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(Abstract)

Vinyloxiranes 6a-b and vinylaziridines 7a-b were prepared efficiently from halo-
cyclohexadiene-cis-diols 1. Reactions of 6 and 7 with a variety of organometallic reagents
were investigated in order to determine the stereo- and regiochemistry of ring opening with

carbon nucleophiles. The results indicate that 6 and 7 could serve as useful new synthons

for C-disaccharides and Amaryllidaceae alkaloid syntheses.
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The utility of synthon 7b has been demonstrated by a concise enantiocontrolled
synthesis of (+)-pancratistatin (9). The key step involved the SN2 opening of 7b with the

aryl cyanocuprate derived from amide 217 to generate the pivotal cyclization precursor.
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I. INTRODUCTION

Epoxides are versatile intermediates in organic synthesis. These three-membered
heterocyclic compounds can be prepared easily in homochiral form by highly efficient
procedures. Because of the inherent polarity and the ring strain, epoxides are susceptible
to reactions with a large number of reagents, the reactions usually proceeding in a
~stereospccific and often highly regioselective fashion. Among these reactions, ring
opening by carbon nucleophiles represents a very useful transformation, resulting in the
formation of new carbon-carbon bonds. For this purpose, a variety of organometallic
reagents have been employed. The available data shows that organocuprates seem to be
the most appropriate choice, since Grignard reagents and organolithium reagents often
result in side reactions, such as elimination and rearrangement, promoted by either the
basicity of the nucleophile or Lewis acidity of the counterion.

Aziridines, the nitrogenenous epoxide counterparts, are also attractive building
blocks for organic synthesis, and the last decade witnessed a rapid development of
aziridine chemistry. A variety of procedures has been designed for the preparation of
aziridines in enantiomerically pure form. The reactions of activated aziridines with
heteroatom-nucleophiles and carbon nucleophiles, such as organocopper reagents and
Grignard reagents, have been extensively investigated. In contrast, the chemistry of
vinylaziridines escaped attention for years. By the time of the initiation of our effort, no
literature precedent on the nucleophilic ring opening of vinylaziridines existed.

Halocyclohexadiene-cis-diols 1, prepared by whole-cell oxidation of halobenzene
with Pseudomonas putida 39/D,2 have proved to be very useful chiral synthons. Starting
from 1, a structurally diverse set of natural products have been synthesized
enantioselectively, such as PGEja (2),3 (+)-kifunensine (3),4 (+)-pinitol (4),5 and

lycoricidine (5),6 Scheme 1. One remarkable property associated with diol 1 is the



possibility to introduce functionality regio- and stereospecifically by taking advantage of
the steric and stereoelectronic effects exerted by the substituent on C-1 and the

appropriately selected protection group of the diol.

4 (+)-pinitol % < % 3 (+)-kifunensine

OH

OH

/ 1 X=Cl, Br x
OH

wn__,(CHy,COH

(CH,),CO,H

5 lycoricidine 2 PGE, o

Scheme 1

In the continuing effort to explore the utility of 1 in the syntheses of C-
disaccharides and Amaryllidaceae alkaloids, it became necessary to understand the regio-
and stereoselectivity of ring opening of vinyloxiranes 6 and vinylaziridines 7 with carbon
nucleophiles, Scheme 2. Vinyloxirane 6a has previously been opened by non-carbon

nucleophiles such as alkoxide, azide, and halide, to give exclusively SN2 products with



the inversion of configuration, while the addition of carbon nucleophiles has not been

examined. No data concerning the ring opening of 7 with either non-carbon or carbon

nucleophiles was available.

o

6a X=Cl
6b X=H

1 X=Cl, Br

(OH)x(NH,)y
8 C-disaccharides
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This thesis will discuss the initial findings on the reactive tendencies of both 6 and

7 toward a series of organometallic reagents. A total synthesis of (+)-pancratistatin

designed to capitalize on the newly developed methodology will also be described.



IILHISTORICAL
1. Chemistry of Vinyloxiranes

Vinyloxiranes, also called monoepoxides of 1,3-dienes, constitute a special subset
of allylic systems. Four contiguously functionalized carbons contained in these
compounds render them versatile intermediates in organic synthesis, because
nucleophiles can be introduced at different positions with particular reagents.
Nucleophilic additions to vinyloxiranes have been extensively studied and have been
discussed in several reviews.6 In this section, emphasis will be placed on the
nucleophilic ring opening of vinyloxiranes, especially cyclic \.rinyloxirancs, by

organometallic reagents.

Early examination of the reaction of the monoepoxide of 1,3-butadiene (10) with
organometallic compounds revealed four theoretically possible products 11, 12, 13, and
15,7 Scheme 3. Direct 1,2- or 1,4- addition to 10 gave 11-13. With organometallic
reagents possessing sufficient Lewis acidity, the rearrangement of epoxide to a carbonyl

compound 14 would be followed by addition, affording 185.

RM NOH NR+NOH
DT
11

O
10 , R
14 15
Scheme 3



Conditions have been developed to produce preferentially each of these four
products. In general, the organocopper reagents prefer SN2' addition to give 13,8 while
the organomagnesium and organolithium reagents tend to produce 11.% The hard and soft
acid-base principle has been proposed to account for this reactivity difference.l0 The
hardness of the organometallic reagent (RLi>RMgBr>R>CulLi or RCu) is directly related
to the nature of metal atom.!1 Organocopper reagents are soft bases and prefer to react
with the soft acid site, i.e., olefin C-4, leading to 1,4-addition products, whereas
organomagnesium and organolithium reagents are harder bases and prefer to attack the
hard acid site, i.e. C-2, giving 1,2-addition products. Reaction of 1,3-butadiene mono-
epoxide 10 with the Gilman reagent proceeded regiospecifically and stereospecifically to

yield 1,4-adducts, 13a and 13b, Table 1.

Table 1. Reaction of Gilman Reagents with 1,3-Butadiene

Monoepoxide®
RoCuLi
M_z(fu}; N OH., RW\OH +R N
R
10 11 13a 13b OH
R 11 13a 13b EZ
Bu 4 80 14 86:14
Ph 15 76 8 90:10
a, ref.8.

Ring opening studies of butadiene monoepoxide 10 and isoprene epoxide 16
conducted by Normant!2 further complemented these initial findings. The copper(I)-

catalyzed Grignard reaction also provided SN2' products exclusively, Table 2.



Table 2. Additions of Cuprates to Butadiene and Isoprene Epoxides®

=~
= o (10 - (\/\OH

R
13a
RCu —
z
/74) (16) S
> (O oH
R
17
R Epoxide Product Yield (%)  E:Z
((Z)-EtCH=CH),CuLi 10 13a 70 96:4
16 17 82 86:14
((CH;),C=CH),CuLi 10 13a 82 96:4
16 17 95 92:8
(Bu(CH3)C=CH),CuLi 16 17 91 91:9
(Me,C=CH),Cu-MgBr 16 17 34 97:3
CH,=CHCH,MgBr-CuBr® 16 17 90 92:8
(Z)-MeCH=CHCH,MgBr-CuBr® 16 17 95 95:5

a, ref. 12. b, 5% CuBr was used.

Similarly, exocyclic epoxides underwent SN2' alkylation by organocuprates
preferentially.13 Reaction of 17 with Gilman type methyl- or butylcuprates produced
only SN2' products 18. With butylcuprate, a 95:5 mixture of syn and anti adducts 19 and
20 was obtained from 17, while the (Z)-oxirane 21 furnished a 25:75 mixture of syn and
anti SN2' products 19 and 20. This contrasting behavior could be attributed to the
hindrance by the ring methyl group.

The reaction of monoepoxides of cyclic 1,3-dienes with organometallic reagents
show similar, but not identical, trends. Rickborn first reported a systematic study of the

reactivity of the mono-epoxide of 1,3-cyclohexadiene with methyl-metal reagents,14



H

(CH3),CuLi
—> CH3
"“cH
18
H
CH, H CH,
C,H,- )
| 4Hon + C4Hyn
cpg, CaHo)Culi ’CH, "/CH,4
o= 3 19 (95%) 20(5%)
=
CallonCull 19 25%) 20 (75%)
21 O
Scheme 4

as shown in Scheme 5.

In contrast to the high regioselectivity exhibited in the reactions of the
monoepoxide of 1,3-butadiene, treatment of 22 with lithium dimethylcuprate gave both
SN2 and SN2' products with complete trans-stereospecificity. No SN2' products were
formed with Grignard or organolithium reagents. Meanwhile, Johnson reported a similar
ring opening study of 22 with organolithium and organocuprate reagents.!5 The methyl
and phenyl reagents displayed high trans-stereoselectivity in both 1,2-and 1,4-additions,
Table 3. On the other hand, lithium zerz-butylcuprate showed decreased stereoselectivity
in conjugate addition and favored the cis-product in 1,2-addition. This low
stereoselectivity was rationalized by a mechanism involving an intermediate radical anion

30, as depicted in Scheme 6.



22

OH 0

23 (35%)
CHs
24 (42%)
.\CH3
| (CHahMe (CH3),Mg
23 (95%)
OH
CH3MgCl @
3 (70%) 26 (19%)
.I‘ OH
CH3L1
23(31%) 27 (63%)

Scheme 5

Table 3. Reaction of Gilman Reagents with

1,3-Cyclohexadiene Monoepoxide®
OH

(CH3 )2CllL1 © Al CH3 @ é
+

25 (23%)

Ot O™ O
O—> +
R" ‘R
22 28 29

RM yield (%) 28:29
Me,Culi 91 54:46
Ph,CuLi 87 69:31
(-Bu),CuLi 72 65:35
a, ref. 15.
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QL

R
{ R
~ I
Oo—* + R/C“ —> Products
30 °

Scheme 6

In contrast to the behavior of the Gilman reagent, mixed cyanocuprates added
stereospecificially (100% trans) and regiospecifically (1,4-addition >95%) to 22.16
Based on this finding, Marino devised an efficient approach to introduce multiple
stereocenters into cyclohexane systems by the stereoselective tandem 1,4-opening of
cyclohexene epoxide, as shown in Scheme 7.

The high regioselectivity was also observed in the reaction of the monoepoxide of
1,3-cycloheptadiene 36 with mixed cuprates,16 Table 4. The mixed cuprate derived from
the acrylate gave the highest regioselectivity, followed closely by cyanocuprate.

The regio- and stereochemistry of cyanocuprate addition to cyclopentene epoxides
has also been studied.17 Reaction of alkylcyanocuprate with 39 proceeded with complete
regio- and stereoselectivity to provide trans-4-alkylcyclopenta-2-enols 40 in excellent
yields, Table 5. However, sp2-hybridized (vinyl-, allyl-, and phenyl-) cyanocuprates
afforded mixtures of 1,2- and trans-1,4 adducts. In sharp contrast with the high
regioselectivity observed with cyclohexadiene monoepoxide, phenylcyanocuprate

addition provides both regioisomers in a surprisingly low ratio.



OH OH 0

22 Rl R! R!
31 32 33
* v
OS 1MC3 OSIR3
RY,,
- \
- o)
- OH Y
R! R!
35 34

(i) R'Cu(CN)Li; R'=Me, 95%; R'=Ph. 60%; (ii) ArCO;H; (iiiy CrOs-py,.
(iv) LDA, R;3SiCl; (v) RZCu(CN)Li.

Scheme 7

Table 4. Reactions of 1,3-Cycloheptadiene
Monoepoxide and the Mixed Cuprates®

Q MeCuRLi Q_ Q_ OH
“CH
8 7

36
R yield (%) 37:38
Me 91 70:30
BuC=C 95 85:15
CN 95 90:10
CH,=CCO,Me 98 97:3
a, ref. 16a.
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Table 5. Reaction of Cyanocuprates with Cyclopentadiene

Monoeppoxide®
OH OH
Q. RCu(CN)Li : :
@ —Q -0
33R 34
Cyanocuprate yield (%) 33:34
Me 78
n-Bu 95
t-Bu 88
EtO,CCH, 17
(n'Bu)3anH2 5
CH,=CH 75 1:1
(E)‘C5H11CH(OTBDMS)CH=CH 80 “4:1
Ph 50 2:1
a, ref. 17.

In summary, this section highlights some of the general reaction trends of both
acyclic and cyclic vinyloxiranes with organometallic reagents. The next section will

present some chemistry on the ring opening of aziridines and vinylaziridines by carbon

nucleophiles.

11



2. Chemistry of Aziridines and Vinylaziridines

In analogy to their epoxide counterparts, aziridines are also highly strained and
susceptible to the ring-opening reactions that constitute the major part of their chemistry.
Aziridines have also emerged as versatile chiral synthons for the synthesis of biologically
important cyclic and acyclic compounds.18

Aziridines can be divided broadly into two groups based on the nature of the
substituents on nitrogen.19 "Activated' aziridines 42 contain an electron-withdrawing
substituent which can stabilize the negative charge formed on the nitrogen in the
transition state of the nucleophilic ring-opening by resonance. "Nonactivated" aziridines
43 contain no such substituent, and their ring-opening usually requires protonation,

quaternization, or the complexation with a Lewis acid.

\/

N

I
G

42 G=COR, CO,R, SO,R
43 G=H, alkyl, aryl

Both activated and nonactivated aziridines undergo ring-opening reactions with
noncarbon nucleophiles, such as oxygen nucleophiles,20 halide ions,2! nitrogen
nucleophiles22? and phosphine nucleophiles.23 These reaction have been covered in two
reviews24 and will not be discussed here. Instead, this section will focus on the reactions

of aziridines with the organometallic reagents.

12



Early work by Hassner and Kascheres23 demonstrated that aziridine-carbamates
44 performed as ambident electrophiles, with the nucleophile attacking the carbonyl

group (path a) or the ring carbon (path b), Scheme 8.

O
I I
0 __a_» DN—C—Nu and/or Nu— C— Nu
I
D N—C- OBt +RLi—
44 L—3» Nu-CH,CH,-NHCO,Et

R=PhCH,, Ph,CH, Ph,C, t-Bu, Ph-C=C

Scheme 8

Benzyllithium and the bulky #-butyllithium produced only products of carbonyl attack
(path a). However, trityllithium afforded solely ring opening product (path b), while
diphenylm.ethyllithium gave both 1-(diphenylacetyl)aziridine (path a, 33%) and allyl N-
(3,3-diphenylpropyl)carbamate (path b, 66%). It appears that the pheny! substitution in
the alkyllithium enhances the tendency for ring opening over carbonyl attack. These
results also indicate that the reaction course is controlled by nucleophilicity rather than
basicity; strong nucleophiles attack the carbonyl function and weak ones attack the ring
carbon.

Wattanasin and Kathawala20 also found that N-acylaziridines reacted cleanly with

both organolithium and Grignard reagents to furnish the corresponding ketones, Scheme

- -

0 OM 0
/U\ R'M )V H,0* il
PN R —— ):N R| —— R-C—R
RI
CHi | cnf |
R=CH;, t-Bu, Ph
Scheme 9
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9. The reaction worked well with both aliphatic and aromatic acylaziridines. Even the
bulky secondary organolithium and secondary Grignards gave good yields as well.

The successful ring opening of an acylaziridine using an organocuprate was first
reported by Kishi27 in 1975. The key step in the stereocontrolled synthesis of ()-
perhydrohistrionicotoxin 48 was the reaction of acylaziridine 46 with dibutylcopper

lithium to afford lactam 47, which was converted to 48 in four steps.

Scheme 10

The aziridine ring opening strategy was also used by Oppolzer and Flaskamp28
who achieved an enantioselective total synthesis of pumiliotoxin-C. In this work, N-
tosylaziridine 49 was reacted with 2-butynylmagnesium bromide to give two ring-opened
products, acetylene 50 and allene 51, Scheme 11. Subsequent manipulations of 50 led to
the target compound. This synthesis also allowed unambiguous assignment of the
absolute configuration of the natural product.

The reactions of N-substituted derivatives of 2-phenylaziridine 52 with
organolithium, organocuprate and the Grignard reagents have been investigated by
Kozikowski,29 Scheme 12. It was found that the regioselectivity of the reaction
depended on the reagents and reaction conditions. In general, less bulky methyl-metal

reagents, such as MeMgBr, Me2CuL.i and MeCu-BF3, preferred to attack the C-2 of 53 to

14



v/\/ Me-C=C-CH,MgBr &
| ° TsHN™ = TsHN” =
H H

Ts
49 50 51

!

Me

jas!

:

N
I

H

:I:II-

52 pumiliotoxin-C

Scheme 11
» P R NHG
4 RM A A
NHG R
Ny —> T Pph
G 54 55
53a R=Ts
53b R=CO,Et
53¢ R=CHj,
Scheme 12

give 54. Tosylaziridine 53a was more reactive than acylaziridine 53b, while aziridine
53c without an electron-withdrawing group proved unstable, and suffered decomposition
even with mild cuprate reagents, MepCuLi and MeCu-BF3. Of the three reagents
examined, organocuprate proved most effective for the ring opening of three aziridines.
Grignard reagents also reacted with aziridines 53a and 53b, giving phenylethylamines in
somewhat lower yields than the cuprates. By contrast, organolithium reagents caused

either the decomposition of the aziridines or the displacement of the N-substituent.

15





























































































































































































































































































