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A novel series of five-coordinate transition metal complexes, of the general formula M(L+)(Y)Xs, has been prepared with 
M = Mn(II),  Fe(II), Cu(II), Ni(II), Co(I1); L +  = N-niethyl-l,4-diazabicyclo[2.2.2]octonium cation; Y = HzO, NHs; 
and X = C1, Br. These complexes are of the high-spin type and can be assigned a trigonal-bipyramidal stereochemistry 
with the three X ligands in the equatorial plane. Evidence for this formulation is obtained from electronic and vibrational 
spectra, magnetic properties, and X-ray powder diffraction patterns. These five-coordinate complexes are unusual in that 
they contain only u-bonding monodentate ligands, one of which is positively charged, and thus represent an example of five- 
coordination induced and stabilized by electronic factors and lattice energy rather than by the steric requirements of a 
polydentate ligand. 

Introduction 
It has become evident in recent years that metal 

complexes of coordination number 5, although not as 
common as those of coordination numbers 4 and 6, can 
be obtained with a variety of ligands and metals.' 
Most five-coordinate complexes so far known for high- 
spin transition metal ions contain polydentate ligands 
whose stringent steric requirements allow only five 
donor atoms to surround the metal ion.2-6 With only 
monodentate ligands, examples of high-spin five-co- 
ordinate transition metal complexes are still very 

This paper reports the preparation and structural 
investigation of a novel series of five-coordinate com- 
plexes of the divalent transition metal ions, Mn(I1) to 
Cu(II), containing only monodentate ligands, one of 
which is a positively charged ligand. This study was 
prompted by our previous investigations on the donor 
properties of cation ligands, which had shown that a 
positive charge on a ligand does not prevent its coor- 
dination to (positively charged) metal ions but, in fact, 
increases the lattice energy of the resulting complexes 
thus stabilizing unusual stoichiometries and struc- 
tures." In particular, our previous workl2 demon- 
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strated that the cation ligands formed by monoquater- 
nization of the ditertiary amine 1,4-diazabicyclo- 
[2.2.2]octane (called dabco for brevity) have unusually 
favorable characteristics because of their rigid, com- 
pact, and nearly spherical cagelike structure. The 
positively charged ligand obtained by the monometh- 
ylation of dabco was therefore chosen for this investiga- 

H , C , N , F  I ' I  

N-methyldabconium cation ligand 

tion, and the work includes the divalent metal ions of 
the first transition series, with d5 to d9 electron configu- 
ations, which offer the opportunity to study crystal 
field effects on the basis of electronic spectra. 

Results and Discussion 
The reaction of the divalent metal ions Mn(I1) to 

Cu(I1) with the positively charged N-donor ligand 
N-methyldabconium, L+, in the presence of halide ions 
and in anhydrous medium, yields a series of four-coor- 
dinated pseudotetrahedral complexes, M(L+)X8.I2 
However, if a small quantity of water is present in the 
reaction mixture or if the M(L+)X3 complexes are ex- 
posed to moisture, a different series of complexes is 
formed, having the stoichiometry M(L+)X3. HzO. The 
reaction M(L+)X3 + H2O + M(L+)Xz.HzO occurs 
readily when X = C1, but only with difficulty when X 
= Br;  the iodo complexes M(L+)Is do not add water. 
The ease of formation of the complexes of stoichiometry 
M(L+)C13. H 2 0  follows approximately the order Mn < 
Fe - Ni > Cu; the cobalt(I1) and zinc(I1) complexes 
could not be obtained under any of the conditions tried. 
A parallel order is observed for the stability of these 
complexes with respect to thermal loss of water; thus, 
the nickel(I1) complex slowly loses the molecule of 
water a t  looo, whereas the manganese(I1) complex 



2.33'3 V,  L. GOEDKEN, J. 17. QUAGLIANO, AND L. 11. VALLARINO 

Formula 

Mn(L *)(H20)C13 
Mn (L+) (H20)Br3 
41n(L-)(NH8)C1B 
hln (L +) ( NHI) Bra 
Fe(L +) i€I,O)Cl, 
Fe(L+)iHpO)Br3 
Fe(L+)(SH,)BrB 

Co(L -)(I\TH3)BrI 

S i ( L + )  (H20)Br3 
K ( L  +) ( SH3)C13 
Si(L+)(NH3)Br3 
Cu(L+)(H20)C13 
Cu(L+) (H20)BrZ 

Cu(L+)fNH3)Br3 

Co(L+)(IYH3)C13 

KI(L+)(H20)ClI 

CU (L +) (SH3)Cls 

T A B L E  I 
.ISALYIICAI, U.4.1.4 A N I )  SOMIC I>I<OPEIYLIES o i ~  ' I I I D  ni(r,--)(y)x., C(JMIJI 

,- .-_i R metal ---. ---% halogen--- 
Color fief[, B M  Calcd Found Calcd Found 

White 5 .95 17.93 17 .5  34.77 35.0 
Peach tinge 5 .93  12.49 1 2 . 3  54.52 ,54,7 
White 6.00 18,01 18.3 34.87 34.5 
White 5.97 12.52 12 .4  54.61 84 .3  
White 5.12 18.27 18.1 84 .  fj2 34.9 
Light tan 4.98 12.67 12. <5 54.41 54.4 
Light tan 5 .00  12. 70 12 .5  54.54 54 .3  
1-iolet 1 . 6 1  1 9 . 5  18.9 34.39 34.2 
Violet 4 73 13.31 13.5 54 .16 54.3 
Red 3 .69  18.88 18 .8  34.30 34.4 
Red 3.69 13.24 13.0 34,05 54.2 
Golden brown 3 85 18.99 18.6 34.42 34.2 
Golden brown 3 76 13.27 13 .3  54.18 54 .1  
Pale yellow 1.89 20.17 20.3 33.78 33 .5 
Mustard I x7 14.76 14 6 . iB.  A -53 0 
Mustard I ! ) I  20.2-1 20 0 : i3 .  88 :u , x 
Green 1.85 14.20 14.4 53.60 53 .5  

Inorganic Ciaemistry 

'/o nitrogeii-- . , 
Calcd Found 

9 .15 8 . 9  
6.37 6 . 5  

13.87 13.7 
9.57 9 . 4  
9 .11  8.9 
6.33 6 .2  
9 . 5 5  9 . 6  

14,22 13.9 
9.94 9 . 8  
9 . 0 3  9 . 3  
6 .31  6 . 2  

13 .6  13.2 
9 .94  10 .0  
8 x9 x u  
A 2fi (i I 

I3 . .4 lf3.4 
9 .39  9 . 4  

begins to lose water only a t  a temperature of lX0. 
The bromo complexes, which are more difficult to form 
than the corresponding chloro complexes, are all very 
sensitive to  mild heating (4O-6Oo) and also to dehy- 
drating agents ; for example, the nickel(I1) complex of 
stoichiometry Ni(L+)Br3. H 2 0  loses water on warming 
to 40" or on standing overnight a t  room temperature 
over phosphoric anhydride. 

A similar series of complexes, with stoichiometry 
X(L+)Xs.XH3, is formed when the 141(L+)X3 com- 
pounds are treated with ammonia in a 1 : 1 mole ratio; 
these ammine complexes are fairly stable and generally 
do not lose ammonia until heated to 140' or higher. 

The aquo and ammine complexes reported in this 
paper are crystalline substances, insoluble in organic 
solvents of poor donor properties and soluble with 
extensive solvation in good donor solvents such as 
water, dimethyl sulfoxide, and acetonitrile. The colors, 
magnetic moments, and analytical data for the com- 
plexes of stoichiometries ?r'l(L+)X3.HzO and M(L+)X3. 
NH3 are listed in Table I. The results of their struc- 
tural investigation, necessarily limited to solid-state 
properties, can be summarized as follows. 

Magnetic Susceptibilities.-The room-temperature 
magnetic moments of the complexes, listed in Table I, 
are all within the ranges expected for high-spin elec- 
tron configurations of these metal ions. The values of 
peff of the Co(1I) and Xi(I1) complexes, for which the 
orbital contribution to the magnetic moment is partic- 
ularly sensitive to stereochemistry and symmetry, 
apparently discount the possibility of octahedral coor- 
dination. In  fact the magnetic moments of the Co(L+)- 
X3. NH3 complexes are too low, and those of the Ni(L+)- 
X3'Hz0 and l\;i(L+)X3.NH3 complexes are too high, 
compared with the magnetic moments commonly ob- 
served for octahedral, high-spin d7 and ds systems 
( p e f f :  4.9-5.3 B M  for octahedral Co(I1); 3.0-3.4 BM 
for octahedral Ni(II)). 

X-Ray Powder Diffraction Spectra.-The X-ray 
powder patterns of the complexes M(L+)X3. H 2 0  (M 
= Mn(II), Fe(II), and Ni(I1)) indicate that they are 

isomorphous. The complexes M(L+)X3 a NH3 [ h l  = 

Mn(II), Fe(II), Co(II), and Ni(II)]  are also isomor- 
phous with one another, but not with the corresponding 
aquo complexes. In both the aquo and ammine series, 
the Cu(I1) complexes are not strictly isomorphous with 
the complexes of the other metal ions. Thus, if a 
structure can be assigned to the Ni(I1) or Co(I1) com- 
plexes or both, on the basis of their spectral properties, 
the corresponding complexes of the other metal ions, 
except Cu(II), can also be considered to have the same 
structure. 

d-d Electronic Spectra.-The spectra of the Co(I1) 
and Ni(I1) complexes, which are most helpful in estab- 
lishing the stereochemistry, will be discussed first. 

The d-d electronic spectra of the violet complexes 
C O ( L + ) X ~ . N H ~ ,  measured as reflectance and mull 
spectra a t  room temperature, show two intense absorp- 
tions and several weaker ones. The pattern and 
energies of these absorptions cannot be reconciled with 
either a tetrahedral or an octahedral stereochemistry, 
but rather resemble those of Co(I1) complexes known 
from X-ray studies to have coordination number 5. 
Thus it is logical to formulate the complexes of stoichi- 
ometry Co(L+)X3 NH3 as the five-coordinate, non- 
ionic species Co(L+)(NH3)X3. A comparison of the 
spectra of the Co(L+j(NH3)X3 complexes with those of 
the five-coordinate, trigonal-bipyramidal [CoBr(Mes- 
tren) ]Br (Meatren = { (CH3)zNCHzCHz ]3N)l3 and of 
the square-pyramidal [Co(C104){ O A S ( C H ~ ) ( C ~ H ~ ) ~ \  , I -  

reveals that the over-all pattern of the absorptions 
is very much the same for the three complexes. Sev- 
eral other five-coordinate Co(I1) ~ o m p l e x e s , ~ ~ ~ ~ ~ 0 ~ ' ~  
which have been considered to approach either a 
square-pyramidal or a trigonal-bipyramidal stereo- 
chemistry, also have very similar spectra, once allow- 

(13) &I. Ciampolini and N. Nardi. 1noi.g. Chem., 6, 41 (1966). 
(14) M. D i  Vaira and P. L. Orioli, Chem. Commuiz., 590 (1965); M. Ciam- 

polini and G. P. Speroni, Inovg. Chem., 6 ,  45 (1966); M. Ciampolini, PIT. 
Nardi, and G. P. Speroni, Coovd. Chem. Rev., 1, 222 (1966); A I .  Ciampolini 
and K. h-ardi, Inorg. Chem.,  5,  41 (1966); 6, 445 (1967); RI. IX \'ails and 
P. L. Orioli, ibid. ,  6, 966 (1967); L. Sacconi, I. Bertini, and R. >lorassi9 
ib id . ,  6, 1548 (1967); L. Sacconi and G. P. Speroni. ibid,, 7, 29.5 (1968). 
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TABLE I1 

-~ Absorption maxima, kKb - 
ELECTRONIC SPECTRA O F  FIVE-COORDINATE CO(II) ANI) Ni(I1) CVMPLEXES 

Assigned to the transitions from the ground state, dAd(F), to the excited states 
Complexa 4 E “  F) 4E’(F) PAz‘(P) 4E“(P) 

17.4-18.3 (18.7) CO (L +) ( XHa)Cla 10.5 14.8 
Cn(L+)(H*O)Br3 6.5 10.2 14.3 17.0-17.7(17.8) 

I-__ Assigned to the transitions from the ground state 
3B”(T1) aAi”(F), 3A2”(P) 3Ad(B) IAi ’ (n ) ,  1E’( I ) ) ,  ll<”( i > j  rI<”(p) ?A,,’( P j  

to  the excited states--------, 

Ni(L+)(HzO)C13 5.0 (8.0) 10.8 (16.0) (18.0) 20.7 
Ni (L +) (HaO) Clsc 5.4 8.7 10.5 (16.0)17.2d (18.5) “ L . 0  
Ni(L +)(HzO)BrP 5,5 10.5 (16.4) 20.0 
Ni(L +) (NH3)C18 5.8 11.7 (17.2) (17.8) (19.7) 22.0 
Ni(L +)(NHa)Br3 5.8 11.8 16.2d (18.6) 21.6 

L = ~-methyl-1,4-diazabicyclo[2.2.2]octonium = iY-methyldabconium cation. Absorption maxima are from reflectance spectra 
Absorption maxima from mull spectrum a t  liquid nitrogen teinpera- unless otherwise indicated; shoulders are given in parentheses. 

ture. Sharp, weak band. 

ance is made for the ligand absorptions and for the low 
resolution and intensity enhancements of room-tem- 
perature reflectance spectra. However, the energy 
separation between the two main absorption bands is 
generally greater for square-pyramidal than for trig- 
onal-bipyramidal complexes, and this experimental 
observation is well explained by the energy level dia- 
grams recently published by Ciampolini and Bertini.I5 

These diagrams show that, although the pattern of 
the energy levels is somewhat similar for both square- 
pyramidal and trigonal-bipyramidal high-spin Co (11) , 
for the former the energy levels diverge more steeply 
with increasing field strength. In addition, the square- 
pyramidal configuration has one more low-energy 
excited level than the trigonal bipyramidal. This, 
however, is not expected to result in an easily observ- 
able spectral difference, since for both configurations 
the lower energy spin-allowed transitions should appear 
below 6000 cm-l-a region difficult to observe with the 
commonly available reflectance spectrophotometers 
and complicated by the presence of the vibrational 
modes of the organic ligands. 

I n  light of these close similarities between the spectra 
of square-pyramidal and trigonal-bipyramidal Co(I1) 
complexes, a quantitative comparison of the observed 
and calculated absorption energies for the Co(L+)- 
(NH3)X3 complexes becomes necessary. Assuming the 
average “Dq” to be essentially the same15 for six-coor- 
dinate and five-coordinate Co(II), the average Dp of 
the CoN2X3 chromophore is calculated to be about 
0.8 kK. (The experimental Dq for the tetrahedral 
anions CoXd2- is 2.9 kK for X = C1 or Br;I2 the Dq 
for octahedral CoX6, and hence approximately also €or 
CoXb, is then Dqoh = 9/4Dq~ci  ‘v 0.65 kK for X = C1 or 
Br. The values of Dq for Coo6 and CoN6 are taken to 
be 0.9 and 1.1 kK, respectively, from the spectra of 
C O ( H ~ O ) ~ ~ +  and C ! O ( N H ~ ) ~ ~ + . ~ ~ )  For this average Dq 
value, the energies of the observed d-d transitions of 
the Co(L+) (NH3)X3 complexes are in fair agreement 

(15) M. Ciampolini and I. Bertini, J .  Chem. Soc., A ,  2241 (1968). 
(16) B. N. Figgis, “Introduction to Ligand Fields,” Interscience Publish- 

ers, New York, N. Y., 1966, p 242. 

Absorbance 

” Dq ” 

Figure 1.-Electronic spectrum of co (L+) (NH~)c la  a t  room 
temperature, compared with the energy level diagram for high- 
spin Co(I1) in a trigonal-bipyramidal configuration of five 
equivalent dipoles (after Ciampolini and Bertinil5). 

(Figure 1) with those calculated from the energy level 
diagram for trigonal-bipyramidal Co(I1). Only the 
lowest energy absorption in the spectrum of Co(L+)- 
(NH3)X3-a weak broad band centered a t  6.5 kK-dis- 
agrees widely with the value calculated for the transi- 
tion 4A2‘(F) + 4E”(F). It should be noted, however, 
that even for the complex [CoBr(Me6tren) ]Br, dis- 
cussed as a model by Ciampolini and Bertini, the lowest 
energy band (5.7 kK) does not agree with the calculated 
values unless corrections for geometrical and field 
strength distortions are included. No reasonable agree- 
ment, on the other hand, can be obtained by fitting the 
spectra of Co(L+) (NH3)Xa with the energy diagrams 
of square-pyramidal Co(I1). Thus it appears that  a 
fairly reliable structural assignment for the Co(L+)- 
(NH3)X3 complexes can be made on the basis of 
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Ciampolini and Bertini’s diagrams, on the assumption 
that no major geometrical or ligand field distortions 
occur other than those considered by them. This 
assumption can logically be made for these complexes, 
where an essentially trigonal-bipyramidal stereochem- 
istry with the three X ligands in the trigonal plane 
would result in the most symmetrical, minimum- 
repulsion structure. Accordingly, the Co(L+) (NH3)X3 
complexes are considered to have an essentially trigonal- 
bipyramidal structure, and their d-d absorptions are 
tentatively assigned as shown in Table 11. These 
assignments follow those of Cianipolini for [Co(MeB- 
tren)Cl]Cl; Wood17 has assigned the transitions for 
the same complex somewhat differently. 

Let us now consider the Ni(I1) complexes of stoichi- 
ometries Ni(L+)Xj.HaO and Ni(L+)X3.NH3, which 
have intense red colors, unusual for high-spin nickel(I1) 
in an environment of nitrogen, oxygen, and chloro or 
bromo ligands. The spectra of these complexes con- 
sist of three main absorptions, whose patterns again 
exclude either a tetrahedral or an octahedral coor- 
dination and closely resemble those of Ni(I1) com- 
plexes known to be five-coordinate. Thus, our com- 
plexes can be formulated as the five-coordinate, non- 
ionic species Ni(L+) (H20)X3 and Ni(L+) (NHx)X3. 
The available literature shows that the electronic spec- 
tra of high-spin Ni(I1) complexes with either a square- 
pyramidal or a trigonal-bipyramidal stereochemistry 
resemble one another closely in general appearence. l8 
This experimental observation can be rationalized on 
the basis of the energy diagrams of the two configura- 
tions, l9 which are very similar especially for low values 
of p .  Only an accurate fitting of the observed absorp- 
tion energies with those calculated from the diagrams 
may then provide an indication of the most likely 
stereochemistry, Also, it  would be prudent to consider 
as tentative any structural assignment based solely on 
such spectral data, since both geometrical distortions 
and different strengths of the axial and equatorial 
ligands may markedly influence the pattern of the 
energy levels. It should be noted that single-crystal 
polarized spectra do not allow one to differentiate unam- 
biguously between the two configurations on the basis 
of different relative polarizations of the observable 
absorption bands, because the selection rules are very 
similar for D3h and CdV symmetries. For the Ni(L+)- 
(HzO)X3 complexes, assuming p to be 3.2-3.4 D, the 
agreement of the observed absorptions (Figure 2) with 
Ciampolini’s diagrams is more satisfactory for an undis- 
torted trigonal-bipyramidal configuration than for the 
square-pyramidal configurations with an Laxial-Lbasal 
angle of 90 or 100”. However, if p is assumed to be 
about 3.9-4.1 D, the agreement is almost equally sat- 
isfactory for the distorted square-pyramidal structure 
having an Lauial-Lbasal angle of 110”. Thus, owing to 
the uncertainty in the estimate of p for compounds 

(17 )  J. W. Wood, Inovg Chevn., 7 ,  862 (1968). 
(18) L. Sacconi, P. Nannelli, N. Nardi, and U. Campigli, ibid., 4, 943 

(19) M. Ciampalini, 1nor.g. Ckem., 5, 35 (1966). 
(1965); L. Sacconi and I. Bertini, J. A m .  Chem. SOC., 88, 5180 (1968). 

- Absorbance 
, I25  

Dipole moment, p 

Figure Z.-Electronic absorption spectrum of Ni(L +)(H20)Cla 
at room temperature, compared with the energy level diagram for 
high-spin Ki(I1) in a trigonal-bipyramidal configuration of five 
equivalent dipoles (after Ciamp~lini’~) .  

with unknown metal-to-ligand bond lengths, the spec- 
tra of the Ni(L+)(HzO)X3 complexes, while they are 
diagnostic of five-coordination, do not give an unam- 
biguous indication of the stereochemistry. 

A trigonal-bipyramidal stereochemistry, only 
slightly distorted from c3,. symmetry, has been estab- 
lished for the complex Ni(L+)(HzO)C13 by Stucky and 
Rossz0 by three-dimensional X-ray analysis. Accord- 
ingly, the absorptions of this complex are assigned as 
shown in Table 11. This table also reports, for com- 
parison, the spectrum of Ni(L+) (H20)C13 at  liquid 
nitrogen temperature. At this temperature all absorp- 
tions sharpen and become better resolved, revealing a 
broad weak band a t  about 8.7 kK, which is assigned to 
the transition to the %”1(F) and 3A”~(F)  degenerate 
levels. (At room temperature, this absorption is not 
resolved from the strong 10.8-kK band.) Also, the 
absorptions on the low-energy side of the intense 20.7- 
kK band, which a t  room temperature are ill-defined, a t  
liquid nitrogen temperature appear as two distinct 
shoulders a t  16.0 and 18.5 kK and a weak sharp band 
at  17.2 kK. The shoulder a t  18.5 kK is assigned to the 
transition to the 3Az’(F) level, while the others most 
likely correspond to spin-forbidden transitions to the 
three components of the ‘D level. Thus, when the 
spectrum is measured a t  a sufficiently low temperature, 
the absorptions expected for a trigonal-bipyramidal, 
high-spin d8 system are indeed observed in the spectrum 
of Ni(L+)(HzO)Cla. 

The spectra of the nickel(I1)-ammine complexes 
Ni(LS) (NH3)Xa are similar to  those of the correspond- 
ing aquo complexes, with the absorption maxima 
occurring a t  higher energies, as expected for the 
stronger ligand field of ammonia. By analogy with the 
nickel(I1)-aquo complexes and with the isomorphous 
cobalt(I1)-ammine complexes, the Ni(L+) (NH3)Xy 

(20) G. I). Stuckg and F. Ross, ibid. ,  in press. 



Vol. 8, N o .  11, November 1969 PROPERTIES O F  POSITIVELY CHARGED LIGANDS 2335 

TABLE I11 
INFRARED ABSORPTION FREQUENCIES“ O F  AMMONIA I N  FIVE-COORDINATE METAL COMPLEXES 

Complex r N H  str  -. NHs degen def NH3 sym def 

Mn(L +) (NH3)Cla 3330 s 2353 m 3209 w 3177 w 1612 s 1199 s 
Mn(L+)(NHa)Brs 3334 s 3250 m 3198 w 3171 w 1604 s 1202 s 

CO(L +) (NHt)C& 3337 s 3255 m 3210 w 3178 w 1612 s 1198 s 

Wi(L +)(NH3)Cl3 3340 s 3256 m 3210 w 3169 w 1611 s 1200 s 

Cu(L +)(NHdBr3 3337 s 3250 s 3183 w 3158 w 1594 s 1220 s 

Fe(L +) (NH3)Cla 3340 s 3254 m 3205 w 3175 w 1611 s 1195 s 

Co (L +) (NH3)Brs 3332 s 3248 m 3200 w 3175 w 1605 s 1205 s 

Ni(L +)(NHa)Br3 3332 s 3248 m 3200 w 3172 w 1605 s 1217 s 
CU(L +)(NH3)CI3 3330 s 3234 m 3208 w 3173 w 1608 s 

5 Spectra were taken in Nujol and hexachlorobutadiene mulls. Frequencies are in cm-’. Abbreviations: s, strong; 
weak. 

M-NH3 rock 

561 w 
560 w 
578 w 
604 m 
610 w 
640 m 
647 w 

645 w 
m, medium; w, 

complexes are considered to have a trigonal-bipyramidal 
stereochemistry. The observed d-d absorptions are 
accordingly assigned as shown in Table 11. 

The d-d electronic absorption spectra of the Mn(I1) 
and Fe(I1) complexes are less informative than those 
of the Ni(I1) and Co(I1) complexes. The manganese- 
(11) complexes show only sharp, very weak spin-for- 
bidden absorptions, as expected for a high-spin d6 
system. Fe(L+) (HzO)C&, Fe(L+) (NH3)Cls, and Fe- 
(L+) (NH3)Br3 show only weak, symmetrical absorp- 
tions centered a t  about 8.0, 9.5, and 8.0 kK, respec- 
tively. This spectral pattern differs markedly from 
that characteristic of Fe(I1) in tetrahedral or octahe- 
dral environments and resembles that reported for 
some five-coordinate Fe(I1) species.10*21 (Compare, 
for example, the value of 9.8 kK for the main absorption 
of the five-coordinate, trigonal-bipyramidal FeBr (Mee- 
tren) ] B I - . ) ~ ~  

Finally, the d-d electronic spectra of the Cu(I1) 
complexes of stoichiometries Cu(L+)X3 HzO and Cu- 
(L+)X3 - NHs, which are not isomorphous with the 
corresponding compounds of Co(I1) and Ni(II), again 
suggest a five-coordinate structure, very likely with a 
somewhat distorted trigonal-bipyramidal configuration. 
The spectra consist of an almost symmetrical, broad 
and intense band centered a t  about 9 kK for the aquo 
complexes Cu(L+) (HzO)X3 and a t  about 10 kK for the 
ammine complexes Cu(L+) (NH3)Xs. These spectra 
are, therefore, quite different from those of distorted 
tetrahedral complexes such as the tetrahalocuprate(I1) 
anions C U X ~ ~ -  (X = C1, Br), which consist7 of a very 
broad, doubly humped band with maxima a t  about 
4.3-4.5 and 7.9-9.00 kK. Also, the absorption maxima 
observed in the spectra of the Cu(L+)(HzO)X3 and 
Cu(L+) (NHs)X3 complexes are a t  lower energies than 
expected for copper(I1)-halo complexes with either a 
square-planar or a distorted octahedral stereochemistry. 
(Compare the values of 14.3-13.1 kK for the square- 
planar C U C ~ ~ ~ -  species in [Pt(NH3)4] [CuC14] and 
12.2 kK for the six-coordinate Cu(I1) in the tetragonal 
“CUCIZ.”~) On the other hand, the spectra of the Cu- 
(L+) (H20)Xa and Cu(L+) (NH3)X3 complexes closely 
resemble that of C U ( N C S ) ~ ( N H ~ ) ~ ,  which from X-ray 

(21) M. Ciampolini andN.Nardi,Inorg. Chem., 5 ,  1158 (1966); I. Bertini 
and F. Mani, ibid., 6,2032 (1967). 

studies is known to have a regular trigonal-bipyramidal 
Stereochemistry’O (this compound has an intense ab- 
sorption a t  12.8 kK, with a shoulder a t  14.5 kK). 

Vibrational Spectra.-The (infrared) vibrational 
spectra of the five-coordinate complexes M (L+)- 
(HzO)X3 and M(L+) (NHs)X3, measured in the 4000- 
250-cm-l region, all showed the absorptions character- 
istic of the N-methyldabconium cation, similar to those 
observed in the four-coordinate pseudotetrahedral com- 
plexes M(L+)Xs.l2 Also, the spectra of the chloro 
complexes M(L+) (HaO)C13 and M(L+) (NH3)Cls have 
a strong absorption centered near 250 cm-l, which is 
absent in the corresponding bromo complexes and is 
assigned to the M-C1 antisymmetric stretching mode. 
For each metal ion the frequency of the band is lower 
than that for the Ni-CI stretching vibration of four- 
coordinate (tetrahedral) chloro complexes but higher 
than that of six-coordinate (octahedral) chloro com- 
plexes. 22 

In  addition to these absorptions, the spectra of the 
ammine complexes M(L+)(NHQ)X~ show a number of 
bands which are assigned to the vibrational modes of 
the coordinated NH3 molecule (Table 111). The 
symmetric and antisymmetric N-H stretching vibra- 
tions appear as two sharp, intense absorptions in the 
3340-3250-cm-l region, accompanied by two sharp 
but weaker absorptions near 3200 and 3175 cm-l. The 
degenerate NHa deformation vibrations appear as a 
very sharp, strong band between 1612 and 1590 cm-l, 
and the symmetric deformation and rocking modes 
occur a t  about 1200 em-’ and about 640 cm-l, respec- 
tively. The frequencies, contours, and intensities of 
these absorptions agree with those commonly observed 
for the ammine complexes of these metal ions.23 It is 
interesting to note that for both the chloro and bromo 
five-coordinate complexes M(L+) (NH3)XS the M-NH3 
rocking mode, which is very sensitive to the strength of 
the M-N bond as well as to the crystalline environ- 
ment of the coordinated NH3 molecule, 24 increases 
regularly in the order : 

The spectra of the aquo complexes M(L+)(H20)C13 
Mn < Fe < Co < Ni - Cu. 

(22) R. J. H. Clark, Record Chem. Pvogu. (Kresge-Hooker Sci Lib), 26, 269 

(23) J. Fujita, I. Nakamoto, and M .  Kobayashi, J .  A m .  Chem. Soc., 78, 

(24) G. F. Svatos, D. M. Sweeney, S. Mizushima, C. Curran, and J. V. 

(1965); R. J. H. Clark and C. S. Williams, Inoug. Chem., 4, 350 (1965). 

3295 (1966). 

Quagliano, ibid., 79, 3313 (1957). 
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show a number of intense absorptions which are as- 
signed to the vi1)ratinns of  coorrliiiatd \vatu- .  'rile 
0-H stretching modes appear as an intense doublet in 
the 3400-3320-cm-l region, and the H-0-H defor- 
mation mode appears as a very sharp band a t  about 
1590 cm-I. A medium-to-weak band also appears in 
the 550-510-cm-' range. All of these bands are rel- 
atively sharp compared with the broad, unresolved 
absorptions usually observed in compounds containing 
lattice and indicate that in the X(L+)  (H20)X3 
complexes the H20 molecule is coordinated and also 
that the crystal lattice environment is very much the 
same for each coordinated H20 molecule. -4s may be 
expected, the 0-H stretching vibrations appear at 
lower frequencies for those hl(L+) (H20)X3 complexes 
which are more stable ton.ard loss of water. 
Thus, within each halogen series the 0-H stretching 
frequencies follow the order Mn(I1) < Fe(I1) - Ni(I1) 
> Cu(LI), and for each metal ion these frequencies are 
lower for the chloro than for the bromo complex. A 
reverse frequency trend is observed for the medium- 
weak absorption in the 550-310-cni-' region. 

The M(L+) (H20)X3 species represent a unique series 
of isostructural aquo complexes containing a single H20 
molecule, and a detailed investigation of their far- 
infrared spectra is in progress to establish the trend of 
the metal-oxygen bond strengths for these five-coor- 
dinate transition metal ions, as well as the effect of 
hydrogen bonding. 

Conclusions 
On the basis of the described experimental results, 

it  can be concluded that in the complexes lI(L+)- 
(H20)X3 and M(L+) (NH3)X3 the divalent transition 
metal ions, M(II) ,  are five-coordinate and have high- 
spin electron configurations. For the Co(I1) com- 
plexes, a trigonal-bipyramidal stereochemistry is clearly 
indicated by the d-d electronic absorption spectra, 
which agree n-ith those expected for a d7 high-spin sys- 
tem in a field of five ligands arranged to give a Dah 
symmetry. For the Ni(I1) complexes, the d-d elec- 
tronic spectra are again diagnostic of five-coordination, 
even though they are not unambiguously indicative of 
a trigonal-bipyramidal stereochemistry, For all of the 
M(L+) (H20)X3 and hl(L+) (PUTH3)X3 complexes the 
vibrational spectra support a five-coordinate structure, 
as they indicate the HaO and NH3 ligands to be coor- 
dinated, and show metal-chlorine stretching vibrations 
intermediate between those characteristic of four- 
coordinate (tetrahedral) and six-coordinate (octahe- 
dral) metal complexes. 

A single-crystal X-ray analysis, by Stucky and Ross, 
has established that the complex Ni(L+) (H2O)Cla in- 
deed is five-coordinate and has an essentially trigonal- 
bipyramidal configuration, only slightly distorted from 
CaV symmetry. An analogous stereochemistry is as- 
signed to the complexes of n!In(II), Fe(II), and Co(II), 
primarily on the basis of their isomophism with the 

(25) G. Herzberg and C. Ried, Discussions F U Y U ~ Q Y  Soc., 9, 92 (1950); 
P. J. Lucchesi and W. A. Glasson, J .  Am. Chem. Soc., 78, 1347 (1956). 

corresponding Ni(L+) (HzO)C& complex; the mag- 
iictic and spectral data also support thc nssignctl struc- 
ture. As may be expect.ed, the Cu(I1) complexes are 
not strictly isomorphous with the other members of the 
series. Their infrared spectra, however, are extremely 
similar to those of the complexes of the other metal 
ions, thus suggesting a similar even if somewhat dis- 
torted structure. Also, the electronic spectra of the 
Cu(L+) (Hz0)Xs and Cu(L+) (NHs)X3 complexes closely 
resemble that of the complex C U ( N C S ) ~ ( N H ~ ) ~ ,  known 
to have a regular trigonal-bipyramidal stereochemistry. 

The M(L+) (Hz0)Xs and M(L+) (NH3)X3 complexes 
are unusual in that they contain only unidentate 
u-bonding ligands-one of which is a cation of very low 
basicity (pKa = 2.75)Pand represent a unique case 
of five-coordination induced chiefly by electronic 
factors. The high lattice energy arising from the inter- 
molecular attractions between the N +-CH3 groups of 
the cation ligands and the neighboring chloro or bromo 
ligands undoubtedly contributes to the stabilization of 
the crystalline M(L+) (H20)X3 and M(L+) (NH3)X3 
complexes. 

Experimental Section 
Starting Materials.-The M(L+)Xa complexes were prepared 

as described elsewhere.12 Analytical reagent and spectrograde 
solvents were dried over 41 molecular sieves before use. 

Preparation of the Complexes. (1) Complexes of the Gen- 
eral Formula M(L+)(H?O)Xy.-The IG(I1) complexes were 
prepared as follows. One-half grain of the N-methyldabconium 
chloride, (L+)Cl-, dissolved in 50 in1 of anhydrous ethanol, was 
added to 25 ml of an ethanol solution of h-iC12*6Hz0 at 50". A 
red precipitate of Si(L+)(H20)Cla formed immediately, but the 
suspension was stirred for 0.5 hr to promote larger particle 
growth. If any of the deep blue intermediate complex Ni- 
(L+)C13 was observed in the precipitate, several drops of water 
were added and the suspension was further stirred for an addi- 
tional 0.5 hr. The precipitate was then filtered, washed several 
times with etliaiiol, and dried in uaczio for 2 hr.  The analogous 
Mn(I I ) ,  Fe(II) ,  and Cu(I1) complexes were obtained in a similar 
manner. Horever,  the preparation of the Fe(I1) complex was 
carried out under a nitrogen atmosphere to prevent oxidation 
to Fe(II1). In the preparation of the Cu(I1) complex, i t  was 
usually necessary to add several drops of water to the reaction 
mixture to couvert the initially formed yellow Cu(L+)ClZ com- 
pletely to the very pale yellow Cu(L')(H?O)C13. 

(2)  Complexes of the General Formula M(L+)(H20)Bra.- 
The Mn(I I ) ,  Fe(II), and Cu(I1) complexes were prepared as 
follows. A 0.3 M solution of the hydrated metal salt in ethanol 
(10 mi) was added to 0.25 g of dabconium bromide dissolved in 
25 ml of ethanol a t  40'. At precipitate formed immediately 
which consisted chiefly of the desired M(L+)(HzO)Br3 complex 
but contained small amounts of M(L+)Br3. The addition of 
several drops of water, followed by refrigeration overnight, 
converted any M(L+)Bra to hl(L+)(H20)Br3. The precipitate 
was then filtered, washed with 95% ethanol, dried in aacuo for 
0.5 hr, and stored in sealed vials. The iron(I1) complex was 
prepared in a nitrogeu atmosphere to prevent oxidation to iron- 
(111). The Ni(Lf)(H20)Br3 complex, which could not be ob- 
taincd from an ethanol solution, was prepared by exposing the 
blue crystalline Ni(L+)Bra to a humidity of about 50% at 30" 
for several days. Under these conditions the original blue com- 
plex slowly coordinated one molecule of water, turning red- 
purple. 

In general, the bromo complexes M(L-+)(HZO)Bra are much 
more difficult to prepare than the corresponding chloro com- 
plexes; also, the bromo complexes are unstable toward loss of 
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water and cannot be stored over desiccants. If exposed to the 
atmosphere for prolonged periods of time, these five-coordinate 
bromo complexes take on additional water to form mixtures of 
six-coordinate octahedral complexes, which were not further 
investigated at this time. 

Complexes of the General Formula M(L+)(NH%)Xa.- 
The preparation of these complexes requires rigorously anhy- 
drous solvents to prevent the formation of hydroxo species. 
Ethanol solutions of the ligand halides and metal halides were 
dried over 4A molecular sieves for several days and then used to 
prepare the M(L+)Xa complexes as previously described.12 A 
solution of NHa in anhydrous ethanol was added dropwise to the 
freshly prepared M(Lf)X3 complexes suspended in their mother 
liquor, with vigorous stirring a t  50". The reactants were mixed 
in a 1 : 1 NHI-to-metal ratio. The reaction was generally com- 
plete within 5 min provided the initial particle size of the M- 
(Lc)X3 complexes was sufficiently small. AS the reaction pro- 
gressed, the color of the suspended solid changed from blue to 

(3) 

O,O'-DIETHYL DISELENOPHOSPHATE AS A LIGAND 2337 

lavender for Co(II), from deep blue to golden brown for hTi(II), 
and from deep yellow to golden for Cu(I1). The M(Lf)(NH3)X3 
complexes were filtered, washed with anhydrous ethanol, and 
dried in vacuo. It was necessary to control the addition of the 
ammonia solution, because a considerable excess over a 1 : 1 NH3- 
to-metal ratio leads to the formation of a mixture of ammine 
complexes which were not further investigated. 

Characterization of the Complexes.-The complexes prepared 
were characterized by analyses, visible and infrared spectra 
(30,000-250 cm-l), magnetic susceptibility, and X-ray powder 
diffraction measurements. For details, see ref 12. 
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0,O'-Diethyl diselenophosphate (dsep-) complexes of Tl(I) ,  Pb(II) ,  Sn(II) ,  As(III), Sb(III) ,  Bi(III), and In(II1) have been 
prepared and their spectral properties have been investigated. The infrared spectra give some evidence of the nature of 
bonding between the >P(Se)Se group and the central ion. Some electronic transitions of these complexes have been tenta- 
tively assigned. Powder X-ray patterns have also been obtained. 

Introduction 
The investigation of organic selenium compounds as 

ligands in coordination chemistry is of relatively recent 
interest. 2-11 Recently J@rgensen12 studied the elec- 
tronic spectra of some transition metal diethyl diseleno- 
phosphates. Kudchadker, et al., l3 prepared various 
dialkyl diselenophosphates and their potassium and 
chromium salts and studied their spectral properties. 

Experimental Section 
The organic solvents used in this study were of reagent grade 

The chemicals and they were dried and distilled before use. 

(1) Presented at the 156th National Meeting of the American Chemical 
Society, Atlantic City, N. J., Sept 8-13, 1968. 

(2) (a) J. L. Burmeister, Coovd. Chent. Rev., 3, 225 (1965). and references 
therein; (b) D. W. Meek and P. Nicpon, J. Am. Chem. Soc., 87, 4951 (1965). 

(3) C. Furlani, and T. Tarantelli, Inovp. Nucl. Chem. Lettevs, 2, 391 
(1966). 

(4) K. A. Jensen and V. Krishnan, Acta Chem. Scand., 21, 1988, 2904 
(1967). 

(5) C. Furlani, B. Cervone, and F. D. Camessei, Inorg. Chem., 7, 205 
(1968). 

(6) A. Davison and E. T. Shawl, Chem. CommuFt., 670 (1967). 
(7) B. R. Condray, R. A. Zingaro, and M. V. Kudchadker, Inovg. Chim. 

Acta, 2, 309 (1968). 
(8) C. G. Pierpont, B. J. Cordon, and R. Eisenberg, Chem. Commun., 401 

(1969). 
(9) E. Cervone, F. D. Camassei, M. L. Luciani, and C. Furlani, J. Inovg.  

Nucl. Chem., 31, 1101 (1969). 
(10) G. A. Heath, I. M. Stewart, and R. L. Martin, Inovg. Nucl. Chem. 

Letters, 6 ,  169 (1969). 
(11) D. W. Meek, ibid., 5, 235 (1969). 
(12) C. K. Jprgensen, Mol. Phys., 6,  485 (1962). 
(13) M. V. Kudchadker, R. A. Zingaro, and K. J. Irgolic, Can. J. Chem., 

46, 1415 (lQ68). 

were of analytical reagent grade and they were used without 
further purification. 

The infrared spectra of the compounds were measured as KBr 
pellets on a Beckman model IR-12 spectrometer. The elec- 
tronic spectra were recorded on the Cary model 14-R spec- 
trometer. The X-ray powder diffraction patterns were measured 
on a General Electric XRD-5 X-ray diffraction unit using Cu Kor 
radiation (A 1.54050 A).  

Phosphorus pentaselenide and the potassium salt of 0 , O ' -  
diethyldiselenophosphoric acid were prepared in the manner 
described by Kudchadker, et aZ.13 The melting point of the potas- 
sium salt was found to be 134-136"; lit.13 132-136". 

(0,O'-Diethyl diselenophosphato)thallium(I) .-An aqueous 
solution of potassium diethyl diselenophosphate (0.32 g in 20 ml) 
was added dropwise to an aqueous solution of thallium(1) chlo- 
ride (0.20 g in 100 ml). A white precipitate was formed im- 
mediately upon addition of the potassium salt. It was filtered, 
washed with water, and dried in vucuo over P~OIO.  The thal- 
lium(1) compound was recrystallized from chloroform in the 
form of white flakes. 

Bis(0 ,O '-diethyl dise1enophosphato)lestd (11) .-An ethanolic 
solution of potassium diethyl diselenophosphate (0.64 g in 20 ml) 
was added dropwise to a solution of lead acetate (0.33 g in 40 ml) 
in ethanol. A creamy yellow compound separated which was 
crystallized from absolute ethanol and dried over PlO1o in vucuo. 

Bis(0,O'-diethyl diselenophosphato)tin(II).-This compound 
was prepared from SnCls .2Hz0 in the manner just described. 
The compound was crystallized from ligroin. 

Tris(0 ,O '-diethyl dise1enophosphato)arsenic (111) .-A solution 
of potassium diethyl diselenophosphate (1.02 g in 30 ml) in 
absolute ethanol was added dropwise in a solution containing 
0.20 g of arsenic trichloride in 25 ml of the same solvent. During 
the course of the addition, the color of the arsenic(II1) solution 
changed from pale yellow and the separation of elemental col- 


