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signed primarily to the vz, ¢ vibration. This vibra-
tion shifts to 214 ecm =" (vzs—p:) in the bromide and 187
cm~ in the iodide (yzn—1). None of these vibrations is
pure, since ligand vibrations are probably also involved.
A medium-intensity band which is present in all three
complexes occurs at 243-245 em™! and is assigned to
the yz,_x vibration, while a medium band at 164-167
cm ™! present in all of the complexes is assigned to the
8zn—n vibration. Assignments for the 6&z,_x vibra-
tions involve the same complications discussed for the
bipyridyl complexes.

Table IV records all of the assigned metal to ligand
vibrations for the three series of complexes. In the
pyridine and bipyridyl complexes the frequency of the
vzn—x Vvibrations is very similar. This is understand-
able since both series of complexes have a tetrahedral
structure!* and a coordination number of four. These
complexes differ only in the fact that the pyridine is
monodentate while the bipyridyl is bidentate. Thus,
differences ought to be observed in the metal-nitrogen
vibrations, and this is confirmed. The added stabiliza-
tion through chelation is reflected by the shift of the
vza_x vibration to higher frequencies for the bipyridyl
complexes. Chelation also causes the N-Zu-N bend int
the bipyridyls to be at a higher frequency than for the
monodentate complexes. For the terpyridyl com-

(14) D. Holland and T. N. Waters, J. Chem. Soc., 2644 (1960).
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TABLE TV
COMPARISON OF METAL~LIGAND VIBRATIONS FOR
Zn(I1) HaLipe CoMPLEXES (cM™1)

Complex znc1 Yzner | Yzor| “mw | ®znci| ®znbr [%zn1 [%zan
Zn(py),CL 326,293 218 | 200 154
2n(py ) 5Br; 260sh,254 219 182 153
2n(py)51, 210 222 167 | 147,159
Zn(blpy 012 323 241 192
Zn{bipy )Bry 261 250 190
Zn(oipy) I, 217 | 250 194
zn(terp)Cl, 287,278 244 167
2n(terp)Bry 222,213 243 167
Zn(terp) I, 187 | 245 167

plexes, several changes occur. The structure changes
to a trigonal bipyramid,!® the coordination number
becomes five, and the ligand is now terdentate. This
is reflected by a shift to lower frequencies of the vz, x
vibrations as expected for an increase in coordination
number.’® The shift of the »y_x vibration is the net
result of two opposing factors: a shift to lower fre-
quencies due to the increase in coordination number and
to higher frequencies due to an increase in chelation.
Actually, the vy_x occurs at slightly lower frequencies
than for the bipyridyl complexes indicating that the
influence of change in coordination number is the pre-
dominant factor.

(15) D. E. Corbridge and E. G. Fox, ibid., 504 (1956).
(16) R. J. H. Clark, Spectrochim. Acta, 31, 955 (1965).
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Complexes of N,N,N’,N'-tetramethylated ethylenediamine (Mesen), 1,2-propylenediamine (Meypn), and trimethylenediamine
(Mestn) with copper(Il) and iron(II) halides of the type M(diamine)X,; have been prepared and investigated. The Fe-
(diamine)Brs and Cu(Meytn)Br, complexes are pseudo-tetrahedral, but the Mesen and Me,pn derivatives of copper(II) are

essentially planar in solution and probably also in the solid state.

cussed on the basis of their stereochemistry.

Introduction

In a previous paper' the complexes formed by Co(II)
and Ni(II) halides with some N,N, N’ ,N’-tetramethyl-
ated alkylenediamines, those of ethylenediamine (Me,
en), 1,2-propylenediamine (Mepn), and trimethylene-
diamine (Mestn), were described and characterized:
(CH3)2NCH2CH2N<CH5)2, 4\16461’1; (CHL;)ZNCH(CHL;)—
CH,N(CH,);, Me;pn; (CHy):NCH,CH,CH,N(CH,)s,
Mestn. Most of these complexes, which have the
formula M(diamine)X,, were assigned a pseudo-tetra-
hedral structure with C,v microsymmetry. In the
solid state only the complexes Ni(Mewen)Cl, and Ni-
(Mespn)Cly attain six-coordination by polymerization,

(1) L. Sacconi, I. Bertini, and F. Mani, Inorg. Chem., 6, 262 (1967).

The ligand field speetra of the ecompounds have been dis-

and in inert solvents such as dichloromethane and di-
chlorobenzene there is an equilibrium between associ-
ated six-coordinated species and tetrahedral species.
The formation of pseudo-tetrahedral complexes was
attributed to steric hindrance about the donor atoms of
these ligands.

In this paper the preparation and study of the com-
plexes formed by copper(Il) and iron(Il) halides with
Meen, Mespn, and Mestn are reported. Complexes
of the general formula M(diamine)X,, where X = Clor
Br, were obtained. Of these only Cu(Mesen)Br; had
previously been described,? and on the basis of its
absorption spectrum it had been assigned a tetragonal

(2) . A. Ehrhardt and D. W. Meek, ibid., 4, 585 (1065).
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TABLE I
ANALYTICAL AND PHvsICAL DATA FOR THE N,N,N’,N’-TETRAMETHYLDIAMINE
CoppPER(II) anDp IRON(II) COMPLEXES
Molar conductance,
cm?/ohm mole®
~————C7, pitrogen: — % halogen—-—-—— Nitro- Dichloro-

Compound Mp, °C Caled Found Caled Found ethane ethane P
Cu(Meqen )Clp 145-148 11.18 11.30 28.29 27.95 2.0 0.6 0.92
Cu(Meypn)Cl, 127-130 10.58 11.00 26.79 26.78 1.3 0.8 0.94
Cu(Mesen)Br, 112-113 8.26 8.20 47.06 46.93 2.0 0.6 1.05
Cu(Mespn)Br 100-105 7.92 7.60 45.19 45.08 3.3 0.7 1.08
Cu(Meutn)Bre 95-99 7.92 7.68 45.19 45.34 6.5 0.5
Fe(Mesen)Br, 8.44 8.53 48.15 48.33
Fe(Meypn )Br; 8.10 8.10 46.20 45.89

@ For ca. 107% M solutions at 25°,
b van’t Hoff coefficients for ca. 5 X 108 M solutions at 37°.

six-coordinated structure in the solid state attained by
means of bromine bridges between adjacent copper
atoms.

Experimental Section

Preparation of the Compounds.—Mesen [bp 121-122 (758
mm), 1lit.? bp 119.5° (724 mm)], Mespn [bp 139-140 (758 mm),
lit.* bp 138-139° (745 mm)], and Megtn [bp 143-145° (755 mm),
lit.5 bp 145-146° (755 mm)] were prepared by the formaldehyde—
formic acid methylation of the appropriate diamines.®* All of
the complexes were prepared by the following general method.
A solution of 10 mmoles of the diamine ligand in 10 ml of dry
butanol was added to a boiled solution of 10 mmoles of the appro-
priate metal halide salt in 100 ml of butyl alcohol. The metal
halides were anhydrous with the exception of copper chloride.
In some case cyclohexane was added to promote precipitation.
The crystals were collected on a funnel and dried in a stream of
dry nitrogen. The iron(II) compounds were prepared and
filtered in a pure nitrogen atmosphere. White crystals were ob-
tained when Meytn ligand was added to a hot solution of the FeBr;
and cooled. The compound is very unstable and it was not pos-
sible to perform any measurements.

Physical Measurements.—The absorption spectra were re-
corded in the range 4000-30,000 cm~! with a Beckman DK-2
spectrophotometer and l-cm silica cells. The diffuse reflectance
spectra were meastired using the standard Beckman reflectance
attachment with magnesium oxide as the reference. The mag-
netic measurements were performed by the Gouy method with
the apparatus and experimental technique already described.$
The sample tube was calibrated with Co[Hg(SCN),]” and freshly
distilled water. Diamagnetic corrections were calculated from
Pascal constants.® Molecular weights were determined in 1,2-
dichloroethane at 37° with a Mechrolab Model 301 A vapor pres-
sure osmometer calibrated with benzyl. Scale readings were
made 3 min after a drop of the solution was placed on the thermis-
tor. Concentrations of the solution were ca. 5 X 1073 M. The
conductivity values were measured on a WTW Model LBR/B
conductance bridge. Concentrations of the solutions were ca.
103 M.

Results

The complexes obtained are all crystalline. The
copper complexes are intensely colored, and those of
iron are practically colorless. The analytical data
and some physical properties are given in Table I.
The copper complexes of Mesen and Mespn are stable

(3) L. Spialter and R. W. Moshier, J. Am. Chem. Soc., 19, 5955 (1957).

(4) R. W. Moshier and L. Spialter, J. Org. Chem., 21, 1050 (1956).

(5) L.XKnorr and P. Roth, Ber., 89, 1428 (1906).

(8) 1.. Sacconi, R. Cini, M. Clampolini, and F. Maggio, J. Am. Chem.
Soc., 83, 3487 (1960).

(7) B. N, Figgis and R. S. Nyholm, J. Chem. Soc., 4190 (1958).

(8) B. N. Figgis and J. Lewis in “Modern Coordination Chemistry,”
Interscience Publishers, Inc,, New York, N. Y., 1960, p 415.

Reference values in nitroethane and dichloroethane, respectively, are 68 and 16 for [(n-CsH,)N]I.

in air, but the Cu(Me,tn)Br, complex is very sensitive
to moisture. These complexes are readily soluble in
the common organic solvents such as chloroform, sym-
metrical dichloroethane, and nitroethane. Solutions
of the Mestn derivative become cloudy after a short
time. The iron complexes are not stable in air, and
even under pure nitrogen they decompose in a few
days. These compounds are not very soluble and they
decompose even in anhydrous and deaerated solvents.
Magnetic measurements were made on the solid
compounds (Table II). The magnetic moments of the
copper complexes at room temperature range between
1.82 and 2.06 BM. Those of the iron complexes are
ca. 5.40 BM. The magnetic susceptibility of the com-
plex Fe(Me,en)Br; between 80 and 300°K follows the
Curie-Weiss law with a Weiss constant of —11°,

TABLE II
MAGNETIC SUSCEPTIBILITY DATA FOR THE
N,N,N’,N’-TETRAMETHYLDIAMINE CoPPER(II)
AND IRON(IT) COMPLEXES

Temp, 108xg, 108y, Heff,

Compound °C cgs units cgs units BM
Cu(Megen)Cl, 19 5.58 1,546 1.91
Cu(Mepn)Cl, 19 5.09 1,506 1.88
Cu(Mesen)Br, 19 3.63 1,401 1.82
Cu(Mespn)Br, 19 4.07 1,619 1.96
Cu(Mestn)Br, 19 4.43 1,747 2.06
Fe(Mesen )Br, 18 36.72 12,356 5.38
Fe(Mespn)Br, 19 35.38 12,420 5.41

Electrical conductivities of 10~% 3/ solutions of
copper complexes, measured at 25° in nitroethane and
dichloroethane, indicate that the complexes are less
than 109, dissociated in solution (Table I). The
molecular weights found for copper complexes are
within 109, of the calculated value for the monomers
(Table I). These measurements indicate that all of
the complexes are present in solution predominantly as
nonionic monomeric species.

The spectra of the copper complexes (Figures 1 and 2)
were measured in the solid state and in solution. The
absorption maxima and their molar absorption coef-
ficients are shown in Table III. The spectra of the
solids are siinilar to those obtained in solution, although
there is some displacement of the absorption maxima.
Reflectance spectra were also obtained for the iron com-
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Figure 1.—Reflectance spectrum of Cu(Meen)Cl; (curve A) and
absorption spectrum in CoHyCl; (curve B).
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Figure 2.—Reflectance spectrum of Cu(Mesen)Br: (curve A);
absorption spectra in C,H,Cly of Cu{Mesen)Bry (curve B) and
Cu(Meitn)Br, {curve C).

pounds (Figure 3). The complex Fe(Mesen)Bry was
also obtained in solution by addition of few drops of
free amine in excess; its spectrum is practically indis-
tinguishable from that of the solid. In view of the
experimental difficulties, no attempt was made to ob-
tain the molar extinction coefficients.

Discussion

Mew.en and Me,pn Cu(Il) Complexes.—In inert
solvents the copper complexes exist essentially as non-
ionic monomers. Thus the coordination number of
the Cu(II) ion in these compounds must be four.
The spectra of the bromide complexes of Mesen and
Mespn in solution have two bands occurring at ca.
13,500 and 20,000 cm=! (Figure 2). The chloride
complexes in solution have a band at ce. 14,500 cm—!
and a shoulder at ca. 26,000 cm—*! (Figure 1). Since the
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Figure 3.—Reflectance spectra of Fe(Mesen)Bry (curve A) and
Fe(Me,pn)Br; (curve B).

TaBLE III
SPECTROSCOPIC DATA FOR THE
N,N,N’ N'-TETRAMETHYLDIAMINE CoprpER(II)
AND IrRON(IT) COMPLEXES
Absorption max, cm !

Complex Solvent {€molar for soln)

Cu(Meqen)Cly 15,000, 27,000 sh

C.H4Cly 14,300 (144), 26,400 sh
Cu({Meypn)Cly 14,800, 26,400 sh

C.H4Cl, 14,300 (149), 25,600 sh
Cu(Mesen)Bre 14,500, 21,300

C.H.CL, 13,300 (265), 19,800 (640)
Cu({Meypn)Br, 14,400, 20,500

C,H.ClL 13,000 (268), 19,800 (612)
Cu(Meytn )Brs 10,000, 26,000

C.H,CL, 9750 (248), 23,000 (2060)
Fe(Mesen)Br, 4600, 6250, 7100 sh
Fe(Meypn)Br, 4600, 6400, 7300 sh

structures of the chloride and bromide complexes are
presumably similar in solution, we suggest that the
bands at 13,500 and 14,500 ecm~! in the bromo and
chloro derivatives, respectively, are crystal field bands
and that the bands at 20,000 and 26,000 cm~! should be
assigned to charge transfer. This is supported by (i)
the relatively high intensities (e ca. 650) and (ii) charge-
transfer bands for halide complexes of Cu(II) which are
often assigned to frequencies of this order. In fact, the
first charge-transfer bands of the flattened tetrahedral®
complexes CuCly®~ and CuBrg*~ have been assigned at
ca. 25,000 and 18,000-19,000 cm™!, respectively.!0:!
Furthermore a band at ca. 23,000 cin~! shown by the
compound [Pt(INH;),]{CuCl] has been assigned!? to
charge transfer of the complex CuCly*~ which has a
planar structure. The d-d bands for complexes for
which a planar structure has been proposed occur in
the range 14,000-18,000 cm—112—18 When the planar

(9) L. Helmholz and R. F. Kruh, J, Am. Chem. Soc., T4, 1176 (1952);
B. Morosin and E. C. Lingafelter, Acia Cryst., 18, 807 (1960).

(10) N. 8. Gill and R. 8. Nyholm, J. Chem. Soc., 3997 (1859).

(11) C. Furlani and G. Morpurgo, Theoret. Chim. Acta, 1, 102 (1963).

(12) W. E. Hatfield and T. S. Piper, Inorg. Chem., 8, 841 (1964).

(13) J. Bjerrum, C. J. Ballhausen, and C. K. Jgrgensen, Acia Chem.

Scand., 8, 1275 (1954).
(14) R. L. Belford, M. Calvin, and G. Belford, J. Chem. Phys., 26, 1167

(1957).

(15) L. Sacconi and M. Ciampolini, J. Chem. Soc., 276 (1964).

(16) J. P. Fackler, Jr., F. A. Cotton, and 1. W. Barnum, Inorg. Chem., 2,
97 (1963).

(17) B. G. Werden, E. Billig, and H. B. Gray, ibid,, 6, 78 (1966).

(18) W. K. Musker and M. S. Hussain, 7bid., §, 1416 (1966),
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structure is distorted toward a tetrahedral configura-
tion, this band diminishes in frequency.!! Therefore
the band observed in the range 13,000-15,000 cm™!
for these tetracoordinated copper complexes is con-
sistent with an essentially planar structure. These
bands are very broad and presumably contain all four
transitions expected in a field of Ciy symmetry?® (cis
planar). The high intensity of the bands is presum-
ably due to the fact that the molecule does not possess
a center of symmetry. In the solid state the frequen-
cies of d—d transitions are displaced toward higher ener-
gies by about 1200-1400 cm~* for the bromo complexes
and by about 500-700 cm ! for the chloro complexes,
the main characteristics of the spectra remaining un-
altered. This small displacement can be attributed to
a slight distortion of the coordination polyhedron due to
lattice effects. Nevertheless a six-coordinated struc-
ture very tetragonally distorted cannot be ruled out.
Cu(Metn)Br,,—This complex is orange, but the
other bromides are blackish green. The spectrum of
this compound is the same in solid state as in solution
and differs appreciably from those of the other bro-
mides in its absorption frequency. The band of low-
est energy occurs at 10,000 cm~?, that is, at ce. 3500
cm~! lower than in the Mesen and Megpn complexes.
Since the band at higher energy (23,000 em~?, ¢ 2060)
is assigned to charge transfet, the former is most reason-
ably interpreted on the basis of a flattened tetrahedral
configuration. Furlani, et al.,'' have calculated the
energy terms for copper(IT) in a flattened tetrahedral
complex with Dyq symmetry. They demonstrate that
a progressive flattening of the tetrahedral structure
leads to an increased splitting for both the ground and
excited states and a marked displacement toward
higher frequencies of the d-d tranmsitions. On this
basis it was possible to offer a reasonable explanation
for the frequencies 8000-11,000 cm™* observed for the
pseudo-tetrahedral complexes CuX,?~ 111 and CuL,_,-
X ,2~" where L is a coordinating solvent such as CH;CN
or CH3;NO,.!'! Considerable support for the assign-
ment of a pseudo-tetrahedral structure to this compound
comes from the value of the magnetic moment, 2.06
BM. This value is close to that found for the pseudo-
tetrahedral complexes CuX.2~ (a value of 2.00 BM is
found for the complexes Cs,CuCl® and [(CoHs)aN Jo-
CuCl2Y) and is greater than that found for planar and
polymeric octahedral complexes.®~%2 The assump-
tion that the complex Cu(Meytn)Bry, unlike the Mesen
and Me,pn compounds, has a pseudo-tetrahedral struc-

(18) G. Basu, L. R. Belford, and R. E. Dickerson, Inorg. Chem., 1, 438
(1962).

(20) B. N, Figgis and C. M. Harris, J. Chem. Soc., 855 (1859).

(21) L. Sacconi, M. Ciampolini, and U. Campigli, Inorg. Chem., 4, 407
(1965).

(22) B. N. Figgis, Nature, 182, 1568 (1958).
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ture is consistent with the behavior of the ligand Me,tn
toward the halides of Ni(II) and Co(II) where it defi-
nitely favors a tetrahedral structure. This is at-
tributed to steric hindrance.

Complexes of Iron(II),—The reflectance spectra
show that these complexes absorb strongly in the range
4500-7000 em~! with two or more maxima (Figure 3).
Such a low value cannot be attributed to a six-coordi-
nated structure attained by polymerization.?® A tetra-
hedral configuration, however, would be expected to
absorb at frequencies below 5000 ecm—%24%  Since the
real symmetry of these complexes is at most C,y, the
levels °E and T, found in T4 symmetry are split into
two and three nondegenerate levels, respectively. The
fact that it is possible to identify three maxima in the
single broad band found in the spectra of these com-
plexes supports this interpretation. These bands are
not caused by ligand absorptions as is shown by the
spectra of the Zn(II) analogs. It has previously been
noted that the pseudo-tetrahedral complexes Fel,X,
(L = triphenylarsine oxide, triphenylphosphine oxide;
X = (], Br)* have a broad band at higher frequencies
than would be expected assuming an average value of
A for the four ligands. This can be attributed qualita-
tively to the fact that the splitting of the 5E level lowers
the energy of the ground state and thus increases the
energy of all of the electronic transitions.?® It is also
necessary to consider that in these chelate compounds
the departure from T4 symmetry is considerable, be-
cause the steric requirements of the chelate ring forces
a low value for the N-Fe-N angle. In the compound
Ni(Mewen)(NOy)” this angle was found to be 85°.
The values of the magnetic moments, although they
are not decisive in assigning stereochemistry, are comn-
sistent with those found for tetrahedral complexes of
the type FeX, 2~ 4 and slightly higher than those
found for pseudo-tetrahedral complexes Fel,X,.%
The value of 4 found for the Mesen derivative (—11°) is
very close to that found for the pseudo-tetrahedral
complex Fe(NCS),2~ and can be attributed to depar-
ture from Tq symmetry.*
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