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ABSTRACT: A regioselective anti-hydrochlorination of unactivated alkynes is reported. The reaction utilizes in situ generated HCI as the

source of both the CI" and H* and is catalyzed by palladium(II) acetate, with loadings as low as 25 ppm. Removable picolinamide and 8-

aminoquinoline bidentate directing groups are used to control the regioselectivity of the chloropalladation step and stabilize the resulting

alkenylpalladium(II) intermediate for subsequent protodepalladation. This method provides access to a broad array of substituted alkenyl

chlorides in excellent yields and with high regioselectivity. The products from this transformation were successfully derivatized via Stille-

coupling to a variety of trisubstituted alkene products. Reaction progress kinetic analysis (RPKA) was performed, shedding light on a possible
pling y p progl y p glig p

mechanism for this catalytic process.

1. Introduction

With the advent of metal-catalyzed cross-coupling chemistry,
alkenyl halides have emerged as versatile building blocks for the
synthesis of structurally complex target molecules.' Though alkenyl
bromides and iodides have historically been more commonly used,
recent developments in ligand design have rendered alkenyl chlo-
rides equally potent coupling partners.” In addition to their utility
as functional handles for carbon-carbon and carbon-heteroatom
bond formation, alkenyl chloride moieties are also found in natural
products and other bioactive compounds (Scheme 1a).’

While alkenyl chlorides are academically and industrially useful,
current methods for their synthesis remain limited. With existing
routes originating from carbonyl or alkyne precursors, highly sub-
stituted stereochemically pure internal alkenyl chlorides remain
challenging to prepare. Additionally, these classical methods typi-
cally generate large quantities of waste and/or employ hazardous
reagents, making them non-ideal for large-scale applications.’ For
example, Wittig chloroolefination reactions require the use of stoi-
chiometric chloromethyltriphenylphosphonium halide salts,’ and
Takai chloroolefination depends on a large excess of CrClin chlo-
roform solvents.” In a similar vein, hydrometalation/chlorination
approaches from alkynes generally utilize stoichiometric quantities
of the metal hydrides ([M-H], M = B, Al, Si, or Zr), have limited
functional group compatibility due to the reducing nature of the
reactive metal hydrides involved, and require two steps.®'® Never-
theless, substrate-directed variants of this chemistry constitute one
of the most effective ways to access highly substituted alkenyl chlo-
rides with control of regio- and stereochemistry (Scheme 1b).

While several different transition-metal-catalyzed approaches
towards alkenyl chlorides and other alkenyl halides have also been
disclosed,"' ™ one underdeveloped route that is ideal from the per-

spective of atom economy is the direct addition of HCI across an
alkyne in a regio- and stereocontrolled fashion. In the absence of an
activating substituent on the alkyne,'* such a reaction has been
difficult to achieve. For example, direct treatment of an unactivated
alkyne with HCI typically results in low yield of the desired alkenyl
chloride, and the method has limited functional group tolerance."’

Scheme 1. Examples of alkenyl chlorides in natural products
and bioactive compounds, synopsis of directed hydromet-
alation and of this work.

a. Natural products and bioactive compounds containing vinyl chlorides

H OH o] H H
M 7 &
GWU HOWH HZN/\H\Ph
cl Me NH, CI cl
1
red algal metabolite antibacterial agent BPAO inhibitor
(from Plocamium cruciferum) (from Amanita pseudoporphilia)

b. Directed hydrometalation /electrophilic chlorination
a M- [H] RO M cr /C'
OM—_‘_LR hydro- (L),Yi R electrophilic ROMR
n metalation H quenching H
« stoichiometric metal hydride * strongly reducing conditions « inert atmosphere « NCS as CI* source

« stereo- and regiochemistry dependent on reaction conditions, metal hydride, and tether length

C. This work: Catalytic vinyl chloride synthesis via chlor d 1/protodepallad
2 g cr- DG Pd! H* H
DG . ——> — *‘)\'/)\
Y=—r chloro- (g,,\%\R proto- DE R
[ palladation cl depalladation cl

« 25 ppm Pd'! catalyst loading * broad functional group tolerance « compatible with air and moisture
+ HClI as H* and CI~ source « regiochemistry controlled by palladacycle stability *

Some success has been found using transition metal catalysts to
promote HX addition to alkynes.'® In particular, Sadighi, Miller,
and Nolan have employed gold(I) to facilitate HF addition across
alkynes.” Notably, Miller demonstrated >20:1 regioselectivity with
internal dialkyl alkynes using a directing group approach.'” Recent-
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ly, Dérien and colleagues reported that a ruthenium(II) complex
could catalyze Markovnikov syn-hydrochlorination with HCI,
though the method was limited to terminal aryl acetylenes and
symmetric internal alkynes."

Our group has recently developed a series of palladium(II)-
catalyzed alkene and alkyne hydrofunctionalizations that proceed
by directed nucleopalladation followed by protodepalladation.”
We thus questioned whether an analogous directed halopallada-
tion/protodepalladation sequence could be employed in a catalytic
synthesis of alkenyl halides from alkynes (Scheme 1c). In conceiv-
ing this approach, we took inspiration from the aforementioned
directed hydrometallation/X"* quenching approach,”"" Miller’s
gold-catalyzed directed alkyne hydrofluorination,”” and the rich

history of alkyne halopalladation reactions (vide infra).”>*

2. Background and Historical Context

Several literature precedents spoke to the viability of the pro-
posed chloropalladation/protodepalladation sequence. The mech-
anism of alkyne chloropalladation, which can proceed with syn or
anti stereochemistry depending on the reaction conditions, has
been extensively studied, and several examples of well-defined chlo-
ropalladated complexes have been published.*® Moreover, alkyne
chloropalladation has been employed as an elementary step in vari-
ous catalytic alkyne 1,2-difunctionalization reactions.” In 1974,
Kaneda discovered that chloroallylation of alkynes could be cata-
lyzed by PdCL(PhCN).>"** Subsequently, Lu described several
examples of tandem reactions involving chloropalladation of an
propynoate derivative followed by cyclization onto a pendant al-
kene.”'"* In 1994, Bickvall reported a closely related reaction that
is initiated by alkyne chloropalladation, followed by cyclization
onto a tethered 1,3-diene; 1,4-benzoquinone (BQ)-induced C-Cl
formation from the resultant n-allylpalladium(II) species then gen-
erates the final product.”'* Shortly thereafter, Lu disclosed a tandem
reaction in which the alkenylpalladium(II) species formed via chlo-
ropalladation of an propynoic ester can participate in 1,4-conjugate
addition with an a,f-unsaturated carbonyl compound to achieve

21g

net 1,2-chloroalkylation of an alkyne.

Examples of palladium(II)-catalyzed alkyne hydrochlorination
have also been reported with terminal alkynes and haloalkynes.” In
1997, in a study focusing on the synthesis and characterization of
anti-chloropalladated palladacycles, Dupont showed that a series of
internal alkynes (namely, propargylic amines and sulfides) readily
formed palladacycles when treated with Pd(1I) and a CI” source.”
In contrast, the authors reported that terminal alkynes instead un-
derwent hydrochlorination under these conditions, and disclosed
that this reaction could be rendered catalytic following reaction
optimization. Specifically, in the main text, three substrates, 10-12,
are described as providing 80-95% yield with catalytic Pd(OAc)-.
In the experimental section of Ref. 23, a yield of 69% is listed for the
conversion of 10 into 13, while no yields are reported for the other
two entries. Additionally, Zhu has previously demonstrated palla-
dium(II)-catalyzed anti-hydrochlorination of haloalkynes to pre-
pare 1,2-dihaloalkenes.”

Generally speaking, the aforementioned previous reports on cat-
alytic transformations involving chloropalladation have involved
terminal alkyne substrates, symmetrically substituted internal al-
kynes, or electronically activated alkynes. In the absence of steric
and electronic bias, controlling the regioselectivty of this elemen-
tary step has remained a challenge.
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Scheme 2. Examples of catalytic reactions involving alkyne

chloropalladation
a Ph—=—FPh 10 mol% PdCI,(PhCN), cl Ph
+ —_— —
Ph>_§—\
4\/‘3' rt, 2h A
4,95%
(solvent) (Kaneda, 1974)
b
o) c 0
5mol% PdCI(PhCN),
/'\OWCI Rt S
=z MeCN, rt, N5, 1 h
5 (Lu, 1990) 6, 81%
c CO,Me

10 mol% Pd(OAc);  Cl.., 5 ] CoMe
Licl, BQ
. :
| | HOACc / acetone, 20 °C H A

7 (Backvall, 1994) 8, 65% (Z.E =1.5:1)
d 2 mol% Pd(OAc),
5 equiv %CHO Cl CO,Me
4 equiv LiCl —
=—cO,Me —> H
HOAC, rt 0
H
(Lu, 1996) 9, 81%

Herein, we report a regiocontrolled anti-hydrochlorination of
unactivated terminal and internal alkyne substrates, including those
lacking obvious steric or electronic bias. The reaction takes ad-
vantage of removable bidentate auxiliaries, which mask commonly
encountered amine and carboxylic acid functional groups, to pro-
mote reactivity and control regioselectivity.

Scheme 3. Previously published examples of palladium(II)-
catalyzed hydrochlorination of alkynes

a 5.3 mol% Pd(OAc),
R 26 mol% CuCl, H R
/\ 3.3 equiv LiCl ~
& DG —_— HJ\(kDG
9:1 MeCN:H,0 cl
rt, 24 h
10 (DG = NMey, R = H) 13 (DG = NMey, R = H)
11 (DG = SPh, R = H) (Dupont, 1997) 14 (DG = SPh, R = H)
12 (DG = SPh, R = Me) 15 (DG = SPh, R = Me)
b 2.6 mol% [(allyl)PdCI]),
10 mol% cod X
2 equiv LiCl m%
Ph—=—X —_— H
HOAc, 80 °C, 5-6 h Ph
16 (X = Cl) 18 (X = Cl), 85%
17 (X = Br) (Zhu, 2012) 19 (X = Br), 87%

3. Results and Discussion

3.1 Attempts to Reproduce Previously Published
Procedure

To initiate our study, we selected substituted propargyl amines
as the pilot substrate class. In addition to the synthetic utility of the
resultant chloroallylamine products, our motivation for studying
these substrates stemmed from the unique bioactivity of these
products.?

Our investigation commenced with revisiting the previous litera-
ture report from Dupont and coworkers, in which anti-
hydrochlorination of terminal alkyne substrates 10-12 was de-
scribed” In  our hands, although stoichiometric anti-
chloropalladation of two representative internal alkynes proceeded
as described (see Supporting Information), the catalytic hydro-
chlorination did not yield detectable quantities of the desired
product 13. Instead, only Glaser homodimerization product was
observed 20. (Table 1, entry 1)
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Table 1. Attempts to reproduce reported hydrochlorination of N,N-dimethylpropargyl amine (10), as described in Ref. 23.

5.3 mol% Pd(OAc),
26 mol% CuCl,

3.3 LiCl NMe i
equnv i 2
///\NMez / H)ﬁ/\NMez
9:1 MeCN: HZO MeoN CI
rt, 24 h
10 13
(desired)
Entry Pd(OAc), CuCl, LiCl 10 Temp. (°C) Atmosphere Co-solvent % Glaser (20) % Alkenyl Chloride (13) % SM (10)

Johnson Matthey, 98% Ward Science, 98% MP Biomedical, 95%

2 Johnson Matthey, 98% Ward Science, 98%  MP Biomedical, 95% Acros Organics,
3 Johnson Matthey, 98% Ward Science, 98%  MP Biomedical, 95% Acros Organics,
4 Johnson Matthey, 98% Ward Science, 98% MP Biomedical, 95% Acros Organics,
5 Johnson Matthey, 98% Ward Science, 98% MP Biomedical, 95% Acros Organics,
6  Johnson Matthey, 98% Sigma-Aldrich, 99%  MP Biomedical, 95% Acros Organics,
7  Johnson Matthey, 98% Alfa Aesar, 99.995%  MP Biomedical, 95% Acros Organics,
8  Johnson Matthey, 98% Acros, 98% MP Biomedical, 95% Acros Organics,
9 Combi-Blocks, 98% Ward Science, 98% MP Biomedical, 95% Acros Organics,
10 Oakwood, 98% Ward Science, 98% MP Biomedical, 95% Acros Organics,
1 Ark Pharm, 98% Ward Science, 98%  MP Biomedical, 95% Acros Organics,

12 Sigma-Aldrich, 99.98%
13 Johnson Matthey, 98%
14  Johnson Matthey, 98%

Ward Science, 98%
Ward Science, 98%
Ward Science, 98%

MP Biomedical, 95%
MP Biomedical, 95%
MP Biomedical, 95%
15  Johnson Matthey, 98% Ward Science, 98% MP Biomedical, 95%
16 Johnson Matthey, 98%

17 Johnson Matthey, 98%

Ward Science, 98% Acros Organics, 99%

Ward Science, 98%  Sigma-Aldrich, >99.9%

18 Johnson Matthey, 98% Ward Science, 98% MP Biomedical, 95%

Acros Organics,

Acros Organics,

Alfa Aesar, 98%

Acros Organics,
Acros Organics,
Acros Organics,

Acros Organics,

99%
99%
99%
99%
99%
99%
99%
99%
99%
99%
99%
99%

Sigma-Aldrich, 99%

99%
99%
99%
99%

rt air H,0 32 n.d. n.d.
rt (673 H,0 39 n.d. n.d.
rt N2 H,0 22 nd. 35
30 air H,0 27 n.d. n.d.
50 air H,0 29 n.d. n.d.
rt air H,0 25 n.d. n.d.
rt air H,0 30 n.d. n.d.
rt air H,0 28 n.d. n.d.
rt air H,0 26 n.d. n.d.
rt air H,0 31 n.d. n.d.
rt air H,0 28 n.d. n.d.
rt air H,0O 36 n.d. <5
rt air H,0 28 n.d. n.d.
rt air H,0 28 n.d. n.d.
rt air H,0 23 n.d. n.d.
rt air H,0 29 n.d. n.d.
rt air H,0 26 n.d. n.d.
rt air 2MHCI (aq.) 23 nd. nd.

“Percentages correspond to "H NMR yields using CH:Br: as an internal standard. n.d. = not detected.

Details pertinent to several reaction variables were not enumer-
ated in the publication by Dupont, including atmosphere, tempera-
ture, and metal salt supplier/purity (Table 1). Thus, we next sought
to systematically exclude these variables as possible origins of the
discrepancy between our results and the published results. The
authors did not specify the reaction atmosphere, and our isolation
of Glaser homodimerization product 20 suggested to us that O
could be responsible for facilitating consumption of the starting
material along this undesired pathway. To probe this, we compared
the results when the reaction was run under air, Oz (1 atm), and N
(1 atm) (entries 1-3). While the use of N, did suppress starting
material consumption as hypothesized, this was not accompanied
with formation of the desired product 13 (entry 3). Next, we
probed reaction temperature. In the published procedure, the reac-
tion was described as proceeding at room temperature, which can
obviously vary from laboratory to laboratory. In our own laborato-
ry, room temperature corresponds to an average temperature of
20-22 °C. Performing the reaction at elevated temperatures of 30
and 50 °C did not significantly change the product distribution
(entries 4 and S). In the published manuscript, the authors stated
that all chemicals were used as received from commercial suppliers,
but the suppliers were not specified. Thus, we obtained samples of
10, Pd(OAc),, CuClL, and LiCl of varying purities and from differ-
ent suppliers (entries 6-17). Notably, the purity and crystal form of
Pd(OAc). is special importance given the well documented effects
of different forms of Pd(OAc), on reaction outcome in catalysis.”
No difference in reaction outcome was observed as a function of
changing these variables. Lastly, based on observations that we
discuss later in this paper, we reasoned that substitution of H,O for
an aqueous solution of HCI could potentially promote product
formation. However, when this was attempted, no substantial
change in product distribution was observed (entry 18).

Finally, authentic samples of 13 and 14 were prepared using the
procedure developed in this manuscript (see Supporting Infor-
mation). Some of the analytical data from our samples agreed with
the previously reported data, while other data did not. Notably, 13
is volatile (estimated b.p. = 40-60 °C), which made it most conven-
ient to isolate as a solution in Et,O. In Ref. 23, 13 is reportedly
isolated in pure form after an aqueous workup, extraction with
Et,0, and removal of solvents; the volatility of 13 is not discussed.
No original spectra were provided in the previous report. Thus, no
firm conclusions could be drawn from comparison of the two sets
of analytical data.

Overall, though we were unable to pinpoint the origin of the dis-
crepancies between our results and those of Dupont, we did man-
age to rule out several possibilities. Plausible remaining explana-
tions include the presence of an as of yet unidentified impurity that
suppressed the reaction in our case or enhanced reactivity in the
case of Dupont, or differences in the purity or crystal form of the
metal salts involved. These issues were not examined further in the
present investigation. A detailed description of experimental pro-
cedures, original NMR spectra, and accompanying data tables can
be found on the Supporting Information.

Owing to the potential synthetic utility of a generally applicable
directed alkyne hydrochlorination to synthesize alkenyl chlorides
and based on the difficulty in reproducing this existing method and
the limited scope described in the initial publication, we reasoned
that it would be valuable to develop a procedure that was robust,
operated at low (<1 mol%) catalyst loading, displayed good func-
tional group tolerance, and gave high regioselectivity with internal
alkyne substrates.

3.2. Optimization of Reaction Conditions
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Table 2. Optimization of Alkyne Hydrochlorination®”

cat. Pd", [CI] "
additive
A —_— PhA(\ DG
Ph solvent (1.0 M), 2h Cl
Entry DG cat. Pd'! Cl- Source Additive ~ Solvent Temp. (°C) Yield (%)
1 A 10% PdCl, LiCl - DMF 80 10
2 A 10% PdCly LiCl CuCl, DMF 80 33
3 A 10% PdCl, LiCl Cu(OTf),  DMF 80 36
4 A - LiCl Cu(OTf), DMF 80 0
5 A 10% PdCl, Licl Cu(OTf);  MeCN 80 13
6 A 10% PdCl, Licl Cu(OTf), toluene 80 16
7 A 10% PdCl, Licl Cu(OTf);  DMA 80 38
8 A 10% PdCl, - Cu(OTf),  DMA 80 <5
9 A 10% Pd(OAc), sSocCl, Cu(OTf),  DMA 80 54
10 A 10%Pd(OAc),  AcClH,0 Cu(OTf);  DMA 80 71
11 A 10% Pd(OAc),  AcCIH0 - DMA 80 74
12 A 5%Pd(OAc), BzCI/H,0 - DMA 80 56
13 A 5% Pd(OAc), AcCl/H,0 - NMP 80 69
14 A 5% Pd(OAc), AcCI/H,0 - DMA 100 83
15 A 5% Pd(OAc), AcCl/H,0 - DMA 120 96
16 B 5%Pd(OAc), AcCI/H,0 - DMA 120 0
17 C 5% Pd(OAc), AcCl/H,0 - DMA 120 0
18 D 5% Pd(OAc), AcCI/H,0 DMA 120 0
19 E 5% Pd(OAc), AcCI/H,0 - DMA 120 64
20 F  5%Pd(OAc), AcCIH,0 - DMA 120 0
21 G 5% Pd(OAc), AcCl/H,0 - DMA 120 0
22 H  5%Pd(OAc), AcCI/H,0 - DMA 120 61
23¢ A 5% Pd(OAc),  HCI in dioxane HOAc DMA 120 81
24 A 5% Pd(OAc),  HCl in dioxane - DMA 120 79
9 ProQ 9,0 9
N o " N Me0™N
A(NHPA) B c D
DG =
[e] (o] o) Ve 3{
SO > & e oy
=N S
E F G H

‘Alkyne (1.0 equiv), chloride source (4.0 equiv), additive (30
mol%). " Yields were determined by '"H NMR using CH,Br as an
internal standard. "HOAc (6 equiv).

To develop an effective alkyne hydrochlorination with 3-
arylpropargylamine substrates, the reaction conditions and direct-
ing group structure were optimized in parallel (Table 2).”* Using
Daugulis’s N,N-bidentate picolinamide (PA) directing group,”* we
first focused on reactions involving LiCl and Cu(II) additives (Ta-
ble 1, entries 1-8). Compared with LiCl as the sole chloride source
(entry 1), the addition of a copper(1I) salt improved the yield (en-
tries 2 and 3). Using LiCl and Cu(II) additives, we optimized with
respect to plausible variables, including palladium source, solvent,
temperature, ligand, and reaction time, without success (selected
examples of which are shown in Table 1). Eventually, we turned to
alternative chloride sources, and we were delighted to observe a
dramatic increase in yield when the chloride nucleophile was gen-
erated in situ from hydrolysis of a suitable precursor and water (en-
tries 9-16). Under these conditions, we discovered that copper(1I)
additive was no longer required (entries 10 and 11). After extensive
screening, the optimal conditions were found to be with 5 mol%
Pd(OAc): as the catalyst and AcCl/H:O as the chloride source in
DMA at 120 °C for 2 h (entry 15).

Among many mono- and bidentate directing groups tested (en-
tries 15-22), Daugulis’s N,N-bidentate picolinamide (PA) direct-
ing group delivered the highest yield. Interestingly, besides the PA
group, only the pyrimidine-2-carboxamide (entry 19) and N,N-
dimethylamino (entry 22) analogs provided detectable quantities
of the desired product under optimized conditions. Other directing
groups resulted in either no reaction or substrate decomposition. In
all three cases where the product was observed, only a single regioi-
somer was detected.

It is important to note that use of anhydrous HCl in 1,4-dioxane
as the chloride source also led to reasonably high yield of the prod-
uct (entries 23 and 24), though the reaction was not as efficient as
with the in situ HCI source, possibly due to inhibition by 1,4-
dioxane.

Table 3. Hydrochlorination with Different Catalyst Load-
ings*

cat. Pd(OAc),

4 equiv AcCl
Ph/\NHpA 6 equiv H,0 AL
DMA, 120 °C :
21a 22a
[X-ray]
Entry Pd(OAc), (mol%) Time (h) Yield 22a (%)
1 5 2 96
2 1 6 93
3 0.1 12 94
4 0.01 16 91
50 0.0025 24 92[90]
6 0 24 nd.

“Yields were determined by '"H NMR using CH.Br: as an inter-
nal standard. n.d. = not detected * The value in brackets corre-
sponds to the yield from a trial without the magnetic stir bar.

Under our optimal reaction conditions, we ultimately found
that the catalyst loading could be reduced to 25 ppm Pd(OAc),,
while still delivering 92% (36,800 TON) of the desired product
over a longer reaction time of 24 h (Table 3). To exclude the possi-
bility that trace metal contaminants on a previously used magnetic
stir bar were contributing to the observed results, we performed the
reaction without a stir bar and found a similar yield (entry S). The
connectivity of 22a was verified by X-ray crystallography, confirm-
ing the anticipated regio- and stereochemistry. In the absence of
the Pd(OAc). catalyst, hydrochlorination product was not ob-
served (entry 6). Moreover, no changes in catalyst performance
were noted as a result of the commercial supplier of Pd(OAc)..

We next considered whether any other transition metals could
also promote directed alkyne hydrochlorination (Table 4). Our
motivation here was threefold. First, we were curious whether other
transition metals might give different stereo- or regiochemical out-
comes based on their size and/or electronegativity. Second, we
thought alternatively, that if a less expensive metal (e.g,, Co(Il))
demonstrated some level of reactivity, even if it was lower, it could
be a valuable starting point for further optimization towards indus-
trial applications. Third, the effectiveness of extremely low amounts
of Pd(OAc). prompted us to consider whether trace quantities of
another highly reactive metal contaminant in the commercial
Pd(OAc): could be at the root of our observations. Hence, we ex-
amined several common representative metal salts under optimized
conditions, and in all cases that we tested, we generally observed
unreacted starting material accompanied by no more than 5% of
22a, as determined by '"H NMR of the crude reaction mixture.
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Table 4. Hydrochlorination with Different Metal Catalysts”

5 mol% Catalyst
4 equiv AcCl

/\NHPA 6 equiv H,0 H\
ph” DMA, 120 °C, 2h Ph)\g\NHPA
21a 22a
Entry Catalyst % 21a % 22a
1 Cu(OTf), 91 <5
2 [RhCl(cod)] 81 <5
3 NiCl,glyme 80 n.d.
4 Fe(acac); 76 n.d.
5 Ru(acac)s 93 n.d.
6 CoCl, 97 nd.

“Yields were determined by '"H NMR using CH:Br: as an inter-
nal standard. n. d. = not detected.

Table S. Additional control experiments in the absence of
Pd(OAC)za

a 4 equiv AcCl
6 equw H,0
NHPA
/\ Ph)\/\NHPA + Ph)\/\NHPA
Ph DMA, 2h
21a
[no metal catalyst] 22a 22a"
Entry Temp.(°C) % 21a % 22a % 22a’
1 120 88 n.d. n.d.
2 150 n.d. <5 nd.
b
4 equiv AcCl
6 equiv H,0 H %
/NHPA Et)%(\NHPA + Et)ﬁ/\NHPA
Et DMA, 2h
Cl H
21b
[no metal catalyst] 22b 22b'

Entry  Temp.(°C) % 21b % 22b % 22b'

1 120 83 n.d. n.d.
2b 150 nd. 37 19

“Yields were determined by '"H NMR using CH,Br; as an inter-
nal standard. n. d. = not detected. " Products 22b and 22b’ were
inseparable. Compound 22b was independently prepared (see
Table 6), allowing for assignment of its stereochemistry as Z (anti
addition). Compound 22b’ was tentatively assigned as Z by analo-
gy and on the basis of relevant literature precedents of HCI addi-
tion to alkynes (Ref. 15). The regiochemistry of 22b’ was assigned
based on the splitting pattern in the 'H NMR spectrum of the crude
reaction mixture.

Lastly, we performed a final set of control experiments (Table 5).
As mentioned above, in the absence of Pd(OAc),, the optimized
reaction conditions at 120 °C resulted in recovery of substrate 21a.
When the temperature was raised to 150 °C, significant decomposi-
tion of starting material was observed, accompanied by only trace
amounts of hydrochlorination. Given the low yield (<5%) in this
experiment, we could not conclusively determine the regioselectivi-
ty of the reaction. We speculated a dialkyl alkyne substrate (21b)
could potentially be more reactive with HCI in the absence of
Pd(OAc)»; however, again no reaction took place at 120 °C. At an
elevated temperature of 150 °C, alkyne hydrochlorination was ob-
served in the absence of Pd(OAc),; however, the reaction pro-
duced an approximately 2:1 mixture of regioisomers 22b:22b’ in
combined 56% yield ("H NMR), compared to 87% yield of 22b as
a single regioisomer in the presence of catalytic Pd(OAc). (vide
infra). The fact that the reaction showed modest regioselectivity in
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favor of product 22b is possibly attributable to neighboring group
participation of the amide in stabilizing the putative vinyl carbo-
cation intermediate prior to Cl attack. These results reaffirm that
the optimized hydrochlorination reaction is indeed catalyzed by
Pd(OAc): and establish that alternative non-metal-mediated HCI
alkyne addition pathways to 21a and 21b have higher activation
energies and are far less selective.

3.3. Evaluation of Substrate Scope

We next investigated the substrate scope of this palladium(II)-
catalyzed alkyne hydrochlorination (Table 3). Reasoning that end-
users sometimes desire the shortest possible reaction time, while at
other times, they prioritize achieving the lowest possible catalyst
loading, we tested starting materials under two sets of reaction
conditions: (1) S mol% Pd(OAc). for 2 h and (2) 25 ppm
Pd(OAc), for 24 h.

Table 6. Substrate Scope with PA Directing Group”

5mol% Pd(OAc),

R2 O (PA) 4 equiv AcCl 4 R?
N 6 equiv H,0
Ay A
L DMA,120°C,2h 1 ) nNHPA
21 22
(n=1,2)
H  NHPA H  NHPA H  NHPA H  NHPA H  NHPA
X
B Et/]%H Me)ﬁ) n-Bu)ﬁ) HJ\H
¢] ¢] ¢] ¢] Cl
22a 22b 22¢ 22d 22
96% (5 mol%) 87% (5 mol%) 85% (5 mol%) 82% (5 mol%) 83% (5 mol%)

95% (25 ppm)® 88% (25 ppm) 82% (25 ppm)
H  NHPA H  NHPA H  NHPA H  NHPA

87% (25 ppm) 85% (25 ppm)

N
H Me

Cl

22f
89% (5 mol%)
82% (25 ppm)

H  NHPA

JY

94% (5 mol%)
92% (25 ppm)

H  NHPA

CO,Me

22n
94% (5 mol%)
91% (25 ppm)

A

|
Me c
22,
94% (5 mol%)
91% (25 ppm)

F3C

H  NHPA

AN

Cl
Cl
22k
93% (5 mol%)
91% (25 ppm)®
H NHPA

N
Cl

OMe

220
91% (5 mol%)
91% (25 ppm)®

HN

N
Cl

22h

88% (5 mol%)

89% (25 ppm)

H  NHPA

S
Cl
221

78% (5 mol%)
72% (25 ppm)

A

|
. ¢

22i
92% (5 mol%)
87% (25 ppm)

(¢} H  NHPA

Me =

OMe H  NHPA

S
Cl
22p

71% (5 mol%)
68% (25 ppm)

Cl

22m
91% (5 mol%)
92% (25 ppm)

H  NHPA

A
! N/ Cl
22q
82% (5 mol%)
75% (25 ppm)

H NHPA H NHPA H NHPA H NHPA
TN 2 % A A Me
\ =
s TMS' Cl Cl Cl
22r 22s 22t 22u

82% (5 mol%)
83% (25 ppm)

68% (5 mol%)
70% (25 ppm)

55% (5 mol%)
50% (25 ppm)

91% (5 mol%)
94% (25 ppm)

" NHPA " NHPA ; NHPA NHPA
O HOX MeO,C. X AT
Cl Cl cl cl
22v 22w 22x 22y

54% (5 mol%)°
53% (25 ppm)

81% (25 ppm)

83% (25 ppm)

73% (25 ppm)

“Reaction conditions: 21a-y (0.1 mmol), AcCl (0.4 mmol), H,O
(0.6 mmol), Pd(OAc). (5 mol% or 25 ppm), DMA (1 mL), 120
°C, 2 h or 24 h. Percentages represent isolated yields via column
chromatography. * 1.0 mmol scale. “42% yield of hydroacetoxyla-
tion byproduct (see Ref. 26).

We first tested dialkyl alkynes (21b-d), which have no inherent
steric bias between the two positions and no substituents in conju-
gation with the alkyne n-system. These substrates underwent the
desired transformation with high efficacy and selectivity (22b-d),
as did terminal alkyne substrates (22e and 22f). Aryl rings on the
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alkyne with both electron-donating and -withdrawing substituents
were well tolerated, providing products 22g-p in excellent yields.
Notably, carbonyl-containing functional groups (22m and 22n),
which are susceptible to reduction in classical hydromet-
alation/electrophilic halogenation sequences (vide supra), were
preserved under these reaction conditions. Moreover, the reaction
was also tolerant of a potentially coordinating free amine and a
sterically encumbering ortho-substituent (221 and 22p). We were
also pleased to observe compatibility with two heterocycles, pyri-
dine and thiophene (220 and 22r). Functional handles that could
enable downstream diversification were preserved under the reac-
tion conditions, such as pendant halides (22j and 22k), a TMS-
substituted alkyne (22s), and a vinyl group (22t). We then ex-
plored the effect of alkyl branching and found that while mono a-
substitution was well-tolerated (22f and 22u), gem-a,a-
disubstitution led to no reaction, presumably due to added steric
hindrance during approach of the chloride anion to the backside of
Pd(II)-bound alkyne (see Supporting Information).

In order to probe the effects of a longer tether length on reaction
performance, four homopropargyl substrates were tested. We were
pleased to find that the products 22w-22y (presumably proceed-
ing via a six-membered palladacycle) were formed in generally
good yields. In the case of 22v, a lower yield of 54% was obtained,
and a hydroacetoxylation byproduct was also formed in 42% yield,
which is believed to arise from competitive acetate addition.’® The
presence of an electron-withdrawing group (as in the case of 22x)
appeared to suppress formation of this byproduct.

Table 7. Substrate Scope with AQ Directing Group”

5mol% Pd(OAc),

4 equiv AcCl
R! N o] 6 equiv H,0 Cl
S — e N
o
H N | DMA, 120 °C, 2h b o
23 Q) 24
Cl Cl Cl
a Y WY PN
H O H O H O
24a, 84% 24b, 79% 24c, 81%

“Reaction conditions as in Table 3. Percentages represent isolated
yields.

Having demonstrated the scope of this hydrochlorination pro-
tocol with propargyl and homopropargyl picolinamides, we turned
our attention to alternative bidentate directing groups that could be
used to mask functional groups other than amines. Based on our
previous success using Daugulis’s 8-aminoquinoline (AQ) auxilia-
ry** to direct palladium(II)-catalyzed alkene hydrofunctionaliza-
tion,"” we investigated a series of 3-butynoic acid derivatives bear-
ing the AQ group. We were pleased to discover that the hydrochlo-
rination reaction was also compatible with this substrate class, de-
livering the corresponding chlorovinylacetic acid products 24a—c
in high yields (Table 7). Similar to examples with the PA directing
group, hydrochlorination with the AQ group was highly stereo- and
regioselective. However, in contrast to the PA-directed examples
with amine-derived substrates, with 3-butynoic acid bearing the
AQ auxiliary, the chloride is installed distal to the directing group.
Presumably the origin of this observation is again rooted in the
propensity of chloropalladation to proceed to form the more ther-
modynamically stable 5-membered palladacycle. In this case, that
would involve attack of CI” at the y position of the substrate (exo to
the thusly formed palladacycle).

Page 6 of 11

3.4. Synthetic Applications

To demonstrate that the reaction was scalable, three representa-
tive products, 22a, 22j, and 22n, were prepared on 1 mmol scale
with 25 ppm catalyst loading, and the yields in all three cases were
comparable to those in the smaller scale trials (Table 6). We then
scaled up the reaction further, synthesizing 22a on gram scale,
without noticeable drop in yield. With ample quantities of a repre-
sentative alkenyl chloride product in hand, we then sought to iden-
tify reaction conditions to enable removal of the PA directing group
in high yield. Given that alkenyl halides are known to be susceptible
to HX elimination in the presence of strong base, we were con-
cerned that this might complicate deprotection. In practice, how-
ever, the PA directing group was readily cleaved via KOH hydroly-
sis in ethanol to produce free amine 23a in 92% yield (Scheme 2).

Scheme 4. Gram-scale reaction and removal of Picolinoyl
(PA) Group

a 1 mol% Pd(OAc),
4 equiv AcCl
/\NHPA 8 equivh,0 I
= X =
zZ Ph)\/\NHPA = o=
Ph DMA, 120 °C, 6 h & -
21a [gram-scale] 22a,91% yield, 1.23 g 3
b
i KOH i
X X
Ph)Y\NHPA T Ph)Y\NHZ
o EtOH, reflux Cl
21a 23a, 92%

To showcase the versatility of the products, we selected one rep-
resentative cross-coupling reaction, Stille coupling with organos-
tannanes, and tested several different reaction partners under unop-
timized standard conditions. To our delight, we found that het-
eroaryl, vinyl and alkynyl stannanes could be coupled in high yields,
delivering  the
hydro(hetero)arylation,
hydroalkynylation over two high-yielding steps (26-30). The tri-

products  of  anti-hydroacylation, -

-hydroalkenylation, and

substituted alkene products would be difficult to access using other
methods.

Scheme  S.
Coupling”

Product Diversification  via Stille

Et

X H
BLI3SI'1 Buﬁn—@
Ph)I\NHPA Ph” XY NHPA

9
26, 74% 21a + RSnBu.3 27 (X =S), 84%
(1.5 equiv) 28(X=0),87%

15 mol% Pd(OAc);
30 mol% XPhos
2 equiv KOAc
THF, 100 °C,12 h

Ph)rNHPA / \ Ph)T\NHPA
I

BuSSn/\/ Ph BusSn

29,85% Ph " 30, 82%

“Reaction conditions: 21a (0.1 mmol), RSnBu; (0.15 mmol), 15
mol% Pd(OAc),, 30 mol% XPhos, KOAc (0.2 mmol), THF (0.5
mL). Percentages represent isolated yields.

3.5. Mechanistic Discussion

We next considered the mechanism of this directed alkyne hy-
drochlorination reaction. This transformation could be envisioned
to follow two general pathways (Scheme 6). In the first (Pathway
A), the reaction would proceed as discussed in the introduction.
Namely, binding of PA directing group to palladium(II) brings the
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alkyne moiety in close proximity to the palladium(II) center. -
Lewis acid activation would induce anti-chloropalladation. Proto-
depalladation of the resultant alkenylpalladium(II) species then
would form the final product without a change in oxidation state at
palladium. In an alternative scenario (Pathways Bl and B2),” the
reaction would begin with coordination of the palladium(II) cata-
lyst to the m-system of the alkyne (presumably without simultane-
ous binding of the directing group due to geometric constraints),
which would trigger O-cyclization of the tethered amide to gener-
ate an alkyenylpalladium(II) species.”® This species could either
undergo protodepalladation followed by chloride-mediated oxazo-
line ring opening (Pathway B2)*® or could be attacked by chloride,
triggering rearrangement to intercept the chloropalladated pal-
ladacycle intermediate in Pathway A (Pathway B1).

Scheme 6. Potential Pathways for Product Formation

Pathway A

o
/\ Cl- CI—{’}‘ H* i
o S
Il— \ =N’ N\ R N
Pd N intermolecular . P‘lj — proto-
L

|
é;l;tlll ;gala?/& depalladation o H

B1 Tm Cl™-mediated gy Tm
oxazoline ring opening
N i

Pathways B1 and B2: r

o [Pd"] H
r\ J A\ o H A\ o
/ N “ | —_— —_ >
R7/ H S intramolecular N Z proto- - N z
Gpd" anti-oxy- II| depaiiadation i
. N N
palladation L B

To distinguish between these possibilities, we first noted that the
hydrochlorination reaction still proceeded (albeit in diminished
yield) using a dimethylamino directing group (Table 2, entry 22),
which lacks the requisite carbonyl moiety for Pathways B1 and B2.
To probe this further, we independently prepared putative oxazo-
line intermediate 31 and resubmitted it to the reaction conditions
in the presence and absence of Pd(OAc). (Table 8). These exper-
iments led to substrate decomposition, accompanied by at most
trace product formation. These results are inconsistent with Path-
way B2. While we were unable to definitely rule out Pathway B1,
we favor Pathway A given the aforementioned results with the di-
methylamino directing group and in light of it being more con-
sistent with the extensive body of literature on alkyne chloropal-
ladation.

Table 8. Oxazoline Control Experiments®

Ph cat. Pd(OAc),
H I\ 4 equiv AcCl
o 6 equiv H,0 i
_ —_—> ph)ﬁ/\NHPA
N7 I DMA, 2h o
N&
31 22a
Entry Pd(OAc), Temp. (°C) % 31 % 22a
1 120 34 n.d.
2 150 <5 <5
3 5 mol% 120 41 nd.
4 5 mol% 150 <5 <5

“Yields were determined by 'H NMR using CH:Br: as an inter-
nal standard. n. d. = not detected.

Scheme 7. Deuterium Incorporation Study

5mol% Pd(OA),

4 equiv AcCl
/\NHPA 8 equiv DO o
Z X
=z —_— )\/\
Ph DMA, 120 °C Ph NHPA
Cl
21a 22a, 92% vyield

(52% D)
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To identify the origin of the hydrogen atom under catalytic con-
ditions, we carried out a deuterium incorporation study where H,O
was substituted with D,O in dry DMA under otherwise standard
reaction conditions (Scheme 7). The resulting product contained
approximately 52% deuterium at the vinylic position, with no other
position showing deuterium incorporation. The N-H bond of the
substrate presumably serves as the source of hydrogen atoms in this
experiment. This result is consistent with a protodepalladation
mechanism. Additionally, given that there are >4 equiv of reactive
D" relative to H" and only 52% deuterium incorporation is ob-
served, it also suggests that there is a large kinetic isotope effect
(KIE) (vide infra).

0.100
a
0.080
—e— Standard
0.060 ~4- Pre-mix (AcCl+H,0)
=
]
« 0.040
~
0.020
0.000
0 20 40 60 80 100 120
Time (min)
0.100
b
0.080
-e- Standard
& 21a[excess] =0.08 M
0.060 H,0 [excess] =0.3M
— -& AcCl [excess] =0.2M
E Pd(OAc), [excess] =0.01 M
2 0.040
~
0.020
0.000 —
0 20 40 60 80 100 120

Time (min)

Figure 1. Probing the effect of acid chloride hydrolysis on global
kinetics by carrying out different [“excess”] experiments in con-
junction with a “pre-mix” addition experiment.

a) Hydrochlorination using Pd(OAc). (0.005 M), 21a (0.1 M);
red curve (standard): H,O (0.6 M) added prior to AcCl (0.4 M);
blue curve (pre-mix): solution of H,O (0.6 M) and AcCl (0.4 M)
stirred at 120 °C for 1 h and then added; b) Hydrochlorination
different-excess experiments; red curve (standard): 21a (0.1 M),
Pd(OAc): (0.005 M), H:0 (0.6 M), AcCl (0.4 M); all other exper-
iments correspond to the standard, with different-excess compo-
nents as listed above.

We next performed reaction progress kinetic analysis (RPKA),
which is an established tool for elucidating the mechanistic details
of catalytic processes from a minimum number of experiments.*
After first establishing a robust, standard protocol for monitoring
reaction kinetics by injecting AcCl to a preheated solution of the
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other reactants and Pd(OAc): in DMA, we wanted to determine
whether the rate of acetyl chloride hydrolysis was relevant the glob-
al rate of hydrochlorination. To test this, we compared the rate
profile of a reaction under standard conditions to one in which the
acetyl chloride and water had been premixed. Specifically, in this
latter trial, a solution of acetyl chloride and water in DMA was
heated to 120 °C for one hour, at which point an aliquot was taken
and injected into a solution of the other reaction components to
initiate the reaction. The resulting overlay of the premixed trial and
the standard trial allowed us to conclude that the hydrolysis of acid
chloride to release HCI in solution does not influence the global
rate, consistent with the notion that the AcCl is completely hydro-
lyzed at the beginning of the reaction. This means that provided
[H.O]Jo > [AcCl]o, [HCl]o = [AcCl]o (Figure 1a). In the alternative
scenario where H,O is the limiting reagent in hydrolysis, more
complex kinetics are anticipated, which outside of the scope of the
current discussion.

0.100
a
\ —e— Standard

0.080
—a— Same-excess

0.060 Same-excess
z (Time-Adjusted)
& 0.040
~

0.020

0.000

0 10 20 30 40 50 60
Time (min)

0.100

b

0.080 -e— Standard

Same-excess +22a
0.060
—4— Same-excess +22a

E (Time-Adjusted)
©
9 0.040
~

0.020

0.000

0 20 40 60 80 100 120

Time (min)

Figure 2. Same-excess experiments designed to identify the po-
tential product inhibition or catalyst deactivation.

a) Hydrochlorination using Pd(OAc). (0.00S M); red curve
(standard): 21a (0.1 M), H.O (0.6 M), AcCl (0.4 M); blue curve
(same-excess): 21a (0.08 M), H.O (0.58 M), AcCl (0.38 M); b)
Hydrochlorination using Pd(OAc), (0.005 M); red curve (stand-
ard), same as above; orange curve (same-excess + 22a): 21a (0.08
M), 22a (0.02 M), H,O (0.58 M), AcCl (0.38 M).

We next sought to understand the orders of the various reaction
components. To do this, we performed a series of different excess
experiments (Figure 1b). A change in concentration of alkyne sub-
strate (21a) did not change the rate, indicating apparent zero-order

kinetics in substrate. A lesser concentration of AcCl led to a lower
rate, indicating positive-order kinetics in [AcCl]. Finally, an in-
crease in the concentration of Pd(OAc): led to a higher rate, indi-
cating the reaction is positive-order in catalyst. Notably, the rate
dependence on [Pd(OAc).] is consistent with a palladium(1I)-
catalyzed process but not the possible acid-catalyzed process dis-
cussed in Section 3.2 (see Table §). In summary, experiments re-
vealed that the reaction exhibits apparent zero-order kinetics in
[21a], positive-order kinetics in [Pd(OAc).], and positive-order
kinetics in [HCI]. More precise rate orders of acetyl chloride and
water could not be determined under the experimental conditions.
In addition to these different-excess experiments, we ran a same-
excess experiment. The lack of overlay between the two rate pro-
files indicated that there was potential for product inhibition or
catalyst deactivation (Figure 2a). Subsequently, a same excess ex-
periment with added product led to overlay with the standard
curve, consistent with product inhibition (Figure 2b).

To follow up on the deuterium incorporation experiment dis-
cussed above, we measured the reaction rate when H,O was re-
placed with D,O. The experiments revealed a KIE of 1.8. We note
that this experimental KIE value likely understates the true KIE,
given that the N-H bond of the substrate introduces exchangeable
H" equivalents into the system. Taken together, these mechanistic
experiments are consistent with catalyst saturation by the alkyne
substrate prior to protodepalladation, which is the rate-limiting
step in the catalytic cycle.

Scheme 8. Proposed Catalytic Cycle

o
N cr
/’./. -pai—n’ N
I —
R X
A

Cl

ligand anti-chloro-
R exchange 1L palladation
H o Pd(OAC), o
NS
RJ\/\N /
c 17 cl Y
X-pdi—N" S pgi—n? N
| = ] —
L proto- R L
depalladation
c V\< B
rd.s H*
(o) in sit (o]
J o+ Ho UL L. J_ + v
Me Cl Me OH

A potential catalytic cycle for the hydrochlorination reaction is
depicted in Scheme 4. Initially, palladium(II) acetate coordinates
to the picolinamide directing group, exchanging an acetate for the
deprotonated amide via ligand transfer to form chelated intermedi-
ate A. Upon hydrolysis of acetyl chloride, chloride addition to the
alkyne favors the formation of the more stable 5-membered pal-
ladacycle, intermediate B. Upon treatment with acid at elevated
temperatures, a protodepalladation event affords hydrochlorinated
intermediate C, which can exchange off the product for a new sub-
strate molecule to close the catalytic cycle.

4. Conclusion

In summary, we have established a new method for regioselec-
tive hydrochlorination of terminal and internal alkynes with broad
substrate scope and high functional group tolerance using 25 ppm

ACS Paragon Plus Environment

Page 8 of 11



Page 9 of 11

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

Pd(OAc): as the catalyst. The removable bidentate PA and AQ
auxiliaries direct the regiochemical course of the reaction and stabi-
lize the resulting palladacycle intermediates. After the reaction they
can be cleaved to reveal synthetically useful functional groups. The
hydrochlorinated products can conveniently be converted to a
variety of synthetically versatile trisubstituted alkenes via cross-
coupling. A plausible catalytic cycle involving directed anti-
chloropalladation followed by rate-limiting protodepalladation was
supported by RPKA. Broadly speaking, this work establishes di-
rected halopalladation as a potentially versatile strategy for carbon-
halogen bond formation.
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« Pd" loadings as low as 25 ppm
* high regio- and stereoselectivity
11 » removable directing groups (DGs)
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