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Abstract: The first arylation strategy for the synthesis of
enantioenriched propargylamines is disclosed. This approach,
which is complementary to previous alkynylation and alkyla-
tion strategies, involves a C(sp*)—C(sp’) bond formation, and is
based on the first asymmetric Friedel-Crafts-type arylation
reaction of C-alkynyl imines. Asymmetric Friedel-Crafts
reactions with electron-deficient phenols, a longstanding
unsolved challenge, have thus been realized for the first time,
enabled by the combination of our recently introduced C-
alkynyl N-Boc-protected N,O-acetals as electrophiles and
chiral phosphoric acids as catalysts. The synthetic utility of
the resulting structurally diverse and polyfunctional chiral
propargylamines was demonstrated by a series of selective
transformations, including controlled reduction of the alkynyl
group and iterative cross-couplings.

P ropargylamines are useful intermediates and versatile
building blocks for the synthesis of various polyfunctional
amines as well as natural products and biologically active
compounds!"! owing to the rich chemistry of the C—C triple
bond, which enables its conversion into numerous other
functional groups.”) Propargylamines themselves are also
important structural motifs in a number of bioactive com-
pounds.”! The design and development of new asymmetric
methods and strategies for the preparation of chiral prop-
argylamines is thus a critical objective in chemical synthesis.
The classic strategy for preparing chiral propargylamines
involves the asymmetric nucleophilic alkynylation of imines,
thereby creating the chiral propargylic stereocenter in a C-
(sp)—C(sp’) bond-forming event (Scheme 1A)."! Recently,
several elegant asymmetric syntheses of propargylamines
have been developed by utilizing electrophilic alkynyl imines
that react with alkyl zinc reagents,®" silyl enol ethers,” silyl
ketene acetals,”¥ enolizable aldehydes,**#! acetylacetone,™
B-keto esters® malonate (thio)esters™ and glycine Schiff
bases®™ as suitable nucleophiles; in these approaches, a C-
(sp*)—C(sp”) bond formation is involved (Scheme 1B). How-
ever, to the best of our knowledge, chiral propargylamines
still have not been synthesized in an arylation approach,
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Scheme 1. Strategies for the synthesis of chiral propargylamines
through C—C bond formation.

which would involve a distinctive and complementary C(sp*)—
C(sp?) bond formation (Scheme 1C).

Herein, we report the development of the first arylation
strategy for the synthesis of enantioenriched propargyla-
mines. The strategy is based on the first asymmetric aza-
Friedel-Crafts-type arylation reaction of alkynyl imines with
various aromatic and heteroaromatic compounds as aryl
nucleophiles.

The Friedel-Crafts (F-C) reaction is one of the most
important C—C bond-forming reactions in organic chemis-
try.l Over the past few decades, the asymmetric F-C reaction
has evolved to become a powerful method for the synthesis of
various enantioenriched compounds.”! However, no methods
have been reported for the preparation of enantioenriched
propargylamines in asymmetric F-C reactions.

To fill this gap, we became interested in the previously
unreported asymmetric aza-F-C reaction of alkynyl imines
with aryl nucleophiles, a new reaction type in alkynyl imine
chemistry. We hypothesized that this methodological study
could benefit significantly from the use of phenols (ArOH) as
aryl nucleophiles because they are readily available, inex-
pensive, and versatile chemical feedstocks and building blocks
for synthesis owing to their diverse transformations and
intriguing chemistry, and they are important structural motifs
widely found in natural products, bioactive molecules, and
lignin.®®! However, only naphthols and/or electron-rich phe-
nols could be used as ArOH nucleophiles in previously
reported asymmetric F-C reactions.”'” To date, asymmetric
F-C reactions with much less nucleophilic but synthetically
more useful electron-deficient phenols have not been
reported. Furthermore, the use of electron-neutral phenol in
the asymmetric F-C reaction has also remained elusive owing
to its lower nucleophilicity compared to naphthols and
electron-rich phenols and additional site-selectivity issues as
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the reaction could occur at two different reaction sites (ortho
and para position). We envisaged that the strategic and
innovative use of C-alkynyl N-Boc-protected N,O-acetals,
recently introduced by us! as tailor-made electrophiles for F-
C reactions, may provide a previously unrecognized oppor-
tunity for the realization of all of these challenges to develop
an aza-Friedel-Crafts-type arylation strategy for the synthesis
of synthetically and biologically important chiral propargyl-
amines.

We began our studies by examining the F-C-type reaction
of C-alkynyl N-Boc-protected N,O-acetal 1a with electron-
deficient phenol 2a. Unfortunately, the use of chiral bifunc-
tional base catalysts, which have been shown to be efficient in
the enantioselective tandem in situ generation of C-alkynyl
imines/Mannich-type reaction of 1a with malonate (thio)es-
ters,P! failed to produce the desired product even at high
temperature. This result prompted us to identify an alter-
native organocatalyst that must be capable of both catalyti-
cally generating challenging N-Boc-protected C-alkynyl
imines from C-alkynyl N-Boc-protected N,O-acetals and
promoting the subsequent aza-F-C arylation reaction with
high enantioselectivity. After extensive investigations, we
found that chiral phosphoric acids are effective catalysts for
the tandem process combining the in situ generation of C-
alkynyl imines and aza-F-C-type arylation. In the presence of
chiral phosphoric acid catalyst A7 ((R)-TRIP)"" and 4 A
molecular sieves (employed to scavenge the ethanol gener-
ated during the formation of the C-alkynyl imine), the
reaction between 1a and 2a took place smoothly to provide
the desired 1,2-addition aza-F-C product 3ain 76 % yield with
95.5:4.5 er. (Table 1, entry 7). Notably, the 1,4-addition

Table 1: Optimization of the asymmetric Friedel-Crafts-type arylation of
1a with electron-deficient phenol 2a.!

catalyst BOC\NH OH
/\OEI + © _ (5mol%) _ A + EtOH
4A M S, toluene  Ph
(racemic) 0°C,36h
1a 3a
Entry Catalyst Yield [%] e.r
1 Al 40 58:42
2 A2 63 53.5:46.5
3 A3 57 61.5:38.5
4 A4 50 77:23
5 A5 30 60.5:39.5
6 A6 69 83.5:16.5
7 A7 76 95.5:4.5
8 A8 75 82:18
9 B 68 93:7
10 C 47 80:20

[a] General reaction conditions: Ta (0.075 mmol), 2a (0.05 mmol),
catalyst (5 mol%), and 4 A M.S. (40 mg) in toluene (1 mL) for 36 h.
[b] Yields of isolated products. [c] Determined by HPLC analysis on
a chiral stationary phase. Boc=tert-butoxycarbonyl, M.S.=molecular

sieves.
X A1: X = SiPhy X
OO A2: X = 35(CF3)2 CeHy ‘O
o L A% 0.0
0~ “OH
AT7: X = 2,4,6-(-Pr)y-CeHp O X
A8: X = 2.4,6-(Me)3-CoHy

A4: —1 naphthyl
A B (X=24,6-(i-Pr)3-CeHa) € (X = 2,4,6-(i-Pr)3-CgHy)

“OH AS: X = 2-naphthyl
A6: X = 9-anthryl
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product was not observed."” Although chiral phosphoric
acids have been shown to be highly enantioselective organo-
catalysts in numerous reactions, ™™ the use of this class of
organocatalysts in aza-F-C reactions of phenols with high
enantiocontrol has remained elusive.

The generality of this new method is shown in Scheme 2.
A broad range of electron-deficient phenols 2 reacted with C-
alkynyl N-Boc-protected N,O-acetals 1 to give the desired
functionalized propargylamines in good yields with high
enantioselectivities (3a-3r).

Hn-BoC OH A7 (5 mol%) OC“NH oM
N 4AM.S.
R 7 ORt + GWEL _ toluene = Z 1 Ewe
0°C, 36 h R N
1 (racemic) 2 90°C, 36 3
Boc. Boc. Boc.
NH OH 33 x=F 76%, 955:4.5er. NH OH NH OH
E
P 3b, X = CI, 78%, 955 e.r. P P
Z Z
ph/\© 3c, X =Br, 70%, 93:7 e-r. Ph Z Ph 5
.
X 3d, X=1,65%, 928 e.r. 3e, 80%, 92:8 e.r. 3f, 72%, 90:10 e.r.
Boc. Boc.
Bocs\H on Boc i oH °“NH OH °“NH OH

Z Z
Ph Ph Ph
07 Me Ph 07 OEt 07N

39, 72%, 93.56.5 er. 3h, 67%, 91. 585er 3i, 62%, 90:10 e.r. 3j,67%, 90:10 e.r. K/O

B Boc. N Boc.
“NH OH °C“NH oM Bocs\H on O°“NH oM

Pz =

= =
/l|f///L]" 1 9 PWQv///LTj:
F F

3m, 78%, 94:6 e.r.

Ph

%

3k, 70%, 93 7er 31,72%, 9554 5e.r. 3n,70%, 94.5:5.5 e.r.

B
Boc\H oH Boc\H on °“NH OH Boc\h oH
= FZ FZ FZ

ves () ®
Bn
F F FsC Py Me -

30, 84%, 90.5:9.5er.  3p, 80%, 95:5e.r. 3q,70%, 95:5 er. °

Scheme 2. Asymmetric Friedel-Crafts-type arylations of C-alkynyl N-
Boc-protected N,O-acetals 1 with electron-deficient phenols 2.
EWG =electron-withdrawing group.

Next, we turned our attention to the aza-F-C-type
arylation reaction of C-alkynyl N-Boc-protected N,O-acetals
1 with electron-neutral phenol (4). Interestingly, in contrast to
the rare example of an asymmetric F-C reaction with
electron-neutral phenol (4), which required a highly activated
trifluoropyruvate as the electrophile, a chiral base as the
catalyst, and furnished the para-functionalized product (one
chiral alcohol),™ unactivated racemic C-alkynyl N-Boc-
protected N,O-acetals 1 as electrophiles reacted with elec-
tron-neutral phenol 4 in the presence of the chiral phosphoric
acid catalyst to provide the ortho-functionalized products
(various chiral propargylamines 5) in good yields with high
enantioselectivities (Table 2).

Electron-rich phenols 6 and 1- and 2-naphthol 8 and 9
were also used as substrates in the F-C-type arylation reaction
for propargylamine synthesis [Egs. (1)-(3)].

OH Boc.
Hn-BoC AT (5 mol%) NH OH
A 4AM.S.
= OEt + GDE-@ —_— _— = )
R/\ N toluene, 36 h g = ~ 7EDG
1 6

7a (EDG = 4-Me, R = Ph), 80 °C, 90%, 93:7 e.r.
7b (EDG = 4-Me, R = CH,Bn), 83 °C, 76%, 93:7 e.r.
7¢ (EDG = 4-OMe, R = Ph), 70 °C, 94%, 92:8 e.r.
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Table 2: Asymmetric Friedel-Crafts-type arylation of C-alkynyl N,O-
acetals 1 with phenol ( ).B

~Boc A7 (5 mol%) “NH OH ! BOC\
/\OE‘+(>, 4AM.S., toluene /k© /k©\
83°C,36h R
(racemlc)

Entry R Product Yield [%]"’] e.rld

1 CeHs 5a 76 96:4

2 2-Me-CgH, 5b 76 96:4

3 3-Me-C¢H, 5c 72 96:4

4 4-Me-CgH, 5d 70 95:5

5 4-MeO-C¢H, Se 83 91:9

6 4-Br-CgH, 5f 79 91.5:8.5

7 4-Cl-CH, 5g 80 94.5:5.5

8 4-CF3-CgH, 5h 80 94:6

9 2-thienyl 5i 74 91.5:8.5
10 PhCH=CH 5j 72 95.5:4.5
1 1-cyclohexenyl 5k 75 94:6
121 PhCH,CH, 51 72 90.5:9.5
130 nBu 5m 65 90:10
141 cyclohexyl 5n 70 91:9
154 cyclopropyl 50 60 90:10
16 trimethylsilyl 5p 94 92:8

[a] General reaction conditions: 1 (0.075 mmol), 4 (0.05 mmol), A7

(5 mol %), and 4 A M.S. (40 mg) in toluene (1 mL) for 36 h. [b] Yields of
isolated products. [c] Determined by HPLC analysis on a chiral stationary
phase. [d] At 90°C.

Boc

A7 (5 mol%) “NH OH
/OEt + “ 4A LU Sy
toluene Ph 10
RT, 16 h

86%, 92.5:7.5e.r.

A6 (5 mol%) "N o
mol’o
OH
/\OEt . __4AMSs. & O @)
toluene Ph
RT,12h 1" O

98%, 92.5:7.5 e.r.

The alkynyl groups on the chiral propargylamines were
readily converted into the corresponding alkyl and alkenyl
groups by controlled reduction (Scheme 3 A). Treatment of
5a with Pd/C under H, atmosphere led quantitatively to the
alkyl-substituted product 12, which corresponds to the F-C
product of an alkyl-substituted N-Boc imine, which was
previously difficult to access. Notably, product 12 could also
be obtained in a one-pot reaction combining two effective
atom-economic catalytic processes. The present method of
using the N-Boc-protected C-alkynyl imine precursor instead
of the N-Boc C-alkyl imine itself, which is generally labile and
difficult to isolate and readily isomerizes to the corresponding
ene carbamate, is a convenient, efficient, and strategically
advantageous alternative. When the reduction of Sa was
carried out with LiAlH,, the alkynyl group was cleanly
reduced to give FE-alkenyl-substituted product 13, which is
formally derived from the unknown F-C reaction of the N-
Boc imine with an E-alkenyl substituent.

www.angewandte.de

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie
A) Controlled reduction Boc. H
NH OH ! HN-Boe
Pd/C, Hy : A7 (5 mold
Ph | mol
°°*NH OH / MeOH L om ATEmO) Booy, oy
99% yield 12 (96:4 e.r.) F’h 1a toluene, 83 °C
G Boc.. > Ph Z
Z “NH OH then Pd/C, H, g
\ LiAH, MeOH, RT
5a (96:4 er.) THERT PR 78% yield 12 (964 er)
90% yield 13 (96:4 e.r.) -one po
B) Controllable and iterative cross-coupling reactions
5a (96:4 er)
Tf,0, EtsN lgs% yield 5
Pd(PPh oC
Booy 7 RaBPhl: B\ otr Pd(OAG), PPhy NH
e PhB(OH),, K3POy4
~ vinyltributyltin ~ > =
Z ~oven . F di
Ph DMSO  pp 14 dlg;abnce/HzO Ph Ph
80 °C o) ¢
15(96:4 e.r.) 80% yield 14 70% yield 16 (96:4 er.)
Boc. Boc.
AH OH Pd(OAC),, PhB(OH), NH oH
et it
4 butyldi-1-adamantylphosphine 4
Ph DME, K,CO3, 95 °C Ph
Y
3¢(93:7er) Br 67% yield 17 (94:6 er) Ph

T£,0, EtaNige% yield

iterative cross-coupling

P P
Ph meta ortho Ph
18 20(93:7er)
Br Boc\NH oTf Ph

Suzuki coupling\ /S{il/e coupling

FZ
Ph
19 Ph
Suzuki coupling: PhB(OH),, Pd(dba),, PBug, KF, THF, RT, 76% yield;
Stille coupling: vinyltributyltin, Pd(PPhs)s, CuCl, LiCl, DMSO, 80 °C, 78% yield.

C) Chemoselective alkylation BOC\NH o
CHgl, K,CO3
5a (96:4 e.r) —_— =
acetone, reflux Ph 7
99% yield
21 (964 er.)

Scheme 3. Diverse transformations of the obtained propargylamines.

The phenolic hydroxy group offers more possibilities for
further transformations (Scheme 3 B). For example, triflate 14
could be easily prepared in 96% yield, and furnished
compounds 15 and 16 in good yields upon metal-catalyzed
Stille and Suzuki coupling reactions, respectively. Notably, we
also developed an iterative cross-coupling process. Starting
from 3¢, meta-phenylation delivered monosubstituted 17 in
67 % yield. Compound 18, which is also derived from 3¢, first
underwent meta-selective phenylation to 19. The second
iteration with a tin reagent resulted in ortho vinylation and led
to the formation of differentially disubstituted product 20.

A reaction model is proposed in Figure 1. The chiral
phosphoric acid can simultaneously activate both the phenol
and the in situ generated C-alkynyl imine through hydrogen-
bonding interactions. This creates a chiral environment where
the phenol preferentially attacks the Re face of the C=N
group of the alkynyl imine.

OO ’
B
O °°>NH OH
-
[ e
@ R P>
(X=2:46-(-Pr) CGHZ)/ e

attack

Figure 1. Proposed reaction model.

To increase the generality of our aza-F-C-type arylation
for the synthesis of structurally diverse propargylamines and
considering the fact that indole-containing compounds are
versatile synthetic building blocks and privileged structural
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motifs in numerous natural products and biologically active
molecules, we also explored the previously unreported
reaction of C-alkynyl N-Boc-protected N,O-acetals with
indoles. As shown in Scheme 4, this new tandem arylation
proceeded smoothly to furnish the desired (3-indolyl)methan-

Boc\
Hn-BoC A7 (5 mol%)
/\ R ® _4AMS.
=~ DOEt + L
= N CHiCN.RT.6h CN, RT, 6 h
R 1 22 H ¢
Boc\ Boc\
Ph
23a 23c
79%, 93.5:65 6.1 74%, 955er 76%, 955 0.r.
B Boc\ Cl BOC‘NH
H F
// Z
Ph ™S N
28a N 23e 23f H

82%,91:9 er. 78%, 928er 81%,90:10 e.r.

Scheme 4. Friedel—Crafts-type arylations of C-alkynyl N,O-acetals 1 with
indoles 22.

amines substituted with a synthetically flexible alkyne group
in good yields with high enantioselectivities, which is a good
complement to previous methods for preparing (3-indolyl)-
methanamines substituted with either an aromatic or aliphatic
group.'*!” To the best of our knowledge, there are no other
approaches for the asymmetric synthesis of a-indole-substi-
tuted propargylamines 23. This new tandem F-C-type aryla-
tion propargylamine synthesis was also applicable to other
types of heteroarenes, such as pyrrole!™® and 2-methoxy-
furan™ [Eqs. (4) and (5)].

- BoC B (5 mol%) Bocs
/OEt + C/ \j 4AMS. = N 4
/ —-

onZ N CHACN, 60 °C th @
1a 24 8h 25
80%, 92:8 e.r.
.Boc Boc.
HN A7 (20 mol%) NH
ort v L gy —HME A
= oM
o 0 ® CH.CN, -30°C  phy /27 04
1a 26 60h 78%,92:8 er. OMe

In summary, we have developed the first arylation strategy
for the asymmetric synthesis of synthetically and biologically
important propargylamines. This approach, which is comple-
mentary to previous alkynylation and alkylation strategies,
involves a C(sp?)—C(sp’) bond formation and is based on the
first asymmetric Friedel-Crafts-type arylation reaction of
in situ generated N-Boc-protected C-alkynyl imines. Remark-
ably, highly enantioselective asymmetric Friedel-Crafts reac-
tions of electron-deficient phenols were thus realized for the
first time, enabled by the optimal combination of electrophile
and catalyst. By employing our recently introduced C-alkynyl
N-Boc-protected N,O-acetals as electrophiles and chiral
phosphoric acids as catalysts, unprecedented asymmetric
Friedel-Crafts reactions with electron-deficient, -neutral,
and -rich phenols as well as 1- and 2-naphthols have also
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been achieved, providing structurally diverse and densely
functionalized propargylamines, which are versatile precur-
sors to other useful chiral molecules. Moreover, the arylation
strategy can be further extended to heteroarenes, such as
indoles, pyrrole, and 2-methoxyfuran, and furnished novel
scaffolds of pharmaceutical and biological importance.
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