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ABSTRACT: Hydrogen borrowing provides an efficient and 'S
atom economical method for carbon—nitrogen and carbon—

carbon bond formation from alcohol precursors. Glycerol is a O\i/OH 1. [Ru] © /©
renewable nontoxic polyol and a potential precursor to small . 2111 Ho é O
functional organic molecules. We here report the direct @ dropropizine
amination of solketal, a 1,2-hydroxy-protected derivative of N anti-tussive
glycerol, via ruthenium-catalyzed hydrogen borrowing, affording ) N
up to 99% conversion and 92% isolated yield using [Ru(p- o
cymene)Cl,], as the catalyst precursor. The synthesis of an
antitussive agent in 86% overall yield from solketal was also demonstrated using this methodology.
KEYWORDS: Glycerol, Catalysis, Hydrogen borrowing, Ruthenium, Alcohol, Amine

B INTRODUCTION The catalytic cycle involves dehydrogenation of the alcohol

Glycerol (1,2,3-propanetriol) is formed as a byproduct during to form a carbonyl group (Scheme 1, step i), nucleophilic attack

hydrolysis or transesterification of vegetable oils. Due to the
recent focus on biofuels, there is currently a world surplus of
glycerol, which in turn has sparked an interest in finding new

Scheme 1. Hydrogen Borrowing Reaction (M = Ru, Ir, or
Fe; X =N or C)

applications for this versatile raw material." Precursors used for R'_+XH2
organic synthesis today mz_ur'lly 'derlve fro'rn petrochemical Ho R [M] (cat.) RSy ~g
sources, and replacements originating from biomass need to be -H,0 H
found. Glycerol is one of several platform chemicals under A M
investigation in this context. Various processes have been : ii
developed for the transformation of glycerol into other useful [MHL,[H]
2—4 . . . . . S "
molecules,” " involving selective oxidations,” ester- and ether- i R~
o 6-8 . 07 R 7N SXTOR
ifications, as well as conversion to 1,2- or 1,3-propane- " o
diol,”™"" acrolein,"” and glycerol carbonate."* Glycerol can also SXHp 2
be used as a solvent in organic reactions,'* and as a monomer
for polymer synthesis."> However, the scope of reactions for
glycerol upgrading is still rather limited, and further research in on the carbonyl functionality (step ii), and final hydrogenation
this area is essential. of the unsaturated intermediate (step iii) to form the desired
. ) 46,47 . ) . .
Hydrogen borrowing, also called borrowing hydrogen or compound. The nucleophiles are either nitrogen-based, i.e.,
hydrogen autotransfer, is a process that allows the direct amines, anilines, or sulfonamides, or carbon nucleophiles such
coupling of alcohol functionalities with nucleophiles to form a as enolates or ylides. In most cases, water is the only byproduct,
new carbon—heteroatom or carbon—carbon bond.'®”** The further adding to the “green” aspect of the reaction.
reaction is generally catalyzed by a homogeneous transition There are currently few examples of glycerol derivatives as
metal complex based on ruthenium®™* or iridium,> ™3¢ substrates in the hydrogen borrowing reaction. In 2009,

although examples of iron-based catalysts have recently also Williams and co-workers showed that isopropylideneglycerol

been reported,”’~** further increasing the appeal of this

reaction as a sustainable alternative to traditional approaches. Received: July 18, 2016
Heterogeneous catalysts are also well-known to effect this type Revised:  August 29, 2016
of transformation.* Published: August 31, 2016
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(solketal) can be aminated with dimethylamine in 70% yield
using a ruthenium catalyst.** Rueping and co-workers have
demonstrated that the same protected glycerol substrate can
undergo direct carbon—carbon bond forming reactions with
enolates derived from acetophenone.”’ Inspired by earlier
reports from the Madsen group,” Crotti and co-workers have
shown that glycerol itself can react with diamines to form
piperazine derivatives and benzimidazoles.”' An elegant one-
pot conversion of glycerol to secondary amines via a combined
microbial fermentation/hydrogen borrowing process was
described by Marr.”> A few studies of other biomass-derived
alcohols have been reported, but examples are as yet scarce.”>*

We are interested in the derivatization of glycerol via
hydrogen borrowing with the purpose of building small
functional organic molecules that can be used further in
organic transformations or employed directly in pharmaceutical
applications. Potential drug targets where amination of glycerol
units could play an important part are shown in Figure 1. We
herein report our results from the direct coupling of the
primary alcohol functionality of isopropylideneglycerol (sol-
ketal) with a variety of different amines.

O/\/\HJ\

i!l"!in OH

propanolol
(B-blocker)
O CONH(tBu)
) )j/\c‘;\ K/ \/EJ

indinavir
(antiviral agent)

Figure 1. Potential applications for the catalytic amination of glycerol
scaffolds.

B RESULTS AND DISCUSSION

An initial investigation of ruthenium and iridium catalysts was
first performed, using morpholine as the model amine in a
hydrogen borrowing reaction with solketal. Reactions were
performed in sealed vessels, allowing heating above the boiling
point of the solvent, using equimolar amounts of the two

starting materials. The conversion was measured by '"H NMR
analysis of the crude product. Results from these initial
experiments are displayed in Table 1.

Several catalysts that have proven efficient in the amination
of primary alcohols were explored [Ru;(CO),,], previously
used by Beller™ and Vogt in the amination of alcohols with
ammonia, was unsuccessful in this case, affording only
unreacted starting material (entry 1). [Cp*IrCL,],*° was more
successful, affording the desired amine 2, albeit in a moderate
yield. (entry 2). Williams and co-workers have shown that
[Ru(p-cymene)Cl, ], is an efficient catalyst for the amination of
both primary and secondary alcohols.* Initial attempts using
this catalyst gave a low conversion when the reaction was
performed at 110 °C with dppf as the ligand (entry 3). As
several of these catalytic systems have been applied at higher
temperatures, the reaction temperature was raised to 130 °C,
and after a reaction time of 48 h, complete conversion of the
alcohol to the aminated product was achieved (entry 4).
Shorter reaction times, as well as lowering the reaction
temperature to 120 °C, gave a slight decrease in conversion
(entries 5—7).

Under optimized conditions, only starting materials and
product could be seen by 'H NMR. In the presence of an
internal standard (1,4-di-tert-butylbenzene), a total material
balance in the range 91—94% was found. At lower conversions,
trace amounts of the intermediate aldehyde and imine could be
detected by "H NMR, but these compounds are not seen in the
crude product after the full reaction time.

A reaction employing DPEphos as the ligand was also
performed (entry 8), affording nearly the same outcome as the
corresponding reaction with dppf (entry S). For further
experiments, [Ru(p-cymene)Cl, ], with either dppf or DPEphos
as ligand was thus employed, and reactions were performed in
toluene at 130 °C for 48 h.

With the optimized reaction conditions at hand, a selection
of amines were then examined in the direct amination reaction
(Scheme 2), employing a slight excess of amine to solketal.
Under optimized conditions, the morpholine derivative 2 was
isolated in 92% yield. Piperidine as the amine gave the desired
product 3 in a 64% yield, with the moderate yield in this case
mainly a result of purification difficulties for this specific
product. Substituted piperazines such as 1-phenylpiperazine, 1-
Boc-piperazine, and 1-methylpiperazine were also applicable,

Table 1. Screening of Reaction Conditions for the Amination of Solketal (1) with Morpholine”

Ru- or Ir-cat. §LO

dppf, toluene
110-140 °C

oy

1

E]

entry catalyst cat. amount [mol %]
1° [Ruy(CO);,] 2

264 [Cp*IrCL,), 5

3 [Ru(p-cymene)CL,], 1.25

4 [Ru(p-cymene)Cl, ], 1.25

S [Ru(p-cymene)ClL, ], 1.25

6 [Ru(p-cymene)Cl,], 1.25

7 [Ru(p-cymene)ClL,], 1.25

8¢ [Ru(p-cymene)CL,], 1.25

2
temp [°C] time [h] NMR vyield” [%]
140 24 <1
110 2% 38
110 24 12
130 48 >99
130 24 95
130 12 90
120 24 80
130 24 97

“Conditions: catalyst, dppf (0.05 mmol for entries 3—7), morpholine (2 mmol), solketal (2 mmol), and toluene (2 mL) were stirred at room
temperature for S—10 min, then heated for 24 h under an atmosphere of argon. “Measured by 'H NMR. “No dppf added. “In 0.1 mL toluene using
5 mol % NaHCOj; as added base. “DPEphos as ligand. Reaction performed on 1 mmol scale.
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Scheme 2. Amination of Solketal”

[Ru(p-cymene)Cl,],

51\0 R dppf or DPEPhos o
0 " ! o] \
\)\/OH HN. g2 toluene or tert-amyl alcohol or \)\/N 'R2
1 solventless conditions 2.9
130 °C, 48 h

3 64%¢

o
ENENGL N

6 80%*

1@

7 73%9

(0] N/©
03

o
o1 _R

N
4 86%9 5 81%¢
65%°
71%F

'@

o)
9 72%9 70( j<

8 76%¢

“Conditions: [Ru(p-cymene)Cl,], (0.025 mmol), ligand (0.05 mmol), amine (2.4 mmol), solketal (2 mmol), and toluene (2 mL) were stirred at
room temperature for S—10 min, then heated at 130 °C for 48 h under an atmosphere of argon. bdppf as the ligand. “tert-Amyl alcohol as solvent.
“DPEPhos as ligand. “Solventless conditions, ratio amine/solketal 1/1.5. SSolventless conditions, ratio amine/solketal 1.2/1.

and amination products 4, 5, and 6 were isolated in 86%, 81%,
and 80%, respectively. Coupling with these types of substrates
would be important for target molecules such as indinavir
(Figure 1). Sterically demanding primary amines were also
successful. Cyclohexylamine derivative 7 was produced in 73%
yield, while a-methylbenzylamine as the amine component
afforded 76% of product 8. 4-Aminopiperidine is an important
building block for drugs such as the pain reliever fenantyl.*®
With the use of 4-amino-N-Boc-piperidine as the amine,
compound 9 could be isolated in 72% yield, providing a highly
functionalized scaffold for further derivatization after depro-
tection. Although bulkier primary amines performed well, less
hindered primary amines such as n-hexylamine, 2-phenethyl-
amine, and N',N’-dimethylpropane-1,3-diamine afforded a low
conversion (products not isolated). Benzylamine somewhat
surprisingly also gave a low conversion, while its a-methylated
counterpart (see 8 in Scheme 2) afforded a satisfactory result.
MS analysis of reactions involving n-hexylamine or benzylamine
indicated some dimerization of the primary amine, a known
reaction that is more commonly associated with the more active
iridium catalysts,57 and this may be an explanation for the low
conversions when these amines are employed.

To investigate if a more sustainable solvent than toluene
could be employed, the reaction in Table 1 was also performed
in tert-amyl alcohol, using the conditions shown in Scheme 2,
with DPEphos as the ligand. Product 2 could be isolated in this
case also, albeit in a lower yield (52%) than for toluene,
suggesting that although alcoholic solvents are applicable,
further optimization of the reaction conditions are needed to
augment the product yield. However, the use of solventless
conditions was more promising. While an excess of solketal to
amine afforded 65% of compound 4 after isolation, the same
reaction using instead a slight excess of amine afforded a
respectable yield of 71%, indicating that these amination
reactions can be performed under greener conditions with a
satisfactory outcome.

Deprotection of the morpholine derivative 2 was also
investigated (Scheme 3). Several conventional methods for
the deprotection of acetonides (HOAc, TFA, p-TsOH, HCl in

5732

Scheme 3. Acetal Deprotection Affording Glycerol Aminated
at the Terminal Carbon

1) HCI (aq.), acetone OH

51\0 o 40°C, 24 h (o
O\)\/N\) 2) PS-carbonate HO\)\/N\)

2 10 (quant.)

acetone, Dowex-50W-8X ion-exchange resin) were examined
for removal of the acetal protecting group. Stirring the
protected amino diol in aqueous HCI in acetone at 40 °C for
24 h gave the best results, affording the hydrochloride salt of
the free amino diol, which was subsequently neutralized using a
polymer-bound carbonate base, allowing facile purification via
filtration to afford aminodiol 10 in quantitative yield.

Dropropizine is an antitussive agent included in a number of
commercial cough suppressants. Deprotection of the ketal
functionality in 4 using the conditions described above allowed
the isolation of dropropizine in quantitative yield from 4 and
86% overall yield from solketal (Scheme 4).

Scheme 4. Synthesis of a Cough Suppressant
Ny o

N \) OH
©/ dropropizine

(antitussive)
86% overall yield from solketal

1) HCI, acetone
40°C,24 h

2) PS-carbonate

To investigate if the addition of D,O to the system would
result in the incorporation of deuterium into the product, the
reaction between solketal and mor}gholine was repeated with
varying amounts of added D,0.>**” There are only a limited
number of mechanisms that can exchange the proton/hydrogen
character of hydrogens in hydrogen transfer reactions. In metal-
free or Lewis-acid-catalyzed hydride transfer reactions, such as
Meerwein—Ponndorf—Verley or Cannizzaro, the proton is
removed by a base, and the a-oxo hydride is directly transferred
to a carbonyl. In this type of mechanism, or in the substrates,
there are no opportunities for scrambling of the proton and the

DOI: 10.1021/acssuschemeng.6b01659
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hydride. In the presence of a metal, there are two major
mechanistic possibilities, the mono- and dihydride routes. In
the dihydride route, both proton and hydride are transferred to
the same metal center, formally giving rise to a metal dihydride.
In this scenario, the proton and hydride lose their identities,
and full scrambling is expected. In a deuterium-enriched protic
solvent, where the proton has had time to equilibrate, we thus
expect significant deuterium incorporation at the a-position.
For the monohydride route, we expect only a-hydrides to
migrate to the metal; the proton can be lost to a base, or
migrate to a basic ligand position. In general, no scrambling is
expected in such cases. The exception would be if the metal
hydride is both long-lived and redox-labile, in which case the
“hydride” could be delivered as a proton to the medium,
reducing the metal reversibly.”” In such a scenario, scrambling
between acidic “hydrides” on metal and deuterium in a protic
solvent would be expected.*’

For the deuterium exchange reactions, the conditions shown
in Scheme 2 were employed, but with the addition of 0.5, 1.0,
and 2.0 equiv of D, O relative to solketal and using a 1:1 ratio of
solketal to amine to facilitate analysis. For all three reactions,
'"H NMR indicated the incorporation of deuterium mainly at
the positions shown in Scheme $ (see Supporting Information),

Scheme 5. Deuterium Incorporation upon Addition of D,O
to the Reaction Mixture

morpholine (1.0 equiv.)
#\O [Ru(p-cymene)Cl,], 51\0 D\(\O
O, O,
OH N

(1.25 mol%)
DPEphos (2.5 mol%) \/g)\( W)
1 toluene, 130 °C, 48 h D D

0.5 - 2.0 equiv. D,O positions showing

incorporation of deuterium

ie. on the three carbon atoms bonded to nitrogen (marked in
red in Scheme 5), as well as at the CH position (marked in
blue). The extent of deuterium incorporation increases with the
amount of D,0O added, and was analyzed by a combination of
disappearance in 'H NMR, appearance in “H NMR, and
presence of typical triplets in *C NMR. Major incorporations
(overlapping in H NMR, but similar in all three positions
according to *C NMR) were seen at the positions marked in
red in Scheme S5, while the blue deuterium indicates lower
incorporation level. Other positions @ to heteroatoms also
showed minor incorporation of D.

A plausible mechanism for deuterium incorporation is shown
in Scheme 6. The high level of D-incorporation in the
morpholine moiety indicates that the initially formed

immonium intermediate is in rapid equilibrium with an
immonijum ion in the ring. This is formally a 1,3-hydride
shift, but is most probably catalyzed by the ruthenium complex.
The final product could be formed by addition of a ruthenium
deuteride to these intermediates, clearly showing that the
initially formed ruthenium hydride has lost a proton to solvent
in a fast, reversible reaction. The lower levels of incorporation
at other positions can be explained by reversible loss of protons
from the immonium intermediate, giving rise to enamines, and
by Ru-catalyzed alkene isomerization.

A chiral ligand was also investigated in the reaction system.
Reactions with morpholine and 1-phenylpiperazine were
repeated using (S)-BINAP as the ligand, affording an
enantiomeric excess of 5% for product 2, and 18% ee for
compound 4. Although these enantioselectivities are not
synthetically useful, they provide conclusive evidence that the
phosphine is involved in the selectivity-determining step.

B CONCLUSIONS

We have shown that the protected glycerol derivative solketal
(isopropylideneglycerol) can be aminated with secondary and
sterically demanding primary amines in the primary position
employing [Ru(p-cymene)Cl,], as the precatalyst, using either
toluene or tert-amyl alcohol as the solvent, or performing the
reaction under solventless conditions. Solketal reacted
efficiently with secondary amines such as morpholine,
piperidine, 1-phenylpiperazine, and 1-Boc-piperazine, forming
the desired coupling products in up to 92% isolated yield.
Moreover, hindered primary amines (a-methylbenzylamine,
cyclohexylamine) were also suitable substrates, affording
aminated products in 70—73% yield, while less hindered
primary amines were inefficient in this reaction. Deprotection
under acidic conditions, followed by neutralization with a
polymer-bound base, afforded the free aminated diol. We
envisage that the developed methodology can contribute
toward the replacement of current fossil-derived organic
precursors with more sustainable alternatives.

B EXPERIMENTAL SECTION

Materials. Chemicals were purchased from commercial sources
and used as received. Solvents were purchased as anhydrous grade with
the exception of tert-amyl alcohol which was purchased as ReagentPlus
grade. MP-carbonate (MP = macroporous polystyrene, capacity 3.18
mmol/g) was purchased from Argonaut Technologies (now Biotage).
All reactions were run under an argon atmosphere unless otherwise
stated.

'H, *H, and "*C NMR spectra were acquired on a Varian MR 400
MHz instrument or on a Varian VNMR-S 500 MHz. 'H, ?H, and *C

Scheme 6. Plausible Mechanistic Pathways for Deuterium Incorporation, and Approximate Level of Incorporation As

Determined by 'H, *H, and '*C NMR

® Ru-D

) 0.00

0.01
}Lo 0240
AL N Moo

024 0.24
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NMR were performed in CDCl;, CD;0D, or toluene-dg using residual
solvent peaks for reference. The following abbreviations were used: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app =
apparent, br = broad.

Compounds 2, 4, 10, and dropropizine have been reported earlier,
and for 2 and 10 only 'H and *C NMR data are provided here. For
compound 4, the original reference does not include full character-
ization of the compound, and this data is thus included in the
Supporting Information.

FTIR was performed on a PerkinElmer Frontier FTIR Spectrom-
eter with or without an ATR device using Spectrum software. HRMS
was performed on a Waters Xevo QTOF (ionization mode ESI+):
column, Acquity UPLC CSH C8 column (100 mm X 2.1 mm, 1.7 ym
particles); gradient, S—95% acetonitrile in 1 mM ammonium formate/
10 mM formic acid at pH 3; flow rate, 0.7 mL/min; temp, 60 °C.

General Procedure for the Amination of pL-Isopropylidene-
glycerol. [Ru(p-cymene)Cl,], (15 mg, 0.025 mmol, 1.25 mol %) and
dppf or DPEPhos (0.05 mmol, 2.5 mol %) were added to a Biotage 2—
S mL MW-vial. The reaction vessel was sealed and purged with argon.
Amine (2.4 mmol, 120 mol %) and pL-isopropylideneglycerol (250 uL,
2 mmol, 100 mol %) were added, followed by the dropwise addition of
toluene (2 mL) or tert-butanol (2 mL), or the reaction was run under
solventless conditions. When using solventless conditions, an amine/
solketal ratio of either 1.2/1 (as for the other experiments) or 1/1.5
was employed. The mixture was stirred at room temperature for 5 min
and then heated at 130 °C (oil bath temperature) for 48 h. The
mixture was cooled to room temperature; the solvent was removed
under reduced pressure to give a crude product, and the conversion
was measured. The crude mixture was subsequently diluted with
dichloromethane and washed with water, or diluted with ethyl acetate
and washed with brine. The extraction is performed to remove
unreacted solketal and is only necessary if a low conversion is obtained
according to 'H NMR analysis of the crude product. The solvent was
removed under reduced pressure, and the remaining crude product
was purified using flash column chromatography on silica gel (eluent:
0—30% MeOH in dichloromethane or 0—45% EtOAc in petroleum
ether). Reactions were performed on a scale varying from 1 to 4 mmol.

Deprotection of 2 To Afford 3-Morpholino-1,2-propanediol
(10).° 4-((2,2-Dimethyl-1,3-dioxolan-4-yl)methyl )morpholine (2,
100 mg, 0497 mmol) was dissolved in a mixture of 0.1 M
HCl:acetone 1:1 (20 mL) and stirred at 40 °C for 24 h. The mixture
was then evaporated to dryness to give a dark yellow oil. 'H and "*C
NMR of the crude product indicated the formation of 3-morpholino-
1,2-propanediol hydrochloride (10-HCI) of high purity (see page S16
for NMR spectra, Supporting Information). The crude 10-HCI (80.1
mg, 0497 mmol) was dissolved in methanol (6 mL), and MP-
carbonate (156 mg, 0.497 mmol) was added. The mixture was stirred
at room temperature for 48 h and then filtered to remove the MP-
carbonate. The solvent was removed under reduced pressure to afford
10 (245 mg, 98%) as a brown oil. §,;(400 MHz, CD;0D): 2.45—2.71
(6H, m, NCH,CH, and NCH,CH), 3.47-3.57 (2H, m, CH,OH),
3.69-3.75 (4H, t, CH,OH), 3.80—3.87 (1H, m, CHOH); 5-(100
MHz, CD;0D) 552, 62.8, 66.1, 67.5, 69.4.

Deprotection of 4 To Afford 3-(4-Phenylpiperazin-1-yl)-
propane-1,2-diol (Dropropizine). This results in quantitative,
unpurified, brown solid. 5;;(400 MHz, CDCLy): 242 (1H, dd, J =
3.9 and 12.5 Hz, NCH,CHOH), 2.58—2.67 (3H, m, PANCH,CH,N
and NCH,CHOH), 2.80-2.85 (2H, m, PhANCH,CH,N), 3.16—3.25
(4H, m, PhANCH,CH,N), 3.53 (1H, dd, ] = 4.4 and 11.4 Hz, CH,OH),
3.75—3.79 (1H, m, CH,0H), 3.84—3.90 (1H, m, CHOH), 6.85—6.89
(1H, m, Ph), 6.91—6.94 (2H, m, Ph), 7.24—7.29 (2H, m, Ph); 5-(100
MHz, CDCl,) 49.2, 53.5, 60.4, 65.0, 67.0, 116.3, 120.0, 129.3, 151.3.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
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Characterization data for compounds 2—9; experimental
details for the deuterium incorporation studies; and 'H,
’H, and C NMR spectra (PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: kann@chalmers.se.

Present Address

||Departamento de Quimica, Universidad de Guanajuato, Col.
Noria Alta S/N, Guanajuato 36050, Mexico.

Author Contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

We thank the Swedish Research Council Formas for financial
support (Grant 213-2010-1565). The Swedish Pharmaceutical
Society, the Royal Swedish Academy of Sciences, and
Chalmersska forskningsfonden are gratefully acknowledged
for travel grants (A.S.S. and N.K.). J.L.B.-V. thanks CONACyT
(México) for a Ph.D. Scholarship.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Patrik Jarvoll Dae is gratefully acknowledged for assistance with
NMR studies for the deuterium/proton exchange experiments.

B REFERENCES

(1) Pagliaro, M.; Rossi, M. The Future of Glycerol; Royal Society of
Chemistry: Cambridge. U.K,, 2010.

(2) Behr, A; Eilting, J; Irawadi, K; Leschinski, J; Lindner, F.
Improved utilisation of renewable resources: New important
derivatives of glycerol. Green Chem. 2008, 10, 13—30.

(3) Zhou, C. H. C; Beltramini, J. N;; Fan, Y. X;; Lu, G. Q. M.
Chemoselective catalytic conversion of glycerol as a biorenewable
source to valuable commodity chemicals. Chem. Soc. Rev. 2008, 37,
527—-549.

(4) Palkovits, R.; Nieddu, L; Gebbink, R. J. M. K.; Weckhuysen, B. M.
Highly active catalysts for the telomerization of crude glycerol with
1,3-butadiene. ChemSusChem 2008, 1, 193—196.

(5) Katryniok, B; Kimura, H.; Skrzynska, E.; Girardon, J. S;
Fongarland, P.; Capron, M.; Ducoulombier, R.; Mimura, N.; Paul, S,;
Dumeignil, F. Selective catalytic oxidation of glycerol: Perspectives for
high value chemicals. Green Chem. 2011, 13, 1960—1979.

(6) Jerome, E.; Pouilloux, Y.; Barrault, J. Rational design of solid
catalysts for the selective use of glycerol as a natural organic building
block. ChemSusChem 2008, 1, 586—613.

(7) Bredikhin, A. A, Zakharychev, D. V. Fayzullin, R. R;
Antonovich, O. A,; Pashagin, A. V.; Bredikhina, Z. A. Chiral para-
alkyl phenyl ethers of glycerol: Synthesis and testing of chirality driven
crystallization, liquid crystal, and gelating properties. Tetrahedron:
Asymmetry 2013, 24, 807—816.

(8) Davies, T. E.; Kondrat, S. A; Nowicka, E; Graham, J. J;
Apperley, D. C,; Taylor, S. H,; Graham, A. E. Dehydrative
etherification reactions of glycerol with alcohols catalyzed by recyclable
nanoporous aluminosilicates: Telescoped routes to glyceryl ethers.
ACS Sustainable Chem. Eng. 2016, 4, 835—843.

(9) Tanielyan, S. K; Marin, N.; Alvez, G.; Bhagat, R.; Miryala, B,
Augustine, R. L,; Schmidt, S. R. An efficient, selective process for the
conversion of glycerol to propylene glycol using fixed bed raney
copper catalysts. Org. Process Res. Dev. 2014, 18, 1419—1426.

(10) Priya, S. S.; Bhanuchander, P.; Kumar, V. P.,; Dumbre, D. K;
Periasamy, S. R.; Bhargava, S. K,; Kantam, M. L.; Chary, K. V. R.
Platinum supported on H-mordenite: A highly efficient catalyst for

DOI: 10.1021/acssuschemeng.6b01659
ACS Sustainable Chem. Eng. 2016, 4, 5730—5736

920z Jequisydag /0 U0 Jasn ADOTONHOIL 40 AINN SHIAWTYHO Ad Jpd 6591009 Busiayosnssoe/G81 29€e . 9/0€L5/0 L/v/ipd-ajoue/6osose/Bio soe sqnd woly papeojumoq


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01659/suppl_file/sc6b01659_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01659/suppl_file/sc6b01659_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.6b01659
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.6b01659
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.6b01659/suppl_file/sc6b01659_si_001.pdf
mailto:kann@chalmers.se
http://dx.doi.org/10.1021/acssuschemeng.6b01659

ACS Sustainable Chemistry & Engineering

Research Article

selective hydrogenolysis of glycerol to 1,3-propanediol. ACS
Sustainable Chem. Eng. 2016, 4, 1212—1222.

(11) Ruppert, A. M.; Weinberg, K.; Palkovits, R. Hydrogenolysis goes
bio: From carbohydrates and sugar alcohols to platform chemicals.
Angew. Chem., Int. Ed. 2012, 51, 2564—2601.

(12) Katryniok, B; Paul, S.; Dumeignil, F. Recent developments in
the field of catalytic dehydration of glycerol to acrolein. ACS Catal.
2013, 3, 1819—1834.

(13) Hervert, B.; McCarthy, P. D.; Palencia, H. Room temperature
synthesis of glycerol carbonate catalyzed by N-heterocyclic carbenes.
Tetrahedron Lett. 2014, 5SS, 133—136.

(14) Vidal, C.; Garcia-Alvarez, J. Glycerol: A biorenewable solvent for
base-free Cu(I)-catalyzed 1,3-dipolar cycloaddition of azides with
terminal and 1-iodoalkynes. Highly efficient transformations and
catalyst recycling. Green Chem. 2014, 16, 3515—3521.

(15) Ciriminna, R; Katryniok, B.; Paul, S. b.; Dumeignil, F.; Pagliaro,
M. Glycerol-derived renewable polyglycerols: A class of versatile
chemicals of wide potential application. Org. Process Res. Dev. 20185, 19,
748—754.

(16) Grigg, R; Mitchell, T. R. B;; Sutthivaiyakit, S.; Tongpenyai, N.
Transition metal-catalyzed N-alkylation of amines by alcohols. J. Chem.
Soc, Chem. Commun. 1981, 611—612.

(17) Watanabe, Y.; Tsuji, Y.; Ohsugi, Y. The ruthenium catalyzed N-
alkylation and N-heterocyclization of aniline using alcohols and
aldehydes. Tetrahedron Lett. 1981, 22, 2667—2670.

(18) Nixon, T. D.; Whittlesey, M. K; Williams, J. M. J. Transition
metal catalysed reactions of alcohols using borrowing hydrogen
methodology. Dalton Trans. 2009, 753—762.

(19) Guillena, G.; Ramon, D. J.; Yus, M. Hydrogen autotransfer in
the N-alkylation of amines and related compounds using alcohols and
amines as electrophiles. Chem. Rev. 2010, 110, 1611—1641.

(20) Bihn, S.; Imm, S.; Neubert, L.; Zhang, M.; Neumann, H.; Beller,
M. The catalytic amination of alcohols. ChemCatChem 2011, 3, 1853—
1864.

(21) Obora, Y. Recent advances in a-alkylation reactions using
alcohols with hydrogen borrowing methodologies. ACS Catal. 2014, 4,
3972—3981.

(22) Yang, Q; Wang, Q.,; Yu, Z. Substitution of alcohols by N-
nucleophiles via transition metal-catalyzed dehydrogenation. Chem.
Soc. Rev. 2018, 44, 2305—2329.

(23) Edwards, M. G.; Jazzar, R. F. R; Paine, B. M.; Shermer, D. J.;
Whittlesey, M. K; Williams, ]J. M. J; Edney, D. D. Borrowing
hydrogen: A catalytic route to C-C bond formation from alcohols.
Chem. Commun. 2004, 90—91.

(24) Martinez, R.; Ramon, D. J.; Yus, M. Easy a-alkylation of ketones
with alcohols through a hydrogen autotransfer process catalyzed by
RuCl,(DMSO),. Tetrahedron 2006, 62, 8988—9001.

(25) Gunanathan, C.; Milstein, D. Selective synthesis of primary
amines directly from alcohols and ammonia. Angew. Chem., Int. Ed.
2008, 47, 8661—8664.

(26) Pingen, D.; Muller, C.; Vogt, D. Direct amination of secondary
alcohols using ammonia. Angew. Chem., Int. Ed. 2010, 49, 8130—8133.

(27) Agrawal, S; Lenormand, M., Martin-Matute, B. Selective
alkylation of (hetero)aromatic amines with alcohols catalyzed by a
ruthenium pincer complex. Org. Lett. 2012, 14, 1456—1459.

(28) Pena-Lopez, M.; Neumann, H.; Beller, M. Ruthenium pincer-
catalyzed synthesis of substituted y-butyrolactones using hydrogen
autotransfer methodology. Chem. Commun. 2015, S1, 13082—1308S.

(29) Edwards, M. G.; Williams, J. M. J. Catalytic electronic activation:
Indirect "Wittig” reaction of alcohols. Angew. Chem., Int. Ed. 2002, 41,
4740—4743.

(30) Fujita, K. L; Fujii, T.; Yamaguchi, R. Cp*Ir complex-catalyzed
N-heterocyclization of primary amines with diols: A new catalytic
system for environmentally benign synthesis of cyclic amines. Org. Lett.
2004, 6, 3525—3528.

(31) Morita, M; Obora, Y.; Ishii, Y. Alkylation of active methylene
compounds with alcohols catalyzed by an iridium complex. Chem.
Commun. 2007, 2850—2852.

5735

(32) Cumpstey, 1; Agrawal, S.; Borbas, K. E.; Martin-Matute, B.
Iridium-catalysed condensation of alcohols and amines as a method for
aminosugar synthesis. Chem. Commun. 2011, 47, 7827—7829.

(33) Moran, J.; Preetz, A; Mesch, R. A.; Krische, M. J. Iridium-
catalysed direct C-C coupling of methanol and allenes. Nat. Chem.
2011, 3, 287—290.

(34) Li, J. Q; Andersson, P. G. Room temperature and solvent-free
iridium-catalyzed selective alkylation of anilines with alcohols. Chem.
Commun. 2013, 49, 6131—-6133.

(35) Ogawa, S.; Obora, Y. Iridium-catalyzed selective a-methylation
of ketones with methanol. Chem. Commun. 2014, 50, 2491—2493.

(36) Labed, A.; Jiang, F.; Labed, L; Lator, A.; Peters, M.; Achard, M.;
Kabouche, A.; Kabouche, Z.; Sharma, G. V. M; Bruneau, C. Iridium-
catalyzed sustainable access to functionalized julolidines through
hydrogen autotransfer. ChemCatChem 20185, 7, 1090—1096.

(37) Yang, J.; Liu, X; Meng, D. L.; Chen, H. Y.; Zong, Z. H.; Feng,
T. T.; Sun, K. Efficient iron-catalyzed direct f-alkylation of secondary
alcohols with primary alcohols. Adv. Synth. Catal. 2012, 354, 328—334.

(38) Quintard, A,; Constantieux, T.; Rodriguez, J. An iron/amine-
catalyzed cascade process for the enantioselective functionalization of
allylic alcohols. Angew. Chem.,, Int. Ed. 2013, 52, 12883—12887.

(39) Bala, M; Verma, P. K; Sharma, U.; Kumar, N.; Singh, B. Iron
phthalocyanine as an efficient and versatile catalyst for N-alkylation of
heterocyclic amines with alcohols: One-pot synthesis of 2-substituted
benzimidazoles, benzothiazoles and benzoxazoles. Green Chem. 2013,
1S5, 1687—1693.

(40) Yan, T.; Feringa, B.; Barta, K. Iron catalysed direct alkylation of
amines with alcohols. Nat. Commun. 2014, S, 5602.

(41) Rawlings, A. J.; Diorazio, L. J.; Wills, M. C-N bond formation
between alcohols and amines using an iron cyclopentadienone catalyst.
Org. Lett. 2015, 17, 1086—1089.

(42) Pan, H. J; Ng, T. W,; Zhao, Y. Iron-catalyzed amination of
alcohols assisted by lewis acid. Chem. Commun. 2015, 51, 11907—
11910.

(43) Elangovan, S.; Sortais, J.-B.; Beller, M.; Darcel, C. Iron-catalyzed
a-alkylation of ketones with alcohols. Angew. Chem., Int. Ed. 2018, 54,
14483—14486.

(44) Yan, T.; Feringa, B. L.; Barta, K. Benzylamines via iron-catalyzed
direct amination of benzyl alcohols. ACS Catal. 2016, 6, 381—388.

(45) Shimizu, K.-i. Heterogeneous catalysis for the direct synthesis of
chemicals by borrowing hydrogen methodology. Catal. Sci. Technol.
2015, S, 1412—1427.

(46) Fristrup, P.; Tursky, M.; Madsen, R. Mechanistic investigation
of the iridium-catalysed alkylation of amines with alcohols. Org. Biomol.
Chem. 2012, 10, 2569—2577.

(47) Bartoszewicz, A.; Miera, G. G.; Marcos, R;; Norrby, P. O;
Martin-Matute, B. Mechanistic studies on the alkylation of amines with
alcohols catalyzed by a bifunctional iridium complex. ACS Catal. 2018,
S, 3704-3716.

(48) Hamid, M.; Allen, C. L.; Lamb, G. W.; Maxwell, A. C.; Maytum,
H. C; Watson, A. J. A; Williams, J. M. J. Ruthenium-catalyzed N-
alkylation of amines and sulfonamides using borrowing hydrogen
methodology. J. Am. Chem. Soc. 2009, 131, 1766—1774.

(49) Rueping, M.; Phapale, V. B. Effective synthesis of 2,5-
disubstituted tetrahydrofurans from glycerol by catalytic alkylation of
ketones. Green Chem. 2012, 14, 55—57.

(50) Nordstrom, L. U.; Madsen, R. Iridium catalysed synthesis of
piperazines from diols. Chem. Commun. 2007, 5034—5036.

(51) Crotti, C; Farnetti, E.; Licen, S.; Barbieri, P.; Pitacco, G.
Iridium-catalyzed N-alkylation of diamines with glycerol. J. Mol. Catal.
A: Chem. 2014, 382, 64—70.

(52) Liu, S. F.; Rebros, M.; Stephens, G.; Marr, A. C. Adding value to
renewables: A one pot process combining microbial cells and
hydrogen transfer catalysis to utilise waste glycerol from biodiesel
production. Chem. Commun. 2009, 2308—2310.

(53) Marr, A. C. Organometallic hydrogen transfer and dehydrogen-
ation catalysts for the conversion of bio-renewable alcohols. Catal. Sci.
Technol. 2012, 2, 279—287.

DOI: 10.1021/acssuschemeng.6b01659
ACS Sustainable Chem. Eng. 2016, 4, 5730—5736

920z Jequisydag /0 U0 Jasn ADOTONHOIL 40 AINN SHIAWTYHO Ad Jpd 6591009 Busiayosnssoe/G81 29€e . 9/0€L5/0 L/v/ipd-ajoue/6osose/Bio soe sqnd woly papeojumoq


http://dx.doi.org/10.1021/acssuschemeng.6b01659

ACS Sustainable Chemistry & Engineering

Research Article

(54) Pera-Titus, M.; Shi, F. Catalytic amination of biomass-based
alcohols. ChemSusChem 2014, 7, 720—722.

(55) Imm, S.; Bahn, S.; Neubert, L; Neumann, H.; Beller, M. An
efficient and general synthesis of primary amines by ruthenium-
catalyzed amination of secondary alcohols with ammonia. Angew.
Chem,, Int. Ed. 2010, 49, 8126—8129.

(56) Watson, A. J. A,; Maxwell, A. C.; Williams, J. M. J. Borrowing
hydrogen methodology for amine synthesis under solvent-free
microwave conditions. J. Org. Chem. 2011, 76, 2328—2331.

(57) Saidi, O.; Blacker, A. J.; Farah, M. M.; Marsden, S. P.; Williams,
J. M. ]J. Selective amine cross-coupling using iridium-catalyzed
"borrowing hydrogen” methodology. Angew. Chem., Int. Ed. 2009,
48, 7375—7378.

(58) Bai, W.; Lee, K. H; Tse, S. K. S.; Chan, K. W,; Lin, Z. Y,; Jia, G.
C. Ruthenium-catalyzed deuteration of alcohols with deuterium oxide.
Organometallics 2015, 34, 3686—3698.

(59) Chatterjee, B.; Gunanathan, C. Ruthenium catalyzed selective a-
and a,f-deuteration of alcohols using D,0. Org. Lett. 2015, 17, 4794—
4797.

(60) Trost, B. M. When is a proton not a proton? Chem. - Eur. ].
1998, 4, 2405—2412.

(61) Sela, T.; Vigalok, A. Organic synthesis "on water” vs “on
liquids”: A comparative analysis. Org. Lett. 2014, 16, 1964—1967.

5736

DOI: 10.1021/acssuschemeng.6b01659
ACS Sustainable Chem. Eng. 2016, 4, 5730—5736

920z Jequisydag /0 U0 Jasn ADOTONHOIL 40 AINN SHIAWTYHO Ad Jpd 6591009 Busiayosnssoe/G81 29€e . 9/0€L5/0 L/v/ipd-ajoue/6osose/Bio soe sqnd woly papeojumoq


http://dx.doi.org/10.1021/acssuschemeng.6b01659

