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Abstract: A catalytic 1,2-oxyhalogenation method that converts non-conjugated internal alkynes into tetrasubstituted\
alkenes with high regio- and stereoselectivity is described. Mechanistically, the reaction involves a Pd"/Pd" catalytic
cycle that begins with a directed oxypalladation step. The origin of regioselectivity is the preference for formation of a
six-membered palladacycle intermediate, which is facilitated by an N,N-bidentate 2-(pyridin-2-yl)isopropyl (PIP) amide
directing group. Selectivity for C(alkenyl)—X versus —N (X =halide) reductive elimination from the Pd" center depends
on the identity of the halide anion; bromide and iodide engage in C(alkenyl)-X formation, while intramolecular
C(alkenyl)-N reductive elimination occurs with chloride to furnish a lactam product. DFT calculations shed light on the

origins of this phenomenon.
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Introduction

Alkenes play a prominent role in organic chemistry due to
their prevalence in functionally important molecules and
their diverse chemical reactivity. The synthesis of highly
substituted alkenes, especially those bearing tetrasubstitu-
tion, remains a major challenge due to both reactivity and
selectivity issues. 1,2-Difunctionalization of internal alkynes
represents a direct and efficient method to access tetrasub-
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stituted alkenes.! However, the majority of traditional
alkyne difunctionalization reactions are limited to conju-
gated alkynes or terminal alkynes."” Conjugated alkynes
possess a polarized n-cloud that enhances reactivity and
differentiates the two regioisomeric transition states in
addition processes. In contrast, commonly encountered non-
conjugated internal alkynes remain largely unexplored in
1,2-difunctionalizations.

Multicomponent, catalytic carbon-carbon n-bond func-
tionalization reactions have recently attracted attention as
empowering tools in organic synthesis.’! In palladium(II)-
catalyzed alkene functionalization, bidentate directing auxil-
iaries have enabled rapid discovery and development of a
variety of historically challenging hydrofunctionalization
and 1,2-difunctionalization reactions (Scheme 1A, top).! In
these systems, the directing auxiliary recruits the Pd"
catalyst into close proximity to the alkene, resulting in n-
Lewis acid activation, which facilitates regioselective anti-
nucleopalladation or syn-migratory insertion.

Following an analogous blueprint, regio- and E/Z-stereo-
selective hydrofunctionalization of alkynes has been
described.”) However, extension to alkyne 1,2-difunctionali-
zation has proven elusive to date (Scheme 1A, bottom).
During our research, we have found that the conditions for
directed, catalytic 1,2-difunctionalization of alkenes gener-
ally do not translate to analogous alkyne substrates and
typically only afford a combination of unreacted alkyne
starting material, hydrofunctionalization byproducts, or
intractable reaction mixtures that stem from competitive
processes (e.g., oligomerization). These observations under-
score the difficulty of developing three-component 1,2-
difunctionalizations of unactivated internal alkynes and
speak to the unique geometry and reactivity of alkenyl
palladacycles compared to their alkyl counterparts.*” We
expected careful tailoring of the directing auxiliary and
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A. synopsis of directed m-bond functionalization methods
- directed alkene 1,2-difunctionalization (well established)

O
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@ = directing group R Nu « limited to hydro-
L J  functionalizations
alkenyl palladacycle

« directed alkyne 1,2-difunctionalization (underdeveloped)

B. overview of alkyne 1,2-oxyhalogenation methods

... this work: regiocontrol
through substrate directivity
.\

Alkyl
non-symmetric and unactivated

(cat. M) X  Re?
R'——R2 ———>» —
[OR*], [x*] R' OR®

=—Ar/Akyl  Alkyl—=—Ar X'—=—Ar Alkyl—=——Alkyl
. : heteroatom- :
terminal activated substituted symmetric

Scheme 1. Approaches to Directed Alkene/Alkyne Functionalization
Reactions.

tuning of the redox potentials of the reagents employed
would be required to surmount these challenges. Taking
inspiration from recent reports in palladium-catalyzed C-
(alkenyl)-H activation that invoke oxidative functionaliza-
tion of C(alkenyl)-Pd intermediates,”® we report the 1,2-
oxyhalogenation of non-conjugated alkynes via six-mem-
bered alkenyl palladacycle intermediates enabled by the
bidentate 2-(pyridin-2-yl)isopropyl (PIP) amide auxiliary,
which grants access to fully substituted halo-enol esters that
can be diversified through cross-coupling.”!

Results and Discussion

We focused our attention on three-component 1,2-oxy-
halogenation of alkynes,”” given that this family of trans-
formations can expediently assembly versatile and diversifi-
able substituted alkenes in a single operation (Scheme 1B).
Existing methods, however, rely on electronic control of
regioselectivity, limiting substrate scope to specific alkyne
substitution patterns (Scheme 1B). We hypothesized that
under Pd"/Pd"™V catalysis, an alkyne bearing a suitable
directing group could selectively react with a carboxylate
nucleophile!'” and a halogen electrophile (Table 1)."! After
extensive screening, we identified effective reaction con-
ditions using a combination of PivOH, TBAI, and PhI-
(OPiv), as coupling partners, Pd(PhCN),Cl, as catalyst, and
MeCN as solvent at room temperature (entry 1). Under
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Table 1: Optimization of conditions.

5 mol% Pd(PhCN),Cl,

Me_ Me O 2 equiv PivOH )
_ 1.3 equiv TBAI °) OPiv
N A o —— A
N Me 1.3 equiv Phl(OPiv), th e
MeCN (0.1 M) I
(PIP)NH [DG4] 1a 1, 16 h 2a
entry variation from standard conditions yield(@b]
1 (none) (87%)
2 AQ [DG)] 58%
3 DG;3 56%
4 DG, 49%
5 DG; 65%
6 DG nd.
7 DG, n.d.
8 DGg trace
9 DGy trace
10 Oxone n.d.
11 K»S,04 nd.
12 Selectfluor n.d.
13 PhI(OTFA), n.d.
other directing groups
% Me
z N
z Nk N;( | H z h Nk
| H H N H
N SMe N
AQ[DG,] DG; DG, DGs
Me,_ Me
Me_ Me 5% I\Ille
z N
N~ N% | H 2NN ©\ 9%
| H N | H N
N N H
OMe
DGg DG, DGg DGy

[a] '"H NMR yield with CH,Br, as internal standard. Isolated yield in

parentheses. n.d.=not detected. [b] Reaction conditions: alkyne
(0.05 mmol), PivOH (2equiv), TBAI (1.3 equiv), PhI(OPiv),
(1.3 equiv), Pd(PhCN),Cl, (5 mol%), MeCN (0.1 M), rt.=room

temperature, 16 h.

these conditions, PIP-containing alkynyl amide 1a under-
went anti-1,2-oxyiodination to furnish 2a in 87 % yield. To
summarize salient findings from optimization studies, we
found that (PIP)NH outperformed other bidentate directing
auxiliaries, including the 8-aminoquinoline-derived amide
(AQ) that is widely used in alkene difunctionalization! and
C(alkenyl)-H activation (entry2).* An N,S-bidentate di-
recting group DG; was as effective as AQ but less effective
than PIP(NH) (entry 3). The results with DG, and DG;
illustrate the benefit of gem-substitution at the bridging
carbon atom, possibly because enhanced steric hindrance
and restricted conformational degrees of freedom promote
C—I reductive elimination (entries 4 and 5).'"” Electronically
tuned PIP amides (DGg and DG;) were ineffective directing
auxiliaries. Further experiments showed that an alternative
N,N-bidentate structure, 1-methylhydrozinopyridine (DGg),
and a monodentate amide control (DG,) did not facilitate
the desired transformation (entries 6-9). Oxidants that have
been previously reported in Pd"/Pd" catalysis were ineffec-
tive (entries 10-13), demonstrating the unique properties of
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carboxylate-containing hypervalent iodine reagent in this
transformation.

We examined the substrate scope with a series of 4-
pentynoic-acid-derived amides (Table 2). Alkynes with
primary alkyl substituents offered good to high yields of the
corresponding E-configured alkene products (2a-2j), con-
sistent with an anti-nucleopalladation mechanism via an exo-
alkenyl-palladacycle. The reaction could be conveniently
performed on gram scale (2a, 2.5 mmol scale, 89 % yield). In
addition, heteroatom-containing functional groups were
compatible in the transformation (2f-2j), as was a cyclo-
propyl group (2k). Branched substrates containing substitu-
ents at the o (21) or B (2m) position were lower-yielding,
particularly in the latter case, which we attribute to
sensitivity of the catalyst to steric hindrance proximal to the
site of C—I bond formation.

We found that the stereochemical course of the reaction
was influenced by the steric properties of the distal
substituent on the alkyne. Sterically small (A-value <1.8)
primary alkyl groups and (2a-2j) and a secondary cyclo-
propyl (2k) group reacted in an anti-fashion.”! Cyclohexyl
substitution (2n) (A-value=22) resulted in a 1.6:1 E/Z
product mixture, reflecting the intermediate size of typical
secondary alkyl groups. Sterically bulkier (A-value >2.8)
tertiary alkyl groups resulted in highly selective syn-addition
products (20, 2p). Aryl-substituted substrates also reacted
in a syn fashion (2q, 2r), though in this case electronic
factors may also be at play. The stereochemistry of
compound 2p was determined by X-ray crystallography, and

Table 2: Substrate scope.
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other compounds were assigned based on NMR spectro-
scopy (see Supporting Information).!"!

Beyond acid-derived amides, this method can be ex-
tended to 4-pentyn-1-amine derivatives masked with picoli-
namide-type directing groups (Table 2, 6a—6¢).”! A meth-
oxy-substituted directing group offered the highest yield in
this case. Substrates with other tether lengths between the
alkyne and the amide directing group that would react via a
five- or seven-membered palladacycle did not yield appreci-
able oxyiodinated product under the standard conditions
(see Figure S2 in the Supporting Information), illustrating
the distance dependence of this catalytic system.

Different carboxylate nucleophiles were also tested and
afforded products in good to excellent yields (Scheme 2, 2r-
2t). To avoid carboxylate scrambling, hypervalent iodide
reagents pre-loaded with the desired carboxylate nucleo-
phile were used. These reagents can be prepared by simply
exchanging the ligand of the commercially available
(diacetoxyiodo)benzene with the corresponding carboxylic
acid. Other oxygen nucleophiles, including +-BuOH, PhOH,
TFE, and HFIP, were examined but did not yield the desired
product (see Figure S1 in the Supporting Information).
Beyond 1,2-oxyiodination, we explored other halogen
sources. As expected, 1,2-oxybromination (2u) was achieved
with tetrabutylammonium bromide (TBAB). In contrast,
with tetrabutylammonium chloride (TBAC), rather than the
anticipated 1,2-oxychlorinated product, lactam 2v was
generated (see below for a mechanistic discussion of this
point).[ls‘m]

Me_ Me O
5 mol% Pd(PhCN),Cl, o) OPiv
z N X *+ PVOH + TBAIl ——— 3 pp_ P
N T g . 1.3 equiv PhI(O,CRY), N R
(2 equiv) (1.3 equiv) MeCN (0.1 M) H |
(NHPIP 1 1, 3-16 h 2
anti-selective
(0] OPiv (0] OPiv (0] OPiv (0] OPiv OPiv
PIP.,, AN PPy AuPh PP AN oee PPy AP PIRC J\/\('\H’
H | H ! 3 H | H : 2
2a, 87% o . . B
89% (1.02 g) [2.5 mmol scale] 2b, 71% 2c, 80% 2d, 53% 2e, 64%
(6] OPiv (0] OPiv OPiv OPiv OPiv
PIP.,, P VRN OTIPS PIP. J\/Y'\W PIP, J\/\('\HNPhth PIP. MCOZMe
I I 8 IR I 8
2f, 77% 29, 79% 2h, 92% 2i, 82% 2j, ss%lal
syn-selective
(0] OPiv (0] OPiv Me OPiv OPiv (0] 1-Ad
~ ~ ~ ~ PIP{ )
PIP. P PIP. | A e PIP J\)\('\ PIP Jl\/\l/L1 HWOPIV
H i Ho Ve | I
2K, 69% 21, 61% 2m, 19% 2n, 92% (E/Z = 1.6:1) 20, 76%
alkenyl amine substrates!®]
o) OPiv . 0 Ph 2-Naph
g =z e J\/\|)\ l:’”:"NJ\/\|¢koFf PIP /u\/\|/koP
T i Me 6 (R = H): 55% (E/Z = 5.2:1) N ! o i
X 6 (R = OMe): 68% (E/Z = 5.0:1)
2p, 76% [X-ray] 2q,51% 2r, 39%l81

[a] 0.05 mmol scale. [b] Pd(PhCN),Cl, (10 mol %), 80°C, 2 h.
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O-nucleophile scope

- O 0]
i e

2r, 95% 2s, 79%] 2t, 90%

halogen electrophile scope

C(alkenyl)-X red. elim. C(alkenyl)-N red. elim.

. n-BuyNX o)
Q OPV | phi(OPiv), N,F"P
PIP. Z
N Me X Me
H X
OPiv

2a(X=1):87%
2u (X = Br): 71%l?!

2v (X = Cl): 43%l]

Scheme 2. Scope of nucleophile and electrophile. [a] 90°C, 30 min.
[b] 1,4-dioxane. [c] Pd(MeCN),(OTs), (10 mol %).

The presence of the C(alkenyl)-I bond in the product
offers a versatile handle for subsequent derivatization into
diverse stereodefined tri- and tetrasubstituted alkenes. We
thus examined several downstream transformations of the
product with or without the PIP group attached (Scheme 3).
First, with PIP-containing product 2a, Sonogashira coupling
generated enyne (3b), and Stille coupling resulted in
styrenyl pivalate (3c¢). Alternatively, the C—I bond in 2a
could be reduced to a C—H bond via Pd-catalyzed hydro-

o) OPiv "
PIP.
7 “Me I H
H Ph
T 3b, 99%lal 3¢, 43%M! 3d, 62%!°!
- (0] OPiv
o OPIV 4 \NoBF, P
PIP Nyeg ———> BnO Me
H ! 2. BnOH ]
2 EDCeHCI 3a, 30%

'JJ” é “‘é’;in o) ¢ /OPiv
BnoJ\/EgLMe

3e, 90%[¢1 3f, 84%I1 3g, 96%l9l

Scheme 3. Product transformations. [a] Reaction conditions: phenyl-
acetylene (1.5 equiv), Pd(OAc), (5 mol %), Cul (5 mol %), PPh;,

(10 mol %), Et;N (0.4 M), 50°C, 99% yield. [b] Reaction conditions:
PhSnBu, (2.2 equiv), Pd(PPh,), (10 mol %), DMF (0.1 M), 80°C, N,,
43 % yield. [c] Reaction conditions: HCO,H (2.0 equiv), Pd(OAc),

(10 mol %), PPh, (20 mol %), Et;N (3 equiv), DMF (0.1 M), 60°C, 62%
yield. [d] Reaction conditions: step 1) NOBF, (10 equiv), pyridine

(0.05 M), —30°C to 0°C, 3 M HCl (aq.) work-up; step 2) BnOH

(1.7 equiv), EDC-HCI (1.2 equiv), DMAP (10 mol %), DCM (0.15 M),
r.t., 30% yield (over two steps). [e] Reaction conditions: Zn(CN),

(1.5 equiv), Pd(PPh,), (10 mol %), DMF (0.33 M), 80°C, Ar, 90% yield.
[f] Reaction conditions: PhB(OH), (1.5 equiv), Pd(PPh;), (10 mol %),
Cs,CO; (3.0 equiv), THF (0.25 M), 90°C, Ar, 84% yield. [g] Reaction
conditions B,pin, (2.0 equiv), Pd(PPhs), (10 mol %), Cs,CO;

(2.0 equiv), DCE (0.13 M), 80°C, Ar, 96 % yield. See Supporting
Information for additional experimental details.
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dehalogenation (3d). Removal of the PIP amide directing
group proceeded upon treatment of 2a with NOBF, to
furnish the corresponding free carboxylic acid.'”? This
intermediate was then converted to benzyl ester 3a for the
ease of manipulation. Additional synthetic transformations,
including cyanation (3e), arylation (3f), and borylation (3g),
furnished tetrasubstituted alkenes with unique substitution
patterns.

The high regio- and stereoselectivity of this catalytic
reaction and the importance of the PIP directing group
motivated us to examine its mechanism. Two general
reaction paradigms could be envisioned. Following directed
pivaloxypalladation, the alkenyl palladacycle could react
directly with the oxidant (Scheme 4A, Path A). Alterna-
tively, after pivaloxypalladation, reversible
protodepalladation®**!! could give enol ester intermediate
3d (Scheme 4A, Path B), which would then undergo C-
(alkenyl)-H activation®™ to converge with the steps of
Path A.

To distinguish between these possibilities, we performed
a series of mechanistic studies. First, a control experiment
under otherwise standard conditions without oxidant and
TBAI did not result in conversion of la to 3d
(Scheme 4B).'""¥ Second, in a trial under standard 1,2-
oxyiodination conditions halted before full conversion,
potential intermediate 3d could not be detected (Sche-
me 4C). Along the same lines, when monitoring a standard
1,2-oxyiodination reaction by in situ 'H NMR, 3d could not
be observed at any point during the course of the reaction
(see Supporting Information).

These results establish that enol ester 3d does not build
up in detectable quantities during the reaction, but they do
not fully exclude the possibility that 3d is formed in small
amounts but reacts much faster with the Pd" catalyst than
1a. Hence to probe the viability of Path B further,

A. Path A: Direct 1,2-oxyhalogenation (1a —» 2a)

p o OPiv
_t e X
cat. Pd"! | Oy N H
1a — Pd'—L e 2a |
PiVOH ~oMe | Fpgn o) OPiv
—_—
orv | == PPy Z e
+ Pd'" H 3d H

Path B: Hydrooxygenation / C—H halogenation cascade (1a = 3d —» 2a)

B. o
PIP. cat. Pd" 1a.' 509 [oxidant and
N ™ - 2a: nd. TBAI omitted]
H A PivOH 3d: nd
1a Me 3
C. o standard p—
iti a: 69%
PIPL N)K/\ conditions 20 589, [reaction halted
H 1a Me oh 3d:nd. at low conv.]
D. o} o OPiv standard
PIP. PIP, conditions
NJ\/\ + N)J\/\('\Me - 2a
H Me H H [in situ 'H NMR]
1a (0.5 equiv) 3d (0.5 equiv) Vrel (12:3d) = 6.6

Scheme 4. Plausible reaction pathways and mechanistic studies.
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independently synthesized 3d (see Scheme 3) was subjected
to the standard 1,2-oxyiodination conditions, and it was
found that 3d could indeed be converted to 2a (Sche-
me S19C), establishing that 3d is a competent intermediate.
To gain insight into the kinetic competence of 3d, we
determined relative reactivities of 1a and 3d through a
competition experiment between equimolar quantities of 1a
and 3d under the standard reaction conditions (Scheme 4D).
Alkyne 1a reacts with an initial rate that is approximately
6.6 times faster than enol ester 3d, and the rate of 3d
consumption accelerates as la is consumed. This data is
inconsistent with the scenario in which 3d is formed in small
quantities but is consumed much more rapidly that 1a,
supporting the direct difunctionalization as the predominant
pathway (Scheme 4A, Path A).

The divergent stereochemical outcomes of the reaction
with primary (1a-1j), secondary (2k, 2n), and tertiary alkyl
(20, 2p) of varying sizes were next considered. Two possible
explanations for this data are (1) an initial stereoselective
oxyiodination process followed by a secondary E/Z isomer-
ization process™ or (2) an oxyiodination process in which
stereoselectivity is determined on-cycle in the nucleopalla-
dation, oxidative addition, or reductive elimination steps.
The first possibility was ruled out by preparing stereochemi-
cally pure samples of (E)-2m and (Z)-2m, which were
generated as a separable 1.6:1 mixture from the catalytic
oxyiodination reaction (Table 2). Subjecting each of these
compounds to the standard reaction conditions did not lead
to E/Z isomerization (Scheme S5), ruling out the first
possibility and establishing that the E/Z stereochemistry is
determined on-cycle. Further efforts to determine which
step is stereochemical-determining by DFT were inconclu-
sive.

Finally, to probe the origins of pathway selectivity for
alkenyl halide versus lactam product formation, we turned
to DFT calculations. As discussed above, nucleopalladation
of the alkyne is proposed to generate an alkenyl pallada-
cycle. Oxidation of the metal from Pd" to Pd" then sets up a
competition between C—X and C—-N reductive elimination,
which we speculated would be heavily influenced by the
identity of the halide.

DFT calculations were performed with the M06 density
functional, and several possible reaction pathways were
considered for each of the counterions used in this study
(X=I, Br, and CI; for full energy profiles, see Supporting
Information). The DFT results indicate that reductive
elimination is the product-determining step, with one of two
distinct pathways being preferred depending on the nature
of the halide (Table 3). In the neutral pathway, which is
favored with iodide and chloride, C—X (TS-5-X) or C—N

OPiv standard

PIP. PIP. conditions remammg
~ JJ\/\(k ~ JJ\/YkOPIV —>
(8- 2n

(E)-2n or [no E/Z|somer|zat|on]

Scheme 5. Control experiments rule out the involvement of a secondary
E/Z-isomerization process.
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Table 3: Summary of the lowest energy barriers of the reductive
elimination pathways with different halides.

A. summary of halide effects

preferred AG'c.xre  AG'cnRe
Ent =
niry X pathway (kcal/mol) (kcal/mol)
1 | neutral 8.1 11.2
2 Br anionic 20.2 24.5
3 Cl neutral 19.2 8.4

B. reductive elimination transition states (neutral pathway)

OMe Me

*O 7
lelgg
[:l»Pd/N = C:th N=
PivO PivO M Ok
t Bu
TS-5-X TS-6-X

(C—X formation) (C—N formation)

C. reductive elimination transition states (anionic pathway)

+

o Me_ Me ©
x.2
“:"*Nx@ /K/\)
[17 P|d:‘N\ Pd—‘N\

PO\ x X PivO
Me M
TS-5b-X TS-6b-X

(C-X formation) (C-N formation)

reductive elimination (TS-6-X) takes place from a six-
coordinate, k*-pivalate-bound neural Pd"™ center. In the
anionic pathway, which is preferred for bromide, C—X
(TS-5b-X) or C—N (TS-6b-X) reductive elimination takes
place from an tri-halo, anionic Pd" ate species. The relative
stabilities of the neutral versus anionic pathways largely
reflect binding enthalpies of coordinating multiple halides
for each of the different anions considered.”” Consistent
with experiment, C—I and C—Br bond formation are favored
with respect to C-N bond formation by AAG*=
3.1 kcalmol™' and 4.3 kcalmol ™', respectively. In contrast,
C—N is favored compared to C—Cl bond formation by
AAG*=10.8 kcalmol '.»'!l We attribute the favorable nature
of C—N reductive elimination in the case of X=Cl compared
to the others to the decreasing Pd"-X bond strength through
the chloride, bromide, and iodide series,”? as well as the
decreased polarizability and higher electronegativity of
chloride compared with the other halides examined.

Conclusion

In conclusion, we have developed a catalytic directed alkyne
difunctionalization method to synthesize tetrasubstituted
alkenes that proceeds with high regio- and stereoselectivity.
A broad array of alkenyl amides, halides, and carboxylic
acids are compatible in this reaction. The transformation
can be performed on gram scale, and the amide auxiliary
can be easily removed. Methods for downstream trans-
formations have been developed to make structurally
diverse tetrasubstituted alkenes. Experimental and computa-
tional studies shed light on the reaction mechanism and the
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role of the halide anion in dictating pathway selectivity in
the C—X versus C—N reductive elimination step from the
Pd" center. We anticipate that this method and the under-
lying mechanistic insights will advance the development of
synthetically enabling alkyne difunctionalization methods
and expand the alkene synthesis toolkit.
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