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Dirhodium caprolactamate, Rlap), is a very efficient catalyst for the

generation of theert-butylperoxy radical frontert-butyl hydroperoxide, and theert-
butylperoxy radical is a highly effective oxidant for phenols anidines. These reactions
are performed with 70% aqueoutert-butyl hydroperoxide using dirhodium
caprolactamate in amounts as low as 0.01 maoi #6luene and chlorobenzeteoxidize
para-substituted phenols to-(@ert-butyldioxy)cyclohexadienones. Eleoh rich and
electron poor phenolic substrates undergo selective oxidation in good to excellent yields,
but steric influences from bulky para substituents force oxidation onto the ortho position
resulting in ortho-quinones. Comparative results with Rg@Phs); and Cul are
provided, and mechanistic comparisons are made between these catalysts that are based

on diastereoselectivity (reactions with estrone), regioselectivity (reactionspviettt-

butylphenol) and chemoselectivity in the formation of -(tett-



butyldioxy)cyclohexadienones. The data obtained are consistent with hydrogen atom
abstraction by théeert-butylperoxy radical followed by radical combination between the
phenoxy radical and thert-butylperoxy radical. Under similar reaction conditiqgresa-
substituted anilines are oxidized to nitroarenes in good yield.

An efficient onepot tandem sequence forming heterocycles is developed. The
method consists of an efficient phenol oxidation with inexpensittYIDRO catalyzed
by dirhodium caprolactamafellowed by Brgnsted acid promoted cyclization. Substrate
scope includes uses oftirosine ester and dipeptide derivatives. Application of chiral
phosphoric acids for asymmetric cyclization is discussed. Previously unreported peroxide
cleavage with TiGlenables a rapid synthesisabéroindidin F

A general mechanism is proposed for transition metal catalyzed oxidative
Mannich reactions oN-methylanilines withtert-butyl hydroperoxide (TBHP) as an
oxidant. Kinetic data and isotope labeling of tNemethyl group suggest a rapid
equilibrium between an iminum ion and solvent or TBHP preceding Mannich addition.
Linear freeenergy relationship (LFER) analysis, kinetic and product isotope effects, and
utilization of radical clock substituents establish-butylperoxy radicals as an oxidant in
dirhodium(ll) caprolactamate [R{tap)] catalyzed oxidations of,N-dialkylaniline by
TBHP. Isotope effects measured for various transition metal salts reveal a general role of
alternative catalysts as initiators of TBHdecomposition inN,N-dialkylaniline
oxidations. New mechanistic insightd the development of the novel FeChtalyzed

oxidative Mannich reaction.
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Chapte 1: Dirhodium Catalyzed Phenol and Aniline Oxidations

with T-HYDRO. Substrate Scope and Mechanism of Oxidation

Synopsis

Dirhodium caprolactamate [Rfcap)] is a very efficient catalyst for the
generation frontert-butyl hydroperoxide (TBHP) ofert-butylperoxy radicals (Scheme
1-1) that are a highly effective oxidants of phenols and anilines. 70% aqueebhstyl
hydroperoxide (THYDRO) using Rh(cap), as a ctalyst in amounts as low as 0.03 mole
% oxidize 4substituted phenols to-@ert-butyldioxy)cyclohexa2,5-dienones. Although
these transformations have normally been performed in halocarbon solvents, there is a
significant rate enhancement when the (&P, catalyzed phenol oxidations are
performed in toluene or chlorobenzene. Electioh and electroipoor phenolic
substrates undergo selective oxidations to afforddibone products in 599% yields
(Scheme 41). Steric hindrance of phenoliestibstitents increases the relative amount of
oxidation at the ortho position of phenol furnishingsubstituted ortho-quinones.
Comparative results with RufPPh); and Cul are provided, and mechanistic
comparisons are made between these catalysts that are drashidstereoselectivity
(reactions with estrone), regioselectivity (reactions witkterdbutylphenol) and
chemoselectivity in the formation of-(#ert-butylperoxy}2,5-cyclohexadienones. The
data obtained are consistent with hydrogen atom abstractiaiebtert-butylperoxy
radical followed by radical recombination between the phenoxy radical and the

tert-butylperoxy radical (Scheme-10). Under similar reaction conditions anilines are



oxidized to nitroarenes in good yields, presumably through the congisgo

nitrosoarene

S , and

p 1CiHnband yare axidized ¢oscarldorgylv i n g

compounds by TBHP in the presence of catalytic amounts £€&3), (Scheme 41).

Scheme 11. Summary of transition metal salts catalyzed oxidations

nitroarenesand pr i

OH\

R
>—NH;,
A

mary a+@GiHbedbyABHP.I ng an
4 O
t-BuOOH
14 examples
[M] 57-99%
J R 0OOt-Bu
> t-BuOO- < NO,
_— >
) 5examples
R—— ) 43-80%
R o 4 examples
R>: 39-82%
.

[M] = ha(Cap)4(MeCN)2, RUC'Q(PPh3)3

of phenols,

U

Introduction -- Synthetic Methods and Mechanistic Models for Phenol

Oxidation

tert-Butyl

hydroperoxide (TBHP) i

S an attractive terminal

oxidant for

development of a range of oxidativeopesse$.It poses fewer handling risks than 70%

H,0, in water or peracetic acidThe high solubility of TBHP in organic solvents allows

the preparation of anhydrous solutions of this oxidgent-Butyl hydroperoxide has a

half-life of over 520 hours in refluxing benzene at 0.2 M concentrdtlts low acidity

(pKa = 12.8) and the formation of volatile products are the other advaritakfgs.



reagent usually allows oxidations to occur with greater selectivities than does hydrogen
peroxidé and with higher reaction rates than do cumyl hydroperoxide or dioxygen.
Synthetic applications include epoxiitat® carboncarbon double bond oxidatiors,
oxidation of normactivated GH bonds}® formation of internal peroxide’ and

polymerization™

Despite its numerous applications in catalytic oxidative processes;butyl
hydroperoxide shows no reactivity in the absence of catalytic sp&tigechi proposed
that the active catalyst in TBHP decomposition should havelactron redox pair and
confirmed this proposal for iron(ll), copper(l), and cobalt(ll) catibnhe allylic
oxidation by TBHP of cholesteryl acetateshows that the list of potential catalysts
include not only transition metal complexes of ‘€in,™ Ru* and P& but also
inorganic compoundse.g. BiCk,*® NaOCI}” and NaCIG'® (Scheme 2). Presumably,
these Zlelectron redoxreagentsform tert-butylperoxy radicals and the flux of these

radicals determines the yield and selectivity of the atigehs"®

Scheme 12. The list of selected catalysts for the attyloxidation by TBHP of

cholesteryl acetate

catalyst/additive
TBHP AcO

AcO

catalyst/additive = NaOCI (200 mol %), BiCls (10 mol %), Cul (2.6 mol %),
RuCl; (0.7 mol %), Cr2072' x 2 PyH" (2.5 mol %),
Rhy(cap)4 (1.0 mol %)



The comparison of the turnover rates of the allylic oxidation of cholesteryl acetate
shows greater turnoverates achieved with Rfcap) than with Fe(ll)?® Cu(l)*
Ru(ll),**and Cr(VI)*? Doyle attributed this faéfto a higher rate of TBHP reduction by
Rhy(cap) due to its 11 mV (vs. SCE) oxidation potential that is lower than the
potentials measured for Fe(l)/Fe(it), Cu(l)/Cu(i),* Ru(lll)/Ru(IV),** and
Cr(V)/Cr(V1)® redox pairs. Hence, our research group investigated the ability of

Rhy(cap), to catalyze oxidative transformations by TBHP.

Oxyfunctionalization of cyclic alkenes was the first,@lap), catalyzed oxidation
with TBHP (Scheme -B)?* The initial procedure utilized an anhydrous solution of
TBHP in decane and required substoichiometric amountsot#sgium carbonate to
increase product yields from oxidation to-90%. At the same time, Rlecap), loading

could be lowered to 0.1 mole %.

Scheme 13. Dirhodium caprolactamate oxidation cftetylcyclohexen8.

H_ H Q
yield
Rhy(cap), (0.1 mol %) 78%
TBHP in decane (5 equiv.),
K,COs5 (0.5 equiv.), DCM,
3 reflux, 1 h O
Rhy(cap)s = v o

Following this initialreport, our group expanded the scope of(&dp), catalyzed
oxidative transformations to benzylic oxidations (Scherd@.®f Isolated yields, obtained

under optimized conditions, were generally above 80%dation of palmarumycin GP



precursor6 showed thatthe Rhy(cap), catalyzed benzylic adation furnished higher
yields and generated less waste materials than the chromium catalyzed frotdBx{
based methodS. That ro reaction occurs with aromatic rings bearing
electronwithdrawing substituents (e.g., nitrile) is a limitation of the,(@&p), oxidative

system.

Scheme 14. Benzylic oxidation ob by anhydrous TBHP catalyzed by Rtap).

OMe OMe O OH O
Rhy(cap), (1.0 mol %) @ij @ij
TBHP in decane (10 equiv.),

O

0]
NaHCOs; (0.5 equiv.), DCE,
g e 0 A
6

5 Palmaumycin CP,

Further investigations of the synthetic potentiathaf Rhy(cap), oxidative system
revealed that steroids are oxidized regioselectively at thgasition in 3887% yield by
a 70% aqueous sdiion of tert-butyl hydroperoxidgT-HYDRO) (Scheme 5).?° The
replacement of anhydrous solutions of TBHP with its less expensive aqueous solution
was the next stepf procedure optimization. The oxidation of steroidal cores showed that
steric and electronic factors contribute to the regioselectivity of oxidaftattronic
factor favors the oxidation of allylic methylene groupshe steroidal corePresumably,
steric factor affords exclusive oxidation at the less hind&rpdsitionthe steroidal core

and not at the-position(Scheme 15).



Scheme 15. Oxidation of Zposition of steroid by T-HYDRO catalyzed by Rifcap).

Rhy(cap), (1.0 mol %)
T-HYDRO (5 equiv.),
DCE, 40°C,20h AcO

Oxyfunctionalizaton of propargylic methylene positions was achieved with
T-HYDRO catalyzed by Rifcap) (Scheme 36).*° Yields of ynones up to 80% obtained
in a single step &r a synthetic advantage over the conventionaldtep sequence of
acetylide addition to aldehydes followed by oxidatibithe scope of alkynes evaluated
in the propargylic oxidation revealed that the oxidation can be achieved in the presence of

alcohol groups and trialkylsilangrotected acetylenes and alcohols.

Scheme 16. Oxidation of propargylic methylene position @by T-HYDRO catalyzed

by Rhy(cap).
o)
0,
Y Rhy(cap)4 (1.0 mol /o)= Z 66%
T™S T-HYDRO (5 equiv.), TMS
o  oTeDPs DCE.40°C,20h 10 OTBDPS

The relative rates of Rfcap), catalyzed oxyfunctionalization of allylic, benzylic
and propargylic positiongorrelate withrelative donating abiliés of carboncarbon
double and triple bonds as well as a+sobstituted aromatic rin€ur group foundhat9
underwent oxidation at a higher rate thad #l0 and 11 (Scheme 7). The latter two

substrates underwent oxidation at a similar rate (Schesig These competitive



experiments could be used to predict the chemoselectivity ofratdsstcontaining a

combination of unsaturated functional groups.

Scheme 17. Relative oxidation rates of allylic, benzylic and propargylic positions.

>> /\/\ ~
/ -~ /\/\/\
Ph@ oh Ph
9 10

1

Our group successfully appliedthe Rhy(cap) oxidative system to
N,N-dialkylanilines that underwent the oxidative Mannich reaction with siloxyfurans
under mild conditions in 589% vyield (Scheme-8a)3? N-MethytN-ethylaniline (12)
underwentregioselective functionalization of a methyl group in 64% yield. Secondary
amines were selectively converted to imines in acetonitrile by anhydrous TBHP in yields
generally above 80% (Schemestt)3® Similar to the oxidative Mannich reaction of
N,N-dialkylanilines and siloxyfuran¥, the Rh(cap) catalyzed oxidation of secongar
amines took place at nitrogen to form the carbidrogen double bondt the less

subst icarhoh.ed U

Scheme 18. Dirhodium caprolactamate catalyzed oxidative Mannich addition of aniline

12to siloxyfuranl3 and oxidation of secondary amih&to imine16.

Ph o~ "OTIPS 1.4yDRO (1.2 equiv.),
12 13 MeOH, reflux, 5 h 14 0

(2 equiv.) (1.0 equiv.)

.CH
a) HsC/\f}l 3 . @\ Rhy(cap), (1.0 mol %) H3C/\ITI N
Bl Ph O 64%



b) Me Me

Rh,(cap), (1.0 mol %) Iy
PN P
Ph™ "N” "Ph TBHP in decane (2.0 equiv.), P~ "N "Ph 81%
MeCN, rt, 16 h
15 16

The reported results showed a high potential of thgdap) and FTHYDRO
oxidative system, and an application of this oxidative method to the oxidation of phenols
was pursued. In particular-substitued phenols were selected because the additional
substituent offers a functional handle for possible subsequent transfornaiespite
the numerous reports sugteg detrimental effect of free radicals in phenol oxidatitns,
Murahashi disclosed encouraging results on the oxidatiorsobdtituted phenols under
anhydrousconditions that prepared-(fert-butylperoxy)cyclohex&,5-dienones in 68
91% yields (Scheme-9a)3® Murahashi used an anhydrous TBHP solution in benzene as
the terminal oxidant and Ru{IPPh); as the catalyst. Additionally, Murahashi developed
a new synthetic application of(fert-butylperoxy)cyclohex&,5-dienones as precursors
to 2-substituteeb-quinones. Thus, the treatment of -#j&nonel8 with TiCl, afforded
2-methytp-quinone in 82% vyield (Scheme-9b). Recently Murahashi applied this

methodology to syntheses of vitaminsatd Ks (Scheme 9c)®’



Scheme1-9. Conversion of phenols to-dert-butyldioxy)cyclohexa2,5-dienones with
anhydrous TBHP under RuflPPh); catalysis and the applications of 2linonel8in

syntheses of vitamins;kand Ks.

a) OH o
RuCl,(PPh3)3 (3.0 mol %)
TBHP in benzene (4 equiv.), 85%
Ve AcOEt, rt, 5 h -Bu00” Me
17 18
b) 0] (0]
TiCl, (1.2 equiv.)
DCM, - 78 °C to rt, Vo 82%
t-BuOO™ Me 1.5h 0
18
for 4 steps for 5 steps —
SO = (]
—_—
Me Me
O Me @]
vitamin K; 17 vitamin K4

The success of Reatalyzed phenol oxidations by TBHP was attributed to
intermediacy of phenolic catiod9 (Scheme 110)3® According to the propsal of
Murahashi, ruthenium oxoomplexes, presumably formed from Ry(@Ph)s; or RuCk
upon treatment with TBHP, plays a central role in conversion of phenol to ¢&tidine
proposed mechanism consists of a hydride abstraction from phenol in two utomsec
steps, a hydrogen atom abstraction followed by electron trafisfee resulting cation

19 is subsequently quenched by TBHP to affordtet-butylperoy)cyclohexa2,5



dienones. This mechanistic proposal involving ruthenium-spexries was extrapolated
from the oxidation oN,N-dialkylanilines by TBHP catalyzed by Ru(PPh):* and will

be discussed in Chapter 3.

Scheme 110. Proposed mechanism for Ru(Ph); catalyzed phenol oxidation by

anhydrous TBHP.

Ru"
- lTBHP
n+2_
RU™=0_ | 1o SET, | rynoH t-BUOOH
R R t-BuOO R

Meyer reporéd  however, suggests that ruthenium -@amplex
[Ru(bpyk(py)(O)](ClO4), derived from [Ru(bpypy)OH.](CIO.), exhibits a different
reactivity than one postulated by Muraha®hiccording to Meyer results, the use of
stoichiometric araunts of ruthenium oxeomplex affords hydroxylation of phenol via

an electrophilic attack of the oxammplex on the 4osition of phenol (Schemeil).

Scheme  111. Mechanism of phenol oxidation by  stoichiometric

[Ru(bpyk(py)(O)I(CIO,)2.

OH OH OH

OH
© Ru=0 PT - Ru*
_— —_— —_—
-

~-Ru
H O O\Rqu OH
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Recently the mechanistic proposal involving the formation ruthenium
oxo-complexes by Murahashi was challenged by Doyle in the allylic oxidation by
T-HYDRO.™ Doyle showed that the general role of dirhodium, ruthenium, and copper

salts is in generation of a flux tdrt-butylperoxy radicals from TBHP (discusseddye).

According to the mechanistic proposal of Doyle {@ap), converts TBHP into
tert-butylperoxy radicals by two pathways (Schem#2). The first pathway starts with
the reductive cleavage of the peroxide bontedfbutyl hydroperoxiddy Rhy(cap), and
the formation ofthe tert-butoxy radical and R¥cap)(OH). The tert-butoxy radical, in
turn, rapidly abstracts a hydrogen atom from TBHP to form more thermodynamically
stable tert-butylperoxy radicaf’ A 1-electron oxidation of TBHP by Rftapy(OH)
completes the catalyst turnover and forms the second mdlertdiutylperoxy radical
and a mole of water while regenerating,@bap). In summary, one Rfcap, turnover
consumes three mole of TBHP (two electron oxidant) and generates one mole of
tert-butyl alcohol, one more of water, and two motest-butyl peroxy radical (one
electron oxidant) that is presumably responsible for the selectivities of thetioxida

reactions.

Scheme 112. Dirhodium caprolactamate catalyzed conversion tdrt-butyl

hydroperoxide to theert-butylperoxy radicals.
H,0
+
t-BuOO 'X ha(Cap)4 X t-BuOOH
t-BuOOH Rh,(cap)4(OH) t-BuO - X t-BuOOH
t-BuOH t-BuOO -

11



This mechanistic proposal for catalytic activitf Rhp(cap), was supported by
studies of allylic @idations of cyclic olefins by TBHP The oxidation occurs at ttsite
of the least hinderegosition bearingthe weak GH bondthat are most susceptible to
hydrogen radical abstraction by a peroxy radi¢@imilar reaction ratesf Rh,(cap)
catalyzed allylic oxidations by-HYDRO in 1,2-dichloroethane (DCE), nitromethane,
and water indicate low sensitivity of the oxidation to solvent effects that is common in
radcal processe¥’ UV-studies and the visual color change of diibiot caprolactamate
catalyzed oxidations indicate aelectron oxidation of Rifcap) to [Rhy(cap)]® by
TBHP® The recycled R¥{cap) species \as observed by UV and HPLGwvhich

confirmed the proposed dirhodium turnover (Schem@)l

In Rhy(cap), catalyzed allylic oxidatiomby T-HYDRO, tert-butylperoxy radical
abstractsaa hydrogen atom frorthe least hinderedite bearinga weak carborhydrogen
bond that the 3position of tsubstituted cyclohexenes (Schemé&3h). The generated
allylic radical primarily reacts with dioxygeror undergoesminor recombinationwith
anothertert-butylperoxy radical to yielchydroperoxides21l or mixed peroxides20,
respectively. The mixed peroxides were isolated in the oxidatioracktylcyclohexene
22 while the intermediate hydroperoxides were isolated in the oxidation of cholesterol
(Schemel-13a)*® The intermediacy ofan allylic radical was also confired for the

oxidation of optically pure limonene that led to racemic carvone (Scheitb)i®

12



Scheme 113. Proposed mechanism for allylic oxidation of cyclic alkenes by TBHP

catalyzed by Ri{cap}).

a) 00t-Bu 0
- t-BUuOOH -
R R R R
20
o))

OOt-Bu

b) Me Me Me
(0]
@ Rh,(cap), (1.0 mol %) ‘
> -,
_ T-HYDRO (4 eq.), H,0,
= 40°C, 20 h
Me™ X Me
i carvone
imonene 44%
racemic

The generality of the mechanism involving tee-butylperoxy radical foallylic
oxidations was established in the oxidation oefcktylcyclohexene22 (Table 1).
Hydrogen abstraction from theg®sition forms the allylic radical that caeactat the 1
and 3positions. The observed 1.9 + 0.3 ratio of oxidation prcohicte 3-position(23 +
25) and the Jposition 6) is identical within an experimental error among,(€ap),

RuCl, Cul, and Pd(OR) catalyzed oxidations oR2 Thus, Doyle postulated the

13



formation of identical reaction intermediates in the allylic oxidabgrnirBHP catalyzed
by these transition metal salfsFurthermorethe comparison of catalysts revealed that
dirhodium caprolactamate is the more efficient for TBHP decomposition than arg RuCl

Cul, and Pd(OH)

Table 1-1. Comparison of transition metal complexes in the oxidation of

1-acetylcyclohexen22 by T-HYDRO.

0 OOt-Bu
catalyst N
@ch T-HYDRO (4 eq.), CHy © CH, CH,
DCM, 40°C, 20 h t-BuOO
22 © 25 © 23 © 26 ©
catalyst loading, Combined yield
entry catalyst ratio 23+ 25) / 26
mole % of 23, 25, 26, %
1 Rhy(cap), 0.5 71 1.6
2 Rhy(cap), 0.1 63 2.3
3 RuCk 2.0 42 15
4 Cul 2.0 51 1.6
5 Pd(OH) 5.0 36 2.0

In summary, the Rifcap) and FTHYDRO catalytic system should be evaluated to
the oxidation of 4substituted phenols and, if successful, mechanistic investigations of

phenol oxidation by IHYDRO could elaborate on the role of transition metal salts. In
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this chapter turnover number and ratepduct yield, catalyst loading, and required
amounts of THYDRO have been thoroughly investigated for oxidations of phenols by
tert-butyl hydroperoxide with dirhodium caprolactamate in comparison with other

transition metal catalysts.
Results and Discussio

Phenol oxidation

The development of the phenol oxidation was begun with four equivalents of
T-HYDRO in 1,2dichloroethane (DCE) at 40 °C, the conditions developed for the
Rhy(cap) catalyzed allylic oxidation (Scheme-18)1*%** The Rh(cap) catalytic
activity was compared to one of Ru(BIPh)s, the caalyst developed by Murahasti,
and to Cu(l) salts, inexpensive transition metal salts frequently used for the oxidations by
TBHP#*3 The catalysts for the phenol oxidation wittHYDRO were compared using
2,6-di-tert-butyl-4-methylphenol (BHT27), known radical scavengdhat was expected

to furnish 2,5dienone products in quantitative yields.

Scheme 114.Conversion of phend®7to 2,5dienone28.

OH o)
t-Bu t-Bu catalyst _ tBu t-Bu
T-HYDRO (4 eq.), solvent,
40°C, time
Me Me” "0O0t-Bu
T-HYDRO
27 t-BUOOH : H,0 (70:30) 28

The use of DCE as a solvent and a 70% aqueous solution of TBHFRO)

led to a heterogeneous mixtudeie immiscibility of water content with the organic
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solvent. Copper iodide (1.0 and 0.1 mole %), R(RR®h); (0.1 mole %), and Rlcap),

(0.1 mole %) were evaluated in DCE with four equivalents-6fYDRO at 40 °C in the
oxidation of BHT @7) (Figure :1). The ruthenium complex showed the highest turnover
rate, providing complete conversion a7 to 28 in 3 hours while oxidations o027
catalyzed by 0.1 mole % of either copper iodide of(&dp), achieved the full conversion

after 48 hours (Figure-1).

conversion, %

100 I
75

——[Rh], 0.1 mol %
= Cul, 1.0 mol %
Cul, 0.1 mol %

=—#—[Ru], 0.1 mol %

10 20 30 40 50
time, h

Figure 1-1. Conversions determined b4 NMR spectroscopy for transition metal
catalyzed oxidations of 2@i-tert-butyl-4-methylphenol 27) by T-HYDRO in DCE at

40 °C.

Solvent effects were investigated for Riap), RuChk(PPh)s, and Cul catalyzed
phenoloxidation by FHYDRO. Reaction rate of Rfcap), catalyzed oxidation of phenol
27 was increased in chlorobenzene over that in dichloroethane (Fig@e Ih
chlorobenzene the % conversion of,RRlap), catalyzed oxidation o027 reached 100%
after 3 hoursat just 0.03 mole % catalyst loading (Figur2)1 The reaction time for the
Rhy(cap), catalyzed oxidation was lowered from 48 hours in DCE to just 10 minutes in
chlorobenzene with only 0.05 mole % catalyst loading. Furthermore, the turnover rate

achievedfor Rhy(cap), catalyzed oxidation in chlorobenzene was higher than turnover

16



rates for the same transformation catalyzed by either Jl); or Cul (Figure 13).

Thus, Rh(cap) was established as a preferred catalyst for phenol oxidation by

T-HYDRO in dlorobenzene. At the initial stages chlorobenzene was selected as an
alternative of benzene that would not undergo oxidation under the reaction conditions.
Later phenol oxidations were found to work equally well in toluene without detectable

amounts of seent oxidation. Toluene was selected the solvent of choice for preparative

phenol oxidations.

conversion, %
100 L

75

L 4

50

25

0

0 1 2 3 4
Time, h

=—4#—[Rh],0.1 mol %, DCE —fi—[Rh], 0.03 mol %, PhCl

Figure 1-2. Percent conversion versus time determinedyNMR spectroscopy for

Rhy(cap), catalyzed oxidation d27 by T-HYDRO (4.0 equiv) at 40 in DCE and RCI.
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Conversion, % Comersion, %
100 ”
75
—4—[Rh], 0.05 1‘0\"2:,‘“"2 Ru], 0.05 mol %
50
25
0 I3
0 10 20 _. 30 40 50
Time, h
=—#=—[Rh], 0.05 mol % == [Ru], 0.05 mol % Cul, 0.05 mol %

Figure 1-3. Comparative time courses determined By NMR spectroscopy for the
oxidation of27 by T-HYDRO (4.0 equiv) in chlorobenzene catalyzed by 0.05 mol % of

Rhy(cap), RUCL(PPh)s, or Cul at 40 °C.

Lowering the number of molar equivalent§ HYDRO from four to two
resulted in incomplete conversion (Figure4)l due to competing dimerization of
tert-butyl peroxy radicals with subsequent formation oftedt-butyl peroxide and

molecular oxygen (eq-1).*

conversion, %
100

75
50
25

o]

0 5 10 15 20 25
time, h
——4 equiv. of T-HYDRO —4—2 equiv. of T-HYDRO

Figure 1-4. Comparative time courses for the oxidation2@fby 4.0 and 2.0 equiv. of

T-HYDRO in chlorobenzene catalyzed by 0.03 mol % of(Bdp), at 40 °C.
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Eq. 11 2 t-Bu0O* — t-BuOOt-Bu + O,

Application of Rh(cap) catalyzed THYDRO oxidations to representative
phenols is reported in Table2l Reactions were performed at 40 itCthe indicated
solvent. 2,eDi-tert-butyl-4-methylphenol 27) was a standard substrate from which
optimal conditions fooxidations, catalyzed by various transition metal complexes, could
be determined. -Substituted phenols gave the expected dienone products in yields
generally above 70%p-quinones are produced from phenols witholldyl or 4-aryl
substituent§® The oxidations of phenol89, 31, 33, 35, 37, and39 were performed in
DCE prior to the discovery of rate enhancement in aromatic solvents and was not
repeated. 1 some cases an increase *tHYDRO from four to ten equivalents was
necessary to significantly improve yields (entries 5, 6, 8). Presumably, a greater excess of
T-HYDRO makes the high flux dfert-butyl peroxy radicals independent of a level of
phenol comersion. Thus, intermolecular reactions between phenol radicals are minimized
even at high conversions. A similar yield increase with greater excessl¥DRO was

reported for the allylic oxidation of electron poor alketies.

Mur ahashi és wuse of anhydrous TBHP in
RuChL(PPh)s; at room eémperature produced higher yields4tf and 42 than Rh(cap),
with T-HYDRO for two phenols only (entries 7 and 8). On the other hand, 4 orl0
equivalents of IHYDRO in the presence of 1.0 mole % ofHYDRO furnished
comparable or better yields of Ztenores28, 30, 32, 34, and36 to those of reported by
Murahashi (entries-6). Thus, similar yields of phenol oxidation products, lower catalyst

loading, and the use inexpensivéHYDRO rather than the anhydrous solution of TBHP

19



suggested that the developed,@hp), catalytic system was superior than one reported

by Murahashf®

Table 1-2. Catalytictert-butyl hydroperoxide oxidation of-gubstituted phenols and

2-naphthol.
catalyst , isolated
t henol talyst  loadi equiv. of lvent duct ield
entr eno catalys oading, solven roauc 1elq,
y P y g T-HYDRO P y
mole % %"
Rh,(cap), 1.0 4 DCE 99
OH o
t-Bu tBu Rhycap)  0.03 4 PhMe g, i tBu 98
1 Cul 0.1 4 PhMe Me” “0Ot-Bu o7
Me 28
27 RUCH- 0.05 4 PhMe 94
(PPh)s
o}
OH
Rhy(cap), 1.0 10 DCE 82
2 - 3.0 4° PhH 5%
RuCl, Me” “00t-Bu
Me
29 (PPh); 30
0
OH
Rhy(cap), 1.0 10 DCE 88
3 RuCl- 3.0 & PhH Me 77
Me Me~ "OOt-Bu
Me
3 (PPh), 32
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OH

)

CO,Me

OMe

o]

Me

OH

Vs

h

OH

i-Pr

OH

Ph
41

Rhy(cap),
RuCL-

(PPh)s

Rhy(cap),

Rhy(cap),

RuCb-

(PPh)s

Rhy(cap),

RuClb-

(PPh)s

Rhy(cap),
RuCLb-

(PPR)s

1.0

3.0

1.0

1.0

1.0

1.0

3.0

1.0

1.0

3.0

0.05

3.0

10

40

10

10

40

10

4C

4C

DCE

PhH

DCE

DCE

DCE

DCE

PhH

DCE

DCE

PhH

PhMe

PhH

Ph

OOt-Bu
42

71

90

72

91

57%¢

91%
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43

OH O
°
9 Rhy(capy  0.05 4 PhMe O‘ 579
44

OH o
10 Rhy(cap), 2.0 10 PhCI O 0O¢-Bu 66
0] On-Bu On-Bu
46
45

2 Weight yield after column chromatography (silica g8)The reaction was performed ab 4C with an
anhydrous 5 M solution of TBHP in benzefi@he reaction time was 24 houfsFour equiv. of THYDRO

were added all at once at 0°C at the beginning of the reaction followed after one hour by another fol
of T-HYDRO and then allowing etion to warm to room temperatufeNeutral alumina was used fc
column chromatography. A solution of 2naphthol was added dropwise to a solution of(&4p) and

T-HYDRO. ¢ Yield was determined b{H NMR spectroscopy using compouRés an internal ahdard.

Although isolated product yields are usually above 70%, and thdiehbnes are
generally stable to the reaction conditions, the peroxidation process has limitations. The
product from oxidation o#1 (entry 8) undergoes slow decomposition; keggare42in
a DCE solution at 40 °C overnight resulted in complete decomposition of perdixide
unknown products. However, lowering the reaction temperature from 40 °C to 0 °C
minimized decomposition af2. *H NMR spectrum of the reaction mixture ehaphthol
oxidation contained a 6-8.8 ppm broad absorption that indicated possible formation of
oligomerization products. A dropwise of addition of-agphthol solution in toluene to a
mixture of Rh(cap) and FHYDRO in toluene formed 1;Baphthoquinonan 57%

yield. Presumably, the dropwise addition eh&hthol keeps TBHP in a large excess
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relative to 2naphthol throughout the reaction that minimizes oligomerizationhef

naphthyl radicals.

Phenols bearing electramthdrawing carboxylate groups ithe 4position
underwent oxidation in chlorobenzene using@ nol % of dirhodium caprolactamate
(Table %2, entry 10 and Scheme-1b). The oxidation of a common antifungal
preservative in cosmetic produéfshutyl paraben, (entry 10) afforded peroxide product
46in 66% yield. However, oxidation ofHydroxybenzoic acid resulted in the formation
of p-benzoquinone as a major product along with a minor ortho oxmdatioeduct 49)
that were detected BYd NMR and GC/MSScheme 415). Presumably, the presence of
a carbonyl grosui@gion @ahd BN aepbsdioncto they dr o g e
peroxide group lead to the decomposition ofcadboxylate substituted -@ert-
butyldioxy)cyclohexa?2,5-dienone (Scheme-16). Such decomposition could be either a
concerted reaction (Schemel&a) or a stepwise loss of a proton followed a cascade bond

breaking reactions (Schemel@b).

Scheme 115. Dirhodium caprolactamate oxidati of p-hydroxybenzoic acid47 by

T-HYDRO.
OH 0 (0]
o
Rhy(cap) (1.0 mol %)
> +
T-HYDRO (10 eq.), PhCI,
40°C, 3 h o)
O~ "OH O~ "OH
47 48 49
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Scheme 116.Possible pathways of transformation4gfinto 48.

a) Concerted route

OH 0 o)
[O]
o)
>0 o
0~ ~OH 0\ 0L By 48
47
b) Stepwise route

OH O o)

[0] -H -CO,

=~ ‘/l (- t-Bu0O’)
HO—(" "o O\ o I
|2
07 “OH : O

47 O\t-Bu O\t-Bu 48

Phenolic oxidation by -HYDRO catalyzed by Riicap, usually occurs with
functionalization of its 4position (Table 42, entries 18, and 10). This result is consistent
with the greater spin density at the paasition than in the ortho position of a
d e | o c a-$ystemeodl phénolic radicafs.However, bulky substituents in the para
position hinder the phenol para position from the reaction teithbutylperoxy radical
and inhibit the reaction at the para pios (Table 13). Functionalization at the ortho
position increases with a size of a para substituent, as is evident from comparison of
regioselectivities of oxidations @0, 40, and 53 (Table 13). Similar outcomes were
obtained with the use of Reap) and RuC}(PPh); (entries 3 and 4), suggesting the

similarity in reaction pathway with these two catalysts.
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Table 1-3. Oxidation of phenols bearing bulky-stibstituents with 4.0 equivalents of

T-HYDRO in toluene.

H O O
O
catalyst _ .
T-HYDRO (4 eq.), solvent,
R

40°C, 3 h R" '00t-Bu
30 R=Me R =Me 30 R=Me
39 R=i-Pr 50 R=j-Pr 40 R=j-Pr
51 R=tBu 52 R=t-Bu 53 R=1t-Bu
ratio of
catalyst o )
entry phenol catalyst solvent . o-/p-oxidation yield, %
loading, mol %
products
1 29 Rhy(cap) DCE 1.0 <1:99 82
2 39 Rhy(capy  toluene 0.05 27:73 51°
3 Rhy(cap) 0.05 39:61 53
51 toluene
4 RUCh(PPh)s 0.1 43:57 46*

2 Determined by'H NMR with 28 as aninternal standard’ Yield of product40 after chromatograph
(silica gel).c Combined yield of products2 and53 after chromatography.

The oxidation of bisphenol A (BPA) reveals another dimension of selectivity.
This compound underwent oxidation of jaste phenol ring to produce ortgoiinone55
in 44% vyield along with unidentified products (Schemel7). This selectivity
presumably arises from hindrance at thpogition of the phenol radical by the large
4-substituent that favors the oxidation at thposition of phenol. The greater solubility
of 55in the aqueous layer than in the organic layer provides protectimfaim further
oxidation. The rate of phenol oxidation is greater in the organic layer, especially in

aromatic solvents, than in thequeous layer (nucleophilic solvents inhibit ligand
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exchange of dirhodium complex€$)As a result, BPA presumably undergoes oxidation
of one phenolic ring in therganic phase or at the agueaurganic interface, and this
product migrates to the aqueous layer whgsés preserved from subsequent oxidation.
Higher concentration d&5 in aqueous layer is consistent with a greater intensity of the

spots on TLC corregmding to55 from aqueous layer than from toluene layer.

Scheme 117.Dirhodium caprolactamate oxidation of bisphenol A.

Rhy(cap); (0.05 mol %) O
O O T-HYDRO (8 eq.), PhMe, O O
HO OH HO o)
54 55

40°C, 3 h
isolated yield - 44%

Investigations of the peroxidation of estrone provided an opportunity to evaluate
selectivity in product formationand through this study to better understand the
mechanism of oxidation. Murahashi has reported that the oxidation of edifone
catalyzed by RuG(PPh); yielded dienonés7 in 89% yield with a diastereomeric ratio
56:44. We found an identical diastereomatio when the oxidation of estrone by T
HYDRO is catalyzed by Ricap), indicating the same intermediates for both catalysts
(Scheme 118a). An essential role of the phenolieHObond for peroxidation is indicated

in the result from oxidation of acetytat estron®8 (Scheme 118b).
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Scheme 118. Oxidation of estrone derivativeS6 and 58 with T-HYDRO under

Rhy(cap), catalysis.

Rhy(cap)4 (1.0 mol %)

T-HYDRO (10 eq.), DCE,
40°C, 2.5 h

76%, dr 56:44
57

b)
Rhy(cap), (1.0 mol %)

T-HYDRO (5 eq.), DCE,
40°C, 24 h

Similar to Rh(cap), catalyzed allylic oxidation by-HYDRO (Schemes-12 and
1-13a)?° a radical mechanism was expected for phenolic oxidatiomever, Murahashi,
using anhydrous TBHP, postulated the formation of a dienyl cafiaiter interaction of
4-substituted phenol and ruthenium esmmplex (Scheme -10)3%% High yields of
mixed peroxide®8, 32, 34, 36, 38 (Table 1, entries 1, 3, 4, 5, 6) and no formation of
corresponding -hydroxy-2,5dienones in Rifcap) and RuCj(PPh); catalyzed
oxidations by THYDRO, however, support the radical mechanism. In addition, the Rh
and Rucatalyzed oxidations ofl in tert-butyl alcohol did not furnish products that
could arise from trapping ofert-butyl alcohol or water byl9 (Scheme 119). The
formaion of 42 as the only product of R{tap) and RuCl(PPh); catalyzed oxidations

of 41 by T-HYDRO is another evidence supporting the radical mechanism.
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Scheme 119. Oxidation of phenoH#1 in tert-butyl alcohol by THYDRO catalyzed by

Rhy(cap) and RuCi(PPhs)s.

OH o
Rh,(cap), or RuCl,(PPh [Rh] 56%
o(cap)y 2(PPh3)3 _ RU] 42%
T-HYDRO, t-BuOH,
Ph 40°C, time Ph” OOt¢-Bu
M 42

To validate the mechanistic proposal for,gap), turnover (Scheme-12), the
involvement of the [R¥{cap)]” species was evaluated. A complete conversion of phenol
27 to 2,5dienone28 with four equivalents of FHYDRO was acleved in one hour with
0.05 mole % of [Ri(cap)]'BF4 (Scheme 420). This reaction time is similar to one
observed for neutral Rfcap), (Figure 12). Hence, the data are consistent with the
involvement of the [Ri{cap)]” species that was shown by 507 &t nm absorptions

in the UV spectrum of the allylic oxidation reaction mixture (Scherhi@)2?

Scheme 120. Oxidation of pheno27 by T-HYDRO catalyzed by [Rifcap)] ‘BF,".

OH O
- - + - 0, - -
t-Bu t-Bu [Rhy(cap)4]'BF4 (0.05 mol A:)= t-Bu t-Bu complete
T-HYDRO (4 eq.), PhCl, conversion
40°C,1h
Me Me OOt-Bu
27 28

Aniline Oxidation

Having proposed the operating mechanism consistent with the experimental data

for the phenol oxidation by -HYDRO, this mechanism could be general for any
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heteroatom bearing a hydrogen atom adjacent to the aromatic ring. Anilines were used as

isolobal analogs of phenols to test this hypothesis.

The dirhodium caprolactamateHYDRO catalytic oxidative system nwerted
anilines preferentially to nitro compounds (Table 3) rather than tdi@reimines that by
hydrolysis would result in 2;8ienonesp-Toluidine is oxidized tg-nitrotoluene in 75%
yield, but with detectable amounts of dieno®® (Scheme 121). tert-Butyl
hydroperoxide gave nearly identical yields @1 in the oxidation of60 as a 5 M
anhydrous solution in decane and as a 70% aqueous solution (I4bdatties 1 and 2).
Nitro compounds were readily obtained from anilines bearing strong or weak
electrondonating substituents (entriegdl The presence of an aromatic ring in the ortho
position (entry 5), or a strongly electranthdrawing group in the para position (entry 6),
significantly decreases product yield. The low yield6éfand 69 were @used by the

formation of unknown byroducts that were observed as colored products on TLC.

Scheme 121.Dirhodium caprolactamate oxidation of anili&@by T-HYDRO.

NH, NO, 0
Rhy(cap), (1.0 mol %)
T-HYDRO (4 eq.), DCE,

o :
Me 40°C, 20 min Me Me OOt-Bu
60 61 30

75% 20%
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Table 1-4. Dirhodium caprolactamate catalyzed aniline oxidation.

- isolated
entry aniline method product _
yield, %
NH, NO,

S & I & R
2 75
Me Me
60 61
NH, NO,

, O . O
OMe OMe
62 63
NH, NO>
Me Me Me Me
4 A 80
64 65
NH, NO,

Ph Ph
5 B 43
66 67
NH, NO>
o R o
Cl Cl
68 69

& Method A: Rhy(cap) (0.1 mol %), DCM (0.27 M), TBHP in decane (4 eq.), NaHQ®5 eq.), rt, 16
h; Method B: Rhy(cap), (1.0 mol %), DCE (0.5 M), FHYDRO (4 eq.), 40°C, 20 min

Monitoring the oxidation of anilin€0 with GC/MS revealed the presence of an

intermediate with a M+14 mass that is, most likely, the corresponding nitroso compound.
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Detection of dienone0 in the reaction mixture from oxidation &O indicates that,
similar to phenolic oxidation, aniline oxatlon includes hydrogen atom abstraction from
an amino group followed by trapping by the peroxy radical or dioxygen at nitrogen or at
the 4position (Scheme-22). A similar radical mechanism was proposed by Rieker and
Nishinaga for a series of cobalt SitHhase complexes catalyzed aniline oxidations to
nitroarenes by TBHP in DCE.A stepwise single electron transfer followed by proton

transfer (discussed in Chapter 3) is an alternative mechanism.

Scheme 122. Plausible mechanism for Rleap) catalyzed aniline oxidation by TBHP.

NH, NH NH 0 N~© NO,
t-BuOO-* t-BuOO: —
—_— > —_— + —_—
H,0O

In contrast to reactions of secondary amines that form ifffinesg with tertiary
amines that form iminium ior¥, dirhodium catalyzed oxidations of benzylic and
homobenzylic primary amines by TBHP oxidatively remove the amino group in
moderate to good yields (Table5). The reaction has greater efficiency for amines

whose djacent GH bond has a lower bond dissociation energy (e.g., entry 2).
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Table 1-5. Dirhodium caprolactamate catalyzed oxidation of primary amines by TBHP.

entry reactartt product isolated yeld, %

(@]
NH,
1 H 3¢
70
71
NH, o)
72 73
NH, o)
3 @ Me ©)J\Me
74 75

41

@ Reactions were performed on 1.34 mmol scale using 4.0 eq. TBHP in decane and 1.0 %{cap)Rh
DCM (0.27 M) for 16 h® Two equiv TBHP were used.

Conclusion

In summay, Rhy(cap) is an efficient catalyst for the peroxidation of phenols by
T-HYDRO. Toluene and chlorobenzene media boost the rate of TWH®ersion to the
tert-butylperoxy radicaldy Rhy(cap), thusallowing catalyst loadingof 0.06 mole %or
lower. The efficiency of the phenol oxidation is determined by the flux of the
tert-butylperoxy radical generated according ttee higher vyields achieved ithe
oxidatiors with four and ten equivalents ofHF'YDRO (Tale 1-2, entries 57). Identical

product ratios intte oxidation of estrong6 by TBHP and the ortho and para selectivity
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in the oxidation of phenobl catalyzed by Ri{cap) and RuCJ)(PPh); indicate a
formation of a common intermediate. The absence of products of nucleophilic trapping
by a cationic intermdiate suggests the radical mechanism initiated and terminated by
tert-butylperoxy radical (Scheme22) for the phenol oxidations by TBHP catalyzed by
Rhy(cap), RuCh(PPh); and, possibly, Cul. A similar mechanistic scheme is applicable

to the oxidatiorof anilines.

Scheme 122. Mechanism of Transition Metal Catalyzed Phenolic Oxidation with TBHP.

M t-BuOOH (M]
Scheme 1 U Scheme 1
O (@] 0]
t-BuOO- t-BuOO-
R - —_— >

R OOt-Bu

[M] = Rhy(cap)4(MeCN),, RuCl,(PPh3)3

Experimental

General Information. All reactions were performed under atmospheric
conditions unless the conditions are specified. Infrafgectsa were recorded on a
JASCO FT/IR 4100 spectrometéd NMR spectra were recorded on 400 MHz &00
MHz spectrometers. Tetramethylsilane (TMS) (0.00 ppm) was used as the internal
standard for alfH and**C spectraData are reported as follows: cheaii shift (in ppm,
d), integration, multiplicity (s = singlet
br = broad, m = multiplet, comp = composite) and coupling constants (if¥8zNMR

spectra were recorded on 125 MHz spectrometer opeeat with complete proton
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decoupling. Chemical shifts are reported in ppm utilizing a central absorption o CDCI

as a reference (77.0 ppm). Thin layer chromatography was perfornsgéiccamgel coated

on a gl ass p-R) and spqts2wer@ visirdd, withF254 nm ultraviolet

light. Flash chromatography used silicagel-83 &€ m) and ne-@00alk mal un
as stationary phases. High resolution mass spectra (HRMS) were acquired en@FESI
spectrometer using Csl as a standard(¢ip), was preared according to the literature

proceduré?

All previously unreported products were characterizedtdyand **C NMR
spectroscopy and HRMS. Spectra of peroxid8s30, 32, 34, 38, 40, 50, 57are in
agreement with published chemical shifts and masses of moleculal Bpsctra of
carbonyl compound41,>° 59,>* 71,°2 73°* and75°% and nitro arene61,>* 63°° 65,>* 67,>°

and69>* were identical to reported spectra.

General Procedure for Transition Metal Complex Catalyzed Phenolic
Oxidation in DCE. The phenol derivativ2.0 mmol), a catalyst, and DCE (4.0 mL)
were placed in a -@ram screwcap vial containing a magnetic stirring bar. The
suspension containing a small amount of undissolve(cRb), was heated to 40 °C in an
oil bath at 250 rpm, and-HYDRO was added tche suspension all at once via syringe.
The reaction mixture was loosely capped to allow release of pressuragbaitid stirred
at 40 °C. After 45 minutes the reaction mixture was transferred to amlL0O
roundbottom flask, concentrated under reducedsures and the residue was purified by
column chromatography (silica gel, DCM:AcOEt:hexane). Fractions containing the

product were combined, and the solvent was evaporated under reduced pressure. The
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resulting peroxide products were dried under high vac(@@® Torr) for 20 minutes at

room temperature.

General Procedure for Transition Metal Complex Catalyzed Phenolic
Oxidation in an Aromatic Solvent. The phenol derivative (3.0 mmol), a catalyst, and a
solvent (6.0 mL) were placed in adéam screwcap vialcontaining a magnetic stirring
bar. The suspension containing a small amount of undissolv€daRlh was heated to 40
°C in an oil bath at 250 rpm, andHYDRO was added to the suspension all at once via
syringe. The reaction mixture was loosely cappe@liow release of pressure builp
and stirred at 40 °C. After three hours the reaction mixture was transferred ter@100
roundbottom flask, concentrated under reduced pressure, and the residue was purified by
column chromatography (silica gel, DCM:@&t:hexane). Fractions containing the
product were combined; the solvent was evaporated under reduced pressure. A fraction of
the peroxide products were dried under high vacuum (0.09 Torr) for 20 minutes at room

temperature.

4-(tert-Butylperoxy)-2-methoxy-4-methylcyclohexa2,5-dien-1-one (36). Ry =
0.32 [hexane/AcOEt (10:1)]; colorless diti NMR (500 MHz, CDC}) 4 6.Jg1 (dd,
10.1, 2.7 Hz, 1 H), 6.23 (d,= 10.1 Hz, 1 H), 5.77 (d] = 2.7 Hz, 1 H), 3.70 (s, 3 H),
1.45 (s, 4 H), 1.20 (s, 9 HYC NMR (125 MHz, CDG)) 4 181.0, 151. 4,
117.5, 79.8, 77.8, 54.8, 26.3, 24.2; S (ESI) calcd. for &H1404 227.12834, found

227.12928 (M+H); IR (thin film) crit: 2980, 1678, 1646, 1619, 1455.

n-Butyl 1-(tert-Butylperoxy)-4-oxocyclohexa2,5diene-1-carboxylate (46): R¢

= 0.40 [hexane/AcOEt/DCM (10:1:1)]; pale yellow dif NMR (500 MHz, CDCY) a
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7.08 (d,J = 10.1 Hz, 2 H), 6.36 (d] = 10.1 Hz, 2 H), 4.20 (t) = 6.5 Hz, 2 H), 1.70
1.60 (comp, 2 H), 1.48 1.34 (comp, 2 H), 1.25 (s, 9 H), 0.93t= 7.4 Hz, 3 H)**C
NMR (125 MHz,CDC}) U 184.9, 167.0, 142.7, 1,30. 8,

13.6; HRMS (ESI) calcd. for @H»:0s 283.15455, found 283.15216 (M+H).

4-tert-Butylbenzo-1,2-quinone (52): Ry = 0.28 [hexane/AcOEt/DCM (4:1:1)];
brown oil;'"H NMR (400 MHz, CDCY) U 7 .J% 90.4(2d#4Hz, 1 H), 6.40 (d,=
10.4 Hz, 1 H), 6.29 () = 2.4 Hz, 1 H), 1.24 (s,9HC NMR (125 MHz, DM
180.3, 180.2, 162.1, 140.0, 129.4, 123.8, 35.6, 27.8MIR(ESI) calcd. for GH1:0;

165.09155, found 165.09168 (M+H).

0.26

4-tert-Butyl -4-(tert-butylperoxy)cyclohexa2,5-dien-1-one (53): Rs
[hexane/AcOEt/DCM (8:1:1)]; pale yellow oitH NMR (500 MHz, CDC}) & 7J 03 ( d
=10.4 Hz, 2 H), 6.31 (d] = 10.4 Hz, 2 H), 1.22 (s, 9 H), 1.03 (s, 9 ¢ NMR (125
MH z , DMSO) 4 185. 5, 150. 5, 1-818 (ESI),cald®.For 6, 80

C4H220s - 238.15689, found 238.15372 (M

4-[1-(4-Hydroxyphenyl)-1-methylethyl]benzo-1,2-quinone (55): R = 0.48
[hexane/AcOEt/DCM (8:1:1)]; dark brown oflH NMR (500 MHz, CDCY) 4 74 16 ( d
= 8.8 Hz, 2 H), 6.87 (m] = 8.8 Hz, 2 H), 6.65 (dd] = 10.3, 2.1 Hz, 1 H), 6.50 (d,=
2.1 Hz, 1 H), 6.22 (d] = 10.3 Hz, 1 H), 5.28 (s, 1 H), 1.54 (s, 6 EZ NMR (150 MHz,

CDCl) & 180.4 (2 C), 161.4, 154.8, 141.5, 1

HR-MS (ESI) calcd. for GH1503 243.10212,dund 243.10110 (M+H).

Procedure for Kinetic Measurements of Transition Metal Catalyzed

Oxidations of 2,6di-tert-Butyl-4-methylphenol (27) by THYDRO. Phenol27 (13.63
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mmol, 3.00 g), catalyst and solvent (27.0 mL) were placed in arfl2&rlenmeyer flask
containing a magnetic stirring bar. The mixture containing a small amount of undissolved
catalyst was heated to 40°C on a stiretplate, and IHYDRO was added to the
suspension all at once via syringe. The flask was equipped with a septum containing a
needle to release any pressure bultand was stirred at 40 °C. The catalyst was
completely dissolved within one minute aftetHiYDRO addition. Immediately after the
T-HYDRO addition the mixture became cloudy due to formation of an aqueous layer, the
color of the reaction mixture became red for the(Rép), catalyzed reaction, dark green

for the RuCi(PPh); catalyzed reaction, and yellow after 4 hours for the Cu salts
catalyzed reaction. After the specified time an aliquot (about 0.10 mL) of the organic
layer was removed from the reaction mixture, and the solvent was rapidly evaporated
under high vacuum (0.09 Torr) for 5 minutes at room temperature. The residue was
dissolved in CDG and analyzed byH NMR spectroscopy. Percent conversion was
measured athe ratio of absorption of produ2s (s, 6.56 ppm) to absorption of phenol

27 (s, 6.98 ppm).
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Table 1-6. Percent conversions for transition metal catalyzed oxidations afi-2¢ft-

butyl-4-methylphenol 27) by T-HYDRO in DCE at 40 °C.

OH o
t-Bu t-Bu catalyst _ tBu t-Bu
T-HYDRO (4 eq.), DCE,
40°C, time
Me Me® OOt-Bu
27 28
loading, equiv. of conversion, %

entry catalyst

mole % T-HYDRO oh 05h 1h 3h 24h 48h

1 Rhy(cap), 0.1 4 o 39 50 79 99
2 Cul 1.0 4 o 15 29 100

3 Cul 0.1 4 O ° 83 19 80 100
4  RuCh(PPh); 0.1 4 0 79 100
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Table 1-7. Percent conusions for transition metal catalyzed oxidations of-@;&ert-

butyl-4-methylphenol 27) by T-HYDRO in chlorobenzene at 40 °C.

OH O
t-Bu t-Bu catalyst _ tBu t-Bu
T-HYDRO (4 eq.), PhCl,
40°C, time
Me Me® OOt-Bu
27 28
loading,  equiv. of conversion, %
entry catalyst
mol% T-HYDRO oh 0.1h 05h 1h 3h 24h 48h
1 Rhy(cap) 0.05 4 0 100
2 Rhy(cap) 0.01 4 0o ' 32 50 79 99
3 Rhy(cap), 0.03 4 0 ' 90 97 100
4 Rhy(cap), 0.03 2 0 ' 63 69 77 92
5 Cul 1.0 4 0 ' ' 28 61 100
6 Cul 0.1 4 0 ' ' 18 35 100
7 Cul 0.05 4 0 ' ' 07 63 27 35
8 CuBr 0.1 4 0 ' ' 0.1 80 80
9 CucCl 0.1 4 0 ' ' 0.1 1.7 79
10 RuCL(PPh)s; 0.1 4 0 ' ' 100
11  RuCL(PPh)s; 0.05 4 0 ' 45 79 100

39



Figure 1-5. Comparative time coursedetermined by'H NMR spectroscopyfor

Rhy(cap), catalyzed oxidations &7 by T-HYDRO at 40°C.

100 i

=== [Rh] (0.1 mol %), T-
HYDRO (4 eq.), DCE

~J
i

—m— [Rh] (0.05 mol %), T-
HYDRO (4 eq.), Phcl

=

[Rh] (0.01 mol %), T-
HYDRO (4 eq.), Phcl

Conversion, %

. [Rh] (0.03 mol %), T-
HYDRO (4 eq.), Phcl

Conversion, %

1 Time,h 3

0 B% ' ! s [Rh] (0.03 mol %), T-

0 25 50 HYDRO (2 eq.), Phcl
Time, h

Figure 1-6. Comparative time coursedetermined by'H NMR spectroscopyfor
RuChL(PPh); catalyzed oxidation a7 by 4.0 equiv. of THYDRO at 40°C.

100 -+
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Figure 1-7. Comparative time coursedetermined by'H NMR spectroscopyfor

copper(l) halide catalyzed oxidati of27 by 4.0 equiv. of THYDRO at 40°C.

—¢—_Cul (1.0 mol %),
DCE

——Cul (1.0 mol %),
PhCl
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=== Cul (0.1 mol %),
PhCl
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PhCl

100

~J
i

wu
o

]
i

Conversion, %

Oxidation of 4-Phenylphenol (41) in Toluene4-Phenylphenokl1 (3.0 mmol,
510 mg), Rb(capy(MeCN), (1.5 pumol, 1.1 mg) or Ru@lPPh)s (3.0 umol, 2.9 mg), and
toluene (6.0 mL) were placed inrddam screwcap val containing a magnetic stirring
bar. The mixture was sonicated to ensure maximal concentration of the phenol in a
resulting suspension. The vial containing the suspension was placed in an ice bath and
stirred for about three minutes to allow the tempeeato equilibrate to 0 °C.-HYDRO
(12.0 mmol, 1.66 mL, 4.0 equiv.) was added via syringe dropwise over the period of one
minute of stirring at 400 rpm. After one hour of stirring at 250 rpm at 0 °C, another 4.0
equiv. of THYDRO were added via syringel @t once. The vial was removed from the
ice bath, and the reaction mixture was allowed to warm to room temperature. The
reaction solution remains heterogeneous throughout the reaction due to the formation of
an aqueous layer. After three hours of stirrif@$0 rpm) at room temperature, the
reaction mixture contained a single spot witt=R.31 in hexane/AcOEt (10:1) according
to TLC analysis, and the mixture was transferred to amDOoundbottom flask and

concentrated on a rotary evaporator (20 Toogm temperature). The residue was
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dissolved in DCM and was purified by column chromatography [neutral alumina, 18 mm
diameter, 18 cm height, EtOAc/DCM/hexane (1:1:16, 250 mL)]. Fractions containing
product42 were combined, and the solvent was removed rataay evaporator (60 Torr,
room temperature). The residue was further dried under high vacuum (0.09 Torr) for 20
minutes at room temperature to yield 441 mg (57%) of mixed perca¥des a pale
yellow oil from the Rb(cap), catalyzed oxidation and 278 n86%) of mixed peroxide

42 as a pale yellow oil from the RuflPPh); catalyzed reaction; R= 0.31
[hexane/AcOEt (10:1)'H NMR (500 MHz, CDC§) U 1 7.334(@mp, 5 H), 7.01 (d,
J=10.2 Hz, 2H), 6.33 (d] = 10.2 Hz, 2H), 1.29 (s, 9 HFC NMR (125MHz, CDCkL) i
185.9, 150.0, 136.9, 128.9, 128.8, 125.8, 80.6, 79.6, 26.5MBRESI) calcd. for

C1eH1905 259.13342, found 259.13258 (M+H).

Oxidation of 4-Phenylphenol (41) intert-Butyl Alcohol. 4-Phenylphenol41
(2.0 mmol, 170 mg), Riicapy(MeCN), (10.0 pmol, 7.4 mg) or Ru@PPh); (20.0
pmol, 19.2 mg), andert-butyl alcohol (5.0 mL) were placed inrddam screwcap vial
containing a magnetic stirring bar. The mixture was sonicated to facilitate a complete
dissolution of the phenol. The vial with thesulting solution was placed in an oil bath
and warmed to 40 °C.-HYDRO (10.0 mmol, 1.38 mL, 10 equiv.) was added via syringe
all at once, and the reaction solution was stirred at 40 °C until complete consumption of
41 according to TLC. The reaction mixe contained two spots withy R 0.31 and 0.00
in hexane/AcOEt (10:1) according to TLC analysis. The mixture was transferred to
100-mL roundbottom flask and concentrated on a rotary evaporator (20 Torr, room
temperature). The residue was dissolved in DGCMd purified by column

chromatography [neutral alumina, 18 mm diameter, 18 cm height, EtOAc/DCM/hexane
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(1:1:16, 250 mL)]. Fractions containing2 were combined, and the solvent was
evaporated on a rotary evaporator (60 Torr, room temperature). The resisiderther

dried under high vacuum (0.09 Torr) for 20 minutes at room temperature to yield 433 mg
(56%) of mixed peroxidd?2 as a pale yellow oil for Rfcap), catalyzed oxidation and

124 mg (16%) mixed peroxidé2 as a pale yellow oil for RugPPh)s; catalyzed

reaction.

Oxidation of 2-Naphthol (43). Rhy(capy(MeCN), (0.50 pmol, 1.1 mg) and
toluene (10.0 mL) were placed in a-8QL Erlenmeyer flask and the suspension was
warmed to 40 °C. ‘HYDRO (12.0 mmol, 1.66 mL, 4.0 equiv.) was added via syringe
dropwise followed immediately by dropwise addition over five minutes of a solution of
2-naphthol43 (3.0 mmol, 432 mg) and peroxi@3 (1.0 mmol, 308 mg) in toluene (20.0
mL). Peroxide28 was used as the internal standard. After completion of addition the
reagion mixture was stirred for 20 minutes at 40 °C, then an aliquot (about 0.10 mL) was
removed from the organic layer and concentrated under high vacuum (0.09 Torr) for five
minutes at room temperature. The residue was dissolved in;GB@lanalyzed byH
NMR spectroscopy. Percent yield was determined from the integral values of internal
standard28 (s, 6.56 ppm) and alkene proton é# (d, 6.44 ppm): R= 0.16
(hexane/AcOEt/DCM (8:1:1))'H NMR (600 MHz, CDC}) U 8J1=175 HZ, il H),

7.66 (t,J=7.5Hz, 1 H), 7.52 (tJ = 7.6 Hz, 1 H), 7.46 (d] = 10.1 Hz, 1 H), 7.38 (d] =
7.5 Hz, 1 H), 6.44 (dJ = 10.1 Hz, 1 H)}*C NMR (150 MHz, CDG)) & 180. 9,

145.3, 135.8, 134.8, 131.6, 130.8, 130.2, 129.8, 127.9.

General Procedure for Rhy(capk-Catalyzed Oxidation of Anilines with 5 M

TBHP in Decane or with T-HYDRO. The substituted aniline (2.0 mmol),

43
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Rhy(capy(MeCN), (14.8 mg, 0.020 mmol), and DCE (4.0 mL) were placed indaan
screwcap vial containing a magnetic stirring bar. The vial was plaaioil bath and

the suspension was stirred at 250 rpm at 40 °C. Five molar TBHP solution in decane (1.6
mL, 8.0 mmol, 4.0 equiv.) or-HYDRO (1.1 mL, 8.0 mmol, 4.0 equiv.) was added to the
suspension all at once via syringe. The reaction mixture waslyooapped to release

any pressure buiip and stirred for 20 minutes at 40 °C. Then the reaction mixture was
transferred to a 10ML roundbottom flask, concentrated under reduced pressure, and
the residue was purified by column chromatography (silida @EM:AcOEt:hexane).
Fractions containing the product were combined, and the solvent was evaporated on a
rotary evaporator. The residue was additionally dryed under high vacuum (0.09 Torr) for

20 minutes at room temperature.
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'H and **C Spectra of New Conpounds
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Chapter 2Tandem Sequence of Phenol Oxidation and
Intramolecular Addition as a Versatile Method in Building

Heterocycles

Synogis

This chapter will focus on the development of a tandem phdviahael addition
that furnishes a number of ox@and -azaheterocycles. The scope of the ;Rlap)
catalyzed phenol oxidation byH'YDRO that was presented in Chapter 1 is expanded to
include alcohols, ketones, amides, carboxylic acidsNaBoc protected amines tethered
to the 4position of phenol. The presence of alcohols, carboxylic acids,NaBdc
protected amines opened a new synthetic application for products of phenol oxidation by
T-HYDRO, 4(tert-butylperoxy)cyclohex&,5-dienones. It was found that Brgnsted acids
catalyze intramolecular Michael addition of alcohols, carboxylic acid, Mf8loc
protected amines to 2dienone scaffolds in the phenol oxidation reaction mixture. A
seres of 4substituted phenols were converted into-cxad azeheterocycles in orpot
according to the developed tandem protocol of phenol oxidatibtichael addition
(Scheme 21). The scope of the developed methodolomcludes dipeptides
Boc-Tyr-Gly-OEt and BoeTyr-PheMe. A novel method of selective cleavage ofGD
bond in hindered internal peroxidasing TiCl, was discovered. To exemplify its
synthetic versatility this methodology was used to complete the synthesis of cleroindicin

F from tyrosol in 50%yield over 3 steps.
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Scheme 21. Summary of tandem Rftap), catalyzed phenol oxidation arrgnsted

acid catalyzed intramolecular Michael addition.

OH O (@) 0]
1. [0]
2. Brgnsted Boc
acid Buoo\ © tBuoo”\ © tBuoo\ N
X’AH \ O '/R
A =0, N-Boc 11 examples
X = CH,, CO, CHCH3, CHCOR' avg. yield - 51%

up to 70% ee

Introduction -- Synthetic Methods and Mechanistic Models for Phenol

Oxidation

The devéopment of the dirhodium caprolactamate jRAp)] catalyzed
oxidation of 4substituted phenols by-FiYDRO (Chapter 1provided access to-dert-
butylperoxy)cyclohex&,5dienones in yields generally above 70% (Scher2.’2The
phenol oxidation by FHYDRO enabled access a variety of alkyl, aryl, and carboxylate
groups in the presence of nucleophiles and oxygen. The versatility of this methodology
and the commeral availability of 4substituted phenols prompted us to explore the

synthetic applications of phenol oxidation.

Scheme 22. Dirhodium caprolactamate oxidation of-sdbstituted phenols by

T-HYDRO.

OH O

Rhy(cap), . 14 |
> examples
T-HYDRO, 77% average yield

DCE or toluene, 40°C t-BuOO”~ "R
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Murahashi has shown -@ert-butyldioxy)cyclohexa2,5-dienones afford
2-substituted p-quinones upon treatment with TiC(Scheme B)** The range of
4-substituents of 4tert-butyldioxy)cyclohexa2,5-dienones includes alkyl, cycloalkyls,
and allyl substituents. Presumably, the mechanism of this rearrangment starts with the
binding of a Lewis acid to carbonyl group of the -8iBnone (Scheme -2)3°
Coordination by an electron deficient TiGacilicates migration of the substituent at the
4-position in the order Ph ~ PhGH i-Pr > Me > CHCO,Me. The resulting intermediate
1 furnishes 2substitutedp-quinores after the loss ofert-butyl alcohol and TiGl
Recently Murahashi applied this protocol to the syntheses franesol of vitamin K

(36% yield, 5 steps) and vitamin; K79% vield, 4 steps)’

Scheme 23. Rearrangement of -@ert-butylperoxy)cyclohex&,5dienones to

2-substituted-quinones by TiCl

TiCly (1.2 equw.)= 6 examples
DCM, 1.5 h, 82-93% vyield
R -78t00°C R

t-BuOO

Scheme 24. Mechanism proposed by Murahashi for rearrangement -gferé

butylperoxy)cytohexa2,5-dienones to Bubstituted-quinones by TiCl

/T|CI4 /T|CI4 /T'C'4

TiCly H T|CI4
\5 “tBuOH
t-Bu0O” "R t-Bu0O” R

Ot-Bu +8u0""
1
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A number of transformations were reported for-@@none scaffolds that did not
contain the 4ert-butylperoxy group. These methods include regioselective reduction of
the carlonyl group of 2,5dienones, expoxidation of a carbenarbon double bond,
intermolecular DielsAlder cycloadditior?’ and the BayligHillman reactior’’ However,
| found intramolecular transformations of ZjEenone scaffold the most promising
because of the range of functional groups that can be tethered teptsitidn of 4
substituted phenols. Furthermore, | decided to focus on iotemodar Michael addition
because the Rfcap), catalyzed phenol oxidation by-HF'YDRO is insensitive to the

nucleophilic functional groups (discussed in Chapter 1)

Carreno reported a strategy for activation of-@&gnones byp-toluenesulfonic
acid (TsOH)to promote intramolecular oxidlichael addition with tethered alcohdfs.
This protocol affordscis-furan andcis-pyranfused cyclohexenones in 491% yields.
The cyclization of racemic -Aydroperoxy2,5-dienone?2 afforded the tetrahydrofuran
ring in 47% yield and a 85:15 diastereomeric ratio (Sche®) 2However, reduction of
the hydroperoxide to the hydroxyl group improved the yield of the cyclization stdp fo
hydroxy-2,5-dienone3 to 82% but the diastereomeric ratio decreased to 70:30 (Scheme
2-5b). The similar difference in yield between cyclization diyfiroperoxy (4) and 4
hydroxy-2,5dienones %) was observed for the formation of the pyran ring from

secondary alcohols (Scheméb2-d).

53



Scheme 25. p-Toluenesulfonic acid catalyzed intramolecular -dtizhael addition of

alcohols to 4hydroperoxy2,5-dienone<2 and4 and 4hydroxy-2,5-dienone3 and5.34

p-TsOH
Oxone (0.12 equiv.)
NaHCO; HZO chloroform,
rt,2h —40°C 12h HoOo O Hoov

47%
° 47% yield
15:85
(0]
1. Oxone, NaHCO3, p-TsOH
H,O, rt, 2 h (0.12 equiv.)
2. Na,S,03, H,0, chloroform, H
rt,1.5m|n -40°C 12h HO O
46%
82% yield
30:70
O
p-TsOH
Oxone (0.12 equiv.)
NaHCO; chloroform,
CH3CN - H,0, HOO -40°C,3.5h HOO HOO"
rt, 1 h
56% vyield
65% 5:95
0]
1. Oxone, NaHCOs, p-TsOH
H,O, rt,2 h (0.12 equiv.) H
2. N328203, H2O chloroform, +
rt, 1.5 min —40°C15h HO O HO
Me
79% yield
3% 4:96

You reported a chiral version of 2¢enones desymmetrization via an
oxo-Michael reaction catalyzed by BINGderived chiral phosphoric acid&® The
method formscis-fused toxo- and 1,4dioxo-heterocycles in 792% yield and 605%

ee. You found that a sterically encumbered phosp acid ¢) afforded the highest
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degree of enantiomeric excess with-g8i&none7 (Scheme Zba). A series of 4ryl-2,5
dinones underwent cyclization in higher than 81% yield and above 90% ee while the
most sterically encumbered 2Ztenone8 furnishedthe lowest yield and ee value of 71%
and 61%, respectively (SchemeR). The unfavorable steric interaction between bulky
4-substituents of 2;8ienones and indicates a potential limitation of this protocol.
Chiral phosphoric aciderivative6 catalyzedintramolecular oxeMichael addition of9
afforded the tetrahydrofuran ring in 57% vyield and 80% ee (Schempe Zhis
transformation was a key step in the synthesis of optically pure cleroind{@&®) Fom

tyrasol(11) (3 steps, 22% overall yield, 80%)&*?

Scheme 26. Asymmetric intramolecular oxMichael addition of7 and 8 catalyzed by

chiral phosphoric acié.3*?
a) O o
cat. (10 mol %) H
4A sieves, DCM, o 9;2/g/yield
rt, 24 h o ee
Me O/\/OH Me 0
7
R Me
O e
(0] Me
O/,,,, 1 _
cat. = o-h R=3} Me
OH Me
6 Me
R Me
b) O o
cat. (10 mol %) H
4A sieves, DCM, Me o 7;;’/2/yield
rt, 24 h o ee
Me Me
8
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Scheme Z7. Synthesis of cleroindicin FLQ) from tyrasol L1).

OH
1. 6 (10 mol %), rt
Oxone _ 4A sieves, DCM .
NaHCO3; H,0, 2. P(OPh);, DCM
\\ (@)
rt, 2h HOO 57% HO
38% 80% ee
OH OH
11 9 10
tyrasol cleroindicin F

| considered several protocols developed for chiral desymmetrization of

4,4disubgituted 2,5dienones via intramolecular Michael reaction. Hayashi
stereoselective intramolecular Michael addition of aldehydes tedidubstituted
2,5-dienones was one of them (Scher@a2®! The use of 10 mole % of cysteiderived
ammonium salt.2 furnishedcis-6,5fused carbocycles from corresponding-8i&nones

in 89-99% vyield, 8292% de, and 995% ee. However, Hayashi applied this protocol to
just four substrates. Furthermore, 4ddalkyl-2,5dienones are derived from
cyclohexenond3via the 6 step synthesis (Schem8’* rather than from 4ubstituted

phenols

Scheme 28. Ammonium saltl2 catalyzed intramolecular Michael additions of aldehydes

tethered to 2 #lienones.

’ )
s H
Me%%N O
0 Me 1, ¢ 12 Q

CH4CN,
Me O 0°C, 3-5h

Me
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b)  ogt  1.1CHCHOPMB, 1.LHDMS, TMSCI o

LDA, THF, 2. Pd(dba)s, CHCls,
-78°Ctort R diallylcarbonate
2. DIBAL-H, toluene, 3.DDQ, DCM-H,0
Me -78t0-20°C Me OPMB 4. IBX, DMSO, rt Me ')
13 65% over 2 steps H  38% over 4 steps H

H
PMB = §—C @—m\ﬂe

Gaunt found thatL-prolinederived secondary aminel4 catalyzes the
intramolecular Michael adtion of an aldehyde to 28&ienone inl5in 91% vyield, 99%
ee, and > 20:1 dr (Scheme9a)3*® Further investigations revealed that intramolecular
Michael addition ofaldehydes tethered tomethoxy2,5-dineones could be conducted
simultaneously with the oxidation of-gubstituted phenol by one equivalent of
PhlI(OAc) in methanol in the onpot procedure (Scheme9). This methodology
affordedcis-6,5 andcis-6,6-fused ring systems in 525% yield, 9799% ee, and dr up to
> 20:1 for aldehydes tethered to phenol with hydrocarbon ci&ififie use of oxygen
(16) or tosylated nitroge (17) as an attachment point of an aldehyde tether to phenol
furnished18 in 84% yield, 99% ee, > 20:1 dr ad® in 68% yield, 99% ee, > 20:1 dr
(Scheme &c). 2,6Dimethyl substitution in the phenol ring decreased enantiomeric
excess to 40% and diastenseric ratio to 2:1 of theis-6,5-carbocycle from 97% ee, and
15:1. The erosion of diastereoselectivity was observed from > 20:1 for the oxo
heterocyclel8 (Scheme Hc) to 6.7:1 for thecis-6,7-membered oxdeterocycle20,
however, the ee value reached¥®71Scheme B8d). Presumably, the decrease of
diastereoselectivity is caused by a competing epimerization of methine group adjacent to

the aldehyde in the product of phenol oxidatiantramolecular Michael addition.
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Scheme 29. Application of secondary ame 14 catalyzed asymmetric intramolecular
Michael addition of tethered aldehydes to-@i®nones in syntheses of-6,5, cis-6,6-,

andcis-6, 7-bicyclic systems.

a) o) O*OTMS
14N Ar (10 mol %)

H A 91% yield
> 99% ee
MeOH, 0o°C H >20:1dr
HO
D
Ao
15 (o)
b) OH

11 (10 mol %)
Phl(OAc), (1 equiv.),
MeOH, 0 °C

H
0]
C) OH
11 (10mol %)
PhI(OAc), (1 equiv.),
X MeQOH, 0 °C
L
H :
X =0 (16) X=0 (18) 84% vyield, 99% ee, dr > 20:1
X =NTs (17) X =NTs (19) 68% yield, 99% ee, dr > 20:1
d) o)

O

OH
11 (10 mol %) .
PhI(OAc), (1 equiv.), \
o MeO"
Oﬁj/H MeOH, 0 °C

74% vyield, 97% ee, 6.7:1 dr

b-Ketoesters tethered to thepdsition of 4alkyl-2,5-dienones were employed for
the intramolecular Michael addition of 2¢dbenones under phase transfer catalydis
(Scheme 210a)®? This strategy furnishedis-furanfused cyclohexenes in 9% yields

and 5074% ee from 2 4lienones bearing methyso-propyl or phenyl groups. The more
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sterically encumbered 2@ienones22 and 23 affordedcis-furanfused cyclohexene5

in 44% vyield, 54% ee and6 in 52% yield, 50% ee (SchemelBa). 2,6Dimethyl
substitution on the 2;8ienone decreased the yield and the enantiomeric excess to 67%
and 38%, respectively (Schemel@b). Noteworthy, this protocol allowsontether
variations and requires two chromatographic purifications during steypsynthesis of

b-ketoesters tethered to 2jtenones.

Scheme 2I0Asymmet ri ¢ i ntr amo | e c-ketoesters thlkyh a e | ac
2,5dienones.
a) 7z

o) "o O o)
21 ﬁ ' H
CO,t-Bu
R” 0 (10 mol %) . RS
o Cs,CO;, PhCF;, o)
4A sieves, 0 °C
07 ~Ot-Bu
R = CH,CH,OTBS (22) R = CH,CH,OTBS (24) 89% yield, 50% ee
R = CH,t-Bu (23) R = CH,t-Bu (25) 52% vyield, 60% ee
R=CH,CO,Me (24) R =CH,CO,Me (26) 44% yield, 54% ee
b) )

Me Me Me
21 (10 mol %) _

CS2C03, PhCFs,
RO 4A sieves, 0 °C

@)
67% yield, 38% ee
O~ "Ot-Bu

Bisphenylsulfonyl methylene is an alternative nucleophilic scaffold for
b-ketoesters in their intramolecular Michael addition to-dighone<® You studied

cinchoninederived ureas as catalysts for the chiral desymmetrization edi@yones
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tethered to bisphenylsulfonyl methylene agbakition (Scheme-21) and found urea7

to be an optimal catalyst. The useXffurnishedcis-6,5 andcis-6,6-carbocycles from
4-alkoxy-2,5-dienones in 8®7% yield and 8®1% ee® The bisphenylsulfonyl
methylene tether can be varied from two methylene unitssiobstitued aromatic ring
thus offering more structural diversity in comparison to the protocol developed for
b-ketoesters. The removal of bisphenylsulfonyl functionality requires a -stepe

procedure (Scheme2).%®

Scheme 211. Cinchoninederived ure&7 catalyzed asymmetric intramolecular Michael

addition of bisphenylsulfonyl methylene to Zjlenone.

o) o)
27
(10 mol %) y
FsC CF, SO,Ph

EtO DCE, rt, 48 h EtO SO,Ph

SO,Ph 97% vyield
90% ee

SO,Ph

Scheme 212. Threestep removal of bisphenylsulfonfginctionality.

1. H,, Pd/C, MeOH, rt H

2. Mg, MeOH, rt
3. CrO3-H,S0,4-H,0, acetone 0 °C

MeO

26% over 3 steps
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The analysis of reported protocols for the chiral desymmetrizatiorsobdtituted
2,5dienones showed that thBrgnsted acid catalyzed intramolecular déi@hael
addition was the most promising. This methodology a#drdp to 91% yield and 95%
ee for a scaffold that is closely relateddtétert-butylperoxy)cyclohex2,5-dienones*®
Thus, | envisioned combininthe Rhy(cap), catalyzed phenol oxidation by-HYDRO
and theBrgnsted acid catalyzed intramolecular Michael additioa onepot protocol.
The higher yields of the phenol oxidation than those reported for oxone (Schaxie 2
would enable stereoselective synthesis of -b&terocycles in higher overall yields.
Additionally, | planned to explore nitrogerontaining nucleophiles iBrgnsted acid

catalyzed intramolecular adichael additiorto 2,5dienones.
Results and Discussion

The development of the phenol oxidation Michael addition tandem
transformation was started with the oxidation of tyra&othe precursor to a potential
treatment for malaria and rheumatism, cleroindicirl® (Scheme 27].** Initial phenol
oxidation experiments were conducted under conditions previously developed for the
Rhy(cap) oxidation of 4substituted phenols 4] equivalents of JHYDRO in
1,2-dichloroethane (DCE) at 40 °€]The evaluation of the most active catalysts for
4-substituted phenol oxidation with 'YDRO [RuCk, RuCh(PPh)s, and Rh(cap)]® at
1.0 mole % loading revealed that dirhodium caprolactamate provides the best yield in the
conversion oBto 28 (Table 21, enties £3). The use of 2.0 mole % of Khap), eroded
the yield of 2,5dienone28 (entry 4) while 0.5 mole % of Rfcap), gave incomplete

conversion. Thus, | inferred 4 equivalents eBHYDRO in 1,2dichloroethane (DCE) at
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40 °C using 1.0 mole % of Rfeap) as the first generation of optimal conditions. The

oxidation of8 under these conditions furnish2élin 66% isolated yield (eq--2).

Table 2-1. Optimization of a catalyst for the phenol oxidation BIAYDRO.

OH o
catalyst _
T-HYDRO (4 eq.),
DCE, 40°C, 1 h {-BuOO 5 OH
entry catalyst catalystioading, mol % yield, 96'
1 RuCk 1.0 23
2 RuCL(PPh), 1.0 48
3 Rh_(cap), 1.0 66
4 ha(cap)4 2.0 48

2 Determined by'H NMR spectroscopy from the ratio of peak (6.32 ppm,Jds 10.2 Hz, 2H)
corresponding t@8 and biphenyl peak (7.60 ppm, 3 72 Hz, 4H) that was used as an internal stands

OH O
Rhy(cap), (1.0 mol %), isolated yield (eq. 21)
T-HYDRO (4 equiv.), 66% '
DCE, 40°C,1.5h -
OH t-BuOO OH
8 28

Although™H NMR spectroscopy and TL&howed that the samptentained only

2,5dienone28 after 1.5 hour in the reaction mixture Etlhz(cap)4 catalyzed phenol
oxidation by FHYDRO, the isolated yield was ncquantitativeRhZ(cap)‘l. The reaction

temperature was lowered to room temperature in an attempt to improve vyiefti and

NMR spectroscopy revealed the formation of transquinone29 along with 53%
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yield of 2,5dienone28 (eq. 22). However, because akquinone29 instability under the
reaction conditions, its decomposition products were insoluble in the reaction mixture

after 1.5 hour at 40 °C.

OH o] o]
(0]
Rhy(cap), (1.0 mol %), .
T-HYDRO (4 eq.),
DCE, rt _
oH t-BuOO OH OH (eq. 22)
8 28 29
1.5h 53% 21%
3h 53% 6%

To improve the yield of the R{tap), catalyed phenol oxidation by-HYDRO
factors that could increase the of -2iignone 28 (temperature, solvent, etc.) were
evaluated. Temperature and concentration had minimal effects on the yk8dTatble
2-2, entries 4). Solvent screening confirmed thetiel choice of DCE as the optimal
solvent (entriesA5). Other common organic solvents gavetP46 yields of28 that are

not higher than the 66% yield achieved in DCE.
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Table 2-2. Temperature, concentration, and solvent optimization for Rhgcap),

catlyzed oxidation 08 by T-HYDRO.
OH o

Rhy(cap)4 (1 mol %)
T-HYDRO (4 eq.),

\J

solvent, 3 h t-BuOO OH
8 OH 28
entry solvent concentration, M temperature, °C yield, 96
1 DCE 0.5 40 66
2 DCE 0.5 room temperature 53
3 DCE at 0 °C 0.5 0 61°
4 DCE (0.01 M) 0.01 40 55
5 DCM 0.5 room temperature 58
6 Et,O 0.5 40 52
7 THF 0.5 40 28
8 AcOEt 0.5 40 60
DCE / MeOH 0.5
9 40 50
(1:1)
10 MeCN 0.5 40 42
11 MeOH 0.5 40 37
12 EtOH 0.5 40 34
MeOH / HZO 0.5
13 40 37
(1:1)
14 HO 0.5 40 24
DCE / water 0.5
15 40 58
(2:1)

2 Determined by'H NMR spectrosopy from the ratio of peak (6.32 ppm, d,= 10.2 Hz, 2H)
corresponding t@8 and biphenyl peak (7.60 ppm, 3= 7.2 Hz, 4H) that was used as an internal stanc

® Adjusted for 55% conversion.
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The use of 2.5, 3.0 and 10 equivalents ¢éiYDRO hada detrimental effect on
the yield of 28 (Table 23, entries 13). Anhydrous TBHP in decane and cumyl
hydroperoxide afforded the corresponding-@i@&one28in 45% and 48 % yield (entries
4-5), respectively. Simildy, different modes of reactant addition shemv no
improvement in the yield o28 (entries 610). Thus, the initial set of conditions were
concluded to be optimal for the phenol oxidation bearing an alcohol group, and all of the
subsequent phenol oxidations were conducted using 1 mole %@BRhwith 4 equiv.
of T-HYDRO in DCE (0.5 M) at 40 °C. Although | was unable to further improve the
yield of 28, the 66% yield of oxidation & by T-HYDRO under Rk(cap), catalysis was

higher than 22% vyield reported with oxone (Scher7¢.¥?
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Table 2-3. Optimization of the oxidant and mode of addition of Rig(cap), catalyzed

oxidation of8.
OH 0

Rhy(cap)4 (1 mol %)
oxidant, 40 °C,
DCE (0.5 M), 3 h ROO OH

OH R = t-Bu, CMe,Ph

number of o
_ _ modification to _ a
entry oxidant equivalents of N yield, %
standard conditions

TBHP
1 T-HYDRO 2.5 ' 42
2 T-HYDRO 3.0 ' 53
3 T-HYDRO 10 ' 53
4 TBHP in decane 4.0 ' 45
5 PhMeZCOOH 4.0 ' 48
6 T-HYDRO 4.0 stirring at 600 rpm 61
7 T-HYDRO 4.0 N, bubbling 52

preheat to 40C prior
8 T-HYDRO 4.0 N 64
to T-HYDRO addition

no sonication of pheno

9 T-HYDRO 4.0 _ 63
suspension
the oxidation is
10 T-HYDRO 4.0 _ 54
guenched witiNaS,053

2 Determined by’H NMR spectroscopy from the ratio of peak (6.32 ppm,Jdz 10.2 Hz, 2H)
corresponding t@8 and biphenyl peak (80 ppm, d,J = 7.2 Hz, 4H) that was used as an internal standz
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The versatility of Rp(cap) catalyzed phenol oxidation by-AHF'YDRO was
examined for 4substituted phenol bearing alcohol groups, carboxylic acids, methyl
ketone, and the Beggrotected amie. The corresponding 2dienones were isolated in
4565% vyields (Table -2). Similar to the oxidation o8 phenol oxidations presented in
Table 24 contained only 278ienone products in their reaction mixtures. Pure
2,5-dienone products can be rapidlglsted by filtration of the reaction mixture through
a silica gel plug. Although product yields vary, phenol oxidation BHYDRO,
catalyzed by Ri{cap) is not restricted by carboxylic acid, alcohol, and ketone
substituents that could serve as potentisdl@ophiles in subsequent reactions. Likewise,
the presence of tHg-Boc group in tyramin@8 does not alter the oxidation pathway and
furnished 2,5dienone39 in 59% vyield (entry 5). The oxidatigmnhydroxybenzyl alcohol
41, however, produce@-quinone pesumably due to fragmentation of peroxides bearing
an acidich y d r o g -@atom (entry 6p according to the mechanism discussed in Chapter

1 (Scheme 116)}
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Table 2-4. Dirhodium caprolactamate oxidation of phenols bearimgcleophilic

functional groups by -HYDRO.

O

Rh(cap), (1.0 mol %),
T-HYDRO (4 eq.),
DCE, 40°C,1.5h  t-BuOO~ R

;U—<: :)—O
T

entry phenol product isolatedyield,? %

BN
w

°§_< }%
;C%o

65
t-BuOO OH
OH 31
OH o
2 Q‘? 45°
o} .
t-BuOO . OH
32 OH
OH 0
3 o 46°
t-BuOO OH
OH
34 3 9
OH 0
4 0 62
t-BuOO Me
Me 37
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OH e)

5 59
NHBoc t-BuOO NHBoc
38 39
OH o)
6 55°
OH 0
40 4

2Yield after the silica gel plug.2 mole % of Rkcap), were used The yield of volatilep-quinone (6.70

ppm, s, 4H) was dermined by"H NMR spectroscopy using biphenyl (0.033 mmol) as internal standar

The development of a phenol oxidatioNlichael addition tandem transformation
started with the simultaneous catalysis of phenolic oxidation byc&b) and oxe
Michael addion by BINOL-based phosphoric ac#B. The addition of a Brgnsted acid
inhibited the oxidation step (TableX entries 1 and 2). However, the introductior®8f
after completion of the phenol oxidation furnishé2lwith > 20:1 diastereoselectivity
after 16 hours at room temperature (entry 3). The stereochemistry of the bicyclic ring
junction was extrapolated from the analogous Brgnsted acid catalyzed intramolecular
oxo-Michael addition of shydroperoxy2,5-dienones (Scheme®a)3*° Furthermore, the
addition of drying reagents improves the conversion of -bdichael reaction (entries
4-6). The addition of anhydrous p&0O, was considered to be the optimal procediar
the stepwise Riicap) phenol oxidation by -HYDRO followed by Brgnsted acid

catalyzed oxeMichael addition.
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Table 2-5. Optimization of conditions for tandem phenolic oxidatidvlichael addition.

OH 1. Rhy(cap), (1.0 mol %) O OO
T-HYDRO (4 eq.), 40 °C, o. P

DCE (0.5 M), 1.5h - cat. = o R
2. cat., DCE, additive, 1, 5 h R OH
t-BuOO
43
8 42
conversion of conversion of

loading of modeof N o . N
entry . N additive  phenol oxidation, Michael addition,
acid30, % addition

%° %
1 10 simultaneous 45 nd’
2 2 simultaneous ' 70 nd
3 10 stepwise ' 100 78
4 10 stepwise 4 A sieves 100 85
5 2 stepwise 4 A sieves 100 17
6 10 stepwise Na,SO, 100 91

2 Determined by'H NMR spectroscopy from the ratio of peak (6.09 ppm,Jdr 10.3 Hz, 1H)
correspondig to 42 and biphenyl peak (7.60 ppm, 3z 7.2 Hz, 4H) that was used as an internal stand

® hd - not determined.

The isolated yields of cyclic products of the tandem(&dp), catalyzed phenol
oxidation and Brgnsted acid catalyzed -dizhael additim were identical within
experimental error to the yields for the tandem sequence that include purification of
2,5dienone products in the phenol oxidation step. Hydrobenzofutan and
hydrobenzopyrad4 were prepared by tandem transformation in 62% and 52%ted
yields, respectively, as single diastereomers (Takle éntries 1 and 2). oxdichael
addition could also be catalyzed by TsOH (entry 2). Secondary aldéhfrmed a

mixture of only two out of possible four diastereomers (7.4:1) that welraged by
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column chromatography in 59% isolated yield (entry 4). The major diasteredg)er (
was determined by BOESY experiment that showed a crp&sk of two axial protons

i n tpbsiiondJto the ether oxygen 46 (Figure 21). The formation of lactond8
showed the developed tandem protocol could be applied to phenols with carboxylic acids
tethered to the-position (entry 5). The division of the isolated yields4@f 44, 48 for

the tandem phenol oxidatiorMichael transformation (Table-@ entries 1, 2, 3, and 5)

by the isolated yields d28, 31 and 33 for just phenol oxidation (eq.-2 and Table 2,

enties 1 and 2) suggests that eddichael addition occurs in yields above 80%.

Table 2-6. Tandem phenol oxidatiohoxo-Michael addition.

oH 1. Rhy(cap)4 (1.0 mol %), DCE, Q

T-HYDRO (4 eq.), 40°C, 1.5h
2. Bransted acid (10 mol %),

oy DCE, NaSO,,rt, 16 h -BuOO"
entr henol roduct Brgnsted diastereomer isolated
y P P acid ratio yield, 9%
OH o)
1 30 >20:1 62
2 +BuoO"\ O TsOH >20:1 60
OH
8 42
OH
3 30 >20:1 52
30 OH
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OH

.qd

4 OH o 30 > 20:1 59°

Me

45
t-BuOO"" ?
47 ‘Me
OH

5 30 >20:1 40

0

32

OH

@ Major diasteremer is shown® After flash chromatography through silica gePhenolic oxidation forms
21% o-quinone that undergoes decomposition under reaction conditidiie ratio of46:48 is 7.4:1.°
Each diastereomer is isolated as an individual compound.

_ H3Cm
0-0 o

H H

Me U il‘-Bu

NOESY cross-peak

Figure 2-1. Determination of stereochemistry of hydrobenzopyréthe

Having elaborated the optimum conditions and potential for generality of the

tandem phenol oxidationoxo-Michael addition, | moved to the development of a novel

tandemoxidation - azaMichael addition. LTyrosine derivatives were chosen as the

initial substrates due to their biological relevafitén agreement with the pheh

oxidations reported in Tables-&2 and 26, the oxidation of kyrosine derivatives

furnished single 2/8lienone products along with polar unidentified materials that did not

72



interfere with the subsequeBtgnsted acid catalyzed cyclizatiddarbamated9 and51
afforded dihydroindol derivatives0 and52 in 42% and 31% isolated yield, respectively
(Table 27, entries 1 and 2). No cyclization was observed with acetyl protected &&ine
(entry 3). The highest yield in the tandem reaction-tyrbsine dewative 49, 51, and53

was achieved with0 suggestinghe use of the Bagroup for amine protection in the
following phenol oxidation azaMichael addition transformations. The isolated yields of
bicyclic products were improved if-tyrosine derivativesalcked the carboxylic acid
group (entry 4) or contained ester functionality (entries 5 and 6). The lower yield in the
absence of carboxylic acid is presumably caused by the lower yield on the phenol
oxidation step (Table-2, compare entries 1 and 5 withtees 2 and 3). Diastereomers
formed from57 and 58 were completely separable on silica gel and were isolated as
individual isomersThe diastereochemistry of the ester group was determined by NOE
experiments for diastereome®§ and 58 (Figure 22). The phenol oxidationi aza
Michael addition occurred in the presence of the amide group (entry 7). Furthermore, the
oxidation of dipeptidé2 could occur at the benzylic position of a phenylalanine residue
and at the phenol group of a tyrosine residue but thdylatter process was observed

(entry 8).
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Table 2-7. Tandem phenol oxidationazaMichael addition.

oH 1. Rhy(cap)4 (1.0 mol %), DCE, Q
T-HYDRO (4 eq.), 40°C, 1.5h
2. (rac)-BINOL-PO,H (10 mol %),
NHBoc DCE: NazSO,, rt, 16 h t-Buoo"\ NHBoc
isolated yield,
entry phenol product® %
(dr)y*
1 OH PG = Boc o PG = Boc 42
49 50 (2.8:1.0)
PG =Cbz PG =Cbz g
2 PG 31
5 ;i PG = Ac oy FETAC R
CO,H 53 2 54 o
OH o)
4 55
R N-Boc
NHBoc t-BuOO
38 55
OH R = Me O 53
5 R = Meb57
56 (1.6 : 1.0)
o N-Boc
5 NHBoc R=tBu {-BUOO R =t-Bu 62
COR 59 CO,R 60 (2.0:1.0)
OH o
43
7 R N-Boc
NHBoc t-BuOO (2.3:1.0)
61 - P
z 62 7—NH
P
O/\H/\COZEt a \—CO,Et
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OH

0
8 NHBoc tBuoo|  NBe° 39
63 - (1.4:1.0)
S 64
O ’\ﬂ" 0 \—co,Me
Ph_ . —
~Nco,Me Ph

2 Major diastereomer is showrt. cis-Diastereomer of the bicyclic scaffold is formed in > 20:1 rati
Each diastereomer is isolated as an individual comgduDetermined by'H NMR spectroscopy fron
the ratio of peak (6.09 ppm, d= 10.4 Hz, 1H) corresponding &2 and biphenyl peak (7.60 ppm, 3=
7.2 Hz, 4H) that was used as an internal standakdR. - no intramolecular azMlichael addition.
Cyclization was achieved with TsOH (1.5 eq.).

6.3%

(e} o 1.3% O
3.8% C(CH;); 5.0%
=/ 0 O~OH Boc
>~ YN-Boc N_ CO,CH; > YN-Boc
t-BuOO ~ t-BuOO
- H
44 CO;Me H 45 CO,Me CO,CHjy

Figure 2-2. NOE analysis of dihydroindos7 and58.

The enantioselective version of intramolecular -d4ichael addition was also
investigated. According to the mechanistic proposal by Yousgiric acidé binds to
the carbonyl group and the alcohol groups with the hydroperoxy group positioned away
from the phosphoric acid (Figug3, X = H)3**The substution of a hydrogen atom of
hydroperoxide for aert-butyl group was expected to have no interaction with the
phosphoric acid. Thus, a comparable level of enantioselectivity was anticipated for the
cyclization of 28 and 30 (X = t-Bu). However, the cyclation of 30 catalyzed by6
afforded only moderate enantioselectivity (up to 59% ee) and took a considerably longer
time (eq. 23) than cyclization of 4hydroperoxy2,5-dienone9. A shorter alcohol linker

gave a greater degree of enantiocontrol, reachifg &@ for cyclization 028 (eq. 24).
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Phosphoric acid showed no catalytic activity with 2@ienone39. The less sterically
encumbered triphenylsilyl functionalized phosphoric &5catalyzed the cyclization of

39, albeit at the expense enantiomericess (eq. -5).

R
O
cat.* (10 mol %) _ cat.” =
DCM, 0°C, 3 h
X0O X00"
oH i-Pr

quant.

80% ee R = § i-Pr
i-Pr 6
Ph
OCH R= {~Si-Ph 65
Ph

Figure 2-3. Mechanistic model of enantioselective desymmetrization ofdizbones

catalyzed by chiral phosphoric acif.

o)
(10 mol %) _ SN0 o e (eq. 23)
t-BuOO NaZSO4, DCM, rt 1BUOO™
44

O

0
36 (10 mol %) 79% (eq. 24)
t-BuOO Na,SO, DCM, it t-Buoo"\ ©O '0%ee
28 oy 42
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37 (10 mol %) (eq. 25)
t-BuOO N2,50, DCM. 1t t-Buoo" |  N~BoC
2> ’ 82%
39 “NHBoc 55 19% ee

You reported synthesis of cleroindicin FOf from phenol8 in 22% overall yield
over 3 steps (Scheme73.3*® The oxidation of pheno8 afforded only 38% of 25
dienone9 that decreased the overall yield of this synthetic route. The replacement of
phenol oxidatiorby oxone with the Rf{cap), catalyzed phenol oxidation by-AT'YDRO
followed by Bregnsted acid catalyzed Michael addition was expected to improve the
overall yield of cleroindicin F synthesis. However, the tandem sequence phenol oxidation
by T-HYDRO followed by Michael addition furnished -(fert-butylperoxy)
functionalized clermdicin F @2) that required the development of selective reduction of

theinternal peroxide group.

Several reductive systems of internal peroié¢Scheme 213)°° were employed
for the reduction of théert-butylperoxygroup of42. However, the treatment dR with
zinc in acetic acid and magnesium or thiourea in methanol afforded no cleavage of the
sterically hindered @ bond of42 (Table 28, entries 13). Catalytic hydrogenation in
presence of palladium on carbonlandlar catalyst furnished primarily the reduction of
the carborcarbon double bond (entries 4 and 5). The dropwise addition of Joition
in DCM to an anhydrous solution of pure peroxitein DCM afforded10in 81% yield
as a single product (entry.6)hus, the cleroindicin F was synthesized from tyr@siol

50% overall yield over 3 steps that is superior to cleroindicin F syntheses of You (3 steps,
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22% overall yield}?*?of Pettus (10 steps, 18% overall yielthand of Hoveyda (9 steps,

17% overall yieldy®?

Scheme 213. Reported methods of reduction of internal peroxides.

0-0 H] OH OH
n-Pr n-Pr ——— n-Pr n-Pr
HO _ ©OH HO  ©OH

66
[H] = Pd/C (10 wt. %), Hy, MeOH, 1t 72%
[H] = Zn (5 equiv.), AcOH, rt 84%
[H] = Mg (5 equiv.), MeOH, rt 77%

[H] = thiourea (5 equiv.), MeOH, rt 66%

Table 2-8. The development of @ bond cleavage method for conversion of the internal

dialkyl peroxide42to cleroindicin H10).

O O
conditions
tBuo0"\ P Hov\ P
42 10
cleroindicin F
entry reductant conditions yield, %

1 Zn (5 equiv.) AcOH, rt N.R?
2 Mg (5 equiv.) MeOH, rt decomp’
3 thiourea (5 equiv.) MeOH, rt N.R?
4 H, (1 atm.), Pd/C (10 wt. %) MeOH, rt 0°
5 H, (1 atm.), Lindlar cat. (10 wt. % MeOH, rt 47
6 TiCl4 (2.0 equiv.) DCM (dry), rt 81°
7 ZnCl, (1.5 equiv.) DCM (dry), rt N.R.
8 AICl3 (1.5 equiv.) DCM (dry), rt N.R.
9 Ti(0i-Pr)Cl (1.5 equiv.) DCM (dry), rt 0o
10 BF; x OEt (1.5 equiv.) DCM (dry), rt decomp.

3 No reaction? Decomposition® The redation of the C=C bond’ The mixture contained 53% C=C bond reducti
product. Isolated yield after flash chromatography on silica geeverse Michael reaction was observed.
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The OO cleavage activity was unique to TiCFKinc chloride and aluminum
chloride were unreactive under these conditions while iIFRQ;CI catalyzed the reverse
Michael addition (Table -8, entry 9) and the use of Bk OEt led to the decomposition
of 42to unknown products (entry 10). Treatment of perox#éiand55 with TiCl, led to

decomposition of these materials.

A possible mechanism of-O bond cleavage of peroxid upon treatment with
TiCl4 is proposed in Schemeld. The binding of titanium chloride to an oxygen atom of
peroxide polarizes the -O bond for a subsequemucleophilic attack by chloride
furnishing titanium alkoxy comple%7. The subsequent aqueous waork hydrolyses

complex67 affording 10.

Scheme 214. Possible mechanism of-O bond cleavage @2 by TiCl,.

Conclusion

In conclusionthe scope of Rifcap), catalyzed phenol oxidation was expanded to
phenols bearing carboxylic acids, alcohols, methyl ketone;pBatected amines. The
onepot stepwise tandem sequence of the phenol oxidation followed by Brgnsted acid
Michael addition was @veloped (Scheme-P). This protocol improves the overall yield

34a

of racemic cleroindicin F from phen8lfrom 22%"“to 50%. The scope d@rognsted acid

catalyzed intramlecular Michael addition to 28ienones was expanded to include
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carboxylates and Begrotected amines. The developed tandem protocol includes
multifunctional dipeptidegFinally, the selective cleavage of a hindered internal peroxide

bond of29 upon thetreatment with TiGJ was discovered.
Experimental

General Information. All reactions were performed under atmospheric
conditions unless the conditions are specifiét.NMR spectra were recorded on 400
MHz and600 MHz spectrometers. Tetramethylsilane (TM&00 ppm) was used as a
reference for all spectrdbat a are reported as foll ows:
integration, multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, sept = septet, br =
broad, m = multiplet, comp = composite) anoupling constants (in Hz)*C NMR
spectra were recorded on 125 MHz spectrometer operated with complete proton
decoupling. Chemical shifts are reported in ppm utilizing the central resonance of CDCI
peak as a reference (77.0 ppm). Thin layer chromgtbgravas performed osilica gel
coated on a gl a%54), apdlspots avere visualzéd withreither 254 nm
ultraviolet light or KMnQ stain. Flash chromatography used silica getg32 € m) . Hi gt
resolution mass spectra (HRMS) were acquired on albE# spectrometensing Csl as
a standard. Ricap), was prepared according to the literature proceduEmantiomeric
exesses were determined using a HPLGHADolumn and-PrOH-hexane mixture as the
eluting solvent. The concentration of TBHP in a receivetlYDRO reagent was

determined by iodometric titration to be 70% by weight.
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Spectra of peroxid87 are in agreement with published informatf8®hosphoric
acids6, 43, 65were prepared according to the published procefut@mpounds6,*

59 and61,”° 63° were prepared according to published procedures.

General Procedure for Transition Metal Complex Catalyzed Phenolic
Oxidation. The phenol derivative (2.0 mmol), Kbap), (0.02 mmol, 1 mol%), and DCE
(4.0 mL) were plaeed in a 4dram screwcap vial containing a magnetic stirring bar. The
suspension containing a small amount of undissolved phenol derivative aftéggh
was heated to 40°C at 250 rpm, antiYDRO (8.0 mmol, 4 equiv., 110 pL) was added
all at once via synge. The vial containing the suspension was loosely capped to allow
release of pressure buip, and its contents were stirred using a magentic stirring bar at
40°C. All solid materials dissolved within 10 minutes aftddYDRO addition. After 1.5
hour he reaction mixture was transferred to a-b@l0 roundbottom flask, concentrated
under reduced pressure, and the residue was purified by column chromatography (silica
gel, DCM:AcOEt:hexane). Fractions containing the product were combined, and the
solvent vas evaporated under reduced pressure. The peroxide product were dried under

high vacuum for 20 minutes (0.09 Torr, room temperature).

4-(tert-Butylperoxy)-4-(2-hydroxyethyl)cyclohexa?2,5-dien-1-one (28):R; 0.30
(EtOAc/DCM/hexane (1:1:1)); colorless ot NMR (500 MHz, CDCJ) & 7J=03 ( d,
10.2 Hz, 2H), 6.32 (d] = 10.2 Hz, 2H), 3.77 (t] = 6.2 Hz, 2H), 2.03 () = 6.2 Hz, 2H),

1.22 (s, 9H)*C NMR (126 MHz,CDG) U 186. 0, 150.3, 129.5,
26.2;IR (neat, crit): 3432, 3048, 299, 2930, 1669, 1627, 1363, 1193, 1079, 1045, 984,

927, 857 EI-HRMS: calculated for GH150,4 (M+H) 227.12834 found 227.12667.
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4-(tert-Butylperoxy)-4-(3-hydroxypropyl)cyclohexa-2,5-dien-1-one  (31): Ry
0.24 (EtOAc/DCM/hexane (1:1:1)); colorless dif NMR (500 MHz, CDC}) U 6. 89 ( ¢
J=10.2 Hz, 2H), 6.28 (d] = 10.2 Hz, 2H), 3.63 (1) = 6.3 Hz, 2H), 1.89 1.71 (comp,
2H), 1.661 1.44 (comp, 3H), 1.20 (s, 9HC NMR (126 MHz, CDG)) 4 185. 8, 15
129.9, 80.2, 78.9, 62.4, 32.9, 26.6, 26:4:HRMS: calculated for gH>00, (M+H)

241.14399, found 241.14334.

[1-(tert-Butylperoxy)-4-oxocyclohexa2,5dien-1-yllacetic acid (33): Ry 0.20
(EtOAc/DCM/hexane (1:1:1)); colorless oftd NMR (500 MHz, CDC)) U 7J=05 ( d,
10.0 Hz, 2H), 6.31 (d] = 10.0 Hz, 2H), 2.79 (s, 2H1.21 (s, 9H)*C NMR (126 MHz,

CDCl U 195.0, 185.3, 147. EI-HRMS OGalcdated 810 . 9,

C1oH160s (M+H) 241.10760, found 241.10911.

3-[1-(tert-Butylperoxy)-4-oxocyclohexa2,5-dien-1-yl|propanoic acid (35): Ry
0.26 (EtOAc/DCM/h&ane (1:1:1)); colorless oifH NMR (500 MHz, CDC}) 11 6.89 (d,
J=10.2 Hz, 2H), 6.32 (d] = 10.2 Hz, 2H), 2.39 (t] = 7.9 Hz, 2H), 2.10 () = 7.9 Hz,
2H), 1.22 (s, 9H)**C NMR (126 MHz, CDCJ) i 185.5, 177.4, 149.3, 130.4, 80.4, 78.1,
31.0, 28.1, 8.3; EI-HRMS: calculated for ©Hi1s0s (M+H) 255.12325, found

255.12305.

4-(tert-Butylperoxy)-4-(3-oxobutyl)cyclohexa2,5-dien-1-one  (37): R 0.50
(EtOAc/DCM/hexane (1:1:1)); colorless ot NMR (400 MHz, CDC}) 11 6.83 (d,J =
10.2 Hz, 2H), 6.28 (d] = 10.2 Hz, 2H), 2.39 () = 7.7 Hz, 2H), 2.12 (s, 3H), 2.01 {t=

7.7 Hz, 2H), 1.20 (s, 9H)*C NMR (100 MHz, CDGJ) i 206.9, 186.1, 150.3, 130.6,
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80.7, 78.9, 37.7, 30.5, 29.8, 26H:HRMS: calculated for GH2004 (M+H) 253.14399,

found 253.14494.

tert-Butyl [2-[1-(tert-Butylperoxy)-4-oxocyclohexa2,5dien-1-yllethyl]carba-
mate (39): R; 0.30 (EtOAc/DCM/hexane (1:1:1)); colorless oif NMR (500 MHz,
CDCly) i 6.91 (d,J = 10.1 Hz, 2H), 6.28 (d] = 10.1 Hz, 2H), 4.68 (s, 1H), 3.18 (brH,
= 6.3 Hz, 2H, 1.93 (t,J = 7.1 Hz, 2H), 1.43 (br s, 9H), 1.20 (s, 9HC NMR (126
MHz, CDCE) u 185.5, 149.5, 130.0, 80.8, 80.4, 79.5, 78.0, 36.9, 35.9, 28.4,26.3;

HRMS: calculated for GH,70sN (M+H) 326.19675, found 326.19541.

General Procedure for Tandem Plenol Oxidation T Michael Addition
Sequence. 4-(tert-butyldioxy)cyclohexa2,5-dienone (2.0 mmol), [Ricap)] (0.02
mmol, 0.01 eq.), and DCE (4.0 mL) were placed irdram screwcap vial containing a
magnetic stirring bar. The suspension containing alsaabunt of undissolved phenol
derivative and R}{cap), was heated to 40 °C in an oil bath at 250 rpm, aittYDRO
was added all at once via syringe. The vial containing the reaction mixture was loosely
capped to allow release of pressure huyii and itscontents were stirred using a
magentic stirring bar at 40°C. All solid materials dissolved within 10 minutes of
T-HYDRO addition. After 90 minutes the reaction mixture was allowed to cool to room
temperature, and anhydrous 8@y (600 mg) followed by TsOHr (rac)-BINOL-POH
(0.20 mmol, 0.1 eq.) were added to the mixture. The suspension was stirred overnight at
room temperature and then transferred to a-rhQOroundbottom flask, concentrated
under reduced pressure; and the residue was purified by cohnmmatography (silica

gel, DCM:AcOEt:hexane). Fractions containing the product were combined, and the
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solvent was evaporated under reduced pressure. The peroxide product was dried under

high vacuum for 20 minutes (0.09 Torr, room temperature).

(3aR,7aR)-3a-(tert-Butylperoxy)-3,3a,7,7atetrahydro -1-benzofuran-6(2H)-

one (42): R; 0.14 (EtOAc/DCM/hexane (1:1:8)); colorless oif NMR (500 MHz,
CDCL) U 6 .J710.3,(16 Hz, 1H), 6.09 (d,= 10.3 Hz, 1H), 4.46 (td = 5.0, 1.6

Hz, 1H), 3.96 (dd)] = 7.8, 6.7 Hz, 2H), 2.87 (dd,= 16.9, 5.0 Hz, 1H), 2.68 (dd,=

16.9, 4.4 Hz, 1H), 2.32 (di,= 13.5, 6.7 Hz, 1H), 2.08 (di,= 13.5, 7.8 Hz, &), 1.23 (s,

9H); ®C NMR (126 MHz, CDG)) 4 196.7 (C), 147.4 (CH),
(C), 79.2 (CH), 66.0 (C}), 41.3 (CH), 36.9 (CH), 26.4 (CH); IR (neat, cri): 3034,

2877, 2932, 2881, 1688, 1386, 1363, 1190, 1067, 1017 BEE5HIRMS: calcuated for
Ci12H1804 (M+H) 217.12841, found 217.1281Fhe enantiomeric excess was determined

by HPLC AD-H column (80:20 hexanBsPrOH, 1.0 mL/min)tg (major) = 4.13 minfg

(minor) = 4.75 min.

(4aR,8aR)-4a-(tert-Butylperoxy)-2,3,4,4a,8,8ehexahydro-7H-chromen-7-one
(44): R; 0.08 (EtOAc/DCM/hexane (1:1:4)); colorless d#Hf NMR (500 MHz, CDC)) i
6.53 (dd,J = 10.2, 2.0 Hz, 1H), 6.15 (d,= 10.2 Hz, 1H), 4.06 (td] = 3.9, 2.0 Hz, 1H),
3.9271 3.80 (m, 1H), 3.44 (td]J = 11.1, 2.7 Hz, 1H), 3.00 (dd,= 16.8, 3.5 Hz, 1H), 2.57
(dd,J = 16.8, 4.2 Hz, 1H), 2.10 1.93 (comp, 2H), 1.79 1.67 (m, 1Y, 1.68i 1.54 (m,
1H), 1.21 (s, 9H)**C NMR (126 MHz, CDGJ) 11 197.6 (C), 147.1 (CH), 132.5 (CH),
79.9 (C), 75.7 (C), 75.3 (CH), 66.3 (@H41.1 (CH), 31.9 (CH), 26.5 (CH), 22.9
(CHy); EI-HRMS: calculated for GH2004 (M+H) 241.14394, found 241.14362he
enantiomeric excess was determined by separation on a HPLE Adumn (90:10

hexanei-PrOH, 1.0 mL/min)ig (major) = 4.51 minfg (minor) = 5.35 min.
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(2S,4aR,8aR)-4a-(tert-Butylperoxy)-2-methyl-2,3,4,4a,8,8&hexahydro-7H-

chromen-7-one (46): Ri 0.26 (EtOAc/DCM/hexane (1:1:16)); colorless oitf NMR

(500 MHz, CDC}) 11 6.46 (dd,J = 10.1, 2.4 Hz, 1H), 6.16 (d,= 10.1 Hz, 1H), 4.01 (dd,
J=5.5, 2.4 Hz, 1H), 3.50 (dtd,= 12.1, 6.1, 4.2 Hz, 1H), 3.03 (d#i= 16.9, 3.3 Hz, 1H),
2.50 (dd,J = 16.9, 2.5 Hz, 1H), 2.18 1.92 (comp, 2H), 1.69 (df, = 13.6, 4.6 Hz, 1H),
1.387 1.24 (m, 1H), 1.20 (s, 9H), 1.12 @@z 6.2 Hz, 3H);"*C NMR (126 MHz, CDGJ)

1 197.7 (C), 146.1 (CH), 133.0 (CH), 79.9 (C), 75.8 (CH), 75.1 (C), 73.2 (CH), 41.5
(CHy), 32.8 (CH), 30.6 (CH), 26.5 (CH), 21.3 (CH); EI-HRMS: calculated for

C14H2,04 (M+H) 255.15972, found 255.15941.

(2R,48R,8aR)-4a-(tert-Butylperoxy)-2-methyl-2,3,4,4a,8,8ehexahydro-7H-
chromen-7-one (47): Ry 0.09 (EtOAc/DCM/hexane (1:1:16)); colorless diH NMR
(500 MHz, CDC}) 116.91 (d,J = 10.3 Hz, 1H), 5.99 (d] = 10.3 Hz, 1H, 4.60 (ddJ =
12.2, 5.1 Hz, 1H), 3.90 3.72 (m, 1H), 2.94 (dd] = 16.1, 12.2 Hz, 1H), 2.70 (dd,=
16.2, 5.1 Hz, 1H), 2.14 1.99 (m, 1H), 1.83 1.70 (m, 1H), 1.67 1.53 (m, 1H), 1.49
(dd,J = 13.2, 3.3 Hz, 1H), 1.23 (s, 9H), 1.21 J& 6.3 Hz, #H); **C NMR (126 MHz,
CDCl) 1 198.3, 153.5, 129.2, 80.0, 77.3, 70.1, 65.3, 40.1, 27.9, 27.2, 26.5, 26.4, 21.07;

EI-HRMS: calculated for GH2,04 (M+H) 255.15972, found 255.15974.

(3aR,7aR)-3a(tert-Butylperoxy)-3,3a,7,7atetrahydro -1-benzofuran-2,6-dione
(49): R; 0.30 (EtOAc/DCM/heane (1:1:4)); colorless oitH NMR (500 MHz, CDG)) i
6.75 (dd,J = 10.3, 1.2 Hz, 1H), 6.24 (d,= 10.3 Hz, 1H), 5.11 (ddl = 8.2, 1.2 Hz, 1H),
3.247 2.97 (comp, 2H), 2.89 2.65 (comp, 2H), 1.24 (s, 9H}’C NMR (126 MHz,
CDClg) U 193.5, 171.4, 144.0131.5, 81.4, 80.4, 78.7, 40.4, 38.7, 2663:HRMS:

calculated for H1605 (M+H) 241.10760, found 241.10701.
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tert-butyl (3aR,7aR)-3a(tert-Butylperoxy)-6-oxo-2,3,3a,6,7,7ehexahydro-1H-
indole-1-carboxylate (55):R; 0.34 (EtOAc/DCM/hexane (1:1:4)); coless oil;'H NMR
(500 MHz, CDC}) 11 7.087 6.79 (m, 1H), 6.06 (d] = 10.4 Hz, 1H), 4.77 4.50 (m, 1H),
3.701 3.41 (m, 2H), 3.24 2.96 (m, 1H), 2.51 2.31 (m, 1H), 2.31 2.19 (m, 1H), 2.19
i 2.02 (m, 1H), 1.46 (s, 9H), 1.21 (s, 9H5C NMR (126 MHz, CDGJ) 11 197.0, 154.1,
148.9, 13, 86.1, 80.4, 80.1, 77.2, 58.7, 44.7, 42.7, 32.6, 28.4, FH4HRMS:
calculated for &H27NOs (M+H) 326.19685, found 326.1964The enantiomeric excess
was determined by HPLC AB column (97:3 hexanésPrOH, 1.0 mL/min)tr (major)

= 7.04 min;tg (minor) = 8.84 min.

(2S,3aR,7aR)-1-(tert-Butoxycarbonyl)-3a-(tert-butylperoxy)-6-oxo-

2,3,3a,6,7,7éhexahydro-1H-indole-2-carboxylic acid (50): R 0.36 (DCM/MeOH

(9:1)); colorless oil'H NMR (500 MHz, CDC}) 1 10.14 (br s, 1H), 6.98 6.81 (m, 1H),

6.09 (d,J = 10.4 Hz, 1H), 4.82 4.63 (m, 1H), 4.63 4.43 (m, 1H), 3.43 3.14 (m, 1H),

2.857 2.56 (m, 1H), 2.5% 2.26 (comp, 2H), 1.54 1.40 (comp, 9H), 1.28 1.18 (comp,

9H); **C NMR (126 MHz, CDGJ) U 196.Q 195.8, 175.8, 172.9, 155.6, 153.0, 148.2,
146.7, 130.5, 130.3, 85.2, 84.4, 82.6, 81.0, 80.8, 80.7, 59.6, 59.2, 58.5, 58.1, 42.2, 41.5,
37.5, 35.8, 28.4, 28.1, 26.7, 26.EI-HRMS: calculated for GHx;NO; (M+H)

370.18668, found 370.18606.

1-tert-Butyl 2-Methyl (2S,3aR,7aR)-3a-(tert-Butylperoxy)-6-oxo-2,3,3a,6,7,7a
hexahydro-1H-indole-1,2-dicarboxylate (57): Rf 0.23 (EtOAc/DCM/hexane (1:1:4));
colorless oil;'H NMR (600 MHz, CDC}) Ui 6.94i 6.85 (m, 1H), 6.09 6.03 (m, 1H),
4.857 4.61 (m, 1H), 4.55 4.39 (m, 1H), 3.81 3.71 (comp, 3H), 3.28 3.03 (m, 1H),

2.817 2.56 (comp, 2H), 2.2V 2.11 (m, 1H), 1.47 1.39 (comp, 9H), 1.24 1.19 (comp,
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9H); *C NMR (126 MHz, CDGJ) i 196.3 196.1, 171.4, 170.5, 153.5, 153.0, 147.7,
146.9, 130.4, 130.1, 129.5, 125.7, 85.5, 84.3, 80.9, 80.8, 80.6, 80.5, 59.2, 58.2, 57.8, 52.1,
52.0,42.7,41.5, 37.6, 36.7, 28.4, 28.2, 2BI3RMS: calculated for H2oNO7 (M+H)

384.20222, found 384.20319.

1-tert-Butyl 2-Methyl (2R,3aR,7aR)-3a-(tert-Butylperoxy)-6-oxo-2,3,3a,6,7,7a
hexahydro-1H-indole-1,2-dicarboxylate (58): R; 0.31 (EtOAc/DCM/hexane (1:1:4));
colorless oil;'H NMR (600 MHz, CDC}) Ui 6.92i 6.82 (m, 1H), 6.1 6.05 (m, 1H),
4.797 4.61 (m, 1H), 4.61 4.41 (m, 1H), 3.82 3.72 (comp, 3H), 3.4D 3.14 (m, 1H),
2.677 2.51 (m, 1H), 2.51 2.42 (m, 1H), 2.41 2.27 (m, 1H), 1.53 1.40 (comp, 9H),
1.257 1.18 (comp, 9H);*C NMR (126 MHz, CDCk) & 196.6, 196.2, 172.9, 172.8,
153.6, 153.0, 147.6, 146.9, 130.6, 130.4, 129.6, 125.8, 85.8, 85.0, 80.9, 80.6, 59.7, 59.6,
59.5, 59.0, 52.5, 52.3, 42.6, 42.2, 38.0, 37.3, 28.4, 28.2, 26.4R2264RMS: calculated

for C1gH2oNO7 (M+H) 384.20222found 384.20352.

Di-tert-butyl (2S5,3aR,7aR)-3a(tert-Butylperoxy)-6-oxo-2,3,3a,6,7, 7éhexa
hydro-1H-indole-1,2-dicarboxylate (60): R 0.27 (EtOAc/hexane (1:5)); colorless ail;
'H NMR (500 MHz, CDC}) 1i 6.901 6.80 (m, 1H), 6.11 6.02 (m, 1H), 4.83 4.63(m,
1H), 4.45i 4.26 (m, 1H), 3.39 3.11 (m, 1H), 2.65 2.38 (comp, 2H), 2.39 2.28 (m,
1H), 1.52i 1.40 (comp, 18H), 1.27 1.19 (comp, 9H)*C NMR (126 MHz, CDGJ) U
196.6, 196.4, 169.1, 168.8, 153.3, 153.3, 148.3, 147.7, 130.2, 130.0, 85.5,183.4, 8
81.0, 80.8, 80.7, 80.5, 80.3, 59.4, 59.3, 58.5, 58.4, 42.6, 41.7, 37.9, 37.0, 28.4, 28.2, 28.1,

26.4, 26.4EI-HRMS: calculated for gH3sNO; (M+H) 426.24896, found 426.24793.
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Di-tert-butyl (2R,3a8R,7aR)-3a-(tert-Butylperoxy)-6-oxo-2,3,3a,6,7,7edhexa
hydro-1H-indole-1,2-dicarboxylate (68): Rs 0.37 (EtOAc/hexane (1:5)); colorless oil;
'H NMR (500 MHz, CDCJ) Ui 6.961 6.83 (m, 1H), 6.14 5.99 (m, 1H), 4.91 4.59 (m,
1H), 4.437 4.26 (m, 1H), 3.27 3.01 (m, 1H), 2.83 2.53 (comp, 2H), 2.25 2.07 (m,
1H), 1.53i 1.40 (comp, 18H), 1.25 1.18 (comp, 9H)*C NMR (126 MHz, CDGJ) U
196.9, 196.5, 171.3, 171.253.3, 153.2, 147.8, 147.3, 130.7, 130.4, 85.8, 84.9, 81.8,
81.7, 80.6, 80.5, 60.2, 60.1, 59.6, 42.5, 42.1, 38.2, 37.2, 28.3, 28.2, 27.9, 27.9, 26.3, 26.2;

EI-HRMS: calculated for &H3sNO7 (M+H) 426.24896, found 426.24793.

tert-Butyl (25,3aR,7aR)-3a-(tert-Butylperoxy)-2-[[(2-ethoxy-2-oxoethyl)
amino]carbonyl]-6-ox0-2,3,3a,6,7,7dhexahydro-1H-indole-1-carboxylate  (62): R:
0.16 (EtOAc/DCM/hexane (1:1:1)); colorless d#f NMR (500 MHz, CDC}) Ui 7.22 (s,
1H), 7.017 6.82 (m, 1H), 6.76 (s, 1H), 6.07 @= 10.4 Hz, 1H), 4.95 4.62 (m, 1H),
45971 4.36 (m, 1H), 4.30 3.79 (comp, 4H), 3.58 3.16 (m, 1H), 2.88 2.13 (comp,
3H), 1.49 (comp, 9H), 1.28 (f] = 7.1 Hz, 3H), 1.19 (s, 9H)*C NMR (126 MHz,
CDCl) U 195.9, 195.5, 171.9, 170.8, 169.4, 168.4, 154.7, 153.2, 148.7, 147.5, 130.5,
130.0, 85.7, 85.2, 81.9, 81.5, 80.5, 61.4, 60.4, 59.9, 42.0, 41.7, 41.4, 40.7, 37.6, 35.9,
29.7, 28.3, 27.9, 26.4, 26.3, 14.EI-HRMS: calculated for &H3/N,Og (M+H)

455.23947, found 455.24020.

tert-Butyl (2S,3aR,7aR)-3a(tert-Butylperoxy)-2-[[(2-methoxy-1-benzy}2-oxo-
ethyl)amino]carbonyl]-6-ox0-2,3,3a,6,7,7éhexahydro-1H-indole-1-carboxylate (64):
R 0.35 (EtOAc/DCM/hexane (1:1:1)); colorless dif NMR (500MHz, CDCh) i 7.69
T 6.64 (comp, 7H), 6.1 5.97 (m, 1H), 5.02 4.26 (comp, 3H), 3.76 3.59 (comp, 3H),

3.4971 2.74 (comp, 4H), 2.59 2.13 (comp, 2H), 1.55 1.32 (comp, 9H), 1.30 1.06
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(comp, 9H); **C NMR (126 MHz, CDGCJ) 1 195.9, 195.7, 171.7, 171.5, 170.901%
155.0, 154.9, 148.9, 148.8, 147.8, 147.5, 136.3, 136.0, 85.7, 85.2, 81.8, 80.6, 80.5, 60.1,
60.0, 59.8, 56.1, 54.0, 53.8, 52.0, 51.8, 42.4, 41.9, 38.4, 38.3, 37.8, 37.7, 35.6, 35.3, 28.4,
28.3, 28.0, 26.7, 26.4, 26.8I-HRMS: calculated for gHsgN,Og (M+H) 531.27079,

found 531.26927.

tert-Butyl (2R,3a8R,7aR)-3a-(tert-Butylperoxy)-2-[[(2-methoxy-1-benzyl}-2-
oxoethyl)amino]carbonyl]-6-oxo-2,3,3a,6,7,7éhexahydro-1H-indole-1-carboxylate
(69): R; 0.46 (EtOAc/DCM/hexane (1:1:1)); colorless d#Hf NMR (500MHz, CDCk) Ui
7.651 6.65 (comp, 5H), 6.17 6.03 (m, 1H), 4.94 4.29 (comp, 3H), 3.7v 3.58 (comp,
3H), 3.481 3.25 (comp, 2H), 3.19 2.86 (comp, 2H), 2.62 2.25 (comp, 2H), 1.59
1.53 (m, 1H), 1.5T7 1.37 (comp, 9H), 1.29 1.20 (comp, 9H)!*C NMR (126 MHz,
CDCl) U 197.0, 196.8, 168.6, 167.5, 153.7, 153.4, 147.4, 146.5, 130.6, 130.1, 129.3,
128.4, 84.8, 83.3, 80.9, 80.7, 80.6, 80.1, 60.1, 59.6, 58.9, 56.2, 52.0, 46.2, 43.5, 42.0,
40.0, 38.6, 38.2, 37.2, 28.4, 28.3, 26.4, 25.6, RlGIRMS: calclated for GgH3zgN2Og

(M+H) 531.27079, found 531.26875.

General Procedure for Asymmetric Intramolecular Michael Addition. 4-(tert-
butyldioxy)cyclohexa2,5-dienones (0.10 mmol), chiral phosphoric acid (0.010 mmol, 0.1
eg.), and dry DCM (0.25 mL) were addedder nitrogen to an ovelry 1-dram screw
cap vial containing a magnetic stirring bar, and the reaction was stirred for 20 hours at
room temperature. The suspension was stirred overnight at room temperature and then
transferred to a 106L roundbottom flask, concentrated under reduced pressure; and
the residue was purified by column chromatography (silica gel, DCM:AcOEt:hexane).

Fractions containing the product were combined, and the solvent was evaporated under
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reduced pressure. The peroxide product dréesd under high vacuum for 20 minutes

(0.09 Torr, room temperature).

General Procedure for Dialkylperoxide 28 Cleavage by Lewis acid®eroxide
28 (0.30 mmol, 68 mg) and dry DCM (1.5 mL) were placed under nitrogen in an
ovendried 5ml roundbottom flak capped with a septum. The Lewis acid (0.60 mmol)
was slowly added to the solution at room temperature, and the reaction was stirred for
four hours at room temperature. A light brown precipitate formed after 30 seconds. The
suspension was poured into ajuaous 5% solution of N&0O; (9 mL), the organic layer
was separated, and the aqueous layer was washed with AcOEt (3 x 15 mL). The organic
layers were combined, dried over JS&, and the solvent evaporated on rotary
evaporator to yield cleroindicin EO asa colorless liquid (38 mg, 81%) that matched

previously reportedH NMR spectrunf*®

90



'H and **C Spectra of New Compounds
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