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Rhodium(III)-Catalyzed Synthesis of Skipped Enynes via C(sp’)-H

Alkynylation of Terminal Alkenes

Franco Della-Felice, Margherita Zanini, Xiaoming Jie, Eric Tan, and Antonio M. Echavarren*

Abstract: The Rh™'-catalyzed allylic C—H alkynylation of non-
activated terminal alkenes leads selectively to linear 1,4-enynes
at room-temperature. The catalytic system tolerates a wide
range of functional groups without competing functionaliza-
tion at other positions. Similarly, the vinylic C—H alkynylation
of - and f,y- unsaturated amides gives conjugated Z-1,3-
enynes and E-enediynes.

Strategies to attain regioselectivity in transition metal-
catalyzed C—H bond functionalization usually rely on anchi-
meric assistance,! either exerted by a pre-existing directing
group or by taking advantage of a transient directing
group.l“? While facing atom- and step-economy challenges,
these approaches have been established as powerful tools for
the production of value-added products from simple precur-
sors,®l and in the synthesis of advanced pharmaceutical
compounds® and natural products.” Most methods have
focused on the functionalization of C(sp?)—H bonds,*! where
the more challenging C(sp®)—H bond activation strategy have
been growing in the last decade.!*”

Less common and more ambitious is the selective C—H
bond functionalization beyond the aid of directing groups.’®*!
Recently, [Cp*Rh] and [Cp*Ir] complexes have gained atten-
tion in this area due to their ability to coordinate with
terminal double bonds and form m-allyl complexes under mild
conditions."™ Since the report of Cossy on the formation of
pyrrolidines and tetrahydropyridines by the action of differ-
ent [Cp*Rh] complexes,'!! other methods have been devel-
oped for C—H bond functionalization via m-allyl [Cp*Rh]- and
[Cp*Ir]-complexes (Scheme 1).”! Of particular significance
are the findings of Shibata and Tanaka,!'® Glorious,'*! and
Baik and Blakey, """l where different [Cp*Rh]-m-allyl com-
plexes where isolated and proved to be catalytically active
towards allylic C—H amination and arylation.

Here, we report on a directing group-free transformation
for the direct construction of C(sp*)-C(sp) bonds from simple
terminal alkenes under [Cp*Rh]-catalyzed conditions." This
new protocol is suitable for the synthesis of 1,4-enynes from
terminal alkenes without prior functionalization, which are
valuable synthons!" traditionally prepared by cross cou-
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Scheme 1. Different strategies for Rh-catalyzed allylic C—H functionali-
zation.

[15] [16] [17]

pling, allylic alkynylation, and
nucleophilic substitution.®!

Grounding from our recent work on C(sp%/sp*)-C(sp)
bond formation," we first investigated the reactivity of hex-
5-en-1-ol (1a) and bromoalkyne 2a with [Cp*RhCl,],
(5mol%), AgSbF; (20 mol%), Ag,CO; (50 mol%) and
LiOAc (40 mol%) in 1,2-dichloroethane (DCE) at 23°C.
Under these mild conditions, we observed formation of
skipped enyne 3a in 47% isolated yield with excellent
stereoselectivity (E/Z >30:1), moderate linear vs. branched
selectivity and modest linear vs. 1,3-bis alkynylated product
distribution (Table 1, entry 1).”") The observed linear selec-
tivity in the alkynylation of 1a is noteworthy since internal
functionalization is typically favored for allylic C—H amina-
tion"* and arylation® of non-activated terminal alkenes.

Several observations concerning the optimum reaction
are noteworthy. Using AgOAc instead of LiOAc and Ag,CO;
led to slightly lower conversion (10-15% of unreacted
starting material remained) but formation of the 1,3-bis
alkynylated product was suppressed (Table 1, entry 2). The
higher basicity of Ag,CO; compared to AgOAc may account
for the small formation of the latter. No reaction was
observed in the absence of LiOAc with substrate 1a, and
either decomposition or no reaction occurred when stoichio-
metric or no AgSbF; was used, respectively (Table 1, entry 3—
5). The reaction proceeded with lower efficiency when using
[Cp*IrCl,], as the catalyst (Table 1, entry 6) and low con-
version was observed in the presence of LiSbFy (Table 1,
entry 7). Complex Cp*Rh(OAc),(OH)? was inactive in the
absence of AgSbF, (Table 1, entry 8), although adding LiSbF

allylic alkylation,
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Table 1: Rh-catalyzed allylic C—H alkynylation of 1a with 2.

[Cp*RhCly], (5 mol%)
AgSbFg (20 mol%)

HO NS, Br—— R Ag,CO3 (50 mol%) /\/\/\/ﬂps
1a 2a:R=TIPS  LiOAc (40 mol%) i 3a
2b:R=TES DCE,23°C, 16 h
2c:R=Ph
Variation Rl 3ayield [%] L/B L/Bis
1 None TIPS 68 (47) 6:1 61
2 With AgOAc, no LiOAc, Ag,CO; TIPS 60 5:1 -
3 No LiOAc TIPS nr
4 No AgSbF; TIPS nr
5 AgSbFs (120 mol %), no Ag,CO; TIPS -
6 [Cp*IrCl,], TIPS Ll
7 LiSbFg TIPS 26 - -
8 Cp*Rh(OAc),(OH,), no AgSbF; TIPS nr
9  Cp*Rh(OAc),(OH,), LiSbF® TIPS 61(39) 8:1 81
10 None TES 55 2:1 -
11 None Ph 60 1:1 -

Yields determined by "H NMR with trichloroethylene as internal
standard. Yields of isolated product in parentheses. [a] 1.2 equiv of 2a—c.
[b] Low conversion observed. [c] Starting material remained. [d] LiSbFy
(40 mol %). L: linear product (3a), B: branched product; Bis: 1,3-bis
product (see Scheme 2). nr: no reaction. DCE: 1,2-dichloroethane.

restored the reaction performance with slight better selectiv-
ity (Table 1, entry 9). This last result may suggests a pivotal
role of hexafluoroantimonate salts not only in the activation
of the catalyst but in the activation of the bromoalkyne too.
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Other alkyne donors 2b,¢ resulted in similar conversions but
with lower selectivity (Table 1, entries 10 and 11), which
implies that terminal functionalization is sterically driven.!

Next, other alkenes were investigated (Scheme 2). Differ-
ent types of sulfonamides were obtained in good yield and
selectivity (3b-e, 3k). It is important to note that no allylic C—
H amination was detected with these substrates, a cyclization
that has been reported to occur under similar conditions.%!!]
Exclusive linear selectivity was obtained when trying differ-
ent allyl-substituted arenes, as represented by formation of
products 3 f-i. The mildness of the reaction condition allowed
a wide functional group acceptance, including primary halides
(3m, 3t), TBS- and tosyl-masked primary alcohols (3j, 31),
aliphatic ester (3u), acid (3v), aldehyde (3w), nitro (3z), and
different bromoaryl ethers (3bb-dd). Most interesting,
alkenes with an appended aromatic ring bearing directing
groups generally used for the activation of C(sp?)—H bonds,
such as a MeO- and -CO,H groups, were selectively function-
alized at the allylic C—H position (3h and 3aa) without any
alkynylation at the aromatic ring. Yet, stronger directing
groups as -C(O)(i-Pr),N and -C(O)NHAc delivered complex
mixtures of mono- and bis alkynylated products.”’! Furane
(30), thiophene (3p), indole (3q), and pyridine (3r) 1,4-
enynes ester derivatives were as well accessed in good yields
and selectivities. Aromatic alkynylation guided by the ester
moiety was only observed for thiophene 1p, where incorpo-
ration at the activated a-position was detected to a small

[CP*RNCl], (5 mol%), R. A TIPS
AgSbFg (20 mol%),
= Ag,CO3 (50 mol%) P
~X + Br—=—TIPS N~ Z f
LiOAC (40 mol%)
1 2a DCE, 23°C, 16 h 3 TIPS
Linear Branched
o, 0
N
O/S\H/\/\/\ /©/\/\ X\/\/\/\
TIPS A

X TIPS X TIPS
3b: X = Me (63%) 3c: X =F (57%) 3f: X = H (54%) 3g: X = CF3 (63%) 3a: X = OH (47%) 3j: X = OTs (49%) 3k: X = NHTs (54%)

8:1L/B 10:1 L/B >20:1 L/B >20:1 LB 6:1L/B 8:1L/B 9:1L/B

8:1 L/Bis 10:1 L/Bis > 20:1 L/Bis > 20:1 L/Bis 6:1 L/Bis 8:1 L/Bis 7:1 L/Bis

3d: X = CI (62%) 3e: X = Br (61%) 3h: X = OMe (43%)

3i: X = F (55%)

3I: X = OTBS (56%)?! 3m: X = Cl (57%) 3n: X = Et (65%)

9:1L/B 10:1 L/B >20:1 L/B >20:1L/B 11:1 LB 11:1 LB 11:1 L/B
7:1 L/Bis 5:1 L/Bis > 20:1 L/Bis 14:1 L/Bis 8:1 L/Bis 7:1 L/Bis 7:1 L/Bis
#5_0 X X N
0 TIPS TIPS
oy R oy N 5o 50y 3t: X = CH,Br (56%) 3u: X = CO,Et (56%)
g SQ/ (/\/@/ | ©/ 12:1 LB 9:1LB
— Pz n . A
N cl NT >l 8:1 L/Bis 18:1 L/Bis /\/\)
30 (57%) 3p (51%)"! 3q (44%) 3r (59%) 3s (63%) 3v: X = (CHy)2CO,H (68%) 3w: X = (CH,)4CHO (59%)°! TIPS
10:1 L/B 11:1 LB >20:1 L/B 18:1 L/B 13:1 LB 12:1 LB 11:1 LB 3x (43%; 51% brsm)
5:1 L/Bis 9:1 L/Bis 11:1 L/Bis 6:1 L/Bis 4:1 L/Bis 12:1 L/Bis 7:1 L/Bis 11:1L/B
. OH > 20:1 L/Bis
A % S
é i X
Q’ \©\ N T N X
o/\/\/\ O/\/\/\ TIPS
(0] TIPS TIPS
32: X = NO, (53%) 3aa: X = COOH (66%) 3bb: para (60%)1 3cc: meta (61%) 3dd: ortho (47%) 3ee (68%)(€!
3y (25%; 40% brsm) 17:1 LB >20:1L/B 15:1 L/B 19:1L/B 11:1L/B >20:1L/B
:12:312/";{3 41 LBis 12:1 L/Bis 5:1 L/Bis 6:1 L/Bis 6:1 L/Bis 13:1 L/Bis
: IS

Scheme 2. Substrate scope of allylic C—H alkynylation of non-activated terminal alkenes. [a] 63 % yield in the absence of LiOAc, 10:1 L/B, 10:1 L/
Bis. [b] Alkynylation at the a-position was also observed.” [c] Starting material remained (709 brsm). [d] Reaction performed at 2.5 mmol scale.

[e] 72% yield in the absence of LiOAc, 17:1 L/B, >20:1 L/Bis.
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extent. Polyfunctional complex substrates such as choles-
terol derivative 1x and gibberellic acid ester 1y provided the
desired skipped enynes 3x and 3y, respectively. Although
modest yields were observed, it is worthy to note that the
major compound formed originated from the allylic C—H
alkynylation of the terminal bond, leaving untouched the
internal and 1,1-disubstituted alkenes. In addition, readily
available alkenes such as n-octane and allylcyclohexane
reacted cleanly to give selectively the corresponding 1,4-
enynes 3n and 3ee in 65% and 68 % yield, respectively. This
method is robust, as demonstrated in the preparation of
product 3bb from 1bb in a 2.5 mmol scale in comparable yield
and selectivity.*!

Interestingly, products 31 and 3 ee were obtained in similar
yields in the presence or in the absence of LiOAc, whereas the
use of this salt was essential for the formation of compounds
3a, 3b or 3f This suggest that LiOAc might be necessary to
prevent formation of inactive Rh™ species in cases in which
the substrate bears potentially coordinating groups.?

1,3-Bisalkynylation was promoted after a consecutive set
up and products 4a—d could be accessed in moderate to good
yields and selectivity (Scheme 3).2” In this case, formation of
1,1-bis- and 1,4-bisalkynylated compounds were observed as
minor products.

i. Reaction conditions

ii. Filtration
RN FA

iii. Reaction conditions

1

4a: R = CO,Et (53%)
10:1 "°Bis/"*Bis
> 20:1 "°Bis/"'Bis

4b: R = Et (40%)
2.9:1 "3Bis/"Bis
3.3:1 "3Bis/" 'Bis

>20:1L/B 13:1 LB
4c: R = OTBS (62%)1! 4d: R = OBz (56%)
5:1 1°Bis/"“Bis 9:1 "°Bis/"“Bis
13:1 "%Bis/"'Bis > 20:1 '%Bis/" 'Bis
>20:1L/B 9:1 L/B

Scheme 3. P! Substrate scope of 1,3-bisalkynylation of non-activated
terminal bonds. Reaction conditions: 2a (110 mol %), [Cp*RhCl,],

(5 mol %), AgSbF; (20 mol %), Ag,CO; (50 mol %), LiOAc (40 mol %),
DCE (0.2 M), 23°C, 16 h. [a] Starting from 31.

Density functional theory calculations25 where under-
taken to better understand the operative mechanism of this
transformation (Scheme 4). Using lee as the substrate and
AgOAC as the additive, the activation barriers of migratory
insertion/B-elimination and oxidative addition/reductive
elimination pathways were compared (Scheme 4a).1%!
Starting from m-allyl Intl, analogous to known catalytically
active Rh™-intermediates in C—H allylic functionaliza-
tion,"™ coordination with 2a can generate Int2A and
Int2B. Next, the theoretical results suggested that terminal
functionalization by vy-migratory insertion towards Int3
(AG* =252 kcalmol ') would be kinetically favored over
the formation of the RhY species Intd (AG™ =32.8 kcal
mol™"), an intermediate that upon reductive elimination
would also lead to the linear product. o-Migratory insertion
was as well calculated for 1ee and proved to be kinetically
disfavored compared to y-migration (AG* =34.8 kcalmol ),
presumably by an increase of steric hindrance at the transition

Angew. Chem. Int. Ed. 2021, 60, 56935698
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Scheme 4. a) DFT calculations for the Rh"-catalyzed alkynylation of
alkenes [0B97xD/6-311G + + (d,p) (H, C, O, Si) + LANL2DZ(d) (Br) +
LANL2TZ-(f) (Rh, Ag)// 6-31G(d)(H, C, O, Si) + LANL2DZ(Rh, f; Ag, f;
Br, d)]. b) Proposed catalytic cycle.

state. This result is in excellent agreement with the observed
regioselectivity for lee (>20:1). Following the preferred
mechanistic pathway, a catalytic cycle for the formation of
skipped enynes is proposed in Scheme 4b. First, formation of
complex I by interaction of 1ee and 2a with [Cp*RhCl,],,
AgOAc and AgSbF,, is followed by y-migratory insertion
towards II. The latter is then stabilized to III by coordination
of AgOAc, and a (3-bromo-elimination is promoted forming
product 3ee and AgBr. A new molecule of lee enters
producing IV, and starts the cycle after C—H allylic activation
and complexation with 2a.

The catalytic system employed was also compatible for
the formation of C(sp?)-C(sp) bonds.'® Observing that
terminal alkenes with appended tosyl amides were well
tolerated in the undirected allylic C—H alkynylation and
arylamides were unreactive,”® a slightly modified protocol
was tested with terminal alkenes having amide groups at
different distances from the carboxamide. Thus, we found that
B,y-unsaturated amides 5a-c¢ were bisalkynylated and form
conjugated E-enediynes 6a—c, (Scheme 5a). Interestingly,
trans-5d led to E-configured 1,3-enyne 7, although in
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MesHN (RS = Me) (R3=H) H TIPS
7(25%) Sa-d 6a: R' = Mes, R2 = H (63%)
6b: R' = Bn, R? = H (59%)
6c: R" = Bn, R? = Me (52%)
b) o) TIPS

1
R[N)v\3 2a R-N P /) 8aR =R?=R*=H (43%)

I Rh() g2 \={ 8b:R'=R?=Me, R>=H (45%)"
R R3 8c:R'=Bn, R2=R® = H (58%)!
Se-i 8d: R' = Mes, R?=R® = H, (50%)
8e: R' = Mes, R?=H, R®= Me (48%)
o
e MesHN
MesHN [Rh(ln] I
5§ 9 (60%)
TIPS

Scheme 5. Substrate scope of vinyl C—H alkynylation of activated and
non-activated alkene bonds. Reaction conditions: 2a (250 mol %),
[Cp*RhCL,], (3 mol %), AgSbF, (24 mol %), Ag,CO, (100 mol%), LiOAc
(100 mol %), DCE, 80°C, 16 h. [a] 100°C.

modest yield. On the other hand, a,-unsaturated amides 5e—
i were mono-alkynylated giving stereoselectively Z-1,3-
enynes 8a—e in moderate yields (Scheme 5b).”%! A different
outcome was observed with 2-phenylacetamide 5j, which
gave exclusively ortho-alkynyl 9 in 60 % yield (Scheme 5c).
Pivalanilides led to the expected products of ortho-alkynyla-
tion under these reaction conditions.**"

To illustrate the synthetic utility of the obtained 1,3- and
1,4-enynes, further transformations were conducted
(Scheme 6). Deprotection of 3bb with stoichiometric TBAF
(100 mol %) led to the corresponding terminal alkyne in 65 %
yield, which was converted to the p3,y-unsaturated enone 10 in
70% yield when exposed to [-BuXPhosAu(MeCN)]BAT" in
methanol. Alternatively, treatment of 3bb with excess TBAF
(250 mol %) afforded the respective conjugated allene in
86% yield,”™ and underwent a [442] cycloaddtion with
methyl vinyl ketone to give adduct 11 in 61 % yield (endo:
4:1).”! Moreover, 1,3-enyne 8a delivered pyrrolone 12 in
92 % yield after TBAF treatment.""!

In summary, we have developed a [Cp*Rh]-catalyzed
linear selective allylic C—H bond alkynylation under mild
conditions allowing straightforward access to synthetically
usefull 1,4-enynes. This reaction tollerates a broad range of

1. TBAF (100 mol%),
0,
5 THF (65%) Ar\o/\/\/\n/ Me
2. [-BuXPhosAu(MeCN)IBATF (3 mol%), o
MeOH/CH,Cl, (70%) 10

0]

1. TBAF (250 mol%),
THF (86%) Me
3bb Are
0

2. Methyl vinyl ketone,

PhMe, 60 °C (61%) 1
endo:exo 4:1
TBAF (100 mol%), s O
THF N
8d )
(92%)

Scheme 6. Derivatization of 1,4-enynes from C—H aﬁynylation. Ar: 4-
Br-C¢H,.
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functional groups, including known aryl-directing groups
without functionalization at the aromatic ring. Theoretical
experiments suggested a migratory insertion mechanism to be
kinetically favored against an oxidative addition/reductive
elimination pathway. 1,3-Bisalkynylation was also accessed
and may be complementary to known 1,1-bisalkynylation
procedures. Finally, a,3- and p,y-unsaturated amides give Z-
1,3-enynes and E-bis-enediynes, respectively.*!!
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