes) and
arenes is covered in a separate chapter, together with the oxidation of
heteroatom functionalities (nonbonding electron pairs; examples 6-9 in the
rosette), X-H insertions ( s bonds; examples 10-11 in the rosette), and
transition-metal complexes (example 12 in the rosette).
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2. Mechanism

Dioxirane epoxidation proceeds strictly with retention of the initial alkene
configuration. An impressive and mechanistically valuable example is the
cis/trans pair of cyclooctenes (Eq. 2), of which the cis diastereomer leads
exclusively to the cis epoxide and the trans congener to the trans epoxide in
high yields. (13, 14)

0 O (>99%)
-:a><
% (2)

: acetone, CH,Cls, 20°, 0.2 h %
O Qo (>99%)

On the basis of the relative reaction rates of cis and trans open-chain alkenes
(cis alkene faster than trans alkene by a factor of ten) in the dimethyldioxirane
(DMD) oxidation, a spiro transition state was suggested, (15, 16) which is also
supported by theoretical work. (17-23) In this oxygen transfer, the plane of the
peroxide ring is oriented perpendicular to, and bisects the plane of the p
systemin t lefin substrate (Scheme 2, right). For this preferred geometry,
DMD appr es the cis olefin from the unsubstituted side, which avoids steric
interaction between the methyl groups and the alkyl substituents of the double
bond. The concerted spiro transition-state structure also explains the results of
enantioselective epoxidations by optically active dioxiranes. (24, 25) An
exception is given in Scheme 3, for which the planar transition-state structure
is favored over the spiro alternative. (26)

Scheme 2. Planar and Spiro Transition-State Structures for the DMD Epoxidation of Alkenes
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Scheme 3. Planar and Spiro Transition-State Structures
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The fact that no cis/trans isomerization is observed in the oxygen transfer
speaks against the earlier proposed diradical mechanism. (5, 27) Although the
high stereoselectivity of DMD epoxidations may be accommodated by
proposing much faster collapse of the resulting intermediary diradical than
isomerization through bond rotation, it would be difficult to rationalize the
established steric effects (i.e., cis olefins react faster than the trans isomers).
(15, 16) For the diradical mechanism one would expect that the relative rates
of cis alkenes and trans alkenes should be nearly the same for such an end-on
attack. Moreover, as stated above, epoxidation of trans-cyclooctene with DMD
yields solely the corresponding trans epoxide (Eq 2). (13, 14) In view of the
high strain energy in trans-cyclooctene (23.2 kcal/mol), (28)
cis/trans-isomerization would be expected, should the diradical intermediate
intervene. (13) Furthermore, the lack of cyclopropylcarbinyl rearrangement in
the epoxidation of 1-vinyl-2,2-diphenylcyclopropane by DMD (Scheme 4) as an
ultra-fast radical clock (k°> » 5 x 10 s™) clearly speaks against the
involvement of radical intermediates in DMD epoxidations. (13)

Scheme 4. Radical-Clock Probe for the Mechanism of DMD Epoxidation
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Despite this convincing experimental and theoretical evidence in favor of the
concerted oxenoid mechanism for dioxirane epoxidations, the appreciable
amount of allylic oxidation of a -methylstyrene to 2-phenylpropenol and
2-phenylpropenal by DMD has been interpreted in terms of a radical
mechanism. (29, 30) However, when radical species are scrupulously avoided
by operating in the presence of molecular oxygen (inhibitor), keeping the
reaction temperature below 50° (no homolytic decomposition of the DMD), and
avoiding radical-generating solvents such as BrCCls;, the DMD oxidation of a
-methylstyrene gives exclusively the expected epoxide. (13)



3. Scope and Limitations

With dioxiranes, either isolated or in situ generated, different types of alkenes
[i.e., unfunctionalized, electron-rich (with electron donors) and electron-poor
(with electron acceptors)] have been successfully epoxidized. As a solution in
acetone, DMD (isol.) is the most often used dioxirane owing to its convenient
preparation and low cost. While methyl(trifluoromethyl)dioxirane (TFD) is much
more reactive than DMD, applications are limited because of the high cost and
volatility of trifluoroacetone. With DMD (isol.), the scale of the reaction is
usually limited to no more than 100 mmol, since the DMD solution in acetone is
quite dilute (ca. 0.08 M). In the case of TFD (ca. 0.6 M), the prohibitive cost of
trifluoroacetone precludes scales >10 mmol. When a large-scale preparation is
desired, the in situ mode [DMD (in situ)] is recommended, for which both
biphasic (31-34) and homogeneous (35, 36) media are available. Since the in
situ oxidations are carried out in aqueous media, the substrate and the
oxidized products must be resistant to hydrolysis and persist at temperatures
above 0°. The in situ mode can also be carried out by applying a catalytic
amount of ketone, (37-40) which is especially important for enantioselective
epoxidations (see the Section on Enantioselectivity), since the optically active
dioxiranes cannot be readily isolated.

3.1. Epoxidation of Unfunctionalized Alkenes

Some typical examples are collected in the rosette of Scheme 5. The
epoxidation of unfunctionalized alkenes by dioxiranes, especially by DMD, has
been mainlystudied for elucidation of the reaction mechanism. The degree
and patterrm‘alkyl substitution on the double bond control the reaction rate,
with the more highly substituted alkenes being more reactive. The reactivity
order is tetra > tri > di > mono (Table A), as is generally observed for
electrophilic reagents. (15)

Scheme 5. Dioxirane Oxidation of Unfunctionalized Alkenes
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Table A. Relative Rate Constants (Kge ) of the Epoxidation of Alkyl
Subsituted Alkenes by DMD (isol.) in Acetone at 25° (15)
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Steric factors also play an important role (e.g., cis alkenes are more reactive
than the corresponding trans isomers). (15, 16) An important exception is the
cis/trans-pair of the cyclooctenes (Eq. 2), for which the trans isomer reacts
about 100 times faster than the cis isomer because of ring strain. (13, 14) Thus,
quite generally, strained double bonds display the highest reactivity toward
DMD. This fact is valuable for synthetic purposes since essentially quantitative
yields of epoxides can be readily obtained with either isolated or in situ
generated dioxiranes. In the latter reaction, the epoxide must resist hydrolysis.
An excellent example is the epoxidation of benzvalene with DMD (isol.) at —30°



(Eqg. 3), which affords a rather labile epoxide in good yield. (41) This
constitutes the most important advantage of DMD (isol.) since the oxidation is
performed under strictly neutral and nonhydrolytic conditions, at low
temperatures, with acetone as the only byproduct.

c|)><
0
Me,CO, Et;O, Na, —30°, 3 h {L}

Acid-sensitive epoxides can also be prepared by applying the in situ mode, but
the pH of the medium must be carefully controlled with buffers. For example,
the oxaspiropropane is obtained by epoxidation of the corresponding
cyclopropylidenecyclopropane (Eqg. 4). (42) Usually such highly strained and
hydrolytically labile oxaspiropropanes readily rearrange to the respective
cyclobutanones. (42, 43)

0
\V4 A\ KHSO; Y
- 0 (70-90%) (4)
X Dhufﬂ‘r (pH 7.7), CH5Cl,, 18-crown-6, ,ﬁ
EDTA, 5-8°, 16 h

3.2. Epoxidation of Electron-Rich Alkenes

Electron-rich alkenes are usually more reactive toward oxidation than simple
alkenes, and the corresponding epoxides are generally much more labile
toward hydrolysis and thermolysis. With DMD (isol.), a broad variety of such
epoxides has been prepared in essentially quantitative yields, and even
excessively labile examples have been characterized spectroscopically
(Scheme 6). For example, the DMD epoxidation of silyl enol ethers at
subambient temperature affords the corresponding epoxides in quantitative
yields (Eg. 5). (44, 45) These epoxides have been proposed as intermediates
in the peracid oxidation of silyl enol ethers to a -hydroxy ketones (the
Rubottom reaction). (46) Indeed, when the in situ mode is employed, the
corresponding a -hydroxy ketones are obtained directly. (35)

Scheme 6. Dioxirane Oxidation of Electron-Rich Alkenes
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A labile epoxide is derived from 2,3-dimethylbenzofuran (Eq. 6), which even at
—20° rearranges to the o-quinomethide. (47-49) To characterize this epoxide
by *H NMR spectroscopy, the fully deuterated DMD-ds (isol.), prepared in
acetone-ds, was employed for the oxidation, and the epoxide was detected at
—78°. (47) This emphasizes the importance and convenience of the isolated
dioxiranes for the
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synthesis of exceedingly sensitive substances. Indeed, the epoxide of
2,3-dimethylfuran, prepared by the epoxidation of the furan with DMD-ds (isol.),
could not be detected even at —100°, and only the rearrangement product
hex-3-ene-2,5-dione was observed. (50)

The 8,9-epoxide of aflatoxin B is a well-known carcinogen; however, because
of its sensitivity toward hydrolysis, numerous efforts to prepare this epoxide
failed. The synthesis is readily accomplished (no yield given) with DMD (isol.)
at room temperature (Eqg. 7). (51) Once this labile epoxide was available as a
pure substance, the mutagenicity caused by its reaction with DNA was
unequivocally confirmed.

0
5 0,

- H--T'ﬂ
acetone, CH»Cls, 0
1, 15 min H

3.3. Epoxidation of Electron-Poor Alkenes

Dioxirane oxidation of electron-poor alkenes (Scheme 7) offers general access
to the corresponding epoxides, which are usually difficult to prepare with
peracids, or require the use of basic conditions as in the Weitz-Scheffer
reaction. (52) Since the dioxirane is an electrophilic oxidant and these alkenes
are electron-poor substrates, the reaction usually needs much longer time (up
to several days) compared to that of electron-rich alkenes, which are oxidized
usually within minutes. For very recalcitrant electron-poor substrates, a large
excess of the dioxirane and elevated temperatures (heating at reflux in
acetone, ca. 60°) may be needed to obtain good conversions. Nevertheless,
the yields may be very high, since the product epoxides resist hydrolysis and
thermolysis. For convenience, DMD (in situ) is employed; for very unreactive
electron-poor alkenes, the much more reactive TFD (in situ) may have to be
used.

Scheme 7. Dioxirane Oxidation of Electron-Poor Alkenes
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The epoxionf a number of a, B -unsaturated aryl ketones (chalcones) (53)
have been prepared in excellent yields with DMD (isol.). An illustrative
example is shown in Eq. 8. (53) This example is notable because the phenolic
group does not require protection in this epoxidation, which hitherto had not
been possible with other oxidants.

Cl
0
0 OH
e G 0 (100%) (8)
acetone, CHACla, Na,
0 20°, 57h 0

Numerous examples have been documented in the literature to show the
usefulness of this method. For example, the dioxirane oxidation of an a , 3



-unsaturated ketone in Eq. 9 is the key step in the total synthesis of
verrucosan-2 3 -ol and homoverrucosan-5 3 -ol. (54)

0.,
O

(729) (9)
acetone, CH>Cl4, 1l

The in situ mode is quite suitable for such electron-poor substrates, since the
epoxides usually survive the agueous conditions, longer reaction times, and
higher temperatures. (55) A good example is the oxidation of trans-cinnamic
acid by DMD (in situ), which affords the epoxide in nearly quantitative yield (Eq.
10). (31)

O
Ph A\ KHsos Ph O
— | e N 05%) (19
CO-H phosphate buffer (pH 7.5).2°. 2 h COH

[]

3.4. Epoxidation of Alkenes with both Electron Donors and Electron
Acceptors

The reactivity of the substrates in Scheme 8 depends on the nature of the
substituents, but usually they behave more like the electron-poor substrates,
so that longer reaction times, a large excess of DMD, and elevated
temperatures (<60°) may be required for complete conversion. 3
-Alkoxycyclohexenones (Eq. 11), (56) aurones, (57) flavones, (58, 59) and
isoflavones (57, 60) are among the most studied substrates of this type. Some
of these epoxides, which constitute valuable building blocks in natural product
synthesis, have been made available for the first time by dioxirane oxidation.
As an example of the in situ mode of oxidation, flavone has been epoxidized
by TFD (in situ) in excellent yield (Eq. 12). (35)

Scheme 8. Dioxirane Oxidation of Alkenes with Both Electron Donors and Acceptors
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3.5. Chemoselectivity

Chemoselectivity is a crucial feature in planning a synthetic sequence, in which
a key step may utilize an epoxidation by dioxiranes on a multifunctionalized
substrate. Despite the vast number of oxidations (see Tables I-V) that have
already been performed with dioxiranes over the last 20 years, no deliberate
efforts to test functional-group compatibility have been made, even for
difunctionalized substrates. The study of such chemoselectivities would
require determination of quantitative rates [e.g., as was done for the
alkyl-substituted alkenes (Table A)], but such data are not available.

Based on the data in Tables -V and our personal experience, we have
compiled a chart on the tolerance of the more common functional groups in
dioxirane epoxidations (Table B). These trends are based merely on the
conversion of the substrate and/or the yield of the oxidation product, rather
than on hard kinetic data or competition experiments. Necessarily, the
classification into “compatible, moderately compatible, and incompatible”
categories of the functional groups (Table B) is approximate. Expectedly,
exceptions must be reckoned with on account of possible electronic and steric
effects in a particular substrate. Nevertheless, this compilation provides a
useful qualitative guide on how to avoid undesirable misplannings in a
synthetic application.

Table B. Functional-Group Tolerance to Epoxidation®

L]



compatible moderately compatible incompatible
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electron-poor arenes® —CH(R)OAc —N=0
N-oxides heteroarenes®

“R can be an alkyl or aryl group; the latter are usually less reactive. ” With electron donating
substituents such as alkyl, hydroxy, and alkoxy groups. © Naphthalene, phenanthrene,
anthracene. ¢ Thiophenes. ¢ With electron-withdrawing substituents such as nitro, cyano, and
carboxy groups. / These induce dioxirane decomposition,”™ & Pyridines, pyrroles, furans.



Another point that needs clarification on the compatibility trends in Table B is
the fact that this chapter is restricted to epoxidations. Unquestionably, an
effective discussion of functional group compatibility requires knowledge of
how competitive the epoxidations are with the oxidations of heteroatom
substrates, arenes and heteroarenes, acetylenes and cumulenes
(heterocumulenes), alkanes and silanes, and even organometallic
functionalities; however, all of these are dealt with in a separate chapter.
Unfortunately, few reliable reactivity data are accessible for such dioxirane
oxidations; thus, only a qualitative assessment of trends is feasible.

Provided we compare a set of substrates with similar electronic and steric
features, the following reactivity order applies quite generally: heteroatom
oxidation > epoxidation > CH insertion. Furthermore, among the heteroatoms,
the general reactivity order P > S > N holds in their dioxirane oxidation [i.e.,
phosphines are more readily oxidized than sulfides (mercaptans), these in turn
react faster than amines]. For epoxidations, the ease of oxidation follows the
order alkenes > cumulenes > arenes > acetylenes. Arenes, particularly
benzene derivatives, must be activated with hydroxy or alkoxy groups to
achieve epoxidation, whereas N-heteroarenes undergo N-oxidation and
thereafter are inert toward further reaction. For alkenes, the order is ED-C =
C-ED>C = C-ED>C = C>EA-C = C-ED>C =C-EA>>EA-C = C-EA,in
which the I§Ssubstrate with two electron acceptors is unreactive (e.g., maleic
and fumari ids, esters, and nitriles are inert even toward the very reactive
TED). Finally, for CH insertions, the reactivity order is

allylic > benzylic > tertiary > secondary > primary. These general directives
should serve as a planning guide for synthesis; a few specific examples follow.

It should be evident from the preceding presentation of trends that certain
functional group combinations are incompatible. For example, the epoxidation
of a substrate with a double bond in the presence of a heteroatom functionality
(sulfide or amine) is quite generally not feasible without protection. In the
particular examples, the sulfide (Eqg. 13) (61) is oxidized to the sulfoxide (even
the sulfone is formed before the double bond is epoxidized), whereas a tertiary
amine (Eq. 14), and



O
0 (1 equiv) L

0 ) *;_ :ﬂ‘“-ph (81%)
SPh acetone, CHA.Cl,, =35°, 1 h
>:< . (13)
0 0

(3 equiv) Oxl

O >:<5"'Ph (919%)
acetone, CH-Cl,, —35° 3 h

{_}><
D Z + B
= _N (~100%)
acetone. 0°, 1 h O
1)

i (14)
1.B F]"‘Elz{]

- N (83%)
0 0
2, .;3>< , acetone, CH,Cl,, 0°

3. KHCO;
N |
7 f?af'\j
NH 5 NH
N7 |*’5‘{> 0 Nﬁf% ey @9
- | (75%)
kﬁ\s N OH k“;x.;”“‘“-r's! OH
0 -0
HO OH HO OH

N-heteroarenes, e.g., pyridines, pyrimidines, etc., are transformed into their
N-oxides. An exception is the adenosine-substituted norbornene displayed in
Eq. 15, for which the purine functionality is sufficiently less prone toward
N-oxidation that epoxidation dominates. (61a) This chemoselectivity also holds
for enamines, which are preferentially oxidized to the corresponding N-oxides;
(62, 63) exceptions are N, N-disilylenamides, which undergo epoxidation. (64)
However, as illustrated for the pyrrolidine-substituted cyclohexene in Eq. 14,
BF3; complexation masks the amino functionality and the double bond is



epoxidized without N-oxidation. (63) Alternatively, protonation may be
employed for this purpose, since an ammonium ion also resists DMD oxidation,
as demonstrated for an unsaturated amine (Eg. 16). (65) Such effective
group-protected chemoselectivity still needs to be developed for the
epoxidation of sulfide-functionalized alkenes, to avoid the inevitable
sulfoxidation (Eg. 13). (66)

1. 4-CIC4H,SO3H

5 0 (96%)
0 0 (16)
- W
WNH} > NH;_
3. K,CO;4

Acylation of the amino functionality also allows epoxidation, as demonstrated
for the allylic amine in Eq. 17, (67) since the amide group resists DMD as well
as TFD oxidation.

NHCOPh 0 NHCOPhH NHCOPh

O _
: = O (—)+ O (—)

I:I S

(17)

That ketone functionalities are compatible, since they are not themselves
oxidized by isolated dioxirane, is illustrated for the unconjugated enone in Eq.
18. (32) This is not necessarily true for in situ generated dioxiranes, because
ketones that are prone to undergo the Baeyer-Villiger reaction preferentially
rearrange to esters with KHSOs. Since intramolecular, ketone-mediated
epoxidations have been documented, (68) it is uncertain whether in this in situ
oxidation the inherent keto functionality of the substrate performs the oxygen
transfer or whether it is DMD (in situ), or both. A more complex example is
offered in Eq. 19, which demonstrates that an allylic keto group and the remote
ester functionality do not interfere in this
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2-butanone-mediated, in situ epoxidation. (69) Expectedly, a cyano group is
also inert toward dioxirane oxidation (DMD as well as TFD), as exemplified in
Eqg. 20. (67)

CN

0 5
S _ /I\ : ; (20)

The oxidation (actually also an epoxidation) of electron-rich arenes in
competition with alkene epoxidation is featured for the medium-sized ring
vinylsilane substrate in Eq. 21. (70) Whereas DMD (isol.) affords a mixture of
epoxidized and
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arene-oxidized products, the latter are formed exclusively with TFD (isol.).
Presumably, steric effects are at play, which are more pronounced for the
trifluoromethyl-substituted dioxirane. However, this chemoselectivity (arene
oxidation versus epoxidation) depends on the arene functionality. Thus, the
DMD oxidation of the cyclic vinylsilane substrate with two methoxy groups in
the benzanE'a ring produces only the epoxide (Eq. 22). (70)

H
0 - e
ik 3 SN2 ) @2
Me:Si MesSi L
o OMe 2 OMe
OMe OMe

An example of double-bond versus triple-bond chemoselectivity is shown for
the conjugated enyne in Eq. 23, which also bears an alcohol functionality. (71)
Not only is the latter preserved (steric effect of the tert-butyl group), but also
the double bond is exclusively epoxidized. This reaction displays the higher
reactivity of C = Cvs.C C bonds toward epoxidation by DMD.



OH

S —) 23
-Bu A -Bu = (23)

Competitive CH insertion vs. epoxidation is well documented for allylic
alcohols. For example, whereas the Z isomer in Eq. 24 gives a diastereomeric
mixture of threo- and erythro-epoxides with DMD (isol.), (72) equal amounts of
epoxidation and allylic oxidation are formed from the E isomer. (73)
Presumably, steric effects are again responsible since DMD is sensitive to
such encumbrance. (6, 74, 75) A dramatic example is shown in Eq. 25, in
which the introduction of an a -silyl substituent changes the exclusive
epoxidation to predominant allylic oxidation; unquestionably, steric

OH OH

E‘“ e

(24)
OH OH 0
OH o OH
RTVL\ O R>/l\ |-‘:\’%‘\
(25)
R = R = PhMe-Si

(> ".]'.“'".r'r} (OO0

effects are at play here, because electronically, the silyl group should activate
the double bond for epoxidation in view of its electron-releasing nature. In this
context, an impressive example is given by the vinylsilyl-substituted
cyclohexenol in Eg. 26, which yields only the corresponding enone. (74) An
example of aldehyde oxidation to carboxylic acid (C-H insertion) rather than
epoxidation is illustrated in Eq. 27 (76) for a phosphonate-substituted enal.



Here electronic effects come to bear, since the double bond is deactivated by
the electron-withdrawing phosphonate ester.

OH g>< 0
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Another type of incompatibility of a hydroxy functionality is exhibited in Eq. 28.
(71) The labile epoxide functionality of the dioxene is attacked intramolecularly
by the nucleophilic OH group to afford the bicyclic furan product through
cyclization. Although the alcohol is not oxidized (this example is not a question
of oxidative compatibility), it illustrates that remote nucleophilic functionalities
may not be tolerated in view of further reaction with the epoxide ring.
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These few examples of functional-group compatibility should be helpful for
orientation, but more systematic studies (especially quantitative data on the
reactivity of the common functionalities (toward dioxirane oxidation) would be
desirable. Nonetheless, some combinations of compatible functional groups in
Table B are straightforward to deduce: Any of the functionalities in the
compatible category may be present in a substrate molecule equipped with
groups of the incompatible and moderately compatible type, as long as the
groups are chemically compatible toward each other (i.e., a silyl enol ether
cannot bear a carboxylic or sulfonic acid group). Not simple to decide are
combinations of functional groups from the incompatible and moderately
compatible categories, nor within each of these categories. The general



guidelines spelled out in the beginning of this section may be helpful, but are
by no means foolproof.

3.6. Regioselectivity

By regioselective epoxidations we mean the preferential oxidation of one of the
double bonds in a polyunsaturated substrate. Generally, oxidations by the
electrophilic DMD take place at the site of higher electron density and lower
steric demand. Good regioselectivities have been observed in heteroatom
oxidations (8) and C-H insertions, (76a) but only the regioselectivity in
epoxidations (77) is covered in this chapter.

The regioselectivity is mainly dictated by electronic effects in DMD
epoxidations; a good example is shown in Scheme 9. Whereas the selectivity
of epoxidation of the electron-rich 6,7-double bond over the electron-poor
2,3-double bond is very high in the methyl-substituted compound, the
selectivity drops dramatically when the methyl group is replaced by the
electron-withdrawing trifluoromethyl group. (78)

Scheme 9. Electronic Effects on the Regioselectivity in the DMD Epoxidations of Methyl
2,6-Octadienoate Derivatives

. 0 5 .

\ﬁ\/\(/\c{}lmﬁ e e o \‘WC{}:ME
acectone

R fi 8
+ WCUEMCJ' bis(epoxide)

R 6.7 2.3 bis
CFy; 0 42 58
Me 100 0 0

The influence of electronic substituents may be offset by the directing effect of
a hydroxy group, which operates through the assistance of intramolecular
hydrogen bonding. (8), (79) For instance, selectivity in the epoxidation of
geraniol by DMD in protic versus aprotic solvent was shown to shift toward the
2,3-epoxide (from 88:12 in 9:1 MeOH/acetone to 51:49 in 9:1 CCls/acetone;
Scheme 10). (72) In an aprotic medium ( CCls/acetone), the allylic hydroxy
group of geraniol stabilizes the transition-state structure through hydrogen
bonding with the dioxirane and, consequently, the less nucleophilic 2,3-double



bond competes more effectively in the epoxidation. In the protic medium (9:1
methanol/acetone), methanol engages in hydrogen bonding with the dioxirane
and the substrate, so that the allylic hydroxy group does not assist as
effectively in the transition-state structure to control the selectivity. Thus, the
electronic advantage of the more nucleophilic 6,7-double bond dictates the
selectivity, so that the isomer ratio represents the relative nucleophilicities of
the double bonds. In contrast, the methyl ether does not display this shift in the
selectivity because assistance by hydrogen bonding is lacking in the
transition-state structure for oxygen transfer and only electronic factors
operate.

Scheme 10. Solvent Effects on the Regioselectivity in the DMD Epoxidation of Geraniol and its
Methyl Ether (at 30% conversion)
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3.7. Diastereoselectivity

Dimethyldioxirane is responsive to the presence of substituents and
functionalized groups in alkenes, which often leads to highly diastereoselective
epoxidations. (8, 75, 80, 81) A comparative study on the diastereoselectivity of
DMD versus mCPBA has revealed that DMD exhibits consistently higher
diastereoselectivity than mCPBA as an epoxidizing reagent, (75, 82) although
the difference is usually small. Results of the DMD epoxidation of some
3-alkyl-substituted cyclohexenes indicate that steric interactions between the
substituents and DMD control the diastereo-selectivity (Eq. 29). (67, 83)
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Epoxidation of 2-menthene and 1,3-dimethylcyclohexene (Scheme 11) by
various dioxiranes demonstrates that the size of the dioxirane substituents has
a minimal effect on diastereoselectivity. (75) This is because the alkyl groups
of the dioxirane cannot interact effectively with substituents at the stereogenic
center in the favored transition-state structures, as shown for 2-menthene
(Scheme 12).

Scheme 11. Diastereoselective Epoxidation of 2-Menthene and 1,3-Dimethylcyclohexene by
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Scheme 12. Favored Transition-State Structure for the Dioxirane Epoxidation of 2-Menthene



Hydrogen bonding plays an important role in the diastereoselective
epoxidation of chiral allylic alcohols; an instructive example is shown in
Scheme 13. (75) Whereas 3-hydroxycyclohexene displays a higher cis
selectivity for both DMD and mCPBA, the 3-hydroperoxycylcohexene favors
the trans diastereomer for DMD and is unselective for mCPBA. Evidently, the
allylic hydroxy group in cyclohexenol directs the incoming oxidant through
efficient hydrogen bonding to the cis face of the double bond, whereas the
hydroperoxy group obstructs such an attack because of steric and, possibly,
some electrostatic effects. (77, 84-86) Consequently, the trans epoxide is
favored for DMD, which is more sensitive to steric repulsions with substrate
substituents than mCPBA.

Scheme 13. Diastereoselective Epoxidation of Chiral Cyclohexenes by DMD vs. mCPBA
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An exampl the importance of medium effects on hydrogen bonding is given
for the chirgl.d-cyclohexen-1-ol in Eqg. 30. (87) The high cis selectivity (relative
to the hydroxy substituent) in the nonpolar, aprotic medium (9:1 CCls/acetone)
derives from intermolecular hydrogen bonding between the hydroxy group and
the attacking dioxirane. This cis selectivity remains still high in acetone, but is
considerably lower in the protic medium (9:1 MeOH/acetone). Methanol
engages in intermolecular hydrogen bonding with DMD, which interferes with
the interaction between the allylic hydroxy group and DMD.
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Similar effects are also observed in the epoxidation of acyclic allylic alcohols.
(72) In these compounds, diastereoselectivity depends on the substitution
pattern of the allylic alcohol, which controls the preferred conformation via
steric interactions in the ground state and presumably also in the transition
state. Appreciable p -facial selectivity is expected when hydrogen bonding of
DMD by the allylic hydroxy functionality operates and allylic strain helps in
aligning the appropriate conformation. As shown in Scheme 14, the allylic
alcohol with minimal allylic strain (R* = R? = H) displays no diastereoselectivity
in dioxirane epoxidation. In the substrate with only 1,2-allylic strain (A%?), the
diastereoselectivity is quite low, but increases steadily with the use of
increasingly nonpolar solvents. Evidently, 1,2-allylic strain is not effective
enough to { r the p -facial attack. In contrast, for the substrate with only
1,3-allylic strain (A'*; R* = H, R? = Me), effective control of p -facial selectivity
(85:15) is observed when CCly is used as cosolvent. When both 1,2- and
1,3-allylic strain (R* = R? = Me) operate, expectedly, the p -facial
diastereoselectivity is 91:9 in the nonprotic cosolvent CCls. These results
provide useful mechanistic insight into the oxygen-transfer process. The two
transition-state structures for the diastereomeric epoxides with both A*? and
A2 strain are shown in Scheme 15 for DMD. The erythro transition-state
structure is disfavored because of considerable 1,3-allylic strain. In the threo
transition-state structure, however, 1,3-allylic strain is not significant since the
steric interaction between H and Me is ineffective and, thus, high threo
selectivity is obtained. The best conformational alignment (minimum 1,3-allylic
strain) of the allylic hydroxy group for effective hydrogen bonding occurs at a
dihedral angle ( a) between 120-130°, as corroborated computationally. (23,
88, 89)

Scheme 14. Diastereoselectivity in the DMD Epoxidation of Chiral Acyclic Allylic Alcohols with
Allylic Strain

(30)



(|::II]_I (;J>< OH OH

R O R! Rlﬁ)\
e we s I -
\[T solvent o2, (=) ('_].\'\ -, (—)

R- R- R-
threo ervthro
R! R  Solvent threo:ervthro
H H acetone 50:50
Me H MeOH/acetone (9:1) 57:43
Me H acetone 6040
Me H CCly/acetone (9:1) 70:30
H Me  MeOH/acetone (9:1) 64:36
H Me acetone 67:33
H Me CClyacetone (9:1) 255
Me Me MeOH/acetone (9:1) 82:18
Me Me acetone 27:13
Me Me CClyacetone (9:1) g1:9

Scheme 15. Diastereomeric threo and erythro Transition-State Structures in the
Hydroxy-Directed Epoxidation of a Chiral Allylic Substrate by DMD; A?is 1,2-Allylic and A?is
1,3-Allylic Strain
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Highly diastereoselective epoxidations by dioxiranes have been widely
employed in organic synthesis. For example, glycals have been epoxidized by
DMD to afford high diastereoselectivities (Eq. 31); (90) this strategy has been
successfully applied in
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the synthesis of biologically important oligosaccharides. (91-95) Another
example of diastereoselective DMD epoxidation in natural product synthesis is
shown in Eq. 32. The epoxide that is potentially useful for the synthesis of taxol
was obtained in quantitative yield by DMD epoxidation. (96) High
diastereoselectivity is also achieved in the DMD epoxidation of the chiral silyl
enol ether and titanium enolate in Eq. 33. (97)

OMe 0 _ OMe
O
- (100%) (32)
OMe acetong, CH,Cl,, 0° OMe
OH ;f.].f-"uu
oM 0 Q)
QO
X _ NH4F, H»0 _ OH
acetone, THF, =787 Tt (33)

0 Fh M Time Time 0 Ph

SiMe; 30 min 3h (85%) dr > 98:2

TiCp.Cl 1 min 12 h (53%) dr > 98:2

3.8. Enantioselectivity

There are several ways to obtain enantiomerically enriched epoxides with
dioxiranes. One strategy is to use an achiral dioxirane, e.g., DMD, as
stoichiometric oxidant and a prochiral olefin functionalized with an optically
active auxiliary. The enantiomerically enriched final product is obtained after
removal of the chiral auxiliary. For example, the DMD oxidation of titanium
enolates with enantiomerically pure TADDOLs (a, a,a’, a
'-tetraaryl-1,3-dioxolane-4,5-dimethanols) as chiral auxiliaries has been
applied in the asymmetric synthesis of enantiomerically enriched a -hydroxy
ketones. (98) (R)-2-hydroxy-1-phenylpropanone is obtained in up to 63% ee by
DMD oxidation (Eg. 34), in which the initially formed epoxide rearranges to an



a -hydroxy ketone. (98) Asymmetric epoxidation by the achiral DMD is also
achieved by employing 2,2-dimethyloxazolidines as chiral auxiliaries in tiglic
amide derivatives (Eq. 35). (99)
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An alternativeé approach is to employ DMD as the stoichiometric oxygen source
for the preparation of an optically active oxidation catalyst. This is realized in
the Jacobsen-Katsuki Mn-catalyzed (100, 101) enantioselective epoxidation of
prochiral chromenes, in which DMD is used as oxygen source instead of
NaOCI or iodosobenzene. (102) The advantage is that the use of DMD (isol.)
allows one to operate in an organic medium (acetone, CH,Cl,, etc.), whereas
NaOCI requires a biphasic aqueous system and iodosobenzene a
heterogeneous solid-liquid mixture. Since the DMD oxidation of manganese is
faster than that of the olefinic substrate, the corresponding epoxides are
obtained with high enantiomeric excess (Eq. 36). Similarly, isoflavone
epoxides have also been obtained with good ee values by employing DMD
together with the Jacobsen-Katsuki catalysts. (103, 104)
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The most convenient and direct way to effect enantioselective epoxidation is to
use enantiomerically enriched dioxiranes. Such dioxiranes can be generated in
situ from the corresponding enantiomerically pure ketones. Thus, asymmetric
oxidation may in principle be catalytic in the ketone. Indeed, the chiral ketones
in Scheme 16 were employed for the asymmetric epoxidation of olefins at the
very beginning of dioxirane chemistry. (105)

Scheme 16. Early Examples of Optically Active Ketone Catalysts for in situ Asymmetric
Epoxidation of Prochiral Alkenes
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Unfortunately, enantioselectivity with these ketones is quite low (  13% ee),
(105) with the best ee value only up to 20%. (106) However, better
enantioselectivities (up to 85% ee) have been realized with catalytic amounts
of the a -hetero-substituted ketones 123 in Egs. 37-39. (107-109)
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Among the most selective catalysts for enantioselective epoxidation are the
C,-symmetric ketones 4-9 in Scheme 17. The parent binaphthalene-derived

catalyst 4 (R = H) epoxidizes trans-stilbene in 47% ee, whereas for trans-4,4'-
diphenylstilbene epoxide, the ee is as high as 87%. (110) Enantioselectivity is
enhanced by introducing substituents at the 2 and 2' positions of the
binaphthalene moiety; thus, an ee of 84% (R = 1,3-dioxan-2-yl) is obtained
even for trans-stilbene epoxide. However, the substrate generality for this
catalyst is quite limited. (24, 111)

Scheme 17. Optically Active C,-Symmetric Ketone Catalysts 4-9 for in situ Asymmetric
Epoxidation
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Several other C,-symmetric ketones 5-9 (Scheme 17) have been reported for
asymmetric epoxidation. (11, 24, 112, 113) These ketones are readily
available from the corresponding optically active diols. Although the
C,-symmetric ketone 5 contains the same chiral binaphthalene scaffold as
compound 4, ketone 5 provides much inferior enantioselectivity. (24, 112, 113)
The TADDOL-derived ketone 7 affords the highest enantioselectivity for the
epoxidatio::m:trans—stilbene (65% ee) among these diol-derived ketones. (113)
Whereas t »-symmetric dinitro-substituted biphenyl-derived ketone 8
performs poorly, (24) the difluoro-substituted ketone 9 acts catalytically under
basic conditions (pH 10) and produces trans-stilbene epoxide in excellent
enantioselectivity (94% ee); for trans alkenes without phenyl substituents, the
enantioselectivity drops considerably. (11)

The chiral ketones 10 and 11 (Scheme 18), which are available from
D-(-)-quinic acid, also serve as effective catalysts for asymmetric epoxidations.
Whereas ketone 10 displays high enantioselectivity for trans olefins, the
lengthy synthesis limits applications. (114, 115) Ketone 11 is more readily
prepared from quinic acid and also provides good enantioselectivity, but an
excess must be used since it does not persist under the reaction conditions.
(116)

Scheme 18. Optically Active Ketone Catalysts 10 and 11 Derived from Quinic Acid for in situ
Asymmetric Epoxidation
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Ketone 12 (Scheme 19) represents one of the best catalysts for the
asymmetric epoxidation of unfunctionalized as well as for functionalized
trans-substituted and trisubstituted olefins. (25, 117)Under neutral conditions
(pH ca. 8, NaHCOg3 as buffer), a stoichiometric amount of the ketone 12 is
required to achieve good conversions, since this ketone undergoes oxidative
degradation under the reaction conditions. (117) Nevertheless, ketone 12 can
be employed in sub-stoichiometric amounts (ca. 0.3 equiv.) under basic
conditions by adding K,COs (pH 10.5). (25, 118) The enantioselectivity is
usually improved under such basic vs. neutral conditions, especially for allylic
alcohols. The ease of preparation and generality of epoxidation make ketone
12 the best choice for asymmetric epoxidation. (119)

Scheme 19. Sugar-Derived Ketone Catalysts 12, 13, 14 for in situ Asymmetric Epoxidation
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In contrast to ketone 12, ketone 13, prepared from glucose, is ineffective (e.g.,
no reaction with trans-stilbene was observed). (120) Presumably, this ketone
suffers Baeyer-Villiger oxidation and is destroyed faster than it epoxidizes the
substrate. A similar five membered ring ketone 14, however, converts
trans-stilbene to its epoxide in 75% ee. (119) For comparison, the ee values for
the epoxidation of trans-stilbene by the ketones are collected in Table C. It is
evident that the best ee values are obtained with ketone 12. The
corresponding in situ generated dioxiranes have been effectively applied for
asymmetric epoxidation. For example, ketone 12 has been employed for the
synthesis of enantiomerically enriched a -hydroxy ketones, which are versatile
building blocks for natural products, through the epoxidation of silyl enol ethers
by the in situ generated dioxirane (Eq. 41). (26) This protocol also has been
used to epoxidize enol esters, (121) dienes, (112) and enynes (123, 124) in
high enantioselectivity, as well as high chemo- and regioselectivity.



Table C. Comparison of Enantioselectivities in the Asymmetric
Epoxidation of trans-Stilbene by Various in Situ Generated Dioxiranes

ketone, KH505

P X1 Ph/*{j?’ NI
Ketone pH of buffer ee(%) Configuration
1 8.0 58 R,R
2 8.0 76 R,R
3 8.0 87 S,S
4(R=H) 8.0 47 S,S
4(R =Br) 8.0 80 S,S
5 10.5 27 R,R
6 8.0 59 S,S
7 10.5 65 R,R
8 8.0 50 S,S
9 10.5 94 =
1OQ:H) 10.5 93 R,R
10(R=CMe,0OH) 10.5 96 R,R
11 8.0 85 R,R
12 10.5 97 R,R
14 10.5 75 R,R
*The absolute configuration was not given.
B}L(} 5
Lr ‘ " 078 KHSO4 OH
= OTBDMS - /'\H/Ph (90%), 82% ee
Ph CH;CN/H20, NaHCO4, 07, 3 h O

(41)



With the in situ generated dioxirane of ketone 12 the first kinetic resolution of
racemic enol acetates has also been achieved through stereoselective
epoxidation. (125) An illustrative example is shown in Eq. 42. The efficiency of
this method is clearly demonstrated by the high ee values of the unreacted
enol acetate and the major trans epoxide product, as well as by the high
diastereoselectivity (trans:cis > 95:5).

0 g
Bu-f X ‘(_))(. KHSOs Bu-1
et
- +
CH;CN, DMM, Na,B,40; buffer,

K,CO4,-10°,25h

0-CBu-r 0,CBu-t

(99% ee)

(42)
II:Su—f Bu-¢
/\\ + i
\/“ O‘\U
“0,CBu-t 0,CBu-¢
trans CIs
(B49% ee)

D frans:cis > 93:5

A highlight of this epoxidation protocol is shown in Scheme 20. (126) The in
situ generated dioxirane of ketone 12 has been used for constructing the
pentaepoxide of desired configuration, so that the glabrescol analog was
obtained in 31% overall yield in only two steps. The pentafuran has been used
for revision of the glabrescol structure, a natural product with important
biological activity. (126)

Scheme 20. Synthesis of a Glabrescol Analog
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4. Comparison with Other Methods

Of the various reagents available for conducting epoxidations, none matches
the versatility of dioxiranes. For the epoxidation of simple alkenes, peracids,
(127, 128) especially mCPBA, are the most widely used reagents. Although
the two oxidants are mechanistically quite similar, steric effects are more
pronounced for dioxiranes than peracids. Thus, when the unsaturated
substrate is sterically quite encumbered, e.g., vinylsilanes, C-H oxidation may
occur instead of epoxidation, (74) which is almost never observed for peracids.
The disadvantage of peracids is that they cannot be applied to acid-sensitive
substrates and/or products. When an aqueous buffer is employed, the alkene
and the resulting epoxide must be resistant toward hydrolysis. In contrast, as
already stated above, isolated dioxiranes perform epoxidations under strictly
neutral (pH ca. 7) and nonhydrolytic conditions so that labile substrates and
products survive. Of course, in the catalytic mode, which necessarily must be
conducted in aqueous media (pH ranges between 7.5 and 10.5) for the in situ
generation of the dioxirane, the problems of hydrolysis apply. Thus, the
catalytic method should be avoided for the preparation of hydrolytically
sensitive epoxides.

Compared to other nonmetal-mediated epoxidations (129) [e.g., perhydrates
(hexa-fluoracetone/ H,O, (130)) and CH3CN / H,O,/HO™ (Payne oxidation)
(131)], the in situ method of dioxiranes offers advantages in terms of reactivity
and selectivity. Thus, Weitz-Scheffer conditions ( NaOCI, H,0,/ KOH,
t-BuO,H/ K@H) are suited only for electron-poor olefins, (52) and

N-sulfonyl iridines are limited to electron-rich enolates and enol ethers.
(132) This reagent may be activated in the form of oxaziridinium salts, which
are considerably more powerful oxidants and epoxidize even simple alkenes.
(133, 134) In contrast, dioxiranes oxidize all types of electron-rich and
electron-poor double bonds with good selectivities; moreover, the strongly
basic conditions (pH > 10) used in the Weitz-Scheffer (52) and Payne (131)
epoxidations, as well as the acidic conditions of perhydrates, (130) are avoided
with isolated dioxiranes. A comparison of the regioselective and
diastereoselective epoxidations of 1-methyl-geraniol by DMD (isol.) versus a
few other oxidants is given in Table D.

Table D. Comparison of Regio- and Diastereoselectives for the
Epoxidatioon of 1-Methylgeraniol by DMD (isol.) Vs Other Oxidants
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Oxidant Solvent Epoxide Selectivity

regio 7,8:3,4 diastereo “threo:erythro

DMD (isol.) (134a) CCly4 32:64 94:6
MCPBA (134a) CCly4 51:49 90:10
HFAH/ H,O2> (135) CHxCl» 52:48 96:4
VO(acac),/TBHP* © (134a), CH.Cl, < 5:95 89:11
Ti(OPr-i),/TBHP* = (134a) CH.CI, <5:95 98:2
Mn(salen)PFe/PhlO (136) CHxCl» 53:47 94:6
MTO/UHP* ¢ (134a), CCly4 76:24 88:12

®Diastereoselectivity of the 3, 4-epoxide regioisomer.
’Hexafluoroacetone hydrate.

‘tert-Butyl hydroperoxide.

dMethyltrioxorhenium/urea adduct of hydrogen peroxide.
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Epoxides can also be prepared by treating alkenes with hydroperoxides, C107,
PhIO or molecular oxygen as oxygen sources in the presence of
transition-metal complexes, e.g., V, Mo, Ti, Mn, Cr, or Co. (137, 138)
Hydrogen peroxide can be used as an oxygen donor in combination with
catalysts such as tungstic acid and derivatives (139-142) as well as
methyltrioxorhenium (MTO). (143-145) Representative examples are also
listed in Table D. Evidently, the catalytic mode (in situ generation) of dioxiranes
cannot compete in efficacy with metal-catalyzed epoxidations, but the toxicity
of most transition metals must be kept in mind in view of environmental
problems. Thus, in recent times, the search for nonmetal oxidants has been
actively pursued, and dioxiranes can serve as an attractive alternative,
especially since now a variety of dioxiranes and reaction conditions have
become available. Dioxiranes are also superior to the F,/ H,O /MeCN system
(146) in that dioxiranes are easier to handle and less toxic.

Furthermore, dioxiranes play a prominent role in asymmetric epoxidations.



High enantioselectivities have been achieved in the asymmetric epoxidation of
unfunctionalized and functionalized trans and trisubstituted olefins by in situ
generated optically active dioxiranes. Nevertheless, these enantioselective
oxidations hardly surpass the efficiency of environmentally benign enzymatic
processes (peroxidase/ H,O, or RO;H ) (147) and the well-known
Sharpless-Katsuki epoxidation. (148) The latter is limited to allylic alcohols,
and the accessibility of large amounts of enzymes for preparative applications
represents a major problem in biocatalytic reactions. Furthermore, the level of
enantioselectivity in the epoxidation of cis olefins by enantiomerically enriched
dioxiranes has yet to reach that of the Jacobsen-Katsuki Mn(salen)-catalyzed
process. (100, 101, 149) Comparative examples are given in Table E for the
Sharpless-Katsuki and the Jacobsen-Katsuki asymmetric epoxidations vs. that
mediated by the dioxirane derived from ketone 12.

Table E. Comparison of Enantioselectivities in Epoxidations with Ketone
12 (R* = R? = Me) with the Sharpless-Katsuki and the Jacobsen-Katsuki
Asymmetric Epoxidations




Substrate

gL
0 p
k! O 0}
KHS04

Ti(OPr-)4 1-BuO,H,

tartrate

Mn(salen®)

PhlO or NaOCl

OH

i

OH

R

OH

\

iy
=

OH

¢

Jo

=~
=.

T

—_—

s

—_—
=

Ph

h

=
=. '

T,

==
=

(85%) 94% ee !4

(70%) 90% ee'!®

(60%) 78% ee'!”
(75%) 74% ee'*

(83%) 92% ee!2H124

(90%) 24% ee®

(81%) 28% ee®’

(Q‘%} 06 eadd

(85%) 989% e’

(85%) 32% e

(94%) 98% ee™

(89%) 96% St

(7T8%%: T8% cc}”l-‘

(64%; 93% eﬂlﬁﬂ

(79%: >98% ee)'™"

{(77%: 93% CC}ISI]

(88%: 86% ce)!
(369 30% ee)'™"

(32%: 56% ee)!?!

(17%: 81% ee)13!

(78%) 98% ee!d!

(69%) 93% ee!!

(87%) 88% ee'”!




Evidently, dioxirane chemistry is a fast-developing and growing field, and
much progress is expected in the years to come. As the tabulated material
(Tables 1-5) discloses, much has been achieved in the last 25 years and,
unquestionably, dioxiranes have become established as important catalytic (in
situ) and stoichiometric (isolated) epoxidants.



5. Experimental Conditions

5.1. Oxidations with Isolated Dioxiranes

5.1.1. General

Although no explosions have ever been documented, the preparation and
reactions of isolated dioxiranes should be carried out in a hood with good
ventilation, and all safety measures should be taken. Inhalation and direct
exposure to skin must be avoided because dioxiranes are strong oxidants and
can potentially damage biomolecules such as DNA. (152)

Solutions of isolated dioxiranes are prepared by treating the ketone precursor
with KHSO:s in buffered aqueous solutions. Isolation is achieved either through
distillation of readily volatile dioxiranes such as DMD (isol.) (153) and TFD
(isol.), (154, 155) or by salting out of the dioxirane derived from cyclohexanone
(156, 157) (see Experimental Procedures). In view of the much higher
electrophilicity of 1,1,1-trifluoro-2-propanone compared to acetone, TFD is
generated much faster than DMD (about 1 minute for TFD vs. about 20
minutes for DMD). ketones that readily undergo Baeyer-Villiger rearrangement
(cyclobutanone, cyclopentanone), that are not sufficiently electrophilic
(benzophenone, acetophenone), or are sterically hindered (pinacolone,
adamantanone) are not suitable precursors for the corresponding dioxiranes
because either the dioxirane does not persist long enough (first category) or
the dioxirane is not generated (last two categories).

The solutiopgf the isolated dioxirane is usually dried over freshly activated
molecular smres (4 A) or MgSO,. When rigorously dry solutions are required,
further drying over P,Os and subsequently over anhydrous K,COs is
recommended, with only minor loss (<5%) of the dioxirane content. (158)

Magnetic stirring is usually sufficient for oxidation with the isolated dioxirane.
For most oxidations, a properly sized, stoppered Erlenmeyer flask is used as
reaction vessel. An inert gas atmosphere is not required unless the substrate
or the product is air-sensitive or hydrolytically labile. Pipettes fitted with a bulb
filler are routinely used for the transfer of dioxirane solutions. For low-boiling
dioxiranes, such as methyl(trifluoromethyl)dioxirane [TFD (isol.)], the pipette
must be precooled with liquid nitrogen to minimize loss through evaporation.
When an excess of dioxirane is used, it is conveniently removed during solvent
evaporation, but care should be taken to condense the evaporate and thereby
avoid environmental hazards.

5.1.2. Solvents

Most common laboratory solvents are compatible with DMD (isol.) solutions.
Acetone, CHxCl,, CHCI3, CCls, and benzene are among the most frequently
used cosolvents for epoxidations. With DMD (isol.), cosolvents such as



2-butanone, 1,4-dioxane, THF, tert-butyl methyl ether, dimethoxymethane,
1,2-dimethoxyethane, ethyl acetate, and acetonitrile can also be employed.
Methanol, ethanol and 2-propanol should not be used since they react slowly
with DMD (isol.) even at subambient temperature. (159) For TFD (isol.), ether
solvents must be avoided because they are readily oxidized even at low
temperature. (160)

5.1.3. Temperature

Epoxidation with DMD solutions [DMD (isol.)] is usually carried out at ambient
temperature (ca. 20°). If labile substrates are used or labile products are
expected, the reaction can be carried out at subambient or even at dry ice
temperatures (—78°). In some cases, the reaction with slowly reacting
substrates can be carried out at elevated temperature [e.g., with DMD (isol.) in
boiling acetone]. Fortunately, dimethyldioxirane possesses a relatively high
activation energy for decomposition (Ea ca. 24.9 kcal/mol), (161) which
enables it to tolerate a temperature of 60°.

5.2. Oxidations with in Situ Generated Dioxiranes

If the substrate and product are hydrolytically robust, oxidation with in situ
generated dioxiranes is the most convenient mode of operation. The
advantages are that a large number of ketone catalysts are available,
generation of the dioxirane is more efficient, and the reaction can be carried
out on a large scale under catalytic conditions and with asymmetric induction.
DMD (in situ) is by far the most frequently used dioxirane, but the more
reactive TFD (in situ) is the choice for less reactive substrates such as
electron-poor or sterically hindered alkenes.

5.3. Oxida s under Neutral Conditions

5.3.1. Biphasic Media

This is the original protocol for conducting dioxirane epoxidation with DMD (in
situ). (31, 32) In this method, the substrate is dissolved in an organic solvent
that is immiscible with water (for example, CH,Cl,, benzene, etc.), and the
oxygen source, monoperoxysulfate, is contained in the aqueous phase, in
which the dioxirane is formed from the ketone catalyst (usually acetone).
Vigorous stirring with a mechanical stirrer is recommended for efficient
reaction. The action of phase-transfer catalysts (18-crown-6, BuulNHSO4) may
be helpful. The pH of the aqueous phase is maintained at 7 to 8 by adding a
suitable buffer solution or solid NaHCOg; for this purpose, use of a pH-stat is
convenient and advantageous. If 2-butanone is employed as the dioxirane
precursor, (34) no cosolvent is necessary because the aqueous medium and
2-butanone, which has good solubilizing properties, constitute a biphasic
system.

5.3.2. Homogeneous Media



A water-miscible organic solvent is employed to bring the substrate and/or
ketone catalyst into the aqueous phase. Whereas acetonitrile is most
commonly used for this purpose, dioxane, dimethoxymethane (DMM),
1,2-dimethoxyethane (DME), or mixtures thereof, have also found application.
The pH of the system is readily controlled by a pH-stat, or by adding the
required amount of a powdered mixture of solid NaHCO3 and solid
monoperoxysulfate at the beginning of the reaction. Asymmetric epoxidations
have all been carried out in homogeneous media; accordingly, this mode of
operation has currently gained much importance.

5.4. Oxidations under Basic Conditions in Homogeneous Media

This method is actually an extension of the above-mentioned homogeneous
system in which a more basic buffer, such as 0.05 M NazB4O7 or K;CO3/AcOH
buffer (pH ca. 10.5), replaces the NaHCO3 buffer. The advantage of this
modification is that some ketone catalysts are more effective and more
persistent under basic conditions, which is crucial for conducting catalytic
asymmetric epoxidations (cf. Table C). The pH value of the reaction mixture
can be conveniently maintained by adding a K,COs solution.



6. Experimental Procedures

Caution. Dioxiranes are usually volatile peroxides and thus should be handled
with care, by observing all safety measures. The preparations and oxidations
should be carried out in a hood with good ventilation. Inhalation and direct
exposure to skin must be avoided!

6.1. Preparation of Isolated Dioxirane Solutions

KHS0s, NaHC(); (buffer) distill at rt 0o-0  DMD (isol.)

H,0, Me,CO, 5-10°, 20 min 80-100 mm Hg' )Q ~0.08 M in Me;CO

6.1.1. Dimethyldioxirane [DMD (isol.) (153)]

(The procedure described here is a simplified version of a protocol originally
reported by Murray et al.). (162, 163) A 4-L, three-necked, round-bottomed
reaction flask was equipped with an efficient mechanical stirrer and an addition
funnel for solids, connected by means of a U tube (i.d. 25 mm) to a 250-mL,
two-necked receiving flask and the latter was cooled to —78° by means of a dry
ice/ethanol bath. The reaction flask was charged with a mixture of water

(254 mL), acetone (192 mL), and NaHCOz3 (58 g) and cooled to 5-10° with the
help of an ice/water bath. With vigorous stirring and cooling, solid potassium
monopero Ifate (120 g, 0.195 mol) was added in five portions at 3-minute
intervals. Th+@e minutes after the last addition, a moderate vacuum

(80—-100 mmHg) was applied, the cooling bath (5-10°) was removed from the
reaction flask, and, while the mixture was stirred vigorously, the
dimethyldioxirane/acetone solution was distilled (150 mL, 0.09-0.11 M, ca. 5%
yield), and collected in the cooled (-78°) receiving flask. The concentration of
the dimethyldioxirane solution was most conveniently determined by
measuring the absorbance at A max 325 nm ( € 12.5 + 0.5 M*cm™). The
acetone solution of dimethyldioxirane was dried over anhydrous K,CO3 and
stored in the freezer (—20°) over molecular sieves (4 A).

6.1.2. Dimethyldioxirane-de in Acetone-ds [DMD-d¢ (isol.)]

Occasionally it is necessary to employ the deuterated dioxirane DMD-de (isol.)
to facilitate direct NMR spectroscopy of the oxidation mixture, without solvent
removal. The following procedure is a modification of the procedure for the
small-scale preparation of DMD (isol.) (34): A 250-mL, three-necked,
round-bottomed flask, charged with water (20 mL), acetone-de (10 mL),
sodium bicarbonate (12 g), and a magnetic stirring bar, was equipped with an
addition funnel for solids for the KHSOs (25 g, 0.041 mol), a gas-inlet tube, and



a 29-cm air condenser, loosely packed with glass wool. The exit of the air
condenser was connected to the top entry of a high-efficiency,
double-jacketted, spiral condenser, supplied with methanol coolant (-85 to
—78°) from a Colora Ultra Cryostat (Model KT 290 S). The bottom exit of the
high-efficiency condenser was attached to a 25-mL receiving flask, kept at dry
ice/acetone temperature (—78°). A slow stream of argon gas was passed
through the reaction flask, while the solid KHSOs was added in one portion
under vigorous agitation at <15° and application of water-aspirator pressure
(15 mmHg). The effluent was collected as a pale yellow solution (6 mL) of
DMD-dg in acetone (0.08 M), as determined by UV spectroscopy (cf.
procedure for DMD (isol.)].

6.1.3. Dimethyldioxirane in Carbon Tetrachloride (164)

“Acetone-free” (actually not all of the acetone is removable!) solutions of DMD
in the appropriate solvent may be prepared as reported. (164) Here the
protocol is given for the preparation of DMD in CCl,.

The freshly distilled DMD (isol.) solution (60 mL, 0.08 M in acetone), as
prepared above, was diluted with 60 mL of cold water and extracted at 5° in a
chilled separately funnel with cold CCl, (4 x 3 mL), to afford a total volume of
36 mL of extract as a pale yellow solution. The concentration of the DMD
solution was determined by iodometry [see procedure for TFD (isol.)], and of
the remaining acetone by 'H-NMR spectroscopy.

To concentrate this DMD solution still further, the combined CCl, extracts were
washed thrgestimes with 1.5 volumes of 0.01 M phosphate buffer (pH 7,
prepared by dissolving 3.9 mmol of NaH,PO,4 and 6.1 mmol of Na,HPO4in 1 L
of H,O ) in a cold separatory funnel at 5°. The resulting CCl, solution was
0.268 + 0.082 M in DMD (by iodometry) and 0.155 + 0.082 M in acetone (by
'H-NMR spectroscopy). Further washing led only to a greater loss of DMD
without higher concentrations of DMD. The recovery of DMD from the initial

0 KHS0s, NaHCO; (buffer) distill 0-5° 0o-0  TFD(isol.)

CF‘A'I\ H,0, TFP, 0-5°, 1 min 716 mm Hg CF;)/\ 0.4-0.6 M in TFP

distillate was 41 + 7.0%

6.1.4. Methyl(trifluoromethyl)dioxirane in 1,1,1-Trifluoro-2-propanone
[TFD (isol.)] (154, 155)



A 250-mL, four-necked, round-bottomed flask was equipped with an efficient
mechanical stirrer, an addition funnel for low-boiling liquids
[1,1,1-trifluoro-2-propanone (TFP boils at 21°; it is important to use ether-free
TFP doubly distilled over P.Os (165))], an addition funnel for solids, and a
gas-inlet tube. The exit of the gas-inlet tube was connected to the top entry of a
high-efficiency, double-jacketed, spiral condenser, supplied with ethanol
coolant (—80°) from a Lauda RLS 6-D cryostat (2.1 kW). The bottom exit of the
high-efficiency condenser was attached to a 50-mL, pear-shaped receiving
flask, cooled to —60 to —50° by an ethanol bath with liquid nitrogen. A sidearm
at the condenser allowed application of a slightly reduced pressure by means
of a water aspirator, which controlled the desired pressure automatically.

The 250-mL, four-necked, round-bottomed flask was charged with a slurry of
NaHCOz3 (13.0 g, 155 mmol) in water (13 mL) while being cooled in an ice bath.
Potassium monoperoxysulfate (24.0 g, 39.1 mmol) was added through the
addition funnel to the vigorously stirred slurry of NaHCO3, while much CO; gas
evolved. The precooled (0°) addition funnel for liquids was quickly charged
with TFP (12.0 mL, 134 mmol) after 80 seconds of CO; evolution, and the TFP
was added to the reaction mixture within 1 minute. After a further 20 seconds
the water aspirator was adjusted to a slight vacuum (650 mmHg) and the pale
yellow solution of the TFD in TFP was collected in the cooled (-60 to —50°)
receiving flask. After 8 minutes a new batch of potassium monoperoxysulfate
(8.0 g, 13 mmol) was added, and the reaction mixture was stirred for an
additional 8 minutes. The water aspirator was disconnected and the receiving
flask was allowed to warm to —25° (to allow the frozen CO; to evolve). The
flask was r ved after 5 minutes from the high-efficiency condenser, tightly
closed withka=plastic stopper, and wrapped with aluminum foil to protect the
TFD from light. IR (vapor): 1259, 1189, 971 cm™; (155) *H NMR (200 MHz,
—20°) 5 1.97 (s); (155) *C NMR (100 MHz, —20°) & 14.5 (q), 97.3 (q,

Jcr =40.2 Hz), 122.2 (q, Jcr = 280.7 Hz); (155) 7O NMR (54 MHz, —20°) &
297 (s); (155) °F NMR (188 MHz, —20°) 5 —81.5 (S); (155) UV: A max 347 nm ( €
» 9 M7 cm™ at 0°). (155) The TFD yield was 2.0 + 0.5% (relative to TFP) and
was determined iodometrically (1 mL H,O , 3 mL glacial acetic acid, 0.5 mL
saturated Kl solution; addition of 0.200 mL of the TFD solution at 0°; titration
with a freshly standardized 0.05 N Na,S,03 solution). The concentration of
TFD in TFP ranged from 0.4 to 0.6 M, the volume of the distillate from 4 to

6 mL (determined gravimetrically by assuming a density of that of TFP, i.e.,
1.252 g/mL).

The solution can be stored for several months at —20° with only minor loss of
peroxide titer (ca. 5% loss per month). A calibrated pipette, which was cooled
briefly with liquid nitrogen, was used to administer conveniently amounts of the
oxidant (titer + 5% error).

6.1.5. Methyl(trifluoromethyl)dioxirane in Carbon Tetrachloride (27)



Ketone-free solutions of TFD in the appropriate solvent can be prepared as
reported. (27) Here the protocol for TFD in CCl, is given.

A 50-mL, jacketed separatory funnel was charged with 4—6 mL of the yellow
TFD (isol.) solution (0.5-0.6 M) in TFP, as prepared above, and 4-6 mL CCl,.
The solution was washed with 8-12 mL of cold, doubly distilled water (over
KMnQO,) at 0°. The TFP went quickly into the aqueous phase while the
“ketone-free” TFD was contained in the organic layer. The latter was dried
briefly over MgSQ,, quickly filtered, and its TFD content was determined by
iodometry [cf. procedure for TFD (isol.)]. The TFD solution in CCl, was stored
over 4 A molecular sieves in the freezer (—20°), and protected from exposure
to light.

The TFD solution in CCls was further concentrated by slow evaporation of a

frozen (liquid N2) sample under high vacuum (>0.01 mmHg). The effluent was
condensed in a cold trap kept at liquid nitrogen temperature. Typically, 2 mL of
an 0.85 M solution of TFD in CCls was obtained from 3 mL of a 0.6 M solution.

A 0-0
salting out
KHSOs, KOH (15%, buffer) NaySO; 0.2-0.8 M in cyclohexanone
H-0, ~10 to 0°, 5-12 min NaH,PO,
NHQHP(}J

[]

6.1.6. 1,2-Dioxaspiro[2.5]octane (Cyclohexanone Dioxirane) (156, 157)

All materials used in the preparation, including drying agents, were cooled in
an ice-salt bath before use. Cyclohexanone (50 mL) and crushed ice (10-15 g)
were stirred well with a mechanical stirrer. A cold slurry of potassium
monoperoxysulfate (35 g) in water (100 mL) was added to the reaction vessel
over a period of 5-10 minutes while the pH was maintained between 7.5 and
8.5 by addition of cold 15% KOH, followed by additional stirring for 1-2
minutes. At this point, the reaction mixture was dark yellow. The reaction
mixture was then poured into a cold mixture of 70 g of sodium sulfate, sodium
dihydrogen phosphate, and sodium monohydrogen phosphate (4:2:1). This
mixture was stirred vigorously for a few seconds and then poured into a cold
separatory funnel; care was taken to minimize the transfer of undissolved salts
to the separatory funnel. The yellow organic layer was then separated and
dried ( Nax;SO,). The separated liquid was then decanted, dried over molecular
sieves, and stored in the freezer. The concentration of the dioxirane obtained
in this manner was in the range 0.2-0.8 M, as determined by iodometric
titration [see the TFD (isol.) procedure above.]



6.2. Epoxidations

Ph DMD (isol.) O Ph

|
= _ VY, (~100%)
/ Me,CO, 22°, 2 h

Ph Ph

6.2.1. Racemic trans-1,2-Diphenyloxirane Method A [with DMD (isol.)]
(163)

To a magnetically stirred solution of trans-stilbene (0.724 g, 4.02 mmol) in

5 mL of acetone, contained in a 125-mL stoppered Erlenmeyer flask, was
added a solution of DMD in acetone (0.062 M, 66 mL, 4.09 mmol) at room
temperature (ca. 20°). The progress of the reaction was followed by GLC
analysis, which indicated that trans-stilbene was converted into the oxide in 6
hours. Removal of the excess acetone on a rotary evaporator (20°, 15 mmHg)
afforded a white crystalline solid. The solid was dissolved in CH,Cl, (30 mL)
and dried over anhydrous Na,SO.. The drying agent was removed by filtration
and washed with CH,Cl,. The solution was concentrated on a rotary
evaporator, and the remaining solvent was removed (20°, 15 mmHg) to give
an analytically pure sample of the oxide (0.788 g, 100%). Crystallization from
aqueous EtOH gave white plates, mp 69-70°; IR ( CHClI3) 3076, 3036, 2989,
1603, 1497, 1457, 870 cm™; *H NMR (300 MHz, CDCls): 8 3.86 (s, 2 H),
7.26-7.45 (m, 10 H); *C NMR (75 MHz, CDCls): 8 62.8 (d), 125.4 (d), 128.2
(d), 128.4 (d), 137.0 (S).

6.2.2. MetiD B [with DMD (in Situ)] (36)

To a 5-L, three-necked flask, equipped with a mechanical stirrer, was added
trans-stilbene (18.0 g, 100 mmol), a mixture of CH3CN and dimethoxymethane
(.17 L, 2:1 viv) as solvent, 0.1 M aqueous K,CO3 (330 mL), acetone (220 mL,
3 mol), and tetrabutylammonium hydrogen sulfate (1.5 g). Potassium
monoperoxysulfate (92.2 g, 150 mmol) in 330 mL of aqueous 4 x 10~ M
EDTA and K,CO3 (92.2 g, 667 mmol) in 330 mL of H,O were added separately
by means of addition funnels over a period of 2 hours, while the pH was
adjusted to 10.5 by administering glacial acetic acid dropwise. Subsequently,
the reaction mixture was extracted with hexane (3 x 1.5 L), the extracts were
washed with brine (1 x 1 L), dried ( NaxSO4), concentrated (20°, 15 mmHg),
and the residue was purified by flash chromatography on silica gel
(deactivated with 1% Et3N in hexane) to yield trans-1,2-diphenyloxirane as a
white solid (17.0 g, 87%).



8] 0
X FoX
O
0
- 12

H Ph . N: e H O Ph
y—( KHSOs, NaHCO; (buffer) / (73%), 95% e
Ph H Hgfl PﬂECN._ H—HLIJNHSO.L. Ph H

Na-EDTA, 0°,2 h

6.2.3. (R, R)-1,2-Diphenyloxirane with Ketone 12 Method A (Neutral, in
Situ Non-Catalytic Conditions) (25, 117)

An aqueous solution of Na,EDTA (1 x 10~ M, 10 mL) and a catalytic amount
of tetrabutylammonium hydrogen sulfate (15 mg) were added under vigorous
magnetic stirring at 0° to a solution of trans-stilbene (0.18 g, 1.00 mmol) in
acetonitrile (15 mL), contained in a stoppered 100-mL Erlenmeyer flask. A
mixture of potassium monoperoxysulfate (3.07 g, 5.00 mmol) and sodium
bicarbonate (1.3 g, 15.5 mmol) was pulverized and a small portion of this solid
mixture was added to the reaction mixture to bring the pH to above 7. After 5
minutes, 0.77 g (3.0 mmol) of ketone 12 was added in equal portions over a
period of one hour. Simultaneously, the rest of the pulverized solid mixture of
KHSOs and sodium bicarbonate was added in equal portions within 50 minutes
to maintain the pH at 7. After completion of the addition, the reaction mixture
was magngtreglly stirred for another hour at 0°, diluted with water (30 mL), and
extracted hexane (4 x 40 mL). The combined extracts were washed with
brine, dried ( Na,SO.), filtered, and concentrated (20°, 15 mmHg). The product
was purified by flash chromatography on silica gel (deactivated with 1% Et3N
in hexane), first eluted with hexane and subsequently with a 50:1 mixture of
hexane/Et,0 to afford (R,R)-1,2-diphenyloxirane as a white solid (0.149 g,
73%, 95.2% ee). The ee value was determined by *H-NMR spectroscopy with
Eu(hfc)s as the shift reagent.

6.2.4. Method B (Basic, in Situ Catalytic Conditions) (25)

To a solution of trans-stilbene (0.181 g, 1.00 mmol) in CH3CN /DMM mixture
(15 mL, 1:2 v/v), contained in a stoppered, 100-mL Erlenmeyer flask, was
added an aqueous solution (10 mL) of 0.05 M Na;B4O7 - 10H,0 , which
contained 4 x 10~ M NazEDTA, tetrabutylammonium hydrogen sulfate (15 mg,
0.04 mmol), and 0.0774 g (0.30 mmol) of ketone 12. An aqueous solution

(6.5 mL) of potassium monoperoxysulfate (1.00 g, 1.60 mmol) contained in

4 x 10~ M Na;EDTA and an aqueous solution (6.5 mL) of K,CO3 (0.93 g,

6.74 mmol) were added dropwise with vigorous magnetic stirring at 0° over a
period of 30 minutes through two separate addition funnels. The reaction



mixture was then diluted with water (30 mL) and extracted with hexane

(4 x 40 mL). The combined extracts were washed with brine, dried ( Na SO.),
filtered, and concentrated (20°, 15 mmHg). The product was purified by flash
chromatography on silica gel (deactivated with 1% Et3N in hexane), by first
eluting with hexane and subsequently with a mixture of 50:1 hexane/Et,0, to
afford (R,R)-1,2-diphenyloxirane as a white solid (0.166 g, 85%, 97.9% ee),
mp 68-70° (hexane); [ a ]o® +356.1° (c 0.95, benzene). The ee value was
determined by 'H-NMR spectroscopy with Eu(hfc)s as the shift reagent.

Ph)_ <H KHSOs, NaHCO; (buffer) PhoOM  99%). 47% ce
i Ph H,0. MeCN, Na,EDTA, d e

20°, 10 min

6.2.5. (S,5)-1,2-Diphenyloxirane with Ketone 4 (in Situ Catalytic
Condition 4)

To a soluti f trans-stilbene (18.0 mg, 0.10 mmol) and ketone 4 (R = H)
(29.6 mg, 0.10 mmol) in CH3CN (1.5 mL) contained in a stoppered, 25-mL
Erlenmeyer flask at room temperature (ca. 20°) was added a 4 x 10 M
aqueous NayEDTA solution (1 mL). To this solution was added in portions a
solid mixture of pulverized sodium bicarbonate (130 mg, 1.55 mmol) and
potassium monoperoxysulfate (614 mg, 1.00 mmol), while vigorously stirring
magnetically. After 7 minutes, the reaction mixture was poured into water
(20 mL), extracted with CH,Cl; (3 x 20 mL), and dried ( Na;SO.). Upon
removal of the solvent (20°, 15 mmHg), the residue was purified by flash
chromatography on silica gel (deactivated with 2% Et3N in hexane), by first
eluting with hexane (50 mL), followed by a 1:19 mixture of EtOAc/hexane
(200 mL), which gave (S,S)-1,2-diphenyloxirane [19.4 mg, 99%, 47% ee].
Subsequent elution with a 2:3 mixture of EtOAc/hexane afforded 27.6 mg
(93% recovery) of ketone 4. The ee was determined by *H-NMR spectroscopy
with Eu(hfc)s as chiral shift reagent.
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6.2.6. Racemic 2,3-Epoxy-3-phenyl-1-propanol with
1,1-Dioxotetrahydrothiopyran-4-one as Ketone Catalyst (38)

A 50-mL stoppered Erlenmeyer flask was charged with a CH3CN solution
(9 mL) of cinnamyl alcohol (2.0 mmol), ketone catalyst (5 mol%), and an
aqueous Na;EDTA solution (6 mL, 4 x 10~ M). At room temperature was
added, with vigorous magnetic stirring, a pulverized solid mixture of KHSOs
(1.84 g, 3.0 mmol) and NaHCO3 (0.78 g, 9.3 mmol) within 1.5 hours. The
reaction progress was monitored by TLC (silica gel) and after complete
consumption of the substrate, the reaction mixture was extracted with EtOAc
(2 x 50 mL). The combined organic layers were dried ( MgSO,) and
concentrated (20°, 15 mmHg). The residue was purified by flash
chromatography on silica gel to afford the epoxide (95% vyield) and ketone
catalyst (80% recovery).

Q 0
0 )(

|‘.L -
><O (8] G

12

OH T 8 {0 —0OH
/=/* KHS50s, K2COs, _ i (85%), 949 ee
P DMM, MeCN, pH 9.3, Na,EDTA, PH

n-BuyNHSOy, 10°, 3 h

6.2.7. (R,R)-2,3-Epoxy-3-phenyl-1-propanol with Ketone 12 (in Situ
Catalytic Conditions) (149a)

A 100-mL, two-necked, round-bottomed flask, equipped with a magnetic stirrer,
was charged with cinnamyl alcohol (136 mg, 1.0 mmol), ketone 12 (77.4 mg,
0.30 mmol), and tetrabutylammonium hydrogen sulfate (15.0 mg, 0.016 mmol)
in 10 mL of DMM/ CH3CN (2:1 v/v). An aqueous solution (7 mL) of



K>CO3/HOAC [prepared by mixing 100 mL of 0.1 M aqueous K,CO3; and

0.5 mL HOACc (pH 9.3)] was added with stirring and cooling in a NaCl/ice bath
(—10°). This was followed by the dropwise addition of an aqueous solution

(5 mL) of KHSOs (0.85 g, 1.38 mmol) in 4 x 10~ M Na,EDTA and an aqueous
solution (5 mL) of K,COj3 (0.80 g, 5.8 mmol), separately by means of syringe
pumps, over a period of 3 hours. After CH,Cl, (20 mL) and water were added,
the aqueous layer was extracted with CH,Cl, (3 x 20 mL), and the combined
organic phases were washed with brine, dried ( Na,SO,), and concentrated
(20°, 15 mmHg). The residue was purified by flash chromatography on silica
gel [deactivated with 1% Et3N in hexane/Et,O (2:1 v/v)] by elution with a
hexane/Et,O mixture [first 2:1 (v/iv) and subsequently 1:1 (v/v)], to afford
0.128 g (85% vyield) of the epoxide (94% ee, by chiral HPLC on a Chiracel OD
column).

OH 0-0 OH OH

')\“ - U"/J\ ¥ (‘(l\ (97%) 76:24
T Me,CO, 20°, 2 h i

threo ervthro

6.2.8. threo- and erythro- a ,3,3-Trimethyloxiranemethanol [with DMD
(isol)] (72

A stopperefld5-mL Erlenmeyer flask was charged at 20° with 72 mg

(0.72 mmol) of 4-methylpent-3-en-2-ol and a 0.069 M solution (10 mL,

0.73 mmol) of DMD (isol.). The mixture was stored at 20° in the dark until the
peroxide test ( KI/HOAc) was negative. The solvent was removed (20°,

20 mmHg) and 81 mg (97% yield) of a 76:24 mixture of threo/erythro epoxides
(by 'H-NMR analysis) were obtained as a colorless oil.

OH 5‘{ ) OH
CF 5 15
\f\ - S = o (<95%) 85:15
CF_}COME-.
0-10° 15 - 60 min threo ervthro

6.2.9. threo- and erythro- a,2,3-Trimethyloxiranemethanol [with TFD
(isol.)] (80)



A stoppered 25-mL Erlenmeyer flask was charged at 0-10° with 45 mg

(0.45 mmol) of (Z)-3-methylpent-3-en-2-ol and a 0.05625 M solution (8 mL,
0.45 mmol) of TED (isol.). The mixture was stored in the dark at 0-10° until the
peroxide test ( KI/HOAc) was negative. The solvent was removed (20°,

15 mmHg) and 49.6 mg (95% vyield) of a 85:15 mixture of threo/erythro
epoxides (by *H-NMR analysis) were obtained as a colorless oil.

O-0

@ - @0 (62%)
CH,Cly, EL,O, Na, —30°, 3 h

6.2.10. 7-Oxatetracyclo[4.1.0.0%*.0*°lheptane (Benzvalene Epoxide) [with
DMD (isol.)] (41)

A 1-L, two-necked, round-bottomed flask was equipped with a magnetic
stirring bar, gas-inlet and gas-outlet tubes, and charged with an anhydrous
solution of benzvalene (1.97 g, 25.2 mmol) in Et,O (60 mL). The flask was
cooled to —30° under a nitrogen atmosphere and, while stirring magnetically,
400 mL of a 0.0483 M solution of DMD (19.3 mmol) was added at such a rate
that the reaction temperature was kept below —20°. After complete addition,
the mixture was stirred at —25° for another 3 hours and then concentrated (0°,
15 mmHg). The residue was distilled (bulb-to-bulb, 20°, 0.01 mmHg), the
receiving fl being kept at —78°, to afford 1.12 g (62%) of the epoxide as a
colorless li containing a trace of solvent.

TBDMSO 0. NaHCO- Ml ||

: o KHSOs, NaHCO; (buffer) _ MeOH _ Ph/\l/ (69%)

PH H-O, MeCN, Na,EDTA, 20°, 2 h OH R oo
0% 3 h

6.2.11. (R)-2-hydroxy-1-Phenylpropan-1-One with Ketone 12 under in Situ
Conditions (26, 166)

To a solution of (Z2)-tert-butyldimethyl[(1-phenyl-1-propenyl)oxy]silane

(24.8 mg, 0.100 mmol) in CH3sCN (1.5 mL) was added with vigorous magnetic



stirring at 0° an aqueous solution (4 x 10~* M) of Na,EDTA (1.0 mL). A mixture
of KHSOs (307 mg, 0.500 mmol) and NaHCO3 (130 mg, 1.55 mmol) as a
pulverized solid was added in small portions over 50 minutes. Ketone 12
(77.5 mg, 0.300 mmol) was added in portions simultaneously. The mixture was
stirred magnetically for 18 hours at 0°, and was then diluted with water and
extracted with hexane. The hexane extracts were combined and concentrated
(40°, 250 mmHg). Methanol (5 mL) was added to the residue and the solution
was stirred for 2 hours for complete desilylation. After removal of the methanol
(20°, 15 mmHg), the crude product was purified by silica gel chromatography
(1:2 Et,0O/ petroleum ether as eluent) to give the title compound as a colorless
oil (10.4 mg, 69%, 82% ee). The ee value was determined by HPLC analysis
on a Chiralcel OD column, 9:1 hexane/2-propanol, flow 0.6 mL/min. IR (film):
3700-3100 (br), 3063, 2981, 2933, 1682, 1597, 1578, 1451, 1271 cm™. *H
NMR (250 MHz, CDCl3): 6 1.42 (d, J = 7.0 Hz, 3 H), 3.81 (s, 1 H, OH), 5.14 (q,
J =7.0 Hz, 1 H), 7.44-7.59 (m, 3 H), 7.87-7.95 (m, 2 H). **C NMR (63 MHz,
CDCls): 6 22.5 (q), 69.6 (d), 128.9 (d), 129.1 (d), 133.6 (s), 134.2 (d), 202.6 (S).

0-0
H - H o
0 CDCls, Meo,CO-d; 0
N», —78%, 1 h

6.2.12. trarEZ—MethyloxiranyI)Benzamide [with DMD-ds (isol.)] (167)

A 5-mm NMR tube was charged at —78° under a N, atmosphere with 9.0 mg
(55.8 ymol) of the enamide in 50 yL of CDCl;. By means of a syringe, 750 yL
(55.9 umol) of a well-dried (over 4 A molecular sieves) 0.074 M solution of
DMD-ds (isol.) in acetone-ds was added rapidly at —78°. After 1 hour, the NMR
tube was submitted to low-temperature (-50°) *H-NMR and *C-NMR
spectroscopy, which showed that the epoxide was obtained quantitatively. At
temperatures higher than —50°, the epoxy enamide deteriorated into an
intractable, undefined product mixture. 'H NMR (acetone-ds, 200 MHz, —50°):
6 1.37 (d, J = 6.8 Hz, 3 H, CH3), 3.36 (m, 1 H, CH), 4.82 (m, 1 H, CH),
7.49-7.59 (m, 3 H), 7.86-7.99 (m, 2 H), 8.14 (br s, 1 H; NH); **C NMR
(acetone-dg, 50 MHz, —-50°): 6 16.8 (g, CH3), 53.3 (d, CH), 61.6 (d, CH), 127.8
(2xd), 129.1 (2xd), 132.6 (d), 134.2 (s), 168.8 (s, CO).



L 0
AN DMD (isol.), CH;Cl, 5 | = (>95%)

g Nj, ~78 to —20° 2 h A~

6.2.13. 2,3-Epoxy-2,3-Dihydro-2,3,4-Trimethylbenzo[b]furan [with DMD
(isol.)] (48)

A cooled (-78°, 0.086 M) solution of dimethyldioxirane in acetone (15 mL,
1.30 mmol), dried over 4 A molecular sieves, was rapidly added to a cooled
(—78°), magnetically vigorously stirred solution of 2,3,4-trimethylbenzofuran
(160 mg, 1.00 mmol) in dry CH2Cl, (2 mL) under a N, atmosphere. Stirring was
continued for 3 hours at —78 to —20°. The solvent was removed (—20°,

0.001 mmHg) to afford the benzofuran epoxide essentially quantitatively, as
confirmed by *H-NMR and *C-NMR analysis at —20°. *H NMR (200 MHz,
acetone-ds, —20°): 6 1.82 (s, 3 H), 1.84 (s, 3 H), 2.46 (s, 3 H), 6.74-6.78 (m, 2
H), 7.12-7.70 (m, 1 H). *C NMR (50 MHz, acetone-ds, —20°): 5 13.9 (q), 14.7
(9), 18.8 (g), 67.2 (s), 94.8 (s), 109.2 (d), 123.7 (d), 128.4 (s), 129.6 (d), 136.6
(s), 160.4 (s).

0
P\_,{;;L/D r_:l--~3/|k _KHSO5, NaHCO; — MeOH

Evieeg H;0., MeCN, pH 7. Na;EDTA, 20°.1 h

0° 1.3 h

PvO. PvO
Puqﬁ) (63%) + PyvO H{H/{] (219%)
PyO OMe Put}\ﬁ\{
o OMe

6.2.14. Methyl 3,4,6-Tri-O-Pivaloyl- B -D-Glucopyranoside and Methyl
3,4,6-Tri-O-Pivaloyl- a -D-mannopyranoside [with TFD (in Situ)] (35)

A stoppered 10-mL Erlenmeyer flask, equipped with a magnetic stirring bar,
was charged with a CH3CN solution (1 mL) of 3,4,6-tri-O-pivaloyl-D-glucal

(40 mg, 0.1 mmol) and an aqueous solution of Na;EDTA (0.4 mL, 4 x 107 M).
After cooling to 8° by means of an ice bath, TFP (0.2 mL) was added by means
of a precooled syringe. A powdered mixture of solid KHSOs (0.307 g,

1.00 mmol) and solid NaHCO3 (0.130 g, 155 mmol) was added to the
vigorously stirred mixture. The reaction was complete within 15 minutes, as



assessed by TLC (silica gel) monitoring. Anhydrous Na,SO, (3.0 g) was added
at 20° followed by dry MeOH (10 mL). TLC (silica gel) monitoring indicated that
ring-opening of the epoxide was complete within 1 hour. After the addition of
water (20 mL), the reaction mixture was extracted with CH,Cl; (3 x 20 mL),
and the combined extracts were dried ( NaxSO,) and concentrated (20°,

15 mmHg). The residue was purified by flash column chromatography on silica
gel, with a 23:77 mixture of EtOAc and hexane as eluent, to afford 28.2 mg
(63% vyield) of glucopyranoside as a colorless solid and 9.5 mg (21% yield) of
mannopyranoside as a colorless oil.

O
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/l\\
Me CjaHas-n

KHF&U_«, KOH (buftfer)
H,0, CH,Cl. pH 7.5, 0°

6.2.15. 17 a -hydroxy-21-Hydroxypregna-4.9(11)-diene-3,20-dione with
1-Dodecyl-1-Methyl-4-Oxopiperidinium Trifluoromethanesulfonate as
Ketone C st (168)

A 250-mL, e-necked, round-bottomed flask was equipped with a
Brinkmann-Heidolph overhead stirrer (Model No. 2050). The glass stirring
shaft was fitted with an elliptically shaped Teflon stirring paddle (40—mm

long x 18—mm high x 3—mm wide). A glass pH probe/electrode
(Broadley-James Model No. C1207A-121-A03BC), connected to a Brinkmann
pH-stat (Brinkmann Models: E512 pH meter, Impulsomat No. 473, and
Dosimat No. E412), was inserted into the flask at one of the side necks of the
flask and clamped such that the bottom of the probe was 0.5-1.0 cm from the
bottom of the flask. The third neck was fitted with two separate Teflon tubes,
one that delivered KOH (2 N) (the rate of addition was controlled by the pH-stat)
and the other that delivered aqueous KHSOs [(0.45 M, stabilized by 0.43 mM
Na,EDTA), its rate of addition controlled by a syringe pump (Sage Instruments
Model 355)]. The 250-mL flask was charged with phosphate buffer (23 mL, pH
7.8), CH,Cl, (20 mL), the steroid (75 mg, 0.21 mmol), and the ketone catalyst
(9 mg, 0.021 mmol). The contents were cooled to 0° by means of an ice bath,
and with vigorous stirring (800—1000 rpm), the aqueous KHSOs solution

(4.6 mL, 1.98 mol) was added by means of the syringe pump at such a rate
that the pH of the reaction mixture was kept constant at 7.5 (£ 0.1) by



automated simultaneous addition of the 2 N aqueous KOH solution (ca. 80
minutes). The temperature was kept at 0° by cooling with an ice bath. The
reaction progress was monitored by TLC (silica gel), and after complete
consumption of the steroid, the organic layer was removed. To the aqueous
layer was added brine (60 mL) and the solution was extracted with CH,Cl,

(4 x 10 mL). The combined organic layers were dried (NaSO,4) and
concentrated (20°, 15 mmHg). The residue was purified by silica gel
chromatography with a 1:1 mixture of EtOAc/hexane as eluent to afford 61 mg
(81% vyield) of the colorless product; mp 208-209° after recrystallization from

CH,Cly/hexane.
OH O - OH O
. % S
= Ph FPh
| - (~100%)
= CH-Cl,, Me,CO. 20°, 24 h

6.2.16. 2,3-Epoxy-1-(2-Hydroxyphenyl)-3-Phenyl-1-Propanone [with DMD
(isol.)] (34)

A stoppered 100-mL Erlenmeyer flask equipped with a magnetic stirring bar
was charged with chalcone (205 mg, 0.92 mmol) in CH,Cl, (10 mL), and

17.5 mL of a 0.060 M (1.05 mmol) acetone solution of DMD (isol.) was added
rapidly with stirring at 20°. After 12 hours of stirring, a fresh batch of 17.5 mL of
a 0.060 M @95 mmol) acetone solution of DMD (isol.) was added rapidly and
stirring wadcantinued for another 12 hours at 20°. The reaction progress was
monitored by TLC (silica gel). After complete consumption of the chalcone, the
solvent was removed (20°, 15 mmHg) and 220 mg (~100%) of pure epoxide
were obtained as a colorless powder, mp 73-74° (from CHCls/petroleum

ether).
9]
l’..} )I\./ U {_.}
HSO-, phosphate buffer, '
Ph KHSOx phosphate bfiex | = Ph  (94%)
pH 7.3-7.5, KOH (3%, kY

6.2.17. 1-(4-Anisyl)-2,3-Epoxy-3-Phenyl-1-Propanone with 2-Butanone as
Ketone Catalyst [in Situ Catalytic Conditions] (34)



To avigorously stirred (mechanical agitation) mixture of the chalcone (3.57 g,
15.0 mmol), 2-butanone (150 mL), and phosphate buffer, prepared by
dissolving 0.177 g of KH,PO4 and 0.648 g of Na,HPO, in 150 mL of water,
contained in a 1-L, 3-necked, round-bottomed flask, was slowly added (6 hours)
at room temperature a saturated aqueous solution (200 mL) of KHSOs (45 g,
0.073 mol). The pH of the mixture was kept at 7.3—7.5 by continuously
administering an aqueous KOH (3%) solution. After 18 hours of additional
stirring, a new batch of a saturated, aqueous solution (200 mL) of KHSOs (45 g,
0.073 mol) was added slowly (6 hours) and the mixture was stirred for an
additional 18 hours. The reaction progress was monitored by TLC (silica gel).
After complete consumption of the chalcone, solid NaCl was added to the
cloudy reaction mixture until saturation, the organic phase was separated by
decantation, and the aqueous phase was extracted with CH2Cl, (4 x 50 mL).
The combined organic layers were dried ( MgSO,), filtered, and the solvent
was evaporated (20°, 15 mmHg) to afford 3.60 g (94%) of the epoxide in high
purity (by "H-NMR spectroscopy) as colorless plates, mp 75-76°.

8] 0

DMD (isol) :
[ -0 (~100%)

CH>Cls, 0°, 36 h D/‘(ph

6.2.18. 1a,BDihydro—la—PhenyI—?H—Oxireno[b][1]Benzopyran—?—One
(Flavone Epoxide) [with DMD (isol.)] (59)

A stoppered 125-mL Erlenmeyer flask was charged with 187 mg (0.840 mmol)
of flavone in 10 mL CH,CI,. While stirring magnetically, a total of 61.5 mL of a
0.084 M (5.14 mmol) DMD solution in acetone was added at 20° in equal
portions at three 12-hour intervals. After 36 hours, the conversion of the
flavone was complete, as confirmed by TLC (silica gel), and the solvent was
removed (20° at 15 mmHg) to yield 200 mg (~100%) of the epoxide as
colorless needles, mp 99-100° (from CHCls/petroleum ether).
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Bu-¢ i-Bu
5.5 catalyst (16 mol%)

CH,Cla, Me>CO. 20°, 10 d

Ms(O 3 Q

(1a8,7aR)-epoxide
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6.2.19. (1aS,7aR)-1a,7a-Dihydro-4-Mesyloxy-7a-(2-Methoxyphenyl)-7H-oxi
reno[b][1]Benzopyran-7-One with Jacobsen's (S,S)-Catalyst [with DMD
(isol.)] (103, 104)

A stoppered 250-mL Erlenmeyer flask equipped with a magnetic stirring bar
was charged with the isoflavone (346 mg, 1.00 mmol) and the S,S-configured
Jacobsen’'s Mn(lll)salen complex (101 mg, 0.16 mmol, 16 mol %) in dry
CHCl; (10 mL). While stirring magnetically, 12.0 mL of a 0.05 M (0.6 mmol)
acetone sofatjon of DMD (isol.) was added at 20°. The reaction progress was
monitored LC (silica gel), and new batches (as above) were added in
24-hour intervals until the consumption of the isoflavone halted [40%
conversion after 10 days reaction time, during which a total of 120 mL

(6.0 mmol) of DMD (isol.) in acetone was administered]. The solvent was
evaporated (25, 15 mmHg) and the product was purified by silica gel
chromatography, with toluene/EtOAc (4:1 v/v) as eluent, to afford 83.3 mg
(23% vyield) of the epoxide; colorless plates (methanol), mp 145-146°; 90% ee,
determined by chiral HPLC analysis (Chiracel OD column), with
hexane/2-propanol (9:1) as eluent (flow rate 0.6 mL/minute).
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6.2.20. N-Benzyl-3,4-Epoxypyrrolidine [with TFD (isol.)] (63)

A 10-mL, two-necked, round-bottomed flask with gas-inlet and gas-outlet tubes
and magnetic stirring bar was charged with a solution of N-benzyl-3-pyrroline
(159 mg, 1.0 mmol) in Et;O (2 mL). To this solution was added with stirring
under argon 135 pL (1.05 mmol) of freshly distilled BF; - Et,O at —70°. The
mixture was stirred for 30 minutes under these conditions, and a white solid
precipitated. The solvent was removed (-20°, 1 mmHg), to afford the BF;
adduct of the amine quantitatively. *"H-NMR analysis confirmed that all of the
ether had been rigorously removed. *H NMR (300 MHz) & 3.89 (d, J = 14 Hz, 2
H), 4.13 (s, 2 H), 4.26 (d, 2 H), 5.48 (s, 2 H), 7.30-7.60 (m, 5 H). °*C NMR
(75 MHz) 8 59.9 (2 xt), 60.4 (2 x1t), 124.7 (2 xd), 128.6 (2 x d), 129.4 (d),
131.7 (2 x d).

The BF; adduct was dissolved in dry CH,Cl, (3 mL) at —70°, and the solution
was added at this temperature with stirring to 1.9 mL of a 0.60 M solution
(2.2 mmol) of TFD (isol.). The reaction mixture was allowed to warm to —20°
and stirred for 30 minutes for complete consumption of the TFD, as confirmed
by the negative peroxide test (KI/HOAc). The reaction mixture was poured into
100 mL of a 0.1 M aqueous KHCOj; solution at 20°, and extracted with
tert-butyl methyl ether (2 x 50 mL). The combined organic phases were dried
( MgSOQO.4) and concentrated (20°, 15 mmHg). The residue was purified by
alumina (grade V) chromatography, first with hexane as eluent and
subsequenthwith a 1:1 mixture of hexane and tert-butyl methyl ether to afford
the pure e;rzgde (143 mg, 82% vyield) as a colorless oil. IR (film): 3028, 2933,
2894, 2846, 2800, 1454, 1377, 1153, 844 cm*. *H NMR (200 MHz): & 2.67 (d,
J=12Hz, 2 H), 3.24 (d, J =12 Hz, 1 H), 3.64 (s, 2 H), 3.80 (s, 2 H), 7.12-7.50
(m, 5 H). *C NMR (50 MHz): & 53.2(2 x 1), 55.6 (2 x d), 59.8 (1), 127.3 (s),
128.3 (2 x d), 129.0 (2 x d), 137.2 (s). Anal. Calcd. for C;;H;13NO:C, 75.40, H,
7.48, N, 7.99. Found C, 75.43, H, 7.51, N, 8.06.



7. Tabular Survey

The epoxidation of alkenes by dioxiranes is presented in the appended tables.
The literature survey was conducted by computer search of Chemical
Abstracts (CAS-on-line), and the references cover work inclusive of the first
guarter of 2000.

The tables are arranged in the order of the discussion in the section on Scope
and Limitations. Thus, the data on epoxidation of simple alkenes, alkenes with
electron donors, with electron acceptors, and with both electron donors and
acceptors by isolated dioxiranes (mainly DMD) are presented in Tables IA-ID.
Epoxidations with in situ generated achiral dioxiranes are shown in Table IE.
Chemo- and regioselective epoxidations are collected in Tables Il and I, while
the diastereoselective epoxidations of chiral alkenes by isolated and in situ
generated dioxiranes are shown in Table IV. Enantioselective reactions, for
which the catalytic in situ method has been applied exclusively, are compiled
in Table V.

The entries within each table are arranged in order of increasing carbon
number of the alkene substrate. The carbon count is based on the total
number of carbon atoms. In Table V, the structures of the chiral ketone
catalysts are given in a separate column, left of the column on reaction
conditions. Yields of products are given in parentheses, and a dash (—)
indicates that no yield was reported in the original reference. If reported in the
original ref ce, the data on conversion (% convn) are mentioned in the
product com, preferentially in subtables. Ratios of different products or
diastereomers are normalized to 100, and given without parentheses. In Table
V, the enantiomeric excess (% ee) for the major isomer is listed in the product
column without parentheses.

The following abbreviations are used in the tables:

Ac acetyl

Bn benzyl

CBz benzyloxycarbonyl

Cp cyclopentadienyl

DMAP  4-(dimethylamino)pyridine

DMD dimethyldioxirane

DMD (in in sity generated dimethyldioxirane
situ)

DMD isolated dimethyldioxirane in acetone

(isol.)



DMD-ds isolated hexadeuterated dimethyldioxirane in acetone-de
(isol.)

DME 1,2-dimethoxyethane

DMF dimethylformamide

DMM dimethoxymethane

EDTA ethylenediaminetetraacetic acid

Na,EDTA disodium salt of ethylenediaminetetraacetic acid

ee enantiomeric excess

HMPA  hexamethylphosphoric triamide

LDA lithium diisopropylamide

Ms methanesulfonyl (mesyl)

Oxone  potassium monoperoxysulfate

TBS tert-butyldimethylsilyl

TDMPP  dianion of 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin

C18 dianion of 5,10,15,20-tetrakis(3,5-dichloro-2,6-dimethoxyphenyl)porphyrrin
TDMPP

C116 dianion of
TDMPP  2,3,7,8,12,13,17,18-octachloro-5,10,15,20-tetrakis(3,5-dichloro-2,6-dimethoxyphenyl)porphyrin

Tf trifluoromethylsulfonyl (triflyl)
TFD methyl(trifluoromethyl)dioxirane

TFD (in  in situ generated methyl(trifluormethyl)dioxirane

situ)

TFD isolaethyl(trifluoromethyl)dioxirane in TFP
(isol.)

TFP 1,1,1-trifluoro-2-propanone

THF tetrahydrofuran

THP tetrahydropyranyl
TMS trimethylsilyl

Tr trityl (triphenylmethyl)

Ts p-toluenesulfonyl
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Table 1B. Epoxidation of Olefinic Substrates with Electron Donors by
Isolated Dioxiranes
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TABLE 1A. EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES

Conditions Product(s) and Yield(s) (%) Refs.
. R? 0 R? R' R? R?
R(:<R’ Difluorodioxirane, CFy, Oz, 77 K . . (—) H H H 169
Me H H
Me Me H
Me H Me
Cant R! - 0
DMD, acetone/CH,Cl, R! R? R Temp Time 170
. R? e R L OH  "Me H H 0 3h (>98)
H Me Me 20° 8h (82)
Me Me H 20° 1h ()
Me Me Me 20° 1h (96)
Me iPr H 20° 3h (98)
rBu H H 20° 05h (98)
Me 1Bu H 20° 15h (>98)
/(:( \ H 20° 3h (>98)
Ac o
Cs
) DMD, acetone, under N, or air, 0 (>98) 18
— ~2010 0°, 30 min >Q\
RY R? R* O R}
— DMD, acetone, 25° (—) 15
R Rz R R? R! rR? R} R¢ ":2 (M-Is-l)
—(CH;);i— H H 0622001
Me Me Me H 2401
Me nPr H H 061+001
Me H nPrH 00840002
R! R? R® R kMsh
Et Et H H 057+002
EL H Et H 00670001
Me H H »-Pr 031001
Me Me Me Me 7.1206
—(CHps— H Me 1.59+006
Et Et Me H 1.61 £ 0.06
Et Me Et H 1.08:004
—{(CHs— Me Me 20201
n-CgHjz H H H 0.35 £ 0.005
Ceis g3 5 R! R? R} k(M's
/:< DMD, acetone, 23° /Q( (—)  MeyHO)C H H  0.016+0.002 16
R' R Rl R? —(CHz)y— H 048:002
1-Bu H H  0.033 £0.001
Et Et H 047x0.03
Et H E 0057+0004
-Bu Me H 033:002
-Bu H Me 0.02+001
4-BrC¢Hy H H  0.089+0.003
3-0,NCeH; H  H  0.030+0.003
Ph H H 013001
i-Pr i-Pr H 039:002
i-Pr H  i-Pr 002x001
4MeCgHy; H H 025001
Ph Me H 0.18:0.0l
Ph H Me 029002
(‘:I}/ H 022001
t-Bu H t-Bu 0.00024 = 0.00004
Ph Ph H 0040 0.001
Ph H Ph 0.043+0.002



TABLE 1A. EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ce
% 1. DMD, acetone/E6,0, Ny, ~30° 62) 41
2.-25°,3h
(8]
O 1. DMD, acetone. dark, 11, 8 h (IB’ (85) 171
2. NaBr or LiBr, Amberlyst 15,1, 12h
OH
1. DMD, acetone, dark, 1t, 8 h e 171
2, NaCl or LiCl, Amberlyst 15,11, 12 h i
Cyclohexanone dioxirane, cyclo- 1(100) 156
hexanone, -20°, 10 min ()0
DMD, CDCl3, minutes I{—) 172,
173
Solvent ky (M~'s™h
DMD, acetone/solvent (viv=1:1),25° 1 (—) AcOH 348 +0.39 174
MeOH 2.26+0.19
CHCl, 1.663 + 0.025
CDCly 1.447 £ 0.026
CH;Cl; 1.03 £ 0.04
+-BuOH 0.942 £ 0.010
CI(CH;»Cl  0.920+0.029
PhCl 0.641 +0.018
Solvent ky (M~'s™h)
CgHeg 0.488 = 0,002
CCly 0.478 = 0.002
T 0.462 £ 0.017
MeCOE1  0.416 + 0.007
MeOAc 0.387 = 0.016
E1QAc 0.349 £ 0.005
~ =~
ﬂ + | DMD. acctone, 18%. 4 h I(—) 30
e XN
o]
>=< DMD, acetone, . 1 h >Q< (—) 175
i T DMD, acetone, 11, 2 h /‘\ﬁ\/’\ (—) 175
o]
% DMD, acetone. rt, 2 h (—) 175
. ) s n R' R?
R DMD, acetone, 15 min (b\(:)é (—) 0 Bt H 176
v 2 0 Et OH
I Et OH
2 Me OH
c, CHO
& DMD, acetone/CH;Cly, 20°, 0.2 h ﬁbo (—)+ U\Zbo ) + b =)+ 177,
178



TABLE 1A. EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
lb DMD, acetone/CH;Cly, 20°,0.2 h Lbo (>98) 14
Cyg
= = 0
1/ 2 Phenyl(trifluoromethyl)dioxirane, | = {—) R =H, 2-Cl, 4-Me, 4-MeD 179
R CH;CN, 20°, 30 min R//
Cs
0 O,
DMD (1.1 equiv), acetone, CH,Cls, (70) + I (30) 180
| N3, -10°3h | |
DMD (2.5 equiv), acetone, CH,Cl,, I(91) 180
N2, 0°3h
Q DMD, acetone/CH;Cly, 20°,0.2 h QO I (>98) 14
DMD, acetone, rt, 20 min I(97) 181
O DMD, acetone/CH;Cl,, 20°, 0.2 h QO (>98) ::
- Cyclohexanone dioxirane, ¥ i I (100) 156
Pi cyclohexanone, -20°, 1 h pY
DMD, acetone, rt, 3 h I (74) 181
8}
N Cyclohexanone dioxirane, /L\ I (100) 156
Pr Pr cyclohexanone, ~20°, 10 min Pr Pr
DMD, acetone, rt, 1 h I (81) 181
CH CsHy)
N e TFD, TFP, -20°, | min \\7/ ( 90) 155
o}
Co
o}
>= DMD >ﬂ 1 (598) 13
Ph PH
Solvent Temp Time % Convn
acetone 20° 1.0h 96
acetone/N3 20° 0.6h 88
acetone 56° 03h 85
acetone -78°  12h =95
acetone/CCly  -20° 9h >95
acetone/CBrCly 0° 12h >95
DMD, acetone, under N or air, I {(—) 18
~20 to 0°, 30 min
CHO
DMD, acetone Y e 4 169 4+ \>= n®© + 29
Ph
OH
I (s
OHC
DMD, acetone, 20°, N3, 6 h 1 (86) + I (6) + III (5) 30




TABLE 1A, EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ph Ph_ 0
\:\ DMD, acetone, it, 1 h \A\ I (98) 181
TFD, TFP, -20°, | min I (90) 155
= 2
° 98
» DMD, acetone, 20°, Ny, 6 h " /Qf' (>98) 30
0o o0 0o o
o DMD, acetone, ~20°, 4.5 h OBt (95 182
| (v}
DMD, acetone, Ni(acac),, ~20° mixture 182
Cio o
DMD, acetone, 20°, 1 h @(j (100) 183
Ph Ph, O
E< DMD, acetone, rt, 1 h \L\< (99) 181
0 0
DMD (1.0 equiv), acetone, CH;Cl;, I(13) + 0 712) 180
Ny —10°3h | |
DMD (2.5 equiv), acetone, CH,Cly, 185 180
N;,0°%3h
Cio1s
0
3 3
xR R
R? DMD, acetone, rt g¢ R R* R* R* Time 184
= L i H MeO H Me 40min (98)
R R MeO MeO H H  40min (96)
MeO MeO H Me 40min (100)
MeO MeO Me Me 40min (100)
H C H Ph 3h (87)
H NO; H Ph  24h (100)
H H H Ph 40 min (95)
H MeO H Ph 40 min (100)
c
1017 R1 Rz
1. DMD (1 equiv), acetone, H Me H (75)
7 0 -78° R? Me Me  (86)
R? 2. 1, 30 min OH n-Bu H (78) 185
R! 3. HCI (1 M), 25°, 10 min A n-Bu  n-Bu (84)
R a-CgHy H (80
1. DMD (3 equiv), acetone, H R!
5 -78° Me (80)
CHO 2. rt, 30 min 0 n-Bu  (84) 185
R! 3. HCI (1 M), 1t, 10 min Rl © n-CgHyz (83)
Cn
o
3 ; OH DMD, acetone/CH;Cly, Ny, 20° 3 h OY@—OZH (>98) 170




TABLE | A, EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)
Product(s) and Yield(s) (%) Refs.

R2 o R R Temp
(100 Cl H 0° 186
R! H H o

MeO  MeO —40°
CF3CH,0 MeO  —40°
EtO MeO -40°

Substrate Conditions

[STRT R2
DMD, acetone/CH;CN

5

Cn
o)
;7 o 1. DMD, acetone, —78° o 90) 185
2. rt, 30 min
6]
1. DMD (1 equiv), acetone, —78° H
7 ; H 185
i 2. 11, 30 min - (84) 8
3. HCI (1 M), rt, 10 min 00—y
1. DMD (3 equiv), acetone, —78° HO
2. 11, 30 min (80) 185
3. HCI (1 M), 1t, 10 min 07N o
H
1. DMD, acetone, -78° R
i 0 2.1t, 30 min & MeO (85) 185
R 3. HCI(1 M), rt, 10 min o MeS (85)
14}
c
2 1. DMD, acetone, ~78°
7 & 2.1, 30 min (68) 185
3. HCI (1 M), 1, 10 min
o 4. TsCl, pyridine, 25°, 24 h
ﬁ DMD, acetone/CH;Cly, 0° to rt, Ar, 5 97 187
5h
Ci3
o o
DMD (1.0 equiv), acetone, CH;Cl,, I (67 + I (14) 180
I Ny, -10°,3 h | |
Ph Ph Ph
DMD (3.1 equiv), acetone, CH,Cl, 1(0) + II(89) 180
Ny, 0°, 4 h
Cizz
R R n R Time
( . DMD (~78°), acetone, —20° to 20° L0 1 COMe 50h (64) 188
Bu-
" a 2 COBur 44h (44)
1 Ph (66)
2 Ph (73)
c
“ pn Ph O
>: DMD, acetone, rt, 40 min >A (100) 184
Ph PH
0
/N DMD, acetone, 22°, 2 h pl P I 162



TABLE 1A, EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

Cyclohexanone dioxirane, I (97) 156
cyclohexanone/CH,Cl,, -20°. 45 h

DMD, acetone/solvents, 2° I (—) 189
DMD, acetone, 1, 8 h I (99 181
_ Ph Ethylmethyldioxirane, 2-butanone/ WL 162
th acetone, rt, 3 h PK
DMD, acetone, 22° I (—) 162
Cyclohexanone dioxirane, I (100) 156
cyclohexanonefacetone, —20°, 1.5 h
DMD, acetone, rt, 6 h I (100 181
1. DMD, acetone, dark, rt, 8 h OH
2. NaBr or LiBr, Amberlyst 15, P Ph  (82) 171
i, 12h He
Cie
= N =
0”0 2. DMD, acetone, 0°, 2 h o (99 190

)
Cis18
s R Time
= H 2h (100)
N DMD, acetone, 0° Me 05h (100) 190
o o Ac 05h (100)

N
2 0
0\/<r/
0]
& N
8]
OR OR
s N
(6]
OH
\/1\6)

=]

Z A\
9 - DMD, acetone, 20°, 6 h o (96) 190
02“ , acetone, .
0.

Ph Ph
=(A/ DMD, acetone, 20°,3.5 h &A (100) 183
Ph Ph

0
\/Avl’h DMD, acetone, 20°, 1 h Q/Arf'h (>95) 13
Ph

Ph
O SiMePh 1. DMD, acetone, 23° ?AO (88) 191
= 2. HOAc, MeOH \/]\/“*\~~/\oH

?(o $iMe,Ph 1. DMD, acetone, 23° ?Z\O (83) 191
\/kr\/ 2. HOAc, MeOH \/'\r\/\OH



TABLE 1A. EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs,
Cis SiMe;Ph R
R = 1. DMD, acetone, 23° RWOH CeHyy  (95) 191
oH 2. HOAc, MeOH OH n-CeHy3 (89)
OH
MOM -Q
" ><:> DMD, acetone/CH;Cl,. MOM(\Q" ><:> (70) 192
| — ~78°, 10 min I 0
DMD, acetone, rt, 24 h 193
DMD, acetone, ri, 2d 70

Ca

=,

Temp Time
n —  (30) 194
50° 2h (57)

K2CO;, DMD (0°),
acetone, N

0]
‘ ] Ph 1
Ph
e}
1. K;CO;, DMD, acetone, N3, Ph
~20°, 60 min o o (74) 194
2. H3804 (2 M) , -20° to rt, 60 min OH

1. K,CO;y, DMD, acetone, N3,
-20°, 60 min I(8) + Il (53) 194
2.H;0,0° 14h

1. DMD-dg (-90°), acetone-ds, O Ph
-30°, 50 min ®Q< ) 194
2.-10°, 50 min Ph

i 1. DMD, acetone/CH,Cly, 0° I+ o I I+ I (14) 195
2.m15h
C ,
Cazz
R
1. DMD, acetone/CH,Cly, 0° H (64) 195
¥ 2.1, 15h Me (59)
R
Co 0 OMe 0 OMe 0  OMe
LN, oo QLI 000 UL
|
]ll[e S Me Mle-l



TABLE 1A. EPOXIDATION OF UNFUNCTIONALIZED OLEFINS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cy o]
™ DMD, acetone A (82) 198
Tr
Ph o
|
‘ O DMD, acetone/CH,Cl, ‘ O (—) + PhCHO (—) 197
N Y
Me Me
Cn
\—0
DMD, CF;CO,H, dimethyl g (78) 199
fumarate, CHyCly, 11,2 h Cjij\
SnBu; COaMe
SiMe,Ph
O/M 1. DMD, acetone, 23° - Of\fb\m ©n 191
Bn : 2. HOAc, MeOH 2 ! o
on OH
Cas

/ 1. DMD, acetone, 23° n Q/M\ (60) 191
B 2. HOAc, MeOH n OH
Ac

- 9@
(0]
[ CHO
DMD, acetone/CH,Cl, ‘ O (—) + =) 197
900 y
N

Cas OH OH

A/Q(,mnps 1. DMD, acetone, K;CO3, 23° HO__ A A _><_OTBDPS  (86) 200

. 2. MeOH, HOAc ;
PhMe;Si  OMe OMe




TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%) Refs,
Cs
0 N
N7 DMD, acetone/CH;Cla, Na, ) (~100) 201,
| N
_N dark, rt. 3 h - 202
Me ~F Me \<{fj)
| f DMD, acetone/CHCIy ’:\7 (—) 203
0 0
/ DMD, acetone 0@ —) 51
:; (0]
0. o
[ ] DMD [ J\/o =) 204
(0} (0]
N© -0
N DMD, acetone/CH;Cly, Na, N (95) 201
E I dark, i1, 3 h [ )0
(6}
Et El
D] DMD IO\DO =) 204
Cs
@ DMD, acetone 00 (=) 204,
(0} (0] 51
Cs12
R. ___OP(O}OR%); DMD, acetone/CH;Cla, Ny R'; 2 ‘,OP(O)(OR“)z 205,
R; :RS R Rr? 44
R' R? R} R* Temp Time
H H Me Me 0° 45h (98)
H Me Me Me -10° 25h (~100)
Me H Me Me -10° 25h (~100)
H H Me Et  0° 35h (99)
H ~(CHy). Me 0° 5h  (~100)
H nCH;, H Me 0° 6h (99
H H Ph Me -10° 35h (96)
Me —(CHj). Et -10° 3h (99
H H Ph Et -10° 2h  (99)
Cs.
5.9 _ . SiMe;
SiMe; SiMe;
O + @/ DMD (1 equiv), acetone, O;o (87 + (\/[(o + + 74
, 10 min
1:1 OH
: I n
SiMe; I's)
" SiMes LIV (13)
o LILILTV = 38:23:8:31
m v
Cs
0. o
EQI DMD-dg, -20°, 5 min Ecﬁ' (—) 204
E Ei
204

DMD-dg, —20°, 5 min




TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)

Substrate

Conditions

Product(s) and Yield(s) (%) Refs.

N°
N

F
TMSn:(r
Cri3
R'ISiMezR"
|
R "R}

Cs oLi

PN

Ce.ni R!

OP(O)(OR);

DMD, acetone, 0%, 5 min

DMD, acetone, 25°

DMD, acetone, -78°

DMD, acetone, 25°

DMD, acetone, —78°

DMD, acetone/CH,Cl,,
N,.dark, 11,3 h

DMD, acetone, rt, 4to 10 h

DMD, acetone/THF, Ar,
~78°, 30 min

DMD, acetone/CH,Cls, N3,
-10w0° 31w5h

DMD, acetone, ~20°, 30 min

DMD, acetone /THF, N3,
~78°, 2 min

R! R?

RZ
Lio\'/\/ Me CN  (72) 206,
Me  COMe (76) 207
Bn CN (69
Bn  CO:Me (60)

D
ofﬁ I (—)+ 0436 I (—) kulkp=0.773+0.029 208
0 0

I(—) + 11 (—) kkp=0.681 £0.032 208
M5+ g I (—)  kykp=0847£0.043 208
D O
II (—) + I (—) kykp=0.898 + 0,036 208
N0
N
DJ/ <3 o 201
T™S

RL__SiMe,R*
Eo 74
RY "R}

R' R? R* R*

Me H Me Me (>95)
H n-Bu H Me (>95)
Me n-Bu H Me (>81)
Et n-Bu H Me (>95)
Me CgHj;y H  Me (395)
Et H Me Ph (>95)
Me Me Me Ph (=95)

0
Ph)j\/OH an 209
41 R' R
Oz N (99-100) H Me 44,
Me Et 205
OP(O)(OR),
RZ
I,I[I.‘ RS‘ Rl RZ R! R4
& ﬁ" , —CHy, Me Me (95 211
K / NE —(CH;0(CHy) | Me Me (61)
R Rl —(CHy)_ Me Me (85)
i-Pr iPr Me Me (93)
i-Bu i-Bu Me Me (91)
i-Pr iPr —(CHp_ (96)

R

R__O B
mﬂ‘t Me (74) 210
OH MeO (60)

H Ph  (92)



TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
G OTMS OTMS 44,
O’ DMD, acetone/CH,Cly, Np, @0 (99) 212,
—40°, 3 h 45
™S ™S
Ne1ms DMD, acetone/CH,Cly, N~TMs (36) 64
E -40°,35h 0(
Cio OLi 0
DMD, acetone/THF, Ar, ~78°, OH (5587 209
10 to 20 min
o 0
@[()I DMD, acetone/CH,Cly, Na, CI}) (~100) 213,
~70t0-30°,0.5t0 1 h 204
o 0
DMD, acetone/CH,Cl;, No, —40° 0. (~100) 214
“Z ™0 [}
o o
Li . o 0
DMD, acetone/THF, Ar, -78°, H I+ O (50-74) EIT=70:30 209
& 15 to 30 min
H
OH
DMD, acetone/THF, N, (53) + (18) 210
~78°, 45 min OH
OLi o] o]
O N~CopMe DMD, acetone/CH,Cly, Ny, O N~coMe 215
' -20°,2h :
Bu-t Bu-t
Cn ONa 0
Os DMD, acetone /THF, Ny, OH (80) 210
~78°, 2 min
O~ O~
| DMD, acetone, ~20°, 30 min 6 (98) 211
Cuis  orBDMS OTBDMS 1 2 3
5 R R R
RO R? DMD-dg, acetone-dg, ~78°, R,Jﬂ, R (—) Et H Me 216
R2 210 5 min X2 —(CHp)s— H
-Bu H H
H —(CHy)s—
—'—(Cﬂzh-— Me
Ph H H
Ph Me Me
Ciiaz
OTMS OTMS n
DMD, acetone/CH;Cly, N3, 0 1 (97 213
| OTMS -30°3h [ OTMS 2 (98)
Ci2
OTMS o 0
213

DMD, acetone/CH;Cly, N»,
~70t0-30°,05t01 h

(72) + WH (28)
0
OTMS o



TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.

1. DMD, acetone/CH,Cly, =70°, 10 min
/ 2. -40°, 10 min
3. 2-Methyl-2-butene, <0°, 5 min

|
O/N~ms DMD, acetone/CH,Cla, -50°, 1 h E}E*ms (90) 64

T™MS  TMS T™MS O TMS
>:< DMD, acetone, 25°, 5 h (100) 218

217

E R E E
Cis
OBz DMD, acetone/CHzCly, No, OBz (g 212,
—20°,3h o 44
Ph\EN\) DMD, acetone/CH,Cly, -70°, 75 min ~ Fh N\) an 64
| &
o
DMD, acetone/CH;Cly, Np, OH (97) 4 %) 210
—78%, 30 min OH
OTMS 0 0
TBDMS! OMe Oy, _-OMe
D\[ DMD, acetone/CH,Cly, Ny, —40°, 1 h oj: (~100) 213
Bu-r TBDMS! Bu-t
Cii o
0. = 0>
(@x DMD, acetone, rt, 30 min P'/©/ (100) 219
P
0. OH O0._o OBn
[ ] o DMD, acetone/CH;Cly, Ny, ~40° [ ;[)—/ (~100) 214
n
o D
TBDMSO TBDMSO (o]
DMD-d, acetone-ds, ~78°, Pﬁ &+ J__omsoms )+ 216
2to 5 min Phi
o
Ph)k,on (—)
OTM OTMS
. . DMD, acetone/CH;Cly, Na, 40°, 3 h ©98) 4,
45
Cis 0
TP L DMD, acetone/CH;Cly, 0°, 7 h ety O, 09 220
Cis o Ph._ 0.
I j DMD, acetone, rt, < 30 sec P@: j 97) 221
P 0 0
Ph :OAc DMD, acetone/CH,Clz, Ny, Ph_ 2 :OAc (84) 44,
Ph ~20°,7h Ph 222



TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
MeQ  OMe Meq © MeQ O OMe
>:< ‘%L\o >u< = 223
Fh Ph Ph Ph Ph
OMe
MeO MeO,C OMe
DMD, CH;Cly/acetone, QQ‘ ik O 24
OMe —40°, 30 min =
g OMe
OMe
MeO,C
€0z OMe
DMD, CH,Cl,, -30° 1 h 92 224
Q --OMe 2Clz 92)
OMe
MeO
CO;Me
DMD, ,=30°,
Q i CH,Clp, -30°, 1 h ©5) 224
OMe
DMD, acetone/CH,Cly, tt, 15 min —) 225,
51
N M
1-Bu0,C” ““_/COZ ¢
DMD, acetone/CH,Cly, 10°,2d (42) + 226
|
N N
H = H
N CO;M
+BuO,C Y7 ae
N
< H
OAc o OAc
y e/CH;Cly, 0°, Th 0. OAc (97) 220
n_CsH”/\\\‘Zr'"O\)\/OAC DMD, acetone/CH;Cly J'I‘-CQHH/Q"F \)\/ .
Ciza4
1 1
R o R R! R?
Z ~OR? TFD, TFP/CH,Cly, ~20°, OR*  (92.97) Ph Me 27
4 to 6 min 1-Naph Me
2-Naph Me
Ph Ph
Ph Bn
Cis
Ph Ph Q

\—=( 0 0 Ph
Ph ph o 0
N DMD (3 equiv), acetone/CH,Cly, PIf I+ p o+ N, I (— 228
-70° OH 0 E ]
o

LILII = 19:48:33



TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
DMD (1.5 equiv), acetone/CH,Cl, I+0+ I (—)  LILI =21:27:52 228
Cig =i [0} o]
= OH OH (4]
d DMD, 3 / 69
Me0,C ! acetone, MeO,C ? + McO:C ? +
CeHizn 24) CeHy3-n 28) CeHian
MeO,C /)
@Qﬁn-" 9
OSiEt;
DMD, acetone/CH,Cly, 0° o O 229
Bn gl
o

(0]
0]
(0]
o} ﬁ;
;/\0
o
( I OTBDMS
o OBn

TBDMSO OLi

OMe

c
' orms

1. DMD, K,CO3, CH;Clyfacetone, 0°
2. NalOy, H,O/THF

DMD, acetone/CH;Cl3, 0°

DMD, acetone/CH,Cl;, N, —-40°

DMD, acetone/THF/HMPA, Ar,
~78°%, 30 min

DMD, acetone/THF, —78°

1. DMD, acetone, 23°
2. HOAc, MeOH

92) 230

o
E 5 OTBDMS o Sy
o OBn

TBDMSQ 0 TBDMS’(? 0
} oH !
(60) + (15) + 209,
OMe OMe 191
OH
TBDMSO O
(17
OMe
(81) 54
TBSO\/\{/MOH (95) 191



96¢

TABLE 1B. EPOXIDATION OF OLEFINIC SUBSTRATES WITH ELECTRON DONORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cn
DMD (-78°), acetone, rt, 30 min 70,
- 193
R' R? Time I I
OMe H 9h @7) (3D
H OMe 6d (96) (0)
C
® OsiEt OSiEty
~+0Ba DMD, acetone/CHCly, 0° ; A0 (>99) 229

0SiEt; OSiEt;




16¢

TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%) Refs.
©  cr—cral Difluorodioxirane, CFCls cm’g‘cr: o 99 232
- : o 0
CF,= CHF Difluorodioxirane, CFCly Fzé—\CHF (>95) 232
G CF;CF=CF Difluorodioxirane, CFCI 0 595 232
3CF=CF; uorodioxirane, 3 CF(F @CF; ( )] 3
Cs.‘,r o o n R
1. DMD, acetone, dark, rt, 8 h 1 H 99
2. NaBr or LiBr, Amberlyst 15, Br 1 Me (96) 171
A t, 12h )a 2 H 9
® R 2 Me (%)
o n R
1. DMD, acetone, dark, rt, 8 h 1 H (8§
2. NaCl or LiCl, Amberlyst 15, Ci 1 Me (93) 171
m 12h )a 2 H (90)
R 2 Me (92)
Cs.
Y o 0.0 R' R R’ Time
DMD, acetone/CH;Cly, Ny, 0 H H H 2h ) 44,
R -20° B3 H Me H 35h (95 212
Rl R Rl R2 Me H H 35h (94)

H Me Me 3h (96)



TABLE IC. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cs.i3 R? R2 R! R? R} R* Time
o Me CO;H H H 23h (93)
RIS R DMD, acetone/CH;Cl,, ~20° R! H Me COH Me Ph 20h (96) 53
CO;Me Me Me Ph 20h (99)
R¥ TR? RY "R}
Me CO;Me Me Ph 16h (98)
Ces o} o] R' R? Catalyst
Me. o R! DMD, acetone/CH;Cly/CH3CN, Me\N R' H H FeTDMPPCP (20)
0}\ | porphyrin catalyst, imidazole, )\ 0 H H  MnTDMPPCH (40) 233
N~ "R? 20° 0 1?1 R!* H H  Mn(ClI6TDMPPCI® (68)
Me Me H Me MnTDMPPCI (52)
H Me Mn(ClI6)TDMPPCI® (70)
Me H  MnTDMPPCI @1
Me H  Mn(ClI6)TDMPPCI® (49)
0 0 o] gl
Me. R! Me.o 0:1 Me. ok
DMD, acetone/CH,Cly, 25° 0 +
)\ 2 0)\ ~OH )\ —OH
0] 1?1 R rlu R2 [e] 1?[ R?
Me Me Me
I I m
R' R 1 n m
H H (10) (53) (25
Me H (35 (30) (8)
H Me (37 (53) (0)
DMD, acetone/CH,Cl,, Na,SO4, 25° H H (0 (= ()
o] 0
OH
Me. o J\/JL Me\NJj/OH
DMD, acetone/MeOH, 25° + |
DY A e
OMe 1
Me
I 1 I
R!' R? 1 I 1
H H (38 @35 (1)
Me H (45 (40) (0)
H Me (82) (0) (0)
Cs10
0 (o} 0 - o} -
2 3 2 3 2 h 2 i
R, R R, R RLy on RN it
)\ | DMD, acetone/CH,Cl, 0)\ 0 + 0)\ ok )\ ot 235
0~ N7 TR* additive, 25° N” "R* N Nes 07 "N “ps
R! R! R! R!
I n m
R! R? R} R*Y Additive I 1] 111
Me Me H H -— (10) (25)  (50)
Me Me H H NaSO; (500 (7 (15
Me Me H H HO © (30) (65
Me Me Me H -— 30) (57  (0)
Me Me H Me — B3 @ (53)
Deoxyribose H H H ~— = = 00
Ce Deoxyribose H Me H — (1 (12) (33)
o] 0
DMD, acetone, 30° (—) ky=(1.3£0.09) x 103 M5! 236



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs,
0.
W DMD, acetone. 30° W (—) k=(57+09x 107 M s 236
0 0
& 0 0 o
\?:f DMD, acetone, 20°, 6 d \;tg (40) 237
0
CO,Et CO;Et
DMD, acetone, 20°, 3 d a7 237
OH [o]
Cy
(o] o] o] 0]
)J\(LLOBUJ DMD, acetone/CH,Cl;, /uxkOBu-f (96) 240
Br DMAP, 0° tort HO OH
| ([ Do
N DMD, acetone, 0° to rt, N 97) 239
| i 1
CO,Et ovemnight CO,EL
Co
o] 0]
OH
Br DMD, acetone/CH;Cls, (80) 240
DMAP, 0° to 1t OH
[o] (0]
Co.10 NHCHO NC, NC
1. DMD, acetone/CH;Cly, -40° /@JQ I+ /@»)\ i 238
R 2. (CF3580,),0, i-Pr;NEt, 78 R =
R 1 1
Br (41) (8)
Cl (43) ()
CN (68) ()
oA O DMD, acetone, 30° o LM - 0ess00mx 100 MIsT 236
Co.1s o R o [o]
RI
Z~R? DMD, CH;Cly/acetone, ORIT + m_{f + 241,
Oto5° 242
R OH R R? R OH
I 1]
o R
Hi = R2
R OH
m
Rl R RP 1 nm m
H H H (5 (53 (O
Me Me H (39) (26) (0)
Me H MeO (4) 31 (o
Me Me MeO (22) (5) (6)
Me Me TsO (55) (14 (O




TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Co.10 o 0 0
R'\f-L H HO, HO,
NH RE NH R NH R - NH
LA Ny A b
o H N” 0 HO" "N So , HO” >N
R} 5 N (8] DMD, acetone/H50, 25 R} a + g3 o + RS 5
HO R? HO R? HO RL' HO R?
I 1 m
Rl R! R} I I LI
H OH CH;OH (85) 0 8317
Me H CO;H 37 (39 -
Me H CH,OH (68) (23) ~—
Cy
(0] o]
Cyclohexanone dioxirane,
cyclohexanone/CH;Cls, o (83) 156
-10°,6h
o R! o R! R! R? Time
)é[ DMD, acetone/CH;Cly, N, 20° )@0 H Me 20h (86) 34,
R? R? Me H 24h (90) 53
o o0 (0] (0]
MOBH DMD, acetone/CH;CN, )’H{‘I\OBD_‘_ (85) 240
0S0,Me NaOMe, 0 o)
Cio o o
“ DMD (large excess), acetone, (—) 244
heat
0 0
0
y A~ ACOMe DMD, acetone, 30° = ALLCOMe () 4, =(063£0.06)x 107 (MIsT) 236
(0] (0]
P DMD, acetone/CH,Cls, N3, (94) 34,
20°,20h 53
(0]
Crii4 R
- H )
2. _CO;Et CO,Et Cl  (55)
/©/\, DMD, acetone, rt 1 Me (42) 80
R R CF; (43)
i-Pr (52)
R logkptky R Temp kyx10°(M's™)
DMD, acetone, 20.5°, 1.5 h I(—) Cl 0302 H 283K 287 80
F -0.086 H 283K 6.01
H 0 H 293K 6.88
CF; -0.828 H 298K 9.08
Me 0.238 H 303K 17.90
i-Pr 0316
DMD, acetone, 25°, >30 h R=H I (63 162



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ci
CF3 CF3
)\\/\)\/COZMe DMD, acetone/CH,Cl,, /MCOZM= I (93) 78
0°,48h o
TFD, TFP/(CH,Cl3), I (93) 78
0°, 30 min
/ly\)\\\/COZMe DMD, acetone/CH;Cl,, /’MC(}ZME I (90) 78
(o} 0°,48h 0 O
TFD, TFP/(CH,Cly), I (90) 78
-70°,2h
Ph Ph_ O
\=\C DMD, acetone, rt, 24 h N1 (100) 181
0,Et CO,Et
Solvent ky x 108 (M s
DMD, acetone/solvent I (— AcOH 29.66 £ 0.12 174
(viv=1:1), 25° sulfolane 2526 £0.26
CHCly 16.30 + 0.30
CH,Cl; 14.66 + 0.57
Cl{CH3),Cl1 12.55+0.52
PhCl 19.00 + 0.23
CeHg 9.41 +0.10
acetone 8.66 +0.22
2-butanone 8.10+0.14
CCly 7.98 +0.02
AcOMe 7.74 £ 0.04
AcOEt 6.81 +0.20
Ci2
DMD (3 equiv), acetone, I (—) LI=20:80 245
0 n,27h
DMD (4 equiv), acetone, 245
Cis m47h o
0 o]
|I DMD, acetone, 30° l! (=) k=(068:00)x103M's") 236
0 0
= 0.
Bu-f DMD, aceione, 30° Bu-r (—) k;=(0.70 £ 0.02) x 1073 (M~'s~1236
Cr Cl
2 fl) DMD, 24h o [0} ﬁ
1] , acetone, Il
(E0)P .~ _A~_~POE), e 1 (EtO)P -~ >~_~P(OE), Ro% 7
C
“’ 0 0 o}
0. Bu-r Bu-¢ 0. Bu-t
DMD, acetone I+ o II(52) :II=20:1 246
Bu-r Bu-r Bu-r
Cis.17

DMD, acetone/CH,Cly,
Ny, ~20°

R! R? Time

H Cl 110h (100) 57
OH H 128h (100)

MeO H 121h (100)

AcO H 135h (100)




TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cisar R} R}
R? ‘ DMD, acetone/CH,Cl;, R2 O 34,
‘ | Nz, ~20°,2010 24 h ‘ ’ 53
Rl O R' O
R' R? R? R' R? R}
H Br H (98 H MeO H (99)
H H NO; (57) OH H Me (~100)
OHH H (~100) OH H MeO (~100)
H H H 97 H Me Me (99)
H Br MeO (98) H Me MeO (99)
H H Me (~100) H MeO Me (99)
H Me H (~100) H MeD MeO (96)
H H MeO (99)
Cisie
o] o o]
‘ = O DMD, acetone, 30° ‘ ‘ ) 236
R R? R R?
Rl RE kpx108Mlsh
Br H 1.03 + 0.05
H Br 1.39 + 0.05
Cl H 0.95 + 0.04
H Cl 1.47+0.03
F H 1.58 = 0.01
H F 1.54 £ 0.04
NO; H 0.25+0.03
H NO; 1.07+£0.13
H H 1.54 £0.13
CN H 0.36 £ 0.03
H CN 1.24 + 0.05
Me H 3.1x02
H Me 1.86 + 0.04
MeO H 11.5+0.1
H MeO 2.12+0.06
Cis16 R* RS
R? R® R? R*
R OH ‘ DMD, acetone/CH,Cly, N; R? OH ‘ 247
94 @=
R R
9 ORpi g2 R R¢ RS Temp Time
Cl H H H H ~20° 59h (100)
H H H H (I ~20° 57h (100)
Cl H H H MeO -5° 50h (100)
H Me H H H ~20° 30h (100)
H H MeOH H 0 62h (100)
H H H MeO H o0 56h (100)
Me H H H MeO 0° 37h (99)



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate

Conditions

Product(s) and Yield(s) (%)

Refs.

Cis.e
o )
(o]
Cis
(o]
OH "Ph
Cisar 0
[llH
1 N (o]
R o
R R?

DMD, acetone/CH4Cls,
DMAP,0°tort

DMD, CH;Cly/acetone, 0°

DMD, acetone/CH;Cl,.
0°tort,~81.5h

1. DMD, acetone/MeCN,
AcOH/NaOAc, 0°
2. m,~25h

DMD, CH,Cl,, 25°

o o
ol 0
HO OH
RZ OH R?
O o O ) 241,
Rl Ré 242
0
R' R? R? R*
H H Br H
cl H H H
H H F H
H H H H
H OH OH OH
H H CN H
H H Me H
H Me H H
H H MeO H
H OH  —O(CH)0—
H MOMO —O(CHp,0—
0 0
_OH
I (74 + O O (0 248
o~ Ph OH “Ph
o (60) 248
H _— HO-._~“\g
s N’J*o + rigHO” N)*o + 234,
o
O_H D_\g 235
R0 OR? R0 OR?
1 o
0
H
%L/U‘NH R' R R kI m
N’&O Ac _Ac  Ac_ (10) (18)
R! o T H H (57 @D
PhCO PhCO PhCO (65) (0)

, TT H Tr (63)
R0 OR T Tr H (69

)
©



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Qb

Conditions Product(s) and Yield(s) (%) Refs.
0 0
Hi HO-.
NH NH
Mo A, LA
DMD, acetone/MeOH, 25° m+ RO N 0. R N0 g
235
R20 OR? R0 OR?
v A\
R' R? R? o IV+V
Ac Ac Ac (1D (75)
Cis17 R R
R Time
@ Q Br 168h (76)
Cl  168h (72)
O. DMD, acetone/CH;Cly, it " F  120h (83) 249
o H 72h ()
4 Q CN 168h (77)
Me 72h (94)
MeO 72h (87)
0
Cis1s |
o R 0 R o
O S O DMD, acetone/CH,Cl,, dark, rt . o] + 250
[
0 o]
o R

Br 360h (48) (299 (@ (@ (0)
Cl 456h 47) (30) (0) (0) (0)
168h (47) (21) (0 (@ (5)
Me 144h (51) (28) (@ @ (O
MeO 144h (38) (19) (%) (@ (7
EtO 168h (41) (16 (@ (0 (8

T



TABLE ]C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
0
DMD, acetone/CH;Cl, rt o + + 251
aga Ko, -
R R R
1 o
R
O R Time I I
(9-100 C1 192h (56) (0)
" i H 120h (39) (0)
U Me 9h (35) (5)
o]
Ciga7 m
0O o
DMD, acetone/CH;Cly, + ‘ ] O + 250
dark, rt . R
1 i
o o R Time I o m
o Cl  528h (23) (43) (O)
. - H 288h (36) (23) (O
Me 192h (42) 1) (0)
m MeO 360h (28) (19) (4)
0 99 R Time
= Cl 3d  (69)
TFD, TFP/CH;Cl,, 20¢ H 25d 3 66
6,5\\0 R 0,,5\\0 R Me 3d (14)
OMe OMe
OH O OH O
‘ | DMD, acetone/CH;Cly, ‘ o (100) 248
0°tort,24h
0 0
o
OH
DMD, acetone/MeCN, (62) 248
AcOH/NaOAc,0°tort, 20 h ._@\
OMe
C
16-17 (o] o OH
B DMD, acetone/CH,Cl,, 0°, 4 h Et Et
O/ or + (=) + - = 60a

Ph _NC, CFsCOy”

1. TFD, -78°
2.-20°, 30 min



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions

Product(s) and Yield(s) (%)

Refs.

CF;
)MMCOIMe DMD, acetone/(CH,Cl),
-20°,8d

TFD, TFP (CH;Cl3), -20°, 1 h
Crras R!

DMD, acetone/CH,Cl,, rt, dark

N DMD, acetene/CH;Cl;, t, dark

DMD, acetone/CH;Cl,, dark, rt

DMD, acetone/CH;Cl,, dark, rt

Ciz19

O S O DMD, acetone/CH;Cly, rt

CF3
MCO?M& 1(93)

I (99)

R! Time

Br 113h
Cl 144 h
F 109h
H 109h
Me 74h
MeO 113h

R! Time

(86)

(92)
an
(81)
=)

Br 121h
Cl 144h
F 100k
NO; 150h
H 109h
Me 89h

R  Time

Br 72h

Cl  72h
F  48h
H 48h
CN 72h
Me 48h
MeO 48h

R Time

(89)
(81)
(79)
a9
(83)
(83)
(83)

Cl 20h (30)
H 144h (28)
Me 120h (23)

Time
216h
192h
192h
168 h
216 h
168 h
MeO 120h

gg=mox|r

(73)
(79)
(79)
(83)
(96)
(90)
(78)

@7
@7
(89)
84)
(83)
@9)
(-

78

78

252

253

253



TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

DMD, acetone/CH;Cl3, 1t 251
R Time 1 0
Cl 336h (61) (8)
H 240h (50) (0)
Me 216h (53) (7)
Cio o) o
o 0.
DMD, CH,Cly/acetone, O (80) + 4B.5B-epoxide (15) + 77
~20°,20h j:: 4, 5a-epoxide (5)
=
07
0
DMD, CH,Cly/acetone, 1 (81) + 4o,50-epoxide (12) + 77
~20°,28h i lo20-epoxide (6) +
1B,2B-epoxide (1)
4™
DMD, acetone/CH;Cly, rt 54
1. DMD, acetone/CH;Cly, 0° (38) 254
2. NaHCO3
DMD, acetone, —30°, 10 min 256
OAc
1. DMD, acetone, dark, rt, 8 h
2. NaBr or LiBr, Amberlyst 15, "N m
i, 12h
(o]
r
OAc
1. DMD, acetone, dark, rt, 8 h
2. NaCl or LiCl, Amberlyst 15, (89) 171
m, 12h
c
1. hv, toluene, <5° —) 257

2.DMD, 0 to 5°




TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.

DMD, acetone, 20°, 20 h 1 (80) 258
DMD, acetone/CH,Cl,, 1 (80) + 4B,5B-epoxide (16) + 40, 50-epoxide (4) 77
~20°,20h
c
2 OAc
A --0OAc
DMD, acetone/CH;Cl,, (49) + 4o,5o-epoxide (1) + 77
~20° 24 h 10, 2a-epoxide (17) +
o 020 e 66
DMD, acetone/CH2Cl,, (39) 77
~20°,24 h
o o
OH
DMD, acetone/CH,Cl, (40) -
~20°,72h
0
0 ]
Cy 5
h Ph DMD (large excess), Ph pn )
acetone, heat
PH Ph PH Ph
0 0
NH NH
C e
& N’go DMD, acetone/CH;Cly, 25° . N’&O a0 + 1 @) 234
o
HO HO o HO
HO- NH
& g NJ%O 12)
Ca. HO
RL R?
O g ‘ DMD, acetone/CH,Cl,, e
20°,48 h
o} R?
R! R? R?
O-B-D-glucosyl-Acs H H (84)
H 0-R-n-glucosvl-Acy H (88)
H H 0-B-D-glucosyl-Acs  (87)
O-f-cellobiosyl-Acy H H (78)
H O--cellobiosyl-Acy H (82)

H H O-B-cellobiosyl-Acy  (81)



0ce

TABLE 1C. EPOXIDATION OF OLEFINS WITH ELECTRON ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
B Il + ﬁ 0. +
+ P~ O™ NBuy P. O™ NBuy
BmN»Q/,,\Jf/Y DMD, acetone, rt, 4 d Bu-07 (100) 76
O NBus § O"NBus ¢
Cs2
o] o)
% ﬂM + DMD 4d + ﬁ\/Q(U?L + 100 76
BuyNO7/ 3 O~ NBuy , acetone, It, BuN-0"/ 3 O~ NBuy (100)
O~NBuy O~NBuy

“TDMPP = 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin dianion
b (C116)TDMPP = 2,3,7,8,12, 13,17,18-octachloro-5,10,15,20-tetrakis(2,6-dimethoxy-3,5-dichlorophenyl)porphyrin dianion



lce

TABLE 1D. EPOXIDATION OF OLEFINS WITH ELECTRON DONORS AND ACCEPTORS BY ISOLATED DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cg 0 o}
if DMD, acetone/CH;Cly, (~100) 56
O Nz, 0°23h
G,
@ DMD, acetone/CHCly, (79) 44,
o N,,-20°3h o 212
Cr13  NHCHO NCO NC
R | S | |
1. DMD, acetone/CH;Cly, —40° I+ 11 H (36 (22) 238
2. (CF380,),0, i-Pr;NEt, —78° Ph (33) (8)
R R R
Cy
( \} f ‘;;‘/‘0
N DMD, acetone, N 97) 239
(|:02Et 0° to rt, overnight (I.TOZEt
Gy
QO DMD, acetone/CH;Cla, m (83) 44,
o N;,-20°3h o 212
0
(o]
0 DMD, acetone, -78° to 1t 0 97 243
1. Moist DMD, acetone, Ok
-78%tort, I8h o
2. Acetone, CuSOy, H;504, 0 (17 243

50°,3d



TABLE 1D. EPOXIDATION OF OLEFINS WITH ELECTRON DONORS AND ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

C E Et
| 0
0, DMD, acetone/CH;Cl,, o] (~100) 56
Ny, -20° 11.5h
Cio o} 0
OH
DMD, acetone/CH;Cl,, (99) 56
N;,0°11h
OEt 2 OEt
C|0.14 (o] ' o i R] Rz Time
R R H Et  26h (98)
DMD, acetone/CH,Cly, o Me Et 17h (~100) 56
OR? Ny, -20° 'OR2 H nBu 11h (99)
= H Ph 24h (97
10
__OP(O)OE), DMD, acetone/CH,Cly, E Q OPO)OEt), (93 205
N3, 20°,48h
H H
Ph N A~ DMD-dj, acetone-dg, —50° PhY N\<|'\ (100) 167
T 6
o}
1. DMD, acetone/CH,Cl,  PhCONH._ _.O.
II o
2,-20°,24h NHCOPh
H | H
Ph\n/N = DMD-dg, acetone-dg, —50° P‘h\n/N (100) 167
o}
H g OH
HTN% DMD, acetone/MeOH, P'ﬂ\"/N\]/K (40) 167
o ~78%,2h S OMe
Cn
MeO,C MeO,C
/ o
DMD, acetone/CHCly, ° 93) 45
0 Ny, 20° 12h
S 0
Ci2 [o) 0
DMD, acetone/CH;Cly, q:io (98) 205
N,.20°91h
OP(O)(OEt), OP(O)(OE);
Cia
NHCHO NC, Ne
1. DMD, acetone/CH,Cl,, —-40° (30) + O (8) 238
OO 2. (CF380;);0, i-Pr,NEt, —78°
OBz DMD, acetone/CH;Cly, ng (96) 44,
N,,-20°,3 h 212
R
Cisai R
O——Ph ‘
Ph R Time
/f

&
_t-l

S

DMD, acetone/CH;Cly, N H 6h (~i00)
P Na, ~20° Ph 88h (~100)
o]



TABLE 1D. EPOXIDATION OF OLEFINS WITH ELECTRON DONORS AND ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs,
DMD, acetone/CH;Cl;, N2 59,
8
Rl R? R R* R° Temp Time
H H H H C 0 6lh (92
H H H C H ~20° 28h (~100)
H H H H NO, -20° 72h (~100)
H H H H H 0 36h (~100)
H Me H H C ~20° 27h (~100)
H Me H C H ~20° 37h (~100)
H Me H H H 0° 4lh (~100)
H H H H Me 0° 23h (~100
H H H H MeO 0° 2h (~100)
H H MeOH H 0°  26h (~100)
H MeOH H H -10° 48h (~100)
MOH H H H -10° 46h (~100)
H Me H H Me -10° 34h (~100)
H Me H H MeO 0° 23h (~100)
Cis 0 o]
i 1. DMD, acetone/CH,Cly, P
1 Ar,0°,23h (56) 248
Ph 2. mt,~25h
CF
O OH CF o o
N Jkl?l\v DMD, acetone/CHCl;, = ,Uka (80) 260
L Nz, 1,24 h H HO N
Cis Ph o
B0, __ Ph DMD, acetone/CH;Cly, E‘OZ}=<“’ + B0 + e & 228
o ONEy 100 H NE, HO bgo BTN
I i1 m
LILI = 27:49:24
1. DMD, acetone/CH;Cly, 180 180 135
ot g o
2.0, NEt; NHEt OH
0
DMD, acetone/CH,Cl2, 0°  TL(57)  + HHL 13) 228
NEt
0
[)
O R! R? Temp Time
DMD, acetone/CH,Cly, s H MeO -5° 11h (100) 57
Ny Q R' MeOH 0° 22h (100)
R’Z
M Q Ph
- DMD, acetone/CHCl3, (83) 248
H n,34h H
0 o}
0 H 1. DMD, acetone/CH,Cl,, MO AN~ A A
s k= 0% 1h ) (33) 248
L 2.1,36h
0 i o}
Ph  OAc Ph O OAc
\=< DMD, acetone/CH;Cla, (84) 44,
Ph Ny, ~20°,7h Ph 45



TABLE 1D. EPOXIDATION OF OLEFINS WITH ELECTRON DONORS AND ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Conditions Product(s) and Yield(s) (%) Refs.
Cy7.
- R R? R’
DMD, acetone/CH;Cly, MeO H Me (38) 60
~20°, ~15d Ms H Me (23)
MeO H Et (38)
MeO MeO Me (14)
Ms H Et (27)
MeO MeO Et (17)
MeO H Ph (16)
MeO MeO Ph (19)
Ciy
" OH
1. DMD, acetone/CH,Cl;, [o)
Ar,0°23h Ph (33) 248
2. 1m,~25h
M o]
Ca
J:\c
N. Ph
[ I DMD, acetone, 0°, 6 h 255
I|~I Ph
Ac
DMD, acetone/CH,Cl,, (>85%) 243
-78°, 30 min
o Ac ai\c
r'q N Ph
@[ I DMD, acetone, 0°,48 h @ EO (—) 255
¥ ¥
Ac Ac
Cas.
DMD, acetone/CH;Cl,, 259
20°
R! R2 R} Time
0-B-D-glucosyl-Acy H H 96h (76)
0-p-D-glucosyl-Acy; H MeO 60h (88)
AcO AcO O-B-D-glucosyl-Acs80h  (80)
0-B-cellobiosyl-Ac; H H 72h (83)
Car40 ] )
R R’
1. DMD, acetone, 0°, H Me (71)
5to7h H Bn (67) 261
2. TsOH, CH;Cl, 0°, MeO Bn (56)
10 to 15 min BnO Me (74)
BnO Bn (70)
DMD, acetone/CHCl,, 262

-40°, overnight
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TABLE 1D. EPOXIDATION OF OLEFINS WITH ELECTRON DONERS AND ACCEPTORS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

DMD, acetone, -26°, 1 h (100) 263




62

TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%) Refs.
G p g R R R' R’ Time
= Acetone, Oxone®, NaHCO;, Me H 275h (62) 264
H H,0, EDTA, 24° to 27° O COH Ph H 20h (92
Ph Me 25h (92)
Ph Ph 225h (%0)
Cs2 p2 g TFP, Oxone®, NaHCO3, Ro g KM R® R® R* Time
P>=( CH;CN/H,0, Na;EDTA, Me AcO H H 20min (97) 35
R R* Oto1° R R* Me Ph H H 15 min (96)
I 4CFCHyH HO,C H 2h (96)
Ph H MeO,CH 2h (97)
Ph H H Ph 30 min (99)
Ph H PhCO H 13h (99)
Ketone, Oxone®, NaHCOs, I 38
CH3CN/H,0, EDTA, it
o R! R? R} R¢ Time
5 ,- Me —(CH)s— H 075h (85)
Km“;(flj\m Ph H H H 7h  (82)
T n-CeHi H H H 8h (90)
n-CsHy; H Me H 8h (87)
Ph H Me H 3h (89)
Ph H CHOHH 05h (96)
(CH)eCHOH H  H H 25h (94)
Ph H Ph H I5h (97)
Ph H H Ph 3h  (91)
Ph Me Ph H 25h (95
n-CgHyz H H (CHCOMe 2h  (94)
Ph Ph  Ph H 45h (96)



TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ketone, Oxone®, NaHCO3, I 38
CH;CN/H,0, EDTA, it R! RZ R} R* Time
o Me —(CHy)s— H 05h (83)
Ph H H H 45h (80)
Ketone = nCeH;y H H H 25h (92)
d,Q\O n-CsH;;, H Me H 1.5h (81)
Ph H Me H 45h (87)
Ph H CH,0H H L5h (95)
(CHp)OH H H H 35h (95)
Ph H Ph H 5h (95)
Ph H H Ph 4h (95)
Ph Me Ph H 4h (97)
nCgH;; H H (CH;,CO;Me 3h  (96)
Ph Ph Ph H 6h (97)
Ketone, Oxone®, CH3CN/buffer, I | ; , " 37
(PH 7.0, 0° R R R R* Time
n-CeH;3 H H H 11h (7%
Me.NM= . Ph H Me H 8h (83)
Kmm=[+ > OH;0 Ph H H Me 6h (78)
N Ph H CH,OH H 1l1h (94)
Me Me Ph —(CHp)y— H 4h (93)
Me H (CH2:0Bn H 22h (89)
Ph H Ph H 22h (33)
Acetone, Oxone®, phosphate
buffer (pH 7.65)/CH,Cl,, (70-90) 42
| 18-crown-6, EDTA, 0
5t08°%16h
® (o]
NN Acetone, Oxone®, HyO (PH 7.0-7.5), < [N~ n 32
CO:H 18-crown-6, 210 8°, 2.0 h Z "COH
Acetone, Oxone®, benzene/H,0,
O (pH 7.0-7.5), BuyNHSO,, O)o 1(72) 32
2108°%3.0h
Acetone, Oxone®, CH,Cl,/H,0,
(pH 7.0-7.5), BuyNHSO,, 1(78) 32
2t08°,40h
Acetone, Oxone®, benzene/H,0,
(pH 7.0-7.5), BuyNHSO4, 210 8°, 1 (32) 32
40h
Acetone, NaHCO3, CH,Clo/H,0, I (95) 265
NaHSOs, 0° 10 5°, Ny, 2 h
Ketone
Ketone, Oxone®, NaHCO;, I CgHsCOCF; (38) 266
CH;CN/H,0, EDTA, 1, 24 h 4-CF,COCgH,COH  (5)
4-CFyCOCgHCO:Me  (0)
0 o]
32

Acetone, Oxone®, H,0 (pH 7.0-1.5), <?/\)k (96)
18-crown-6, 2t0 8°,2.0h



TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ce1s R? R? Acetone, Oxone®, CH;CN, RO R?
- DMM, K;COs buffer, 36
R R* BuyNHSO,4, EDTA R R*

R! R? R} R* Time

n-Pr H CH,0H H 2h  (79)
Et H (CH,),0H H 2h  (80)
Et H H (CH2),0H 4h  (90)
Ph H CH,Cl H 2h  (72)
Ph H CH,0H H 2h  (67)
Ph Me H H 4h  (91)
Ph H Me H 4h  (84)
H —(CHp)s— C=CMe 15h (88)
I!—CEH]'; H H H 4h (6?)
2-MeCgHy; H Me Me 4h  (75)
H —(CHa)4— Ph 2h  (84)
i-P;SiCH; H H H 4h (7
Bn H (CH;,CO;Me H 2h  (85)
Ph H Ph H 4h  (86)
n-CgHj3 H !I-Cﬁl{u H 1.5h (92)
Ph Me Ph H 2h  (98)
Ph H CH,OTBDMS H 2h (1)
H Ph n-CygHa; H 4h  (72)

G Acetone, Oxone®, H;0 (pH 7.5-8.0/ I (95) 162
CH,Cl,, 18-crown-6, 0 to 5° o
2-Butanone, Oxone®, NaHCO,, 1 (68) 267
20 to 30 min

2-Butanone, Oxone®, iron(Il)
tetrakis(2,6-dichlorophenyl)-
porphyrin chloride 1 (68)
[(TDCPP)FeCl], NaHCO;,
20 to 30 min

267

2-Butanone, Oxone®, NaHCO;, I (16) 267

0°, 24 h, with prior incubation

2-Butanone, Oxone®, NaHCO;,
(TDCPP)FeCl, 0°, 24 h, with I (14)
prior incubation

0 Acetone, Oxone®, K,COs, 0O
Q<Oj CH;CN/DMM, BuyNHSO4, on (50) 36

EDTA,m,4h

267

Ketone Temp Time % Convn

Ketone, TMSOTE, CHzCly (:\E cyclohexanone —32° 3h 94 () 268
O/ acetone 322 3n 75 (96)
0 soetone 75 16h 23 (99
4beptanone  —32° 3h 80 (95




TABLE IE. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cs 20
R? R} Ketone, Oxone®, NaHCO;, RZO R} 39
P CH3CN/H,0, EDTA, it
R BENTE R
Ketone = Rl R2 R] Time
O 0 4CiICH, H H 1h  (80)
Me Ph H ith (75
o
g}: Ph H CH,0H 25h (92
0 0 4CFCHy H  COM 2h (85
Ph H CO.Me 2h  (96)
(CH)yOH H H Sh o (94)
Ph —(CHps— 2h  (86)
Ph H Ph 80min  (94)
Ph H PhCO 1h  (96)
n-CsHyz H (CH.,CO:Me  55h  (96)
Ph Ph Ph 160 min  (91)
o A NaHCO3, CHyCl o (0 265
SN ce CO;3, CH,Cl/H,0 P1|/<l
NaHSOs, 0° to 5%, Ny, 2 h
Acetone, NaHCO3, CH,Cly/H,0, 3 I(71) 265
NaHS0s, 0° to 5°, N, 2h
Ketone, Oxone®, NaHCO;, I (95) 38
CH;CN/H,0, EDTA, 1, 1.5h
(o]
Ketone= |, ] TOr
P’ N”Ph
Me Me
Ketone, Oxone®, NaHCO;, I (96) 38
CH3CN/H,0, EDTA, 1t, 0.5 h
0
=fj
'us\\
g o
AP Acetone, NaHCO3, CH,ClL/H,0, ‘b\/\/\/ (54) 265
= NaHSOs, 0t0 5°, N3, 2 h
C
9 Ph Ph
Ay Ketone, Oxone®, solvent, buffer \&\ ) 269
COoy” COy
s Ketone, Oxone®, CHyCN/buffer O 1 (85 37
(pH 7.0),0°, 6 h
Me Me
N— 2TfO
Ketone = [‘ 0-H,0
N,
Mé Me
Ketone, Oxone®, NaHCO;, I(92) 40

CH;CN/H;0,0°% 8 h

l\r'le
(8]
Ketone = OIN

Me 0
(0]



TABLE |E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

EDTA,nt, 1.5h

Substrate Conditions Product(s) and Yield(s) (%) Refs.
. Acetone, Oxone®, phosphate buffer, Ph\ {0} I (95) 207
\OOzH (pH 7.5),2°,2h COH
Acetone, Oxone®, H,0 (pH 7.0-7.5), 1 (94) 32
18-crown-6, 210 8%, 2.3 h
Acetone, Oxone®, benzene/H,0
(pH 7.0-7.5), BuyNHS0,, I (90) 32
2108%3h
S\ Acetone, Oxone®, phosphate / ‘5 I (90) 31
CO.H buffer (pH7.0),2%3.5h P CoH
Acetone, Oxone®, H,0 (pH 7.0-7.5), 1 (>81) 32
18-crown-6,210 8% 35h
Acetophenone, Oxone®, MeOH, Ph O (100 270
H,0,0°%1h .
. Ketone, Oxone®, NaHCO;, o] 92) 40
7 CH3CN/H,0, 0°,8 h /Q/
PH
l\l-'le
0 N_O
Ketone = I
Mé 0
0
Ketone, Oxone®, NaHCO;, o] (92) 40
CH,CN/H,0,0° 8 h /N
PH
0
Bn.y o
Ketone = &1\
0" "NTTO
Bn
0 Ketone Temp Time % Convn
Ketone, (TMS);SOs Ph \)J\ acetone 4° 10h 98 (95) 268
CH,Cly acetone -32° 30h 68 (95
cyclohexanone -32° 3.0h 88 (9N
R /=N ™ |
©/\/ PONCEHSON | m/ + W (38-43) 27
[*%0]acetone, Hy0,, NaOH
Ketone, Oxone®, NaHCO;, 0 (90) 40
x
P OH CH;CN/H;0, 0°, 8 h Lo
Me
0y N_O
Ketone = N
Mé (4]
0
= =
Z Acetone, Oxone®, K,CO;3, Z
CH3CN/DMM, BugNHSO4, 0 (88) 36



TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Acetone, Oxone®, phosphate
buffer (pH 7.65)/CH,Cl,, 0 (70-90) 42
18-crown-6, EDTA,
5108°%16h
0 o o
TFP, Oxone”™, NaHCO;,
CH;CN/H,0, Na;EDTA, o I (90) 35
0to1°15h
2-Butanone, Oxone®, phosphate
buffer (pH 7.3-7.5), 1 (86) 34
~20°24h
Ketone, Oxone®, NaHCO3,
CH;CN/H;0, EDTA, I(89) 39
i, 15h
OF
Ketone = g}o
J¥
o 2-Butanone, Oxone®, phosphate o
buffer (pH 7.3-7.5), (84) 34
~20°,24h 0
Co.20
R2 P(O)XOEt), 2-Butanone, OX.O’IICO. CH,Cly/ R20 P(O)(OEt), R! R? R}
= phosphate buffer (pH 7.3-7.5), )&< H nPr H (58) 272
R' R BuyNHSOy, ag. KOH, 24 h R' R} H nBu H (71)
Me nPr H (75
Me nPr  Me (79)
H Ph H (73
Ph nPr H (8D
Ph nBu H (80)
n-Bu Ph H (35)
n-Bu Ph Me (20)
4MeCgHy Phh H  (84)
n-CgH;; Ph H (19
Cio 0 0
‘ Ketone, Oxone®, NaHCOs, (88) 39
CH;CN/H,0, EDTA, 1t, 6 h -
o] o]
0
K =
etone 0:>:0
s
36

Acetone, Oxone®, K;CO;, 0
CH3CN/DMM, BuyNHSO;, I (66)
EDTA, r,4h



TABLE IE. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%)

Refs.

Ketone, Oxone®, NaHCO3, 1(83)
CH3CN/H,0, EDTA, 1t, 1.5 h
(0]

Ketone = . TfO™
rN'
Me Me
Ketone, Oxone®, NaHCO;, I (85)
CH;CN/H;0, EDTA, 11, 2.5 h
o]

Ketone = é

Sn
do

Ketone, Oxone®, NaHCO;,
CH3CN/H,0, EDTA, I (81
1t, 80 min

(2
0
Ketone = 0:>=0
s
W\OH Ketone , Oxone®, NaHCOs, 9 o ®
CHyCN/H,0, 0°, 8 h

l\lde
0+ -N._O
s L
Meé (o]
(6]

= P Ketone, Oxone®, CHy;CN/buffer OH I (90)
(pH 7.0),0°, 6 h

Me Me

0.

Ketone, Oxone®, CHyCN/buffer, I + \|>\/Y\/°H I 89) LH=19:77
(pH 7.0),0°, 2.4 h

Me Me
2 TfO™

Ketone = (ﬁ 0-H,0

Me Me
@\ Ketone, Oxone®, NaHCO;, o 1060
- CH3CN/H,0, EDTA, 0°, 3 h
Ph
0
Ketone = ﬁ
%/ o

Mé Me

Ciz

Ketone, Oxone®, NaHCO;, I (88)
CH;CN/H;0,0° 8 h

Me
0y N._O
Ketone = N
Meé (0]
0

38

38

39

37

273



TABLE |E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate

Conditions

Product(s) and Yield(s) (%)

Refs.

Yoa

A

o

oD
iy

0.
|
OAc
Me

OTBDMS

OBn

Acetone, Oxone®, K,CO;,

CH;CN/DMM, Bu,NHSO,, I (84)

EDTA,t,2h

1. Acetone, Oxone®, H,0,
NaHCO4, 20°,2.5h
2.25%2h

Ketone, Oxone®, NaHCO,,
CH;CN/H;0, EDTA, 1t

Acetone, Oxone®, phosphate buffer
(pH 7.2), 0°

Acetone, Oxone®, benzene/H,0,
(pH 7.0-7.5), 18-crown-6,
2t08°,3.0h

Acetone, Oxone®, benzene/H,0,
{pH 7.0-7.5), 18-crown-6,
2108°3.0h

1. TFP, Oxone®, NaHCO3,
CH3CN/H;0, Na,EDTA,
0to 1°, 30 min

2.NaSH,m,2h

Acetone, Oxone®, phosphate buffer
(pH 7.65)/CH;Cl;, 18-crown-6,
EDTA, 5t08°% 16h

Acetone, Oxone®, H,0/CH,Cl;,

(pH 7.8), BusNHSO,,
0°24h

Ketone, Oxone®, NaHCOs,
CH;3CN/H;0,0° 8h

Me
05 N0
Ketone = N
Me o
0

Oxone®, various ketones,
CH,Cly/H;0, BuyNHSO,,
9to24h

(85)

Ketone

Time

OAc

an

Tentagel S-Br
CeHsCOCF;

48h (80)
24 h (100)

4-CFyCOCGH,COH 24 h (100)
4-CF3COCgH,CO,Me 24 h (100)

(b\/\/\/\/\/

0
é,ou ©7)

I (70)

I

(70-90)

I (87)

(43)

274

266

275

32

32

35

42

168



TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

duct(s) and Yield(s) (%)

Refs.

Substrate Conditions
Gt /=/Ph Ketone, Oxone®, NaHCO3,
PH CH,CN/H;0, 0°, 8 h
l\ldc
Oy N._O
Ketone =
/N 0
Me
o]

Ketone, Oxone®, NaHCO;,
CH;CN/H,0,0° 8h
(o]
0o

Bn,
Ketone = N
OA\ N"o
Bn

Ketone, Oxone®, NaHCO;,
CH;CN/H;0, EDTA, 1

Ketone, Oxone®, NaHCO;,

CH3CN/H;0, EDTA, 11, 5 min

(o)

Kﬂw“ﬂé TO"
N,

ME Me

Ketone, Oxone®, NaHCO;,
CH;CN/H;0, EDTA,
i, 45 min

[0}
S [
Mé b

Ketone, Oxone®, NaHCO3,

CH;CN/H;0, EDTA, 11, 2 h

Ketone, Oxone®, NaHCO;,

CH;CN/H,0, EDTA, 11,2 h

[o]
ol
N” "Ph

Mé Me

Vi yph I (70)

Ph

I (70)

I (=)

I.(95)

I(92)

I (87)

Ketone Time

Tentagel S-Br 48h
Hydroxymethyl resin 17 h
Hydroxymethyl resin 36 h
CeHsCOCF; 24h
4-CF;COCgH4CO,H 24 h
4-CF3COCgH,CO,Me 24 h

7
(41)
(64)
(70)
(81
on

38

38

38

38



TABLE |E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions

Product(s) and Yield(s) (%)

Refs.

Ketone, Oxone®, NaHCO;,
CH3;CN/H,0, EDTA,
i, 15 min

o]}
Ketone = n(fjl THO"
;N' Ph

Cyclohexanone, Oxone®,
NaHCO,, CH;CN/H;0,
EDTA, rt, 12h

Ketone, Oxone®, NaHCO3,
CH;CN/H;0, EDTA,
rt, 30 min
0

e

Ketone, Oxone®, NaHCO;,
CH;CN/H;0, EDTA,
i, 2 to 3 min
(o]

v )

6o

TFP, Oxone®, NaHCO;,
CH3CN/H,0, EDTA,
t, 30 min

Ketone, Oxone®, NaHCO;,
CH3CN/H,0, EDTA,
rt, 120 min
0

Ketone= aAco L

Ketone, Oxone®, NaHCO,,
CH3;CN/H,0, EDTA,
rt, 50 min

Ac
Ketone = 0
Al

Ketone, Oxone®, NaHCO;,
CH3CN/H,0, EDTA,
t, 35 min
0

A
e 0

AcO
o]

I (94)

(=)

I (93)

197

I (96)

I(91)

I (90)

I (98)

38

38

38

38

39

39

39

39



TABLE |E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%)

Refs.

Ketone, Oxone®, NaHCO3,
CH;CN/H;0, EDTA, 1 (96)

rt, 20 min
o}

— qjg}o

o)

Ketone, Oxone®, NaHCO;,
CH3CN/H,0, EDTA, 1097
rt, 12 min

o

Ketone, Oxone®, NaHCO;,
CH;3CN/H,0, EDTA, 1 (96)
it, 10 min

o]
tame- (O_Sm0
o

Ketone, Oxone®, NaHCO;,
CH;CN/H;0, EDTA, I(91)
, 10 min
o]

o °:>=

Ketone, Oxone®, NaHCO;,
CH;CN/H;0, EDTA, I (93)

1t, 6 min
0
K.etone:% @ g:>=o
PR

Ketone, Oxone®, NaHCO3, o' Ph
CH3CN/H,0, EDTA, =
rt, 45 min

“Re

39

39

39

39

39

112



TABLE |E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Ketone Time
Tentagel S-Br 48h (61)
/:_-\ Ketone, Oxone®, NaHCO;, O Hydroxymethyl resin 38 h (51) 266
Ph  Ph CH3CN/H,0, EDTA, it ph/Q\Ph CgHsCOCF; 24h (100)
4-CF;COCgH,COH 24 h (100)
4-CFyCOCgH,CO;Me 24h (97)
Cis 0 0
TFP, Oxone®, NaHCO;,
I C.HSCN.!'H;O. leEDTA, 0 (99] 35
o > ph 0t01°%1.25h Ph
1 2
C]j_]ﬁ o 0 _.R;._
ol 2-Butanone, Oxone®, phosphate - o] H Br (40
‘ = O buffer (pH 7.3-7.5), ‘ O I H H (93 34
s ~20°,24h 2 Me H (98)
H MeO (94)
MeO H  (93)
2-Butanone, Oxone®, phosphate
buffer (pH 7.3-7.5)/CH,Cl,, RI=H,R®=Br 1(89) 34
BuyNHSO;, ~20°, 41 h
Ketone Time
Cis Tentagel 5-Br 48h (13)
] Ketone, Oxone®, NaHCO,, o 0 Hydroxymethyl resin 48h (9) 266
ﬂ)\m CH;CN/H,0, EDTA, 1t PNJ‘Ph CHsCOCF; 24h (11)
4-CFCOCgHsCOH 24 (34)
4-CF3COCgH4CO,Me 241 (7)
:_ Ph Ketone, Oxone®, NaHCO3, O Ph (64 40
Pl CH3CN/H,0,0° 8 h ph>
lfle
0+ N_O
Ketone = N
Mg (o]
0
Ketone Time
OH OH Tentagel S-Br 48 h (90)
Ph/\)\ Ketone, Oxone®, NaHCO3, Ph/d)/l\ C¢HsCOCF, 241 (100) 266
= "Ph CH;CN/H;0, EDTA, it Ph 4 CF,COCEHCOH 241 (100)
4-CF3COCgH,CO;Me 24 h (100)
Ph Ph
I Ketone, Oxone®, NaHCO;, 5 O 12 38
Cis CH;CN/H;0, EDTA, 11, 2h |
x
o]
teme= "L Y o
N TPh
Me Me
- Ketone, Oxone®, NaHCO;, I(92) 38

CH;CN/H;0, EDTA, 1t, 2.5 h

g [ )

(0]
o



TABLE 1E. EPOXIDATION OF OLEFINS BY IN-SITU-GENERATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

Acetone, Oxone®, H;O/CH,Cls,

(pH 8.0), BusNHSOy, M (58 168
OB

0°,65h o
TFP, Oxone®, NaHCOs, Mo a2 276
CH3CN/H,0, 0°, 30 min CO4Et
2-Butanone, Oxone®, NaHCO;, O o
H,0, BusNHSOy, 100 69
d:rk‘ o 4 Skt -(-/iu\—< (100)
CeHj3
2-Butanone, Oxone®, NaHCOs,
H,0, BugNHSO,, O (89) dr=50:50 69
7
dark, 1, 2h MeO; CHiys
Ketone, Oxone®, buffer (pH 7.5), (81) 168
CH;Cl;, BuyNHSO4, 0°, 24 h
o]
Ketone = ﬂj
N TfO"
Me CjzHzs-n
Cy
Ketone, Oxone®, NaHCO, 266
CH,CN/H;0, EDTA, it
Ketone Time
Hi H Tentagel C-Br 48h (76)
Hydroxymethyl resin 48h  (37)
CeHsCOCF; 24h  (52)
4-CF;COCH,CO,H 24h  (100)
4-CFCOCgH4COMe 24 h (72)
Cs2
OH
Acetone, Oxone®, NaHCOs,
. DTMS H,;0/CH;Cl,, 18-crown-6, SN (75) 277
BoO, ,>1h BnQ,
OTBDMS OTBDMS

1. TFP, Oxone®, NaHCO;
CH;CN/H;0,
2.HCI(1 N), 0°

(88) 278,
278a




TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES

Substrate

Conditions

Product(s) and Yield(s) (%)

Refs.

G

Cs

P NH,

NH,

2

1. 4-CICgH4SOH, Et,0, 0°
2. DMD, acetone/CH;CN,

0%, 8h O N, 169

3. K2CO;, MgSO04,
CH,Cly, 0°,5h

1. 4-CICgH,SO3H, Et,0, 0°
2. TFD, CH,Cl/CH:CN,
0°,0.1h 1(72)
3. K;C03, MgSO4,
CH;Cly, 0°,5h

1. 4-CICGHSOH. B0, 0°
2. DMD, acetone/CH;CN

0°8h Ej 1(70)

3. K;CO;3, MgSO0,, N
CH,Cl,, 0°,5h H

1. 4-CICgH4SO3H, Et;0, 0°

2. TFD, CHyCl,, 0°,0.1h 1 (79)

D+ P Pl

3. K;CO3, MgSO0;,
CH,C1;, 0% 5h

DMD (x equiv), acetone

I

CH(OH);

II m

CO.H
v

Temp Time % Convn (I+II) II IV

1. 4-MeCgH,SO3H, Et,0, 0°
2. DMD, acetone/CH,Cl,,
0°3.5h
3.K,CO3, MgSOy,
CH;Cl;, 0°,5h

0.

1. 4-CICeH,SO3H, E,0, 0°

1.0
1.0
1.0
20
1.0
1.5
20
1.0

o)

2. DMD, acetone/CH,Cl,
0°15h

3. K;CO;3, MgSO4,
CH;Cly, 0°,5 h

1. 4-CICgH,SO3H, E;0, 0°

2. DMD, acetone/CH;Cl,
0°35h

3. K,CO3, MgSO4,
CH,Cl,, 0°,5 h

0° 2h 42 “2) (=) =)
0° 4h 60 (56) (@ (2
0° Bh 75 (68 (5) ()
0° 2h 72 (65 (— D
20° 12h 67 (67 (—) (—)
20° 12h 19 (79 (=) (=)
20° 12h 8  (80) (3 (3)
20° 1h 85 a9 3 3

PN

NH,

/'-Nm, 96)

65

65

65



TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
c o o
s g §
“Me + “Me DMD, acetone/CHCla, “Me 1 (100) 280
Ny, 0°
C C
QP QP
TFD, TFP/CHCl;, I+ ((j “Me I (—) + (j “Me 1 (—) 280
Nz, 0 c
LILIN = 61:13:26
o o)
g g
l/©/ “Me + ©’ “Me DMD, acetone/CHCl,, O+ (—) IO =44:56 280
Ng, 0°
C 2
TFD, TFP/CHCl3,
IO+ 1 (—) ILIH=49:51 280
Ny, 0°
(IS? ‘i? Q\:"O
“Me + S Me DMD, acetone/CHCl3, o+ “Me IV (—) IV:I=29:71 280
N,, 0°
a M
TFD, TFP/CHCl;,
IV+I (—) IV:II=44:56 280
N, 0°
(0]
{ { ¥
N/O/ “Me 4+ m/@’ “Me  DMD, acetone/CHCls, IV + (@’ “Me V() VIV=595 280
04 M N, 0 04
TFD, TFP/CHCL, IV+V (—) VIV=2773 280
N, 0°
OR OR o
EIOzCTH\ DMD, acetone, 1t ED,%/‘\ 14 Etoz(ra)\ o 7
R Time %Conva I drofl 1
H 18h >05 o — (100)
Ac 48h 95  (100) 65:35  (0)
OH (0]
/W DMD, acetone, ~25°, /\'/\)j\ (75) 281
NO; overnight NO,
Cs
OH (4] o
+ DMD, CH;Cly/acetone, I+ i1 I+ (—) LI=3565 73
i S Y P ik s T R
(1:1)
1. 4-CICEH,SO3H, Et,0, 0°
@\/\ 2, DMD, acetone, 0°, 1 h Oio/\ (80) 65
N, 3. K,CO3, MgSOs, S
CH,Cl5, 0°, 5 h
Csa3
(0]
;. ™ i ™ )
R? DMD, acetonc, t, R + , T R? 74
41010h
R R 5 R
I o m
n R' R? 1 I m
1 H H ©0) @ (6)
2 H H {75) (6) (10)
2 Me H (1000 (0 (0
4 H H 100y (0 0
2 H Bu (69 (16 (0)




TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cio
OH OH p Ul
R'?‘+< DMD R'?l%k,o ) H rBu 7
R = R Ph Et
Ph Ph
1. 4-CICgH(SO3H. E0,0°
2. DMD, acetone/CH;Cl;,
O\,ﬁ 0°,25h H 1(95) 65
~ 3. K,CO3, MgS0,, ~
CH,Cl,, 0% 5h
1. 4-CIC¢H,SO3H, Et,0, 0°
2.TFD, CH,Cl;, 0°,0.1h T (95) 65
3. K5C03, MgSO4,
CH,Cl,, 0°,5h
Cn
(N { R \}
N DMD, acetone, 0°, <1 h N (~100) 62
e & e
Ph
c} DMD, acetone, 0° 6;4) (100) 63
L -d \—ph
Ph
0
1. BF3*Ef0, 70° (—B
2. TFD, CH,CL/TFP, 0° o (82) 63
3. KHCO; k
Ph
N DMD, acetone, 0° N (100) 63
e L
N E T
0
1. BF3*Et;0, 70°
2. DMD, CH;Cly/acetone, 0° (95) 63
3. KHCO, =
| P
Q
AP DMD (1 equiv), acetone/ _ SR @ 66
> < CH,Cly, -35° 1h >_<
1
DMD (3 equiv), acetone/ O={pn (1) 66
CH,Cl,, -35%, 3 h =
CO;H
%\ DMD, acetone, 25°, 35 h (~80) 218
™ TMS ™ T™S
Cia 0
1
S. 5. =
Fh DMD (1 equiv), acetone/ ©/ (67 66
CH;Cl,y, 40°, 5h



TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
o0
DMD (3 equiv), acetone/ “Ph  (62) 66
CH;Cl,, 40°,3.5h
DMD, acetone, 0°, <1 h Q 0. ~100) + O\ /\)\ —) 62
@!ﬁ/\)\ IF/ 7('% ( ) ,N\-'- = ¢
Me Me Me O
o +
iNK/O: DMD, acetone, 0°, <1 h TJ;LO: (~100) 63
1. BFs*EL,0, 70° O
2. DMD, acetone/CH;Cl,, 0° ™y (85 63
3. KHCO;
1. 4-CIC6H,4SO5H, Et,0, 0° o
Cis 2. DMD, acetone/CH,Cl,,
_/_\_\ 0°,1.5h A/QL\ (93) 65
NHBn 3. KoCO3, MgS0;, CHCly, NHBn
0°5h
(o (j/\ /\ﬁ/\
N DMD, acetone, 0° L{Q (100) 63
Hl) P rd \0_
o
1. BF3*E1;,0, 70°
2. DMD, aacelone!Cl-lzCh. (1 97) 63
3. KHCO; )N
Ph
| |
DMD, acetone, 0° i (100) 63
N N
- =t
1. BF3*Er,0, 70° o
2. TFD, TFP/CH;Cl,, 0° (70) 63
3. KHCO; N
pp— O
Hi o
I\]/ DMD, acetone, 20°, 16 h m =) 282
PhMe,Si o PhMe;Si
Cis
OH OH
DMD o — 0 - 7



TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
0 0
DMD (x equiv), CH;Cly/ 1+ o 66
acetone, 20° i 4o O
2 R o R
R X

Cl 14 1h (290 (19
Cl 22 2h (0) (100)
H 13 1h (29 (22)
H 22 2h (0) (100)
Me 14 1h (31) 21
Me 22 2h (0) (100)

A0, =R 0OUOLORE0, ¢
s~ R! R? sostone; 4F.

(5
1l
o]
n* R?  x Time 1 n
H Br 13 1h (72 (12)
H Br 22 2h (@ (100
H C 12 1h (76 (10)
H C 22 2h (0 (100
H H 13 1h (75 (14)
H H 22 2h (© (100
H Me 13 1h (73) (13)
H Me 22 2h (0 (100)
H MeO 12 1h (78) (10)
H MeO 22 2h (0) (100)
Rl R? x Time 1 n
Ph C 13 1h @8l) (13)
Ph CI 22 2h (0) (100)
Phh H 12 1h (82) (9
Ph H 22 2h (0) (100)
Ph Me 13 1h (74) (D
Ph Me 22 2h (0) (100)
Ph MeO 13 1h (77) (D)
Ph MeO 22 2h (0) (100)
Cyr
OH OH
A DMD A —) 71
X 0
= T™MS X ™S
Cis
HO \\ DMD =) 71
1. 4-CIC¢H,SO:H, Et;0. 0°
o 2. DMD, acetone/CH;Cl, o
n-CgHyz (“-NH, 0%, 2h ﬁ_)_ (98) 65
(] 3. K;C0;, MgS0y, CH,Cl;, 7-CgHyy ( ENHZ

0°%5h



TABLE 2. CHEMOSELECTIVE OXIDATIONS BY ISOLATED DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Caizs o o
y'd:\@( DMD, acetone, rt + 283
R H R
I 1
o]
+
o
OH
R I n
H (=) D=l
Bn  (30) (37
Cxn
PhySi
DMD, acetone, rt, 6 h PhySi @4) 4+ n)&\ ©® 284
Ph;3Si ({
o]
Cyy
o}
phssl/é>7 DMD, acetone, 1, 3.5 h HSSM 46) + @2) 284
0 Ph3S1
Ca o o o o0
l OBu-t DMD, acetone/CH,Cls, | OBu-t (70) 285
PPhy -78°1025° 4 h HO OH
M M
C
29 = PPh; J\ HO OH
OBu- DMD, acetone/CH;Cl,, OBu-t+ (97) X=0,58 285
X -78°1025% 4 h X
0O o 0O O
o o 0O o
| OBu-t DMD, acetone/CH;Cl3, ] OBu-t  (100) 285
PPhy -78°1025° 4h HO OH
c
N 0 o o o
OBu- DMD, acetone/CH,Cl,, OBu-r  (85) 285
PPh; -78°1025° 4 h HO OH
DMD, acetone/CH,Cl,, OBu-t  (83) 285

-78°1025°, 4h

H

)
g o




TABLE 3. REGIOSELECTIVE EPOXIDATIONS BY DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%) Refs,
Cri2 0 o]
/\/\)L DMD, acetone/CH,Cl,, /q./_\)j\ (95) R =Me, Ph 286
e R 0°,3.5h == R
C
. /ICE’/\/J'\/\ §
X N OR DMD, acetone or TFD, /L\/\/b/\ OR 78
TFP/CH,Cl,
R Dioxirane Temp Time
H DMD 20° 15 min (98)
H TFD -15° 3 min (98)
THP DMD 20° 15 min (98)
THP TFD —40° 3 min (99)
Cio13
0.
OR OR OR
W TFD., solvent, 0 to 10°, \I}\/\]/\/ +\|f\/\ﬁ]:‘\/ 30
1to3h 5 -
R Solvent % Convn LI
H TFP 22 68:32
H MeOH/TFP (9:1) 21 73:27
H CCLJ/TFP (%:1) 25 57:43
Me TFP 32 73:27
Me  MeOH/TFP (9:1) 31 68:32
Me CCL/TFP(%:1) 32 71:29
Ac TFP 30 83:17
T™S TFP 33 70:30

YVYVOH

DMD (x equiv), solvent,
m,lto3h

DMD, acetone/CH;CN,
buffer, rt

0.

1+1

+ bis{epoxide) Il

(o]

\|>\/Y\/OH R WOH 72
1 o

X Solvent % Convn LII:II

1 acetone 93 73:17:10
0.3 acetone/MeOH (1:9) 27 88:12:0
0.3  acetone 28 74:26:0
0.3 CCly/acetone (9:1) 27 51:49:0
5 acetone =95 <5:<5:95

pH % Convn L0

4.5
7.2
8.8
9.3
10.0
10.9

17
19
18
20
20
16

53:1
4.4:1
5.2:1
5.0:1
4.7:1
5.2:1

149a



TABLE 3. REGIOSELECTIVE EPOXIDATIONS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

Fructose dioxirane, I1+0O(5 LO=57:1 149a
CH3CN/H,0, pH 1.5

£

o]
Fructose 0‘0
dioxirane =

b8

Cn
CF; CF;3
M,CO;M: DMD, acetone or TFD, N COMe 1 (42) 78
TFP/CH,Cl,
TFD, TFP/CH,Cls, I (85) + bis(epoxide) (15) 78
0°, 3 min
R! R! R!
/l“\l/\)\\\/COch DMD, acetone or TFD, WCO;M: + CO;Me 78
X2 TFP/CH,Cl, X2 p
1 1§
R! R? Dioxirane Temp Time I I
CF; H DMDi(excess) 0° 12d (0) (85)
CF; H TFD(excess) 0° 1h (0) (93)
Me F DMD 20° 15min (95) (0)
Me F DMD —40° 3min (95 (0)
Me F DMD(excessy 0° 8d (0) (90)
Me H DMD 20° 10min (96) (0)
Me H TFD —40° 3min (97) (0)
OH DMD, solvent, 20° s OH s 134a
M , solvent, \F\/\KY & Y\/\|>\r0]{
I 1|
Solvent % Convn LI1  dr(ll) dr(I)
MeOH/acetone (9:1) 41 95:5  76:24  50:50
acetone 35 B4:16 B84:16 50:50
CCly 26 32:68 9416 50:50
TFD, CH,Cl,/TFP, 20° I+0 (—) LM=69:31 Convn=25%;drof I=85:15 134a
Acetone, Oxone®, I+H (—) LII=57:43 Convn= 18%; drof Il = 90:10 134a
CH3CN/H,0, 20°
Cia
2o DMD, acetone/CH,Cl,, o (~100) 214
ot S Se OHC ©
DMD, acetone/CH,Cly, o (~90) 214
o Z) Ny, 40° Dj
o\) OHC
Cia

Bn\l‘q _{0 Bn\N { Bn\Eq _{0

(.0 DMD, acetone/CH,Cly, 0° (0 (—+ O (=) EI=70:30 287,
(o) (o)

I o



TABLE 3. REGIOSELECTIVE EPOXIDATIONS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
CF
Cis 2 DMD, acetone/CH;Cly,
x x 2 -CO;Me 78

Cig

CF;3
W%Me

WCO;M:

M/mme

/{Y\J\/\)%/COZW
HO

OH

WWDMS

MOM

=

(o)

20°, 15 min

TFD, TFP/CH,Cly,
=20°, 3 min

DMD, acetone/CH;Cly,
20°,3d

TFD, TFP/CH,Clg,
=70°% 1h

DMD, acetone/CH3CN

DMD (excess), acetone/
CH;Cly, 1t, 5 min

DMD, acetone/CH;Cl;

t, 5 min

DMD (excess), acetone/
CHCly, 11, 3d

DMD, acetone/CH;Cls,
NaHPOQy, tt, 3 min

Ketone 12, Oxone®, NaHCO,

CH3;CN/H,0, EDTA, 0°

DMD, acetone/CH;Cla, N3, %{) (~ 100)
-40° = o:l

CF3
/k/\./(l?/\)x,mzm I (100)

CF;
1 (85) + Wmﬂu (15) 78

CF;3
= CO,Me (56) + triepoxide (44) 78
(0]
1
I (85) + triepoxide (8) 78
MC@MC I+ 288
)\/\MCO;ME o+
Temp % Convn LILII
20° 84 52:13:22
-50° 95 55:9:28
-15° 63 42:13:7
oI (~100) 288
o (>96) 288
Mm;ﬂe (~100) 288
WC&M& =) 288
HO OH
0 OTBDMS I (—) + 149a
W =
? OTBDMS
\lf\/\|)\/ IO (—) +bisepoxide (—)
LIl =4.3:1
214

OHC



TABLE 3. REGIOSELECTIVE EPOXIDATIONS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
o o
» DMD, acetone/CH,Cl, o (~100) 214
0 2 Ny, -40° ) 0:!
0\.) OHC
Cap
M Z~o DMD, acetone/CH;Cl;, MO zj (84) 214
N, —40°
/ o ® f oHC
MeCO, MeCO;
Cn
TMS TMS &
>0 DMD, acetone/CH,Clj, O:I (38) + 214
0\) Na, —40° OHC
™ H
TMS o
:l (12) +
OHC ©
TMS
TMS o
OH j (24)
OHC ©
™
Ca OH
OTBDMS o
DMD, acetone, 1t, 16 h (85) 289
A ' :
H H
Cap
X x DMD, acetone/CH;Cl,, X1 6 + 290,
o] 0° 1h 291
7 Z = ' Z =
oo oo
(8) +
= =
0
o
9 +
Z =
0

®



TABLE 3. REGIOSELECTIVE EPOXIDATIONS BY DIOXIRANES (Continued)
Conditions Product(s) and Yield(s) (%) Refs.
OTBDMS
DMD, acetone/CH,Cls, 0° (=) %0

Cyq

(o}
OMe
DMD, acetone/CH;Cly,

OSiEt
ov Sl & TBDMS
i-Pr3Si0;0,
o :

OSiEt:
TBDMS
iPrSI0,C._

Acl
OSiEt;




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OH OH OH
R';El\ DMD, solvent, 0 to 20°, Rf\ I+ l:!ﬂ\/l\ o (>95) 72,
| lto8h o 292,
R? R R3 R¥ g3 293

R' R R® Solvent % Convn LI

H H H acetone 89 50:50

Me H H MeOH/acetone (9:1) >95  57:43

Me H H  acetone =95  60:40

Me H H CClgacetone (9:1) >95  70:30

H Me H acetone 78 53:47

H Me H CClyacetone (9:1) >95 56:44

H H Me MeOH/acetone (9:1) 86 64:36

H H Me acetone >95 67:33

H H Me CClyacetone (9:1) >95  85:15

H Me Me MeOH/acetone (9:1) >95  59:41

H Me Me acetone 87 76:24

H Me Me CCly/acetone (9:1) >95 82:18

Me H Me MeOH/acetone (9:1) >95  82:18

Me H Me acetone =95 B7:13

Me Me H acetone (—) 51:49

Me H Me CCly/acetone (9:1) >95 91:9

Me Me Me acetone >95  >95:5

TFD, solvent, 0 to 10°, I+ IO (>95) 80
15 t0 60 min R' R R® Solvent % Convn EII

H H H CCI/TFP(9:1) >95 5545

Me H H TFP =95 5347

Me H H CCL/TFP(9:1) >95 62:38



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
R' R? R} Solvent % Convn L:AI
H Me H TFP 95 48:52
H Me H CCI/TFP(9:1) 76  43:57
H H Me TFP 95 77:23
H H Me CCL/TFP(9:1) 93  88:12
H Me Me TFP >95 76:24
H Me Me CCL/TFP(%:1) >95 8218
Me H Me TFP =95 85:15
Me H Me CCL/TFP(%:1) 60  90:10
Cag DMD, acetone I+O(—) R' R R IO 292
H H H 5050
H Me H 53147
H H Me 67:33
Me H H 60:40
H Me Me 76:24
Me H Me 87:13
Cenz Me Me Me 95:5
Rl R] RI RI
0., :
= OH DMD, CHyCly/acetone, H\i/'\rOH + H.\?YOH + Kl\fo 74
R R %35k R® R? R R? R® R
I o m
R! R? R I M IO
H Me H (>95) (<5) 50:50
TMS Me H (32) (68) 60:40
TMS ~CHp):- (<5) (>95) —
SiMe,Ph  Me H (10) (90) 5545
S on OH OH )
DMD, acetone, rt, 2 h + + (—) LIT=48:52 83
o 0 (T + )0 = 78:22
I o m
Csq
OR

DMD or TFD, solvent,

0°, time

OR OR o}
d + é + é I+0+1IO (>95) 294
0 -0
I o m

R  Dioxirane Solvent Time % Convn LII (I+II):I
H DMD acetone 55min 92 53:47 70:30
H DMD acetone/CH,Cly (1:1) 40min 95  61:39 90:10
H TFD CCl 10min 95 70:30 66:34
Me DMD acetone 90 min 54 20:80 95:5
Me DMD acetone/CH,Cly (1:1)75min 60  30:70 95:5
Me TFD CCl, 20min 70 8:92 98:2
Ac DMD acetone 150 min 60 30:70 —
Ac DMD  acetone/CH,Cl; (1:1)120min 72 36:64 —
Ac CCly 30min 56 38:62 —

DMD, acetone/CH;Cls,
20°%1h

TFD
0
+ r (71)  LI=42:58 170
H 0,H
I o



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%). Diastereomeric Ratio (dr) Refs.

Css
RO\@ DMD or TFD, solvent, R&O I+ ng o (595 294
0°, time 0 (o)
R Dioxirane Solvent Time % Convn LI
H DMD acetone 70 min 96 54:46
H TFD CCly 18 min 85 78:22
Me DMD acetone 70 min 96 15:85
Me TFD CCl 18 min 85 2:98
C.
e OH OH OH 0
] R2 DMD, acetone/CH;Cl; o )_(l\RZ + (qfl\az + Ilgl 73
R R} R rR? R1' RrR3 R RrR?
I 1 m
R! R? R} Temp % Convn LI (I+IN):I
Me Me H 0 78 53:47 B1:19
H —(CHy);— -20° >95 72:28 46:54
H —(CHyy— 0° 80 53:47 70:30
Me Me Me -78° >95 76:24 >95:5
Me Me Me 0° 87 77:23  >95:5
Me i-Pr H -20° >95  63:37 47:53
Me i-Pr H 0° >95 65:35 90:10
H —CHy»— ©0° =95 955 =955
H nCH; H 0° >95  66:34 51:49
Me n-Bu H -20° 926 52:48 47:53
Me n-Bu H o0 >95 52:48 T1:29
Cs

IO =6535 44

0. (0]
0. o 0. i 0. (0]
DMD, acetone/CH;Cl;, I+ O (—) LI=60:40 44
N, -20° 35h
(4] O ‘0 o 0. ')
DMD, acetone/CH;Cly, I+ o )
N3, -20°3.5h

0, \, o,
3 s %
0] 0 J (o]
rs DMD, rt ro I+ ¢ 1§ 295
/ IE /i E
o]
Solvent Time I+II LI
acetone 7h (88) 77:23
CCly/acetone (9:1)12h  (85)  70:30
v rox
(0] o 0
ra DMD, rt r'o I+ rE] o 295
/7 F /i F
5
Solvent Time M (N1}
acetone 2h (95 0:100

CClyacetone (9:1) 5h  (95)  0:100



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Cl Cl Cl
DMD, solvent, rt, 60 min . 1+ 1 67
o] (o}
Solvent % Convn LI
acetone 76  90:10
CH;Clyfacetone (1:1) 74 93.7
Br Br Br
DMD, acetone, rt, 60 min 5 I+ 5 O Convn=358%; LII=92:8 67

Cs.20

OH

DMD, rt

DMD, acetone, 20°, 6 h

DMD, acetone/CH;Cl;,
t,4h

DMD, solvent, rt, 60 min

Ketone, Oxone®, CH,Cly/
MeOH, buffer (pH 11.0),
KOH, rt

R B R
R Solvent Time LI
H acetone 1Zmin (99 44:56
H CCly/acetone (9:1) 30min  (99) 55:45
OH  acetone 2h (70)  57:43
OH  CCly/acetone (9:1) 1h (80) 67:33
OMe acetone Th (99)  49:51
OMe CCly/acetone (9:1) 10h (99)  62:38
OMs acetone 5h (85) 79:21
OMs CClg/acetone (9:1)  12h  (99)  90:10
QAc acetone 2h (69)  72:28
0OAc CCly/acetone (9:1) 6h 99 68:32
OTs acetone Zh T 6337
OTs CCly/acetone (9:1) 8h (99) 82:18
OH OH (o]
» + + (93)
-0 0
I 14 m
LI =47:53; (I + O):I = 70:30
I+IO+1I I+ (80), IO (10); LI = 25:75
I+I+ IO
Solvent % Convn LI (I+ID):IO
acetone 94 54:46  46:54
CH;Cly/acetone (1:1) 94  43:57  65:35
CH;Cly/acetone (9:1) 89  22:78  84:16
CH;Cly/acetone (97:3) 77 18:82  89:11
MeOH/acetone (9:1) 100  66:34  75:25
CHCly/acetone (9:1) 100 88:12  88:12
CCly/acetone (9:1) 87 15:85  52:48
CCly/acetone (95:5) 86 6:94 59:41
I+
Ketone Time Lo
acetone 15 h (69) 64:36
2-methylcyclohexanone 35h (63) 71:29
2,6-dimethylcyclohexanone 3.0 h  (66) 77:23

295

75

133

296

297



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Ketone, Oxone®, NaHCO;,
CHACN/H;0, I+O0 (—) 81
Na;EDTA, rt
Ketone LII Ketone LI
MeCOMe 1.2:1 (0]
EtCOEt —_ flj {944
CICH,COMe  2.0:1 s -
CICH,COCH,Cl 2.7:1 dgo
CF3COMe 331 o
a Pl(f:j\'rﬂ)- 1.9:1
1.3:1 "N Ph
Me  Me
0
o Ny
é, _ [0~ 5911
"N “Ph
o Me Me
(o]
ij' a 2.1:1 0}
0 L7l
[o] 0 o
@ 1.6:1 o
OC: 0 1.9:1
8]
0
Ce10
OH OH OH
R2 TFD, solvent, 0 to 10°, 2 0 I+ R2 0 1§ 80
1 15 to 60 min
R R R R! R R!
R' R? R’ Solvent % Convn LIl
H H H TFP 70 5743
H H H CCly/TFP (9:1) 78 70:30
Me Me Me TFP 84 88:12
Me Me Me CCIl/TFP(9:1) 70 94:6
H H Bu TFP 80 73:27
C
* oM OH OH
DMD, acetone, 20°, %, I+ o (—) LIl =919 75
2t08h -0 0
Solvent % Convn L:II
DMD, solvent, rt, 20 h I+0I0 acetone 100 84:16 67
CH;Cly/acetone (1:1) 100  82:18
CO.H CO.H COsH
EK DMD, acetone, 8 h ((1\ I+ I (>95) LI=46:54 208
o
Cl Cl
DMD, acetone, 7 h (ﬂ:k I+ o (500 EII=90:10 298

v




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
1. 4-CICgH4SO:H, Et;0, 0°
NH, 2. DMD, acetone/CH;Cly, NHa NH2
0°%1h I+ & o (60) LI=090:10 65
3. K2CO3, MgS04, CH,Cl,, b
0°5h
1. 4-CICgH,SO;3H, Et,0, 0°
2. TFD, CH;Cly/CH;CN,
0°,0.1h I+ (72) LI =50:50 65
3. KzCO;5, MgS0;, CH.Cly,
0°5h
OH OH
| DMD, solvent, ~20°, 6 h I+ n 87
Solvent LI
acetone 76:24
MeOH/acetone (1:1) 60:40
AcOEt/acetone (1:1) 71:29
CCly/acetone (1:1) 76:24
hexanefacetone (1:1) 77:23
CClg/acetone (9:1) 82:18
hexanefacetone (9:1) 82:18
TED, acetone-dg/CDCl;, [ + I (>95) LI =60:40 298
05h
TFD,CCl;, 0.5 h I+ (57) LI =92:8 298
(;H;OH CH;0H CH,OH
E\ DMD, acetone, 2 h & (>05) LII=3862 208
o j\
1 1]
TFD, CCIy/TFP, 0.5 h I+0 (95 LI =2476 298
O;H O;H O:H
DMD, acetone, 5 h + 3 (>95) LI1=69:31 298
| o
I o
TFD, CClyTFP, 0.5 h I+ (>95) ©LII=80:20 298
Gy
CF3 CF! CF;
DMD, solvent, rt, 60 min + 67
0 o
1 1
Solvent % Convn LII
acetone 70 90:10

CH;Clyfacetone (1:1)73  94:6



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Di ic Ratio (dr) Refs.
CN CN CN
DMD, solvent, rt, 60 min 6‘ I+ CD a 67
-0 (6]
Solvent % Convn LII
acetone 78 51:49
CH,Cly/acetone (1:1) 74  57:43
CO.H CO;H CO;H
DMD, solvent, rt, 60 min © I+ @ 1 67
o] o
Solvent % Convn L:II
acetone B2 84:16
CH,Cly/acetone (9:1) 100 80:20
CHCly/acetone (9:1) 54 87:13
CCly/acetone (9:1) 73 84:16
Craa R R R
DMD, solvent, rt . I+ o 67
0 (o]
R Solvent Time % Convn EII
Br acetone 60min 100 38:62
Br CH;Clyfacetone (1:1) 60 min 100 40:60
Br MeOH/acetone (1:1) 90 min 100 45:55
Br CCly/acetone (9:1) 5h 100 27:73
OH acetone 60 min 100 44:56
OH CH;Cly/acetone (9:1) 60 min 100 30:70
OH CH;Cly/acetone (95:5) 60 min 68 28:72
OH CHCly/acetone (9:1) 60 min 100 37:63
OH CCly/acetone (9:1) 60 min 922 33:67
OH CCly/acetone (95:5) 60 min 84 26:74
OH MeOH/acetone (9:1) 120min 72 55:45
OAc acetone 60min 100 40:60
OAc CH;Cly/acetone (9:1) 60min 100 40:60
CO;Me acetone 15min 100 3763
CO;Me CH,Cly/acetone (9:1) 60 min 96 39:61
CO;Me CCly/acetone (9:1) 60 min 91 29:71
CO,Et acetone 15min 100 35:65
CO,Et CH,Cly/acetone (9:1) 60 min 87 38:62
CO,Et CCly/acetone (9:1) 60 min 89 27:73
CO3Et CCly/acetone (95:5) 60min 80 26:74
CO4Et MeOH/acetone (9:1) 60 min 84 41:59
NHCOPh acetone 15min 100 36:64
NHCOPh CCly/acetone (9:1) 60min 100 18:82
NHCOPh CCly/acetone (95:5) 60min 100 13:87



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

(e O O

Substrate Conditions Product(s) and Yield(s) (%), Diastereomer Ratio (dr) Refs.
DMD, solvent, i, 60 min : I+ I 67
-0 0
Solvent % Convn LII
acetone 100 48:52

CH,Cly/acetone (9:1)100  53:47
CClyfacetone (9:1) 100  47:53

OH OH 0
DMD, acetone, t, 2 h O;O I+ OO n+© m 83

LIl =67:33; (I+ I):0 =62:38; 1+ O +I0 (—)
OMe OMe 0
DMD, acetone, 20°, 2 h . I+ o+ m 75
0 (o}

LI = 75:25; (1 + )00 = 81:19; T + T +1T1 (92)

OH OH 0
DMD, acetone/CH,Cl,, . I+ o+ m 133
o1 O L
I+ (88); I (10); L:I =30:70; I + I +I01 (—)
DMD, solvent, rt, 60 min 1+ 11+ Solvent % Convn LI (I+IT):I1 67
acetone 95 65:35 65:35
CH;Cly/acetone (4:1) 93 39:61 B85:15
CH;Cly/acetone (9:1) 96 35:65 89:11
CH;Cly/acetone (95:5) 81 13:87 94:6
CH;Cly/acetone (9:1) 69 82:18 B6:14
t-BuOH/acetone (9:1) 85 73:27 88:12
AcOH/acetone (9:1) 100 74:26 89:11
CHCls/acetone (9:1) 91 17:83  93:7
CCly/acetone (9:1) 89 21:79  76:24
Ketone, Oxone®,
NaHCO;, CH;CN/ I+ IO Ketone EII Ketone LI 81
H;0, Na;EDTA, nt MeCOMe 1.4:1

0
EtCOE: - 6] Y
CICH,COMe  3.5:1 s

CICH,COCH,C1 5.2:1 O O
CF3COMe 9.1:1

o]

0 " 4.4:1
i ’ N YPh pen-
2.0:1 e “Me | IO
o
o] -
i . 8.9:1
N
5 M:O Me TiO™
61‘3' 39:1 (0;>=
0o 291
55

331 00
OC: =0 35
(o}



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OH OH o
Me;S DMD, CH;Cly/acetone, Me;S {23), dr 80:20 + Me;S an 74
m35h o
Cg
0 o]
Q DMD, acetone, ~20° o ) 299
2, Q
@ DMD, acetone, ~20° Q}o (100) 299
A R
Qo DMD, acetone, ~20° C(Qo (100) 299
0
Qﬂ DMD, acetone, ~20° EQO ) 299
OAc Ketone, Oxone®, QA QAc
NaHCOs, CH;CN/ LI+ 81
H;0, NazEDTA, 1t 0
Ketone LI Ketone LI
MeCOMe 2.2:1 0
EtCOEt 2.7:1 |
CICH,COMe  2.2:1 s
CICH,COCH,CI 1.7:1 j 0
CF3COMe 1.9:1 9
0 m 1.5:1
2.3:1 N_“Ph
Me Me LS
0 2 .
i‘:’/ 2.8:1 ’ § 2.4:1
N Phpo-
o Mé Me
cl 27:1 2
=0 161
o
9 0
2.1:1 0
o]



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Conrinued)

CH,Clyfacetone (7:3) 100 77:23

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
DMD, acetone, 20°, 4 h I+0 (>98) L[IO=72:28 75
DMD, acetone/CH;Clj, I+ (95 LEII=6535 157
m,2h
Solvent % Convn LII
DMD, solvent, rt, 60 min I + II acetone 86 66:34 300,
CH;Cly/acetone (1:1) 84 64:36 67
CClg/acetone (9:1) 25 65:35
4 DMD, acetone/CH,Cly, (& 187
Ar,0t05° 14h
DMD (2.5 equiv),
acetone/CH,Cly, (54) dr 72:28 187
Ar,0105° 13h 0
CO;Me CO;Me CO;Me
DMD, solvent, rt, 60 min " I+ 1 | 67,
.0 o 300
Solvent % Convn LII
acetone 97 55:45
CH;Clyfacetone (1:1) 95 58:42
CCly/acetone (9:1) 56  68:32
DMD, acetone, 20°, 4 h 0 I+ 1 (95) LII=72:28 133
Methyl(isopropyl)dioxirane,
3-methyl-2-butanone, I+0 (24 EIO=70:30 75
20°,4h
Diethyldioxirane, I+ (95) EIO=7228 75
3-pentanone, 20°, 4 h
Cyclohexanone dioxirane, I + II (85) LII=80:20 75
cyclohexanone, 20°, 4 h
Solvent % Convn L:II
DMD, solvent, rt, 60 min 1+ (—) acetone 100 73:27 67



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Ketone, Oxone®, CH,Cly/
MeOH, buffer (pH 11.0), I+ I (—) 7
KOH, 18-crown-6, 0 to 5°
Ketone Time jH11
acetone 3.0h (56) 86:14
cyclohexanone 35h (80) 919
2,6-dimethylcyclohexanone3.5h (83) 88:12
2-phenylcyclohexanone 4.0h (68) 93:7
2-chlorocyclohexanone  3.0h (100) 96:4
camphor 185h (70) 77:23
Ketone, oxygen donor,
CH3CN/phosphate butfer I+ I (—) 301
I Ketone Oxidant % Convn LI
MeCOCO;Me  Oxone® 42 46:1
MeCOCOMe  Oxone® 15 100:0
MeCOCO;Me NaNOy 16 4.8:1
MeCOCOMe NaNO; 23 100:0
DMD, acetone, 20°, 4 h I+ (>95) LI=72:28 75
Oxone®, acetone, NaHCO3, I + I (73) LIO=74:26 75
MeOH/H,0, 20°, 4h
Ketone, Oxone®,
NaHCO3, CH;CN/ I+ =) 81
H,0, Na;EDTA, 1t
Ketone {81 Ketone L
MeCOMe 3.7:1 (0]
EtCOE - 6] 47:1
CICH,COMe  4.7:1 S
CICH,COCH,Cl 5.4:1 go
CF:COMe 8.4:1 Q
0 (ﬁi-rm— 3.8:1
4.4:1 PH” N “Ph
Me Me
o o]
ij/ = Tro- 1871
"N “Ph
o Me Me
é/c‘ 5.4:1 0
=0 471
(0]
(o]
4.4:1 0
oCy
}0 6.3:1
O
o]
O Convn=100% 67

Et Et
DMD, acetone, rt, 60 min -« I+
o] (o]

LTI = 55:45



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Producl.(s)_a_nd Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OMe OMe OMe 0
DMD, solvent, rt, 60 min I+ o+ m 67
o (0]
Solvent % Convn LI (J+II):II
acetone 100 95:5 87:13
CH;Cly/acetone (4:1) 75 95:5  92:8
CH;Cls/acetone (95:5) 92 95:5 91:9
CClyfacetone (95:5) 86 5:95  80:20
OH OH OH o]
DMD (0.9 equiv), acetone/ .. 90) + (<2) + (<2) 14
CH,Cly, 20°,0.2 h -0 o
I pp=sosx U m
DMD (2.2 equiv), acetone/ I (58) + I (<3) + I (39) I:II =>95:<5 14
CH;Cl,, 20°, 168 h
Oxone®, acetone/CH,Cly,
phosphate buffer (pH 7.5), I + II (91) LII=99:1 302
18-crown-6, 6to 8°,4 h
HO HO HO 0
DMD (0.9 equiv), acetone/ . (38) + 43) + 6) 14
CH,Cl;, 20°,0.2 h 0 o <
I mm=azss O
H Hi H
DMD (0.9 equiv), acetone/ IO (48) + (38) + 14
CH;Cly, 20°,0.2h
1§

CO,Et
DMD, acetone, 2 h I+ ¥
O

TFP, Oxone®, MeCN/H,0,
Na;EDTA, 0°,2t03 h

I

0.
0 (3) I =56:44

CO4Et

pebe

0 o (—)
R LI
MeO 94:6
Me0,C 72:28
AcOCH, 90:10
Et3Si0 98:2
TBDMSO 98:2
PhCO, 81:19
PhCO,CH,;  81:19

f\ I (>95) Ll =51:49 298

303



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
G 0 0o
o TFP, Oxone®, NaHCO;,
CH3CN/H,0, (pH 7-7.5), I(—) + I (—) LI=67:33 304
0to 1° 15 min
0
TFP, Oxone®, NaHCO;,
CH,CN/H,0, (pH 7-7.5), o I (60) + O (30) LN=67:33 304
0to1°,9h ‘\<|\
OAc OAc
DMD, acetone/CH,Cl,, 1+ o I 0 EI=90:10 133
i, 1.5h i
Solvent % Convn L:I1
DMD, solvent, it, 60 min I + I (—) acetone 94  87:13 67
CClg/acetone (9:1) 63 88:12
Ketone, Oxone®, CH;CN/
H,0, NaHCO;3, I+0 (—) 81
NaEDTA, rt
Ketone (81 Ketone L
MeCOMe 5.9:1 o
EtCOE!t 8.5:1 é i
CICH,COMe  48:1 s
CICH,COCH,CI 3.5:1 g o
CF:COMe  6.1:1 9
o] nﬁ 3.4:1
6.6:1 N Ph
Mé Me TfO™
0
0 -
(5, 2.8:1 . 15.1:1
Mc MePhTFO'
0
a 7.7:1
o]
0
0
: 0
5.0:1 o
}0 29:1
0
S
0 DMD, acetone, 1t, 16 h 305

<§>

(e}
(76) + @ (12)
(g



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
CO4EL CO,Et CO,Et
DMD, solvent, rt, 60 min 3 I+ 1n 67
0 0
Solvent % Convn L:II
acetone 82 66:34
CH;Cly/acetone (9:1) 41 62:38
CCly/acetone (9:1) 22 62:38
(o} 0]
COzEt CO4Et CO,Et
j DMD, acetone, 20°, 3 d I + 1 (98) LI =35:65 237
OAc 'OAc “OAc
5 H ]
¢ Buo}rN‘ +-Bu E o
4 Ef DMD, CHCly/acetone ]:-‘F (100) dr=86:14 203
0
0
Pr-i Pr-i Pr-i
DMD, acetone, rt,2 h - I+ n (59) LII=78:22 83
o] (o]
OH OH OH (o]
7@\ DMD, solvent, ca. 20° 7@ I+ “o i ﬁ\m 87
Solvent Time % Convn LI (I+II):I
MeOH/acetone (9:1) 1.5h 66 62:38  92:8
acetone 05h =05 8317 77:23
CCly/acetone (9:1) 12h =95 96:4  92:8
OMe OMe
M . M i
| DMD, acetone/CH;Cl,, (88) 306
MeQ__.- 5° 90 min MeQ__..
OTMS OTMS OTMS
DMD, acetone, 20°, T o(— LIO=8812 75
2t08h 2 o
(e}
DMD, acetone, 20°, 12h I + I + I (87) LI =88:12 157
(1 + IN):1II = 90:10
DMD, solvent, rt, 60min I + II + IO 67,
296
Solvent % Convn L:II (I+ID):IX
acetone 100 87:13 955

CH;Clyfacetone (1:1) 95 89:11 94:6
CCly/acetone (9:1) 60 99:1 90:10



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Co18 OTMS o 0
)a DMD,THF/acetone, ~78° 11 i rs HOS Ja o 307
1= - |
E Rz R! Ry R i
n R! R2 LI
1 H Me 92) —
1 H CHy=CH (90) —
1 Me Me 79 —
1 Me CH;=CH (87) 100:0
1 Me Ph (—) 67:33
1 H Bn 92) —
2 Me Bn (75)  100:0
Cio o o
HN)L CF; HN)J‘CF:
i — DMD, acetone, Ar, rt , i SO3Me 1) 308
. d“ Y
10,CCF; OH
o -0
DMD, acetone, 25°, 3 h W (36) + C@ (49) 309
Cio13  pn h R dr
R-- R-- H 99) 937
X DMD, CHCls/acetone o 0 Me (100) 86:14 203
CH,=CHCH, (97) 75:25
Cio
% DMD, acetone/CH,Cla, G5+ 4 (40) 187
Ar,0°,5h
0
DMD (2.5 equiv), acetone/ (~100) 187
CH;Cl,, Ar,0°, 5h o
M DMD, acetone/CH,Cl,, W (45) 187
2 Ar, 0105° 14h
DMD (2.5 equiv), acetone/ W I(51) 187
CH,Cly, Ar,0t05° 14 h 0
DMD, acetone/CH,Cl3,
i 187
W Ar,0°3h L G0
OH 0 OH
n)l DMD, acetone, rt, 15 h P I + Ph o 310
(95% convn)
R TR2 RY TR? R R?
I m

R' R? @O+ M:IO
H Me 65:35 45:55
Me H <5:>95 80:20




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
0, o] 0,
DMD, acetone, 20°, 1+ 1I (>95) LII=55:45 75
H 2w08h v H
. {0 {0
P AN A
CO;Me --CO;Me --CO;Me
Acetone, Oxone®, phosphate : (50) + (32) 84
buffer (pH 7.2) = 0
MeO. MeO,C MeO,C
DMD, acetone "0 (50) + o @D =639 311
1 1]
1. DMD, acetone/THF,
~78°, 1.8 min O A (>95) LI=76:24 312
2. NHF, H,0, 20° H OH
OLi (o] (0]
Cio20 I 11
1. DMD, THF/acetone, M Ly I
~78°, 1 min I+ Na — (57) 67:33 97,
2. NH4F, H;0, 1, 1to 12 h Li —_ (70) 75:25 210
OML, Si Me; (91) 93:07
Ti CpCl (6T) 92:08
Cio 0 o)
DMD, acetone, 20°, I+ o+ m + v 157,
1to3h 5
.0 (o]
LI = 67:33; OL:IV = 50:50; (I + I):(IHX + IV) = 80:20
P DMD, acetone, 20°, O LI=3>95<5 15
1to3h
DMD, acetone, 20°, LI =65:35 75
! o 2t08h
DMD, acetone, 20°, O (—) Bl =>95:<5 75

1to3h




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Cioz0
1. DMD, THF/acetone, .-OH OH
-78° 1 min I+ 1] 97
7 OML, 2.NH4FH;0. 1, 11012 h il 0
P AN AN
M Lg I
Na — (63) 67:33
i Mes (97) 76:24
Ti  CpCl (54) 96:04
Cio

<O

DMD, acetone, 20°, 4 h L‘iﬂé I+ 0’-’]:5 O (>95) LI =78:22 75
o AN

DMD, acetone, —78°, 4 h I+ (>95) LI =84:16 75
Methyl(isopropyl)dioxirane,
3-methylbutanone, I+ (199 LI =81:19 75
20°,24h
Diethyldioxirane, I+ (58) I =82:18 5

3-pentanone, 20°, 24 h

Cyclohexanone dioxirane, I+0O (14) LI =80:20 75
cyclohexanone, 20°, 24 h
Bu-i Bu-i Bu-i
DMD, solvent, rt . I+ o 67
.0 0
Solvent Time % Convn L:II
acetone 60min 100  55:45

CH;Clyfacetone (9:1) 60min 100  60:40
CClyacetone (9:1) 120min 100 5446

Bu-t Bu-t Bu-r
DMD, solvent, rt, 60 min 6 I+ CDD 11 67
0
Solvent % Convn L:II
acetone 94 95:5

CH;Cly/acetone (1:1) 96 96:4

OH OH 0
DMD, solvent, ~20° CDO I+ @..0 u+ﬁ m 87
Bu” Bur’ B

Solvent Time % Convn LI (I+IN):1M
acetone 10h  >95 30:70 58:42
MeOH/acetone (9:1) 2h 92 29:71 85:15
CCly/acetone (9:1) 8h >95 5842 67:33

OH

t-Bur’




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OH OH OH
(I:j DMD, solvent, ~20 fCDO IV + /b: o v+ 87
-B t-Bi 1-B
Solvent Time % Convn IV:V (IV+V):III
acetone 4h >95 60:40 43:57
MeOH/acetone (9:1) 2h 60 38:62 80:20
CCly/acetone (9:1) 12h >95 82:18 5743
Bu-r Bu-1 Bu-t
DMD, acetone, 8 h I+ P o (82) LII=>95:5 298
| o
OTMS OTMS OTMS (o]
DMD, solvent, rt, 60 min 1+ o+ m 67
Solvent % Convn LI (I+IX):IX
acetone 100 95:5 973
CCly/acetone (9:1) 86 99:1 964
Cp
o} TFP, Oxone®, 0 0
NaHCO;, CH3CN/ (59) + (39) LII=60:40 304
H,0, (pH 7-1.5).
0to 1°, 20 min ~
I o
(o]
Isopropy] pyruvate, Oxone®,
NaHCO;, CH3CN/H,0 304
(pH 7-7.5), 1. 24 h
0
B
) DMD, acetone/CH,Cly, 313
\ \ 0°3h
N
Cii-14
o - 82

,E:/CR' DMD, acetone/CH,Cl;,
+-B R 2 0°%1h

R! R? LI

H H 31:69

Me H 2377
H Me 55:45
Me Me 17:83
MeO Me 31:69
Me MeO 62:38
—(CH3);0— —

—(CH);0— —

Me Et  70:30
Et Me 29:71



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Ci NHCO,Bu- NHCO,Bu-t NHCO,Bu-t
DMD, acetone, 7 h (ﬂ:J\ I+ /El\ o (90) LI=62:38 298
I o
Ciz
FBURSLy g2 Ketone, Oxone®, CH,Cly  "DUReShg  po “BuRoSiy g
R(J\'AF? MeOH, buffer (pH 11), . o b RrJ\(:I’_;J\R3 n 314
m,6h
R4 o R4 R4
o R R! R? R® R* Ketone 81
)\ ij Me Me H Me H m  (54) 43:57
m v Me Me H Me H IV (84) 4258
o o Me Me H Me H vV (500 29:71
Ph Me Me H Me H VI (84) 2278
\6/ Cj, Me Me H Me Me V (24) 5822
= et Me Me H Me Me VI (13) 61:39
Me Me Me Me H IV (81) 3268
Me Me Me Me H vV (549 3070
Me Me Me Me H Vi 99) 11:89
Me R-CsH”H H H v (21] 26:74
Me aCHyH H H VI (28 2575
Ph Me Me Me H v (28) 10:90
Ph Me Me Me H VI (58 298
Ciz
Ph Ph Ph
DMD, solvent, rt, 60 min @ I+ o 67
~o0 0
Solvent % Convn L:II
acetone 100 82:18
CClyacetone (9:1) 70  85:15
MeOH/acetone (1:1) 90 83:17
Cin
OML; 1. DMD, THF/acetone, o 9
é,ﬂn —78° 1 min HO-. Bn I+ H&.&-Bn o 91
2. NH4FH;0, 11, 1 to 12h
M L 81
Na — (37 5347
Si  Me; (96) 35:65
Ti CpCl (50) 83:17
Ci213 . .
R = Rl R?  Time dr
rREAH DMD, acetone/CH,Cly, R H Me CO,H 20h (9) 7030 53
-20° Me CO,Me 16h (98) 70:30
Ph Ph

CO;Me Me 20h (99) 62:38

H H
| |
/N\@ TFP, Oxone®, MeCN/H;0, /NO I+ /N\@ I (— 303
Ts NmEDTA,0°,2t03h  1° o = '0 LI =60:40



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastercomeric Ratio (dr)  Refs.
Ciz.14 o
\ﬁ\NH ; NH o7
1 1 .
R! NAO DMD, catalyst, CH,Cly, 25° R N’&o 1+ R & N/J%O i 315
R? OR? OR?
R! R? Catalyst LI
H Ac Mn(TDMPP)CP (40) 50:50
H Ac Mn(CII6TDMPP)CI® (57) 90:10
Ac H  Mn(TDMPP)CI® (51) 50:50
Ac H  Mn(CII6TDMPP)CI® (55) 17:83
Ac H  Mn(CISTDMPPXCI® (58) 67:33
Ac  Ac Mn(TDMPP)CI® (53) 50:50
Ac  Ac Mn(CII6TDMPPCI® (72) 60:40
c
% SO.Ph SO,Ph SO,Ph
DMD, acetone, 8 h I+ O (87 LI=>955 298
| o
Ciz271 OR OR OR
] .OR .OR
| A0 DMD, acetone/CH,Cl,, 0"(!\[' I+ (H n 91
\O/\,O‘R 0%1ih 0/\/011 ONOR

Acetone, Oxone®, phosphate
buffer (pH 7.2), 0°

DMD (excess), acetone/
CHyCl,, Ar, 0°to i, 5h

DMD, acetone/CH;Cl,
Ar,0°3h

DMD, acetone, 25°, 18 h

DMD, CHCl3/acetone

R
Ac
Bn

jH1
(—) mixture
(99) -95:5

TBDMS (100) 100:0

o8 .
Q" T‘D 109+ CL D oen 215
0 6

[0)

I (~100)

0]
. COMe |~
W +/0’.\]/’\r’\,|/
I

)

1 (~100)

/
:-auoth“ % (90) dr >95:<5
0 o}

6_.
n

187

187

= COZMfm) 86
LIl =9:4

203



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OH OH OH
Acetone, Oxone®, CH,Cl,, o P
phosphate buffer (pH 7.5), J 1+ o (86) LII=71:29 302
18-crown-6, 6 10 8°, 4 h (S {E
OTBDMS Ketone, Oxone®, CH,Cly/ OTBDMS OTBDMS
MeOH, buffer (pH 11.0), . I+ 1 297
KOH, 1t -0 9
Ketone Time (51
acetone 35h (40) 87:13
2-methylcyclohexanone 1.5h (77) 90:10
2,6-dimethylcyclohexan- 3.0h (65) 93:7
one
Ketone, Oxone®,
NaHCO;, CH3CN/ I+1I 81
H;0, Na;EDTA, rt
Ketone (81 Ketone LI
MeCOMe 4.8:1 0
EtCOEt 6.3:1 flj 3741
CICH;,COMe  4.2:1 g
CICH;COCH;C1 3.3:1 oo
CF;COMe 5.6:1 o]
o TfO- 281
é 5.6:1 N Ph
Me Me
Ketone LI Ketone {81
(4]
o .~ i
(5/ 70:1 ffiﬂo- 4.6:1
PH N_ Ph
P Me Me
é/‘:‘ 6.9:1 ?
O:>=0 2.1:1
o
o o]

Cis
BLO—‘%D
Cizas
R
o]
| N ){(N—Ph
N

461 0
OC: 0 3.1:1
0
B: O B 0
DMD, accione TS ?
o
d

o (~100) 316
LI =90:10
R 0 R 0
. NJ( N’{(
DMD, acetone/solvent o !ll N—pPh I+ 1\|'l N—ph IO 317
(o] (o]
R Solvent Time |61}
CH;OH CHCl3 24h (100) 50:50
CO;Me CH;Cl; 3d (96) 75:25
CH;0Ac CH,Cl; 3d (85 50:50



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Ethylmethyldioxirane, R=CH,0H, (66) LI =50:50 317
butan-2-one, 24 h
TFP, Oxone®,
NaHCOs, CHyCN/ R=CH,0H, (79-100) LII=75:25 317
H;0,0°20h
o
= S o = - .
— _(\/[ \]/ DMD, acetone, 56 (COpFe _(:' <"r (58) dr 59:41 318
X =
Ph Ph O
It/ DMD, CHCly/acetone &/—H (100) dr 33:33:17:17 203
o i i
NHCOPh NHCOPh NHCOPh
DMD, solvent, rt, 60 min L, I+ 14 67
-0 0
Solvent % Convn I:10
acetone 100 19:81
CH;Cly/acetone (9:1) 100 4:96
CCly/acetone (9:1) 100 397
MeOH/acetone (9:1) 64 26:74
Ts—N@ TFP, Oxone®, MeCN/H;0, Ts—NOj:o I+ Ts—N<\/[‘o o(—) 303
Na;EDTA, 0°, 2t0 3 h LI =91:9
Cig17 o )
H H -
RZ 1. CH,Cl/MgS0,4 R{N R! R
1 2. DMD/acetone | ! Ph Ac  (47) 319
R\)er 3., 12h R\<ij( i-Pr  PhCO (59)
o o]
Ci3 0 0 0
’lL Acetone, Oxone®, Ij\ IL
* D phosphate buffer D (16) + D - 84
(PH7.2), 0° 5
1 ° o LO=87.5:125
0 o]
Acetone, Oxone®, LL
D phosphate buffer 7 N (15) 84
OMe GEIR.P 1-ome
0
SR COzEL DMD, acetone ™ x COzEt 4 ST CO,Et (61) 86
o o ol o7
| | 18 L:II = 60:40
Ciae o o)
o~ )
DMD, acetone/CH;Clz, 0 (=) R=PhiPr 93

0°, 40 to 90 min

(8) = solid support
OSiR; (8)



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OTBDMS OTBDMS OTBDMS
Ketone, Oxone®,
NaHCO3, CHyCN/ I+ o 1 81
H;0, Na,EDTA, rt
Ketone j 811 Ketone LI
MeCOMe 13.6:1 0
EtCOEt 14.1:1 é i
CICH,COMe  7.4:1 s
CICH,COCH,CI 4.5:1 dgo
CF;COMe 19.3:1 o
0 m(ﬁj\m,— 431
é 14.2:1 N Ph
Mé Me
0
o} - .
16.7:1 Lo 3%
"N Ph
Mé Me
0
o
a 16.6:1
0 431
0 0
g o}
@ 10.4:1 o
}o 6.4:1
0
0
to/ DMD, CHCly/acetone ff (93) dr 60:40 203
TBDMSO™ > TBDMSO™
™ T™S. ™
m DMD, acetone, rt, O(O\ (30) + o (50) + 74
Bu-t 4t010h Bu-t Bu-t
I n
0
e (20) LI =38:62
Cie Bu-t
Bn O B 0o
Lt DMD, CH,Cly/acetone, rt o I(—) 287
% °
0
Bn 0 Bn_
W~ !
([i DMD, acetone/CH;Clp, 1t I + c@> = 287
O
o} o
o4 oA
DMD, acetone/CH,Cly, 0 = 95
o 0:'
| ' OBn 0 1h : G
OH OH —q
~-H DMD, acetone/CH,Cly, N—EE (—) dr 50:50 320
O:Me Nyt 4h Me
o}



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.

:
0 0
02'%%&/0 DMD, CH;Cly, acetone, °=‘§§€vo ©) 94
OH 0°, 80 mi OH
0%?&; - O'_“(o 0.

[o]
o] o]
Ph Ph
H OH : OH
SMe DMD, acetone, Ar, SO,Me (43) 308
n,>16h d:
OH ‘oH
0

WCC&ME DMD, acetone 6_ TR ol o 86

(50-60) LII=75:25

0
DMD, acetone, 25°, 18 h WC&M‘ + other diastereomers (100) 86
o o dr 45:33:11:11
OTMS 0 (o]
(CI DMD, acetone/CH,Cly, (E:/E_ I+ ((:E on 1 @ 82
+B 0°%1h +B i B LI = 40:60

Cisazs OML;

1. DMD, THF/acetone, it o
S ~78, 1 min m‘m I+ mm{ 1] 97
2. /H;0,1, 11012 h
Ph NHEH 0~ >Ph Ph
M Ly LI
Na — (37  90:10
Si Me; (85) >98:<2
Ti CpCl (53) >98:<2
Cis

(o]
DMD, acetone, 56° Z N 11) dr 50:50 318
— @ \_/{i/ an

DMD, acetone, 15 h (88) 321

/\_yo
DMD, acetone, 1t, 4 h E0™ 7 TCOMe (63) 322

“\ o] '.\ 4]
>< 'ijdo DMD, acetone, 45 min >< 0 (84) 323




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
NMej ArSO;” NMe3 ArSO5~ NMei ArSO;~
Ar = 4-CICgH, DMD, acetone/CH3iCN, . I+ oI (—) LI=80:20 324
20°, 48 h, 100% convn -0 &
DMD, acetone, 0°, 20 min (=) 325
LI = 80:20
DMD, acetone, rt, 20 h + (45) 326
DMD, acetone, 18 h (98) 321
P!
DMD, acetone, 20°, 24 h I+ NJ\EO n 99
R“;tg RI
R! R? % Convn kI
Ph H >95 83:17
Bn H 88 91:09
Bn Me 95 90:10
Cis
h DMD, acetone, it, 327
(0 (8] overnight
x igh
0lL ~—~OMOM ﬁ,-\ —OMOM ﬁ\ ~—OMOM
o e s LRles s DI
phosphate buffer (pH 7.2), -
0° o
I a LI =93:7
0 0
0 DMD, acetone/CH;Cl, L (~100) 328
oL )
| OSi(Pr-i)3 g OSi(Pr-i);
N(CO,Bu-t); N(CO,Bu-f) N(CO;Bu-f);
DMD, acetone, 3 h I+ I (88) LI=75:25 298

o



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastercomeric Ratio (dr)  Refs.
OH
Cir.1s o ;
OH
““ DMD, acetone/CH;Cl,, I+ E:O: o 329
i 0°,25h SR R
Ph Ph Ph
R Additive dr 1 o
CO,H — =95:5 (89) (0)
CHOH —  >95:5 (94) (0)
CO,Me — 3955 (98) (0)
CO;Me HCIO4/H,0 >95:5 (26) (67)
COMe H,0 - (O (76
\ NH NH
NZ NN 1. DMD, acetone/MeOH, |
I% | \> 0°,4h Q | \> (75) 6la
N N~ N
| OH 2.m,2h I o I_OH
OH OH OH OH
?chl.l—.l' ?ZCB‘H (1)3CBu-f
,N\@ TFP, Oxone®, MeCN/H,0, /N\O‘ I+ ,Nﬁo o (—) LI=982 303
T Na,EDTA, 0% 2t03h 15 o Ts
TBDMSQ TBDMSQ TBDM 0
- o DMD, acetone, 1t, 3 d -- 0 I+ -- 0 M (93) 330
o ) LI =72:28
OTBDMS OTBDMS OTBDMS
Cis (o] 0
HNJY P Ph
j L DMD, acetone, Ar, rt ; gOA:Me e 308
@_‘ G:Q’
OAc DAc
Cis.
1820 OAc oA
i _sOAc - Ac i _,OAc
DMD, acetone A 331
AcO__ .. -.MRI AcQ__ .. -.O/YLR,
Rz RZ
OAc
Ac i _,OAc
0 g
AOO\..-‘ V.'U-P)J\RI
B2
R! R 1 LI
Me H (—) 6931
—O(CHy),— (70) 86:14
Me Me (73) 90:10
EtO H (—) 67:33
—(CHy»— (64 91:9
Et Me (52) 90:10
Cio Et0 Me (74) 91:9
OBn OBn OBn
.OB
S DMD, acetone/CH,Cl, 328

- .-OBn 1+ .-0OBn ()
™ LI = 80:20

(o)



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) md_@[i(s) (%), Diastereomeric Ratio (dr) Refs.
OMe OMe
DMD, acetone/CH;CN, (99) 332
Nz, 0°, 36 min
OTBDMS OTBDMS

N CBz

OTiCp,Cl

Ca

DMD, acetone/CH;Cl,,
0°1h

DMD, acetone/CH,Cly,
0°%1h

1. DMD, acetone/
MeOH, rt

2. NaBH4, AcOH,
25°.3h

1. DMD (1.6 equiv),
acetone/THF,
-78°, 108 s

2. NH4F, H0, 20°,
2t03h

1. DMD (2 equiv),
acetone/THF,
-78°, 108 s

2. NH4F, H,0, 20°,
2t03h

DMD, acetone/CH;Cl,, 0°

DMD, acetone/CH;Cls, 0°

TFP, Oxone®, NaHCO;,

CH;3CN/H,0,
Na;EDTA, 25°, 4 h

R
Me (B0) 34:66
i-Bu (75) 42:58

OH | H 78 rm=94s6
H OH

0 )

1 o

I+10 (79) LI = 96:4

OMe
0 —
O 29
OMe

OcHO
OSiEt; OSiEty
3 I (>99)
Bnl -0 LI >95:5

(70)

91

333



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OBn OBn OBn
~OMe DMD, acetone/CH;Cls, ; ~OMe 4, ~OMe ooy 335
I OBn 0°, 30 min o o OBn OBn LIO=15:1
TBDPS P TBDP! & TBDP 0.0
y DMD, acetone/CH,Cl,, I+ B o 336
0°, 40 min o LI =9:1
OH OH OH
Car27
0. _o JOSik; ® 0. _o LOSiR; ®
Y 5 Y ‘
o DMD, acetone/CH,Cly, o (—) R=Ph,iPr 93
0%H/o o 0°, 40 min o %H/o o (8) = solid support
o _,_/) __,a
(0]
C2| o]
DMD, acetone, CHzCla, ! A f“"l‘ < (90) 258
20° 20 h | ” 11 = 80:20
o] 0
o
sl TFP, Oxone®, NaHCO;, {2CBu-t el
I .-0;CBu-t CHyCN/H,0, o .-0:CBu-t + -0;CBu-t (84) 15
0,CBu-t Na;EDTA, 8°, 15 min - 0;CBu-t 0,CBu-t
I o LI = 75:25
Cr
1
q R R' R?! Time
= DMD, acetone/CH,Cly, H Br 408h (82) 337
, ~20° H Cl 408h (86)
S ® H H  240h (19
H CN 552h (80)
Me H  312h (75)
H Me 216h (86)
MeO H  312h (73)
H MeO 144h (78)
H EO 168h (79)
DMD, acetone/CH2Cly, 337

~20°

EtO 336h (0)

(10
©)
(14



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Caina o
‘ = O TFD, TFP/CH,Cl,, R=Cl, H, Me 337
~20°,5t08h
(0] Ph R

Cy

3

A
X

O._CHOMe-4

Ca

OTBDMS
OTBDMS

OTBDMS

DMD, acetone/CH,Cl;, 0°

TED, TEP/CH,Cl,,
-20°, 5 min

DMD, acetone/CH,Cl,, 0°

DMD, acetone/CH;Cl,,
0°tort, 1 h

DMD, acetone, —40°, 12 h

DMD, acetone

DMD, CH;Cls, acetone,
0°, 30 min

DMD, CHCly/acetone

DMD, acetone/CH,Cl,,
0% 1h

e
(8]
& OTBDPS
AcCr : H :*J:
C 0

OH O.
o={
TBDP!
OTBDMS
OTBDMS
= OTBDMS

(>48)

(100) dr 52:48

98)

(100) 338

CgH4OMe-4

m92) 222
LI = 50:50
96
339
o (88 258
LI = 60:40
340
94
203

91



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Cas OTMS
f DMD, acetone/CH,Cl,. — 336
0°, 30 min
OTBDPS
OBn OBn
.0OB OB
I 088 DMD, acetone I+ (ﬂ\/::L ! ey 341
Lo =5:1
Ph Ph
DMD, acetone, Na, (65) 142
rt, 30 min
1. DMD, acetone, 3 h (o] 342
2. EtsN, CH,Cl, 12h
DMD, acetone/CH;Cl,, 343
i, 36h
R (W1
H (66) 67:33
CFCO  (72) 50:50
Ac (86) 67:33
Piv (63) 33:67
EtsSi (86) 20:80
TBDMS (69) 17:83
PhCO (77) 67:33
TFP, Oxone®, NaHCO3,
CH;CN/H;0, 344
Na;EDTA, 0°

I(I) (45); II(T) (28)



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.

TFP, Oxone®, NaHCO;,
CH;CN/H;0,
Na;EDTA, 0°

DMD, acetone/CH;Cl,, 0°

TFP, Oxone®, NaHCO;, -
CH3CN/H,0, I(62) +
Na,EDTA, 0°

TFP, Oxone®, NaHCO3,
CH}CNM;O.
NazEDTA, 0°

344

I
K1) (60); I(I) (15)

1 () (38)
I (D) (29)



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.

DMD, acetone/CH;Cl;, 0° 344
I (10) +
I (40)
TFP, Oxone®, NaHCO;,
CH;CN/H,0, 1 (IN) (45) + I (T) (35) 344
Na;EDTA, 0°
TFP, Oxone®, NaHCO;,
CH3CN/H,0, 344
Na,EDTA, 0°
o
L (IT) (44)
@21
0 SiMe,Ph
DMD, acetone/CH;Cly, 345
00
HO O
OBn
Bnl &Oﬁn Bn 0‘-0311 Bnf ol o
DMD, acetone/CH,Cly, 0° I+ n 346

OBn Bn OBn
(— Lm=1i:1



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
OBn OBn
--OBn DMD, acetone/CHCly, - e ") 347
OBn 0%, 6 min : o OBn
DMD, acetone/CH;Cly, I (—) 348
0°, 10 min
DMD, acetone/CH;Cl5, I(—) 349
Corns Ng, 0°, 15 min
OYO OSiR; (§) (j'/o Osikz ()
oi_f:&o \ég_
0
OH o OHo
Oﬁ/ 0, DMD, acetone/CH;Cly, §/ ) 93
0°, 40 min /$~0
0%0 0,
R =Ph, i-Pr ’a
(8) = solid support (o]
Cy
DMD, acetone/CH,Cl,. 350
-50°
Nf> I (75)
LI =83:17
TFP, Oxone®,
NaHCO3, CH3;CN/ 350
H,0, Na;EDTA, 0°
DMD, acetone/THF (60) dr 67:33 209
' * HO.

Ar, -78°, 10 min

Li



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diast ic Ratio (dr)  Refs.
Car.aa
R
H (72)
TFD, CH,Cl,/TFP, Ac (85) 351
—40° 1h 4-BrCgH,4CO (83)
RO™
Cy ,\\
DMD, acetone, 20°, 20 h I+ I (80) 258
H & - LI = 75:25
"0
Oxone®, acetone/CH,Cly, \\ \
phosphate buffer
(pH 7.5), 18-crown-6, I+ I (50) 302
H 6108, 4h H oud’ H I LI =22:78
H
Sulfonylazole, HyO5, \\
acetone, THF, NaOH, 1§ 271
10°,~3 h H
H
0 Sulfonylazole Acetone (equiv) I+ LI
AN _N m 1 (37) 7624
m 4 (38) 58:42
II: Ar = 4-MeCgH, m 10 @2n  50:50
IV: Ar =4-O;NCgH, m (18)  50:50
O e m (32) 43:57
4 MeCoHrﬁ—N;jh; BFy~ m 60 (18)  44:56
(o] ¥ oI 80 (n  41:59
v i1 100 (31)  41:59
,N.#NO?- v 1 (54) 7525
2-4-6'(Me)3C6HiN\5_N v 4 (54) 56:44
VI v 20 (52) 45:55
v 20 ©2) 8218
VI 4 34) 7624
vi 20 (18)  70:30
VI 20 96) 919
Acetone, Oxone®, I+ 0 (72) LI =44:56 271
NaHCOs, H,0,
10°,6h
Ketone, Oxone®, CH,Cly/ \\
phosphate buffer (pH 7.5), I+ o 352
BuyNHSOy, 0to 5°
e H H
H
o
acetone (90) 50:50
cyclohexanone (59) 55:45
2-methylcyclohexanone (70) 35:65

2-hydroxy-2-methylcyclohexanone (37) 40:60
ethyl pyruvate (83) 64:36



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Dia ic Ratio (dr) Refs.
C
% 0Bn OBn
| b LSO DMD, acetone - O CeHOMe4 100 353
OBn ) OBn

DMD, CH;Cly/acetone, (60) 351

—40°,2h

AcO
Acetone, Oxone®, CH,Cl/ \\
phosphate buffer (pH 7.5), I (86) 352
Bu;NHSO,, 0 to 5° E1I = 40:60
A
1. DMD, acetone/CH;Cl,, (0] 0
~7810-10° 3 h X 96) + N 3) 354,
2. NaHCO;3 TBDMSOH y” TBDMSOH 355
TBDMSCO: !
OHOH HO
DMD, acetone/CH,Cly, II (80) 356
0°,6h LI = 50:50
1. DMD, acetone/CH,Cl; 357
0Si(Pr-i)3 2. MeOH, 1t
DMD, acetone/CHCl, 0° . O Lellides. o 458
& OSi(Pr-i)3
OMOM

359




TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), D ymeric Ratio (dr) Refs.
Cae3s OBz OBz
B DMD, acetone/CH;Cl, ABe (~100) 213
OBz N3, -20°2h 0Bz

DMD, acetone/CH,Cls,
-30°,24 h

AL SOCC,

/4
N= N\\
« LN DMD, acetone/CH;Cly,
TBDMS N~ N Ny, 78 to—20°,5.5h

TBDMSO  OTBDMS

Css OBn

BnO. .-OBn
DMD

OBn

DMD, acetone/CH;Cl,, 0°

P{{[’)\ I+ < o 360
3 ¥
R! R? I o

H H (600 (20)
Me (55) (19)

Nk “ 361

TBDMSO—W

TBDMSO OTBDMS

OBn
BnO._ ,-OBn

.-OBn O (—) 346

OBn
LI = 60:40

343

v
t j 0
+ (77) LI =99:1
"'Blil ‘.‘()T")@}\PIll



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.
Cy
OTBDMS OTBDMS
TBDMSWCHHH-R DMD, acetone/solvent  ppypg CiHzn 1+ 363
NHTs NHTs
OTBDMS
mnms(m\cmﬂz,-n
s
Solvent Temp Time I In
—_ n 24h  (56) 80:20
= 4° 72h  (57) 8416
—_ -23° 9%h () 87:13
hexane o 24h (16) 58:42
MeOH n  24h (n  —
CHCl, nt 24h (300 71:29
CHCl; n 24h  (m) —_
CCly I 24h (58) 80:20
Ethylmethyldioxirane, 147D+ (—) LIl =82:18 363
2-butanone, rt, 96 h
Ethylmethyldioxirane, I+0 (f) LI=72:28 363
2-butanone, 4°, 96 h
DA
boie B 5 OTBDPS
D z e
MD, acetone/CH;Cls, A&%{J (=) 339
0°tort, 1h 0
R
C. s o 5
0 OYQ osipr-iy; ®) (8) = solid support Oy _-0 _ OSi(Pr-02()
0] o o)
DMD, CH;Cly/acetone, 0° —
OH OQ\/O o WOV@O 2Clp/acetone OH 0*\/0 o Ph’\“@_o =) 93
b = o
0Ol 2 H,
C‘is TBD
TBDM OBn TBDMS! % o
THD 0] TBDMS 1o
/ o
b DMD, acetone/CH,Cl,, 0 5 I+ 364
OBn
OBn (84) L= 1:5
TBD! Bni
TBD! 0 o
TBDM OBn
HOO
Cas
EtSio ~OSiEts OSiEt Busio OSiEl OSiEts
o o 0 DMD, acetone, 0° 0 ) 365
Et3Si Et;Si = Et;3Si 35l =
0SiEt; 0SiEty 0
Cso
OBn OBn
B 0, B
Bn B
DMD, acetone/CH;Cl,, (>51) 366

Ng, 0°, 30 min



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)
Refs.

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr)
OBn
Bn 0
Bn O o DMD, acetone/CH,Cly, 366
Ac Bn()& > N, 0°, 30 min
Bn
1. DMD, acetone/CH,Cl,,
orMs OTBDMS 0°1h
2. Camphorsulfonic acid, 71) 367
acetone, 4°, 16 h
Bn
OBn
Cro
AcOR SO Ac OAc
0 —
OAc DMD, acetone/CH,Cl,, 95
OAc 0°, 45 min
OAc OAc
AcO
OAc
OAc_OAc
o O
NHAc

Co o
Al Na, 0°, 45 min

OAc

Cinz
Ao OAC OAc AcO L OAc OAc
7.8) DMD, acetone/CHyCly, 0 o 0 & 95
c — Ac 3
k OAc

0/ O o OAc
[0}
R= Oogﬁ) NHAc OAc
0 OAc_0Ac
A o 0&0
AcO /OAco/A et
C.
/PQiOAc A0
ACOOAC OAc

Cigy
OBz 1. DMD, acetone/CH,Cl,, OBz
molecular sieves 4 A,
[0} O
OBn OB 45 min OBn
0Bn_oBn Aco ~OB" " 2.EiSH,CFCOM, OBn_opn Aco ~OBR OBa 60) 95
0] 0 O -78° O,
R %Og\v ) CHCl, T8 tom,6h - é\A/o oo Qset
Y Bn o Bn
o OAc

NHSO,Ph 3. Acy0, CH2C|2,
> Ac pyridine, 24 h NHSOPh  OAc
OBz
0 OBn
o 9Br  10Bn g Aco ~OBR
R= 0o=x"{\ o 0 0
Ie 0'0 O. 0
Y NHSOPh  OAc
OBn

B:
BzOQ 8



TABLE 4. DIASTEREOSELECTIVE EPOXIDATIONS OF OLEFINS BY DIOXIRANES (Continued)

Substrate Conditions Product(s) and Yield(s) (%), Diastereomeric Ratio (dr) Refs.

“TDMPP is the dianion of 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin.
5C116 TDMPP is the dianion of 2,3,7,8,12,13,17, 18-octachloro-5,10,15,20-tetrakis(3,5-dichloro-2,6-dimethoxyphenyl)porphyrin.
“CISTDMPP is the dianion of 5,10,15,20-tetrakis(3,5-dichloro-2,6-dimethoxyphenyl)porphyrin.



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
Ce1s o
R? :X Oxone®, K,CO3, DMM/  R? O (4
= hOH >< - CHCN, buffer (u\ SOH 149a
Rl R a (pH 9.3),BuNHSO, R R
n R! R? R?® Temp Time % ee
2 H Et H -10° 3h (82 9%
1 H Et Me -10° 3h (83) 91
1 H nPr H -10° 3h (68) 91
1 H —(CHps— -10° 3h (92) 92
1 H Ph H -10° 3h (85) 94
2 H FPh H 0° 2h (80) 91
1 H Bn H -10° 2h 45 91
2 H nCgHaH -10° 2h (8B6) 90
3 H Bn H 0 2h 87 91
1 Ph Ph H 0° 2h (87) 94
n R!' R? R® Time % ee
" Oxone®, K,CO;,DME, I 1 H Et Me 5h (85 92 149a
buffer (pH 9.3), 1 H —(CHpe— 5h (93) 94
BuyNHSO,, -15° 1 H Bn H 7h 43) 92
1 H Ph Me 5h (75) 74
2 H nCgHisH 5h (83) 91



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ki /Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
Co24
RZ R ? ~0 Oxone®, NaHCO3, R2 O R}
= o ¥ 0)( CHACN/H,0, EDTA, (J“\, 17
R 0°,2h R
R! R} R3 % ee
nPr H CHOH (60) 78
Et H (CH;);,0H (700 70
Ph H CHyCl 61) 93
Ph H CH,OH (81) 88
Ph H Me (60) 84
Ph —(CHy)y— 69 9
nPr H CH,OTBDMS (80) 93
Et H (CHy,OTBDMS (84) 87
Ph H Ph (73) 95
n-CeHis H  n-CeHyz (81) 90
Ph Me Ph (73) 92
Ph H CH,OTBDMS (74) 93
Ph Ph ﬂ—C|°H2| (65) 92
G
@/ 0 Oxone®, CH,Cly/buffer, (ﬁ I (87) 6%ee 105
BusNHSO,, 25°
Oxone®, CHyClybuffer, 1 (80) 12% ee 105
BuyNHSOy, 5°
i Oxone®, CH;Cly/buffer, (}o (85) 5% ee 10
qu BuyNHSOy, 5°
Cras
RZ2 R Oxone®, KC03, CHICN/ p2 g g3
?:/ DMM, Na,B4O buffer 1 25
R (pH 10.5) rR!' R! R2 R3 % ee
Me —(CHp)s— 7n 8t
Me Me tBu 35 9
Ph Me Me (89) 97
Me Me Ph 93) 76
Ph —(CHa)y— (94) 98
EtO,C(CHz); Me  ¢-CgHyy (77) 81
EtO,C(CHy); Me  n-CéHj3 (89) 94
Me Me nCpHy (97) 87
Ph Me Ph 89) 96
Et Et n-CygH (94) 89
Ph Ph Ph (54) 97
Fh Ph n-CigHyy (92) 97

(0]
i Oxone®, K,CO3, DME
>( Z>< (DMM), K,CO/AcOH I 115,
/i\ = buffer (pH 10.5) 2 114

R! R R} Temp Time % ee
HO Me —(CH3)4— -15° 4h (100) 12
Ph H H -15° 4h (79) 69
Ph H CH,Cl 0° 6h (95 82
Ph H CHCl -10° 6h (95 84
Ph H Me -15° 4h (94) 80
Ph H MeCO 0° B8h (75 82
Ph H CO,Me 0° 8h (35 89
n-Bu  —(CHj)s— -15° 4h (96) 13
Ph —(CHp)s—  -10° 4h (94) B85
Ph H iPlCO 0° 8h (70) &9
Ph H Ph -10° 6h (91) 96
Ph H PhCO 0° 6h (85 96
Ph Ph  Ph 0° 6h (95 92



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

or Q Oxone®, CH;CN/DMM, OH
- K2COy/AcOH buffer, - (83) 92% ce 124,
_10° -0 123

N OO ﬁ’, Oxone®, NaHCO;,
@A g 0>=0 CH3CN/H,0, (83) 18% ee 24
Cl QO "g ~o EDTA, rt, 60 min

R2_ R Oxone®, K,CO;, R? O R 1

R?_/ CH;CN/H,0, 0° L
R! R? R} Time % ee
4-CIC¢Hs H H 30h (55) 43
Ph H Me 10h (80) 88
Ph H CH;0H T7h (93) 89
Ph —{(CHa)— 4n (78) 59
Me H (CH»:0Bn 1lh (72) 68
Ph H Ph 72h (46) 94

R
N 0
PN ><0“ Oxone® K,CO5, DME, <] 1 115,
o K,COyAcOH buffer 114
0

R Temp Time % Convn % ee
H -15°  6h 13 67
CHF -15° 4h 76 67
CO,Me -10° 4h 9% 67
CH;0Ac -10° 4h 96 65
CMe,OH -15° 4h 79 69
CMe;,0Me -15° 4h 100 70
CH,OTBDMS -10° 4h 100 66
CH,0Bz -10° 4h 99 65
CH,;0Ts -10° 4h 70 67
CPh,OH -15°  1h 7 59
0-. R B Oxone®, K,CO3, DME/ R % Convn % ee
><q :>< DMM, K;COyAcOH 1 COMe 94 60 115,
]:HI Et buffer, -15°, 4 h CH;0Ac 66 67 114
0 CMe,0OH 31 65



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
Q ° Oxone®, KoCO3, CH3CN, R! R? % Convn %ee
2 . 3 3 "
RXZIU:( Oj Na;B40 buffer, 1 Me Me 38 38 119
Rl (0} Na;EDTA, 0°,1.5h —{(CH3)s— 39 37
Et Et 42 42

—{(CHz)s— 42 36
n-Pr n-Pr 29 43
Ph Ph 30 20
Bn Bn 6 21

Oxone®, K,CO;, CH;CN,
Na;B40; buffer, 1 119
Na,;EDTA, 0%, 1.5h

R R? R} R* % Convn % ee
Me Me Me Me ] 32
Me Me Me Me 100 15
Me 79 10

Me Me —(CHps—
—(CHp)s— Me Me

5
Z
i
m
I omoDnoDDnoD@omoDEDDmE u|A
23388388
=

—(CHp)y—  —(CHz)y— 100 30
Et Et Et Et 26 12
—{CH3)s— —{(CH)s— 59 14
—(CHz)s— —(CHy)e— 43 17
Me Me Bn Bn 6 3

B B Oxone®, K;CO3, DME/ R %Convn %ee

X Q;EZ)< DMM, K,COy/AcOH 1 COMe 177 65 115,

B o buffer, -15%, 4 h CH;0Ac 100 62 114
o CMe,OH 80 65

o _OR Oxone®, K;C0;, CHiCN, R % Convn T ee
] 0/\/(:1 NayB40; buffer, I H 0 . 119
>< 3% Na;EDTA, 0%, 1.5 h Ac 5 23

o
OR Oxone®, K,C0O;, CH1CN, R % Convn % ee
>< ; NagB4O; buffer, 1 Me 14 27 119
Na;EDTA, 0%, 1.5h (CH).Cl 15 29




TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
o
Oxone®, K,C0O;, CH5CN,
>< NayB40; buffer, I (40) 10% ee 119
2 Na;EDTA, 0°, 1.5h
o]
ﬁ' Oxone®, K,CO3, CH3CN,
N NayB,40; buffer, I (41) 15%ee 119
b7L Na;EDTA, 0%, 1.5h
Cs.10 o
R2 Q Oxone®, K,CO3, CHCN, g2 R! R? % ce
?= ;L Na;B40; buffer, (& 1 Ph H (64) 14 25
R >< 4] Na,EDTA,-10°,2h R Ph Me (81) 28
i-P;SiCH, H (92) 35
nCgH;; H (80) 27
R! R? % ee
" Oxone®, KCOs, CHiCN/ Ph H (90) 24 25
DMM, Na;B4O buffer, I Ph Me (95) 20
Na,EDTA, -10° 2 h iPrSiCH;, H (99) 31
nCHiz H (92) 17
Cg.20 (0]
R g .0 Oxone®, K,CO3,DME  R? Q R?
>=/ >< 0>< (DMM), K;COy/ 1 115,
R! AcO/ i AcOH buffer R 114
R! R? R} Temp Time % ee
Ph H H -10° 4h (90) 65
Ph H CHCl 0 5h (94 77
Ph H Me -15° 4h (92) 75
Ph Me H -10° 3h (92) 52
n-CgHj7 H H -10° 4h (85) 15
Ph H COEt 0° 8h (34 86
2Naphthyl H H -10° 4h (89)
Ph —(CHp)s— -10° 4h (95 68
(CH),CO;Me Me CgH;; -10° 4h (96) 43
Ph H Ph -10° 6h (95 90
n-CeHy3 H  nCgH;; -10° 4h (51) 42
Ph H PhCO 0° 6h (80) 94
Ph Ph  Ph 0° 5h (86) 87
N’CO;B Rl RZ R} Time %ee
H Oxone®, NaHCOs, Ph H H <2h (33 29 108
MeCN, EDTA, H;0 Ph H COMe 24h (33) 64
\ Ph —{(CHps— <6h (97) 69
o] Ph H Ph <3h (88) 76
Ph Me Ph <4h (100) 73
Ph Ph  Ph <4h (100) 83



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
C
: = 0 0%’ Oxone®, K,CO3, CH3CN/ =
@/ ><D--¢F__ /0 DMM, K,CO3/AcOH (\/{ (75) 94% ee 123,
. 0 buffer, ~10°, 3 h 124
o
Ca.i
Z % Oxone®, K,CO3, CH;CN/ R Temp Time % ee
DMM, K;COy/AcOH H -10° 3h (78) 93 123,
buffer Me -10° 3h (88) 90 124
COEt 0° 2h (71) 93
TMS -10° 3h (86) 93
Cs14
OR Q 0 Oxone®, CH;CN (OMM), QR n R Time % ee
0 < 0)< NayB40- (or K2COy/ < 2 Ac  20h (59 74 121
Y >< AcOH) buffer, 0° » 1 PhCO 15h (79) 80
2 PhCO 1.5h (82) 93
3 PhCO 15h (87) 91
4 PhCO 1.5h (82) 95
e 9 4 Oxone®, K;CO5, CH3CN/ o o
MCO;EI “o)< DMM, Na;B40; /Q_,%/CO;EI + M,CO}BI 122
>< o buffer (pH 10.5), iy o -
EDTA, 0°%, 4 h
I+IO(—=) LO=7:1
:'_\‘ 0 Oxone®, K,CO;,
] CH4CN, Na,B,0; O 1 (50) 56%ee 25
@ >( c)< buffer, Na;EDTA, “o
o -10°,2h 5
0 o Oxone®, KoCO3, CHACN/
c)< DMM, Na;B40; I (43) 61% ee 25
o" buffer, Na,EDTA,
-10°2h
t Time % Convn % ee
o Oxone®, K,CO;, DME, . b
>( 0)< KiCOyAcOH buffer, 1 D L 6 s,
; s i CHyF 6h 66 71 114
R CO,Me 6h 56 66
CH,0Ac 6h 82 68
CMe,OH Ih 55 45
CMe,OMe 6h 47 40
CH,OTBDMS 6h 70 73
CH,0Bz 6h 67 7
CH,0Ts 6h 62 71
X CPh;OH 6h 7 88
5 Oxone®, K,CO3, DME,
>( ’ ?( K:COyAcOH buffer, I (78) 68% ee 115,
H == ~10°,6h 114




TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
0o
E 0 Oxone®, K,CO;, DME, R % Convn % ee
J( K5CO/AcOH buffer, I CO;Me 41 65 115,
Et : E -10°6h CH,0Ac 73 62 114
CMe;OH 47 44
(o}
0 Et Oxone®, K,CO;3, DME, R % Convn % ee
>< Ox K;COyAcOH buffer, 1 CoMe s9 6l 115,
' ~0 Et -10°,6h CH,0Ac 75 63 114
R CMe;OH 61 42
O _OAc Oxone®, K,CO;3, CHiCN,
Na;B40, buffer, I (B) 44% ee 119
- Cl
Xﬁo/\/ Na;EDTA, 0°, 1.5h
(o}
OR Oxone®, K;CO3, CH1CN, R % Convn % ee
>< i Na,B40; buffer, I Me 13 42 119
o Na;EDTA, 0°, 1.5h (CHCl 9 41

0
Oxone®, K;CO3, CH1CN,
>( A NayB40; buffer, I(0) 119
Na,EDTA, 0°, 1.5h

5 0. A8 Oxone®, K;CO4, CH3CN, R! R? % Convn %ee
R . Na,B40; buffer, 1 Me Me 30 60 119
R?( Na,EDTA, 0°,1.5h —(CHpe— 29 57

Oxone®, K,CO3, CHiCN,
Na;B40- buffer, 1 119
Na;EDTA, 0%, 1.5 h

! R? R} R* R’ %Convn %ee
Me Me Me Me F 23 12
Me Me Me Me H 53 51
Me Me Et H H 55 42
Me Me i-Pr H H 55 43
Me Me —(CHys— H 56 48
—{(CH)s— Me Me H 57 49
Me Me Et Et H 19 43
Et Et Me Me H 24 55
Me Me —(CHy)s— H 46 46
—(CH)s— Me Me H 50 52
—(CHp)s— —CHy— H 73 47
Et Et Et Et H 17 47
—{CHj)s— —(CH3)s— H 43 44
—(CHz)¢— —(CHps— H 6 51
Me Me Bn Bn H 0 —



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

/J, 0 Oxone®, K;COs, T\
o\i—ff\} CH1CN, Na,B40; O (46) T1%ee 119
o buffer, Na;EDTA, 0
07L 0°,1.5h

o 5 Oxone®, K2CO3, CHyCN/
/\MOH . c)< DMM, Na;B,O7 buffer /\/l\/\/on (68) 90% ce 122

Gy

>< o (pH 10.5), EDTA, 0
0% 15h
o Oxone®, CHC/H0 . O
X CsHyy-n (pH 7.5), BuyNHSO;, ‘L\c (70) 20% ee 106
(0] 2t0 5% 48h sHy-n
CF3 Oxone®, CH;Cl/H,0 0 CHyn
(pH 7.5), BuyNHSO,, 4 (68) 18% ee 106
0 2105 48h
Co.28
R? ? 0 Oxone®, K;CO3, CHyCN/ 0 R
=~ >< 0>< DMM, NazB,0y buffer, /" 25
. Na,;EDTA R
R! R? Time Temp % ee
Ph CH,C1 15h 0° (49) 96
Ph Me 2h -10° (94) 96
2-MeCgHy Me 2h  -10° (91) 93
2-MeCgHy i-Pr 2h  -10° (78) 96
n-Pr CH,OTBDMS  2h -10° (83) 95
Et (CH,),OTBDMS 2h -10° (85) 93
Bn (CHp,COMe 15h  0° (68) 92
Ph Ph 05h 20° (85) 98
Ph 15h 0° (78) 99
a-CgHyz  n-CeHis 2h  -10° (89) 95
Ph CH,OTBDMS 15h ©0° (71) 95
Ph CH,OTr 15h  0° (55 94
(8] K
/:/ o Oxone®, CH;Cl,, buffer, P{LA/ I (60) 12% ec 105
PH BuyNHSO,, 5°
; Oxone®, CH;Cly, buffer, 1 (85) 9.5% ee 105
”‘(\ﬂ/ Bu,NHSO;, 5°
o}
CFs Oxone®, CH,Clo/H,0
o (PH 7.5), BuNHSO,, I (71) 13% ee 106
2t05°%40h
o]
CF; OMe Oxone®, CH,Cly/H,0
(pH7.5), BuNHSO,, 1 (61) 18% ee 106

0 2t05° 42h



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

‘G Oxone®, NaHCO;,
°3=0 CHACN/H,0, I (61) 29% ce 12
Oe A0 EDTA,mt, 1 h

Q ~a H,0,, CHiCN,
2 < c)< K3CO; buffer, 1 (84) 92% ee 368
0 EDTA, 0°,7h

0 o Oxone®, NaHCO;, Time % ee
Zﬁr >< CH;CNH,0, I 1h () >95 25
>< o EDTA, 0° 2h (39) >95
0 4h (40) 89
8h (47) 85
O o Oxone®, K,C03, CH3CN/ Temp % Convn % ee
0)( DMM, Na;B,O; buffer, I ETD 99 9 25
Xﬁ Na;EDTA -6 97 95
2° 98 95
2° 99 95
8° 99 94
20° 9 9
30° 97 91

Oxone®, K;CO3, solvent,

9 o
()< NayB,O; buffer, I 25
>( ™ EDTA
o}

Solvent Time Temp % Convn %ee
CH3CN 20 min 20° 100 89
CH3CN 1.5h 0° 9% 92
EICN 1h 20° 11 80
DMM 1h 20° 36 91
DME 20 min 20° 100 89
DME 1.5h 0° 92 89
DMF 20 min 20° 95 86
Dioxane 20 min 20° 100 86
Dioxane 1.5h 0 9% 86
THF 1h 20° 18 74
Et;,0 1h 20° 0 -
CHCl, 05h 20° <3 -
CH3;CN/DMM (2:1) 20 min 20° 100 90
CH;CN/DMM (2:1) 1.5h 0° 100 92
CH;CN/DMM (1:1) 20 min 20° 98 91
CH;CN/DMM (1:1) 1.5h o 100 93
CH;CN/DMM (1:2) 20 min 20° 94 92
CH;CN/DMM (1:2) 1.5h 0° 88 94
CH3;CN/DMM (1:4) 1.5h 0° 77 94
DMM/DME (1:1) 25 min 20° 66 92
CH;CN/DMM/DME (1:1:2) 20 min 20° 100 90
CH3;CN/DMM/DME (1:7:7) 20 m in 20° 89 90
CH;CN/THF (1:1) 25 min 20° 63 82
Et;O/CH3CN (1:1) 25 min 20° 28 84



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
Me , Me
N CRsSOs- Oxone®, NaHCO3,
CH;CN/H,0, I 21% convn 107
0°%5h
0 R Time % Convn % ee
.0 Oxone®, K,CO;, DME, H 4h 29 73
>< J< K;COy/AcOH buffer, I CH;F 4h 78 73 115,
1 5 -15° COMe 4h 61 75 114
R CH,0Ac 4h 95 75
CMe;OH 4h 97 80
CMe;OMe  4h 95 80
CH;OTBDMS 4h 77 73
CH,0Bz 4h 76 72
CH;0Ts 4h 60 72
CPh,OH 4h T 50
o

Et . Oxone®, K,CO,, DME, R % Convn % ee
)( Z>< K;COy/AcOH buffer, I COMe 43 74 115,
Et ' s -15%4h CH;0Ac 60 75 114

R CMe;OH 35 76
0
.-0 Et Oxone®, K;C03, DME, R % Convn % ee
>< . K,COy/AcOH buffer, 1 CoMe 78 7 115,
f Et -15°,4h CH;0Ac 100 72 114

CMe;0OH 100 79
)
RS O R*  Oxone® K;CO3, CHiCN,

R;< : i\ Na;B,O; buffer, 1 119

g o ® Na;EDTA., 0°, 1.5h
R! R? R R* RS %Convn %ece
Me Me Me Me F 11 5
Me Me Me Me H 93 92
Me Me Et H H 79 91
Me Me i-Pr H H 6 89
Me Me —(CHps— H 95 93
—{(CH3)s— Me Me H 100 923
Me Me Et EE H 91 93
Et EtE Me Me H 8l 90
Me Me —(CHy)s— H 100 89
—{(CHp)s— Me Me H 100 91
—{(CHp)4— —(CHz)s— H 89 94
Et Et Et Et H 32 86
—(CHp)s— —(CHy)s— H 5l 87
—(CH)e— —(CHpe— H 37 91
Me Me Bn Bn H 18 66



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
0o _o : P
R2 j Oxone®, K,CO3, CH;CN, R RZ % Convn_ %ee
X 0 Na,;B40; buffer, I Me Me 44 61 119
Rl 0 Na;EDTA, 0%, 1.5h —{(CHp)s— 36 61
Et Et 33 61
—(CHy)s— 52 52
n-Pr n-Pr 28 82
Ph Ph 26 48
Bn Bn 19 56
1 ¢* Oxone®, K4COs, CHACN, R %Conn %ee
NayB4O buffer, I H 8 65 119
5. Cl 254
Xﬁo/\/ Na;EDTA, 0°, 1.5 h Ac 5 66
TBDMS 10 40
0
OR Oxone®, K,CO;, CH3CN, R % Convn % ee
7 NayB40; buffer, 1 Me 15 59 119
0 Na;EDTA, 0°, 1.5h (CH):C1 16 67
Oxone®, K;CO3, CH;CN,
NayB 40+ buffer, I (5 41% ee 119
Na;EDTA, 0° 1.5h
o]
Oxone®, K»CO;, CH:CN,
0, Na;B404 buffer, I (41) 62%ee 119

6710‘ Na;EDTA, 0°, 1.5 h

Oxone®, K,CO;, Solvent,

-0
>< o>< NayB,O, buffer, I 115,

! EDTA 114
ACO/ Solvent Temp Time % Convn % ee
CH;CN 0° 4h 58 63
DME 0° 4h 100 70
DME -10° 4h 95 73
DMM 0° 4h 43 66
Dioxane 0° 4h 99 67
DMM/CHZCN (2:1) 0°  4h 91 67
DMF 0° 3h 99 64

Oxone® CHC/H0 o
(pH 7.5), Bu/NHSO,, J_\ I (65) 17% ee 106
2105°40h

O o Oxone®, NaHCO;,
O CH;CNMH,0,EDTA, I (61) 20%ee 112

i, 1h



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
o]
o 9 Oxone®, K,CO3, CH;CN/
>< * 0)< DMM, Na;B40; buffer, 1 (94) 96% ee 25
o 8] -10°,2h
o]

07( Oxone®, K;CO3, CHsCN,
Bt 0 Na,B,0; buffer, I (4) 23%ee 119
><Oj Na;EDTA, 0°, 1.5h

o]
-- 0]
> — n|)<l/ 11
g v *
N’ i
Mé Me TO
Me\ ’Me
A
O\ }0 Oxone®, CH5CN, I (—) 9%ee 11
+
"N 2760 buffer, 0°, 6 h
Me
No )1 210 Oxone®, CHyCN, I (—) 40% ee 1
| N buffer, 0°, 2h
s}
N+ +N
Oxone®, CH;CN, I (—) 8%ee 11
kﬂ) 2 TfO™ buffer, 0°, 6 h
o]
Ph P
j:]:w +N::L Oxone®, CH;CN, I (=) 10%ee 11
P Fh buffer, 0°, 3 h
o 2TiO
Oxone®, NaHCO3,
CH,CN/H,0, I (—) T1%ee 11
0°,8h
o] ®
Oxone™, phosphate buffer, 0
« .CO;Me
CH,Cl,, BuyNHSO,, n(N I (%) (—) 369
¥ 0°,4.5h
o OH Oxone®, phosphate buffer,
v CH,Cl;, BuNHSO,, 1 (—) 369
F 0°,4.5h
o Oxone®, phosphate buffer,
. COzEt CH,Cl,. BuyNHS0,, I ) 369

F 0° 45h



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
E O Oxone®, phosphate buffer,
* CO4Et CH,Cl,, Bu,NHSO,, I (—) 369
0°,45h
E F
Coas R R Q ~0 Oxone®, K,CO, CHCN, g2 o g3
?:/ O 9 o>< Na;B4O; buffer, ?&/ 118
R EDTA, 0°, 1.5h R
R! R* R} % ee
Ph H Me 93) 9
Ph H CH;OH (700 9%
n-Bu H n-Bu 70$ 91
Bn H  (CHp,COMe (76) 91
Ph H Ph s 97
nCeHizs H  nCgHys (88) 93
Ph H CH,OTBDMS (87) 94
Ph Ph -ty (66) 94
Coig Me‘ﬁ' Me R —
R CFsS0y Oxone®, NaHCO;, 9 R Me (85) 35 107
PH S CH;CN/H,0, 0°,5h H(L\ Ph (—) 58
F
G o
e QO o Oxone®, NaHCO;, O
/~,= 0:>=0 CH,CN/H;0, )‘L\ (70) 18% ee 24
OO ~'g\ EDTA, nt, 210 min
9 _g
H;0,, CHiCN, K;CO4 0
x . buffer, EDTA, - ee
OH “SOH (55) 89% 368
0°18h
0 o Oxone®, K,CO;, DMM/
- CH,CN, buffer rh. 2 (82) 94% ec 149a
> (?< 58 “A\/OH
5 (pH 9.3), BuNHSO,,
22 -10°3h
1.LDA, THF, Ar,
0 0
Ph)l\/ —78°, 30 min
2.-78%,3h Pn)k‘( I (40) 13% ee 98
3. DMD, acetone, H
~78°, 1 min
1. LDA, THF, Ar,
~78°, 30 min
. 2.-78t00°3h I (64) 40% ee 98
3. DMD, acetone,

—78°, 1 min



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ec)Refs.
/.l 1. LDA, THF, Ar,
™S o v ~78°, 30 min
Ph Ph 2.-78100° 3h I (39) 38% ee 98
PH ¢ 'Ph 3. DMD, acetone,
o ~78°, 1 min

1. LDA, THF, Ar,

—78°, 30 min

-78%,3h I (36) 13% ee 98
DMD, acetone,

~78°, 1 min

w o

1.LDA, THF, Ar,

Ti, —78°, 30 min

g 90 R 2.-78100%3h I (18) 63% ee 98
3. DMD, acetone/Et,0,

b —~78°, 1 min

1. LDA, THF, Ar,
=78°, 30 min (o]

2.-78t00°%3h Ph)'k/ (24) 5% ee 98

3. DMD, acetone, 1
~78°, 1 min

-0
, {\ij 0>< Oxone®, NaHCO;, R' O R* (95 116
Fh/I\\\’ R 7 - solvent, H,0, EDTA Ph/

Equiv Solvent Temp Time R! R? % Convn % ee
1 CH;CN 0° 6.5h H CH;OH 26 18
1 CH;CN 20° 5h H Ph 26 62
1 CH,CN 0° 5h H Ph 20 78
1 CH,CN -10° 6h H Ph 5 75
3 CH;CN 0° 6.5h H Ph 35 85
1 DME 20° S5h H Ph 42 37
1 DME -10° 6h H Ph <5 38
1 DMM 0° 5h H Ph <5 77
1 CHCl; 0° 5h H Ph 0 -
1 CH;CN 20° 5h H CH,OTBDMS 23 57
3 CH,CN 0° 6.5h H CH,OTBDMS 29 87
3 CH,CN 0° 5h Me Ph 47 70
3 CH,CN 0° 25h Ph Ph 36 85
3 CH,CN -10° 6h Ph  Ph 22 84



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst

Conditions

Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

=%

Yool

Copa
R
=
H-M
Cy
8\
W<0Me

Cio

e

XTI

Oxone®, solvent,

buffer (pH), I(95)
Na,EDTA, it
Solvent pH Time R' R? % Convn % ee
Dioxane 8.0 240h H CH,0H 40 14
Dioxane 10.5 S5h H CH,0H 51 80
CH;CN 80 72h H Ph 39 1
Dioxane 8.0 168h H Ph 54 33
Dioxane 10.5 5h H Ph 67 65
Dioxane 105 5h H CH,OTBDMS 78 T
Dioxane 8.0 84h Ph  Ph 55 66
Dioxane 105 5h Ph Ph 70 81
Oxone®, K,COs, CH:CN/ R R % ee
DMM, K;CO3/AcOH ﬂ__% CH,0Me (35) 89
buffer, -10°, 4 h n- ™S (71) 89

TBDMS (69) 89

Oxone®, K,CO3, CH:CN/
DMM, Na;B,40; buffer,
BugNHSO;,

Na;EDTA, -10°,2h

(41) 97% ee

Oxone®, K;C03, CH;CN/

DMM, buffer (pH 10.5), /d"%xom (65) 89% ee
(]

EDTA,0°%15h

Oxone®, NaHCO;, *
0 CH;CN/H;0, * (85) <S%ee
EDTA, rt, 80 min

Oxone®, K;CO3, CH;CN, 0
NQB.QO‘,I buffer,
Na;EDTA, -10°, 2 h

I (85) 32% ee

Oxone®, K,CO;, CH;CN/
DMM, Na;B405 buffer,
Na,EDTA, -10°, 2h

I (92) 12% ee

Oxone®, K;CO3, DME,
K;COy/AcOH buffer,
-10°, 4h

(93) 21% ee

Oxone®, K,CO;, CHiCN, o . R % Convn % ee

Na;B40; buffer, 4 I H 6 68
Na;EDTA, 0%, 1.5h Ph Ac 11 67
TBDMS B8 17

113

123,
124

24

25

114,
115

119



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
o A2 Oxone®, K;C ! 2
. xone®, K,C0;, CHZCN, R R % Convn %o ee
R 0] Na;B40; buffer, I Me Me 65 84 119
RXﬁ Na;EDTA, 0°, 1.5 h —~(CHy)s- 81 76
Et Et 63 76
—~(CHy)s~ 80 74
n-Pr n-Pr 43 73
Ph Ph 36 21
Bn Bn 17 29
0
ot Oxone®, K,CO3, CH3CN, R % Convn % ee
! NayB407 buffer, I Me 17 30 19
>< 0 Na;EDTA, 0% 1.5h (CH:C1 18 29
0

Oxone®, K,CO3, CH;CN,
>< Na;B404 buffer, 1 (5) 35% ee 119
Na;EDTA, 0% 1.5h

Oxone®, K,CO;, CH;CN,
NayB,0; buffer, 1 119
Na;EDTA, 0% 1.5h

R! RZ R? R* R’ %Convn %ee
Me Me Me Me F 23 12
Me Me Me Me H 100 72
Me Me Et H H 100 65
Me Me i-Pr H H 83 61
Me Me —(CH)s— H 100 69
—(CHp)y— Me Me H 100 72
Me Me Et Et H 98 57
Et Et Me Me H 77 71
Me Me —(CHy)s— H 100 63
—(CHz)s— Me Me H 100 72
—{(CHy)s— —(CH)y— H 100 68
Et Et Et Et H 40 57
—(CHpy)s— —(CHy)s— H 80 58
—(CH3)s— —(CHp))— H 37 66
Me Me Bn Bn H 15 29

Oxone®, KzCO;3, CH;CN, Ph. O
N Na;B,0 buffer, .Q\ (57) 20% ee 119
) N;EDTA, 0°, 1.5h

o Oxone®, K,CO3, CH,CN/ o

mcoﬁ 0)< DMM, buffer (pH 10.5), \./<ll"~ay‘-'°z"3‘ (82) 95% ee 122
0 EDTA, 0°, 1.5h
YVY\/OH >< ‘ [2< Oxone®, NaHCO;, M\/OH + 149a

0 CH;CN, EDTA, 0° 1



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
pH Time % Convn LII
7075 2h 12 2.4:1
B0 15h 24 3.1:1
90 15h 45 4.6:1
100 1.5h 58 6.1:1

110 15h 58 561
1.5 1.5h 58 591

Q -0
Oxone®, K,CO;, CH;CN/
O\ >< ()< DMM, Na;B,0, buffer, ()o (—) 26%ece 25
Bu- 0 Na;EDTA, 0°, 1.5h “Bu-t
Oxone®, K,CO3, CH:CN/
@\ . DMM, Na;B,O; buffer, C\/I\o (=) 79%ee 25
Bu-n Na;EDTA, 0°, 1.5h “Bu-n
TMS Oxone®, K,COs, CHsCN/ T™MS
/ “ » L] 0 /
~7 DMM, K;COy/AcOH / (84) 95% ee 123,
buffer, -10°, 3 h 124
Oxone®, K,CO3, CHiCN/ o)
NN TMS " DMM, buffer (pH 10.5), \/<l/\\/ms (60) 92% ee 122
EDTA, 0°, 1.5h
Cio2s
R? Oxone®, K;CO3, CH;CN/ & 0
AN ™S . DMM, NagBOy buffer,  R%, /O TMS
R Na;EDTA, 0°, 3 h R’
R! RZ % ee
HO(CHz)3 Et (80) 90
-Bu Et (5D 9
HO(CHy)s Bt (75 91
Ph Me (74) 94
Ph Bt (8)) 92
TBDMSOCH; Et  (67) 84
PhCH, n-Bu (66) 93
TBDPSO(CHp), Et  (67) 92
Cu i Oxone®, CHiCN, DMM, g R Time  %ee
& " K,CO3/AcOH buffer, H(éf',/ Me 3h (35 94 124,
e K,CO3, 0° TMS 4h (59) 96 123
TBDMS 4h  (60) 96
! Oxone®, phosphate cl 0]
a
& o 0 buffer, CH,Cly, ®) () 369
o * o BuyNHSOy,
F 0°%45h
0 o ®
Oxone®, NaHCO;,
H/\/(Zj >< CH3CN/H;0 H/éf (:] (41) 93% ee 17
g . 3
™~ >< 0 EDTA, 0°,2h
Ciis  gac Oxone®, CH;CN/DMM, OAc, R Time % ce
< B v NayB40- (or KoCOy/ H(<l Me 2h (66) 91 121
AcOH) buffer, 0° H Ph 3h  (46) 91

0
5 Oxone®, K,CO3, DME, o]
= >< K,COy/AcOH buffer, ' (83) 66% ee 115,
! o —10°, 4 h 114



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate

Ketone/Catalyst

Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

Ciy
Et
\/WCOZEI
o__.0
/\/\/\X
Ciz2s

R
Oxone®, K,C03, CH,CN/ \\

DMM, K>COy/AcOH X o 124,
buffer, ~10° AL 123
R Time % ce
H 3h (35 93

T™S 2h (83) 97
TBDMS 2h (93) 97

Oxone®, K,CO3, CHiCN/ 0

DMM, buffer (pH 10.5), /W"%I/COZE‘ (61) 94% ee 122

EDTA,0°%15h

Oxone®, K,CO3, CH;CN/ o
DMM, buffer (pH 10.5), Vﬂ"%rcozﬁ‘ (89) 94% ee 122
EDTA, 0% 15h

Oxone®, K;CO3, CH:CN/

N\
DMM, Na;B40; buffer, 0o O__0 (92) 92%ee 25
Na;EDTA, -10°,2h /\/Q’\x
g 0
DMD, acetone/CH,Cl, X 296,
~20°,20t024 h 102
R
Additive R! R? % ee
_ H CN 67 21
_ H CN (53 70
N-methylimidazole H CN 68 82
- H CN (62) 85
=~ 4-BrCgHySO; 4-BrCgH,S0; (85) 83
- PhSO; PhSO; (64) 84
- TsO TsO (68) 84
R
2 -0
DMD, acelone/CH,Cl;, R i 296,
~20°,20t024 h m 102
R
Additive R! R? % ee
= H CN (55) 15
- H CN (s6) 81
N-methylimidazole H CN (62) 84
= H CN (78) 93
- 4-BrCgH SO;  4-BrCgHsSO; (73) 84
- PhSO, PhSO; (61) 88
- TsO TsO (69) 86
H,0,, CH1CN, K5CO4 (90) 95% e 368

buffer, EDTA,0°,7h




TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
(o}
Ph
- 0]
> = (—) 58%ee 11
+ e
/N‘ -
Mé Me TIiO

R Time % ee
Oxone®, NaHCO;, l?ho Br 4h (81) 64 24,
0 CH3;CN/H;0, EDTA, a 1.5h (75 65 110,
rt, 90 min H 1SR (83 33 11
CH;0Me 15h  (80) 67
1,3dioxolan-2-yl 1.3h (90) 71
]
MVOH RS B8 - Q
DMM/CH;CN, P LA~ OH  (88) 9% ee 1492
buffer (pH 9.3),
BugNHSO,, 0°, 2 h
Oxone®, K;COs,
CH;CN/DMM, 1 (54) 95%ee + 122
buffer (pH 10.5),
EDTA,0°% 1.5h
I (—) EO=121
Ciza7

0
; 0
R!  OSiMeR? ‘)( Oxone®, CHiCN, RI\|)L
<R2 >( * buffer (pH), v R? 26
0 Na;EDTA, 0° H

o
R! RZ? R} pH Time %Convn %ee
Me Ph Me 8 1Sh 46 54
Ph Me Me 8 15h 35 18
Et Ph Me 8 15h 33 67
Me Ph  rBu 8 30h 92 82
Me Ph t-Bu 105 1.5h <10 42
Ph Ph Me 8 15h 36 61
Pp Ph Me 8 18h 53 53
Ph Ph Me 105 15h 38 2
c
12 a o
Pr-n (o] Oxone®, K2C0,, _Prn R Time % ee
By 0 n-B
n>< CHiCN, DMM, Me  3h (60) 93 124,
|| >( B K,COy/AcOH |] ™S 3h (83) 97 123
buffer, —10° TBDMS 2h (93) 97
R R
o Oxone®, K;CO5,
o
CH3CN/DMM,
P U RN 2
""" 0TBDMS Xﬁzx buffer (pH 10.5), <L X0orBDMS I (68) 9%6%ec + |
o EDTA, 0°,1.5h o}
Ar<~orepms T (13) 91% ee

LIl =4.6:1



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
Ciaag
= 0 -0 Oxone®, K,C05, CHiCNI TN T~ T
>< L. C?( DMM, NazB,0; buffer, @\ + O}) + Qo 125
EDTA,-10° 15h g &
Ph o Ph “Ph Ph
I 1§ m
R % Convn % ecofl %Heecofll ILII
Me 61 95 — 6:1
TBDMS 70 29 81 4:1
Cizas
S o ° o Oxone®, K,CO5, CHsCN/ R oR
0>< DMM, Na,B4O; buffer, Ph b s
E EDTA,25h 9
I m
R Temp % Convn %eecof I IL:IN
Me -10° 65 85 6:1
COMe 0° 54 88 12:1
COEt  -10° 51 97 >20:1
™S  -10° 49 95 >20:1
Cis
OTMS o o Oxone®, CH4CN, 0 ou
0)( Na;B4O; buffer, U5 (70) 83% ee 121
>( > Na;EDTA, 0%, 1 h
o
Oxone®, K,CO3, CHsCN/ o
PN TMS ¥ DMM, buffer (pH 10.5), P(Q,,«Vms I (31) 95%ec + 122
EDTA, 0° 1.5h o
N\ <J-TMS I (—) LH=11
Cis
Temp Time % ee
Ph D’ZO Oxone®, NaHCO3, O .Ph nt  1h (90) 20 112
W i CH3CN/H,0, EDTA H(Q' 0° S5h (19) 26
& I
Oxone®, NaHCO;,
J CH;CN/H,0, 1 (43) 27% ec 113
Na;EDTA, 1, 72h
Oxone®, K,CO3, CH3CN,
" Na,B40; buffer, I (55) 30% ee 113
i, 15h
Q
Oxone®, NaHCO3,
o CH;CN/H,0, I (39) 39% ee 113
HE NaEDTA, 0.4 h
s
0
E .0 Oxone®, K;C0;3, DME/ R % ee
X 0>< DMM, K,CO3/AcOH I COMe (65) 94 115,

buffer, —10°,6h CH;0Ac (77) 92

CMe,OH (57) 95

114



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
o
. Oxone®, K,CO4, DME/ R % ee
>( 0>< DMM, K;COy/AcOH I H an 93 115,
H 0 buffer, -10°, 6 h CHF (71) 89 114
- COMe 66) 95
CH;0Ac ©s) 9%
CMe,0OH ©1) 9%
CMe,0Me o4 9%
CH,OTBDMS (77) 90
CH;0Bz ©1) 9%
CH,0Ts 74) 9%
0
pH % Convn %ee
X;té% Oxone®, DME, 1 85 15 4 115,
v - buffer (pH), 0° 95 32 67 114
AcO” 105 44 67
117123 50 66
o]
.0 Et Oxone®, K,CO4, DME/ R % ee
>( DMM, K;COy/AcOH 1 COMe (58) 93 115,
& "0 Et buffer, —10°, 6 h CH;0Ac (15) 92 114
CMe;OH (57) 94
R %Convn %ee
o _OR Oxone®, K,CO3, CHyCN, H 2 =
ﬁ 0,\/(:1 NayB,0; buffer, I Ac 6 96 119
>< o Na;EDTA, 0°, 1.5h TBDMS 0 -
0
Oxone®, K;C0O4, CH3CN, R % Convn % ee
>< =0 Na;B4O; buffer, 1 Me 10 88 119
o Na,EDTA, 0°,1.5h (CH;),Cl 10 90
o]

Oxone®, K;CO3, CHiCN,
>< NayBO; buffer, 1 27) 74% ce 119
Na;EDTA, 0°, 1.5 h

4/ 0 Oxone®, K;CO3, CH3CN,
0 Na;B40; buffer, I (14) 75% ee 119
o Na,EDTA, 0°,1.5h

9 _o Oxone®, K,CO3, CHyCN,
é[ (P< Na;B40; buffer, I(—) 78%ee 119
o

Na;EDTA, 0°, 1.5h

5 i Oxone®, K;CO3, CH;CN, R! R? % Convn %ee
RX - Na;B40; buffer, I Me Me 34 90 119
0

Rl Na2;EDTA, 0% 1.5h —(CHy)4— 34 91
Et Et 25 85
—(CHz)s— 35 78
Ph Ph 10 67

Bn Bn 10 82



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

o)

, B O R?  Oxone® K,COs, CHiCN,
RX ' s\ Na;B40 buffer, I 119
RY 0] R Na;EDTA, 0% 1.5h

R! R? R} R* RS % Convn %ee
Me Me Me Me F 3 11
Me Me Me Me H 75 97
Me Me Et H H 38 96
Me Me i-Pr H H 39 95
Me Me —{(CHy)s— H 52 98
—(CHp)y— Me Me H 66 98
Me Me Et Et H 38 94
Et Et Me Me H 36 98
Me Me —(CHpi— H 59 92
—(CHy)s— Me Me H 59 98
—(CHy)4— —(CHp)4— H 57 99
Et Et Et Et H 16 96
—(CHp)s— —(CHa)s— H 41 98
—(CHz)s— —(CHa)s— H 30 98
Me Me Bn Bh H 7 93
Oxone®, NaHCO3, R Time % ee
o CH;CN/MH;0, I Me 1h 93 56 24
EDTA, rt ™S 20h (—) 44

EDTA, 1t, 35 min Ph

O 9 Oxone®, NaHCO;,

0, o ph. B

& he o0 CH;CNH:0, \L\\ I (94) 50% ee 24
.'&'\

R Time % ee
I Br 3h 92) 75 24
Cl 2h (95) 76
1 2h (45) 32
H 1h  (91) 47
CH;OMe 1.8h (92) 66
Ph 24h  (22) 55

A§_<gj 200 90 77

i 0h  (93) 84
<)

o
ggﬁ 200 ©) 75



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
0 R %ee
cl F 87
Oxone®, NaHCO3, I(—) c 8 109
~/<R DME/H;0, 25°, 22 h H
OH 81
OEt 72
o
Oxone®, NaHCO;, I(—) 32%ee 109
'KC' DMEM;0, 25°
Ph-_ --O Oxone®, NaHCO,, Temp Time % ee
o CH;CN/H;0, 1 n 1h (73) 30 112
EDTA,rt, 1h 0° 5h (72) 59
0 ~9 Oxone®, K,CO;,
O-. / CH;CN/DMM, 1 (81) 98% ee 25
>< " 0 leBqO'; bl.lﬂﬂ',
o 0°,15h
o o Oxone®, phosphate
. buffer, CH;Cl, I ) 369
~p O Bu,NHSO4, 0°, 4.5 h

o Oxone®, phosphate
.F - buffer, CH;Cly, I@®@) (=) 369
0 BusNHSO4, 0°, 4.5 h
o}

o
Cl
R \ ‘ : Oxone®, NaHCO, R @ —=) 109
‘ : cl DME/H,0, 25° \m L

R Time % ee
Cl 4h 74
F 4h 78
H lh 86
Me 4h 89
MeO 05h B85
AcO 1h 74

Cia.20
R
Oxone®, NaHCO;, @
o CH;CN/H0, R 4 24
EDTA, rt \m

R Time % ee
H 20min  (99) 47

Me 40min (99)
Et 40min (96)
i-Pr 40min (98)
t-Bu 40min (95) 76
Ph 480 min (82) 87

=28



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
X
o Oxone®, NaHCO;,
CH3CN/H;0, I(—) 24
_ ."\::>:0 EDTA X R Time Temp % ee

‘ o} Cl H 23h n (>90) 76
"X Br H 2-3h n (>90) 75
Br H 25h 0-1° (83) 80

1,3-dioxolan-2-yl H 40 min n =90 71

1,3-dioxolan-2-yl H 20h 0-1° (>90) B4

Cl Me 2-3h n (>90) 80

Br Me 2-3h n (>90) 85

Br Me 20h 0-1° (>90) 88

1,3-dioxolan-2-yl Me 40 min n (>90) 84

1,3-dioxolan-2-yl Me 20h 0-1° (>90) 88

Ccl Et 23h n (>90) 85

Br Et 2-3h n (>90) 88

Br Et 24h 0-1° (51) 92

1,3-dioxolan-2-yl Et 40 min n (>90) 82

1,3-dioxolan-2-yl Et 20h 0-1°  (>90) 91

Cl i-Pr 2-3h 11 (>90) 85

Br i-Pr 23h n (>90) 9

Br i-Pr 21h 0-1° (500 92

1,3-dioxolan-2-yl i-Pr 40 min n (>90) 88

1,3-dioxolan-2-yl i-Pr 20h 0-1° (390 91

Cl t+Bu  2-3h n (>90) 91

Br t-Bu 2-3h 1 (>90) 93

Br t-Bu 18h 0-1° (22) 95

1,3-dioxolan-2-yl -Bu 40 min n (>90) 90

1,3-dioxolan-2-yl r-Bu  20h 0-1° (>90) 95

o R Time %ee

T

a Br 4h 15
Oxone®, NaHCO;, 1) 4h 79
a DME/H,0, 25° H 1h 86

AcO 4h 72
t-Bu 4h 87

Oxone®, NaHCO;, R O Ph
0 solvent, H,0, Ph‘/u’ 116
. EDTA, 20°
R Solvent Time % Convn % ee
g > 0 H CH;CN 24h 12 32
's) H  dioxane 3h 31 25
6 H CH;CN/DMM (2:1) 24h <S5 45
Ph  dioxane 3h 32 25
o} 4 o
.0 Oxone®, K,CO5, DME, -
x OX K2CO3/AcOH buffer, N/gQ (54) 65% ee 115,
] ~10°% 4h 114



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate

Ketone/Catalyst

Conditions

Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

TMS
==
Fh/‘“\]/

Cra21
= OTBDMS
Cis CO,Et
=
=
Ciais
0,CBu-1

Yoo L)

o]

Oxone®, K,CO3, CH,CN/
DMM, K;COy/AcOH
buffer, 0°, 2 h

Oxone®, K,CO3, CH,CN/
DMM, buffer (pH 10.5),
EDTA, 0° 15h

Oxone®, K,CO3, CH:CN/
DMM, K,CO«/AcOH
buffer, -10°,3 h

Oxone®, K,CO3, CHCN/
DMM, buffer (pH 10.5),
EDTA,0°15h

Oxone®, K,CO3, CH:CN/
DMM, Na;B407 buffer,
EDTA,-10°,25h

Oxone®, K,COs, CH;CN/

DMM, buffer (pH 10.5),
EDTA, 0% 1.5h

Oxone®, K,CO3, CH;CN/

DMM, buffer (pH 10.5),
EDTA, 0% 1.5h

DMD, acetone/CH,Cly,

~20°, 10d

TMS
0 =
Ph/{f,-/ (64) 94% ee 124,

123
)
Pﬂ/ﬂ'"}\\/ms 1.(77) 94%ee + 122
0
N IMS T (—)
LI =14:1
A ——"
1 o) 71 124,
iy 4 (98) 96 123
8 (99 86
COE

(68) 95% ee 122

R R
@\ I+ E) o+ 125
(0]
02CBu-t "0,CBu-t
R

R % Convn. % ee of I % ec of I ILIN

i-Pr 59 923 85 8:1
t-Bu 54 99 84 >20:1
OTMS 61 91 76 4:1

i ; OTBDMS (81) 96% ec 122
/--do\/\/

T™S

J

: (79) 95% ee 122
/\/-~<3)\/\
R! o) R2
0 103,
™ 104
0 &
R! R? R? % ee
H H H (34) 56
MeO H H (36) 39
Ms H H (27 48
MeO  MeO H (32) 86
MeO H MeO (290 22
Ms’ MeO H @3 9%



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.

DMD, acetone/CHCly, 103,
_N ~20°,10d 104
R o 1 R .
ec
H H H 31 52
B#98u MO H H @) 3
Ms H H 22) 21
MeO MeO H @B 82
MeO H MeO (39) 52
Ms MeO H @25 72
Cis
OB
o 0 H;03, CH;CN, o
(?( K,CO; buffer, {(75) 9% ee 368
0 EDTA, 0°, 7h
H;03, CH;CN, 0
P X" 0TBDMS " K2CO; buffer, H,/L\"““cmanms (74) 93% ce 368
EDTA, 0% 15h
OTBDMS Oxone®, CH3CN, 0
Ph/]\\\/ " Na,;B40- buffer, Hl)l\r (80) 90% ee 121
Na,EDTA, 0°,2 h S
Oxone®, NaHCO 0
Ph OTMS " 3
N=( " CH,CN/H,0, Ph puy 1) 52%ee 26
Bu-1 Na;EDTA, 0°,3.0h H
Oxone®, K,CO3, CHiCN,
" NayB,4O; buffer, I(—) 43%ee 26
Na,EDTA, 0°, 1.5 h
€ Oxone®, K;COs, o
MP}: " CH;CN/DMM, buffer P(Q_.\vph I (77) 97%ee + 122
(pH 10.5), EDTA,
a3k M,.m O (—) EO=221
0 o Oxone®, K,CO;, G
0.. ] >< CH,CNDMM. buffer <[ _-Ph 1 (65) 97%ee + 122
>< 2 (pH 10.5), EDTA,
o 0°%15h o _o
: 5 Ph W (—) EI=26:1

117

Ph 0 0 Oxone®, NaHCO,,
L 0>< CH;CNH,0,
N A

vanm ‘ Oxone®, NaHCO3, \F\/\I/\/OTBDMS + 1
CH;CN/H;0, EDTA, 0° 1

pH Time % Convn LI
7.0-75 2h 5 43:1
80 15h 10 441
10.6 1.5h 41 4.5:1




TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and Enantioselectivities (ee)Refs.
0 o Oxone®, K,CO3, CHsCN/
0>< DMM, Na;B4O; buffer, I (98) 95% ee 25
i Bu,NHSO,, Na;EDTA,
-10°,2h
Oxone®, K;CO3, CH3CN/ o
\rwms " DMM, buffer (pH 10.5), R TMS (81) 95% ee 122
Ph EDTA, 0% 1.5h
“ 0,CPh
0:2CPh Oxone®, CH;CN, DMM, =
" Na;B40; buffer, EDTA, : (92) 88% ee 121
0°,1.5h
CH(CO;Me), Oxone®, KoCOs, CHsCN CH(CO;Me), CH(CO;Me),
" DMM, Na;B,40; buffer, (—) 81%ee + n I(—)+ 125
EDTA,0°,25h %
Ph Ph Ph
CH(CO;Me),
O:O O (—) EO=171
Ph
OTBDMS OTBDMS OTBDMS
Oxone®, K,CO3, CHsCN/ :
i DMM, NayB,40; buffer, I+ CDO I+ 125
Q\\ EDTA,25h .:\\ \
TMS T™MS ™S
Temp % Convn % eeofl ILII
-10° 49 75 131
20° 66 96 8:1
Cis
‘ Oxone®, NaHCOs3,
= O CH,CNMY0. - (>90) 24
O EDTA, 1t O
X Time & ce
Br 23h 74
1,3-dioxolan-2-yl 40 min 73
Cio

Oxone®, CH;Cly/H,0 /]\/\/\
(pH 7.5), BusNHSO,, o (69 16%ce 106
2105°%17h /\/\/L’

n-CgHp3 n-CgHi3

0Oxone®, CHClo/H20 /]\/\/

(pH 7.5), BuyNHS0,, (68) 16% ee 106
o

2 -
21w05% 17h H'Csﬂls/\\/\'

0
el
©

O=\ £

1]




TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Product(s), Yicld(s) (%) and Enantioselectivities (ee)Refs.

Substrate K /Catalyst Conditions
Cao
Ph Ph Oxone®, NaHCO;.
N—r o CHiCN/H;0,
Ph

EDTA. nt

Oxone®, NaHCO;,
o CH;CN/MH;0,
EDTA, n, 60 min

Oxone®, K,CO;,
CH;;CN. Nﬂzn407
buffer, rt, 1.5 h

Oxone®, NaHCO;,
o CHiCNH,0,
EDTA, rt, 35 min

Cn
Bu-r & O Oxone®, NaHCO;.
< 2 >:0 CH;CN/H;0.
O (o7 | \l-'g\o EDTA. rt, 35 min
i LI
(o]
DS
0O Oxone®, NaHCO3,
OG "g\o solvent, EDTA
Cas
~ ] Ph ‘_ﬁ/o Oxone®, NaHCO3,
A >,:0 CH;CN/H,0,
Z To EDTA.mt, 8 h
Pl =

Ph O
I
Ph Ph
X Time % ee
Br 24h (82) &
Cl 24h 96) 76
H 75min (97) 48
CH;0Me 23h (95) 67
1,3-dioxolan-2-y13 h 90) 73
1 (82) 49% ee
Ph O ph
(—) 24% ee)
Pr-i
O/ (94) 66% ee
Bu-r
Q,O/ 1(91) 77% ee
‘m.
1-B Z
Solvent Temp Time % ee
DME-H;0 n 05h (92) 77
1 CHyCN-H;O nn 07h (95) 76
Dioxane-H;O . 24h  (52) 76
THF-H;O n 24h (41) 75
DME-H.0 0° 20h (91) 83
DME-H,0 -20° 20h (2) 84

: = . Ph

24,
110,
111

24

113

24

24

24



TABLE 5. ENANTIOSELECTIVE EPOXIDATION OF OLEFINS BY ENANTIOMERICALLY ENRICHED DIOXIRANES (Continued)

Substrate Ketone/Catalyst Conditions Product(s), Yield(s) (%) and E ioselectivities (ee)Refs.

o-. ©
>< 2 o 1. Oxone®, MeCN, DMM,
= H;0, (pH 10.5), (€2 126
o - 0°%1.5h
2. CSA, toluene, 0°, 1 h,
o O
>< a1 Oxone®, MeCN, DMM,
- >< H,0, (pH 10.5), =) 126
0. g 0°1.5h
o ©
>< =% ] & Oxone®, MeCN, DMM,
3 0>< H,0, (pH 10.5), ) 126
o - 0% 1.5h
o— 9
>< ' Oxone®, MeCN, DMM,
(—) 126

-0
>< H,0, (pH 10.5),
0 ~-¢ 0°,15h
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1. Introduction

Trimethylenemethane (TMM, 1) is a non-Kekulé molecule composed of four
carbons, six hydrogens, and four p -orbitals. Therefore, TMM can only be
expressed as resonance structures involving 1,3-diyls and zwitterions (Eqg. 1).
The two degenerate nonbonding molecular orbitals in the Hickel molecular
orbital of 1 as shown below indicate the existence of singlet and triplet
electronic configurations which play significant roles in the TMM chemistry.

(1)

TMMs were imaginary molecules until the late 1960's, and parent TMM (1) was
first isolated in a low-temperature matrix. (1-3) It is stable for several weeks at



77 K, and is a ground-state triplet with a D3 p-planar structure as assigned by
ESR spectroscopy. (4, 5) The unique structures coupled with the complex
electronic states of TMM derivatives have been topics of theoretical,
mechanistic, and synthetic studies.

By analogy with the Diels-Alder reaction for the synthesis of six-membered
rings through [4 + 2] cycloadditions, the use of TMM as a three-carbon unit for
[3 + 2] cycloadditions appears to represent a viable synthetic possibility (Eq. 2),
because the

(ol =

(2)

four p -electron orbital system of TMM is theoretically suitable for the [4 p s + 2
p s] cycloaddition. As expected, however, rapid ring closure to
methylenecyclopropane (MCP) is preferred to cycloaddition with a 2 p
acceptor as shown in Eq. 2. (6, 7) Therefore, for synthetic use, tailor-made
derivatives of TMM and its equivalents need to be designed to achieve [3 + 2]
cycloaddition reactions.

The first breakthrough in the use of TMMs for [3 + 2] cycloaddition reactions
was reportﬂn the reaction of isopropylidenecyclopentane-1,3-diyl (2, Eq. 3),
which has nsiderable lifetime and reacts with electron-deficient alkenes. (8,
9) Structural constraints in intermediate 2 retard cyclization to the
corresponding MCPs and increase the efficiency of the intermolecular reaction
with a 2 p acceptor. Whereas stereochemical control of the reaction is difficult,
intramolecular versions attain high levels of stereoselectivity and are used for
various cyclopentanoid syntheses. (10-13)

I s and/or
. . (3)

Because the parent TMM 1 gives methylenecyclopropane and many MCP
derivatives undergo thermal isomerization, MCPs have been considered to



serve as precursors for TMMs. (14, 15) However, direct evidence for the
formation of TMMs from MCPs and their synthetic use as TMM precursors was
rather scant until recently. Alkoxy substitution on the cyclopropane ring of
MCPs dramatically alters their reactivity as well as the nature of the generated
TMM species. A gem-dialkoxy TMM, 3 (Eq. 4), generated thermally from a
dialkoxy MCP, is a short-lived intermediate that has a polar and singlet nature
and reacts with high stereoselectivity with 2 p acceptors. (16, 17)

h — ﬂa‘il -— 0.0
5 . ; - /\ (4)

Since TMM species are generally too short-lived and too reactive to be used
for organic synthesis, various attempts have been made to stabilize them with
transition metal templates. A variety of metal-TMM complexes have been
synthesized after the first isolation of Fe( n “~TMM)(CO)s, (18-20) but these
complexes are often too stable to react with 2p acceptors.

Efficient trggrsjtion metal catalyzed TMM cycloaddition is achieved using MCPs
and Ni(0) o=Hd(0) catalysts. (21-24) The reaction proceeds via ring opening of
the MCP to form (methylene)metallacyclobutane-type intermediates (Eq. 5).
This reaction is more complex than it appears, as substrate, catalyst, and
acceptor can influence

NI or Pd() p -
: and/or A '-3' . _b-{
VAN M (5)

M M
M = Nior Pd 4

the regiochemistry of the cyclopropane ring cleavage. Although the detailed
mechanism of the reaction is still unclear, the involvement of a TMM-metal
complex 4 has been proposed in some reactions.

More recently, Pd(0)-catalyzed reactions of
[2-(acetoxymethyl)allyl]trimethylsilane with 2 p acceptors have emerged as a
powerful method for cyclopentane synthesis. (25-28) This reaction is



considered to involve the zwitterionic TMM-Pd intermediate, 5 (Eq. 6). The
reaction serves well for the [3 + 2] cycloaddition to electron-deficient acceptors,
and it has been applied to the synthesis of several cyclopentanoid natural
products.

Pdi(n ' pd
)k - /l{/l‘:l

: M ";.T 3 (6)
MciSi ke, ~UORRINAS

Ln

This review surveys the [3 + 2] cycloaddition reactions of TMMs and their
metal complexes to 2p acceptors. The reactions are divided into five
categories, defined by reaction types and precursors: (1) cycloadditions of free
TMMs generated from diazenes, (2) cycloadditions of free TMMs generated
from MCPs, (3) transition metal catalyzed reactions of MCPs, (4) transition
metal catalyzed reactions of silylated allylic acetates, and (5) cycloaddition of
stable TMM-metal complexes. Transformations that accomplish a net
cycloaddition but require several steps using TMM equivalents are not covered.
Various aspects of TMMs, including physical and synthetic chemistry, have
already been reviewed. (2, 3, 9-13, 22-34)

[]



2. Mechanism and Selectivities

2.1. Free Trimethylenemethanes from Diazenes

2.1.1. Generation

Free TMMs can often be made from diazenes. For example, bicyclic diazene 6
is the most commonly used precursor of the TMM 2 (Eq. 7). (8, 9)

R
——— - - +
.
g . . excess R

7 2 8

N[ '
N dimers
0[]

Thermolysis above 40° or photolysis of diazene 6 smoothly generates TMM 2
with loss of nitrogen. The latter has a considerable lifetime because of the
structural restrictions that prevent ring closure to the corresponding MCP 7.
TMM 2 undergoes cycloaddition to an electron-deficient alkene to afford a
mixture of a fused adduct 8 and a bridged adduct 9 (Eq. 7). (35, 36) In the
absence of an alkenic acceptor (or with an unreactive acceptor) dimerization of
TMM 2 occurs. MCP 7 and diazene 10 also serve as precursors of TMM 2, but
they are of limited synthetic utility owing to the difficulty of their preparation
and/or their instability.

The chemical reactivities of biradical species depend critically on their
electronic configuration, which, in turn, is related to the conformation of the
biradicals. TMM 2 is stable at 77 K and is a ground-state triplet. The singlet
state is estimated to lie less than 1.4-3.5 kcal/mol above the triplet. Because
the energy gap between the singlet and the triplet is small, spin equilibrium
between these two states occurs readily. (37-39) Therefore, under thermal



conditions, the initially formed singlet state of TMM 2 undergoes intersystem
crossing to the triplet, and the dimerization of TMM 2 takes place even in the
presence of a diyl acceptor. Singlet TMM can be selectively channeled to
undergo a [3 + 2] cycloaddition by conducting the reaction under a high
concentration of an alkene acceptor or in the presence of a triplet scavenger,
such as oxygen. On the other hand, the triplet state can be selectively
generated under photosensitization. (40) Although TMM 2 and its derivatives
are short lived (for example, in the case of TMM 2, 0.28 ns lifetime for the
singlet and 916 ns for the triplet), they participate in a wide range of reactions.
(13)

2.1.2. Structure of the TMM

Although diazene 6 possesses chemically nonequivalent exo and endo
hydrogens, the corresponding geminal hydrogens are chemically equivalent in
TMM 2. Deuterium labeling experiments in the cycloaddition of exo deuterated
6-d, with dimethyl maleate indeed gives a 1:1 mixture of bridged products (Eq.
8). (41) This experiment shows that any asymmetric species formed in the
decomposition of 6-d, become effectively symmetric before trapping by the
alkenic diylophile.

E E
E = CO,Me

2.1.3. Regioselectivity

Singlet TMM 2 adds to an alkene with high regioselectivity, giving the fused
cycloadduct 8 in preference to the bridged adduct 9 in a ratio of 31-75:1 under
thermal conditions (Eg. 7). On the other hand, the cycloaddition of triplet 2 with
an alkene shows very low regioselectivity, the 8:9 ratio ranging from 0.8 to
2.7:1. (36) In good agreement with the radical nature of the TMM species, the
effect of solvent polarity on the product composition is small.

2.1.4. Periselectivity

The reaction of TMMs with dienes potentially gives a mixture of [3 + 2]
cycloadduct and [3 + 4] cycloadduct, which gives rise to an issue of
periselectivity. Acyclic dienes preferentially give fused [3 + 2] cycloadducts,
whereas cyclic dienes give a mixture of [3 + 2] and [3 + 4] cycloadducts. For
example, the photolysis of diazene 11 in the presence of cyclopentadiene



gives a 3:1 mixture of the fused [3 + 2] cycloadduct and the bridged [3 + 4]
cycloadduct, which are derived from the singlet TMM generated from 11 (Eq.
9). (42) This result most likely arises from the frontier orbital control in the
reaction as discussed below.

@ hv (350 nm) .
o8 - +
N 0°, neat ‘ Q 9)
N
11

15% 23%

2.1.5. Stereospecificity

As in reactions of carbenes, the configuration of the alkene is maintained in the
cycloaddition of a singlet TMM, but is not retained in the reaction of a triplet
TMM (Eq. 10). (39) Cycloaddition of the singlet TMM 2 generated from diazene
6 with dimethyl fumarate or dimethyl maleate in the presence of molecular
oxygen (triplet trap) exclusively gives the fused product (F) with high
regioselectivity. The high stereospecificity for the singlet cycloaddition
suggests that the reaction proceeds via a highly ordered transition-state
structure wherein the two new C — C bonds are formed almost
simultaneously. On the other hand, loss of stereochemical integrity is observed
in the absepeg of molecular oxygen for both the fused product (F) and the
bridged pradukct (B), indicating that cycloaddition of the triplet takes place in a
stepwise manner.




)

MeO-C 6
\,.: A FEET - F +
i3 MeCN, 60°
COMe Y, |
MeO,C  CO;Me :
(:\(:}3:\'1':
olefin conc. ([M]) 0, F (trans:cis) : B (trans:cis)
£ (0.224) R 99 (>99/0) : 1 (>99/0) (10)
E (0.075) + 00 (=99/0) : 1 (=99/0)
E (0.515) - 89 (=99/1): 11(10/1)
£ (0.007) i AR (=99/1) : 52 (6.7/1)
Z (6.6) : 08 (1/49) : 2 (1/1)
£ (1.5 + 93 (1/24): 7 (2.4/1)
Z (6.6) : T4 (1/4.6) : 27 (13/1)

The regioselectivity as well as the stereospecificity in the singlet cycloaddition
is believed to operate under frontier orbital control. In TMM 2, the two
degenerate nonbonding molecular orbitals (NBMO) are symmetric (S) and
antisymmetric (A) with respect to a symmetry plane. The periselectivity in the
cycloaddition of TMM

D R Y—:rf'{

R-_R
)
\g ‘%
S A

2 (R = Me) with a diene suggests that the S orbital is the HOMO of the TMM,
and that the HOMO of the TMM and the LUMO of the diene interact in a
symmetry-allowed fashion to promote the [3 + 4] addition, thus leading to a
bridged structure (Eq. 11). (42) In the cycloaddition with simple alkenes, a
symmetry-allowed interaction between the HOMO of the TMM and the LUMO
of the double bond gives the fused [3 + 2] cycloadduct (Eq. 12).



HOMO

[3 4+ 4] T[\
i | (11)

(TMM)
|
LUMO /1
(diene) #
HOMO A QR L R
(TMM) ' U~R [3+2]
o A - [ (12)
LUMO Q’d
(alkene) 8]

2.1.6. Substituent Effects

Polar R substituents will lift the degeneracy of the NBMOs of the TMM and
alter its reactivity and selectivity. (43) An electron-withdrawing R group
stabilizes the S-NBMO, and an electron-donating group stabilizes the A-NBMO.
Therefore, the HOMO of the alkoxy-substituted TMM (R = OMe) is an
A-NBMO, thus allowing the reaction with alkenes to give the bridged adduct
with high stereospecificity, as would be expected for a concerted singlet
reaction (Eqg. 13). (44) Although electron-withdrawing groups are also
expected to lift the degeneracy, no such examples have been reported so far.

E .
vy OMe ¥ o OMe
MeQ, . MeO. _OMe | MeQy -
2”-.:- “"xl; |
I|"|II = -, e |II||I (13)
pfrtoms NS d-rll f}.:
|I N |
/«:th]* z:’ifilh

2.2. Dipolar Trimethylenemethanes from methylenecyclopropanes

2.2.1. Generation

The reaction of TMMs generated from a monocyclic MCP is strongly affected
by the substituents on the MCP ring. Several examples of intramolecular
rearrangement of MCPs are known, which may involve TMM intermediates.
(14, 15, 45-47) However, these putative TMM species are usually unreactive in
[3 + 2] cycloadditions and instead give [2 + 2] or [2 + 4] cycloadducts in which
the cyclopropyl group remains intact.



Heteroatom substitution on the cyclopropyl ring exerts pronounced effects on
the properties of MCPs and TMMs. (34) 1,1-Dialkoxy-2-MCP 12 generates the
dialkoxy TMM 3 upon mild thermolysis above 40° (Eq. 14). (48) One of the
typical features of

oo N X
| (o)
o0 — 0820 _ . 0.0, . 040
AL LA
12 3 3i 3ii
=
' R (14)
X
L 0.0
{ /
R
13 14

this proces its reversibility, and degenerate rearrangement takes place in
the absence Of an alkenic acceptor. The dialkoxy groups dramatically facilitate
the MCP rearrangement. The activation energy of the degenerate
isomerization of MCP 12 is 22—-25 kcal/mol, which is much lower than the
value determined for the parent MCP (41.2 kcal/mol) (Eq. 14). (49)
Heteroatom substitution also alters the electronic state of the TMM, and TMM
3 behaves as the zwitterion 3ii rather than the diradical 3i. The dialkoxy TMM 3
has nucleophilic character and undergoes cycloaddition with electron-deficient
alkenes rather than with electron-rich alkenes. Isomer 13 is obtained
exclusively when the R group on the alkene is a moderately
electron-withdrawing group, whereas a mixture of products 13 and 14 is
obtained when R is a powerful electron-withdrawing group such as a nitro

group.

Degenerate isomerization of MCP 12 by way of TMM 3 is usually faster than
cycloaddition to an external unsaturated linkage. In *3C labeling experiments,
the methylene-labeled methylenecyclopropane 12i isomerized to its
cyclopropanelabeled isomer 12ii prior to the cycloaddition, even when a
reactive diylophile such as dimethyl fumarate was used (Eg. 15). (50)



TMM 16 is thermally generated from fluorene-substituted MCP 15, and it
reacts with electron-deficient alkenes (for 15a) to give isomeric [3 + 2]
cycloadducts (Eqg. 16). (51) Both TMMs 16a and 16b possess triplet character
and react readily with molecular oxygen.
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It is rather surprising that the structurally related diphenyl-substituted MCP 17
does not react with alkenes or molecular oxygen through a TMM intermediate
under thermal conditions (Eq. 17). (51-53) Degenerate isomerization of MCP
17 takes place with an activation energy of 22.7 kcal/mol. (54) This value is
almost identical to that of the dialkoxy MCP 12. These results may be
attributed to insufficient equilibrium concentration of the TMM species. Under
photosensitization, MCP 17 reacts with molecular oxygen to give the
corresponding peroxy compound 18 (Eqg. 17). (51) The reaction is believed to
proceed through a bisected radical cation TMM 19.
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2.2.2. Structure of TMMs
In contrast to dialkoxy MCP 12, the two terminal methylene groups in dialkoxy
TMM 3 are chemically equivalent. Thermolysis of **C-labeled MCP 12i in
CDs0OD gives orthoesters of methyl acrylate 20i and 20ii, wherein complete
scrambling of the *3C label occurs with specific placement of a deuterium on
the allylic methyl group (Eg. 18). (48) This experiment clearly indicates the
formation of a symmetrical zwitterionic TMM species 3, in which the two
methylene groups are nucleophilic and chemically equivalent (as seen by
CD30OD). Theoretical calculations also support the dipolar character of 3. (48)
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Substituted dialkoxy TMM species can be formed stereospecifically from the
corresponding dialkoxy MCPs. In situ methanolysis of E and Z isomers of
methyl-substituted MCPs 21E and 217 gives E- and Z-tiglate orthoesters 23E
and 23Z with 100% and 93% retention of the configuration of the starting
alkenes, rectively (Egs. 19 and 20). (48) This stereospecificity reveals that
isomeric TMMs 22E and 22Z are generated from the corresponding E and Z
MCPs, and that they exist as discrete intermediates. The methanolysis of the
isomeric methyl-substituted dialkoxy MCP also gives E-tiglate orthoester 23E
with 100% specificity. Some loss of the stereospecificity from MCP 21Z to
product 23Z indicates that orthoester 227 is less thermodynamically
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stable than isomer 22E, and that intermediate 22Z to some extent
undergoes bond rotation to form intermediate 22E. In addition, since the
generation of Z-TMM 22Z from MCP 21Z is much slower than that of E-TMM
22E from MCP 21E, only the E-TMM participates in the cycloaddition reaction.

2.2.3. Regioselectivity

Whereas the cycloaddition of MCP 12 with an electron-deficient alkene usually
gives a ketene acetal cycloadduct 24, cycloaddition with a more highly
electron-deficient alkene gives a mixture of 24 and a regioisomeric
exomethylene isomer 25 (Eq. 21). (55) Formation of isomer 24 is predominant
with moderately electron-deficient alkenes, such as X = ester, ketone; Y = H,
alkyl; Z = H, alkyl. Formation of product 25 is general for an alkene whose
reduction potential is larger than —1.8 V (vs. SCE) such as X =Y = CO,;Me,

Z = alkyl. The isomer ratio of products 24 to 25 is highly dependent on the
nature of the electron-withdrawing group and the substitution patterns.
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2.2.4. Stereospecificity

The cycloaddition of MCP 12 with moderately electron-deficient alkenes is
highly stereospecific. The reactions with the E and Z isomers of methyl
2-heptenoate give ketene acetal products with 100% and 98% retention of
configuration, respectively (Egs. 22 and 23). (16) The high stereospecificity
and the negligible solvent effect suggest that the cycloaddition proceeds
through a highly ordered transition state in which the allylic carbon of 3 serves
as a 4p electron system in a concerted cycloaddition with a 2p acceptor.
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Cycloadditions of MCP 12 with highly electron-deficient alkenes show a rather
complex reactivity profile. Thus, whereas the alkene geometry is retained in
the ketene acetal adduct, stereochemical mutation is observed in the
exomethylene product (Egs. 24 and 25). (55) Formation of the latter proceeds
via a single-electron transfer pathway.
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2.2.5. Stereoselectivity

The cycloaddition of the substituted dialkoxy TMM with alkenes proceeds
regioselectively with high endo selectivity. (56) The reaction of MCP 21E with
dimethyl maleate gives the endo product 26 and the exo product 27 (Eq. 26).
The endo: exo isomer ratio exhibits a notable dependence on the solvent
polarity, decreasing dramatically from 32:1 to 2.7:1 as the polarity of the
solvent is
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increased from octane (¢ =1.9) to DMSO (& =46.7). The observed polar
effect is consistent with the endo transition state 28, wherein polar interactions
between the directing groups control the stereoselectivity.

Complete endo selectivity is observed in the cycloaddition of MCP 21E with
methyl trans-crotonate and methyl methacrylate, but equal amounts of the
regioisomers 30 and 31 are formed (Eq. 27). (56) However, when R and R?
are bulky in endo transition state 33, a high level of regiocontrol is achieved
because of the severe steric interaction between the two substituents. This
unfavorabl@teraction does not occur in transition state 32. Therefore,
isopropyl-substituted MCP 29 reacts with methyl trans-crotonate to give a
single endo adduct, with other isomers accounting for only 4% of the
cycloadducts. Similarly, methyl (E)-4,4-dimethyl-2-pentenoate, bearing a bulky
substituent (R?) on the alkene, reacts with MCP 21E to give a single
cycloadduct in more than 97% isomeric purity.

(26)
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2.3. Transi Metal Catalyzed Reactions of methylenecyclopropanes

2.3.1. Generation

Methylenecyclopropanes undergo [3 + 2] cycloaddition reactions with alkenes
in the presence of Ni(0) or Pd(0) catalysts. (23, 24) The transformations can be
formally regarded as reactions of metallacyclobutane intermediates 35 and 37,
generated by oxidative addition into the proximal or distal bond of
methylenecyclopropane (34), respectively. Subsequent alkene insertion
followed by reductive elimination leads to the formation of cyclopentane
derivatives 36 and 38 (Eq. 28).
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Mechanistic studies and theoretical calculations suggest that the
Pd(0)-catalyzed reaction proceeds by direct attack of the distal bond of MCP
on the double bond of the alkene-metal complex to generate p -allyl palladium
complex 39, although a mechanism that involves a palladacyclobutane
intermediate 40 cannot be completely ruled out (Eq. 29). (33, 57-59)
Mechanistic details of the Ni(0)-catalyzed reaction are unknown.
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The most commonly used Ni(0) catalysts are Ni(acrylonitrile), [Ni(an)2],
Ni(1,5-cyclooctadiene), [Ni(cod).], and triarylphosphine modified Ni(cod),.
Addition of a phosphine ligand usually retards the cycloaddition and also alters
the regioselectivity of the ring opening. Pd(0) catalysts usually require a
phosphine ligand, and i-PrsP is most commonly used. Although the reactivities
of Pd catalysts are lower than Ni catalysts, the reaction is more predictable,
making Pd catalysts synthetically more valuable.



2.3.2. Regioselectivity

The regiochemical course of the ring opening is highly dependent on the
substitution pattern of the substrate and the nature of the catalyst. Ni(0)
catalysts preferentially give the cycloadduct by proximal ring opening, whereas
Pd(0) catalysts promote distal ring opening (Eq. 30). (60, 61)

With Ni(0) catalysts, the selectivity of cyclopropane ring opening is also highly
dependent on the olefinic substrate and the MCP substituent. For example,
although cycloaddition of the parent MCP (34) with dimethyl maleate gives
products predominantly derived from proximal ring opening, that with dimethyl
fumarate gives a mixture in which the product of proximal ring opening slightly
predominates

Ni(cod),, PhiP i
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toluene, 80-100°

N i AR, CO,Me
+ | trans:cis=3.5:1 (30)
{’D;MU

34 Pd(dba),. i-Pr,P

(55%)

= {43%)
toluene, 1007

CO>Me

(Eqg. 31). (62) Ligands also affect the selectivity, and phosphine- or
phosphite—ified Ni catalysts favor distal bond cleavage. However, there is
no clear ratnale for this trend.
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The reaction of monosubstituted MCPs leads to distal and proximal ring
opening. MCPs that are disubstituted at the cyclopropyl or vinylic carbon
mainly undergo distal ring opening. Therefore, isomeric MCPs with substitution
at the cyclopropyl carbon and at the olefinic carbon give isomeric cycloadducts
(Egs. 32 and 33). (63) When the substitution is on the cyclopropane ring, the
ring opening takes place selectively at the less substituted side.
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® f’ . - (61%) (32)
| 60°, 48 h
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In the presence of a Pd(0) catalyst, all types of MCPs undergo distal ring
opening regardless of the substitution pattern. Aryl-substituted MCPs give
exclusively@ylidene—type adducts regardless of the starting MCP (Eq. 34).
(64)
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2.3.3. Stereospecificity
Although the geometry of the alkene is maintained in the nickel-catalyzed
reaction of trans alkenes (Eq. 35), partial to complete scrambling of



configuration is observed in cycloadditions of cis alkenes (Eg. 36). (65) These
results clearly show the stepwise nature of the cycloaddition through two
discrete C — C bond forming processes.
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The doubl nd geometry is also not preserved in Pd-catalyzed reactions (Eq.
37). (22, 6L Xhe level of the stereospecificity is highly dependent on the
ligands. These results are consistent with a stepwise mechanism.
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2.4. Transition Metal Catalyzed Reactions of Silylated Allylic Acetates
2.4.1. Generation

A zwitterionic TMM—Pd complex 5 is typically generated in situ via a
Pd-catalyzed reaction of 1-(acetoxymethyl)allyltrimethylsilane (41) (Eg. 38).
(26)
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lonization of 41 by Pd(0) generates the p -allylpalladium species 42, which
undergoes acetate anion promoted desilylation to form the zwitterionic
TMM-Pd complex 5, the formation of which is supported by labeling
experiments and theoretical calculations. (66-68) Complex 5 is nucleophilic in
nature, and undergoes cycloaddition with electron-deficient alkenes to form
methylenecyclopentane derivatives. (69)

Allylic carbonate 43 bearing an anion-stabilizing functional group, for example
R = CN and SO,Tol, also undergoes [3 + 2] cycloaddition in the presence of
Pd(0) catal (Eqg. 39). (70) In this reaction, the ionization of substrate 43 with
Pd(0) generates

Pdi())
(39)

R OCO-E1
EWG
43 R =CN, SO,Tol 44

an alkoxide which serves as a base to deprotonate the p -allyl intermediate 44.
The resulting zwitterionic TMM—Pd intermediate undergoes cycloaddition to
electron-deficient alkenes.

2.4.2. Stereospecificity

The reaction of 5 with alkenes exhibits moderate to high stereospecificity. In
the reaction of methyl crotonate with 5, the E isomer reacts stereospecifically,
whereas the Z isomer reacts with significant loss of geometric integrity (Egs.
40 and 41). (71)
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Since no detectable geometric isomerization of the starting alkenes is
observed, the loss of stereospecificity must occur during ring closure. These
results show that [3 + 2] cycloaddition takes place in a stepwise manner. Thus,
Michael addition of the zwitterionic TMM—Pd complex 5 to an electron-deficient
alkene generates stabilized zwitterion 45 that has a sufficient lifetime to
undergo bond rotation before collapse to form the cycloadduct (Eq. 42). (67,
69) Despite loss of stereochemical information of the alkenes to the
products, a concerted mechanism has been proposed recently based on
carbon kinetic isotope effects. (72)
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The reaction of trisubstituted alkenes is virtually completely stereospecific (Egs.
43 and 44). (71) The observed high stereospecificity suggests that the
zwitterionic intermediate, such as 44, has a rather short lifetime and compact
structure, because bond rotation is completely blocked by the a -methyl group.
These observations indicate that the cycloaddition takes place in a stepwise



manner, in which the transition state geometries resemble what may be
expected for a concerted cycloaddition.
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2.4.3. Stereoselectivity
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In the reactions of the TMM intermediate 5 (generated in situ from acetate 41)
the new C — C bond is formed with net retention of configuration with respect
to the face of the allyl unit. The cycloaddition of the allylic carbonate derived

from carve
the trans a

hows a unique donor-dependent stereoselectivity. Reaction of
is derivatives 46 and 48 with dimethyl benzylidenemalonate

gives exclusively 1,3-trans-47 and 1,3-cis-49, respectively (Egs. 45 and 46).
(73) The initial Pd—assisted ionization occurs with inversion of configuration,
and the new C — C bond
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also forms with inversion. The results indicate that the approach of the alkene
takes place from the side anti to the TMM-Pd species rather than from the
inside after coordination of the alkene to the metal TMM species. Even though
the starting materials are enantiomerically enriched, the products are racemic
because of the rapid isomerization of the enantiomeric TMM-Pd complexes.

2.4.4. Regioselectivity

The cycloaddition of a substituted TMM-Pd complex with an alkene shows
remarkable regioselectivity. Although the cycloaddition of substituted TMM
species potentially can give two regioisomeric cycloadducts, in fact 52 is
formed selectively regardless of both the structure of the starting
acetoxymethylallyltrimethylsilanes, or of the electron-donating and
electron-withdrawing nature of the R group (Eq. 47). (74, 75) This result may
be rationali by considering the rapid equilibrium of the TMM-Pd complexes
and their relative stabilities and reactivities. One possible rationale is that the
substituted TMM-Pd complex 51 (kinetically generated from the corresponding
TMM precursors) rapidly isomerizes to the thermodynamically more stable
isomer 50, which then gives rise to product 52. An alternative possibility is that
the most negatively charged carbon on TMM-Pd complex 50 preferentially
attacks the electron-deficient alkene regardless of the stabilities of the
intermediates; theoretical calculations support this view. (68)
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2.4.5. Diastereoselectivity

The 1,2-asymmetric induction in the cycloaddition of 5 shows moderate to high
diastereoselectivity depending on the alkene acceptors. The cycloaddition of
TMM-Pd complex 5 (generated from acetate 41, Eq. 38) with E-enoate 53a
(R = CMey)mtoluene at 80° gives the two cycloadducts 54a and 55aina 3.2:1
ratio (Eq. 4834(76) The major isomer arises from reactive conformation 56
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on the basis of dipole-dipole and nonbonded steric interactions. Although the
same isomer can arise from conformer 57 (which is predicted by the
Felkin-Anh analysis), loss of selectivity in polar solvents may agree with the
dominance of dipole-dipole effects. Reaction of complex 5 with the
di-tert-butylsilylene derivative 53b [R = Si(Bu-t),], wherein the silyl ether
increases the dipole effect, increases the product ratio to 7.5:1.

Cycloaddition of Z-enoate 58 with TMM—Pd complex 5 under identical
conditions gives a single cycloadduct 59 (>50:1) in 69% vyield (Eq. 49). (77)
Since the conformer 61 from the Felkin-Anh analysis is disfavored because of
A (1, 2) strain, this extremely high facial selectivity is in best accord with
conformer 60 as the reactive species.
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2.5. Cycloadditions of Stable TMM-Metal Complexes
Although various n (4)-TMM-metal complexes have been synthesized, they
are usually too stable to react with external 2 p acceptors. (20) The TMM



complex Fe[ n *-(TMM)(CO)3] (62), which is prepared by the reaction of
Fez(CO)g with 3-chloro-2-chloromethyl-1-butene or the parent MCP 34, is
stable and does not react with alkenes by itself. However, oxidation of complex
62 in the presence of tetracyanoethylene gives the [3 + 2] cycloadduct, albeit
in very low yield (Eqg. 50). (78)
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The cycloaddition of TMM—Fe complex 63 in the presence of a large excess of
diethyl fumarate affords two fused cycloadducts 65 and 66 and a bridged
adduct 67 (Eqg. 51). (79) The similarity of the product distribution with that of
the thermal cycloaddition of the diazene 11 suggests that the iron complex
liberates fr ,3-diyl type TMM 64, which undergoes cycloaddition to
electron-deselent alkenes.
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Fischer chromium carbene complex 68 reacts with phenylallene with loss of
carbon monoxide to form a mixture of diastereomeric n *~-TMM—-Cr complexes
69a and 69b, which react with a second molecule of phenylallene to give the
five-membered ring product 70 (Eq. 52). (80)
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Although zwitterionic n > TMM complexes are believed to be generated in
metal-catalyzed reactions, only a single example is known for the reaction of
an isolable n *-TMM-metal complex. Stable zwitterionic n >-TMM-Pd complex
72 is synthgstged by the nucleophilic addition of stable carbanions, such as the
sodium saltef dimethyl malonate, to the metal allenyl complex 71 (Eqg. 53). (81)
Complex 72 is readily coupled with an electron-deficient acceptor such as
tetracyanoethylene or
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maleic anhydride to form cyclopentane cycloadducts. These particular
reactions are not catalytic processes because these alkenes are good p



acceptors and react with the generated Pd(0) species upon cycloaddition
before forming the TMM intermediate.



3. Scope and Limitations

3.1. Free Trimethylenemethanes from Diazenes

3.1.1. Availability of TMM Precursors

The availability of TMM precursors is the key requirement for synthetic
applications. Diazenes are usually synthesized in four steps from fulvenes and
diazo compounds. For example, diazene 6 is prepared by the Diels-Alder
reaction of 6,6-dimethylfulvene and bis(2,2,2-trichloroethyl) azodicarboxylate
followed by selective alkene hydrogenation, reductive decarboxylation, and
oxidation as shown in Eq. 54. (82)

1 H*_&, Pd/C
N 2.-e
L = 5 (95%) (54)
NE 3. K3Fe(CN)q }
E = CO,CH,CCl, 6 N

Since fulvenes are easily prepared from cyclopentadiene and carbonyl
compounds, diazenes for intramolecular reactions are easily synthesized in
the same manner. For example, base-promoted condensation of
cyclopentagiene with aldehyde 73 gives fulvene 74 which is transformed to
diazene 75@. 55). (83)

g W w ~CO,Me
f)H(“/X\/\‘C('J'ch Kamal |
Et,NH m
4

73 T4 (91%)
(55)
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N 75

3.1.2. Intermolecular Applications
3.1.2.1. Cycloaddition to Alkenes



A high concentration of alkene acceptor is necessary to favor cycloaddition
over dimerization of the TMM 2. High yields of adducts with the fused and
bridged structures 8 and 9 respectively, are formed with 1,3-dienes,
aryl-substituted alkenes (styrene, stilbene), and a , B -unsaturated esters,
nitriles, or anhydrides (Eq. 7), whereas unactivated alkenes do not form
adducts. Singlet TMM 2 is nucleophilic in nature, and its reactivity toward
alkenes roughly parallels the Diels-Alder dienophilic reactivity. (35, 36)

Although the intermolecular cycloaddition with alkenes provides a direct and
simple route to linearly fused cyclopentanoid products, the major drawback of
the reaction is low stereoselectivity and regioselectivity. For example,
cycloaddition of diazene 6 with 2-cyclopentenone provides tricyclopentanoid
products in a single step, but the reaction results in the formation of three
regioisomers with low selectivity (Eqg. 56). (84) As discussed later,
intramolecular reactions solve many of the problems inherent in the
intermolecular reactions,.

\|[ } 0 _

f- 70°. 1 h
||I_'_I,'l + =
e, O

N

6 (10 equiv.)

(56)

(90-98%), 1.3:1:3

3.1.2.2. Cycloaddition to Alkynes and Allenes

Alkynes are poor acceptors for the parent TMM, and only highly activated
alkynes are reactive acceptors. Polymeric products are usually obtained, and it
is suggested that this side reaction might be caused by the reaction of the
alkyne with the diazene prior to nitrogen extrusion. Useful yields (76%) of
fused cycloadducts can be achieved only when the concentrations of the
diazene and TMM are maintained at a very low level through the use of syringe
pump techniques with a large excess of dimethyl acetylenedicarboxylate (Eq.
57). (85)
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Electron-deficient allenes are good acceptors, and the reaction of the diazene
with an allene diester takes place in a highly stereo- and regioselective manner
to give the linearly fused cycloadduct as the sole product (Eq. 58). (86) The
concentration of the

i f:':{ i . | --CO;Me
MeO,C o\
MeO,C (58)
[diazene] M [allene] M yield
1.2 (.40 (15%)
0.051 <26 x 107 (70%)

reactants n@(edly affects the results. Decreases in the concentrations of both
allene and diazene cause a dramatic increase in the yield of the desired
cycloadduct as well as a substantial decrease in oligomer formation. The best
result is obtained when a ca. 2.5 mM solution of the diazene is added slowly
over 4.5 hours to a 51 mM solution of the allene in refluxing hexanes.

3.1.2.3. Cycloaddition to Carbon-Heteroatom Double Bonds

Various C = X hetero double bonds (X = O, N, and S) serve as TMM
acceptors. Several points are worth noting. First, fused cycloadducts are
formed to a larger extent than bridged adducts in all known cases. Second, in
many instances, dimerization of the TMM occurs despite the use of syringe
pump techniques and the use of a large excess of acceptor. Third, among
acceptors tested, thiobenzophenone (X = S, R = Ph) proves to be the most
reactive (Eq. 59). (85)
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Although nitroso compounds are routinely used as spin-trapping reagents to
scavenge transient radicals by forming more persistent radical species, they
do undergo cycloaddition with TMM diradicals. Thus, thermolysis or photolysis
of the diphenyl-substituted diazene 76 with nitrosobenzene gives the fused
adduct 79 as the sole product (Eg. 60). (87) The reaction is believed to
proceed in a stepwise manner through initial addition of the diphenyl TMM 77
to nitrosobenzene followed by intramolecular radical coupling of the
intermediate diradical 78. In thermal reactions, the formation of dimeric
products derived from the triplet diradical is completely suppressed.

Phe_.-Ph

Ph Ph |
heat PhN=0
| g -
Lj'lllik N or v . . MeCN, 60°
fy
N |
76 D 77
(60)
[Ph Ph . Pki<lﬂ"h
N - ﬁ o (77%)
Ph N
* Ph
78 79

Molecular oxygen is an excellent triplet radical scavenger, and is also used as
a ch emical quencher of the triplet state of TMMs such as 2. Thermolysis and
photolysis of diazene 6 or 76 under medium pressure of molecular oxygen
(80-150 psi;) completely suppresses the formation of the dimers of TMMs, and
gives, instead, fused peroxide 80 in moderate yield (Eq. 61). (88)
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3.1.3. Intramolecular Applications

Intramolecular processes are superior to intermolecular ones for the following
reasons: (1) Excess diylophile is not required and fewer side products are
formed, (2) intramolecular trapping is much more regioselective, (3)
intermolecular trapping leads to a mixture of stereocisomers whereas
intramolecular trapping is highly stereoselective, and (4) the configuration of
the acceptor double bond is preserved in the product of intramolecular trapping,
which is often not the case in intermolecular processes because of triplet
participation.

3.1.3.1. Regiochemistry

The regiochemical course of the intramolecular reaction is influenced by the
location and electronic properties of the substituents appended to the double
bond, as in diazene 81 (Eqg. 62). (10-13) This influence can be explained by the
facts that cyelpaddition must compete with intersystem crossing from the
singlet TMI‘EE the more stable triplet, and that reactivity depends on the spin
state of the TMM. When the tether length between the TMM and alkene is
three in intermediate 82 (n = 3), the presence of an electron-withdrawing group
at either the internal or terminal carbon leads to linearly fused cycloadducts 83
through the initial singlet TMM. On the other hand, the presence of an alkyl
group on the internal carbon (R' = alkyl) shifts the pathway from singlet to
triplet state, the latter leading predominantly to the formation of bridged
cycloadducts 84. As the alkyl group increases in size, the triplet contribution
becomes more substantial, and a greater proportion of bridged products is
observed.



f
T . RY s R!
o %‘*RE 2 < g R} R i
LR = AN e — <\ RY <\;: R (62)
2 N or hv - 0] R = A = R’
L—k It R! L In
N 83 84

81 82

3.1.3.2. Effects of Double Bond Substituents

Thermolysis of diazene 75, with a three-carbon tether, in refluxing MeCN
results in the formation of a 9:1 mixture of linearly fused tricyclopentanoids 85
(Eqg. 63). (89, 90), The relative configurations of the ring fusions in the major
isomer are cis, anti, and those of the minor isomer are cis, syn. The trans
configuration of the diazene 75 is completely translated into the trans
configuration of the product. The ring-fusion stereoselectivity is attributed to
the lower energy of the extended pseudochair transition structure 86 leading to
the cis, anti product in comparison with that of the folded pseudochair 87
leading to cis, syn product.

of=19
HMEW\“)?M“ H E?n:x:h
A MeCN. reflux. 6 h @)\ - (83)
|' E,—PJ - Y am < (85%)
N H
75 83

cis, anti = —l = *3 - - Cis, syn
B isomer ’ \A( oL isomer

It is notable that the reaction of diazene 88 containing a Z-substituted double
bond proceeds in a highly stereoselective manner, and the configuration is
preserved in the product 89 (Eg. 64). (91) Since molecular oxygen (a triplet



scavenger) has no effect on the product distribution, the main pathway of the
cycloaddition must be a concerted process involving the singlet TMM.

owp=13
H ,,><\=/cogme N CO,Me
| MeCN, reflux, 6 h ;
2 (85%) (64)
N
’r
N
88 89

Although unactivated alkenes do not participate in intermolecular
cycloadditions because of the preferential dimerization of the TMMs,
intramolecular cycloadditions can occur. Thus, the thermolysis of diazene 90 in
THF gives the tricyclopentanoid 91 in 76% yield (Eq. 65). (92) The products
consist of a 1:5 mixture of a and B products. ESR experiments suggest that
both the singlet and triplet TMMs give the same adduct.

af=135

b

Hoe .- L u.
| >ﬁ/ H H
THF, reflux d
- (76%) (65)
N 1
i |
N H

90 91

When a substituent R is attached to the internal carbon of the alkene 92,
synthetically useful quantities of either linearly fused or bridged cycloadducts
93 and 94, respectively, can be obtained by proper choice of the R group (Eg.
66)). (93) When an electron-withdrawing group is attached to the alkene

(R = COMe), the singlet TMM leads selectively to the linear cycloadduct 93.
On the other hand, the presence of a large alkyl group attached to the alkene
[R = CMe(OMe),] affords the bridged cycloadduct 94 selectively via the triplet
state.
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3.1.3.3. Effects of Tether Length
When a methylene tether (n = 1) separates the TMM and the alkene as in

diazene 95, linearly fused adduct 96 is selectively formed (Eq. 67)). (12)

o CO-Me
LU}ML‘ |.! ' _H
THF — i )
- | { Yo )
reflux Z
H
06

When n = 2, the chemistry of the triplet state dominates even when the
terminal carbon bears an electron-withdrawing group (Eq. 68). (94) When

substrate 9Er used,
- - |

;E““}N Lt Mcﬂ;fﬁ—f/:/J MeO,C~- +

' 98 99 '

N 97

o~ COMe

(68)

Ri f +

. CO,Me
100 (63%)3.7:1 101

tricyclic adduct 100 and bicyclic adduct 101 are mainly formed; the linearly
fused tricyclic product is not obtained at all. It is also noteworthy that the
configuration of the alkene is lost in product 100. These results suggest that
the formation of product 100 is a stepwise reaction initiated by the kinetically



favored formation of a six-membered ring to give diradical 99 (via 98), rather
than that of a four-membered ring, followed by diradical coupling with
concomitant bond rotation. Bicyclic adduct 101 is formed through hydrogen
atom abstraction of the common intermediate.

When an electron-withdrawing group is attached to the internal carbon, such
as in diazene 102, 7-endo-trig cyclization is observed to form the linearly fused
product 103 together with the uncyclized triene 104 (Eg. 69). (95) Quenching
studies with dioxygen reveal that product 104 is derived exclusively from the
triplet TMM and product 103 is derived from both the triplet and the singlet
states.

CHO
A~ H _ CHO CHO

THF, 67° dﬁ -__§
| gReesileg
— 69
e . _ (69

102 103 (66-85%) 104
1.6:1

When the tether contains four atoms, a fused cycloadduct is obtained
selectively n an electron-withdrawing group is attached to the alkene. The
highly func#efalized and enantiomerically pure substrate 105 takes part in the
intramolecular reaction to afford the fused tricyclic adduct 106 with high
stereoselectivity (Eq. 70). (96)

OTBDMS
! O
PivO A~ A oBn
| - MeCN
OTBDMS —— (85%) (70)
,'L retlux
"N
LAy
105 106 OBn

3.1.3.4. Asymmetric Induction



High levels of asymmetric induction have been observed through placement of
a stereogenic center on the carbon chain that links the alkene to the TMM.
Thermolysis of diastereomeric diazenes 107 and 108 in refluxing MeCN mainly
provides the cis, anti products 110 and 111 in 80-91% vyield as a 12:1 mixture
(Eqg. 71). (97) The complete lack of stereospecificity with respect to the
diazene configuration supports the notion that the reaction proceeds through a
common TMM intermediate 109.

The reaction can be initiated by photochemical generation of the TMM at low
temperature and this can lead to enhanced selectivity. Since the thermal and
the photochemical processes give identical results at the same temperature,
the same intermediate must be formed regardless of its mode of generation.
Photolysis of substrate 107 at 7° in MeCN increases the diastereomeric ratio to
26:1, and the ratio increases to 49:1 in the reaction conducted at —30°.

As a result of the radical nature of this TMM species, the reactions tolerate free
hydroxyl groups. When diazene 112 is heated in refluxing MeCN, five products,
one major and four minor isomers, are produced with the ratio of the major
isomer 113

OTBDMS SRR | TBDMSO
o At COsMe T MeO,C
(A 2N i [ A _CO-Me "
| % BE = \ /2 |
| |
| T - I'"'IL‘""-
4l g
N mtl 109 108
R =TBDMS
CO;Me CO-Me
H H H (71)
S
H ! H:_
OTBDMS OTBDMS
110 111
diazene conditions temp  110:111  yield
107 heat 81° 12:1  (91%)
hv 7° 26:1  (B53%)
frv -30° 49:1 {—J
108  heat 81° 2.1 (80-91%)

to the sum of the minor isomers 114 being 4:1 (Eq. 72). (98, 99) The ratio of
113 to 114 is insensitive to the solvent used (THF, MeOH, MeCN) at any



temperature. However, MeOH is very useful for low-temperature reactions,
and photoinduced nitrogen extrusion in MeOH at —60° leads to an increase in
stereoselectivity such that the ratio of 113 to 114 reaches 30:1.

OH

CXV Me(OH, —6{}‘ j :: \ ; ; %,

H
OH I[‘.I'II

|
s

B
112 113 (87-96%) 30:1 114

No examples of useful asymmetric induction with chiral auxiliaries have been
reported. When the diazenes bearing menthyl or 8-phenylmenthyl esters are
used, only low levels of diastereoselectivity are observed. (100)

3.1.3.5. Effects of Substituents Adjacent to the TMM

When TMMs are conjugated to an alkene or a carbonyl group, intramolecular
rearrangement predominates with the formation of a cyclopentene or a
dihydrofuran. For example, diazene 115 is converted to the corresponding
furan 118 even in the presence of an internal double bond (Eq. 73). (101) The
initially formed dihydrofuran 117 (from intramolecular rearrangement of TMM
116) is conyefted into furan 118 during chromatography on silica gel.

O - 0 .
Z  THF NS
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<j:(>\Nf” = GM (70%)
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Cyclopropylcarbinyl radicals undergo rapid ring opening to the corresponding



homoallylic radicals. (102-104) Ring-opening reactions also occur in diyl-type
TMMs. Thus, diazene 119, possessing an a -cyclopropyl group, does not give
[3 + 2] cycloadducts but rather eight- and six-membered ring products 120 and
121, respectively (Eqg. 74). These compounds are formed from TMM 122,
which suffers subsequent cyclopropyl ring opening to form 123i and 123ii.
Radical coupling forms either eight- or six-membered rings from 123i and 123ii,

respectively. (105)

/\:\ i :C
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4. Dipolar Trimethylenemethane 5 from

Methylenecyclopropanes

4.1.1. Availability of TMM Precursors

Dialkoxy MCP 12 and its derivatives are readily available on a large scale in
two or three steps from 1,3-dichloroacetone. In one approach (Eq. 75), (16, 50)
1,3-dichloroacetone is first converted to the corresponding neopentyl glycol
acetal. The acetal is treated with 3 equivalents of sodium amide, which effects
cyclization and in situ deprotonation of the resulting cyclopropenone acetal to
generate a 2-sodiocylopropenone acetal. Treatment of the latter with an alkyl
iodide gives methyl and ethyl cyclopropenone acetals 124 in about 80% overall
yield. Base-catalyzed isomerization of the alkylated cyclopropene to the less
strained alkylidenecyclopropane completes the synthesis of the target
molecule 12 and its derivatives.

% 1. NaNH- (3 equiv.) % -BuOK (lfé{l}

0
. % OH OH_ ks
2. RCH, 0,2
c Cl /Z (75)

CI Cl RCH;

124 R 2. R=H
R = H (76%) 21: R=Me
[] R = Me (68%)

In another approach (Eq. 76), a purified unsubstituted cyclopropenone acetal
125 (106) is deprotonated with BuLi in the presence of HMPA, and the lithio
derivative is alkylated with an alkyl halide. The sterically demanding MCPs
such as 29 can be prepared only by this method. The merits of neopentyl
glycol include its simple NMR signal pattern, the low cost of the diol, and the
moderate temperature required for TMM formation. The acetals of
1,3-propanediol and 2,4-pentanediol can also be utilized as the TMM
precursors, which are more rapidly converted into the TMMs than the
neopentyl glycol analogs.
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4.1.2. Intermolecular Applications

4.1.2.1. Cycloaddition to Alkenes

Since the dipolar TMM 3 derived from precursor 12 is nucleophilic, a wide
variety of electron-deficient alkenes bearing ketone, ester, nitrile, and nitro
functionalities take part in the cycloaddition, whereas unactivated olefins, such
as norbornene, and electron-rich olefins, such as enol silyl ethers, are totally
inert. The reaction proceeds cleanly not only with acyclic olefins but also with
cyclic ones, and provides an efficient strategy for the construction of cis-fused
bicyclo[3.n.0] systems (Eq. 77). (16) Such high nucleophilicity distinguishes
the dipolar TMMs from the parent TMMs, which are usually generated by the
diazene route.

H w

% 0 _0 i
! J MeCN I (88%) (77)
g O 80°, 24 h 2 (85%)
H--+—{--H
12 h O

The cycloaddition is only marginally subject to solvent effects. This reaction
does not necessarily require the use of solvent and tolerates various aprotic
solvents (hydrocarbon, haloalkane, nitrile, DMSO). The solvent polarity does
not affect the regioselectivity for the formation of the ketene acetal 13 and the
exomethylene product 14 (Eqg. 14). An alkylnitrile solvent is used routinely
since TMM generation takes place faster in a polar solvent. The reaction does
not necessarily require rigorous exclusion of moisture or air because the



cycloaddition of the dipolar TMMs, such as 3, to olefins is faster than its
reaction with triplet molecular oxygen because of the singlet nature of the
dipolar TMM.

The thioacetal derivative 126, on the other hand, reacts with both
electron-deficient and electron-rich alkenes under thermal or photochemical
activation (Eq. 78). (107) The reaction usually gives a mixture of the ketene
acetal product, such as 129, and the exomethylene product, such as 130, but a
single isomer can be obtained by the proper choice of the alkene substrates.
The reaction proceeds by a single-electron transfer from MCP 126 to electron
acceptors, such as tetracyano-ethylene or photo-excited
9,10-dicyanoanthracene (DCA), to generate radical cation 127. Subsequent
ring opening generates TMM radical cation 128, which undergoes
cycloaddition with alkenes.

)
S o NC CN S .S
% NC CN
- (85-98%)
126 1007, 13 min
A — . or hy, O° NC CN
FA} 2 f.fm“. NC CN
ceptor 120 (78)
At 0O
' ) w, Q
B, oBt.— .| S<_-S - 5 (27%)
% T /\[/\ hv. 9,10-DCA 9
SRR 25°. 4 h 2
127 128 130

4.1.2.2. Effects of High Pressure

In line with well-known effects of pressure upon cycloadditions, (108)
significant rate acceleration under high pressure is observed. For instance, a
relatively slow reaction of a 3-methyl-2-butenolide with MCP 12 affords a
bridgehead-substituted adduct in 84% yield after being heated for 90 hours at
80° (Eqg. 79). (16) The same cycloaddition results in an 87% yield after heating
to 70° under 13 kbar for 16 hours. The results also suggest that the
rate-limiting step is not TMM generation but C —C bond formation.
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4.1.2.3. Cycloaddition to Dienes

Regio- and periselective reactions take place with acyclic dienes. The reaction
of MCP 12 with methyl sorbate occurs selectively at the 2,3-double bond to
give a five-membered ring (Eq. 80). (34)

% MeCN

0 J 2 COMe

O E 80%, 24 h

X

4.1.2.4. Cycloaddition to Alkynes

Unlike the parent TMM, the dipolar TMMs undergo cycloaddition to
electron-deficient alkynes in good yields. However, alkynes are indeed less
reactive toward TMM 3 than the structurally related alkenyl substrates.

The reaction of precursor 12 with methyl 2-hexynoate in toluene requires 100°
(Eqg. 81), (109) whereas methyl (E)-2-hexenoate reacts at 80°. The
cycloaddition proceeds efficiently to afford the cyclopentene 131, which is
isolated as the dicarboxylic ester 133 after acid hydrolysis. A small amount of
the exomethylene isomer 132 is also formed, suggesting the intervention of a
single electron transfer cycloaddition pathway. The reaction rate also
increases as the polarity of the solvent increases, but the ratio of 131:132 is
not subject to solvent effects.
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A variety of alkynes bearing electron-withdrawing groups, such as esters,
sulfoxides, and sulfones, undergo cycloaddition with substrate 12. In
consonance with the nucleophilic nature of TMM 3, the reaction rate increases
as the electron demand of the alkyne increases. A synthetic drawback is the
failure of uivated alkynes to act as 2 p acceptors. For instance,
phenylacetyleéhe and hexyne are inert. Sulfur-substituted alkynes can serve as
synthetic surrogates of simple alkynes. Alkynic sulfones and sulfoxides are
very reactive TMM acceptors. After the cycloaddition, vinyl sulfone cycloadduct
134 is readily desulfurized under mild conditions to afford cyclopentene 135
(Eq. 82). (109)
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Cycloaddition to alkynyl ketones shows an interesting dichotomy. In the
reaction of substrate 12 with ketone 136a in toluene, the cycloaddition reaction
takes place exclusively on the carbonyl group to give the exomethylene
product 137a (Eq. 83). (109) Only when the carbonyl group is deactivated
electronically and sterically as in ketone 136b, and the reaction is performed in
toluene, do the cycloaddition take place on the alkyne to give the ketene
acetal 1380~ The selectivity toward 138b, however, erodes in a polar solvent
(MeCN), and significant amounts of the exomethylene product 137b are also
formed. This solvent effect suggests that the cycloaddition on the carbonyl
group takes place through a polar stepwise reaction pathway, which becomes
faster than the concerted-like alkyne cycloaddition reaction in a polar solvent.
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4.1.2.5. Cycloaddition to Carbonyl Compounds

Because of the dipolar and nucleophilic character of TMM 3, carbonyl
compounds also serve as good 2 p acceptors. This reactivity is in sharp
contrast to the diyl type TMM 2, which is rather unreactive toward polarized
double bonds. Both aromatic and aliphatic aldehydes and ketones react with
substrate 12 to give mainly exomethylene products 139 together with a small
amount of ketene acetals adducts 140 (Eq. 84). (110)
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139 6.6:1-48:1 140

The cycloaddition reactions of the dipolar TMMs are often virtually free of side
reactions, and good to excellent yields of cycloadducts are obtained by using
stoichiometric amounts of reactants. Because of the inherent polarity of TMM 3,
the regioisomeric exomethylene product 141 is not formed. The reaction rate
decreases as the solvent polarity decreases, and the isomer ratio 139:140
increases when a nonpolar solvent is used. The cycloaddition in a nonpolar
solvent, such as cyclohexane or benzene, gives about a 24:1-48:1 mixture of
139 and 140 for aliphatic aldehydes and ketones. With some aromatic



aldehydes, the ratio is lower (6.6:1), yet still remains at a synthetically
acceptable level.
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4.1.2.6. Effects of High Pressure

As in cycloadditions to olefins, use of high pressure is particularly
advantageous for cycloadditions with aliphatic ketones. The reaction of
precursor 12 with 4-tert-butylcyclohexanone is complete at 80° under

13-14 kbar of pressure, whereas reaction under 1 bar requires 100-130° (Eg.
85). (110) process takes place selectively from the electronically favored
axial direct and the stereoselectivity (4:1) remains unchanged under high
pressure conditions.

8] 12 (] trans:cis = 4:1
%# Bu-! - ><: 4

0 0NN B @5)
CiDg, 130°, 59 h: (73%)
neat, 1007, 62 h: (81%)
CH-Cl,, 80°, 13 kbar, 50 h: (74%)

4.1.2.7. Chemoselectivity

Although the cycloaddition of a , B -unsaturated ketones takes place highly
regioselectively on the C —C double bond, the cycloaddition of a ,
-unsaturated aldehydes gives a mixture from competing cycloadditions to the
carbonyl and the alkenyl groups. Even in the cycloaddition with



3-methyl-2-butenal whose double bond is sterically encumbered, the two
reaction paths compete (Eg. 86). (110)

0 [/BQ .
toluene - ﬁ (86)
g
80-100° =< P S
OHC |
2:1 (75%)

Owing to the low reactivity of alkynes toward TMMs, cycloadditions with a , 3
-unsaturated alkynyl ketones occur selectively on the ketone group (Eqg. 83).
Thus, the regioselective cycloaddition to the carbonyl moiety of alkynyl
aldehydes or ketones followed by partial hydrogenation of the alkyne moiety to
the corresponding alkene provides a useful method for the preparation of the
formal carbonyl addition products of a, B -unsaturated aldehydes or ketones.

4.1.2.8. Regioselectivity

The reaction of the ethylidene compound 21 with benzaldehyde gives
predominanthy ethylidenelactone acetal 142 together with methylenelactone
143 (Eq. Bmllo) The observed selectivity is rationalized on the basis of
steric effects in the asynchronous bond formation. The initial bond formation
occurs at the allylic moiety of TMM at the less hindered methylene carbon
rather than at the substituted one.

® oule

S : CeHg :
PhcHO 4+ 90 66 Bl o O_ _O
80°,21h .~~~ 0O == o (87
=
Ph 4 Ph

21 142 3.3:1 (85%) 143
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4.1.2.9. Cycloaddition to C = N Double Bonds

O-Alkyloximes are good acceptors for dipolar TMMs, and cycloaddition with
substrate 12 selectively affords ketene acetal product 144, which can be
hydrolyzed by acid to give ester 145 (Eqg. 88). (50)

2 B (66-839%) (88)

N, R?  OR!
R*  OR!
144 145

O-Alkyloximes derived from aromatic and heteroaromatic aldehydes give
cycloadducts in good to excellent yield by the use of a near equimolar mixture
of substrat and the oxime. Oximes derived from aliphatic aldehydes are
much less réactive. O-Methoximes and O-benzyloximes can be used with
equal success. The configuration of the oximes significantly influences the rate
of the reaction, and the anti isomer reacts 67 times faster than the syn isomer
in the case of the O-methoxime of 2-furaldehyde in CD3;CN. This marked rate
difference provides strong evidence for the concerted character of the
cycloaddition. In this respect, O-benzyloximes are superior to O-methoximes,
because the former are generally obtained with higher anti selectivity (9:1)
than the latter (2.5:1) by the reaction of an aldehyde and the corresponding
alkoxyamine.

The reaction rate is strongly affected by the electronic nature of the R? group in
the oxime. Among various 4-substituted benzaldehyde O-alkyloximes, those
bearing an electron-withdrawing group, such as chlorine, react at 100°,
whereas benzaldehyde oxime requires higher temperatures (120-130°). The
cycloaddition proceeds faster under high pressure, and oximes bearing an
electron-donating group, such as a methoxy group, only react under high
pressure (10 kbar). On the other hand, the reaction with methyl glyoxylate



O-benzyloxime occurs within 1.5 hours at 80°, providing a new route to proline
derivatives (Eq. 89). (50)

0 (.}Q”L(}H

)I ST _ . ( (79%) (89)
4 ®.1.5h
MeO5C 7y J—N_

N MeO,C OBn

MeO.C  OBn

Cycloaddition reactions with more electron-deficient C = N double bonds,
such as those in N-tosyl and N-acylimines, proceed much faster than those
with oximes. The reaction of substrate 12 with benzaldehyde N-tosylimine
affords exclusively the acetal of a -methylenepyrrolidone 146 instead of the
ketene acetal of pyrrolidinone (Eqg. 90). (111) Product 146 is sensitive to acid,
and is isolated as the corresponding a -alkylidene- y -amino ester 147.

Tosylimines from aromatic, vinylic, and aliphatic aldehydes and ketones serve
as good acceptors, and in all reactions, acetals of a -methylenepyrrolidones
are formed. However, the reaction fails with tosylimines having enolizable a
-hydrogen d deprotonation of the acidic hydrogen by the dipolar TMM
takes placﬂ:ectively. (111)

X
it 5 5w H:0* O (‘:r\X/(m

e e _ - (92%)
“SpPh  MeCN, 80° %-{< N-Ts (90)
NHTs
< Ph
Ph

146 147

N-Acylimines take part in the cycloaddition, and also give the acetals of a
-methylenepyrrolidone. The reaction of substrate 12 with benzaldehyde
methoxycarbonylimine at 80° affords mainly adduct 148, together with a small
amount of the ketene acetal adduct of the pyrrolidine (Eq. 91). (111)
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4.1.2.10. Chemoselectivity

The cycloaddition of substrate 12 with imines of a, 8 -unsaturated aldehydes
occurs preferentially at the imine moiety, but the selectivity is not complete.
The reaction of substrate 12 with the tosylimine of cinnamaldehyde gives
mainly pyrrolidine cycloadduct 149 (Eg. 92). (111) The carbon-carbon double
bond also takes part in the reaction to afford the methylenecyclopentane 150,
and the ratio 149:150 is 6.8:1. This side reaction cannot be suppressed even
with the 3-methyl-2-butenal imine, whose double bond is deactivated sterically
and electronically, and a mixture of the pyrrolidine and cyclopentane
cycloadducts is obtained as a 5.1:1 mixture.

NTs D h}
| i 0__0
- N—TS 4 SNTs  6.8:1 (93%) (g2
| MeCN, 60° ' (92)
Ph

Ph
Ph

149 150

4.1.2.11. Regio- and Stereoselectivity

Steric effects of the substituents both on the TMM (R') and on the oxime ester
(R influence the regio- and stereoselectivity in the reactions of substituted
TMMs (Eqg. 93). (50) Thus, a combination of sterically unhindered reactants
(R = R? = Me) affords a 2.3:1 mixture of regioisomers 152 and 153, both of
which are 1:1 mixtures of diastereomers from the disposition of the R* and
CO,R? groups. When the tert-butyl ester of the oxime is employed, the
regioselectivity (152:153) improves slightly to 4.6:1. The use of an isopropyl



group as the TMM substituent R* also improves the regioselectivity. The
reaction between a sterically hindered TMM and an O-alkyloxime (R" = i-Pr
and R? = t-Bu) takes place with high selectivity, producing a 9:1 mixture of
152:153, wherein isomer 152 is >97% pure cis and isomer 153 is >96% trans.
Hydrolysis of the ketene acetals 152 and 153 with acid takes place highly
diastereoselectively to give the trisubstituted pyrrolidines 154 and 155 both as
single isomers in 79% and 10% isolated yields, respectively.
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154 155

NPG = CH-C(Me),CH-OH

Stereoselective cycloaddition of the isopropyl-substituted MCP 29 with
anti-oximes takes place mainly via a regio- and stereodefined, five-centered
transition structure schematically represented as 156 rather than 157. In these
transition states, the oxime ester substrate bearing a bulky R group is oriented
so that it avoids interaction with the isopropyl group. The regio- and
stereochemical course of the reaction is controlled by the steric bulk of the
benzyloxy group and the ester groups, and neither the benzyloxy nor the ester
group acts as an electronic stereochemistry-directing group. This behavior is in
sharp contrast to the solvent polarity sensitive endo selectivity in the addition
of the same TMM 29 to substituted acrylic acid esters. The sensitivity of the
selectivities to the steric bulk of the benzyloxy group and the R* and R? groups
is consistent with a highly ordered transition state, wherein formation of the two
new s bonds takes place concurrently.
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In the cycloaddition of tosylimines with a substituted TMM, two structural
isomers, 158 and 159, can be formed, and steric effects of the substituent on
the TMM determine the selectivity (Eq. 94). (111) The cycloaddition of
sterically unhindered TMM precursor 21E with benzaldehyde tosylimine gives
a 1.7:1 mixture, whereas the sterically demanding MCP derivative 151 affords
the cycloadduct as a single isomer. The alkylidene group in product 158 is
exclusively in an E geometry, reflecting the geometry of the TMM species.

o %

O

]"IITE; O 0 O 0 0
9 o b N-Ts + N-Ts
=

R
EIEL =Me

151: R =¢-Bu

(94)

MCP R 158:159 yield
210E  Me 1.7:1 (98%)
151 Bu 10 (35%)

4.1.3. Intramolecular Applications

Intramolecular cycloaddition of dipolar TMMs provides a method for the
synthesis of bicyclo[4.3.0] and [3.3.0] carbo- and heterocycles. MCP 160a and
160b, whose carbon-carbon double bonds are activated by single
electron-withdrawing groups, selectively and stereospecifically give ketene
acetal adduct 161 with high efficiency (Eq. 95). (112, 113), Product 161a
derives from an endo transition state as in the intermolecular reaction, but
161b derives from an exotransition state because conformational constraints
in the transition state override the endo rule. Reaction of MCP 160c, which
possesses a carbon-carbon double bond highly activated by geminal



electron-withdrawing groups, gives a mixture of products 161c and 162c by
way of the single electron transfer pathway.

160

a:R'=H, R? = CO;Me
b: R! =CO,Me, RZ=H
¢: R!' =R? = CO,Me

161

substrate  161:162  yield
160a 1:0 (76%)

160b 1:0 (B2%)
160 1:49 (81%)

4.2. Transition Metal Catalyzed Reactions of Methylenecyclopropanes
4.2.1. Availability of TMM Precursors

The parent MCP, 34, is prepared on a large scale in a one-pot, two-step
procedure from methallyl chloride by base-promoted cyclization to form
methylcyclopropene followed by base-promoted isomerization (Eq. 96). (114)
However, eﬁnsion of this method to substituted MCPs is limited.

NaMNH, ' ~BuOK

, " | A (43%)
A~ /A DMso /A (96)
34

Alternatively, substituted MCPs are prepared by various methods, including
dehydrochlorination of chloro-substituted cyclopropanes (Eg. 97), (115)
carbene or metal carbenoid addition to allenes (Eq. 98), (116-118) Wittig
reaction of cyclopropylidene-triphenylphosphorane derivatives with carbonyl
compounds (Eqg. 99), (119) Peterson olefination of silyl-substituted
cyclopropanes (Eg. 100), (120, 121) and nucleophilic addition of lithiated
MCPs (Eg. 101). (122) The methods shown in Egs. 97, 98, and 101 are
particularly useful for the preparation of ring-substituted derivatives, and those



in Egs. 99 and 100 are useful for the olefin-substituted derivatives. The
synthesis of MCPs has been reviewed recently. (123)
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4.2.2. Intermolecular Applications

4.2.2.1. Cycloaddition to Alkenes

Transition metal mediated cycloadditions of MCPs are generally insensitive to
the electronic nature of the acceptors, and unactivated alkenes, such as
ethylene and cyclopentene, conjugated alkenes, such as styrene, and

(99)



electron-deficient alkenes react equally well with MCP using Ni or Pd catalysts.
However, dimerization of MCPs sometimes competes with cycloaddition with
unactivated alkenes, and the use of excess alkene is required in such cases
(Eq. 102). (22, 124) Enones of medium ring sizes, which are poor acceptors in
nucleophilic additions, also serve as good TMM acceptors (Eq. 103). (125)

=

benzene, 100°, 1 h ' (102)

Pd(acac),/EtAI(OEL/i-PrsP
)L h ;ﬁ' dacacr ANOEG F/ *
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Ph- _Ph " 0O L
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)( ™ //\f | P . (80%)  (103)
\_/ K;;(}
.
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A variety OQJbstituents on both the cyclopropane ring and the alkenes are
tolerated, and alkyl- (Eq. 104), (126)aryl- (Eq. 105), (127) vinyl- (Eq. 106), (128)
and silyl-substituted MCPs can serve as precursors. The
cyclopropyl-substituted MCP 163 selectively affords vinyl-cyclopropane
product 164 in the presence of a Pd catalyst (Eg. 104). Although mono- and
disubstituted MCPs serve as precursors, tetrasubstituted MCPs do not give
the desired [3 + 2] cycloadducts. (129)

B0 Pd(dba)s/(i-Pr)s(1-Bu)P ,
\ - (R3%)

CO,Et 3 (104)

FtO.C  CO-El

163 . . 164
dba = dibenzylideneacetone
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4.2.2.2. Effect of Lewis Acids

Addition of triethylborane as a cocatalyst dramatically improves both the yield
and regioselectivity (distal vs. proximal bond cleavage) of the reactions. The
products arise through proximal ring opening and, thus, the “memory” of the
substituent@ the MCP is retained in the product (Eq. 107). (130)

I*h Ph
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' Nicod)y/PhsP/ELB
@n I | 9] (107)
_ /A Ph
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4.2.2.3. Cycloaddition to Dienes



Dienes, such as butadiene and substituted dienes, serve as acceptors and
afford [3 + 2] cycloadducts. With substituted dienes, the reaction occurs
selectively at the less substituted double bond (Eqg. 108). (131)

:\_\ Ni(cod)»
CO,Me toluene, 40° .

=3 CO-Me

4.2.2.4. Cycloaddition to Alkynes

Disubstituted alkynes, especially trimethylsilylacetylene derivatives, are good
acceptors. The tris-(2-phenyl)phenyl phosphite modified Ni(0) catalyst is
routinely used for this cycloaddition. As in cycloadditions with alkenes,
reactions with alkynes usually show low regioselectivity with respect to the ring
opening of MCPs, and isomeric mixtures of the cycloadducts are obtained.
However, in some specific combinations of substituents on both the MCPs and
the alkynes, high regiochemical control can be observed as shown in Egs. 109
and 110. (132)

Ni(cod)./

Ph N o |
. (0-PhCH40)4P Ph-

|+ MeSi——SiMe; - 0 - (48%) (109)
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Ni(cod)/ Ph Ph
Ph__-Ph (0-PhC¢H,0);P )
b MeO,C—=——SiMe; — - (63%) (110)
!
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4.2.2.5. Asymmetric Induction
High levels of asymmetric induction can be observed using chiral auxiliaries.
Although reactions of MCP 34 with menthol- and borneol-derived acrylate



esters show low diastereoselectivity, the reaction with a
camphorsultam-derived amide gives cycloadduct 166 with high
diastereoselectivity (Eq. 111). (133, 134) The selectivity increases with
decreasing reaction temperature at the expense of longer reaction times.
Dimethyl-substituted MCP 165 shows higher selectivity than analog 34, and
the reaction at —10° gives a single cycloadduct. The selectivity is believed to
be derived from the mode of coordination of the Ni catalyst. As shown in
assembly 167, the Ni catalyst coordinates to the alkenyl moieties of MCP and
the acceptor, as well as to the sulfonyl oxygen atoms of the sultam.

| i
o L-Il EL“/ Ni(cod), R \I(
R - N ,__ =
If ‘a’/\ toluene :\'-"-_[ ' j
0O 5 4N
R_ n{f‘ L4 {_} /S,_o-'-
0 00
34: R=H 166
165: R = Me MCP temp. selectivity  yield
34 20° 4.9:1 {80%)
34 20° 10:1 (72%)
165 20° 49:] (865)

4.2.2.6. Cycloaddition to Carbonyl Compounds and Carbon Dioxide

The cycloaddition of MCPs with carbonyl compounds has been described only
recently. Tributylphosphine oxide modified palladium(0) catalysts effect the
cycloaddition of various alkylidenecyclopropanes with aromatic aldehydes (Eq.
112). (135) Although the reaction potentially gives three regioisomers, the
reaction selectively affords the single isomer 168. Success of the reaction may
be attributed to the high concentration of both substrates.
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The parent MCP as well as alkyl-substituted MCPs react with carbon dioxide to
give y -lactone derivatives. Palladium(0) catalysts are used for this reaction.
With substituted MCPs, both isomers 169 and 170 are selectively formed by
proper choice of the phosphine ligand (Eq. 113). (136) Since Pd(0) catalyzes
the isomerization of lactone 169 to lactone 170, formation of isomer 170 most
likely involves the initial formation of the regioisomer of adduct 169 followed by
the isomerization of the exomethylene to the internal and conjugated alkene.

0 O
CO, (40 atm ) ' fk
I CoHe. = ,ﬁ_} + )\_a
130°, 20 h / (113)
169 170
Pd(dba)>/Ph3P (69%) (8%)
Pd(diphos), {lrace) (48%)
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4.2.2.7. Cycloaddition to C = N Double Bonds

The cycloaddition of MCPs with imines has also been recently reported.
Alkylidenecyclopropanes undergo cycloaddition with various tosylimines in the
presence of a palladium(0) catalyst to give the corresponding pyrrolidines (Eq.
114). (137) The reaction shows a unique substratedependent dichotomy:
aryl-substituted imines afford the exomethylene product 171, and
alkyl-substituted imines afford the alkylidene product 172.
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The C = N moiety of ketene imine 173 selectively reacts with MCP 34 under
Ni or Pd catalysis, and the adduct is isolated as pyrrolidine 175 by way of
intermediate 174 (Eq. 115). (138) Alkyl-substituted MCPs also undergo
cycloaddition atthe C = N moiety, and the “memory” of the starting structure
of the MCPs is lost during the cycloaddition.
Ph
34 [\ Ph
th:.:< - Ph - N (96%)
Pd(Ph;P),. N
Ph 34 , Ph lli‘h Ph
173 D toluene, 126° Ph
174 175

4.2.3. Intramolecular Applications

Regiochemical control can be achieved in the intramolecular reaction, in which
many of the undesirable complications can be avoided. Although palladium
catalysts have a strong preference for the distal ring opening of substituted
MCPs in the intermolecular reaction, the regioselectivity of the ring cleavage in
the nickel-catalyzed reaction is strongly affected by the structure of the
substrate.

4.2.3.1. Regioselectivity

The Pd(0)-catalyzed reaction of acetylenic MCP 176 gives the substituted
hydroindane 177 arising from distal cleavage of the MCP ring, whereas the
Ni(0)-catalyzed reaction results in the formation of regioisomer 178 through
proximal cleavage (Eqg. 116). (139) This result indicates that the selection of

(114)

(115)



the metal catalyst may be used in a predictable way to govern the
regiochemical outcome of certain reactions.
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In the presence of Pd(0) catalysts, various acetylenic and olefinic MCPs
bearing three-carbon tethers undergo cycloaddition reactions through distal
ring opening of MCPs to afford bicyclo[3.3.0]octanes. For example, the olefinic
MCP 179 affords cis—fused adduct 180 in the presence of Pd(0) catalysts (Eq.

117). (14O’|ﬂ1)

Ph Ph
: Pilg[{thﬂ] 1,."'
(i—PrO)P s
toluene, 110° (117)
=
8]
179

The reaction path is altered by the structure of the substrates, and both the
Ni(0)-and Pd(0)-catalyzed reactions of cyclooctane derivative 181 give
[3.3.3]propellane 182 as the sole product through distal cleavage of the MCP
ring (Eqg. 118). (142, 143) The
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reaction course may be strongly affected by transannular interaction of the
MCP and alkenyl moieties, which is well known in medium-ring compounds.
The cycloaddition is feasible for both electron-deficient and simple alkenes
(R = CO,EL, H).

The Pd(0)-catalyzed intramolecular cycloaddition of each of the two
diastereomers of substrate 183 gives a similar mixture of the two geometric
isomers 184 and 185 in a 5:1 ratio (Eq. 119). (144) The observed “memory
loss” is initially rationalized

Pds(dba)y/ f\ \
(i-PrO);P '

COsMe  toluene, 110° = l CO:Me
183 CO,Me MeO-C COsMe
R'=Me,R*=H 184 (59%) 5:1 185
or R = H, R* = Me

— g 5 2 Me

119
MeOoC coMe 19

in terms of a relatively long-lived palladium-TMM type intermediate, but a
mechanism that involves direct attack of the cyclopropyl group on alkynes as
in Eqg. 29 can also account for the observed loss of selectivity.

The regiochemical change with respect to the substituents on the MCP is
controlled in the reaction of alkylidene MCP 186, and the cycloaddition
selectively affords alkylidenecyclopentene 187 as the sole product (Eq. 120).
(57) This result stands in sharp contrast to the intermolecular reaction.

”'(:"I,H'_.' (:'I,H:'-J‘i' C:Hj-h’
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MeO,C



4.2.3.2. Stereospecificity

Palladium-catalyzed intramolecular cycloadditions of the diastereomeric
acetylenic MCPs 188 and 190 occur stereospecifically (>100:1) with retention
of configuration, and give the diastereomeric cycloadducts 189 and 191,
respectively (Egs. 121 and 122). (57) This pattern is observed for all the
diastereomeric cycloadducts, regardless of the substitution pattern.

Il';\, H C |{||
/\{] - Pd-(dba); (5 mol%) 2%
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MeO,C T -PrO)sP (20 mol%) =/ (121)
Nn 3
r\-'ii.f(}_:{:
188 189
|1 H F:ﬁH|
A gy Pladba); 2 mol%) J\m -
MeO,C. T PrO)P (8 mol%) = 7 (122)
Nn '
- F\'Tt!(..]:_n{:‘
190 191

[]

4.3. Transition Metal Mediated Reactions of Silylated Allylic Acetates
4.3.1. Availability of TMM Precursors
2-Acetoxymethyl-3-allyltrimethylsilane (41) is the most common precursor of
the dipolar TMM-Pd intermediate. This compound can be prepared in 60%
overall yield by metalating a -methylallyl alcohol with n-BuLi followed by
qguenching with trimethylsilyl chloride, hydrolysis of the silyl ether, and
O-acetylation of the resulting alcohol (Eq. 123). (69, 145, 146)

)_H 1. n-BuLi, Me;Si1Cl )J\ AcCl/py

2. H;0* [ ]
OH Me:Si  OH MeySi OAc

(55%) 41 (92%)

(123)



The same compound can be also prepared from
2-(chloromethyl)-3-chloropropene or trimethylsilylethyl glycolate. Substituted
derivatives can be prepared from the corresponding substituted alcohols.
Alternatively, a silyl-substituted allylic acetate or 2,3-dibromopropene can be
used as the starting material for substituted derivatives (Eq. 124). (75) The
isomeric allylic acetates are also prepared from substituted
alkylidenemalonates (Eq. 125). (74)
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In addition to the acetate, other ester derivatives, including carbonate,
benzoate, and mesylate, have been used as TMM precursors. These
precursors are prepared by methods similar to those described above. The
leaving group sometimes affects the course of the reaction, and specific
examples are discussed later. Allylic bromides, however, cannot be used as
precursors.

4.3.2. Intermolecular Applications

4.3.2.1. Cycloaddition to Alkenes

The zwitterionic TMM-Pd complex 5 possesses nucleophilic character, and
reacts preferentially with alkenes bearing electron-withdrawing groups, such
as esters, nitriles, ketones, and sulfones. Simple alkyl-substituted alkenes
such as norbornene derivatives or electron-rich olefins such as enamines fail
to react. Thus, cycloaddition with norbornadiene 192, which possesses both
an electron-deficient and an unfunctionalized double bond, selectively occurs
at the electron-deficient double bond (Eq. 126). (65, 69) However, highly
electron-deficient alkenes, such as TCNE, do not give adducts under these



reaction conditions, presumably because electron-transfer processes, such as
oxidation of the Pd catalyst, disrupt the cycloaddition.

\ 4l \ . _COMe
=es PPhAY fdnne [ — T A COsMe
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Several Pd(0) and Pd(ll) salts can be used in this catalytic system. The
reaction proceeds best with a Pd(0) catalyst that bears arylphosphine ligands,
normally with a ligand:Pd ratio of 4:1. The typical catalysts used are (PhsP)4Pd
or a Pd(OAC)./(i-PrO)sP combination. When the Pd(ll) catalyst is used, it is first
reduced to Pd(0) with n-BuLi, DIBAL-H, or the alkene reactant. Although there
are no significant differences in yields between the Pd(0) and Pd(ll) catalysts,
the latter does offer a unique advantage of being able to vary the nature of the
ligand without preparing the corresponding Pd(0) complex and to avoid
handling of air-sensitive complexes.

The solvent also plays a very important role. Changing from toluene to THF
dramatically shortens the reaction time and enhances the yield of cycloaddition.
In dipolar tic solvents such as acetonitrile or DMF, the reactions proceed
even at roﬂemperature although the yields may be somewhat lower.

The cycloaddition is sensitive to the steric bulk and the structure of the
acceptor. Trisubstituted alkenes and enones of medium ring size are usually
poor acceptors toward the cycloaddition. For example, the Pd-catalyzed
reaction of precursor 41 and substrate 193a (R = Me) affords the desired
cycloadduct 194a in only 5% yield (Eqg. 127). (147) In such a situation,
installation of a 2-carbomethoxy group, such as in enone 193b (R = CO;Me),
enhances the electron-deficiency of the acceptor and increases the yield (71%
yield for 194b with complete stereoselectivity).
2-Carbomethoxy-2-cycloalkenones in medium-size rings also show higher
reactivities toward the TMM—-Pd complex.

(126)
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Vinylsulfones are good acceptors for the TMM-Pd complex and serve as
masked alkenes by cycloaddition followed by reductive desulfonylation. For
example, the reaction of precursor 41 with the enantiomerically enriched
vinylsulfone 195 affords bicyclic product 196. Sodium amalgam reduction and
deprotection affords alkene 197. The overall sequence represents the
equivalent of a cycloaddition of a cyclohexene derivative (Eq. 128). (148) In
addition to desulfonylation, other functional group manipulations provide
access to a variety of cyclopentane derivatives. Because sulfones are good
leaving groups, oxidation of the exomethylene group or alcohol function of
intermediate 196 followed by base treatment provides fused enone derivatives
198 and 199.

HO
D 1. TBAF H
2. Na(Hg) ' ' (68-81%)
MeOH ““f;i
197
41 RO
H
Pd(OAc)/ 03, MeOH o
y (i-PrO); MesS, EN L ‘ (128)
SO,Ph 50,Ph 198
R = TBDMS (53%) |. TBAF 0

trans:cis = 9:1 2. (COCI, )Lx,_f

196 DMSO, -
i-PINEt, 199
3. AlLO4



4.3.2.2. Cycloaddition to Alkynes

Cycloaddition of TMM—-Pd complexes with alkynes would potentially give
methylenecyclopentenes, but this process has not been effective. Alternatively,
alkynes are temporarily masked by the Diels-Alder reaction and regenerated
after the cycloaddition by flash vacuum pyrolysis (Eq. 129). (149)

41
Pd()
=——C0-Me H— (R9%0)
. CO;Me
@ . 550" (129)
! 41
o 1
N PA(OAC),/(i-PrO)P [\ o
— -C0-Me _ . e VL““ (RE
2 , (85%)
M THEF. reflux /7 ﬁa//\;/ ‘

4.3.2.3. Cycloaddition to Dienes and Trienes

In the reaction of precursor 41 with dienes, [3 + 4] cycloaddition competes with
[3 + 2] cycloaddition. Selective [3 + 2] cycloaddition takes place when a
sterically bulky phenyl-substituted TMM-Pd complex is used with acyclic
dienes (Eq#50). (150) On the other hand, conformational restriction of the
diene to itslcidoid geometry enhances the formation of the [3 + 4]

MeO,C-_ Ph
."'r"'l s 5| YAC
€3St OAc ) -~ Ph (989%) (130)
J|/ Pd”“]h]}}_ \'11:_(}1(“ 5
MeO,C dioxane, reflux — CO;Me

cycloaddition product to afford seven-membered rings (Eq. 131). (151)
Cycloaddition to tropone derivatives, being cyclic trienes, selectively gives the
[3 + 6] cycloadducts. (152)

CO5(CH,),Ph 41 CO,(CH;),Ph

= Pd(OAC)/(i-PrO)P ;¥ (131)
— i | (88%%)
n-Buli - /



4.3.2.4. Effects of High Pressure

The regioselectivity of cycloaddition of substituted TMM-Pd complexes is
pressure dependent (Eqg. 132). (153) At ambient pressure, the reaction takes
place from a thermodynamically more stable TMM-Pd complex, and under
high pressure an initially generated TMM-Pd complex, e.g. 50 and 51 in Eq. 47,
reacts preferentially. In the reaction of the isomeric methyl-substituted TMM
precursors 200 and 201 with coumarin, the major product under ambient
pressure is the same cycloadduct 202. High pressure inverts the
regioselectivity of the cycloaddition starting from precursor 200, now favoring
cycloadduct 203, whereas the isomeric TMM precursor 201 shows enhanced
selectivity for isomer 202 at high pressure.

| N
MesSi  OAc P ™ i
= . H. /
200 SNy A ‘
o1 i | H + H
Pd(()) AP ['}"’Q‘t‘( )
' O (]
202 203 (132)
MesSi OAc
201 TMM precursor pressure 202:203 202+203
D 200 | atm 8.9:1 (63%)
21 | atm 10.1:1 (63%)
200 15kbar 1:2.8 (64%)
201 15 kbar 14:1 (67%)

4.3.2.5. Carboxylative Cycloadditions

The silyl-substituted TMM—-Pd complex generated from precursor 204 can
react directly to give the silyl-substituted methylenecyclopentane 205 or
carboxylated methylenecyclopentane 206 depending on the nature of the
leaving group (Eq. 133). (154, 155) By the use of acetate 204a, the
cycloaddition with coumarin proceeds regioselectively to give product 205. The
same reaction with carbonate 204b leads instead to the carboxylic acid 206 as
a single diastereomer.

4.3.3. Asymmetric Induction by Chiral Auxiliaries
Asymmetric induction is achieved by the use of conformationally rigid
acceptors. Chiral auxiliaries of the type utilized in many Lewis acid catalyzed



Diels-Alder reactions, such as substituted oxazolidin-2-ones and camphor
sultams, have not been successful with the [3 + 2]

af=1:9
Me:Siy

R=Ac
- (62%)
SiME;
m Pd(PPhs), (133)
K et ratbatiacL v Sl
toluene, 807
, O O '
ME}.SIZMUR R =CO;Me

- (B1%:)
a: R =Ac
bh: R = CO,Me

cycloaddition (4—26% diastereofacial selectivity). The use of chiral sulfoxides,
such as 207, as the auxiliary increases diastereofacial selectivity to
synthetically acceptable levels (75-90% diastereofacial selectivity) (Eq. 134).

(156)
41
Ph D Pd(OAc)-/(i-PrO);P
\__Tol . —=— : + :
E"*.o THF, reflux Pr ~Sirﬂ1 PH S;;rﬂl (134)
O 1 A I -
0 0
207 (80%) 9:1

The lack of diastereofacial selectivity may be attributed to the conformational
mobility of the acceptors in the absence of a Lewis acid. Therefore, the use of
alkenes possessing conformationally rigid chiral auxiliaries, such as 208, 212,
and 213, results in high diastereofacial selectivity. Pd(0)-catalyzed
cycloaddition of substrate 208 with precursor 41 in THF at 70° gives a 3:1
mixture of two adducts 209 and 210 (Eq. 135). (157) Removal of the chiral
auxiliary by basic hydrolysis followed by esterification gives the single product
211.
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Both enantiomeric series are available either by using the enantiomeric chiral
auxiliary or by changing the alkene geometry (Egs. 136 and 137). (157) In all
reactions of the Z-alkylidene acceptor, the facial selectivity with respect to the
acceptor is >96%. For the E acceptor, the facial selectivity drops to 90%.

QO ["ol-*ltr
N -Ph

41

- (84%)
PA(OAC)/(i-PrO):P 7 (136)

. £ - 0O Me .
CoHyOMe-p Q e
Al/ 0 ’III L --Ph

MesSi OCO;Me
0 (70%) (137)
“Ph Pd(OAc)./(i-PrO);P p-MeOCgH;

4.3.3.1. Asymmetric Induction with Chiral Catalysts



Asymmetric induction by chiral transition metal complexes has so far met with
little success, probably because the bond-making process occurs on the face
opposite to that complexed with palladium. (73) The most successful examples
employ the chiral ferrocenylphosphine 214, which affords up to 78%
enantiomeric excess (Eq. 138). (158) Other chiral phosphines, such as
CHIRAPHOS [bis(diphenylphosphino)butane], BINAP
[2,2¢-bis(diphenylphosphino)-1,1¢-binaphthyl], DIOP
[2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane] or
CAMP (cyclohexyl-o-anisylmethylphosphine) lead to the cycloadduct with low
enantioselectivity (4-46% ee). (67)

COMe
Pd(dba);»CHCl4/L*

[ . ~SOzPh I_50,Ph

MeOC MeOC
i( ) (138)
= X X = NMeCH(CH,OH), (519) 75% ee (26%) 78% ee
b Y I

L*= pe PPh X = NMe, (62%) 54% ee (32%) 61% ee

= .
<<>—PPhy

214

4.3.4. CyclEleition to Carbonyl Compounds

Although the palladium-catalyzed reaction of allylic acetate 41 and an
aldehyde gives only the allylated product 216, addition of a catalytic amount of
R3SnOAc (R = Me, Bu) results in a clean cycloaddition reaction to afford
2-substituted 4-methylenetetrahydrofurans 217 in high yield (Eq. 139). (146,
159) The reaction requires a mixture of approximately equimolar amounts of
an aldehyde and precursor 41 in THF with a Pd(0) catalyst and

Pd(0) |

- . _-Ph (low)
e AcO  OSiMe;
+
““"/é\‘k]-‘h 216 (139)
M OAc Pd(OAc),/PhyP 0
41: M = SiMe, - - o (65%)
215: M = SnBu; dioxane. reflux Ph

217



10-25 mol% of R3SnOAc as a cocatalyst. In both chemical yield and
cleanliness of the reaction, trimethyltin acetate is superior to tributyltin acetate.
However, the toxicity and high volatility of trimethyltin acetate require careful
handling. Allylic acetate 215 also gives a hetero[3 + 2] cycloadduct in the
presence of Pd catalysts without an added tin cocatalyst. Although many
ketones are unreactive, sterically unencumbered ketones, e.g.
3,5-dioxacyclohexenones, 5-oxacyclohexanones, a 2-acylfuran, and an
alkynyl ketone serve as carbonyl acceptors in the cycloaddition.

4.3.4.1. Chemoselectivity

The cycloadditions of enals and enones with TMM-Pd complexes take place
with high chemoselectivity. The reaction of enals with precursor 215 occurs
exclusively at the aldehyde group to give methylenefuran 218 (Eq. 140). (159)

)J\ Pd(OAc)s. PhyP o
N “”C\}\ THF, reflux LA P g
BuySn  OAc > ECTIX i
215 218

On the other hand, cycloaddition takes place exclusively at the alkene moiety
in the reaction of enones. For example, the reaction of enone 219 with one
equivalent recursor 41 occurs selectively at the alkene to give
methylene(ﬂjopentane 220 as the sole product (Eqg. 141). (71) The carbonyl
groups of compounds 219 and 220 are unreactive, but when there is a benzoyl
protecting group, the carbon-oxygen double bond reacts with excess precursor
41 to give the bis-adduct 221 in moderate yield.
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The course of the reaction is altered from cyclopentane formation to
tetrahydrofuran formation by the use of an In** cocatalyst. Both
tris(2,4-pentanedionato)indium and its hexafluoro analog direct the reaction
course to 1,2-addition (Eq. 142). (160) Exomethylene enones, such as 222,
which are particularly prone to conjugate addition, can be diverted, in the
presence of the indium cocatalyst, from exclusive 1,4-addition yielding 223, to

exclusive 1,2-addition yielding isomer 224.
41

Pd(OAc), (5 mol%e)
({-PrQ):P (40 mol%)

MesSi O-CBu-f

Pd.(dba)y (2.5 mol%e)
PhyP (25 mol%)
"In" (10 mol%)

"In" = tris(2, 4-pentanedionato indium

)

O3%

(142)

Bl1%

(141)



4.3.4.2. Diastereoselectivity

The 1,2-diastereoselectivity of the reaction of TMM-Pd complexes with
a-substituted aldehydes is also excellent, and the cycloaddition with aldehyde
225 affords product 226 as a single diastereomer (Eq. 143). (159) The major
pathway followed by the reaction is predicted by the Felkin-Anh model 227,
whereas an alternative model 228, which better minimizes dipole-dipole and
nonbonded interactions, predicts the same diastereoselectivity.

L

>< 21 ><

o "o Pd(OAC),/PhyP f-i }3'
j dioxane, reflux i } ) (143)
Al s 1k s s _'__,-' 2
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225 226
0
MED\(&' f’D
O@ <
HH
227 228
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4.3.4.3. Regioselectivity

Alkyl-, phenyl-, vinyl-, and acetoxy-substituted TMM-Pd complexes also react
with aldehydes in the presence of organotin cocatalysts. In contrast to the
cycloaddition of the substituted TMM-Pd complexes with electron-deficient
alkenes, the regioselectivity of the hetero [3 + 2] cycloaddition varies
depending on the structure of the TMM precursor as well as the reaction
conditions.

Reaction of the methyl-substituted TMM, generated from precursor 229 in
benzene with palladium acetate/PhsP as the catalyst and MesSnOAc as the
cocatalyst, with cinnamaldehyde gives a mixture of products 232 and 233 (Eq.
144). (161) The product ratio depends on the concentration of precursor 229;
higher concentration gives a higher 232:233 ratio (1.7:1 at 0.05 M and 8.1:1 at
0.30 M in 91-95% yield). In the presence of BusSnOAc as the cocatalyst, the
232:233 ratio decreases to 1.6:1. On the other hand, the tin reagent 230 reacts
well when Me3SnOTs is used as the cocatalyst yielding a 32:1 mixture of
isomers 232 and 233. Reaction of the isomeric precursor 231 in the presence



of Me3SnOAc cocatalyst gives a 1:200 mixture favoring the opposite
regioisomer 233.

MesM OCO-Me
229: M = Si onc”>-Ph ? 0
230: M = Sn - 8] + e
or Pd{[..}r""nll.‘]:f?h:,f‘] b Ph

=
cocatalyst, CgHg ER
232 233

(144)
Me;Si OAc precursor  cocatalyst 232:233 232+233
231 229 Me1SnOAc 12:1  (86%)
230 MeaSnOTs 321 (82%)
231 MeiSnOAc 1:200  (94%)

Installation of conjugating groups on the TMM decreases the reactivity of the
TMM-Pd complex. Thus, the cycloaddition of phenyl-substituted
TMM-complexes generated from either pecursors 234 or 235 with
cinnamaldehyde selectively gives isomers 236, which are derived from the
thermodyngmyjcally more stable TMM complex, regardless of the structure of
the precur (Eqg. 145). (161) Electron-withdrawing substituents, such as
cyano and carbonyl, as the TMM substituents cause the TMM—Pd complex to
be unreactive.

%Lrph

MC:ISE OAc Pd{(]f"'k[f]}l'lphilp
' . 0
234 Me:SnOAc
. + OHO AP — - = (51-72%)
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1
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Among various substituents on the TMM—-Pd complexes, the phenylthio group
serves as an effective regioselectivity control element. In the cycloaddition of
mono- and disubstituted TMM—-Pd complexes, initial bond formation occurs
between the electrophilic terminus of the acceptor and the sulfide-bearing
carbon of the TMM intermediate. The subsequent ring closure takes place at
the less electron-rich allyl terminus of the intermediate p -allylpalladium
complex (Eqg. 146). (162)

CHO
_ (_v_ o Pd(OAC)2/(i-PrO);P/
/ O ) Me;SnOAC/BSA —
g \ (419:)  (146)
toluene, 65-95°
MesSi  OCO,Me 0—X

The regioselectivity of the cycloaddition is especially high when
2,4-bis[(4,6-dimethyl-1,3,2,-dioxaphosphorinan-2-yl)oxy]pentane (237) is used
as a ligand _Eor example, cycloaddition with disubstituted TMM—-Pd complexes
requires th¢ jdentate phosphite 237, and affords a single regioisomer (Eq.

147). (162)
PRS- \_ S
OHC Pd(OAC),/237 :
. . ; L /( (57%)
| dioxane, 100° (9]
MesSi  OAc
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4.3.5. Cycloaddition to C = N Double Bonds

Aryl- and alkyl-substituted imines react with the mesylate precursor 238 in the
presence of a Ni(0) catalyst to give 4-methylenepyrrolidines. In the reaction
with simple imines, Ni catalysts usually give better results than Pd catalysts.
Various imines derived from aromatic, conjugated, and aliphatic aldehydes
and ketones participate in the cycloaddition in good to excellent yields. In the
reaction with cinnamaldehyde N-phenylimine, TMM addition takes place highly
chemoselectively and occurs exclusively at the imine moiety (Eq. 148). (88)

-Ph

f\l.'l-"h N
Ni[P{OEt}:], _
oo = | - (69%) (148)
e OMs toluene, reflux
N - Ph

Imines possessing an electron-withdrawing group either on the sp? nitrogen or
on the sp? carbon show enhanced reactivity. (163) For example, tosylimines
derived from aromatic and aliphatic aldehydes are excellent acceptors and
react smoothly with TMM—Pd complexes to give the corresponding
methylenepyrrolidines in good to excellent yields (Eq. 149). The N-phenylimine
of ethyl glyoxylate also reacts with precursor 41 in the presence of a Pd(0)

catalyst (EBSO).

AI's
J\ Tf\T"’ PA(OAc)+/PhsP, BuLi N
+ - (90%) (149)
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Ph

NPh Pd(OAC)/ (i-Pr);P N
a : — (77%)
~CO-E dioxane, 100° :CK B (150)
MesSi OAc  CO2H COEt

41

Because of the stronger electron-withdrawing nature of the nitro group,
nitrimines derived from relatively hindered ketones participate in the



cycloaddition. The menthone-derived nitrimine affords the cycloadduct with a
17:1 diastereoselectivity (Eq. 151). (163) These hindered acceptors give good
yields of cycloadducts, but the unhindered nitrimines bearing an a -hydrogen
atom fail to give cycloadducts because of the ease of enolization.

NO,
. | N Pd(OAC)/(i-PrO)P 7301
ol ot THE, 65° U sy
Me;Si  OAc e N o
41
Cycloaddition with both the phenyl- and cyano-substituted TMM units to
benzaldehyde N-tosylimine proceeds in high yield with excellent
regioselectivity. (163) In the former example, the cycloadduct is formed as a
4.6:1 mixture of diastereomers (Eq. 152). In the latter example, the initial
cycloadduct is not observed and isomerization of the initial product to the
thermodynamically more stable endocyclic conjugated isomer takes place
under the reaction conditions (Eq. 153).
1o = _.fT\
)—L Ph NTs  Pd(OAC)y/(i-PrO);P :( N
Rt £ g - -JL"'E : {quant.) (152)
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4.3.6. Intramolecular Applications

Intramolecular versions of the reaction provide a valuable synthetic route to
bicyclo[3.n.0]alkane ring systems. When TMM precursor 239 tethered to an a,
B -unsaturated ester is treated with a Pd(0) catalyst, the cycloaddition occurs
selectively via the exo mode to form the cis bicyclo[3.3.0]octane 240 as the
sole product (Eq. 154). (164, 165) No product derived from endo cycloaddition
to form the seven-membered ring is observed.
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BSA: N, O-bis(trimethylsilyl)acetamide

An ester group can serve as a cleavable tether. For example, cycloaddition of
the cyclic a, B -unsaturated sulfone 241 followed by hydrolysis of the ester
affords the bicyclo[3.4.0]-, [3.5.0]-, and [3.6.0] skeletons with high efficiency.
The cycloaddition mainly affords the cis-ring-fused products 242, but small
amounts of the isomerized products 243 and trans-fused product 244 are
formed (Eq. 155). (166) Because the intermolecular cycloaddition to medium
ring alkenes often fails, this reaction sequence serves as a convenient
alternative for the synthesis of variety of bicyclic carbocycles.
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n 2424243+244  242:243:244

1 (62%) 1.7:1:0

2 {63%) 2571

3 (78%) 9:8:1

4.3.6.1. Effects of Tether Length

Cycloadditions also proceed with substrates bearing four- and five-carbon
tethers, yielding bicyclo[4.3.0]nonane and bicyclo[5.3.0]decane ring systems.
The formation of bicyclo[4.3.0]nonanes is less selective with respect to the ring
junction, and the reaction of four carbon tethered compound 245 affords a 2:1
mixture of B - and a -adducts 246 (Eqg. 156). (165) The configuration of the
trans-vinylsulfone is retained in the product, but not in the corresponding
reaction of the cis-vinylsulfone, since the reaction occurs in a stepwise fashion.
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PhO,S H
245 246

The formation of seven-membered rings is less efficient than that of five- and
six-membered rings, and the five carbon tethered vinylsulfone 247a does not
give any cycloadduct. In such a case, the use of a highly electron-deficient
alkene is effective and the reaction of doubly activated substrate 247b
proceeds smoothly to give adduct 248 as the sole product after isomerization
of the exomethylene double bond (Eg. 157). (167)
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R
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(157)

4.3.6.2. Effects of Substituents

Incorporation of an acyl substituent a to the silyl group on the TMM, like the
TMM generated from 247, considerably improves the efficiency of
cycloaddition by minimizing the protodesilylation reaction, which is a serious
side reaction when the TMM is not acyl-substituted. Intramolecular reaction of
a substituted TMM-Pd species permits the synthesis of bicyclo[n.3.0]alkane
(n = 3-5) ring systems. (168)

4.4. Cycloaddition of Stable TMM-Metal Complexes

Although the intermolecular cycloadditions of stable n *-TMM- Fe(CO)3
complexes with alkenes are generally not synthetically useful, the
intramolecular reactions can be useful with proper choice of substrates. Thus,



the oxidative decomplexation of E-substituted TMM-Fe complexes 249 bearing
an enone moiety takes place smoothly, and leads solely to the bicyclic
methylenediquinane ketones 250 (Eq. 158), whereas the Z-substituted TMM
complexes 251 are converted exclusively to 5-vinylcyclooctenones 252 (Eq.

159). (169)
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5. Synthetic Applications

The TMM cycloaddition has been applied to a number of total syntheses and
synthetic studies of various natural products. The main advantage of this
method is the single-step construction of five-membered rings from readily
available starting materials. It is also worth noting that the MCP route gives
cyclopentane derivatives with high atom economy. The cycloaddition reaction
often takes place with high levels of regio- and stereoselectivity to generate
multiple stereogenic centers on the five-membered rings. In addition, the
reaction provides an alkylidene functional group that is useful for further
synthetic transformations.

The cycloaddition of the TMM-Pd complex generated from precursor 41 with
enantiomerically pure enoate 253 takes place with high diastereoselectivity

and with control of the trans ring junction. The cycloadduct 254 has been
converted to (+)-brefeldin A (Eg. 160). (170)
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Cycloaddition with cyclic acceptors provides a valuable method for the
preparation of bicyclo[3.n.0Jalkane structures. Cycloaddition of the TMM-Pd
complex with 2,3-dicarboethoxynorbornene is a key reaction for a five-step
synthesis of (x)-albene. (171) The regioselective cycloaddition of the
methyl-substituted TMM-Pd complex with cyclopentenone creates the proper
substitution pattern for the synthesis of the members of the iridoid family, such
as loganin aglycon and chrysomelidial. (172)
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The TMM cycloaddition is useful for the synthesis of not only naturally
occurring biologically active compounds, but also unnatural bioactive
compounds. For example, the thermal cycloaddition of TMM and
buckminsterfullerene (Ceo) gives isomeric cycloadducts 255 and 256 (Eq. 161).
(173) Further functionalization of the hydroxyl group of isomer 256 allows the
synthesis of the water-soluble derivative 257, which shows distinct
photo-induced biological activities including cytotoxicity, DNA cleavage, and
inhibition of enzymes. (174-177) The use of a **C-labeled TMM allowed the
synthesis of the first radio-labeled water-soluble fullerene derivative and
revealed the first pharmacokinetic behavior of an organofullerene. (178)
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The diversity of functional groups on the cycloadducts of TMM species is
useful for further elaboration to complex structures. For example, the
exomethylene moiety of the TMM-cyclopentenone adduct 258 serves as a
precursor of a gem-dimethyl group, and the ketone moiety derived from
cyclopentenone serves as a directing group for the subsequent construction of
an additional methylenecyclopentane ring (Eq. 162). (179) The Pd-catalyzed
cycloaddition of TMM to activated bicyclooctane 259

N
O H O N
TS -
: = , Et:N. MeCN
H H

258 IIII:'III (162)

NiCls(PhyP), H j
MeMgBr, CqHg,
" H
H

hirsutene (35%)

sets two stereogenic centers with complete selectivity to give product 260, and
the subseqgpept intermolecular aldol condensation of the diketone 261 provides
a straightforward construction of hydroxykempenone skeleton 262 with high
efficiency (Eq. 163). (180) The exomethylene group of the cycloadduct is also
used as the dienophile in the Diels-Alder reaction. A sequence of [3 + 2]
cycloaddition, cobalt mediated [2 + 2 + 2] cycloaddition, and [4 + 2]
cycloaddition provides stereoselective and straightforward access to the
phyllocladane skeleton in eight, high-yielding steps starting from
1,5-hexadiyne (Eq. 164). (181)
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The enantiomerically enriched cyclopentanone 264 is formed by the
stereoselective Pd-catalyzed [3 + 2] cycloaddition of the
4-methoxyphenyl-substituted TMM with enantiomerically enriched substrate
263 followed by hydrolysis, esterification, and ozonolysis. Carbon-carbon bond
formation with the carbonyl moiety of intermediate 264 and subsequent
cyclization provides a synthetic route to (-)-rocaglamide (Eq. 165). (182)
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Cyclopropyl-substituted methylenecyclopentanes are formed by the
cycloaddition of cyclopropyl-substituted TMM derivatives. The
vinylcyclopropane moiety in the cycloadduct rearranges to the cyclopentene
upon thermolysis. For example, cycloadduct 265 undergoes vinylcyclopropane
rearrangement and retro Diels—Alder reaction to form product 266 by flash
vacuum pyrolysis (FVP). Functionalization of the enone moiety and
subsequent oxidative cleavage of the internal double bond provides a
synthetic route to 11-hydroxyjasionone (Eg. 166). (183) In addition to
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thermal rearrangements, transformation of vinylcyclopropanes to substituted
dienes followed by coupling with an alkyne in the presence of a Rh catalyst
has also been reported (Eqg. 167). (126)
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Intramolecular cycloaddition also provides a single-step construction of a
variety of fused and bridged ring systems. The cycloaddition of the cyclic TMM
derived from diazene 112 gives linearly fused triquinane 113, which is easily
converted into coriolin and hypnophilin (Eq. 168). (99) Pd-catalyzed
intramolecular reaction is also useful for the synthesis of conformationally
restricted kainic acid derivatives (Eq. 169). (184)
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Cycloaddition/oxidative ring enlargement is a useful method for the synthesis
of medium-sized ring compounds. For example, tricyclic compound 271 is
prepared starting from diazene 267 followed by several chemical
transformations on the [3 + 2] cycloadduct 268. Oxidative cleavage of the
double bond of product 269 provides the cyclooctane 270, which is a precursor
of the taxol@eleton 271 (Eqg. 170). (185)

Direct formation of medium-sized rings is also possible. The intramolecular
cycloaddition of substrate 272 gives a seven-membered product which is
converted into (—)-isoclavukerin A (Eq. 171). (167)



6. Comparison with Other Methods

While 1,3-dipolar cycloaddition is a well-known [3 + 2] cycloaddition for the
synthesis of heterocycles, there are few reported methods for single-step
construction of five-membered carbocycles besides TMM cycloadditions. (186,
187) This section covers the single-step or the one-pot construction of
five-membered rings by cycloaddition or annulation. Sequential multi-step
cycloaddition reactions are not covered, as they have already been reviewed.
(188, 189)
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Vinylcarbene possesses four p electrons on its 1,3-dipole skeleton, and a
dipolar vinylcarbene thermally generated from cyclopropenone acetal reacts
with highly electron-deficient olefins to give cyclopentenone acetal derivatives
(Eqg. 172). (190-192) Recent advances in the synthesis of various substituted
derivatives of cyclopropenone acetal (R* * H) greatly expand the utility of this
method. (193-197)
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The allyl anion also possesses a 4 p -electron system that is potentially
suitable for the concerted [3 + 2] cycloaddition reaction to form a cyclopentane
anion. The allylic lithium reagent generated by deprotonation of a
-methylstyrene (273) undergoes stereospecific cyclization with trans-stilbene
to give product 274 after protonation (Eqg. 173). (198) Allylic lithium reagents
possessing anion-stabilizing groups, such as cyano (275) (199, 200) and
SO2R (276), (201) also react with olefins to give cyclopentane derivatives. A
stepwise mechanism has been proposed for the annulation of anion 276 with

alkenes. D
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Several s -allyl- and s -allenylmetal compounds have been employed for the
cyclopentane annulation reactions. For example, allenic silane 277 reacts with



an electron-deficient olefin in the presence of a Lewis acid to form substituted
cyclopentene 279 (Eq. 174). (202, 203) 1,2-Cationic shift of the trimethylsilyl
group as represented in intermediate 278 gives a [3 + 2] annulation product.
Allylic and propargyl silanes and allylic stannanes also undergo similar types of
[3 + 2] annulations which involve 1,2-cationic silyl and stannyl migration.
(204-208) Enantiomerically enriched cyclopentane products are formed when
enantiomerically enriched allylic silanes are employed (Eqg. 175). (209)
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Several s -allyl-, s -propargyl-, and s -allenyl transition metal species, derived
from Fe, W, and Cr, also react with highly electron-deficient olefins. (210-212)
This type of reaction also involves a 1,2-cationic shift of the metal group. The
annulation of allenyliron complex 280 has been applied to the synthesis of
azulene 282 by using tropylium iron complex 281 as an acceptor (Eqg. 176).
(213)
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Although allyl cations possess a 2 p electronic system that is electronically
unsuitable for [3 + 2] cycloaddition reactions, they undergo stepwise [3 + 2]
annulation with proper choice of substituents. For example, oxyallyl cation 283,
which is generated from 1,3-dibromoacetone and Fe,(CO),, reacts with
conjugated or electron-rich alkenes to afford cyclopentane derivatives (Eq.
177). (214-216) Organosulfur groups are good reaction-controlling groups, and
sulfur-substituted allyl cation 285 generated from precursor 284 reacts with a
variety of electron-rich and unactivated alkenes (Eq. 178). (217) The reaction
of cation 285 with 286 is the key step in the synthesis of coriolin (Eq. 179).
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Tandem radical cyclizations of homopropargyl radicals with alkenes also give
cyclopentanes (Eqg. 180). (219, 220) The reaction involves generation of
homopropargyl radical 287 from homopropargyl iodide followed by
consecutive C — C bond formation of 287 with methyl acrylate and
intramolecular addition of the alkyne moiety of the resulting radical 288 to form
the five-membered ring radical 289.
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Various cyclopropane derivatives serve as three-carbon units for [3 + 2]
annulation. Electron-poor (221) and electron-rich cyclopropanes (222) serve
as three-carbon units, but their synthetic utilities are rather limited.
Vinylcyclopropanes undergo cyclopropane ring opening and subsequent
annulation with alkenes in the presence of a metal catalyst (Eq. 181) (223) or a
thiyl radical catalyst. (224, 225) Addition of the catalyst to
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the double bond of the vinylcyclopropane triggers the ring opening.
Cyclopropanes bearing electron-donating and accepting groups also react with
alkenes in the presence of fluoride ion or Lewis acid. (226, 227) Fluoride ion
induced desilylation of siloxycyclopropane ester 290 and concomitant ring
opening generate homoenolate system 293. The successive trapping of 293
with activated alkenes such as vinylphosphonium salt 291, followed by
intramolecular Wittig reaction of the resulting ylide 294, gives rise to product
292 (Eq. 182). (226)
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Zinc homoenolates also serve as three-carbon units. For example, the reaction
of zinc homoenolate 295 and activated alkyne 296 affords cyclopentene 297
through conjugate addition, intramolecular aldol condensation, and
dehydration (Eqg. 183). (228, 229)
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Allenic esters and electron-deficient alkenes undergo [3 + 2] annulation in the
presence of a phosphine catalyst (Eq. 184). (230) The reaction is initiated by
addition of phosphine to the allenic ester to give zwitterionic intermediate 298,
which reacts with electron-deficient alkenes to give ylide 300 via zwitterion 299.
Subsequent phosphine elimination gives rise to the product. When
enantiomerically enriched phosphine 301 is used as the catalyst, high
asymmetric induction is observed. (231)
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a, B -Unsaturated acylsilanes also serve as three-carbon units in [3 + 2]
annulations with ketone enolates (Eqg. 185). (232) The reaction involves
addition of a ketone enolate
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to an acylsilane such as 302 followed by the Brook rearrangement of
intermediate 303 to allylic lithium agent 304. Subsequent intramolecular
addition of the latter to the carbonyl group gives rise to the formation of product
305 after hydrolysis.

A functionalized allylic halide serves as a dianion in the presence of a reducing
agent. (233, 234) Thus the allylic metal species generated from precursor 306
with zinc or tin(ll) fluoride reacts with a 1,2-dione to generate the ketolate
intermediate 307. Its carbonyl group, which is activated by the neighboring
metal alkoxide, is then attacked stereoselectively by the allylic silane to give a
4-methylenecyclopentane-1,2-diol derivative (Eq. 186).
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7. Experimental Conditions

The optimal conditions for the cycloaddition are highly dependent on the TMM
precursors and 2 p -acceptors. Therefore, only a few general considerations,
e.g. solvent, temperature, and catalysts, are given below.

7.1. Free Trimethylenemethane from Diazene

The majority of the intramolecular reactions are carried out in acetonitrile or
THF solution at the reflux temperature. The use of degassed solvents is
preferable to avoid undesirable side reactions with dioxygen. High dilution or
slow addition of the diazene is required to avoid intermolecular side reactions.
The reaction can be also carried out at low temperature by photolysis, and
these conditions are especially useful for achieving high stereoselectivity. (98,
99)

7.2. Dipolar Trimethylenemethane from methylenecyclopropane

Although the reaction requires essentially no solvent, most of the reactions are
carried out in an acetonitrile or propionitrile solution at 60—-100°, because
generation of the TMM takes place much faster in a polar solvent than in a
non-polar solvent. Whereas the reaction does not require rigorous exclusion of
moisture or air because of the singlet nature of the dipolar TMM, the use of an
anhydrous solvent under an inert atmosphere is generally preferred.

7.3. Transition Metal Catalyzed Reactions of Methylenecyclopropanes
The choice of the metal catalyst and the phosphine ligand is critical for the
reaction. Pllddium catalysts are used more often than nickel catalysts
because theTeaction pathways are more predictable. The latter tends to be
more reactive than the former. Palladium catalysts usually require a phosphine
ligand, and i-PrsP is most commonly used. The catalysts are usually prepared
in situ by mixing Pd(dba), or Pd(allyl)Cp with one equivalent of i-PrsP. The
nickel catalyst prepared from Ni(cod), and (2-PhCgH4O)sP is especially useful
for cycloaddition with alkynes. (132) The reactions are routinely carried out in
toluene or without solvent.

7.4. Transition Metal Catalyzed Reactions of Silylated Allylic Acetates
The most frequently employed catalyst for this reaction is a palladium catalyst
generated from Pd(OAc). and (i-PrO)sP. Most of the reactions are carried out
in THF or toluene solution at 60-110°, and the solvent choice sometimes
affects the results.

Acetate is routinely used as the leaving group, although other ester derivatives,
including carbonate, benzoate, and mesylate, can be used as well, and the
leaving group sometime affects the course of the reaction.



8. Experimental Procedures

8.1. Preparation of TMM precursors
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8.1.1. Methylenecyclopropane(34) (114)

A dry, 3-L, three-necked, round-bottomed flask with ground glass fittings was
equipped with a sealed stirrer driven by a heavy-duty motor, an efficient
condenser fitted with a silica gel drying tube, and a 500-mL,
pressure-equalizing dropping funnel connected to a nitrogen inlet. The flask
was charged with 450 g (11.50 mol) of sodium amide and 750 mL of
anhydrous THF, and the dropping funnel with a solution of 283.5 g (3.83 mol)
of anhydrous tert-butyl alcohol in 300 mL of anhydrous THF. While the sodium
amide suspension was stirred vigorously under a nitrogen atmosphere, the
solution of tert-butyl alcohol was added dropwise at room temperature over 3
hours. The stirred mixture was heated to 45° in an oil bath for 2 hours. The
outlet of the condenser was connected with an adapter to a 250-mL
gas-washing bottle containing 100 mL of 5 N sulfuric acid, to trap evolved
ammonia. A silica gel drying tube (15-cm long) joined the gas washing bottle to
a 300-mL trap protected from the atmosphere with a calcium chloride
drying tubeland cooled in a MeOH/dry ice bath maintained at —80°. A solution
of 228 g (2.52 mol) of 3-chloro-2-methyl-1-propene in 500 mL of dry THF was
added to the stirred basic mixture, which was then heated to 65° over a period
of approximately 8 hours; a light nitrogen stream was used to carry 34 into the
cold trap. After the addition was complete, the reaction mixture was stirred and
heated to 65° for an additional 3 hours. The trap flask contained 58 g (43%) of
methylenecyclopropane. IR (gas) 1789 cm™; *H NMR (100 MHz, neat, —10°) &
0.91(d,J=1.8Hz, 2H),2.12 (d,J =1.8Hz, 2 H), 6.47 (m, 2 H); MS m/z (%)
54 (M*, 77.9), 53 (46.5), 51 (29.1), 39 (100), 28 (38.0), 27 (86.3).
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8.1.2. 6,6-Dimethyl-4,8-dioxa-1-methylenespiro[2.5]octane(12) (50)

To a solution of 8.41 g (60.0 mmol) of
6,6-dimethyl-4,8-dioxaspiro[2.5]oct-1-ene (125) and 10.75 g (60.0 mmol) of
HMPA in 60 mL of THF was added 36.8 mL (60 mmol) of n-BuLi (1.6 M in
hexane) at —78° under nitrogen, and the resulting solution was stirred for 30
minutes at this temperature. To this solution was added 9.37 g of CHsl

(66.0 mmol) during 15 minutes. The reaction mixture was gradually warmed to
room temperature over 1 hour, and was quenched by addition of saturated
aqueous ammonium chloride solution over 5 minutes. The aqueous layer was
extracted with Et,O, and the combined organic extracts were washed with
saturated aqueous sodium bicarbonate solution, and brine, dried over sodium
sulfate, and concentrated in vacuo to afford an oily product (10.30 g). To a
solution of the crude product in 10.3 mL of Et,O was slowly added a solution
of 1.35 g (12.0 mmol) of potassium tert-butoxide and 2.80 g (36.0 mmol) of
DMSO in 10.0 mL of ether at 0° under nitrogen. After the solution was stirred
for 2 hours at room temperature, the reaction mixture was quenched by
addition of saturated aqueous ammonium chloride solution. The agueous
phase was extracted with Et,O, and the combined extracts were washed with
saturated aqueous sodium bicarbonate solution, and brine, and dried over
sodium sulfate. Concentration in vacuo afforded an oily product (8.90 g).
Purification on silica gel (elution with Et,O:pentane 1:24) followed by distillation
under reduced pressure (bp 72—73°/18 mm Hg) afforded 6.46 g (70% yield) of
the title product. IR (neat) 3150(w), 1270, 1255, 1245, 1150, 1140, 1070, 1030,
1015, 970, 905 cm™; *H NMR (CDCls, 270 MHz) 5 1.04 (s, 3 H), 1.06 (s, 3 H),
1.62 (dd, J = 3.1, 2.4 Hz, 2 H), 3.63 (s, 4 H), 5.45 (t, J = 2.4 Hz, 1 H), 5.81 (t,
J =3.1 Hz, ); 3C NMR (CDCls, 67.5 MHz) & 18.5 (1), 22.25 (q), 22.3 (q),
30.84 (s), Me-8 (t, two overlapping signals) 84.7 (s), 105.7 (t), 134.6 (s). Anal.
Calcd. for CgH1405: C, 70.10; H, 9.15. Found: C, 70.02; H, 9.25.
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8.1.3. a-(Methylenecyclopropyl)cyclohexanemethanol(308) (116-118)
To a flame-dried round-bottomed flask was added Sm metal (36.0 g,

239 mmol). The flask was flame dried again while being flushed with N,. After
the flask cooled to room temperature, THF (500 mL) was added, followed by
MesSiCl (1.50 mL, 11.8 mmol). The suspension was stirred for 30 minutes at
room temperature. 1-Cyclohexyl-2,3-butadienol (5.00 g, 29.8 mmol) was
dissolved in a small volume of THF and was transferred via cannula to the



flask. The suspension was stirred for 20 minutes at room temperature. The
flask was cooled to —78°, and CHal» (19.0 mL, 236 mmol) was added dropwise.
The mixture warmed to room temperature over 3 hours and was stirred
overnight. The viscous, dark blue reaction mixture was quenched by addition
of a saturated agueous potassium carbonate solution and was extracted three
times with Et,O. The organic layer was collected, then washed three times with
brine, dried over MgSQ,, filtered, and concentrated in vacuo. The crude
mixture was found by GC analysis to be a 1:1.7 mixture of two diastereomers.
After flash chromatography, (R*,S*)-308 (1.34 g) and (R*,R*)-308 (2.33 g)
were isolated in a combined yield of 67%.

(R*,S*)- a -308: R 0.28 on silica gel (hexane:Et,O 2:1); IR (neat) 3381 (br s),
3072 (w), 3051 (w), 2924 (s), 2854 (s), 1743 (w), 1448 (s), 1406 (m), 1124 (m),
1089 (m), 1019 (s), 885 (s) cm™; *H NMR (400 MHz, CDCls) & 0.95 (m, 1 H),
1.30-0.99 (m, 6 H), 1.46 (m, 1 H), 1.50 (d, J = 3.4 Hz, 1 H), 1.87-1.58 (m, 6 H),
2.83 (ddd, J = 8.4, 6.2, 3.4 Hz, 1 H), 5.37 (m, 1 H), 5.40 (m, 1 H); *C NMR
(100 MHz, CDCl3) 6 7.2, 10.8, 26.1, 26.2, 26.5, 28.9, 28.9, 44.0, 78.7, 104.4,
133.3; HRMS Calcd. for C13H17;0 (M — H)™: 165.1279. Found: 165.1289.
(R*,R*)- a -308: R; 0.47 on silica gel (hexane:Et),02:1);IR(neat)3402(br
S),3072(w),3044(w),2924(s),2854(s),1743(w),1448(s),1398(m),1131(m),1103(
m),1012(s),892(s) cm™; *H NMR (400 MHz,CDCl3) & 0.97(m,1
H),1.30-1.05(m,6 H),1.37(m,1 H),1.48(m,1 H),1.92-1.58(m,6

H),2.94(ddd,J = 7.0,6.2,5.7 Hz,1 H),5.44(m,1 H),5.50(m,1 H);*C NMR

(100 MHz,CDCl3) 68.2,19.6,14.1,26.3,26.5,28.6,29.0,44.5,78.5,104.2,133.3.
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8.1.4. (2-Acetoxymethyl)-3-allyltrimethylsilane(41) (69)

A three-necked flask equipped with a mechanical stirrer, nitrogen inlet, and
septum was charged with n-BuLi (1.45 M in hexane, 170 mL, 246 mmol). The
bulk of hexane was removed in vacuo using a vacuum pump or an aspirator at
15-30 mm Hg. Anhydrous Et;O (135 mL) and TMEDA (40 mL, 246 mmol)
were added at 0°. 2-Methyl-2-propen-1-ol (8.7 g, 121 mmol) was added
dropwise over 15 minutes. THF (60 mL) was then introduced, and the mixture
turned from cloudy to clear yellowish orange. The reaction mixture was
warmed to room temperature over 4—6 hours and then was stirred for 32 hours.



To the dark-red, gummy mixture was added Me3SiCl (65 mL, 512 mmol)
rapidly at 0 to —10°. The reaction mixture was stirred for 10 minutes and then
was diluted with 1 g/L of Et;O. The dark, cloudy mixture was washed with
saturated aqueous sodium bicarbonate solution (250 mL), water (250 mL),
saturated copper sulfate solution (2 x 250 mL), water (100 mL), and brine
(200 mL), and the extracts were dried over potassium carbonate. The solvent
was carefully removed in vacuo, and the orange residue was then distilled
through a Vigreux column to give 14.5 g (55%) of
2-[(trimethylsiloxy)methyl]-3-allyltrimethylsilane (309) as a colorless oil [bp 67°
(5.5 mm Hg)].

To a solution of intermediate 309 (13.5 g, 6 mmol) in 140 mL of THF was
added 30 mL of 1 N H2SOa. The mixture was stirred vigorously for ca. 0.5 hour
at room temperature. Anhydrous potassium carbonate was added carefully
until the bubbling subsided. The mixture was diluted with 500 mL of Et,O, and
the organic phase was washed with saturated agueous sodium bicarbonate
solution (100 mL) and brine (100 mL), and then dried over magnesium sulfate.
The solvent was removed in vacuo with care to give 9.3 g (100%) of
2-(hydroxymethyl)-3-allyltrimethylsilane (310) as a colorless oil. The crude
material was used in the next step without purification.

To a solution of alcohol 310 (7.7 g, 53 mmol) in pyridine (15 mL, 185 mmol)
and 60 mL of CH,Cl, at 0° was added acetyl chloride (6.5 mL, 91 mmol)
dropwise over 10 minutes. The white, cloudy mixture was stirred for 30
minutes and then was diluted with 500 mL of Et,O. The mixture was washed
with saturagedt aqueous sodium bicarbonate solution (2 x 100 mL), saturated
copper sulfedd solution (3 x 100 mL), water (100 mL), and brine (100 mL), and
the extract was dried ( K.CO3). The solvent was removed by rotary
evaporation and the residue was distilled [bp 95° (7 mm Hg)] to give 9.1 g
(92%) of title product 41 as a colorless liquid. IR (neat) 3070, 2945, 2885, 1753,
1643, 1372, 1250, 1044, 840 cm™; *H NMR (270 MHz) 6 0.05 (s, 9 H), 1.55 (s,
2 H), 2.09 (s, 3H), 4.44 (brs, 2 H), 4.72 (br s, 1 H), 4.88 (m, 1 H); *C NMR
(25 MHz) 5 — 1.4, 20.9, 23.6, 67.8, 109.6, 141.7, 170.4; MS m/z (%) M* 186 (5),
147 (13), 143 (18), 129 (11), 117 (34), 75 (40), 73 (100). Calcd. for CgH150,Si :
186.1075. Found 186.1075.
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8.1.5. 7-{5[(2-Methyl-1,3-dioxolan-2-yl)hex-5-enylidene]-2,3-diazabicyclo[
2.2.1]}hept-2-ene(312) (185)

To a solution of
2-[1-(4-cyclopenta-2,4-dienylidenebutyl)vinyl]-2-methyl-1,3-dioxolane (311)
(4.90 g, 21.1 mmol) in CH,CI, (84 mL) was added diethyl azodicarboxylate
(3.83 g, 22 mmol) at room temperature. The solution was placed in the
refrigerator (4°) for 8 hours. To the solution of crude carbamate was added
dipotassium azodicarboxylate (41 g, 211 mmol), and the mixture was stirred
with an overhead stirrer. The reaction mixture was cooled to 0°, and glacial
acetic acid (18.1 mL, 316 mmol) was added dropwise via an addition funnel
over 45 minutes. A vigorous gas evolution took place. After 4 hours, the
reaction mixture was filtered through a sintered glass funnel with Et,O and
concentrated in vacuo. The crude reduced carbamate was dissolved in EtOH
(192 mL), the solution was degassed with argon for 20 minutes, and potassium
hydroxide (21.3 g, 380 mmol) was added. The resulting mixture was heated at
reflux for 2.5 hours and then was cooled to 0°. The reflux condenser was
removed and replaced with an overhead stirrer. A solution of potassium
ferricyanide (21.53 g, 65.41 mmol) in water (172 mL) was added via an
addition funnel over 30 minutes. After 2.5 hours, the cloudy brown mixture was
poured into a separatory funnel containing water (1 L) and Et,O (300 mL). The
aqueous layer was extracted with Et,O (7 x 150 mL), and the combined
organic layers were dried ( MgSO,) and concentrated in vacuo.
Chromatography on silica gel (Et,O:pentane 1:1) afforded 5.14 g (19.6 mmol)
of the title uct (93%). TLC ( SiO,, Et,O:pentane 1:1, vanillin) R; 0.4; IR
(neat/ NaCﬁ%QZ, 2984, 2941, 2888, 1645, 1455, 1039 cm™*; *H NMR

(400 MHz, CDCl3) 6 5.38 (br s, 1 H), 5.26 (d,J = 1.0 Hz, 1 H), 5.12 (m, 2 H),
1.70-1.46 (m, 4 H), 1.45 (s, 3 H), 1.10 (d, J = 9.0 Hz, 2 H); *3C NMR (100 MHz,
CDCls) 6 148.7, 145.0, 117.2, 110.3, 109.4, 76.8, 64.4, 30.1, 28.9, 28.0, 24 .4,
21.5, 21.1; HRMS (CI/NH3) Calcd. for Ci5H230.N, [M + H]™: 263.1759. Found:
263.1748.

8.2. Cycloaddition Reactions
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8.2.1. 7-(4-Methoxyphenyl)-2,3,3a,3b,4,5,7,7a-octahydrocyclopentala]pen
talen-1-one(314 and 315) (84)

In a 100-mL, round-bottom flask equipped with a magnetic stirring bar, reflux
condenser, and nitrogen inlet tube was placed a solution of 1.0 g (4.67 mmol)
of anisyl azo compound 313 dissolved in 33.3 g (406 mmol) of cyclopentenone.
The flask was immersed in an oil bath and the reaction mixture was slowly
heated to 100° over a period of 1 hour. After an additional 1 hour at 100°, the
reaction mixture was cooled to room temperature and the excess enone was
recovered by bulb-to-bulb distillation. The resulting oil was dissolved in a
minimal amount of CH,Cl, and was purified by medium-pressure liquid
chromatography on a 15 x 1000-mm column packed with silica gel. Elution
with Et,O:pentane (1:2.3) afforded 169 mg (13%) of title product 314, 315 mg
(25%) of bridged cycloadduct, 75 mg (6%) of another bridged cycloadduct, and
104 mg (8%) of tricyclopentanoid 315.

314: mp 91.5-92°; IR ( NaCl, film) 1730 cm™; *H NMR (CDCl3) 51.4-2.9 (m,
11 H, aliphatic), 3.65 (br s, 1 H, CHAr), 3.75 (s, 3 H, OCHg), 4.95 (dd, 1 H,
vinyl), 5.15 (dd, 1 H, vinyl), 6.70 (AA¢BB¢, 2 H, aromatic), 7.15 (AA¢BB¢, 2 H,
aromatic). HRMS Calcd. for C1gH200,: 268.146. Found 268.148.

315: mp 81.5-82°; IR ( NaCl, film) 1730 cm™; *H NMR (CDCls) 8 1.6-2.8 (m,
11 H, aliphatic), 3.20 (m, 1 H), 3.70 (s, 3 H, OCHjs), 3.80 (br s, 1 H, CHAr), 6.80
(AA¢BB¢, 2 H, aromatic), 6.95 (AA¢BB¢, 2 H, aromatic). Anal. Calcd. for
C1gH2005: C, 80.56; H, 7.51. Found: C, 80.52; H, 7.42.
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8.22. (3aa6aB.,7a,7a
a)-2,3,3a,5,6,6a,7,7a-Octahydro-2,2-dimethyl-1H-cyclopenta(a)-pentalene
-7-carboxylic acid Methyl Ester(85) (91)

A stirred solution of 300 mg (1.14 mmol) of azo compound 75 in 500 mL of dry
MeCN was heated to reflux for 6 hours. The solvent was removed in vacuo to
afford an oil, which was purified by medium-pressure liquid chromatography on
silica gel to afford 214 mg (85%) of the title product and its epimer, respectively,
as a 9:1 mixture. Complete separation of the isomers was accomplished by



further chromatography. 85: IR ( NacCl, film) 3050, 2950, 1735, 1370,

1160 cm™; *H NMR (CDCl3) 3 0.92 (s, 3 H), 1.03 (s, 3 H), 2.58 (d,J =8 Hz, 1
H), 3.61 (s, 3 H), 5.20 (dt, J = 3, 2 Hz, 1 H); **C NMR (CDCls) 5 25.9, 26.7,
28.2,37.0, 39.9, 40.9, 47.3, 47.6, 50.5, 50.7, 51.4, 175.1. HRMS Calcd. for
C15H2,05: 234.16197. Found: 234.15891.
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8.2.3. (33,4 a,8
a)-2-(3,3a,5,6,7,8-Hexahydro-2H-4,8-methanoazulen-4-yl)-2-methyl-1,3-di
oxolane (3a B :316a; 3a a:316b) (185)

A 2-L, round-bottomed flask was charged with MeCN (1000 mL) and the
solvent was degassed with argon for 30 minutes. A reflux condenser was then
attached to the round-bottomed flask. To the top of the reflux condenser was
attached a 500-mL addition funnel, and the system was purged with argon.
The addition funnel was charged with a solution of diazene 312 (15.30 g,

58.4 mmol)daypreviously degassed MeCN (500 mL) via cannula. The addition
funnel was pped in aluminum foil to prevent photo-induced nitrogen
extrusion of the substrate, and the MeCN in the round bottom flask was heated
to reflux. The solution of diazene was slowly added dropwise (1 drop/4
seconds) through the condenser into the refluxing MeCN over 40 hours. After
40 hours, the empty addition funnel was rinsed with previously degassed
MeCN (25 mL), which was added dropwise into the refluxing reaction mixture
over a period of 15 minutes. The solution was heated to reflux for another 2
hours, cooled to room temperature, and the solvent was removed in vacuo.
The crude oil was purified by chromatography on silica gel (EtO:pentane 1:19)
to afford 11.1 g (81%) a mixture of products 316a and 316b in a ratio of 1:1, as
well as a trace amount of linearly fused tricyclopentanoid product.

316a: TLC ( SiO, Et,O:pentane 1:10, vanillin) R 0.42; IR (neat/ NaCl) 3045,
2936, 2871, 1451, 1375, 1154, 1080, 1040 cm™; *H NMR (400 MHz, CDCl3) &
1.27 (s, 3 H), 2.11 (m, 1 H), 2.50 (m, 1 H), 2.63 (m, 1 H), 2.68 (br s, 1 H), 2.64
(brt,J = 2.5 Hz, 1 H), 3.97-3.75 (m, 4 H), 5.49 (t, J = 4.0 Hz, 1 H); *C NMR
(100 MHz, CDCl3) 6 19.8, 20.7, 29.7, 34.0, 34.8, 35.1, 37.6, 40.3, 49.4, 53.7,
63.8, 65.1, 112.7, 120.7, 157.6. HRMS (EI) Calcd. for C15H2,0,: 234.1619.



Found: 234.1611.

316b: TLC ( SiO,, Et,0O: pentane 1:10, vanillin) Rf 0.34; IR (neat/ NaCl) 3045,
2947, 2874, 1440, 1352, 1210, 1151, 1046 cm™; *H NMR (400 MHz, CDCls) &
1.85-1.53 (m, 5 H), 2.11 (m, 1 H), 2.50 (m, 1 H), 2.63 (m, 1 H), 2.68(br s, 1 H),
3.05 (br t,J = 7.5 Hz, 1 H), 3.93-3.80 (m, 4 H), 5.12 (t, J = 1.5 Hz, 1 H); **C
NMR (100 MHz, CDCls) 6 18.6, 20.7, 27.1, 27.2, 33.6, 33.7, 37.0, 43.9, 49.0,
56.5, 64.8, 65.0, 112.4, 115.4, 157.7. HRMS (EI) Calcd. for Ci5H2,0:
234.1619. Found: 234.1620.
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8.2.4. 7-(4'4-Dimethyl-2'6-dioxacyclohexylidene)bicyclo[3.3.0]octan-2-0
ne(317) (16)

A mixture of 8.48 g (55 mmol) of
6,6-dimethyl-4,8-dioxa-1-methylenespiro[2.5]octane (12) and 4.52 g (55 mmol)
of 2-cyclopentenone in 15 mL of dry MeCN was heated at 60° for 12 hours.
The solvent was removed by distillation (ca. 30—120°/ca. 20-1.4 mm Hg) and
the residuepags distilled under reduced pressure (bp 142-143°, 1.4 mm Hg) to
afford 11.32.d (87%) of the title product. *"H NMR (CD3CN) & 1.14 (s, 3 H), 1.15
(s,3H),1.70-1.77 (m, 1 H), 1.89-2.17 (m, 4 H), 2.32-2.53 (m, 4 H), 2.63-2.68
(m, 1 H), 2.78-2.83 (m, 2 H), 3.77 (s, 2 H), 3.78 (s, 2 H); **C NMR (CDsCN) &
22.16 (q), 22.18 (q), 24.8 (1), 27.2 (t), 28.6 (1), 31.3 (s), 32.5 (1), 40.1 (), 43.8
(d), 53.7 (d), 77.4 (t), 77.4 (1), 96.3 (S), 149.2 (s), 213.2 (9).
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8.2.5. 1-Benzyloxy-2-(4-chlorophenyl)-4-(2,2-dimethyl-3-hydroxypropoxy
carbonyl) pyrrolidine(318) (50)



A mixture of 6,6-dimethyl-4,8-dioxa-1-methylenespiro-[2.5]octane (12) (0.79 g,
5.09 mmol) and p-chlorobenzaldehyde O-benzyloxime (1.02 g, 4.15 mmol,
>99.8% anti) was heated for 46 hours at 100° under nitrogen. The reaction
mixture was treated with 10% aqueous HCI solution in THF (2 mL) and was
stirred for 30 minutes. After usual workup, purification of the resulting crude
mixture by silica gel chromatography (EtOAc:hexane 1:3 and 1:1.5) afforded
the title product in 98% yield (1.70 g) as a 73:27 diastereomeric mixture.

Major diastereomer of 318: IR (neat) 3450, 1724, 1496, 1373, 1188, 1092,
1050, 1019, 701 cm™; *H NMR (400 MHz, CDCl3) 8 0.91 (s, 6 H, CHs), 2.00
(brdt,J =12.7,9.3 Hz, 1 H, CH,), 2.26 (brs, 1 H, OH), 2.46 (ddd, J = 12.7, 8.8,
5.4 Hz, 1 H, CHy), 3.03-3.18 (m, 2 H, CHCO_, NCH), 3.28 (s, 2 H, CH,OH ),
3.61(dd,J =8.8, 7.8 Hz, 1 H, NCHy), 3.93 (d, J = 11.2 Hz, 1 H, CO,CHy>), 3.98
(d,J=11.2 Hz, 1 H, CO2CHy), 4.01 (dd, J =9.3, 8.8 Hz, 1 H, NCH), 4.41 (d,
J=11.2Hz, 1 H, OCHy), 4.46 (d,J =11.2 Hz, 1 H, OCH,), 7.06—-7.16 (m, 2 H,
CeHs), 7.19-7.27 (m, 3 H, CgHs), 7.28 (d, J = 8.3 Hz, 2 H, p- CICgH,), 7.33 (d,
J =8.3 Hz, 2 H, p- CICsH,); 13C NMR (100 MHz, CDCI3) 6 21.4 (CH3, 2C), 33.2
(CH,), 36.4 (C), 39.1 (CHCO,), 58.4 ( NCH,), 68.1 ( CH,OH ), 69.7 ( CO,CHy,),
70.2 (NCH), 75.7 ( OCHy), 127.7 (CH), 128.1 (CH, 2 C), 128.3 (CH, 2 C),
128.5 (CH, 2 C), 129.1 (CH, 2 C), 133.1 (C), 137.4 (C), 139.1 (C), 1748 (C =
0O). Anal. Calcd. for Co3H23sNO4Cl : C, 66.10; H, 6.75; N, 3.35. Found: C, 65.99;
H, 6.67; N, 3.16.

Minor diastereomer of 318: IR (neat) 3430, 1735, 1492, 1370, 1192, 1091,
1050, 1017, 728, 700 cm™; *H NMR (400 MHz, CDCl3) 5 0.90 (s, 3 H, CHs),
0.91 (s, 3 HqHs3), 2.06-2.22 (m, 1 H, CHy), 2.20 (br s, 1 H, OH), 2.36-2.48 (m,
1 H, CH,), 884-3.18 (m, 2 H, CHCO,, NCH), 3.26 (s, 2 H, CH,OH ),
3.57-3.66 (m, 1 H, NCH,), 3.94 (d, J =9.8, 8.8 Hz, 1 H, NCH), 3.95 (d,
J=10.7 Hz, 1 H, CO,CH,), 3.99 (d, J =10.7 Hz, 1 H, CO,CH,), 4.42 (d,
J=11.2Hz, 1 H, OCHy), 4.49 (d,J =11.2 Hz, 1 H, OCH,), 7.08-7.16 (m, 2 H,
Ph), 7.20-7.27 (m, 3 H, Ph), 7.28 (d, J = 9.1 Hz, 2 H, p-CICsH,), 7.35 (d,

J = 9.1 Hz, 2 H, p-CICsH4);**C NMR (100 MHz, CDCls) § 21.4 ( CHs, 2 C), 33.5
(CHy), 36.5 (C), 39.5 ( CHCO,), 58.7 (NCHy), 68.2 ( CH20H ), 69.8 ( CO,CHy>),
70.9 (NCH), 75.9 (OCHy), 127.7 (CH), 128.2 (CH, 2 C), 128.4 (CH, 2 C), 128.6
(CH, 2 C), 129.2 (CH, 2 C), 133.1 (C), 137.4 (C), 139.3(C), 174.8 (C = 0O);
Anal. Calcd. for Co3HosNOLCI : C, 66.10; H, 6.75; N, 3.35. Found: C, 66.14; H,
7.13; N, 3.26.
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8.2.6. 1-Benzyloxy-cis-4-(2,2-dimethyl-3-hydroxypropoxycarbonyl)-cis-3-i
sopropyl-r-2-tert-butoxycarbonylpyrrolidine(154) (50)

A solution of substrate 29 (177 mg, 0.9 mmol) and glyoxalic acid tert-butyl
ester O-benzyloxime (176 mg, 0.75 mmol, >99% anti) in CD3sCN (0.35 mL) in a
sealed NMR tube was heated for 17 hours at 100°. The reaction mixture was
treated with 10% aqueous HCI solution in THF (2 mL) and stirred for 5 minutes.
After usual workup (addition of saturated aqueous sodium bicarbonate solution,
extraction with Et,O, washing the organic extracts with brine, drying over
Na,SO4, and concentration in vacuo), purification by silica gel chromatography
(EtOAc:hexane 1:3.2 and 1:2.3) afforded title product 154 in 79% yield

(266 mg) amits isomer 155 in 10% yield (34 mg).

154: IR (neat) 3523 (OH), 2962, 2873, 1732 (C =0), 1456, 1369, 1257, 1225,
1157, 1052, 912, 847, 735, 698, 528 cm™; *H NMR (400 MHz, CDCl5) 5 0.92
(s, 6 H, CCHa3), 0.93 (d, J =8.0 Hz, 3 H, CHCHS3), 1.00 (d, J = 8.0 Hz, 3 H,
CHCHs), 1.49 (s, 9 H, OCCHs), 2.00 (dq, J = 8.0, 8.0 Hz, 1 H, CH3CH), 2.10
(ddd, J = 13.0, 10.0, 10.0 Hz, 1 H, CH,), 2.27 (ddd, J = 13.0, 8.0, 5.0 Hz, 1 H,
CHy), 2.78 (ddd, J = 10.0, 8.0, 5.0 Hz, 1 H, CHCO,), 3.30 (dd, J = 8.0, 4.0 Hz,
3 H, NCH, CH,0H ), 3.83 (dd, J = 10.0, 8.0 Hz, 1 H, NCHCO), 3.93 (s, 2 H,
CO2CHy), 4.78 (d, J = 11 Hz, 1 H, OCH,Ph), 4.95 (d, J = 11 Hz, 1 H, OCH,Ph),
7.25-7.35 (m, 5 H, CeHs); **C NMR (100 MHz, CDCls) & 17.0 ( CH3), 19.7

( CHs), 21.5 (CHs, 2 C), 28.0 ( CHs, 3 C), 29.1 (CHsCH), 30.1 (CH>), 36.5

( CH3C), 40.8 ( CHCO), 68.1 ( CH,OH ), 69.4 ( NCHCO,), 69.8 ( CO,CHy),
75.9 (NCH), 76.5 ( OCH,), 81.2 ( OCCHs), 127.8 (CH), 128.3 (CH, 2 C), 128.6
(CH, 2 C), 137.2 (C), 171.3 (COy), 175.5 (COy). Anal. Calcd. for C,5H39NOg: C,
66.79; H, 8.74; N, 3.12. Found: C, 66.55; H, 8.44; N, 3.35.

155: IR (neat) 3510, 2962, 2873, 1732 (C =0), 1473, 1456, 1392, 1369, 1255,
1155, 1054, 847, 748, 698 cm™; "H NMR (400 MHz, CDCl3) 8 0.91 (s, 6 H,



CCHs3), 0.93 (d, J =6.8 Hz, 3H, CHCHg), 0.95 (d, J = 6.8 Hz, 3 H, CHCH3),
1.48 (s, 9 H, OCCHs), 1.81 (dg, J = 6.8, 6.8 Hz, 1 H, CH3CH), 2.52 (m, 1 H,
CH3CHCH), 2.90 (dd, J =8.0,5.0 Hz, 1 H, CHCO,), 3.23 (dd, J = 11.5, 8.0 Hz,
1 H, CHy), 3.28 (s, 2 H, CH,OH ), 3.48 (dd, J = 11.5, 8.0 Hz, 1 H, CHy), 3.52 (d,
J=6.8 Hz, 1 H, NCHCO,), 3.94 (s, 2 H, CO,CHy,), 4.74 (s, 2 H, OCH,Ph),
7.25-7.35 (m, 5 H, CgH5); 1BC NMR (100 MHz, CDCl3) & 20.4 (CHCHj3), 20.5
(CHCHj3), 21.5 (CCHj3, 2 C), 28.0 (OCCHgs, 3 C), 31.6 (CH3CH), 36.5 ( CH3C),
44.2 (CH3CHCH), 45.6 ( CHCO,), 59.5 (CH,), 68.1 ( CH,OH ), 69.8 ( CO,CHy,),
74.1 (NCHCO,), 75.5 (OCH,Ph), 81.3 (OCCHz3), 127.8 (CH), 128.3 (CH, 2 C),
128.6 (CH, 2C), 137.3 (C), 171.2 (COy), 175.6 (CO,). Anal. Calcd. for
CasH39NOe: C, 66.79; H, 8.74; N, 3.12. Found: C; 66.56; H, 8.49; N, 3.40.
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8.2.7. Diethyl 7-Methylenespiro[2.4]heptane-trans-4,5-dicarboxylate(319)
(126)

A solution of Pd(dba), (600 mg, 1.04 mmol), (i-Pr),PBu-t (180 mg, 1.04 mmol),
and diethyl fumarate (8.50 g, 49.4 mmol) in toluene (10 mL) was heated under
reflux (110 pwpnd a solution of cyclopropylidene cyclopropane (1.97 g,

24.6 mmol)linltoluene (10 mL) was added dropwise over 0.5 hour. The mixture
was heated to reflux for another 3 hours until the reaction was complete.
Fractional distillation of the reaction mixture yielded the title product (5.44 g,
83% yield); bp 90-95°/1.5 bar; IR (film) 3079, 2983, 2955, 1734, 1653, 1447,
1371, 1345, 1185, 1096, 1031, 962, 865, 796 cm™*; *H NMR (200 MHz) &
0.59-1.06 (m, 4 H), 1.25 (t, J = 7.2 Hz, 6 H), 2.71 (ddt, J = 16, 8.6, 2 Hz, 1 H),
2.93 (ddt, J = 16, 8.6, 2 Hz, 1 H), 3.21 (d, J = 8.6 Hz, 1 H), 3.36 (g, J = 8.6 Hz,
1 H), 4.15 (m, 4 H), 4.33 (t, J =2 Hz, 1 H), 4.62 (t, J = 2 Hz, 1 H); *C NMR
(50.3 Hz) 6 15.5, 16.2, 26.8, 35.5, 45.0, 52.2, 60.3, 60.4, 98.9, 153.4, 171.8,
173.3; MS (El); m/z (%) 252 (M*, 13), 223 (9), 206 (9), 179 (25), 178 (45), 105
(100). HRMS (EI) Calcd. for C14H2004: 252.1362. Found: 252.1361. Anal.
Calcd. for C14H2004: C, 66.64; H, 7.99. Found C, 66.88; H, 8.21.
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8.2.8. cis-1-Cyclohexyl-6-methylene-3,5,6,6a-tetrahydro-1H-cyclopentalc]
furan-4-carboxylic Acid Methyl Ester(191) (57)

A flame-dried round-bottomed flask, equipped with a condenser, was charged
with Pdz(dba)s [(1.9 mg, 0.0021 mmol, 3.6 mol% of Pd(0))] and P(OPr-i);

(2.0 pL, 0.0081 mmol, 7.4 mol%). Toluene (desulfurized and freshly distilled
over sodium) was introduced via cannula followed by a solution of substrate
190 (30 mg, 0.11 mmol) in toluene. The mixture was heated to 110° for 1 hour
with vigorous stirring. Toluene was removed under vacuum and the crude
mixture was purified by column chromatography (EtOAc: hexane, 1:49) to
afford the title product (22.6 mg, 75%) as a colorless oil. IR (neat) 2935, 2870,
1724, 1442 cm™'; *H NMR (400 MHz, CDCl3) 8 1.09-1.28 (m, 5 H), 1.54 (m, 1
H), 1.69 (t, J =12.1 Hz, 3 H), 1.76 (m, 2 H), 1.87 (dd, J =12.8, 1.8 Hz, 1 H),
3.44-3.49 (m, 2 H), 3.65 (ddd, J =19.2, 4.2, 25 Hz, 1 H), 3.71 (s, 3 H), 3.74
(brd,J=9.2Hz, 1H), 440 (dddd, J =15.7,4.4,1.8, 1.8 Hz, 1 H), 4.56 (ddd,
J=15.7,4.4,1.8 Hz, 1 H), 4.84 (m, 1 H), 4.93 (m, 1 H); *C NMR (100 MHz,
CDCls) 626.2, 26.6, 27.9, 30.2,41.9, 44 4,515, 57.8, 65.1, 84.7, 108.7, 122.7,
147.5, 164.1, 164.6. HRMS Calcd. for C1H2,03: 262.1569. Found: 262.1567.
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8.2.9. (4S,1¢R,2¢R)-2,2-Dimethyl-4-(2-carbomethoxy-4-methylenecyclope
ntyl)-1,3-dioxolane(254) (170)

To 160 mg (0.71 mg) of palladium acetate in 11 mL of dry toluene under
nitrogen was added 726 mg (3.48 mmol) of triisopropyl phosphite, 2.00 g
(20.7 mmol) of precursor 41, and 2.00 g (10.7 mmol) of methyl
(S)-(+)-(E)-3-(2,2-dimethyl-1,3-dioxolan-4-yl) propenoate (253). The resulting
solution was heated at 100° under nitrogen for 16 hours. After cooling, the
solution was concentrated. Purification by flash chromatography (hexane:



Et,0, 4:1) gave 2.26 g (87%) of the title product and its (1¢S,2¢S)
diastereomer as a colorless liquid at room temperature which crystallized at
—25°. IR (CDCls) 1730, 1650, 1430, 1375, 1365 cm™; *H NMR (CDCls,

270 MHz) & 1.28(s), 1.30 (s) [3 H overall], 1,34 (s), 1.36 (s) [3 H, overall],
2.76-2.21 (m, 6 H), 3.53 (m, 1 H), 3.65 (s), 3.66 (s) [3 H, overall], 4.16-3.90 (m,
2 H), 4.84 (br s, 2 H); *C NMR (CDCl3) & 25.1, 25.3, 26.1, 26.4, 33.9, 34.7,
36.9,45.4, 458, 46.7,46.9,51.5, 67.4,67.6, 76.7, 78.3, 106.3, 106.5, 108.6,
108.9, 148.3, 175.1, 175.5. HRMS Calcd. for C13H»004: 240.1361. Found:
240.1361.

8]

0 | H
Pd{OAc)./(i-PrO);P A
(’\/ + é | 100° - :<j
MesSi OAc II'- toluene, -

¢ H
200 320

8.2.10. 6-Methyl-7-methylenebicyclo[3.3.0]octan-2-one(320) (172)

To a solution of 0.25 mL (1.01 mmol) of triisopropyl phosphite in 2.5 mL of THF
was added 38.1 mg (0.17 mmol) of palladium acetate. After the latter was
completely dissolved, 0.20 mL (1.7 M solution in hexane, 0.34 mmol) of n-BuLi
was added, and the solution was stirred for 5 minutes. The pale yellow solution
was then treated with 0.38 g (4.63 mmol) of 2-cyclopentenone and 0.63 g
(3.15 mmol-ef 2-acetoxy-3-[(trimethylsilyl)methyl]-3-butene (200) and heated
at 65° for 16 ours. The reaction mixture was concentrated by short-path
distillation and the residue was purified by flash chromatography (pentane:
Et,0, 19:1). Concentration of the desired fractions followed by distillation
(bulb-to-bulb, 2 mm Hg, 60-80°) yielded 224 mg (47%) of the title product as a
1:1 mixture of diastereomers.

Exo isomer: IR (neat) 3080, 2978, 1742, 1662, 1462, 1412, 1263, 1130,

883 cm™; 'H NMR (CDCls) 6 1.12 (d, J = 6.8 Hz, 3 H), 1.85 (m, 1 H),

1.98 - 2.17 (m, 2 H), 2.30 (m, 1 H), 2.59-2.69 (m, 3 H), 4.76 (m, 1 H), 4.82 (m,
1 H); 13C NMR (CDCl3) 6 17.0, 24.0, 34.0, 35.9, 43.4, 49.2, 50.5, 105.2, 155.5,
222.0. HRMS Calcd. for C10H140 : 105.1041. Found: 150.1041.

Endo isomer: IR (neat) 3080, 2976, 1745, 1662, 1465, 1417, 1130, 886 cm™:
'H NMR (CDCls) 8 1.06 (d, J = 6.4 Hz, 3 H), 1.33 (m, 1 H), 1.86 (m, 1H),
2.18-2.34 (m, 3 H), 2.58-2.80 (m, 4 H), 4.76 (m, 1 H), 4.86 (m, 1 H); *C NMR
(CDCl3) 6 12.1 (q), 21.9 (1), 34.6 (1), 38.9(1t), 41.6(d), 45.8(m), 48.8 (m), 105.6(t),
153.3 (s), 221.4 (s). HRMS Calcd. for C10H140 : 105.1041. Found 150.1046.
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8.2.11. 2-[(E)-2-Phenylethenyl]-4-methylenetetrahydrofuran(218) (159)

A solution of palladium acetate (5 mg, 22 pmol), triphenylphosphine (30 mg,
114 pmol), and tributyltin acetate (35 mg, 100 ymol) under nitrogen in 1.0 mL
of THF was heated at 70° until homogeneous. Cinnamaldehyde (66 mg, 63 pL,
0.50 mmol) and precursor 41 (93 mg, 110 pL, 0.50 mmol) were added and
heating was continued at 70° for 4 hours. The reaction mixture was cooled,
diluted with hexane: EtOAc, 4:1 (2 mL), and filtered through a silica gel plug.
After evaporation of the solvent, the residue was purified by flash
chromatography (hexane: EtOAc, 32.3:1) to give 83 mg (89%) of the title
product. *H NMR (CDCls, 270 MHz) & 2.45 (dd, J = 5.4, 7.4 Hz, 1 H), 2.77 (dd,
J=15.4,6.9Hz, 1 H),4.32(d,J =13.0Hz, 1 H), 4.46 (d, J = 13.0 Hz, 1 H),
457 (q,J =7.1Hz, 1 H), 4.94 (brs, 1 H), 5.02 (br s, 1 H), 6.22 (dd, J = 15.9,
6.9 Hz, 1 H), 6.62 (d, J = 15.9 Hz, 1 H), 7.40-7.20 (m, 5 H).

1. PA(OAC)»/(i-PrO)P
Me1SnOAc, toluene, 50-55°

2. DBU B

Me0,C™
MeO,C

272 321

8.2.12. (+)-Dimethyl
3,8-Dimethyl-4-0x0-4,5,6,7,8,8a-hexahydro-2H-azulene-1,1-dicarboxylate(
321) (167)

To a suspension of the (+)-isomer of precursor 272 (1.98 g, 4.68 mmol),
trimethyltin acetate (51.6 mg, 0.232 mmol), and powdered 3 A molecular
sieves (0.40 g) in 40 mL of toluene was added a catalyst solution consisting of
palladium acetate (26.0 mg, 0.116 mmol) and triisopropyl phosphite (145 mg,
0.694 mmol) in 5 mL of toluene. The mixture was heated at reflux for 3 hours,
the bath temperature was changed to 90°, and DBU (0.176 g, 1.16 mmol) was
added. After 2 hours at 90°, the mixture was filtered through Celite (with 50 mL
of Et;O). The filtrate was partitioned with aqueous 2% sodium bisulfate



solution (50 mL). The organic layers were washed with phosphate buffer (pH 7;
25 mL) and brine (25 mL), dried over MgSO., filtered, and concentrated under
reduced pressure. Purification by silica gel flash chromatography (hexane:
EtOAc 4:1) afforded 0.979 g (71%) of the title product as an oil. [a ]p + 67.58°
(c 7.6, CHCl3); IR (neat) 1733 (vs), 1683 (m), 1627 (m), 1435 (m) cm™*; 'H
NMR (400 MHz, CDCI3 6 1.01 (d,J =7.0 Hz, 3 H), 1.44 (dg, J = 10.2,4.3 Hz, 1
H), 1.57-1.72 (m, 2 H), 1.80-2.00 (m, 2 H), 2.10 (s, 3 H), 2.35 (ddd, J = 12.8,
7.8, 21 Hz, 1 H), 2.72 (dt, J =12.8, 9.5 Hz, 1 H), 2.87 (d, J = 18.6 Hz, 1 H),
3.39 (d, J =18.6 Hz, 1 H), 3.67 (d, J=8.5Hz, 1 H), 3.74 (s, 6 H); *C NMR
(100 MHz, CDCl3) 6 16.2, 18.5, 19.4, 30.9, 31.2, 41.4, 46.3, 52.5, 53.0, 56.7,
62.6, 136.0, 149.7, 170.5, 172.3, 200.6. HRMS Calcd. for CieH,05 (MY):
294.1467. Found: 294.1473. Anal. Calcd. for CisH220s5: C, 65.29; H, 7.53.
Found: C, 65.06; H, 7.65.



9. Tabular Survey

The tabular survey includes all examples found in the literature to the end of
2000. The contents of the tables were derived by searching Chemical
Abstracts and by direct inspection of the literature.

Table entries are in order of increasing carbon number of the reactant, in order
of increasing hydrogen number of the reactant when reactants have the same

carbon number, and then in order of increasing carbon number of the product.

The following abbreviations are used in the tables:

Ac acetyl

acac acetylacetonato

an acrylonitrile

BINAP 2,2" -bis(diphenylphosphino)-1,1" - binaphthyl
Boc N-tert-butoxycarbonyl

BP biphenyl

BSA N,O-bis(trimethylsilyl) acetamide

Cp cyclopentadienyl

Chiraphos bis(diphenylphosphino)butane

cod cyclooctadiene

DCA ,10-dicyanoanthracene

DIBAL-H I:jiisobutylaluminium hydride

DME 1,2-dimethoxyethane

DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

dba dibenzylideneacetone

dppe 1,2-bis(diphenylphosphino)ethane
dppf 1,1" -bis(diphenylphosphino)ferrocene
dppp 1,3-bis(diphenylphosphino)propane
MeCN acetonitrile

MOM methoxymethyl

MS molecular sieves

NMQ'BF4~ N-methylquinolinium tetrafluoroborate
Piv pivaloyl

TBDMS tert-butyldimethylsilyl

TBDPS tert-butyldiphenylsilyl



TCNB 1,2,4,5-tetracyanobenzene

TIPS triisopropylsilyl

Tpdp 2,4-bis[(4,6-dimethyl-1,3,2-dioxaphosphorinan-2-yl)oxy]pentane
XS excess
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TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
C; . -
a 3
N— Alkene (xs). 40-60° I+ 1 8
o £E\;,N 22 [+1E(10), LI = 1:1
N Cl Cl
Pd(acac),/Et; Al{OE1)/
CH=CH, A i-PryP, CgHg, I+ 1 1+ 11(84), LTI = 1:2 124,
115°,6h 22
Ni(D), 40-60° F 1 (>75) 235
" Pd(0), 80-100° I (>75) 235
Ph.__Ph e ¥
I Ni(0), 40-60° I (=75) 235
Ph Ph
Pd(allyl)Cp/i-PryP (1:1), I (83) 64
100°,5h
Ph Ph
oh Pd(ally)Cp/i-PrsP (1:1), (m 64
100°, 8 h
Ph
G
—\CN Ni(cod)/ArsP (1:1), I (47) + II (4) 65
toluene, 130°, 10 h
CN
M .-OMe M .-OMe
En0,0° =) 44
CN
A
N
H‘\ (PhsP)sPd/dppe, &( @s) 25,
+ toluene, 60°, 150 h 154
Me;Si OAc N
I MeCN, 70°,6 h + + 51
F. /A
F
11

I+ 11+ I =(75), ILIIL = 3.8:1:1



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ph. _Ph
Ph._ _Ph )
Ni(cod)y/ArsP (1:1), (82) 65
toluene, 120°, 5 h
CN
0
NO, % 0 NO, /jé
:< 0 MeCN. 70° 1.5 h ><: I+ 0 1] 55
;K NO,
1+11(84), Bl = 1:2.2
t-B
% 0 ik
0. 0 MeCN, 120°, 2 h ><: I+ O/>< o ss
o o
t-Bu NO;
B I+11(42), BH = 1:10
Ph._ _Ph
= B Pd(allyl)Cp/i-PrsP (1:1), (56) 64
100°, 6 b
Ph
i - Phy Ph
= Pd(allyl)Cp/i-Pr3P (1:1), Me (83) 64
R 100°, 6 h Et  (86)
R
G
NC\ — Alkene xs, 40-60° (83) 8
o N  ©ON
D
MeCN, 50° D (>90) 41
NC ©N
0 CN
Nz MeCN, 80°,39 h ><:J=<j 85) 16
CN “‘
A Pd(dba)y/i-PraP (1:1), I (91) 124
CeHg, 115°, 16 h
Pd(acac),/Et AI(QE)/ 1 (94) 22
i-PrsP (1:2:1), CgH,
100°, 4 h
Pd(PPhs)s I@ 2
Ph.__Ph
- PhFh Pd(ally)Cp/i-PrsP (1:1), (48) 64
N 120°, 8 h




TABLE |, INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

toluene, 100°, 5 h

Reactant TMM Precursor Conditions Product(s) and Yicld(s) (%) Refs.
1:0 (PhyP)4Pd/dppe, (30) 25,69
MesSi OAe toluene, 78°,42 h
[Pd,dba;CHCl3],
dppe, THF, (89) 70
Ts  OCOEl reflux, 1 h
SiMe;
(PhsP)sPd, HO; 1 + HOLC. I 155
toluene, 80° . 0 ._ 0
MesSi  OCO;Me
|+m37).1u 6.1: |
\z\ A Nicod)s/PhsP (1:1), 60
CHO toluene, 80-100°, 5 h
e I+ 10(54). LI = 10:1
2P A Ni(an)y. 60°, 48 h D 0 62
CO;Me D
Cago
5
L_\co Pd(dba),/(i-Pr);(t-Bu)P, 126
,Me (1:1), 110°, 3 h ;
R CO,Me
R=H I+l'l(56}.!:l]=3:|
R=Me 1+ 11(58), LI = 9:1
R=PFh I+11(81), LI =31
Cy
s COMe A Ni(an)y, 60°, 48 h I(82) 63
COMe
" Ni(cod),. —15° I (>90) 126
" Ni(cod),/Ph3P (1:1), 1 (55) 60
toluene, 80-100°, 5 h
" Pd(dba),/i-PrsP (1:1), I(18) 60
100°,20 h
" Pd(acac)y/Et; AI(OEN/i-PrsP,I (14) 6l
100°,2h
" Pd(allyl)Cp/i-PrsP (1:1), 1 (84) 2
130°,25h
(PhsP)Pd/dppe, I (68) 25,69
toluene, 85-90°, 43 h
MesSi  OAc
g Ni(cod); (33-43) 129
CO;Me
Ni(an), I(61) + I (0) 63
CO;Me CO;Me
Ni(cod)o/ArsP (1:1), 1(81)+ 1 (14) 65



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ph.__Ph
Ph._ .Ph
Ni(cod)/ArsP (1:1), 79 65
toluene, 50°, 8 h
CO:Me
[Pd(dba)sCHCLs)/
= -SO4Ph
=\R ligand (1:2), THF, AROED. -0 158
Et0,CO SO,Ph reflux, 38-64 h R'.
R ligand I+0 LI ee(%)ofI ee (%) of Il
CO;Me H. X =N(Me)CH(CH,OH); (58) 4.6:1 73 58
COMe @X % an 191 18 78
COMe T. “PPh, X=NMe (76)  3.3:1 66 64
COMe @—Pﬁlz (86) 2.6:1 54 61
CO,Me (5,5)-chiraphos s 270 46 21
CO;Me (+)-BINAP 63) 351 19 4

MeS 0 NO;
e; MeCN, 50°, 24 h ><: I+ o5
o 0 SMe O
SMe M
MeS NO;

[+11(68), LII=1:49
SiMe; MC;S‘

— Pd(allyl)Cp/i-PrsP (1:1), I+ 125

COMe MesSi 144°,2-5 h

K toMe K

R LILITI
H (78) 1.1:1:0
Me (79 1.3:1:0
CO;Me (87) 9:0:1

% 3 COsMe
o g1 16
ﬁ< o o MeCN, 80°, 18 h ><:>:.<jL (CIN)
CO;ME f Q

0 E
h Toluene, 100-120°, ><:0>=ej[.-ﬁ I+ >C noos6
55-75h
A d o

E = CO;Me
14+10(72), L1l = 1:]

J\ (Ph3P);Pd/dppe, (50) 25,69
toluene, 85°, 67 h

MesSi  OAc CO;Me

\_\C A Pd(dba)y/i-PrsP (1:1), & 1(43) + é m 61,22
- 100°, 1 , |,
0,Me toluene, 6h COMe COMe



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
A Ni(cod)y &nx I 43) + & 11 () 129
Me 0,Me
Ni(cod),/PhsP (1:1), I+ (55), LT =3.5:1 60
toluene, 80-100°, 5 h
(PhsP)4Pd/dppe. I + i 25, 69
MesSi  OAc toluene, 110°, 60 h ~.
CO;Me Me
1+1(38), BN =13:1
|| Ni(cod),/ArsP (1:1), I(14) + 11 (46) 65
toluene, 110°,5h E 4
s 0,Me ‘ Me
IXI - E
0__0 Toluene, 100-120°, i | 56
% 55-75h
E=CO,Me
I+I0(81), L =1:1
0 B
0 CD4CN, 100-120°, Q JE gy >C 56
55-75h >C
o
E = CO;Me
I+ 10(71), LI =24:1
Ph._ _Ph
Ph._ _Ph
Ni(cod)o/ArsP (1:1), (75) 65
toluene, 120°, 5 h ;
¢ CO,Me
/T \co.Me I)LI (PhsP)4Pd/dppe, I+ I 25,69
MesSi  OAc THF, reflux, 5.5 h Y
co;Me 0,Me
1+11(35), Bl = 1:1.6
MeOQ
\:>:0 (Ph3P)4Pd/dppe, (33) 69
MesSi  OAc THF, reflux Med \n/
o]
SiMe;
155

b

Me;Si

0CO;Me

(Ph3P)4Pd, Hoﬁcﬁ I + HOy n
toluene, 80° M L r() M . fo

I+11(40), LII=1:3.2



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

[Pd3(dba);CHCl3)/
CO;Et dppe (1:4),
NC  OCO;Er THEF, reflux, 2 h

(66) 70

!
O

CO,Et

[Pd;(dba);CHCLy)/

dppe (1:4),
NC  OCOsEt THF, reflux, 20 h

N (72) 70

-

CO4Et

[Pd;(dba)sCHCl)/

dppe (1:4),
Ts OCO,E! THF, reflux, 20 h

Ts
(1 70

}:

s

NC CN m N
»\f < 5. -8 MeCN <: 107
NC  CN % ¢ i
CN
120°, 15 min (98)
Ahv,0° 12 h (85)
= I+ 236
CN
N
N NC CN
NC
CN
m
VY,
N CN
| 1l m
hv (> 400 nm), CD,Cl, 0-5°, 10 min ) (2) (43)
hv, CDCly/CDCN (97/3), 0-5°, 10 min (%) () (3%
hv, CDCI3/CD3CN (95/5), 0-5°, 10 min (8) 2 (30)
hv, CDCI3/CD4CN (75/25),0-5°, 10min  (17) (6) (53)
hv, CDCl3/CD5CN (50/50), 0-5°, 10min  (19) (6) (29)
hv, CDCI3/CD4CN (25/75),0-5°, 10 min ~ (31) (6) (23)
hv, CD:CN, 0-5°, 10 min (26) (5) ®)
hv, LiClO,, CDsCN, 0-5°, 10 min (16) (3) (4)
CD4CN, 60°,6 h (62) (1) (0)
CDCl3/CD+CN (95/5), 40°, 24 h (65) (trace) (0)
)I\ cet r&\ ) 8
Ni CN
Fe(CO)3 NG EN
Ph
CeHg, 100°.5d I+ Ph u 237
NC CN NC CN
NC CN NC CN

I+11(65), LIl = 1.6:1

Ph
CgHg, 100°,3d I+ 1 237
NC CN NC CN

NC CN NC CN
1+ 1 (80), LIL = 1.3:1

=
5

28



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
MeO. - CD;MB MeO. ZC COzME
CN (—)
o ‘I" 2 CN 81
Pd
PhsF “PPhy
_\ﬁ £ Ni(cod),, toluene, 40° 4&/\ 131
CO,Me cozm
Me0,C CO;M:
=y A Nian), &’C"M + 62
CO;Me ‘COgMe
m
I+I+1I0 (27). LILIN = 1.4:2.1:1
" Pd(dba)y/i-PraP (1:1), I(76) + 11 (2) 61
toluene, 100°, 16 h
L] Pd{dba),/Et;Al(OEt)/ 119+ (1) 22
i-Pr3P, (1:2:1), THF
100°, 16 h
" Pd(acac)y/Et, Al(OEt)/ 1(59) + 11 (2) 22
i-Pr3P (1:2:1), toluene,
100°, 16 h
= Pd(allyl)Cp/i-Pr3P (1:1),  1(84) +1I (3) 22
toluene, 120°, 2 h
(Ph3P)4Pd/dppe, I1(32) 25,69
MesSi  OAc THF, reflux, 285 h
CDg,08 CDy 33
A Ni(an),, D é’cozm T+ Dysg 238
DD, benzene, 60°, 2.5 h D : 4
CO,Me MeO,C  COj
Ell=1:1.6
" Ni(cod),/ArsP (1:1) I (56) + IT (34) 65
toluene, 120°, 5h p r
MeO,C  COMe MeO,C
I+ 8,39
E=CO;Me
Concentration (M) I+10+I0 LILIN
6.6 60°,8h (100) 9:1:0
0.515 MeCN, 60° (100) 89:10:1
0.204 MeCN, 60° (100) 81:18:1
0.0725 MeCN, 60° {—) 17:7.5:1
0.035 MeCN, 60° =) 9.5:6.2:1
0.017 MeCN, 60° (99) 7.4:59:1
0.007 MeCN, 60° (96) 6.9:6.4:1
0.298 MeCN, 60°, 05 (250 Torr) (62) 99:1:0
0.224 MeCN, 60°, O, (250 Torr) (56) 99:1:0
0.149 MeCN, 60°, O, (250 Torr) (45) 99:1:0
0.075 MeCN, 60°, O, (250 Torr) (29) 99:1:0
0.037 MeCN, 60°, O, (250 Torr) (18) 99:1:0



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
m CO;Me
55 58 MeCN, 120°, 36 h <: )=<I ’) n 107
5 CO;M&
I+1 (59). LI =117
Ph Ph
Ph Ph
X Ni(cod)/ArsP (1:1), (98) 65
toluene, 100°, 3 h
MEO:.é:\COzMe A Ni(an), CoaMe I+ 0oale o+ 62
MeOzC CO;Me MeO,C
I+10+ I + IV (20), CICILIV = 1.89.4,6
" Ni(cod), I+I(78), 11 =19 129
" Pd(dba),/i-Pr3P (1:1), I (8) + IV (15) 61
toluene, 100°, 16 h
Pd(acac)s/Ets Al{OEL)/ I (18) + IV (13) 22
i-Pr3P (1:2:1), toluene,
100°, 16 h
" Pd(allyl)Cp/i-PrsP (1:1),  TII (25) + IV (20) 22
toluene, 110°, 8 h
. Pd(ally)Cp/(EtO)sP (1:1), I (61)+1IV (18) 22
toluene, 110° 8 h
(PhsP)4Pd/dppe, I + IV (60), LIV = 1.3:] 25,69
MesSi OAc THF, reflux, 210 h
I + 8,39
& MeCN, 60° H o H
l\? MeO,C  CO;Me
m +
CO,Me H
CO;Me CO;Me
Concentration (M) 1+ +MMI+1IV  EILILLIY
6.6 8h (95) 15:3:1:6
33 ] (95) I7(0 + I):1:13
1.32 —_ (93) 15(1 + IM):1:9.3
0.66 — (86) 13(1+Mm):1:11
0.33 = (59) 7.5(1+M):1:8.2
0.13 — (38) 7.2(1+1M):1:8.5
0.066 — (24) 9 (I+1I):1:10
0.033 - (12) 7.2(1+M):1:85
6.6 04 (250 Torr) (54) 96:2:1:1
33 05 (250 Torr) (32) 95:2:2:1
1.3 0, (250 Torr) (17 45:2:1:2.5
0.66 0, (250 Torr) (15) 2h:1:1:—




TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ni(cod)o/ArsP (1:1), I(57) + I (23) 65
toluene, 130°, 10 h
MeOL  COMe e
m COzMC
S.__S MeCN, 120°, 72 h { s>=<]: o 107
/: MeO,C t:o;Me.
1+00 (46), LI =1:1.1
M .-OMe
Et;0, 0° =) 44
CO;Me
CO;Me
Ph._ _Ph Ph._ _Ph
Ph._ _Ph
Ni(cod)/ArsP (1:1), I(28) + I (69) 65
toluene, 120°, 5 h P
MeO,C MeO,C Me
_.CO;Me CO;Me
e 80°,20-35 h ><: >C %
CO;Me
solvent 1+11 L:II
octane 7 32:1
benzene (88) 19:1
toluene (86) 32:1
DME (85) 12:1
(CH,CI), (75) 12:1
DMF (72) 4:1
MeCN (78) 4:1
DMSO-d; (73) 2.7:1
C;
COMe 0
MeQ  CO;Me % 4 O;Me }4
o MeCN ><: 0 55
CO;Me 5 CO,Me
CO;Me
80°,12h I+11(84), EII=1:1.6
40°, 60 h I+I1(87),LII=1:32
MeO,C
— PA(OAc)/(i-Pr)sP, (23) 72
CONMe; MesSi  OAc THF, reflux, 142 h MeO, ..CONMe;
Et NO; % 0
o MeCN, 40°, 30h (90) 55
CO;Et Et NO,
% CO4EL
Crs &
R R
. g Ni(cod),/PhsP (1:1), I+ 11 76
CO;Me toluene, 80-100°, 5h _— oM
2VIE {4
R=n-Pr 1+11(50), 11 =2.7:1

= (CH,),CO;Me 1+ 11(49), LI =2.6:1



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cs
M || Ni(0), 40-60° 5 I (>75) 235
Ph
Pd(0), 80-100° I (>75) 235
Ph
Ph Ph
Ni(0), 40-60° I (=75) 235,
64
Ph
Ph Ph
I Pd(allyl)(Cp)/i-PraP (1:1), I (88) 235,
90°, 1.5h 64
=\801Ph Alkene (4 eq), %L I+1II(85) 239
N MeCN, reflux
N
L. Ni(cod),/(PhO)3P (1:2), OM
toluene, reflux, 6 h 240
e 2. Na/Hg, Na,HPO,, &/’\C’H“' &e\cﬂ“f’i o
CiHis-n MeOH, 0° H
I+11(49), LIl =10:1
MeO,C %
T \— Me;Si (PhsP)4Pd/dppe ! I+ o150,
0,Me /:" 0,Me MeOy CO,Me 69
MeO,C
Dioxane I+ I0(98), LII=3.8:1
THF I+ (47, L= 1.6:1
— H’H/Ph Ph .-Ph
M°°2C/_\=\: MesSi  OAc (PhyP),Pd/dppe, ' I+ \ o150
0;Me dioxane, reflux /-_—_»‘ 0;Me /:" 0,Me
MeO,C Me0,C
LI =1:1
0 0
‘)S) Pd(OAc)/(i-PrO)sP (1:8) (93) 160
MesSi  OAc
EtO;
= g Ni(cod),/PhsP (1:1), I+ i 60
CO;Et toluene, 80-100°, 5 h
COqEI EtO; 0,Et
1+10(72), I =24:1
=z i 1), 60
N e R
E COEt  E

toluene, 80-100°,5 h

I+1I0(42), LI =3:1



TABLE |. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

o] -E
CD;CN, 100-120°, o LE I+ ><: |
5575 >C Bu-
o “Bu-n

n

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
|
Ni(cod)y/ I+ I+ 126
(2-PhCgH4)3P (x:y) . Py
’ EOL  COE EOL  COE
CO,Et
i1
Et0,C” “CO,El
COEL oo
0
1:1 I(10)+ I (31)+ [IL (16)
1:2 1(12)+ 11 (46) + 11 (18)
1:3 [(25)+ I (23)+ I (9)
Pd(dba)y/(i-Pr)z(r-Bu)P (1:1), 1(83) 126
110°,3h
. CO,Et COsEt
| _Fe(cO)s : '
‘ MesNO, benzene, 60° R I+ &C&E‘ m+ 79
H H
COzEL
I 1410400 =(9-19)
CO;Et
n-Bu s CO,Me
A=y o MeCN, 70°, 26 h >C ):Cr 89) 16
CO;Me o “Bu-n
1-Bi %I
0 -CO;Me
UL—\ 0__0 CD4CN, 100-120°, ><: (89) 56
CO;Me % 55-75h But
0 CO;Me
By COMe o MeCN, 70°, 26 h ><:2=CE (86) 16
% Bu-n
/0%0 I 56

1+11(80), LIl =1:1,E=CO;Me



TABLE |. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Co
2%
PA(OAC)s/(i-PrO)P. 76.
— MesSi  OAc hexane, reflux 170
CO;Me
SiMe;
(Ph3P)4Pd, toluene. 80° s I 154,
Me;Si OCO:Me 153
E=CO;Me
I+ 10+ I1(77), LILIIL=8:1:1
: CO;MC
o fo) {PhsP)4Pd, toluene, 80° (69) 77
X MesSi  OAc
SiMe;
(Ph3P)4Pd, toluene, 80° (66) 154,
155
MesSi  OCO;Me
C
10 - OB
Ph CN Eu OEt Et CN
\:( A MeCN, 40°, 14 h 1+ opt N 55
CN Et Ph CN
PR on
I+11(94), LIl =1:6.7
S ?_ e
CN
0.__0 MeCN >C )=d 1+ 0 o ss
0 Ph CN
% Phon
80°,05h I+ 1I(88), LIl = 1.3:1
40°, 14h I+1I(87), I:1I=1:8.1
M o ;
§ CN
1 5 MeCN, 120°,23 h < 1+ 5 n 107
Z Ph CN
re CN
I+1I (BORLI: M =1:1.2
% :-B
CN
o 0 CN 0
MeCN, 120°, 4 h >C I+ i 55
& 1'-Bu/ Ph P CN
CN
-Bu I+10(72), B = 1:5.7
Ph
- (Ph3P)4Pd/dppe, (43) 25,69
o] Me;Si Ac THF, reflux, 5 h

e

(0]



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

I)L( PA(OAc)/(i-PrO)sP, ;ﬂ I+ i 153
MesSi  OPiv toluene ﬂ/ : 5 r(
o 0

1+ 11 (38), LII=3:1
(n?-C3HsPdCl)a/tpdp, I+11(90), LII=1:3.6 153

MesSi  OPiv toluene, benzene, 15 kbar

[Pdy(dba);CHCIs)/ NC

dppe (1:4), (51
NC  OCO;Et THF, reflux. 1 h P

0
SiMe;
HO,C- HO,
Hg (:li::);:dém LR u 155
’ P n/ P ”/
0

Me;Si OCO,Me
I+10(61), LII=27:1

Ph - )
_ A PA(O)i-PrsP (1:1), — o
CoMe 100-140° ]
Ph CO;Me
I
(‘H (PhsP)sPd/dppe, I (70) 25,69
MesSi  OAc THF, reflux, 4.5 h
‘/—\]Jﬁ (-PrO3P)4Pd, O 1404, EH=231 241
MesSi  OPiv dioxane, 150°
‘coMe
T CoMe HH (PhyP)4Pd/dppe, & I I+0(55),E0=1:13 2569
Me;Si  OAc THF, reflux, 3 h
Me
L St HOC- HO,
o} COMe
(Ph3P)4Pd, toluene, 80° o COMe I+ COMe n 154,
COMe MesSi  OCO;Me N e \| COMe =
X X
I+1I(70), LI = 1.4:1
n-CgHj3
= (PhsP)4Pd/dppe, (s1 25,69
CO;Me MesSi THF, reflux, 12 h A
he n 13 COMe

H‘\IL — (64) 76
0 Me;Si 5

z



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ciz
\_>_0(c|-|,_)21’h Pd(::;h;f;ﬁ??b I+ 1 71
i -BuLi, THF, 65-70° kS
d Mg S " COx(CHy);Ph O4(CHy)Ph
I+11(95), LI = 19:1
HH Pd(OAc)o/(i-PrO)sP, I+11(59), LIl =>99:<1 71
(MeO);Si Cl n-BuLi, THF, 25°
/_)O(CHZ];Ph PA(OAC),/(i-PrO)sP, J NE 1} 71
0 " i o .
Me;Si Ac n-BuLi, THF, 65-70' }
o CO(CHy),Ph CO(CHy),Ph
I+101(86), LII=1:23
Pd(OAc):/(i-PrO);P, I+I(57), k=173 71
(MeO):Si  Cl n-BuLi, THF, 25°
0 SiMe; o
M H‘; (PhsP)4Pd, 154,
MesSi OCOMe toluene, 80° 155
I+ (51), Ll =2:1
Ph  COMe HH
CO;Me MesSi X CO;Me
Ph CO;Me
X =0Ms [(EtO)3P]aNi, (87) 88
toluene, reflux
X =0Ac (Ph3P)sPd/dppe, (70) 25,69
toluene, 85-95°, 5 h
X = OBz . (69) 25,69
X =0Ms " (42) 25,69
X=Br " (0) 25, 69
Pd(PPhj)4, THF, reflux I+ n TS
MesSi  OAc CO,Me COMe 153
Ph  CO;Me PH CO;I\('I):
I+11(82), LII=3.3:]
PA(OAC)a/(i-Pr)sP, 11 (90) 75,
Me3Si Ac toluene, 10 kbar 153
Pd(PPh;)s, THF, reflux I+ (90), LIl =6.7:1 75,
MesSi  OAc 153



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%)
AHH PA(OAC), &ﬁ 1+ I 242
f Me
MesSi opiv o o COMe
COMe Ph  COMe
(i-PrQ)3P, toluene, 100° 1+1(43), LI =1:3.1
(i-Pr0)3P, dioxane, 150° I+11(95), LIl = 1:1
tpdp. DMSO, 100° 1+ 1II (quant.), LII =9.3:1
tpdp. neat 100° I+I1(81), LII=18:1
Pd(OAc)/(i-Pr)sP. (69) 241
toluene, 80° COMe
MesSi 0OCOMe Ph  CO,Me
NC
e (PhyP);Pd, ﬁ ®9) 7
tol , refl CO:M
Messi Sas oluene, reflux PK CO;!\«CI): -
H’H/x\\ PA(OAc),/(i-PrO);P. == (89) 15
| dioxane, 100° CO;Me
Me;Si OAc Ph  CO,Me
AcO.
‘/H\rmc PA(OAC)/(i-PrO)sP Mﬁ I+ I+ O i 75,
: E E 153
MesSi  OAc Ph E PP E E Ph E
dioxane, | atm I+ I + III (86), L:IL:III = 1:0:0, E = CO;Me
toluene, 10 kbar I+ 10+ I (69), LILIIE = 0:4:1
o o
H’H)'L Et Pd(OAC)/(i-PrO)3P, E (59) 75
toluene, refl CO;Me
MesSi  OAc g P COMe
Me;Si
SiMe; i
H‘% PA(OAC)ligand, I+ Sver gp 155
) reductant, dioxane, 100° CO;Me CO;Me
Me;Si  OAc Ph  CO,Me Ph  COMe
Megsﬁ Im + v
CO.Me CO,Me
Ph COMe Ph COMe
(i-PrO3)P, n-BuLi I+10+ I + IV (62), LILILIV = 1:0:1.4:1.4
Ph3P, n-BuLi I+ 10+ HI+IV(62), LILIT:IV = 4:1:20:20
Ph;P, DIBAL-H I+ I+ 0+ IV (—), EIEOLETV = 4:1:20:4
PhyP I+ + O+ IV (—), LICILIV = 4:1:20:4
4-MeOC,
CgHyOMe-4 Pd(OAc)/(i-PrO)sP, 92) 182
toluene, reflux CO;Me
MesSi  OCOMe Ph  COMe
Ph
Ph.
PA(OAC),/(i-PrO);P, (85) 162
toluene, 65-95° CO;Me
Me;Si 0;Me Ph  COMe

Refs.



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Coniinued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
. COMe COMe
SiMcs CO,Me COMe
OCOZME —y
PA(OAC);, n-BuLi, s L <y ™ g 73
Ph;P, THF, reflux
1+ M(86), LII=4:1
i CO,Me CO;Me
Sihey COMe COMe
_-0COMe -
Pd(OAc),, n-BulLi, st P" | 5 L I 73
PhyP, THF. reflux
LII=23:1
Cis
9 (2,4-pentadionato)sln, 0
PH Pd(OAc),. DIBAL-H, (81) 160
MesSi  OAc (2-MeOCgHq)3P,
toluene
SiMe;
2-MeOCgHy  CO;Me HOLC.. HOy
‘=( (Ph3P),Pd, I+ nmo1ss
CO,Me ’ toluene, 80° COMe CO;Me
Me;Si  OCO;Me 2-MeOC¢Hs  CO.Me 2-MeOCgHs  CO,Me
I+ 10(59), LI = 1.9:1
MeQ  CO;Me 5 Fozcg;n i o}é
! MeCN, 60°, 0.1 h ><:0>=<I 1+ un oSS
CO.Bn “COMe
% M M0 fom
I)% I+10 (8), 1: 11 = 1:2.4, Il cis:IX trans = 1:2.4
0.’. 0 MeCN, 80°,9.5h I+1 (96), 1: 1= 1:2.7, I cis:I trans = 1:1.6 55
CO;Bn
CO,Me 0 iaCO;Me
i{:( MeCN, 80°, 6.5 h ><:0>=.<I 1 +H 55
M CO,Bn Nk
I+ (97), LI = 1:2.3, I cis:II trans = 1.5:1
! PA(OAC),/(i-PrO)sP, I+ 148
.HI\ g H S0P
— Me;Si  OAc toluene, 80°
x
I+11(80), LI =2:1
SiMe; HO4
PA(OAC)/(i-PrO)sP, I+ 148
dioxane, 80°, 5 h H S0P
MesSi  OCO;Me e o__0

I+ (41), Bl = 1.5:1



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ao
d b Pd(OAc)/(i-PrO)sP, I+ 3 n 148
H SO;Ph H 'SO,Ph
X MesSi OAc o) OX
toluene, 50°, 10h 1+10(79), L = 1.5:1
toluene, 80°, 6 h 1+I(76), LII=1:1
n-BuLi, THF, 80°, 6 h 1+ 10(61), L= 1:2
toluene, 80°, 24 h I+I0(80), LNl =1:2
Pd;(dba)s, CHCly, (i-PrO),P, I+ (81), L =1:13 148
MesSi  OAc toluene, 80°, 6 h
SiMe; HO;
PA(OAC),/(i-PrO)sP, & ‘soen ©9 148
MesSi  OCOMe toluene, 80°,6 h 0><
t-B
\F, Tol PA(OAc);/(i-PrO);P (1:4), I+ o 156
~. ) .. -Tol K _Tol
o MeSi  OAc THE, reflox Bl S, B R,
o]
I+1(82), Kl = 4.6:1
Ciz.19
COR Ni(cod); 133,
134
COR
= o‘ﬁs” 0°.20h (86), 99:1
_N -10° 120 h >99:1
5
R= 20° 14h (55). 3.4:1
R= g\ 20°,20 h {63), 1.6:1
0
= Ph
Cia.as
oor A Ni(cod); 245,
134
COR
R'=H 25°,7h 92) L1:1
- R!=CHPh, 20°,24h (91) 5.6:1
i; R! = CHPh, 0°,24h (86) 6.7:1
R! R! = CHPh, -20°,24h (93) 9.1:1
R! = NPh(SO,Ph) 20° 48 h (73) 2.2:1
R! = NPh(SO,Ph) 0°, 48 h (60) 5.1:1
R! = NPh(SO,Ph) -20°,72h (38) 5311
R!=CH,Ph 20°,20h (58) 1.7:1 134
R= o1 R'=CHyPh 0°48h (44) 1.6:1
‘&.:0 R'=CH,Ph -20°,72h (85) 1.9:1
: R!=CH,Bu-r 20°,72h 47) 2.7:1



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
~ ok A Ni(cod)y 25,
134
COR
o~ R'=H -20°,72h (78) 1.7:1
R= Rm RI=H 0°,20h (78) 1.7:1
R!'=H 25°,7h (85) 1.7:1
R'=H 40°,5h (90) 1.5:1
R!'=Ph 20°4h (86) 4:1
R!=Ph 0° 18 h (89) 6.7:1
R'=Ph -20°,24h (59) 8.1:1
o 9 toluene, 20°, 16 h (69) 11:1
R S 0°,16h (=) 131
.,%N% -20°, 16 h (=) 211
—40°, 140 h (—) 131

i COCHy)Ph HS PA(OAC)/(i-PrO)P (1:5), 1+ u d
MesSi n-BuLi, THF, 65-70° F
i CO,(CH;);Ph i CHz);Ph

I+11(65), LIl =1:53

M HI\’ PA(OAC)/(i-PrO)sP (1:5), (41) 7
So.m n-BuLi, THF, 65-70°

Et

MCOZE‘ H& PA(OAC)/(i-PrO)sP (1:5), (44 7
Rt R --C0O,EL
MesSi n-BuLi, THF, 65-70° P
SiMe,
M (PhsP)ePd, Hoy (60) 155
CO;:Me toluene, 80° COMe
Me;Si Me CO;Me
mCsHn_ (k PA(OAC)/(i-PrO)sP (1:4), ﬁ 156
\I;;'l‘.ol MesSi THF, reflux n-CsHy .\ n- CsH“ |""'
I~
l+ll(62},l]] 33 1
Ph  COsEt [Pda(dba);CHCls)/ ”
\a/ dppe (1:4), (61) 70
COyEt OCO,Et THF, reflux, 24 h COZCEOZE(
t
[Pdz(dba);CHCIY e
dppe (1:4), (73) 70

THF, reflux, 18 h

7

CO,Et
Ph co,E?2
i-Pr.
=N PA(OAC)/(i-PrO)sP (1:4), I+ I 71
CONCHPh  MesSi  OAc n-BuLi, THF, 65-70° \
i CO5(CH):Ph - 5(CHz);Ph

I+1(80), LIl = 16:1



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs,
CsH4OMe-4
0/\0 £
\—<_\ - M coMe 1+ —( H come I 76
— MeiSi  OAc 0. .0 o
CoMe I+ I1(91), LI = 2.6:1
CgH4OMe-4 CgHyOMe-4
CgHyOMe-4
6]
— 76
. MesSi  OAc
COMe O S 1+10(95), BT = 2.6:1
CeHOMe-4 CeH,OMe-4
Cias
> 5 5
' 2 0c OC
PA(OAC),/(i-PrO)sP,
PMCO;R ‘ (OAc)/(i " D3P, k =4 I+ 4 i 243
Bok MesSi  OAc toluene, 110°, 12 h >< H COR H COR
[o]
R=Me I+ (79), LI =7.3:1
R = CH,CF; I+10 (81), LI =1:0
Boﬁ: o
XZ:(_\COZR PA(OAC),/(i-PrO);P, B"}: 243
MesSi  OAc toluene, 110°, 12 h >< h coRr
R=Me LI =3.7:1, 1411 (55); EII=1:0
R =CH;CF;
Cis
:—Bu\ !Bu—l'
Si,
o o
- { H COMe i 7
— MesSi  OAc o, /b
CO,Me S
-Bu Bu-r
1+11(92), LIl =7.5:1
Cis
Ph
\.-Tol ‘)‘j PA(OAc)/(i-PrO);P (1:4), I+ i 156
B~ ) ", -Tol ¢\ Tl
o MesSi  OAc THF, reflux Ph ﬁ\_ Ph ..
o’ Q"
1+ 10 (80), LI =9:1
—\__Tol . é
Ph N PA(OAC),/(i-PrO)sP (1:4), 1+ i 156
o MesSi  OA THF, reflux PH T8 T
381 OAc ' B~ E\:
0
1+ 10 (47), LI = 3:1
Ph
\:>: H‘S}\‘ [(EtO)P];Ni, I (50) 88
0 .. Ph
MesSi 0,Me toluene, reflux n/

(o]



TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
\)‘\I (Ph3P)4Pd/dppe, I (85) 25
toluene, 115°, 11 h
MesSi  OAc
SiMe;
HO,C- HO;
(PhsP)4Pd, i I+ . 69,
toluene, 80° P = P! B 155
MesSi  OCO;Me oluene I g'/
I+ (77, Ll =4:1
L N (U\(L PA(OAC),/(i-PrO)sP (1:5), I+ o7
b . -BuLi, THF, 65-70° |
02(CHz22Ph - MesSi OAc : n-Bf{  COCH,);Ph n-B (CH;);Ph
I+ (90), LIl =32:1
n-Bu CO4(CH;,):Ph (uﬁ Pd(OAﬂ.)Z{“-PTO)]P (1:5), I+ n 71
qui OAc !I—BI.'IL!., TH:F. 65-70° .
n-B CO,5(CHy),Ph n-Bi 5(CH;):Ph
I+10(89), L =1:35
Cpy
Ph SiMe; HOy
0 H‘; (Ph3P)sPd, ~ 20 1+ <20 1 155
e : toluene, 80°
P MesSi  OCO;Me =
Ph Ph
1+11(62), LTI =2.3:1
(o] ';“c 0
N. .-
] .Me
Pd(OAc)2/(i-PrO);P \[o B N (84) 157
0~ TPh MesSi  OAc =\0‘)-~.
o K
Ph
#q
o, J
n-Pr. KIO><
Z " N0
\/\([IJ (2,4-Pentadionato);In,
Pd(OAc),, DIBAL-H,
MesSi  OAc PhyP
Cig
2 ) o 1_}'!3
N, ..
0 - CeHeOMe-4
Pd(OAC)/(i-PrO):P 157
“ph  MesSi  OAc
MeO,C
= (88) 76

o KLH
b)( MesSi  OAc




TABLE 1. INTERMOLECULAR CYCLOADDITION OF ACYCLIC ALKENES AND TMM (Continued)
Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
TBDMSO TBDMSO
TBDMSO Pd(OAC),/(i-PrO)sP.
n-BuLi, toluene, I+ I 148
SO,Ph Me,Si OAc 115-120°, 30 h Yoo gozph
1+ (61-67), LIl =4.2:1
Cap
0, r?le (8] 0
[Pda(dba);CHCI ( Me [(
3 H)f N- I+ P (0] I 157
Ph Ph MeSi OAc dppf (1:4), THF, 70° 0 O\{k N\/»ph
| ME
1+11(88), LI =3:1
Pd(OAc),/(i-PrO)sP,
n-BuLi, toluene, dioxane, I+ M (>70), LII=1:3.4 157
MesSi  OCO,Me 10°
0
(“Y - ‘_QN—Me (80) 157
Me;Si  OAc 0
Ph
N 0
I)H/O‘“ = P _J(N-Me (58) 157
MesSi  OAc ¢ 0\])\
Ph
4-MeOCgHy, o
CgH OMe-4 "( _Me
PA(OAC),/(i-PrO);P P! N (76-90) 157
; o)
Me;Si OAc o \_H\
Ph
Cx Ph
>(0‘. O
0 L_X\%\ Ph
(6] SO,Ph 0. o 0. O—/
>( Hy
PA(OAc),/(i-PrO);P, o - I+ 0O m 148
Me;Si  OAc loluene, 80-85°, 18 h
¢ PhO,S PhO;!
G 1+11(100), LI =7.5:1
Q Me
N_ -
e .
Q CgHiOMe-4 AN Me
PA(OAC)/(i-PrO);P OZ‘Q (90) 157
MesSi OAc 0\)
Ph
TBDMSO TBDMSO
PA(OAC),/(i-PrO)sP,
n-BulLi, toluene, (76) 148,
244

115-120° 30 h

: SOPh  MesSi OAc

TBDMSO

TBDMSO SO:Ph




TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM 43

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cs o 0 o)
o p MeCN, 60°, 8 h, é I+ o . I+ 39
N alkene, 6.6 M s hi
0 N 0 0

oI +
e}

LILILIV = 84:2:23:1  ©

Mco;b—fOch 0, MeO:C coMe
AN - ) 81
ik

; 0

o Q

R
“@ 58S hv, MeCN, 25° s 107
0 /ol R

R=H 4n @n
R = SiMe; 48 h as
Cs |
@ v (350 nm), 0° @ I+ m I+ 44
P
N
ﬂl I + 1\
C 1+11(75), 11 (23), IV (<2)
s 0
é A Ni(cod)o/PhsP (1:1), EtsB @ (50) 130
9y
(PhsP)iPdldppe. {EO: (56) 69
MesSi  OAc THF, reflux I:!
9y Oy
q Ni(cod)/PhaP (1:1), EzB W o d;?_ It 130
A H I+10(73), LII=1.7:1
9 g
(Ph3P)4Pd/Ph;P, (52) 74
MesSi  OAc THF, reflux Ili
9 gy
Ni(cod)/PhsP (1:1), EtsB I&0) 130

Q y Qg
/A Ni(cod);/PhsP (1:1), EtzB --SiMe; I + m_sme, 1] 130
MesSi A h 1+ 10 (50), BT =2.1:1



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs,
O u Oy
SiMe;

Pd(allyl)Cp/i-PrsP (1:1), I+ 11+ 125

Me;Si 144°, 5 h SiMe;
H
[0} H :SiMl.‘.g
I
I+11+ I (81), LICIT =2.4:1:1.3
H
O H
Cyclopentenone (10 equiv), I + I+ 80
N 70° 1h
/f
N H H
m
2 I+ 11 + III (90-98), CILII = 1.3:1:3
0

[Pd,(dba);CHCl3)/dppe, 1) 70

NC  OCOsEt THEF, reflux, 18 h
CN
0
ﬂ—CsHl
l Ni(cod),/PhsP (1:1), EtsB n 130
I+10(68), I:Il=56:1
CsHir-n n-CsHyy

=
MesSi  OAc

SiMe;
Me3Si  OCO;Me

Ph
Me;Si  OAc

o Q
-

e

+

%

MeCN, 80°,28 h

< w

Ni(cod),/PhsP (1:1), Et;B (72) 130

130

+
=

Ni(cod),/PhsP (1:1), EtzB

o o
T T
F
¥

I+I0(75), kI =1:1.6

O u
Pd(OAC)/(i-PrO)P. 75) 75
toluene, reflux H
H S
%y
(PhaP)sPd, I+ 11 155
toluene, 80° H .
CO,H
I+ (41), LI =1:1
9 g
Pd(OAc)/(i-PrO);P, t (60) 75
toluene, reflux i

2



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
H_..CgHOM Q
.-CsHyOMe-4 HH
- (24-30) 84
P N
N/ CgHsOMe-4
o]
l)l\l [Pd(dba);CHCl3)/dppe, (65) 70
Ts  OCO;Et THF, reflux, 10h
Ts
Ph._ _Ph Q
I Pd(allyl)Cp/i-PrsP (1:1), b:>:(l’h (90) 64
90° 3h Ph
I
Pd(allyl)Cpli-PraP (1:1),
Ph
\A 90°, 3h 1097 64
Ph
Q7 o. o MeCN, I atm, 80°, 90 h of:l:>=(0}< (84) 16
A o
h CHyCly, 13 kbar, 70°, 16 h I (87) 16
Ph Ph Ph
@ I Pd(allyh)Cp/i-PrsP (1:1), <I>=( (61) 64
130°,6 h Ph
Cs.10 o 0
R-y ) || R—N 127
o] (0]
R=Me Ni(cod)y/(2-PhCgHy)aP (1:4.5), (87)
THF, 120°, 10 h
R=Ph Ni(cod)o/(2-PhCsHa)sP, (1:1.5), (67)
THF, 120°,5 h
R=Ph Ni(cod),/(2-PhCgHs)sP, (1:4), (84)
THF, 120°, 14 h
R=Ph Pd(allyl)Cp, i-PrsP (1:1), (26)
THF, 110°,22 h
1] 246

cs
CN N
DE MeCN, 75°, 1.2 h 1+
CN N
N N

I+I1(89), k=131

o 9
1. MeCN, reflux I+ 1 246
N 2.DBN, THF, nt
1 0

NO, 7
1+10(67), LI =3.6:1

=



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
0 o] o
Cj /A‘ Pd(allyl)Cp/i-PraP (1:1), SiMe; 1 4 éoﬁs o+ 125
Me;Si 110°, 15k ¥
O SiMe;

' m
I+10+ 00 (31), (I + DML =2.1:1
o
H
O
MeCN, 80°, 28 h ¢:>=<0>< (85) 16

y WX

0
H
(PhsP)Pd/dppe, (U::>.= an 25,
MeiSi  OAc THF, reflux, 20 h y 154
H
SiMr.3 0 H
(LQ (PhsP)aPd, ﬁj:>: I+ 155
; toluene, 80° iy
Me;sSi OCO;Me u COQH

I+ {41), LI =1:1
(o]

Ph.__Ph
I Pd(allyl)Cp/i-PrsP (1:1), éjz‘(l’h (76) 64
125°,3h
Ph
0 CO;Me
COMe Pd(OAC)/(i-PrO)sP (1:6), an 247
2 | MesSi  OAc n-BuLi, CgHg l\

CO;Me

CO;Me CO,Me
PA(OAC)/(i-PrO)sP (1:6), Dr:bz L+ 1 247
MesSi  OAc n-BuLi, CgHg o
0

I+II(87), LIl =1:1-2

A Pd(acac)/EAl(OELY M 14 W u 124
i-Pr3P, CgHg, 100°, 2h

reactant:precursor = 2:1 1(80)
reactant:precursor = 1:2 1(25)+ 11 (39)

Pa(dba)y/(i-Pr)(i-Bu)P, d& 1) 126
110°,0.5h
)
[ A\I PA(OAC)y/PhsP, >= @5) 248
Mc;Si OAc i'l~Bu.Li, TH.F. reflux i
OFt
dl A Pd(acac)y/Et,AI(OEtY d{f I+ I 124,
3 i-Pr3P, CgHg, 100°, 1 h »

alkene (1 eq) 1(78) + I (21)
alkene (2 eq) 1(96)

o

>
:>:



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Pd(dba)a/(i-Pr)a(1-Bu)P, d& 1+ isomer@l 1+IL(66), LII=10:1 126
110°,05h
235
Ni(cod);, toluene, 40°, 3 h (78)
Pd(0), 80-100° (>75)

-

Pa(dba)y/i-PrsP (1:1), dif I+ dﬁf/ o+ 128
toluene “F F
=~
KT

40°,20h I+ + X (9), BIGI = 1:1:12
60°,20h I+ 0+ (72), LILII = 1:1.1:7
90°,2h I+ 10+ I (72), LIEI = 1.1:1:3.4
Ph._ _Ph Ph
X Ao "
Ni(0), 40-60° >75)
Pd(0), 80-100° (>75)
o] o] o]
Pd(allyl)Cp/i-Pr3P (1:1), SiMe; 14 o+ 125
Me;Si 144, 6 h SiMe;
O SiMe,
{ m
140+ X0 (71), (1 + H):I00 = 2.6:1
Ph.__Ph 2
Pd(ally)Cp/i-PrsP (1:1), Pho @0 64
125°,7h
Ph
[} s}
MeCN, reflux ¢ I+ 14 246
i i
N H
I+ (96), LIL = 5:1
Gs o O R
R (”j) Pd(OAC);, BtsP, ibz 147
Me3Si Ac THF, reflux i:-l
R =Me (6)
R =CO,Me (46)
Cs
CO;Me
Dl: Neat, 5-fold excess of I+ o 246
CO,Me N diylophile, 75%, 1.2 h i
N Me CO,Me
1+11(94), Ll =451
Cy i
o]
(50) 84




TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
\ %
o. 0 MeCN, 80°, 20 h (95) 16
0 %
[(EtO);P];Ni, I(77) 88
MesSi  OSOMe toluene, reflux
(PhyP)sPd/dppe, I(52) 25,69
MesSi  OAc toluene, 115°, 14 h
(Ph3P)sPd/(PhsP)s, 1 74,
Me;Si  OAc THF, 65° 155
I+10(63), LI = 10:1
(n*-C3HsPdCl)y/(i-PrO);P,
toluene, benzene I+ (67), L0 = 14:1 74,
Me:Si  OAc 15 kbar, 25° 155
H‘T (PhyP)sPd/PhsP, o+ 74, 153
Me;Si Ac THF, 65°
m
1+ 11 + I (63), LILINI = 8.9:1:0
= (n*-C3H;sPdCl)2/PhsP, I+ 10+ IOI (38), LIEIOD = 1:2.2:1 74,153
toluene, CgHg, 15 kbar, 70°
" PA(OAC)/(i-PrO)sP, I+10+ 1 (12), LI = 1:3.7:0 74,153
toluene, 9.8 kbar, 25°
J PA(OAC)/(i-PrO);P, T+ 1+ I (30), LILI = 1:1.4:0 74, 153
toluene, 9.8 kbar, 25°
" (1*-C3HsPAC),/(i-PrO)P, 1+ 11+ I (71), LILII = 1:1.4:0 74,153
toluene, 9.8 kbar, 25°
. (1-C3HsPdCl),/(i-PrO)sP, 1+ I+ III (64), LI = 1.2:1:2.9 74,153
toluene, CgHg, 15 kbar, 25°
. (n-C3HsPAC)/tpdp, 1+ 10+ (77), LIET = 1.1:1:3.1 74,153
toluene, CgHs, 15 kbar, 70°
(i-PrO;P)4Pd, 242
Me;Si  OPiv dioxane, 150°

I1+I(85),LI=81:1



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

s

Pd(OAC),/(i-PrO)sP, (61) 75
MesSi  OAc toluene, reflux
SiMe;
f% (Ph3P)4Pd, toluene, 80° 1§ 154,
Mesi  OAc 155
1+10(62), LI =9:1
SiMe; HOG
H.
H‘; (PhsP)4Pd, toluene, 80° - (81) 154,
’ H 155
MesSi  OCO;Me %
Ph
Ph H.
(Ph3P)4Pd, toluene, reflux (76) 75
MesSi  OAc H
0]
CO;Me
o] 0 2
X -COMe PA(OAC)/(i-PrOYP (1:7), (69) 249
MesSi  OAc n-BuLi, THF, 60°, 1.5 h
3 Q 3 3
c& ) A PA(CpXallyl)/(i-Pr)sP, B I+ ! N o 250
4 toluene, 120°, 5 h O\'Jﬁ 0\'" “-’K
0,Me Me0,C M
I+0(7, LI = 1:7
Pd(OAc),/PhsP, I+ (81) 250
Me;Si Ac solvent, reflux
THF Lll=1:3
toluene LIl=1:53
DME LI=1:48
DMF LO=1:17

(o]

3 3.
;? oo Rﬁ%\r&gh -

I+ 11 (quant), LIl =1:2

R! Q
[ . > "
Pd(Cp)(allyl)/(i-Pr);P, 0\_ ] - 250
R? toluene, 110°, 1 h M;Oz 5
R'=H,R?=Ph 81

(66)
0
SiMe; Pd(Cp)(allyl)/(i-Pr)sP, (89 (48) 250
o-xylene, 120° Me0,C ° SiMe;
Ph



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)
Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

Ph Ph

(0]
I Pd(Cp)allyl)/(i-Pr)3;P, % .-9‘ E (88) 250
toluene, 140°, 8 h Me0;, '~_/%/Ph
Ph
Co.10 ; CO:R
Lb' o PA(OACHI-PO)P, ﬁb:;’ , L+ n 149
? MesSi OAc THF, reflux COR

R=Me I+ 10(85), 0 = 4-5:1
R=Et 1+11(87), LIl =4.6:1
Cio
0 Q
Ph~y / A Ni(cod)2/(2-PhCgHa)aP (1:1), Ph—N (M 127
THF, 70°,20h
o] SiMe;
/A Ni(cod)y/(2-PhCgHa)3P (1:1), Ph—N (44) 127
Me;3Si THF, 110°, 8 h
o]
Ph
Ni(cod),/(2-PhCgHy)sP (1:1), Ph—N (82) 127
THF, 110°, 8 h
o
0
Ph._ _Ph Ph
Ni(cod),/(2-PhCgHy)sP (1:2), Ph—N (83) 127
toluene, 120°, 2 h Ph
o 1
Ph.__Ph
Pd(allyl)Cp/i-Pr3P (1:1), I (56) 127
THF, 110°,22h
f. .}
(Ph3P),Pd/dppe, (52) L
MesSi  OAc THF, reflux
o
4
ATJﬁ PA(OAC)/(i-PrO):P (1:10), (50-60) 183
Me;Si  OPiv dioxane, 150°
SiMe;
7 SiMes
Kﬂ;‘ PA(OAC)y/(i-PrO)sP, (56) 155
DIBAL-H, dioxane, 100°
MesSi  OAc
SiMe; ; CO.H 7 COH
(PhaP)sPd, 1+ I 154,
toluene, 80° 155
o

MesSi OCO;Me
1+ 101(68), LIO=23:1



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)
Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

Pd(acac),/EtoAl(OELY

g i-Pr3P, CgHs,
100°, 4 h

0
CO;Me
e PA(OAC)/ELP, 92) 147
MesSi  OAc THF, reflux :
H
Ho-
H

(74) 124

RO

Cio-2
PA(OAC)/(i-PrO);P, 251
MesSi  OAc THF, reflux
R= H—CSH” (45)
R = (CHy);0Bu-t (65)
Cu SO:Ph
SO;Ph .
@/ (PhsyP)sPd/dppe, CD.: (58) 25
MesSi  OAc THF, reflux, 40 h l'i
CO;Me
7 CO;Me
CoMe A Ni(cod),/PhsP (1:1), 7L A 1(62) + I (0) 66,69
\CoMe toluene, 80-100°, 5 h ngzd'“‘
e
(Jﬁ PA(OAC)/(i-PrO);P, I (63) 149
MeaSi  OAc THF, reflux
(PhsP)4Pd/dppe, I+11(72), LI =4:1 60
MesSi  OAc THF, reflux
E
E
Pd(OAC),/(i-PrO);P, LA I+ o 149
MesSi  OAc THE, reflux EE
E=CO;Me
I+H(71), LI =5:1
Ci. M
1-14 % . /CO? = X CO;Me
X C0Me Pd(OAC),/(i-PrO)sP, I+ I 249
Me;Si Piv n-BuLi, THF, 60°
X =—OCH,CH;0— 1.5h 1(48) + I1 (39)
X =—OCH,C(Me),CH,0— overnight 1(38) + 11 (26)
X = —OCH,C(Me),CH,0— 6h 1(33)+ 1 (48)
€2 o o]
5 | [Pda(dba);CHCLIPhsP, I+ n 154
Me;Si  OAc THF, 70°, 6 h :
OBn OBn
I+11(54), EII=2:1
Cis
q PA(OAC)/(i-PrO)P, 4 M 149

SO,Ph Me;Si OAc THF, reflux SO,Ph



TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
i H
SiMe, ' .COH
(Ph3P)sPd, 7 (66) 155
tolw BO®
MesSi  OCO,Me ene: SO.Ph
Cue 0] o]
/l._ Pd(OAc),/PhsP, /1 i
| n-BuLi, THF, >: (94) 248,
MesSi  OAc reflux, 4 h i 146
DMS TBDMS
4 ’J\‘L Pd(OAC),/(i-PrO)sP, /i (29) 149
COPh Mﬂ:;si Ac T!'IF, reflux Ph
i H
SiMes oo
(Ph3P)4Pd, 4 (70) 155
MesSi  OCO;Me Moluene; 30° COPh
MOMO MOMO MOMO i
‘JI Pd(OAC)/(i-PrO)P, I+ {I): n 148
& toluene, 150° !
SO,Ph Me;Si Ac SO,Ph 50.Ph
I+ (51), O =2:1
Ciais o o
kg | PA(OAC)/PhyP, R0 == 28,
Me;Si Ac n-BuLi, THF, reflux - - 146
OEt OEt
R =TBDMS (70)
R =COPh (70)
Craas OR 0% OR}."
1+ f I 7
SO,Ph MesSi  OAc SO.Ph $0,Ph
R =TBDMS Pd(OQAc),/(i-PrO)P I+11(53), LIl =9:1
R =TBDMS Pd(PPh;) I+11(36), :I1=8.5:1
R=TIPS Pd(OAc)/(i-PrO);P I+ 1 (35), 11 =5.5:1
R =TBDPS Pd(OAc)/i-PrO)P [+1M0(72), LIl =6.3:1
R = MOM Pd(OAc),/(i-PrO);P I+ (56), LII = 5.4:1
Cis.
15-29 OR ORH
I+ n 77
MesSi  OAc !
SO,Ph $0,Ph
Pd(OAc)k/(i-PrO);P I+11(50), LI =4.6:1
Pd(PPh3)4 I+M(12), LIl = 4:1
PA(OAc)/(i-PrO);P I+ (50), I.II = 3:1
Pd(OAc)/(i-PrO)sP I+10(54), LI =8:]
Pd(OAc),/P(OE1); 180
MesSi  OAc THF, reflux

an




TABLE 2. INTERMOLECULAR CYCLOADDITION OF CYCLIC ALKENES AND TMM (Continued)

TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

(o]
CO;Me
H.
PA(OAc),/(EtO)P, : (98) 147
MesSi OAc THF., reflux H

h 1,2-Cl,CgHy, 70°,

173

% overnight

PA(PPhs)s, 252
MesSi  OAc toluene, reflux, 48 h

Pd(PPh3)s, 253
MesSi  OAc benzene, reflux, 72 h

Cro
1,2-ClLiCHa, asa
80-90°, 26 h

X, X = OCH,CMe,CH;0, Y, Y = Hor
X, X =H, Y, Y = OCH,CMe,CH,0

I+11(32), OI+IV(25), L0=1:1, INEIV=1:1.5




TABLE 3. INTERMOLECULAR CYCLOADDITION OF ALKYNES OR ALLENES AND TMM

Reactant TMM Precursor

G

H,C==CH, ‘A

Me0,C—=—CO0;Me

MeSi———

MeSi———580Me

o)

Reactant Precursor
12M 0.40 M
0.051 M <L6x10°M

Me;Si——C0O;Me A

n-CsHyy

Conditions Product(s) and Yield(s) (%) Refs.
Pd(acac),/Et; AI(OELY/i-PrsP I (40) + 1 (10) 255
(1:1:2), 100°, 2 h
Pd(dba)y/i-PrsP (1:1), 1(14) + I (25) 255
100°,2h
THF, reflux CO;Me (76) 85
H tcoMe
CsHyy-n
CsHyy-n
Ni(cod)s/(2-PhCgHLO)P (1:1), I+ AR | 8 132
80°,5-8h g
MesSi Me,Si
-CsH
n-CsH, o
Me;Si I+ 10+ 10 (48), LILIN = 1:5.2:2.1
0 S0OMe
MeCN, 80°, 14 h ><:J=-@: (88) 107
SiMe;
Solvent, reflux, slow addition --COMe 86
of precursor, 4.5 h I:I
Me0,¢
Solvent
THF (15)
Hexanes (70)
Ni(cod)y/(2-PhCgH40)4P (1:1), (72) 132
80°,5-8h
Me;Si CO;Me
Ni(cod)y/(2-PhCgH4 0P (1:1), 1+ m+ 132
80°,5-8h 4
MesSi  COMe MesSi  COMe
m
I+II+1 (64), LILII = 2:1:1.8
MesSi  COMe
CsH“—J'.I
. CsHyy-n
Ni(cod),/(2-PhCgH40)P (1:1), I+ o+ 132
B0, 5-8h A
Me;Si  COMe MesSt:  COMe
n-CsHyj
111
MesSi  CO;Me

L+ 11+ 100 (65), LILINT = 1.1:1:2.4



TABLE 3. INTERMOLECULAR CYCLOADDITION OF ALKYNES OR ALLENES AND TMM (Continued)

Cy

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
0 coMe 0’)4
. MeCN, 80°, 18 h >C(2=<I I+ " o107
SiMe;

A

b

n-Br———580Me

=]

&o

- BU—=—=—50;Me

Nle;Si——: Et

S Sl e’

=
F

hlegSi—E——SiMeg

Me;Si  COMe
1(72), B = 13:1
Ph
Ph

Ni(cod)p/(2-PhCgH,O)P (1:1), I+ é&’ o+ 132

80°,5-8h /

MesSi  COMe Mot ©0gMe
m
Mesi  \coe 1+I+II (60), LILI = LI:1:LS
Ph.__Ph
Ni(cod)s/(2-PhCgHLO):P (1:1), (63) 132
80°, 5-8 h
Me;Si Me
SOMe
MeCN, 100°, 27 h >CO>:@: ) 107
0o Bu-n
0 S0;Me
MeCN, 100°, 27 h ><: >=<I (85) 107
o Bu-n
Ni(cod)2/(2-PhCgH4O)3P (1:1), (48) 132
80°,5-8h
MesSi Et

Ni(cod)p/(2-PhCgHO)P (1:1), 1+ )é I 132

80°,5-8h /

Me;Si Et MeaSi Et

I+11 (88), LIl =5.7:1

Ph Ph
& "
Ni(cod)y/(2-PhCgH4O1P (1:1), I + Ph I + 132
80°,5-8h
MesSi Bt MEN B
Ph
m
I+1I+ 1 (92), LILIOI = 3.8:1.5:1
Me;Si Et
Ni(cod)y/(2-PhCgHO)3P (1:1), (50) 132

80°,5-8h
Me;Si SiMe,



TABLE 3. INTERMOLECULAR CYCLOADDITION OF ALKYNES OR ALLENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs,
= Ph
Ni(cod)a/(2-PhCgHs0)3P (1:1), (48) 132
80°,5-8h
MCJSi SiMe;
Ph Ph
Ph Ph Ph
I Ni(cod)y/(2-PhCgH4 0P (1:1), I + Ph I 132
80°,5-8h

n-Bu———CO;Me

HyC==

Ph—==—S0;Me

Me;Si—=—=—CO,Pr-i

Ph

MesSi  SiMe, MesSi - (SiMes

1+I0(71), EII=1:1.1

OQM:
MeCN, 100°, 56 h J:IGI:,. 107

n-Bu COzMe
1(49), LIl =4.6:1

Ph
OEt
25° = —) 80
—-Cr(Co
| —rercoy
Ph
SO;M:
X~ L
MeCN, 80°, 26 h
sozm
1(66), L1I =4.a‘|
o CO,Pr-i
MECN, 100°, 10 h >C ):G[: (59) 107
0 SiMes
Ni(cod)a/(2-PhCgH4O)P (1:1), (59) 132
80°,5-8 h
Me;Si 0OSiMe;
Ni(cod)(2-PhCeH,0)3P (1:1), I+ n o+ 132
80°,5-8h - :
Me;Si SiMe; Me;Si SiMe;
I
I+ 1+ I (64), ILII = 1:10:5.7
Me;Si SiMey
Ph._ _Ph
Ph
Ni(cod),/(2-PhCgH,0)3P (1:1), I+ Ph o+ 132
80°,5-8 h / _
MesSi SiMe; MesSi OSiMe;
Ph
Ph IN

Me;Si SiMey 1+ I+ (90), EILIIL = 27:1:13



TABLE 3. INTERMOLECULAR CYCLOADDITION OF ALKYNES OR ALLENES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cio
,,, % o
— COMe o, b MeCN, 80°, 29 h >C ):(I
% CO;Me
I(SB).I[I-—Z 1}
Ciz
% CO,Pr-i
TH >C
l’({—:—cozpr. 0.0 MeCN, 80°, 44 h >=@; u
% COPr-i
1(61), Il =4.6:1
Ci
MeCN, 100°, 36 h I + ¢ . 1 107

1(68), LII=4.1




TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM

Substrate Conditions Product(s) and Yield(s) (%) Refs.
DN
S CDsNO,, 25° pdcl  (66) 256
s
Ciy CHO
H _ CHO CHO
THF, 67°, 3 h @ 1+ @ I 95
.l’N H =
N I +1I(66-85), LI = 1.6:1
o
M P o-xylene, 137
Me0,C COpMe
1(30) + 11 (21)
Cp2
CO,Me
& T
95

CO;Me
THF, reflux @& I+ o+
CO;Me

C
0:Me N

m + w

I+1II+ 1+ 1V (83), LILIEIV = 16:5:1.5:1



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
PACI5(PPhs)s, DIBAL-H, > (74) 143
toluene, 90°
H CH,0H H CH,0H
THF, reflux, 3-4 h I+ % I+ 93
OH )
N H CH,0H g CH.0H
N <I >> oI + <i>> v
I+ 10+ 10+ IV (91), LILILIV = 13:1:12:15
R%\//\l Pd(allyl)Cp/i-PrsP, (87) 144
o-xylene, 120°
MeOLC__~ MeO,C
Cpa. R
12-13 . x H
R Me3NO, benzene, 80° 169
s T (0]
Fe(CO); H o
R=H (40)
R=Me 42)
Cis H
i x
:ﬁ Me;NO, benzene, 80° ) Fe(CO)s I (52) + II (5) 169
z” I -
Fe(CO); H
H H H H
THF (0.1 M), reflux w I+ ép( n %
H
I+10(76), I:I1 = 5:1
H H
e 5
H
N HO
£
N I + sum of minor isomers (Mir) I:Mir
MeCN, 81° =) 3.8:1
MeCN, hv, 6° (87-96) 9.1:1
MeOH, 61° (=) 4.7:1
MeOH, hv, 6° =) 9.1:1
MeOH, hv, —60° =) 30:1
93

H OMe H COMe
COMe THF, reflux, 34 h I+ % o+
H H
,N H COMe H COMe
d ) = )

I+ +II+1IV (98), CIEOLIV =32:1:3:2

4



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.

/ CO;MC
COMe CO;Me

H  H H H
MeCN, reflux % I+ @ i} 91
H H

I+I1(87), LII=T:1

b=
2. s
oy kl\

Ciy
MeCN, reflux, 10h I+ 91
N
N 1+11(40), LI =2:1
MeOQ
H OMe
OMe A
Med THF, reflux, 3-4 h I+ 93
f.lr“ OMe
N H
m
. I+ 10+ I (86), LICOEIV = 12:1:1.4
Cis
Ni(cod)»/PhsP, toluene, 110° > I (74) 142, 143
CO4Et
E0,C

Ni(acac);, DIBAL-H, PhsP, 1 (91) 142, 143
toluene, 90°
PdCl;(PPhy);, DIBAL-H, 1 (98) 142, 143
toluene, 130°

H

/ CO;Me
COMe COMe
H [ H H | H
MeCN, reflux, 6 h I+ — | 89, 90,
' : 9
N H H
v

I+ 11(85), I:11=9:1

H

A
v

Y, CO,Me
H

CO;Me
Oz-H

) MeCN, reflux, 6 h 91

I+1I(87), LI =3:1

MeCN, reflux, 48 h 185

1+11(80), EII = 1:1



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate

Conditions Product(s) and Yield(s) (%) Refs.
OMe
H
y OMe
oM 3
& THF. reflux, 3-4 h I+ 93
OMe
N
it
N
m
I+I1+10(68), LILII = 1:8.2:7.5
Cie H
OAc
Me;Si
o (PhsP)sPd/dppe, 1) 165
MeO,C__~ BSA, THF, reflux
Ciea1 H GCHisn
H
_.C?H]Is—?l Fd(PPhg).q, 1+ 0 1 58
toluene, reflux, 2-5h
E, 0
E Geometry of Alkene I+ LN
CO,Et E (78) 1:0
CO4Et z (75) 1:0
COMe E (81) 1:0
SO,Ph E (60) 1:0
CN Z:E=1:2 (92) I:1
H C-;H;s—u
H
CqHs-n Pd(PPha)s, [o] 1 58
toluene, reflux, 2-5 h
E, 0
E Geometry of Alkene I+11 161
COEL E (87) 1:1
CO,Et z 83) 11
SO,Ph E ®6) 41
CN ZE=14 91) 1:1.5
Ciz
0 CO:Me
COMi
0 ¢ MeCN, 80°, 16 h H (80) 113
| O H
& 0 .-CO;Me
M
<0 MeCN, 80°, 32 h >C H (82) 113
| O H
Cis
% o
CO;Me O co,M
0. (8] o} Vi
COsMe MeCN, 80°, 1.5 h ><: I+ COMe 112, 113
COMe

I1+10(86), LI =1:2




TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
D
g frhsn D~ |y CiHisn
D D
CHysen Pd(PPhy)s, o I+ o o+ 58
D toluene, reflux, 4 h D : +
A0 Et0; g0l H
Et0,C D
H GHisn D y CrHisn
. o M+ e v
A H ; ]
El0,C¢ E0, ¢ H
I+ 10+ I + IV (25); EIEILEDV = 1:1:1:1
D
H F’Hﬂ'" D H QTHIS‘"
H i
-CaHy5-n Pd(PPhj)s, O I+ o) 11 58
toluene, reflux, 1 h ;
EtOs 0 . P
C A~ Et0,C gl H
I+10(54), LI = 1:1
Cio
1. Pdy(dba)3/(i-PrO)sP,
toluene, 110° I+ 1| 257, 143
= 2. DIBAL-H. toluene, —78° N
MeO,C  OBn HO— OBn
1+ (36), LI = 5:1
ggo o pome O
CO;Me O co.M
OO MeO,C__COMe >C b0 CoMe
MeCN, 80°,5 h 1+ CO,Me 113
I+I(81), L =1:1.8
MeO,C
N OTBDMS COMe CO,Me
i H | 'H 1 H
. MCN, reflx @ - n o
H :
P, OTBDMS OTBDMS
N I+ 11(80-91), LIl =11.8:1
CO;Me
H ! H
MeCN, reflux, 2.5 h % I+ 97,258
H |
OTBDMS
CO;Me
H I H
gL =
B 1+ 10+ 1N (91), EAT:IIE = 13.6:1.15:1
OTBDMS
v, MeCN, 7° [+ II+ I (85), LIL:INE = 26:1:1.5 97,258
Cxo 0 0
0 H
MeSi PA(OAC),/(i-PrO)sP (1:6) 0 54 O u 168
PhO,S_ 2R
= Pho;5 H PhO,S H
R=CO;Me THF, 60° 1+M(34), Ll =1:1.2
R = COMe BSA, dioxane, 100° 1+ (72), L= 1:72



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.

K, CO;Bu-1

=

Me;Si 184

I+ + I (70), EILIOI = 10:1:2

o 0y o]
Me,Si
PA(OAC)y/(i-PrO);P, I+ o+ 168
1e0,CO dioxane, 100°
PhO,8— =~ 0,Ph 0,Ph
(0]
m
l{l I+ 0+ I (47), LILIO = 5.4:2:1

So,Ph
OAc )
Mo (PhsP) Pdidppe, 5) 168
= BSA, THF, reflux - _
G 0Ac? Q
Me;Si PA(OAC),/(i-PrO)sP,
i B Me;SnOAc, MS, an 167
toluene MeO,C—",
MeO,C MeO5
5 0
MesSi Pd(OAC)/(i-PrO)sP (1:6), (75) 168
Dhe BSA, dioxane, 100-110°
PhO,
o o)
Me;Si
3 PA(OAC),/(i-PrO)sP (1:6), 81 168
MeO;gO BSA, THF,mt, 18 h
= 0CO,Me
3S (PhsP).Pd/dppe, BSA, I 165
THF, refl ey
= ux 70, I+11(73), Bl =21
Cxn 0 [v] 0
Me;Si
MGO;CO/ Pd(OAc)/(i-PrO),P, I+ 1§ 168
MR mo,d PHO 1+ 11 (6), I:11 = 2.4:1
Me;S (Ph;P)4Pd/dppe, BSA, :) 33) 165
MeOzCO/ THF, reflux
PhO, PhO;



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
o] 0
o H
MesSi
PA(OAC)/(i-PrO)sP (1:6), I+ 1 168
e0,CO dioxane, 100°
PhO,. Z PhO, PH I+I0(51),LII=8.2:1
o]
Me;Si
s A,
Me0,CO PA(OAC),/(i-PrO)sP (1:6), I 166
dhoxne; veflux 1+1(62), Kl = 1.7:1
M
o 0CO;Me
N (Ph3P)sPd/dppe, BSA, 166
= THF, reflux
OTBDMS
v I+ +I0+1IV+V(68),
!:'I LILIOLIV:V = 8:4:3:1:1
NC 7 Orepms
Ca
Ph Ph
B Ph
H
Pd(dba),/(i-PrO)sP (1:1), 47 140, 141
toluene, 110°, 42 h
—
(8]
(0]
qu-\)go/ko
Me0,C PA(OAC),/(i-PrO);P (1:6), I+ 166
dioxane, reflux
PhO,
11}
I+ 1+ 1 (63), LILII = 25:7:1
Me;Si % 0,
Me0,CO PA(OAC),/(i-PrO):P (1:6), I+ 166
dioxane, reflux
PhO; FBOs5

I+ 0+ I01(78), LILINE = 9:8:1



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cas
o] 0
wessi. L3 2 H H
PhO, Pd(OAC)/(i-PrO)sP, I+ o+ 167
Me;SnOAc, MS, toluene  phO,S»=" PhiO,S+"]
MeO,C MeO,C MeO,C
o
m
PhO,8=,
MeOsC 1+ 11+ I (83), LILI = 9.5:5:1
OTBDMS
MeCN, reflux (80-90) 96
Cxr 0 o] u©
Me;Si i
Me0,CO Pd(OAc), /(i-PrO)sP, I+ o+ 168
PhO,S—~ THF, 11,9 h :
OTBDMS o o1BDMs  PhO2 TBDMS
(o] 0
»ﬁm - % N
otBDMS PhO2 DMS
I+ 10+ I+ IV (90), LILII:DV = 2:8:2:1
Car.37
0CO;Me H H
MesSi 0,
Sl Pd(OAC)y/(i-PrO)sP, I+ o+ 165
BSA, THF H H .
OR R PhOy OR
H H
m + w
PhO OR PhO; R
R =TBDMS I+ 10+ 100+ IV (76-82), LILIILIV = 4:3:2:1,

R =TBDPS

EILIILIV = 9:4:2:1



TABLE 4. INTRAMOLECULAR CYCLOADDITION OF ALKENES AND TMM (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cas
; i o (o)
MB;S o
, = H
Me0,CO PA(OAC)/(i-PrO)sP (1:6), I+ i 166
PO, dioxane, it
PhO;S PhO,S
1+11(64), LI = 1.6:1
OTBDMS
OBn
MeCN, reflux (85) 9%
CO.R* CO,Me
H ! H H H
MeCN, reflux m I+ o 100
H :
OTBDMS OTBDMS
R = (-)-menthyl I+ 1 (83), LI = 5.6 (1:1.2 ds):1
R = (-)-8-phenylmenthyl 1+ 10 (84), LI = 3.3 (1:1.2 ds): 1
Cy
0oCOoM H H
MeSi ¢ ;
PA(OAC)/(i-PrO);P I+ I + isomer I 165
PhO,! )
iPhs Ph R PhO,$ R R=SiPhy

1+ 1+ (67), LILIOI = 5.2:4.5:1




TABLE 5. INTRAMOLECULAR CYCLOADDITION OF ALKYNES AND TMM
Substrate Conditions Product(s) and Yield(s) (%) Refs,

Ciz

Pd;(dba)y/(i-PrO);P (1:4), (54) 259

MeO; toluene, 110°

7

Me0,C

Pd;(dba)y/(i-PrO)sP (1:2), (68) 57

MeO; o]
\/0 toluene, reflux, 1.5-2h
Me0,C

Cis.z1 g CeHu
H e Pd;(dba)y/(i-PrO):P, = 57,240
R i toluene, reflux, 3 h
\/0

= K
R = CH,0H 85)
R = CH,OTBDMS (100)
R=Me (<5)
R =COMe (52)
R =COMe Pd(PPhy)s, toluene, reflux, 2-4 h (92)
Pdy(dba)y/(i-PrO)P (1:2), 259
= CO,Me toluene, 110° &j"m’m
COZMB R COzMB
R=H ©)
R=CN (44)
R = SiMe; (0)

R =SO,Ph @1)



TABLE 5. INTRAMOLECULAR CYCLOADDITION OF ALKYNES AND TMM (Continued)

Substrate Conditions Product(s) and Yield(s) (%) Refs.
Cie17
R R
Pd(dba)y/(i-PrO)sP, CO;M: + B n 139, 259
MeO,C—= CO;Me toluene, 110°,42 h CO;Me
COMe COMe
Cco
R=H 1+ 10 (40), D =1:0 ahie
R=Me 1+1(59), B =1:0
R=H Ni(cod),, toluene, 0° I+ I0(20), LIT=0:1 139, 259
R=Me 1+ 11 (50), I =0:1
y R
H
i .R Pdy(dba)y/(i-PrO)sP (1:2), 0 57, 240
.::\\ toluene, reflux, 1.5-2 h
0 MeO,C 1
R=c-CeHyy (72)
R =n-CHjs (70)
R=n-CH;s Pd(PPh3),, toluene, reflux, 2 h I(83) 57, 240
H R
H
MeO R Pdj(dba)s/(i-PrO)sP (1:2), o) 57, 240
Q\\\ toluene, reflux, 1.5-2h
Me0,C
R=c-CgHyy @s)
R=n-C7H;s (n
Ciy
RI
Pd,(dba)s/(i-PrO)sP,
R‘I
o COMe toluene, 110° COzMe m’Me
0,C== CO,Me CO;Me
R'=Me, R2=H 1+11(59), LI =5:1
R'=H,R?=Me I+11(21), LI =5:1
R GCeHizn
R
CgHia-n Pdj(dba)y/(i-PrO);P (1:2), [0} 57
ML toluene, reflux, 1.5-2 h
o} MeO,C 1
R=Me (complex mixture)
R = OMe (75)
R=Me Pd(PPhj),, toluene, reflux, 2 h 1 (43) 57
H C';H]s—ﬂ H C7H|s i
H
s D; _.CoHys- Pdy(dba)s/(i-PrO)sP (1:4), 240, 57
el 1 flux, 7 h
C\o it o 1+0(72), Bl = 11
Me0,C B
CIS H ;C1H15—n
H
. _.CqHys-n Pd(PPh3)s, 0 (46) 57
MeySi \ toluene, reflux, 121
Mezsi



TABLE 5. INTRAMOLECULAR CYCLOADDITION OF ALKYNES AND TMM (Continued)
Substrate Conditions Product(s) and Yield(s) (%) Refs.
CZI H ICTHIS'H
H
-CaHys-n Pda(dba)y/(i-PrO)sP (1:2), o (40) 57
TBDM
2 MS, toluene, reflux, 12 h
=_0 TBDMS
1. Pdy(dba)y/(i-PrO);P (1:4),
MeO; toluene, 110° I+ 1 259
X
2. TBAF, THF .
MeO,C OH MeO H
i 1+H(61), EII = 1:1
Cn
n-C3H CyHy-n n-CyH C3H5-
o u CeHn
H i- : 5
CeHyy Pdy(dba)y/(i-PrO)sP (1:2), o (9 7
M toluene, reflux, 1.5-2 h
=
N0 MeO;C
Cn H CHisn
H
" _.C';Hls—?l Pd(pphg).‘. o} (40} 57
PhMe,S
N toluene, reflux, 12 h
PhMe;Si
Cag Ph._ _Ph i
Ph
MeO» Pd(dba),/(i-PrO)sP (1:1), I (50) + I (38) 140, 141
= toluene, 110°
Me0,C 05SiMe; Me0O,C 0SiMe;

0SiMe;




TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
c, 0 (o]
CO, C¢Hg. 40 atm CO;, o I + (o n 136
130°,20h
' Pd(dba),/PhP (1:4) 1(69) + 11 (8)
Pd(dppe), 1 (trace) + IT (48)
Pd(dba),/(EtO)sP (1:4) 1(8) + I (trace)
Pd(dba)y/n-BusP (1:4) 1(1)+1(5)
Pd(dba),/Me,P(CH;),PMe; (1:2) 1 +1(7)
0 0
n-Pr.
l CéeHg, 40 atm CO3, " (o 1+ (o m 136
130°,20 h
-Pr
Pd(Ph3P), 1(38) + I (29)
Pd(dppe), 1(14)+ I (12)
0
0
0
CgHg, 40 atm COy, o I + \ 1 136
130°,20h
Pd(dba),/PhsP (1:4) 1(32) + I (trace)
Pd(dppe); 1(5)+ 11 (21)
85

(CH,0), ZnCl,, THF, reflux CFE 87
N
/i



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cs
o
OHCU Pd(OAC)/(i-PrO)sP, 0 (81) 159
MeiSn OAc dioxane, 40°
R__R
I Pd(PPhy)4/P(0)Bu; (1:2), 135
neat, 120°
R= H‘CJ'IQ S5h
R= ﬂ-CﬁH[; 11h
Ph R 0
\/I o) 135
R "/
R=H 20h (42)
R=Me 16h (86)
n-Bi Bu-n 0
Pd(PPh3)4/P(0)Bus (1:2), 5 0. (51) 135
neat, 120°, 12h " Bun \
s n-B Bu-n 0
OHCU Pd(PPhy)y/P(O)Bu; (1:2), s (64) 135
][ neat, 120°, 19 h B s WL |
X S o oo
ouq)\ o Toluene, 80-100°, 19 h o_0 I+ ><: 1| 110
X ) o]
1(49), EII=2:1
Hj\ PA(OAC),/PhyP, n-BusSnOAc, m 1 (80) 260,
Me;Si OAc THF, reflux 146
Hj\g Pd(OAc),/PhsP, 173 146
MesSn Ac THF, reflux
&/ Pd(OAc),/PhsP, Me;SnOAc 0 + m 161
MesSi  OAc
I O I+M(68), LX=27:1
% o o
+BuCHO o Toluene, 100°, 63 h 0L 0 4 ><:0>=Cl\ 110
ﬁ Bu-t
% i
p M 1(81), LI = 13:1
Cs
n-Bu Bu-n [0]
oncﬁ/ Pd(PPh3)4/P(O)Bu; (1:2), i o (65) 135
neat, 120°,6 h B Bun N )
an 135

Pd(PPh;)y/P(0)Bu; (1:2),
neat, 120°,20 h




TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
R S 9 ?_¢~o
é o o Toluene, 130°, 18 h 0 I+ d n 110
’ 1(56), LI = 24:1
G
CHO
S o
koL Toluene, 80°, 4 h 0 14 >CO>=<:L I 110
F F )5 o CsFs
¥ 'C4Fs 1(75), LIl =12:1
CHO
- Toluene, 80°, 8 h I+ >C(?=-©\ TR
Z 0 CHaCl4
1 CgHsCl-4 1(81), LI =6.7:1
CHO
THF, reflux I+ o] Im+ 85
N oy
Nf H Ph
ph HI + --Ph
‘H H
I+101+ I+ 1V (78), CIELIEIV = 8.4:1:9.6:1
% Toluene, 80°, 11 h 110

"

&
e

MesSi  OAc

CeHs, 80° 210

Pd(OAc)/(i-PrO)sP

dioxane, reflux

Pd(OAc),/PhsP, n-BuySnOAc,
THF, reflux

Pd(OAc),/PhsP

n-Bu;SnOAc
Me;Sn0Ac

PA(OAC)/i-PrsP,
Me;SnOAc, CsHs

I
Ph

oo

9!
~5

(88)
0
0
{6 + \ib n
I+ (46), LI = 1.1:]
[+11(82), L =3.1:1
(]

= (82)

1(84), EIl=8.1:1

1+ OO0 @ 110
ﬁ 1+11(85), LI =2.9:1
Fh Ph

159

260, 146

161

161



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ph
Pd(OAc),/tpdp, 162
dioxane, 100°
MesSi  OAc

0

o~~~ -CHO ?go Toluene, 80°, 4 h 2 o 10
% ﬁ,. C6H13-ﬂ
13" 1(84), LI = 24:1
G OH! n-Bu.__ Bu-n
R@? Pd(PPhs)/P(O)Bus (1:2), <5 o (43 135
neat, 120°, 19 h Bu-n 0)

=

0
Toluene, 80°, 20 h 0>='Cl\ o 110
o

CgHaOMe-4

e

OM
. CeHsOMe-4 [ (82), LTI =6.7:1

n-Bu
Pd(PPh;)4/P(0)Bu; (1:2), - (38) 135
neat, 120°, 32 h n-B S CgHyOMe-4

0 ‘><| 0 o
Toluene, 100°, 30 h 0,0 14 >{ I 10
)LPh 0 o] Ph

Ph

1(81), LII=13:1
CO;Et
THF. reflux CE}( COiEt 5) 85
EtO CO4Et
THF, reflux d CC?C%& Im+ 85
CO,Et
CO,Et 0
I+ 11+ IO (63),
COLE EILOL = 1.6:1.1:1
CO,Et
o] ;
(2,4-pentadionato);In,
[Pd;(dba);CHCl3)/PhsP, (81) 160
Me;Si OCOCMes dioxane
Cy
Pd{OAc):/(i-PrO)sP, dioxane, 0
OHC A~ Ph reflux, slow addition of = 1(75) 146

MesSi  OAc TMM precursor Ph



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Pd(OAc)2/PhsP, n-BuiSnOAc, 1 (89) 260
THEF, reflux
MesSi OAc Pd{OAC)/PhsP, n-BusSnOAc, 1 (95) 146
THEF, reflux
Pd(OAc)/(i-PrO)sP, dioxane, 1 (65) 159
BuSn  OAc reflux
0
Pd(OAc); 0 I+ i 1 161
MesSi OAc ~ph = Ph
PhyP, THF I+ (30, LI =1:1
Ph3P, n-Bu3SnOAc, THF I+10(48), LII= 1.6:1
Ph3P, n-Bu3SnOAc, CgHg [+ II(85), LIl = 1.6:1
Ph3P, Me3SnOAc, THF I+I1(95), LIT=3.3:1
PhyP, Me3SnOAc, CgHg I+1II(86), LIl =12:1
Ph3P, Me3SnOAc, CgHz I+ I (55), LI =2.6:1
TIPP, Me;SnOAc, CgHg I+ (64), LII=1.5:1
Ph3P, (AcOSnBu;),0, CgHg I+1(80), LII=3.4:1
(M{ Pd(OAC),/PhsP, I+10(82), LI = 32:1 161
Me3Sn  OAc Me;8nOTs, CgHp
% Pd(OAc)/PhsP, I+11(%94), LI = 1:200 161
MesSi  OAc Me;Sn0OAc, CgHg
0
PA(OAC)/(i-PrO);P, Me3SnOAc P (good) 242
Me;Si Piv Ph
Ph Ph
Ml:gs — =

%"C' (PhsP)¢Pd, MesSnOTs, 8 h
Me;S
OAc
Pd(OAC),/PhsP, Me;SnOTs
THF, 24 h

-H 4 H
I+ 0 i 161
H “H
1+11(50), L = 6:1
“f\Ph == Ph
H I+ o i} 161
I+ (53), LI =2:1
Ph

M o] i
OCO;Mi # Ph B
©  (PhyP)PdPhsP, Me;SnOTs, H I+ o o 16l
CgHg, 70°,2d H
M = SiMe; I+1I (40), BT = 9:1
M = SnMe; 1+ (49), K =2:1
0
P PAOAQ/PP, . 17 161
Me:Si Ac Me3Sn0Ac, CgHg Ph Ph
o PA(OAC),/PhsP, 1(51) 161

Me,PhSi  OAc Me;SnOAc, CeHs



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ph
Pd(OAc)/tpdp o (50-56) 162
di , 100° =
MesSi  OAc loxane s Ph
OHC._~pp, Pd(OAc),/PhsP, ﬁ/\ R=n-Bu(71) 260, 146
MesSi  OAc R3Sn0Ac, THF, reflux Ph R = Me (99)
OH j
- A)H PA{OAC),/(i-PrO)sP, (good) 242
e
OMe MesSi  OPiv Me3SnOAc OMe
OMe
e k4
PA(QAC)/(i-PrO)sP, o (81) 159
BusSn  OAc dioxane, reflux C “OMe
OHC™ “OMe HH
n S
% Pd(OAc)/(i-PrO)P, I+ g m 242
MesSi  OPi Me;SnOAc N “OM ™
e35i v 3 W e H O OMe

e e

n-CgHgCHO

MesSi OAc

MesSi  OAc

-

5
@
o
z

by

BusSn  OAc

,&3

BuySn  OAc

I+ 1 (good), LII = 3:1

0
’;O%Ph (61) 146
o} Ph
I P I 160
+
A ph
LIl

Pd{OAc)/PhsP,
dioxane, 100°, 8 h

(2,4-pentadionato);ln,
Pd(OAc),, DIBAL-H,

ligand
ligand 1+
(i-Pr);P toluene, reflux (63) 31
dppp toluene, reflux (73) 1:10
(n-Bu)3P toluene, reflux (59) 1:21
PhsP toluene, reflux (82) 1:24
PhsP dioxane (=) 1:9
Pd(OAc)/(i-PrO);P,
dioxane, reflux, slow addition ﬂ—@—( I(71) 260,
of TMM precursor 146

I(59) 159

®

0 i 110
0

Pd(OAC)y/(i-PrO)sP,
dioxane, reflux

0
Toluene, 130°, 18 h A(\ I+
o Bu-t

Bu-t
I+ 11(81), LI =4:1
13-14 kbar, CH;Cly, 100°, 62 h I+ 11(74), LII =4:1 110
Pd(OAc):/(i-PrO)sP, (68) 159

dioxane, reflux

-CoHig



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cn
cHA Pd(OAC),/(i-PrO)sP, 0 ‘
dioxane, reflux, (88) 146
MesSi  OAc slow addition of TMM precursor ‘
Ph ’
0
Pd(OAc)-/tpdp, (50-56) 162
di 100°
MesSi  OAc RAE PhS O
O pn
0] 0]
)'I\/L (2,4-pentadionato)sln, 1+ o 160
Fh MesSi  OAc Pd(OAc);, DIBAL-H, PhsP Ph
I+ (87), LII=3:]
5 PA(OAc)/(i-PrO);P, 0
r7<\1>h dioxane, reflux, (7s) 260, 146
MesSi  OAc slow addition of TMM precursor P
OHC\/ })
' Pd(OAC),/PhsP, (74) 4:1ds 260, 146
OO _-Ph : :
MesSi  OA n-Bu3SnOAc, THF, reflux .
i ¢ 0 -O_-Ph
0
OHC}.,)?\ HI\I PA(OAC),/PhsP, ﬁ(\ (89) 146
MesSi OAc Me;SnOAc, THF, reflux P
0
Pd(OAc),/Ph;P 0 I+ (] 161
MeiSn OAc A o
I+1I0(72), LII=2.9:1
\Hk' Pd(OAc)/Ph;P, I+10(86), 11=1:16 161
Me;Si  OAc Me;5n0Ac
Ciz
(0] (0]
[ I H‘H [Pda(dba)3;CHCI3)/PhsP, OH‘\:& I+ n I+11(54) 146
MeiSi OAc THF, 70°, 6 h T 0 LIl =2:1
OBn OBn !
OBn
0
(Ph3P)4Pd/Ph;P, : 0
o n-Bu3SnOAc, THF, I+ 1 I+11(84) 146
MesSi  OAc 70°.2h 0 LIT=2:1
OBn !
OBn
a 248
%0 Ph [Pd;(dba);CHCI;}/PhsP, (59)
S THF, reflux 0 Y
: oA ~_-Ph

MesSi OAc



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)

Reactant

TMM Precursor

Conditions

Product(s) and Yield(s) (%) Refs.
CHO
e .
0
\1_2 Pd(OAc)»/PhyP, (‘) 0 (84) 146
Q MesSi  OAc Me;5n0Ac, THF, reflux ?LO
L Q
L
(0} 0
Pd(OAc)y/PhsP, 74? 0 I+ 7&,’ Q n 161
MesSi OAc Me3SnOAc 9 0
[0} o}
O'Av OAV
[+11(90), EII=11:1
Pd{OAc)/Ph;P, I+ (81), II=1:95 161
MesSi  OAc Me;SnOAc
Ph
Ph
Pd(OAc)2/PhsP, 0/—0 7 161
MesSi  OAc Me;SnOAc

A

MesSi  OAc

Ph
MesSi  OAc

Ci3

(0]

Me!
o |
: MesSi  OAc
\OTBDMS
(0]

Me!
o]
1 MB;SI Dﬁc
k"‘t'::i‘l'BDI\u‘IS

Cia

; (0]

OHC O._-Ph BusSn  OAc

Pd(OAc)/i-PrO)P,
Me;Sn0Ac,
BSA, toluene, 65-95°

(2.4-pentadionato)sln,
Pd(OAc);, DIBAL-H, PhyP

[Pd(dba)yCHCI3)/PhsP,
n-Bu3SnOAc, CgHg, 2h

Pd(OAc)2PhsP,
CgHg, reflux, 1 h

Pd(OAc)y/(i-PrO)sP,
dioxane, reflux

PhS 0
749 o} an 162

(81) 160
Ph

o 146

(81) 146

H 0 (66) 159
0 _Ph



TABLE 6. INTERMOLECULAR CYCLOADDITION OF CARBONYL COMPOUNDS AND TMM (Continued)
Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

Q 0
)—@ PA(OAC)/PhsP, J (80) 146
P L, Me;Si OAc toluene, 100°, 22 h PH o
O Ph
9 0
N (2,4-pentadionato)sIn, e + P 160
Ph b Ph
I 14

MesSi  OAc Pd(OAc);, DIBAL-H, PhsP

I+ II(83), LII = >99:1

o
mocT” Iy HH Pd(PPhs)y/PhsP, N (54) 248, 146
MesSi  OAc THF, reflux, 16 h .
OEt
(o]
g [Pd3(dba)sCHCIl;)/Ph;P,
o n-BuySnOAc, THF, reflux, 1+ PhOCO/‘ ~ I 146
MesSi  OAc 5h
OEt
Et OEt
Ph I+HE0),LO=15:1
Ph \_0
S, 0.
—q
- 024 PA(OAC),/PhsP, I (62) 159
OHC- MesSi  OAc n-Bu3SnOAc, THF, reflux
Pd(OAc),/(i-PrO);P, 1 (74) 146
BusSn  OAc dioxane, reflux
Cao
(2,4-pentadionato)sin, (74) iéo
Pd(OAC)z. D[BAL-H‘ Phgl’
MeaSi  OAc
Pd(OAc),/PhsP, i : I(94) 3:lds 260, 146
MesSi  OAc n-Bu3SnOAc, THF, reflux :
= o
In(acac)s, Pd(OAc),, I(94) >19:1ds 160
MesSi  OAc DIBAL-H, PhsP, toluene
Pd(OAc)/(i-PrO)sP, I (80) 159

MesSn  OAc dioxane, 40°




TABLE 7. INTRAMOLECULAR CYCLOADDITION OF ALDEHYDES AND TMM

Substrate Conditions Product(s) and Yield(s) (%) Refs.
c
13 Mess OAc [Pd3(dba);CHCI)/(i-PrO)P, |\
n-Bu3SnOAc, BSA, G3n 261
= THF, reflux
Ci4
S 0 o
o
0 0 MeCN, 100°, 2 h {m (90) 13
H H
) H H
e OAc [Pd;(dba)sCHCI]/(i-PrO);P, ;
* n-BusSnOAc, BSA, I+ I 261
THF, 70° o}
o~ H H
Cis I+ (54), L = 1.1:1
% H
0.__0 o}
MeCN, 80°, 1 h 55
- ><: (55) 113
] :
H
Ciy H H
MesSi OAc [Pda(dba);CHCL3)/(i-PrO)sP, !
# n-BusSnOAc, BSA, I+ 1t 261
o7 0COMe THF, 70° oR ~OR
H
[4IGS), ET=251 R = COMe




TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cs
MeQ. o) NOMe
| : ><i
o o. o MeCN, 100°, 85 h d o (92) 50
W A L/
Cy
F’CO;_M: % h
| 0 w0 MeCN, 50°, 12 h N~ COMe (78) 11
/ l 0
|
o] 0
\%0 HH Pd(OAC),/(i-PrO);P, :‘d)\o (70) 50
N% Me;Si OAc dioxane, 140° N%
_OB;
™ h OB ; e
3 X ~OBn < I
ILCO - CD;CN, 80°, 30 h N I+ OBt 50
% X CO,Bu-t
X, X = CH,C(Me);,CH,
1+11(88), L1 =8.1:]
N,NOZ N~N02
PA(OAC),/(i-PrO)sP, - (87) 163
] A g

THF, 65°



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

0;

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cg
MCQN 0 N,OMe
L MeCN, 120-130°, ><:2=©\ 1.(70) 50
Ph ?_( 36h Ph
" CH,Cl,, 10 kbar, 1 (76) 50
80°,24h
T‘B“—f N-—Bu-t
[(EtO)3P]2Ni, (50) 88
MesSi  OSO;Me toluene, reflux
Co
NCO,Me % %
| O. .0 MeCN, 80°% 11 h 0.__0 an 111
Ph K ﬁ-co:m
MCQN % 0 N,OMe
IL o CH,Cly, 10 kbar, ><:C?=CK (70) 50
CgH4OMe-4 § 80°,24h CsH4OMe-4
NPh [E1O);P],Ni, i (40) 88
)k toluene, reflux
MesSi  OSO;Me
Ciaz
2
BnQ., R X N,OBI'I
H 0._0 X _OBn
| L N I+ - , 50
COZRI X COQR
X 'CO,R! R?
RZ X, X =CH2C(M€)2CH2
R'=Me R?=Me CD;CN, 80°, 4 h I+11(81), LII=2.5:1
R'=Me RI=i-Pr CDsCN, 80°, 21 h 1+11(81), LI =3.5:1
R'=r-Bu RZ=Me CD;CN, 80°, 10 h 1+11(99), LIl =6.8:1
R'=tBu R*=iPr CD4CN, 80°, 17 h 1+11(89), LTI =9:1
DMSO-dg, 80°,21.5h 1+ 11(96), LI = 10:1
toluene-dg, 80°, 36 h 1+11(85), LII=6.1:1
neat, 80°, 18 h I+1I(83), LIl =5.3:1
R'=Ph R%=iPr CD;CN, 80°, 4 h I+11(41), LI =3.3:1
R! = CH;Ph RY=-Pr CD:CN, 80°, 16,5 h 1+ (71), LIT=4.9:1
R'=24,6-MesCeH, R2=i-Pr CDsCN, 80°, 8h I+11(83). I =1:1.3
R' =24,6-1-BusCgH; R?=iPr CD4CN, 80°, 40 h I+11(41), LI =7.3:1
Cio
NPh N-Ph
1§ PA(OAC),/(i-PrO)sP, an 163
CO,Et Me;Si OAc dioxane, 100° CO:E1
BnO, N % 0 N'OBn
Il ey Neat, 100°,4h ><:0>=CL (66) 50
CO,Me % CO;Me
% PA(OAC),/(i-PrO):P, N, (94) 163
N\"‘\ MesSi OAc toluene, 100 ° 0,



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
NO; N’NO’
N PA(OAC)y/(i-PrO);P, (72) 163
Ny MesSi  OAe THF. 65°
Ci
i\lTs % &
: 0 o. 0 MeCN, 60°, 3 h N-Ts (89) 11
/ X .
W,
N.—Ts
Pd(OAc)z, n-BuLi, (98) 163
MesSi  OAc PhyP, 64° | .7
N-TS
Pd(PPh3)4/P(0)Bu; (1:2), 0 an 137
toluene, 120°, 20 h |
Ph N-Ts
\/I Pd(PPh3)4/P(0)Bus (1:2), 91) 137
toluene, 120°, 13 h |
R.__R N-Ts
I PA(PPhy)/P(O)Bu3 (1:2), p 0, 137
toluene, 120° R |
R =n-C4Hy 16h 89)
R=n-CgHs 18h (88)
~T:
FTS n-Bu Bu-n N
s I PA(PPhs)/P(0)Bu; (1:2), " B“"BH y o1 137
I Vi toluene, 120°, 17h i
. =
- ¥ o) o
- 0. _0
o. .0 MeCN, 60°,4.5h N-Ts (712) + . (14) )
% NTs
I l>/1 MeCN, 80°, 5.5 h 0, 0 (86) 11
0. ~Ts
Bu-t § N
Bu-t
N-Ts
PA(OAC),/(i-PrO)sP, (90) 163
MesSi  OAc toluene, 100° Bu-t
n-Bu Bu-n Bu-n
Pd(PPh3)4/P(0)Bu; (1:2), "'B“):QCEJTS (57 137
toluene, 120°, 3d Bu-t
Cis
2:NOCeHla N,C.sH«NOﬂ
|L [(E10)3P],Ni, (58) 88
Ph MesSi  OSO,Me toluene, reflux Ph



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
NPh
ILPh THF, reflux | NPh I+ . NPh 1T + _— 85
N H by H by Ph
N
1+ 1+ I (75), BIEIN = 12:1:12
—Ph
N
] .
MesSi X Ph
X =0Ms [(E10)sP);Ni mn
X =0Ms [Pdy(dba);CHCl3], (52)
P(OE1); (1:8) (73)
X =0Ac "
X=0Ac (PPh3)4Pd 27
X = OMs (PPh3)sPd (19)
B OB
R e XL
S o) 0 MeCN, 100°, 29 h o] = (66) 50
® ®
N N
llNlTs N-Ts
= ] HH Pd(OAc)s, n-BuLi, x (94) 163
Sn MesSi  OCOCMe;  (-PrO)P.40° | o
NPh N—Pl‘l
Pd(OAC)/(i-PrO):P, @4 163
E0,C” “COEt 5 CO,E
MesSi  OAc THF, 65 CO,Et
Cis
Ph
| [Pdy(dba);CHClsY/ Ng_Ph
N\N P(OEt); (1:8), ﬂ (55) 88
|L MesSi  Cl toluene, reflux Bh
Ph
BnO. |><| 0 N'OB"
IL o o MeCN, 100°, 31 h ><: )=<:|\ 99) 50
CgHCl-4 ?_'( o CeHaCl-4
Ef OEt
MeCN, 80°, 3 h N-Ts (90) 1
Ph

{7
X W
m

MeCN, 80,2 h 0,0 (92) 1
{:-Ts

0__0
Ph
N-'TS
Pd(OAC),, n-BuLi, ©n 163
MesSi  OAc PhyP, 64° Ph
CN N—'TS
Pd(OAC),/(i-PrO)sP, \ (quant) 163
MesSi  OAc THF, reflux NC  Ph
RO_ _OR RO__OR RO_ _OR
MeCN, heat /Q%Z"Ts I+ ﬁ“"n u 11
Ph Ph
R,R=FEt 1+ 11(98), LI = 1.7:1

R, R = CH;C(Me);CH; I+11(47), Ll = 1.6:1



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
U MeCN, heat ) (35) 11
% '_BM/{ZJ-TS
-Bu Ph

NTs

CgHaCl-2

NTs

CsH4NO,-3

Ph
MeN===(
Ph
ll\E's
CgH4(CF3)-4
IIQTS
I\Cﬁ}hMe-l
FTs
CgHyOMe-4
IlﬂTs
(:2
NTs

Me;Si OAc
&

MesSi  OCOCMes
2

Me;Si OAc
N

MesSi OAc
2

Me;Si OAc

MesSi  OSO;Me

n-Bu. Bu-n

>

n-Bu. Bu-n

b

MesSi OAc

n-Bu Bu-n

PA(OAC),/(i-PrO);P,
THF, 40°

Pd(OAc)s, n-BuLi,
(i-PrO);P, 40°

Pd(OAc);, n-BuLi,
(i-PrO)4P, 64°

Pd(OAc)s/(i-PrO);P,
toluene, 100°

Pd(OAC),/(i-PrO)sP,
toluene, 100°

[(EtO)3P]aNi,
toluene, reflux

Pd(PPhs)s, 127°,29 h

Pd(PPh;)s/
P(0)Bus (1:2),
toluene, 120°, 24 h

Pd(PPhy)y/
P(O)Bu; (1:2),
toluene, 120°, 12h

Pd{OAc);, n-BuLi,
PhyP, 64°

Pd(PPhs)y/
P(O)Buj (1:2),
toluene, 120°,9h

Pd(OAc)y, n-BuLi,
(i-PrO)P, 40°

Pd(PPhs)s/
P(O)Buj (1:2),
toluene, 120°, 16 h

Pd(OAc)/(i-PrO);P,
toluene, 1007

N-TS N-TS
I+ n 163
Bl s

Ph Ph Ph

N-—TS
(90)
CgH4Cl-2
N-TS
(95)
CeHyNO,-3
N--Ts
(50)
x
N—-TS
% 7
~Ph
N
- (69)
Ph
Z ~N-Me
= Ph (38)
Ph
N—TS
(88)
n-B CgH,(CF3)-4
Bu-n

o)
n-B CgHyMe-4
Bu-n
~Ts
ﬁ ©5)

CgH4OMe-4
N,Ts
(94)
n-B CgHy OMe-4
Bu-n
N..-Ts
:} (99)
N,Ts
0 (93)
-B
" Bu-n 0)
N,Ts

(72)

I+ II (quant), EIL = 4.7:1

163

163

163

88

138

137

137

163

137

163

137

163



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

R TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Cis
r ;. 4 S S
0 0 MeCN, 60°,.35h 0. o (81) + o. ] (12) 111
- <, T
N NTs
Ph
Z Ph Ph
N—TS
Pd{OAc);. n-BulLi. £ (99) 163
Me;Si  OCOCMe;  (-PrO)sP, 40° Ph
1]"'”‘5 N-'TS
AJ\I PA(OAC)/(i-PrO)sP, (quant) 242
OMe Me;Si  OPiv dioxane, 150° OMe
OMe OMe
Ph T
Pd(OAc),/tpdp, PhS =) 162
MesSi As dioxane, 100° OMe
OMe
Cip Ts
TsN NF
\\_©< PA(OAC),/(i-PrO)sP, N (80) 163
MesSi  OAc toluene, 100°
NTs
|| H
Pd(OAc),/(i-PrO);P, 22) 163
| MesSi Ac dioxane, 100°
H
Cis !]\ITs SN-Ts
‘)H Pd(OAc)/(i-PrO);P, (80) 163
& MeiSi OAc toluene, 100° L
MesSi Me;5i
Ca
Ph < N-’Ph
th::( £ Pd(PPha)y, 126°, 24 h = Ph (96) 138
Ph
Ph
2=~ w—Ph
3 N’P‘h N
Pd(PPh3)y, 123°, 22 h ., Ph I(46) + /— Ph 1T (31) 138
Ph
Ph
g Pd(PPh3)s, 128°,30h  T(44) +I1(31) 138
Pd(PPh3)4, 123°,30h I(93) 138
Ni(cod)y/
¥ (2-PhCgH4O)P (1:1), I (93) 138
70°,7h
Pd(PPh3)y, 123°,30 h N-Ph I91) 138
Fh
Ni(cod)y/ =
L 138

(2-PhCgH40)3P (1:1), 1 (94)
70°,7h



TABLE 8. INTERMOLECULAR CYCLOADDITION OF IMINES OR OXIMES AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.

NTs Ix (I]>4|0
)J\ G O MeCN, 60°, 12 h (85) 111
Ph Ph 5 N-—TS

PA(OAC)/(i-PrO)sP, 163
MesSi  OAc dioxane, 100°
R = TBDMS _
PA(OAC),/(i-PrO)sP, 163

MesSi  OAc dioxane, 100°




TABLE 9. INTERMOLECULAR CYCLOADDITION OF OXYGEN AND TMM

Reactant

TMM Precursor

Conditions Product(s) and Yield(s) (%) Refs.
hv, Oy (80 psi), Cﬁﬂ @0) 262
CCly, 40°, 36 h d
0 Toluene, 80°, 24 h fgo (40) 48
%
0]
I CHCl3, 28°,32h 51
F /‘
9§ 5 4 QT ;

I+1I0(75), LI = 12:1




TABLE 9. INTERMOLECULAR CYCLOADDITION OF OXYGEN AND TMM (Continued)

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
Ph Ph ' Ph
% hv 263
o— Ph
DCA, MeCN, 15 min (100)
DCA-BP, MeCN, 15 min  (100)
TCNB, MeCN, 20 min (100)
TCNB, CH,Cl;, 30 min (@)
TCNB-BP, CH,Cl,, (96)
15 min
NMQ'BF;y, toluene, (100)
MeCN, 5 min
hv, Oy (150 psi), 262
CFCl3,40°,51 h
Ph Ph
hv, Qg (5 bar), (70) 264
- (]
N N MeCN,-10°2h




TABLE 10. MISCELLANEOUS

Reactant TMM Precursor Conditions Product(s) and Yield(s) (%) Refs.
MeQ,CN=NCO;Me ’ Acceptor (xs), 40-60° ;N N7L —) 8
N L
K MeO,C  COMe
Ph pp
Ph—N=0 MeCN @\)fo 87
N
1
Ph
60°,3h an
Av (A>300 nm), 4 h 25
n)l\ THF, reflux S I+ Ph I + 85
Ph Ph
H] H

I+ 1+ (91), LILI = 2.6:1.1:1
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