Hydroazidation

Silver(I)-Catalyzed Hydroazidation of Ethynyl Carbinols: Synthesis of

2-Azidoallyl Alcohols**

Angewandte

itermationalediion. CHEIMIIE

DOI: 10.1002/anie.201310264

Zhenhua Liu, Jianquan Liu, Lin Zhang, Peiqiu Liao, Jinna Song, and Xihe Bi*

Abstract: The hydroazidation of alkynes is the most straight-
forward pathway to synthetically useful vinyl azides. However,
a general hydroazidation of alkynes remains elusive. Herein,
a chemo- and regioselective transformation of ethynyl carbi-
nols into vinyl azides is described. This reaction produces
a wide variety of 2-azidoallyl alcohols with high efficiency and
in good to excellent yields. These compounds constitute a new
class of densely functionalized synthetic intermediates. Their
synthetic potential has been demonstrated by further trans-
formations into NH aziridines. The mechanistic aspects of the
reaction will attract the attention of chemists working on alkyne
chemistry and silver catalysis. The findings that are described
in this paper represent significant advances in the regioselective
hydroelementation of alkynes and open a new reaction
manifold for exploitation.

Hydroelementation of alkynes is a powerful means of
accessing functionalized alkenes.!'! For unsymmetric alkynes,
the control of the chemo- and regioselectivity of such
reactions is a challenging issue. Vinyl azides are a class of
unique functionalized alkenes.”’ They have attracted consid-
erable attention because of their high intrinsic reactivity.”!
However, the limited access to this kind of compounds has
seriously hampered the wider exploitation of their synthetic
potential. The hydroazidation of alkynes is an ideal route to
vinyl azides.! However, known variants of this transforma-
tion are nearly all limited to the addition of an azide species to
electron-deficient alkynes. With regard to unactivated
alkynes, only two isolated examples have been mentioned in
previous reports.*> Very recently, Jiao and co-workers
described novel chemoselective transformations of alkynes
into nitriles® and amides (Figure 1a). Complete chemo-
selectivity was achieved by using suitable catalysts. During
our preparation of this manuscript, Echavarren and Gaydou
reported another chemoselective reaction of terminal alkynes
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Figure 1. Chemoselective reactions of alkynes with TMS—N;.

with trimethylsilyl azide (TMS—N;) using gold catalysis,
affording tetrazoles (Figure 1b).! Inspired by Jiao’s pioneer-
ing work and by our long-standing interest in developing
transition-metal-catalyzed organic reactions,”) we herein wish
to report an unprecedented chemo- and regioselective hydro-
azidation of ethynyl carbinols. A general and efficient method
to access 2-azidoallyl alcohols has thus been developed
(Figure 1c¢). The hydroxy group that is close to the alkyne
unit plays a critical role in directing the chemoselectivity.

Ethynyl carbinols are easily available bifunctional build-
ing blocks. The potential of such compounds to undergo
reactions that are different from those of isolated alkynes
results from the close proximity of the hydroxy group to the
C=C bond.’®! Herein, we focus on the reaction of ethynyl
carbinols with trimethylsilyl azide (TMS—N;) under silver-
catalyzed conditions,” and a hydroxy-directed regioselective
hydroazidation of terminal alkynes was discovered. Among
the tested silver salts, silver carbonate (Ag,CO;) gave the best
yield (85 %) of vinyl azide 2a (Table 1, entries 1-3). Notably,
unlike in Jiao’s work,”"! 2-hydroxy-2-phenylacetonitrile,
a product generated from 2a, was not detected by 'H NMR
spectroscopy of the reaction mixture. This clearly demon-
strates the unusual ability of the hydroxy group to stabilize
vinyl azides. In contrast to the silver catalysts, other metal
salts, such as Pd(OAc), and Cul, were not effective (entries 4
and 5). The solvent also exerted a significant influence on the
reaction. For example, in dimethylformamide (DMF), 2a was
obtained in 69% yield (entry 6). Toluene and methanol
turned out to be ineffective (entries 7 and 8). Sources of
azides other than TMS—Nj, including sodium and tosyl azide,
were also tested, but only the former afforded a reasonable
yield of 2a. Consequently, TMS—N; was used as the azide
source in the studies described below.

After determining the optimized reaction conditions, we
investigated the scope of the reaction for many different
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Table 1: Screening of the reaction conditions.?!

OH o OH
/\ . TMS-N, cat. (10 mol%) Ny
MBS solvent, 80 °C Ph

reaction times were required, which might be due to steric
effects. Aside from these common electron-rich and -deficient
(hetero)aryl and alkyl groups, several highly reactive func-
tional groups, including alkenyl (2k, 21, 4e), alkynyl (2m, 4k),

1a (1.5 equiv) 2a
5 and cyclopropyl (4c¢) moieties, were found to be well
. N .

Entry Catalyst Solvent Yield” [%]  tolerated. The dense arrangement of several functional
1 AgNO, DMSO 75 groups in one molecular scaffold renders 2-azidoallyl alcohols
2 AgF DMSO 62 highly attractive synthetic intermediates; however, only one
3 Ag;CO, DMSO 85 report on their synthesis by Trofimov and co-workers could be
4 Pd(OAq), DMSO 0 found in the literature; they described a method that proceeds
; el DMSO o by the addition of hydrazoic acid to acetylenic hyd id
6 Ag,CO, DME 69 y the a10 ition of hydrazoic acid to acetylenic hydroxy aci
7 Ag,CO, toluene trace nitriles."” Therefore, we have developed an efficient route to
] Ag,CO;, MeOH 0 this kind of compounds with great synthetic potential.

[a] Reactions were carried out with Ta (0.5 mmol) and TMS—N;,

(0.75 mmol) in the presence of a catalyst (10 mol %) in 2 mL of solvent
at 80°C under ambient atmosphere for 2 h. [b] Yields of isolated
products.

To determine the source of hydrogen in the above
hydroazidation, the effect of residual water (H,O) in the
DMSO solvent was investigated (Scheme 2). In dry DMSO,

ethynyl carbinols (Scheme 1). In general, the substrate scope OH Ag;CO3 (10 mol%) OH oTMS
is quite broad, and a wide variety of secondary and tertiar + TMSN; —————— Ph + Ph

d . & wide varety of Y rhiary e (15 equiv) DMSO (dry), 80°C Ny Ns
ethynyl carbinols with various substituents can be subjected 1a 1.0h 2a TMS.2a

to this new silver-catalyzed reaction, giving the corresponding
products (2 and 4) in good to excellent yields. All of the
reactions proceeded smoothly and were completed within
0.5-2 hours; only for 4d (6 h) and 4e (8 h), slightly extended

2a/TMS-2a=1:3
(no H,0)

2a/TMS-2a = 100:0
(1.0 equiv H,0)

1a/2a/TMS-2a = 5:3:0
(DMSO/H,0 = 1:1)

Scheme 2. The effect of water on the reaction outcome.

HO Ag2CO3 (10 mol%) R1_?\H% a mixture of 2a and O-trimethylsilylated TMS-2a was
R‘gz__ v TMSN, DMSO, 80 °C R? Ny obtained in a 1:3 ratio, which was determined by 'H NMR
SR e (1:5 equv) 1-2h 2b2m analysis of the crude product. Once H,O (1.0 equiv) had been
3:R' RZ#H 4a-4m added to the reaction, only 2a was produced, without
TMS-2a. Notably, TMS-2a remained intact in the presence
OH o OH ON OH OH of H,O (1.0 equiv) and Ag,CO; (10 mol%) in DMSO at
m { m z m m 80°C, thus excluding the possibility that TMS—2a was first
MeO ¢ 0 : *oa : formed and then converted into 2a by hydrolysis. Increasing
2b, 83% 2c, 86% 2d, 70% 2e,80% the amount of H,O up to 1 mL (for 0.5 mmol of 1a) resulted
Moo OH OH OH OH in a large amount of unreacted substrate 1a in the reaction
r Ethisterone is the first orally active progestin."" The
2f, 82% 29, 72% 2h, 76% 2i, 74% structural modification of ethisterone is highly interesting
OH OH OH OH because of its significance for structure—activity relationship
Ph/\)\/ PhW O/\% /\/ (SAR) studies."? However, the site-specific manipulation of
N N N Ph N the alkynyl group is challenging because of its close proximity
2, 80% 2k, 82% 21, 85% 2m, 70% to the reactive hydroxy group. The present method was
--------- c-) HPhoH applied to derivatize ethisterone, resulting in a single func-
Ph Ph PH OH tional group transformation from alkyne to vinyl azide that
N; N; Ph N Ph did not change the chiral center (Scheme 3). The structure of
’ Ns vinyl azide modified ethisterone (VA-ethisterone) was unam-
4a, 83% 4b. 82% 4, 62% 4d. 82%. 6 biguously confirmed by X-ray diffraction.” This compound

Ph OH OH OH may be interesting to medicinal chemists.
w @))Q'f \\s e ) Furtherrpore, the practicali‘ty of this silver-catalyzed
Nj ydroazidation of ethynyl carbinols was demonstrated by
4e,63%, 8 h af, 73% 4g, 80% 4h, 81% a gram-scale synthesis (Scheme 4). For example, vinyl azide
OH OH OH 2¢ was directly prepared from piperonyl aldehyde (5) in 72 %
R)&/ /K/ %); O\( yield in a one-pot reaction. The stability of vinyl azide 2 ¢ was
N; Ph N; N, Ns confirmed by standard '"H NMR spectroscopy, and compound
4i,R=Bn, 85% 4k, 75% 41, 81% 4m, 71% 2¢ was found to remain intact in CDCl; under ambient

4j,R=H, 70%

Scheme 1. Scope of the reaction. Bn=benzyl.

conditions for at least one month without any obvious
changes. Their stability and easy availability persuaded us to
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Scheme 3. Modification of ethisterone.
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Scheme 4. Gram-scale synthesis and further transformations.

exploit synthetic transformations of 2-azidoallyl alcohols.
First, the oxidation of 2¢ to a-carbonyl vinyl azide 6 in 83 %
yield was achieved using pyridinium chlorochromate (PCC)
as the oxidant. More importantly, an unprecedented con-
version of 2¢ into NH aziridine 7a, which is catalyzed by
potassium phosphate (K;PO,), was discovered.'¥ These
results demonstrate the usefulness of 2-azidoallyl alcohols
as synthetic intermediates.

Aziridines are important synthetic building blocks for the
construction of complex nitrogen-containing compounds."
Many methods for constructing aziridine ring systems have
been identified over the past decades.'® However, most
approaches require a protecting group at the nitrogen atom,
such as a tosyl group. Thus far, approaches to NH aziridines
are much less common.['”l The synthesis of NH aziridine 7a
from 2-azidoallyl alcohols is attractive because of the clean
conversion and the mild reaction conditions. Therefore, the
scope of the reaction was expanded by varying the 2-
azidoallyl alcohol. A variety of NH aziridines (7b-7i) were
prepared in good yields by choosing the appropriate 2-
azidoallyl alcohol (Scheme 5).

QH KsPO, (30 mol%) )01\7
3! 4 0
R —
R)\/ DMF, 95 °C, 7h RN
Ns N
2 7
0 0 0 0
O,N MeO
J ] N j N [ j N ( :[ N
MeO H H H Br H
7b, 83% 7c, 80% 7d, 65% 7e, 78%
0 0 0 0
N N N N
H ° J S W H
7f, 70% 79, 68% 7h, 64% 7i, 83%

Scheme 5. Transformations of 2-azidoallyl alcohols into NH aziridines.
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Furthermore, control experiments were per-
formed to gain insights into the reaction pathway
(Scheme 6). In the absence of Ag,CO;, silver
acetylide [Ag]-3a reacted with TMS—N; and
afforded a mixture of vinyl azide 4a and ethynyl
carbinol 3a in a 1.3:1 ratio [Eq. (1)]. When two
equivalents of deuterium oxide (D,O) were
added to the reaction of 3a with TMS—N;,

OH TMS-
SN OH OH
(1.5 equiv)
Ph" _— Phy\mm + Phy\ ™)
Ag DMSO, 80 °C X
[Agl-3a 4a / 3a

13:1

0,
OH D,0 (2.0 equiv) OH/D (93%)
Phﬂ\ + TMSN; —————>  Ph H
X ( ~  standard conditions N;
3a

1.5 equiv) 2h [D]-4a, 82%
- ) (]

OH TMS-N; (1.5 equiv) OH D (56%)
R s b _ 3
Ph" ™ standard conditions Ph H @
s 2h Ns
[DF-3a without H,0: [D]-4a (45%)
with H,0 (2.0 equiv): 4a (81%), [D]-4a (0%)
OBn TMS-N; (1.5 equiv) OBn OBn
- - N, + 4
G"° standard conditions G)W ® G)\\\N @
G = piperonyl 2h
8 9a, 45% 9b, 33%
OH TMS-N; (1.5 equiv)
no reaction 5
Ph)\/\/ standard conditions ©
10 2h
OH D (93%) 0 (681%)
PN aPOs 0 mal%) phkvo ©
I\ DMF, 95°C, 7h N
[D}-2a [D}-7c, 77%
OH O (65%)
D
K43PO, (30 mol%
Ph)\% v BO E:MF4S§5 °C,7 :1) P“)J\W @)
Ns (2.0 equiv) ' : H

2a [D}-7¢", 73%
HO D (96%)

K5P 30 mol%
Ph 3PO4 ( o)

N3 DMF, 95 °C, 7 h

[D]-2a’

78%

Scheme 6. Mechanistic investigations.

a mono-deuterated product [D]-4a was generated with
a deuterium content of 93% under the standard reaction
conditions [Ag,CO; (10 mol % ), DMSO, 80°C; Eq. (2)]. This
result implies that a silver intermediate might be generated
during the reaction. The deuterated substrate [D]-3 a afforded
[D]-4a in 45 % yield with a deuterium content of 56 % in dry
DMSO, whereas adding H,O (2.0 equiv) to the reaction only
afforded 4a, without [D]-4a [Eq. (3)]. The reaction of benzyl-
protected 8 with TMS—N; generated a mixture of vinyl azide
9a (45 %) and cyanide 9b (33 %), which implies that the free
hydroxy group plays a role in stabilizing the vinyl azide
products [Eq. (4)]. A terminal alkyne moiety was necessary
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for the alkyne hydroazidation because the internal alkynyl
carbinol 10 was not converted into the desired product
[Eq. (5)]. The reaction of 1¢ proceeded well in the presence
of 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) and afforded
the vinyl azide product 2¢ in 77 % yield, so that a radical
process can be excluded for this reaction.

The possible mechanism for the transformation of 2-
azidoallyl alcohols into NH aziridines was also studied. First,
the deuterated product [D]-7¢ was obtained with 81%
deuterium content using [D]-2a as the starting material,
suggesting that the alkenyl hydrogen atom of [D]-2a is not
removed during ring closure [Eq. (6)]. The addition of D,0
(2.0 equiv) to the reaction of 2a produced a deuterated
product [D]-7¢’ with a deuterium content of 65% at the a-
carbonyl position [Eq. (7)]. Interestingly, deuterated sub-
strate [D]-2a’ only gave undeuterated product 7¢ [Eq. (8)].
When we directly analyzed the reaction mixture of [D]-2a’ by
high-resolution mass spectrometry (HRMS), a peak that
corresponds to monodeuterated aziridine was found, imply-
ing that the deuterium atom of [D]-2a’ might migrate to the
N—H position of 7¢ and then be removed by proton exchange
after work-up.

Following these preliminary mechanistic studies, a plau-
sible reaction mechanism is tentatively proposed. The initial
step involves the formation of silver acetylide intermediate A
from the interaction of reactant 1a with the silver catalyst
(Scheme 7).1"8 The subsequent addition reaction takes place

OH
1a 2a T’ Ph)\_/
N
TMS-N, N, c
[Ag] [Ag] | H20 H,0 1,3-proton
transfer
H keto/enol
OH HN; OH Ag O\ tautomerism
Ph)\ Ph">"H PN, ——— T
Ag N; N
A B D

Scheme 7. Proposed mechanism.

with hydrazoic acid (HN;) that was generated in situ by silver-
catalyzed hydrolysis of TMS-N3, to give vinyl silver inter-
mediate B! Product 2a was then produced through the
protonation of B with a trace amount of H,O in the DMSO
solvent. For the conversion of vinyl azide 2a into aziridine 7¢c,
2H-azirine C may first be generated from 2a under thermal
conditions. Following sequential 1,3-proton transfer and keto/
enol tautomerism, the NH aziridine 7 ¢ is formed.

In conclusion, a chemo- and regioselective transformation
of ethynyl carbinols into vinyl azides has been described. This
reaction produces a wide variety of 2-azidoallyl alcohols with
high efficiency and in good to excellent yields. These
compounds represent a class of densely functionalized
synthetic intermediates. Their synthetic potential has been
demonstrated by further transformations into NH aziridines.
The mechanistic aspects of this reaction are also interesting
and will attract the attention of chemists working on alkyne
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chemistry and silver catalysis. The findings that are described
in this paper represent significant advances in the regioselec-
tive hydrofunctionalization of alkynes and open a new
reaction manifold for exploitation.
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Azides and aziridines: The hydroazidation
of unactivated alkynes by means of silver
catalysis is described. A variety of ethynyl
carbinols are capable of reacting with
trimethylsilyl azide to produce 2-azi-
doallyl alcohols in good to excellent
yields. The synthetic utility of 2-azidoallyl
alcohols was demonstrated by further
conversion into NH aziridines.
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