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Abstract: Asymmetric aminoazidation and diazidation of
alkenes are straightforward strategies to build value-added
chiral nitrogen-containing compounds from feedstock chem-
icals. They provide direct access to chiral organoazides and
complement enantioselective diamination. Despite the advan-
ces in non-asymmetric reactions, asymmetric aminoazidation
or diazidation based on acyclic systems has not been previ-
ously reported. Here we describe the iron-catalyzed intermo-
lecular asymmetric aminoazidation and diazidation of styr-
enes. The method is practically useful and requires relatively
low loading of catalyst and chiral ligand. With mild reaction
conditions, the reaction can be completed on a 20 mmol scale.
Studies of the mechanism suggest that the reaction proceeds via
a radical pathway and involves stereocontrol of an acyclic free
radical which probably takes place through a group transfer
mechanism.

Introduction

Enantioenriched, vicinal diamines are found in many
natural products, drugs, and other biologically active mole-
cules, and are also privileged chiral ligands widely used in
asymmetric synthesis and catalysis.!” While C—C bond
formation involving reductive coupling of aldimines® and/
or imines®™ is effective for the synthesis of chiral diamines, the
catalytic asymmetric diamination of alkenes or dienes is the
most straightforward and convenient approach to production
of these structures (Scheme 1). Shi,l'** Du,” Gong,"® Muiiz!”!
and Denmark®® have established powerful palladium-, ary-
liodine- and organoselenium-catalyzed intermolecular diami-
nation of alkenes or dienes, respectively. Michael,”! Chem-
ler,’” Zeng™ and Liu developed palladium or copper
catalyzed inter/intramolecular diamination with one external
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Scheme 1. State of the art in catalytic asymmetric diamination and
aminoazidation, and this work.

amination reagent and the other derived from alkene
substrates, producing useful chiral indolines and pyrrolidines.

Aminoazidation and diazidation of alkenes are also
promising strategies because they not only provide methods
complementary to diamination, but also have additional
potential due to the rich chemistry of the azido group.
Organoazides are familiar as versatile reactants in numerous
reactions including the Curtius rearrangement,™” Regitz
diazo transfer,'¥ Staudinger ligation,' Aza-Wittig reac-
tion,!'! Boyer rearrangement,'”’ Huisgen “click” reaction®!
and many other reactions.™!'”) The azide group is an
important synthon and is also found in many drugs and
bioactive molecules.**?! With the significance of organic
azides and diamines, there is continuing interest in the
development of aminoazidation® and diazidation of
alkenes and many novel methods have been developed.

In spite of the advances in related non-asymmetric
reactions,?'**?} enantioselective aminoazidation and diazi-
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dation are underdeveloped. There is only one example of
a successful enantioselective aminoazidation, an intra/ inter-
molecular aminoazidation leading to structurally diverse
substituted piperidines (Scheme 1c¢).”?!! There is a need for
asymmetric aminoazidation/diazidation reactions but those
based on the intermolecular mode on an acyclic system
remain a challenge. Previous studies on azidation reactions
showed that the metal-catalyzed radical azidation often
involves an intermolecular group transfer mechanism.”
Our studies on the mechanism of iron-catalyzed carboazida-
tion of alkenes also have suggested an azido group transfer
pathway.”® In general, covalent, dative, ionic and hydrogen
bonds between a chiral metal catalyst and a radical reaction
partner in a metal-catalyzed intermolecular group transfer
reaction are usually absent. Consequently, interactions be-
tween these two species tend to be inefficient. Stereocontrol
of untethered radicals in a group transfer radical reaction is
therefore highly challenging and successful examples of such
reactions are uncommon (vide infra).”” The enantioselective
Kharasch addition reaction reported by Ready et al.?’ is
probably the first successful example of intermolecular
asymmetric radical group transfer reaction dealing with
untethered radicals. Zhang et al. recently reported the elegant
enantioselective intermolecular radical C—H amination,?¥
and we?’? and Liu*! independently developed asymmetric
carboazidation of styrenes and acrylamides. Despite these
recent breakthroughs, asymmetric aminoazidation and dia-
zidation remain important unsolved problems. Herein, we
report our results of the iron-catalyzed radical asymmetric
aminoazidation and diazidation of styrenes.

Results and Discussion

Our study began with screening of the conditions of the
Fe-catalyzed asymmetric aminoazidation of styrene (1a)
using N-fluorobenzenesulfonimide (NFSI) as the N-radical
precursor, trimethylsilyl azide (TMSNs5) as the N; source and
aligand. An initial trial with 5 mol % Fe(OTf), and 7.5 mol %
of a ligand (L1) in Et,0 at 60°C for 5 h afforded the desired
aminoazidation product (2) in 8% yield with a 64:36 enan-
tiomeric ratio (er) (Table 1, entry 1). The ligand (L1) contains
alarge planar aromatic system that could support interactions
with & electrons, and two phenyl groups that may protect the
radicals from non-selective azidation. Bulkier ligands (L2-
L5) were designed. Ligand L2, with four phenyl groups was
found to deliver the product in 29 % yield and 80.5:19.5 er
(entry 2). Ligand L4 which has a -Bu group at the para-
position of each of the phenyl groups in L2 was found to
increase the yield of the product (2) to 55% and the er to
91.5:8.5 (entry 4). With a more sterically-hindered ligand
(L5), the yield fell to 4 % and the er slightly decreased to 91:9
(entry 5). Several Box ligands (L6-L10) were also examined,
and these reactions gave lower yields and enantioselectivities
(see Table S17 in Supplementary Information—SI). A series
of metal catalysts including various iron compounds were
tested, and Fe(OTf), was found to be the best catalyst (see SI,
Table S271). Solvent effects were investigated (entries 6-13),
and it was found that use of CHCI; rather than Et,0
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Table 1: Reaction optimization using styrene as a substrate.l!

Fe(OTf), (5 mol %)
Py F-N(SO2Ph):2 | igand (7.5 mol %) N3
X + —_—
Ph TS, oiveni Ph/\/N(SOQPh)2
1a 60°C,5h 2
/
Si—
\
O [0) L3 L4
2\ Voo TN N/OAr:
\\< - Af‘\‘.\\( }/KAr £ < > { { L5
Ph Ph Ar Ar
L1 L2 Ar = Ph, L3 Ar = p-trimethylsilylphenyl, L4 Ar = p-tert-butylpheny!
L5 Ar = 4-(2,3,3-trimethylbutan-2-yl)phenyl

Entry Ligand Solvent Yield [%6]"! erl

1 L1 Et,O 8 64:36

2 L2 Et,O 29 80.5:19.5
3 L3 Et,0 0 -

4 L4 Et,O 55 91.5:8.5
5 L5 Et,0 4 91:9

6 L4 DME 48 89:11

7 L4 THF trace —

8 L4 PhMe 16 89:11

9 L4 CH,;CN 5 65.5:34.5
10 L4 DCE 25 82:18

1 L4 DCM 46 85.5:14.5
12 L4 CHCl, 96 87:13

13 L4 ccl, 66 88:12
14 L4 CHCl, 90 91:9

150 L4 CHCl, 14 90.5:9.5
1604 L4 CHCl, 98 91:9
1718 L5 CHCl, 9% 93:7

[a] The reaction was performed with styrene (0.1 mmol), NFSI

(0.25 mmol), TMSN; (0.25 mmol), Fe(OTf), (5 mol %), ligand

(7.5 mol %), solvent (2 mL), 60°C, 5 h. [b] Yield of isolated product.

[c] Determined by HPLC analysis on a chiral stationary phase. [d] rt, 48 h.
[e] 10°C, 48 h. [f] Fe(OTf), (1 mol %), L4 (1.2 mol %). [g] Fe(OTf),

(1 mol %), L5 (1.2 mol %).

significantly improved the yield to 96% albeit with a de-
creased er of 87:13 (entry 12). Upon reducing the temperature
from 60°C to room temperature (rt) and extending the
reaction time to 48 h, the product was obtained in a yield of
90% and with 91:9 er (entry 14). Further lowering the
temperature failed to improve the reaction yield (entry 15).
By reducing the catalyst and ligand loading to 1 mol % and
1.2 mol %, respectively (entry 16), the yield could be further
increased to 98% without affecting the enantioselectivity.
Using the conditions in entry 16 and replacing L4 with LS
afforded the product in 96 % yield with 93:7 er (entry 17).

With the optimized conditions in hand, we explored the
scope of the aminoazidation reaction and obtained the results
shown in Scheme 2. Styrenes with one or more substituents on
the phenyl groups were examined and were found to provide
the corresponding products (3-32) with good yields and er.
Most of the reactions were performed with L4 or LS, and it
was found that L4 afforded products with better enantiose-
lectivity in most cases with the exception of reactions forming
products §, 16 and 32.

Electron-donating groups such as methoxyl, methyl,
isopropyl or n-octyl, and electron-withdrawing groups, in-
cluding F, Cl, Br, CF;, or CHF, are all tolerated. When vinyl
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Scope of aminoazidation
N3

R1\©)\/ N(SO,Ph),

2, R!
3, R!
4, R
5 R
6, R’

=H, 96% yield; 93:7 er (L5)

= OMe, 62% yield; 90:10 er (L4)

= Me, 75% yield; 90:10 er (L4)

= /Pr, 93% yield; 93:7 er (L5)
"CgH17, 87% yield; 90:10 er (L4)
7,R" = F, 90% yield; 93:7 er (L4)

9, R" = Br, 60% yield; 95:5 er (L4)

10, R' = CF,H, 86% vyield; 93:7 er (L4)
11, R" = CF3, 86% vyield; 93:7 er (L4)

n

N3

O)VN(SOZPMZ
R2

12, R2=F, 70% yield; 89:11 er (L4)
13, R2=Cl, 85% yield; 92:8 er (L4)

14, R? = CH,Cl, 82% yield; 92:8 er (L4)
15, R? = CF3, 70% yield; 89:11 er (L4)

=

25, 68% yield; 89:11 er (L4)

34,°195% yield
80:20 dr, 98:2 er (L4)

26, 80% yield; 90:10 er (L4)

[N] = N(SO,Ph),

Research Articles

N3

R:’j@)\/ N(SO,Ph),
R4

16, R® = Me, R* = Me, 60% yield; 92:8 er (L5)
17, R® = Cl, R* = Me, 92% vyield; 94:6 er (L4)
18, R® = Me, R* = F, 81% vyield; 94:6 er (L4)
19, R® = F, R* = F, 72% yield; 92:8 er (L4)
20, R® = CI, R* = F, 85% yield; 97:3 er (L4)
22, R3=Cl, R* = Cl, 80% yield; 93:7 er (L4)
23, R® = Me, R* = Br, 60% yield; 89:11 er (L4)
24, R® = Br, R* = F, 61% yield; 91:9 er (L4)
N3

RS N(SO,Ph),

RG

27, R% = Me, R® = OMe, 83% yield; 90:10 er (L4)
28, R% = Me, R® = Me, 70% vyield; 92:8 er (L4)
29, R®=F, Ré = F, 50% yield; 91:9 er (L4)

30, R® = Br, R® = Br, 88% yield; 92:8 er (L4)

31, R =F, R® = Br, 67% yield; 90:10 er (L4)

32, R% = CF3, R® = CF3, 85% yield; 90:10 er (L5)

N(SO2Ph), N(SO,Ph),

33, 90% yield; 88:12 er (L4)

H/Br

35,185% yield
79:21 dr, 98.5:1.5 er (L4)
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| Scale- -up reaction
N3

CI\©)\/ N(SO,Ph),

8, 98% vyield; 94:6 er (L4)
10 mmol scale: 97% yield 94:6 er
with 0.75 mol% iron catalyst

N3

FSC]@/'\/ N(SO,Ph),
F

121, 72% vyield; 92:8 er (L4)

+ 20 mmol scale, 70% yield, 97:3 er

| (after recystallization)

1 with 0.75 mol% iron catalyst

X-ray

‘ X-ray of 8
CCDC 2038969

X-ray of 17
CCDC 2038972

X-ray of 24 ~
CCDC 2038970

Scope of diazidation
with L4 as the ligand

37, R7 = 3-H, 64% yield; 97:3 er
38, R = 3-CF3, 55% yield; 93:7 er
39, R’ = 3-Cl, 58% yield; 97:3 er
40, R7 = 3-F, 58% yield; 95:5 er

41, R’ = 3-Br, 75% yield; 95:5 er
42, R = 3-CHj, 60% yield; 85:15 er

45, 54% yield
92:8 er

O F

51, dr 2:1, 60% yield
43, R7 = 3,5-diBr, 55% vyield; 88:12 er major 85:15 er

44, R” = 3,4-diCl, 54% yield; 89:11 er minor 93:7 er

N3
©)\/N3

N3

H H

46, n= 1, 75% yield; 95:5 er 50, 61% yield, 73:27 er

47, n= 2, 55% yield; 93:7 er

48, n= 3, 72% yield; 92:8 er

49, n=5, 80% vyield; 92:8 er
N3

“H 53 MRS = Y dr1.4:1
73% yield, 92:8 er
54, R® = F, dr 1.3:1 (chiral:meso),

3
(os)
}
@]
/
O)T

ﬂ

hiral:meso),

78% yield, 90:10 er

52, dr 3:2, 61% yield
major 85:15 er
minor 92:8 er

55, R® = CI, dr 1:1 (chiral:meso),
67% yield, 88:12 er
56,19 R = Br, dr 1:1.2 (chiral:meso),

67% yield, 91:9 er

Scheme 2. Scope of iron-catalyzed intermolecular asymmetric aminoazidation and diazidation of styrenes.*® [a] The aminoazidation reactions
were performed with styrene (0.1 mmol), NFSI (2.5 equiv), TMSN; (2.5 equiv), Fe(OTf), (1 mol %), L4/L5 (1.2 mol %), CHCl; (2 mL), rt, 48 h. The
diazidation reaction was performed with alkene (0.2 mmol), alkyl perester 36 (3.5 equiv),TMSN; (3.5 equiv), Fe(OTf), (5 mol %), L4 (6 mol %),
CHCl; (2 mL), rt, 72 h. [b] Yields of isolated products. [c] Olefin (0.1 mmol), NFSI (5.0 equiv), TMSN; (5.0 equiv), Fe(OTf), (2 mol %), L4

(2.4 mol %), CHCl; (4 mL), rt, 48 h. [d] Toluene as solvent.
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and allyl/alkynyl groups are present in the same molecule the
aminoazidation occurs selectively at the vinyl group, afford-
ing products 25 and 26. 2-Vinylbenzo[b]thiophene was also
compatible with the reaction and afforded the desired
product (33) in 90% yield and 88:12 er. By doubling the
amount of reagents and the catalytic loading, 1,3-divinylben-
zene and 1-bromo-3,5-divinylbenzene underwent double
reactions affording the products 34 and 35, respectively, with
moderate diastereoselective ratios and high er. The absolute
stereochemistry of products 8, 17 and 24 has been confirmed
as R by single crystal X-ray crystallography. It should be noted
that the results of this reaction when performed on a scale of
up to 20 mmol with 0.75 mol% of iron catalyst remained
excellent.

Diazidation of alkenes is a powerful strategy with which to
incorporate two azido groups. Asymmetric diazidation how-
ever has not been reported. We explored the diazidation of
styrenes with this catalytic system and found the chiral iron
catalyst is suitable for disubstituted and trisubstituted styr-
enes and produces the otherwise inaccessible chiral diazida-
tion products. With trisubstituted styrenes, products 37-49
with up to 97:3 er were obtained. Products 51 and 52, which
contain two asymmetric centers were produced from unsym-
metric styrenes, each isomer with a moderate er. Diazide
compounds 53-56 were delivered from symmetrical styrenes.
The chiral products delivered er as high as 97:3. Diazidation

N(SOzPh)z \©)\/N(302Ph
o
H,

Me, 95% yield; 94:6 er
87% vyield; 94:6 er 59, 88% yield; 94:6 er

Lo

7R
58, R =

lo

Research Articles

of styrene afforded the corresponding product (50)
moderate yield but with low er.

To demonstrate the synthetic utility of the reaction,
different transformations of the aminoazidation product (8)
were performed (Scheme 3). Click reactions of 8 with
terminal®%? or internal alkynes,* a benzyne precursor,*”
or acetylacetone”"! afforded the corresponding triazoles (57—
62) with good yields and without loss of enantioselectivity.
The chiral azide (8) was reduced in 79% yield to the
corresponding chiral primary amine (63) by refluxing the
chlorophenyl compound (8) with indium powder in MeOH.P?
Compound 8 could be further reduced with P(OMe); to
afford a chiral phosphoramide (64) in 81 % yield.”'" Besides
azide transformations, compound 8 undergoes mono-desul-
fonylation upon treatment with n-Bu,NF® to afford a prod-
uct (65) in a quantitative yield. Further reduction of 65 with
indium gave the monoprotected 1,2-diamine (66) in 62%
yield.”? One-pot propargylation/intramolecular [3+2] cyclo-
addition of compound 66 afforded a novel triazolopyrazine
derivative (67).54

To gain insight into the radical nature and mechanism of
the reaction, control experiments were performed. In radical
trap experiments, the reaction was significantly inhibited by
the addition of TEMPO (2,2,6,6-tetramethylpiperidine-1-
oxyl), and the desired product (8) was formed in only 24 %
yield (Scheme 4a). An aminooxygenated product (68) was

Z’

cl OMe cl N(SO,Ph),
N(SO,Ph),

60, 63% yield; 94:6 er 61, 83% yield; 94:6 er

Tm) Tm>

N
N
S\ 0
Ph

(i

cl N(SO,Ph), N
CI\©)\/N(SOZPh)2

8,946er

67, 56% yield in two steps; 94:6 er

‘ 62, 76% yield; 94:6 er

im D

\©)VNHSOZPh

66, 62% yield in two steps; 94:6 er

\©)\/NH802Ph

65, quant.; 94:6 er

o o

MeO)zP\ NH;

\7[:::T/1\V/N(Sozphh c

64, 81% yield; 94:6 er

N(SO,Ph),

@é

63, 79% yield; 94:6 er

Scheme 3. Synthetic applications of the aminoazidation products. Reaction conditions: a) 8 (0.2 mmol), aryl alkyne (2.0 equiv), CuSO,-5H,0

(20 mol %), Na-ascorbate (0.4 equiv), t-BuOH/H,0/DCM (2:1:0.2), rt, 24 h; b) 8

aminophenol (5 mol%), DCM/H,0 (1:1), rt, 18 h; c) 8

(0.2 mmol), DMAD (1.1 equiv), +-BuOH/H,0/DCM (2:1:0.25), 70°C, 18 h; d) 8

(0.2 mmol), but-3-yn-2-one (1.2 equiv), Cu(OAc), (10 mol %), 2
(0.2 mmol),

2-(trimethylsilyl) phenyl trifluoromethanesulfonate (2.0 equiv), CsF (2.0 equiv), CH;CN, rt, 4 h; e) 8 (0.2 mmol), acetylacetone (2.0 equiv), K,CO;

(0.2 equiv), DMF, 40°C, 17 h; f) 8

(0.2 mmol), In powder (1.5 equiv), NH,Cl (1.5 equiv), MeOH, reflux, 5 h; g) 8

(0.2 mmol), P(OMe); (1.5 equiv),

PhMe, 80°C, 12 h; h) 8

(0.5 mmol), TBAF (1.1 equiv, 1 M in THF), THF, 70°C, 1.5 h; i)

8 (0.5 mmol), propargyl bromide (1.1 equiv), K,CO,

(2.0 equiv), CH;CN, 60°C, 4 h. DMAD = dimethyl acetylenedicarboxylate.
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a) With TEMPO
CI\©/\
b) With BHT

o

c) With 1,1-diphenylethylene

Standard conditions with L4
At 6 h, TEMPO was added in
three equal batches

(1.0 equiv per batch)
at an interval of 12 h

N3
cl N(SO,Ph), N
* CI\©)\/N(SOQPM2

8, 24% yield
80:20 er

N3
cl \©/'\/r\1(sc)21='h)2

8, not observed

N3

Standard conditions with L4 cl N(SO,Ph),
_— .

\©/\ 1,1-diphenylethylene (3.0 equiv)

8, 40% yield

d) Radical clock experiment 92:8 er

Ph
Ph)%/

e) Reactions run with L2Fe(ll)OTf, complexes

68, 14% yield

Standard conditions with L4

BHT (3.0 equiv)

N(SO,Ph);

N( SOZPh)z
Ph

70, 32% yls\d
major: minor =5:2
72:28 er for major

Standard conditions with L4

71, not observed

L2Fe(OTf),#Solvent (1 mol %)

N NFSI(2.5 equiv), TMSN3(2.5 equiv) /NQ,

Ph —_— N(SO,Ph),
CHCl3, 1t, 48 h Ph 2 &

1a

L2Fe(OTf),eTHF (Complex 1)
L2Fe(OTf)2¢CH3CN (Complex Il)
standard condition with L2

64% yield, 78.5:21.5 er
96% vyield, 79:21 er

80% vyield, 78:22 er Complex |

Complex Il

Scheme 4. Mechanistic studies.

isolated from this reaction in 14 % yield. This suggests the
existence of a benzyl radical, generated from the addition of
a disulfonimidyl radical to the alkene. The radical inhibitor
BHT (2,6-di-tert-butyl-4-methylphenol) was found to com-
pletely inhibit the aminoazidation reaction (Scheme 4b). The
addition of 1,1-diphenylethylene severely suppressed the
reaction, the yield of the desired product (8) decreasing to
40% (Scheme 4c). A radical clock experiment with (2-
phenylcyclopropyl)styrene (69) was conducted and the ring-
opened product (70) was formed in 32% yield with no
aminoazidation product (71) (Scheme 4d). These results are
consistent and suggest that the reaction proceeds via a radical
pathway and that a benzyl radical may be an intermediate.

To identify the catalytically active species in this reaction,
two complexes, L2-Fe"OTf, THF and L2-Fe"OTf,-CH;CN
were synthesized and their structures were established by X-
ray crystallography (Scheme 4 ¢). The complexes catalyze the
model reaction in terms of both the yield and enantioselec-
tivity. This suggests that an L-Fe"OTf, complex may serve as
the catalytically active species. Based on the above studies of
the mechanism, a catalytic cycle is proposed in Scheme 5 for
the iron-catalyzed asymmetric aminoazidation of styrenes.
Coordination of the iron catalyst with the ligand affords an
iron(IT) complex (A), which undergoes ligand exchange with
TMSN; to afford an iron(II) azide complex (B). A single
electron transfer (SET) process between NFSI and B affords
an iron(I11) azide species (C) and a bis-sulfonylamidyl radical
(D). Alternatively, the SET process could proceed prior to the
ligand exchange with TMSN;. Complex A participates in
a SET with NFSI to afford an oxidized iron species (E) and
a radical (D) and E reacts with TMSN; to generate the
iron(IIT) azide species (C). Addition of the bis-sulfonylamidyl
radical (D) to the styrene gives a benzyl radical (F), which can
participate in a group transfer mechanism with species C to

(] ]]]
KRR
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afford the final product regenerating the active catalyst
species A0

Conclusion

We are reporting the first iron-catalyzed radical asym-
metric aminoazidation and diazidation of styrenes. The
reaction proceeds under mild reaction conditions, with low
catalyst loading and broad styrene scope. A range of chiral
aminative organoazides and diazides have been synthesized,
and can be readily further transformed into various useful
nitrogen-containing compounds. Studies on the mechanism of
the reaction suggest the involvement of a benzyl radical, and
a radical pathway has been proposed for the transformation.
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