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Abstract. The application of the bidentate, electron-rich
bisphosphine  ligand,  1,3-bis(dicyclohexyl)phosphine-
propane (dcpp), in rhodium(l)-catalyzed intermolecular
ketone hydroacylation is herein described. Isatins and a-
keto amides are shown to undergo hydroacylation with a
variety of non-chelating linear and branched aliphatic
aldehydes. Also reported is the synthesis of new bidentate
chiral phosphine ligands, and their application in
hydroacylation is discussed.

Keywords: ketone; hydroacylation; rhodium; asymmetric
catalysis; P ligands

While progress has been made in selective C—H
oxidation via transition-metal catalyzed Kketone
hydroacylation,!**! the field is still young compared to
that of the related ketone hydrosilylation,® olefin
hydrogenation,® hydroformylation,”! and
hydroacylation® transformations. A complication that
is common to both olefin and ketone hydroacylation
arises  from an energetically ~ competent
decarbonylation pathway that leads to deactivation of
the transition metal catalyst, which has severely
limited the efficacy and practicality of these
methodologies in the past.®) Our interest in this area
has led to the development of systems bearing Lewis-
basic  heteroatoms to  mitigate  undesired
decarbonylation in the intramolecular hydroacylation
of Kketones, and this strategy was applied to the
enantioselective synthesis of a number of seven and
eight-membered benzoxazepinones and
benzoxazocinones.!*” We have also recently disclosed
the first amide-directed asymmetric intermolecular
ketone hydroacylation.?™ ~ Herein, we describe
alternative rhodium catalysts that enable the
intermolecular hydroacylation of a-keto amides and
isatins using a wider scope of substrates, including
sterically-hindered a-branched aldehydes.

Due to the volume of successful intramolecular
hydroacylations using Rh(l)-based catalysts®810-14]

we sought to develop an analogous catalyst to enable
a more general intermolecular transformation. To
study this challenging reaction, a-keto amide 2a was
chosen as the model ketone substrate, given its ability
to chelate metal centers.*>!! In the presence of a
bisphosphine ligand, chelation of the 1,2-keto amide
unit with concomitant oxidative addition of a simple
aldehyde would prevent decarbonylation while
directing insertion of the ketone into the Rh(lll)-
hydride (Figure 1).
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Figure 1. Reaction design with amide-bearing ketones.

While studying the ligand effect on the
hydroacylation of o-keto amide 2a with
hydrocinnamaldehyde 1a (2 equiv), we found that the
transformation was sensitive to the bite-angle!*”! and
basicity of the bisphosphine ligand (Table 1).
Catalysts derived from bis(diphenylphosphino)-type
ligands L1-L5 resulted in low conversions to the
desired product based on *H NMR analysis of the
reaction mixtures (entries 1-5). When the more
electron-rich  1,3-bis(dicyclohexyl)phosphinopropane
(dcpp) L8, which exhibits a bite-angle of 92.9° was
used, the desired hydroacylation product 3aa was
formed in 85% isolated yield in a chemoselective
manner. Under the reaction conditions, no
Tishchenko-type aldehyde homo-dimerization was
observed. Deviations in the bite-angle inhibited
reactivity (entries 7 and 9).



Table 1. Ligand effects in intermolecular ketone

hydroacylation.

Me I\(Ie
| 10 mol % [Rh(cod),]BF,

Pu . oj:N\Ph 10 mol % ligand Puoj/\N\Ph
H o7>ph DCE, 70 °C o" 'Ph
1a 2a (+)-3aa
entry @ ligand bite angle [*] % conv. °
1 dppm L1 75.4°¢ <5
2 dppe L2 86.3° <5
3 dppp L3 955¢ <5
4 dppb L4 98.6°¢ 25
5 dpppent L5 —d 8
6 dcpm L6 73.7 (18] <5
7 dcpe L7 84.4 19 9
8 depp L8 92.9 1201 85 (85)°
9 dcpb L9 97.1 1 59

4 Conditions: 1a (2 equiv), 2a (1 equiv), [Rh(cod)2]BF4 (0.1
equiv), ligand (0.1 equiv), DCE, 70 °C, 16 h. ® Conversion
determined by 'H NMR analysis of the crude reaction mixture
using 1,3,5-trimethylbenzene as an internal standard. © Bite angles
calculated at the B3LYP/LACV3P™ level with the ligand bound
to a cationic Rh-center (ref. 10b). 9 The bite angle for L5 has not
been reported but is expected to be similar to that of L4 (ref. 13i).
¢ Isolated yield.

PhoP., , PPh, Cy,P-, ,.PCy»

v

™
n
less basic

n=1,dppm L1, n=3,dppp L3
n=2,dppe L2, n=4,dppb L4

n
more basic

1, dcpm L6, n =3, dcpp L8
2,dcpe L7, n=4,dcpb L9

Table 2. Intermolecular hydroacylation of a-keto amides.

o Ox NR?

+

[Rh(nbd),]BF4 (x mol%)
dcpp (x mol%)

NR?

X

R®H o7 >pn

DCE, 70 °C
1 2 (£)-3
I\I/Ie I\I/Ie
o] OIN\Ph Me O OIN\Ph
Ph/\)l\o Ph Me)\/u\o Ph

3aa, 10 mol % [Rh], 16 h, 84%

I\I/Ie
Os_N.

e Me O I Ph
Me>|\/u\0 Ph

3ca, 10 mol % [Rh], 4 h,
>99%

|

N<
ooi Ph
O)‘\o Ph

3ea, 10 mol % [Rh], 4 h, >99%

Et

Os _N.
ve e © I Et
Me>j\/u\0 Ph

3cb, 5 mol % [Rh], 4 h, 99%

l\llle

N.

ooi Ph
Ph)l\o Ph

3ga, 10 mol % [Rh], 16 h, trace

3ba, 10 mol % [Rh], 8 h, >99%

I\I/Ie
o) OIN‘Ph
M
E\HJ\O Ph

Me
3da, 10 mol % [Rh], 16 h, >99%

3fa, 10 mol % [Rh], 24 h, 63%
9
(0] N
Me O I \)
Me
Me O Ph

3cc, 5 mol % [Rh], 4 h, 81%

Os_N.
0 I Ph
Ph/\)]\o Ph

3ha, 10 mol % [Rh], 16 h, trace

n =5, dpppent L5

With the identification of a catalyst that enables
chemoselective cross-coupling between aldehyde la

and a-keto amide 2a, we explored the scope (Table 2).

A variety of aliphatic aldehydes underwent
quantitative hydroacylation to the desired ester
products. o-Keto amides bearing aryl-substituents
were transformed into the corresponding -
acyloxyamides, with those containing more basic
diethyl- and morpholino-amide directing groups

undergoing hydroacylation in good to excellent yields.

An isopropyl-substituted ketone was unreactive (not
shown). Other incompatible coupling partners include
aryl and alkenyl aldehydes, as well as a chiral
aldehyde bearing an o-oxygen atom derived from
oxidative cleavage of 1-0,2-0,5-0,6-0-
diisopropylidene-mannitol.?Yl While this new Rh(l)
catalyzed method accommodates unfunctionalized
allphatlc aldehydes, the complementary NHC-
thiolate,® and selenide-catalyzed™ intermolecular
ketone hydroacylatlons achieve highest conversions
to the Tishchenko products with aryl aldehydes.

Our group previously published an asymmetric
intermolecular ketone hydroacylation which exerted
only modest reactivity with isatin substrates.™
However, we were pleased to find that the current

3 Conditions: 1 (2 equiv), 2 (1 equiv), [Rh(nbd)2]BF4 (0.05 or 0.1
equiv), depp (0.05 or 0.1 equiv), DCE, 70 °C.

Table 3. Intermolecular hydroacylation of a-keto amides.

#"IQ

[Rh(nbd),]BF4 (x mol%)

R
OxN
dcpp (x mol%) o
DCE, 70 °C Hj\o 7 I \

t-Bu
(%)-3
53n lyle
0 ON-N 0 ON-N
Lo Ao
t-Bu 3cd t-Bu 3ce

x=10, 4 h, >99%
x=5,17h, 81%

Bn
O
(0]
.
t-Bu t-Bu
3cf Me

x=10,4h, >99%
x=5,17h, 75%

1
N 0 ©
.

x=10,4h, >99%
x=5,17 h, 80%

x=10,4h, 89%
x=15,17h, 80%

IBn IBn
N 0 N
X
t-Bu
3cg OMe 3ch F

x=10,4h, 98%
x=5,17h,47%

3 Conditions: 1c (2 equiv), 2 (1 equiv), [Rh(nbd)2]BF4 (0.05 or
0.1 equiv), depp (0.05 or 0.1 equiv), DCE, 70 °C.



Table 4. Catalysis using chiral dcpp-inspired ligands.

o ’YIe [Rh(nbd),]BF4
(10 mol%)
Me%H * OIN‘Ph L (10 mol%) \Hk T P
Me 0”7 >Ph
1d 2a
Entry L Temp [°C] Time [h] Yield [%] ee [%]
1 Me Me 30 24 22 78
2 PhPT o, PPh2 50 24 26 46
Me Me
3 op 2 oPh 30 45 93 4
28,8411 2
4 I 52
: 30 24 19
t-Bu, M
u 'E’)\/\E’ e
Me t-Bu 50 24 86 37
(Sp,Sp)-(2R,4R)-L12
Me Me
6 t—BU/,?/\)\?\Me 30 20 67 38
Me t-Bu
(Sp,Sp)-(2S,4S)-L13
, t—BU/,E’/\/\E’\Me
Me tBu 30 24 88 63
(Sp.Sp)-L14

[Rh(dcpp)]BF4 catalyst is highly active for the
coupling of aliphatic aldehydes with N-substituted
isatins (Table 3). Fluoro-, methyl-, and methoxy-
substituted isatins were all viable coupling partners,
and both N-methyl and N-benzyl isatins were well
suited for this transformation.

Given the high activity of our dcpp-ligated Rh-
catalyst, we sought to explore various chiral
derivatives based on the dcpp scaffold. In addition to
studying the reactivity of commercially-available
(S,S)-BDPP (L10), which bears a similar bite-angle
with respect to dcpp, a series of chiral variants
bearing electron-rich  phosphine donors  were
synthesized via a method reported by Mckinstry and
Livinghouse.?? Inspired by the work of Imamoto,*!
we also prepared C,-symmetric ligands that are
chiral-at-phosphorus (L12-L14).

With the Rh-L10 catalyst, ester 3da was produced
in 22% vyield and 78% ee after 24 h at 30 °C, with the
remainder of the mass balance being starting material
(entry 1). No significant improvement in conversion
was observed when the temperature was increased to
50 °C; however, the ee decreased to 46% (entry 2).
When the analogous, more electron-rich L11 was
employed as ligand, a substantial increase in yield
was obtained (93%), albeit in nearly racemic form
(entry 3). This observation supported our hypothesis
that using bulkier, more electron-rich phosphines with
cationic Rh(l) sources leads to highly active catalysts
for ketone hydroacylation. We believe that BDPP’s
planar phenyl substituents play a key role in inducing
enantioselectivity.?*!  The enantioselectivity ~was
restored with P-stereogenic ligands. The catalyst

derived from L12, which contains both P- and C-
stereogenic centers, required elevated temperatures of
50 °C to achieve good yield and modest ee (entry 5,
86%, 37% ee). The diastereomeric ligand L13 was
found to be slightly more reactive, achieving good
conversion at 30 °C (67% yield), although with
similar levels of enantioinduction (entry 6). Of this
series of ligands, P-stereogenic L14 containing no
chirality along the carbon backbone gave the best
results, providing the hydroacylation product in 88%
yield and 63% ee (entry 7).

With [Rh(L14)]BFs being the most promising
catalyst for hydroacylation, we tested it with several
other ketone substrates that had previously shown
good reactivity with our [Rh(dcpp)]BFs catalyst
(Table 5). Isatins 2f and 2i were transformed with
isobutyraldehyde (1d) in complete conversion,
generating 3-acyloxy-oxindoles 3df and 3di in 86%
and 87% yields, respectively (Table 5, entries 1 and
2). The enantioselectivities, however, were modest
(40%). The coupling of a-ketomorpholine amide 2c
and aldehyde 1d led to improved enantioselectivity
(60%) in a-acyloxyamide 3dc, although the
conversion was lower (36 % yield). In general,
modifying the rhodium precursor with the new
electron-rich ligands developed in this study gave rise
to chiral rhodium catalysts that are superior in
reactivity compared to the commercially-available
BDPP-ligand L10.

We were able to successfully design a highly active
catalyst system for the intermolecular hydroacylation
of isatins and linear o-keto amides with simple
aliphatic aldehydes. This protocol was enabled
through the use of a cationic Rh(l) precursor and dcpp,

Table 5. Asymmetric hydroacylation of ketones using
[Rh(L14)]BF..

o PG\ 10 mol% [Rh(L14)BF bG
Me\H( + ) mol% [Rh(L14)1BF4 ¢ Q
M

H o< DCE, 30 °C
R e HR

1d 2

Time  Yield ee

Entry Keto Amide ihl [%] [%]

Product

Bn
N
IQ IQ 18 86 40
Me 3df Me
e e
Og N o N
2 Me\HJ\O 18 87 40
o i A
e
. 3di
2i Me Me

5 o
3 O N\) 0 H 45 36 60
Me \"'
0" “ph
2 Me  3dc

3 Conditions: 1d (2 equiv), 2 (1 equiv), [Rh(nbd)2]BF4 (0.1
equiv), L14 (0.1 equiv), DCE, 30 °C.




a bulky, electron-rich bidentate phosphine. We have
preliminary evidence that catalysts based on chiral
variants of the dcpp ligand can indeed perform
asymmetric intermolecular ketone hydroacylation for
a variety of substrates. While commercially-available
BDPP-derived Rh(l) gave the highest ee, the new P-
stereogenic ligands synthesized in this study offered
superior reactivity. These ligands are electron-rich,
sterically-encumbered, and low in molecular weight,
all of which are properties that are highly desirable
for catalysis. We expect these ligands to be applicable
to new reaction development beyond asymmetric
hydroacylation.

Experimental Section
General Remarks

Commerical reagents were purchased from Sigma Aldrich,
Strem, Alfa Aesar, and Acros and used without further
?_urlflcatlon. All reactions were carried out in a nitrogen-
illed glovebox unless otherwise indicated. system.
Solvents used in rhodium-catalyzed hydroacylations were
first distilled over calcium hydride, degassed by three
freeze-pump-thaw cycles and stored in a glove box. Other
solvents were dried through two columns of activated
alumina. Reactions were monitored using thin- layer
chromatogrliafhy TLC) on EMD Silica Gel 60 F2s4 plates
or by LC-MS. Visualization of the developed plateswas
performed under UV light (254 nm) or KMnQ, stain.
Column_ chromatography was performed with Silicycle
Silia-P Flash Silica Gel using glass columns. Preparative-
TLC was performed with 0.5 mm EMD Silica Gel 60 Fas4
plates. Organic solutions were concentrated under reduced
pressure on a Buchi rotary evaporator. *H and **C NMR
spectra were recorded on a Varian Mercury 300, Varian
Mercury 400, or Bruker 400. NMR spectra were internally
referenced to the residual solvent signal or TMS. Data for
'H NMR are reported as follows: chemical shift (3 Fpm),
multiplicity (s. = singlet, d = doublet, dd = doublet of
doublets, t = triplet, g = quartet, m = multi Ieti br = broad),
coupling constant (Hz), integration. Data for 3C NMR are
reported in terms of chemical shift (8 ppm). High
resolution mass spectra (HRMS) were obtained on a
micromass 70S-250 spectrometer (EI) or an ABI/Sciex
Qstar Mass Spectrometer (ESI). Enantiomeric excesses
(ees) were ascertained on an Agilent 1200 Series HPLC
using supercritical CO; generated by an Aurora SFC

General Procedure for Ketone

| Catalytic
Hydroacylation

In a nitrogen-filled glove box, 10 mol% ligand was
dissolved in 100 pL of DCM and transferred to a vial
contalnln? 10 mol% [Rh(nbd);]BF4, followed by an
additional 100 pL DCM rinse, which was added to the
catalyst mixture. The resulting Ere—catalyst_mlxture_ was
transferred to a 25 mL Schlenk tube equipped with a
magnetic stir bar, followed by an additional 200 u. DCM
rinse, which was added to the Schlenk tube. The tube was
sealed and removed from the glovebox. The solution was
degassed via two cycles of ‘freeze_-ﬁump-thaw’, after which
the atmosphere was replaced with Hyg) and the reaction
stirred at rt for 15 min. The solvent was then removed
under reduced pressure. In the glovebox, 1.0 equiv ketone
substrate was dissolved in 200 uL. DCE, to which 2.0 equiv
aldehyde was added. The resulting solution was transferred
to the 25 mL Schlenk tube containing the catalyst, and the
vial was rinsed with an additional 2x100 uL. DCE, which
was added to the Schlenk tube. The tube was sealed and
heated to the indicated temperature for the appropriate time
period. The crude reaction mixture was directly purified by
preparative TLC.
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