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Organic azides:

1 Convenient access to a variety of functionalities such
as amines, imines, amides, and triazoles.

2 Broad applications of azide—alkyne Huisgen
cycloaddition and Staudinger ligation in “click”
chemistry.

3 In materials science, azide-based transformations are
widely used for surface modification, macromolecular
engineering, and synthesis of novel polymeric materials.

Numerous azidation reactions:
Angew. Chem,, Int. Ed. 2005, 44, 5188(Review)

For direct C—H azidation through C—H activation:
James Johnson Fronties in Chemistry, Mar 14 2015
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Table 1 Pd-catalyzed allylic azidation of alkenes with NaN ,**

P UALE |5 mors
™ + MNaN - - R o T Ny
Qs 1 am)

Direct aliphatic ' o i
C—H azidation © " - O\ O‘
reactions O Y e
(1 ) IN3. only for e o

simple hydrocarbons O\ ) O \ S O\ .
(harsh reaction °‘ e
conditions and/or NE RN ¢ D™ | R
instability) QT D

Reaction conditions: O O Q0
alkenes (0.5 mmol), e e 20,14
NaN3 (0.75 mmol), oS et o
Pd(OAc)2 (5 mol%), e -
2.5 mL DMSO, .

02 (1 atm), S O S

100 °C, 24 h. 2 71%

“Reaction conditions: alkenes (0.5 mmol), NaN, (0.75 mmol),
PA[OAC): (5 mol%%), 2.5 mL DMSO, O, (1 atm), 100 °C, 24 h. *solated
yields are given.

Org. Biomol. tnem. zvu14, 14, 3540 3
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(2) Allylic, Pd-catalyzed C—H azidation
method with NaN3; allylic C—H bonds;

‘ o Fe(Lig)Cl (10 mol%) ' 0 5
RL 22K core PNOCeHCOAG (10molh) R oo o s !
i ; Etzo. n N . g ", "
R2” "2 "Hn H TR VRN,
n=1,2 Ny—=1—0 wrhide
up to 93% ee
Rz H R RZ Ny R

N Fe(OOCEL), (10 mol%) N
Boc H-Lig (12 mol%) Boc :
Et;0, rt up to 94% ee :

J. Am. Chem. Soc. 2013, 135, 5356

(S = Solvent, 4
n=1or2)
Ba
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(3) Enantioselective C—H azidation reaction of
B-Kketo esters with an iron boxim catalyst and

an azidoiodinane. -keto ester a-positions;
Yield 20 %

""b?
2
i Sl"('B 3,131
>. s
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Nat. Chem. Biol. 2014, 10, 209.
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(4) azidation of tertiary and benzylic C—H bonds using an
iron catalyst and an azidoiodinane reagent.

H (N Eel® Fe(OAG),” ~BzpNO,
Li-L11 1. Pd/C, H,
H +
CH,CN

2. pNO,BzCl
(. 5 mi) Major diasteromear
1.0 equiv. 1, 2.0 equiv. 23°C da, 80%+
N N 7 N\_(~ ,(1 ]
{ } _ N 1_ Py \ "r
Py Py NN Py
L1, 4% L2, 7%, 3.2:1 L3, 10%, 3.0:1 L4,11%, 4.3:1 L5, 3%, 2.3:1 L6, 5%, 3.6:1
idi
Py = pyridine | X
G \T/j\r \)/‘\rj N O || N/l : 9]
) D ) D
: f u Ph iPr ::'F’r
L7, 10%, 2.8:1 L8, 20%, 4{}1 L9, 22%, 4.0:1 L10, 35%, 4.1:1 L11, 75%, 4.3:1

Nature 2015, 517,
600.
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This work

Practical and complementary manganese
catalyzed C—H azidation reaction that is

applicable to secondary, tertiary, and
benzylic C-H bonds.

The method uses easily handled aqueous
sodium azide as the azide source.
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Oxidative Aliphatic C-H Fluorination with Fluoride
lon Catalyzed by a Manganese Porphyrin

A Methylene selectivity
H Mn(TMP)CI (6 mol%)
AgF (3 equiv.) TBAF (0.3 equiv. - —
[y et Osean) 7y gy
H : PhIO (6 equiv.) F
H 51%
3.5 ; 1
B O 26 unactivated sp? C-H bonds

Mn(TMP)CI (12 mol%)

Me ME O
AgF (3 equiv.) TBAF (0.3 equiv.) N 16%
PHIO (10equiv) ' }V /70 4 G3-fluoride

a/f=7.8
42% a/p=3.1 P
C O Selective A ring fluorination
Mn(TMP)CI (8 mol%) " Me O y Me O
D AgF (3 equiv.) TBAF (0.3 equiv.) © . &
- PhIO (8 equiv.) g Fﬁﬂ F’L“:j::‘/’c h
H : E
H 32% o/p=4.5 23% a/p=6.2

Science 2012, 337, 1322.
J. Am. Chem. Soc. 2014, 136, 6842.
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Unusually low barrier

(Mn_l ”> (Mﬂ) R-g ‘o fluorine atom transfer
R-F F B from manganese(lV)—F
R. Species. Manganese

porphyrins were capable
of mediating

~/ low-conversion

C-H azidation of simple
hydrocarbons along with
oxygenation products.
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Idea: Replacing fluoride with a suitable azide source
might promote the more efficient formation of an
analogous MnlV-N3 intermediate, which would trap the
substrate radical and form the desired C—N3 bond.

Scheme 1. Concept of Mn-Catalyzed C—H Azidation

0
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[O] Mn
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R-H | X°
Y
X=F . HJ{= N;_;
o iy,
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@ Mn'v
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Fluorine rebound Azide rebound
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R-F Fluorination R-N3 Azidation 10
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Table 1. Reaction Optimization with Cyclooctane 2. 3% t026%
N, oH o from Mn(TPP)CI
Cat. (1 moi%), Oxidant (1eq) O O O to Mn(TMP)CI
O MaN, (aqg. 1 mL), solvent (1 mL), RT 3-7: CH2CI2
Azidation nygen ation to ethy| acetate
8. Decreasing the

wﬂf ”— f@%@ d L @tﬂu azide concentration

Mangan&s& porphyring T TDCFP PP lhﬁﬁaalgn?él led to a slightly
higher yield;
catalyst NaN; (M) solvent yield (%) Az/Ox 9. More oxidant
1 Mn(TPP)CI 6.3 CH,Cl, 3 1:1 further increased
2 Mn(TMP)CI 6.3 CH,Cl, 26 5:1 the yield( 4 eq
3 Mn(TDCPP)CI 6.3 CH,Cl, 18 2:1 PhlO);
4 Mn(TMP)CI 6.3 PhCF, 20 1.5:1 10. Manganese
5 Mn(TMP)CI 6.3 acetone 3 1:2 salen-type
6 Mn(TMP)CI 6.3 benzene 20 2:1 Jacobsen catalysts
7 Mn(TMP)CI 6.3 EtOAc 25 4:1 (5%)
8§  Mn(TMP)CI 1.5 EtOAc 29 5.3:1 11. under air :OK
9  Mn(TMP)CI 1.5 EtOAc 557 3.9:1
10 Mn (salen )CI 1.5 EtOAc 517¢ 3.7:1 No mandanese
11 Mn(TMP)CI 1.5 EtOAC 5374 3.6:1 9

catalysts, no
azidation products
11

“Yields, based on bt:a_rtmg substrate, and product distributions were
determined by GC-MS. 4 equiv of PhID were added sequentially. “5
mol % catalyst loading. “Reaction was carried out under air.
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wide range of substrates

catalysi, NaN, (aq., 1.5 M, 4 eq.)
Method A: Mn{TMP)CI (1.5 moPs)

- Method B: Mnisalen)Cl (S mol%) o\ 1 NO PTC
: o & j 50.J, B, F:T' #-12h . 2 Amide(7), ester(9, 19,20), ketone
O R f’f-'-'::f“'“ffng d[ﬁjf- v, (16,18), carbamate(7), tertiary
hAs  senn ez 28RS 4sen c;;t;h ., alcohol(10), heteroaryl groups
2% C2, aﬂ-EI;I 10% C1, 10% C3 15% C4 thiophene(15-17), and pyrimidine(22)
My O~ N - Q@ were well tolerated. 3 The reaction of
Lu;r :j\"* E_;} ”ag-?“‘ {Tll:ﬂ i, trans-decalin with the bulky Mn
gseAb  quA a5 A G798 4598 (TMP)CI catalyst afforded mostly
OH j'jj' ul:Na My N ,IW secondary azidation products (2-4). 4
gl:_‘\fl‘hld J]_'[':_)E [j[ 9 ﬂ_""j""'f’ ® =~ The efficiency of C—Hctivation was
10 14 R T significantly affected by the
SO e e g ORN BERE o electronic properties of the substrate.
*-iJJ ’-EEFF’{\”S f-ﬂ-ﬂ' 5 -{3__ (5 and 6). 5 The regio-selectivity of C
T i _.:?_j Dhed ) {_»  —H activation could be regulated by
o AL 3?53;1 . o the electronic and steric properties of

the ligand(11). 6 adamantane(8, 10),

JO)\ ﬂj_#h N t_f=r4$ —, , dibenzocycloheptane (18),
I | & — N tetrahydronaphthalene (21), and
SE%AS S R 50%8 other benzylic position 12
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Substrate scope of Mn-catalyzed C-H
azidation.

(a)Conditions: catalyst (method A: 1.5 mol %
Mn(TMP)CI; method B: 5 mol % Mn(salen)Cl),
substrate (0.6 mmol), 1.5 mL of NaN3 (aq.,
1.5 M, 4 equiv), 1 mL of EtOAc, 23 °C. PhiIO
(3—6 equiv) was added in portions (0.8-1.0
equiv PhlO each portion). The reaction was
monitored by TLC, GC-MS or LC-MS. Isolated
yields of major products are reported unless
notified otherwise. Azide to oxygenated
product ratios were 2-4:1.

(b)Yields were determined relative to starting
material by GC-MS.

(c)Methyl acetate was used as solvent.
13
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Application in more complex bioactive molecules

Me0OC Z EH

3

Ns-ibuprofen methyl ester pregabal‘m derivative N:;-Sﬂ-"ﬂ-"ﬂﬂ-'fde

573,B.ab B0%LA 57%AP (afp = 7.5)
Fﬂcf"i NHBoc
sol D
H3_ H].
26 28
N4-NTFAc-rasagiline Nqestrone acelate
459,82 38%B.a0 (+ 18% diazidation) 47983

0
N
_-:_ o 3 "h.':l
Bz
™ 29 30 31
Ns-artemisinin-OBz N ;-celestolide Ns-papaverine
afjesBab 74u Ba 602 B.a
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23, two benzylic

NHBoc _{
/[\LWWE O Position; 24. two

a-position; 25.
2 and 3.

2nd H and
tertiary H

and ester
a-position H

26, two benzylic
Position;

24 and 26;

HTHHEnc-memantmez7 6,9, two H,

ketone a-position;

°~ 29 different
o~ tertiary H

30 benzylic H
and
ketone a-H
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Reaction Mechanism

Ligand
exchange

PhlO

\
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R-Na { N3
OH f(
R"ﬂ”3 T R
CE"'HW \ﬂl@
-
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1, Ligand exchange;
Mn(TMP)CI with NaN3 to
form Mn(TMP)N3

2 PhIO oxidation ( resting
Mn(lll) catalyst to the
hydrogen-abstracting
oxoMn(V) intermediate

3 Hydrogen abstraction

R-H (substrate radical formed)

4 possible
trans-diazidoMn(IV)

5 C—N3 bond formation(
radical captured by
Mn(IV)=-N3 intermediate);
catalyst regeneration .
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Reaction Mechanism
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Conclusion
A facile and convenient manganese-catalyzed
aliphatic C—H azidation reaction.
*The easily handled aqueous NaN3 solutions as
the azide source and operationally simple.
Applications in organic synthesis, chemical
biology and drug discovery(late stage azidation
of several bioactive molecules).
Initial high enatioselectivity with chiral
manganese salen catalyst,
‘Introduction other pseudohalogen functional
groups to molecules via manganese-catalyzed C
—H activation.
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Thank You
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» Staudinger ligation

Nj NH,
PPh,
>
N3 THF, H,0 HoN
Nj NH,

e

PhP: N— PPhj
- + 4+ -
N=—=N=—74=N N:l‘l_N\ —— > N—N  |Phosphazide|
R R R
Organic Azide
| PhyP—N |
o R—N -, <=
R—NH, 4+ O=PPh;<*— \\ - N—N
Amine PPh; /
Iminophosphorane _R |
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« azide—alkyne Huisgen cycloaddition

1,3-dipolar cycloaddition between
an azide and a terminal or internal alkyne to
give a 1,2,3-triazole.
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B A
n* approach r__ﬂ_——-’
0 HV_
~Y oy
IRV RY,
IS0

Science 2012, 337, 1322
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' es 172
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| .-'l'l' ‘-ﬂ'}# 3.1 "‘II %
Mn**(Por) ——""
| D'D ‘1'1 ‘l.
X v
\1‘ . —L
I X:OH ‘\

Fig. 3. Energy landscape for F rebound to the
cyclohexyl radical. (A) Schematic depiction of F ' '— E
atom abstraction from X-Mn"F by the cyclohexyl \ -36.2 !

radical in the equatorial configuration and the e Iliﬂnﬂ"'[:Por}
influence of the axial ligand (X = OH and F) on the -434 |
F abstraction potential energy surface (enthalpies X

in kilocalories per mole at 298 K). Bond distances shown are calculated for X = F. (B) Frontier orbital
depiction of the transition state (TS) for F transfer.

Science 2012, 337, 1322
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\
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Figure 5. (a) Proposed mechanism for '°F labeling of benzylic C—H

bonds catalyzed by a manganese salen catalyst. (b) Detection of
enantioselectivity of labeling products of celestolide by chiral radio-

HPLC analysis. (c) Energy landscape of fluorine transfer from F— 23
Mn""—OH intermediate (34) to a benzyl radical.
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