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High-Temperature Synthesis of an Open-
Framework Compound, Na2Cs2Cu3(P2O7)2Cl2
(CU-4), by Molten-Salt Methods**
Qun Huang, Shiou-Jyh Hwu,* and Xunhua Mo

Porous materials have stimulated much interest for their
applications in catalysis, ion-exchange, separation, sensor, and
molecular recognition.[1] Transition metal containing micro-
porous (TMCM) solids have attracted particular attention
because of their unique functions, such as redox catalysis,[2]

Experimental Section

Compound 13 : A mixture of 12 (1.00 g, 1.51 mmol), palladium(ii) acetate
(203 mg, 910 mmol), triphenylphosphane (475 mg, 1.81 mmol), and sodium
pivalate (375 mg, 3.02 mmol) were dried in vacuo (10ÿ2 mbar) for 1.5 h at
60 8C, and then dry N,N-dimethylacetamide (40 mL) was added. The
orange-colored suspension was degassed three times and heated under
argon for 4.5 h at 130 8C. After cooling to room temperature, the dark
brown suspension was diluted with ethyl acetate, washed sequentially with
2n HCl and saturated aqueous NaCl solution, dried (Mg2SO4), and
concentrated in vacuo. After flash chromatography on silica gel (dichloro-
methane/ethyl acetate 100:2), 13 (597 mg, 1.03 mmol, 68 %) was obtained
as a red solid, which was crystallized from dichloromethane/petroleum
ether. M.p. 138 8C; IR (KBr): nÄ � 2950, 1710, 1660, 1190, 1100 cmÿ1;
1H NMR (200 MHz, CDCl3): d� 1.40 ± 1.56 (m, 12 H; CH(CH3)2), 3.67 (s,
3H; OCH3), 3.87 (s, 3H; OCH3), 4.64 (sept, J� 6.1 Hz, 1H; CH(CH3)2),
4.77 (sept, J� 6.1 Hz, 1H; CH(CH3)2), 6.35 (d, J� 2.3 Hz, 1H; H-3' or
H-5'), 6.53 (d, J� 2.3 Hz, 1H; H-3' or H-5'), 7.12 (d, J� 9.2 Hz, 1H; H-7),
7.80 (d, J� 8.9 Hz, 1 H; H-6), 7.94 (s, 1 H; H-2); 13C NMR (63 MHz, CDCl3):
d� 19.23 (CH(CH3)2), 21.88 (CH(CH3)2), 22.36 (CH(CH3)2), 55.75
(OCH3), 57.69 (OCH3), 73.11 (CH(CH3)2), 73.30 (CH(CH3)2), 93.79,
96,37, 102.53, 110.18, 116.67, 121.30, 123.62, 125.60, 128.02, 128.73, 133.02,
137.89, 139.21, 152.44, 155.61, 155.86, 156.85, 160.41, 161.75, 180.07 (C�O),
184.03 (C�O); MS (70 eV): m/z (%): 582/580 (5/5) [M�], 509/507 (9/6)
[M�ÿC4H9O�], 467/465 (15/11) [M�ÿC8H19

�], 183 (100); elemental
analysis (%): calcd for C29H25O8Br (581.42): C 59.91, H 4.33; found: C
59.66, H 4.25.

Compound (P)-15 : The solvent was removed in vacuo from a solution of
(S)-14 (1.0m in toluene, 360 mL, 360 mmol) and the residue was dissolved
under argon in dry THF (1 mL). This solution was treated with a solution of
the BH3 ± THF complex (1.0m in THF, 480 mL) and stirred for 30 min at
room temperature. After dropwise addition of a solution of the lactone 13
(69.8 mg, 120 mmol) in dry tetrahydrofuran (1 mL) at 0 8C the solution was
stirred for 1 h at this temperature, then water (1 mL) and 2n HCl (1 mL)
were added and the aqueous phase was thoroughly extracted with ethyl
acetate. The combined organic phases were dried (MgSO4) and the solvents
were removed in vacuo. After flash chromatography of the residue on silica
gel (dichloromethane/ethyl acetate 7:3), (P)-15 (56.9 mg, 97.2 mmol, 81%)
was obtained as a yellow solid (96 % ee). Crystallization from dichloro-
methane/diethyl ether/n-hexane yielded yellow crystals (45.6 mg,
77.9 mmol, 65 %; > 99 % ee). M.p. 122 ± 124 8C; [a]20

D �ÿ28 (c� 0.01 in
methanol); IR (KBr): nÄ � 3120 (br., OH), 2950, 1660, 1570, 1190,
1090 cmÿ1; 1H NMR (400 MHz, CDCl3): d� 1.37 ± 1.44 (m, 12 H;
CH(CH3)2), 3.59 (s, 3H; OCH3), 3.76 (s, 3H; OCH3), 4.33 (d, J� 13.7,
1H; CHHOH), 4.42 (d, J� 13.7, 1 H; CHHOH), 4.55 (sept, J� 5.8 Hz, 1H;
CH(CH3)2), 4.67 (sept, J� 5.8 Hz, 1H; CH(CH3)2), 6.12 (d, J� 1.8 Hz, 1H;
H-3' or H-5'), 6.20 (d, J� 1.8 Hz, 1H; H-3' or H-5'), 6.97 (d, J� 8.8 Hz, 1H;
H-7), 7.43 (s, 1H; H-2), 7.60 (d, J� 8.8 Hz, 1 H; H-6); 13C NMR (63 MHz,
CDCl3): d� 21.88 (CH(CH3)2), 21.98 (CH(CH3)2), 55.06 (OCH3), 55.57
(OCH3), 62.76 (CH2OH), 72.73 (CH(CH3)2), 73.46 (CH(CH3)2), 91.32,
94.05, 105.66, 109.82, 118.94, 121.31, 122.43, 124.61, 128.01, 135.62, 137.44,
138.41, 147.96, 154.94, 155.78, 155.84, 157.21, 160.73, 182.40 (C�O), 186.23
(C�O); MS (70 eV): m/z (%): 586/584 (54/54) [M�], 543/541 (44/39) [M�ÿ
C3H6

�], 495/493 (20/19) [M�ÿCH4O2
�], 453/451 (100/100) [M�ÿ

C7H17O2
�]; elemental analysis (%): calcd for C29H25O8Br (585.45): C

59.50, H 4.99; found: C 59.59, H 4.74.

Received: November 23, 2000 [Z 16167]

[1] For a recent overview on naturally occurring biaryl compounds, see:
G. Bringmann, C. Günther, M. Ochse, O. Schupp, S. Tasler in Progress
in the Chemistry of Organic Natural Products, Vol. 82 (Eds.: W. Herz,
H. Falk, G. W. Kirby, R. E. Moore, C. Tamm), Springer, New York,
2001, in press.

[2] E. Dagne, W. Steglich, Phytochemistry 1984, 23, 1729 ± 1731.
[3] M. Bezabih, S. Motlhagodi, B. M. Abegaz, Phytochemistry 1997, 46,

1063 ± 1067.
[4] A total of six axially chiral phenylanthraquinones have so far been

described, which differ in the methylation pattern of the acetylphloro-
glucinol unit and the oxidation state of the chrysophanol part
(quinone or anthrone): a) E. Dagne, A. Yenesew, Phytochemistry

1993, 34, 1440 ± 1441; b) F. van Staden, S. E. Drewes, Phytochemistry
1994, 35, 685 ± 686; c) A. Yenesew, E. Dagne, M. Müller, W. Steglich,
Phytochemistry 1994, 37, 525 ± 528; d) E. Dagne, A. Yenesew, Pure
Appl. Chem. 1994, 66, 2395 ± 2398; e) B.-E. van Wyk, A. Yenesew, E.
Dagne, Biochem. Syst. Ecol. 1995, 23, 277 ± 281; f) G. Alemayehu, A.
Hailu, B. M. Abegaz, Phytochemistry 1996, 42, 1423 ± 1425; g) M.
Bezabih, B. M. Abegaz, Phytochemistry 1998, 48, 1071 ± 1073.

[5] a) J. M. Watt, M. G. Breyer-Brandwijk, The Medicinal and Poisonous
Plants of Southern and Eastern Africa, 2nd ed., Livingstone, Edin-
burgh, 1962, pp. 568 ± 574, p. 695, p. 707; b) M. Gelfand, S. Mavi, R. B.
Drummond, B. Ndemera, The Traditional Medical Practitioner in
Zimbabwe, Mambo Press, Gweru, 1993, p. 89.

[6] G. Bringmann, J. Kraus, D. Menche, K. Messer, Tetrahedron 1999, 55,
7563 ± 7572.

[7] G. Bringmann, D. Menche, M. Bezabih, B. M. Abegaz, R. Kaminsky,
Planta Med. 1999, 65, 757 ± 758.

[8] For the preparation of the bridged biarylic anthraquinone pradimi-
cinon in enantiomerically pure form, albeit by racemate resolution,
see: M. Kitamura, K. Ohmori, T. Kawase, K. Suzuki, Angew. Chem.
1999, 111, 1308 ± 1311; Angew. Chem. Int. Ed. 1999, 38, 1229 ± 1232.

[9] For a recent review, see: G. Bringmann, M. Breuning, S. Tasler,
Synthesis 1999, 525 ± 558.

[10] A. Tschirch, G. Pedersen, Arch. Pharm. 1898, 236, 200 ± 212.
[11] M. Rychener, W. Steiger, Pharm. Acta Helv. 1989, 64, 8 ± 15.
[12] A. T. Khan, B. Blessing, R. R. Schmidt, Synthesis 1994, 255 ± 257.
[13] J. Alexander, A. V. Bhatia, L. A. Mitscher, S. Omoto, T. Suzuki, J.

Org. Chem. 1980, 45, 20 ± 24.
[14] J. Stenhouse, Liebigs Ann. Chem. 1854, 89, 251 ± 262.
[15] G. Bringmann, T. Hartung, Tetrahedron 1993, 49, 7891 ± 7902.
[16] For a review on enantioselective reductions with the oxazaboro-

lidine ± borane reagent, see: E. J. Corey, C. J. Helal, Angew. Chem.
1998, 110, 2092 ± 2118; Angew. Chem. Int. Ed. 1998, 37, 1986 ± 2012.

[17] a) Enantiomeric ratios were determined by HPLC analysis on chiral
phase: Daicel Chiralcel OD-H, 25 cm, 4.6 mm diameter, detection at
280 nm, flow: 0.5 mL minÿ1, eluent: n-hexane/2-propanol 65:35, re-
tention times: 29 min for (P)-15 and 46 min for (M)-15 ; b) Attribution
of the axial configuration of the alcohol 15 was done by CD
spectroscopy and by correlation with the stereochemically known[6]

final product 1 a.
[18] R. E. Ireland, D. M. Walba, Organic Syntheses Collective Volume, Vol.

6, Wiley, New York, 1988, p. 567 ± 570.

[*] Prof. Dr. S.-J. Hwu, Dr. Q. Huang, X. Mo
Department of Chemistry
Clemson University
Clemson, SC 29634-0973 (USA)
Fax: (�1) 864-656-6613
E-mail : shwu@clemson.edu

[**] Financial support for this research (DMR-9612148, DMR-0077321
and EPS-9977797) and the single-crystal X-ray diffractometer (CHE-
9207230) from the National Science Foundation is gratefully acknowl-
edged.



COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 9 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4009-1691 $ 17.50+.50/0 1691

magnetic ordering,[3] and cathodic electrolysis,[4] attributed to
the utility of d electrons. Traditionally, the porous solids are
prepared by low-temperature, hydrothermal (or solvother-
mal) methods. Conventional synthesis using organic as well as
organometallic templates have given some insights into
tailoring porous structures.[5, 6] Reaction mechanisms through
which the pore structures are constructed, however, remain
uncertain.

Prior to this study, we reported a series of new TMCM
compounds synthesized by employing molten-salt methods at
high temperatures well above those commonly employed in
hydrothermal syntheses.[7] This compound series was desig-
nated as CU-2 (Clemson University no. 2) and contains large
channels filled with a water-soluble salt.[8] The large pore is
built around a column of close-packed (K,Cs)�/Clÿ ions in a
squarelike lattice with a cross section of roughly 6� 6 �. For
instance, for CU-2-CuPO, the chloride ions are bonded to the
Cu2� ions and, in turn, direct the orientation of otherwise
square-planar CuO4 in the construction of the Cu-P-O
micropore structure.

Further studies on the ªsalt templatingº effect have
resulted in a new solid derived from different combinations
of alkali metal chlorides, namely, Na2Cs2Cu3(P2O7)2Cl2. This is
the second example of a new family of open-framework
compounds prepared by a conventional high-temperature,
solid-state route. This new open-framework solid is designat-
ed as CU-4 and can be considered as structurally related to
CU-2. Herein we report the synthesis and structure of CU-4
and compare it with CU-2. This work reaffirms the utility of
molten salts for the high-temperature synthesis of micro-
porous solids.

Crystals of the Na2Cs2Cu3(P2O7)2Cl2 phase were grown at
750 8C by employing the salt CsCl. Compared with an
idealized composition of CU-2-CuPO, K2Cs3Cu3(P2O7)2Cl3,
the current compound contains the smaller Na� ion and less
cesium chloride. The new phase can also be synthesized at
550 8C in air by using stoichiometric amounts of the corre-
sponding materials.[9]

With respect to the Cu-P-O framework, the CU-4 structure
contains 8-ring and 16-ring micropores (Figure 1), which are
5.3� 5.3 � and 4.9� 17.2 �, respectively, measured from
copper to copper.[10] CU-2 and CU-4 have the same con-
nectivity (Figure 2), thus one phase can be converted to the
other by a chemical modification. For instance, the CU-2
phase can be prepared by an ion-exchange reaction of CU-4
by using the KCl/CsCl eutectic salts at 600 8C.

The CsCl salt resides in the small channel. As in the CU-2
structure, the CsCl salt exists in a linear array of Cs�-Clÿ-Cs� ;
the CsÿCl distance is 3.31 � (� 1�4c). Each chlorine atom Cl(1)
is bonded to four copper atoms Cu(1) (Cu(1)ÿCl(1)
2.862(1) �).

The 16-ring channel, which shows an unusually elongated
window (Figure 1), is composed of eight CuO4 and eight P2O7

polyhedra. The two different polyhedral units are alternately
arranged and interconnected through vertex-sharing oxygen
atoms (Figure 3). The 8-ring window is constructed in the
same fashion with half as many CuO4 and P2O7 units. The
planes of the square-planar CuO4 units all face the center of
the pores. The axial positions of each unit are occupied by the

Figure 1. Projected view of the Na2Cs2Cu3(P2O7)Cl2 framework. The
alternating CuO4 (ball-and-stick) and P2O7 (polyhedral) units are inter-
linked through corner-sharing oxygen atoms. The mixed-salt contains Na�

(small open circle), Cs�, and Clÿ (nonbonded solid and open circles,
respectively) ions.

Figure 2. Microporous structures of CU-4 (left) and CU-2 (right). The
frameworks are outlined by interconnecting copper metal (solid circles)
and phosphorus cations (open circles). The oxygen atoms, as well as the
salt, are omitted for clarity.

Clÿ ions residing in the channels. In Cu(1)O4Cl2, for example,
the Cu(1) atom forms long bonds to two Cl atoms, namely,
2.86 � to Cl(1) in the 8-ring, and 3.00 � to Cl(2) in the 16-ring.
Both these distances are significantly longer than 2.54 �
(derived from the sum of the Shannon radii of six-coordinate
Cu2� (0.87 �) and Clÿ (1.67 �)).[11] Also, as shown in the side
view of CU-4 (Figure 3 b), the copper atoms shared between
the neighboring 16-rings, Cu(2) and Cu(3), are stacked
alternately along the channel (c axis). These copper atoms
are each five-coordinate, surrounded by four O atoms and a
Cl atom; the CuÿCl bond lengths are shorter than those
mentioned above for Cu(1), that is, 2.44 � for Cu(2)ÿCl(4)
and 2.60 � for Cu(3)ÿCl(3). This indicates a stronger CuÿCl
interaction, and gives rise to the ªindentedº structure at the
waist of the elliptical framework (Figure 2). Taking into
account the short CuÿCl bonds, the elliptical pore can be
alternatively viewed as a fused structure made of two 9-rings
sharing a common Cu-Cl-Cu bond.

The formation of the large pore is likely attributed to the
incorporation of multiple salts. In the elliptical pore, ions form
an ordered lattice [Na2CsCl]2� (Figure 4). Cl(2) is tetrahe-
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Figure 3. a) A partial structure of two large (half) and two small (full)
micropores viewed along the channel, and b) a side view of the large pore in
CU-4. The P2O7 units are drawn in fused PO4 tetrahedra and three
independent Cu2� ions are labled (see text for details).

drally coordinated to three Na and one Cs, that is Cl(2)Na(1)2-
Na(2)Cs(2) (Figure 4), while Cl(3) and Cl(4) are octahedrally
coordinated to four Cs and two Cu atoms (not shown), that is,
Cl(3)Cs(2)4Cu(3)2 and Cl(4)Cs(2)4Cu(2)2. Cs(3) primarily
interacts with oxide ions since the corresponding
Cs(3)ÿCl(2,3) distances are long (4.69 and 4.56 �). The two
Na(1) ions reside above and below the plane of the
[Na2CsCl]2� lattice. Each is directly bonded to the chloride
ions Cl(2) (Na(1)ÿCl(2) 2.72 and 2.75 �). In any event, the
[Na2CsCl]2� ionic lattice is tightly bonded to the
[Cu3(P2O7)2]2ÿ covalent framework judging from the short
CuÿCl distances mentioned above (2.44 and 2.60 �) at the
waist of the elliptical ring. This explains why the new
compound does not behave like the CU-2 phase in terms of

the ion-exchange properties
in aqueous solution.

It should be noted here
that porous solids containing
large elliptical channel struc-
tures have been synthesized
exclusively by employing or-
ganic templating agents. This
is attributed to the anisotrop-
ic nature of the long-chain
organic molecules and, of
course, the versatility of the
host lattice. The most studied
mixed-metal phosphates, for
example, have demonstrated
a wide variety of elliptical
channel structures.[12] To the
best of our knowledge, the
title compound represents

the first open-framework structure that possesses large
elliptical channels in the absence of organic templates.

In summary, the isolation of CU-4 has demonstrated the
utility of molten salts in tailoring large open-framework
structures. The CU-2 and CU-4 phases, in fact, are the first
copper-based TMCM solids that contain channels circum-
scribed by 16-rings and have free diameters larger than 10 �.
We speculate that a salt structure that exists at the molten
state is responsible for the formation of the porous frame-
work. It is possible that an intermediate species, such as a Cu ±
Cl phase, also exists. Our preliminary differential thermal
analysis studies of the reaction mixture[13] show an exotherm
at about 380 8C; that is, below the melting points of CsCl
(645 8C) and P2O5 (580 ± 585 8C). This low-temperature ther-
mal event may correspond to the formation of a precursor
phase. In light of the functions of salt, we anticipate that more
new phases with even larger pore diameters are yet to come.
Moreover, the use of molten-salt methods would allow the
search of microporous solids in a temperature regime at which
thermally stable phases are commonly found.[14]

Experimental Section

Crystals of CU-4 were grown by employing a molten-salt reaction in a fused
silica ampoule under vacuum. Na2O (1.0 mmol, 86%, Alfa), CuO
(3.0 mmol, 99.999 %, Strem), P2O5 (2.0 mmol, 98� %, Aldrich), and CsCl
(1.0 mmol, 99 %, Aldrich) were mixed and ground in a nitrogen-blanketed
dry box. The reaction mixture was heated up to 750 8C at 3 Kminÿ1, kept at
that temperature for five days, then slowly cooled to 400 8C at 0.1 Kminÿ1,
and finally furnace-cooled to room temperature. Colorless, transparent
column crystals (65 % yield) were obtained along with some light blue
crystals of Na6Cu9(PO4)8 and an unidentified yellow-greenish powder,
according to the powder X-ray diffraction patterns.
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The Biosynthesis of Vancomycin-Type
Glycopeptide AntibioticsÐNew Insights into
the Cyclization Steps**
Daniel Bischoff, Stefan Pelzer, Alexandra Höltzel,
Graeme J. Nicholson, Sigrid Stockert,
Wolfgang Wohlleben, Günther Jung, and
Roderich D. Süssmuth*

Over recent years, vancomyin (1) (Scheme 1)[1] has
emerged as an antibiotic of last resort against infections of
methicillin-resistant Staphylococcus aureus (MRSA) strains.[2]

The antibiotic activity of the vancomycin-related glycopep-
tides is based on the high specificity of the aglycon cavity
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Scheme 1. Structures of the glycopeptide antibiotics vancomycin (1) and
balhimycin (2).

towards the N-acyl-d-Ala-d-Ala-peptide motif of bacterial
cell-wall precursors.[3] Besides its pharmaceutical significance,
work on the total synthesis of vancomycin has attracted the
attention of synthetic chemists on account of the highly
challenging stereochemical requirements encountered in the
synthesis of the tricyclic aglycon. Chemical and biological
aspects of glycopeptide antibiotics have been extensively
reviewed recently.[4]

12.7 �, in which the CsCl and mixed KCl/CsCl salt reside, respec-
tively. The salt can be removed by washing at room temperature to
give the microporous compound Cs2Cu3(P2O7)2 ´ 8.5 H2O.
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