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Abstract

The reaction of [Cu(MeCN), JPF, with a ferrocene-containing tetraazamacrocycle 2,5,19,22-tetraazal6,6](1,1" ferrocenophane-1,5-diene
(1) gives the copper(l) complex of the type [Cu(1)]PF, (2) which crystallizes in the orthorhombic system: P2,2,2, (#19); a = 7.597(2)
A, b=14.805(5) A, ¢ =24.194(4) A; Z=4; R=0.080; R, =0.083. The geometry around the central metal is a distorted tetrahedron
with two pairs of differing Cu—N bond length. This complex has demonstrated the excellent catalytic activity toward the formation of
cyclic carbonates and carbamates in the presence of CO,, giving almost quantitative product yields in most reactions that have been
employed. © 1997 Elsevier Science S.A.
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1. Introduction 2EH +CO,

The incorporation of carbon dioxide into organic “ R? - (HE)
substrates by transition metals in organic synthesis has [ECO,] [H.E]" R'c—c /|—0H z
attracted considerable attention due to its nontoxicity 7— | | R
and low price as compared with carbon monoxide [1-3]. LM O CE
Of particular interest is the formation of carbamates and \ .
cyclic carbonates from the reaction of terminal alkynes /2 /T_O CE -
as illustrated in Scheme 1, since these are useful chemi- RiC= +0H [Rlce=¢ s 2=
cals for agriculture or starting products for organic [ g 1 IR

LM LM OH

synthesis. In addition, these were used as natural and

synthetic polymers such as lignin, cellulose ester, nylon H,E*
and polyvinyl chloride [4-8]. ) L
n Rz

The formation of cyclic carbonates is now known to

2
be catalyzed by various transition metal complexes such — R — /|—OZCE
as CuCl, Cuacetate),, CuCl, [9-12], Ru,(CO),, [13], RIC=C Rl3°” RCH=% R
Pd(PPh,), [14], and CoCp, [15]. Even simple phos- = _ROH
phines such as PR (R = Bu, Ph, Me, etc.) are known to 2 / >\ "
catalyze this transformation in high yields (50-98%) /|_°2CE R
[4,5]. Carbamates are obtained from the reaction of R'CH,—C R® R'HC 0
terminal alkynes with secondary amines by ruthenium 0 O/Lo
(E =NR,) (E=OR)
* Corresponding author. Scheme 1.
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Scheme 2.

or iron catalysis as reported in Refs. [4,5,16-19]. In the
case of iron catalysis, the ligand employed was 1,1-
bis(diphenylphosphino)ferrocene.

These findings and the fact that ferrocene-based
phosphines and amines have found wide applications as
ligand for complexes in a number of homogeneous
catalytic reactions and asymmetric syntheses [20-25]
have led us to design and synthesize a series of fer-
rocene-containing polyazamacrocycles, one of which is
shown in Scheme 2 [26].

From a redox view point, ferrocene-containing
macrocycles and cryptands have attracted considerable
attention in recent years due to their potential applica-
tions in the fields of molecular ferromagnets [27,28],
molecular sensors [29,30], nonlinear optics [31-35], and
even as catalysts either in chemical processes or as
mimics for metallo-enzymes [36-41]. In addition, one
of the reasons for our interest in these systems lies in
the fact that heteropolymetallic assemblies consisting of
these macrocyclic ligands (redox-active centers) and
metal ion (Lewis acid) are expected to afford intriguing
prospects for small molecule activation [42-45]. They
may serve as multielectron redox mediators in the re-
dox—catalytic reactions.

This paper describes the synthesis and X-ray crystal
structure of 2 and its catalytic application to the forma-
tion of cyclic carbonates and carbamates from terminal
alkynes in the presence of CO,.

2. Experiment

2.1. General technique

All manipulations were carried out under an argon
atmosphere using a double manifold vacuum system
and Schlenk techniques. All commercial reagents were
used as received unless otherwise mentioned. Solvents
were purified by standard methods and were freshly
distilled prior to use. Microanalyses were performed by
the Center for Instrumental Analysis, Kyungpook Na-
tional University. ' H{*' P} NMR spectra were recorded
on a Varian Unity Plus 300 spectrometer operating at
300, 121.5 MHz, respectively. IR spectra were recorded
on a Mattson FT-IR Galaxy 6030E spectrophotometer

and Nicolet Magna-IR 550 spectrometer. UV-Visible
spectra were measured on a HP 8452A diode-array
spectrophotometer. ‘The ligand 1,1’-bis(diphenylphos-
phino)ferrocene (dppf) [46], ferrocene-1,!'-dicarbo-
xaldehyde [47], 2,5,19,22-tetraaza[6,6](1,1)ferro-
cenophane-1,5-diene (1) [26,48], and
[Cu(CH,CN), ][PF,] [49] were prepared according to the
literature methods. Structure determinations of carba-
mates [50], cyclic carbonates [15], and polycarbonate
[51,52] were performed by usual spectroscopic and mi-
croanalytical techniques as reported in the literature.

2.2. Preparation of 2

To a suspension of [Cu(MeCN), ][PF,] (0.30 g, 0.80
mmol) in CH,Cl, (10 ml) was added dropwise a solu-
tion of 1 (0.37 g, 0.80 mmol) in CH,Cl, at ambient
temperature through a pressure-equalizing dropping fun-
nel. The mixture was stirred for 1 h during which time
red precipitates were formed. These were filtered off,
washed with CH,Cl, (3 X 5 ml) and recrystallized from
CH,CN /diethylether to afford dark red crystals (4.0 g,
69%). Anal. calc. (found) for C,3H,;N,PF,Fe,Cu: C,
4540 (45.43); H, 3.81 (3.72); N, 7.56 (7.63). IR
(KBr/Nujol, cm™'): 1629 (v._y, vs), 854vs/520s
(vpp). 'H NMR (CDCl,, 8): 3.90 (s, 8H, CH),),
4.49s /4.63s (16H, AB, C;H,), 8.57 (s, 4H, N=CH).

2.3. Preparation of [Cu(dppf)(MeCN), J[PF,] - CH,Cl,
(3)

A solution of dppf (0.47 g, 0.85 mmol) in 10 ml of
CH,Cl, was added dropwise, through a pressure-
equalizing dropping funnel, to a suspension of
[Cu(MeCN), J[PE] (0.32 g, 0.85 mmol) in 10 ml of
CH,Cl,. The reaction mixture was stirred at room
temperature for 1 h. The volume of solvent was reduced
to half an amount followed by the addition of diethyl
ether (10 ml) to afford yellowish brown crystals on
cooling (0.54 g, 75%). Anal. calc. (found) for
C,cH,,N,P ;FFe,Cu, - CH,Cl,: C, 50.37 (50.82); H,
3.91 (3.99); N, 3.01 (2.67). IR (KBr/Nujol, cm™'):
2306w /2271w (Vyron), 840vs/557s (vpe). 'H NMR
(CDCl,, 8): 7.43-7.47 (m, 20H, Ph), 530 (s, 2H,
CH,Cl,), 4.15s/4.36s (8H, AB, C;H,), 2.12 (s, 6H,
MeCN). *'P NMR (CDCl,, 8): —11.87s.

2.4. Catalysis

Under a stream of nitrogen, acetylenic alcohol sub-
strate (5 mmol), base (0.5 mmol), and catalyst precursor
(0.05 mmol) were placed in an autoclave (50 ml). After
purging with CO, a few times, the reactor was pressur-
ized to the desired pressure (P(CO,) 38 atm). The
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system was heated at 100°C for 24 h after which the
reaction was terminated by rapid cooling, and then the
reactor was discharged. After passing the reaction mix-
ture through a short silicagel column to remove the
catalyst, the yields were obtained by gas chromato-
graphic analyses. The organic products were character-
ized and identified according to the literature.

2.5. X-ray structure determination of 2

Red single crystals of 2 suitable for X-ray diffraction
were grown at room temperature from CH,;CN. The
crystal, 0.16 X 0.10 X 0.06 mm, was mounted in a cap-
illary tube. All measurements were made on an Enraf
Nonius CAD-4/Turbo diffractometer with a graphite
monochromated Mo K « (Kal; A=0.70930 A, K«a?2;
A=0.7135 A). The final unit-cell parameters were de-
termined to be_a=7.597(2) A, b=14.805(5) A and
c=24.194(4) A by least-squares refinement of well-
centered 25 reflections. The intensity standard was

Table 1
Crystallographic data and refinement of the structure for 2

Cu,Fe, P FN,CogHyg

Empirical formula

FW

Crystal system
Space group
z

Cell parameters
a(A)

b (A)

¢ (A)

V(A

Dcalc (g Cl’IlAj )

wem™ ! with Mo K &)

Transmission factor

Scan type

Scan width (w) (°)

260y ©)

No. of reflections measured

No. of reflections observed (I > 3a(I))
F(000)

No. of variables

Discrepancy indices
Ra
b
R,
Goodness-of-fit indicator®
Maximum shift in final cycles

740.761
orthorhombic
P2,2,2,(#19)
4

7.597(2)
14.805(5)
24.194(4)
2721(1)

1.810

19.6

81.5-99.7

w/286

1.22+0.57 tan(8)
52.64

3171

883

1496

204

0.080
0.083

2.04
less than 0.01

‘R=LIF,|-IFIl/ZIF,]

*R, =[Ew(F, |~ |F.D?/Ew(FD)]/?, where w=[oF*+(0.02F)’

+1.00]".

“Estimated standard deviation of an observation of unit weight:
[Ew(F,|-F.D? /(N,— N)I'/2, where N,=number of observa-

tions and N, = number of variables.

Table 2

Final atomic fractional coordinates and thermal parameters for 2°
Atom  x y z B (A?)
Cu(l)  08225(7)  0.0428(3) 0.1370(2) 4.1(1)
Fe(1)  0.5499(6)  0.1626(3) 0.2681(2) 2.6(1)
Fe(2) 1.1114(7)  —0.0825(3)  0.0066(2) 2.9(1)
N(1) 0.576(4) 0.106(1) 0.123(1) 3.0
NQ) 0.924(3) 0.031(2) 0.214(1) 3.6(7)
N(3) 0.860(3) —0.107(2) 0.139(1) 3.9(7)
N(4) 0.907(3) 0.120(2) 0.070(1) 3.4(7)
c) 0.288(4) 0.162(2) 0.242(1) 3.3(8)°
cQ) 0.300(4) 0.125(2) 0.299(1) 2.8(8)°
Cc(3) 0.414(5) 0.050(2) 0.297(1) 3.4(8)°
c@4) 0.489(4) 0.034(2) 0.241(1) 3.1(7)°
() 0.405(4) 0.107(2) 0.207(1) 2.6(7)°
c(6) 0.821(4) 0.158(2) 0.268(1) 3.5(7)b
c?) 0.746(4) 0.226(2) 0.227(1) 2.7(8)°
Cc(®) 0.646(4) 0.296(2) 0.253(1) 1.9(7)°
Cc(9) 0.651(6) 0.276(3) 0.313(2) 7(1)°
c(10)  0.750(4) 0.191(2) 0.321(1) 3.6(9)°
c(1)  0.852(4) —0.093(2) 0.007(1) 2.0(7)°
c(12)  0.926(4) —0.160(2) 0.044(1) 2.6(7)°
C(13)  1.033(4) —0.213(2) 0.009(1) 3.2(8)°
c14) 102205 —0.184(2) —0.046(1) 419"
Cc(15)  0.914(5) —0.107(2) —0.046(1)  4.7(9)°
c(16)  1.366(5) —0.044(2) —0.014(1)  4.0(8)°
c(17)  1.245(5) 0.029(2) —0.023(1) 429"
c(18)  1.170(4) 0.043(2) 0.028(1) 2.2(6)°
c(19)  1.223(5) —0.012(2) 0.068(1) 3.5(8)°
cQ0) 13574 —0.071(2) 0.041(1) 1.7(7)®
cD)  0.922(4) —0.165(2) 0.103(1) 2.27)P
Cc22) 1.027(5) 0.112(2) 0.033(1) 3.2(8)°
C(23)  0.441(5) 0.130(2) 0.153(1) 3.7(8)°
c(4) 0.908(4) 0.070(2) 0.259(1) 2.8(7)°
C(25) 1.012(4) —0.058(2) 0.220(1) 2.4(7)°
C(26)  0.894(5) —0.125(2) 0.199(1) 43(9)°
c27)  0.589(4) 0.150(2) 0.066(1) 3.3(8)°
c(28)  0.765(4) 0.193(2) 0.060(1) 2.4(7)°
P(1) 0.189(3) 0.376(1) 0.1204(7) 10.6(s)®
F(1) 0.281(8) 0.366(4) 0.183(2) 25(2)°
F(2) 0.480(8) 0.108(4) 0.854(2) 25(2)°
F(3) 0.146(6) 0.472(3) 0.117(1) 17(1)°
F(4) 0.386(7) 0.377(3) 0.103(2) 20(2)°
F(5) 0.157(9) 0.322(4) 0.068(2) 26(2)°
F(6) 0.113(9) 0.283(4) 0.142(3) 28(2)°

*Estimated standard deviations in the last significant digits, as ob-
served from theleast-squares refinement, are given in parentheses.
®Starred atoms were refined isotropically. B values for anisotropi-
cally refined atoms are given in the form of the equivalent isotropic
displacement parameter defined as: B =(4/3)a, X B(1,D)+ b, X
B(2.2)+ ¢, X B(3,3)+ ab(cos y)X B(1,2)+ aclcos B)x B(1,3)+
belcos a)x B(2,3)].

recorded every 60 min during data collection. The data
were modified for Lorentz polarization effects and de-
cay. Empirical absorption correction with W-scan was
applied to the data. The structure was solved via the
conventional heavy-atom method as well as Fourier
difference techniques and refined on F by means of
full-matrix least-squares procedures using Molen. The
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Table 3

Selected bond distances (A) and angles (°) for 2

Bond distances

Cu—N(1) 2.12(3) Fe(1)-C(10) 2.03(4) N(2)-C(24) 1.25(4)
Cu-N(2) 2.02(3) Fe(2)-C(11) 1.98(3) N(2)-C(25) 1.49(4)
Cu-N@3) 2.24(3) Fe(2)-C(12) 2.04(4) N(3)-C(21) 1.31(4)
Cu-N(4) 2.09(3) Fe(2)-C(13) 2.03(2) N(3)-C(26) 1.48(5)
Fe(1)-C(1) 2.09(4) Fe(2)-C(14) 2.09(4) N(4)-C(22) 1.27(4)
Fe(1)-C(2) 2.12(4) Fe(2)-C(15) 2.00(4) N(4)-C(28) 1.54(4)
Fe(1)-C(3) 2.08(4) Fe(2)-C(16) 2.07(4) C(5)-C(23) 1.38(5)
Fe(1)-C(4) 2.06(4) Fe(2)-C(17) 2.06(4) C(6)-C(24) 1.47(5)
Fe(1)-C(5) 2.02(4) Fe(2)-C(18) 1.98(4) C(12)-C(21) 1.42(4)
Fe(1)-C(6) 2.06t4) Fe(2)-C(19) 2.01(4) C(25)-C(26) 1.43(5)
Fe(1)-C(7) 2.03(4) Fe(2)-C(20) 2.05(3) C(18)-C(22) 1.50(5)
Fe(1)-C(8) 2.13(3) N(1)-C(23) 1.29(5) C(27)-C(28) 1.48(5)
Fe(1)-C(9) 2.14(5) N(D-C@27) 1.53(4)

Bond angles

N(1)-Cu—N(2) 121.(1) N(3)-Cu-N(4) 122.(1)

N(1)-Cu-N() 124.(1) Cu-N(1)-C(27) 106.(3)

N(1)-Cu-N(4) 85.(1) Cu-N(4)-C(28) 107.(2)

N(2)-Cu-N(3) 81.(1) Fe(2)-C(18)-C(22) 120.(2)

N(2)-Cu-N(®4) 130.41)

final cycle of refinement was converted with R = 0.080
and R, = 0.083, where w is [ F? + (0.02F)* + 1.00]~ "
The shift:error ratio in the last cycle of least-squares is
less than 0.01 for all parameters. Crystal data, details of
the data ccllection and refinement of the structure are
listed in Table 1. Final positional parameters and tem-
perature factors, bond lengths and angles are listed in
Tables 2-4. '

3. Results and discussion
3.1. Synthesis and characterization

The Cu(l) complexes 2 and 3 incorporating the lig-
ands 1 and dppf, respectively, were formed according to
the simple substitution reaction represented by Eq. (1).

CH,Cl,
[Cu(MeCN),]PF, + L > [Cu(L) «(MeCN), |PF;

2.L=1x=1;y=0 (1)
3:L=dppfix=1;y=2

Here, in connection with the reaction of dppf, it is
worth noting that while the addition of the stoichiomet-
ric amount of this ligand yielded the expected product
(3), yet further substitution to give the tetrasubstituted
compound of the type [Cu(dppf),]PF,; did not take
place. The reason may be due to the severe steric
congestion caused by two molecules of the bulky ligand
around the tetrahedral geometry of the central metal.

Both complexes were characterized by elemental
analyses, spectroscopic (IR, NMR), and X-ray crystal-
lography in the case of 2.

Elemental analyses are consistent with calculated

ones, and the 'H NMR spectra of the ligands and
complexes are straightforward. As noted in our previous
communication [26], the ligand 1 possesses two di-
astereotopic pairs of aldehydic imine protons (8 = 8.21,
8.04 ppm), which can be confirmed by its X-ray crystal
structure [48]. Upon complexation, however, all these
protons become equivalent in a tetrahedral geometry
around the central metal in 2, thus exhibiting only one

Table 4

Macrocycle torsion angles (°) for 2

Atom 1 Atom 2 Atom 3 Atom 4 Angle
N(1) c@27n C(28) N@) 56(3)
N(2) Cc@s) C(26) N(3) 61(3)
Cc(23) N(1) c@7n C(28) 127(3)
c@7n) N(1) Cc(23) c®) —174(3)
Cc@2s) N(2) C(24) C(6) —177(3)
cQ4) N(2) Cc(25) C(26) 122(3)
C(26) N(3) c@1) c(12) —173(3)
cR N(3) C(26) Cc(25) 111(3)
C(28) N(4) C(2) cas) —173(3)
(1) Cc(5) C(23) N(1) 157(3)
C4) c(s) Cc(23) N(1) —16(6)
C(24) c(6) () C(8) 170(3)
Cc(24) C(6) cQo) c —173(3)
cn c(6) c4) N(2) —6(6)
c(10) c(6) C(24) N(2) 159(3)
c(15) can c(12) c@n 169(3)
c@1) c(12) C(13) c(14) —172(3)
cQ1ny Cc(12) Cc21) N(3) —4(6)
c(13) c(12) c@n N(3) 163(3)
c(16) can c(18) Cc(@2) —177(3)
c(22) C(18) C(19) CQ0) 176(3)
c(18) Cc(18) Cc2) N(4) 158(4)
c19) Cc(18) cQ2) N(4) —17(6)
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Fig. 1. X-ray crystal structure of 2.

singlet at a little downfield (8 = 8.57 ppm). The pattern
of disubstituted Cp rings is as usual.

The most interesting feature concerning 3 is the
appearance of the phosphorus signal in an exceptionally
high field (6 = — 11.87) as compared with both the free
ligand [53] and its analogues incorporating other chelat-
ing phosphines such as R,PCH,CH,PR, (R = Ph, Cy)
[54,55], although these observations are not unprece-
dented as found with other Rh(I) [56] and Cu(D) [57]
complexes incorporating the same ligand. At any rate,
the increased electron density on the phosphorus atoms
exerted by the filled d-orbitals of Cu(I) may be respon-
sible for this shift.

Both 1 and 2 show the characteristic imine stretching
bands (v _,) in the region of 1609-1639 cm™' which
move to lower frequency upon complexation. The com-
pound 3 shows a pair of weak bands at 2306 and 2271
cm ™! assignable to the stretching bands of the coordi-
nated acetonitrile.

3.2. X-ray crystal structure of 2

In order to obtain more systematic structural informa-
tion, the X-ray crystal structure of 2 has been deter-
mined whose ORTEP view is shown in Fig. 1. A
summary of the crystallographic data and refinement
results, final atomic coordinates for nonhydrogen atoms,
and selected bond distances and angles are listed in
Tables 1-4.

The copper(I) ion possesses a distorted tetrahedral
geometry with the Cu=N1 and Cu-N3 bonds being on
average some 0.13 A longer than the Cu-N2 and
Cu~N4 bonds. Bond distances of copper atom to neigh-
boring nitrogen atoms (average of 2.12 A) is slightly
longer than those (average of 2.047 A) found in the
related copper(Il) complex [42].

The smallest bond angle around the copper atom in
the five- membered rings is 81.(1)° for N2—Cu—N3 due

to the geometrical constraints in the coordinated te-
traazamacrocyclic ligand which contains ethylenedi-
amine moieties. The macrocycle torsional angles are
shown in Table 4. The CuN1C27C28N4 and
CuN2C25C26N3 rings adopt the usual chair conforma-
tion (the torsional angle N1-C27-C28-N4 is 56(3)°
and N2-C25-C26-N3 is 61(3)°).

Fe— C(cyclopentadlenyl ring) distances range from
1.98(3) to 2.14(5) A (average of 2.05 A) and intracy-
clopentadienyl C-~C bond lengths lie in the range
1.33(4)-1.53(5) A (average of 1.44 A). These bond
length variations lead to the small deviations from the
ring planarity of cyclopentadieny! rings. Cyclopentadi-
enyl rings are rotated by 28(2)° and 26(2)° from exactly
eclipsed conformation at Fe(1) and Fe(2), respectively.

3.3. Catalysis

In spite of numerous examples for copper macrocy-
cles [38-41] and their reaction chemistry with small
molecules such as carbon monoxide [37,58], olefins [58]
and carbon dioxide [59], their use as homogeneous
catalyst in organic synthesis via the activation of these
small molecules are rare. Such examples include cat-
alytic oxidation with dinuclear Cu(ID) macrocyclic
dioxygen complexes [60—63], epoxydation of styrene by
Cu(II) macrocycles [64].

Here, we report for the first time, the use of a
cationic copper(I) complex incorporating the ferrocene-
containing tetraazamacrocycle for the incorporation of
CO, in the catalytic formation of carbamates and cyclic
carbonates. As mentioned previously, catalytic forma-
tion of carbamates and cyclic carbonates from the reac-
tion of acetylenic alcohol derivatives with CO, is well
established [4,5].

In the present work, the same reactions represented
by Eq. (2) were carried out employing the cationic
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copper complex 2 as catalyst and other compounds for
comparative purposes.

R'H R2
R2 bjpy HHS
R —:—I—()H + CO, ——»
1 L 2 OYO + Polymer
(o}
4

5
R2 (Rx)ZNH R2 R3 (2)
R1_:_|!;OH + €02 TP T T RNCO;” “COCH,R'
. N
ANH: ENH; [ O NH (O WM G NH
(A) |) (C) (D)

Tables 5 and 6 present the yields of various carba-
mates and cyclic carbonates, respectively, under a stan-
dard set of conditions. Both tables show that our new
copper(I) complex 2 is an excellent catalyst giving
almost quantitative product yields in most cases. These
results are among the highest yields reported in Refs.
[4,5,19].

For unknown reasons, the presence of substituents
(R* and R?) other than hydrogen at the a-carbon of the
propargyl alcohol seems to be essential to maintain high
product yields as can be seen from entry 1 of Table 5
and entries 13—16 of Table 6. A dramatic example for
these observations is the exclusive formation of a poly-
carbonate instead of the desired cyclic carbonate as
shown in entry 1 of Table 5. The polymer formation
from this reaction was confirmed by comparing the
infrared pattern of the product with that of related
polycarbonates obtained under different catalytic condi-
tions [51,52]. Comparison of molecular weights and
other spectroscopic data such as NMR, however, could
not be made due to the insolubility of our product in
any organic solvent.

The yields drop also when the terminal acetylenic
hydrogen is replaced by other bulkier substituents, which
may be explained in terms of steric hindrance. These
observations are demonstrated in entry 5 of Table 5 and
entries 17-20 of Table 6.

Table 5
Yields of cyclic carbonates catalyzed by 2*
Entry Substrate Yield (%)°

R' R? R} 4 5
1 H H H - > 95
2 H Me Me 94 -
3 H Me Ex 96 -
4 H Me Ph 90 -
5 Ph Me Me 0 -

Table 6
Yields of carbamates catalyzed by 2°
Entry Substrate Amine Yield (%)°
R R? R’
1 H Me Me A 96
2 B 100
3 C 100
4 D 96
5 H Me Et A 94
6 B 90
7 C 94
8 D 80
9 H Me Ph A 94
10 B 84
11 C 94
12 D 80
13 H H H A 57
14 B 44
15 C 40
16 D 45
17 Ph Me Me A 44
18 B 40
19 C 35
20 D 35

"Reaction conditions: [substrate] = 5 mmol (neat); [catalyst] = 0.05
mmol; [bipy]=0.5 mmol; [amine]=10 mmol; P(CO,) 38 atm;
reaction temperature = 100°C; reaction time = 24 h.

*GC yield based on the substrate.

Some comparative studies have been performed to
investigate the role of ligand, metal and counter anion.
The results are summarized in Table 7. The complex 2
exhibits the most powerful catalytic activity among
those employed, and the comparison with 3 and
[Cu(MeCN), IPF; reveals that the strong binding of the
tetradentate ligand 1 is crucial. It may be deduced that,
although the electronically saturated Cu(I) complex 2
would rather exhibit less reactivity as compared with
CuCl due to its steric congestion, the redox active
centers derived from multiple ferrocene units may have
a role by communicating electronically with the central
copper metal to make it more sensitive toward oxidation

Table 7

Some reaction parameters for the yields of cyclic carbonates”
Entry Catalyst Base Yield (%)°
1 {Cu(D)IPE,(2) bipy 94

2 [CuD]CIO, bipy 98

3 NEt, 65

4 3 bipy 63

5 [Cu(MeCN), I[P ] bipy 47

6 Fe;(CO),, bipy 78

7 Ru,;(CO),, bipy 63

*Reaction conditions: [substratc]= 5 mmol (neat); [catalyst] = 0.05
mmol; [bipy] = 0.5 mmol; P(CO,)= 38 atm; reaction temperature =
100°C; reaction time = 24 h.

°GC yield based on the substrate.

#Reaction conditions: [substrate] = 5 mmol; [catalyst]= 0.05 mmol;
[base] = 0.5 mmol; P(CO,), 38 kg cm ?; reaction temperature =
100°C; reaction time = 24 h.

*GC yield based on the substrate.
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to Cu(Il). The exact role of the ferrocene moiety in the
tetraazamacrocycle in comparison with a simple organic
counter part has yet to be investigated further in the
future.

The effect of counter anion is insignificant, and for
unknown reasons, 2,2'-bipyridine is preferred over NEt,
which is the common base used by others to activate
deprotonation of the substrate alcohol (cf. Scheme 1).

The mechanism for the formation of both products
may proceed in a similar manner as described in Scheme
1. The first step of the catalytic cycle is the formation of
nucleophilic adduct which then enters into the catalytic
cycle by nucleophilic attack on the coordination product
formed from the reaction of catalyst with propargyl
alcohol. A metalloenolate thus formed completes the
cycle to produce carbamates and cyclic carbonates,
respectively, through transesterification followed by tau-
tomerization and by intramolecular cyclization. Yet no
attempt has been made to isolate any intermediates
involved in the cycle.
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