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Abstract A transition-metal-free oxidative cross-dehydrogenative
coupling reaction has been developed for the preparation of symmetri-
cal carboxylic anhydrides through self-coupling dual C-O bond forma-
tions of aryl methanols. In the presence of a catalytic amount of tetra-
butylphosphonium bromide (TBPB) as transfer agent and aqueous tert-
butyl hydroperoxide (TBHP) as oxidant and reactant, methylene groups
of aryl methanols were efficiently oxidized to C=0 and coupled with the
peroxide oxygen from TBHP to form a diverse array of symmetrical car-
boxylic anhydride derivatives.

Key words cross-dehydrogenative coupling, tetrabutylphosphonium
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C-H bond activation and functionalization is attractive
due to its atom- and step-economy.! Cross-dehydrogenative
coupling (CDC) reactions for forming of a diverse array of
various bonds such as C-C, C-0, C-N, C-P, and C-S are cor-
nerstone reactions in organic chemistry.? Formation of C-O
bonds has been achieved in the presence of transition-met-
al catalysts such as copper, iron, ruthenium, rhodium, iridi-
um, and palladium in combination with various oxidants
through activation of C-H bonds.? However, transition-met-
al-free-based CDC reactions for formation of C-O bonds are
preferable due to their low cost and toxicity in comparison
to transition-metal-catalyzed reactions that are less attrac-
tive for large-scale industrial applications.*

In recent years, the use of oxidants in CDC reactions,
both as oxidant as well as reactant has been emerged as a
preferred strategy for the construction of C-O and C=0
bonds.> Among those oxidants, TBHP has received signifi-
cant attention.® In this context, the use of alcohols as acylat-
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ing agents has received attention.” Recent breakthroughs
involving the CDC reaction of aldehydes via C-H oxidation
and activation for the synthesis of symmetrical carboxylic
anhydrides have been reported by Patel,3 Saberi,%® and
Ray.?<d In a continuation of our interest in generating het-
erocycles from readily available starting materials® and our
recent studies on CDC reactions,'® we have recently report-
ed the TBHP/n-Bu,PBr-promoted transformation of aryl al-
dehydes to symmetrical carboxylic anhydrides through
metal-free CDC reaction.!

To the best of our knowledge, there is no report in the
literature concerning the direct conversion of aryl metha-
nols to their corresponding symmetrical carboxylic anhy-
drides. Herein, we present a novel metal-free oxidative self-
coupling of aryl methanols using TBHP as oxidant and reac-
tant to synthesize carboxylic anhydrides via CDC reaction.

To screen the reaction parameters, benzyl alcohol (1a)
was selected as the model substrate, wherein we investigat-
ed the effect of different oxidants, additives, solvents, and
temperature on the yield of the reaction (Table 1). Accord-
ing to the results, optimal conditions for the synthesis of
benzoic anhydride (2a) from benzyl alcohol (1a) were de-
termined to be 2.2 equivalents of TBHP as oxidant, 30 mol%
of TBPB as additive, in chlorobenzene, at 80 °C for 2.5 hours
(Table 1, entry 5).12

Based on the optimized conditions, we prepared a range
of aromatic anhydrides 2 from aryl methanols 1 (Table 2).
Benzyl alcohols containing neutral and electron-donating
groups such as (one or more) Me, OMe, SMe, OEt, and OBu
on the aryl ring gave the desired products 2a-n in 75-90%
yields (Table 2, entries 1-14). In addition, piperonol, 1,2-
phenylenedimethanol, and naphthalene-2,3-diyldimetha-
nol were also good reaction partners, providing the corre-
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Table 1 Conditions Screening for the CDC Transformation of Benzyl
Alcohol 1a to Benzoic Anhydride 2a?

¢} o

PN oxidant, additive )J\ )J\

2 Ph OH —— > Ph O Ph

1a solvent 2a
Entry Oxidant Additive Solvent Temp  Yield
(equiv)® (mol%)P (°C) (%)°
1 TBHP(2) TBPBe (15) PhCl 25  NRf
2 TBHP(2) TBPB (15) PhCl 50 35
3 TBHP(Q2) TBPB (15) PhCl 80 60
4 TBHP(2.2) TBPB (15) PhCl 80 75
5  TBHP(2.2) TBPB (30) PhCl 80 90
6  TBHP(2.2) TBPB (30) PhCl 100 75
7 TBHP(3) TBPB (30) PhCl 80 90
8  TBHP(2.2) TBPB (40) PhCl 80 90
99 TBHP(2.2) TBPB (30) PhCl 80 85
10 TBHP(2.2) NBS" (30) PhCl 80 30
11 TBHP(2.2) TBAB' (30) PhCl 80 82
12 TBHP(2.2) Aliquat 336/ (30)  Phcl 80 45
13 TBHP (2.2) 1, (30) PhCl 80 30
14 TBHP(2.2) Kl (30) PhCl 80  NR
15 TBHP(2.2) Cul (30) PhCl 80  NR
16 K,5,04(2.2) TBPB (30) PhCl 80  NR
17 (NH,),5,05(2.2)  TBPB (30) PhCl 80  NR
18 BPOK(2.2) TBPB (30) PhCl 80 65
19 H,0,(2.2) TBPB (30) PhCl 80 NR
20 TBHP(2.2) TBPB (30) PhCH, 80 40
21 TBHP(2.2) TBPB (30) DCE 80 50
22 TBHP(2.2) TBPB (30) MeCN 80  NR
23 TBHP(2.2) TBPB (30) DMSO 80  NR
24 TBHP(2.2) TBPB (30) H,0 80  NR
25 TBHP (2.2) TBPB (30) EtOAc 80 trace
26 - TBPB (30) PhCl 80  NR
27 TBHP (2.2) - PhCl 80 NR

2 Reaction conditions: 1a (0.4 mmol), solvent (1.0 mL) for 2.5 h.
b With respect to 1a.

¢lsolated yields.

470 wt% t-BuOOH in H,0.

¢ Tetrabutylphosphonium bromide.
fNR = no reaction.

9 Reaction time 6 h.

" N-Bromosuccinimide.

i Tetrabutylammonium bromide.

i Tricaprylmethylammonium chloride.
“Benzoyl peroxide.

130 wt% H,0, in H,0.

sponding products 20, 2p, and 2q in 84%, 87%, and 65%
yields, respectively (Table 2, entries 15-17). Furthermore,
naphthylmethanols (1r and 1s) and anthracen-9-ylmetha-
nol (1t) as well as heteroaryl methanols such as 2-thienyl-

methanol (1u), 3-thienylmethanol (2v), and 2-furylmetha-
nol (1w) were successfully applied to this conversion and
provided the corresponding products 2r-w in 74-90% yields
(Table 2, entries 18-23). Additionally, when 3-phenyl-2-
propen-1-ol (1x) was tested, the reaction well proceeded to
provide cinnamic anhydride 2x in (68%) yield (Table 2,
entry 24). However, primary aliphatic alcohols 2-methyl-
propane-1-ol (1aa), n-butanol (1ab), and 2-phenylethanol
(1ac) did not give the corresponding anhydrides 2aa-ac un-
der these conditions (Table 2, entries 25-27).

Table 2 Substrate Scope for the Synthesis of Carboxylic Anhydrides
2a-u under the Optimized CDC Metal-Free Reactions?

o o
o
H”™ \O/% (2.2 equiv)
2 A oH Ar)J\O)I\Ar
TBPB, PhCl, 80 °C, 2.5-3.5 h

la-u 2a-u
Entry 1 Ar or RCH,0H Time (h) 2 Yield (%)°
1 1a Ph 2.5 2a 90
2 1b 2-MeCgH, 3 2b 80
3 1c 3-MeCgH,4 2.5 2c 86
4 1d 4-MeCgH, 2.5 2d 82
5 1e 2,5-Me,CoHs 3 2e 83
6 1 2-MeOCeH, 35 2f 78
7 1g 3-MeOCgH,4 2.5 2g 87
8 1h 4-MeOCH, 3 2h 82
9 1i 4-MeSCgH, 3 2i 77
10 1j 4-EtOCeH, 35 2j 81
11 1k 4-n-BuOCgH, 35 2k 76
12 1 2,5-(Me0),CoHs; 3.5 2l 75
13 1m  3,4-(MeO),CeH, 3 2m 83
14 n 3,4,5-(MeO);CeH, 35 2n 76
15 10 3,4-(OCH,0)CeH; 35 20 84
16 1p 2-(HOCH,)CgH, 3 2p 87
17 1q 3-(HOCH,)-2-naphthyl 35 2q 65
18 ir 1-naphthyl 2.5 2r 90
19 1s 2-naphthyl 3 2s 84
20 1t 9-anthracyl 3 2t 75
21 Tu 2-thienyl 3 2u 83
22 1v 3-thienyl 3 2v 80
23 Tw 2-furyl 3.5 2w 74
24 1x trans-PhCH=CH- 3.5 2x 68
25 Taa Me,CHCH,OH 3.5 2aa NR
26 1ab Me(CH,);0H 35 2ab NR
27 lac  Ph(CH,),0H 3.5 2ac NR

3 Reaction conditions: aryl methanol (1, 0.4 mmol), TBHP (1 mmol), TBPB
(30 mol%), in PhCl (1.0 mL).
bIsolated yields.
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Inspired by these results, we turned our attention to the
construction of unsymmetrical anhydrides and this was
found to perform well using a mixture of aryl methanols
under the standard conditions (Scheme 1). In these trans-
formations, symmetrical anhydrides such as 2a, 2d, 2t, 2u,
and 2w were obtained by self-coupling of the aryl metha-
nols; whereas unsymmetrical anhydrides such as 2ad
(20%), 2dt (18%), 2dw (25%), and 2tu (20%) were formed by
cross-coupling of 1a with 1d, 1d with 1t, 1d with 1w, and
1t with 1u, respectively.

Tol O
2d, 3% + O . 2t 15%

1d + 1t
o o o o
Ph)I\O)I\Tol 1a+1d t-BUOOH (2.2 equiv) 1d + 1w TOIJJ\O =
TBPB, PhCI /
2ad, 20% 80°C,2.5h 2dw, 25% ©
2a,28% + 2d, 32% 1t + 1u 2d,29% + 2w, 22%
O o o
=
2t, 17% + OJ\\? + 2u, 23%
s
2tu, 20%

2a, 2d, 2t, 2u and 2w: Symmetrical carboxylic anhydrides resulting from
the self-coupling of aryl methanols (see Table 2)
2ad, 2dt, 2dw and 2tu: Unsymmetrical carboxylic anhydrides resulting from
the cross-coupling of the two aryl methanols

Scheme 1 Synthesis of unsymmetrical carboxylic anhydrides

To further explore the substrate scope of this reaction,
electron-withdrawing groups on the benzyl alcohol such as
3-NO,, 4-NO,, 2-Br, 4-Br, 3,4-Cl,, and 4-F were reacted with
TBHP according to the optimized conditions in Table 1
(entry 5). However, the desired benzoic anhydrides 4a-f
were not obtained and only the corresponding carboxylic
acids 5a-f were observed (Scheme 2).

Based on these considerations, a plausible mechanism is
proposed for the oxidative self-coupling process (Scheme

OH 0, OH

R t-BUOOH (2.2 equiv) R (0) R R
2 —_—
. TBPB, PhCI, § )
R 80°C,35h R R R
R" R"
3a-f 4a—f 5a—f
3a:R=R"=H, R'=NO; were not detected 88-95%
3b:R=R'=H, R"=NO;

3c:R=Br,R'=R"=H

Scheme 2 Reaction of aryl methanols having electron-withdrawing
substituents

3). At the first stage of this oxidation reaction, n-Bu,PBr
may react with TBHP to give tert-butoxy A and tert-butyl
peroxy B radicals.5%8213 Next, benzyl alcohol 1a is oxidized
by TBHP to form benzaldehyde C. The formed tert-butoxy
radical A may abstract a hydrogen atom from benzaldehyde
C to generate the corresponding acyl radical D, which may
further react with tert-butyl peroxy radical B to afford tert-
butyl peroxybenzoate E®132 (detected by GC-MS analysis of
the reaction mixture; see Figure S1 in the Supporting Infor-
mation). Intermediate E undergoes thermal cleavage owing
to a weak O-0 bond to generate the benzoyloxy radical F
and re-introduce tert-butoxy radical A to the reaction cycle.
Ultimately, the acyl radical D and benzoyloxy radical F cou-
ple to form the desired benzoic anhydride 2a.

+—
BuyP Br, .
o,O\H o/O + H0

B
OH + t-BuO’

O_+OH
VAD R
A Bu,P Br o H

t-BuO  t-BuOH

§ '&K

o)
H,0 + t-BuOH
o Ph)CI\H

t-BuO’ t-BuOH

Scheme 3 Proposed mechanism of the reaction

To investigate the reaction mechanism, control experi-
ments were conducted, as shown in Scheme 4. Exclusive
formation of benzoic anhydride 2a was observed for this
oxidative CDC reaction of 1a indicating a high degree of se-
lectivity, while tert-butyl peresters 3 have been reported to
be formed in BuyNI-catalyzed metal-free oxidation of alde-
hydes or aryl methanols by TBHP' (eq. I). When 2,2,6,6-te-
tramethylpiperidine N-oxide 4 (TEMPO, 2.2 equiv), as a rad-
ical scavenger, was added to the reaction mixture of benzyl
alcohol 1a under the optimized conditions, 2,2,6,6-te-
tramethylpiperidino benzoate 5 was obtained in 93% yield
and benzoic anhydride 2a was not detected (eq. IT). By add-
ing 4-methylbenzoic acid 6 to the reaction mixture of 1a,
the yield of anhydride 2a decreased to 35%, and the unsym-
metrical anhydride 2ad was not detected (eq. III). When 4-
methylbenzaldehyde 7 was added to the reaction mixture
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of 1a, the corresponding anhydride 2d was observed as the
major product (eq. IV). We also found that, in this oxidation
transformation, benzyl benzoate 8 could not be oxidized
with TBHP to afford the desired product 2a under the stan-
dard conditions (eq. V).32

OH o
o 2 ) FoH TBPB, PhCI 2a 0% )]\ o
+ —_— a, o + /
Ph 4\ 80°C,25h Ph™ O
la (2.2 equiv) 3, trace
o
™ ’1‘ _LBUOOH (2.2 equiv)
u equiv
m 2 )HQC — 23, 0%+
Ph TBPB, PhCl )I\
80°C,25h
la 4, (2.2 equiv) 5, 93%
COzH
OH .
t-BuOOH (2.2 equiv)
(y + ———— > 2a,35%+ 2ad, 0%
Ph TBPB, PhCI
80°C,25h
la 6
CHO
OH )
t-BUOOH (2.2 equiv)
av) + —————— > 2a, trace + 2ad, trace + 2d, 76%
Ph TBPB, PhCI
80°C,25h
la 7

o
)I\ t-BUOOH (2.2 equiv) e 0%
Vs —_—— a, (]

™ pn O Ph TBPB, PhCI

8 80°C,25h

Scheme 4 Control experiments

In conclusion, we have developed a CDC reaction for the
preparation of symmetrical carboxylic anhydrides. This re-
action was performed using the TBHP/n-Bu,PBr system to
oxidize and catalyze self-coupling of aryl methanols and
construct C-0 and C=0 bonds in the carboxylic anhydride
skeleton. TBHP acted as the oxidant and oxygen source to
construct the C-0 and C=0 bonds. The attractive features of
this protocol are the use of aryl methanols in place of alde-
hydes and carboxylic acid derivatives, simple operation,
moderate temperature, broad substrate scope, no require-
ment for transition-metal catalysts, and high yields of the
products. To the best of our knowledge, this is the first re-
port on the synthesis of carboxylic anhydrides using aryl
methanols as starting materials.
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