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Abstract 

The crystal structures of three Schiff base metal complexes of 1-aminocyclopropanecarboxylic acid 
(ACC), a precursor of the plant hormone ethylene, [Cu(PL-ACC)(H,O)]-(NO,).H,O (l), [Ni(PL- 
ACC)(H,O),].(NO,).H,O (2) and [Cu(PLP-ACC)(H,O)],.4H,O (3) (PL= pyridoxal and PLP=pyridoxal 
5’-phosphate), have been determined by X-ray diffraction. 1 and 2 are quasi-isostructural to each 
other, with a minor difference in the coordination geometry, i.e. square-pyramidal copper(U) and 
square-bipyramidal nickel(II): the basal plane is defined by the imino nitrogen, the phenolic and the 
carboxylate oxygens of the Schiff base ligand, and a water molecule, and the apical position(s) occupied 
by the hydroxymethyl oxygen of a neighboring molecule (plus a water for 2), thus forming a one- 
dimensional polymer. 3 involves two crystallographically independent [Cu(PLP-ACC)(H,O)] structural 
units, A and B, which differ only in the phosphate conformation. The environment of each copper 
atom is similar to that in 1 except for the axial coordination of one of the phosphate oxygens of a 
neighboring molecule, thus creating an analogous polymeric chain structure, -A-B-A-B-. These three 
compounds may serve as a model for a Schiff base derived from pyridoxal and l-aminocyclopropa- 
necarboxylate, a reaction intermediate in ethylene biosynthesis, in accordance with Dunathan’s hypothesis. 

Cystallographic data: 1, space group E?,/a, a = 13.222(3), b = 10.820(2), c = 11.821(3) A, p= 110.51(2)“, 
V= 1583.9(7) A’, Z =4 and R =0.044 for 2034 observed reflections; 2, space group K&/c, a = 12.896(2), 
b = 10.667(2), c = 12.628(3) A,_ /3= 111.23(2), V= 1619.3(6) A3, Z =4 and R =0.043 for 1603 observed 
reflections; 3, space group Pl, a=15.700(2), b=11.738(1), c=9.281(1) A, a=98.61(1), p=97.34(1), 
y= 98.16(l)“, V= 1654.4(3) A3, Z = 2 and R=0.038 for 4732 observed reflections. 

Introduction 

Pyridoxal 5’-phosphate (the cofactor form of vi- 
tamin B,)-dependent enzymes catalyze a variety of 
metabolic reactions of amino acids such as decar- 
boxylation, transamination, racemization, or C-C 
cleavage. Though metal ions are not required for 
these reactions in biological systems, many of these 
reactions can be duplicated by metal ions in the 
presence of pyridoxal with similar mechanisms, where 
the metal ion could act as a trap of a Schiff base 
intermediate derived from pyridoxal and amino acid 

*Part I is ref. 1. 
**Author to whom correspondence should be addressed. 

and also exerts its electronic effects to promote the 
subsequent reactions [2]. Despite the importance of 
the stereochemistry of the Ca atom in the amino 
acid residue in controlling the activity of the Schiff 
base [3], however, only a limited number of crystal 
structures of metal-pyridoxal Schiff base complexes 
are available [4]. As a continuation of our X-ray 
investigations [4d, h] we report here three crystal 
structures of the copper(I1) or nickel(I1) complexes 
formed between 1-aminocyclopropanecarboxyiic acid 
(ACC) and pyridoxal (PL) or pyridoxal 5’-phosphate 
(PLP): [Cu(PL-ACC)(H,O)J.(NO,).H,O (1). 
[Ni(PL-ACC)(H,O),] .(N03).H20 (2) and [Cu(PLP- 
ACC)(H20)]2.4Hz0 (3). ACC, a rare amino acid, 
is well known as a precursor of the plant hormone 
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TABLE 1. Crystal and refinement data 

Compound 
Formula 
Molecular weight 
Crystal system 
Space group 
a (A) 
b (A) 
= (A) 
a (“) 
P (“) 

Q (g cm-7 
W”W 

I. I F(MO Kaj (cm-‘j 
Crystal color 
Crystal shape 
Crystal size (mm) 
Transmission factors’ 
T (K) 
Reflections measured 
Scan type 

20 Range (“) 
Scan speed (” min-‘) 
Scan range (“) 
Background counting 

(s) 
Total no. unique 

reflections 
No. observed 

reflections (m) 
with F, > 3a(F,) 

Variables (n) 
Weighting scheme (w) 

Rb 
KC 
Sd 
Max. peak in the final 

difference Fourier 
map (e Am3) 

1 2 
GH,,CuNK% CtrHt&NiQ~ 
410.82 424.01 
monoclinic monoclinic 
P.&la p2,lc 
13.222(3) 12.896(Z) 
10.820(Z) 10.667(Z) 
11.821(3) 12.628(3) 

llOSl(2) 111.23(Z) 

1583.9(7) 1619.3(6) 
4 4 
1.72 1.74 
844 880 
.a __ .,. I. 
14.55 IL.01 

dark green blue green 
rectangular column 
0.13x0.23x0.51 0.07 x 0.11 x 0.38 
0.92-1.07 0.96-1.03 
293 293 
fh, +k, +I fh, +k, +I 
o for 28=~30” W-29 
~-20 for 20>30 
3.0-50.0 3.0-50.0 
4.0 4.0 
1.2+0.5 tan 0 1.4+0.5 tan 8 
5 at the lower and upper limits of each scan 

2881 2945 5754 

2034 1603 4732 

321 
a(F,) -’ 

0.044 
0.045 
1.58 
0.55 

288 574 
1.0 for Fog100 1.0 for Fog 100 
rn4rr. 2 I__ rn4,r * r__ I” ,r.y I”E ru /rO- tar 
F,> 100 F,,> 100 

0.043 0.038 
0.046 0.042 
1.87 1.51 
0.44 0.63 

3 
CZ&&JZN&J’Z 
891.62 
triclinic 
Pi 
15.700(Z) 
11.738(l) 
9.281(l) 
98.61( 1) 
97.34( 1) 
98.16(l) 
1654.4(3) 
2 
1.79 
916 
. . “A 
14. I5 

green 
plate 
0.22 x 0.34 x 0.40 
0.95-1.11 
293 
*h, kk, +I 
W-28 

3.0-50.0 
4.0 
1.2+0.5 tan 0 

*Normalized to an average of unity. 
?l)]‘R. 

bR= ZIF,- IF,II/XF,. ‘R, = [Xw(F, - GF,~)*L~wF,*]~~. dS = [Zw(F, - p&*/(m - 

ethylene and is biosynthesized from (S)-adenosyl- 
methionine by PLP-dependent synthase (ACC syn- 
thase), via formation of the N-(pyridoxylidene+)-l- 
aminocyclopropanecarboxylate Schiff base interme- 
diate [S]. The present complexes serve as a model 
for such a reaction intermediate, in accordance with 
Dunathan’s hypothesis [3]. The structure of 1 has 
been reported in brief [6]. To our knowledge, 3 is 

t3-Hydroxy-5-hydroxymethyl-l-methyl-4-pyridylmethy- 
lene group is tentatively named pyridoxylidene. 

only the third example [4b, i] of a metal-PLP complex 
and the sixth [4b, i, 71 of a PLP derivative. 

Experimental 

Preparations 
The compounds were prepared from ACC, Pi,. HCi 

or PLP . Hz0 and Cu(NO&.3H20 or 
Ni(N0&.6H20, each with a 1:l:l molar ratio in 
an aqueous solution at room temperature (pH: c. 



4 for 1, c. 3 for 2, c. 2 for 3). Anal. Found for 1: 
C, 34.73; H, 4.13; N, 10.16. Calc. for Cr2Hi7CuN309: 
C, 35.08; H, 4.17; N, 10.23%. Found for 2: C, 33.90; 
H, 4.53; N, 9.88. Calc. for Ci2Hi9N3Ni0i0: C, 33.99; 
H, 4.52; N, 9.91%. Found for 3: C, 32.18; H, 4.19; 
N, 6.21. Calc. for C1zH19CuNz010P: C, 32.33; H, 4.30; 
N, 6.28%. 

X-ray analysysir 
Cell constants were determined on a Rigaku AFC- 

5 automatic diffractometer with graphite-monoch- 
romated MO Ka radiation (A =0.71073 A) from 20 
high-order reflections (20: 22-32” for 1, 19-32” for 
2, 2634” for 3). Details of the crystal data and data 
collection together with structure refinement are 
summarized in Table 1. Throughout the data col- 
lection, the intensities of the three standard reflec- 
tions were monitored every 100 or 150 measurements; 
a maximum variation in intensity less than of 2% 
was noted for 2. Intensities were corrected for Lorentz 
and polarization effects, but not for absorption be- 
cause of the small variations in intensity of an axial 
reflection (at x-90”) with the spindle angle 4. 

TABLE 2. Atomic parameters (X 16 for Cu and X 104 
for other atoms) for 1 

Atom X Y z 

cu 
O(l) 
O(2) 
O(3’) 
O(5’) 
N(1) 
N(2) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(l0) 
C(2’) 
C(4’) 
C(5’) 
owl) 
O(W2) 
N(3) 
O(31) 
0(32) 
O(33) 
O(34) 
O(35) 
0(36) 

13416(5) 
1942(3) 
2074(3) 

661(3) 
- 2072(3) 

- 933(3) 
667(3) 

- 309(4) 
43(4) 

- 3Ou(4) 
- 994(4) 

- 1285(4) 
1719(4) 

958(4) 
1050(4) 

134(4) 
7(5) 

32(4) 
- 1404(4) 

1726(4) 
1557(5) 

- 1749(4) 
- 1893(5) 
- 2402(4) 

- 924(5) 
-2022(10) 
- 1751(21) 
- 1517(13) 

18957(5) 
3295(3) 
5355(3) 

576(3) 
3484(3) 

- 514(4) 
3149(3) 

-515(4) 
645(4) 

1740(4) 
1661(4) 

523(5) 
4355(4) 
4388(4) 
5425(5) 
5421(5) 

- 1703(5) 
2962(4) 
2798(5) 

647(4) 
- 1927(4) 
- 3547(4) 
- 2463(5) 
- 4350(5) 
- 3943(7) 
-4402(11) 
-3541(20) 
- 2539(13) 

14303(6) 
849(3) 
943(3) 

1925(3) 
3093(4) 
3544(4) 
2114(3) 
2874(S) 
2549(4) 
2963(4) 
3648(4) 
3940(5) 
1178(4) 
1869(4) 
2752(5) 
1597(5) 
2472(6) 
2700(4) 
4111(5) 

440(4) 
378(5) 

4074(4) 
4231(6) 
4155(5) 
3928(8) 
4571(10) 
2990(17) 
4666( 12) 

‘These oxygen atoms are disordered; occupancy factors, 
0.7 for 0(31)-0(33) and 0.3 for 0(34)-0(36). 
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TABLE 3. Atomic parameters (xl@ for Ni and xl@ 
for other atoms) for 2 

Atom X Y z 

Ni 14619(6) 15712(7) 14534(6) 
O(l) 1005(3) 3037(4) 2205(3) 
O(2) 1006(3) 5116(4) 2318(3) 
O(3’) 1984(3) 280(4) 641(3) 
O(5’) 2975(3) 3611(4) - 2072(3) 
N(1) 3682(4) - 534(5) - 906(4) 
N(2) 2052(4) 2956(4) 746(4) 
C(2) 3066(5) - 643(6) - 259(5) 
C(3) 2626(5) 458(6) 60(5) 
C(4) 2901(4) 1641(6) - 285(4) 
C(5) 3552(4) 1668(6) - 1002(4) 
C(6) 3915(5) 58W6) - 1287(5) 

C(7) 1223(5) 4122(6) 1931(5) 
C(8) 1781(5) 4186(5) 1060(5) 
C(9) 1425(5) 5227(6) 191(5) 
WO) 2519(5) 5300(6) 1 W(5) 
C(2’) 2853(6) - 1912(6) 116(6) 
C(4’) 2587(5) 2830(5) 73(5) 
C(5’) 3902(5) 2858(6) - 1415(5) 
owl) 926(3) 194(4) 2276(3) 
OW2) - 136(3) 1552(4) 207(3) 
OW3) 590(4) 7611(4) 1891(4) 
N(3) 4232(5) 6445(6) - 1771(5) 

O(31) 4668(4) 7478(5) - 1620(5) 
o(32) 3306(6) 6309(8) - 1744(8) 

O(33) 4666(6) 5535(5) - 2006(7) 

The structures were straightforwardly solved by 
the heavy-atom method for 1 and 2, while for 3 by 
the combination of the heavy-atom method and 
MULTAN78 [8] with some difficulty because of high 
correlations between the atomic positions of the two 
crystallographically independent molecules. The 
structures were refined by block-diagonal least- 
squares method, minimizing the function 
Cw(F, - lF#. Th ermal parameters of all non-hy- 
drogen atoms (including disordered nitrate oxygens 
with occupancy factors of 0.7 for 0(31)-0(33) and 
0.3 for 0(34)-0(36) in 1) were refined anisotropically. 
Hydrogen atoms were located from difference Fourier 
maps; they were isotropically refined for 1, while 
those attached to waters were fixed (B=5 A’) and 
the others isotropically refined for 2 and 3. 

Programs used and sources of neutral atomic 
scattering factors are given in ref. 1. The final atomic 
coordinates are listed in Tables 2-4 for 13. re- 
spectively. 

Results and discussion 

Description of the structures 

Compounds I and 2 
The molecular structures and atomic numbering 

of the complexes 1 and 2 are shown in Figs. 1 and 
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TABLE 4. Atomic parameters (xl@ for Cu and X10” 
for other atoms) for 3 

Atom x Y z 

CW) 
P(5’A) 
O(lA) 
O(2A) 
O(3’A) 
O(5’A) 
Ol(P5’A) 
02(P5’A) 
03(P5’A) 
O(WlA) 
NA) 
N(2A) 
C(2A) 
C(3A) 
C(4A) 
C(5A) 
C(6A) 
C(7A) 
C(8A) 
C(9A) 
C(lOA) 
C(2’A) 
C(4’A) 
C(5’A) 
Cu(B) 
P(5’B) 
O(1B) 
O(2B) 
O(3’B) 
O(5’B) 
Ol(P5’B) 
02(P5’B) 
03(P5’B) 
O(WlB) 
N(lB) 
N(2B) 
C(2B) 
C(3B) 
C(4B) 
C(5B) 
C(6B) 
C(7B) 
C(8B) 
C(9B) 
C( 10B) 
C(2’B) 
C(4’B) 
C(5’B) 
O(W3) 
O(W4) 
O(W5) 
O(W6) 

13962(3) 
4997( 1) 

920(2) 
586( 1) 

2087(2) 
3993(2) 
5116(2) 
5566(2) 
5102(2) 
1095(2) 
3618(2) 
1841(2) 
3074(3) 
2614(2) 
2779(2) 
3389(2) 
3783(3) 

948(3) 
1453(2) 
1896(3) 
1118(3) 
2989(3) 
2365(2) 
3628(3) 

64045(3) 
9885( 1) 
5878(2) 
5605(2) 
7160(2) 
8849(2) 

10089(Z) 
10312(2) 
10072(2) 
6126(2) 
8700(2) 
6799(2) 
8185(3) 
7661(2) 
7749(2) 
8313(2) 
8777(3) 
5921(3) 
6404(3) 
6835(3) 
6045(3) 
8191(3) 
7300(3) 
8434(3) 
5801(3) 
6507( 3) 

10682(2) 
11473(3) 

7351(4) 
2544(l) 

- 833(2) 
- 1881(2) 

2153(3) 
2584(2) 
1334(2) 
3543(2) 
2763(2) 

388(3) 
4686(3) 

957(3) 
3884(3) 
2899(3) 
2817(3) 
3691(3) 
4620(3) 

- 980( 3) 
l(3) 

- 295(4) 
272(4) 

4018(4) 
1823(3) 
3629(4) 
6688(4) 
2547( 1) 

- 933(2) 
-2148(3) 

2086(2) 
2390(2) 
1351(2) 
3498(3) 
2988(3) 

375(3) 
4529(3) 

752(3) 
3773(3) 
2775(3) 
2632(3) 
3473(3) 
4412(3) 

- 1196(4) 
- 262( 3) 
- 640(4) 
- 111(4) 
3997(4) 
1604(4) 
3384(4) 
3424(5) 
2420(4) 
2522(3) 
3689(4) 

18506(5) 
6818(l) 
2115(3) 
3816(3) 
1622(3) 
6942(3) 
7000(3) 
7848(3) 
5199(3) 

-311(3) 
3147(4) 
3951(3) 
2161(4) 
2631(4) 
4155(4) 
5127(4) 
4600(4) 
3460(4) 
4598(4) 
6Qo5(4) 
6061(5) 

577(5) 
4727(4) 
6743(4) 

66071(5) 
12475( 1) 

6694( 3) 
8254(4) 
6510(3) 

12050(3) 
12078(3) 
11783(3) 
14194(3) 
4453(3) 
8340(4) 
8700( 3) 
7258(4) 
7596(4) 
9102(4) 

10190(4) 
9785(4) 
8006(4) 
9233(4) 

10590(5) 
10689(5) 

5719(5) 
9564(4) 

11808(4) 
10936(5) 

3257(4) 
8970(4) 
6865(5) 

2, respectively, and the packing diagrams in Figs. 3 
and 4. Bond distances and angles are given in 
Table 5. 

Fig. 1. Molecular structure of 1. 

Fig. 2. Molecular structure of 2. 

In each compound, the pyridoxal moiety forms a 
Schiff base with ACC, as expected. The tetradentate 
Schiff base, which exists as a monovalent anion with 
the carboxylate and the phenolate groups depro- 
tonated and the ring nitrogen N(1) protonated, co- 
ordinates to the square-pyramidal copper or the 
square-bipyramidal nickel atom through the car- 
boxylate O(1) and the phenolate oxygens and the 
imino nitrogen N(2), as do other known metal com- 
plexes of pyridoxal-amino acid Schiff bases, and the 
fourth basal donor is a water molecule; the axial 
position(s) is occupied by the hydroxymethyl oxygen 
O(5’) from a neighboring molecule (plus a water 
molecule for 2), thus producing a one-dimensional 



257 

Fig. 3. A stereoscopic view showing the crystal packing of 1, viewed down the c axis with the b axis being horizontal 
and the a axis vertical. Broken lines denote hydrogen bonds. 

Fig. 4. A stereoscopic view showing the crystal packing of 2, viewed down the a axis with the b axis horizontal and the 
c axis vertical. Broken lines denote hydrogen bonds. 

polymer. Ligation through the hydroxymethyl oxygen 
is not generally unusual but it is very rare for pyridoxal 
with only one [4fl example known, whereas for 
pyridoxine [9] the hydroxymethyl oxygen at C(4), 
but not at C(5), is a common metal binding site. 
The pyridoxal-imine (pyridoxal+ imino nitrogen 
N(2)) moiety and the cr-carbon atom C(8) are almost 
in the square plane (O(l), N(2), 0(3’), O(W1)); the 
carboxylato group is also nearly in this plane with 
the C(4’)-N(2)-C(S)-C(7) torsion angle being 
179.5(4)O for 1 and -175.7(5)” for 2. 

The crystal packings are essentially the same in 
both 1 and 2. Molecular columns composed of po- 
lymeric molecular chains are connected to one an- 
other through hydrogen bonds involving water li- 
gands, nitrate anions and waters of crystallization 
(Tables 7 and 8, see ‘Supplementary material’). The 
following hydrogen-bonding pattern is common to 
1 and 2: the basal coordination water O(W1) donates 
a hydrogen to the carboxylato O(2) of a neighboring 

column and another hydrogen to the lattice water, 
0(W2) in 1 or 0(W3) in 2, which in turn participates 
in hydrogen bonding with the O(1) of the same 
carboxylato group and with the carboqlato O(2) of 
another different column; a nitrate anion bridges 
between two columns via an N(l)-H...0(31)- 
N(3)-0(32)(-O(33) in 2). . .H-O(5’) hydrogen-bond- 
ing chain. An apical water ligand 0(W2) in 2, which 
is missing in 1, adds two hydrogen bonds: one with 
the lattice water O(W3) and another with the phen- 
olate O(3’). The polymeric structure itself is further 
stabilized by an electrostatic interaction between the 
carboxylate planar anion and the pyridinium ring, 
with a parallel arrangement (average spacing = 3.33 
and 3.19 A for 1 and 2, respectively, and closest 
contact=3.279(5) A between O(2) and N(1’) for 1 
and 3.245(6) A between O(1) and C(4’) for 2). 

Compound 3 
Figure 5 shows the molecular structure of the 

complex. Bond distances and angles are listed in 
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TABLE 5. Bond distances (A) and angles (“) for 1 and 2 

1 2 

Coordination sphere 
M Cu(I1) Ni(II) 

M-0( 1) 1.943(4) 2.024(4) 
M-N(2) 1.947(4) 2.013(S) 
M-0(3’) 1.886(4) 1.976(S) 

N-(Pyridoxylidene)-l-aminocyclopropanecarboxyIate ligand 

N(lFC(2) 1.328(8) 1.335(9) 
C(2)-C(3) 1.437(7) 1.424(9) 
CwC(4) 1.417(7) 1.421(9) 
C(4)-C(5) 1.423(8) 1.440(9) 

C(5)-c(6) 1.369(7) 1.348(9) 
C(6)-N(l) 1.359(7) 1.356(8) 

C(2kCf2’) 1.480(g) 1.492(9) 
C(3)-O(3’) 1.281(8) 1.304(9) 
C(4)-c(4’) 1.461(7) 1.453(9) 
C(S)-C(5’) 1.521(8) 1.503( 10) 

w-~(2w(3) 119.1(5) 119.2(6) 

C(2)-C(3)-c(4) 117.7(5) 118.4(6) 

C(3kC(4)-w) 119.7(5) 118.5(6) 
C(4)-C(5FC(6) 119.4(5) 119.3(6) 
C(5)-C(6)-N( 1) 119.7(6) 121.1(6) 
C(6)-N(l)-c(2) 124.4(5) 123.5(6) 
N(l)-C(2)-C(2’) 119.8(5) 119.5(6) 
C(3w(2)~(2’) 121.2(6) 121.4(6) 
C(2)-C(3)-(3’) 115.8(4) 116.0(6) 
C(4)-C(3)-0(3’) 126.5(5) 125.6(6) 
C(3)-C(4)<(4’) 121.8(5) 123.4(6) 
C(5FC(4)~7(4’) 118.5(5) 118.0(6) 
C(4)-C(4’)-N(2) 124.2(5) 125.2(6) 
C(4)-C(5)-C(5’) 122.5(5) 123.5(6) 

- 

M-O(W1) 1.968(5) 2.058(5) 
M-0(5’)’ 2.354(3) 2.163(4) 
M-O(W2) 2.092(4) 

C(5’)-0(5’) 1.426(6) 1.431(7) 
C(4’)-N(2) 1.279(7) 1.281(9) 
N(2)-C(8) 1.451(6) l&9(8) 
C(8)-C(7) 1.502(9) 1.518(10) 

C(7F-w) 1.279(6) 1.269(7) 

C(7)-0(2) 1.249(6) 1.241(8) 
C(8YC(9) 1.509(7) 1.512(8) 

C(8HXlO) 1.515(7) 1.510(9) 

C(9FwO) 1.475(7) 1.468(8) 

Ct+C(VW’) 118.1(5) 117.2(6) 
C(S)-C(5’)-0(5’) 108.2(4) 112.5(5) 
C(4’)-N(2)-C(8) 121.6(4) 121.2(5) 
N(2)-C(8)-C(7) 111.2(4) 112.5(5) 
N(2)-C(8)-C(9) 120.8(5) 120.4(5) 
N(2)-C(8)-C(lO) 120.2(4) 120.9(6) 
C(8)-ct7)_0(1) 117.1(5) 116.6(5) 
C(8)-c(7)-O(2) 118.4(5) 118.8(6) 

w-c(7w(2) 124.4(6) 124.6(6) 
C(7)-c(8)-c(9) 119.1(4) 117.4(5) 
C(7)-C(8)-C(10) 118.1(4) 117.6(5) 
C(9)-C(8)-C(10) 58.4(3) 58.1(4) 
C(8)-C(9>c(lO) 61.1(3) 60.9(4) 
C(8)-c(lO>c(9) 60.6(3) 61.0(4) 

1 2 

Cu(I1) Ni(I1) 

Table 6. (Hydrogen bonding and other short contacts 
are given in Table 9, see ‘Supplementary material’.) 

The complex involves the two crystallographically 
independent but chemically equivalent [Cu(PLP- 
ACC)(H,O)] structure units, A and B, where each 
tetradentate Schiff base behaves as a divalent anion 
with the carboxylate, phenolate and phosphate groups 
each monovalently deprotonated and the ring ni- 
trogen N(1) protonated. The coordination pattern 
is essentially the same as that in 1, except that the 
axial position is occupied by the phosphate oxygen 
Ol(P5’) of a neighboring molecule, thus creating an 
analogous one-dimensional polymeric structure which 
consists of an (-A-B-A-%), molecular chain. Mol- 
ecules A and B are almost related to each other by 
a pseudo symmetry of 1 +x,y, 1 tz; a major difference 
occurs in the conformation of the phosphate group 
(torsion angle C(5’)-0(5’)-P(5’)-03(PS’) =-59.7(3) 
and 83.0(3)” for A and B, respectively, where 03(P5’) 
bears a hydrogen), possibly due to different hydrogen- 
bonding schemes around the phosphate group (see 

below). Here again each carboxylato group lies nearly 
in the pyridoxal-aldimine (C(4’)=N(2)-C(8)) plane: 
the torsion angle C(4’)-N(Z)-C(8)-C(7) = -173.1(4) 
and -174.1(4)” for A and B, respectively. 

The crystal packing is mainly determined by ex- 
tensive hydrogen bonds (Fig. 6 and Table 9). 
(-A-B-A-B-), polymeric molecular chains, which 
are running along the a +c direction, are connected 
to each other by inter-polymer hydrogen bonds and 
via water bridges. An (-A-B-A-B-),, polymer chain 
is directly interlinked to three neighboring ones, 
which are centrosymmetrically related to each other 
and thus running antiparallelly; two chains (which 
are related by a center of inversion at 0, 0, 0) are 
joined directly by O(WlA)-Hl...Ol(PS’B), 
O(WlB)-Hl...Ol(PS’A) and 03(P5’A)-H...O(lB) 
hydrogen bonds and indirectly by water bridges in- 
volving O(W3), O(W4) and O(W5), two chains (at 
0, 0, 4) directly by 03(P5’B)-H...0(2A) hydrogen 
bonds and indirectly by water bridges involving 
O(W3), O(W4), O(W5) and O(W6), and two chains 



Ol(PS'B)' 

p 

Molecule A 

Molecule B 

Fig. 5. Molecular structure of 3. 

(at 0, -+, 0) directly by N(lA)-H...02(PS’A) and 
N( lB)-H.. .02(P5’B) hydrogen bonds (not shown in 
Fig. 6). Thus hydrogen-bonding systems about the 
two independent phosphate groups, A and B, are 
somewhat different, responsible for their different 
conformations. 

Molecular dimensions of the l-aminocyclopropane- 
carboqlate moiety 

The present complexes give structural dimensions 
of the ACC molecule, which have been little known 
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TABLE 6. Bond distances (A) and angles (“) for 3 

Molecule 

A B 

Coordination sphere 
cu-O( 1) 
Cu-N(2) 
cu-O( 3’) 
cu-O(W1) 
cu-Ol(P5’)’ 

1.949(3) 1.962(3) 
1.951(3) 1.945(3) 
1.909(3) 1.922(3) 
1.968(3) 1.958(3) 
2.294(3) 2.321(3) 

N-(5’-Phosphopyridoxylidene)-l-aminocyclopropane- 
carboxylate ligand 
N(l)-C(2) 1.328(4) 
C(2w(3) 
C(3)-C(4) 
c(4j-c(5 j 
C(5)-C(6) 
C(6)_N(l) 
C(2)-C(2’) 
C(3)-0(3’) 
C(4)-c(4’) 
C(5)-c(5’) 
C(5’)-O(5’) 
0(5’)-P(5’) 
P(5’)-01 

1.363(6) 
1.357(5) 
1.493(6) 

Pi5%02 
p(5tj-03 
C(4’)-N(2) 
N(2)-C(8) 
C(8)-c(7) 
C(7)_(1) 
C(7)-o(2) 
C(8)-C(9) 
C(8yC(lO) 
C(9)-C(10) 

1.586(3) 
1.273(4) 
1.446(5) 

1.510(6) 
1.523(6) 
1.473(7) 

1.331(4) 

:z# 
1:416(5) 
1.361(6) 
1.359(5) 
1.491(6) 

;%$j 
1:510(6) 
1.447(5) 
1.602(3) 
1.487(3) 
1.490(3) 
1.578(3) 
;2828:;; 

1:498(5) 
1.296(5) 
1.224(5) 
1.509(6) 
1.525(6) 
1.470(7) 

N( l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-c(5) 
C(4)_CW-C(6) 
CwC(6)-N(1) 
C(6)_N(l)-C(2) 
N( l)-C(2)-C(2’) 
C(3)-C(2)-C(2’) 
C(2)-C(3)-0(3’) 
C(4)-c(3)_0(3’) 
C(3)-C(4)-C(4) 
C(5)-C(4)-C(4’) 
C(4)-C(4’)-N(2) 
C(4)-C(5)-C(5’) 
C(6)-C(S)-C(5’) 
C(S)-C(S’)-o(5’) 
C(5’)-0(5’)-P(5’) 
0(5’)-P(5’)-01 
0(5’)-P(5)--02 
0(5’)-P(5’)-03 
Ol-P(5’)-02 
Ol-P(Y)-03 
02-P(5’)-03 
C(4’)-N(2)-C(8) 
N(2)-C(8)-C(7) 
N(2)-C(8)-C(9) 
N(2)-C(8)-C(lO) 
C(8)-C(7)-O(1) 
C(8)-C(7)_0(2) 
0( l)-C(7)-O(2) 
C(7)-c(8)-C(9) 
C(7)-C(8)-C(10) 
C(9)-C(8)-C(lO) 
C(8)-C(9)-C(10) 
C(8)-C(lO)-C(9) 

119.4(4) 
120.3(3) 

119.0(3) 
124.9(4) 
122.3(4) 
118.3(3) 
111.7(3) 
120.1(2) 
104.7(2) 
110.4(2) 
105.1(2) 
118.3(2) 
111.2(2) 
106.4(2) 
121.8(3) 
112.3(3) 
121.1(3) 
119.0(3) 
116.3(4) 
121.1(4) 
122.7(3) 
118.0(4) 

61.4(3) 
60.5(3) 

119.7(4) 
116.8(3) 
120.2(4) 
119.5(4) 
119.8(3) 
124.0(4) 
117.9(4) 
122.4(3) 
117.1(3) 
126.1(3) 

K$; 
kl(4) 

::;$; 
110:3(3) 

:?Zgj 
110.0(2) 
105.0(Z) 
118.3(2) 
111.9(2) 
106.7(2) 
121.9(3) 
112.3(3) 
120.9(3) 
119.9(3) 

:;q:; 
Kk3(3) 
117.8(4) 
118.0(3) 

58.0(3) 
61.6(3) 
60.5(3) 



Fig. 6. A stereoscopic view showing the crystal packing of 3, viewed down the b axis with the c axis horizontal and the - _ 
n axis vertical. Broken lines denote hydrogen bonds. 

- 

despite its biological importance as a precursor of 
ethylene biosynthesis, except for those in cti-dich- 
lorobis(ethy1 l-aminocyclopropanecarboxylato)plat- 
inum(I1) [lo], the only X-ray example for an ACC 
derivative so far reported. The three C-C bond 
distances and the three internal bond angles within 
the cyclopropane ring are not equivalent; the length 
of the ‘back’ ring bond [lla], C(9)-C(10) (1.475(7) 
A in 1, 1.468(8) 8, in 2, 1.470(7) and 1.473(7) A in 
3), a bond opposite to the substituents, is apparently 
smaller than those of the other two bonds (1.509(7) 
and 1.515(7) 8, in 1, 1.512(8) and lSlO(9) A (2), 
1.509(6)-1.525(6) 8, (3)) while the two bond angles 
involving the ‘back’ ring bond (61.1(3) and 60.6(3)” 
(l), 60.9(4) and 61.0(4)” (2), 60.5(3>-61.6(3)” (3)) 
are significantly larger than those of the other one, 
C(9)-C@)-C(lO) (58.4(3)” (I), 5&l(4)” (2), 5&O(3) 
and 5&l(3)” (3)). This ring asymmetry is in sharp 
contrast with symmetrical unsubstituted cyclopropane 
(gas; 1.513 8, and 60” [12]), but is a rather common 
feature for substituted cyclopropanes [lo]; it has 
been predicted that the ‘back’ ring bond is shortened 
for T-acceptor substituents involving C=O and N=C 
groups at C(8) while it is lengthened for electron 
donor substituents such as Cl and F [llb]. The ACC 
ethyl ester-Pt(I1) complex [lo] is of interest in that 
the three bond lengths (and the three bond angles) 
of ACC are essentially equal (averaged ‘back’ ring 
bond length from the two 
molecules = 1.50( 1) A 

independent 
and the other two averaged 

bond lengths= 1.499(8) and 1.505(8) A; the averaged 
bond angles = 59.9(4), 59.9(4), 60.3(4)“). Further X- 
ray investigations will, therefore, be useful to elu- 
cidate which factor(s) affects the molecular dimen- 
sions of the cyclopropane ring of ACC. 

Comparison of the three PLP-amino acid-metal 
Schiff base complexes [4b, i] 

The PLP complex3 is only the third crystal structure 
of a metal-PLP complex; the other two are 
aqua [N-(5’-phosphopyridoxylidene)phenylalanin - 
ato]copper(II) [4b] and aqua[N-(5’-phosphopyridox- 
ylidene)glycinato]copper(II) [4i]. Characteristic 
structural features common to the three structures, 
which are all copper complexes, are: (i) square- 
pyramidal coordination sites occupied by the tetra- 
dentate Schiff base through the same donors and 
by a water ligand, (ii) polymeric structure due to 
the axial phosphate-metal bonding, (iii) the ring 
nitrogen N(1) protonated and the phosphate group 
monovalently deprotonated, and (iv) inter-polymer 
N(l)-H.. . O(phosphate) hydrogen bonding, and ad- 
ditionally at least for the present and glycinato [4i] 
complexes, O(phosphate)-H.. .O(carboxylato) and 
O(water ligand)-H.. .O(phosphate) hydrogen bonds 
(no atomic coordinates for the phenylalaninato com- 
plex [4b] have been reported). 

Model for a N-@yridoxylidene)-l-aminocyclo- 
propanecarboxylate Schiff base reaction intermediate 
in ethylene biosynthesis 

Dunathan has presented a hypothesis that the 
bond to be cleaved around the Ccy atom of the Schiff 
base must be orthogonal to the pyridoxal-imine plane 
of the extended rr system to optimize r-r overlap 
[3]. During the process of the ACC synthesis by 
ACC synthase no decarboxylation occurs [5]. This 
suggests that the ACC carboxylate group in the Schiff 
base adopts an in-plane configuration and thus the 
Schiff base is simply hydrolyzed to give ACC. The 
present complexes in which the carboxylate group 



lies in the pyridoxal-imine plane, therefore, serve 
as a model for a Schiff base derived from pyridoxal 
and 1-aminocyclopropanecarboxylate, a reaction in- 
termediate in the ACC biosynthesis, where, we sug- 
gest, a metal ion is replaced by a proton. 

Supplementary material 

Listings of hydrogen bonds and other short con- 
tacts, the thermal parameters for the non-hydrogen 
atoms, hydrogen atom coordinates, bond lengths and 
angles involving hydrogen atoms, least-squares 
planes, and observed and calculated structure factors 
are available from K. A. on request. 
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