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1.1
Introduction

In the last two decades, explosive progress has been made in synthetic methods
for production of amino compounds, due to their rapidly increasing applications
in pharmaceutical and material sciences. Development of amination reagents for
the construction of new carbon—nitrogen bonds is one of the most important and
basic processes for the synthesis of amino molecules, and this chapter introduces
simple and useful amination reagents classified by reaction type, such as electro-
philic amination reagents, including transition metal-nitrene and nitrido
complexes, radical-mediated amination reagents, and nucleophilic amination
(Gabriel-type) reagents.

1.2
Hydroxylamine Derivatives

Hydroxylamine derivatives are one of the most versatile and simple amination
reagents, leading the variety of nitrogen-containing compounds. This section
mainly focuses on recent advances in electrophilic amination of carbon nucleo-
philes with various hydroxylamine derivatives.

1.2.1
O-Sulfonylhydroxylamine

Tamura has reported the synthesis of O-mesitylsulfonylhydroxylamine (MSH; 1;
Figure 1.1) and related compounds and has examined their reactions with various
nucleophiles in detail [1]. With regard to the formation of C—N bonds by the use
of MSH, however, the applicable carbanions were quite limited — to stabilized
enolates only — and the product yields of the resulting amines were quite low.
The electrophilic amination of organolithium compounds with the
methyllithium-methoxyamine system, long recognized as a potentially useful
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Scheme 1.1 Electrophilic amination with the methyllithium-methoxyamine system.

amination method (Scheme 1.1), was discovered by Sheverdina and Kocheskov in
1938 [2]. Overall the process is a formal displacement of the methoxy group of the
lithium methoxyamide intermediate with the carbanion. Model calculations per-
formed to provide insight into the electrophilic properties of LIHN—OMe showed
that the N—O bond in LIHN—OMe is bridged by Li and is longer than the related
bond in H,N—OMe [3]. This would suggest a particular significance of the
nitrenoid-like structure for the facile cleavage of the N—O bond.

These concepts have been translated into the design of some O-
sulfonylhydroxylamines such as tert-butyl-N-tosyloxycarbamate (2) [4] and allyl-N-
tosyloxycarbamate (3) [5], which can be easily prepared and are stable enough to
handle. Actually, Boche et al. reported the crystal structure of lithium tert-butyl-N-
mesityloxycarbamate and revealed that the N—O bond is longer than that in the
neutral compound, tert-butyl-N-mesityloxycarbamate, which supports the calcula-
tions mentioned above [6].

Lithium  tert-butyl-N-tosyloxycarbamate  (4) and  lithium  allyl-N-
tosyloxycarbamate (5), generated by treatment of 2 and 3 with butyllithium in THF
at —78°C, are useful for the preparation of N-Boc and N-Alloc amines. A variety
of N-protected alkyl, aryl, and heteroaryl primary amines can be synthesized by
treatment with the corresponding organolithium and -copper reagents (Schemes
1.2-1.5).

The amination of a-cuproamides and o-cuprophosphonates also proceeds effec-
tively through the use of lithium tert-butyl-N-tosyloxycarbamate (4) and allyl-N-
tosyloxycarbamate (5) to give o-amino acid derivatives. Asymmetric synthesis of
o-amino acid derivatives is achieved by the amination of chiral amide cuprates
with lithium tert-butyl- N-tosyloxycarbamate (4; Scheme 1.6) [7].

These methods can be applied to the amination of organoboranes [8]. Primary
alkyl boranes rapidly react with lithium tert-butyl-N-tosyloxycarbamate (4) ina 1:1
molar ratio to give N-Boc-protected primary amines in good yield (Scheme 1.7).
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The reaction presumably proceeds through the aniotropic rearrangement of an
organoborate complex.

In addition, arylsulfonyloxycarbamates such as 6-8 can be used for aziridination
of alkenes by treatment with inorganic bases such as CaO or Cs,CO;. The treat-
ment of, for example, cyclohexene with ethyl N-arylsulfonyloxycarbamates 6 and
7 in the presence of CaO gives N-ethoxycarbonylaziridine along with a small
amount of an allylic amination product (Scheme 1.8) [9]. As judged from the
formation of an sp® C—H amination product, the reactive intermediate of this
reaction seems to be ethoxycarbonylnitrene. Silyl enol ethers are aminated by
the same procedure to afford a-amino carbonyl compounds, presumably via N-
ethoxycarbonyl azirines (Scheme 1.9).
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The corresponding reactions with electron-deficient alkenes also afford aziri-
dines, but through some other mechanism, such as an aza-Michael addition—
elimination process (Schemes 1.10, 1,11) [10].

1.2.2
O-Phosphinylhydroxylamine

As well as O-sulfonyloximes (Section 1.2.1), O-(diphenylphosphinyl)hydroxylami
ne (9) has also been utilized for the electrophilic amination of various carbanions
to prepare primary amines [11]. Grignard reagents and organolithiums including
enolates are aminated with 9 (Table 1.1).

The application of O-(diphenylphosphinyl)hydroxylamine (9) is limited by its
low solubility in most organic solvents. Recently, Vedejs reported that O-di-(p-
methoxyphenylphosphinyl)-hydroxylamine (10), which is soluble in THF even at
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Table 1.1 Electrophilic amination with O-(diphenylphosphinyl)hydroxylamine (9).
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-78°C, reacts efficiently with stabilized sodium or potassium enolates derived
from malonates, phenylacetates, and phenylacetonitrile as shown in Scheme 1.12
[12].

1.2.3
O-Acylhydroxylamine

O-Acylhydroxylamines have not been employed for electrophilic amination as
extensively as O-sulfonyl- and O-phosphinylhydroxylamines [13]. Recently, though,
J. S. Johnson has developed a mild and widely applicable method for the prepara-
tion of various secondary and tertiary amines through the copper-catalyzed elec-
trophilic amination of organozinc reagents with O-benzoylhydroxylamines such
as 11 or 12 [14]. The O-benzoylhydroxylamines, most of which are stable enough
to be used in the subsequent amination, are prepared by the oxidation of the cor-
responding primary and secondary amines with benzoyl peroxide and K,HPO, in
DMEF (Schemes 1.13 and 1.14).

Secondary and tertiary amines are synthesized by treatment of organozincs with
O-benzoylhydroxylamines 11 and 12 in the presence of catalytic amounts of
[Cu(OT1)]-CH¢ (Schemes 1.15 and 1.16).
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This methodology can be used for aromatic C—H amination by combination
with directed ortho-lithiation/transmetalation (Scheme 1.17).

1.24
O-Trimethylsilylhydroxylamine

Ricci developed the electrophilic amination of higher-order cyanocuprates with
N,O-bis(trimethylsilyl)hydroxylamine (13), providing a suitable method for the
preparation of primary amines (Scheme 1.18) [15].
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Scheme 1.19 Electrophilic amination with N,O-bis (trimethylsilyl)hydroxylamines (13).
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N,O-Bis(trimethylsilyl)hydroxylamine (13) first reacts with the higher-order
cuprate to generate lithium N-silyl-N-siloxyamide 14 and monoanionic lower-order
cyanocuprate. The new C—N bond may be formed by the interception of lithium
amide 14 with the thus formed cuprate via an amide—copper intermediate as
shown in Scheme 1.19.

Similarly, by starting from N-alkyl-O-(trimethylsilyl)hydroxylamines such as 15,
N-alkyl aromatic and heteroaromatic amines are prepared by treatment with
aryl- and heteroarylcyanocuprates (Scheme 1.20) [16].

1.2.5
Experimental Procedures

Representative synthesis of O-benzoylhydroxylamines Morpholine (5.2mL.
60mmol) was added by syringe in one portion to a mixture of benzoyl peroxide
(12.1g, 50 mmol) and dipotassium hydrogen phosphate (13.1g, 75 mmol) in DMF
(125mL). The suspension was stirred at ambient temperature for 1h. Deionized
water (200mL) was added, and the contents were stirred vigorously for several
minutes until all solids had dissolved. The organic materials were extracted with
ethyl acetate (150mL) and the combined extracts were washed with saturated
aqueous NaHCO; (100mL x 2). The aqueous fractions were combined and extracted
with ethyl acetate (100mL x 3), and the organic fractions were combined and
washed with deionized water (100mL x 3) and brine (100mL), and dried over
MgSO,. Volatile materials were removed in vacuo and the resulting crude mixture
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was purified by flash column chromatography, with elution with 50% ethyl acetate/
hexane, to afford 4-benzoyloxymorpholine (11, 7.71g, 37mmol, 74%) of >95%
purity by "H NMR spectroscopy.

o) .O__Ph
NH KH,PO, N
_o__ph 2TT4_
o * Ph)ko g bMr . O O

% 11 73%

Representative electrophilic amination with O-benzoylhydroxylamines A THF solu-
tion of diphenylzinc, prepared from an ethereal solution of PhMgBr (1.0M, 1.1mlL,
1.1mmol) and ZnCl, (75mg, 0.55mmol) in THF (2.0mL), was added by cannula
in one portion to a mixture of 4-benzoyloxymorpholine (11, 103mg, 0.50mmol)
and [CuOT{],- C¢H, (3mg, 0.0056mmol) in THF (5.0mL). The resulting solution
was stirred at ambient temperature for 1h. The reaction mixture was diluted with
Et,0 (10mL) and transferred into a separating funnel. The mixture was washed
with saturated aq. NaHCO; (10mL x 3) and the amino components were extracted
with 10% aqueous HCI (10mL x 3). The aqueous extracts were basified with 10%
aq. NaOH and the amino components were extracted with CH,Cl, (10mL x 3).
The organic fraction was washed with brine (10mL), dried over Na,SO,, and con-
centrated in vacuo to afford 4-phenylmorpholine as a white solid (80 mg, 0.49 mmol,
98%) of >95% purity by '"H NMR.

[CuOTf]x*CeHg _Ph
ﬁN/OYPh (1.25 mol%) N
+phyzn —L25mol) o
o) o THF, 25 °C
" 91%

Representative electrophilic amination with N,O-bis(trimethylsilyl)hydroxylamine N,
O-Bis(trimethylsilyl)hydroxylamine (0.426mL, 2.0 mmol), commercially available
from Aldrich Chemical Co., Inc., was added dropwise at —=50°C to a clear brown
solution of Ph,CuCNLi, (2.0mmol) in THF After stirring for 1h, the dark reaction
mixture was hydrolyzed with 20% aq. HCI (30mL). The aqueous layer was basified
with NaOH, and aniline was extracted with Et,0 (2 x 20mL). The organic layer
was washed with brine and dried over Na,SO,. The solvent was removed in vacuo
and the resulting crude materials were purified by distillation to afford aniline
(167mg, 90%) as a clear liquid.
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1.3
Oxime Derivatives

Oxime derivatives are readily converted into a variety of amino compounds through
representative reactions such as the Beckmann rearrangement, Beckmann frag-
mentation, and the Neber reaction [17]. This section mainly focuses on C—N bond
formation by electrophilic amination of carbanions with oxime derivatives by
substitution on the sp” nitrogen atom.

1.31
Synthesis of Primary Amines by Electrophilic Amination of Carbanions

Oxime sp” nitrogen atoms possessing suitable leaving groups (OR') react with
organometallic reagents (R-M) to afford the corresponding N-alkyl- or N-
arylimines, which are readily hydrolyzed to primary amines (Scheme 1.21). To
make this substitution reaction efficient, competing side reactions such as the
Beckmann rearrangement and the Neber reaction have to be suppressed by suit-
ably masking the oxime derivatives.

Murdoch reported that treatment of tetraphenylcyclopentadienone O-tosyloxime
(17) with excess amounts of aryllithium and aryl Grignard reagents gives N-ary-
limines, which can be converted into primary amines and cyclopentadienone
oxime by treatment with excess hydroxylamine in aqueous pyridine (Scheme 1.22)
[18]. The formation of the imines probably proceeds through nucleophilic addition
to the nitrogen atom of oxime 17 to generate stabilized cyclopentadienyl anions,
which undergo elimination of tosylate.

Acetone O-(2,4,6-trimethylphenylsulfonyl)oxime (18) can be applied in the ami-
nation of arylmagnesium and arylzinc reagents [19]. Treatment of oxime 18 under
Barbier conditions (i.e., treatment of aryl bromide with 18 and magnesium in THF
at reflux temperature), followed by the hydrolysis of the resulting imines under

3 4
" ~OR " SR HyO*
i + RA-M —— ——— R*NH,
R'” "R? R'” "R?
(+TOR%)
Beckmann rearrangement  Neber reation
1 '
N(5R3 E+ 5 (or?
-OR3) ! N base 1N
3 _ |‘| (+7OR%) Rt ( R\[)\\Rz
R1 R2 R2 E R2
! H
H,0 fL 1 i Hs0* R1\HOJ\ 5
R
RZ" N ; R
H . NH,

Scheme 1.21 Synthesis of primary amines by use of oxime derivatives.

9
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Scheme 1.22 Electrophilic amination with tetraphenylcyclopentadienone O-tosyloxime (17).
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Scheme 1.23 Electrophilic amination with acetone O-(2,4,6-
trimethylphenylsulfonyl)oxime (18).

acidic conditions, afforded N-aryl primary amines, although the yields were
moderate (40-56%) (Scheme 1.23) [20].

Narasaka developed the amination of Grignard reagents with bis[3,5-bis(trifluo
romethyl)phenyl] ketone O-tosyloxime (19) [21], the introduction of the electron-
withdrawing trifluoromethyl groups suppressing the competing Beckmann rear-
rangements. Various primary amine derivatives are synthesized by the reaction
with aryl and alkyl Grignard reagents, except in the case of tertiary alkyl reagents
(Scheme 1.24).

A chiral secondary amine is prepared without loss of optical purity by treatment
of a chiral Grignard reagent with oxime 19 (Scheme 1.25) [22]. This means that
the reaction proceeds not through an electron-transfer mechanism but by nucleo-
philic substitution at the oxime nitrogen.

The employment of O-sulfonyl oximes of cyclic ureas and carbonates [23, 24]
works effectively for the electrophilic amination of Grignard reagents, because
they never undergo Beckmann rearrangements or Neber reactions. Among them,
4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20), which can be
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Scheme 1.26 Synthesis of 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20).

prepared easily from commercially available phenylcarbonimidic dichloride
(Scheme 1.26), was found to be most suitable [25]. The imidic dichloride was
treated with pinacol and NaH to give 2-phenylimino-1,3-dioxolane, which was
transformed into O-(phenylsulfonyl)oxime 20 by imino-exchange by treatment
with hydroxylamine followed by O-sulfonylation of the resulting oxime.

Various Grignard reagents react with oxime 20 in nonpolar solvents to afford
the corresponding imines, which are easily converted into primary amines under
mild acidic conditions (Table 1.2). Aryl Grignard reagents, regardless of steric
congestion and the electronic effects of the substituents on the aryl group, are
smoothly aminated with 20, and anilines are obtained after hydrolysis or solvolysis
of the resulting N-aryl imines. Primary, secondary, and tertiary alkylamines are

n
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Table 1.2 Synthesis of primary amines by the electrophilic
amination of Grignard reagents with O-(phenylsulfonyl)oxime

(20).
OSOQPh R method A
)J\ N - HCl in Et,0
MeOH
R-MgBr o eOH. R-NH3*CI"
. 3
(in Et,0) % “PhClor CH,Clp H method B
0°C~rt 6 M HCl aq.
EtOH, reflux
R yield / % R yield / %
Ph A 93 PhCH,CH, B 90
p-CF3-CgHa A 94 PhCH,CH(CHj) B 89
4-(MeO),-CgH3 A 91 1-adamantyl B 89
2,6-Mey-CgH3 B 90 CH,=CH(CH3) — 932

a) Yield of 2-aza-1,3-diene.
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Scheme 1.27 Electrophilic amination of arylcopper reagents

with O-(phenylsulfonyl)oxime (20).

prepared in high yield from the corresponding alkyl Grignard reagents, and even
alkenyl Grignard reagents reacted with 20 to give 2-aza-1,3-dienes.

Aryl Grignard reagents bearing a cyano or an alkoxy carbonyl group, prepared
by iodine-magnesium exchange [26], cannot be used directly for this amination
procedure, because of their instability at temperatures higher than 0°C. Arylcopper
reagents generated by transmetalation of such arylmagnesium compounds with
CuCN-2LiCl in the presence of trimethyl phosphite [27] react with 4,4,5,5-
tetramethyl-1,3-dioxolan-2-one O-(phenylsulfonyl)oxime (20) to afford the cor-
responding N-arylimines, which are hydrolyzed to anilines (Scheme 1.27) [28].
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1.3.2
Experimental Procedures

Procedure for the preparation of 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-phenylsul-
fonyloxime Pinacol (15.2g, 128 mmol) in THF (60mL) was slowly added under
argon at 0°C to a suspension of NaH (6.36g, 264 mmol) in THF (250mL), after
which phenylcarbonimidic dichloride (20.5g, 128 mmol) in THF (40mlL) was
added over 15 min. This mixture was stirred at room temperature for 30 min, after
which the reaction was quenched with a pH 9 ammonium buffer and the mixture
was extracted three times with ethyl acetate. The combined extracts were washed
with brine and dried over Na,SO,, and the ethyl acetate was removed in vacuo
to give an 87% yield of 4,4,5,5-tetramethyl-2-phenylimino-1,3-dioxolane (22.5g,
111 mmol), which was used without further purification.

Triethylamine (61.7g, 611mmol) and NH,OH-HCI (34.1g, 491 mmol) were
added to a solution of 4,4,5,5-tetramethyl-2-phenylimino-1,3-dioxolane (26.7g,
122mmol) in ethanol (300mL), and this mixture was stirred at room temperature
for 24h. After the reaction had been quenched with pH 9 ammonium buffer, the
mixture was extracted three times with ethyl acetate. The combined extracts were
washed with water and brine and dried over Na,SO,, the ethyl acetate was removed
in vacuo, and the crude materials were purified by flash column chromatography
(hexane/ethyl acetate 1:1 to 1:4) to give 4,4,5,5-tetramethyl-1,3-dioxolan-2-one
oxime (16.7g, 105 mmol) in 86% yield.

Benzenesulfonyl chloride (5.59g, 31.6mmol) in dichloromethane (15mL) was
slowly added under argon at 0°C to a solution of 4,4,5,5-tetramethyl-1,3-dioxolan-
2-one oxime (4.49g, 22.8 mmol) and triethylamine (5.90mL, 42.3 mmol) in dichlo-
romethane (100mL), and the mixture was stirred at room temperature for 1h.
After the reaction had been quenched with ice water, the mixture was extracted
three times with ethyl acetate, the combined extracts were washed with brine and
dried over anhydrous sodium sulfate, the ethyl acetate was removed in vacuo,
and the crude materials were purified by recrystallization (hexane/ethyl acetate)
to give 4,4,5,5-tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime (20, 7.40g,
25.9mmol) in 88% yield.

Nap HQ - OH NP el
_Ph  NaH, NH,OH-HCI
N g el hig
)k oo —=8° . 0o 0
cl” THF, 1t, 87% % EtOH, 1t, 86% %
_OSO,Ph
PhSO,CI N
EtsN oo

CH,Cly, rt, 88%

13
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Representative procedure for the preparation of primary amine hydrochlorides by
treatment of 4,4,55-tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime with
Grignard reagents An ether solution of phenylmagnesium bromide (0.96M,
2.3ml, 2.2mmol) was added dropwise under argon at 0°C to a solution of 4,4,5,5-
tetramethyl-1,3-dioxolan-2-one O-phenylsulfonyloxime (20, 593 mg, 1.98 mmol) in
chlorobenzene (15mlL), and this mixture was stirred at the same temperature for
30min. The reaction was then quenched with pH 9 ammonium buffer at 0°C, and
the mixture was extracted three times with ethyl acetate. The combined extracts
were washed with brine and dried over Na,SO,, and the ethyl acetate was removed
under vacuum. Hydrogen chloride in ether (1.0M, 4.0mL) was added at 0°C to the
crude imine in methanol (10mL), and this mixture was stirred at room tempera-
ture for 1.5h. Volatile materials were removed in vacuo, and anhydrous ether
(40mL) was added. The insoluble materials were collected by filtration to give
aniline hydrochloride (239 mg, 1.84mmol) in 93% yield.

.OSO,Ph .
N 2 Phen

HCI in Et,0
Ph-MgBr o)Lo 2~ Ph-NHz"CI

i o)ko PhCI
(in Et20) H 0°C =1t % MeOH, 1t 93%

Representative procedure for the preparation of primary arylamines possessing
electron-withdrawing groups by use of 4,4,55-tetramethyl-1,3-dioxolan-2-one O-
phenylsulfonyloxime A THF solution of isopropylmagnesium bromide (1.15M,
0.96mL, 1.1 mmol) was slowly added under argon at —20°C to a solution of ethyl
4-iodobenzoate (278 mg, 1.01 mmol) in THF, and this mixture was stirred at the
same temperature for 30min. A THF solution of CuCN-2LiCl (0.50M, 2.0mL,
1.0mmol) was then added, the temperature again being kept below —20°C. After
completion of the addition, the reaction mixture was allowed to warm to room
temperature over 30 min. Trimethyl phosphate (128 mg, 2.0 mmol) was then added
and the clear solution was stirred for an additional 5min. 4,4,5,5-Tetramethyl-1,3-
dioxolan-2-one O-phenylsulfonyloxime (20, 290mg, 0.969mmol) in THF (3mL)

N-O802Ph /©/002Et
o)J\o N

CUCNe2LiCl % )J\
EtO C@M Br —(OMe)s P
2 ger THF, t, 0.5 h THF, rt, 0.5 h %

94%

1 M HCl in Et,0
EtOQC@NH3+C|_
MeCH, rt

87%
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was then added dropwise and the reaction mixture was stirred at this temperature
for 15min. After the reaction had been quenched with a pH 9 buffer at 0°C, the
mixture was extracted three times with ethyl acetate, and the combined extracts
were washed with brine and dried over anhydrous sodium sulfate. The ethyl
acetate was removed under vacuum and the crude materials were purified
by flash column chromatography (silica gel, hexane/ethyl acetate 8:2) to
give 2-(4-ethoxycarbonylphenyl)imino-4,4,5,5-tetramethyl-1,3-dioxolane (266mg,
0.913mmol) in 94% yield. The resulting imine was converted into aniline by the
same procedure as described in Section 1.3.2.

1.4
Azo Compounds

In this section some amination reactions utilizing azodicarboxylates (Section 1.4.1)
and arylazo sulfones (Section 1.4.2) as nitrogen sources are illustrated. In the
azodicarboxylate section, amination reactions of alkenes are discussed, because
there are some reviews on the electrophilic amination of carbanions leading
various hydrazine dicarboxylates [29].

1.4.1
Azodicarboxylates

1.4.1.1  Allylic Amination through Ene-Type Reactions
Ene reactions play an important role in organic transformations, and the use of
azo compounds such as diethyl azodicarboxylate (DEAD; 21) as enophiles provides
a useful method for amination of alkenes (aza-ene reaction) to give allyllic hydra-
zines (Scheme 1.28). Although thermal aza-ene reactions of various alkenes with
DEAD have been reported, such reactions generally require high temperatures
and are difficult to control because of the formation of bis-adducts [30].

Leblanc improved this thermal aza-ene reaction by use of bis-(2,2,2-
trichloroethyl) azodicarboxylate (22) [31]. Reactions between alkenes and 22

\-CO2E!
P + It I
(2.0 mol amt.) EtO,C” heat, 80 °C
21
H
Et0,C_ N
EtO:C EtO,C N™ COEt
HN -N \‘J‘N\/ + HN, N =
I
CO,Et COyEt
64% 25%

(trans : cis =83 :17)
Scheme 1.28
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N,COZCHzCCI3
O N0pe + N

N
Cl3CH,CO,C
22

(1.2 mol amt.)

benzene, 40 °C, 18 h

C0,CH,CCl3

N 1) Zn, AcOH H
NGRS 2) Acy0, pyridine
HN X OAc ) Ac20, py Ac’N\’MWOAC
CO,CH,CCl3

. 89%
85% (trans : cis = 85 : 15)

Scheme 1.29 The aza-ene reaction with bis(2,2,2-trichloroethyl) azodicarboxylate (22).

-CO,Et 10mol el NHCOEt
.0 mol amt. SnCly N
N + n'i - : N “COLEL
EtO,C” CHyClp, =60 °C, 5 min
(2.0 mol amt) 21 87% (E:Z=11:1)
liquid NH3, 60 °C = CO,Et
86%

Scheme 1.30 Lewis acid-mediated allylic amination of alkenes with DEAD (21).

proceed under milder conditions to give the corresponding ene adducts in good
yield without the formation of bis-adducts (Scheme 1.29). In addition, by treatment
with Zn dust and acetic acid, the reductive cleavage of the N—N bonds in the
resulting allyllic hydrazines proceeds to give allylic amine derivatives.

Heathcock developed Lewis acid-mediated allylic amination of alkenes with
DEAD (Scheme 1.30) [32]. The use of SnCl, in dichloromethane promotes the
reaction at —60°C, affording the ene adducts in good yield with excellent selectivity
for the formation of (E)-alkenes. The allylic hydrazines can be converted into
carbamates by treatment with lithium in liquid ammonia. In addition, LiClO,
was also able to catalyze aza-ene reactions of azodicarboxylate derivatives [33].

1.41.2 Hydrohydrazination of Alkenes

Carreira has recently developed the Co- and Mn-catalyzed hydrohydrazination of
alkenes with azodicarboxylates, which enables the preparation of various alkylhy-
drazines from a broad range of alkenes [34].

Mono-, di-, and trisubstituted alkenes, including vinyl heterocycles, react with
azodicarboxylates such as 23 in the presence of phenylsilane and the Co(III) cata-
lyst 24, bearing Schiff base ligands, to give alkylhydrazines in good yields (Table
1.3). Monosubstituted, 1,1-disubstituted, and trisubstituted alkenes give exclu-
sively the Markovnikov-type hydrohydrazination products with broad functional
group tolerance. In the reaction behavior of 1,2-disubstituted alkenes, the selectiv-
ity is governed by electronic effects. Phenyl substitution results in the formation
of the benzylic hydrazine, while the presence of an ethoxycarbonyl group produces
an o-hydrazinyl ester.
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Table 1.3 Co-catalyzed hydrohydrazination of alkenes with azodicarboxylate 23.

CO,t-Bu
N=N

akene  +  £BUO,C
23

(1.5 mol amt.)

2.5~5mol% 24
1 mol amt. of PhSiH3

EtOH, 23°C, 4 h

alkylhydrazide

Co(lll) cat. 24
L H,

Oo.: .
< >\: ~:|°‘\N Me
N o/ "M
e ()\;{< e

me 0°
(L = MeOH)

alkene product (yield / %) alkene product (yield / %)
BocHN—NBoc Me BocHN—NBoc
X Me
Ph Ph/\)\Me Ph/& Ph™ e
(85) 88)
BocHN—NBoc Me BocHN—NBoc
X
Br BrMMe Me)\/\OH Me OH
(90) Me
7
BocHN_ (70)
m s NBoc <y BocHN—NBoc
e
WMG Ph™ Ph Me
(84) (88)
H BocHN,

N H NBoc Me. BocHN—NBoc
N SNFNCOoEt M
Q_/?/\ MMe 25 Mo coet

(82) (66)

The above cobalt catalyst could not be employed for the hydrohydrazination
of tetrasubstituted alkenes. As an alternative, Mn(III) complex 25 exhibits high
catalytic reactivity even for the hydrohydrazination of hindered alkenes such as
tetrasubstituted ones (Table 1.4).

The proposed mechanism of the Co-catalyzed reaction is shown in Scheme 1.31.
The first step is the formation of the active Co(III)-hydride complex I. From I,
hydrocobaltation of an alkene proceeds to form Co-alkyl complex II. It is believed
that this step is rate-determining, whereas the following amination step is fast.
The crucial amination step from II to III could proceed either by radical addition
to the N=N double bond (path A) or by direct insertion of the N=N double bond
into the Co-alkyl complex II (path B). The thus generated Co-hydrazido complex
III reacts with a silane to regenerate Co-hydride complex I with the formation of
silylated hydrazine derivatives, which are readily transformed into the alkylated
hydrazines after ethanolysis.

This Co(III) catalyst was successfully applied to the hydrohydrazination
of dienes and enynes. Although a simple reaction between di-tert-butyl

17
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Table 1.4 Mn-catalyzed hydrohydrazination of tetrasubstituted
alkenes with azodicarboxylate 23.

Mn(lll) cat. 25
CO,t-Bu
alkenes  + " OClN:N _
-Bu
2 23 0 9 4
(1.5 mol amt.) Q o/l'v!”\‘\\o
2 mol% 25 (3\ /
1 mol amt. of PhSiH
Mo’ am™. OT PSS . alkylhydrazide
i-PrOH, 0 °C
alkene product (yield / %) alkene product (yield / %)
Me BocHN—NBoc BocHN—NBoc
s e (O,
e
Me Me (78) (74)
BocHN—NBoc Me Boc

Me Me (79) Me m (61

HoPhSi,  Boc Boc
" N—-N H| EtOH H/N—N H
Co" cat. 24 Boc >_/ Boc >—/
R R
PhSiH, -
co\  Boc
o p
Boc i
I PhSiH, R Co
. Boc
/= 2 N-N
R Boc —
R
Co\  H H
)—/ Boc
R R /N:N
” Boc 23

Scheme 1.31 Proposed mechanism of the hydrohydrazination
of alkenes catalyzed by the Co(lll) catalyst 24.
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BocHN.
2.5 mol% 24 " NBoc
.9 MOl7
M Me .Boc ’ Me
G:CNBOC < N N (MeoHSi),0 f
° /N o,
Me NBoc EtOH,23°C 1o Boc EtOH,23°C 1" “Me
85% z 83%
Scheme 1.32 Hydrohydrazination of dienes catalyzed by the Co(lll) catalyst 24.
.Boc 1 ~5mol% 24 BOCHN‘NB
1.5 mol amt. of PhSiH3 oc
Me3Si—— + \ MeaSi—=—
’ N\ o EtOH, 23 °C &3S <M
e
23 83%

Scheme 1.33

azodicarboxylate (23) and 2,3-dimethyl-1,3-butadiene results in the formation of a
[4+2] adduct in 85% yield at ambient temperature [35], the reaction in the presence
of Co(III) catalyst 24 and tetramethyldisiloxane results in the preferential forma-
tion of allylic hydrazine in 83% yield (Scheme 1.32). The selective formation of
the primary hydrazine derivative contrasts with the same reaction with alkenes, in
which the formation of Markovnikov-type products was observed.

Propargylic hydrazines can be obtained from enynes through the selective
amination of the double bonds (Scheme 1.33).

1.4.2
Arylazo Sulfones

Arylazo p-tolyl sulfones 26 (Scheme 1.34) are readily prepared from aromatic
amines in a two-step sequence consisting of the formation of the corresponding

Ph Ph
) NC._CN )
Ny £BUOK HN _ CN
| ———
SO,p-Tol DMSO, rt NC CN
26a 87%
NCo o+ Ph Ph
NC NC Ny -TsNH- NG N
L oo Nop
CN SOyp-Tol CN
NC._ + NC - Ph
ne” K NCIN‘Ph —cN HN_ CN
NC” CN NC CN

Scheme 1.34 Synthesis of tetrasubstituted ethylenes.
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Ph N=C: COt-Bu
N CO,t-Bu NK\
< 2 !
N Cemok L D g,
SOyp-Tol DMSO, rt Ph
26a 82%
:C=N__ +
t—BuOZC> K . CO,t-Bu NH CO,t-Bu
oga (2ol amt) : \&Nm Q‘X<N:c:
a - - _—
N COat-Bu N “CO,t-Bu
) Ph
Ph
_ COzt-BLI COQt-BU

N
N0 N=c: | —on 03
— <N CoutBy | N7 COztBu
ph ~o2U Ph

Scheme 1.35 Synthesis of tetrasubstituted 1-arylimidazoles.

arene diazonium salts and subsequent treatment with sodium p-tolyl sulfinate [36].
There are some reports on the synthesis of amino compounds by treatment of 26
with carbanions.

Potassium salts of active methylene compounds such as malononitrile react with
phenylazo p-tolyl sulfones (26a) in DMSO to afford tetrasubstituted ethylenes
bearing arylamino moieties (Scheme 1.34) [37]. Nucleophilic attack of the carban-
ion at the N=N double bond of 26a and subsequent elimination of a tosylamide
anion gives N-arylimines, on which a second nucleophilic attack by the carbanion
proceeds to give tetrasubstituted ethylenes.

Substituted 1-arylimidazoles can be synthesized by treatment of phenylazo p-
tolylsulfone (26a) with (tert-butoxycarbonyl)methyl isocyanides (Scheme 1.35) [38].
After double attack of the nucleophiles as described above (Scheme 1.34), intra-
molecular attack at the electrophilic isocyano group carbon, aromatization through
proton transfer, and elimination of cyanide ion proceed successively to give
imidazoles.

Knochel identified the utility of various arylazo p-tolyl sulfones 26 as synthetic
equivalents of N-positively charged arylamine synthons. Arylazo p-tolyl sulfones
26 react under mild conditions with various polyfunctional arylmagnesium halides,
and allylation of the resulting addition products, followed by treatment with zinc,
provides polyfunctionalized diarylamines in good yield as shown in Table 1.5.
Aliphatic magnesium halides are also aminated [39].

1.4.3
Experimental Procedures

Representative procedure for the Lewis acid-mediated allylic amination of alkenes with
DEAD SnCl, (0.41mlL, 3.56mmol) was added at —60°C to a solution of DEAD
(21, 620mg, 3.56mmol) and pent-1-ene (0.78 mL, 7.12mmol) in CH,Cl,. After
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Table 1.5 Synthesis of diarylamines by treatment of
organomagnesium compounds with aryl p-tolyl sulfones 26.

Ar' 1) R2-MgBr (or MgCl) f At
-TolO,S. \
Yy a o N AOI?JTFA NH
N 2) allyl-l, NMP N c J
SOz0-Tol 3) solvent evaporation A7 OR2 (5:1) R
diazo oo iald / 9 diazo 2 e
reagent R MgX  product (yield/ %) ooont R2MgX  product (yield / %)
Br EtO,C
N,Ts  MgBr NaTs MgCl
N—CO,Et
NH (83) © N 2 NH (71)
Bn o\
Br CO,Et CO2Et mcozEt
26b 26e B
CO,Et
NC Br,
NoTs MgBr Q
MgBr
\—
NH (64) 26b % NH (58)
CN  COEt @ SN @F&@
26¢
CO,Et
MeO Br.
NoTs MgBr 26b MgBr Q
NH (83) A <rNH (67)
OTf
OMe
26d OTf

stirring for 5min, the yellow solution had turned colorless and water (15mlL) was
added. The organic materials were extracted with CH,Cl, (3 x 50mL), and the
combined extracts were dried over Na,SO,. The solvents were concentrated under
vacuum to afford crude materials, which were purified by flash column chroma-
tography (silica gel, hexane/ethyl acetate 2:1) to give N-(pent-2-enyl)-N’-(ethoxycar
bonyl)hydrazinecarboxylic acid ethyl ester (760 mg, 3.11 mmol) in 87% yield.

NCOEL o NHCO,Et
.0 mol amt. SnCl, N

N+ ll\ll - : N “COLEt

20 mol amt EtO,C” CH,Cl, =60 °C, 5 min

(2:0molamt) 21 87% (E:Z=11:1)

Representative procedure for the Co-catalyzed hydrohydrazination of alkenes The
alkene (75pL, 0.5mmol) and phenylsilane (65pL, 0.52mmol) were added under
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argon at 23 °C to the Co catalyst 24 (10mg, 0.025 mmol) in ethanol (2.5mL). Di-tert-
butyl azodicarboxylate (23, 0.17 g, 0.75mmol) was then added in one portion, and
the resulting solution was stirred at 23°C for 4h. The reaction mixture was
quenched with water (1mL) and brine (5mL) and extracted with ethyl acetate (3 x
10mL). The solvents were removed in vacuo to afford crude materials, which were
purified by flash column chromatography (silica gel, hexane/ethyl acetate 10:1) to
give N-(3-phenyl-1-methylpropyl)-N'-(tert-butoxycarbonyl)hydrazinecarboxylic acid
tert-butyl ester (155mg, 0.425mmol) in 85% yield.

CO,t-Bu Co(lll) cat. 24
PR+ A LoH,
£-BuO,C 0. N Me
23 ol
" No 9/ Me
5 mol% 24 ~ eﬂ
1mol amt, of PhSiH, ~ DOCHNTNBoc Me 0O
EtOH, 23 °C, 4 h Ph Me (L = MeOH)
85%

Representative preparation of arylazo tosylates: 4-bromophenylazo p-tolyl sulfone
4-Bromoaniline (1.72g, 10mmol) was dissolved in an aqueous HBF, solution
(50% in water, 15mL) and cooled to 0°C, and then a solution of NaNO, (760mg,
11mmol) in water (5mL) was added dropwise. After stirring for 30 min, the reac-
tion mixture was allowed to warm to room temperature. The resulting white pre-
cipitate was filtered off and washed with aqueous HBF, solution (10mL), ethanol
(10mL), and Et,O (20mL). The white crystalline powder was dissolved in CH,Cl,,
TsNa (2.14 g, 12mmol) was then added, the mixture was stirred overnight, and the
resulting salts were removed by filtration. The solvent was removed under vacuum,
and the resulting crude materials were purified by crystallization from ethanol
to give 4-bromophenylazo p-tolyl sulfone (26b; 2.71g, 8.0mmol) in 80% yield
(Scheme 1.36).

NH» Ny*BF 4~ NoTs
NaNO,, aq. HBF4 TsNa
H,0, rt CHoCly, 1t
Br Br Br

26b 80% (2 steps)
Scheme 1.36

Representative procedure for the amination of arylmagnesium reagents with arylazo
tosylates A THF solution of i-PrMgCl (0.95M, 1.15mL, 1.1mmol) was added
dropwise at —20°C to a solution of ethyl 4-iodobenzoate (306 mg, 1.1 mmol) in THF
(5mL). After the mixture had been stirred for 30 min, a solution of 4-bromophenyl-
azo tosylate (26b, 339mg, 1mmol) in THF (3mL) was added dropwise to the
solution of the Grignard reagent, and the reaction mixture was stirred for 1h at
—20°C. The mixture was treated with allyl iodide (510mg, 3mmol) and NMP
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(N-methyl-2-pyrrolidone; 2mL), and stirred for 2h at room temperature. After the
solvent had been removed under vacuum, the resulting residue was dissolved in
glacial acetic acid (10mL). Zn powder (10mmol) and trifluoroacetic acid (2mL)
were added to the mixture, which was then heated at 75 °C until no starting mate-
rial was evident by TLC analysis (2h). After cooling to room temperature, the
mixture was poured into crushed ice (ca. 30g) and aqueous NaOH (2M, 20mL).
The organic materials were extracted three times with Et,O (30mL) and the
combined extracts were washed with saturated aqueous NaHCO; and brine. The
solvent was removed in vacuo, and the resulting residue was purified by flash
column chromatography (silica gel, pentane/Et,0 9:1) to give ethyl 4-(4-bromoph
enylamino)benzoate (265mg, 0.83 mmol) in 83% yield as a colorless solid.

= Br.
e V0ol 1, 9

© THF, - 20 °C o "
2) allyl-I, NMP _ /©/ \©\ AcOH/TFA Q
Br 3) solvent evaporation g, CO,Et (5:1)
26b CO,Et
83% (2 steps)
1.5

Oxaziridine Derivatives

Oxaziridines exhibit unique reactivity as a result of their ring strain and their
relatively weak N—O bonds. They are utilized either as amination or as oxygenation
reagents of nucleophiles. The site of nucleophilic attack (at the N or the O atom)
in an oxaziridine is governed by the substituent at the nitrogen [40, 41].

1.5.1
Electrophilic Amination of Carbon Nucleophiles

N-Alkoxy- or -aminocarbonyl oxaziridines, easily prepared by treatment of the cor-
responding imines with mCPBA/n-Bulli, are used as aminating reagents of enolate
anions [42]. N-Carboxamide oxaziridine 27, for example, is used for the o-
amination of various enolate anions in good to moderate yields (Table 1.6) [43].
These N-transfer reactions contrast sharply with those of N-sulfonyloxaziridines,
which give o-hydroxylated product exclusively [40].

1.5.2
Amination of Allylic and Propargylic Sulfides by Use of a
Ketomalonate-Derived Oxaziridine

Armstrong found that amination of sulfides proceeded with the oxaziridine 28,
derived from 2-oxomalonate, to afford a wide range of sulfimides (Scheme 1.37)
[44].

23
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Table 1.6 Electrophilic amination of lithium enolates with oxaziridine 27.

X
1) LDA o,N NEt,
substrates L» products 27 =
THF, -78 °C
CN
substrates products (yield / %) substrates products (yield / %)
(0]
(0] )]\/H (0] (0] H
N NEt2 EtO-P EtO-P.__N.__NEt,
t—BuOJ\ tBuO bl Et0 Me E0
O (55) 0 (51)
i i N NC H NEt
N NEt: N 2
Ph)J\/Me Ph)g/ \n/ 2 NC™ Me \r \n/
O—-NBoc

1.05 mol amt. EtO,C~ ‘CO,Et
P NBoc  R'=ph, R2=Me; 97%

PN S 1 2 _ pp: 770
R'l R2 179N p2 R"=Ph, R*=Bn; 77%
CH,Cl,, —40 °C R'"TOR
v 97% R = £Bu, R? = Me; 75%

Scheme 1.37
O—-NBoc
IIBOC
CgH43< 1.05 mol amt.
6 13/?\}\1 Et02C 28002Et C6H13\S’/N R1
Pz
Me R? CH,Cly, =78 °C ~ 1t Me/K/\Rz
[2,3]-sigmatropic C5H13$\N,Boc
rearrangement \R!
Me/\/LR2

R'=H, R? = Me; 69%, > 95% ee
R' = H, R% = CO,Me; 72%, > 95% ee
R! = Me, R2 = CO,Et; 77%, > 94% ee
Scheme 1.38 Synthesis of allylic amine derivatives by the
[2,3]-sigmatopic rearrangement of allylic sulfides.

By this method, allyl amine derivatives are prepared from allylic sulfides through
the rapid [2,3]-sigmatropic rearrangement of the resulting sulfimides (Scheme
1.38). A high level of chirality transfer is observed in this rearrangement and a
quaternary stereocenter is successfully constructed [45].
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O—NBoc
SPh 1.05 mol amt. EtO,C 28COzEt PhS‘NBoc
Ri7 X 1 2
g CHyCly, =78 °C ~ 1t Ruz" R

R'=H, RZ = Ph; 88%
R1 = H’ R2 = |, 85%
R' = H, R? =CO,t-Bu; 66%
R'=Me, R2=H; 31%

Scheme 1.39

Amination of propargylic sulfides with oxaziridine 28 gives aminoallene deriva-
tives (Scheme 1.39) [46].

153
Experimental Procedures

Representative electrophilic amination of an enolate with N-carboxamido oxaziridine
n-Buli (2.5M, 0.21mL, 0.53 mmol) was added at 0°C to a solution of diisopropyl-
amine (77 pL, 0.55mmol) in THF (0.85mL), and the mixture was stirred for 30 min
and then cooled to =78 °C. A solution of tert-butyl acetate (67 pL, 0.50mol) in THF
(0.85mL) was slowly added to the mixture, which was then stirred at —78°C for
1h. A solution of oxaziridine 27 (123 mg, 0.50 mmol) was added in a single portion,
and the mixture was stirred at —78°C for 3 h before being allowed to reach room
temperature over 90min. The reaction was quenched with saturated aqueous
Na,CO;, and diluted with CH,Cl,. The organic materials were extracted with
CH,Cl,, and the combined extracts were washed with saturated aqueous Na,CO;
and brine. The solvents were removed under vacuum, and the resulting residue
was purified by flash column chromatography to give the desired product (63.5mg,
0.28 mmol) in 55% yield.

(0]
1) LDA o 1
(@) 2) oxadiridine 27 J\/H NEt O.N NEt,
tBuO” “Me o t-BuO Y
THF, =78 °C o N
55% o7

Representative procedure for the [2,3]-sigmatropic rearrangement of an allylic sulfide
The allylic sulfide (190mg, 0.823 mmol) in CH,Cl, (0.16 M) was added dropwise to
a solution of oxaziridine 28 (250 mg, 0.86 mmol) in CH,Cl, (0.18 M). The resulting
solution was allowed to warm to room temperature over 30 min, and the solvent
was removed under vacuum. The resulting residue was purified by flash column
chromatography (petroleum ether/ethyl acetate 20:1) to give the desired product
(205mg, 0.593 mmol) in 72% yield (Scheme 1.40).
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O—-NBoc

1.05 mol amt.
CsH13\S EtO,C 280025 CsHms\N,Boc

Me)\/ACOZMe Me/\)\COZMe

72%, > 95% ee

CHyClp, =78 °C ~ 1t

Scheme 1.40

1.6
Chloramine-T

Chloramine-T (N-chloro-N-sodio-p-toluenesulfonamide; 29), a well known com-
mercially available oxidizing reagent, serves as a source of chloronium cation and
nitrogen anion [47]. Chloramine-T has been synthetically applied to a wide variety
of C—N bond-forming reactions.

1.6.1
Aminochalcogenation of Alkenes

Diphenyl disulfide and diphenyl diselenide react with chloramine-T (29) to afford
the reactive species 30, which gives aminosulfenylated (or selenylated) intermedi-
ates (Scheme 1.41). Subsequent reduction with NaBH, gives phenylthio(or seleno)-
N-tosylamines [48]. The insensitivity of this reaction to molecular oxygen and the
exclusive formation of the trans products are strongly suggestive of ionic addition
via sulfo(seleno)nium species.

o NTs
SO2p-Tol Ph
O + PhSSPh o

*+ CI—N Ph” N — .
Na MeCN, 5 °C ~ rt s
29 30
SPh .
+ Ph
O}S_Ph lngs O'/'«N/TS NaBHj, EtOH O/
~___ N/ “Ph é 4,,N,SOZp-ToI
Ts Ph”~ NTs H

0,
(Ts = SOyp-Tol) 40%

Scheme 1.41 Aminochalcogenation of alkenes by chloramine-T (29).

1.6.2
Aminohydroxylation of Alkenes

Treatment of alkenes with chloramine-T (29) in the presence of a catalytic amount
of osmium tetroxide provides a convenient and general method for vicinal oxyami-
nation of alkenes (Scheme 1.42) [49], which represents a significant improvement
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H
. o N/SOZP'TOl 1 mol% 0504 Lb/ N‘SOZp-Tol
LE; i t-BuOH, 60 °C, 44 h OH

Na +3H,0
2 64%
29 (1.25 mol amt.)

1 mol% OsOy4 OH
N 29 5 mol% BnN*Et3CI~
CHCI3-H,0, 60 °C, 12 h N,SOZp-Tol

(1.25 mol amt.) H
75%

0, N-SOp-Tol
0sO;, + 29 — O/,OS\(O
31

Scheme 1.42 OsO,-catalyzed aminohydroxylation of alkenes by chloramine-T (29).

@) SOzp-Tol

+ —
Ph/\)J\OMe =N

Na *3H,0
29 (3.0 mol amt.)

4 mol% K0s0o(OH)4 P-TO'Soz\NH o
5 mol% (DHQ),-PHAL :
CH3CN/Hy0 (1:1),rt, 3h Ph™ "~ "OMe
OH
64%, 81% ee

Scheme 1.43

over the stoichiometric oxyamination reactions [50]. This reaction is an aza
analogue of the catalytic dihydroxylation of alkenes. The sulfonylimido osmium
31 is proposed as the key species.

This method has been extended to the practical asymmetric version of oxyamina-
tion through the use of dihydroquinine (DHQ) alkaloids and dihydroquinidine
(DHQD) alkaloids as chiral ligands (Scheme 1.43) [51].

N-Halocarbamate salts such as 32 can be employed in place of chloramine-T
(29) for oxyamination reactions of alkenes (Scheme 1.44). The N-chloro benzyloxy-
carbamate salt 32 is prepared in situ from benzylcarbamate, NaOH, and tert-butyl
hypochlorite [52].

This method has been applied to the syntheses of nitrogen-containing natural
products [53] such as ustiloxin D (Scheme 1.45) [53a].

1.6.3
Aziridination of Alkenes

Aziridines can be used as synthetic intermediates in the preparation of nitrogen-
containing compounds through ring-opening and ring-expansion reactions. In
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o)
4 mol% Ky0sO5(OH),4 NH
A)Ok . Cl_N>\‘_OB” 5mol% (DHQ),-PHAL O N ©
Ph" X" “OMe N n-PrOH / H,0, rt, 40 min Ph™ >~ "OMe
a 32 OH
(3.0 mol amt.)
65%, 94% ee
o)
0
Y NaOH, t-BuOClI \—0Bn
BnO~ “NH, — C—N
Na 32

Scheme 1.44 Aminohydroxylation of alkenes with N-halocarbamate salt (32).

OBn Me
O-l.Et Q 4 mol% Ky0sO,(OH)4
. CI_N>\‘—OB" 5 mol% (DHQ),-AQN
HN ~ OMOM Na n-PrOH / H,0, 20 °C, 1 h
Boc 32
o (3.0 mol amt.)
CO,Et
OBn Me
O] .Et OBn Me Et O
HN OMOM J\KLLH COH
\ HN
HO" Boc —_— 0 /v,o
CO,Et - .
HN N~
)/'*OBn MeHN H //
58% (dr=91:1) ustiloxin D (Joullie, 2002)

Scheme 1.45 Application of aminohydroxylation with N-
halocarbamate salt 32 to the synthesis of ustiloxin D.

addition, aziridines are often found in natural products, most of which show
potent and diverse biological activities. There have been many reports on the
synthesis of aziridines from alkenes by the use of chloramine-T (29).

In 1998, Komatsu reported the first example of aziridination of alkenes with
chloramine-T (29) by use of CuCl as a catalyst [54]. When anhydrous chloramine-T
(29) was added to CH;CN solutions of various alkenes in the presence of catalytic
amount of CuCl and MS (5A), the corresponding aziridines were obtained in
moderate to good yields (Scheme 1.46). The same types of aziridination also
proceed on employment of a CuOTf{-N-(2-pyridinylmethylene)-1-pentanamine
complex (Scheme 1.47) [55] or an iron(IV) corrole catalyst [56].

The combination of chloramine-T (29) and AgNO; is utilized in the synthesis
of aziridines from various alkenes, including electron-deficient alkenes such as
o,B-unsaturated ketones and esters (Table 1.7) [57]. The following experimental
evidence suggests that the reaction might involve a nitrogen radical species
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SOzp-Tol 5 mol% CuCl N,SOZp-Tol
Me + CI—N
PR Na CHaCN, MS 5A, 25°C  pp~~L-Me
29 64%
Scheme 1.46
5mol% (CUOTH),*CgHg N'So2p'T°'
+ g9 -8MOI%ligand
CH3CN, MS 5A, 25 °C
76%
ligand =
2\
\ N N'FI-C5H11
Scheme 1.47
Table 1.7 AgNO;-mediated aziridination of alkenes with chloramine-T (29).
SOp-Tol AgNO3
alkenes +  CI—N aziridines
Na CH,Cly, 1t
alkenes aziridines (cis : trans) alkenes aziridines (cis : trans)
SOyp-Tol M SOyp-Tol
Xy Me N X Me N
Ph” M CsHiq Me
Ph/<‘" © CsH11/<I’J
92% (6 : 94) 43% (38 : 62)
SOyp-Tol SOgp-Tol
F>h/\l N Cs"'ﬂ& N
Me  pploMe Me Cs|'|11/<““r ¢
89% (7 : 93) 53% (43 : 57)
lSOzp-TO| ..
CI—N + AgNO3 —_— 'N—Sozp-ToI
Na

"a triplet nitrene"

(a triplet nitrene). 1) This aziridination did not proceed at all under an oxygen
atmosphere (Scheme 1.48). 2) Treatment of 1,4-dioxane with chloramine-T (29)
and AgNO; provided the C-H amination product (Scheme 1.49). 3) The aziridina-
tion did not proceed with the retention of the stereochemistry of the starting
alkenes (Table 1.7).
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o} . o N/Sng-ToI AGNO3 N,SOzp-Tol
- CO,Me
Ph/\)J\OMe Na benzene or CH,Cly Ph/<l/ 2
under Ar: 54%
under Oy: 0%
Scheme 1.48

H
o SOz0-Tol  AgNO; (1.0 mol amt.) O N«
[ j + C—N [ j/ SOyp-Tol
o Na CH,Cly, 1t, 3h o

34%
Scheme 1.49

Table 1.8 Bromine-catalyzed aziridination of alkenes with chloramine-T (29).

SOop-Tol o P
alkenes + CI—N 10 mol% PhNMe; Brs aziridines
(3.0 mmol) Na CH3CN, 1t, 12 h
(1.1 mol amt.)
alkenes aziridines alkenes aziridines
SO,p-Tol SOop-Tol
N N
NN /W\
SN W\ A OH OH
93% 97%
SO,p-Tol
A (Dwsopr 5
N"0oH )Qm
86% (80%)? OH
94%

a) 0.5 mol scale

Bromine (ammonium tribromide) and iodine efficiently catalyze the aziridina-
tion of alkenes with chloramine-T (29). Sharpless found that catalytic use of
phenyltrimethylammonium tribromide (PhNMe;'Br;~, PTAB) with chloramine-T
(29) provides good to excellent yields of aziridines from various alkenes (Table 1.8)
[58]. This simple operation can be applied in large-scale syntheses (up to 0.5 mol
scales). Pyridinium hydrobromide perbromide (Py-HBr;) has also been employed
instead of PTAB for the chloramine-T-mediated aziridination [59].

The mechanism proposed for this bromine-catalyzed aziridination is shown in
Scheme 1.50, with cis-B-methylstyrene I as a specific alkene. Initially the styrene
reacts with a Br* source to give the bromonium cation II, and nucleophilic attack
by TsN™Cl then affords a bromoaminated intermediate III. Attack either of Br~ or
of TsN™Cl on the N-CI group in III gives sulfonamide anion IV, which cyclizes
intramolecularly to afford aziridine V. The regenerated Br-X initiates another
catalytic cycle.
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Ph Me 1
\
A +
Br-X Br
(X =Br, Cl, etc) Ph/ ; \Me
H Br
Ph S0,p-Tol
TsN M - CI—N
S vl Br Na
H Br
l Phal
ar
Ph Me TsN Me
Cl
N ]
SOqp-Tol
\%

Scheme 1.50 Catalytic cycle of bromine-catalyzed aziridination.

lSOzp-T0| 10 mol% | ,SOyp-Tol
Ph"Xx + CI—N —2 N
Na CH3CN / neutral buffer ph/<l
29 rt, 10h 91%
Scheme 1.51
10 mol% I, SO4p-
, p-Tol
SOzp-Tol 10 mol% BnN*Et;CI~ N2
Ph/\ + Cl—N Ph/<‘
Na HoO, rt, 1 h
(2.0 mol amt.) 29 96%
Scheme 1.52

Komatsu reported an iodine-catalyzed aziridination of alkenes (Scheme 1.51)
[60]. When 2 molar amounts of styrene are added to chloramine-T (29) in the
presence of a catalytic amount of iodine in a 1:1 mixture of CH;CN and a neutral
buffer, for example, the corresponding aziridine is obtained in 91% yield. A similar
reaction mechanism based on the above bromine-catalyzed aziridination is
proposed.

This chloramine-T/iodine system has been applied to an organic solvent-free
aziridination of alkenes in combination with a phase-transfer catalyst (Scheme
1.52) [61]. No reaction is observed when alkenes are treated with chloramine-T
(29) and a catalytic amount of iodine in water, while the addition of a catalytic
amount of benzyltriethylammonium chloride (BTEAC) results in a dramatic
acceleration of the reaction, to yield aziridines in good yield. The silica gel/water
combination as the reaction medium was also found to be effective for the iodine-
catalyzed aziridination with chloramine-T (29) [62].
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1.6.4
Other Applications

Chloramine-T (29) can be used as a nitrogen source in the synthesis of azahetero-
cycles. A chloramine-T/AgNOj; system, which is believed to generate a nitrogen
radical species (a triplet nitrene), has been applied to the synthesis not only of
aziridines from monoenes (Section 1.6.3), but also of bicyclic pyrrolidines from
1,6-dienes (Scheme 1.53) [57]. The bicyclic pyrrolidine derivatives were obtained
by tandem radical cyclization. The formation of trans-substituted cyclopentane
derivatives as by-products would be one piece of evidence of the formation of
biradical intermediate A.

/\R){{A SOzp-Tol  AgNO; (2.0 mol amt.)
= X *+ CI—N
Na benzene, 60 °C, 14 h
(2.0 mol amt.)
Cl
R R _‘\\/
><:|:/\NTS +
R R
1 2 NHTs
R=H 42% 12%
R=COEt 38% 8%

|)

R R “N—Ts ) R .
W . <ﬁ/‘\.\/. - ><j:/.
% X R Nor R NTs

R A

— 1or2

Scheme 1.53 Synthesis of bicyclic pyrrolidines from 1,6-dienes
by use of the AgNO;/chloramine-T system.

2-Iodomethyl pyrrolidine derivatives have been synthesized from y-iodo alkenes
with chloramine-T (29; Table 1.9) [63]. The cyclization proceeds with high stere-
oselectivity, via a cyclic iodonium intermediate. The iodo group in the substrate
plays multiple roles, as: (1) a leaving group for the substitution with chloramine-T,
(2) a Lewis base for the abstraction of the Cl atom, (3) an activator of the alkenyl
moiety, and (4) a functional group in the product (Scheme 1.54).

Recently, Minaleata and Komatsu have reported a new type of aminochlorina-
tion of various alkenes by use of chloramine-T (29) and CO, [64]. When styrene
was treated with chloramine-T under CO, (10 atm) at 70°C, aminochlorination
occurred regioselectively to afford the B-chloro amine in 80% yield (Scheme 1.55).
In the aminochlorination of a diene such as cycloocta-1,3-diene under the same
conditions, a 1,4-adduct is formed as the sole product in 70% yield without the
formation of any 1,2-adduct (Scheme 1.56).
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Table 1.9 Synthesis of 2-iodomethyl pyrrolidine derivatives
from y-iodo alkenes with chloramine-T (29).

/SOZ,D-TO|
y-iodoalkenes  + CI—N pyrrodines
Na CH3CN, rt, 48 h
29 (2.0 mol amt.)
y-iodoalkenes pyrrolidines y-iodoalkenes pyrrolidines
p-TolSQ, p-ToISO2 e
N s
91% 75%
g |
| PTOIOR Ve pToISO, e
©/\/ g W N
| I
S 81%
Ts
R1 ISOzp-TO' |
W/@ + CI—N — RK/\/VNTQ ,
R2 : Na R2
leaving group 29 (Na-)
"~ Lewis base
activator
‘|_C| Ts +ﬁ TS ,D—TO|SO|2 Rj R2
R N R! N. - N>
W “Na v Na
R?2 R? A
functional group
Scheme 1.54 Proposed mechanism of the stereoselective
formation of 2-iodomethyl pyrrolidine derivatives.
sopTe 1 CO2(10atm) Cl
2p-10
PPy +  CI—N benzene, rt, 6 h Ph
] 2) ag. NapS03 HN.
zsa SO,p-Tol
80%

Scheme 1.55

1) CO5 (10 atm)
benzene, 70 °C, 24 h Cl SO,p-Tol
+ 29
2) agq. NaySO3

70% (single isomer)

Scheme 1.56
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1.6.5
Experimental Procedures

Asymmetric oxyamination of an alkene with an N-halocarbamate salt A freshly
prepared water (7.5mL) solution of NaOH (0.122g, 3.05mmol) was added to a
solution of benzyl carbamate (0.469¢g, 3.10mmol) in n-PrOH (4mL), followed by
a freshly prepared solution of +-BuOCI (0.331g, 3.05mmol). Next, a solution of the
ligand (DHQ),PHAL (40mg, 0.05mmol) in n-PrOH (3.5mL) was added. After the
mixture had been stirred for a few minutes, methyl trans-cinnamate (0.162g,
1mmol) and K,0sO,(OH), (14.7mg, 0.04mmol) were added. The mixture was
stirred for 40 min at room temperature, and the light green color of the solution
had changed to light yellow at the end. Ethyl acetate (7mL) was added to the
mixture and the aqueous phase was extracted with ethyl acetate (5mL x 3). The
combined extracts were washed with water and brine and dried over MgSO,. Vola-
tile materials were concentrated in vacuo to afford the crude mixture, which was
purified by flash column chromatography (hexane/chloroform/methanol 6:4:1
v/v/v) to provide the desired compound (0.204g, 65%, 94% ee) as a colorless
solid.

OBn
o)
4 mol% K,0s0,(0H)4 Py
A)Ol\ + Cl—N>\_OBn 5 mol% (DHQ),-PHAL 0" NH O
P OMe \Na n-PrOH / HZO’ rt, 40 min Ph ; OMe
OH

32 (3.0 mol amt.) 65%. 94% e
0, (]

Copper(l)-catalyzed aziridination of alkenes Anhydrous chloramine-T (29, 114mg,
0.50mmol) and MS (5A, 50mg) were added to a solution of CuCl (2.5mg,
0.25mmol) and trans-B-methylstyrene (295mg, 2.5mmol) in acetonitrile (5mL).
The reaction mixture was stirred at 25°C for 3h under nitrogen and the reaction
mixture was then passed through a 3 cm plug of silica gel with elution with CH,Cl,.
The solvent was removed in vacuo to give a crude oil, which was purified by flash
column chromatography to give trans-2-methyl-3-phenyl-1-tosylaziridine (92mg,
0.32mmol) in 64% yield.

~Me  + CI_N,302P-TO| 5 mol% CuCl N,SOZ,O-TOI
Ph™ ™ \Na CHSCN, MS 5A, 25 °C Ph/Q/Me
2 64%

Bromine-catalyzed aziridination of alkenes Trimethylphenylammonium tribro-
mide (113mg, 0.3mmol) was added at 25°C to a mixture of trans-hex-3-ene
(252mg, 3mmol) and anhydrous chloramine-T (29, 751mg, 3.3 mmol) in CH;CN
(15mL). After vigorous stirring for 12h, the reaction mixture was concentrated (to
about 1/10 volume) and filtered through a short column of silica gel (10% EtOAc
in hexane). After evaporation of the solvent, the resultant solid was purified by
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crystallization from hexane to give trans-2,3-diethyl-1-[(4-methylphenyl)sulfonyl]a
ziridine (710mg, 2.8 mmol) in 93% yield as colorless crystals.

SOyp-Tol
PN~ o N/SOZP'T"' 10 mol% PhNMes*Brs™ N
N W/\
CHaCN, 1t, 12 h
Na 3 93%

29 (1.1 mol amt.)

Synthesis of iodomethylated pyrrolidine derivatives 5-Iodopent-1-ene (196mg,
1.0mmol) was added to a suspension of chloramine-T (29, 455mg, 2.0mmol) in
CH;CN (6.0mL). The mixture was stirred under nitrogen in the dark at room
temperature for 48h. After the addition of Et,0O (40mL), the organic layer was
washed with H,0 (60mL), the aqueous phase was extracted with Et,O (2 x 20mL),
and the combined extracts were washed with brine (30mL), dried over K,CO;, and
concentrated in vacuo. The resulting crude materials were purified by flash column
chromatography (silica gel, 10% EtOAc in hexane) to give 2-iodomethyl-1-(p-tolyls
ulfonyl)pyrrolidine (332mg, 0.91mmol) in 91% yield.

p-ToISOIZ
SOyp-Tol N
Na CH4CN, 1t, 48 h
29 (2.0 mol amt.) 91%

CO,-promoted aminochlorination of alkenes Chloramine-T (281mg, 1mmol),
styrene (104mg, 1 mmol), and benzene (3mL) were placed in a 50mL stainless
steel autoclave lined with a glass liner. The autoclave was closed, purged three
times with carbon dioxide, pressurized with CO, (10 atm), and then stirred at room
temperature for 6h. After discharging of excess CO,, aqueous Na,S,0; (0.5M,
20mL) was added to the reaction mixture, the organic materials were extracted
with CH,Cl, (10mL x 3), and the combined extracts were dried over Na,SO, and
concentrated to give the crude products. Purification by flash column chromatog-
raphy (silica gel, 30% EtOAc in hexane) gave 1-chloro-1-phenyl-2-[(4-methylphenyl)
sulfonamidolethane (247 mg, 0.797 mmol) in 80% yield.

oo 1 COz(10atm) cl
SY2p-1o b t, 6 h
PR+ CI-N > enile”z’(;’ Ph
ag. Na .
Na o3 HN SO,p-Tol

1.7
N-Sulfonyliminophenyliodinane

N-Sulfonyliminophenyliodinane [65] derivatives are employed for the generation
of transition metal-nitrene complexes, which are then applied to the catalytic
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amination of saturated C—H bonds and alkenes. Since amination of saturated
C—H bonds is summarized elsewhere in this book (Chapter 2), only the transition
metal-catalyzed amination of various alkenes is introduced in this section.

1.7.1
Transition Metal-Catalyzed Amination of Alkenes

Various transition metals such as Fe [66], Mn [66], Ru [67], Rh [68], Cu [69], and
Ag [70] have been used for aziridination of alkenes with N-p-tolylsulfonylimino-
phenyliodinane (33) (Scheme 1.57). Treatment with silyl enol ethers affords o-
amino ketones through hydrolysis of the resulting 2-siloxy-1-sulfonylaziridines
(Scheme 1.58).

Recently, efficient aziridination reactions of alkenes have been reported to occur
on combined use of AgNO; and a tridentate ligand, 4,4',4"-tri-tert-butyl-2,2:6",2"-
terpyridine (t-Bustpy) (Table 1.10) [70]. A unique disilver(I) complex is assumed to
be the reactive intermediate; its structure has been verified by single-crystal X-ray
structural analysis (Scheme 1.59).

SOyp-Tol
Me 5 mol% Cu(MeCN)4CIO, P2
PhI=N . mol% Cu(MeCN)4CIO4 MeN
SO,p-Tol Ph CH3CN, 25 °C Ph
33 89%
Scheme 1.57
OSiM 19 | (e}
Phi=N, . /g es 5 mol% CuClOy4 )J\/H
SO,p-Tol Ph CH3CN, =20 °C Ph “SO,p-Tol
33 75%
Scheme 1.58

Table 1.10 Ag(l)-catalyzed aziridination of alkenes with N-sulfonyliminophenyliodinane (33).

Phi=N 2 mol% AgNO; + t-Bustpy
alkenes + . > aziridines
SO,p-Tol CH4CN, 0 °C to rt
alkenes aziridines (yield / %) alkenes aziridines (yield / %)

SO0,p-Tol SOyp-Tol

Me N X Me N
N Me A~ <] (T ©/\/ ©/<‘/M€
(90)
O O g
N—=S8O,p-Tol /—\ N
(88) Ph Ph

Ph Ph (86)
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2 AgNO3 + 2

Scheme 1.59
" 1 mol% Rhy(NHCOCF3), SO3CH,CCl3

__,e HaN..O_CCl3 PhI(OAGC),, MgO N

/_/ + //S\\ Me
PH (0o} benzene, 0 °C Ph/Q/

34 85%
Phi=N.__O.__CCl
34 + PhI(OAc), — 8772 + 2 AcOH

35

Scheme 1.60 Rh-catalyzed aziridination of alkenes by the use
of sulfamate ester 34 and Phl(OAc),.

Many catalytic asymmetric aziridinations of alkenes with 33 in the presence of
metal complexes with chiral bis(oxazoline), salen, and porphyrin ligands have been
reported [71].

Du Bois developed Rh(II)-catalyzed aziridination of alkenes by the combined
use of trichloroethylsulfamate ester 34 and PhI(OAc), in the presence of MgO [72],
in which N-trichloroethylsulfonyliminophenyliodinane (35) is generated in situ as
a nitrogen source (Scheme 1.60). Au(I) complexes also catalyze the same type of
aziridination of alkenes [73].

1.7.2
Experimental Procedures

Representative procedure for Ag(l)-catalyzed aziridination of alkenes A mixture of
AgNO; (1.7mg, 0.01 mmol) and 4,4’,4"-tri-tert-butyl-2,2":6’,2"-terpyridine (t-Bustpy)
(4.0mg, 0.01 mmol) was stirred in CH;CN (2mL) for 5-10min. N-p-Tolylsulfony-
liminophenyliodinane (33, 86.5mg, 0.5mmol), together with MS (44, 0.5g), was
added to the mixture. Hex-1-ene (210mg, 2.5 mmol) was added and the solution
was stirred at 0°C for 0.5h, and further stirred at room temperature for 20h. The
reaction mixture was diluted with CH,Cl, (10mL) and filtered through a Celite
pad. The filter cake was washed with CH,Cl, (2 x 5mL) and the combined extracts
were concentrated under reduced pressure. The resulting crude mixture was

37
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purified by flash column chromatography (silica gel, hexane/EtOAc 4:1) to give
the desired aziridine (89.9mg, 0.36 mmol) in 71% yield.

Me Phi=N,
R SO,p-Tol
33
SOp-Tol
2 mol% AgNO3 + t-Bustpy N
Me. _~_<]

CH5CN, 0°Ctort, 20 h
71%

Representative procedure for Rh(ll)-catalyzed aziridination of alkenes by combined
use of trichloroethylsulfamate ester 34 and Phl(OAc),

trans-3-Methylstyrene (59mg, 0.50mmol), MgO (46mg, 1.15mmol), and
Rh,(NHCOCEF;), (3mg, 5.0mmol) were added sequentially to a solution of trichlo-
roethylsulfamate ester 34 (126 mg, 0.55mmol) in benzene. The resulting purple
mixture was cooled to 0°C and PhI(OAc), (209 mg, 0.65 mmol) was added. The
suspension quickly turned orange after the addition of PhI(OAc), and was allowed
to warm slowly to 25°C over 2h. After 6h, the reaction mixture was diluted with
CH,Cl, (10mL) and filtered through a Celite pad. The filter cake was washed with
CH,Cl,, the combined extracts were concentrated under reduced pressure, and the
resulting crude materials were purified by flash column chromatography (silica
gel hexane/EtOAc 9:1) to give trans-2-methyl-3-phenyl-1-trichloroethylsulfonyl
aziridine (140mg, 0.43 mmol) in 85% yield.

" 1 mol% Rhy(NHCOCF3), $03CH,CCl3
¢, HN.O_CCly PhI(OAC),, MgO N
0 e
PH O 0 benzene, 0 °C Ph/Q/
34 85%

1.8
Transition Metal-Nitride Complexes

There are many reports on the generation and the characterization of transition
metal/nitrido complexes [74], some of which have been applied to stoichiometric
nitrogen atom transfer reactions to organic molecules.

1.8.1
Nitrogen Atom Transfer Mediated by Transition Metal-Nitride Complexes

Carreira developed new methods to prepare manganese Schiff base-nitrido com-
plexes 35, which were used in the amination of alkenes including silyl enol ethers
and glycals [75]. The Mn(V)-nitrido complex of H,saltmen [saltmen = (1,1,2,2-tetr
amethylethylene)bis(salicylideneaminato)] 35 is prepared by the following two
step-procedure at scales of up to 20g as explained in the Experimental section
(Scheme 1.61).
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1) Mn(OAGC),+4H,0 Mo ‘T <o

(saltmen)Mn(N) 35

Scheme 1.61
OSiMe3 (saltmen)Mn(N) 35 O H
(CF3C0),0, pyridine NYCF3
CH,Cl,, =30 to —23 °C 0
69%
Scheme 1.62
1) (saltmen)Mn(N) 35 o) OH
o) © (CF3C0),0 0 0
NG Ll
PR ~OY 2) silica gel or H30* H 3
TBSO TBSO
75%
Scheme 1.63

Treatment of a solution of nitrido complex 35, silyl enol ether, and pyridine in
CH,Cl, with trifluoroacetic anhydride at =30 °C provides N-trifluoroacetyl o-amino
ketone (Scheme 1.62). This reaction may proceed through the initial formation of
a reactive N-trifluoroacetylimidomanganese species, with the subsequent transfer
of CF;CON group to an alkene.

By this procedure the stereoselective synthesis of 2-aminosaccharides has been
performed starting from glycals (Scheme 1.63).

Recently, nitrido ruthenium porphyrin complexes have been found to effect
amination of silyl enol ethers or hydrocarbons [76].

Development of chiral nitridomanganese complexes such as 36 and their
use for asymmetric preparation of aziridines and oxazolines have been reported
by Komatsu [77]. The complex 36 reacts with alkenes in the presence of p-
toluenesulfonic anhydride or some sulfonyl chlorides to give optically active N-
sulfonylaziridines (Scheme 1.64). When acid chlorides are used instead of sulfonyl
chlorides, oxazolines are formed, presumably via N-acylaziridines as intermediates
(Scheme 1.65).

1.8.2
Experimental Procedures

Preparation of H,saltmen Mn(V)/nitrido complex H,saltmen [saltmen = (1,1,2,2-
tetramethylethylene)bis(salicylideneaminato)] (10.0g, 30.8 mmol) was suspended
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ME3Si
(R,R)-Mn(N) complex 36
Me Me3Si(CH,),SO,CI §02
/=/ AgClOy4, pyridine, pyridine N-oxide N \\Me
Ph CH4Clp, 0°C, 12 h .
Ph H
70%, 83%ee
Scheme 1.64

(R,R)-Mn(N) complex 36
Me  PhCOCI, AgBF4

/2/ pyridine N-oxide
PH CH,Cl, 0°C, 48 h H@ H

s
Ph\(o )P\h &o/ m@

N ':\Me —~ O°°N (R,R)-Mn(N) complex 36
Pl H P’ Me

81%, 86%ee
Scheme 1.65

in MeOH (400mL) and the mixture was heated at 50-60°C. Mn(OAc),-4H,0
(7.90g, 32.4mmol) was added portionwise to the yellow solution. The resulting
dark brown solution was heated at reflux for 1h and at 23°C for 0.5h. Conc.
NH,OH (15M, 31.0mL, 465mmol) was then added dropwise over 5min, after
which aqueous NaOCI (0.7M, 280mL, 196mmol) was added to the vigorously
stirred mixture over 40 min. When the addition was complete, the mixture was
cooled to 0°C and diluted with CH,Cl, (400 mL), and the resulting biphasic mixture
was warmed to 23°C and stirred for 15min. The contents were transferred to a
separating funnel with H,O (200mL), the organic phase was isolated, and the
aqueous layer was extracted with CH,Cl, (200mL). The combined extracts were
washed with H,0O (6 x 300mL) and concentrated in vacuo to afford 12g of a dark
green solid. The solid materials were dissolved in CH,Cl, (50-75mL) and filtered
through a 70 x 200 mm plug of Brockmann activity-IV basic Al,O; with CH,Cl, as
the eluent. A dark green band was collected as a single fraction and the solvent
was removed in vacuo. The resulting green solid was suspended in EtOAc at reflux
(150mL), to which hexane (300mL) was added. The contents were cooled to 23°C
and then placed in a freezer at —20°C for 10h. The dark green microcrystalline
precipitate was collected and rinsed with an ice cold hexane/EtOAc mixture (2:1,
3 x 50mL). The product 35 (10.2g, 85%) was dried under vacuum at 1 Torr for
5h.

M M
1) Mn(OAc)+4H,0 Mee} m {NMee
LY N

2) NH4OH / aq. NaOCI o
Hosalt N

(saltmen)Mn(N) 35
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Representative procedure for the stereoselective synthesis of 2-aminosaccharides
mediated by the Mn(V)/nitrido complex Trifluoroacetic anhydride (200pL,
1.4 mmol) was added to a solution of glycal (139 mg, 0.40 mmol) in CH,Cl, (0.5mL),
and a solution of (saltmen)Mn(N) 35 in CH,Cl, (0.4 M, 10mL, 0.4 mmol) was slowly
added by syringe pump over 7h. After the addition of (saltmen)Mn(N), silica gel
(500mg) and Celite (500mg) were added to the resultant dark brown solution,
together with pentane (15mlL). The dark brown slurry was stirred vigorously for
30min before being filtered through a 20 x 50mm plug of silica gel with Et,0 (2
x 10mL) as an eluent. Concentration of the filtrate under vacuum afforded a pale
yellow residue, which was purified by flash column chromatography (silica gel) to
give the desired 2-amino sugar (143 mg, 0.30mmol) in 75% yield.

1) (saltmen)Mn(N) 35 o ~OH
o~ | (CF3C0),0 ‘1 0
ph\“ko“' 2) silica gel or HzO* Pp™ O H CFs
TBSO TBSO
75%

Representative procedure for the asymmetric synthesis of 2-oxazolines from alkenes
with the aid of chiral nitridomanganese complexes Pyridine (12mg, 0.15mmol),
trans-B-methylstyrene (354 mg, 3.0 mmol), and benzoyl chloride (51 mg, 0.36 mmol)
were added at 0°C to a mixture of an (R,R)-Mn(N) complex 36 (117 mg, 0.3 mmol),
AgBF, (70mg, 0.36mmol), and pyridine N-oxide (34mg, 0.36mmol) in CH,Cl,
(3mL). After the mixture had been stirred at 0°C for 48h, pentane (20mL) was
added. The mixture was passed through a 3 cm pad of silica gel with Et,O (125mL)
as the eluent. The filtrate was concentrated under vacuum, and the resulting
residue was purified by flash column chromatography (silica gel, hexane/EtOAc)
to afford (4R,5R)-4-methyl-2,5-diphenyl-2-oxazoline (58 mg, 0.24mmol) in 81%
yield. The enantiomeric excess of the oxazoline was determined by chiral HPLC
analysis (81% ee).

(R,R)-Mn(N) complex 36

Me PhCOCI, AgBF4
/:/ pyridine N-oxide N
PH CH,Cly, 0°C, 48 h v
=N., Il . \N=
N e e
N Me . O°°N (R,R)-Mn(N) complex 36
PR H P Me
81%, 86%ee
1.9

Azido Derivatives

Aliphatic azides are readily prepared by nucleophilic substitution of alkyl halides
or sulfonates with sodium azide; the resulting alkyl azides are readily reduced to
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primary amines, while 1,3-dipolar cycloadditions of azide derivatives with dipola-
rophiles such as alkenes, alkynes, and nitriles [78] give various kinds of azahetero-
cyclic compounds. These transformations have been reported in detail in some
recent reviews [79] and so are not discussed in this section.

1.9.1
Electrophilic Amination of Organometallic Reagents with Organic Azides

Some organic azido derivatives are utilized for the synthesis of primary amines
through electrophilic amination of organometallic reagents.

Trost reported that phenylthiomethyl azide (37) can be used as a synthon for
“NH, by treatment with a Grignard reagent and subsequent hydrolysis of the
resulting triazene (Scheme 1.66) [80]. This reagent can be applied to the prepara-
tion of a chiral secondary amine by treatment with a chiral Grignard reagent
[22].

Allyl azide [81], trimethylsilylmethyl azide [82], or diphenylphosphoryl azide [83]
are also used for the preparation of aromatic primary amines by treatment with
aryl Grignard reagents.

For amination of enolates, Evans developed the electrophilic azidation of amide
enolates with bulky 2,4,6-triisopropylbenzenesulfonyl azide 38 (Scheme 1.67) [84].
The resulting a-azido carboxiimides can be converted into o-amino acid
derivatives.

2) (MeC0),0

Ph N
PhS.__ N3 . NN sPh
- THF, =78 °C Y
Me O
I’I-BU4N+HCOZ_
_N-BusN'RCO; - pyy Ac
DMF, 45 °C \/\H
86%

Scheme 1.66 Electrophilic amination of Grignard reagents with azide 37.

1) KN[Si(NMey)3]

2) SO,N3

0 § .

o~ A 38 3) CHiCOH phAHLN o
/ THF, -78 °C THF, it Ny
: \
bh Ph

91% (97 : 3)
Scheme 1.67
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1.9.2
Radical-Mediated Amination with Sulfonyl Azides

Organic azides have been investigated as radical traps for C—N bond formation
[85]. Sulfonyl azides are suitable for azidation of nucleophilic radicals such as
secondary and tertiary alkyl radicals. Renaud developed ditin-mediated radical
azidation with phenylsulfonyl azide (39) [86]. When a mixture of alkyl iodides
(Scheme 1.68) or dithiocarbonates (Scheme 1.69) and phenylsulfonyl azide (39) is
treated with hexabutylditin as a chain transfer reagent, the radical reaction is initi-
ated by photoirradiation or thermal decomposition of di-tert-butylhyponitrite to
give the corresponding alkyl azides.

This radical azidation is applied to domino C—C bond formation-azidation
sequences (Schemes 1.70 and 1.71) [87].

PhSO,N3 39, (n-BuzSn),

038,
p-ToISOZ—NC>7I etor p-ToIsoz—NC}Na
enzene

initiator method A: hv (a 300W sun lamp), rt 77%
method B: cat. -BuO-N=N-Ot-Bu, 80 °C 89%

Scheme 1.68

AcO PhSOZN3 39, (H-BU3SFI)2 AcO

OEt cat. -BuO-N=N-Ot-Bu
AT s e

benzene, 80 °C
S

N
70% °

Scheme 1.69

PhSO,N3 39, (n-BusSn),

Me
O-\“' /%Me cat. t-BUO-N=N—-Ot-Bu
0 o benzene, 80 °C

91%
(endo : exo =61 :39)

Scheme 1.70

193
Hydroazidation of Alkenes with Sulfonyl Azides

Carreira developed the cobalt-catalyzed hydroazidation of alkenes with sulfonyla-
zides, which allows the synthesis of secondary and tertiary alkyl azides [34d].



44 | 1 Simple Molecules, Highly Efficient Amination

o PhSO,N3 39, (n-BusSn),
cat. t-BuO-N=N-Ot-Bu
EtO)K/ s Ab

benzene, 80 °C

EtO,C
EtO,C ,

N3
74%
(endo : exo = 85 : 15)

Scheme 1.71

Table 1.11 Co-catalyzed hydroazidation of alkenes with sulfonyl azide 40.

6 Mol% Co(BF 4),°6H,0 ligand = o 0
6 mol% ligand —N K+
30 mol% t-BUOOH 0
akene + p-TolSO,N; —L.6molamt PhSiHs azide | tBu OH
40 EtOH, 23 °C, 2-24 h
(3 mol amt.) t-Bu
alkene product (yield / %) alkene product (yield / %)
N3 Me N3 Me
PR TN PhMMe Ph/\A P Ve
(90) (86)
M N
tBUPhSIO” N tBUPhSIO” Y O 3
N3
(55) (56)
0 7 Ph Ph
M Z
NN BnOJ\/\f ) V\nfMe mMe
e
(75) Na (66)

Treatment of mono-, di-, and trisubstituted alkenes with p-tolylsulfonyl azide (40)
in the presence of phenylsilane and tert-butyl hydroperoxide (30 mol%) is catalyzed
by Co(BF,),-6H,0 and the Schiff base ligand to give alkyl azides in good yield
(Table 1.11). The Markovnikov-type products are formed exclusively, with broad
functional group tolerance.

1.9.4
Experimental Procedures

Representative procedure for electrophilic azidation of amide enolates by utilization
of 2,4,6-triisopropylbenzenesulfonyl azide A toluene solution of potassium
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hexamethyldisilazide (KHMDS, 0.48M, 2mL, 0.960 mmol) was added at -78°C to
THF (3mL). A precooled (—78°C) solution of the acyloxazolidinone (269mg,
0.87mmol) in THF (3mlL) was added to the solution by cannula, and the mixture
was stirred for 30min. A precooled (—78°C) solution of triisopropylbenzenesulfo-
nyl azide (38, 330-340mg, 1.07-1.10mmol) in THF (3 mL) was added by cannula
to the solution of the resulting potassium enolate. After 1min, the reaction was
quenched with glacial acetic acid (0.23mL, 4.0mmol), the cooling bath was
removed, and the mixture was immediately warmed to 25-30°C for 30min with
a water bath. The solution was partitioned between CH,Cl, and brine (40mL), the
aqueous phase was washed three times with CH,Cl,, and the combined extracts
were washed with saturated aqueous NaHCO;, dried over anhydrous MgSO,, and
evaporated under vacuum. The resulting crude materials were purified by medium-
pressure column chromatography (50g of silica gel, 1L linear gradient from
CH,Cl,/hexane 6:4 to CH,Cl,) to give [3(25),45]-3-(2-azido-3-phenyl-1-oxopropyl)-
4-(phenylmethyl)-2-oxazolidinone (278 mg, 0.79 mmol) in 91% yield.

1) KN[Si(NMey)3]

o o 2) SO,N3 o o
o /\)LN )J\o 38 3) CH3CO,H Ph/\‘)LNJ\O
p— THF, -78 °C THF, 1t N3 \_/

iPh P

91% (97 : 3)

Representative procedure for azidation of alkyl radicals with phenylsulfonyl azide Di-
tert-butylhyponitrite (10mg, 0.06 mmol) was added to a solution of the iodide
(365mg, 1.0mmol), phenylsulfonyl azide (39, 550mg, 3.0mmol), and (Bu;Sn),
(0.76 mL, 1.5mmol) in benzene (2ml) at reflux under N,. The reaction was moni-
tored by TLC. Upon completion, the solvent was removed under reduced pressure,
and the resulting crude materials were filtered through silica gel (hexane, then
hexane/AcOEt 85:15). After the combined fractions had been concentrated under
vacuum, the residue was purified by flash column chromatography (silica gel.
hexane/AcOEt 85:15) to give 4-azido-1-[(4-methylphenyl)sulfonyl]piperidine
(249mg, 0.89 mmol) in 89% yield.

PhSO,N3 39, (n-Bu3Sn);

cat. -BuO-N=N-Ot-Bu /\:}
. - -TolSO,—N N
p-TolSO, NC>—I benzene, 80 °C P 2 3

89%

Representative procedure for hydroazidation of alkenes with sulfonyl
azides Co(BF,),-6H,0 (10mg, 0.030mmol) and the ligand (14mg, 0.030 mmol)

45
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were dissolved in ethanol (2.5mL) at 23 °C under argon. After 10 min, 4-phenylbut-
1-ene (75pL, 0.50mmol), followed by p-tolylsulfonyl azide (40, 0.23mL, 1.5 mmol)
and tert-butyl hydroperoxide (5.5M in decane, 25pL, 0.14 mmol), were added to the
solution. After 5 min, phenylsilane (0.10mL, 0.80 mmol) was added dropwise. The
resulting brown solution was stirred at 23°C. After completion, the reaction was
quenched with H,O (2mL), and saturated aqueous NaHCO; (2mL) and brine
(5mL) were added to the mixture. The organic materials were extracted with EtOAc
(3 x 10mL), and the combined extracts were dried over anhydrous Na,SO,. The
solvents were removed under reduced pressure, and the resulting crude materials
were purified by flash column chromatography to give (3-azidobutyl)benzene
(79mg, 0.45mmol) in 90% yield.

Ph/\/\ +  p-TolSO,N3

40 ligand = Ph O
(3 mol amt.) Ph—<¢
~—N oK*

6 mol% Co(BF4),*6H,0
6 mol% ligand
30 mol% t-BuOOH N3

t-Bu
1.6 mol amt. PhSiH
. Ph/\)\Me

EtOH, 23°C, 2 h
90%

t-Bu OH

1.10
Gabriel-Type Reagents

1.10.1
Nucleophilic Amination Reactions

The Gabriel synthesis is a classical, but still very useful nucleophilic amination
method for the synthesis of simple primary amines [88]. The first step of the
Gabriel method, the formation of N-alkylphthalimide, includes substitution reac-
tions of potassium phthalimide with alkyl halides and alkyl sulfonates. The second
procedure, the conversion of the N-alkylphthalimides into primary amines,
requires strongly acidic or basic conditions, or can alternatively be carried out by
treatment with hydrazine. These severe reaction conditions prevent the application
to polyfunctionalized compounds containing carbonyl groups and halogen
equivalents.

To solve these problems, a number of alternatives to phthalimide have been
developed in order to allow the second deprotection step to be carried out under
milder conditions. Some of these reagents were reviewed by Ragnarsson in 1991
and are shown in Figure 1.2 [89], whereas other Gabriel-type reagents developed
recently are covered in the following examples.

Bis(2-trimethylsilylethanesulfonyl)imide (SES,NH, 48), easily prepared by alkyl-
ation of bis(methanesulfonyl)imide by treatment with LHMDS and (iodomethyl)t
rimethylsilane, is used in the synthesis of protected primary amines (Scheme
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Figure 1.2 Gabriel-type reagents.
Me o
A 1.0 PPh3
oH Me3Si/\/s\NH EtO,CN=NCO,Et
MeaSi—” "S5 THF, 50 °C
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Me Me 48 Ve
S .SES
CsF H
Me CH4CN, 65 °C |
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N
(SES = Me3SiCH,CH,S05) CsF, PhCH,Br L
CH4CN, 65 °C | Ph
Me~ Me 75%

Scheme 1.72 Synthesis of protected primary amines by Mitsunobu alkylation of 48.

1.72). This reagent undergoes Mitsunobu alkylation with both primary and sec-
ondary alcohols to afford the corresponding bis-SES imides. These imides can be
selectively cleaved to the mono-SES-protected amines by treatment with CsF. In
addition, one-pot monodeprotection/N-alkylation can be carried out by successive
treatment with CsF and an alkylating agent such as benzyl bromide, affording N-
alkyl mono-SES amino derivatives [90].

1,2,4-Dithiazolidine-3,5-dione (49) [91] is used for nucleophilic N-alkylation with
alkyl halides and for Mitsunobu reactions with alcohols (Scheme 1.73) [92].
The resulting N-alkyl-1,2,4-dithiazolidine-3,5-diones are readily converted into
urethanes via isocyanates by treatment with triphenylphosphine and alcohol.

47
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o, 0
PhsP-N"N
i S-S
P —~
Me A X
™ A Me 07 ™\"70
Me” “nCeHs s N1 CH.CI BN
6113 « 2%12 rt Me n-CeH13
490 76%, 97% ee
(¢} N—@—CH OH o} Q
‘ ’ N‘C// HNJ\O
PPhs : :
toluene, reflux Me/\n-CsHm Me/\n-CsH13 NG
92%, 97% ee
Scheme 1.73 Nucleophilic N-alkylation of 49 with alkyl halides.
o
S 2.5 mol% [Pd(C3H)Cl], OHC, -CHO
0" "Me OHC, 6.0 mol% (S)-BINAP :
+ NNa — S
phA\)\Ph OHC’ CICH,CH,CI, 0 °C Ph” "ph
43 99%, 93.9% ee
Scheme 1.74
o /[? chiral IigandM= .
t-BuO e
Ph/\/\OJ\OMe ! NH
90
50 o DiMe

O

P
o]
0,
2 mol% [Ir(cod)Cl], )J\N,CHO OO e

4 mol% chiral ligand t-Bu

THF, rt Ph)\/

98%, 98.5% ee

Scheme 1.75

Some Gabriel-type reagents have been applied to transition metal-catalyzed
allylic amination. Ding, for example, reported the asymmetric synthesis of allylic
amines from allylic acetates with sodium N,N-diformamide (43), catalyzed by
allylpalladium chloride dimer and BINAP (Scheme 1.74) [93].

Iridium complexes are also suitable catalysts for the synthesis of chiral allylic
amines [94]. When a mixture of allylic carbonate and tert-butyl formylcarbamate
(50) is treated with a catalytic amount of [Ir(cod)Cl], and a chiral amino phosphine
ligand, the corresponding allylic amine derivative is obtained with good regiose-
lectivity favoring the branched product, as well as with high enantioselectivity
(Scheme 1.75).
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1.10.2
Experimental Procedure

Representative nucleophilic amination with 1,2,4-dithiazolidine-3,5-dione  (R)-Octan-
2-ol (120pL, 0.76mmol) was added at room temperature to a solution of 1,2,4-
dithiazolidine-3,5-dione (49, 110mg, 0.82mmol) and the betaine condensation
reagent (345mg, 0.84 mmol) in CH,Cl, (2mL). After the mixture had been stirred
for 18, the solvent was evaporated under vacuum, and the resulting residue was
purified by flash column chromatography (silica gel, petroleum ether/EtOAc 9:1)
to give (S)-4-(1-methylheptyl)-1,2,4-dithiazolidine-3,5-dione (142 mg, 0.58 mmol) in
76% yield.

4-Nitrobenzyl alcohol (60mg, 0.39mml) was added to a solution of (S)-4-
(1-methylheptyl)-1,2,4-dithiazolidine-3,5-dione (120mg, 0.49mmol) and triphe-
nylphosphine (130mg, 0.50 mmol) in toluene (2mL), and the reaction mixture was
stirred at reflux for 48h. The solvent was removed under reduced pressure, and
the resulting residue was purified by flash column chromatography (silica gel,
petroleum ether/EtOAc 9:1) to give (S)-(4-nitrobenzyl)-1-methylheptyl carbamate
(111mg, 0.36 mmol) in 92% yield based on 4-nitrobenzyl alcohol and with 97% ee
(determined by chiral HPLC).

N\”

+ 8-
PhsP-N"" "N
S-S
O \—F
Me
OH S//( Me O%Nko
+ 3% NH :
Me n-CgHq3 SK< CHoCly, rt Me/\n—Cg,H13
O 0, 0,
49 76%, 97% ee
OZNOCHZOH j\
PPhs HN™ O
toluene, reflux Me/\n-CeH13 NO,

92%, 97% ee

Representative palladium-catalyzed allylic amination with sodium N,N-diformylamide
1,3-Diphenylprop-2-en-1-yl acetate (46.8mg, 0.186mmol) and Et;N (26pL,
0.186 mmol) were added to a solution of allylpalladium chloride dimer (1.7mg,
0.0047 mmol) and (S)-BINAP (6.7mg, 0.0112mmol) in 1,2-dichloroethane (3mL),
and the mixture was stirred for 10 min. After the mixture had been cooled to 0°C,
sodium N,N-diformamide (43, 106 mg, 1.116mmol) was added. The reaction
mixture was stirred at 0°C for 6h. After filtration, the solvent was evaporated under
vacuum, and the resulting residue was purified by flash column chromatography
(silica gel, hexane/EtOAc 4:1) to give (S)-N,N-diformyl-1,3-diphenyl-2-propenoyl-
amide (49.0mg) in 99% yield and with 99% ee.
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0
S 2.5 mol% [Pd(C3H)Cl], OHC.-CHO
0" Me OHC, 6.0 mol% (S)-BINAP B
+ NNa — A
ph/\)\ph OHC’ CICH,CH,CI, 0 °C Ph™ ""ph
43 99%, 93.9% ee
1.1
Conclusion

This chapter reviews the recent advances in the field of simple amination reagents,
which have allowed synthetically efficient introduction of various nitrogen units
into organic molecules, with the formation of new carbon-nitrogen bonds. Other
widely used nitrogen-containing small molecules such as nitroso compounds [95],
nitrites [96], or nitrogen monoxide [97] are outside the scope of this chapter and
are discussed elsewhere. Nitrogen atom transfer to organic molecules through
cleavage of dinitrogen by the action of transition metal complexes has also recently
been reported [98] and the further development of metal-catalyzed amination
reactions with dinitrogen will certainly become a challenging research area in
the future.
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