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1. Introduction

Aminoalcohols have been used extensively in asymmetric
synthesis, both as chiral ligands and auxiliaries. The two
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heteroatoms allow great flexibility, as one or both can be
bound to a Lewis acid, transition metal, or achiral starting
material. Syntheséof and the role of 1,2-aminoalcohols
and their derivativés® as chiral auxiliaries have been
reviewed previously. While less abundant than the 1,2-
aminoalcohols, 1,3-aminoalcohols have also contributed
significantly to the advancement of asymmetric synthesis.
Because they are often forgotten in favor of their more
popular cousins, this review has been undertaken to dem-
onstrate the breadth of chemistry using 1,3-aminoalcohols
as sources of chirality. Many have found use as chiral ligands
or auxiliaries, and there have also been applications as a
resolving agent and as a phase transfer catalyst. For the
purposes of this review, the chemistry of aminated sdgars
(which are often simultaneously 1,2-, 1,3-, 1,4-, and, oc-
casionally, 1,5-aminoalcohols) will only be discussed when
they are acting specifically as 1,3-aminoalcohols.

This paper reviews the application of 1,3-aminoalcohols
and their derivatives in asymmetric transformations for
organic synthesis. It is broken into seven sections according
to reaction classes in which 1,3-aminoalcohols are partici-
pants as chirality transfer agents. The review begins with
the reactions of stabilized carbanions, followed by ring
opening reactions, additions to carbonyls, pericyclic reac-
tions, transition-metal-catalyzed reactions, and radical cy-
clizations. The last section describes the uses of 1,3-
aminoalcohols and derivatives that do not fall into any of
the aforementioned categories. Within each reaction class,
a variety of 1,3-aminoalcohols will be introduced along with
results spanning a wide range of substrates. It is important
to note that this review will not cover the synthesis of 1,3-
aminoalcohols extensively. The syntheses presented will be
only of those 1,3-aminoalcohols that have proven to be
applicable in asymmetric transformations. The review shows
that 1,3-aminoalcohols and their derivatives have proven
useful in asymmetric transformations and that there is still
much room for research in this area.

2. Reactions of Stabilized Carbanions

In 1990 Denmark and co-workers investigated simple
aminoalcoholla as a chiral auxiliary for alkylation of
phosphorus-stabilized carbanions. Reaction with BnROCI
in EtsN gave2aand3ain 49% and 28% yields, respectively.
Addition of 2ato tBuLi and quenching the resulting anion
with various electrophiles gavia (Scheme 1, Table 1). The
best results were obtained using Mel; however, respectable
diastereoselectivity was observed using.8@, CICH,OBn,
BrCH,CO.Bn, or allyl iodide. The relative stereochemistry
of the alkylation products was determined by acid-catalyzed
cleavage of the auxiliary followed by methylation with
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CH:zN; giving (R)-6. Surprisingly, it was noted that repeating
this chemistry using the less sterically hindered aminoalcohol
1binstead ofla gave superior diastereoselectivity; however,
no yields were reported for these reactions (Table 1).
Epimeric substrat@a gave the opposite enantiomer of the
product, §-6, upon cleavage of the auxiliary frorba
Unfortunately, use of any electrophile other than Mel gave
negligible diastereoselectivity upon reaction waa(Scheme
1, Table 1).

In an extension of this work, Denmark et%&lalso used
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aReagents and conditions: (a) BnPQ®EN (2 equiv); (b)tBuLi, THF,
—70°C; (c) RX; (d) 6 N HCI; (e) CHN>.

laas a chiral auxiliary for amination of phosphorus-stabilized moderate stereocontrol (75:25 and 81:19 dr, respectively)
carbanions. Formation of the anion2dand quenching with  though yields were 7981%. On the other hand, amination
trisylN3; gave7 in 75% yield with a 93:7 diastereomeric ratio of 11 gave only 30% yield even though only one diastere-
(dr) (Scheme 2). Use oBa gave only one observable omer of the product was observed.

diastereomer 08, but the yield was much lower. As before, In 1993, Ahn et al. used camphor-based auxiliatieéa—c

the two epimers2a and 3a, were complementary, giving for enolate alkylation reactiorfsTreatment of adductk3a—c
opposite enantiomers & upon cleavage of the auxiliary.  with LDA generatedZ-enolates which were quenched with
Several other aminoalcohols were tested as auxiliaries in analkyl halides to give alkylation productisi—16 with excel-
unsuccessful attempt to find a system that could combine lent diastereoselectivity (Table 2). Reductiorildf-16 with
good yield and stereocontrol. Amination b® and12 gave LiAIH 4 gave alcoholsl7—19 in 73—81% yield alongside
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Table 1. Alkylation of the Phosphorus-Stabilized Carbanions of
2a and 3a

substrate electrophile fR) yield (%) dr
2a Mel 85 95:5 R
2a Me,SOy 67 92:8 R
2a BrCH,CO.Bn 46 94:6 R
2a CICH,OBNn 74 92:9R)
2a allyl iodide 86 90:10R)
2a BnBr 70 84:16 R)
2b Mel not reported 98:2R)
2b BnBr not reported 97:R)
3a Mel 96 83:17 9
3a BnBr 96 55:45 9
Scheme 2
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aReagents and conditions: (@BuLi, Et;O, —78 °C; (b) trisylNs, —78

°C; (c) AgO, warm to rt, 8 h; (d) A-Hg, EtOH; (9§ 4 N HCI, dioxane,

reflux; (f) KHMDS, THF, —78 °C; (g) AcOH:; (h) H, 5% Pd/C, EtOH.

Table 2. Synthesis of Chiral Alcohols 1719 by Alkylation of 13

JOJ\/Fﬂ (2) LDA, -78 oC
Oﬂtl (b) b KX G e I equlv )

-78 oC to

13a R'=Me 14 R'=Me, R2=Bn
13b R'=Bn 15 R'=Me, R2=allyl
13¢ Ri=allyl 16 R'=Bn, R2=allyl
l LiAIH,, THF, -78 °C
R1
HO Y+ y
R’ 0K
o)
17 R'=Me, R?=Bn 20
18 R'=Me, R2=allyl
19 R'=Bn, R2=allyl
sm13 R2X product  vyield (%) dr alcohol
a BnBr (29-14 60 >99:1 (9-17
b Mel (2R)-14 81 >99:1  [R)-17
a allyl iodide  (29-15 61 >99:1  (9-18
c Mel (2R)-15 49 >99:1 ([R)-18
b allyliodide  (2ZR)-16 79 >99:1  [R®-19
c BnBr (29-16 43 >99:1 (9-19

90% recovered oxazinorZD. By interchanging Rand R,
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Scheme 3

a R
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23 R=Me (51%, 90:10 er)

—
NH, MeO N
MeO
21a 22a 24 R=Pr (21%, 91:9 er)
25 R=allyl (22%, 78:22 er)

2&2&@

226 23 R=Me (46%, 90:10 er)
24 R=Pr (43%, >99:1 er)
25 R=allyl (53%, 90:10 er)

a3 Reagents and conditions: (a) cyclohexanone, PhH, reflux, 8 h; (b) LDS,
THF, =78 °C; (c) RX, THF, 0 or—10 °C; (d) citric acid, HO.

Table 3. Diastereoselective Alkylation of {)-27a,b with Various
Electrophiles (RX)

nz

Q o
Me\)J\N_o Me\ej\ -0

!\‘ ~‘¢>VRR R'H I Xr

)-26a: R=H

(+) -26b: R=Me (-)-27a: R=H

(-)-27b: R=Me 28
Conditions and reagents: (a) CH,CH,COCI, Et;N, CH,Cl,
(b) RX, KHMDS, THF

entry =)-27 R'X yield (%) dr
1 a PhCHBr 94 98:2
2 b PhCHBr 93 99:1
3 a CH;~=CHCHBr 80 95:5
4 b CH;=CHCH,Br 96 98:2
5 a CH,=C(CH;)CH,Br 91 98:2
6 b CH,=C(CHs)CH.Br 78 96:4
7 a n-C5H11I 72 98:2
8 a CeH11:CH,OTF 93 94:6
9 b CeHlchonf 90 98:2

were subsequently quenched with alkyl halides. Hydrolytic
workup gave 2-alkylcyclohexanone®3—25 in low to
moderate yield. The reactions proceeded with moderate to
excellent diastereoselectivity, and the two epimers of the
auxiliary gave opposite enantiomers of the final product.
In 1995, Masamune reported a class of benzopyranoisox-
azolidines used as chiral auxiliaries in the asymmetric
a-alkylation of carboxylic acid derivativésAuxiliaries 26a
and26b were easily acylated to give7aand27hb, respec-
tively, by treating with the appropriate acid chloride and
triethylamine (Table 3). Smooth-alkylation was effected
by deprotonation of the corresponding acyl amide. Addition
of an electrophile gave amid@8. Alkylation of the anion
of 27 was not limited to common “reactive” electrophiles
such as benzyl bromide, allyl bromide, mpentyl iodide.
Interestingly, these anions were capable of reacting with
p-branched triflates. Alkylation protocols involving the
N-acyl anions of Evans’ oxazolidinoé&)ppolzer's camphor
sultam?® or other similar methodstend to be unsuccessful
in the reaction withg-branched triflates. Alkylation adducts
could be reductively cleaved to afford either an aldehyde or

Ahn et al. were able to prepare both enantiomers of the chiralan alcohol with concomitant recovery of the auxiliary.

alcohol using the same auxiliary.

Methoxy derivative21aand itsendoisomer21b have been
used as chiral auxiliaries for alkylation of cyclohexandne.

Chiral imines22 were prepared from auxiliariel and

Additionally, the adducts could be treated with a nucleophile
such as MeMgBr to generate a ketone and return the
auxiliary.

Abiko and Masamune showcased this methodology in

cyclohexanone (Scheme 3). Enolates generated using LDA1996 through the first synthesis of f-siphonarienone3(),
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Scheme 4
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o

aReagents and conditions: (a) (10f 2,64Bupyridine; (2) K-enolate of{)-27b, ether, HMPA,; (b) LiBH—EtOH, ether; (c) DIBAL-H, ether, OC;
(d) ethoxycarbonylethylidenetriphenylphosphorane, toluene, reflux, 3 h; (e) (3IMdeNH(OMe)-HCI, benzene, reflux, 2 h; (2) EtMgBr, THF, rt, 2 h.

a marine polyketide-type natural product (Schem¥ Zhis Scheme 6

synthesis demonstrated the importance of the use of

p-branched triflates as electrophiles. These electrophiles (RO) 1% P<0)(0R>
allow the introduction of fully reduced polypropionate R'\M‘// Now _.

structural units with the desired 1,3-syn relationship. High

diastereoselectivities (dr 99:1) accompany the alkylation )
steps in this synthesis. Although this synthesis relies on the

homologation of chiral alcoh@9, this methodology has been

extended to more functionalized alcohoBi{34) as well. 35

asS isomer
B0~ Y Y TOH Bno Y OH
E /\/Y Scheme ¥

31 32 OH 0)(

N ow oY ToH HO/VS\EOH %» owo
BOMO 0 OH % e
33 )V 34 o ﬁ\ 070
37 e 38
The use of chiral benzopyranoisoxazolidines was extended o)( / oj(
in 1996 to the synthesis of axially chiral olefins via an o C o 0 o
asymmetric HornerEmmons reactiof® Deprotonation of %\ N _f . OW .
chiral phosphonate35 using KHMDS and 18-crown-6 oO:§ o %% %00 Nh\o >95%
provided an anion that readily reacted with a variety of 0 ZSQ
4-substituted cyclohexanones to afford axially chiral olefins
36 enriched in theaSisomer (Scheme 5). Separation of the
diastereomers was achieved by either crystallization or *Reagents and conditions: (a) acetone, cos®; (b) CLCO, pyridine;
chromatography. Cleavage of the chiral auxiliary can be donegfc)) Sggb’gﬁlﬁ%ég)og_}?c@?' reflux; (€) MeMgBr, E40, 0°C, EtCOCl;
. . y s ) g) LiOH, H,O,, 0 °C.
reductively or nucleophilically to afford alcohols, aldehydes,
or ketones, as seen previously with the alkylation chemistry. with propionyl chloride afforded39 in excellent vyield.
The high diastereoselectivities reported were based on anBromination of39 using NBS gave better stereoselectivity,
anion conformer that minimizes dipetelipole repulsions ~ and40was formed in excellent yield with 96:4 dr. Cleavage
and on the bulky nucleophile adding preferentially to the of the auxiliary gave desired acitll in high yield.
equatorial side of the carbonyl group (Scheme 6).
Banks et al* reported using fructose derivatia8 as a 3. Ring Opening Reactions

chiral auxiliary for several asymmetric reactions in 1998. _ o _
An intramolecular nitrene insertion reaction was the key step More work has been published describing the chemistry

0

Br\‘)L OH
41

Br

39 40 (96:4 dr)

in preparation of38 from 37 (Scheme 7). Treatment &8 of 8-aminomenthol 45) and its derivatives than any other
1,3-aminoalcohol. This is likely due to their ease of prepara-
Scheme 5 tion from commercially availablef()-pulegone 42) (Scheme
8). In 1987, He and Elié} reported the synthesis of
MeO— P\)J\ R O\)L 8-aminomenthol 45) in three steps. Conjugate addition of
MeO N-Q KHMDS, benzylamine to {)-pulegone 42) gave intermediatet3,
18-crown-6 (2 equiv) @\/SX which was immediately reduced to benzyl derivatiein
o THF, —20°C, 14h o the presence of water to minimize formation and reduction
of the imine byproduct. Purification by crystallization of the
35 Soa Rt (91%, 96:4 en) benzoate op-toluate salt gave diastereomerically pu4
:R= (90%, 93:7 er) . . .
36c: R =Me (89%, 92:8 er) in 35% vyield. Removal of the benzyl protecting group gave

36d: R=OTBDMS (85%, 90:10 er) aminoalcohoM5 in quantitative yield.
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Scheme 8

E NHBn
~100%

42 44 45

aReagents and conditions: (a) BniHb) NaBH,, 4:1 EtOH/HO; (c)
HCO;NH4, 10% Pd/C, MeOH.

NHBn

35%

In 2001, Pedrosa et #lused menthol-based aminoalcohol
45 as a chiral auxiliary for intramolecular alkyllithium
addition reactions. Oxazind$ were prepared by condensa-
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Table 4. Intramolecular Alkyllithium Addition to Oxazines 46
Giving Amines 48

oxazine46 addition producé7 amine48

(% yield) (% yield) (% yield)
a 88 80 71
b 85 78 82
c 86 83 60
d 87 83 61
e 90 77 59
f 83 81 55
g 82 79 58
h 86 77 57

the 6exocyclization was followed by intramolecular opening

tion of 45with a brominated benzaldehyde, reductive opening of the oxazine ring. A single observable diastereomédof
of the oxazine ring, and then condensation of the resulting was also formed fromblg using this method. Finally,
aminoalcohol with a second aldehyde (Scheme 9). TreatmentTMEDA was removed entirely from the reaction protocol

of 46awith tBuLi in Et,O at—90 °C and then warming to

(Table 5, method C). In all cases, double cyclization products

room temperature gave only dehalogenated product, showings4 were observed as the major diastereomer with minor
that the halogenmetal exchange had been successful but formation of55b and55h in two cases.

that the resulting aryllithium had not opened the oxazine ring.

On the other hand, when £A1Cl was added before warming
to room temperature, addition proddiawas formed. This
protocol was applied to remaining oxazinésto produce
aminoalcoholgl7in good yield (Table 4). In all cases, only
one diastereomer o7 was observed. Cleavage of the
auxiliary gave aminegl8 in moderate yield. From these
amines, several alkaloids were synthesized. EnantioRe (
O-methyllophocerine49d), (R)-O-methylarmepavine3gf),
(R)-laudanosine38g), and R)-homolaudanosine3gh) were
prepared by methylation @8d,f,g andh, respectively, while
enantiopure $-calycotomine 06 was made by hydro-
genolysis of the benzyl group d@Be

This chemistry was also used for tandenge@carbo-
lithiation ring opening reactions.Oxazines1 were prepared
from 45in the usual fashion (Scheme 10). Treatmeribd,
51g, or 51h with tBuLi and TMEDA at—90 °C and then

Pedrosa et df used44 as a chiral auxiliary for Grignard
additions in 1990 and 1996. Instead of the more typical
nucleophilic attack on a carbonyl, the oxazine linking the
substrate to the auxiliary was opened directly, allowing
asymmetric synthesis of amines. Condensation of aldehydes
with 44 gave thermodynamic diastereomB6s-64, in which
R! was equatorial (Scheme 11). The oxazine was then opened
in an S,2-like reaction by alkyl magnesium bromides, giving
65. Alkyl magnesium iodides, on the other hand, reacted with
retention at the electrophilic carbon, giving alkylation
products66 (Table 6; entries 3 and 10). The diastereoselec-
tivity of these reactions was generally good for reagents other
than cPrMgBr and EtMgX, which only worked well in one
case (entry 15), and yields ranged from moderate to good.
Removal of the auxiliary was achieved by elimination with
P,Os to give diene67 and amine68. The benzyl group of
the latter was removed by hydrogenolysis, giving excellent

warming to room temperature gave only debrominated yields of amine$9—80. These reactions proceeded without

starting material. Under the same conditions, howeyvb,
gave 6exocyclization product2b with 77:23 dr, andb1f

any apparent racemization (Table 6).
Oxaziness7 and59—64 were also treated with MAI to

gave 52f as a single observable diastereomer (Table 5, give similar addition products, and cleavage of the auxiliary

method A). Cyclization oblealso proceeded under these
conditions, and elimination of BhOH gaw3e with 75:25

by the same method gave chiral ami®€s-71, 74, and81—
83 (Table 7)!8 Whereas the Grignard reagents reacted with

dr. The reaction conditions were then altered to force inversion at the reacting carbon, the stereochemistry at that

cyclization by adding the TMEDA immediately after the
tBuLi (Table 5, method B). Agairblaand51h gave only
debrominated starting material; howevBib gave54b as

gg%

46aR'= H Re=Me R
46b R'= R2=Ph

46¢ R7=OMe, R2=Me

46d R'=OMe, R2=iBu

46e R'=OMe, R2=CH,OBn
46f R'=OMe, R?=PMB

Scheme 9

46g R'=OMe, R2=CH,C,H,-3,4-(OMe), HN
46h R'=OMe, R?=(CH,),C4H,-3,4-(OMe),

s e e T ecy

center was retained using . Thus, MeMgBr and Me-
Al were complementary reagents giving opposite enantiomers
of amine using the same auxiliary.

48a-h
47a-h

OMe
2
49d (77%) OMe
49f (78%)
49g (77%) HO 50e (90%)
49h (75%)

aReagents and conditions: (a) 2-bromobenzaldehyde or 2-bromo-4,5-dimethylbenzaldehy@le, €Hb) NaBH,, Et,O-BF;, THF, rt; (c) RCHO, 120
°C; (d) tBuLi (2.2 equiv), E3O, —90 °C; (e) EbAICI, —90 °C to rt; (f) PCC; (g) KOH, MeOH, THF; (h) dimethylcarbonate, &b; (i) LIAIH 4, ELO; (j)

Ha, Pd(OH)Y/C, EtOH.
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Scheme 18 Scheme 11
R® NHBn
Bn H _2
\\ N ,\I‘){“s.] Cc
o o OH
V@ '80-96% R soeen 96-98%

~OH or °r 56 R'=Me 61 R'=nBu 65
52b R3=H 57 R'=Et 62 R'=iBu +

52f R*=Ph 58 R'=Pr 63 R'=Ph Bn H

: 59 R'=Cy 64 R'=Py | R

51a R'=R2=Ré=H 60 R'=iPr N R

51b R1=R3=H, R?=Ph

51c R'=R3=H, R&=Me C@ 66
51d R'=Me, R2=R3=H

51e R'=R%=H, R2=CH,0Bn
51f R'=H, R?=R3%=Ph

51g R'=R%=H, R2=2-(OMe)C,H
51!9: R'=Me, R2=Ph, (R3=H) o ¥ B”HNk 97-98% H NJ<
lgorh H . 69-80
67

%OH R % oH (S)-69 R'=Me, R2=Ph  (§)-76 R'=Et, R2=Pr

Ph (5)-70 R'=Me, R2=Et (R)-76 R1=Pr, R2=Et

N/ H o, N— (RITOR'=Et, R*=Me  (S)-77 R'=Et, R?=cPr
» RTH (S)-71 R'=Me, R2=iPr  (S)-78 R'=Et, R?=c-C,H,,

(S)-72 R'=Me, R2=cPr (S)-79 R'=Et, R2=Cy
(8)-73 R'=Me, R?=c-C;H,; (R)-79 R'=Cy, R2=Et

(S)-74 R'=Me, R?=Cy (S)-80 R'=Et, R?=c-C,H,g

54a-d,g,h §5b R'=H (S)-75 R'=Me, R2=c-C,H,
55h R'=Me
. aReagents and conditions: (2)&HO, PhH, reflux, 3-10 h; (b) RMgX,
aReagents and conditions: (a) 2-bromobenzaldehydeCGHrt; (b) 1, 2 h; (c) BOs, PhMe, reflux, 90 min: (d) k(L atm), 5% Pd/C, rt, 410
R?R3C=CR!CHBr, K;COs, MeCN; (c) RR3C=CR!CHO, CHCl,, rt; (d) h’ ' ’ ' ’ ' ’ Y

NaBH,, EtOH; (e) 2-bromobenzaldehyde, 120; (f) (method A)tBuLi
(2.2 equiv), BO, ~90 °C, 5 min, then TMEDA (2 equiv), then warm to Tape 6. Synthesis of Amines 6980 by Addition of Grignard

rt over 30 min; (g) (method BBuLi (2.2 equiv), TMEDA (2 equiv), BO, Reagents to Oxazines 5664
—90 °C, then warm to rt, 15 h; (h) (method @BuLi (2.2 equiv), E3O,
—90 °C, then warm to rt, 0.324 h. yield yield
entry sm RMgX (R?) (%) 65:66 amine (%) er
Table 5. Intramolecular Alkyllithium Opening of Oxazines 51 to 1 56 PhMgBr 98 946 69 98 94:6 ©
Cyclized Products 52-54 2 56 EtMgBr 85 6535 70 94  64:36Q
oxazine51 lithiation major yield 3 56 EtMgl 86 41559 70 92 58:42 R)
(yield, %) proceduré product (%) dr 4 56 iPrMgBr 62 955 71 92 >99:1 (9
. 5 56 c-PrMgBr 96 59:41 72 67 >99:1(
gg% N o o = 6 56 cCsHuMgBr 81 982 73 96 9820
b (91) B 54b 97 77j23 7 56 CyMgBr 77 88:12 74 94 >99:1
b (91) C 54b 20 76:24 8 56 cC/HisMgBr 67 90:10 75 92 90:10 §
¢ (89) c 54c 5 >98'.2 9 57 PrMgBr 80 946 76 93 94:6
d (63) c 54d 35 >982 10 57 MeMgl 89 991 70 94 90:10 §
e (65) A 53e 66 - 75’,25 11 57 c-PrMgBr 95 67:33 77 61 >99:1(
f(72) A 50f 45 >98'.2 12 57 c-CsHisMgBr 79 100:0 78 92 =>99:1 (9
g(74) B 54g 81 ~98:2 13 57 CyMgBr 78 100:0 79 93 >99:11(9
g(74) C 54g o5 ;98:2 14 57 c-CHisMgBr 58  93:7 80 92 =>99:1 (9
h (72) C 54h 69 8713 15 58 EtMgBr 83 928 76 92 92:8 R
: 16 59 EtMgBr 60 6040 79 93 60:40 R)

@ For procedures, see Scheme 10.

N-methyl ephedrine has been used to generate a similar chiral

4. Addition Reactions to Carbonyls reducing agent that provides higher selectivities for the

: : reduction of aryl ketone¥.
4.1. Hydride Reductions Five years later, Brinkmeyer and Kapébrused this
“Darvon alcohol®® (+)-84 was reacted with LiAlH to methodology to asymmetrically reduce acetylenic ketones
generate chiral reducing ager@s (Scheme 12). First to  88to propargylic alcohol89 (Scheme 13). This chemistry
perform this reaction were Yamaguchi et@who used5 was applied to the asymmetric synthesis otdydroxy-

to reduce acetophenon@6@) to 87ain 1972. Reaction with progesterone, a key intermediate in commercial production
fresh reagent in EO at —65 °C gave R)-87a(88:12 er) of hydrocortisone acetafé.Asymmetric reduction oB8g
quantitatively after 3 min whereas reaction with reagent that using85 (generatedn situ) gave cyclization precurs@9g

had been stirred overnight gav®-87a(83:17 er) with 40% in which the key chiral center at C-11 has been set.
conversion. Similar results were observed for reduction of In 1980, Cohen et &8 expanded upon this work in their
other ketones although the enantioselectivity was not as goodstudies toward asymmetric synthesis of Vitamin E. They too
(Table 8). While some of the change in enantioselectivity preparedd5 from (+)-84 and used it to reduce acetylenic
was attributed to an increase in reaction homogeneity, theketones90—93 (Table 9). In most cases, they were able to
authors were unable to fully explain this unusual phenom- obtain propargylic alcohol®4—97 with modest to good
enon. They postulated the existence of a rapidly formed enantiomeric ratios (er: 82:18 to 95:5); however, the
R-selective reagent which could be converted to a more stablereduction of )-93 did not fare as well. Applying the
Sselective reagent over time. It should be noted that strategy of matched and mismatched pairs, Cohen et al. took
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Table 7. Synthesis of Amines 6971, 74, and 8%+83 by Reaction

of Oxazines 57 and 5964 with MesAl

¢) P,Os, PhMe, H
reflux, 90 min
—_— o R
Bn d) H, (1 atm) HQNJ\
N/ Ra) Me;Al, PhMe, rt J\R ioﬁ,ﬂp:/c 1t 69-71, 74,
by H,0 81 R =nBu
57, 59-64 66 P,0s, PhMe, H
i
reflux, 90 min
82R =iBu
83 R =Py
sm yield (%) dr cleaved amine yield (%) er
57 95 95:5 70 94 95:5 0
59 94 >99:1 74 96 >99:1 (9
60 95 >90:1 71 79 >99:1 (9
61 93 80:20 81 90 80:20 9
62 97 95:5 82 91 9550
63 97 87:13 69 85 >99:1 (9
64 90 67:33 83 50 >99:1 (S)
Scheme 12
Bn\(g\/NMez
Ph O
: Me *A;’ H
: Ll N
BN NMe, o Liam, =29 . No. _Bn
Ph OH " on PR
Bn ‘e,
84
85a NMe,
+ =
Bn~_-~~_NMe,
Ph O
Me,N_ T
L' Al—H
Bn Ph
85b
o) 84 (3.6 equiv.), OH
R1)J\R2 LiAIH, (1.6 equiv.) ) o
2 _ Et,0
86a R'=Ph, R2=Me 87a-e
86b R'=Ph, R2=nPr
86¢c R'=Ph, R2=iPr
86d R'=Ph, R2={Bu
86e R'=Me, R2=tBu

Table 8. Asymmetric Reduction of Ketones 86 to Alcohols 87

Using Reducing Agent 85

ketone86 temp €C) conversion (%) er
a 0 100 84:16 R)
a rt 46 81:19 9
b 0 100 81:19R)
b rt 50 80:20 §
c 0 100 65:35R)
c rt 34 60:40 §
d 0 100 68:32R)
d rt 43 64:36
e 0 100 64:36 R)
e rt 42 60:40 §

note of the fact that its enantiomer-)-93 gave the best
selectivity observed. As such, they prepageti85 from (—)-
84, and sure enough, it reducetl)f93 with 95:5 er and 96%

aminoalcohol98—102and LiAlH4;?3 however, reduction of

90 using these reagents gave no better than 68:32 er.
Aminoalcohol 103 was used in 1999 as a chiral ligand

for ketone reductiod? Complexation ofLO3with BHs gave
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Scheme 13
84 (2.5 equiv.),
o} LiAIH, (1.1 equiv.),
2 Et,0,-78°C
R’ Z "
88a R'=Me, R2=iBu
88b R'=H, R2=C.H,,

88c R'=TMS, R?=C/H,,
88d R'=C,H,,, R2=C,H,,

o
| 84 (2.5 equiv.),
Il LIAIH, (1.1 equiv.),
—_ [o]
b I Et,0, -78°C
88e R=H
88f R=TMS
0
o__0O 84 (2.5 equiv.),
If LIAIH, (1.1 equiv.),
| Exo.-78°C
0 o
/
88g

89a (94%, 91:9 er, R)

89b (96%, 86:14 er, R)
89c (96%, 83:17 er, R)
89d (97%, 81:19 er, R)

HO.,,
Il
Rl

89e (70%, 91:9 er, R)
89f (80%, 89:11 er, R)

89g (95%, 92:8 er, R)

ature from 0 to 50C improved the er o87afrom 58:42 to
94:6, and ketone86f—h were thus reduced at elevated

temperaturé®

- HO\/\/N
HO\/\/NMez 6
98

|
’\5
00

HO\/E\/Nan HO\/E\/I\D

101 102

4.2. Aldol Reactions

In 1992, camphor derivativeO3was also used as a chiral
auxiliary for aldof® reactions by first conversion into
oxazinonel3a (Scheme 15). Treatment df3a with TiCl-
(OiPr); generatedZ-enolates which were quenched with a
variety of aldehydes to give aldol product®5a—f with

excellent diastereoselectivit§.

Similarly, oxazinonel08 was used as a chiral auxiliary
for the aldol reaction in 1997. Nitrene 107 was generated
from 106, and intramolecular insertion reactions resulted in
a 1:1 mixture of1l08 and 109, allowing isolation 0f108in
36% vyield (Scheme 16). Treatment of the corresponding
propionamidel 10with Bu,BOTf and quenching the resulting
enolate with benzaldehyde gasgnaldol productlllas a
single diastereomer (Scheme 17). Use of exces806uf
was also investigated in an attempt to prepangi aldol
product112 however,113 was isolated instead. This was
attributed to an intramolecular opening of the cyclic car-
bamate by the newly formed alcohol. Interestingly, treatment
yield. They also prepared chiral reducing agents from 1,3- of 111 with excess BeBOTf also gavell3due to either a
retroaldot-aldol sequence or epimerization followed by

rearrangement.

Banks and co-worketin 1994 used gulonic acid deriva-
tive 115as a chiral auxiliary for asymmetric aldol reactions.
104, which was useth situto catalyze reduction of ketones An intramolecular nitrene insertion reaction was the key step
86 to alcohols87 (Scheme 14). Increasing reaction temper- in preparation ofil15from 114, and treatment with propiony!
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Table 9. Asymmetric Reduction of Ketones 96-93 with 85 to
Alcohols 94-97

ketone alcohol yield  dror
(%) er
0 OH
w\ )v\
99 91;9
90 94 (R
0 OH
)\/\/k)\ )\/\)\)\
78 82:18
(+)-91 95
(R)
;0 ; OH
)\/\/\)\ )\/\/\)\
2 4:1
(-)-91 95b 6 84:16
(R)
0 OH
o 0
94 93:7
92
96 (R)
CH,0 o CH;0 OH
YN TN g7 67:33
(+)-93
97a (R)
C,H,0 o CH,0 OH
o )\ ° )\ 93 95:5
(-)-93
97b ®)
Scheme 14
%NHZ 103
OH
BH, THF,
THF
;O\/ZNH 104 oH
1)"]\ R1/_\R2
86a R'=Me, R2=Ph 87a 94.6er(S)
86f R'=Et,  R2=Ph 87f 84:16 er (S)
86g R'=Me, R2=4-CIC,H, 879 87:13 er(S)

86h R'=CH,Br, R2=Ph 87h 84:16 er (R)

yields 80-90%

chloride then afforded amidel6 (Scheme 18). Reaction of
116with LDA at —78 °C generated the enolate, which was
guenched with benzaldehyde to giv&7in 88% yield with
91:9 dr. The minor diastereomer was the otsyanproduct;

Lait et al.
Scheme 15
O OH
c-e A
(a0 M e, S
71°/ %\ % o%\ H
o}
103 13a 105a R=Ph (79%, >99:1 dr)

105b R=Pr (63%, >99:1 dr)
105¢c R=Me (84%, >99:1 dr)
105d R=iPr (70%, >99:1 dr)
105e R=tBu (75%, >99:1 dr)
105f R=(E)-MeHCCH
(70%, 99:1 dr)
a2 Reagents and conditions: (a) §CD),CO, “OH; (b) nBuLi, EtCOCI;
(c) LDA, -78 °C; (d) TiCI(GiPr)s (3 equiv),—45 °C; (e) RCHO (2 equiv),

—78°C.
Scheme 18
0..0 NH
N s ’ k
’ a (02e]
N \©\ E NE | = 108 (36%)
NH fe) o
O\« NO, ﬂ +
(0] BS
O 106 107
HN%
109
a2 Reagents and conditions: (a) BgRCI, NaHCG;, CH,Cl,, H,0, rt.
Scheme 17
O OH
S Z@ T A
O/&O
108 110 111

ldp
o)
O OH
NJ’J\/‘\Ph __,EN% - Ph
H (e}
o/&o o
OH

112 113
a2 Reagents and conditions: (a) EtMgBr, then EtCOCI, THH8 °C;
(b) BwpBOTH, iPRNEt, CHCl,, 0 °C; (c) PhCHO, CkCl,, —78 °C; (d)
Bu,BOTf (2.2 equiv),iPpNEt, CHClI,, 0 °C

Four years later, Banks’ grotfireported fructose deriva-
tive 39 as a chiral auxiliary for aldol reactions (Scheme 19).
LDA was used to generate the enolate, and quenching with
benzaldehyde gav&l9 in good yield with 89:11 dr. The
minor diastereomer was the otheyn product; noanti
product was observed. Cleavage of the auxiliary gave acid
120in high yield.

4.3. Nucleophilic Addition to Carbonyls

It has been demonstrated that aminoalcoRe)-84 can
be treated with LiAhBu, to make chiral alkylating agent
121 (Scheme 20). In 1980, Aberilmalet al?® reacted122
with 121in hexanes at OC to give123with up to 72:28 er.
Preparation ofLl21 by reacting84 with nBuL.i followed by
nBusAl gave the same result. While the enantioselectivity
of this reaction left something to be desired, it is worth noting
that 84 was more successful as a ligand thanN-jrethyl
ephedrine.

Five years later, Abenhau et al. improved greatly on the
selectivity of this reactiod® Changing the lithium alkyl
aluminate to LiAIBus affected the enantioselective addition
of an isobutyl group toa-ketoester122 (Scheme 21).

no anti product was observed. Reductive cleavage of the Compound124 was generated in 95% yield with 93:7 er.

auxiliary from 117 gave alcoholl18in moderate yield.

To our knowledge, there have been no other reports of
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Scheme 18
Y S
o} 00 o9
o9 a-d 0 e
36% — 0
COH o) 0
o) O N
0 o N X ~
X X o= %
114 115 116 (83%)
OH
_ft . o0 o_9_
88% )<O N e OH
o o)
HO 118 (78%)

Ph
117 (91:9 dr)

aReagents and conditions: (a) LIAIHTHF, 0°C; (b) ChCO (3 equiv),
pyridine, PhMe, BIO; (c) NaNs (2 equiv), TBAB, CHCl,, H,O; (d)
(CHCL),, reflux; (e) nBuLi, hexanes, THF~78 °C, EtCOCI; (f) LDA,
THF, =78 °C, PhCHO; (g) LiBH, THF, H,O, 0°C.

Scheme 19

b
%0 N e O\ © eew P on
o:&h\o HO
o

39 119 (89:11 dr) 120

aReagents and conditions: (a) LDA, THF,°C, PhCHO; (b) LiOH,
H>0,, 0 °C.

Scheme 26
MeZN\)\(Bn
Me,N B i 3
e, N N + LiAInBu, —— Li+A|_’O Ph
HO Ph By L Bu
U Bu
84
121
(0] Bu_ OH
PhJKH/OMe b Ph&(OMe
o 80% o
122 123 (72:28 er)
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Scheme 22
NHBn
JOH a /B” b,cord /Bn
S N Ph ——— N Ph
i Y e
;i o] R OH
= 126a R=H
44 125a 126b R=Me
126¢ R=Et
126d R=CCH

126e R=1-naphthyl

‘e,f
(o}

Ph
R" OH
127a-e
aReagents and conditions: (a) PhCOCHO; (b) RMgBe={#e, Et,
1-naphthyl or CCH); (c) MeLi; (d) NaBl () 1% HClag, EtOH; (f)
NaClQ,.

HO

Table 10. Preparation of a-Hydroxyacids 127 from Auxiliary
125a

nucleophile  temp°C) productl27 vyield (%) er
MeMgBr 20 b 44 99:1 8
MeMgBr =70 b not reported 99:19)
MelLi -70 b 47 97:3 8
EtMgBr 5 c 77 >99:1 9
HC=CMgBr 20 d 63 99:1 9
1-Np-MgBr 20 e 23 919 R
NaBH, 5 a 48 90:10

somewhat diminished values for ee (Table 10). This was
attributed to partial racemization during the cleavage process.

In an expansion of this work, Eliel and Meaeported the
syntheses of oxazine$25b—e in 1990 via an indirect
approach, since the method used to pred&®awas not

general (Scheme 23). Again, various nucleophiles were added

to 125 giving productsl31-134 Replacing the Ph group
of 125a with various alkyl groups resulted in reduced
diastereoselectivity (Table 11, entries @) even when the
alkyl group was the sterically similaPr (entry 6). Given
that similar diastereoselectivity was obtained whes RPr
and when R= H, sterics at that site did not appear to play

a key role in controlling the direction of addition of MeMgBr
to the carbonyl carbon (entries 6 and 7). As a bonus,
exchanging the R and'Rjroups allowed access to enantio-
meric pairs of cleavage products using only one enantiomer

aReagents and conditions: (a) hexanes1@®) (1.05 equiv), LiAhBug
(1.05 equiv), hexanes.

Scheme 21 of the chiral auxiliary.
Eliel and He also reportéHpreparation of 8-methylami-
Q . HO, nomenthol 139 Scheme 24), from which ketorfel0 was
Phﬂ\WOMe HATBU,OR” (OR™~84) ph” Ny OMe made. Reaction 0f40 with nucleophiles was slightly less
o} hexanes, 0°C, 0.04M o} selective than the corresponding benzylated systeE2bg
122 124 Scheme 22), giving27bwith 96:4 er (MeMgBr) or 98:2 er

(MeLi) upon hydrolysis of the auxiliary. The vyields of
o-hydroxyacid were low (2630%), which appeared to be
enantioselective additions of lithium alkyl aluminates to an ongoing problem with the cleavage or oxidation protocol.
o-ketoesters. In 1984, Wade et al. reported that the addition of

Aminoalcohol44 has been condensed with phenylglyoxal organometallic reagents (specifically organolithium and
to give oxazinel25ain 77% yield (Scheme 22§.As such, Grignard reagents) to 3-acylisoxazoliffasould be achieved
125awas used as a chiral auxiliary for addition of various with high diastereoselectivity and an interesting metal
nucleophiles to its ketone functionality. In all cases, just one dependent selectivit§2 When ketoned4laand141lbwere
diastereomer of addition produt26 was observed byH reacted with an excess of the organometallic compound, they
and 13C NMR. Hydrolysis of the oxazine with dilute acid provided diastereomeric alcohdld2aand142h respectively
cleaved the auxiliary, and the resultinghydroxyaldehyde  (Table 12). Diastereofacial selectivity is highly metal de-
was oxidized tax-hydroxyacidl27. No loss of optical purity pendent with these compounds. Grignard reagents react with
was observed fot27b—d; however,127aand127eshowed 3-acylisoxazolines via an @s conformation143 brought

95%, 93:7 er
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SOMe Bn
c dore
£ ?ENHBn

Scheme 23

WOH 5 /B 125b R=Me (76%)

o M 0

T NO7‘”V|‘|/O © 125¢ R=Et (69%)
125d R=iPr (low yield)

44 128 (50:50 dr) -
\ N7\ g 68 N/ H
e STy

o
130 125¢e

aReagents and conditions: (a) MeOCH(OH)®4@; (b) NaDMSO; (c) Ak-Hg; (d) excess NaDMSO, Mel (1 equiv), then-AHg; (e) excess NaDMSO,
excess Mel, then AtHg; (f) Vitride, PhMe; (g) DMSO, TFAA, EN.

Table 11. Preparation of a-Hydroxyoxazines 131134 from

f -0
Oxazines 125bk-e /M% {_?Ph
(0]
leophil Bn % 1
7\n/R nucleophile N7Y 1a)1/ HCI HOJD{R MgBr
9 z Og2’"oH b)Nacio, R OH

Q
"\
125b-e 131-134 127a,b, 135-137 Li
sm major yield cleavage
125 nucleophile R R2 product (%) dr product ::? :;‘)‘
E E?,\?Hér II:/I/IZ Et igiz g?loO ggg% g%lﬁ,}% Figure 1. (A) Approach of Grignard reagents on theis-bound
b iPrI\/?gCI Me iPr  131c ~100 96-4 R (R-137 conformerl43 (B) Approach of organolithium reagents on the free
b PhMgBr Me Ph 131d 81 95:5R (R-127b sdrans conformer144
g mgmgg: iEFfr mg g% ngg giég ggg Table 13. Results from the Addition of TMSCK; to 145a—f
e MeMgBr H Me 134a 81 955R) (9-135 1) TMSCF,, B
e PhMgBr H Ph 134b ~100 84:16R) (R)-127a %)J\ CsF _CsF (cat) HAE:'CF
2) TBAF(1 equv.),
Scheme 24 1453 Reph t1h
45a R= 146a-f
HN-CHO NHMe 145b R=4-OMeC¢H,
OH 145¢ R=Furyl
\\OH \\OH Me SBH Y PhCOCHO 145d R=Et
HCOH 9220/ - 145¢ R=i-Pr
o 64% 145f R=n-Bu
1 solvent major product yield of major
7\n/ph sm145 catalyst 146(dr) product146 (%)
o a THF, CsF a(>50:<1) a (95)
140 b THF, CsF b (>50:<1) b (93)
c THF, CsF c(>50:<1) c (96)
Table 12. Reaction of Ketones 141a,b with Organometallic d THF, CsF d (>50:<1) d (90)
Reagents To Give Diastereomeric Alcohols 142a,b e THF, CsF e(>50:<1) e (95)
N O +Ph aorb N,o «wPh f THF, CsF f (>50:<1) f (94)
\ \
Rﬁe_zph RS Ph - . . .
5 R* OH limited to the use of 9-BBN, as it provided the highest
diastereoselectior=(92:8 dr)3*
141aR' = Ph 142a R’ = Ph, R2 = Me Pedrosa et al. recently (2006) described an efficient
141b R2=Me 142b R'=Me, R?=Ph synthesis of enantioenriched trifluoromethylated aldehydes
conditions: (8) 3 equiv R2Ll, THF, —76°C 147b, 1,2-diols148a,¢ and 1,2-aminoalcoholk49a,c-f by
(b) 3 equiv R™MgBr, CH,CI,, ~78°C diastereoselective addition of TMSgte 2-acyl-1,3-perhy-
" — (% drobenzoxazine$45a—f (Table 13, Scheme 25) Treatment
etone conditions 142a142b yield (%) of 145a-f with TMSCF; in the presence of CsF gave
141a a 99.5:0.5 94 146a-f with dr's ranging from 96:4 t0>99:1 and yields
41 b i;gg g ranging from 90 to 96% (Table 13). It should be noted that
g‘ 2991 7 using TBAF catalytically resulted in lower yields and dr’s.

The chiral auxiliary was removed via three procedures, giving
o-hydroxyaldehydel47h, 1,2-diols 148a,¢ or 1,2-amino-
about by magnesium chelation whereas organolithium re- alcohols149a,c-f (Scheme 25).

agents react with the freetsans conformerl144 (Figure 1). 8-Aminomenthol derivatives have also been used as
In both cases, the nucleophile approaches the carbonyl carbotigands for asymmetric dialkylzinc addition to aldehydes.
anti to the substituent at the 4-position of the ring. When Specifically, Pedrosa et & prepared ferrocenyl derivatives
the 4-position is free of substitutents, no diastereoselection150g 150b, and 151 in good yield from45 (Scheme 26).

is observed. In a later report, the reductions of these carbonylNone of these compounds were effective ligands on their
compounds were also realized although the reductions wereown; however, when pretreated with MeMgBr, the results
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Scheme 25 Scheme 28
Bn oH OH
A),\,MCF YeCF,
OHC™ 'R OH__® OH
70% 91% NMe,

157a

Me2
904J ﬁOH 84% %5

146b R=4-MeOCH, 147b ﬁ
Bg OH
WCFS —2k Ho\)@CF {&

146a R=Ph
146¢ R=Furyl 148a,c N|Pr NiP, NiPr,
155b 156b 1576
Bn oH Bn OH aReagents and conditions: (a) SQ@lyridine, rt; (b) PhH, MeHN(Ch).-
W\‘O ,,,“c;F3 ce HN\/\”CF NMey, 0°C; (c) PhH,iPrNH, 0 °C; (d) NaBH;, MeOH; (e) LiAlH4, THF.
146a R=Ph 149a,c-f Table 14. Aminoalcohol-Catalyzed Dialkylzinc Addition to
146¢ R=Furyl Aldehydes 152
146d R=Et 0 156b or 157a )
1463e R=i-Pr R2,Zn hexanes, 0 °C Ry .OH
146f R=n-Bu ‘)J\ z R1>‘\H
aReagents and conditions: (a) 2% HCI/EtOH, reflux, 1 h; (b) NaBH 152a,f,h,i 1582-160a.f h.i
EtOH, 0°C, 1.5 h; (c) Alk, THF, —10°C to rt; (d) PCC, DCM; (e) NaOH.
catalyst sm yield
Scheme 26 (mol %) 152 R! R%Zn product (%) er
157a(20) a Ph Et 158a 85 9640
156b(20) a Ph Et 158a 68 955R)
157b(20) a Ph Et 158a 35 91.9R
45 aég;; 157a(20) a Ph Pr 159a 85 9640
ot 0 ° 157a(2) a Ph vinyl 160a 96 94:6 0
° ‘;‘8%3 157a(2) f Me(CH), vinyl 160f 88 946 R)
@ @ 157a(10) f  Me(CHy). vinyl  160f 82 964R)
| OH [t 157a(20) f Me(CHy)4  vinyl 160f 90 >982®
A© N/\@ 157a(2) h Me(CH)s vinyl 160h 86 9416 R
/\@ 157a(2) i ¢y vinyl  160i 83 91199
: Fe Fe Scheme 29
@ @ @ o wOH d R.N ° Q
150b 151 "'0/\5_7 _&c, /\S—? ){
150a HO 'I/OH 39-54% HO @)
aReagents and conditions: (a) ferrocenecarboxaldehydgCigHit; (b) _
ferrocenylCHNMesl, K,CO;, reflux; (c) MeMgBr, PhH, rt; (d) BnBr, 161 :gga Ei:\-}, 162t RZ?_[MeZN(CHZ)ZlmeN
K2COs, MeCN, reflux; (e) DIBAL-H, PhMe, 0°C. 1620 R;Ete Iﬁiﬂ 22:22:2;4
162d R=B S s
Scheme 27 1620 R2N=uBnMeN162' Ry=(CH,),NMe(CH,),
151 (5 mol%), 1620j R,=(CH,),0(CH,),
0 MeMgBr (1 mol%), OH aReagents and conditions: (a) acetongS@k, CuSQ; (b) 0.2% HClagy
JL Et,Zn, PhMe, rt G (c) pTsCl, pyridine, CHG; (d) RoNH.
RO H ————————> R™Et
152a R=Ph
_ 153a (87%,98:2 er, S) . .
T POt 153b (65% 8515 er, ) ketone with NaBH in MeOH gaveexoalcohol 1563 and
© AP 153c (76%, 97:3 er, S) subsequent reduction with LiAlHgave exo alcohol 157a
152d R=PhHC=CH 153d (78%, 95:5 er, R) .. N ..
152 R=MeHC=CH 153e (70%, 84:16 er, S) Similarly, 156band157bwere obtained usingPr,NH. When
152f R=Me(CH,), 153f (73%, 89:11 er, S) 156band157bwere used as ligands for the addition of-Et
1529 R=ferrocenyl 153g (90%, 89:11 er, R) Zn to benzaldehydel62g), the yields were low due to

incomplete conversion. On the other hand, complete conver-

were much better. Ligands50aandb both gave excellent  sion was observed using aminoalcotiél7a(Table 14). As
yields of 153awith moderate enantioselectivity (75:25 er good enantioselectivity was also observ&87awas then
for both ligands) while ligand 51 gave153ain good yield used as a ligand for addition oPr.Zn to 152aand of vinyb-
with 98:2 er. Given this succes$51was used to catalyze  Zn to a variety of aldehydes. Yields and ee both varied from
Et,Zn addition to a variety of aliphatic, aromatic, and 82 to 96%, and it was noted that increasing the ligand loading
organometallic aldehydelb2a—g, giving alcoholsl53a—g increased the enantioselectivity of the reaction.
with 80:20 to 98:2 er (Scheme 27). In 1994, Cho and Kir## prepared aminoalcohol$2from

In 1988, Oppolzer and Radindwused camphor-derived  a-b-xylose (L61) and used them as ligands for asymmetric
aminoalcoholl57a as a chiral ligand for the addition of Et,Zn addition reactions (Scheme 29). For addition to
vinyl,Zn to aldehydes. At the time, this was a significant benzaldehydel(23g), 162) offered the best chiral induction,
advancement, as only Mén and EtZn had been added to  giving 153a with 98:2 er (Scheme 30). This ligand was
aldehydes with greater than 95:5 er. Formation of the acid therefore used for EZn addition to aldehyde452c and
chloride of 154 and substitution with MeHN(CE,NMe, 152h—n, giving alcoholsl53c,h—n in good yield with good
gave amidel55a (Scheme 28). Selective reduction of the to excellent enantioselectivity.
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Scheme 30 Scheme 32
0 162j (5 mol %) OH o) OH
R)LH Et,Zn, PhMe, rt R on )J\H (+)- or (-)-167a-e Ph/‘*\/
_ 152a EtZn, toluene, rt. 4534
132 E;Z&c H 153a 90%, 98:2 er, R \
152h R=Me(C6H‘) 153¢c 91%, 94:6 er, R R 167a R'=H, R2=Ac
2)s 153h 95%, 87:13 er, R N._, 167b R'=H, R2=Et
152i R=Cy 153i 88%, 98:2 er, R R’ 167c RI=Et, R*=Et
152j R=oMeCqH, 153j 88%, 90:10 er, R L& 167d R'=Me,R2=Et
152k R=pMeCH, 153k 84%, 94:6 er, R OH 167e R'=Me,R2=Me
1521 R=1-naphthyl 1531 90%, 93:7 er, R
152m R=t-Bu 153m 86%, 97:3 er, R Table 16. Addition of Et,Zn to Benzaldehyde 152a Catalyzed by
152n R=Ph(CH,), 153n 96%, 90:10 er, R Aminoalcohols 167a-e
Scheme 3% entry catalysti67 mol% time (h) yield (%) er config
1 (+)-a 20 3 71 82:18 R
2 (+)-b 20 8 62 7723 R
3 (+)-c 8 18 94 937 R
4 (-)-c 8 18 90 89:11 S
5 (-)-c 20 1 99 9%:14 S
6 (+)-d 20 1 96 937 R
7 (-)-e 8 20 91 89:11 S
8 (+H)-e 8 20 93 919 R
9 (+)-e 20 1 98 937 R
N— Scheme 33
| Ph Ph

164 (30%) 165 (30%) 166 (40%)

= Et,AICI (2 equiv.),
Et
, _CH,Cl, 80°C _ o
aReagents and conditions: (a) A DMSO; (b) MeCBICN, zZn, THF; AS_? e} 5NN T}
() LiAIH 4, THF; (d) Mel, K2COs, MeCN; () 2-methylpyridine, PhLi, THF; O)T >90% />~ Y ){
(f) N,N-dimethylaniline,nBuLi, TMEDA, THF. 0 %

o
168 169 (87:13 dr)
Table 15. Asymmetric Addition of Et,Zn to 152a Catalyzed by
Complexes 164166 Finally, Kunz and Peé&in 1989 reported 1,4-addition of
0 OH ELAICI to 168 Reaction ofl68with 2 equiv of E$AICI at
@)LH 164-166 (5 mol%%@)\ﬂ —80°C gavel69in good yield with 87:13 dr (Scheme 33).
Et,Zn, PhMe, rt
152a 153a 5. Pericyclic Reactions
catalyst yield (%) er . .
164 T T 5.1. Diels —Alder Reactions
165 97 85:15R) An example of a cyclohexane-based 1,3-aminoalcohol as
166 92 71299 a source of chirality was reported by Corey et%h 1996.

Lewis acid173was prepareth situfrom aminoalcohol72,

Brocard et af® used aminoalcohol arerehromium which was in turn was prepared by diastereoselective
complexesl64-166as chiral ligands for alkylzinc addition ~ reduction ofaf-unsaturated estdi70, removal of the chiral
reactions in 1996. These complexes were prepared +n 30 2uxiliary, and substitution of the heteroatoms (Scheme 34).
40% yield by oxidation of optically puré63and nucleophilic ~ Pretreatment of Lewis acitl73with AgB([3,5-(CF)2CeHals
attack at the resulting ketone (Scheme 31). Addition ef Et encourage(_j dissociation of bromide from the boror_l, giving
Zn to benzaldehydelf2q catalyzed by these chromium a more active catalyst (method B) than when no silver salt
complexes proceeded with moderate to good enantloselecwasf mclude[()jl lln X%ta:yft f?rr?]atloE t(k:nethf:ogl Az V\:R/en
tivity, with 165 giving the greatest asymmetric induction periorming LIels-AAder reactions o € highly reactive
(85:15 er, Table 15). For comparison, the uncomplexed CY¢lopPentadienel(74), this pretreatment was not necessary
aminoalcohols gave little to no enantioselectivity. It was also to get high yields or enantioselectivity (Table 17). Less

: . reactive dienesl75-177, however, did not react using
2?t1e5vgc;rttﬁgr1tq%'[4c§nnc]pilgé66gave the opposite enantiomer method A but gave excellent yields of addud®8—190

using method B. In all cases, the adducts were formed with
Costa and de Oliveira recently reported (2004) the greater than 90:10 er.
synthesis of {)- and (~)-syrt1,3-aminoalcohold67a-e as Previously discussed aminoalcol# has also been used
well as their use as catalysts in the enantioselective additionas a chiral auxiliary for intramolecular Diet\lder reactions
of diethyl zinc to benzaldehyde (Scheme 32)oderate to  of furan dienes (IMDAF reactions). The first example
excellent enantioselectivities (77:23 to 95:5 er) were reportedinvolved using acrylamide dienophilésCondensation of
(Table 16). The configuration of the carbon bearing the 45 with 3-furaldehyde followed by acylation with acryloyl
hydroxyl moiety was found to influence the absolute stereo- chloride gave acrylamid&95 but no Diels-Alder adduct
chemistry of 1-phenylpropanol. At 20 mol % loading, catalyst (Scheme 35). Repetition of this procedure using 2-furalde-
(—)-167cwas found to be the most efficient, givin§){1- hyde, however, did not allow isolation of acrylamiti®la
phenylpropanol in 99% vyield and 95:5 er (entry 5, Table Instead, a mixture of the twexoDiels—Alder adductsl92a
16). and 193awas obtained (Table 18). The product ratio and,
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Scheme 34 Scheme 35
Br
oH ORYg_ 0
o _ad_ -d ef "N /\ +B.
“NH, 0% Ar ) Br n
r Ar >
170 171 (54%) 172 R=TMS, 173 Ar=3,5-Me,CH,
Ar=3,5-Me,C¢H, 191a R'=R?=H 192a-c 193a-c
191b R'=H, R%=Me y )
0 191c R'=Me, R2=H l &9 le 9

— R2
Ex + Y H a b HN HN @
¥ s hori a ° (+)-194a " 1Y >
R ( )-194b R? R 22
174 R'=H, X=CH, 178 R2=Br, R%=H X )-194¢ R
=H (-)-194a

175 R'=H, X=(CH,),179 R*=Me, R? CHO
176 R1=H. X=HH 180 R2=Br, R*=Me (+)-194b

, i
- 181 R2=Me, R3®=Me 2 )=
177 R'=Me, X=H.H 1 R (-)-194c
® 182R2R=(CHy), R R Eg %

183 X=CH,, R'=H, R2=Br, R3=H

184 X=CH,, R'=H, R2=Me, R%=H 195
185 X=CH,, R'=H, R2=Br, R%=Me a .
186 X=CH,, R'=H, R=Me, R*=Me Reagents and conditions: (a) 3-furaldehyde or 2-furaldehyde, PhH, rt;

(b) acryloyl chloride, BN, 0 °C; (c) crotonyl chloride, pyridine, 0C; (d)
methacryloyl chloride, TMEDA, OC; (e) LiAlH4 (5 equiv), AlCk (2 equiv),
THF, —10 °C; (f) PCC; (g) KOH, MeOH, THF, rt.

187 X=CH,, R'=H, R%,R%=(CH,),
188 X=(CH,),, R'=H, R2=Br, R3=H
189 X=H,H, R'=H, R2=Br, R3=H
190 X=H,H, R'=Me, R?=Br, R°=H

aReagents and conditions: (a) NaBH(O4dYleCN, AcOH, 0°C (81% Table 18. IMDAF Reaction of Acrylamides 191 Giving 192 and

de); (b) Na@Bu, tBUOH, THF, rt; (c) LiBH,, THF, reflux; (d) Pd(OHYC, 193
Hz (300 psi), MeOH; (e) Ba(OH) 3,5-dimethylbenzyl bromide, EtOH, sm temp _ yield
reflux; (f) TMSCI, DMAP; (g) BBr; (h) (method A)173 CHyCl,, —94 ; o 0 .
°C, then add dienophile, then add dier@4 °C, 1 h; (i) (method BYL73 191  solent  LA(equv) (°C) (%) 1921193
CH2C|2, —94 °C, then add AgB[3,5-(C§2C5H3]4, CH2C|2, then add a CH2C|2 none 20 96 69:31
dienophile, then add diene;94 °C, 1 h. a hexanes none 20 96 22:78
a hexanes EBAICI (2.0) -23 96 80:20
Table 17. Diels-Alder Reactions Catalyzed by Lewis Acid 173 a CH.Cl, ELAICI (2.0) —-23 96 85:15
yield? b hexanes none 20 82 24:76
o b CH.Cl, ELAICI (2.0)  —23 83 81:19
sm sm method product (%) exdendd er c hexanes hone 0 89 4555
178 174 A 183 99 94:6 98:2 (R)" c CH.Cl, ERAICI (2.0)  —23 92 81:19
178 174 B 183 99 91:9 99:1 (R
179 174 A 184 99 88:12 95:5 ()¢
179 174 B 184 08 89:11  94:6 (% Scheme 36
180 174 A 185 99 >08:2  95:8e 44
180 174 B 185 99 >98:2  98:2e i
181 174 A 186 88 >98:2  95:8' u
181 174 B 186 97 >98:2 955 Bn 0 Bn
182 174 A 187 99 >98:2  98:2¢ 0 ANAw o
182 174 B 187 97 >98:2  91:9'e N\ —E N m
178 175 B 188 99 4:96 97:3 (R Huwi0” EtN H
178 176 B 189 99 n/a 97:8 ar-N AN R’ 0
178 177 B 190 99 n/a 98:2R) H IR
= o}
aFor methods, see Scheme 34solated yield ofexo + endo :g?,’é;meoc H L Farl
mixture. ¢ Determined by*H NMR. 9 Determined by reduction to the e K &
primary alcohol (NaBH), conversion to the Mosher ester, dhtiNMR. 50-60 °C, N—-Ar
¢ Absolute stereochemistry of product not reported. sealed
tube 200 R=Ph
indeed, the major product depended on the solvent used for 201 R=4-MeOCqH,
the acylation reaction. In Ci&€l,, 192awas the major product
(69:31 dr), but in hexanes,93a was the major product
(78:22 dr). Use of a Lewis acid allowed the IMDAF reaction o Qi4plr\1/|eoc H,
to proceed at lower temperature, improving the diastereo- aR'=H, R=H AN
selectivity, andn situ addition of EtAICI to 191ain CH,- b R'=Me, R2=H R L
Cl, gave 192a with 85:15 dr. This was also true for g';::v ';?;'\Ff,'ﬁ o "R
crotonamidel91b and methacrylamidd91¢ which gave T
192band192¢ respectively, with 81:19 dr when treated with . _ .
Et,AICI. Chromatographic separation 482 and 193 fol- 198a-d and199a-d as single diastereomers in the IMDAF
lowed by cleavage of the auxiliaryifle supra allowed reactions (Table 19). In all cases, except for the reaction of
isolation of (+)- and (~)-194in 66—74% yield. 196 with acryloy! chloride, isoindolon00 and 201 were

In 2005, Pedrosa et al. expanded on the use of chiralisolated in 16-15% yields. The advantage of this sequence
auxiliary 44 in IMDAF reactions by inserting a phenyl group  over previous work (Scheme 35) is that it allowed for the
as a linker between the chiral auxiliad4 and the furan recovery of chiral auxiliary44 since it could be removed
(Scheme 363 This strategy provided thexo adducts easily by hydrolysis with 2% HCI in EtOH after hydrogena-
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Table 19. IMDAF Reactions with 196 and 197 Containing a

Lait et al.

Table 20. IMDAF Reaction of Amines 208 Giving 209 and 210

Phenyl Linker
amide IMDAF yield
sm acyl chloride  time (h)  time (h) pdt (%) @
196 acryloyl 5 24 198a 55 o ﬁ
196  methacryloyl 115 48 198b 33 N 209a-d R
196 crotonoyl 0.25 36 198c 37 R —_—
196  cinnamoyl 0.25 24 198d 35 \_, o
197  acryloyl 16 48 199a 73 R N
197 methacryloyl 120 48 199b 49 208a R'=R2=H @
197  crotonoyl 0.25 48 199c 51 208b R'=H, R?=Me R
197  cinnamoyl 24 24 199d 36 208c R'=Me, R?=H 2
208d R'=H, R2=Ph 210a-c
Scheme 37 amine208 yield (%) products (ratio, %)
a 93 209a(97),210a(3)
\% b 80 209b(97),210b(3)
c 60 209¢(97),210¢(3)
w d 50 209d (100)
© 203b (4.6%)
a b S
\_L + Scheme 38

45
cgde fhgde

o /#5 .

204 (66%) 205 (64%) 206 (54% 207 (36%)

aReagents and conditions: (a),&=CHCH,CH,Br, K,COs;, PhMe,
reflux; (b) 2-furaldehyde, reflux, 4 days; (c) LIAUH5 equiv), AICk (2
equiv), THF,—10 °C; (d) PCC; (e) KOH, MeOH, THF; (f) MgAl, PhMe,
rt; (g) PtQ, Hy, EtOH; (h) EAl, PhMe, rt.

O

tion of the double bond in the oxabicyclo rings of compounds
198 and 199 and removal of the benzyl group.
In addition to their work with acrylamides, Pedrosa et al.

a8 Reagents and conditions: (a) LiAIK5 equiv), AICk (2 equiv), THF,

—10°C; (b) PCC, CHCly; (c) KOH, MeOH, THF:; (d) MeAl, PhMe, rt.

studied IMDAF reactions using unactivated dienophiles. In Table 21. IMDAF Reaction of Amines 213 GiVing 214 and 215

1998, they reporteéithe synthesis of enantiopure substituted
decahydroisoquinolines via this method. Alkylation 45
followed by condensation with neat 2-furaldehyde gave a
9:1 mixture of203aand203bvia intermediat02 (Scheme

37). Chromatographic separation of the diastereomers gave

2033 which, upon cleavage of the auxiliary, could be
converted to epoxyisoquinolir@04 or 205 or decahydroiso-
quinolines206 or 207. Minor diastereome203b could be
used to prepare the opposite enantiomer@f-207.

%2%

214a-d
213a R'= R2—
213b R'=H, R=Me
213c R1=Me, R2=H

215a- d

213d R'=H, R?=Ph

In 2000, Pedrosa et &.reported the synthesis of enan-

tiopure substituted tetrahydroepoxy-isoindolines via similar __2Mne213 yield (%) products (ratio, %)
chemistry. Alkylation of45 followed by condensation with g 96 2142(90),2152(10)
2-furaldehyde gave intermediate ami2®8 which im- c Sg ﬁicgf)) ’221155c((92)3)
mediately underwent IMDAF reactions to give addu2d® d 73 214d(86),215d(14)

and 210 (Table 20). The diastereoselectivity for reactions
of 208a—c was 94%, and®08d gave only one observable
diastereomer. After purification of the major diastereomer prevented formation of angndoadducts in the IMDAF
209a—d, cleavage of the auxiliarys{de suprd allowed reactions (Scheme 35), this was not the case for acrylamide
access to enantiopure tetrahydroepoxyisoindo@idsor 212 218 which gave a mixture oéxo diastereomer219 and
(Scheme 38). The IMDAF reaction @&13a—d was not as 220 andendodiastereomer221 and222. Adding EAICI
diastereoselective and provided mixturedfiand215a— altered the distribution of diastereomers but did not improve
d, but chromatography allowed for separation of the di- the exdendo ratio. The diastereoselectivity of thexo
astereomers of the product (Table 21). Cleavage of theproducts was increased to 67% de, but there was no
auxiliary (vide suprd then provided enantiopure tetrahy- Significant increase in the diastereoselectivity of #relo
droepoxyisoindoline211, 216, or 217. The latter two products.
compounds were formed as a separable mixture of diaster- By switching to styrene-type dien@23 the use of this
eomers (Scheme 39). chiral auxiliary was extended to the synthesis of enantiopure
Intramolecular Diels-Alder reactions using an acyclic 3a,4,9,9a-tetrahydroberfifoindolines2294” These targets
diene were also reported (Table 22)While ring strain were chosen because the skeleton is common to several
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Scheme 39 Table 23. Intramolecular Diels—Alder Reaction of Amides 224
Giving 225—227
cleavage
s sm yield products product yield?
1R '2 ) 224 solvent (%) (%) 229 (%)
0 + -216a ( 2% -)-217a 2%)
%’“ (Y2loh (0% (y2t7e (17% B PN o) a >4
(+)-216¢ (54%)
a DMF 81 225a(86) a 54
214a-d \ 226a(14)
C‘ b PhMe 86  225b(86) b 70
z 226b(14)
R b DMF 82 225b(81) b 70
(+ )211a 226b(19)
(-)-211b c PhMe 81  225c(89) c 73
(+)-211c 226¢(11)
aReagents and conditions: (a) LIAI{5 equiv), AICk (2 equiv), THF, c DMF 78 225¢(96) c 73
—10°C; (b) PCC, CHCly; (c) KOH, MeOH, THF; (d) MeAl, PhMe, rt; 226¢(4)
(e) MeMgl, E}O, rt. d PhMe 85  225d(85) d 51
226d(15)
Table 22. Intramolecular Diels—Alder Reaction of Acrylamide d DMF 90 225d(83) d 51
218 Giving 219-222 226d(17)
e PhMe 75  225e(75) e 69
o H 226e(25)
7 e DMF 84 225e(90) e 69
0 226e(10)
NAX e H Et f PhMe L c c
0] S 20 g PhMe 86 225¢(82) g 74
S 227¢(18)
g

m T

DMF 83  225g(90) g 74

Et O3
2279(10)
218 7 h PhMe 90  228h(100) 172 67

H Et a|solated yield of cleavage product in three steps f22b or 228

222 b Recovery of224f was 85%.° Not reported.
solvent LA (equiv) temp°(C) yield (%) 219:220:221:222
PhMe  none 110 83 32:22:34:12 refluxed in PhMe for 22 h, possibly due to steric congestion.
hexanes none 20 96 23:24:39:8 This was not a problem fo224g which gave only one
CHCl, ERAICI(20)  —23 90 45:9:35:11 diastereomer of the DietsAlder adduct; however, the 1,3-

hydrogen shift which migrates the double bond was less
compounds with interesting biological activityPrecursors  diastereoselective, resulting in mixtures2#5gand 227g
224 were prepared from5 in the usual fashion (Scheme Cleavage of the auxiliary from major produc225 gave
40). Because styrenes are less active dieda2$had to be enantiopure 3a,4,9,9a-tetrahydrobéjispindolines229. In-
heated in order to undergo cyclization. In a survey of terestingly,224h did not undergo a DielsAlder reaction.
solvents, refluxing PhMe and DMF were found to give Instead, an ene reaction ga228h as a single observable
complete conversion and good yields of Die/dder adducts diastereomer (Scheme 40). Cleavage of the auxiliary from
in which the newly formed double bond had migrated to this product gave pyrrolidin@30
regenerate the aromatic ring. For acrylamidz®a—e, In 1994, Banks et & prepared dienophilek16a,bfrom
mixtures ofexoadducts225and226 were obtained with dr  sugar114 and used them in Lewis-acid-catalyzed Diels
ranging from 75:25 to 96:4 (Table 23). Mmdoadducts were  Alder reactions (Scheme 41). Reactionld6awith cyclo-
observed. Amid224fshowed minimal reactivity even when pentadiene at 78 °C gave23lain a 97:3 ratio ofenddexo

*%%w@ A S,

225a-e,9
45 223a R*=R2=R3=R4—H 22 4a-h 2263-e
223b R'=R2=R¢=H, R3=2-OMe e_gl

Scheme 48

223¢ R'=R?=R¢=H, R%=4-OMe o
223d R1=R2=R¢=H, R*=2-NO, o
223e R'=R?=R%H, R*=Me R m
223f R'=Me, R?=R®=R4=H = o Ph
223g R'=R%=R¢=H, R?=Ph .
223h RI=RS=Ré=H, Ri=Ne _ AN | R 2279
§4
HNij 228“ 229a-e,9

230

aReagents and conditions: (a) PhMe, reflux; (b) acryloyl chloridgNE€H,Cl,, 0 °C; (c) methacryloyl chloride, TMEDA, CCly, 0 °C; (d) solvent,
reflux, 3—4 h; (e) LiAlH4 (5 equiv), AICk (2 equiv), THF,—10 °C; (f) PCC; (g) KOH, MeOH, THF, rt.
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Scheme 41
zg 00P
14 see Scheme 18 aorb o
fo) o (0] o N
O N
)< H\« )< 0 \«o
116a R=CH= CH (82%)

116b R=CH=CHMe (80%)

M/

ON{\

—_—
97%
R™ ™0
H -
232a R=0OBn

R
231aR=H (74%)
231b R=Me (89%)

aReagents and conditions: (a) MeMgBr, THF, acryloyl chloride; (b)
nBuLi, hexanes, THF-78 °C, crotonyl chloride; (c) BAICI (1.4 equiv),
cyclopentadiene (10 equiv), GBI;, —20 or —78 °C; (d) LiOBn, THF,
—78°C to rt.

Scheme 42

a7 see Scheme 7
50% % ) HN z
O0
o o
%\O N _cord d
o) >94%
(¢]
/ Rz R'
2

R
X
233a R?=H (22%) 234a X=CH,, R'=H, R2=H
233b R2=Ph (90%) 234b X=CH,, R'=H, R2=Ph
234a X=H,H, R'=Me, R?=H

>95%

“Ow

232b R?=H 236

232c R?=Ph
aReagents and conditions: (a) MeMgBrp@t 0°C, acryloyl chloride;
(b) MeMgBr, EO, 0 °C, cinnamoyl chloride; (c) BAICI (1.4 equiv),
cyclopentadiene (10 equiv), GBI, —20 or —78 °C; (d) ERAICI (1.4
equiv), isoprene (10 equiv), GBIy, —78 °C; (e) LiOH, H0O,, 0 °C

isomers with 91:9 dr for the majendoadduct. Improved
stereoselectivity was observed fot6b, which reacted with
cyclopentadiene at20 °C to give231bin a 98:2 ratio of
enddexoisomers with 97:3 dr for the majandoadduct.
Cleavage of the chiral auxiliary ga@32with between 99:3
and 98:2 er.

Additionally, Banks and co-worketshave also reported
fructose derivative38 as a chiral auxiliary for several
asymmetric reactions. Dienophil@83were prepared from
38(Scheme 42). While cinnama2&3aformed in good yield,
acrylate233acould only be obtained in poor yield. Nonethe-
less, they were used in Lewis-acid-catalyzed Digd&der
reactions (Scheme 42). Reaction283awith cyclopenta-

Lait et al.

o]
S
° . b

——

Scheme 43

0]

[0}
T
I R _° . X w
o

~ _R? o) R OH
i (+)-238a
0 !
(-)-237a R'=Re=H one or more diastereomers +
(-)-237b R'=Me, R2=H R?
(-)-237¢ R'=H, R=Me R R®
o O HOg
R'1,
174 239a O R
(+)-240a R=R'=R%=H, R2+R?=CH,

o (+)-240b R=R'=R3%=H, R2+R?=CH,-CH,
§\ N 240c R=R'=R%=H, R2+R2=0
239b 239¢ (+)-240d R=R'=R?=H, R®=CH,

240e R=R3=H, R1=CH3’ R2+R2=CH2

(+)-240f R=CH,, R'=R3=H, R+R2=CH,

a Reagents and conditions: (a) 2 equiv of BQBY, (b) NaOH, MeOH,
reflux, 1 day.

diene at—78 °C gave exclusivelgndoisomers o234awith

93:7 dr. Use of acyclic diene isoprene under the same
conditions produce@35ain excellent yield with 87:13 dr.
Offering less stereoselectivity, cinnama@3breacted with
cyclopentadiene at-20 °C to give 234bin an 80:20 ratio

of enddexoisomers with 82:18 dr for the majendoadduct.
Cleavage of the auxiliary fror@34g 234h, and 235 gave
high yields of acid232b, 232G and236, respectively.

In 2000, Keay et al. reported the asymmetric synthesis of
(+)-(1R,55,69)-6-(2,2-dimethylpropamido)spiro[4.4]Jnonan-
1-ol (2389 and its use as chiral auxiliary in a variety of
Diels—Alder reactions (Scheme 4% Dienophiles237a—c
could easily be prepared by treatir&g8a with acryloyl
chloride, methacryloyl chloride, drans-crotonyl chloride,
respectively, in the presence of triethylamine. Treatment of
dienophiles237a——c with a variety of dienes at-78 °C
with 2 equiv of BC} gave Diels-Alder adducts in yields of
74—82% (Scheme 43, Table 24). Dienophite){237agave
solely the endo adducts in 99:1 dr when reacted with
cyclopentadiene and cyclohexadiene. Lowrddexoratios
and diastereoselectivities were observed with add24tx
when furan was used as the diene. The Diélkler reaction
of isoprene with {)-237aprovided acid {)-240din good
yield (79%) and excellent enantioselectivity (92%). Dieno-
phile (—)-237bwas found to react with cyclopentadiene to
afford only theendoisomer240ebut with low diastereo-
selectivity. It is possible that theis,trans geometry of the
aminoalcohol chiral auxiliary did not block one side of the
diene enough to give good facial selectivity. Dienophitg-(
237creacted with cyclopentadiene in a goedddexoratio
and good diastereoselectivity to afford acie){240fin 93:7
er. It is important to note that saponification of the ester
linkage in the Diels-Alder adducts returned the chiral
auxiliary and final product with no loss of chirality. The
aminoalcohol could easily be separated by chromatography
and subsequently recycled.

The epimer 02383 compound241, was reported in 2003
(Scheme 44) to investigate the effect thatdtsxis geometry
would have on diastereoselectivity in Diel8lder reac-
tions Cis,cis-aminoalcohoR41wasN-acylated with pivalic
anhydride to provide chiral auxiliar242, which was
subsequently esterified with unsaturated acid chlorides to
form dienophiles243a—c (Scheme 44). Pretreatment of
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Table 24. Diels-Alder Reactions of Dienophiles {)-237a, ()-237b, and ()-237c with Dienes 239

dienophile237 diene239 yield (%) enddexo dr product (er) RorS
(—)-a a 70 100:0 >99:1 endg (+)-240a(>99:1) R
(-)-a b 82 100:0 >99:1 €ndg (+)-240b(>99:1) R
(—)-a c 74 2:1 90:10¢nd9 240¢
89:11 ex0
(—)-a d 79 n/a n/a {)-240d(96:4) R
(-)-b a 72 100:0 60:40€ndg 240¢
(-)-c a 81 8:1 93:7 éndg (+)-240f R
82:18 ex0 (93:7)
aer not reported
Scheme 44 Interestingly cis,cis-amidoalcohol {)-242 gave predomi-
nantly endo adducts having thé&-configurationa to the
NH o )J\E carboxylic acid. This was in contrast to the reaction of the
% epimericcis,trans-amidoalcohol {-)-238a which gaveendo
w N adducts having th&-configuration at that site. Thus, even
though the spiro and amido centers had the same sense of
(-)-241 H (-)-243a: R, Rz— chirality, changing the stereochemistry at C-1 led to products
(+)-242 (-)-243b: R'=H, R2=Me that were enantiomeric after cleavage of the auxiliary

(-)-243c: R'=Me, R2=H

aReagents and conditions: (a) pivalic anhydride, pyridine,@H rt;
(b) acryloyl chloride, EiN, CH)Cl, or LHMDS, THF, crotonyl or
methacryloyl chloride.

Scheme 45
o Q o
¥ o G
i 13 =2 AP N
1
H R
(—)—243a (+)-244a X=CH,, R",R?=H

(-)-244b X=(CH,), R',R?=H
(-)-244c¢ X=H,, R'=H, R2=Me
(-)-244d X=0, R",R2=H
(-)-244e X=H,, R",R2=(CH,),
(-)-244f X=H, R R2=(CH2)4

e

239d 239

o

H

(-)-243b: R=H, R'=Me
(-)-243c: R=Me, R'=H

R NH o —
| ——» —> f :H

R1

(+)-245 R= H R'=Me

(-)-246 R= MjR1H/
HO,C HO,C HO,C
H H

aReagents and conditions: (a) 2 equiv of BGTH.Cl,, —78 °C; (b)
239 —78°C, 8-14 h; (c) MeOH 5 M NaOH, reflux.

dienophiles243 with 2 equiv of BC} followed by addition
of diene174 or 239 gave Diels-Alder adducts244 in fair
to excellent yields (50%99%) and dr (89:11 to 99:1)

(Scheme 46). This is not only an interesting piece of
information; it has a practical application. It has already been
shown thatcis,cis-amidoalcohol242 can be prepared from
cistrans-amidoalcohoP38a%° Jones oxidation o242 gave

the amidoketone (not shown), from whi@38awas origi-
nally prepared by reduction with DIBAL-Kf2 Only one
enantiomer of aminoalcoh@¥1(Scheme 44) is needed from
the resolution to allow the preparation of both diastereomeric
auxiliaries, thereby giving access to both enantiomers of a
desired Diels-Alder adduct. Because the auxiliaries are
complementary and readily interconverted, both enantiomers
of the Diels-Alder adduct can therefore be prepared from
either enantiomer 0241

5.2. 1,3-Dipolar Cycloadditions

Compound44 was used as a chiral auxiliary by Breau et
al®tin 1998 for 1,3-dipolar cycloadditions of nitrile oxides.
Condensation ofi4 with acrolein gave oxazin247, which
was reacted with acetonitrile oxide to gi2d8with 95:5 dr
(Scheme 47). No yield was reported, nor was the auxiliary
cleaved.

Pedrosa et al. have also turned their attention to the
application of aminoalcoho#5 as an auxiliary for intra-
molecular [3+ 2] cycloaddition& by converting45 into
aldehydes249a-d. Decarboxylative condensation @49
with N-substituted aminoacids gave unstabilized azomethine
ylides 250, which underwent spontaneous intramolecular [3
+ 2] cycloaddition reactions to give produ@s1—-253and,
in some cases, byproduc®$4, in which the oxazine ring
had been hydrolyzed (Table 26). Cleavage of the auxiliary
from 251d gave 255d which was analyzed by X-ray
crystallography to confirm its absolute configuration and thus
the stereochemical outcome of the cycloadditions (Scheme
48).

Similarly, reaction of aldehyde249 with N,N-disubsti-
tuted hydrazines gave azomethine |mﬁ<'ié256 which also

(Scheme 45, Table 25). Even the less reactive crotonate anqingerwent spontaneous intramolecular432] cycloaddi-

methacrylate este@3hc reacted with cyclopentadiene with
reasonable selectivity, providi@d5 and 246, respectively
(92:8 dr and 90:10 dr, respectively, for the major products,
Table 25). Chiral auxiliarz42was easily cleaved from the
Diels—Alder adducts by treatment with NaOH in MeOH at
reflux, followed by acidification to afford free carboxylic
acids240a—f and247—249without epimerization or isomer-
ization (Table 25).

tions, this time giving product®57—258as single observable
diastereomers in all cases (Table 27). The relative stereo-
chemistries oR57a—f and258a—d were determined biH
NMR, COSY, and NOESY. Cleavage of the auxiliary was
not reported; however, it could presumably be accomplished
by the standard methodifle supra.

In 1998, Breau and co-workéfsused 8-aminomenthol
derivative259 as a chiral auxiliary for 1,3-dipolar cycload-
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Table 25. Diels-Alder Reaction of Chiral Dienophiles (—)-243a—c with Dienes 239
dienophile243 diene product yield (%) enddexo dr cleavage product (yield, %) er
(—)-a 174 (+)-244a(84) >99:1 >99:1 240a(92) >99:1 R)
(—-)-a 239a (—)-244b(99) >99:1 >09:1 240b(93) >99:1 R)
(—)-a 239b (—)-244d(73) 2:1 >99:1 endg 240c(72)
>99:1 Ex0
(—)-a 239c (—)-244c(78) n/a >99:1 240d(77) >99:1 R)
(-)-a 239d (—)-244e(94) >99:1 >09:1 247:248[3:1] (82) >99:1 R)
(—)-a 239%e (—)-244f (50 [98]) >99:1 93:7 240i(73) 93:7 R
(-)-b 174 (+)-245(63 [90]) 71 93:7 éndg 240f(75) 937 R
(—)-c 174 (—)-246(64 [74]) 1:4 88:12¢nd9g 240e+ epimer (46) 88:12¢nd9g
90:10 €x0 90:10 €x9
Scheme 486 Table 26. Intramolecular 1,3-Dipolar Cycloaddition of
Azomethine Ylides 250
o
CO,H ReNH CH2002
(-)-240a >—\
249a R‘-Rz-
T c 249b R'=H, R?=Me
0 ol 79% 249c R'=Me, R?=H
o} 249d R'=H, R?=Ph
})L *L })L Rl
N
237 o\ HOR 2542 R2=H
+ 2|
(-)-238a (+)-237a H 251a-d, 252a, 253a 254d RE=Ph
de ||fg temp products
89% | | 84% sm249 R3 base solvent  (°C) (% yield)
o a Me none DMF 90 253a(94)
b Me none DMF 90 253b(78)
NH oH >HLNH oo c Me none DMF 90  253c(90)
G\b . G\D ] d Me none  DMF 9  253d(56)
75% 84% 254d(18)
(+)-242 (-)-243a (+) 244a d Me EtN DMF 153 251d(76)
c a Ph none DMF 90 252a(34)
l 92% 254a(30)
a Ph none PhMe 110  252a(70)
a Bn EtN DMF 90 253a(38)
254a(46)
CO,H
(+)-240a Scheme 48
aReagents and conditions: (a) acryloyl chloridegNEtCHyCly; (b) 3
cyclopentadienel(74), BClz (2 equiv), CHClz, —78°C; (c) 5 M NaOHag), H R
MeOH, reflux; (d) MsCl, pyridine, OC to rt; (e) 3:1 dioxane/10% NaQ4d) N
reflux, 3-5 days; (f) Jones; (g) DIBAL-H, THF-78 °C. % Ts—N
R' R?
Scheme 47 251d R'=H, R2=Ph, R3=Me 255d R'=H, R2=Ph, R3=Me
NHB
" a2 Reagents and conditions: (a) AJHTHF, —10 °C; (b) PCC, NaOAc;
B ,Bn (c) NaOH, TsCl, THF.
acroleln 7\/ NO7\(>/
“PhMe, "MeCNO O-N
 4a reflux 47 248 (95:5 dr) 1987%° Reaction oflawith PCk, N-methylmorpholine, and

ditions with nitrile oxides. As direct tosylation @f5 gave
O-tosylation as well as the desirddtosylation, the alcohol

propargyl alcoho262 gave allenyl phosphoramidat@é3
and264in 20% and 54% yields. After separation of the two
isomers, addition of sodium allyloxide ga265in 54% yield

was first protected as a silyl ether. Subsequent tosylation (Scheme 50). Treatment 265with KDMSO in 3:1 DMSO/

and deprotection afforde2zb9in 75% yield from45 (Scheme
49). Condensation af59with acrolein diethyl acetal in the
presence of {B-OEt produced260 with 98:2 dr. Reaction
of 260 with MeCNO and PhCNO gav@6la and 261h,

respectively, with good diastereoselectivity and in good yield.

5.3. Claisen Rearrangements

Denmark and Marlin used aminoalcohbh as a chiral

THF gave Claisen rearrangement prod2@6in 62% yield

but with no observable asymmetric induction. Premixing the
KDMSO with LiCl, however, improved both the yield and
degree of asymmetric induction, givirR56 in 78% vyield

and 90:10 dr. Use of LIDMSO as a base gave the same
diastereoselectivity, supporting the importance of the lithium
cation. Conversion d266to a TBDMS enol ether, ozonolysis
with oxidative workup, and methylation of the resulting
carboxylic acid with CHN, gave §-267 (Scheme 50).

auxiliary for carbanion-assisted Claisen rearrangements inInterestingly, use of epimeric substr&é8 prepared from
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Table 27. Intramolecular 1,3-Dipolar Cycloaddition of
Azomethine Imines 256

%%}Q LR
R’HNNHCOMe

Pnve,
R reflux

249a R'= RZ'H

249b R'=H, R=Me

249¢ R'=Me, R?=H

249d R'=H, R2=Ph

249e R'=Me, R2=Ph

249f R R?=(CH,),

256

R? O
N

%ON

257a-f, 258a-d

aldehyde249 R3 product yield (%)
a Me 257a 94
b Me 257b 80
C Me 257¢ 90
d Me 257d 92
e Me 257e 45
f Me 257f 42
a Ph 258a 82
b Ph 258b 16
c Ph 258¢ 18
d Ph 258d 78
Scheme 49
NH, NHTs
«OH ad ~OH ¢ NO f
75% 9% Ts L
260 (98:2 dr)
45 259

Q_

261a R=Me (75%, 93:7 dr)
261b R=Ph (70%, 95:5 dr)

aReagents and conditions: (@BuLi, Et,O, —78 °C; (b) TBSCI, E$O,
—78°Ctort; (c) TsCI, EfN, CHyCly, reflux; (d) TBAF3H,0, THF, rt; (e)
acrolein diethyl acetal, ED-BF;, ELO, 0 °C, 4 h; (f) RCNO (10 equiv).

263 gave the opposite enantiomer of produB);267, upon
cleavage of the auxiliary fro269 (Scheme 51).

5.4. Intramolecular Alder —Ene Reaction

Following from their work on IMDAF reactionsuv{de
suprd, Pedrosa et al. recently reported (2005) the usébof
as a chiral auxiliary in the intramolecular AldeEne
reaction®® Chiral perhydro-1,3-benzoxazin231were syn-
thesized via condensation 45 with an appropriate unsatur-
ated aldehyde followed by-alkylation with the appropriate
unsaturated acid chloride (Scheme 52). Substrafds—e
were heated to afford AlderfEne adduct72a—e diaste-

reoselectively and in good to excellent yields (Table 28).

Compound271f afforded diastereomets/2f and273fin a
70:30 ratio. Compound®71g underwent the AlderEne
reaction to give a 1:1 ratio of adduc&72g and 273g
Cleavage of the chiral auxiliary and subseque+tbsylation
of 272a—g gave enantiopureis-3,4-disubstituted pyrro-
lidines 274a—g from 271a—g with yields of 16-54%.

5.5. Intramolecular [2 + 2] Photocycloadditions

Chemical Reviews, 2007, Vol. 107, No. 3 785

Scheme 56

=

=

790
A Nk \—> 263(20°§)

(S)-1a 262 o
mh} B
b )Y

264 (54%)

(S)-267

a2 Reagents and conditions: (a) B®-methylmorpholine; (b) NaH, allyl
alcohol, tBuOH, THF; (c) KDMSO (2-2.5 equiv), LiCl (6 equiv), 3:1
DMSO/THF, 1t, 4 h; (d) KHMDS; (e) TBSCI; (f) @ MeOAc; (g) HO/
HCOH; (h) CH:N.

Scheme 51
o 0
I
AN
TR 0 7w Qo o
N\ : \
268

o
269 (92:8 dr)
MeO)H/\/

(R)-267

a8 Reagents and conditions: (a) KDMSO2.5 equiv), LiCl (6 equiv),
3:1 DMSO/THF, rt, 4 h; (b) KHMDS; (c) TBSCI; (d) § MeOAc; (e)
H20/HCOH; (f) CHaN>.

intramolecular [2+ 2] photocycloaddition8’ Perhydro-1,3-
benzoxazines275a—c were synthesized in a two-step
protocol from (-)-8-aminomentho#f) (Scheme 53). When
an acetonitrile solution of perhydro-1,3-benzoxazi@ésa—c
was irradiated, they afforded cyclization adduZt$a—c as
single diastereomers (Scheme 53). It is interesting to note
that only these geminally disubstituted olefins provided
complete facial selectivity. Cleavage of the chiral auxiliary
from photocyclization adduct®76a—c followed by N-
tosylation afforded enantiopure nitrogen heterocy2léga—c

in modest to good yields (4675%).

6. Transition-Metal-Catalyzed Reactions

6.1. Palladium

6.1.1. Allylic Alkylations

In 2002, Korostylev et & reported synthesis of amino-
phosphite278 (Scheme 54). Complexation @78 with Rh-
(CO)XCl; and observation of the resultingCO) frequency
in the IR and théJ(P,Rh) coupling constant in tiféP NMR
indicated a strong-acceptor ability for the phosphorus atom.
Unfortunately, use a278as a ligand for Pd-catalyzed allylic
alkylation of 276 with dimethyl malonate afforde@77 in
extremely poor yield. Compouriglf8 was outperformed by

In 2003, Pedrosa and co-workers described the use ofphosphite279-281, derived from 1,2-iminoalcohols. All

chiral perhydro-1,3-benzoxazin2g5as chiral templates for

three of these ligands gave much higher yields{86%)
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Scheme 52
COCI
NH, oHC R® —
> < 5
\\OH R N ~ _R?
H
H 270a R'=H, R2= R3-Me
270b R'=H, R2=Ph, R%=Me
45 270¢ R1=R=H, R?=Me 271a R'=H, R2=Me, R3=Me, R*=H, RS=H (93%)

270d R', R2= -(CH,),-

H a
O 4
R
272a R2=Me, R*=H, RS%=H
272b R2=Me, R*=Me, R5=H
272c R2=Me, R*=H, RS5=Me

272d R2=Ph, R4=H, RS=H
272e R2=Ph, R*=Me, RS=H

, R3=H

Ts
274a R?=Me, R*=H, RS%=H
274b R2=Me, R*=Me, R5=H
274c R2=Me, R%*=H, R5=Me
274d R2=Ph, R4=H, RS%=H
274e R?=Ph, R*=Me, RS5=H

271b R'= H R2=Me, R®=Me, R“—Me R5=H
271c R'=H, R?=Me, R*=Me, R*=H, R%=Me(85%)
271d R'=H, R2=Ph, R3=Me, R*=H,
271e R'=H, R?=Ph, R3=Me, R*=Me, R®=H (78%)
271f

H (94%)
RS=H (93%)

R'=H, R?=H, R3=Me, R*=H, RS=H (93%)

271g R'=R2=-(CH,),-R=H, Ré=H, RS=H (83%)

aReagents and conditions: (a) PhMe, reflux; (b) AIFIHF, —10 °C; (c) HsO™; (d) PCC, CHClIy, rt; (e) 2.5 M KOH in THF-MeOH—H0; (f) TsCl,

DIEA.

Table 28. Intramolecular Ene Reactions of
Perhydro-1,3-benzoxazines 271

amide271 time (h) yield (%) products (%)
a 5 95 272a(100)
b 10 92 272b(100)
c 30 86 272c¢(100)
d 3 90 272d(100)
e 15 90 272e(100)
f 45 88 272f(72),273f(28)
g 60 85 2729(45),2739(55)
Scheme 53
NH,  onc R?
OH =, W
R

R 4/ R’

275a R'=R?=Ph, R%=H
275b R'=R2=Ph, R3®=Me
275¢ R'=R?=Me, R3=H

276a 55% only isomer
276b 52% only isomer
276¢ 24% only isomer

than278 Ligand281provided the highest enantioselectivity
for this transformation, affordin@77in 90:10 er.

Scheme 54

PR
OON
(e} O O
OJ\OEt catalyst (2.2-8 mol%), MeO OMe
X [Pd(ally)CI], (1 mol%), X
276 dimethyl malonate, BSA, 277
KOAc, THF, -18 °C
=0 N=—
Bn )}\/NMez
R= O Ph N—
/

278 (3%, 67:33 er) 279 (90%, 79:21 er)

280 (95%, 74:26 er) 281 (86%, 90:10 er)
Mino et al® reported a synthesis of phosphinooxazinanes
285a—d by condensation of aminoalcohd83a-d (made
from 282a-d starting with 154) with 2-diphenylphosphi-
nobenzaldehyde in 200284, Scheme 55). These ligands
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Scheme 55
a,b c
—_— —_— ;1 ’ZOH
o o o0
oH © NHR NHR
154 282a R=Et (36%)  283a (59%)

282b R=nPr (58%)
282c¢ R=nBu (65%)
282d R=Bn (52%)

283b (90%)
283c (65%)
283d (6%)

285a (55%)
285b (47%)
285¢ (64%)
285d (38%)

aReagents and conditions: (a) SQQbyridine; (b) RNB, EtN; (c)
LiAIH 4; (d) 284, pTsOH, pyridine, heat.

Table 29. Pd-Catalyzed Allylic Alkylation of 287 with 286 Using
Ligands 285

OAc Rlo.c. _coR'PA@NICL,  gigc Rico R
BN N 2 *” 285 LiOAc,BSA  ° Y
2 287a R'=Me, R2=H PR
86 287b R'=Et, R?=H 288a-c
287¢ R'=Et, R2=Me
ligand Nu temp pdt yield
285 287 solvent (°C) 288 (%) er
a a THF rt a 85 82:18
b a THF rt a 98 90:10
c a THF rt a 82 87:13
d a THF rt a 13 61:39
b a PhMe rt a 81 93:7
b a PhMe —20 a 50 97:3
b b PhMe —-20 b 73 96:4
b c PhMe rt c 59 80:20
Scheme 56

Z

Ph,p
NH, OH /@ a Php , P
A Pz —_— z
Qb Ph,P "N g0 Y@

o Ob Qb
289

(+)-290 (+)-291

aReagents and conditions: (a) ZnCPhCI, reflux, 6 days; (b) 2\2
dipyridyl, CHCB, rt, 1 h.

(+)-241
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Table 30. Pd-Catalyzed Alkylations of Allylic Acetate 286 with
Dimethyl Malonate (287a) Using f+)-291 as a Chiral Ligand

OAc [Pd@lly)Cll, pmeo.C. _COM
/\)\ +MeO,C._COMe (+)-291, oo Y ? y
2~ \7)evh, :
Ph Ph base, solvent Ph/\/-\Ph

286 287a 288a
base solvent tempgC) time yield (%) er

LiH THF 25 48 h 62 90:109
LiH DME 25 48 h 61 93:79
NaH CHCI, 0 4h 96 94:6 9
NaH THF 0 30 min 99 95:59)
NaH DME 0 90 min 75 96:49)
NaH 1,4-dioxane 25 60 min 78 90:18)(
NaH MeCN 25 24 h 68 93:79
KH CH.Cl, 25 48 h 86 90:109
KH THF 0 60 min 91 94:69
KH DME 0 90 min 62 93:79
KH 1,4-dioxane 25 60 min 63 90:1&\
CsCO; THF 25 48 h 77 90:109)

Table 31. Asymmetric Pd-Catalyzed Allylic Alkylation of
Acetates 286 and 294 with 287a Using Ligands 29293

Ph,P PhZPJ/\/Lj
P

N0 N 0o
LA >
292 293 o o
OAc o o [Pd(ally)292]C (2 mol%),
RTNR Meo OMe e MeOJ\E/U\OMe
S e\
286 R=Ph 287a 288a R=Ph
294 R=Me 277 R=Me
ligand acetate product time (h) yield (%) er
292 286 288a 48 80 99:1R)
293 286 288a 1 99 99:1 9
292 294 277 168 58 77:23R)
293 294 277 24 97 75:259

enantioselectivity (91%) but with slightly slower reaction
time and yield: 90 min and 75%, respectively (Table 30).
Interestingly, the suspension wi#t87aand LiH had to be
refluxed fa 2 h and then cooled to reaction temperature prior
to adding286 and the Pet-ligand complex. If this was not
done, no alkylation occurred. Also, no reaction occurred if
Li,CO; was used instead of LiH. The use of KH did not
noticeably improve the alkylation er’s.

In 2000, Zehnder et &k compared phosphinooxazi@é2
(derived from a 1,3-aminoalcohol) with phosphinooxazoline
293 (derived from a 1,2-aminoalcohol). Both ligands were

were then applied to asymmetric Pd-catalyzed allylic al- used for asymmetric Pd-catalyzed allylic alkylation reactions,

kylation reactions o286 and 287, ligand 285cwas shown

giving excellent enantioselectivity for alkylation 286 but

to give the best yield and enantioselectivity (Table 29). The only moderate selectivity for alkylation &94 (Table 31).
enantioselectivity was further improved by switching to a While oxazine292 generated®77 with an equal or slightly
less polar solvent and lowering reaction temperature, al- higher er, it was not nearly as efficient as oxazol283
though both of these measures resulted in reduced yield. reaction times were significantly longer and yields were

Keay et al. reported the synthesis of spirooxazift@- (
291 from thecis,cis-aminoalcohol ¢)-241in 2004 (Scheme
56) 80 It was found that 4)-291 was effective as ligand in

higher even though neither alkylation went to completion.

A bis(phosphinooxazine) ligand analogous to Phos-Biox
(300) was reported by Lee et al. in 1999 Asymmetric

the Pd-catalyzed allylic alkylation of 1,3-diphenylallyl acetate dihydroxylation of alkene295 gave diol296 in good yield

286 with dimethyl malonate87a(Table 30) to give?288a

with 97:3 er (Scheme 57). Functional group manipulation

A series of hydride bases were employed, and NaH was afforded diamid&97, which was cyclized to bisoxazir98
found to be the best choice. The alkylation could proceed in Substitution of PPhgroups for the fluorides gave a mixture

as little as 30 min in THF at 0C in 99% yield and 95:5 er.

of mono- and disubstituted produ@89, both of which were

Use of the more polar solvent dimethyl ether gave better used as ligands for Pd-catalyzed allylic alkylation 2&6
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Scheme 57

OTBS HO,, OTBS
a i b-e
/\)(V 93% «C 74%
TBSO °  HO OTBS °
; 295 296 (97:3 er)
O

F HNUOTBS to O/_S_i o)

0/_3—5—\0 o/c,/_(\o

—N N— ) _
N N
X Ph,P
PPh, Ph,P
299a X=PPh, (33%)
299b X=F  (20%) 300

aReagents and conditions: (a) (DHQBHAL, OsQ, KsFe(CN}),
K2COs, MeSSQHN,, tBUuOH, H0, 0°C; (b) MsClI, EtN, CH.Cly, 0 °C;
(c) NaNs, DMF, 105°C; (d) Hp, Pd/CaCQ, EtOH, rt; (e) 2-fluorobenzoyl
chloride, EgN, CH,Cly, 0°C; (f) HF-pyridine, MeCN, rt; (g) TfO, iPrEtN,
—78°C to rt; (h) KPPh, THF, rt.

Table 32. Asymmetric Pd-Catalyzed Allylic Alkylation of
Acetate 287a with 286a Using Ligands 299300

o o
OAc O O [Pd(allyl)ClI], (1 mol%),
/\)\ + 299-300 (2.‘3 mol%)MeO/U\__)LOMe
Me ————> :

Ph Ph MeO o S or N p
286 R=Ph 287a 288a R=Ph
ligand base yield (%) er (%)

299a NaH? 66 92:8
299a BSA/KOAC? 99 82:18
299b NaH? >99 98:2
299b BSA/KOAC? >99 97:3
300 NaH? >99 99:1
300 BSA/KOAC? 96 97:3

2 Premixed 1.5 equiv of NaH with 2 equiv @87a P 3 equiv of
BSA and 1 mol % KOAc.

Lait et al.
Scheme 58
o\I g] =/o\| /gj
é JN  PPh, .g JN  PPh,
301a 301b
OAc [Pd(allyl)CI], (2 mol%),
- + MeO,C._COMe " "
Ph Ph 301a (4 mol%),
286 287a NaH, CH,Cl,, 0 °C (99%)

MeO,C.__CO,Me

/\\l
Ph Ph

288a (98:2 er)

Table 33. Pd-Catalyzed Asymmetric Allylic Alkylation of
Vinylogous Sulfonates 302303 with 287a Using Ligand 301a

Ph O 1 o o a Ph ggzme
—_— e
Ph/vR X MeO/U\)J\OMe ph)\/ER 2
302 X=H, Y=8O,Ph 287a
303 X=SO,Ph, Y=H 3°“f"‘
(a) Pd° (catalytic), 301a (catalytic), NaH, Ph OH
of
s0cc Ph/v\R
305a-h
yield of er of yield of
sm R 304 (%) 304 305(%)
302a Me 89 95:5 9 6
303a Me 94 95:5 8 3
302b Et 73 97:39 18
303b Et 80 97:38 11
302c Pr 59 98:29 23
303c Pr 75 98:29 10
302d Bu 63 97:39 24
303d Bu 78 96:4 § 12
302e CH,OBnN 36 97:39 54
303e CH,OBn 61 97:39 30
302f (CH,),0Bn 59 99:19 14
303f (CH,)20Bn 58 99:1 8 10
3029  (CHp)OTBS 63 98:29) 30
303y (CHp):OTBS 78 97:39 12
302h  (CHp).OTBS 65 96:49) 14
303h  (CH,.OTBS 76 96:4 9 9

with 287a(Table 32). Under most reaction conditions tested, were obtained with excellent enantioselectivity. The yields

bis(phosphinooxazin€)99agenerated®88awith moderate

to good enantioselectivity but significantly lower than that

of 288agenerated using bis(phosphinooxazoliBep. Flu-
orinated monophosphir99h on the other hand, ga&88a

in excellent yield with enantioselectivity comparable to that

obtained using800.

In 1996, Evans and Brarfdtprepareds-pinene-derived
phosphinooxazine801, which were also applied to asym-

metric Pd-catalyzed allylic alkylation reactions (Scheme 58).

In the reaction o286 and 287ain THF, excellent yields
(94—97%) were obtained using ligan@91, however, the
enantioselectivity was much higher usiB@la(98:2 er) than
301b (82:18 er)?3@ Reaction in CHCI, improved the yield
to 99%, and $)-288awas still obtained with 98:2 er. It was

were not as impressive, and alcoh®8@5were also obtained

in all cases. The first microwave-accelerated asymmetric
allylic alkylation reaction with=95:5 er was also reported
when 303d gave304din 78% yield with 95:5 er in 4 min.

6.1.2. Heck Reactions

Aminoalcohol45 has also been used as a chiral auxiliary
for intramolecular Heck reactiorf$Precursor806, 307, and
312 were prepared frord5 in the usual fashion. Reaction
with catalytic Pd and PRIin refluxing MeCN gave cycliza-
tion products308-310 and 313—316 (Tables 34 and 35).
While all but one reaction cyclized exclusivelye®o(312b
gave a small amount of @xdoproduct315h), 306awas
the only precursor to give just one product. Use of triflates

also noted that both 1,3-oxazine ligands offered superior 307instead of iodide806further reduced diastereoselectivity
turnover rates over those of the corresponding 1,3-oxazolinesin the cyclization step and regioselectivity in the elimination

under analogous conditions.
Three years later, vinylogous sulfona8&2and303were

of Pd (entries 3 and 5) as well as promoting formation of
decomposition produ@11 Use of AsPhas a ligand instead

also employed as substrates for Pd-catalyzed allylic alkyla- of PPk was noted to increase formation of enamine products

tions using30laas a ligand (Table 33F® The vinylogous

316 (entries 7, 9, and 11).

sulfonate was presented as an improved leaving group over Kiindig and Meief prepared phosphinooxazines in 1999

the more common acetate and carbonates, and pro8ddts

for asymmetric Heck chemistry. Ligan84&8were prepared
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Table 34. Intramolecular Pd-Catalyzed Heck Reaction of
306—307

V@ 306a R'=R2=H, X=|
306b R'=H, R=Me, X=I

NHBz
306¢c R'=R2=Me, X=I JOH
N 306b R'=H, R2=Me, X=OTf ”
R? 306¢ R'=R2=Me, X=OTf
Pd(OAc), (56 mol%), é

PPh; (15 mol%),

TBAB (1equiv.), KOAc (4 equiv.),
MeCN, reflux

é@'w\%

309b R'=H

308a R2=H 310b R'=H
308b R2=Me 309¢ R'=Me 310c R'=Me
entry precursor products (yield, %)
1 306a 308485)
2 306b 308h(72), 310b(12)
3 307b 308b(29),309b(29),310b (291
4 306¢ 309q16), 310c(64)
5 307c 309¢20), 310c (40

a Also isolated degradation prodi&t1in 14% yield.? Also isolated
degradation produc11in 25% yield.

Table 35. Intramolecular Pd-Catalyzed Heck Reaction of
312a—c

(@] 2
l\//\% R ‘E g
N
Vﬁg Pd(OAC), (5 mol%), NO ~ _R?

PPh, (15 mol%),

1
X TBAB (1equiv.), 313a R'=R2=H R
KOAc (4 equiv.), MeCN, reflux 313b R1=H, R2=Me
312a R'=R2?=H, X=I 313c R'=R?=Me

312b R'=H, R=Me, X=I| +
312c R'=R?=Me, X=I

% s
N
316a R'=R2=H
316b R'=H, R2=Me
315b 316c R'=R2=Me
entry precursor products (yield, %)
1 312a 313410), 316a(90)
2 312a 313a(22),316a(78)
3 312b 313h(69), 316b(23),315b(8)
4 3121 313b(26),316b(64),315b(10)
5 312¢ 313¢70),316¢(16), 314c(14)
6 312¢ 313c(57), 316¢(34), 314¢(9)

aUsed AsPhas ligand instead of PRh

from optically pure aminoalcohol317 by acylation of the
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Scheme 59
NH, OH

e

317a R=iPr
317b R=tBu

lad
;E 318a R=iPr
318b R=tBu (51%)
R
O..wPh

@7 + PhOTf — (:7

319 320 79%  321955er

a8 Reagents and conditions: (a) 2-fluorobenzoyl chloridgNEE€H,ClI,,
0—20 °C, 20 h; (b) T$O, CHCl,, 0 °C; (c) EgN, 0—20 °C; (d) KPPh
(1.1 equiv), 18-crown-6 (1.3 equiv), THF~@0 °C; (e) [Pd(dba)kdba]
(1.5 mol %),318b (5 mol %), iPrLEIN, THF, 70°C, 4 days.

Scheme 66
OH

9 ab
Ph)J\ - Ph)\

86a 87a
60-65% yield
59:41 to 60:40 er

a Reagents and conditions: (a) [Rh(COD)ll mol %),278(1—2 mol
%), HSiPhy, PhMe, 0°C; (b) MeOH, KCO; or pTsOH.

with 60:40 er; when the Rh/ligand ratio was 1:8)-87a
was formed with 59:41 er. In terms of both yield and
enantioselectivity, ligan822 outperformed®78 giving 87a

in 74% yield and 79:21 er. While 1,3-iminoalcohol-derived
phosphite323 was also prepared and complexed with Rh-
(COXClI, to show strongr-acceptor ability, it was not tested
in any reaction.

PR
Co”
NWe: o N_o .
R=0,, NZ
Ph  Bn Ph
278 322 323

6.2.2. Catalytic Hydrogenation
Camphor-based aminoalcohols have also been used as

amine, cyclization to the oxazine, and displacement of a skeletons for phosphine ligands. In 2000, Yeung étalade

fluoride group with KPPh(Scheme 59). While both ligands
318were prepared, onlg18bwas used in the Heck reaction
between dihydrofuraB19and phenyltriflate $20), producing
dihydrofuran321in 79% yield with 95:5 er.

6.2. Rhodium
6.2.1. Hydrosilylation

Korostylev et af® performed a Rh-catalyzed hydrosilyl-

exo aminoalcohol283e Reaction 0f283ewith 2 equiv of
PhPCI in the presence of g provided aminophosphine
phosphinite324 (Scheme 61). This ligand was used in the
Rh-catalyzed hydrogenation of enamirg5 giving chiral
amidoesters326 with 95—100% conversion and moderate
to good enantioselectivity (Scheme 62).

6.3. Titanium
6.3.1. Trimethylsilylcyanation

ation of86ausing278as a ligand that gave acceptable yields
between 60 and 65%, but the selectivity was poor (Scheme
60). When the Rh/ligand ratio was 1:R){87awas formed

In 1991, Oguni et af’ used 1,2-amino- and 1,3-imino-
alcohols as ligands for Ti-catalyzed trimethylsilylcyanation
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Scheme 61
a,b c,d 9y e opPh
o OH (o) o= \O 89% 58% 2
NHMe NHMe NPPh,
154 282e s
283e 324

aReagents and conditions: (a) SeQlyridine; (b) MeNHCI, pyridine;
(c) NaBH;, MeOH, —20 °C; (d) BhyTHF; (e) PRPCI, EtN, PhH.

Scheme 62
o) o)
OMe rn(COD)(291)BF, (1 mol%), OMe
— E. 3
R NHAc H, (500 psi), acetone, rt R H NHAc
(R)-326a-1
325a R=Ph
325b R=2-CIC,H, 326a 89:11 er
325¢ R=3-CIC,H, 326b 71:29 er
325d R=4-CIC,H, 326¢ 937 er
_ 326d 92:8 er
325e R=4-FC4H, 326e 9010 er
325f R=4-AcOCgH, 326f 90:10 er
3259 R=3-Me-4-AcOCIC,H, 3269 88:12 er
325h R=4-MeOCH, 326h 91:9 er
325i R=4-NO,C,H, ggg! gfffge; ;
325 R=4-MeCqH, 326k 928 er
325k R=2-Furyl 3261 88:12er
3251 R=3,4-(OCH,CH,)CeH,
Scheme 63
2
R 1
H + on 2, I
R’ H,N OH N._R
3 3
OH O R™ R I 3
R
HO R®
327a R'=H 328a R2=iPr, R%=H 329a R'=R3=H, R2=iPr
327b R'=tBu  328b R2=iPr, R%=Ph 329b R'=tBu, R2=iPr, R3=H

328¢ R2=iBu, R%=H 329¢ R'=tBu, R2=iPr, R3=Ph

329d R'=tBu, R?=iBu, R%=H

aReagents and conditions: (a) & (5 equiv), MeOH, reflux, 18
72 h.

Scheme 64
O TMSCN, Ti(OIPr), (20 mol%),
R H

OTMS

329b (20 mol%), DCM, R
—78°C, 20-44 h

162a R=Ph

CN

330a 67% (93:7 er, R)

Scheme 65
NH, [;\
a-e |
R OR - o N, R’
(o] Cu /E 2
\
31 KRR

Lait et al.

332 R'=Me, R?=2-OcO-4-tBuCzH,

Q f
)Q/ﬁ/ + NZQ)J\OR—>

333 334a R=Et
334b R=L-menthyl

X@ A
coRr’

335a R=Et
335b R=L-menthyl
+

K//k
CO,R

336a R=Et
336b R=L-menthyl

aReagents and conditions: (@NgX; (b) H.O; (c) salicaldehyde; (d)

Cu(OAc); (e) NaOH.

6.4. Copper

6.4.1. Carbenoid Reactions

Aratani prepared copper complexg22in 1985 that are
derived from both a 1,3-iminoalcohol and a variety of 1,2-
aminoalcohols. Addition of Grighard reagents to aminoacids
331, condensation with salicylaldehyde, and complexation
with copper afforded chelate332 (Scheme 65§ These
complexes were then used to catalyze formation of the copper
carbenoid fronB834g which reacted with dien833to give
ethyl trans-chrysanthemat835a A wide variety of alkyl

(R* = Me, Bn,iPr, iBu) and aryl (R

= Ph, 2-MeOGHs,

2-BuOGH,4, 2-BuO-4-MeGH,4, 2-BuO-4-PrGH,, 2-BuO-
4-tBuCgH,4, 2-OcO-4tBuCsH,) substituents were tested, and
the enantioselectivity of the reaction increased as the bulk
of the R groups increased. The highest er obtained was 85:
15 with catalyst332 in which R = Me and R = 2-OcO-
4-tBuCgH4. Using R)-332 a wide variety of alkyl diazo-
acetates334 were studied (R= Et, iPr, Cy, tBu, 2-Oc,
CHMePh, CMgPh, CMeiPr, CM&Pr, L-menthyl, b-neo-
menthyl, L-adamantyl). Generating the carbenoid3#4b
gave335with the highest enantioselectivity; a 93:7 mixture

of 335b and 336b was obtained with

97:3 dr fd335h

Cyclopropane carboxylic acid337 and 338 were also

152b R=4-MeOCH,
162i R=Cy

152k R=4-MeC.H,
1520 R=2-naphthyl
152p R=2-thiophenyl

330b 62% (95:5 er, R)

330i 72% (83:17 er, R)
330k 68% (85:15 er, R)
3300 76% (87:13 er, R)
330p 60% (90:10 er, R)

synthesized using this chemistry. These acids are precursors
to natural products such as cilastat889). Using §-332
an 85:15 mixture otigtrans 337 was obtained, and thas

152(] R=(CH2)1UMS 330q 48% (83:17 er, R)

of aldehydes. Condensation of aldehy®25 with amino-
alcohols 328 gave ligands329 (Scheme 63). Reaction
conditions were optimized using substra&2a and ligand

329b was found to give the highest enantioselectivity for
330a Trimethylsilylcyanation of the remaining aldehydes
proceeded with moderate yields, and enantioselectivity varied
from moderate to good (Scheme 64). It should be noted that

isomer was formed with 95:5 er. Usin®)¢332 338 was

obtained in 96:4 er. Finally, Aratani

react8@2 and 334a

with alkenes340—-346to study the stereoselectivity in the
formation of cyclopropane847—353 (Table 36).

HO

(6}
3

Cl H
Z OR N
Cl Z
0 o]
37 338

329agave the opposite sense of chiral induction to the other 7. Radical Cyclizations

three ligands, presumably due to its lack of a bulBy group
ortho to the phenol. Ligand829 were also observed to
accelerate the reaction, and trimethylsilylcyanatiorl 52a
proceeded six times faster catalyzed by3B8b—Ti complex
than by Ti(QPr), alone.

7.1. Tin-Mediated Cyclizations

CO,Na

S/YCOZH
NH,
339

The preparation ofi4 from 45 by hydrogenolysis of the
benzyl group has already been described (Scheme 8). This
allows two different groups to be attached at the nitrogen,
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Table 36. Synthesis of Cyclopropanes 347353 by 332-Catalyzed
Carbenoid Insertion into Alkenes 340-346

\/RC 332+ 334a
Rl /AY\RZ
R’ ROC R
340 R'=R2=H, R3=Ph 347
341 R'=R2=H, R3=(CH,);CH, 348
342 R'=R3=Pr, R2=H 349
343 R'=PMP, R2=H, R®=Me 350
344 R'=H, R?=R3=Ph 351
345 R'=H, R2=Me, R®=Ph 352
346 R'=R2=R3=Me 353
catalyst
332 alkene pdt cigtrans cisdrt transdr
R 340 347 14:86 77:23(82R) 85:15(1S29
S 340 347 1882 89:11(R29 90:10 (R2R)
R 341 348 17:83 73:27(§2R) 88:12 (1529
S 341 348 22:78 82:18(R29 92:8 (R2R)
R 342 349 nla n/a 91:9 (339
S 342 349 nla n/a 92:8 (R,3R)
R 343 350 9:91 72:28 90:10
9 343 350 12:88  80:20 90:10
(R 344 351 nla n/a 88:129
(©) 344 351 nla n/a 82:18R)
R 345 352 40:60 937 84:18
9 345 352 36:64 84:18 79:21
R 346 353 7921 (IS3RY© (1S39°
€] 346 353 7723 (R39° (1R3R)°

aDetemined by GC (R= L-menthyl).? Absolute stereochemistry
not reported® de not reported.

Scheme 66
PhSe
O § ﬁ\
45 354a R1=R2=R3= H(83%) 355a-e
354b R'=Me, R2=R3=H (98%) en
354¢ R'=Ph, R?=R3=H (82%) l
354d R'=R2=H, R%=Me (78%) R®
354e R'=R%=H, R2=Me (82%) 1 o2 |
R/,,,,R/f,,’ o
+
N Y
H
356a-d 42

aReagents and conditions: (a) PhSeGHERO, CHCly, rt; (b) acryloyl
chloride, EtN, 0 °C; (c) crotonyl chloride, pyridine, 8C; (d) methacryloyl
chloride, TMEDA, 0°C; (e) BuSnH, AIBN, PhH, reflux; (f) LiAlHs (5
equiv), AICk (2 equiv), THF; (g) PCC; (h) KOH, MeOH, THF.
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Table 37. 5exotrig Radical Cyclization of Selenides 354 to
Pyrrolidines 356

sm pdt vyield C2ratid pyrrolidine  yield®
354 355 (%) (RS dr° 356 (%)
a a 94 n/a 81:19 a 55
b b 87 59:41 82:18 (R) b 64
82:18 (D
c d 82 onlyR 72:28 d 62
d d 84 n/a 81:19 d 55
e e 81 n/a >99:1 d d

a Combined yields of diastereomers (after separation by chromatog-
raphy).” Determined by*H NMR. ¢ Isolated yield 0f356 from major
diastereomer 0855 ¢ Not reported.

Scheme 67
RL_R? R’
%NOJ 0 r
a " b-d \
_a . N R
! T
SePh

357a R'=R2=H (66%)

357d R'=H, R2=Me (89%)
357e R'=H, R%=Ph (90%)  358e 90% (53:47 dr) (S)-356e  49%
357f R'=R?=Me (77%) 358f 89% (>99:1dn*  (R)-356f 62%

a2 Reagents and conditions: (a)£8nH, AIBN, PhH, reflux; (b) LiAlH,
(5 equiv), AICk (2 equiv), THF; (c) PCC; (d) KOH, MeOH, THF. *
indicates other diastereomer from that shown above.

(S)-356a 60%
(S)-356d  52%

358a 82% (56:44 dr)
358d 85% (61:39 dr)

Scheme 68

360a 84% (68:32dr) (R)-356a (60%)
360d 89% (65:35dr)  (R)-356d (52%)
359e R'=H, R?=Ph (84%) 360e 90% (48:42dr) (R)-356e (51%)
359f R'=R2=Me (84%)  360f 90% (66:34 dr) (S)-356f (not reported)

a2 Reagents and conditions: (a) #8nH, AIBN, PhH, reflux; (b) LiAlH,
(5 equiv), AICk (2 equiv), THF; (c) PCC; (d) KOH, MeOH, THF.

359a R'= R2 (96%)
359d R=H, R?—Me (97%)

diastereomerically pur855e (+)-Pulegone 42) was also
recovered and could be recycled to resynthed&z¢Scheme
8).

Three years later, Pedrosa et’%lalso reported the
synthesis of pyrrolidine856 by 5-exatrig radical cyclization
of selenides357 and 359 Condensation ofi5 with a Se-
substituted aldehyde, reductive opening of the oxazine, and
condensation of the resulting amine with)5-unsaturated
aldehydes gave selenid@s7in moderate to excellent yield.

and the auxiliary can be used to control the stereochemicalSn-mediated radical cyclization of these precursors §a&
outcome of an intramolecular reaction between these two (Scheme 67). In most cases, while good yields were obtained,

groups.
In 1996, Pedrosa et al.
intramolecular Sexatrig radical cyclizatiorf® Condensation

the diastereoselectivity of these reactions was poor. A notable

applied this strategy to an exception to this rule was dimethyl-substitut&sl7f, which

gave only one observable diastereomer 3H8f. After

of 45 with a Se-substituted aldehyde followed by acylation separation of the diastereomers 868 cleavage of the

afforded selenide854 in good to excellent yield (Scheme

auxiliary (vide suprg proceeded to give pyrrolidineds6in

66). Sn-mediated radical cyclization of these precursors gavemoderate yields. Condensation 46 with the same Se-
355(Table 37). Moderate diastereoselectivity was observed substituted aldehyde followed by alkylation with allylic

in most cases; howeveB54e gave only one observable

diastereomer 0855e The ratio of epimers at C2 &54b

bromides gave selenid8%9in good to excellent yield. Sn-
mediated radical cyclization of these precursors g6@&n

(Scheme 66) was found to be irrelevant, as either epimergood yield but with poor diastereoselectivity (Scheme 68).
gave the same result as a 1:1 mixture. ChromatographySeparation of the diastereomers was again achieved by
allowed separation of the diastereomers, and reductivecolumn chromatography, and subsequent cleavage of the
opening of the oxazine followed by oxidation of the alcohol auxiliary (vide suprg gave pyrrolidines356 in moderate

and retro-1,4-addition gave pyrrolidin@56 in moderate

yield. Oddly, no auxiliary removal was reported for the

yields. While45 was not a particularly effective auxiliary
in most of these cyclizations, it also functioned as a resolving
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Scheme 69

%jii’;”%ﬁ/

SePh
PhSe
361a R'=R2=H (70%)
361b R'=TBS, R2=H (54%)
361c R'=H, R2=Me (91%)

362a R'=R2=H (95%, 62:38 dr)

362b R'=TBS, R?=H (50:50 dr)

362c R'=H, R2=Me (98%, >99:1 dr)
aReagents and conditions: (a) DIBAL-H,°C; (b) TBSCI, DMF; (c)

BuzSnH, AIBN, PhH, reflux; (d) PCC; (e) KOH, MeOH, THF; (f)
R'RC=CHCH;Br, K,COs, MeCN, reflux; (g) MeMgl, E5O.

357f

o

356f R=H (63%)
3569 R=Me (67%)

agent, and enantiopure pyrrolidines could be obtained by
chromatographic separation of the diastereomers of cycliza-
tion product prior to auxiliary cleavage.

In another variation on this theme, both reagents for a
5-exatrig radical cyclization were attached to the nitrogen
atom of 45 while the alcohol was either left unsubstituted
or protected as a silyl ether (Scheme 69eductive opening
of oxazine357f gave361g which, upon reaction with Byl
SnH and AIBN, gave362ain good yield but low de. TBS
ether361b was prepared fron361g and its cyclization to
362b gave no observable diastereoselectivity, which sup-
ported the theory that hydrogen bonding of the alcoholic
proton may have played a role in the small amount of
stereoselectivity that was obsen/@dVhen oxazine57fwas
opened with MeMgl361cwas obtained as a single diaste-
reomer. Unlike361aand361b, 361creacted with excellent
diastereoselectivity upon treatment withg8aH and AIBN,
giving 362cas a single observable diastereomer. Cleavage
of the auxiliary ¢ide suprg from 362a and 362c gave
pyrrolidines356f and 356gin moderate yield.

In 1999, Pedrosa et &.also reported use df5 as a chiral
auxiliary for the synthesis of pyrrolidine356 via radical
cyclizations not involving selenides. Treatment of oxazine
363awith BusSnH and AIBN gave a mixture 64a—367a
while oxazine363bgave only364band366bunder the same
reaction conditions (Scheme 70). In both cases, the diaster-

eomers were separated by chromatography and, as with

Pedrosa’s other work in this area, cleavage of the auxiliary

gave pyrrolidines356 and (+)-pulegone 42, vide suprg,

as the initial reduction step also cleaved the®ugroup.
Pedrosa et al. 's most recent contribution to asymmetric

synthesis of pyrrolidines involved the use of sulfanyl radicals

in a study of 5exatrig cyclizations using derivatives db

as chiral auxiliarie$® As before, oxazine363were prepared

by condensation of45 with an aldehyde followed by

acylation with an acid chloridevide suprg. Pure diastere-

omers were obtained except f863e which was a mixture

of E- andZ-isomers. Refluxin@@63awith PhSH and AIBN

in benzene gave an inseparable mixture of diastereomers

Better selectivity was obtained for reaction3f3b, and the

major product was identified @&68h No diastereoselectivity

was observed for the reaction @&63c which gave an

equimolar mixture of products whilgé63dgave a 7:3 mixture

Lait et al.

Scheme 70

(0]
Eg :NA/\/
o)m R'
363a R'=H, R2=Ph
363b R'=R2=Me

/L
*\wﬁ SR

364a (59%

Bu,SnH, AIBN
PhH, reflux

365a (16%)
364b (68%) a (16%)
: R %
SnBu3 SnBu,
366a (21%) 367a (4%)
366b (32%)

Scheme 71
1

R
§\ §50 2 PhSH, AIBN,
N \ R PhH reflux
(@]
:g: T eow
R4

363a R'=R%*=R*=H, R2=Ph
363b R'=R*=H, R?>=R3=Me
363c R'=R?=Me, R3=R*=H
363d R'=H, R>=R3=R*=Me
363e R'=R*=H, R?>=CH,SPh, R3=Me

1
o R R,
Le “sPh

o
368a-d

=

370e

Ph

PhSH, AIBN,
PhH, reflux

of 368d and369d By far, the best result was obtained for
the mixture of E)- and )-363e which gave only one
diastereomer of produ@70ein good yield (Scheme 71).
Not only was this reaction stereoselective, it was also
catalytic in thiol, proceeding to completion even when only
0.3 equiv of PhSH was added.

As precursors for more radical cyclizatioffgxazines371
and 372 were prepared fromd5 in 56% and 76% yields,
respectively (Scheme 72). Unfortunates was not a
particularly effective auxiliary. Treatment 871 with Bus-
SnH and AIBN gave @&xo cyclization product373aand
373bin a 3:2 ratio alongside 16% yield of debrominated
starting material. Interestingl\372 gave 7endocyclization
product374in 70% yield under the same conditions.

7.2. Yang Photocyclization Reactions

An example of a radical cyclization not involving Sn-
generated radicals is the use 48 as a chiral auxiliary in
the Yang photocyclization in the synthesis of azetidin-3-ol
derivatives381 (Scheme 73§° In 2005, Pedrosa and co-
workers focused on the photocyclization of chiral perhydro-
1,3-benzoxazined375 A 0.02 M solution of perhydro-1,3-
oxazine in MeOH, benzene, or MeCN was irradiated. The
resultant cycloadducts were separated by column chroma-
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S5p

2
373a R'=Me, R2=H (50%)
373b R'=H, R2=Me (34%)

200
e
e

aReagents and cond|t|ons. (a) allyl bromide;GOs, MeCN, rt; (b)
2-bromobenzaldehyde, PhMe, reflux; (c) 8aH, AIBN, PhH, heat; (d)
2-bromobenzaldehyde, GHI,, rt; (€) NaBH,, ELO-BF3, THF; (f) acrolein,
PhMe, reflux.

Scheme 72

76%
0%

Scheme 78

375a R'=H, R?= -CH=CH,
375b R'=Ph, R?= -CH=CH,
375¢ R'=Ph, R?= -CPh=CHEt
2 375d R'=Ph, R?=Ph

375e R'=4-MeOPh, R?=Ph
375f R'=2-Furyl, R2=Ph

3759 R'=Ph, R?=3,4-(MeO),Ph
375h R'=Ph, R?=Ph

375i R'=Me, R?=Ph

W A ek
HO&R O%OH O} Nk

R2 R' 2
R
377a-h 378ac 379a-i
| W
TsN OHC
,e—1=0Bn R2
RO R 380a-i
381a-g

aReagents and conditions: (), 0.02 M solution in solvent; (b) NaH,
BnBr, THF; (c) LiAlH3, AICI3, ThF; (d) PCC, CHCI, rt; () KOH, THF—
MeOH-H0; (f) TsCl, DIEA.

tography. The stereochemistry of the products was then

determined by COSY and NOESY experimenitsAllyl
derivatives 375a—c were found to cyclize to give two
diastereomers:377a—c as the major an@78a-c as the

minor diastereomer (Scheme 73, Table 38). In contrast, the

N-benzyl derivative875d—g gave only one diastereomer,
377d—g. Observed byproduct879a and 380 arose from
Norrish Type | fragmentation. Cleavage of the chiral
auxiliary followed byN-tosylation gave azetidin-3-ol deriva-
tives 381

8. Miscellaneous Uses of 1,3-Aminoalcohols

8.1. Synthesis of Chiral Phosphorothioates
Oligonucleotide phosphorothioatd88 (PS-0ligos) are of
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Table 38. Yang Photocyclizations of Perhydro-1,3-benzoxazines
375

sm temp time yield? product
375 solvent (°C) (h) (%) ratio? (%) byproducts
a MeOH 25 35 379a(15)
380a(5)

a GCgHs 25 35 40  377a(68) 379a(2)
378a(32) 380a(9)

a MeCN 25 35 50 377a(82) 379a(2)
378a(18) 380a(8)

a MeCN 5 56 32 377a(83) 379a(2)
378a(17) 380a(16)

b  MeCN 25 7 56  377b(79) 380b(20)
378b(21)

c MeCN 25 5 2F  377c(94) 380c(4)
378c(6)

d MeCN 25 4 60 377d(>96)Y 380d(6)

e MeCN 25 5 58 377e(>96¢ 380e(11)

f MeCN 25 3 55  377f(>96)Y  380f(7)

g MeCN 25 4 56  377g(>96fF  380g(13)

h  MeCN 25 9 6 380h(40)

i MeCN 25 43 379i(25)

aYields refer to pure diastereomer878 and 379 after flash
chromatography? Determined byH NMR. ¢ 29% enamine byproduct.
4 Only one diastereomer was detectedbyNMR.

Scheme 734
R

\ R a No\ b
N —_— ‘ll’ -
\
H HO Cl

382a R=H

382b R=CN 383a-c

382¢ R=N(Ac)iPr

T
(\NH RO o
NMH
Vi H OR'
3

T®OH: R=TBDMS, R'=H
TSOH: R=H, R'=TBDPS

T=thymidine

385a-c X=lone pair

386a-c X=S
T
HO o
e
Q
=P, f ot®
*NBu, / “O o T
S NEt, HOX P., “oTs
OH
388 387b,c

a2 Reagents and conditions: (a) BCEBN, CHsCN or THF, 0-60 °C;
(b) T2OH, 0 °C, 22-32% (2 steps); (c) YOH, DBU; (d) Beaucage’s
reagent, 7478%; (e) 28% NHOH, 50°C, 0.5 h; (f) TBAF, DMF.

method for the preparation of oligonucleotide phosphorothio-
ates 388 (PS-Oligos) using indole882a—c as starting
materials (Scheme 74jMixing 382a—c with PCk provided
383a—c, which were immediately treated witt¥ DH, giving
384a-c. Treatment with a second sugar provided ring opened
products 385a—c, which were immediately reacted with
Beaucage's reagent to give phosphorothioad&&a—c.

interest to many groups due to their therapeutic potential Hydrolysis of the indole moiety i886bandc was effected
(Scheme 74%¢ As previous procedures for the preparation with 28% ammonium hydroxide, givin888 after removal

of PS-Oligos388 always resulted in mixtures of' 2liaster-
eomers whera is equal to the number of internucleotidic

of the silyl protecting groups frorB87 with TBAF. Interest-
ingly, the indole in386a could not be removed under a

phosphorothioate linkages, in 1999, Just et al. developed avariety of conditions, which resulted in the authors preparing
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Scheme 75 Table 39. Regio- and Stereoselective Methoxy-selenenylation
Reactions with 391a-h

2 1
on o Ff PhSeCl sm391 tempC) time(h) vield (%} products (ratid)
NHR'™— AR ——> P y 7 P
MeOH, DCM a —-15 24

a 22 48 93 392a(>96)
45 R'=H 391a R1=H, R*=Ph b 22 168 70 392b(>96)
44 R2=Bn 391b R'=H, R2=2-NO,-C¢H, . 59 168 79 392¢(>96)
391c RI=H, R*=4-NO, CH, d 22 24 95 392d(58)
391d R'=H, R2=2-MeO-CH, 393d(42)
391e Ri=H, R2=4-MeO-CeH, d 22 72 93 392d(35)
391f R'=H, R=Me 393d(65)
391g R1=Bn, R*=2-MeO-CoH, d 15 24 08 392d (> 96)
391h R'=Bn, R2=2-MeO-C,H, e > 54 96 392¢(50)
R SePh H sePh 393e(50)
% % §/§/ e 15 48 96 392¢(>96)
f 22 72 89 392f(>96)
H
MeO OMe g 22 9% 76 392g(81)
i 393g(19)
392a-h -h
. 393a g 4 168 43 392g(88)
;SnH, Ph,SnH, 393g(12)
AIBN, toluene AIBN, toluene d
110 °C 110 °C h 22 108 78 392h(50)
393h(50)
R " h -15 168 60 392h(>96)
% o 2 o avyi
R 2 Yields refer to pure compounds after column chromatography.
NWH NWWSM ® Determined byH NMR or the reaction mixtures.22% of391bwas
MeO H © recovered? 0% of 391cwas recovered: 16% of391gwas recovered.
394d.,f 395d f51% of391gwas recovered? 20% of391hwas recovered! 31% of

391hwas recovered.

the b and c series in Scheme 74. Cleavage of the indole
moiety in theb series was accomplished by the classical Scheme 76

B-elimination of a cyanoethyl grouf§,while in thec series, N\

. . - . X > HO. .—~N-Bn
the indole is removed via neighboring group participativn. OH ab C(\OH i
Initial work by Just et al. employing imidazooxazaphospho- (r a5 N BT Br
rine 389 was unsuccessful due to its unexpected high NHBn BnY
reactivity along with difficulties in preparing starting materi- 399 400
als®o o 0

In 2000, Just and co-workers also developed chiral z \(lL . c z .
auxiliary 390 for the stereoselective synthesis 8888! Lz R - = R R

Compound 390 was found to be very selective when 401 RI=OEt, RP=Z=(CH,),CO 408a RI=OEt, Ré=Z=(CH,),CO, Re=ally

synthesizing388, giving a 40:1 ratio of th&e-isomer to the 402 R'=Me, R?=Z=(CH,),CO 405b R'=OEt, R?=Z=(CH,),CO, R%=Bn
Rp-lsomer. Agxﬂlary 390 yvas found to be partlc_ularly 403 R'=OFEt, R=7=(CH,),CO 406 R'=Me, R2=Z=(CH,),CO, R3=allyl
attractive, as it can be derived from tryptophan, an inexpen- 404 R'=OEt, Rz=Ph, Z=CN 407 R'=OEt, R?=Z=(CH,),CO, R*=Me
sive and readily available amino acid. It was also demon- 408 R'=OFEt, R?=Ph, Z=CN, R3=allyl
strated that this methodology was compatible with solid-  aReagents and conditions: (a0, HCQH:; (b) MeBr: (c) FX (1.1
phase synthesis of PS-Oligos. equiv), 399 (5 mol %), 10% NaOkig), CHCl, 0°C

Q 8.3. Resolving Agents
WD Aminoalcohol (-)-84 was reported in 1997 as a resolving
N“™ N-gn agent for mandelic acidB@6), although it was not as efficient
~ asa-methylbenzylamine397).83

390

; : Bn : NMe, OH
8.2. Regio- and Stereoselective Phng\/ )}( @2\

Methoxyselenenylation Reactions

Pedrosa et al. have recently (2006) shown that 2-vinyl-
perhydro-1,3-benzoaxazine€d91a—h undergo regio- and :
stereoselective methoxyselenenylation reactions (Scheme84 Chiral Phase Transfer Catalyst
75)8 The starting olefins391a—h are easily prepared by In 1979, Saigo et & prepared {)- and (+)-399 from
condensation of«)-8-aminomenthol derivativé5 or 44 with optically pure (+)- and (-)-398 (Scheme 76). This was the
o,f-unsaturated aldehydes. Treatment 3%la—h with only example found of a 1,3-aminoalcohol-based chiral phase
PhSeCl in MeOH/CHKLCI, afforded either one diastereomer transfer catalyst. Application &9to asymmetric alkylation
392a—f,h or a mixture of diastereomer392d,e,g,hand of activated methylene compoundi8l—404 gave405-408
393d,e,g9,h (Table 39). Subsequent deselenenylation on with enantioselectivities comparable to those obtained using
392d,fand393d was accomplished by treatment withsPh ~ commercially available 1,2-aminoalcohol-derived chiral phase
SnH and AIBN in refluxing toluene to giv@94d,fand395d, transfer catalysB99(Table 40). Saig¥ and FiauéP reported
respectively. only the optical rotation of their alkylation products; however,

(+)-84 396
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Table 40. Asymmetric Alkylation of Doubly Activated Methylene
Compounds 401-404 to 405-408 Using Chiral Phase Transfer
Catalysts 399 and 400

yield [alp® lit.P[alp

catalyst sm R pdt (%) (deg) (deg) ef
(—)-400 401 allyl 405a 85 —8.2 —100.4Q" 54460
(—)-399 401 allyl 405a 84 —7.4 —100.4QY 54:460
(+)-399 401 allyl 405a 79 +7.7 —100.4Q" 54:46R)
(+)-399 401 Bn 405b 71 +4.7 -514+19 54:46
(+)-399 402 allyl 406 68 +18.2 +254()9 53:470
(—)-400 402 allyl 406 90 —23.5 +254()9¢ 55:145R)
(—)-399 403 Me 407 65 +1.7 -16.09Q" 55450
(—)-399 404 allyl 408 86 +0.4 i

aAll optical rotations measured in CHEP Maximum reported
optical rotation for enantiopure produét-or clarity, enantiomeric
excesses have been calculated from the reported optical rotétides.
ref 86.¢Reported value was-3.558 for material with 7+ 3% ee;
see ref 87! Absolute stereochemistry of product not reporteSee
ref 88." See ref 89! No literature value could be found.
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