
Chapter 24
 
THE ELEMENTS OF THE 
FIRST TRANSITION SERIES 

As we have seen from their position in the periodic table (Section 2-5), the met­
als of the first transition series show variable valency. In this chapter we first dis­
cuss some of their common features and then consider the chemistry of indi­
vidual elements. 

24-1 The Metals 

The metals are hard, refractory, electropositive, and good conductors of heat 
and electricity. The exception is copper, a soft and ductile metal, relatively noble, 
but second only to Ag as a conductor of heat and electricity. Some properties are 
given in Table 24-1. Manganese and iron are attacked fairly readily but the oth­
ers are generally unreactive at room temperature. All react on heating with halo­
gens, sulfur, and other nonmetals. The carbides, nitrides, and borides are com­
monly nonstoichiometric, interstitial, hard, and refractory. 

24-2 The Lower Oxidation States 

The oxidation states are given in Table 24-2, the most common and important 
(especially in aqueous chemistry) in bold type. Table 24-2 also gives the d elec­
tron configurations. Their chemistry can be classified on this basis; for example, 
the d 6 series is V-I, Cro, Mn l

, Fe", CoJIT
, and Ni1v

. Comparisons of this kind can 
occasionally emphasize similarities in spectra and magnetic properties. However, 
the differences in properties of the d n species due to differences in the nature of 
the metal, its energy levels, and especially the charge on the ion, often exceed 
the similarities. 

1. The oxidation states less than II. With the exception of copper, where 
copper(I) binary compounds and complexes and the Cu+ ion are known, the 
chemistry of the I, 0, -I, and -II formal oxidation states is entirely concerned 
with: 

(a) 1t-Acid ligands such as CO, 0, PRs, C -, and bpy. 

(b)	 Organometallic chemistry in which alkenes, acetylenes, or aromatic 
systems, such as benzene, are bound to the metal. 
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"'" Table 24-1 Some Properties of the First Transition Series Metals ........
 

-fTi V Cr Mn Fe Co Ni Cu :r 
<D 

mp(°C) 1668 1890 1875 1244 1537 1493 1453 1083 m 
CD 

Properties Hard, Hard, Brittle, 
corrosion corrosion corrosion 
resistant resistant resistant 

Density 
(g cm-s) 

EO (va) 

Solubility 
in acids 

4.51 6.11 7.19 

-b -1.19 -0.91 

Hot HCl, HNOg , HF, dilute HCl, 
HF concen trated H2SO4 

H 2SO4 

White, 
brittle, 
reactive 

7.18 

-1.18 

dilute HCl, 
H2SO4 , 

and so on 

Lustrous, 
reactive 

7.87 

-0.44 

dilute HCl, 
H 2SO4 , 

and so on 

Hard, 
bluish 
color 

8.90 

-0.28 

Slowly 
in dilute 
HCl 

Quite 
corrosion 
resistant 

8.91 

-0.24 

dilute HCl, 
H 2SO4 

Soft and 3 
<D 

ductile, a. 
en

reddish 
2­

color 
:r -
<D

8.94 "T1 

[ 
-f a+0.34 
::l 

~ 
HNOs, O· 

::lhot con- en 
centrated ~ 

iii"H 2SO4 en 

aFor M~~ + 2 e- =M(s). 

bNo + 2 ion in aqueous solution. 
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Table 24-2 Oxidation States of First Series Transition Elementsa 

Ti V Cr Mn Fe Co Ni Cu 

0 d5 0 d6 0 d7 0 d8 0 d9 0 dlO 

1 d4 ] d5 1 d6 1 d8 1 d9 1 dlO 

2 d2 

3 dl 
2 d3 

3 d2 

2 d4 

3 d3 

2 d5 

3 d4 
2 d6 

3 d5 
2 d7 

3 d6 
2 d8 

3 d7 
2 d9 

3 d8 

4 dO 4 d1 4 d2 4 d3 4 d4 4 d5 4 d6 

5 dO 5 d 1 5 d2 5 d4 

6 dO 6 d1 6 d2 

7 dO 

"Formal negative oxidation states are known in compounds of n-acid ligands, for example, Fe-II in 
[Fe(CO)4]2-, Mn- 1 in [Mn(CO)sr, and so on. 

There is an extensive chemistry of mixed compounds such as (y]6_C6H 6)Cr(CO)s 
or (y]4_C4H 6)Fe(CO)g. These topics are described in Chapters 28 and 29. Some 
organometallic compounds in higher oxidation states are known, however, mainly 
for the cyclopentadienylligand as in (Y]s-CsHs)2TiIVCl2' (Y]s-C5H5)2Fell, and [(Y]s­
C5H S ) 2COllI]+. With n-acid or organic ligands, transition metals also form many 
compounds with bonds to hydrogen, for example, H 2Fe(PFs)4' CompoundS with 
M-H bonds are very important in certain catalytic reactions (Chapter 30). 

2. The II oxidation state. The binary compounds in this state are usually 
ionic. The metal oxides are basic; they have the NaCl structure but are often 
nonstoichiometric, particularly for Ti, V, and Fe. The aqua ions, [M(H20)6·]2+, 
except for the unknown Ti2+ ion, are well characterized in solution and in crys­
talline solids. The potentials and colors are given in Table 24-3. Note that the 
V 2+, Cr2+, and Fe2+ ions are oxidized by air in acidic solution. 

The aqua ions may be obtained by dissolution of the metals, oxides, car­
bonates, and so on, in acids and by electrolytic reduction of MS+ salts. Hydrated 
salts with noncomplexing anions usually contain [M(H20)6]2+; typical ones are 

However, certain halide hydrates do not contain the aqua ion. Thus VCI2'4H20 is 
trans-VCl2 (H 20)4' and MnCI2'4H20 is a polymer with cis-MnCI2 (H 20)4 units; 
the diaqua species ofMn, Fe, Co, Ni, and Cu have a linear polymeric edge-shared 
chain structure with trans-[MCl4 (H 20) 2] octahedra. The FeCI2'6H20 com­
pound,contains trans-FeCl2 (H 20)4 units. 

The water molecules of [M(H20)6F+ can be displaced by ligands such as 
H s, en, EDTA4

-, CN-, and acac. The resulting complexes may be cationic, neu­
tral, or anionic depending on the charge of the ligands. For Mn2+complexes, the 
formation constants in aqueous solution are low compared with those of the 
other ions, because of the absence of ligand field stabilization energy in the dS 

ion (Section 23-8). In complexes the ions are normally octahedral, but for the 
Cu2+ and Cr2+ ions two H 20 molecules in trans positions are much further from 
the metal than the other four equatorial ones, because of the Jahn-Teller effect 
(Section 23-8). For Mn, the complex [Mn(edta)H20] is seven coordinate. With 
halide ions, SC -, and some other ligands, tetrahedral species MX~- and MX2L2 

may be formed, the tendency being greatest for Co, Ni, and Cu. 
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Addition of OH- to the M2+ solutions gives hydroxides, some of which can be 
obtained as crystals. The compounds Fe(OH)2 and Ni(OH)2 have the brucite, 
Mg(OH)2, structure. On addition of HC03 the carbonates of Mn, Fe, Co, Ni, 
and Cu are precipitated. 

24·3 The III Oxidation State 

All of the elements form at least some compounds in this state but for Cu only a 
few complexes, not stable toward water, are known. 

The fluorides (MF3 ) and oxides (M20 3 ) are generally ionic but the chlo­
rides, bromides, and iodides (where known), as well as sulfides and similar com­
pounds, may have considerable covalent character. 

The elements Ti to Co form octahedral ions, [M(H20)6J 3 
+. The C03 

+ and 
Mn3+ ions are very readily reduced by water (Table 24-3). The Ti3+ and V3+ ions 
are oxidized by air. In aqueous solution high acidities are required to prevent hy­
drolysis, for example, 

(24-3.1) 

Addition of OH- to the solutions gives hydrous oxides rather than true hydroxides. 
In fairly concentrated halide solutions, complexes of the type [MCI(H20hJ 2

+, 

[MCI2(H20)4r, and so on, are commonly formed, and crystalline chlorides of 
V, Fe, and Cr are of the type trans-[VCI2 (H20)4J+Cl-·2H20. The alums, such as 
CsTi(S04h'12H20, or KV(S04) 2' 12H20 contain the hexaaqua ion as do certain 
hydrates like Fe(Cl04h·10H20. 

There are many anionic, cationic, or neutral MIll complexes, which are 
mostly octahedral. For CrIll and, especially for CoIll, hundreds of octahedral com­

+ 

24-1 
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Table 24-3 Standard Potentialsa (V, Acid Solution) and Colors for [M(H20)6f+ and [M(H20)6J 3 
+ 

Ti V Cr Mn Fe Co Ni CUb 

o 
Xa: o-O· 
:::J 
/J) 

0" 
CD 

M2++ 2 e- = M 
M3++ e- = M2+ 

-

-0.37 
-1.19 
-0.25 

-0.91 
-0.41 

-1.18 
+1.59 

-0.44 
+0.77 

-0.28 
+1.84 

-0.24 +0.34 

Color M2+(aq) 
Color M3+(aq) 

-

Violet 
Violet 
Blue 

Sky blue 
Violet 

Pale pink 
Brown 

Pale green 
v. Pale purple 

Pink 
Blue 

Green Blue green 

"Some potentials depend on acidity and complexing anions, for example, for Fe3+-Fe2+ in 1 Macids: HC!, +0.70; HCI04 , +0.75; H 3P04 , +0.44; 
0.5 M H2S04 , +0.68 V 
bCU2+ + e- = Cu+; Eo = +0.15 V; Cu+ + e- = Cu; Eo = +0.52V 

%
 
01 
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plexes that are substitutionally inert are known. Representative octahedral com­
plexes are [TiF6]3-, [V(CN)6]3-, Cr(acac)3' and [Co(NH3)6]3+. 

The halides (MX3) act as Lewis acids and form adducts, such as 
VX3(NMe3)2' and CrCI3(thf)3' as well as the ionic species [VCI4r, [CrCI4r, and 
so on. 

A special feature of the M3+ ions is the formation of basic carboxylates in 
which an ° atom is in the center of a triangle of metal atoms (Structure 24-1). 
The latter are linked by carboxylate bridge groups, and the sixth coordination 
position is occupied by a water molecule or other ligand. This oxo-centered unit 
has been proved for carboxylates of V, Cr, Mn, Fe, Co, Ru, Rh, and Ir. 

24·4 The IV and Higher Oxidation States 

The IV state is the most important state for Ti, where the main chemistry is that 
of Ti02 and TiCl4 and derivatives. Although there are compounds like VCI4 , the 
main VIV chemistry is that of the oxovanadium(IV) or vanadyl ion V02+. This ion 
can behave like an M2+ ion, and it forms many complexes that may be cationic, 
neutral, or anionic, depending on the ligand. 

For the remaining elements, the IV oxidation state is not very common 
or well established except in fluorides, fluorocomplex ions, oxo anions, and a 
few complexes. Some tetrahedral compounds with -OR, -NR2 , or -CR3 
groups are known for a few elements, notably Cr; examples are Cr(OCMe3)4 and 
Cr (l-norbornyl) 4' 

The oxidation states V and above are known for V, Cr, Mn, and Fe in fluo­
rides, fluorocomplexes or oxo anions (e.g., CrFs, KMn04 , and K2Fe04). All are 
powerful oxidizing agents. 

TITANIUM 

24·5 General Remarks: The Element 

Titanium has the electronic structure 3d 24s2
. The energy of removal of four elec­

trons is so high that the Ti4 + ion may not exist and titanium(IV) compounds are 
covalent. There are some resemblances between Ti1v and SnIV and their radii are 
similar. Thus Ti02 (rutile) is isomorphous with Sn02 (cassiterite) and is similarly 
yellow when hot. Titanium tetrachloride, like SnCI4 , is a distillable liquid readily 
hydrolyzed by water, behaving as a Lewis acid, and giving adducts with donor 
molecules. The bromide and iodide, which form crystalline molecular lattices, 
are also isomorphous with the corresponding Group IVB(14) halides. 

Titanium is relatively abundant in the earth's crust (0.6%). The main ores 
are ilmenite (FeTi03) and rutile, one of the several crystalline varieties of Ti02 • 

The metal cannot be made by reduction ofTi02 with C because a very stable car­
bide is produced. The rather expensive Kroll process is used. Ilmenite or rutile 
is treated at red heat with C and Cl2 to give TiCI4 , which is fractionated to free it 
from impurities, such as FeCI3. The TiCl4 is then reduced with molten Mg at 
about 800°C in an atmosphere of argon. This gives Ti as a spongy mass from 
which the excess of Mg and MgCl2 is removed by volatilization at 1000 0c. The 
sponge may then be fused in an electric arc and cast into ingots; an atmosphere 
of Ar or He must be used since Ti readily reacts with N2 and O 2 when hot. 
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Titanium is lighter than other metals of similar mechanical and thermal 
properties and is unusually resistant to corrosion. It is used in turbine engines 
and industrial chemical, aircraft, and marine equipment. It is unattacked by di­
lute acids and bases. It dissolves in hot HCl giving Tim chloro complexes and in 
HF or HN03 + HF to give fluoro complexes. Hot H 0 3 gives a hydrous oxide. 

TITANIUM COMPOUNDS 

The most important stereochemistries in titanium compounds are the following: 

TIl }
T~IJ1 

Octahedral 

Octahedral 
in most compounds and in solution 

TiN Tetrahedral in TiCI4, Ti(CH2C6 Hs)4' and so on 

Octahedral in Ti02 and TiN complexes 

24·6	 Binary Compounds of Titanium 

Titanium tetrachloride, a colorless liquid (bp 136°C), has a pungent odor, fumes 
strongly in moist air, and is vigorously, though not violently, hydrolyzed by water. 

(24-6.1) 

Partially hydrolyzed species are formed with a deficit of water or on addition of 
TiCl4 to aqueous HC!. 

Titanium oxide has three crystal forms-rutile (see Fig. 4-1), anatase, and 
brookite---':"-all of which occur in nature. The dioxide that is used in large quanti­
ties as a white pigment in paints is made by vapor phase oxidation of TiCl4 with 
oxygen. The precipitates obtained by addition of OH- to TiN solutions are best 
regarded as hydrous Ti02, not a true hydroxide. This material is amphoteric and 
dissolves in concentrated NaOI-I. 

Materials called "titanates" are of technical importance, for example, as fer­
roelectrics. Nearly all of them have one of the three major mixed metal oxide 
structures (Section 4-8). Indeed, the names of two of the structures are those of 
the titanium compounds that were the first found to possess them: FeTi03 (il­
menite) and CaTi03 (perovskite). 

24·7 r	 Titanium(IV) Complexes 

Aqueous Chemistry: Oxo Salts 

There is no firm evidence for the Ti4 
+ aqua ion. In aqueous solutions of TiN 

there are only oxo species; basic oxo salts or hydrated oxides may be precipi­
tated. These oxo salts have formulas such as TiOS0 4 'H20 and 
(NH4)2TiO(C204)2'H20, and have chains or rings, (Ti-O-Ti-O-)x' There 
is spectroscopic evidence for Ti02 

+ only in 2 M HCl04 solution, although some 
compounds with a Ti=O group have been characterized. 
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Anionic Complexes 

The solutions obtained by dissolving the metal or hydrous oxide in aqueous HF 
contain fluoro complex ions, mainly [TiF6f-, which can be isolated as crystalline 
salts. In aqueous HCI, TiCl4 gives yellow oxo complex anions but from solutions 
saturated with gaseous HCI, salts of the [TiCI6f- ion may be obtained. 

Adducts of TiX4 

The halides form adducts, TiX4L or TiX4L2, which are crystalline solids that are 
often soluble in organic solvents. These adducts are invariably octahedral. Thus 
[TiCI4(OPCIg)]2 and [TiCI4(CHgCOOC2Hs)]2 are dimeric, with two chlorine 
bridges, while TiCI4(OPClgh has octahedral coordination with cis-OPCIggroups. 

Peroxo Complexes 

One of the most characteristic reactions of aqueous Ti solutions is the develop­
ment of an intense orange color on addition of H 20 2 . This reaction can be used 
for the colorimetric determination of either Ti or ofH20 2 . Below pH 1, the main 
species is [Ti (02) (OH) ]+ (aq) . 

Solvolytic Reactions of TiCI4 : Alkoxides and Related Compounds 

Titanium tetrachloride reacts with compounds containing active hydrogen 
atoms with loss of HCl. The replacement of chloride is usually incomplete in the 
absence of an HCI acceptor such as an amine or alkoxide ion. The alkoxides are 
typical of other transition metal alkoxides, which we shall not discuss. They can 
be obtained by reactions such as 

TiCI4+ 4 ROH + 4 R'NH2 ~ Ti(OR)4 + 4 R'NHgCI (24-7.1) 

The alkoxides are liquids or solids that can be distilled or sublimed. They are sol­
uble in organic solvents such as benzene, but are exceedingly readily hydrolyzed 
by even traces ofwater, to give polymeric species with -OH- or -0- bridges. 
The initial hydrolytic step probably involves coordination of water to the metal; 
a proton on H 20 could then interact with the oxygen of an OR group through 
hydrogen bonding, leading to hydrolysis: 

H" H"/O-M(OR)x ~ /O-¥(OR)x_I (24-7.2) 
H H------ :0" 

R 

/

M(OH) (OR)x_1 + ROH 

Although monomeric species can exist, for example, when made from sec­
ondary and tertiary alcohols, and in dilute solution, alkoxides are usually poly­
mers. Solid Ti(OC2Hs)4 is a tetramer, with the structure shown in Fig. 24-1. The 
alkoxides are often referred to as "alkyltitanates" and under this name they are 
used in heat-resisting paints, where eventual hydrolysis to Ti02 occurs. 
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Figure 24-' The tetrameric structure ofTi(OC2H s)4' Only
 
Ti and 0 atoms are shown. Each Ti is octahedrally coordinated.
 

Another class of titanium compounds, the dialkylamides, are also representative 
of similar compounds of other transi tion metals. These are liquids or volatile solids 
readily hydrolyzed by water. Unlike the alkoxides they are not polymeric. They are 
made by reaction of the metal halide with lithium dialkylamides: 

(24-7.3) 

Such amides can undergo a wide range of "insertion" reactions (Section 30-3); 
thus with CS2 , the dithiocarbamates are obtained. 

(24-7.4) 

24-8	 The Chemistry of Titanium(III), d 1 , and Titanium(II), d 2 

Binary Compounds 

Titanium trichloride (TiCI 3 ) has several crystalline forms. The violet a form is 
made by H 2 reduction of TiCl4 vapor at 500-1200 0c. The reduction of TiCl4 by 
aluminum alkyls (Section 30-10) in inert solvents gives a brown ~ form that is 
converted into the a form at 250-300 0c. The a form has a layer lattice con­
taining TiCl6 groups. The ~-TiCI3 is fibrous with single chains of TiCl6 octahedra 
sharing edges. This structure is of particular importance for the stereospecific 
polymerization of propene using TiCl3 as catalyst (Ziegler-Natta process) 
(Section 30-9). 

The dichloride is obtained by high temperature syntheses: 

TiCl4 + Ti = 2 TiCl2 (24-8.1 ) 

or 

2 TiCl3 = TiCl2 + TiCl4 (24-8.2) 

Aqueous Chemistry and Complexes 

Aqueous solutions of the [Ti(H20)6]3+ ion are obtained by reducing aqueous 
TiN either electrolytically or with zinc. The violet solutions reduce O 2 and, 
hence, must be handled in a N2 or H 2 atmosphere. 



554 Chapter 24 / The Elements of the First Transition Series 

EO = about 0.1 V (24-8.3) 

The Ti3+ solutions are used as fairly rapid, mild reducing agents in volumetric 
analysis. In HCl solutions the main species is [TiCI(H20)sJ 2 

+. 

There is no aqueous chemistry of Till because of its ready oxidation, but a 
few Till complexes, such as [TiCI4J2-, can be made in nonaqueous media. 

VANADIUM 

24-9 The Element 

Vanadium is widely distributed but there are few concentrated deposits. It occurs 
in petroleum from Venezuela, and is recovered as V20 S from flue dusts after 
combustion. 

Very pure vanadium is rare because, like titanium, it is quite reactive toward 
02' N2, and C at the elevated temperatures used in metallurgical processes. Since 
its chief commercial use is in alloy steels and cast iron, to which it lends ductility 
and shock resistance, commercial production is mainly as an iron alloy, fer­
rovanadium. 

Vanadium metal is not attacked by air, alkalis, or nonoxidizing acids other 
than HF at room temperature. It dissolves in HN03 , concentrated H 2S04 , and 
aqua regia. 

VANADIUM COMPOUNDS 

The stereochemistries for the most important classes of vanadium compounds 
are the following: 

VII } Octahedral as in [V(H20)6J 2 
+ 

1

VIII VF3 (s) or [V(oxhJ 3­

Tetrahedral as in VCl4 or V(CH2SiMe3 )4 

Square pyramidal in ° V(acac)2 

Octahedral in V02, K2VCl6, 0=V(acac)2PY, and so on 

Octahedral as in [V02(oxhP-, VFs(s) 

24-10 Binary Compounds 

Halides 

In the highest oxidation state only VFs is known. The colorless liquid (bp 48°C) 
has a high viscosity (d. SbFs, Section 17-4) and has chains of VF6 octahedra 
linked by cis-V-F-V bridges; it is monomeric in the vapor. 

The tetrachloride is obtained from V + Cl2 or from CCl4 on red-hot V20 S . It is 
a dark red oil (bp 154°C), which is violently hydrolyzed by water to give solutions 
of oxovanadium(IV) chloride. It has a high dissociation pressure and loses chlo­
rine slowly when kept, but rapidly on boiling, leaving violet VCI3 . The latter may 
be decomposed to pale green VCI2, which is then stable. 
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2 VCI3 (s) ------7 VCI2(s) + VCI4(g) (24-10.1) 

VCI3 (s) ------7 VCI2(s) +! CI2(g) (24-10.2) 

Vanadium(V) Oxide 

Addition of dilute H 2S04 to solutions of ammonium vanadate gives a brick-red 
precipitate ofV20 5. This oxide is acidic and dissolves in NaOH to give colorless 
solutions containing the vanadate ion, [V04] 3-. On acidification, a complicated 
series of reactions occurs involving the formation of hydroxo anions and polyan­
ions (cf. Section 5-4). In very strong acid solutions, the dioxovanadium(V) ion 
(VO;) is formed. 

24·11 Oxovanadium Ions and Complexes 

The two oxo cations VO; and V02+ have an extensive chemistry and form nu­
merous complex compounds. All of the compounds show IR and Raman bands 
that are characteristic for M=O groups. The VO; group is angular. Examples of 
complexes are cis-[V02CI4]3-, cis-[V02edta] 3-, and ciS-[V02(OX)2] 3-. The cis 
arrangement for dioxo compounds of metals with no d electrons is preferred 
over the trans arrangement that is found in some other metal dioxo systems 
(e.g., [Ru02]2+) because the strongly n-donating ° ligands then have exclusive 
use of one dn orbital each (dxz, dyz ) and share a third one (d,) , whereas in the 
trans configuration they would have to share two dn orbitals and leave one 
unused. 

The oxovanadium(IV) or vanadyl compounds are among the most stable 
and important of vanadium species, and the VO unit persists through a variety 
of chemical reactions. Solutions ofV3+ are oxidized in air, while VV is readily re­
duced by mild reducing agents to form the blue oxovanadium(IV) ion, 
[VO(H20) 5]2+: 

v02++ 2 H+ + e- = V3++ H 20 EO = 0.34 V (24-11.1 ) 

vo; + 2 H+ + e- = v02+ + H 20 EO = 1.0 V (24-11.2) 

Addition of base to [VO(H20)5]2+ gives the yellow hydrous oxide VO(OHh, 
which redissolves in acids giving the cation. 

Oxovanadium(IV) compounds are usually blue green. They may be either 
five-coordinate square pyramidal (Structure 24-11) or six-coordinate with a dis­
torted octahedron. Examples are [VO(bpY)2CW, VO(acac)2, and [VO(NCS)4]2-. 
The VO bonds are short (1.56-1.59 A), and can properly be regarded as multi­
ple ones, the n component arising from electron flow O(prt) -7 V(dn). Even in 
V02, which has a distorted rutile structure, one bond (1.76 A) is conspicuously 
shorter than the others in the V06 unit (note that in Ti02 all Ti-O bonds are 
substantially equal). 

All of the five-coordinate complexes, such as Structure 24-11, take up a sixth 
ligand quite readily, becoming six coordinate. 
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24-12 The Vanadium(lII) Aqua Ion and Complexes 

The electrolytic or chemical reduction of acid solutions of vanadates or y IV so­
lutions gives solutions ofylll that are quite readily reoxidized to Y02+. Crystalline 
salts can be obtained. Addition of OH- precipitates the hydrous oxide Y203' 

24-13 Vanadium(lI) 

When ylll solutions are reduced by Zn in acid, violet air-sensitive solutions of 
[y(H20)6J 2+ are obtained. These are oxidized by water with evolution of hydro­
gen despite the fact that the y3+/y2+ potential (Table 24-3) suggests otherwise. 
Vanadium (II) solutions are often used to remove traces of O 2 from inert gases. 

The salt [Y(H20)6JS04 is obtained as violet crystals on addition of ethanol 
to reduced sulfate solutions. Because of its d 3 configuration the [Y(H20) 6J 2+ ion 

g
like [Cr(H20)6J + is kinetically inert, and its substitution reactions are relatively 
slow. 

CHROMIUM 

24-14 The Element Chromium 

Apart from stoichiometric similarities, chromium resembles the Group VIB(16) 
elements of the sulfur group only in the acidity of CrOg and the covalent nature 
and ready hydrolysis of Cr02Cl2 (cf. SOg, S02Cl2)' 

The chief ore is chromite, FeCr20 4, which is a spinel with CrTIJ on octahedral 
sites and Fell on the tetrahedral ones. It is reduced by C to the carbon-contain­
ing alloy ferrochromium. 

FeCr
2
0 

4 
+4 C heat) Fe·2Cr+4 CO (24-14.1) 

When pure Cr is required, the chromite is first treated with molten NaOH and 
O2 to convert the Crill to CrO~-. The melt is dissolved in water and sodium 
dichromate is precipitated. This precipitate is then reduced. 

(24-14.2) 
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Next, the oxide is reduced. 

(24-14.3) 

Chromium is resistant to corrosion, hence its use as an electroplated pro­
tective coating. It dissolves fairly readily in HCI, H 2S04 , and HCI04 , but it is pas­
sivated by HNOs. 

CHROMIUM COMPOUNDS 

The most common stereochemistries for chromium compounds are the fol­
lowing: 

C II }

C~IJI 
CrN Tetrahedral as in Cr(0-t-BU)4 

cr.V} Tetrahedral as in [Cr04]S-, [Cr04f-, CrOs 
CrVl 

24-15 Binary Compounds 

Halides 

The anhydrous Cr lJ halides are obtained by action of HCI, HBr, or 12 on the 
metal at 600-700 °C or by reduction of the trihalides with H 2 at 500-600 0c. 
CrCI2 dissolves in water to give a blue solution of the Cr2+ ion. 

The red-violet trichloride, CrCIs, is made by the action of SOCI2 on the hy­
drated chloride. The flaky form of CrCI g is due to its layer structure. 

Chromium (III) chloride forms adducts with donor ligands. The violet 
tetrahydrofuranate, fac-CrCI s(thf) s, which crystallizes from solutions formed by 
the action of a little zinc on CrCIs in thf, is a particularly useful material for the 
preparation of other chromium compounds, such as carbonyls or organometal­
lic compounds. 

Oxides 

The green u-Cr20 S (corundum structure) is formed on burning Cr in 02' on 
thermal decomposition of CrOs, or on roasting the hydrous oxide (Cr20 So nH20) . 
The latter, commonly called "chromic hydroxide," although its water content is 
variable, is precipitated on addition of OH- to solutions of Crill salts. The hy­
drous oxide is amphoteric, dissolving readily in acid to give [Cr(H20)6]s+, and 
in concentrated alkali to form "chromites." 

Chromium oxide and chromium supported on other oxides, such as Al20 S' 

are important catalysts for a wide variety of reactions. 
Chromium(Vl)oxide, CrOs, is obtained as an orange-red precipitate on adding 

sulfuric acid to solutions of Na2Cr20 7 . It is thermally unstable above its melting 
point (197 0q, losing O 2 to give Cr20 S ' The structure consists of infinite chains 
of Cr04 tetrahedra sharing corners. This oxide is soluble in water and is highly 
poisonous. 
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Interaction of Cr03 and organic substances is vigorous and may be explo­
sive, but Cr03 is used in organic chemistry as an oxidant, usually in acetic acid 
as solvent. 

24-16 The Chemistry of Chromium(II), d 4 

Aqueous solutions of the blue chromium(II) ion are best prepared by dissolving 
electrolytic Cr metal in dilute mineral acids. The solutions must be protected 
from air (Table 24-3)-even then, they decompose at rates varying with the acid­
ity and the anions present, by reducing water with liberation of H 2. 

The mechanisms of reductions of other ions by Cr2+ have been extensively 
studied, since the resulting Cr3+ complex ions are substitution inert. Much in­
formation regarding ligand-bridged transition states (Section 6-5) has been ob­
tained in this way. 

Chromium(II) acetate, Cr2(02CCH3)4(H20h is precipitated as a red solid 
when a Cr2+solution is added to a solution of sodium acetate. Its structure is typ­
ical of carboxylate-bridged complexes with water end groups (Structure 24-X). 
The short Cr- Cr bond (2.36 A) and diamagnetism are accounted for by the ex­
istence of a quadruple Cr-Cr bond, consisting of a 0, two 'Tt, and a 8 compo­
nent. This was the first compound containing a quadruple bond to be discov­
ered (1844). 

24-17 The Chemistry of Chromium(III), d 3 

Chromium(lII) Complexes 

There are thousands of chromium (III) complexes which, with a few exceptions, 
are all six coordinate. The principal characteristic is their relative kinetic inert­
ness in aqueous solutions. It is because of this that so many complex species can 
be isolated, and why much of the classical complex chemistry studied by early 
workers, notably S. M. J0rgensen and A. Werner, involved chromium. These 
complexes persist in solution, even where they are thermodynamically unstable. 

The hexaaqua ion, [Cr(H20)6]3+, occurs in numerous salts, such as the violet 
hydrate, [Cr(H20)6]CI3, and alums, M1Cr(S04)2"12H20. The chloride has three 
isomers, the others being the dark green trans-[CrCI2 (H20)4]CI'2H20, which is 
the usual form, and pale green [CrC1(H20)s]CI2"H20. The ion is acidic and the 
hydroxo ion condenses to give a dimeric hydroxo bridged species. 

On addition of further base, soluble polymeric species of high-molecular weight 
and eventually dark green gels of the hydrous oxide are formed. 

The most numerous complexes are those of amine ligands. These li­
gands provide examples of virtually all the kinds of isomerism possible in oc­



559 24-19 The Chemistry of Chromium(VI), dO 

tahedral complexes. In addition to the mononuclear species, for example, 
[Cr( H3)5Cl]2+, there are many polynuclear complexes in which two or 
sometimes more metal atoms are bridged by hydroxo groups or, less com­
monly, oxygen in a linear Cr-O-Cr group. A representative example is 
[(NH3)5Cr (OH)Cr(NH3h]5+. 

24-18 The Chemistry of Chromium(IV), d 2
, and Chromium(V), d 1 

The most readily accessible of these rare oxidation states are those with bonds to 
c, ,and 0. A representative synthesis is 

ether IIJ 
CrCI3(thf)3+4LiCH2SiMe3 ( lLi[Cr (CH2SiMe3)4]+3LiC (24-18.1) 

[Cr(CH2SiMe3)4r ( l Cr(CH2SiMe3)4 + e­ (24-18.2) 

The oxidation of the green CrIll anion to the purple, petroleum-soluble CrIV 

compound can be made by air. The alkoxides and dialkylamides are similarly 
made from jac-CrCI3 (thf)s; one example is the dark blue Cr(OCMe3)4' 

For CrY some chromites containing CrO~- are known. Reduction of 
Cr03 with concentrated HCl in the presence of alkali ions at 0 °C gives salts 
M2[CrV OCI5]· 

24-19 The Chemistry of Chromium(VI), dO 

Chromate and Dichromate Ions 

In basic solutions above pH 6, CrOs forms the tetrahedral yellow chromate ion, 
CrO~-. Between pH 2 and 6, HCrO;;; and the orange-red dichromate ion, Cr20~-, are 
in equilibrium. At pH values below 1 the main species is H 2Cr04 . The equilibria are 

HCrO;;; ~ CrO~- + H+ K= 10-59 (24-19.1 ) 

H 2Cr04 ~ HCrO;;; + H+ K= 4.1 (24-19.2) 

Cr20~- + H 20 ~ 2 HCrO;;; K= 10-22 (24-19.3) 

In addition, there are the base-hydrolysis equilibria 

Cr20~-+ OH-~ HCrO;;; + CrO~­ (24-19.4) 

HCrO;;; + OH-~ CrO~- + H 20 (24-19.5) 

The CrO~- ion is tetrahedral; Cr20~- has the structure shown in Fig. 24-2. 
The pH-dependent equilibria are quite labile and on addition of cations that 

form insoluble chromates (e.g., Ba2+, Pb2+, and Ag+) , the chromates and not the 
dichromates are precipitated. Only for HNOs and HCl04 are the equilibria as 
given previously. When HCI is used, there is essentially quantitative conversion 
into the chlorochromate ion, while with sulfuric acid a sulfato complex results. 

Cr03(OH)- + H+ + Cl-~ CrOsCl- + H 20 (24-19.6) 

CrOs(OH)- + HSO;;; ~ Cr03(OS03)2- + H 20 (24-19.7) 
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Acid solutions of dichromate are strong oxidants: 

EO = 1.33 V (24-19.8) 

In alkaline solution, the chromate ion is much less oxidizing: 

EO = 0.13 V (24-19.9) 

Chromium(VI) does not give rise to the extensive and complex series of poly­
acids and polyanions characteristic of the somewhat less acidic oxides of VV, 
MoVI, and WVI 

. The reason for this is perhaps the greater extent of multiple 
bonding (Cr=O) for the smaller chromium ion. 

Chromyl chloride (Cr02CI2), a deep-red liquid, is formed by the action of HCl 
on chromium (VI) oxide: 

(24-19.10) 

or on warming dichromate with an alkali metal chloride in concentrated sulfu­
ric acid: 

It is photosensitive but otherwise rather stable, vigorously oxidizes organic mat­
ter, and is hydrolyzed by water to CrO~- and HC!. 

24·20 Peroxo Complexes of Chromium(IV), (V), and (VI) 

Like other transition metals, notably Ti, V, Nb, Ta, Mo, and W, chromium forms 
peroxo compounds in the higher oxidation states. These complexes are all more 
or less unstable both in and out of solution, decomposing slowly with the evolu­
tion of 02. Some are explosive or flammable in air. 

When acid dichromate solutions are treated with H 20 2, a deep blue color 
rapidly appears. 

(24-20.1) 

The blue species decomposes fairly readily, giving Cr3 
+, but it may be extracted 

into ether where it is more stable. On addition of pyridine to the ether solution, 
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the compound (py)CrOs is obtained. The pyridine complex has the bisperoxo 
structure shown in Fig. 24-3 (a). 

Treatment of alkaline chromate solutions with 30% H 20 2 gives the red­
brown peroxochromates, M~Cr08 [Fig. 24-3 (b)], which are paramagnetic with 
one unpaired electron. 

MANGANESE 

24-21 The Element 

The highest oxidation state of manganese corresponds to the total number of 3d 
and 4s electrons. It occurs in the oxo compounds MnOi, Mn207, and MnOsF 
and in amido complexes(Section 24-25). These compounds show some similar­
ity to corresponding compounds of the halogens. 

Manganese is relatively abundant, and occurs in substantial deposits, mainly 
oxides, hydrous oxides, or the carbonate. From them, or the MnS0 4 obtained by 
roasting them, the metal can be obtained by reduction with AI. 

Manganese is quite electropositive, and readily dissolves in dilute, nonoxi­
dizing acids. 

MANGANESE COMPOUNDS 

The most common stereochemistries of manganese compounds are the fol­
lowing: 

Octahedral as in [Mn(H20)6F+, [Mn(oxhJ s- and 
[MnCI6]2­

Tetrahedral as in [Mn0 4 J
2-and MnOi 

o 

/o",~I p 

/___ Cr- Y 

o~!""!
" 0 

o 

(a) 

Figure 24-3 (a) The structure ofCrO(02)2Py. The coordination polyhedron is ap­
proximately a pentagonal pyramid with the oxide ligand at the apex. (b) The dodecahe­
dral structure of the CrO~- ion, a tetraperoxide complex. 



562 Chapter 24 I The Elements of the First Transition Series 

24-22 The Chemistry of Manganese(II), d 5 

Manganese (II) salts are mostly water soluble. Addition of OH- to Mn2+ solutions 
produces the gelatinous white hydroxide. This compound rapidly darkens in air 
due to oxidation, as shown by the base potentials: 

-0.1 V M 0M n 0 2 -----7) n 2 3 -0.2V ) Mn(OH)2 (24-22.1) 

Addition of SH- gives hydrous MnS, which also oxidizes becoming brown in air; 
on boiling in the absence of air the salmon pink material changes into green 
crystalline MnS. The sulfate, MnS04, is very stable and may be used for Mn 
analysis as it can be obtained on fuming down sulfuric acid solutions to dryness. 
The phosphate and carbonate are sparingly soluble. The equilibrium constants 
for the formation of manganese (II) complexes are relatively low as the Mn2+ ion 
has no ligand field stabilization energy (Section 23-8). However, chelating li­
gands, such as en, ox, or EDTA4-, form complexes isolable from aqueous solu­
tion. 

In aqueous solution the formation constants for halogeno complexes are 
very low, for example, 

(24-22.2) 

but in ethanol or acetic acid, salts of complex anions of varying types may be iso­
lated, such as 

Octahedral with perovskite structure 

Tetrahedral (green yellow) or polymeric octahedral with 
halide bridges (pink) 

Only Na and K salts known; octahedral 

The Mn2+ions may occupy tetrahedral holes in certain glasses and substitute 
for Zn ll in ZnO. Tetrahedral Mnll has a green-yellow color, far more intense than 
the pink of the octahedrally coordinated ion, and it very often exhibits intense 
yellow-green fluorescence. Most commercial phosphors are manganese-activated 
zinc compounds, wherein Mnl! ions are substituted for some of the Zn ll ions in 
tetrahedral surroundings as, for example, in Zn2Si04' 

Only the very strong ligand fields give rise to spin pairing as in the ions 
[Mn(CN)6]4- and [Mn(CNR)6]2+, which have only one unpaired electron. 

24-23 The Chemistry of Manganese(III), d 4 

Oxides 

When any manganese oxide or hydroxide is heated at 1000 °C, black crystals of 
Mn304 (haussmannite) are formed. This compound is a spinel, MnIIMn~I04' 

When Mn(OH)2 is allowed to oxidize in air, a hydrous oxide is formed that gives 
MnO(OH) on drying. 

Manganese(lII) Aqua Ion 

The manganese (III) ion can be obtained by electrolytic or peroxodisulfate oxi­
dation of Mn2+solutions or by reduction ofMn04. It cannot be obtained in high 
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concentrations as it is reduced by water (Table 24-3). It also has a strong ten­
dency to hydrolyze and to disproportionate in weakly acid solution. 

K"" 109 (24-23.1) 

The dark brown crystalline acetylacetonate Mn(acac)g is readily obtained by 
oxidation of basic solutions of Mn 2 

+ by O 2 or CI2 in the presence of acetyl­
acetone. 

The basic-oxo centered acetate (Structure 24-1), which is obtained by the ac­
tion of KMn04 on Mnll acetate in acetic acid, will oxidize alkenes to lac tones. It 
is used industrially for oxidation of toluene to phenol. 

Manganese(III) and (IV) complexes are probably important in photosyn­
thesis, where oxygen evolution depends on manganese. 

24-24 The Chemistry of Manganese(IV), d 3 , and Manganese(V), d 2 

The most common compound of Mn lV is manganese dioxide, a gray to black solid 
found in nature as pyrolusite. When made by the action of oxygen on manganese 
at a high temperature it has the rutile structure found for many other dioxides, 
for example those ofRu, Mo, W, Re, Os, Ir, and Rh. However, as normally made, 
for example, by heating Mn(NOgh6H20 in air, it is nonstoichiometric. A hy­
drated form is obtained by reduction of aqueous KMn04 in basic solution. 

Manganese dioxide is inert to most acids except when heated, but it does not 
dissolve to give Mn lV in solution; instead, it functions as an oxidizing agent, the 
exact manner of this depending on the acid. With HCI, chlorine is evolved. 

MnlJIWith sulfuric acid at 110°C, oxygen is evolved and an acid sulfate is 
formed. Hydrated manganese dioxide is used in organic chemistry for the oxi­
dation of alcohols and other compounds. 

Manganese(IV) is known in MnF~- and, like MnVJ, in compounds with Mn=O 
groups. Manganese(V) is little known except in bright blue "hypomanganates" 
that are formed by the reduction of permanganate with an excess of sulfite. 

24-25 The Chemistry of Manganese(VI), d 1
, and Manganese(VII), dO 

Manganese(VI) is found in the deep green manganate ion, MnO~-. This ion is 
formed on oxidizing Mn02 in fused KOH with KNOg or air. 

The manganate ion is stable only in very basic solutions. In acid, neutral, or 
slightly basic solutions it readily disproportionates according to the equation 

K"" 1058 (24-25.1) 

Manganese(VlI) is best known in the form of salts of the permanganate ion. 
The compound KMn04 is manufactured by electrolytic oxidation of a basic so­
lution ofK2Mn04 • Aqueous solutions ofMn04 may be prepared by oxidation of 
solutions of the MnIl ion with very powerful oxidizing agents such as Pb02 or 
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NaBi03 . The ion has an intense purple color, and crystalline salts appear almost 
black. 

Solutions of permanganate are intrinsically unstable, decomposing slowly 
but observably in acid solution. 

(24-25.2) 

In neutral or slightly alkaline solutions in the dark, decomposition is immeasur­
ably slow. It is catalyzed by light so that standard permanganate solutions should 
be stored in dark bottles. 

In basic solution, permanganate is a powerful oxidant. 

In very strong base and with an excess of MnO:!, however, manganate ion is pro­
duced. 

EO = +0.56 V (24-25.4) 

In acid solution permanganate is reduced to Mn2 
+ by an excess of reducing 

agent: 

EO = +1.51 V (24-25.5) 

but because MnO:! oxidizes Mn2
+, 

EO = +0.46 V (24-25.6) 

the product in the presence of an excess of permanganate is Mn02. The addi­
tion of KMn04 to concentrated H 2S04 gives stoichiometrically: 

the dangerous explosive oil, Mn207. This can be extracted into CCl4 or chloro­
fluorocarbons in which it is reasonably stable and safe. 

Until recently, only oxo compounds ofMnVI and MnVII were known, but now 
the compound MnVI1(N-t-BuhCI has been shown to be stable (mp 94-95 0c), 
whereas its oxo analog MnCI03 detonates above 0 °C. A great many derivatives 
of Mn(N-t-Bu)3CI have also been prepared, examples being Mn(N-t-BuhBr 
(mp 105-107 0c), Mn(N-t-Bu)3(02CCH3) (mp 49-59 0c), Mn(N-t-Buh(OC6F5 ) 

(mp 95-97 0c), and Mn (N-t-Bu) 3 (NH-t-Bu) , which is an unstable oil. Reduction 
of the chloride with sodium amalgam in THF gives the MnVI dimer [(N-t­
BU)2Mn (fl-N-t-Bu)] 2. 

IRON 

24-26 The Element Iron 

Beginning with this element, there is no oxidation state equal to the total num­
ber of valence-shell electrons, which in this case is eight. The highest oxidation 
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state is VI, and it is rare. Even the trivalent state, which rose to a peak of impor­
tance at chromium, now loses ground to the divalent state. 

Iron is the second most abundant metal, after AI, and the fourth most abun­
dant element in the earth's crust. The core of the earth is believed to consist 
mainly of Fe and Ni. The major ores are Fe20 3 (hematite), Fe30 4 (magnetite), 
FeO(OH) (limonite), and FeC03 (siderite). 

Pure iron is quite reactive. In moist air it is rather rapidly oxidized to give a 
hydrous iron(III) oxide (rust) that affords no protection, since it flakes off, ex­
posing fresh metal surfaces. Finely divided iron is pyrophoric. 

The metal dissolves readily in dilute mineral acids. With nonoxidizing acids 
and in the absence of air, Fell is obtained. With air present or when warm dilute 
HN03 is used, some of the iron goes to FeIll

. Very strongly oxidizing media, such 
as concentrated HN03 or acids containing dichromate, passivate iron. Air-free 
water and dilute air-free solutions of OH- have little effect, but iron is attacked 
by hot concentrated NaOH (see the following section). 

IRON COMPOUNDS 

The main stereochemistries of iron compounds are as follows: 

Fell Octahedral as in Fe(OHh [Fe(H20)6]2+, and [Fe(CN)6]4­

FeIIl Octahedral as in [Fe(H20)6]3+ and Fe(acac)3 

24-27 Binary Compounds 

Oxides and Hydroxides 

The addition of OH- to Fe2+ solutions gives the pale green hydroxide, which is 
very readily oxidized by air to give red-brown hydrous iron (III) oxide. 

The compound Fe(OHh a true hydroxide with the Mg(OH)2 structure, is 
somewhat amphoteric. Like Fe, it dissolves in hot concentrated NaOH, from 
which solutions, blue crystals of a4[FeII (OH)6] can be obtained. 

The oxide, FeO, may be obtained as a black pyrophoric powder by ignition 
of Fell oxalate: It is usually nonstoichiometric, FeO.950, which means that some 
FellI is present. The addition of OH- to iron(III) solutions gives a red-brown 
gelatinous mass commonly called iron (III) hydroxide, but it is best described as 
a hydrous oxide (Fe 20 3"nH20). This has several forms; one, FeO(OH), occurs in 
the mineral lepidocrocite and can be made by high-temperature hydrolysis of 
iron(III) chloride. On heating at 200 ac the hydrous oxides form red-brown 
cx-Fe20 3, which occurs as the mineral hematite. This has the corundum structure 
with an hcp array of 0, with Fe3+ in the octahedral interstices. 

The black crystalline oxide Fe304' a mixed Fell-FellI oxide, occurs in nature 
as magnetite. It can be made by ignition of Fe203 above 1400 ac. It has the inverse 
spinel structure (Section 4-8). 

Chlorides are used as source material for the synthesis of other iron com­
pounds. Anhydrous iron(II) chloride can be made by passing HCI gas over heated 
iron powder, by reducing FeCl3 with Fe(s) in THF or by refluxing FeCl3 in 
chlorobenzene. It is a very pale green, almost white, solid. 
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lron(III) chloride is obtained by the action of chlorine on heated iron as al­
most black, red-brown crystals. Although in the gas phase there are dimers, 
Fe2C16, in the crystal the structure is nonmolecular and there are FeIII ions oc­
cupying two thirds of the octahedral holes in alternate layers of Cl- ions. 

Iron (III) chloride quite readily hydrolyzes in moist air. It is soluble in ethers 
and other polar solvents. 

Ferrites such as MllFe204 are important mixed oxide materials used in mag­
netic tapes for recording purposes. 

24·28 Chemistry of Iron(II), d 6 

The iron (II) ion, [Fe(H20)6]2+, gives many crystalline salts. Mohr's salt, 
(NH4h[Fe(H20)6] (S04)2, is reasonably stable toward air and loss of water, and 
is commonly used to prepare standard solutions of Fe2+ for volumetric analysis 
and as a calibration substance in magnetic measurements. By contrast, 
FeS04"7H20 slowly effloresces and turns brown-yellow when kept in air. 

Addition of HCOg or SH- to aqueous solutions of Fe2+ precipitates FeC03 
and FeS, respectively. The Fe2+ion is oxidized in acid solution by air to Fe3+. With 
ligands other than water present, substantial changes in the potentials may 
occur, and the Fell-FeIII system provides an excellent example of the effect of li­
gands on the relative stabilities of oxidation states. 

[Fe(CN)6]3- + e- = [Fe(CN)6]4­ EO = 0.36 V (24-28.1) 

[Fe(H20)6]3+ + e- = [Fe(H20)6]2+ EO = 0.77V (24-28.2) 

[Fe(phen)3]3+ + e- = [Fe(phen)3f+ EO = 1.12 V (24-28.3) 

Complexes 

Octahedral complexes are generally paramagnetic, and quite strong ligand 
fields are required to cause spin pairing. Diamagnetic complex ions are 
[Fe(CN)6]4- and [Fe(dipY)3]2+. Formation of the red 2,2'-bipyridine and 1,10­
phenanthroline complexes is used as a test for Fe2+. 

Some tetrahedral complexes like [FeCI4]2- are known. Among the most im­
portant complexes are those involved in biological systems (Chapter 31) or mod­
els for them. An important iron (II) compound is ferrocene (Section 29-14). 

24·29 The Chemistry of Iron(III), d 5 

Iron(lIl) occurs in crystalline salts with most anions other than those, such as io­
dide, that are incompatible because of their reducing properties: 

(24-29.1) 

Salts containing the ion [Fe(H20)6]3+, such as Fe(Cl04)3"10H20, are pale 
pink to nearly white and the aquo ion is pale purple. Unless Fe3+ solutions are 
quite strongly acid, hydrolysis occurs and the solutions are commonly yellow be­
cause of the formation of hydroxo species that have charge-transfer bands in the 
UV region tailing into the visible region. 
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The initial hydrolysis equilibria are 

[Fe(H20)6]3+ = [Fe(H20)s(OH)f+ + H+ K= 10-3 OS (24-29.2) 

[Fe(H20)s(OH)]2+ = [Fe(H20)4(OHh]+ + H+ K= 10-326 (24-29.3) 

2[Fe(H20)6P+ = [Fe(H20)4(OH)2Fe(H20)4]4+ + 2 H+ (24-29.4) 
K = 10-2 .91 

The binuclear species in Reaction 24-29.4 probably has the Structure 24-111. 

From the constants it is clear that, even at pH values of 2-3, hydrolysis is exten­
sive. In order to have solutions containing say, about 99% [Fe(H20)6]3+ the pH 
must be around zero. As the pH is raised to about 2-3, more highly condensed 
species than the dinuclear one are formed, attainment of equilibrium becomes 
sluggish, and soon colloidal gels are formed. Ultimately, hydrous Fe203 is pre­
cipitated. 

Iron(I1I) ion has a strong affinity for y­

Fe3++ F- = FeF2+ K j '" lOs (24-29.5) 

FeF2++ F- = FeF; K 
2 

", lOs (24-29.6) 

FeF2+ + F- = FeF3 K 3 ", 103 (24-29.7) 

The corresponding constants for chloro complexes are only about 10,3, and 0.1, 
respectively. In very concentrated HCl the tetrahedral FeCI4" ion is formed, and 
its salts with large cations may be isolated. Complexes with SCN- are an intense 
red, and this serves as a sensitive qualitative and quantitative test for ferric ion; 
Fe(SCN)3 and/or Fe(SCN)4" may be extracted into ether. Fluoride ion, however, 
will discharge this color. In the solid state, [FeF6]3- ions are known but in solu­
tions only species with fewer F atoms occur. 

The hexacyanoferrate ion, [Fe(C )6]3-, in contrast to [Fe(CN)6]4-, is quite 
poisonous because the C - ions rapidly dissociate, whereas [Fe(CN)6]4- is not 
labile. 

The affinity of FellI for NH3 and amines is low except for chelates, such as 
EDTA4--; 2,2'-bipyridine and 1,10-phenanthroline, which produce ligand fields 
strong enough to cause spin pairing (d. FeIJ

) and form quite stable ions that can 
be isolated with large anions. 

A number of hydroxo- and oxygen-bridged species, one of which has been 
mentioned previously, are of interest because they may show unusual mag­
netic properties due to coupling between the iron atoms via the bridges. One 
example is the complex of salen [bis(salicylaldehyde)ethylenediiminato], 
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[Fe (salen) hO, which has a nonlinear Fe/ °'"Fe group, while Fe(salen)Cl 
can form both mononuclear and binuclear complexes (Structure 24-IV). The 
latter has marked antiferromagnetic coupling between the Fe atoms. 

24·30 The Chemistry of Iron(IV) and (VI) 

There are only a few complexes, such as [Fe (S2CNR2h]+ and [Fe (diars) 2Cl2] 2+, 
for FeN, and the unusual hydrocarbon soluble alkyl, Fe(l-norbornyl)4 (Section 
29-11). 0 stable Fev compounds are known. 

The best known compound of iron (VI) is the oxo anion, [Fe04]2-, which is 
obtained by chlorine oxidation of suspensions of Fe20 3"nH20 in concentrated 
NaOH or by fusing Fe powder with KN03 . The red-purple ion is paramagnetic 
with two unpaired electrons. The Na and K salts are quite soluble but the Ba salt 
can be precipitated. The ion is relatively stable in basic solution but decomposes 
in neutral or acid solution according to the equation 

(24-30.1) 

It is an even stronger oxidizing agent than MnO:;: and can oxidize NH3 to N2, CrIl 

to CrO~-, and also primary amines and alcohols to aldehydes. 

COBALT 

24·31 The Element Cobalt 

The trends toward decreased stability of the very high oxidation states and the 
increased stability of the II state relative to the III state, which occur through the 
series Ti, V, Cr, Mn, and Fe, persist with Co. The highest oxidation state is now 
IV, and only a few such compounds are known. Cobalt(III) is relatively unstable 
in simple compounds, but the low-spin complexes are exceedingly numerous 
and stable, especially where the donor atoms (usually N) make strong contribu­
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tions to the ligand field. There are also numerous complexes of COl. This oxi­
dation state is better known for cobalt than for any other element of the first 
transition series except copper. All COl complexes have IT-acid ligands (Chapter 
28) . 

Cobalt always occurs in association with Ni and will usually occur also with 
As. The chief sources of Co are "speisses," which are residues in the smelting of 
arsenical ores of i, Cu, and Pb. 

Cobalt is relatively unreactive, although it dissolves slowly in dilute mineral 
acids. 

COBALT COMPOUNDS 

The main stereochemistries found in cobalt compounds are the following: 

Tetrahedral as in [CoCI1 ]2- and CoCI2(PEt3)2 

Octahedral as in [Co(H20)6]2+ 

Octahedral as in [Co(NH3)6]3+ 

24·32 Chemistry of Cobalt(II), d 7 

The dissolution of Co, or the hydroxide or carbonate, in dilute acids gives the 
pink aqua ion, [Co(H20)6]2+, which forms many hydrated salts. 

Addition of OH- to C02+ gives the hydroxide, which may be blue or pink de­
pending on the conditions; it is weakly amphoteric dissolving in very concen­
trated OH- to give a blue solution containing the [CO(OH)4]2- ion. 

Complexes 

The most common COlI complexes may be either octahedral or tetrahedral. 
There is only a small difference in stability and both types, with the same ligand, 
may be in equilibrium. Thus for water there is a very small but finite concentra­
tion of the tetrahedral ion: 

(24-32.1) 

Addition of excess Cl- to pink solutions of the aqua ion readily gives the blue 
tetrahedral species: 

(24-32.2) 

Tetrahedral complexes, [CoX4r-, are formed by halide, pseudohalide, and OH­
ions. Cobalt(II) forms tetrahedral complexes more readily than any other tran­
sition metal ion. The C02+ ion is the only d l ion of common occurrence. For a 
dl ion, ligand field stabilization energies disfavor the tetrahedral configuration 
relative to the octahedral one to a smaller extent (see Table 23-4) than for any 
other dn(l $; n $; 9) configuration. This argument is valid only in comparing the 
behavior of one metal ion with another and not for assessing the absolute sta­
bilities of the configurations for any particular ion. 
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24·33 The Chemistry of Cobalt(III), d 6 

In the absence of complexing agents, the oxidation of [Co(H20)6J 2+ is very un­
favorable (Table 24-3) and C03+ is reduced by water. However, electrolytic or 0 3 
oxidation of cold acidic solutions of Co(Cl04 )2 gives the aqua ion, 
[Co(H20)6J 3+, in equilibrium with [Co(OH) (H20)sF+. At a °C, the half-life of 
these diamagnetic ions is about a month. In the presence of complexing agents, 
such as NH3, the stability of COllI is greatly improved. 

(24-33.1 ) 

In the presence of OH- ion, cobalt(II) hydroxide is readily oxidized by air to a 
black hydrous oxide. 

EO = 0.17 V (24-33.2) 

The C03+ ion shows a particular affinity for N donors, such as NH3, en, edta, 
and NCS-, and complexes are exceedingly numerous. They generally undergo 
ligand-exchange reactions relatively slowly, like Cr3+ and Rh3+. Hence, they have 
been extensively studied since the days ofWerner and]0rgensen. A large part of 
our knowledge of the isomerism, modes of reaction, and general properties of 
octahedral complexes as a class is based on studies of COllI complexes. Almost all 
COllI complexes are octahedral. 

Cobalt(III) complexes are synthesized by oxidation ofCo2+ in solution in the 
presence of the ligands. Oxygen or hydrogen peroxide and a catalyst, such as ac­
tivated charcoal, are used. For example, 

4 C02++ 4 NH; + 20 NH3+ O 2~ 4[Co(NH3)6J 3++ 2 H 20 (24-33.3) 

4 C02++ Sen + 4enH+ + O 2 = 4[Co(en)3J 3++ 2 H 20 (24-33.4) 

The green salt, trans-[Co(en)2Cl2J [Hs0 2JCl2, is obtained from a reaction similar 
to Reaction 24-33.4 in the presence of HCl. This salt may be isomerized to the 
purple racemic cis isomer on evaporation of a neutral aqueous solution at 
90-100 °C. Both the cis and the trans isomer are aquated when heated in water: 

[Co(en)2Cl2J+ + H 20 ~ [Co(enhCl(H20) J2+ + Cl- (24-33.5) 

[Co(en)2Cl(H20)F+ + H 20 ~ [Co(en)2(H20hJ 3++ Cl- (24-33.6) 

and on treatment with solutions of other anions are converted into other 
[Co(en)2X2]+ species, for example, 

The initial reaction of COlI with oxygen may involve oxidative-addition 
(Section 30-2) of O 2 to COIl to give a transient CON species that then reacts with 
another COlI to produce a binuclear peroxo-bridged species: 
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Complexes such as [(NH3)5COOOCo(NH3)5J4+ or [(NC)5COOOCo(CNhJ6­
have been isolated, although these ions decompose fairly readily in water or 
acids. The open-chain species [(NH3hCoOOCo (NH3hJ 4+ can be cyclized in the 
presence of base to 

Such peroxo species, open chain or cyclic, contain low-spin CoIII and bridging 
peroxide (O~-) ions. 

The 02-bridged binuclear complexes can often be oxidized in a one-elec­
tron step. The resulting ions were first prepared by Werner, who formulated 
them as peroxo-bridged complexes of CoIII and COlV. However, ESR data have 
shown that the single unpaired electron is distributed equally over both cobalt 
ions, and is best regarded as belonging formally to a superoxide (0;) ion but de­
localized over the planar CoIIJ-O-O-CoIIJ group. The structures (Fig. 24-4) 
show that the 0-0 distance is close to that for the 0; ion (1.28 A) and much 
shorter than the distance (1.47 A) in the peroxo complexes. 

Although no cobalt-containing complex is known to be involved in oxygen 
metabolism, there are several that provide models for metal-to-oxygen binding 
in biological systems. Of greatest interest are those that undergo reversible oxy­
genation and deoxygenation in solution. The Schiff base complexes such as 
Co(acacen) (Structure 24-V) in DMF or py take up O 2 reversibly below 0 °c, for 
example, 

24-V (24-33.10) 

The initial complex has one unpaired electron, and so also do the oxygen 
adducts, but ESR data indicate that in the latter the electron is heavily localized 
on the oxygen atoms. There is also an IR absorption band due to an 0..,.-0 
stretching vibration. The adducts can be formulated as octahedral, low-spin CoIII 



572 Chapter 24 / The Elements of the First Transition Series 

(a) (b) 

There is octahedral coordination about each cobalt ion and the angles and distances 
shown are consistent with the assumption that there are bridging superoxo groups. The 
five-membered ring in (b) is essentially planar. 

complexes contammg a coordinated superoxide (02") ion. The Co-O-O 
chain is bent. A second type of complex involves the reversible formation of oxy­
gen bridges (Co-O-O-Co), which are similar to those discussed previously. 

Finally, we note in connection with oxidation that in acid solutions, 
cobalt(III) carboxylates catalyze the oxidation not only of alkyl side chains in 
aromatic hydrocarbons, but even of alkanes themselves. A cobalt catalyzed 
process is used commercially for oxidation of toluene to phenol. The actual na­
ture of "cobaltic acetate," a green material made by ozone oxidation of C02+ ac­
etate in acetic acid is uncertain; it can, however, be converted by pyridine to 
an oxo centered species similar to those known for other Mill carboxylates 
(Structure 24-1). 

24-34 Complexes of Cobalt(I), d 8 

With the exception of reduced vitamin B12 and models for this system (Section 
31-8), which appear to be COl species, all COl compounds involve ligands of the 
1t-acid type (Chapter 28). The coordination is trigonal bipyramidal or tetrahe­
dral. The compounds are usually made by reducing CoC12 in the presence of the 
ligand by agents such as N2H 4 , Zn, S20~-, or AI alkyls. 

Representative examples are CoH( 2) (PPhs)s, [Co(CNR)s]+, CoCl(PRsh. 



573 24-36 The Chemistry of Nickel(II), d8 

NICKEL 

24-35 The Element 

The trend toward decreased stability of higher oxidation states continues, so that 
only NiH normally occurs with a few compounds formally containing NillI and 
NiN 

. The relative simplicity of nickel chemistry in terms of oxidation number is 
balanced by considerable complexity in coordination numbers and geometries. 

Nickel occurs in combination with arsenic, antimony, and sulfur as in millerite 
(NiS) and in garnierite, a magnesium-nickel silicate of variable composition. 
Nickel is also found alloyed with iron in meteors; the interior of the earth is be­
lieved to contain considerable quantities. In general, the ore is roasted in air to 
give NiO, which is reduced to Ni with C. Nickel is usually purified by electro­
deposition but some high purity nickel is still made by the carbonyl process. 
Carbon monoxide reacts with impure nickel at 50°C and ordinary pressure or 
with nickel-copper matte under more strenuous conditions, giving volatile 
Ni(CO)4, from which metal of99.90 to 99.99% purity is obtained on thermal de­
composition at 200°C. 

Nickel is quite resistant to attack by air or water at ordinary temperatures 
when compact and is, therefore, often electroplated as a protective coating. It 
dissolves readily in dilute mineral acids. The metal or high Ni alloys are used to 
handle F2 and other corrosive fluorides. The finely divided metal is reactive to 
air and may be pyrophoric. Nickel absorbs considerable amounts of hydrogen 
when finely divided and special forms ofNi (e.g., Raney nickel) are used for cat­
alytic reductions. 

NICKEL COMPOUNDS 

24-36 The Chemistry of Nickel(II), d 8 

The binary compounds, such as NiO and NiCI2, need no special comment. 
Nickel(II) forms a large number of complexes with coordination numbers six, 

five, and four having all the main structural types: octahedral, trigonal bipyra­
midal, square pyramidal, tetrahedral, and square. It is characteristic that com­
plicated equilibria, which are generally temperature dependent and sometimes 
concentration dependent, often exist between these structural types. 

Six-Coordinate Complexes 

The commonest six-coordinate complex is the green aqua ion, [Ni(H20)6f+, 
that is formed on dissolution ofNi, NiCOg, and so on, in acids and gives salts like 
NiS04·7H20. 

The water molecules in the aqua ion can be readily displaced especially by 
amines to give complexes, such as trans-[Ni(H20)2(NHg )4]2+, [Ni(NHg )6]2+, or 
[Ni(en)gf+. These amine complexes are usually blue or purple because of shifts 
in absorption bands when H 20 is replaced by a stronger field ligand (Section 
23-6) . 

Four-Coordinate Complexes 

Most of the four-coordinate complexes are square. This is a consequence of the 
dB configuration, since the planar ligand set causes one of the d orbitals (d,.2_;) 
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to be uniquely high in energy, and the eight electrons can occupy the other four 
d orbitals but leave this strongly antibonding one vacant. In tetrahedral coordi­
nation, on the other hand, occupation of antibonding orbitals is unavoidable. 
With the congeneric d 8 systems PdII and PtII this factor becomes so important 
that no tetrahedral complex is formed. 

Planar complexes of Nill are thus invariably diamagnetic. They are fre­
quently red, yellow, or brown owing to the presence of an absorption band of 
medium intensity (E "" 60) in the range 450-600 nm. 

Probably the best known example is the red bis(dimethylglyoximato)nickel(II), 
Ni (dmgHh, which is used for the gravimetric determination of nickel; it is pre­
cipitated on addition of ethanolic dmgH2 to ammoniacal nickel (II) solutions. It 
has Structure 24-VI, where the hydrogen bond is symmetrical, but these units are 
stacked one on top of the other in the crystal. Here, and in similar square com­
pounds of PdII and Pt" (Section 25-28), there is evidence of metal-to-metal in­
teraction, even though the distance in the stack is too long for true bonding. 

24-VII 

Similar square complexes are given by certain ~-ketoenolates (e.g., Structure 
24-VII), as well as by unidentate 1t-acid ligands [e.g., NiBr2(PEt3)2], and by CN­
and SCN-. The cyano complex, [Ni(CN)4F-, is readily formed on addition of 
CN- to Ni2+ (aq). The green Ni(CN)2 which is first precipitated redissolves to 
give the yellow ion, which can be isolated as, for example, Na2[Ni(CN)4]·3H20. 
On addition of an excess ofCN- the red ion, [Ni(CNh]3-, is formed, which can 
be precipitated only by use of large cations. 

Tetrahedral Complexes 

Tetrahedral complexes are less common than planar complexes, and are all 
paramagnetic. These complexes are of the types [NiX4]2-, NiX3L-, NiL2X2, and 
Ni(L-Lh where X is halogen, L is a neutral ligand (e.g., R3P or R3PO) , and 
L-L is a bidentate uninegative ligand, [NiL4F+, is known, where L = hexa­
methylphosphoramide. 

Five-Coordinate Complexes 

Five-coordinate complexes usually have trigonal-bipyramidal geometry but some 
are square pyramidal. Many contain the tetradentate "tripod" ligands, such as 
N[CH2CH2N(CH3)2]3 (see Structures 6-XVa and 6-XVb). 
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24·37 Conformational Properties of Nickel(lI) Complexes 

The main structural and conformational changes that nickel (II) complexes un­
dergo are the following: 

1. Formation offive- and six-coordinate complexes results from the addition of ligands 
to square complexes. For any square complex NiL4 the following equilibria with ad­
ditionalligands (L') must in principle exist: 

ML4 + L' = ML4L' (24-37.1) 

ML4 + 2 L' = ML4L2' (24-37.2) 

Where L = L' = CN-, only the five-coordinate species is formed, but in most sys­
tems in which L' is a good donor such as py, H 20 and C2H 50H, the equilibria lie 
far in favor of the six-coordinate species. These have a trans structure and a high­
spin electron configuration; many may be isolated as pure compounds. Thus, the 
~-diketone complex (Structure 24-VII) is normally prepared in the presence of 
water and/or alcohol and is first isolated as the green, paramagnetic dihydrate 
or dialcoholate, from which the red, square complex is then obtained by heating 
to drive off the solvent. 

Another type of square complex that picks up H 20, anions, or solvent is 
shown in Structure 24-VIII. 

2. Monomer-polymer equilibria can occur. Four-coordinate complexes may 
associate or polymerize, to give five- or six-coordinate species. In some cases, the 
association is very strong and the four-coordinate monomers are observed only 
at high temperatures. In others the position of the equilibrium is such that both 
red, diamagnetic monomers, and green or blue, paramagnetic polymers, are 
present in a temperature- and concentration-dependent equilibrium around 
room temperature. A clear example of this situation is provided by the acetylace­
tonate (Fig. 24-5). As a result of the sharing of some oxygen atoms, each nickel 
atom achieves octahedral coordination. This trimer is very stable, and detectable 
quantities of monomer appear only at temperatures around 200°C in a nonco­
ordinating solvent. It is, however, readily cleaved by donors, such as H 20 or py, 
to give six-coordinate monomers. When the methyl groups of the acetylaceto­
nate ligand are replaced by the very bulky C(CH3)3 groups, trimerization is com­
pletely prevented and the planar monomer (Structure 24-VII) results. When 
groups sterically intermediate between CH3 and C(CH3h are used, temperature­
and concentration-dependent monomer-trimer equilibria are observed in non­
coordinating solvents. 

3. Square-tetrahedral equilibria and isomerism can occur. Complexes, such 
as NiL2X2, where L represents a mixed alkylarylphosphine exist in solution in an 
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Figure 24-5 Sketch indicating the trimeric structure of 
nickel acetylacetonate. The unlabeled circles represent oxygen 
atoms, and the curved lines connecting them in pairs represent
 
the remaining portions of the acetylacetonate rings.
 
(Reproduced by permission from]. C. Bullen, R. Mason, and P.
 
Pauling, Inorg. Chem., 1965, 4,456 © American Chemical 
Society.) 

equilibrium distribution between the tetrahedral and square forms. In some 
cases it is possible to isolate two crystalline forms of the compound, one yellow­
red and diamagnetic, the other green or blue with two unpaired electrons. 
There is even a case, Ni[C6H 5CH2) (C6H5)2P]2Br2, in which both tetrahedral and 
square complexes are found together in the same crystalline substance. 

24·38 Higher Oxidation States of Nickel 

Oxides and Hydroxides 

The action of Br2 on alkaline solutions of N?+ gives a black hydrous oxide, 
NiO(OH). Other black substances can be obtained by electrolytic oxidation; 
some of them contain alkali metal ions. 

The Edison or nickel-iron battery, which uses KOH as the electrolyte, is 
based on the reaction 

discharge

Fe+2 NiO(OH)+2 H 20 ( )


charge 

Fe(OH)2 +2 i(OH)2 (~1.3 V) (24-38.1) 

but the mechanism and the true nature of the oxidized nickel species are not 
fully understood. 

Complexes 

There are several authentic complexes of nickel(lII). Oxidation of NiX2(PR3)2 
with the appropriate halogen gives NiX3 (PR3h 
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Nickel(N) complexes are even rarer, and the dithiolene complexes (Section 
28-18), which could formally be regarded as containing Ni4+ and S2CR/- lig­
ands, are best regarded as NiH complexes. 

COPPER 

24·39	 The Element 

Copper has a single s electron outside the filled 3d shell. It has little in common 
with the alkalis except formal stoichiometries in the +1 oxidation state. The 
filled d shell is much less effective than is a noble gas shell in shielding the s elec­
tron from the nuclear charge, so that the first ionization potential ofCu is higher 
than those of the alkalis. Since the electrons of the d shell are also involved in 
metallic bonding, the heat of sublimation and the melting point of copper are 
also much higher than those of the alkalis. These factors are responsible for the 
more noble character of copper. The effect is to make compounds more cova­
lent and to give them higher lattice energies, which are not offset by the some­
what smaller radius ofCu+ (0.93 A) compared with Na+ (0.95 A) and K+ (1.33 A). 

The second and third ionization potentials of Cu are very much lower than 
those of the alkalis and account in part for the transition metal character. 

Copper is not abundant (55 ppm) but is widely distributed as a metal, in sul­
fides, arsenides, chlorides, and carbonates. The commonest mineral is chal­
copyrite, CuFeS2. Copper is extracted by oxidative roasting and smelting, or by 
microbial-assisted leaching, followed by electrodeposition from sulfate solutions. 

Copper is used in alloys such as brass and is completely miscible with gold. 
It is very slowly superficially oxidized in moist air, sometimes giving a green coat­
ing of hydroxo carbonate and hydroxo sulfate (from S02 in the atmosphere). 

Copper readily dissolves in nitric acid and in sulfuric acid in the presence of 
oxygen. It is also soluble in KCN or ammonia solutions in the presence of oxy­
gen, as indicated by the potentials: 

COPPER COMPOUNDS 

The stereochemistry of the more important copper compounds is as follows: 

CUI	 Tetrahedral as in CuI(s) or [Cu(CN)4]3­

Square as in CuO(s), [Cu(pY)4f+, or [CuCI4]2­

Distorted octahedral with two longer trans bonds, for example, 
[Cu(H20)6f+, CuCI2(s) 

24·40 The Chemistry of Copper(I), d 10 

Copper(I) compounds are diamagnetic and, except where color results from the 
anion or charge-transfer bands, are colorless. 



578 Chapter 24 I The Elements of the First Transition Series 

The relative stabilities of the CUI and CUll states are indicated by the poten­
tials: 

EO = 0.52 V (24-40.1) 

EO = 0.153 V (24-40.2) 

From these we have 

Cu(s)+Cu2+ =2 Cu+ EO =-0.37 V (24-40.3) 
2

[Cu +] = rvl06 (24-40.4)
[CU+]2 

The relative stabilities depend very strongly on the nature of anions or other lig­
ands present, and vary considerably with solvent or the nature of neighboring 
atoms in a crystal. 

In aqueous solution only low equilibrium concentrations of Cu+ «10-2 M) 
can exist (see the following section). The only copper(I) compounds that are sta­
ble to water are the highly insoluble ones, such as CuCI or CuCN. This instabil­
ity toward water is due partly to the greater lattice and solvation energies and 
higher formation constants for complexes of the Cu2+ ion so that ionic CUI de­
rivatives are unstable. 

The equilibrium 2 CUI ==;: Cu + CUll can readily be displaced in either direc­
tion. Thus, with CN-, r, and (CH3hS, CUll reacts to give the CUT compound. The 
CUll state is favored by anions that cannot give covalent bonds or bridging groups 
(e.g., C10; and SO~-) or by complexing agents that have their greater affinity for 
CUll. Thus ethylenediamine reacts with copper(I) chloride in aqueous potassium 
chloride solution. 

2 CuCl + 2en = [Cu(en)2]2+ + 2 Cl- + Cuo (24-40.5) 

The latter reaction also depends on the chelate nature of the ligand. Thus for 
ethylenediamine, K is about 107

; for pentamethylenediamine (which does not 
chelate) K is 3 x 10-2; and for ammonia K is 2 X 10-2. Hence, in the last case the 
reaction is 

(24-40.6) 

The lifetime of the Cu+ ion in water is usually very short «1 s), but dilute so­
lutions from reduction of Cu2+ with V2+ or Cr2+ may last for several hours in the 
absence of air. 

An excellent illustration of how the stability of the CUI ion relative to that of 
the CUB ion may be affected by the solvent is the case of acetonitrile. The CUI ion 
is very effectively solvated by CH3CN, and the halides have relatively high solu­
bilities (e.g., CuI, 35 g/kg CH3CN) versus negligible solubilities in H 20. The CUI 
ion is more stable than CUll in CH3CN, and CUll acts as a comparatively power­
ful oxidizing agent. 



579 24-41 The Chemistry of Copper(II), d 9 

Copper(l) Binary Compounds 

The oxide and sulfide are more stable than the corresponding CUll compounds at 
high temperatures. Cu20 is made as a yellow powder by controlled reduction of 
an alkaline solution of a copper(II) salt with hydrazine or, as red crystals, by ther­
mal decomposition of CuO. Copper(l) sulfide (CU2S) is a black crystalline solid 
prepared by heating copper and sulfur in the absence of air; it is, however, 
markedly nonstoichiometric. 

Copper(I) chloride and bromide are made by boiling an acidic solution of the 
copper(II) salt with an excess of copper; on dilution, white CuCI or pale yellow 
CuBr is precipitated. Addition of 1- to a solution of Cu2+forms a precipitate that 
rapidly and quantitatively decomposes to CuI and iodine. CuF is unknown. The 
halides have the zinc blende structure (tetrahedrally coordinated Cu+). They are 
insoluble in water, but the solubility is enhanced by an excess of halide ions 
owing to formation of, for example, [CuCI2r, [CuCIsf-, and [CuCI4 ] 3-. 

Copper(l) Complexes 

The most common types of CUI complexes are those of simple halide or amine li­
gands and are usually tetrahedral. Even those with stoichiometries such as K2CuCl3 

still have tetrahedral coordination as there are chains sharing halide ions. 
Copper(l) also forms several kinds of polynuclear complexes in which four 

Cu atoms lie at the vertices of a tetrahedron. In Cu414L4 (L = RsP or R3As) 
species, there is a triply bridging I atom on each face of the CU4 tetrahedron and 
one ligand (L) is coordinated to a Cu atom at each vertex (Structure 24-IX). 

24-41 The Chemistry of Copper(II), d 9 

Most CUI compounds are fairly readily oxidized to CUll, but further oxidation to 
CuIII is difficult. There is a well-defined aqueous chemistry of Cu2+, and a large 

24-IX 
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number of salts of various anions, many of which are water soluble, that exist in 
addition to a wealth of complexes. 

Before we discuss copper(II) chemistry, it is pertinent to note the stereo­
chemical consequences of the d 9 configuration of CUll. This makes CUll subject 
to distortions (Section 23-8) if placed in an environment of cubic (i.e., regular 
octahedral or tetrahedral) symmetry. The result is that CUll is nearly always 
found in environments appreciably distorted from these regular symmetries. 
The characteristic distortion of the octahedron is such that there are four short 
Cu-L bonds in the plane and two trans long ones. In the limit, this elongation leads 
to a situation indistinguishable from square coordination, as found in CuO and 
many discrete complexes of CUII. Thus the cases of tetragonally distorted "octa­
hedral" coordination and square coordination cannot be sharply differentiated. 

Some distorted tetrahedral complexes, such as M~CUX4' are also known pro­
vided M is large like cesium. The compound (NH4)2CuCI4 has a planar anion. 

Binary Compounds 

Black crystalline CuO is obtained by pyrolysis of the nitrate or other oxo salts; 
above 800 °c it decomposes to Cu20. The hydroxide is obtained as a blue bulky 
precipitate on addition of NaOH to Cu2+ solutions; warming an aqueous slurry 
dehydrates this to the oxide. The hydroxide is readily soluble in strong acids and 
also in concentrated NaOH, to give deep blue anions, probably of the type 
[CU n(OH)2n _ 2]2+. In ammoniacal solutions the deep blue tetraammine com­
plex, [Cu (NH3 ) 4] 2+, is formed. 

The common halides are the yellow chloride and the almost black bromide, 
having structures with infinite parallel bands of square CuX4units sharing edges. 
The bands are arranged so that a tetragonally elongated octahedron is com­
pleted about each copper atom by halogen atoms of neighboring chains. Both 
CuCl2 and CuBr2 are readily soluble in water, from which hydrates may be crys­
tallized, as well as in donor solvents, such as acetone, alcohol, and pyridine. 

The Aqua Ion and Aqueous Chemistry 

Dissolution of copper, the hydroxide, carbonate, and so on, in acids gives the 
blue-green aqua ion that may be written [Cu(H20)6]2+. Two of the H 20 mole­
cules are further from the metal than the other four. Of the numerous crys­
talline hydrates the blue sulfate (CuS04'5H20) is best known. It may be dehy­
drated to the virtually white anhydrous substance. Addition ofligands to aqueous 
solutions leads to the formation of complexes by successive displacement of 
water molecules. With NH3 , for example, the species [Cu(NH3 ) (H20)s]2+ , , . 
[Cu(NH3)4(H20)2f+ are formed in the normal way, but addition of the fifth and 
sixth molecules of NH3 is difficult. The sixth can be added only in liquid am­
monia. The reason for this unusual behavior is connected with the Jahn-Teller 
effect. Because of it, the CUll ion does not bind the fifth and sixth ligands 
strongly (even the H 20). When this intrinsic weak binding of the fifth and sixth 
ligands is added to the normally expected decrease in the stepwise formation 
constants (Section 6-4), the formation constants (Ks and K 6 ) are very small in­
deed. Similarly, it is found with ethylenediamine that [Cu(en) (H20)4]2+ and 
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[Cu(en)2(H20hF+ form readily, but [Cu(en)3F+ is formed only at extremely 
high concentrations of en. 

Multidentate ligands that coordinate through ° or N, such as amino acids, 
form copper(II) complexes of considerable stability. The blue solutions formed 
by addition of tartrate to Cu2+ solutions (known as Fehling's solution when basic 
and when meso-tartrate is used) may contain monomeric, dimeric, or polymeric 
species at different pH values. The dimer, Na2[Cu(±)C40 6 H 2}] "5H20, has 
square CuI! coordination, two tartrate bridges, and a Cu-Cu distance of2.99 A. 

Polynuclear Compounds with Magnetic Anomalies 

Copper forms many compounds in which the Cu-Cu distances are short 
enough to indicate significant M-M interaction, but in no case is there an actual 
bond. Particular examples are the bridged carboxylates and the related 1,3-tri­
azenido complexes (Structures 24-X and 24-XI). Although in other cases of car­
boxylates with the same structure (Cr~', Mo~', Rh~', or RU~"III) there is a definite 
M-M bond, this is not so for Cu. However, there is weak coupling of the un­
paired electrons, one on each CuI! ion, giving rise to a singlet ground state with 
a triplet state lying only a few kilojoules per mole above it; the latter state is thus 
appreciably populated at normal temperatures and the compounds are para­
magnetic. At 25°C, /leff is typically about 1.4 BM per Cu atom and the tempera­
ture dependence is very pronounced. The interaction involves either the 
d,,2_y2 orbitals of the two metal atoms directly or transmission through the It or­
bitals of the bridge group, or both. 
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Catalytic Properties of Copper Compounds 

Copper compounds catalyze an exceedingly varied array of reactions, heteroge­
neously, homogeneously, in the vapor phase, in organic solvents, and in aqueous 
solutions. Many of these reactions, particularly if in aqueous solutions, involve 
oxidation-reduction systems and a CUi_CUI! redox cycle. Molecular oxygen can 
often be utilized as an oxidant, for example in copper-catalyzed oxidations of 
ascorbic acid and in the Wacker process (Section 30-11). 

The oxidation probably involves an initial oxidative addition reaction 
(Section 30-2): 
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Cu+ + O2 =Cu02+	 (24-41.1 ) 

CU02+ + H+ = CU2 
+ + H02 (24-41.2) 

CU+ + H02 = CU2+ + HO; (24-41.3) 

H+ + H02- = H20 2 (24-41.4) 

Copper compounds have many uses in organic chemistry for oxidations, for 
example of phenols by Cu2+-amine complexes, halogenations, coupling reac­
tions, and the like. Copper(II) has considerable biochemical importance (see 
Chapter 31). 

STUDY GUIDE 

Scope and Purpose 

We have presented a rather large amount of information in a somewhat tradi­
tional and descriptive fashion, namely, a steady "march" through the metals of 
the first transition series and their compounds. For each element we have pre­
sented the important or interesting properties of the element and its inorganic 
compounds. The student should find it satisfYing that the descriptions of the 
compounds and their reactivities are readily set down in the same "language" 
and using the same theories as those developed earlier in the text. 
*SG For each metal we have organized the presentation in terms of important 
oxidation states, coordination numbers, geometries, number of 
d electrons, and types of compounds. We also mention, where appropriate, the 
various thermodynamic stabilities of the derivatives of a particular metal ion, as 
well as the kinetic and mechanistic aspects of the reactions. The principal inor­
ganic binary compounds are given first for most elements, followed by the more 
complex derivatives of an essentially inorganic nature, organized by the impor­
tant oxidation states of the element. We anticipate covering the metalloorganic 
compounds in later chapters. 

Study Questions 

A. Review 

1.	 Write down the ground-state electron configurations for the ions and atoms Ti4
+, V2+, 

Cr5+, Mn6 +, FeD, Co+, i2+, Cu3+, and Ti3+. 

2.	 Which of the ions in Question 1 typically form octahedral complexes, tetrahedral 
complexes, or five-coordinate complexes? 

3.	 Which of the complexes of Question 2 would you expect to show Jahn-Teller distor­
tions? 

4.	 What is the chief structural difference between TiOS04'H20 and VOS04 '5 H 20? 

5.	 List two examples each where the transition metal compounds MCl4 and MCl3 be­
have as Lewis acids. 

6.	 Give two examples of disproportionation reactions that were presented in this chap­
ter. 

7.	 Explain why the V-O stretching frequency changes when bis(acetylacetonato)oxo­
vanadium(IV) is dissolved in pyridine. 
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8.	 What happens when a solution of K2Cr20 7 is added to solutions of (a) F- (b) Cl- (c) 
Br- (d) 1- (e) OW (f) N02- (g) SO;- (h) H 20 2. 

9.	 Give two examples each of the spinels, perovskites, and alums. 

10.	 Explain why the trivalent ions give acid solutions in water. Write balanced equations 
to illustrate your answer. 

II.	 Draw the structures ofCr2(C02CH3)4(H20)2 and Cr30(C02CH3)6(H20)3CI. Classify 
each atom in these structures according to the AB.):y scheme of Chapter 3, and 
choose a hybridization for each nonmetal, nonterminal atom. 

12.	 What are the structures of [Ni(acac)2]3' CrCI3(thf)3, and CrOspy? 

13.	 Why is it that the freshly prepared hydroxide (a) of Mn2+ is white, but turns dark 
brown in air, (b) of C02+ is blue, but turns pink on warming, and (c) of Cu2+ is blue, 
but turns black on warming? 

14.	 What is the number of unpaired electrons in complexes of (a) spin-paired Mn2+, (b) 
tetrahedral Cr4+, (c) tetrahedral C02+, (d) octahedral V3+, (e) octahedral C03+, (f) 
low-spin Fe2+, and (g) high-spin Mn2+? 

15.	 Give an example of a complex representing each case in Problem 14. 

16.	 How is oxygen bound in the complexes (a) Cs3[Ti02Fs], (b) K3[CrOs], and (c) 
[C020 2(NH3) 10] (S04)2? 

17.	 Enumerate the possible isomers of [Co(en)2(SCNh]+, and name each one accord­
ing to proper nomenclature. 

B. Additional Exercises 

I.	 Draw the structures of each reactant and product found in Reactions 24-7.4, 24-14.2, 
24-18.1,24-25.7, and 24-33.7. 

2.	 Most M-O-M bonds are angular but some are linear, namely, that in 
[(NH3)sCr-O-Cr(NH3)s]4+. Why? 

3.	 The densities of the metals Ca, Sc, and Zn are, respectively, 1.54, 3.00, and 7.13 g 
cm-3. Make a plot of these data along with those given in Table 24-1 for the first tran­
sition series, and explain the various features and trends that arise. 

4.	 Dimethyl sulfoxide (DMSO) reacts with Co(CI04)2 in absolute ethanol to form a 
pink product that is a 1:2 electrolyte, and that has a magnetic moment of 4.9 BM. The 
compound CoCI2, however, reacts with DMSO to form a dark blue product with a 
magnetic moment (per Co) of 4.6 BM. The latter is a 1:1 electrolyte that has an em­
pirical formula of Co(dmso)3CI2' Suggest a formula and a structure for each com­
pound. 

5.	 Mn(acac)3 has axial Mn-O bond lengths (- 1.94 A) that are shorter than the equa­
torialones (- 2.00 A). Explain. 

6.	 Write balanced chemical equations for 

(a)	 Reaction of the aqua ion of C02+ with the disodium salt of EDTA. 

(b)	 Addition of sodium bicarbonate to aqueous Fe2+. 

(c)	 Reduction of Mn3+ by water. 

(d) Air oxidation ofFe2+(aq). 

(e) Hydrolysis of TiCI4. 

(f)	 Oxidation of Ti3+ by H 20 2. 

(g)	 Dissolution of the acidic V20 S into aqueous NaOH. 

(h) Dissolution of the hydrous oxide VO(OHh in aqueous HN03. 

(i)	 Burning of Cr in air. 

(j)	 A preparation of Cr03. 
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(k) Hydrolysis of Cr02CI2. 

(I)	 Oxidation of aqueous Mn2+ with Pb02 • 

(m) A preparation of [Co(NHg)6]3+. 

(n)	 Addition of 1- to aqueous Cu2+. 

(0)	 Reaction of aqueous Cu2+ with cyanide. 

7.	 How is the preferred tetrahedral coordination obtained in complexes with an ap­
parent nontetrahedral stoichiometry, such as K2CuCI3? 

8.	 Predict the number of unpaired electrons in [Fe(H20)6]2+ and [Fe(CN)6]4-. Explain 
your reasoning. 

9.	 Draw the structures of cis-[V02Cl4]g- and cis-[V02 (OX)2]g-. 

10.	 Draw the structures of [TiC14 (OPCl g)] 2' [TiCI4 (CHgC02C2Hs)band TiCI4 (OPClg)2. 
Classify each atom in the structures as ABxEy , and choose a hybridization for each 
nonterminal, nonmetal atom. 

C. Problems from the Literature of Inorganic Chemistry 

1.	 Consider the five-coordinate nickel(II) complex studied by K. N. Raymond, P. W. R. 
Corfield, and]. A. Ibers, Inorg. Chem., 1968, 7,1362-1372. 

(a)	 What geometries are reported for the [Ni(CN)s]3- ion? 

(b)	 What hybridization should be chosen for each Ni JJ ion? What crystal field dia­
grams should be drawn for each? 

(c)	 How big an energy difference is there, apparently, between these two coordina­
tion geometries? 

(d)	 What minimum sequence of atomic motions would be required to convert one 
geometry into the other? 

(e)	 Write balanced equations for the synthesis of this compound from cobalt(II) 
chloride, ethylenediamine, [Ni(CN)4f-(aq), and KCN. 

2.	 Titanium (IV) compounds are discussed in the article by T.]. Kistenmacher and G. D. 
Stucky, Inorg. Chem., 1971, 10, 122-132. 

(a)	 Write balanced equations for the syntheses of [PC14]2[Ti2Cl JO ] and 
[PC14] [Ti2Clg], as performed in this work. 

(b)	 Discuss the tendency for TiIV to be octahedrally coordinated, as illustrated by 
these two compounds. 

(c)	 Explain the two reactions from the viewpoint of chloride ion transfer. 

(d)	 How and why does the solvent (here either SOCl2 or POCI3 ) influence the for­
mation of [Ti2Cl lOf- instead of [Ti2Clg r? 

3.	 Pentacoordinated copper(II) ions were reported by K. N. Raymond, D. W. Meek, 
and]. A. Ibers, Inorg. Chem., 1968,7,1111-1117. 

(a)	 What geometry is reported for [CuClsP- in this compound? 

(b)	 Compare the geometries and the crystal field diagrams of [Ni(CNh]3-, 
[CuCls]3-, and [MnCls]2-. 

(c) Why are the axial Cu-Cl bond lengths in [CuClsP- shorter than the equatorial 
ones? 

4.	 Consider isomerism among nickel complexes as reported by R. G. Hayter and F. S. 
Humiec,Inorg. Chem., 1965, 4, 1701-1706. 

(a)	 For the complexes NiX2(PRPh2)2' state the trend that is observed for isomer 
preference when X = Cl-, Br-, or 1-. When does the system prefer square planar 
or tetrahedral geometry? 

(b)	 Which geometry should lead to paramagnetism and which should lead to dia­
magnetism? Explain with crystal field diagrams. 
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(c)	 How is isomer preference related to ligand field strength in the series of com­
plexes with ligands P(C2Hsh, P(C2Hs)2C6HS' PC2Hs(C6Hsh and P(C6Hsh and 
for the series of complexes with ligands SCN-, CI-, Br-, and I-? 

5.	 Consider the adduct of oxovanadium (IV) dichloride as reported by J. E. Drake, 
J. Vekris, andJ. S. Wood,] Chern. Soc. (A), 1968, 1000-1005. 

(a)	 Write an equation for the synthesis in ammonia of the title compound. 

(b)	 What is the significance of the magnetic susceptibility (flerr = 1.74 BM) found for 
this compound? 

(c)	 Describe the V-O multiple bond by showing orbital-overlap diagrams. 

(d)	 How strong is the V-O n; bond as judged by the V-O distance? 

(e) Why,	 according to the authors, is the coordination geometry around this oxo­
vanadium (IV) compound a trigonal bipyramid and not the usual square pyra­
mid? 

6.	 Consider the redox reactions reported by A. J. Miralles, R. E. Armstrong, and 
A Haim,j. Am. Chern. Soc., 1977, 99, 1416-1420. 

(a)	 Prepare crystal field diagrams (with electrons properly configured) for 
[Ru(NHs)spy]s+, [Co(NHshpy]s+, [Fe(CN)6]4-, [Fe(CN)6]s-, and 
[Ru(NHs)6]2+. 

(b)	 How were these reactions shown to proceed via outer-sphere electron transfer 
mechanisms? 

7.	 Consider the anation reactions studied by W. R. Muir and C. H. Langford, Inorg. 
Chem., 1968, 7, 1032-1043. 
(a) Why should exchange of dmso-ligand with DMSO-solvent be more rapid than 

anation? Explain by drawing the solvated activated complex along an Id reaction 
pathway, and consider the probability of solvent versus anion entry into the first­
coordination sphere. 

(b)	 What evidence favoring an Id mechanism for anation do the authors report? 

(c)	 What evidence is cited in opposition to an associative mechanism? 
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