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acyclic and cyclic N-acyliminium ions. This is an update of an earlier review in 2000 oil 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 having dealt with acyclic and pyrrolidinone-based N-
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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 carlier 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 having dealt with acyclic
and pyrrolidinone-based N-acyliminium ions. Part IT continues with
other five-membered heterocyclic derivatives and higher systems.
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3.2.2 Reactions of N-Acylpyrrolidine-Based

N-Acyliminium Ions with Nucleophiles
3.2.2.1 Silicon-Based Nucleophiles

Treatment of the N-acyliminium ion 302 with benzyltri-
methylsilanes afforded 2-benzylated pyrrolidines 303. 4-
Fluorobenzyl-, benzyl-, and 2-methylbenzyltrimethylsi-
lane did not react with the N-acyliminium ion. Reactions
of 3,5-dimethylbenzyl-, 4-methylbenzyl-, 2,4,6-trimeth-
ylbenzyl-, 4-methoxybenzyl-, and 2,3,4,5,6-pentamethyl-
benzyltrimethylsilanes gave the corresponding products
in 12-88% yields. Use of 4-methylbenzylstannanes (0.1
equiv), as an additive in the reactions of 4-fluorobenzyl-
trimethylsilane  and  4-methylbenzyltrimethylsilane,
resulted in 50% and 97% yields of 303, respectively
(Scheme 117).50

The reaction of N-Boc-2-methoxypyrrolidine (304) with
silicon nucleophiles in an ionic liquid, BMI'InCl,, led to
the formation of 2-substituted pyrrolidines 305 in yields
of 76-80% (Scheme 118).8!

Treatment of pyrrolidinone 304 with similar silicon nu-
cleophiles in the presence of indium(III) chloride under
solvent-free conditions afforded the corresponding prod-
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I / ® \ |
Boc Me—N-N~nBy Boc
304 InCly~ 305
r.t.
NuTMS R Yield (%)
CHp=CHCH,TMS -CH,CH=CH, 80
CH,=C(OTMS)(Ph) -CH,COPh 77
MeCH=C(OTMS)(Ph) -CH(Me)COPh 76

Me,C=C(OTMS)(OMe)  -C(Me),CO,Me 77

Scheme 118

ucts 305 in 92-100% yields (Scheme 119).8% The use of
indium(IV) chloride in sodium dodecylsulfate and water
has also been described for these reactions. 2"

In a similar study, pyrrolidine 304 reacted with silicon nu-
cleophiles under catalysis by zinc triflate to afford the de-
sired adducts 305 in 68~80% yields (Scheme 120).>

The reactions of silicon nucleophiles with pyrrolidine 304
in the presence of bis(trifluoromethane)sulfonimide or tri-
isopropylsilyl triflate under solvent-free conditions af-
forded the corresponding adducts 305 in good to excellent
yields (Scheme 121). It was found that 0.3 mol% of
bis(trifluoromethane)sulfonimide catalysed the reaction

Biographical Sketches

O\ NuTMS (2 equiv)
N OMe ——
InClg (10 mol%) N R

t‘Boc rt |

Boc
304 305
NuTMS R Yield (%)

MeC=C(OTMS)(Ph)
(Me),C=C(OTMS)(OMe)
BuCH=C(OTMS)(Bu)
CHo=C(OTMS)(Ph)

-CH(Me)COPh 97
-C(Me),COMe 100
-C(Bu)COBU 93
-CH,COPh 92

Scheme 119

{ P

Zn{OTf), (1.2 equiv
QOMe b N —OTh2 (12 equ)

N CHsCla, t.t. N

Boc Boc

304 305
NuTMS R Yield (%)
CH,=CHCH,TMS, -CH,CH=CH; 68
CHp=C(OTMS)(Ph),  -CH,COPh 71
MeCH=C(OTMS)(Ph) -CH(Me)COPh 80 dr = 80:20

Scheme 120

of allyltrimethylsilane, while the silyl enol ether of ace-
tophenone required 1.0 mol% of catalyst. The trimethyl-
silyl enol ether of cyclohexanone and the triisopropylsilyl
ether of methy! isobutyrate and trimethylsiloxyfuran re-
quired 5 mol% of bis(trifluoromethane)sulfonimide. The
use of 1 mol% of triisopropylsilyl triflate as a Lewis acid
in these reactions gave the desired adducts in the same or
similar yields.®

Chiral 2-methoxypyrrolidines 306a,b underwent addition
reactions with 2-fert-butyldimethylsilyloxyfuran in the
presence of a catalytic amount of titanium(IV) chloride or
trimethylsily! triflate in dichloromethane at —78 °C to
form only two out of four possible diastereomeric prod-
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NuTMS or NuTIPS

O\ (1.4 equiv)

N OMe —————— N R

) HNTf, or TIPSOT )

Boc Boc

304 305

47-100%

NuTMS R
CHo=CHCH,TMS -CHCH=CHg,
CHo=C{Ph)(OTMS) -CH,COPh
¢-CgHgOTMS -2-cyclohexanonyl
(Me)oC=C(OMe)(OTMS)  -C(Me),COsMe

CH,=C(CO,Me){OTIPS)

-CH,CO(CO,Me)

Scheme 121

ucts, 307a,b and 308a,b (Scheme 122). The reactions of
306a and 306b with the silyloxyfuran in the presence of
titanium(IV) chloride gave products in 60% and 55%
yields, respectively. The use of trimethylsilyl triflate as a
catalyst increased the yields to 84% and 75%, respective-
ly. The diastereomeric ratios for 307a/308a and 307b/
308b were found to be 75:25 and 67:33 after hydrogena-
tion, and the stereochemistry of the major products 307
was determined as 2'R,5R by X-ray diffraction analysis.®

O o
e

)§ TMSOT (10 mol%)
e 0 CHaClo, —78 °C
Ph
306a R = w\;’
Ph
306b R = ¥

307ab 308a,b
Yield (%)
307a/308a = 75:25 75
307b/308b = 67:33 84

Scheme 122

Silyloxyfurans 310 reacted with 2-alkoxypyrrolidines 309
upon exposure to trimethylsilyl triflate. The N-Boc-pro-
tected pyrrolidine derivative 309a gave the best yield of
82% and the highest diastereomeric ratio of 95:5 when
R? = H (Scheme 123).%4

The reaction of allenyltrimethylsilane with the 2-ethoxy-
pyrrolidine 313 in the presence of boron trifluoride—dieth-
yl ether complex provided the 2-substituted pyrrolidine
314 in 49% yield (Scheme 124). Treatment of N-tosyl-2-
hydroxypyrrolidine under the same reaction conditions
afforded the N-tosyl analogue of piperidine 314 in 74%
yield 0

@ /()\ TMSOTS (10 mol%)
OR* o oo

CHyCla, =78 °C
310
309a R' = Boc, R? = Et R3=H, Me
309b R' =Cbz, R? = Me R4 TBS, TIPS

309¢ R' = COMe, R? =

H H
=~ ~=
N\ Re 07Xy N\ R3 O o
R! Rt
311
70-82%

311/312 = 95:5 (R' = Boc, R% = H)
Scheme 123

T™™S
:C:/_

41 (4 equiv)
QOE{ _— N ==
) BF3-OEt, (2 equiv) |
COEL MeCN, 0 °C to r.t. COLEt
313 314

49%

Scheme 124

N-Carbobenzyloxy-2-hydroxypyrrolidine (315) reacted
with a silyl enol ether in the presence of trimethylsilyl tri-
flate (1.0 equiv) in dichloromethane to afford the 2-substi-
tuted pyrrolidine 316 in 96% yield (Scheme 125).%°

OTMS  ysOTH CHOH coz
O\ ] (1 equiv) N
e
N OH + CHaCly
—78°C to 25 °C OBn
Cbz OBn
316
315 96%
dr = 85:15
Scheme 125

The N-acyliminium ion which was generated by anodic
oxidation of 317 was treated with silicon nucleophiles and
afforded the corresponding alkylated products 318
(Scheme 126, equation 1). Similarly, the reactions of al-
lyltrimethylsilane with the in situ generated N-acylimini-
um ion of amides and carbamates 319 under the same
reaction conditions gave products 320 in 73-97% yields
(Scheme 126, equation 2).%

Treatment of the immobilised amines 321a,b with boron
trifluoride—diethyl ether complex led to the formation of
N-acyliminium ions 322a,b which were trapped with al-
Iyltrimethylsilane to give the desired adducts 323
(Scheme 127). Cleavage of the adduct from the resin with
1 M sodium methoxide in tetrahydrofuran—methanol gave
the trans-2,4-disubstituted pyrrolidines 324a,b in 81%
and 52% yields, respectively.’

Synthesis 2009, No. 4, 513-541 © Thieme Stuttgart - New York
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1.-2e (2.2 F/mol)
& 2. NuTMS (}\
8Ph EEE——— R

N 1.0 M LICIOg N ®

COzMe MeNO, COMe

317 318
NuTMS R Yield (%)
CHa=CHCH,TMS  -CH,CH=GHj, 89
CHp=C(OTMS)(Ph) -CHCOPh 83

1.-2 e (2.2 F/mol)
/O\ 2, /\/TMS <~O\
R? N COMe — . N COMe  (2)
1

A 1.0 M LiCIO4, ;

R 50 mM AcOH R

MeNO,
Yield (%) (cis/trans)
1 _ 2 _
319aR’ =H,R°=Ac 3202 88 (67:33)
319b R' = H, R2 = CO,Me 3200 97 (50:50)
319¢ R = SPh, R% = Ac 320c 75 (67:33)
319d R' = SPh. R = COoMe 320d 73 (50:50)
Scheme 126

ph BF3OEt (1.4 equiv)
_—

o)
RO/(@
N
D

322a,b

CH,Cly, rt.

HO)J\N/\[
H
CH(OEt),

o
I

321aR = ﬁ_CZH“—
0

3210 R S“CeH4_

1 M NaOMe
N TVS RO/( THF- MeOH

(10 equiv) /\/Q /\/Q

324a,b

Scheme 127

Decarboxylation and oxidation of the proline derivative
325 with (diacetoxyiodo)benzene and iodine gave the cor-
responding N-acyliminium ion. The reaction of allyltri-
methylsilane with the the latter under boron trifluoride—
diethyl ether complex catalysis gave the 2-allylated prod-
uct 326 in 91% yield (Scheme 128). The reaction did not
take place in the absence of the Lewis acid: only the cor-
responding 2-hydroxypyrrolidine was isolated. Treatment
of 325 with (trimethylsilyloxy)cyclohexene and trimeth-
ylsilyloxyfuran under the same reaction conditions gave
addition products in 68% and 81% yields, respectively.*®
In a similar study, treatment of 325 with isopropenyl
acetate (5.0 equiv) in the presence of boron trifluoride—di-
ethyl ether complex afforded the expected product in 58%
yield. ¥

When the one-pot decarboxylation—oxidation—alkylation
methodology was applied to the 4-trimethylacetyloxy-L-
proline derivative 167a, the desired allylated product 327
was isolated in 91% yield with a cis/trans ratio of 85:15
(Scheme 129).4647

Syathesis 2009, No. 4, 513-541 © Thieme Stuttgart - New York

DIB (2 equiv)
12 (0.5 equiv)
& CHoCla, 1.
COLH _— R
N NuTMS N
COMe BF3-OEt, (1.5 equiv) COoMe
0°Ctor.t.

325 326
NuTMS R Yield (%)
CHo=CHCH,TMS -CH,CH=CH,» 9
¢c-CegHgOTMS -2-cyclohexanonyl 68
2-(trimethylsilyloxy)furan  -2(5H)-furanony! 81
Scheme 128
PivO, PivO,

O\ 1. DIB, p, CHaCly, T.t. / \ )
COoH
N 2. AN\ VS
CO.Me BF5OEt, COQMG
167a 0°Cilort 327
91%
cisltrans = 85:15
Scheme 129

The reaction of the N-acylprolines 328a and 328b with al-
lyltrimethylsilane in the presence of titanium(IV) chloride
yielded the allylated products 329a and 329b in 80% and
53% yields, respectively (Scheme 130).%

Lo o L
MeO N COMe (3 equiv) N COsMe
R TiCl4 (1 equiv) R
CHyCly
328a R = COMe ~78°C 100 °C
328b R =Bz Yield (%) (cig/trans)
329a 80 (73:27)
320b 53 (13:87)
Scheme 130

The 3-substituted N-Cbz pyrrolidines 330a—e reacted with
allyltrimethylsilane, cyanotrimethylsilane, and fert-bu-
tyl[(1-ethoxyvinyl)oxy]dimethylsilane in the presence of
boron trifluoride—diethyl ether complex to give products
331a-e. 3-Carbamoyl-2-methoxypyrrolidines 330a~c and
3-iodo-2-methoxypyrrolidine 330d gave the adducts in
moderate to excellent yields and with 2,3-trans selectivity
(Scheme 131, equation 1), while 3-azido-2-methoxypyr-
rolidine 330e gave the adduct 331e in 49% yield and with
high 2,3-cis selectivity (88:12) (Scheme 131, equation 2).
The 2,3-trans selectivity in the reactions of 330a—d was
suggested to arise from neighbouring-group participation
of the R! group (R! = NHCO,R or I).87%8

The reaction of 2-ethoxy-4-butylpyrrolidine 332 with al-
lylsilanes afforded the corresponding adducts 333 in 30~
40% yields as isomeric mixtures (Scheme 132). The dia-
stereomeric ratios were not determined. However, when
R = Me, the mixture was converted into a 80:20 mixture
of indolizidines, with the major isomer having arisen from

the initial 2,5-trans adduct.®
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R1 R

Z ; NuTMS (2 equiv)
N "'OMe ———————

| BF3.OEtp (2 equiv)

Cbz CHaClp, 0°C to 1.t Cbz
330a R' = NHCbz 331a-d
330b R' = NHCO,Me 52-93%

330c R = NHBoc cisitrans = 30:70 to 2:98

330dR'=1
NuTMS R2
CHy=CHCH,TMS -CH,CH=CH,
CHo=C(OTBDMS)OE!)  -CH,CO,Et
TMSCN -CN
N3 N3
CHp=CHCH,TMS
(2 equiv)
OMe T T ™
N BF5OEt, (2 equiv) N @)
Cbz CHsClp, 0°C to 1.t Cbz Xy
330e 331e
49%
Scheme 131

Io% s
Bu OEt ————» By

N SnCly |
Cbz Cbz /
332
R OH
Yield (%)

333aR = Me 40
333bR=Pr 30

Scheme 132

The reaction of pyrrolidine 334 with silicon nucleophiles
in the presence of boron trifluoride—diethyl ether complex
provided the desired adduct 335 with complete 2,4-cis se-
lectivity (Scheme 133).76

T8SO, T8SO,
) 1. NaBH,
O, "W8ee [~
0 (\
| I ——— N
Boc 2. NuTMS Boc P
334 BF3-OEt, 135
CHgCly, —78 °C
NuTMS R Yield (%) (cis/trans)

CHp=CHCH,TMS
MPMO(CHg)sCH=CHCH,TMS

H 72 (100:0)
MPMO(CHg), 47 (100:0)

Scheme 133

Treatment of pyrrolidine 336 with allyltrimethylsilane in
the presence of boron trifluoride—diethyl ether complex
provided the 2,3-trans product 337 in 99% yield
(Scheme 134).%°

The cyano group was introduced into the N-Boc pyiro-
lidines 338a,b stercoselectively (Scheme 135). The reac-
tion of 338a with trimethylsilyl cyanide (3.0 equiv) in the

AcO,
/\/TMS
———
BF5-OEty
CH,Clp, 0°C

Scheme 134

presence of trifluoromethanesulfonic acid (1.5 equiv) in
acetonitrile at <40 °C resulted in the best yield (90%) and
diastereomeric ratio (96:4). The use of tetrahydrofuran,
toluene and dichloromethane as solvents in this reaction
gave the product 339a in poor to good yields (19-60%)
with reduced diastereoselectivities (dr = 87:13 to 90:10).
Using trimethylsilyl triflate as catalyst gave product 339a
in 67% yield with a diastereomeric ratio of 93:7. The re-
action of 338b with trimethylsilyl cyanide in the presence
of boron trifluoride—diethyl ether complex (1.5 equiv) in
dichloromethane afforded product 339b in the highest
yield (89%) and diastereomeric ratio of 92:8. The use of
tin(IV) chloride and trimethylsilyl triflate as Lewis acids
in toluene provided product 339b in 32% and 68% yields
and with diastereomeric ratios of 66:33 and 75:25, respec-
tively. The high diastereoselectivity was suggested to be
the result of attack of the nucleophile from the face anti to
the C-5 substituent. This substituent was proposed to
adopt a pseudo-axial orientation to minimise A!? strain
with the N-Boc group.”!

RHN,, i
. OMe TMSCN (3.0 equiv)
TfOH (1.5 equiv)
Pr MeCN, —40 °C

338aR = Ac
338b R = SCPhy

ON- ]
Yield (%) (dr)
339aR=Ac 19-90 (96:4 to 87:13)
339b R = SCPhy 32-89 (92:8 to 60:40)
Scheme 135

The 2,3-O-isopropylidene-protected pyrrolidine 340 re-
acted with allyltrimethylsilane in the presence of boron
trifluoride—diethyl ether complex to give the 2-allylated
pyrrolidine 341 in 52% yield and with complete 2,3-trans
selectivity (trans/cis = 100:0) (Scheme 136). Magnesium
bromide, tin(IV) chloride, dichlorodiisopropoxytitani-
um(IV), and ytterbium(III) triflate were found to be inef-
fective in this reaction.”

Synthesis 2009, No. 4, 513-541 © Thieme Stuttgart - New York
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TBSO, 0 A8 TBSO,  on | BnG.  .0Bn
—\ ) — \ 1. MeMgi or 4-BnOCgHsMgBr
{ \.n0 (4 equiv) O\) BnO\“w . 6T

N CHyCly N N 2. Et3SiH, BF3-OEty, CHoCly

Lo Lewis acid (2 equiv) o doc

340 341 346

Yield (%) (cis/trans)
BF3OEt 52 (0:100)
BFyOEt, TMSOTf 47 (36:64) BnO OBn BnO_  0Bn
Scheme 136 BnO BnO,
+ N
N AR Z’;‘> R
]
The 5-substituted 2,3-O-isopropylidene-protected pyrro- Boc Boc
lidines 342 and 344 gave allylated products 343 and 345, 347 ' 348
respectively, with exclusive 2,3-trans selectivity and e Yield (%) “géi%‘;)
good yields, when they were treated with allyltrimethylsi- 4-BnOCgH, 58 (0:100)
lane in the presence of boron trifluoride—diethyl ether
Scheme 138

complex (Scheme 137). The allyitrimethylsilane attacked
from the exo face of the bicyclic aminal, independent of
the C-4 and C-5 substituents and their configurations. The
lower diastereoselectivities observed when the stronger
Lewis acid mixture of boron trifluoride—diethyl ether
complex and trimethylsilyl triflate was employed was
thought to be due to initial cleavage of the bicyclic aminal
prior to nucleophilic attack.’?

TMS
HCO o ad HCO, OH
(i% (4 equiv) y J )
- o T v
/ ['\j CHyCly / N
[
PR Coe PR bz
342 343
cis/trans  Yield (%)
BF3-OEt, (3 equiv) 0:100 62
BF3-OEtp, TMSOTY 30:70 92
TBSO /\/TMS TBSO, OH
2 E (4 equw) Z‘)\//
Q e
' 2
l BFy Ot TBSO/ I @
TBSO (3 equiv) Cbz
344 CHoCly 345
60%
cis/trans = 0:100
Scheme 137

Treatment of pyrrolidinone 346 with Grignard reagents
and then triethylsilane in the presence of boron trifluo-
ride-diethyl ether complex afforded adducts 347 and 348.
This reaction sequence using methylmagnesium iodide
gave adduct 347 in 80% yield and with high 3,5-cis selec-
tivity, while that using of 4-benzyloxyphenylmagnesium
bromide provided only the 3,5-trans adduct 348 in 58%
yield (Scheme 138).7

3.2.2.2 Aromatic Nucleophiles

Treatment of benzene derivatives with the proline deriva-
tives 328a—d in the presence of titanium(IV) chloride or
tin(IV) chloride gave the arylated adducts 349 in 31-71%
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yields. The prolines 328a,¢ (R' = CO,Me or Cbz) gave
exclusively the 2,5-cis products (Scheme 139, equation
1), whereas the prolines 328b.,d (R! = CHO or Bz) yielded
the arylated adducts 349 as a mixture of isomers favouring

the trans isomer (Scheme 139, equation 2).%
R2
R? R?
3 equi
Meo/Q‘cone _(_iﬂ').___, m

! TiCly or SnCly (1 equiv)

Rl
CHyCly, =78 °C t0 0 °C
2 _
328a R' = COMe R®=Me, Et
328¢ R' = Cbz
R2
r?j COMe
R2
R? R!
349
31-68%
cisftrans = 100:0
R2
R? R?
/(_)\ (3 equiv)
MeO COMe — - 2)

N

F‘(‘ TiCls or SnCly (1 equiv)

CH,Clp, =78 °C to 0 °C
328b R'= Bz R2 = Me, Et
328¢c R! = CHO
RZ
R2 1
R2 R
349
43-71%
trans/cis = 89:11 to 48:52
Scheme 139
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3.2.2.3 Organostannanes

Treatment of benzyltributylstannane and 4-methylbenzyl-
tributylstannane with the N-acyliminium ion 302 provid-
ed the 2-benzylated pyrrolidines 350 in 51% and 71%
yields, respectively (Scheme 140).%

=
» Seze 0 O
l:j/ * BusSn o CH,Cl, N S
| |
CO.Me COoMe
302 X=H, 4-Me 350
Scheme 140

A cinnamylstannane reacted with pyrrolidines 351a—c in
the presence of boron trifluoride-diethyl ether complex to
give adducts 352a—c. While pyrrolidine 351a gave the
product 352a in 75% yield and as a single diastereomer,
351b and 351c gave the products 352b and 352c in yields
of 73% and 54%, and with a diastereomeric ratio of 70:30
and 75:25, respectively (Scheme 141, equation 1). When
pyrrolidine 353 was treated under the same reaction con-
ditions, the addition product 354 was obtained in 56%
yield as a 50:50 mixture of diastereomers (Scheme 141,
equation 2). In contrast to the reactions reported in
Schemes 136 and 137, a ring-opened monocyclic imini-
um ion intermediate was proposed for the reactions of
351a-¢.?

3.2.2.4 Organometallic Reagents

The N-acyliminium ion 302 underwent reactions with
Grignard reagents to afford 2-substituted pyrrolidines 355
in moderate to good yields. The reaction took place with
alkyl-, alkenyl-, alkynyl- and arylmagnesium halides
(Scheme 142).38

Treatment of organozinc and organoaluminium reagents
with the N-acyliminium ion 302 provided 2-ethylpyrroli-
dine 356 in 55-74% yields (Scheme 143). The use of di-
ethylzine, ethylzinc iodide, triethylaluminium and
diethylaluminium chloride gave the ethylated product in
74%, 65%, 12%, and 55% yields, respectively.3®

The reactions of zinc alkynylides, prepared in situ, with 2-
methoxypyrrolidine 304 in the presence of zinc triflate af-
forded the corresponding 2-substituted products 357
(Scheme 144).52

Alkynes reacted with 2-methoxypyrrolidines 309b,¢ in
the presence of copper(I) bromide in water at 40-50 °C
under sonication conditions to afford 2-substituted pyrro-
lidines 358 (Scheme 145).%*

As an extension of an earlier study,®*® the reaction of the
racemic 2,3-dihydroxypyrrolidine 359 with an alkenyl-
boronate led to the 2,3-cis product 360 in 99% yield
and with high 2,3-cis selectivity (cis/trans =98:2)
(Scheme 146).%%

SnBug
BF3-OEt
X Jo) EtO 3UEDL
K wL MeO l (1.3 equiv) o
=0 * CHaCly
fl\l -78°C
Boc
OMe
351a X=0Bn
351b X=Nj
351¢ X = NHCO,Bn
OMe
Yield (%)  (dr)
352a 75 (100:0)
352b 73 (70:30)
352¢ 54 (75:25)
SnBus
HO,  NHCOBn Et0 | BF3-OEt,
~, MeO. (1.3 equiv) ®
— -
OoH + CH,Clp
l}l -78°C
Boc OMe
353
EtO 7 NHCO,Bn
MeO
10OH
!
Boc
OMe
354
56%
dr = 50:50
Scheme 141
RMgX (2.0 equiv)
+/ —_—- R
fl\l Et:0, =72 °C II\I
COQME COgMe
302 355
45-69%

R = Et, n-Bu, i-Pr, CHp=CH, allyl,
CHp=CHCH,CHy, 4-MeCgH4,
2-MeCsH4, 4-MEOC¢;H4

X =Cl, Br

Scheme 142

Organocopper reagents were treated with 3-substituted 2-
methoxypyrrolidines 361 in the presence of boron trifluo-
ride—diethyl ether complex to afford adducts 362 in 50—
97% yields after Boc deprotection. These reactions
showed 2,3-trans selectivity (trans/cis = 60:40 to 91:9)
(Scheme 147). The trans selectivity increased with the
use of bulky organocopper reagents.*
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O EtMX (2.0 equw) reaction took place between 2-phenylsulfonyipyrrolidine
g Eth o hexane e and .the gllylcup1‘ate reagent even in the absence of the
Som -72°C ) Lewis acid. It was postulated that either the copper be-
2ie CO:Me haves as a Lewis acid to generate the N-acyliminium ion,
302 356 . Lo
EtMX Yield (%) or the reaction follows an Sy2 mechanism.*
EtsZn 74
gz:lt 65 PhMe,SiLi (4.7 equiv)
3 72 ;
ELAIC CuCN (1.5 equiv)
# % OMe — .. > RV SiMesPh
R N BF5OEt, (0.6 equiv) N 2
Scheme 143 Cbz THF, 78 °Ctor.t. Cbz
363a R = COMe 364a 8%
, 363b R = SO,Ph 364b 71%
Zn(OTf)z (2 equiv) 363¢ R = CH,0Me 364c 61%
OMe EtsN (1 equiv) —~
N + R—==—H
| TMEDA (1 equiv) TSR Scheme 148
Boc CHzClo—toluene Boc
304 rt 357 . . . .
The 3,5-disubstituted N-Boc proline 365 reacted with 2-
_ . methylpropenyllithium and trans-1-lithiopropene in the
R=Ph  48% yipropeny . ; prop
R=TMS 59% presence of copper bromide—dimethylsulfide complex
Scheme 144 and boron trifluoride—diethyl ether complex to give the
2,5-trans products 366 (Scheme 149).%7
O\ . CuBr (3 equiv)
OMe + R— ————
N ; N = OM CuBr-Me,S (4 equiv)
Rl (B 2dii) 14,0, 40-50°C l R Meo,e™ ome )\/U —
R? = P, 4-BrCgH,  Sonication COxMe BF3-OEt, (4 equiv)
358 Boc (4 equiv) Et,0, —40 °C
309¢c R' = CO,Me
309b R' = Cbz 58-81% 365
Scheme 145 PR,
MeOzC"" "N )
o I
OH <\\B OH Boc H
(S T [
- vy,
N O gr o, CRl N ETN one R= H 86%
) 3Ok, ULl ] R= Me 92%
Chz ~78°Ctort Cbz
359 360 Scheme 149
98%
cisftrans = 98:2
Scheme 146 3.2.2.5 Carbonyl Compounds
The reaction of N-Boc-2-ethoxypyrrolidine 309a with the
N,O-silylketene acetal, itself prepared in situ by treatment
R' 1. RsCu-MgBr, (4 equiv) R of N-propionyloxazolidin-2-one 367 with trimethylsilyl

BF3-OEty (4 equiv)
Et,0,-78 °Ctor.t.

N 2. TFA (10 equiv) N
Boc CHoCly, 1.t H
R' = Me, Ph 362
361 R? = i-Bu, Ph, 50-97%
3-MeCgHa, trans/cis = 60:40 to 91:9

3-FCgH4

Scheme 147

The silylcuprate reagent PhMe,SiLi/CuCN underwent re-
action with the 5-substituted 2-methoxypyrrolidine 363a
and 2-phenylsulfonylpyrrolidine 363b in the presence of
boron trifluoride—diethyl ether complex. 2-Methoxypyr-
rolidine 363a gave the desired 2,5-disubstituted adduct
364a in 8% yield, while the 2-phenylsulfonylpyrrolidine
363b gave adduct 364b in 71% yield (Scheme 148). The
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triflate and triethylamine, provided a 67:33 mixture of the
2-substituted pyrrolidines 368 and 369 in 45% yield
(Scheme 150).%8

The 5-methoxyproline derivative 371 reacted with tri-
methylsilyloxyfuran compounds, themselves generated in
situ by treatment of butenolides 370 with trimethylsilyl
triflate under basic conditions, in the presence of trimeth-
ylsilyl triflate at —78 °C to give a mixture of diastereomer-
ic adducts. Addition of an excess amount of trimethylsilyl
triflate to these adducts afforded deprotected pyrrolidines
372 as a mixture of four diastereomers (Scheme 151).%°

The titanium enolates of N-acyloxazolidinones 373a-d
reacted with N-rert-butyloxycarbonyl-2-ethoxypyrroli-
dine (309a) to afford the corresponding 2-substituted pyr-
rolidines 374a—d and 375a—d. Treatment of pyrrolidine
309a with 373a and 373b in the presence of titanium(IV)
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Q 0 TMSOTI (1.2 equiv)
O\ )L /K/ EtsN (1.15 equiv)
ot + Q@ N Me ————»
N J/ CHCly, 0 °C
Boc
309a 367

L A0 § R
o T Pl
Me éoc \// Me é

368 45% 369
368/369 = 67:33

Scheme 150
1. TMSOTf (1.1 equiv)
o EtsN (1.2 equiv)
CH o
o 2Cl, 0 °C
R s
Y 2.
Phs WO\
MeO
370 e N~ YCOMe

[’300 (1.1 equiv)

371
TMSOTY (0.2 equiv), CH,Cly, =78 °C
3. TMSOTT (2 equiv), 0 °C

R SPh
JOEGN
0”70 N7 Ncome
872 Ve () dr
R=-CoHCOBn 91  46:436:5
R =-CoH4COMe 73 53:41:4:2
Scheme 151
2 o TiCl, (2 equiv)
Q J\NJK/ , _ DIPEA
+ 0 R
N OFt \ CHoClp, 0°C
Boc "'R‘
309a

373aR'=H, R2=Me
373bR'=Bn, R2= Me
373¢R'=H,R2=H
373dR'=Bn,R2=H

374a-d

Scheme 152

chloride gave the desired products with 374/375 ratios of
93:7 and 90:10 and in 72% and 85% yields, respectively;
while treatment of 309a with 373c¢ afforded only product
374c¢ in 46% yield. The reaction of pyrrolidine 309a with
373d gave the desired product in 70% yield with no selec-
tivity (374d/375d = 50:50) (Scheme 152).%

The reaction of 2-alkoxypyrrolidine 309b with N-acylox-
azolidinones 373a and 373b in the presence of titani-
um(IV) chloride provided the corresponding products in
67% and 57% yields, and with product ratios (376/377) of
91:9 and 83:17, respectively. Treatment of 309¢ with
373a and 373b under the same reaction conditions result-
ed in 33% and 50% yields, respectively and with product

ratios  (376/377) of 91:9 and 86:14, respectively
(Scheme 153).%8
2 o TiCl (2 equiv)
(—)\ L Jk/ DIPEA
N7 OMe * OUN CHyClp, 0°C
R! Re
309b R' = Cbz 373aR2=H

309¢ R'=CO:Me  373b R2=Bn

33-67%
376/377 =91:9 t0 83:17

Scheme 153

The titanium enolates of 378a and 378b reacted with 2-
alkoxypyrrolidines 309a and 309b to afford the N-Boc-
and N-Cbz-2-substituted pyrrolidines 379 and 380. The
reactions of 309a with 378a and 378b in the presence of
titanium(IV) chloride and diisopropylethylamine gave
products 379 and 380 with high selectivity >95:<5 in
yields of 70% and 81%, respectively. Treatment of 309b
with 378b under the same experimental conditions afford-
ed 379 and 380 in 73% yield, with the same selectivity
(Scheme 154).%8

The 2-alkoxypyrrolidines 304 and 309a, when treated
with the titanium enolate of N-acyloxazolidinone 381a
(X=0) or its thio analogue 381b (X = S), respectively,

2 o TiCly (2 equiv)
O\ M Jk/ \ DIPEA
N Corz QN R CHCh, 0 °C
i
1
R Bn
309a R' = Boc, R? = Et 378aR3=Ph

309b R' = Cbz, R2= Me 378b R = (CH,)3C!

70-81%
379/380 = >95:<5

Scheme 154
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X o]
)\\N/lk/\/c' TiCl,, DIPEA
or' * X >
N \/k CHgClp, —23°C
I 2
Boc
304 R'=Me 381aX=0,R%=
309a R' = Et 381b X =S, R%=iPr

N
X\/Nk oc
R?
Cl
Yield (%)

382aX=0,R%=Bn 82
382b X =3, R?=iPr 84

Scheme 155

gave the addition products 382a,b as single isomers in 82—
84% yields (Scheme 155).1%

The titanium enolate of 2-pyridylthio ester 384 was treat-
ed with 2-methoxypyrrolidine 383 in the presence of tita-
nium(IV) chloride to give the 2,3-trans product 385 in
25% vyield and with a diastereomeric ratio of 92:8
(Scheme 156).19!

NHSOsMe TiCly (2 equiv) NHSO;Me
DIPEA (2 equw
. -Pr
oM CHaCh 0°C N /L
Cbz Cbz O
383 384
N7
Sy
385
25%
trans/cis = 92:8
Scheme 156

The boron enolates of the oxazolidin-2-ones 373a,b were
treated with N-fert-butyloxycarbonyl-2-ethoxypyrroli-
dine (309a) in the presence of dibutylboryl triflate (2.0
equiv) to afford the corresponding N-Boc-2-substituted
pyrrolidines 374a,b and 375a,b. The reaction using 373a
gave a mixture of 374a and 375a (dr = 93:7) in 50% yield,
while the reaction with 373b under the same reaction con-
ditions provided products 374b/375b in 55% yield
(dr = 98:2) (Scheme 157).%

3.2.2.6 Alkyl Radicals

The N-acyliminium ion 302 reacted with alkyl halides in
the presence of hexabutyldistannane to give the 2-substi-
tuted pyrrolidine adducts 355 (Scheme 158).4142
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Q O n-Bu,BOTI (2 equiv)
() o)J\N/Zk/M DIPEA
OEt * e
N L/ CH,Clp, 0°C
Boc ’R
309a 373aR=H
373b R = Bn

374a,b 375a,b

374a/375a = 93:7 50%
374b/375b = 98:2 55%

Scheme 157

RX (5 equiv)
BuaSnSnBus (1.5 equiv) ()\
[ />
19 BusNBF, N R
I —20 ° |
COoMe ChaClp, -20°C CO.Me
302 355

R = CsHys, CgHy4, +Pr, Bn, +-Bu
CHa=CHCHy, CaHsCH=CHCH,
X=1,Br

3-77%
Scheme 158

3.2.2.7 Thiols
Anodic oxidation of pyrrolidine 386 in a 1 M lithium per-

chlorate/nitromethane electrolytic solution in the presence
of 50 mM acetic acid gave an intermediate N-acyliminium
ion, which was trapped with thiophenol to afford the
2-phenylsuifanyl pyrrolidine 317 in 91% yield
(Scheme 159).%°

()

1.-2 e (2.2 F/mol)
2. PhSh (2.0 equiv)

P

-
N 50 mM AcOH N
COsMe 1.0M LlOCngMeNOZ Eoome
386 317

1%

Scheme 159

Treatment of amide or carbamate proline derivatives 319a
and 319b with thiophenol under the same electrolytic ox-
idative conditions gave adducts 319¢,d in 86% yield as a

50:50 mixture of diastereomers (Scheme 160).%

1.-2e (2.2 F/mol)
& 2. PhSH (3 equiv) w@\
N COMe ~ PhS N COMe
B 1.0 M LiCIO4/CH3NO, B
0°C
319a R = Ac 319¢c,d
319b R = CO,Me 86%

cis/trans = 50:50

Scheme 160
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3.2.2.8 Active Methylene Compounds

1,3-Dicarbonyl compounds were treated with o-methoxy-
pyrrolidine 304 in the presence of indium(III) chloride un-
der solvent-free conditions to afford the 2-substituted
pyrrolidines 387 (Scheme 161). Use of ethyl acetylaceto-
nate (R! = Me, R? = OEt), acetylacetonate (R! = R? = Me)
and diethyl malonate (R' = R?= OFEt) gave products in
92%, 94%, and 83% yields, respectively.’** The use of in-
dium(IV) chloride in sodium dodecylsulfate and water has
also been described for these reactions.’?

InCly 0
()\ . j\/ﬁ\ (10 moi%) "
T OMe gt R? It — N
|
Boc Boc R2
304 R' = Me, OEt o
2 _
R = Me, OEt 87
83-94%
Scheme 161

The reaction of 3-iodo-2-methoxypyrrolidine 330d with
dimethyl malonate in the presence of titanium(IV) chlo-
ride afforded product 388 in 68% vield and high selectiv-
ity (trans/cis = 98:2) (Scheme 162).%

[ o 0 [
f ; MeO)J\/U\OMe CO,Me
N ‘OMe (Nﬁ"'u(

—_—_—
TiClg A
Cbz -78°C Cbz ©0O2Me
330d 388

68%
trans/cis = 98:2

Scheme 162

3.2.3 Reactions of Oxazolidinone-Based N-

Acyliminium Ions with Nucleophiles
3.2.3.1 Silicon-Based Nucleophiles

Treatment of the chiral oxazolidinones 389 with allyltri-
methylsilane and 2-bromoallyltrimethylsilane in the pres-
ence of boron trifluoride—diethyl ether complex or
titanium(IV) chloride afforded 4,5-trans products 390
with very high selectivity (trans/cis = 87:13 to 98:2) in
85-92% yields (Scheme 163).12

0
o)I\N’R1

9
M Rt NuTMS (1.3 equiv
o~ N7

H BF3-OEt, or )__/
OMe TiCl E(:{%;aquxv) e
2\12
-78°Cto 0°C 390
389aR'=H
85-92%

389b R = allyl trans/cis = 98:2 to 87:13

NuTMS R?

CHo=CHCH,TMS -CHyCH=CH,

CHp=CBICH;TMS  -CHoCBr=CH,
Scheme 163

The reaction of bisoxazolidinone 391 with silicon nucleo-
philes in the presence of titanium(I'V) chloride gave disub-
stituted products 392 in yields of 17-59%, in favour of the
di-trans products (Scheme 164).!%

NuTMS (4 equiv)
————
TiCly (3 equiv)
o o CH20|2
391 -78°Ctor.t.

NuTMS

CHy=CHCH,TMS
CHp=C(CH,Cl)CH2TMS
CHp=C(Br)CHTMS
CHp=C(CHyOAC)CH,TMS

HC=CGCH,TMS

o 0 6 o)

o) O o [¢]
di-trans-392 di-cis-392
R Yield (%) (trans/cis)
-CHoCH=CHs 59 (96:4)
-CHoC(CHoCl=CH, 58 (91:9)
-CHoC(Br)=CH, 53 (92:8)
-CH,C(CH,0AC)=CHyp 38 (93:7)
-CHy=C=CH, 17 (94:6)2

@ BF43-OEt, (2.2 equiv) and Ac,0 (2 equiv) were used.

Scheme 164

3.2.3.2 Organometallic Reagents

Treatment of oxazolidinone 393 with organocopper re-
agents in the presence of boron trifluoride—diethyl ether
complex led to the formation of products 394 in 52-62%

yields and good 4,5-trans diastercoselectivities
(Scheme 165).192
0 o)
O/[LN/H RCuLi (2 equiv) O)I\N/H
s ———
BF3-OEt; (2 equiv) [
o’ ome EO ot R
-78°Ctor.t.
303 394
R Yield (%) (frans/cis)
Ph 62 (96:4)
Bu 59 (98:2)
Bu 52 (94:6)
2 n-BuCu/BF3 was used.
Scheme 165

The boron trifluoride—diethyl ether complex catalysed re-
action of oxazolidinones 389a and 393 with Grignard re-
agents provided products 395 in 58-78% yields with very
high 4,5-trans selectivity (Scheme 166).!%

Oxazolidinone 393 was treated with organocopper—zinc
reagents in the presence of boron trifluoride~diethyl ether
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0 0 R! R?
N N Nt
o SN RPMgX (2.5 equiv) o~ NH Bn\/(—>,m4 Bn R!
_ N SPh (2 equiv) N
BF3-OEt, (3 equiv) )—-/ e —
R'H,C OMe THF RIH,C ‘R2 )\ Cu{OTf), (1 equiv) )\N R2
. —78°Ctort. 305 HN™" “NH, CHoCl, CHCIs ~ HNT
38%aR'=H 0°C
393 R'=Cl 58-78% 398 399
trans/cis = 90:10 to 99:1 37-83%
RZ = Ph, Bu, allyl, vinyl alkene/diens
X =8r, Cl styrene, (E)-propenylbenzene, (2)-propenylbenzene,
1H-indene, 1,2-dihydronaphthalene, (E)-1,3-hexadiene,
Scheme 166 (E)-ethyl-3,5-hexadionate, {E)-ethyl-5,7-octadionate,
(2)-1,3-pentadiene
i 0 Scheme 169
Q NH  RCu(CN)Znl (5 equiv) o/lkNH
BF3OEL (6 equiv) 3.3  Six-Membered-Ring N-Acyliminium Ions
CH,Cl OMe 7832'? . CH,Cl R
363 - ort 396 3.3.1 Reactions of Piperidinone-Based N-Acyl-
. . iminium Ions with Nucleophiles
R Yield (%} (trans/cis)
Ph 72 (98:2) PN :
Bu 57 (©991) 3.3.1.1 Silicon-Based Nucleophiles
allyl 62 97:3 . . .
Et(y)ZCCHZ 48 ((99:1)) The reaction qf 6-ethoxyp1pe1‘1dlpone (400) with bqt—2-
ynyltrimethylsilane under catalysis by boron trifluoride—
Scheme 167

complex to give the 4,5-trans products 396 in 48-72%
yields (Scheme 167).1%2

3.2.3.3 Active Methylene Compounds

Bisoxazolidinone 391 reacted with a titanium enolate,
prepared in situ from the treatment of diethyl malonate
with titanium(IV) chloride in the presence of triethy-
lamine, to afford predominantly the di-trans product 397
(transl/cis = 94:6) in 57% yield (Scheme 168).1%3

>( CO,Et
MeQ Q 0 (§)Me < (4 equiv)
HNWNH _ CoEt
g TiCl4 (6.3 equiv)
o) 0 0 &o EtsN
391 CH,Clp
—-78°Ctort

COgEt
%
trans/cis = 94:6
Scheme 168
3.2.4  Cyclocondensation Reaction of N-Aminidinyl

Iminium Ions

The cyclocondensation reaction of 398 with alkenes and
dienes provided the desired cycloadducts 399 in 37-83%
yields (Scheme 169).!%
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diethyl ether complex yielded 6-methylallenepiperidino-
ne 401 in 68% yield (Scheme 170).%!

TMS
+/
3 equiv
o] N OEt  BF3OEt o] N
H (3 equiv) H
400 CH2C!2, r.t. 401
68%
Scheme 170

6-Acetoxypiperidinone 402 underwent reaction with pro-
pargyltrimethylsilane to provide the allene product 403 in
90% yield (Scheme 171).193

TMS
=
2 oui
/JA/j\ Ee Q\/C¢
07 N7 NoAc BFyOF o7 N =
(2 equiv) Me
Me CHoClyp
402 —-60°Cto0°C 403
90%
Scheme 171

The addition reaction of silicon nucleophiles with 6-meth-
oxypiperidinone 404 in the presence of zinc triflate pro-
vided the desired 6-substituted piperidinones 405 in 50—
52% yields (Scheme 172).%2

The reaction of racemic 6-methoxypiperidinone 406 with
silicon nucleophiles in the presence of boron trifluoride—
diethyl ether complex in dichloromethane or acetonitrile
afforded the corresponding racemic products 407 in 42—
100% yields, in favour of the 4,6-trans isomer (trans/
cis = 57:43 to 89:11) (Scheme 173). In the same study, pi-
peridinone 406 reacted with CH,=C(OTMS)(Ph) in the
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NUTMS (1.2 equiv)
Zn(OTH)s (2 equiv)

OINj\OM
S

k[(sr

e CHaCly, 1t

404 405
NuTMS R Yield (%)
CHy=CHCH,TMS  -CH,CH=CH, 52
CHo=C(OTMS)(Ph) -CH,COPh 50

Scheme 172
oTBDPS OTBDPS
NuTMS
BF3.OEt,
o N” "OMe CHCl, o
H or MeCN © ” R
rt.
406 407
42-100%
trans/cis = 57:43 to 89:11
NuTMS R
CHo=CHCH,TMS -CH,CH=CH,
TMSCN -CN
CHy=C(OTMS)(Ph) -CH,COPh

Scheme 173

presence of scandium(IIl) triflate in acetonitrile to give
product 407 in 88% yield and with a trans/cis ratio of
78:22.106

3.3.1.2 Organostannanes

Treatment of racemic piperidinone 406 with allenyltribu-
tylstannane in the presence of boron trifluoride-diethyl
ether complex in acetonitrile afforded the racemic product
408 as a mixture of isomers (trans/cis = 51:49) in quanti-
tative yield. The use of dichloromethane as a solvent de-
creased the yield to 85%, but increased the
diastereoselectivity slightly (trans/cis = 59:41)
(Scheme 174).106

OTBDPS s OTBDPS
nBuy,
:C:-/ ¢
G — /
/
o N~ “OMe BF3OEL 07 "N
H It H
406 408
Solvent  Yield (%) (trans/cis)
MeCN 100 (51:49)
CHCly 85 (59:41)
Scheme 174

3.3.1.3 Organometallic Reagents

Treatment of piperidinone 404 with an in situ generated
zinc alkynylide in the presence of zinc triflate yielded the
propargylic adduct 409 in 42% yield (Scheme 175).5

Ph———=——H
I\J\ (1 equiv)
—
o N OMe Zn{OTH), (¢} N =3 oh
Br (2 equiv) Br
EtgN (1 equiv)
TMEDA (1 equiv) 409
404 CHyClo-toluene
r.t. 42%
Scheme 175

Treatment of the chiral 5,6-dihydroxypiperidinone 410
with boronic acids in the presence of boron trifluoride—di-
ethyl ether complex afforded the products 411 in 49-77%
yields, with very good 5,6-cis selectivity (80:20 to
>98:<2) (Scheme 176). In the same study the 5-methoxy
analogue of piperidinone 410 reacted with potassium (E)-
2-styryltrifluoroborate in the presence of boron trifluo-
ride—diethyl ether complex to give the corresponding
methoxy analogue of adduct 411 in 96% yield with a cis/
trans ratio of 65:35.%4

/]A/j:OH RB(OH), (3 equiv) Q»‘OH
o N OH BF3-OEt, (5 equiv) o] N "’lR

MeCN 1

|
PMB 0°Ctort. PMB
410 411
R Yield (%) (cis/trans)
-CH=CHPh 77 (98:2)
-CH=CHPh? 72 (92:8)
-2-furyl 49 (80:20)
-2-benzofuranyl 70 (98:2)
-CEC—TMS? 41 (95:5)
-C=C—TMS? 37 (100:0)
2 The corresponding RBF3K was used.
Scheme 176
3.3.2 Reactions of N-Acylpiperidine-Based

N-Acyliminium Ions
3.3.2.1 Reactions with Nucleophiles

3.3.2.1.1 Silicon-Based Nucleophiles

The zinc triflate mediated reaction of N-tert-butyloxycar-
bonyl-2-methoxypiperidine (412) with silicon nucleo-
philes afforded the expected 2-substituted piperidines 413
in 52-68% yields (Scheme 177).%

O\ NuTMS (1.2 equiv) Q
N
|

OMe Zn{OTf), (1.2 equiv) l;l R
Boc CHyCly, r.t. Boc
412 413
NuTMS R Yield (%)
CHo=CHCH,TMS -CH,CH=CH, 52
CHy=C({OTMS){Ph) -CH,COPh 68
MeCH=C(OTMS)(Ph) -C(Me)COPh 83 (threolerythro = 91:9)

Scheme 177
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Treatment of piperidine 412 with similar silicon nucleo-
philes in the presence of indium(III) chloride under sol-
vent-free conditions gave the desired 2-alkylated
piperidines 413 in 79-92% yields (Scheme 178).%2* The
use of indium(IV) chloride in sodium dodecylsulfate and
water has also been described for these reactions.®?

C L

NuTMS (2 equiv)

—
InCl3 (10 moi%) (Nj\

N OMe
é r.t. | R
oc Boc

412 413
NuTMS R Yield (%)
MeC=C(OTMS)(Ph) -CH(Me)COPh 92
{Me)oC=C(OTMS)(OMe) -C(Me),CO-Me 87
BuCH=C{OTMS)(Bu) -C(Bu)COBu 87
CHp=C(OTMS)(Ph) -CH,COPh 79

Scheme 178

Piperidine 412 also reacted with silicon nucleophiles in an
ionic liquid (BMIInCl,) to yield the corresponding 2-sub-
stituted  piperidines 413 in  65-76%  yields
(Scheme 179).%!

Q TS (5 ea ) Cj\
—
N OMe N

' o) pR

Boc Me/N\/N\nBu Boc

a2 InCly” 413

r.t.

NUTMS R Yield (%)
CH,=CHCH,TMS -CH,CH=CH, 69
CHo=C(OTMS)(Ph) -CH,COPh 65
MeCH=C(OTMS)(Ph) -CH{Me)COPh 76 (erythrolthreo = 83:17)

(Me)oC=C(OTMS)(OMe)  ~(Me),CCO(OMe) 67

Scheme 179
The one-pot decarboxylation—oxidation—allylation reac-

tion of N-methyloxycarbonyl piperidine 414 afforded 2-
allylpiperidine 415 in 67% yield (Scheme 180).4

DIB (2 equiv)
12 (0.5 equiv)
e R
N SCOgH ATV N =
|
COMe BF3-OEt, (1.5 equiv) COoMe
414 0°Ctort. 415

67%

Scheme 180

Treatment of N-acylpiperidines 416a—c with 2-silyloxy-
furans under trimethylsilyl triflate catalysis afforded
products 417, 418 and 419 in 58-75% yields
(Scheme 181). The reactions of 416a~c with 2-silyloxyfu-
ran (R?=H, R*=TBS) gave products 417 and 418 in
58%, 63%, and 74% yields, and with product ratios (417/
418) of 88:12, 67:33, and 75:25, respectively. The reac-
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tion of piperidines 416a~c with another silyloxyfuran
(R =Me, R*=TIPS) afforded products 417, 418, and
419 in 67%, 75%, and 70% yields, with 417/418/419
product ratios of 3:60:36, 33:67:0, and 16:84:0, respec-
tively. The relative stereochemistry of 419 was not deter-
mined.®

/A TMSOTf (10 mo%
c el N (10 mo%)

N oR? 0 CHaClp, =78 °C
R1
- 2 _
416a Rl—BOC,RZ—Et RQ:H, Me
416b R' = Cbz, R2 = Me R? - TBS, TIPS

416¢ R' = CO,Me, R? = Me

H H
+ N N, *t N \y—R3
(P !
R' R°0 R d
o]
0
418 418

58-75%

0]

Scheme 181

In a very similar study, piperidine 416a reacted with 2-
[(triisopropyl)siloxy]-5-methylfuran in a tetrahydrofuran
and dichloromethane solvent mixture in the presence of
trimethylsilyl triflate or boron trifluoride~diethyl ether
complex to afford products 420, 421 and 422 in 67% and
40% yields, respectively with product ratios (420/421/
422) of 60:4:36 and 58:4:38, respectively. The reaction of
piperidine 416b with silyloxyfuran in the presence of
trimethylsilyl triflate, titanium(IV) chloride, and boron
trifluoride—diethyl ether complex in dichloromethane, di-
ethyl ether, tetrahydrofuran, and tetrahydrofuran—dichlo-
romethane gave products 420 and 421 in 42-85% yields
and with 420/421 product ratios of 52:48 to 67:33. The re-
gioisomer 422 was not obtained from the reaction of pip-
eridine 416b (Scheme 182).'%7

@ N ﬂ TMSOTF (10 mo%)
2

N” TOR 07 TOTPS  GCl-THE
R! ~78 °C

416aR' = Boc, R? = Et
416b R' = Cbz, R? = Me

M
H H
+
0 MRS
R" “0 R! J
% o]
422

o}
420 421

40-85%

Scheme 182

The reaction of chiral 2-methoxypiperidines 423a,b with
2-tert-butyldimethylsilyloxyfuran under titanium(IV)
chloride or trimethylsilyl triflate catalysis provided the
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adducts 424a,b and 425a,b (Scheme 183). Treatment of
423a with the silyloxyfuran in the presence of titani-
um(IV) chloride or trimethylsilyl triflate gave products
424a and 425a in 55% and 75% yields (424a/
425a = 88:12). Reaction of 423b with the silyloxyfuran
under trimethylsilyl triflate catalysis gave the adducts
424b and 425b in 73% yield, with a diastereomeric ratio
of 67:33.%

0TBS
[8) +
N” “OMe ——— | N N
Fli TMSOTf(10mol%) R HO R HO
HoClo. 78 ©
CHaClp, -78 °C Y Y
424a,b 425ab

55-75%
424a/425a = 88:12
424b/425b = 67:33

o}
423a R = w\oJ\;‘
o
3y

423b R=

Scheme 183

The reaction of racemic 3-azido-2-methoxypiperidine 426
with allyltrimethylsilane in the presence of boron tri-
fluoride—diethyl ether complex provided the racemic
2-allylated piperidine 427 as a mixture of isomers with a
cis/trans ratio of 88:12 in 50% yield (Scheme 184).87.88

~_-TMS
N3 i N3
e
N TOoMe  BFyOEL (2 equiv) N K

Cbz CHZCI2, 0°Ctort. Cbz
426 427
50%

cis/trans = 88:12

Scheme 184

Treatment of racemic piperidine 428 with silicon nucleo-
philes 195a, 211a and 429 in the presence of scandi-
um(IlD) triflate in acetonitrile yielded products 430 in
89%, 92%, and 86% yields, respectively, and with cis/
trans ratios of 52:48, 54:46 and 74:26, respectively. When
the reaction of piperidine 428 with 211a and 429 was per-
formed under boron trifluoride-diethyl ether complex ca-
talysis in acetonitrile, products 430 were obtained in
yields of 92% and 79%, respectively, in favour of the cis
isomer (cis/trans = 72:28 and 61:39, respectively). The
use of dichloromethane as a solvent in the reaction of 428
with 195a and 211a resulted in 22% (cis/trans = 75:25)
and  65% (cis/trans = 83:17) yields, respectively
(Scheme 185).106

The boron trifluoride—diethy! ether complex mediated re-
action of allyltrimethylsilane with resin-bound racemic
piperidine 431 gave racemic 2,4-trans isomers 432 in 71—
86% yields after they were cleaved from the resin
(Scheme 186). Piperidine 431, where R? = Ph, was treated

OTBDPS OTBDPS
NUTMS O
e ——
BF3-OEt, 2
’}l OFt or Sc(OTf)3 '?I R
COoMe CH,Clp CO,Me
428 or MeCN 430a—c
22-92%
cis/trans = 52:48 to 83:17

NuTMS R
195a GH,=C(OTMS)(Ph) -CHo=COPh

211a CHp=CHCHTMS  -CHyCH=CH»
429 TMSCN -CN
Scheme 185
e 1. /\/TMS (5 equiv)
B2
BF3-OEt, (3 equiv) :
CH,Cly
°C tort
o naove N N
THF-MeOH
432
Q 71-86%
‘\/S\/\)l\

O=

R? = H, i-Pr, Ph, 4-pyridyl, 4-BrCgH,

Scheme 186

with CH,=C(Me)}(CH,TMS) to afford the corresponding
racemic 2,4-trans adduct exclusively in 76% yield.!"®

N-tert-Butyloxycarbonyl-6-acetoxypiperidine 433 react-
ed with propargyltrimethylsilane under boron trifluoride—
diethyl ether complex catalysis to afford the allene 434 in
62% yield, in favour of the cis isomer (cis/trans = 80:20)
(Scheme 187).1%

BF3-OEt,

. (), o~
N NN
| (2 equiv) H
Boc CH,yCly

433 —60 °C to -30 °C 434

1.:—-——\
T™MS
(2 equiv)

MeO,C OAc Me0,C"

0,

2. TFA cis/trans = 80:20

Scheme 187

The reaction of bN-Boc piperidine 435 with a silyl dienol
ether in the presence of trimethylsilyl triflate yielded ex-
clusively the 2,3-trans isomer of adduct 436 in 86% yield
(Scheme 188).1%°

The N-acyl piperidines 437a,b were treated with allyltri-
methylsilane in the presence of boron trifiuoride—diethyl
ether complex to give exclusively the corresponding 2,3-
trans adducts 438a and 438b in 95% and 97% yields, re-
spectively (Scheme 189).!10

Treatment of the N-Fmoc piperidine 439 with silicon nu-
cleophiles in the presence of boron trifluoride—diethyl
ether complex provided the products 440 and 441 in a
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TMSOT (0.4 equiv)

(j: v ““‘AENI
—_—_—-
|
T ONT O 7 GHaCly, —78% Boc 0
Boc OTMS |
435

436
86%
Scheme 188
TMS OH
[jE /\/(5 ) O/
Me0,C" OMe BF3OEt2 @equiv)  Me0,C" N7 Y
CH,Cls, —30 °C to 1., F"
37
437a R = Cbz 438a 95%
437b R = COCH=CHPh 438b 97%

Scheme 189

range of yields (78-96%), with good 2,6-cis selectivity.
The reaction of 439 with CH,=CHCH(TMS)(CH,);Me af-
forded the corresponding 2,6-cis adduct exclusively
(Scheme 190).'!!

OAc
H 1. NuTMS (1.2-1.5 equiv)
ACOU BF3OEt, (1-1.5 equiv)
ACO N 2. piperidine

NuTMS
439 CHp=CHCH,TMS

CHo=C(OTMS)(Ph

CHo=CHGH(TMS)(CHz)sCHs

ACO@ ACO\@
+
ACO\“‘-' N AcO\\“.r N
H H

R R
440 an
Yield (%) (440/441)
96 (79:21)
90 (62:38)
78 {100:0)

Scheme 190

3.3.2.1.2 Aromatic Nucleophiles

The treatment of polymer-bound racemic piperidine 431
with furan in the presence of camphorsulfonic acid pro-
vided the racemic 2-furylpiperidine adduct 442 exclusive-
ly in 54% yield (Scheme 191),1%8

3.3.2.1.3 Organostannanes

Treatment of racemic piperidine 428 with allenyltributyl-
stannane in the presence of boron trifluoride—diethyl ether
complex afforded product 443 in 67% yield, in favour of
the 2,4-cis isomer (Scheme 192).'%°
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1. @ (5 equiv)

o]

ph Ph
CSA (1 equiv)
CH20[2
0°Ctort
N Bt N Q
,_1( 2. NaOMe H | /
THF-MeOH
431 442
(IDI o] 54%
r= QO S\/\/U\
O s y
[e]
Scheme 191
OTBDPS oTBDPS
—C— .SnBug A
[}j OEt BF3OEty ITJ “
CO,Me MeCN COsMe
428 443
()
cis/trans = 62:38
Scheme 192

The reaction of the N-Boc piperidine 444 with allyltribu-
tylstannane in the presence of boron trifluoride—diethyl
ether complex gave products 445 and 446 and one other
isomer in a ratio of 89:7:4, respectively, and in combined
yield of 72% (Scheme 193). The third isomer was sug-
gested to be the result of partial epimerisation of the ste-
reocentre in the N-acyliminium ion intermediate.!?

& _A~_-SnBUs (2 equiv)

BF3-OEts (2 equiv)

Me™ N7 OEt

| o o,

doo CH,Cly, ~78 °C

444

CC

Me™ N Me™” N A

1

Boc B

445 446

72%
445/446 = 897

Scheme 193

3.3.2.1.4 Organometallic Reagents

The N-acyliminium ion 447, generated in situ from the
corresponding carbamate by electrochemical oxidation,
reacted with Grignard reagents in diethyl ether to afford
the 2-substituted piperidine products 448 in 50-57%
yields (Scheme 194).38

Piperidine 412 reacted with an in situ generated zinc alky-
nylide to give the corresponding propargylic adduct 449
in 40% yield (Scheme 195).%?

The polymer-bound racemic piperidine 431 was treated
with diethylzinc in the presence of boron trifluoride—
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O RMgBr (2 equiv) Q Qhc 1. EtpZn (1.2-1.5 equiv)
@, - AcO. - BF3-OEf, (1-1.5 equiv
N ELO, -72 °C N R | 3-OEL ( quiv) o
f I —_—
CO.Me CO,Me ACO Ny 2. piperidine
|
447 448 Eoc
R=Ph  57% 439
R=Pr 50%
AcO. AcO.
Scheme 194 \0 \(1
N
cO AcO_ .~
TSN gy SN Y
" H H
Zn{OTf)y (2 equ:v) 451 452
63% 27%
Me EtsN (1 equiv) N 451/452 = 67:33
TMEDA (1 equiv) L X
"2 CH,Clo—toluene Boc Ph
r. 449
QA 4 EtZn (1.2-1.5 equiv)
0% AcO : BF3Et,0 (1-1.5 equiv)
Scheme 195 l —_— 2
AcO ’f 2. piperidine
F
Bh 1. EtaZn (5 equiv) - moc
BF3-0Ety (3 equiv) 453
CH,Cly (j\/
0°Ctort. AcO. AcO.
N Bt —— N X . X
Fl{ 2. NaOMe H cO N AcO N &
THF-MeOH
431 450 H H
0 0 14% 454 455
i o
r= QA \/\/U\ 40% 27%
Q. i ¥ 454/455 = 58:42
Scheme 197
Scheme 196

diethyl ether complex to give the racemic 2,4-trans iso-
mer 450 exclusively in 14% yield (Scheme 196).198

The reaction of piperidines 439 with diethylzinc in the
presence of boron trifluoride~diethyl ether complex yield-
ed products 451 and 452 in 63% and 27% yields, respec-
tively (Scheme 197, equation 1). Treatment of 453, a
diastereomer of piperidine 439, with diethylzinc under the
same reaction conditions afforded products 454 and 455
in yields of 40% and 27%, respectively (Scheme 197,
equation 2).!!"

3.3.2.1.5 Carbonyl Compounds

The reaction of N-tert-butyloxycarbonyl-2-ethoxypiperi-
dine (416a) with an N,0-silylketene acetal, itself prepared
in situ by treatment of N-propionyloxazolidine-2-one 367
with trimethylsilyl triflate and triethylamine, led to the
formation of 2-substituted piperidines 456 and 457 in 36%
combined yield (456/457 = 67:33) (Scheme 198).%

Treatment of the 2-methoxypiperidines 458a,b with the ti-
tanium enolate of 381a led to the formation of 459a and
459b in 62% and 58% yields, respectively (Scheme 199),
whereas treatment of the N-Boc analogue of piperidine
458 with titanium enolate of 381a under the same reaction
conditions did not give the desired product.'

0 o TMSOTF (1.2 equiv)
/lk EtsN (1.15 equiv)
+ QN Mg —————— 3
r}l OEt \__/ CH3Clp, 0°C
Boc
416a 367

J

o TN
\J Me Me l|300
456 457
36%
456/457 = 67:33
Scheme 198
TiCly
/[k 0 (2 equiv) H o O
. o NN DIPEA ) N/U\O
f|\l OEt CH.Cla A i \
R Bn -23 °C R \ Bﬁ;
cl Cl
458a R = Cbz 381a gggg 2523://0
‘0

458b R = CO,Me

Scheme 199
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The titanium enolates of 373a-d reacted with the N-acyl
piperidines 416a—c to afford the diastereomeric products
460 and 461 in 60-73% yields (Scheme 200).%

2 o TiCls (2 equiv)
, /U\ /lk/ , _DIPEA

N OR?2 + Q N R N

‘51 \ l’ CHgC|2,0 (o}
"Ra

416a R' = Boc, R? = Et 373a R® = H, R* = Me
416b R' = Cbz, R2 = Me 373”‘: Bn, T4 Me

373¢ R3=H, R = H

416¢ R' = CO,Me, R2=M
e, ° 373d 8% = Bn, R% = H

60-73%
460/461 = 55:45 to 66:34
Scheme 200
In the same study the piperidines 416a—c reacted with the

titanium enolates of 378a,b to give the corresponding
products 462 and 463 in 60-73% yields (Scheme 201).%

Q@ o TiCly (2 equiv)
, )k /lk/ , DIPEA
N~ SorR2 + Q@ N R
| \ : CHxClp, 23 °C
R1
Bn
416aR' = Boc, R? = Et 378aR% = Ph
416b R' = Cbz, R? = Me 378b R® = (CHy)sCl
416¢ R' = COsMe, R? = Me
[o} @]
N Q) AN
o N Nt o\/’l )
\/k R g - R R
Bn
462 463
60-73%
462/463 = 80:20 to 92:8
Scheme 201

3.3.2.1.6 Alkyl Radicals

The N-acyliminium ion 447 was treated with hepty! iodide
in the presence of hexabutyldistannane to give the 2-hep-
tyl-N-acylpiperidine derivative 464 in 35% yield
(Scheme 202).%14

3.3.2.1.7 Alkenes

Treatment of piperidine 439 with methylenecyclohexane
under catalysis by tin(IV) bromide yielded the 2,6-cis ad-
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C7Hqs! (5 equiv)
O BusSnSnBug (1.5 equiv) Q
® :
N7 BusNBF4 N~ “CrHis
| CHyCly, —20 °C |
CO.Me COsMe
447 464
35%
Scheme 202
(:DAC
ACO\__~ \(j
AcO\‘m SnBry /©
|
Fmoc Fmoc
439 465
80%
+
AcO
N f?l
Fmoc
466
10%
cis/trans = 86:14
Scheme 203

duct 465 and the 2,6-trans adduct 466 in 80% and 10%
yields, respectively (Scheme 203).!!!

Treatment of N-Cbz-protected 2-methoxypiperidine 416b
with cyclopentenone or cyclohexenone and dimethyl sul-
fide in the presence of trimethylsilyl triflate led to the for-
mation of products 468 in 75-90% yields. The use of a
chiral suifide 467 resulted in 49-88% yields and enantio-
selectivities of 94-98% ee (Scheme 204).'

TMSOTT (2.5 equiv) 0
Me,S or 467 (1.5 equiv)
CHoClz N
-78°Cto -20°C Cbz o
(2 equiv)
416b 468
S 49-90%
Me,S n=1 90%
% MesS n=2 75%
467 n=1 88%(94% ee)
467 n=2 49% (98% ee)
467
Scheme 204

3.3.2.1.8 Active Methylene Compounds

The indium(III) chloride catalysed reaction of piperidine
412 with acetylacetonate (R! = Me, R?=OEt), acetyl
acetone (R'=R?*=Me), and diethyl malonate
(R! = R? = OEt) provided the products 469 in 53%, 38%,
and 53% yields, respectively (Scheme 205).8% The use of
indium(IV) chloride in sodium dodecylsulfate and water

has also been described for these reactions.$?
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0 0 10|nCI3l°/ BF3-OEty (1
Q . RJ}\)J\# {10 mol%) » E\//f: (10 mol%) (\f/
N OMe rt. T ohoh NG
Boc R' = Me, OEt Cbz -78°Ctort (llbz
412 R2 = Me, OEt 469 473
38-53%
Scheme 205 BnO
X
Cbz
The N-acylpiperidines 470 reacted with 1,3-dicarbonyl H &
compounds in the presence of copper(Il) triflate and _MB <
bisoxazoline ligand 471 to give products 472 in yields BnO P
ranging from 16% to 78%. The highest enantioselectivity H
(97% ee) was obtained from the reaction of piperidine 470 475
(R'=4-MeOC¢H,) and di(4-chlorophenyl)malonate 53% @
(Scheme 206).!15
cor? Sc(OT)a
@ < 2R (1.5 equiv) = O) /\(L (10 mol%
CO.R? CO,R?
N "OMe " CuoTi (005 equ) N oo _75 S
o 471 \Fo 2
F{’ R1
470 a72 476a R = Cbz 478a 60%
16-78% 476b R = CO,Me 478!3341 %o
R = 4-MeOCgHs, 4-CICgH,, 21-07% ee 478D° 68%

MeO, PhO, Ph

R? = Me, Et, t-Bu, Ph, 4-MeCgHs,
4-MeCgHgy, 4- -BrCgHy, 4- -CICgH4
4-FCgHy, 3-CICgH,, 2-CICgH,

5

471
Scheme 206

3.3.2.2 Cycloaddition Reactions

The reaction of piperidine 473 with diene 474 in the pres-
ence of boron trifluoride~diethyl ether complex afforded
cycloadduct 475 in 53% yield (Scheme 207, equation 1).
Treatment of piperidines 476a and 476b with diene 477 in
the presence of scandium(IIl) triflate afforded the corre-
sponding cycloadducts 478a and 478b in 60% and 41%
yields, respectively. Cycloadduct 478b was obtained in
68% yield from the reaction of 476a with 477 under cata-
lysis by boron trifluoride—diethyl ether complex
(Scheme 207, equation 2).'1

3.3.3 Reactions of Piperazine-Based N-Acyl-

iminium Ions with Nucleophiles
3.3.3.1 Silicon-Based Nucleophiles

Diketopiperazine 479 reacted with allyltrimethylsilane in
the presence of boron trifluoride—diethyl ether complex to
afford products 480 and 481 in 64% and 8% yields,

a BF3-Et,O was used.

Scheme 207

respectively. The same product ratio was obtained from
the reactions of diastereomerically pure 3,6-trans
and 3,6-cis piperazines 479 with allyltrimethylsilane
(Scheme 208).!"7

LI

479

PMB PMB
P
LI " LT
0N ~ O

PMB PvB

480 481

64% 8%

™S

_ BRsOE,

CH20I2
—78°C

480/481 = 80:20
Scheme 208

The boron trifluoride—diethyl ether complex catalysed re-
action of 3-methoxy-1,4-dimethylpiperazine-2,5-dione
(482a) with allyltrimethylsilane provided allylated prod-
uct 483 in 68% yield, whereas 482b with allyltrimethylsi-
lane under the same reaction conditions provided allylated
product 483 and product 484 in 66% and 33% yields, re-
spectively. Treatment of 482¢ with allyltrimethylsilane
under the same reaction conditions gave exclusively prod-
uct 484 in 76% yield (Scheme 209).48:118
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/\/TMS (10 equiv)
L XW BF3-OEt, (2 equiv)
CHQC]Q
0°Ctort.
482aR'=H, R2= OMe
482b R' = Me, R% = OAc
482¢ R' = Bn, R? = OAc
l\[Ae f\llle
N.__ 0 N._.0
4[ I/\ ' 4[ L »
07N N 07N R
Me M
483 484
Yield (%) (483) Yield (%) (484)
a 68 0
b 66 33 (R%=H)
c 0 76 (R%=Pr)
Scheme 209

3.3.3.2 Aromatic Nucleophiles

Treatment of 482a with 2-methoxynaphthalene in the

presence of boron trifluoride—diethyl ether complex gave

the corresponding arylated product 485 in 81% yield
Me BF3OEt

(Scheme 210).8
/Me MeO (2 equiv) OO
O

0°Ctort. N7

N\/&
Me” [@)

485
81%

(2 equiv)
482a .

Scheme 210

3.3.4 Reactions of Pyridine-Based N-Acyliminium

Ions with Nucleophiles
3.3.4.1 Organometallic Reagents

The reaction of pyridine with acyl chlorides generated the
N-acyliminium ion salt 486 which was then treated with
an organoaluminium reagent to yield the corresponding
adducts 487 in 90-94% yields (Scheme 211).'"°

B
O RCOCI O (BupAl” B | N
/

CHaCl, 0 f}l Bu
COR
486 487

R =Bu, Ph, C-C12H14 90-94%

Scheme 211
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3.3.5 Reactions of N,0-Acetal Oxathiazinane

N-Sulfonyliminium Ions with Nucleophiles
3.3.5.1 Organometallic Reagents

The reactions of N,0-acetal oxathiazinane 488 and related
heterocycles with alkynylzinc reagents gave adducts

489 in high yields and high diastreoselectivities
(Scheme 212).1%

A NP
HNT O R ZnCl HNT O
)Y BF3-OEty

—
Q THF, 40 °C Y
0 7 on
Et A
489
488 71-92%
Scheme 212

34 Seven-Membered-Ring N-Acyliminium Ions
341

Treatment of the N-acyl-2-ethoxyazepines 490a—c with 2-
silyloxyfurans 491a,b in the presence of trimethylsilyl tri-
flate afforded products 492, 493, and 494 in 46-83%
yields (Scheme 213). The reactions of azepines 490a—c
with 491a in the presence of trimethylsilyl triflate afford-
ed products 492 and 493 in ratios of 93:7, 85:15 and
80:20, respectively, while the reactions with 491b yielded
products 492, 493, and 494 in ratios of 13:45:42, 6:52:42,
and 30:70:0, respectively. The regioisomer 494 was not
obtained from the reaction of 490a—c with 491a.%

QQ

TMSOTE (10 mol%)

Reactions with Silicon-Based Nucleophiles

CH,Cly, -78 °C
490aR' = Boc
490b R' = Cbz 491aR2=H, R® = TBS
490c R' = COpMe  491b R2 = Me, R® = TIPS
H H
+ +
N N N Ny—R?
[ |
Rt RO R? dJ
) o
493 494
46-83%
Scheme 213
3.4.2 Cycloaddition Reactions

Azepine 495 reacted with diene 474 in the presence of bo-
ron trifluoride—diethyl ether complex to give cycloadduct
496 in 78% yield (Scheme 214).""¢
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BF3-OFt, /Cbz O
BnO (10 mol%) H N OTIPS
. b U ) TIPSOT! (5-16 mol%)
N X CH,Cly S N—R2 4 = . L
| OMe —78°Ctort gog O \ CHjCly, 0 °C
Cbaz . N\
474 TOPMB H
495 499 260
496
78% =H, Me, Et
R2 H, allyl
Scheme 214
3.5 Bicyclic N-Acyliminium Ions
3.5.1 Reactions with Nucleophiles
3.5.1.1 Silicon-Based Nucleophiles
o ) . . OTIPS
Treatment of phthalimide 497 with silicon nucleophiles Va
under triisopropylsilyl triflate catalysis afforded the de- 500
sired products 498 in 45-89% yields (Scheme 215).%* In a 45-76% 13-17%
similar study the phthalimide 497 reacted with Scheme 216
CH,=C(OTIPS)C=CH (2 equiv) in the presence of bis(tri-
fluoromethane)sulfonimide (0.3 mol%) at room tempera-
ture under solvent-free conditions to give the NUTMS o o/
corresponding a-substituted product in 82% yield.% (1.2-1 5equ1v =
N
B(OTH);
(1 mol%) R
NUTMS ( 2eqU|v solvent, r.t. 503
TIPCS:Efl @ mol% NUTMS R Yield (%)
Ehd CH=CHCH,TMS -CHysCH=CH, 64 (56)2
CHp=C{Ph)(OTMS)  -CH,COPh 71 (58)2
CHp=C(Me)(OTMS)  -CH,COMe 84 (66)°
NuTMS R Yield (%) aCH2 Cl. (was)u(sed. ) ? 9
CH2=CHCH,TMS -CHaCH=CH, 88 zee
CHg=C(Ph)(OTMS) -CH,COPh 89
CH;:C(t—Bu)(OTMS) -CHA0OBu 87 Scheme 217
TMSCN -CN 82
EtgSiH -H 87
CH2=C(OMe)(OTBS) -CHaCOsMe 45 o P
Scheme 215 N/:\Ph (1.2 equiv)
. . ) Bi(OTH)3
In the same study, the triisopropylsily! triflate catalysed OAc (1 mol%)
reactions of phthalimides 499 with 260 gave the products 504 MeCN, .t 508
500 and 501 in 45-76% yields and 13-17% yields, respec- rans oo P 2s os
tively (Scheme 216).>
Scheme 218

Silicon nucleophiles reacted with phthalimide 502 in the
presence of bismuth(IIl) triflate in acetonitrile to provide
product 503 in yields of 64-84%. Lower yields were ob-
tained when dichloromethane was used as a solvent (56—
66%) (Scheme 217).%2

In the same study, chiral phthalimide 504 reacted with al-
lyltrimethylsilane under bismuth(IIl) triflate catalysis to
give product 505 in a trans/cis ratio of 75:25, and in 97%
yield (Scheme 218).5?

Treatment of bicyclic imide 506 with sodium borohydride
and then triethylsilane in the presence of trifluoroacetic
acid afforded products 507 and 508 in 86% yield, in a 507/
508 product ratio of 45:55 (Scheme 219).7°

Isoquinoline derivative 509 reacted with silicon nucleo-
philes in an ionic liquid, BMIInCl,, to give the corre-

OTBS
1. NaBH, (5 equiv)

2. EtgSiH (10 equiv)
CN TFA (10 equiv), CHoCly

-15°C
oTBS H oT8s
-
CN : CN
)
507 508

869

507/508 = 45:55

Scheme 219
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o)
NuTMS
2 equiv o~ TMS or
NCOoMe (B E4UN) NCOzMe N wPh 2 .
I\ Et3SiH (1-1.5 equiv)
MeO N® N g j »
Me™™ '~ " nBu R' © Lewis acid (1-1.5 equiv)
509 InCly~ 510 CHCl,, -78 °C
rt. 513aR! = H
1.
NuUTMS R Yield (%) 513b R = Me
CHy=CHCH,TMS -CHoCH=CH, 89 o
CHy=C(Ph)(OTMS) -CH,COPh 78 o
(Me),C=C(OMe)(OTMS)  -(Me),COMe 79
N\(\OH . N OH
Scheme 220 /
b Ph e Ph
. . . . . . 2 _
sponding o-substituted isoquinolines 510 in 78-89% 514a R = allyl 515a R° = allyl
514b R%2=H 515b R2=H

yields (Scheme 220).%!

The zinc triflate mediated addition reactions of allyltri-
methylsilane and I-phenylvinyloxytrimethylsilane to the
isoquinoline 509 led to the formation of the desired a-sub-
stituted adducts 510 in 72% and 80% yields, respectively
(Scheme 221).%

NUTMS
1.2 equiv
NCOme (12O NCOsMe
Z0(0TH),
MeO (2 equiv) R
A
509 CHzCla. 1 510
NUTMS R Yield (%)
CHp=CHCH,TMS -GHyCH=CH, 72
CHp=C(Ph)(OTMS) CH,COPh 80

Scheme 221

The reaction of 511 with allyltrimethylsilane in the pres-
ence of titanium(I'V) chloride afforded the desired a-allyl
product 512 in 91% yield, as a single isomer. The stereo-
chemistry of the product was suggested to be the result of
exo-face attack on the intermediate N-acyliminium ion
(Scheme 222).1%!

o o)
Ph)J\N' /\/TMS (13 equiv) . Ph)J\N'
MeQ -
TiCls (2 equiv) ==
TBSO ™SO0
CHZCIQ, -78°Ctor.t.
511 512
Scheme 222

The ring-opening reaction of tricyclic lactam 513a with
allyltrimethylsilane in the presence of titanium(IV) chlo-
ride, boron trifluoride—diethyl ether complex, tin(IV)
chloride and trimethylsilyl triflate yielded the allylated
products 514 and 515 in 86% (514/515 = 50:50), 95%
(514/515 =61:39), 90% (514/515 =60:40) and 90%
(514/515 = 67:33) yields, respectively, in favour of prod-
uct 514 (Scheme 223). Lactam 513b, however, afforded
products 514b and 515b in a ratio of 2:98 and in 99%
yield from the reaction with triethylsilane.'*
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514a/515a = 50:50 to 67:33
514b/515b = 2:98

Scheme 223

In the same study, lactam 516 reacted with triethylsilane
under catalysis by titantum(IV) chloride or trimethylsilyl
triflate to provide 517 and 518 in a ratio of 98:2 and 80:20
and in 90% and 80% yields, respectively (Scheme 224).1%2

[e}

N Ph i .
]/ EtsSiH (1-1.5 equiv)
PH "’o Lewis acid (1.5 equiv)
CHClp, -78 °C
516
9 0
N\/\OH + ©:K/N\/\OH
Bh L
b 2, Fh
517 518
Yield (%) (617/518)
TiCly 90 (98:2)
TMSOTf 80 (80:20)
Scheme 224

The reaction of tetraoxobispidine 519 with allyltrimethyl-
silane in the presence of boron trifluoride~diethyl ether
complex afforded product 520 as a single isomer in 77%
yield. Treatment of 520 with lithium triethylborohydride
and then allyltrimethylsilane under the same reaction con-
ditions yielded the diallylated product 521 as a single iso-
mer in 76% yield (Scheme 225).!%

In a similar study, the boron trifluoride~diethyl ether com-
plex catalysed reactions of bispidine 522 with silicon nu-
cleophiles yielded products 523 in yields of 70-90%
(Scheme 226).1%5

3.5.1.2 Organometallic Reagents

The addition reactions of in situ generated zinc alky-
nylides to isoquinoline derivative 509 gave the corre-
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N 0
/ HO o AR / o Ph/U\N' /\/MgBr (14 equiv) HN-
(10equiv) ¢ R >
N N — N N TBSOO 0 BF3OEty (10 equiv) TBSO o
/> BF3-OEt, / CHyCls, ~78 °C to r.t. 0]
(5 equiv)
o o] CHaCly, 1.t o) o] 525 526
R = MeO, Ci 58%
520
77%
: Scheme 228
1. LIBHEt,
(1.2 equiv) /
CHaCly, — 78 °C ! maB
60% =\_ \ :_ /\/S'\/ gBr
—_— > N N—\_ (5 equiv)
5 ANTMS — \ R -
: _ MeO & BF3 OEt, (5 equiv)
(10 equiv) /& CuBro-SMey (5 equiv)
BF3-OEt, PR™ O Et,0, -78 °C to .t.
(5 equiv)
CHoCly, 1.1, 527
Scheme 225 4\ E -
Me,Si Xt =
o N H
0 /gH Me,sli PhAO
NUTMS (2
CbzN N\/U\ uTMS 2 equv) /o X N\/U\ Ph= 70
OEt ———— OFt
BF3-OEt: (2 equiv) 528 87% 529
OAc CHCly R 528/529 = 88:12
522 -78 °C 10 -30 °C 523
Scheme 229
NuTMS R Yield (%) Tr 0 with 4-methox gnesium chlo-
TMSCN N 00 eatment of 53 ethoxybenzylmag 0

CHyC(Ph)(OTMS)
HC=CCH,TMS

2 TiCly was used.

-CH,COPh 70
-CHp=C=CH, 90

Scheme 226
R—==—-H
(2 equiv)
EtsN, TMEDA
NCOMe NCO,Me
Zn(OTh,
MeO (2 equiv) R
GHgCla, 1.t.
509 524
R=Ph  69%
R=TMS 60%
Scheme 227
sponding products 524 in yields of 60-69%

(Scheme 227).52

The reaction of allylmagnesium bromide with a mixture
of the a-methoxy and a-chloro benzamides 525 under bo-
ron trifluoride-diethyl ether complex catalysis afforded
the exo-allylated product 526 in 68% yield and also led to
the removal of the N-benzoyl group (Scheme 228).12!

Treatment of the a-methoxy lactam 527 with an organo-
copper reagent, generated in situ from the corresponding
Grignard reagent and copper(Il) bromide-dimethyl sul-
fide complex, led to the formation of an 88:12 mixture of
products 528 and 529 in 87% yield (Scheme 229).'%

ride under titanium(IV) chloride catalysis provided prod-
ucts 531 and 532 in a ratio of 55:45 and in 87% yield
(Scheme 230).'%

H
H PMBMgCI (10 equiv)
A OTIPS TiCly (5 equiv)
BnO+
N Et,0, -30 °C
7
Boc’
OMe
530
q H
X OTIPS
BnO+
N +
Boc”
PMB
531
87%
531/532 = 55:45
Scheme 230

In the same study, compound 533 was treated with sodium
cyanoborohydride in acetic acid to give the desired prod-
uct 534 as a single isomer in 69% yield (Scheme 231).!%

The a-methoxy bispidine 535 underwent reaction with
Grignard reagents to afford the corresponding a-substitut-
ed bispidines 536 in 61-89% yields (Scheme 232).'?

Treatment of Grignard and zinc reagents with the chiral
isoquinoline derivative 537 in the presence of Ph;C*BF,~
led to the formation of diastereomeric products 538 and
539 in 65-98% yields (Scheme 233).'%
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H o QTIPS H OTIPS

NaCNBH;

(25 equiv) Xy
AcOH H o8
i
4 n

PMB

534
69%

Scheme 231

_BMEX N NBz
BFy- or—:t2
Me THF,-78°C R
536
61-89%
R = Me, Bn,
CHp=CHCHy,
CHy=CHCH,CH;
X=Cl, Br

Scheme 232

2
R Ph3C*BF4~

N R3MgX or R%Zn
X CHyCly, 1.

537 R3 = Me, Et, Ph,
2,6-(M8)206H3,
furan-2-yl, 2-MeCgHy

B®  R?
R1
N
.
N
538 539
5-98%
538/539 = 60:40 to 98:2
Scheme 233

Treatment of quinolidine with acyl chlorides and then or-
ganoaluminium reagents gave products 540 in yields of
60-93% (Scheme 234),11?

RZ
1. R'COCI
Ej/\j\l Cchlg, 0°C NCOR1
——
=
=
2.
Bu
(Bu)ZAI/\/
or 540
EtpAl—=——_—="8Bu 60-93%
= MeO, Bu, Ph = -CH=CHBu
-C=CBu

Scheme 234

Phthalimide 541 was treated with alkenylalanes, them-
selves generated by the hydrozirconation of alkynes and
transmetallation to trimethylaluminium, to give products
542 in yields of 43-81% (Scheme 235).!%8
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1. CpoZiHCI O
CH2C|2
N NB
2. MegAl n

B

O x
NBn 542

R2
541

R1 = Bu, C‘CGH11, CHQCHQOTBDPS,
CH,CHoN(CO,Me)Ts
= OMe, OPiv

Scheme 235
3.5.1.3 Enamines
Cyclic enamino ketones 543 reacted with N-acyliminium

ion salts of 3,4-dihydroquinoline to provide the adducts
544 in 31-78% yields (Scheme 236).'%

R1
0. I NHR?

R1
1. R2COCI (1 equiv)
—>

2.0y ; NHR* Rt
3 3

R R
543 R3” "R
544
R1 = H, MeO 31-78%
R? = Me, OEt, Ph
R3=H, Me
R* = Ph, Bn, PhCH2CHp, 3,4-(Me0)2CsHsCH:CH3
Scheme 236
3.5.2 Cycloaddition Reactions

The [4+2]-cycloaddition reaction of phthalimide 545 with
alkenes in the presence of boron trifluoride—diethyl ether
complex led to the formation of cycloadducts 546 and 547
in yields of 45-94% as mixtures of cis and trans products
in different ratios (Scheme 237).'%°

o0 B

R'=H, Me, MeO R2 = H, Me, CgH4CHa-, -(CHg)20-, -(CHa)30-
R3=H, Ph, Bn
R4 = H, Me, EtO

BF3 OE12
(1 equiv)

CHQC[Z, r.t.

546 45-94% 547

Scheme 237
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3.6 Other Systems
3.6.1

The addition reaction of silicon nucleophiles to o-hy-
droxylactam 548 in the presence of boron trifluoride—
diethyl ether complex or titanium(IV) chloride yielded the
a-substituted products 549 in yields of 69-95%
(Scheme 238).13!1

MeO
MeO
N NuTMS
MeQ

Silicon-Based Nucleophiles

O—-—-—»
HO BF3-OEL or TICl  MeO o
O CHCly, ~78 °C
548
549

NUTMS R
GHo=CHCH,TMS -CHoCH=CHy
CHp=G(CH,CH(SPh)a)(CH2TMS) -CH,G(Me)=CHCH(SPh),
CHp=G(Ph)(OTMS) -CH,COPh
CHp=C(Me)(OTMS) -CH,COMe

CHy=CHCH=CHOTMS -CHyCH=CHCHO

Scheme 238

4 Stereochemical Outcomes

A recent paper by Woerpel'* on the stereochemical out-
comes of the additions of nucleophiles to five-membered
oxocarbenium ion intermediates are of relevance to our
discussion here on the reactions of related five-
membered-ring iminium ion intermediates. Woerpel has
shown that the allylation reaction of dihydrofuran deriva-
tive 550 was cis selective (Scheme 239).

OBn OBn

d /\/TMS d\/\
~—
SnBry (@)

74%
551
cisl/trans = 85:15

Scheme 239

This stereochemical outcome was consistent with nucleo-
philic attack on the oxocarbenium ion envelope confor-
mation A from the ‘inside’ rather than on conformation B.
Attack from the ‘inside’ gives rise to a more stable stag-
gered product rather than an eclipsed product. Addition to
the pseudo-equatorial conformation A is favoured over B
due to stabilisation of the developing o* orbital at C-2 by
the pseudo-axial G._y orbital at C-3 (Cieplak effect).'*?
The 0_y bond is a better electron donor (more electron-
rich) than the 6_op, bond (Scheme 240).

A similar analysis on related five-membered-ring cyclic
iminium ion intermediates is further complicated by the
extra exocyclic or endocyclic carbonyl group, which fur-
ther flattens the envelope conformation in the latter sys-

Nue
H ® l ®
J— O 1
é Q , = H-S —
2
3 3
BnG SiHg
A B
Nue

2,3-cis product 2,3-trans product

Scheme 240

tem. The N-substituent and its conformational preferences
must also be considered in the latter. From a survey of the
reactions in Section 3.2.1, it is clear that the nature of the
O-substituent (OAc, OBn, OTBS), the N-substituent (NH,
NBn, NPMB, N-allyl), the nucleophile and the Lewis acid
can affect the diastereoselectivity and 4,5-cis to 4,5-trans
selectivity. The examples that highlight the difference be-
tween a 4-OAc and 4-OTBS substituent in the N-unsub-
stituted case are shown in Scheme 241,

. TMS
DA (2 equiv) Ohe
ﬂ% BF3OEt, (2 equiv) 7
[e]
NT O CH:Cly © N
-20°Ctor.t.
186 187
37%
trans/cis = 98:2
TMS
oms Z 7 oTBS
Q\ TIC|4
CHgCIg O N ”'”/\
~78°Ctort. H
208 209
89%
cisl/trans = 91:9

Scheme 241

Both reactions are highly diastereoselective; however,
they show opposite trans/cis selectivity. The OAc deriva-
tive favours the 4,5-trans adduct while the OTBS deriva-
tive favours the 4,5-cis adduct. Thus, the OTBS derivative
behaves similarly to the dihydrofuran 548 (Scheme 239)
in its cis selectivity (Scheme 241). Indeed, the reactive en-
velope conformation C with the OTBS group (R* = TBS)
in the favourable pseudo-equatorial orientation (Cieplak
effect), can be invoked to explain this cis selectivity. The
trans selectivity in the case of the OAc derivative can be
rationalised by the neighbouring-group participation of
the OAc group to give the bridged bicyclic cationic inter-
mediate E. S2-like attack on this intermediate would pro-
vide the trans adduct (Scheme 242).
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N €] OTMS
Y OR OR
N Ph 3
o N, @Yoo OI)“WOAC —_— O&[erh
Rin— <=0 A™n N TIPSOTY N
v — N H Bn 0°Ctort. Bn O
5 ‘ 5 4 CHQCIQ
R20 R20 R translcis
Ac 83:17
c D \\ TBS 87113
Ny R? = Ac Scheme 244
- 4,5-trans
product

4,5-cis product

Scheme 242

In the case of the allylation reaction of the related N-sub-
stituted pyrrolidinones,’* the same reverse-sense transicis
selectivity is observed between 4-OAc and 4-OTBS de-
rivatives; however, the diastereoselectivity is consider-
ably reduced (Scheme 243). Clearly the N-substituent is
responsible for this erosion of diastereoselectivity. The in-
fluence of the N-substituent in the reactions of N-hetero-
cyclic compounds has been well documented,'3%13

DOAc DAc
o 0Ac e o
'}J Lewis acid ’}'
Bn 8n
210a
Lewis acid  trans/cis
HNTt, 60:40
TIPSOTS 74:26
0TBS 0TBS
/\/TMS
— L)
ey ~=
O%NUWOAC Lewis acid 0™ S
| |
Bn Bn
210b
Lewis acid cis/trans
HNTf, 60:40
TIPSOTY 70:30
Scheme 243

This trans/cis selectivity is also dependent upon the nu-
cleophile, as illustrated in Scheme 244, in which the 4-
OAc and 4-OTBS derivatives both favour formation of
the trans adduct. It is possible that these reactions are un-
der thermodynamic control.

Titanium enolates are highly trans selective on 4-OTBS
pyrrolidinone derivatives (Scheme 115). The addition of
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boronic acids to 4-OBn substituted pyrrolidinones are also
trans selective (Schemes 111 and 112).

The reaction of 3,4-disubstituted pyrrolidinones 552 (R* #
Ac) often gave 4,5-cis adducts (R* = H) with high diaste-
reoselectivities (Schemes 92, 93, 101, 102, and 103). 5,5-
Disubstituted derivatives (R3 # Ac, R*# H) gave products
from nucleophilic addition cis to the C-4 OR® group
(Schemes 89, 94, and 105). This can be attributed to the
effect of the C-4 OR? group (Cieplak effect). In the cases
where the C-3 and C-4 groups are acetate, a neighbouring-
group effect by the C-3 acetate has been suggested to ex-
plain the 4,5-cis selectivity (Scheme 245).7°

RO,  OR® RO, OR

Ig{;m nucleophile Ii“ﬂd

© N Tor? Lewis acid © N N
R? R
552

Scheme 245

In the case of the aminals 229, reduction with triethylsi-
lane and boron trifluoride—diethyl ether complex gave the
3,5-cis adducts (Scheme 246).

QR1 9R1
"2 f;l (o] EEmm— ]2 ,;‘ O
Bn Bn

229 231 R?=H

2= CN
He 234 R =C
H
[C] l o}

Bn\(?\l O Bn\Nﬁ‘\OR'
2 , T S
R H R2

1
| X G

H S}

Scheme 246

In related oxocarbenium ions, the OR! substituent
favoured the pseudo-axial orientation to help stabilise the
cationic carbon of the oxocarbenium ion. A similar effect
may be possible in conformation F; however, the OR!
group may sterically impede the hydride nucleophile from
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attacking. In conformation F, [,3-allylic strain may
project the N-benzyl group to the B-face of the iminium
ion thus more effectively blocking the face to nucleophilic
attack.®

From a survey of the reactions in Section 3.2 on N-
acylpyrrolidines, it is clear that 2,3-trans products are nor-
mally favoured in the case where the 3-substituent is I
(Schemes 131 and 162), NHCO,R (Scheme 131), alkyl
(Scheme 147), aryl (Scheme 147) or allyl (Scheme 134).
The exceptions are when the 3-substituent is OH or N,
wherein cis products are formed almost exclusively
(Schemes 146 and 131, respectively). When the 3-substit-
uent is I or NHCO,R, neighbouring-group participation
can be used to explain the frans selectivity (compare with
Scheme 241). When the C-3 substituent is OH, formation
of a boronate intermediate can be invoked to explain the
high cis selectivity as reported in Scheme 146. When the
C-3 substituent is alkyl or Nj, steric and stereoelectronic
arguments can be used to account for the stereoselectivi-
ties (Scheme 247).

Nu

®H @l

W\N_ W\N

£ - \S H
2 3 2 3

[ H X 1 X

Nue

Scheme 247

Because the hyperconjugative donating ability of a 6.
bond is similar to that of a 6_o bond, there would be little
difference in electronic stabilisation of the transition
states involving attack from the ‘inside’ on the pseudo-
equatorial or pseudo-axial conformations H (X = alkyl) or
I (Y = alkyl). Attack on conformation H, however, would
result in unfavourable gauche butane interactions be-
tween the Nu and the X group, and thus attack would be
expected to occur on compound I to give the trans prod-
uct. When the C-3 substituent is N, then attack on confor-
mation H would be favoured stereoelectronically since
the C-3 6 bond is a much stronger electron donor than
the O 3 bond. Steric considerations are not important
with the relatively smaller N, group.

Iminium ions generated from 4-substituted N-acylpyrro-
lidines give 2,4-cis products (Schemes 129 and 133). A
reactive conformation analogous to F (Scheme 246) can
explain the stereochemical outcome.

In general, reactions on the corresponding six-membered-
ring N-acyliminium ion analogues have been less studied
and often proceed with poorer diastereoselectivity. The
stereochemical outcomes of the major products can often
be rationalised as arising from axial attacks on a half-chair
conformation.!13>

5 Conclusions

The intermolecular addition reactions of N-acyliminium
ions have been a major area of investigation by synthetic
chemists over the past eight years. New methods to gener-
ate these cationic intermediates have been developed, in-
cluding the use of new Lewis acid catalysts, polymer-
supported precursors and electrochemical methods. The
latter method has been successfully extended to peptide
systems and can be used to prepare N-acyliminium ions in
the absence of a nucleophile.

The reactions of N-acyliminium ions include the addition
of nucleophiles, especially silicon-based ones, cycloaddi-
tion reactions, free-radical additions and nucleophilic aro-
matic substitution reactions. These latter reactions can be
more selectively and efficiently performed using a micro-
mixer. The applications of these methods to the synthesis
of peptides, natural products and new pharmaceutical
drugs will continue to grow over the next decade.
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