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The crystal and molecular structure of the dark-blue crystals of Cu,(ap),(NO;),
(ap = the 3-amino-1-propanolato ion) has been determined from single-crystal X-ray
data and refined to a final R-value of 0.028 for 2603 reflections. The compound
crystallizes in the monoclinic space group C2/c with eight trimeric molecules in a cell
of dimensions a = 2082.8(8), b = 1306.4(2), ¢ = 1933.7(8) pm and 3 = 119.87(2)°. The
structure is formed of almost linear alkoxobridged copper(II) trimers in which the
Cu—Cu—Cu angle is 175.04(2)° and the Cu---Cu distances are 295.16(5) and
301.06(5) pm.

The nitrate ions are weakly coordinated to the copper(Il) ion. One nitrate is
tridentately bound to Cu(1) and Cu(2) within a trimer and to Cu(2) in the next trimer
unit, forming Cu(2)—O-N-O-Cu(2) chains; the other nitrate has monodentate
bonding to Cu(3). Two of the three copper(II) ions in a trimer have a distorted square
pyramidal and the third has a tetragonally distorted octahedral coordination sphere.
In the lattice the trimers are joined together by NH---O hydrogen bonds and

Cu—O—-N-0O-Cu bridges.

The reaction of aminoalcohols with metal ions usually
affords dehydrogenated complexes with coordinated
alkoxy groups. Polynuclear complexes are easily formed.

We have tried to clarify the reactions of 3-amino-
1-propanol (Hap) with the copper(II) ion. Complexes hav-
ing the formulae Cu(ap)Fo and Cu(ap)(Hap)I (Fo = the
formato ion and ap = the 3-amino-1-propanolato ion) have
been isolated.’? Both are alkoxybridged copper(II) dimers.
When copper(Il) nitrate was used as starting material
both types of complex were obtained, with the formulae
Cu(ap)NO, and Cu(ap)(Hap)NO;.> However, further stud-
ies revealed the formation of a third compound from an
ethanol solution of copper(Il) nitrate and the 3-amino-1-
propanolato anion. This new copper(II) complex has the
empirical formula Cuy(ap),(NO,),, which according to
X-ray analysis is a linear copper(II) trimer.

Trimeric complexes of first-row transition metals are
well documented. The iron(II) ion forms a trinuclear
sulfide-thiolate complex.* Cobalt(ILIII) ions build linear
trinuclear complexes with 2-aminoethanol, 2-aminoethane-
thiol and 3-amino-1-propanethiol as ligands.>” A similar
linear trichromium(III) cluster with 2-aminoethanethiol is
reported.® The nickel(II) ion has been shown to form tri-
nuclear complexes with 3-amino-1-thiol and 1,2-ethane-
thiol *1

* To whom correspondence should be addressed.
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The copper(I) ion forms a triangular trimer with
1,2-ethanedithiol,' whereas the copper(II) ion is known to
form linear trinuclear complexes with macrocyclic and
Schiff-base ligands with the central copper atom coordi-
nated to four alkoxy oxygens.'”' Linear trimers of the
copper(Il) ion have also been reported,'s’ but in these
cases there is also a bridging anion such as OH™, acetate or
benzoate.

In this paper we describe the syntheses and the structure
of a linear copper(II) trimer, the [Cus(ap),)** cation, into
which two nitrate anions are weakly coordinated.

Experimental

Preparation of Cus(ap),(NOj3),. A 1.8 mmol sample of
Cu(NO,),:-3H,0 (Merck) was dissolved in 10 ml of
ethanol. The solution was mixed with 5 ml of DME
(1,2-dimethoxyethane) (Sigma) containing 3.7 mmol Hap
(Aldrich) and 3.7 mmol triethylamine (Fluka). A dark-blue
solution formed, and in few minutes a small amount of
greenish-blue solid separated. To the solution was then
added 1 ml of trifluoroethanol (Sigma), and all solids dis-
solved. On standing the solution overnight at room temper-
ature, 266 mg of dark-blue crystals (71 %) were formed.
The crystals were separated by filtration and washed with
acetonitrile and ether. Cu, C and H analyses were carried
out.

1013



SILLANPAA AND RISSANEN

Similar experiments were also performed with different
Cu(II)-to-ap ratios [ap is the 3-amino-1-propanolato ion,
generated by addition of N(Et); to a THF (tetra-
hydrofuran) solution of Hap]. The concentrations of cop-
per(II) nitrate varied from 1 to 2 mol 1. The solids formed
were separated and analyzed by IR spectroscopy. These
solids were Cu(ap)NO,, Cus(ap),(NOs),, Cu(ap)(Hap)NO,
or their mixtures.

Spectral measurements. The solid-state UV-VIS spectrum
of the compounds were recorded with a Cary 17D spectro-
meter using the Nujol mull technique. In the spectrum of
Cus(ap)4(NO,), there is a strong band at 353 nm (28300
cm™') and a very broad band with a much lower intensity at
615 nm (16300 cm™).

The solid-state IR spectra were recorded with a Perkin
Elmer 180 grating infrared spectrophotometer using the
Nujol mull technique. In the IR spectrum of Cu,(ap),(NO,),
the N—H stretchings are at 3306(s), 3274(sh), 3254(s),
3230(sh), 3173(m) and 3147(sh) cm™!, combination bands
are at 1746(w) and 1753(sh) cm™!, NH, waggings are at
1604(s), 1594(s) and 1579(sh) cm™' and a nitrate NO,
stretching is at 1340(vs)(br) cm™.

Crystal structure determination. Single-crystal X-ray

measurements were made with an Enraf-Nonius CAD4

Table 1. Crystal data and experimental details of the structure
determination of Cus(ap),(NO,),.

Formula CuzCi,H,4NgOy o
M, 611.06
Space group C2/c

Cell parameters at 291(1) K

a/pm 2082.8(8)
b/pm 1306.4(2)
c/pm 1933.7(8)
BI° 119.87(2)
V/nm? 4.563
Calculated density g cm=3 1.779

V4 8
u(MoKa)/cm™! 28.4

Dark blue, prismatic
0.12x0.15x0.10

Crystal description
Crystal size/mm?3

Instrument Enraf—Nonius CAD4
Data collection /20
Corrections Lorentz-polarization
Maximum 26/° 50
hkl ranges h=0-24

k=0-15

/= —-22-19
No. of reflections measured 4202 unique

Reflections included 2603 with /> 30(/)

Solution MULTAN 11/82
Parameters refined 376

Minimization function SWF,| — |F))?
Least-squares weights w = 1/(0%F, + 0.032F 2
R=X(IF,| - |FIVE|F| 0.028

Hw= [EW(IFD' - |Fcl)2/2wiFo‘2]“2 0.039

ESD of observations of unit weight 1.05
Max./min. in final difference map/e A-3 0.42(7)/-0.51(7)

Table 2. Atomic positional parameters and equivalent isotropic
temperature factors for Cus(ap),(NO;),. The equivalent isotropic
temperature factors for non-hydrogen atoms are of the form B,
= 4/322 ;a4

Atom X y z B,/ By,
Cu(1) 0.14512(2) 0.08122(4) 0.62022(2) 2.63(1)
Cu(2) 0.26967(2) —0.03804(4) 0.74425(2) 2.71(1)
Cu(3) 0.00925(2) 0.18925(4) 0.49433(2) 3.15(1)
0o(1) 0.1826(1) 0.0346(2) 0.7277(1) 3.59(6)
0(2) 0.2201(1) —0.0170(2) 0.6291(1) 2.74(5)
0O(3) 0.1088(1) 0.1528(2) 0.5198(1) 3.36(6)
O(4) 0.0447(1) 0.1138(2) 0.5915(1) 3.82(6)
0O(5) 0.2372(2) 0.2218(3) 0.6754(2) 7.0(1)
0O(6) 0.3373(2) 0.1442(3) 0.7608(2) 8.5(1)
0O(7) 0.3073(3) 0.2860(3) 0.7883(2) 6.9(1)
0O(8) 0.0301(2) 0.3537(3) 0.5726(2) 5.2(1)
0(9) —0.0747(2) 0.4239(3) 0.4931(2) 6.1(1)
0O(10) —0.0038(2) 0.4880(3) 0.6089(2) 7.5(1)
N(1) 0.3108(2) —0.0616(2) 0.8611(2) 3.22(7)
N(2) 0.3552(2) —0.1148(3) 0.7504(2) 4.27(9)
N(3) —0.0140(2) 0.2715(3) 0.3986(2) 4.72(9)
N(4) —0.0969(2) 0.1953(3) 0.4697(2) 4.07(9)
N(5) 0.2952(2) 0.2181(3) 0.7401(2) 4.3(1)
N(6) —0.0167(2) 0.4228(3) 0.5582(2) 4.2(1)
C(1) 0.1686(2) 0.0766(4) 0.7849(2) 4.1(1)
C(2) 0.2358(2) 0.0774(4) 0.8682(2) 4.1(1)
C@) 0.2661(2) —0.0279(3) 0.8966(2) 3.7(1)
C(4) 0.2610(2) —0.0060(3) 0.5892(2) 3.4(1)
C(5) 0.3160(2) —0.0939(4) 0.6083(2) 4.3(1)
C(6) 0.3802(2) —0.0919(4) 0.6928(2) 5.0(1)
C(7) 0.1489(2) 0.1865(4) 0.4836(2) 4.2(1)
C(8) 0.1141(3) 0.2778(4) 0.4295(3) 5.5(1)
C(9) 0.0361(3) 0.2670(5) 0.3660(2) 5.8(1)
C(10) 0.0073(2) 0.0884(4) 0.6322(3) 5.3(1)
C(11)  —0.0748(2) 0.0853(5) 0.5809(3) 5.6(1)
C(12) —0.1093(2) 0.1814(4) 0.5370(3) 4.6(1)
H(N11)  0.352(3) —0.039(4) 0.887(3) 5.0
H(N12)  0.313(3) -0.127(4) 0.865(3) 5.0
H(N21)  0.339(3) —0.175(4) 0.744(3) 5.0
H(N22)  0.389(3) —0.120(4) 0.796(3) 5.0
H(N31) -0.012(3) 0.344(4) 0.416(3) 5.0
H(N32) -0.051(3) 0.258(4) 0.364(3) 5.0
H(N41) —-0.124(3) 0.160(4) 0.426(3) 5.0
H(N42) -0.116(3) 0.263(4) 0.449(3) 5.0
H(11) 0.136(3) 0.027(4) 0.785(3) 5.0
H(12) 0.150(3) 0.144(4) 0.772(3) 5.0
H(21) 0.220(3) 0.106(4) 0.906(3) 5.0
H(22) 0.270(3) 0.112(4) 0.870(3) 5.0
H(31) 0.293(3) —0.031(4) 0.951(3) 5.0
H(32) 0.225(3) —0.076(4) 0.879(3) 5.0
H(41) 0.285(3) 0.058(4) 0.604(3) 5.0
H(42) 0.230(3) —0.001(4) 0.533(3) 5.0
H(51) 0.335(3) —0.090(4) 0.574(3) 5.0
H(52) 0.288(3) —0.163(4) 0.601(3) 5.0
H(61) 0.417(3) —0.147(4) 0.699(3) 5.0
H(62) 0.397(3) —0.023(4) 0.700(3) 5.0
H(71) 0.156(3) 0.130(4) 0.453(3) 5.0
H(72) 0.200(3) 0.197(4) 0.522(3) 5.0
H(81) 0.142(3) 0.287(4) 0.401(3) 5.0
H(82) 0.113(3) 0.350(4) 0.467(3) 5.0
H(91) 0.024(2) 0.323(4) 0.328(3) 5.0
H(92) 0.048(2) 0.191(4) 0.351(3) 5.0
H(101)  0.018(3) 0.156(4) 0.661(3) 5.0
H(102)  0.025(3) 0.024(4) 0.662(3) 5.0
H(111) —0.099(3) 0.055(4) 0.616(3) 5.0
H(112) -0.085(3) 0.025(4) 0.540(3) 5.0
H(121) -0.160(3) 0.181(4) 0.525(3) 5.0
H(122) -0.086(3) 0.254(5) 0.576(3) 5.0
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diffractometer using Mo Ka radiation. The data obtained
were corrected for Lorentz and polarization effects. The
crystal data and experimental details are presented in
Table 1.

The lattice parameters were calculated by least-squares
refinements of 25 reflections. The structure was solved by
direct methods (MULTAN 11/82)® and refined by least-
squares techniques to an R-value of 0.028 (R, = 0.039) for
2603 independent reflections having 1> 30(/). Hydrogen
atoms were refined with an isotropic temperature para-
meter B =5.00 A2. All calculations were performed on
a VAX II microcomputer using SDP-PLUS software.*!
Figures were drawn with the PLUTO* and ORTEP?
programs. The final atomic positional coordinates and
equivalent isotropic temperature factors are listed in
Table 2. Tables of the anisotropic thermal parameters and
observed and calculated structural factors can be obtained
from the authors upon request.

Results and discussion

Syntheses. The crystallization of certain 3-aminopropan-
olatonitrate complexes of the copper(Il) ion in ethanol-

Cu(ll) TRIMER

Fig. 1. Perspective view of Cu(ap),(NO;), showing an extra
nitrate group generated by symmetry.

THF solutions (30 % THF) was found to be dependent on
the ap-to-Cu(NOy), ratio. (The Cu concentration was 1-2
mol 171.) If the ap:Cu ratio is below 1.8, pure Cu(ap)NO; is
formed. If this ratio is greater than 2.4, Cu(ap)(Hap)NO, is
obtained quantitatively. If the ratio is between 1.8 and 2.4 a
trimer is generally obtained as the main component. Pure
Cus(ap)4(NO;), crystals are most likely to be formed if the

Table 3. Bond distances (pm) and angles (°) with estimated standard deviations in parentheses for Cus(ap),(NO;),.2

Cu(1)-0(1) 191.9(2) Cu(2)-0(1) 192.6(3)
Cu(1)-0(2) 196.2(3) Cu(2)—-0(2) 195.2(2)
Cu(1)-0(3) 193.8(3) Cu(2)—N(1) 200.1(3)
Cu(1)—-0(4) 192.6(3) Cu(2)—N(2) 199.6(4)
Cu(1)-0(5) 248.0(4) Cu(2)—0(6) 270.3(4)
O(1)-Cu(1)-0(2) 79.7(1) O(1)-Cu(2)—-N(1) 95.8(1)
O(1)—Cu(1)—-0(3) 169.6(1) O(1)-Cu(2)—N(2) 174.7(1)
0O(1)—Cu(1)-0(4) 100.4(1) 0O(1)—Cu(2)-0(6) 88.7(1)
O(1)—Cu(1)-0(5) 87.6(1) 0(1)-Cu(2)-0(7) 88.9(1)
0(2)—Cu(1)-0(3) 107.4(1) 0O(2)—Cu(2)—N(1) 174.5(1)
0(2)—Cu(1)—0(4) 150.8(1) 0(2)-Cu(2)—-N(2) 95.1(1)
0O(2)—Cu(1)-0(5) 92.0(1) 0(2)—Cu(2)-0(6) 87.7(1)
0O(3)—Cu(1)-0(4) 77.2(1) 0(2)-Cu(2)-0(7") 86.5(1)
O(3)—Cu(1)-0O(5) 84.6(1) N(1)—Cu(2)—-N(2) 89.3(1)
0O(4)—Cu(1)-0(5) 117.2(1) N(1)—Cu(2)—-0(6) 95.6(1)
O(1)—Cu(2)-0(2) 79.7(1) N(1)-Cu(2)—0(7) 90.2(1)
3-Amino-1-propanolato ligands:

C(1)-0(1) 139.1(6) C(7)—-0(3) 140.1(6)
C(1)-C(2) 151.8(4) C(7)—-C(8) 151.2(6)
C(4)—-0(2) 141.2(6) C(10)—-0(4) 139.4(7)
C(4)-C(5) 153.2(6) C(10)—-C(11) 148.9(5)
O(1)-C(1)-C(2) 113.5(3) C(5)—C(6)—N(2) 110.9(4)
C(2)—-C(3)—N(1) 110.6(4) 0O(3)—-C(7)-C(8) 113.3(4)
0(2)-C(4)—-C(5) 112.0(3) C(8)—C(9)—N(3) 111.3(4)
Nitrate ions:

N(5)—-0(5) 123,3(4) N(6)—0(8) 125.3(5)
N(5)—-O(6) 123.0(5) N(6)—0(9) 123.7(4)
N(5)-0(7) 121.8(5) N(6)—0O(10) 124.4(5)

Cu(2)-0(7) 269.1(4)  Cu(3)-O(8) 253.8(3)
Cu(3)-0(3) 193.73)  Cu(1)---Cu(2) 295.16(5)
Cu(3)-0(4) 1915(3)  Cu(2)---Cu(2) 660.07(7)
Cu(3)-N(3) 198.1(4)  Cu(1)---Cu(3) 301.06(5)
Cu(3)—N(4) 201.8(4)

N(2)—Cu(2)-0(6) 922(1)  N(3)—Cu(3)-0(8) 89.3(1)
N(2)—Cu(2)-O(7)  89.7(2)  N(4)—Cu(3)-O(8) 87.1(1)
0(6)-Cu(2)-O(7) 174.0(1)  Cu(1)-O(1)-Cu(2)  100.3(1)
0(3)—Cu(3)-0(4) 775(1)  Cu(1)-0(2)-Cu(2)  97.9(1)
0(3)-Cu(3)-N(3) 959(2)  Cu(1)-0(3)-Cu(2) 102.0(1)
O(3)-Cu(3)-N(4)  167.9(1)  Cu(1)-O(4)-Cu(2) 103.2(2)
O(3)-Cu(3)-0O(8)  102.3(1)  Cu(2)—Cu(1)—Cu(3) 175.04(2)
O(4)-Cu@B)-N(3)  172.7(1)  Cu(1)-O()-N(5)  124.3(3)
0(4)—Cu(3)-N(4) 953(1)  Cu(2-0(6)-N(5)  114.1(3)
0(4)—Cu(3)-0(8) 89.0(1)  Cu(2)-0(7)-N(5)  124.8(3)
N(3)—Cu(3)—N(4) 91.7(2)  Cu(3)-O(8)-N(6)  126.4(3)
C(3)-N(1) 147.2(6)  C(9)-N(3) 146.4(8)
C(2)-C(3) 149.9(66)  C(8)-C(9) 147.7(6)
C(6)-N(2) 147.8(7)  C(12)-N(4) 145.9(7)
C(5)-C(6) 151.1(5)  C(11)-C(12) 148.6(7)
0(4)-C(10)-C(11) 114.1(3)  C(4)-C(5)—C(6) 113.6(4)
C(11)-C(12)-N(@4) 111.4(5)  C(7)-C(8)-C(9) 116.7(4)
C(1)-C(2)-C(3) 112.4(4)  C(10)-C(11)-C(12) 115.2(5)
0(5)-N(5)-0(6) 122.7(4)  O(8)—N(6)—0(9) 119.5(3)
0(5)-N(5)-0(7) 118.2(4)  O(8)-N(6)-0(10)  119.2(3)
0(6)-N(5)-0(7) 118.8(4)  O(9)—-N(6)—-0O(10)  121.4(4)

2Symmetry code: (i) 0.5-x, y—0.5, 1.5 -z
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ratio is between 2.0 and 2.3 and 10 % trifluoroethanol is
added, since Cu(ap)(Hap)NO, is very soluble in this
solvent.

Structure and spectra of Cus(ap),(NO;),. The structure of
the trimeric Cus,(ap),(NO;), unit and atom numbering are
shown in Fig. 1. The bond distances and angles are pre-
sented in Table 3. Cu(1) has a square-pyramidal coordina-
tion (4 + 1) with a CuO; chromophore, Cu(2) has a tetra-
gonally distorted octahedral (4 +2) coordination with a
CuN,0,0, chromophore, and Cu(3) has a square-pyra-
midal coordination (4 + 1) with a CuN,0,0 chromophore.

Four alkoxy oxygens are bound to Cu(1) in a plane and
the fifth coordination site of Cu(1) is occupied by a nitrate
oxygen atom, O(5). The short bonds around Cu(2) are
made of two alkoxide ions and two amine nitrogens. The
fifth and sixth coordination sites are occupied by nitrate
oxygens O(6) and O(7'). Around Cu(3) there are also two
alkoxy oxygens and two amine nitrogens at equatorial posi-
tions. Here the axial ligand is O(8) of the nitrate ion.

In the UV-VIS spectrum of the compound there is a
broad band with a maximum at 16300 cm™!, indicating
distorted five- and six-coordinated Cu(II) ions with oxygen
and nitrogen ligand atoms. There is also a charge-transfer
band at 28300 cm™'. A similar band in dimers Cu(ap)NO,
and Cu(ap)(Hap)I is at 29000 and 28600 cm™!, respec-
tively.> Thus it is seems impossible to distinguish alkoxo-
bridged dimers and trimers from each other by their UV
spectra.

The N—O bond lengths of the nitrate ions [N(5)—O(5) =
123.3(4), N(5)—0(6) = 123.0(5), N(5)—0O(7) = 121.8(5),
N(6)—O(8) = 125.3(5), N(6)—0(9) = 123.7(4) and
N(6)—0O(10) = 122.4(5) pm] are very similar, and this
indicates that nitrate ions are only weakly bonded to
copper(Il) ions.?* Nitrate-1 is rather unusual, since it acts
as a tridentate ligand, bonding to three different
copper(II) ions. A similar case was found earlier in
[Cuy(OH)(pz);(Hpz),(NO;)] - H,0.” In the IR spectrum of

1016

Table 4. Distances (in pm) and angles (in °) associated with the
possible hydrogen bonds of Cus(ap),(NO;),.2

X—H---Y? X-H H---Y X---Y X—H---Y
N(1)-H(N11)---O©9%)  81(5) 239(5) 306.3(4) 143(6)
N(1)-H(N12)---O(5")  86(6) 219(5) 296.6(5) 150(4)
N(2)—H(N22)---O(8")  82(4) 226(4) 307.3(4) 170(6)
N(3)—H(N31)---O(10% 100(6) 231(6) 317.5(6) 145(5)
N(3)-H(N32)---O(6¥)  75(4) 253(4) 311.2(4) 137(6)
N(4)—H(N41)---O(7%)  88(4) 241(4) 306.1(5) 131(5)
N(4)-H(N42)---O(9)  98(5) 227(5) 302.2(5) 134(3)

2Estimated standard deviations in parentheses. *Symmetry
codes: (ii) 0.5+ x, 0.5 -y, 0.5+ z; (i) 0.5 — x, y— 0.5, 1.5 - z;
(iv) x—05,05—-y,1—-2z

Cu,(ap)(NO,), there is a broad band at 1340 cm™!, which
might contain several bands. This, together with the combi-
nation bands at 1746 and 1753 cm™!, indicates the presence
of essentially ionic NO; groups.??’

The bond distances and angles of the 3-amino-1-pro-
panolato ligands are given in Table 3. The C—H bond
distances are between 83(6) and 120(6) pm. Upon coor-
dination all four 3-amino-1-propanolato groups adopt a
chelated conformation with O—C—C-C and C-C—-C-N
torsion angles of —54.7(5) to —70.1(5) and 68.6(6) to
78.8(5)°, respectively.

The trimeric Cu,(ap),(NO,), units are joined together by
a CuONOCu bridge and probably by NH - - - O hydrogen
bonds (Table 4), forming layers along the (101) plane
(Fig. 2). The CuONOCu bridge binds the trimers along the
b-axis via copper atoms, and the amine nitrogen hydrogens
form a net of hydrogen bonds to the nitrate oxygen atoms
in different directions of the (101) plane.

The remaining interactions between the Cu,(ap),(NO,),
trimer layers are weak van der Waals type CH---CH

contacts.

Fig. 2. Structure of one polymeric layer of
Cus(ap)4(NO;),. Hydrogen atoms are
omitted for clarity.



Conclusion

In ethanolic solutions of the copper(II) ion and 3-amino-1-
propanol both dimeric and trimeric cationic species seem to
be present. The precipitation of a particular type of com-
plex depends on the ratio of copper(II) ion to aminoalcohol
and on the choice of anions and solvents used.
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