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Abstract: We report herein the asymmetric coupling of flow-
generated unstabilized diazo compounds and propargylated
amine derivatives, using a new pyridinebis(imidazoline)
ligand, a copper catalyst and base. The reaction proceeds
rapidly, generating chiral allenes in 10-20 minutes with high
enantioselectivity (89-98 % de/ee), moderate yields and a wide
functional group tolerance.

Allenes continue to hold a general interest due to their
cumulated, orthogonal m bonds. Since their initial discovery,
they have been found in natural products and incorporated
into various functional materials."?) Perhaps most impor-
tantly, however, is their utilization in a wide range of chemical
transformations, especially cycloadditions® and cyclization
reactions.”!

The asymmetric synthesis of allenes remains an under-
developed area, with most precedent literature proceeding
via S\2' type reactions with enantiopure propargyl deriva-
tives.” Enantioselective coupling reactions of two simpler
fragments using catalytic quantities of chiral ligand are even
scarcer, due to the difficulty in controlling the stereochemistry
of a three-carbon axially chiral skeleton. Existing reports
utilizing chiral ligands include the coupling of aldehydes and
terminal alkynols in the presence of (R,R)-N-PINAP! and
the coupling of stabilized a-diazoesters with terminal alkynes
using chiral guanidinium salts (Scheme 1).” Very recently, an
asymmetric process was described by Wang et al. to generate
trisubstituted allenes using unstabilized ketone-derived diazo
compounds (72-98 % ee).?

We reported earlier the room-temperature racemic cou-
pling of unstabilized flow-generated diazo compounds with
terminal alkynes and found the process to be extremely
general, tolerating a large range of functional groups as
a consequence of the mild conditions utilized for the diazo
partner generation.””’ It would therefore be highly desirable to
assess whether these same benefits!'""! would allow an
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(a) Aldehyde/terminal alkynol coupling (Ma et al., 2012):

R
}G'ﬁ + Ry-CHO + @
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i) CuBr (5 mol%),
(R.R)-N-PINAP (5.5 mol%)
4AMS, PhMe, 25 °C, 12-20 h

ii) filter off Cu' Rsu__,
OH -
H OH
iii) Znl, (0.45 equiv.), Nal (0.5 equiv.) Ry
PhMe, 110 °C, 1.5-12 h R
(b) Stabilized diazoester/terminal alkyne coupling (Feng et al., 2015): o PB\
N Ph
H
o} CuX (15-90 mol%) COR N>;H
P guanidine-HX (5 mol%) R 2R3 )N
= R __
R1/ . Zm)J\ORs — :',.;.:‘( NH
Ny CH,Clp, 30°C, 25h Ry X [ ]
(CuX = CuBr, CuBr.DMS, CuCl) guanidine-HX
(X=Cl.Br)
(c) Unstabilized ketone-derived diazo/terminal alkyne coupling (Wang et al., 2016): Bn Bn
oj)Kro
Ro. A Cu(MeCN);PFs (1020 mol%), EtsN R SJ\‘ N‘J
=z 2 BOX ligand (11-22 mol%) Ri,__, 2
Ry + N Hﬁ':< Ar Ar
2 CH,Cl,/CHCl3, RT, 1h Ar BOX ligand
Ar = Ph, 2-naphthyl
(d) Unstabilized aldehyde-derived diazo/terminal alkyne coupling (this work): N
Al Ar
Cul (10 mol%), Et;N N7
H__Ar H Il \\
RHN\/// Y PyBIM ligand (15 mol%) RHN///;:_:( S’N NJ
N2 dioxane, RT, 10-20 min H Aied B
YBIM ligan
Ar = p-SF5CqHs

Scheme 1. Asymmetric coupling reactions for allene synthesis using

catalytic chiral ligand.

enantioselective variant of the process, in the presence of an
appropriate chiral ligand. We report herein a method to
access chiral disubstituted allenes via flow-generated alde-
hyde-derived diazo compounds and terminal alkynes, using
a new pyridinebis(imidazoline) ligand designed for this

purpose.

With the knowledge that hydrazone 1a is able to generate
the corresponding diazo compound 2a in the presence of
activated MnO, under flow conditions, an initial ligand
screen was developed for the coupling with alkyne 3a
(Table 1). We found that tridentate ligands were suitable
for inducing enantioselectivity, whereas mono- and bi-
dentate ligands did not result in any selectivity (see the
Supporting Information (SI) for further details). These results
suggest that our tridentate ligand-mediated process for
disubstituted allene synthesis is complementary to the
bidentate ligand-mediated trisubstituted allene process de-
scribed by Wang et al.®! Interestingly, the commercially
available (S)-Pr-PyBOX (L1) provided coupling products
4aand 44a’,in a 38:62 ratio with 68 % ee (entry 1). Attempts at
changing the structure of the PyBOX ligand offered some
improvement in enantioselectivity (84 % ee, entry 3), though
frustratingly, the desired allene remained a minor product of
the reaction.
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Table 1: Ligand screening for asymmetric allene synthesis.?
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Et3N (2 equiv.)
L* (15 mol%)
@—{ MnOz /©)J\H + 2 /\NHT i
dloxane RT,
al 0.5 mL min”' 10 min

1a
0.1 Min CH,Cl» dlrec(ly added to
2 equiv. acetylide over 8 min

entry L* allene/alkynel® ee/ % [°]

1 L1 38:62 68

2 L2 54:46 50

3 L3 30:70 84

4 L4 32:68 96

5 L5 37:63 89

6 L6 30:70 88

7 L7 68:32 88

8 L8 57:43 96

9 L9 62:38 97

10 L10 73:27 81

1" L11 79:21 57

12 L12 60:40 91

Cul (10 mol%),

T

"L
o LI
Ry N \ Rz
N N /

Ry
L1: X=0,R,=Pr,R,=H
L2: X=0,R;=Bu,R,=H
L3:X=0,R; =R, ='Pr
L4: X = NPh, Ry = Bu, Ry = H
L5: X = N(3,5-di-MePh), R = 'Bu, R, = H
L6: X = N(3,5-di-‘BuPh), Ry = 'Bu, R, = H
L7: X = N(3,5-di-CF3Ph), Ry = 'Bu, R, = H
L8: X = N(4-CF3Ph), Ry = 'Bu, R, = H
L9: X = N(4-SFsPh), R; ='Bu, R, = H
L10: X = N(4-NO,Ph), R; ='Bu, R, = H
L11: X = N(4-TfPh), R, ='Bu, Ry = H
L12: X = N(4-SFsPh), R = 1-adamantyl, R, = H

[a] Using 0.2 mmol of alkyne 3 a, 0.02 mmol of Cul, 0.03 mmol of ligand and 0.4 mmol of Et;N at RT in 2 mL 1,4-dioxane, with 0.4 mmol of hydrazone
1a (with DIPEA as buffer) flowed through activated MnO, then a back pressure regulator (BPR). All reactions proceeded in >95% conversion.
[b] Allene/alkyne ratio determined by 'H NMR analysis of the crude reaction mixture. [c] ee determined by chiral HPLC.

Fortunately, switching the flanking oxazoline units to
imidazolines (PyBIMs) proved fruitful, allowing an improve-
ment in the enantioselectivity (96 % ee, entry 4). In particular,
para-substituted electron-withdrawing groups on the N-aryl
substituent proved essential to providing allene 4a as the
major product, with the 4-SF; group providing the best result
(entry 9). Further increases in the electron deficiency (4-nitro
and 4-triflyl, entries 10 and 11) of the aromatic ring provided
moderate enantioselectivities, presumably due to poorer
binding to the copper center. We believe that the ambidentate
oxazoline units of the more commonly used PyBOX ligands
are the origin of this differing efficiency in enantioselectivity,
as coordination to the oxygen atom could lead to poorer
enantioselection (see SI for a detailed discussion). In contrast,
PyBIM ligands were superior as they offer only a single
binding site on the imidazoline units. Furthermore, modu-
lation of electronic effects was critical to achieve correct
coupling selectivity. To the best of our knowledge, this is the
first rationalization of the performance of PyBOX versus
PyBIM ligands,”? which could be important for future
development of new catalytic asymmetric reactions.

With the new ligand in hand, we then tested a variety of
propargylated amine derivatives and flow-generated diazo
compounds for the asymmetric allenylation reaction
(Table 2). Overall although yields in general are moderate
(30-57 %), the enantioselectivity of the reaction is excellent
(89-98 % delee) and proceeds rapidly under mild conditions.
The remaining mass balance was mainly due to the alkyne
cross-coupled product, which could generally be removed by
careful column chromatography. A myriad of sensitive func-
tional groups were found to be compatible with the reaction
conditions, including ketones (4¢), aldehydes (4d), epoxides
(4e), unprotected alcohols (4i), esters (41, 4u) and terminal/
internal olefins (4s, 4t and 4v), all with excellent enantiose-
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lectivities. Notably, several heterocyclic examples including
thiophenes (4 f), furans (4j), indoles (4ac) and pyrroles (4ad)
were also tolerated despite their potential to interfere with
the catalytic cycle, all with good enantioselectivity. Variation
in the electronic properties of the diazo compound had
a small effect on the yield and enantioselectivity, with more
electron-withdrawing substituents such as 4-fluoro (40) and
3-cyano (4q) leading to slightly lower ee values (91 % ee and
89% ee, respectively, compared to 94-96 % ee for 4m, 4n, 4p
and 4r). It was also easy to scale up the asymmetric
allenylation to 5 mmol of propargylamide for allene 4w in
our flow system without the need to store excessive quantities
of diazo compound, which provided 0.89 g of chiral material
in similar yield and ee to the smaller scale run.

To further probe the functional group tolerance of this
procedure, we were able to conduct the late-stage asymmetric
allenylation of various propargylated amine derivatives of
seven drug molecules/natural products (4x—4ad), including
(S)-ibuprofen, aspirin, penicillin G, topiramate, pregabalin,
indomethacin and atorvastatin, again all proceeding with high
de/ee values. Surprisingly, the presence of the thioether
functionality on penicillin G was not detrimental to the
stereoselectivity.

We were able to demonstrate the utility of the chiral
allenes generated in a medicinal chemistry context by
conducting the silver-mediated cyclization!"”! of allene 4a to
its corresponding 3-pyrroline 5 (Scheme 2), with good chir-
ality transfer and excellent yield (97 % ee to 95% ee). The
process can therefore overall be regarded as a formal
enantioselective sp’~sp® coupling, with a functional handle
(internal olefin) for potential further derivatization.

We anticipate that the reaction mechanism proceeds as
depicted below (Scheme 3). In the presence of base and the
copper catalyst, the initially generated ligand—copper acety-
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Table 2: Scope of asymmetric allenylation reaction.”!
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FsS SFs5
Cul (10 mol%), Et;N (2 equiv.) ;
NH, N, L9 (15 mol%) :
J\ C—A4wmno, |+ ///\NHR . . Ar/%.v\ | L= ‘
Ar” H 0.5 mL min”! RT Ar” "H 3 dioxane, RT, 10 min NHR : N N N
1 2 4 ; 1 \\)
directly added to N N
0.1 Min CH,Cl 4

acetylide over 8 min
2 equiv.

o o
\. \- \-
/@/\ S NHTs /©/\ V\NJK/CFa /@/\ %/\N)l\/\/ﬁ(
c c H c H )

4c: 49%
96% ee

Cl
~ o
e
H
Br

4i: 49%
91% ee

\-
/©/\ N NHAc
i

40: 45%
91% ee

4a: 51%
97% ee

X « o
/©/\ " NHBoc )@/\'%/\N
cl . N

4h: 47%
95% ee

\-
/©/\ N NHAG
Br

4n: 51%
96% ee

4b: 52%
91% ee

49: 49%
93% ee

\-
/©/\ " NHAC
Cl

4m: 47%
94% ee

[e}
0 o MeO. . PN NC N 9
N ., N .
/@A'V\NW O/\MNJ\/\/ \©/\ N CoMe \©/\ V\NJ\O
H H
Br F

4s:41%
92% ee

4t: 44%
95% ee

4u: 45%
95% ee

Late stage ic y of natural pr ug

o
\'
oy
cl H

o
o] N
N A, T )ﬁ
SN N
/©/\ ST Q\o o : oLy

4f: 53%°!
95% ee

fo) o
X X
Oy O Sy o
Br H Br

Cl
|
4d: 47% [e]
97% ee

o]
TN
XN B

or H "

4e: 55%
95% ee

4j: 53% 4k: 51% 4l: 43%
96% ee 95% ee 91% ee
MeO NC \'\/\
© e A N NHAe
N NHAG N NHAC . /©/\
4p: 45% 4q: 40% 4r: 44%

95% ee 89% ee

o
X
Oyt
H
|

4w: 49% (47%9)
95% ee (95% eeld))
[X-ray]

95% ee

Y Se by K
4v: 40% N
92% ee

o
o 0.0 0
o O  OAc N I, N /\(O:
XN .. . N * N
/@/\\.V\Nm /@/\ NN /©/\ V\H ) >~NH /©/\ V\H e} > 0><
Br Hod Br H Br g H o)’ 3 c %,6

from (S)-ibuprofen
4x: 51%
96% de

from aspirin
ay: 51%
96% ee

NHBoc

from penicillin G
4z: 30%"
98% de

from topiramate
4aa: 57%°!
96% de

o o X
N . o 0o
N~ /U\/‘/\)\ NN . A~ o
/©/\\ N B,/©/\ H /©/\Mﬁ NN
c d oMe B = HN/@
' O
A O

from indomethacin
4ac: 40%
95% ee

from pregabalin
4ab: 46%
96% de

s

from atorvastatin
4ad: 40%
cl 94% de

[a] Standard reaction conditions: 0.2 mmol of alkyne, 0.02 mmol of Cul, 0.03 mmol of ligand L9 and 0.4 mmol of Et;N at RT in 2 mL 1,4-dioxane, with
0.4 mmol of hydrazone (with DIPEA as buffer) flowed through activated MnO, then a back pressure regulator (BPR), see Sl for more detail; yields
stated are of isolated product; de/ee determined by chiral HPLC; absolute configuration of allene 4w determined by X-ray crystallography, others
assigned by analogy. [b] Stirred for 20 min after addition of diazo compound. [c] Yield by '"H NMR using 1,4-dinitrobenzene as internal standard.

[d] Conducted on 5 mmol scale with respect to propargylamide.

AgPFg (10 mol%)
N
Ts cl

\i
/©/\ NONHTs
Cl

4a
(97% ee)

CHyCl, RT, 16 h
5: 99%
(95% ee)

Scheme 2. Silver-mediated cyclization of allene 4a to 3-pyrroline 5.

lide complex 7 undergoes an enantioselective concerted Cu—
C bond insertion with the diazo compound 2. The approach of
this species is controlled by the bulky ‘Bu arms of the PyBIM
ligand, with the hydrogen substituent of the diazo compound
on the same side as the ligand '‘Bu groups. Selective 1,3-
protonation (most likely via the N—H group from the amide/
sulfonyl group) of the transient copper species 8 from the
front face of the catalyst then generates the desired allene 4
and regenerating the ligand—copper complex 6. It appears that
the copper species 8 is fairly labile and can dissociate leading

Angew. Chem. Int. Ed. 2017, 56, 1-6
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to the anionic species 9, which subsequently protonates to
give the undesired alkyne cross-coupled product 4.4

In summary, we have reported a new flow-enabled
catalytic asymmetric coupling reaction of aldehyde-derived
unstabilized diazo compounds with propargylamine deriva-
tives, proceeding rapidly in moderate yields and high
enantioselectivities. Given the underdeveloped methods for
enantioselective allene synthesis, our results represent an
important achievement in this field, particularly due to the
high level of functional group tolerance and potential for late-
stage functionalization. Further investigations into generaliz-
ing the scope and the development of new bifunctional
ligands are currently ongoing in our laboratories.
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N-NHz [3] For selected recent examples of (formal) cycloaddition reactions

3 Ar/”\H 1 of allenes, see: a) Z. Wang, J. Ren, Z. Wang, Org. Lett. 2013, 15,

R/ 5682-5685; b) F. Lopez, J. L. Mascarefas, Chem. Soc. Rev. 2014,

oA o A =5 A + 2;"2% 43,2904 -2915; c) X. Hong, M. C. Stevens, P. Liu, P. A. Wender,
\If tNNch\i'{%CN? Base K. N. Houk, J. Am. Chem. Soc. 2014, 136, 17273 -17283; d) W.

4 i ig '8y 9 Yao, X. Dou, Y. Lu, J. Am. Chem. Soc. 2015, 137,54-57;¢) B. C.
HR 6 AF)EH 2 Lainhart, E. J. Alexanian, Org. Lett. 2015, 17,1284 -1287;f) S. Y.
A Lee, Y. Fujiwara, A. Nishiguchi, M. Kalek, G. Fu, J. Am. Chem.

patay s Soc. 2015, 137, 4587-4591; g) L.-Y. Mei, Y. Wei, X.-Y. Tang, M.
pathwy Shi, J. Am. Chem. Soc. 2015, 137, 8131-8137; h) J. M. Saya, K.

A A | mirimised N Vos, R. A. Kleinnijenhuis, J. H. van Maarseveen, S. Ingemann,

K = .
_N N N
N—CG—N H

\ Al
HAAr By N r 2/
8 H-%Ar 'Bu Tﬂ . \\_NZ’.c‘a—N -
| i
H* R R

R

Scheme 3. Proposed reaction mechanism for asymmetric diazo-alkyne
coupling reaction.
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process occurs rapidly with high enan-
tioselectivities, wide functional group
tolerance and is further applicable to late-
stage functionalization.
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