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Cationic chiral dirhodium(ll,IIl) carboxamidates, obtained from dlelation
of the corresponding dirhodium(ll,Il) carboxamidates by nitrosoniunts,salre
efficient promoters in asymmetric Lewis acid catalyzeattiens. High regiocontrol
and stereocontrol have been achieved with the cationic chiral dirh@gitum
carboxamidate whose ligand iR){menthyl §)-2-oxopyrrolidine-5-carboxylate in
1,3-dipolar cycloaddition reactions of nitrones witlg-unsaturated aldehydes. In
addition, higher rates and selectivities have been obtained iro{istds-Alder and
carbonyl-ene reactions with the diastereomeric catalyst gdkien §-menthyl §)-2-
oxopyrrolidine-5-carboxylate ligand. Dramatic solvent influences @aati@n rates
and selectivities characterize the catalysis of cationicalchdirhodium(ll,IIl)
carboxamidates, and these influences are explained by competitvéination of
solvent to catalyst and by the influenced coordination angle of diebyde substrate

relative to catalyst by the solvent environment.



Rhodium vinylcarbenes, generated from the reactions between
vinyldiazoacetates and dirhodium catalysts, are highly readtiermediates.
Through reacting rhodium vinylcarbenes with nitrones, we have disabwe[3+3]-
cycloaddition pathway; and by using chiral dirhodium carboxylatéseasatalysts, a
highly enantioselective [3+3]-cycloaddition of nitrones with vinyldiazstates has
been achieved. The products of this [3+3]-cycloaddition are 3,6-ditily@roxazines,
which are versatile intermediates for the synthesissbstituted3-amino acids and
related compounds that are not easily accessible by other metlhedsrobd scope
of cyclic and acylic nitrones that are applied demonstratesptveer of this
methodology. The limitation of this [3+3]-cycloaddition methodology I t
requirement of using th@-TBSO-substituted vinyldiazo compounds as the rhodium

vinylcarbene precursors.

Although vinyldiazoacetates without tiReTBSO substituent are not reactive
for the [3+3]-cycloaddition with nitrones, we have discovered annaltie reaction
pathway with an unsubstituted vinyldiazoacetate. The reaction oacgiihs a
dirhodium vinylcarbene-induced [3+2] nitrone cycloaddition, followed by esgipsnt
cascade carbenoid aromatic cycloaddition/N-O cleavage andngamant. In this
cascade process, both the [3+2]-cycloaddition of nitrones with a urnodi
vinylcarbene and the [1,7]-oxygen migration with N-O cleavageiapeecedented in
the literature. The complexity of the reaction pathway andutiigueness of the

formed heterocyclic products are of great interest to synthetic clsemist
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Chapter 1

Cationic Chiral Dirhodium Carboxamidates as

Lewis Acids

l. Introduction

1.1 Dirhodium(ll) Carboxylates and Dirhodium(ll) Carboxamidates

Dirhodium(ll) compounds have played an important role in the development
of catalytic synthetic methodology in organic chemistry. Since diseovery of
rhodium acetate [REOAC),] (Figure 1.1) as a catalyst for the decomposition of ethyl
diazoacetate in the 1978syntheses of dirhodium carboxylates and their catalytic
activities in the chemistry involving diazo compounds (Scheme 1.1) e well

studied?

CHs
)\O_\\CH3

o~ |\O axial coordination
/RH~/R|ﬁ \—/Slte
O Lo

HsC OYO

CH3

. L O
axial coordination

site

A

Figure 1.1 Structure of Rhodium Acetate.



Insertion
A = R3C, RyN, RO, At __A AZ
R5Si, RS A R
/Z RhL, /z Cyclopropanation
N2C\ N L4Rh2:C\
R -2 R Cyclopropenation
Z =H, alkyl, COR, R L Z R
COOR, CONR, — A X
R = H, alkyl, COR, A
COOR s
R —B—Q—Z
R
Ylide

Scheme 1.Dirhodium(ll) Compounds Catalyzed Reactions Involving the
Generation of the Rhodium Carbenes from Diazo Compounds.

Different from dirhodium(ll) carboxylates, dirhodium(ll) carboxalaties are
dirhodium compounds that are substituted with amides. The first syntbiesis
dirhodium(ll) carboxamidate occurred in the 1980s when dirhodium(ll)
tetra(trifluoroacetamidate) was isolated from a melt ifiitroacetamide containing
Rhy(OAc)s (Scheme 1.2§Multiple isomers [¢is-2,2), trans-2,2), (4,0) and (3,1)] are
possible, but the one in which two nitrogens and two oxygens are boundhto ea
rhodium with the twais nitrogens (thecis-2,2 isomer) is the only isomer produced.
After that, various dirhodium(ll) carboxamidates were preparedf@ntt active in

the catalysis with diazo compourfds.



Rhy(OAc)s + 4CF3CONH, “heat . Rh2(HNOCCF3), + 4HOAc

eat
CF4 .
)\ H Possible Isomers:
07 "N |_CFq
07| N-H ! 0 N \
RhZRR o > O-Rh-N  NRh-N  N-Ri-N  N-Rh-N
H=N_— ‘ view from Rh o o N 5
F.C” | axial coordination site
H/N\fo cis22  trans22 40 3,1
CF3
cis-2,2

Scheme 1.5ynthesis of Dirhodium(ll) Tetra(trifluoroacetamidate).

1.2 Chiral Dirhodium(Il) Carboxylates and Chiral Dirhodium(Il)

Carboxamidates

Due to the high demand of the enantioselective variants of teores
involving dirhodium catalysis, chiral dirhodium(ll)  carboxylates andrathi
dirhodium(ll) carboxamidates have been develdp&avies and Hashimoto have
made great contributions to the development of chiral dirhodium(Ilboggtates.
Davies withN-sulfonyl-(9-proline as the bridging ligandsind Hashimoto withN-
phthaloyl-§)-amino acids as the bridging ligafiddeveloped a series of chiral
dirhodium(ll)  carboxylates (Figure 1.2) that provide constantly higimower
numbers and enantiocontrol in cyclopropanation, C-H insertion and ylide

transformation reactions with diazo compoufifs.



Davies' catalysts Hashimoto's catalysts

(@)
N\
N=s0,Ar R, N
1
979/ 070
Rh—Rh Rh—Rh
7 7 l Ve I

l e

Bn, Rhy(S-PTPA),
i-Pr, Rhy(S-PTV),
-Bu, Rhy(S-PTTL),
Me, Rhy(S-PTA),

Ar = p-(C42H25)CgH4, R2(S-DOSP)4
Ar = p-MeOCgH4

Ar = p—N02C6H4

Ar = p-tert-butyl

-

A 000
i nn

Figure 1.2 Chiral Dirhodium(ll) Carboxylates Developed by Davies and Hashimoto.

Our group has developed the syntheses of chiral dirhodium(ll)
carboxamidates (See examples in Figure 1.3) by the substitutioe atetate ligands
in rhodium acetate with chiral lactathSimilar to the formation of dirhodium(ll)
tetra(trifluoroacetamidate) (Scheme 1.2), the2,2 isomer is formed dominantly or
exclusively in each preparation. When the other isomers are doasie¢he minor
products, column chromatography will successfully isolate the @ai2,2 isomer.
Therefore, every chiral dirhodium(ll) carboxamidate we desdarnlthis dissertation

and anywhere else, except specified, is onlycit,2 isomer.

H
O%Q*coome 44 COOMe

RA—RR F'eh/ R'h/
48 7
Rhy(5S-MEPY), Rhy(4S-MEOX),
0

Rh—RH ? 4

- Rh—

dind AT
Rh,(4S-MPPIM), Rh,(4S-MEAZ),

Figure 1.3Examples of Chiral Dirhodium(ll) Carboxamidates.



1.3 Previous Achievements on the Use of Chiral Dirhodium(liCarboxamidates

as the Lewis Acids and the Disovery of Cationic Dirhodium({lll)

Carboxamidates

Chiral dirhodium(ll) carboxamidates are powerful catalysts doganic
transformations. Besides their extensive application in catagymmetric reactions
of diazo compound$’ potential uses in Lewis acid catalysis have been demonstrated
in hetero-Diels-Alder reactions, which occur with high turnover numizard
excellent enantioselectivities (Scheme £.Blowever, due to the weak Lewis acidity
of dirhodium(ll) carboxamidates, their activation of aldehydes tyrdination is
relatively poor. As a result, a relatively high reaction tentpeea(60 °C in Scheme
1.3) is necessary to achieve a reasonable reaction rate foetd®-Diels-Alder
reaction’ The weak Lewis acidity has also limited their application teotLewis
acid catalyzed reactions. To enhance the Lewis acidity, a convenielation of
dirhodium(ll) carboxamidates with nitrosonium salts was developedrbyWang in
our group to produce cationic dirhodium(ll,Ill) compoundigd 2 in Scheme 1.4%°
Enhanced Lewis acidity of dirhodium(ll,Ill) compounds has been demaetbtiat
the increased reaction rates and the improved enantioseleciivithes hetero-Diels-
Alder reactions by the comparison with the results from thedysas of dirhodium(ll)
carboxamidates (Scheme 1'8).However, the oxidation potential of nitrosonium
salts limits the scope of the dirhodium(ll,Ill) compounds. Some dirhodlium(
carboxamidates, like R@S-MPPIM), (in Scheme 1.3), were unable to be oxidized

by nitrosonium salts.



\

TMSO 1 mol% TMSO Ar
H_ A" Rh,4S-MPPIM), | TFA © Ar
 * I - o —
o) solvent-free e

60 °C

OMe OMe
0]
Ar = p-MeOC6H4, p-CH3C6H4, CeHs, p-C|C6H4, 47~95% yleld,
N p-FCgH,4, p-CF3CgH,4, p-NO,CgH,4, 0-NO,CgH,,  84~97% ee.
P H m-NO,CgH,, 2-furyl, 2-naphthyl
2N CO,Me
'/ 0/
Rh—Rh
e

Rhy(4S-MPPIM),

Scheme 1.Rh(4SMPPIM),-Catalyzed Hetero-Diels-Alder Reactions of Aldehydes
with trans-1-Methoxy-3-(Trimethysilyloxy)-1,3-Butadiene.

y AN
O%Q‘COOMe NOBF, 07 >N~ TCOOMe

recrystallization_

"/ |/ |/®
e r.t., 30 mins 71 BF4
Rhy(5S-MEPY), Rhy(5S-MEPY),BF,4
1 2

Note: NOSbFg can be used instead of NOBF,
and then Rhy(5S-MEPY),SbFg will be formed.

Scheme 1.&reparation of RI{5S-MEPY),BF, from oxidation of R((5SMEPY),
by Nitrosonium Tetrafluoroborate.

TMSO.__~ catalyst TMSO Ar
o 4 HTAF (1.0mol%) | J
(@) CH2C|2

OMe r.t.,24h OMe

l TFA
When Ar = p-nitro, o Ar
With Rh,(5S-MEPY)4(1), 53% conversion, 73% e€;
With Rhy(5S-MEPY)4BF4(2), 94% conversion, 94%ee. &\ _O
Scheme 1.8Comparison of the Catalytic Efficiency between@®B-MEPY), (1) and
Rh(5SMEPY)4BF4(2) in the Hetero-Diels-Alder Reaction.

The ability of chiral dirhodium(ll,lll) carboxamidates to cgd asymmetric
dipolar cycloaddition reactions of,f-unsaturated aldehydes with nitrones yielding
isoxazolidines in high enantioselectivities was an important disgdwe previous

group member¥’ Isoxazolidines are convenient precusorsptamino acids,p-



lactams, and-amino alcohold;} and the catalytic asymmetric dipolar cycloaddition
reactions of nitrones with electron-deficient alkenes has behallemge in terms of
regio- and stereocontréd. The chiral dirhodium(ll,lll) carboxamidate catalyst
[Rha(5SR-MenPy)]SbFs (3), which exhibited preferential binding to the aldehyde
rather than the nitrone, provided high enantioselectivities and miadgstontrol in

reactions oN,a-diphenylnitrone with methacrolein (Scheme 1%).

Rhy(5S,R-MenPY),SbFg

o (5.0 mol%)
@ 2,6-di-tert-butylpyridine 1)
PhaNC , Me_cHo (10.0mol%)  _ Ph=y’ Php OO
t \H/ CH20|2 o R ' 'Me * R ©
Ph 4 AMs Ar CHO  Af
RT, 24 h
], product ratio:  33: 67
D\\H /O\ overall yield: 93%
-z COO
9/ '?l/ ee%: 94/71
PAFIC

SbFS

[Rhy(5S,R-MenPy)4]SbFs
3

Scheme 1.§Rh,y(5SR-MenPy)]SbF; Catalyed Asymmetric Dipolar Cycloaddition
Reaction olN,a-diphenylnitrone with Methacrolein.

1.4 Limitations on the Asymmetric Nitrone Dipolar Cycloaddition Reactions

The development of catalytic asymmetric methodology of the nitrone
dipolar cycloaddition reaction with electron-deficient alkenes has bechalleng&
One problem with the Lewis acid activationgp-unsaturated carbonyl compounds
in the dipolar cycloaddition reactions is the competitive coordinatictmenfdipolar
compounds to Lewis acid catalysts, and the coordination slows down orhausn s
down the catalytic reaction (Scheme 1¥)lo overcome this problem, bidentate

dipolarophiles such as those derived from oxazolidinones that provide two-point



binding to the chiral Lewis acid were introduced to the cycloadditiosgss with
nitrones because the two-point binding provided by the dipolarophile is stithiage
the one point binding of the nitrone to the catalystsing this strategy, Jergensen
developed the titanium(IV)-TADDOLate catalyzed dipolar cycloadditieaction of
N,a-diphenylnitrone with the dipolarophile functionalized by oxazolidinorteciv
provided high preference for tleado product in 93% ee (Scheme 1'8}his was the
first example of the catalytic dipolar cycloaddition of nitronggh the a,p-
unsaturated carbonyl compounds proceeding with more than 90% ee. ukfhanr f
studie$® on Lewis acids that provide two-point binding sites, Kanemasa’s|fiyke
bisoxazoline catalyst [Ni(Cl§,-(RR)-DFBOX] ** turned out to be the most efficient
one. With 10 mol% of Ni(Cl@),-(RR)-DFBOX, the reaction betweeN-benzyle-
phenylnitrone and the oxazolidinone-derivef-unsaturated carbonyl compound
produced theendo cycloaddition product exclusively in 76% yield and 95% ee

(Scheme 1.9

S)
A
R.©.0 - nitrone + enal R,
m + nitrone - enal R1\/\?O\LA
R' LA = Lewis Acid
inactive active

Scheme 1.Reaction Inhibition by Competitive Coordination of Nitrones to the
Lewis Acids.



Jargensen's work:

.0 Jo)
O O L o8& TiOTs), TADDOLate "N y=Me PN~ Me
A~ N N (50 mol%) / .
Me N 0O + I %, /\\
/ § toluene, 0 °C Ph //’N o Ph N o
Ph 48 h g T g T
0] 0]
endo exo
o o r -
Ph Ph
Ph Ph
0 O _OTs Me/vj\ N/U\O OTs O 99% conversion,
S0 W NN S gl
O 7( bidentate 0", o~ |\O— ee of endo = 93% ee.
Ph Ph coordination OTs
Ti(OTs),-TADDOLate Ph Ph /
Me

Scheme 1.8N(OTs)-TADDOLate Catalyzed Dipolar Cycloaddition Reaction of
N,a-Diphenylnitrone with the Dipolarophile Functionalized by Oxazolidinone.

Kanemasa's work:

o Ni(CIOg),- Bn~p O~ <Me Bn~p O~ Me
.8 B g .
X N mol“o - “, +
/ Ph CH,Cl,, rt O s
48 h O 0
endo exo
? Ph
N~ H :
! 76% yield,
O- -Ni(CIO4)2 endolexo > 99:1,

N H ee of endo = 95% ee.
{ Ten
o

Ni(ClO,),~(R,R)-DFBOX

Scheme 1.Ni(ClOy4),-(RR)-DFBOX Catalyed Dipolar Cycloaddition ReactionNf
Benzyl-a-phenylnitrone with the Dipolarophile Functionalized by Oxazolidinone.

However, the requirement of handling the auxiliary as wellthes high
catalyst loading of 10~50 mol% makes this methodology less atgagéiithough use
of monodentate dipolarophiles (e.g., methacrolein in Scheme 1.6) would ke idea
there have been few examples of success. Besides the inhibititre @ftalytic

reaction by the nitrone coordination to Lewis acids, lack of regiwol has also



become a barrier for the application of the-unsaturated aldehydes as the
dipolarophile. The first breakthrough was made by Kiindig, who preparp&e(IQ-
diphosphine catalyst for the dipolar cycloaddition reactioNefdiphenylnitrone
with methacroleit® With 5 mol% catalyst, the 3do and the 3,%ndo isomers
were produced in a ratio of 20:80 with complete diastereocontrol, hed t
enantiomeric excesses were 91% ee and 87% ee (Scheme 1.10) Sfiertl
Kindig's work was published, Yamada reported the complete regiocamittol3-
ketoiminato cobalt(lll) catalyst for the transformation betweeamythitrones and 1-
cyclopentene-1-carbaldehyde (Scheme 1*1but complete regiocontrol relied on
the choice of 1-cyclopentene-1-carbaldehyde as the substrateghrehbintiocontrol
was only observed for several nitrones hawvantno-substitution on thes-Ar ring.
Later, Carmona developed the Cp*Rh(lll)-diphosphine catalyst and usezhthlgst

to investigate the dipolar cycloaddition reaction previously studiedKbgdig
(Scheme 1.12% Interestingly, the 3,4-regioisomer was favored with Carmona’s
catalyst, which was opposite to the results from Kindig. Kaneadasaapplied his
Ni(ClO4).-(RR)-DFBOX catalyst to dipolar cycloaddition with methacrol&in.
Although high enantiomeric excesses were obtained with Kan&maatalyst,
regioselectivities were very poor (Scheme 1.12). More recévidyyoka prepared a
u-oxo bis-Ti(IV) oxide catalyst ligated with chiral BINOLs, aridund that this
catalyst efficiently catalyzed the reaction betwdeenzylea-phenylnitrone and
acrolein vyielding the 3,4ndo product in excellent selectivities (Scheme 1%3).
Before the current work with chiral dirhodium catalysis, Maruokats<o bis-Ti(IV)

oxide catalyst was the most efficient catalyst in the cycloadditactioms of nitrones
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with enals, although results were not reported from the reactiatis Mo-

diphenylnitrone to make the direct comparison with Kindig's and Carsiona

catalysts.
Kindig's work:
O Ph ®O® CpFe(ll)-diphosphine pp,_. .0 Ph_, O M\eCHO
Mem)LH + N7 ( 5 mol%) N’ ), 3_7’
| > ~|\e
CH,Cl,, -20 °C o
k e Y THO  PH
. 3,4-endo 3,5-endo
|
Fen_/"" 85% yield,
(C6F5)2P 0= 3,4-endo:3,5-endo = 20:80,
P(CeFs)2 ee of 3,4-endol3,5-endo = 91/87% ee.
Ph .
Ph

CpFe(ll)-diphosphine

.

Scheme 1.1@pFe(ll)-diphosphine Catalyzed Cycloaddition ReactioN,af
Diphenylnitrone with Methacrolein.

Yamada's work:

. H
ph\ B-ketoiminato cobalt(lll) pp_ O s
CI (5 mol%) N
CH,Cl,, -40 °C
96 h
96% yield,
endolexo = 99/1,
_ ee of endo = 80% ee.
e]
SbF6
B-ketoiminato cobalt(l11)

Scheme 1.1B-Ketoiminato Cobalt(lll) Catalyzed Dipolar Cycloaddition Reactions
of the Nitrone with the Enal.
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Me

0 © Jo) Jo)
Me + Ph.®.0 catalyst Ph~N 7 Ph~N~""CHO
H N — > Me *
(§ conditions — Ve
Ph Ph CHO Ph
3,4-endo 3,5-endo
1% |icondions: 5 mok% CorRairaihosphine:
! | ' _ o '
Carmona’s Y CHiCly, -25°C, 15h ;
. \\\\ l O
Ph,P' K: Results:
_-PPh; esuits 100% yield,
Me 3,4-endo : 3,5-endo = 63:37,
Cp*Rh(lll)-diphosphine ee of 3,4-endo/3,5-endo = 90% ee/75% ee.

~

O
Ph T .
O \N}'H ‘Conditions: 5 mol% Ni(CIO4)2-(R,R)-DFBOXE

Kanemasa's . CH,Cl,, rt, 48 h '

work: O--Ni(CIO), | jZiizzozonmonr® e oo ’
N H Results: o)
O ] T 73% yield,
Ph 3,4-endo : 3,5-endo = 45:55,
o] ee of 3,4-endo/3,5-endo = 96% ee/83% ee.

Ni(CIO,),-(R,R)-DFBOX

Scheme 1.1Zarmona’s Rh(lll) catalyst and Kanemasa'’s Ni(ll) catalyst in the
Dipolar Cycloaddition Reaction ®f,a-Diphenylnitrone with Methacrolein.

Maruoka's work:

Bn.©.0 bis-Ti(IV) oxide ~ ©" O
N WCHO (10 mo%) _
CHiClp, -40°C  Ph”
i “2in CHO

Only 3,4-regioisomer was obtained,
94% yield,
endo/exo > 97:3,
ee of endo product = 93% ee.

bis-Ti(IV) oxide

Scheme 1.13Bis-Ti(lIV) oxide Catayzed Reaction betwdgiBenzyl-a-phenylnitrone
and Acrolein.

1.5 My Research Goal

With the preliminary success from previous group members on theadipol

cycloaddition reactions of diarylnitrones with methacrolein gaed by chiral

12



dirhodium(ll,1l1) carboxamidate catalysts (Scheme 1°8)and my colleagues sought
to design a new chiral dirhodium(ll,lll) carboxamidate catatystind a different set
of reaction conditions to achieve enhanced product selectivities anddashitustrate
scope in nitrone dipolar cycloaddition reactions witpf-unsaturated aldehydes. If
successful, we would apply the chiral dirhodium(ll,lll) carboxan@deatalysts to

other Lewis acid catalyzed reactions.

Il. Results and Discussion

2.1 Initial Attempts with New Chiral Dirhodium(ll,Ill) Carboxamidate s

To improve the selectivities of the dipolar cycloaddition reactainstrones
with o,p-unsaturated aldehydes, we prepared a new set of catalysth w
incorporatedS-pyroglutamic acid esters as the ligands (Figure 1.4). Theasdysts
are all analogs of [RIBSR-MenPy)]SbF;, with which the preliminary result was
obtained. The ester part of [RBSR-MenPy)]SbFk was changed to 2-adamantyl,
(+)-menthyl and $-bornyl to produce [RItESAdPY)SbR, [Rh(55S
MenPy)]SbF; and [Rh(5S5SBornPy)]SbFs. However, these catalysts did not show
better selectivities than [RdSR-MenPy)|SbFs (results are partially disclosed in
Table 1.1 in section 2.2). Then, we decided to look at the possibilitiasthér

optimization on the reaction conditions.
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[Rh,(5S-AdPy),]SbF [Rhy(5S, S-MenPy),]SbFg [Rhy(5S, S-BornPy),]SbFg

Figure 1.4 New Chiral Dirhodium(Il,Ill) Carboxamidate Catalyts

2.2 Observation of Solvent Effect

Previous group members surveyed catalysts and the reaction temgexat
they found that [RF5SR-MenPy)]SbFs; was the best catalyst and room temperature
of 23 °C provided the optimum selectivities with fast reaction. rdt@vever, the
solvent was never optimized because of three reasons: 1) thesteatieal
dirhodium(Il,Ill) carboxamidate, R(BS-MEPY),BF,, is only soluble in chlorocarbon
solvents, so the previous workers did not expect any of the catidmial c
dirhodium(Il,1Il) carboxamidates to be soluble in non-polar solvents; 2) diao/heisr
are very soluble in chlorocarbon solvents but only moderately soluble tpatan
solvents; 3) the other groups who worked on the nitrone dipolar cycloaddition
reactions with a,f-unsaturated aldehydes only reported dichloromethane as the
reaction solvent presumably indicating the absence of solvent dffe¢heir
systems?°However, we found that [R{ES R-MenPy)]SbFRsand all the catalysts in
Figure 1.4 were all very soluble in non-polar solvents probably due tdotine
polarity of the bulky hydrocarbon ester in each ligand. Screeaoinipe reaction
solvents revealed a substantial solvent effect for the dipolavanydition reactions of
nitrones with o,p-unsaturated aldehydes catalyzed by chiral dirhodium(ll, 1)

carboxamidates.
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Nitrone cycloaddition reactions were performed by preparindRhg5SR-
MenPy)|SbF; (3) catalyst from its dirhodium(ll,Il) precursor KBSR-MenPy), in
situ by treatment with nitrosonium hexafluoroantimonate in the presenebafi-
tert-butylpyridine and 4 A molecular sieves in the reaction solvent, tagnestially
adding the a,B-unsaturated aldehyde and nitrone. With 5 mol % 3ofin
dichloromethane at 0 °C the cycloadducts of acroleinNynediphenylnitrone were
obtained after 5 h that, following borohydride reduction, were analyzeal 20:30
ratio of 3,4-6):3,5-(7) regioisomers in 73% isolated yield (eq 1). The diastereomeri
ratio of 3,4endo (6-endo) to 3,4exo product was 92:8, arsiendo was obtained with
78% ee. In an effort to improve selectivity by variation of thevesdl we were
surprised to discover an exceptionally large influence of asblvent on reactivity
and selectivity (Table 1.1). Changing the reaction solvent frolmadeamethane to
chloroform resulted in a slight increase in regio- and enantiocoriiul percent
conversion over the same reaction time decreased dramaticdily.ndn-aromatic
hydrocarbon cyclohexane increased the regio- and enantiocordrohtically, and
also the reaction rate. Monohalobenzene solvents also exhibited enlp@ncent
conversion and regioselectivity compared to dichloromethane, and \agksti
increased from iodobenezene to chlorobenzene to fluorobenzene. However, toluene
was found to be the optimal solvent, produdsrand? with a regioselectivity of 96:4
(6:7), a diastereomer ratio of 94:6-¢ndo:6-exo), and an enantiomeric excess of 94%
(6-endo) in 94% overall yield after only 1 hour of reaction time. Simiiaire and

selectivity enhancements in toluene occurred with the diastereoffdn(5SS
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MenPy)]SbF; (4) and [RR(5SIPPy)]SbFs (5), although enantio- and regiocontrol

for the production 06 were not as good as [KBS R-MenPy)]SbF; (3) (Table 1.1).

Table 1.1lInfluence of Solvent on Regioselectivity and Stereocontrol in Chiral

Dirhodium(l1,111) Carboxamidate Catalyzed ReactiondNgd-Diphenylnitrone with
Acrolein.

O N
1/ [PV [V
Rh—Rh Rh—Rh Rh—Rh
@ @ )

AT sor? 1T spED AT sor?

[Rho(5S,R-MenPy)4]SbFg [Rhy(5S,S-MenPy)4]SbFg [Rho(5S-IPPy)4]SbFg

3 4 5
o (a) 5 mol% catalyst Ph
Ph.®.0 20 mol% di-t-BuPyr N0 Ph., 0 OH
l\lll\ + rCHO 4A MS, solvent > )N\> + /l\‘l\)”“/ (1)
Ph | (b) NaBH,, THF Ph” Ph
—OH
3,4-regioisomer  3,5-regioisomer
6 7

catalyst T , 0 b b OA\C
mol% solvent °C) t(h) vyield (%} 67 drof 6° ee of6-endo (%)

3/5 CHCl, 0 5 73 70:30 928 78

3/5 CHCE 0 5 40 75:25 91:9 83

3/5 Cc-CeH12 0 2 93 88:12 93:7 91

3/5 Phl 0 2 73 83:17 94:6 90

3/5 PhCI 0 2 91 83:17 93:7 90

3/5 PhF 0 2 92 91:9 94:6 92

3/5 PhMe 0 1 94 96:4 94.6 94

3/5 PhMe  -20 4 93 96:4 94:6 93

4/5 CHCl, 0 5 55 7426 91.9 71

4/5 PhMe 0 1 94 94:6 94:6 90

5/5 CHCl, 0 5 67 67:33 928 27

5/5 PhMe 0 2 92 88:12 93:7 76

2 |solated product yield following chromatography.Determined by'H NMR
spectroscopy. Determined by HPLC analysis (OD-H column).
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2.3 Comparison with Other Catalysts

Table 1.20ptimum Results Reported with Other Chiral Lewis Acid Catalysts.

C L, == "
\ O’Pr I\Il/l (SbFe),
O" I(CIO )2 Ph,P™" {Z
: / - T. y __-PPh,
Ph iPrg O

10a: M = Rh%*
10b: M = Ir?*
@8
PN CHO  catalyst _NaBH, /‘\) ../
m r conditions
\OH
3,4-regioisomer 3 5-regioisomer
6 7
‘;‘;tg:éf b solvent (o-lc-:) t(h) vyield (%§ 6:7° drof6® ee of6-endo (%)°
8710 CHCl, -10 72 75 26:74 95:5 91
9910 CHCIl, -40 24 94 >99:1 >97:3 93
10a'/5 CHCl, -25 16 (1009 >99:1" >99:1" 78
10b'/5 CH,Cl, -25 16 (1009 >99:1" >99:1" 90

2 |solated product yield following chromatography.Determined by'H NMR

spectroscopy® Determined by HPLC analysis (OD-H columf)Reference 19°
Reference 20N-benzyla-phenylnitrone was used insteadMx-diphenylnitrone in
this case! Reference 18: a seven-fold molar excess of acrolein was UBeccent
conversion based dil NMR analysis; isolated product yield not givEi©Only the6-

endo cycloaddition product was reported.

To demonstrate the superiority of [RBSR-MenPy)]SbF; (3) to other
catalytic systems, we compared the optimum results (TaB)efrbm the four best-
performing catalysts in the literatur®’® 9,° 105'® and 10b™) to ours. The
Kanemasa catalys8) provides good enantiocontrol, but cycloaddition occurs with
poor regioselectivity? Maruoka’s p-oxo bis-Ti(IV) oxide catalyst9) has only
shown its effectiveness witR-benzyl-substituted nitrones, but no results have been

reported withN,a-diphenylnitrone® Extensive studies performed by Carmona and

coworkers with cationic Cp*Rh(lll)L* 108 and Cp*Ir(lll)L* (10b) catalysts (L* =
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chiral diphosphine ligand) also show high regioselectivity in thipoldr
cycloaddition reaction, but enantiocontrol is metal ion dependent Wwehir{lIl)
catalyst exhibiting higher enantiocontrol than that with RhtfiGolvent effects with
these catalysts were not discussed in their work, and dichlororeetvas the only

solvent reported.

Low reaction temperatures ranging from -10 to -40°C were adopiid
cycloaddition reactions catalyzed By10, and we presume that the best results were
obtained at the reported temperatures. Howevenr(PRIR-MenPy)]SbF; (3) does
not require a temperature lower than 0 °C to achieve the bestmarfce. Moreover,
the reaction time has been significantly shortened to 1 h. Therefatalysis of
nitrone cycloaddition to acrolein 8/in toluene at O °C provides selectivities that are
at least as good as the best of the alternatives, but with mastehn feaction rates and

milder conditions.

2.4 Explanation of the Solvent Effect

Noticing the significant shortening of the reaction time by cwitg the
reaction solvent from dichloromethane to toluene, we decided to plotnperce
conversion of nitrones as a function of time for the reactioi$,@fdiphenylnitrone
with acrolein catalyzed by [R{BSR-MenPy)|Sbk; (3) in various solvents. The
reaction rates decreased from toluene to iodobenzene with chlorobembetween,
and the rate dropped significantly in dichloromethane (Figure 1.5)ots&ongly-
coordinating® acetonitrile as the reaction solvent completely shuts down thkytiat

reaction.
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Figure 1.5Plot of Conversion (%) as a Function of Time for the Standard Reaction of
N,a-Diphenylnitrone with Acrolein Catalyzed by [KBSR-MenPy)|SbFs; in PhMe,
PhCI, Phl, and CkCl, at O °C.

Solvent effects in 1,3-dipolar cycloaddition reactions have been revf@we
and there is at least one cdghat solvents of low polarity improve the regiocontrol
based on computational studies. However, solvent effects in reactsmtsadsd with
transition metal catalysis have been attributed to many causdsding solvent
coordination to transition met&fsand stabilization or destabilization of the transition
state by solvent mediufi.The trend depicted in Figure 1.5 strongly suggests that
coordination of polar solvents t8 inhibits the coordination of acrolein thereby
slowing down the catalytic reaction. The background reaction was also intesiiga
both dichloromethane and toluene, and after 24 hours of reaction at ropardéame,
78% conversion to cycloaddition products was observed with a 16:84 ratio of 3,4-
regioisomer §): 3,5-regioisomerq) and a diastereomeric ratio of 3ddo:3,4-exo of
74:26 showing no dependence on the solvent selection. After obtainingekeks,
we easily generated one cause of the solvent influence on themestes and

selectivities, which is depicted in Scheme 1.14. Competition betaekent and

acrolein for the active site of the Lewis acid catalyst inbilthe rate of catalytic
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conversion of acrolein to its dipolar cycloaddition products and ingdhserelative
importance of the uncatalyzed pathway to these same products. tBmce
uncatalyzed reaction produces racerfiicand favors regioisomer over 6, the
influence of solvent on both enantio- and regioselectivity can be ag@eérom this

competitive coordination.

-sol +acrolein i
(RhyLy)*(solvent) =l (Rh,L,)" L (RhyL,)*(acrolein)
+solvent -acrolein

Kcat l +nitrone

+nitrone
acrolein —> 6and?7

uncat

Scheme 1.14nfluence of Solvent Coordination to Catalyst on Product Formation.

Although Scheme 1.14 explains reactivity and selectivity qualitgtivieere
is still inconsistency in the case of chloroform as solvent, wdsrgnificant decrease
in reactivity, but a slight increase in selectivity was obsgércompared to that of
dichloromethane (Table 1.1). In a search for other contributing factdf3, D
calculations were performed on the complex of acrolein coordinatedhi(5S-
IPPy)"(5), which is the isopropyl analog & and4. The solvent influence on the
reactivities and selectivities of the nitrone dipolar cycloadditearctions catalyzed
by 5 was also recorded in Table 1.1. The B3LYP functional with the L2DI_basis
set and the CPCM solvation model was applied in this calculatiohelogtimized
geometries at the ground state, when a different solvent envirorwasnselected
acrolein coordination to Rh adopted different dihedral angles rel&iveatalyst
ligands. In dichloromethand\(in Figure 1.6), the dihedral angle involving the atoms
O-Rh(catalyst)-O=C(acrolein) was 32.7°, whereas in toluéné (Figure 1.6) the

same angle decreased to 6.6°. When the calculation was done irsthbage, the
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same angle was even smaller. These results clearly tedibat the dielectric
constant of solvent influences the stable conformation of the dasaiysiein
complex. A solvent of a larger dielectric constant will resul larger dihedral angle
depicted in Figure 1.6. Considering that the enantiocontrol occurs lbgtige
shielding of the top and bottom sides of acrolein by two esters ofchiival
pyrrolidinone ligands on each rhodium face (represented as E imeFlgf), the
greater shielding of one side of acrolein in toluene suggestategr facial

differentiation of acrolein.

e
,\??3 :f‘“’ Al

Q
* acrolein
acroleln °

N —N
@ 5 @dC ON @ 5
| @0 @Rh |

O Rh-=--- N 6.6° O Rh------ N
32.7° (/ i acroleln (S i
» s a
\ed : :
90‘0 (0] (o)
A B

Figure 1.6 Energy Minimized Geometries of Acrolein-g6S-IPPy)," Complex in
DichloromethaneA) and TolueneR) Obtained from DFT Calculation (B3LYP).
(Hydrogens Omitted).

2.5 Test of Solvent Effect om-Oxo Bis-Ti(IV) Oxide

Solvent effects on catalys&-10 were not reported in literature. To test the
possibility of solvent influencey-oxo bis-Ti(IV) oxide @) was selected as the test

candidate because it had provided the highest selectivities from nitrone cyidwesddi
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with acrolein among 8-1Q The dipolar cycloaddition reactions oN,a-
diphenylnitrone with acrolein and methacrolein were run with theesblof toluene

and dichloromethane, and the results are summarized in Table 1.3. Nonappare
solvent effect was found for either aldehyde. In his earbemrounication, Maruoka
choseN-benzyla-phenylnitrones as the standard substrate, and reported formation of
only the 3,4endo isomer in high yield and enantioselectivity, but he did not report the
results withN,o-diphenylnitrone$® Actually, with acrolein, selectivities witB are

not as good as those with [RBSR-MenPy)|Sbk (3), and with methacrolein,
regioselectivity is very low (Table 1.3). Interestingly, high ermanéric excess was
obtained for the 3,Bndo product with9, which is the reverse of what is observed
with [Rhp(5SR-MenPy)|SbR; (3). Maruoka also pointed out that a sterically
encumberedN-substituent on the nitrone was essential for high stereocontrohisit
u-oxo bis-Ti(IV) oxide catalyst, and-diphenylmethyl substituted nitrones were used
in place of theN-benzyl analogues when these cycloaddition reactions wetieccar

out with methacroleir?

Table 1.3 u-Oxo Bis-Ti(lV) Oxide @) Catalyzed 1,3-Dipolar Cycloaddition
Reactions.

o
0 ®
Ph-N© 10moi% e Ph~y Ph~N J/CHO
Ar CHO

1Ma:R=H
11b: R = Me .
OO O ofpr OO
/Ti\ Vs
o 9
el
9
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ee% (2-endo/13-

enal Ar solvent t(h) yield(%)\ 1213 dr° endo)’
11a Ph CHCl, 1 95 99:1 86:14 87I-
11a Ph PhMe 1 95 99:1 86:14 82/-
11b Ph CHCl, 2 88 56:44 >99:1 81/98
11b Ph PhMe 2 89 52:48 >99:1 80/98
11b 4-MeOPh CHCl, 2 70 82:18 >99:1 77/95
11b 4-CRPh CHCl, 3 92 40:60 >99:1 67/95

% The reactions were carried out with 0.5 mmol nitrone, 0.8 mmol enal and 0.05 mmol
u-oxo bis-Ti(IV) oxide; Reactions witila were carried out at -20 °C; Reactions
with 11b were carried out at 0 °Clsolated product yield. Determined byH NMR
spectroscopy; complete diastereoselectivity &do product was observed for
cycloadditions withlL1b. ¢ Determined byH NMR after formation of diastereomeric
imines with R)-(+)-a-methylbenzylamine or by HPLC (OD-H column) after
borohydride reduction.

2.6 Substrate Scope with [R}{{5S,R-MenPy),]1SbF

To investigate the generality of the enantioselective dipoldoagditions of
nitrones witha,B-unsaturated aldehydes catalyzed by [BBR-MenPy)|SbF; (3),
various nitrones were subjected to the optimal conditions, and thesreselt
summarized in Table 1.4. High vyields with excellent diastereamd
enantioselectivities were obtained regardless of the nature ditsebs. As was
previously established by our group with methacrot®amd confirmed by Kindidf,
electron-withdrawing groups in Ar decrease regioselectivity; fout reactions
performed in toluene, even nitrones having electron-withdrawiagpgrin Ar such
as trifluoromethyl (entry 5) provide high regiocontrol for the 3,dla@gddition

product (4).
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Table 1.4 Effect of Nitrone Substituents on Regioselectivity and Enantioglomtr
the Cycloaddition Reactions with Acrolein Catalyzed by [BBR-MenPy)]SbFs
3.

(a) Rhy(5S,R-MenPy),SbFg (3)

S di-t-B (|53 m(()lz? 1%) R
® i-t-BuPyr mol% Ne) R.
R\Nl/o ., ~CHO  4a Ms,yo °C,PhMe ) . NN
KAr W (b) NaBH,, THF, it Ar . Ar
—OH
3,4-regioisomer 3 5-regioisomer
14 15
Entry R Ar t (h) 3(’(')2')‘2 1415° drof14 °©© Og%ge”do
1 Ph Ph 1 94 96:4 94.6 94
2 Ph 4-MeOPh 1 92 >99:1 95:5 98
3 Ph 4-MePh 1 94 99:1 94:6 96
4 Ph 4-CIPh 3 86 955 92:8 96
5 Ph 4-CEPh 3 90 87:13 94:6 96
6 Ph 2-furyl 4 89 >99:1 88:12 90
7 Ph 2-naphthyl 2 90 99:1 94:6 97
8 Bn Ph 3 91 >00:1 98:2 &58)"

2 |solated product yield® Determined by'H NMR spectroscopy: Determined by
HPLC analysis (OD-H column) The absolute configuration was determined by
comparison with literaturé.

Dipolar cycloadditions to methacroleih§a) andtrans-crotonaldehydel(b)
catalyzed by [RK5SR-MenPy)|SbF (3) are reported in Table 1.5. Solvent-
enhanced regiocontrol is evident in these results. \Njthdiphenylnitrone, for
example, regioselectivity fot7:18 changed from 34:66 to 79:21 favoridd upon
changing the solvent from dichloromethane to toluene. In addition,
enantioselectivities fol7, which were already high from reactions catalyzed3by
performed in dichloromethane, are further enhanced with reactiofsrrped in
toluene. Enantiocontrol in catalytic formation of the &de cycloadducts obtained
from these substrates usir®)is at the highest level reported compared to the

previously reported examplé5?° The advantages of the cationic catalyst,[BRR-

MenPy)|SbF; (3) are evident.
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Table 1.5 [Rhy(5SR-MenPy)|Sbk (3)-Catalyzed Asymmetric  Nitrone
Cycloaddition Reactions with Methacroleitb@) and trans-Crotonaldehyd&gp).

< 5 mol% R
0 @ o 1
R . TNO  IRNy(55,R-MenPy),ISbFs :h\N/O Ry PhepyO\JCHO
 H § 20 mol% di-t-BuPyr —R, *
R Ar 4AMS, 0 °C, solvent Ar CHO Ar R,
2
16a: R; = Me, R, = H 17 18

16b: R, = H, R,= Me

entryenal Ar solvent time (h) yég/:gla 17:18 ee% (7-endo/18-endo)®
1 16a 4-MeOPh CHCI, 5 40 70:30 96/63
2 16a 4-MeOPh PhMe 5 91 973 99/-
3 16a Ph CHCI, 5 42 34:66 94/66
4 16a Ph PhMe 5 95 79:21 98/56
5 16a 4-MePh PhMe 4 96 89:11 97/60
6 16a 4-CIPh PhMe 20 82 53:47 99/72
7 16a 4-CRPh PhMe 20 96 30:70 96/62
8 16a 2-furyl PhMe 20 91 79:21 98/54
9 16a 2-naphthyl PhMe 20 96 70:30 95/52
10 16b Ph PhMe 24 78 >99:1 95%-

2 |solated product yield.” Determined by'H NMR spectroscopy; complete
diastereoselectivities foendo products were observed for these cycloaddition
reactions.” Determined by'H NMR after formation of diastereomeric imines with
(R)-(+)-a-methylbenzylamine® Borohydride reduction was carried out in this case;
Isolated yield of the product after reducti§rbetermined by HPLC analysis (OD-H
column).

2.7 Application of Chiral Dirhodium(ll 1) Carboxamidates in Other Lewis

Acid-Catalyzed Reactions

The hetero-Diels-Alder reacti®hand the carbonyl-ene reactférwere also
investigated for solvent influence under the catalysis of catiomi@l dirhodium
carboxamidates. Previously, our group successfully achieved the enactiose
hetero-Diels-Alder reactions betweetrans-1-methoxy-3-(trimethysilyloxy)-1,3-
butadiene (the Danishefsky diene) and aldehydes wit{SRMEPY),SbF; as the

catalyst and dichloromethane as the solvent (Scheme 1.3 in se@)dhHowever,
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due to the poor solubility of R(EMEPY),SbF; in aromatic solvents, a solvent
survey was not performed. With 5 mol% PGS R-MenPy)|SbFs (3), reactions op-
nitrobenzaldehyde with the Danishefsky die(k9) in both solvents at room
temperature are relatively slow, they do not exhibit rateredgraent by changing the
solvent from dichloromethane to toluene, but enhancement in enantioselestivit
evident (Table 1.6). However, the diastereomeric o(BHSMenPy)|SbFs (4)
noticeably improved reaction rates and exhibited substantial nii@neement by
changing the reaction solvent to toluene. In this latter case Waes not a significant

solvent-induced change in enantioselectivity.

Table 1.6 Solvent Influence on the Asymmetric Hetero-Diels-Alder Reacof p-
Nitrobenzaldehyde with the Danishefsky Dier9)( Catalyzed by Rh(I)Rh(lll)
Catalysts.

TMSO
_ TMSO Ar
. WWN 5 mol% catalyst _ | TFA © Ar
A o solvent o o > O
4 AMS

OMe 2,6-di-t-BuPyr OMe
19 Ar = p-NO,Ph r.t.

4£ij&floo’£i:]\~ /zjj&floow ",

0”7 'N 07 °N

"/ 0/ L/ 0/

Rh—Rh Rh—Rh

@ @

b1 sord 1T bR

[Rhy(5S,R-MenPy),4]SbFg (3) [Rhy(5S,S-MenPy)4]SbFg (4)

catalyst solvent t (h) yield (%)  ee%
[Rhy(5SR-MenPy)]SbF; (3) CH.ClI, 24 68 83
[Rhy(5SR-MenPy)]SbF; (3) PhMe 24 52 91
[Rhy(5SS-MenPy)]SbFs (4) CH.Cl, 24 86 91
[Rhy(5SS-MenPy)]SbFs (4) PhMe 2 97 94

% The reactions were performed with 0.5 mnmhitrobenzaldehyde, 0.6 mmol
Danishefsky diene, 0.025 mmol catalyst, 0.1 mmol 2,6BliPyr and 300 mg 4 A
MS in 1.5 mL solvent at room temperatufeYield of the isolated product
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Determined by HPLC (OD-H column); The absolute configuration optbduct was
determined to b&by comparison with literatur®.

The carbonyl-ene reaction is a useful transformation, produgimetically
versatile homoallylic alcohofs. Efforts toward developing chiral Lewis acids for the
enantioselective variants of the reaction have resulted into a stesessful
example<’?® To test the degree of enantiocontrol with cationic chiral dirhodium
carboxamidate catalysts, we decided to investigate the intexaterecarbonyl-ene
reaction of ethyl glyoxylate with-methylstyrene, which also served as the standard
reaction for many other Lewis acitfsWith 5 mol% [Rh(5SR-MenPy)]SbF; (3) in
dichloromethane at 0 °C the homoallylic alcoB6lwas produced in 60% yield and
with 38% ee (Table 1.7). Changing the solvent to toluene resulted iotwer yield
but much higher enantiomeric excess. Similar to the results the hetero-Diels-
Alder reaction, use of [R(BESS-MenPy)]SbF; (4) in toluene improved the yield to
90% and the enantiomeric excess to 94%. The drawback of the curragticat
system is that the reaction requires a long reaction timé adys to achieve high
conversion. Increasing the reaction temperature shortened themdane but at the

cost of 5~10% ee decrease?6f

Table 1.7 Solvent Influence on the Asymmetric Carbonyl-ene Reactiontoyl E
Glyoxylate witha-Methylstyrene Catalyzed by Rh(I))Rh(lll) Cataly8ts.

Me 0 OH
Ph/& + HJ\”/OE’[ 5 mol% catalyst_ Phjj\/'\[(OEt
o) solvent

4AMS 0O
di-t-BuPyr 20
0 °C, 7 days
Catalyst solvent yield (%) ee%
[Rha(5SR-MenPy)]SbF; (3) CH.CI, 60 38
[Rha(5SR-MenPy)]SbFs (3) PhMe 37 70
[Rhy(5S5S-MenPy)|SbF; (4) CH.CI, 52 63
[Rhy(55SMenPy)|SbF; (4) PhMe 90 94
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% The reactions were performed with 2.5 mnaeinethylstyrene, 0.5 mmol ethyl
glyoxylate, 0.025 mmol catalyst, 0.1 mmol 2,6td@uPyr and 300 mg 4 A MS in 1.0
mL solvent at 0 °C” Yield of the isolated product.Determined by HPLC (AD-H
column); The absolute configuration of the product was determined t8 lbe
comparison with literaturé®

[1l. Conclusion

We have discovered solvent-dependent rate and selectivity improvertient w
chiral cationic dirhodium(ll,lll) carboxamidates in nitrone dipokaycloaddition
reactions, hetero-Diels-Alder reactions, and carbonyl-eneiosaacWith 1,3-dipolar
cycloaddition reactions of nitrones withp-unsaturated aldehydes use of,(8BR-
MenPy)SbFs (3) in toluene provided rate enhancements as well as significant
improvements in regioselectivities and enantioselectivities twase obtained in
dichloromethane. Rate and enantioselectivity enhancements were @btaiitne
[Rhy(5SSMenPy)|SbFRs (4) in hetero-Diels-Alder and carbonyl-ene reactions over
those obtained in dichloromethane. These enhancements are attrilditachished
or absent association of toluene with the catalyst which lesdensrefative
importance of the uncatalyzed background reaction. Different coordinatites dog
aldehyde association with rhodium in the different solvent environnmeays also
contribute to enhanced enantiocontrol in toluene. Further research is underwa
uncover the generality of these rate and selectivity improvenreatker Lewis acid-

catalyzed reactions.

28



I\VV. Experimental Section

4.1 Materials

Rhy(5SR-MenPy),° Rhy(5SIPPy),* trans-1-methoxy-3-(trimethysilyloxy)-
1,3-butadien® and nitrone¥ were prepared according to the literature procedures.
Acrolein, trans-crotonaldehyde, methacrolein, ethyl glyoxylate anchethylstyrene
were obtained from commercial sources and freshly distilledréaise. Solvents
were used after distillation. All the other chemicals wereinbtafrom commercial

sources and used without further purification.

4.2 General Information

All reactions, unless noted, were carried out under an inert atmespher
dried nitrogen in flame-dried or oven-dried glassware withgme#ic stirring.
Analytical thin layer chromatography (TLC) was performeddymamic Adsorbents
precoated (0.25 mm thickness) silica gel plates with iRdicator. Visualization was
accomplished by UV light (254 nm) or with phosphomolybdic acid (PMA) solution in
ethanol. Flash chromatography was performed with silica geb332m) supplied by
Dynamic Adsorbents'H NMR spectra were recorded on a Bruker DRX-400 (400
MHz) spectrometer or a Bruker DRX-500 (500 MHz) spectrometet, cdaemical
shifts were reported in ppm using tetramethylsilane @ ppm for'H) as the internal
standard. The peak information was described as: br = broadnglet,sd = doublet,

t = triplet, g = quartet, m = multiplet, comp = composite; couplmgstant(s) in Hz.

3C NMR spectra were recorded on a Bruker DRX-500 (125 MHz) speeter with
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complete proton decoupling, and the chemical shifts were report@pm using
CDCl; (6 = 77.0 ppm) as the internal standard. IR spectra were recordedABCO
FT/IR 4100 spectrometer. Enantioselectivity was determined on denAd.200
Series HPLC using a Daicel Chiralcel OD-H column or an ARdiumn. High-
resolution mass analyses (HRMS) were performed on JEOL AWetdS mass

spectrometer using Csl as the standard.

4.3 Experimental Procedures And Compound Characterizations

Synthesis of §)-[(1S,2R,55)-2-Isopropyl-5-methylcyclohexyl] 2-Oxopyrrolidine-
5-carboxylate, S,S-MenPy-H. A 100 mL round-bottom flask was charged with L-
pyroglutamic acid (1.29 g, 10 mmol), (+)-menthol (1.56 g, 10 mmal] 4-
dimethylaminopyridine (0.24 g, 2 mmol) and purged with nitrogen. DryGTLH20
mL) was added, and the mixture was cooled to 0 °C with an ice Adablution of
N,N’-dicyclohexylcarbodiimide (2.27 g, 11 mmol) in gH, (20 mL) was added to
the reaction mixture over a period of 30 min, and then the reactiocturmiwas
stirred at room temperature for 20 h. The white solid was remwoywé&ttration. The
solution was evaporated to dryness under reduced pressure, and the wesdue
dissolved in ethyl acetate (100 mL) and washed with 1 M HCI (2Q 5%)NaHCQ
(20 mL) and brine (20 mL). The organic layer was dried overdnologg MgSQ, and
the solvent was removed under reduced pressure. The resulting aslplvified by
column chromatography (ethyl acetate: hexane = 5:2) to yieltlit® solid product

(2.30 g, 86% yield).
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(9)-[(1S,2R,59)-2-Isopropyl-5-methylcyclohexyl] 2-Oxopyrrolidine-5-carboxylate,
S,S5-MenPy-H. *H NMR (CDCk, 500 MHz):8 6.44 (s, 1H, NH), 4.74 (dt, 1H,= 4.4,

10.9 Hz), 4.23 (dd, 1H] = 5.4, 8.6 Hz), 2.55-2.45 (m, 1H), 2.40-2.32 (comp, 2H),
2.22-2.16 (m, 1H), 2.02-1.96 (m, 1H), 1.85-1.80 (m, 1H), 1.72-1.66 (comp, 2H),
1.55-1.39 (comp, 2H), 1.10-0.85 (comp, 9H), 0.76 (d, 3H, 7.0 Hz);**C NMR
(CDCls, 125 MHz):8 177.68, 171.47, 75.73, 55.61, 46.87, 40.66, 34.05, 31.33, 29.28,
26.26, 24.97, 23.21, 21.89, 20.71, 16.08°% = +59.3 € 0.96, CHCl,). HRMS

(ESI) calculated for GH26NOs: mVz 268.1907 ([M + H]), found:nmvz 268.1912.

Synthesis of Dirhodium(ll) Tetrakis{(S)-[(1S,2R,5S)-2-isopropyl-5-
methylcyclohexyl] 2-Oxopyrrolidine-5-carboxylate}, Rh(5S5,S-MenPy),. The
previously reported standard procedure was follofv@&irhodium(ll) acetate (330
mg, 0.747 mmol), -[(1S2R,59-2-isopropyl-5-methylcyclohexyl] 2-
oxopyrrolidine-5-carboxylate (2.1 g, 7.85 mmol) and chlorobenzene (20 mie we
mixed in a 50 mL round-bottom flask fitted with Soxhlet exiactapparatus into
which was placed a cellulose thimble containing 2:12Q@/sand. The resulting
mixture was heated at vigorous reflux for 20 hours, at which t#tReC analysis
(Microsorb-MV 100-5 CN column, 2% MeCN in MeOH, flow 1.0 mL/mstowed
the reaction to be complete. After cooling to room temperaturesahent was
removed under reduced pressure, and the resulting blue oil was chr@phéeaon

BAKERBOND-CN silica (40um Prep LC packing) eluting with MeOH. The first
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brown band was the excess ligand, and then 1% MeCN in MeOH wasaus@sh
off the desired catalyst band which had a red color. The solvetiteotollected
catalyst band was removed under reduced pressure, and the resulengolid
material was heated at 120 °C under high vacuum for 2 hour. Thestataly finally

obtained as a green powder (696 mg, 73% vyield).

D\H*O
0% coo"

N
\/ /
Rh—RH

ahe

Rhy(5S,S-MenPy),
Dirhodium(ll)  Tetrakis{( S)-[(1S,2R,55)-2-isopropyl-5-methylcyclohexyl]  2-
Oxopyrrolidine-5-carboxylate}, Rhx(5S,S-MenPy),. *H NMR (CDCk, 500 MHz):
d 4.67-4.59 (comp, 4H), 4.28-4.24 (comp, 2H), 3.94-3.89 (comp, 2H) , 2.85-0.71
(comp, 88H);*C NMR (CDCE, 125 MHz):5 188.58, 187.44, 174.40, 173.89, 74.44,
74.13, 66.41, 47.29, 47.24, 41.56, 40.88, 34.55, 34.26, 31.49, 31.39, 31.32, 26.68,
26.60, 26.22, 23.54, 23.36, 22.18, 20.77, 20.72, 16.29. 16.13 (missing 4 carbons due
to overlapping signals)o]*’s = -113.85 ¢ 0.130,i-PrOH). HRMS (ESI) calculated

for C60H97N40]_2ha: m/z1271.5208 ([M + H]), found:m/z 1271.5207.

General Procedure for the Asymmetric 1,3-Dipolar Cycloadditio Reactions of
Nitrones with a,B-Unsaturated Aldehydes Catalyzed by [RK5SR-
MenPy),]SbFs. A 10 ml Schlenk flask charged with a magnetic stir bar and 4 A
molecular sieves (300 mg) was placed under high vacuum and heateash&gnB

burner to dryness. After cooling to room temperature(38R-MenPy), (33.8 mg,
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0.026 mmol), 2,6-dtert-butylpyridine (22 pL, 0.10 mmol) and toluene (1.0 mL)
were added under the flow obNlhe resulting green solution was stirred for 10 min
before NOSbE (6.6 mg, 0.025 mmol) was added. The solution was allowed to stir for
additional 30 min, during which time the color gradually turned from greeateep
red. Freshly distilled acrolein (54 uL, 0.80 mmol) was addad micro syringe to
the flask that was then placed in an ice bath, and the mixtwetwaed for 10 min.
Nitrone (0.50 mmol) in toluene (1.5 mL) was added dropwise within 1 neintléy
heating aids dissolution of nitrones in tolueiephenyla-(4-chlorophenyl)nitrone
and N-phenyle-(4-trifluoromethylphenyl)nitrone were added as solids becatfise o
their relatively poor solubility, followed by the addition of 1.5 mLutte). The
solution was stirred at 0 °C until the completion of the reactolicated by TLC
analysis of the reaction mixture. The entire reaction mixtuae then loaded on a
short silica column and eluted with @El, to remove the catalyst and 4 A molecular
sieves. The collected solution was concentrated, and regioselectwd
diastereoselectivity were determined By NMR analyses by integration of the
aldehyde peaks from the regio- and diastereoisomers. The aldetoghect mixture
was then dissolved in THF (5.0 mL) and treated with Nag#8.7 mg, 1.50 mmol) at
room temperature for 30 min. The mixture was then poured into atsatw@ution

of NH4CI (aqg.) (20 mL) and extracted with ethyl acetate (3x15 mhg dombined
organic layer was dried with anhydrous,8@, and concentrated. The resulting oil
was purified by flash chromatography (hexane : ethyl acetate to2ob}ain the final

product that was then analyzed for enantiomeric excess by HPLC analysis
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General Procedure for the Asymmetric 1,3-Dipolar Cycloadditio Reactions of
Nitrones with a,B-Unsaturated Aldehydes Catalyzed by theu-Oxo Bis-Ti(IV)
Oxide Catalyst?® To a stirred mixture of Ag (12 mg, 0.05 mmol) in C}€l, (0.5
mL) was added 1.0 M hexane solution of CITi{@); (100uL, 0.10 mmol) at room
temperature. After stirring for 5 hours at room temperature|uien of §)-BINOL
(28.6 mg, 0.10 mmol) in Ci€l, (0.7 mL) was added to the mixture, which was then
stirred for 2 hours at room temperature to afford the dark eraalyition of chirali-

oxo bis-Ti(IV) oxide. The solution was cooled to -20 °C (or 0 °Cni@thacrolein).
To the catalyst solution was added acrolein (54 pL, 0.80 mmol)wedtlcby the
nitrone in CHCI, (1.3 mL). The resulting mixture was stirred at -20 °C until the
completion of the reaction indicated by TLC analysis of theti@acenixture. The

workup was identical to the procedure described fopEER-MenPy)]SbFs.

2,3-Diphenylisoxazolidine-4-methanol Obtained as a colorless oil in 94% overall
yield. Regioselectivity and diastereoselectivity were deteethiby'H NMR of the
aldehyde precursor: 3,4-isomer: 3,5-isomer = 96:4;e¢6:3,4ex0 = 94:6 (3,4-
endo: 6 9.69, d, 1HJ = 2.0 Hz; 3,4ex0: 6 9.22, d, 1HJ = 2.8 Hz; 3,5endo: 5 9.83,
d, 1H,J = 1.6 Hz). The 3,&ndo product was obtained in 94% ee (OD-H, 95:5
Hexanel-PrOH, 1.0 mL/min, 254 nm, major enantiomer=t 21.7 min, minor
enantiomer,t= 34.7 min)."H NMR (400 MHz, CDCJ): § 7.52 (d, 2HJ = 7.2 Hz),

7.40-7.36 (comp, 2H), 7.31-7.29 (m, 1H), 7.23-7.18 (comp, 2H), 6.96-6.89 (comp,
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3H), 4.36 (d, 1H) = 5.6 Hz), 4.33 (dd, 1Hl = 7.2, 8.4 Hz), 3.96 (dd, 1H,= 6.0, 8.4
Hz), 3.82-3.69 (comp, 2H), 2.93-2.84 (m, 1H), 1.49 (t, 1k, 4.8 Hz, -OH). This

compound has been fully characterized previotisly.

Q2

N-O

H3COW

“OH

3-(4-Methoxyphenyl)-2-phenylisoxazolidine-4-methanolObtained as a colorless
oil in 92% overall yield. Regioselectivity and diastereoselegtiwiere determined by

'H NMR of the aldehyde precursor: 3,4-isomer: 3,5-isomer > 99:lerBlet3,4-exo

= 95:5 (3,4endo: 6 9.68, d, 1HJ = 2.0 Hz; 3,4ex0: 6 9.23, d, 1HJ = 3.2 Hz; 3,5-
endo: 6 9.83, d, 1H,J = 1.6 Hz). The 3,4&ndo product was obtained in 98% ee (OD-
H, 93:7 Hexan&/PrOH, 1.0 mL/min, 254 nm, major enantiomer 20.7 min, minor
enantiomer,t= 28.8 min)."H NMR (400 MHz, CDCJ): § 7.42 (d, 2HJ = 8.4 Hz),
7.23-7.18 (comp, 2H), 6.96-6.90 (comp, 5H), 4.33 (dd, 11Hl,7.2, 8.4 Hz), 4.27 (d,
1H,J = 5.6 Hz), 3.96 (dd, 1H] = 8.4, 6.0 Hz), 3.82 (s, 3H), 3.78-3.68 (comp, 2H),
2.89-2.81 (m, 1H), 1.46 (t, 1H, = 4.8 Hz, -OH).*C NMR (125 MHz, CDG): §
158.99, 151.14, 133.99, 128.70, 127.79, 121.68, 114.91, 114.23, 71.83, 69.30, 62.76,
56.65, 55.28. IR (Cﬁjl): 3415, 2955, 2872, 1611, 1596, 1510, 1489, 1245, 1174,
1030, 832, 752. HRMS (ESI) calculated forA@,oNOs: nvVz 286.1438 ([M + HJ),

found:m/z286.1441.
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HiC :

3-(4-Methylphenyl)-2-phenylisoxazolidine-4-methanolObtained as a colorless oll

in 94% overall yield. Regioselectivity and diastereoselectivityendetermined b{H
NMR of the aldehyde precursor: 3,4-isomer: 3,5-isomer = 99:1er8ld3,4-ex0 =

94:6 (3,4endo: 6 9.68, d, 1HJ = 2.0 Hz; 3,4exo: 6 9.22, d, 1HJ = 3.2 Hz; 3,5-
endo: 6 9.83, d, 1HJ = 1.6 Hz). The 3,4&ndo product was obtained in 96% ee (OD-
H, 93:7 Hexan&/PrOH, 1.0 mL/min, 254 nm, major enantiomer 13.6 min, minor
enantiomer,t= 19.7 min). 'H NMR (400 MHz, CDCJ): & 7.40 (d, 2HJ = 8.0 Hz),
7.22-7.18 (comp, 4H), 6.95 (d, 2Bi= 8.0 Hz), 6.91 (t, 1H) = 7.2 Hz), 4.32 (dd, 1H,
J=7.2, 8.4 Hz), 4.29 (d, 1H, = 6.4 Hz), 3.95 (dd, 1H] = 6.0, 8.4 Hz), 3.81-3.68
(comp, 2H), 2.89-2.81 (m, 1H), 2.36 (s, 3H), 1.44 (t, 1H,5.2 Hz, -OH)*C NMR

(125 MHz, CDC}): & 151.19, 139.07, 137.19, 129.54, 128.73, 126.54, 121.61,
114.80, 72.02, 69.31, 62.81, 56.76, 21.09. IR &n8394, 2942, 2870, 2359, 2338,
1734, 1597, 1488, 1452, 1374, 1263, 1031, 818, 752. HRMS (ESI) calculated for

C17H2oNO>: mz270.1489 ([M + H]), found:m/z 270.1494.

Cl :

3-(4-Chlorophenyl)-2-phenylisoxazolidine-4-methanolObtained as a colorless oil

in 86% overall yield. Regioselectivity and diastereoselectivigye determined b{H
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NMR of the aldehyde precursor: 3,4-isomer: 3,5-isomer = 95:5er8ld3,4-exo0 =
92:8 (3,4endo: § 9.68, d, 1HJ = 2.0 Hz; 3,4exo: § 9.23, d, 1HJ = 3.2 Hz; 3,5-
endo: 6 9.82, d, 1HJ = 1.2 Hz). The 3,4ndo product was obtained in 96% ee (OD-
H, 93:7 Hexan&/PrOH, 1.0 mL/min, 254 nm, major enantiomes 14.4 min, minor
enantiomer,t= 25.2 min)."H NMR (400 MHz, CDCJ): § 7.44 (d, 2HJ = 8.4 Hz),
7.33 (d, 2HJ = 8.4 Hz), 7.23-7.18 (comp, 2H), 6.94-6.91 (comp, 3H), 4.36 (d,J1H,
= 5.2 Hz), 4.27 (dd, 1H) = 8.4, 7.2 Hz), 3.91 (dd, 1H,= 8.4, 6.0 Hz), 3.72-3.66
(comp, 2H), 2.86-2.75 (m, 1H), 1.70 (t, 1H= 4.8 Hz, -OH).**C NMR (125 MHz,
CDCl3): 6 150.82, 140.71, 133.18, 128.96, 128.84, 127.98, 121.84, 114.69, 71.49,
69.14, 62.65, 56.61. IR (cr): 3420, 2937, 2872, 2358, 1712, 1597, 1488, 1247,
1090, 1030, 1013, 845, 754. HRMS (ESI) calculated f@gHGCINO,: m/z 290.0942

([M + H]™), found:m/z 290.0955.

2-Phenyl-3-(4-trifluoromethylphenyl)isoxazolidine-4-methanol. Obtained as a
colorless oil in 90% overall yield. Regioselectivity and diasteeéectivity were
determined byH NMR of the aldehyde precursor: 3,4-isomer: 3,5-isomer = 87:13;
3,4-endo:3,4-exo0 = 94:6 (3,4endo: 6 9.67, d, 1HJ = 1.6 Hz; 3,4ex0: 6 9.21, d, 1H,]

= 3.2 Hz; 3,5endo: 6 9.81, d, 1HJ = 1.6 Hz). The 3,4ndo product was obtained in
96% ee (OD-H, 93:7 Hexand?rOH, 1.0 mL/min, 254 nm, major enantiomer t
11.8 min, minor enantiomer= 23.8 min)."H NMR (400 MHz, CDGJ): § 7.68-7.62

(comp, 4H), 7.26-7.21 (comp, 2H), 6.96-6.92 (comp, 3H), 4.52 (dJE5.2 Hz),
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4.30 (dd, 1H,J = 8.4, 7.6 Hz), 3.94 (dd, 1H,= 8.4, 6.4 Hz), 3.75 (dd, 2H,= 4.8,

6.4 Hz), 2.90-2.81 (m, 1H), 1.55 (t, 1H,= 4.4 Hz, -OH).*C NMR (125 MHz,
CDCly): § 150.77, 146.46, 129.70 (&= 32.5 Hz), 128.94, 126.93, 125.78 Jg; 4.0

Hz), 124.12 (q,) = 269.6 Hz), 121.91, 114.58, 71.61, 69.11, 62.75, 56.67. IR"(cm
3422, 2945, 2869, 2338, 1597, 1489, 1323, 1163, 1112, 1066, 1017, 853, 754. HRMS

(ESI) calculated for GH17F3NO,: m'z324.1206 ([M + H]), found:m/z 324.1206.

2-Phenyl-3-(2-furyl)isoxazolidine-4-methanol.Obtained as a colorless oil in 89%
overall yield. Regioselectivity and diastereoselectivity watermined byH NMR

of the aldehyde precursor: 3,4-isomer: 3,5-isomer > 99:1erld3,4-exo = 88:12
(3,4-endo: 6 9.66, d, 1HJ = 1.6 Hz; 3,4exo: 6 9.43, d, 1HJ = 2.8 Hz; 3,5endo: &
9.82, d, 1HJ = 1.6 Hz). The 3,4ndo product was obtained in 90% ee (OD-H, 93:7
Hexanel-PrOH, 1.0 mL/min, 254 nm, major enantiomer=t 16.4 min, minor
enantiomer;t= 24.6 min).'H NMR (400 MHz, CDCY)): § 7.44-7.42 (m, 1H), 7.28-
7.23 (comp, 2H), 7.05 (d, 2H,= 7.6 Hz), 6.99-6.94 (m, 1H), 6.37-6.35 (comp, 2H),
4.51 (d, 1HJ = 5.2 Hz), 4.34 (dd, 1H = 7.2, 8.4 Hz), 3.95 (dd, 1H,= 6.0, 8.4 Hz),
3.79-3.67 (comp, 2H), 3.19-3.11 (m, 1H), 1.53 (t, I 4.8 Hz, -OH)*C NMR
(125 MHz, CDC}): & 153.63, 150.76, 142.47, 128.84, 122.12, 114.98, 110.45,
107.07, 69.32, 66.30, 62.70, 52.42. IR (&m3426, 2945, 2877, 2348, 1735, 1597,
1487, 1242, 1043, 748. HRMS (ESI) calculated fiHgsNOs: miz 246.1125 ([M +

H]™), found:nvz 246.1134.
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2-Phenyl-3-(2-naphthyl)isoxazolidine-4-methanol.Obtained as a colorless oil in
90% overall yield. Regioselectivity and diastereoselectivityewdatermined byH

NMR of the aldehyde precursor: 3,4-isomer: 3,5-isomer = 99:1er8ld3,4-ex0 =

94:6 (3,4endo: 6 9.75, d, 1HJ = 2.0 Hz; 3,4exo: 6 9.22, d, 1HJ = 3.2 Hz; 3,5-

endo: 6 9.87, d, 1HJ = 1.6 Hz). The 3,4&ndo product was obtained in 97% ee (OD-

H, 90:10 Hexan&/PrOH, 1.0 mL/min, 240 nm, major enantiomert24.0 min,

minor enantiomer, £ 22.3 min)*H NMR (400 MHz, CDC)): & 7.95 (s, 1H), 7.90-

7.82 (comp, 3H), 7.66 (dd, 1H,= 1.6, 8.4 Hz), 7.51-7.46 (comp, 2H), 7.22-7.18
(comp, 2H), 6.98 (d, 2H] = 7.6 Hz), 6.93-6.90 (m, 1H), 4.51 (d, 18= 5.2 Hz),

4.36 (dd, 1H,J = 7.2, 8.4 Hz), 4.00 (dd, 1H,= 6.4, 8.4 Hz), 3.85-3.72 (comp, 2H),
2.97-2.90 (m, 1H), 1.57 (t, 1H,= 4.8 Hz, -OH).*C NMR (125 MHz, CDG): §
151.19, 139.53, 133.45, 132.92, 128.90, 128.81, 127.90, 127.72, 126.30, 125.95,
125.30, 124.65, 121.71, 114.79, 72.38, 69.32, 62.79, 56.67. HRMS (ESI) calculated

for CogH2oNO»: mVz 306.1489 ([M + H]), found:m/z 306.1502.

2-Benzyl-3-phenylisoxazolidine-4-methanolObtained as a colorless oil in 91%

overall yield. Regioselectivity and diastereoselectivity wagtermined byH NMR
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of the aldehyde precursor: 3,5-isomer was not detected at athhd@)4B,4-exo = 98:2
(3,4-endo: 6 9.78, d, 1H,J = 2.0 Hz; 3,4ex0: 6 9.29, d, 1H,) = 3.2 Hz). The 3,4&ndo
product was obtained in 95% ee (OD-H, 96:4 HexaregDH, 1.0 mL/min, 230 nm,
major enantiomer. £ 23.1 min, minor enantiomer= 21.0 min)*H NMR (400 MHz,
CDCl): § 7.45 (d, 2H,J = 7.2 Hz), 7.38-7.20 (comp, 8H), 4.17 (dd, 1+ 8.4, 8.4
Hz), 3.93 (d, 1H, = 14.4 Hz), 3,88 (dd, 1H] = 4.4, 8.4 Hz), 3.75-3.64 (comp, 3H),
3,46 (d, 2HJ = 7.6 Hz), 2.80-2.70 (m, 1H), 1.60 (br, 1H, -OH). This compound has

been fully characterized befote.

Q

N-O

“OH

5-Methyl-2,3-diphenylisoxazolidine-4-methanolObtained as a colorless oil in 78%
overall yield. Regioselectivity and diastereoselectivity waggermined byH NMR

of the aldehyde precursor: 3,5-isomer was not detected at athhd)B,4-exo = 99:1
(3,4endo: 6 9.70, d, 1HJ = 2.4 Hz; 3,4ex0: 6 9.18, d, 1H,) = 3.2 Hz). The 3,4ndo
product was obtained in 95% ee (OD-H, 93:7 HexaRegDH, 1.0 mL/min, 254 nm,
major enantiomer, £ 11.3 min, minor enantiomer= 17.6 min).*H NMR (400 MHz,
CDCl): 6 7.53 (d, 2HJ = 7.2 Hz), 7.40-7.36 (comp, 2H), 7.31-7.19 (comp, 3H), 6.96
(d, 2H,J = 8.0 Hz), 6.92-6.86 (m, 1H), 4.52 (d, 1H= 6.8 Hz), 4.17 (dg, 1H] = 6.0,

8.4 Hz), 3.83-3.70 (comp, 2H), 2.45-2.38 (m, 1H), 1.47 (d,B# 6.0 Hz), 1.34 (t,

1H, J = 5.2 Hz, -OH). This compound has been fully characterized bEfore.
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Procedure for Determination of Enantiomeric Excess for theAsymmetric 1,3-
Dipolar Cycloaddition Reactions of Nitrones with Methacrolein Gitalyzed by
[Rh2(5S,R-MenPy),SbFs.  After  determination of  regioselectivity and
diastereoselectivity as described earlier, a product mixtuoe fr reduction was
purified by flash chromatography on silica gel (using.Ckl as the eluent) to afford
an inseparable mixture of the cycloadducts which still had thehgtle functionality.
The enantiomeric excess was determined according to theuigray *H NMR
spectroscopy aftein situ formation of diastereomeric imines witfR)-(+)-a-
methylbenzylamine (Acros, > 99%): 20 mg (1.0 eq) of produckt 2.0 eq ofR)-(+)-
a-methylbenzylamine were mixed in 0.6 mlgd; after one night at room

temperature all of the aldehydes were converted to imines.

Q- @N "
oHE Me
3,4-endo 3,5-endo

4-Methyl-2,3-diphenylisoxazolidine-4-carbaldehyde and 5-Methyl-2,3-
diphenylisoxazoli-dine-5-carbaldehyde. Regioselectivity and diastereoselectivity
were determined byH NMR spectral analyses §Bs, 400 MHz): 3,4exo was not
detected at all. 3,ndo:3,5-endo = 79:21 (3,4endo: ¢ 9.08, s, 1H; 3,%®ndo: 6 9.47,

s, 1H). Enantiomeric excesses of produstre determined byH NMR spectral
analyses afterin situ formation of diastereomeric imines witR)-(+)-a-
methylbenzylamine (Acros, > 99%). The diastereomeric excesfs@nines were

determined by integration of the O-N-C¢BPh) signals*H NMR (CsDs, 400 MHz)
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3,4-endo: O-N-C(3H1(Ph), s, 4.96 ppm; O-N-C(ER(Ph), s, 4.92 ppm; d. r. = 99:1.
3,5-endo: O-N-C(3H1(Ph), t, 5.05 ppm; O-N-C(B2(Ph), t, 4.73 ppm; d. r. = 78:22.
Therefore, 98% ee for 3ghdo and 56% ee for 3,BAdo were obtained after the

cycloaddition reaction. These compounds have been fully characterized pretflousl

N-O Z
M and N-O
: ~YMe
HsCO oHC Me HacoWHO

3,4-endo 3,5-endo
3-(4-Methoxyphenyl)-4-methyl-2-phenylisoxazolidine-4-carbaldehyde and-(4-
Methoxyphenyl)-5-methyl-2-phenylisoxazolidine-5-carbaldehyde Regioselectivi-
ty and diastereoselectivity were determinedyNMR spectral analyses {Bs, 400
MHz): 3,4-exo was not detected at all. 3gfielo:3,5-endo = 97:3 (3,4endo: 6 9.14, s,
1H; 3,5endo: 6 9.51, s, 1H). Enantiomeric excesses of prodweie determined by
'H NMR spectral analyses after situ formation of diastereomeric imines wifR)-
(+)-a-methylbenzylamine (Acros, > 99%). The diastereomeric exseskémines
were determined by integration of the O-N-G{B3-MeOPh) signals’H NMR
(CéDs, 400 MHz) 3,4endo: O-N-C(3H1(4-MeOPh), s, 4.93 ppm; O-N-C{33(4-
MeOPh), s, 4.88 ppm; d. r. = 99.5:0.5. Therefore, 99% ee fam8a@tproduct was

obtained . These compounds have been fully characterized previdusly.
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H3C/®Z|—|K62'V'e WHO

3,4-endo 3,5-endo
4-Methyl-2-phenyl-3p-tolylisoxazolidine-4-carbaldehyde  and 5-Methyl-2-
phenyl-3-p-tolylisoxazolidine-5-carbaldehyde.Regioselectivity and diastereoselec-
tivity were determined byH NMR spectral analyses {Ds, 400 MHz): 3,4exo was
not detected at all. 3, @do:3,5-endo = 89:11 (3,4endo: 6 9.19, s, 1H; 3,%ndo: o
9.56, s, 1H). Enantiomeric excesses of prodwete determined b{H NMR spectral
analyses afterin situ formation of diastereomeric imines WwithfR)-(+)-a-
methylbenzylamine (Acros, > 99%). The diastereomeric excesfs@nines were
determined by integration of the O-N-C{R%-MePh) signals'H NMR (C¢Ds, 400
MHz) 3,4endo: O-N-C(3H1(4-MePh), s, 5.00 ppm; O-N-C(32(4-MePh), s, 4.98
ppm; d. r. = 98.5:1.5. 3,8ado: O-N-C(3H1(4-MePh), t, 5.12 ppm; O-N-C(BR(4-
MePh), t, 4.80 ppm; d. r. = 80:20. Therefore, 97% ee foedjé-and 60% ee for 3,5-
endo were obtained after the cycloaddition reaction. These compounds hawe be

fully characterized previousfy.

3-(4-Chlorophenyl)-4-methyl-2-phenylisoxazolidine-4-carbaldehyde and 3-(4-

Chlorophenyl)-5-methyl-2-phenylisoxazolidine-5-carbaldehyde. Regioselectivity
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and diastereoselectivity were determined'HyNMR spectral analyses (CDLKUO0
MHZz): 3,4-exo was not detected at all. 3gtdo:3,5-endo = 53:47 (3,4endo: 6 4.87, s,
1H; 3,5endo: 6 4.74, t, 1H,J = 7.6 Hz). Enantiomeric excesses of prodwcese
determined by'"H NMR spectral analyses aftan situ formation of diastereomeric
imines with (R)-(+)-a-methylbenzylamine (Acros, > 99%). The diastereomeric
excesses of imines were determined by integration of the @NHCI-CIPh)
signals:'H NMR (CDsCN, 600 MHz) 3,4endo: O-N-C(3H1(4-CIPh), s, 5.07 ppm;
O-N-C(3H2(4-CIPh), s, 5.06 ppm; d. r. > 99.5:0.5. 8&lo: O-N-C(3H1(4-CIPh),

t, 5.00 ppm; O-N-C(3J2(4-CIPh), t, 4.76 ppm; d. r. = 86:14. Therefore, 99% ee for
3,4-endo and 72% ee for 3,8ado were obtained after the cycloaddition reaction.

These compounds have been fully characterized previdusly.

N-0
: ~YMe
FaC oHC e I:3(3©/K)8Ho

3,4-endo 3,5-endo
4-Methyl-2-phenyl-3-[4-(trifluoromethyl)phenyl]isoxazolidine-4-carbaldehyde
and 5-Methyl-2-phenyl-3-[4-(trifluoromethyl)phenyllisoxazolidine-5-carbalde-
hyde. Regioselectivity and diastereoselectivity were determinetHo)MR spectral
analyses (€Ds, 400 MHZz): 3,4exo was not detected at all. 3gelo:3,5-endo = 30:70
(3,4-endo: 6 9.05, s, 1H; 3,%=ndo: 6 9.48, s, 1H). Enantiomeric excesses of products
were determined by'H NMR spectral analyses aftein situ formation of
diastereomeric imines witHR)-(+)-a-methylbenzylamine (Acros, > 99%). The

diastereomeric excesses of imines were determined by atitegrof the O-N-
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C(3H(4-CRPh) signals:'H NMR (CsDs, 400 MHz) 3,4endo: O-N-C(3H1(4-
CRPh), s, 5.09 ppm; O-N-C(BR(4-CRPh), s, 4.98 ppm; d. r. = 98:2. Fbdo: O-
N-C(3)H1(4-CRPh), t, 5.03 ppm; O-N-C(Bi2(4-CKPh), t, 4.71 ppm; d. r. = 81:19.
Therefore, 96% ee for 3ghdo and 62% ee for 3,Bado were obtained after the

cycloaddition reaction. These compounds have been fully characterized pretfiously

- Q
(Y@ and N N_O‘
\ O ong Me WHMS

3,4-endo 3,5-endo
3-(Furan-2-yl)-4-methyl-2-phenylisoxazolidine-4-carbaldehyde and 8-uran-2-
yl)-5-methyl-2-phenylisoxazolidine-5-carbaldehyde.  Regioselectivity and
diastereoselectivity were determined’pyNMR spectral analyses {Ds, 400 MHz):
3,4-exo was not detected at all. 3gtelo:3,5-endo = 79:21 (3,4endo: 6 9.08, s, 1H;
3,5-endo: § 9.48, s, 1H). Enantiomeric excesses of produsse determined bjH
NMR spectra analyses aftersitu formation of diastereomeric imines wiiR)-(+)-a-
methylbenzylamine (Acros, > 99%). The diastereomeric excesfs@nines were
determined by integration of the O-N-CRfuran-2-yl) signals*H NMR (CsDs, 500
MHz) 3,4-endo: O-N-C(3H1(furan-2-yl), s, 5.30 ppm; O-N-C@R(furan-2-yl), s,
5.26 ppm; d. r. = 99:1. 3éndo: O-N-C(3HZ1(furan-2-yl), t, 5.21 ppm; O-N-
C(3)H2(furan-2-yl), t, 4.90 ppm; d. r. = 77:23. Therefore, 98% ee forelgd-and

54% ee for 3,%ndo were obtained after the cycloaddition reaction. These

compounds have been fully characterized previotisly.
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Q.. Q.

3,4-endo 3,5-endo

4-Methyl-3-(naphthalen-2-yl)-2-phenylisoxazolidine-4-carbaldehyde  and 5-
Methyl-3-(naphthalen-2-yl)-2-phenylisoxazolidine-5-carbaldehyde. Regioselecti-
vity and diastereoselectivity were determined'bBlyNMR spectral analyses {Ds,
400 MHz): 3,4exo was not detected at all. 3gfielo:3,5-endo = 70:30 (3,4endo: 6
9.21, s, 1H; 3,%ndo: 6 9.58, s, 1H). Enantiomeric excesses of prodwetse
determined by'H NMR spectral analyses aftan situ formation of diastereomeric
imines with (R)-(+)-a-methylbenzylamine (Acros, > 99%). The diastereomeric
excesses of imines were determined by integration of theGY3MH (naphthalen-2-
yl) signals:*H NMR (CsDs, 400 MHz) 3,4endo: O-N-C(3H1(naphthalen-2-yl), s,
5.26 ppm; O-N-C(I2(naphthalen-2-yl), s, 5.19 ppm; d. r. = 97.5:2.5. 8d6: O-
N-C(3)H1(naphthalen-2-yl), t, 5.30 ppm; O-N-CE8(naphthalen-2-yl), t, 4.99 ppm;
d. r. = 76:24. Therefore, 95% ee for &#o and 52% ee for 3,Bado were obtained
after the cycloaddition reaction. These compounds have been fidhaatrized

previously'®

Procedure for the Asymmetric Hetero-Diels-Alder Readbn of p-
Nitrobenzaldehyde with the Danishefsky Diene Catalyzed by R{BSS
MenPy),SbFs. A 10 ml Schlenk flask charged with a magnetic stir bar and 4 A

molecular sieves (300 mg) was placed under high vacuum and heateash&gnB
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burner to dryness. After cooling to room temperature385-MenPy), (33.8 mg,
0.026 mmol), 2,6-dtert-butylpyridine (22 pL, 0.10 mmol) and toluene (1.0 mL)
were added under a flow of,NThe resulting green solution was stirred for 10 min
before NOSbE (6.6 mg, 0.025 mmol) was added. The solution was allowed to stir for
an additional 30 min, during which time the color gradually turned fgoeen to
deep red.p-Nitrobenzaldehyde (76 mg, 0.5 mmol) was added into the mixture,
followed by the addition of 0.5 mL toluene. Then, the Danishefsky diE2@ L,

0.62 mmol) was addeda a micro syringe to the flask. The solution was stirred at
room temperature until completion of the reaction (TLC). Threpsiof TFA were
added, and the reaction solution was stirred for an additional 30 min.5 thdn
CH.CI, was added to dilute the solution. The mixture was washed withatstur
NaHCQ; and brine solution, then the organic layer was concentrated and
chromatographed on silica gel with hexane:ethyl acetate {@:isplate the product
(104 mg, 95% vyield).

NO,

NGHO)
(S)-2-(4-Nitrophenyl)-2H-pyran-4(3H)-one.*H NMR (400 MHz, CDCJ): 6 8.30 (d,
2H,J = 8.8 Hz), 7.59 (d, 2H] = 8.8 Hz), 7.51 (d, 1H] = 6.0 Hz), 5.58 (dd, 1H] =
6.0, 0.9 Hz), 5.55 (dd, 1H, = 3.7, 14.0 Hz), 2.86 (dd, 1H,= 14.0, 16.8 Hz), 2.73
(ddd, 1H,J = 0.9, 3.7, 16.8 Hz). This compound has been fully characterized
previously? The enantiomeric excess was determined to be 94% ee (OD-H, 80:20
Hexanel-PrOH, 1.0 mL/min, 254 nm, major enantiomer=t 22.6 min, minor

enantiomert= 32.0 min).
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Procedure for the Asymmetric Carbonyl-ene Reaction of EthylGlyoxylate with
o-Methylstyrene Catalyzed by RB(55SMenPy),;SbF. After Rh(5SS
MenPy)SbF; (0.025 mmol) was generatéa situ in toluene (1.0 mL) in a Schlenk
flask (procedure same as that for the hetero-Diels-Aldetioadca-methylstyrene
(325 pL, 2.5 mmol) was added to the catalyst solution and stirred for ibQ m
followed by the addition of ethyl glyoxylate (0.5 mmol). The rasglisolution was
stirred at 0 °C in an ice bath for 7 days (the temperaturenefide bath was
maintained by constantly decanting water and adding ice). Theomanixture was
concentrated and directly loaded onto a silica column (hexaneastbigdte = 3:1) to

isolate the product (99 mg, 90% yield).

OH

O
(S)-Ethyl 2-Hydroxy-4-phenylpent-4-enoate’H NMR (400 MHz, CDCJ): & 7.44-
7.39 (comp, 2H), 7.36-7.30 (comp, 2H), 7.30-7.25 (m, 1H), 5.39 (s, 1H), 5.21 (s, 1H),
4.30-4.23 (m, 1H), 4.15-4.00 (comp, 2H), 3.05 (dd, 11, 4.4, 14.4 Hz), 2.84 (dd,
1H,J = 7.6, 14.4 Hz), 2.75 (d, 1H = 6.3 Hz), 1.23 (t, 3HJ) = 7.1 Hz). This
compound has been fully characterized previotf§lfihe enantiomeric excess was
determined to be 94% ee (AD-H, 98.5:1.5 HexaReDH, 1.0 mL/min, 254 nm,

major enantiomer £ 25.5 min, minor enantiomer=t 29.0 min).

NMR graphs and HPLC chromatograms can be obtained from the qaporting
information of the paper published in the Journal of the American Chemical

Society: Wang,X.; Weigl, C.; Doyle, M. PJ. Am. Chem. Soc. 2011, 133, 9572.
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4.4 Data Table for Figure 1.5

Conversion (%) as a function of time for the standard reactidhioetliphenylnitrone
with acrolein catalyzed by [R{BSR-MenPy)]|SbFk; in PhMe, PhCI, Phl, and GBI,

at 0 °C (plotted in Figure 1.5).

reaction time  conversion(%) conversion(%) conversion(%) conversion(%)

in PhMe in PhCI in Phl in CH.Cl,
after 20 min 84 67 n. d. n. d.
40 min 96 88 n. d. n. d.
1h 100 95 52 27
1 h 20 min 100 n. d. n. d.
2h 78 42
3h 91 56
4 h 100 67
5h 76

2 The general procedure was carried dildetermined byH NMR; conversion (%) based on
nitrone; n. d. = not determined.

4.5 DET Calculation Details

DFT Calculations of the Ground-state Acrolein-RB(5S-IPPy)," Complex in the
Solvent of Toluene and Dichloromethane.Calculations were performed with
Gaussian 03 softwaréThe B3LYP functional with the LANL2DZ basis set and the
CPCM solvation model was applied in these calculations. The vibrafreqalencies

calculated for the energy minimized geometries are all positive.

The  Ground-State = Conformation of  Acrolein-Rhp(55-IPPy)s”  in

Dichloromethane:

Eok = -2779.878836,"298K: -2779.81832%295« =-2779.979118 (Hartree/ParticIe)

Center Atomic  Atomic Coordinates (Angstroms)
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The Ground-State Conformation of Acrolein-Rh(5S-1PPy)," in Toluene:

EOK = -2779.811496,"298K: '2779-7513826298K =-2779.911345 (Hartree/ParticIe)
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Chapter 2

Asymmeric [3+3]-Cycloaddition Reactions of
Nitrones with Electrophilic Vinylcarbene

Intermediates

l. Introduction

1.1 General Introduction

Nitrones (Figure 2.1), an important class of dipolar compounds, have been
widely used in the preparation of isoxazolidines through [3+2]-dipoleloagidition
reactions with alkenes (Scheme 21 Chapter 1, | have introduced a highly
selective [3+2]-cycloaddition reaction of nitrones witi3-unsaturated aldehydes by
use of the cationic chiral dirhodium carboxamidateand my colleagues envisioned
that, when a rhodium carben®,(which is generated from a vinyldiazoacetate and a
dirhodium catalyst (Rlb,), is treated with a nitrone, a stepwise [3+3]-cycloaddition
or a concerted [3+2]-cycloaddition could occur (Scheme 2.2). Withwibrd
described in this chapter, the [3+3]-cycloaddition pathway between retrane
rhodium vinylcarbenes (drawn with dashed arrows in Scheme 2.2) has been
confirmed. Herein | will discuss the background of this [3+3]-cyaiitizon and its

scope and limitations.
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Figure 2.1 General Structural Representation for Nitrones.
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Scheme 2.XGeneral Representation of [3+2]-Cycloaddition Reactions of Nitrones
with Alkenes.
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Scheme 2.43+2] or [3+_3]-Cycloadd_ition of Nitrones with Rhodium Vinylcarbenes.

1.2 Vinyldiazoacetates

A vinyldiazoacetate?) is ana-diazoacetate bonded through the diazo carbon
to a vinyl group® In this highly conjugated structure (Scheme 2.3) electron
distribution can be viewed as giving excess electron density teuimgl carbon that
is referred to as the vinylogous position. Whenftseibstituent (Rin Scheme 2.3) is
a siloxy group, the vinylogous site of a vinyldiazoacetate is nucleophilie(&e 2.4).
Based on this knowledge, the Doyle group has developed the Mukaiy@doha-a
reaction’ the Mannich reactidhand the Mukaiyama-Michael reactfoof the p-
siloxy-substituted vinyldiazoacetates (e3).,with electrophiles (Scheme 2.5), all of

which occurred in high yields.
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Scheme 2.Resonance Forms of Vinyldiazoacetates.
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Scheme 2.45eneral Scheme for the Nucleophilic Addition ¢f-&iloxy-Substituted
Vinyldiazoacetate to an Electrophile.

Doyle's work:

Sc(OTf); TBSO O
OTBS !
i + /H(COZMe mott) - g CO:Me
R”H CH,Cl, RT N,
N2 10h
R = alkyl or Ar 3 90%~98% yield.
A oTBS 1) SO AR o
| + %\H/COzme =2 5 )\)J\H/COZMe
Ar” OH CH,Cl,, RT  Ar
N, 10h N,
2) SiO,
o 3 88%~95% yield.
OTBS Zn(OTf), OTBS
R1)JEL N /H(COZMG (0.5 mol%)
CH,Cl;
R2 R3 N2 0°Cto RT
24 h

3
R4, Ry, R3 = alkyl or Ar

78%~99% yield.

Scheme 2.9=xamples of the Nucleophilic Addition offaSiloxy-Substituted
Vinyldiazoacetate to Electrophiles.
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When a dirhodium carboxylate or a dirhodium carboxamidate (discussed in
the introduction section of Chapter 1) is added to a vinyldiazoacetatepdium
vinylcarbene is formed through the evolution of nitrogen gas from the
vinyldiazoacetate (Scheme 2%Yhe introduction of the electron-deficient carbon
center in a rhodium vinylcarbene makes both the vinylogous siteharahtbene site
electrophilic (Scheme 2.8)which is the reverse of the polarization in the original
vinyldiazoacetate (Scheme 2.3). Reactions at the carbene sige Heen well

documented, but the reactivities of the vinylogous site have attracted mesh |

attention’
addition at the vinylogous site
Nu:
\v R1
R
2@ OR,
R, O R, O / Rs R@h2|-4
R
ZWJ\OR‘; Rh2L4 RZWJ\OR4 1
Rs E@ R; RholL,
o N, thodium ﬁ&ltlon at the carbene site
vinylcarbene
y R, @
R, Rh2L4
S

Scheme 2.6~ormation and Resonance Forms of Rhodium Vinylcarbenes.

The possibility of a nucleophilic attack at the vinylogous site ahodium
vinylcarbene was first confirmed by Davigsvhen he observed alkylation at the
vinylogous site (product) in reactions of methyl 2-diazo-3-butenoa#® Wwith N-
(methoxycarbonyl)pyrole5) catalyzed by RI{OAC), (Scheme 2.7). Davies’ purpose
of setting up this reaction was to prepare a nitrogen-bridgeldheptadiené via a

tandem cyclopropanation/Cope rearrangement cascade procesangSch8).
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However, in refluxing dichloromethane with 1 mol% of ,&»Ac),, reaction of4

with 5 only provide6 in 19% vyield together with a 16% yield B{Scheme 2.7}

Davies' work:

Meozc
co,Me  Rhx(OAc), CO,Me
j\ . iy _(1mol%) mol%) ﬂb/cone N
T CHCL W
Ny~ "CO,Me @ refiux COMe
12 h
4 5
19% yield 16% vyield
Scheme 2. 0Observation of the Vinylogous Addition.
MeOZQ
COzMe | . COMe N
cyc opropantion N Cope CO,Me
;\ \ CO,Me| — & ﬂb/
L Rhy”~ “CO,Me
% 6

Scheme 2.8ascade Process for the FormatioB.of

The formation of7 was proposed to occur through dipolar intermed&te
which was formed by addition &fto the rhodium vinylcarbene at the vinylogous site
(Scheme 2.9). This mechanism is supported by the observation thaausdngpolar
solvent such as hexane inhibits the formatiorv,obecause a dipolar intermediate

(e.g.,8) is expected to be destabilized by non-polar media.

(|302Me
N
S)
COM w qone Rh,L, CO,Me
oMe 5 N® proton transfer !
Rh,L, _ COMe Wcozl\ne

8
Scheme 2.9~ormation of7 via the Vinylogous Addition.

Generation of a dipolar intermediate through vinylogous addition Veas a
confirmed in the R}{OAc);-catalzyed [3+2]-cycloaddition reactions of

vinyldiazoacetates with vinyl ethefSVinyldiazoacetat® was reacted with the and
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Z vinyl ethers,10 and11 in the presence of R{OAc), (Scheme 2.10). Reaction with
the E vinyl ether (L0) produced theérans product exclusively; however, a mixture of
cis andtrans products was formed with thi&vinyl ether (1). The result from the Z

vinyl ether clearly indicates the presence of intermedidte the process that could

adjust its conformation to produce tinans product (Scheme 2.16.

Davies' work:

MeO
Rh2(OAc)
| CHZCI2
£ OMe reflux
1h CO,BHT
10 9 trans
BHT = 2,6-di-(tert-butyl)-4-hydroxytolyl 85% yield
MeO MeO
CO,BHT Rfif]gﬁ,‘/c))
| /\If I mole) .
CH,CI, .
MeO reflux MeO" MeO
7 1h CO,BHT CO,BHT
trans cis
" 9 25% vyield 44% yield
MeO
,
MeO @ CO,BHT
€ L4R82
L 12 _

Scheme 2.1(03+2]-Cycloadditions ot andZ Vinyl Ethers with a Rhodium
Vinylcarbene.

The selectivity between the vinylogous site and the carberee isit
nucleophilic additions to rhodium vinylcarbenes can be influenced g stiect
from substituents on nucleophil€sFor example, the reaction between methyl 2-
diazo-@)-pent-3-enoate 18) and N-methylpyrrole {4) catalyzed by Rifesp)®

(Figure 2.2) produced two substitution products in 55% overall yield (Schemé&®.11).
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The major product accounting for 50% vyield was generated fromiageaat the
carbene site; and the minor product, accounting for 5% yield, was dddition to
the vinylogous site. However, when the nucleophile was changbhd &4-dimethyl-
substitutedN-methylpyrrole 15), regioselectivity shifted to the vinylogous addition
completely, and the same outcome was also obtained when tiwebstér of the
vinyldiazoacetate was increased by changing from théyhester in13 to thetert-

butyl ester inl6 (Scheme 2.11%°

Davies' work: ' addition to addition to !
' carbene site vinylogous site '

Rhy(esp), | |

\ [N @mow)y i Y ) = |

+ —_— + :

N, N CHCl, ! N N |
CO,Me | 20°C | | CO,Me | _CO,Me!

2h ! |

13 14 | 50% yield 5% yield !
Rhy(esp), E E

\ ﬂ (2mol%) | ) T |

N + N W no addition :
* coMe I 20e¢ | locarbene N\ cosMe!
2h ! |

13 15 ! 75% yield |
Rha(esp), ! :

) [\ @mols) ) B :

N, + N W : tno adgmon N CO.IB !
1 u ]

COztBu I _202002 : O carbene I ~ 2 E

16 14 2h i 50% yield !

Figure 2.2 Rhy(esp} {Bis[rhodium(a,a,0’,0/-tetramethyl-1,3-benzenedipropionates)]}

71



1.3 Nitrones

Besides their potential in dipolar cycloaddition reactions, nitromesakso
electrophiles. Since Tomoda first performed the nucleophilic additiaiybfketene
acetals to nitrones (Scheme 2.12) in 198®icleophilic additions to nitrones have
been performed by many grouf¥sDr. X. Xu in our group first mixed-siloxy-
substituted vinyldiazoacetaBewith N,a-diphenylnitrone, and found that nucleophilic
addition of 3 to the electron-deficient carbon of the nitrone with TBS temsf

occurred in a high yield when Lewis acid Cy¢Rf@s added (Scheme 2.13).

Tomoda's work:

o
® OTBS Ph. OTBS
Ph\,[o . /}\ NS
OMe CH;CN
Ph 25 °CQZ 24 h Ph)\/U\OMe

93% yield
Scheme 2.1Nucleophilic Addition of a Silyl Ketene Acetal dMa-diphenylnitrone.
Doyle's work:

o oTBS CUPF,

OTBS
Ph\(,ﬁlk/o . CO,Me (ZC Sogl/o) Phav'0
2Ll CO,Me
Ph N, 4 AMS Ph)\)J\H/ 2
3 0°C,1h N2
95% yield

Scheme 2.13ucleophilic Addition of Vinyldiazoacetat®to N,a-diphenylnitrone.

1.4 Previous Reports of [3+3]-Cycloaddition Reactions with Nitrones

A cycloaddition is a reaction in which two or more unsaturated masdor
parts of the same molecule) combine with the formation of accydtiuct in which
there is a net reduction of the bond multiplictyCycloadditions may be pericyclic

reactions or stepwise reactiofisAlthough [3+2]-cycloaddition reactions of nitrones
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have been studied extensivéfy,scarce attention has been given to the [3+3]-

cycloaddition that involves a nitrone.

There are only a few reports in the literature that present a [3+3]acigition
process with nitrones. In 2003, Kerr and co-workers developed a [3e¢fdjadglition
reaction of a nitrone with a 1,1-cyclopropane diester to producé&aydro-1,2-
oxazine (Scheme 2.1%).1,1-Cyclopropane diesters are known to have dipolar
character due to polarization by the estéralthough there are still unanswered
questions on the mechanism of this prodéske overall outcome is the connection
of a dipole donor to a dipole acceptor in a head to tail fashion. Follodengs
discovery, Sibi developed an enantioselective version of the reactionhhtwugse

of Kanemasa'’s chiral Ni(Cl§,-(RR)-DFBOX catalyst® as the Lewis acid (Scheme

2.15)*°
Kerr's work:
Yb(OTf), Ar< O R
Af\® o COMe (5 mol%) N
ole = =
CO,Me CH,Cl,, RT  Ar
H 3~42h  MeO,C CO,Me
R = H, Ar or vinyl
Single diastereomer,
50%~96% yield.
R
)><002Me R
p— o
COuMe g/\roozlvle

MeO,C

putative intermediate
Scheme 2.143+3]-Cycloaddition Reactions of Nitrones with Cyclopropanes.
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Sibi's work: 0

Ni(ClO4)5- Ph
® S (RR)-DFBOX R.\-0 O NP

R\N/O . I><COZEt (5 mol%) ”,\l

HJ\ " COEt CHOp RT AT 5 0--Ni(ClOg),
r

15~35days C102C 02 /Njfpkr']

R = Me, Bn or Ph 95%~99% yield, e}

79%~94% ee. | Ni(CIO,),~(R,R)-DFBOX

Scheme 2.1%hiral Lewis Acid-Catalyzed Asymmetric [3+3]-Cycloaddition
Reactions of Nitrones with Cyclopropanes.

In 2006, Hayashi and Shintani reported an enantioselective [3+3]-cyaaddit
reaction of a trimethylenemetha& with nitrones catalyzed by ia situ-generated
chiral Pd(0)-phosphine catalyst (Scheme 21 &).this reaction, the generation of the
Pd-associated dipolar intermedidi® from 17 by coordination of a Pd catalyst is a
well-studied proces®, the isomerization fromi8 to 19 is driven by stabilization of
the benzylic anion? and addition occurs by attack of the benzylic anion at the

electron-deficient carbon of the nitrori9( 20).
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Hayashi and Shintani's work:
CpPd(n*-C3Hs)

SiMes o O (5 mol%) o}
Ar\N/O chiral phosphine N-Ar
OAc * )R (10 mol%) _ B

Ph H” Ph “CHyCl,40°c 0 Ph
17 92% yield,
Ar =4-Et0,CCeHy 48 trans/cis = 85/15,
Pd (0) |(- Me3SiOAc) ee of trans = 92% ee.
® . T -Pd(0)
Pd Pd o
© .
— o o nitrone \..7 O
/s -~ o N—Ar
gdPh Ph 2
PR Ph
18 19 20
‘O 2-naphthyl
o_ )"Me

P—N
o/ >—Me
2-naphthyl

chiral phosphine

Scheme 2.16°d-catalyzed [3+3]-Cycloaddition Reactions of Trimethylenemethane
with Azomethine Imines.

In 2009, Zhang and co-workers discovered a gold-catalyzed [3+3]-
cycloaddition of 2-(1-alkynyl)-2-alken-1-one€1j with nitrones (Scheme 2.17.
They proposed a mechani$h{Scheme 2.17) in which 2-(1-alkynyl)-2-alken-1-ones
(22) first cyclized to generate the putative furanyl gold inenlrate22, and then the
oxygen of the nitrone acted as a nucleophile to attack the cédyoc¢a 22 to
generate the intermedia®3, which cyclized to produce the [3+3]-cycloaddition
product?®® Zhang's group has also achieved the enantioselective version of the

reaction by use of the chiral diphosphine ligated Au(l) catalysts (Schemé&?2.18)
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Zhang's work:
R, R

©  Ph3PAuUOTf N
. R®.0 (25 mol%) O-N
1 X + — R2 Ar
A R [ CHyCI, RT
% 3 AT 10~30mins / \ -
R4, Ry, Rz = alkyl or Ar R = Bn or Ph 1 0] | 3
21 53%~98% vield,
trans/cis = 85/15~99:1.
AuL % - Aul
5 B . GLB\l/ﬁAl’ 7
@ —
AuL b
R nitrone o O ©
R / \ R - R, AuL
17 0 3 A\
22 L 23 _

Scheme 2.17Gold Catalyzed [3+3]-Cycloaddition Reactions of 2-(1-Alkynyl)-2-
alken-1-ones with Nitrones.
Zhang's work:

R -
L(AuCI), )
R o9 (2.5mol%) O-N L=
R | + RGO AgoTr R Ar o
1 AN m (2.5 mol%) T ( PPh,
o R Ar DCE, -10°C 0 PPh
’ 1<12n R 07 Rs 9) O 2
R1, Ry = Ar, R =Bnor Ph Single diastereomer,| 1= 1~3
R3 = Ar or alkyl 72%~99% yield,

75%~97% ee.

Scheme 2.1&nantioselective [3+3]-Cycloaddition Reactions of 2-(1-Alkynyl)-2-
alken-1-ones with Nitrones Catalyzed by a Chiral Au(l)-diphosphine Camnple

1.5 Our Design of the [3+3] Cycloaddition Reaction of Nitrones wht Rhodium

Vinylcarbenes

We envisioned that, when a rhodium vinylcarbel)aq treated with a nitrone,
a [3+3]-cycloaddition reaction could occur. General representatighiofpossible
[3+3]-cycloaddition process is shown in Scheme 2.19. Considering theorlect
nature of the rhodium carbene intermedidfe both the vinylogous carbon and the
carbene carbon are activated for nucleophilic attack by oxygentfremitrone, and

either intermediat@4 or 27 can be formed depending on whether the site for addition
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is at the carbene carbon or at the vinylogous carbon. The foawirlization would
form the intermediat&5 or 28, and then elimination of Rh; would produce a
product of a six-membered ringg or 29) that is comprised of three atoms from the

nitrone and three atoms from the rhodium vinylcarbene.

_ A _
X _B
—_—
vinylogous | ~®.0  Rhyl,
addition |N o ©

o
B ~9-0 24 25 26

|
RhoLy )\ A

carbene @ /O Rhol, |7
addition —N ©)

/L
27 28 29
Scheme 2.1%ossible [3+3]-Cycloaddition of Nitrones with Rhodium Vinylcarbenes.

[3+3]-Cycloaddition of a vinylcarbene with a 1,3-dipole is a very undeveloped
area. Only a recent communication by Toste has described adst8addition
process (Scheme 2.20) that involves a putative metal vinylcarbesrendaiate
(31).?* The metal vinylcarben&{) was generated from the association of a propargyl
ester 80) with a gold(lll) catalyst. The process reported by Tosteurscthrough
attack of the nucleophilic nitrogen of the 1,3-dipole at the carls@ie of the gold

vinylcarbene 81 — 32), resembling the transformation frd2i to 29 in Scheme 2.19.
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Toste's work: o

PicAuCl,
OBz S (5 mol%) N
ZASREE - e
S pr” N CHoCl, Ph OBz

\ 0°C
30 Spn PH
80% yield. d.r. = 81
lAu(III) T o yield, ar
o
A" [ 3 . R
u
)\H - /EééN)})\a ﬁN
N N
OBz Ph \ OBz Ph OBz
“pn ®
31 32 Ph

Scheme 2.2@old(ll)-Catalyzed [3+3]-Cycloaddition Reaction between a Propargyl
Ester and an Azomethine Imine.

1.6 Product of the Designed [3+3]-Cycloaddition and Previous Synthesis

Our designed [3+3]-cycloaddition of nitrones with rhodium vinylcarbenes
would produce 3,6-dihydro-1,2-oxazines (compowt@lin Scheme 2.19) as the
reaction product if the initial oxygen addition occurs at the viggus site. Synthesis
of 3,6-dihydro-1,2-oxazines has been achiewiadhe hetero-Diels-Alder reaction of
a nitroso compound with a diefi¢Scheme 2.21) and from a tandem one-pot process
developed by Ley involving organocatalyticoxyamination of an enamine with
nitrosobenzene followed by reaction with a vinyl phosphonium salt in an
intramolecular Wittig process (Scheme 2.22)ey’s two-step organocatalytic route
provides high enantiocontrol and modest to good yields but is lintiesl far to

nitrosobenzene.
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nitroso compound diene 3,6-dihydro-1,2-oxazine
Scheme 2.2Hetero-Diels-Alder Reactions of Nitroso Compounds with Dienes.
Ley's work:

o BPhsr  PhoP
PR G ey L
H™ ™ " "NHPh ~_0  witig ~©
R R O z Reaction Ii

Scheme 2.22 ey’s Tandem Reactions to Prepare Chiral 3,6-Dihydro-1,2-oxazines.

Yamamoto reported the only successful example of a metdyzeda
enantioselective preparation of  3,6-dihydro-1,2-oxazines, @ where the
Cu(l)/diphosphine complex was used as a Lewis acid to activatenitheso
compounds for [4+2]-cycloaddition with conjugated dienes that occurred @lendc
yields and enantioselectivities (Scheme 2%23However, a relatively high catalyst
loading (10 mol%) was required, and only pyridylnitroso compounds produced the
3,6-dihydro-1,2-oxazines with high enantiocontrol, probably due to a needder t
point binding of substrate to catalyst provided by both the nitroso and tioylpy

groups.
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Yamamoto's work: A O
/ /o
N. CuPFg-(S)-SEGPHOS N O
~ 3y o (10 mol%) ) o PPh;
x~_N + CHZCIZ N \ O O PI:,h2
-85°Cto-20°C —
CH, 15 h H,C o
>99% yield, 92% ee (S)-SEGPHOS
H5C

R O

CuPFe ~(S)-DIFLUO N, N O
A~ N\O OTIPS SPlos . A o
<N (10 mol%) _ O-N 2
CH,Cl, = F_O PPh,

L, Hi (_ ycHy | Y O

85 °C to -20 °C
5h F O

OTIPS | (s)-DIFLUOROPHOS

95% vyield, 99% ee

Scheme 2.2Zu(l)/Diphosphine Complexes Catalyzed Hetero-Diels-alder Reactions
of Pyridylnitroso Compounds with Cyclic and Acyclic Dienes.

1.7 Synthetic Applications of 3,6-Dihydro-1,2-oxazines

3,6-Dihydro-1,2-oxazines are useful building blocks for the synthesis of
natural products and biologically relevant compoufidSor example, 3,6-dihydro-
1,2-oxazines33-35) have been used as precursors for synthesis of narciciagipe,
epibatidin€’’ and (+)-loliné® (Scheme 2.24). Preparations of these precursors were

all achieved with the hetero-Diels-Alder reactions of nitroso compounds witbslie
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Br

Br
38 Br OH O
narciclasine

33 (anticancer)
T. Hudlicky, 1999

I [4+2] N =
)J\ .0 * N / N\
N N

(-)-epibatidine
(analgesic)
C. Kibayashi, 1998

OPMB H OPMB NHMe
4 s
B a2l — 0
Os O/N N
N° O
O :
35 (+)-loline

(insecticidal)
J. D. White, 2000

Scheme 2.24otal Synthesis of Natural Products and Biologically Active
Compoundwia 3,6-Dihydro-1,2-oxazines.

II. Results and Discussion

2.1 Discovery of the [3+3]-Cycloaddition Reaction

We initiated our investigation of a possible [3+3]-cycloaddition reaaising
N,a-diphenylnitrone andB-TBSO-substituted vinyldiazoacetat (Scheme 2.25).
Treatment of 1.5 equivalents ®with N,a-diphenylnitrone in the presence of 1.0 mol
% of rhodium acetate in dichloromethane gave immediate dinitrogen extrumios f
and produced a single compound with complete conversion of the nitrone over a
reaction time of only 20 minutes. The NMR spectrum (Figure 2.3) of the product
showed ten protons from the two phenyl rings, a singléts62, a pair of coupled

protons ab 4.50 and 4.30 with a coupling constant of 16 Hz, three protons from the
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methyl group ab 3.67 and protons from the TBS group with lower chemical shifts (
1.01,5 0.27 and 0.23). Also, the mass spectrum showed a molecular ion with a mass
as the sum of the two reactants plus one proton (ESI-MS anchdde). These
spectral data matched the structure of the 3,6-dihydro-1,2-oxa&tractural
confirmation for 3,6-dihydro-1,2-oxazine was obtained from X-ray afition of a
single crystal from the product of the reaction betwelrphenyla-(p-

bromophenyl)nitrone an8 (Figure 2.4).

A single product, "H NMR and

O
OTBS Ph.®_ O RhZ(OAOC)“ ESI-MS match the structure of
CO,Me N (1 mol%) _ Ph., .0
1 ' o CHeCl N
2 20 mins Ph = OTBS

3 36a CO,Me

Scheme 2.2Reaction olN,a-diphenylnitrone witt-TBSO-substituted
vinyldiazoacetat@ catalyzed by R{OAC),.

Ag9azna4ansasasssags o azezan g E 83
Supposedly
Ph\N/O
/
Ph OTBS
COZMe
M JUL _ i A TR o M
Ty 1 7Y n T T

222
Lo

T T T T T T T T T
.5 5.0 4.5 4.0 35 3.0 25 20 15 10 0.5 ] 0.
f1 {ppm)

Figure 2.3'H NMR Spectrum of the Product from the Reaction betvéeand36a

w

T T T T T
B.5 8.0 75 2.0 6.5 6.0
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Figure 2.4 X-ray Structure of the Reaction Product from 3 BREhenyle-(p-
bromophenyl)nitrone.

Reactions with nitrones having variossubstituents were performed, and the
results are summarized in Table 2.1. Fast reaction rates ahdyieigls of 3,6-
dihydro-1,2-oxazines were obtained with different diarylnitrones ngavboth
electron-donating and electron-withdrawing substituents (prodBia-37h).
Reactions withu-2-furyl anda-2-thienyl-substituted nitrones (produ@3si and 37Kk)
showed slower reaction rates compared to that withd\bhenylnitrone, and lower
yields were obtained because of incomplete conversion of the nitrones. thiéhe
cyclohexyl-substituted nitrone was used (prod@@l), [3+3]-cycloaddition still
proceeded like those with diarylnitrones and with a fast reaienand an excellent

yield.

Table 2.1[3+3]-Cycloaddition Reactions between Acyclic Nitrodésand the
Siloxyvinyldiazoacetat8 under the Catalysis of RIDAC),.*

oTBS ©  RhyOAc), Ph. .O
- Pha®.0 (1 mol%) N
+

lR CH,Cl, R SOTBS

N, 20 mins CO,Me
3 36 37
R 37 yield (%) R 37 yield (%)

CeHs 37a 97 p-MeCsH4 37b 97
p-MeOGsH, 37c 98 p-BrCsH4 37d 91
p-FCsH4 37e 92 m-MeCsH,4 37f 97
M-CICeH4 379 94 2-naphthyl 37h 94
2-furyl 37i 78 3-furyl 37j 90
2-thienyl 37k 81 cyclohexyl 37! 97
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% Reactions were performed with 0.25 mmol of nitrone, 0.38 mmol of the
vinyldiazoacetate3, and 0.0025 mmol of rhodium acetate in 1.0 mL of
dichloromethane at room temperatdtgield of the isolated product.

2.2 Proposed Reaction Mechanism

The mechanism of the [3+3]-cycloaddition between nitrones anddukium
vinylcarbene (Scheme 2.26) is proposed in accord with the genecalsprgiven in
Scheme 2.19 in section 1.5 of this chapter. The rhodium substituerdtestthe
vinylogous carbon of the rhodium vinylcarbes@for nucleophilic attack by nitrone
36 at the vinylogous site. Cyclization 89 forms the RWOACc)s-ligated intermediate
40, and elimination of R{OACc), from 40 produces the 3,6-dihydro-1,2-oxazine. The
cyclization step39 — 40) is facilitated by the TBSO substituent. In contrast, Toste’s
[3+3]-cycloaddition of gold vinylcarbenes with azomethine imines ooatttsinitial
nucleophilic attack of the 1,3-dipole at the carbene site (Schefig*2but [3+3]-
cycloaddition reactions of the rhodium vinylcarbene with nitrones pdoeéé initial

attack of nitrone at the vinylogous site of the vinylcarbene intermediate.

TBS.. TBS..
OTBS Rh,(OAC)4 o O O O
%\WCOzMe ;, /J\[(U\OMe - ®MOMe
(- N) Rh,(OAC < Rh,(OAC
N, 2(OAC)4 5 @2( )a
3 38 @0
Ph—N_
R
36
OTBS TBS\g o 7 B TBS\O 0 _
X CO,Me <‘l Rh,(OAc)4 A
-~ COMe |<— OMe
O\ SR O. » Ph.®.0  Rhy(OAc),
| Rhy(OAC), N~ R NI ©
|
Ph i Bh | i kR ]
37 40 39

Scheme 2.28/echanism of the [3+3]-Cycloaddition Reaction of the
Siloxyvinyldiazoacetat® and the Nitron&6 Catalyzed by Rhodium Acetate.
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roste painwey )Y “addiion to )ﬁkx Sz (XN T AR

OBz carbene OBz \\\Ph
OTBS prmomommennoeoniaees
OTBS 5 9 x_CO,Me| ! Ph.® O |
COMe| "Xz o Y. = N
Our pathway: > ©9.X Rhyl, XNz l :
RhoL additionto | Y o ! Ph !
254 vinylogous 2 N l__. !
carbon

Scheme 2.2Different Reaction Pathways of the Gold Vinylcarbene and the
Rhodium Vinylcarbene.

2.3 Asymmetric [3+3]-Cycloaddition Reactions Catalyzed by Chiral Dhodium

Catalysts

In view of the limited availability of catalytic enantioselget methods with
which to access 3,6-dihydro-1,2-oxazines, we sought to employ chiredddim
catalysts for the [3+3]-cycloaddition reactions of nitrones withyldiazoacetates.
During the initial catalyst screening, we used the same conglitirom the
Rhy(OAc),s-catalyzed [3+3]-cycloaddition in which a solution of 1.5 equiv3ah
dichloromethane was added dropwise (complete addition within 1 minydtuon
of N,a-diphenylnitrone 368 in dichloromethane in the presence of a dirhodium
catalyst (2 mol%). Molecular sieves (4 A) were added to limyiirolysis of the
nitrone. As can be seen by the data in Table 2.2, chiral dirhodidmoxzanidate
catalyst Rl(SMePy) (41),%° showed no reactivity toward the [3+3]-cycloaddition
reaction. However, the chiral phthalimide-amino acid ligated dirhodiatalyst
428" facilitated the [3+3]-cycloaddition with an excellent yield and3@%

enantiomeric excess. Interestingly, switching the reactionvesbl from
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dichloromethane to toluene significantly increased enantiocontrol 80%h ee to
70% ee usingd2a as the catalyst. R{E-DOSP) (43)* catalyzed the [3+3]-
cycloaddition reaction but failed to provide any evidence of enanti@tontr
Optimization of enantiocontrol by varying the reaction temperatevealed that a
lower temperature of -15 °C decreased the yield but improved tidias®ectivity

with catalyst42a

Table 2.2Initial Screening of Dirhodium Catalyts.

OTBS S) Rh,L Ph. .O
COMe Ph.®.0 (2 molth) N’
Y L TZAMs  ph > DoTBS
N Ph solvent CO,Me
3 36a 37a
o
N\
o Bn,, N N-s0,Ar
1 i
SN X0 O%\\O
7 1/  OMe
RARA /R;h/—/R;h/ /R;h/—/R;h/
41 42a 43
Rhy(S-MePy), Rhy(S-PTPA), Ar = p-(C12Ha5)CeHa,
Rhy(S-DOSP),
RhylLa Solvent T (°C) “(rr?)e yield % ee (%9
41 CH.CI, 23 1 0 -
42a CH.CI, 23 0.5 98 30
42a PhMe 23 0.5 98 70
43 PhMe 23 1 80 0
42a PhMe -15 2 76 80

®Yield of the isolated product; the only other nitrone-derivedenlt observed in the
reaction mixture was unreactith-diphenylnitrone® Determined by HPLC (AD-H column).

Further screening of catalysts was made by using differehalimide-amino
acid-ligated 42)*° and naphthalimide-amino acid-ligated dirhodium cataly$4.%
Results are summarized in Table 2.3. Surprisingly, the catalifstthe smallest R

(42d) provided the highest level of enantiocontrol; steric interferdxycB; (for 42)
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and R (for 44) appears to be the cause for the decrease in % ee, andeheeabs
3,6-dihydro-1,2-oxazine formation from catalysis 44b suggests the absolute limit
for catalysis by dirhodium carboxylates with this class ofathHigand. Notably,
bulky substituents in ligands also decreased the reaction ratejafigp®r Rh(S
PTTL): (420 and RR(S-PTAD), (42€"), which only converted a small portion of the
nitrone into the [3+3]-cycloaddition product over 2 h resulting in l&éss 20%

isolated yield and only modest enantiocontrol.

Table 2.3Further Screening of Dirhodium Catalysts.

OTBS S haL4
Ph.®.0
(§ PhMe OTBS

" i _1‘,‘3'§C'V'§h COZMe
3 36a
o) o) ‘
\ J
R1/,/ N R2’/, N
H
Hi o) //L o)
1/ I/_ |/
/th—/Rh /th /th
42 4

R1 =Bn, Rhy(S-PTPA); (42a) R, = Me, Rhy(S-NTA), (44a)
R1 = i-Pr, Rhy(S-PTV)4 (42b) R, = t-Bu, Rhy(S-NTTL)4 (44b)
R1 = t-Bu, Rhy(S-PTTL), (42¢)

R = Me, ha(S PTA), (42d)

R4 = 1-adamantyl, Rhy(S-PTAD), (42¢)

Catalyst vyield (%) ee (%)

42a 76 80
42b 80 62
42c 15 60
42d 85 87
42e 18 64
44a 50 53
44b <3 -




®Yield of the isolated product; the only other nitrone-derivedenlt observed in the
reaction mixture was unreactbh-diphenylnitrone® Determined by HPLC (AD-H column).

After the screening of catalysts, R&EPTA),(42d) provided the highest level
of enantiocontrol with a high yield of 3,6-dihydro-1,2-oxazi@éa To further
enhance the enantiocontrol, both solvent and temperature were varige 2T4).
Decreasing the reaction temperature to minus®’@Oimproved enantioselectivity
slightly, but the yield was decreased. Switching the solvent fotumerte to a mixed
toluene/hexane (2:1) further enhanced the enantiocontrol to 91% lrea waeld of
70%. To identify the reason for the moderate yield, we monitored dutiae with
'H NMR spectroscopy. We found th&t(1.5 equiv) was fully consumed over 2 h of
the reaction time, but the conversion of nitrone (1.0 equiv) was only 74%efoie
there was a competing reaction that consufed/e suspected that this competing
reaction was the dimerization @f through rhodium catalysis, which is shown in
Scheme 2.28. Although we did not successfully isolate the dimenzatioduct
drawn in Scheme 2.28, analogous dimerization reactions of diazoadetatebeen
reported in the literatur€. To overcome the low vyields due to the dimerization of
diazo compounds, previous studies have shown that very slow addition ofoa diaz
compound to a reaction mixture is able to diminish the dimerizatinatikally
because slow addition would maintain a low concentration of the diazoocmh in
the reaction mixturé.Therefore, we also adopted the slow addition methodology. A
syringe pump was used so that the additioB whs accomplished over a time period
of 1 h. With slow addition the yield was improved to 95%, and the emaetic

excess of 91% was maintained. We also discovered that use of aardimating
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ethertert-butyl methyl ether (TBME) as the solvent improved the enanticsaty

to 93% ee with a yield of 95%.

Table 2.4Optimization with the Catalyst R{&EPTA), (42d).

OTBS © Rh (s-PTA), Ph<-©O
@ 2 4 N
CO,Me PhN© (2 mol%) x
* ' AAMS . PhT O oTBS
Ny Ph  conditions CO,Me
3 36a 37a
solvent T (°C) time (h) yield (%) ee (%)
PhMe -15 2 85 87
PhMe -30 2 60 89
PhMe/hexanes
2 1) -30 2 70 91
PhMe/hexanes
2 1) -30 2 95 91
TBME® -30 2 95 93

% Yield of the isolated product; the only other nitrone-deriveatemal observed in the
reaction mixture was unreactdh-diphenylnitrone® Determined by HPLC (AD-H column).
¢ The diazo compound was added dropwise with a syringe pump over a time period of 1 h.

OTBS - OTBSCO y OTBS N, OTBS
CO,Me e 3 - RhyL CO,M
2 2y, 2N 9y A CO,Me A» \ ovie
N2 Rh2L4 L4Rh2 COzMe
3 38 TBSO Né MeOLL 41gs

Scheme 2.28&o0ssible Dimerization & through Catalysis of Rh,.

With the optimal conditions in hand, the generality of this enanticthete
[3+3]-cycloaddition reaction was further investigated by varyimgotsubstituent of
the nitrone, and the results of this investigation are given in PableProduct yields
were high, and 3,6-dihydro-1,2-oxazirgéwere the sole reaction products; however,
enantioselectivities of reactions with nitrones having electron-ohgnat electron-
withdrawing groups all occurred with a lower enantiomeric exdban didN,a-
diphenylnitrone. A reaction temperature of -30 °C was not univerapfilicable to
different nitrones because reaction rates were too slow forasentones at -30 °C.

Reactions witha-2- and a-3-furyl nitrones (entries 9 and 10) showed significantly
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low reactivities, and slow reaction rates were observed even aC,Obut
enantioselectivities with these nitrones were high. When otisebstituent was
changed to the aliphatic cyclohexyl group (entry 12), enantidselgcwas also

lower than with aryl groups assubstituents.

Table 2.5 Effects of Nitrone Substituents on Enantiocontrol for the [3+3]-
Cycloaddition Reactiof.

OTBS Ph. @/8 Rhy(S-PTA);  Phy O
CO,Me N (2mol%) .
§ TBME R™ Y NoTBS
N2 R CO,Me
3 36 37
Entry R T (°C) time (h)  vyield (%) ee (%)
1 CsHs -30 2 95 93
2 p-MeCgH,4 -30 2 95 87
3 p-MeOGsH4 -15 3 96 78
4 p-BrC6H4 -15 4 65 80
5 p-FCsH4 -15 4 92 77
6 m-MeCsH,4 -30 2 94 90
7 m-CICgH4 -15 3 89 85
8 2-naphthyl 0 3 73 80
9 2-furyl 0 3 53 90
10 3-furyl 0 3 66 89
11 2-thienyl 0 3 81 80
12 cyclohexyl -30 2 85 77

% Reactions were performed by slow addition (over 1 hour) of 1.Gohltion of5 (0.38
mmol) to the suspension of 0.25 mmol nitr@ée 0.0050 mmol catalyst (2.0 mol%), and 100
mg 4 A MS with 1.0 mL TBME? Yield of the isolated producthe only other nitrone-
derived material observed in the reaction mixture was ue@a&6t © Determined by HPLC
(AD-H or OD-H column).

Catalytic reactions o8 with the cyclic nitrone of 3,4-dihydroisoquinolimé-
oxide @5), which is the geometric equivalent otia-disubstituted nitrone, were also
examined (Table 2.6). In contrast to reactions with acycliomes, catalysis of the
reaction betweel and45 by Rh(SPTA), (42d) provided the [3+3]-cycloaddition
product in high yield but with only a moderate 54% enantiomeric exddes/ever,
the sterically demanding catalyst RBRPTTL), (420 improved enantioselectivity to

80% ee without a significant decrease in product yield. That fuRd(S-PTAD),
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(426 had the same degree of enantiocontrol agRPTTL),, but the yield of46 in
this case was much lower suggesting the subtle nature of stiuences in this
catalytic procesgert-Butyl methyl ether was not used as the reaction solvent ecaus

of the poor solubility of 3,4-dihydroisoquinolidéoxide in this solvent.

Table 2.6 [3+3]-Cycloaddition Reactions of 3,4-DihydroisoquinoliNeoxide with
32

Rh,L
©© OTBSCO y 2 mol%)
+ 2M€ " phMe
7 2‘;‘8 4 AMS
2 0°C
3h
45 3
catalyst yield (%9
Rh,(SPTA), (42d) 97
Rhy(SPTTL), (42¢) 86
Rhy(S-PTAD), (42€) 50
Rhy(SNTTL) 4 (44b) 75

®Reactions were performed by slow addition (over 1 hour) of the diapound (0.38
mmol) in 1.0 mL toluene to the suspension of 0.25 mmol 3,4-dihydroisoquindimede,
0.0050 mmol catalyst (2.0 mol%), and 100 mg 4 A MS in 1.0 mL toludeNéeld of the
isolated product; the only other nitrone-derived material @siein the reaction mixture was
unreactedts. © Determined by HPLC (AD-H column).

The difference in reaction rates with phthalimide-amino agaltdd
dirhodium catalysts4@) between acyclic nitrone8€) and the cyclic nitrone4f) in
the [3+3]-cycloaddition process is explained with the models igurEi 2.5.
According to the suggested model by Hashinfdtie catalyst is §&symmetric, and
the vinylcarbene would sit in a plane that is between the taodi carboxylates. The
attack of nitrones at the front side of the rhodium vinylcarbene isreiddeyy R from
ligands. However, with acyclic nitrone86), the approach of nitrone from the back
side is possibly hindered by the interaction gqfvidth R (A in Figure 2.5), which
explains the significantly slower reaction rates whea(®RTTL), (420 (R; = tert-

butyl) was used, compared to those whep(8RTA), (42d) (R; = methyl) was used.
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On the other hand, for 3,4-dihydroisoquinoliNesxide @5) (B in Figure 2.5), the
cis-disubstituted nitrone does not have the substituent interaction depicde(Ri =

H in this case), so the attack from the back side of the vimgdaoaris facilitated.
Therefore, for the reactions with 3,4-dihydroisoquinolMexide @5), a bulky R
substituent likaert-butyl in the catalyst ligand is expected to improve enantiocontrol,

while not affecting the yields significantly.

CO,Me 3
I?/ O~ 2 Qs X CO,Me
7 H O""'Rf?“‘\o H ® On,.. 19,10
R, o~ | \o>§— R4 .H O/R|h\o>—§_
o) On., \\O/ - S O, R —
N—=Q ~Rh : O NZd /Rh\o :
N o) o) o)
0 6N
0] 0]
A B

Figure 2.5 Approaching Modes of an Acyclic NitronA)Y and a Cyclic NitroneR)
to the Rhodium Vinylcarbene froaf.

When the Bn-substituted vinyldiazoacetdfé was used instead & in the
reaction with 3,4-dihydroisoquinoling-oxide @5), and the reaction temperature was
decreased to -30 °C (Scheme 2.29), a 90% ee of the cycload8uotvés obtained.
However, when the same conditions were applied to cyclic ni#@nevhich was
prepared from piperidine, the cycloaddition prod&€) (vas obtained in only 59% ee,
and when the-disubstituted nitron&1 was used, no reaction occurred even with the

more reactive rhodium acetate (Scheme 2.29). These resultssagagiest the subtle
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steric influence of substituents on both the reactivity and setgctof this

transformation.

Rhy(S-PTTL),
OTBS (2 mol%) N
_ N\@ + %\H/COan PhMe - (0]
® o N2 -?‘)?’Oh c Bn02C N

45 47 4g OTBS
92% yield, 90% ee

OTBS Rhy(S-PTTL),

(2 mol%)
+ )\H/COZBn PhMe - N * COZBn
N -30 °C ! |
2 (0]

(o)

N

S 3h oTBS

49 47 50

92% yield, 59% ee
Q oTBS Rhy(OAC):
0,

N* CHs + /L\H/COZBH (2 mol%) > no reaction

S CH,Cl,

© RT,2h

51 47

Scheme 2.2Reactions between Bn-Substituted Vinyldiazoacet@i@nd Cyclic
Nitrones.

Various vinyldiazoacetates with different substitution patternsewaso
subjected to the catalytic conditions of the [3+3]-cycloadditionti@aavith N,a-
diphenylnitrone (Scheme 2.30). The vinyldiazoacetate wytmathyl substituentsR)
was active in enantioselective [3+3]-cycloaddition process producing the 3dadihy
1,2-oxazine as a singtis-diastereomér in 90% isolated yield and 84% ee under the
catalysis of RE(S-PTA), (42d). However, when the same conditions were applied to
the y-Ph-substituted vinyldiazoaceta®®, no reaction of nitrone was observed, and
even with rhodium acetate, the nitrone still remained intact. Time saitcome was
obtained with54, which did not have th@-TBSO substituent compared 8.

Surprisingly, unsubstituted vinyldiazoacetdte/as able to undergo a totally different
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reaction pathway to produce a highly functionalized tricyclic poumd (discussed in
the next chapter). However, the fact that no [3+3]-cycloaddition cadumith 4
clearly verifies the involvement of the TBSO-substituent in thdization step as

indicated in the reaction mechanism (Scheme 2.26 in section 2.2 of this chapter).

S) Rh,(S-PTA) Ph. . M
OTBS Ph.®.0 (5 o1%) 4 N (0] e
Me\)\ﬂ/COgMe . N _(@mol%)
=
| & TBME, 30°C  Ph OTBS
2 4AMS CO,Me
52
90% vyield, d.r. > 20:1, 84% ee.
Ph CO,Me Ph\N/O (2 mol%)
+ m ————— > No conversion of nitrone
N2 CH2C|2, rt
4 AMs
53 2h
Ph_® 8 Rh,(OAc),
Ph. = CO,Me N7 (2 mol%) . .
\/\ﬂ/ + m —— > No conversion of nitrone
N2 CH2C|2, rt
4 AMS
54 2h
O
® Rhy(OAc),
/\WCOzMe PhN-© (3 mol%)
+ m ——— > No formation of the [3+3]
N2 CH,Cly, 1t cycloaddition product
4 Awms
4 2h

Scheme 2.3Reactivities of Various Vinyldiazoacetates towhkd-Diphenylnitrone.

[1l. Conclusion

In conclusion, we have developed a general, enantioselective [3+3]-
cycloaddition process between the TBSO-activated vinyldiazoasetatd acyclic
and cyclic nitrones that occur in high yields and selectivities. The converoétius
methodology, the absence of a background reaction, and the potentialisuaélail

spectrum of 1,3-dipoles arfiisubstituted vinyldiazoacetates for this transformation
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suggest broad applicability. The high level of dependence of catagsids on
enantioselectivity in product formation provides opportunities for netalyst

development.
I\VV. Experimental Section

4.1 Materials

Chiral dirhodium catalysts were prepared according to the repproegdure$® =3
Purities of the dirhodium carboxylatd@—44were confirmed byH NMR analysis,

and purity of Ri(S-MePy), was confirmed by HPLC analysis. The acyclic nitrones
(36) were prepared with the method reported b¥?¥and the cyclic nitronest, 49,

51) were prepared with the method reported by Murati48kiinyldiazoacetates, 4,

47, 52 and 54 were prepared with the method reported by Datfiesnd
vinyldiazoacetat®3 was prepared with the method reported by D&Y/kenalytically

pure solvents from commercial sources were stored with activatd molecular
sieves in a capped round-bottom flask for at least 24 h to diminish the water édntent.

All the other chemicals were obtained from commercial souaoesused without

further purification.

4.2 General Information

All reactions, unless noted, were carried out under an inert atmespheatried
nitrogen in flame-dried or oven-dried glassware with magnetigngt Analytical
thin layer chromatography (TLC) was performed on Dynandsokbents precoated

(0.25 mm thickness) silica gel plates withs4 indicator. Visualization was
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accomplished by UV light (254 nm) or with phosphomolybdic acid (PMA) solution in
ethanol. Flash chromatography was performed with silica geb332m) supplied by
Dynamic Adsorbents'H NMR spectra were recorded on a Bruker DRX-400 (400
MHz) spectrometer, and chemical shifts were reported in ppmp&hk information
was described as: br = broad, s = singlet, d = doublet, t = trepletquartet, m =
multiplet, comp = composite; coupling constant(s) in K. NMR spectra were
recorded on a Bruker DRX-400 (100 MHz) or a Bruker DRX-500 (125 MHz)
spectrometer with complete proton decoupling. Enantioselectivitydet@smined on
an Agilent 1200 Series HPLC using a Daicel Chiralcel OBskimn (250 x 4.6 mm)
or an AD-H column (250 x 4.6 mm). High-resolution mass spectRMSE) were

performed on JEOL AccuTOF-CS mass spectrometer using Csl as thedtandar

Reaction Temperature Control: 23 °C, room temperature; 0 °C,aite b-15 °C,

NaCl/ice bath; -30 °C, dry ice/ylene bath.

4.3 Experimental Procedures and Compound Characterizations

General Procedure for the Asymmetric [3+3]-Cycloaddition Redions of
Nitrones with the TBSO-Substituted Vinyldiazoacetate 3A 10 mL Schlenk flask
charged with a magnetic stir bar and 4 A molecular sieves (1)®veagplaced under

high vacuum and heated by Bunsen burner to dryness. After cooling to room
temperature, RIS PTA), (5.4 mg, 2.0 mol%)N,a-diphenylnitrone (49.3 mg, 0.250
mmol) and 1.0 mL ofert-butyl methyl ether (TBME) were added under the flow of
N.. The resulting green solution was stirred for 5 min and then cooleg8Dt6C.

Methyl 3-(ert-butyldimethylsilyloxy)-2-diazobut-3-enoat&,(96 mg, 0.38 mmol) in

96



1.0 mL of TBME was added into the flagla a syringe pump over a time period of 1
h. After the addition, the mixture was stirred for another one hot80afC. The
reaction mixture was then allowed to warm to room temperatime.sdlution was
evaporated under the reduced pressure. The obtained mixture was dissolved
minimal amount of dichloromethane and loaded onto a silica gel colunilom@
chromatography with hexane/ethyl acetate (3:1) provided the clgbtomn product
which was later analyzed for enantiomeric excess by HPLD-HAor OD-H

column).

Methyl 5-(tert-Butyldimethylsilyloxy)-2,3-diphenyl-3,6-dihydro-2H-1,2-oxazine-
4-carboxylate.*H NMR (400 MHz, CDGJ): 8 (ppm) 7.19-7.26 (comp, 7H), 7.01 (d,
J=8.0 Hz, 2H), 6.95 (t) = 7.2 Hz, 1H), 5.61 (d = 1.6 Hz, 1H), 4.51 (dd] = 16.0

Hz, 1.6 Hz, 1H), 4.31 (d] = 16.0 Hz, 1H), 3.67 (s, 3H), 1.01 (s, 9H), 0.27 (s, 3H),
0.23 (s, 3H)*C NMR (CDCE, 100 MHz): 165.79, 158.50, 147.98, 138.00, 129.80,
128.98, 127.95, 122.91, 117.76, 109.69, 68.81, 63.55, 51.66, 26.01, 18.80, -3.58, -
3.65; HRMS (ESI) calculated for,gH3,NO,Si [M+H] *: 426.2095; found: 426.2088.
HPLC conditions for determination of the enantiomeric exce§sHAcolumn, 254

nm, 1.0 mL/min, Hexane:IPA = 95:5,4 5.9 (major), 6.6 (minor) min; 93% ee.

97



Me

Methyl 5-(tert-Butyldimethylsilyloxy)-2-phenyl-3-p-tolyl-3,6-dihydro- 2H-1,2-
oxazine-4-carboxylate'H NMR (400 MHz, CDCY): § (ppm) 6.93-7.30 (comp, 9H),
5.61 (d,J = 1.6 Hz, 1H), 4.50 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.31 (d,= 16.0 Hz,

1H), 3.68 (s, 3H), 2.28 (s, 3H), 1.02 (s, 9H), 0.28 (s, 3H), 0.21 (s,'3HNMR

(CDCls, 100 MHz): 165.81, 158.33, 148.06, 137.51, 135.05, 129.69, 129.00, 128.76,

122.80, 117.69, 109.93, 68.86, 63.13, 51.66, 26.07, 21.55, 18.83, -3.56, -3.61; HRMS

(ESI) calculated for &Hs:NO4Si [M+H]": 440.2252; found: 440.2233. HPLC
conditions for determination of the enantiomeric excess: AD-H col@®shnm, 1.0

mL/min, Hexane:IPA = 97:3; £ 6.1 (minor), 8.0 (major) min; 87% ee.

OMe
MGOZC
TBSO—( ’N©
0]
37c
Methyl 5-(tert-Butyldimethylsilyloxy)-3-(4-methoxyphenyl)-2-phenyl-3,6-

dihydro- 2H-1,2-oxazine-4-carboxylate'H NMR (400 MHz, CDCY): & (ppm) 7.19-
7.26 (comp, 2H), 7.17 (d, = 8.0 Hz, 2H), 7.01 (dJ = 8.0 Hz, 2H), 6.95 (t) = 7.6

Hz, 1H), 6.73 (dJ = 8.0 Hz, 2H), 5.57 (d] = 1.6 Hz, 1H), 4.51 (dd] = 16.0 Hz, 1.6

Hz, 1H), 4.32 (dJ = 16.0 Hz, 1H), 3.71 (s, 3H), 3.68 (s, 3H), 1.02 (s, 9H), 0.28 (s,
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3H), 0.24 (s, 3H)*C NMR (CDCk, 100 MHz): 165.85, 159.34, 158.30, 148.13,
130.93, 130.18, 128.99, 122.85, 117.77, 113.35, 110.08, 69.07, 63.15, 55.16, 51.67,
26.07, 18.83, -3.55, -3.63; HRMS (ESI) calculated foisHaNOsSI [M+H]™:
456.2201; found: 456.2186. HPLC conditions for determination of the enantiomeric
excess: AD-H column, 254 nm, 0.7 mL/min, Hexane:IPA = 97:3,14.0 (minor),

16.2 (major) min; 78% ee.

Methyl 3-(4-Bromophenyl)-5-{ert-butyldimethylsilyloxy)-2-phenyl-3,6-dihydro-
2H-1,2-oxazine-4-carboxylate'H NMR (400 MHz, CDC)): & (ppm) 7.16-7.30
(comp, 4H), 7.07 (d) = 8.4 Hz, 2H), 6.90-6.96 (comp, 3H), 5.51 Jd&; 1.6 Hz, 1H),

4.48 (dd,J = 16.0 Hz, 1.6 Hz, 1H), 4.28 (d,= 16.0 Hz, 1H), 3.64 (s, 3H), 0.97 (s,

9H), 0.24 (s, 3H), 0.20 (s, 3HJC NMR (CDCE, 125 MHz): 165.23, 158.60, 147.38,
136.67, 131.05, 130.68, 128.65, 122.73, 121.70, 117.27, 108.96, 68.75, 62.89, 51.26,
25.58, 18.38, -3.99, -4.06; HRMS (ESI) calculated forH@BrNO,Si [M+H]™:
504.1200;found: 504.1201. HPLC conditions for determination of the enantiomeric
excess: AD-H column, 254 nm, 1.0 mL/min, Hexane:IPA = 97:3, 8.0 (minor),

11.3 (major) min; 80% ee.
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Methyl 5-(tert-Butyldimethylsilyloxy)-3-(4-fluorophenyl)-2-phenyl-3,6-dihydro-
2H-1,2-oxazine-4-carboxylate’™H NMR (400 MHz, CDCJ): § (ppm) 6.80-7.23
(comp, 9H), 5.53 (dJ = 1.6 Hz, 1H), 4.48 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.28 (d=

16.0 Hz, 1H), 3.64 (s, 3H), 0.98 (s, 9H), 0.24 (s, 3H), 0.20 (s,"8E)NMR (CDCE,

100 MHz): 165.27, 162.19 (d,= 244.0 Hz), 158.35, 147.45, 133.32 & 3.2 Hz),
130.92 (d,J = 8.0 Hz), 128.56, 122.65, 117.32, 114.30 J&; 21.1 Hz), 109.22,
68.69, 62.80, 51.22, 25.57, 18.35, -4.02, -4.08; HRMS (ESI) calculated for
CoaHzFNO;Si [M+H]™: 444.2001; found: 444.1988. HPLC conditions for
determination of the enantiomeric excess: AD-H column, 254 nm, O.8nimL/

Hexane:IPA = 97:3,t 10.0 (minor), 11.0 (major) min; 77% ee.

Me

Methyl 5-(tert-Butyldimethylsilyloxy)-2-phenyl-3-m-tolyl-3,6-dihydro- 2H-1,2-
oxazine-4-carboxylate'H NMR (400 MHz, CDCY): § (ppm) 6.89-7.24 (comp, 9H),

5.55 (d,J = 1.6 Hz, 1H), 4.42 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.23 (d,= 16.0 Hz,
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1H), 3.63 (s, 3H), 2.22 (s, 3H), 0.95 (s, 9H), 0.21 (s, 3H), 0.16 (s,'ZHNMR
(CDCls, 125 MHz): 165.38, 157.81, 147.48, 137.60, 136.97, 130.01, 128.54, 128.34,
127.36, 126.41, 122.43, 117.34, 109.25, 67.91, 62.58, 51.20, 25.58, 21.39, 18.35, -
1.08, -1.17; HRMS (ESI) calculated for,483/NO,Si [M+H]": 440.2252;found:
440.2253. HPLC conditions for determination of the enantiomeric excesdi AD-
column, 254 nm, 0.5 mL/min, Hexane:IPA = 98:2=t12.4 (major), 18.5 (minor)

min; 90% ee.

Methyl 5-(tert-Butyldimethylsilyloxy)-3-(3-chlorophenyl)-2-phenyl-3,6-dihydro-
2H-1,2-oxazine-4-carboxylate’™H NMR (400 MHz, CDC)): & (ppm) 6.90-7.24
(comp, 9H), 5.51 (dJ = 1.6 Hz, 1H), 4.44 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.25 (d=

16.0 Hz, 1H), 3.64 (s, 3H), 0.96 (s, 9H), 0.22 (s, 3H), 0.18 (s,"8E)NMR (CDCE,

125 MHz): 165.17, 158.69, 147.24, 139.75, 133.45, 129.30, 128.67, 128.63, 127.70,
122.77, 117.29, 108.67, 68.42, 62.78, 51.24, 25.55, 18.35, -4.03, -4.10; HRMS (ESI)
calculated for GsH3;CINO,Si [M+H]™: 460.1705; found: 460.1691. HPLC conditions

for determination of the enantiomeric excess: OD-H column, 254 nm, 0/@im

Hexane:IPA = 98:2,t 11.8 (major), 13.7 (minor) min; 85% ee.

101



Methyl 5-(tert-Butyldimethylsilyloxy)-3-(naphthalen-2-yl)-2-phenyl-3,6-dihydro-
2H-1,2-oxazine-4-carboxylate’H NMR (400 MHz, CDGC)): & (ppm) 7.31-7.74
(comp, 7H), 7.17 (t) = 7.6 Hz, 2H), 7.01 (dJ] = 8.4 Hz, 2H), 6.88 (m, 1H), 5.75 (s,

1H), 4.50 (dJ = 16.0 Hz, 1H), 4.32 (d] = 16.0 Hz, 1H), 3.61 (s, 3H), 0.98 (s, 9H),
0.26 (s, 3H), 0.21 (s, 3H¥*C NMR (CDC}, 100 MHz): 165.32, 158.20, 147.50,
132.88, 132.83, 128.61, 128.51, 128.19, 127.53, 127.42, 127.08, 125.65,125.55,
122.53, 117.31, 109.37, 68.39, 63.01, 51.23, 25.55, 18.10, -1.01, -1.11; HRMS (ESI)
calculated for GgH3sNO,Si [M+H]™: 476.2252; found: 476.2234. HPLC conditions

for determination of the enantiomeric excess: AD-H column, 254 nm, WL/Gim

Hexane:IPA = 95:5, & 7.6 (major), 10.7 (minor) min; 80% ee.

Methyl  5-(tert-Butyldimethylsilyloxy)-3-(furan-2-yl)-2-phenyl-3,6-dihydro- 2H-
1,2-oxazine-4-carboxylate’H NMR (400 MHz, CDCJ): & (ppm) 7.20-7.30 (comp,
3H), 7.09 (dJ = 7.6 Hz, 2H), 7.00 (t) = 7.6 Hz, 1H), 6.21 (m, 1H), 6.13 (@= 3.6

Hz, 1H), 5.72 (dJ = 1.6 Hz, 1H), 4.49 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.28 (d,=
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16.0 Hz, 1H), 3.73 (s, 3H), 1.00 (s, 9H), 0.26 (s, 3H), 0.23 (s,’38EHNMR (CDC},

100 MHz): 165.50, 159.10, 152.27, 147.82, 142.38, 129.01, 123.07, 117.31, 110.38,
109.65, 107.95, 69.09, 57.25, 51.76, 26.03, 18.82, -3.57, -3.61; HRMS (ESI)
calculated for GH3NOsSi [M+H]": 416.1888:found: 416.1863. HPLC conditions

for determination of the enantiomeric excess: AD-H column, 254 nm, D/&im

Hexane:IPA = 97:3, & 12.8 (minor), 13.7 (major) min; 90% ee.

Methyl  5-(tert-Butyldimethylsilyloxy)-3-(furan-3-yl)-2-phenyl-3,6-dihydro- 2H-
1,2-oxazine-4-carboxylate'H NMR (400 MHz, CDCJ): & (ppm) 7.21-7.38 (comp,

4H), 7.05 (dJ = 8.0 Hz, 2H), 7.00 () = 8.0 Hz, 1H), 6.19 (m, 1H), 5.59 (@@= 1.6

Hz, 1H), 4.53 (ddJ = 16.0 Hz, 1.6 Hz, 1H), 4.2 (d,= 16.0 Hz, 1H), 3.74 (s, 3H),

1.00 (s, 9H), 0.26 (s, 3H), 0.23 (s, 3HL NMR (CDCE, 100 MHz): 166.01, 158.73,
147.95, 142.31, 141.79, 129.23, 122.70, 122.51, 117.01, 111.43, 111.00, 69.11, 55.43,
51.36, 26.02, 18.97, -3.59, -3.63; HRMS (ESI) calculated f@iH$NOsSi [M+H]":
416.1888;found: 416.1876. HPLC conditions for determination of the enantiomeric
excess: AD-H column, 254 nm, 0.5 mL/min, Hexane:IPA = 97:3,12.8 (major),

15.2 (minor) min; 89% ee.
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Methyl  5-(tert-Butyldimethylsilyloxy)-2-phenyl-3-(thiophen-2-yl)-3,6-dihydro-
2H-1,2-oxazine-4-carboxylate’™H NMR (400 MHz, CDC)): § (ppm) 7.11-7.28
(comp, 3H), 7.05 (dJ = 8.0 Hz, 2H), 6.97 (J = 8.0 Hz, 1H), 6.78-6.83 (comp, 2H),
5.89 (d,J = 1.6 Hz, 1H), 4.57 (dd] = 16.0 Hz, 1.6 Hz, 1H), 4.35 (d,= 16.0 Hz,

1H), 3.72 (s, 3H), 1.01 (s, 9H), 0.28 (s, 3H), 0.26 (s, 3#@);NMR (CDCE, 100
MHz): 165.59, 158.93, 147.88, 140.58, 129.03, 127.75, 126.21, 125.80, 122.98,
117.27, 110.90, 69.75, 59.60, 51.71, 26.06, 18.81, -3.47, -3.49; HRMS (ESI)
calculated for GH3NO,SSi [M+H]": 432.1659; found: 432.1644. HPLC conditions
for determination of the enantiomeric excess: OD-H column, 254 nnmO/&in,

Hexane:IPA = 97:3, & 9.6 (major), 10.5 (minor) min; 80% ee.

Methyl 5-(tert-Butyldimethylsilyloxy)-3-cyclohexyl-2-phenyl-3,6-dihydro2H-1,2-
oxazine-4-carboxylate'H NMR (400 MHz, CDCY): § (ppm) 7.23-7.27 (comp, 2H),
7.05 (d,J = 8.0 Hz, 2H), 6.91 (t) = 7.2 Hz, 1H), 4.35 (d] = 8.0 Hz, 1H), 4.03 (d]

= 16.0 Hz, 1H), 3.83 (d] = 16.0 Hz, 1H), 3.76 (s, 3H), 2.08 (m, 1H), 1.84 (m, 1H),

1.69 (m, 2H), 1.61 (m, 2H), 1.00-1.25 (comp, 5H), 0.79 (s, 9H), -0.07 (s, 3H), -0.17
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(s, 3H);*C NMR (CDCk, 125 MHz): 166.91, 153.83, 147.28, 129.10, 121.79,
116.72, 109.83, 62.60, 59.59, 51.47, 42.61, 30.96, 29.93, 26.56, 26.42, 26.29, 25.42,
25.32, 18.08, -4.60, -4.65; HRMS (ESI) calculated fouHGeNO,SI [M+H]":
432.2565; found: 432.2564. HPLC conditions for determination of the enantiomeric
excess: AD-H column, 254 nm, 0.4 mL/min, Hexane:IPA = 99:%, 9.7 (minor),

10.1 (major) min; 77% ee.

Methyl 2-(tert-Butyldimethylsilyloxy)-3,6,7,11b-tetrahydro-[1,2]-oxazino[3,2-
aJisoquinoline-1-carboxylate. '"H NMR (400 MHz, CDCJ): & (ppm) 7.07-7.24
(comp, 3H), 6.05 (d] = 6.8 Hz, 1H), 5.08 (d] = 1.6 Hz, 1H), 4.40 (dd] = 16.0 Hz,

1.6 Hz, 1H), 3.95 (d] = 16.0 Hz, 1H), 3.81 (s, 3H), 3.63 (m, 1H), 3.40 (m, 1H), 3.20
(m, 1H), 2.57 (m, 1H), 0.93 (s, 9H), 0.19 (s, 3H), 0.18 (s, 3B)NMR (CDCE, 100

MHz): 167.25, 159.88, 136.61, 133.79, 128.73, 127.83, 126.81, 126.68, 110.45,
69.82, 58.37, 51.90, 51.24, 26.00, 23.81, 18.76, -3.38, -3.46; HRMS (ESI) calculated
for CooHzoNOsSi [M+H]": 376.1939; found: 376.1930. HPLC conditions for
determination of the enantiomeric excess: AD-H column, 254 nm, 1.GnimL/

Hexane:IPA = 97:3, & 6.3 (major), 8.4 (minor) min; 80% ee.
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Benzyl 2-tert-Butyldimethylsilyloxy)-3,6,7,11b-tetrahydro-[1,2]oxazino[3,2-

aJisoquinoline-1-carboxylate. 'H NMR (400 MHz, CDCJ): & (ppm) 7.40-7.24
(comp, 5H), 7.13-7.00 (comp, 2H), 7.00-6.95 (m, 1H), 6.84 &,7.6 Hz, 1H), 6.36
(d,J=12.0 Hz, 1H), 5.19 (dl = 12.0 Hz, 1H), 5.09 (s, 1H), 4.40 (M= 15.6 Hz, 1H),

3.95 (d,J = 15.6 Hz, 1H), 3.66-3.59 (m, 1H), 3.47-3.35 (m, 1H), 3.25-3.15 (M, 1H),
2.55 (dd,J = 4.8, 16.8 Hz, 1H), 0.91 (s, 9H), 0.16 (s, 6K NMR (CDC}, 100

MHz): **C NMR (126 MHz, CDGJ) & 165.73, 159.60, 136.16, 136.06, 133.30,
128.60, 128.40, 128.25, 128.08, 127.48, 126.33, 126.16, 109.98, 69.44, 65.98, 57.95,
50.78, 25.60, 25.43, 23.35, 18.35, -3.80, -3.85; HRMS (ESI) calculated for
CoeH3aNO,Si [M+H]™: 452.2252; found: 452.2250. HPLC conditions for
determination of the enantiomeric excess: AD-H column, 254 nm, O.8nimL/

Hexane:IPA = 97:3, & 7.7 (major), 23.5 (minor) min; 90% ee.

> COan

o-=z

OTBS
50

Benzyl 3-tert-Butyldimethylsilyloxy)-2,4a,5,6,7,8-hexahydropyrido[1,2-
b][1,2]oxazine-4-carboxylate. '"H NMR (400 MHz, CDCY): & (ppm) 7.34-7.26

(comp, 5H), 5.26-5.16 (m, 1H), 5.10 (db= 11.2, 16.4 Hz, 1H), 4.44-4.18 (m, 1H),
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3.93 (dd,J = 15.6, 34.0 Hz, 1H), 3.72-3.40 (m, 1H), 3.30J& 9.6 Hz, 1H), 3.00-
2.92 (m, 1H), 2.65-2.50 (m, 1H), 1.80-1.10 (comp, 5H), 0.88 (s, 9H), 0.15 (s, 3H),
0.13 (s, 3H);*C NMR and HRMS spectra were not obtained. HPLC conditions for
determination of the enantiomeric excess: AD-H column, 254 nm, O.nimL/

Hexane:IPA = 97:3, & 6.3 (major), 14.8 (minor) min; 59% ee.

NMR graphs and HPLC chromatograms can be obtained from the qaporting
information of the paper published in the Journal of the American Chemical
Society: Wang,X.; Xu, X.; Zavalij, P. Y.; Doyle, M. PJ. Am. Chem. Soc. 2011,

133, 16402.
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Chapter 3

Highly Regio- and Stereoselective Dirhodium
Vinylcarbene-induced Nitrone Cycloaddition
with Subsequent Cascade Carbenoid Aromatic
Cycloaddition/N-O Cleavage and

Rearrangement

l. Introduction

1.1 Discovery of the Cascade Process

We discovered an efficient and highly enantioselective [3+3jeeyidition
reaction of nitrones with the rhodium vinycarbene obtained by dgatr extrusion
from TBS-protected enoldiazoacetdt¢hrough association with chiral dirhodium(ll)
carboxylates (Scheme 3.1, announced in Jbernal of the American Chemical
Society’ and discussed in Chapter 2). This reaction occurred stepwisegkhr
vinylogous nucleophilic attack by the nitron2) (on the dirhodium vinylcarbene
followed by intramolecular iminium ion addition to the catalystvatéd vinyl ether
(4 — 5) that, with catalyst dissociation, forms cycloaddition prodsict During

exploration of substrate scope using different vinyldiazoacetateslisgovered that
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the dirhodium(ll) catalyzed reaction of unsubstituted vinyldiazoseéfafailed to
produce the [3+3]-cycloaddition product, but instead a highly functionalimsalic
compound was generated through what must be an elaborate cascade process

(Scheme 3.1) .

The work in Chapter 2:

OTBS Ph.®.0  RNA(S-PTA)  Ph. O
}»\mcozlvle + PN (2 mol%)
l *
N, kR TBME R = OTBS
. ) 5 COMe
N
(N2 | rh, Rh2L4xI
[ TBS. ] B 7
o o TBS\g o
NN (‘l Rh2L4
OMe| CO,Me
Ph.®.0 RhylL x
N| 3 2ba O\,Tj R
L KR . L Ph A
4 5

This work:

Scheme 3.ZExploration of the Reavities of Vinyldiazoacetates with Nitrones Leads
to the Discovery of a New Cascade Reaction.

1.2 Metal Carbenes and Reactions with Metal Carbenes

Decomposition of a diazo compound by losing gaseous dinitrogen under the
catalysis of a transition metal (MLwill produce a metal carbene (Scheme 3.2).
Common transformations associated with metal carbenes arepymhnation,

cyclopropenation, insertion and the ylide formation (Scheme*3.3).
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N
R R R
/Eﬁzﬁ: - O ﬁEN: —L» =ML,
R R

RI ' MLn

diazo compound metal carbene

Scheme 3.ZFormation of a Metal Carbene from a Diazo Compound and a Transition
Metal.
H

R-C—-Z

C
A

Insertion A
A-H A

A= R3C, R2N, RO, A R

R3Si, RS Z Cyclopropanation
Z =H, alkyl, COR, LM=C,

COOR, CONR, R Cyclopropenation
R = H, alkyl, COR, B s R

COOR R-B A E g

A

[

Lt o=
R—B—CII—Z

R
Ylide

Scheme 3.Piverse Transformations with a Metal Carbene.

1.3 Cascade Reactions Involving Metal Carbenes

Cascade reactions are tandem reactions that happen consecutivelyhende
same reaction conditions through highly reactive intermedidtesnerous examples
of cascade reactions that involve a metal carbene have beerdepdiie literature,
and some of them have proven useful in constructing multicyclic éordgke total

synthesis of natural product§.

Qin and coworkers developed a cascade process of tandem
cyclopropanation/ring opening/annulation to assemble a tetracydietsn (0)

from the disubstitutedN-methylindole {) via a copper(l)-catalyzed diazo
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decomposition (Scheme 3.4)he authors suggested a reaction pathway in which a
copper(l) triflate-catalyzed intramolecular cyclopropanatiost foccurred to form
intermediate8 with subsequent indole-induced cyclopropane ring opening and then
cyclization of 9 through the indolenium cation to produce the tetracyclic product
(10).” The copper(l)-catalyzed cyclopropanatich-6 8) is a well-studied process
that occurs in a stereospecific fashidma copper carbene intermedifté/ith access

to 10 and its analogs, Qin developed the total synthesis ohkb@mmiline alkaloid

(+)-vincorin€ and thestrychnos alkaloid (+)-minfiensin€.

Qin's work:
CO,Me

NHTs CuOTf
N (5 mol%) \ OH
(S mol%) _ |
CO,Me CHzClz

1CH3 Ts  81% yield

7
cyclopropanation T cyclization
B CO,Me ] B CO,Me
@) . . 0o
o ring opening
‘s, S S
) ne
CH3 H3
8 9
COzMe COZMG
= on OH
— R | = |
NS ” 5 P
NI N aNGQ/
CH3Ts
(x)-vincorine (£)-minfiensine

Scheme 3.4Cascade Process Involving Cyclopropanation of an Indole Core by
Copper-catalyzed Diazo Decomposition and Its Applications in Total Synthesis of
Natural Products.

Ylide formation (shown in Scheme 3.3) is common in the cascadgoreac

that involve a metal carben®Taking the total synthesis of pseudolaric acid A as an
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example (Scheme 3.5)the [3+2]-cycloaddition of the rhodium-stabilized carbonyl
ylide with the terminal alkene i3 constructs the polycyclic cord4) in a single
step. Generation of the carbonyl ylide intermedid®—¢ 13) is a favorable process
because six-membered-ring formation is favored both kinetically and

thermodynamically?

Chiu's work:

Rhy(S-BPTV),

(3 mol%)
PhCF3
-40°C, 12 h
Et——0  50% yield
Et 14
T[3+2] cycloaddition
— — @ ]
Rh,L,

ylide

4 formaiton
—>

O ittl
Et%o
Et

Scheme 3.9ntramolecular Carbonyl Ylide Cycloaddition with Alkene as the Key
Step in the Total Synthesis of Pseudolaric Acid A.

Me H OAc

HO,C ) .
Pseudolaric acid A

Dr. Jaber and co-workers in our group developed a cascade process that

involved the rearrangement of an oxonium ylidé)(* In this cascade process

(Scheme 3.6), attack of the oxygen in the six-membered ring dtddeum carbene
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in 15 produces the oxonium ylidel§), and thenl6 undergoes the [1,2]-Stevens

rearrangement to produce an oxygen-bridged bicyclic compGund.

Doyle's work:

M Rha(pfb)s
CHZCIZ reflux

(- Nz) Rhaly

_ 0 _

o O
, ylide formation
Ar? o oM

e

Rh,L, MeOH

15 16
Scheme 3.8xonium Ylide/[1,2]-Stevens Rearrangment Cascade.

Dr. Yan and co-workers in our group developed a cascade process inwlving
rhodium-stabilized azomethine ylidel8).'* In the proposed reaction pathway
(Scheme 3.7), rhodium vinylcarbethé captures a molecule df a-diphenylimine to
form azomethine ylidel8, and thenl8 captures another molecule of rhodium
vinylcarbene 17 through nucleophilic attack at the vinylogous site to produce
intermediatel9, and finally cyclization ofl9 produces the nitrogen-fused bicyclic

compound:*
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Doyle's work:

Rhy(OAc), Ph
Ph\/\ﬂ/COZMe Ph. (1 mol% Ph [
N 0) N COzMe
'k CHZCIZ reflux Ph
Th Ph
- Nz)l Rh2L4 H
MeOLC 0% yield
Ph. CO,M cis/trans = 54:46
Rh2L4 T
b i} _ _
fN@ CO,Me| 17 £ COzMe
—_—>
Rh,L
Ph  o2* ‘g
Ph CO,Me
L 18 _ Rh2L4 J
19

Scheme 3.Tascade Process via an Azomethine Ylide.

II. Results and Discussion

2.1 Discovery of the Cascade Process and Optimization of Producie¥ls by

Varying Reaction Conditions

Treatment of methyl 2-diazo-3-butenoadg \ith N-(4-methoxyphenylj-(4-
bromophenyl)nitrone20a) in the presence of rhodium acetate at room temperature
gave immediate gas evolution and consumption of nitrone. Afteadion time
extending to 20 h two products, accounting for 52% conversion baslapwere
isolated. The minor product (7% conversion) was identifie-6&methoxyphenyl)-
a-(4-bromophenyl)imine 41a. The NMR spectrum of the major product (45%
conversion) indicated a single compound with the loss of resonances doe to t
original anisyl group and new olefinic protons suggestive of a methgbstituted

diene, and structural confirmation of this compound as tricg@dawas obtained by
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X-ray diffraction of a single crystal (eq 1 and Figure 3.1). naluct reveals that
extensive rearrangement has occurred and that the carboxytatp ffom the

vinyldiazoacetate is now bound to a quaternary carbon that connects the tricycle.

H MeO Rh,(OAc), MeO Br H
/J‘\[(COQ_MG @8 (3 mol%) 113 N\ —
- e — +
* N DCE N H come M
N2 RT, 20h —
(@) H OMe
6 20a Br 21a Br

3 equiv 7% 45%

22a

Figure 3.1 X-ray Structure of CompourizRa

Different dirhodium catalyts were examined in attempts to aserehe yield
of tricyclic product22a (Table 3.1). Use of rhodium trifluoroacetate ,{lrA)a,
which is a stronger Lewis acid than is rhodium acéfatesulted in a significantly
lower conversion to the tricyclic product, but there was increased rsimweo imine
21a Rhodium triphenylacetate KiPA), and rhodium caprolactamate RBAP),
showed low or negligible reactivities toward this transformatimder the same
conditions. Rhodium octanoate #OCT), provided higher conversion, probably due
to its higher solubility in 1,2-dichloroethane compared to rhodium a&c&tat
Extending the reaction time or increasing the amount of the vinyldiazoac=datant
to 10 equivalents did not significantly increase conversiod2t Since unreacted
nitrone remained, and neither reactant was an inhibitor for thegstatak considered
that the formation of a coordinating base could cause inhibition of atedytc

reaction with6 and incomplete conversion of the nitrone; and [&ith and22a as
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well as the pyrazoline formed by intramolecular cycloadditiomf6,? are suitable
bases. To solve this problem, acidic 1,1,1,3,3,3-hexafluoro-2-propanol (HEBE?) w
used as an additive to capture the basic prodi¢hen one equivalent of HFIP was
added, and three equivalentstofvere used, complete conversion of the nitrone was
achieved, resulting in 85% conversion2®a with 74% yield of the isolated product
and the remainder (15% conversion) due to the imine by-pr@daciAn excess 06

was required due to its relatively low stabifity.Nitrone 20a did not react with

vinyldiazoacetat® in the absence of the dirhodium catalyst.

Table 3.1Screening of the Reaction Conditions for the Cascade Prbcess.

Rl MeO Br\QH N
zYoone @moi) ) N
N H
/
oy oM

| DCE COzMe
RT,20h S~y LA,
H@ L o
6 20a Br 21a Br 22a
3 equiv
RhpL, Additive conversioh  conversiofi
(%) 21a (%) 22a
Rhy(OAC), 4 AMS 7 45
Rhy(TFA)4 4 AMS 24 17
Rhy(TPA), 4 AMS Trace 10
Rhy(CAP), 4 AMS Trace Trace
Rh(OCT), 4 AMS 9 66
Rhy(OCT) (36 h) 4 AMS 9 70
Rhy(OCT) (10 eq of6) 4 AMS 10 75
Rhy(OCT), 4 A MS/HFIP 15 85 (749

% Reactions were performed by addition of a 1.0 mL solution ofithgdiazoacetat® (0.75
mmol) in DCE dropwise over 1 h to the mixture of dirhodium carkairytatalysts (0.0075
mmol), N-(4-methoxyphenyl)-(4-bromophenyl)nitrone (0.25 mmol) and 4 A MS (100 mg)
in 1.5 mL of DCE?” Conversions were determined %y NMR of the reaction mixture before
workup.€ Yield of isolated product after column chromatography is given in pasgsthe

2.2 Reaction Mechanism

We speculate that the overall reaction occurs through a feprsstquential

[3+2]-cycloaddition/cyclopropanation/rearrangement pathway (Schemén3a8)ich
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the dirhodium carbene intermedia3) activates the adjacent vinyl group for [3+2]-
cycloaddition by the nitrone. In [3+2]-cycloaddition reactions betwdkarylnitrones

and electron-deficient alkenes, the concerted reaction prefidosaddition which
would suggest the exclusive formation of thens isomer24.2® The formation oP2a

is consistent with cycloaddition of nitror&a with metal carbin€3 that forms the
electronically favoretf 3,4-disubstituted regioisom@¢. Subsequent intramolecular
cyclopropanation (aromatic cycloaddition) and electrocyclic omenof the
cyclopropane ring by the rhodium carbene on the nitrogen-bound aryl ggoup
proposed to form intermedia®® that undergoes an unexpected and unique N-O bond
cleavage and [1,7]-oxygen migration 28a to complete the overall process. In this
reaction pathway the dual role of the rhodium carbene, which dasvates the
conjugated double bond for dipolar cycloaddition, and then undergoes aromatic
cycloaddition, is unprecedented, as is the [1,7]-oxygen migrationrnAtteely,
cleavage of the N-O bond &b and attack of oxygen at the cyclopropane with imine
formation can lead t@2ain a single step (shown with the dashed arrow in Scheme

3.8).
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OMe

Q MeO
. [3+2)-
Ar = p-BrCeHy cycloaddition cyclopropanation

(20a) —N® —_— Rholy

A’ oo yN©

+ COZMe

Ar
Rholy H

MeOzCA<_ - 24 - -

23 g

electrocyclic reaction
“# MeQO

22a
Scheme 3.8roposed Reaction Pathway of the Cascade Process.

2.2a [3+2]-Cycloaddition of Nitrones with Rhodium Vinylcarbenes

OMe — ]
MeO
- [3+2]-
Ar = p-BrCgH,4 cycloaddition
(20a) /:N\@ = o Rhyl 4
Ar oo HY CO,M
+ 2
Ar
Rh,L, "
Meozc{i - 24 -

23

Since nitrone cycloaddition to vinyldiazoacetd&iedoes not occur in the
absence of catalyst, and dirhodium(ll) catalysts are known to undeqgd r
dinitrogen extrusion with vinyldiazoacetates, the likely interntedignat allows
cycloaddition is the dirhodium vinylcarben23); but instead of the stepwise [3+3]-
cycloaddition® a stepwise or concerted [3+2]-cycloaddition occurs (see Scheme 3.9
for the general representation). Electronic stablization byfBfO substituent, as

well as steric hindrance by the TBS group, might have inhibited [3r2]-
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cycloaddition pathway in the RIOAc);-catalyzed [3+3]-cycloaddition reaction [f

TBSO substituted vinyldiazoacetates with nitrones.

A A ‘o @@ \
: = [ :
L w, | 13 s
@ @ I 1
) X. ® ‘ML, = Rholy .
concerted ,- Y . |
z B T COMe;
Y
©) S}
/Y—Z Y=Z ML, Y-Z E
XJ\WE X7~ | TN e/f®
n A A
A=H A =TBSO

Scheme 3.9Reaction Pathway Dependent on the Electronic Stabilization by A.

Electron-withdrawing influences by dirhodium catalysts make C=C
double bond in a rhodium vinylcarbene an electron-deficient alkeneugdest in
Chapter 2). [3+2]-Cycloaddition of diarylnitrones with-unsaturated alkenes,
which are also electron-deficient alkenes, has been well-docuitiénémd the
reaction is concerted and occurs preferentially ier@o fashion to produce a [3+2]-
cycloadduct in which the-aryl substituent from the nitrone fisans to the carbonyl
group from then,p-unsaturated alkene (shown in Scheme 3.10, and also discussed in
Chapter 1). Since the cascade process is diastereoselextioaly thetrans-[3+2]-
cycloadduct 24) would lead to the final product, it is reasonable to deduce that the
intial [3+2]-cycloaddition of the cascade process also occursecaly in anendo

fashion (Scheme 3.10).
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Nitrone cycloaddition Nitrone cycloaddition
with o,B-unsaturated alkenes with rhodium vinylcarbenes

0]

Rh,L,
4 Ph A Ph
(O/prh favored N-O g/ifph favored J\I;O)
o Y o\ﬁ/) o

“pn R =/ Rhaly
endo trans endo trans
R__O R Rh2L4

Ph. . _o Ph. . _o
({Ph dlsfavored N Ph disfavored N
—
o 0. "“/) Ph
®| Rh,L,

Ph R 2-4

exo CIS cis

Scheme 3.1Miastereocontrol in Nitrone Cycloadditions with Electron-deficient
Alkenes.

2.2b Buchner Reactions

[ MeO _ B ]
electrocyclic
| ti i
Ryl cyclopropanation reaction
-0
HN
CO,Me

Ar H

24 -
Aromatic cycloaddition by metal carbenes followed by elegthc
rearrangement to form cycloheptatrienes (€24..> 26 in our cascade process)a
well-known process, widely recognized as the Buchner redCtidine Buchner
reaction was named after the German chemist Eduard Buchnerthshoally
reacted ethyl diazoacetate with benzene to prepare what heaght to be

9a,b

norcaradien®7 (Scheme 3.11)>"However, the products of the reaction were later

determined by Doering and co-workers through modern NMR techniquies an

119C

isomeric mixture of cycloheptatriene®9-3 Cycloheptatrienes29-31 were
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obtained from the electrocyclic ring opening of norcaradighand subsequent [1,3]-,

[1,5]- and [1,7]-hydrogen migration fro@8 (Scheme 3.11).

Buchner's work:

o)
Hj\ CO.Et
OBt N ©>002Et — @

N, A
27 28

hydrogen CO,Et CO,Et CO,Et

mlgratlon @ @

Scheme 3.11nitial Dlscovery of the Buchner Reaction.

Early experiments on the Buchner reaction were performed witterei
photochemical or thermal activation, and the products under these condigons
generally mixtures of cycloheptatrienes (like the ressittswn in Scheme 3.11.
Lack of selectivity and poor yields limited the potential applaratf the Buchner
reaction until transition-metal catalysis was introduced torélaetion in the 1970s,
when copper(l) chloride was found by Scott to catalyze thenmatiecular Buchner
reaction of 1-diazo-4-phenylbutan-2-or@2)*° providing a single cycloheptatriene
33 (Scheme 3.12). In 1980, Noels and Hubert discovered that rhodium
trifluoroacetate [RE(TFA)4] was able to catalyze the intermolecular Buchner reaction
of ethyl diazoacetate with benzene at room temperature ngsuitia 98% vyield to
cycloheptatrien@8 (Scheme 3.12§? and with no isomerizatiohecause of the mild
reaction conditions employed in their study. Noels and Hubert ralggaled that
Buchner reactions catalyzed by dirhodium compounds were disfavorteéleatron-

deficient aromatic ring&'" For example, the Buchner reaction of methyl diazoacetate
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(34) with fluorobenzene occurred with a yield that was much lower thanwith
benzene; and with more electron-deficient ethyl benzoate the weeddonly 10%

(Scheme 3.133*°

Scott's work:

CuCl
e ———
_Ny PhBr
o 80°C |
32 8h 33
o
Noels and Hubert's work: 52% yield
Rhy(TFA),
(0.4 mol%)
OEt Benzene CO,Et
12 28
98% yield
(The yield was determined
by gas chromatography.)

Scheme 3.1ZEarly Studies on Transition Metal-catalyzed Buchner Reactions.

Noels and Hubert's work'

Rhy(TFA),
04md%
OMe Benzene COMe
12 h 99% yield
Rhy(TFA),
_(04mol%) F
OMe Fluorobenzene Fluorobenzene COzMe + CO,Me
12 h 37% yield 6% yield
+ ©C02Me
3% yield
Rhy(TFA),4 EtO,C
OMe (0.4 mol%) _EtOC .
Ethyl Benzoate COMe COo,Me
12 h CO,Et
+ COzMe

10% overall yield for three isomers
(The ratio of isomers was not reported.)

Scheme 3.13Buchner Reactions 084 with Benzene, Fluorobenzene and Ethyl
Benzoate Catalyzed by RiFA), (yields were determined by gas chromatography).
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The inhibition of Buchner reaction by electron-deficient aromatigs was
also observed by Padwa and Doyle in intramolecular BuchnetiomaqScheme
3.14)?? Rhodium acetate-catalyzed decompositioB®fwhich has electron-donating
p-methoxy substituent on the aromatic ring, provided the Buchnetiaegmoduct
(36) in 68% yield as well as the benzylic C-H insertion prod8¢} (h 21% yield; in
contrast, wher88 was used, the electron-withdrawipenitro substituent decreased
the electron density of the aromatic ring and resulted in an fiumlof the Buchner
reaction that produce®b in only 6% yield, but the product yield from the benzylic C-

H insertion 40) was increased to 62% in this cd5e.

Padwa and Doyle's work:

t-Bu Rh,(OAc), MeO
\H/\N (1 mol%)
/@A/ 2 CHyCl
MeO RT, 4 h

t Bu
35 36 37
68% yield 21% yield
-Bu Rhy(OAc);  ON
\H/\N (1 mol%)
@N 2 TCHCl,
O,N RT,4h
t-Bu t-Bu
38 40
6% yleld 62% yield

Scheme 3.14Yields of Intramolecular Buchner Reactions Influenced by the
Electronic Properties of Aromatic Rings.

Studies of Buchner reactions also revealed that norcaradiéhesvére in
equilibrium with cycloheptatrienegl?) through tautomerization (Scheme 3.15), but
in simple unstrained systems, cycloheptatrier&3 (vere generally favored over

norcaradienesd() because of the strain from cyclopropane ring in norcarad(étpes
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For example, the reactions shown in Scheme 3.12-3.14 did not provide any products
of the norcaradiene form under those conditfdri$**However, for strained systems,

the equilibrium of norcaradiene and cycloheptatriene could shift tadrearadiene

side. For example, norcaradieds is stable and does not tautomerize to its
cycloheptatriene form4d) because of the strong structural staindih (Scheme

3.16)%

R
M 42

Scheme 3.1 automerization between Norcaradiengh @nd Cycloheptatrienes
(42).
Vogel's work:

43 44

not observed
Scheme 3.1@&quilibrium Favoring the Norcaradiene Form.

For the Buchner reaction in our cascade process, bothriethoxy and the
nitrogen substituents in intermedia@l are electron-donating, so the Buchner
reaction is facilitated electronicalfy?* We were unable to detect either norcaradiene
25 or cycloheptatriene&26 by NMR spectroscopy under the reaction conditions.
However, structures of both norcaradie@® and cycloheptatrien®6 are very
strained. The strain could be the driving force for the unusaatamgement step

which follows the Buchner reaction in the cascade process.
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2.2c N-O Cleavage with Oxygen Migration

[1,7]-oxygen migration

The transformation from intermedia2é to 22a which involves cleavage of
the N-O bond and subsequent [1,7]-migration of oxygen to the conjugated carbon, i
unprecedented. Cleavage of a N-O bond followed by migration of oxygen t
conjugated olefinic carbon atoms has been observed in silyl nitrosalsateétt
[1,3]-migration was the only process reported. Strain in the iediate26 and the
proximity of the reacting atoms could be the driving force of thrsisual

rearrangement.

One example of analogous [1,3]-migration in silyl nitroso acésassiown in
Scheme 3.17* At room temperature, silyl nitroso acet slowly rearranged into
oxazine46 with a yield of 61% over a reaction time of 24 h. The authors who
reported this reaction did suggest some possible reaction mechamisiugrg N-O

bond cleavage, but no direct evidence was reported to confirm any of them.

Ph - Me Ph Me
=
MeO//, I OTMS
R CHCl4/H,0 ,
Mé (@) OTMS (203: 1)2 MeO:., O/N
45 RT, 24 h Me" e

61%
Scheme 3.10xygen Migration with N-O Cleavage in the Nitroso Silyl Acetal.
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2.3 Imine Formation

For the formation of the imine by-producfl@, we speculate that
nucleophilic addition of the nitrone oxygen to the carbene center ofhthtium
vinylcarbene occurs first, then subsequent N-O cleavage, fadlitély the
elimination of dirhodium catalysts, produces imi2ka and 2-oxa-3-butenoatd’y)
(Scheme 3.18). However, isolation of 2-oxa-3-butenodf® from the reaction
mixture was not successful, and characterizatioA7ofias not been reported in the
literature. Therefore, we designed an alternative way talatalithe mechanism
(Scheme 3.19). We reacted ethyl diazoacet®e { equivalents) with nitron20a
under the catalysis of RIDACc), (1 mol%). After a reaction time of 2 h, there was an
85% conversion to imin€la and the only other reaction product was ethyl
glyoxalate 49), which was identified by comparing tHel NMR spectrum of the
reaction mixture with that af9 from a commercial source.

OMe

/
Ar = p-BrCgH e
B M90207th2L4 Rhols Meo

—=N® o i T
/ \ M
Ar 00 — ® ﬁ\/Ar \©\ " + eOQC X
' N
Rh,L, Q Ar 47
Meozcﬂ MeO 21a

23
Scheme 3.18%1echanism of the Imine Formation.
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MeO o Rh,(OAC)s
S MeO
® 0 (1 mol%) (0]
N * ([ OE

—_—
| CH,Cl, ¥ Hk
N 4 AvS N [ Ot
Q
rt.2h Ar O
Ar = p-BrCgH4
20a 48 21a 49
85% conversion confirmed
by NMR

Scheme 3.1%Reactions of Nitron20awith Ethyl Diazoacetate.

2.4 Scope of Reactions with Diarylnitrone in the Cascade Process

Using the optimized conditions that include HFIP as an additive we
investigated the generality of this process with a broad rahgegtrones, and the
results of this investigation are reported in Table 3.2. With dighiégrone 0¢) an
83% yield of tricyclic producR2c was produced. Yields f&2 were not obviously
dependent on electronic influences from dka&ryl ring since yields ranged from 73%
to 85% (product22¢c-22g) with nitrones having electron-donating and electron-
withdrawing substituents. Substituents onhAr ring were varied in anticipation of
activation from electron-donating substituents and inhibition of aofdifirom
electron-withdrawing group®. However, reaction occurred even with the nitrone
having a strongly electron-withdrawing ester group onNk&r group (nitrone20i).
Electron-withdrawing groups on the aromatic ring are known to detetive
aromatic cycloaddition by metal carberi@but with these substrates (e.g., W2bi)
the electron-donating nitrogen has an overriding activatingiante. Also, with
meta- and ortho-substituents on théN-Ar group, cyclopropanation could have
occurred on either side of tidAr bond which would have led to the formation of
two regioisomers; however, only a single regioisomer was forimegbod yields

(products 22j-22l). A single diastereomer a22 was obtained in all cases; and
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formation of the imine by-product, which was observed in the opatioiz process,
was variable depending on the nitrone. Nitrones having the electronadpnat
methoxy substituent on tiéd-Ar group (nitrone20a and20b) appeared to produce
the imine by-product with larger conversions, while for the reactibas produce
22¢-221, imine by-products were formed only in trace amounts. Thereforg, thi
multistep cascade process is general and occurs with very éoggbcontrol. The

resulting products are predisposed for further elaboration.

Table 3.2Scope of Diarylnitrones.

H = | ° R§]2(OI%})4 A H N
R— o
coMe | NI @0 (3 mol) 1R
N DCE H
N, (§ 4 A MS/HFIP
Ar RT, 20h 9) Y
6 20 22
3 equiv
Comp nitrones,20 products22 yield(%)

a 74 (15)
b 70 (7)
c 83
d 73
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85

75

73

80

60

86

82

88

@ Reactions were performed by addition of a 1.0 mL solution of \iaxtdcetates (0.75
mmol) in DCE dropwise over 1 h to the mixture of,@CT), (0.0075 mmol), nitrone (0.25
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mmol), 4 A MS (100 mg), and HFIP (0.25 mmol) in 1.5 mL of DEHeld of isolated
product after column chromatography.Conversions to imine by-products is given in
parentheses; For reactions with nitro@8s-20I, conversions to imine by-products were <5%.
46 equiv. of6 was used, and the reaction time was 48 h.

As discussed earlier, nitrones witieta- and ortho-substituents on thi-Ar

group could produce two regioisomers depending on the site of cyclopropanation.
The route is shown in Scheme 3.20 using nitr@d@pas an example, where only
cyclopropanation at site A produc2gj. Confirmation of structur@2j was easily
obtained from théH NMR spectrum (Figure 2.2). The olefinic proton regidr (10-

5.80) of the'H NMR spectrum clearly showed a singlet protd609) and a pair of
coupled protonsd( 6.28 and 6.18), indicating a diene system28f. During the
formation of22j—22Il, cyclopropanation occured on the less substituted side of the N-

aryl bond.

/L\H/COzMe B / ] site A
Ol X B
S Rh,Ly
® _— -
cl N’O Cl ©

Scheme 3.2(Regioselectivity in the Reaction 20j.
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GG

4628
4513
—3.979
—3.541

1.567

—0.000

Proton NMR of 22j

|
f , T— A
PP P & % s
£ g &8 g g 258
o - =2} — - L -]
o 5 0 6.5 6.0 55 5.0 4.5 4.0 3.5 30 25 20 15 1.0 0.5 0.0

Figure 3.2'H NMR of 22j.

We also investigated chiral dirhodium catalysts for an enargicbed
method. With RS- PTPA),, the reaction with nitron20b produced®2b in 49% ee,
but with a very low conversion (Scheme 3.21). The extremely poor congrof
nitrone 20b were also obtained with other Hashimoto's dirhodium cataRysts
(conversions were all lower than 10%). To obtain a viable enargaisel method

for the cascade process, further optimization is necessary.
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H
H Rhy(S-PTPA);  Ph:

MeO
S 5 mol%
\©\®/o CO,Me ( 0 . oy
N + CH,Cl,

I
N 4 AMS
kPh 2 overnight
20b 6 o 22b
3 equiv trace conversion
\ (<10%),
Bn,, N 49% ee.
T %
Q9
th—Rh

Rhy(S-PTPA),
Scheme 3.2Rh(SPTPA)-catalyzed Cascade Reactior26b.

[1l. Conclusion

In conclusion, we have developed a general and highly selectivmantor
the preparation of multifunctionalized tricyclic heterocyclastigh an abnormal
cascade process. To undergo this process a metal vinylcarkerateacthe vinyl
group for nitrone cycloaddition and then undergoes the Buchner reactiois tha
linked to a [1,7]-oxygen migration which occurs with N-O bond cleavakthe
products of the process, which have both oxygen and nitrogen-fusedandga

guaternary carbon in the middle, are formed with remarkable specificity.

V. Experimental Section

4.1 Materials

Rhy(OAc), was purchased from Pressure Chemical Co. an{ORIT), was
purchased from Johnson Matthey Co.. Other dirhodium catai/Stiarylnitrone$®

and methyl 2-diazobut-3-enoat®){ were prepared according to the literature
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procedures. Analytically pure solvents from commercial souraae wtored with
activated 4 A molecular sieves in a capped round-bottom flask feast 24 h to
diminish the water conteAt.All the other chemicals were obtained from commercial

sources and used without further purification.

4.2 General Information

All reactions, unless noted, were carried out under an inert atmespher
dried nitrogen in flame-dried or oven-dried glassware withgme#ic stirring.
Analytical thin layer chromatography (TLC) was performeddymamic Adsorbents
precoated (0.25 mm thickness) silica gel plates withiRdicator. Visualization was
accomplished by UV light (254 nm) or with phosphomolybdic acid (PMA) solution in
ethanol. Flash chromatography was performed with silica geb332m) supplied by
Dynamic Adsorbents'H NMR spectra were recorded on a Bruker DRX-400 (400
MHz) spectrometer or a Bruker DRX-500 (500 MHz) spectrometat, ciemical
shifts were reported in ppm using tetramethylsilane ¢ ppm for'H) as the internal
standard. The peak information was described as: br = broad, det,girg doublet,

t = triplet, g = quartet, m = multiplet, comp = composite; coupliogstant(s) in Hz.
13C NMR spectra were recorded on a Bruker DRX-500 (125 MHz) speeter with
complete proton decoupling and the chemical shifts were reported inuppm
CDCl; (6 = 77.0 ppm) as the internal standard. IR spectra were recordedABCO
FT/IR 4100 spectrometer. Enantioselectivities were determined dkgdent 1200
Series HPLC using a Daicel Chiralcel OD-H column or an ARdiumn. High-
resolution mass spectra (HRMS) were performed on JEOL Accl®Hnass

spectrometer using Csl as the standard.
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4.3 Experimental Procedures and Compound Characterizations

General Procedure for the Cascade Reaction between Diarylnitr@s and Methyl
2-Diazobut-3-enoate Catalyzed by RifOct)4. A 10 mL Schlenk flask charged with

a magnetic stir bar and 4 A molecular sieves (100 mg) wasglander high vacuum
and heated by Bunsen burner to dryness. After cooling to room tatonger
Rhy(Oct), (6.0 mg, 3.0 mol%), diarylnitrone (0.250 mmol), 1,1,1,3,3,3-hexafluoro-2-
propanol (27uL, 0.25 mmol) and 1.5 mL of 1,2-dichloroethanere added under a
flow of N,. The resulting green solution was stirred for 5 min, and thenakble Was
wrapped with aluminum foil to avoid light (based on my own observatians#éif
polymerization of pur® seems to be faster under day-light). Freshly prepared methyl
2-diazobut-3-enoates) in 1.0 mL of 1,2-dichloroethane was added into the flaak

a syringe pump over 1 h. After complete addition, the mixture vwaedstat room
temperature for 20 hours. The solvent from the reaction solution was atexpor
under reduced pressure, and the residue was dissolved in a minimahtaod
dichloromethane and loaded onto a silica gel column. Column chromatography wit
hexane/ethyl acetate (3:1) with 5%gMtprovided the final product that was later

analyzed byH NMR and**C NMR spectroscopy.

Methyl 5-(4-Bromophenyl)-10-methoxy-2-oxa-6-azatricyclo[5.4.1.0"{4,12}]-
dodeca-6,8,10-triene-12-carboxylate (22ajH NMR (400 MHz, CDCJ): & (ppm)

7.48 (d,J = 8.2 Hz, 2H), 7.15 (d] = 8.2 Hz, 2H), 6.73 (d] = 12.8 Hz, 1H), 6.33 (d]
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= 12.8 Hz, 1H), 5.49 (d] = 6.7 Hz, 1H), 5.23 (dd] = 1.7, 7.2 Hz, 1H), 4.69 (d,=
7.2 Hz, 1H), 3.74 (s, 3H), 3.61 (s, 3H), 3.60-3.49 (comp, 2H), 3.42-3.35 (M-3CH);
NMR (125 MHz, CDC}): 169.88, 167.94, 155.71, 138.07, 133.12, 131.70, 128.98,
126.91, 121.23, 97.30, 78.65, 74.99, 71.95, 68.06, 54.97, 54.62, 52.78; HRMS (ESI)

calculated for GH19BrNO, [M+H]™: 404.0492; found: 404.0494.

Methyl 10-Methoxy-5-phenyl-2-oxa-6-azatricyclo[5.4.1.0"4,12}]dodeca-6,8,10-
triene-12-carboxylate (22b)*H NMR (400 MHz, CDCJ): § (ppm) 7.39-7.24 (comp,

5H), 6.75 (d,J = 12.7 Hz, 1H), 6.31 (d] = 12.7 Hz, 1H), 5.54 (d] = 6.0 Hz, 1H),

5.23 (dd,J = 1.8, 7.2 Hz, 1H), 4.69 (d, = 7.2 Hz, 1H), 3.75 (s, 3H), 3.61 (s, 3H),
3.58-3.49 (comp, 2H), 3.45-3.36 (m, 1HC NMR (125 MHz, CDGJ): § 170.12,
167.58, 155.71, 138.93, 132.86, 128.58, 127.27, 127.23, 127.13, 97.22, 78.66, 75.59,
71.75, 68.23, 55.21, 54.61, 52.79. HRMS (ESI) calculated fgH,gNO, [M+H] "

326.1387; found: 326.1396.

Methyl 5-Phenyl-2-oxa-6-azatricyclo[5.4.1.0"4,12}]dodeca-6,8,10-triene-12-
carboxylate (22¢c)*H NMR (400 MHz, CDCJ): & (ppm) 7.38-7.32 (comp, 2H), 7.29-

7.23 (comp, 3H), 6.75 (d,= 11.9 Hz, 1H), 6.47-6.35 (m, 1H), 6.25-6.20 (comp, 2H),
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5.61 (d,J= 6.2 Hz, 1H), 4.65-4.60 (m, 1H), 3.75 (s, 3H), 3.58-3.50 (comp, 2H), 3.48-
3.39 (m, 1H);*C NMR (125 MHz, CDGJ)) 5 170.20, 168.09, 138.91, 130.84, 129.76,
128.55, 128.49, 127.97, 127.27, 127.26, 79.95, 76.30, 68.77, 54.95, 52.77 (one carbon
was missing due to overlapping signals). HRMS (ESI) calailébe CgHigNO3

[M+H] *: 296.1281; found: 296.1274.

Methyl 5-(4-Chlorophenyl)-2-oxa-6-azatricyclo[5.4.1.0™{4,12}]dodeca-6,8,10-
triene-12-carboxylate (22d)."H NMR (400 MHz, CDCJ): 8 (ppm) 7.32 (dJ = 8.4

Hz, 2H), 7.19 (dJ = 8.4 Hz, 2H), 6.73 (d] = 11.8 Hz, 1H), 6.47-6.33 (m, 1H), 6.24-

6.22 (comp, 2H), 5.57 (d,= 6.5 Hz, 1H), 4.60-4.62 (m, 1H), 3.74 (s, 3H), 3.60-3.50
(comp, 2H), 3.41-3.36 (m, 1H}’C NMR (125 MHz, CDGJ) 5 170.01, 168.43,
137.55, 133.16, 131.05, 129.82, 128.75, 128.68, 128.33, 127.94, 79.99, 75.69, 72.78,
68.62, 54.83, 52.77. HRMS (ESI) calculated fagHG-CINOs [M+H]": 330.0891;

found: 330.0884.

Me0\©H N
N, N —Z

H CO,Me
/

"/,//

Oy

22e
Methyl  5-(4-Methoxyphenyl)-2-oxa-6-azatricyclo[5.4.1.0"{4,12}]dodeca-6,8,10-
triene-12-carboxylate (22e)*H NMR (400 MHz, CDC)): & (ppm) 7.15 (dJ = 8.6

Hz, 2H), 6.88 (d,J = 8.6 Hz, 2H), 6.73 (d] = 12.0 Hz, 1H), 6.39 (m, 1H), 6.24-6.21
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(comp, 2H), 5.57 (dJ = 6.5 Hz, 1H), 4.63-4.61 (m, 1H), 3.80 (s, 3H), 3.74 (s, 3H),
3.56-3.43 (comp, 3H)C NMR (125 MHz, CDGJ) § 170.29, 167.82, 158.86, 131.08,
130.73, 129.83, 128.57, 128.40, 127.91, 113.97, 80.12, 75.97, 72.69, 68.78, 55.26,
55.14, 52.71. HRMS (ESI) calculated ford8,0NO, [M+H]™: 326.1387; found:
326.1392.

Cl

22f

Methyl 5-(3-Chlorophenyl)-2-oxa-6-azatricyclo[5.4.1.0™{4,12}]dodeca-6,8,10-
triene-12-carboxylate (22f).*H NMR (400 MHz, CDCJ): & (ppm) 7.30-7.24 (comp,

3H), 7.16-7.12 (m, 1H), 6.74 (d, = 11.9 Hz, 1H), 6.44-6.40 (m, 1H), 6.24-6.21
(comp, 2H), 5.57 (dJ = 6.6 Hz, 1H), 4.63-4.61 (m, 1H), 3.74 (s, 3H), 3.63-3.52
(comp, 2H), 3.41 (ddJ = 2.0, 9.0 Hz, 1H)**C NMR (125 MHz, CDG)) 5 169.93,
168.57, 141.14, 134.66, 131.13, 129.84, 129.81, 128.31, 128.00, 127.55, 127.43,
125.43, 79.87, 75.65, 72.64, 68.65, 54.78, 52.79. HRMS (ESI) calculated for

C1gH17CINO3 [M+H]+: 330.0891; found: 330.0902.
F30\©

22g

Methyl 5-[4-(Trifluoromethyl)phenyl]-2-oxa-6-azatricyclo[5.4.1.0M4,12}]-
dodeca-6,8,10-triene-12-carboxylate (22gfH NMR (400 MHz, CDCJ): & (ppm)

7.61 (d,J = 6.5 Hz, 2H), 7.39 (d] = 6.5 Hz, 2H), 7.74 (d] = 9.6 Hz, 1H), 6.44-6.40
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(m, 1H), 6.25-6.22 (comp, 2H), 5.64 @= 4.4 Hz, 1H), 4.63-4.62 (m, 1H), 3.75(s,
3H), 3.60-3.56 (comp, 2H), 3.34-3.32 (m, 1HjC NMR (125 MHz, CDG) *°C
NMR 6 169.87, 168.72, 143.10, 131.24, 129.76, 128.18, 127.99, 127.63, 126125 (q,
= 270.0 Hz), 125.52 (g = 3.8 Hz), 79.82, 75.78, 72.68, 68.54, 54.65, 52.84 (one
carbon is missing due to overlapping signals). HRMS (ESI) caézuldor

ClgH17F3N03 [M+H]+: 364.1155; found: 364.1156.

Methyl 10-Bromo-5-(4-chlorophenyl)-2-oxa-6-azatricyclo[5.4.1.0"{4,12}|dodeca
6,8,10-triene-12-carboxylate (22h)*H NMR (400 MHz, CDGJ): 8 (ppm) 7.33 (d))

= 8.3 Hz, 2H), 7.17 (d) = 8.3 Hz, 2H), 6.73 (d) = 6.6 Hz, 1H), 6.66-6.58 (comp,

2H), 5.60-5.57 (m, 1H), 4.51 (d,= 6.6 Hz, 1H), 3.77 (s, 3H), 3.57-3.49 (comp, 2H),
3.38-3.35 (m, 1H),13C NMR (125 MHz, CDG) 6 169.43, 166.89, 137.02, 136.01,
133.36, 130.85, 128.84, 128.62, 128.07, 122.81, 80.15, 75.86, 72.99, 68.51, 54.67,
53.05. HRMS (ESI) calculated for 16:6BrCINOs [M+H]": 407.9997; found:

407.9983.

10-Ethyl  12-Methyl  5-(4-Bromophenyl)-2-oxa-6-azatricyclo[5.4.1.0M4,12}]-

dodeca-6,8,10-triene-10,12-dicarboxylate (22iJhis compound decomposed under
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the catalysis of triethylamine, so triethylamine was not usdttn column
chromatography was performeti NMR (400 MHz, CDCJ): § (ppm) 7.48 (d,J) =
7.8 Hz, 2H), 7.42 (dJ = 6.1 Hz, 1H), 7.15-7.09 (comp, 2H), 7.09 {d= 12.7 Hz,
1H), 6.81 (dJ= 12.7 Hz, 1H), 5.59 (d] = 5.5 Hz, 1H), 4.76 (dJ = 6.1 Hz, 1H),
4.28 (q,d = 6.3 Hz, 2H), 3.74 (s, 3H), 3.62-3.53 (comp, 2H), 3.41-3.38 (m, ‘fA);
NMR (125 MHz, CDC}J) 6 169.63, 167.39, 166.34, 137.71, 136.56, 131.74, 130.86,
129.21, 128.99, 128.08, 121.38, 79.25, 76.09, 72.95, 68.90, 61.89, 54.60, 53.02, 14.15.
HRMS (ESI) calculated for §H21:BrNOs [M+H]: 446.0598; found: 446.0605.
phia Ny~

0 H/

22j
Methyl 9-Chloro-5-phenyl-2-oxa-6-azatricyclo[5.4.1.0"4,12}]dodeca-6,8,10-
triene-12-carboxylate (22j).*H NMR (400 MHz, CDGJ): & (ppm) 7.40-7.20 (comp,
5H), 7.00 (s, 1H), 6.30 (dd,= 2.0, 12.8 Hz, 1H), 6.81 (dd,= 5.9, 12.8 Hz, 1H),
5.60-5.58 (m, 1H), 4.61 (dl = 5.9 Hz, 1H), 3.78 (s, 3H), 3.57-3.53 (comp, 2H),
3.44-3.41 (m, 1H)**C NMR (125 MHz, CDGJ)) § 169.66, 165.02, 138.51, 137.57,
131.52, 130.05, 128.60, 127.41, 127.18, 126.59, 79.31, 76.42, 72.47, 68.90, 54.85,

53.01.HRMS (ESI) calculated for £gH17CINO; [M+H]": 330.0891; found: 330.0884.
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Methyl 9-Bromo-10-methyl-5-phenyl-2-oxa-6-azatricyclo[5.4.1.0"{4,12}]dodeca
6,8,10-triene-12-carboxylate (22k)*H NMR (600 MHz, CDCJ): & (ppm) 7.38-7.33
(comp, 2H), 7.31 (dJ = 1.8 Hz, 1H), 7.28-7.27 (m, 1H), 7.22-7.20 (comp, 2H), 6.20
(dd,J = 1.3, 5.6 Hz, 1H), 5.56 (dd, = 1.6, 7.3 Hz, 1H), 4.61)@ 5.6 Hz, 1H), 3.79

(s, 3H), 3.54-3.46 (comp, 2H), 3.34-3.31 (m, 1H), 2.21 (s, 3B)NMR (125 MHz,
CDCls) 6 169.93, 165.99, 138.45, 135.09, 132.14, 130.23, 128.56, 127.41, 127.22,
126.88, 79.68, 77.00, 73.64, 68.27, 55.02, 53.03, 29.92. HRMS (ESI) calculated for

C19H16BrNO3 [M+H]*: 388.0543; found: 330.0551.

Methyl 8-Chloro-5-phenyl-2-oxa-6-azatricyclo[5.4.1.0"4,12}]dodeca-6,8,10-
triene-12-carboxylate (221)."H NMR (400 MHz, CDCJ): & (ppm) 7.38-7.32 (comp,

2H), 7.28-7.26 (m, 1H), 7.22-7.19 (comp, 2H), 6.69)(d,8.5 Hz, 1H), 6.23 (dd] =

5.7, 12.2 Hz, 1H), 6.09 (dd,= 8.5, 12.2 Hz, 1H), 5.70 (d,= 7.6 Hz, 1H), 4.61 (d]

= 5.7 Hz, 1H), 3.78 (s, 3H), 3.61 (dt= 2.3, 7.7 Hz, 1H), 3.56-3.53 (m, 1H), 3.42 (dd,
J=23, 9.4 Hz, 1H),13C NMR (125 MHz, CD) 6 169.85, 165.79, 138.01, 131.39,
129.54, 128.63, 128.57, 127.51, 127.49, 125.22, 80.51, 76.89, 72.43, 68.85, 55.48,

53.05. HRMS (ESI) calculated for§:17,CINO; [M+H]*: 330.0891; found: 330.0880.

NMR graphs can be obtained from the supporting information of he paper
published in Angew. Chem., Int. Ed.: Wang, X.; Abrahams, Q. M.; Zavalij, P. Y.;

Doyle, M. P.Angew. Chem,, Int. Ed. 2012 DOI: 10.1002/anie.201201917.
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