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Abstract

The development of a new decarboxylative cross-coupling protocol that affords terminal and
substituted alkynes from various carboxylic acids is described using both nickel- and iron-based
catalysts. The use of A-hydroxytetrachlorophthalimide (TCNHPI) esters is crucial to the success
of the transformation, and the reaction is amenable to /n situ carboxylic acid activation.
Additionally, an inexpensive, commercially-available alkyne source is employed in this formal
homologation process that serves as a surrogate for other well-established alkyne syntheses. The
reaction can be conducted on a mole scale, and the conditions are mild, operationally simple, and
broad in scope while providing succinct avenues to previously reported synthetic intermediates.

Graphical abstract

All kinds of Alkynes: A convenient method for the decarboxylative alkynylation of redox active
esters has been developed. The reaction is broad, functional group tolerant, and provides access to
alkynes that are both terminal and substituted using either Ni or Fe catalysis. The method is used
to swiftly synthesize a variety of alkynyl intermediates that were previously difficult to access
using conventional alkynylation strategies.
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Alkynes are amongst the most versatile functionalities in organic chemistry.! In addition to
an array of utility in the fossil fuel industry,22 materials science,2? chemical biology,2¢ and
drug discovery,2d alkynes have a privileged role in organic synthesis, serving as both
nucleophiles and electrophiles. The relatively limited range of methods available for their
construction is therefore puzzling. This has been particularly true of terminal alkynes, which
often have to be accessed from aldehyde synthetic precursors.3 Homologation reactions of
this variety have largely been limited to classic reactions including the Corey-Fuchs
alkynylation,* the Seyferth-Gilbert homologation, and their respective modifications (e.g.
Bestmann-Ohira protocol).> While these methods have been widely adopted, they have
considerable limitations, including the use of strongly basic conditions and/or costly
reagents that are not easily commutable to complex systems or to those where an
economically prudent production process is needed. Additionally, it is commonplace that
one or more concession steps are required to access the aldehyde substrates employed in
these procedures.3 In this Communication, a simple protocol for alkynylation is disclosed
wherein native carboxylic acids® are swiftly transformed into both substituted and terminal
alkynes in a practical, straightforward fashion.

Recently, research efforts in this laboratory have explored the utility of carboxylic acids and
their redox-active ester (RAE) derivatives as electrophiles in a variety of cross-coupling
protocols including arylation,’2¢.d.f alkylation,”°¢ decarboxylation,”® borylation,’9 and
alkenylation.”™ The success of these decarboxylative processes prompted the investigation of
alkyny! nucleophiles as suitable cross-coupling partners towards forging sp—sp® C-C
linkages. Inspiration to achieve such a reaction was motivated by several useful alkynes that
are extremely laborious to access. An illustrative example is depicted in Figure 1A, wherein
an alkynyl amino acid derivative (3) was accessed from a parent amino acid (1) in 4 steps.®
This type of unnatural amino acid has proven to be of critical value to practitioners in
chemical biology and drug discovery.?d In contrast, a mild decarboxylative alkynylation
strategy could dramatically simplify the pathway to 3 because the native carboxylate of a
glutamic acid (2) could be viewed as a progenitor of the alkyne unit without redox-
manipulations. Whereas other decarboxylative alkynylation strategies require the use of
engineered alkynyl coupling partners (e.g. sulfonyl, iodine (111) reagents),%K strong
oxidants,? or photo-induced electron transfer (PET) reagents,?9— this design would provide
convenient access to terminal alkynes with little to no need for subsequent manipulation or
removal of protecting groups (Figure 1C).

Our investigation of the title transformation commenced with an evaluation of various metal
salts, ligands, solvents, and activated esters. After considerable optimization (see Supporting
Information), it was found that the piperidine derived TCNHPI ester 4 smoothly underwent
the desired decarboxylative alkynylation forming 6 in 82% isolated yield!? (Figure 1C)
utilizing an alkynyl zinc reagent (5) derived from ethynylmagnesium bromide and ZnCl,.
The optimal catalyst was derived from a 1:1 ratio of NiCl,*6H,0 and L1. Other ligands gave
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inferior yields, and changing the solvent from DMF to other polar solvents had a deleterious
effect on reaction efficiency (entries 5-7). Additionally, control experiments without catalyst
or ligand resulted in little product formation (Entry 9). /n sifu activation of the carboxylic
acid with DIC and TCNHPI resulted in only a slightly reduced yield (73%), allowing for the
transformation to be simplified into a one-pot process (Figure 1C, entry 1). Simple iron salts
such as FeBry*H,0 (entry 8) with Grignard reagents also delivered workable yields, a
fortuitous finding as this catalytic system provided superior yields for the cross-coupling of
substituted alkynes (vide infra).

With the optimized conditions in hand for terminal alkyne synthesis, the scope of the
alkynylation reaction was evaluated (Scheme 1). Under the standard conditions, ethynylzinc
chloride (5) was smoothly coupled with a variety of secondary and primary RAE substrates
(9). Simple cyclic (6, 12, 13, 20) and acyclic (14-15) alkynes were easily generated, and
amino acid substrates with sensitive functionality were also easily converted to their
requisite alkynes (16-17). Alkynes with a-heteroatom substitution were also products of
homologation, albeit with lower yield (18-19). Furthermore, heterocyclic moieties were
tolerated under the mild reaction conditions, with the 3-pyridyl product (15) formed in good
yield following an /n situ activation protocol. Complex steroidal derivatives (23—-24) proved
to be exceptional coupling products with notably sensitive acetate and ketone functionalities
left unperturbed in the coupling. Perhaps most impressively, the tetrapeptide 25 was
successfully synthesized with this methodology, demonstrating the potential application of
this reaction to late-stage diversification of peptidyl side-chain carboxylic acids. The
synthesis of alkynes with benzylic substitution (10%, 42), proline (0%, 43) and tertiary
substitution (0%, 44) represent current limitations of this coupling.

While Ni catalysis proved successful with ethynylzinc chloride (5), expanding the
transformation to include substituted alkynes proved more challenging. Additional
optimization (see Supporting Information), revealed that using FeBry*H,0 with an
NMP/THF solvent mixture and 1.5 equivalents of alkynyl Grignard proved fruitful for
coupling a variety of substituted alkynes (26-34).11 As shown in Scheme 1, substituted
alkynes bearing silyl (29), alkyl (27, 28, 30-33), and aryl (26, 34) groups were efficiently
generated. Additionally, a 4is-13C trimethylsilylacetylene nucleophile was successfully
coupled (35), demonstrating that this reaction can potentially provide access to valuable
isotopically labeled intermediates. The Fe-catalyzed alkynylation reaction was also
successful in producing acyclic alkynes (36-37, 41) and more challenging coupling products
including a tartrate derived alkyne (38, accessed via /n situ activation), a spirocyclobutanone
(39), and a glutamic acid derivative (40). It is noteworthy that, in the latter three examples,
the carbonyl functionalities remained intact even in the presence of a slight excess of
Grignard nucleophile, demonstrating the chemoselectivity of the cross-coupling reaction.
1112 Currently, the reactivity difference remains unclear when comparing the reactions
catalyzed by either Ni or Fe.

Following the evaluation of the scope, both a mechanistic inquiry and simple product
diversification were investigated. As with prior research on RAEs in cross-coupling, it was
postulated that this transformation proceeded via a radical pathway.5413 In order to probe
this hypothesis, the activation and cross-coupling of cyclopropane substrate 45 under Fe
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catalysis was examined, resulting in the isolation of the ring-opened product 46 in 56% yield
(Scheme 2A). As a further indication of the decarboxylative nature of this reaction, 3,4,5,6-
tetrachlorophthalimide was also isolated in 52% vyield. If desired, TCNHPI can be
regenerated from this byproduct using a known protocol.1# Further mechanistic studies are
currently ongoing.

Decarboxylative alkynylation opens up many interesting opportunities for synthesis. For
instance, the simple exchange of a carboxylate with a TMS-substituted alkyne enables a
formal Arndt-Eistert homologation after simple hydroboration/oxidation of 29 to carboxylic
acid 47 (Scheme 2B).15 Next, the difunctionalization of acetylene could be achieved in a
simple way. Thus, terminal alkyne 14 was succesfully employed in a hydrozirconation/RAE
cross-coupling protocol to access difunctionalized alkene 48 in 58% yield (Scheme 2C).6"
Alternatively, alkyne 14 could be directly cross-coupled under Fe catalysis to afford the
disubstituted alkyne 49. This example showcases a new tactic for the construction of C-C
bonds starting with commaodity chemicals (simple acids and acetylene) and sustainable
coinage metal catalysts. Lastly, a Click reaction with benzyl azide was carried out on
peptidyl alkyne 25 to form triazole 50, illustrating a direct application of peptide alkynes
relevant to peptide-labeling and bioconjugation.16

Most importantly, known synthesis pathways can be dramatically improved by employing
the decarboxylative alkynylation technology. For example, alkyne 53 was a late-stage
intermediate in a recent (2011) synthesis of (+)-sapinofuranone B (Scheme 3A).17 While
this key intermediate was prepared in 11 steps (25% overall yield), it was envisioned that an
iterative b/s-functionalization of a tartaric acid derivative could provide faster access. First,
/n situ activation of mono-acid 51 and reaction with TIPS-protected ethynyl Grignard under
Fe catalysis proceeded in 43% yield with complete diastereocontrol. This silylalkyne
intermediate was saponified, and the resulting carboxylic acid was subjected to a

decarboxylative Giese reaction and /n situ TIPS removal delivering 53 in 47% yield (7:1 dr).
18

Secondly, decarboxylative alkynylation provided a mild and efficient route to various
unnatural amino acids. The reaction of protected glutamic acid 2 was successful v7aisolation
of the RAE (72% yield) and /n situ activation (69% yield). This simple protocol provides for
a significant improvement to the state of the art in preparing this valuable intermediate.’
Furthermore, this reaction was conducted on 1 mol scale and the product was isolated in
73% yield with no erosion of enantiopurity. The alkyne (3) was then saponified to afford
amino acid 58 in quantitative yield, providing facile access to this expensive unnatural
amino acid (ca. $1000/g).1°

As a demonstration of the utility of alkynyl amino ester 3, it was subjected to various post-
alkynylation functionalizations. For example, indole 54 and benzofuran 55 were synthesized
in good yield via a Sonagashira reaction and Larock annulation, respectively, using Pd
catalysis.20 Both symmetrical (56) and unsymmetrical diynes (57) were synthesized under
Cu catalysis using a Glaser coupling protocol.29 In particular diyne 57 could be a useful
unnatural amino acid for bioimaging using Raman spectroscopy (ATRI).22
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In summary, a decarboxylative alkynylation protocol has been developed using both Ni and
Fe catalysis. The reaction employs an economical catalyst system coupled with the use of
readily available cross-coupling partners. The title transformation stands as an expedient
alternative to age-old methods for the homologation of carbonyl compounds and benefits
from employing ubiquitous carboxylic acid starting materials as electrophilic coupling
partners. Substituted alkynyl Grignards can also be coupled under functional group tolerant
conditions providing access to a variety of synthetically useful alkyne products. The utility
of the products was demonstrated through various post-alkynylation transformations and
synthetic applications. From a strategic standpoint, we anticipate that the use of alkynyl
organometallics, commaodity acids, and cheap Earth-abundant catalysts to make C-C bonds
should find widespread practical use in various disciplines of chemical science.
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[x ray] Limitations: = H
Ph o
o H =z
N MeO,C
M COzEt COan
38: [Fe] 41%, dr>20:19  39:[Fe] 51%  40: [Fe] 45%, > 99% ee 41: [Fe] 40% 42:[Ni]10%  43:[Ni]0%yield  44:[Ni] 0% yield

Scheme 1.
Scope of the Ni and Fe-catalyzed decarboxylative alkynylation with TCNHPI redox-active

esters. a) Reaction conditions with ™i: RAE (1.0 equiv), NiCl,*6H,0 (20 mol %), L1 (20
mol%), ethynylzinc chloride (2.5 equiv), THF/DMF, 1t, 12 h. Reaction conditions with [Fel:
RAE (1.0 equiv), FeBry*H,0 (20 mol%), alkynyl Grignard (1.5 equiv), NMP/THF, 15 min,
-15 °C. b) 4.0 mmol scale. c) NMR yield using internal standard. d) /n7 situ reaction with
TCNHPI (1.1 equiv) and DIC (1.1 equiv). €) 2.0 mmol scale. f) For details, see Supporting
Information. g) /n situ reaction with TCNHPI (1.1 equiv) and DCC (1.1 equiv).
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A Mechanistic Probe
Ar———MgBr =
[ CO,A"  FeBry*H,0 (20 mol %)

45 (A’ from TCNHPl) NMP/THF, —15°C

B Arndt-Eistert Transformation

TMS
V4
CthBH, H2O2, NaHCOS‘ CO2H
TsN (60%) TsN
29 47
C (Hydro)Alkylation

CppZrCH o EtMgBr;
ZnCly; | (58%) Gk (81%) FeBrgHZO
Ni/L

O/\/H\ (4) RAE (A" from TCNHPI) O/H
/)

(o] [Cu] (o]
20000 20000
|| 25 ' N 50
H Bn’ o

Scheme 2.
(A) Radical ring opening of a cyclopropyl methylene RAE (45). (B) Formal Arndt-Eistert

transformation. (C) Functionalization of terminal alkyne 26. (D) Copper-assisted azide-
alkyne cycloaddition on peptide 44.
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A Tartaric Acid

Me Me [Fe] [Ni] ul pe

BrMg———TIPS
0” o 5 A coMe QO
! ® ® —>
(43% LiOH (47%
HO,C CO,Et =201 dr) (>99%) 7:1dr) //
51
2 steps from H 53 co,Me

(+)-diethyltartrate previously 11-16 steps

o 2010/2011 (ref. 17)
B Alkyne Amino Acid

[lit: 2014; 4 steps

BnO,C CO,H 34 %vyield, n=0] BnO:C R
2\_}/')ﬁ 2 6 yield, n ]> \_/_

N [69%, from acid <
BocHN 2 72 %, from RAE ~ Boc¢HN o
$1.3/gram 739, 1 mol (RAE),n=1] 3:R = §=—=—

(n=1) |
l[Pd], [cul |icu] l[Pd] LiOH l[cm

A Y
R= Z BnOZC\/\%
/ / : 8
” o NHBoc
[Sonogashira] on Y [Larock] Y s[gl?QS;E)

54: (99%) 55: (93%)
\N\ HO,C L/———_ H
i

[Cross-Glaser] BocHN 58: (>99%)

57: (40%)

Scheme 3.
(A) Brief synthesis of intermediate 53 en route to the synthesis of (+)-sapinofuranone B. (C)

Scalable synthesis of alkynyl amino acid derivative and subsequent diversification (See Sl
for experimental details).
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