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0. ABBREVIATIONS

aac
ac
acac
acf
acn
acp
acpr
adm

bepf
bepp
bdmp
bhp

bpy
bu-iae

c
cbdep
cp

cp*
cp-ac
cp-bz
cp-df
cp-mc
cp-tm

dac

dca
dep
dik
dmap
dmb
dmp
dmpe
dmpz
dop

dope
doph
dopo
dpac
dpe

dpch
dpe
epb
fyfars
hdd

mbt
mdpa
mdpc
mdpp
mes

mopp
mpce
msp
mtpc

(allylamino) carbene

acetate

acetylacetonato

3-acetyl-4,5-dihydrofuran-2-yl

acetonitrile

2-acetylphenyl

acetylpyrrolyl

aziridinylmethyl

anthronylketone

bis(cymantrenylphenyl)fulvene

bis (cymantrenylphenyl)cyclopentene
1-tert-butyl-3,4-dimethylphosphole
(2-benzylidenehydrazonomethyl)phenyl
2,2'-bipyridine
1-(tert-butylimino)-2-(tert-butylamine )ethane
cubic

cyclobuta[1,3-a:3,4-a']dicyclopentane
cyclopentadienyl

methyleyclopentadienyl

acetylcyclopentadienyl

benzoyleyclopentadienyl
1-{a-(N,N'-dimethylamino)ethyl}-2-formylcyclopentadienyl
-methylcyclopentadienylcarboxylate
{6,7-(a,a,8,5-tetramethylcyclohexene)cyclopentadienyl} -
-propanoic acid

1,1-diphenyl-l-arsa-cyclopentane
dimethyldiazomalonate

dicyclohexylallenylidene
1-diethylphosphonato-2-phenylethylene

see original literature, methylene linkage to metal
1,3-bis(dimethylarsino)propane
2-(dimethylaminomethyl)phenyl
3,4-dimethylphospholyl
1,2-bis(dimethylphosphino)ethane
3,5-dimethyl-1-pyrazole
1-syn-(1',2',-dihydro-2'-oxo-1'-oxa-azulen-3'-yl) -
-n°-cyclopentadienyl
2,2'-diphenyl-1-oxa-2~phospha-cyclobutane
2,2'-diphenyl-1-oxa-2-phospha-cycloheptane
2,2'-diphenyl-1-~oxa-2~-phospha-cyclohexa-5-one
diphenylacetate
1,1'-diphenyl-1-phospha-cyclobutane
1,1'-diphenyl-1-phospha-cycloheptane
1,1'-diphenyl-1-phospha-cyclohexane
1,2-bis(dimethylarsinec)-3,3,4,4-tetrafluorocyclobutane

. 2-ethyl-1-phenylborole

1,2-bis(dimethylarsino)-3, 3,4, 4-tetrafluorocyclobutane
2,4-hexadien-2,5-diyl

monoclinic

dimercaptobenzothiazolate

bis(diphenylarsino)methane
3-methyl-1,1-diphenyl-1-phospha-cyclopentane
bis(diphenylphosphino)methane

mesityl

2-methylindolyl

2-(1',2', -dimethyloxopropenyl)phenyldiphenylphosphine
3,4-dimethylphospha-cymantrene
(methylsulphidomethyl) phenyl
3,3-dimethyl-4-thia-3-phospha-cyclopentadiene-
-1,2-dimethyl ester
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1-np 1-naphthyl

obdp (o-3-oxobutylphenyl)diphenylphosphine

or orthorhombic

per picrate

pfp 2-(N-phenylformimidoyl )phenyl

phen 1,10-phenanthroline

pmte N-isopropyliden-S-methyldithiocarbazinate
popc 2,2-diphenyl-1-oxa-2-phospha-cyclohexane
ppn bis(triphenylphosphine)nitrogen(+)

rh rhombohedral

tg tetragonal

thf tetrahydrofuran

tmeda N,N,N',N'-tetramethylethylenedianime

tmi tetramethyl-a-diimine

tmdt 2,4,7,9-tetramethyl-1,3,7,9-decatetraene
tmpo 2,2,6,6-tetramethylpiperidinyl-1-oxo

top 2-(bis-p-tolylphosphino)-5-methylphenyl
topc 2,2,5,5-tetramethyl-1-oxa-2-phospha-cyclohexane
tpbp 2,2,4,4-tetraphenyl-1-H-benzodiphospherinyl
tpe 2-thiophenoxyethoxy

tpp o,8,v,8-tetraphenylporphinate

tr triclinic

trg trigonal

1. INTRODUCTION

Manganese, one of the more abundant of the heavier metallic elements,
appears to be essential to life in trace amounts, and is known to be involved in
enzymatic reactions including the formation of glucosamine-serine linkages, the
synthesis of cartilage mucopolysaccharides, the action of pyruvate carboxylase and
the utilization of glucose [1].

The element is typified by multiple oxidation states, and its compounds have
had wide use in catalysis. Organometallic compounds have been summarized in
annual reports [2], and coordination compounds have been reviewed [3]. The
purpose of this review is to draw together and correlate the known structural
data for all the various manganese carbonyl and organometallic compounds
published up to 1986 (volume 105 of Chemical Abstiracts).

The structures have been classified according to the coordination number of
the manganese, subdivided into monomers, oligomers and polymers. The com-
pounds are listed in order of increasing coordination number, increasing com-
plexity of the coordination sphere and increasing atomic number of the principal
ligating atom. Where possible the estimated standard deviations of structural
parameters from the mean value are given in parenthesis.

2. MANGANESE CARBONYL COMPOUNDS
(A) Mononuclear Compounds
1. Coordination numbers four and five.

Four is the lowest coordination number found for mononuclear manganese
carbonyl compounds, there being only one example {(PPh3)aN} [Mn(CO)2(NO).] [5]
This red-orange product has tetrahedral geometry around the Mn(-1) atom, with



(8)G LA ™70
uaald j0u N

(61‘8)O9L°T D ENFDUNW

(8)8°%LT "D (v)6°c8L1T
(P1°G)L°208 N (2)£9°86 (b)L 9ELT [{Z(“oWIS)N]"*
(16 q (gg)e'stl D ENDUW (p)e°2217 8 df‘td w v-nzmovmvnwﬁmzvnnoov-cz_
(2)z21 (2)8°¥%2% *"d (8)L°¥80%
(2°¢'8)oe (9)1°8LT "D (@)91°66 (BT T1vL1
6 (8°9°€)031 (9°2)S'6LT O d*Oul (8)s°e201 ¥ ofted w m_cammvﬁoov?:—‘:vamv
(1)9°621 (X%2)(8)9°881 "D (%)s98
(o/z'v)oe  (x3)(8)1°S8T O (1)8°L01 (2)¥L9
8 (1 r'e)ozt (e)L'6LT N N*OUl (elaLin ¢ 2/20 w uﬁozvoﬁoovcs
(¥)9°8L1
(9°1°%)06 (8°11)2°281 ™™
(p-g'v)oet (B1°0T)T°6LT O SOUW
(g)e 821 (g)op-86 (8)6°6ETT
(g 1'8)o6  (SITI)L TBI ™™D (p)2e eIl (9)S°2EhT
2 S‘P)OZT (PT°TD)P° 08T O SOuW (%)9T1°20T (©)8°19T ¢ d {0 w.d??wﬁm:z_«_ioov-Fcz
o:_.sm.m.m (1°L)9°60% N COCNUW
(r)6'81 331
(B'T¥)T°06  (OI°T1IT 621770 " 256
9 (e's‘e)eB6IT  (01°8)3°921 O SOuUN 1°8P21 14 euudg d0  [*(*HN)*®(0D) uW-283]{*(0D) . -UN]
(2)5°8vLl
(£9)8'%21 O (2)sz°96 (£)¥°616
< (2°2'2)s 601 (21°9)6° 121 A~z EDENUW (¢)6812 ¥ ®/'id w [*(oN)*(0D) , . uN}{N®*(*udd)}
(o]
*1-N-""1 094 {ud]o
*=r-N-""1 [wd] axoyd {olg [wdlq dnoag  sser)
RET | Be_W-""1 T-W -omoayyd [o]® [wd]e A aoedg [EISAan punodmo)

PA]] PUR JN0] JOQUNMU UOPEWIPA00O WA Spunodmod [Auoqaeo aseunSuem JO] €lNp BIMIONI)S T I{qelL

132



m
]
i

*o(Z)E°8PT PUB (Z)T'ZIT = N-UKW-D ‘o(2°Z)F GE1 PU® (T)1°GOT = 0-UW-D 9YJ, [
o(£49)6°88 = *"D-UN-""D ,(2)F°FL = VON-UN-°N  fo(P)E P8 = TCD-uW-""D syl Yy
*¥8gz 1@ 3
‘HEST e
*M(z)ost 1e @
¢sonoetow juapuadapur AeorydeaSole)sAdo om) ade adayy, p
*o(22)6°68 = N-UN-N {o(%°T°€)8°LLT Pue (1'1°€)g"26 = N-UN-D ¢o[3uw D-upW-) Jo an[eA ayj o
‘puedi] 40 WOIR PajeuIPIcod Jo AjUSp! [worweyd ayJ, q
‘uBaWm 9Y) WOJAJ UCHBIAIP WNWIXBW 3Y) S! pucdss ay) pue ‘p-s°a ay) St
m_mwﬂ.:hga ut hBEﬂG umh-.u ayJ, .Ooﬁﬁawm—u JO w—Mﬂﬂ gwuﬁwﬁm hﬂsﬁuwﬁ—o .no.u onfeA ueaw Il ®©
(8)z oLt (1°¢)6' 128 *d (11)981%
(5°¥°5)06 (eLr N (8)20L1
el (€ 1°1)081 (2°2)LL1 D N®d®Dul (8)S181 8 woqd a0 ®(*Uudd)(ON)Z (03Ul
(9°¥)T'8LT ™™D .
(¢)g"e8T O (9)¥8¥1
(£)1'861 N (18)6706 (L)9°08%1
181 1 ($)° 18T O  ONSQUW (z2)s"829 v a/'ed u (odun)*(02).UN
[o]
*-N-*T [o12 [wd]o
W= {wd] aqoyd (olg  [wd]lq - dnoin  ssg|)
pCh i A | T-N ~QuIodYD) [ol [md]e VA asoudg [e1SAa) punoduio))

(3) ruod ‘7 ejqel



134

Mn-C bond distances of 174.5 and 175.0(6) pm, and Mn-N bond distances of
170.7(5) and 173.0(6) pm (Table 1).

Crystallographic and structural data for five coordinate manganese carbonyt
compounds are given in Table 1. There are two types of geometry, trigonal
bipyramid and square pyramid. Of the latter there is only one example, Mn(CQ)5-
(NSiMe,;) :{P(OPh) [N(SiMe;).)} [10], where the central MnC,;N, skeleton corres-
ponds to a distorted square-pyramidal environment. In all the other examples the
trigonal bipyramidal geometry occurs, for which the erystal structure of deep red
(Ph,P) [Mn(CO).PPh,] [9] is shown in Figure 1 as a representative example. The
CO and PPh, ligands are in axial sites (Mn-C = 179.7(6) pm and Mn-P = 224.8(2)
pm, and the remaining three CO ligands occupy equatorial coordination sites (Mn-
C = 180.1, 178.9 and 179.6(6) pm). Except for one example Mn(CO)a(tmpo) [11],
only unidentate ligands are involved in the five coordination of manganese listed
in Table 1.

The oxidation states found for the manganese occur in the order zero <-1
<+1. Two crystallographically independent molecules, differing by degree of
distortion, have been found for [Mn(CO)s]~ [7] and Mn(CO), NSiMe,), {P(OPh)-
(N(SiMe,)}. [10] and they are examples of distortion isomerism [4].

2. Coordination number six

The overwhelming majority of manganese coordination compounds are six
coordinate and the carbonyl derivatives follow the same trend. From the data in
Table 2 it can be seen that there are no examples of the regular (0O,,) octahedron,
however, the three principal types of distortion for the octahedron, tetragonal,
rhombic and trigonal are all found. The crystal structure of colourless Mn(CQ),
[OCgHL,OP(0O)] [8] is shown in Figure 2 as a representative example. The metal
atom has four equatorial carbonyl ligands (Mn-C = 186.5(7.9)pm), one axial
carbonyl (Mn-C = 186.7(6)pm) and an axial 1,3, 2-benzodioxaphosphole-2-oxide (Mn-
P = 230.7(2)pm).

The data in Table 2 show that the predominant oxidation state of the
manganese is +1. There are no examples with all six ligands equivalent. There
are several occurrences of isomerism, for example colourless Mn(CO),[P(OMe).-
Ph],1(PFg) [26] was found in cis and trans isomeric forms. There are another
three examples: a- and B-HMn(CO)s [13, 14]; fac- and mer-Mn(CO),Br[P(OMe),-
Phl, [35]; cis and trans [Mn(CO).(phen){P(OMe),}] (C10,.) [41]; all of which
differ mostly in degree of distortion. Two crystallographically independent
molecules, differing in degree of distortion, have been found for mer-Mn(CO);-
Br{P(OMe).Ph]. [35] and Mn(CO),Cl[{P(Ph).(CsH,N.)] [38] and are further
examples of distortion isomerism [4]. The fac- and mer- Mn(CQO),Br[P(OMe).Phi.
derivatives mentioned above are unigue examples of this phenomenon.
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Figure 1. Structure of the [Mn(CO).PPh,]  Ifon.
Reproduced with permission from Inorg. Chem. [9]

Figure 2. Structure of Mn(CO)s{0OC.H.OP(0)}
Reproduced with permission from J. Organomet. Chem. [18]
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The effects of steric hindrance of the ligands can be seen in the elongation
of Mn-P bonds for PR, compounds. Thus the mean values for Mn-P are: 225.2
pm (P(OMe)) <227.6 pm (P(OMe).Ph)<231.0 pm (PPh,). Another factor affecting
bond lengths is the coordination number of the manganese, the former increasing
as the latter increases from four to five to six. For example the mean Mn-CO
distances are: 174.8 pm (four coordinate) <179.4 pm (five coordinate) <181.6 pm
(six coordinate). The mean Mn-PPh, distances are 226.8 pm (five coordinate)
<231.0 pm (six coordinate).

3. Compounds with H-borate ligands

The data for this class of compounds are listed in Table 3. The crystal
structure of yellow Mn{CO).(B,H,Br) [43] is shown in Figure 3, in which six
coordination is achieved by four carbonyls (Mn-C = 184.2(8.25)pm) and a bidentate
B,H,Br ligand via two Mn-H-B bridge hydrogen bonds (Mn-H = 177.7 pm).

The mean Mn-CO bond distance of 180.4 (range 176.5 to 186.7 pm) as well as
Mn-HL bond distances of 173.7 (range 164 to 183 pm) are shorter than those
found for mononuclear manganese carbonyls at 181.6 and 174.2 respectively (Table
2). The mean Mn-HL bond distance elongates in the order: 1869.3 pm (HL =
HeBg) <174.2 pm (H.3Bg) <175 pm (H;2Be) <177.7 pm HaBoBr). This reflects the
steric hindrance associated with each of the ligands.

Figure 3. Structure of Mn(CQO), (B,H,Br)
Reproduced with permission from 4. Amer. Chem. Soc. [43]
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(B) Binuclear Carbonyl Compounds

Crystallographic and structural data for the binuclear derivatives are
summarized in Table 4. The structures are tabulated in the order of increasing
distance between the manganese atoms. There are several distinct types of
bridging, the distorted edge-shared bi-octahedral structure with two bridging
ligands being the most common. In two cases, Mna(CO)e(p-Cl),(thf), [73] and
Mn,(CO)g(p-Cl), [73a], two chlorine atoms function as bridges. Two bromine
atoms serve this role in Mn_(CO)g(p~-Br)(P.Ph,) [75] and Mn,(CO)c(i~-Br)., [78].
In several cases two sulphur ligands serve as the bridges, as in Mn,(CO)g(p-
pmte), {31] and four other hexacarbonyldimanganese derivatives [51, 69, 79, 82].
In two cases [70, 71] nitrogen ligands link tetracarbonylmanganese moieties. Two
PX. ligands bridge the Mn(CO), units in two other examples [76, 77].

In another two examples, [50, 64], two MnC,HP octahedra are bridged by
hydrido and PPh, ligands. The last type of bridge involves phosphorus and
carbon ligands in Mnga(CO),(u-CH=CHz)(1~PPhy) [50]. In this series of binuclear
compounds the Mn-Mn distance is smaller than 300 pm only if the value of the
Mn-L-Mn bridge angle is less than 92°.

The crystal structure of dark red Mn,(CO),(N=C(CF3)2)= [49] is shown in
Figure 4. Both nitrogen atoms of the hexafluorcisopropylidenimine ligands and a
carbonyl carbon atom bring the manganese atoms within 251.83(24)pm with the

Figure 4. Structure of Mn,(CO);(N=C(CFz)a)s
Reproduced with permisgion from Inorg. Chem. [49]
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Mn-N-Mn and Mn-C-Mn angles of 77.71(26.14)° and 75.19(34)° respectively. This
is the shortest Mn-Mn distance found in manganese carbonyl compounds, being
even shorter than that found for the coordination compounds of manganese [383]
of 271.6 pm. There is an example of bi'idging via the a-N atoms of the three
azide groups in [Mn,(CO)g(i+-Na)a.NEt, [52]. The Mn-Mn distance of 289.3(4) pm
as well as the Mn-N-Mn bridge angle of 88.6° are larger than those found in the
previous example [49], again showing the elongation of the Mn-Mn distance as the
Mn-L-Mn angle opens.

There are several cases in which two MnCs or MnC,P(As) moieties are held
together through a direct metal-metal bond: Mn,(CO)},, [53, 53a, 54]; Mnga(CO)e-
(PMe_Ph) [55]; Mn,(CO)eL,, L=PMePh. or AsMe.Ph [56], P(OMe), [57], PEt, [58,
59] and bdmp [60]. The mean Mn-Mn bond distance of 290.6 pm for MnCg
chromophores is about 0.9 pm shorter than those for MnC,P (As), reflecting the
steric effect of the larger P or As donor ligands.

There are two examples in which two manganese atoms are joined by a
single bond, 293.4(6) pm [61] and 293.6(2) pm [62]. In the former there are also
two trans-diphosphine ligands and a carbonyl as bridges. In the latter, the
carbonyl bridge is replaced by an isocyanide. The carbonyl bridge [61] is
tridentate and donates a pair of electrons to one manganese (Mn-C = 193(3) pm)
and a second pair of electrons to the other (Mn-C = 212(1)pm, Mn-0O = 214(1)pm).
The isocyanide bridge (62) is also tridentate, donating a pair of electrons to one
manganese (Mn-C = 181(1)pm) and a second pair of electrons to the other (Mn-N
= 212(1)pm, Mn-C = 214(1)pm).

In another two examples, Mn,(p-H) (p-Br)(CO). (tedip)y and Mn.(u-Br),
(CO)4(tedip), [63], in spite of the fact that they are structurally analogous, only
the former case has a single Mn-Mn bond (293.6(3)pm). In the latter the distance
of 351.7(4) pm indicates non-bonding between the two metal atoms. In both cases
the two manganese atoms are bridged by two trans tetraethyldiphosphite ligands
and two bridging ligands, hydrogen and bromine in the former, two bromine atoms
in the latter. The elongation of the Mn-Mn distance observed above reflects
steric hindrance in the latter case, with simultaneous increase in the value of the
Mn-L-Mn bridge angle from 72.6(1)° to 88.4(1)°, respectively.

A single bond between two manganese (0) atoms has been found for
Mn,(CO)a(mdpa), (296.2(3)pm) [65] and Mn,(CO)4(fyfars) (297.1(2)pm) [66, 67].
The molecular structure of both compounds can be considered to be derived from
the parent Mn.(CO),, molecule by the replacement of one equatorial CO ligand on
each manganese atom with one of the arsenic atoms of the mdpa or fyfars ligand
which then serves to bridge the manganese(O) atoms.

In the remaining examples (Table 4) there is no other case with a direct
metal-metal bond, these involving one, two, three or four bridging atoms. The
data show that the oxidation states of the manganese are zero and one, with the
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latter more common. The number of examples representing the various crystal
classes increases in the order: orthorhombic <Ktriclinic <<monoclinic.

There is an example, Mn,(u-CH=CH,) (yPPh,) (CO), [50i in which two
crystallographically independent molecules differ by degree of distortion, being the
only example in this series of distortion isomerism. Non-equivalent manganese
atoms are found in a number of cases. These are: five and seven coordinate [51,
61]; five and eight coordinate [60]; five and six coordinate [62]; six and seven
coordinate [80]. There are examples with differing chromophore: MnC; and
MnC,P [55]; MnCsP and MnC,SP [81]}; MnC.As; and MnC;As,Cl [83]. In the
remaining cases (Table 4) the manganese pairs have the same chromophore.

The influence of temperature on the degree of distortion has been reported
for Mn.(CO).o [53]. Both electronic as well as steric factors influence the Mn-L
bond distance, which increases in the order: 234.7 pm (PMe.) <239.1 pm (AsMe;);
223.9 pm (PMe,Ph) <246.0 pm (AsMe,Ph); 226.5 pm (Px-mdpp) <240.4 pm (As,-
mdpa).

The mean Mn-L(terminal) bond distance increases in the order: 181.0 pm
(CO) <205.6 pm (NL) <212.5 pm (CL) <232.0 pm (PL) <237.1 pm (Cl) <240.8 pm
(AsL). For the Mn-L(bridge) distance the increase is in the order 172 pm (H)
<200.0 pm (CO) <204.4 pm (NL) <207.0 pm (CL) <229.4 pm (PL) <232.9 pm (SL)
<239.6 pm (C1) <248.2 pm (AsL) <251.0 pm (Br). In general these trends follow
the van der Waals radii of the coordinating atom.

It is noted that the mean bridge distance is longer than the terminal
distance when L is CO (200.0 vs 181.9 pm), CI (239.6) vs 237.1 pm), or As(L)
(248.2 vs 240.8). The opposite is true when L is N(L) (204.4 vs 205.6 pm, C(L)
207.0 vs 212.5 pm, or F(L) (229.4 vs 232.0 pm).

(c) Tri-, Tetra- and Hexanuclear Carbonyl Compounds

The structural data for these compounds are given in Table 5. There are
eight trinuclear examples which can be organized into five distinet bridging types.
A scalene triangle of manganese atoms is observed for Mna(CO)g(PMe,Ph)(ps-
OEt), [88,89] and Mn; €0 o(u-OEt)2(pp2-F/I) { 89], with two face bridging ethoxy
groups and one edge bridging ethoxy in the former, and halogen in the latter.
The dimensions of the manganese triangle remains remarkably constant in all
three compounds. The mean Mn-Mn distance increases with increasing size of the
edge bridging group in the order: 286.5pm(F) <287.2 pm(OEt) <289.6 pm(I).

The crystal structure of another type is shown in Figure 5. The metal
carbonyl system in [Mn(CO),]a(t-NaMe) [90] consists of a bent Mn-Mn-Mn
skeleton with typical metal-metal single bond distances (280.7(4) and 282.6(3)pm).
The terminal diazo N(1) forms a bridge between Mn(2) and Mn(3) which causes
the central manganese atom Mn(2) to have the unusual coordination number seven
with the MnC.NMn, chromophore.
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Figure 5. Structure of [Mn{CO),.)a(ps-N.Me)
Reproduced with permission from Angewandte Chemie [90]

An X-ray investigation of red (Ph,As){Mn;(CO),,] [91] shows that the
geometry of the [Mna(‘CO)u] anion is essentially D,,,, with the three manganese
atoms collinear (Mn~Mn-Mn = 180.0(0)°). The central Mn{CO), unit is staggered
with respect to the other two sets of equatorial CO groups. The Mn-Mn distance
of 288.3(4) pm indicates a single bond between the neighbouring manganese atoms.
The mean Mn-C bond distance increases with increasing coordination number,
179.5 (MnC,) versus 180.6pm (MnC,) (Table 5).

Difference Fourier techniques have been applied to locate the hydrogen
atoms in Mn,(CO),2(a-H)a [92]. The molecular structure of the trimer consists
of an equilateral array of manganese atoms, each with four terminal CO groups.
The hydrogen atoms lie in the equatorial Mn plane in symmetrically bridging
positions. The bond distances and angles are given in Table 5.

The molecule of [Mn(CO), (pa-PH,) 1 (77] consists of the six membered ring
where manganese atoms are bridged by PH, groups. The three manganese atoms
have the same chromophore, MnC.P,.

There are two examples [{93,94] of tetranuclear manganese carbonyls. The
structure of red Mn,(CQO),sS, is shown in Figure 6. Two disulphide ligands link
the four manganese atoms which each achieve an approximate octahedral
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Figure 6. Molecular Structure of Mn.(CO)s{OP(OEt),;}e
Reproduced with permission from Z. Naturforsch. [93]

arrangement of ligands. The structure of the other tetranuclear [94] consists ofa
cubane type of cluster with Mn(CO), units at one set of corners and fluoro or
hydroxy groups at the other set. With its very high crystallographic symmetry
43m it is unique for clusters of this type.

The only example of a hexanuclear, Mna(CO)s [OP(OEt)z]a [95], is shown in
Figure 7. There are two different types of manganese atoms, the interior three
Mn(lI) atoms each coordinate in approximately trigonal planar fashion MnOs, and
three exterior Mn(I) atoms each bond to three phosphorus atoms and three
carbonyl groups MnC,P, (Table 5).

It is apparent from the data in Table 5 that the mean Mn-L distance
increases with coordination number. For example, the mean Mn-P distance is:
227.8 pm (five coordinate) <229.0 pm (six coordinate) <246.8 pm (seven coordinate).
The mean Mn-L(bridge) distance increases with increasing van der Waals radius of
the ligand atom: 172pm(H) <195 pm(F) <202.3 pm(OEt) <238.1 pm(PH,) <279.1
pm(I). Interestingly, the mean Mn-CO distance of 180.1 pm is about 0.9 pm
smaller than that of the binuclears at 181.0 pm (Table 4).

There are two crystallographically independent [Mn;(CO);.]” anions which
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Figure 7. Molecular Structure of Mne(CO)o{OP(OEt)a}e
Reproduced with permission from J. Organomet. Chem. [395]

differ mostly in degree of distortion [91], representing an example of distortion

isomerism.

(D) Heteronuclear Carbonyl Compounds
1. Hetero-binuclear derivatives

Structural data for these derivatives are summarized in Table 6. There are
six distinct types of bridging, a distorted octahedral manganese singly bonded to
another hetero-central atom being the most common [96-101,108]. The mean Mn-
M distance increases with the covalent radius of M: 240.7 pm (Si, 118 pm) <243.2
pm (Ge, 122 pm) <255.7 pm (Hg, 138.6 pm) <258.9 pm (Sn, 140 pm). The mean
Mn-CO distance follows the same trend (Table 6).

The molecular geometry of red Mn(CO), (dmp)}PdBr [102] consists of a
bimetallic MnPd unit spanned by two bridging mutually trans dmp ligands,
bringing the two metal atoms to within 281.0(2) pm.

Molecular structures of yellow a- and orange B8-Mn(CO);Br(triphos)Cr(CO)s
{103] are shown in Figure 8. The overall geometry of both isomers consist of two
metal atoms (Mn and Cr) linked together by the triphos ligand. The coordination
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Figure 8. Molecular Structure of a- and B- Mn(CO)5\Br(iriphos)Cr(CO),
Reproduced with permission from Inorg. Chem. [103]

around the manganese(l) atom in both structures is essentially octahedral
(MnC,P.Br) with three carbonyl groups cis to each other.

The essentially octahedral environments around manganese(l) atoms in the
two isomers differ mostly by degree of distortion, another example of distortion
isomerism.

The fourth type of bridging involves one ligand atom, for example phos-
phorus in Mn(CO) .(PPhy).Fe(CO), [104], arsenic in Mn(CO) ,(PPhy)(AsMez)Fe(CO),
[105], and oxygen in Mn(CO)s(0OTeF5) [109]. The arsonium derivative [105] exdsts
in two isomeric forms which differ in the cis-trans arrangement of the P and As
atoms on manganese, leading to different degrees of distortion.

The fifth type is found in (Mn(CO) ,(AsMe;),Fe(CO) 1" [Mn(CO),CI)(AsMe,)~-
Fe(CO)4]~ [106], where two bimetallic MnFe units are bridged by two AsMe,
ligands in the cation and only one AsMe; ligand in the anion.

A sixth type of bridging involves three atoms, for example in Mn{CO)a(p-
H)(p,p,-dtal)Fe(CQO), [107] the bridging involves two nitrogen atoms of dtal and a
hydrogen atom. The Mn-Fe distance of 253.93(9) pm is much shorter than that
found in Mn{CO).(PPh.)Fe(CO), [104] which is 282.5(5) pm.
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2. Hetero-trinuclear derivatives

The data for these derivatives are listed in Table 7, and there are three
distinct types depending on the metal atoms involved. Most examples involve two
manganese atoms with one heteroatom which most commonly serves as a bridge
between them [110-114]. The Mn-M-Mn bridge angles are 132.4(4)° [110],
127.2(2)° and 131.4(2)° [111], 135.9(1)° [112] and 180° [113,114]. The mean Mn-Gd
distance of 271.4 pm is about 10.5 pm greater than Mn-Hg (260.9 pm) which is
consistent with the "lanthanide contraction". The mean Mn-C bond length
elongates with the opening of the Mn-M-Mn angle, for example 178.5 pm and 132°
for M = Ge [110-112], and 184.3 pm and 180° [113,114] for M = Hg.

Red-orange [Mn(CO),]}=(p-CO)(n-GeMe,)a [115] contains each manganese
atom in approximately octahedral environment sharing an edge defined by the
germanium (Mn-Ge = 245.5(2,23) pm and bridging carbonyl (Mn-C = 245.5(2,23) pm.
The Mn-Mn bond distance of 285.4(2) pm is the shortest in the heterotrinuclear
series, and indicates a single metal-metal bond. The mean Mn-CO(bridge) distance
of 209.6 pm is about 26.8 longer than the Mn-CO(terminal) value, as expected.

In another red-orange derivative, PtMn,(a(a-PPha)2(CO)s shown in Figure
8, each manganese atom is bonded to four terminal carbonyls (Mn-C =
182.0(11,33)pm), to the platinum atom (Mn-Pt = 274.4(1,3)pm), and to a P atom
(Mn-P = 223.9(3,2)pm. The Mn-Pt-Mn bridge angle is 159.56(4)° [117].

Figure 9. Structure of PtMn,(p.-PPh,)2(CO),
Reproduced with permission from J. Organomet. Chem. [117]
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The three metal atoms in HRe,Mn(CO),. [119] are arranged in a cis
configuration, the angle at the central rhenium atom Re..Re-Mn being 98.09(7)°.
The Mn-Re distance of 296.0(3) pm indicates a single bond.

Examination of the data in Table 7 shows the Mn-CO(terminal) bond
distances in the range 174.0 to 188.0 pm with a mean value of 181.6 pm. The
Mn-CO(bridge) distances are larger, 199.0 to 215.4 pm (mean 206.0 pm). The mean
Mn-CO(terminal) distance of 181.6 pm found for the hetero-trinuclear compounds
is shorter than those found in hetero-binuclear compounds (183.1 pm). The Mn-
Mn bond distances for both types of derivative are comparable.

3. Hetero-polynuclear compounds

The crystallographic and structural data for these compounds are given in
Table 8. There are few examples of hetero-tetranuclear derivatives [121-130], the
structure of red ClSn[Mn(CO),(PPh,)]ls [122] being shown in Figure 10 as a
representative example. In this case the "central" atom is in fact the tin, and
the three Mn(CO),(PPh;) groups plus the chlorine atom occupy the corners of a
distorted tetrahedron around it with a mean Mn-Sa bond distance of 271.3(1,8)
pm. A similar structure has been found in related SnMn, derivatives [121, 123,
124]. It is noted that as the PPh, ligands replace the stronger n-acceptor CO
{122, 123] on the manganese trans to the tin, the Mn-Sn bond length is shortened
compared to those derivatives with no phosphine ligands [121, 124].

0@ () )
<l o
o [« 1}

Figure 10. Structure of CISn{Mn(CO).(PPh;)}
Reproduced with permission from Acta Crystallogr. [122]
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There are examples [125-129] containing two manganese and another two
central atoms: iron [125], rhodium [126], palladium [127], platinum [117], silicon
[128], or selenium [129]. From the bridge viewpoint, the data fall into several
groups. For example in the mixed metal, dark blue [Rh 2(tm4-br) Mn,(CO),0]-
(PFg) (Me,CO), [126], the dirhodium cation has D., symmetry capped on each end
by a Mn(CO)s unit with a mean Mn-Rh bond distance of 289.4(5,11) pm, and Mn-
Rh-Mn bond angles of 179.3(1)° and 177.0(1)°.

Another molecule [128] consists of two hexacoordinated manganese(I)
centres sharing a common edge composed of two bridging bromides plus a
bidentate Se-Se bridge. Three fac- carbonyl groups occupy the remaining
positions.

There is an example (Table 8) with two different heterocatoms, [(tpp)SnMn-
(CO),HgMn(CO)5](CH:Cl2)0.s [130]. This molecule has an Sn-Mn-Hg-Mn unit,
with the Sn-Mn-Hg part bent at a right angle and the Mn-Hg-Mn part almost
linear.

The hetero-hexametallic compounds are of five types. In ({Mn(CO)g}aIn(u-
X). [132], the central cluster consists of a planar In,X, ring with each indium
bonded to two manganese atoms, giving a distorted tetrahedral environment
around the indium. The manganese has a distorted octahedral environment with
the MnCgIn chromophore.

The structure of monoclinic Mn,COa{pu-Ge(Br)Mn(CO)s}. [133] is shown in
Figure 11. The central fragment of the molecule consists of a planar Mn,Ge,
rhombus with a Mn-Mn distance of 292.3(2) pm across, which is comparable to the
value of 293.4(2) pm of the analogous iodc derivative [134]. Both Mn-Mn
distances are shorter than those found in MnzCOg{-Sn(X)Mn(CO)sz}, of
309.1(Npm(X = C1) [121] and 308.6(1)pm(X = Br) [137]. This Mn-Mn distance
increases with the covalent radius of the bridging hetero-metal atom, 122 pm for
Ge and 140 pm for Sn.

In another two isomorphous examples Mn,COga{ ~Mn(CO)s}=, where M = Ga
or In [135], there is a planar Mn,M, ring in which the Mn-Mn distance increases
with the covalent radius of the bridging M atom, from 305.2(1)pm(Ga = 125 pm) to
322.7(1) pm (In = 142 pm).

Orange H.Sn,{Mn(CO)s}, [136] and dark-red Br,Sn.{Mn(CO)s}. [138] have
the two connected Sn atoms in tetrahedral environments with two Mn(CO)s groups
and one hydrogen [446] or bromine atom [448]. Each manganese atom is
octahedrally surrounded by five carbonyl ligands and a tin atom.

The fifth type is represented by Feo(CO)s{InMn(CO)s}s [139] which has two
types of hetero-metal atom.

Two ecrystallographically independent molecules, differing by degree of
distortion, have been found in CI1Sn{Mn(CO)s}s [124]. There are also examples
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Figure 11. Structure of Mng,(CO)g{-Ge(Br)Mn(CO)s}s
Reproduced with permission from Acta Crystallogr. [133]

with non-equivalent chromophores: MnCgS and MnCs;S.Fe [125]; MnCsPd and
MnC,PPd, [127]; MnCsM and MnC M, [121,133-135,137]

The mean Mn-CO bond distance increases from 181.2 pm in the hetero-
tetrametallic compounds to 183.9 pm in the hetero-hexametallic compounds. The
former is comparable to that found for the hetero-trimetallics (181.6 pm, Table 7),
and the latter with the value for the hetero-bimetallics (183.6 pm, Table 6).

3. MANGANESE ORGANOMETALLIC COMPOUNDS
(A) Mononuclear Compounds
1. Manganese compounds with unidentate carbon ligands

Crystallographic and structural data for these derivatives are given in Table
9, and are listed and referenced in order of increasing coordination number and
increasing atomic number of the principal coordinated atom.

Colourless high-spin Mn"*(CH,CMe,Ph).(PMe,), [141] is the only example in
which the manganese(II) atom has a distorted tetrahedral geometry with C-Mn-C
and P-Mn-P angles of 137.9(1)° and 96.2(1)%, respectively, which reflect the
relative sizes of the two kinds of ligand. In all other examples the manganese
atoms are in octahedral enviromments. The crystal structure of yellow cis-
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[Mn(CO).(COMe)(COPh)](Me,N) [146] is shown in Figure 12 as an example. The
manganate anion has acetyl (Mn-C = 204.5(11)pm) ligands in cis positions and the
remaining four sites are occupied by carbonyl ligands (Mn-C = 181.9(13,34)pm).
The Mn~-C(COMe) distance is somewhat shorter than Mn-C(COPh), reflecting the
steric hindrance.

There is no example in Table 9 with six equivalent ligands. Only two
examples have a non-carbon bonded tridentate ligand, bidentate ligands being
more common. Distortion isomerism is observed for Mn(CO). (obdp) [1687] which
exhibits two isomers, triclinic and orthorhomic with differences in degree of
distortion. The two crystallographically independent molecules found in Mn(CO) .-
(CH,)(PPh,) [161] are another example of distortion isomerism.

2. Compounds with bi-,tri- or tetradentate carbon ligands

Crystallographic and structural data for these compounds are found in Table
10, in which coordination numbers of four, six, seven and eight are observed.
There is only one example, [Mn(tpbp)a](thf). [172], of a high spin manganese(II)
atom with a distorted tetrahedral environment.

There are two examples, [Mn(COQO),(Ph-CHOCOCO)](ppn) [173] and Mn[oc-
(CH,;).CcH,](dmpe)., [141], with manganese coordination number six. In the latter,
the low spin manganese(ll) atom is in a slightly distorted octahedral environment
due mainly to the bite restrictions of the three chelating ligands, with P-Mn-P

Figure 12. Structure of the cis-[Mn(CO).(COMe)(COPh)]  Ion
Reproduced with permission from J. Amer. Chem. Soc. [146)
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angles of 83.2(1)° and 83.3(1)° and a C-Mn-C angle of 84.7(2)°. The mean Mn-C
bond distance of 210.7(6,3) pm is about 15.7 pm shorter than the mean Mn-P
distance (226.4(3,34)pm), reflecting the van der Waals radii of carbon (170 pm) and
phosphorus (185 pm).

In another ten examples [174-184) manganese is bonded to seven donor
atoms. There are various stereochemical arrangements: four unidentate and one
carbon bonded tridentate ligand [174,178,182]; three unidentate ligands and one
tetradentate carbon bonded ligand {175-177,179,180]; three unidentate ligands and
one tetradentate (3C+S) [181]; three unidentate ligands and one tetradentate
(2C+0+P) [183]; two bidentate ligands and one tridentate carbon bonded ligand
[184]. The molecular structure of orange Mn(CO)gQ‘—C4Ph4(NO) [180] is shown in
Figure 13 as an example.

The tetraphenylcyclobutadiene ligand is fr coordinated to the Mn atom at an
average Mn-C distance of 211(1,3) pm. The Mn-C(2), (CO) bond distance is 184(1)
pm and another two of the X-O(X = C or N) ligands are disordered (Mn-X =
172(1) and 178(1) pm). The disorder problem has been addressed in the original
literature [180] and need not be elaborated upon here. Two crystallographically
independent molecules have been found in Mn(CO)a(l'f-CaH_.,)(CNMe) [178], as
examples of distortion isomerism.

Comparing two types of seven coordination (a) four unidentate + one

tridentate C-ligand systems with (b) three tridentate + one tetradentate, the

Figure 13. Structure of Mn(CO)x(g*-C.Ph,)(NO)
Reproduced with permission from Organometallics [180]
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mean Mn-C{CO) bond distance is smaller in the former (179.2 to 179.9 pm) while
the Mn-C(multidentate) distance is bigger (220.4 to 210.8 pm).

There are four examples [185-188] in which the manganese atoms are
surrounded by eight donor atoms with the chromophores: MnC.H [185]); MnC.,N
[186]; MnC.,P [187]; and MnC-,As [188]. In each case the chromophores are built
up from three carbonyl groups and one pentadentate heterocyclic ligand. The
mean Mn-C and Mn-X distances increase with the size of the pentadentate ligand
and the radius of X: 215.4(3) and 186(2) pm (H,37 pm) [185] <216 and 216 pm
(N,75 pm) [186] <215.9(8) and 237.9(2) pm (P,110 pm) [187] <219.3(5) and 249.2(2)
pm (As,122 pm), respectively.

3. Compounds with penta- or hexadentate carbon ligands

Crystallographic and structural data for this class of compound are listed in
Table 11, from which it may be seen that the most common ligands are carbonyl
and cyclopentadienyl. The molecular structure of the monoclinic Mn( CO)z(lf'—
cp)(CPh_;) [203] is shown in Figure 14 as a example. The manganese atom is
located directly below the centre of the cyclopentadienyl ring at an average 217.2
pm away from each carbon. The two carbonyl ligands are linear (Mn-C-O =
178.0) and have normal Mn-C (178.8 pm and C-O (114.8 pm) bond distances. The
carbene ligand has a Mn-C(8) distance of 188.5(2) pm.

Figure 14. Structure of Mn(CO)a(Q-cp)(CPh,)
Reproduced with permission from 4. Amer. Chem. Soc. [253]
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The data can be separated into three crystal classes, the most common
being monoclinic followed by orthorhombic and then triclinic. Two crystal-
lographically independent molecules have been found in several cases [199,200,~
229,231,237] as examples of distortion isomerism.

The mean Mn-C(CO) and Mn-C(ep) bond distances increase with the
coordination number in the order eight <nine, corresponding to the values 178.0
and 215.0 pm <180.5 and 215.6 pm respectively.

In the series of manganese eight coordinate compounds the mean Mn-C
bond distance increases with the ligand size in the order: 178.0 pm (CO) <187.0
pm (other unidentate C-ligand) <215.0 pm (pentadentate). For the nine-coordinate
derivatives the order is: 180.4 pm (CO) <213.9 pm (bidentate-C) <215.6 pm
(pentadentate). In addition the mean Mn-P distance decreases from 225.1 pm
(PPh,) to 217.4 pm (P(OMe)s;), reflecting the decrease in steric demand of the
phosphine ligand.

4, Compounds with two multidentate ring ligands

Crystallographic and structural data for these derivatives are summarized in
Table 12. The cyclopentadienyl radical is again one of the most commonly found
n-donor ligands. The data is arranged in increasing order of coordination number
and increasing order of atomic number of the principal coordinating ligand. The
compounds can be classified into two groups, those with a parallel ring "sandwich"
arrangement and those with an open or "clino-sandwich" arrangement. There are
five examples of the former, including those with two cyclopentadienyl rings, and
those with cyclopentadienyl and cycloheptatrienyl rings [250]. While the
electronic ground-state of Mn(cp). [245,246] is high spin, that of decamethyiman-
ganocene is low spin.

Electron diffraction studies of 1,1-dimethylmanganocene [247] shows that the
gas contains two geometrically distinct species of high and low spin respectively.
The larger Mn-C vibrational amplitude of 16.0(16) pm of the low spin species
compared to that of 11.11(8) pm for the high spin species is consistent with the
existence of a dynamic Jahn-Teller effect involving the ring tilting modes [247].

It is noted that the mean Mn-C bond distance 212.7 pm (range 211.4-214.4
pm) found in the low-spin manganese(11) compounds is far shorter than 242.8 pm
(range 238.0-247.0 pm) found in the high spin ones. The relatively long distances
in the high-spin manganese(11) derivatives are related to the singly occupied d,2-
»— orbital.

The remaining examples in Table 12 are of the "clino-sandwich" structural
type. The structure of high-spin Mn(ff’-cp). (dmpe) [253] is shown in Figure 15
as an example. The compound has crystallographic C2 symmetry and a pseudo
tetrahedral geometry, if the cyclopentadienyl ring is regarded as occupying one
coordination site. The Mn-C distances are 249.2(6) to 274.2(8) pm with an
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Figure 15. Structure of Mn(f®-cp)s (dmpe)
Reproduced with permission from J. Amer. Chem. Soc. [253]

average value of 261.4 pm, and the Mn-P distance is 267.4(4) pm. The presence
of the ligand dmpe causes the (centroid)cp-Mn-cp(centroid) angle to decrease to
136.9(2)°. As the steric demand of this extra ligand decreases, so does the Mn-P
distance to 261.3 pm in Mncpa(PMePh,;) and to 257.7 pm in Mncp.(PMe,) [253].

There are examples in which the manganese atom is II‘-bonded to two rings
with one additional unidentate ligand [241-244]. The manganese adopts a square
pyramidal configuration with the unidentate ligand in the apical position.

The mean Mn-C(cp) distance of 242.8 pm found for the high-spin sandwich
manganese(11) compounds is about 9.6 pm shorter than for these "clino-sandwich"
derivatives (252.4 pm). Two crystallographically independent molecules have been
found for Mn(1l"’-cp) (11'6 —C2aH,-P) [252] which differ mostly by degree of
distortion.

(B) Binuclear manganese organometallic compounds

Table 13 lists the available data for these compounds in the order of
increasing Mn-Mn distance. The data can be subdivided into several bridge
types. The crystal structure of green monoclinic Mn,(p.—CO):.(fl_‘-CsMe,), [254] is
shown in Figure 16. The three bridging carbony! groups bring the manganese
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Figure 16. Structure of Mn,(u-CO)a(Q°-CsMes)s
Reproduced with permission from Chem. Ber. [254]

atoms within 217.0(1) pm, with Mn-C~Mn angles of 68.5(2)°. This is the shortest
Mn-Mn distance found in a manganese complex.

In several cases two ligands serve as the bridges, for example: two
NNSiMe, [255]; two NO [256,257]; NO and CO [258]; two CH,Ph [262]; CO and
C,H, [263]; two CH,CMe, [262]; two CH,SiMe, [262,266]; two CI [274,277] and
Mn,(CH,CeH.NMe,), [269]. The Mn-Mn distance decreases from 239.2(2) pm [255]
to 380.6(3) pm [277], representing a change in bond order from two to zero
respectively. Contrary to expectation there is no relationship between Mn-Mn
distance and Mn-L-Mn bridge angle, probably due to the variety of bridging
ligands involved.

In two cases, Mn2(p~-tmi)(CO), [260] and Mn,(pn.-hdd)(CO), [261], n-type
organic ligands are used for bridging. The Mn-Mn distance in the former
(261.5(1)pm) is shorter than that in the latter (265.4(1)pm).

There are examples of manganese centres being bridged by one ligand atom:
an organic carbon [206,264,265,267,268,276]; sulphur [272]; arsenic [271,279] and
phosphorus [281]. Here there is a tendency for the expected elongation of the
Mn-Mn distance with opening of the Mn-L-Mn bridge angle. For example,
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273.4(2) pm and 88.0(5)° [208] compared to 380 pm and 131.3(4)° [276], respective-
ly.

Another type of bridge is represented by Mn,(CO),.[p-C(O)CHN,]}(u-
dppm)..2CH,CI, [270], where two non-equivalent manganese atoms, one with
MnC,;P,N chromophore and the other with a MnC.;P;N chromophore, are held
together by a diazomethane ligand using two nitrogen atoms to bridge assym-
metrically. An additional two bidentate dppm ligands serve as extra bridges. The
manganese atoms in this case are 289.8(2) pm apart.

In orthorhombic Mng( CO)G(Q"-CEHG) [273] the eight n-electrons of the
cyclooctatetraene ligand are factored into two cis-diene systems over two MnC,
moieties, with an Mn-Mn distance of 304.5(2) pm.

In another two orthorhombic examples [275,282], the skeletal unit is a
pentagonal bipyramidal metallaocarborane cluster of the closo type. In each, two
Mn(CO), moieties are held together by four carbon atoms and the boron of the
borazole ring. In dark purple Mn,(CO)a(q:’-C4H4N)(pcr) [288] a molecule of n-
pyrrolyltricarbonylmanganese is N-coordinated with the second manganese atom via
the donor electron pair of the pyrrolyl nitrogen atom. The completion of the
hexacoordination sphere uses three CO ligands and the formation of a six
membered chelate metallocycle, involving an oxy-oxygen and one of the oxygens
of the O-nitro group of the picrate anion. A similar structure has been found for
an(CO)e(fL‘r’-C.,H4N)(acpr) [278].

In another unique case [280], two Mn(COQ), groups are bridged by an AsMe,
group (Mn-As = 250.8(2) and 248.9(2) pm), and by Mn-As(Me),-’C=§J-Mn
(Mn-As = 241.0(2) pm and Mn-C = 202.7(7) pm. F.C~CF2

Single bridging via two atoms is observed in a number of cases: Mn-N-N-
Mn [283]; Mn-S-S-Mn [284]; Mn-P-P-Mn [285]; Mn-As-As-Mn [286] and Mn-C-0O-
Mn [287,288}.

A similar bridge structure involving three atoms is observed where two
MnC.P chromophores are linked by Mn-P-X-P-Mn, where X = O [290] or S [291].

In the remaining examples [292-298] the manganese atoms are joined by
multidentate organic ligands, as shown in Figure 17.

The data shows examples of mixed valencies, Mn(II) and Mn(0) [256,257].
Two crystallographically non-equivalent molecules have been found in two cases
[289,291]. There are several examples in which two non-equivalent manganese
atoms are present [278-280,287,288,296].

Both electronic and steric factors influence the Mn-L bond distance which
elongates in the order: 178.5 pm (mean, CO) <202.6 pm (CONH.) <211.9 pm
CH,CCH,) <212.7 pm (CHzPh;) <217.7 pm (CH4SPh); and 165.8 pm (NO) <199.2 pm
(NOz) <228.4 pm (tmeda). In general the Mn-L(bridge) bond distances are longer
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Figure 17. Structure of [{Hn(CO),(lf-cp‘)},(u.-cbdcp)]
Reproduced with permission from Z. Anorg. Allg. Chem. [297]

than the Mn-L(terminal) distances, for example: 206.7 and 178.5 pm (L = CO),
185.4 and 165.8 pm (L = NO), 216.6 and 212.7 pm (L = C-Ligand), respectively.

In the binuclear examples where the manganese atoms are bridged by one or
two ligating atoms, there is a tendency for the Mn-Mn distance to elongate as
the Mn-L-Mn angle opens. The Mn-L distances also tend to be longer in the
binuclear than in the mononuclear derivatives. For instance, the mean value of
the Mn-C(CO), Mn-C(C-ligand) and Mn-P distances are 178.5, 212.7 and 248.4 pm
respectively for the binuclear compounds (Table 13), compared to 178.0, 187.0 and
222.6 pm for the mononuclear compounds (Table 11). On the other hand the mean
Mn-C(cp) distance of 213.7 pm found in the binuclear organometallics is somewhat
shorter than that found in the mononuclear ones (215.0 pm).

(C) Tri- and Tetranuclear organometsllic compounds

The crystallographic and structural data for these compounds is collected in
Table 14, arranged in increasing Mn-Mn distance and degree of aggregation. The
crystal structure of [Mn,(p,-NH) (p.,—NO)a(ff-cp')a] (BF,) [299] is shown in Figure
18. The central Mn,;(NO), core is an equilateral triangle of metal atoms triply
bridged by three nitrosyl ligands along the edges (Mn-N = 186.0(3)pm). The
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Figure 18. Structure of [Mn,(ja~NH)(it2-NO)s (W -cp*)a](PFe)
Reproduced with permission from J. Amer. Chem. Soc. [299]

cyclopentadienyl rings are located off the apices of the metal triangle. The Mn-
Mn bond distance of 250.27(7) pm is the shortest of the trinuclear derivatives.
Two other similar derivatives have slightly longer Mn-Mn distances, 250.6 pm
[300] and 250.83(9) pm [299].

An almost linear array of three manganese atoms is found in two cases with
angles of 177.51(6)° [301] and 178.8(1)° [302], and average Mn-Mn distances of
251.6(2,1) and 285.1(3,0) respectively.

In a bright orange-red trinuclear iodide complex [303] two Mn(CO);('f-
C,.H.N) moieties act as N-ligands at the third (and central) Mn atom (Mn-N =
211.7(8,2) pm, which also coordinates the iodide (Mn-I = 272.2(2)pm) and three CO
groups (Mn-C = 181(1,3) pm. The Mn-Mn distance of 385.3(2,37)pm rules out a
metal-metal bond in this case. There are two other examples with the same outer
chromophores [304,305]).

There are two examples of tetranuclear complexes bridged by arsenic. In
black [Mn( CO),.(lt-cp"‘) lo(a-As);] [306] each arsenic bridges three metal atoms in
a trigonal planar array. For monoclinic [Mn(CO).(iL-cp)].(p.,.-As), [307], the
structure of which is shown in Figure 19, a diarsenic bridge links two pairs of
metal atoms.
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Figure 19. Structure of {Mn(CO)2(N-cD)}a(ia-AE)2
Reproduced with permission from Organometallics [307]

The mean value of the Mn-C(ep) distances is longer for the trinuclear
compounds than was observed for the binuclear ones (213.7 pm and 215.1 pm
respectively). By contrast, the mean Mn-C(CO} distance in the former (175.8
pm) is shorter than in the latter (178.5).

(D) Hetero-binuclear orgamometallic compounds

The data for these compounds is shown in Table 15, and can be subdivided
by bridge type. In several cases a manganese atom is directly bonded to another
metal atom without a ligand bridge, for example Mn-Ge [312] with a bond distance
of 252.4(4) pm, and three exampies of Mn~-Sn [313-315]. Another three examples
involve direct Mn-Mo bonds [320-322], and other transition metal examples include
Mn-Re (297.2¢1) pm) {327}, Mn-Fe(284.0(4) pm and 284.5(4)pm [334] and Mn-Pt
(265.9(2)pm) [347].

In several cases, a single bridge is found, for example: H atom [310,311,~
319]; a carbon donor [318,323,326,329,331,333); iodine between Mn and Pb moieties
[343}. As the bridge angle Mn-L-M opens, the Mn-M distance increases, as
expected: 58.2(1)° and 260.3(1)pm Mn-I-Pt {343]); 79(1)° and 281.7(3)pm Mn-
C(CQO)(Ph)-Re [329]; 141(5)° and 333.0(2)pm Mn-H-Nb [313].
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Two ligand atoms are used to bridge in a third set of compounds, giving the
following examples; two carbon donors [330,339-341,344-346}; a hydrogen and a
nitrogen [332}; two nitrogens of NO ligands [338). The mean bridge angle ranges
from 78° to 110°, while the Mn-M distance ranges from 244.4 to 270.3 pm.

Figure 20 illustrates another type of bridging [324] in which the acyl ligand
spans the Mn-Mo vector, bonding through carbon to Mo and oxygen to Mn. In
addition there is another bridge via the phosphorus atom of PPh,. The Mn-Mo
distance of 296.3(2) pm is typical for a single bond. The same type of bridge has
been found in a similar derivative [324]) with a 399 pm Mn-Mo distance. Similar
bridges are found in other examples: Mn and Al bridged by C(O)CH,, C to Mn
and O to Al, plus a bromine bridge; Mn-N-N-Ga via dmpz, and Mn-O-Ga via tpe
[309]. Each of the remaining structures in Table 15 represents a unigue structure
from a bridge point of view. In a red Fe/Mn derivative [335] a FeCS,Mn moiety
is almost planar, with CS, bridge lf-coordinated to Fe through the C=S bond and
o-bonded to the Mn through the second sulphur atom, as can be seen in Figure
21. A tricyclic arrangement is found in a Mn/Ir complex [342], with three bridges
between the two metal atoms and no direct M-M bond (354.3(2)pm).

An overall review of the data confirms a tendency for the Mn-M distance to
increase as the bridge angles increase. Also, the mean Mn-L(terminal) distance is
shorter than the Mn-L(bridge) distance, which is affected by both steric and
electronic factors. Thus the mean Mn-L(bridge) distances elongate in the order:

Figure 20. Molecular Structure of (f"-cp)MoMn{j-C(0)C.H,.}(p-PPh,)(CO),
Reproduced with permissgion from J. Chem. Soc., Chem. Commun. [324]
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Figure 21. Structure of (lf—cp)(CO),Hn(u,—CS,)Fe(CO),(PHe.Ph),
Reproduced with permisgion from Inorg. Chem. [335]

173pm(H) <186.9pm(NL) <195.8pm{C0O) <203.7pm(OL) <205.4pm(C1)<258.0pm(Br)
<268.98pm(I).

The Mn-M average distances are observed to increase in the order:
248.0pm(Mn-CO) <252.4pm(Mn-Ge) <264.2pm(Pt) <266.6pm(Sn) <271.4pm(Fe)
<278.1pm(Rh) <289.5pm(Re) <294.6pm(Mo) <299.4pm(W) <325.3pm{(Nb).

A red monoclinic isomer and a yellow triclinic isomer are found for a
Mn/Pt complex [347]. Two crystallographically independent molecules are found in
four examples [316,334,338,348]. In both cases the major difference is one of
degree of distortion, thus representing distortion isomerism.

The mean Mn-C(CO) distance is 179.6pm (range 157.8 to 187.0pm), and the
mean Mn-C(cp) distance is 214.2pm (207.3-221.6pm). Both are somewhat longer
than that observed for the homobinuclear derivatives. By contrast, the mean Mn-
C(CO, bridge) distance is longer in the latter than in the former.

(BR) Hetero—coligonuclear organometallic compounds

The data for these compounds is listed in Table 16 in order of increasing
number of metal atoms. There are several polymetallic derivatives in this series
[306,311,350~358] but few have a direct Mn-Mn or Mn-M bond.
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A black, sulphur bridged MnCr complex consists of a mononuclear Mn{(cp)
(CO). unit and a binuclear [Cr(cp)SCMez],S unit, triply bridged by three sulphur
atoms such that the manganese is a "piano-stool" configuration. The structure is
illustrated in Figure 22.

Some of the hetero-trinuclear derivatives contain two manganese atoms and
one other metal [326,359-365). A few molecules have a bent Mn-M-Mn, M = Si
[359], M = Ti [362]. In four examples the bent Mn-M-Mn framework is bridged
by another group, for example: carbonyl between outer Mn atoms [361]; the C
of CH.Se, where Se is the M atom [364]; hydrogen between a central Mn and
outer Ta [363]; carbon donors between each pair of metal atoms [326]. In another
example [365], two manganese and one molybdenum are linked by an arsenic atom
in a trigonal planar array. In only three examples is there evidence of a Mn-Mn
bond, these being at 285.4(2)pm [361], 293.8(1)pm [363] and 307.0(1)pm [365]. The
mean Mn-M distances are: 237.1(2,111)pm (M = Ge [360,361]; 243.0(2,59)pm(Se)
[364]; 301.7(1,53)pm(Mo) [326,365].

The mean Mn-C(CO) distance of 178.6 pm in the hetero-trinuclears is longer
than that of the homo-trinuclear compounds (Table 14). However, the mean Mn-
C(cp) distance of 214.9 pm is about 0.2 pm shorter.

There are five examples of hetero-tetranuclear compounds with MnM,
units: Mn,Hg, [366]; Mn.Cr, [367]; Mn,Re, [368,369]; Mn,Yb, [370]. Only in
{{(n®-cp)Cr{SCMe;)}.SMn.(CO), [367] is a Mn~-Mn distance smaller than 300 pm

ciel

cus)
cw@o
€hisy
@21

Figure 22. Structure of {(#-cp)Cr(SCMes)}a(ia-S)Mn(CO)x(n"-cp)
Reproduced with permiesion from J. Organomet. Chem. [351]
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found. In these brownish-black prisms, binuclear fragments with Mn and Cr are
linked through a Q"‘-sulphide bridge (Mn-S = 244.8(9)pm, Cr-S-Mn angle =
125.4(5))°. The shortest Mn-M distance is found for Mn-Hg at 260.2(2)pm [366].

Mn.M units are present in three examples, M = Al [371], M = Ge [360], M =
Sb [372] and M = Te [373]. In the pale yellow hexagonal needles of the aluminum
derivative [371] the central atom is in fact the aluminum, and the manganese
atoms are part of the ligand system around this atom. In the dark red germanium
derivative, there is a Ge=Mn(CO).cp moiety (Mn-Ge = 226.0(2)pm) and a cp(CO) -
Mn-Mn(CO).cp unit (Mn-Mn = 298.2(2)pm), which is attached to the germanium
through two Mn-Ge bonds (235.3(2) and 238.0(1)pm) forming a Mn,Ge ring. A
similar pattern is found in the green Mn,Sb compound [372] which has a Mn-Mn
distance of 304.3(3)pm and two Mn-Sb bonds of 254.0(2) and 257.7(2)pm forming a
Mn,Sb ring.

In another derivative, three Mn(CO)., cp moieties are held together by a Te
atom (mean Mn-Te = 248.5pm) [373].

The only hetero-tetrametallic compound [374] has a metal framework which
consists of an osmium triangle with a manganese linked to one corner (Mn-Os =
276.5(4) pm.

The molecular structure of a dark green hetero-pentametallic compound is
shown in Figure 23 [375]. The molecule contains a metallospirane core, Cr,Mn
which is strongly distorted in comparison to its cyclopentadienyl analogue [376].

Figure 23. Structure of [(ll:"'cp‘)zcr:(F‘Scuea(l-‘a's)zlzh
Reproduced with permission from J. Organomet. Chem. [375]
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Table 19 Summary of the metal-metal bond distances®

M-M (Oxid. Number) Bond Distance Mean Value
[pm] [pm]
Re(8) - Re(8) 255.9
Re(5) - Re(5) 285.7, 265.1 260.4
Re(4.33) - Re(4.33) 241.5
Mn(4) - Mn(4) 282.0 - 294.3 288.2
Te(4) - Te(4) 233.1 - 236.3 234.7
Re(4) - Re(4) 236.2 - 286.5 267.5
Re(3.84) - Re(3.84) - 279.3 - 292.2 285.5
Re(3.5) - Re(3.5)
Mn(3) - Mn(3) 272.0 -~ 286.9 277.3
Te(3) - Te(3) 213.3 -~ 219.2 215.5
Re(3) - Re(3) 216.9 ~ 296.0 257.3
Te(2.66) - Te(2.88) 241 - 260 250
Te(2.5) - Te(2.5) 209.5 - 212.6 211.3
Re(2.5) - Re(2.5) 222.9 - 268.3 239.2
Mn(2) - Mn(2) 251.6 ~ 284.1 275.0
Re(2) - Re{(2) 221.1 - 258.6 230.1
Te(1.83) - Te(1.83) 216 - 270
Mn(l) - Mn(1l) 250.3 - 298.2 276.6
Te(l) - Te(l) 253.1 - 272.1 264.4
Re(1l) - Re(l) 281.6 - 295.0 288.6
Mn(0) - Mn(0) 217.0 - 297.7 271.4
Re(0) -~ Re(0) 241.1 - 295.7 281.5
Mn(4) - Mn(3) 271.6 - 276.3 274.0
Mn(2) - Mn(0) 252.0, 252.6 252.3
Re(5) - Re(4) 250.8
Re(5) - Re(1) 238.1
Re(4) - Re(2) 223.1 - 261.3 242.2
Re(3) - Re(2) 229.0 - 242.1 237.1

a  Only distances smaller than 300 PM are tabulated. Data for Tc-Tc
and Re-Re bond distances are taken from references [381, 382].
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A black Mn/Hg derivative [378] has an eight-membered Mn,Hg, ring. The
four Hg atoms are almost coplanar (deviation 0.4pm), while the four Mn atoms are
35.9 pm out of plane from each other. The non-linearity of the Mn-Hg-Mn
groups (157.2°) indicates metal-metal interaction (Mn-Hg = 264.0pm).

Finally, there are two examples [379,380] in which three different metal
atoms are present (Table 16).

4. SUMMARY

The manganese carbonyl compounds are found with coordination numbers
from four to six, the latter being the most common. Several derivatives exist as
isomers (13,14,26,35,103), and independent molecules exhibiting distortion isomers
have also been noted (7,10,38,50).

The most common structures are mono-, bi- and polynuclear, with a few
examples of tri-, tetra- and hexanuclearity.

A summary of the M-L bond distances for the mono-, bi- and trinuclear
carbonyls is given in Table 17. The data for the rhenium compounds are from an
earlier review (4). The following general observations can be made:

(a) The Mn-L bond distances are shorter than those for Re-L.

(b) The M-L bond distances elongate with the van der Waals radius of the

coordinating atom.

The nearly 300 manganese organometallic compounds reviewed here are
mostly mono- and bimetallic with a few examples up to pentametallic.

Distortion isomerism has been found in 14 examples:

(161, 193, 200, 229, 231, 232, 237, 291, 316, 334, 338, 348, 358, 367)

The cyclopentadienyl ring is by far the most common ligand, and a tetra-
gonal arrangement about the metal is the preferred molecular geometry. Binuclear
manganese compounds with two linking ligands are the most common bridging
structure encountered.

A summary of the structural data for organometallic manganese and rhenium
[4] compounds is given in Table 18, from which the following general observations
can be made:

{a) The mean Mn-L bond distance is somewhat shorter than that for

rhenium.

(b) The mean Mn-L (bridge) bond distance is longer than the mean

M-L (terminal) value, except in the case of Mn-P.

(c) The M-L bond distances increase with increasing van der Waals radius

of the ligated atom.

A summary of metal-metal bond distances is given in Table 19 , and includes
data for the compounds in this review, manganese coordination compounds (383),
rhenium compounds (4,382) and technetium compounds (38l1). The following
general observations can be made:
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(a) Metal-metal bonding chemistry for manganese shows less variety than
that of rhenium.

(b) Non-integer oxidation states are not involved for manganese contrary to
the case for technetium or rhenium.

(c) At higher oxidation states (+2 to +4) manganese bonds are longer than
those of rhenium, while at lower oxidation states (0,+1) the reverse is
true.

{(d) Technetium metal-metal bonds tend to be shorter than those of either
manganese or rhenium.

There is also a rich variety of heterometallic compounds with a direct Mn-M
bond. The mean values of these bonds increases in the order shown below:
(Mn-Ge) 242.7pm <(-Ga) 245.0pm <(-Bi) 246.9pm <(-Co) 250.2pm
<(-Hg) 254.2pm <(-In) 264.0pm <(-Li) 264.5pm <(-Sn) 266.6pm
<(-Pt) 270.0pm <(-Cd) 271.4pm <(-Fe) 274.4pm <(-Rh) 275.5pm
<(-Pd) 281.1pm <(-Mo) 287.3pm <(-Re) 292.7pm <(-Cr) 286.2pm
<(-W) 299.4pm

Despite the variety of the compounds discussed above, many systematic
trends are observable, and this review attempts to document and clarify these. It
is anticipated that these observations may suggest directions that might be
fruitful for further investigation.
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