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A. INTRODUCTION 

In the higher oxidation states, manganese shows some resemblance to technetmm and 
rhemum, and a more formal resemblance to chlorine, especrally m ;he 7+ state Manganese 
chemistry IS dommated by the very stable manganese 01) catton (3&). which 1s 111 marked 
contrast to technetium and rhemum where there IS httle evidence for any simple cations. 

Apart from a review by Sidgwrck over twenty years ago’ and a recent review of the 
solutron chemistry of manganese (III)*, no comprehensrve collauon of the lugher oxidation 
state chermstry of tlus rmportant metal has appeared 

Reference to Table 1 rllustrates the multrplicity of oxidation states in winch manga- 
nese exrsts, and it IS the purpose of thrs revrew to descnbe the chennstry of bin”, MnW, 
MI?, Mr?, and MnvR_ 

B MANGANESE (VII) 

Manganese (VU) IS found only in compounds contammg oxrde ligands. All MnVU com- 
pounds are very strongly oxtdismg, and with the exception of the permanganates, are 
thermally unstable, decomposmg, often explosively, at or below room temperature. 
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TABLE 1 

Redox potentials for manganese3 

W LEVASON, C A McAULIFFC 

ReactIon 

MnO,(s) + 4 H’(aq) + 2 e- 

MnO,(s) + 4 OH-(,q) 

MnO, 3-(aq) 

hfn’+(aq) 

Mn’+(aq) + 4 Hz0 

hInO, + 2 HZ0 

_ hInO, + 2 H,O 

Mr?+(aq) + 2 H,O 

hb~(OH)~(s) f 20H-(,q) 

Mn(OH),(,) + 6 OH-(,q) 

hfnO,(s) + 4 OH-(aq) 
hIn02(s) + 4 OH-(aq) 

JIn(OH),(s) + OH-(aq) 

hInO, ‘-(as) 

Redox potential (v) 

Mnzc(aq) + 2 H,O 1 239 

hlnO,-(,q) + 2 H,O + 3 e- -0 588 

Mn0,2-(aq) + e- -0 3 

Mn3+(aqlq) + e- -15 

MnO,-(aq) + 8 H+(aq) + 5 e- -151 

bInO,-(,q) + 4 H+(aq) + 3 e- -1 69 

hInO,‘- + 4 HC(aq) + 2 e- -2 26 

MnO,(s) + 4 H+(,q) + e- -10 

hln0, (s) + 2 HZ0 + 2 e- 0 03 

hinO,- i 4 H,O t 5 e- -0 34 

Mn0,3-(aq) + 2 H,O + e- -09 

hInO,z-(aq) + 2 H,O + 2 e- -0 603 

hln(OH),(,) + e- 02 

MnO,-(aq) + e- -0 56 

(I) Oxrde hahdes 

MnO,X (X = F, Cl) are obtained from the reaction of KMnO_, unth the appropriate 
haIosuIphonic acid4>5 or 4~ 6* 7 with anhydrous Hx. Mn03 F is also formed’ from KMn04 
and IF5 Manganese tnoxlde fluoride forms dark green crystals, which melt at -38” to a 
green hquld, which vaporises to a green gas (extrapolated b-p. +60°) Green-violet 
MnO&I is sun&r but Iess stable. Mn03F decomposes above 0”, often explosively, form- 
ing MnOz, MnF,, and 02, and hydrolyses mstantly in water to HMn04 and HF. MIcrowave 
spectroscopy’ shows the structure to be tetrahedral, wth Mn-F = 1.724 A, Mn-0 = 
I 586 A, and 0-Mn-F = 108S”. The IR and electronic spectra of both compounds have 
been reported’J’ _ 

(dj Manganese heptoxide 
t ( 

Mn207 IS an oily hquid, D$” = 2 396, which appears red by transmtted, green by re- 
flected hgbt; the vapour IS purple- It freezes at 5_9O and can be d&Ned at low pressure’ I_ 
It separates on st.andmg1’-13 from KMnO,, and cold, concentrated HzS04. Mnz07 de- 
composes slowly above O” mto MnO, and oxygen, at higher temperatures or in the pre- 
sence of dust or organic hatter, it explodes violently, forming MntOJ and oxygen”. it 
&ssolves m water to form permanganic acid of which it 1s the anhydnde, and is soluble 
without reaction m freons and SOzC12, and only slowly reacts unth CCL, ; such solutions 
have been proposed as useful strong oxidising agents 5 The structure 1s probably 0&InOMn03 
fcf ClzO,), a proposal supported by the small dipole moment”. 
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(III) Permangamc actd and the permanganates 

A deep purple solution of HMn04 IS obtained by adding the’ calculated quantity of 
sdphuric acid to saturated banum permanganate solution I4 The ddute solution IS stable 
but decomposes on concentratxon Dubols I4 obtamed a 24 5% solution whch froze at 
-11 o to a mass of Ice and permangaruc acid crystals, but these soon decomposed in diffuse 
dayhght By fractronal vacuum subhmatlon of these crystals, anhydrous HMn04 and the 
dfiydrate HMn04 2H20 were obtamed’s. HMn04 forms deep violet rectangular crystals, 
very soluble m water, and shghtly soluble m CCl&FJ and perfluorodecahn. it explodes on 
contact wth most organic materials, and on warrrung. The &hydrate is generally slmriar 
but reacts less violently 

KMn04 IS extensively used as a strong oxldlsmg agent, no attempt has been made to 
cover thus aspect of Its chertustry m ths review. Dark purple, orthorhomblc cry&is of 
KMnO4 are normally obtained from K2Mn04 by electrochemical oxldatlon, or by dls- 
proportlonation wth acids (usually CO,) Barium permanganate resuits from passing CO* 
through an aqueous suspension of BaMnOd (ref 16), and other permanganates are ob- 
tamed from Gus by metathesis with the appropriate sulphate’7-‘9 _ AgMnO,, which crys- 
talhses on mixing saturated solutions of KMn04 and AgNOJ, can also be used with the 
appropriate chlonde20-23 The spanngly soluble permanganates of NH4’, Rb, Cs, can be 
obtamed directly from KMnO? and MzS04 (M = NH4, Rb, CS)‘~. 

The permanganates of K, Rb, Cs, N& , Ba, Ag, cry&&se anhydrous, but many of the 
others form hydrates, e g IJ (3H,O), Na (2 lH1 0) (ref. 2.5), Mg, Cd, Zn, Cu, NI, (all 6H,O), 
Sr (3H,O), Ca (4H,O)_ The hydrated alkah and alkahne earth permanganates can be de- 
hydrated w&out decomposition, but the others decompose*‘. 

The permanganate ion consists of a manganese atom surrounded by four oxygen atoms 
at the comers of a regular tetrahedron26 with Mn-0 (ave ) = 1.629 f 0 008 A, and 
O-Mn-0 = 109.4 f 0.7O. The electronic spectrum IS discussed m Sect. E and the Libra- 
tional frequencies are recorded m Table 2 The IR spectra of a number of m&vidual per- 
manganates have been recorded, and discussed m terms of the site symmetry of the anion2s. 

The thermal decomposition of KMn04 has been the SUbJeCt of a great deal of work, 
but the nature of some of the products IS still uncertam. The water-soluble decompontlon 
product is K&lnO,, but the nature of the water-msoluble part has been tiputed. Thermo- 
gmvirnetric and differential thermal analyses have been used to study the decomposition 

TABLE 2 

VIbrational spectra of the tetraoxoaruons 

Frequency (cm-‘) 

MnO,- 

MnO, a_ 
MnO, 3- 

vl(A 1) 

838 

810 
836 

v,(E) 

355 

%(F*) v.(F,) Ref. 

921 429 29 

862 328 30 
770 348 30 
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of the K and Rb salts27~2a. Herbstem et al 28 propose the rdeahsed decomposrtron equatron 

10 KMn04 = 2 6 K2Mn04 + (2 3 l&O, 7 3 MnO, es) + 6 Oa 

at 250° m an The phase m parentheses rs of unknown structure but may be related to the 
Mnw-MnIu complex oxrdes prepared by Scholder and Protzer”. 

The structural parameters of some mdlvidual permanganates are grven m Table 3 

TABLE 3 

Crystal structures of some permanganates 

Compound Type Dlmenslons (A) 

a b C 

Ref 

KhlnO, 
RbMnO, 
CshlnO, 
NH,hInO, 
LlMnO, 3H,O 
Ba(hlnO,), 
Sr(hlnO,), 3H,O 
AghlnO, 
Mg(MnO,), 6H,O 
Zn(MnO,), 6H,O 
Nl(hinO,), 6H,O 
Cd(MnO,), 6H,O 

Orthorhombic 9 105 
Orthorhomblc 7 65 
Orthorhombx 7 96 
Orthorhomblc 7 58 
Helagondl 7 73 
Orthorhomblc 14 71 
Cubic 9 61 
Monoclmlc 5 66 
Orthorhomblc 7 81 
Orthorhomblc 7 81 
Orthorhombtc 7 75 
Orthorhomblc 8 04 

5 720 
9 55 

10 06 
9 33 

1186 

8 27 7 I3 
13 56 5 28 
13 56 5 23 
1345 5 20 
13 91 5 34 

7 425 
5 74 
s 80 
5 78 
5 39 
7 39 

26 
31 
31 
32 
17,33 
34 
22 
35 
31 
31 
31 
19 

(IV) Mn03+ or O&nOSO* 

The green solutron formed on dissolvmg Klln04 in concentrated HzS04 contains 
MnO,+ or 03MnOS03H, or possrbly both, dependmg upon concentratron, and not 
(Mn03),S04 ds was assumed m the older literature 36,37 Cryoscopic, conductimetnc, 
and electromc spectral studies were said to be consistent wrth the presence of a planar 
MnO; cation, formed by the reactron 

KMn04 + 3 H2S04 = K’ + H30+ + MnO; T 3 HS04- 

In 100% sulphunc acrd 0sMnOS03H 1s sard to be present3’ 

C MANGANESE (VI) 

MnV1 1s confined to salts or the manganate (VI) ion, and Mn02C12 MnW 1s stable only 
m basic solutron, rts most characterrstrc reactron bemg to drsproportronate m acrdrc or 
neutral solutron. 

(I) Manganese droxrde drchlonde 

Mn02Clz IS the only oxide halide of Mn v* known, although presumably Mn02F2 
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could be prepared_ Briggs5 obtained MnOzClz as a very unstable brown hquid, by reduc- 
tron of KMn04 m HSO&l wrth SOz at low temperatures. It begins to decompose at -30°, 
and hydrolyses to Mn04, MnOa, and Cl- 

(n) “‘Manganese trioxrde ” 

The early clarms3”l 3v to have prepared Mn03 have not been substantrated by later 
work. La&shears0 showed that the red sohd claimed as Mn03 1s really a mrxture of 

HMn04 and some MnOz, and it has since been demonstrated that Mn207 loses oxvgen 
to form MnOz directly, wrth no evtdence for any Inter-me&ate oxrder* Desprte this, re- 
ports of a compound MnOs still appear in textbooks from tme to timer 

(m} Manganates (VI) 

The parent acid 1s unknown, acidification of manganate (VI) solutrons resulting m drs- 
proportronatron Manganates (VI) are obtamed by fusing MnOz wrth alkali metal hydrox- 
ides under oxrdrsmg condrtrons or by electrolytrc oxrdatron of alkalme manganese (II) 

solutions4’ Pure K2Mn04 was obtained by borlmg Khln04 with concentrated KOH solu- 
tion, and various hydrates of sodrum manganate (VI) can be prepared srmrlarly4*. Alkali 
metal manganates (VI) are also formed by thermal decomposrtron of the correspondmg 
permanganate43, or by heatmg MnOz wrth the metal superoxrde44. Barmm manganate 

precipitates’ 6 on borlmg KMn04 with a saturated aqueous solutton of Ba(NO& and 
Ba(OH)* Lrtbium manganate does not appear to have been reported, Mn02 does not drs- 

solve readily m fused LOH, and LrMn04 decomposes to LrzO and Mn02 on heatm$’ 
A number of others manganates (VI) were reported m the older literature (see ref. 45) 

but these must be regarded as doubtful untrl remvestrgated 

Alkali metal manganates (VI) form deep green crystals, whrch often appear darker 
due to a super&& layer of permanganate They dissolve m aqueous alkali to form green 

solutions, but in acrdrc, neutral, or even weakly basrc solutions, they drsproportronate 

3 M2Mn04 + 2 Hz0 = 2 MMn04 + MnOs + 4 MOH (M = alkali metal) 

Thermal decomposrtron produces manganates (V) and other products, e g , at 620” m 

mtrogen** 

10 K2Mn0 = 5 7 K3Mn04 + O-5(2 9 K20,8.6 Mn02 1) + 3.40 0s 

The electromc spectrum 1s discussed later (Section E) and the IR frequencres are shown 
in Table 2 K2Mn04(d’) has a magnetrc moment of 1 73 B M , and follows the Curie- 
Werss law with 8 z 0” (ref 46) The structure of K2Mn04 shows the MnO, *- ion to be 
tetrahedral with Mn-0 = 1 659 A, and 0-Mn-0 = IO9 5 + 0 7”, whrch means that the 

Mn-0 bond length 1s 0 03 A longer than m the permanganate47, m agreement with the 
predrctrons of molecular orbrtal theory The structural parameters of the alkali manga- 
nates are reported m Table 4. 

Coord Cltem Rev.,7 (1972) 353-384 
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TABLE 4 

Manganate (VI) crystal structures 

W LEVASON, C A McAULIFFE 

Compound Type Dimensions (A) Ref 

a b 

K, hln0, Orthorhomblc 7 667 5 895 10 359 47 
Rb, MnO, Orthorhomblc 7 997 10 670 6 044 44 
Cs,MnO, Orthorhomblc 8 360 11052 6 247 44 

D MANGANESE (V) 

Manganese (V), the rarest of the hrgher oxldatlon states, occurs m the manganate (V) 
amon, and m MnOCls It 1s even more prone to drsproportionation than manganese (VI), 
exlstmg only m strongly basrc solution_ 

(I) Mcngarrese oxrde tnchlonde 

This 1s the only oxide hahde, although as with MnOaCla the fluorme analogue should 

be capable of exrstence MnOCl, is a mmt-green hqurd, with a deep yellow vapour, 
formed by reducing KMn04 dissolved m HSOJCl with CHCls. or better with sucrose’ _ 
The pure liquid decomposes above 0” to MnCla, and hydrolyses readrly, MnOQ3- bemg 
produced only if sufficient alkah 1s present to prevent Its decomposrtron. 

(it) Mangattates ( V) 

These were characterrsed by Lux~~ as recently as 1946, although other workers had 
prevrously obtained blue oxo-specres of manganese wrthout recogmsmg therr true nature 

Deep blue sodrum manganate (V) is obtamed48-50 on reductron of KMn04 m concentrated 

aqueous NaOH, with Na$Oa, KI, or HCOONa, or by oxtdatron of manganese (II) or MnOa 
m an alkaline me1t48y4Q A simple method for obtaining the Na, K, Rb compounds has 
recently been described”” Pure anhydrous alkah manganates (V) (mcludmg LraMn04) are 
formed” by heating the permanganate with MOH 

Lux4* obtamed a deep blue hydrate which he formulated as NaaMnOo IOHaO, but 
Scholder et aLso suggested this was NasMnOs 1NaOH 12H20, and found that on recrys- 
talhsation from cold concentrated NaOH, Na,MnO, 7HaO 1s produced A compound of 
hnutmg cornpositron NasMn04.0 25NaOH.12Hz0, analogous to the corresponding vanadate, 
phosphate, and arsenate has been obtamed 52 Klemm showed that NaaMn04.10H20 con- . 
tams MnV and not MnVI and MnlV by magnettc analysrss3 

Ba3(Mn04)a (refs 53,54), Sr2(Mn04)(OH) (refs 54,55), Bas(MnO&Cl (ref. 56), and 
Bas(Mn04)3(OH) (ref 53) have been reported_ 

Electronic (Sect E) and vrbrational spectra (Table 2), have been reported, but no struc- 
tural data are available for the MnOa3- ion. The magnetrc moments of a number of MnV 
compounds have been reported by Klemm et al 57 as Na3Mn04 10HzO 2.8B M, 
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Bas(Mn04)s(0H) 2 83B M., Bas(MnO& 2 83B M , KsMnO, 2.68B M.*, Rb3Mn04 
2 61B M * and CsaMr-10~ 2 57B M * 

In solution, manganates 0’) drsproportronate into MnOe2- and MnOs, unless a large 
excess of alkali IS present KsMnOd is much more stable thermally than erther KMn04 
or K2Mn04, m dry air it appears to be stable up to at least 900”, but is decomposed raprd- 
ly by morsture*s 

A compound Na&lnOs was reported m Scholder’s renews4 but no details were gven 

E ELECTRONIC SPECTRA AND STRUCTURE OF THE TETRAOXOANIONS 

The tetraoxoanions of manganese have provrded fruitful drscussron for workers mter- 
ested m the energy levels and electroruc spectra and structures of these tetrahedral (X04)n- 
specres, which are charactensed by strong vrsrble and near-ultravrolet absorptlons There 
have been many mterpretahons, and these frequently drffer from one another 

Wolfsberg and Hehnholtz 58 (W-H) carrred out some semr-emprrrcal calculattons on the 
permanganate ion, accordmg to the molecular orbital scheme, and their most surprrsmg 
result was the order ,f the first unfilled M 0.3 (3t, < 2e) wkch IS not II-I agreement wrth 
crystal field (C F ) theory Subsequently, Ballhausen and Lrehr” (B--L) proposed a dlf- 
ferent scheme whrch is in agreement wrth C F. theory and IS Justified by intensity calcu- 
lations The latter proposals were supported by the studies of Carnngton and coworkers60-63, 
who showed on the basis of ESR measurements that the unpaired electron m the Mn04*- 
ran (ci’ ), occupred an e level More recently, Fenske and Sweeney64 concluded that rf the 
emprncal parameters of the W-H calculatrons are substantially altered, any order of levels 
can be obtamed. and, consequently, any transrtron assignment justified A calculation of 
Vrste and Gray6’ (V-G) has confirmed the B-L order of levels, but wrth a different 
transition assignment. 

Olean et al.66 have carrred out an S.C.F -M 0 -L C A 0. calculatron for the MnO, 
ion, ar d confirmed the order of levels prevrously assIgned by B-L A new spectral assIgn- 
ment upas presented, attnbutmg to each observed absorption band two electronic transr- 
trons occurnng between one of the occupied M 0.‘~ (tl , 2r2, 1 ts) and the two lowest empty 
M 0 ‘s (2e, 3ts). These workers subsequently extended then calculations to the Mn04*- 
and hG104~- rons6’ 

The spectra of the three ions are shown 111 Rg 1, and Table 5 contams the spectral 
assrgnments proposed by various workers. 

f h1ANGANESE (IV) 

Mnn’ has a more extensive chemrstry than the higher oxrdatron states, but, rn general, 
the compounds are not particularly stable The apparent excephon, MnO,, owes its 
“stabdity” to its msolubrlity; other Mn” compounds are readily hydrolysed and reduced 
There are few simple compounds, the maJonty of manganese (IV) compounds contaming 
the element m a complex aruon. 

*LOW values may be due to the presence of some manganate (VI) 

Coord Chem Rev ,7 (1972) 353-384 



TABLE 5 

Spectral awgnmcnts of tetraoxoamow 
-- -- --~_ 

Anron Band Wolfyberg- Batlhdusen- Camngton- Carnngton- Vlste- Kmgsley Orgcl69 OlCilIl 

maxlma HelmhokP Llchr’” JorgenserP’ Symons60 Gray6s et dl 66 et al,66+’ 
(cm-, ) 
_ I_-w-p_p ----- -_ -- --_----__ _-- --___ ----_----- - -- 

WO,l- t,+ 31, 

2t, 3 31, 

t, +2e 

t, --f 3r, 

I, --t 2e 

21, -+ 2e 

1, --t 31, 

2t1* 3r, 

t, + 2e I, -+ 3r, 

t,+2e 

2t, 3 2e 

21, -+ 3t, 

[MnO,]‘- (12,000) 

16,580 

22,830 

28,170 

33,200 

[MnO,l’- 11,000 

14,810 

(16,700) 

30,800 

2e + 3r, 0) 

,,-+2c’ 

2t, 3 2e(q) 

2e + 3t,PT,) 

I, -* 2ePTz) 

I, 3 2e(‘T,) 

t, -+ 3l,PT,) 

2e + 3r, f, + 2e(3T,) 

I, + 2e t, -+ 3qT,) 

2e -* 3t, 

1,-t 2e 

2t, -b 2e 

2e 3 3t,(‘T,) 

2e --c 3t,(3T,) 

1, 4 2e(3T,) 

I 

It, 3 2e 

It, -+ 3t, 

le -+ 3t, 

2e -+ 3r,(lT,) 

t, - 2e(lTI) 

t, -,2e(lT,) 

2t, -+ 2e(lT,) 

t, -t 3f,(V,) 

2t, -+ 2e(2T,) 

2r, -+ 3t#T,) 

1, +3t,(‘T,) 

2e -+ 3U3T,) 2c + 3t#Tz) 2e -+ 3f,(3Tz) 

t, -t 2e(‘T,) 2~ + ~I,(~T,) 2e + 3t,(3T,) 

2e --t 3f,(3T,) 

I, + 3T,(3T,) t, + 2e(‘T,) t, -+ 3t&T,) 
-” -____- 

-- - 
-- -- -_-_____I 
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(a) 

1ooa 

M-IO4 

_!!!ie_ 
10,ooo 2o,cco 3qoca 4opcl 

n <cm-‘) __c 

b) 

Rg 1 Electromc spectra of the tetraoxoamons (a), (b), Olean et al “, (c) G van den Boef, H J van 
der Beek and T. Braaf Ret Trav. Cizrm, 77 (1958) 1064 Reproduced by permissron 

(i) Hahdes 

The only hahde IS the very reactrve MnF4, there IS lrttle evrdence for M&i4 despite a 
number of clarms in the older literature”. Sharpe and Woolf” were unable to isolate 
MnF4 from the reaction of Mn(IOah wrth BrFs, although the solutron obtamed gave 
MnIv Iluorocomplexes upon addrtron of KF. The blue, very hygroscoprc, tetrafluonde 
1s produced by fluorination of manganese powder rn a flurdrsed bed’* or of MnF,, MnF,, 

bMnF,, or Lr2MnF6, at 550” (ref 73) It obeys the Cune-Werss law wrth peff = 3.48 B.M. 
Fluonne IS lost on standmg, and rt hydrolyses mstantly m water. A small amount of red 
solid is produced from ClF and manganese powder m a fhridised bed’*, this may be a 
mixed hahde, e g. MnClFa. There appear to be no oxrde hahdes known 

(Ii) Complex I&ides 

Hexahalomanganates (IV), MnX6 *- (X = Cl, F), and pentafluoromanganates (IV), 
MnF;, are known All attempts to prepare bromine analogues have farled. 

Coord Chem Rev,7 (1972) 353-384 
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Hexafluoromanganates (IV) are obtained by four basic methods. 
(a) Direct fluonnatron of an intimate mixture of MnSO,, MnCl,, or NH.,MnFB, and 

the chloride, sulphate, or carbonate of the desired catron. 
(b) Fluormatron of the correspondmg permanganate, manganate (VI), or manganate (IV) 
(c) Electrolytrc oxrdatron of MnFa m 40% HF m the presence of the metal fluoride. 
(d) Fluorination of the startmg matenals in (a) or (b) wtth BrF3 (ref. 89). 

Some properties of these compounds are reported m Table 6, and their structures m 

Table 7 
(N0)2MnF, and the heavy metal hexafluoromanganates are instantly decomposed by 

water, the alkab metal compounds hydrolyse only slowly m the&cold The MnFe*- ran 
(d3) IS a regular octahedron”.“, wth Mn-F = 1 72-I -75 A, and exhibits v (Mn-F) at 
625 cm-’ (ref 81) Asprey et al g7a have recently studied the IR and Raman spectra of 
some hexafluoromanganates (IV) 

The brick-red pentafluoromanganates (IV), formed on fhronnatton of MMnF3 
(M = K,Rb,Cs) at 450-500°, or of LrF f MnF2 at 350°, are instantly decomposed by 

water” * 74 They have magnetic moments in the range 3 7-3 9 B M , and the Mn-F 
stretchmg frequency m KllnFs 1s at 6 17 cm-’ (ref 8 1) Although the structures have not 
been determmed. rt seems probable that they contam condensed MnFe umts. 

The very dark red hexachloromanganates (IV) are prepareds8 *go by adding saturated 

Lilkah metal chloride solutron to calcium permanganate ln 40% hydrochlorrc acrd at 0” 
The potassmm salt 1s also obtained from KMn04 and saturated aqueous HCl (ref 88) 
or by the reaction of potassmm acetate and manganese (III) acetate m the presence of a 
large excess of acetyl chlondegl They readrly lose chlonne on standmg K2MnC16 has 
,oeff = 3 9B Meg2 and v (Mn-Cl) = 358 cm-’ (ref 93) 

The diffuse reflectance spectra of rhe hexafluoromanganates have been studied by a 
number of workersg4-g6 AlIen et al g4 found five bands m the spectrum of KaMnF, at 

140kK (4A2g+2Eg, *Tlg, t2g3) 29 3 kK (4A2g-+ *Tzg, tzg3), 22.2 kK (4A2g-+ 2T2g, 
rzg2e,). 28 6 kK (‘A 2g + ‘Tlg, fzg2eg), 38 8 kK (7~ + f2g) Novotny and Sturgeon” re- 
ported the spectra of the K, Rb, Cs and Ba compounds, and examined the effect of the 
method of preparatron on the spectrum of the K salt. Moews88 reported bands at 15 4, 

16.6,27.4,33 3 kK for K,MnCle, but thrs was disputed by other workers, who reported 
absorptron at 17 8,25 0,43 5 kK, whrch they assigned as 4t2 + 4t5, 4t2 + 4t4, and charge 
transfer, respectivelyg7 

(ni) Manganese droxrde 

There IS an extensive literature on MnO,, only a very smalI amount of which wrIl be 
mentioned hereg”’ lo The common form, P-MnOa (pyrolusrte). 1s made by heatmg man- 
ganese (II) mtrate at 150-160”, extracting wrth water, drying at 200”, and repeatedly 
extracting with boihng mtnc acid to remove lower oxides”’ Several modrficatrons of 
the basic method have been descrrbedg8 and most of the other forms of Mn02 are saidlo 
to change mto the B vanety on heating m an at 400° It has an ideal composrtron MnOt oe, 
wrth the rutrle structure a = 4 38, c = 2 86 A, but rt IS usually oxygen deficrentg8 Re- 
ducing agents attack rt readily m acid solution, alkahs cause drsproportionatron, whrlst 
concentrated HaSO at 1 loo forms Mnnl sulphate and oxygen. 
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TABLE 6 

Hevafluoromanganates (IV) 

Compound Preparation* Colour 
Magnetic moment 
(B.hf.) 

Ref 

Ll,MnF, 
N+MnF, 
&hInF, 

Rb,MnF, 
Cs,MnF, 

(NH,),hlnF, 
GMnFd 
SrhlnF, 
BahfnT, 
hfgMnF, 
(NO),hlnF, 
CdhlnF, 
NlhfnF, 
ZnMnF, 
HghlnF, 

CuMnF, 

AgMnF, 

a Yellow 3 8.5 74 

a, c Yellow 75 
a, c. d Yellow 3 86 71,75,79, 

82-84 

a, c Yellow 7579 

a, c Yellow 7s,79 
c Yellow 85 
a Yellow 3 87 78,79, 87 
a, b Yellow 3 82 78-80 
a, b Yellow 3 90 78-80 
a Orange-yellow 39 78,79, 87 
d Yellow 86 
a Yellow 3 78 87 
a Ochre-yellow S 38 87 
a Orange-yellow 87 
a Orange 87 
a Bright red 4 43 87 

b Dark brown 4 43 87 

*Letters refer to methods a, b, c and d dlscussed m text 

TABLE 7 

Structural parameters of hlnIV complex hahdes 

Compound Type Parameters (A) Ref 

a c 

k,MnF, 
Na, MnF, 
K, MnF, 

Rb,MnF, 

Cs, MnF, 
UWJ,MnF, 

MghlnF, 
CaMnF, 
SrMnF, 
BaMnF, 

CdMnF, 
NIMIIF, 

ZnMnF, 
HgMnF, 

K,MnCl, 
Rb, hinC1, 

Cs,MnCl, 

(NH,),MnC16 
(Nhle,),MnCl, 

Na&F,, hexagonal 
Na,SIF,, hexagonal 
“Rb, MnF, “, hexagonal 

trlgonal 
K,PtCI,, cubic 
“Rb, hInF, ‘*, hexagonal 

K,PtCI, , cubic 

ypta,, cubic 

“Rb,MnF,“, hexagonal 
LISbF,, hexagonal 
LBbF,, hexagonal 
BaGeF, , hexagonal 
BaGeF, , hexagonal 

LlSbF,, hexagonal 
w,, hexagonal 

VFW hexagonal 
L&bF,, hexagonal 

K$wl,, cubic 
K,PtCI,, cubic 

K,Pq, cubic 
K,PtCl,, cubic 

K,PtCI,, cubic 

842 4 59 14 

9 03 5 13 75,76 

5 67 9.35 77 
5 71 4 65 77 

8 28 77 
5 86 9 50 77 

840 77 

8-92 77 
s 91 9 55 85 

5 01 13 17 78,79, 87 
5 21 14 17 78,79,87 
7.02 6 78 78,79 
7 35 7 09 78,79, 80 

5 08 14 00 87 
4.91 13 16 87 
4 96 13 29 87 
5 08 14 12 87 
96445+-0002 88 
982?002 88 

10 172002 88 

980*002 88 

12.70 + 0.02 88 
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A large number of varieties of Mn02 have been reported, but despite a great deal of 
work, the nature of some of these is still in doubt Many of them contain Mn” ions, wa- 
ter, or other metal ions, and exrst over a range of composrtrons A brief &scussron of 
some of these forms 1s grven below (see refs 102-104 for references to earlier work) 

Glemser and coworkers’02-‘04 described SIX other vanetIes, or, -y, 6, E, q, and the mm- 
eral ramsdellrte The latter is orthorhombrc a = 4 53, b = 9 27, c = 2 87 A ar-MnOL 1s re- 
lated to the nuneral cryptomelane, and always contams other large catrons, rt has been 
formulated as AXMna0r6 (A = K, Ba, etc, x < l)r”rT lo2 Al.l forms lose oxygen on 
heating, eventually forming Mn20~ It has since been shown that 6-MnOt IS a ternary 
oxide (see below) The phase Mn(OH), 2Mn02 IS formedlo upon wet ovldatlon of 
y-Mn,O, above MnO, 4_ 

(IV) WAxed-v~ience o.xldes ” 

The manganese-oxygen system, especrally m the presence of other cattons, and of 
water, IS very complex, and a number of compounds have been discovered XI addition to 
the slmple oxides of MnlI, MnLI1, and MnlV The older literature contams several reports 
of oxrdes contauung manganese in more than one oxrdatron state45, many of these must 
be regarded as very doubtful and ~111 not be discussed further. Compounds that do fit 
mto the category of mrxed-valence oxrdes are Mn,Ol, MnsOs, and the recently discovered 

Mn,Oi* 6Ha0, and MnTOra 5HzO 
a-Mna04 occurs as the mmeral hausmanmte, and 1s the product” of heatmg any oxrde, 

and many manganese salts. m an at 1000” The purple-red powder has a distorted spmel 

structure (drstortron 1s caused by the d4 MnlII ions), a = 8 13 A, c/a = 1 16 It is a normal 
spinei Mn11Mn,p104 (ref 111) not Mn21rMn1V04 as reported m some of the earher work. It 
changes reversrbly into a cubrc modrficatron P-Mna04 above 1170’ Concentratea HZS04 
produces MnI1 and Mr@ sulphates, and HNOa causes drsproportronation 

Mn,O, + 4 HNO, = 2 Mn(NO,), + MnO, + 2 H,O 

Mn50a IS produced on oxrdatron of Mn304 m a rutrogen/oxygen stream at 250-SOO”, 
or by heating /3-MnO(OH) m au below 500” (ref_ 113) It IS a black powder, whrch loses 
oxygen above 5.50” to form ar-MnaOs The structure determination supports the formula- 
tron Mn,11Mn31VOa, there 1s a distorted octahedral arrangement of oxygen atoms around 
MnIv, and a drstorted trrgonal pnsm around Mn” (ref 114) 

Grovanoh et al_108~10g fo und thdt N&Mn1402, 9H20, reacts wrth drlute mtrrc acrd to 
produce manganese (III) manganate (IV) Mn-,Ola 5HaO (hexagonal CI = 2 84, c = 7 27 A), and 
v&h Mn(NOa)a solutron to form manganese (II) manganate (IV) Mn,Ora 6H20. Prolonged 
drgestron of Mn70, a SH,O wrth nrtnc acrd produces y-I&10 *, upon heatrng Mn,O, 3.5H20, 
the first product IS y-Mn02 and finalIy a drstorted /3-MnOa results S-Mn02 seems to be re- 
lated to these manganate (IV) specres wrth some of the Mnm replaced by Mnrv, it also 
contams a farrly large amount of alkah metal Ions ro7~rog The structural relatronshrps of 
these compounds, and the reductron of Mn70 13 5HaO to r-MnO(OH) with cinnamyl al- 
cohol, have been descnbedlrO 
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Na,H.&ln(IO&. 17HaO and K$i&n(I0e)s 8HaO result’22 They are also red, but hydro- 
lyse slowly in water to MnO4, IO;, and Hs10e2- 

Alkahne hypochlonte oxldrses MnS04, mrxed wrth an alkali metal tellurate, to dark 
red complexes. K,HsMn(TeO& 5HsO (peg= 3 30 B M ) and Na,H,Mn(TeO,)s 3Hs0, 
(refs 123, 124) whrch are less stable m solutron than the penodate analogues125 The 
spectra ana structures of a number of penodato-, and tellurato-manganese (IV) compounds 
have been determined’23~‘26~‘27 

Complex iodates, M,Mr1(103)~ (M = NJ&, K) and BaMn(IOs)6, are produced as brown- 
violet solids on boiling Mn02, iodic acid, and the metal rodate solutrons’28 The K salt 
has peg= 3 82 B M., and dissolves m water to grve a brown solutron, whrch deposits a 
brown preclpltate (MnOa?), Its IR spectrum has been reported’*’ 

Dark ohve-green crystals of K,Mn(C20&(OH), 2H20, which on mrcroscoprc exanu- 
natron proves to be a nnxture of orange and green crystals, possibly the CIS and tram 

isomers I are formed13’ by the reaction of oxahc acid, potassmm ovalate, and KMn04 m 
aqueous solutron at O”_ The crystals decompose at room temperature, and the solutrons 
slowly turn red-brown, mdtcatmg the formation of Mnllx_ 

Other complexes mclude the red-brown formaldoxlme Na2Mn(CH2N0)6, obtamed on 
au oxrdatron of manganese (II) solutrons contarmng formaldoxtme’31, black crystaIhne 
(NH1),H2MnE209 (E = P. As)‘~~, and the currous yellow-red glycerylmanganates (IV), 
e g , Na2Mn(C3H50&, formed on heating freshly precrprtated Mn02 with glycerol and 
aqueous alkah’33 

(VW) Manganese (IV) complexes of N-donor ligands 

These seem to be confined to biguamdme and 2,2’-brpyndyl complexes On treatment 
of alkaline KMn04 with biguanidine, or by oxtdising MnlI and biguamdine with alkaline 
persulphate, bright red crystals [(OH)ZMn(BrgH)2] (OH), were formed, from whtch the 
NO;, S04*-, Cz04*-, Cr04*-, and IO;, can be obtained by metathesis. They have un- 
usually low magnetic moments, in the range 2.0-2 5B_M.‘34_ 

Mn(bipy)& winch 1s formed’ 35 as black crystals from the reactron of 22’-bipyridyl 
with KMn04 in concentrated HCl, loses chlorine on standmg, and obeys the Curie-Weiss 
law with peff = 3.82 B M. and 8 = 8” (ref. 136) The o-phenanthrohne analogue has not 
been obtamed135~‘37, but red-brown [MnO(phen)s] (C104)2 *Hz0 forms on treating 
MnCI,(phen)H,O mixed with o-phenanthroline, with HC104.1J6 It is antiferromagnetic, 
and may be an oxygen-bndged dimer, viz. 

4’ 

although more lughly condensed structures are also possible_ Some N-donor complexes 
which contam both Mnlv and Mnlll, are drscnssed under MnlI1. 
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Nrtrosyl chloride oxnhses K&In(CN)e m DMF to canary yellow K2Mn(CN)6, peff = 
3 94 B.M , wluch IS instantly decomposed by water’38 Yakrmachr3’ claimed to have 
obtamed I&Mn(CN), by reaction of KMnO,, wrth alkaline KCN, but tlus was demed by 
Goldenberg14’ , who could not repeat the preparatron, and obtamed a manganese (III) 
cyanocomplex contammated wrth KOH The KMnIIMntI1(CN), complex 1s simrlarly ob- 
tamed’38 from NOCl and I& MnnMnn(CN)6 

(x) Heteropolyattlotn 

Manganese (IV), like a number of other transitron metal higher oxrdatron states, 1s 
stabrhsed by incorporation mto a heteropolyamon The 9-molybdomanganates (IV), e g 
(N&)eMnMog03a 8H20 (ref 141) have been known for some time, and recently 
12.mobomanganates (IV) 142,143 have been obtained, and the structure ~fbJa,,MnNb,~O~~ - 
50Hz0 determmed’43. Flynn and Stucky’44*145 have described three types of vanado- 
manganate (IV) - KsMnV, 1O32 lOH*O. KsHMn3V12039 10H20, and K7MnV,j03g_- 
16-18H*O. 

G MANGANESE (III) 

Mnul has a far more extensive chermstry than any of the other oxidation states discussed 
There are relahvely few simple compounds, but Mu LII 1s farrly stable m complexes, almost 
all of whrch are aniomc, e g fluoro, chloro, cyano, or neutral (I-drketonates; catronic species 
are rare. The complexes wrth oxygen donor ligands have been known for many years, but 
complexes wrth mtrogen donors have only recently been characterised Srdgwrck’ , for 
example, stated in 1950 that “tnvalent manganese has no tendency to coordmate wrth 
mtrogen to form ammes, rutrocomplexes, or m other ways”_ There 1s an almost total ab- 
sence of complexes of the heavrer Group V donors. 

(I j HaIuies 

A red-purple trifluonde, and a very unstable tnchlonde are known. MnF3 is pre- 
pared 146-14g by fluonnation of MnF*, M&l,, various manganese oxides, or, best, MnIz, 
or by drssolvmg Mn(IO& m BrF3 and evaporating at 140” (ref 7 1,150). Ruby-red crys- 
tals of the hydrate MnF3 2H,O are obtamed on drssolvmg Mnz03 in aqueous HF, or by 
oxnhsmg MnIi m HF solution wrth KMn04, or electrolytrcally’51y “*. The anhydrous com- 
pound is moisture-sensrtrve, but the hydrate IS not hydrolysed in water m the presence of 
HF (ref 15 1). MnF3 liberates fluonne on heating, although the drssocration pressure is 
less than 0.1 atm at 600” (ref 153) and has been extensively studred as a fluonnatmg 
agent, especrally m organic chemrstry’47.‘54 The structure 1s most unusual m that there 
are three different Mn-F distances. The lattrce 1s monochmc, a = 8 509, b = 5.037, c = 
13 448 A, and the structure consists’5o of distorted MnFe octahedra shanng comers with 
Mn-F 2 09, 1 92, 1 79 A and Mn-F-Mn (ave ) 146” The distortion has been discussed 
m terms of crystal field theory and the Jahn-Teller effect by Hepworth et al lss. Mass _ 

Coord Chem Rev,7 (1972) 353-384 
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TABLE 8 

Complex hahdes of manganese (III) 

Compound Colour Structural data Magnetic 
moment 
(B M ) 

Ref 

K&InF, Biue-violet 

&NaMnF, 

Cs,Ki%lnF, Violet 

Tetragonal. 

Tetragonal, 

Tetragonal, 

(NH,LhlnF, 
[Co(NH,I, 1 MnF, 
IWNH,), 1 hfnF, 
[ Rh(NH,), ] BinF, 
I$hlnF, H,O 
Na, MnF, 

Reddtsh 
Orange-brown 
Golden-brown 
Violet 
Pmk 
Pmk 

Cubic, a= 997 
Cubic, a = 1006 
Cubic, a = 1005 

Orthorhombic, 

Ll,lMnF, Pmk Orthorhomblc. 

(NH,),MnF, 

RbMnF, 
KhinF, 
L&fnF, 

[Co(pn), I MnC& 
[Co(en),] M&I, 2H,O 
(NEt, )z MnCI, 
(phenH, )hlnCl, 
(blpyH,)hlnCl, 

Pmk 

ti L 

Brown-violet 
Brown-violet 
Brown 
Dark brown 
Dark brown 
Dark green 
Green-black 
Green-black 

Orthorhomblc, 

a=875 
c=830A 
a = 8 171 
c = 8 577 
a=893 
~‘926 

a= 608 
b= 786 
c= 928 
a= 546 
b= 778 
c= 881 
a= 620 
b= 794 
c=1072 

a = 13 204 
b= 7 103 
c = 15 339 

4 95 160 

4 88 161 

4 9& 

3 32 

164 
163 
163 
163 
82,152,165 

50 
49 
47 
491 
4 94 
50 
50 
4 88 

162 

167 

167 

167, 167a 
74 
74 
74 
168 
169 
170,171 
135, 136 
135,136, 173 

the green-black (phenH1)MnC1s and (bxpyHt)MnC1s (ref 135) The structure of the latter 
has been determined, It contains discrete MnCls ‘- ions wIzlch are square pyramldal with a 
dlstortlon towards tngonal blpyramldal, Mn-Cl = 2 53,2 34 a (ref 173) The alkah metal 
analogues have been described,, but there IS some doubt as to whether they are M&l&l5 
or M2MnCls H20, and they would repay further study90y172 

ol-Mn20s IS best prepared by decomposmg manganese (II) mtrate at 150-200”, and 
then heating the product to constant weight at 600”) above this temperature the product 
obtamed is not completely stolchlometnc 9871os It 1s the normal product of heating many 
manganese compounds in au between 600-800”, but above 900” oxygen IS lost to form 
Mn304 The structure is body-centred cubic, a = 9 401 a (c-sesquloxide type)‘74 

Coot-d Chew. Rev,1 (1972) 353-384 
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y-MnzOs was reported as a black powder obtamed by careful dehydration of -y-MnO(OH) 
(ref 175), but recent work mdlcates that the y-Mn,O3 phase exists only m the range 
MnO1 33--1 4o and rea&ly changes into c&nzO, on heatmglW. The X-ray &ffrachon 
pattern 1s srud to be slmrlar to that of Mn304 to which It is related m the same way as 
7-FezOs is to FeJ04. 

There 1s much confusion m the hterature about the nature of the various hydrated 
oxides of M@ _ There IS no good evidence for Mn(OH)3, but two forms of MnO(OH) 
seem well-estabhshed a-MnG(OH) ( mangarute) and 7-MnO(OH) (groutlte) are both form- 
ed by the oxldatlon of Mn(OH)2 under carefully controlled condltlons’OO. tis reactlon 
can also yield MnOz {various forms), manganates (III), manganates (IV), and a number of 
other products, so the confusion m the hterature IS not surpnsing! A &MnO(OH) was 
also reported to be formed m tis reaction’00Y’77 but this IS now m doubtlo Both (Y- 
and 7-MnO(OH) contam Mn” surrounded octahedrally by oxygen atoms, with all the 
latter involved in hydrogen bondmg’76 The difference m structures IS m the extent of the 
rhstortlon of the octahedron, rn ar-MnO(OH) this 1s quite small v&h average Mn-0 = 
1.89 A, wh&t m y-MnO(OH) there are four oxygens at 1 88 A, and two at 2 30 a, a much 
moIe distorted sIructl?re”6 

(IV) Mangunates (III) 

The large number of complex c_udes ~11 not be discussed Scholder and Kyri’ 78 found 
that Mn(OH), m 50% NaOH 1s oxl&sed to NaMn02, also obtamed on heatmg Mnz03 and 
Na,C03 m air at 1000°, or along wth the Y, Rb analogues by heatmg a mucture of MnzO, 
and MOH m a 1 2 ratlo m nitrogen ‘I LMn02 1s formed by fusing the constituent oxides 
m argon”’ Schoider and Kynl” also reported Na,Mn(OH),+2 4H20, Na,Mn(OH), 5H20, 
and the Ba and Sr salts of the Ions Mn(OH)s*-, M~(OHJ,~-, and Mn(OH)74-. 

M2M~07 (M = K, Rb) are formed on heating 1 1 mixtures of Mn,03 and MOH’ ’ _ 

(v) Manganese (III) compounds with oxygen donor hgands 

Green Mn,(S04)3 IS formed on dlssolvmg KMn04, Mn02, or Mn2O3 m hot concentrated 
sulphunc acid, and drymg the product at 130”. It &ssolves m 70% H2SO4 and on coolmg 
red HMn(S04)* 2H20 crystalhses, but m more &lute acid, hydrolysis occurs180*181 
Violet solutions of Mnm are fbrme 1 by electrolysis of MnSO4 in sulphunc acid solution”* 
Alums are formed wth alkah sulpha+es, there are double sulphates v&h Al, C@ and Fe”. 

CsMn(S04)* 12H20 IS ruby-red, melts at 40°, and has peff = 4_9B_M, the Rb, K, NH, 
analogues are known’83-184 but are less stable, and all are readily hydrolysed 

Grey-green MnF04.H,0 preclpltates on oxi&smg Mnn m phosphonc aced solution, 
but relssolves in concentrated H3P04 to form a violet solution, said by Meyer and 
Marekls5 to contam HaM$PO4)2, from whuzh double salts with alkah phosphates, e g. 
Na2HMn(P04)2.2H20, can be isolated On tiution of the violet solution MnP04 Hz0 is 
precipitated. Several Mnm salts of the condensed phosphoric acids are known4’ _ 

Manganese (III) acetate IS one of the easiest MnIn compounds to obtam, and IS a con- 
venient startmg matenal for the synthesis of several others The cmnamon-brown anhy- 
drous compound 1s produced m the violent reaction between Mn(N03),.6Hz0 and acetic 
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anhydnde’sg , and the lhydrate by oxidation of the manganese (lr) compound m glacial 
acetic acid with chlorme or KMn04 (ref 186) 

Cartledge and Eriksi8’ prepared the trisoxalato and bisoxalato complexes of Mn* by 
oxidation of the correspondmg Mnn complexes urlth KMn04. When care was taken to 
Isolate a pure product, the trlsoxalatomanganate (III) could be stored at 20” m the absence 
of hght vvlth httle decompontlon, but the blsoxalatomanganate (III) was less stable, al- 
though it kept fauly well at 0” 

Meyer and Schramm prepared several malonate complexes but it appears that these 
were impure m the majority of cases’88 Bullock et al. Is9 have obtained and studed a 
large senes of malonate complexes M [Mnk(H20),] (M = Cs, Tl, Nl&, RD, NMe4, NEt,), 
MFfnL@,O)l] .2H20 (M = Na, K, C5H6N), M[Mr&(H20)J 3Hz0 (M = b), M[Mnb] 
(hJ = Na, K), M3 [MnL,] 3Hz0 (M = K), MB [MnL3] Hz0 (M = K), and [MnL&H20),] 
The effective magnetic moment for these complexes lay between 4 90 and 5.03 B M , and 
the vlslble spectra etiblted two absorption bands at 22,000 cm-’ and 13,000 - 16,000 
cm-l _ Cartledge and Nlchols’go calculated the eqmhbnum constant for the reachon 

[MnL3] 3- + 2 Hz0 * [Mnb(H,O),]- + Lz- (L = C3H204) 

and obtained an average value of K = 0 057 at 0” 
The sohd EDTA complex of MnrU was characterised by Yoshmo et al lgl who found 

It was decomposed by hght and heat, and was unstable at room temperature_ They noted 
that m solution two forms existed depending on the pH of the solution, and suggested 
an equhbnum 

[Mn(EDTA)(OH2)]- * [Mn(EDTA)(OH)] ‘-7 H’ 

which leads to the conclusion that either EDTA is actmg as a quinquedentate hgand, or 
that MnU is capable of formmg seven-coordinate comp!exes The idea of seven-coordl- 
natlon is reasonable m the light of the crystallographic estabhshrnent of the M&-EDTA 
complex as seven-coordmate’92 

The complexes [Mn(blpyOz),] (C104)3 3H20, geff = 4 97 B M.“‘, and [Mn(terpyO,),] 
(C104)3 (ref 194) have been obtamed. The latter contains terpy03 behavmg as a tridentate 
hgand. 

(VI) Pketoenolates 

FacklerJg5 has reviewed the literature up to 1965. Fernehus and Bryantlg6 have de- 
scribed the preparation of Mn(acac)3, and the synthetic procedures have also been re- 
viewed by Charles’g7 Brown-black Mn(acac)3, which IS thermally less stable than the Cr, 
Nl, or Fe analogues, is most conveniently obtained by oxldlsmg MrP with KMnO, in the 
presence of acetylacetone 1’S The preparations of MnILI complexes of cbisobutyryl- 
methane”’ , dlpivaloylmethane’gg, trifluoroacetylacetone200y201, 1phenyl-1,3-butane- 
dione”’ , hexafluoroacetylacetone*‘*, and 3-cyano-2,4-pentanedione”’ have been de- 
scribed 

The standard heat of formation of Mn(acac), at 25” has been determined by reactlon 
calonmetxy203 to be -332.1 kcal mole-’ _ Enthalpy changes at 25” for the hypothetIca 
gaseous reactions 

Coot-d Chem Rev,7 (1972)353-384 
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Mn3+ (g) + 3 CsH,O; (g) = Mn(CsH70& (g) M = -1475 kcal mole-’ 

Mn @ + 3 GH702 (g) = Mn(CsH702)s (g) AIY = - 263 kcal mole-’ 

have been derived and thus rhe heterolytrc bond energy = 246 kcal. mole-‘, and the 

homolytic bond energy = 44 kcal mole-’ for the Mn-0 bond m Mn(acac),. The homolytrc 

bond energy appears to provide the better basis for the comparison of Mm-0 bond ener- 
gres for the first transrtron senes acetylacetonateszo3. 

Despite the hrgh-spm d4 electromc configuration of Mn” 111 Mn(acac),, the room-tem- 
perature X-ray crystal structure mchcates an almost regular octahedral arrangement about 
the metal204 The drstortron from O3 symmetry IS shght, but real, wrth Mn-0 = 1 88 A 
(deviation 0 03 a) Forman and Orgel ‘OS have suggested that, because of the unusual m- 

frared Spectrumto , Mn(acac)s 1s Jahn-Teller distorted Morosm and Brathovde204suggest 
that, because there are two types of 0-Mn-0 bond angles (96.9” and 87.8O) m the com- 
plex, the bands bemg observed include some couplmg to an Mn-0 bond. On the other hand, 

the crystal structure of acetylacetonatobls(N-phenylaminotroponlmlnato)manganese (III) 
has revealed”’ the first case of a distorted octahedral complex of hrgh-spm Mr@, where 
the drstortion occurs because of different Mn-hgand bond lengths and not Mn-hgand 
bond angles. The Mn-0 bond m the mtxed-hgand complex, 1.96 A, is significantly longer 
than m the acetylacetonate, this may be due to the presence of N donors m the complex 
The drstortron takes the form of four short bonds and two long bonds, and Bartlett and 

Palemkzo7 have suggested an empirical rule for predrctmg the final configuratron of octa- 
hedral Mr&n complexes 

Barnum has carried out some Huckel LCAO-MO calculatrons on Mn(acac)s and drs- 
cussed the metal-hgand n-bondmg*‘* _ Piper and Carlmzog have studied the polansed 
vrsrble spectrum of Ai(acac)s rsomorphously replaced m part wrth Mn3+ Electronic energy 
levels were assigned and mterpretatrons of the spectral mtensrtres and estrmates of octa- 

hedral and trrgonal field strengths were presented The trlgonal field parameter, K, 1s 
500 cm-’ 

When Mn(acac)s IS subJected to vanous acids in water, salts of type [Mn(acac)z(H20)z] + 
are formed*” Manganese can be extracted quantitatively from alkaline peroxrde solutions 
wrth acetylacetone and chloroformzl ’ 

[vu) Schff base complexes 

There are not many reported mvestrgattons of Schrff base complexes of Mnm Early 

work by Pfeiffer et al *I2 and Tsumak.r2t3 on hydroxy compounds of the type Mn(salen)(OH) 
and Mn(sal-NR)20H, has recently been remvestrgated2’4*21 6 Lews et al * I6 obtamed two 
modrficatrons of Mn(salen) (OH), one of whrch showed antrferromagnetrc behavrour, 
possibly ansmg from an oxygen-bridged structure of the type [Mn2(salen)20] H20 Derrv- 
atives of the type Mn(salen)X (X = halogen, acetate, etc ) have recently been studred and 
all display Curie-Weiss magnetic behaviour urlth small 8 values2’4. Mn(salen) IS oxrdtsed 

by mtrrc oxide m ethanol to an Mnm derrvatlve2’4, and it has been shown that three drf- 
ferent complexes contammg Mnul and MnN can be formed on oxldatron under varrous 
condrtrons* 1 5 _ The sw-coordmate [Mn(TS,)] I H20 (TS2 = blssalrcylaldehydetrrethylene- 
tetramme) was prepared* * 7 by reacting brssahcylaldehyde-Mnh with tnethylenetetramme, 
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have also prepared [Mn(prc)J (r-r,~ = 4 9 B-M ) and [Mn(oxm),] b& = 4 8 B M ) (p~c = 
amon of prcolimc acrd, oxm = amon of /3-hydroxy qurnohne). The latter complex reacts 
wrth brommeZZS to form [Mn(S,7-drbromo.xin)s] 

Elvidge and Lever 226 found that the oxrdatron of pyrrdme solutrons of phthalocyanato- 
manganese (II) wrth molecular oxygen resulted in preciprtatton of short. opaque crystals 
whrch they formulated as MnlvPc py_0 (PC = p hthalocyanato) An X-ray structure of 
thrs compound 227 showed It to be the more complicated phthaIocyanatopyndinemanganese- 
(III)-p-oxophthalocyanatopyndmemanganese (III) Thts novel molecule consists of two 
approxrmately flat and parallel manganese phthalocyanme nng systems, Jomed by an 
oxygen atom wluch 1s midway between the manganese atoms Each Mn also has a pyrrdme 

c) 215s 

N-y~jy;;7-““--” 

csl 
Averpc,e bond d,stanCeS and CIngleS 

(Reproduced by permrssion of the American Chemical Socrety 1 

molecule coordmated opposite to the oxygen atom The crystals also contam molecules 
of pyrldme of crystalhsation 

Manganese has been rrnphcated m oxygen formation which occurs during green plant 
photosynthesn*** In fact, two Mn Ions are found per photosynthetic unit m the chloro- 
plast**’ Several suggestions have been made as to the function of the Mn ion m the hb- 
eratton of O2 by photosystem II. In these schemes the Mnn-Mn’n-Mniv redox system 
IS thought to take part m the electron-transfer cham from an electron donor to an elec- 
tron acceptor 230 _ Unfortunately, the metal atom bmdmg sites and the ligands at these 
sites are not known Calvm 231has suggested that a relevant model for the Mn m the 
chloroplast would be Mn complexes of porphyrm-hke hgands. The photochemrcal behav- 
rour of phthalocyamne232, porphyrm233, and chlorophyll234 complexes of Mn have 
been extensively Investigated In a detailed study of the photochemistry of phthalocyanme- 
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manganese, It has been shown that the stable oxldatlon level of manganese may be shlf:ed 
among the (II), (IU), and (IV) oxldatlon states, dependmg on the nature of the fifth and 
sixth coordmatmg groups 235 Furthermore, photochermcal oxtdation as well as photo- 
chenucal reduction of the phthalocyaninemanganese (III) has been observed, and pnoto- 
chermcal reduction of the manganese (IV) compound demonstrated_ Mnm etloporphyrins 
also are reduced to the (II)-oxldatlon state235 Some hahde complexes of MnU1 proto- 
porphyrin IX &methyl ester have been prepared and stu&ed*= A manganese (III) por- 
phynn was first prepared by ZalesluZJ7, and tlus mesoporphyrin IX was later studled by 
Taylor who exammed its redox properties238. Also, the acetatoetioporphyrm iI232, aceta- 
tohematoporphyrin IX &methyl ester, and chlorohematoporphyrm IX &methyl ester233, 
denvatlves of Mn” have been prepared. The reaction of M@ tetrapyndylporphines with 
vanous reducing agents has been studied23g 

(IX) Hexacyanomnanganates (III) 

K,Mn(CN), 1s prepared W by ar oxidation of K&In(CN),, or83T24o by the action of 
excess aqueous KCN on a manganese (III) complex such as MnP04, K2MnF5.H,0 or 
M~I(CH~COO)~. The LJ, Na, Rb, NH,, salts are also known K,Mn(CN), forms red crystals, 
lsomorphous \ith K3Fe(CN)6, a = 13 59, b = 10 62, c = 8 52 A (ref 243) The magnetic 
moment IS 3.50 B M , considerably higher than the “spm-only” value for a low spm d4 
compound (2 83 B M.). The Mn(CN),3- ion 1s one of the few low-spm Mnln compounds 
known (t*S)_ 

The yellow, tiute aqueous solution hydrolyses slowly to MnO(OH). Exchange be- 
tween Mn(CN)63- and CN 1s very fast, first-order m MAIMS- and zero-order m CN- 

The standard potential for the reactlon242 

Mn(CN)63- + e- = MI$CN)~~- 

1s -0 24V 
K3 [Mn(CN)50H] has been reported244v245 _ Th e amon [Mn(CN)sNO] 3-, although once 

regarded as an Mnru compound, exIubits an N-O stretchmg frequency of 1730 cm-’ 
whch indicates the presence of NO’ and hence the oxldatlon state of the manganese 1s 
probably +l (ref 246) 

Red-brown crystals of 1 2 [K&In(CN),I .O 7[K,Mn(CN)J H20, a nuxed MnU-Mn” 
cyanocomplex 1s formed247 by reactlon between K&ln(CN), and K,Mn(CN), under 
carefully controlled conditions It has a magnetic moment of 1 04 B M 

(x) Other Mn” complexes 

Nyholm and Sutton248 were unable to oxldlse [M~I(DAS)~X,] (X = Cl, Br, I) to MnIII, 

are found that DAS rapldly reduced Mn(OAc), or Mn(acac)3 to MnII under anhydrous 
conditrons In the presence of small amounts of water, the red-purple [Mn(DAS)Cl, H,O] 
(ClO,) was formed 111 low yield The reactlon can be represented 

DAS + Mn(OAc), + HC104 + acetlc anhydnde + H,O dry HC1 ga: [Mn(DAS)Cl,.H,O] (C104) 

The complex has pea = 5 13 B M. A green complex, probably the bromo analogue was 
isolated usmg HBr m place of HCI m the above reaction. 

C’oord Chem Rev ,7 (1972) 353-384 
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(xi) Manganese (III) m solutkw 

A detarled revrew’ 1s avdable, m whrch the generatron of Mnm in solutron, its estrma- 

tron, and the equihbna and kmetrcs of a large number of reactions are drscussed. 
Manganese (III) 1s a strongly oxrdrstng specres and is unstable wrth respect to Qspropor- 

tronatron Solutrons of Mnm m perchlorate media IS generally produce solid hydrated 
MnOz on standing, mstabrhty mcreasmg with mcreasmg [MnILI ] and decreasing acidrty249~2s0 _ 

2 Mnm + MnIV + &I 

Mn’V+2H20+MnOz+4H? 

Complexation of Mnm with anions usually results m a reductron of the electrode poten- 
tial of the Mnm-Mn*I couple; for example, the electrode potential in the presence of 
EDTA 1s ca -0 82V (ref 25 I), whrle that m perchlorate media is ca -1 58V Moreover, 
the presence of a number of complexed Mnu’ species complicates the interpretation of 
kmetrc data For example, Waters and Littler *‘* have concluded that httle mformatron 
can be obtamed from a study of the pH-dependence of reactions of manganese (III) pyro- 
phosphate wrth organic reductants because of a lack of knowledge of oxtdrsmg species 

present m solutron An Interesting observation regarding the magmtude of the effects of 
complexatron on the oxrdrsmg power of Mnm 1s that hydrogen peroxide IS found as a 
product of the oxrdatron of oxalate by Mnu’CyDTA at low PH*‘~ 

In an mvestrgatron of the analytical apphcatrons of the EDTA complex of Mr@, Pnbrl 

et al 2s4~2ss found that the complex slowly decomposed Yoshmo et al 2s6 isolated 
the complex and found decomposrtron was enhanced by heat, l&t, and traces of Mn” 

ion Tanaka et al 257 have measured the standard oxrdatron-reduction potentral of the 
MnIu EDTA-M#EDTA complex Hamm isolated the complexes of Mnm with EDT& 

trans-1,2-drammocyclohexane-tetraacetrc acid (CyDTA), and hydroxyethylethylenedutrnme- 
tetraacetrc acid (HEDTA), and established the rates of decomposrtron in acrdrc solution 

The standard potentials for the reactron MnmY + e- * MnuY were determined, and all 
three complexes were equally good oxrdrsmg agents Formation constants were calcu- 
lated*” The products of the decomposrtron of the MnIu complexes of CyDTA and EDTA 
were MnII complexes wrth oxrdatron of some of the hgand to formaldehyde, carbon dr- 
oxide, dnd the triacetate ligand2s8 The oxrdatron of oxalate with MnmCyDTA has been 
studiedzs3 

Important mforrnatron concernmg the stab&ties of several Mnm complexes has been 
obtamed by a study of the Mnm -catalysed oxrdation of oxalic acid by chlorme2s9 and 

bromme260 The rate-detennnung step m this reactron m the first-order decomposrtton 

of the monoxalate complex, viz 

Kl MnC204’- Mn2+ + C2O4- 

Studies of the oxalate complexes of Mn m showed25g~26 1 that the decompositton was de- 

pendent on the concentratrons of oxalate and H’ ions. The decomposition of the tartrate 

dnd glycolate263 complexes was found to be first-order m the complex concentration in 

the presence of excess complexing agent, and to be rnhtbited by the addition of I@ ion. 
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Wells and coworkers have carried out spectrophotometric mvestlgations of alcoholo-264 
and aquo-manganese (III)% species in perchlorate me&a. The reactions of aquomanganese 
(III) rons wth bromide 1on266, hydrogen peroxlde267y268 hydrazoic acld26g*270 and 
hydroxylamme’ ’ 1 
been postulated by 

m perchlorate me&a have been studled The species MnF(CH)+, has 
Davies and Kustm272 

Oxidation of organic compounds by Mnm complexes m aqueous solution has been 
extensively studled2s2, e g the oxldatlon of toluene by Mn(acetate), in refluxing acetic 
acid yields benzyl acetate, o-methylbenzylacetate, and tolylacetic acid’=. Most of +hese 
results have been successfully interpreted m terms of inner-sphere one-electron-transfer 
processes2X The non-aqueous chemistry has been less extensively explored, and the 0x1- 
datlons reported have been interpreted as resulting from inner-275 or outer-sphere276 one- 
electron-transfer steps Manganese (III) acetate ox&ses olefins to y-lactones277-280 

SPECTRA OF MANGANESE (III) COMPOUNDS 

The electronic spectra of high-spm Mn” compounds are of special interest because the 
ground electronic state anticipated m octahedral complex, ‘Eg, IS subject to strong Jahn- 

Teller forces26S~281 In general, three bands are observed m the visible regon, and satls- 
factory assignment has been made m terms of D4h symmetry’ 71,282 The two hghest en- 
ergy bands have been assigned to the transltlons ‘Big + sB2g + ‘Eg 

5(2)D 

5(2)A 
‘g 

(possibly 
above E,) 

5wR 

5(aB 
‘B 

\ 

a 

free Ion octahedral 
field 

weak tetragonal 
field (aural 
elongation) 

strong tetragonal 
field (sq planar) 

However, despite mtenslve work on the preparation and optical properties of Mnnl com- 
plexes 16*922s~2s01282-2a6, dlfficultles have arlsen m assignment of the band m the near- 
infrared regon. The relationstip of the presence of ths band to the structure of the com- 
plexes has not been clarified The band (which appears between 8 and 13kK has been 
vanously assigned to a spm-forbidden transltlon 2ogy213 from the ground state to 3Tlg 

(m Oh symmetry), as a low-energy charge-transfer transltlon284’286 as a transltlon from 
the ‘Eg ground state to the tngonally spht ‘Tzg excited state*“, and as a spm-allowed 

Coord Chem Rev ,7 (1972) 353-384 
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