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Carbon dioxide is o significant contributor 1o eavironmental
warming.!" The Kyato Treaty, ratified in 1997, is intended to
restrict the emission of greenhouse gases such ws carbon
dioxide. As o result, the development of methods for efficient
consumption and storage of earbon dioxide would be highly
desirable. The chemical fixation of CO; and ils subsequent use
in producing valuable products is one possible approach fo
the effective utilization of OOy Efforts to increase the use af
COy for the production of useful organic chemicals are
ne¢ded. Unfortunately, COy is o very stable compound: is
carbon atom is in a highly oxidized state, thus imparting the
compound with thermodynamic stability. Because cf this
stability, highly reactive metal catalysts or reagents, high
pressures, strong acids, and strong nucleophiles or bases!™ are
typically required to activate or capture carbon dioxide
{Scheme 1 A). Clearly, a low-¢nergy process is necded for
capturing carbon dioxide and utilizing it in a chemical process.
One possible solution is 1o take advantage of carbonic acid
moncalkyl esters, which are thought to be generated from the
equilibrium between C0)y; and alcohols (Scheme 1B}, but
such compounds have not been observed, owing 1o their
instability,! The most plausible evidence for their existence is
# report describing the formation of methyl diphenyimethyl
carbonate, which is produced by the reaction of dipheryldia-
zomethane in COpexpanded methanol!™ Since the focus of
the latter study was on evidence [or the formation of
alkylcarbonic acids from CO; and alcobols, OO, capluring
efficiency was not addressed.

If a small amount of alkylcarbonic acid in the equilibrium
mixture could be effectively trapped in some way, this new
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Scheme 1, A) Conventional routes for the activation of CO,. B) Utiliza.
thom of an acidic ermdrgnment generated Trem 00, and aleohols
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process would be interesting for chemical OO, fixation and
would also reduce the requisite energy compared 1o conven-
tional processes. In such a process, a carbonic acid monoester,
generated spontaneously by the reaction of ©0. with an
aleohol, would result in its low-cnergy trapping. We previ-
ously reported that a proton of a weak acid such as an amide
(HA) replaces the jodine of rer-butyl hypoiodite ((BuQl),™
thus leading 1o the production of a reactive indonium source
{IA; Seheme 2A).1 Using this unique phenomenon, if a weak
acid, such as an alkylearbonic acid derived from CO,, and an
unsaturated alcohol were treated with BuOl, an active
species would be generated, and its subsequent intramolec-
ular cyclization would displace the equilibrium to the right
(the product side; Scheme2B). This strutegy offers an
innovative approach o the fization of CO; to organic
malecules
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Scheme 2. A) Reaction of tert-butyl hypolodite with weak acids,
B} Serategy for trapping carbonic acids with ierd-butyl hypolodite.

Related transformations, such as CO, fixation to unsatu-
rated alcohols, using conventional procedures have been
reparted, The synthesis of cyclic iodocarbonates by the
trapping of CO, with allyloxide and homoallyloxide ions
was reported by Cardillo et al™ This procedure, however,
requires o strong base, mBuLi. for the generation of the
alkoxides. The incorporation of OO, into propargylic alcohols
has also been reporied.™ but the procedure also requires high
CO), pressures, the use of strong bases. metal catalysts, and the
application of heat

Herein we report an extremely mild procedure for the
fixation of COy, The method takes advantage of the acidic
character of the alkylcarbonic acid genemnted from OO, and
an unsaturated alcohol, in which iodination of the carbonic
acid with rBuC i a key reaction, which changes the position
of the equilibrium of the initial COy-trapping reaction. The
reagent, BuOl can be readily prepared ja situ from
commercially available ferr-butyl hypochlonte (JBuDCI) and
sodlium fodide (Nal), The raw materinl fBuOCl 5 easily
prepared from tert-butyl aloohol and commercial houschold
bleach in the presence of acetic acid.™ Thus, the desired CO,
Mxation does not require the use of strong bases, environ-
mentally unfriendly metal reagents, or pressurized conditions.

AFrom Angewandte Chemie International Edition, 49, Minakata, S. et al., Atmospheric CO, Fixation by Unsaturated Alcohols
Using tBuOl under Neutral Conditions, 1309-1311, 2010. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
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A New Process for Chemical CO, Fixation:
Utilization of Weak Interaction with Alcohols

MINAKATA Satoshi

(Graduate School of Engineering)

Introduction

Carbon dioxide as a greenhouse gas significantly contributes
to warming of the earth. The Kyoto Treaty, ratified in 1997, is
intended to restrict the emission of greenhouse gases, such as
carbon dioxide. As a result, the development of methods for ef-
ficiently consuming and storing carbon dioxide would be highly
desirable. The chemical fixation of CO, and its subsequent
use in producing valuable products is one possible approach to
the effective utilization of CO,. Efforts to increase the use of
CO: for the production of useful organic chemicals are needed.
Unfortunately, CO, is a very stable compound, in that it is in
a highly oxidized state and is thermodynamically stable. Be-
cause of this, highly reactive metal catalysts or reagents, high
pressures, strong acids, and strong nucleophiles or bases [1] are
typically required to activate or capture carbon dioxide (Scheme
1A). Clearly, a low energy process is needed for capturing car-
bon dioxide and utilizing it in a chemical process. One possible
solution is to take advantage of carbonic acid monoalkyl esters,
which are thought to be generated from the equilibrium between
CO; and alcohols (Scheme 1B), but such compounds have not
been observed, due to their instability [2]. The most plausible
evidence for their existence is the report describing the forma-
tion of methyl diphenylmethyl carbonate, which is produced by
the reaction of diphenyldiazomethane in CO,-expanded meth-
anol [3]. Since the focus of the latter study was on evidence for
the formation of alkylcarbonic acids from CO, and alcohols,
CO; capturing efficiency was not addressed.

A) pressure strong acids
CDE Scheme 1

A) Conventional routes for the activa-

<] [:5 tion of CO,.
fat B) Utilization of an acidic environmen-
e reagents M" tal generated from CO, and alcohols.

H’!‘ [#] [ 9 Axmtion

4 o = H R ]—- -

D{’C + Hf -\R mp— \ﬂ/u\u.-
Strategy

If a small amount of alkylcarbonic acid in the equilibrium
mixture could be effectively trapped in some way, this would
represent a interesting new process for chemical CO, fixation
and would also reduce the requisite energy compared to conven-
tional processes. In such a process, a carbonic acid monoester,
generated spontaneously by the reaction of CO, with an alcohol,

would result in its low energy trapping. We previously reported
that a proton of a weak acid such as an amide (H-A) replaces the
iodine of tert-butyl hypoiodite (#~-BuOl), leading to the produc-
tion of a reactive iodonium source (I-A) [4]. Using this unique
phenomenon, if a weak acid, such as an alkylcarbonic acid de-
rived from CO, and an unsaturated alcohol were reacted with
-BuOl, an active species would be generated and its subsequent
intramolecular cyclization would displace the equilibrium to
the right (the product side). This strategy offers an innovative
approach to the fixation of CO, to organic molecules. Based
on this concept, an extremely mild procedure for the fixation of
CO: is described in this paper.

CO: Fixation with Alkenyl Alcohols

To test the concept, when the simplest allyl alcohol was treated
with #~-BuOlI (2 equiv) under an atmospheric pressure of CO, in
THF at —20 °C, a five-membered cyclic carbonate containing an
iodomethyl group was produced in 92% yield (equation 1).

0
ﬂﬂg {1 atm])

A
Z=eOH 4 B —— % (1)
* THF, 20°C, 12h T/~

92%

We explored the scope of the reaction with respect to substrate
(Figure 1). The reaction was not grossly affected by substituents
at the allylic position. A [3-branched allyl alcohol was smoothly
and efficiently converted into the cyclic carbonate. Both E-
and Z-allyl alcohols were transformed to the corresponding
carbonates. It is noteworthy that, when geometric isomers were
used, complete stereoselectivity as well as stereospecificity
was observed in the reactions. Allyl alcohols containing rigid,
cyclic olefins were also applicable to the reaction. Hydroxyl,
ester, and silyl groups were also compatible with this CO, fixa-
tion reaction. Homoallyl alcohols were also converted into six-
membered cyclic carbonates in good yields. These complete
stereospecific and stereoselective cyclizations are consistent
with a reaction pathway involving a cyclic iodonium intermedi-
ate. The resulting carbonates containing an iodomethyl group
represent synthetically valuable building blocks because they
can be readily converted into epoxy alcohols and triols.
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Fig.1 CO, fixation with (homo)allyl alcohols and ¢-BuOl.

CO: Fixation with Acetylenic Alcohols

The successful transformation of allyl and homoallyl alcohols
to cyclic carbonates through CO, fixation under extremely mild
conditions prompted us to investigate the use of acetylenic al-
cohols as substrates (Figure 2). An unsubstituted propargyl al-
cohol was subjected to the above CO, fixation reaction to afford
a five-membered cyclic carbonate containing an iodomethylene
group in high yield as a sole E-isomer (equation 2).

o
€O, (1 atm) oX
OH . #BuOI s - o
e THF, -20°C, 3 h .
I
92%

Propargyl alcohols having a variety of substituents at the
propargylic position also trapped CO- to give the correspond-
ing carbonates. Internal acetylenic alcohols were employed in
the reaction, giving cyclic carbonates containing a tetrasubsti-
tuted olefin moiety. It is noteworthy that a silyl group directly
attached to an acetylenic carbon resulted in a highly efficient
reaction. Butynyl alcohols were also applicable to the reac-
tion, yielding six-membered cyclic carbonates. Substituents at
the propargylic position are required for the fixation of CO, to
propargyl alcohols in conventional methods [5]. However, such
substrates could be readily employed in the present system.
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Fig.2 CO, fixation with acetylenic alcohols and ¢-BuOl.

Proposed Mechanism

Although the precise mechanism of the reaction is unclear at
present, the proposed mechanism shown in Scheme 2 is sup-
ported by the following experimental findings. In the reaction,

t-BuOCl is added to a solution of the alcohol and Nal under an
atmosphere of CO,. NMR spectra indicated that --BuOCI did
not react with either the alcohol or CO, under these conditions.
Thus, it is likely that -BuOCI reacts rapidly with Nal, lead-
ing to the production of #-BuOl. Thus, the question arises as to
which two reagents of the three present (an saturated alcohol,
t-BuOI and CO») reacts first. To address this, the reaction of al-
1yl alcohol and #-BuOI was monitored by 'H NMR, and small
signals, assigned to H,C=CHCH,OI was observed (most of the
starting allyl alcohol remained unreacted). The O-iodinated al-
lyl alcohol could be considered as an active intermediate, so the
species prepared from the reaction of sodium allyloxide and I,
was exposed to CO,, but the desired reaction did not occur. In-
stead, the formation of acrolein was observed. In fact, when the
efficiency of the reaction is less than ideal, the corresponding
oxidation product, an o,-unsaturated aldehyde was obtained.
The reaction of -BuOI and CO, was then monitored by means
of NMR ('H and "*C), IR and ESIMS, but no reaction was ob-
served. Therefore, as expected initially, CO, fixation appears to
proceed through an allyl carbonic acid intermediate, as shown
in Scheme 2. The very low concentration of allyl carbonic acid
would react with -BuOl, leading to an O-iodinated species,
which acts as an iodonium source and a cyclic iodonium inter-
mediate is formed by reaction with carbon-carbon unsaturated
moieties. The generation of a cyclic iodonium intermediate ex-
plains the complete stereoselectivity observed in these reactions.
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Conclusion

From the results of the present study and on the basis of the
proposed main reaction pathway, a non-metal, non-basic, non-
pressurized method was achieved, representing a new, low
energy process for the chemical fixation of CO,. The simple
methodology has a very broad scope in terms of both olefinic
and acetylenic alcohols, thus allowing access to a wide range of
cyclic carbonates. Moreover, iodo substituents attached to sp’
and sp* carbons are versatile functional groups for organic syn-
thesis. We conclude that the results described herein describe an
innovative CO, fixation process that involves simple and con-
venient chemical manipulation and proceeds under extremely
mild conditions.
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In this cemmunication, we demonstrute Tor the lind e a
selective growih of single-crysialiing pure monaclings and setragonal
Erlly maneerystals of <10 nm diameter, driven by controlling their
surface energy. The growth of mectsl oxide nanocrystuls with o well-
organized crystalline phase is of Tupdamenal and fechnological
interest because in this woy it ks possible o tune thear size-Gependent
unagse [W'[h‘flu.'\.' Y mnd thus establish (heir peential applicution
n chemistry, elecironics. optics. magnetics. ond mechanics, Zrik
1% 0 cuse i point, with a phase-dependem poiential application m
B mumber oF lechpologies. Monoclinie Zr0)y is imponant fos
catulysis,” gme diclecirics,” and binactive coMings on bone im-
plunts,” while tetragons] und cubic Zr0); afe promising candidates
for fuel cell electrolytes.” oxygen sensors,” and phase-transfonma-
thonosighened structural materials.”

In particular. the growth of pure monoclinic Zr0); nanocrysials
of <10 nm diameler is a challenging 1ask in the selective growth
of the differcnt phases. since a high-lempernture 1etragonn] phase
is stable &t room lemperature os the comeguence of the dominance
of the surface encrgy contributhon to the Gibbs free enerpy of
formation in this size range™ A report by Zhang of al. suggesis
that the surface energy of oxides can be controdled by capping the
surface with an organic subsiance."" They successfully grow the
unsiable (01} faceicd Ce()y by capping with decanoic acid,
Althimigh surface capping-assisted growah wsing similar anionic
subsiances was also applied to Zry, the resulling nanocrysils of
<10 nm diameter sl chielly eshibited a tetragonal phase,''*
Herein, we report the facile selective growth route of pure
monoclinic and tetragonal Zr); nancerysials of <10 nm diameser,
with and without o cationic capping agent, N(CHa )"

In a typicul procedune, a Zr'° precursor (ZrOCl-8H L, 0,00 mol)
with dissolved in o basic aqueous selution (pH = 10.5) containing
u mixture of eithes MCH, LHCO, (letrmethyl-ammeonium hydropen
carbonase; TMAHCWNICH 0M (vetrametbhyl-ammonium hydrosx-
ife: TMAH) or KHOOWKOH. The clear solution of dissolved
precursie was trunsfemed into a 50 mL, Tellon-lined, sainless steel
putisckave and hes teeated ot 150 °C, The prodducts wene ohiained
a5 well-dispersed colloidal soluthons. Zr0)y nanocrystils in the
silution were purificd by wiashing 1en tines with deionised wier
wsing ulirafiliation. with & molecular wedghi cutoll of 300 (or
subseguent charncierizations. The yiekl ol Zrl)y nonocrystals was
almest 1005 in both TMAHCTMAH and KHCOWKOH sysions
The Ze(k: manvcrystals were charactenzed by irnsmission chectron
microscopy (TEM; JEOL JEM-2100F) with in sccelerating voltage
of 200 kY, X-ray dilfraction { XRIY; JEOL JX-35300) with Cu
Ko muligion ¢4 = 0054178 nm) b 40 kY und 40 mA, Baman
spectroseopy (Horiba Johin Ywon LabRAM ARAMIS) a1 mom
temperature with 532 nm excitation line of an diode-puniped solid
st Biser, and UV = vis adsorplion speciroscopy (Shimadsa, UY.
2a50) with i dewhle-heam recording spectrometer using 1 oo quane
cells

Figure | shows TEM images of Zrld: nanecrystals grown in the
TMAHCTMAH and KHOOGKOH systems. These images clearly

2538 = J, AM. CHEM. S0C. 2010, 137, #538-3530

Chemical Society.

F\fgm L. TEM images of Zrldy manocrystals groen in the (a) TMAHC!
THMAH and the (b KHCOWVKOH sysens. Each respective inset shives an
HETEM mmage of un islawed nancervaial

indicate that both nanccrysials consist entirely of crystals of a
uniform size of <10 nm dipmeter. The insel shows the high-
resolution TEM (HRTEM) imoge of an isolmed nanocrystal,
indicaling the single-crystalline nature of the papoerystals grown
in both systems. The lsmbce spacing i 0315 and 0.295 nm,
comesponding to (— 111} of monoclinic and (11 1) of tetragonal Zr0,
for the namocrystals grown in the TMAHCTMAH and the KHODY
KO systems. respectively. Figure 5-1 (Supporting Information)
shivws Lhe siee distribution of the Zri nanccrysals in the BuSus
solution messured by dynamic light-scaltering method, showing
the muncerystuls almest perfeetly dispersed in (he aqueous solution
by wking ine account that the hydrodynami: diameler overesti-
males by several nanometers the real size.'”

The XRD patterns of the powdered nanocrysaals shown in Figure
2 further confirm that the respective phases observed in the HRTEM
Imuges represent the entine nonocrystals in both systems. The peaks
are relatively hroad. supporing the very small crystalline size. The
sizes estimaled by Scherrer™s formula using full width of hall
maxirmi ol (=111} for monoclinic and (111) for ietragonal phases
wene almost the sime ot 5.4 and 5.2 nm, respectively. The inset of
Fagure 2 shivws the Ramun spectra reeorded or colloidal solutions
ol Zr0)y nanocrystals. For the nanoerysials grown in the TMAHCY
TMAH system, the purcly momoclinic siructure is confirmed by
the ohservation of 13 Raman modes of the 15 (94, + 98 o
expected by symmetry analysis."? which provides evidence that the
grimwth of manoclinic 20 nunocrystals slonwn above was driven
by the surfece capping with BICHik' (denoted as TMA® in the
lollowing text), amd mot by the surface energy reduction through
agglomeration by drying, The browd Bamun band for the tetragonal
Zrldy nomocrystals inddicsies thal they mvolve highly disondered
luatice defects. ™

Oyptical absasrpiion spectra of the collojdal Zeld; solmions shown
i Figure 3 provide infonmetion seluting 1o the latice defects. Two
ahaorpithin shoulders ane cléarly ohserved ol around 5.2 and 5.7
e ¥ for the ZrCk nanocrystals grown in the TMAHC TMAH sysiem,
These are almest identical 10 the optical hand gaps of bulk
monoclinic Zrid."* indicating less defoctive Tutices, "™ The letrago-
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