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Abstract 

1,2-Dlammobenzene dlamon (1) can be oxldlzed to 1,2- 
benzosemlqumone dilmine monoamon (2) and to l&benzo- 
qumone dnmme (3) The known structural parameters of 28 
hgands of formula l-3 (the charge IS dlsregarded) are analyzed 
by multlvarlate methods (prmcipal component analysis). It 
is found that: (I) the greatest part of the variance IS related 
to the oxldatlon state of the ligands, (il) there are two reaction 
pathways from 1 to 3, only one conservmg the C,,, symmetry; 
(ui) the factor determmlng which path IS followed depends 
on the hydrogen bonds between the NH functions and sur- 
roundmg hydrogen acceptor molecules 

Key words Metal complexes, Bldentate hgand complexes; 
Chelate complexes 

Introduction 

o-Quinoid hgands are among the most popular objects 
of mainstream inorganic chemistry because of their 
redox and magnetic properties and because of their 
metal assisted reactivity. In particular, recent studies 
have been concerned with o-qumones [1,2], o-qumone 
monooxlmes [3] and 1,2-dlammobenzene derivatives 
[4-61. By analyzing the geometries of the latest ones, 
it has been found that most structures show delocal- 
izatlon, with ambiguous charge distribution between 
the hgands and the metal [5] it is therefore generally 
impossible to interpret the structures of complexes 
containing 1,2_diaminobenzene derivatives* m terms of 
localized oxidation states correspondmg to 1,2-diammo- 

*In the present paper, the term ‘1,2-dtammobenzene derlvattves’ 
indicates any hgand of formula 1,2-(HN)&,H,, Independent of 
Its actual charge 
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benzene dlanions (l), 1,2-benzosemiquinone dumine 
monoanions (2) or neutral 1,Zbenzoquinone dilmmes 
(3). In order to fully correlate the redox behaviour of 
the 1,2_diaminobenzene derivatives with their structural 
parameters, a prmclpal component analysis of the struc- 
tures of these hgands is now reported. 

Methods 

All the 28 known crystal structures of crystallographic 
independent 1,2-dlammobenzene derivatives chelated 
to metal ions were located in the literature from 14 
complexes [6]. The correlations between each pair of 
variables range (m absolute value) between 0.6609 
(Cl-N1 and C2-N2) and 0.0280 (Cl-C6 and C3-C4), 
indicating that a maximum of 43.7% of the overall 
variance can be described by two variables only This 
also justifies the apphcation of multivarlate statistical 
techmques Prmclpal component analyses [7] were per- 
formed on the eight mtrahgand bond distances, with 
the software package STATGRAPHICS [S]. Other 
structural parameters, like bond angles, dihedral angles, 
etc. were disregarded since they were found to be 
msensltive to the oxldatlon state changes ranging be- 
tween 1, 2 and 3. Only hgand 5 [6b] has a C,, symmetry 
crystallographically imposed. Therefore, atoms Nl and 
N2, Cl and C2, C6 and C3, and C.5 and C4 were 
permuted, because of the intrinsic symmetry of the 
ligands, obtaining a set of 56 structures. The 56X 8 
data matrix D was analyzed without scaling and stand- 
ardizing its elements, whose magnitude and range are 
very similar. Eigenanalysis of the covariance matrix of 
D, calculated by pre-multiplying D with its transposed 
matrut, yield eight couples of eigenvalues and eigen- 
vectors, which are referred to as principal components 
(PC). The factor matrut F was obtained by multiplying 
the eigenvector and eigenvalue matrices, and the prm- 
cipal component scores, that 1s the coordinates of the 
56 samples in the space spanned by the principal 
components, were obtained from D-F. The eigenvectors 
of the first three principal components are reported 
m Table 1, together with the percentage variance they 
describe. The other five PCs were disregarded since 
they individually represent less than 7% of the overall 
variance. 

Results and discussion 

The eigenvector of the PC describing the greatest 
part of the original sample variance (see PC 1 m Table 
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TABLE 1 Elgenvectors of and percentage varmnce described 
by the first three prlnclpal components 

Bond PC 1 PC 2 PC 3 

Cl-N1 0 487 
C2-N2 0 487 
Cl-C2 - 0.407 
C2-C3 - 0.256 
c3-c4 0.303 
c4-c5 -0 212 
C5-C6 0.303 
Cl-C6 -0 256 

Variance (%) 38.1 

0 138 
-0 138 

0.001 
0564 

-0404 
0.003 
0.404 

-0564 

21 1 

_ 

0 099 
0 099 
0 437 

-0 165 
0 266 
0 770 
0 266 

-0 165 

14.2 

0.6 , /l 
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Fig. 1 Dependence of the PC 1 elgenvector elements on the 
correspondmg differences between the bond &stances of the 
standard structures of 1 and 3 reported m ref 5. On gomg from 
3 to 1 the Cl-N1 and C2-N2 bonds go from 1279(g) to 1407(3) 
8, (difference = 0 128(9) A), the Cl<2 bond from 1 478(11) to 
1407(3) 8, (chfference= -0 071(11) A), the C2-C3 and Cl-C6 
bonds from 1 478(11) to 1 38X(3) A (dlfferencc = -0 090(11) A), 
the C3-C4 and C5-C6 bonds from 1333(11) to 1385(3) A 
(d~fference=O052(11) A), and the C4-C5 bond from 1.455(11) 
to 1 381(3) K (difference= -0 074(11) A). 

1) is clearly related to the redox behavior of the 1,2- 
dlaminobenzene denvatives: in fact, as expected on 
going from 1 to 3, the Cl-Nl, C2-N2, C3-C4 and 
C5-C6 bonds shorten while the others lengthen (and 
vice versa). Moreover, the values of the elements of 
this eigenvector are proportional to the differences 
between the bond distances of the standard structures 
of 1 and 3 reported in ref. 5 (see Fig. 1; correlation 
coefficient =0.97), and the PC 1 scores are well cor- 
related with the oxidation state assignments reported 
m ref. 5 (see Fig. 2; correlation coefficient=0 97). 
Therefore, the structural parameters of the 1,2-dl- 
aminobenzene derivatives impnmis depend on the ox- 
idation state 

The eigenvectors of the PCs describing the second 
and third greatest portions of the orlgmal sample var- 
lance (see PC 2 and PC 3 m Table 1) are not related 
to the redox reactlon from 1 to 3, and their chemical 
meanings are quite obscure. In the eigenvector of PC 
2, the terms of the bonds Cl-N1 and C2-N2, C2-C3 

0.65 I 
m’. -1 0 

Oxldauon State 

Fig 2 Dependence of the PC 1 scores on the 
determined accordmg to ref 5 

18CMXl , 
. 

7 
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Fig 3 Dependence of the PC 2 scores on the asymmetry 
parameters of the hgands determmed as {(1/3)[(dc,_,, -dC2_&’ 

+ (dcX_? -&Kh)* + (kc-, -dC5wb)?ll’R 

and Cl-C6, and C3-C4 and C5-C6 have opposite sign, 
suggestmg the unreasonable idea that while one half 
of the molecule is reduced from 3 to 1 the other 
half is oxidized from 1 to 3; concerning PC 3, if the 
molecule is oxldlzed from 1 to 3 (the Cl-Nl, C2-N2, 
C3-C4 and C5-C6 bonds shorten while the C2-C3 and 
Cl-C6 lengthen) the bonds Cl-C2 and C4-C5 shorten, 
suggesting a 1,2-benzoqumonc dumine 3 with two 
electromcally mdependent dlene moieties, C5== 
CG-Cl=Nl and C4=C3-C2=N2. However, the 
PC 2 scores are quite well correlated with the asymmetry 
parameterdefinedas{(l/3)[(d,,_,, -dC2_NJ2+ (dCZX.- 
d,,_,J2 + (dC3_C4-dL5~C6)‘]}“2, which measures the de- 
viation from the ideal C,,, symmetry resulting from the 
loss of the two-fold axis (see Fig. 3; correlation 
coefficient =0.88; the double trend is due to the per- 
mutations between Nl and N2, Cl and C2, C6 and 
C3, and C5 and C4 imposed to PCA). Similar results 
are obtamed by considering the asymmetry parameters 
of Duax et al. [9] and Nardelh [lo], although with lower 
correlation coefficients, probably because these asym- 
metry parameters work on the hexa-atomic rmg only, 
while the PC 2 scores reflect also the variance of the 
C-N bonds. 

A scatter plot of the PC 1 versus the PC 2 scores 
of the 56 crystal structures is reported in Fig 4. The 
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Fig 4. Scatter plot of the PC 1 vs. PC 2 scores 

point distribution is symmetric with respect to the 
horizontal straight lme at PC 2 score =O.O, as a con- 
sequence of the permutations between Nl and N2, Cl 
and C2, Ch and C3, and C.5 and C4 introduced in the 
input data matrix of PCA. No clustering is determmed 
either by PC 1 or by PC 2, confirming that the complexes 
contammg 1,2_diaminobenzene derrvatrves often show 
delocalizatlon. However, it is evident that two well 
separated pathways linking the extreme points corre- 
sponding to 1 (1,2-diammobenzene dianion) and 3 (1,2- 
benzoqumone dnmme) exist. One of them is nearly 
parallel to the PC 1 scores axis, while the other, indicated 
by ligands 11 and 20-28, presents a strong dependence 
of the PC 2 scores on the PC 1 ones. Since PC 1 is 
markedly related to the oxidation state of the ligands 
and PC 2 depends on the loss of the two-fold symmetry 
from the ideal CZU point group, it is reasonable to 
suppose that the oxidation of 1 to 3 can occur with a 
change in electron density ‘more localized’, reducing 
an assumed C,, symmetry of the ligand, or ‘delocalized’ 
approximately keeping the C,, symmetry along the entire 
redox pathway 

The reasons for this double possrbrlity cannot be 
argued from the results of PCA only. However, it can 
be observed that both the PC 1 and PC 2 eigenvectors 
can be easily related to two symmetry deformation 
coordinates, correspondmg to n-reducible representa- 
tions within the C,, point group Ill]. The eight bond 
distances considered in the present paper may transform 
m a 5A, +3B, reducible representation. The A, irre- 
ducible ones are of the type 1/(2)ln [LL_~~+&_~~], 
etc., and correspond to the PC 1 eigenvector. The B, 
irreducible representations are of the type l/(2)“’ 

[LNI -Ld etc., and correspond to the PC 2 
eigenvector. The reasons that determine which reaction 
coordinate 1s more energetically favorable have to be 
found in the environments of the ligands (thought as 
bonding to the metal ion, interactions with other ligands 
bonded to the same metal center, and packing effects), 
which have to be different for hgands 11 and 20-28 
to one side, and for the rest on the other side. Concerning 
the bonding to the metal ion, no evidence appears that 

the chelation geometry can discriminate hgands 11 and 
20-28 from the rest. The differences between the M-N1 
and M-N2 bond lengths range between O.OOO(5) A 
(hgands 5, 13 and 27) and 0.050(13) A (hgand 19), 
and their mean values for the two classts of ligands 
are not significantly different (0.018(21) A for ligands 
11 and 20-28; 0.015(12) A for the rest); the deviations 
of the metal ion from the ligand plane range between 
0.007(10) A (hgand 14) and 0.294(13) A (ligand 18), 
and their mean values for the two classes of ligands 
are not statistically different (0.071(12) A for hgands 
11 and 2G28; 0.073( 10) A for the rest). Also concerning 
the mteractrons between hgands bonded to the same 
metal center, no evident discrimmatron between the 
two classes of ligands appears. Both groups of hgands 
can present short mterligand distances: for example 
ligands 20-22, which are in a homoleptic Re complex 
with trrgonal prismatic geometry, have N. . .N inter- 
ligand distances ranging between 2.65(3) and 2.73(3) 
A, which compare well with the N. . .N mterhgand 
distances of ligands 14 and 15 (2.69(l) and 2.68(l) A), 
which are m a homoleptrc square planar Ni complex. 

On the contrary, packing effects seem to present a 
trend drscrimmating the two groups of ligands. The 
main feature which can be monitored and whrch also 
discriminates the 1,2-diammobenzene derivatives from 
the drthiolene and droxolene qumoid compounds* is 
the possibility to interact with surroundmg molecules 
via hydrogen bonding through the NH functions. In 
the data sample here examined, ltgands 11 and 20-28 
are those more involved m hydrogen bonding with 
surrounding molecules. Extreme cases are those of 
ligands 14 and 15 on one side, and 23-25 on the other: 
while the first two hgands are not involved at all in 
hydrogen bondin (the shortest N.. X contact, with 
X=C, is 3.48(l) 1 ), the latter three are asymmetrically 
hydrogen bonded (some of the NH groups are hydrogen 
bonded to ReO,- or acetone, with N. . .O distances 
ranging between 2.91(3) and 3.02(3) A, C-N. . .O angles 
ranging between 100.6( 1.0) and 128.6( 1.2)“, and 
Re-N . .O angles ranging between 108.4(1.2) and 
144.4(1.5)“). These hydrogen bonds are not strong [12], 
especially for the case of NH functions coordinated to 
metal ions, but it is interesting to observe that the 
distortion degree from CZV symmetry, which is pro- 
portional to the PC 2 scores, is higher for oxidized 
ligands, than it is for those having low PC 1 scores. 
This is what can be expected if the distortion from 
C,, symmetry is related to the hydrogen bonds due to 
the NH groups, since the acidity of these protons 

*It 1s worth notmg that a PCA of the structural parameters 
of the o-benzoqumones did not show any clustermg of the 
complexes, apart from that caused by the varlablhty of the oxldatlon 
states (see ref. 2) 
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presumably increases with the oxidation state of the 
ligand. 

It has been demonstrated that the oxidation of 1 to 
3 can occur through two pathways, which present dlf- 
ferent degrees of localized/delocalized electron density. 
The factor determining which path IS followed depends 
on the environment, and, in particular, on the posslblhty 
of having hydrogen bonds between the NH functions 
and the surrounding hydrogen acceptor molecules. 

Acknowledgements 

Financial support from MURST (Rome) is gratefully 
acknowledged. Dr K. DjinoviC and Professor C. Bisl 
Castellani are acknowledged for help in data retrieval 
and useful discussions. 

References 

1 A B P. Lever, H. Masul, R A Metcalfe, D J Stufkens, ES 
Dodsworth and P R Auburn, Coot-d Chem Rev, 125 (1993) 
317-332; P Barbaro, C Blanchml, K Lmn, C Mealh, A 
MelI, F. Vtzza, F Laschl and P. Zanello, Inorg Chrm Acfa, 
19%200 (1992) 31-56, A Der and D Gatteschi, Ino~ Chum 
Acta, 198-200 (1992) 813-822, S Bhattacharya and CG 
Plerpont, Inorg Chem, 31 (1992) 35-39, D Zlrong, S Bhat- 
tacharya, J K McCusker, P M Hagen, D N HendrIckson and 
C.G. Plerpont, Inorg Chem , 31 (1992) 870-877, G Spelder, 
S Ttsza, A Rockenbauer, S R Boone and C G. Pterpont, 
Inorg Chem, 31 (1992) 1017-1020, C.W. Lange and CG 
Plerpont,J Am Chem Sot, 115 (1992) 6582-6583, D Zirong, 
R C Haltlwanger, S Bhattacharya and C G Plerpont, Znorg 
Chem, 30 (1991) 4288-4290, S Bhattacharya and C G Pier- 
pont, Inorg Chem, 30 (1991) 1511-1516, G A. Fox, S. Bhat- 
tacharya and C G. Pierpont,Znorg Chem, 30 (1991) 2895-2899, 
S. Bhattacharya and C.G. Pierpont, Inorg Chem., 30 (1991) 
2906-2911, A Del, D Gatteschl, L Pardl and U Russo, 
Inorg Chem, 30 (1991) 2589-2594; P.R Auburn, E.S Dod- 
sworth, M Haga, W L~I, W Nevm and A B P. Lever, Inorg 
Chem, 30 (1991) 3502-3512; H. Masul, A B.P. Lever and 
P R Auburn, Znorg Chem., 30 (1991) 2402-2410; P. Barbaro, 
C. Blanchmi, C Meal11 and A. Meh, J Am Chem Sot , 114 
(1991) 3181-3183. 

2 0. Carugo, C. Blsl Castellam, K. DJinovlc and M Rlul, J 
Chem Sot, Dalton Trans., (1992) 837-841 

3 J. Charalambous, P.G T Fogg, P Gaganatsou and K. Hen- 
drlck, Polyhedron, I2 (1993) 879-882; H BerJesteh, J Char- 
alambous and N.D. Pathlrana, Polyhedron, 12 (1993) 883-889, 
K. DJinovlc, 0 Carugo and C. J3lsl Castellam, Znorg Chum 
Acta, 202 (1992) 59-63; P. Basu and A Chakravorty, Znorg 
Chem, 31 (1992) 498@4985, I M. El-Nahhal, G S Heaton 
and A M. Jelan, Inorg Chum Acra, 197 (1992) 193,O Carugo, 
K Dlmovlc, M Rizzl and C Blsl Castellanl, J Chem Sot, 
Dalton Truns, (1991) 1255-1258, C BISI Castellanl, A. But- 
tafava, 0 Carugo and A Poggl, J Chem Sot, Dalton Trans, 
(1988) 1497-1499, C. BISI Castellam, 0 Carugo, C Tomba, 
V Berbenm and S Cmquettl, Inorg Chum Acta, 145 (1988) 
157-161; D Ray and A. Chakravorty, Inorg Chem, 27 (1988) 
3292-3297; J Charalambous, J S Morgan, L Opertl, G.A. 

Vaglto and P Volpe, Znorg Chum ACM, 144 (1988) 201-203, 
D Baluch, J Charalambous and L.1 B Hames,J Chem Sot, 
Chem Commun , (1988) 1178-1179, C BISI Castellam and 
0 Carugo, Znorg Chum Acta, 150 (1988) 119-123, C. BISI 
Castellam, 0 Carugo and A Coda, Acta Crysfallogr, Sect 
C, 44 (1988) 267-269, C BISI Castellant, M Calhgarls and 
0 Carugo, Inorg Chun Acta, I50 (1988) 203-205, C BISI 
Castellam, 0 Carugo and A Coda, Acta Crysfallogr, Sect 
C, 44 (1988) 265-267, J Charalambous, C W. Newnham, F.B 
Taylor, M J Whelehan, K W P Wlute and 1.G.H Wilson, 
Polyhedron, 6 (1987) 1033-1035, J. Charalambous, K Henrick, 
Y. Musa, R.G Rees and RN Whlteley, Polyhedron, 6 (1987) 
1509-1512, C. Bisl Castellam, 0. Carugo and A Coda, Ino% 
Chem , 26 (1987) 671-675; J Charalambous, L.I.B. Hdlnes, 

J.S Morgan, D S. Peat, J M J Campbell and J. Bailey, Po- 
lyhedron, 6 (1987) 1027-1032; C BISI Castellanl, G Gattl and 
R Mllluu, Znorg Chem ,23 (1984) 4004-4008, C. B~SI Castellam 
and R. Mllhni, J Chem Sot, Dalton Tram, (1984) 1461-1462, 
R G Buckley, J Charalambous, M J Kensett, M. McPartlm, 
D. Mukerlee, E.G. Brain and J.M Jenkins, J Chem Sot, 
Perkm Trarzs I, (1983) 693-697 

4 C Redshaw, G. Wllkmson, B Hussam-Bates and M B. Hurt- 
house, J Chem Sot, Dalton Trans, (1992) 555-562, A Amllo, 
R. Obeso-Rosete, MA. Pelhnghelh and A Tlrlplcchlo, J 
Chem Sot., Dalton Tram, (1991) 2019-2026; M -L Hsleh, 
M-C Cheng, S Nemeth, L I Slmandl, G Argay and A. 
Kalaman, lnorg Chrm Acfa, 166 (1989) 31-33, S -M. Peng, 
Irzorg Glum Acta, 145 (1988) 1-2, A M Pyle and J K Barton, 
Inorg Chem, 26 (1987) 3820-3823, S -M Peng and D S Llaw, 
Inorg Chwn ACM, II3 (1986) Lll-L12, A V El’Cov, TA. 
Maslenmkova, V Ju. Kukuschkm and V V. Shavurov, J Prakf 
Chem, B325 (1983) S27-S28, ME Gross, J A Ibers, and 
WC Trogler, Organometalhcs, I (1982) 530-535, A Vogler 
and H Kunkely, Angew Chem, ht. Ed Engl, 19 (1980) 
221-222, D L Thorn and R. Hoffman, Nouv J Chum, 3 
(1979) 39-41; J Remhold, R Benedlx, P Burner and H 
Henmg, Ino~ Chum Acfa, 33 (1979) 209-213; L F Warren, 
Inorg Chem, 16 (lY77) 2814-2819, R C. Elder, D Koran 
and H B Mark, Jr., Inorg Chern, I3 (1974) 1644-1649, V.L 
Goedken, J Chem Sot, Chem Common, (1972) 207-208; 
J. Cala, H C MacDonald, LR McCoy, E IQrowo-Emser 
and HB Mark, Jr, J Phys Chem, 76 (1972) 1170-1175, 
L.R McCoy and H B Mark, Jr., J Phys Chem., 73 (1969) 
953-958, E.J. Duff, J Chem Sot A, (1968) 434-437, G.S 
Hall and R.H Soderberg, Inorg Chem, 7 (1968) 2300-2311; 
P.E Balkle and OS. Mulls, Inorg C/urn Acta, I (1967) 55-60; 
A.L. Balch and R H Holm, / Am Chem Sot, 88 (1966) 
5201-5209. 

5 0 Carugo, K DjmovIc, M. RILZ~ and C BIsi Castellam, Z. 
Chem Sot, Dalton Trans, (1991) 1551-1555. 

6 (a) Llgands 1 and 2, complex [Ru(H,L)(L),][PF,],. H.-Y 
Cheng and S -M Peng, Ztlorg Chum Acta, 169 (1990) 23-24, 
(b) hgands 3 and 4, complex [CO(~~)(L)~]C~, llgand 5, complex 
[cog] P H Cheng, H-Y. Cheng, C.-C Lm and S - 
M Peng, Znorg Chrm Acta, 169 (1990) 19-21, (c) hgand 6, 
complex [RhCl(PPh,)(L),] S.-M Peng, K Peters, E.M. Peters 
and A. SIrnon, Znorg Chrm Acfu, 101 (1985) L35-L36, (d) 
hgands 7-9, complex [Fe(L),][PF,]? thf, hgands 10 and 11, 
complex [Co(L),], hgands 12 and 13, complex [CoCl(L),] S - 
M Peng, C-T. Chen, D -S. Llaw, C -1 Chen and Y Wang, 
lnorg Chrm Acta, 101 (1985) L31-L33, (e) llgands 14 and 
15, complex [NIP] G. Swartz and R H. Soderberg, Inorg 
Chem , 7 (1968) 2300-2303, (f) llgand 16, complex 
[Ru(blpy),(L)[PF,],- P Belser, A von Zelewsky and M. 
Zehnder, Zrro~ Chem, 20 (1981) 3098-3103, (g) llgand 17, 
complex [Fe(CN),(L)]X G G Chrlstoph and V L Goedken, 



223 

J Am Chem Sot, 95 (1973) 3869-3875, (h) lrgands 18 and 
19, complex [Co(H,L)(L)2][BPh4] 5H20 M Zehnder and H. 
Longer, Helv Chum Acta, 63 (1980) 754-760, (1) lrgands 2@25, 
complex [Re(L),][ReO,]-Me,CO, ligands 26-28, complex 
[Re(L),][ReO,]-Me,CO,lrgands26_28,complex[Re(L),] thf: 
A.A. Danopoulos, A.C.C Wang, G. Wrlkmson, M.B Hurt- 
house and B. Hussam, J Chem SOL, Dalton Trans, (1990) 
3X-331. 

7 E R. Malmowskr, Factor Analysrs m Chemishy, Wrley, New 
York, 1991; T.P E Auf der Heyde, J Chem E&c, 67 (1990) 
461472. 

8 STATGRAPHICS, Versron 2 0, Statrstrcal Graphic Corpo- 
ratron Inc , Laver Software, Rockvrlle, MD, 1986 

9 W L Duax, C.M Weeks and D.C. Rohrer, Top Stereochem, 
9 (1976) 271-383 

10 M Nardellr, Acfa Crystallogr, Sect C, 39 (1983) 1141-1142. 

11 P Murray-Rust, H B Burgi and J D. Duntiz Acfu C~sruZlogr, 
Sect B, 34 (1978) 1787-1793. 

12 M C. Etter, Act Chem Res, 23 (1990) 120-126; R. Taylor, 
0. Kennard and W Versrchel, J Am Chem Sot, 106 (1984) 
244-248; I05 (1983) 5761-5766 


