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Abstract 

The crystal structures of the series of compt)unds containing the di( Z-aminoben#,oato-O )di( 1,3-diaminopropane-N.N' )copper(II) (Z= 2, 
3 or 4) coordination units were determined by single-crystal X-ray methods. In the ortho- and meta-aminobenzoate analogues the struclures 

are composed of monomeric complex units, where a copper( !! ) cation is located at a centre of symmetry and the chelate rings display a chair 
conformation. The benzoate anions in the axial positions are coordinated via one oxygen only. in the para-aminobenzoate analogue the 
complex units are similar, but there are two additit,ial crystal water molecules in the asymmetric unit. The main differences between the three 
cot~rdination units are seen in the bite angle of a chelate ring and the declination value of a benzoate anion. The differences are likely due to 
variation in the participation of an ami,le group of a chelate ring and a carboxylate group of a benzoate anion to form a hydrogen bonding 
network, Intramolecuhir hydrogen bonding seems ~o be correlated with inclination of a benzoate anion. Small inclination and absolute 
det'linalion v,lues I'tw a benloale anion seem IO be rdaled with bihwcaled inlramtdecular hydrogen bonding and narrowing of a bile angle N= 
Cu.oN, The hydrtlgen blinding to the coordinated oxygen atom changes its hybridisation I'rom approximate sp: towards sp~. The existence of 
hydrogen bonding is supptirted by IR spectra, The crystallogr,phic data are |is follows (m: 1,3odiaminopropane: h~(): a ben/oaie anion): 
I (? l l t l i ) (  2NI-'I J~#O l:  l. C~.H ~ : f i i N . O f  Intlnilclinic. splice groilp 112 i ]a No, 14, It ~ 10,513( 2 ). b ~ 9,1789( 12 ), c' ~ 12,126( 2 ) A, B ~ 
lJll,ll~( 21 '~, V ~ I 153,i1( 41 A ~'. I (' i l l l i~l 3NHJ~sO t:,l, C~,.Iol ~:filN,,()4. inonoclilii¢, spiii:e gl'iiup l l~ i / l i  Nil, 1.1, ¢l ~ fl,7 1 -=!8( 12 I, h +~ Ih,51i314 I, 
..... 111.2¢!~1( 2 i A. ~ ~ 9LII22( 15 i +', V ~ I 13¢~,14( 41 A ~', I Cillll~( 4NH, h/O I ~ I '  21t~{), C~.I=I ~.CilN,,()., nloiltlclinic, ,~plit:e gi, ilup P~, to N~, 14, 

a,~0~J.4t44( 2i .  h ~ l , 9 ~ X i 2 i ,  c ~ Ih.3l) l l  ] i  A . /J~  IIi3,91(l( 14i °, V ~, 133'4,61~i A'. (17) 1998 Elsevi~.r S¢ieilce S.A. 

Keywm~l,~: Copper complexes: l=lydrt~ge, l~oildiug: (~ry,sl.l slr|Icl|ll'e,~: Bidenlule mnil le COmldeXes 

I. Introduction 

The coordination mode in a series of Cutn,{ZbzO), 
( where ZbzO is either unsubstituted or substituted benzoate 
~lnion; In is 1,3,diaminopropane) has been examined in a 
large number o1' structural studies I I I. Usually the complex 
units display centrosymmetric trans-bis coordination mode 
with the two six-membered chelate rings in chair conl'orma- 
don and the two axial sites coordinated by one oxygen of a 
benzoate anion, in an earlier study, Klinga 121 suggested that 
the complex units in the Cuin:( ZbzO)~ series would usually 
he connected by a 2D hydrogen bonding network. 

it is well known that hydrogen bonding plays an important 
role in bioinorganic chemistry. The very existence or non- 
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existence of  hydrogen bonding is correlated wi th the cooro 
dination number in bacter iochlorophyl l  a 13 I. In tbrric P450 
enzymes hydrogen bonding affects the c i rcular dichroism 
spectra [41. Also, the cis.plat inum coordinat ion to D N A  is 
dependent on hydrogen bonding 15 ]. 

011 the oi l ier hand. the effect oi' hydrogen bonding on the 
coordination properties has been a topic only in some papers. 
Stabilisation of an oxo,hydroxo bridge by hydrogen bonding 
has been studied in diiron complexes [6]. lntramolecular 
hydrogen bonding has been found to stabilise letrafluoro= 
borate coordination to copper( I! ) ion [ 7 J. 

So I'ar. the substituents in the benzoate anions have no! 
been capable of marked hydrogen bonding in the Cuing= 
(XbzO), series. Since hydrogen bonding is a gateway to 
mole,:ular organisation [ 8] and even to crystal engineering, 
it was considered appropriate to use a potentially active sub- 
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s t i t ~ t  as a suitable probe m study the packing effects in the 
present series. Accordingly, a new ,series of copper(II) com- 
plex~ formed by tn as well as ortho-, meta- and para-sub- 
stituted aminobenzoate anions was synthesised and their 
respective structures ,,'ere determined by single-crystal X-ray 
methods. The compounds are hereafter referred to as 
CUORAM, CUMEAM and CUPAAM, respectively. IR 
spectra were recorded to establish any hydrogen bonding in 
the complexes. 

2.. Experimental 

2.t. Syntheses 

Both CUORAM and CUPAAM were synthesised by the 
same method. First, 20 mmol of an aromatic acid (ortho- 
aminobenzoic acid, Fluka AG, pur.: mera-aminobenzoic acid. 
Merck, p.a.: para.aminobenzoic acid. Fluka AG, put. ) and 
10 mmol of CuCO~,Cu(OH): (Baker's Analyzed) were 
disperst, d in aqueous EtOH ( 100 ml H~O, 50 ml EtOH). in 
the ca~ of CUORAM and CUPAAM the suspension was 
heated and stirred until a homogeneous precipitate was 
formed after removal of CO:. When 20 mmol of tn (Fluka. 
purum) was added into the suspension, a deep violet .solution 
formed. The deep blue crystals were formed upon cooling 
and were ~parated by filtration. 

As t'or CUMEAM, it was necessary to carry out the syn- 
thesis by a modified technique, Otherwise the product was a 
brownish oily substance. At first, 1.10 g (4.07 retool) of 
CuCO~,Cu(Otl), and 2.74 g ( 20,0 retool) of 3oaminoheno 
t~oic acid ( F lu~  AG, par. ) were added to I(X) ml of MeOH 
and heated, whereupon a precipitate formed, The flask was 
equipped with a condenser, and vacuum and argon inlets. The 
flask was evacuated and pu~ed with arson tbur times, To the 
s t i ~  mixture was added 1,7 ml (20 retool) of 1,3-diami, 
nopropane with a syringe, The colour changes slowly from 
green to grey and blue and some grey precipitate was formed, 
The solution was refluxed for 3 h and then stirred overnight, 
The precipitate was removed from the blue solution by filtra- 
tion by means of a canula, MeOH was evaporated in vacuo 
and the black residue was refluxed with PrOH until dis.~lved. 
The flask w~,~ transferred to the freezer ( - 20 °(7. ), The pre. 
cipitate was ~parated t'r~m the solution by decantation under 
argon, The resulting bluish black solid ( 3,75 g) was dried in 
VaCUO, 

high-angle reflections. Axial photos were taken to ensure the 
right axial choice. 

The data collections were carded out by the m-scan tech- 
nique. The stability of a crystal was confirmed by repeated 
measurements of three check reflections after every 100 
reflections. The data gathered at ambient temperature for the 
structure determination were corrected for Lorentz and polar- 
i~tion effects. Further details for the X-ray studies are given 
in Table l. 

The usual procedure in solving the phase problem was to 
make use of the SHELXS program [9|.  The positions of 
heavy atoms were then refined by XTAL3.0 programs I I OI. 
The repeated Fourier syntheses and least-squares refinements 
revealed the positions of the remaining heavy atoms. Alter 
this stage, a difference Fourie~ map was inspected to lind the 
positions of the hydrogen atoms. The anomalous dispersion 
was applied at the final stage of the relinements: the constants 
were those included in XTAL 3.0. The final least-squares 
calculations with full matrix refinements were performed 
with the XTAL 3.0 program package. 

The hydrogen atoms in CUORAM and CUPAAM were 
found from the difference Fourier map and refined with indi- 
vidual isotropic thermal parameters. The hydrogen atoms 
connected to the amino nitrogen of the aromatic ring in 
CUMEAM were found from the difference Fourier map; the 
other hydrogens were placed in their calculated positions. 
The hydrogen atoms were refined with tin overall isotropic 
therntal parameter. 

The coordinates tbr the compounds are listed as Supple- 
mentary Material and selected bonding parameters it) Table 2, 
The numMring schen)e and thermal displacement values t't~r 
tile [uonts in tile compounds are shown in Fig, I. 

2.3. EIoMS 

Mass spectra were recorded on a JEOI~ JMS-SX 102 instru* 
taunt, 70 eV. 300 IxA, operating tinder the electron impact 
(El) mtge. The s~lid samples were introduced by a direct 
inlet probe and heated in the range ~(~350 °C. All of the 
spectra contain the normal mass spectra of the aminobenzoic 
acids ( 137, 120, 92, 65 and 39 role) for the mum- and para- 
aminobenzoic acids, 119 instead of 120 for the ooho-benzoic 
acid III I. The rest of the peaks are due to 1,3-diaminopro- 
pane ( 57 and 30 m/e) I I I I. 

2,2, X~¢~O' sn'ucno'e ¢/e¢enMn~eion 2.4. IR 

Suitable single crystals were sel~ted after careful inves~ 
tigation u ~ r  a polarising microscope for each determina- 
tion, All the measurements were performed on a Nicolet P3F 
diffractometer using graphite monochromati~ Me Koz radi- 
ation (A~0.71069 /~). The unit cell parameters were 
obtained by least-~uares refinement of 25 well~'entred, 

The IR spectra were run from KBr discs on a BOMEM 
MB. 100 FT-IR spectrometer with a resolution of 2 cm '. 
The linal spectra were obtained as averages over 16 scans. 
The spectra were recorded with the help of the SpectraCalc TM 

program I 121 installed on a local PC. 
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Table I 
Crystal data and experimental detai!.-~ for ti~e single-cD~slal determinations 

Compound CUORAM CUMEAM CUPAAM 
Chemical I'ormula Ca,H ~.CuN,,O~ C:,,H ~:CuN,,O.~ C:,,H~,,CuN,XL 
Formula wei,,ht~ 484.06 4~4.06 520.08 

a (A )  10,513| 2) 6.71281 12) 9.48412 ) 
I) { A ) 9.1789( 12 ) 16.50314 ) 8.9384 2 ) 
(- (A )  12,12612} 10.26812) 16.301t 3) 
/~ (°} 99.82121 92.022115 ) 103.9101 14 ) 
V ( , ~  } I ! 53.014 ) ! 136.814 ) 1334.615 ) 
Z '3 .') .~ 

D. ftgcm '} 1.394 1.414 1.374 
Space group P2~/a ( No. 14 ) P2~/n ( No. 14 ) P2 t /n  ( No. 14 ) 
Crystal dimensions ( mm ) 0.15 × 0.23 x 0.39 0. i 8 × 0.21 x 0.45 0.29 x 0.34 x 0.39 
Absorption coeff. ! cm ~ ) 9.8 10.O 8.6 
Absorption corr. yes yes no 
20 Limits 5.0-55.0 3.0-55,1} 5.(g-55.O 
Scan speed ( ~' rain i } 3,0 -30J)  2.1)-')(},0 2,0-20.() 
Rellectitms collected 2645 2924 3439 
Reilections observed 1859 1076 ~ "~ ~'~ 
hkl Range O < h _< 13 0 < h ~ 8 O ~< h ~< 12 

O_<<k< II 1)</,~< I t) ()_<k< I I 
- 15<_1_< 15 - 13_<1_< 13 - 2 1  </_<20 

Criterion I,, > .~o1 I,, ) 5 3 3 
R 0.033 11.1)51 O.1)3 I 
R,, 0.()32 0.035 0.033 
No, of vmiahle.~ 21}6 143 240 
S 2,244 1.525 2.6f)0 

3. Results and discussion 

3. I. Genera/th, st'ro)tion of the ('omlnmmls 

The compounds have similar overall structures. The coot° 
dinatkm polyhedra are ehmgated pseudo-octahedra with two 
In ligands coordinated to a central metal cation. The six° 
meml)el~d cl'lelat,: i'irl~s I'orrned by the copper(il) ion and 
1,3odiaminopropane display chair corlforulatiorl, The axial 
sites are occupied by two aminobenzoate anions. In 
CUPAAM there are two additional uacoo|'dinated cry,~lal 
water molecules in the asymmetric unit. All of the compounds 
studied here crystallise in ~he monoclinic crystal system. In 
this respect CUORAM is exceptional, since so far all previous 
ortho°substituted compounds in the Cutn,( XbzO): series are 
crystallised in the orthorhombic system [ 13]. On the other 
hand, the orlho-substituent has always been in the trans- 
position with respect to the coordinated oxygen O I. In 
CUORAM the amino group lies in the cis-position. 

There are some notable differences in the bond lengths and 
angles among the three compounds. The axial bond lengths 
for CUORAM, CUMEAM and CUPAAM are 2.512(2]. 
2.574(4) and 2.48712) A,. respectively. In the six-coordi- 
nated bis(ortho-aminobenzoato)copper( il] the axial Cu-O 
bond length is shorter. 2.415(5) A, [ 141. Obviously the axial 
bond is weak and susceptible to changes. The pK,, values for 
the orlho-, recta- and para-aminobenzoic acids are 4.96( I ). 
4.7613) and 4.8813 ). respectively [ 15 I. Clearly, the axial 
bond lengths do not correlate with the pK,. values, in a recent 
paper it was shown that the structures of mms-di(orlhn- 

chlorohenzoato-O Ibis( ! ,3-diaminopropane-N,N' )copper(!1) 
and the corresponding bromo derivative have isomorphous 
structures with the same axial Cu-O bond lengths, in spite of 
the different anions I 131. Obviously a negative charge on a 
carhoxylate group must he divided between the bond to the 
copper{ !1) ion and the hydrogen bonding network. 

it is seen l'rotu the Fig. I that tile orientatiol~S of the ben, 
zoate anions vary clearly with ret}rence to a CuN,~ plane. To 
describe the orientation, IWO itew parameter~ ( inclitlalion and 
declit~ation ) are introduced. These are detined irl Fit~. 2. Inclio 
nation ,; describes bowint~ of a carboxylate (or the whole 
benzoate anion ) group li'om ( or towards ) the equatorial cooro 
dination phm¢. Declination ~'~ illustrates the lurching ol" the 
benzoate ,'talon. The respective numerical values fi)r the three 
compounds are clearly different: the absolute values Ibr the 
declination are 4.80. 28.03 and 38.5 ° . and the inclination 
values - 125.3. - 123.1 and - 132.7 ° t'or CUORAM. 
CUMEAM and CUPAAM. respectively. Declination shows 
clearly more variation than inclination. The declination val- 
ues for the majority of the Cutn,(ZbzO), complexes are 
usually in the range of ().5~12.0 ° I i]. As mentioned in the 
Introduction. in the previous compounds the substituents 
have not been able to play a marked role as donors in hydro- 
gen bonding. 1he anomalous declination values for the pre,,° 
ent compounds suggest that the aromatic amino substituent 
may possibly be involved in the hydrogen bonding. 

Because the copper( It ) ion lacks spherical symmetry, the 
eccentricity ol'the copper( ll ) ion prolate ellipsoid is variable. 
The term 'plasticity' has been introduced to describe simul- 
taneous compression and elongation in the equatorial and 
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Table 2 
S~lccled I~md lengths ( A ) and angle,, (") ~'ith Iheir standard deviations lbr 
CUORAM. CUMEAM and CUPAAM 

CUORAM CUMEAM CUPAAM 

l~md lengths 
Cu-N I 2.027( 2 ) 2.029(4) 2.0~8( 3 ) 
Cu-N2 2.042(2) 2.020(6) 2.028(2) 
Cu-O i  2.512(2) 2.574(4) 2.487(2) 
N I-CI 1.481 (4) ! .466(7) 1.478(4) 
N2-C3 1.477(4) i .488(9) 1.47 ! (4)  
CI-C2 1,515(5) 1.497( I I ) 1.501(4) 
C2~4~'3 1.517(4) 1.508(9) ! .496( 5 ) 
C4~C'5 1.398(4) ! .384( 8 ) 1.401 ( 3 ) 
C4~4~O 1.411 (3) ! .385(7) 1,390(3) 
C4~C I0 1,513(4) 1,521 (8) 1.495( 3 ) 
OI=CIO 1.255(3) 1.251 (7) 1.260(2) 
O2--C'I0 1.258(3) 1.252(6) 1.259(3) 
N3=C9 1.375( 4 ) 
N3~C6 1.404( 8 ) 
N3--C7 1.373( 4 ) 

Bond angles 
N I ~¢u=N2 86,60( 9 ) 
Cu=N I--CI 117.2(2) 
Cu=N2~?3 11~),7(2) 
N I~4~I ~'2 112.1(2) 
N2=C3~2 I I 1,7(3) 
C'~=C6~., ~ 118,6( 3 ) 
C6=C7=C~ 121 ~ 14 ) 
C4=C9=C8 120,4( .~ ) 
O1~C1(~O2 123,1(3) 
O1=CI(~C4 118,8( 2 ) 
()2=C 1 (L~4 I 18, I ( 2 ) 
N I=C~-~4 122,,;( 3 ) 
NoI:C9:¢'~ I 18,9( 3 ) 

N3=C8=C7 
N ~:{'?:t.'t~ 
NI:C7:C8 

88.6( 2 ) O0. I 8( o ) 
11o.1(3) 118.7(2) 
118.~(4)  122,0(2)  
I12.1(6) 111.5(3) 
111.7(5) 111.5(2) 
119,0(5) 121,3(2)  
119.9(6) I 17.t)(3) 
120,4( ,~ ) 122.2( 2 ) 
12~,7( ~ ) 123,¢~( 2 ) 
117,9(5~ 117,th 2) 
116,414) 118;I)( ~1 

Iltl, ti~) 

120,7~ ~) 

axial directions in 4 + 2 type cook(nation polyhedlu I 161. 
The tetragonalities ( T -  R JR,, where R, is equatorial and R, 
axial bond length) are 0,81 I, 0,787 and 0,817 for CUORAM, 
CUMEAM and CUPAAM, respectively. Accordingly, if 
there is variation in the axial bond lengths, the equatorial 
d ic t ion  should also be susceptible to changes, This is indeed 
the case in the present compounds, However, it must be also 
not~l that the tetmgonalities do not have constant values. 

As ~ n  in Table 2, the bite angles N l~u~N2 vary from 
86,60(9) to 90,18(9) °, The latter value repre~nts the may 
imum value found so far in the Cutn:( XbeO): series, How- 
ever, an even wider value for the bit~: angle of 96,8( 2)° has 
~ n  found t'or diaquaq tL~ 1,3@ropanen~iylbis(oxamato- 
O,O', f~,~,N,N'  ) I ( 1,3~liaminoptopane~N,N' )dico~r(  !1 ) 
dihyd~te 117 l, The natrowest angle ( 8~,9( 2 P) in the series 
has ~ n  found for tmns-di(l~m-methoxyben~oato.O). 
bis( i,3~diaminoptopane.N,N' )copper( II ) ( CUPAMX he~- 
after) 1181, 

All of the six-mem~r~ chelate rings display chair con- 
tbrmation in the p ~ n t  compounds, it is to be expected that 

variation in the bite angle would result in change in the total 
puckering [ ! 9 ] of a chelate ring. Indeed, widening of the bite 
angle seems to cause flattening of the ring, which is seen in 
the total puckering values: 0.659, 0.602 and 0.567 A for 
CUORAM, CUMEAM and CUPAAM, respectively. 

In CUORAM and CUPAAM the C-N bond lengths are 
almost the ~me, 1.375(4) and i.373(4) ,,~, respectively. 
However, in CUMEAM the C-N bond seems to be longer, 
1.404(8) .~. The respective angles ipso to an amino group 
are similar in CUORAM and CUPAAM, 118.8(3) and 
l l 'r9(3) °, whereas in CUMEAM the angle seems to be 
wider, 120.4(5) °. There is no correlation to be found here 
with the above mentioned pK,, values. Instead, it seems that 
the C-N bond lengths and the ipso angles are dependent on 
the protonation (or hydrogen bonding) of the amino group. 
This is seen in the values found for the orHm~aminobenzoic 
acid (anthranilic acid l). According to the neutron diffraction 
study, there are two molecule.,; per asymmetric unit in the 
crystal structure, one is neutral and the other zwitterion. The 
C-N bond lengths are 1.386(3) and 1.455(4) A. respec- 
tively: the respective angles are 118.4(2) and 121.8(3) ° 
1201. Therefore, the elongation of the C-N bond in 
CUMEAM may be interpreted to be caused by hydrogen 
bonding, indeed, there is hydrogen bonding involved, as 
discussed later. 

3.2. The inter- and intramoh, cuku" interactions 

The changes in the pK, values o1' the acids will certainly 
manifest themselves in the electronic properlies of the car- 
boxylate gmtlps~ However, the carboxyhlte groups have a 
dual function: one of the Iwo oxygen atoms hmlls a coordio 
nation bond to caper ,  while the other one is susceptible Io 
Iorm hydrogen bonds. Accordingly, both COol~lination and 
hydrogen bonding are likely Io affec! the geometry el' the 
benzoate anions with reset!  m a I Cu( In ) ~ I ~ ' cation. All of 
the coml~)unds crystallise in the monoclinic system. This 
strongly suggests that the packing is affected by similar types 
of intermolecular interactions. 

3.2. I. H.vdr~¢e, I~mdi, g 
Non°c~)valent interactions that are selective, directional 

and strongly attractive can induce the sell:assembly el" pre- 
dictable aggregates. An understanding of these interactions 
may lead via molecular tectonics into crystal engineering 
1211. One of the most imporlant interactions is hydrogen 
bonding, Klinga 121 has shown that, in Nil II ) and Cu( II ) 
complexes formed by tn and methyl- or nitrobenzoates, there 
are either I D or 2D hydrogen l~)nding networks. The dimen- 
sionality is not dependent on the central metal cation in these 
compounds, 

Since it wa~ suggested earlier that th~ hydrogen bonding 
would be a reason for the deformations in the chelate rings 
containing tn 1221, the hydrogen bonds to the chelate ring 
are of special interest. The IR spectra of trans-di( benzoato- 
O)bis( 1,3-diaminopropane-N,N' )copper( Ii ) and the meta- 
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iodobenzoale analogue support Ihe idea ol' hydrogen bonding 
[ 23.24 I. The relevant bands in the IR speclra are those related 
to the amino and carboxylate groups, l.isting of' the pertinent 
bands is given in Table 3 tbr CUORAM. CLIMEAM :rod 
CUPAAM. 

We I~elieve that the bands above 3400 cm ~ are due to 
aronmtic N-H stretching, since in aqua-di( 1.3odi~.~inoproo 
pane-N.N' )COl')per(II) dichloride the aliphatic N-H qretch° 
i,gs are seen in the range 3349-3129 cm ~ ~l.~ ~l hroM h~md 
with three maxima 1251 and in I C!u( tn)21(PF(~)2 helween 
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Fig. 2, Dcfinilion of declination (#) and in¢iinalion (~), N is a t~wmal 
veglor drawn to (he earh~s~lat¢ plane. 

3300 and 3200 cm * as relatively sharp bands 126 I. As staled 
before, CUPAAM also contains unc~wdinated water mole. 
cules. There are no distinctive hands to he distinguished in 
the respective IR spectrum (swing to overlap with the N=H 
stretchings. However, there is a very broad band (with the 
N~H stretchings) appearing as background in the range 
3 ~ 3 0 0 0  cm !, which may well be due to hydrogen 
bonding related to water mol~ules~ 

The differences between the frequencies of the symmetric 
and antisymmettie C=O stretching bands are 266, 246 and 
255 em:  ~ for ~UORAM, CUMBAM and CUPAAM, respec. 
lively. In unidentate acetate groups this difference is in the 
range 314~523 cm ~ !, and in bridging catboxylates 159= I 7 I 
era= ! I27 I ,  The values for the present compounds lie 
between the two ranges, This suggests that the ca~,oxylate 

groups do not have "pure" unidentate coordination mode, but 
have a slight tendency towards the bridging mode. This can 
be interpreted as caused by hydrogen bonding. CUMEAM 
has the smallest difference, which is nicely in accordance 
with the widest O l -C  ! 0--02 angle. 

3.2.2. The hydrogen bonds formed with the chelate rings 
Because all of the four amine hydrogen atoms of a chelate 

ring are capable of hydrogen bond formation, their surround- 
ings are studied in detail. Table 4 lists all of the shortest 
contacts to the hydrogen atoms of the amino groups. The 
tbllowing statistical expectation values with three e.s.d, val- 
ues may be taken as a criterion to establish a hydrogen bond: 
H...O i.96(12), N...O 2.85(9) ~ and N-H. . .O 162( I I )° 
[ 28 ] ;. If these values are applied, the tbllowing conclusions 
can be made, There are no compound:: displaying I D net- 
works, Instead, both CUMEAM and CUPAAM display 3D 
hydrogen bonding, whereas CUORAM may be classified to 
2 D  compounds. In CUPAAM the non-coordinated crystal 
water molecules are also involved in the network of the hydro- 
gen bonds, it is noteworthy that in CUPAAM the amino group 
( N I. H i, H2 ) has no suitable contacts with 02  to be inter- 
preted as hydrogen bonds. So fa~', in all of the complexes both 
of the two amino groups in a m molecule have been hydrogen 
bonded [ i I. This is probably the reason for the non-equiva- 
lence of the Cu-N--C angles in CUPAAM: in CUORAM and 
CUMEAM the angles are the same within three e.s.d, values. 
Another deviation most probably due to the different hydro~ 
gen I~mding is the unusually wide bite angle N I~Cu I~N2 o1' 
CUPAAM (~l, 18(9)°) noted above, 

Table 4 sh~)ws au inle~sling i~alure concerning the non° 
¢oo~inated oxygen 02: it has the tendency to fi)rm either 
two intranlolecular or two internlolecular hydrogen bonds~ 
Although the maximum nuul~r  is accordingly fi~ur, Ihe 
tourth one seems always to be very weak or nonoexisting. 
This suggests that the oxygen atom 02  would have an sp ~ 
electronic configuration with three electron pairs capable of 
hydrogen bonding formation. Presumably the declination of 
a benzoate anion should have a marked effect on the hydrogen 
I~mding. as the position of  tile relevant electron pair changes. 

Table 
S¢1¢¢1¢d IR bands !¢m ~ ) with tenlalive ass~ignmenls t~w CUORAM. CUMEAM a,d CUPAAM 

Assignment CU()RAM CUMI~AM CUPAAM 

N~H| ~li~) s~ 3203( m,br 
N-Hialil~h) ~ I,tl~, 3t3~1~ s,br~ 31$Ots,brl 
N-Hi aliph ) ~ 3~)34~ m,br i 
( '4) ~s slr If~36( sh ~ |¢d~gt s) 162(1( m 
C4) s)om ~r 13?~tt s I I ~74( s ) 

~441(hrb 
3313( ,,, ), 32.%( ~ I. 3217( m.br ) 

303~( w,sh ) 
1630( mL 1004(s) 
1375( ~ b 

In CUPAAM the bac~Is due It, walcr m~decules al.,a~ appear here. 
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Tab le  4 

The  poss ib le  hyd rogen  bonds  built by the a m i n e  gruups  in the C U O R A M .  C U M E A M  and C U P A A M .  The  di~,lances and angle,, m italic,, may I~e tt~) long or 
narrow,  respect ive ly ,  tu indicate signil icant  hydrugeu  I~mding. A = N, O 

Hydrogen  bund  H-,  ,O A . ,  , 0  A - H , - - O  S y m m e t  D operat ion 

C U O R A M  

N I - H I  . - -O2 2.21h 3 ) 3.023( 3 ) 155( 2 ) .~. y. z 

N I - H 2 , , - O 2  2,0813 ) 2.943 ( 3 ) 170( 3 ) 1 / 2 - x, I / 2 + v. - : 

N 2 - H 3 , , - O 2  2.43t31  3.023( 3 ) 162( 2 ) .~, y, z 

N 2 - H 4 - , - O 2  2,01 ( 3 ) 2 .97013 ) 171 ( 3 ) - I I 2  + x ,  - 112 - y ,  z 

N 3 - H 2 0 , - , N 3  2,85¢31 3 ,238 f41  ! 16t31 - x ,  - v. - z - ! 

N 3 - H 2 1  , , ,O1 2.01 ( 3 ) 2 .65814)  13913 ) x, y, : 

C U M E A M  

N I - H  I . " 0 2  2.0915 ) 2.9(M( 7 ) 148( 5 ) .~-, y, z 

N I - H 2 , ,  .O2 2,49( 5 ) 3.268f  7) 1fiT( 5 ) I - x, - y, - z 

N 2 - H 3 , . , O I  2.73~51 3.123171 l I B 4 )  x. y, z 

N2-L I4 . .  , 0 2  2.12( 5 ) 2 ,94810 ) I 71 ( 5 ) - I + .~,, v, : 

N 3 - H 2 0 , , , ( ) 2  2.6hq)) 3,14q)l,'Cj 13111 o ) I / 2  + x, I / 2  - y, - 1/2 + : 

N 3 - H 2 1 - . . O I  2 .3815)  3.2¢14t87 10514) I + x. y, : 

C U P A A M  

N I - H I . . - O 4  2.o5131 3,07513)  (~l12j - 112+  ~. I / 2 ~ v .  - 1 / 2 - ~  

N I - H 2 , . . O 4  2 ,5H31  3.07513 ) 12613 ) - I / 2  + ~, I / 2  - v. - I / 2  - v 

N 2 - H 3 , . . O 2  I ,t)61 3 ) 2.92213 ) 171)12 ) ~, ~. : 

N 2 - H 4 . . , O 4  2.3213 ) 3.1g1514 ) 10713 ) I / 2  - .~ ,  - I / 2  - v. ! / 2  - : 

N 3 - H 2 0 , . , O 2  3 .06  (41 3 .622(41 12313 ) - ,~  - I, - y, - z 

N 3 - H 2  I , , , O 3  2.2913 ) 3,tX)~t 4 ) 170( 4 ) - x  - I. - v + 2, - : 

O3=H31 , , ,O I  1,9813 ) 2.70813 ) 170( 3 ) x. v, : 

03-H32,,,02 1,9713 ) 2.762( 31 173( 3 ) ~ x. - v +  l .  - :  

O 3 - H 3 1  . . . (M 2,,#tr3) 2,746( 4 ) ¢)6t21 - I/2 + x, I t2  ~ y, ~ 112 + : 

04=H41,,,03 1,92131 2.746141 109131 1 / 2 4  .t. I / 2 - y .  1 1 2 + :  

O 4 ~ H 4 2 , , , O 2  2, IO( 3 ) 2,82213 ) 17215 ) s, v. : 

Indeed, this assumption gets suppor! frorn the fbllowing 
discussion, 

In CUORAM 1he intrmnolecular hydrugen bond is bifur- 
caled wilh the conlacls lu bulh uminu gmul~S, 11 means that 
llte ox.v~en 02 is urienled in belween tlle chelale ri11~. It is 
11oteworlhy thal the respeclive bile t111~le has lhe ~mall value 

of 86.6019)°, In accordance with this. in CUPAMX the bite 
mlgle is 85.9( 2 )° I 181 and the intramolecular contact values 
suggesl even slronger interactions, In ~eneral. the orientation 
ot' the uonocoordinated oxygen atom 02 shows wide variation 
in the Cutn:(ZbzO): series with respect to a six=membered 
chelate rillg, To get a better insisht, a new paralneter Iwi~l 

i 

21 

¢~JORME 
I I  

c ~  

-19 

-39 

CUM~ 

I 

l 

CUORAM 

CI~A~M LJ 
II 

70 100 -50 -20 10 40 

Twist 
Fig. 3. Scaue r  plot of  IWisl 1.~) vs. decl inat ion ( i f ) .  C U M E N i :  Iran .~ .d i (uu , tu .n i l robenzoalo-O)bi . s (  1 . 3 - d i a m i n o p r ( ) p a n c - N . N ' ) c o p w r ( l l ) :  CUORME' ,  

o'ans-di(  or t lu) -n i l robenzoalo-O )bis( 1,3-dialninul)rol~ane-N,N' )copper(  it ). 
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-120 
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-130 

I 
CUORAM ca CUMEAM 

• Ji~El3 E] {2 

CIJPAAM 
II 

-13S i 

85 86 8'7 88 89 90 91 

Bite Angle N..Cu-N 
Fig. 4. Scalier plot of inclination vs. bite attgle N-Cu-N, 

(~) is utilimd to describe the orientation, it is defined as 
to~ion angle Nl=43ul=Ol=ClO. A scatter plot is shown in 
Fig. 3 to study the possible dependence betw~'en twist and 
declination. There ~ems to be a correlation with the excep- 
tion of two outliers. CUMEN! and CUORME. When the twist 
values indicate that the oxygen 02 would be projected in 
I~tween a chelate ring, then the declination also has the small° 
est values. As tbr CUMENI. its axial bond length Cu--OI is 
the longest one in the series, 2.663( 2 ) A, According to Klinga 
12 I. it displays only a I D hydrogen bonding network, while 
the other complexes in the Cutn~(ZbzO)~ tortes have 2D 
networks. Although the twist angle tbr CUORME (4g.2 ° ) is 
~uggestive of a bifurcate intramolecular hydtogen bond. the 
distances are perhaps !leo long (even the shorter O. H distance 
is 2.29[ 6 ) A ) to indicate an~ hydrogen bonding 12 I. More° 
over, the megyl group in the ort/,~oposition lies t r , , s  to the 
non~c~Minated hydrogt:n and thus may have intramolecular 
interactions to it diminishing the contribution of the usual 
interactions. 

To evaluate the influence of intramolecular hydrogen 
~nding on the coordination in the ~uatorial direction, a new 
~atter plot was constructed ( Fig, 4). There seems to he a 
linear correlalion ~ t w ~ n  inchnation and bite angle with one 
outlier, CUMENI, As a carboxyhite group is bending towards 
the equatorial plane, the bite angle N=Cu=N is getting nar. 
tower c~omitantly,  Obviously this must be due to increa,~d 
intramolecular interaction. 

£Z3 ,  Tlee hydroge¢¢ t~m(I,~' Io llle ceu~ffi,¢ql(.d o.~v,~.e~t OI 
In most of the compounds it is the non~oordinated oxygen 

02 which Imrtici~tes in the hydrogen bonding, In CUPAAM 
the water molecules arc also mediating the interactions, In 
the tr,~¢,~Mi( ben~to.O)bis(tn )M( II ) complexes studied 

l~, the coordinated oxygen O I has played no rule in the 
hydrogen ~ i n g ,  In the pre~nt males, all of the compounds 

studied here (CUORAM, CUMEAM and CUPAAM) have 
geometrical parameters which seem to indicate hydrogen 
bonding into O I. 

in CUORAM there is a short intramolecular distance 
between the amino group and e l .  As stated betore, in all 
previous ortho-substituted benzoates in the Cutn:(XbzO): 
series, the orzho-substituent has been in the trans-position 
with respect to the coordinated oxygen atom OI. The ('i.~'. 
position in CUORAM has an obvious explanation: tile non- 
¢~mrdinaled oxygen is not capable of Further hydrogen 
bonding. As is usual in these compounds, tile oxygen 02 
te|~d~ to fiwn| three hydrogen hoods. Therel'ore, tile amino 
group Ibrnts the inlramoleeulur hydrogen bond to O I, which 
has no olher hydn)gcn M)l|ds. 

In CUMEAM there is an exceptional hydrogen bonding 
system ( Fig. 5 ), which is it chain O I'... H21 ~N3~H20...O2~ 
C l f f ~ l  ~,., ( i~  I +x,y, t ; j  ~ 1/2+.t. 1/2~y, = 112+:).  

Fig..% Hydrogen I~mding clmm I~-I~ccn the c~r~xylate and amino group.,, 
in CUMEAM, 
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H3 

,..,. 

HI 

H42 

Fi~ t~. Simplified packing diagram Ibr CLJPAAM illustrating the hydn~gcn bonding related to the earbox3 late ~Iroup.,,. 

Both the atx~matic amino groups as well as the carboxylate 
groups act like bridges. Here the interaction in intermolecular. 

In CUPAAM the hydrogen bonding to O I in mediated by 
the water molecules I Fig. 6). The relevant paralneters in 
CUPAAM between 03 and O I suggest that there in a stronger 
hydrogen bond to the coordinated oxygen OI in CUPAAM 
than in CUMEAM. which is probably correlated with the 
wider declination value ot' CUPAAM.  This in turn may indio 
care an inci~asing change I?om a Sl'r' towards a sp ~ hybridi- 
s~ltion ot' tile co~lrdinated oxygen, 

A It~cdr~en hond into a coordinated oxygen O I i,~ very 
likely Io change the bondin~ propertie,~ tt~ file Celllral nlelal 
catkin, Indeed. broth CUM~AM and CUPAAM have clearly 
wide declination angles, but not CUORAM, Obviously the 
intmmolecular interaction in CUORAM plays ;t minor role 
due to the nam+wer N3+H2 I...O I angle and accordingly also 
the declination in smaller. 

4. Concluskms 

The presence ot' hydrogen bt)nding in tile tran,~odi( Z-ami- 
nobenzoato-O)dil 1,3-diaminopropane-N.N' )copper( II ) 
(Z = 2, 3 or 4) has been established by single-crystal X-ray 
dill?action and IR spectroscopy, lntermolecuhlr hydrogen 
bonding to the coordinated oxygen atom o l a  carboxylate 
group restllts in increased declination. Both small inclination 
and absolute declination values are correlated with bifurcated 
intramolecular hydrogen bonding and narrow bite angles 
N-Cu-N. Hydrogen bonding into the coordinated oxygen 
changes probably its hybridisation from approximate sp ~' 
towards sp -~. 

5. Supplementary material 

Complete listings of tile ,,tructure t~lctors, atomic coor- 
dinates, bonding parameters and packing diagrurns are 
available upon request. 
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