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The presence of different aldehydes is found to have significant
influence on the catalytic performance when using PN(H)P type
ligands for dehydrogenation of alcohols. Accordingly, the hybrid
multi-dentate ligands were discovered based on an oxygen-transfer
alkylation of PNP ligands by aldehydes. The relevant Ru-PNN(PO)
system provided desired unsymmetrical esters in good yields via
acceptorless dehydrogenation of alcohols. Hydrogen bonding
interactions between the phosphine oxide moieties with alcohol
substrate likely assisted the observed high chemoselectivity.

Ester functional groups figure widely in both natural and
synthetic compounds, and unsymmetrical esters are of important
relevance to industrial commodities in foods, fragrance,
pharmaceuticals and material sciences.’?  Traditional
esterification methods are generally reliant on reaction of acids/
aldehydes or their derivatives with alcohols, most of which use
strong acid promoters or stoichiometric amounts of oxidants,3*
amongst other methods including Tishchenko and carbonylation
reactions.> As a clean and convenient approach with hydrogen
gas as sole by-product, acceptorless dehydrogenations of
alcohols (ADA) for ester preparation have been recently
developed.® In this regard, many types of phosphine/nitrogen
ligands were developed for transition metal-catalyzed alcohol
dehydrogenations.”!° To the best of our knowledge, efficient and
general preparation of unsymmetrical esters remains illusive
(Scheme 1).10ac

Herein, we report a Ru-catalyzed highly selective
dehydrogenative cross-coupling of alcohols to esters using
serendipitously discovered phosphine oxide containing ligands
based on the aldehyde effect in metal-pincer ligand catalysis. The
introduction of phosphine oxide moiety accelerated the rate of
alcohol dehydrogenation and in situ NMR showed the specific
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interaction of phosphine oxide moiety with alcohol substrate
molecules leading to preparation of unsymmetrical esters with
low excess amounts (1-15 equiv.) of the other alcohol substrate.

Ligand development is key for the transition metal-based
catalysis regarding to both reactivity and selectivity. Phosphine
oxides are strong electron donors with high dipole moment and
known to engage in substantial hydrogen bonding interactions
with alcohols,*'# which have been applied to improve column
separation efficiency in gas chromatography.'** Hence, we
envisaged that the introduction of phosphine oxide moiety into
PNN ligand would bring alcohol substrates closer to the active
metal center and hence lead to higher reactivity (Scheme 1).

Scheme 1. Design of phosphine oxide ligands for selective
preparation of unsymmetrical esters.
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It is well known that the use of Ru-PNP catalyst for redox
reactions of alcohols often generates aldehyde intermediates.
Moreover, PN(sp?)P pincer ligands can react with aldehydes
through C-C bond formation.? In order to ascertain possible side
reactions and ligand degradation caused by the generated
aldehydes, we deliberately introduced aldehydes into the
reaction as control experiments when using PN(H)P ligands. It
was noticed that the reactivity and chemoselectivity had been
influenced and hence we suspected an in-situ ligand structural
modification via N-alkylation procedure.

Accordingly, we discovered that intramolecular reduction of
the formed iminium intermediate by phosphine afforded
(PNN(PQ)) type ligands.'3 Specifically, new hybrid phosphine-
phosphine oxide ligands L3 and L4 were synthesized through the

J. Name., 2013, 00, 1-3 | 1


http://dx.doi.org/10.1039/c8cc10315a

Published on 05 February 2019. Downloaded by |owa State University on 2/5/2019 9:21:28 AM.

ChemEomm

reaction of PNPP" ligand L1 with picolinaldehyde (A1) and 2-
quinolinecarboxaldehyde (A4), respectively (Eq. 1 for L4).

oxygen transfer amination

(\ N /ﬁ 0
Ph,P PPh, L1 /j PPh,

K,CO4 N B
+ Ph.
o = ‘ h" 2P N___ (Eq. 1)
Co™
Nay SH SN O Bpn, L4
Ad N (quant.)

& Php”

intermediate

The newly prepared ligands, L1 and the PNN ligand L2 were
tested in situ in the Ru-catalyzed dehydrogenative coupling of
aliphatic alcohols (Scheme 2). To our delight, significant reactivity
promotion was observed when using phosphine oxide ligand L3
or L4 based catalysts.’* Much higher reactivity (up to 93% yield
for reactions of 1-hexanol) was observed with L3 and L4
compared to L1 and L2 under same reaction conditions.
Specifically, when quinoline-containing L4 was used, the catalyst
was found sensitive to the acidity of alcohol substrates and clear
reactivity distinction could be obtained for 1-butanol versus 1-
hexanol (15% vs 93% yield, Scheme 2).1

Scheme 2. Screening of new hybrid phosphine oxide ligands.
1 mol% [Ru(p-cymene)Cl,]»

o o
2/\(\%OH 2mol% L, 10 mol% tBuOK \(\/)Jk o
toluene/heptane (0.5/1.5 mL) 0
1 100°C, 4 h
-Hz

o
A«

Ph,P N A Ph,P N
L2 L3 =
yield L
9
% L1 L2 L3 L4
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~uH 24 7 86 93

Encouraged by these initial results, we attempted to expand
the repertoire of these ligands based on the intramolecular
oxygen transfer amination procedure. We then developed a rapid
screening method for these new ligands through an in situ
preparation pathway by simply adding selected aldehydes to the
reaction mixture. And, there is no need any more to synthesize
all the phosphine oxide ligands from reaction of HCl salts of PNP
ligands (PNPP", L1; PNP%Y, L1% and PNPAY, L179) with selected
aldehydes (A1-A6). Thus, we carried out Ru-catalyzed
dehydrogenative coupling reaction of 2-phenylethanol (1a) with
methanol in the absence/presence of aldehyde additives (Table
1).

We observed that the addition of different aldehydes clearly
affected reactivity of alcohol substrates. Initially, Ru-catalyzed
reaction with PNPP", L1 afforded the product methyl
phenylacetate in 18% yield prior to the addition of aldehydes
(entry 1, Table 1). The use of PNN L2 led to even worse reactivity
(entry 2, Table 1). To our delight, enhanced catalytic reactivity
and better yields were achieved (35%, 41%) upon addition of
picolinaldehyde (A1) and 6-methyl-2-picolinaldehyde (A2),
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respectively (entries 3-4, Table 1). Then, the reactiqp, improved
greatly in the presence of DOI: heteretyeli€ 1031
quinolinecarboxaldehyde (A4) giving methyl phenylacetate in
60% yield (entry 6, Table 1). We also found that the addition of
aldehydes A5 and A6 were less effective toward the desired
reaction (entries 7-8, Table 1).

In addition, we noticed that the reaction is solvent dependent
with higher yield obtained in non-polar solvent (SI, Table S1).
And, we identified the combination of L1 and A4 as the best
choice producing the flavor compound methyl phenylacetate in
75% yield in n-heptane (entry 10, Table 1).

Table 1. Conditions optimization by in situ ligand formation.?
[RuCly(p-cymene)],, PNP
aldehyde, K,CO3

OH (0N
CH3
+ CH4OH - + 2H,
mesitylene, 120 °C (e}

1a 2a

| aldehyde
PNP*HCI 1

HCI QJ)L \LJ)L \QJ)L
L1:R=Ph
P

L1%: R = Cyclohexyl !
L1Ad: R = Adamantyl

A4 A6
Entry PNP  Aldehyde Conv. (%)  Yield (%)
1 L1 - 21 18
2 L2 - 12 8
3 L1 Al 39 35
4 L1 A2 48 41
5 L1 A3 9 7
6 L1 Ad 66 60
7 L1 A5 36 31
8 L1 A6 19 18
9 L1 Ad 17 15
10¢ L1 Ad 88 75
11 L1% A4 2 Trace
12 L1Ad A4 2 Trace

9Reaction conditions: 1a (0.3 mmol), MeOH (4.5 mmol), [RuCl,(p-
cymene)], (1 mol%), PNP (2 mol%), aldehyde (2.5 mol%), K,CO; (20
mol%), 16 h. PDetermined by GC (internal standard: n-tetradecane).
Solvent: toluene. “Solvent: n-Heptane. Cy = Cyclohexyl group. Ad =
Adamantyl group.

Furthermore, PNP ligands bearing cyclohexyl or adamantyl
groups, L1% or L14 only gave traces of product in the presence of
2-quinolinecarboxaldehyde (A4), showing the crucial role of the
phenyl groups in PNPP" ligand L1 (entries 11-12, Table 1). Instead
of L1 and A4 combining, when directly using the pre-formed
ligand L4, similar catalytic results were obtained. Hence, such
rapid ligand screening method based on the additive effect of
aldehydes was shown to be valid.

With the optimized reaction conditions in hand, we turned our
attention to examining substrate scope and limitations (Table 2).
Opportunely, we found that it was suitable for the
dehydrogenation of aliphatic chain alcohols as well as benzylic
alcohols affording the corresponding ester products in moderate
to excellent vyields (42-93%, 2a-x, Table 2). Notably, the
challenging reaction of 1-hexanol with 1-butanol proceeded
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smoothly and produced the fragrance compound butyl
hexanoate 2f in 51% yield.®

Methyl benzoates are important industry raw materials.?”
Testing our catalytic system toward benzylic alcohols with
electron-donating groups on para-position gave ester products in
excellent yields (90-93%, 2j-k; Table 2). Meanwhile, benzylic
alcohols with electron-withdrawing groups afforded ester
products with relatively lower yields, especially for 4-iodobenzyl
alcohol (35%, 2p; Table 2). Furthermore, this exceptional
approach produced trifluoromethyl and ester substituted
benzoates from the corresponding alcohols (61%, 2q; 58%, 2r;

ChemComm

also be successfully dehydrogenated into the desired lagtongs,in
excellent yields (95%, 2as; 84%, 2at), aridbkétdned Fraductsiin
good yields, respectively (65-89%, 3a-f; Table 3).

Table 3. Ru-catalyzed dehydrogenative preparation of esters and
ketones.@

o] R'
2 Mo Ru(2-Me-allyl),(cod) Rko/\R o o /go
L4, tBUOK, - H,
1 2(R'= H) 3(RR'# H)
R'=H, 2y: 85% R'=4-l, 2ae: 78%

o

R'=4-OMe, 2z: 94% R'=4-Ph,  2af: 83%
N O/\©R1 R'=4-Me, 2aa: 86% R'=3-OMe, 2ag: 82%
I 1- -
- - R'=4-F,  2ab:78%

R'=3-Me,  2ah: 79%

Table 2). The hindered ortho-substituted alcohol also afforded R:=4>C'~ 2ac: 80% R:=2-Me, 2ai: 78%:

. . . o =4-Br, 2ad: 84% =2- j: 68%
good yield of desired product under the same reaction conditions o Riz4Br 2ad 84% R=2:OMe, 2aj: 68%
(80%, 2u; Table 2). Notably, moderate yields could be obtained <° o °> o o
when 1:1 ratio of alcohols was used (30-55% yields; 2g, 2h, 2w, 0 2ak: 86% °© Phﬂn)ko/\mph /\ano/\ﬁn/\
2x) and yield up to 55% was obtained for 2x. Such unprecedented o 2 80%

n=1, 2am: 80% - . 200,
selectivity showed promising application potential of this system o n=2, 2an: 83% nt2 ZZZ; podiy
for the production of unsymmetrical esters. 2al. 84 n =3, 2a0: 93%" n =13, 2ar: 86%
. . R?=H, 3b: 81%
Table 2. Dehydrogenative cross-coupling of alcohols.” o o o] o] R2=4.0Me, 3¢ 89%
o (0] B 2=4-Me, 3d: 84%
o+ son Evtommy £ 1w C> O O =gy» meem
1 T L4, K,CO;3 2 2as: 95% 2at: 84% 3a: 65% R?=2-Me, 3f.79%
aliphatic esters o 9Reaction conditions: 1 (0.3 mmol), L4 (2 mol%), [Ru] (2 mol%), tBuOK
©\i _ ©\/\)i (10 mol%), n-heptane (2 mL), 100 °C for 16 h; isolated yields. ®GC yields.
0
o~ o~ NMR spectroscopic experiments were carried out using
2a: 75% 2b: 89% 2c: 93%" K . X
5 o 5 [RuCly(p-cymene)], and ligand L4 in d-toluene. Firstly, the
\/\)(O/ /MO/ /\/\){O/\/\ interaction of ligand’s phosphine oxide moiety with alcohol
20 86% 2e: 89% 2 51% molecules was observed using 3P NMR. Free ligand L4 exhibited
o o two singlet signals at 31.4 and -15.2 ppm (Figure 1a). Upon adding
/\/\)kOA/Q MO@ 30 equiv. of benzyl alcohol, the phosphorous signal of phosphine
2g: 45%b° oh: 4204 oxide moved downfield to 37.5 ppm while the phosphine signal

aromatic esters

o o o o
O/ /@)L O/ /@*O/ /@)ko/
MeO Ph

2i: 83% 2j: 93% 2k: 90% 21: 84%
o o o] o]
/©)k0/ /@)Lo/ /@)ko/ /@)ko/
F cl Br I
2m: 69% 2n: 80% 20: 82% 2p: 35%"°
[e) o o o
/@)ko/ /@)ko/ \©)k0/ Me0\©)ko/
FsC MeOOC
2q:61% 2r: 58% 2s: 84% 2t: 81%
o o] o o
- e
I N
MeO
2u: 80% 2v: 82% 2w: 30%”° 2x: 55%0¢

9Reaction conditions: 1 (0.3 mmol), 1’ (4.5 mmol), L4 (2.0 mol%), [Ru] (1
mol%), K,CO3 (20 mol%), n-heptane (2 mL), 120 °C for 16 h; isolated
yields. ?GC yields. €0.3 mmol of 1’ was used.

Furthermore, Ru-catalyzed dehydrogenation alcohols for
preparation of esters or ketones was also investigated (Table 3).
The reactions of benzyl alcohol type substrates with electron-
donating or electron-withdrawing groups gave ester products in
good to excellent yields (68-94%, 2y-2al; Table 3). Other tested
aliphatic alcohols were transformed into the corresponding
esters in good yields (80-93%, 2am-ar; Table 3). It is noteworthy
that other alcohols including diols and secondary alcohols could

This journal is © The Royal Society of Chemistry 20xx

remains unchanged (Figure 1b). This is clear evidence for
phosphine oxide/alcohol interaction via hydrogen bonding.®

(d) L4 + [Ru({Cymene)CL]; + BnOH + BuOK [Ru-H]

37.4 ppm
35.4 ppm
|
L

(c) L4 + [Ru(Cymene)CL],

31.9ppm  24.1 ppm

(b) L4 + BnOH

37.5 ppm -15.2 ppm

31.4 ppm -15.2 ppm

5 70 65 60 55 50 45 40 35 30 0 15 10 5 o -5 -10 15 -20

25 2
f1 (ppm)
Figure 1. 3P NMR spectra in d-toluene. (a) Ligand L4; (b) L4 and
benzyl alcohol; (c) After complexation of L4 with [RuCl,(p-

cymene)],; (d) Reaction mixture, and Ru-H in the insert.

Upon complexation of L4 with Ru-precursor at 80 °C for 30 min,
Ru-P coordination was observed while P=0O moiety remained free
from metal coordination (6 3!P: 31.9, 24.1 ppm; Figure 1c). The
dehydrogenation reaction of benzyl alcohol using in situ NMR
showed that phosphine oxide is not coordinated to ruthenium

J. Name., 2013, 00, 1-3 | 3
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metal center, while the hydrogen bonding between phosphine
oxides and benzyl alcohol is persistent. Specifically, addition of
tBuOK (2 equiv. to Ru) and BnOH (3.5 equiv.) followed by heating
at 90 °C for 2 h, new signals were detected (& 3'P: 37.4, 35.4 ppm;
Figure 1d). This suggests that hydrogen bonding is sustained
during the reaction and presumably plays promoting and
discriminating role for alcohol substrates in cross-coupling
dehydrogenations.

During *H NMR studies, significant amounts of Ru-H hydride
species were detected (6 *H: -13.38 ppm; insert in Figure 1d). This
signal corresponds to the formation of active hydride species (eg.
Ru[L4]H(OBnN)) responsible for the slow generation of
benzaldehyde via B-hydride elimination.

Scheme 3. Proposed reaction pathway.

1 R'CH,OH, base M [RuHy] o)
(L)Ru ) (L)Ru _
N\ > . AN 1
Cl . 0~ R! R H
activation ~
R? OHl
o) Ru OH
other esters  + lk #
R'S07TR? 1N R2
-H;  R"TOT R

Consistently, trace amounts of benzaldehyde were detected by
GC-MS and observed during monitoring the reaction by in situ *H
NMR (10.50 ppm). We further carried out controlled experiments
showing considerable reactivity for ester product formation by
using aldehydes and alcohols as starting materials. Hence, we
propose that dehydrogenation of alcohols to aldehydes via
Ru[L4]H(OBN) is a slow step while the formation of ester products
is through further dehydrogenation of hemiacetal intermediates
(Scheme 3).

Conclusions

In conclusion, we have discovered that phosphine-phosphine
oxide ligands can be synthesized via a novel intramolecular
oxygen-transfer alkylation procedure. Preliminary mechanistic
studies imply that the hydrogen bonding between phosphine
oxide moiety and alcohol substrates plays an important role for
the challenging selective cross-coupling dehydrogenations.
Further use of phosphine oxide in ligand design for other types of
selective transformations is currently pursued.
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