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CHAPTER |

BRONSTED ACID CATALYSIS OF REACTIONS INVOLVING CARBN-OXYGEN
AND CARBON-NITROGEN PI BONDS

1. 1. Brgnsted Acid Catalysis

The proton is the smallest Lewis acid as well as argutildycheapest and most
abundant. Mineral Brgnsted acids have been utilized inn@rgand inorganic
transformations for as long as chemistry has been dtudet protons have been utilized
by enzymes both for the catalysis and stereoinductioa wériety of reactions long
before chemistry was pursued as a scientific discipBtetegically placed protons in the
conformationally restricted binding site of serine preésais responsible for the resulting
selectivity and reactivity of these enzymes.

Nature has certainly realized that the strong Lewityonf the proton allows it to be
a rather effective reagent. However, other Lewis ab@#e received greater attention
over the four decades since Yates and Eaton demonstraedIutminum chloride
catalyzed Diels-Alder reaction.lt is difficult to speculate as to the motivatiori o
scientists to focus on Lewis acid reagents. Brgnsteth asid Lewis acids are typically
able to effect the same transformations. Lewis aade targer nuclei and are capable of
higher coordination numbers and highly ordered coordinatiomge@s. In contrast a
proton would seem to lack these same design features. &ghéne well studied
phenomena of hydrogen bonding could be an example of bidecwardination to a

proton, examples of higher coordination numbers areyrareterved. The spherical

! Yates, P.; Eaton, B. Am. Chem. So&96(Q 82, 4436.



nature of the 1s orbital would not likely allow for oreércoordination geometries. Lewis
acids are able to bind chiral nonracemic ligands in addito a carbonyl or imine
allowing for high levels of stereoselectivity in the r@@as in which they are employed.
These Lewis acid complexes are mild enough to accommoéacttive nucleophiles such
as silyl enol ethers while maintaining sufficient Lewsdity to catalyze a reaction and
do so at very low catalyst loadings. Some highly sisfuaegxamples of these elements
are demonstrated with Evans’ copper (I) complexes Witk and pybox ligandsand

Jacobsen’s chromium (I11) complexes with Salen ligafeigure 1)

Figure 1. Examples of Lewis Acid Catalyzed Asymmel

Reactions
2+
X
| j 2 SbFg
=
N O,
o |\>
N—Cu—N
Ph 3 Ph
Si(CH
o o SCFes 0.5 mol% 3 oH o W
BnO\)J\ )\ TN BnO\/I\/U\
H OCHCH, CH,Cl,, -78 °C OCH,CHs
1 2 (99%) 4
99% ee
HIII H
_N\Cr/N_
'Bu o/,\'js\o 'Bu
6
By Bu
A 1 mol% 6 /Olii(iHS)S @
/A > N
o™ o TSN e N
(98%) 97% ee

Strong Brgnsted acids would be expected to protonate sibll ethers, reverting

them to the corresponding ketone. Furthermore, Brgnstied &pically facilitate the

2a) Evans, D. A.; Murry, J. A.; Kozlowski, M. @. Am. Chem. So&996 118 5814. b) Johnson, J. S.;
Evans, D. AAcc. Chem. Re200Q 33, 325.

% a) Jacobsen, E. Mcc. Chem. Re200Q 33 421. b) Sigman, M. S.; Jacobsen, EJNAm. Chem. Soc.
1998 120 5315. ¢) Yoon, T. P.; Jacobsen, E Sdience2003 299 1691.



elimination of p—hydroxy ketones to affordy,p—unsaturated ketones. Onaka and

coworkers did report a Mukaiyama aldol reaction in presemnee aatalytic amount of

OSi(CHa)s HiCcO O

HyCO - OCH3 1 mol% TfOH
X CH,Cl, 78°C P @
Ph” H 212 "
(80%)

10
10:1 dr

triflic acid in which thep—methoxy ketondlO was isolated (eq 3)However, since it
showed similar results to trimethylsilyl triflate it possible that triflic acid is simply
silylated in the reaction leading to TMSOTf Lewis acatalysis. Furthermore, the enol
silane was derived from a symmetrical ketone, which wooldprovide any information
about the regioselectivity of enol formation.

Brgnsted acids have been used in substoichiometric amfauntsactions such as
esterification, acetal formation, and rearrangeniémere exist numerous examples of the
use of an equivalent or more of Brgnsted acid to faeililatange of tranformationsthe
focus here will be on Brgnsted acid catalyzed reactiovishiing activation of ketones,
aldehydes, or imines.

There has been a renewed interest in recent ye8rsirsted acid catalyzed reactions
as a means to reduce the amounts of organic wasteianaagd the use of toxic metdls.
Catalysts that are stable to air and stored at amlgimuerature are also desirable. Triflic

acid, for example, is not easily oxidized and is rgadiied and distilled as a liquid,

* Kawai, M.; Onaka, M.; Izumi, YBull. Chem. Soc. Jp98§ 61, 1237.
®> Howells, R. D.; Mc Cown, J. IChem. Rev1977, 77, 69.
® Akiyama, T.Chem. Rev2007, 107, 5744.



which in turn can be easily measured and dispensed by slasgiamnge techniques.

Triflicacid has also been shown to be an effectitalgst in a range of solvents.

1. 2. Achiral Brgnsted Acid Catalyzed Additions to Carbonyls

OH

@]
TfOH (20 mol%
H SnBus ( moo) N @)
CH.Cl,, -70 °C
Oz O
1"

(>95% vyield) 12
4:1dr

Denmark and co-workers utilized stoichiometric amountsriflic acid to promote
the addition of allyl silanes and allyl stannanes totatdes’ The first report of a triflic
acid catalyzed reaction of an allylstannane with anhgidie was by Yamamoto in 1993

(eq 4)® In 1999, Loh and co-workers showed a similar transfoonatias also effected

Q TfOH (20 mol% OH
P —>Hé o ) PP
Ph” “H 2 Ph X
13 14 i 15
(65% yield)

in water (eq 59.List and co-workers recently reported that the additiballyl silane

2 mol% OCHs
HsCO_ OCHs 2,4-(NO,),PhSOzH
X \/\S‘Mes CHLCN, 25 °C R! ©
R1 RZ 3 1 RZ \
16 17

18a; R'=Ph, R%=H, (99%)
18b; R'=n-hex, R?=H, (84%)
18c; R'=Ph, R%=CHj, (82%)

"a) Denmark, S. E.; Willson, T. M. Am. Chem. So989 111, 3475. b) Denmark, S. E.; Weber, E. J.;
Wilson, T. M.; Willson, T. M.Tetrahedronl989 45, 1053.

8 a) Gevorgyan, V.; Kadota, |.; Yamamoto, etrahedron Lett1993 34, 1313. b) Kadota, |.; Kawada,
M.; Gevorgyan, V.; Yamamoto, Y. Org. Chem1997, 62, 7439.

° Loh, T. P.; Xu, JTetrahedron Lett1999 40, 2431.



17 to acetalsl6 can be performed with several different Brgnsted awitls very low
catalyst loadings (eq 89.Hall and co workers reported that the addition of ¢litlyl

boronate20 to aldehydesl9 could be catalyzed by either triflic acid or triflined

Q S e TfOH (10 mol%)
R1J\H CHS:CK\ES)\K toluene, 0 °C, 16h O}% @
(upto 79%yieldy ~ R' 21 CHa
up to >19:1 dr
(eq 7)™ Triflimide has also been reported to catalyze the Mukadyaldol reaction, but
it was not determined that a proton was the actual satalyriflic acid can also catalyze
the condensation of aldehydes with phenol at elevatesspres?

In 1942, Wassermann reported that trichloroacetic acid aatedethe rate of the

Diels-Alder reaction between cyclopentadiene and bguinone!* More recently

HBF (20 mol%)

O
o or TFOH (10 mol%) R “‘”\x )
—_— v
RS/\)J\XC CH.Cl,, -78 °C M) ?

R! R? R? R
22 23 (up to 95% vyield) 24

up to >98:2 dr
up to >150:1 endo:exo

Diels-Alder reactions utilizing chiral nonracemig—unsaturated keton@2 were found

to proceed with high levels of diastereoselectivity wigither triflic acid or

19 Kampen, D.; List, BSynlett2006 2589.

3a) Yu, S. H.; Ferguson, M. J.; McDonald, R.; Hall,@®J. Am. Chem. So2005 127, 12808. b) Elford,
T. G.; Arimura, Y.; Yu, S. H.; Hall, D. Gl. Org. Chem2007, 72, 1276.

12.3) Cossy, J.; Lutz, F.; Alauze, V.; Meyer,$ynlett2002 45. b) Boxer, M. B.; Yamamoto, H. Am.
Chem. Soc2006 128 48.

'3 Ohishi, T.; Kojima, T.; Matsuoka, T.; Shiro, M.; Kats, H. Tetrahedron Lett2001, 42, 2493.

14 2) Wassermann, A. Chem. Sod 942 618. b) Wassermann, A. Chem. Sod942 623.



R5
RA

R1
mRs /\)?\ TFOH (1 mol%) " ©
N X Nrs H0,25°C \

R? R
up to 98% yield N
25 2 (up yield) 27 ko

tetrafluoroboric acid as a catalyst (eq-8)Vang and co-workers recently demonstrated
the triflic acid catalyzed Michael additions of ind®B5 to o,f—unsaturated keton&b

(eq 9)*° Bragnsted acids have been shown to be capable catialyste hetero-Michael

R O H,NCbz Cbz {

1 mol% TfOH NH O
N 5 T A arem T 2 (10)
R R H,0, 25 °C R RS
R4
28 (up to 99% yield) ,‘E;

addition as well (eq 10}. Spencer and coworkers demonstrated that Lewis acids were
only effective in this reaction upon release of a Brgnated. They have suggested that
Brgnsted acids may be the active catalyst in moretioges that utilize Lewis acids than
is typically assumedf Another example of the use of trific acid to acéva
a,p-unsaturated ketones and imides for the addition of azllidevdiscussed in a later
chapter.

Maruoka and coworkers recently reported two different Baeshscid catalyzed
additions of aryl diazoacetates to eithgi—unsaturated aldehyde® (eq 11}° or aryl

aldehyde82 (eq 12)*°

152) Sammakia, T.; Berliner, M. A. Org. Chem1995 60, 6652. b) Palomo, C.; Oiarbide, M.; Garcia, J.
M.; Gonzalez, A.; Lecumberri, A.; Linden, . Am. Chem. So2002 124 10288.

16 Zhang, H. B.; Liu, L.; Liu, Y. L.; Chen, Y. J.; Wang; Wang, DSynth. Comn2007, 37, 173.

' Wabnitz, T. C.; Spencer, J. Brg. Lett.2003 5, 2141.

'8 Wabnitz, T. C.; Yu, J.-Q.; Spencer, J.@em.-Eur. J2004 10, 484.

9 Hashimoto, T.; Naganawa, Y.; Kano, T.; MaruokaQkem. Commur2007, 5143.



Figure 2. Maruoka’s Brgnsted Acid Catalyzed Aryl Diazoacetate Adil

AI’YCOZtBu 20 mol% szNH AI’//,' ‘\\CHO 1)
_—
H CHiCH,CN,-78°C 15,0, &

N2 CHs
CHs
29 30 (up to 72%) 31 ChHa
>20:1 dr
j\ Ph\n/COZR 20 mol% TFOH A;EHO R= @\ (12)
Ar H N, toluene, -78°C Ph CO,R T ;
32 33 (up to 89%) 34 ~Ph
>95% de HC™ o,

1. 3. Achiral Bronsted Acid Catalyzed Additions to Imines

OSi(CHa)3 PhNH, Ph<

NH ©
J\ R, HBF4 (10 mol%) (1)
R NH . R 30:1 PrOHH.0 Rt 3
R . R? R®
19 35 (up to 99% vyield) 36

Brgnsted acids have been utilized in the Mannich reactime $ts inceptiorf! but
typically in stoichiometric amount3.In 1999, Akiyama and co-workers showed that the
Mannich reaction could be catalyzed by tetrafluorobocid @ the presence of water

(eq 13)*® However, the reaction could be performed with watethassolvent only with

(14)
T RO,23°C

CigHs
0L, ey
0,
J]\ \C[ %Rs (10 mol%) W o
1
R Hy MR

R!
(up to >99% vyield) 39 Ré

the addition of a surfactafit.At the same time, Kobayashi and coworkers demonstrated

%% Hashimoto, T.; Naganawa, Y.; Maruoka, KAm. Chem. So200§ 130 2434.

2L Mannich, C Arch. Pharm. (Weinheim, Gedp17, 255, 261.

22 1n Comprehensive Organic Synthedisost, B. M.; Fleming, I., Eds. Pergamon Presso@kf1991;

Vol. 2, pp 893.

2 Akiyama, T.; Takaya, J.; Kagoshima, Siynlett1999 1045.

24 3) Akiyama, T.; Takaya, J.; Kagoshima,$ynlett1999 1426. b) Akiyama, T.; Takaya, J.; Kagoshima,
H. Adv. Synth. CataR002 344, 338.



CH3 FC&—coset

R'T N—rs A 1.50 mol% TFOH
= N Ph —m—m— — q AN
N CH,Cl,, 40°C . R'L
/

\
R Fc g Ot 2. Hp, Pd(CH),

(up to 98% vyield)

that the addition of a long alkyl chain to benzene sidfeacid allowed it to act as
surfactant and Brgnsted acid to catalyze the Mannichioeaeith water as the solvent
(eq 14)* Triflic acid has been used as a catalyst for theCmraens reaction as well, but
will be discussed in a later chapter. The triflic acadatyzed Friedel-Crafts reaction of

imine 41 with indoles40 has also been reported (eq 1%).

)

TSOH (<90 mol%) _ N
CH; (16)
N CHs TweoH CH,
30% yield
(30% yield) Ph

43° 44 45 N

Similar activation of imines is utilized in the azaeBiAlder reaction. Tomoda and
co-workers were the first to demonstrate that a dadadymount of tosic acid promoted
the cycloaddition of enamir3 with imine 44 (eq 16)*’ Grieco and co-workers reported

the aza-Diels-Alder reaction of aryl imine4 with cyclopentadiene 4{) in the

A
\C[ @ _TFA (@O mol%) R O
17)
CHSCN

N Ph
47 (upto 98% yield) R2 48

% a) Manabe, K.; Mori, Y.; Kobayashi, Synlett1999 1401. b) Manabe, K.; Kobayashi,Gxg. Lett.
1999 1, 1965. c) Manabe, K.; Mori, Y.; Kobayashi, Tetrahedror2001, 57, 2537.

6 Abid, M.; Teixeira, L.; Torok, BOrg. Lett.2008 10, 933.

?"Nomura, Y.; Kimura, M.; Takeuchi, Y.; Tomoda,Ghem. Lett1978 267.



presence of a substoichiometric amount of triflucetiacacid (eq 175 The same

transformation was shown to be catalyzed by triphenyfpmsium perchlorat® Triflic

Ar?
N A QSi(CHa)s  TFA (90 mol%)
LA, A o TR Y @
N A Ar? : N
4 50 (up to 98% yield) TR

acid was found to be the most proficient catalystlieraza-Diels-Alder reaction of aryl
imines49 with silyl enol ether$0 (eq 18)*° Akiyama and co-workers demonstrated that
tetrafluoroboric acid was an effective catalyst fa #za-Diels-Alder reaction when aryl

imines are the dienophile (eq 19).

. 1
JO]\ A jj;s)\s HBF, (10 mol%) 0(19)
HoN
e T oom  CRIOMHO N

19 52 53 (up to 95% yield) 54

1. 4. Hydrogen Bond Induced Asymmetric Organocatalysis

It is a seemingly natural progression then to investigdtettver the proton can be
used for asymmetric catalysis. Asymmetric catalyst$ thdize protons or hydrogen
bonds for activation could avoid some of the toxithgt exists in reactions involving
metals. These catalysts would be metal free and tipuesent an organocatalyst, an area
which has seen rapid growth in recent years suchhbet s now reported a diversity of

transformations that can be performed catalyticallsheut the presence of metals and

8 Grieco, P. A.; Bahsas, Aetrahedron Lett1988 29, 5855.

2 Nagarajan, R.; Chitra, S.; Perumal, PT@&trahedror2001, 57, 3419.

30 Akiyama, T.; Nakashima, S.; Yokota, K.; Fuchibe Gtiem. Lett2004 33, 922.
31 Akiyama, T.; Takaya, J.; Kagoshima, Fetrahedron Lett1999 40, 7831.



with a high level of enantioselectivity.These reactions might also be adapted to water,
in a manner similar to enzymes, and thereby reduce tleurdgnof organic waste
produced. Ideally the catalysts would be cost effectivgprtmuce and achieve high
turnover numbers.

Asymmetric catalysis using chiral organocatalysis willmately be compared to
enzymatic catalysis. Enzymes are known to bind subsiragekighly selective manner
utilizing a variety of intermolecular forces. They chnwer the activation barrier to
various transformations using hydrogen bonding, stra#gitocated acids and bases,
and even covalent bonds. Nature is therefore one ofndmrations for the idea of

utilizing hydrogen bonds for asymmetric catalysis as aglhsking whether the proton

Figure 3. Inoue’s and Mier’s Peptides for Asymmetric Cataly

o
(CH3)2N \/\N)‘k( NH2
H

[e) 56 CH3 [e)

1 mol% 56 (20)
CH3(CHz)11SH CHs (CH,Cl),, 35 °C CHa(CH2)11S CHs

CHj3 o . CH3
55 (50% conversion) 57

31% ee

2 mol% 59
| ACZO |
toluene, -65 °C

(21)

/N /N
Boc 58 Boc 60
Krer=27

can achieve similar levels of activation and orgammpal control as metals. Inoue’s

32 3) Dalko, P. I.; Moisan, LAngew. Chem. Int. E@001, 40, 3726. b) Dalko, P. I.; Moisan, Angew.
Chem. Int. Ed2004 43, 5138. c) Taylor, M. S.; Jacobsen, EAMhgew. Chem. Int. EQ00G 45, 1520.
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pioneering efforts in this area demonstrated that gheptide fragments were able to
provide some asymmetric induction (eq 20Miller has developed, in recent years,
several short peptides as effective asymmetric aigafeq 215* Organocatalysts which
use a proton for activation utilize two different typelshydrogen bonds. Hydrogen
bonding catalysts which are neutral (L-H) utilize a palavalent hydrogen. Hydrogen
bonding catalysts that are positively charged ([[)Hiilize a polar ionic covalent bond.
An important consequence is that abstraction of a proton & polar covalent hydrogen
bonds results in an anion, whereas the same trarstfiomwith a polar ionic hydrogen

bond results in a neutral “ligand”.

1. 5. Asymmetric Catalysis Involving Polar Covalent Hydrogen Bonsl

1. 5. 1. Hydroxyl Containing Catalysts

OH OH
HaCH,CH,C ! l CH,CH,CHs
o NO, 62 NO, R
0,
@ . 50 mol% 602 i 22)
| CD.Cly, 55 °C
47 R 61 (up to 95%) 63 CHO

Asymmetric catalysis involving activation through hydrogemnding has been
accomplished by several different hydrogen bonding souMany of these catalysts
involve activation using polar covalent hydrogen bonds. CHiods, such as TADDOL
(o,0,0, o’ -tetraaryl-1,3-dioxolan-4,5-dimethanadhd BINOL (1,1-bi-2-napthol), are one

representative of this class. As early as 1990, Kellycamebrkers were able to show that

3 noue, S.; Kawano, YDie Makromolekulare Chemit979 180, 1405.
34 Miller, S. J.Acc. Chem. Re&004 37, 601.
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biphenylene diob2 could catalyze the Diels-Alder reaction by activgtaddehyde$1

through hydrogen bonding (eq 22)ln 2003, Rawal and co-workers were the first to use

Figure 4. Chiral Diol Catalyzed Asymmetric Di-Alder Reactiol

TBSO o 1. 20 mol% 65 or 66, toluene 1) R
-40°C or -80°C, 10or2d
- 23
N H)J\R 2. AcCl, CHChitoluene tor @3)
64N(CH3)2 i -78°C, 30 min o
(up to 99% vyield) up to >99% ee
TBSO

O O
1. 20 mol% 65, toluene, -80°C, 2 d
R : X . 24
<\ H)H( 2. LiAlH4, Et,0, -78°Ctort, 2 h \]\i\:k' 'CH,OH 24)
3.  HF/CH3CN,0°Ctort,05h R

68 69
(up to 83% yield) up to 92% ee

P ‘O ArAr

0
H3C>< OH OH
HiC” Nyt \_OH oH
Al Ar ‘O ArAT

65 Ar=1-napthyl 66a Ar=4-F-3,5-Me,CgHy
66b Ar=4-F-3,5-Et,CqH;

TADDOL 65 to catalyze the asymmetric hetero-Diels-Alder reactby activating a

carbonyl through hydrogen bonding (eq 23).

Figure 5. Computational Transition State Mel for Rawal’'s
Asymmetric Hetero Diels-Alder Reaction

Computational studies reveal the presence of hydrogen rgpndn the

enantiodetermining transition states (Figuré'Sfurther studies found that the related

 Kelly, T. R.; Meghani, P.; Ekkundi, V. $etrahedron Lett199Q 31, 3381.
% Huang, Y.; Unni, A. K.; Thadani, A. N.; Rawal, V. Nature2003 424 146.
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diol, BAMOL 66, is a more efficient catalyst for the asymmetreteno-Diels-Alder
reaction®® The TADDOL 65 was also shown to activate—unsaturated aldehydés

for the asymmetric Diels-Alder reaction (eq 3%)An asymmetric hetero-Diels-Alder

OTMS OCH,

@]
20 mol% 65
=z =2 z 25
/<\OCH3 H)LR toluene, -60°C b\ 29
48 h

H,CO (6] O Ar

- 71
(up to 85% yield) up to 91% ee

reaction catalyzed by TADDOGS5 using Brassard’s Dien# was reported by Ding and
co-workers (eq 25) TADDOL 65 was also successful in catalyzing the asymmetric
N-nitroso aldol reactioft An asymmetric Mukaiyama aldol has been disclosed using

TADDOL 73 as catalyst (eq 265.

Ar. Ar
O OH
Rl o
Ar Ar
73 Ar=1-napthyl
1. 10 mol% 73 @ OH

i QTes toluene, -78°C, 2 d (26)
CH CHa3)oN Ph
A SH (CHaN X~ 2. HF, CHL.CN (CHa):
CHs
32 72 (up to 94% vield) 74

up to 98% ee

37 Anderson, C. D.; Dudding, T.; Gordillo, R.; Houk, K. ®irg. Lett.2008 10, 2749.

38 Unni, A. K.; Takenaka, N.; Yamamoto, H.; Rawal, V.JHAm. Chem. So2005 127, 1336.
3% Thadani, A. N.; Stankovic, A. R.; Rawal, V. Proc. Natl. Acad. Sci. U. S. 2004 101, 5846.
“0Du, H. F.; Zhao, D. B.; Ding, K. lChem.-Eur. J2004 10, 5964.

* Momiyama, N.; Yamamoto, H. Am. Chem. So2005 127, 1080.

*2 McGilvra, J. D.; Unni, A. K.; Modi, K.; Rawal, V. HAngew. Chem. Int. E@006 45, 6130.
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Schaus and co-workers have utilized the saturated BIR®to activate cyclic

o,p— unsaturated keton&® for asymmetric Mortia-Baylis-Hillman reactions (eq)27

"o
I
O

)J\ _10mol% 76
TPEt, THF
-10°C, 48 h

7S (upto 88% yield)

r

OH

O

Ar
76a Ar=3,5-Me,CgH>

76b Ar=3,5-(CF3),CsH>

@7

ci

77
up to 96% ee

These results have led to the development of a biwmadt BINOL 80 which can

catalyze the asymmetric Morita-Baylis-Hillman reactibee of a separate nucleophile
(eq 28)*

T
SN o
10 mol% 80
28
R1J\H %Rz toluene:CPME (1:9) R1HHLR2 (28)
| -15°C, 12-168 h
up to >99% vyield 81

pto yield) up to 95% ee

3a) McDougal, N. T.; Trevellini, W. L.; Rodgen, S. Alifdan, L. T.; Schaus, S. Bdv. Synth. Catal
2004 346, 1231. b) McDougal, N. T.; Schaus, SJEAmM. Chem. So2003 125 12094

44 Matsui, K.; Takizawa, S.; Sasai, H.Am. Chem. So2005 127, 3680
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1. 5. 2. Urea and Thiourea Based Catalysts

Figure 6. Cyclic Peptide Catalys

O N N
NG
NN N
H
82

(29)

CN

_CHPh, PhHC
J\ 2 mol% 82 NH
MeOH, HCN AN
R H o5°C R

19
(up to 97% yield)

H H
OTNI\/N\H/N
Ph o NH

85

83
up to 99% ee

Hz

(30)

CN

_CHPhy PhyHC
J\ 2 mol% 85 NH
MeOH, HCN AN
R H 25°C R

84
(up to 97% yield)

86
up to 99% ee

Inoue and co-workers reported that cyclic dipepB@evas an effective catalyst for

the asymmetric hydrocyanation of imin&8 (eq 29

o

Lipton and co-workers used a

similar cyclic dipeptide5 for the catalytic asymmetric Strecker reaction (eq'30).

Thioureas and ureas represent two of the most heawilbjiest sources of polar

covalant bonds for use in asymmetric catalysis. Ay es 1990, Etter and coworkers

O

g

(1)

CF3 CF3,
Q X Q

CgH170,C H H CO2CgH17
rO 88

40 mol% 88
| o

CeDe, 80 °C
g7 O kg =50

89

OCH3

“5 b) Tanaka, K.; Mori, A.; Inoue, 9. Org. Chem199Q 55, 181. a) Oku, J. .; Inoue, $. Chem. Soc.,

Chem. Commurli98], 229.

% lyer, M. S.; Gigstad, K. M.; Namdev, N. D.; Lipton, M.Am. Chem. Sot996 118 4910.
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were able to demonstrate that diarylureas form hydrogededonomplexes with the
oxygen of ketone$’ In 1995, Curran and coworkers reported the use of diaryi8ea

a catalyst for the Claisen rearrangement (eq*®3Ijhen in 1998, Jacobsen and

R
N 1. 2 mol% 91 )J\ R?
e — FSC N (32)
; s toluene, HCN WR®
R'7 R -70°C, 20 h 1J‘\
2. TFAA RV __CN
90 . 92
(up to 99% yield) up to 97% ee
N
RS jH\N NT Y
H H H
o) NS

91a R*=R%=Me, X=5

91b R*=R5=Me, X=0

91c R*=H, R%=Bn, X=0
B{ OCO'Bu

HO

co-workers developed a highly enantioselective thiouredysat@l for the Strecker
reaction of aldimines and ketimin@8 (eq 32). Further studies have indicated that imines
are activated by hydrogen bonding with the hydrogens of tbharda91. The activation

of imines allows for the stereoselective attack ovamiety of electrophiles such as
phosphited3* (eq 33) and silyl ketene acet&B (eq 34)>° Thiourea98 was also shown

to catalyze the asymmetric aza-Baylis-Hillman reactem35)>*

4" Etter, M. C.; Urbanczyk-Lipkowska, Z.; Zia-Ebrahimi, Manunto, T. WJ. Am. Chem. Sot99Q 112,
8415.

“8 Curran, D. P.; Lung, H. Kletrahedron Lett1995 36, 6647.

9 Joly, G. D.; Jacobsen, E. ll.Am. Chem. So2004 126 4102.

>0 Wenzel, A. G.; Jacobsen, E. N.Am. Chem. So2002 124 12964.

1 Raheem, I. T.; Jacobsen, E.Atlv. Synth. CataR005 347, 1701.
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Figure 7. Asymmetric Reactions Catalyzed by Thiou

o _Bn N/Bn
i N 10mol% 913, 2-NoBno, )
—_—
anognoF~, Et,0 2-N0,Bn0—p” YRt (9
2NOBn0 " R TH o3¢ 7721 ('3'
93 94 _ 95
(up to 99% yield) up to 93% ee
_Boc Boc
/?T\BS j‘\ 1. 5 mol% 98 T .
4 2 toluene 1 )J\/'\ 2
R'O o R o7 H 30°C. d8h RO o R
2. TFA, 2 min up to 98% ee
(up to 99% yield)
Ns e
COMe N7 10 mol% 98 R (35)
m 1J\ DABCO, 3A sieves  R! 2Me
R H xylenes
100 101 4°C,36h 102

0,
(up to 49% yield) UPto 99% ee

Hy Bu S
I
/NWH\)J\
N
e}

Bn

Alteration of the imine affords thiourea cataly$04 which can catalyze the

asymmetric acyl-Pictet-Spengler reaction (eq °363s well as the asymmetric

Figure 8. Thiourea catlalyzed Pic-Spengler and ac-Mannich reactior

N—ACc

N
[ _510mol% 104 "
» L , AcCl, Et,0 > . ¢
N R 2 6-lutidine N R
H -78°C H
103 105
(up to 81% yield) up to 95% ee
B
LYY 1) TrocCl E40, 010 23°C R Nroe -
{ = _N 2) OTBS é
106 oPr 107 cogr
0,
10 mol% 104 up to 92% ee

Et,0, -78 to -70°C
(up to 86% yield)

fB|u Bu S
,-BU/N \H/\NJJ\N\“
[¢] . A N
HsC Ph
U

2 Taylor, M. S.; Jacobsen, E. Bl.Am. Chem. So2004 126, 10558.
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acyl-Mannich reaction of isoquinolind96 (eq 37)>°

o 5 mol% 109 T’V'SO)\;CN @8
J\Rz CFiCH,OH, CH,Cl, 1o Nge
108 78°C, 12-48 h 110

(up to 98% yield) ~ Upto 98% ee

R1

y Bu S
_N A L
Me \H/\N N
Iow

109 N("Pr),

The thioureal09 has been shown to activate ketorf38 in the asymmetric

cyanosilylation reaction (eq 38).Jacobsen and co-workers developed the thiolitda

_Boc HN,Boc
N 10 mol% 111 (39)
1 CHLCHNO, ~ i NO
R H toluene, DIEA
97 4A mol sieves, 4°C 12

of v up to 16:1 dr
(up to 99% vyield) up to 97% ee

for catalysis of the asymmetric aza-Henry reactian3®@)>° However, Takemoto and co-
workers utilized a similar bifunctional catalydtl4 earlier for the catalysis of the
asymmetric aza-Henry reaction (eq 40)t is proposed that catalysis is achieved in both

cases by activation of the imine through hydrogen bonds. Tatkeamd co-workers have

> Taylor, M. S.; Tokunaga, N.; Jacobsen, EANgew. Chem. Int. E@005 44, 6700.
>* Fuerst, D. E.; Jacobsen, E.NAm. Chem. So2005 127, 8964.

*5Yoon, T. P.; Jacobsen, E. Nngew. Chem. Int. EQ005 44, 466.

%6 Okino, T.; Nakamura, S.; Furukawa, T.; TakemotoQ¥g. Lett.2004 6, 625.
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subsequently reported the asymmetric direct Mannich reassiog114 as a catalyst (eq

41)>’

Figure 9. Asymmetric Reactions Catalyzed by Takemoto’s Thic

ek 10 mol% 114 hy T OPh2
mol
(40)
CH3NO,, CH.CI NG
R H M C R R1J\/ 2
113 115
(up to 91% yield) up to 76% ee
RZ
_Boc )\ HN,Boc
N RPoc” “cor! , "
AL BT e “
(up to 91% yield) up to 76% ee
RZ
4 )\ 3 RSOZC, R?
NO R"OC CO2R ~,
RN T0mol% 114 - R‘OC NO, (42)
toluene, 25°C |
"7 185 h 118 R
. up to 99:1 dr
(up to 99% yield)  up to 95% ee
o 9 (CNpCH O O
10 mol% 114
R N CHo(CN)s, toluene R N (43)
119 25°C, 2-10d 120
0
(up to 99% yield) up to 92% ee
o 0
10 mol% 114
—_—
ArSH, CH.Cl, S
0°C,8-12h -
75 121
CFs up to 85% ee
by
FaC N e
114 NMe;,

The Takemoto thiourea cataly$i4 was initially developed for the activation of
nitroolefins 117 for asymmetric conjugate addition reactions with maiesideq 425§°

The Takemoto catalyst14 was also successful in the catalysis of the asynmmetr

> Yamaoka, Y.; Miyabe, H.; Yasui, Y.; Takemoto, Synthesi®007 2571.
8 3) Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X. Nakemoto, Y.J. Am. Chem. So2005 127, 119. b)
Okino, T.; Hoashi, Y.; Takemoto, ¥. Am. Chem. So2003 125 12672.
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COMe
5 mol% 122 or 10 mol% 123

o NO2
RIS CH,(CO,Me),, -20 or 0°C . MeO:C No, (45)
toluene or CH.Cl, R!
117 24-72 h 124

0,
(up to 99% vield) up to 99% ee

3,5-(CF3),Ph—NH OMe
)§ __ N

HN | X
3,5-(CF3)-Ph N ,& _N

conjugate addition of malononitriles top—unsaturated imide$19 (eq 43)>° Similar
bifunctional thiourea catalysi?2 and123 utilizing a cinchonidine moiety were reported
concurrently by Connon and Dixon for the asymmetric congugadition of malonates
to nitroolefins117 (eq 45)°° Soés and co-workers used cinchonidi2® to catalyze the

asymmetric conjugate addition of nitromethane dg—unsaturated ketoned25

o) OoN

10 mol% 122 0O
—_ 46
1/\)J\ 2 CH3NO, o)
Ar Ar 1 2
125 25°C, 122 h AT e A
(up to 94% vyield) up to 98% ee

(eq 46)%* Catalysts127 and 131 have been used by Deng for the catalytic asymmetric

Mannich (eq 47F and Friedel-Crafts reactions (eq 48) respectivly.

*9 Hoashi, Y.; Okino, T.; Takemoto, YAngew. Chem. Int. EQ005 44, 4032.

€0°a) McCooey, S. H.; Connon, SAhgew. Chem. Int. E@005 44, 6367. b) Ye, J. X.; Dixon, D. J.;
Hynes, P. SChem. Commur2005 4481.

1 vakulya, B.; Varga, S.; Csampai, A.; SoosOFg. Lett.2005 7, 1967.

2Song, J.; Wang, Y.; Deng, 1. Am. Chem. So2006 128 6048.

®Wang, Y. Q.; Song, J.; Hong, R.; Li, H. M.; DengJLAm. Chem. So2006 128 8156.
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Figure 1C. Cinchonidine Thiourea Asymmetric Catal

_Boc
_Boc HN
20 mol% 127 I coR? 47)
. J\H CH(CO,R?),, acetone R
60°C, 36 h COR?
97 128

(upto 99% yield)  ypt0 99% ee

\wT

Ar H

N N 10 molt 131 >
R'T _10mol% 131 _
N )J\ EtOAc, 50°C i > W @8
R_
H 872h T
129 130 (up to 98% yield) 132 H

up to 96% ee

OMe  NHAr

Berkessel and co-workers have utilized the bifunctionalutieial14 to catalyze the

dynamic kinetic resolution of azlacton&33 (eq 49)**

R
R

N)YO 5mol% 114 - Qallyl (49)
\ allyl alcohol, tolulene | N/\n/
o 25°C, 48 h

PR 133

134

(up to 98% conversion) up to 95% ee

1. 5. 3. Chiral Phophoric Acid Catalysts

The research groups of Terada and Akiyama reported indepbndeatly identical
BINOL derived chiral phosphoric acid437. A wide variety of asymmetric
transformations have now been reported using catalystliootype as a result of the
considerable attention they have garnered. Akiyama andockers reported catalyst

137awas effective for the indirect Mannich reaction ofines 135 with ketene silyl

%4 a) Berkessel, A.; Cleemann, F.; Mukherjee, S.; MulleN.; Lex, JAngew. Chem. Int. E@005 44,
807. b) Berkessel, A.; Mukherjee, S.; Cleemann, F.; MulleN.; Lex, JChem. Commur2005 1898.
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acetals136 (eq 50)%° Terada and co-workers have used catdlgst in the asymmetric
direct Mannich reaction betwe&hBoc-protected imine87 and acetyl acetone (eq 5%).
They have also reported the catalytic asymmetric Manmaltion of acyl imine440

with acyl enaminedl41 using catalystl37d (eq 52)°" There are several other more

Figure 11. Chiral Phosphoric Catalyzed Asymmetric Reacl

2-OH-GgHa«
20HCofla~, QTS 10 moft 137 SN
mo a H s
—_—
)J\ 7 TOR® ™ toluene RIS OR (50)
H R! R2 -78°C, 24 h c,
R
135 136  (upto >99% yield) 138
up to >99:1 dr
up to 96% ee
_Boc
nBe 8 2 mol% 137b i
< molhp To/b z Ac 1)
1J\ CH, CH.Cl, RVﬁ/
R H 25°C,1h
97 o7 o 139"
o
3 (up to 99% vyield) up to 98% ee
f CO,CH o
;e 2 3
HN . % 137d CO,CH
Ph)J\N /I\ 0.1 mol% 137d,_ TOM’ Ph)J\NH NTT2TR (52)
oluene H
J\ R2 25°C. 5 h /\)J\
H R’ . R R2
140 141 (up to 97% yield) 142

up to 98% ee
998
o_ 0
A

OO O OH

Ar

137a Ar=4-NO,Ph

137b Ar=4-(B-Naph)-Ph
137¢ Ar=3,5-dimesityl-Ph
137d Ar=9-anthryl

137e Ar=3,5-(CF3),Ph
137f Ar=2,4,6-('Pr);Ph

recent reports of direct and indirect Mannich type tieas utilizing similar catalysts

with comparable yields and enantioselectiviffes.

8 Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kngew. Chem., Int. E@004 43, 1566.

6 Uraguchi, D.; Terada, M. Am. Chem. So2004 126, 5356.

67 a) Terada, M.; Machioka, K.; Sorimachi, Kngew. Chem. Int. EQ00G 45, 2254. b) Terada, M.;
Machioka, K.; Sorimachi, KI. Am. Chem. So2007 129, 10336.

% a) Chen, X. H.; Xu, X. Y.; Liu, H.; Cun, L. F.; Gorlg, Z. J. Am. Chem. So2006 128 14802. b) Guo,
Q. X.; Liu, H.; Guo, C.; Luo, S. W.; Gu, Y.; Gong,Z.J. Am. Chem. So2007, 129 3790. c) Jiang, J.;
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Figure 12. Asymmetric Nucleophilic Additions Catalyzed

Chiral Phosphoric Acid o
_PMP HN
JN]\ SpoPr, _10mol% 137¢ /:\ (53)
I m-xylene = P(OP
R'” H o 25°C, 2-7d ('3'( &
143 144 o vi 145
(up to 97% vyield) up to 90% ee
/R2
/R2 HN
N _10 mol% 137d : 54
RS R e .
R 146" U, e 147

(up to 97% yield)  up to 99% ee

Other nucleophiles such as phosphlitel and cyanide can also be added to imines

with high enantioselectivity in the presence of cataly87 (Figure 12)\° Chiral

Figure 13. Asymmetric FriedeCrafts Reactions Catalyzed
Chiral Phosphoric Acid

Ts
HN
H

N
J\ 2moi%187p N (55)

(CH20|)2 | A R2

35°C, 24 h 78

148 \—

(up to 96% vyield) up to 97% ee

R! R
0
CO,Et 20 rT2'IO| % 137f CO,Et
Copt —RCHO __ COEL (5g)
| toluene,Na,SO,4 |
N NH, -30°C, 3-5d N NH
H 149 . 1500 :
(up to 98% vyield) upto 96% ee Rz

o
o
NJ\A 2 P 2mol% 137d )J\ 57)
)]\ r k toluene 'Buozc\ﬂ)\

£,
CO,Bu 25°C, 2
H™ A

up to 89% vyield
151 152 wp vield) 153

up to 97% ee

Yu, J.; Sun, X. X.; Rao, Q. Q.; Gong, L.&Xngew. Chem. Int. EQ008 47, 2458. d) Akiyama, T.; Honma,
; Itoh, J.; Fuchibe, KAdv. Synth. Catak008 350 399. e) Sickert, M.; Schneider, 8agew. Chem. Int.

Y.; Itoh, J.;
Ed. 2008 47, 3631. f) Rueping, M.; Antonchick, A. PBrg. Lett.2008 10, 1731.
%9 a) Akiyama, T.; Morita, H.; Itoh, J.; Fuchibe, ®rg. Lett.2005 7, 2583. b) Rueping, M.; Sugiono, E.;

Azap, C.Angew. Chem. Int. E@006 45, 2617.
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non-racemic phosphoric acids have also been showe &ffective catalysts for several
asymmetric Friedel-Crafts type reactions (Figure?3).

Akiyama and co-workers have reported the asymmetric inwdestron demand aza-
Diels-Alder reaction usindg37d as a catalyst (eq 58) The asymmetric aza-Diels-Alder

reaction in which the imine is the dienophile has ae®n reported with similar

Figure 14. Asymmetric Cycloaddition Reactions Catalyzec
Chiral Phosporic Acid

HO. OR?
j@ L _10 mol% 1374 Q\/j

toluene . (58)
154 155 (up to 95% yield) OH 156
up to 99:1 dr
up to 97% ee

Hi00,C,  COCHs

CO,CH3 TR
)CizEt [ 10 mol% 159 D(CO Et (59)
HNT O RICHO,3AMS v 2

COzCHs  CH.Cly, 25°C H CO,Et
157 158 (up to 97% vyield) 160
up to 99% ee
CIL?
2
o_ P
7N\

O OH
OO 169

catalysts? Gong and co-workers recently reported an asymmetric ifcBad

0°a) Uraguchi, D.; Sorimachi, K.; Terada, 8.Am. Chem. So2004 126, 11804. b) Uraguchi, D.;
Sorimachi, K.; Terada, Ml. Am. Chem. So2005 127, 9360. c) Terada, M.; Sorimachi, &.Am. Chem.
S0c.2007 129 292. d) Terada, M.; Yokoyama, S.; Sorimachi, K.; UragushAdv. Synth. Catal007,
349 1863. e) Kang, Q.; Zhao, Z. A.; You, S.JLAm. Chem. So2007, 129, 1484. f) Kang, Q.; Zheng, X.
H.; You, S. L.Chem.-Eur. J2008 14, 3539. g) Seayad, J.; Seayad, A. M.; ListJBAm. Chem. So2006
128 1086. h) Itoh, J.; Fuchibe, K.; Akiyama,Angew. Chem. Int. E@008 47, 4016. i) Rueping, M.;
Sugiono, E.; Theissmann, T.; Kuenkel, A.; Kockritz, AwB&avtyan, A.; Nemati, N.; Beller, MDrg.
Lett.2007 9, 1065.

"t Akiyama, T.; Morita, H.; Fuchibe, K. Am. Chem. So2006 128 13070.

23) Akiyama, T.; Tamura, Y.; Itoh, J.; Morita, H.; Fitee, K. Synlett2006 141. b) Itoh, J.; Fuchibe, K.;
Akiyama, T.Angew. Chem. Int. E@006 45, 4796. c) Rueping, M.; Azap, @ngew. Chem. Int. E@00G
45, 7832. d) Liu, H.; Cun, L. F.; Mi, A. Q.; Jiang, Y. Lpng, L. Z.0rg. Lett.2006 8, 6023.
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cycloaddition reaction with in situ formation of anoazethine ylide in the presence of

catalyst159 (eq 59)"°

Figure 15. Asymmetric Transfer Hydrogenations Catalyzec
Chiral Phosporic Acid

_Pmp EtO:C CO,Et _PMP
Nl | | M H (60)
J\ benzene AN

R'” TcH,  HCT N CHg 60°C, 16 h R'” CHy

156 157 (up to 91% vyield) 158
up to 84% ee

cHo MCOLC CO,Bu R3NH,, 5A MS

5 mol% 137f

ALl YLELLEING 61

R1J\R H benzene )\/NHR3 (61)
2 HC H CHs 6°C,72h

159 157 (up to 96% vyield) 160
up to 98% ee

mz

Rueping and co-workers were the first to report the usicdl phosphoric acid37e
to catalyze the asymmetric transfer hydrogenation afésii56 (eq 60)’* There are now
several reports of similar approaches to the reductformmes as well as activated

olefins.”® List and co-workers have demonstrated an elegant appliaatihis system for

Pr

HsCO:C CO5CH,
20 mol% 162
J\/CHO II d,oxane J\/CHO (62)
H:C 50°C,

H
161 157 (up to 90% y|eld) 163

up to >99% ee
998
/,
\
OO A 162 Ar—2,4,6 (Pr);Ph

3 Chen, X. H.; Zhang, W. Q.; Gong, L. Z.Am. Chem. So2008 130 5652.

" Rueping, M.; Sugiono, E.; Azap, C.; Theissmann, T.;éBdlt. Org. Lett.2005 7, 3781.

S a) Kang, Q.; Zhao, Z. A.; You, S. Org. Lett.2008 10, 2031. b) Hoffmann, S.; Seayad, A. M.; List, B.
Angew. Chem. Int. E@OQS 44, 7424. c) Storer, R. I.; Carrera, D. E.; Ni, Y.; Matidh, D. W. C.J. Am.
Chem. Soc2006 128 84. d) Rueping, M.; Antonchick, A. P.; TheissmannAifigew. Chem. Int. E@006
45, 6751. e) Rueping, M.; Antonchick, A. R.; TheissmanrAfigew. Chem. Int. EQ00G 45, 3683. f)
Rueping, M.; Theissmann, T.; Raja, S.; Bats, JAd{. Synth. Catak008 350 1001.
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dynamic kinetic resolution (eq 619.A rather significant discovery in this field is the
retention of asymmetric induction with the additioraafachiral amine for the reduction

of a,B-unsaturated aldehydes (eq 62).

Figure 16. Asymmetric Conjugate Addition, Nazarov, and Aldol &
Catalyzed by Chiral Phosphoric and Phosphorimide Acids

R2

N B\ Q 5mol% 165 ¢ -
R o mole 165, % (63)
A~ e Ao CHCL R |
CH3 ™2 '8 75°C, 1524 h gHs 07 > CO,CH,
o
129 164 (up to 88% vield) 166
up to 90% ee
o O
o R! 2 mol% 168 ° | R
i ~cho, (64)
R 0°C,1-6 h
167 2 (up to 92% yield) 169 Re
up to >20:1 dr
up to 98% ee
CO4CHs oH ©
j\ HN” 5 mol% 172 J N (65)
R! \/\ CH,Cl,, 4A MS EO.C™ Y R
EtO,C” "H R, 580 =
170 171 (up to 99% vield) 173

up to >99:1 dr
up to >99% ee

o\P Pel o\P e o\P e

N N
& “NHSO.CF; d NHSO.CF; /o

165 OO OO 172 Ar=4-BuPh
Si(Ph)s Ar

Ar
168 Ar=9-phenanthryl

O,

Chiral non-racemic phosphoric acid has also been foundrdgide asymmetric
induction in reactions involving carbonyl substrates. Ruepind eo-workers have
reported the asymmetric Nazarov reaction catalyzetiéBy(eq 64Y° and the conjugate

addition of indolesl29 to o,f-unsaturatedi-keto esterd 64 catalyzed byl65 (eq 63)"°

S Hoffmann, S.; Nicoletti, M.; List, BJ. Am. Chem. So200§ 128, 13074.

" a) Mayer, S.; List, BAngew. Chem. Int. E@008 45, 4193. b) Martin, N. J. A.; List, Bl. Am. Chem.
S0c.2006 128 13368.

8 Rueping, M.; Nachtsheim, B. J.; Moreth, S. A.; Balte Angew. Chem., Int. E@008 47, 593.

"9 Rueping, M.; leawsuwan, W.; Antonchick, A. P.; Nachishd®. J.Angew. Chem. Int. EQ007, 46,
2097.
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Terada and co-workers reported the asymmetric additioenaminesl171 to ethyl

glyoxylate (L70) with 172as catalyst (eq 655.

1. 5. 4. Chiral Carboxylic Acid Catalysts

Figure 17. Asymmetric Reactions Catalyzed by Chiral Carboxxeids
RZ. _R?

N O
O< _Ph
[l _30moi% 176 _ N )
oM Et,O
-80°C,12h
R' R!

R' R 178 (up to 91% vield)

up to 93% ee
Boc\

N
_5mol%179 )
R 67
R1J\H f CH.Cl, CH,Cl, 4AMS Jﬁ( 67)
Na 0°C,5-72h N,
97 178 (up to 89% yield) 180

up to 96% ee

Ar
Cg 9

COH
OH

COH
OH
m OO

A

;
179 Ar=2,6-(CH3)»-4-'BuPh

Yamamoto and co-workers utilized the structurally singdifglycolic acid176 for
catalysis of the asymmetrio-nitroso aldol reaction (eq 66).In 2007, Maruoka and
coworkers reported the asymmetric Mannich reaction usheg BINOL inspired

dicarboxylic acid catalyst79 (eq 67)**

1. 5. 5. Chiral Guanidine Catalysts
Corey and co-workers reported that guanidi8d was an efficient catalyst for the
asymmetric Strecker reaction (eq €8)The guanidinium salt was never isolated,

chararacterized, and used in the reaction and is unlikebetthe active catalyst. It is

8 Terada, M.; Soga, K.; Momiyama, Nngew. Chem. Int. EQ008 47, 4122.

81 2) Hashimoto, T.; Maruoka, K. Am. Chem. So2007, 129 10054. b) Hashimoto, T.; Hirose, M.;
Maruoka, K.J. Am. Chem. So2008 130, 7556.

82 Corey, E. J.; Grogan, M. Qrg. Lett.1999 1, 157.
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significant that similar catalysts have been utilizedently for an asymmetric Diels-
Alder reactiofi’* and an asymmetric conjugate addition to nitroalkenes im tieitral

form 84

_CHPh, _CHPh,
N _10mol% 181 HN o8
1J\ HCN, toluene , (68)
R H -40° R CN
84 40°C, 20 h 182

(up to 99% vyield) up to 88% ee

Ph“"Ci/>—Ph

N N
H
181

More recently the binaphthyl guanidia@3 was shown to be an efficient catalyst for

activation of nitroalkene$17 for enantioselective addition of nucleophiles (eq®%89).

Il
(Ph20)P

W, A\NO, _1:5mol% 183 N (©9)
or R Et,0 or MTBE RzJ\/NOZ
EWG\l/COZE‘ 17 -40°C, 0.5-6 h 184
4A MS up to 98% ee

R’\
(up to >99% yield)

-
L

183 Ar=3,5-BuPh

H

N
>=NBn

N

H

1. 6. Asymmetric Catalysis Involving Polar lonic Hydrogen Bonds

There are only a couple of examples of asymmetric ysasain which a polar ionic

hydrogen bond is involved. Gdbel and co-workers were thetéirdemonstrate that an

8 Shen, J.; Nguyen, T. T.; Goh, Y. P.; Ye, W. P.; FuXxi;J. Y.; Tan, C. HJ. Am. Chem. So2006

128, 13692.
8 Fu, X.; Jiang, Z.; Tan, C. KChem. Commur2007, 5058.
8 a) Terada, M.; Ube, H.; Yaguchi, ¥. Am. Chem. So2006 128 1454. b) Terada, M.; Ikehara, T.; Ube,

H. J. Am. Chem. So2007, 129 14112.
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25 mol% 187_
Et O T Ch,Cl,
4°C,2d

185 186 (70% yield) ~ HaCO

amidinium ion187 could catalyze an asymmetric Diels-Alder reaction (870
More recently, Johnston and co-workers reported a chisamidine (BAM) that,
when protonated with triflic acidl@1g serves as an efficient catalyst for the aza-Henry

reaction (eq 71’ They have subsequently reported the related BEMb was an

Figure 18. Chiral Bisamidine Calyzed az-Henry Reactior

_Boo Boc\NH
N 10 mol% 191a O, (71)
)l\ (NOZ 20°C R'-CeHy 2
R1-CgH4 H
R2 (up to 69% yield) R?
189 190 192
up to 19:1 dr
up to 95% ee
~Boe 191b S
5 mol%
—_—
1 )J\ ArochNog foluene, -78 °C R1-Cag No, (72)
R-CeHd”  H R2 (up to 88% yield) R? \COAr
189 193 Ar=2,6-’PrZCSH5 194
up to >20:1 dr
up to 99% ee
—| ‘OTf —|+ ‘OTf
-—H --H
N—H N—H
-- HsCO
8 8 | 8
191a
191b

8 a) Schuster, T.; Bauch, M.; Durner, G.; Gobel, M.Gky. Lett.200Q 2, 179. b) Schuster, T.; Kurz, M.;
Gobel, M. W.J. Org. Chem200Q 65, 1697.
8 Nugent, B. M.; Yoder, R. A.; Johnston, J.NAm. Chem. So2004 126 3418.
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efficient catalyst for the addition of nitroacetal®8to imines189 (eq 72)%

1. 7. Asymmetric Organocatalysts Involving a Hydrogen Bond in the Tansition
State

1. 7. 1. Cinchona Alkaloid based Catalysis

Cinchona alkaloids have proven themselves as usefuldsgéor metal mediated
asymmetric catalysis and asymmetric phase transfer catalySisectka and coworkers
have used cinchona alkalol®7 as a nucleophilic catalyst for the asymmetric synghesi
of B—lactams198 (eq 73) as well as in asymmettichalogenation reactiort$ Molecular
modeling of the the proposed transition state in thisti@a indicates that a polar
covalent hydrogen bond could be involved in the transitiatesthat produces the
observed reactivity and stereoselectivityWhereas the addition of Lewis acid salt has
been shown to enhance the yieldpefactam formed, the analogous use of a Brgnsted

acid or a polar ionic hydrogen bond has not been reported.

Ts Ts O

Q N" 10 mol% 197 N
00 P97 (73)
R proton sponge -,
Cl Et0,c”~ “H toluene EtO,C R
195 196 -78°C,5h 77 198
up to 99:1 dr

(up to 65% yield) up to 99% ee
OMe

8 a) Singh, A.; Johnston, J. BL.Am. Chem. So2008 13Q 5866. b) Singh, A.; Yoder, R. A.; Shen, B.;
Johnston, J. NI. Am. Chem. So2007, 129, 3466. c) Wilt, J. C.; Pink, M.; Johnston, J.Ghem.
Commun2008 4177.

8 a) Kolb, H. C.; Vannieuwenhze, M. S.; Sharpless, KClBem. Rev1994 94, 2483. b) Lohray, B. B.
Tetrahedron: Asymmetr}992 3, 1317.

9 a) Kacprzak, K.; Gawronski, Synthesi€001, 961. b) Hoffmann, H. M. R.; FrackenpohlEdr. J. Org.
Chem.2004 4293. c¢) Wynberg, Hlop. Stereochem 986 16, 87.

L France, S.; Weatherwax, A.; Taggi, A. E.; LectkaAdc. Chem. Re2004 37, 592.

%2 Taggi, A. E.; Hafez, A. M.; Dudding, T.; Lectka, Tetrahedror2002,58, 8351.
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"o

H o
_10 mol% 200
)J\ OCH(CFs ~__DMF___ . R OCH(CF3), ()
-55°C, 1-72 h
199

up to 58% vyield 201
(up OI-TC ) up to 99% ee

The use of cinchona alkaloDO0 as a nucleophilic catalyst has been developed by
Hatakeyama for the asymmetric Morita-Baylis-Hillmaaction (eq 74 A strategically

located hydroxyl group is proposed to stabilize the intermediablate through a polar

covalent hydrogen bond, which accounts for the observesbsedectivity

Figure 18. Cinchona Alkaloid Catalyzed Asymmetric Conjugate Aidd
0]

1 mol% 202
ArSH, benzene

(75)
(Upto >99% yield) 129 o
up to 75% ee

(76)
60°C, 17-120 h
203

o]
2 mol% 204
2-NaphSH, toluene
o "*152-Napth)

(up to 91% vyield) 205
up to >99% ee

MeO

OMe

% Kawahara, S.; Nakano, A.; Esumi, T.; Iwabuchi, Yat&keyama, Srg. Lett.2003 5, 3103

31



The asymmetric addition of thiols to cyclic enoi&ausing cinchona alkaloid02 as
catalyst was proposed by Wynberg and Hiemstra to also mnmfunctional catalysis
(eq 75). Using kinetic and spectroscopic data they proposethéh&-9 hydroxyl group
activated the enone by a polar covalent hydrogen bondhentkttiary amine activated

the thiol by deprotonatiotf. Deng and coworkers have shown more recently that high

Figure 2C. Deng’s Cinchona Alkaloid Catalyz¢
Asymmetric Conjugate Additions
RZ

/I\ R30,C ¢R2

4 3
NO, _Roc” “coR
RN 10mol% 206a . R'OC” Y N0, (77
THF, -20 or -60°C R!
17 1.5-6d 118
of v up to >98:2 dr
(up to 99% vyield) Up to >99% ee
R
X SOPh E0C” CN R N
R 20 mol% 206¢ [0, soph  (79)
207 toluene, -25°C 208
48-72d up to 97% ee
(up to 96% yield)
OH
OR
= N i
206a R=H
206b R=Bn
206c R=PHN
i W
1 3
1J\/COZRS 10 mol% 206d_ R % JFOR
R R X -CHO CH27CL24 i3 C RZ/S/\CHO 79)
R 4
R
209 61 (up to >99% yield) 210
up to 25:1 dr
up to 99% ee
ol Ewg R ¢l
Y 20 mol% 206e_ x %
EWG toluene 25 C CN (80)
o211 o 213

(up to 99% yield) up to 25:1 dr
99% ee

OH

206d Ar=Bn
206e Ar=9-phenanthryl

% Hiemstra, H.; Wynberg, Hl. Am. Chem. So&981, 103 417.
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enantioselectivities can be obtained by tethered omechalkaloid204 which lacks a

hydroxyl group (eq 76} No explanation has been offered for the difference i

outcomes, but it is conceivable that the polar ionic hydrdgend that exists as a result

of deprotonation of the thiol subsequently provides stergaomdo the transition state.

Deng and coworkers have used related cinchona alk&l@@$or the catalysis of a

variety of asymmetric 1,4-conjugate additiorSigre 20%° and more recently an

asymmetric

Diels-Alder reactioh. They have proposed

that

the observed

stereoselectivity is a result of the ability of thetadyst to form two hydrogen bonds. A

polar covalent hydrogen bond can form between the picedgidroxyl and the

electrophile and a polar ionic hydrogen bond can form betweemucleophile and the

Figure 21. Cinchona Alkaloid Catalyzed Assymetric Manni
Amination, and Friedel-Crafts Reactions

B NC QOZBH
D {_COR!
) 5mol204 ,
CH,CI :
RIOC AT COBN g I
214 215 e 216 “Boo
(up to 99% yield) up to 98:2 dr
up to 98% ee
R 2 NQ’ R
R20,07 " Sy~ OO _5 mol% 206b L N
toluene, -78°C ~ Ef0C7 N° "COR
Foe N 1 min-12 h SoR?
217 218 219

(up to 98% yield) up to 99% ee

X OH
\
gl N f 10 mol% 206¢
s ZJ\ Et,0 or TBME, 23°C A g\
H R X 4-88 h R

AT

1—
i
Z N
221 H
up to 99% ee

129 220 (up to 97% yield)

% McDaid, P.; Chen, Y. G.; Deng, Angew. Chem. Int. E@001, 41, 338.
% a) Wang, Y.; Liu, X. F.; Deng, L1. Am. Chem. So2006 128 3928. b) Li, H. M.; Song, J.; Liu, X. F.;
Deng, L.J. Am. Chem. So2005 127, 8948. c) Li, H. M.; Wang, Y.; Tang, L.; Wu, F. H.; Liu, K.; Guo,
C.Y.; Foxman, B. M.; Deng, lAngew. Chem. Int. EQ005 44, 105. d) Li, H. M.; Wang, Y.; Tang, L.;
Deng, L.J. Am. Chem. So2004 126 9906. Wu, e. F.; Hong, R.; Khan, J.; Liu, X.; DengAhgew.
Chem. Int. EJ2006 45, 4301.
°”Wang, Y.; Li, H. M.; Wang, Y. Q.; Liu, Y.; Foxman, B1.; Deng, L.J. Am. Chem. So2007, 129

6364.
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tertiary amine. Jgrgensen and coworkers were able usksta?@4 in a catalytic

asymmetric Mannich reaction (eq 8%)Catalysts206b and206cwere also shown to be
effective for the asymmetric—amination (eq 83} and Friedel-Crafts reactions (eq
83)1%° Deng and coworkers have used the formation of a polelent hydrogen bond
between an alcohol and cinchona alka®i8 to effect catalytic asymmetric alcoholysis

as well as dynamic kinetic resolutionhéf andO-carboxy anhydride822 (eq 84)'%

R
)\F 1. 20 mol% 223, allyl alcohol R
o Et,0, 23°C, 0.5-2 h S o
PN
2. 10 mol% Pd(PPhg)s, THF PN/W]/ (84)
Morpholine, 23°C, 10 min e}
O 222 224

(up to 95% yield) up to 92% ee

OMe

1. 7. 2. Proline Based Catalysts

0O RZ O
§ il 3 mol% L-proli
mo -proline
DMF, 23°C 9
20h 0
R! O . R!
225 (up to >99% yield) 226

up to 93% ee

A brief coment is appropriate to acknowledge a classrgdrmcatalysts that have

evolved rapidly in the past decade, but should be condids¥parately. In the early

% Poulsen, T. B.; Alemparte, C.; Saaby, S.; Bella,Mrgensen, K. Angew. Chem., Int. E@005 44,
2896.

9 3) Liu, X. F.; Li, H. M.; Deng, LOrg. Lett.2005 7, 167. b) Saaby, S.; Bella, M.; Jorgensen, KJ A.
Am. Chem. So2004 126 8120.

1901j, H.; Wang, Y. Q.; Deng, LOrg. Lett.2006 8, 4063.

1 Tjan, S. K.; Chen, Y. G.; Hang, J. F.; Tang, L.; Ma&.; Deng, LAcc. Chem. Re2004 37, 621.
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1970’s Hajos and Parrish, and independently Eder, Sauer, awth&ki reported the first
asymmetric intramolecular aldol condensation usifgroline (eq 85}°? In 2000, List,

Lerner, and Barbas reported thaproline was an efficient catalyst for asymmetric

6] 0] O OH

)J\ )]\ 30 mol% L-proline )l\/l\ (86)
DMSO, 25°C 1
HsC”_ “CH; H” “R! ; HsC R
22770 T e 424h 2

(Upto 97% yield) ~ UPto 96% ee

intermolecular aldol condensations as well (eq'&6Dther primary amino acids and

cyclic secondary amino acids are not as efficierdlygsis.

Figure 22. The Potential Transition State for Proline Basethi@sis

: N
Aol -0

’OTH _

2
R o

A key feature of these catalysts is their formatiéra @ovalent intermediate with a
substrate. In this way, they might be considered chirziliaues, as stereochemical
information is translated through an entirely covaléiamework. As part of the
framework, studies have suggested the carboxylic acid otmlaenine formed from
proline forms a hydrogen bond with the aldehyde to bringwieereactants together in a

highly ordered transition stdf& reminiscent of the Zimmerman-Traxler transitiontesta

1923) Eder, U.; Sauer, G.; Weichert,Agew. Chem. Int. EA971, 10, 496. b) Hajos, Z. G.; Parrish, D. R.
J. Org. Chem1974 39, 1615.

193] jst, B.; Lerner, R. A.; Barbas, C. F.Am. Chem. So200Q 122, 2395.

1043) Clemente, F. R.; Houk, K. Mngew. Chem. Int. EQ004 43, 5766. b) Allemann, C.; Gordillo, R.;
Clemente, F. R.; Cheong, P. H. Y.; Houk, K.A¢c. Chem. Re2004 37, 558. c) Bahmanyar, S.; Houk,
K. N.; Martin, H. J.; List, BJ. Am. Chem. So2003 125 2475. d) Hoang, L.; Bahmanyar, S.; Houk, K.
N.; List, B.J. Am. Chem. So2003 125 16. e) Bahmanyar, S.; Houk, K. N.Am. Chem. So2001, 123
12911. f) Bahmanyar, S.; Houk, K. Bl. Am. Chem. So2001, 123 11273.

35



(Figure 22)°° Interestingly, the stereochemical outcome of protintalyzed reactions
can be explained in much the same way as is done e@thions in which a Zimmerman-
Traxler transition state is invoked. Thus, the metal thates up one member of the six-
membered chair-like transition state can be generalipedbe any metal including
hydrogen. The strength of the hydrogen bonding likely detesnime level of reactivity
and asymmetric induction of the catalyst. Other proliased catalysts have been made
in which the carboxylic acid is replaced with hydrogen balwhors such as

107

ammonium:*® amide!®” sulfonamide€'®® and tetrazofé® (eq 87). The reaction has been

extended to a wide variety of electrophité$.

RZ_
" RZ, o] Y
)H I\l( x mol% catalyst | 7)
- > X<
H3C X<, Hk/ R3
229R' 23R Rl 231
X=C, N, or O
Y=Nor O
w catalysts w
o\( C}O\(

195 Zimmerman, H. E.; Traxler, M. . Am. Chem. So&957, 79, 1920.

106 3) Nakadai, M.; Saito, S.; Yamamoto, Fétrahedror2002 58, 8167. b) Saito, S.; Nakadai, M.;
Yamamoto, HSynlett2001, 1245.

1973) Kofoed, J.; Nielsen, J.; Reymond, JBioorg. Med. Chem. Let2003 13, 2445. b) Martin, H. J.;
List, B. Synlett2003 1901. c) Tang, Z.; Jiang, F.; Yu, L. T.; Cui, X.; GohgZ.; Mi, A. Q.; Jiang, Y. Z,;
Wu, Y. D.J. Am. Chem. So2003 125 5262.

198 Berkessel, A.; Koch, B.; Lex, Adv. Synth. CataR004 346, 1141.

1093) Hartikka, A.; Arvidsson, P. Tetrahedron: Asymmet8004 15, 1831. b) Torii, H.; Nakadai, M.;
Ishihara, K.; Saito, S.; Yamamoto, Angew. Chem. Int. E@004 43, 1983.

1103) Cobb, A. J. A.; Shaw, D. M.; Ley, S. Synlett2004 558. b) Dahlin, N.; Bogevig, A.; Adolfsson, H.
Adv. Synth. CataR004 346 1101. c) Groger, H.; Wilken, Angew. Chem. Int. E@001, 40, 529. d) List,
B. Acc. Chem. Re2004 37, 548. e) Merino, P.; Tejero, Angew. Chem. Int. E@004 43, 2995. f)
Momiyama, N.; Torii, H.; Saito, S.; Yamamoto, Ptoc. Natl. Acad. Sci. U. S. 2004 101, 5374. g)
Notz, W.; Sakthivel, K.; Bui, T.; Zhong, G. F.; Barb&s F.Tetrahedron Lett2001, 42, 199. h) Notz, W.;
Tanaka, F.; Barbas, C. Acc. Chem. Re2004 37, 580. i) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F
J. Am. Chem. So2001, 123 5260.
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CHAPTER Il

STUDIES TO ELUCIDATE THE MECHANISM OF THE BRONSTEDACID
CATALYZED AZA-DARZENS REACTION

2. 1. The Biological Importance and Synthetic Utility of Azirdines
Figure 23. Natural Products Exhibiting an Aziridine Ri

o © H Q _OCONH,
OCONH;  HaCO N CH, OH
O N = 0l
| H .
OCHs 5 o
AcO' s N 0 NH
NH OHC N
HaC

AcO FR-900482
mitomycin C azinomycin A

Aziridines, like epoxides, combine a high degree of ringrs(tel1l kJ/mol) with an
electronegative heteroatom, which makes them suscefibl@ariety of transformations
involving ring opening. These features make aziridines usefernm@diates in organic
chemistry, and a unique challenge for synthesis. Theivitgpof the aziridine ring also
translates into the more complex setting of naturadyets, and there are several
examples of natural products with biological acitivityabieg an aziridine ring (Figure
23) ! Moreover, the aziridine is often responsible forbi@ogical activity. The natural
product mitomycin C is representative. When mitomycime@ches a cell’'s DNA, it
selectively alkylates the quinone nucleoside in the segué&iCpG-3'. Acitvation is
achieved by reduction of the quinone ring to the more releically rich hydroquinone

233 and ring strain then drives unimolecular aziridine rapgning to form a highly

1113) Sweeney, J. EEhem. Soc. Re2002 31, 247. b) Watson, I. D. G.; Yu, L.; Yudin, A. Kcc. Chem.
Res.2006 39, 194. c) Hodgkinson, T. J.; Shipman, Metrahedror2001, 57, 4467. d) Kiyoto, S.; Shibata,
T.; Yamashita, M.; Komori, T.; Okuhara, M.; Terahb; Kohsaka, M.; Aoki, H.; Imanaka, H. Antibiot.
1987, 40, 594. e) lwami, M.; Kiyoto, S.; Terano, H.; Kohsaké; Aoki, H.; Imanaka, HJ. Antibiot.1987,
40, 589. f) Katoh, T.; Itoh, E.; Yoshino, T.; TerashirBaTetrahedron 997, 53, 10229.
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Schemel. Mitomycin C Mechanism of Actic

enzyme -MeOH
[H]
OH OCONH,
HoN HoN
N\ H* = DNA
=~
HaC N NH HaC N
OH 234 OH 235 NH"
OH OCONH, OH OH
H,N HoN HoN DNA
N DNA _-OCONH, ) DNA i\
—_— —_—
HsC N HsC M HsC N
OH NH3z* -
OH 236 NHs 237 * OH 238 NHs

reactive carbon electrophil235 (Scheme 1). The result is a reactive, yet selective
chemotherapeutic agent with great practical value.

Among the countless stable aziridines, those bearing asUsasic nitrogen can be
activated by Lewis acids toward nucleophilic ring-opening (FEgg4). An elegant
demonstration of this strategy in asymmetric synthesghibaski’'s desymmetrization of
meso aziridin43 with a chiral nonracemic Lewis acid and aZitfeFunctional groups
which can stabilize the resulting negative charge frowp opening also enhance the rate
of nucleophilic attack. For examphks;tosyl aziridine239 can be efficiently opened with
a cupraté’® Aziridines can also be reductively opened by hydrogenof¥is

Vinyl aziridines utilize the ring strain to facilitatevariety of rearrangement reactions

(Figure 25)*° Pommelet and Chuche reported the aza-[3,3]-Claiseraremment of

12 Fykuta, Y.; Mita, T.; Fukuda, N.; Kanai, M.; Shibasaki,MAm. Chem. So2006 128 6312.

3 Church, N. J.; Young, D. Wietrahedron Lett1995 36, 151.

14 xiong, C. Y.; Wang, W.; Cai, C. Z.; Hruby, V.Jl.Org. Chem2002 67, 1399.

115 |n Aziridines and Epoxides in Organic Synthe¥isdin, A. K., Ed. Wiley-VCH: Weinheim, Germany,
2006.
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Figure 24. Chemistry of Aziridines: Examples o-N Activation
Modes Enabled by Aziridine Ring Strain

ring opening with carbon nucleophiles

Ts Ts
| . ~
N (CH3),CuCNLi5 NH
CH3
HOLC™ 239 (68%) HOC 240
ring opening with oxygen nucleophiles
F5COC
GHPh: SN
N CF;CO,H
—_— Ar
A CH_Cl,, reflux HO,C
EtO,C Ar 1h OH
241 (79%) 242
AI’=4-N02C6H4 AI’=4-N02C6H4

ring opening with nitrogen nucleophiles

2 mol% Y(O'Pr); y
N—COAr 4 mol% 244 N~ oar
TMSN;, EtCN
N

25°C,48h 5
243 (96%) 245
Ar=3,5-(NO,),CgH3 Ar=3,5-(NO,)-,CgH3
0
(Ph),0P 91% ee
HO™
O F
244 II
HO F
hydrogenolysis

H
N 10%Pd/C ph/\l/COZH
Ph” VCO,Bn Hp, CH;OH NH;

246 (90%) 247

divinyl aziridines 248'® Somfai and coworkers have developed the aza-[2,3]-Wittig
rearrangemeft’ and the [1,5]-hydrogen sHiff reactions of vinyl Aziridines. Another
example of a rearrangement of vinyl aziridines was tedooy Rees and coworkers in
which pyrrolines253 are formed!® Azomethine ylides are formed from aziridines and
can be subsequently utilized in dipolar cycloaddititfisThe stereospecificity of this
reaction type was utilized by Padwa and coworkers imamamolecular cyclization to

fused bicyclic lactoneg57.*%*

118 pommelet, J. C.: Chuche, Tetrahedron Lett1974 3897.
“Ahman, J.; Jarevang, T.; Somfai JPOrg. Chem1996 61, 8148.
118 Ahman, J.; Somfai, Fletrahedrorn 999 55, 11595.

119 atkinson, R. S.; Rees, C. \W. Chem. Soc. €969 778.

120 coldham, I.; Hufton, RChem. Rev2005 105 2765.

121 padwa, A.; Ku, HJ. Org. Chem1979 44, 255.
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Figure 25. Chemistry of Aziridiles: RearrangementEnabled by
Vinyl Aziridine Ring Strain

aza-[3,3]-Claisen rearrangement
s CHa
N 40°C N
ry O
248 249
aza-[2,3]-Wittig rearrangement

BuO,C . H .
j LiN(Pr),  Bus N~ 007Bu
‘BuAACHa (94%) g5y CHo

250
allylic rearrangement
O, O,
g8 g8
l\ll decalin r\lj
N N

40 min, 180 °C
85%
’Bu/L\/\CHS 85%) (:7
253

252
[1,5]-hydrogen shift
BuO,C .
jN benzene /Eéu\)
reflux, 23 h ~ =
’ BuO,C~ N
tBuA/ (100%) 255

254
azomethine ylide 1,3- dipolar cycloaddition
Pr

H,CO,C
Pr | N
,L benzene PBiphenyl s/, S
o reflux, 24 h
PRI \\ ~ O
Bipheny! (81%) HsCO,C I-f
257

256 O

2. 2. The Synthesis of Aziridines

2. 2. 1. Aziridines from 1,2-Amino Alcohols

Among aziridine preparations, a great many fall intodhapproaches: nucleophilic
ring closing, nitrene addition to olefins, and carbene madib imines. Nucleophilic ring

closure ofviccamino alcohols was first reported by Gabriel and tbgexl further by
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Wenker?? Several variants of this reaction now exist, but alizet a leaving group
vicinal to amine in some form (Figure 28}. These reactions require non-racemic

starting materials in order to obtain non-racemic products

Figure 26. Aziridine Ring Closure by Intramolecul
Nucleophilic Substitution

NH _ e
LICIO, N

/_\/\ _—

MeO,C OMs  sym-collidine

: dioxane, 75 °C MeOZC/%OMs
258 (91%) 259

(88)

H
PPh; N

A _COMe .
Meozc/\r > —DVF /\ (89)

o 80°C MeO,C "1co,Me
260 T1%) 261

2. 2. 2. Aziridine Formation via Nitrene Addition to Olefins

Several methods have been developed for nitrene or ndrawailition to olefins.
Nitrenes can be formed by metals such as copper, rhpdindhmanganese that when
used with chiral ligands such as bisoxazoligé3 and diamine266, provide a route for
catalytic asymmetric aziridination (Figure 27§.Evans® (eq 90) and Jacobsgh (eq
91) independently reported the first catalytic asymmetiigdanation involving nitrenes
generated by copper(l) complexes. The scope of thesdoreacs quite limited. The

enantioselectivity of these reactions decreases dr@attgtwith other olefins.

122 3) Gabriel, SChem. Ber1888 21, 1049. b) Gabriel, hem. Ber1888 21, 2664. c) Wenker, HI.

Am. Chem. Sod.935 57, 2328.

123 3) Legters, J.; Thijs, L.; Zwanenburg, Retrahedronl 997, 47, 5287. b) Fernandez-Megia, E.; Montaos,
M. A.; Sardina, F. 1. Org. Chem200Q 65, 6780.

124 Muller, P.; Fruit, CChem. Rev2003 103 2905.

125 Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson,/; Barnes, D. MJ. Am. Chem. So&993

115, 5328.

1261 j, 2.; Conser, K. R.; Jacobsen, E.NAm. Chem. Sot993 115, 5326.
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Figure 27. Asymmetric Aziridination via Nitren:
st
X _-COPh mol% Cu N
phe N 6 mol% 263 VANG (50)
262 benzene, 21 °C  pp\ CO,Ph
(64%) 97% ee
H3C CH3
O\‘)(’/O
N N

Ph Ph

CH3
CHs Phl=NTs
CHz _10 mol% CuOTf _ CuOTf (91)
T 11 mol% 266

CH,Cly, -78 °C \
267
(75%) 98% ee

More recently, Katsuki and coworkers have made dramatigrovements in

expanding the scope of olefins to which nitrenes can beedaddith high

enantioselectivity by utilizing a ruthenium salen com#62 (eq 92)**’

0.1 2TSN°/ 269 ¥
-2 mol7 N
—_—
NNV
- 5° A\
268 ’ R™ 270
(70-99%) 82-98% ee
fole)
_N\I/N_
N
aahad
SalrrUa®

e A%

Ar=3,5-C|2-4-M638iCSH2

127 Kawabata, H.; Omura, K.; Uchida, T.; Katsuki,Ohemistry-an Asian Journa007, 2, 248.
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2. 2. 3. Aziridine Formation from Imines

Analogously, carbenes can be added to imines to forndames. Attempts to utilize
metallocarbenes have met with limited success. Diamdssulfur ylides can act as both

electrophiles and nucleophiles and therefore provide carblendé¢havior. The aza-

b oM
N (k N (93)
Z “OrR* T78°C /\
R! J\H X R! R2
271 272 cis-273

Darzens reaction involves the reaction ofeatmaloenolat272 with imine 271 (eq 93).
The enolate is often formed with lithium bases sot thhen exposed to imine, a

Zimmerman-Traxler transition state can form. The usa chiral auxiliary on the imine

NF Ra E
R2 S e (94)
NP RS
R1J\H =R R1AR2
271 274 273

or the enolate allows for the diastereoselectivetl®sis of aziridines. Analogously, a
sulfur ylide 274 can react with an imine to form the aziridine (eq @ghiral auxiliary
on the imine or ylide allows for the asymmetric $ydis of aziridines. Both of these
employ stoichiometric amounts of the chiral influenb®re recently Aggarwal and co-
workers utilized ann situ formation of non-racemic sulfur ylides from meta#ldoenes

for a catalytic asymmetric ylide-mediated aziridinatfeq 95)*%®

128 3) Aggarwal, V. K.; Alonso, E.; Fang, G. Y.; FeaaM.; Hynd, G.; Porcelloni, MAngew. Chem. Int.

Ed. 2001 40, 1433. b) Aggarwal, V. K.; Charmant, J. P. H.; Ciangpj,Hornby, J. M.; O'Brien, C. J.;
Hynd, G.; Parsons, R. Chem. Soc., Perkin Trans2@01, 3159. c) Aggarwal, V. K.; Thompson, A;;
Jones, R. V. H.; Standen, M. C. H.Org. Chem1996 61, 8368.
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+ -
P Na N,NTs

=Z—T0

J\ 1 mol% Rh5(OAc),
o) 1,4-dioxane, BnEt;NCI
R ; Ph)J\ G SR A
271 275 276 (up to 82% yield) trans-277
up to 8:1 dr
up to 98% ee

(95)

In 1983, Bartnik and Mlostoreported the Lewis acid catalyzed aza-Darzens reaction
of imines 271 with phenyl diazomethan278 using zinc iodide as the Lewis acid (eq

96)1% Jgrgensen has shown that a variety of Lewis aciddyzatéhe aza-Darzens

reaction of imine271 with ethyl diazoacetat@79 (eq 97)**° The research group of

Brookhart and Templeton utilized BBESg, AICI3, and TiC} for Lewis acid catalyzed

aziridination of imine71 with ethyl diazoacetat279 (eq 98)**! They were able to get

better yields and more consistent diasteroselectivity faund that the reaction did not

Figure 28. Lewis Acid Catalyzed Az-Darzens Reactiol

NT N 2 mol% Znl, N (96)

P
| LMmoTh e,
N kph Et,0, 25 °C . /\

271 278  upto 74% yield) cis-277

Ph

NN 10 mol% LA |
J\ § CH.CI [Ns ®7)
212
R! o 272025 25°Clo20°C RI7 S0
. ClS-
(up to 95% vyield) up to >20:1 dr
_P
PN N HN _p
N ( 10 mol% BF3*OEt, N  _cog M (©8)
1J\ cogEt ER9.25°C A 2 1J\/C02Et
R H 0.5-48 h R CO,Et 1 R
271 279 cis-280 R'281 282

(up to 93% vyield) up to 93:7 dr

produce any maleate or fumarate byproducts typical of iogscinvolving carbenes.

However they did observe two enamine byprod@8tsand282that were proposed to be

129 Bartnik, R.; Mloston, GSynthesid4983 924.

1303) Rasmussen, K. G.; Jorgensen, KJAChem. Soc., Chem. Commi®95 1401. b) Rasmussen, K.
G.; Jorgensen, K. Al. Chem. Soc., Perkin Trans1997 1287.

131 Casarrubios, L.; Perez, J. A.; Brookhart, M.; Tempiefo L.J. Org. Chem1996 61, 8358.
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the result of 1,2-hydride or aryl shifts. The shifts cooddtur from an aminodiazonium

intermediate formed during a stepwise addition.

CHPh CHPhy
i N2 10 mol% 283 u o
—_—
J\ kCO £t toluene, 0-25 °C / \ (99)
R' o4 H ’0 2 3-24h R Ja4 O
7 . cis-
(up to 77% yield) up to >50:1 dr
up to 98% ee

Antilla and Wulff developed the first Lewis acid catayzasymmetric aziridination
utilizing boron bound to S-VAPOL as the cataly283 (eq 99)** The reaction is
successful in producing aziridines with high enantio- aadtdreoselectivity as well as

reducing the amounts of the previously mentioned enamine dypio

s N -ll—S
N 2 5 mol% 286 N
BN THF, 78°C A (100)
BO.CT TH  TMS U shun Eoc ™S
196 285 0 10 55% yield)

up to 19:1 dr
up to 72% ee

+Clo
Q™
ol
p”

N\
/Cu

P
1 Tol
Tol

286

1323) Antilla, J. C.; Wulff, W. DJ. Am. Chem. Sot999 121, 5099. b) Antilla, J. C.; Wulff, W. DAngew.
Chem. Int. EJ200Q 39, 4518.
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At about the same time Jorgensen and co-workers repodddetiis acid catalyzed
asymmetric aziridination using trimethylsilyldiazometh&8& albeit with lower enantio-
and diastereoselectivities (eq 108 More recently Johnston and Williams reported the
Brgnsted acid catalyzed diasteroselective aziridinatibningnes 84 with ethyl
diazoacetat@79 (eq 101)** This reaction proceeds with high diastereoselectiuvityttie
cis-aziridine for a variety of benzhydryl imines. The meubm of these reactions has

not been studied in detail, but a triazoline was thougbeta possible intermediate.

~CHPh2 N, TFOH (25 mol%) e
mo
1§ [TOR (20 moth) N (101)
L CH;CH,CN /\
R H COEL  7gC. 2 hr R'
84 279 cis-284
(up to 89%) 1o >95'5 cis:trans

CO,Et

2. 2. 4. Transformation of Triazolines to Aziridines

Triazolines290 have long been recognized as useful synthetic inteatesd The
preparation of triazolines often involves either a [3+3jlagddition of olefin288 with

azides289or a [3+2] cyloaddition of diaza291 with imines146 (Scheme 2§3°

Scheme2. Synthesis of Triazolini

No 3

2 N+ R~N7 SN NN
1/\/R Rs’ \N\ —_— - |
R SN 1>_/ , 1J\ kFe2
R R R H
288 289 290 146 291

Triazolines290 have been shown to form aziridin286 thermally, photolytically,

and in the presence of acid (Figure 29). Mechanistic stufighese reactions have

133f) Juhl, K.; Hazell, R. G.; Jorgensen, K. A.Chem. Soc., Perkin Trans1299 2293.

¥ williams, A. L.; Johnston, J. Nl. Am. Chem. So2004 126, 1612.

135 Scheiner, P., Triazoline Decomposition Selective Organic TransformatigrEhyagarajan, B. S., Ed.
Wiley-Interscience: New York, USA, 1970; Vol. 1.
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depended primarily on the distribution of products. The przdigolated are dependent
on the specific triazoline used and the solvent usedcléar picture of the mechanism
has evolved for thermal or acid catalyzed decomposttidnazolines290. It seems that

the sigma bond between N1 and N2 is cleaved eitherdhgieally or homolytically.

Figure 28. Modes of Triazoline Conversi

R -
heterolytic )\(Rz __ Hshift N
R R2
202 oM R'2g8
N2 or
SN2
FUPAN R N R
N N homolytic N lll
i 2 Rl R?
R’ 290 R 2037 Sy| R 206 R?
or
R R
\NH SN2 \NH
2 —— 2
H+ R1 R —-H+> R1 R
204 207,

Acids protonate N1 leading to heterolytic cleavage of NeN2 bond. It is unclear
whether the subsequent key intermediate involves an amiaponium ion 294,
aziridinium ion, or a carbocatiofi° Photolytic decomposition may occur via homolytic
cleavage of the N1-N2 bond and involve a diradical intdiate 293 Stereochemistry
has not been utilized in studying the mechanism of theraralacid-catalyzed
decomposition of triazoline90. Scheiner has studied aziridine formation from
triazolines290 by photodecompositiofi” It was found that triazolingans290 afforded
predominantlytrans296 (eq 102) and triazolineis-290 afforded predominantlgis-290

(eq 103).

136 Smith, R. H.; Wladkowski, B. D.; Taylor, J. E.; ThompsB. J.; Pruski, B.; Klose, J. R.; Andrews, A.
W.; Michejda, C. JJ. Org. Chem1993 58, 2097.
1373) Scheiner, RI. Am. Chem. So&966 88, 4759. b) Scheiner, B. Am. Chem. Sot968 90, 988.
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Figure 3C. Scheiner’s Photolytic Conversion
Triaolines to Aziridines

N R3 R3
R~y SN hy i i
) / 1 NS N N (102)
R R R7 YRz R1T Vg2
trans-290 cis-296 trans-296
(22%) (66%)
N R3 R3
R3\N/ SN hv | |
) / v N N (103)
R R R7 YRz g7 Vg2
cis-290 cis-296 trans-296
(65%) (17%)

2. 3. The Potential for Mechanistic Convergency Between tl@onversion of
Triazolines to Aziridines and the Brgnsted Acid Catalyzeagza-Darzens Reaction

S_COMe BnN5TfOH Bn (104)
—_———
N CHiON,023°C < come
100 297

Johnston and co-workers discovered the Brgnsted acid proamtiedolefin addition
reaction. This reaction does form aziridin287 when acrylateslO0 were used as
substrates (eq 104), but the products contain only one steteo. Inclusion of a pendant
nucleophilic carbamate on the olefin affords an oxazwiddione300 as theanti-

diastereomer (Scheme 3J.1n 2008, they demonstrated thatranstriazoline 299 is

Scheme3. The Azide-Olefin/Addition Reactio

Bno
o NH o
BnN3TfOH
/\)J\ COMe 7778 = R*J\_/(
RN N CHACN, 0-23 °C D ONR?
298 R (up to 94%) °
up to 94%
o}
BnNj, TFOH 300
CHACN, -20 °C Bn\N/N\\N up to >20:1 dr
2
(up to 95%) 2 R TfOH, H,0
R /’//N\ CH3CN, -20 °C
[e) COzMe 0,
(up to 98%)

299
up to >20:1 dr

138 Mahoney, J. M.; Smith, C. R.; Johnston, JJNAm. Chem. So2005 127, 1354.
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at least a resting state, if not an intermediatéh@se reactions® The conversion of
transtriazoline 299 to anti-oxazolidine dione00 could involve arans-aziridine303 as
an intermediate (Scheme 4).trans-aziridine may form from #&ranstriazoline via a 3-
exotet cyclization at nitrogen. It is also possible thati@amino diazonium ior302 is

formed, leading to thanti-oxazolidine dione as a result of a direg2S&ttack. Both of

Scheme4. Possibli Mechanisms for the Brgnsted Acid PromcAzide-Olefin/Addition R

o .
vtc-amlrlw’gl?tléazomum Bn—NH N»
[t itiaidtid = / = o T 1
; R 7N v
N o//_ CouMe B~k
Bi~n7 Sy 302 : 2
. K Bn_, H R NPh
n z
R" 209 /N B <™ o N e anti-300 O
& coxMe /\ ' A
_________ - AN, COMe . r,, N 0 oy
exo-fet R N R n/ COMe -------
cyclization 301 F|>h 303 Io)

route

these mechanisms are possibly convergent with the meoharighe Brgnsted acid
catalyzed aza-Darzens reaction. Sioseaziridines are produced in this reaction, it was
thought that asynoxazolidine dione could result from the reactionimines with a
diazoimide via ecis-aziridine. Our mechanistic studies were designed to deierthe
probable intermediates in these two reactions, whettesr involved similar pathways,
and how this affected the stereochemical outcome. bliéiy these studies would allow
us to extend the scope of the Brgnsted acid catalyzedaza+i3 reaction and develop —

perhaps rationally - new reactions.

139 Hong, K. B.; Donahue, M. G.; Johnston, JJNAmM. Chem. So2008 13Q 2323.
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2. 4. Studies of Brgnsted Acid Promoted Triazoline Fragnmgation

2. 4. 1. Attempted Synthesis of Triazolines from [3+2]-Czafion of Diazos with
Imines

PhoHC

CHPh

~CHPhz oo pHPh: NH thHc\NH

)J\ m A N CO,Et (105)
COLEt AN MeO,C o COEL
MeOZC H MeOZC COzEt N MeOZC
2
304 279 305 306 307
(23%) (19%) not formed

We first investigated whether or not a triazoline couldheemally prepared from the
substrates in a typical Brgnsted acid catalyzed azeeDareeaction. Iming04 was
treated with an excess of ethyl diazoacet2i&9)(as solvent and followed at several
temperatures over several days (eq 105) to see if any lim@zoould be observed.
Reaction progress was monitored % NMR which showed no conversion until the
temperature reached 50 °C and complete conversionsaflays at 50 °C. The reaction
was repeated at 70 °C and proceded with 82% conversiorRafteys, to give 23% of the
cis-aziridine 305 and 19% of thevic-diazoamine306. The dehydroamino acigd07 has
been reported to be a byproduct in certain aza-Darzectsomst>* However, there was

no evidence 0807 in this reaction.

~CHPh, sooc PO~y
L - > > / (106)
MeO,C~ “H ™S Meo,C TMS
304 285 308

not formed
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A 1,2,4-triazoline was reportedly isolated from the reecof anN-tosylimine and
trimethylsilyldiazomethan&® However, after 10 days at 30 °C, the reaction of
trimethylsilyl diazomethane289 with imine 304 showed little conversion and no

triazoline B08) formation (eq 106).

2. 4. 2. Synthesis of Triazolines by Thermal Addition of Azide Olefins

Triazolines are known to form from the reaction pilas with olefing>® Thetrans
triazoline 310 was synthesized by the reaction of the mixed fumaB{i® with
diphenylmethyl azide (eq 108). Optimal conditions for th&lsysis of the unsymmetrical
fumaric diester309 was found to be a simple transesterification of dhylefumarate
(trans-158 with an excess of ethanol and a small amount of Ts®dikth produced a

mixture of starting material trgns158) diethyl ester, and mixed

co,Me _PTsOH CO,Et
Meo,c” N COME T ot 0,0 A (107)
trans-158 reflux 309

ester309 which could be separated by chromatography (eq 107). The ttlyylene
protons that are part of the triazoline ring appear inth&IMR spectrum at 5.13 ppm
and 4.82 ppm as doublets with a coupling constant of 15.0 Hz, wghodmsistent with a

transrelationship.

N
PhHC~ 7
Ph,CHN; 2~ N° °N
—_—

Meo,c” O (108)

MeO,C CO,Et

309 310

140 aggarwal, V. K.; Alonso, E.; Ferrara, M.; Spey, SJEOrg. Chem2002, 67, 2335.

51



Low yields are due in part to tautomerization of theztime 310 to the vic-
diazoamine306, which can occur even at ambient temperature. Tautortienze
indicated by a change in thel NMR spectrum from the two doublets characteristic of
the triazoline310to one singlet at 4.27 ppm (coupling to NHDPM not obseraed)an
IR absorbance at 2083 &mSurprisingly the reaction of diphenylmethyl azide with

dimethyl maleate qis-158) also produced théranstriazoline rather than the desired

Table1. Thelsomerization of Dimethyl Malee

/—\ additive X _COMe
MeoC  COMe " Bgog > MeOCT

cis-158 trans-1568
entry additive time result?

1 none 1hr no isomerization

2 DBU 16 hr  complete isomerization®
3 DMAP 16 hr complete isomerization?
4 DABCO 16hr partial isomerization”
5  pyridine 16 hr no isomerization

6 DMSO 16hr no isomerization

7 MeOH 16 hr no isomerization

a0bserved by TLC. °Confirmed by "H NMR

cistriazoline. A variety of conditions were tried to dete how the maleic diester
might be isomerizing under the reaction conditions (@dh! The data indicates that the
isomerization is due to nucleophiles that are presumalbfgrpgng a Michael addition.
The alkyl azide may act like a nucleophile in a reversaadition reaction leading to
olefin isomerization. Therefore, either an initialefin isomerization precedes the

cycloaddition, or the cycloaddition is not concerted.

Hz N3

Tf»,0, NaN. ~
CHy et oHy  (109)
DMAP, CH.Cl,
311 25°C,2 hr 312

mz
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Synthesis of the chiral nonracemic triazoline staftech a chiral azide. Chiral azides
can be synthesized using the diazo transfer method b&At Thus readily available
(R)-a-methylbenzyl amine311) was reacted with a freshly prepared solution of trifyl
azide in the presence of DMAP to produce the correspon&ng-fnethylbenzyl azide
(R-312 in 77% vyield (eq 109). The procedure was scaled up to afford XQ([g)-o-

methylbenzyl azideR-312).

N H,C HaC H,C H,C

- N N N N
= 309 )\ 2 )\ A )\ N )\ AN
©/\CH3 0o P\ (N Ph N) R N N: N0
MeO,C COEt  MeOoC “CoEt  Et0,C CO;Me  EtO,C “coMe
312 313 a3 7 313¢ 72 7 313d

(R)-a-Methylbenzyl azide R-312) was reacted with the unsymmetrical fumarate
trans-309to afford the triazolindk-313 as a mixture of four products (eq 110). Isolation
of these triazolines was complicated by the formatibthe vic-diazoamine similar to
previous examples. The triazolinB8&3 were separated from the excess aZA@6 by
column chromatography with silica gel cooled to 0 °C. ditwons for prepartory HPLC
using a normal phase column were found that allowedtHerseparation of all four
products. Triazoline813g 313¢ and313d could all be isolated in high enough purity to
appear as a single triazoline By NMR. Triazoline313b could only be isolated in 10:1
ratio of 313313a The isolated triazolines experienced some conversiowid-
diazoamine, so they were stored at -4 °C and used witho@¢s. Structural assignment
of the triazolines was accomplished using 2D NMR. Furtbenfirmation of

regiochemistry was made by the observance of an N®&eba the benzylic proton and

141 Ramanathan, S. K.; Keeler, J.; Lee, H. L.; Reddys DLushington, G.; Aubé, Qrg. Lett.2005 7,
1059.
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the protons of the ester which is closest to the benpybton; no NOE is observed
between the benzylic proton and the other ester. Amtofsc effect of the phenyl ring
on the protons of the ester and triazoline proton ekidfse most probable lowest energy

conformation for313aand313callowing for an assignment of the diastereomers.

Figure 31. Assignment of Triazoline Regiochemistry by N
CHa Ph CH3 Ph

N N
H“)\N/ SN Hsc“)\N N Hsc“)\N/ N
0-1%( P M 0.1%Q‘H 1 0.1% Ph \—< 0.1%CH
3 COzEt

MeO,C CO,Et MeOoC EtOZC o CoaMe EtO,C TO,Me
313a 313d

Imide 314 was treated with diphenylmethyl azide in a similar fashionatford
triazoline315. The triazoline315was isolated by chilled column chromatography in 4%
yield (eq 111). The relative stereochemistry was assignembiyyling constants for the
triazoline protons. Regiochemistry was determined by 2D N by comparison to

the NMR spectra of similar triazolines produced by a dhbffé route in which the

O N
PhoHC~, N
/\)J\ ~CO2Me —>Ph2CHN3 N N (111)
EtO,C N Ph

|
Ph EtO,C 315 N
314 r co,Me

structural assignment was accomplished by X-ray crysralfihy*?

Several products
were formed from this reaction. One of the products ésvtb-diazoamine which has
been observed in the synthesis of similar triazolide®ther possible product was the

regioisomer of triazoline15 however this was never fully characterized. The other

products in this reaction were not isolated as pure comgofandaccurate analysis. It

142 Hong, K. B.; Donahue, M. G.; Johnston, JuNpublished results

54



was also noted that triazolirgd 5 was extraordinarily unstable. Attempts at the symshes
of triazoline 315 using other conditions were unsuccessful. The reactish@asn was
extremely sensitive to the temperature of the reac®nvell as the time of reaction.
Furthermore, the triazoline had to be used within a liewrs of isolation in order to
avoid decomposition. Isolate®ll5 could not even be stored under &t -4 °C for more

than 12 hours.

2. 4. 3. Conversion of Racemic Triazolines to Aziridine

In an attempt to convert teans-triazoline to thecis-isomer, theranstriazoline was
treated with 1 equivalent of LDA and then quenched with livatgnt of AcOH.
Unfortunately, the product that formed wagi@diazoamine, as indicated by the absence
of the doublets for the starting material and the apearof a singlet at 4.23 ppm in the
'H NMR spectrum of the crude reaction mixture. Furtheeméme synthesis dfans
triazoline310 on a larger scale was complicated by the completeecsion to thevic-
diazoamine306 during chromatography. It should be noted that winans-triazolines
310 are pure by NMR, they still show botitans-triazoline 310 andvic-diazoamine306
by TLC. These results indicate that triazolines canedoto vic-diazoamine in the
presence of base or weak atitiA screen of various solvents was performed using the
unsymmetricatranstriazoline 310 with TfOH and TFA (Table 3). This data shows that
with TfOH the aziridine305is formed rapidly at low temperatures. TLC of tkaations
show that with either TFA or TfOH the reactions arest rapid in DCM. It isn’'t known
for certain, but it is possible that thé-diazoamine306 observed with TfOH may be

from the triazolines810 breaking down to thegic-diazoamine306 spontaneously during

1433) Rejzek, M.; Stockman, R. A.; van Maarseveen, JHhghes, D. LChem. Commur2005 4661. b)
Herdeis, C.; Schiffer, TTetrahedrorl996 52, 14745. c) Herdeis, C.; Schiffer, $ynthesid997 1405.
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the time it took to weigh it out. However, in DCM thenount ofvic-diazoamine306 is
less. It has been observed that these triazolinearatable at ambient temperature and

can significantly convert teic-diazoamine306

Table2. Transformation of Triazoline Using Various Acids ¢

Base8
PhaHC~ NSy 100 ot GHPh PO
mol% X N )\’( COEt
DCM A MeO,C
MeO,C CO,Et MeO,C CO,Et N,
310 305 306
yield (%)
entry X temp time (n) 310° 306° 305x° 306:305
1 LDA -78°C 1h 0 73 0 >99:1
2 DBU -78°C  1h 0 57 0 >99:1
3 DIEA -20°C  36h 0 77 0 >99:1
4 AlLO; -20°C  36h 0 65 0 >99:1
5 NH4 I  25°C  36h 2 67 0 >99:1
6 HCI 78°C  1h 0 70 17 4:1
7 TsOH -20°C 36h 0 72 N 6:1
8 BFyOEt, -20°C 36h 0 38 46 1:1
9 SiO; 25°C  36h 3B 46 0 >99:1
10 MeOH -20°C  36h 0 75 15 5:1

2All reactions were 0.10 M in substrate. Plsolated yields after column chromatography.

Finally, a larger screen of acids and bases was perdousieg the unsymmetrical
transtriazoline310using DCM as solvent (Table 3). AziridiB®5 formation is always a
competitive process with the formationvad-diazoamine806 when acids are used, but is
never observed when bases are used. The reactionaséee With stronger bases and
stronger acids. When DBU was used, the-diazoamine306 was formed almost
immediately with complete conversion and no aziridmened (analysis by TLC). The
aziridine 305 formed in these reactions was analyzed'tyNMR, which showed the
product to be solegis-aziridine.

A possible explanation for the lower amount wd-diazoamine306 formation in
DCM (Table 3, entry 2) was that tiwec-diazoamine306 can be converted to aziridine

305 albeit at a much slower rate. Furthermore, in tlesqmce of 1 equivalent of TFA,

56



Table 3 Effect of Solvent on the Transformation of Triazotthe

cHPr PhHCS,

100 mol% acid N

THF, -78 °C AN Meozc)ﬁ(

MeO,C "cozEt 1hr MeO,C CO,Et N
310 305 306 N2

PhaHC~ Ny

CO,Et

yield (%)

entry acid  solvent  temp time (h) 310° 306° 305° 306:305
1 TfOH THF 78°C  1h 0 57 18 31
TfOH DCM 20°C 16h 0 13 77 1:6
TfOH CHsCH,CN -20°C  16h 0 30 53 1:2
TfOH EtOAc  -78°C 1h 0 27 59 1:2
TFA THF 20°C 16h 34 37 0  >991
TFA DCM 78°C 1h 25 55 0  >991
TFA DCM 78°C  1h 38 40 0 >99:1
TFA DCM 20°C 16h 0 26 48 1:2
9 TFA CHsCH.CN -78°C 1h 47 34 0  >991
10 TFA  EtOAc  -20°C 16h 0 75 15 51

All reactions were 0.10 M in substrate. ®Isolated yields after column chromatography.
©110 mol% acid used.

O

O~~~ WN

the triazoline310 forms 40%vic-diazoamine306in 1 hour at -78 °C (Table 3, entry 7).
Yet if the same conditions are used and then warme8@QdC for several hours only
26% vic-diazoamine306 is formed (Table 3, entry 8). Thus it must be conclutihed
14% of thevic-diazoamine806 was converted to aziridir@5 This does not seem to be
nearly as efficient a transformation in other solvesutsh as ethyl acetate (Table 3, entry
10). To test this hypothesis, the-diazoamine306 was isolated and then treated with
TfOH in DCM at -20 °C (Table 4). When 2 equivalents o®MHf are used, the starting
material is completely consumed and 44% of aziri®@®is formed. It was anticipated
that the aziridine305 formed from thevic-diazoamine306 should be a mixture of
diastereomers, yet the product was exclusively diseaziridine 305 Thus, thea-
diazonium316 is the likely intermediate in the formation of adine and may represent
the key intermediate responsible for the observed stieeeaistry.

The proposed mechanism, which is consistent with teeatitré®*3¢***for the

conversion of théranstriazolines310to vic-diazoamine806 and aziridine805is shown

144 Broeckx, W.; Overberg.N; Samyn, C.; Smets, G.; L'AlfbeTetrahedrorl 971, 27, 3527.
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Table4. The Conversion ovic-Diazoamine to Aziridin®

PhHC, ) cHPn,
x mol% TfOH
CO,Et N
MeOQC)Y = "CHyCl, 20°C AN
N 16 hr MeO,C CO,Et
306 - 305
entry X %306°  %305°
1 25 46 3
2 100 68 13
3 200 0 44
4 300 0 26

@All reactions were 0.10 M in substrate.
bisolated yields after column chromatography.

in Scheme 5. Under acidic conditions the more basic gatroof the triazoline is
protonated, which causes ring opening. This leads to interte€di§ which after bond
rotation, is susceptible ton3 attack by the amine, expelling,,Nand leading to the
aziridine product via aziridiniuncis-318 However the methine hydrogen of the

diazonium is quite acidic, since it is experiencing an itideaffect from both the ester

and the diazonium.

Scheme5. Convergent Mechanism for the Formation of Aziridinerfrériazolines ani
Imines and Diazos

HL - CHPh2
N
M OCJJ\H ( 279
€07
317 CO,Et
Ph,HC
N H 2 ~
PhHC~\ 7y H thHCJ,\"/N\\N NH - thHC\K‘,H
> —_— COEt — N o
- ecxe MeOsC COE
MeO,C COEt 3 f 0,07 i
2 310 2 Meozc 310 COzEt cis-316 N2 cis-318
H+1T-H+
Ph,HC
Sl N
COEt
MeO,C
306 N,
A
R
H ;; H" not observed
Ph,HC
2 SNH - PhyHC 4+ H
N
WCOsEt ----- -
Meozc)\+ Ve0s CA oot
trans-316 "2 trans-318
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The data in Table 3 would seem to indicate that this pristeufficiently acidic in
the triazoline to be deprotonated by bases as weak &s DHtis cyclization to aziridine
is in competition with proton loss teic-diazoamine. The strength of acid (or base),
solvent, and temperature then determine which path isddvintermediat816is likely
circumvented under basic conditions, where thenethine proton is abstracted

concomitant with N-N bond cleavage and thus no aneids observed.

2 .4. 4. Conversion of Chiral Non-Racemic Triazoline to Adine

Figure 32. Sterespecifi conversion of Chiral Nc-Racemic Triazolines t

Aziridines e
HaC Ph__CHs
NN 100 mol% TFOH \Nf P NH
PR CHLCl, -78 °C /\ oo OO (112)
MeO,C COZEt 1 hr MeO,C" "/CO,Et o /\ﬂ/
313a 80% conv 319a : 320a™2
(43%)
CHs
HaC Ph CHs
N
N 100 mol% TfOH ! Ph” NH
Ph CH.Cl,, -78 °C coet (113
‘. 1hr MeO,C
MeO,C CO,Et MeO,C COyEt N
313b 100% conv 319b 320b 2
Q7%)
HaC s
3 Ph._ _CHs
2N h
N N 100 mol% TfOH | P NH
Ph CH.Cl,, -78 °C A __CoMe (114
S Thr AN eoc” Y
EtO,C COsMe MeO,C CO,Et 21 N
313¢c 74% conv 319b 320c >
(43%) .
coH ¥
3 g /&
HsC Ph__CHs ¢ %
o NN 100 mol% TfOH \N( Ph” NH ‘\
CH.Cl,, -78 °C coc coMe (119 |
EtO,C CO,Me 1hr MeO,C" “"CoEt 2 I o} 21
313d 96% conv 319a 320d ° e
(38%)

Non-racemic triazoline813a 313b, 313¢ and313d were then treated individually

with TfOH and converted smoothly to the correspondingdizes319 (Figure 32). The
products were purified and characterized. TriazolBE3a and313d were converted to

aziridine 319a as a single diastereomer as indicatedyNMR. Likewise, triazoline
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313cconverted to aziridin819b as a single diastereomer. And finally, a 10:1 mixture of
313bto 313awas converted to aziridir@l9b with 10:1 dr. The data suggests that each
conversion from triazoline to aziridine was stereosjged he relative stereochemistry of
319a was assigned by X-ray crystallography. The reactionnofe 321 with ethyl
diazoacetat79 in the presence of triflic acid affords a 1:1 mixtureaairidines319a
and319b and in 69% vyield (eq 116) under reaction conditions identic#hose used in
Figure 32. This confirms that no retro-Mannich pathwaycsuaring. It should be noted
here that a full equivalent of acid was used for the mhposition of triazoline$13 and
310 This requirement was elucidated previously in the Johngtoop with similar
substrate$®® This would imply that the triazoline actually interfensith turnover in the
reactions. Thus, the triazoline, if formed in the Brgnsied catalyzed aza-Darzens
reaction must not reach any appreciable amount sinseomly converted to aziridine

through the use of a full equivalent of triflic acid.

CHs Ph YCHg Ph YCHg
~ 0,
N e N 100 mol% TfOH y z (116)
g CH,Cly, -78 °C VAN
MeO,C~ H COsEt 1 hr MeO,C" ""COLEt MeO,C CO,Et
321 279 319a 1:1 319b

73%

2. 4. 5 Conversion of Racemic Triazoline to Oxazolidine Dione

Triazoline315was converted in the presence of triflic acicatdi-oxazolidine dione

PhaHC
PhoHC—, N NH

\ A )\/40
> / Ph 200 mol% TfOH EtO,C 117)

:  N—Ph

A
EtO,C s—N CH,CN, -20-23 °C H
o/// co,Me (62%)
315 anti-322 O
3:1dr
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anti-322in 62% yield with 3:1 dr (eq 117). The reaction of im3#&3 with diazo324ain
the presence of triflic acid affordegnoxazolidine dionesyn322in 65% yield and 10:1

dr (eq 118). Thesynoxazolidine dionesyn322 is distinguishable fromanti-oxazolidine

o thHC\NH o
_CHPh,
J\ Coale 200 mol% TfOH Etozc)\l//< (118)
P CH4CN, -20°C N—Ph
EOLT TH N, ph ] o)
323 324a (85%) syn-322
10:1 dr

dione anti-322 in the '"H NMR spectrum. Specifically, the resonance for tighenyl
methyl methine proton isynoxazolidine dionesyn322is a doublet at 5.00 ppm with a
coupling constant of 3.8 Hz. The resonance for the santerpinanti-322is a doublet at
5.09 ppm with a coupling constant of 4.6 Hz. The rest ofptltons overlap and are
difficult to analyze. Imine804 was reacted with diaZ824ain a similar manner to afford
synoxazolidine dionesyn325a in 61% vyield (eq 119). Naanti-oxazolidine dione

anti-325acould be indentified in thtH NMR.

S
PhoHC & _® ):;
NH s /
K [
)J\ | CO2Me 150 mol% TfOH MEOSC 19) , }
veoc” S L CHZCH,CN, -78 °C J_ N=Ph B
? N2 Ph 61 %) & ¥
304a 324a syn-326a O
>20:1 dr é

A crystal of purifiedsynoxazolidine dionesyn325awas grown from toluene and

petroleum ether, and the relative stereochemistry wiatermined by X-ray
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crystallography. The relative stereochemistry ofnailar anti-oxazolidine dione isolated

from the azide/olefin reaction has been previously coefirimy X-ray crystallography?®

Scheme6. Conversion of Triazoline to Oxazolidine Dione vic-Diazoamine Intermedia

PhoHC
PhaHC~ NSy PRHOS L o o
>—' i _ 200 mol% TFOH _ Tf?H _CO,Me M EtOZCMN—Ph
BtO,C /’/’N\ CH3CN,D-78 (¢} EtO,C l}l CH;CN, -20 °C o
3150 CoMe  (50%) 326 N, Ph syn-322
21dr O

The treatment ofrans-triazoline 315 with triflic acid at -78 °C afforded theic-
diazoamine326 in 50% yield (Scheme 6). Thac-diazoamine326 was converted with
triflic acid at -20 °C tosyn322in 2:1 dr. The reaction of iming23 with diazo324aat -
78 °C afforded a 1:1 mixture of aziridires-327 and synoxazolidine dionesyn322
(Scheme 7). Theis-aziridine cis-327 could be converted with triflic acid at -20 °C to
synoxazolidine dionesyn322in 34% vyield with no evidence f@anti-oxazolidine dione

anti-322

Scheme?. Isolation of Intermediate Aziridine and Consion to Oxazolidine Dion
150 mol% TfOH, CH3CH,CN, -78 °C

| (34%) l
>20:1dr Ph,HC
2 SNH

CHPh,
_CHPh, Q i Ph 2
J\ -COale _150 mol% TIOH ! EI0,C
Eoe” N| " CH3CH,CN, 78 °C g0, ~CoMe J_ N=Pn
2
323 324a cis-327° syn-322 O
(32%) (37%)
>20:1 dr 10:1 dr

2. 5. Conclusions

A clearer picture of the mechanism of the diastelleosee aza-Darzens reaction and

conversion of triazolines to aziridines has emerged asesalt of analyzing the
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stereochemical outcome of several reactions. Poidhis study little was known about
the intermediates of either reaction, the steremiada outcome of the acid promoted
conversion of triazolines, and the orgin of diasterlecseity of the aza-Darzens
reaction. The isolation ofis-aziridine 305 and vic-diazoamine306 from the thermal
addition of ethyl diazo acetate to imiB64 (eq 105) suggests that a triazoline is not a
critical intermediate in the diastereoselective-Baazens reaction since neitheic-
diazoamine notranstriazoline have converted ts-aziridine under thermal conditions.
The conversion aranstriazoline310to predominatelgis-aziridine305in the presence
of strong Brgnsted acids (Table 3, entry 2) suggests Wiataaminodiazonium ion is an
intermediate in this conversion. This is supported by thservation that thevic-
diazoamine306 could be converted t805 in the presence of a strong Bregnsted acid
(Table 4, entry 3). It would seem unlikely thattranstriazoline would exist in any
appreciable amount relative to the correspondiungaminodiazonium ion in this
transformation. The conversion wénstriazoline310to exclusivelyic-diazoamine306

in the presence of weak acids (Table 3, entry 6) would alsggest avic-
aminodiazonium ion as the intermediate. It seentsaydization to aziridine is slower in
the presence of weaker acids than proton loss. It i&aiplithat a mechanism which
involves 3-exo-tet cyclization to aziridine occurs, sirthes would result in drans
aziridine (Scheme 4). The fact that chiral non-racemi@zolines undergo a
stereospecific conversion to aziridines (eq 112-115) estaeblii|t this intermediate

aminodiazonium ion is not epimerized by proton exchamgeretro-Mannich process.
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Scheme8. Mechanististic Understanding of the Addition of Diazm

Imines
PhoHC
open Ph,HC—NH "N, NH o
transition >_[ Ph )\//<
state 1=---"--- > EOC B N/ ——> FEtO,C =
' 2 7N 2 jen
o) O COzMe
H+_CHPhy 329 anti-322
)r\JJ\ |- COMe
[ ] Ph,HC
Et0,¢” “H N, Ph PRHC H N 4
328 324a N )\|)<
: Ne o . EtO,C
[241] v oo > Etozc/gﬁ( ~Co,Me > =2 NPh
transition e}
state O \(
330 syn322

The addition of an imide as a source of oxygen nucleophitbe reagents was also
informative in elucidating the mechanisms of thesactiens (Scheme 8). The
intermediatevic-aminodiazonium ior829 can form ecis-aziridine as discussed above. A
cis-aziridine would lead to formation afynoxazolidine dionesyn322 as a result of
nucleophilic ring opening. However, tivc-aminodiazonium ior829 could cyclize to
anti-oxazolidine dioneanti-322 without involving an intermediateis-aziridine. The
conversion oftranstriazoline 315 to primarily anti-oxazolidine dioneanti-322 in the
presence of a strong acid (eq 118) supports the asserti@vibaaminodiazonium ion is
the key intermediate. The lower diastereoselectiatytiie conversion of triazolinenti-
322 to oxazolidine dione is likely due to competitive fotima of cis-aziridine. Much
higher diastereoselectivites are observed for thissfoamation when N-benzyl-
triazolines are used. The higher diastereoselectivitylikely not a result of
stereoelectronic factors since triazoliness-299aandtrans-299b can still be converted
to anti-300aandanti-300b with high diastereoselectivityFigure 33.1*? It is more likely
that the increased sterics of the diphenylmethyl group hikzes the triazoline. In
general theN-benzyltriazolines are stable at room temperature and caisolsed

without complication from competitive formation wic-diazoamine. Furthermore, bond
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rotation is required to place the diazonium ion leavingugrantiperiplanar to the amine
to allow for aziridination to occur. The increased stedf the diphenylmethyl group may

increase the rate of bond rotation and thereby incréasantount of aziridine formation.

Figure 33. Examples of Conversion N-Benzyltriazolines tanti-
Oxazolidine Diones

PN B~
N° TN 200 mol% TfOH 2
o pn 100 mol% H,O (120)
N CH;CN, -20 °C 5 NP
o COMe (75%) \(
O
trans-299a anti-300a
>20:1 dr
N
Bh—<,,” N Bn
N° N NHO o
[ pn 200 mol% TfOH
“ N 100 mol% H,O az1)
U mol A0 -
O/// NcogMe  CHaCN, -20 °C H R
®4%  ON ~
O,N  trans-299b anti-300b O
>20:1 dr

The isolation ofvic-diazoamine326 from the reaction ofranstriazoline 315 with
triflic acid at -78 °C (Scheme 6) and the isolationcafaziridine cis-327 from the
reaction of imine323 with diazoimide324a at -78 °C (Scheme 7) suggest that the
cyclization to oxazolidine dione is the rate limitisiggp. This result also indicates the key
intermediates in the formation of badiinoxazolidine dione andnti-oxazolidine dione.
The conversion otis-aziridine cis-327 to synoxazolidine dionesyn322 (Scheme 7)
demonstrates the cyclization to oxazolidine dione viau@eophilic ring opening of an
aziridine is stereospecific. The stereospecificityhod transformation suggests that it is
the most likely path for formation @&fynoxazolidine dione since epimerization afti-
oxazolidine dione teynoxazolidine dione has not been observed.

The conversion oflvic-diazoamine326 to oxazolidine dione (Scheme 6) again

confirmed that avic-aminodiazonium is a common intermediate in fornmmataf cis-
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Figure 34. Model for Diasterecelection in the Conversion
vic-Diazoamine teis-Aziridine

_H ¥ H *
Q" NP 07 '\ CHPh,
o H o i
/O I H /O H
o o M
N
favored disfavored

aziridine andanti-oxazolidine dione. The fact that there was a slgkference fosyn
oxazolidine dionesyn322 in this reaction reaffirms that facial selectivity forotonation
of thevic-diazoamine exists. It is conceivable that a highly $eke@rotonation leads to
a mixture ofcis-aziridine andvic-aminodiazonium both of which in turn cyclize $gn
oxazolidine dione andanti-oxazolidine dione respectively. This highly selective
protonation of thevic-diazoamine may be the result of a strong hydrogen bamdirig
between the amine and the neighboring ester (Figure 349. hiirogen bond would
restrict bond rotation and thus only protonation of daee of the diazo leads to an

aminodiazonium ion in which the diazonium ion is a@tiplanar to the amine.

Figure 35. Model for Diastereoselection in a [2+
Transition State Between Diazos and Imines
E t

R! & R! &

ROC. | °N, Ho | N

H\ ,4\// H\ ,4\//

AN AN
Ph,CH Ph,CH

H COR

favored disfavored

The addition ofu-diazoimide324ato imine 323 afforded thesynoxazolidine dione
syn322 with high diastereoselectivity (eq 117). This result suggebkat the two
reactions in question may operate by different mechaniSpecifically, the addition of
a-diazoimide to imine might bypass formation of a diser@minodiazonium ion, since

this intermediate leads to thati-oxazolidine dione. This suggests that the additios of
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diazoimide to imines proceeds via a concerted transitate slirectly to the aziridinium
(Figure 35). The implication thereof is that electroghban be activated by a Brgnsted
acid to elicit carbene like behavior from both ethyzdiacetate and-diazoimides. The
decreased diastereoselectivity of ethyl glyoxylate in328relative to methyl glyoxylate
imine 304a(eq 117 vs. 119) could be a result of increased steric repuitsithe [2+1]
transition state. The effect of sterics on the téi@oselectivity of this reaction will be

discussed further in the next chapter.
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CHAPTER IlI

THE DEVELOPMENT OF THE SYN-GLYCOLATE MANNICH REACTION

3. 1. The Significance of 1,2-Aminoalcohols

There exist numerous examples of 1,2-aminoalcohols atural products and
pharmaceuticals, and they are also constituents ofdigand synthetic intermediatés.
As a result they are the target of a variety of syithmethods. Many of these examples
are aryl or alkyl 1,2-aminoalcohols such as sphingd$fheanisomycin:*’
norephedriné?® cytoxazoné?® the HIV protease inhibitor saquinavi, and the
aminoglycoside containing daunomycil. Examples off—hydroxy«-amino acids are

serine, threonine, ang-hydroxyaspartic acitt? The regioisomeria-hydroxy-amino

145 Bergmeier, S. CTetrahedror200Q 56, 2561.

146 3) Mislow, K.J. Am. Chem. Sot952 74, 5155. b) Devant, R. MKontakte (Darmstadt}992 11. c)
Koskinen, P. M.; Koskinen, A. M. Bynthesid998 1075. d) Hannun, Y. A,; Linardic, C. Miochim.
Biophys. Actdl993 1154 223.

147:3) Sobin, B. A.; Tanner, F. W. Am. Chem. Sot954 76, 4053. b) Schaefer, J. P.; Wheatley, B. J.
Org. Chem1968 33, 166. c) Grollman, A. Rl. Biol. Chem1967, 242, 3226. d) Hall, S. S.; Loebenberg,
D.; Schumacher, D. B. Med. Cheml983 26, 469. €) Dinman, J. D.; Ruiz-Echevarria, M. J.; Czaglins
K.; Peltz, S. WProc. Natl. Acad. Sci. U. S. A997 94, 6606. €) Hosoya, Y.; Kameyama, T.; Naganawa,
H.; Okami, Y.; Takeuchi, TJ. Antibiot.1993 46, 1300. f) He, A. W. R.; Cory, J. @Gnticancer Res1999
19, 421. g) Stadheim, T. A.; Kucera, G.lleukemia Resear@002 26, 55.

148 3) Kanao, SBer. Dtsch. Chem. Ge$93Q 63B, 95. b) Reti, L., Ephedra basesTine Alkaloids
Manske, R. H. F.; Holmes, H. L., Eds. Academic Pressv York, 1953; Vol. 3, pp 339.

149.3) Kakeya, H.; Morishita, M.; Kobinata, K.; Osom,; Ishizuka, M.; Osada, H. Antibiot.1998 51,
1126. b) Kakeya, H.; Morishita, M.; Koshino, H.; Morifia; Kobayashi, K.; Osada, H. Org. Chem.
1999 64, 1052.

150 Ohta, Y.; Shinkai, IBioorg. Med. Cheml997, 5, 465.

1513) Di Marco, A.; Gaetani, M.; Orezzi, P.; Scarpin@oM.; Silvestrini, R.; Soldati, M.; Dasdia, T.;
Valentini, L. Nature1964 201, 706. b) Zunino, F.; Gambetta, R.; DiMarco, A.; LudBi; Zaccara, A.
Biochem. Biophys. Res. Commu@76 69, 744. c) Penco, S.; Angelucci, F.; Vigevani, A.; Arlandini,
Arcamone, FJ. Antibiot.1977, 30, 764. d) El Khadem, H. SAnthracycline antibioticsAcademic Press:
New York, 1982; p 285. e) Lown, J. WAnthracycline and Anthracenedione-Based Anticancer Agents
Elsevier: Amsterdam, 1988; p 753.

1523) Sallach, H. J.; Kornguth, M. Biochim. Biophys. Act&959 34, 582. b) Kornguth, M. L.; Sallach, H.
J.Arch. Biochem. Biophy496Q 91, 39. ¢) Mokotoff, M.; Bagaglio, J. F.; Parikh, B.l5Med. Chem.
1975 18, 354.
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acids are found in the side chain of the popular anticaheeapy, paclitaxef® as well

as the biologically active dipeptide bestafth.

Figure 36. Examples of Biologically Important Small Molecules Conitag) 1,2 Aminoalcohol

O
NH; AcO, OH NH; )J\
HO__~ SN CH 7 )\/Ph
M1 3 PMeOPh HaC - HN 0]
OH Y OH )_«,
H PMeOPh OH
anisomycin norephedrine cytoxazone

OCH; O

daunomycin

nmz

Ha
R
\|/\cozH
OH

serine; R=H bestatin saquinavir
threonine; R=CH3
hydroxy aspartic acid; R=CO,H

3. 2. Synthetic Methods for the Preparation of 1,2-Aminoalcohols

3. 2. 1. Functional Group Manipualtions

1,2-Aminoalcohols can often be prepared from natural amaids. The synthesis of
Evans’ chiral auxiliaries often begins with the reduttif an amino acid® Similarly,

dipheny! prolinol is formed from a Grignard reactiontwitroline*®

1533) Wani, M. C.; Taylor, H. L.; Wall, M. E.; Coggon,; McPhail, A. T.J. Am. Chem. So971, 93,
2325. b) Nicolaou, K. C.; Dai, W. M.; Guy, R. Kngew. Chem. Int. EA994 33, 15. c¢) Kingston, D. G. I.
J. Nat. Prod200qQ 63, 726.

1543) Umezawa, H.; Aoyagi, T.; Suda, H.; Hamada, M.; TakedcHi Antibiot.1976 29, 97. b)
Nakamura, H.; Suda, H.; Takita, T.; Aoyagi, T.; Umezaa litaka, Y.J. Antibiot.1976 29, 102. c)
Umezawa, H.; Ishizuka, M.; Aoyagi, T.; TakeuchiJT Antibiot.1976 29, 857. d) Ino, K.; Goto, S.;
Nomura, S.; Isobe, K. I.; Nawa, A.; Okamoto, T.; Tamta, Y.Anticancer Resl995 15, 2081.

1%53a) Feng, D.-Z.; Song, Y.-L.; Jiang, X.-H.; Chen, Long, Y.-Q.Org. Biomol. Chen2007 5, 2690. b)
Ghorai, M. K.; Das, K.; Kumar, Aletrahedron Lett2007, 48, 2471.
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Figure 37. Additions of Vinylalanes to—Amino Aldehyde

CiaH
Q (HSC)2A|/3§/ o H
AcO H 510°C ACOW\C13H27 (122)
PhthN 331 (17%) PhthN 333
4:1dr
OH
CiaH
(HSC)ZAI/E/ e
Cq3H
o 510°C o R )
N g N
>/ 334 >/ 335
(51%) 1:1dr

a—Amino aldehydes derived from amino acids can also be ectsds to 1,2-
aminoalcohols. Newman reported the addition of vinyh@B32 to phthaloyl protected

amino aldehyde331 in 1973 (eq 122)°’ Similarly, Thornton and coworkers

OH
HsC BrZnCH,COBu 1, - COfBU (12)
H 0-5°C
HC PhiN gog (40%) HaC PhtN 337

1:1dr

demonstrated the addition of vinyl alarg82 to the oxazolidine aldehyd@&34

(eq 123)°® A Reformatsky reaction with phthaloyl protected amidehyde336 was

Figure 38. The Grignard and Aldol Reactions with F-Amino
Aldehydes o CHs

OH CH,
HaC ! Bng\)\/OBzI HaC 0Bzl 125
—_—
THF, 22 °C
HsC  NH_ HsC  NH_
33g Boc (67%) 339 Booc
4:1dr
O OH
HsC LiCH,CO-Et HsC COEt (126)
THF, -78 °C
HsC  NH_ HaC  NHo
338 Boc (80%) 340 Boc
3:2dr

16 Xavier, L. C.; Mohan, J. J.; Mathre, D. J.; ThompganS.; Carroll, J. D.; Corley, E. G.; Desmond, R.,
Org. Synth.Wiley & Sons: New York, 1998; Collect. Vol. No. 9, §¥6.

> Newman, HJ. Am. Chem. So¢973 95, 4098.

%8 Tkaczuk, P.; Thornton, E. R. Org. Chem1981, 46, 4393.
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disclosed by Glover (eq 12#)° Rich and coworkers utilized Boc-leucin&B@) for both

the Grignard and aldol reactions (Figure $8)The same reactions were reported for

similar aldehyde$®*

Figure 3S. Diastereoselective Additions to E-Leucina

O OH O
_9-BBN
HaC 0 HaC
H —_— SPh (127)
HsC =z 25°C
NH SPh

- NH  CHs
341 ©B2 342 (77%)  CBZ 343
20:1 dr
0 OH
HaC (CHa)CuLi H3CN
e 128
MH Et,0, -78 °C CHy  (128)
HiC_ NH< HiC NH<
338 Boc (99%) 344 Boc
95:5dr
0 OH
Bussn\/\
HeC H — N HC X (129)
SnCly
HiC  NH< 78 HiC  NH<
K ggbFingy,  CHClL,-78°C © o g
(60%) 14:1 dr

The preceding examples are limited by a lack of diessalectivity. Ohno and
coworkers were able to achieve high levels of diasseleotivity using a chiral boron
enolate342 with Cbz-alanal 341) (eq 127)"°? Reetz reported that the use of cuprates

instead of the corresponding organolithium compounds atlovior significant

o By OH
— z
HsC o= \Zn—_ HaC N (130)
HiC  NH< DMF/Et,0,0°C  HC  NH<
33g Boc 346 Boc
(62%) >20:1 dr

19 Lju, W. S.; Glover, G. 1J. Org. Chem1978§ 43, 754.

1603) Rich, D. H.; Sun, E. T.; Boparai, A.B.0rg. Chem1978 43, 3624. b) Holladay, M. W.; Rich, D. H.
Tetrahedron Lett1983 24, 4401.

1613) Hanson, G. J.; Lindberg, I.. Org. Chem1985 50, 5399. b) Ohfune, Y.; Nishio, H.etrahedron
Lett. 1984 25, 4133. c) Kempf, D. Jd. Org. Chem1986 51, 3921.

162 Narita, M.; Otsuka, M.; Kobayashi, S.; Ohno, M.; Umea, Y.; Morishima, H.; Saito, S. |.; Takita, T.;
Umezawa, HTetrahedron Lett1982 23, 525.
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improvements in diastereoselectivity (eq 128).Allylsilanes can also be added
diastereoselectively ta—amino aldehydes in the presence of a Lewis ¥¢iGhosh and
coworkers were able to form tkgn1,2-amino alcohaB45 from the addition of either an
allylstannane or an allylsilane to Boc-leucin@B8) in the presence of Sndleq 129)-%
They isolated thenti-1,2-amino alcohoB46 exclusively as a result of the addition of
propargyl bromide to Boc-leucinal338) in the presence of zinc dust (eq 130).
Allylchromium reagents can also add te-amino aldehydes with significant
diastereoselectivity’® o—Amino aldehydes are known to be configurationally unet&bl
The examples shown may achieve high diastereoselgetivh part due to the use of

nucleophiles with decreased basicity.

Figure 4Q. DiastereoselectivAdditions to N,N’-
Dibenzylamino Aldehydes

PhMgBr HsC
131
M Et20 0°C (131)

mQ
T

H3CB /N\B
0,
B a7 & (84%) " 348"
97:3 dr
OH
M MCOZEt (132)
CH20|2 78 C
Bn Bn
347 (74%) 349
93:7 dr
O
HSCMH (CHS)SSSLCM W (133)
HSCBng4N7\Bn CH.Cly, -78 °C g
0,
(78%) 91dr

Dialkyl protection ofa—amino aldehydes allows for greater configurational stgbil

163 Reetz, M. T.; Rolfing, K.; Griebenow, Netrahedron Lett1994 35, 1969.

1643) Daniello, F.; Mann, A.; Mattii, D.; Taddei, M. Org. Chem1994 59, 3762. b) Jurczak, J.;
Prokopowicz, PTetrahedron Lett1998 39, 9835.

185 Ghosh, A. K.; Cappiello, Tetrahedron Lett1998 39, 8803.

166 Ciapetti, P.; Falorni, M.; Taddei, Metrahedrorl 996 52, 7379.

187 Jurczak, J.; Golebiowski, £hem. Rev1989 89, 149.
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Figure 41. Mukiayama Aldl Reactions witfN,N’-Dibenzylaminc

Aldehydes
OTBDMS
OTBDMS
\l)k OCH3 Hs C\|/\/COZCH3 (134)
3 mol% LiCIO,
CHCl, 25°C o N
351 . 352
(58%) 98% de
TMSO OTMS
OH
OCH3 ) CO,CHs  (135)
— To, e
Ne_ O
353 CH,Cl,, -78 °C B”/354 Bn
(71%) >96 de

but not necessarily more diastereoselective Grignardldol reactions®® Reetz and
coworkers discovered thal,N’-dibenzylamino aldehydes347 were capable of
undergoing the addition of Grignard reagents with a highesegf diastereoselection (eq
131)'° They also achieved high diastereoselectivity for thimlareaction (eq 132).
Interestingly, the addition of SnCko the reaction of allylsilanes to aldehy@d7

afforded the opposite diastereomer (eq 133). The use ofOLIGI TiCl, in the

Figure 42. Other Diastereoselective AdditionsN,N’-
Dibenzylamino Aldehydes

CH
T,
O
i HaC BI o ™
ch\)']\ 3 \/\/ ~c CHs Hsc\)\/\

¥ H 5o YT (136)
N N  CHs
Bn”_ B 9 Bn”_ B
M351 " (92%) M355 "
9:1dr
0 OH
HSCMH EtyZn H3CMCH3
—_—
oo N toluene, 0 °C oo 4 (137)
3! V2N 3 NN
B 9 B B
351 n (62%) n 356 n
92:8 dr
OCH;,
o) =.=< OH
HSCW)LH Li HSC\I/:%
—_—
Et,0, 78 °C (138)
N No_ OCH,
Bn”. "B 9 Bn”
"a47™" (90%) " 357
95:5dr

168 | ubell, W. D.; Rapoport, Hl. Am. Chem. Sot987, 109, 236.
189 Reetz, M. T.; Drewes, M. W.; Schmitz, Angew. Chem. Int. EA987, 26, 1141.
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Mukiayama aldol reaction also afforded #rei-1,2 amino alcohol (Figure 413°

% OH
CHs
HAC Et-,AICI HsC
’ MH )\ e Touli YWLCHs (139)
CH, “M2%2 -

HSC NS HSC NS
B B B
" 347" (71%) " 358

>99:1 dr

n

Crotyl boronates’* lithiated methoxyallen&’? and diethylzint”® have all been have
utilized in diastereoselective additions KoN’-dibenzylamino aldehyde351 and 347
(Figure 42). Diastereoselective allylation of aldeh$dé is also feasible by an aldehyde-
ene reaction (eq 13%%* Nakai and coworkers have demonstrated that cyanohydrins of
aldehyde347 can be formed diastereoselectively in the presenceeof@ium catalyst
(eq 140):"® The use ofN,N’-dibenzylamino aldehydes has been extended to the

asymmetric aldol reaction with chiral boron enolats 141)"®

Figure 43. Diastereoselective Cyanohydrin formation i
Aldol Reaction ofN,N’-Dibenzylamino Aldehydes

% OH
HsC 5 mol% Eu(fod H
3 MH o .( )3 SCNCN (140)
: (CH3)3SiCN &
H N ° H N
¢ Bn/34;Bn CHCly, -40°C ¢ Bn/359\Bn
(84%) 95:5 dr
OBL,
0 )\ OH ©
R! S'Bu R1M
_Z _SBu__ ¢ (141)
\l)LH CHoCly, -78 °C SBu
/N\ /N\
Bn 260 Bn (70-80%) Bn Bn 261

up to >100% de

1703) Reetz, M. T.; Fox, D. N. Aletrahedron Lett1993 34, 1119. b) Enders, D.; Burkamp, F.; Runsink,
J.Chem. Commuri996 609.

"L Brinkmann, H.; Hoffmann, R. WChem. Ber199Q 123 2395.

172.3) Hormuth, S.; Reissig, H. Synlett1991, 179. b) Hormuth, S.; Reissig, H. Il.Org. Chem1994 59,
67.

173 Andres, J. M.; Barrio, R.; Martinez, M. A.; Pedap®.; PerezEncabo, A. Org. Chem1996 61, 4210.
7 Mikami, K.; Kaneko, M.; Loh, T. P.; Terada, M.; Nak&. Tetrahedron Lett199Q 31, 3909.

% Gu, J. H.; Okamoto, M.; Terada, M.; Mikami, K.; Nak&iChem. Lett1992 1169.

176 3) Gennari, C.; Pain, G.; Moresca,JDOrg. Chem1995 60, 6248. b) Gennari, C.; Moresca, D.;
Vulpetti, A.; Pain, GTetrahedrorl 997, 53, 5593.
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Garner's aldehyde is also configurationally stdffeHowever, most attempts
utilizing Garner’s aldehyde in a Grignard reaction havéedato achieve appreciable
diastereoselectivity’> Roush and coworkers were able to achieve high

diastereoselectivity for the allyboration of Garsealdehydé.’®

Figure 44. Grignard Reactions witb—Alkoxy Imines

N oH, ANMIG e w2
[ ———
HaC y Et,0,-78°C  HiC N
OCH,OCH; (82-95%) OCH,OCH;
362 363
79:21
~N(CHa)2 HN/N(CHa)z
PhLi
CHa(CH —— > CH,(CH 143
a( 2)4%H E,O, -10°C a( 2)4\|)\Ph (143)
OBn (93%) OBn

364

The corresponding—hydroxyl imines can also be transformed to 1,2-aminoalsoh
Yamamoto and coworkers reported the diastereoseleaddition of an allyl Grignard to
o—alkoxy imine362 (eq 142):%° Claremon and coworkers successfully achieved higher
diastereoselection using organolithiums and the analogouaZnyw364 (eq 143):%

Then in 1994, Jager and coworkers reported a more comprehshglyeof Grignard
reactions witha—alkoxy imines® They demonstrated that higher diastereoselectivities

were more consistently achieved with glyceraldehydeve@rimines366 (eq 144).%3

Y7 Garner, P.; Park, J. Nl. Org. Chem1987, 52, 2361.

178 3) Ibuka, T.; Habashita, H.; Otaka, A.; Fuijii, N.; Ogyahi Uyehara, T.; Yamamoto, ¥. Org. Chem.
1991 56, 4370. b) Laib, T.; Chastanet, J.; Zhu, J.FOrg. Chem1998 63, 1709. c) Aoyagi, Y.; Inaba,
H.; Hiraiwa, Y.; Kuroda, A.; Ohta, Al. Chem. Soc., Perkin Trans1298 3975.

19 Roush, W. R.; Hunt, J. Al. Org. Chem1995 60, 798.

180 yamamoto, Y.; Komatsu, T.; Maruyama, X.Chem. Soc., Chem. Commi®85 814.

181 Claremon, D. A.; Lumma, P. K.; Phillips, B. I.Am. Chem. Sot986 108, 8265.

182 Franz, T.; Hein, M.; Veith, U.; Jager, V.; Peters)E. Peters, K.; Vonschnering, H. @ngew. Chem.
Int. Ed.1994 33, 1298.

183 \eith, U.; Schwardt, O.; Jager, Bynlett1996 1181.
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Figure 45. Jager’s Grignard Reactions
Glyceraldehyde Imines

_Bn _Bn
HN
RMgBr
—_— (144)
HO H Et0,0°C HO
OBn (62-89%) OBn
366 367
up to >95:5
CHs CHs
N/\Ph ; HN/\Ph
'BuMgBr (145)
HO H Et0,0°C  HO Bu
OBn (98%) OBn
368 369
>99:1
CHs; CHs,
N Ph . HN Ph
'BuMgBr = 146
—_— .
HO/\l)kH Et,0,0°C HO/Y\ iBu (148)
OBn (81%) OBn
368 369
94:6

Subsequently they showed that a chiral non-racemiciaryxattached to the nitrogen of

the imine allowed for higher diastereoselectivies a#l @& determing the preferred

diastereomer (eqs 145 and 14%).Others have also utilized chiral non-racemic
auxiliaries on the nitrogen of the imine with similarcsess®> The diastereoselective

addition toa—alkoxy imines has been extended\tphosphinoylimines®® nitrones'®’ N-

acylimines'®® andN-Boc imines®® and a variety of nucleophiles such as diethyl Zific,

thiazole'®” organoboronic acidS* cuprates?® silyl enol ethers?® nitromethané??

lithium and zinc enolateS? and allylzinc reagentS?

184\/eith, U.; Leurs, S.; Jager, Chem. Commuri996 329.

1853) Enders, D.; Reinhold, lngew. Chem. Int. EA995 34, 1219. b) Evans, J. W.; Ellman, J.A.Org.
Chem.2003 68, 9948. c) Cooper, T. S.; Larigo, A. S.; Laurent, P.; MocC. J.; Takle, A. KSynlett2002

1730.

186 Desrosiers, J. N.; Cote, A.; Charette, ATBtrahedror2005 61, 6186.

187 Dondoni, A.; Franco, S.; Junquera, F.; Merchan, F. lerihd, P.; Tejero, T.; Bertolasi, &hem.-Eur.

J. 1995 1, 505.

%8 1shimaru, K.; Tsuru, K.; Yabuta, K.; Wada, M.; Yamato, Y.; Akiba, K.Tetrahedronl996 52, 13137.
189 Eoresti, E.; Palmieri, G.; Petrini, M.; Profeta,g. Biomol. Chen2003 1, 4275.

0 porter, J. R.; Traverse, J. F.; Hoveyda, A. H.; Snappet. J. Am. Chem. So2001, 123 10409.

91 petasis, N. A.; Zavialov, I. Al. Am. Chem. So:998 120, 11798.

192 Badorrey, R.; Cativiela, C.; Diaz-de-Villegas, M. Balvez, J. ATetrahedron Lett2003 44, 9189.
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Figure 46. Alternative Routes to 1-Amino Alcohols

from Imines
_Boc X _Boc
N LiCH,OBn HN
LS (147)
- R O\/Ph
97 (80-95%) 370
()-Ipc,B OMOM
_B
_Boc N~/ HNT O
N 1. BF3°0Et, H,0 (148)
)J\ THF,-78°C  ph A
Ph” H
2. H,0, NaOH diom
371 (73%) 372

>95:5dr

A related technique for the synthesis of 1,2-amino alcohatsreported by Kim and
coworkers involving the addition of benzyloxymethyl lithium NeBoc imines97 (eq
147)1** Recently, Jager and coworkers reported a similar ceaosing an allyl borane
(eq 148)'*°

These methods rely on relative stereocontrol to ashalihe vic-aminoalcohol
chirality. Complementary to this approach is one tlsmtbased on stereospecific
transformations. For example, Curtius and Hoffman esgements of-hydroxy acids
have also been used to prepare stereodefined 1,2-aminolatt8 The following section
explores this approach through one of the most practteedospecific syntheses at-

aminoalcohols.

193 Giri, N.; Petrini, M.; Profeta, Rl. Org. Chem2004 69, 7303.

194 Jung, D. Y.; Ko, C. H.; Kim, Y. HSynlett2004 1315.

951, F.; Li, Z. M.; Yang, H.; Jager, \Z. Naturforsch., B: Chem. S@008 63, 431.

19 a) Andruszkiewicz, R.; Wyszogrodzka, Bynlett2002 b) Coelho, F.; Rossi, R. Tetrahedron Lett.
2002 43, 2797. c) Hakogi, T.; Monden, Y.; Taichi, M.; Iwama, S.;ifFq.; Ikeda, K.; Katsumura, 3.
Org. Chem2002 67, 4839. d) Bertau, M.; Burli, M.; Hungerbuhler, E.; Wagrie Tetrahedron:
Asymmetr001, 12, 2103. e) Ghosh, A. K.; Bischoff, A.; CappielloQrg. Lett.2001 3, 2677. f) Roers,
R.; Verdine, G. LTetrahedron Lett2001, 42, 3563. g) Yu, C. Z.; Jiang, Y. Y.; Liu, B.; Hu, L. Q.
Tetrahedron Let2001, 42, 1449. h) Wang, G.; Hollingsworth, R.Tletrahedron: Asymmet00Q 11,
4429. i) Garcia-Urdiales, E.; Rebolledo, F.; GotorT¥trahedron: Asymmety999 10, 721. j) Takacs, J.
M.; Jaber, M. R.; Vellekoop, A. 3. Org. Chem1998 63, 2742. k) Oetting, J. H., J.; Meyer, H. H.; Pahl,
A. Tetrahedron: Asymmet4997, 8, 477. |) Misiti, D. Z., G.; Delle Monache, &ynth. Comml995 2285.
m) Norman, B. H.; Morris, M. LTetrahedron Lett1992 33, 6803. n) Grunewald, G. L.; Ye, Q. Z.Org.
Chem.1988 53, 4021.

77



3. 2. 2. Ring Opening of Aziridines and Epoxides

Figure 47. Thermal Aminolysis of Epoxide

‘ ‘ jis
i
PriNH, HN™ ~CH, (149)
., reflux /\)
S v/ ©

373 O 374 OH
Et\N,Et OH
Ph,, Et,NH Ph \)
\/ W Ph Y (150)
© : PN
(90%) OH Et Et

376 955 377

Nucleophilic ring opening of aziridines or epoxides can alsdorcf
1,2-aminoalcohol$*>**° This ring opening typically proceeds via &2Smechanism
which is a stereospecific process with inversion of gumétion. Thus, highly

enantioselective syntheses of aziridines and epoxidgarmallow for the synthesis

Figure 48. Posner’s Alumina Promote
Aminolysis of Epoxides

H
"BUNH, Nengy
—_—
© alumina, 25 °C O’/ (151)
(73%) ‘o

H

378 379
WOH
"BUNH,
—_Buhy 152
©>O alumina, 25 °C Q\NJ’BU (152)
380 (75%) 3gr N

stereodefined 1,2-aminoalcohols. However, the contro@gibselectivity in nucleophilic
ring opening can be problematic. The aminolysis of an epaadde accomplished with
excess amine at elevated temperatures but lacks any ampeecégioselecitivity®’

Sharpless and Chini have reported a regioselective §mim@f an epoxide by this route

97 Moller, F., InMethoden der Organische Chemie (Houben-Wéit) ed.; Muller, E., Ed. Thieme
Verlag: Stuttgart, 1957; Vol. 11/1, pp 311.
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(Figure 47)°® Posner and coworkers were the first to demonstratethiis aminolysis
could be accomplished at ambient temperatures in the peesérmlumina (eq 151§?
They also demonstrated that this method was highly regiose with vinyl and aryl

epoxides (eq 152f°

Figure 48. Titanium Promoted Aminolysis of Epoxic

OH Bt _Et
W\ N
\%~ OH EtNH OH \/\)\/OH (153)
o Ti(O'Pr)4, 25 °C N -

(90%) B~ CEt OH
382 383 20:1 384

R . R*NH,, Ti(O'P 1
N7 on e (O R\)\/ \)\/ (154)
o CH,Cl,, 25 °C y
(up to 96%) R2
385 386 upto 973 387

Zin

~

Then in 1985, Sharpless and coworkers reported that thesime of Ti(OPr) in the
aminolysis was more effective than the use of exaesse and higher temperatures (eq
153)2°* Primary amines initially failed to afford the desiredguct, but it was later
determined that this reaction afforded 1,2-aminoalcohol®selgctively and in good
yield (eq 154f° The use of LiCIQ**® Yb(OTf)3%*® SmC,>** tosic acicf® and
cyclodextrif®® have all been proven effective for the aminolysisepoxides. Yet the

regioselectivity of these reactions is dependent onsthesoelectronic effects of the

198 3) Klunder, J. M.; Ko, S. Y.; Sharpless, K.BBOrg. Chem1986 51, 3710. b) Chini, M.; Crotti, P.;
Macchia, FJ. Org. Chem1991, 56, 5939.

19 posner, G. H.; Rogers, D. Z.Am. Chem. Sot977, 99, 8208.

200 posner, G. H.; Rogers, D. Z.Am. Chem. Sot977, 99, 8208.

201 caron, M.; Sharpless, K. B. Org. Chem1985 50, 1557.

202 Canas, M.; Poch, M.; Verdaguer, X.; Moyano, A.; PeribhsA.; Riera, A.Tetrahedron Lett1991, 32,
6931.

203 3) Chini, M.; Crotti, P.; Favero, L.; Macchia, Pineschi, MTetrahedron Lett1994 35, 433. b)
Meguro, M.; Asao, N.; Yoshimoto, Y. Chem. Soc., Perkin Trans1994 2597.

204Fy, X. L.; Wu, S. HSynth. Comnl997, 27, 1677.

20%) indstrom, U. M.; Franckowiak, R.; Pinault, N.; Soimfa. Tetrahedron Lett1997, 38, 2027.

206 Reddy, L. R.; Bhanumathi, N.; Rao, K. ®hem. Commur200Q 2321.
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Figure 5C0. Asymmetric Aminolysis of Epoxid:

H'QH
_N\C /N_
T,
Bu O/c|;|\0 Bu
tBU 389 tBU OH
o 5 mol% 389, PhNH Ph
AN, 2R IR A
Ph Ph CH,Cl,, 0 °C Hlil
0 “R2
388 (up to 92%) 390 R
93% ee
Hlll
: N_:%
tBU 392 tBU
O 5mol% 392, BocNH, OH (156)
R” p-nitrobenzoic acid R/_\/N B
291 TBME, 25 °C 293 ¢
(up to 99%) 99.9% ee

epoxide and the amine. Chiral nonracemic Lewis acids usiNgB as a ligand have
met with limited succesd’ Chiral nonracemic Lewis acids bound to the Salen Ligand
have proven to be the most effective for the stexrd regioselective aminolysis of
epoxides (eq 155¥2 The reaction is equally effective with carbamate (eq)?%@nd
azides (eq 2)as nucleophiles. A related approach is the aminolysiydic sulfates394

(eq 157)*°

O\\S,/O ) OH
2
e L NG a5,
1 R , H.
R' 394 R 395 R

2073) Hou, X. L.; Wu, J.; Dai, L. X.; Xia, L. J.; Tank. H. Tetrahedron: Asymmett998 9, 1747. b)
Sagawa, S.; Abe, H.; Hase, Y.; InabaJTOrg. Chem1999 64, 4962. c) Sekine, A.; Ohshima, T.;
Shibasaki, MTetrahedror?002 58, 75.

208 Bartoli, G.; Bosco, M.; Carlone, A.; Locatelli, Massaccesi, M.; Melchiorre, P.; SambriQrg. Lett.
2004 6, 2173.

2093) Kim, S. K.; Jacobsen, E. Nngew. Chem. Int. E@004 43, 3952. b) Bartoli, G.; Bosco, M.;
Carlone, A.; Locatelli, M.; Melchiorre, P.; Sambri,Org. Lett.2004 6, 3973.
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Epoxides can also experience intramolecular ring openiingst and coworkers
reported the palladium catalyzed ring opening of epoxides inptisence of tosyl

isocyanate resulting in oxazolidinoB87 (eq 158! The isocyanate forms a carbamate

Figure 51. Examples of Intramolecular Ring Opening of Epox

O
1 mol% (dba);Pd,CHCI, )J\
o) 6 mol% P(QiPr)3 Q7 NS (158)
HSCWL\/\COZCHS TsNCO, THF, 25 °C \—K’\
396 (80%) HsC 397

CO,CH3

O
BnHN.__O )\/\
0 \f NaH HoiCrs” X )J\ N-B" (150)
A,, e} THF, 23 °C N
CisHas K B j<
(83%) H31C15

398 399 5842

with the oxygen of the epoxide while the palladium staédi the carbocation.

Cyclization to the oxazolidinone then terminates thguence. The carbamate can also

Figure 52. Examples of Acid Fomoted Ring Opening ¢
Activated Aziridines

Ts
1 TS\NH
i BF-OFt PhHN CH 160
—_—
PhHNW/L\CH AGOH. 45 °C TH\I/ 5 (160)
3
0
O o1 (88%) O 402 0AC

CBz

i CBZ\NH

N BF+OEt (161)

—_—
HSCO%CH ROH, 25°C HSoOjH\l/CHS
3
_O80,
O 403 (92-98%) O 404 R

CO,Et EtO.C

' Z*SNH
£N§ ﬂ» 2 (162)

R R2 25°C RWJ\rR
0,

405 (100 %) 406 OA°

219 ohray, B. B.; Gao, Y.; Sharpless, K. Betrahedron Lett1989 30, 2623.
21 Trost, B. M.; Sudhakar, A. R. Am. Chem. Sot987 109, 3792.
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exist alpha to the epoxide and cyclize to oxazolidind0@ affording the desired
1,2-amino alcohol (eq 15832

Aziridines can be opened by oxygen nucleophiles to afford li@eamicohols.
Typically these reactions require an activating groupclagté to the nitrogen of the
aziridine. For example\-tosyl aziridines401 experience nucleophilic ring opening by
carboxylic acids and alcohols in the presence of ®Et (eq 160 and 1682 Acetic

acid is also capable of promoting the nucleophilic attackaeftate or ethanol on the

aziridine ring (eq 1623

Figure 53. Examples of Acid Promoted Ring Opening of Unactivi

Aziridines
N OH NHAG
N 1. 2MHCI S oo o
A m HyCrs™ Y 2 Hs1C1s 20H (163)
H31C15 CH,0H < AMmberlys H
(AcO" form) 408NHAC  70:30 409 OH
benzene, 80 °C
H OH
N TsOH, H0 CHon
_— !
A THF, 25 °C_ 4(CH3)SPh (164)
4-(CHy)SPhY ‘CH,0H I
0
410 (93 %) 41
H OH
A 0. HCIOs _ x_A__CH0Bn (165)
\\“‘ ‘y THF \/\r
CH,OBn M
0
412 (84 %) 413
CHPh; FiCOCS,
__CFsCOMH A .
A CH,Cl,, reflux HOLC
EtO,C Ar 1h L
414 (79%) 415
AI’=4-N02C6H4 Ar=4-N0206H4

There are several examples of nucleophilic ring openingpactivated aziridines.

212 3) Wang, H.; Kozekov, |. D.; Harris, T. M.; Riz#®, J.J. Am. Chem. So2003 125 5687. b) Roush,
W. R.; Adam, M. AJ. Org. Chem1985 50, 3752. ¢) Minami, N.; Ko, S. S.; Kishi, ¥. Am. Chem. Soc.
1982 104, 1109.

213 3) Okawa, K.; Kinutani, T.; Sakai, Bull. Chem. Soc. Jpi968 41, 1353. b) Nakajima, K.; Neya, M.;
Yamada, S.; Okawa, HBull. Chem. Soc. Jpri982 55, 3049. c) Tanaka, T.; Nakajima, K.; Maeda, T.;
Nakamura, A.; Hayashi, N.; Okawa, Bull. Chem. Soc. Jpi979 52, 3579.

24 Takeuchi, H.; Koyama, KI. Chem. Soc., Perkin Trans1381, 121.
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Cardillo and coworkers thermally hydrolyzed the hydrochlosdk of theN-H aziridine
407 (eq 163F*° Davis and coworkers were able to hydrolyzeNhd aziridine410in the
presence of tosic acid (eq 164y.N-H aziridines412 have also been hydrolyzed by

perchloric acid (eq 165).’ Trifluoroacetic acid is also effective for aziridiméng

opening reactions (eq 1685.

Figure 54. Oxazolines fror N-Acylaziridines

OYC5H5(4—N02) 4-NO2CeHs
N xylenes o Xy (167)
/\ 140 °C
a6 " (80%) Ph 447 Ph
4-NO,CgHs

OYC6H5(4-NOQ)
H,SO N
N 2274 O N (168)

S5 &
AVQHS 25°C \ F .
3

CHs (97%) CH,
418 419

Intramolecular ring opening oN-acyl-aziridines has also been shown to afford

Figure 55. Oxazolidinones frm Aziridines

O
CO,Et
o FVP )J\
/Y =~ o "mH (169)
Ph” 420 ©®8%) /a1
B O
0C
N 10 mol% Cu(OTf), )]\
Y 2 @7 TNH (170)
VANG CH.Cl,
R CO,CH3
422 (85-99%) R 423 CO,CH;
PhYCH3 HsC )o]\
N CICO,CH, Ph)\N 0 (a71)
w, ]/R CHaCN, 82 °C —
7—R
424 |O (65-97%) 425 O//f

215 Bongini, A.; Cardillo, G.; Orena, M.; Sandri, S.; Tasini, C.J. Chem. Soc., Perkin Trans1286

1339.
Z% Davis, F. A.; Zhou, PTetrahedron Lett1994 35, 7525.

27 Olofsson, B.; Khamrai, U.; Somfai, ©rg. Lett.200Q 2, 4087.
218 oncaric, C.; Wulff, W. DOrg. Lett.2007, 3, 3675.
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1,2-aminoalcohols. Heine and coworkers demonstrated\Haettyl aziridines could be
transformed to oxazolines using acid, sodium iodide, oplgi thermal conditions
(Figure 54)*'° Others have demonstrated that a variety of Bransteéd_ewis acids are
equally effective®® Meanwhile, N-Boc aziridines422 are efficiently converted to
oxazolidinones423 in the presence of a Lewis acid (eq ¥70pr by flash vacuum
pyrolysis (eq 169%%* Lee and coworkers isolated oxazolidinor&25 by refluxing

aziridine 424 in acetonitrile with methyl chloroformate present (eq £71Bach and
coworkers have reported the analogous reaction Widtyl aminooxetaneg26 (eq

172)%%

o
0
):L — = O;_LQ’,RZ 172)

3. 2. 3. Additions to Olefins
Olefins can be converted to 1,2-aminoalcohols by azitidnaconjugate addition,
electrophilic activation, direct amino hydroxylation, darvia rearrangements. For

example, the intramolecular aziridination of allylezido formates followed by

219 3) Heine, H. W.; Fetter, M. E.; Nicholson, E. 31 Am. Chem. So&959 81, 2202. b) Heine, H. W.;
Kaplan, M. SJ. Org. Chem1967 32, 3069.

220 3) Allemann, S.; Vogel, Bynthesid 991, 923. b) Cardillo, G.; Gentilucci, L.; Tolomelli, ATomasini,
C. Tetrahedron Lett1997, 38, 6953. c¢) Ferraris, D.; Drury, W. J.; Cox, C.; Lecfka). Org. Chem1998
63, 4568.

221 Tomasini, C.; Vecchione, fOrg. Lett.1999 1, 2153.

222 Banks, M. R.; Cadogan, J. I. G.; Gosney, |.; HodgsoK, B.; Thomson, D. EJ. Chem. Soc., Perkin
Trans. 11991, 961.

22gim, T. B.; Kang, S. H.; Lee, K. S.; Lee, W. K.;i{iH.; Dong, Y. K.; Ha, H. JI. Org. Chem2003 68,
104.

224 Bach, T.Synlett200Q 1699.
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intermolecular nucleophilic attack affords the desiredinaalcohol (eq 173 The

O
O
)]\ Aor hv O)J\NH 173)
R2

—_—
? Na or FeCl,
R J\/\Rz Nuc R1

Nuc
428 429

same overall transformation is realized by the gé¢imeraof the acylnitrene from the

carbamate form o428 and rhodium(ll) in the presence of either iodosobeeze phenyl

CH,
Bn
PR N oh ~Bn
X CORF — L o (174)
e 2 R1J\/COZR2
430 4315,
N
so7\/

iodoacetaté®® The previously mentioned azide/olefin addition react®rsimilar but
does not seem to involve an aziridine as an intermetffate

Davies and coworkers reported the conjugate addition ofhiealcamide to

e} 0]

PR I,or NIS )L

X YR 175
R’ G gz orPd©) i "
432a; X=NH, Y=0 433a; X=NH, Y=0
432b; X=0, Y=NH 433b; X=0, Y=NH

225 3) Bach, T.; Schlummer, B.; Harms, ®hem.-Eur. J2001, 7, 2581. b) Bergmeier, S. C.; Stanchina, D.
M. J. Org. Chem1997, 62, 4449. c) Bergmeier, S. C.; Stanchina, D.JMOrg. Chem1999 64, 2852. d)
Kan, C.; Long, C. M.; Paul, M.; Ring, C. M.; Tullg. E.; Rojas, C. MOrg. Lett.2001 3, 381. e)

Churchill, D. G.; Rojas, C. Mletrahedron Lett2002, 43, 7225.

226 3) Padwa, A.; Stengel, Drg. Lett.2002 4, 2137. b) Levites-Agababa, E.; Menhaiji, E.; Perlsom.L..
Rojas, C. MOrg. Lett.2002 4, 863.
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a,p-unsaturated estet30 followed by electrophilic oxidation of the resulting eatel
(eq 174¥?" Electrophilic activation by iodine or mercury(ll) sal&lows for the
intramolecular cyclization with carbama432 (eq175Y?® The same transformation can

be realized by activation of various olefins with paillawal?*°

Ph Ph
2% Cu(TFA); PhOZS\N)\O (176)
—_—
PhOZS/N_ 10% HMPA
R R CHLClp, 1t o
288 434

(up to 89%) up to 2:1 dr

Recently, Yoon and coworkers reported a conceptuallylasimpproach using a
copper(ll) Lewis acid and oxaziridine as the source @fictedphilic oxygen and
nucleophilic nitrogen (eq 1765° An asymmetric aminohydroxylation reaction utilizing

an imidoosmium reagent was developed by Sharpless andriewo(eq 1775

Ts<
Ko,0sO,(OH) i
R e X 2 177
RIS (DHQ),-PHAL N @
Chloramine-T hydrate éH
288 435
(up to 64%) up to 81% ee
R1 \ RZ Q
~ >\\
z H K20502(OH)4 NH
1) No —_— O H , (78)
R
X ?/\:/
(0] up to 98% R A
436 P ) 437 O

up to >20:1 dr

227 Bunnage, M. E.; Davies, S. G.; Goodwin, C1.JChem. Soc., Perkin Trans1294 2385.

228 3) Zappia, G.; Gacs-Baitz, E.; Delle Monache, GsitMD.; Nevola, L.; Botta, BCurrent Organic
Synthesi®007, 4, 81. b) Cardillo, G.; Orena, M.etrahedronl99Q 46, 3321.

229 3) Backvall, J. E.; Bjorkman, E. E. Org. Chem198Q 45, 2893. b) Alexanian, E. J.; Lee, C.; Sorensen,
E. J.J. Am. Chem. So2005 127, 7690. c) Liu, G. S.; Stahl, S. £.Am. Chem. So2006 128 7179.

230 3) Michaelis, D. J.; Shaffer, C. J.; Yoon, TJPAmM. Chem. So2007 129 1866. b) Michaelis, D. J.;
Ischay, M. A.; Yoon, T. RJ. Am. Chem. So2008 130 6610.

%1 Reddy, K. L.; Sharpless, K. B. Am. Chem. Sot998 120, 1207. Li, G. G.; Chang, H. T.; Sharpless,

K. B. Angew. Chem. Int. EA996 35, 451.
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Donohoe and coworkers have demonstrated an intranialectersion of this
aminohydroxylation reaction (eq 178f.Meyer and coworkers demonstrated the use of a
[2,3]-Wittig rearrangement to synthesize 1,2-aminoalc®lfet; 179¥3 This motif has
also been realized from the reaction of allylic amimath singlet oxygen and the

hydroboration of enamines.

Ts 0] R, ~Ts
N 0]
,rll LiHMDS \/g\)J\
—_—
O THF, -78 °C éH
438 (up to 77%) 439

up to >24:1 dr

3. 2. 4. C-H Insertion

fo) (o]
)l\ 5 mol % Rhy(OAc), )J\
o} NH, O NH (180)
w2 PhI(OAc), \/
Rq“ CH,Cl,, 40 °C Rﬂ\ “ o
440 to 86% 441
(up to 2 up to 18:1 dr

Another approach to 1,2 aminoalcohols is aminatiomadation of a C-H bond.

There are some examples @foxidation off—amino enolatéd* and a—amination of

j\ 10 mol % Pd(OAc), )oj\
07 “NHTs (PhSOCH2, o7 ONTs  (181)
quinone
- N THF, 45 °C o e
442 to 86% 443
(upto ) up to 18:1 dr

%2 Donohoe, T. J.; Bataille, C. J. R.; Gattrell, Wigesges, J.; Rossignol, Brg. Lett.2007, 9, 1725.
233 Barbazanges, M.; Meyer, C.; CossyQdg. Lett.2007, 9, 3245.
#34Hata, S.; Tomioka, KTetrahedror2007, 63, 8514.
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B-hydroxy enolate$* Du Bois has developed an intramolecular nitrene inseitido a

C-H bond to afford 1,2-aminoalcohols (eq 188)White and co-workers synthesized
1,2-aminoalcohols via palladium catalyzed allylic C-H hation followed by

intramolecular attack of a weak nitrogen nucleophile (eq ¥81).

3. 2. 5. Coupling Reactions

B Bn\NH
N“T' Q  NbCI,DME)
)J\ )]\ T» o )\l/R (182)
P H H R
444 19 (65-73%) 445°H
upto 7:1dr

1,2-Aminoalcohols can also be prepared by formation efcegntral C-C bond. For

example, imines444 and aldehyded9 can be reductively coupled in an aza-pinacol

Figure 56. 1,2-Aminoalcohols vieHenry ancAldol Reaction

1. 20 mol% 447
o LiOH, H,0 OH
4-ClPh_N._-CO7Bu )]\ THF, 50 °C A_COfBu (183)
\r H R 2. citricacid
4-CIPh THF/H,0, 40 °C NH,
449 19

450
(71-93%) up to 86:14 dr
up to 76% ee

OH
/\)CJ)\ on Nk T Ph/\/:\/R (189
2 o v
Ph H THF, -40 °C rflo
446 190 (70-97%) 448 2
up to 92:8 dr
up to 97% ee

Et)3Si
X
Li
Y
O
La
O
3

4 447

(
(Et)3Si

235 Mukherijee, S.; Yang, J. W.; Hoffmann, S.; List@em. Re\2007, 107, 5471.
236 Egpino, C. G.; Du Bois, Angew. Chem. Int. E@001, 40, 598.
237 Fraunhoffer, K. J.; White, M. @. Am. Chem. So2007, 129, 7274.
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reaction (eq 182 The nitroaldol reaction (the aza-Henry reaction)ofeed by
reduction of the nitro group has been reported (eq £84jhe enolates of O’Donnell
type imines449 and related compounds have been shown to react withyalel&l9 to
form 1,2-aminoalcohold50 (eq 183Y*° Hu and Somfai have both reported the reaction

of oxonium ylides with imines (Figure 57%:

Figure 57. 1,z-Aminoalcohols from Oxonium Ylidt

A Ar\NH
N Jz i 1) 2 mol % Rhy(OAc), Y ost am
2
R1JJ\ Et0,C~ H Pho ) o o%HﬁACIZOH/H 5 R1/\E/
451 279 13 ) pTSOH, MeOH/H, 452 OH
(up to 87%) up to 98:2 dr
2 R
NT )Nji HO 1 mol % Rhy(OAc), NH a0
“R3 A_-COCH
R CH,CI »CHy
R’\J]\H Hy,CO,C~ “Ph 2Cly RW/X
R3O0 Ph
146 453 454 (up to 78%) 455

up to >98:2 dr

238 3) Roskamp, E. J.; Pedersen, Sl. Am. Chem. Sot987 109, 6551. b) Imamoto, T.; Nishimura, S.
Chem. Lett199Q 1141. c¢) Shono, T.; Kise, N.; Kunimi, N.; Nomura,Ghem. Lett1991, 2191. d)
Guijarro, D.; Yus, MTetrahedronl993 49, 7761. €) Murakami, M.; Ito, H.; Ito, Y. Org. Chem1993

58, 6766. f) Clerici, A.; Clerici, L.; Porta, Qetrahedron Lett1995 36, 5955. g) Miyabe, H.; Torieda, M.;
Inoue, K.; Tajiri, K.; Kiguchi, T.; Naito, TJ. Org. Chem1998 63, 4397. h) Tormo, J.; Hays, D. S.; Fu, G.
C.J. Org. Chem1998 63, 201. i) Bobo, S.; de Gracia, I. S.; Chiara, Bynlett1999 1551. j) Ito, H.;
Taguchi, T.; Hanzawa, Yletrahedron Lett1992 33, 4469.

239 3) Sasai, H.; Tokunaga, T.; Watanabe, S.; Suzukitoh; N.; Shibasaki, MJ. Org. Chem1995 60,
7388. b) Kudyba, I.; Raczko, J.; Jurczak].JOrg. Chem2004 69, 2844.

240 3) Hayashi, T.; Uozumi, Y.; Yamazaki, A.; SawamiMa, Hamashima, H.; Ito, YTetrahedron Lett.
1991 32, 2799. b) Hughes, P. F.; Smith, S. H.; Olson, J. ©Qrg. Chem1994 59, 5799. c) Ferey, V.;
Legall, T.; Mioskowski, CJ. Chem. Soc., Chem. Commi@95 487. d) Ding, C. ZTetrahedron Lett.
1996 37, 945. e) Horikawa, M.; Busch-Petersen, J.; Corey, Eetdlahedron Lett1999 40, 3843. f)
Caddick, S.; Parr, N. J.; Pritchard, M. T&trahedror?001, 57, 6615. g) Yoshikawa, N.; Shibasaki, M.
Tetrahedror2002 58, 8289. h )MacMillan, J. B.; Molinski, T. IOrg. Lett.2002 4, 1883. i) Yamashita,
A.; Norton, E. B.; Williamson, R. T.; Ho, D. M.; Sgitaj, S.; Mansour, T. ®rg. Lett.2003 5, 3305. j)
Thayumanavan, R.; Tanaka, F.; Barbas, ©ng. Lett.2004 6, 3541.

241 3) Torssell, S.; Kienle, M.; Somfai, Rngew. Chem. Int. E@005 44, 3096. b) Huang, H. X.; Guo, X.;
Hu, W. H.Angew. Chem. Int. EQ007, 46, 1337.
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3. 2. 6. The Asymmetric Glycolate Mannich Reaction

The use oti—hydroxy carbonyls in C-C bond forming reactions is well doented.
Several examples exist of asymmetric catalytic golkldol reaction&? The large
body of knowledge on the diversity of substrates amdusbe of chiral auxiliaries and

chiral Lewis acids for stereoinduction in the aldol reactsuggests the analogous

Ph. TIPSO, R
o 1) LDA —
et (187)
TIPSO\)J\ then  _PwP N
o) N N\
o PMP
456 R17H as7
up to >99:1 dr
(up to 89% yield) up to 98% ee

glycolate Mannich reaction is a desireable method frapid assembly of a diverse set
of 1,2-aminoalcohols. Yet most of the progress in thés &as occurred since 20808 To
the best of our knowledge the first use of a glycodatelate in a Mannich reaction was
demonstrated by Newcomb and coworkers in 38Geveral others reported examples
as part of broader studies on the reaction of estéatesavith imine$*

Motivated by thesyn1,2-aminoalcohol in the side chain of Taxol, Ojima répdthe
first asymmetric version of this reaction by using aracemic silyl ketene acetal for

stereoinduction (eq 187§° Several others have used this technique or chiral

2421 ey, S. V.; Sheppard, T. D.; Myers, R. M.; ChorghadeS.Bull. Chem. Soc. Jp2007, 80, 1451.
#3Hart, D. J.; Ha, D. QChem. Rev1989 89, 1447.

244 Gluchowski, C.; Cooper, L.; Bergbreiter, D. E.; Newtnpd. J. Org. Chem198Q 45, 3413.

245 3) Ikeda, K.; Terao, Y.; Sekiya, Mhem. Pharm. Bulll981, 29, 1747. b) Ojima, |.; Inaba, S. I.; Nagai,
M. Synthesid 981 545. c) Bose, A. K.; Khajavi, M. S.; Manhas, M.Synthesi4982 407. d) lkeda, K.;
Achiwa, K.; Sekiya, MTetrahedron Lett1983 24, 4707. e) Colvin, E. W.; McGarry, D. G. Chem. Soc.,
Chem. Commuri985 539. f) Colvin, E. W.; McGarry, D.; Nugent, M. Tetrahedronl988 44, 4157. g)
Adrian, J. C.; Barkin, J. L.; Fox, R. J.; Chick, J. Hunter, A. D.; Nicklow, R. AJ. Org. Chem200Q 65,
6264.

246 Ojima, I.; Habus, I.; Zhao, M. Z.; Georg, G. |.; dainghe, L. RJ. Org. Chem1991, 56, 1681.
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nonracemic imines to achieve high diastereoselectiviieshe glycolate Mannich

reaction?*’

Br: Br
e X
O\ /O

Zr
N

COECC

Br 459 Br

OH
HO @[
j@ PTMS 10 mol% 459 NH (188)
N = DmohS

; toluene, 25 °C ;
J]\ TBSO o'pr ’ . CO,Pr

148 458 (up to 100% yield) 460078BS

up to >99:1 dr
up to 98% ee

Kobayashi and coworkers reported the first catalytjorasetric glycolate Mannich
reaction in 1998 (eq 188J® In 2004, Akiyama and cowokers demonstrated that a chiral

Brgnsted acid148 could catalyze the glycolate Mannich reaction with dgoél

PNP

Cg o o
\ 4
4

7\

00 O OH
OH
PNP
: i X
PTMS . tomommasz \H

— 189
N toluene, -78 °C (189)

COM
)J\ TPSO OMe 24h Bh oMe
Ph H
148 461 (79%) 463°7PS
100:0 dr
91% ee

diastereo- and enantioselectivities (eq F89Both of these methods still relied on the

247 3) Swindell, C. S.; Tao, M. Org. Chem1993 58, 5889. b) Hattori, K.; Yamamoto, Hietrahedron
1994 50, 2785. c) Arai, Y.; Yoneda, S.; Masuda, T.; MasakiCtiem. Pharm. BulR002 50, 615. d)
Hjelmgaard, T.; Faure, S.; Lemoine, P.; ViossatAgken, D. J.Org. Lett.2008 10, 841.

248 K obayashi, S.; Ishitani, H.; Ueno, Nl Am. Chem. So&998 120, 431.

249 Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kngew. Chem., Int. E@004 43, 1566.
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use of silyl ketene acetals.

o anisidine Q  NHPMP
o L-Proline (20 mol%) J\/\ (190)
- ! )LRZ DMSO, rt ROY R
OH OH
464 19 (up to 92% yield) 465
up to 20:1 dr

up to >99% ee

The first direct catalytic asymmetric Mannich reactismg am—hydroxy ketone
464 was developed independently by EiStand BarbaS® in 2002 (eq 190). Trost and

coworkers were the first to report a direct catalgsymmetric Mannich reaction using

467

R%
R2 o] OCHS3 CH, NH O OCH;
N7 3.5-5 mol% 467 H
_— > ; (191)

J\ MS 4A, THF R Y

R'™ “H :
OH -30°C OH
146 466 468

(up to 97% vyield) up to 52014 dr
up to >99% ee
an o—hydroxy ketone466 with a chiral nonracemic zinc lewis acid cataly€7 (eq
191)2°2 In this example thex—hydroxy ketone466 is a phenyl ketone, which is

functionally equivalent to a glycolate. More recent§hibasaki and coworkers have

devoted considerable attention to the further developnoénthe direct catalytic

20| jst, B.; Pojarliev, P.; Biller, W. T.; Martin, HI.J. Am. Chem. So2002, 124 827.

#1h) Ramasastry, S. S. V.; Zhang, H.; Tanaka, F.;&ar6.J. Am. Chem. So2007, 129, 288. a)
Cordova, A.; Notz, W.; Zhong, G. F.; Betancort, J; Barbas, C. FJ. Am. Chem. So2002, 124, 1842.
%2 3) Trost, B. M.; Terrell, L. RJ. Am. Chem. So2003 125, 338. b) Trost, B. M.; Jaratjaroonphong, J.;
Reutrakul, V.J. Am. Chem. So2006 128 2778.
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asymmetric glycolate Mannich reaction, in order to egpdme substrate scop®. They

have utilized the—hydroxy phenyl ketoné66 as well as the—hydroxy acyl pyrrolet70

as glycolic acid equivalent&igure 58.2°*

Figure 58. Shibasaki’'s Asymmetric Glycolate Mannich Reac

RZ%.
R NH O  OCH,
N7 4-20 mol% Et,Zn H
: ) (192)
1J\ 1-5 mol% ligand 469 R <
REH OH MS 3A, THF OH
146 466 -40°C 468
(up to >99% vield) up to >98/2 dr
up to >99.5% ee
Boc
O ~
B : NH (o]
NTooC 20 mol% In(O'Pr); /\)J\ 193)
I '@ 10mol% ligand 469 R” 7 SN\
ROH o = MS 5A, THF T O
97 470 rt 471
(up to 98% yield) up to 90/10 dr

up to 98% ee

OO ’ OO
OH HO

OO o OO
469

3. 3. Development of a Novedyn-Glycolate Mannich Reaction

We proposed, as a result of out mechanistic studies alilnthe previous chapter,

that the incorporation of a pendant nucleophile would ifatl the intramolecular

Scheme9. Mechanistic Rationale for Development csyr-Glycolate Mannich Reacti

Ph,HC
_CHPh;, PhaHC , H SNHO o
N 0 Ph
_COMe ——» N — > MeOC
MeOC” TH ] l}l MeO,C CO,Me o NPh
N, Ph
328 324 syn-322 ¢

%3 3) Matsunaga, S.; Yoshida, T.; Morimoto, H.; Kumadhj Shibasaki, MJ. Am. Chem. So2004 126,
8777. b) Sugita, M.; Yamaguchi, A.; Yamagiwa, N.; HandaMatsunaga, S.; Shibasaki, Krg. Lett.
2005 7, 5339. ¢) Yamaguchi, A.; Matsunaga, S.; Shibasakil&trahedron Lett2006 47, 3985.

4 Harada, S.; Handa, S.; Matsunaga, S.; Shibasaldnifew. Chem. Int. EQ005 44, 4365.
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nucleophilic attack on theis-azirdinium intermediate. We chose the imide nucleephil
that had been so effective in the azide-olefin addtlmemistry. As was shown in section
2. 4. 5 our hypothesis was correct and represented a rsywehesis ofsyn
oxazolidinediones. The reaction represents a shodt @rect Route tosynl,2-

aminoalcohols while establishing two key stereocenters.

3. 3. 1. Preparation of the Kay-Diazo Imide Reagent

We then sought to demonstrate the utility of tsysrglycolate Mannich reaction,

which required the efficient synthesis of tlwediazo imide. From the outset, we

SchemelC. Bond Disconnections for the Synthesish-diazo
imides
O
O
_COMe Gz CI)J\CI Hr\IJ/COZMe
| X HN / Ny Ph

|

N, Ph x o
HLN,COZMe
[ ]
N, Ph 0

o) o % N _CO,Me

NH CI)J\OM Wl |
| ¢ NHTs ©  Ph

N, Ph

considered several different approaches. Included weretiors of carbamate with
activated diazoacetates, addition of diazo to the imathdoride, tosyl hydrazone
formation, and reaction of chloroformate wittrdiazo amide. Carbamate was
deprotonated and reacted with ethyl diazoacetate, but rfotie a@esired product was
isolated. The succinimide ester and acid chloride wis@ @sed in this reaction with
similar results. Attempts were also made using sevevabling reagents with the
carbamate and the tosyl hydrazone of glyoxylic acid.llnhase cases, there was no

detectable conversion leading to the isolation of thdaintarbamate. Clearly the
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carbamate is too weak a nucleophile for these reactitmsever, the use of a stronger
electrophile, like phosgene, still did not improve thecoate. The correspondingdiazo
amides were easily synthesized. Deprotonation of dithazo amide followed by
exposure to methyl chloroformate afforded a product that apgearbe324a by *H

NMR. However, the distinctive diazo stretch at 2100'emas absent from the IR.

Scheme 11Doyle’s Diazo Transfer Protocol for the Synthedis-®iazo

Imides
O CRy o
; OH O
o LiNPry ArSO,N; COMe
FsC” O )J\ —_— M ~COMe ————> NTT?
_COo,Me THF FiC r?l Et;N | |
472 pp 473 (41%) 324a

Ar=HAcNH)CgHy-

Installation of the diazo in the last step was detr@ethto be the appropriate strategy.
The imide of glyoxylic acid could not be synthesized whichvented any attempt to
access the diazo from the tosyl hydrazone. Ultimatibly diazo transfer procedure of
Doyle was successful (Scheme ¥¥)This procedure utilizes a Claisen condensation to
afford a trifluoromethyl enol473). Enol473 is characterized by a singlet at ppm in the
'H NMR. The enol73 allows for diazo transfer to occur with a sulfonyldezin the
presence of a mild base to afford diazoini@dawhich could be identified by a singlet
at 6.61 ppm in théH NMR and the distinctive diazo stretch at 2100'cm the IR. In
contrast, direct diazo transfer to the enolaté @ was inconsistent and would at best
afford <10% vyield oB24a(eq 194).

Typically water was used for the removal of the wiofloacetyl group, however it was

found to be unnecessary in our case. The diazo trarsfetion with purified enod73

5 Doyle, M. P.; Dorow, R. L.; Terpstra, J. W.; RodenhoiiseA. J. Org. Chem1985 50, 1663.
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suffers from low yield. One of the major byproducts ofdieezo transfer was found to be
the carbamate. It is believed that this deacylatiomedef and may be facilitated by the
sulfonamide that results from the diazotransfer relagdine presence of the
trifluoroacetyl group likely consumes the sulfonamide prelents it from cleaving the
acyldiazo bond. The deacylation is not surprising consigehie difficulties experienced
with attempts to react the carbamate with various odiazetates. Other weak
nucleophiles, such as water, could also act as a nucleopttis acyl-nitrogen bond

cleavage.

0 _ o)
N
J\ _CO,Me _HNPrp - COaMe (194)
HSC ’?‘ AI’SOzN3 |
Ph THF N, Ph
472 324a

Ar=*(AcNH)CgH4-

An additional practical complication was the diffigulin separating théN-acetyl
carbamatel72 from thea-diazo imide324a A slight excess of LDA was critical for full
conversion to avoid mixtures dkacetyl carbamaté72 anda-diazo imide324a Initially
the eno73was isolated using a wash with 50% acetic acid in whi@never, complete
removal of the acetic acid was difficult. The use of tijdirochloric acid allowed for the
isolation of the enol as a light yellow solid withoahy purification. Allowing the
extraction to stand, or leaving the isolated enol at ambemperature for more than an
hour resulted in significant amounts of carbamate fdrriiiée enol could be purified by
silica gel chromatography, but was found to be unnecesEaeyenol can be prepared on
a multigram scale and stored for long periods of time78t °C. The diazo transfer

reaction was optimally kept at room temperature or beéen during solvent removal.
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The byproduct of the diazo transfer reagent is removefdtiation in dichloromethane.

Figure 58. Examples ofi-Diazo Imides Synthesiz
6]

0
#’}‘/COZIM #’}I,COZMe

N, Ph N,  PMP
324b 324c

The o-diazo imide is then isolated by silica gel chromatpgyaat 0 °C. Cooler
temperatures are required for the chromatography to avdhkfudecomposition of the
a-diazo imide. It should be noted that contaminatiom-ofazo imide324awith imide

472 is a result of incomplete deprotonation in the enaimédion and not from
decomposition of enol ar-diazo imide. This procedure has been successfully applied to

additionala-diazo imides (Figure 59).

3. 3. 2. Optimization of the syn-Glycolate Mannich Reaction

With the a-diazo imide324ain hand, we were able to demonstrate that the desired
product325awas obtained by exposure of tir@iazo imide324awith imine 304ain the

presence of triflic acid. Not only was did this result esent a potentially useful

Table 5 Determination of Optimal Amount of Triflic Acfd

N/CHth o F’thC\N/R o o) ?thz
)’J\ Hk COzMeM> MeOZC)\|)< KI<N Ph N Fl’h
- - - N
MeOCL H [ N CH%CSF%CN O\(N Ph o\( Meozcﬁ ~Cope
Nz o, Fh . 325a; R=H 474
324a 473 R=Me O © ©
entry y 325a:473:474:475° %yield 325a
1 50 4:3:1:1 nd
2 110 3:4:1:1 nd
3 150 7:0:3:0 61
4 200 5:0:2:0 50

2All reactions contained 1.2 eq of ethyl diazoacetate and were were 0.30 M
in substrate and proceeded to complete conversion. ’Ratios were measured
by "H NMR.
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methodology for the synthesis syn1,2-aminoalcohols, but it also was a validation of
our mechanistic understanding of acid catalyzed reactiingsirees with diazos. We then
optimized the reaction and determine its substrate sddpee optimal amount of triflic
acid for thesynglycolate Mannich reaction was investigated first. gsirb equivalents
of acid afforded the highest yield of the desired product dedléast amount of
byproducts. Substoichiometric amount of acid suffered friomw conversion and
increased amounts of amounts of three byproducts. Perh@p®dst insidious of the
byproducts results from acid promoted self cyclization haf d-diazo imide 324a to
oxazolidine dionet74 (Scheme 12). We have found that prodd@5ais quite stable and
yields are not adversely affected by the length of theti@n. Therefore, it is most likely
that byproduct474 forms prior to addition to the imine. The relative antoah474
increases as the amount of acid used increases. Clgalymine buffers the acid and

slows the formation o474

Schemel2. Mechanism of Self Cyclizatioof a-Diazoimide
OCH3 _ 4—CH;

) o)
0 ¥ =< ToT 7 H(
+
#N/COzMe H e H) NP N—ph ——> N—Ph
|

o) O
N, Ph H \\< \<
324 CNz © o 474°
Another byproduct that was isolated is thenethyl amine473 It would seem that
this product is the result of alkyl transfer from theermediate oxonium ion. While this
is a validation of the proposed mechanism, it is an ureteproduct. Its formation could
be eliminated by use of excess acid that ensures thereyomucleophilic nitrogen will

be protonated. It will be shown in later sectiond th& product is significantly reduced
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by the addition of a nucleophilic scavenger or the usanadlkyl group which is more
sterically hindered.

cis-Aziridine 475 can be isolated when substoichiometric amounts of aedused.
Previous work had demonstrated that turnover could be dusarv the aziridine
synthesis from ethyl diazoacetafé,but not in the preparation efamino-oxazolidine
diones from azide¥® **°In the previous chapter it was shown thatdiseaziridine327

could be converted to oxazolidine diord2 with an excess of acid at higher

Table 6 Effect of Solvent on Alkyl Transfér
CHPh PhHCL R
N/ 2 o N 0
X mol% BF;+OEt
MeO,C H IHkN/COZMe —_—— » MeO,C N—Ph

304a N» |:I>h ©

324a 326a;R=H O
473; R=Me
entry X solvent conc. temp time 325a:473°
1 30 DCM 01M -78°C 96h 1:1
2 150 CH3CH.,CN 02M -20°C 05h 1:1
3 150 CH3CH,CN 01M -20°C 05h 1:1
4 150 toluene 01M -20°C 1h 1:1
5 150 THF 01M -20°C 1h° 1:1
6 150 EtOAc 01M -20°C 1h 1:1
7 150 DMF 01 M 0°C 2 hd -
8 150 DCM 01M -20°C 05h 1:1

2All reactions contained 1.2 eq of diazo and proceeded to complete conversion
unless otherwise stated. *Ratio was determined by 'H NMR. Reaction did not go
to completion. YNo reaction occurred.

temperatures. Thus the isolation @$-aziridine here may simply be the result of the
intermediate not being converted to product.

An equivalent of protons from the Brgnsted acid is consuimefle formation of
oxazolidine dione&25aas well as in the formation of the byproddé4 The mechanism
of the synglycolate Mannich reaction (Scheme 8) suggests that thelyprotonated
aziridine is capable of nucleophilic attack from the aarate oxygen leading to the

oxazolidine dione product. The conversion of this azitsmito oxazolidine dione is
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likely inhibited by a loss of a proton from the aziridim. The amine of the oxazolidine
dione is clearly nucleophilic enough to allow for methgnsfer. It is likely that this

amine, by analogy, is also basic enough to remove armristom the aziridinium,

preventing its conversion to oxazolidine dione.

An initial screen of various nitrogen protecting groupstha imine found that only
the benzhydryl imines provided any meaningful reactivity. ttudth be noted that many
of these imines were found to be unstable and therefere generateth situ and used
without purification. A screen of various Brgnsted and iseacids revealed that weaker
acids were less effective. High conversions coulol@ined with BEOEb, however
only if the BR-OEt was freshly distilled and the reaction was kept scrupujodist to
prevent oxazolidine dioné74 formation. Even with these conditions, a 1:1 mixtafe

the desired product and the methyl transfer prodi&twas isolated (Table 6, entry 3).

Table7. Effect of Concentration and Nucleophilic Scavenge
Alkyl Transfe?

o PRHC, R

e} O

)J\ CogMe X MOl BF-OEt
- _——
M602C304 H | ’\|‘ y mol% thioanisole : O\«N—Ph
a
N, Ph
326a; R=H
324a 473: R=Me ©
entry X y solvent conc. temp  time 325a:473°
1 150 O DCM 01M -20°C 05h 11
0

2 150 DCM 01M -78°C 16h 1:1
3 150 O DCM 03M -78°C 16h 1:1
4 150 50 DCM 01M -20°C 2h° 31
5 150 100 DCM 01M -20°C 4h 6:1
6 200 100 DCM 01M -20°C  4h 51

2All reactions contained 1.2 eq of diazo and proceeded to complete conversion
unless otherwise stated. *Ratio was determined by 'H NMR. Reaction did not go
to completion. YNo reaction occurred.

Different solvents were screened in the reactiose® if alkyl transfer was affected by
less polar, aprotic solvents (Table 6). It is also posdhdé the nucleophilicity of the

nitrile group facilitated the alkyl transfer, so non-nugledic solvents were also
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compared (Table 6, entries 4 and 8). It was found that darnkethane was the optimal
solvent (Table 6, entry 8). Lower concentrations ancetol@mperature also reduced the
amount of alkyl transfer (Table 6, entries 1-3). Howevtkere were still significant
amounts of the byproduet73 forming, so the addition of nucleophilic scavengers was
considered. The addition of thioanisole to the reactaid, indeed, nearly eliminate

methyl transfer (Table 7, entry 5).

Table8. Thesyr-Glycolate Mannich Reaction of Aryl imines in t
Presence of BFOE}®

\~CHPhz PRafCs o
Hk _COMe _Xmol% BF3OFt /@)\H{
—_—
y mol% thioanisole N—Ph
N, DCM FiC O\(
324a 476a o)
entry temp time % conversion®
1 150 100 -20°C 4h 75
2 150 0 -20°Cto0°C 3h 12
3de 100 0 -20 °C 05h 19°

2All reactions contained 1.2 eq of diazo and were 0.1M in imine. "Determined by "H NMR.
°Other unidentified products formed. 9Slow addition of diazo to imine. ®Reaction contained
1.2 eq of imine and was 0.1M in diazo.

We then attempted to apply these conditions to other ratdst however, these
conditions were not effective with aryl imi@da(Table 8, entry 1). Although thioanisole
was very effective in limiting alkyl transfer when vergactive imines were used
(eg3043, it might also attenuate the Lewis acid reactiviAyyl aldimines such a84a
are less reactive electrophiles and were not convetiedently to oxazolidine dione
even without thioanisole present (Table 8, entry 2). lateampt to encourage binding of
BF;s:OEt to imine, hypothesizing that the-diazo imide might be an inhibitor, the
diazo imide was added slowly to a mixture of imine amid-8®Eb, but no appreciable
increase in conversion was observed (Table 8, entry 3rtungately, warming the

reaction only increased the amount of oxazolidine débieformed.
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Table9. Determiring the Optimaa-Diazo imide for thesyr-
Glycolate Mannich Reaction

PhyHC
\ PRz TTNNH
)]\ _co,R? 150 mol% BF3+OFt o
MeOL™ H (i N DCM, -78 °C 5 N—R!
304a 1 2h
N2y, R rs 477 \\g
entry R' R?  conversion®
1 a Ph Me 64
2 b Ph iPr 66
3 c PMP Me 64
4 d Bn Me 70
5 e Ph iBu 51

3All reactions were 0.1 M. °Determined by "HNMR.

It was proposed that the amount434 that forms, increases as the ratexafiazo
imide addition to the imine decreases. We then investigateether adding electron

density to thex-diazo imide would improve its reactivity in this reaatid his might be

Table 1C. Attempts to Increase the Conversion of the Lewisd,
PromotedsynGlycolate Mannich Reactin

PhHC
~CHPhy SNH o
/@)L Hk CO,R? X Mmol% BFy-OFt _ /@M
DCM R
o
FsC 478 K
entry X R? conc. temp time % converswnb

1 c 150 PMP Me 0.1 M -20°C 18 h 8
2° ¢ 100 PMP Me 03M -78°C 5h 12
3 ¢ 5 PMP Me 03M -78°C 5h 14
4 ¢ 20 PMP Me 03M -78°C 18 h 10
5 ¢ 50 PMP Me 03M -78°Cto-20°C 36h 23
6° b 100 Ph ‘Pr 03M -20°C 5h 28

Al reactions contained 1.2 eq of diazo. ®Determined by 'H NMR. °Reaction contained 1.2 eq
of imine. “Other unidentified products formed.

accomplished by homologating the imide nitrogen substitéremb phenyl to benzyl,
where the latter no longer has conjugation betweenitt@yen and the aromatic ring. In
order to reduce the possibility of carbamate alky! trartsfehe evolving sphybridized
nitrogen, subsequent imides utilized an isopropyl carbamateanh of a methyl
carbamate. Conversion of imiB@4ato oxazolidine diond77 in the presence eofdiazo

imides 324 and BR-OEb was largely unaffected by these changes tatd@zo imide
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(Table 9). The same trend was observed with aryl irfBfeand BR-OEt (Table 10).
However, alkyl transfer was eliminated from reactiovisich utilized a-diazo imide
324h, even in the presence of one equivalent of acid. Atsilgprovement in conversion
was realized at higher concentrations.

Sincea-diazo imide324bwas shown to have similar reactivitydediazo imide324a
while preventing complications arising from alkyl tramsfee returned to studying the
synglycolate Mannich reaction of aryl imines in the preserf triflic acid. The
conversions with triflic acid were much higher than v OEt, so different conditions

were tried in order to optimize the reaction. In thxsaraple, concentration had little

Table11. Optimization of the Triflic Acid Promotesyr-
Glycolate Mannich Reaction of Aryl Imines

_GHPh, thHc\NH 5
Hk _CO,Pr x mol% TfOH
A (N CHCH.CN Wni
FiC " ap FsC \(

3 84a 324b 476a o
entry x  conc. temp time % conversion %yield®
1 100 0.3M -78°C 5h 63 <53
2> 100 0.3M -20°C 2h 53 M
3¢ 150 0.3Mm -78°C 4h 48 -
4%4 150 0.1M -78°C 2h 42 -
5° 100 0.1M -78°C 18 h 62 35
6 100 0.1M -78°C 18 h 70 35
7° 100 01M -78°Cto-20°C 18h 36 -
8" 100 0.15M -78 °C 15 h 100 52

2Determined by 'H NMR. PReactions contained 120 mol% of imine. Reactions
contained 120 mol% of diazo. YAcid added in 50 mol% portions every 30 min. ®Slow
addition of diazo to imine. fimine was recrystallized before use.

effect on the reaction and lower yields were typicallgesult of the consumption of
diazo imide324b to formation of oxazolidine dioné74 (Table 11). It was thought that
the use of excess imine might prevent formatiomt4 by increasing the amount of
protonated imine in solution. Excess imi@4b neither increased the conversion of the

reaction nor decreased the amouné o4 formed (Table 11, entry 1). As was true with
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BF3;-OEt, higher temperatures also simply increased the gmsition ofo—diazo imide
324b to 474 (Table 11, entry 2). For the same reasons as mentiabede, a slow
addition ofa-diazo imide324bto a solution of imin&4aand triflic acid was attempted,
but failed to provide a meaningful improvement (Table Iirye6). Excess triflic acid
was also tried, but in this instance only increased treuatrof dione474 formed (Table

11, entries 3 and 4).

Table 12 The Acid Screen for thgynGlycolate Mannich Reactién

| CHPhz /CHth CHPhy
N Ph
. _co,Pr 100 mol% acid _ Meozc)\|/l< K/<N o |
N .
Me020304a|-| IHL’\,‘ CH;%%H%CN N—Ph O\( MeOzC/m ~co,Pr
N Ph
2 g 325a 472’y 3
entry acid time(h) % conv %yield 325a.474.475b
1 HBF, 1 100 83 5:1:0
2 TfOH 1 100 76 7:1:1
3 (CF3SOo)uNH 1 100 71 5:2.5:1
4  CF4CO.H 1 65 42 81:3 o
5 pTsOH 24 100 43 6:6:1 \P//O
6 HCI 4 55 40 4:8:1 o “oH
7 HsPO,° 4 63 31 5:4:1 O
8 BipdiolPOsH® 4 36 24 5:11:1 -
9 PhCOZHd 24 <5 nd _ BipdiolPOzH
10  CH;CO.HY 24 <5 nd -
11 PPTS® 2 0 nd -
12 NH,CI 24 0 nd 0:0:0

2All reactions contained 1.2 eq of diazo and were 0.15 M in substrate.
bRatios were measured by "H NMR. °Reactions were warmed to -20 °C for
several hours. Reactions were warmed to 25 °C for several hours.

Full conversion could be accomplished with purified imimages (Table 11, entry
8). Typically these imines are formed from equimolaroants of the corresponding
amines and aldehydes in the presence of molecular siedethan used without any
further purification®® No impurities are typically observed in thé NMR, however the
crude materials often appear colored. It was found #atystallization of crystalline
imines afforded the imines as colorless solids. It Wese colorless solids that then

allowed for full conversion in theynGlycolate Mannich reaction. It is possible that the

104



crude material contained some unreacted reagents or @bereimpurity in quantities
that are undectable By NMR yet of sufficient quantity to buffer the Brgedtacid. The
consequences of substoichiometric amounts of acid weeussed above and the
requirement for an acid of sufficient strength will #iscussed in the next section. It
should be noted that further purification of non-crystallimenes was attempted by
column chromatography, but did not afford imines of sidfit purity, in part due to
decomposition of the imines on the silica gel adsorbant

The optimal conditions were determined to be 100 mol#ifb¢ acid at -78 °C with
a slight excess ad-diazo imide324b. With this knowledge in hand, a more thorough
screen of acids was performed (Table 12). Indi6éawas used since it had been found
to be the most reactive imine in tegnglycolate Mannich reaction. The data indicates
that acids with pKa'’s below -10 afford the highest @sions and isolated yields. Acids
with pKa’s between 2 and -10 suffer from lower conwersiand increased amounts of
decomposition of the-diazo imide324bto dione474. Interestingly, trifluoracetic acid
gives an increased relative amount of the aziriding(Table 12, entry 4). Finally, acids
with pKa’s above 3 failed to provide any conversion. Eeutdiazo imide324b was
not decomposed, which indicates the formation of dibigis also dependent on acid
strength.

A screen of various nitrogen protecting groups on the imias also investigated
(Table 13). For this study we utilized imind%9 derived fromp-chlorobenzaldehyde,
since the products were crystalline, easily recrystdlliznd stable for a significant
period of time under an inert atmosphere at ambient tatye. Conversions seem to

decrease with increased steric hindrance (Table 13, 2ntfhere would also seem to be
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Table 13 The Imine Screen for treynGlycolate Mannich Reacti6n

N/
COz’Pr 100 mol% TfOH f«N —ph
CH3CH.CN, -78 c
cl 479 Nz 20 hr 80 474

324b

entry R product %conv %yield dr 480:474°
1 Ph,CH  480a 67 59 1011 >20:1
2 PhsC 480b 0 0 NA >1:20
3 PhCH, 480c 52 19 101 11
4 PMeOPhCH, 480d 53 22 1011 12
5 Ph 480e 71 50 1011 1:1
6 PMeOPh  480f 8 4 NA :

7 H,C=CHCH, 480g 53 15 21 1:10
8 2py 480h 38 16 2:1 1:1
9 Boc 480i 100 80 21 41
10 CBz 480f 100 36 11 1:1

@All reactions contained 1.2 eq of diazo and were 0.15 M in substrate.
bRatios were measured by "H NMR.

an electronic effect since themethoxyphenyl imine was observed to have very little
conversion (Table 13, entry 6). In contrast, pr@ethoxybenzyl imine and benzyl imine
were found to be identical in conversion and isolateddyi&hble 13, entries 3 and 4).
The N-phenyl imine afforded nearly identical conversion and yieldhe benzyhydryl
imine (Table 13, entry 5). Full conversion and higher wehkre realized witiN-Boc
imine, however the diastereoselectivity was signifilyatlecreased (Table 13, entry 9). It
has also been shown in separate studies that fulkbcsion can be realized with both

Boc imine and\-CBz imine using catalytic amounts of Cu(Qif)°

3. 3. 3. Scope of syn-Glycolate Mannich Reaction with Argines

The optimal conditions were then applied to a varietgrgf imines (Table 14). All
the aryl imines used produced the desired oxazolidine dionkE0il dr. The lower
diastereoselectivity for aryl imines may be a restlingreased steric interactions by

phenyl ring in the proposed [2+1] transition state (Figure 3B increased steric

256 Muchalski, H.; Johnston, J. Nnpublished results
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interaction could prevent the [2+1] transition statarirbeing operable in favor of the
open transition state of thec-aminodiazonium which could cyclize tnmti-oxazolidine
dione prior to aziridine formation. If the [2+1] transit state is still operable, then the
lower diastereoselectivity could be the result of arel@se in the difference in energy
between the two possible possible transition states vatliclvs for somdrans-aziridine

to be formed which in turn affords thati-oxazolidine dione.

Table 14. Thesyr-Glycolate Mannich Reaction

Aryl Imines, PhaHC
N/CHPh2 o NH I}
B T A

s b 78°C. 18 hr °~
324b 416 %

entry R product %yield  dr

1 PCFsCe¢Hs 476a 53  10:1

2 PNO,CgHs 476b 69  10:1

3 3,4-F,CeHs 476c 55  10:1

4 PFCgH4 a76d 48  10:1

5 PCF30CgHs 476e 51 10:1

6  34-ClCgHs 476f 53  10:1

7 PBrCgH,  476g 68  10:1

8 PCIC¢Hs  476h 59  10:1

9 MPhOCgH;  A4T6i 37 101

10  PAcOCgH, 476 43 101

11 PCNCgH, 476k 36  10:1

4Reactions contained 1.2 eq of diazo and were 0.15M in
solvent. ZIsolated by column chromatography.

In general, aryl imines were less reactive than glyorales. The reaction times for
aryl imines were significantly longer and vigorous nitrogevolution is observed
immediately upon addition of triflic acid to glyoxal imindsut not when added to aryl
imines. This lower reactivity certainly contributes tereased amounts of byproduct
474, but probably isn’'t responsible for the lower diasteedectivity since imin&23 was
highly reactive but still experienced lower diasterémgerity. Moreover, there is no

change in diastereoselectivity between electronamhelectron poor aryl imines. Higher
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reactivity is observed amoung imines that have strongamtreh withdrawing groups

adjacent to the imine. If higher reactivity led to higd@&stereoselectivity, then electron
deficient aryl imines should have allowed for higheistheeoselection than electron rich
aryl imines. Despite the diminished reactivity and dee@@adiastereoselectivity, a
variety of aryl imines with various substituent patterfisrded the desired oxazolidine

dione in adequate yields and high diastereoselectivity.

3. 3. 4. Scope of syn-Glycolate Mannich Reaction with Glydraihes

Table 15. Thesyr-Glycolate Mannich Reaction of Glyox

Imines PhoHC
- CHPh2 o 0
R _oyr 100 mol% TOH RN
Hof N CHyCH,CN ao L n—en
3 N -78°C, 1 hr X
304 324d 325 o
entry? R product  %yield dr
1 OCH3 325a 68 >20:1
2 CgHs 325b 77 >20:1
3 PCH5CeHyg 325¢ 79 >201
4 PBrCsH, 325d 69  >201
5 PEC4H, 325e 81  >201
6  PCH30CgH, 325f 70 >201
7 biphenyl 325g 81 >20:1
8  PCF30CgH4 325h 64  >201
9 PACOCeH, 325i 66  >201
10 PCF4CH, 325 72 >201
11° fBu 325k 88 41
12°  cyclopropyl 3251 98 4:1
13°¢ cyclohexyl 325m 97 1:1
14°  2-thiophenyl 325n 80 6:1

aReactions contained 1.2 eq of diazo and were 0.15M in solvent.
bsolated by column chromatography. Reactions performed by
Hubert Muchalski.

Better yields and higher diastereoselectivities weriiogd for a variety of aryl
glyoxal imines. The aryl and alkyl glyoxal imines wergnthesized from the
corresponding hydrates (Scheme 13). The aryl glyoxal hydvetes realized from the
oxidation of various acetophenone derivatives by seleniwwiddi (eq 195). Alkyl

glyoxal hydrates were obtained from the DMDO oxidatiomiazos (eq 196). A variety
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Schemela TheSynthesis of GIyoxaI Imin

/CHth
_ Se0p HO OH Ph2CHNH2
s Dioxane, H,0 D|oxane HZO moI sieves. (195)
CH.Cl,, 25 °C

_CHPh,

R, _al Na HO OH N
\n/ CHN» R DMDO R Ph,CHNH,» R | (196)
Et,O H acetone H mol. sieves.
o, 0 °C o,
oc O4s3 Oggq  CHLR25°C 0304

of electron rich and electron deficient phenyl glyoxaines afforded the desired product
in good vyield and high diastereoselectivity (Table 15). Algyoxal imines also
produced the desired products in good yield, however the diastdzetivities were
diminished (Table 15, entries 11-13). The increased stefic diuthe alkyl imines is
likely the reason for erosion of the diastereoselityt These imines would be larger
than the aryl imines and imin823 which explains the more significant loss in
diastereoselection. The alkyl glyoxal imines actualfforded the desired oxazolidine
diones in greater yields. The greater yields allowed eorichment of the major
diastereomer by recrystallization in adequate yieldgs Ihot exactly clear why the
thiophenyl glyoxal imine 325n) afforded the desired oxazolidine dione with diminished
diastereoselectivity (Table 15, entry 14). This is the @xgmple of an imine substrate
with an additional hydrogen bond acceptor. The additibpdtogen bond acceptor may
in some way affect the reaction course and allow forenanti-oxazolidine dione to
form.

No alkyl imines were found to be crystalline which preedrany from being isolated

in sufficiently high purity to be used in tegnGlyclolate Mannich reaction.
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3. 3. 5. Functionalization of syn-Oxazolidine Diones

Schemeld. The AzideOlefin/Addition Reactio

PhoHC
TN 4 PhoHC PhzHCL
NH O NH

P“N HOH 0, gy CHyl P
N=Ph ~THF, H,0 OH ----*- - OCH;

o o ’
\« e} OH e} OH

325b o) 485 486
not observed not observed

To demonstrate the utility of the reaction we attewhpte functionalize the
oxazolidine dione products. Ring opening of the oxazolidinee ring was complicated
by the likely zwitterionic product being soluble in watemdropening was attempted by

lithium peroxide and lithium hydroxide. Both reactions resuttomplete consumption of

PhoHC o

O
PhN LIOH, HyOp _ Ph~ 197)
—_—
N—Ph ~THF, H0 /

pr, HN—CHPh,
325b © 487

the oxazolidine dion825h. Initially, the crude reaction mixture was treated witathyl
iodide to convert the desired carboxylic acid to the metst@ran order to facilitate easy
extraction in to an organic solvent. However, two maprducts were isolated from the
organic layer and those products appeared to be similath@tkxception of one being
methylated and the other not. The reaction was repeatdduvibiny treatment with
methyl iodide but the yield of the major product was sfilite low. Analysis of the
product would seem to indicate that oxalidine dione wasned to an amide which

subsequently cyclized with the ketone to affé8Y after elimination of water (eq 197).
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PhoHC

NH 0o
PhN M HCl in CHyOH i
In 3
............... Ph 198
N—Ph > NOH (198)

0] OH
326b © 485

not observed

Ring opening was also attempted with refuxing 6M aqueous hydracialoid and
also by refluxing in a methanolic solution of hydrochlaad (eq 198). No recognizable
product was isolated from either reaction and no startiaterial could be recovered.

PRoHCS, NH,

o o]
H2, PdOH); me0,c
MeO,C — T L 2
o2 NPh EtOH, EtOAG o NPn (199)

325a 486 ©

Removal of the benzhydryl group was accomplished with etfttiferoracetic acid

and triethyl silane or by hydrogenation with Pearlman’algst (eq 199).

PhaHCS o NH2 o NHy o
PhN_ ...C.fg@?.z_H__,P“MN_%P“MN_% 00)
0325b0\<N e OH4870\(o 4880\(
0
It is likely that the ketone in oxazolidine dio325b is likely interfering with the
functionalization. One attempt was made at reducing #tenke to a methylene with
trifluoroacetic acid and triethylsilane at elevated tenfpees (eq 200). The benzhydryl
group was removed as anticipated, but it was unclear ethétle carbonyl was fully
reduced to a methylene or a hydroxyl. Another reaction mag lwecurred at the

elevated temperatures that resulted in the demise afotidine dione325h, since

attempts at ring opening with hydrochloric acid involved eledaémperatures.
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3. 4. Conclusions

We have developed an effective synthesis of a noBhzoimide and demonstrated
its utility in a novelsynGlycolate Mannich Reaction. A thorough study of thetlsgsis
of thea-diazoimide revealed that it is prone to deacylationsatdcyclization. Its ability
to readily deacylate was a reflection of the weak mptidicity of the carbamate which
prevented many of the attempted syntheses of the dimsoform being successful. The
mild diazo transfer protocol of Doyle was ultimatehetbest route. Facile deacylation
and self-cyclization required anhydrous reaction conditiamd removal of other
nucleophiles from the reaction, lower reaction timagid isolation of the diazoimide
from the reaction, and purification by silica gel coluwhromatography at 0 °C. This
procedure ultimately could be extended to a variety obdhaizes.

Self-cyclization of thex-diazoimide was a persistent byproduct of siggGlycolate
Mannich reaction. Oxazolidine diod&4 was most abundant with less reactive imines.
Many of the Brgnsted acids used in the reaction werebtapd affecting this self-
cyclization reaction. It is likely that when tegnGlycolate Mannich reaction pathway is
slowed then the competing self-cyclization pathway magominate. The byprodud?4
could be eliminated by using Lewis acids under scrupulouslycdnditions. Self-
cyclization was also limited at -78 °C but was more $icamt at -20 °C. This
temperature dependence indicates that the intramolecytdization is entropically
favored over the intermolecular reaction betweerdtaeoimide and imine.

Another unwanted byproduct of tegnGlycolate Mannich reaction was N-alkylation
of the desired product. This byproduct is the result of &yl daransfer from the

intermediate oxonium ion that exists after cyclizatadrihe imide side chain. The alkyl
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that transfers is the alkyl group on the carbamate incatpd in the diazoimide. The
alkyl transfer could be eliminated by incorporation of ébaarate that would transfer a
more substituted carbon. A slight increase in the atmolalkyl transfer was observed at
higher concentrations, which suggests the alkyl transfecess is bimolecular. More
alkyl transfer was observed when reduced amounts ofngariel used and with BFOEt2.
The carbon boron bond is weak and would allow the nitragdme more nucleophilic.
Greater amounts of Brgnsted acids will reduce the nucleaphf the nitrogen since it
will likely exist as an ammonium salt.

All of the results thus far suggest a concerted [2+1]sttiam state is key bond
forming step which determines the diastereoselectivitghef syn-Glycolate Mannich
reaction. The steric bulk of the groups attached to bwrcarbon and the amine of the
imine have a pronounced effect on the diastereosetgobivthis reaction. Benzaldehyde
derived imines experienced lower diastereoselection tti@ir phenyl glyoxal
counterparts. Benzaldehyde derived imines would placemayphng directly attached to
the proposed three membered transition state, wheregshenylglyoxal derived imines
have a carbonyl inserted between the transition stat¢he phenyl ring which allows for
greater conformational freedom for the phenyl ring as Hsric influence. The slight
increase in size from a methyl to an ethyl group on thexghg imines also lowered the
diastereoselection. The most pronounced effect wasisheof secondary and tertiary
carbons adjacent to the carbonyl in the glyoxal imiftas.likely that these examples are
larger than the phenyl imines and the ethyl glyoxylate imareksconsequently result in

significantly lower diastereoselection.
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The size of the group attached to the nitrogen of theerhad less of an effect on the
diastereoselection of the reaction. However, laggeups were found to be less reactive.
Groups that could increase the electron density on thegeit of the imine were less
reactive as well. The most reactive imines were thexglate and glyoxal imines, which
have a carbonyl adjacent to the imine which can makerime more electron deficient
and thereby more electrophilic. An acid is required toe $ynGlycolate Mannich
reaction which suggests that the LUMO of the imine mesblwvered for reactions with
diazos to occur. It is possible that protonation oftede rich imines is unsuccessful in
lowering the LUMO enough for a favorable interaction hwithe HOMO of the
diazoimide to occur. It should be noted that Wulff and céens reported that boron
Lewis acids can activate the same aryl imines factten with ethyl diazoacetate that
were virtually unreactive with our diazoimide. This suggeits HOMO of the
diazoimide may be lower than the HOMO of ethyl diampaie. Attempts at raising the
HOMO of the diazoimide did not have a dramatic effeotthe outcome of theyn
Glycolate Mannich reaction.

Of the different acids used for th®ynGlycolate Mannich Reaction, triflic acid
allowed for the broadest scope with the highest yidlttgeover the strength of the acid
determined the distribution of products and percent comrersicids with pKa's lower
than -10 were required to produce the desired oxazolidoredis the major product in
good vyield. Acids with pKa’'s between -10 and 2 allowed agdal amount of the
byproduct474 to form in addition to the desired product. Trifluoroacetcid was an
exception in that less @f74 was produced, but it was less effective in converting the

intermediate aziridine to oxazolidine dione. No reactccurred with acids that had a
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pKa higher than 3. It is likely that acids with pKa’'sdethan -10 will fully protonate all
the imine, but that acids with pKa's between -10 and 2 establish an equilibrium
between the protonated and non-protonated imines. Anilaqui could slow the
reaction since only protonated form reacts with theadmide and only a certain fraction
of the imine would be activated at any given time. Thisil/aexplain why vigorous
nitrogen evolution is observed immediately upon additiothefstrongest acids, but the
intermediate acids never demonstrated visible nitrogeriuBeon and often required
higher temperatures in order to observe a reactiomolld appear that the protonated
imine is not as an effective reagent for the formatérbyproduct474. Very little of
byproduct474is observed with the strongest acids, but in the caBesavthe imines are
not fully protonated the acids are free to react withdlazoimide which results in the
formation of increased amounts4f4

We have developed a new methodology using a rationajrdes$ia novel diazimide
reagent as a result of our understanding of the mecharfiseactions between imines
and diazos. TheynGlycolate Mannich reaction affords tegn1,2-aminoalcohol moiety
in good yields and high diastereoselectivity for a broadeaf aryl and glyoxal imines.
This reaction represents a versatile and efficienthggms of 1,2-aminoalcohols while
establishing relative stereochemistry for two key siegaters in one step. Studies are

currently underway to establish an asymmetric versidhie reaction.
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CHAPTER IV
EXPERIMENTAL

All glassware used for reactions was flame-dried un@euwm. All reagents and
solvents were commercial grade and purified prior to usenwikeessary. Diethyl ether
(Et,0), tetrahydrofuran (THF), dichloromethane (i), toluene (CHCgHs), and
acetonitrile (CHCN) were dried by passage through a column of activatedirdduas
described by GrubS! Toluene was additionally passed through a column contgini
activated Q-5 reactant. All other solvents were liBstifrom calcium hydride before use
or are otherwise indicated differently. All organic egtsawere dried over MgSQunless
otherwise indicated.

Thin layer chromatography (TLC) was performed using glaskdshsilica gel (250
pm) plates and flash chromatography utilized 230-400 mesfa.sProducts were
visualized using UV light, and either ceric ammonium molybdapotassium
permanganate, ninhydrinp-anisaldehyde, phosphomolybdic acid, or potassium
iodoplatinate solutions.

Melting points were recorded on a Laboratory Devices-Mahp capillary melting
point apparatus or a Stanford Research Systems OptiMeft1DUP and are reported
uncorrected. IR spectra were recorded on a Nicoletadva@60 or a Thermo Electron
(Nicolet) IR100/IR200 spectrophotometer and are reported inemambers (ci.
Liquids and oils were analyzed as neat films on a Na&tktransmission), whereas

solids were applied to a diamond plate (ATR) if a thim could not be prepared.

%7 pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; BosR. K.; Timmers, F. Drganometallics1996
15, 1518.
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Nuclear magnetic resonance spectra (NMR) were acqomegither a Varian instrument:
INOVA-400 (400 MHz), VXR-400 (400 MHz) or Bruker instrument: AV-4Q800
MHz), DRX-500 (500 MHz), or AVII-600 (600 MHz). Chemical shitise measured
relative to residual solvent peaks as an internal stersid tod 7.26 andd 77.0 (CDCY)
for *H and*®C, respectively. Multiplicities are reported as singk), doublet (d), triplet
(t), quartet (q) or combinations thereof while higher cmgplpatterns are not
abbreviated. Mass spectra were obtained by use of chemoinadation (Cl) or
electrospray ionization (ESI) at Indiana Universitylaftic Microlabs, GA, performed
all combustion analyses.

Methylglyoxylate?®® ethylglyoxylate®®

methyl 2-hydroxy-2-methoxyacet&t®,ethyl
2-ethoxy-2-hydroxyacetaf€® benzhydrylimino-acetic acid methyl esteB043,***

benzhydrylimino-acetic acid ethyl ester32@,%®* diphenylmethyl azidé®® p-

acetamidobenzenesulfonyl azitfé N-(4-nitrobenzylidene)benzhydrylamin84p),**? N-
(4-fluorobenzylidene)benzhydrylamine 84(d),2%* N-(4-
trifluoromethoxybenzylidene)benzhydrylamine 848 ,2% N-(4-

bromobenzylidene)benzhydrylamin&4¢),**? N-(4-chlorobenzylidene)benzhydrylamine

(84h),2%° N-(4-acetoxybenzylidene)benzhydrylamine ~ 84j),'* N-(4-

%8 Jung, M. E.; Shishido, K.; Davis, L. H. Org. Chem1982 47, 891.

%9 Rodriguez-Borges, J. E.; Garcia-Mera, X.; Fernandetppes, V. H. C.; Magalhaes, A. L.; Cordeiro,
M. N. D. S.Tetrahedror2005 61, 10951.

260 schmidt, U.; Langner, J.; Kirschbaum, B.; BraunS@nthesid 994 1138.

%1 Baijley, P. D.; Smith, P. D.; Pederson, F.; Clegg, Résair, G. M.; Teat, S. Jetrahedron Lett2002
43, 1067.

%2 to, M.; Koyakumaru, K.; Ohta, T.; Takaya, Bynthesi4995 376.

%3 Davies, H. M. L.; Cantrell, W. R., Jr.; Romines,K; Baum, J. SQrg. Synth. Wiley&Sons: New
York, 1998; Collect. Vol. No. 9, pp. 422.

264 Brunner, B.; Stogaitis, N.; Lautens, Krg. Lett.2006 8, 3473.

%5 Green, D. S. C.; Gruss, U.; Hagele, G.; Hudson, HLiRdblom, L.; Pianka, MPhosphorous, Sulfur
Silicon Relat.Elem1996 113 179

%6 autens, M.; Tayama, E.; Nguyen, Org. Lett.2004 6, 345.
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267

cyanobenzylidene)benzhydrylamine 84k), N-(4-chlorobenzylidene)benzylamine

(4849,  N-(4-chlorobenzylidene)-1-(4-methoxyphenyl)amine 484,%°®  N-(4-

269

chlorobenzylidene)phenylamine4849, were prepared according to literature

procedures.

PhoHC
LCHPR GHPh SNH

[
m Joc N o COsEt
CO,Et R
MeO,C™ "H 2 MeO,C COLEt N,

4-Ethyl 1-methyl 2-(benzyhydrylamino)-3-diazosuccinate (306)A vial was charged
with the imine (57.2 mg, 0.226 mmol) and ethyl diazoacetate f2211.94 mmol), and
the resulting solution was stirred at 70 °C for 36 h. Ekeess diazomethane was
removedin vacuq and the resulting oil was purified by silica gel flasinoenatography
(5% ethyl acetate in hexanes) to afford the aziridine aghite solid (18 mg, 23%).
Analytical data {H NMR, **C NMR) was identical to that reported. A separatetifsac
afforded the diazo ester as a yellow oil (16 mg, 19%% R17 (10% EtOAc/hexanes);
IR (neat) 3341, 2981, 2093, 1734, 1685'chd NMR (400 MHz, CDCJ) 6 7.39(d, J =
7.3 Hz, 4H), 7.33-7.19 (m, 7H), 4.91 (s, 1H), 4.23 (s, 1H), 4.1 £d7.2 Hz, 2H), 3.76
(s, 3H), 1.22 (t) = 7.2 Hz, 3H);**C NMR (100 MHz, CDGJ)) ppm 171.0, 142.8, 142.3,
128.7, 128.5, 127.5, 127.4, 127.34, 127.27, 64.7, 61.0, 55.3, 52.7, 14.4; HRMS (C

Exact mass calcd for,gH,,Nz04 [M+H]* 368.1610, found 368.1605.

%7 gjy, T.; Li, W.; Yudin, A. K.J. Comb. Cheri001, 3, 554.
268 Anderson, J. C.; Howell, G. P.; Lawrence, R. M.;46fl, C. SJ. Org. Chem2005 70, 5665.
%% Torregrosa, R.; Pastor, I. M.; Yus, WMetrahedror2005 61, 11148.
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PTsOH

EtOH
reflux

o _COsMe . _COsEt
MeO,c” X2 Meo,c” X

Ethyl methyl fumarate (trans-309). To a solution of dimethyl fumarate (14.4 g, 100
mmol) in EtOH (20 mL, 343 mmol) was addEBsOH (500 mg, 2.63 mmol) and the
solution was heated to reflux for 16 h. The reactiorntuné&was condensed to an oil and
purified by silica gel flash chromatography (5% ethyl aeetathexanes) to afford the
product as a colorless oil (4.75 g, 30%)=R.29 (1% EtOAc/hexanes); IR (neat) 2987,
1729, 1642 ci, *H NMR (400 MHz, CDCJ) & 6.85 (s, 2H), 4.25 (g] = 7.1 Hz, 2H),
3.80 (s, 3H), 1.31 () = 7.1 Hz, 3H);**C NMR (100 MHz, CDG)) ppm 165.3, 164.8,
133.8, 133.0, 61.2, 52.1, 14.8RMS (Cl): Exact mass calcd for;8;:04 [M+H]"

159.0651, found 159.0658.

NH; N3

2 Tf,0, NaN; =
-———
™ "BMAP, CHCl, ChHs
25°C, 2 hr

(R)-a-Methylbenzyl azide(312). To a cold solution (0 °C) of sodium azide (11.2 g, 172
mmol) in water (35 mL) was added &El, (40 mL) and T4O (6.0 mL, 35 mmol). The
reaction was stirred for 2 hours and then extracted @HyCl,. The organic layers were
dried over MgS® and then added dropwise to a solution RF¢-methylbenzyl amine
(1.12 g, 9.20 mmol) and DMAP (5.0 g, 41 mmol) in L (5 mL). The reaction was
stirred for 2 h at ambient temperature, quenched with 5%G@ig and extracted with
EtOAc. The organic layers were dried and concentratedh toilghat was purified by

silica gel flash chromatography (2% diethyl ether in hegpte afford the product as a
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colorless oil (1.04 g, 77%).tR 0.65 (2% EfO/hexanes); IR (neat) 2102 ¢mH NMR
(400 MHz, CDC}) § 7.39-7.32 (m, 5H), 4.63 (d,= 6.8 Hz, 1H), 1.55 (dJ = 6.8 Hz,
3H); *C NMR (100 MHz, CDGJ) ppm 140.8, 128.7, 128.1, 126.3, 61.1, 2HRMS

(CI): Exact mass calcd forgB10N3 [M+H]* 147.0791, found 147.0791.

N N
PhoHC <~ N PhyHC <~ ™y

Moo X COE! — PhaCHN; _ N \
e

MeO,C TOEt  EtO,C TOMe

4-Ethyl 5-methyl 1-benzhydryl-[1,2,3]triazoline-4,5-dicarboxylate(310) A vial was
charged with ethyl, methyl fumarate (859 mg, 5.43 mmol) apleshylmethyl azide (842

mg, 4.02 mmol), and the solution was stirred at 40 °C fdr. Zlhe reaction mixture was
purified by silica gel flash chromatography (20% ethyl acetateexanes) to afford the
triazoline as a colorless oil (691 mg, 35%). IR (neat) 2976, 20B%5, 1500 ci; *H

NMR (400 MHz, CDC}) § 7.39-7.28 (m, 20H), 6.07 (s, 1H), 6.06 (s, 1H), 5.25](d,

10.8 Hz, 1H), 5.22 (d] = 10.8 Hz, 1H), 4.30-4.24 (m, 4H), 4.12 {5 7.1 Hz, 2H), 3.81

(s, 3H), 3.65 (s, 3H), 1.30 @,= 7.1 Hz, 3H), 1.21 (tJ = 7.1 Hz, 3H):**C NMR (100

MHz, CDCk) ppm 169.6, 167.4, 139.0, 137.7, 128.8, 128.7, 128.6, 128.4, 128.2, 127.8,
82.9, 67.8, 60.5, 53.2, 53.86fRMS (ESI): Exact mass calcd ford8,,Ns0, [M+H]"

368.1605, found 368.1609.
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N HsC

40 °C

HsC HsC
©/‘\ xx )\N/N\\N )\N/N\\N )\N/N\\N )\N/N\\N
CHy ———=> Ph \ : Ph Ph Ph

MeO.C COEt MeOoC TOEt  EtO,C COMe  Et0,C TOMe

4-Ethyl 5-methyl 1-(1-phenyl-ethyl)-[1,2,3]triazoline-4,5-dicarboylate (313) A vial
was charged with ethyl, methyl fumarate (796 mg, 5.03 mmol) Rjd-(nethylbenzyl
azide (7.36 g, 50.0 mmol), and the solution was stirred at 46r°C2 h. The reaction
mixture was purified by cold (0 °C) silica gel flash chroogeaphy (10% ethyl acetate in
hexanes) to afford a mixture of triazolines as a cedsrbil (1.16 g, 75%). The triazolines
were then separated by preparatory HPLC (15% ethyl acetia¢sames at 20 mL/min).

Data for313a R=0.073 (15% EtOAc/hexanesy]f’ -162.0 ¢ 0.0065, CHG); IR

(neat) 2984, 2101, 1745, 1695 tmH NMR (500 MHz, CDCJ) & 7.31-7.27 (m, 3H),
7.21 (d,J = 7.0 Hz, 2H), 5.16 (d] = 11.0 Hz, 1H), 4.92 (q] = 7.0 Hz, 1H), 4.23 (ddl =
10.5, 7.0 Hz, 1H), 4.20 (dd,= 10.5, 7.0 Hz, 1H), 4.07 (d,= 11.0 Hz, 1H), 3.69 (s, 3H),
1.88 (d,J = 7.0 Hz, 3H), 1.27 (tJ = 7.0 Hz, 3H):"*C NMR (125 MHz, CDG) ppm
169.5, 167.0, 139.6, 128.8, 128.1, 127.1, 82.6, 62.4, 59.6, 59.4, 52.9, 20.HRMG;
(ESI): Exact mass calcd forE,0Ns04 [M+H] " 306.1448, found 306.1447.

Data for313k Ry = 0.13 (15% EtOAc/hexanesp][’ +143.0 £ 0.011, CHGJ); IR (neat)

2921, 2091, 1735, 1686 €m*H NMR (600 MHz, CDCJ) & 7.36-7.27 (m, 5H), 5.17 (d,
J=11.2 Hz, 1H), 4.88 (q] = 7.0 Hz, 1H), 4.28 (dg] = 10.8, 7.1 Hz, 1H), 4.23 (dd,=
10.8, 7.1 Hz, 1H), 4.11 (d,= 11.2 Hz, 1H), 3.46 (s, 3H), 1.76 @@= 7.0 Hz, 3H), 1.31
(t, J= 7.1 Hz, 3H)**C NMR (150 MHz, CDG)) ppm 170.3, 167.1, 140.0, 128.6, 128.0,
127.3, 84.1, 62.5, 61.0, 60.8, 52.7, 20.4, 1HRMS (ESI): Exact mass calcd for

C15H20N304 [M+H] * 306.1448, found 306.1447.
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Data for313c Ry = 0.16 (15% EtOAc/hexanes)]?’ -142.3 € 0.019, CHGJ); IR (neat)

2985, 2097, 1739 chm *H NMR (500 MHz, CDGJ) & 7.30 (dd,J = 7.0, 7.0 Hz, 2H),

7.26 (ddJ = 7.0, 7.0 Hz, 2H), 7.21 (d,= 7.0 Hz, 2H) 5.18 (d) = 11.0 Hz, 1H), 4.92 (q,
J=7.0 Hz, 1H), 4.142 (q] = 7.0 Hz, 1H), 4.139 (q] = 7.0 Hz, 1H), 4.05 (d) = 11.0

Hz, 1H), 3.77 (s, 3H), 1.88 (d,= 7.0 Hz, 3H), 1.25 (t) = 7.0 Hz, 3H)*C NMR (125

MHz, CDCk) ppm 168.8, 167.5, 139.6, 128.7, 128.1, 127.0, 82.3, 62.2, 59.6, 59.6, 53.1,
21.0, 14.0;HRMS (ESI): Exact mass calcd forig8,0N30;4 [M+H]* 306.1448, found
306.1447.

Data for313d Rr=0.12 (15% EtOAc/hexanes)y][y’ +167.0 ¢ 0.0185, CHG); IR

(neat) 2984, 2095, 1743, 1699 tmH NMR (500 MHz, CDCJ) & 7.36-7.27 (m, 5H),
5.20 (d,J = 11.0 Hz, 1H), 4.91 (g] = 7.0 Hz, 1H), 4.11 (d] = 11.0 Hz, 1H), 3.96 (ddj,
= 11.0, 7.0 Hz, 1H), 3.85 (dd,= 11.0, 7.0 Hz, 1H), 3.81 (s, 3H), 1.75 (= 7.0 Hz,
3H), 1.20 (t,J = 7.0 Hz, 3H);"*C NMR (125 MHz, CDGJ)) ppm 169.7, 167.6, 140.0,
128.5, 128.0, 127.3, 83.8, 62.2, 61.1, 60.7, 53.2, 20.4, HRKS (ESI): Exact mass

calcd for GsH,oN304 [M+H] * 306.1448, found 306.1447.

Ph PhHC~ 7y,

|
EtO,C & N DPMN3 )_l Ph
2 \/\n/ \COZMe —_ EOC %, N/
2 \
O/r CO,Me

o}

4-Ethyl 5-methyl 1-benzhydryl-[1,2,3]triazoline-4,5-dicarboxylate(315). A flask was
charged with the unsaturated imide (1.39 g, 5.00 mmol) and dighetihyl azide (10.5
g, 21.5 mmol), and the solution was stirred at 45 °C for. ITha reaction mixture was

purified by silica gel flash chromatography (15% ethyl acetmabexanes) at 0 °C to
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afford the triazoline as a colorless oil (86 mg, 4%)(rBat) 2982, 1744 ci'H NMR

(500 MHz, CDC}) 6 7.45-7.28 (m, 13H), 7.16 (d,= 7.2 Hz, 2H), 6.49 (d] = 10.0 Hz,

1H), 6.09 (s, 1H), 4.56 (d,= 10.0 Hz, 1H), 4.11 (dd)} = 10.7, 7.0 Hz, 1H), 4.07 (dd=

10.7, 7.0 Hz, 1H), 3.78 (s, 3H), 1.21J% 7.1 Hz, 3H)*C NMR (125 MHz, CDGJ)

ppm 169.4, 168.4, 154.2, 139.3, 138.1, 137.4, 129.3, 128.9, 128.63, 128.60, 128.5, 128.3,
128.2, 128.0, 127.7, 127.3, 84.3, 67.7, 62.0, 60.5, 54.3, HROJS (ESI): Exact mass

calcd for G7H>7N4Os [M+H]+ 487.1981, found 487.1982.

HaG Ph._ _CHs
N/N\\N 100 mol% TfOH Y
MeO, G COuE 1hr Meo,C oLkt

(2S,3R)-2-Ethyl 3-methyl 1-((R)-1-phenylethyl)aziridine-2,3-dicarboxylate (319a)To

a cold (-78 °C) solution of triazoline (31 mg, 1@thol) in dichloromethane (1 mL) was
added TfOH (8.81L, 100 umol), and the solution was stirred for 1 h. The reacti@as
guenched with satd aq NaHg®@&nd extracted with ethyl acetate. The organic layers wer
dried and concentrated to a yellow oil that was purified dijca gel flash
chromatography (15% ethyl acetate in hexanes) to afferé@ziridine as a colorless ol
(12 mg, 43%). IR (neat) 2979, 2930, 1740 NMR (500 MHz, CDGJ) 6 7.43 (d,J

= 7.5 Hz, 2H), 7.33 () = 7.5 Hz, 2H), 7.26 (t) = 7.5 Hz, 1H), 4.23 (q) = 7.0 Hz, 2H),
3.69 (s, 3H), 2.79 (q] = 6.5 Hz, 1H), 2.58 (dJ = 7.0 Hz, 1H), 2.47 (d) = 7.0 Hz, 1H),
1.52 (d,J = 6.5 Hz, 3H), 1.27 (tJ = 7.0 Hz, 3H):"*C NMR (125 MHz, CDG) ppm
167.8, 167.5, 142.2, 128.5, 127.5, 126.8, 69.3, 61.6, 52.3, 44.2, 42.7, 23.HHRMS3;

(CI): Exact mass calcd for;€H,0NO, [M+H] " 278.1387, found 278.1380.
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HsC Ph_ _CHs

N
N N 100 mol% TFOH \
_—
Ph / CH,Cly, -78 °C
MeO,C COLEt 1hr MeO,C COE

(2R,395)-2-Ethyl 3-methyl 1-((R)-1-phenylethyl)aziridine-2,3-dicarboxylate (319b)

To a cold (-78 °C) solution of triazoline (29 mg, @Bol) in dichloromethane (1 mL)
was added TfOH (8.4L, 95 umol), and the solution was stirred for 1 h. The reactio
was quenched with satd aq NaH{ @armed to rt, and extracted with ethyl acetate. The
organic layers were dried, and concentrated to a yellbtkai was purified by silica gel
flash chromatography (15% ethyl acetate in hexanes) todaffi@ aziridine as a white
solid (10 mg, 38%). IR (neat) 2979, 2929, 1740'ct NMR (500 MHz, CDGJ) § 7.44
(d,J = 7.5 Hz, 2H), 7.33 (t) = 7.5 Hz, 2H), 7.26 (t) = 7.5 Hz, 1H), 4.17 (dq] = 7.5,

6.5 Hz, 1H), 4.15 (dg] = 7.5, 6.5 Hz, 1H), 3.78 (s, 3H), 2.80 (5 6.5 Hz, 1H), 2.60 (d,

J = 6.8 Hz, 1H), 2.46 (dJ = 6.8 Hz, 1H), 1.52 (dJ = 6.5 Hz, 3H), 1.23 (t) = 7.0 Hz,
3H); *C NMR (125 MHz, CDGJ) ppm 168.0, 167.2, 142.2, 128.4, 127.4, 126.8, 69.2,
61.4, 52.6, 44.0, 42.9, 23.2, 14HRMS (CI): Exact mass calcd for§E,0NO, [M+H] ™
278.1387, found 278.1378. Anal. Calcd forsiioNO4: C, 64.97; H, 6.91; N, 5.05.

Found: C, 64.88; H, 7.06; N, 4.95.
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PhoHC
PhaHC~ 7y, NH o

Ph 200 mol% TfOH E10,C -

EtO,C ///N/\ CH4CN, 20523 °C H
& come \\<

anti-Ethyl 2-(benzhydrylamino)-2-(2,4-dioxo-3-phenyloxazolidin-5-ylacetate anti-
322). To a cold (-20 °C) solution of triazoline (86 mg, 18@0l) in acetonitrile (1.77
mL) was added TfOH (31.,8L, 354 umol), and the solution was then allowed to warm to
25 °C and stirred for 1.5 h. The reaction was quenched trigthylamine (49uL, 350
umol) and concentrated to a yellow oil that was purified $iica gel flash
chromatography (15% ethyl acetate in hexanes) to afferdodazolidine dione as a
colorless oil (49 mg, 62%).tR 0.27 (20% EtOAc/hexanes); IR (neat) 3328, 3058, 3017,
2982, 1821, 1751 cm *H NMR (600 MHz, CDG) & 7.49-7.22 (m, 15H), 5.28 (d,=

2.5 Hz, 1H), 5.09 (dJ = 4.6 Hz, 1H), 4.33 (dg]= 10.8, 7.2 Hz, 1H), 4.25 (dd,= 10.8,

7.2 Hz, 1H), 3.98 (dd] = 8.4, 2.5 Hz, 1H), 2.75 (dd,= 8.4, 4.6 Hz, 1H), 1.29 (§,= 7.2

Hz, 3H); **C NMR (125 MHz, CDGJ) ppm 169.7, 169.0, 154.2, 142.7, 141.8, 130.8,
129.5, 129.3, 129.1, 129.0, 128.7, 128.6, 128.5, 127.7, 127.6, 127.58, 127.55, 127.3,
127.2, 125.6, 125.5, 80.4, 66.2, 62.5, 59.2, I4RMS (ESI): Exact mass calcd for

CoeH24NaN,Os [M+Na]+ 467.1583, found 467.1581.

PhaHC~ <y PO o
)_{ ph 200 mol% TFOH o
E10,C '7/,N\ CH,CN, 20523°C EO,C hﬂ/ 2
o) COsMe N, Ph
Ethyl 2-(benzhydrylamino)-3-diazo-4(methoxycarbonyl(phenyl)amino}-

oxobutanoate (326) To a cold (-78 °C) solution of triazoline (78 mg, 1@®ol) in
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propionitrile (800uL) was added TfOH (21.gL, 240 umol), and the solution was then
stirred for 1 h. The reaction was quenched with triethylang44 uL, 320 umol) and
concentrated to a yellow oil that was purified by siliEd flash chromatography (15%
ethyl acetate in hexanes) to afford the-diazo imide as a yellow oil (39 mg, 50%). IR
(neat) 3334, 3028, 2956, 2096, 1736, 1665:citH NMR (600 MHz, CDCJ) § 7.40-7.20

(m, 13H), 7.15 (dJ = 7.8 Hz, 2H), 4.97 (s, 1H), 4.25 (s, 1H), 4.21 (@g,10.7, 7.2 Hz,
1H), 4.17 (dg,J = 10.7, 7.2 Hz, 1H), 3.80 (s, 3H), 2.70 (br s, 1H), 1.25 &,7.2 Hz,
3H); **C NMR (150 MHz, CDGJ) ppm 169.9, 166.1, 154.0, 142.8, 142.0, 129.2, 128.7,
128.5, 127.9, 127.5, 127.4, 127.3, 64.4, 62.0, 56.2, 53.9,HRNIS (Cl): Exact mass

calcd for G7H27N4Os [M+H] ™ 487.1981, found 487.1968.

PhaHC
NH o CHPh,
_CHPh; ! Ph
/Nm 150 mol% TFOH | gy N |
CO,Me _ o~ N—Ph N
Et0,c” H HL’\"/ CHACH,CN, -78 °C o\\< EtO,C ~CO,Me
Ny Ph N o

synEthyl 2-(benzhydrylamino)-2-(2,4-dioxo-3-phenyloxazolidin-5-ylacetate éyn
322). To a cold solution (-78 °C) of imine (44 mg, 1gtol) anda-diazo imide (40.2
mg, 183umol) in propionitrile (0.75 mL) was added TfOH (RQ, 230 umol), and the
solution was stirred at -78 °C for 1 h. The reaction g@snched with satd ag NaHgO
and extracted with ethyl acetate. The organic layer® wleiled, concentrated, and the
resulting solid was purified by silica gel flash chromaapiy (15% ethyl acetate in
hexanes) to afford the oxazolidine dione as a colriedid (27 mg, 37%) and the

aziridine as a colorless solid (24 mg, 32%).
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Data forsyn322 mp 119.6-120.6 °C; R 0.25 (20% EtOAc/hexanes); IR (neat) 3314,
3060, 3023, 2982, 1821, 1750 tmH NMR (600 MHz, CDGJ) & 7.55-7.21 (m, 15H),

5.28 (d,J = 2.0 Hz, 1H), 5.00 (dJ = 3.8 Hz, 1H), 4.30 (dg] = 10.8, 7.2 Hz, 1H), 4.26

(dg, J = 10.8, 7.2 Hz, 1H), 3.95 (dd,= 10.9, 2.0 Hz, 1H), 2.69 (dd,= 10.9, 3.8 Hz,

1H), 1.31 (t,J = 7.1 Hz, 3H);**C NMR (125 MHz, CDGJ)) ppm 169.9, 169.6, 154.0,
143.0, 141.1, 130.8, 129.5, 129.4, 129.2, 129.1, 128.8, 128.7, 128.6, 127.7, 127.66, 127.5,
127.3, 127.2, 125.6, 125.56, 80.2, 65.6, 62.3, 58.3, HRES (ESI): Exact mass calcd

for CoeH24NaN,Os [M+Na]* 467.1583, found 467.1586.

Data forcis-327: Rr=0.14 (20% EtOAc/hexanes); IR (neat) 3068, 3021, 2973, 2956,
1746 cm; *H NMR (500 MHz, CDCJ) § 7.65 (d,J = 7.3 Hz, 2H), 7.49 (d) = 7.2 Hz,

2H), 7.43-7.37 (m, 3H), 7.33-7.21 (m, 6H), 7.16J¢& 7.2 Hz, 2H), 4.20 (q) = 7.2 Hz,

2H), 4.10 (s, 1H), 3.67 (s, 3H), 3.50 (s 6.7 Hz, 1H), 2.80 (d] = 6.6 Hz, 1H), 1.23 (t,

J = 7.2 Hz, 3H);"*C NMR (125 MHz, CDGJ) ppm 168.2. 154.5, 141.8, 141.7, 137.2,
129,4, 129.1. 128.5, 128.4, 128.3, 127.7, 127.5, 127.4, 127.2, 76.6, 61.3, 53.8, 48.2, 44.1,
14.1;HRMS (ESI): Exact mass calcd for,8.sNaN,Os [M+Na]® 481.1739, found

481.1725.

(o] (o] (o]
"BuLi I
MeO I}JH AcetylCl MeO l\ll
Ph Ph

Methyl N-(acetyl)-N’-(phenyl)carbamate (472a) To a cold (-78 °C) solution of methyl
N-(phenyl)carbamate (7.75 g, 51.2 mmol) in tetrahydrofuran (120 mis) adaledn-

butyllithium (22.0 mL, 55.0 mmol, 2.5 M). The solution wasrst at -78 °C for 1 h, at
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which time acetyl chloride (3.8 mL, 43 mmol) was added. Dhatisn was stirred at -78
°C an additional 5 hours, and then quenched with water xracted with EtOAc. The
organic layers were dried and concentrated to a browud s$bét was purified by
recrystallization (toluene) to afford the acetyl canbée as a colorless crystalline solid
(7.84 g, 95%). Mp 108-109 °C;;R 0.18 (10% EtOAc/hexanes); IR (neat) 3051, 3012,
2961, 1750, 1703 cfp*H NMR (500 MHz, CDGJ) § 7.40 (t,J = 7.0 Hz, 2H), 7.35 (tJ

= 7.0 Hz, 1H), 7.09 (d] = 7.0 Hz, 2H), 3.69 (s, 3H), 2.60 (s, 3K} NMR (125 MHz,
CDCk) ppm 172.8, 154.6, 138.0, 129.1, 128.2, 53.8, 246RMMS (EI): Exact mass calcd

for C10H11N03 [M] * 193.0733. Found 193.0729.

O CR o
; OH O
)J\ ) o LiN'Pr, ArSO,N; COMe
Fi¢” O —_ /I\/U\ _COMe ———— 2
)J\ _COMe  THF FsC N Et;N o
HeC™ N . CHiCN  N; Ph

Ph Ar=*(AcNH)CgH-

Methyl N-(diazoacetyl)N’-(phenyl)carbamate (324a) To a cold (-78 °C) solution of
diisopropylamine (15.5 mL, 111 mmol) in THF (176 mL) was addédtyllithium (42.0
mL, 105 mmol, 2.5M). The solution was then warmed to OrfiCsdirred for 30 m. The
solution was cooled to -78 °C and a solution of metigbhenyl)carbamate (19.3 g, 100
mmol) in THF (200 mL) was added via canula. The solutios stared at -78 °C for 1 h
at which time trifluoroethyl trifluoroacetate (27.8 mL, 208nol) was added. The
solution was stirred 5 m and then quenched with satd agCN&hd extracted with
EtOAc. The organic layers were dried and concentratedtovan solid that was purified
by silica gel flash chromatography (15% ethyl acetate immes) to afford a mixture of

the keto and enol tautomers as a brown solid (23.5 g, 8T%# cold solution (0 °C) of
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the brown solid (2.97 g, 10.3 mmol) in acetonitrile (6.5 miips added triethylamine
(2.1 mL, 15 mmol) and PABSA (2.31 g, 10.1 mmol). The reactias stirred at O °C for
1 h, diluted with dichloromethane, filtered through a pac€elite, and condensed to a
brown oil. The oil was diluted in DCM and filtered acondensed to a brown oil that
was purified by silica gel flash chromatography (15% ethgtate in hexanes) at 0 °C to
afford the diazoacetyl carbamate as a light yellods922 mg, 41%). Mp 96-99 °C;
R = 0.15 (10% EtOAc/hexanes); IR (neat) 2114, 1735, 1648 & NMR (500 MHz,
CDCk) & 7.40 (t,J = 7.0 Hz, 2H), 7.36 (t) = 7.0 Hz, 1H), 7.12 (d] = 7.0 Hz, 2H), 6.61
(s, 1H), 3.67 (s, 3H)¥*C NMR (125 MHz, CDGJ)) ppm 166.7, 154.3, 137.2, 129.0,
128.6, 128.3, 53.8, 51.BtRMS (EI): Exact mass calcd for;§lgNOs [M-N]* 191.0577.

Found 191.0580.

Ph,HC
2 NH

oo . 7 r/(
| | C0utle _ISOMOITIOH 00 e
o o)

CH,CH,CN, -20°C "~ N—Ph
MeO,C N,  Ph O\\<
O

3-Phenyloxazolidine-2,4-dione (474)To a cold solution (-20 °C) of imine (39 mg, 150
pmol) anda-diazo imide (67 mg, 31Amol) in acetonitrile (0.5 mL) was added of TfOH
(20 pL, 230 umol), and the solution was stirred at -20 °C for 1 h. Tdection was
guenched with triethylamine and concentrated, and the irgsolt was purified by silica
gel flash chromatography (15% ethyl acetate in hexanesffdl the oxazolidine dione
acetate as a colorless solid (26 mg, 40%) and the oxemotiibne as a white solid (10
mg, 18%). Mp 111-112 °C;:R 0.16 (20% EtOAc/hexanes); IR (neat) 1742, 1408, 1176

cm™; *H NMR (500 MHz, CDCJ) § 7.53-7.50 (m, 2H), 7.45-7.43 (m, 3H), 4.88 (s, 2H);
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13C NMR (125 MHz, CDGJ) ppm 169.2, 154.5, 130.6, 129.4, 129.1, 12BBMS (CI):

Exact mass calcd forg8sNOsz [M+H] " 178.0499, found 178.0496.

o o

nBuLi J

"PrO)J\I?JH TAcetylCl ’PrO)J\l\Il
Ph Ph

Isopropyl N-(acetyl)-N’-(phenyl)carbamate (472b) To a cold (-78 °C) solution of
isopropyl N-(phenyl)carbamate (44.8 g, 250 mmol) in tetrahydrofuran (750 ndg w
addedn-butyllithium (120 mL, 300 mmol, 2.5M). The solution was stifrat -78 °C for
45 m after which acetyl chloride (30.5 mL, 310 mmol) was addéd. solution was
stirred at -78 °C an additional 5 h and then quenched watier and extracted with
EtOAc. The organic layers were dried and concentratedtovan solid that was purified
by silica gel flash chromatography (5% ethyl acetate kahes) to afford the acetyl
carbamate as a colorless crystalline solid (31.4 g, SV§hB4.9-85.9 °C; R= 0.38 (20%
EtOAc/hexanes); IR (neat) 2983, 1738, 1711, 1262; ¢ NMR (500 MHz, CDGJ) &
7.40 (t,J = 7.0 Hz, 2H), 7.35 (t) = 7.0 Hz, 1H), 7.09 (d] = 7.0 Hz, 2H), 4.97 (sepd,=
6.3 Hz, 1H), 2.60 (s, 3H), 1.16 (d,= 6.3 Hz, 6H);**C NMR (125 MHz, CDGJ)) ppm
172.9, 153.7, 138.3, 129.0, 128.2, 128.0, 71.1, 26.5, BARBIS (ESI): Exact mass calcd

for CioH1sNaNG; [M+Na]™ 244.0950, found 244.0954.
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. CJJ\o) o LiN'Pra /I\/U\ coypr SO _CO,Pr
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HaC l}l Ph CHLCN N, Ph

P Ar=*(AcNH)CgHy-

Isopropyl N-(diazoacetyl)N’-(phenyl)carbamate (324b) To a cold (-78 °C) solution
of the carbamate (1.086 g, 4.908 mmol) in THF (20 mL) was addeskhlyf prepared
solution of lithium diispropylamide in THF (13.5 mL, 6.08 mmoK5 M). The solution
was stirred at -78 °C for 30 m at which time trifluoroétinfiluoroacetate (1.40 mL, 10.5
mmol) was added. The solution was stirred 15 m and then loge@nath satd aq NiCl
and extracted with ED. The combined organic layers were washed with 50% aaatic
in water and brine, dried, and concentrated to a brolvif@ia solution of the brown oil
in acetonitrile (3.4 mL) was added PABSA (1.172 g, 5.136 mmol}laewl triethylamine
(2.0 mL, 7.2 mmol). The reaction was stirred at ambientperature for 1 h and then
diluted in dichloromethane, filtered through a pad of Ceditel condensed to a brown oil
that was purified by silica gel flash chromatography (15B§leicetate in hexanes) at 0
°C to afford the diazoacetyl carbamate as a lighoyesolid (165 mg, 14%). Mp 61.5-
62.5 °C; R=0.38 (20% EtOAc/hexanes); IR (neat) 2983, 2115, 172% émh NMR
(500 MHz, CDC}) § 7.41-7.35 (m, 3H), 7.13-7.10 (m, 2H), 6.61 (s, 1H), 4.94 (Sept,
6.0 Hz, 1H). 1.14 (dJ = 6.0 Hz, 6H):**C NMR (125 MHz, CDGJ)) ppm 166.9, 153.4,
137.6, 129.0, 128.9, 128.6, 128.1, 71.9, 51.8, HMRBVIS (ESI): Exact mass calcd for

C1oH13NaNsO3 [M+Na]+ 270.0855, found 270.0859.

General Procedure for aldimine synthesisAll imines were prepared according to the

procedure reported by Jacobd@n.
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- CHPh2

Q HNCHPh,
PhO CHxCl,
—— <~ < . PhO
\©)LH 2A MS H

N-(3-Phenoxybenzylidene)benzhydrylamine (84i)Colorless crystals. Mp 109.3-109.9

°C; IR (neat) 3060, 3026, 2848, 1643, 1580, 1489, 1256; ¢ckh NMR (400 MHz,
CDCk) & 8.41 (s, 1H), 7.62 (d] = 7.6 Hz, 1H), 7.57 (s, 1H), 7.34-7.33 (m, 11H), 7.26
(dd,J= 7.5, 7.0 Hz, 2H), 7.15 (8 = 7.3 Hz, 1H), 7.09 (d) = 8.2 Hz, 1H), 7.05 (dJ =

7.7 Hz, 2H), 5.62 (s, 1H}?C NMR (100 MHz, CDGJ) ppm 160.0, 157.4, 157.1, 143.8,
138.3, 129.83, 129.78, 128.4, 127.6, 127.0, 123.4, 123.3, 121,2, 118.8, 118.7,

77.9;HRMS (ESI): Exact mass calcd fopdEl,NO [M+H]" 364.1701, found 364.1705.

f HNCHPh, N
F | _CHCL ¢
4A Ms H
F F

N-(3,4-Difluorobenzylidene)benzhydrylamine (84c)Colorless crystals. Mp 75.4-75.9
°C; IR (neat) 3061, 3027, 2850, 1645, 1606, 1515, 1282 ¢ckh NMR (400 MHz,
CDCL) & 8.37 (s, 1H), 7.81 (dd,= 8.5, 8.5 Hz, 1H), 7.53-7.49 (m, 1H), 7.43Jd; 6.7,
4H), 7.37 (ddJ = 7.2, 7.2 Hz, 4H), 7.28 (8= 7.0 Hz, 2H), 7.22 (dd] = 17.6, 8.5 Hz,
1H), 5.64 (s, 1H)>*C NMR (100 MHz, CDGJ) ppm 158.3, 152.6 (dd, = 138.9, 13.0
Hz), 150.1 (ddJ = 135.0, 13.1 Hz), 143.5, 133.5 (dii= 5.2, 3.7 Hz), 128.5, 127.6,
127.1, 125.2 (ddJ = 6.7, 3.4 Hz), 117.3 (d) = 17.8 Hz), 116.4 (dJ = 17.9 Hz),

77.7;HRMS (CI): Exact mass calcd forElsFN [M]* 307.1167, found 307.1172.
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| -CHPn2

2 HNCHPh,
cl | _CHCh
4A MS H
Cl al

N-(3,4-Dichlorobenzylidene)benzhydrylamine (84f)Colorless crystals. Mp 84.0-84.6
°C; IR (neat) 3061, 3026, 2849, 1642, 1557, 147%;ciiH NMR (400 MHz, CDGJ) &
8.36 (s, 1H), 8.01 (s, 1H), 7.66 (@= 8.3 Hz, 1H), 7.51 (d) = 8.2 Hz, 1H), 7.47-7.27
(m, 10H), 5.66 (s, 1H)**C NMR (100 MHz, CDGJ)) ppm 158.2, 143.4, 136.1, 134.7,
133.0, 130.5, 129.7, 128.5, 127.5, 127.1, THBMS (Cl): Exact mass calcd for

Ca0H1sCIoN [M]* 339.0582, found 339.0560.

|~ CHPh2

? H.NCHPh,
L __CH,Cl
4A MS H
F5C FaC

3 3

N-(4-Trifluorobenzylidene)benzhydrylamine (84a).Colorless crystals. Mp 82.4-82.7
°C; IR (neat) 3062, 3027, 2848, 1643, 1493, 1323;ciH NMR (400 MHz, CDGJ) &
8.49 (s, 1H), 7.98 (d] = 8.0 Hz, 1H), 7.70 (d]) = 8.0 Hz, 1H), 7.45 (d] = 7.3 Hz, 4H),
7.38 (ddJ = 7.4, 7.4 Hz, 4H), 7.29 (§,= 6.9 Hz, 2H), 5.68 (s, 1H}*C NMR (100 MHz,
CDCk) ppm 159.3, 143.5, 139.4, 132.3 (= 32.5 Hz), 128.6, 128.5, 127.6, 127.2,
125.5 (g, = 3.8 Hz), 123.9 (o) = 272.3 Hz), 77.94RMS (ESI): Exact mass calcd for

021H16F3N [M] * 3391229, found 339.1217.
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2-(Benzhydrylimino)-1-phenylethanone (304b)Colorless crystals. Mp 92.8-93.5 °C;
IR (neat) 3061, 3027, 2862, 1662, 1597 citd NMR (400 MHz, CDCJ) & 8.34 (d,J =
7.2 Hz, 2H), 8.24 (s, 1H), 7.63 (= 7.3 Hz, 1H), 7.51 (dd] = 7.7, 7.7 Hz, 2H), 7.34-
7.33 (m, 8H), 7.32 (dd] = 6.8, 6.8 Hz, 2H), 5.71 (s, 1HYC NMR (100 MHz, CDG))
ppm 190.6, 159.6, 142.1, 135.0, 133.5, 130.7, 128.6, 128.2, 127.5, 127.4IHW\S;

(ESI): Exact mass calcd for{E;1;NaNO [M+Na] 322.1208, found 322.1197.

HyC o o HaNCHPR, C |-G
CH,Cl,
H 4A MS H

(6] (6]

2-(Benzhydrylimino)-1-(4-methylphenyl)ethanone (304c)Colorless crystals. Mp 71.0-
72.0 °C; IR (neat) 3061, 3028, 2861, 1658, 1604, 1492, 1295¢iNMR (400 MHz,
CDCk) & 8.20 (d,J = 8.2 Hz, 2H), 8.19 (s, 1H), 7.40-7.34 (m, 8H), 7.30-7.27 (m, 4H),
5.66 (s, 1H), 2.44 (s, 3H)*C NMR (100 MHz, CDGJ)) ppm 190.3, 159.8, 144.5, 142.2,
132.6, 130.8, 129.1, 128.7, 127.6, 127.4, 78.6, HRMS (ESI): Exact mass calcd for

Ca2H1oNaNO [M+Na] 336.1364, found 336.1352.
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2-(Benzhydrylimino)-1-(4-bromophenyl)ethanone (304d). Colorless crystals. Mp
101.5-102.5 °C; IR (neat) 3061, 3028, 2863, 1663, 1584, 1492, 128GtdmMIMR (400

MHz, CDCk) 6 8.22 (d,J = 8.5 Hz, 2H), 8.19 (s, 1H), 7.65 (@= 8.5 Hz, 2H), 7.41-7.31
(m, 10H), 5.70 (s, 1H)**C NMR (100 MHz, CDGJ)) ppm 189.5, 159.4, 141.9, 133.7,
132.2, 131.6, 128.9, 128.7, 127.5, 127.4, MRMS (ESI): Exact mass calcd for

C21H16BrNaNO [M]" 400.0313, found 400.0333.

HCO o oy HNCHPhy MO P2
CH,Cl,
H 4A MS H

(6] (6]

2-(Benzhydrylimino)-1-(4-methoxyphenyl)ethanone (304f)Colorless crystals. Mp
91.5-92.5 °C; IR (neat) 3061, 3027, 2934, 2840, 1655, 1597, 1572, 125%tMMR

(400 MHz, CDC}) 6 8.36 (d,J = 8.9 Hz, 2H), 8.19 (s, 1H), 7.41 @z 7.6 Hz, 4H), 7.38
(dd,J= 7.7, 7.7 Hz, 4H), 7.30 (§,= 6.9 Hz, 2H), 6.97 (d] = 9.0 Hz, 1H), 5.66 (s, 1H),
3.89 (s, 3H)*C NMR (100 MHz, CDGJ) ppm 188.9, 164.0, 160.0, 142.3, 133.1, 128.6,
128.0, 127.6, 127.4, 113.6, 78.6, 5F¥RMS (ESI): Exact mass calcd fopE;0NaNO,

[M+Na]* 352.1313, found 352.1305.
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2-(Benzhydrylimino)-1-(4-fluorophenyl)ethanone (304e). Colorless crystals. Mp
107.1-107.6 °C; IR (neat) 3062, 3028, 2864, 1663, 1597; ¢hh NMR (400 MHz,
CDCk) & 8.39 (dd,J = 8.0, 5.8 Hz, 2H), 8.18 (s, 1H), 7.39-7.30 (m, 10H), 7.16%t8.7
Hz, 2H), 5.68 (s, 1H)**C NMR (100 MHz, CDGJ) ppm 188.9, 167.4, 164.8, 159.7,
142.0, 133.6, 133.5, 131.4, 128.7, 127.6, 127.5, 115.6, 115.4HFRS (ESI): Exact

mass calcd for §H16FNaNO [M+Na] 340.1114, found 340.1127.

Ph Ph CHPh
vo oy HeNCHPh, N
CH.Cl,
—— e
H  4AMS H

(6] (6]

2-(Benzhydrylimino)-1-(4-phenylphenyl)ethanone (304g).Colorless crystals. Mp
122.1-123.1 °C; IR (neat) 3059, 3029, 2862, 1659, 1602; ¢hh NMR (400 MHz,
CDCh) & 8.44 (d,J = 6.8 Hz, 2H), 8.27 (s, 1H), 7.77 @z 7.2 Hz, 2H), 7.71 (d] = 6.0

Hz, 2H), 7.54-7.29 (m, 14H), 5.74 (s, 1HC NMR (125 MHz, CDGJ)) ppm 190.1,

159.8, 146.1, 142.1, 139.8, 133.8, 131.3, 128.9, 128.7, 128.2, 127.54, 127.47, 127.2,
126.9, 78.6HRMS (ESI): Exact mass calcd fop/8,:NaNO [M+Na] 398.1521, found

398.1533.
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2-(Benzhydrylimino)-1-(4-acetoxyphenyl)ethanone (304i).Colorless crystals. Mp
97.7-98.7 °C; IR (neat) 3062, 3028, 2865, 1762, 1662, 1598, 1196'EnNMR (400
MHz, CDCE) & 8.39 (d,J = 8.6 Hz, 2H), 8.18 (s, 1H), 7.38-7.27 (m, 10H), 7.23J(d,
8.7 Hz, 2H), 5.67 (s, 1H), 2.35 (s, 3¢ NMR (100 MHz, CDGJ)) ppm 189.2, 168.7,
159.6, 154.7, 142.1, 132.6, 132.5, 128.7, 127.5, 121.5, 78.7,HAMS (ESI): Exact

mass calcd for §H1gNaNO; [M+Na]* 380.1263, found 380.1266.

FsC o o HNCHPR, FiC P2
CH,Cl,
H 4A MS H

(6] (6]

2-(Benzhydrylimino)-1-(4-trifluoromethylphenyl)ethanone (304j). Colorless crystals.
Mp 95.5-96.4 °C; IR (neat) 3063, 3029, 2865, 1666, 1601, 1259, 1222, 1169Htm
NMR (400 MHz, CDCJ) & 8.42 (d,J = 8.9 Hz, 2H), 8.20 (s, 1H), 7.41-7.32 (m, 12H),
5.70 (s, 1H)C NMR (100 MHz, CDGJ) ppm 189.0, 159.6, 152.9, 141.9, 133.2, 132.9,
128.7, 127.6, 127.5, 119.9, 119.3J¢; 258.9 Hz), 78.7HRMS (ESI): Exact mass calcd

for CaoH16FsNaNO [M+Na] 390.1082, found 390.1091.
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2-(Benzhydrylimino)-1-(4-trifluoromethoxyphenyl)ethanone (304h). Colorless
crystals. Mp 50.5-51.5 °C; IR (neat) 3063, 3029, 2866, 1670, 1642, 1325HmMIMR
(400 MHz, CDCJ) & 8.41 (d,J = 8.0 Hz, 2H), 8.21 (s, 1H), 7.77 (@= 8.2 Hz, 2H),
7.41-7.31 (m, 10H), 5.71 (s, 1HJC NMR (100 MHz, CDGJ) ppm 189.7, 159.3, 141.9,
137.8, 134.5 (q) = 32.7 Hz), 131.1, 128.8, 127.6, 127.5, 125.2)(g,3.7 Hz), 123.6 (q,
J = 272.8 Hz), 78.6HHRMS (ESI): Exact mass calcd for,&:sFsNaNO, [M+Na]*

406.1031, found 406.1024.

N/CHZPh(4-OCH3)

2 H,NCH,Ph(4-OCHy)
! CH.Cl,
4A S H
Cl al

N-(4-Chlorobenzylidene)-1-(4-methoxyphenyl)methanamine (479d). Colorless
crystals. Mp 56.0-56.8 °C; IR (neat) 3000, 2932, 2834, 1644, 1511, 1247dMIMR

(400 MHz, CDCJ) 5 8.33 (s, 1H), 7.72 (d} = 8.4 Hz, 2H), 7.40 (d] = 8.4 Hz, 2H), 7.27

(d, J = 8.6 Hz, 2H), 6.91 (dJ = 8.6 Hz, 2H), 4.77 (s, 2H), 3.82 (s, 3KIC NMR (100

MHz, CDCk) ppm 160.1, 158.7, 136.6, 134.6, 131.1, 129.4, 129.2, 128.8, 113.9, 64.4,

55.2;HRMS (CI): Exact mass calcd for€E114,CINO [M]* 259.0758, found 259.0754.
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Methyl 2-(benzhydrylamino)-2-(2,4-dioxo-3-phenyloxazolidin-5-yl)aetate (325a) To

a cold (-78 °C) solution of imine (39 mg, 1p@nol) anda-diazo imide (48.9 mg, 198
pmol) in propionitrile (1.0 mL) was added dry TfOH (B, 150umol), and the solution
was stirred at -78 °C for 3 h. The reaction was quenched saiith ag NaHC®and
extracted with ethyl acetate. The organic layers wereddrconcentrated, and the
resulting solid was purified by silica gel flash chromaapiy (15% ethyl acetate in
hexanes) to afford the oxazolidine dione as a co®redid (44 mg, 68%). Mp 120.5-
121.5 °C; R=0.07 (10% EtOAc/hexanes); IR (film) 3323, 3028, 2954, 1820, 1749, 1503
cm™; *H NMR (500 MHz, CDCJ) & 7.55-7.34 (m, 5H), 7.34-7.22 (m, 10H), 5.27 J¢

1.9 Hz, 1H), 5.00 (dJ = 3.4 Hz, 1H), 3.98 (dd] = 10.9, 1.9 Hz, 1H), 3.82 (s, 3H), 2.70
(dd,J = 10.9, 3.4 Hz, 1H)**C NMR (125 MHz, CDGJ) ppm 170.4, 169.5. 153.9, 142.9,
141.0, 130.8, 129.5, 129.4, 129.1, 129.0, 128.7, 128.6, 127.73, 127.68, 127.6, 127.2,
125.6, 125.5, 80.1, 65.5, 58.2, 53.0; HRMS (CI): Exact mass catc@,bl,3N.Os
[M+H]" 431.1607, found 431.1608. Anal Calcd fosstdN.Os: C, 69.76; H, 5.15; N,
6.51. Found: C, 69.70; H, 5.16; N, 6.48. Relative stereochgnastermined by X-ray

diffraction of a crystal grown from toluene in a ch@@ncontaining petroleum ether.
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syn-5-(1-(Benzhydrylamino)-2-oxo-2-phenylethyl)-3-phenyloxazolidin®,4-dione

(325b). To a cold (-78 °C) solution of imine (46 mg, 1BMol) anda-diazo imide (47.4

mg, 192umol) in propionitrile (1.0 mL) was added dry TfOH (ftB, 150 umol), and the
solution was stirred at -78 °C for 1 h. The reaction g@snched with satd ag NaHgO
and extracted with ethyl acetate. The organic layer® wleiled, concentrated, and the
resulting oil was purified by silica gel flash chromatqgry (15% ethyl acetate in
hexanes) to afford the oxazolidine dione as a co®dedid (54 mg, 77%). Mp 133-133.5
°C; R = 0.089 (10% EtOAc/hexanes); IR (film) 3312, 3062, 1823, 1749, 1686 ‘tin
NMR (500 MHz, CDC}) & 7.81 (d,J = 7.4 Hz, 2H), 7.63 (d) = 7.4 Hz, 1H), 7.55-7.45

(m, 8H), 7.35-7.20 (m, 9H), 5.13 (d= 2.1 Hz, 1H), 4.88-4.87 (m, 2H), 3.24 (br s, 1H);
13C NMR (125 MHz, CDGJ) ppm 196.3, 169.9, 153.8, 142.7, 141.6, 134.4, 134.1, 130.8,
129.4, 129.1, 129.0, 128.9, 128.62, 128.57, 128.4, 127.6, 127.5, 127.3, 125.7, 78.9, 65.5,
60.1; HRMS (ESI): Exact mass calcd fosgd24No.NaQ, [M+Na]" 499.1634, found
499.1645. Anal Calcd for 40H24N204: C, 75.61; H, 5.08; N, 5.88. Found: C, 75.25; H,

5.04; N, 5.85.
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syn-5-(1-(Benzhydrylamino)-2-oxo-2p-tolylethyl)-3-phenyloxazolidine-2,4-dione

(325c¢) To a cold (-78 °C) solution of imine (50.4 mg, }6hol) anda-diazo imide (47.3

mg, 191umol) in propionitrile (1.0 mL) was added dry TfOH (131, 153 umol), and

the solution was stirred at -78 °C for 1 h. The reacti@s quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,

and the resulting oil was purified by silica gel flashochatography (10% ethyl acetate in
hexanes) to afford the oxazolidine dione as a cobredid (59 mg, 79%). Mp 138.5-
139.5 °C; R=0.091 (10% EtOAc/hexanes); IR (film) 3311, 3061, 3026, 1823, 1751,
1685 cnt; *H NMR (600 MHz, CDCJ) § 7.72 (d,J = 8.3 Hz, 2H), 7.53 (dd] = 8.6, 7.4

Hz, 2H), 7.47 (dJ) = 8.0 Hz, 2H), 7.33 (d) = 7.4 Hz, 2H), 7.31-7.21 (m, 11H), 5.12 (d,

= 2.2 Hz, 1H), 4.87-4.85 (m, 2H), 3.24 (br s, 1H), 2.43 (s, 3#);NMR (150 MHz,
CDCk) ppm 195.7, 170.0, 153.9, 145.4, 142.9, 141.7, 131.9, 130.9, 129.8, 129.5, 129.1,
128.7, 128.6, 127.7, 127.6, 127.5, 127.3, 125.7, 79.2, 65.5, 59.9, 21.8; HRMS (ESI)

Exact mass calcd forsgH,7N,04 [M+H] ™ 491.1965, found 491.1967.
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syn5-(1-(Benzhydrylamino)-2-(4-bromophenyl)-2-oxoethyl)-3-phenyloxaolidine-
2,4-dione (325d) To a cold (-78 °C) solution of imine (59.3 mg, 1&mol) anda-diazo

imide (44.9 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (13.b, 153
pmol), and the solution was stirred at -78 °C for 1 h. fidaction was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting oil was purified byaitjel flash chromatography (10%
ethyl acetate in hexanes) to afford the oxazolidineel@as a colorless oil (60 mg, 69%).

R = 0.11 (10% EtOAc/hexanes); IR (film) 3307, 3061, 3024, 1822, 1749, 16864dm
NMR (600 MHz, CDCYJ) 5 7.66 (d,J = 8.5 Hz, 2H), 7.62 (dJ = 8.5 Hz, 2H), 7.54 (dd]

=7.9, 7.6 Hz, 2H), 7.47 (d,= 7.0 Hz, 2H), 7.33 (d) = 7.3 Hz, 2H), 7.31-7.22 (m, 9H),
5.09 (d,J = 2.4 Hz, 1H), 4.88 (s, 1H), 4.82 (br s, 1H), 3.21 (br s, 1#Q);NMR (150

MHz, CDCk) ppm 195.4, 170.0, 153.8, 142.5, 141.5, 133.1, 132.5, 130.8, 129.9, 129.6,
129.5, 129.1, 128.72, 128.69, 127.8, 127.7, 127.6, 127.4, 125.7, 78.4, 65.6, 60.0; HRMS

(ESI): Exact mass calcd forgE,4BrN,O4 [M+H] " 555.0914, found 555.0908.
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syn5-(1-(Benzhydrylamino)-2-(4-fluorophenyl)-2-oxoethyl)-3-phenyloazolidine-
2,4-dione (325e)To a cold (-78 °C) solution of imine (48 mg, 1pMol) anda-diazo
imide (46.8 mg, 18umol) in propionitrile (1.0 mL) was added dry TfOH (8, 150
pmol), and the solution was stirred at -78 °C for 1 h. fidaction was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layerse vaered,
concentrated, and the resulting oil was purified byaitjel flash chromatography (10%
ethyl acetate in hexanes) to afford the oxazolidimmnelias a colorless solid (59 mg,
81%). Mp 146.5-147 °C; & 0.091 (5% EtOAc/hexanes); IR (film) 3309, 3063, 3024,
1824, 1750, 1688 c¢fm *H NMR (600 MHz, CDCJ) § 7.84 (dd,J = 8.5, 5.2 Hz, 2H),
7.54 (dd,J = 7.6, 7.6 Hz, 2H), 7.48 (d,= 7.6 Hz, 2H), 7.47 (dd) = 7.4, 7.4 Hz, 1H)
7.33 (d,J = 7.2 Hz, 2H), 7.31-7.27 (m, 7H), 7.22 (db 7.4, 7.4 Hz, 1H), 7.15 (d,=

8.6 Hz, 2H), 5.10 (d) = 2.3 Hz, 1H), 4.88 (br s, 1H), 4.84 (dtk 6.0, 2.3 Hz, 1H), 3.23
(br d,J = 6.0 Hz, 1H);**C NMR (150 MHz, CDG) ppm 194.7, 170.0, 167.2, 165.4,
153.8, 142.6, 141.6, 131.3, 131.2, 130.8, 129.5, 129.1, 128.70, 128.67, 127.7, 127.64,
127.61, 127.4, 125.7, 116.4 (d), 78.5, 65.5, 59.9; HRMS (ESI): Exact cakss for

CaoH24FN2O4 [M+H] " 495.1715, found 495.17109.
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syn5-(1-(Benzhydrylamino)-2-(4-methoxyphenyl)-2-oxoethyl)-3-phenylazolidine-
2,4-dione (325f) To a cold (-78 °C) solution of imine (50 mg, 1f6hol) anda-diazo
imide (45.1 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (L8, 150
pmol), and the solution was stirred at -78 °C for 1 h. fidaction was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting oil was purified byaitjel flash chromatography (10%
ethyl acetate in hexanes) to afford the oxazolidimmnelias a colorless solid (52 mg,
70%). Mp 126-127 °C; R 0.056 (10% EtOAc/hexanes); IR (film) 3307, 3027, 2933,
1823, 1751, 1678 cm*H NMR (600 MHz, CDCJ) § 7.82 (d,J = 9.1 Hz, 2H), 7.54 (dd,
J=17.5, 7.5 Hz, 2H), 7.48 (d,= 7.2 Hz, 2H), 7.47 (t) = 7.0 Hz, 1H), 7.34 () = 7.5
Hz, 2H), 7.31-7.24 (m, 7H), 7.21 (@= 7.3 Hz, 1H), 6.95 (d] = 9.1 Hz, 2H), 5.12 (dJ

= 2.3 Hz, 1H), 4.85 (d] = 1.4 Hz, 1H), 4.83 (ddl = 10.1, 1.4 Hz, 1H), 3.88 (s, 3H), 3.24
(dd,J = 10.1, 2.3 Hz, 1H)**C NMR (150 MHz, CDGJ) ppm 194.4, 170.1, 164.4, 153.9,
142.9, 141.7, 130.9, 129.5, 129.0, 128.63, 128.59, 127.7, 127.6, 127.5, 127.3, 127.2,
125.7, 114.3, 79.2, 65.5, 59.6, 55.6; HRMS (ESI): Exact mass aalc@s;H,7/N.Os

[M+H]* 507.1914, found 507.1922.
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syn5-(1-(Benzhydrylamino)-2-(biphenyl-4-yl)-2-oxoethyl)-3-phenyloazolidine-2,4-
dione (325g) To a cold (-78 °C) solution of imine (57 mg, »®ol) anda-diazo imide
(45.1 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (8, 150 pmol),
and the solution was stirred at -78 °C for 1 h. Theti@aavas quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting oil was purified by silica gel flashochatography (10% ethyl acetate in
hexanes) to afford the oxazolidine dione as a cokwdesd (66 mg, 81%). Mp 181.5-183
°C; Rr=0.11 (10% EtOAc/hexanes); IR (film) 3309, 3029, 1823, 1750, 1685
NMR (500 MHz, CDC}) 6 7.89 (d,J = 8.3 Hz, 2H), 7.70 (d] = 8.3 Hz, 2H), 7.62 (d] =

7.4 Hz, 2H), 7.54 (dd) = 7.4, 7.4 Hz, 2H), 7.50-7.47 (m, 5H), 7.43Jt 7.4 Hz, 1H),
7.36 (d,J = 7.4 Hz, 2H), 7.33-7.27 (m, 7H), 7.22 (dbti 7.4, 7.4 Hz, 1H), 5.18 (d, =

2.2 Hz, 1H), 4.92 (dd] = 10.5, 2.0 Hz, 1H), 4.91 (d,= 4.1 Hz, 1H), 3.27 (dd] = 10.5,
4.2 Hz, 1H);**C NMR (150 MHz, CDGJ) ppm 195.8, 170.0, 153.9, 147.0, 142.8, 141.7,
139.4, 133.0, 130.9, 129.5, 129.09, 129.06, 128.7, 128.64, 128.60, 127.7, 127.6, 127.4,
127.3, 125.8, 79.0, 65.6, 60.1; HRMS (ESI): Exact mass calcdzfxdBl,0, [M+H]"

553.2122, found 553.2123.
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syn-5-(1-(Benzhydrylamino)-2-(4-acetoxyphenyl)-2-oxoethyl)-3-phenylozalidine-
2,4-dione (325i) To a cold (-78 °C) solution of imine (53 mg, 1fa6hol) anda-diazo
imide (44.9 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (8, 150
pmol), and the solution was stirred at -78 °C for 1 h. fidaction was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting oil was purified byaitjel flash chromatography (15%
ethyl acetate in hexanes) to afford the oxazolidimmnelias a colorless solid (52 mg,
66%). Mp 98-100 °C; R=0.023 (10% EtOAc/hexanes); IR (film) 3308, 3063, 3028,
2925, 1823, 1752, 1688 ¢m'H NMR (600 MHz, CDGJ) § 7.85 (d,J = 8.6 Hz, 2H),
7.54 (ddJ= 7.6, 7.6 Hz, 2H), 7.48 (d,= 7.9 Hz, 2H), 7.47 (t) = 7.6 Hz, 1H), 7.33 (d

= 7.2 Hz, 2H), 7.31-7.24 (m, 7H), 7.22 3tz 7.2 Hz, 1H), 7.22 (d) = 8.6 Hz, 2H), 5.12
(d, J= 2.3 Hz, 1H), 4.87 (br s, 1H), 4.85 (brdz 9.4 Hz, 1H), 3.23 (br d] = 7.2 Hz,
1H), 2.34 (s, 3H)*C NMR (150 MHz, CDGJ) ppm 195.0, 169.9, 168.6, 155.2, 153.8,
142.7, 141.6, 131.9, 130.9, 130.2, 129.5, 129.1, 128.70, 128.66, 127.71, 127.66, 127.6,
127.3, 125.7, 122.4, 78.7, 65.6, 60.0, 21.1; HRMS (ESI): Exact nmasd dor

Cs32H27N2O6 [M+H] ¥ 535.1864, found 535.1872.
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syn-5-(1-(Benzhydrylamino)-2-(4-trifluormethylphenyl)-2-oxoethyl)-3-
phenyloxazolidine-2,4-dione (325j)To a cold (-78 °C) solution of imine (58 mg, 160
pmol) anda-diazo imide (45.6 mg, 184mol) in propionitrile (1.0 mL) was added dry
TfOH (13 puL, 150umol), and the solution was stirred at -78 °C for 1 h. iHagtion was
guenched with satd aq NaHg®@&nd extracted with ethyl acetate. The organic layers wer
dried, concentrated, and the resulting oil was purifiedilmasgyel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (58 mg,
72%). Mp 160.5-161 °C; R 0.11 (10% EtOAc/hexanes); IR (film) 3314, 3064, 3029,
1824, 1751, 1696 cf'H NMR (500 MHz, CDCJ) & 7.88 (d,J = 8.2 Hz, 2H), 7.74 (d)

= 8.2 Hz, 2H), 7.54 (dd] = 7.6, 7.6 Hz, 2H), 7.49-7.46 (m, 3H), 7.34 Jd& 7.1 Hz, 2H),
7.31-7.27 (m, 7H), 7.24 (8,= 7.1 Hz, 1H), 5.09 (d) = 2.4 Hz, 1H), 4.92 (br s, 1H), 4.87
(br d,J = 8.0 Hz, 1H), 3.22 (br d] = 6.6 Hz, 1H);"*C NMR (125 MHz, CDG)) ppm
195.8, 169.9, 153.7, 142.4, 141.5, 137.3, 135.4 (d), 130.8, 129.5, 129.2, 128.83, 128.76,
128.7, 127.82, 127.77, 127.6, 127.4, 126.2 (d), 125.7, 78.0, 65.6, 60.5; HRMS (ESI
Exact mass calcd fora@H.4F3N.04 [M+H]" 545.1683, found 545.1680. Anal calcd for

C31H23F3N204: C, 6838, H, 426, N, 5.14. Found: C, 6812, H, 426, N, 4.99.
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syn-5-(1-(Benzhydrylamino)-2-(4-trifluormethoxyphenyl)-2-oxoethy)-3-
phenyloxazolidine-2,4-dione (325h)To a cold (-78 °C) solution of imine (59.7 mg, 153
pmol) anda-diazo imide (45.0 mg, 18@mol) in propionitrile (1.0 mL) was added dry
TfOH (13.5uL, 153 umol), and the solution was stirred at -78 °C for 1 h. fidaetion

was quenched with satd ag NaH{C#&nhd extracted with ethyl acetate. The organic layers
were dried, concentrated, and the resulting oil was pdrifby silica gel flash
chromatography (10% ethyl acetate in hexanes) to affexrdodazolidine dione as a
colorless solid (55 mg, 64%). Mp 148-150 °C;=F0.095 (10% EtOAc/hexanes); IR
(film) 3324, 3064, 2924, 2853, 1824, 1750, 1692 't NMR (500 MHz, CDG)) &

7.85 (d,J = 8.5 Hz, 2H), 7.54 (dd] = 8.4, 7.0 Hz, 2H), 7.49-7.45 (m, 3H), 7.34 Jc

7.4 Hz, 2H), 7.31-7.22 (m, 10H), 5.10 (ts 2.2 Hz, 1H), 4.90 (d) = 3.6 Hz, 1H), 4.85
(dd,J=10.5, 1.9 Hz, 1H), 3.23 (dd,= 10.5, 3.9 Hz, 1H)**C NMR (125 MHz, CDG))

ppm 195.0, 169.9, 153.8, 153.3, 142.5, 141.5, 132.6, 130.8, 130.6, 129.5, 129.4 129.1,
128.72, 128.69, 127.8, 127.7, 127.6, 127.4, 125.7, 120.8 78.3, 65.6, 60.1; HRMS (ESI):
Exact mass calcd fors@H,3sFsNoNaQ; [M+Na]*™ 583.1457, found 583.1445. Anal Calcd

for C31H23F3N205: C, 6643, H, 4.14; N, 5.00. Found: C, 6603, H, 420, N, 4.89.
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syn-5-(1-(Benzhydrylamino)(4-trifluoromethylphenyl)methyl))-3-phenyloxazolidine-
2,4-dione (476a)To a cold (-78 °C) solution of imine (47 mg, 1ptol) anda-diazo
imide (47 mg, 19Qumol) in propionitrile (1.0 mL) was added dry TfOH (L&, 150
pmol), and the solution was stirred at -78 °C for 15 h. fdaetion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (40 mg,
53%). Mp 173-174 °C; R= 0.14 (10% EtOAc/hexanes); IR (film) 3324, 3065, 3028,
1819, 1751 c; *H NMR (500 MHz, CDCJ) § 7.70 (d,J = 8.1 Hz, 2H), 7.58-7.45 (m,
5H), 7.42 (dJ = 8.1 Hz, 2H), 7.34-7.19 (m, 10H), 5.048 {d; 2.1 Hz, 1H), 4.63 (s, 1H),
4.35 (dd,J = 10.2, 2.1 Hz, 1H), 2.63 (d,= 10.2 Hz, 1H)*C NMR (125 MHz, CDGJ)
ppm 170.1, 154.1, 143.2, 141.4, 141.1, 131.1, 130.8, 130.7, 129.6, 129.2, 128.8, 128.1,
127.8, 127.6, 127.5, 126.8, 126.0 (i), 125.6, 82.4, 63.9, 58.9; HRMS (Gijt Enass
calcd for GgH23FsN.NaQ; [M+Na]® 539.1558, found 539.1585. Anal Calcd for

CaoH23F3N20s: C, 69.76; H, 4.49; N, 5.42. Found: C, 69.47; H, 4.62; N, 5.15.
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syn-5-(1-(Benzhydrylamino)(4-nitrophenyl)methyl))-3-phenyloxazoliine-2,4-dione
(476b). To a cold (-78 °C) solution of imine (48.4 mg, 1@Bol) anda-diazo imide
(44.8 mg, 183umol) in propionitrile (1.0 mL) was added dry TfOH (135, 153 umol),

and the solution was stirred at -78 °C for 15 h. The i@aetas quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate

in hexanes) to afford the oxazolidine dione as a adasrsolid (52 mg, 69%). Mp 126.5-
128 °C; R=0.048 (10% EtOAc/hexanes); IR (film) 3324, 3062, 3028, 2927, 2853, 1817,
1750 cm'; *H NMR (500 MHz, CDG) & 8.30 (d,J = 8.6 Hz, 2H), 7.60-7.50 (m, 5H),
7.46 (d,J= 8.6 Hz, 2H), 7.36-7.22 (m, 10H), 5.06 (ts 2.2 Hz, 1H), 4.60 (s, 1H), 4.42
(dd,J=12.3, 1.8 Hz, 1H), 2.64 (d,= 12.7 Hz, 1H)*C NMR (125 MHz, CDGJ)) ppm
169.9, 154.0, 148.1, 144.8, 143.0, 140.8, 130.6, 129.6, 129.3, 128.9, 128.8, 128.7, 127.9,
127.7, 127.4, 126.8, 125.6, 124.3, 124.0, 82.0, 64.1, 58.8; HRMS (Cl): Eaasstcalcd

for CogH24N3Os [M+H]" 494.1716, found 494.1694. Anal Calcd fopoldzsN,Os: C,

70.58; H, 4.70; N, 8.51. Found: C, 69.60; H, 4.69:; N, 8.26.
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syn5-(1-(Benzhydrylamino)(3,4-difluorophenyl)methyl))-3-phenyloxaolidine-2,4-
dione (476c¢) To a cold (-78 °C) solution of imine (46.1 mg, 1@6ol) anda-diazo
imide (44.7 mg, 18Qumol) in propionitrile (1.0 mL) was added dry TfOH (131b, 153
pmol), and the solution was stirred at -78 °C for 15 h. fdaetion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (40 mg,
55%). Mp 143-143.5 °C; & 0.12 (10% EtOAc/hexanes); IR (film) 3322, 3063, 3028,
2924, 1820, 1749, 1518 &n'H NMR (500 MHz, CDCJ) § 7.58 (dd,J = 7.5, 7.5 Hz,
2H), 7.50 (tJ = 7.5 Hz, 1H), 7.45 (d] = 7.5 Hz, 2H), 7.35-7.18 (m, 12H), 7.06-7.04 (m,
1H), 5.03 (dJ = 2.1 Hz, 1H), 4.63 (s, 1H), 4.25 (brdk 11.3 Hz, 1H), 2.50 (d] = 12.0
Hz, 1H);**C NMR (125 MHz, CDGJ) ppm 170.1, 154.1, 150.6 (dil= 250, 41.8 Hz),
150.5 (dd,J = 250, 41.0 Hz) 143.2, 141.1, 134.6, 130.7, 129.6, 129.2, 128.8, 127.8,
127.6, 127.5, 126.8, 125.6, 123.8, 117.9)(d, 17.1 Hz), 116.7 (d) = 17.4 Hz), 82.4,
63.9, 58.5; HRMS (CI): Exact mass calcd fost F-N.NaO; [M+Na]* 507.1496, found
507.1476. Anal Calcd for &H22FN203: C, 71.89; H, 4.51; N, 5.72. Found: C, 71.88; H,

4.51; N, 5.72.
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syn-5-(1-(Benzhydrylamino)(4-fluorophenyl)methyl))-3-phenyloxazoliine-2,4-dione
(476d). To a cold (-78 °C) solution of imine (43.8 mg, 1thol) anda-diazo imide
(44.9 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (135, 153 umol),

and the solution was stirred at -78 °C for 15 h. The i@aetas quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,

and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate

in hexanes) to afford the oxazolidine dione as a adasrtolid (34 mg, 48%). Mp 147.5-
148.5 °C; R=0.13 (10% EtOAc/hexanes); IR (film) 3308, 3056, 3022, 2921, 1818,
1749, 1601 ci; *H NMR (500 MHz, CDGJ) § 7.55 (dd,J = 7.5, 7.5 Hz, 2H), 7.47 (8

= 7.5 Hz, 1H), 7.41 (d) = 7.5 Hz, 2H), 7.33-7.18 (m, 12H), 7.11 (dd+ 8.0, 8.0 Hz,

2H), 5.04 (d,J = 2.0 Hz, 1H), 4.62 (s, 1H), 4.25 (br s, 1H), 2.54 (br s, 1fQ;NMR

(125 MHz, CDCY) ppm 170.4, 154.2, 143.5, 141.3, 133.0, 130.8, 129.5, 129.43, 129.37,
129.1, 128.7, 127.7, 127.6, 127.5, 126.8, 125.6, 116.0 (d), 82.7, 63.8, 58.7; HRMS (Cl):
Exact mass calcd for,gH23FN.NaO; [M+Na]* 489.1590, found 489.1581. Anal Calcd

for CooH23FN2Os: C, 74.66; H, 4.97; N, 6.00. Found: C, 74.65; H, 4.91; N, 5.94.
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syn5-(1-(Benzhydrylamino)(4-chlorophenyl)methyl))-3-phenyloxazotline-2,4-dione
(476h). To a cold (-78 °C) solution of imine (45.2 mg, 148ol) anda-diazo imide
(44.9 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (135, 153 umol),

and the solution was stirred at -78 °C for 15 h. The i@aetas quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate

in hexanes) to afford the oxazolidine dione as a @dersolid (42 mg, 59%). Mp 125-
126 °C; R=0.34 (20% EtOAc/hexanes); IR (film) 3322, 3059, 3027, 1817, 1749, 1492
cm™; *H NMR (500 MHz, CDCJ) & 7.57 (dd,J = 7.5, 7.5 Hz, 2H), 7.49 (§ = 7.4 Hz,

1H), 7.43 (dJ = 7.2 Hz, 2H), 7.42 (d) = 8.2 Hz, 2H), 7.33-7.18 (m, 12H), 5.04 (t=

2.1 Hz, 1H), 4.63 (s, 1H), 4.26 (br s, 1H), 2.57 (br s, 1#):NMR (125 MHz, CDGJ)

ppm 170.3, 154.2, 143.4, 141.2, 135.8, 134.6, 130.7, 129.5, 129.3, 129.1, 129.0, 128.7,
128.2, 127.7, 127.5, 126.8, 125.6, 125.2, 82.5, 63.8, 58.7; HRMS (Cl): Eaastcalcd

for CogH24CIN,O3 [M+H] * 483.1475, found 483.1474. Anal Calcd fogildz3FsN2O;: C,

68.38; H, 4.26; N, 5.14. Found: C, 68.12; H, 4.26; N, 4.99.
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syn5-(1-(Benzhydrylamino)(4-acetoxyphenyl)methyl))-3-phenyloxazaline-2,4-

dione (476j) To a cold (-78 °C) solution of imine (51.2 mg, 1B610l) anda-diazo
imide (44.5 mg, 18@mol) in propionitrile (1.0 mL) was added dry TfOH (14D, 158
pmol), and the solution was stirred at -78 °C for 15 h. idaetion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (34 mg,
43%). Mp 171-171.5 °C; & 0.16 (20% EtOAc/hexanes); IR (film) 3322, 3028, 2924,
2853, 1817, 1749 cm '*H NMR (600 MHz, CDG) & 7.55 (dd,J = 7.6, 7.6 Hz, 2H),
7.48 (t,J = 7.6 Hz, 1H), 7.41 (d) = 7.8 Hz, 2H), 7.34 (d) = 8.5 Hz, 2H), 7.32-7.18 (m,
10H), 7.16 (dJ = 8.5 Hz, 2H), 5.05 (dJ = 2.2 Hz, 1H), 4.67 (s, 1H), 4.28 (br s, 1H),
2.57 (br s, 1H), 2.32 (s, 3H}*C NMR (150 MHz, CDGJ)) ppm 170.4, 169.3, 154.3,
150.8, 143.5, 141.4, 134.8, 130.8, 129.5, 129.1, 128.7, 127.64, 127.58, 127.5, 126.8,
125.8, 122.2, 82.7, 63.7, 58.7, 29.7; HRMS (CI): Exact mass cald@;fbibsN.NaOs

[M+Na]* 529.1739, found 529.1722.
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syn5-(1-(Benzhydrylamino)(3-phenoxyphenyl)methyl))-3-phenyloxazaline-2,4-

dione (476i) To a cold (-78 °C) solution of imine (54.8 mg, 1gol) anda-diazo
imide (44.3 mg, 17@9umol) in propionitrile (1.0 mL) was added dry TfOH (13.b, 153
pmol), and the solution was stirred at -78 °C for 15 h. fdaetion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (30 mg,
37%). Mp 164-165 °C; R= 0.32 (20% EtOAc/hexanes); IR (film) 3310, 3056, 3027,
2922, 1820, 1749, 1583 &n'H NMR (500 MHz, CDCJ) § 7.57 (dd,J = 7.6, 7.6 Hz,
2H), 7.49 (tJ = 7.3 Hz, 1H), 7.44 (d) = 7.6 Hz, 2H), 7.41 (t} = 7.9 Hz, 1H), 7.38 (dd,
J=17.9, 7.9 Hz, 2H), 7.31-7.20 (m, 10H), 7.17Xt 7.4 Hz, 1H), 7.11 (d) = 7.6 Hz,
2H), 7.05 (dJ = 8.0 Hz, 3H), 6.97 (s, 1H), 5.08 (@= 2.1 Hz, 1H), 4.70 (s, 1H), 4.23 (br
s, 1H), 2.58 (br s, 1H)*C NMR (125 MHz, CDGJ)) ppm 170.4, 158.0, 156.7, 154.2,
143.5, 141.3, 139.3, 130.8, 130.5, 129.9, 129.5, 129.1, 128.71, 128.68, 127.6, 127.5,
126.9, 125.7, 123.7, 122.0, 119.2, 118.7, 118.0, 82.6, 63.8, 59.1; HRMS (i) nkass

calcd for GsHagN2NaQy [M+Na]* 563.1947, found 563.1921.
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syn5-(1-(Benzhydrylamino)(3,4-dichlorophenyl)methyl))-3-phenyloxaolidine-2,4-

dione (476f) To a cold (-78 °C) solution of imine (52.0 mg, 1B60l) anda-diazo

imide (45.4 mg, 184umol) in propionitrile (1.0 mL) was added dry TfOH (13.b, 153

pmol), and the solution was stirred at -78 °C for 15 h. fdaetion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (42 mg,
53%). Mp 105.5-106.5 °C;R 0.33 (20% EtOAc/hexanes); IR (film) 3322, 3062, 3027,
2924, 1817, 1750, 1502 &n*H NMR (500 MHz, CDCJ) § 7.59 (dd,J = 7.9, 7.9 Hz,

2H), 7.52 (dJ = 8.2 Hz, 1H), 7.51 (t) = 7.4 Hz, 1H), 7.47 (d) = 7.3 Hz, 2H), 7.44 (dJ

= 2.0 Hz, 1H), 7.35-7.21 (m, 10H), 7.18 (dds 8.2, 2.0 Hz, 1H), 5.02 (d = 2.3 Hz,

1H), 4.62 (s, 1H), 4.25 (br s, 1H), 2.54 (br s, 1HE NMR (125 MHz, CDGJ) ppm
170.0, 154.1, 143.2, 141.0, 137.8, 133.4, 132.9, 131.1, 130.7, 129.6, 129.2, 128.81,
128.79, 127.8, 127.6, 127.5, 127.0, 126.8, 125.6, 82.3, 63.9, 58.4; HRMS (CI): Exact

mass calcd for £H,3CILN>Os[M+H] " 517.1086, found 517.1096.
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syn5-(1-(Benzhydrylamino)(4-bromophenyl)methyl))-3-phenyloxazolithe-2,4-dione
(4769) To a cold (-78 °C) solution of imine (52.9 mg, 1&hol) anda-diazo imide (44.9
mg, 195umol) in propionitrile (1.0 mL) was added dry TfOH (1316, 153 umol), and

the solution was stirred at -78 °C for 20 h. The reacti@as quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate
in hexanes) to afford the oxazolidine dione as a tedersolid (54 mg, 68%). Mp 139-
139.5 °C; R=0.35 (20% EtOAc/hexanes); IR (film) 3320, 3052, 3027, 2921, 2850,
1817, 1749, 1503 ¢ *H NMR (500 MHz, CDCJ) § 7.57 (dd,J = 6.5, 6.5 Hz, 2H),
7.57 (d,J= 7.7 Hz, 2H), 7.50 () = 7.4 Hz, 1H), 7.43 (d) = 7.4 Hz, 2H), 7.34-7.20 (m,
10H), 7.22 (dJ = 8.2 Hz, 2H), 5.04 (dJ = 2.2 Hz, 1H), 4.63 (s, 1H), 4.25 (br s, 1H),
2.57 (br s, 1H)®C NMR (125 MHz, CDGJ)) ppm 170.2, 154.2, 143.4, 141.2, 136.3,
132.2, 130.7, 129.6, 129.4, 129.2, 128.8, 127.7, 127.5, 126.8, 125.6, 122.7, 82.5, 63.8,
58.8; HRMS (Cl): Exact mass calcd for,g824BrN,Oz [M+H]" 527.0970, found

527.0968.
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syn5-(1-(Benzhydrylamino)(4-cyanophenyl)methyl))-3-phenyloxazolidie-2,4-dione
(476k). To a cold (-78 °C) solution of imine (44.7 mg, 1mhol) anda-diazo imide
(45.0 mg, 182umol) in propionitrile (1.0 mL) was added dry TfOH (135, 153 umol),

and the solution was stirred at -78 °C for 15 h. The i@aetas quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate

in hexanes) to afford the oxazolidine dione as a tedersolid (26 mg, 36%). Mp 170-
171 °C; R=10.18 (20% EtOAc/hexanes); IR (film) 3305, 3062, 3026, 2923, 1817, 1749
cm™; *H NMR (600 MHz, CDGJ) & 7.74 (d,J = 8.2 Hz, 2H), 7.57 (dd] = 7.5, 7.5 Hz,

2H), 7.50 (tJ = 7.5 Hz, 1H), 7.46 (d) = 8.2 Hz, 2H), 7.43 (d] = 7.4 Hz, 2H), 7.35-7.21

(m, 10H), 5.04 (dJ = 2.2 Hz, 1H), 4.59 (s, 1H), 4.35 (@= 10.0, 1H), 2.60 (br d] =

11.2, 1H);**C NMR (150 MHz, CDGJ) ppm 169.9, 154.0, 143.0, 142.8, 140.9, 132.8,
130.6, 129.6, 129.2, 128.8, 128.5, 127.9, 127.7, 127.4, 126.7, 125.5, 118.2, 112.7, 82.0,
64.0, 59.0; HRMS (CI): Exact mass calcd faph:sNsNaOs [M+Na]* 496.1637, found

496.1659.
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syn5-(1-(Benzhydrylamino)(4-trifluoromethoxyphenyl)methyl))-3-
phenyloxazolidine-2,4-dione (476e)lo a cold (-78 °C) solution of imine (53.3 mg, 150
pmol) anda-diazo imide (44.6 mg, 18Amol) in propionitrile (1.0 mL) was added dry
TfOH (13.5puL, 153 umol), and the solution was stirred at -78 °C for 15 h. iHaetion
was quenched with satd ag NaH{C#&nd extracted with ethyl acetate. The organic layers
were dried, concentrated, and the resulting solid wasfigirby silica gel flash
chromatography (10% ethyl acetate in hexanes) to afferdodazolidine dione as a
colorless solid (41 mg, 51%). Mp 104.5-105.5 °G=R.35 (20% EtOAc/hexanes); IR
(film) 3323, 3063, 3027, 2924, 1818, 1749, 1504 't NMR (500 MHz, CDG)) &
7.56 (dd,J= 7.4, 7.4 Hz, 2H), 7.49 (8,= 7.5 Hz, 1H), 7.40 (d] = 7.3 Hz, 2H), 7.38 (dJ

= 8.6 Hz, 2H), 7.33-7.20 (m, 12H), 5.06 (s 2.3 Hz, 1H), 4.65 (s, 1H), 4.31 (brdi=

5.4 Hz, 1H), 2.59 (br s, 1H}’*C NMR (125 MHz, CDGJ) ppm 170.2, 154.2, 143.3,
141.3, 136.0, 130.7, 129.6, 129.2, 128.8, 127.7, 127.5, 126.8, 125.6, 121.5, 82.5, 63.9,
58.7; HRMS (CI): Exact mass calcd forzpB24FsN.Os [M+H]" 533.1688, found

533.1664.
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syn5-(1-(Benzylamino)(4-chlorophenyl)methyl))-3-phenyloxazolidia-2,4-dione

(480c) To a cold (-78 °C) solution of imine (35.0 mg, }5#0l) anda-diazo imide (45.5
mg, 184umol) in propionitrile (1.0 mL) was added dry TfOH (1316, 153 umol), and

the solution was stirred at -78 °C for 20 h. The reacti@as quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate
in hexanes) to afford the oxazolidine dione as a adasrsolid (12 mg, 19%). Mp 158.9-
159.9 °C; R=0.28 (20% EtOAc/hexanes); IR (film) 3339, 3029, 2924, 2852, 1815,
1747, 1407 ci;, *H NMR (500 MHz, CDGJ) § 7.51 (dd,J = 7.3, 7.3 Hz, 2H), 7.44 (8

= 7.5 Hz, 1H), 7.41 (d) = 6.7 Hz, 2H), 7.35-7.27 (m, 7H), 7.22 (5 6.6 Hz, 2H), 5.03

(d, J= 2.4 Hz, 1H), 4.28 (d] = 2.3 Hz, 1H), 3.80 (d] = 13.1 Hz, 1H), 3.59 (d] = 13.1

Hz, 1H), 2.17 (br s, 1H)*C NMR (125 MHz, CDGJ)) ppm 170.5, 154.2, 138.7, 136.1,
134.5, 130.7, 129.4, 129.2, 129.1, 128.9, 128.5, 128.2, 127.5, 125.7, 82.4, 60.6, 51.0;

HRMS (ESI): Exact mass calcd fop4E,0CIN,O3[M+H] * 407.1162, found 407.1165.
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syn-5-(1-(4-Methoxybenzylamino)(4-chlorophenyl)methyl))-3-phenyloazolidine-2,4-
dione (480d) To a cold (-78 °C) solution of imine (43.1 mg, 16ol) anda-diazo
imide (46.9 mg, 19@umol) in propionitrile (1.0 mL) was added dry TfOH (141b, 164
pmol), and the solution was stirred at -78 °C for 20 h. fda&etion was quenched with
satd ag NaHC® and extracted with ethyl acetate. The organic layers vaered,
concentrated, and the resulting solid was purified byasijel flash chromatography
(10% ethyl acetate in hexanes) to afford the oxazolidioee as a colorless solid (15.5
mg, 22%). R= 0.17 (20% EtOAc/hexanes); IR (film) 3339, 2924, 2852, 1814, 1747 cm
1 IH NMR (600 MHz, CDCJ) & 7.50 (dd,J = 7.4, 7.4 Hz, 2H), 7.44 (8,= 7.5 Hz, 1H),
7.40 (d,J = 8.4 Hz, 2H), 7.333 (d] = 8.5 Hz, 2H), 7.329 (d] = 7.3 Hz, 2H), 7.12 (d] =

8.6 Hz, 2H), 6.83 (d) = 8.6 Hz, 2H), 5.02 (d] = 2.4 Hz, 1H), 4.27 (d] = 2.3 Hz, 1H),
3.79 (s, 3H), 3.73 (d] = 12.8 Hz, 1H), 3.52 (d] = 12.9 Hz, 1H), 2.15 (br s, 1H)°C
NMR (150 MHz, CDCJ) ppm 170.5, 159.0, 154.3, 136.2, 134.5, 130.7, 129.42, 129.38,
129.2,129.1, 128.9, 125.7, 119.8, 113.9, 82.5, 60.4, 55.3, 50.4; HRMS (E&1):niass

calcd for G4H2:CIN,O4 [M+H] " 437.1268, found 437.1264.
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syn5-(1-(Phenylamino)(4-chlorophenyl)methyl))-3-phenyloxazolidine,4-dione

(480e) To a cold (-78 °C) solution of imine (33.8 mg, }5Wol) anda-diazo imide (45.3
mg, 183umol) in propionitrile (1.0 mL) was added dry TfOH (131, 153 umol), and

the solution was stirred at -78 °C for 20 h. The reacti@as quenched with satd aq
NaHCQ; and extracted with ethyl acetate. The organic layers dmeee, concentrated,
and the resulting solid was purified by silica gel flastoatatography (10% ethyl acetate
in hexanes) to afford the oxazolidine dione as a adasrsolid (30 mg, 50%). Mp 189.0-
190.0 °C; R=10.29 (10% EtOAc/hexanes); IR (film) 3377, 3055, 1814, 1742, 1603,
1497, 1409 cit;, *H NMR (500 MHz, CDGJ) & 7.44-7.34 (m, 7H), 7.17 (dd,= 7.8, 7.8

Hz, 2H), 7.06 (dJ = 7.0 Hz, 2H), 6.79 (tJ= 7.4 Hz, 1H), 6.69 (dJ = 7.9 Hz, 2H), 5.27

(d, J = 3.0 Hz, 1H), 5.21 (dJ = 7.1 Hz, 1H), 4.69 (dJ = 9.5 Hz, 1H);"*C NMR (125
MHz, CDCk) ppm 170.4, 153.7, 145.1, 134.9, 134.8, 130.1, 129.5, 129.4, 129.3, 128.5,
125.6, 119.7, 114.7, 80.4, 57.2; HRMS (ESI): Exact mass calcdChtisCIN.O3

[M+H]* 393.1006, found 393.1009.
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Methyl 2-amino(2,4-dioxo-3-phenyloxazolidin-5-yl)acetate (486)To a solution of
oxazolidine dione (430 mg, 998mol) in ethanol (10.0 mL) and ethyl acetate (1.0 mL)
was added Pd(OR)171 mg, 10Qumol, 20% on carbon, 50%,8). The flask was put
under an atmosphere of H2 and the solution was stirradhbtent temperature for 5 h.
The reaction was filtered through Celite, and concésdraand the resulting solid was
purified by silica gel flash chromatography (30% ethyl acetateexanes) to afford the
amine as a colorless solid (235 mg, 89%). Mp 112.0-113.0 %G;0R78 (30%
EtOAc/hexanes); IR (film) 3400, 3338, 2956, 1817, 1746, 141%; ¢ht NMR (500
MHz, CDCE) & 7.49 (dd,J = 8.0, 8.0 Hz, 2H), 7.44-7.41 (m, 3H), 5.34 {d 1.7 Hz,
1H), 4.16 (dJ = 1.8 Hz, 1H), 3.85 (s, 3H), 1.77 (br s, 2E)C NMR (125 MHz, CDGJ)
ppm 171.3, 170.3, 154.1, 130.8, 129.4, 129.1, 125.7, 80.3, 54.5, 53.2; HRMEX@1):

mass calcd for GH13N,05[M+H] " 265.0819, found 265.0810.

PhoHC

O
PhN LIOH, 0, Phy,
e
N—Ph
g o\\( THF/H,0 o

HN—CHPh;
o) Ph

3-(Benzhydrylamino)-2-hydroxy-4-oxoN,4-diphenybutanamide (487) To a cold (O
°C) solution of oxazolidine dione (245 mg, 5irol) in tetrahydrofuran (5.0 mL, 3:1 in

H,O) was added hydrogen peroxide (1B, 997 umol, 30% in HO) and lithium
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hydroxide (33mg, 1.4 mmol), and the solution was stirred & ®f 1 h. The reaction

was extracted with ethyl acetate. The organic layer® wleied, concentrated, and the
resulting oil was purified by silica gel flash chromatgry (30% ethyl acetate in
hexanes) to afford the amide as a colorless solid (89 3&g). R=0.022 (30%
EtOAc/hexanes); IR (film) 3403, 3200, 3062, 3030, 2925, 1664, 1633, 1600, 1496, 1363
cm™; *H NMR (500 MHz, CDCJ) § 7.70 (d,J = 7.8 Hz, 2H), 7.44 (d) = 7.0 Hz, 2H),
7.27-7.16 (m, 11H), 6.99-6.97 (m, 3H), 6.74-6.73 (m, 2H), 6.46 (bH}, 4.78 (d,J =

5.0 Hz, 1H), 4.61 (dJ = 4.4 Hz, 1H), 4.34 (s, 1H}’C NMR (125 MHz, CDGJ) ppm

173.6, 164.9, 140.9, 139.6, 137.2, 128.7, 128.5, 128.4, 128.3, 127.9, 127.4, 126.7, 125.9,
124.1, 123.4, 91.8, 88.5, 62.4; HRMS (ESI): Exact mass cala@,§ksN,O, [M-OH]*

433.1911, found 433.1906.
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Appendix
1-(1-Phenyl-ethyl)-aziridine-2,3-dicarboxylic acid 2-ethyl este3 methyl ester (319a)

Table 1. Crystal data and structure refinement for 06155.

Empirical formula C15H19 N O4

Formula weight 277.31

Crystal color, shape, size colorless block, &2020x 0.15 mnd

Temperature 130(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclinic; P2

Unit cell dimensions a =5.5539(10) A a= 90°.
b=9.0119(17) A [B=98.460(4)°.
c=14.952(3) A y=90°.

Volume 740.2(2) B

z 2

Density (calculated) 1.244 Mghnm

Absorption coefficient 0.090 min

F(000) 296

Data collection

Diffractometer SMART6000 Platform CCD, Bruker
Theta range for data collection 2.65 to 26.55°.

Index ranges -6<=h<=6, -11<=k<=11, -18<=|<=18
Reflections collected 10076

Independent reflections 3050 [R(int) = 0.0573]

Observed Reflections 2449

Completeness to theta = 26.55° 99.6 %

Solution and Refinement

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9866 and 0.9822

Solution Direct methods

Refinement method Full-matrix least-squares #n F
Weighting scheme w ofFOA+APA L, with P = (Fé+ 2 F&)/3, A=
0.079900

Data / restraints / parameters 3050/1/184

Goodness-of-fit on F 1.049

Final R indices [I>2sigma(l)] R1 = 0.0508, wR2 = 0.1235

R indices (all data) R1 = 0.0689, wR2 = 0.1354
Absolute structure parameter* -0.9(14)

Largest diff. peak and hole 0.386 and -0.222%.A
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Goodness-of-fit =I[W(Fo” = F:%)?)/Nobsenns— Nparamd] 2, all data.

RI =X(|Fo| = |Rl) /1 Z |Fol.

WR2 = E[W(Fo’ = F)’] / T [W(Ro") 1™

* The absolute structure parameter is meaninglesslighteatom structure. Here, the absolute structure is
based on a known stereo center.

Table 2. Atomic coordinates ( x 1€) and equivalent isotropic displacement parameters # 10%)
for 06155. U(eq) is defined as one third of the tracd the orthogonalized U tensor.

X y z U(eq)
N1 615(4) 8473(2) 8127(2) 27(1)
Cc2 -85(4) 9666(3) 7462(2) 28(1)
C3 693(4) 9993(3) 8444(2) 28(1)
C11 -1496(5) 7611(3) 8358(2) 29(1)
C12 -1935(5) 6305(3) 7722(2) 27(1)
C13 -4171(5) 6115(3) 7183(2) 34(1)
Ci14 -4599(5) 4875(4) 6628(2) 40(1)
Ci15 -2794(5) 3835(3) 6601(2) 36(1)
Cil6 -572(5) 4014(3) 7131(2) 34(1)
C17 -138(5) 5249(3) 7684(2) 33(1)
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C18 -922(6) 7135(3) 9339(2) 39(1)

021 3796(3) 9708(2) 6946(1) 37(1)

Cc21 1668(5) 9986(3) 6818(2) 29(1)

022 515(3) 10675(2) 6081(1) 31(1)

Cc22 2070(6) 11112(3) 5421(2) 40(1)

C23 655(8) 12089(4) 4742(2) 57(1)

031 4841(3) 10017(2) 9199(1) 33(1)

C31 3129(5) 10644(3) 8780(2) 27(1)

032 3112(3) 12101(2) 8575(1) 33(1)

C32 5311(5) 12919(3) 8904(2) 38(1)

Table 3. Bond lengths [A] and angles [°] for 06155.

N1-C3 1.448(3) N1-C2 1.477(3)
N1-C11 1.489(3) Cc2-c21 1.496(4)
C2-C3 1.497(4) C2-H2A 1.0000
C3-C31 1.492(4) C3-H3A 1.0000
C11-C12 1.509(4) C11-C18 1.516(4)
C11-H11A 1.0000 Ci12-C17 1.387(4)
C12-C13 1.389(4) C13-C14 1.391(4)
C13-H13A 0.9500 C14-C15 1.378(4)
C14-H14A 0.9500 C15-C16 1.375(4)
C15-H15A 0.9500 C16-C17 1.387(4)
C16-H16A 0.9500 C17-H17A 0.9500
C18-H18A 0.9800 C18-H18B 0.9800
C18-H18C 0.9800 021-C21 1.196(3)
C21-022 1.341(3) 022-C22 1.458(3)
C22-C23 1.480(5) C22-H22A 0.9900
C22-H22B 0.9900 C23-H23A 0.9800
C23-H23B 0.9800 C23-H23C 0.9800
031-C31 1.200(3) C31-032 1.348(3)
032-C32 1.449(3) C32-H32A 0.9800
C32-H32B 0.9800 C32-H32C 0.9800
C3-N1-C2 61.53(17) C3-N1-C11 113.9(2)
C2-N1-C11 113.4(2) N1-C2-C21 116.3(2)
N1-C2-C3 58.27(16) C21-C2-C3 118.2(2)
N1-C2-H2A 117.0 C21-C2-H2A 117.0
C3-C2-H2A 117.0 N1-C3-C31 117.6(2)
N1-C3-C2 60.20(17) C31-C3-C2 121.7(2)
N1-C3-H3A 115.4 C31-C3-H3A 115.4
C2-C3-H3A 115.4 N1-C11-C12 108.7(2)
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N1-C11-C18
N1-C11-H11A
C18-C11-H11A
C17-C12-C11
C12-C13-C14
C14-C13-H13A
C15-C14-H14A
C16-C15-C14
C14-C15-H15A
C15-C16-H16A
C12-C17-Ci16
C16-C17-H17A
C11-C18-H18B
C11-C18-H18C
H18B-C18-H18C
021-C21-C2
C21-022-C22
022-C22-H22A
022-C22-H22B
H22A-C22-H22B
C22-C23-H23B
C22-C23-H23C
H23B-C23-H23C
031-C31-C3
C31-032-C32
032-C32-H32B
032-C32-H32C
H32B-C32-H32C

108.1(2)
109.2
109.2
120.7(2)
120.4(2)
119.8
119.9
119.9(3)
120.1
120.0
120.8(3)
119.6
109.5
109.5
109.5
125.3(2)
114.9(2)
110.0
110.0
108.4
109.5
109.5
109.5
126.9(2)
116.2(2)
109.5
109.5
109.5

C12-C11-C18
C12-C11-H11A
C17-C12-C13
C13-C12-C11
C12-C13-H13A
C15-C14-C13
C13-C14-H14A
C16-C15-H15A
C15-C16-C17
C17-C16-H16A
C12-C17-H17A
C11-C18-H18A
H18A-C18-H18B
H18A-C18-H18C
021-C21-022
022-C21-C2
022-C22-C23
C23-C22-H22A
C23-C22-H22B
C22-C23-H23A
H23A-C23-H23B
H23A-C23-H23C
031-C31-032
032-C31-C3
032-C32-H32A
H32A-C32-H32B
H32A-C32-H32C

112.3(2)
109.2
118.6(3)
120.7(2)
119.8
120.2(3)
119.9
120.1
120.1(3)
120.0
119.6
109.5
109.5
109.5
124.8(2)
109.9(2)
108.5(3)
110.0
110.0
109.5
109.5
109.5
123.7(2)
109.3(2)
109.5
109.5
109.5

Table 4. Anisotropic displacement parameters (& 10%)for 06155. The anisotropic

displacement factor exponent takes the form: 48[ h2a*?U'l + ... + 2 h k a* b* U-?]

Ull U22 U33 U23 Ul3 U12
N1 27(1) 18(1) 37(1) -1(1) 9(1) 2(1)
c2 23(1) 18(1) 43(1) 3(1) 7(1) 3(1)
c3 25(1) 17(1) 43(1) 1(1) 12(1) 5(1)
c11 25(1) 22(1) 42(2) -2(1) 11(1) -1(1)
C12 27(1) 18(1) 38(1) 2(1) 11(1) -1(1)
C13 25(1) 27(2) 52(2) -1(1) 11(1) 2(1)
c14 28(1) 34(2) 60(2) -8(2) 7(1) -5(1)
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C15 37(2) 27(2) 49(2) -7(1) 16(1) -7(1)

C16 39(2) 22(1) 44(2) 1(1) 13(1) 7(1)
C17 27(1) 28(2) 44(2) 0(1) 7(1) 3(1)
C18 44(2) 34(2) 41(2) -3(1) 16(1) -8(1)
021 25(1) 40(1) 49(1) 7(1) 10(1) 1(1)
c21 30(1) 22(1) 34(1) -2(1) 5(1) -2(1)
022 31(1) 26(1) 36(1) 1(1) 6(1) -1(1)
C22 50(2) 33(2) 38(2) 4(1) 16(1) -3(1)
C23 80(3) 47(2) 47(2) 11(2) 23(2) 18(2)
031 30(1) 23(1) 44(1) 1(1) 7(1) 3(1)
c31 28(1) 23(1) 31(1) -1(1) 8(1) 3(1)
032 32(1) 19(1) 48(1) 1(1) 5(1) 1(1)
C32 33(2) 24(2) 55(2) -1(1) 5(1) -7(1)

Table 5. Hydrogen coordinates ( x 19 and isotropic displacement parameters (A 1) for 06155.

X y z U(eq)
H2A -1857 9771 7226 33
H3A -645 10285 8788 33
H11A -2973 8259 8281 35
H13A -5416 6835 7192 41
H14A -6141 4745 6267 49
H15A -3084 2995 6216 44
H16A 667 3291 7118 41
H17A 1411 5373 8041 39
H18A -2228 6493 9491 58
H18B -789 8014 9729 58
H18C 621 6590 9432 58
H22A 2625 10221 5122 48
H22B 3521 11645 5727 48
H23A 1649 12350 4276 85
H23B 195 12995 5038 85
H23C -817 11570 4463 85
H32A 5101 13961 8722 56
H32B 6683 12494 8648 56
H32C 5636 12855 9565 56
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Table 6. Torsion angles [°] for 06155.

C3-N1-C2-C21
C11-N1-C2-C3
C11-N1-C3-C31
C21-C2-C3-N1
C21-C2-C3-C31
C2-N1-C11-C12
C2-N1-C11-C18
C18-C11-C12-C17
C18-C11-C12-C13
C11-C12-C13-C14
C13-C14-C15-C16
C13-C12-C17-C16
C15-C16-C17-C12
C3-C2-C21-021
C3-C2-C21-022
C2-C21-022-C22
N1-C3-C31-031
N1-C3-C31-032
031-C31-032-C32

108.3(2)
105.5(2)
142.7(2)

-105.0(2)

0.9(3)
90.9(3)
-146.9(2)
-59.9(3)
118.2(3)
-177.1(3)
0.7(5)
-1.1(4)
1.0(4)
43.1(4)

-135.0(2)
177.1(2)
-36.3(4)
146.3(2)

-0.9(4)

C11-N1-C2-C21
C2-N1-C3-C31
C11-N1-C3-C2
N1-C2-C3-C31
C3-N1-C11-C12
C3-N1-C11-C18
N1-C11-C12-C17
N1-C11-C12-C13
C17-C12-C13-C14
C12-C13-C14-C15
C14-C15-C16-C17
C11-C12-C17-C16
N1-C2-C21-021
N1-C2-C21-022
021-C21-022-C22
C21-022-C22-C23
C2-C3-C31-031
C2-C3-C31-032
C3-C31-032-C32

-146.2(2)
-112.5(3)
-104.7(2)
105.9(2)
158.8(2)
-79.0(3)
59.7(3)
-122.2(3)
1.1(4)
-0.9(5)
-0.8(4)
177.1(2)
-23.3(4)
158.6(2)
-1.1(4)
-169.6(3)
-106.7(3)
75.9(3)
176.5(2)
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Methyl 2-(benzhydrylamino)-2-(2,4-dioxo-3-phenyloxazolidin-5-ylacetate (325a)

Table 1. Crystal data and structure refinement for 07022.

Empirical formula

Formula weight

Crystal color, shape, size
Temperature

Wavelength

Crystal system, space group
Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Data collection

Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed Reflections
Completeness to theta = 27.54°

Solution and Refinement
Absorption correction

Max. and min. transmission
Solution

Refinement method
Weighting scheme

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C25 H22 N2 O5
430.45
colorless block, x8023x 0.22 mn¥
130(2) K
0.71073 A
Monoclinic;/B2
a=10.0853(3) A a= 90°.

b = 16.6495(6) A B= 109.0620(9)".

¢ = 13.6635(5) A y=90°.
2168.50(13) A
4
1.318 MgAm
0.093 mn
904

SMARTG6000 Platform CCD, Bruker
2.00 to 27.54°
-13<=h<=13, -21<=k<=21, -17<=l<=17
33553
4997 [R(int) = 0.0342]
4204
99.8 %

Semi-empirical from equivalents
0.9799 and 0.9727

Direct methods
Full-matrix least-squares #n F
w ofFo*+APZ+ BPTL, with

P = (Fé+ 2 F&)/3, A =0.0402, B = 0.8004

4997/0/315

1.020
R1 = 0.0354, wR2 = 0.0866
R1 =0.0439, wR2 = 0.0940
0.300 and -0.184%.A

Goodness-of-fit =I[W(Fo” = F:%)?)/Nobsenns— Nparamd] 2, all data.

R1 =2(|Fo| = [Rl) /2 |F.

WR2 = F[WF,’ — F)/ Z [WFH) M2
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N 022 \%i(,‘)

Table 2. Atomic coordinates ( x 1€) and equivalent isotropic displacement parameters # 10%)
for 07022. U(eq) is defined as one third of the tracd the orthogonalized U tensor.

X y z U(eq)
01 5724(1) -1451(1) 6024(1) 25(1)
02 7896(1) -1511(1) 5910(1) 28(1)
Cc2 7142(1) -1397(1) 6409(1) 23(1)
N3 7528(1) -1202(1) 7461(1) 24(1)
04 6359(1) -997(1) 8645(1) 31(1)
C4 6368(1) -1144(1) 7786(1) 24(1)
C5 5111(2) -1280(1) 6823(1) 24(1)
C6 4266(1) -498(1) 6578(1) 23(1)
N7 5232(1) 145(1) 6582(1) 22(1)
Cc8 4713(2) 974(1) 6524(1) 22(1)
C9 4004(1) 1143(1) 7327(1) 23(1)
C10 2775(2) 1591(1) 7047(1) 28(1)
C11 2179(2) 1822(1) 7791(2) 35(1)
C12 2808(2) 1599(1) 8816(1) 37(1)
C13 4013(2) 1141(1) 9097(1) 34(1)
Ci4 4618(1) 914(1) 8360(1) 28(1)
Ci15 5943(1) 1551(1) 6719(1) 22(1)
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C16 5721(1) 2309(1) 6264(1) 29(1)

C17 6794(2) 2870(1) 6502(1) 36(1)

C18 8103(1) 2685(1) 7193(2) 36(1)

C19 8340(1) 1928(1) 7637(1) 33(1)

C20 7268(1) 1363(1) 7403(1) 27(1)

021 2896(1) -269(1) 4777(2) 28(1)

Cc21 3010(12) -588(1) 5588(1) 24(1)

022 2053(1) -1069(1) 5759(1) 42(1)

C22 819(2) -1239(1) 4876(1) 56(1)

C23 8920(1) -968(1) 8067(1) 25(1)

C24 9507(1) -1262(1) 9063(1) 33(1)

C25 10827(2) -991(1) 9658(1) 41(1)

C26 11544(1) -447(1) 9262(1) 39(1)

c27 10964(1) -172(1) 8254(1) 36(1)

Cc28 9636(1) -425(1) 7653(1) 29(1)

Table 3. Bond lengths [A] and angles [°] for 07022.

01-C2 1.3561(14) 01-C5 1.4466(13)
02-C2 1.1919(14) C2-N3 1.3984(14)
N3-C4 1.3839(15) N3-C23 1.4310(15)
04-C4 1.2028(14) C4-C5 1.5163(16)
C5-C6 1.5322(16) C5-H5 1.0000
C6-N7 1.4462(14) Ce6-C21 1.5285(15)
C6-H6 1.0000 N7-C8 1.4689(14)
N7-H7N 0.881(14) C8-C9 1.5193(15)
C8-C15 1.5227(15) C8-H8 1.0000
C9-C10 1.3890(16) C9-C14 1.3967(16)
C10-C11 1.3937(17) C10-H10 0.9500
C11-C12 1.386(2) C11-H11 0.9500
C12-C13 1.378(2) C12-H12 0.9500
C13-C14 1.3887(17) C13-H13 0.9500
C14-Hi4 0.9500 C15-C16 1.3919(17)
C15-C20 1.3934(16) C16-C17 1.3855(18)
C16-H16 0.9500 C17-C18 1.384(2)
C17-H17 0.9500 C18-C19 1.3851(19)
C18-H18 0.9500 C19-C20 1.3896(17)
C19-H19 0.9500 C20-H20 0.9500
021-c21 1.2010(14) C21-022 1.3315(14)
022-C22 1.4513(16) C22-H22A 0.9800
C22-H22B 0.9800 C22-H22C 0.9800
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C23-C24
C24-C25
C25-C26
C26-C27
C27-C28
C28-H28

C2-01-C5
02-C2-N3
C4-N3-C2
C2-N3-C23
04-C4-C5
01-C5-C4
C4-C5-C6
C4-C5-H5
N7-C6-C21
C21-C6-C5
C21-C6-H6
C6-N7-C8
C8-N7-H7N
N7-C8-C15
N7-C8-H8
C15-C8-H8
C10-C9-C8
C9-C10-C11
C11-C10-H10
C12-C11-H11
C13-C12-C11
C11-C12-H12
C12-C13-H13
C13-C14-C9
C9-C14-H14
C16-C15-C8
C17-C16-C15
C15-C16-H16
C18-C17-H17
C17-C18-C19
C19-C18-H18
C18-C19-H19
C19-C20-C15
C15-C20-H20
021-C21-C6
C21-022-C22

1.3840(17)
1.3893(19)

1.377(2)
1.386(2)

1.3881(18)

0.9500

110.47(8)
127.56(11)
111.35(9)
123.35(9)
127.40(11)
104.03(9)
108.05(9)
111.4
115.98(9)
110.56(9)
107.5
117.88(9)
108.7(9)
109.15(9)
109.2
109.2
119.24(10)
120.36(12)
119.8
120.0
120.08(11)
120.0
119.9
120.23(12)
119.9
119.44(10)
120.54(12)
119.7
119.8
119.42(12)
120.3
119.8
120.44(11)
119.8
125.15(10)
116.44(10)
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C23-C28
C24-H24
C25-H25
C26-H26
C27-H27

02-C2-01
01-C2-N3
C4-N3-C23
04-C4-N3
N3-C4-C5
01-C5-C6
01-C5-H5
C6-C5-H5
N7-C6-C5
N7-C6-H6
C5-C6-H6
C6-N7-H7N
N7-C8-C9
C9-C8-C15
C9-C8-H8
C10-C9-C14
C14-C9-C8
C9-C10-H10
C12-C11-C10
C10-C11-H11
C13-C12-H12
Cl12-C13-C14
C14-C13-H13
C13-C14-H14
C16-C15-C20
C20-C15-C8
C17-C16-H16
C18-C17-C16
C16-C17-H17
C17-C18-H18
C18-C19-C20
C20-C19-H19
C19-C20-H20
021-C21-022
022-C21-C6
022-C22-H22A

1.3880(17)
0.9500
0.9500
0.9500
0.9500

123.80(10)
108.63(9)
124.58(9)
127.14(11)
105.43(9)
110.26(9)
111.4
111.4
107.58(9)
107.5
107.5
108.8(9)
112.26(9)
107.74(9)
109.2
119.11(11)
121.46(10)
119.8
119.92(12)
120.0
120.0
120.28(12)
119.9
119.9
118.78(11)
121.61(10)
119.7
120.48(12)
119.8
120.3
120.33(12)
119.8
119.8
124.85(11)
110.00(9)
109.5



022-C22-H22B
022-C22-H22C

H22B-C22-H22C

C24-C23-N3

C23-C24-C25
C25-C24-H24
C26-C25-H25
C25-C26-C27
C27-C26-H26
C26-C27-H27
C23-C28-C27
C27-C28-H28

109.5
109.5
109.5
119.79(11)
118.79(13)
120.6
119.7
120.18(12)
119.9
120.0
119.10(12)
120.5

H22A-C22-H22B
H22A-C22-H22C

C24-C23-C28
C28-C23-N3
C23-C24-H24
C26-C25-C24
C24-C25-H25
C25-C26-H26
C26-C27-C28
C28-C27-H27
C23-C28-H28

109.5
109.5
121.23(11)
118.94(10)
120.6
120.62(13)
119.7
119.9
120.05(13)
120.0
120.5

Table 4. Anisotropic displacement parameters (& 10%)for 07022. The anisotropic
displacement factor exponent takes the form: [ h2a*?U'l + ... + 2 h k a* b* U-?]

Ull U22 U33 U23 Ul3 U12
o1 27(1) 27(1) 21(1) -2(1) 8(1) -1(1)
02 33(1) 29(1) 25(1) 0(1) 13(1) 2(1)
c2 29(1) 19(1) 21(1) 2(1) 7(1) 1(1)
N3 25(1) 26(1) 19(1) 1(1) 7(1) 1(1)
04 34(1) 42(1) 20(1) 2(1) 11(1) 0(1)
c4 28(1) 24(1) 21(1) 3(1) 9(1) 0(1)
c5 27(1) 26(1) 20(1) 1(1) 10(1) -4(1)
C6 23(1) 26(1) 20(1) -1(1) 9(1) -3(1)
N7 23(1) 23(1) 22(1) -2(1) 11(1) -2(1)
cs 22(1) 25(1) 18(1) 0(1) 6(1) 1(1)
c9 23(1) 24(1) 24(1) -5(1) 10(1) -5(1)
C10 25(1) 24(1) 34(1) -1(1) 11(1) -3(1)
c11 31(1) 25(1) 55(1) -7(1) 25(1) -3(1)
C12 45(1) 32(1) 45(1) -15(1) 32(1) -13(1)
C13 39(1) 41(1) 27(1) -10(1) 16(1) -14(1)
c14 27(1) 36(1) 23(1) -4(1) 8(1) -4(1)
C15 25(1) 25(1) 19(1) -3(1) 11(1) -1(1)
C16 31(1) 28(1) 30(1) 2(1) 13(1) 2(1)
C17 41(1) 26(1) 46(1) 3(1) 21(1) -2(1)
C18 35(1) 34(1) 45(1) -5(1) 20(1) -11(1)
C19 26(1) 41(1) 33(1) -1(1) 10(1) -6(1)
C20 27(1) 29(1) 26(1) 2(1) 9(1) -2(1)
021 28(1) 33(1) 22(1) 1(1) 8(1) -3(1)
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Cc21
022
C22
C23
C24
C25
C26
Cc27
C28

23(1)
32(1)
36(1)
25(1)
33(1)
36(1)
29(1)
33(1)
31(1)

28(1)
63(1)
86(1)
25(1)
41(1)
56(1)
42(1)
28(1)
24(1)

24(1)
29(1)
39(1)
23(1)
25(1)
25(1)
39(1)
43(1)
30(1)

-2(1)

6(1)
2(1)

-2(1)

3(1)
0(2)

-9(1)
-2(1)

2(1)

11(1)
5(1)
2(1)
7(1)
9(1)
2(1)
2(1)
9(1)
7(1)

-2(1)

-23(1)
-31(1)

3(2)
2(1)
3(2)

-2(1)
-4(1)

1(2)
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Table 5. Hydrogen coordinates ( x 19 and isotropic displacement parameters (A 1) for 07022.

X y z U(eq)
H5 4523 -1739 6917 29(3)
H6 3890 -396 7160 24(3)
H7N 5572(14) 66(8) 6072(11) 27(3)
H8 4030 1073 5817 22(3)
H10 2337 1740 6344 30(4)
H11 1343 2132 7596 43(4)
H12 2409 1762 9325 48(5)
H13 4431 980 9798 45(4)
H14 5452 602 8560 32(4)
H16 4828 2442 5787 36(4)
H17 6629 3386 6188 43(4)
H18 8833 3074 7361 49(5)
H19 9240 1795 8104 31(4)
H20 7440 846 7711 31(4)
H22A 162 -1566 5098 68(6)
H22B 1096 -1532 4351 70(6)
H22C 365 -733 4580 80(7)
H24 9016 -1641 9335 36(4)
H25 11239 -1183 10346 54(5)
H26 12440 -258 9679 45(4)
H27 11475 190 7975 43(4)
H28 9224 -230 6967 35(4)
Table 6. Torsion angles [°] for 07022.
C5-01-C2-02 179.86(11) C5-01-C2-N3 0.67(12)
02-C2-N3-C4 -177.73(11) 01-C2-N3-C4 1.43(12)
02-C2-N3-C23 11.64(18) 01-C2-N3-C23 -169.21(10)
C2-N3-C4-04 178.84(12) C23-N3-C4-04 -10.66(19)
C2-N3-C4-C5 -2.77(12) C23-N3-C4-C5 167.73(10)
C2-01-C5-C4 -2.26(11) C2-01-C5-C6 113.38(10)
04-C4-C5-01 -178.64(11) N3-C4-C5-01 2.98(11)
04-C4-C5-C6 64.19(15) N3-C4-C5-C6 -114.20(10)
01-C5-C6-N7 -62.75(11) C4-C5-C6-N7 50.33(11)
01-C5-C6-C21 64.82(11) C4-C5-C6-C21 177.90(9)
C21-C6-N7-C8 64.74(13) C5-C6-N7-C8 -170.91(9)
C6-N7-C8-C9 51.28(12) C6-N7-C8-C15 170.66(9)
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N7-C8-C9-C10 -138.45(10) C15-C8-C9-C10 101.35(12)
N7-C8-C9-C14 46.66(14) C15-C8-C9-C14 -73.54(13)
C14-C9-C10-C11 1.34(17) C8-C9-C10-C11 -173.67(11)
C9-C10-C11-C12 -0.56(18) C10-C11-C12-C13 -0.77(19)
C11-C12-C13-C14 1.29(19) C12-C13-C14-C9 -0.49(19)
C10-C9-C14-C13 -0.83(17) C8-C9-C14-C13 174.07(11)
N7-C8-C15-C16 150.66(10) C9-C8-C15-C16 -87.20(12)
N7-C8-C15-C20 -34.12(13) C9-C8-C15-C20 88.02(12)
C20-C15-C16-C17 -1.08(17) C8-C15-C16-C17 174.28(11)
C15-C16-C17-C18 0.17(19) C16-C17-C18-C19 0.8(2)
C17-C18-C19-C20 -0.9(2) C18-C19-C20-C15 -0.03(19)
C16-C15-C20-C19 1.01(17) C8-C15-C20-C19 -174.24(11)
N7-C6-C21-021 13.49(17) C5-C6-C21-021 -109.30(13)
N7-C6-C21-022 -166.13(10) C5-C6-C21-022 71.07(12)
021-C21-022-C22 2.8(2) C6-C21-022-C22 -177.55(13)
C4-N3-C23-C24 52.30(16) C2-N3-C23-C24 -138.31(12)
C4-N3-C23-C28 -125.53(12) C2-N3-C23-C28 43.86(16)
C28-C23-C24-C25 1.36(19) N3-C23-C24-C25 -176.41(12)
C23-C24-C25-C26 -0.6(2) C24-C25-C26-C27 -1.1(2)
C25-C26-C27-C28 2.1(2) C24-C23-C28-C27 -0.35(18)
N3-C23-C28-C27 177.44(11) C26-C27-C28-C23 -1.40(19)
Table 7. Hydrogen bonds for 07022 [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N7-H7N...021#1 0.881(14) 2.240(15) 3.0568(12) 154.1(12)

Symmetry transformations used to generate equivalensatéfn-x+1,-y,-z+1
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