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<Graphical Abstract>
Beyond Stoichiometric Metals. Direct conversion of aldehydes to ketones is achieved via
rhodium-catalyzed vinyl triflate-aldehyde reductive coupling-redox isomerization mediated by
potassium formate. This method circumvents premetalated C-nucleophiles and discrete redox
manipulations typically required to form ketones from aldehydes.
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Metal-catalyzed carbonyl reductive coupling offers an alternative to the use of
stoichiometric organometallic reagents in an ever-increasing range of C-C bond forming
processes.lt! Despite significant advances in this field, many catalytic reactions of this type
exploit reductants that are metallic (Mn, Zn), pyrophoric (EtsB, Et.Zn) or expensive/mass-
intensive (R3SiH, TDAE), which pose issues of safety and waste generation, impacting the
ultimate metric of cost.”? Inspired by the enormous impact of hydroformylation, our laboratory
has advanced methods for catalytic carbonyl reductive coupling via hydrogenation, transfer
hydrogenation and hydrogen auto-transfer.®l In the course of these studies, ketone syntheses
were developed based on hydrogen-mediated styrene-anhydride reductive coupling,i! hydrogen-
mediated aryl halide-ketone reductive cyclizations,®! and the transfer hydrogenative coupling of
alcohols (or aldehydes) with dienes or alkynes.[’! In a recent step forward, a regiodivergent
rhodium-catalyzed ketone synthesis was developed wherein aldehydes are directly converted to
branched or linear alkyl ketones through formate-mediated vinyl bromide-aldehyde reductive
coupling-redox isomerization.["#%1% The ability to transfer aliphatic fragments complements the
scope of related redox-neutral ketone formations involving aryl halide-aldehyde C-C
coupling.l**12131 Fyrther, unlike ketone formation through metal-catalyzed reductive couplings to
carboxylic acid derivativest**® (including redox-active estersi*l), stoichiometric metallic
reductants are not required.

Given the well-established ability of rhodium(l) complexes to engage vinyl and aryl
sulfonates in oxidative addition,!*”l along with their ability to catalyze redox isomerizationt®"l
and reductive C-C coupling,*® it was posited that vinyl triflates might be competent partners for
rhodium-catalyzed aldehyde reductive coupling-redox isomerization mediated by formate. The
availability of vinyl triflates from structurally diverse ketones provided further impetus to

explore their use in this capacity.[*®! Here, we report that vinyl triflates derived from ketones
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engage in efficient reductive coupling-redox isomerization to form cycloalkyl ketones. Like the
parent vinyl bromide-aldehyde reductive coupling-redox isomerizations, this protocol may be
viewed as an alternative to the addition of stoichiometric organometallic reagents to Weinreb or
morpholine amides,[**?°l however, complementing the scope of the corresponding vinyl bromide
couplings, cycloalkyl fragments are amenable to transfer.

In an initial series of experiments, conditions optimized for the rhodium-catalyzed
reductive coupling-redox isomerization of vinyl bromides mediated by formate were applied to
the coupling of piperonal 1a with vinyl triflate 2a (Table 1).” Remarkably, although cyclic vinyl
bromides were not competent pronucleophiles for rhodium-catalyzed reductive coupling-redox
isomerization (<40% yield despite extensive optimization), the desired product 3a could be
formed from equimolar quantities of 1a and 2a in 79% yield after chromatographic isolation.
Notwithstanding the aforesaid change in stoichiometry, deviation from these conditions did not
avail further improvement. As corroborated by GC-MS, application of these conditions to acyclic
vinyl triflates (e.g. hex-1-en-2-yl trifluoromethanesulfonate) provides <10% yield of the desired

coupling products due to competing elimination to form alkyne byproducts.!!

Table 1. Selected optimization experiments in the rhodium-catalyzed reductive coupling-redox

isomerization of piperonal 1a with vinyl triflate 2a.?

Rh( acac)(CO (5 mol%) Deviation from P‘Bu,Me
PBuzMe (11 mol%

)
|<2co3 (70 mol%) E\ )2P"Bu

DME (0.4 M) 3a Ro
(100 mol %) (100 moI %) 130°C 79% Yield
) ¢ o vi
Entry Deviation from Optimized Conditions  Yield 3a (%) Citg;)x\'(lg dA RF; j;ﬁ ;o/i/; :e(:zld
1 NaO,CH instead of KO,CH 62
2 Na,COj instead of K,CO4 56 PR3 PBu,R
3 K>COj3 omitted <5 R = Ph, <5% Yield R = Ph, < 5% Yield
4 K2CO3 (150 mol%) <5 R = °Hex, 17% Yield R = °Hex, < 5% Yield
5 KHCOj3 instead of K,CO3 72 R = Bu, <5% Yield R ="Bu, < 5% Yield
6 DME [0.25 M] 59
7 2a (200 mol%) 68 PMePh,, < 5 Yield

2Yields are of material isolated by silica gel chromatography. See Supporting Information for further experimental details.

To assess the scope of this process, optimal conditions for the rhodium-catalyzed
reductive coupling-redox isomerization of piperonal 1la with vinyl triflate 2a were applied to
structurally diverse aldehydes 1a-1n. Aromatic aldehydes 1a-1h, heteroaromatic aldehydes 1i-
1k, and aliphatic aldehydes 11-1n were converted to the corresponding cyclohexyl ketones 3a-3n
in moderate to good yield. As illustrated by the formation of products 3d-3f and 3j, aryl fluoride

and aryl chloride functional groups are tolerated. Additionally, the formation of product 3m

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.201903668

Table 2. Rhodium-catalyzed reductive coupling-redox isomerization of diverse aldehydes 1a-1n
with vinyl triflate 2a to form cyclohexyl ketones 3a-3n.?

Rh(acac)(CO), (5 mol%)
PBu,Me (11 mol%)

o o o
| TfO KO,CH (300 mol%) o MeO
-@ L SRS 10RS
K,CO3 (70 mol%) o
3a 3b

1a-1n 2a DME (0.4 M)
(100 mol%) (100 mol%) 130°C 79% Yield 61% Yield
o o o o
F F Me
MeO 3c 3d 3e 3f
65% Yield 62% Yield 66% Yield 67% Yield
o o o o
— o}
MeN MeO N
MeyN N N
3g o _J 3h 3i cl 3
76% Yield 64% Yield 53% Yield 57% Yield
o (o] Me Me O (o]
2 PMBO
‘ X O)’KO Me% \/\)KO
MeO” "N~ BocN
3k 3l 3m 3n
61% Yield 59% Yield 73% Yield 55% Yield

2Yields are of material isolated by silica gel chromatography. See Supporting Information for further experimental details.

demonstrates compatibility with olefinic functional groups under the reducing conditions of the
reaction. The formation of adducts 31-3n, which are derived from aliphatic aldehydes, was
accompanied by trace (<5% yield) quantities of aldol dimerization product (Table 2).

The feasibility of utilizing alternate vinyl triflates 2b-g was examined in reductive
couplings with piperonal 1a (Table 3). The carbocyclic vinyl triflates 2b-2d, which include the
ketal-containing vinyl triflate 2b, the sterically hindered vinyl triflate 2¢ derived from (+)-
nopinone, and the vinyl triflate 2d derived from cyclooctanone, were competent partners for
reductive coupling-redox isomerization. Additionally, the heterocyclic vinyl triflates derived
from tetrahydro-4-pyranone (2e) and 4-piperidinone (2f) were converted to the corresponding
ketones 3r and 3s in good yields. Notably, these processes complement the scope of
corresponding vinyl bromide couplings, which are restricted to acyclic proelectrophiles.!”!
Conversely, with the exception of vinyl triflate 2g derived from cyclohexane carboxaldehyde,
attempted reactions of acyclic vinyl triflates are inefficient (<10% yield) due to competing

elimination to form alkynes (vide supra).”?!!
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Table 3. Rhodium-catalyzed reductive coupling-redox isomerization of piperonal 1a with vinyl

triflates 2b-2g to form ketones 30-3t.*

Rh(acac)(CO), (5 mol%)
PBu,Me (11 mol%)
\ TfO. KO,CH (300 mol%)

2b-g DME (0.4 M)
(100 mol% (100 or 200 mol%) 130°C

(o] (o]
) O
< $ )

55% Yield® 63% Yield

K,CO3 (70 mol%)

cepeiINesaCE

30 o 3p
66% Yield® 63% Yield
9:1dr
o] o
o) o]
<0 NBoc <0
3t
81% Yield® 60% Yield®

Yields are of material isolated by silica gel chromatography. "Vinyl triflate (200 mol%). See Supporting Information for further

experimental details.

The catalytic mechanism was corroborated through a series of deuterium labeling

experiments (Scheme 1). Exposure of aldehyde deuterio-1a and vinyl triflate 2a to standard

reaction conditions provides deuterio-3a, which incorporates deuterium (>95% 2H) at the P-

carbon. Exposure of deuterio-iso-3a to
standard reaction conditions provides
deuterio-3a, with an identical pattern of
deuterium incorporation (>95% ZH).
These results are consistent with vinyl
triflate-aldehyde reductive coupling to
form a transient allylic alcohol that is
subject to internal redox-
isomerization.l”"1% Finally, aldehyde 1a
was exposed to NaO;D under standard
conditions. = Deuterium  was  not
incorporated, which is again consistent
with internal redox-isomerization of a
transient allylic alcohol.

In summary, we report a method
for the direct conversion of aldehydes to
ketones via rhodium-catalyzed vinyl

triflate-aldehyde reductive coupling-

Scheme 1. Proposed catalytic mechanism as

corroborated by isotopic labelling studies.?
o Orf H
OTf JI' LnRn"o KO,CH  LnRh"O
LnRAM" R

E—— R R
2a T
Internal Redox

m Isomerlzat|on (ref. 9,10)
Standard
< ]ij)LD Conditions
—_—
(o] 2a (100 mol %)

KOTf, CO,

deuterio-1a deuterlo 3a (> 95:5 2H
(100 mol %)
HO D Standard
<O Conditions
[e} 2a (100 mol %)
deuterio-iso-3a euterlo 3a (> 95:5 2H
(100 mol %)
O‘ Standard
<0 Conditions
—_—
o 2a (100 mol %)
NaOzCD (300 m0|% > 95: 5 H)
(100 mol %)

*The pattern and extent of deuterium incorporation was assessed
through 'H, 2H NMR and HRMS analyses. See Supporting
Information for further experimental details.
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redox isomerization mediated by potassium formate. Unlike classical protocols for the
preparation of ketones from aldehydes, the present method circumvents the use of stoichiometric
metals, premetalated C-nucleophiles and discrete redox manipulations. More broadly, this work
adds to a growing body of metal-catalyzed reductive couplings that signify a departure from the

use of stoichiometric organometallic reagents in C-C bond formation.®!
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