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Introduction

Research on metal-organic frameworks (MOFs) has been
promoted rapidly, as the technologies for the synthesis and
property measurement of MOFs have increased and im-
proved over the last two decades.[1] Many studies are fo-
cused on the various applications of MOFs, such as cataly-
sis,[2] luminescence,[3] and NLO materials[4] . However, the
methods used to mediate the structures of MOFs are still
very interesting and challenging for their complexity and un-
certainty.[5] The theory on building blocks and spacers is
used to explain and design crystal structures.[6] Although,

theory and organic synthesis are only two of the facets used
to anatomize the essentials of MOFs, both have already
been included in “Crystal Engineering”.[7]

The relationship between living molecules and materials
science has been noted previously, in the design and synthe-
sis of MOFs from biological ligands. In particular, amino
acids and their derivatives form a pool of biological ligands
that can induce both a chiral and an acentric unit directly
into coordination complexes and polymers.[8] Obtaining
complexes and frameworks from amino acids and their de-
rivatives is very necessary for promoting the materials
chemistry in this domain.[9] In our previous work, several
MOFs constructed from heterocyclic amino acids (trypto-
phan (Trp) and histidine (His)) have been obtained.[10]

Herein, we define the H2N-CH-COO� groups as the chains
and the alkyl, heterocyclic or aromatic groups as the key
trunks, as shown in Figure 1. Regarding the three layers con-
tained within the frameworks reported previously,[10] both
key trunks of Trp and His are always on two sides of the
layers, although they do not act as bridges. The bridges
found in these types of MOFs consist of isonicotinic acid or
the H2N-CH-COO� chain, and the size of the grids in these
layers can not be determined by the key trunks of amino
acids. Therefore, we assumed that this problem could be
conquered if one or two coordinating sites were added into
the trunk of the amino acids. The aromatic amino acids phe-
nylalanine (Phe) and tyrosine (Tyr) were chosen as candi-
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dates, because they both have conjugated rings, which may
provide rigid trunks in their coordination networks and can
be modified easily. In this paper, we report the results of
mediating structures, which are constructed from modified
aromatic amino acids by means of crystal engineering.

Results and Discussion

Three Phe and Tyr derivatives, 2-amino-3-(4-aminophenyl)-
propionic acid (AAP), 3E-[5-(2-amino-2-carboxyethyl)-2-
methoxyphenyl]-acrylic acid (AMPA) and 3-(4-aminophen-
yl)-2-(carboxymethyl-amino)-propionic acid (ACP) have
been employed, as shown in Figure 1 and Figure 2. Three

molecules: 2-acetylamino-3-(4-aminophenyl)-propionic acid
methyl ester (AAPM, L1), AMPA (L2) and 3-(4-amino-
phenyl)-2-(methoxycarbonylmethyl-amino)-propionic acid
methylester (AMPM, L3) were synthesized, as shown in
Scheme 1a. The AAP ions and ACP ions were generated in-
situ, after hydrolysis. [CdII{(R)-AAP}(Py) ACHTUNGTRENNUNG(H2O)]· ACHTUNGTRENNUNG(ClO4),
(R)-1, with a Flack factor of �0.01(10)[11] is synthesized by
treating (R)-AAPM and Cd ACHTUNGTRENNUNG(ClO4)2·6H2O under solvother-
mal conditions with the buffer 4-aminobenzoic acid and

Figure 1. The schematic legend for ligands AAP and AMPA.

Figure 2. The schematic legend of the ligand ACP.

Scheme 1. a) The reactions forming three ligands: AAPM, AMPA and
AMPM. b) The reactions forming MOFs 1, 2, 3, and 4 (4-ABA=4-Ami-
nobenzoic acid).
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alkali pyridine at 120 8C. Whereas, [CdII{(S)-AAP} ACHTUNGTRENNUNG(H2O)2]·-
ACHTUNGTRENNUNG(ClO4), (S)-2, with a Flack factor of 0.02(9) is obtained from
(S)-AAPM without pyridine at the same temperature. Addi-
tionally, if (R)-AAPM is replaced with (R,S)-AAPM to syn-
thesize 1 and 2, the inversion twin[12] of (R)-1 with a Flack
factor of 0.40(12) and a powder product, which has the same
FT-IR as (S)-2 can be obtained. [Zn2

II
ACHTUNGTRENNUNG{(R,S)-AMPA} ACHTUNGTRENNUNG(H2O)],

(R,S)-3, is synthesized by treating (R)-AMPA in an aqueous
solution of ZnACHTUNGTRENNUNG(ClO4)2·6H2O and pyridine in methanol at
120 8C. Whereas, [Zn2

II{(R)-ACP}(Py)3]· ACHTUNGTRENNUNG(ClO4)2, (R)-4, with
a Flack factor of �0.02(2) is prepared by treating (R)-
AMPA in an aqueous solution of ZnACHTUNGTRENNUNG(ClO4)2·6H2O and pyri-
dine in ethanol at 120 8C. It is noted that the racemization
of (S)-AMPA occurs in the preparation of (R,S)-3, whereas
(R)-ACP keeps its chirality in the synthesis of (R)-4. When
(R)-AMPM was replaced by (R,S)-AMPM to synthesize 4,
it was only possible to obtain a product in powder form, the
FT-IR spectra of which is the same as that found for (R)-4.
These reactions are shown in Scheme 1b.

Both (R)-1 and (S)-2 are formed as 2D layers and crystal-
lize in the orthorhombic space group P212121. For (R)-1,
each Cd ion coordinates to one water molecule, to one pyri-
dine molecule, to one amino group of one (R)-AAP ligand,
to one carboxylate group of another (R)-AAP ligand in bi-
dentate fashion, and to one amino and one carboxylate
group of a different (R)-AAP ligand in monodentate mode.
In particular, one bond length of Cd�O is 2.76 P, which is
longer than the other bonds linking the Cd ion. The coordi-
nated water and pyridine molecules are positioned quasi-
perpendicularly around the Cd ion. Thus, the central Cd ion
adopts a seven-coordinate environment that has decahedral
geometry. In every rectangle grid of one 2D layer, the Cd–
Cd separations are 4.99 and 11.76 P, respectively. The trunk
of the (R)-AAP ligand is on one side of the grid, although
the carboxylate group of the ligand is on the other side
(Figure 3). The structure of (S)-2 is very similar to that of
(R)-1. The shared feature of these two structures is that the
AAP molecules act as spacers and that a full elongation is
made, because an amino group is added in the 4-position of

Phe. However, there are three major differences that exist.
First, in (S)-2 the central Cd ion adopts a six-coordinate en-
vironment that has an octahedral geometry (because the
longest distance between Cd and O in one asymmetric unit
is 2.86 P, instead of 2.76 P). Second, there are two coordi-
nated water molecules that are positioned quasi-perpendicu-
larly around the Cd ion and no pyridine exists in (S)-2,
unlike (R)-1. Third, the two phenyl groups of (R)-1 in one
grid adopt a partial face-to-face conformation, although the
phenyl groups of (S)-2 in one grid adopt a full face-to-face
conformation, as shown in Figure 4.

ACHTUNGTRENNUNG(R,S)-3 is a 2D layer and crystallizes in the monoclinic
space group P21/c. Each Zn ion coordinates to one water
molecule, to one amino group and one carboxylate group of
one (R,S)-AMPA ligand in a monodentate fashion, and to
two carboxylate groups of the other two (R,S)-AMPA li-
gands in the monodentate mode. There are two positions
(O5 and O7) for one carboxylate oxygen atom in an asym-
metric unit as a result of thermo-probability. Thus, the Zn
ion adopts a five-coordinate environment that has a hexahe-
dron geometry. In virtue of the carboxylate groups and the
major trunk of (R,S)-AMPA, a 2D layer structure that has
special packet-like grids is generated. In every grid, the Zn–
Zn separations are 4.25 and 11.42 P, respectively (Figure 5).
Interestingly, because the two trunks of (R,S)-AMPA in one
grid are not in one plane, the layer has a double b-sheet
conformation (Figure 6). AMPA molecules can also be used
as spacers here, but the addition of a vinyl carboxylate
group in the 3-position of the aromatic ring in Tyr makes a
partial elongation.

(R)-4 is a 2D layer and crystallizes in the monoclinic
space group P21. In contrast to the simple decahedral coor-
dination of the Cd ions in (R)-1, the Zn ions in (R)-4 adopt
two kinds of coordination environment. Zn1 has a pentahe-
dral geometry and Zn2 a tetrahedral one. Each Zn1 ion co-
ordinates to one pyridine molecule, to one amino group of
one (R)-ACP ligand, and to one amino and two carboxylate
groups of anther (R)-ACP ligand in a monodentate fashion.
Whereas, every Zn2 ion coordinates to two pyridine mole-

Figure 3. The coordination environment of the atom Cd1 in (R)-1 and
the grids formed through the key trunks and carboxylate groups of (R)-
AAP ligands. The ClO4

� ions have been removed for clarity.

Figure 4. The coordination environment of the atom Cd1 in (S)-2. Two
phenyl groups in one grid adopt a full face-to-face conformation. The
ClO4

� ions have been moved for clarity.
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cules, and to two carboxylate
groups of neighboring (R)-
ACP ligands in a monodentate
mode. The two coordinated
pyridine molecules are posi-
tioned at a 115.68 to the Zn2
ion. The lengths of the bonds
around central Zn ions are all
in a reasonable range. In each
rhombus grid of one 2D layer,
the Zn1–Zn2 separations are
5.12 and 5.15 P, and the Zn1–
Zn1 separations are 10.35 and
10.02 P, which is the size of
the rhombus grid. The trunk of
the (R)-ACP ligand is on one
side of the grid, although two
carboxylate groups of neigh-
boring ligands compose anoth-
er side with the Zn2 ions. The
methoxycarbonylmethyl group added to (R)-A leads to an
increase in the size of the grids of (R)-4, compared to that
of (R)-1, (S)-2 and, (R,S)-3 (Figure 7).

Owing to the inducement of the chiral ligands, we could
directly obtain chiral structures, which are related to their
functional groups. As shown in Table 1, the Flack factors c

help us justify the assignment that the crystal structures of
(R)-1, (S)-2 and (R)-4 are chiral. Additionally, these com-
pounds are all transparent and colorless, so they may re-
spond to the second harmonic generation (SHG) effect. We
carried out a preliminary Kurtz powder SHG test,[13] which
showed that (R)-1 displays a second-order coefficient (SOC)
that is 0.8 times that of potassium dihydrogenphosphate
(KDP). (S)-2 was found to have a SOC that is 0.6 times that

of KDP. (R)-4 also demonstrates a SOC 1.5 times that of
KDP. Additionally, the results of the thermogravimetric
analysis (TGA) testify that these three compounds have
good thermal stabilities, the decomposition of their main

network structures was seen at T=280 (2 and 4), 300 (1),
and 320 8C (3), respectively (Figure 8). Furthermore, these
compounds all have bad solubility in common solvents.
These characteristics imply that (R)-1, (S)-2 and (R)-4 are
good candidates for potential NLO applications.

Conclusion

In accordance with the discussion above, the key trunks of
the amino acids and the H2N-CH-COO� chains in these
MOFs act as bridges. Thus, the experimental result is consis-
tent with the assumption that we had envisaged. Both the
size and the shape of the grids in the layers are mediated by

Figure 5. The coordination environment of atom Zn1 in (R,S)-3 and the
size of one grid.

Figure 6. The double b-sheet conformation of one layer in (R,S)-3.

Figure 7. The coordination environment of atoms Zn1 and Zn2 in (R)-4
and the size of the rhombus grid. The ClO4

� ions have been removed for
clarity.

Table 1. Crystallographic data for crystals 1, 2, 3 and 4.

Compound (R)-1 Twin of (R)-1 (S)-2 ACHTUNGTRENNUNG(R,S)-3 (R)-4

formula C14H18N3O7ClCd C14H18N3O8ClCd C9H15N2O8ClCd C13H15NO6Zn C26H27N5O12CL2Zn2

M 488.16 488.16 427.08 346.63 803.17
crystal system orthorhombic orthorhombic orthorhombic monoclinic monoclinic
space group P212121 P212121 P212121 P21/c P21

a [P] 9.0030(18) 9.0120(18) 8.8230(18) 11.422(2) 10.021(2)
b [P] 11.760(2) 11.826(2) 11.746(2) 8.2150(16) 15.540(3)
c [P] 17.449(4) 17.579(4) 16.791(3) 14.815(3) 10.345(2)
a [8] 90 90 90 90 90
b [8] 90 90 90 100.89(3) 98.24(3)
g [8] 90 90 90 90 90
V [P3] 1847.4(6) 1873.5(7) 1740.1(6) 1365.1(5) 1594.4(6)
Z 4 4 4 4 2
m [mm�1] 1.368 1.349 1.441 1.827 1.741
1calcd [gcm�3] 1.755 1.731 1.630 1.687 1.673
R1 ACHTUNGTRENNUNG[I>2s(I)][a] 0.0679 0.0766 0.0701 0.0929 0.0511
wR2 [all data][b] 0.1846 0.1757 0.1912 0.1804 0.1122
S 1.035 1.000 1.075 1.028 1.017
c �0.01(10) 0.40(12) 0.02(9) N/A[c] �0.02(2)

[a] R1 =�(jjFoj-jFc j j )/� jFo j . [b] wR2 = [�[w(Fo
2 - Fc

2)2/�[wACHTUNGTRENNUNG(Fo
2)2]]1/2. [c] Not available.
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the positions of the coordinating functional groups of the
modified amino acids. For convenience, the length of the
key trunks is defined as the depth of the ligands, although
the length of the H2N-CH-COO� chains is defined as the
width (Figure 1). In the layers of 1, 2, and 3, the two sides of
one grid are key trunks and H2N-CH-COO� chains, respec-
tively. Therefore, the size of grid in such layers is deter-
mined not only by the depth, but also by the width of li-
gands (Figure 9). For AAP, the rigidity of the bond between

the phenyl ring and the amino group makes the full elonga-
tion of the depth and the size of the grids of 1 and 2 to be
�5.0 and 11.8 P. For AMPA, the flexibility of the vinyl
bonding makes a partial elongation of the depth, the resul-
tant straight distances of neighboring corners in the grids of
3 are �4.3 and 11.4 P. Thus the sizes of these two kinds of
layers are almost same. Furthermore, the key trunk of AAP
is almost straight, owing to the addition of the amino group
to the 4-position of Phe, resulting in the distorted rectangle
shape of the grids in 1 and 2. Similarly, the key trunk of
AMPA is twisted, owing to the addition of an acrylic group
to the 3-position of modified Tyr, which lead to the forma-
tion of a bend rectangle shape of the grids in 3 (Figure 9).

In summary, the shared feature of these three kinds of poly-
mers 1, 2, and 3 is that the length of the long side is almost
two times of that of the short side in the grid if the modified
aromatic amino acids are used as spacers. The depth can be
extended by adding a coordinating functional group. In the
designed structure of ACP, the carboxymethyl group is con-
nected to the amino group of Phe to expand the width, and
the other amino group is added at the 4-position of aromatic
ring of Phe to extend the depth, as shown in Figure 2.
Therefore the shape of the grids in 4 is an approximate
rhombus that has a size of about 10.0 and 10.4 P, which is
bigger than those of the grids in the former four structures.

In conclusion, four kinds of 2D MOFs (five structures)
are obtained from modified aromatic amino acids. The size
and the shape of the grids in these 2D layers can be mediat-
ed through rational design by adjusting the “depth” and the
“width” of the ligands. More clearly, the key role for media-
tion of the MOF structures, is the modification of the aro-
matic amino acids by means of organic synthesis with a
clear objective. Additionally, three of these compounds dis-
play features that make them potential NLO materials.

Experimental Section

Compound (R)-1: A solution of Cd ACHTUNGTRENNUNG(ClO4)2·6H2O (0.060 g, 0.14 mmol),
(R)-L1 (0.024 g, 0.10 mmol), 4-aminobenzoic acid (0.020 g, 0.15 mmol),
and pyridine (0.050 mL) in ethanol (0.50 mL) and water (0.10 mL) was
mixed in a Pyrex tube. The tube was frozen, sealed under vacuum, and
placed inside an oven at 120 8C. After 10 days, colorless block crystals
were collected and washed with ethanol. Yield: 20.1% based on cadmi-
um. FT-IR (KBr): ñ=3467, 3344, 3281, 2923, 1603, 1556, 1518, 1446,
1424, 1358, 1237, 1108, 984, 829, 804, 750, 699, 626 cm�1; elemental analy-
sis calcd (%) for C14H18N3O7CdCl: C 34.45, H 3.72, N 8.61; found: C
34.76, H 3.97, N 8.15. Inversion twin of (R)-1 was obtained if (R,S)-
AAPM was used in place of (R)-AAPM.

Compound (S)-2 : A solution of CdACHTUNGTRENNUNG(ClO4)2·6H2O (0.060 g, 0.14 mmol),
(S)-L1 (0.024 g, 0.10 mmol), and 4-aminobenzoic acid (0.020 g,
0.15 mmol) in ethanol (0.50 mL) and water (0.10 mL) was mixed in a
Pyrex tube. The tube was frozen, sealed under vacuum, and placed inside
an oven at 120 8C. After 10 days, colorless block crystals were collected
and washed with ethanol. Yield: 16.7% based on cadmium. FT-IR (KBr):
ñ=3468, 3344, 3286, 2925, 1554, 1517, 1422, 1357, 1235, 1095, 824, 802,
754, 625 cm�1; elemental analysis calcd (%)for C9H15N2O8CdCl: C 25.31,
H 3.54, N 6.56; found: C 26.04, H 3.94, N 6.69. Only powders which have
the same FT-IR with (S)-2 were obtained if (R,S)-AAPM was used in
place of (R)-AAPM.

Compound (R,S)-3 : A solution of ZnACHTUNGTRENNUNG(ClO4)2·6H2O (0.019 g,
0.050 mmol), (R)-L2 (0.013 g, 0.050 mmol), and pyridine (0.10 mL) in
methanol (0.10 mL) and water (0.70 mL) was mixed in a Pyrex tube. The
tube was frozen, sealed under vacuum, and placed inside an oven at
120 8C. After 1 day, colorless block crystals were collected and washed
with ethanol. Yield: 71.0% based on zinc. FT-IR (KBr): ñ=3331, 3283,
2925, 1641, 1525, 1494, 1408, 1261, 1243, 1086, 990, 797, 721, 620 cm�1; el-
emental analysis calcd (%) for C13H15NOZn: C 45.05, H 4.36, N 4.04;
found: C 44.41, H 4.42, N 4.34.

Compound (R)-4 : A solution of Zn ACHTUNGTRENNUNG(ClO4)2·6H2O (0.060 g, 0.16 mmol),
(R)-L3 (0.013 g, 0.050 mmol), and pyridine (0.10 mL) in ethanol
(0.50 mL) and water (0.10 mL) was mixed in a Pyrex tube. The tube was
frozen, sealed under vacuum, and placed inside an oven at 120 8C. After
15 days, colorless block crystals were collected and washed with ethanol.
Yield: 12.9% based on zinc. FT-IR (KBr): ñ=3427, 3352, 3243, 2926,
1607, 1578, 1567, 1451, 1425, 1302, 1221, 1093, 760, 699, 625 cm�1; ele-

Figure 8. TGA curves of 1, 2, 3, and 4.

Figure 9. The schematic legend of 2D layers formed from the ligands
AAP and AMPA.
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mental analysis calcd (%) for C26H27N5O12Zn2Cl2: C 38.88, H 3.39, N
8.72; found: C 38.45, H 3.39, N 8.79. Only powders which have the same
FT-IR spectra with (R)-4 were obtained if (R,S)-AMPM was used in
place of (R)-AMPM.

X-ray crystallographic data for single crystals : Data collection: SMART
(Bruker, 1998); cell refinement: SAINT (Bruker, 1998); data reduction:
SAINT; program(s) used to solve structure: SHELXS97 (Sheldrick,
1997); program(s) used to refine structure: SHELXL97 (Sheldrick, 1997).
The crystals were collected on a Mar 300 plate scanner, a Enraf–Nonius
CAD4 or a Bruker SMART CCD diffractometer with graphite mono-
chromatic MoKa radiation (l =0.71073 P) by using the f and w scan
method at 293(2) K. The structures were solved by direct methods and
refined by the full-matrix least-squares method on F2 by using the
SHELXTL crystallographic software package.[14] Anisotropic thermal pa-
rameters were used to refine all non-hydrogen atoms. All hydrogen
atoms were placed in the riding model and refined isotropically. Carbon-
bound H atoms were constrained to ride on their parent atoms, with C�
H=0.92–0.98 P. At the same time, nitrogen-bound H atoms were con-
strained to ride on their parent atoms, with N�H=0.89–0.91 P.

CCDC- 638070 (R)-1, 638071 (inversion twin of (R)-1), 638072 (S)-2,
638073 (R,S)-3, and 638074 (R)-4) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallo-

graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+
44)-1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).

SHG measurement : Kurtz second harmonic generation measurement for
these compounds was performed on powder sample. The Nd: YAG laser
(l=1064 nm) was used for the test although potassium dihydrogenphos-
phate powder was used as the reference.
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