Check for
updates

yandte

International Edvition Chem’e

www.angewandte.org

q A Journal of the Gesellschaft Deutscher Chemiker

Accepted Article

Title: Iridium-Catalyzed B-Alkynylation of Aliphatic Oximes as Masked
Carbonyl Compounds and Alcohols

Authors: Antonio M. Echavarren, Eric Tan, and Margherita Zanini

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Atrticle.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.202002948
Angew. Chem. 10.1002/ange.202002948

Link to VoR: http://dx.doi.org/10.1002/anie.202002948
http://dx.doi.org/10.1002/ange.202002948

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202002948&domain=pdf&date_stamp=2020-03-20

Angewandte Chemie International Edition

10.1002/anie.202002948

Iridium-Catalyzed pg-Alkynylation of Aliphatic Oximes as Masked
Carbonyl Compounds and Alcohols

Eric Tan,” Margherita Zanini,’

“and Antonio M. Echavarren*

Dedicated to the memory of our colleague and friend Prof. Dr. Kilian Mufiiz

Abstract: The Ir-catalyzed C(sp®)—H alkynylation of aliphatic ketones,
aldehydes, and alcohols has be performed in a general manner through

their corresponding oxime derivatives in the presence of a Ir(lll) catalyst.

The reaction is selective towards primary C(sp®—H bonds and can be
used for the late-stage C-H alkynylation of complex molecules.

Alkynes are ubiquitous functional groups of high synthetic
versatility,[*] which are also present as part of drugs,[?! natural
products,B! and organic materials.! The chemistry of alkynes has
gained particular momentum in recent years due to the
development of catalysts based on gold(l), platinum(ll) and other
electrophilic metals that trigger a wide variety of highly selective
transformations in complex molecular settings.l®! Therefore, the
development of methods for the selective introduction of alkynes in
organic molecules is of the highest interest. To this end, classical
cross coupling approaches require the pre-functionalization of the
starting material with halides, pseudoaldehydes® or unsaturated
bonds. In recent years, the so-called inverse-Sonogashira reaction
emerged for the direct alkynylation of activated [l and unactivated
C(sp?-H bonds!® C-H bonds using transition-metal catalysts.

In contrast, the direct alkynylation of more challenging C(sp®)—
H bonds remains underdeveloped. C(sp3-H) alkynylation can
proceed via a radical pathway (Scheme 1, a), which requires either
activation via 1,5-HAT from nitrogen in gamma position to the
reactive centerl® or the presence of a heteroatom alpha to the C-H
bond to achieve good reagioselectivty®®4, Alternatively, C(sp3-H)
alkynylation through a C-H activation pathway requires the
presence of a B-chelating carboxylic acid derivative or heterocycle
(Scheme 1, b),*4,
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Scheme 1. Strategies in metal-catalyzed C(sp®)—H alkynylation.

Ketoximes have been used as directing group in C(sp®-H
functionalization in the context of C—H oxygenation,!*3l amidation,
amination, arylation,*®! and iodination'” with different transition
metals as catalysts. We envisioned that the alkynylation of oximes
derived from aldehydes, ketones, or alcohols®® could significantly
broaden the scope of the functionalization of C(sp®)-H bonds. With
this aim, we have developed an iridium-catalyzed alkynylation
directed by oximes, which in contrast to previous examples occurn
exclusively at primary C(sp%)-H (Scheme 2). We also report
examples of a similar process in which N-heterocycles are used as
directing groups.
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Scheme 2: Ir-catalyzed C(sp®)-H alkynylation of oximes derived from ketones,
aldehydes, and alcohols.

We recently found that the combination of a Cp*Rh(lll) catalyst
and bromo-alkyne is a highly active system for the alkynylation of
a broad-range of aromatic and olefinic C(sp?-H bonds.[°]
However, our attempt to extend these procedures to aliphatic
C(sp®)—H bonds in oxime 1a proved unsuccessful (Table 1, entry
1). The solution was found by using Cp*Ir(lll) catalyst and TIPS-
protected bromo alkyne 2a (Table 1, entry 2), with AgSbFe, Ag>CO3
and LiOAc as additives in 1,2-dichloroethane (DCE) as solvent.
Under this condition, product 3a resulting from the alkynylation at
the methyl group was obtained in 78% yield. Control experiments
showed the essential role of all reaction components (Table 1,
entries 3-4). Other metal catalysts used in C—H functionalization
were inactive (Table 1, entry 5).2% The use of other silver salts
(Table 1, entry 6), lower catalyst loading (Table 1, entry 7), lower
or higher temperature (Table 1, entry 8) or other solvents (Table 1,
entries 9-11) gave 3a in lower yields. No conversion was observed
with bromo- or iodo-alkynes 2b-d (Table 1, entry 12).

Table 1. Ir-catalyzed C(sp®)-H alkynylation of 1a with 2a.[@

TIPS (2a) (1.2 equiv) |

! Me Br—=—= ) . i
[Cp*IrCly], (7 mol %), AgSbFg (30 mol %)

Ag,CO3 (1 equiv), LIOAc (30 mol %)

1a DCE, 70°C, 14 h sa
entry Deviation from optimized condition yield 3a (%)@
1 [Cp*RhCl;] instead of [Cp*IrCl2] 0
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2 None 80 (78)!
3 Without [Cp*IrClz] 0
4 Without Ag2CO3, LiOAc, or AgSbFs 0
5 With MnBr(CO)s, Cp*Co(CO)l2, Pd(OAC)2, or 0
[RuClz(p-cymene)]z instead of [Cp*IrCl]
6 With AgNOs or Agz0 instead of Ag2CO3 0
7 With 3 or 5 mol % of catalyst instead of 7 mol % 25 or 50
8 At 25°C or 80 °C 60
9 With THF instead of DCE 50
10 With tert-amyl alcohol instead of DCE 20
11 With DCE/TFE (1/1) or DCE/HFIP (1/1) instead of 50 or 40
DCE
12 With 2b-d 0

[a] Yield determined by *H NMR with biphenyl as internal standard. [b] Isolated
yields in parentheses.

C6H1 3
2b 2¢ 2d

Under the optimized conditions, oxime ethers la-c led to 3a-c
in similar yields (70-78%) (Scheme 3), whereas the free oxime, the
acetoxime and the O-allyl oxime of 2-methylcyclohexanone failed
to provide the B-alkynylated products. In the case of 1b, no
alkynylation at the methyl of the ethoxy group of the oxime was
observed. The methoximes of 2-methyl-2-cycloxanone (1d), 2,5-
dimethylbenzoquinone (1e), and (+)-trans-dihydrocarvone (1f)
gave 3d-f in moderate yields. The alkynylation of the methoxime of
(R)-carvone (1g) afforded 3g in good yield in a 6 mmol scale.
Interestingly, (L)-fenchone derivative 1h leads to 3h by selective
alkynylation at the bridgehead methyl group.[?!! Methoximes of
acyclic ketones and aldehydes 1li-m also provided the
corresponding alkynylated products 3i-m.
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Scheme 3. Ir-catalyzed C(sp®)-H alkynylation of oximes derived from ketones
and aldehydes. Yields are for isolated products. [a] Reaction performed with 6
mmol (1.1 g, 6 mmol) of methyl oxime under standard conditions.
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Oximes derived from alcohols could also be alkynylated in the
presence of iridium catalyst under identical conditions (Scheme 4).
Among the different alcohol derivatives tested with 1-
methylcyclohexanol, the oxime derived from cyclopentanone 4a
gave the highest yield of alkynylated derivative 5a (89%). Products
derived from primary (5d), secondary (5e-m), and tertiary (5n-0)
alcohols could be alkynylated in 44-80% yield. All the reactions
display an exquisite selectivity towards the activation of the C-H
bond that would form the 5-membered iridacycle as demonstrated
in the formation of 5f in which the methyl in o-position to the alcohol
is selectively alkynylated over the one in B-position. Interestingly,
this selectivity is maintained in presence of C(sp?-H bond in B-
position (5k). The presence of an ether (5i), aromatic ring (5j), or
bulky adamantyl group (5m) does not erode the selectivity of the
transformation.

Br TIPS (2a) (1.2 equiv)

_ TIPS
H  [Cp*IrCly], (7 mol %), AgSbFg (30 mol %)
A Ag,CO3 (1 equiv), LIOAc (30 mol %)

R'4a-0 DCE, 70°C, 14 h

TIPS TIPS
TIPS
| | Q | | | | TIPQ TIPS
N // >_/

A0

5a (89%) 5b ( eo%) 5¢ (0%) d (50%) 5e (44%)la)
Q TIPS Q TIPS
QN TIPS \N TIPS \N \N
o/ // ’ // / O/ //
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5m (77%) 5n (73%)! 50 (80%)

Scheme 4. Ir-catalyzed C(sp®)—H alkynylation of oximes derived from alcohols.
Yields are for isolated products. [a] Dialkynylated product also isolated in 21%
yield. [b] Obtained as a mixture 3:1 of mono:di-alkynylated peoducts. [c] Yield
corrected for conversion (57%).

Substrates bearing functional groups such as a carboxylic acid,
ester, ketone, amide, amine or O-thiocarbamate B to a primary
C(sp®-H bond did not react under our standard conditions.[??]
However, nitrogen heterocycles such as pyridines 6a-c, pyrazole
6d or pyrazine 6e led to C-H alkynylation products 7a-e at 120 °C
in good yields (Scheme 5).
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Scheme 5. lIridium-catalyzed C(sp)-H alkynylation directed by nitrogen
heterocycles.

The reaction was applied for the late-stage functionalization of
ketoximes derived from natural products 8a-c (Scheme 6). Thus,
the ketoxime derivative of (-)-santonin (8a) was alkynylated to form
3n in 77 % yield. Oleanolic acid (8b) was converted into a
separable mixture of products 30 and 30’ in 35% and 20%,
respectively by a series of standard transformations followed by
alkynylation. Similarly, lanosterol (8c) was transformed into 3p,
obtained as 4:1 diasteromeric mixture in 63% yield.

1. MeONH,ClI , py, reflux

2. Br—=—TIPS (2a), [I]

DCE,70°C, 14 h

1. Mel
2. DMP, CH,Cl,
3. MeONH5ClI, py, reflux

.Br—=—TIPS (2a), I
4.Br (a)[r]'vIe

DCE, 70°C, 14 h

1. Hy, Pd/C
2. DMP, CH,Cl,
3. MeONHClI, py, reflux
4. Br—=—TIPS (2a), [Ir] B
DCE, 70°C, 14 h
HO! ///

TIPS

3p-p’ (63%)"!

B Lanosterol (8c)

Scheme 6. Functionalization of santonin (8a), oleanolic acid, (8b) and lanosterol
(8c) via their methoxime derivatives. [a] 1.7:1 mixture of diastereomers. [b] 4:1
mixture of diastereomers.

The silyl groups in 3g and 5a were cleanly removed with TBAF
in 85% and 95% yield, respectively (Scheme 7, a). Deprotection of
the methoxime 3a to the corresponding ketone 9a was achieved in
81% yield by treatment with formaldehyde under acidic conditions
(Scheme 7, b). Oximes 5 were reduced to the alcohol either with
LiAIH, (89% vyield for 10a) or NaCNBHjs in presence of an excess
of Zn powder (76-79% vyield for 10b-d). This procedure can be
performed stepwise via hydroxylamine 11, which was isolated in

[1] a) Acetylene Chemistry: Chemistry, Biology and Material Science; F.
Diederich, P. J. Stang, R. R. Tykwinski, Eds.; Wiley-VCH: Weinheim,
Germany, 2005; b) G. V. Boyd, The Chemistry of Triple Bonded Functional
Groups; Patai, S., Ed.; Wiley: Hoboken, NJ, 1994; Chapter 5.
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14, 216.
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2014, 79, 486-507.

[5] a) A. Furstner, Chem. Soc. Rev. 2009, 38, 3208-3221; b) N. D. Shapiro,
F. D. Toste, Synlett 2010, 675-691; c) C. Obradors, A. M. Echavarren,
Acc. Chem. Res. 2014, 47, 902-912; d) L. Fensterbank, M. Malacria, Acc.
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83% yield; and then reduced in presence of Zn powder to give 10e
in 72% yield.

(a) Removal of silyl group:

TIPS Q TIPS eo
eO.
meo. .|| Al N

N N. TBAF (1.1 equiv) | .
| or (o] or
THF,23°C,5h
3g 5a 3ga (85%) 5aa (95%)
(b) Removal of oxime group: TIPS TIPS
weo., || o I
) HCHO
THF, HCI
3a 9a (81%)
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I Z HO / 7 HO
TIP:
y S LiAIH, AY TIPS NaCNBH Zn
-~
HO / Et,0, 48 h M AcOH, 50 °C, 14 h
10a (89%) R R 5
10b (78 %) 10c (79%)
TIPS
| | 1) NaCNBH,
HO AACOH, 23°C, 14 h NaCNBHj;
2) Zn, AcOH/H,O/THF ~ AcOH, 23°C, 14 h AcOH/HQO/THF
70°C, 2h 70°C,2h
TIPS TIPS
10d (76%) 11 (83%) 10e (72%)

Scheme 7. (a) Deprotection of alkynes. (b) Cleavage of oximes. TBAF =
tetrabutylammonium fluoride.

In summary, we have developped a method for the pB-
alkynylation of aldehydes, ketones, and alcohols using oximes as
directing groups. The reaction is selective towards primary C(sp®)-
H bonds and tolerates the presence of functional groups such as
ester, ether or alkenes. Cyclic and acyclic aliphatic substrates
including derivatives of natural products were successful
substrates. Basic heterocycles such as pyridine, pyrazole, or
pyrazine could also be used as directing groups. Extension of this
method for the alkynylation of other substrates is now under
development in our group.
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