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PHOTOCHEMISTRY

One-pot room-temperature
conversion of cyclohexane to adipic
acid by ozone and UV light

Kuo Chu Hwang* and Arunachalam Sagadevan

Nitric acid oxidation of cyclohexane accounts for ~95% of the worldwide adipic acid
production and is also responsible for ~5 to 8% of the annual worldwide anthropogenic
emission of the ozone-depleting greenhouse gas nitrous oxide (N,O). Here we report a
N,O-free process for adipic acid synthesis. Treatment of neat cyclohexane, cyclohexanol, or
cyclohexanone with ozone at room temperature and 1 atmosphere of pressure affords
adipic acid as a solid precipitate. Addition of acidic water or exposure to ultraviolet (UV)
light irradiation (or a combination of both) dramatically enhances the oxidative conversion
of cyclohexane to adipic acid.

dipic acid is a precursor for the synthesis of

the nylon-6,6 polymer and, as such, is one

of the most important industrial chemical

intermediates. More than 3.5 million met-

ric tons of adipic acid were produced in
2013, reflecting a ~5% growth rate per year over
the past 5 years (7, 2). Nearly 95% of the world-
wide industrial production of adipic acid em-
ployed the nitric acid oxidation method (3). The
first step is air oxidation of cyclohexane under
high temperatures (125° to 165°C) and high pres-
sure (8 to 15 atm) to produce KA oil (i.e., a mix-
ture of cyclohexanone and cyclohexanol) with
4 to 11% conversion and ~85% selectivity (4, 5).
In the second step, nitric acid is applied as an
oxidant: the conversion is ~100%, and the selec-
tivity for adipic acid is 93 to 95% with some other
short-chain acids as side products (see Fig. 1A).
The process requires the nitric acid-to-KA oil
ratio to be maintained at 40:1. Disadvantages
of the current industrial process include low

overall product yield; corrosion of reaction vessels
by nitric acid; emission of the ozone-depleting
greenhouse gas N,O; and high energy consump-
tion. It was estimated that ~0.3 kg of N,O gas is
formed per kilogram of adipic acid produced
(6, 7). After energy-consuming recovery and re-
cycling, the amount of N,O gas released to the
atmosphere still accounts for ~5 to 8% of annual
anthropogenic N,O emission worldwide (3, 7, 8).
Many efforts have been devoted to developing
more efficient and environmentally friendly pro-
cesses for industrial production of adipic acid
that avoid the emission of N,O. In 1998, Sato et al.
reported a process using H,O, as an oxidant to
convert cyclohexene to adipic acid in the pres-
ence of a Na,WO, catalyst and the phase-transfer
reagent [CH3(n-CgHy;)sNJHSO,. Although the over-
all adipic acid yield (93%) is very high (9), produc-
tion of 1 mol of adipic acid requires consumption
of 4 to 4.4 mol of H,O,. The price of HyO, is ~55%
of the price of adipic acid. The requirement of 4
to 4.4 mol of HyO, for production of 1 mol of
adipic acid is economically infeasible (7). In ad-
dition, other negative factors hinder commercial-
ization of this process, including low availability
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(A) Industrial nitric acid process
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Fig. 1. Comparison of the industrial process and the method presented herein for production of
adipic acid. (A) Industrial nitric acid process. (B) O3-UV method.
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of the cyclohexene substrate, poor solubility in
water, and challenging recyclability of the cata-
lysts (10-13). Adipic acid can also be produced via
a multistep enzymatic conversion of p-glucose
via an o-hydroxy phenol intermediate (74). De-
spite a very high overall yield of 97%, this process
requires a large quantity of enzymes and is too
costly for commercial production.

Inspired by literature reports that ozone and
ultraviolet (UV) irradiation are primarily respon-
sible for oxidative degradation of most hydrocar-
bons in the atmosphere, we sought to investigate
whether both treatments in combination could
oxidize cyclohexane, which exclusively contains
unactivated sp? C-H bonds. In a simple experi-
ment, ozone gas was bubbled through neat cy-
clohexane with concurrent UV irradiation at
room temperature. No metal catalyst or solvent
was used. After 2 to 8 hours, a solid product
gradually precipitated to the bottom of the reac-
tion vessel (see Fig. 1B and fig. S1 for reaction
scheme and pictures, respectively). A portion of
the liquid cyclohexane evaporated due to the O5
gas bubbling. The solid oxidation product of cy-
clohexane was subjected to "H nuclear magnetic
resonance (NMR) and **C NMR analysis (in deu-
terated chloroform) for structure characteriza-
tion and proven to be adipic acid. We further
grew single crystals and adopted x-ray crystal-
lography to confirm that the solid precipitate is
adipic acid (see fig. S2); our spectroscopic data
are consistent with recently reported data (15).
The isolated yield of solid adipic acid was ~53
(£ 2) mol % at room temperature (an average of
three runs, relative to the starting quantity of cy-
clohexane; the number in parentheses represents
the stardard error). The mass balance (i.e., all
products plus recovered starting materials) was
~63 (£ 2) mol %, with the rest of ~37 (= 2) mol %
cyclohexane being evaporated as vapor. A stronger
UV light fluence and a longer irradiation time
generally lead to higher adipic acid yields. When
in the presence of 8 volume % aqueous 0.5 M HCI
and exposure to ozone-UV irradiation, both the
final adipic acid yield and the mass balance
could be further improved to ~75 (+ 2) mol % and
~84 (= 3) mol %, respectively. The use of a chilled
water-methanol condenser (-5° to -10°C) reduced
the loss of the starting substrate and intermedi-
ates via evaporation and thus improved the mass
balance substantially. All experiments were re-
peated at least three times (see tables S1 to S5).
Experimental details can be found in the mate-
rials and methods section in the supplementary
materials.

Control experiments show that ozonolysis of
neat cyclohexane in the dark can also generate
12 mol % yield of adipic acid, and ozonolysis of
cyclohexane-8 volume % aqueous 0.5 M HCl
in the dark can also result in the formation of
45 mol % yield of adipic acid (see Table 1). Pre-
viously, Barletta et al. carried out ozonolysis of
neat cyclohexane for 1 hour at 10°C in the dark,
and derivatization of the final products with
“MTBSTFA” (where “MTBSTFA” was not defined).
Based on gas-liquid chromatography-mass spec-
trometry analysis of their ozonolysis products,
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Table 1. Substrate scope for oxidative C-H functionalization of cycloalkanes. Neat liquid substrate
was used unless otherwise stated. The reactions were carried out either under irradiation by a 100-W Hg
lamp (200 mW/cm? at 310 nm), reported first below, or in the dark (reported below in parentheses) at
room temperature. The ozone flow rate was 0.45 ml/min. The reactor was connected to a chilled water-
methanol circulator condenser (-5° to -10°C) to trap evaporating reactants and intermediates. For
substrates with higher freezing points (1c, 1g, and 1h), the temperature of the condenser was set

between 5° and 10°C.

Substrates Products Time 9, Conversion %Selectivity %Mass
- %Yield (h) for2  balance
o) o)
o) 10 58(22)  86(45) 58(25
1a'8(12) 2a 50(10) o
HOM
d + OH 15 64(28)  84(46)  64(53
©1b 11(15) O 2b 53(13) (28) (“46) (53)
o]
O 1d + HOMOH 15 83(55) 90(82)  83(55)
+8vol% 8(10) O 2b 75(45)
aqueous 0.5 M HCI
O b +1c+ 1d + 2b 05 25 93
68 15 10 (trace)
OH 0
@ o +1d+ "0 Hon 05 s 20 99
1c 49 40 O 2b10
OH o
@ 1d + HOMOH 8 94(40)  90(63)  98(96)
10(15) O 2b 84(25)
o) o)
1d + HOMOH 8 90(30)  99(99)  96(95)
y 6(65) O 2b 90(30)
o] o]
HO H HOMOH 0.3 99(99) 99(99)  99(99)
1e023Mincacl, O 2b99(99)
o] 0 o)
o A~ 10 97(97) 99(99)  99(99)
. HO OH
1.0 M in CCly- 2a 97(97)
1f 1% H,0O o
o]
HOWOH
@ ¥ 0 2 15 73(27) 90(56)  76(60)
19 1g' 8(12) 2g 65(15)
o o)
HO
O 4 WOH 15 76(32) 92(63)  85(78)
. 1h 5

6(12) 2h 70(20)

*Addition of 8 vol% aqueous 0.5 M HCI to neat cyclohexanone promotes the adipic acid yield
from 30 mol% to 45 mol% at room temperature in the dark.

they claimed detection of formation of cyclo-
ehexanol and cyclohexanone (16). No adipic
acid formation was observed, no ozonolysis of
cyclohexane-acidic water result was reported, and
no light irradiation was applied in their experi-
ments. Similar dicarboxylic acid products can
also be obtained from other cycloalkanes (C,Ha;,
where n = 5, 6, 7, and 8). For large-ring cyclo-
alkanes, less evaporation occurs, and thus, good
yields (65 to 70%) of the dicarboxylic acid pro-
ducts were obtained at room temperature. Upon
short-time (0.5 hours) irradiation, a mixture of
KA oil (cyclohexanol and cyclohexanone) instead

of adipic acid was obtained (see Table 1). To inves-
tigate the reaction mechanism, neat cyclohexanol
was used as a substrate for reaction with ozone
under UV irradiation. Upon short-time (0.5 hours)
ozone treatment under UV irradiation, a mixture
of cyclohexanone (major product) and adipic acid
(minor product) was obtained. Prolonged UV
irradiation led to the formation of a large amount
of adipic acid as a solid precipitate (84 mol %
isolated yield) along with a small amount of cy-
clohexanone (10 mol %), suggesting that cyclo-
hexanone was further converted to adipic acid
(see Table 1). Indeed, direct ozone treatment and
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Table 2. Substrate scope for oxidative C-H functionalization of substituted cycloalkanes. Neat
liquid substrate was used unless otherwise stated. The reactions were carried out either under irradiation
by a 100-W Hg lamp (200 mW/cm? at 310 nm) or in the dark at room temperature (reported in
parentheses). The ozone flow rate was 0.45 ml/min. The reactor for substrates 1i and 1j was connected
to a chilled water-methanol circulator condenser (=5° to —10°C), but no condenser was used for the 1k

and 1l substrates due to their high boiling points.

Substrates Products Time %Conversion %Selectivity %Mass
%Yield (h) for 3 balance
© (5 OH 5 80(40) 88(63)  85(60)
1i 2i 10(15) 3| 70(25)
OA OA \)K/\/\[(OH 77(35) 87(66)  93(72)
. O
1j 2j 10(12 3j 67(23)
@ @ 8 72(35) 94 99(99)
1k 2k 72( 35)
Eji> Ej:é 8 76(38) 95 99(99)
1l 2176(3

UV irradiation of neat cyclohexanone led to the
formation of a solid adipic acid precipitate in
~90 mol % yield. The results clearly show that
ozone treatment and UV irradiation of neat cy-
clohexane leads to the formation of cyclohexanol,
then cyclohexanone, and finally adipic acid. Mea-
surements of intermediate and product concen-
trations (by 'H NMR) during the reaction time
course also support the above reaction scheme
for the neat cyclohexane-ozone-UV irradiation
system (see fig. S3 and discussion therein). The
selectivity for adipic acid is nearly quantitative
because the intermediates (including cyclohexanol
and cyclohexanone) will eventually be converted
to adipic acid upon prolonged UV irradiation,
and the solid precipitate contains only one product
(adipic acid). No short-chain dicarboxylic acids
or other products were observed or detected by
'H NMR measurements.

When substituted cyclohexanes were used as
substrates, a similar trend was observed (see
Table 2). For example, 1-methylcyclohexanol
was obtained as the major product after short-
time (2 hours) ozone treatment and UV irradia-
tion of methylcyclohexane, whereas open-chain
keto-carboxylic acid emerged as the major pro-
duct upon prolonged (5 hours) irradiation, with a
trace amount of 1-methylcyclohexanol as a minor
product (see Table 2). For substrates that have
two types of C-H bonds, selective oxidation oc-
curs at methine C-H over methylene C-H bonds
and at benzylic C-H over methylene C-H bonds
(see Table 2).

It is well established that upon UV (306 to
328 nm) irradiation, ozone decomposes to gen-

SCIENCE sciencemag.org

erate singlet 'O, and a singlet O('D) atom with a
quantum yield of 0.79 (17, 18). The singlet O('D)
atom is highly reactive and can insert into C-H
bonds of hydrocarbons to form C-O-H bonds in
the gas phase with the conservation of total spin
angular momentum (79, 20). Our control experi-
ments show that exposure of cyclohexane to
singlet '0, (by photoirradiation of cyclohexane
in the presence of photosensitizers) does not
generate adipic acid, suggesting that the forma-
tion of adipic acid is mainly due to chemical re-
actions between atomic O('D) with cyclohexane,
cyclohexanol, and cyclohexanone. A possible reac-
tion pathway for the neat cyclohexane-ozone-UV
system is proposed in fig. S4(i) to account for
formation of adipic acid via selective C-H bond
oxidation of cyclohexane by O(*D). First, direct
C-H bond insertion of O(D) into cyclohexane
would lead to the formation of cyclohexanol
(21), which is further oxidized by O('D) at the
weakest methine C-H bond to form a geminal
diol, 1,1'-dihydroxycyclohexane. Geminal diols
are known to be very unstable and will rapidly
undergo dehydration to form stable ketones (22).
The bonding energies of methine C-H, methylene
C-H, and O-H bonds are ~96, ~99, and ~105 kcal/
mol, respectively (23). Insertion of O('D) into a
C-H bond in cyclohexane requires cleavage of
one C-H bond and formation of two bonds (i.e.,
C-O and O-H), which are exothermic and ther-
modynamically favored. Subsequent insertion of
O('D) into the methine C-H bond of cyclohexanol
is also thermodynamically favored. Both cyclo-
hexanol and cyclohexanone were isolated as sta-
ble intermediates upon short-time UV irradiation

of cyclohexane in the presence of ozone. The
conversion of cyclohexanone to adipic acid by
reaction with a singlet O('D) atom probably pro-
ceeds via dihydroxylation at the o-C-H bond
adjacent to the ketone functionality, because the
0-C-H bond is weaker than other remote meth-
ylene C-H bonds.

We also experimentally observed that the addi-
tion of acidic water could promote both light and
dark conversion of cyclohexane to adipic acid by
ozone, as well as improve the mass balance sub-
stantially. Both ozone and O('D) (generated by
UV irradiation of ozone) are reported to react
with water to form a hydroxyl radical (-OH) [see
egs. 3 and 4 in fig. S4(ii)] (24, 25). The reaction
mechanism is likely to involve hydroxyl radical-
mediated selective hydrogen atom abstraction
and a peroxidation chain reaction [see proposed
mechanism in fig. S4(ii) and discussion therein].
A more detailed discussion of reaction mecha-
nisms can be found in the supplementary text
and fig. S4.

Oxidation of cyclohexane by singlet O(*D)
and a hydroxyl radical can occur at any of the
12 equivalent C-H bonds. In the case of later in-
termediates (i.e., cyclohexanol and cyclohexanone),
oxidative C-H bond functionalization seemed to
occur exclusively at the weakest o-C-H bond ad-
jacent to the electron-withdrawing hydroxyl or
carbonyl site. Note that benzylic C-H (~90 kcal/mol)
and methine C-H (~96 kcal/mol) bond strengths
are, in general, weaker than that of methylene
C-H bonds (~99 kcal/mol) (23). Such site selectiv-
ity is unusual because oxidative C-H bond func-
tionalization by electron-deficient oxidants, such
as a combination of an organometallic catalyst
and H,0,, usually occurs at the most remote (or
the most electron-rich) C-H bond away from
electron-withdrawing groups or directing groups
(14, 26-29). The site selectivity here is most likely
governed by the singlet spin nature of the O('D)
atom rather than by its electrophilicity. A similar
type of spin-electronic effect governing C-H bond
oxidation was also observed in the direct rhodium
carbenoid insertion into C-H bonds in tetrahy-
drofuran and alkanes (29).

Varkony et al. previously reported (without dis-
cussion of reaction mechanism) that the tertiary
C-H site in methylcyclohexane and analogs can be
oxidatively converted to 1-methylcyclohexanol by
ozone on silica gel at -78°C in the dark with 99.5%
conversion and 65% yield (30). A tricopper clus-
ter in tandem with H,0, can oxidatively convert
cyclohexane to cyclohexanol and cyclohexanone
(8I). These processes do not generate dicarboxylic
acid as the final product, and their experimental
conditions are not suitable for industrial applica-
tions. Overall, the process we report here opens
up opportunities to oxidatively convert many other
inexpensive hydrocarbons to value-added chemi-
cals by using singlet OC'D) or hydroxyl radical-
mediated selective C-H bond functionalization.
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CATALYSIS

Catalytically active Au-O(OH),-
species stabilized by alkali ions on
zeolites and mesoporous oxides

Ming Yang,! Sha Li,” Yuan Wang," Jeffrey A. Herron,” Ye Xu,®> Lawrence F. Allard,*
Sungsik Lee,” Jun Huang,® Manos Mavrikakis,> Maria Flytzani-Stephanopoulos*

We report that the addition of alkali ions (sodium or potassium) to gold on KLTL-zeolite and
mesoporous MCM-41 silica stabilizes mononuclear gold in Au-O(OH),-(Na or K) ensembles.
This single-site gold species is active for the low-temperature (<200°C) water-gas shift (WGS)
reaction. Unexpectedly, gold is thus similar to platinum in creating —O linkages with more
than eight alkali ions and establishing an active site on various supports. The intrinsic activity of
the single-site gold species is the same on irreducible supports as on reducible ceria, iron
oxide, and titania supports, apparently all sharing a common, similarly structured gold active
site. This finding paves the way for using earth-abundant supports to disperse and stabilize
precious metal atoms with alkali additives for the WGS and potentially other fuel-processing

reactions.

he water-gas shift (WGS) reaction (CO +

H,0 — CO, + H,) is an important reaction

for hydrogen upgrading during fuel gas

processing. Emerging applications in fuel

cells require active, nonpyrophoric, and cost-
effective catalysts. Along with a new group of
platinum catalysts with atomically dispersed Pt
sites to maximize activity and catalytic efficiency
(1-8), the lower apparent activation energy E, for
the WGS reaction (~45 kJ/mol) for gold (Au)
versus ~75 kJ/mol for platinum (3-5) can be
exploited for low-temperature WGS and other
reactions (6, 7). Low-temperature activity is im-
portant to avoid multiple-treatment units in prac-
tical low-temperature proton-exchange membrane
(PEM) fuel cell systems, whereby the deleterious
CO should be totally removed for stable, long-
term operation. The active Au species in the WGS
catalysts are atomic species anchored through -O
ligands to different supports such as ceria (3, 8, 9),
iron oxide (10-12), lanthana (13), and titania (4),
and the number of the active Au sites can be
increased through a variety of catalyst prepa-
ration protocols. Gold nanoparticles (Au NPs)
that can form during catalyst preparation are
spectator species in these chemistries (3, 4, 10),
in that most of the Au atoms are not activated
by the support. Thus, the approach of “cage en-
capsulation” of Au NPs in mesoporous supports

IDepartment of Chemical and Biological Engineering, Tufts
University, MA 02155, USA. 2Department of Chemical and
Biological Engineering, University of Wisconsin-Madison, WI
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is not advantageous for the stability of the active
(atomically dispersed) Au sites.

Other approaches—for example, AuCl; vapor
produced by sublimation and introduced into
various zeolites (14, 15)—may be used to produce
active Au(I)-Cl species for ambient-temperature
NO reduction to N,O by CO. Mohamed and
Ichikawa (16) have shown that the Au(I) species
are the main active sites for the WGS reaction
at temperatures as low as 50°C. Because these
sites are not chloride-free (Au-Cl bonds exist) and
have weak chemical binding to the zeolites, the
Au(I) sites are easily reduced to inactive Au(0)
and form Au NPs upon increasing the temper-
ature to only 100°C (16). Similarly, low stability
of gold on zeolites was found by Gates and co-
workers (17, 18). Careful anchoring of mono-
nuclear Au(III) complexes from organometallic
precursors produced chloride-free single-atom
Au(III)-O-NaY catalytic centers that were ac-
tive for CO oxidation but unstable at 25°C and
760 torr, losing ~75% of their initial activity after
15 min on stream (I7). Finally, attempts to ion
exchange gold in zeolites have been unsuccessful.
Thus, gold ions in zeolites tend to be unstable
toward aggregation in realistic reaction gas en-
vironments at temperatures above the ambi-
ent, an issue already understood for other inert
supports such as silica or alumina, minimally in-
teracting with gold (19). Hence, it is difficult to
determine if the gold catalysts operate through
similarly structured Au-O(OH),- species on inert
supports as in the Au-CeO,, Au-FeO,, and Au-TiO,,
systems (20).

To study the nature of the active gold sites on
inert supports, it is important to maximize the
number of the atomically dispersed gold sites
and fully eliminate the formation of Au NPs.
Titania is inferior to ceria and iron oxide in that
Au NP growth occurs rapidly on its surfaces (21),
but with special ultraviolet (UV)-assisted prepa-
ration methods, mononuclear Au-O(OH),- species
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New Route To Adipic Acid Avoids Nitrous Oxide Lf! v
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Synthesis: Process provides another option for making nylon precursor without production of potent
greenhouse gas

Email =

By Stephen K. Ritter

Department: Science & Technology
Keywords: adipic acid, nitrous oxide, oxidation, ozone, green chemistry

A new route to adipic acid that uses ozone and ultraviolet light to eliminate the problematic nitrous oxide by-product has
researchers intrigued. But once again, issues of scale-up and safety with a greener route to this chemical intermediate—used to
make nylon, polyurethane, and plasticizers—temper the good news.

Right now, 95% of the world’s adipic acid production uses nitric acid as an oxidant, which releases N2O as a by-product. The
gas eats away at Earth’s protective ozone layer and ranks behind only carbon dioxide and methane when it comes to
greenhouse gas emissions. Some producers trap and destroy N2O, and emissions have been cutin half since 1990. But
significant emissions remain.

Chemists have been exploring NoO-free routes to adipic acid for years by using O2 or HoO2 or employing enzymes. These

methods tend to be more energy efficient, have better yields, and avoid corrosion problems from using nitric acid, but none has
yet proven to be economical on a large scale.

Kuo Chu Hwang and Arunachalam Sagadevan of Taiwan’s National Tsing Hua University have developed an approach that
uses ozone and UV light at room temperature and pressure (Science 2014, DOI: 10.1126/science.1259684).

Ozone and UV light may be more economical than other routes. But using them as “reagents” is potentially problematic from a
commodity-scale perspective, says Thomas Boussie, cofounder of Rennovia. His company is developing a commercial
process to make N2O-free adipic acid from glucose using an O2 (air) oxidation process coupled with a hydrogenation step.

Using ozone in organic oxidations can potentially form explosive organic peroxides, Boussie notes. Technical issues of efficient
light penetration into large reactors also raise a red flag, he adds. “This paper reports an intriguing laboratory synthetic method,”
Boussie says, “butitis one that would encounter significant hurdles scaling to an industrial process.”

Hwang doesn’t view those challenges as insurmountable. Any organic peroxides formed are short-lived, he says, and the
engineering of photochemical reactors is improving with LED lighting. “We are optimistic,” Hwang says.
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2014/12/19 Nylon goes green | Science News

ScienceNews

News in Brief: Chemistry

Nylon goes green
Simple reaction makes manufacturing produce less greenhouse gas
By Beth Mole 2:00pm, December 18, 2014

Whether the world is better off from the invention of panty hose is debatable. But a new route
toward making nylon — the polymer of many a sheer stocking — is decidedly better for the
planet.

Using ozone bubbles and ultraviolet light, chemists can now make a precursor to nylon
without the typical exhaust of greenhouse gas. The finding appears in the Dec. 19 Science.

Nylon is usually made from adipic acid, a zigzag molecule of six carbons bedecked with
hydrogens and a few oxygens. To get adipic acid, scientists react hexagon-shaped carbon
molecules with corrosive nitric acid. That reaction gives off nitrous oxide, which can harm the
Earth’s ozone layer and, molecule-for-molecule, has nearly 300 times the planet-warming
capacity of carbon dioxide. Human activity produces more than 8 million metric tons of nitrous
oxide each year and up to 8 percent of that comes from making nylon.

To avoid this, chemists Kuo Chu Hwang and Arunachalam Sagadevan of the National Tsing
Hua University in Hsinchu, Taiwan, replaced the nitric acid with bubbles of ozone, O3, and

ultraviolet light. The ultraviolet light breaks the ozone gas into O, and a highly-reactive oxygen

atom. Lone oxygen atoms then repeatedly attack and latch onto a hexagon-shaped carbon
molecule, cyclohexane, until the ring breaks open, forming adipic acid.
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