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Abstract: CO, fixation and transforma-
tion by metal complexes continuously
receive attention from the viewpoint of
carbon resources and environmental
concerns. We found that the dinuclear

carbonate monoesters in alcohol solu-
tion. The compounds [Cu,L'(p-
O,COH)](CIO,); (2), [Cu,L! (-
0O,COR)](CIO,); (3: R=CHj; 4: R=
C,Hs; 5: R=CH;; 6: R=C,Hy; 7: R=
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C;H,;; 8: R=CH,CH,0OH), [Cu,L'(u-
0,CCH,)](C10,); (9), and [Cu,L!(OH,)
(NO3)](NO3); (10) were characterized
by IR spectroscopy and ESI-MS. The
crystal structures of 2-6 and 10 were

copper(Il) cryptate [Cu,L'](ClO,), (1;
L'=N[(CH,),NHCH,(m-C¢H,)CH,-

NH-(CH,),]sN) can easily take up at-
mospheric CO, even under weakly
acidic conditions at room temperature
and convert it from bicarbonate into

tions

Introduction

The chemical fixation and transformation of atmospheric
CO, have been of long-standing interest, as excess CO, is an
atmospheric pollutant.'!. CO, can potentially be used as a
substrate for storing solar energy™ and as an attractive C1
feedstock for the preparation of useful carbon-containing
compounds its reaction with metal complexes.”’l So far, a
great deal of research has been done on the reactivity of
CO,, including its hydration products such as HCO; ™ and
CO,>" Pl as well as its derivatives such as alkyl carbonatel®®
and carbamate.”’ Kato and Ito”! found that a mononuclear
metal-tetraazacycloalkane complex in alcohol can take up
atmospheric CO, under alkaline conditions and fix it as the
carbonate monoester at the metal center. Dinuclear macro-
cyclic complexes have also been reported for CO, fixation
and transformation.””’ In general, CO, uptake takes place in
basic or neutral reaction media;>” few metal complexes can
fix atmospheric CO, under acidic conditions.™

We focused our attention on the polyaza cryptands L' and
L? (Scheme 1), which incorporate tripodal skeleton groups
and contain two binding subunits located at the two poles of
the structures, as well as their dinuclear metal complexes, as
they have unique recognition and catalytic properties with
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studied by single-crystal X-ray diffrac-
tion analysis. On the basis of the crystal
structures, solution studies, and DFT
calculations, a possible mechanism for
CO, fixation and transformation is
given.

carbon
copper - crypt-

Scheme 1. Structures of L', L? and L°.

regard to various small molecules and ions.">¥ We previ-
ously demonstrated that the C—C bond of acetonitrile can
be cleaved by the dinuclear copper complex [Cu,L?](CIO,),
at room temperature to generate the cyano-bridged complex
[Cu,L2(CN)](ClO,); and methanol."¥ Based on this work,
we presumed that the dinuclear copper complex [Cu,L']-
(ClO,), (1), which has a structure similar to [Cu,L?](ClO,),,
may also cleave the C—C bond of acetonitrile. However, no
cyano-bridged dinuclear complex was formed under similar
reaction conditions. Instead, 1 easily absorbed atmospheric
CO, in weakly acidic reaction media at room temperature
to form the bicarbonate-bridged complex [Cu,L'(u-
0,COH)](C10,); (2), which further reacted with primary al-
cohols to generate carbonate monoesters of [Cu,L'(p-
0,COR)](CIO,); (3: R=CH;; 4: R=C,Hs; 5: R=C;H; 6:
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Table 1. Crystallographic data for 2-6 and 10.

T.-B. Lu et al.

Compound 2:2CH;CN 32CH,;CN 3-4.5CH;CN-0.5H,0 42CH;CN 5-CH;CN 6-CH;CN 10-2H,0
Formula CyHg ClCuN0Oy5 CipHgsCliCuoN g0y CypHy CliCuoN 550,55 CsHesClLICu,N (05 CpHeyCliCu,NgO s CysHegCLICUNGO s C36HggCu,N O 5
M, 1167.43 1181.45 1290.58 1195.48 1168.45 1182.48 1028.04
Crystal size 0.36x0.23x0.22 0.42x0.35%x0.27 0.42x0.34x0.34 0.62x0.51x0.49 0.58 x0.46 x 0.40 0.55x%0.50x0.42 0.29%x0.28x0.22
[mm’]

Crystal system monoclinic monoclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group P2,/n P2,/n P1 P2i/n P2, P2, P2,/c

a[A] 16.975(7) 16.861(5) 14.338(4) 16.8448(15) 11.5642(2) 11.582(5) 14.367(2)

b [A] 16.631(7) 17.197(6) 14.378(4) 17.5221(16) 14.199(3) 14.176(6) 14.154(2)
c[A] 19.188(8) 19.640(6) 16.080(4) 19.6620(18) 15.587(3) 15.490(7) 23.347(3)
a[°] 90 90 79.734(5) 90 90 90 90

Bl 109.444(9) 113.186(6) 67.938(4) 113.509(2) 91.303(5) 91.748(6) 111.690(7)

v [°] 90 90 87.829(4) 90 90 90 90

VA% 5108(4) 5253(3) 3021.5(13) 5231.7(8) 2558.8(9) 2541.9(19) 4411.5(10)

VA 4 4 2 4 2 2 4

u [mm™] 1.064 1.039 0.909 1.023 1.062 1.070 1.046
Reflections col- 22832 31309 26098 28237 12657 15791 24199

lected

Unique reflec- 7097 (0.0440) 11456(0.0359) 13081(0.0345) 10451(0.0236) 9255(0.0248) 9864(0.0340) 9676(0.0738)
tions (R;,)

GOF on F* 1.089 1.015 1.069 1.032 1.016 1.013 0.995

R1,1 RO 0.0627, 0.1692 0.0639, 0.1649 0.0639, 0.1675 0.0587, 0.1622 0.0456, 0.1032 0.0423, 0.1050 0.0741, 0.1861
(I1>20(1))

R, wR2P! (all - 0.1006, 0.1969 0.1145, 0.2032 0.1170, 0.1987 0.0821, 0.1871 0.0723, 0.1206 0.0595, 0.1160 0.1964, 0.2595
data)

[a] RU=3||Fy| — | F.|| /2| Fo|. [b] wR2 = {S[w(Fy*— F22/Sw(F,)* %, in which w=1/[0*(Fy)*+ (aP)’ +bP] and P=(F,>+2F2)/3.

R=C,H,; 7: R=CH,;; 8: R=CH,CH,OH). Although Mar-
tell and co-workers!"!! and Nelson and co-workers!'” found
that the reaction of Cu(C10,), with L' in water and
CH;OH/CH;CN gave the products [Cu,L'(u-CO5)(H;0)]Brs
and [Cu,L'(u-O,COCH;)](ClO,),, respectively, the reaction
mechanism has not been established.

To investigate the mechanism of CO, fixation and trans-
formation by [Cu,L']**, and to understand why [Cu,L']**
prefers CO, fixation to C—C bond cleavage of acetonitrile,
u-O,COH-bridged cryptate 2 and a series of p-O,COR™-
bridged dinuclear copper(II) cryptates 3-8 were synthesized.
For comparison, dinuclear copper(Il) cryptates [Cu,L'(p-
O,CCH,)](Cl10,); (9) and [Cu,L'(OH,)(NO;)](NO5); (10),

Abstract in Chinese:

TR SRS R0 i, SEALSWRS COy MRS ik —H k2 3
AT E . BATERI—F0E CulD UL S H[CuL")(CI0L), (1; L' =
N[(CH2):NHCH,(m-CgH)CH,NH(CH,),]sN) 7E & i 7 85 B vk 4 1F F oy LANE
Wz S COp ARk COHMRIRRC &4, TEREHME P AT LLHE — b AL Rk
RIS & 4. 38 e 4T 40 R0 4 44k 0 [CupL (u-0,COH)(CIOs)s
(2), [Cu,L'(u-0;COR)] (ClO4); (3: R=CHs; 4: R=C;Hs; 5:R=C3Hy; 6: R
=C¢Ho; 7: R=CsHy; 8 R=CH,CH,OH, [CusL'(u-0;CCH3)](CIO4)s (9),
F[Cu,L'(OH)(NO3)](NOs); (10)EATRAL, FERHL A4 2-6 51 10 (4 #44
FREAT THFSC. ST SRdi. MtE iR DFT Bt ie R, _YT
CO, Wl 53Tk RS HLEE .
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as well as the mononuclear compound [Cul*(H,0)](ClO,),,
were also prepared. A reasonable mechanism for CO, fixa-
tion and transformation is presented herein, based on crystal
structures, solution studies, and DFT calculations. The differ-
ence in reactivity between [Cu,L!']** and [Cu,L*** is also
discussed in this paper.

Results and Discussion

The reaction of Cu(ClO,),6H,O and L! in methanol at
pH 5-6 gave a blue mixture of 2 and 3 within a few minutes,
which was dissolved in acetonitrile and evaporated slowly at
room temperature to give blue crystals of 2.2CH;CN and
3-4.5CH;CN-0.5H,0. Slow evaporation of a solution of 1 in
acetonitrile in an open vessel at room temperature afforded
blue crystals of 2.CH;CN. Cryptate 2 reacted further with
primary alcohols to form monoalkylcarbonate-bridged
cryptates 3-8.

X-ray Structures

Attempts to solve the structures of 7, 8, and 9 were unsuc-
cessful owing to the poor quality of the crystals; the crystal
structures of the other complexes 2—6 and 10 were deter-
mined by X-ray crystallography (Table 1). During the period
of this research, the structure of 2-CH;CN was reported.®"!
The structure of 2.:2CH;CN is similar to that of 2.CH;CN. In
2.2CH;CN, each Cu" ion is five-coordinated with four nitro-
gen atoms of L! and one oxygen atom of p-O,COH™, and

Chem. Asian J. 2007, 2, 710-719
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the p-O,COH™ ligand shows a symmetrical bridging mode
(Figure 1a) with a Cu--Cu separation of 6.01 A. For each
Cu center, one Cu—N bond (Cul—N2 and Cu2—N6) is longer

Figure 1. a) Structure of [Cu,L'(u-O,COH)J** in 2:2CH;CN. b) View of
the cryptate cations along the Cu, axis, showing the different conforma-
tions of the ligands: form A (left) in 2-2CH;CN, form B (middle) in
2-CH;CN, and rigid tripodal skeleton (right) in [Cu,L*(CN)]**.

than the other four Cu—N/O bonds (Table 2). The parame-
ters (7) for the geometry of the five-coordinated Cu' ions!!
are 0.81 for Cul and 0.60 for Cu2 (z=1.00 for TBP (trigo-
nal bipyramidal) and 0.00 for SP (square pyramidal)), thus
indicating that distorted TBP geometry are adopted at both
Cul and Cu2, with Cu2 showing more deviation from TBP
geometry. In [Cu,L*(CN)](ClO,);,"¥ the 7 value for each

Table 2. Selected bond lengths [A] and angles [°] for 2-6 and 10.
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Cu" ion is 1.00, which indicates that the geometry at each
Cu" ion is ideal TBP. The different geometries at the Cu"
ions in 22CH,CN and [Cu,L*(CN)](ClO,); are caused by
the different conformations of the cryptands (Figure 1b). In
2:2CH,CN, L' adopts the conformation form A, in which the
two phenyl rings are oriented in the same direction, leading
to distorted TBP geometry at Cu™. In [Cu,L*(CN)](ClO,)s,
however, the rigid tripodal skeleton of L? makes the Cu™
ions prefer TBP to SP geometry. In 2.CH,CN, L' adopts the
conformation form B (Figure 1b), in which the two phenyl
rings are oriented in opposite directions. This indicates that
the conversion of form A into form B does not involve a
high energy barrier.

The cryptates 3-6 show similar structures (Figure 2), in
which each Cu® ion is also five-coordinated with four nitro-
gen atoms of L' and one oxygen atom of the corresponding
bridging carbonate monoester. The 7 values for Cu" ions in
3-6 range from 0.80 to 0.32, which indicates that distorted
TBP or SP geometry is adopted at the Cu" ions. In 3-6, all
the pu-O,COR™ ligands show an unsymmetrical bridging
mode, and this leads to significant contraction of Cu--Cu
separations (5.64-5.78 A) relative to that in 2 (Table 2). The
Cu—O bonds in the symmetrical mode are close to those in
the unsymmetrical mode (Table 2), thus indicating that the
unsymmetrical nature of the bonding is mainly due to the
different C—O—Cu angles. In addition, all the L! cryptands
in 3-6 adopt the conformation form B.

In 10, both Cu" ions are five-coordinated (Figure 3): Cul
is bound to four nitrogen atoms of L' and one oxygen atom
of NO;, and Cu2 is coordinated to four nitrogen atoms of
L' and one water molecule. The 7 values are 0.42 and 0.75
for Cul and Cu2, respectively, which indicates that the ge-
ometry at Cul is distorted SP, whereas the geometry at Cu2
is closer to TBP. In 10, the Cu--Cu separation of 6.521 A is
much longer than those in 2-6. There is an intramolecular
hydrogen bond between the coordinated water molecule
(H14A) and a noncoordinated oxygen atom (O11) of NO;™;
the O14---:O11 distance is 2.726 A, and the O14—H14A--O11
angle is 170.4°.

22CH,CN 32CH,CN 3-45CH,CN-0.5H,0 42CH,CN 5-CH,CN 6-CH,CN 102H,0
Cul-013 1.911(5) 1.940(5) 1.936(3) 1.941(4) 1.938(3) 1.934(3) 1.969(5)
Cu2-014 1.922(6) 1.995(5) 1.941(4) 1.953(3) 1.946(4) 1.938(4) 1.933(5)
Cul-N1 2.040(5) 2.043(4) 2.041(4) 2.043(3) 2.049(4) 2.045(4) 2.042(5)
Cu2-N5 2.040(6) 2.039(4) 2.030(4) 2.042(3) 2.041(4) 2.027(4) 2.009(5)
Cul-N2 2.218(6) 2.145(5) 2.144(4) 2.117(4) 2.097(4) 2.150(3) 2.262(6)
Cul-N4 2.103(5) 2.088(4) 2.081(4) 2.089(3) 2.161(4) 2.096(4) 2.073(5)
Cul-N3 2.110(5) 2.139(5) 2.168(4) 2.197(4) 2.162(4) 2.156(4) 2.061(5)
Cu2-N8 2.08(2) 2.085(4) 2.083(4) 2.101(3) 2.072(4) 2.070(4) 2.061(7)
Cu2-N7 2.092(5) 2.090(4) 2.104(4) 2.085(4) 2.088(4) 2.068(4) 2.087(5)
Cu2-N6 2.271(6) 2.187(5) 2.207(4) 2.224(4) 2.258(4) 2.237(4) 2.147(6)
C37-013-Cul 145.0(5) 121.5(5) 124.3(3) 122.7(3) 124.2(3) 123.3(3)
C37-014-Cu2 141.2(7) 150.2(5) 159.1(4) 160.6(4) 159.8(4) 158.3(4)
Cul-Cu2 6.008 5.641 5.739 5.776 5.746 5.724 6.521
7(Cul/Cu2) 0.81/0.60 0.66/0.32 0.80/0.50 0.73/0.50 0.79/0.42 0.78/0.41 0.42/0.75
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Figure 2. Structures of the cryptate cations in a) 3, b) 4, ¢) 5, and d) 6.

Figure 3. Structure of [Cu,L'(NO,)(H,0)]** in 10.

CO, Fixation and Transformation: IR and ESI Mass Spectra

The existence of the bicarbonate bridging ligand in 2, and
the p-O,COR™ bridging ligands in 3-8, are further proved
by their IR and electrospray ionization (ESI) mass spectra.
The IR spectrum of 2 shows bicarbonate-related vibrations
at 1553 and 1331 cm™! for 2-CH;CN, and at 1551 and
1405cm™ for 2:2CH,CN.' All the p-O,COR -bridged
complexes of 3-8 showed two stretching vibration bands of
the OCO, groups at around 1630 and 1330 cm~'.[":#12!

The fixation of atmospheric CO, by 1 was confirmed by
ESI-MS (see Supporting Information, Figure S1). Initially, 1
in acetonitrile showed four species: [Cu,L'-HJ**,
[Cu,L'-2H]**, [Cu,L'-3H]*, and [Cu,L!(ClO,)—-2H]*.
After the solution was kept at room temperature in an open
vessel for a few hours, these four peaks almost disappeared,
and three new species corresponding to [Cu,L'(HCO;)J**,
[Cu,L'(HCO;)(ClO,))**, and [Cu,L'(CO,)** were ob-
served. However, when the solution was left under nitrogen
atmosphere  for 7days, only the new species
[Cu,L'(OH)—H]** was observed, and no species corre-
sponding to HCO,™- or CO;*"-bridged dicopper cryptates
were present. This clearly indicates that the bicarbonate
anion in 2 comes from the hydration of atmospheric CO,.
Furthermore, in the presence of more strongly coordinating
anions such as acetate and NO;~, Cu" reacted with L! in air
to give the acetate-bridged dicopper complex 9 and the
NO; -coordinated dicopper complex 10, respectively, in-
stead of the bicarbonate-bridged complex. This indicates
that CO, fixation is prohibited when the axial positions of
Cu" are occupied by strongly coordinating anions.

For 2:CH;CN and 2-2CH;CN, the ESI mass spectra show
the existence of both carbonate and bicarbonate species
with substantial intensity. The appearance of carbonate is
probably due to the removal of protons during the ioniza-
tion process. All monoalkylcarbonato species gave rise to
distinct peaks corresponding to [Cu,L'(p-O,COR)(CIO,),] ",
[Cu,L'(u-O,COR)CIO,**, and [Cu,L'(n-O,COR)PPT, re-
spectively, which supports the monoalkylcarbonato-bridged
dicopper structures. Furthermore, when 2 reacted with
CD;OH instead of CH;0H, the peaks corresponding to
[Cu,L'(1-O,COR)(CIO,),]* and [Cu,L'(pn-O,COR)CIO **

714 www.chemasianj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Asian J. 2007, 2, 710-719
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shifted from m/z=999 and 450, respectively, in methanol to
m/z=1004 and 452 in [D4methanol. (For 3 and 3a
([Cu, LY (p-0,COCD,)](ClO,);), the trivalent species were
not observed.) This clearly indicates that transformation
from HCO;™ to ROCO,  takes place in primary alcohols.
However, no transforming reaction occurred in the secon-
dary alcohol iPrOH (see Supporting Information, Fig-
ure S2). This could be attributed to the limited space in the
cryptate,® which allows the formation of monoalkylcarbon-
ates of primary alcohols, but not higher alcohols, between
two copper atoms.

DFT Calculations

The geometry-optimized structural parameters are in rea-
sonable agreement with the structures determined by X-ray
crystallography (see Supporting Information, Table S2). The
slight discrepancies are probably the consequence of crystal-
packing forces and the presence of counteranions and sol-
vent molecules in the solid-state structures. All the cations
of 2-6 showed similar frontier molecular orbitals, in which
the HOMOs and LUMOs are mainly from L' and from
both L'and copper, respectively (see Supporting Informa-
tion, Figure S4 and Table S3); the p-O,COH™ and u-
O,COR™ bridges showed little contribution to the frontier
molecular orbitals. This implies that the esterification of p-
O,COH™ does not significantly modify the stability of 2-6.
On the basis of the calculated frontier-molecular-orbital en-
ergies (see Supporting Information, Tables S3 and S4), all
the cations of 26 showed similar HOMO and LUMO orbi-
tal energies, which also indicates that these cations have
similar stability. During the optimization, the coordination
mode of u-O,COH™ in 2 changed from symmetrical to
asymmetrical, whereas the p-O,COR™ anions in 3-6 re-
tained the asymmetrical mode. This suggests that the asym-
metrical mode is more stable than the symmetrical.

ﬁ©j7
@° 25

Q = Cu®
3+
—|

o"C Q
)

H

oo

L

3-8

A, v
03 pH>5 <N_Q_OH o}\) co, (NO_HOJ

o
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The Mulliken and natural electron charges on copper, L',
u-O,COH /u-O,COR™ bridges, the carbon atoms in the
bridges of the cations of 2-6, and the uncoordinated
0O,COH /O,COR" ions are listed in the Supporting Infor-
mation (Table S5). The Mulliken and net natural electron
charges of the u-O,COH™ bridge in [Cu,L'(up-O,COH)P*
are —0.47 (Mulliken population analysis; MPA) and —0.85
(natural population analysis; NPA), which indicates very sig-
nificant electron donation from the u-O,COH™ group to the
d orbitals of Cu" after formation of p-O,COH -bridged 2.
The electronic charge of the carbon atom in the u-O,COH™
bridge thus becomes much more positive (MPA=0.86,
NPA=1.09) compared with that in the uncoordinated
0,COH™ group (MPA=0.62, NPA=0.98). This indicates
that the O,COH™ anion is activated after coordination to
Cu", that is, the electrophilic reactivity of the carbon atom
in the pu-O,COH™ bridge is increased through ligand coordi-
nation with Cu", so it is more susceptible to nucleophilic
attack by the solvent.

Mechanism of CO, Fixation and Esterification

Although it is well-known that the fixation of CO, by metal
complexes in basic solution occurs via hydroxo species to
afford metal carbonate derivatives,>”'7 the fixation of CO,
in acidic media is rather unusual, and only a few such exam-
ples have been reported so far.®! We have now found that
[Cu,L'](ClO,), can easily fix atmospheric CO, in the form
of the bicarbonate in neutral or even weakly acidic media.
CO, fixation by [Cu,L']** may follow a mechanism analo-
gous to that for bicarbonate formation. As shown in
Scheme 2, the initially coordinated water molecule loses a
proton to give the species [Cu,(OH)L']’*. OH" then attacks
the carbon atom in CO, to form the p-O,COH -bridged
cryptate [Cu,L!(u-O,COH)J** (2). Interestingly, the corre-
sponding mononuclear complex [Cu(tren)(H,0)](ClO,),

-

3+

ROH = primary alcohol

Scheme 2. Proposed mechanism for CO, fixation and esterification by [Cu,L']**.

Chem. Asian J. 2007, 2, 710-719
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(tren =tris(2-aminoethyl)amine) does not take up atmos-
pheric CO,, and [{Cu(tren)},(un-O,COH)](CIO,); could only
be obtained by adding HCO;~ in acidic medium."® The abil-
ity of [Cu,L']** to fix atmospheric CO, in weakly acidic
medium may be due to the extremely low pK, value of the
[Cw,L'(OH)J** species (4.58M"), which enables it to take up
CO, at pH>5.

Nelson and co-workers!'” presumed that the generation of
0,COCH; by [CwL']** in methanol may occur through
CO, insertion into the M—OCH; bond. If alkylcarbonate for-
mation depended on this event, the mononuclear complex
[CuL*]** in methanol should easily generate the complex
[CuL*(0,COCH,)]*. However, ESI-MS revealed that the
corresponding mononuclear complexes [Cu(tren)(H,0)]-
(C10,), and [CuL’*(H,0)](ClO,), in CH;OH/CH,CN (1:1)
did not generate the methylcarbonate species, even when
NaOCH; was added and the solution left in the open for
3 days (see Supporting Information, Figure S3). This sug-
gests that alkylcarbonate formation does not result from
CO, insertion into the M—OCH; bond. In fact, alkylcarbon-
ate formation may involve two steps: the formation of the
intermediate [Cu,L'(u-O,COH)]**, and its esterification
with primary alcohols. Furthermore, p-O,COH™ formation
is necessary for esterification, as only synchronous activation
by two Cu" atoms on p-O,COH™ will lead to increased posi-
tive charge on the carbon atom in the p-O,COH"™ bridge, so
that electrophilic attack by the primary alcohol can take
place. On the basis of our ESI-MS results and DFT calcula-
tions, there is no doubt that the esterification of 2 proceeds
via tetrahedral intermediates as shown in Scheme 2. In the
process of esterification, the electrophilic carbon atom of p-
O,COH™ in 2 is attacked by the primary alcohol to form a
tetrahedral intermediate, which is then converted into the p-
0,COR-bridged cryptates [Cu,L'(u-O,COR)P’* by elimi-
nation of water.

Reactivity Controlled by Ligand Conformation

Although L' and L? have similar structures, they show differ-
ent reactivity. The dinuclear complex [Cu,L!]** dissolved in
acetonitrile easily absorbed atmospheric CO, in an open
vessel to form the p-O,COH -bridged cryptate [Cu,L'(p-
O,COH)J** within a few minutes, as monitored by UV/Vis
spectroscopy (see Supporting Information, Figure S5).
[Cu,L'(u-O,COH)J** does not cleave the C—C bond of ace-
tonitrile as the axial positions of both Cu" ions are occupied
by the u-O,COH™ bridge. On the contrary, [Cu,L*]** in ace-
tonitrile does not take up atmospheric CO,, so the axial
sites can be occupied by acetonitrile; thus, [Cu,L*]** can
cleave the C—C bond of acetonitrile to form the cyano-
bridged complex [Cu,L*(CN)]** and methanol.

As shown in Figure 1b, the three phenyl rings of L? adopt
a rigid triangular conformation, and the conformational con-
version from stable triangle to form A or B goes through a
large energy barrier. As a consequence, it is difficult for
large molecules or anions to enter the binding cavity of
[Cu,L*]**, hence it does not fix atmospheric CO,. The only

716 www.chemasianj.org
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exception is [Cu,L*(im)](ClO,); (im=imidazolate),'” in
which L? adopts the conformation form A. In this complex,
the imidazolate ligand is located between two parallel
phenyl rings to form a sandwichlike structure with strong
m-7t interactions between the imidazolate and the two
phenyl rings. The strong m--7 interaction means that L? can
overcome the energy barrier of conversion from triangle to
form A to form the stable complex [Cu,L*(im)](ClO,);. The
conformation of L! is more flexible than that of L%; two of
three phenyl rings in L' can rotate to some degree to gener-
ate a larger window in the binding cavity (Figure 1b), which
can accommodate planar O,COH~ and O,COR™ groups.
Therefore, [Cu,L']** can take up atmospheric CO, to form
2 and transform it into 3-8 in the presence of primary alco-
hols. For secondary alcohols such as iPrOH, no esterification
occurs due to the limited cavity space. This sterically in-
duced selective esterification may be potentially useful for
the synthesis of symmetric or unsymmetric carbonate esters.

Conclusions

In summary, a bicarbonate-bridged and a series of monoal-
kylcarbonate-bridged cryptates have been synthesized.
[Cu,L'(C1O,), (1) absorbs atmospheric CO, easily to form
the p-O,COH -bridged complex 2 even under acidic condi-
tions because of the extremely low pK, value of the inter-
mediate [Cu,L'(OH)]**; this process follows the mechanism
of bicarbonate formation. The coordination of O,COH™ to
two Cu" ions activates its carboxy carbon atom so that it is
more easily attacked by primary alcohols to generate mono-
alkylcarbonate-bridged complexes 3-8 via tetrahedral inter-
mediates. Notably, different metal ions may also play a cru-
cial role in CO, fixation and transformation. Atmospheric
CO, fixation and transformation by [Cu,L']** may poten-
tially be used for the preparation of valuable carbon-con-
taining compounds such as symmetrical and unsymmetric
carbonate esters. Optimization efforts directed along these
lines are currently ongoing in our group.

Experimental Section

General

Ligand L? and its mononuclear complex [CuL*(H,0)](ClO,), were pre-
pared by literature methods.”” All other solvents and chemicals were
commercially available and used without further purification. Elemental
analysis was performed with an Elementar Vario EL elemental analyzer.
IR spectra were recorded in the 4000-400-cm ' region at room tempera-
ture by using KBr pellets and a Bruker EQUINOX 55 spectrometer. ESI
mass spectra were recorded on a Thermo Finnigan LCQ DECA XP ion-
trap mass spectrometer. pH values were measured with an HANNA
pH213 meter with an HI1330 electrode. UV/Vis spectra were recorded
on a Shimadzu UV-3150 spectrophotometer.

Caution: Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with great care.
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Syntheses

L!: Prepared by a modified literature method.'!! A solution of tris(2-ami-
noethyl)amine (1.51 g, 0.0103 mol) in CH;OH (150 mL) was added drop-
wise to a stirred solution of benzene-1,3-dicarboxaldehyde (2.08 g, 0.0155
mol) in CH;OH (300 mL) over 1h. After the mixture was stirred at
room temperature for 24 h, the resulting yellowish solution was reduced
to 100 mL under reduced pressure. The solution was cooled to 0°C on an
ice bath, and NaBH, (4.30 g, 0.114 mol) was then added. The suspension
was stirred at room temperature for 2 h, then heated to 50°C and stirred
at this temperature for an additional 20 h to ensure that the reduction
was complete. The solvent was removed under reduced pressure, and
water (50 mL) was added. The product was extracted with toluene. The
organic phase was dried over MgSO, and filtered. Evaporation of the fil-
trate under reduced pressure yielded a yellowish oil. It was recrystallized
from toluene to give a white solid (2.16 g, 70% ). MS (ESI): m/z calcd for
CyHs,Ng: 599.9 [HL']*, 300.4 [H,L']**; found: 600.2, 300.5; elemental
analysis: calcd (%) for C;Hs,Ng0.5H,0 (L'-0.5H,0): C 71.13, H 9.12, N
18.43; found: C 70.74, H 9.32, N 18.02. L' easily absorbs atmospheric
CO, to form [H,L']CO;. To obtain the CO,-free ligand, the dry product
L' was dissolved in a small amount of acetone, the solution was kept on
an ice-bath, and excess HCIO, was added dropwise to give a white pre-
cipitate. After the mixture was stirred for 15 min, the precipitate was fil-
tered, washed with a small amount of acetone and diethyl ether, and
then dried under vacuum to give the white solid L'-8HCIO, (4.34 g,
86%). MS (ESI): m/z caled for CyHsNgHCIO,: 350.7 [H;L'CIO P+,
300.4 [H,L']**; found: 349.4, 300.5; elemental analysis: calcd (%) for
C3H,sNsCl,0,, (L'-8HCIO,-8H,0): C 27.96, H 5.08, N 7.24; found: C
28.32,H 4.82, N 7.31.

1: This reaction was carried out under nitrogen atmosphere. A solution
of Cu(ClO,),6H,0 (2.10 g, 5.67 mmol) in anhydrous ethanol (12 mL)
was added to a solution of L'-8HCIO, (3.00 g, 2.14 mmol) and NaOH
(0.67 g, 16.80 mmol) in anhydrous ethanol (250 mL). The mixture was
stirred at room temperature for 15 min, and the blue precipitate formed
was filtered, washed with ethanol and diethyl ether, and dried under
vacuum to give 1 as a blue powder (1.74 g, 75%). IR (KBr): 7=1629,
1450 cm™ (Ar); MS (FAB): m/z caled for [Cu,L'|(ClO,),: 823.4 [Cu,L'-
(C10,)—2H]"; found: 823.0; elemental analysis: caled (%) for
C36H70NgCu,C1,0,,(1:8H,0): C 34.10, H 5.56, N 8.84; found: C 34.46, H
5.22, N 9.03.

2: The blue powder of 1 (1.00 g, 0.89 mmol) was dissolved in acetonitrile
(20 mL) to give an acidic solution (an accurate pH value could not be ob-
tained due to fluctuations). The solution was evaporated slowly in an
open vessel at room temperature. After about 6 days, blue crystals of
2-CH;CN were obtained (0.69 g, 69 %); the remaining solution was still
acidic. IR (KBr): #=1553, 1331 cm™' (OCO,); MS (ESI): m/z calcd for
[Cuy,(CO;H)L'|(CIO,),: 8854 [Cuy(CO;H)L'(CIO,),]", 4432 [Cu,
(CO;H)L'(CIO,)]**, 393.0 [Cu,(CO;)L']**; found: 885.0, 441.6, 392.1; ele-
mental analysis: caled (%) for C3;HgNgCu,CL,O,5 (2-:3H,0): C 39.00, H
5.40, N 9.83; found:C 38.96, H 5.56, N 9.83 (in all cases, the crystals were
dried under vacuum before elemental analysis).

The final pH values after crystallization of all the other cryptates 3-8
from acetonitrile were also in the acidic range. As the measurement of
pH in acetonitrile might not be accurate, a solution of Cu(ClO,),-6H,0
and L' (2:1) in water was exposed to the atmosphere; the pH of this solu-
tion was 5.3. ESI-MS indicates that 2 was also formed in this solution,
with a final pH value of 5.1. Thus, there is no doubt that fixing of atmos-
pheric CO, can take place under acidic conditions.

3: The blue powder of 2 (0.50 g, 0.46 mmol) was dissolved in acetonitrile
(10 mL) and methanol (8 mL). The solution was evaporated slowly at
room temperature. After about one week, blue crystals of 3-2CH;CN
were obtained (0.41 g, 75%). IR (KBr): #=1633, 1348 cm' (OCO,); MS
(ESI): m/z caled for [Cuy(CO;CH;)L'|(ClO,);: 999.9 [Cu,y(CO;CH;)L!-
(C10,),]*, 450.3 [Cuy(CO;CH,)L!(CIO,)J**; found: 998.9, 450.1; elemen-
tal analysis: calcd (%) for CiHgNgCu,Cl;045 (3-3H,0): C 39.57, H 5.51,
N 9.72; found: C 39.32, H 5.33, N 9.91.

Alternative method for 2 and 3: A solution of L'8HCIO, (0.50g,
0.36 mmol) and NaOH (0.11 g, 2.8 mmol) in methanol (35mL) was
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added dropwise to a solution of Cu(ClO,),-6H,0 (0.35 g, 0.94 mmol) in
methanol (2mL) to obtain a pH value of 5-6. After the mixture was
stirred at room temperature for 15 min, the blue precipitate formed was
filtered and washed with methanol. The precipitate contained a mixture
of 2 and 3 (as indicated by ESI-MS). The precipitate was then dissolved
in acetonitrile (5mL), and the solution was filtered. The filtrate was
evaporated slowly at room temperature. After about 5 days, blue crystals
of 22CH;CN (0.09 g, ~22%) and 3-4.5CH;CN-0.5H,0 (0.06 g, 13%)
were obtained from the solution (yields based on the isolated crystals;
there was still a large amount of product in solution). 2: IR (KBr): 7=
1551, 1405 cm™" (OCO,); MS (ESI): m/z caled for [Cuy(CO;H)L'|(CIO,);:
885.4 [Cuy(CO;H)L(ClO,),] T, 443.2 [Cu,y(CO;H)L'(C10,)]**, 393.0 [Cu,
(CO,)L'**; found: 885.1, 442.9, 392.2; elemental analysis: caled (%) for
C3Hg NgCu,CLO g (2:3H,0): C 39.00, H 5.40, N 9.83; found: C 39.32, H
5.68, N 10.07. 3: elemental analysis: caled (%) for C;HgNgCu,CLO,;5
(32.5H,0): C 39.90, H 5.42, N 9.79; found: C 39.99, H 5.72, N 9.73.

3a: The blue powder of 2 (0.100 g, 0.092 mmol) was dissolved in acetoni-
trile (2mL) and [D,Jmethanol (1.5mL). The solution was allowed to
evaporate slowly in air at room temperature. After about 3 days, blue
crystals of 3a were obtained (0.076g, 75%). IR (KBr): #=1635,
1377 ecm™ (OCO,); MS (ESI): m/z caled for [Cuy(CO;CD;)L'[(CIO,);:
1002.9 [Cuy(CO,CD5)L(CIO,),]*, 451.7 [Cuy(CO,CD5)L'(CIO,))**;
found: 1004.0, 452.0; elemental analysis: caled (%) for
C33HgD3NgCu,CLIO,, (3a-5H,0): C 3828, H 5.91, N 9.40; found: C
38.01, H 5.58, N 9.34.

4-8: The blue powder of 2 was dissolved in acetonitrile and the corre-
sponding alcohol. The solution was allowed to evaporate slowly in air at
room temperature to give blue crystals. Yields: 4: 0.05 g, 47 %; 5: 0.04 g,
40%; 6: 0.07 g, 70%; 7: 0.06 g, 55%; 8: 0.07 g, 72 %.

4: IR (KBr): #=1630, 1325 cm™' (OCO,); MS (ESI): m/z calcd for [Cu,
(CO,G,H;)L'(ClO,);: 10139 [Cu,(CO;C,H;5)L'(ClO,),]*, 4572 [Cu,
(CO,G,H;)L(CIO,)P*, 271.7 [Cuy(CO5C,H;)L'PP*; found: 1013.0, 457.1,
271.1; elemental analysis: calcd (%) for C;HgsNgCu,Cl,0,4 (4:3H,0): C
40.12, H 5.61, N 9.60; found: C 39.80, H 5.61, N 9.80.

5: IR (KBr): #=1638, 1326 cm™! (OCO,); MS (ESI): m/z calcd for [Cu,
(CO,GC;H,)L'(ClO,);: 1028.0 [Cu,(CO;C;H,)L'(ClO,),]*, 464.3 [Cu,
(CO,G;H,)L(CIO,)P*, 276.4 [Cuy(CO5CsH,)L'PP*; found: 1027.0, 464.1,
275.9; elemental analysis: caled (%) for C,H;;NgCu,CLO,, (5-5H,0): C
41.94, H 5.54, N 9.84; found: C 41.92, H 5.47, N 9.78.

6: IR (KBr): #=1634, 1329 cm™! (OCO,); MS (ESI): m/z calcd for [Cu,
(CO,C,H,y)L'(ClO,);: 1042.0 [Cu,(CO;C,Hy)L'(ClO,),]", 471.3 [Cu,
(CO,C,H,)L(CIO,)P*, 281.0 [Cuy(CO5C,H,)L'P**; found: 1040.9, 471.1,
280.4; elemental analysis: caled (%) for C,;3HNyCu,Cl;0;5 (6-CH;CN):
C 43.68, H 5.63, N 10.66; found: C 43.12, H 5.59, N 10.72.

7: IR (KBr): #=1638, 1403, 1323 cm ' (OCO,); MS (ESI): m/z calcd for
[Cuy(CO,CsHy)L'(CIO,);:  1056.0 [Cuy(CO;CsH,,)LY(ClO,),]", 4783
[Cuy(CO,CsH,,)LY(CIO,)J*, 285.7 [Cuy(CO;CsH,)L'PPT; found: 1055.1,
478.1, 285.9; elemental analysis: caled (%) for C,H;5NgCu,Cl,Oy
(7-5H,0): C 40.50, H 6.07, N 9.00; found: C 40.03, H 6.07, N 9.53.

8: IR (KBr): 7=1642, 1403, 1323 cm™' (OCO,); MS (ESI): m/z calcd for
[Cu,(CO,CH,CH,OH)L'|(CIO,);: 1029.9 [Cu,(CO,C,H,OH)L'(CIO,),]*,
4652 [Cuy(CO;GH,OH)L!(CIO)*", 277.0 [Cuy(CO;C,H,OH)L']*t;
found: 1029.0, 465.1, 276.5; elemental analysis: caled (%) for
C3Hg NgCu,CL,Oy; (8-H,0): C 40.82, H 5.36, N 9.77; found: C 40.45, H
5.42,N 9.99.

9: A solution of Cu(ClO,),6H,0 (0.105g, 0.30 mmol) in methanol
(5mL) and acetonitrile (5mL) was added to a solution of L' (0.087 g,
0.15 mmol) in methanol (5 mL) . The solution was stirred for 5 min, then
a solution of sodium acetate (0.018 g, 0.22 mmol) in methanol (5 mL) was
added. The resulting solution was evaporated slowly at room tempera-
ture. After about 2 days, blue crystals of 9 were obtained (0.084 g, 52%).
IR (KBr): #=1611, 1578, 1281 cm™! (OCO); MS (ESI): m/z caled for
[Cu,(CO,CH;)L'|(CIO,);: 983.9 [Cu,y(CO,CH;)LY(ClOy),)*, 4422 [Cu,
(CO,CH;)LY(CIO)**, 261.7 [Cuy(CO,CH;)L'P+; found: 982.8, 441.9,
261.8; elemental analysis: calcd (%) for C;HssNgCu,Cl,O45 (9-H,0): C
41.44, H 5.40, N 10.17; found: C 41.32, H 5.65, N 10.13.
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10: A solution of L' (0.15 g, 0.25 mmol) in methanol (3 mL) and a solu-
tion of Na,SO, (0.035 g, 0.25 mmol) in water (0.5 mL) was added to a so-
lution of Cu(NO;),-3H,0 (0.12 g, 0.50 mmol) in methanol (3 mL). After
the mixture was stirred at room temperature for 18 h, the blue precipitate
formed was filtered out, and the filtrate was evaporated in air for 8 days
to give blue crystals of 10-2H,O (0.05g, 18%). IR (KBr): #=1384,
1017 cm™ (NO;"); elemental analysis: calcd (%) for CyHgN;,Cu,Oyss
(10-2.5H,0-CH;0H): C 42.28, H 6.04, N 15.99; found: C 42.04, H 6.16, N
16.12.

Crystal-Structure Determination

Single-crystal data for 22CH;CN, 3.2CH;CN, 3-4.5CH;CN-0.5H,0,
4-2CH;CN, 5-CH;CN, 6-CH;CN, and 10-2H,0 were collected at 293(2) K
on a Bruker Smart 1000 CCD diffractometer with Mok, radiation (A=
0.71073 A). All empirical absorption corrections were applied by using
the SADABS program.”?!! The structures were solved with direct meth-
ods, which yielded the positions of all non-hydrogen atoms. These were
first refined isotropically and then anisotropically. All hydrogen atoms
(except those bound to water molecules) were placed in calculated posi-
tions with fixed isotropic thermal parameters and included in structure-
factor calculations in the final stage of full-matrix least-squares refine-
ment. The carbonate monoester groups in 3-2CH;CN, 4-2CH;CN, and
6-CH;CN, as well as the ClO, anions in 5-CH;CN and 6:CH;CN were
found to be disordered. All calculations were performed with the
SHELXTL-97 system of computer programs.”? The crystallographic data
are summarized in Table 1. Selected bond lengths and angles are listed in
Table 2. CCDC-635603-635609 (2:2CH;CN, 3-2CH;CN, 3-4.5CH,CN-
0.5H,0, 42CH;CN, 5-CH;CN, 6-CH;CN, and 10-2H,0, respectively) con-
tain the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic
Data Centre at http://www.ccdc.cam.ac.uk/data_request/cif.

Computational Details

DFT calculations and geometry optimizations were performed with the
Gaussian 03 package!™! by using the B3LYP functional,? the 6-31G(d)
basis set, and default settings for the convergence criteria. On the basis
of the corresponding crystal structures, the structure of the cations of
2:CH;CN, 3-2CH;CN, 42CH;CN, 5-CH;CN, and 6-:CH;CN were fully op-
timized on isolated entities in vacuum without any symmetry constraints.
Wavefunction stability calculations were performed to confirm that the
calculated wavefunctions corresponded to those of the ground state.
Atomic charges were calculated by using MPA®! and NPAP as imple-
mented in Gaussian 03. GaussSum®”! was used to calculate the contribu-
tions from groups of atoms to each molecular orbital. Graphical repre-
sentations of the orbitals were produced by the gOpenMol® graphics
program. For reasons of computational expense due to the large size of
our systems, frequency calculations were not carried out on the minima.
The optimized Cartesian coordinates are given in Table S1 of the Sup-
porting Information. Selected bond lengths and angles for the optimized
geometries of the cations of 2-6 are summarized in Table S2. The orbital
energies (¢) and composition (in terms of Cu, L', and the bridges) of the
frontier molecular orbitals are listed in Table S3.
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