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Metal-Ligand Cooperation in the Catalytic Dehydrogenative Coupling
(DHC) of Polyalcohols to Carboxylic Acid Derivatives
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Abstract: Several polyols, which are easily available from sugars through biochem-

ical conversion or hydrogenolytic cleavage, are directly converted into carboxylic
acids and amides. This efficient dehydrogenative coupling process, catalyzed by a
rhodium(I) diolefin amido complex, is an attractive approach for the production of
organic fine chemicals from renewable resources. This method tolerates the pres-
ence of several hydroxy groups and can be extended to the direct synthesis of lac-
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tams from the corresponding amino alcohols under mild conditions.

Introduction

Many organic fine chemicals, commodity chemicals, and
polymer components are currently derived from the partial
air oxidation of fossil feedstocks.!"! The rapid increase in the
price of limited fossil fuels combined with their long-stand-
ing environmental harm have led to heightened interest in
alternative renewable resources, which ideally are neutral in
carbon dioxide consumption and production.” In the past
few years, vast efforts have been made in the chemical
transformation of biorenewable feedstocks into valuable
and fine chemicals and fuels.”! The more abundant and sus-
tainable alternatives to fossil carbon resources are carbohy-
drates and their polyol derivatives. The development of
highly selective and reactive transition-metal catalysts for
the conversion of highly functionalized molecules, which are
obtained from sugar-rich crops and biomass fermentation,
into fine chemicals remains a challenge.™

The inherent advantage of an approach based on a homo-
geneous catalytic system is better control of the process pa-
rameters leading to high selectivity compared to convention-
al transformations based on fermentation and pyrolysis pro-
cesses. An ideal homogeneous catalyst needs to be compati-
ble with the common functionalities present in biomass car-
bohydrates [(poly)hydroxyl, carbonyl, and acetal groups]
and should be stable and efficient in an aqueous environ-
ment. The design of an active and chemoselective catalytic
system for the dehydrogenation of unprotected polyhydroxy
compounds like sugars is especially burdened by the multi-
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tude of possible interactions of the substrate with the metal
center, eventually leading to the inactivation of the catalyst.
Relatively few metal-based homogeneous catalytic systems
exhibit high chemoselectivities in the oxidation of primary
and/or secondary alcohols using hydrogen transfer as a strat-
egy.”! In sugars, this process typically affects the secondary
hydroxy functions and the precursor molecules are trans-
formed into keto-sugars.®! There is an increasing interest in
the selective transformation of glycerol into useful building
blocks for the synthesis of fine chemicals based on simple
and selective oxidation processes.”! The direct conversion of
an alcohol into a carbonyl compound using a dehydrogena-
tive oxidation reaction in the first step and the immediate,
subsequent conversion into another product in a tandem re-
action using a single catalyst is an attractive approach for
the direct transformation of alcohols into valuable chemi-
cals.¥

Some homogeneous catalysts based on rhodium!® and
ruthenium ! complexes have demonstrated high efficiency
in the direct synthesis of carboxylic acid derivatives from
simple primary alcohols. Milstein et al. established a PNN-
ruthenium (PNN = 2-di-tert-butylphosphinomethyl-6-diethy-
laminomethylpyridine) assisted dehydrogenative coupling
reaction (DHC) of alcohols of the type R—CH,—~OH + EH
— R—CO(E) + 2H, (E = OR, NHR, R = alkyl, aryl) under
acceptorless conditions, in which molecular hydrogen is re-
leased as a carrier of chemical energy.'""" This catalyst also
allowed the direct conversion of alcohols into amides, which
is a new reaction."! Later, catalysts containing ruthenium
and a N-heterocyclic carbene ligand and showing a high effi-
ciency for the transformation of alcohols into amides were
reported.'' P However, only monoalcohols or special diols
with a long spacer group of at least six methylene units be-
tween the two hydroxy groups can be employed as sub-
strates with these catalysts.'?! Other dihydroxy compounds
with shorter spacer groups are not converted, most likely
due to poisoning of the ruthenium complex through chela-
tion to the metal center.
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Only recently has the direct synthesis of five and six mem-
bered cyclic imides from diols and a primary amine using an
in situ generated N-heterocyclic carbene (NHC) catalyst
been reported. In general, these reactions require elevat-
ed temperatures and long reaction times. For the transfor-
mation of sensitive substrates it is desirable to find a catalyt-
ic system which operates at low temperatures with low cata-
lyst loadings, with high stability and chemoselectivity, which
tolerates a wide variety of functional groups by proceeding
through simple protocols, and which has an easy workup.
We reported the first experiments that allowed the chemose-
lective, homogeneously catalyzed DHC of simple primary
alcohols with water, methanol, or amines to give carboxylic
acids, methyl esters, or amides, respectively, under very mild
reaction conditions using diolefin rhodium (I) complexes 1a-
TfOH or 1a (Scheme 1).”* These reactions require a hy-
drogen acceptor. Cyclohexanone was found to be especially
suitable because it can be quantitatively regenerated from
cyclohexanol with hydrogen peroxide, H,O,, as an environ-
mentally benign secondary oxidant in a second catalytic re-
action. Hence, the overall net reaction reads: R—CH,—OH
+ EH + 2H,0, — R—CO(E) + 4H,0; E = OH, methoxy
(OMe), NHR’ (R’ = Bn). The motivation of the present
work is to contribute to the development of an efficient oxi-
dation of primary hydroxyl groups in unprotected polyols
that can complement the existing methodologies. Here we
report the activity of a series of well defined homogeneous
rhodium(I) complexes which gives remarkable results with
respect to the chemo and regioselectivity in dehydrodena-
tive catalytic processes.

o B35

Results and Discussion

The reaction between 1,2-propanediol and benzylamine was
chosen as a model for the optimization of amidation reac-
tion conditions. A screening of catalysts was performed. We
used either a series of diolefin amine rhodium(I) complexes,
combined with a hydrogen acceptor, or several ruthenium
based catalytic systems under acceptorless conditions
(Scheme 1 and Table 1). Application of the conditions origi-
nally reported by Milstein (4 as catalyst at >100°C"!) only
yielded traces of product (entry 1, Table 1). Catalytic sys-
tems containing a ruthenium precursor like 5 and a NHC as
a potential ligand were found to be active for the amidation
of monoalcohols (entry 2, Table 1),''! but it only showed
moderate activity after 24 h, although the conversion contin-
uously increased with time without an apparent deactivation
of the catalyst (up to 46% after 48 h). Well-defined hydri-
doruthenium complexes supported by four NHC-carbene li-
gands, [RuH(IEt,Me,),][BA1",] (6, IEt;Me, = 1,3-diethyl-
4,5-dimethylimidazole-2-ylidene, Arf = C.H;(CF;),),"™ or
bearing bidentate phosphane ligands, [HRu(dppe),(OTf)]
(7, dppe = 1,2-bis(diphenylphosphanyl)ethane, OTf = tri-
flate),'> showed little activity (entries3 and 4, Table 1).
Based on previous findings, we investigated a number of di-
olefin amide rhodium complexes (1-3) in the catalytic DHC
of polyols.

The active catalyst can be generated from the precursor
(1-TfOH, 1-HCl1 or 2) by employing a stoichiometric
amount of base (potassium fert-butoxide (fBuOK), lithium
bis(trimethylsilyl)amide (LiHMDS), or NaH). A difference
in the efficiency of the reaction was not observed if the cata-
lyst 1a is used directly or if it is generated in situ. Among
the solvents tested, the best results were obtained with THF
or when carrying out the reaction without a solvent but with

&b
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Scheme 1. Selection of complexes for the catalyst screening in the dehydrogenative coupling of polyols; Ar® = C;H,(CF;),, IMe = 1,3,4,5-tetramethylimi-
dazole-2-ylidene, NHC =1Et,Me, = 1,3-diethyl-4,5-dimethylimidazole-2-ylidene, OTf = triflate, PNN = 2-di-fert-butylphosphinomethyl-6-diethylamino-

methylpyridine, P(OPh); = triphenylphosphite.
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Table 1. Screening with different catalysts and conditions for the amidation of 1,2-propanediol.”

i3

OH [cat.]

FULL PAPER

Table 1). The yield is improved
by heating the reaction mixture

A _oH + PATONH, —— ~Fh for an extended period of time
o (entry 13, Table 1). Clearly, the
entry Catalyst [mol %] Ligand Additive [mol %] Conditions Yield [%]" isolated rhodium(I) amide [Rh-
16 [RuH(PNN)(CO)] 4 (0.1) - - reflux, 241 0 (trop,N)(PPhy)] (1a, trop,N =
21 [RuCl,(p-cymene)], 5 (2.5) IiPr,PCy;  tBuOK (15) reflux, 48h 46 bis(5-H-dibenzo-
3 [RuH(IEt,Me,),][BAr",] 6 (5) - BuOK (20) reflux,24h 9 [a,d]cyclohepten-5-yl)amide), in
4 [RuH(dppe),(OTf)] 7 (5) - tBuOK (20) reflux, 24 h 18 combination with methyl meth-
S 1a-TfOH (0.2) - fBuOK (02) i, 4h 10 acrylate, provides an excellent
61 1a (0.2) - - rt, 12h 46 ylate, p :
7lel 1a-TtOH (02) _ BuOK (02) rt,4h 90 Catalytlc SyStem for the hlghly
8l 1a (0.2) - - t, 1h 99 chemoselective transformation
9 1b-TfOH (0.2) - LiHMDS (0.2) rt, 12 h 38 of 1,2-propanediol to a lactic
10 1c-HCI (0.2) - LiHMDS (0.2) i, 12h 32 acid amide (entry8, Table 1).
11 1c-HCI (0.2) - LiHMDS (0.2) 60°C, 12 h 49 Th . tivity of the cat
121 2 (0.1) 1iPr NaH (1) 1, 12h 40 ¢ superior activity ol the cat-
13l 2(0.1) LiPr NaH(1) 60°C, 12 h 63 alysts for this type of reaction
14 3(02) - - rt, 12 h 0 under mild conditions may be

[a] General conditions for entries 1-4: 1,2-propanediol (0.5 mmol) and BnNH, (0.5 mmol) in toluene were
added to the catalyst and heated under an argon atmosphere; General conditions for entries 5-15: To a 1M so-
lution of 1,2-propanediol (0.5 mmol) in THF (0.5 mL), BnNH, (1.5 mmol, 3 equiv), MMA (1.5 mmol, 3 equiv),
and the catalyst were added and stirred under an argon atmosphere; Cy = cyclohexyl, iPr = isopropyl. [b] De-

the result of the neighboring
coexistence of the Lewis basic
amido function and the Lewis
acidic metal center as a conse-

termined by GC. [c] Conditions from reference [11j]. [d] The catalyst was generated in situ using a NHC pre-

cursor (1,3-diisopropylimidazolium chloride, 5mol%), PCys;, (5mol%) and tBuOK in toluene.™ [e] With
3 equiv of cyclohexanone instead MMA. [f] The reaction was carried out with toluene as the solvent. [g] The
catalyst was generated in situ by adding a base, and the reaction was carried out with 3 equiv of BnNH, and
3 equiv MMA in THF. The same conversion was obtained by adding 1a in its pure form. [h] The reaction was
carried out without solvent and with 6 equiv of MMA. [i] The catalyst was generated in situ by adding a NHC

precursor (1,3-diisopropylimidazolium chloride, 0.2 mol %) and NaH.

an excess of benzyl amine (BnNH,) and methyl methacry-
late (MMA) as a hydrogen acceptor (entries7 and 8,
Table 1). The influence of the ancillary ligand in the axial
position on the catalytic activity and the thermal stability of
the rhodium complex were evaluated. We found that with
triphenylphosphine (PPh;) ligands a very efficient catalytic
system was obtained (entries7 and 8, Table 1; 90-99 %
yield), but triphenylphosphite (P(OPh);) in 1b-TfOH lead
to a less active catalyst (entry 9, Table 1).

The coordination of a strong o-donor N-heterocyclic car-
bene ligand (1,3,4,5-tetramethylimidazole-2-ylidene (IMe))
has a significant effect on the acidity of the NH function in
complex 1e-HCL®! A strong base such as Li[N(SiMe;),]
(Me = methyl) is necessary to achieve the clean formation
of the corresponding rhodium amide complex. Although the
complex is remarkably stable under thermal conditions for
prolonged periods of time and neither a dissociation of the
NHC from the metal nor isomerization to the inactive spe-
cies [Rh(ax-H)(trop,NH)L] is observed (ax = axial, trop =
5-H-dibenzo[a,d]|cyclohepten-5-yl, L = IMe; Scheme 2),
only a moderate yield of the amide product was obtained. A
reason for this may be the steric encumbrance of the active
site in the complex which is caused by the methyl groups at
the nitrogen atoms of the ligand (entries 10 and 11, Table 1).

Similarly, a rather low yield (40 %) was obtained by pre-
paring the catalyst in situ by cleavage of the chloro bridge
dimer (2, Scheme 1) with the NHC precursor 1,3-diisopropy-
limidazolium chloride, in the presence of NaH (entry 12,
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quence of the butterfly-type
structure of l1la. The amido
ligand acts as a cooperative
ligand™® in both subsequent re-
action steps: 1) the dehydro-
genation of the alcohol to the
corresponding aldehyde and 2)
the dehydrogenative coupling
reaction between the aldehyde and the amine. A simplified
catalytic cycle consistent with our observations is outlined in
Scheme 2. In the proposed mechanism, the amido complex
[Rh(trop,N)(PPh;)] (1a) and the amino hydride complex
[Rh(eq-H)(trop,NH)(PPh;)] (1a-H,, eq = equatorial,
trop,NH = bis(5-H-dibenzo[a,d]cyclohepten-5-yl)amine) are
formed as key intermediates (for a detailed computational
study see reference [9b, c]). Our assumption that the amido
complex (1a) plays an active role in the catalysis is support-
ed by the fact that neither the N-methyl derivative,

R2NH, o
1 - 1J\ _R?
R'CH,OH ﬁ' R'CH=0 7T' R ”
8 N WM N WM 9
| |
thl [RhJH th] [Rh]H
1a-(Hp) 1a-(Hp)

<<

&
K - b T
v —Rh\PPh /_Rh\H (MMA)
PPh3
1a" -(Hz) 1a-(Hy)
inactive active

Scheme 2. Simplified catalytic cycle for the dehydrogenative coupling
(DHC) of alcohols and amines with complex 1a; R! = alkyl, aryl; R>=
alkyl.
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[Rh(trop,NMe)(PPh,)][OTI]

(trop,NMe = bis(5-H-dibenzo-
[a,d]cyclohepten-5-yl) methyl-
amine),” nor the phosphane 8

RICH,OH +

Table 2. Scope of rhodium catalyzed DHC of polyols to amides.

1 (0]
a 2
—— R' L N R
MMA H
solvent, rt 9

R2NH,

diolefin (3; entry 14, Table 1)
promote the conversion of the
alcohol under identical condi-

entry Alcohol

Yield
(21"

Time at
room
temperature

Product

tions. The formation and dehy-
drogenation of 1a-H, by a hy-
drogen acceptor (A = MMA)
was proven by stoichiometric
experiments."”! 2
Next, we investigated in
more detail the DHC reaction
between alcohols and amines to
the corresponding amides to
determine the scope and limita-
tions of the reaction. Indeed,
la is a general catalyst for the 8¢
dehydrogenative coupling of
polyols with primary amines
when the reaction is conducted
under anhydrous conditions in 8¢
THF and methyl methacrylate
(MMA) is used as the hydrogen
acceptor. In the first experi-
ments, benzyl amine (BnNH,)
was employed as the coupling
partner for the synthesis of a 7
series of amides derived from
polyol compounds (Table 2).
The transformation of glycerol g
(8b) can be carried out effi-

OH
1 L _on

rac-8a

HO/\(\OH
OH 8b

HO (0] OMe
3 HO N OH 8¢

OH

6 Ho/\/\/NH2 8d

HO """ NH, 8e

HO S S~ NH2 8t

0 1h 9!

2h 601 (83)1!

12h 85lel

12h 81kl

12h 90¢!

NH 12h 9210

(@]
@H 12h 961"
99
(@]
@H 12h 370
9h

ciently, obtaining the bis-
(amide) 9b in up to 83 % isolat-
ed yield when the amount of
amine (up to 8 equiv) and hy-
drogen acceptor (MMA) is in-
creased. Under the same condi-
tions, alcohols with more than
three hydroxyl groups are rela-
tively unreactive. We assume
that the limited solubility of the molecules with an extended
number of hydroxy groups in the organic solvents is respon-
sible for the low yield of products. These shortcomings are
largely overcome and the yields are greatly improved when
the reactions are carried out in the presence of powdered
molecular sieve (4 A) and by using diluted solutions (0.1m)
of the substrates in dimethoxyethane (DME). Under these
modified reaction conditions, only the primary hydroxy
function of the monomethylated sugar derivative, 1-methyl-
B-p-glucopyranose (8c¢), is converted, allowing the direct
and selective amidation to the glucopyranuronamides (9c-
9e). This reaction proceeds more slowly than with simple al-
cohols but shows a remarkable efficiency with several
amines (entries 3-5, Table 2), and, most importantly, all of
the stereogenic centers of the sugar molecule are preserved.

(trop,N)(PPhs)].
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[a] Yield of isolated product. [b] A (neat) mixture of the alcohol (1 equiv), BnNH, (3 equiv), [Rh(trop,N)-
(PPh3)] (0.2 mol %), and MMA (6 equiv) were stirred for the indicated time at room temperature. [c] The re-
action was performed with 6 equiv of BnNH,, 6 equiv of MMA and without solvent; 10 % of N-benzyl-2,3-di-
hydroxypropanamide was also isolated. [d] With 8 equiv of BnNH, and 6 equiv of MMA. [e] The reaction was
performed with BnNH, (2 equiv), MMA (3 equiv) and powdered 4 A MS in DME (0.1m of alcohol). [f] The
reactions were performed in THF (0.5M of amino alcohol), with 2.5 equiv of MMA and 0.1 mol% of [Rh-

In addition to these intermolecular amidation reactions,
complex 1a is also capable of promoting the intramolecular
dehydrogenative coupling of o,w-aminoalcohols. A simple
and direct synthesis of medium-sized ring lactams can be de-
veloped (entries 6-8, Table 2). The five and six member ring
lactams 9 f and 9¢g are obtained in especially excellent yields
under very mild conditions. The cationic complex [Rh(OTf)-
(trop,NH)(PPh;)] (1a-TfOH) shows remarkable stability in
water or water-containing solvents and can be used in com-
bination with a base as a convenient precatalyst for the syn-
thesis of carboxylates from primary alcohols and water.[*!
This is a significant advantage over most catalytic systems
which require the use of an organic solvent. An efficient de-
hydrogenative coupling of polyols to the corresponding
sodium carboxylates can be performed with 1a-TfOH,

Chem. Eur. J. 2011, 17, 11905-11913
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NaOH as the base, and a ketone as the hydrogen acceptor
(Table 3). It is convenient to use cyclohexanone as a hydro-
gen acceptor in these reactions because the formation of
cyclohexanol is exergonic, and this by-product can be easily
recycled with hydrogen peroxide using polytungstate as the
catalyst.l'"!

Table 3. Scope of rhodium catalyzed DHC of polyols to carboxylic
acids.!
1) [Rh(OTf)(tropoNH)PPh3]

NaOH, THF, rt o]
R'CH,OH + H,0 HA R*J\OH
2) acid
8 10
entry Alcohol Product Time at Yield
rt (%)™
[6)
OH
1 HO™ ™~ 8g HO)H 2h 99
OH 10a
OH
8 0 [e
2 N gh 18h 89
OH rac-10b
o o]
30 N OH HOJHAOH 10e 10h 95t
8i
OH
OH OH
4 - = 5h 91 (85)
(R)-8a on 10b
5 14h 92l
6 8h 98
7 12h 97
8 12h 66!"

[a] A mixture of the alcohol (1.31 mmol, 1equiv), cyclohexanone
(3.37 mmol, 2.5 equiv), H,O (1.5 mL), NaOH (1.57 mmol, 1.2 equiv), and
[Rh(OTf)(trop,NH)(PPh;)] (0.1 mol %) was stirred for the indicated time
at room temperature. [b] Yield of isolated product after acidic workup of
the recrystallized sodium salts. [c] With 2.4 equiv of NaOH. [d] The reac-
tion was performed with 5 equiv of acetone. [e] The reaction was carried
out with 1.5 equiv of cyclohexanone at 60°C. [f] The reaction was per-
formed at 40°C with THF as the cosolvent.

Moreover, we assume that the finely dispersed droplets of
the hydrogen acceptor, cyclohexanone, serve as a solvent for
the transition-metal complex in the course of the reaction.
Ethylene glycol (8g) and 1,2-propanediol (8a), major com-
modity chemicals from the hydrogenolysis of biodiesel-de-
rived glycerol, are chemoselectively and quantitatively con-
verted to 2-hydroxy acetic acid (10a, entry 1, Table 3) and 2-
hydroxypropionic acid (rac-10b)!' in excellent yields after a
simple acidic workup of the reaction mixture. Remarkably,
acetone can also be used as an efficient hydrogen acceptor
for the DHC of 8a to lactic acid and, under these conditions,

Chem. Eur. J. 2011, 17, 11905-11913
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the reaction proceeds homogeneously, although a slightly
lower yield (85%) is obtained in this transformation
(entry 4, Table 3). The high efficiency of the hydrogen trans-
fer from a primary alcohol to a ketone in an intramolecular
process is also noteworthy. This is represented by the trans-
formation of 1-hydroxy-2-propanone (8j) to the lactic acid
rac-10b, which requires only 1.5 equivalents of an additional
external hydrogen acceptor (entry 5, Table 3). Otherwise,
lactic acid can also be obtained in very good yields from
propylene oxide (entry 2, Table 3). This reaction involves a
catalytic tandem reaction, in which epoxide opening is cou-
pled to a DHC process. The dehydrogenative coupling of
glycerol with the present catalytic system is highly selective,
and one of the primary hydroxy functions of the molecule is
exclusively converted, affording glyceric acid in 98% yield
(entry 6, Table 3). To our knowledge, this marks the highest
isolated yield reported to date for the selective oxidation to
a monoacid. Alternatively, glyceric acid (10¢) can also be
prepared with excellent yield from the epoxide (8i) in the
presence of an excess of base (entry 3, Table 3). Importantly,
enantiomerically pure substrates were selectively converted
to monocarboxylates without loss of the stereochemical in-
formation; the configuration at the stereocenter was com-
pletely retained. (R)-1,2-dihydroxypropane (R-8a) was con-
verted in 91% yield to give the R-configured isomer of
lactic acid (R-10b) in 5h at room temperature (entry 4,
Table 3). Furthermore, the enantiomerically pure amino al-
cohol (8k) was quantitatively converted to 3-hydroxy-a-ami-
noacid (10d) without epimerization (entry 7, Table 3). In
order to transform unprotected polyols with more than
three free hydroxy groups, a slight modification of the reac-
tion conditions was necessary; THF was added as a cosol-
vent. Under these conditions, the mono-methylated sugar
substrate (8c¢) could be converted to the glucoronic acid
(10e) with an acceptable yield (entry 8, Table 3). The vicinal
unprotected secondary alcohol functions remained un-
changed, and keto-sugars could not be detected. Finally, in
order to determine the efficiency of the catalytic system, the
catalyst loading was reduced to 0.01 mol% in the DHC be-
tween 1,2-dihydroxypropane and water and under identical
conditions, and a conversion of 70% to lactic acid was ach-
ieved.

Conclusion

The catalytic system composed of the diolefin amide rhodiu-
m(I) complex (1a) and a hydrogen acceptor (A) provides a
convenient route for the preparation of a wide range of car-
boxylic acid derivatives from primary alcohols under mild
conditions. Activated olefins for the synthesis of carboxylic
acids, can be employed as suitable hydrogen acceptors. As
shown in this work, a wide range of different polyhydroxyl-
ated substrates can be used in this dehydrogenative coupling
reaction, including polyols derived from renewable feed-
stock. The coupling reaction with primary amines proceeds
with especially high yields (>80%) under mild conditions.
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Medium size lactams, commonly embedded in the skeletons
of bioactive natural products, can be synthesized in one step
from the corresponding amino alcohol, providing an effi-
cient strategy for their synthesis. The high chemoselectivity
in the transformation of polyhydroxy compounds is remark-
able. The discrimination between primary and secondary
OH groups very likely has kinetic reasons. The primary and
sterically less hindered hydroxyl groups simply interact
faster with the Rh—N group, the active site in the catalyst.
On the other hand, the formation of the monoacids 2-hy-
droxy acetic acid (10a) and glyceric acid (10¢) may be
partly due to the biphasic reaction conditions. The amide
catalyst (1a) and the substrate are mainly dissolved in the
droplets of the hydrogen acceptor together with sufficient
amounts of water to allow a fast DHC reaction while the
product is dissolved in the aqueous phase and is thereby re-
moved from further conversion. This assumption is support-
ed by the fact that, in glycerol, both primary hydroxyl
groups are amidated to the corresponding bisamide (9b)
which is considerably less hydrophilic. The simplicity of the
catalytic process, allowing the direct chemoselective intro-
duction of a carboxylic acid or amide functionality in an
aqueous reaction medium, is appealing. Especially when a
device can be developed, in which an electrode surface acts
as a hydrogen acceptor, and the formal release of hydrogen
leads to a direct production of an electrical current as a “by-
product”. Indeed, we recently succeeded in the preparation
of organometallic fuel cells (OMFC), in which such reac-
tions can possibly be performed, and investigations along
these lines are under way.?"

Experimental Section

General: All of the reactions were carried out in flame-dried glassware
under an argon atmosphere using standard Schlenk techniques (for the
synthesis of acids) or in an argon filled glove box (Braun MB 150 B-G
system; for the synthesis of amides). Methyl methacrylate was carefully
distilled from mol sieves. Cyclohexanone was distilled from calcium hy-
dride and acetone from calcium sulfate. The alcohols employed for the
synthesis of acids were used as received. The alcohols and amines em-
ployed for the synthesis of amides were distilled and dried prior use. All
of these reagents and the organometallic complexes were stored and
weighed in the glove box. The complexes [RuH(PNN)(CO)]," [RuH-
(IEt;Me,),][BAr",].1") [RuH(dppe),][OTf]." [{Rh(trop,NH)CI},].*!! [Rh-
(OTf)(trop,NH)(PPh;)] " [Rh(trop,N)-

(PPh3)],P[Rh(OTf)(trop,NH)(P(OPh),)] [Rh(trop,NMe)(PPhs)]-
[OTf],” [Rh(OTf)(trop,NH)(IMe)] (IMe =1,3,4,5-tetramethylimida-
zole-2-ylidene),” and [Rh(trop,PPh)(PPh;)][BAr"] (trop,PPh = bis(5-H-
dibenzo-[a,d]cyclohepten-5-yl)phenylphosphane)® were synthesized ac-
cording to previously reported procedures. Analytical thin-layer chroma-
tography was performed using E. Merck silica gel 60 F254 plates
(0.25 mm thickness). Chromatographic purification of the amides was
performed by flash chromatography (Brunschwig silica 32-63, 60 A)
using the indicated solvents as eluents. Optical rotations were measured
in a Jasco DIP-1000 polarimeter operating at the sodium D line with a
100 mm path length cell and are reported as follows: [a],’, concentration
(g per 100 mL). '"H NMR spectra were recorded at 300 or 250 MHz and
chemical shifts were referenced to the residual solvent peak. *C NMR
spectra are proton decoupled and were recorded at 75.5 MHz; chemical
shifts were referenced to the solvent. Coupling constants J are given in
Hertz [Hz] as absolute values, unless specifically stated. The data is re-
ported as: s = singlet, d = doublet, t = triplet, q = quadruplet, m = mul-
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tiplet or unresolved, br = broad signal, coupling constant(s) in Hz, inte-
gration, interpretation. Mass spectrometric measurements were per-
formed by the mass spectrometry service of the LOC at the ETH Ziirich.
ETHZ on Bruker’s maXis (ESI/NanoSpray-Qqg-TOF) for high resolution
measurements. IR spectra were measured on a Perkin—-Elmer 2000 FTIR
spectrometer with a KBr beam splitter. Melting points were determined
on a Biichi melting point apparatus and are reported uncorrected.

General procedure for the catalyzed dehydrogenative coupling of alco-
hols to amides (Table 2): The alcohol (1.31 mmol, 1 equiv), amine (3.93—
10.48 mmol, 3-8 equiv), methyl methacrylate (3.93-7.86 mmol, 3-
6 equiv), and [Rh(trop,N)(PPh;)] (1a, 2 mg, 0.0026 mmol, 0.2 mol%) in
THF (1 mL) were stirred at room temperature for the time indicated in
Table 1. The reactions of 8c¢ were performed with BnNH, (281 g,
2.62 mmol, 2 equiv), MMA (393 mg, 3.93 mmol, 3 equiv) and powdered
4 A MS in DME (0.1m of alcohol). The reactions were monitored by
TLC. All of the volatile materials were removed under reduced pressure,
and the pure amide was isolated by chromatographic purification (9b-d
and 9 f-h) or recrystallization (9a and 9e).

General procedure for the catalyzed dehydrogenative coupling of alco-
hols to acids (Table 3): A mixture of the alcohol (1.31 mmol, 1 equiv),
water (1.5 mL), sodium hydroxide (380 mg, 6.55 mmol, 1.2 equiv), and cy-
clohexanone (321 mg, 3.28 mmol, 2.5equiv) or acetone (380 mg,
6.55 mmol, 5 equiv) were combined in a Schlenk flask under an argon at-
mosphere. The mixture was degassed by purging with argon for 10 min
prior to the addition of [Rh(OTf)(trop,NH)(PPh;)] (0.00131 mmol, 1 mg,
0.001 equiv) under a stream of argon. After the reaction times indicated
in Table 3 (the progress of each reaction was monitored by NMR spec-
troscopy), water was added (20 mL), and the mixture was extracted with
diethyl ether (2x20 mL). The aqueous phase was then evaporated and
the corresponding sodium salts were recrystallized and dried. Aqueous
solutions of the sodium salts were acidified with IN HCI and the pure
acids were filtered from NaCl and dried (10a-10d). Compound 10e was
isolated by chromatographic purification.

Physical and spectroscopic data for the synthesized compounds 9a-9h
and 10a-10e: Amides 9a, 9b, and 9 f-h and carboxylic acids 10a—e were
identified by comparison with data stored in the Aldrich NMR spectra
database or with previously reported data. The 'H and '*C NMR spectra
of 9a-h and 10a—e are shown in the Supporting Information.

Synthesis of compounds 9a-h and 10a-e

N-Benzyl lactamide (9a): After the workup, the product was recrystal-
lized from THF affording a white solid (211 mg, 90%). M.p. 48-50°C;
'HNMR (250 MHz, CDCL): 6=7.32-7.17 (m, 5H), 7.11 (bs, 1H), 4.44
(d, *Juu=6.0 Hz, 2H), 4.17 (q, *Jyu=6.8 Hz, 1H), 145 ppm (d, *Jyu=
6.8 Hz, 3H); C NMR (75.5 MHz, CDCl;) 6 =174.8 (C), 137.9 (C), 128.7
(CH), 128.6 (CH), 127.6 (CH), 68.4 (CH), 43.1 (CH,), 21.2 ppm (CH,);*!
ESI MS: m/z 180.1 [M+1]*.

N,N-Dibenzyl-2-hydroxymalonamide (9a): After the workup, the residue
was purified by flash column chromatography (ethyl acetate (EtOAc)/
methanol (MeOH) 10:1 to 1:1), affording the diamide as a white solid
(234 mg, 60%). M.p. 137-138°C; '"HNMR (300 MHz, CDCL,): 6=7.62
(bs, 2H), 7.35-7.23 (m, 10H), 4.50 (d, *Jy;=2.9 Hz, 1H), 4.40 (s, 1H),
4.46 ppm (d, *J; 3 =6.8 Hz, 4H); "C NMR (75.5 MHz, CDCl,): 6=167.3
(C), 137.7 (C), 128.7 (CH), 127.6 (CH), 127.5 (CH), 71.1 (CH), 43.6 ppm
(CH,);®) ESI MS: m/z 299.2 [M+1]*.

N-Benzyl-2,3-dihydroxypropionamide was isolated from the crude reac-
tion mixture described above as a white solid (25 mg, 10%). M.p. 83—
85°C; '"H NMR (300 MHz, [Ds]DMSO): 6 =820 (t, *J;;;=6.3 Hz, 1H),
7.30-7.10 (m, 5H), 5.55 (d, *Jyu=5.6 Hz, 1H), 4.70 (t, *Jyy=5.7 Hz,
1H), 4.17 (d, *Jyu=6.3 Hz, 2H), 3.91-3.83 (m, 1H), 3.59-3.45 (m, 1H),
3.39-3.32 ppm (m, 1H); *C NMR (75.5 MHz, [D¢]DMSO): 6=172.1 (C),
139.3 (C), 128.2 (CH), 127.6 (CH), 127.0 (CH), 73.40 (CH), 63.9 (CH,),
41.9 ppm (CH,);?! ESI MS: m/z 196.1 [M+1]*.

N-Benzyl-O-methyl-f-D-glucopyranuronamide (9c¢): The residue ob-
tained was purified by flash chromatography (CH,Cl/MeOH 9:1) to
afford a pale solid (331 mg, 85%). M.p. 167-169°C; [a]*p= +93.3 (c=
0.75% in DMSO); '"H NMR (300 MHz, CD;CN/D,0): 6=7.61-7.53 (m,
5H), 5.06 (d, *Jyu=3.5Hz, 1H), 4.64 (s, 2H), 4.24 (d, *J;;;=9.0 Hz,
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1H), 3.88-3.75 (m, 3H), 3.62 ppm (s, 3H); *C NMR (75.5 MHz, CD,CN/
D,0): 6=171.1 (C), 138.1 (C), 129.0 (CH), 127.7 (CH), 127.6 (CH), 100.0
(CH), 73.0(CH), 71.9(CH), 71.4 (CH), 71.2 (CH), 55.7 (CHj;), 42.9 ppm
(CH,); HRMS (ESI) caled for C,H,)NO, [M+H]* 298.1285, found
298.1282; ATR IR: 7=3285 w, 2923 w, 2355 w, 1665s, 1540m, 1460 w,
10455, 1003 m, 945m, 730m cm ..
N-(4-Chlorobenzyl)-O-methyl-f-pD-glucopyranuronamide (9d): The resi-
due obtained was purified by flash chromatography (CH,Cl,/MeOH 9:1)
to afford a white solid (352 mg, 81%). M.p. 165-167°C; [a]*p= +135.4
(¢=0.75% in DMSO);'H NMR (300 MHz, CD;CN/D,0): §=7.32-7.21
(m, 4H), 4.72 (d, *Jyy=3.0 Hz, 1H), 4.33 (s, 2H), 3.72 (s, 1 H), 3.60-3.43
(m, 3H), 3.33 ppm (s, 3H); "C NMR (75.5 MHz, CD;CN/D,0): §=173.7
(C), 140.0 (C), 138.0 (CH), 131.9 (CH), 131.2 (CH), 102.7 (CH), 75.6
(CH), 74.6 (CH), 73.8 (CH), 73.6 (CH), 58.1 (CHj;), 44.5 ppm (CH,);
HRMS (ESI-TOF) caled for CH;,)CINO, [M+H]* 332.0895, found
332.0906; ATR IR: =3280 w, 2931 w, 2359 w, 1661s, 1542m, 1459 w,
1047s, 1013s, 971s cm ™.
N-Isopropyl-O-methyl-$-D-glucopyranuronamide (9e): The residue ob-
tained was recrystallized from MeOH to afford a pale solid (293 mg,
90%). M.p. 135-137°C; [a]®p = +43.9 (¢=0.75% in DMSO); 'H NMR
(300 MHz, CD;CN/D,0): 6=4.72 (d, Jyy=32Hz, 1H), 3.96 (sept,
*Jun=3.6 Hz, 1H), 3.83 (d, *Jyz=9.8 Hz, 1H), 3.53-3.39 (m, 2H), 3.36
(s, 3H), 1.11 ppm (d, /=32 Hz, 6H); "C NMR (75.5 MHz, CD,CN/
D,0): 6=172.9 (C), 102.7 (CH), 75.7 (CH), 74.9 (CH), 74.0 (CH), 72.8
(CH), 58.0 (CH;), 43.8 (CH), 24.2 ppm (CH,;); HRMS (ESI-TOF): calcd
for C,(H,NOy [M+H]* 250.1285, found 298.1281. ATR IR: 7= 3307 w,
2929 w, 16365, 1565m, 1460 w, 1354 w, 1073s, 1054s, 1000s, 800 w, 634 w
cm™.

2-Pyrrolidinone (9f): Purification by flash column chromatography with
CH,Cl,/MeOH (100:1) as eluent afforded the product as a colorless oil
(102 mg, 92%). '"HNMR (300 MHz, CDCL): 6=7.51 (bs, 1H), 3.08 (t,
*Jun=7.0 Hz, 2H), 2.02-2.94 (m, 2H), 1.80-1.76 ppm (m, 2H); *C NMR
(75.5MHz, CDCL): 0=179.3 (C), 42.1 (CH,), 30.0 (CH,), 20.4 ppm
(CH,);P" ESI MS: m/z 86.0 [M+1]*.

Piperidine-2-one (9¢): Purification by flash column chromatography with
CH,Cl,/MeOH (100:1) as eluent afforded the product as a colorless oil
(125 mg, 96%). "H NMR (300 MHz, CDCl,): 6="7.40 (bs, 1H), 3.20-3.15
(m, 2H), 225219 (m, 2H), 1.66-1.62ppm (m, 4H); “CNMR
(75.5 MHz, CDCly): 6=172.8 (C), 419 (CH,), 31.3 (CH,), 22.1 (CH,),
20.1 ppm (CH,);® ESI MS: m/z 100.1 [M+1]*.

Azepan-2-one (9h): Purification by flash column chromatography with
CH,Cl,/MeOH (100:1) as eluent afforded the product as a white solid
(55 mg, 37%). M.p. 70-72°C; '"H NMR (300 MHz, CDCLy): 6=7.44 (bs,
1H), 3.09-3.04 (m, 2H), 2.33-2.29 (m, 2H), 1.60-1.47 ppm (m, 6H);
BCNMR (75.5 MHz, CDClLy): 6=179.5 (C), 42.5 (CH,), 36.7 (CH,), 30.5
(CH,), 29.6 (CH,), 23.14 ppm (CH,).” ESI MS: m/z 114.1 [M+1]*.
Glycolic acid (10a): Obtained as a white solid (98 mg, 99%). M.p. 78—
80°C; 'H NMR (300 MHz, [D¢]DMSO): 6 =3.91 ppm (s, 2H); "C NMR
(75.5 MHz, [D¢]DMSO): 6=174.6 (C), 59.9 ppm (CH,).

D-(—)-Lactic acid (10b): Obtained as a colorless oil (107 mg, 91%).
[a]’p=+13.8 (c=25% in 1N NaOH); (lit. [a]*p=+13.5); 'HNMR
(300 MHz, D,0): 6=3.75 (q, *Juu=6.9 Hz, 1H), 1.15ppm (d, Jyy=
6.8 Hz, 3H); "CNMR (75.5MHz, D,0): 6=1779 (C), 63.9 (CH),
15.5 ppm (CH,).*"!

Glyceric acid (10c¢): After evaporation of the aqueous phase, the white
crystals of sodium glycerate were obtained by washing with acetone and
methanol. Glyceric acid was obtained, after acidification with 1N HCI, as
a viscous oil (136 mg, 98 %, from glycerol; 129 mg, 95% from glycidol).
'HNMR (300 MHz, D,0): 6=4.25 (t, *Jyy=3.1 Hz, 1H),), 3.73 ppm (d,
2Jun Jun=3.1Hz, 1H); "CNMR (75.5 MHz, D,0): 6=177.2 (C), 72.0
(CH), 64.2 ppm (CH,).P!

(25, 3R)-2-Amino-3-hydroxy-3-phenylpropanoic acid (10d): After acidifi-
cation with 2N HCI solution, the water was evaporated under pressure.
After addition of water (2x10 mL) and subsequent evaporation, all of
the possible remaining HCl was removed. The residue was crystallized
from absolute ethanol. To isolate the pure amino acid, the pH of an
aqueous solution was adjusted to 7 by slow addition of 25 % aqueous am-
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monia. The mixture was kept at —4°C overnight, and the solid was col-
lected and washed with a mixture of water/EtOH (1:10) to afford the
pure B-hydroxyamino acid as a white solid (230 mg, 97 %). M.p. 185-
187°C; [a]*p=-31.0 (c=0.1, H,0); lit. [a]*p —32.8 (c=0.1, H,0);
'"HNMR (300 MHz, D,0): 6=7.43-7.37 (m, 5H), 5.26 (d, *Jyy=4.2 Hz,
1H), 4.10 (d, *Jyy=4.1Hz, 1H); "*CNMR (75.5 MHz, D,0): 6=171.6
(C), 139.4 (C), 129.0 (CH), 129.0 (CH), 125.9 (CH), 71.2 (CH), 60.9 ppm
(CH).BZ]

Methyl-f-p-glucopyranosiduronic acid (10e): The residue was purified by
flash column chromatography on a short plug of silica gel (EtOAc:-
MeOH 10:1 to 1:1), affording the acid as an oil (180 mg, 66%). 'H NMR
(300 MHz, D,0): 6=4.23 (d, *Jy 3 =8.0 Hz, 1H), 3.62 (dd, */;4;;=9.0 Hz,
*Jun=6.0 Hz, 1H), 3.45 (s, 3H), 3.38-3.30 (m, 2H), 3.28-3.14 ppm (m,
1H); ®*CNMR (75.5 MHz, D,0): 6=173.1 (C), 100.9 (CH), 74.2 (CH),
73.6 (CH), 73.6 (CH), 70.6 (CH), 58.2 ppm (CH,).*!

Acknowledgements

This work was supported by the Swiss National Science Foundation and
the ETH Ziirich.

[1] K. Weissermel, H.-J. Arpe, Industrial Organic Chemistry, 4th ed.,
Wiley-VCH, Weinheim, 2003.

[2] N. Armaroli, V. Balzani, Angew. Chem. 2007, 119, 52; Angew. Chem.
Int. Ed. 2007, 46, 52.

[3] a) A. Eckert, W.J. Frederick, J. P. Hallett, D.J. Leak, C. L. Liotta,
J. R. Mielenz, R. Murphy, R. Templer, T. Tschaplinski, Science 2006,
311, 484; b) L. Petrus, M. A. Noordermeer, Green Chem. 2006, 8,
861; c) for a review of catalytic reactions that convert carbohydrates,
fatty acids and terpenes into valuable chemicals, see: A. Corma, S.
Iborra, A. Velty, Chem. Rev. 2007, 107, 2411; d) B. H. Shanks, Ind.
Eng. Chem. Res. 2010, 49, 10212.

For a review of the potential of homogeneous catalysis for the use
of renewable feedstocks in the chemical industry, see: M. Beller,
Eur. J. Lipid Sci. Technol. 2008, 110, 789.

a) J. E. Bickvall Modern Oxidation Methods, 2nd ed., Wiley-VCH,
Weinheim, 2010. Several transition-metal catalyzed systems for the
Oppenauer-type oxidation have been reported and are highly effec-
tive for primary or secondary alcohols: b) F. Hanasaka, K. Fujita, R.
Yamaguchi, Organometallics 2005, 24, 3422; c) S. Gauthier, R. Sco-
pelliti, K. Saverin, Organometallics 2004, 23, 3769; d) for a theoreti-
cal study of the dehydrogenation of primary and secondary alcohols
to aldehydes and ketones catalyzed by hydrido ruthenium com-
plexes, see: N. Sieffert, M. Buehl, J. Am. Chem. Soc. 2010, 132,
8056.

For an overview of the selective oxidation of secondary hydroxyl
functions in polyhydroxy compounds, see: a) J. B. Arterburn, 7etra-
hedron 2001, 57, 9765. For a review regarding carbohydrate oxida-
tion as a source of a variety of value-added chemicals, see: b) F. W.
Lichtenthaler in Carbohydrates as Organic Raw Materials, VCH,
Weinheim, 1991. For an example of the preparation of protected
arabino and xylono lactones from the corresponding a,w-diols using
cis-[RuH,(PPhs),] as the catalyst and benzalacetone as the hydrogen
acceptor, see: ¢) M. Saburi, Y. Ishii, N. Kaji, T. Aoi, I. Sasaki, S.
Yoshikawa, Y. Uchida, Chem. Lett. 1989, 563. An example where
[RhH,(PPhs),] is used as the catalyst in the dehydrogenation of a va-
riety of C4, C5, and C6 sugars, see: d) I. Isaac, L. Stasik, D. Beau-
pere, R. Uzan, Tetrahedron Lett. 1995, 36, 383; e) L. Isaac, G. Aizel,
I. Stasik, A. Wadouachi, D. Beaupere, Synlett 1998, 475. For exam-
ples involving Shvo’s ruthenium complex for a similar transforma-
tion of secondary alcohol functions in sugar substrates, see: f) N.
Menashe, J. Shvo, J. Organometallics 1991, 10, 3885-3891; g) M.
Bierenstiel, M. Schlaf, Eur. J. Org. Chem. 2004, 1474. For investiga-
tions on oxidation kinetics of polyols involving RuCl; and N-bromo-
succinimide (NBS), see: h) J. P. Sharma, R. N. P. Singh, A. K. Singh,

[4

—_

5

—

[6

—

www.chemeurj.org

— 11911


http://dx.doi.org/10.1002/ange.200602373
http://dx.doi.org/10.1002/anie.200602373
http://dx.doi.org/10.1002/anie.200602373
http://dx.doi.org/10.1039/b605036k
http://dx.doi.org/10.1039/b605036k
http://dx.doi.org/10.1021/cr050989d
http://dx.doi.org/10.1021/ie100487r
http://dx.doi.org/10.1021/ie100487r
http://dx.doi.org/10.1002/ejlt.200800062
http://dx.doi.org/10.1021/om0503545
http://dx.doi.org/10.1021/om049671m
http://dx.doi.org/10.1021/ja101044c
http://dx.doi.org/10.1021/ja101044c
http://dx.doi.org/10.1016/S0040-4020(01)01009-2
http://dx.doi.org/10.1016/S0040-4020(01)01009-2
http://dx.doi.org/10.1246/cl.1989.563
http://dx.doi.org/10.1016/0040-4039(94)02262-A
http://dx.doi.org/10.1055/s-1998-1705
http://dx.doi.org/10.1021/om00057a019
http://dx.doi.org/10.1021/om00057a019
http://dx.doi.org/10.1021/om00057a019
http://dx.doi.org/10.1002/ejoc.200300761
www.chemeurj.org

CHEMISTRY

H. Griitzmacher, M. Trincado, et al.

A EUROPEAN JOURNAL

7

—

8

=

[9

—

(10]

(11]

11912 ——

B. Singh, Tetrahedron 1986, 42, 2739. Some heterogeneous catalytic
systems have been reported for the selective oxidation of the pri-
mary hydroxy function: i) S. Okuda, T. Kondo, S. Murata, Carbo-
hydr. Res. 1990, 198, 133; j)J. Fabre, D. Betbeder, F. Paul, P.
Monsan, Synth. Commun. 1993, 23, 1357.

Biodiesel production yields glycerol as a byproduct (10% in wt), in
consequence, new outlets for the overcapacity of glycerol have at-
tracted great interest: a) M. Pagliaro, R. Ciriminna, H. Kimura, M.
Rossi, C. Della Pina, Angew. Chem. 2007, 119, 4516; Angew. Chem.
Int. Ed. 2007, 46, 4434; b) C.-H. Zhou, J. N. Beltramini, Y.-X. Fana,
G. Q. Lu, Chem. Soc. Rev. 2008, 37, 527. For precedents of chemose-
lective heterogeneous catalytic oxidation of glycerol, see: c) M.
Besson, P. Gallezot, Catal. Today 2000, 57, 127; d) S. Carrettin, P.
McMorn, P. Johnston, K. Griffin, C.J. Kiely, G.A Attard, G.J.
Hutchings, Top. Catal. 2004, 27, 131; e) A. Villa, G. M. Veith, L.
Prati, Angew. Chem. 2010, 122, 4601; Angew. Chem. Int. Ed. 2010,
49, 4499. For a recent selective oxidation of the secondary hydroxy
function in glycerol catalyzed by a homogeneous palladium com-
plex, see: f) R. M. Painter, D. M. Pearson, R. M. Waymouth, Angew.
Chem. 2010, 122, 9646; Angew. Chem. Int. Ed. 2010, 49, 9456.

a) For a recent review of advances in transition-metal-catalyzed de-
hydrogenation processes, see: G.E. Dobereiner, R. H. Crabtree,
Chem. Rev. 2010, 110, 681; b) for several examples of dehydrogena-
tive alcohol activation, see: K. Fujita, R. Yamaguchi, Synlett 2005,
560; c¢) D.J. Ramon, M. Yus, G. Guillena, Angew. Chem. 2007, 119,
2410; Angew. Chem. Int. Ed. 2007, 46, 2358; d) M. H. S. A. Hamid,
P. A. Slatford, J. M. J. Williams, Adv. Synth. Catal. 2007, 349, 1555;
e) T. D. Nixon, M. K. Whittlesey, J. M. J. Williams, Dalton Trans.
2009, 753; ) A. Pontes da Costa, M. Viciano, M. Sanau, S. Merino, J.
Tejeda, E. Peris, B. Royo, Organometallics 2008, 27, 1305. For a
combination of experimental and theoretical studies of the main fac-
tors that affect the selectivity in the catalyzed conversion of alcohols
to amides or amines, see: g) D. Balcells, A. Nova, E. Clot, D. Gna-
namgari, R. H. Crabtree, O. Eisenstein, Organometallics 2008, 27,
2529; h) A. Nova, D. Balcells, N. D. Schley, G. E. Dobereiner, R. H.
Crabtree, O. Eisenstein, Organometallics 2010, 29, 6548.

a) K. Fujita, Y. Takahashi, M. Owaki, K. Yamamoto, R. Yamaguchi,
Org. Lett. 2004, 6, 2785; b) T. Zweifel, J. Naubron, H. Griitzmacher,
Angew. Chem. 2009, 121, 567; Angew. Chem. Int. Ed. 2009, 48, 559,
c¢) T. Zweifel, J. Naubron, T. Biittner, T. Ott, H. Griitzmacher,
Angew. Chem. 2008, 120, 3289; Angew. Chem. Int. Ed. 2008, 47,
3245; d) M. Trincado, H. Griitzmacher, F. Vizza, C. Bianchini,
Chem. Eur. J. 2010, 16, 2751; e) For the synthesis of a carbene rho-
dium(I) complex and its catalytic application in aerobic oxidation of
alcohols to acids, see: S. Annen, T. Zweifel, F. Ricatto, H. Griitz-
macher, ChemCatChem 2010, 2, 1286.

a) T. Naota, S.I. Murahashi, Synlett 1991, 693; b) S. I. Murahashi, T.
Naota, K. Ito, Y. Maeda, H. Taki, J. Org. Chem. 1987, 52, 4319;
c¢) N. A. Owston, A.J. Parker, J. M. J. Williams, Chem. Commun.
2008, 624.

For initial studies on the acceptorless dehydrogenation of alcohols,
see: a) Y. Blum, Y. Shvo, J. Organomet. Chem. 1985, 282, C7; b) S.
Shinoda, H. Itagaki, Y. Saito, J. Chem. Soc. Chem. Commun. 1985,
860; c) H. Itagaki, S. Shinoda, Y. Saito, Bull. Chem. Soc. Jpn. 1988,
61, 2291; d) T. Fujii, Y. Saito, J. Mol. Catal. 1991, 67; ¢) J. Zhang, M.
Gandelman, L. J. W. Shimon, H. Rozenberg, D. Milstein, Organome-
tallics 2004, 23, 4026. For recent examples of acceptorless, ruthenium
catalyzed dehydrogenative cyclization of diols to lactones, see:
f) Y. R. Lin, X. C. Zhu, Y. F. Zhou, J. Organomet. Chem. 1992, 429,
269; g)J. Zhao, J. F. Hartwig, Organometallics 2005, 24, 2441. For
studies concerning efficient direct synthesis of carboxylic derivatives
from simple alcohols, see: h) J. Zhang, G. Leitus, Y. Ben-David, D.
Milstein, J. Am. Chem. Soc. 2005, 127, 10840; i) J. Zhang, M. Gan-
delman, L. J. W. Shimon, D. Milstein, Dalton Trans. 2007, 107; j) C.
Gunanathan, Y. Ben-David, D. Milstein, Science 2007, 317, 790;
k) L. U. Nordstrom, H. Vogt, R. Madsen, J. Am. Chem. Soc. 2008,
130, 17672; 1)J.H. Dam, G. Osztrovsky, L.U. Nordstrom, R.
Madsen, Chem. Eur. J. 2010, 16, 6820; m) S. C. Ghosh, S. Muthaiah,
Y. Zhang, X. Xu, S. H. Hong, Adv. Synth. Catal. 2009, 351, 2643;

www.chemeurj.org

(12]
(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]
[25]

[20]

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

n) Y. Zhang, C. Chen, S. C. Ghosh, Y. Li, S. H. Hong, Organometal-
lics 2010, 29, 1374; o) S. Muthaiah, S. C. Ghosh, J.-E. Jee, C. Chen, J.
Zhang, S. H. Hong, J. Org. Chem. 2010, 75, 3002; p) A. Prades, E.
Peris, M. Albrecht, Organometallics 2011, 30, 1162.

H. Zeng, Z. Guan, J. Am. Chem. Soc. 2010, 132, 1159.

J. Zhang, M. Senthilkumar, S. C. Ghosh, S. H. Hong, Angew. Chem.
2010, 722, 6535; Angew. Chem. Int. Ed. 2010, 49, 6391.

For the synthesis of the five coordinate ruthenium N-heterocyclic
carbene (NHC) hydrido complex and reactivity towards H,, see:
a) L.J. L. Hiller, E. Mas-Marz4, A. Moreno, J. P. Lowe, S. A. Mac-
gregor, M. F. Mahon, P. S. Pregosin, M. K. Whittlesey, J. Am. Chem.
Soc. 2009, 131, 9518; b) S. Burling, L. J. L. Hiller, E. Mas-Marza, A.
Moreno, S. A. Macgregor, M. F. Mahon, P. Pregosin, M. K. Whittle-
sey, Chem. Eur. J. 2009, 15, 10912.

The catalytic reactivity of [RuH(PP),] (PP =chelating diphosphine)
complexes extends from hydrogenation to transfer hydrogenation of
unsaturated compounds. The complex [RuH(dppe),][OTf] was made
by anion metathesis of [RuH(dppe),][BF,] in THF by using KOTf;
for [RuH(dppe),][BF,], see: S.P. Nolan, T.R. Belderrain, R. H.
Grubbs, Organometallics 1997, 16, 5569.

For examples of metal-ligand cooperativity in catalysis, see: a) H.
Griitzmacher, Angew. Chem. 2008, 120, 1838; Angew. Chem. Int. Ed.
2008, 47, 1814; b) Y. Shvo, D. Czarkie, Y.J. Rachamim, J. Am.
Chem. Soc. 1986, 108, 7400; c) M. D. Fryzuk, P. A. MacNeil, Organo-
metallics 1983, 2, 682; d) R. Noyori, T. Ohkuma, Angew. Chem.
2001, 713, 40; Angew. Chem. Int. Ed. 2001, 40, 40; e) S. E. Clapham,
A. Hadzovic, R. H. Morris, Coord. Chem. Rev. 2004, 248, 2201;
f) R. M. Bullock, Chem. Eur. J. 2004, 10, 2366; g)J. S. M. Samec,
J. E. Backvall, P. G. Andersson, P. Brandt, Chem. Soc. Rev. 2006, 35,
237; h) T. Ikariya, A.J. Blacker, Acc. Chem. Res. 2007, 40, 1300;
i) C. P. Casey, S. E. Beetner, J. B. Johnson, J. Am. Chem. Soc. 2008,
130, 2285.

The stoichiometric reaction of 1 equiv of 1,2-propanediol, 1 equiv of
BnNH, and 2 equiv of 1la afforded the complex 1a-H,. Selected
data: '"HNMR (300 MHz, [Dg]THF): 6=-8.15ppm (dd, Ygmy=
23.0, YJpy=23.0 Hz, 1H); *'P{'H} NMR (121.5 MHz, [D|THF): 6 =
62.2 ppm (d, 'Jpwp =145 Hz). Addition of 1 equiv of MMA, turned
back to the formation of 1a: *'P{'"H} NMR (121.5 MHz, [Ds]THF):
0=40.8 ppm (d, 'Jzmp=124 Hz). For crystallographic data of the
complex 1a-H, see reference [9b]

R. H. Ingle, N. K. Kala Raj, P. Manikandan, J. Mol. Catal. A 2007,
262, 52.

Lactic acid is the starting material for numerous chemical conver-
sions to useful products and materials: a) K. Datta, Hydroxycarbox-
ylic Acids in Kirk—Othmer Encyclopedia of Chemical Technology,
Vol. 13, 4th ed. (Eds.: J. Kroschwitz, M. Howe-Grant), Wiley, New
York, 1997, p. 1042. For an interesting application based on the pro-
duction of polylactic acid (PLA) as a fully biodegradable replace-
ment for polyethyleneterephthalates (PETs), see: b) P. Lorenz, H.
Zinke, Trends Biotechnol. 2005, 23, 570.

S. P. Annen, V. Bambagioni, M. Bevilacqua, J. Filippi, A. Marchion-
ni, W. Oberhauser, H. Schonberg, F. Vizza, C. Bianchini, H. Griitz-
macher, Angew. Chem. 2010, 122, 7387; Angew. Chem. Int. Ed. Engl.
2010, 49, 7229.

P. Maire, T. Biittner, F. Breher, P. Le Floch, H. Griitzmacher,
Angew. Chem. 2005, 117, 6477, Angew. Chem. Int. Ed. 2005, 44,
6318.

P. Maire, A. Sreekanth, T. Biittner, J. Harmer, I. Gromov, H. Riieg-
ger, F. Breher, A. Schweiger, H. Griitzmacher, Angew. Chem. 2006,
118, 3343; Angew. Chem. Int. Ed. 2006, 45, 3265.

F. Puschmann, J. Harmer, D. Stein, H. Riiegger, B. de Bruin, H.
Griitzmacher, Angew. Chem. 2010, 122, 1953; Angew. Chem. Int. Ed.
2010, 49, 1909.

S. L. Shapiro, I. M. Rose, L. Freedman, J. Am. Chem. Soc. 1959, 81,
632.

R. M. Carrillo, A.G. Neo, L. Lépez-Garcia, S. Marcaccini, C. F.
Marcos, Green Chem. 2006, 8, 787.

D. Choi, J. P. Stables, H. Kohn, Bioorg. Med. Chem. 1996, 4, 2105.

Chem. Eur. J. 2011, 17, 11905-11913


http://dx.doi.org/10.1016/S0040-4020(01)90561-7
http://dx.doi.org/10.1016/0008-6215(90)84283-Z
http://dx.doi.org/10.1016/0008-6215(90)84283-Z
http://dx.doi.org/10.1002/ange.200604694
http://dx.doi.org/10.1002/anie.200604694
http://dx.doi.org/10.1002/anie.200604694
http://dx.doi.org/10.1039/b707343g
http://dx.doi.org/10.1016/S0920-5861(99)00315-6
http://dx.doi.org/10.1002/ange.201000762
http://dx.doi.org/10.1002/anie.201000762
http://dx.doi.org/10.1002/anie.201000762
http://dx.doi.org/10.1002/ange.201004063
http://dx.doi.org/10.1002/ange.201004063
http://dx.doi.org/10.1002/anie.201004063
http://dx.doi.org/10.1021/cr900202j
http://dx.doi.org/10.1002/adsc.200600638
http://dx.doi.org/10.1039/b813383b
http://dx.doi.org/10.1039/b813383b
http://dx.doi.org/10.1021/om701186u
http://dx.doi.org/10.1021/om800134d
http://dx.doi.org/10.1021/om800134d
http://dx.doi.org/10.1021/om101015u
http://dx.doi.org/10.1021/ol0489954
http://dx.doi.org/10.1002/ange.200804757
http://dx.doi.org/10.1002/anie.200804757
http://dx.doi.org/10.1002/ange.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1002/anie.200704685
http://dx.doi.org/10.1002/chem.200903069
http://dx.doi.org/10.1002/cctc.201000100
http://dx.doi.org/10.1021/jo00228a032
http://dx.doi.org/10.1039/b717073d
http://dx.doi.org/10.1039/b717073d
http://dx.doi.org/10.1016/0022-328X(85)87154-0
http://dx.doi.org/10.1039/c39850000860
http://dx.doi.org/10.1039/c39850000860
http://dx.doi.org/10.1246/bcsj.61.2291
http://dx.doi.org/10.1246/bcsj.61.2291
http://dx.doi.org/10.1021/om049716j
http://dx.doi.org/10.1021/om049716j
http://dx.doi.org/10.1016/0022-328X(92)83257-I
http://dx.doi.org/10.1016/0022-328X(92)83257-I
http://dx.doi.org/10.1021/om048983m
http://dx.doi.org/10.1021/ja052862b
http://dx.doi.org/10.1039/b613438f
http://dx.doi.org/10.1126/science.1145295
http://dx.doi.org/10.1002/chem.201000569
http://dx.doi.org/10.1002/adsc.200900482
http://dx.doi.org/10.1021/om901020h
http://dx.doi.org/10.1021/om901020h
http://dx.doi.org/10.1021/jo100254g
http://dx.doi.org/10.1021/om101145y
http://dx.doi.org/10.1002/ange.201002136
http://dx.doi.org/10.1002/ange.201002136
http://dx.doi.org/10.1002/anie.201002136
http://dx.doi.org/10.1002/chem.200901736
http://dx.doi.org/10.1021/om9706673
http://dx.doi.org/10.1002/ange.200704654
http://dx.doi.org/10.1002/anie.200704654
http://dx.doi.org/10.1002/anie.200704654
http://dx.doi.org/10.1021/ja00283a041
http://dx.doi.org/10.1021/ja00283a041
http://dx.doi.org/10.1021/om00077a020
http://dx.doi.org/10.1021/om00077a020
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C40::AID-ANGE40%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C40::AID-ANIE40%3E3.0.CO;2-5
http://dx.doi.org/10.1016/j.ccr.2004.04.007
http://dx.doi.org/10.1002/chem.200305639
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1021/ar700134q
http://dx.doi.org/10.1021/ja077525c
http://dx.doi.org/10.1021/ja077525c
http://dx.doi.org/10.1016/j.tibtech.2005.10.003
http://dx.doi.org/10.1002/ange.201002234
http://dx.doi.org/10.1002/anie.201002234
http://dx.doi.org/10.1002/anie.201002234
http://dx.doi.org/10.1002/ange.200500773
http://dx.doi.org/10.1002/anie.200500773
http://dx.doi.org/10.1002/anie.200500773
http://dx.doi.org/10.1002/ange.200504382
http://dx.doi.org/10.1002/ange.200504382
http://dx.doi.org/10.1002/anie.200504382
http://dx.doi.org/10.1002/ange.201090028
http://dx.doi.org/10.1002/anie.201090028
http://dx.doi.org/10.1002/anie.201090028
http://dx.doi.org/10.1039/b607358a
http://dx.doi.org/10.1016/S0968-0896(96)00225-8
www.chemeurj.org

Rhodium-Catalyzed Dehydrogenative Coupling

[27] T. A. Robbins, C.B. Knobler, D.R. Bellew, D.J. Cram, J. Am.
Chem. Soc. 1994, 116, 111.

[28] N. Millot, C. Piazza, S. Avolio, P. Knochel, Synthesis 2000, 941.

[29] M. Hashimoto, Y. Obora, S. Sakaguchi, Y. Ishii, /. Org. Chem. 2008,
73, 2894.

[30] S. C. Feifel, T. Schmiederer, T. Hornbogen, H. Berg, R. D. Siissmuth,
R. Zocher, ChemBioChem 2007, 8, 1767.

FULL PAPER

[31] D. Kyriacou, T. P. Tougas, J. Org. Chem. 1987, 52, 2318.
[32] D. Blaser, D. Seebach, Liebigs Ann. Chem. 1991, 1067.
[33] P. A.J. Gorin, M. Mazurek, Can. J. Chem. 1975, 53, 1212.

Received: April 8, 2011
Published online: September 7, 2011

Chem. Eur. J. 2011, 17, 1190511913 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 11913


http://dx.doi.org/10.1021/ja00080a014
http://dx.doi.org/10.1021/ja00080a014
http://dx.doi.org/10.1055/s-2000-6307
http://dx.doi.org/10.1021/jo702277g
http://dx.doi.org/10.1021/jo702277g
http://dx.doi.org/10.1002/cbic.200700377
http://dx.doi.org/10.1021/jo00387a045
http://dx.doi.org/10.1002/jlac.1991199101184
http://dx.doi.org/10.1139/v75-168
www.chemeurj.org

