
E L S E V t  E R  [raq,zga~'s~c,. C'hi.~r:xa Acts 24k * ! 9 9 6  } }-7 

- " ,di-. Crystal  structures of trcms-di ( 2 f luorot  enzo ao-O) 
( t.. -dmmmopropane-N,N" ) nickel  ( II )  and its coptic,  (II } '" '  : , ,  d D  J [ t ,v: t ~  ..... 

Variat ion in the coordinat ion  m o d e s  

, , J u k t : a  J o k e l a  M a r k k u  R .  S u n d b e r g  " '* R e i j o  Sil tanp~i:a b ' ~~ 

Received 26 May ~995. re, '~ed 27 Sep~e~~bG I995 

A b s l r a c t  

The slractures of di( 2-fluoroh~enzoa~o~O}di{ ~ ~3-diaminaprop~sne-N~N')copper{ ll ~ 1 > and grae~s.di¢ 2-fit,~or,>benzoa!e.() }b>{ ! S-diaLni- 
nopmpa~e-N.N')nickeI(lt) (2) were de,'ennmed by smgie-eG~;~a~ X-ray meth.~&. I: {Cu~n:(2N~zO~e! !~n, ~,3.diammoprt~parK, 
2FbzO=onho-fluorobenzcate}, C:~Jt~;F~CuN.~O.~, M, =~490.01, P<,nc-chnic, space group Fq /n  No H. J := 15 18~( 3 ;.. b :',,: S.44.(,i 4 t, 
c = 26.846(4) A,/~ = I06.20( l }°, V= 3307( 2 ) A ~, Z=: 6, D, = L4"H,~ g c>n- 3.2: I Ni~P~):~ 2!::I>zCH: ]. C>H::.F2N~N,~O,, M, = 495. ~5. r~,~,~o- 
cl inic,  space group P 2 ~ / a  No. 14, a = l t .280( 2 }, b = 8.423 ( 2 ). c ~ t ~ .568( 3 } A. ~ = 9 6 3 7 t  2 L V = 1092.3 ( 9 ) A*. Z =" 2, D~ =" 1 ~5 } 2 g cm :~ 
tn compounds i and 2 the chelate rings display a chair o:mff~rmation and there ~., zr~ms ce-crdma~mn dry?trod @e ce.~arzd me~s! carton. In 1 if:ere 
are two co, statlographically independent temple× umts, a, hich fepreseP,~ differe~I m~.~,Jes of cor'fonnadov, ai isomedsn3, h~ ~J?e fi.,s~ erie ~he 
central copper(H) ion sils at a ee~,~tre of symme~.o,, whereas in 14,e second ~he si~e symmetry is <m!y g'~ ~} 2 d~e si~e sS:m:me'tr ? a>:.,~nd ~be 
central nickel(ll) ,cation is C, AH the zxiaI M-O bond iengO~s exhi}}i~ axial e}or~gadea Exm~dc*:J t tiickei c;~,ic@;~.H~s : ~ub3ge!,! lha~ tht: ~a~u~e 
of the axial bonding in the lwo compounds is essen~iaI|y diffe~enL In {be copper{ {,I } camFh:x ~m{Zs ii is affeded by d < m{~mZ: whoa.re; > m 
the ~fickel(ll) analogue the amount of d-s mixing is almost negI/gib!e "INn eff,e{~ of a*iai bc:nd~:ng ~s e,eer~ a~v~ in fi,e gee>e~O ~ d~" 
carbuxylate groups. The most noticeable cha~ges occu~ m lhe O-C-.O angI,e of :he caHmxylale group The ci~<'.e~ o~ ~>~;he.~ ,uh~,i~W,~ea~ ~q~.>~ 
the be1~zoic acid ~md benzoale anion was investigated a{ {he IW/6-3~ .~ G{d} $cve~ cff @e~.~ G "Fh< them ,cma~wns; a~e ~<e*~ m d3,: 1(~x>a~>r~ 
angle of the carboxy!ale group. 

Key;vords: Cryslal swectures Niekei ¢ome~exes C%pper c~sm>lexes Be:~z~3.;~gc ecr>p~exes~ D~am..~wa cem:,4e>.e.~;, 

t .  I n t r o d u c t i e n  

'Phe coordinat ion m<~e in a series of  MtnJ.  b z O ) :  {where 
M is eiG'vr C a ( H ) ,  N i f f l )  or C o ( H I ) ;  bzO is ei ther e~suG 
stiluted or substi luted benzoate arqon; tn is ~,3-diaminopro.. 
p~me) has been a Iopic in a large number  o f  s t m c m r J  studies 
ca.~Tied out in our laboratories. ]%e iisi %r ~he abbreviat~,on~, 
t~sed for %e compounds  menl ioned i~ ~his work is sh,>M3 i~ 
Table 1. Ustzatty lhe complex  ~ni{s display ce~o~,ymme~dc 
trw~sobis coordinatior,  me, de with the two six. memO,areal che.  
late r ings in chair  coal%rinse.ion and ~he ewe ax;~a~ sites oc'eu- 

p i e d  by coordinated benznate anieas .  There ale ia~e#es,ing 
exceplhms m the C u ( I t )  complexes ,  hc, w e v e t  tr~ CUDINt  
lhe coordillatio;1 l~u~'nt~:r iS five, where;~s m C U A Q M I  *,he 
coardinmion mode  is 4 + t + l L A benzoaW anion ear~ avaid 
totally Ihe cc~:}rdiaatio~, as found ~%r C U O R N I .  

Corre~F~mdmg a~thor. 

SSDt 002[~* t {i93 ( 95  } 0497{}  ~5 

So ia,h aH fiv~ Ni( t~,} ,ce~q:,qexe!~, of  ore' ~crXx; h~}~vc d i s  

pl;G~d the cea,5-c~sysm~<%ric z~',,:~s-b~s co<Kdm~iion H}~,<le 
wi~:3 fl;¢ benzoav: asi;:,m, c:oordma~ed via o~~e {:~x-gen or,~y 

imrod!aced by }3~,,~,,~ c~ a~ t,n describe a }ong ax~M &s~a~cc 
b~we,ea a copper(l~) io~ and a weakly  coordinated ar, Hm. 
Tim c~c.rdmad<m was said ~e prudence sligh~ d}sl, ottu:ms ~n a 
.¢{s~Wd~¢~a{<'<l ~H'~iOs, is~£ c~e4£r <:n'de~}} ~<~ iSg deieck'.d by ~i{ 

(~,~.;~. ~ l a  eb*,~'~*!~}cal s~a~d}es *.>{ tlv, a e}co,  

~ru~ic propemies in be~szoat.e am(ms ai r  scan%, { 5, t {:7,17 ]. As 
1\1r as we k~sw~, ~ae effc41 ,cq ~y~m:fzo s~;~eAitu!io~ }~&s beer: 

s~ud~:e,d ,~s~y ~mee { 18 i- 
l l  has bees  s~agges~g:-d %a~ ocud3cdral ¢ o~ ~ pseudo-oe~ahe~ 

@M) N~( II} complexes  we~aR~ exfiibJ~ a :rc~v~arkabk stm~c,u~s.~ 

<esemb~anc.e to ~:e copper complexes:, { 19]. A×ia~ do~ga,~io~ 

in mr~n:s'-MN~X>.f.y{m COmT@~X>. ( w1~.e:vc M is eit~-~.ea Cu{ F! 

or Ni( tl ) ; X is a haingen } wa~, rr~.egt>m{~d as at} c xa~npi¢ To 
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TaNe 
Lis{i~}g of the ~.bbreviatmg. ~ ~ ,r abe comaouiid5 stud ed with (heir re%×:crve references 

NIORPL 
NIOR},fE 
cOPACL 
CUAQMt 
CUBENZ 
CUDINI 
CUMEIO 
CUMENI 
CUORFL 
CUORME 
CUORN~ 
CUTOSY 
NIMENI 
NIPAME 
NIMEME 
NIPAN! 

trans-di ( 2-fiuorobenzoao-O ) bis( [,3<.tiaminopropm, le-N,N' )nicket( t] ) 
rrans-di (2-methytbenzoato.O) bis ( 1,3-dia_minopropane-N~") copper ( II ) 
*ran:;-di( 4-benzoae-O j bis( L 3-diaminopropar, e-N,N' )cobaM IIH 4-chlorobenzoae 
aqua-di ( t ,3-diarni~opropane-?,;'aV' )-3-iodobenzoatoeopper(li) 3-iodobenzoate 
;rans-di ( benzoao-O)bis( L3-diaminopropane-NN' )copper( I! ) 
dif~ 1,3-diaminopropane-N,N')-35-ginitrobenzoamcopper(H) 3,5-dinhrobenzoae 
,ra*~s-~i ( 3-iodobenzoato-O Ibis ( ! ,3 -diamin op ropa.,m-N,N' ) copper( I I ) 
era,a-di ( 3 -nitrc-baezoam-O } bis ( 1,3-diaminopropane-N,N') copper( lI ) 
di( 2-fluoroL'enzoam-O )di ( L3-diaminepropane-N,N' )copper( It ) 
trans-di ( 2-methylbenzoato-O)bis ( t ,3-diamin opm pa'~e -N,N' )copper( II ) 
,wms-diaq~abis ( 1,3-diamhaopropane-N,N)cop~er (II) di( 2-nitrobenzoate } 
trans-di(4-me~hyl~nzenesuffonato-O)bis( L3-diaminopropane}copper( II 
trnmi-di f 3-nitmDenzoa~o-O)bis( l o3-diaminoprop;me-N.N' )nickel ( 1I ) 
t ra:,~.~ -di ( 4-me~hy!benzoato-O)bis ( 1,3 -diaminepropane-N,N' ) nicket( II ) 
~raers-di ( 3-melbylbenzoNo-O )bis( L3-diaatainopropazm-N,N' )nickei( It ) 
trans-di(4-nitmbenzoato-O)bis( t .3-diaminopropane-N.N' )nickel( II ) 

this work 
Ill  
121 
[31 
[41 
[51 
!6l 
[71 
this work 
[81 
[91 
It01 
llJ] 
[i21 
[13t 
[14l 

explain this, d-s mixing was presented as a rationale for the 
similarities. As a result, the molecular orbital arising D imar- 
ily from the 3d,~ orbital of Cu(II) or Ni(II) would have the 

lowest energy among tl~e moiecular orbitals arising from the 
d orbitals [ 19]. 

In our earlier report we suggested that the base strength of 
the 2-nitrobenzoate anion may be a reason for the exceptional 
coordination mode of CUORNt, where the water molecules 
occupy the axial sites instead of the 2-nitrobenzoate anions 
[9]. To study further the possible effect ofor tho  substitution 
on the coordination mode, we decided to use 2-fluoroben- 
zoate as a counter anion. Also ~hc dissociation constant and 
according}y the base strength ~houkl be ciose to ~hc values 
found for 2-nitrobenzoic acid. Moreover, structural in fer  
mado~ regarding either the 2-fluorobenzoic acid or its anion 
is very ~carce [ 20.2| ]. 

The C-F.  -. Fe-" ~ interaction has been proposed as a cause 
of the extreme toxicity of fiuorocitrate. Moreover, significant 
agostie F - . - M  interactions are suggested to facilitate the 
formation of metal fluorides in [Ca(h fa)z (H20)2]~  and 
[ Ba (hfa): (H:~O) ]~ ( hfa =: t~ex afluoroacety|acetone ) [ 22 ], 
As or:ho-hydroxybenzoic acid fbrms a complex with tn and 
Cu a ~, where the deprotonated hydroxy group is coordinmed 
[23}, we decided to investigate the coordination behaviour 
of orrho-fbdorobenzoic acid. 

We have prcl;.ared ;~zms-di(2-fluorobenzoa~,,>O)di( i,3- 
diaminopropane-N,N') nicket(tl) and its copper(It ) ana- 
logue. A diffl~rent synthesis rome and lhe electronic spectrum 
of the Cu(l t  ) compotmd ~v,-re pub~islted earlier by Melnfk 
[ 241. We report here also the molecular structures of the two 
compounds determined by singte-crystaf X-ray methods. 
EHMO (extended Htiekel molecular orbital) calculations 
were carried out for the complex units to evaluate the amount 
of d-s mixing. Moreover, the effects of ortho substitution 
and coordination on the benzoate anion were investigated by 
ab initio calculations at the HF/6-3t  + + G ( d )  level of 
t.heor3,. 

2. Experimental 

2.1. Sy~theses 

CUORFL.  2.90 mmol of  1,3-diaminopropane (Fluka) in 
5 ml of MeCN were added to a solution of  1.40 mmol 
Cu(CHyCOO)2.H20 (Merck, p.a.), 3.00 mmot 2-fluoro- 
benzoic acid (Sigma) and 3.00 mmol of triethylamine 
(Merck) in 33 ml of MeCN. The violet precipitate appeared 
immediately. The solution was allowed to stand at room tem- 
perature for t.5 h. The raw produc~ was filtered and washed 
with diethy! ether and acetone. The yield of  the product was 
65% Recustallisation was carried out by dissolving 101 mg 
of the raw product in 5 ml of absolute EtOH and 3 ml of 
diethyl ~'~- -~ ~u~c,. The solution was kept in a freezer ( - 18 °C) 
for 3 days. The deep blue crystals formed (70 rag) were 
filtered and washed with diethyl ether and acetone. Anal. 

Calc. for C:oH.~zFzCuNzO4: Cu, 13.0; C, 49.02; N 11.43; H 
5.76. Found Cu, 13.1 ; C, 48.82; N, t 1.42; H, 5.80%. 

NIORFZ.  A batch of 20 mmol N ice3  was dispersed into 
a solution containing 50 ml HzO and I00 ml EtOH. To this 
solution was added 40 mmol 2-fluorobenzoic acid (Sigma) 
and the mixture was stirred and boiled until there was a 
homogenous light ~een  precipitate. Then 40 mmol 1,3-di- 
aminopropane were added resulting in a light blue solution. 
Ligh! btue c~'stals were. separated upon cooling (1.930 g, 
yield 39.8%). SuitaNc single crystals fbr the subsequent X- 
ray analysis were obtained by' crystatlising the raw product 
fi'orn MeOH. A n a l  Calc. for C~oH28FeNiN'404: C, 49.51; N 
l 1.55; H 5.82. Found: C, 49.39; N, t 1.42; H, 5.96%. 

2.2. X-ray structure determination 

2.2. I. CJysml data 

CUORFL: [Cutn:(2FbzO)~], C2~I-IzxF2CuN~O4, M~= 
490.01, monoclhfic, space group P21/n  No. t4, a =  
15.189(3), b = 8A46(4),  c =  26.846(4) A,/.3= 106.20(I) ~, 
V= 3307(2) ~3 (by least-squares refinement of diffracto- 
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meter angles for 25 independent welbcemrcd reflections 
measured in the 20 range of 29.2-37.5 °, 3.=0.71069 X,), 
F(000) = 1530, Z = 6 ,  D~= 1.476 gcm -3. Dark blue plates. 
Crystal dimensions 0.14 × 0.20 × 0.32 mm, bt = 10.40 cm - *. 

NIORFL: [Ni(tn)2(2FbzO)2], C20H28F=CuN4Oa, M~= 
485.15, monoclinic, space group P2i/a No. 14, a =  
11.280(2), b=8 .423(2) ,  c =  11.568(3) A, ~=96.37(2) ,  
v =  1092.3(9) ~3 (by least-squares refinement of diffracto- 
meter angles for 25 independent well-centred reflections in 
20 range 23.2-37.1 °, 3.=0.71069 A),  Z = 2 ,  D¢= 1.512 g 
cm-  3, F(000) = 532, light blue plates. Crystal dimensions 
0.21 × 0.28 × 0.35 mm,/z = 9.42 cm - ~. 

2.2.2. Data collection and processing 
CUORFL: Rigaku AFC5S diffractometer, o)--20 scan 

mode, scan speed 4.0 ° rain -~, weak reflections with 
I<10.0o-(I)  twice rescanned, graphite monochromated 
Mo Kcx radiation, 8105 unique reflections measured 
(6_<20_<55°), giving 3556 observed reflections with 
l>3cr( lo) .  Neither decay nor absorption correction, but 
Lorentz and polarisation corrections were made. 

NIOBFL: Nicolet P3 diffractometer, 0,-20 scan mode, var- 
iable scan speed 2.0-20.0 ° rain-  ~, graphite monochromated 
Mo Kc~ radiation, 3519 unique reflections measured 
(5 _< 20_< 60°), no absorption correction, giving 2686 inde- 
pendent reflections with F > 5o'(Fo). No decay, but Lorentz 
and polarisation corrections were made. 

2.2.3. Structure analysis and refinement 
CUORFL. The structure was solved by direct methods and 

refined by full-matrix least-squares techniques to an R value 
of 0.047 (R ,  = 0~051: w = 1 / [ o -2 (F,~) ] ). The heavy atoms 
were refined anisotropically, and the hydrogen atoms with 
fixed isotropic temperature factors ( 1.2 times Bcq of the car- 
lying atom). Neutral atomic scattering and dispersion factors 
were taken from International Tables for X-Ray Crystallog- 
raphy [251. All calculations were performed using the 
TEXSAN crystallographic software [261. Figures were 
drawn with ORTEP [27]. 

NIORFL Direct methods followed by difference Fourier 
techniques Full-matrix least-squares refinement with all non- 
hydrogen atoms anisotropic and the hydrogens with isotropic 
temperature parameters. Final R and R' values are 0.037 and 
0.043, respectively. The neutral atom scattering factors and 
correction factors for mlomatous scattering were those 
included in the program package. The calculations were car- 
ried out with XTAL software [28]. The neutral atom scat- 
tering factors and correction factors for anomalous scattering 
were those included in the program package. 

2.2.4. Quantum chemical calculations 
These were carried out by the Gaussian 92 program pack- 

age with 6-31 + + G ( d )  as the basis set [29}. The calcula- 
tions were run on a Ct~ AY X-MP computer of the Computer 
Centre of the Finnish Stale. The extended Hticket calculations 
were carried out by' CACAO [ 30]. 

2.2.5. UV-Vis-NtR specgra 
The solid state spectra werc measured in Nujol mulls on a 

Cary 5E UV-Vis-NIR s?ectrometer. NtORFL displayed 
maxima at 350 (sh), 565, 806 and 1070 nm and CUORF~ 
at 559 rim. 

3. Results and discussic~n 

3.1. Generat description of the compounds 

The coordinates and selected bonds and angles are given 
in Tables 2 and 3, respectNely. The complex units for the 
two compounds wifl~ the labelling scheme are shown in 
Figs. 1 and 2. Both compounds have similar overall struc- 
tures. However, in CUORFL there are two independent com- 
plex units, which are named as unit I and II hereafter. The 
coordination polyhedm are dongated p, cudo-octahedra with 
two tn ligands coordin:~.ed ~ . central me~al cation. The axial 
sites are occupied by two 2-fluorobenzoate anions. In 
NIORFL the coordination arf~gement is more similar to that 
in the unit II, but the syme~etry of the coordination polyhe- 
dron is quite near to oct_ :~ ~ ::, ":o direct agostic C - F . .  -M 
contacts are found. 

In the complex uni~ " ~,~f "-UORFL there is no symmetry 
element involved and th~.,, i .- si~e symmetry around the cen- 
tral copper(It) atom is only C~ (Fig. 1). The coordination 
mode is c!earlv 4 + t + t. The complex unit is the unique 
example of s,-_,_ , ~ : ,merry in the series given in Table t. 

The most pr,. :,: :~, ~ c, reakdown of the symmetry is seen 
in the axial directio~ The axial bond lengths Cu-O are highly 
significantly non-equal. The shorter distance Cu( 1 ) -O(  1 ) is 
only 2.345(3)/~., which is clearly shorter than the shortest 
found (2.468(3) f~. for CUBENZ) in the series studied so 
far. However, it is still longer than 2.250(3) ~.~ found in the 
five-coordinated CUDINL The longer Cu(1 ) -O(3 )  bond 
length is 2.704(4) , a  which is longer than 2.665(2) fk (the 
longest axial bond found so far) in CUMENI. 

In the complex unit tI of CUORFL the central copper(II) 
cations sits in a centre of symmetry. Thus the site symmetry 
around Cu(Ii)  is C,. This is the usual coordination mode in 
our series. The axial bond lep~-h is 2.5 t3(4) , a  which is 
similar to the value found for CUMEIO, 2.500(3). It is sig- 
nificandy longer than in CUBENZ, 2.468(3) ,~, however. 

Also in NIORFL the site symme~sy around the central 
metal cation is C, (Fig. 2). The axial bond length of 2.132(2) 

shows slight elongation, since the sum of the respective 
c~,stal ionic radii is 2.04 ZK. All the other Ni(II) complexes 
in the series display similar elongation. 

The six-membered chelate rings display chair conforma- 
tion in the present compounds. Several descriptive values for 
~.he six-membered chelam rings in analogous compounds are 
shown in Table S1 (Section 4). In spite of the differences in 
the coordination mode of unit t, the puckering values for the 
two chelate rings took similar. The total puckering values 
[3 t ]  for the three chelate rings (0.658, 0.619 and 0.666 A 
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Table 2 
Positional paraineters and I3.~ for the non-hydrogen atoms in CUORPL, and 
atomic positional and isotropic displacemem parameters for the non-hydro- 
gen atoms in NIORFL 

CUORFL x y z Beq ~ 

Cu(1)  0.83780(5) 0.47741(7) 0.17192(2) 2.47(3) 
Cu(2) 1/2 1/2 1/2 2.40(4) 
F(1) 1 .1889(3)  0.6692(6) 0.1052(2) 7.2(2) 
F(2) 0 .4973(3 )  0 . I578(5)  0,2020(2) 6.9(2) 
F(3) 0 .1743(3 )  0.2348(6) 0.5673(2) 6.6(2) 
O(IA) t.0f57(3) 0.5467(5) 0.I819(1) 3.7(2) 
O(IB) 0.6806(3)  0A678(5)  0.1653(2) 3.6(2) 
O(tC) 0.3317(3)  0A894(5)  0,4931(2) 3.9(2) 
O(2A) 1.0019(3) 0.6748(5) 0.1081(t) 3.8(2) 
O(2B) 0.6711 (3) 0.2332(5) 0.2009( 1 ) 3.9(2) 
O(2C) 0,3374(3)  0.2900(5) 0.5479(1) 3.6(2) 
N(1A) 0.8215(3)  0.5334(6) 0.0962(2) 2.7(2) 
N(IB) 0 .8608(3)  0.4144(6) 0.2480(2) 3.0(2) 
N(1C) 0.5212(4)  0.4848(5) 0.5778(2) 2.7(2) 
N(2A) 0.8388(4)  0.7115(6) 0,1890(2) 3.2(2) 
N(2B) 0.8476(4)  0.2432(6) 0.1580(2) 3.1(2) 
N(2C) 0.500t(4) 0.2603(6) 0.4994(2) 2.8(2) 
C(tA) 0.7531(4)  0.6540(8) 0.0718(3) 3.7(3) 
C(tB) 0.9393(5)  03119 (8 )  0.2715(2) 3.8(3) 
C(1C) 0.6000(4)  0.3885(7) 0.6072(2) 31(2) 
C(2A) 0.7718(5)  0.8103(7) 0.100t(3) 3.9(3) 
C(2B) 0.9317(5)  0.t533(8) 0,2449(3) 4.1(3) 
C(2C) 0.5864(5)  02165(7) 0.59t3(2) 3.3(3) 
C(3A) 0.7650(5)  0.8085(7) 0.1551(3) 3.7(3) 
C(3B) 0.9306(5)  0.1635(7) 0.1890(3) 3.5(3) 
C(3C) 0.5800(5)  0.1846(7) 0£350(3) 3.3(3) 
C(4A) 1,1348(4) 0 .720I (6)  0.1776(2) 2,8(2) 
C(4~) 0.5339(4)  0.3594(6) 0.t503(2) 2.5(2) 
C(4C) 0.1913(4)  0.3735(6) 0.4944(2) 2.6(2) 
C(5A) 1.1495(5) 0.7949C8) 0.2247(2) 4.9(3) 
C(5B) 0.4980(4)  0.4695(8) 0.1It8(3) 4.2(3) 
C(5C) 0.1449(4)  0.4412(8)  0.4469(2) 4,1(3) 
C(6A) 1.2323(6) 0.873(i) 0.2471(3) 6.1(4) 
C(6B) 0A050(5 )  0 . 483 (1 )  0.0884(3) 5.8(4) 
C(6C) 0 ,0515(5)  0 . 429 (1 )  0.4256(3) 5.3(4) 
C(7A) 1.3009(5) 0.877(I) 0.2235(3) 5,5(4) 
C(7B) 0 .3449(5)  0.3858(9) 0.1037(3) 4.7(3) 
C(7C) 0.0018(5)  0.35t(1) 0.4529(3) 5.1(3) 
C(8A) 1.2868(5) 0 . 8 0 6 ( 1 )  0.1763(3) 5.3(4) 
C(SB) 0 .3780(5)  0,2772(8)  0.1422(3) 4.3(3) 
C(8C) 0.0420(5)  0.2845(8) 0.5001(3) 4.8(3) 
C(9A) t .2034(5)  0.7310(7) 0.1539(2) 3.8(3) 
C(9B) 0.4694(4)  0.2667(7) 0,1640(2) 3.6(3) 
C(9C) 0.1364(4)  02973(7) 0.5197(2) 3.5(3) 
C(IOA) 1.0444(4) 0,6389(6) 0,1542(2) 2.6(2) 
C(10B) 0.6370(4) 0.3514(7) 0,t744(2) 2.5(2) 
C(t0C) 0.2953(4) 0.3856(7) 0.5133(2) 25(2) 

NIORFL x/a y/b z/c I,%q i, 

Ni(1) 1/2 1/2 0 0.0245(1) 
N ( 1 )  0 .6374(2)  0.5570(3)  -0.1019(2) 0.0340(6) 
N(2) 0 .4603(2)  0 .7437(3 )  0.0018(2) 0.0360(6) 
O(1) 0 .6197(1)  0 ,5273(2 )  0A548(1)  0.0353(5) 
O(2) 0 .7273(2)  0 .7399(2)  0 .1186(I )  0.0483(6) 
C(I) 0 6118(2) 0.6677(4)  -0.1996(2) 0.0447(8) 
C(2) 0 ,5707(3)  0 .8282(4)  -0.1605(3) 0.0498(9) 
C(3) 0 .4522(2)  0.8292(3)  -0.1106(2) 0,0436(8) 
C(4) 0 .7540(2)  0 .6257(3)  0.3081(2) 0,0328(6) 

(cominued) 

Table 2 (commued) 

NIORFL x/a ylb z/c Um b 

C(5) 0 .8651(2 )  0.6853(3) 0 .3449(2)  0.0462(8) 
C ~6) 0 .9154(3 )  0.6796(5) 0.4584(3)  0.065(1) 
""v) 0 .8530(4)  0.6123(5)  0 .5398(3)  0.072(1) 
_~)  0 .7429(4)  0.5520(5)  0 .5075(3)  0.077(t) 
C(9) 0 .6934(3)  0.5559(4) 0 .3931(2)  0.0540(9) 
C(10)  0 .6966(2)  0.6322(3) 0.1832(2)  0.0312(6) 
F(I) 0 .9328(2 )  0.7493(3)  0 .2680(2)  0.0952(9) 

E.s.d.s are given in parentheses. 
B,~ = I/3(trace of the orthogonalised B,j matrix) for the non-hydrogen 

atoms. 
~' U~, t = i/3(trace of the orthogonalised U,~ matrix) for the non-hydrogen 
atoms.  

for the rings IA, IB and II, respectively) are comparable to 
those observed for the other Cu(II) compounds studied so 
far (0.597-0.662 ,a ). Also the values for NIORFL are similar 
to those found for the Cu(Ii) complexes. Generally, the che- 
late rings of the Cu(II) and Ni(II) compounds are more 
puckered than found for COPACL (0.510 and 0.585 /i,). 
Obviously the unequality in the axial bonding in unit I in 
CUORFL results in differences in the puckering values offae 
rings, because the hydrogen bonding system is similar in both 
rings (Table $2, Section 4). 

3.2. d-s mixing 

The axial elongation in trans-CuL4L2' type complexes is 
usually explained by d-s mixing [ 19,32-34]. In their con- 
eluding remarks Vanquickenborne and co-workers [19] 
point out that, owing to the d-s mixing, the most stabilising 
distortion would be produced by an asymmetricaa axial elon- 
gation. This would then lead either to five-coordination or 
the 4 + 1 + 1 coordination mode. However, most of the com- 
pounds in Table 1 display centrosymmetric structures. The 
only exceptions are CUDINI and CUAQMI with 4 + 1 and 
4 + 1 +  1' coordination modes, respectively. To study the 
effect of d-s mixing, we performed extended Htiekel calcu- 
lations for each complex unit, since all the chromophores of 
this study are suitable for that purpose. 

According to the results, the contribution of a 4s orbital in 
the two compounds is significantly different. In CUORFL 
the MO in the axial direction does have a significant contri- 
bution from the 4s orbitals, as predicted. The numerical val- 
ues are 4 and 6% for the complex units I and II, respectively. 
However, in NIORFL the amount of d-s mixing is almost 
negligible (1%). In the copper(II) compounds shown in 
Table 1, the amount ofd-s  mixing varies in the range 5-8%, 
while for the nickel(II) compounds the value is _< 1%. The 
numerical values for the mixing are reasonable, however 
smaller than predicted by Vanquickenborne and co-workers 
[19]. The values obtained here are much smaller than 
obtained for planar copper(II) complexes (about 20%) 
[35-37]. 
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Table 3 
Selected bonding parameters for the two crystallographicaliy indepeqdent complex units (numbering scheme in Fig. 1 ) in CUORFL (1) and NIOP, FL (2) 

CUORFL A CUORFL B CUORFL C NIOiLFL 

M-N(1) 2.045(4) 2,033(4) 
M-N(2) 2.027(4) 2.029(5) 
M--O(1) 2,345(3) 2,704(4) 
N~I)-M-N(2) 86.0(2) 89.5(2) 
O(I)-M-O(1) 169.39(14) 169,39(t4) 
O(1A)-Cu(1)-N(1) 83,59(14) 94.01(14) 
O(IA)-Cu(I)-N(2) 79.8(2) 96.1(2) 
O(IB)-Cu(I)-N(I) 95.4(2) 87.3(2) 
O(IB)-Cu(I)-N(2) 89.7(2) 94.5(2) 
O(IC)-Cu(2)-N(I) 
O(1C)-Cu(2)-N(2) 
O(1)-Ni(I)-N(I) 
O(I)-Ni(1)-N(2) 

2.028(4) 2.i04(2) 
2.025(4) 2A02t2) 
2.513(4) 2A32(2) 

86.8(2) 87.35(9) 
189 180 

86.5(2) 
88.1(2) 

90.47(7) 
90.t2(7) 

C(TA) 

unit II c(aA) ~ f.:(~A) 
1 ! . 9 . ,  

C~CGOA) 
O(IA) ~ ~ O(2A) 

i C(IB) | c-~,N(2,A) 

) _ ) 

0~2~ ~ - re2) ~ ~ g m  

~ C(80) 
C~7C) unit I 

Fig. 1. ORTEP drawing showing the numbering scheme for the complex 
units I and II in CUORFL. The hydrogen atoms have been omitted for clarity. 
Tbe thermal ellipsoids have been presented at the 50% probability level. 

3.3. The geomet ry  o f  the 2- f luorobenzoate anions  

In each coordinated benzoate anion the fluorine atom lies 
at the same side of the aromatic ring with respect to the non- 
coordinated oxygen. Similar conformation is also found 
in CUORME and NIORME. However, in the trans-di- 
( o rtho - aminobenzoato  - O ) bis (1 ,3-diaminopropane-N,N'  ) - 
copper(II)  complex the ortho substituent lies on the same 
side of  the ring as the coordinated oxygen [38].  

Selected bond lengths and angles for the ortho-fluoroben- 

zoate anions of the two compounds are listed in Table 4. In 
each observed fragment there are highly significant devia- 
tions from ideal geometry. The deformations take place espe- 
ciaUy in the angles in the vicinity of the fluorine substituent. 

t,417) 

Fig. 2. ORTEP drawing showing the numbering scheme in NIORFL The 
tberm~ ellipsoids for the non-hydrogen atoms are drawn at the 50% prob- 
ability level. 

The torsion angle of the carboxylate group around the 
C(4) - -C( I0 )  bond shows a wide variation. In 2-fluoro- 
benzoic acid the angle is 10.6 ° [20] and in calcium 
2-fluorobenzoate dihydrate it is 41 ° [21],  The torsion in an 
ortho-subst i tuted benzoate anion is also pronounced in 
CUORME and NIORME, where the values are 61.0 and 
64.5 °, respectively, tf  the substituent is situated either at a 
meta or para  position, the torsion angle is considerably 
smaller and ranges from 2,20 to 15.18 ° [2-7,11-14}.  

To study ~urther the torsion angle, an MMX optimisation 
was performed for the 2-fluorobenzoate anion. The angle for 
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TaNe ,~ 
Selected bonding par~!meter~, f~r orZf~o.fluoroiyenzoic acid (HORFL, optimised and observed [20l ). its opfimised anion (ORFL), NIORFL and CUORFL 

HORFL~;~ HORIZL~ ORFL N I O R F L  CUORFL A CUORFL B CUORFL C 

O(1)-42(I0) t.342 1.260(5) 1.26I 1.256(3) 1.237(7) 1.247(8) t.239(8) 
0(2)--(3(10) t.217 t.223(5) t.249 i.249(3) 1.263(6) 1.251(7) 1.262(6) 
F(I)-C(5) t.365 i.330(4~ i.374 1.347(4) 1.367(8) 1.35I(7) 1.354(7) 
C(4)-C(I0) 1.475 1.463(6) 1.543 1.517(3) i.506(8) 1.520(8) 1.522(8) 
C(9)--C(4)-C(5) I17.43 117.5(4) t15.94 116.0(2) 116.6(5) 114.7(5) 1t5.0(5) 
C(9)-C(4)-C(10) I16.68 120.0(4) 117.71 119.9(2) 119.2(6) 119.5(5) 119.3(5) 
C(5)-C(4)-C(10) i25.90 122.5(4) 126.35 124.1(2) 124.1(5) 123.8(5) 125~7(5) 
F(1)-2(5)-C(6) 11629 tiL5(4) 114.51 116.2~3) 118.1(7) 116A(6) 116.8(6) 
O(1)-C(I0)-O(2) 12t.11 123.0(4~ !28.66 125.6(2) 124.8(5) 125.6(5) 125.3(5) 
C(9)~C(4)-C(t0)-O(1) 179.99 10.6(4) - 4.99 - 25.1(3) -49.7(8) 14.7(8) 18.9(8) 

the optimised structure is 65.5 °. When the carboxylate group 
is rotated around the C(4 ) -C(10 )  bond by applying rigid 
rotor approximation, the maximum value during the rotation 
is 32.6 kJ mol -  ~. This is clearly a bigger value than 12 kJ 
mol-  ~ found for the para-chtorobenzoate anion [ 2]. The 
maximum correspor~ds to a coplanar conformation. The range 
for an energy minimum window (where the energy is equal 
or tess than 4 kJ tool-  ~ ) is rather wide, about 80 °. Although 
the energy needed to rotate the carboxylate group was eval- 
uated at the MMX level, the variation in the observed values 
supports the idea of almost free rotation in a wide range of 
rotation angles. 

The geometry for ortho-fluorobenzoic acid and its corre- 
sponding anion was optimised by ab initio methods at the 6- 
31 + + G(d)  level of theory, as well, Only the conformation 
similar to the coordinated anion (the fluorine atom syn to the 
hydroxyl group) was optimised for the acid form. Because 
the calculated IR spectra do not have any imaginauJ frequen- 
cies, the geometries are considered to represent the true min- 
ima. Selected bond lengths and angles for the optimised 
structures are given in Table 4. 

The optimised acid molecule is practically coplanar having 
the torsion angle C (9 ) -C  (4 ) -C(  10)-O( 1 ) of 179.99 °. This 
ptanarity is in clear contrast with the result obtained by the 
semiempirical MMX methods mentioned above. The torsion 
angle for the optimised ani.m is also rather small, - 4 . 9 9  °. 
There are considerable distortions from an ideal geometry, as 
seen in the angles in the vicinity of the fluorine substituent. 
Although the carboxylate group is almosl coplanar in the 
optimised structure of the acid, it is bent away form the 
fluorine atom. This is seen in the angles C ( 5 ) - C ( 4 ) - C (  10); 
the experimental values for the compounds studied here are 
in the range 124.1-125.8 °. In a similar study carried out for 
3,5-dinitrobenzoic acid and its anion in CUDINI the respec- 
tive values were 120.3(4)-121.1(4) ° . It seems that an 
inductive effect could play a role in the widenin~ of the angle 
in the ortho-fluorobenzoates. Further studies are in progress 
to investigate the corresponding bromo and chloro analogues. 

Also the bond C (4) - C  (10) for the optimised anion is long, 
1.553 ]k. In the solid state the observed value for the acid is 
1.463(6) A, [201. The structure is dimeric with intradimeric 
hydrogen bonds, which are vet?/likely to affect the electronic 

properties. The optimised structure of the acid is assumed to 
present a gaseous phase with no intermolecular contacts. In 
spite of this, the bond is rather short, 1.489 A,. The observed 
values in the present structures are quite near to the values of 
the optimised anion. A similar situation was found in 
CUDINI. 

The C( 10)-O( 1 ) and C ( 1 0 ) - O ( 2 )  bond lengths do not 
have equal values. In the acid the C( 10) -O(1)  bond length 
is clearly longer than the C ( 1 0 ) - O ( 2 )  bond; in the com- 
plexes the situation tends to be reversed. Also in the anion 
form the bond lengths are different. This is in sharp contrast 
with the optimised values for 3,5-dinitrobenzoate and para- 

chlorobenzoate anions, where the bond lengths are equal 
[5,2]. Obviously there must be an interaction between a 
fluorine substituent and a neighbouring oxygen. This would 
also explain the planarity of the optimised acid. No doubt, in 
the solid state hydrogen bonding affects the electronic distri- 
bution of a carboxylate group. The relevant hydrogen bond- 
ing parameters are given in Table $2 (Section 4),  The 
intermotecular interactions in turn will change the intramo- 
tecular interactions between fluorine and oxygen. 

The effect of complexation is seen especially in the O( I ) -  
C(10)--O(2) angle, which shows a wide variation. The 
observed values for the angle in the complexes lie between 
the values obtained for the optimised acid and its anion. A 
similar behaviour was also found in CUDINI and COPACL. 

4. Supplementary material  

Listings for the descriptive parameters for the chelate rings 
(Table S1 ), hydrogen bonding parameters (Table $2) and a 
complete list for the atomic positional coordinates as well as 
the thermal motions are available from the authors on request. 
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