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Chapter |

The Development of anti-Aminohydroxylation

1.1. Molecules Containing a Vicinal 1,2-Aminoalcohols

The vicinal aminoalcohol moiety is a common structural motif in various groups of
natural products, pharmaceuticals, ligands for metals, and chiral auxiliaries.
1.1.1. Naturally Occurring Vicinal 1,2-Aminoalcohols

One of the most important small molecules containing the 1,2-aminoalcohol moiety
are hydroxyl amino acids (Figure 1). Examples of naturally occurring hydroxyamino

acids are bestatin, hapalosin, and Al-77-B. > The dipeptide bestatin (4) is an

Figure 1. Naturally Occurring Amino Acids and Dipeptides Containing 1,2-Aminoalcohols

NH, bestatin hapalosin g OH
R z
\|/\002H OH O
OH 0o OH NH,
1 serine; R=H H H CO,H
2 threonine; R=CHj <
3 hydroxy aspartic acid; R=CO,H o) C:)H
Me Me
6

Al-77-B
o}

NH, J\ o)
)\/ Ph HN™ O Ph Z
HC™ )_«’ NH
OH PMeOPH OH \ " 6
7 8 \

norephedrine cytoxazone HO

paclitaxel

! Bergmeier, S. C. Tetrahedron 2000, 56, 2561.
% Sallach, H. J.; Kornguth, M. L. Biochim. Biophys. Acta 1959, 34, 582. Kornguth, M. L.; Sallach, H. J.
Arch. Biochem. Biophys. 1960, 91, 39. Mokotoff, M.; Bagaglio, J. F.; Parikh, B. S. J. Med. Chem. 1975, 18,
354.
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aminopeptidase inhibitor and exhibits immunomodulatory activity and is used as an
adjuvant in cancer chemotherapy.® Hapalosin (5) shows an ability to inhibit multidrug
resistance in drug resistant cancer cells.* Al-77-B (6) exhibits gastroprotective activity.’
Another class of molecules containing the vicinal aminoalcohol moiety is lipids and
lipid-like molecules (Figure 2). Sphingosine (10) and its analogue sulfobacin B (11) are a

von Willebrand factor receptor antagonist and antithrombotic agent.®

Figure 2. Naturally Occurring Lipids Containing 1,2-Aminoalcohols

NH, Me)\(vmlk NH Me OH 0
HO_ A~ A CH, X HO,C — Me
\/\l/\/\%,I HossW\Me \\\ ¢ :
HoN

OH OH OH
HO
10 11 12
sphingosine sulfobacin B myriocin

1.1.2. Synthetic, Pharmacologically Active Vicinal-1,2-Aminoalcohols within Ligands
and Chiral Auxiliaries

A variety of synthetic molecules containing 1,2-aminoalcohols are used as drugs or
pharmacological agents. Often these molecules are analogues of naturally occurring
aminoalcohols (Figure 3). For example, the peptidomimetic saquinavir (13), which
contains a hydroxyethylene isostere, showed HIV protease inhibition, and is well

established peptide analogue. Aminoalcohol 14 has been reported to selectively interact

®Feng, D.-Z.; Song, Y.-L.; Jiang, X.-H.; Chen, L.; Long, Y.-Q. Org. Biomol. Chem. 2007, 5, 2690. Ghorai,
M. K.; Das, K.; Kumar, A. Tetrahedron Lett. 2007, 48, 2471.
* Gottesman, M. M.; Pastan, |.; Ambudkar, S. V. Curr. Opin. Genet. Dev. 1996, 6, 610. Atadja, P.; Watanabe,
T.; Xu, H.; Cohen, D. Cancer Metastasis Rev. 1998, 17, 163.
> Shimojima, Y.; Hayashi, H.; Ooka, T.; Shibukawa, M.; litaka, Y. Tetrahedron Lett. 1982, 23, 5435.
® Mislow, K. J. Am. Chem. Soc. 1952, 74, 5155. Devant, R. M. Kontakte (Darmstadt) 1992, 11. Koskinen, P.
M.; Koskinen, A. M. P. Synthesis 1998, 1075. Hannun, Y. A.; Linardic, C. M. Biochim. Biophys. Acta 1993,
1154, 223.
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with RNA. Additionally, amidine containing molecule 15 is reported to be an inhibitor of

nitric oxide synthetase.

Figure 3. Synthetic Molecules Containing 1,2-Aminoalcohols

Ph__ Me\(\N/\I

Me S o
§ P OH N
Me)ﬁo( \E/\(L?\H O/\[S/> I\/ \/\N
ph N

HOW)
Me

13 14
saquinavir
NH OH
)j\ /\/\l)\/OH
Me' N
H
NH,

15

~

Me

A number of enantiomerically pure aminoalcohols have been used as ligands and

chiral auxiliaries (Figure 4). The most important examples are the ‘Evans auxiliaries’.”

Additionally, aminoalcohol derived oxazolidinones have been used for various types of

organic reactions. Oxazaborolidine 17 and ephedrine derivative 18 have been used for

various asymmetric transformations.®

Figure 4. Chiral Auxiliaries Containing 1,2-Aminoalcohols

o
Ph
HN/[< Ph OH  Me
0 N N.__Me
e 5—0 Ph Y
R =Ph,'Pr

16 17 18

"Evans, D. A.; Bartroli, J.; Shih, T. L. J. Am. Chem. Soc. 1981, 103, 2127. Evans, D. A.; Ennis, M. D.;
Mathre, D. J. J. Am. Chem. Soc. 1982, 104, 1737. Ager, D. J.; Prakash, 1.; Schaad, D. R. Chem. Rev. 1996,

96, 835.

8 1tsuno, S.; Ito, K.; Hirao, A,; Nakahama, S. J. Chem. Soc., Chem. Commun. 1983, 469. Itsuno, S.; Ito, K.;
Hirao, A.; Nakahama, S. J. Org. Chem. 1984, 49, 555. Corey, E. J.; Bakshi, R. K.; Shibata, S. J. Am. Chem.

Soc. 2002, 109, 5551. Corey, E. J.; Loh, T. P. J. Am. Chem. Soc. 2002, 113, 8966.
3



Due to the importance of the enantiomerically pure aminoalcohol functionality, the
synthetic organic community has devoted significant effort to the development of
methods for their synthesis of vicinal aminoalcohols. Since an abundance of articles on
the topic of vicinal amino alcohol synthesis has been discussed, methods based on olefin

functionalization reactions to vicinal aminoalcohol will be discussed in this chapter.

1.2. Olefin Functionalization: vicinal 1,2-Aminoalcohols

The heterofunctionalization of olefins is a well-studied area of organic chemistry. The
area of most relevance to this particular research is the aminohydroxylation (or
oxyamination, hydroxyamination) of olefins. The genesis of this type of functional group
manipulation lies in the chemistry developed by Sharpless (Scheme 1).**° Many other

aminohydroxylation protocols are variations of the Sharpless aminohydroxylation.

Scheme 1. Overview of Sharpless Asymmetric Aminohydroxylation

XNCINa or
XNBrLi for X = Ac NHX OH

4 mol% K,0sO,(OH) c
R. 2 2 2] R. R.
R, AR - R1/\_/ 2 R1/\./ 2
5 mol% DHQ,PHAL c:)H IEIHX
ROH/H,0 (1/1)
19 . 20 21
0 °C or room temp
OAIKk* (0] OAIK*
NS ®
ZN OMe
OAIKk* o OAIK*
22 23 24 25
(Alk*),PHAL (Alk*),AQN Alk* = DHQ Alk* = DHQD

° Sharpless, K. B.; Patrick, D. W.; Truesdale, L. K.; Biller, S. A. J. Am. Chem. Soc. 1975, 97, 2305. Guigen,
L.; Han-Ting, C.; Sharpless, K. B. Angew. Chem., Int. Ed. 1996, 35, 451. Valery, V. F.; Sharpless, K. B.
Angew. Chem. Int. Ed. 2001, 40, 3455. Malin, A. A.; Robert, E.; Valery, V. F.; Sharpless, K. B. Angew.
Chem. Int. Ed. 2002, 41, 472.

19 selected review; Peter, O. B. Angew. Chem. Int. Ed. 1999, 38, 326. Bodkin, J. A.; McLeod, M. D. J.
Chem. Soc. Perkin Trans 1 2002, 2733. Dirk, V. D.; Kilian, M. Chem. Eur. J. 2004, 10, 2475. Christie, S. D.
R.; Warrington, A. D. Synthesis 2008, 2008, 1325.
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In addition to osmium based aminohydroxylation protocol, Donohoe and coworkers
have demonstrated a tethered aminohydroxylation of cyclic allylic carbamates to
overcome the regioselectivity issue with unsymmetrical alkenes which using the

I.1* Use of intramolecular tethered carbamates 26 and 28 furnished

Sharpless protoco
aminoalcohols 27 and 29, respectively. They also demonstrated an improved tethered

aminohydroxylation using N-sulfonyloxy carbamates as reoxidant variations (Scheme 2).

Scheme 2. Tethered Aminohydroxylation Reaction

MMe 4 mol% K,0s0,(0H)y /\I)\/\/Me
o\n/NH2 1 eq ‘BuOCl, 0.9 eq NaOH o

5 mol% (DHQ),PHAL NH

0 (50%) o
26 27
(0]
(0]
)J\ _0SO,Mes
o N 4 mol% Ko0sO(0H), o W
PrOH, H,0, rt
(80%)
OH
28 29

Aside from the Sharpless protocol, Béckvall, Trost and Sorensen independently
developed Pd-catalyzed olefin functionalizations. Seminal work involving stoichiometric
Pd(I1)-catalyzed nitrogen addition to alkene was reported by Backvall.* Trost reported
epoxides from the olefin used as an intermediate to achieve hydroxyamination in the

presence of Pd catalyst.® Reaction of vinyl epoxides 30 with nitrogen nucleophile

X Donohoe, T. J.; Johnson, P. D.; Cowley, A.; Keenan, M. J. Am. Chem. Soc. 2002, 124, 12934. Donohoe, T.
J.; Johnson, P. D.; Pye, R. J.; Keenan, M. Org. Lett. 2004, 6, 2583. Donohoe, T. J.; Chughtai, M. J.; Klauber,
D. J.; Griffin, D.; Campbell, A. D. J. Am. Chem. Soc. 2006, 128, 2514. Donohoe, T. J.; Bataille, C. J. R.;
Gattrell, W.; Kloesges, J.; Rossignol, E. Org. Lett. 2007, 9, 1725.
12 Backvall, J.-E. Tetrahedron. Lett. 1975, 16, 2225. Baeckvall, J. E.; Bjoerkman, E. E. J. Org. Chem. 2002,
45, 2893.
B Trost, B. M.; Sudhakar, A. R. J. Am. Chem. Soc. 2002, 109, 3792.
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isocyanate produces the initial O-alkylation intermediate which can be converted to
oxazolidinone 31. This protocol was successfully applied to the synthesis of (-)-

acosamine 36 (Scheme 3).

Scheme 3. Trost’s Hydroxyamination: Application to the Synthesis of (-)-Acosamine

0) Ts
o & 1 mol% Pd,(dba);CHCl >\N’ Y
chlnP\/\R 6 mol% (C;H,0),P o X
u THF HaCr R
TsNCO H
30 (60%) 31
(o]
0 O
W Pd(0) ’(
Me\rCHO , Me\l/\./\ > M. S N—Ts
OTBDMS OTBDMS TsNCO W\\
OTBDMS
32 33 34
o
o) OCH3
—>» Me A NS —_— Ne o
S H
OTBDMS OCHj AchN
HyCO 35 36

(-)-N-acetyl-O-methylacosamine

Sorensen demonstrated Pd-catalyzed ring-forming aminoacetoxylation of alkenes by
using N-tosyl carbamate.'® The alkyl-palladium intermediate could be oxidized with
PhI(OAc),, followed by C-O bond forming reductive elimination furnishing

aminoacetoxylation adduct 38 in a highly diastereoselective fashion (Scheme 4).

4 Alexanian, E. J.; Lee, C.,; Sorensen, E. J., J. Am. Chem. Soc. 2005, 127, 7690.
6



Scheme 4. Palladium-Catalyzed Ring-Forming Aminoacetoxylation

o]
j\ _ 10 mol% Pd(OAc), Tosy //(
TsHN o/\/\© 2eqPhl(OAc), ©\/|\/o
1 eq BuyNOAc ~
CHZCN, 60 °C, 2.5 h BAc
37 38

65%, >20:1 dr

The tandem intramolecular aziridination of olefin and ring opening method is also a
well known approach to 1,2-aminoalcohols. For example, Bergmeier reported the thermal
decomposition of alkenyl azidoformate 40 yielding a bicyclic aziridine intermediate
which underwent a facile ring opening to substituted oxazolidinone 41.' Bach and co-
workers also reported a metal-catalyzed intramolecular nitrogen transfer reaction to form

oxazolidinone 43 (Scheme 5).*°

Scheme 5. Intramolecular Aziridination and Ring Opening: Thermal and Metal Catalyzed Reactions

o) O

X L o~
TBDPSO\)\/ co o7 N, _110°C TBDPSO\/k(N
Ee— —_— / \
TBDPSO\)\/ "
H
41

NaN, CH,Cl,
39 40
o 0
J o—

07 TN, TMSCI [FeCl] \
—_— o
R)\/ 0°Ctort R X
EtOH
Cl

42 43
up to 10:1 dr

More recently, Yoon and coworkers reported olefin aminohydroxylation by using
oxaziridine as both the source of electrophilic oxygen and nucleophilic nitrogen. Under

the reaction conditions, a diverse range of styrenes (44, 49 and 1,3-diene 47)

15 Bergmeier, S. C.; Seth, P. P. J. Org. Chem. 1997, 62, 2671. Bergmeier, S. C.; Stanchina, D. M. J. Org.
Chem. 1999, 64, 2852.
16 Bach, T.; Schlummer, B.; Harms, K. Chem.-Eur. J. 2001, 7, 2581.

7



regioselectively produced the 1,2-aminoalcohols (Scheme 6).'" An enantioselective

variation was also reported by using copper-bisoxazoline complexes.*®

Scheme 6. Copper(ll) Catalyzed Aminohydroxylation.

\
SO,Ph 2 mol% Cu(TFA Ph
0N~ 02 o Cu(TFA), H N\r
>< 10 mol% HMPA @(o
Ph H 81%
(81%) 3
44

45 46
Me SO,Ph 2 mol% Cu(TFA), PRO,S, Ph
M 0—N"" 2 10 mol% HMPA o N,<
T (81%) E0,c7
47 45 48
>20:1 dr
_S0,Ph 5 mol% Cu(TFA), Bs, Ph
A OoN 15 mol% (R)-Ph-box [\l/<
> ~ o)
Ph" H acetone, 23 °C a4
49 45 50
up to 81%
up to 2.5:1 dr

up to 82% ee

1.3. Organic Azides: Valuable Intermediate in Organic Synthesis

1.3.1. 1,3-Dipoles and Cycloaddition (Natural Product Synthesis)

The chemistry between a 1,3-dipole and an alkene has been used for more than 100
years in the synthesis of five-memebered ring systems.'® A 1,3-dipole is defined as
zwitterionic a-b-c structure that undergoes a 1,3-dipolar cycloaddition reaction with a
multiple bond system as described by two different dipolar structures (Scheme 7).

Two different types of dipoles exist: the allyl anion type and the propargyl anion type.

" Michaelis, D. J.; Shaffer, C. J.; Yoon, T. P. J. Am. Chem. Soc. 2007, 129, 1866. Michaelis, D. J.; Ischay,
M. A.; Yoon, T. P. J. Am. Chem. Soc. 2008, 130, 6610.
'8 Michaelis, D. J.; Williamson, K. S.; Yoon, T. P. Tetrahedron 2009, 65, 5118.
¥ padwa, A., In 1,3-Dipolar Cycloaddition Chemistry, Vol. 1, Padwa, A., Ed. Wiley: New York, 1984; p
817pp. Lwowski, W., In 1,3-Dipolar Cycloaddition Chemistry, Vol. 2, Padwa, A., Ed. Wiley: New York,
1984; p 704 pp. Sha, C. K.; Mohanakrishman, A. K., In Synthetic Applications of 1,3-Dipolar
Cycloaddition Chemistry Toward Heterocycles and Natural Products, Padwa, A.; Pearson, W. H., Eds.
Wiley: New York, 2002; p 940 pp.
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The allyl anion type is described by having four electrons in three p-orbitals on three
atoms. Two resonance structures are possible; one is an electron octet for all three centers,
while the other is an electron sextet for each end. Due to this sextet structure, these allyl
anion type dipoles can be both electrophilic and nucleophilic, which is key to
understanding the dipole’s reactivity. The propargyl anion type has an extra p-orbital
located in the plane orthogonal to the allenyl type anion. Furthermore, the 1,3-dipole is

linear and the central atom b is limited to a nitrogen atom.?°

Scheme 7. 1,3-Dipoles

(A) Allyl anion type
+ + |
a//b\c‘ - 2~ b%c \(/'l‘ ~o Nitrones
R
¢ ¢ :
b

+ - -
a/ \C -~ e

R Azomethine imines

(B) Propargyl/allenyl anion type
N=N—N Azides

N=N—C Diazoalkanes

The organic azide is one of the propargyl anion type 1,3-dipole, and has been used for
preparation of many nitrogen containing heterocycles such as carbazoles,? furoxanes,?

azepines,? triazoline,** triazole,? and aziridine.?® Azide-alkene cycloaddition can expel

2 Gothelf, K. V.; Jorgensen, K. A. Chem. Rev. 1998, 98, 863.
2l He, P.; Zhu, S. Z. Tetrahedron 2005, 61, 12398.
%2 Stadlbauer, W.; Fiala, W.; Fischer, M.; Hojas, G. J. Heterocycl. Chem 2000, 37, 1253. Ouali, M. S.;
Vaultier, M.; Carrie, R. Tetrahedron 1980, 36, 1821.
% |_eyva, E.; Sagredo, R. Tetrahedron 1998, 54, 7367.
#Yao, L.; Smith, B. T.; Aube, J. J. Org. Chem. 2004, 69, 1720.
% Binder, W. H.; Kluger, C. Cur. Org. Chem. 20086, 10, 1791.
% Lin, Z. W.; Kadaba, P. K. J. Heterocycl. Chem 1997, 34, 1645.
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molecular nitrogen to form aziridine or imine, depending on the substrate and reaction
conditions. Due to the ability to deliver a nitrogen atom to molecules, the azide-alkene
cycloaddition became a useful tool in target synthesis, specifically in nitrogen containing
natural product synthesis. These heterocycles and natural products have been obtained by
cycloaddition of organic azide with subsequent decomposition of the intermediate
triazoline. Detailed triazoline decomposition will be discussed in the next section.

Cha and coworkers reported the enantioselective synthesis of (—)-slaframine (55) via
an intramolecular azide dipolar cycloaddition as the key step.?” Azide-alkene thermolysis
produced imine 53 subsequent bicyclic ring closure was achieved by mesylation and

NaBHy, reduction to produce the protected slaframine derivative 54 (Scheme 8).

Scheme 8. Enantioselective Synthesis of (-)-Slaframine

Ts\N/ PMB
HO. HO.
OTIPS A A
—_—
N N,
N3
51 52
oTIPS y OTIPS OAc

= H
i 1. MsCl, Et;N, DCM /Cé N :
i e
T~y N 2.NaBH,, EtOH, 0°C "~y N . N
2!

| then K,COg, reflux |
PMB OH PVMB

53 54 55
(-)-slaframine

Pearson and coworkers utilized the azide dipolar cycloaddition to achieve a synthesis
of rac-crinane (61). The conversion of acetate 56 into the carboxylic acid 57 via an

Ireland-Claisen rearrangement was followed by reduction and aziridination to furnish

27 Choi, J.-R.; Han, S.; Cha, J. K. Tetrahedron. Lett. 1991, 32, 6469.
% Schkeryantz, J. M.; Pearson, W. H. Tetrahedron 1996, 52, 3107.
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precursor 58. Thermolysis of the azido-olefin generated the triazoline intermediate, which
furnished imine 59 upon rapid extrusion of molecular nitrogen furnished imine 59.
Reduction of imine 59 with NaBH3CN in acetic acid occurred stereoselectively to
provide the cis-octahydroindole 60 in 81% yield. Warming amine 60 with Eschenmoser’s

salt afforded (x)-crinane (61) (Scheme 9).

Scheme 9. Synthesis of (x)-Crinane Using an Intramolecular Azide-Olefin Cycloaddition

’ 1. LDA, THF 1. LiAlH,, THF
<O onc __78°C < _T8c <0
o 2escl CoH 2. Ph3P DEAD o Ns
-78 °C to reflux (PhO),P(O)N3
56

O’\ o’\
O (e]
NaBH;CN
A AcOH CH2N(Me)2| @
_— — A =
THF 50 °C D\/

=~

Iz

(+)-crinane
59 60 61
Molander has utilized the intramolecular azide-enone cycloaddition reaction in the
synthesis of azaspirocyclic ketoaziridine 65 which can serve as the intermediate for

cephalotaxine (66) (Scheme 10).%

2 Molander, G. A.; Hiersemann, M. Tetrahedron. Lett. 1997, 38, 4347.
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Scheme 10. Synthesis of Intermediates for the Total Synthesis of (x)-Cephalotaxine

(e]
%\; TBSO
Ns : ZnCl

63

xylene
—_— w
130 °C, 76% \N)

65

Schultz and coworkers have employed the intramolecular azide-enone cycloaddition
to construct the core of the aspidospermine alkaloids.®® In refluxing conditions, azido-
enone 67 was converted to aziridine product 68 in 80% yield with complete regio- and

stereocontrol (Scheme 11). The production of aziridine 68 rather than the triazoline was

5 mol% Pd,(dba)s
__20mol% TFP

DMF THF, 48%

(+)-cephalotaxine

66

attributed to the triazoline’s instability, which led to accelerated nitrogen extrusion.

Scheme 11. Synthesis of the Tricyclic Core of Aspidospermine

CO,Me
Ph N benzene Ph,
3 — ‘
reflux
O OMe (80%)
67

1. BrCH,COCI, NaHCO;

"'co,Me  2.'BUOK, benzene
OMe

69

% Guo, Z.; Schultz, A. G. Tetrahedron Lett. 2004, 45, 919.

‘r
‘CO,Me
OMe

70

12

1. Li, NH3, THF, -78 °C

71, aspidospermine (R = Ac, R, = OCH3)
72, aspidospermidine (R = H, R, = H)




Another example of intramolecular azide-enone cycloaddition was demonstrated in
the total synthesis of the natural product (+)-virantmycin (77). 3! Stereospecific
photochemical nitrene addition of aryl azide 73 gave the tricyclic aziridine derivative 74,
which was converted into methyl benzoate derivative 76 by functional group
manipulations. Aziridine 76 was transformed regioselectively and stereoselectively into

(x)-virantmycin (77) under basic conditions (Scheme 12).

Scheme 12. Total Synthesis of (z)-Virantmycin

CO,Et
H 1. LiAlH,, THF, 100%
hv tol N e«‘ 2. MnO,, acetone _
(86% CO.Me 3. KCN, MnO,, MeOH
CO,Me EtO,C
MeO,C MeO,C
1.NaOH, MeoH  MOC C'\I
H WH > .
" Mel ' 2, Et4NCI TFA
(53%) (97%) N
OMe
virantmycin
75 76 77

More importantly, there are many natural compounds which contain the aziridine
functionality. For example, FR-900482 (84) and FR-66979 (85), which were isolated
from Streptomyces sandaensis No. 6897, are among a class of antibiotics which exhibit

potent antitumor activity.*> ** Mitomycin C (80) is a potent antitumor agent now used in

! Omura, S.; Nakagawa, A. Tetrahedron. Lett. 1981, 22, 2199. Morimoto, Y.; Matsuda, F.; Shirahama, H.
Tetrahedron. Lett. 1990, 31, 6031.

%2 Uchida, I.; Takase, S.; Kayakiri, H.; Kiyoto, S.; Hashimoto, M.; Tada, T.; Koda, S.; Morimoto, Y. J. Am.
Chem. Soc. 1987, 109, 4108. Iwami, M.; Kiyoto, S.; Terano, H.; Kohsaka, M.; Aoki, H.; Imanaka, H. J.
Antibiot. 1987, 40, 589. Hirai, O.; Shimomura, K.; Mizota, T.; Matsumoto, S.; Mori, J.; Kikuchi, H. J.
Antibiot. 1987, 40, 607. Shimomura, K.; Hirai, O.; Mizota, T.; Matsumoto, S.; Mori, J.; Shibayama, F,;
Kikuchi, H. J. Antibiot. 1987, 40, 600. Terano, H.; Takase, S.; Hosoda, J.; Kohsaka, M. J. Antibiot. 1989, 42,
145,
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clinical chemotherapy (Figure 5).

Figure 5. Natural Compounds Containing Aziridine Functionality

78: mitomycin A, R; = OMe, R, = Me, R; = H 81: mitomycin G, Ry = NH,, R, = Me
79: mitomycin B, Ry = OMe, R, = H, R3 = Me 82: mitomycin H, Ry = OMe, R, = H
80: mitomycin C, Ry = NH,, R, = Me, R3 = Me 83: mitomycin K, R; = OMe, R, = Me
OC(O)NH
R, & (O)NH,

: 84: FR-900482, R; = CHO, R, = Ry = R, = H
85: FR-66979, Ry = CH,OH, R, = Ry = R, =H

N=R, 86: FR-70496, R; = CHO, R, = Me, Ry = H, R, = Ac

OR;

R

Ciufolini and coworkers utilized an intramolecular cycloaddition as a key step in their
total synthesis of FR-66979.%* After selective addition of allyl compound 88 to azide

containing aldehyde 89, diastereoselective 1,3-dipolar cycloaddition gave tricyclic

Scheme 13. Total Synthesis of FR66979

OBn :/OBn 88
A ™s” XA ri0ipn, T toluene, 100 °C
THF, -78 °C o 87% (two steps)
OBn OBn
87 89

OBn

Bu,N*OH"

DMF, -20 °C
49%

OBn
92

% Sweeney, J. B. Chem. Soc. Rev. 2002, 31, 247.
% Ducray, R.; Ciufolini, M. A. Angew. Chem., Int. Ed. 2002, 41, 4688.
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triazoline 90. Following photochemical nitrogen extrusion from the triazoline and
subsequent ring contraction to the aziridine 91, a homo-Brook-triggered fragmentation
formed benzazocenol 92 (Scheme 13).

As detailed above, many synthetic efforts have demonstrated the utility of azide

cycloadditions with olefins to make alkaloid natural products and intermediates.

1.3.2. Reactions of Organic Azides: Lewis Acid, and High Pressure

Beyond their use in 1,3-dipolar cycloaddition with alkenes and natural product
synthesis, organic azides have seen utilized in other transformations due to their ability to
deliver a nitrogen to a molecule. In general, thermally and photochemically induced
azide and olefin cycloaddition are the main strategies for this type of transformation.
However, there are several unique examples of Lewis acid catalyzed azide transformation
reactions. For example, Aubé and co-workers have used Lewis acids for the reaction of
azides with various cyclic ketones. They utilized a range azides, such as alkyl azide and
hydroxyl azide, with ketones and aldehydes for different reaction pathways. The first
example of intramolecular Schmidt reaction was reported in 1991.% In the presence of
TFA, various cyclic azido-ketone derivatives (93) formed intermediate aminal (94),

which then underwent ring expansion to furnish lactam 95 (Scheme 14).

% Aube, J.; Milligan, G. L. J. Am. Chem. Soc. 2002, 113, 8965.
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Scheme 14. Intramolecular Schmidt Reaction of Alkyl Azide

° o
TFA
%Ns N
! (91%)
R
93 95
1l
.
OH |
H* N Ny, -H*

The Lewis acid catalyzed intramolecular Schmidt reaction was utilized for the
synthesis of fused, nitrogen-containing heterocycles such as (+)-aspidospermidine®® and
(+)-stenine.?” Azido-ketone 96 underwent a selective intramolecular Schmidt cyclization,
followed by deprotection to furnish ketone 97. The synthesis was completed using

Stork’s classic Fischer indolization to afford (+)-aspidospermidine (101) (Scheme 15).

Scheme 15. Total Synthesis of (+)-aspidospermidine

(0]
(0]
N3\| 1. bis(trimethylsilyl)neopentyl glycol N
i H TiCly N H TMSOTf, DCM, 0 °C to rt H
e Me o > Me
(82%) 9y Me 2. LAH, THF, reflux H
o) o 3. LiBF4, aq CH3CN, reflux lo)
96 97

(67%)

1. PANHNH,

2. AcOH

I A

(+)-aspidospermidine
929 100 101

% |yengar, R.; Schildknegt, K.; Aube, J. Org. Lett. 2000, 2, 1625. lyengar, R.; Schildknegt, K.; Morton, M.;
Aube, J. J. Org. Chem. 2005, 70, 10645.
37 Zeng, Y.; Aube, J. J. Am. Chem. Soc. 2005, 127, 15712. Frankowski, K. J.; Golden, J. E.; Zeng, Y. Lei, Y.;
Aube, J. J. Am. Chem. Soc. 2008, 130, 6018.
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Another example of a Lewis acid catalyzed reaction was the combination of the
intramolecular Schmidt reaction with the Diels-Alder reaction.® Since the reactivity of
the intermolecular Schmidt reaction is substantially lower than the intramolecular version,
the reaction was designed to attach azide functionality on the dienophile or diene. The use
of Diels-Alder reaction brings the two pieces together, then the subsequent azido-Schmidt

reaction takes place (Scheme 16).

Scheme 16. Designed Domino Reaction

(a) N3 o)
o Me H Me Me yMe
\_/ H
Me | 103 o . N
_—
N
Me 3
H
102 105

(b) o
( Me OyMe
H
Me X 107 (:LLN)
_— E—
N3 B
N3 H
106

108 109

T T
O

After initial investigation, the domino Diels-Alder and Schmidt reaction was applied
to the synthesis of stemona alkaloid (£)-stenine (117). Treatment of azido-diene 110 with
cyclohexenone 111 and SnCl, afforded a 3:1 ratio of desired lactam 113 in moderate yield
(Scheme 17). The remaining stereocenters were generated by two highly selective
substrate-controlled reactions: axially directed alkylation and reduction afforded lactone

115, then another alkylation and decarbonylation furnished (z)-stenine (117).

% Zeng, Y.; Reddy, D. S.; Hirt, E.; Aube, J. Org. Lett. 2004, 6, 4993. Frankowski, K. J.; Hirt, E. E.; Zeng, Y.;
Neuenswander, B.; Fowler, D.; Schoenen, F.; Aube, J. J. Comb. Chem. 2007, 9, 1188.
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Scheme 17. Total Synthesis of ()-Stenine

1. LIHMDS
2. BrCH,CO,Me
(73%)

(0]
TMSO. N3
= (/Vrm
Me (0]

110 112 113

1. LIHMDS
2. Mel
(79%)

1. Lawesson
2. Raney Ni
(83%)

(6]

(+)-stenine
114 115 116 117

Not long after the intramolecular version of the Schmidt reaction, a BF;-OEt;
mediated intermolecular reaction of cyclic ketones with hydroxyalkyl azides to afford N-
alkyl lactams was also reported by Aubé and co-workers.*® Activation of the carbonyl
group of ketone 118 by a Lewis acid promoted the formation of oxonium ion 120 after
dehydration. Intramolecular azide addition to the oxonium ion followed by a
rearrangement and the loss of N, furnished the intermediate iminium ion 122. Achiral
ketone 118 could be converted to chiral lactam 125 after hydrolysis. Chiral hydroxyl
alkyl azide can lead to a selective asymmetric nitrogen ring expansion via the Schmidt

rearrangement.

% Gracias, V.; Milligan, G. L.; Aube, J. J. Org. Chem. 1996, 61, 10. Furness, K.; Aube, J. Org. Lett. 1999, 1,
495, Sahasrabudhe, K.; Gracias, V.; Furness, K.; Smith, B. T.; Katz, C. E.; Reddy, D. S.; Aube, J. J. Am.
Chem. Soc. 2003, 125, 7914.
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Scheme 18. Asymmetric Induction in a Nitrogen Ring Expansion

1. BF3e0Et,,
o -80 °Ctort Ph
M 119 . Ph o
Ph/\/\N3 N ‘ /O ’ .
o Bu N Bu N N
By 2. KOH, 98% N3 +>\12\'
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N7 PCC NaH
- —— —_— —_—
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s - - —_
N Bu Bu Bu
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More recently, Aubé has reported that Lewis acid promoted [3+2] cycloaddition with
an o,pB-unsaturated ketone affords the ring contraction product via triazoline intermediate
128. Under these reaction conditions, the unstable triazoline intermediate 128 underwent
decomposition to produce a zwitterionic species 129 that can rearrange via pathway a or
b. In pathway a, antiperiplanar migration followed by 1,3-hydrogen shift gave exocyclic
ring contracted enaminone 133. In contrast to pathway a, migration of the alkyl group
onto an axial diazonium species gave endocyclic enaminone 131. In general, normal
cycloadditions require heating for long periods of time for activation, but in this reaction,
Lewis acids are sufficient to activate the carbonyl group toward cycloaddition at low

temperatures (Scheme 19).

“ Reddy, D. S.; Judd, W. R.; Aube, J. Org. Lett. 2003, 5, 3899.
19



Scheme 19. Lewis acid Promoted [3+2] Cycloaddition with an o,3-Unsaturated Ketone

Ry B 2
R TMSOTf N
+ Ry—N; —— //N D —
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- (o]
b b
- 130 131
; NN
N
© . R,  1,3-H-shift R
a —_— ~
129 \
Ie) N\Rz o HN\R
132 133

enaminone

Another example of an intermolecular azide addition was reported in 2000. The
Lewis acid promoted reaction of cyclopropanone acetals with alkyl azides furnished
diazo derivatives 144 and pB-lactams 145, where the product was dependent on the
structure of cyclopropanone (Scheme 20).*! In the 1970s, Wasserman and coworkers
demonstrated that cyclopropanones react with sodium azide to afford p-lactam 136. In
this study, Lewis acid promoted ring opening of cyclopropanone reacted in a [3+3]
cycloaddition with the alkyl azide to produce 1,2,3-triazine-5-one intermediate 142.

Subsequent ring fragmentation produced both diazo 144 and lactam 145.

* Desai, P.; Aube, J., Org. Lett. 2000, 2, 1657. Grecian, S.; Desai, P.; Mossman, C.; Poutsma, J. L.; Aube, J.
J. Org. Chem. 2007, 72, 9439.
“2 Wasserman, H. H.; Adickes, H. W.; Espejo de Ochoa, O., J. Am. Chem. Soc. 1971, 93, 5586. Wasserman,
H. H.; Glazer, E., J. Org. Chem. 1975, 40, 1505.
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Scheme 20. Reactions of Cyclopropanone Acetals with Alkyl Azides

(a) Wasserman and coworkers
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As Aubé continues to demonstrate the power of azide addition to the carbonyl
functional group (azido-Schmidt), Pearson outlined the extensive chemistry triggered by
carbenium ion addition to an electron rich azide. Treatment of azidoalkene 148 with a
protic acid such as triflic acid affords the bicyclic alkene 150 as the sole product.
Protonation of alkene 148 produces the tertiary benzylic carbocation, which can be
captured by the azide to form aminodiazonium ion 149. Subsequent migration of an alkyl

group and proton transfer that lead to bicyclic alkene 150 (Scheme 21).*

*% Pearson, W. H.; Schkeryantz, J. M. Tetrahedron. Lett. 1992, 33, 5291. Pearson, W. H.; Walavalkar, R.;
Schkeryantz, J. M.; Fang, W. K.; Blickensdorf, J. D., J. Am. Chem. Soc. 1993, 115, 10183.
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Scheme 21. Intramolecular Schmidt Reaction of an Alkyl Azide
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However, the proton promoted intramolecular Schmidt reaction of azidoalkene can
undergo cation rearrangement to form a more stable cation. The result of cation
rearrangement affords the mixture of regioisomeric products 152 and 153 (Scheme 22).
Additionally, acid sensitive functional groups were not tolerated under strong acidic
conditions. To avoid functional group intolerance and the regioselectivity issue, various
electrophiles were screened. Among the various nonprotic electrophiles, stoichiometric
amounts of Hg(OTf), promoted the rearrangement; subsequent reduction with sodium

borohydride to afford 152 as a single regioisomer.*®
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Scheme 22. Mercury Promoted Schmidt Reaction
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Asides from the Lewis acid promoted azide and carbonyl/alkene reactions, another
unique example of cycloaddition of azide and olefin was reported by Weinreb and co-
workers.** They utilized high pressure to overcome general reaction problems such as
long reaction times and partial conversion. Additionally, they found that traditional
thermal conditions afforded a 1:1 mixture of regioisomers in poor yield. However, at high

pressure isomer 159 was produced with over 95% selectivity in good yield (Scheme 23).

Scheme 23. High Pressure Assisted Azide Olefin Cycloaddition

CH,OMe NSy~ CHaPh PhH,C Mo
+  PhCHN, — o
'1CH,OMe {"CHzoMe
CH,Me CH,Me CH,Me
157 158 159
PhH, 80°C, 24hr, 30% 50 50
CH,Cly, 12 kbar, 18h, 83% <5 >95

“ Anderson, G. T.; Henry, J. R.; Weinreb, S. M. J. Org. Chem. 1991, 56, 6946.
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1.4. Triazoline Decomposition

1.4.1. Triazoline: Versatile Reaction Intermediate

Since the preparation of triazoline 162 in 1912,* the fragmentation of A%*1,2,3-
triazolines (hereafter triazolines) has been investigated by the organic synthetic
community. In general, the preparation of triazolines often involves a [3+2] cycloaddition
of azide (160) and an olefin (161) or cycloaddition of an imine (163) and a diazoalkane

(164) (Scheme 24).

Scheme 24. Triazoline Formation and Conformational Depiction

Ri” Ry Sy R Ry Moy s
oN N,
H Y e | (§ )
R1%H Ry Rz Ri H R, Ri Rz
160 161 162 163 164 E 162

Since basic nitrogen (N1) provides reaction pathways by homolytic and heterolytic
fragmentation, triazoline 165 can be converted to azomethine 167, aziridine compounds
169 after expelling nitrogen under mild conditions and diazo compounds 171 (Figure 6).
Three different types of triazoline decomposition will be discussed: 1) thermal, 2) acid

and base catalyzed, and 3) photodecomposition.*®

“ Wolff, L. Ann., 1912, 394, 60.
“® Scheiner, P., Triazoline Decomposition. In Selective Organic Transformations, Thyagarajan, B. S., Ed.
Wiley-Interscience: New York, USA, 1970; Vol. 1.
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Figure 6. Modes of Triazoline Conversion
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1.4.2. Thermal Decomposition of Triazoline

Early study of triazoline decomposition was based on the distribution of products that
included imine, aziridine, and diazo compounds. Especially in the case of thermal
decomposition, product distributions are entirely dependent on the structure of triazoline
and the solvent used. For example, triazolines from unactivated and unstrained olefin 173
with aryl azide 172 decompose spontaneously at room temperature to the corresponding

enamine 178 and imine 179 (Scheme 25).%’

*" Huisgen, R.; Fraunberg, K. v.; Sturm, H. J. Tetrahedron. Lett. 1969, 10, 2589.
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Scheme 25. Thermal Decomposition of Unactivated and Unstrained Olefins
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In the case of cyanogen azide addition to unactivated olefin 181, intermediate
triazoline 182 decomposed to aziridine 183 and alkyl shifted imine 184 due to the
electron withdrawing effect of cyano group (Scheme 26). A diverse range of olefins were

investigated with cyanogen azide to verify the reaction rate of cycloaddition.

Scheme 26. Cyanogen Azide Addition to Unactivated Olefin
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Additionally, the strained olefin norbornene formed exo adduct 185, then
decomposition of triazoline 186 gave five major products (Scheme 27). Unlike the

photochemically induced decomposition which gave 100% vyield of 188, thermal
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decomposition of the triazoline produced a wide range of products dependent on its

structure and electronics.*®

Scheme 27. Thermal Decomposition of Norbornene Derivative Triazoline
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H H H

185 186 187

NHPh
N~pp
NHPh

(49%) 188 (10%) 189 (11%) 190 (18%) 191 (9%) 192

Various types of electron-poor olefins were also investigated. For examples, methyl
acrylate cycloaddition with phenylazide gave the mixture of triazoline 195 and
aminodiazo compound 196. The a-diazo ester can react further with another molecule of

acrylate 194, to produce pyrazoline 197 (Scheme 28).%°

Scheme 28. Azide Addition to Electron Deficient Olefin
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As listed here, early study of thermal triazoline decomposition mainly focused on to the

*® McDaniel, R. S.; Oehlschlager, A. C. Tetrahedron 1969, 25, 1381. Hale, R. L.; Zalkow, L. H.
Tetrahedron 1969, 25, 1393.
* Broeckx, W.; Overbergh, N.; Samyn, C.; Smets, G.; L'Abbé, G. Tetrahedron 1971, 27, 3527.

27



rate of triazoline formation with various types of olefin. The decomposition pathways

were hypothesized from product distributions alone.

1.4.3. Acid- and Base-Induced Decomposition of Triazoline

Earlier study of acid-induced triazoline decomposition focused on the structural
features and the reaction conditions. Multiple reaction pathways are characterized based
on the reaction conditions. For example, displacement of diazonium nitrogen by external
nucleophiles has been reported.*® Triazoline 198 decomposed to amide 199 while 200

gave aniline hydrochloride 201 (Scheme 29).

Scheme 29. Acid-Induced Triazoline Decomposition: External Nucleophiles

SN o N
N di.Hal Ph ; N dil.HCl N
N T NHCH, | N T
N “IN2 ] N -N2

o \ OH ; \ *HCI
Me ! Ph
.

198 199 , 200 201

Acid induced decomposition of triazoline 202 produced aziridine 203 then facile
acid-cleavage of aziridine furnished amine 204. Additionally, migration of the alkyl

group produced the corresponding ring expanded ketone 208 (Scheme 30).

%0 Hohenlohe-Oehringen, K. Monatsh 1958, 89, 588. Backer, H. J. Rec. Trar. Chim 1950, 69, 1223.
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Scheme 30. Acid-Induced Triazoline Decomposition

Mo Mes®
NN 2N HOAc N Q
N — N—Ph | ————— Me,
e~nN’ N, Me OMe
MeO éMe\Ph MeO OMe NHPh
202 203 204
+
. N, NCN 0
N
N B N | B
\
CN “N
205 206 207 208

Additionally, the effect of base on the decomposition of triazoline has been
investigated by Huisgen.>® Following the pathway outlined in Scheme 28, triazolines
containing acyl, carboxyl, and nitrile groups at the 4-position readily isomerized to the
corresponding diazo compounds in the presence of base. The diazo compound could then
react in another cycloaddition, or be subjected to further functional group manipulation.

In the early 1990°s, systematic experimental and theoretical investigations of acid- or
base-induced decomposition of triazoline to aziridinium ion were reported. ** Smith and
coworkers extensively studied the acid promoted triazoline and triazene decomposition.>®
Calculations have determined N3-protonation can be favored over N1 by as much as 10
kcal/mol, but N1 protonation is in equilibrium and leads to irreversible triazoline

decomposition.

* Huisgen, R. Szeimies, G. Mobius, L. Chem. Ber., 1966, 99, 475. Szeimies, G. Huisgen, R. Chem. Ber,
1966, 99, 491.
°2 Michejda, C. J.; Denlinger, C. L.; Kupper, R.; Koepke, S. R.; Smith, R. H. J. Am. Chem. Soc. 1984, 106,
1056. Smith, R. H.; Denlinger, C. L.; Kupper, R.; Mehl, A. F.; Michejda, C. J. J. Am. Chem. Soc. 1986, 108,
3726. Schmiedekamp, A.; Smith, R. H.; Michejda, C. J. J. Org. Chem. 1988, 53, 3433.
%% Ozment, J. L.; Schmiedekamp, A. M.; Schultz-Merkel, L. A.; Smith, R. H.; Michejda, C. J. J. Am. Chem.
Soc. 1991, 113, 397. Wladkowski, B. D.; Smith, R. H.; Michejda, C. J. J. Am. Chem. Soc. 1991, 113, 7893.
Smith, R. H.; Wladkowski, B. D.; Taylor, J. E.; Thompson, E. J.; Pruski, B.; Klose, J. R.; Andrews, A. W.;
Michejda, C. J. J. Org. Chem. 1993, 58, 2097.
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1.4.4. Photodecomposition of Triazoline

Unlike thermal and acid-induced triazoline fragmentation, photodecomposition
displays a high selectivity for the corresponding aziridine. Photodecomposition of
triazoline was extensively investigated in the mid 1960s. Unlike thermal decomposition
of the norbornenyl derivative exo triazoline (Scheme 27), photolysis provided an
aziridine as a sole product with 100% yield. In addition to the norbornene like strained
ring systems,>* Scheiner demonstrated parallel experiments to compare selectivity of
thermal and photodecomposition.>® Dihydropyran derivative triazoline 211 was converted
to imine 212 in 91% vyield under thermal conditions. In contrast to thermolysis,

photodecomposition furnished aziridine 213 as a sole product in 67% yield (Scheme 32).

Scheme 31. Decomposition Selectivity: Thermal vs Photochemical

L)

ArN (6]

tol, 110 °C
2N (91%) 212
Ar\N/N: .
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0o Ar N
210 Ar = 4-Br-CgH,
211 Ar—N

O

(67%) 213

Stereochemistry had not been studied in the mechanism of thermal and acid-induced
decomposition of triazoline. However, in 1968, Scheiner reported the stereochemistry and

mechanism of aziridine formation from the photodecomposition of triazoline (Scheme

* Scheiner, P. Tetrahedron 1968, 24, 2757. Hale, R. L.; Zalkow, L. H. Tetrahedron 1969, 25, 1393.
% Scheiner, P. J. Org. Chem. 1967, 32, 2022.
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32).%° Under photolytic conditions, predominant retention of triazoline geometry in the
aziridine formation was observed. Photolytic decomposition may occur via homolytic
cleavage of the N1-N2 bond and involve a diradical intermediate (168, Figure 6). The
observed selectivity of triazoline photodecomposition is a consequence of its homolytic

nature of cleavage.

Scheme 32. Triazoline Photodecomposition

Phep” SN P Ph
hv N
: / R N +
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N h N N
A%
) . . A
Ph Me phAMe Ph ‘Me
cis-217 cis-218 trans-219
(65%) (17%)

% Scheiner, P. J. Am. Chem. Soc. 1968, 90, 988.
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1.5. Brgnsted Acid Promoted Olefin Functionalization

1.5.1. Brensted Acid Promoted [3+2] Cycloaddition

As mentioned in previous sections, the combination of azides and olefins which
undergo a 1,3-dipolar cycloaddition reaction has been extensively studied with a wide
range of target molecules.>” For the most part, this interest stems from the ability to
transform the resulting triazoline 162 to a range of derivatives, including aziridine 169
and diazo compound 171. The triazoline can also be transformed by various nucleophiles
such as amines or alcohols into a number of synthetically useful intermediates such as

vicinal diamines 220 or vicinal aminoalcohols 221 (Figure 7).

Figure 7. Azide-Olefin 1,3-Dipolar Cycloaddition and Triazoline Fragmentation

NH
' "
R2
— R2 /\ R!
R’ R R2
N
167 169 171

Ry H Ry RS NHR;
160 161 162 R
NH
RyOH A
H\‘ 10 |R2 221
R} OR;3

As discussed in Section 3.1.2 and 3.1.3, all previously reported methods for reacting
azides with alkenes were thermal reactions at varying temperatures, used Lewis acid
catalysts, or were run at high pressure. Although these reactions have already been shown
to form the cycloaddition product, improvements can still be made. We hypothesized that

Brensted acid catalysts in combination with substrate design would allow us to reach this

5 Scriven, E. F. V.; Turnbull, K. Chem. Rev. 1988, 88, 297.
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goal. First of all, the main object is to develop a mild and efficient substrate activation to
overcome generally long reaction times and the limited means to activate substrates
(thermal, photochemical). The use of catalysts would also provide an opportunity to
achieve absolute stereocontrol. Second, we were interested in the use of substrates that

would provide opportunity for further stereocontrolled fuctionalization.

Figure 8. Substrate Design

) + N oTf 9y .
R\ + o7 He /Rw .
N o NHR' O

\N/N g o
=N \)I\ | \
N > R-y X \)J\x X
\ — +Ny7
HO\) N=N HO\) 2 é\) OH

222 223 224

The basis for developing the protic acid catalyzed 1,3-dipolar cycloaddition reaction
began from the methyl vinyl ketone as an electron deficient olefin with electron rich
benzyl azide. Due to lack of activation of simple olefins, the reaction was designed and
tested with the carbonyl group as an activating group for promoting the cycloaddition
reaction with various azides. In order to convert alkene to triazoline (222), we started our
investigation with various solvent screen. The protic acid catalyzed cycloaddition
reaction with azide gave aziridine 227a as the major product (Table 1).%® As in previously
reported articles, the stability of the resulting triazoline allows for spontaneous
decomposition to aziridine (227a). However, the addition of Brensted acid allows for a
faster reaction time than thermal conversion. The acetonitrile reaction proceeded cleanly
with a high yield while diethyl ether and dichloromethane gave satisfactory yields.

Notably, protic solvents such as methanol and aprotic DMF gave no reaction.

%8 Mahoney, J. M.; Smith, C. R.; Johnston, J. N. unpublished results.
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Table 1. Olefin Aziridination Using Benzyl Azide and Methyl Vinyl Ketone: The Effect of Solvent

* N
Bn?N/N o
[¢] 200 mol% TfOH />)J\CH
225 —_— 3
\)]\Me solvent, 0 to 25 °C Bn/N
226 227a
entry? Solvent % yield?
1 MeCN 79
2 Et,0 58
3 CH,Cl, 49
4 THF 35
5 CHCl3 33
6 MeOH N.R.
7 DMF N.R.

aAll reactions were 0.3 M in substrate. lsolated yield
after chromatography.

Secondly, a Lewis acid screen was carried out to determine if Lewis acids could
efficiently catalyze the direct formation of aziridine 227a (Table 2).*° Several Lewis acids
such as Cu(OTf),, BF3;-OEt, and TMSOTT gave an appreciable yield in both CH3CN and
CH.ClI, solvents. All others gave at best no reaction with many giving complex reaction

mixtures as judged by *H NMR of the crude reaction mixtures.

* Hong, K. B.; Johnston, J. N. unpublished results.
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Table 2. Olefin Aziridination Using Benzyl Azide and Methyl Vinyl Ketone: The Effect of Lewis Acid

B~y 200 mol% 0
o . .
Me -20°Ctort Bn/
226 24 hr 227a
Lewis acid® % yield”
CH3;CN  CH,Cl,

MgBr, <5 <5
Cu(OTH), 18 17

YbCl, 5 <5

LaC|3 <5 <5

ZnCl, <5 <5

Ticl, 13 6
BF3eOEt, 22 22

SnC|4 6 6
TMSOTf 23 20

TfOH 75 48

o ooy " Sute ecated il

Next, with this condition, we set out to study the scope of the aziridination with
different azides (Table 3).°° Various azides were examined and gave generally good
yields. Among them, benzyl azide engaged the olefin to produce the N-benzyl protected
terminal aziridine 227a in 79% isolated yield. Since benzyl is a common protecting group
for nitrogen, benzyl azide was chosen as the standard nitrogen donor. Alternatively, the
aziridine may be isolated in slightly higher yield (92%) by direct crystallization of the
triflic acid salt (Table 3, entry 2). More hindered azides are also effective, including
diphenylmethyl azide 227c and adamantyl azide 227d. Azides such as tert-butyl glycinyl
azide can be smoothly converted to the aziridine 227f without identifiable ester
hydrolysis. Finally, a variety of allylic azides formed their derived aziridines 227g, 227h

in good vyield.

% Mahoney, J. M.; Smith, C. R.; Johnston, J. N. J. Am. Chem. Soc. 2005, 127, 1354.
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Table 3. Scope: Aziridination with Various Azides

In order to probe the mechanism of the aziridination, a detailed study of the reaction
between p-methoxyphenyl azide 228 and methyl vinyl ketone was undertaken (Scheme
33). With 1.2 equivalents of triflic acid in dichloromethane, a 43% vyield of the aziridine

231 was obtained. In the absence of triflic acid at room temperature, the thermal

+/ N O
R1\ --/N/’
-N 0 200 mol% TfOH P)LMe
\/”\Me CH3CH,CN, 0 °C .
226

entry? R’ % yield?
1 Bn 227a 79
2 Bn 227b 92°
3 Ph,CH 227c 49
4 Ad 227d 93
5 p-MeOCgH, 227e 43¢
6 ‘BuO,CCH, 227f 66
7 EtO,CCH=CHCH, 227g 76
8 Me,C=CHCH, 227h 68

3All reactions were 0.30 M in substrate and proceeded to complete
conversion.?Isolated yield after chromatography. °Yield of the crystalline
227a triflic acid salt. Reaction run in CH,Cl, at -78 °C to minimize trimeric
azide byproduct.

cycloaddition gave a quantitative yield of pyrazole 229.

Scheme 33.
o)
OCH;
OCH,
o)
\
dark N/N
pmp—NH  H
CH,Cl,, rt, 14 d 229
quantitative T
N o]
PMP__-- _N“ 3+2
N7 228 (3+2] TFOH >
PMP~p CHg
o} =N
\)J\CHa 230
TfOH (120 mol %)
226 — O
CH,Cl,, -78 °C ’>)J\ -
43% N CHa
PMP”
231
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This latter behavior is precedented and believed to arise via the isomerization of the
triazoline to an a-diazo intermediate which can then undergo [3+2] cycloaddition with
another equivalent of methyl vinyl ketone. This pyrazole was not converted to aziridine

with TfOH and therefore lies after any potential common intermediate.

1.5.2. Acceptor Design

The ease with which the aziridine triflic acid salt 227b could be formed and isolated
led us to consider the possibility that an oxygen nucleophile might be internally delivered

by an activated ester heteroatom 233 (Scheme 34).

Scheme 34.

N [e) R4
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o A~ R MR s A
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o OCHjy o OCH,
o

232 233 234 235

To verify our hypothesis, different types of active esters such as imide 236,
sulfonamide 237, and cyclic oxazolidinone 238 were synthesized and tested under
standard condition. Under these conditions, the aziridination reaction was tolerated with
different functional groups. Finally, to deliver various heteroatoms to olefin
functionalization, oxygen nucleophiles such as carbamate type active esters were
synthesized and tested to form desired oxazolidione dione 239 with various ester

derivatives (Scheme 35).
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Scheme 35. Olefin Aziridination Using Benzyl Azide and Various Active Esters

1.5.3. B-Alkyl Substituted Imide Derivatives.

The starting materials were prepared in one to two steps. Amides were prepared by
coupling benzyl amine or aniline with the acid chloride. These reactions usually worked
cleanly and the products were isolated as crystalline solids (Table 4). The amides were
further functionalized by lithiating the amide and then reacting it with methyl
chloroformate.

derivative 243, the requisite carboxylic acid was prepared from the corresponding

R = alkyl, phenyl

200 mol% TfOH
120 mol% BnN3

CH3CN, -20°Ctort

R = Me, Et, 1Bu, Ph

238

(67%)
2:1dr

In the case of B-cyclohexane derivative 241 and B-hydrocinnamoyl

aldehyde using a Knoevenagel condensation (Scheme 36).”

Scheme 36. Carboxylic Acid Preparation: Knoevenagel Condensation

Oy e
©AA

241 (93%)

243 (98%)

8 Jessup, P. J.; Petty, C. B.; Roos. J,; Overman. L. E. Organic Syntheses; Wiley: New York, 1988; Collect.
\ol. 6, p 95.



Table 4. B-Substituted Imides Preparation

method A
1. (COCl), o] 1. "BuLi
DMF H 78 °C
Q 2.RNH, RS z 2. CICO,Me o o
1
RZ/\)J\OH - . = Rz/\)j\lil)l\OMe
(0] . Y
method B 78 °C 1
1.(CoCi), Rz/\)]\m 2. Ho__COMe
DMF N
o
entry? R4 R, method imide yield (%)b

1 Bn H A 244a 85
2 Bn Me A 244b 87
3 Bn Et A 244c 90
4 Bn iPr B 244d 43
5 Bn Cy B 244e 64
6 Bn CgHg A 244f 25
7 Ph Me A 2449 72
8 Ph Et A 244h 73
9 Ph ipr B 244i 60
10 Ph Cy A 244j 27
11 Ph CgHg A 244k 71
12 Ph Ph A 2441 59

aAll reactions were 0.25 M in substrate and proceeded to complete
conversion. ?lsolated yield after chromatography.

With these Michael acceptors in hand, Lewis acids were screened to determine if
Lewis acids could efficiently catalyze the direct formation of oxazolidine dione 245f
(Table 5). Using the same selection that was used with methyl vinyl ketone 226, several
Lewis acids such as TiCl, SnCl, and TMSOTT gave an appreciable yield in both CH3;CN
and CH,CI, solvents. It was also confirmed that TfOH afforded the most efficient
transformation to the desired oxazolidine dione. All others resulted in either no reaction

or a complex reaction mixture as judged by *H NMR of the crude reaction mixtures.
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Table 5. Olefin Functionalization Using Benzyl Azide and Imide: The Effect of Lewis Acid

+/N H\ e
Bn_:_N?

(0]
_N o 9 200 mol% Lewis acid
/\)J\ )J\ > HsC =
HyCT N r;l OCH; z
Ph

120 mol% BnN3 N—Ph
-20°Ctort OX
24hr S
2449 245f
o % yield?
Lewis acid
CH3;CN CH,Cl,

MgBr, <5 <5
Cu(OTf), <5 <5
YbCl3 <5 10°
LaCl3 <5 <5
ZnCl, <5 <5
TiCly 35 34
BF3OOEt2 15 45
SnCly 26 26
TMSOTf 36 35
TfOH 67 43

aAll reactions were 0.3 M in substrate. 2Isolated yield
after chromatography. °Triazoline was isolated.

Using these N-Bn protected carbamates, the standard aziridination reaction was

investigated. The crotonyl derivative of N-benzyl methyl carbamate 244b was subjected

to the standard aziridination conditions which delivered oxazolidine dione 245b as a

single regioisomer (>20:1, *H NMR). The scope of the B-alkyl substituted acceptor for

this process was studied and the results are shown in Table 6. All of the alkyl substituted

N-Bn imides gave good diasteroselectivity and moderate yield. However, the cinnamoyl

imide derivative 245] gave only the product of imide hydroysis.
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Table 6. The Scope of B-alkyl Substituted Acceptors: Aminohydroxylation

Bn? N7 Bn\NH o
N o o 200 mol% TfOH J\/«
_— 1
R1/\)J\NJ\OM8 CH4CN, 0 > 23 °C R DS
|
Bn
244 Y, 245
entry? R’ dr % yield?

Me 245b > 20:1 94
Et 245c 15:1 82
Pr 245d > 20:1 61
Ph 245l 0

BWN

4All reactions were 0.25 M in substrate and
proceeded to complete conversion. Plsolated yield
after chromatography.

Considering the fact that these reactions are accelerated by Lewis acids, we sought a
more electron deficient carbamate electrophile and targeted 244g for synthesis and
evaluation. After screening reaction variables, trans-triazoline 246g was isolated as a
single diastereomer when the reaction was maintained and quenched at -20 °C with
triethylamine (Scheme 37). N-Bn carbamate was also converted and isolated.
Additionally, a competition experiment proved that the more electron deficient N-Ph

carbamate reactivity was five times faster than the corresponding N-Bn carbamate.
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Scheme 37. Competition Experiment: N-Bn Carbamate vs N-Ph Carbamate

~y—N
o o 200 mol% TfOH NN
150 mol% BnN
Hac/\)J\N OCHs s HsC 0
bh CH4CN, -20 °C H
/N\
200 mol% TEA Ph” SCO,Me
0,
2449 (62%) 246g
LI
/\)j\ Bn Bn
HaC N "OCH, 200 mol% TfOH ‘N’N\\N \N’N\\N
Ph
244 75 mol% BnN
9 kA HaC 0 HaC 0o
o o CH,CN, 20 °C ol B
/\)I\ 'S 200 mol% TEA Ph” “CO,Me Bn” “CO,Me
HaC N7 ook,
BN paap 2469 246b
244g:244b =11 246g:246b=53: 1

Our initial protocol was performed with commercial TfOH without purification and
the reaction was initiated at low temperature but then allowed to warm to room
temperature. After finding the new reaction variation with low temperature, however,
running several reactions starting from the imide side by side under identical conditions
revealed that this reaction did not consistently show the same ratio of triazoline to
oxazolidine dione. Due to this fact, the next set of experiments were performed to verify

the effect of additives for formation of triazoline and oxazolidine dione (Table 7).
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Table 7. The Effect of Additives: Triazoline vs Oxazolidine Dione

Bn\ /
/\)(L j]\ 200 mol% TfOH O
HaC™ 7T TINT TOCHs 450 mol% BnN3 5 N—Ph
Ph CH4CN, 20 °C h/ ~com
24hr 2vie o
2449 100 mol% additive 2469 245g
entry? Additives % conversion®  ratio (TA : AH)
1 MeOH 80 0:100
2 EtOH 80 0:100
3 'PrOH 72 0:100
4 CF3CH,0H 100 0:100 (58%)°
5 Et,0 100 13:87
6 DMF 40 40: 60
7 NMP 42 42:58
8 none 100 100 : 0 (64%)°

4All reactions were 0.25 M in substrate and proceeded to complete conversion.
PMeasured by "H NMR analysis of the crude reaction mixture after reaction quench
(Et3N, 2 equiv.) at the reaction temperature. °Isolated yield after chromatography.

First, using various alcohol additives showed over 70% conversion from imide to
oxazolidinedione without forming triazoline. Even at low temperature, alcohol additives
can activate this reaction pathway to convert triazoline to oxazolidinedione. Additionally,
other non protic additives such as Et,O, DMF and NMP showed an acceleration of the
transformation to oxazolidine dione. However, DMF and NMP showed only 50%
conversion and around 50:50 mixtures of triazoline and oxazolidine dione. Without an
additive, the reaction gave only triazoline formation in 64% yield. More detailed

mechanism and the effect of additives will be discussed in Chapter 2.
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This observation held true for B-substituted N-phenyl and N-benzyl carbamates,

leading to their corresponding triazolines in good yield. The scope of the pB-alkyl

substituted acceptor for this process was studied and the results are shown in Table 8. The

formation of triazoline was dependent on the temperature and freshly distilled TfOH

(entry 1-3, 6-8). Additionally, unlike the conventional heating method, microwave can

facilitate the promotion of [3+2] cycloaddition in a short period of time (entry 4-5, 9-10).

Table 8. Acid Promoted/Thermal [3+2] Cycloaddition, Acid Promoted Triazoline Fragmentation

+//N
Bn\’-\i,N/

- o)

5
R4

Conditions:

/\)J\ _CO,Me A: MW, 120 °C .
R N B: TfOH, CH4CN

-20 °C

Bn

N

N’N\\

)\ﬁf
(0]
2

H

TfOH
CH5CN

—» R
-20°Ctort

Bn\N/H

R N\COZMe o
244 246 245

entry R4 R2 yield (%) yield (%)°

1 Bn H 246a 54b 245a 92

2 Bn Me  246b 73b 245b 62

3 Bn Et  246¢ 780 245¢ 72

4 Bn Pr 246d 750 245d 70

5 Bn Cy 246e 708 245e 75

6 Bn CgHg  246f 762 245f 74

7 Ph Me 2469 62b 2459 56

8 Ph Et  246h 73b 245h 63

9 Ph ipr 246i 65° 245i 54

10 Ph Cy  246j 602 245j 50

11 Ph CgHg 246k 412 245k 51

4General condition A: Reactions were run with 0.2 mmol of imide and 80 eqiuv. of BnNj at
120 - 150 °C. ®General condition B: BnNj3 (1.5 equiv.) and the olefin (1 equiv) in CH;CN
(0.33 M) were treated with triflic acid at -20 °C, then quenched with TEA (2.0 equiv) at -20
°C. ®Triazoline (1 equiv.) in CH3CN (0.33 M) was treated with triflic acid at -20 °C and
warmed to room temperature.

Both protocols were generally efficient, leading to a good yield of triazoline 246 with

high diastereoselectivity (>20:1, *H NMR) in both N-Bn and N-Ph protected imides.

Sterically unencumbered methyl 246b, ethyl 246c¢, and isopropyl 246d gave slightly

better results than hindered cyclohexyl 246e, and hydrocinnamoyl 246f. The isolated
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triazolines were then resubjected to standard acid promoted conversion to the
corresponding oxazolidine diones. In general, various alkyl substituted triazoline series
showed moderate conversion to oxazolidine dione.

We can also control the reactivity of the carbamate imide dependent on the additive
and temperature. Utilizing this fact, the desired oxazolindine dione can be obtained under
various conditions (Scheme 38). For example, under the low temperature, imides 244e
and 244f furnished oxazolidine dione 245e and 245f with 1 equivalent of water as an

additive.
Scheme 38. One Step Synthesis of Oxazolidine Dione
Q0 200 mol% TfOH O

A N/U\OCH 150 mol% BnNg -
| 3 S > z N—Bn
Bn CH4CN, -20 °C o\\<
100 mol% H,0 %

200 mol% TEA

244e (40%) 245¢
Bn H
/\/\i j\ 200 mol% TfOH N
Ph X N~ NOCH, 150 mol% BnN;
B CH4CN, -20 °C Z_ N—Bn
100 mol% H,0 \\(
200 mol% TEA o
244f (45%) 245f
Bn_ _H
o o 200 mol% TfOH o
150 mol% BnN H c)\/«
Hac/\)J\ NJ\OCH3 N ° T —ph
h CHLCN o\<
-20°C, 1d, then rt, 1d \
200 mol% TEA
2449 245g

(67%)

However, in the presence of water, the competition reaction between triazoline
fragmentation and imide hydrolysis resulted in lower yield than direct conversion from

triazoline to oxazolidine dione. Additionally, imide 244g can convert to triazoline under
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low temperature, then warming to room temperature to afford oxazolidine dione 245g in
67% yield.

Next, using acryloyl derivative N-Bn carbamate 244a, a range of functionalized azide
additions were investigated (Table 9). Various azides were screened and gave generally
good yields. More hindered azides are also effective, including diphenylmethyl azide
247a, fluorenyl azide 247b, and adamantyl azide 247f. Azides such as ethyl glycinyl
azide 247h and cyclic ester derivative azide 247i can be smoothly converted to the
oxazolidine dione without identifiable ester hydrolysis. Finally, a variety of functional
group such as 4-nitrophenyl azide, sulfone functionalized alkyl azide formed their

derived oxazolidine dione 247d, 247e in good yields.

Table 9. Scope: Aminohydroxylation with Various Azides

R_--_N% RS H
N7 o o 200 mol% TfOH N o
100 mol% H,0
S, o A
, © CH4CN, -20 °C o BN
Bn 200 mol% TfOH
o
244a 247
entry? R % yield®
1 Ph,CH 247a 78
2 9-Fl 247b 84
3 Ph 247¢ 63
4 4-NO,Ph 247d 54
5 PhSO,CH,CH, 247e 93
6 Ad 247f 55
7 PhCH=CHCH; 2479 84
8 EtO,CCH, 247h 69
9 247i 88

[‘}:o

Y

aAll reactions were 0.30 M in substrate and proceeded to complete
conversion. PIsolated yield after chromatography. “Abbreviations: Ad =
adamantyl, Fl = fluorenyl.

The X-ray crystal structure of 248 established the relative stereochemistry as anti for

these products. We hypothesized that there is an intermediate trans-triazoline which
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under our reaction conditions would allow us to obtain relative stereochemistry were the

trans-triazoline fragments to a trans-oxazolidine dione.

Scheme 39.
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The triazolines formed in thermal azide-olefin cycloadditions were analyzed by 1D
and 2D NMR, which showed the product to be the trans-triazoline 246g. The proposed
mechanism, for the conversion of the trans-triazoline 246g to anti-245g via either
diazonium 250 or trans-aziridine 251 is shown in Figure 9. Under acidic conditions, the
more basic nitrogen of the triazoline is protonated, which activates it toward ring opening.
In the first pathway, N3 of the triazoline is protonated, followed by isomerization to the
B—amino-a-diazonium imide. Intermediate 250 is then susceptible to Sy2 attack by the
carbonyl, expelling N», and leading to the anti-oxazolidine dione 245g. However, another
pathway exists to anti-245g through amino diazonium intermediate 249, which could
undergo aziridination to trans-251, and finally produce the anti-aminohydroxylation
product anti-245g. The difference between these pathways is the fragmentation pathway
from triazoline 246g; N-N bond cleavage forms diazonium 250, whereas C-N bond
fragmentation leads to aminodiazonium 249. In work with triazolines derived from
fumarate esters, we have found that diazonium ions similar to 250 typically form cis-

aziridine such as cis-251.
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Figure 9. Mechanistic Hypothesis of anti-Triazoline Fragmentaion to anti-Oxazolidine Dione

+//N i
.. -
Bn\N/N N + ’\1/5\1
o o o0 Bn<? ! _H
/\)J\ )J\ TroH " N/ \\N TfOH Bn—N/ Q
—_— —— N(Ph M
He” N7 Noch, )—/ >_/e_ (Ph)COzMe
th HsC CON(Ph)CO,Me HaC H
2449 2469 249
slow
bond rotation
(retention)
N
IISDH Bn—wyn’ ?DH
+N bond NN+ *N
0o rotation >_I":, o ., O
H3C oo HsC “ H3C/Q II(
SN2 0, N
o, N\Ph ~ph o, N\Ph
OCHjg OCH;g OCHjg
cis-251 250 trans-251
\ S\2 - inversion /
Bn v
NH o Bn

syn-245¢g

not observed anti-2459

Therefore, it is highly interesting that triazoline 246g does not proceed through cis-
251, as determined by the exclusive production of anti-245g from 244g. A possible
mechanistic hypothesis for this different behavior is the faster rate of cyclization of 250
to anti-245g