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Abstract: Different to the borrowing hydrogen
strategy in which alcohols were activated by transi-
tion metal-catalyzed anaerobic dehydrogenation,
the direct addition of aldehydes was found to be an
effective but simpler way of alcohol activation that
can lead to efficient and green aldehyde-catalyzed
transition metal-free dehydrative C-alkylation of
methyl carbinols with alcohols. Mechanistic studies
revealed that the reaction proceeds via in situ for-
mation of ketones by Oppenauer oxidation of the
methyl carbinols by external aldehydes, aldol con-
densation, and Meerwein—Ponndorf-Verley (MPV)-
type reduction of a,p-unsatutated ketones by sub-
strate alcohols, affording the useful long chain alco-
hols and generating aldehydes and ketones as the
by-products that will be recovered in the next con-
densation to finish the catalytic cycle.

Keywords: alcohols; aldehyde catalysis; C-alkyla-
tion reaction; relay race mechanism; transition
metal-free conditions

Developing efficient methods for C—C bond forma-
tion is a major research topic in synthetic chemistry.
Current trends in the area have placed more and
more emphasis on green catalytic methodologies such
as organocatalytic reactions that use greener catalysts,
cascade reactions like C—H activation that can use
more available substrates and shorten the procedures,
and those that can avoid the use of mutagenic and
waste-producing reagents.'! For example, B-C-alkyla-
tion of methyl carbinols for the synthesis of the useful
long chain alcohols, a reaction that used to be accom-
plished via tedious and wasteful multi-step processes
[Eq. (1)],”! has recently been realized by the transi-
tion metal-catalyzed one-pot tandem dehydrative C-
alkylation of methyl carbinols by directly using alco-
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hols as the alkylating reagents [Eq. (2)].°° This
method is preferable from the synthetic point of view,
because the alcohols, although less active, are much
greener chemicals than the corresponding activated
alkyl halides or carbonyl compounds,”® and because
the reaction can afford the target alcohols with rela-
tively high atom efficiency by producing water as the
only by-product.

Firstly reported by Cho and co-workers with use of
RuCl,(PPh;)3,l! this reaction was later improved by
other groups by using Ru,™ Ir,’! or other transition
metal catalysts.”! These reactions, currently termed as
the borrowing hydrogen or hydrogen autotransfer
methodology,” are believed to proceed via anaerobic
dehydrogenative alcohol activation to aldehydes, de-
hydrative condensation, and reduction of the inter-
mediates by the in situ generated hydridometal spe-
cies [Eq. (2)]. However, these methods still suffer
from the use of large amounts of hydrogen acceptors
or bases, long reaction times, or low selectivity of the
products.F® Besides, using preformed noble metal
complexes or addition of capricious ligands for cata-
lyst activation are not only expensive, not readily ac-
cessible and toxic, but are also severe drawbacks of
the methods, especially in pharmaceutical, biochemi-
cal, and industrial applications.

While others are interested in developing catalysts
or tuning ligands by employing the borrowing hydro-
gen strategy,®7*!% we focused more on the reactions
themselves and the mechanisms,**'""*l and developed
the air-promoted metal-catalyzed aerobic N-""! and
C-alkylation!"?! methods. During our ongoing studies,
we found that the direct addition of external alde-
hydes can be a simpler way of alcohol activation,
which then leads to aldehyde-catalyzed transition
metal-free dehydrative N-'*! and C-alkylation meth-
ods for a wide range of substrates. To the best of our
knowledge, aldehyde-catalyzed reactions are still very
rare up to date.”! Herein we report in detail the effi-
cient and green aldehyde-catalyzed dehydrative B-C-
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alkylation reaction of methyl carbinols with alcohols
[Eq. (3)] and propose a mechanism for the reac-
tion.l'6!7

The reaction was firstly optimized under solvent-
free conditions using commercial benzyl alcohol (1a)
and 1-phenylethanol (2a) as the substrates, KOH as
the base, and benzaldehyde (3a) or acetophenone

(4a) as the catalyst (Table 1). Initially, only a trace of
product was detected in the blank reaction (run 1)
and reactions using either KOH or 3a only;"*'"! while
addition of both 20 mol% of KOH and 3a could dra-
matically enhance the reaction rate to afford good
yield and good selectivity of the target product 5aa
over by-product 7aa (run 2). Notably, another possi-

Table 1. Screening and optimization of the reaction conditions.™

Ph” ™ OH
1a
+

cat. PhCHO (3a)
cat. PhCOCH; (4a)

OH o
Ph);? o+ PO ph

6aa

OH cat. KOH, atm., T, ¢ major O not detected
Ph)\ + Ph Ph + HZO
2a 7Taa
minor
Run KOH, 3a, 4a (mol%) atm., T, t 547 [%], 57
1 0,0,0 air, 135°C, 8 h trace, —
2 20, 20, 0 air, 135°C, 8 h 77, 89/11
3 33,20, 0 air, 135°C, 8 h 93, 93/7
4 33,0, 20 air, 135°C, 8 h 68, 93/7
5 100, 0, 0 air, 135°C, 8 h 54, —
6! 30, 20, 0 N,, 135°C, 8 h >99, 97/3
76l 30, 20, 0 N,, 120°C, 12 h 98, 97/3
30h >99,>99/1
gledl 30, 20, 0 N,, 120°C, 30 h >99,>99/1
9Lc] 30, 20, 0 N,, 110°C, 32h >99 (92)F, >99/1
108! 30, 20, 0 N,, 100°C, 50 h 91,>99/1
11t 30, 20, 0 N,, 110°C, 32h 63,>99/1
12lesl 30, 20, 0 N,, 110°C, 32 h 90, 97/3

[a]

[b]

[c]
[d]
[e]
[f]
el

698

Unless otherwise noted, commercial 1a (3.3 mmol, 1.1 equiv) and 2a (3 mmol), absolute 3a and/or 4a, and KOH (AR
grade, >90% purity) was sealed under air or N, in a 20-mL Schlenk tube. The mixture was then heated and monitored
by GC-MS and/or '"H NMR analysis. As analyzed by '"H NMR, commercial 1a is contaminated by <1% 3a, commercial
2a by <2% 4a.

Conversions of the reactions based on 2a and 5aa/7aa ratios were determined by 'H NMR spectroscopic analysis of the
reaction mixture.

1.3 equiv. 1a.

KOH of 99.52% purity was used.

The yield in parenthesis is isolated yield.

30 mol% 18-crown-6 (1 equiv. to 30 mol% KOH).

Virgin glassware and stirring bar, absolute 1a, 2a and 3a, and 4N grade KOH (99.99% purity) were used.”
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ble by-product and also the intermediate of the reac-
tion, o,fB-unsaturated ketone 6aa, was not detected.
During condition screening, we found that both alde-
hyde and KOH are crucial for the reaction."”! Thus,
more loadings of KOH could give higher yield and
higher selectivity of the product (run 3), and aldehyde
is a much better catalyst than 4a (run 4) or than di-
rectly running the reactions under air (run 5).1°%
Further condition screening showed that the product
yield and selectivity could be improved by running
the reaction under nitrogen (run 6) even at lower
temperatures (runs 7-10), albeit requiring longer re-
action times. The reaction at 110°C (run 9) was
chosen as the best condition for it was completed to
afford target 5aa in a high isoalted yield (92%) and
the highest selectivity (>99%).

Since both aldehyde and base are crucial and they
have a synergistic effect on catalyzing the reaction,
this C-alkylation reaction is most possibly a transition
metal-free process.""! Firstly, 18-crown-6, well-known
in having strong complexation ability with potassium
cations,”"! was added to the reaction. The results
showed that it greatly retarded the reaction to give
only a moderate yield of the product (Table 1, run
11), confirming that potassium cation plays a dominant
role in the reaction other than the unclear transition
metal contaminants.'¥ Moreover, the facts that the
reaction with only 1 equivalent of AR-KOH was not
effective (run 5)!" and the reaction of 2N KOH gave
the same good result as with AR-KOH under the
same conditions (runs 7 and 8) also indicated that the
amounts of the metal contaminants in the bases (asso-
ciated with the base purity) do not affect the reaction
at all. This point is further supported by other proofs.
For example, the results of base effect screening!'”!
not only revealed that different bases vary greatly in
activities and that KOH is the best base for the reac-
tion, but also implied that the possible metal contami-
nants in the AR grade bases do not work in the reac-
tion and that KOH played a much more significant
role than those metal contaminants. In addition, to
exclude the possibilities of transition metal contami-
nants-catalyzed processes, a control reaction using
virgin glassware and stirring bar, absolute 1a, 2a and
3a, and 4N grade KOH (99.991% purity) was also ex-
amined under the optimized conditions (run 12) and
it gave a rather good result.”? Therefore, the possibil-
ities of transition metal-catalyzed processes due to
metal contamination in the bases, catalysts, and sub-
strates can be excluded.

The reactions of a series of benzylic and aliphatic,
primary alcohols and methyl carbinols were then ex-
amined to extend the scope of the aldehyde-catalyzed
C-alkylation method (Table 2). Firstly, under condi-
tions similar to the optimized ones, both electron-rich
and electron-deficient benzylic alcohols 1 and 1-aryl-
ethanols 2, including the sterically more bulky ones
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(runs 9, 12, 17) and those with reactive substituents
(runs 4, 10-15), reacted to give usually good to high
yields of the target alcohols in good to high selectivi-
ties (runs 1-17). In some cases, since the reactions
under the optimized conditions were not satisfactory
enough, they were conducted under conditions using
slightly higher amounts of 3 and/or KOH (runs 3-5),
or at higher temperatures in longer times (runs 5, 13-
17) to improve the product yields and selectivities. As
to heterobenzylic alcohols, the reactions were general-
ly slower than those of the benzylic alcohols and thus
were conducted at higher temperatures to obtain sat-
isfactory results (runs 18-21).

The same method is also suitable for primary and
secondary aliphatic alcohols; although these reactions
had to be carried out at a higher temperature of
160°C in longer time by using 30 mol% of 3 (runs 22—
30), possibly due to the lower reactivity of the aliphat-
ic alcohols. Thus, both electron-rich and electron-defi-
cient benzylic alcohols reacted with secondary ali-
phatic alcohols to afford moderate to good yields of
the products in high selectivities (runs 22-26). The re-
actions of primary aliphatic alcohols with electron-
rich and electron-deficient 1-arylethanols are similar
(runs 27-30). In similar circumstances, it was found
that the catalyst aldehydes were better to be added in
three portions (runs 21, 25, 28), for better results
could be obtained in this way (see runs 27 and 28 for
comparison). The reaction of a cyclic secondary alco-
hol was not that satisfactory at present, giving only
a lower yield and a lower selectivity of the products
at present (run 31). Moreover, secondary benzylic al-
cohols could also be used as the alkylating reagent.
Thus, under similar conditions in the presence of cata-
lyst 4a, 2a alone afforded good yield of the target
product in good selectivity (run 32).

As to the mechanism of the reaction, based on our
own work!"">'¥ and the literature,'**! and as demon-
strated below, the transition metal-free relay race
mechanism (Scheme 1) rather than other types of
mechanisms should be the most probable one for this
aldehyde-catalyzed C-alkylation reaction.

Firstly, in the presence of KOH, the added alde-
hyde 3 should undergo the Meerwein—Pondorf-
Verley—Oppenauer (MPV-O) redox reaction with the
methyl carbinols 2 to give the corresponding reduced
alcohol 1 and oxidized ketone 4 [Scheme 1, step (i)],
or the added 4 react with 1 to give 2 and 3 (see
Table 1, runs 9, 10). This transition metal-free MPV-O
transfer hydrogenation step has not only been docu-
mented in the literature,””! but can also be easily con-
firmed by cross-interconversion reactions of alde-
hydes and methyl carbinols and of primary alcohols
and ketones."” Thus, as shown in Eq. (4), the reaction
of aldehyde 3a and secondary alcohol 2j readily oc-
curred to give 1a and 4j in the presence of KOH and
vice versa.l’*%
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Table 2. Extension of the substrates.!

1

o)
OH _, . OH
RI7NOH + R2J\ R'CHO (20 mol%) RZJ\/\R1 Rzkﬁw

KOH (30 mol%)

>+H20

2 N,, 110 °C, 32 h 5 7
Run Alcohols 1 Alcohols 2 547[%] (5%); 5/7"
OH
1 ©_\OH 1a ©—< 2a >99 (92);>99/1
OH
2 1a Me4©—< 2 99 (81); 94/6
OH
36 1a Meo©—< 2¢ > 99 (87);>99/1
OH
4l 1a m@—Q 2d >99 (80); 94/6
OH

sled] 1a Fsc@—< 2e >99 (68); 91/9
6 Me‘®_\0H 1b 2a >99 (83); 94/6
7 MEO_Q_\OH 1c 2a >99 (81); 94/6
8 QjOH 1d 2a >99 (78);>99/1

MeO

OMe
9 ®j le 2a >99 (74); 94/6
OH

10 C'@OH 1f 2a >99 (83);>99/1
1 @jo,ﬁ 1g 2a 98 (74); 96/4

Cl

Cl

12 @OH 1h 2a 78 (51); 97/3
13! F@ﬂm 1i 2a 60 (44): 87/13
148 BF‘Q_\OH 1j 2a 93 (69); 95/5

Br.
158 \©AOH 1k 2a 89 (63): 91/9

OH
165 1 2a >99 (79); 94/6
OH
176 OO 1m 2a >99 (75); 86/14
(o] OH

18144 E/)J In 2a 92 (61); 87/13
1911 In 2b 97 (69); 84/16
2004 In 2d 44 (32); 94/6
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Table 2. (Continued)

Run Alcohols 1 Alcohols 2 547[%] (5%); 5/7
S OH
97le-] E/)_/ 10 2a >99 (66); 78/22
OH

97l 1a /\M 2f 87 (59);>99/1

23ldf] 1b 2f 57 (34);>99/1

24141 1f 2f 72 (45);>991

OH

25ldEn] 1a \/\/\)\ 2g 72 (52);>99/1
OH

26144 1a P U4 2h 53 (37);>99/1

27ld1] NS0 1p 2a 72 (43);>99/1

7gldLh] 1p 2a 83 (69);>99/1

29ldf] 1p 2b 54 (41);>99/1

30l 1p 2d 56 (39);>99/1
OH

311481 1a Qj 2i 75 (35); 59/41

3pldii] 1a 2a 92 (64); 85/15

[l Unless otherwise noted, commercial alcohols 1 (3.9 mol,

1.3 equiv.) and 2 (3 mmol), corresponding aldehyde 3

(20 mol%), and KOH (30 mol% ) were degassed and then sealed under nitrogen in a 20-mL Schlenk tube. The mixture
was then heated at 110°C for 32 h and monitored by GC-MS and/or 'H NMR analysis.

] Unless otherwise noted, conversions of the reactions based on 2 and 5/7 ratios were determined by 'H NMR spectroscop-
ic analysis of the reaction mixture. Isolated yields of 5 based on 2 are shown in parenthesis.

[l 1.5 equiv. 1, 30 mol% 3, 50 mol% KOH.
4 160°C, 72 h.

] 130°C, 48 h.

M 30 mol% 3.

el 3 mmol 1 and 6 mmol 2 (2 equiv.).

" The aldehyde was added in 3 portions (10 mol% per portion).
I Conversion and ratio of the reaction were determined by GC-MS analysis due to unidentifiable complex NMR spectra.

il 6 mmol 2a and 30 mol% 4a.

Secondly, once the the more reactive aldehyde 3
and ketone 4 are both present in the reaction, they
should undergo the facile dehydrative aldol condensa-
tion to give a,p-unsatutated ketones 6 [Scheme 1, step
(ii).] Since this step is a classic organic reaction, well-

OH
RZi\ R'; OH

(ii) product 5
H,0 <|fast @ slower
(e} 1 and/or 2
Rzﬂ\/\ R R1
6 1 and/or 2 7

Scheme 1. Proposed mechanism for the aldehyde-catalyzed
C-alkylation reaction of methyl carbinols with alcohols.
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proven in previous studies,>”'*? and can readily

occur at room temperature in the presence of KOH
[Eq. (5)],1 it should be a fast step in the catalytic
cycle. As a result, it can drive the interconversion re-
actions [step (i)] forward by producing intermediate 6
as 6 will be further reduced to 7 and 5.

Finally, the transfer hydrogenative reduction of 6
by primary alcohols 1 and/or methyl carbinols 2 to
give product 5 and by-product 7 [Scheme 1, steps (iii)
and (iv)] could also be easily confirmed. As shown in
Eq. (6) (a similar condition to the reactions in
Table 1), by using 1la or 2a as the hydrogen source
and KOH as the base, 6aa could be easily reduced to
S5aa and 7aa in moderate to good yields and good to
high selectivities in the absence of metal catalysts.!'”!
More importantly, as shown in Eq. (7), by using
1 equivalent of phenyl(p-tolyl)methanol 2k as the re-
ducing alcohol, the ratio of the hydrogen atoms re-
ceived by 6aa to give 5aa (4 hydrogen atoms per mol-
ecule) and 7aa (2 hydrogen atoms per molecule) to
those donated by 2k to give 4k (2 hydrogen atoms per
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OH o]
KOH (30 mol%
L I R L T T N
3a % Ny, 135 °C 1a 4i
o KOH (30 mol%) i
X mol7o _
oo Ph)J\ rt, 8 h, 95% Ph)j\ﬂ Ph )
3a 4a 6aa
(0] OH (o]
1a or 2a, KOH
Ph)J\/\Ph aor 2a, KO Ph/Kﬁ Ph ph)l\/\ Ph (6)
6aa Ny, 135 °C 5aa 7aa
1a, 2 h: 89% conversion, 5aa/7aa: 86/14
2a, 5 h: 64% conversion, 5aa/7aa: 95/5
o}
OH 0
Ph)J\/\Ph Ph)\/\Ph + PhJ\/\Ph
6aa KOH (30 mol %) 5aa 7aa @)
OH N,, toluene, 110 °C, 24 h j\
)\ + Ph™ “p-Tol
Ph p-Tol m
2k
run 2k (equiv.) 5aa/7aaNVMR 4k%NMR  (4*5aa + 2*7aa)/2*4k)NMR
1 1.0 27173 74 0.94/1.00
2 3.0 69/31 45 0.84/1.00

molecule) can be clearly analyzed by '"H NMR spec-
troscopy to be almost 1/1 [Eq. (7), run 1].1"” Similarly,
another reaction using 3 equivalents of 2k also reflect-
ed well the same transformation [Eq. (7), run 2].
These results clearly indicate that the hydrogen atoms
of alcohols 1 and/or 2 were quantitatively transferred
to intermediate 6 to give intermediate 7 and finally
the product 5 in the transfer hydrogenation steps
[Scheme 1, steps (iii) and (iv)], regenerating mean-
while quantitative amounts of 3 and 4 as the by-prod-
ucts, which should soon be recovered [step (V)] in the
next condensation step [step (ii)] to finish the catalytic
cycle. Besides, the first transfer hydrogenation step
[step (iii)] should be a fast reaction and the second
one [step (iv)] a slower reaction in the catalytic cycle,
since 6 was not observed and 7 was detected as the
by-product in the reaction media. On the other hand,
since no metal catalysts were used and the possibili-
ties of transition metal-catalyzed pathways have been
excluded, these transfer hydrogenation steps should
also proceed via similar MPV-O type processes.'*!6%]

In summary, we have developed an efficient and
green aldehyde-catalyzed transition metal-free dehy-
drative C-alkylation method for preparation of the
useful long chain alcohols that can directly use vari-
ous benzylic and aliphatic, primary alcohols and
methyl carbinols as the substrates. This work demon-
strates again that addition of aldehydes is indeed an
effective protocol of alcohol activation, extending the
scope of aldehyde-catalyzed alkylation method and
the transition metal-free relay race mechanism.!'"*! Al-
though the aldehyde of the corresponding alcohol was
used as the catalyst, this method is still preferable
from a synthetic point of view because it requires no
expensive metal catalysts and activating ligands, but
merely the cheap and readily available aldehydes and
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base, which may in turn solve the catalyst recovery,
reuse, deactivation, and metal leaching and residue
problems accompanied with the metal-catalyzed
methods. Due to the many obvious advantages, this
alcohol-based aldehyde-catalyzed dehydrative alkyla-
tion method should potentially be of wide interest in
many fields. Further extension and deeper mechanis-
tic studies of the reaction are underway.

Experimental Section

Typical Procedure for Aldehyde-Catalyzed De-
hydrative C-Alkylation of Methyl Carbinols with
Alcohols

The mixture of benzyl alcohol 1la (0.40 mL, 3.9 mmol,
1.3 equiv.), 1-phenylethanol 2a (0.36 mL, 3.0 mmol), KOH
(50.5 mg, 0.9 mmol, 30 mol%), and absolute benzaldehyde
3a (61 pL, 0.06 mmol, 20 mol%) in a 20-mL Schlenk tube
was sealed under nitrogen, and then heated at 110°C. After
completion of the reaction as was monitored by GC-MS
and/or 'HNMR (>99% yield and >99/1 selectivity by
'"H NMR), the mixture was quenched with ethyl acetate,
washed successively with dilute hydrochloric acid, brine, and
water, and extracted with ethyl acetate. The combined or-
ganic layer was then dried over MgSO, and concentrated
under vacuum. Column chromatography of the crude prod-
uct using ethyl acetate and petroleum ether (60-90°C) (v/v
1/30) gave Saa; isolated yield: 0.586 g (92%).
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