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ABSTRACT: A homogeneous cobalt-catalyzed β-alkylation
of secondary alcohols with primary alcohols to selectively
synthesize ketones via acceptorless dehydrogenative coupling
is reported for the first time. Notably, this transformation is
environmentally benign and atom economical with water and
hydrogen gas as the only byproducts.

Homogeneous transition-metal-catalyzed carbon−carbon
bond formations are among the paramount methods for

value-added products.1 In the conventional β-alkylation of
secondary alcohols to synthesize ketones or alcohols, a
multistep process is required, e.g., stoichiometric oxidation
and alkylation with toxic and mutagenic alkyl halides,
generating copious wastes.2 Thus, it is highly desirable to
develop alternative methods that are environmentally friendly
and atom and process efficient, using readily available and less
toxic substrates, e.g., alcohols. One such prominent synthetic
strategy is acceptorless dehydrogenative coupling (ADC).3,4 In
a typical ADC pathway to ketones, primary and secondary
alcohols are first dehydrogenated to aldehydes and ketones,
respectively, with the catalyst taking the hydrogen atoms. The
electrophilic aldehydes are attacked by the enolates formed via
removal of the α-C−H of the ketones by a base, leading to the
ketone products with loss of water. Finally, hydrogen gas is
liberated from the hydrogenated catalyst. Alternatively, the
hydrogenated catalyst can reduce the formed ketones,
affording the alcohol products. This process is known as
borrowing hydrogen (BH).3,4 Offering great advantages over
conventional methods, ADC and BH have recently attracted
enormous interests.
Currently, precious metal catalysts based on Rh,5 Ir,6 Ru,7

and Pd8 dominate the β-alkylation of secondary alcohols with
primary alcohols. With increasing concerns on sustainability
and environment, less toxic and earth-abundant base metal
analogues such as Fe,9 Co,10 Mn,11 Ni,12 and Cu13 are
becoming more appealing and have witnessed rapid recent
developments. However, examples of homogeneous base metal
catalyzed such transformations for ketone synthesis are rare.
In the Cu case, high catalyst and base loadings of 10% and

50% were mandatory, respectively.13b In the Mn version,
unfortunately, very limited substrates were reported with
moderate to good yields.11c Transition-metal-free examples are
also available.14 To the best of our knowledge, no
homogeneous Co catalyst has been reported for β-alkylation
of secondary alcohols with primary alcohols for selective

ketone synthesis to date. Instead, there is just one example of
alcohol formations via the BH process by a PNP−Co catalyst10
(Scheme 1a). Methods for Co-catalyzed α-alkylation of

ketones with primary alcohols to generate ketones are also
known15 (Scheme 1b). As the ketone reactants are normally
obtained from stoichiometric oxidation of the secondary
alcohols, it is more desirable to directly utilize secondary
alcohols for the ketone formations (Scheme 1c). However, as
H2 is one of the byproducts, the formed ketones could be
further hydrogenated to alcohols, imposing a challenge in
product selectivity.10 Herein, we report the first systematic
study of homogeneous Co-catalyzed β-alkylation of secondary
alcohols with primary alcohols to selectively synthesize ketones
via ADC. Notably, this reaction is environmentally benign and
atom efficient with water and hydrogen gas as the only
byproducts.
We have recently developed a new family of base transition-

metal complexes supported by a iPrPPPNHPyMe tetradentate
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Scheme 1. Cobalt-Catalyzed Couplings of Secondary
Alcohols or Ketones with Primary Alcohols
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ligand.16 The Co complex 1a is an efficient catalyst for
dehydrogenation of secondary alcohols to ketones16 and
dehydrogenative coupling of primary alcohols to esters.17 We
speculate that 1a is a potentially efficient catalyst to mediate
the β-alkylation of secondary alcohols with primary alcohols to
synthesize ketones.
Initially, benzyl alcohol 2a and 1-phenylethanol 2b were

chosen as the standard substrates. Different base additives were
examined, and KOtBu turned out to be more suitable. Other
reaction parameters were also optimized. Gratifyingly, the
optimal results with 90% yield of 3-phenylpropiophenone 2c
were obtained using 2.5 mol % of 1a and 7.5 mol % of KOtBu
in toluene at 125 °C for 24 h under argon flow (Table 1, entry

2). It is noteworthy that the selectivity is excellent with a 2c/
1,3-diphenylpropanol 2d ratio of 100:0, despite the fact that 2d
is known as the major side product of such transformation in
the literature.7e,12b,13b Interestingly, when 5 mol % of KOtBu
was utilized, which was exactly the amount of base used for
activation of 2.5 mol % of 1a, no 2c product was observed,
indicating the crucial role of base besides precatalyst activation
(Table 1, entry 4). Further, control experiments showed both
1a and base were essential for this reaction (Table 1, entries 5
and 6). Mercury tests demonstrated a homogeneous catalytic
process. H2 was confirmed by GC from the gas phase,
suggesting an ADC pathway (see the SI).
Having established the optimized reactions, we next

explored the substrate scope and efficiency of the reaction.
We first investigated the scope of primary alcohols. Aromatic
primary alcohols with electron-donating groups like −Me,
−iPr, and −OMe at the para position furnished the
corresponding ketones in excellent 90−93% yields (Table 2,
3c−5c). Primary alcohols with electron-withdrawing groups at
the para position also reacted smoothly (Table 2, 6c, 7c).
Notably, meta-substituted substrates were transformed to the
corresponding ketones as well (Table 2, 8c−11c). Sterically
hindered 2-methyl benzyl alcohol 12a also proceeded in a
good yield (Table 2, 12c). Aliphatic primary alcohols afforded
the desired ketones in 73−80% yields (Table 2, 16c−18c).

Next, we investigated the scope of secondary alcohols. Para-
substituted aromatic secondary alcohols reacted with 2a
delivering the corresponding ketones in good to excellent
yields (Table 2, 19c−22c). Meta-substituted 1-(3-
methoxyphenyl)ethanol 24b showed a diminished activity
(Table 2, 24c). Aliphatic secondary alcohols were also
amenable to this method, albeit under harsher conditions
(Table 2, 26c, 27c). It is noteworthy that the reaction of n-
hexanol 28a and 2-hexanol 28b proceeded smoothly, giving an
80% yield (Table 2, 28c). To the best of our knowledge, β-
alkylation of aliphatic secondary alcohols with primary alcohols
to ketones mediated by homogeneous base transition-metal
catalyst has not been disclosed before. Unfortunately,
heterocyclic substrates were not tolerated. Couplings of
different secondary alcohols, e.g., 2b and cyclohexanol 29b,
were incompatible with this method.
We then sought a mechanistic understanding of this

reaction. First, two derivatives of 1a (1b and 1c, Figure 1)
were investigated. Compound 1b bearing a dearomatized
pyridine arm shows comparable activity to 1a in an 81% yield,
indicating 1b is also a precatalyst. To test if metal ligand
cooperativity (MLC) from the N−H linker plays a role, a
iPrPPPNMePyMe complex 1c was tested as the precatalyst. A
66% yield of 2c and 22% yield of 2d, a further hydrogenated
product from 2c, were recorded, suggesting MLC may not
have a crucial effect.

Table 1. Optimization of Reaction Conditionsa

entry cat. base solvent temp (°C) yieldb (%)

1 1a KOtBu toluene 105 31
2 1a KOtBu toluene 125 90 (86)c

3 1a KOtBu toluene 140 84
4d 1a KOtBu toluene 125 0
5 KOtBu toluene 125 <1
6 1a toluene 125 0
7 1a KOtBu 1,4-dioxane 125 0
8 1a NaOtBu toluene 125 78
9 1a KHMDS toluene 125 59
10 1a KOH toluene 125 <1
11 1a K2CO3 toluene 125 0

aGeneral conditions: catalyst (2.5 mol %), base (7.5 mol %), 2a (0.25
mmol), 2b (0.3 mmol), and solvent (1.5 mL) for 24 h under an argon
flow atmosphere. bYields were determined by 1H NMR with 1,3,5-
trimethoxybenzene as an internal standard. c1 mmol scale, isolated
yield. dKOtBu (5 mol %) was used.

Table 2. β-Alkylation of Secondary Alcohols with Primary
Alcohols to Ketonesa,b

aGeneral conditions: 1a (2.5 mol %), KOtBu (7.5 mol %), 2a (0.25
mmol), 2b (0.3 mmol), and toluene (1.5 mL) for 24 h under an argon
flow atmosphere. bIsolated yield. c1a (5 mol %) and KOtBu (15 mol
%) were used. d1a (5 mol %) and KOtBu (60 mol %) were used.
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Our prior work showed that 1a was capable of mediating
dehydrogenation of primary and secondary alcohols to esters
(via aldehydes)17 and ketones,16 respectively. In the current
study, when benzaldehyde 2e reacted with acetophenone 2f in
the presence of 7.5 mol % of KOtBu (Scheme 2a), a 77% yield

of chalcone 2g was observed, which suggested that the α,β-
unsaturated ketone is likely one of the intermediates in the
alkylation of secondary alcohols with primary alcohols.
Interestingly, in a transfer hydrogenation experiment employ-
ing 2b as the hydrogen source in a sealed reaction vessel, 2g
can be hydrogenated to 2c (56% yield) and 2d (9% yield) by
2.5 mol % of KOtBu alone (Scheme 2b). This suggests a base-
mediated Meerwein−Ponndorf−Verley (MPV) type reduction
pathway.14,18 Alternatively, with 5 mol % of 1a and 12.5 mol %
of KOtBu,19 a 20% yield of 2c and a 40% yield of 2d were
observed, suggesting that 1a may favor alcohol formations
under these conditions. To further testify this proposal, we
explored the transfer hydrogenation of 2c with 2b in a seal
reaction vessel (Scheme 2c). Using 2.5 mol % of KOtBu alone,
a 71% yield of 2d was obtained, advocating an operational
MPV reduction. Notably, in the presence of 12.5 mol % of
KOtBu and 5 mol % of 1a,19 a slight increase in 2d yield (77%)
was observed. In addition, when the standard reaction (Table
1, entry 2) was carried out in a sealed reaction vessel, only a
34% yield of 2c resulted together with a 26% yield of 2d,
suggesting the essential role of utilizing open systems for the
selective ketone synthesis, in which extrusion of hydrogen gas
could efficiently suppress the formation of the alcohol side-
products.
In summary, we reported the first homogeneous cobalt-

catalyzed β-alkylation of secondary alcohols with primary
alcohols to form ketones. Remarkably, this is an environ-
mentally benign and atom-efficient process, which contributes
to sustainable synthesis by base transition-metal catalysts.
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S.; Günnaz, S.; Çetinkaya, B.; Gülcemal, D. J. Org. Chem. 2019, 84,
6286−6297.
(7) For selective examples, see: (a) Gnanamgari, D.; Leung, C. H.;
Schley, N. D.; Hilton, S. T.; Crabtree, R. H. Org. Biomol. Chem. 2008,
6, 4442−4445. (b) Cheung, H. W.; Lee, T. Y.; Lui, H. Y.; Yeung, C.
H.; Lau, C. P. Adv. Synth. Catal. 2008, 350, 2975−2983. (c) Wang,
Q.; Wu, K.; Yu, Z. Organometallics 2016, 35, 1251−1256. (d) Roy, B.
C.; Chakrabarti, K.; Shee, S.; Paul, S.; Kundu, S. Chem. - Eur. J. 2016,
22, 18147−18155. (e) Sahoo, A. R.; Lalitha, G.; Murugesh, V.;
Bruneau, C.; Sharma, G. V. M.; Suresh, S.; Achard, M. J. Org. Chem.
2017, 82, 10727−10731. (f) Zhang, C.; Zhao, J.-P.; Hu, B.; Shi, J.;
Chen, D. Organometallics 2019, 38, 654−664.
(8) (a) Muzart, J. Eur. J. Org. Chem. 2015, 5693−5707. (b) Kose,
O.; Saito, S. Org. Biomol. Chem. 2010, 8, 896−900.
(9) Yang, J.; Liu, X.; Meng, D.-L.; Chen, H.-Y.; Zong, Z.-H.; Feng,
T.-T.; Sun, K. Adv. Synth. Catal. 2012, 354, 328−334.
(10) Freitag, F.; Irrgang, T.; Kempe, R. Chem. - Eur. J. 2017, 23,
12110−12113.
(11) (a) Liu, T.; Wang, L.; Wu, K.; Yu, Z. ACS Catal. 2018, 8,
7201−7207. (b) El-Sepelgy, O.; Matador, E.; Brzozowska, A.;
Rueping, M. ChemSusChem 2019, 12, 3099−3102. (c) Chakraborty,
S.; Daw, P.; David, Y. B.; Milstein, D. ACS Catal. 2018, 8, 10300−
10305. (d) Gawali, S. S.; Pandia, B. K.; Pal, S.; Gunanathan, C. ACS
Omega 2019, 4, 10741−10754.
(12) (a) Tang, G.; Cheng, C.-H. Adv. Synth. Catal. 2011, 353,
1918−1922. (b) Zhang, M.-J.; Li, H.-X.; Young, D. J.; Lia, H.-Y.;
Lang, J.-P. Org. Biomol. Chem. 2019, 17, 3567−3574.
(13) (a) Liao, S.; Yu, K.; Li, Q.; Tian, H.; Zhang, Z.; Yu, X.; Xu, Q.
Org. Biomol. Chem. 2012, 10, 2973−2978. (b) Tan, D.-W.; Li, H.-X.;
Zhu, D.-L.; Li, H.-Y.; Young, D. J.; Yao, J.-L.; Lang, J.-P. Org. Lett.
2018, 20, 608−611.
(14) (a) Xu, Q.; Chen, J.; Liu, Q. Adv. Synth. Catal. 2013, 355, 697−
704. (b) Allen, L. J.; Crabtree, R. H. Green Chem. 2010, 12, 1362−
1364.
(15) (a) Zhang, G.; Wu, J.; Zeng, H.; Zhang, S.; Yin, Z.; Zheng, S.
Org. Lett. 2017, 19, 1080−1083. (b) Liu, Z.; Yang, Z.; Yu, X.; Zhang,
H.; Yu, B.; Zhao, Y.; Liu, Z. Org. Lett. 2017, 19, 5228−5231.
(16) Xu, S.; Alhthlol, L. M.; Paudel, K.; Reinheimer, E.; Tyer, D. L.;
Taylor, D. K.; Smith, A. M.; Holzmann, J.; Lozano, E.; Ding, K. Inorg.
Chem. 2018, 57, 2394−2397.

(17) Paudel, K.; Pandey, B.; Xu, S.; Taylor, D. K.; Tyer, D. L.;
Torres, C. L.; Gallagher, S.; Kong, L.; Ding, K. Org. Lett. 2018, 20,
4478−4481.
(18) For selective examples, see: (a) Walling, C.; Bollyky, L. J. Am.
Chem. Soc. 1964, 86, 3750−3752. (b) Berkessel, A.; Schubert, T. J. S.;
Müller, T. N. J. Am. Chem. Soc. 2002, 124, 8693−8698.
(c) Polshettiwar, V.; Varma, R. S. Green Chem. 2009, 11, 1313−
1316. (d) Ouali, A.; Majoral, J.; Caminade, A.; Taillefer, M.
ChemCatChem 2009, 1, 504−509. (e) Bauer, H.; Alonso, M.;
Far̈ber, C.; Elsen, H.; Pahl, J.; Causero, A.; Ballmann, G.; De Proft,
F.; Harder, S. Nat. Catal. 2018, 1, 40−47.
(19) As 1 equiv of 1a depletes 2 equiv of KOtBu in the activation
process, 5 mol % of 1a/12.5 mol % of KOtBu were employed to make
the net KOtBu amount 2.5 mol %.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b02727
Org. Lett. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.orglett.9b02727

