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Copper-Catalyzed Pathways for Ynamide Synthesis
Coupling via Alkynyl Halides

Metal-catalyzed cross-coupling reactions are among the most Scheme 1.
powerful methods available for the formation of carba@arbon

and carbor-heteroatom bonds? Oxidative-coupling reactions, halogenation P X [Cu], base
particularly methods that enable direct functionalization efHC / R1I’RZNH ' R'
S : H R™ " X= halid '
bonds, have been the focus of significant recent intérestfor- / alide N‘R2
tunately, such methods often require stoichiometric oxidants that g Z R/

reduce their appeal relative to classical cross-coupling reactions.
Our interest in aerobic oxidation reactiéqsompted us to consider
Cu-catalyzed oxidative coupling reactions that could employ
molecular oxygen as the stoichiometric oxidant, and we describe rapfe 1. Selected Screening Results for Copper-Mediated
here a new Cu-catalyzed method for the synthesis of ynamides viaOxidative Coupling of Phenylacetylene and 2-Oxazolidinone
direct amidation of the €H bond of terminal alkynes (eq 1). The o 0

o]
. o . . H M cul. b cl
reactions exhibit quite a broad scope with respect to the alkyne _~ HN o _LCulbase N =T =
7 ) solvent, 70 ocph/ \) +Ph/ + Ph/
3a 4

[Cu], R'R2NH, base, O,

Direct Coupling of Terminal Alkynes

and nitrogen nucleophile, and. @ay be used as the stoichiometric Ph (5 v
oxidant. The utility of ynamides as synthons in organic chemistry 1a 2a
has expanded significantly in recent yeafsnd ynamide prepara-

5

. R . . T . . % yield®
tion via oxidative coupling represents an efficient alternative to  enty reaction conditions (equiv of reagents)? solvent 3 (415)

known two-step methods, su_ch as involving alkyne halogenation — CUCh (2), C$COs (2), 1 equivea DMSO 26 (42/17)
followed by C-N cross-coupling (Scheme 1§. 2 CuCh(2), C3CO; (2 DMSO 53 (24/4)
3 CuCh(2), CsCOs (2)¢ DMSO 70 (28+)

— R [Cu] v 4 CuCl;(2), C$COs(2) DMSO 89 (4F)
R—==—H + H-NRR" + 120, ——=R—=—NRR"+H,0 (1) 5 CuCh(0.2), CSCOs (2) DMSO trace (194)
6  CuCh(0.2), NaHCQ(2) DMSO 90 (4+)

Two important precedents provided a basis for our investigation 7 CuCk(0.2), NaHCQ(2) toluene 46 (2)
of the alkyne amidation reactions: (1) the Glaskay oxidative 8  CuCh(0.2), NaHCQ(2), ny!g!”e (0.4) to:ue”e 60 (2)
dimerization of alkynes (eq 2jand (2) the oxidative coupling of 1?) gﬂgt ggg m::gg g; Ez::d:gg %8) 83525 gg ((gl)/)
arylboronic acids and nitrogen nucleophiles, first reported by Chan 11 cucy (0.2). NaHCQ (2), phert (0.2) toluene 43 (264)
and Lam (eq 3}%' These results suggested that, under appropriate 12  CuCh(0.2), NaHCQ (2), bpy (0.2) toluene 68 (17#)
13 CuCh(0.2), NaHCQ (2), DMED* (0.2) toluene 65 (7)

[Cu] 14 CuCh(0.2), NaHCQ (2), 2-ACH? (0.2) toluene 48 (34)

R—==—H + 120, R——=—R +H,0 (2 15  CuCh(0.2), NaHCQ (2), DMAPe (2) toluene 53 (2f)
(Cu] 16 CuC} (0.2), NaHCQ (2), CRspye (2) toluene 65 (3#)

u 3P)
- _NR'R" + , _NDR'PY 3 17 CuCl; (0.2), Na;COs3 (2), pyridine (2) toluene 89 (2F)
Ar-B(OH); + H-NRR" + /20, Ar-NRR" + B(OH); (3) 18  CuCh(0.2), NaCOs (2), pyridine (2), toluene 69 (16/4)
1 equiv2a
conditions, aerobic oxidative cross-coupling of alkynes and nitrogen ;g gu% ,&0')2()6 g)&(’?\% c(a'(?)/ridin% @ @ IO:Uene gé g%
; ; ; : i : u c) (0.2), Na , pyridine oluene

nucleophiles might be possible. Hints of such reactivity are evident 21 Cu(TFAY(0.2), NaCOs (2), pyridine (2)  toluene 73 (3))

in the literaturé;213but several recent examples of metal-catalyzed
oxidative amination of alkynes yield carboxamides rather than

a Standard conditions: 0.1 mmakb, 0.5 mmol2a, 1 atm Q, 1 mL of

ynamides:* The present results represent the first catalytic synthesis solvent, 70°C. 4 h; phenylacetylene added dropwise to the reaction mixture

of ynamides directly from alkynes. over 4 h."3a isolated yields# and5: GC yields.¢ Alkyne added in a
it ; i ; _ single aliquotd Alkyne added to the solution over 1 hiAbbreviations:

| Wellnltlated ogrhst;dles b¥dgxam|n|ng _the rr]eactlon of phefny phen= phenanthroline; bpy= 2,2-bipyridine; DMED = N,N-dimethyl-

ac.ety.ene I..a) wit -oxazolidinone Za) in the presepgg 0 ethylenediamine; 2-ACH= 2-Ac-cyclohexanone; DMAR= 4-N,N-dim-

stoichiometric copper salts under 1 atm of.On our initial ethylaminopyridine; Cipy = 4-trifluoromethylpyridine; TFA= trifluoro-

screening of Cu sources, Brgnsted bases and solvents, optimahcetate.

results were observed with 2 equiv of CyGind CsCO;s in

dimethylsulfoxide (DMSO) (Table 1, entries—#).152 When the

substrates were combined in a 1:1 ratio, we observed the formation ) - . X . .
of 3atogether with the homocoupled diméand alkynyl chloride included in the reaction mixture (entries-Z21). Optimal conditions

5 (entry 1)1 The yield of 3a was enhanced, and side products féatured 20 mol % CuGland 2 equiv of NgCO; and pyridine
were reduced by increasing the quantity of nitrogen nucleophile to (€ntry 17). A useful yield of3a (69%) was also obtained under
5 equiv (entries 24) and by adding the alkyne to the reaction catalytic conditions with da:2aratio of 1:1. As expected, a higher
mixture over a period fo4 h (entry 4). When the copper loading  Yield of diyne byproduct is formed under these conditions (16%);
was reduced to 20 mol %, good yields & were obtained by however, this result is significant for the synthesis of ynamides
replacing CsCO; with NaHCQ; as the base (entries 5 and 6). with nitrogen nucleophiles that are not commercially availdble.
Further screening of the catalytic reaction conditions revealed that Chelating ligands that have been used in other Cu-catalyzed C

toluene was also a suitable solvent if nitrogen donor ligands were
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Table 2. Cu-Catalyzed Oxidative Coupling of Phenylacetylene

h et Table 3. Cu-Catalyzed Oxidative Amidation of Alkynes?@
with Nitrogen Nucleophiles?

20 mol % CuCl,

4 20 mol % CuCl, R! P H H—N'R1 2.0 equiv pyridine 21
_ H H_N,R 2.0 equiv pyridine N R,/ * L, 2.0 equiv Na,CO3 =z “R2
Ph/ * w2 20equivNa,CO, =z R 1.0 eaui ~ Op(1atm) toluene R
0O, (1 atm), toluene Ph .0 equiv 5.0 equiv 70°C, 4 h
1a 2b-m 70°C,4h 3b-m " Alkynes: R = TIPS [TIPS = (-PngSil (1b) 1 Nitrogen Nucleophiles: -
ettt tatuieteietieteieieteieieteletiie ittt ittt n-CgHi3 (1) 2a - 2m (see Table 2)
Nirogen fuceopnies: o TBSO(CHy); (TBS = t-BuMe,Si) (1d)
1 o JOL Q o Ré,\/(j TBSOCH, (1e), 4-MeOCgH (1f)
HN\_/O HN\b H"\‘_J'/ HN\_/N’MeMe O\\S N * N entry Alkyne R'R*NH Ynamide % Yield®
B N H 1 1b  2a OYX 6 (X=0,R’= H) 83
2b 2c 2d 2e 2f: R=Me 2iR=Bn 2k R=3-Ac 2 2b N\) 7 (X=0,R*= Bn) 78
2g:R=NO, 2jiR=n-Bu 2. R=3-CO,Me 3 2¢ / s 8(X=CH,, R>=H) 95
2h: R= OMe 2m: R=2-CO,Et 4 2e TIPS R 9 (X= NMe, R3= H) 70
3
entry R'R’NH Ynamide yi?l)dh 5 2 R\©\ 0 10 (R'= Me) 87
OYO 6 2g 50 11 (R*=NO,) 85
| - N\) b @ 7 2h /N~Me 12 (R*= OMe) 87
/ ! TIPS
Ph Bn R3
) R Ob ) 8 2k Cé, 13 (R’= Ac) 62¢
c M ¢ (n= trace 9 21 N 14 (R*=CO,Me) 90¢
3 2d Ph/ Jn 3d@=1) 89 Tlps/ ]
o, Me Y-° 3_
NN 10 1c 2a N\) 15 (R’=H) 72
4 2e NS 3e 79 11 2b Z i, 16(R’=Bn) 80
/ n-CeHi3 R

5 2f :2 3f (R’, R* = Me) 93 12 2f hT'ls 17 87

6 2 \©\ o 3g(R=NO,R‘=Me) 86 D

7 2h $=0 3h (R’= OMe, R* = Me) 92 CO,Me

8 2i Niga 3i(R*=Me, R*=Bn 68 =

9 2 Ph/ 3 ((R-‘: Me, R* = n—]??u) 79 13 21 N 18 63

R3 3 n-CaHm/

TS S 7 v P )

11 21 N 31 (R*=3-CO,Me 3 c

pom P Dmesion % R TN wk e

R3

aReaction conditions: 0.1 mmdla, 0.5 mmol RR2NH, 0.2 mmol TBSO. s
NaCOs, 0.02 mmol CuGj, 0.2 mmol pyridine, toluene (1.0 mL), 1 atm 16 2f L/N‘Me 21 77
0,, 70°C, 1a added to the reaction over a 4-h periédisolated yields. o
coupling reactions (entries #1424 and pyridine derivatives . le 2a 7\(\(} 2 78
(entries 15 and 16) led to inferior results. Among the Cu sources Tsso/
tested, both CuGland Cu(OAc) were effective and performed R3
better than CuBrand Cu(QCCR),. \©\ o .

The oxidative coupling of phenylacetylene with various nitrogen 18 2¢ g=0 23 (R=Mo) &3
nucleophiles was examined with 2 equiv of Ca® DMSO and 19 28 TBSO/N*Me 24 (R=NO) 82
20 mol % CuC} in toluene. The results under catalytic conditions COMe
were consistently better than those obtained under stoichiometric _
condition$®* and led to moderate-to-excellent isolated yields of the 29 21 N 25 81
alkynamide products (Table 2). Cyclic carbamate, amide, and urea 880,72
nucleophiles gave the desired ynamides in high yield (entries 1, 3, 0},0
and 4). For reasons that are not yet clear, pyrrolidinone is an 21 1f  2a N 26 (R’=H) 81
ineffective nucleophile under these conditions (entry 2); however, 2 2b 4_M60C6H4/ fe 2T(R=Bn) 84
a 55% vyield of the desired product could be obtained with o, Me
stoichiometric CuGlin DMSQO 150 Acyclic nucleophiles, including N
N,O-dimethylcarbamate, acetanilide, addN-dimethylurea, showed 23 2e /"‘\) 28 80
almost no reactivity under either set of conditions. 4-Substituted 4-MeOCgHj
N-alkyl benzenesulfonamides afforded ynamides in moderate-to- R s
high yields (entries 59), and indoles with substituents at the 2- ;;1 ;f \©\S'20 i(gl Egil\l}g)) 32
or 3-position were also viable substrates (entries 12). 26 2|g. _ Noyje 31 (R= Ol\f[e) 94

The reaction scope was also investigated with respect to the 4MeOCH
alkyne coupling partner (Table 3). Once again, the use of catalytic R

o . : . . 27 2k PR\ 32 (R’=3-Ac) 78
conditions in toluene typically led to higher yields than the 78 2 N 33 (R=3.COMe) 90
stoichiometric conditions in DMS®P The reaction is compatible 29 2m 4_MeOCsH4/ 34 (R’= 2—CO§Et) 51

with a variety of different terminal alkynes, including alkyl-, aryl-,

and silyl-substituted alkynes. TBS-protected hydroxyalkyl ana-  @Reaction conditions: 0.1 mmol alkyne, 0.5 mmdR&\H, 0.2 mmol
logues, including propargyl alcohol derivatives, are effective. In Nae%iséo-ﬁ]z mIEW Cudl, %5 g"{“ct’:] pyrldlrt1_e, tOW:Ee (1-% Lnll-),lltagm
general, electron-rich alkynes are more effective coupling partners. J2,f2 ¢ |1 axyne was adaec 1o thé reactionie@ nperad. © 1solate

. ; > yields. ¢ Obtained with the stoichiometric CuIDMSO system; see Sl for
For example, triisopropylsilylacetylene reacts successfully with details.
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Scheme 2. Mechanistic Proposal for Copper-Catalyzed Oxidative
Coupling of Terminal Alkynes and Nitrogen Nucleophiles

R—=——H BH*X"
+B:
)_& R R (3
%R _ /
L,Cu"X, [Tl & T
A B| X ' \
R—=—=—NRZ H-NR'Z H R @
. R +B: —
+2B: +H,0 R——;
z
120, > Cu”/ BH*X- (5)
+2BHX" " N\gz
c
pyrrolidinone (entry 3), an ineffective nucleophile in the reaction  (6)

with phenylacetylene (see above); the corresponding ynamide was
obtained in high yield (95%). Electron-deficient alkynes, such as
ethylpropiolate and 4-nitrophenylacetylene, were less effective,
resulting in ynamide yields o£10% and 35%, respectively, with
oxazolidinone as the nucleophile.

The reactions are not limited to the small scale described above
(i.e., 0.1 mmol). Ynamides3a, 3f, and 10 were successfully
prepared on 1 mmol scale in yields comparable to or higher than
those on small scale (91%, 98%, and 85%, respectively), and
ynamide3f was prepared on 10 mmol scale (85% yiefd).

The mechanism of this reaction remains to be elucidated. The
formation of alkynyl chlorides as side products in the reaction raises
the possibility that &N bond formation could arise from Cu-
mediated cross-coupling of an alkynyl chloride and a nitrogen
nucleophile. Attempts to use alkynyl chlorides directly as substrates,
however, resulted in negligible yields of ynamide. Therefore, we
postulate a catalytic mechanism that features sequential activation
of the alkyne and nitrogen nucleophile, followed by I8 reductive (
elimination and aerobic reoxidation of the catalyst (Scheme 2). This
mechanism rationalizes the beneficial effect of using excess
equivalents of the nitrogen nucleophile: formation of the mixed
Cu'(alkynyl)(amidate) specie€ is expected to compete directly
with activation of a second equivalent of alkyne to form bis-alkynyl-
Cu' speciesD. The latter intermediate will produce the undesired
diyne byproduct. Factors that contribute to the success (or failure)
of different nitrogen nucleophiles are presently poorly understood,
although the substrateKp presumably plays an important role.
Nucleophiles effective in the reactions above exhibit< im the
range of 15-23 (DMSO); however, not all substrates with K,p
in this range, including pyridone (17.0) and acetanilide (21.5), are
effective. Systematic investigation of these issues will be the focus
of future studies.

In conclusion, we have developed a copper-catalyzed method (12)
for aerobic oxidative coupling of terminal alkynes with a variety
of nitrogen nucleophiles. The reactions provide efficient access to
ynamides and provide a benchmark for the development of new
aerobic oxidative coupling reactions.
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