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Abstract: This review highlights the advances in the literature up to
July 2008 on the intermolecular reactions of acyclic and cyclic N-
acyliminium ions. This is an update of an earlier review in 2000 on
this topic and does not include intramolecular addition reactions to
N-acyliminium ions which was recently reviewed. This review is
presented in two parts, with the first part dealing with acyclic and
pyrrolidinone-based N-acyliminium ions. Part II continues with
other five-membered heterocyclic derivatives and higher systems.

Part 1
1 Introduction
2 Acyclic N-Acyliminium Ions

2.1 Synthesis of Acyclic N-Acyliminium lon Precursors
2.2 Reactions of Acyclic N-Acyliminium lons

2.2.1  Reactions with Nucleophiles

2.2.1.1 Silicon-Based Nucleophiles

2.2.1.2 Aromatic Nucleophiles

2.2.1.3 Organostannanes

2.2.1.4 Organometallic Reagents

2.2.1.5 Thiols

2.2.1.6 Alkenes

2.2.1.7 Nitrogen Nucleophiles

2.2.1.8 Alky! Radicals

2.2.2  Cycloaddition Reactions

2.23 Cationic Carbohydroxylation Reactions

3 Cyclic N-Acyliminium Ions

3.1 Synthesis of Cyclic N-Acyliminium Ion Precursors
3.1.1  Preparation of Iminium lons in situ by Anodic Oxidation
3.2 Five-Membered-Ring N-Acyliminium lons

3.2.1 Reactions of Pyrrolidinone-Based N-Acyliminium lons
3.2.1.1 Silicon-Based Nucleophiles

3.2.1.2 Aromatic Nucleophiles

3.2.1.3 Organostannanes

3.2.1.4 Organometallic Reagents

3.2.1.5 Active Methylene Compounds

3.2.1.6 Nitrile Nucleophiles (Ritter Reaction)

Part II

322 Reactions of N-Acylpyrrolidine-Based N-Acyliminium
Ions with Nucleophiles

323 Reactions of Oxazolidinone-Based N-Acyliminium lons
with Nucleophiles

3.2.4 Cyclocondensation Reaction of N-Aminidinyl Iminium

Ions
33 Reactions of Six-Membered-Ring N-Acyliminium Ions

3.3.1 Reactions of Piperidinone-Based N-Acyliminium lons with
Nucleophiles

3.3.3 Reactions of Piperazine-Based N-Acyliminium Ions with
Nucleophiles

3.3.4 Reactions of Pyridine-Based N-Acyliminium Ions with Nu-
cleophiles

SYNTHESIS 2009, No. 3, pp 0339-0368
Advanced online publication: 26.01.2009

DOI: 10.1055/5-0028-1083325; Art ID: E22608SS
© Georg Thieme Verlag Stuttgart - New York

Reactions of N,0-Acetal Oxathiazinane N-Sulfonylimini-
um Jons with Nucleophiles

34 Reactions of Seven-Membered-Ring N-Acyliminium Ions
Reactions with Silicon-Based Nucleophiles

Cycloaddition Reactions

35 Reactions of Bicyclic N-Acyliminium Ions

Reactions with Nucleophiles

Cycloaddition Reactions

3.6 Other Systems

Silicon-Based Nucleophiles

4 Stereochemical Outcomes

5 Conclusions

Key words: N-acyliminium ion, nucleophilic addition, cycloaddi-
tion, aromatic electrophilic substitution, radical addition, peptides,
pyrrolidines, piperidines

1 Introduction

This review highlights the advances in the literature up to
July 2008 on the intermolecular reactions of acyclic and
cyclic N-acyliminium ions. This is an update of an earlier
review in 2000% on this topic and does not include in-
tramolecular addition reactions to N-acyliminium ions
which was recently reviewed.> A review article on addi-
tion reactions to related, but less reactive, N-acylimines
has also been recently published.*

The highly reactive nature of N-acyliminium ions require
that they are generated in situ usually in the presence of
the other reactive, electron-rich, nucleophilic partner
(NuY, Y = metal, SiR;, SnR4., etc.). In general these inter-
mediates are generated from more stable and isolatable a-
substituted N-acylamines of the type 1 by treatment with
a Lewis acid or sometimes a protic acid (Scheme 1). The
reaction of 2 with a nucleophilic species (NuY) then gives
o-substituted N-acylamine 3. Compounds 1-3 can be acy-
clic systems or R! and R?, R? and R?, R! and R* can be tak-
en together to form part of a ring system as shown in the
general structures 4, 5, and 6.

Compounds like 1 (X = OH and NHCO,R) are most likely
formed in situ from the Lewis acid promoted three-
component, one-pot coupling reactions of carbamates, al-
dehydes (or acetals) and silyl nucleophiles or electron-
rich aromatic nucleophiles (Scheme 2).>

N-Acyliminium ions like 11 can also be generated in
dichloromethane solution, in the absence of nucleophiles,
by the electrochemical oxidation of N-trimethylsilylmeth-
yl carbamates like 10 (Scheme 3). These intermediates
have been characterised spectroscopically and were sub-
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Scheme 3

4 5 6 2 Acyclic N-Acyliminium lons

1

Scheme 2.1  Synthesis of Acyclic N-Acyliminium Ion Pre-
cursors

Acyclic N-acyliminium precursors of the type 1 are gen-
erally synthesised from the coupling of an amide or car-
bamate with an aldehyde in the presence of HX or MX_.*10

sequently treated with nucleophiles or dipolarophiles to
give addition products.”

a-Sulfonyl-N-alkyl amides and o-sulfonyl-N-alkyl car-
bamates 12 are useful precursors of acyclic N-acylimini-
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um ions since they are often stable solids. They can be
prepared by the coupling reaction of amides or carbamates
with an aldehyde in the presence of benzenesulfinic acid
or its salt (Scheme 4).!1-13

O  SOsPh
o} 2
/U\ HaN OR2
R R2O” "NT TR
PhSO,Na g{
HCOOH 12
THF, H,0
. 70-90%
Scheme 4

a-Carbamylalkylbenzotriazole derivatives 13 and 14 can
be prepared from the coupling of carbamates, benzotriaz-
ole and aldehydes (Scheme 5). These benzotriazole ad-
ducts are usually formed as a mixture of 1-yl 13 and 2-yl
14 isomers. These regioisomers, however, are both readily
converted into the same N-acyliminium ion.5!413

h
j\ o M
0]
H,N" OR?
XL, PN
BtH, 20 °C &
4‘MEC6H4802H

R!

14
60-92%

Scheme §

a-Alkoxycarbamates 15 and 16 can be obtained from the
electrochemical oxidation of carbamates in methanolic
solution'® (Scheme 6, equation 1) or from the reaction of
primary amines with aldehydes, followed by reaction with

diethyl pyrocarbonate (Scheme 6, equation 2).'"'8
1 2 anodic oxidation R2 M
AN i MeoH YO °
om ” N M
2ve ot R “COMe
15
70-80%
o] 1
JJ\ 1. R2NH, RYOEt
R ™H > N @)
2. (Et0,C),0 R2” COLEt
80°C s
63-91%
Scheme 6

a-Acetoxycarbamate and amide derivatives 17 can be
synthesised from the corresponding N-methylcarbamates
and amides by palladium-catalysed oxidation
(Scheme 7).1°

Rl Rl
\l!\l/\H Pd(OAC), \r?I/\OAc
COR? 0AC COR?
DCE, 60 °C 17
R? = +BuO, +-Bu 70-96%
Scheme 7

a-Hydroxycarbamate derivatives 18 can be prepared by
the partial reduction of imides using diisobutylaluminium
hydride (Scheme 8). Although other reducing agents,
such as sodium borohydride are effective for the reduc-
tion of cyclic imides, only diisobutylaluminium hydride

was effective for acyclic imides.?**!
14 5
DIBAL-H (1.2 equiv
RIO™ N7 R —(——:L—)’ R'0” N7 RS
R2 CH,Cla, =78 °C 1o
18
83-99%
TMSOTH [ R®=H
pyridine Ly R*=TMS
Scheme 8

a-Alkylthiocarbamates 19 can be synthesised from the
three-component condensation of amides or carbamates
with isopropylmercaptan and glyoxylic acid or its ester
derivatives (Scheme 9).2

SJ\

* o £PrSH
+ —» R'CO, 2
R "NH, 7 H COR?  prga H CO,R
toluene 1
111 °C 9
37-90%
Scheme 9

Weinreb amide derivatives 20 can be obtained from the
condensation of carbamates with the corresponding hemi-
acetal (Scheme 10).2

OH l\llle
Ne OH OMe
o] MeQ OMe Br0.C f|\l
n
o] 2N “Me
BnO” SNHp — = Ll
CHyClp, 30 °C H 20

Scheme 10

Carbamates 21, having a N-silylmethyl substituent, can be
easily synthesised from the reaction of carbamates with a-
silylalkyl iodides under basic conditions (Scheme 11,

Synthesis 2009, No. 3, 339-368 © Thieme Stuttgart - New York
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equation 1). They can be used to generate N-acyliminium
ions by anodic oxidation (Scheme 3).”?Alternatively,
these compounds can be prepared by N-alkylation of
amines with a-silylalkyl chlorides and then N-acylation of
the resulting N-silylmethylamine (Scheme 11, equation
2). The N-trimethylsilylmethyl amides 22 can be convert-
ed into N-methoxymethyl carbamates 23 upon anodic ox-
idation in methanol or by oxidation with ceric ammonium
nitrate (see Scheme 18).%

Ry ™S N R }
NH \TATMS o
CO,R? NaH, DMF COLR?

60 °C 21
67-76%
1. TMSCH,CI
Ph KoCO3, Ki @
DMF, 80 °C )J\ /E
CO.Me
HoNT "COMe RCOCI
TMS
22
68-91%
RVC anode
Pt cathode MeOH, 2.1 mA
2.1 F/mole

0.03 M BusNBF,

XL

R N COgMe

Ph

OMe
23
60-92%
Scheme 11
2.2 Reactions of Acyclic N-Acyliminium Ions

2.2.1 Reactions with Nucleophiles
2.2.1.1 Silicon-Based Nucleophiles

Allylsilanes and silyl enol ethers constitute the largest
class of silicon-based nucleophiles that have been treated
with in situ generated N-acyliminium ions. The a-trimeth-
ylsilyloxy carbamates 24 reacted with trimethylsilyl cy-
anide in the presence of trimethylsilyl triflate (0.2 equiv)
at =78 °C to ~20 °C to give nitriles 25 in high yields
(Scheme 12).%

QTMS

CN
R )\ TMSCN (1.5 equiv) ’
N R R\N R2
L, TMSOTE (0.2 equiv) )
CH4Cly Cbz
24 ~78 °C to ~30 °C 25
R' =Bn, Et, i-Pr 96-99%

= Ph, -(CHg)oCH=CH,,
-(CH2)o,CHOTBS,
-CHoCHBr, Et

Scheme 12
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In a limited study the a-trimethylsilyloxy carbamate 26
gave products 27 upon treatment with three different sili-
con-based nucleophiles (Scheme 13).2

oTMS R
NuTMS (1.5 equiv)
BN -
| ' BFyOEt, or TMSOT (0.2 equiv) NT CE
Cbz CHClp, 78 °C 10 -20 °C Cbz

26 27

NuTMS R Yield (%)
CHy=CHCH,TMS, -CHyCH=CH, 83 (77)2
CH,=C(OTBS)Ph,  -CHyCOPh 93 (81)2
HC=CCH,TMS -CH=CH=CH, 85

@ yield when TMSOTf used

Scheme 13

The o-amido sulfones 28 reacted with silicon nucleo-
philes (1.5 equiv) in the presence of titanium(IV) chloride
(2 equiv) to give adducts 29 in 70-89% yields. Halogen-
containing substrates were also efficient in the allylation
reaction (Scheme 14, equation 1). The bisamido sulfones
30 and 32 were treated with allyltrimethylsilane under the
same reaction conditions to give the corresponding bisal-
lylated products 31 and 33 in good yields (Scheme 14,
equations 2 and 3).!0

The N-acyliminium ions 11 and 34, which were generated
by electrochemical oxidation from the corresponding N-
silylmethylcarbamates (Scheme 3), reacted with allyltri-
methylsilane and 3-trimethylsilylcyclohexene to give the
corresponding adducts 35 in 57-72%  yields
(Scheme 15).°

The one-pot three-component coupling reaction of N-
acyliminium ion 11 with enamine 36 and silicon nucleo-
philes afforded products 39 in 52-68% yields. The N-
acyliminium ion 11 first reacted with the enamine 36 to
form the new cationic species 37. The resulting cation,
which was assumed to be an equilibrium mixture of 37
and 38, was then treated with nucleophiles to give the
products 39 as diastereomeric mixtures. The major trans
isomer most likely was a result of attack on the iminium
37 from the face anti to the ring C-3 substituent or from
an Sy2-like attack on the bridged cationic intermediate
pyrrolidine 38. The reaction of the N-acyliminium ion 11
with six-membered-ring analogues of enamine 36 and al-
lyltrimethylsilane gave the corresponding six-membered
analogues of product 39 in 62% yield and with a trans/cis
ratio of 91:9. Treatment of the N-cyclohexyl analogue of
the N-butyl N-acyliminium ion 11 with allyltrimethylsi-
lane afforded the corresponding N-cyclohexyl analogue
of 39 in 70% vyield and with a diastereomeric ratio of
91:9.% The analogous tert-butyl carbamate of 36 gave the
tert-butyl analogue of 39 in the same yield and with the
same trans/cis diastereoselectivity (Scheme 16).%

The use of vinyl sulfide 40 as an olefinic component in the
three-component coupling reaction of the N-acyliminium
ion 11 and silicon nucleophiles gave the products 41 in
56-75% yields (Scheme 17).%
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. N CO,Me
R N 2 (1.5 equiv) R1JJ\N/kR2 ) Bu/@§ BU\N/ B
H TiCly (2 equiv) H 11 \ —nN
28 CH,Cly, ~78 °C 29 1.5 equiv) o
\ @seauw) [ 5 /)\OMe
= OBn, Ph, CI(CHy)s, 70-89% N cH CI
FCHy, CHp=CH NUTMS 53 Lo 29 2
= (CHg)2CHCH, Chp~GHCH,TMS,  -CHoCH=CHy oMe 78 °C CogMe cone
PhCHyCHz, n-Cothis,  CH,=C(OEH(OTMS)  -CHaCO,EL a7 38
(E)-CsH11CH=CH(CHz)a, 36
BnO(CHo)s
BU\N,Cone R Yield (%)
\ (trans/cis)
NuTMS R -CHyCH=CH, 66 (84:16)
Ph,0S (0] 0 SO,Ph TMS . Y -3-cyclohexenyl 2 (99:1)
2 /(?e/uw) (3.1 equiv) & -CH,COPh 58 (99:1)
H1507 N (CH2)4 H C7H15 q @ Cchlg r;j R -(CH3)QCCOQM9 8 (991)
TiCly (2 equiv) -78°C CO,Me
30 CHzCly, 78 °C a9
NuTMS
CHy=CHCH,TMS
l | cCoHgTMS
o o GHp=C(OTMS)(Ph)
J\ )k (CHa)oC=C(OTMS)(OMe)
HysC7 u (CHa)s H C7His Scheme 16
79%
C!302Me
T™S
/\/‘ Bu/g§ COMe MeO
O 80sPh S0:Ph (3.0 equiv) » U/
TiCly (4 equiv 1.5 equi \/\
N" (CHols NH sted >) 5 (je\qu'v)
o CHeClz, —78°C @ 7" “8Ph
40 NuTMS
32 CHp=CHCH,TMS l (S'é\‘gmﬁ
(CHg)oC=C(OMe)(TMS) CHaClo. 78 °G
o RN AN ?OzMe
s R
N (CHo)3 NH ’ \/\(
H /\/g SPh
o) 41
56-75%
! R = -CHoCH=CH,
77% ~(CHg)sCHCO,EL)
Scheme 14 Scheme 17
EO2M9 CHCly EOZM‘*RZ MeO OMe
—_— -
R o + NuTMS 78 °C R7NS MEO/ 1. CAN (4.0 equiv)
(5.0 equiv) & MeOH/CH,Cly
34 35 |O| Q r Me r.t., 25 min
11R'=Bu NuTMS 57-72% S N —_—
34R'=cCgtyp  CCoHgTMS, R? 8 ° \n/\NHCbZ 2 /\/TMS
CHo=CHCH,TMS -3-cyclohexenyl, (e} ’ (10.0 equiv)
-CHoCH=CHy Ph :
42 BF3OEt, (0.3 equiv)
Scheme 15 Et,0,rt., 12 h

An N-acyliminium ion was selectively generated in the
polymer-supported dipeptide 42 by oxidation of the N-si-
Iylmethyl group with ceric ammonium nitrate in meth-
anol. The resulting N-methoxymethyl carbamate reacted
with allyltrimethylisilane in the presence of boron trifluo-
ride—diethyl ether complex to give the polymer-supported
allylated product 43. The yield of 43 was determined to be
66% yield (Scheme 18).24%7

o o N
i\/\o N\g/\NHCbz

43
66%

Scheme 18
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Similarly, anodic oxidation of the trimethylsilyl group in
peptide 44 gave the corresponding N-methoxymethy! car-
bamate, which was treated with allyltrimethylsilane and
boron trifluoride—diethyl ether complex to give product
45 (Scheme 19).2+28

1. RVC anode
Pt cathode
0.03 M BugNBF,
Ph
Q MeOH, 2.1 mA
(TFA)HN\)J\ OMe 241 F/mo!e, 70%
N TMS
) S 2. AN
™S (10.0 equiv)
44 BF3OEt, (1.1 equiv)
CH,Clsy
-78°Ctor.t.
Ph
o]
(TFA)HN\)]\N /Q(OMe
N O
45
1%
Scheme 19

The reaction of the a-benzotriazole carbamate 46 with al-
lyltrimethylsilane gave the allylated product 47 in 80%
yield (Scheme 20). The analogous reactions of 46 with
buta-2,3-dienylsilane and (furan-2-yloxy)trimethylsilane
were less efficient and gave the corresponding adducts 47
in 53% and 51% yields, respectively.®

N CO,l
BFyERO (20 equv) |y
CH3CN or CHaCly
57 0°Ctor.t. 58
75-88°
R = Cbz, Boc, Fmoc 5-88%

ol ~rul An

Scheme 20

_/_TMS
OR! ==
R (4.0 equiv)

’?‘ COQMB

H

The reaction of the a-hydroxy carbamates 48a and 48b
with allyltrimethylsilane in the presence of titanium(IV)
chloride provided the corresponding allylated products
49a and 49b in 80% and 72% yields, respectively
(Scheme 21).!

/\/TMS
AN
OH (3.0 equiv)
Ph\(\/))\ _— Ph NH
h IIJH TiCly (1.5 equiv) N
Cone CH2C|2, -78°C COgMe
48an=1 49a  80%
48bn=2 43  72%
Scheme 21

Synthesis 2009, No. 3,339-368 © Thieme Stuttgart - New York

The Lewis acid catalysed reactions of the N,O-acetals 50
and 53 gave the corresponding ring-opened acyclic N-
acyliminium ions 51. These reacted smoothly with allyl-
trimethylsilane, trimethylsilyl cyanide, and ketene silyl
acetals to afford the adducts 52 (Scheme 22) and the dia-
stereomeric products 54 and 55 (Scheme 23) in good
yields.?

TMSOTE
Q (0.2 equiv) [\L
- T 7
Cbz ®
o NG o \N _Cbz
H ']l'MS 'll
50
51
NuTMS
(1.2-2.0 equiv) HO/\/j\
e R
MeCN, 0 °C HI?I R
Cbz
52
89-99%
NuTMS R
TMSCN -CN
CHo=CHCH,TMS -CHaCH=CHj
CHp=C{t-BU)(OTMS) -CH,COBu

(Me)o,C=C(OMe)(OTMS) -C(Me),CO.Me

Scheme 22

High syn selectivity was observed in the adducts from the
reactions of the 3-benzyloxycarbonyl acetal 53. A hydro-
gen-bonded transition-state model 56, involving hydro-
gen-bonding between the proton bound to the iminium
nitrogen and the a-oxygen substituent group, was pro-
posed. The nucleophile preferentially attacked from the
less-hindered face of the iminium ion (from the side of the
a-hydrogen) to give the syn product (Scheme 23).%" The
syn/anti ratio did not vary dramatically with the nature of
R'in 53.

Allenylmethylsilane reacted with the a-methoxy and «-
acetoxy carbamates 57 in the presence of boron trifluo-
ride—diethyl ether complex to give dienes 58 in 75-88%
yields (Scheme 24).3°

The one-pot reaction of carbamates 59 with aldehydes or
their acetals and silyl nucleophiles in the presence of bo-
ron trifluoride—diethyl ether complex gave adducts 60 in
yields ranging from 5% to 92% (Scheme 25). In the same
study, treatment of carbamate 59 (R!=Bn) with vinyl
acetate and benzaldehyde in the presence of a catalytic
amount of scandium(IIl) triflate provided product 60 in
28% yield. The reaction did not work with boron trifluo-
ride—diethyl ether complex.b

The (benzylsulfonyl)ethyl and (benzylsulfinyl)ethyl car-
bamates 61a and 61b underwent one-pot reactions with
aldehydes or their acetals and allyltrimethylsilane in the
presence of boron trifluoride—diethyl ether complex to af-
ford products 62 in 45-89% vyields (Scheme 26).°

Similarly, the reaction of carbamate 63 with diethyl acetal
64 and allyltrimethylsilane in the presence of boron tri-
fluoride—diethyl ether complex afforded a mixture of the
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TMSOTF (0.2 equiv
(I Cbz + NuTMS ————-—ﬁ ) oR? :C:/_
o7 N7 (@equiy)  MeCN,0°C )
H q RL (4.0 equiv) RL,
53 N SCoMe ———————— ™ N COoMe
NuTMS ili BF3OEt, (2.0 equiv) H
R' = Ac, Bn, TMSCN MeCN or CHsCly
TBDPS (Me),C=C(OTMS)(OMe) 57 0°Ctord, 58
CH2=C(OTMS)(Ph) 75-88%
CHp=CHCH,TMS R' = Cbz, Boc, Fmoc
R2 = Me, Ac
1 WOR!
Ho ~OR HO o Scheme 24
+
HN R HNT R
|
Cbz Cbz o
54 85
2,
R2 R1OJ\NH2 +  R2CHO
-CN (1.0 equiv)
-(Me)2,CCOMe 59
-CH,COPh R' = Bn, allyl R2 = Ph, i-Pr, Bn
-CH,CH=CH, 4-MeOCgHq
56-93% 4-NCCgH4
syn/anti = 62:38-94:6 4-OoNCgHa
o R
NuTMS (1.0 equiv
H cbz NuTMS (1.0 equiv) JL ,
5 R'0” N7 TR
g -/ OTMS BF3OEt, (1.0 equiv) H
RG Zj\lD®_/_/ CHsClp, r.t. 5
Nu %L 1 5-92%
56 NuTMS R3
CHp=CHCH,TMS ~CHyCH=CH,
Scheme 23 CHy=C(Me)(CH,TMS) -CH;C(Me)=CH;
CHy=C(CHCI)CH,TMS) -CHyC(CHZCl)=CH,
) . ] CHp=C=CHCH,TMS -CH,CH=C=CH,
desired allylated product 65 and the bis-carbamate 66 in  CH=C(Ph)(OTMS) -CH,COPh
75% vyield (Scheme 27). Treatment of 66 with allyltri-  TMSCN -CN
y ( ) Y CICH=CHCH,TMS -CHoCH=CHCI

methylsilane and boron trifluoride—diethyl ether complex
resulted in a 6:4 mixture of compounds 65 and 66.5

Treatment of resin-bound 67a with aromatic aldehydes
and allyltrimethylsilane in the presence of boron trifluo-
ride—diethyl ether complex provided the corresponding
allylated products 69 in a range of yields, <5% to 80%, af-
ter base-promoted cleavage from the resin (Scheme 28).
Use of 4-methoxybenzaldehyde and benzaldehyde result-
ed in 79% and 80% yields of 69, respectively, while the
use of benzaldehydes having electron-withdrawing
groups, 4-cyanobenzaldehyde and 4-nitrobenzaldehyde,
gave poor yields of 69 (< 5% and 39%, respectively). The
three-component, one-pot reactions of compounds 67b
and 67¢ with benzaldehyde and allyltrimethylsilane in the
presence of boron trifluoride—diethyl ether complex gave
the corresponding allylated products 69 in 83% and 57%
yields, respectively, after cleavage from the resin.’

In a similar study, the one-pot reaction of resin-bound 67a
with aldehydes or their acetals and silicon nucleophiles in
the presence of boron trifluoride—diethyl ether complex
provided products 70 in 3-80% yields, after cleavage
from the resin (Scheme 29).6

The reaction of Weinreb amide 71 with allyltrimethylsi-
lane under boron trifluoride—diethyl ether complex catal-
ysis gave product 72 in 89% yield (Scheme 30).2

-G(CH,COsMe)CH=CH,
-2-cyclohexanonyl

CHo=CHC(CHaCOoMe)(TMS)
OCGHQ(OTMS)

Scheme 25
j\ P
o] R2” TH (1.0 equiv)
+ or
R10” “NH, OFt BF3OEt,
o N bt
aR'= Bs) % (10equi)
R2 = Ph, Bn,
n-hexyl
— Brs)y %

Scheme 26
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_~_-TMs 0
EtO - Q o 1J\
(1.0 equiv) R H
BnO” “NHy " OF NPhtn (|S)|\/\O)LNH2 + or + NuTMS
! ) BF3OEty Rl _OEt (1.0 equiv)
(1.0 equiv) (1.0 equiv) 67a \(
63 64 CH,Cly, 1.t OEt
(1.0 equiv)
R' = Ph, Bn, 3-thienyl, n-hexy!
OEt 4-MeQCgH4, 4-NCCgHgy,
NPhth ® NPhth 4-0,NCgHy, PhCH=CHCHo,
HN — H;}/\/ PhthNCH;
Cbz Cbz
BF3OEt, (1.0 equiv)
CHaClg, 1.t /RC
1 M NaOMe HoN R!
THF-MeOH
Cbz (2:1) 70
= ~
i rt 3-80%
NPhth  + NPhth
Hl?j H'T‘ R?
NuTMS
ooz cbz CHp=CHCH,TMS ~CH,CH=CH,
65 75% 66 CHo=CHC(OTMS)CHoCO,Me -CHaCHCO(CHLCOMe)
65/66 = 50:50 CICH=CHCH,TMS -CHoCH=CHCI
CHz=C(Me)(CHaTMS) -CHpC(Me)=CHy
Scheme 27 CHy=C=CHCH,TMS -CHyCH=C=CH,
Scheme 29
o ArCHO (3.0 equiv)
MS (3. i
R\O/U\NH /\/T (3.0 equiv)
——————
2
BF3OEty (1.5 equiv) OMe Me TMS Me
67 CH3Clp, 0 °C to 1. ‘ AN !
o HN “OMe —> HN “~OMe
o~ _ Cbz O BF3OEt, Cbz
aR= 3 Ar = 4-M9006H4, Ph
C}/\g > 4-NCCgHa, 4-0aNCgHy 71 CHCly, rt. 72
89%
bR= Qe Scheme 30
cR= M 1 /\/TMS
0 (1.0 equiv)
1 M NaOMe g/ﬁ BF5OEt, (1.0 equiv)
THF-MeOH 1 H CHoCly, r.t.
[} X 2:1) RN o} O\H/N\r
R /U\ _L, S5 Bt 2. NaOMe
o7 N7 Ar HaN™ SAr THF-MeOH
68 1 69
73aR=Ph
5-80%

Scheme 28

73b R = 4-0oNCgHy

The reaction of immobilised o-benzotriazole carbamates
73a and 73b with allyltrimethylsilane in the presence of
boron trifluoride—diethyl ether complex provided the de-
sired allylated products 74a and 74b in 71% and 36%
yields, respectively, after cleavage from the resin by sodi-
um methoxide {Scheme 31).

Tin(IV) chloride mediated allylation reaction of oxazolid-
inone 75 with allyltrimethylsilane provided product 76 in
78% yield (Scheme 32).%"

The reactions of oxazolidinone 77 with silicon nucleo-
philes under boron trifluoride—diethyl ether complex ca-
talysis led to the formation of the desired products 78 in
85-94% yields (Scheme 33).%
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o

HoN R
74

36-71%
Scheme 31

o /\/TMS o N

_—

Qo N snClhy(1.25equiv) @ N

\/ CHaCly \_/

75 -78°C 76
Scheme 32
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o  otMs : 0O R 0 oTMs
NuTMS (1.5-2 equiv) OTMS  BE,0EL, (1 equiv)
o)j\N)\/ _ : O)J\NJ\/ O/lLN/k/ v = = - O
BF3OEt, (1 equiv) oE CH.Cly
\/ CHoCly — Rl ) —78°C 10 =30 °C
77 -78°Ct0-30°C 78 PR 51 Ph (1.5-2 equiv)
NuTMS R Yield (%)
CH,=C(OTBS)(OEt) -CHsCO,Et 94 COME
CHp=CHCH,TMS  -CH,CH=CH, 85 COEL o oEL
CHp=C(OTMS)(Ph) -CH,COPh 89 )OJ\ 7 )k L/
Scheme 33 o SN O\ N
\/ oM
. i Ph PPN
The boron trifluoride—diethyl ether complex catalysed 82 83
reaction  of  chiral  oxazolidinones 79  with 82/83 = 95:5
CH,=C(OTMS)(OE?) yielded products 80 in yields of 47~
99% with very high diastereoselectivity (dr=91:9 to Q  QTMS OTMS oEn( :
. 32 i BF43OEty (1 equiv
96:4) (Scheme 34). N :< @
\ OEt CH,Clp
) -78°C t0 30 °C
o} OTMS PR Ph (1.5-2 equiv)
OTMS  gE.OFt, (1 equiv)
Q" "N Ry —_ 84
\_/ OEt CHyCly E COEt
", ‘ ~78°C to -30 °C o OH 0
Ph (1.5-2 equiv) H /U\
79 O)J\N/'\/ Q0" N
R = Me, Et, Bu, ——/ * \—"/
CHoCH,CH=CH, & o PH Ph
CHa(CHp)7CHg P g ™" 83
CHaCHgPh
82/83 = 6:94
OO
i { Scheme 35
__R
o) N/\/
\_[_" fo) OTMS WTMS (2 equiv)
Ph
80 O/U\N/kRS TiCly (2 equiv)
47-99% R1>H,, CHaCly
cis/trans = 91:9 to 96:4 R2 Ph ~78 °C to 30 °C
Scheme 34 85
R! = i-Pr, Ph
Ly . R2 = H, Me, Ph
The oxazolidinone 81 reacted with CH,=C(OTMS)(OEt) R3 = Et, i-Bu,
in the presence of boron trifluoride—diethyl ether complex FPr, PhCH,CHy,
and provided the products 82 and 83 in a ratio of 95:5 gg 7:;; ClCHz)s,
- . . . 2=CH(CHz)7
(Scheme 35, equation 1); while the reaction of diastereo-
mer 84 of the oxazolidinone 81 under the same reaction
conditions yielded product 82 and 83 in a ratio of 6:94
yieraed procud 0 & o NNF
{Scheme 35, equation 2). /lk /U\ {
The oxazolidinone 85 was treated with allyltrimethylsi- Q" NT R, Q N R
lane in the presence of titanium(IV) chloride to provide g /\—/ . R‘>V—/ y
adducts 86 and 87 in yields of 46-93%, in favour of prod- R Ph R Ph
uct 86 (Scheme 36).3 36 87
46-93%

Treatment of the imidazolidinones 88 with silicon nucleo-
philes under tin(IV) chloride catalysis led to the formation
of adducts 89 and 90 in yields of 30-80% (Scheme 37).%!

2.2.1.2 Aromatic Nucleophiles

The reaction of the N-acyliminium ion 11 with substituted
benzenes and heteroaromatic compounds afforded the
corresponding monoalkylated and dialkylated products
91-94 (Scheme 38). The use of a conventional batch reac-

cisltrans = 55:45 to 95:5

Scheme 36

tor resulted in the formation of both mono- and dialkylat-
ed products, except in the cases of toluene, 1,4-
dimethylbenzene and 1,3,5-trimethylbenzene, where the
monoalkylated products 91 were obtained exclusively, in
yields of 62-69%. When the reactions were performed in
a micromixer-type reactor, however, only the monoalky-
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NUTMS or
j\ /SKOZP“ NUTIPS (1.25 equiv)
Me~ 1 ]
N~ N R SnCly (1.25 equiv)
\/ CH.Cly
$ B —78°C
88

R = EtCHO, Ph(CHg),CHO
(Me),CHCH,CHO
-C7H15CHO, BnO(CHp)CHO,
CsHy1CH=CH(CHz),CHO

lo) R2 Q
Me~ )I\ /\ y Me~— )J\
N” N7 TR 4 NN
5 “on s
89 90
30-80%

89/90 = 60:40 to 97:3

NuTMS R2
CHo=C(OTBS)(OEt)  -CHoCO4EL
CHp=CHCH,TMS  -CH,CH=CH,
CHo=C(OTMS)(Ph)  -CH,COPh
CHp=C(OTIPS)(OEY) -CHoCOLE

Scheme 37

X
NG

COsMe | (1.1 equiv)

! =

Bu/réj)% —_— -
CHaCla, —78 °C

11

ArX
MePh, 1,4-(Me),CgHa, 1,3,5-(Me)3CgHa,
MeOPh, 1,2-(MeQ),CgHa, 1,3,5-(MeO)3CgH3

R?

A,

“Ph

M

X X
MeZO?\/@ MezO?\/Ej\/COZMe
|
N o+ N 7 N
Bu” = “Bu
91 92

13-92% 4-32%

{/ \§ .
(1.1 equiv)
Cl)OgMe v

Bu/g§
CHClp, —78 °C
1
Y =S, 0, NMe
CO,Me CO,Me
' A
Bu’Nﬂ + BN
Y Y
93 94
11-84% 5-28%
Scheme 38
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(EOgMe
N\Bu

(2

lated products 91 and 93 were obtained, in 26-92% and
39-84% yields, respectively.’

The above method, using a micromixer together with pre-
generated N-acyliminium ions, has been extended to the
selective introduction of two different alkyl groups onto
aromatic compounds (Scheme 39). Monoalkylation of
thiophene was carried out in a micromixer, and the prod-
uct 95 was directly treated with a different N-acyliminium
ion 34, to give the dialkylated product 96 in 64% yield.?

MeOzo\
/N=
Bu ®
] 1 (]302Me
1 equiv
g\ Ulee | @\/N\Bu
S micromixer S}
95
?OgMe
e
34 (i‘,OgMe (l)OgMe
(1.1 equiv) BU/N\/@\/N\Q
batch reactor S
96
64%
Scheme 39

The a-amido sulfones 97 gave the corresponding arylated
adducts 98 in good yields when treated with electron-rich
aromatic compounds in the presence of titanium(I'V) chlo-
ride (Scheme 40).10

(o] Ar
O S0.Ph ' '
- y . . A TiClg (2 equiv) BnO H "
n B (1.5equiv)  CHaCls, —78 °C
o7 98
78-81%
R = (Me)oCHCHy, ArH = MeOPh,
n-CrHis thiophene

Scheme 40

Treatment of bisamido sulfones 32 and 30 with aromatic
compounds (1.5 equiv) in the presence of titanium(IV)
chloride (2 equiv) resulted in poor yields of monoarylated
products due to the formation of bisarylated products and
side products. Bisarylation took place efficiently when ex-
cess amounts of the aromatic nucleophiles (3 equiv) and
titanium(IV) chloride (4 equiv) were used (Scheme 41).1

The a-amido sulfones 102 reacted with indoles 101 in the
presence of montmorillonite K-10 without solvent to give
the 3-substituted indole derivatives 103 (Scheme 42). Un-
expectedly, these products retained the toluenesulfonyl
group of 102, instead of its carbamoyl group. The forma-
tion of these products 103 has been explained by the
mechanism shown in Scheme 43. The N-acyliminium ion
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$0,Ph SO,Ph *
2 2 ArH (3 equiv) SOAT H
N7 (CHa)s M TiCl Gequy) R O NHCOLE \
o CreCla—78°C 102 rSOH
32
N
R H
ﬁ (CHa)a NH 104 105
0 . H
99 EtO,CHN EtO,CHN
2 R 2C "
ArH Yield (%) + 3
MeOPh 70 N H N
thiophene 71 > P
N N
ArH (3 equiv) 1 H 1 H
PhOsS O O Gy TCWequw) o 08 07
—_—»
CHLCI
HisC7” N7 N CHae SN s0zPh 78 °C H i
R
A O 0 CoH 105
PPN . [~ 7
HisC7 H (CHa)a m Ar \ H
N
100 H 108
ArH Yield (%) 109
MeOPh 68 A
thiophene 72 ArSOzH —\V
Scheme 41
AI’OQS R
104 forms from the a-amido sulfone under acidic condi-
tions. The indole 105 attacks the N-acyliminium ion 104 N
to form the expected product 106, which is then protonat- N
ed and eliminates the carbamate group. The resulting imi-
nium ion 108 can react with another molecule of indole to 103
give the bisindole 109, or with the arenesulfinic acid to  Scheme 43

give the observed product 103. Since the formation of the
bisindole is reversible and product 103 is more stable than
the bisindole, the reaction favours the formation of 103.3*

SOAr montmorilionite

1
R NI K-10
R®, RY NHCO.Et —————
N 55°C

}qZ (1.1 equiv)
101 102
R! = H, Me, Ph, MeO, CN  R* = n-CsHyy, PhCH,CH;
R2=H, Me ¢-CgH11, Ph, 4-0oNPh
R3 = H, Me, Ph
N
R1
A\ R3
N
h2
103
62—-90%
Scheme 42

The a-amido sulfones 110 gave products 111 when they
were treated with 1,2,4-trimethoxybenzene in the pres-
ence of ytterbium(Ill) triflate at room temperature
(Scheme 44). Heteroaromatic compounds gave lower
yields of adducts than electron-rich benzene derivatives,
which might be the result of formation of a deactivating
complex between the heteroaromatic compounds and the
Lewis acid.®

Ar
NHCbz Yb{OTH)3 (20 mol%)
+ AH e  R” g0,Ph
R SOsPh (1.0 equiv) CHyClo, r.t.
111
110 7-84%

ArH = N-methylindole
2-methylifuran
thiophene
1,3-dimethoxybenzene

R = Ph, Ph(CHg)s, Et
Me(CHa)g, i-Pr, (E1)2CH
i-Bu, OCGHH, PthH

Scheme 44

Trifluoromethanesulfonic acid catalysed the reaction of a-
chloro amide 112 with benzene and gave the benzhydril
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product 114 in 88% yield (Scheme 45).>* Evidence for the
dicationic intermediate 113 has been reported.

o (,)3SCF3
/k CF4SO3H ® J% &
Ph*fl\l o) P N
Ph Ph
112 113

Ph
CsHg (3.7 equiv) )\ /g
E— Ph N 0

CHoCly, 1.t F',h

114
88%

Scheme 45

Treatment of the a-benzotriazole carbamate 46 with furan
in the presence of camphorsulfonic acid monohydrate af-
forded product 115 in 55% yield (Scheme 46).°

9
o CSA(1.0 iv)
.0 equiv,
A+ ) Rnoen
HN™ “Pn HN™ “Ph
) O rt. |
Cbz Cbz
(1.0 equiv) 115
46
55%
Scheme 46

In the same study, the reaction of immobilised a-benzo-
triazole carbamate 73a with furan and 1,3-dimethoxyben-
zene in the presence of camphorsulfonic acid gave
products 116 in 50% and 20% yields, respectively, after
cleavage from the resin (Scheme 47).%

1. ArH (1.0 equiv)

o
I
s CSA (1.0 equiv) Ar
g o H CHzCly, 1.t.

Ph

> H.NT Ph
2. NaOMe
73a o Bt THF-MeOH 116
20-50%
ArH
furan
1,3-(MeQ),CeHy4
Scheme 47

Treatment of the a-hydroxy carbamates 48a and 48b with
aromatic nucleophiles under titanium(I'V) chloride cataly-
sis afforded the desired arylated products 117 in yields
ranging from 68% to 78% (Scheme 48).%!

The oxazolidinones 118 reacted with methoxybenzene
and 1,3-dimethoxybenzene in the presence of titani-
um(IV) chloride to afford the corresponding adducts 119
and 120 in 62-95% yields (Scheme 49).%7
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ArH
OH , I
(3.0 equiv)
Ph \(*/)/k . Ph NH
h ’?JH TiCly (1.5 equiv) n o
COQME CH20|2, ~78 °C COgMe
17
48an =1
48bn=2 ArH 68-78%
thiophene
N-methylindole
4-MeOPh
2-MeO-1-naphthyl
Scheme 48
RS
(o}
)J\ QTMS (2 equiv)
Q" N” "R? R*
R“"‘ ", TiCl4 (2 equiv)
R' Ph CHyCly
118 -78°Cto0°C
R!=H, Me

R? = Me, Et, Ph, i-Bu,
BnOCH(CHy)s, n-CyH1s

R®=H, OMe

RY= OMe

LI X
0" "N + 9N
™y % 4 vy 4
R Rt Pn RT Rk Pn R
119 120
62-95%

119/120 = 70:30 to 95:5

Scheme 49

2.2.1.3 Organostannanes

Racemic allylic stannanes 122 reacted with N-acylimini-
um ions derived from a-ethoxy carbamate 121 to give the
racemic adducts 123 and 124 in good to excellent yields,
and with good diastereoselectivities (Scheme 50).!718
The racemic (E)-y-OTBS derivative of allylic stannane
126 gave only the racemic syn adduct 127 from its reac-
tion with a-ethoxy carbamates 125. The E- or Z-geometry
of the stannane and the nature of the substituents on the
iminium ion did not affect the syn preference of the reac-
tion (Scheme 51).17

The N-(2-methoxyphenyl) carbamates 128, however, un-
derwent highly diastereoselective reactions (dr > 95:5)
with the enantiomerically enriched (S)-y-silyloxyallylic
stannane 129 to give the syn products 130 (Scheme 52).
The reason for this enhanced diastereoselectivity, appar-
ently due to the presence of the 2-methoxy group, was not
clear.'®

The boron trifluoride—diethy! ether complex promoted re-
action of (R)-131 and (S)-132 gave the syn,anti adduct 133
as the exclusive product (the matched case) while the cor-
responding reaction of (5)-131 and (S5)-132 gave a 60:40
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EtOQC\ /Bn
N BF3OEt, or TiCly
= )
OFt + (3.0 equiv)
RO SnBuz  CH,Clp, -78 °C
(1.2 equiv)
121 122
R = TBS, MOM
EtOQC\N/Bn EtOZC\N/Bn
Y
+
OR
123 124
72-82%
syn/anti = 84:16
Scheme 50
EtO.Co R SnBug BF3 OBt
N (3.0 equiv)
)\ + p3 F OR* >
R'” TOEt ) CH3Cly, —78 °C
(1.2 equiv)
125 126
R'=Ph, -Pr R®=Me, tBu
R2=Bn,Bu R%=MOM, Bn, TBS
Me, allyl
EtOzC\N/F(z
3
R! xR
oTBS
127
35-88%

syn/anti = 78:22 to 100:0

Scheme 51

MeO.
EtOZC\Nji)
R! OEt

128

R! = -Bu, CgHya,
c-CgHyq, 2-furyl

Scheme 52

mixture of diastereomers 134 and 135 (mismatched pair)

(Scheme 53).'8

‘/\/ MeO
OR2 énBu:; Et0O,C
129 Y
_—

BF43-OEt, CHyCly o X
-78°C
OR?
130
65-91%
R? = TBS, MOM synfanti = 95:5

(R'= i-Bu, R?=TBS)

EtO0sC.. _CHoAr
N s BF5OEt,
T OH MOMO  SnBug  CHoCl, —78°C
DPSO
132
(R)-131
EtOZC\N/CHgAr
: \
pPs®  OMOM
133 (syn,anti)
77%
EtOQC\N/CHgAI'
s BF3OEt
s + “ ; 3 2
OFt MOMO  SnBug CH,Clp, ~78 °C
DPSO 58%
(8)-131 132
Ar= 2-MeOCeH4
EtOgC\N,CHgAr EtOgc\N/CHzAr
: +
X X
DPSO  OMOM DPSO  OMOM
134 (anti,ant)) 135 (syn,syn)

o,

136/138 = 40:60
Scheme 53

The reaction of the N-acyliminium ion 11 with allyltri-
butylstannane and enamine 36 led to the formation of

product 136 in a yield of 76%
(Scheme 54).%

Me0,C. @~
SN e ! \5 + /\/SHB%
Y N -78°C

. | 3.0 equiv
(1.5 equiv) COMe ( quiv)
11 36

CHoCly
——

,CO:Me
Bu—N

{ o~
N

COsMe

136

76%
transicis = 93:7

Scheme 54

(transicis =93:7)

In the same study, the three-component coupling reaction
of the N-acyliminium ion 11 with vinyl phenyl sulfide 40
and allyltributylstannane provided the corresponding

product 137 in 64% yield (Scheme 55).%
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y
COsMe - SnBUs GOzMe PhMgBr Ph
2

] i N = A (2.0 equiv)
BIeY 4 7 sPh (89 equv) Bu” Wv I —_ /\'?l
(1.5 equiv) CHoClp, ~78 °C SPh CO:Me Etz20 COMe

1 40 137 141 142

64% 72%

Scheme 55 Scheme 58

Treatment of a-silyloxycarbamates 24 with allyltributyl-
stannane in the presence of boron trifluoride-diethyl ether
complex provided the desired adducts 138 in yields of 80—
91% (Scheme 56).%°

OTMS BF5OEt,
R‘\N)\Rg + N -SnBus %?(El’
Soz (:5equv) 755G t0 ~20°C R1\r1\1 R
24 Cbz
R! = Bn, Pr, Me 138
R? = Ph, GHp=CH(CHy), 80-01%

(CHz)30TBS, (CHy)Br, Et

Scheme 56

The one-pot reaction of allyl carbamate 139 with benzal-
dehyde and an allenylstannane nucleophile in the pres-
ence of boron trifluoride—diethyl ether complex gave the
alkyne product 140 in only 10% yield (Scheme 57).

SnBu
:C"_:/ °
(o]
1.0 equiv
\/\O/U\NH2 +  proHo  L0e)
(1.0 equiv) BF3OEty (1.0 equiv)
139 CHyCly, r.t.
V4
[0}
\/\O)J\N Ph
H
140
10%
Scheme 57

2.2.1.4 Organometallic Reagents

The N-acyliminium ion 141, generated from the corre-
sponding carbamate by electrochemical oxidation
(Scheme 3), was treated with phenylmagnesium bromide
to give the desired adduct 142 in 72% yield
(Scheme 58).%
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Phenylmagnesium bromide and triethylaluminium each
gave the corresponding three-component coupling prod-
ucts 143, with good diastereoselectivity, when they were
added to a solution of 37 and 38 (Scheme 16), formed in
situ from the reaction of 11 and 36 (Scheme 59).%

PhMgBr or f02Me
EtAl Bu—N
COsMe (N .
i n( N (3.2 equiv) D
N R <
SR
B @ MeO,C  CHeCl —78°C ( Q
(1.5 equiv) n TN R
36 {
" Me0,C
n=1,2
143
R Yield (%) (trans/cis)
Phin=1) 51(88:12)
Et(h=1) 61(89:11)
Ph(n=2) 46 (98:2)
Et(h=2) 71 (61:39)
Scheme 59

A 3-alkoxyallenylzinc reagent reacted with the N-
acyliminium ion 145, which was generated in situ from
the treatment of the imine 144 with acyl chlorides, to pro-
vide products 146 in yields of 31-96% and with syn/anti
ratios of 61:39 to 74:26 (Scheme 60).*

ZnBr
N’R1 RZOC\%’W momo™™ © ™S
(I R?COCH |
W) CHClp, —20 °C \H Et,0, -70 °C
145

144

R' = PMB, allyl, Pr, Cy
R2 = Me, Ph

R2oc\N/R‘

M/
MOMO

146
31-96%
synfanti = 61:39-74:26

TMS

Scheme 60
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2.2.1.5 Thiols

Treatment of N-methoxymethyl dipeptides 147 with thiol
nucleophiles afforded thiol-substituted dipeptides 148 in
64-91% yields (Scheme 61).%

O COMe R3SH (2-4 equiv) 0  COMe
: BF3OEt, (0.25-0.5 equiv) H
R ONTTR R’J\N/\R2
1\ CH,Cly or Et,0, .t
OMe SR®
147 148
64-91%
CbzHN,, B
- .
Ri= j L oo CszN\N/LJ,g
Ph H
R*=H, Me, Bn
R2 = Me, iPr, Bn
R3=Ph, Et
Scheme 61

2.2.1.6 Alkenes

Generation of N-acyliminium ions by low-temperature
electrochemical oxidation and the use of a micromixer
system were successfully applied to the synthesis of poly-
mers of tert-butyl vinyl ether 150 (Scheme 62). The meth-
od allowed for the control of molecular-weight
distribution,*

o HsC==CH(Ot-Bu) GO=Me
MeO,C. @~ 149 N
2 \rl\j/ PR by, A, BU/ o
CHyCl», 78 °C
Bu 2z OtBu
1 150
Scheme 62

2.2.1.7 Nitrogen Nucleophiles

Treatment of the a-isopropylthioglycine derivative 151
with N-bromosuccinimide provided bromosulfonium salt
152 which formed the corresponding N-acyliminium ion
153. This intermediate underwent reaction with amines,
amides and carbamates to afford products 154 in yields
ranging from 12% to 80% (Scheme 63).2

2.2.1.8 Alkyl Radicals

The N-acyliminium ion 141, generated from the corre-
sponding carbamate by low-temperature electrochemical
oxidation, was treated with heptyl iodide in the presence
of hexabutyldistannane to afford product 155 in 57% yield
{Scheme 64). Decreasing the rate of addition of the distan-
nane had increased the yield from 31% to 57%.4'**

s)\ Br\(g J\

Al NBS
\N}\coﬁ > | RL }\
: N

P o

CO,R?
151 152

R' = Ac, Cbz, Fmoc R = H, Me, Et, Boc, Cbz

R2=H, Bn, +Bu R* = H, Et, Pr, Ph,
0CO,t+-Bu, (CHy)NHBoC,
(CHa)sNHBog, (CH,)sNHBoc,
CHoCOst-Bu
H
N Ry, R*
SELIEES ¢
7l O e 1
SN co,R? N .
H THF H 2
0°C
153 154
12-80%
Scheme 63
C7Hysl CyH¢s
BusS
/\34\ (BugSn)e /\’}l
| o
CoMe ~ CHeCle-20°C COsMe
14 155
57%
Scheme 64
2.2.2 Cycloaddition Reactions

The N-acyliminium ion 11 underwent smooth [4+2]-cy-
cloaddition reactions with various alkenes and alkynes
(Scheme 65). (E)-But-2-ene, (E)-1,2-diphenylethene and
(Z)-propenylbenzene each gave the corresponding trans
cycloadduct exclusively in 68%, 87%, and 88% yields, re-
spectively, while (Z)-but-2-ene gave the cis cycloadduct
exclusively. These results were consistent with a concert-
ed reaction mechanism. The loss of stereoselectivity in the
reaction of (Z)-1,2-diphenylethene (trans/cis = 45:55) and
(E)-propenylbenzene (trans/cis = 44:56) suggested a
stepwise mechanism in which bond rotation competed
with cyclisation in the intermediate 160. It was concluded
that the stereospecificity of the reactions of alkyl-substi-
tuted alkenes was consistent with a concerted mechanism,
while that observed with aryl-substituted alkenes was
consistent with a stepwise mechanism 343

2.2.3 Cationic Carbohydroxylation Reactions

Alkenes underwent cationic carbohydroxylation reaction
with the N-acyliminium ion 161 to afford products 162
and 163 in combined yields of 60-85% (Scheme 66). The
reaction of electrochemically generated 161 with hept-1-
ene in the presence of water and triethylamine gave prod-
ucts 162 and 163 in 42% (dr=74:26) and 25%
(dr = 60:40) yields, respectively, while the reaction of vi-
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Bu\@4 JI Bu. ®
o~ ATL — 1,
11 156 157

alkene/alkyne 46-90%
1-dodecene, (E)-2-butene, (2)-2-butene,
vinyltrimethylsilane, vinyl acetate, cyclohexene,
1,3-cyclohexadiene, (£)-1,2-diphenylethene,
(2)-1,2-diphenylethene, (E)-1-propenylbenzene,
(2)-1-propenylbenzene, 1-octyne, ethynylbenzene,
ethynyltrimethylsilane

concerted .
Bu\ PN ¥
)Y ]\
B”\®4 (l) \
Me Bu. @
N
/CL
I R
Me \ BU\
1 /\L 59
stepwise 160 Bu\N/j\
OA\O R
Scheme 65
Ph
‘L@
(\ NZ alkene
——— -
O’QO H20, EtsN
161
Ph
N 1 HO.
(\ R j/\o o R
O RZ
P
162 163
R = CsHyq, TMS
yield (%) (dr)
alkene 162 163
hept-1-ene 42 (74:26) 25 (60:40)
CH,=CHTMS 25 54
(2)-1,2-diphenylethene 85 (38:19:31:12) ]
(E)-1,2-diphenylethene 71 (33:67) 0
vinyl acetate 602 0

2 Corresponding aldehyde was obtained.

Scheme 66

nyltrimethylsilane with 161 afforded products 162 and
163 in 25% and 54% yields, respectively. The reactions of
(2)-1,2-diphenylethene and (E)-1,2-diphenylethene with
161 afforded the 162-type products exclusively in 85%
and 71% yields, respectively. The corresponding ketone
of product 162 was obtained in 60% yield from the reac-
tion of 161 with vinyl acetate under the same reaction con-
ditions.*
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The N-acyliminium ion 161 reacted with alkynes in water
and triethylamine to give the corresponding cationic car-
bohydroxylation products 164 in yields of 47-70%
(Scheme 67).%

Ph o
R? ;
(\ (\N/\/U\
e
Ho0, EtsN ©
161 164
R'=H, Me, Ph .
R? = n-CgHyg, Ph, TMS 47-70%
Scheme 67
3 Cyclic N-Acyliminium fons

3.1 Synthesis of Cyclic N-Acyliminium Ion Pre-
cursors

Earlier methods for the synthesis of these precursors were
reported in the previous review.? 5-Alkoxypyrrolidinones
166 were synthesised from the oxidation reactions of 5-
alkylidenepyrrolidinones 165 with m-chloroperoxybenzo-
ic acid or dimethyldioxirane (DMD) (Scheme 68).%

;(_)\ MCPBA or DMD OR3
O == — (O OH
r,\I MeOH, acetone N

R! R? or A1 R?
166 MeQH-CH,Clo 166
R3=H, Me
76-93%
Scheme 68

3.1.1 Preparation of Iminium Ions in situ by Anodic

Oxidation

Five-membered-ring N-acyliminium ions like 168 can be
generated in situ by a one-pot radical decarboxylation—ox-
idation process using (diacetoxyiodo)benzene (DIB) and
iodine. Decarboxylation—oxidation of 167 first formed the
N-acyliminium ion 168 in situ, then addition of a nucleo-
phile gave addition products 169 (Scheme 69).4%#7 This
one-pot decarboxylation—oxidation—nucleophilic addition
reaction can be used for the preparation of a-functiona-
lised piperazinediones. Treatment of piperazinedione 170
with (diacetoxyiodo)benzene and iodine in methanol or
acetic acid provided the corresponding a-methoxy or a-
acetoxy diketopiperazines 171 in 55-83% yields.*

Anodic oxidation of compounds 172 in a 1 M lithium per-
chlorate/nitromethane electrolyte solution in the presence
of 50 mM acetic acid generated the N-acyliminium ions
173, which were trapped with thiophenol to give 2-phe-
nylsulfanyl derivatives 174. Subsequent oxidation of
these 2-phenylsulfanyl derivatives also gave rise to the
corresponding N-acyliminium ions which, when generat-
ed in the presence of a nucleophile, gave the expected ad-
ducts 175 (Scheme 70, equation 1).* The N-acyliminium
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1 1 Rl mixture of isomers. Treatment of the S-hydroxypyrroli-
R R y ypy
1.DIB, I 2. Nu 23\ dinone 181 with allenylmethylsilane under the same reac-
(> ( Nu tion conditions provided product 182 in 74% yield
n Ny ‘COoH n N n N : 30a
j | | (Scheme 71, equation 2).
COMe COzMe COsMe
167 169
net2 168
R2 TMS BF3OEt,
O, e
L f DIB, |2 £ f O™y~ TOEt 3 e
) , MeCN
COLH MeOH or AcOH R (4.0 equiv) 0°Ctort.
RZ = H, Me, Ph
R%=H, Me
170 171 R’ =H, Bn, allyl
55-83% 3-butenyl, 4-penteny! %)
R2 = Me, OAc 5-hexenyl
~(CHz)2CH=CHGO,Me
Scheme 69 ~(CHp)sCH=CHCO,Me
-{CH,)4CH=CHCO,Me
ions 177 (R = H) can also be formed by low-temperature B8
oxidation of the corresponding carbamates 176 in dichlo-
romethane solution in the absence of nucleophiles  © N \
(Scheme 70, equation 2),3841:42.30 R! R
180
L=l o) |2 [
—_—
R N R (,?/ R N spn (!
BF3OEt,
COoMe COzMe COzMe ™S equiv) ==
172 173 174 N oH =C= » N @
~ e MeCN |
R =H, CO,Me l Nue '}'s (4.0 equiv) 0°Ciort. Ts
181 182
L [ L
L0 il ¢
CI;OQMe EoMe Scheme 71
175
The reaction of 5-ethoxypyrrolidinone 183 with propar-
(Xn\ R gylsilanes 184a~c led to the formation of the 5-allenylpyr-
~2e7.-"TMS " rolidinones 185a—c. Propargyltrimethylsilane (184a) and
NT TTMS ———— ey @ : rropargy y
dom Bn4NBF,, CHaCly N but-2-ynyltrimethylsilane (184b) gave allenyl products
2He -78°C c';one 185a and 185b in 55% and 64% yields, respectively,
176 177 while phenyl-substituted propargylsilane 184c gave 128¢
n=12 in 18% yield (Scheme 72, equation 1). The reaction of 4-
Scheme 70 acetoxy-5-ethoxypyrrolidinone 186 with propargylsilane

3.2 Five-Membered-Ring N-Acyliminium Ions

3.2.1 Reactions of Pyrrolidinone-Based N-Acyl-

iminium Ions with Nucleophiles
3.2.1.1 Silicon-Based Nucleophiles

Allenylmethylsilanes 179 react with S-ethoxypyrrolidino-
nes 178 in the presence of boron trifluoride—diethyl ether
complex in acetonitrile to give the corresponding dienes
180 (Scheme 71, equation 1). Reaction of allenylmethyl-
silane (179, = H) with 178 gave 5-substituted pyr-
rolidinone products in 42-74% yields. Substituted
allenylsilanes 179 resulted in formation of products 180 in
yields of 65-85%. Product 180 with R! =H, R?= Me,
R3 = H was obtained as the pure E-isomer, while product
180 with R! = H, R?> = Ph, R? = H was obtained as a 1:1

184b under the same reaction conditions afforded the cor-
responding product 187 in 37% yield and with very high
trans selectivity (trans/cis = 98:2) (Scheme 72, equation
2)'51

The N-acyliminium ion generated from 188 was trapped
with allyltrimethylsilane in the presence of boron trifluo-
ride—diethyl ether complex to give allylated product 189
in 71% yield (Scheme 73).46

The zinc triflate catalysed reaction of allyltrimethylsilane
with the 5-hydroxy-, 5-methoxy-, 5-acetoxy- and 5-sulfo-
nylpyrrolidinones 190 afforded 5-allylated products 191
in moderate to good yields (Scheme 74). The 5-methoxy-
pyrrolidinone derivative of 190 (R = OMe) underwent an
addition  reaction with a silyl enol ether
[CH,=C(OTMS)(Ph)] to give the desired product in 69%
yield.*
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TMS BFQ'OEtg
Ofo\oa + R— (2 equiv)
u (2 equiv) M
q CHyCly
183 -20°Ctort. (\A\
184aR=H ™S 20
184b R = Me _ & Or/\/ (toequvy N7 O
184c A = Ph /\ 0\ A0 L tBu
o +-Bu —
o TMSOTTf (3 equiv)
N CHgClp, 40 °C
H R R!
185a—c R! 193
18-64% 192aR' = H
192b R! = OMe R! R? Yield (%) (ee)
Ohc H allyl 80 (99)
BF3OEt, H allenyt 64 (99)
(2 equiv) OMe  allyl 92 (99)
Oé\/_N}M“OEt . _________/TMS @
H — CHaCl
(2 equiv) 220G ort. Scheme 75
186 184b
on The reaction of 194a with silyl enol ether 195a in the pres-
She y ence of triisopropylsilyl triflate (5§ mol%) afforded the
o & corresponding ketone 196 in 42% yield and as a 75:25
N mixture of diastereomers. The use of toluene as a solvent
187 increased the yield (78%) but lowered the diastereoselec-
a7 tivity (60:40). Treatment of 194b with 195a under the
trans/cis = 98:2 same reaction conditions provided the desired ketone
product as a mixture of isomers (dr = 60:40) in 55% yield.
Scheme 72 ’ :
In that case, using toluene as a solvent did not change the
diastereoselectivity but increased the yield to 74%. The
reaction of 194b with 195b in dichloromethane or toluene
afforded the desired ketone 196 with the same diastereo-
1. DIB (2 equiv) meric ratio of 63:37 and in 30% and 32% yields, respec-
I2 (2 equiv) tively (Scheme 76).* The reaction of the pyrrolidinone
L\ CHeCly . A N~ 194b with 195a under catalysis by bis(irifluoro-
O N "COgH » VS = 0 N methane)sulfonimide (5 mol%) or scandium(IIl) triflate
C AN (5 equiv) (§ mol%) afforded the expected ketone as a mixture of
188 BF3OEt, (2 equiv) 189 isomers (60:40 and 58:42) and in yields of 78% and 81%,
CHoClp, 0°C to 1.t 71% respectively.55
Scheme 73
TIPSOTY
\ O™y~ TOMe + NuTMS O0F N\ TR?
/A/—l Zn(OTH), (1.2 equiv) /A/_A\) _ CHoCl
0¥ N R = 0F Ny k (1.4 equiv) 0°Ctort. k
™S 2 equiv) PR TR Ph* VRt
Br Z a Br 195a CHo=C(Ph)(OTMS) 196
CHzCla, . 194aR' = Et 195b CH=C(+-Bu)(OTMS) 30-78%
190 191 194b R' = Me dr = 60:40 to 75:25
R = OMe, OH 38-78%
OAc, Ts R2 = CH,COPh
R? = CH,COtBu
Scheme 74
Scheme 76

Pyrrolidinones 192, having a chiral C-N axis, reacted
with allyltrimethylsilane or propargyltrimethylsilane in
the presence of trimethylsilyl triflate to give products 193
in 299% ee (Scheme 75).5
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The reaction of the 5-alkoxypyrrolidinone 197 with trieth-
ylsilane in the presence of boron trifluoride—diethyl ether
complex yielded products 198 in yields of ranging from
86% to 97% favouring the threo isomer (Scheme 77,
equation 1). Pyrrolidinones 199 with triethylsilane yield-
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ed exclusively the threo isomer of product 200 under the

same experimental conditions (Scheme 77, equation 2).%
OR ) .
OH Et3SiH (5 equiv)
o N — Q)]
BF3 Okt (2.2 equiv)
PMB CHgClZ
-78°Ctort.
197aR = H
197b R = Me
b A OH
PMB PMB
threo-198 erythro-198
R Yield (%) (threo/erythro}
197a 89 (97:3)
197b 97 (97:3)
197b 862 (67:33)

aTiClg (1.2 equiv) was used.

OR! , , .

A(OH EtsSiH (5 equiv) ﬂ\(ﬂ
QO —_— [e) 2
'l\‘ BF3OEt, (2.2 equiv) T Hoby @

RZ
CHyCly PMB
PMB
-78°Ctort
199 threo-200
R‘ H, Me 71-77%

= Cl(CHy)a, N-C1aHas threolerythro = 99:1 to 100:0

Scheme 77

Allyltrimethylsilane and trimethylsilyl cyanide reacted
with the pyrrolidinone 201 under titanium(IV) chloride
catalysis to give the corresponding S-allylpyrrolidinone
and S5-cyanopyrrolidinones 202 in 83% (dr = 87:13) and
89% (dr=90:10) yields, respectively (Scheme 78).%
Treatment of pyrrolidinone 201 with CH,=C(Ph)(OTMS)
in the presence of bis(trifluoromethane)sulfonimide (5
mol%) or scandium(III) triflate (5 mol%) gave the corre-
sponding ketone as a 1:1 mixture of isomers and in 81%
and 40% yields, respectively. The reaction of 201 with
CH,=C(Ph)(TMS), CH,=C(OTMS)(#-Bu), and
Me,C=C(OMe)(OTMS) under catalysis by triisopropyl-
silyl triflate afforded the corresponding ketones in 93%,
50%, and 89% yields, respectively.>*>

The boron trifluoride—diethyl ether complex catalysed
reaction of 2-silyloxyfuran 204 and pyrrolidinone 203a
afforded adduct 205a as a mixture of diastereomers
(dr =67:33) in 80% yield. The reaction of pyrrolidinone
203b under the same reaction conditions gave 205b in
27% yield and as a 1:1 mixture of diastereomers
(Scheme 79).578

Ph /\/TMS (3 equiv) F’hu,‘(\OH
or
o, N TMSCN (3 equiv) - R\C/\&O
TiCly (1.5 equiv)
CHuCl, —78°C tor.t. 202
201

R Yield (%) (dr)
alyl 83 (87:13)
CN 89 (90:10)

Scheme 78

I\ ;
T™MSO o (3 equiv)
© 204 -
N~ O >
BF3OEL: (2 equiv)

|
R

CH.Cl, 1.t
203a R = PMB
203b R=Bu 205a 80% dr = 67:33
205b 27% dr = 50:50
Scheme 79

Pyrrolidinones 206a,b reacted with trimethylsilyl cyanide
in the presence of boron trifluoride~diethyl ether complex
to give the 5-cyanolactams 207a,b (Scheme 80). Pyrroli-
dinone 206a gave rise to 207a in 98% yield as a 57:43
mixture of cis and trans isomers. Using toluene as a sol-
vent increased the cis selectivity (cis/trans = 73:27) but
lowered the chemical yield (70%). Under the same reac-
tion conditions, 206b gave 207b in 98% yield with mod-
erate trans selectivity (trans/cis = 61:39).%

OR ‘\OR
TMSCN (1.5 equiv)

OéQ'WOAc BFyOEt, (2 equiv) 07" ™7 "CN

o |
ILMB CHaCl, 0°C buis
206a R = TBS 207
206b R = Ac R Yield (%) (cis/trans)
TBS 98 (57:43)
TBS 70 (73:27)?
Ac 98 (39:61)
2 Toluene was used as a solvent.
Scheme 80

The 5-methoxypyrrolidinone 208 underwent addition re-
actions with silyl enol ethers and allylsilanes in the pres-

ence of titanium(IV) chloride to give 5-
alkylpyrrolidinones 209 with good cis selectivity
(Scheme 81).50
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OR! OR!
oT88 ; - TIPSOTF (5 mol%) /A/j\
. . ¥ B 1
é‘/\_)\ + Nutms  TC(1Sequiv) oé(N—)-quc ! CHClp, 0°Ctort.  OF N~ R? M
© N OMe (2 equiv) CH,Cl, ! !
H -78°Ctort, Bn Bn
208 NuTMS 210aR' = Ac 212
(EtO)(TMSO)C=CH(CO,EY) 2106 R’ = TBS 64-94%
Me(TMSO)C=CH(CO,Me) - trans/cis = 63:37 to 97:3
HoC=CHCH,TMS
HC=CBICH,TMS
NuTMS R?
1952 CHp=C(Ph)(OTMS) -CH,COPh
oTBS 195b CH,=C(t-Bu)(OTMS) ~CHaCOt-Bu
211a CHp=CHCH,TMS -CH,CH=CHj
4() 211b (Me),C=C(OMe)(OTMS)  -G(Me),COMe
O N R
H
209 OAc OAc
3 o |1PSOTH (5 moi%) X
, . TMSCN =~ ———————3~ 2)
R Yield (%) (cisitrans) 4[‘) N GH,Cls, 0°C to r.t. ﬂ ¢
CH(COENCOEt 26 (79:21) 07" ™\ "0AC e o N CN
-CH(CO,Me)COMe 52 (90:10) & W
-CHaCH=CH, 89 (91:9) 213
-CHoC(Br)=CHj, 72 (87:13) 210a
82-94%
Scheme 81 cis/trans = 57:43 to 60:40
Scheme 82
The reaction of the 5-acetoxypyrrolidinones 210a with
195b (1.4 equiv) in the presence of triisopropylsilyl tri- OAc  NUTMS or NuTIPS Ohc
flate in dichloromethane or toluene gave the products 212 (1.4 equiv)
in 74% and 64% yields, and with a diastereomeric ratio of Oﬂwo po Tl (5 mol%) Oﬂﬂg ()
>97:<3 and 90:10, respef:tively, in favour of the trans isp- 21 GH,Clp or GHsCN, 0 °C 2 }
mer (Scheme 82, equation 1). Treatment of 210a with :
. . . 206b R' = PMB 215
211a (2.0 equiv) in dichloromethane or toluene afforded 5102 8! - gn
the corresponding products 212 in 94% and 72% yields, 214 R'=alyl  NuTMS R?
respectively, and with moderate frans selectivity (74:26, (Me).C=C(OMe)(OTMS)  -G(Me),CO-Me
63:37, respectively). The reaction of 210a with 211b (1.4 Chz=C(t-Bu)(OTMS) “CHCOrBu
2/, TeSpe ¥ \ : L CHy=CHCH,TMS -CHaGH=CHj
equiv) provided product 212 in 74% yield and with a CHo=C(Ph)(OTMS) -CH,COPh
trans/cis ratio of >97:<3. The reaction of 210b with 195a ¢-CgHgOTMS -2-cyclohexanonyl
and 211a under the same reaction conditions provided the ggigggﬁg;i‘éi_{ :g:Zgggi‘CH
desired products in 80% and 67% yields and with diaste- - : e
reomeric trans/cis ratios of 87:13 and 30:70, respectively dre sg_ﬁgz? 0
(Scheme 82, equation ). Although the reactions of 210a S
with 195a,b and 211a afforded the desired products with oA
high trans selectivity, the reaction of 210a with trimethyl- TMSCN (1.4 equiv) Dhc
. L . . . . HNTF, (5 mol%) '
silyl cyanide in the presence of triisopropylsilyl triflate in 4()«“ /A/j
dichloromethane or toluene gave 5-cyanopyrrolidinone N Ohc CHyClp, 0°C O™ "CN ()
213 with cis/trans ratios of 57:43 and 60:40, in yields of Bn Bn
82% and 94%, respectively (Scheme 82, equation 2).%* 210a 213
. . . 8 00
In a very similar study, treatment of the 4,5-diacetoxypyr- cis/t,an;’ é 66:34
rolidinones 210a, 206b, 214 with silyl nucleophiles in the
Scheme 83

presence of bis(trifluoromethane)sulfonimide (5 mol%) in
dichloromethane or acetonitrile provided the desired
products 215 with moderate to excellent trans diastereo-
selectivity (Scheme 83, equation 1). The reaction of pyr-
rolidinone 210a with trimethylsilyl cyanide under the
same reaction conditions yielded the 4,5-cis-pyrroli-
dinone 213 in 87% yield and with a diastereomeric ratio
of 66:34 (Scheme 83, equation 2).%
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The pyrrolidinone 210a reacted with allyltrimethylsilane
and the silyl enol ether of acetophenone in the presence of
niobium(V) chloride to afford adducts 215 in 86% and
81% yields and with moderate frans selectivity
(Scheme 84).5! The bismuth(IIl) triflate catalysed reac-
tion of the pyrrolidinone 210a with allyltrimethylsilane
provided the S5-allylated pyrrolidinone in 82% yield
(trans/cis = 70:30).5
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Hhc 1. NbCls (0.6 equiv) Dhc
/A/—‘)«M CHoClp, -78 °C 10 0 °C I)‘
0N~ oA > 0PN TR
) 2. NuTMS (3 equiv) )

Bn Bn

210a 215

NuTMS R Yield (%) (trans/cis)
CHoCH=CH, -CH,CH=CH, 86 (67:33)
CH,=C(OTMS)(Ph)  -CH,COPh 81 (67:33)

Scheme 84

The reactions of pyrrolidinones 206a, 210b with silicon
nucleophiles in the presence of bis(trifluoromethane)sul-
fonimide (5 mol%) in acetonitrile gave products 216 in
yields ranging from 55% to 95% (Scheme 85).%%3

;OTBS NuTMS (1.4 equiv)

é()w HNT, (5 moi%)
O N OAc

OTBS

) MeCN, 0 °C l}l
R! ]!
206a R' = PMB 216
210b R' = Bn 55-95%
NuTMS R?
CHp=C(OTMS)t-Bu -CH,COt-Bu
¢-CeHgOTMS -2-cyclohexanonyl
CHoCH=CHy ~CHyCH=CHj
TMSCN

-CN
(Me)2C=C(OTMS)(OMe)  .C(Me),COsMe

Scheme 85

Pyrrolidinone 217 reacted with triethylsilane in the pres-
ence of boron trifluoride—diethyl ether complex to give
the product 218 in a yield of 83% and with high 4,5-trans
diastereoselectivity (Scheme 86).54

Et:SiH
(5 equiv)
OBn BF5OEt, Hen
v —— Ph
0N N e CHiCh 0 N
A ~78°Ctor.t. ]
217 218
83%
trans/cis = 91:9
Scheme 86

The reaction of pyrrolidinone 219 with triethylsilane in
the presence of boron trifluoride—diethyl ether complex
provided products 220 and 221 in 72-90% yields, in
favour of the erythro isomer (erythro/threo = 87.5:12.5 to
79:21) (Scheme 87).%

Treatment of imides 222 with Grignard reagents afforded
5-hydroxy-5-alkylpyrrolidinones 223 which were treated
with triethylsilane in the presence of boron trifluoride—
diethyl ether complex to give the 4,5-trans adducts 224
exclusively in yields of 93-98% (Scheme 88).%

O8n Et3SiH (10 equiv)
OMe BF3OEt, (10 equiv)
o N R CH4Cly
Bn On -78°Ct0 0°C
219
OBn OBn
+ S
0 R 0PN A
| H
tl3n OH Bn OH
220
72-90% 221
220/221
87.5:12.5t0 79:21
Scheme 87
OBn OBn
IL RMgBr (2 equiv) O?\/iOH
o) o} >
N THF, -20°C WoR
PMB PMB
222 223
, 91-97%
R = CHaBn, i-Bu, n-Pr
n-Bu, n-CgHyy
; . OBn
Et3SiH (10 equiv)
BF3OEt, (2.0 equiv)
— 0T "R
CHClp, —20 °C |
PMB
224
93-98%
Scheme 88

The reaction of imide 225 with Grignard reagents led to
the formation of 5,5-disubstituted pyrrolidinones 226 in
yields of 76-91%. Treatment of pyrrolidinones 226 with
triethylsilane and boron trifluoride—diethyl ether complex
provided the 4,5-trans isomer 227, exclusively, in 85—
90% yields (Scheme 89).5

While the addition of Grignard reagents and hydrides to
imides 222 was regioselective and gave adducts of the

TBSO, OTBS TBSO, OoTBS
;[1 RMgBr (5 equiv) OQOH
- =
S THF NOR
dvs ~78°C 100 °C PMB
225 X 226
R = Me, Bn, Pr, Ph 76-91%

TBSO, OTBS
EtzSiH (10 equiv)

BF3OEt, (1.5 equiv)

—— > 0T "R
CH,Cly ,
~78°Cto0°C PMB

227
85-90%
Scheme 89
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type 223 (Scheme 88), the reactions of organolithium re-
agents in the presence of cerium(III) chloride with imides
228 afforded regioisomeric mixtures of adducts 229 and
230. The major adducts are 229. These mixtures were
treated with triethylsilane (Scheme 90, equation 1) in the
presence of boron trifluoride—diethyl ether complex to
give 3,5-trans alkyl-substituted pyrrolidinones. Reaction
of triethylsilane with pyrrolidinones 229a,230a and
229b,230b gave products in 55% and 63% yields, respec-
tively, in ratios of (231+232)/233 = 73:27 and 75:25, re-
spectively, while products 231¢,232¢ were isolated
exclusively in 51% yield from the reaction of pyrrolidi-
none 229¢ with triethylsilane. Similarly the reaction of tri-
methylsilyl cyanide with pyrrolidinones 229a,230a,
229b,230b, and 229d,230d gave products in 50%, 68%,
and 55% yields, respectively, with ratios of (234+235)/
236 = 73:27, 75:25 and 75:25. Products 234¢,235¢ were
obtained exclusively, in 52% yield, from the reaction of
imide 229¢ with trimethylsilyl cyanide (Scheme 90, equa-
tion 2).%¢

Whereas the C-2 and C-5 carbonyl groups of imides
228a-d reacted with organolithium reagents to give mix-
tures of the adducts 229 and 230 (Scheme 90), imides
237a—d reacted only at C-2 and gave products of type
238a-d with lithium trimethylsilylacetylide. Reduction of

these 5-hydroxypyrrolidinones 238a~d with triethylsilane
and boron trifluoride—diethyl ether complex afforded
products 239a-d with very high 4,5-trans selectivity
(Scheme 91, equation 1). In contrast, the reduction of pyr-
rolidinones 238a-c with sodium cyanoborohydride and
acetic acid afforded products 239a—c¢ with moderate 4,5-
cis selectivity (Scheme 91, equation 2); 238d gave the
trans product as major isomer (trans/cis = 60:40).%° The
4,5-cis isomer 239a was prepared as a single diastereomer
from the titanium chloride catalysed reaction of 240
(Scheme 91, equation 3).%°

The addition reactions of allyltrimethylsilane to the 5-
acetoxy-N-allylpyrrolidinones 214a and 241 afforded prod-
ucts 215 and 242 with 4,5-trans selectivity (Scheme 92,
equation 1). The highest trans selectivity (88:12) was ob-
served from the reaction of pyrrolidinone 214a with allyl-
trimethylsilane in the presence of titanium(IV) chloride.
The use of indium(IIl) chloride, tin(IV) chloride or tri-
methylsilyl triflate as the Lewis acid in this reaction re-
sulted in trans/cis product ratios of 80:20, 76:24 and
78:22, respectively. Treatment of pyrrolidinone 241 with
allyltrimethylsilane under catalysis by boron trifluoride—
diethyl ether complex or titanium(IV) chloride gave 242
in 64:36 and 69:31 diastereomeric ratios, respectively. In
the same study, the reaction of the pyrrolidinone 243a

1 1 i
._\\o RY R (2.0 equiv) ,eo R ,sOR
I\A\ CeCl3(1.3equv) 7& . &OH m
.__..__._»
o N O 1ur _78°C ré N 0 0 N Re
Bn Bn Bn
228 229a-¢ 230a-c
_ BFy 2.0 equi
229a R' = TBS, R? = Me EtaSiH (4.0 equiv) 38—?%1( 0 equiv)
229b R! = TBS, R2 = CH,OH ZHablz
229¢ R' = Bn, R%=Bu —78°Ct00°C
229d R' = TBS, R? = CH,0Bn OR! OR’ OR!

| | R?
Bn Bn Bn
231a-c¢ 232a-¢ 233a-c
R! R?  Yield (%) (231/232/233) 231/232 (231+232)/233
TBS Me 55 60:40 73:27
TBS  CHyOH 63 67:33 67:33
Bn Bu 51 95:5 100:0
@
1 1
OR! OR! OR! _.»‘OR _.~‘OR
) TMSCN (3.0 equi \ 2
L R g el LY g WL (P S g T
+ N N
g N O O7™N" g2 BF,OEL (2.0 equiv) N9 Ne i
) I CHC I Bn Bn
Bn Bn 2Cl2 Bn 236a-d
299a—d 230a-d ~78°Ct00°C 234a—d 235a-d
R! R?  Yield (%) (234/235/236) 234/235  (234+235)/236
TBS Me 50 64:36 73:27
TBS  CHyOH 68 95:5 67:33
Bn Bu 52 87:13 100:0
TBS  CHz0Bn 55 95:5 67:33

Scheme 90
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OR OR
/A/—'\A\ LIC=CTMS \ oH
By
°© © i 0 = (1
N (3 equiv) NS
MO, ™S
SPh SPh
237aR=H 238a-d
237b R = Ac
237¢ R=Bn
237d R = TBS
OR
Et3SiH
. Yield (%) (trans/cis)
BF5OEt, oi—)\ 2392 96 (100:0)
— N Syg 239 17(100:0)
239¢ 51 (100:0) @)
~78°C 10 0°C 239d 68 (75:25)
SPh
OR OR
/A/”\A\ LIC=CTMS \ _oH
it
o) =
N (3 equiv) N =3
T ™S
SPh SPh
237a-d 238a—d
NaBH;CN Yield (%) (cis/trans)
AcoH 239a 70 (60:40)
N 239b 72 (57:43)
” s 239¢ 73 (60:40)
- 239d 40 (40:60)
SPh
Et Et
— OH
/A/_>\ \TMS 4[) 3)
Tc, Al S,
N — "  » O N Q\TMS
CH,Clp, ~78 °C
SPh SPh
240 239a

Scheme 91

with allyltrimethylsilane afforded the C-5 allylated prod-
uct 244a with no selectivity (1:1) under catalysis by boron
trifluoride~diethyl ether complex or titanium(IV) chlo-
ride, while pyrrolidinone 243b gave the product 244b
with a cis/trans ratio of 71:29 under boron trifluoride~di-
ethyl ether complex catalysis (Scheme 92, equation 2).7°

The pyrrolidinones 245a and 245b were subjected to cya-
nation reaction conditions to afford the corresponding 5-
cyanopyrrolidinones 246a,247a and 246b,247b in 96%
and 82% yields, respectively (Scheme 93, equation 1). A
4,5-cis selectivity (246a/247a = 84:16) was observed in
the reaction of 245a in toluene. The use of dichlo-
romethane as a solvent decreased the diastereomeric ratio
of 246a/247a to 80:20. Pyrrolidinone 245b gave products
with trans selectivity with a diastereomeric ratio of 82:18
and 77:23 in dichloromethane and toluene, respectively.

on oR
S T™MS 3
ﬂ N (3 equiv) E\/\
0 OAc > 0 =
N TiCly (4 equiv) N M
H CH,Cly, 0 °C H
2143 R< A 83% (from 214a)
a R=Ac .
- 215 trans/cis = 88:12
241 R=TBS 242 trans/cis = 64:36
RO\ R TS
(3 equw I)
0= "0Ac BFg OEt, (4 equiv) SIS
CHyCly, 0 °C
I | (2)
Yield (%) (cis/trans)
243aR = Ac 244a 89 (50:50)
243b R =TBS 244b 95 (71:29)
Scheme 92

Treatment of pyrrolidinone 248, the enantiomer of 245b,
with trimethylsilyl cyanide provided products 249 and
250 in 93% yield and as a mixture of isomers (249/
250 = 80:20) (Scheme 93, equation 2).7!

The addition of the Grignard reagent benzyloxymethyl-
magnesium chloride to imide 251 in the presence of mer-
cury(Il) chloride afforded the 5-hydroxypyrrolidinone
252 as a diastereomeric mixture. Treatment of this mix-
ture with triethylsilane gave exclusively the 4,5-trans pyr-
rolidinone 253 in 61% yield (Scheme 94).7

Organolithium reagents were treated with imide 254 to af-
ford 5-hydroxy-5-alkylpyrrolidinones 255. The 4,5-trans
pyrrolidinones 256 were obtained from the reaction of
these 5-hydroxypyrrolidinones 255 with triethylsilane in
the presence of boron trifluoride—diethyl ether complex
(Scheme 95). Similarly, the reaction of pyrrolidinone 257
with lithium reagents and then triethylsilane under the
same reaction conditions provided 4,5-trans products 259
in yields of 50-66%."

Treatment of 214a with 260 (1.5 equiv) under triisopro-
pylsilyl triflate catalysis in dichloromethane or diethyl
ether gave the desired product 261a in 50% yield and as a
mixture of isomers (¢rans/cis = 85:15). The reaction of
243 with 195a (1.4 equiv) provided the product 261b with
cis selectivity (cis/trans = 73:27) in 73% yield, while the
reaction of 243 with 260 afforded product 261c with no
selectivity (dr=350:50) and in a yield of 55%
(Scheme 96).%*
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TMSCN (1.5 equiv)
[

BF5OEt, (2.0 equiv)

I CH,Cl, or toluene
PMB 0°C

245a R = TBS
245b R = Ac
RO, OR RO, OR
(e] r?l CN O f|\l ‘CN
PMB PMB
246 82-96% 247

246a/247a°% = 84:16
246a/247a® = 80:20
246b/247b% = 23:77
246b/247b° = 18:82
2 Toluene was used as a solvent,
b CH,Cl, was used as a solvent.

TMSCN (1.5 equiv)

...___.—»
BF3OEt, (2.0 equiv)
| CHCl, or toluene

PMB 0°C
248
AcO, DOAc AcO OAc
b\ " j\j
0 N CN 0PN~ CN
PMB PMB
249 03% 250
249/250 = 80:20
Scheme 93
BnOGH,CI
BnO, OBn (6 equiv) BnQ, OBn
g Mg, HgCl, (cat.)
O o] O o
N THF, -78 °C N" GH,08n
PMB PMB
251 252
. . BnO, OBn
Et3SiH (15 equiv) ﬁ
B
BFsOEL (3equiv) o=\ ~"CH,08n
CH,Cly )
-78°Ct00°C PMB
253
61%
Scheme 94
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78BSO, OTBS TBSO, OTBS
A RLi (2 equiv) /A/—X/OH )
o O THF,-78°C 07

N

i | R

Bn Bn
254 255

TBSO,  ,0TBS
EtsSiH (4 equiv) )

_.__.____» .
BF4OEt, (2 equiv) 0Ny R
CHyCly i
~78°C 10 0°C Bn
256
R Yield (%) (dr)
Bu 61 (95:5)
= ph 62(98:2)
TBSO,  OTBS TBSQ,  OTBS

RLi (2 equiv)

\ OH
— n @
07 ™70  THF,-78°C O="™7 TR

257

TBSO, 0oT1Bs
Et3SiH (4 equiv) d

BF3OEt, (2 equiv)

CHoClp
—78°Cto0 0 °C H

259
R Yield (%) (dr)
Bu 60 (90:10)
Ph 66 (98:2)
=—TMS 50 (98:2)

= CH,OTBS 52 (98:2)

Scheme 95
R! DOAc
~ o
b' . NUTMS or TIPSOTI (2 mol%)
[e) N ""OAc NuTIPS
CHoCl, or toluene
(1.4 equiv) 0°Ctort
| 195a CH,=C(Ph)(OTMS)
260 HoC=C(C=CH)(OTIPS
214a R = H 20=Cl X )
243 R'=0Ac
Ri DOAc
b\ 2
O '/,,\j R
R! R? _ Yield (%) (trans/cis)
261a H  -HCOC(C=CH) 50 (85:15)
261b OAc  -H,C=COPh 73 (27:73)
261¢ OAc  -H,COC(C=CH) 55 (50:50)

Scheme 96
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The boron trifluoride—diethyl ether complex promoted re-
action of acetonide 262 with allyltrimethylsilane or the tri-
methylsilyl enol ether of pinacolone provided the
corresponding products 263 in 96% and 70% yields, as the
single isomers, whereas the reaction of 262 with trimeth-
ylsilyl cyanide gave product 263 as a mixture of diaste-
reomers [(25,35,45)/(2R,35,45) = 80:20] in 72% yield
(Scheme 97).7*

X

o~ "o o "o

?\H NuTMS (3 equiv) i“ﬁ

© N OMe  Br, Ot (2 equiv) © N R
PMB CHoClp, 78 °Ctor.t. PMB
262 263
NuTMS R Yield (%)
CHyCH=CH, -CHyCH=CH, 96
CHp=C(OTMS)(+Bu) -CHyCOtBu 70
TMSCN -CN 72

Scheme 97

3.2.1.2 Aromatic Nucleophiles

The reaction of benzene and its derivatives with the 5-hy-
droxypyrrolidinone 264 in the presence of trifluoro-
methanesulfonic acid or trifluoroacetic acid provided 5-
arylpyrrolidinones 265 (Scheme 98). The reaction of ben-
zene with 264 in the presence of trifluoromethanesuifonic
acid gave 265 in 86% yield, while the less nucleophilic
1,4-dichlorobenzene gave 265 in 60% yield. 1,4-Dichlo-
robenzene did not react under trifluoroacetic acid cataly-
sis; however, the more nucleophilic [,4-dimethoxy-
benzene gave 265 in 67% yield.*

X}\ ArH (3.7 equiv) I}\
(6] N OH ————————®» O N Ar
| CF3S0O3H (23 equtv) l
Me 80 °C Me
264 265
ArH Yield (%)

CSHG 86
1,4-ClyCgHy 60

1,4-(Me0),CsHy 672
2 CF43C0OzH was used.

Scheme 98

Indole compounds 266a,b reacted with 4,5-diacetoxypyr-
rolidinone 210a in the presence of niobium(V) chloride to
give trans adducts 267a,b (Scheme 99). From 266a, a
90% yield of 267a (trans/cis = 86:14) was obtained, while
266b afforded 267b in 75% yield with a higher selectivity,
transicis = 94:6.%

A boron trifluoride—diethyl ether complex mediated addi-
tion of 2-naphthol to 4,5-diacetoxypyrrolidinone 268 gave
exclusively the trans arylated product 269 in 76% yield
(Scheme 100).73

OAC 1. NbCls (0.6 equiv)

7(—)% CHoCly, 0°C
———
O N OAc
1 2.
210a . .
N Yield (%) (trans/cis)
(3.0 equiv) | 267a 90 (86:14)
267b 75 (94:6)
266aR=H
266b R = SO2Ph
Scheme 99
OH
OAc OAc
OH
ﬂ“"‘“ (2 equiv) 3
(e} N OAc o) N
BF3OEls (6 equiv)

CHyCly, 0 °C tor.t.

268 269
76%
trans/cis = 100:0

Scheme 100

3.2.1.3 Organostannanes

5-Acetoxypyrrolidinone 206a was subjected to cyanation
reaction conditions with tributyltin cyanide under boron
trifluoride—diethyl ether complex catalysis, and afforded
the 5-cyanopyrrolidinone 270 in 40% yield and with
low 4,5-cis diastereoselectivity (cis/trans = 58:42)
(Scheme 101).%°

oTBS oTBS
ﬂw BuszSnCN (1.5 equiv) é(—)w‘
o N OAC B O, (2 equiv) o N CN
PMB toluene, 0 °C PMB
206a 270
40%
cis/trans = 58:42
Scheme 101

High 4,5-cis diastereoselectivity was obtained from the
cyanation reaction of the S-acetoxypyrrolidinone 245a
with tributyltin cyanide in the presence of boron trifluo-
ride~diethyl ether complex. The use of dichloromethane
or toluene as a solvent gave product 246 in 98% and 94%
yields and with a cis/trans ratio of 89:11 and 90:10, re-
spectively (Scheme 102)."!

Treatment of the 5-acetoxypyrrolidinone 271 with allyl-
tributylstannane in the presence of magnesium bromide
yielded exclusively the 4,5-cis product 272, and in quan-
titative yield (Scheme 103).7

Pyrrolidinones 214a,b reacted with allylstannanes in the
presence of Lewis acids to give the 5-allylated products
273a,b (Scheme 104, equation ). In the reaction of 214a,
titanium(IV) chloride gave the product 273a with a cis/
trans ratio of 67:33, boron trifluoride—diethyl ether com-
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TBSO,  OTBS a”gi';%w,) T8SO,  OTBS TBSO,  ,OTBS TBSO,  OTBS
o OAc . 0 CN R m
N BF3OEL N o) (o} B o
A‘MB @ equivf FLMB rl\l THF, -78 °C rl\l =
o450 CHyClp, 0 °C o6 Bn Bn
254 R =Me, Bu 255
98%
dr = 89:11
h 102
Scheme A~-SnBus T8S0,  ,0TBS
(4 equiv) / R
TBSO,  OTBS SnBus TBSO,  OTBS — ~ 9
b‘« > \ BF3OEt; (2 equiv)
. THF, 78 °C100°C
0PN ™ 0AC MgBr, o S \
) toluene ) 274
MPM
“:;M R Yield (%) (dr)
272 Me 45 (75:25)
quant. Bu_ 65 (98:2)
Ph 56 (80:20)
Scheme 103 ==—CH,0TBS 36 (84:16)
plex gave a cis/trans ratio of 64:36 and titanium(IV) fluo- TBSO,  OT8S TBSO,  OTBS
ride gave no selectivity (cis/trans = SO:SQ). In.the reaction y RLi (2 equiv) \ on
of pyrrolidinone 214b, boron trifluoride-diethyl ether o 0o . .. ™ o N
complex and magnesium bromide each gave a 69:31 mix- N THF, =78°C i |R
ture of isomers, favouring the cis isomer, while titani- Ally! y @
um(IV) chloride gave a 64:36 mixture of cis/trans 257 258
isomers. The reaction of pyrrolidinone 243b with allyl-
tributyltin in the presence of boron trifluoride—diethyl A~ -SnBus TBSO,  OTBS
ether complex provided the 5-allylated product 244b as a (4 equiv) bﬂ
mixture of isomers (cis/trans = 80:20) (Scheme 104, > 0N
equation 2).7 BFyOEt, (2 equiv) N
THF, =78 °C 10 0 °C Allyl
OR BuzSn 278
& NN R Yield (%) (dr)
(3 equw Af‘) Me 65 (66:34)
0 OAc M Bu 66 (98:2)
N BF3 OEty ==—FPh 63 (72:28)
(4 equiv) Z==—CH,0TBS 48(73:27)
1 CHaClp, 0 °C
Scheme 105

214aR = Ac

214b R = TBS cis/trans = 67 33 to 50:50
273b

cisf/trans = 64:36 to 69:31

TBSQ, OTBS o~ -BusSn TBSO

b"'\ ————— () '
07N OAC Tae o \§
(4 equiv)
’ CHyCly, 0 °C |

244b
cis/trans = 80:20

OTBS

(3.0 equiv) . @

243b

Scheme 104

5-Hydroxypyrrolidinones 255, obtained from the reaction
of organolithium reagents with imides 254, reacted with
allyltributyltin in the presence of boron trifluoride-diethyl
ether complex to afford S5-allyl-5-alkylpyrrolidinones
274. The reaction of the 5-butyl-substituted pyrrolidinone
with allyltributylstannane provided 274 in the highest
yield (65%, dr = 98:2) (Scheme 105, equation 1). The N-
allyl analogue, pyrrolidinone 257, underwent addition re-
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actions under the same conditions to afford products 275
in yields of 48-66% (Scheme 105, equation 2).7

The addition of organolithium compounds to imides
228a,b gave a mixture of the regioisomers 276 and 277.
These isomers were subjected to allylation reactions with
allyltributyltin in the presence of boron trifluoride—diethyl
ether complex to give 5-alkyl-5-allylpyrrolidinones 278,
279 and 280, respectively. The reaction of pyrrolidinone
228a with methyllithium and then allyltributyltin gave a
mixture of 278, 279 and 280 [(278+279)/280 = 73:27] in
53% yield. Treatment of 228b with butyllithium and then
allyltributyltin gave only products 278 and 279 (278/
279 = 88:12) in 55% yield (Scheme 106).9

3.2.1.4 Organometallic Reagents

Zinc alkynylides, generated in situ, reacted with 5-meth-
oxypyrrolidinone 281 in the presence of zinc triflate to
afford the corresponding propargylic adducts 282
(Scheme 107).%*
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Zn(OTf), (2 equiv)

/A/—j\ R—=—=——H (1 equiv)
(o) OME s () =

N N

EtsN (1 equiv) R
Br TMEDA (1 equiv) Br
CHoCly—toluene, r.t.
281 282
R Yield (%)
Ph 58
™S 58
Scheme 107

The reactions of organocopper reagents with pyrroli-
dinone 201 gave products 283 with good diastereoselec-
tivities {dr = 87:13 to 88:12). Methyl and butyl cuprates
gave 283 in 85% and 95% yields, respectively, while phe-
nyl cuprate gave 283 in only 32% yield but also good
diastereoselectivity (dr = 88:12) (Scheme 108).%

Treatment of the pyrrolidinone 284 with vinylmagnesium
bromide in the presence of zinc chloride yielded the prod-
uct 285 in 65% yield and with a trans/cis ratio of 80:20
(Scheme 109).7

The zinc chloride—diethyl ether complex promoted reac-
tion of pyrrolidinone 286 with Grignard reagents led to

the formation of products 287 in yields of 50-89%, with
4,5-trans selectivity (Scheme 110).7®

Treatment of 4-benzyloxy-5-hydroxypyrrolidinone 288
with boronic acids in the presence of boron trifluoride—di-
ethyl ether complex afforded the corresponding trans-4,5-
disubstituted pyrrolidinones 289. The use of 2-furanbo-
ronic acid, 2-benzofuranboronic acid, styrylboronic acid,
and potassium frans-styryltrifluoroborate all resulted in
good to high trans selectivity. Phenylboronic acid did not
react with the pyrrolidinone, but its electron-rich deriva-
tives 4-methoxyphenylboronic acid and 3,4-dimethoxy-
phenylboronic acid provided S-arylated pyrrolidinones in
48% and 74% yields (Scheme 111, equation 1). Reaction
of 290, the 4-hydroxy analogue of pyrrolidinone 288, with
2-furanboronic acid and 3,4-dimethoxyphenylboronic
acid gave 4,5-trans pyrrolidinones 291 in 65%
(dr=77:23) and 72% (dr = 72:28) yields, respectively.
The use of 2-benzofuranboronic acid gave the 4,5-cis
product in 56% yield and with a diastereomeric ratio of
92:8 (Scheme 111, equation 2).5%

The reaction of pyrrolidinones 210a,b and 292 with phe-
nylacetylenetrifluoroborate in the presence of boron tri-
fluoride~diethyl  ether  complex  afforded  the
corresponding products 293 in 69-89% yield, with very
high 4,5-trans selectivity (trans/cis = 90:10)
(Scheme 112).54
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astereoselectivity and in  yields of 65-87%
OBn  RB(OH); (3.0 equiv) OBn (Scheme 114).”°
J\_) BF3-OEt, (4.0 equiv) ;
Oy OH OCtiéCtlz” O N R AcQ,  Phc 1. BFyOE, (4.0 equiv)
1 ort. N CH,Cly, —78 °C
B s
288 289 O™~ TOAC 2 RBF4K (1.2 equiv)
én -78°Ctor.t.
Yield (%) (trans/cis) 206
R = (E)-PhCH=CH 47 (91:9)
(E)-PhCH=CH? 59 (92:8)
2-furyl 79 (71:29) AcO. OAC AcO, OAc
2-benzofuranyl 55 (89:11) -
2-thieny! 72 (38:62) + "
4-MeOCgHq 48 (72:28) 07Ny~ R 0= ™7 "R
3,4-(Me0)oCgHj 74 (74:26) f é
. Bn n
2 The corresponding RBF3K was used.
207 298
65-87%
297/298 = 70:30 to 90:10
OH  RB(OH), (3.0 equiv) LH
\ BF3-OEt, (4.0 equiv) y R = Ph, 4-MeOCgHy4, 4-FCgHy,
M ﬂ @ 3,5-(CF3)sCgHg, 2-MeCgHy, 3-thienyl,
o N OH \leONorMeNO, N R PRGEC, n-BuC=C, MeOCH,C=C
Bn r.t. to reflux Bn
o1 Scheme 114
290 2
R = (B)-PhCH-CH i AR 3.2.1.5 Active Methylene Compounds
2-furyt 65 (77:23) . . .
2-benzofurany! 56 (8:92) The reaction of 4-tert-butyldimethylsilyloxy-5-methoxy-
3,4-(Me0)2CeHs 44 (72:28) pyrrolidinone 208 with titanium enolates derived from the
Scheme 111 active methylene compounds 299a-d gave 4,5-disubsti-
tuted pyrrolidinones 300a-d. Except for the reaction of
the enolate derived from 299b with 208, high 4,5-trans se-
OR PhT= (SBFC’TK)“ OR lectivity was observed in these reactions (Scheme 115).%°
- equiv d
¢\/__>\ BF5OEt, (3 equiv)
o) N OAc _°2FTUT L0 N =, LOTBS o, BN o188
CH,Cly CH,R'R? 299a—d \
Bn 0°Ctort. Bn OQ\OM T . R!
e o)
210aR = Ac 203 N HoCla, =78 °C to 1.t N
210b R = TBS R Yield (%) (trans/cis) H CHzCl, 78 *Clort H R
292 R =Bn Ac 69 (90:10) 208 300a—d
TBS 70 (100:0)
Bn 89 (100:0) Yield (%) (trans/cis)
aR' = R? = CO,Et 74 (90:10)
Scheme 112 b R'=COMe, R?=CO:Me 59 (9:91)
¢ R'=CN, R2= COsMe 43 (92:8)
d R' = S0,Ph, R =CO,Me 50 (95:5)
Ph—=—BF3'K"
OH OH
< (3 equiv) Scheme 115
BF3OEt, (3 equiv, /A/-—)
04(,;}\01\/!9 OB Bequy) _ NS o _ ' ‘
é CHyCly é . Ph 3.2.1.6 Nitrile Nucleophiles (Ritter Reaction)
n 0°Ctort
294 295 Treatment of pyrrolidinones 288 and 290 with nitriles in
70% the presence of boron trifluoride-diethyl ether complex
p yl eth
Scheme 113 afforded the pyrrolo[2,3-dJoxazoles 301 in yields of 80—

The reaction of 294 with phenylacetylenetrifluoroborate
under boron trifluoride—diethyl ether complex catalysis
yielded the 4,5-cis adduct 295 exclusively in 70% yield
(Scheme 113).5%

In a similar study, S-acetoxy-2-pyrrolidinone 296 reacted
with potassium organotrifluoroborates under boron tri-
fluoride—diethyl ether complex catalysis to afford the
corresponding products 297 and 298 with good 4,5-syn di-

Synthesis 2009, No. 3, 339-368 © Thieme Stuttgart - New York

93% (Scheme 116).%0

1
s‘OR O~ _R?
LA e A
- . N
o N OH  BryoEt, © N
Bn 0°Ctor.t Bn
) 301
288 R!'=Bn R°=Me, iPr, Ph, .
260 Rt = H 3,4-(Me0),CgH3 80-93%
Scheme 116
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This review continues with the chemistry of N-acylimini-
um ions derived from other five-membered heterocyclic
and higher systems in the next issue of Synthesis.}
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