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Fixation of CO3 by Zinc(ll) Chelates in Alcoholic Medium. X-ray Structures of
{[Zn(cyclen)]s(u3-CO3)} (ClO4)4 and [Zn(cyclen)EtOH](CIO 4)2
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The fixation of CQ on Zn(ll) chelates in alcoholic medium was studied in efforts to synthesize alkyl carbonates.
In the presence of a base, such asd\tie tetraazacyclododecane complex of Zn(ll) in alcoholic solution binds
CO;, and forms auz-carbonate complex. This complex was characterized by NMR spectroscopy and X-ray analysis.
Crystal data: orthorhombic; space groBpba a = b = ¢ = 21.850(5) A;a. = g = y = 90°; V = 10431.7(6)

A3 Z = 8. The central Zn atom is coordinated to the four nitrogen donor atoms and to one oxygen of the
bridging carbonate group. In an organic solvent such as DMSO, the complex exists in equilibrium with the
decarboxylated Zn(ll) complex. In addition, a'{oyclen)(ethanol) complex was isolated and characterized by
X-ray analysis. Crystal data: monoclinic; space gr&2y/n; a = 12.707(5)b = 11.780(5),c = 15.642(5) A;

a =y =90 8 = 105.250(5); V = 2259.0 (6) B, Z= 4. The central Zn atom is coordinated to four nitrogen
donor atoms and the oxygen of ethanol. We were not successful in converting this complex to the ethyl carbonate
complex. The results of this study are discussed in reference to those published in the literature.

Introduction

There has been a long-standing interest in the fixation and

activation of CQ for the conversion of C® to various
carbonates, formic acid, and other stock chemitdsln recent

years, supercritical C£has become a popular, environmental
friendly (clean chemistry) reaction medium, under which
conditions the medium can also be activated to participate as a
reaction partnef-® These developments have stimulated
research efforts in various fields dealing with the activation and

conversion of CQ

One such area has dealt with the spontaneous and catalyze

hydration of CQ and dehydration of HC® in aqueous
solution, in which the focus fell on the important role of Zn(ll)

in the catalytic mechanism of carbonic anhydrases and model
Zn(ll) complexes. Carbonic anhydrase has been extensively

reviewed in recent yeaf8;18 and work in our laboratories has

focused on the study of functional models for carbonic
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anhydrasé?—2! Model complexe¥-22 are not only employed

to mimic the active site of carbonic anhydrase, which is
characterized by alfy value of ca. 7, but also to investigate
the characteristic pH dependence of both the catalyzed hydration
and dehydration reactiol?(see ref 20 for a detailed account
on model Zn(ll) complexes). The best functional models
reported up to now are the 1,5,9-triazacyclododecane ([12]-
aneN) and 1,4,7,10-tetraazacyclododecane ([12]aneitlen)
complexes of Zn(ll) in the form Zn(L)kD?" and Zn(L)-
OHT.1920 The highest catalytic activity for the hydration of

(goz has been reported for Zn(cyclen)®RP which is only one

rder of magnitude less reactive then HCA4lbut 4 orders of
magnitude less than HCA?E. The general accepted mechanism
for the hydration reaction consists of the steps outlined in (1),

which can account for the characteristic pH dependence

observed for this process.

L-Zzn-OH +Cco, — K o 1.Zn-0CO,H"

+

-HY| +HT, Ka H20| fast

[¢)]

L-Zn-OH; 2+ (not active) L-Zn-OH "+ HCO; "+ H"

If ROH instead of HO is employed as solvent, it should in
principle be possible to perform the reactions outlined in (2):
Solvolysis of CQ leads to the formation of a monoalkyl or
monoaryl carbonate, which during a subsequent esterification
leads to the dialkyl or diaryl carbonate. These reactions are in
principle simple solvolysis and hydrolysis processes and involve
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ROH + CO, — ROCOOH

2
ROCOOH + ROH——> ROCOOR + H;0

Schrodt et al.

[Zn(cyclen)EtOH](CIO 4)2. An ethanolic solution of Zn(Clg).:6H,0
was added dropwise to an ethanolic solution of cyclen under stirring
at 50-60 °C. After 1 h the reaction mixture was cooled to room
temperature and concentrated under reduced pressure to yield a white
precipitate. This product was recrystallized from ethanol and allowed

no redox chemistry. To what extent can these reactions beto stand in a refrigerator for several weeks. Colorless block crystals

catalyzed by the model Zn(ll) complexes referred to above?
Along these lines, Kato and Rt 26 have reported the first
evidence that a series of tetraazacycloalkane complexes of Zn(ll
can take up C@in alcoholic medium to produce a series of
monoalkyl carbonate complexes of the type [Zn(LYCOR)]-
ClO4 (L = [14]aneN, Mey[14]aneN, Mey14]aneN; R = Et,
Me) and [Zn(L)k(O.CORL(CIOg4)4 (L = [15]aneN; R = n-Bu),
of which three structures were confirmed by X-ray analy3is.
The CQ uptake reaction was found to be facilitated by the
addition of a base (B) such as NaOR or jEthich suggests
that the monoalkyl carbonate complex is formed in the direct
reaction of Zn(L§+ with ROCQ,~, produced via reaction 3, and

ROH + CO, + B ROCO, + BH* &

not via CQ uptake by an alcohol complex. In later wétk
monomethyl carbonato complexes of Ni(ll), Cu(ll), and Co(ll)
with tetraazacycloalkane chelates were prepared viaup@ke
reactions.

Recently, Ruf and Vahrenkarfiifound that (TFY™M§Zn—
OH complexes (Tg*™Me = hydrotris(3p-cumenyl-5-meth-
ylpyrazolyl)borate) react with species containing a cummulated
double bond such as GOCS, SO,, or R—-NCS. With CQ a
monoalkyl carbonato complex (Ffi"M&Zn—0O—CO—-OR, R=
Me, EtP72is formed, and the X-ray structure for-R Me was

reported. They also observed a decisive influence of the

substituents of the Tp ligand on the nucleophilicity of TpZn
OH and therefore on the reactivity toward €OWhereas
(TpSumM§Zn—0—CO—-OR is formed readily from C@
(TpBu-Me)Zn—O—CO—OR2’bis only formed by the reaction of
(Tp®BuMeZN—OH (TpBYMe = hydrotris(3tert-butyl-5-meth-
ylpyrazolyl)borate) with dialkyl dicarbonate (MeOCOOCOOMe),
and (TpButBYZn—OH is unreactive toward both electrophiles.
Although they could convert stoichiometric amounts of mono-

ethyl carbonato complexes into diethyl carbonate, this reaction

path is still far from a catalytically useful process.
Our efforts to convert C@®to organic carbonates based on

were obtained, suitable for X-ray analysis. Yietd30%. Due to the
extremely weak coordinated ethanol, the complex is only stable in

)ethanolic solution and, therefore, no elemental analysis of the isolated

crystal could be performed.

{[Zn(cyclen)]s(us-CO3)} (CIO4)a A 1.24 g (3.32 mmol) amount
of Zn(ClOy),*6H.0 was dissolved in 10 mL of alcohol (ethanol or
methanol) and added dropwise to a stirred solution of 572 mg (3.32
mmol) of cyclen at room temperature while bubbling &@rough the
reaction mixture. The C&low was continued for several hours, and
a white precipitate was obtained. This product was filtered off and
recrystallized from alcohetacetonitrile (1:1). The solution was
allowed to stand at room temperature for several weeks. Colorless
cubic crystals were obtained, suitable for X-ray analysis. YielB0%.

IH-NMR: 2.75 ppm (s, Ch); 3.85 ppm (s, NH).23C-NMR: 167.5
ppm (CQ, carbonate); 45.7 ppm (GHligand of the non-carbonate
complex); 43.4 ppm (CH ligand of the carbonate complex). Anal.
Calcd for{[Zn(cyclen)kCOs} (ClO4)4-4H,0O: C, 25.17; N, 14.99; H,
4.77. Found: C, 25.52; N, 14.11; H, 5.16.

{[Zn(cyclen)]s(u3-13CO3)} < (ClO4)s. ¥CO; was released from 2.0
g (10.1 mmol) of B&CO; by adding slowly 20 mL of diluted HCI
and bubbled through a solution containing equimolar amounts of
Zn(ClOy)2*6H,0 and cyclen. The solution was kept undéCO,
atmosphere for several hours to complete the G@ake reaction. A
white precipitate was obtained, after recrystallization from alcehol
acetonitrile (1:1).

1H-NMR: 2.75 ppm (CH); 3.85 ppm (NH). *C-NMR: 167.7 ppm
(CO;; carbonate); 124.2 ppm (G 45.5 ppm (CH; ligand of the non-
carbonate complex); 43.2 ppm (@Higand of the carbonate complex).

{[Zn(cyclen)]s(us-CO3)} +(ClO4)4 (Synthesis with LICOsMe). A
75 mg (0.92 mmol) amount of LiCfMe and 400 mg (0.92 mmol) of
zinc cyclen complex in 10 mL of methanol were stirred over a period
of 24 h. The resulting solid was filtered off and dried in air.

H-NMR: 2.75 ppm (s, Ch); 3.85 ppm (s, NH).3C-NMR: 167.4
ppm (CQ, carbonate); 45.7 ppm (GHligand of the non-carbonate
complex); 43.3 ppm (CH ligand of the carbonate complex).

Instrumentation. Infrared spectra were recorded on Nicolet 5SX
and Mattson Polaris spectrometers using the KBr pellet metAbid.
and 3C-NMR measurements were performed on a Bruker DPX 300
(300 MHz) NMR spectrometer with DMS@s as solvent. Reactions
in supercritical CQ were performed in a 250 mL V4A steel high-

ressure laboratory autoclave Model Il from Roth, equipped with a

the hydration mechanism of carbonic anhydrase and the generapTFE inset and attached to a PM-101 compressor from NWAakh,
concept outlined in (1) and (2) were not successful, and a brief Germany.

account of the work performed is presented here. In addition,
we isolated{[Zn(cyclen)k(us-COs)} (ClO4)4 and [Zn(cyclen)-
EtOH](CIOy), from the alcoholic reaction mixtures and report

X-ray Crystal Structure Analysis. {[[Zn(cyclen)]s(us-CO3)]-
(ClO4)4}-2H,0 (1). Colorless blocks ofl were grown at room
temperature from a saturated solution in acetonitriithanol (1:1). A

their X-ray crystal structures. The results are discussed in termscolorless cubic crystal (0.4 0.3 x 0.2 mn) was sealed in a glass
of the suggested mechanism for the formation of carbonato capillary and mounted on a Philips PW1100/1 diffractometer. Unit

complexes.

Experimental Section

Materials. All zinc salts were of reagent grade and used without
further purification. 1,4,7,10-Tetraazacyclododecane (cyclen) was
prepared according to the method of Richman and Atkinslethanol
and ethanol were of analytical grade (99.8%) and not further dried
unless otherwise indicated. B&0; was purchased from Aldrich and
used as received. [Zn(cyclen)(@HCIO,). was prepared according
to literature method?®.
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cell parameters were determined from automatic centering of 22
reflections (17 < 6 < 19°) and refined by least-squares methods.
Intensity data were collected with graphite-monochromatized Mo K
radiation, using thev-scan technique. A total of 10 410 reflections
were collected {21 < h < 21,0=< k = 21, 0= | = 21), of which
2805 were unique witk, > 40(F,). Machine parameters, crystal data,
and data collection parameters are summarized in Table 1. Selected
bond distances and bond angles are given in Table 2.
{[Zn(cyclen)(EtOH)](CIO 4)2}-EtOH (2). Colorless blocks of2
were grown at room temperature from a saturated solution in ethanol.
A colorless crystal (0.% 0.6 x 0.4 mn?) was sealed in a glass capillary
and mounted on a Enraf-Nonius MACH3 diffractometer. Unit cell
parameters were determined from automatic centering of 25 reflections
(17° < 6 < 19°) and refined by least-squares methods. Intensity data
were collected with graphite-monochromatized Me kadiation, using
the w/26-scan technique. A total of 8778 reflections were collected
(-15=h=15,0=< k = 13,-18 = | < 18), of which 3011 were
unique withF, > 40(F,). Machine parameters, crystal data, and data
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Table 1. Crystallographic Data from the X-ray Diffraction Study of

{[Zn(cyclen)k(us-COs)(ClO4)4} - 2H,0 (1) and
{[Zn(cyclen)EtOH](CIQ),} -EtOH (2)
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Table 3. Selected Bond Lengths (A) and Angles (deg) 2or

1

2

empirical formula Z@C|4019N12C25H50'2H20 ZI"IC|209N4C]_0H25'EtOH

12.707(5)
11.780(5)
15.642(5)
90
105.250(5)
90

2259.0(15)
4

528.69
P21/n
1.554
0.710 69
1.362
0.046
0.1488
293(2)

a A 21.850(5)
b, A 21.850(5)
c, A 21.850(5)
o, deg 90

S, deg 90

y, deg 90

V, A3 10431.7(41)
z 8

fw 1206.80
space group Pbca
p(calcd), g cm®  1.537
A(Mo Ko, A 0.710 69
u, cmt 1.646

R2 0.088
Ru2° 0.2146
T,K 293(2)
F(000) 4736

936

*Re = X/|Fol = IFdl/ZIFl. ° Riz = [DW(Fe? — FAYEW(FH?2

Table 2. Selected Bond Lengths (A) and Angles (deg) for

Zn(1)-0(1)
Zn(1)-N(1)
Zn(1)-N(2)
Zn(1)-N(3)
Zn(1)-N(4)
Zn(2)-0(2)
Zn(2)-N(5)
Zn(2)-N(6)

O(1)-C(25)
0(2)-C(25)

O(1)-Zn(1)-N(4)
O(1)-Zn(1)-N(1)
N(4)—Zn(1)-N(1)
O(1)-Zn(1)-N(3)
N(4)—Zn(1)-N(3)
N(1)—Zn(1)-N(3)
O(1)-Zn(1)-N(2)
N(4)—Zn(1)-N(2)
N(1)-Zn(1)-N(2)
N(3)-Zn(1)-N(2)
0(2)-Zn(2)-N(5)
0(2)-Zn(2)-N(6)
N(5)—Zn(2)~N(6)
0(2)-Zn(2)-N(8)
N(5)—Zn(2)~N(8)

C(25)-0(1)-2n(1)
C(25)-0(2)-2n(2)
C(25)-0(3)-2Zn(3)

collection parameters are summarized in Table 1. Selected bond

Bond Lengths
Zinc Environment

1.950(4) Zn(2XN(7) 2.167(5)
2.144(5) Zn(2)N(8) 2.143(5)
2.173(5) Zn(3Y0(3) 1.960(4)
2.154(5) Zn(3)1N(11) 2.116(5)
2.111(5) Zn(3XN(12) 2.132(5)
1.943(4) Zn(3yN(10) 2.144(5)
2.120(5) Zn(3¥N(9) 2.173(5)
2.140(5)
Carbonato Environment
1.285(4) O(3)C(25) 1.294(4)
1.287(4)
Bond Angles
Zinc Environment
119.1(2) N(6)-Zn(2)—N(8) 136.8(2)
113.3(2) N5-Zn(2)-N(7) 137.3(2)
82.6(2) N(6>Zn(2)—N(7) 82.2(2)
108.9(2) N(8)-Zn(2)—N(7) 80.9(2)
82.9(2) O(3)yZn(3)-N(11) 119.9(2)
137.3(2) O(3)Zn(3)—-N(12) 109.5(2)
103.2(2) N(11>Zn(3)—-N(12) 82.6(2)
137.6(2) O(3)Zn(3)—N(10) 113.2(2)
82.4(2) N(11)-Zn(3)—-N(10) 82.8(2)
81.9(2) O(2)Zn(2)—N(7) 102.9(2)
119.7(2) N(12yZn(3)-N(10) 136.6(2)
112.4(2) O(3)Zn(3)—N(9) 103.6(2)
83.6(2) N(11)-Zn(3)—N(9) 136.5(2)
110.02) N(12}Zn(3)—N(9) 81.1(2)
82.7(2) N(10y-Zn(3)—N(9) 82.0(2)
Carbonato Environment
116.6(2) O(1)}C(25)-0(2) 120.1(3)
116.3(2) O(1)C(25)-0(3) 119.3(3)
115.6(2) O(2yC(25)-0(3) 120.5(2)

distances and bond angles are given in Table 3.

Results and Discussion

Description of the X-ray Structure of {[[Zn(cyclen)]s(us-

CO3)](ClO 4)4}-2H,0 (1). A labeled diagram of compountl
is shown in Figure 1. Theus-bridged carbonato complex

Zn—0(9) 1.982(3) Zr-N(1) 2.151(5)
Zn—N(2) 2.108(4) 0(9)-C(9) 1.444(9)
Zn—N(3) 2.122(4) C(9)-C(10) 1.471(10)
Zn—N(4) 2.130(5)
0(9-Zn-N(2)  1185(2)  O(9yZn—N(1) 109.0(2)
N(2)-Zn—N(3) 82.7(2)  N(2-Zn—N(1) 82.5(2)
0(9-Zn-N(4)  103.4(2)  N(3}Zn—N(1) 138.8(2)
N(2)-zn-N(4)  138.1(2)  N(4}Zn—N(1) 82.7(2)
N(3)—Zn—N(4) 83.2(2)  O(9-C(9)-C(10)  115.6(7)

Figure 1. ORTEP view ofl.

described as distorted square pyramidal. The four nitrogen
atoms of the cyclen macrocycle ligand form a plane, and the
zinc ion is shifted by 78.7 pm above this plane. The isolated
and characterizediz-CO; complex of Zn(cyclen) exhibits
structural properties similar to those for a series of such
complexes summarized in Table 5. The-Zb bond lengths

in [(ZNnL)3(u3-CO3)](ClO4)4 are typical for five-coordinate Zn(ll)
complexes, and in a couple of cases the Zn center 5980
pm above the chelate gNplane.

13C-NMR Spectra. Due to the low solubility of compleg
the signal for theus-COs carbon atom is very weak. Labeling
this complex with'3CO, revealed a sharp singlet at 167.5 ppm
for the us-COs group and a signal for fre€CO, at 124.4 ppm.
The chemical shift for thg;-CO; carbon atom lies in between
the values reported for unidentate carbonate complexes of the
type Zn-0,C—OR?* and dinucleaw,-carbonato bridged species
(Zn—0CQ;—2n) of 169-172 ppm?! Furthermore, the labeling
allowed us to show that in DMSO an equilibrium between the
bridged complex and Zn(cyclen) exists. In contrast to Kato and
Ito,?* who reported evidence for a ZOR species, no such
signals were observed. From the crystal structuiz hbwever,
we conclude that such a species must exist as a labile
intermediate. The found equilibrium also accounts for the fact
that only weak signals for the carbonate group in the NMR
spectra were observed. It follows that such spectra must be
recorded under saturated g€onditions.

Description of the X-ray Structure of {[Zn(cyclen)EtOH]-
(ClOy4)2} -EtOH (2). Figure 2 shows a labeled diagram of
compound2. The Zn atom is five-coordinate with the four
nitrogen donor atoms and the oxygen of the coordinated ethanol.
The coordination of the Zn atom can be described as distorted
square pyramidal. The ZrmO bond distance of 198.2 pm lies

possesses a pseudo-3-fold molecular symmetry. Each of theln the typical range between 194 to 203 pm for similar five-
three zinc ions is five-coordinated with the four nitrogen donor coordinated Zn complex&sand is close to 199.4 pm, reported

atoms in one plane and one oxygen of the carbonate ligand.for Zn[N-(2-hydroxyethyl)cyclen], a complex containing an

The metal centers are shifted from the carbonate plane by 18.8

pm. The coordination environment of the zinc ions can be (29) References 25, 30, 31, 33, and 34.
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intramolecular Zr-O(H)Et bond®%2 In contrast to that, a
deprotonated ethoxide complex, Zn[N-(2-hydroxyethyl)-1;5,9
triazacyclododecanéf? exists as five-coordinate dimeric Zn(ll)
species with a ZrO~ bond length of 195.0 pm.

Mechanism of the Formation of Macrocyclic Zinc Car-
bonate Complexes. Carbonato complexes were synthesized
by the addition of C@ to a metatoxygen bond or by
substituting a more labile ligand by the alkyl carbonate anion.
In the first case, C®is bubbled through alcoholic solutions of
the macrocyclic complex containing a base (e.g.J\N&troom

Figure 2. ORTEP view of2.

Schrodt et al.

ZnOH2' (b) have been isolated and characteri#edThis
species activates alcohol via coordination to the metal center
when coordinated 0 is substituted. The isolation and
characterization of [Zn([12]ane)D(H)Et](CIOy), clearly in-
dicates the initial formation of such solvento complexes in
alcoholic mediumd). Also for cyclam ligands, ZrOR species
were identified by NMR* For L = cyclam or [15]aneb}
deprotonation of coordinated EtOH in the prescence ofsNEt
enables the binding of COto produce an alkyl carbonato
complex ¢). As far as we know, macrocyclic monoalkyl
carbonato complexes of Zn(ll) have only been characterized
for a series of cyclam and related chelates by Kato anéits.

A possible reason may be the larger ring size of the employed
chelates.

The protonated species is expected to undergo a substitution
reaction with ROC@~, whereas the deprotonated complex is
expected to take up GQo produce (L)ZnOCER". ROCG™
can also be produced directly from ROH and L£id the
presence of a base. When £ cyclen or [15]aned no
monoalkyl carbonato species could be detected, @05
(2, €) group is formed. The direct synthesis of a possible alkyl

temperature. The complex can also be generated in situ bycarbonato complex via a nucleophilic substitution reaction with

mixing alcoholic solutions of the ligand and the corresponding
zinc salt at 56-60 °C. The subsequent addition of base
followed by the bubbling of C@through the reaction mixture

LiCO3sMe in dry MeOH also resulted in the formation of the
u3z-CO3 complex.
Yamamoto et at’ have synthesized monoalkyl carbonato

results in the formation of carbonato comple_xes. The type of complexes of Cu(l) via the reaction of G@ith ROCu(PP}),
carbonate complex strongly depends on the ligand. Monoalkyl (R = Et, GHsCH,) to produce ROC@Cu(PPh),. Darensbourg

carbonate complexes are formed for [14]apefL5]aneN,
Mey[14]aneN, and Me[14]aneN24, whereas ligands such as
[12]aneN; and [15]aneNO,3! resulB2-35in trimeric complexes
of the type [LZn}(u3-COs3) containing a triply bridgingis-COs

and co-worker® have been unsuccessful in determining the
structures of these complexes since they found that the presence
of adventitious HO impurities leads to the formation of the
corresponding carbonates and bicarbonates,sIRpGu].CO;

unit (see Tables 4 and 5). The reaction scheme in eq 4 is basetnd [(PHP),CuOCGH],, for which X-ray diffraction structures

on information obtained from the literature and our own
observations.

L
Zn(Cl04)2:6 H20 “Ron~ Zn(L)OH* (b)

a COnls
(a) Hy0 || ROH RCOL
NE3, COp ,0ZnL
ZnO(H)R 2+ (€) =—=—== LZnO—C (e)
(L)ZnO(H)R NOZnL .
ReCOALi o, (L =cyclen, [15]aneN307)
*Rou (L)Zn-0-COzR (d) —- 2000 |
-2 (L = cyclam, [15]ancN4)
ROH

(LYZnOH+ + ROCORR (f)

The perchlorate salt of Zn(ll)aj was selected to avoid the
coordination of other anions. Complexes of the type (L)-

(30) (a) Koike, T.; Kajitani, S.; Nakamura, I.; Kimura, E.; Shiro, M.
Am. Chem. Sod 995 117, 1210. (b) Kimura, E.; Nakamura, |.; Koike,
T., Shionoya, M.; Kodama, Y.; lkeda, T.; Shiro, M. Am. Chem.
Soc 1994 116 4764.

(31) (a) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Paoletti, P.;
Valtancoli, B. J. Chem. Soc., Chem. CommuiP95 1555. (b)
Bazzicalupi, C.; Bencini, A.; Bencini, A.; Bianchi, A.; Corana, F.;
Fusi, V.; Giorgi, C.; Paoli, P.; Paoletti, P.; Valtancoli, B.; Zanchini,
C. Inorg. Chem 1996 35, 5540.

(32) (a) Escuer, A.; Vicente, R.; Palba, E.; Solans, X.; Font-BdajiM.
Inorg. Chem 1996 35, 248. (b) Escuer, A.; Vicente, R.; Kumar, S.
B.; Solans, X.; Font-Barfdi M.; Caneschi, Alnorg. Chem 1996 35,
3094.

(33) Murthy, N. N.; Karlin, K. D.J. Chem. Soc., Chem. Commad893
1236.

(34) Chen, X.-M.; Deng, Q.-Y.; Wang, G.; Xu, Y.-Polyhedron1994
13, 3085.

(35) Kolks, G.; Lippard, S. J.; Waszczak, J. ¥.Am. Chem. S0d98Q
102 4832.

were reported. We therefore assume that also fer tyclen

a monoalkyl carbonato complex may exist as an unstable
intermediate species that is hydrolyzed in the presence of traces
of water to produce the isolated-CO; complex.

Attempted Synthesis of Dialkyl Carbonates from Alcohol
and CO,. On the basis of our earlier experience with £O
uptake and Cohydration reactions to produce bicarbonate and
carbonatd??! it was our objective to synthesize organic
carbonates using Zn(L)O(H)R complexes as intermediates. In
the final step in scheme (4) the reaction with ROH should lead
to the formation of the dialkyl or diaryl carbonat@ &nd recycle
the catalytic species. The excess of water could be separated
with aid of a drying agent or by working in supercritical €0

In the proposed reaction scheme the basicity of the coordi-
nated ROH will determine the balance between the Gfdake
and ROCQ™ substitution reactions. A stronger Z©OR bond
will favor the CG uptake reaction path. In the subsequent
esterification the strength of the-€@ bond in ZNOCGR is
crucial. These bond strengths can to some extent be affected
by the electron donor or acceptor properties of the chelate L.
We therefore undertook a systematic series of studies of Zn(L)
complexes in which the nature of L was gradually changed in
order to affect the ZrOR and O-C bond strengths as outlined
above. In each case reactions with various ROH (alkyl, aryl),
CO,, and ROCQG ™ (in the presence of a base) were tested.

(36) (a) References 19 and 20. (b) Norman, Pin@rg. Chim. Actal987,
130, 1. (c) Norman, P. R.; Tate, A.; Rich, Rorg. Chim. Actal988
145 211. (d) Kimura, E.; Shiota, T.; Koike, T.; Shiro, M.; Kodama,
M. J. Am. Chem. Sod99Q 112 5805. (e) Koike, T.; Takamura, M.;
Kimura, E.J. Am. Chem. S0od994 116, 8443.

(37) Yamamoto, T.; Kubota, M.; Yamamoto, Bull. Chem. Soc. Jpr198Q
53, 680.

(38) Darensbourg, D. J.; Holtcamp, M. W.; Khandelwal, B.; Reibenspies,
J. H.Inorg. Chem 1995 34, 5390.
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Table 4. 3C NMR Spectral Datad) for Zinc Carbonato Complexes in DMS@®-

Inorganic Chemistry, Vol. 36, No. 20, 1994583

0(**C), ppm
complex carbonate freeGO CHs ligand
Zn([14]aneN)(O.,COCH)(ClO4)?:26 160.6 124.4 53.7 28.7,48.4,50.7, 24.9, 28.2, 46.9; 47.1, 49.7, 51.3
(Zn[12]aneN)s(us-COs3)(ClO,), 167.5 45.R43.4
(Zn[12]aneN)s(us-3CO3)(ClO4)s 167.5 124.4 45.843.2
(TpCumM§ZNOCOR (R= Me, Etf? 158

a Signal for the ligand of the carbonate complégignal for the ligand of the non-carbonate complex.

Table 5. IR and X-ray Data for Macrocyclic Complexes ContainingCO; Unit

X-ray data
Tagp— d(M—-0), d(O-C), OO0CO, d(M—CO;plane)?
complex L ref ’ pm pm deg pm
{[ZnL] 5(t3-COs)} (ClOs)a [12]aneN, this work 195.9 129.4 16.9
194.9 128.8 20.5
194.3 128.8 19.0
{[ZnL] 5(u3-CO3)} (ClO4)4 [15]aneNO, 31 194.6 18.9 (av)
{[CuL]3(us-COs)} (ClOs)s [15]aneNO, 31 193.5 29.4 (av)
{[CuL]3(us-COs)(ClOs)3} (ClOs)s  Medpt 32a 196.3 130.6 119.5 18.9 (av)
198.0 127.7 119.4
197.3 126.7 121.1
{INiL] 3(u3-CO3)(NCS)} Medpt 32b 1520 1384 839 212.0 128.9 125.0 coplanar
745 217.9 130.7 117.1
214.2 127.0 117.9
{[ZnL]s(1s-CO3)} (ClO4)4H-0 N(CHzpy) 33 1610 1377 765 196.5 130.8 23
195.1 127.8 66
198.3 127.8 34
{[ZnL]3(u3-CO3)(H20)3} (CIOx)s  (bpy) 34 1476 vs 841w 694m 209 126 119
1423s  209.7 127 125
197.6 131 116
{[CuL]5(us-CO3)(H20)3} (ClOs)s  pip 35 1460 840 752
{[CuL]5(us-CO3)(H20)3} (NO3)s  pip 35 195.6 129.4

aDistance of the three metal atoms from the Qiane in pm. Average (av) or individual values are given as indicated.

The main problem we encountered was the fact that tetra- organotin and organotitanium complexes of the type3u
N-substituted cyclen ligands E&NCH,COOH, N-CH,PQOsH, (OR), (R = Me, Et, Bu, Pr) and M(OR)(R = Me, Et, Bu; M
N—n-C4Hg, N—COCCE}) led to compounds that are insoluble = Sn, Ti). Experimenf performed with dry ice as source for
in all common solvents. Although qualitative analysis (RFA) CO, resulted in partial decomposition of the organotin com-
indicated that zinc complexes are formed and,@Oset free pounds by water according to reaction 5. In subsequent work,
upon acidification, no unambiguous characterization by IR or
NMR was possible.

The use of phenol or 2-ethylphenol instead of nonaromatic ]
alcohols led to the same solubility problems so that the products 9aseous Cewas employed and chemical scavengers of water,
could not be characterized. Furthermore, a number of ligandssuch as dicyclohexylcarbodiimide (DCC) and trimethyl phos-
with different ring sizes and different C-substituents were tested. Phate, were employed in order to prevent the decomposition of
Zinc complexes with M-chelating ligands provide an additional  the catalyst. High yields of (Me@FO were obtained in the
free coordination site on the metal that could lead to an increasePresence of DCC. These results clearly demonstrate the
in reactivity for the final step (formation of dialkyl carbonates). important role of moisture (D) that can either decompose the
[12]aneN as well as 1,4-dioxocyclam and Tet A=C-mese cqtalyst or decompose the organic carb.onate as discyssed above.
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane) didt is therefore expected that the unavoidable formation H
not result in products that could be properly characterized.  in the reactions given in (2) will be an inherent difficulty to

The reactions were also performed in supercriticabChhe overcome.
dispersed in approximately 60 mL of methanol and 50 mL of adopted strategy to follow the mechanism for the catalyzed

BuzSn(OR); + H,0 =—= Bu,SnO + 2 ROH ®

CO,. The autoclave was kept at 90 bar and°&Dfor several
hours. For the unsubstituted ar@COCCE-substituted cyclen

hydration of CQ in order to synthesize dialkyl and diaryl
carbonates was not successful. A serious problem was encoun-

complexes, the same result was obtained as under 1 bgr CO tered with traces of water, which is an inherent problem of the

i.e. a trimeric zinc complex containing@-CO; unit was formed

selected strategy and the low solubility of reactant and product

and no further reaction occurred. The addition of molecular complexes in alcoholic medium. We are convinced that a
sieve to scavenge the produced water yielded no improvement.Systematic tuning of the bond strengths in the-Zn-R moiety

([15]aneN)Zn—0OCO-Me in ethanol under scGQvith added
molecular sieve gave no reaction.

Kizlink and Pastuch& 4! recently reported the formation of
dimethyl carbonate from MeOH and G@n the presence of

(39) Kizlink, J. Collect. Czech. Chem. Commui293 58, 1399.
(40) Kizlink, J.; Pastucha, ICollect. Czech. Chem. CommutB94 59,
2116.

could in principle induce the catalytic effect needed for the
conversion of C@to organic carbonates. Such a tuning will
require a more drastic variation of the coodination sphere than
performed in this study, by for instance the introduction of other
donor ligands such as S and P.

(41) Kizlink, J.; Pastucha, ICollect. Czech. Chem. Commutd95 60,
687.
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