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§ Abstract §

1. E/Mn/Cr/CO (E =S, Se) System

When trigonal-bipyramidal clusters, [PPN][E;Mn3(CO)y] (E =S, Se), were treated with
Cr(CO)¢ and PPNCI in a molar ratio of 1: 1: 2 or 1: 2: 2 in 4 M KOH/MeCN/MeOH solutions,
mono-Cr(CO)s-incorporated HE,;Mns-complexes [PPN],[HE,Mn;Cr(CO);4] (E = S,
[PPN],[1a]; Se, [PPN]y[1b]), respectively, were formed. However, when the TMBA "salts for
[EoMn3(CO)9] were mixed with Cr(CO)s in a molar ratio of 1: 1 in 4 M KOH/MeOH
solutions and refluxed at 60 °C, mono-Cr(CO);-incorporated E;Mn;Cr octahedral clusters
[TMBA];[E2MnsCr(CO)2] (E = S, [TMBA];[2a]; Se, [TMBA];[2b]), respectively, were
obtained. Clusters 1a and 1b (with [TMBA] salts) underwent metal core closure to form
octahedral clusters 2a and 2b upon treatment with KOH/MeOH at 60 °C. In addition, 1a and
1b were found to undergo cluster expansion to form di-Cr(CO)s-incorporated
HE;Mns-clusters [HE;Mn3;Cr,(CO)19]*~ (E = S, 3a; Se, 3b), respectively, upon the addition of
1 or 2 equiv of Cr(CO)¢ heated in refluxing CH,Cl,. The nature, cluster transformation, and
electrochemical properties of the mixed manganese—chromium carbonyl sulfides and
selenides were systematically discussed in terms of the chalcogen elements, the introduced
chromium carbonyl group, and the metal skeleton, with the aid of molecular calculations at
the BP86 level of the density functional theory.
2. E/Mn/Ru/CO (E =8, Se) System

Heating trinuclear E,Mn;-trigonal-bipyramidal clusters, [E;Mn3(CO)9] (E = S, Se)
with Ru3(CO);; in a molar ratio of 1: 1 in MeCN/MeOH solutions afforded two tetranuclear
products, EsRug-octahedral clusters [HE,Ru4(CO);9] (E = S, 3a; Se, 3b) and mixed-metal
E>Mn,Rus-octahedral clusters [EzanRuz(CO)n]z_ (E =S, 4a; Se, 4b). In addition, 4a and 4b
exhibited intense electronic communication through the My square during oxidation of

Mn,(CO)¢ fragment, which were compared to the analogous homonuclear group 7 clusters,

III



[E-Mny(CO) 1>~ (E = S, 1a; Se, 1b) and the heteronuclear mixed-group 6/7 clusters,
[EzMn3Cr(CO)12]3_ (E =S, 2a; Se, 2b). The electronic absorptions of [E;Mn3(CO)y] and 1
were assigned as the MLCT (Mn—E or COs) transitions while those of 2 and 4 were
attributed to the MLCT (Mn—E or COs) and MMCT (Mn—Cr or Ru) transitions. Moreover,
these clusters also showed optical transitions with band gaps of 1.25 to 1.80 eV. Furthermore,
the formation and electronic properties as well as electrochemical and optical properties of
these E;My-octahedral carbonyl sulfides and selenides were studied and elucidated with the
aid of molecular calculations at the BP86 level of the density functional theory.
3. Te/Ru/Cu/CO System

When [PPhy]y[TeRus(CO)14] was treated with 1 equiv. of [Cu(MeCN)4][BF4] in
dichloromethane (CH,Cl,) at low temperature, the CusCl-incorporated di-TeRus carbonyl
cluster [PPhy],[{TeRus(CO);4},CusCl] ([PPhs]o[1]) was formed. When [PPhy];[TeRus(CO)14]
reacted with 2 equiv. of [Cu(MeCN)4][BFs] in CH,Cl, at low temperature, both
CusCly-incorporated di-TeRus carbonyl clusters [PPha]s[ {TeRus(CO)14}2CusCL]*CH,Cl,
([PPh4],[2]-CH2Cl,) and [TeRus(u-CO)2(CO)12Cua(MeCN),] (3a) were obtained. However,
similar reaction of [PPh4],[TeRus(CO);4] with 2 equiv. of [Cu(MeCN)4][BF4] in CH,Cl; at
room temperature produced complexes 2 and [TeRus(1~-CO)3(CO);1Cuy(MeCN),] (3b). The
formation of 1 and 2 involved the abstraction of chloride from dichloromethane while the
formation of isomers 3a and 3b was governed by the reaction temperature. The nature,
transformation, electrochemical, and optical properties of these CuX (X = MeCN or
Cl)-incorporated mono- or di-TeRus-based clusters were discussed in terms of the effects of
copper, tellurium, temperature, and the size of the metal skeleton, which was elucidated in
detail by DFT calculations at the MPW1PW9I level of the density function theory.
4. Te/Fe/Cu/dipyridyl System

Four new mixed-metal cluster-based 1D or 2D organometallic-organic hybrid polymers

v



1—4 were synthesized from the reactions of the neutral heterometallic cluster
[TeFe;(CO)9{Cu(MeCN)},] with  various ditopic  organic linkers such as
1,2-bis(4-pyridine)ethene (bpe), 1,2-bis(4-pyridine)ethane (Hzbpe), and
4,4'-trimethylene-dipyridine (tmdpy) in the stoichiometric molar ratios in THF. Besides, the
corresponding anionic clusters in 3 and 4, [{TeFe3;(CO)oCu},L]*~ (L = Hibpe, 5; tmdpy, 6),
could be isolated from a one-pot reaction of [TeFes(CO)ol*~, [Cu(MeCN)4][BF,], and H,bpe
or tmdpy. The ternary Te—Fe—Cu—dipyridyl complexes 1—6 were characterized
spectroscopically and their nature, formation, and semiconducting properties were discussed
systematically in terms of the nature of N-donor dipyridyl linkers, the dimensionalities, and
the intermolecular hydrogen interactions with the aid of molecular calculations at the B3LYP
level of the density functional theory.

Keywords: group 16 elements, heteronuclear metals, clusters, electrochemistry, UV-vis

spectra, computational studies.
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Chapter 1

Introduction

1.1 Background

In cluster chemistry, Cotton introduced the term “metal atom cluster” in 1964 to point
out ““a finite group of metal atoms that are held together mainly, or at least to a significant
extent, by bonds directly between the metal atoms, even through some nonmetal atoms may
also be intimately associated with the cluster”.' After years of research in this area, several
books have illustrated the developments of cluster chemistry, including new bonding modes,
versatile reactivities, and diverse structures as well as the activation of small molecules and
homo- and heterogeneous catalysis.”> One of many aspects of cluster chemistry that attracted
much attention from chemists was to discover chemically different metals through direct
metal—metal bonding, however, up to date many combinations still remain unknown.

In metal carbonyl chemistry, carbonyls are the most common ligands for

2325 The reason is that the COs

organometallic clusters and seem to stabilize the M—M bonds.
can effectively stabilize M(CO), fragments which leads these fragments close to within the
metal—metal bonding distance of each other. From 1930s through 1950s, Hieber first
discovered a series of neutral and anionic carbonyl complexes containing more than one
metal and/or main-group elements.” Most studies in this field were mainly aimed at the
neutral complexes whereas the chemistry of anionic complexes remained scarce. Recently,
anionic metal carbonyl clusters have been reported to be utilized as synthetic synthons for
further cluster-growth reactions to construct homo- or hetero-nuclear metal carbonyl

clusters.* In the group 7 (Mn) system, our group reported the stepwise growth from the

smaller clusters, [E;Mn3(CO)9] (E = S, Se), into larger E-rich or Mn-rich clusters (Figure



1.1),* however, controlled-cluster expansion of [E;Mn3(CO)o]” with group 6 (Cr) and group 8

(Ru) to form mixed-metal carbonyl chalcogenide clusters were not explored.

- Se

\\\ i Kon. / M4CI)VIHII(IV(I) r::N Mn( "M"/g\ e
Ry n* M:ol:n-ulc(::Hm *Mn\_n/Mh* ‘—e = Se/sé \s —s/ \\Mn*
2v2 \ [Cu(MeCN),][BF4] //\\ / e e\§e/ sé
E MeCN Mn\c\/Mn.. W
E=S, Se o
£ =S, 8e Mn" = Mn(CO),

Mn* = Mn(CO)s

Figure 1.1. Stepwise cluster-growth reactions from the trigonal-bipyramidal clusters
[EoMn3(CO)9] (E =S, Se).

For group 7 system (Ru), if we treated the octahedral cluster [TeRus(CO)14]*~ with

various amounts of CuX (X = Cl, Br, I), a series of CuX-, Cu,X;-, and CusX;-linked mono-

or di-TeRus-based and Cu,X,-incorporated Te,Rus-based carbonyl clusters were formed,

respectively (Figure 1.2).*

o o 12—
"R C\R WX R /C\R
Z—Ru “RU "
B / ~
- oc/ \R@V_\ij/ 77 1Neo
2 eq. CuX \ /Te\ /Cu—/Cu‘ /Ru; /
THF, rt. 1 eq. CuX —_Ru” N "RU——Ru"
q X <~
(x=Cl, Br) X =Cl, Br, THF, r.t.

X =1, THF, 0 °C

8
THF, r.t. X=Cl, Br
(X=Cl, Br)
Te 2—

- T2-
1eq. CuX, \ \—CO 1eq.Cux 0(% '%(/CO
THF, rt. — / MeCN, -35 °C "Rz S THF, rt,
—> P -
/ " x=ciLen [ DRu \ (X=Br,1)
* /\C XCu CuX
/ Ru*

X= CI, Br, |

Ru" = Ru(CO),

Ru* =Ru(CO); 2eq. Cul
THF, r.t.

Figure 1.2. Stepwise cluster-growth reaction from the octahedral clusters [TeRus(CO)4]*
Apart from the development of fundamental chemistry among mixed-metal clusters,

the exploration of the redox capacity of the high-nuclearity homo- or heterometal carbonyl

clusters was even more important because of their potential uses as molecular capacitors.*’

Besides, recent studies reported by Nishihara et al. showed that homo-nuclear M3 (M = Ru,



Co, Rh, Ir, Ni, and Pt) and hetero-nuclear Ir;Cos and CosFe; dithiolene carbonyl clusters

exhibited interesting electron communication (Figure 1.3).6

Iniense electronic communication @ Iridiem @ Cobalt @ lror

¥ > ® Carbian @ Oxygen O Sulfur
[ Multiple metal M Mulriple mesal
- ¢ imtegraiion 5 5 dmtegration ™ L]
‘i}*&u— _ ,,{S‘é é‘ﬁu — %IE ﬁ‘
- at - 5 -
U‘.‘b o7 ‘ b Building block N;?i -;'}T';“

[iryCay) [Fey,Coy|
Figure 1.3. Mixed-metal Ir;Cos and CosFes dithiolene carbonyl clusters.

On the other hand, coordination polymers (CPs) are currently one of the hottest topics
in Inorganic and Supramolecular chemistry.” Recent development of crystalline conducting
materials® has attracted much interest due to their applications on novel technologies such as
porous electrodes for batteries, fuel cells, sensors, and nanomaterials.’ Nevertheless, the
formation of organometallic-organic hybrid CPs involving metal carbonyl clusters was
relatively scarce and their dimensionalities were restricted to one-dimensional (1D)
frameworks, which were mainly reported by our group and others.* Very recently, Scheer et al.
first discovered a two-dimensional (2D) organometallic-organic hybrid material,
[{{Cp2M02(CO)4P1}2Cur(Habpe)} {BF4}2]n, by using a phosphorus-containing complex as a

precursor with 1,2-bis(4-pyridine)ethane (Habpe) (Figure 1.4).1°

Figure 1.4. Structure of 2D CP [{{Cp:Mo0,(CO)4P;},Cuy(H,bpe)} {BF4}2], and its portion of
the crystal packing diagram.
With these perspectives, we desired to explore the studies on new heterobimetallic

Mn—Cr, Mn—Ru, and Ru—Cu carbonyl chalcogenide clusters as well as 2D



organometallic-organic Fe—Cu—dipyridyl CPs by the stepwise cluster-expansion reactions or
self-assembly reactions. Furthermore, the nature, formation, and transformation as well as
electrochemical and optical properties of these resultant mixed-metal carbonyl chalcogenide
complexes will be systematically discussed and further rationalized by the density functional

theory (DFT) calculations.

1.2 Objectives
Based on the unexplored and interesting issues above-mentioned, our objectives in this
work are set as follows:

(1) In the E/Mn/Cr/CO (E = S, Se) system, the rational routes for the synthesis of different
structures of mixed group 6 and group 7 carbonyl chalcogenide complexes will be studied
by the introduction of Cr(CO)ginto trigonal-bipyramidal clusters [E;Mn3(CO)y] (E =S,
Se). The effect of the incoming Cr(CO)y fragment will be probed by the studies of the
electrochemistry of the resultant complexes.

(2) In the E/Mn/Ru/CO (E = S, Se) system, the extension to the facile synthesis of
mixed-metal Mn—Ru carbonyl chalcogenide octahedral clusters from [E;Mn3(CO)y] (E
= S, Se) will be investigated. Besides, we will also systematically discuss the
incorporation of manganese, chromium, and ruthenium carbonyl fragments into the E;My
core in terms of their electrochemical and optical properties.

(3) In the Te/Ru/Cu/CO system, we will investigate the reactivity of [TeRus(CO)14]* with
[Cu(MeCN)4][BF4] and further explore electrochemical and optical properties of the
resultant clusters.

(4) In the Te/Fe/Cu/dipyridyl system, we desire to construct low- or high-dimensional
Te—Fe—Cu—dipyridyl = organometallic-organic =~ CPs  from the reactions of

[TeFe3(CO)o{Cu(MeCN)},] with various N-donor ligands. Furthermore, their nature,



formation, and optical properties will be discussed systematically in terms of the nature of

N-donor linkers, the dimensionalities, and structural features.
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Chapter 2

Stepwise Construction of Manganese—Chromium Carbonyl Chalcogenide
Complexes: Synthesis, Electrochemical Properties, and Computational

Studies®

Abstract

When trigonal-bipyramidal clusters, [PPN][E;Mn3(CO)y] (E = S, Se), were treated with
Cr(CO)¢ and PPNCI in a molar ratio of 1: 1: 2 or 1: 2: 2 in 4 M KOH/MeCN/MeOH solutions,
mono-Cr(CO)s-incorporated HE,;Mns-complexes [PPN],[HE,Mn;Cr(CO);4] (E = S,
[PPN],[1a]; Se, [PPN],[1b]), respectively, were formed. X-ray crystallographic analysis
showed that 1a and 1b were isostructural and each displayed an E,Mnj; square-pyramidal
core with one of the two basal E atoms externally coordinated with one Cr(CO)s group and
one Mn—Mn bond bridged by one hydrogen atom. However, when the TMBA salts for
[EoMn3(CO)9] were mixed with Cr(CO)s in a molar ratio of 1: 1 in 4 M KOH/MeOH
solutions and refluxed at 60 °C, mono-Cr(CO);-incorporated E;Mn;Cr octahedral clusters
[TMBA];[E2MnsCr(CO)2] (E = S, [TMBA];[2a]; Se, [TMBA];[2b]), respectively, were
obtained. Clusters 2a and 2b were isostructural and each consisted of an octahedral E;Mn;Cr
core, in which each Mn—Mn or Mn—Cr bond of the Mn;Cr plane was semi-bridged by one
carbonyl ligand. Clusters 1a and 1b (with [TMBA] salts) underwent metal core closure to
form octahedral clusters 2a and 2b upon treatment with KOH/MeOH at 60 °C. In addition, 1a
and 1b were found to undergo cluster expansion to form di-Cr(CO)s-incorporated

HE,Mn;-clusters [HEzMn3Cr2(CO)19]2_ (E =S8, 3a; Se, 3b), respectively, upon the addition of

“This chapter has been published on Inorg. Chem. 2011, 50, 7735—7748.



1 or 2 equiv of Cr(CO)s heated in refluxing CH,Cl,. Clusters 3a and 3b were structurally
related to clusters 1a and 1b, but with the other bare E atom (E = S, 3a; Se, 3b) further
externally coordinated with one Cr(CO)s group. The nature, cluster transformation, and
electrochemical properties of the mixed manganese—chromium carbonyl sulfides and
selenides were systematically discussed in terms of the chalcogen elements, the introduced
chromium carbonyl group, and the metal skeleton, with the aid of molecular calculations at

the BP86 level of the density functional theory.

2.1. Introduction

Heterometallic cluster complexes represent a challenging area of synthetic chemistry
due to their numerous applications in catalysis,l’2 magnetismf’4 nanoscience,” and
nanotechnology.’ Although systematic syntheses of heteronuclear cluster complexes have
advanced significantly during the past few years,'®’ rational stepwise cluster-growth
processes, based on coupling reactions of suitable transition-metal species or the conversion
of existing structural geometries to new ones, were few due to the lack of practical
methodologies. In addition to the development of the fundamental chemistry among
mixed-metal clusters, the exploration of the redox capacity of the high-nuclear homo- or
hetero-metal carbonyl clusters is even more important, due to their potential uses as
molecular capacitors.”™®

Whereas homonuclear iron”™"" carbonyl chalcogenide clusters are well-developed,

9a—9c¢,12—14 9a—9¢,15—17

carbonylmanganese and carbonylchromium chalcogenide complexes have

not been explored as much, and mixed manganese—chromium carbonyl chalcogenide

19 Very recently, our group reported two mixed

complexes are even more rare.
chromium—manganese selenide carbonyl complexes from the reaction of the paramagnetic

species [Se2Cr3(CO)10]*~ with Mn(CO)sBr in acetone.'” However, the question of how to



search for suitable building blocks for step-by-step construction of mixed-metal ternary
E—Mn—Cr complexes (E = chalcogen elements) is still a great challenge. Our previously
reported trigonal-bipyramidal clusters, [E;Mn3(CO)9] (E = S, Se),'* were electron-precise
anion clusters and could be viewed as potential candidates for incorporation with other
nucleophilic or electrophilic transition metal fragments. To extend our studies of the
chemistry of mixed Mn—Cr clusters, we have examined the interaction of [E;Mn3(CO)o] (E
= S, Se) with group 6 chromium carbonyl species, Cr(CO)s, under carefully controlled
conditions. This paper describes the full details of the syntheses and characterization of a new
family of heterometallic Mn—Cr chalcogenide carbonyl cluster complexes, which included
three different types of structures, mono- and di-Cr(CO)s-incorporated HE,Mn;
square-pyramidal complexes and mono-Cr(CO);-incorporated E;Mn;Cr octahedral
complexes. In addition, the electrochemical properties of these mixed Mn—Cr clusters were
systematically investigated to address and compare their redox capability in terms of the
effect of the incoming chromium group that was either attached to the square-pyramidal
E;Mn; core or incorporated into the octahedral E;M, core. Finally, the electronic properties,
stepwise cluster-expansion reactions, and electrochemistry of these new Mn—Cr carbonyl
sulfides and selenides were further elucidated and discussed on the basis of density functional

theory (DFT) calculations.

2.2. Results and Discussion

2.2.1. Synthesis of Complexes [HEzMn3Cr(CO)14]2_ (E =S, 1a; Se, 1b). On the
basis of the electron-counting rule, trigonal-bipyramidal complexes [E;Mn3(CO)o] ™ * (E = S
and Se) are electron-precise species (48 electrons). Although stepwise growth from smaller
clusters, [EoMn3(CO)9] (E = S, Se), into larger E-rich or Mn-rich clusters was found,

providing facile routes to a series of nanosized manganese carbonyl chalcogenide



14a,14d,14
clusters, "7

until now, stepwise, controlled-cluster expansion of [E,Mn3(CO)¢] (E =S,
Se) with other transition metal fragments to form mixed-metal carbonyl chalcogenide clusters
had not been explored.

In the present study, when [PPN][E,Mn3(CO)¢] was treated with Cr(CO)s and PPNCI
in a molar ratio of 1: 1: 2 or 1: 2: 2 in concentrated KOH/MeCN/MeOH solutions (4 M) in an
ice-water bath, mono-Cr(CO)s-incorporated HE,;Mn;-based complexes,
[PPN],[HE;Mn;Cr(CO)14] (E = S, [PPN],[1a]; Se, [PPN],[1b]), were formed in moderate
yields of 41 and 44%, respectively (see Scheme 2.1). Clusters 1a and 1b also can be isolated
as the [TMBA]" salts by similar procedures. They were both fully characterized by IR, NMR,
ICP-AES, and elemental analysis, as well as single-crystal X-ray diffraction analysis. Oak
Ridge thermal ellipsoid plot (ORTEP) diagrams of the structures of 1a and 1b were shown in
Figures S2.1 and 2.1. Clusters 1a and 1b were isostructural species and each displayed an
E;Mnjs square-pyramidal core (E = S, 1a; Se, 1b) with each Mn atom terminally coordinated
with three COs, in which one Mn—Mn bond was bridged by one hydrogen atom and one of
the two basal E atoms was externally coordinated with one Cr(CO)s group.

The 'H NMR study further confirmed the existence of the hydrides of 1a and 1b. For
the dianionic 1a, '"H NMR gave the hydride resonance at —8.94 ppm. This value is close to
the previously reported values for the hydride bridging the Mn—Mn bond in the neutral
S,Mnj,-based species [Mny(CO)e(1-H){ y—S(SC3H5)C=C(PPri3)S}]2oa (=7.99 ppm) and
[Mny(CO)e(1-H){ --S(SR)C=C(PCy3)S}] (R = SnBus, SnPhs, and CH,CH=CH,)** (-8.59,
—8.72, —8.42, respectively). However, it had a greater down-field shift than those in
[Mny(CO)e(1-H)(1-S:CPCy3)] 2% (—12.01 ppm) and [Mny(CO)s(u-H)(1-R'SC(S)PR3)]**
(ranging from —13.43 to —13.77 ppm). On the other hand, the '"H NMR signal for the hydride
of 1b (—7.78 ppm) was close to that of 1a (—8.94 ppm). There were no previous examples of

hydride-bridged Mn—Mn bonds reported in the Se—Mn system, according to a search of the
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Cambridge Crystallographic Data Centre.

The formation of the anions 1 was proposed to occur via the [HCr(CO)s]_21 attack on
the starting clusters [E;Mns(CO)o]™ (E = S, Se),'* followed by the hydride transfer and CO,
loss, giving rise to complexes 1a and 1b. This hypothesis was supported by the independent
experiments that [E;Mn3(CO)9] (E = S, Se) readily reacted with the isolated [HCr(CO)s]™
anion to give clusters 1a and 1b with the comparable yields, respectively. In addition, the
formation of [HCr(CO)s] anion was detected by IR spectroscopy in the course of the
reaction of [E;Mn3(CO)o| with Cr(CO)g in KOH/MeOH/MeCN. Furthermore, the reaction of
[E;Mn3(CO)g] with reductants such as KOH/MeOH or Na-Ketyl produced the known

2= 13214 Therefore, the source of the hydride in 1

square-pyramidal clusters [E;Mn3;(CO)o]
was most likely from the hydride of [HCr(CO)s] which was produced from the nucleophilic

attack of OH on CO of Cr(CO)s, followed by the beta-elimination and loss of CO,.

Scheme 2.1
M
KOH/MeCN/MeOH \ Cr(CO)GICHZCIZ \n
ice ==r.t. Mn N;:\\\
> X Cr—E \ —> [X]2 “Cr E \E o
X =PPN =PPN / —
/ E=S 112 E=S 11
X |"MnT—[—=Mn* Se, 1:2:2 Se, 1:2
\Q\/ E=S, 1a; Se, 1b E=S,3a; Se, 3b
E KOH/MeOH
+ 60 °C
Cr(CO)g — X =TMBA
E= S, Se
+
PPNCI
Mn* = Mn(CO)3
Mn* = Mn(C0), KOH/MeOH Mn 0
Cr* = Cr(CO)s 60 °C X
S .
cr' = cr(co), — 3
X = PPN or TMBA X =TMBA Co
E=S,1:1:0
Se, 1:1: 0

E=S, 2a; Se, 2b

2.2.2. Synthesis of Octahedral Complexes [EzMn3Cr(CO)12]3_ (E =8, 2a; Se, 2b).
With careful control of the reaction conditions (the source of the cations and the temperature),
the reaction of [TMBA][E:Mn3(CO)¢] with Cr(CO)s in a molar ratio of 1: 1 in 4 M
KOH/MeOH at 60 °C led to the formation of mono-Cr(CO);-incorporated octahedral

complexes [TMBAJ;[E-Mn;Cr(CO)12] (E = S, [TMBAJ;s[2a]; Se, [TMBA];s[2b]),
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respectively (see Scheme 1.1.). The anionic 2a and 2b were extremely air- and
moisture-sensitive and could only be isolated as the [TMBA]" salt, but this was not feasible
for other cationic salts such as [PPN]" and [Et;N]". The formation of octahedral clusters 2a

and 2b from trigonal bipyramidal clusters [EsMn3(CO)o] ™

(E =S and Se) was complicated
by the Mn—Mn bond cleavage, E—Cr and Mn—Cr bond formation, and CO migration from
the terminal to the bridging mode. Complexes 2a and 2b were also fully characterized using
spectroscopic methods. As shown in Figures S2.2 and 2.2, 2a and 2b each displayed a
bimetallic Mn;Cr square bicapped above and below by two quadruple-bridging chalcogenide

atoms.

2.2.3. Synthesis of Complexes [HEzMn3Cr2(CO)19]2‘ (E =S, 3a; Se, 3b). To further
investigate the nucleophilicity of the triply bridging z5-E ligand of complexes 1a and 1b, the
reaction of 1a or 1b with 1 or 2 equiv of Cr(CO)s heated in refluxing CH,Cl,, respectively,
were carried out. These reactions led to the formation of novel cluster-expansion products,
di-Cr(CO)s-incorporated HE,Mns-based complexes [HEzMn3Cr2(CO)19]2" (E =8, 3a; Se, 3b),
with moderate yields (see Scheme 2.1). Clusters 3a and 3b are isomorphous and each was
shown by X-ray analysis to have two asymmetric Cr(CO)s groups connected by the
square-pyramidal E,Mn3(CO)¢ core with each Mn atom terminally coordinated with three
COs, in which two basal E atoms were both externally coordinated with the Cr(CO)s groups,
with one of the two Mn—Mn bonds bridged by one hydrogen atom (Figures S2.3 and 2.3).

The existence of the hydrides of complexes 3a and 3b was confirmed by an '"H NMR
experiment, showing the 'H NMR singlet at —8.97 and —7.80 ppm, respectively. These values
were close to the values of complexes 1a and 1b (—8.94, —7.78 ppm), indicative of the
minimal effect of an additional Cr(CO)s fragment. The infrared spectra of 3a and 3b showed
the absorptions characteristic of terminal carbonyls, with a pattern similar to that of clusters

1a and 1b, but with the frequencies shifted to higher energies due to the electron-withdrawing
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effect of the Cr(CO)s fragment. This result seems to suggest, as might be expected, that 3a
and 3b each consisted of an [H(zs-E)(tu-E)Mn3Cr(CO),4] core in which the bare z4-E atom
was further linked to the introduced Cr(CO)s unit via the donor-acceptor bond.

2.2.4. Electron Counts of 1a, 1b, 2a, 2b, 3a, and 3b. As shown in Scheme 2.1, the
dianionic clusters 1 (1a and 1b) and 3 (3a and 3b) were all electron-deficient E;Mns-based
square-pyramidal complexes with 70 and 86 electrons, respectively. Because the externally
bound Cr(CO)s moiety is thought to donate zero electrons to the metal skeleton, the dianionic
clusters 1a, 1b, 3a, and 3b were found to possess seven skeletal electron pairs each,
according to the Wade’s rule, in accord with the 7 skeletal electron pairs required for a square
pyramidal structure. The octahedral complexes of 2 (2a and 2b) were electron-deficient 66
electron-species, and each possessed a closo-geometry with 7 skeletal electron pairs in terms
of Wade’s rule. The nido-clusters 1 and 3 and closo-clusters 2 were all found to be
diamagnetic species according to SQUID analysis.

2.2.5. Transformation of Complexes 1a and 1b to Octahedral Complexes 2a and
2b. As described above, the reaction of [E;Mn3(CO)9] with Cr(CO)s in 4M
KOH/MeCN/MeOH basic solutions in an ice-water  bath  produced
mono-Cr(CO)s-incroporated HE;Mn;-complexes [HE;Mn;Cr(CO) 141>~ (E = S, 1a; Se, 1b),
while a similar reaction refluxed at 60 °C led to the formation of mono-Cr(CO);-incorporated
octahedral clusters [EzMn3Cr(CO)12]3_ (E = S, 2a; Se, 2b). Therefore, clusters 1a and 1b
were thought to act as the intermediate complexes for the formation of clusters 2a and 2b.
This was indeed the case. By careful treatment with potassium hydroxide at 60 °C, cluster 1a
or 1b could be successfully converted into the octahedral cluster 2a or 2b, which was
accompanied by a remarkable color change from reddish-brown (complexes 1a and 1b) to
purplish-black (complex 2a) or greenish-black (complex 2b). Simultaneously, the '"H NMR

spectra showed that the hydride signals of 1a and 1b disappeared as they transformed into
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complexes 2a and 2b. In addition, the CO frequencies for closo-2a and 2b were quite similar,
but shifted to low energies compared to those for nido-1a and 1b, due to the pronounced
effect of the charge. In a previous study, it was postulated that the square pyramidal complex
with a pendant metal fragment could be the key intermediate for the formation of an
octahedral complex.”> However, there were no experimental examples to directly verify this
assumption. The present study demonstrated a novel example of a facile conversion from a
metal fragment-attached square pyramidal structure to the octahedral geometry. Moreover,
the metal-core closure of clusters 1a and 1b to give octahedral clusters 2a and 2b upon
treatment with KOH will be discussed later with the theoretical calculations.

2.2.6. X-ray Structural Comparison of [EtsN];[1a], [PPhy]2[1b],
[TMBA];3[2a]-CH,Cl,, [TMBA];[2b]-0.5 CH,Cl,, [PPN];[3a], and [PPN],[3b]. As shown
in Figures S2.1 and 2.1, complexes 1a and 1b each displayed a square-pyramidal E;Mnj; core
with one E atom bonded to an additional Cr(CO)s fragment, in which each cluster contained a
nearly planar E;Mn, base, with average distances of 0.090 and 0.073 A, respectively, to the
least-squares plane. The three Mn atoms of clusters 1a and 1b were six-, seven-, and
eight-coordinated, respectively. The hydride of 1a or 1b across one Mn—Mn bond was
refined with an isotropic temperature factor, in which the H—Mn distances in 1a or 1b were
not equal (1.5929(9)/1.8362(8) A, 1a; 1.69(4)/1.66(4) A, 1b).

Clusters 1a and 1b possessed four metal atoms: one chromium and three manganese.
These four metal atoms were assembled in a cluster bridged by the chalcogen atoms with two
different bonding modes: E(2) is a triply bridging atom that bridges three manganese atoms,
but E(1) is a quadruple-bridging atom that bridges three manganese atoms and a pendant
Cr(CO)s group. To the best of our knowledge, the related mixed-metal carbonyl chalcogenide

clusters containing both y4- and 4-E bonding modes are limited to the neutral complexes:

[CpRe2Mo(CO)s(445-S)(44-S)CpMo(CO)31, 7 [FesMn(CO)o(5-S)(1u-S)Mn(CO)s], >
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[CpMoMny(CO)o(45-S)(144-S)Mn(CO)a], [055(CO)o(115-S)(1a-S)W(CO)s], ™
[Fe3(CO)o(13-S)(1s-S)W(CO)4sPMe,Ph],>*

[ {P(CH,Ph)Ph;},Ru3(CO)7(13-Se)(1s-Se)W(CO)s], and
[C03(CO)7(,L13-Te)(,u4-Te)Nb(C5Me4Et)2],23f and no examples of anionic mixed-metal carbonyl
chalcogenides were ever reported prior to the present study. A search of the Cambridge
Crystallographic Data failed to identify any structurally characterized E—=Mn—Cr compound
that contained both s5- and 4-E bonding modes. Clusters 1a and 1b represent the first
examples of E—=Mn—Cr clusters possessing both z5- and 4-E bonding modes.

Clusters 2a and 2b were isostructural and each contained two structurally independent
entities in the unit cell. As shown in Figures S2.2 and 2.2, clusters 2a and 2b each had a
crystallographic center of symmetry at the center of the disordered E;My octahedral core (E =
S, 2a; Se, 2b). The square heterometallic M4 unit in 2a or 2b, was supported by two Mn—Mn
and two Mn—Cr bonds, with two su-E atoms capping above and below the My plane. In 2a,
each M atom of the My square in the two independent forms was coordinated with two
terminal COs and one semi-bridging CO, where Mn(1), Mn(2), Mn(3), and Mn(4) atoms and
Cr(1), Cr(2), Cr(3), and Cr(4) atoms of the squares were disordered with 75 and 25%
occupancy, respectively. In 2b, one independent square M4 plane showed the disordered M(1)
and M(2) atoms where Mn and Cr are with 75 and 25% occupancy, and the other one showed
the disordered M(3) atom with Mn and Cr present in a 50:50 ratio. According to a literature
search, clusters 2a and 2b were structurally similar to the other neutral mixed-metal E;My4
octahedral complexes: [(14-S):RusW(CO);1(PMe;Ph)],*** [(1u-Se):FesRu(CO) o(u-CO)],2*
[(14-Se);WRu3(1-CO)4(CO)o(L)2] (L = phosphane),” [(14-S)2PtRus(CO)e(1~CO)(17°-P—P)]
(P—P = dppf or dppr),**® and [(14-Se)WRu3(u-CO)4(CO)«(L)] (L = phosphine ligand).**
Clusters 2a and 2b represent the first examples of mixed group 7 and 6 carbonyl

chalcogenide complexes in this octahedral E;M, arrangement.
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As shown in Figures S2.3 and 2.3, clusters 3a and 3b were isomorphous, and each
contained five metal atoms: two chromium and three manganese. These five metal atoms are
assembled in a cluster that is bridged by two quadruple su-E atoms (E = S, 3a; Se, 3b) with
one hydride across one Mn—Mn bond. They could also be regarded as di-Cr(CO)s groups
sandwiching a HE,Mnj3 metal core, or the /5-E atom of complexes 1a and 1b further bonded
to a secondary Cr(CO)s group. X-ray analysis of complex 3a revealed that C(3), O(3); C(4),
04); C(5), O(5); and C(17), O(17) atoms in the four terminal COs of the di-Cr(CO)s
fragments were disordered with 50, 55, 55, and 60% occupancy, respectively (See Figure
S2.3). Similar to 1a and 1b, complexes 3a and 3b each contained a very slightly distorted
E;Mn, base of the E;Mn; metal core, with average distances of 0.082 and 0.040 A,
respectively, to the least-squares planes, regardless of the effect of the two attached Cr(CO)s
groups. This novel type of structural feature containing both the H-bridged Mn—Mn bond and
two su-E quadruple-bridging atoms is the only example reported in main group-containing
manganese complexes.

For further comparison, the distances of the E—=Mn, Mn—Mn, E—Cr, H—Mn, and
Mn—Cr bonds of [PPN],[1a], [PPh4],[1b], [TMBA]s[2a]-CH,Cl,, [TMBA];[2b]-0.5 CH,Cl,,
[PPN],[3a], [PPN],[3b], and related complexes are listed in Table 2.1. In general, the
corresponding E—Mn, Mn—Mn, and E—Cr averaged bond distances in these new E—=Mn—Cr
clusters were similar to those reported for related complexes. 2813 14180.19.19¢25 7o qyerage
Mn—Cr distances in 2a and 2b were 2.6(3) and 2.73(3) A, which are comparatively shorter
than those found in [Cp,Cra(u-SCMes)(15-S):Mn(CO);]  (2.77(8)  A)'™  and
[CrtMny(CO)s(1-CO)2(13-SN2C4Hs)a] (2.849(1) A%, suggesting stronger Mn—Cr bonding
due to the closo-octahedral skeleton. The corresponding average E—Mn, Mn—Mn, E—Cr, and
H—Mn distances of 1a, 1b, 3a, and 3b were similar, due to the small effect of the secondary

Cr(CO)s group. In addition, the Mn—Mn and E—Cr bond lengths of 2a and 2b were slightly
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shorter than those of 1a and 1b, while the E—Mn bond lengths of 2a and 2b were longer than
those of 1a and 1b, probably due to the increased bonding character associated with the Cr
atom. Moreover, in general, the distances of E—Mn, Mn—Mn, E—Cr, H—Mn, and Mn—Cr in
the Se,-based Mn—Cr complexes were slightly longer than the S,-based Mn—Cr complexes,
due to the larger atomic radius of the Se atom compared with the S atom. It is also interesting
to note that the size of [E;Mn3(CO)9] (E = S, Se), 1, 2, and 3 including COs were
approximately 0.774(0.884), 0.976(1.004), 0.895(0.898), and 1.366(1.404) nm, respectively,
indicative of controllable stepwise construction of these nanosized clusters.

1.2.7. DFT Calculations. The DFT method was employed to further describe the
electronic structures of [E;Mn3(CO)y] (E = S, Se) and 1—3 to rationalize their relevant
reactions. All the calculations were carried out at the BP86°®?” and B3LYP*** functionals
(Table S2.1). The TZVP* basis set was applied for all atoms in each complex for these
calculations. The geometries of [E,Mn3(CO)9] (E = S, Se) and 1—3 were also fully
optimized with the same level of theory. Basically similar results were obtained with the
BP86 and B3LYP functionals. However, the former provided a better correlation with
experimental parameters (Table S2.2) and was used for analysis of the frontier orbitals. The
level of BP86 may be more reliable and work better than B3LYP for many organometallic

31-33
systems.

Therefore, the present study was focused on the analysis of the geometrical
results provided by BP86/TZVP calculations. In addition, the Wiberg bond indices™ and
natural population analyses (NPA)* for these complexes were calculated, and the results are
listed in Table S2.3.

Formation of Clusters 1 and 3. The DFT calculations showed that the active sites of
[EoMn3(CO)9] (E =S, Se) for the formation of clusters 1 (1a and 1b) could be related to the

lowest unoccupied molecular orbitals (LUMO) and LUMO+1 of [E;Mn3(CO)y] . As shown

in Figure 2.4 and Table 2.2, the LUMO and LUMO+1 of the respective [E;Mn3(CO)9] (E =
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S, Se) were degenerate and each had major contributions from the p orbital of the E atoms

and d and p orbitals of the Mn atoms. It is reasonable to propose that the incoming chromium

anions “[HCr(CO)s] /[Cr(CO)s]**' could interact with the “E” site of [ExMns(CO)o,

presumably accompanied by the hydrogen atom bridging two Mn atoms, to form new E—Cr

and H—Mn bonds accompanied by one Mn—Mn bond breakage, to give rise to complexes 1a

and 1b. Hence, the formation of complexes 1a and 1b was not only dominated by the frontier

orbitals, but also was induced by the Mn—Mn bond breakage of [E;Mn3(CO)y] (E =S, Se),

which reflected on their weaker Wiberg bond indices (0.279 and 0.285). As shown in Figure

2.4, the highest occupied molecular orbitals (HOMO) of 1a and 1b received major

contributions from the p orbital of the E atoms (1a/1b, 14-E, 10.24/19.01%; 1u-E, 4.04/0.14%)
and d orbital of the Mn atoms (1a/1b, 62.41/59.94%). This suggests that the “z5-E” atoms of
1a and 1b were reactive sites for the secondary chromium fragment Cr(CO)s to form 3a and

3b, respectively, which was also supported by their space-filling models (see Figure 2.5).

The Proposed Pathway from la(1b) to 2a(2b). The formation of cluster 2a(2b) is
likely to occur via a nucleophilic attack of OH™ on CO of the pendant Cr(CO)s fragment of
complex 1a(1b), followed by loss of CO,, forming a “HCr(CO),” fragment, followed by the
Mn—Cr and E—Cr bond formation accompanied with H, reductive elimination. This
proposed pathway was supported by that the LUMO orbital of 1a or 1b was mainly
contributed from the Cr(CO)s fragment (59.31%, 1a; 51.65% 1b). Furthermore, the relative
Gibb’s free energies AG(298 K), calculated by BP86 in MeOH, for the transformation of 1a
or 1b into 2a or 2b ([HE;Mn;Cr(CO)14]* (E = S, 1a; Se, 1b) + OH™ — [E;Mn;Cr(CO)1,]*
(E =8, 2a; Se, 2b) + CO, + Hy+ CO) were thermally favorable (AG: —27.47 kcal/mol, E = S;
AG: —24.30 kcal/mol, E = Se).

Electrochemistry. In view of the effect of the Cr(CO)y fragment on the E;Mns (E =S,

Se) core and structural relationships among complexes 1a, 1b, 2a, 2b, 3a, and 3b, their

18



electrochemical properties were investigated using cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in MeCN under N,, which was further compared with the related
trigonal-pyramidal clusters [E;Mn3(CO)9] (E = S, Se'*). The CVs of these clusters were
somewhat broad and could not be assigned unambiguously. Therefore, DPV studies were
carried out to explore the redox behavior of these clusters. The electrochemical data for each
complex studied are listed in Tables 2.3 and S2.4, and the DPVs and CVs are shown in
Figures 2.6 and S2.4 and S2.5, respectively. The scan range was set between ~ +1.00 to ~
—1.00 V, due to the interference of [PPN]" and [TMBA]".

For the DPV measurements, the electron stoichiometry is determined by the
measurement of the peak width at half-height (W, 2).2% As seen in Figures 2.6 and S2.4, the
widths of the DPV peaks at half-height of [PPN][E;Mn3(CO)y] (E = S, Se) and clusters 1—3
(Table 2.3) were a bit greater than the value (W, = 90 mV) expected for one-electron
reversible redox reactions, indicating that these DPV responses were quasi-reversible.”” As
listed in Table 2.3, mono-Cr(CO)s-incorporated 1a an 1b each had four one-electron
quasi-reversible oxidations, at +0.032 to +0.756 V and +0.127 to +0.883 V, respectively. The
DFT calculations showed that the HOMO and HOMO—1 of 1a and 1b were mainly localized
on the E,Mn3; moieties, suggesting that the oxidation processes of 1a and 1b, mainly occurred
in the E;Mnj; core (Table 2.2 and Figure 2.4), indicative of a small effect of the attached
mono-Cr(CO)s fragment. The rich quasi-reversible oxidation processes observed for the
E;Mn;Cr-based complexes, 1a and 1b, were ascribed to the positive energy levels of the
almost degenerate HOMO and HOMO—1 orbitals in each cluster (Figure 2.4). However,
octahedral complexes, 2a and 2b, each exhibited two one-electron quasi-reversible oxidations
at approximately +0.350 to +0.702 V and +0.370 to +0.538 V and three one-electron
quasi-reversible reductions at —0.050 to —0.702 V and —0.044 to —0.684 V, respectively. The

oxidative and reductive waves for 2a and 2b were tentatively assigned as the oxidations and
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reductions occurred in the square heterometallic My units, according to the HOMO and
LUMO as well as LUMO++1 levels (Figure 2.4). In addition, the calculated components of
Mn;Cr in the LUMO for 2a and 2b (61.87 and 61.22%) were significantly greater than those
for 1a and 1b (36.80 and 41.15%) (Table 2.2), supportive of the ease and richness of the
quasi-reversible reductions of 2a and 2b, implying their potential use as electron sponges.Sb’8
On the other hand, the DPV of the di-Cr(CO)s-incorporatd complex 3a revealed five
one-electron quasi-reversible redox oxidations at +0.323 to +0.867 V and one
quasi-reversible redox reduction at —0.160 V, whereas 3b displayed five one-electron
quasi-reversible redox oxidations at +0.325 to +0.849 V (see Figures 2.6 and S2.4). The rich
quasi-reversible oxidations of 3a and 3b may be related to their narrow-spaced HOMO,
HOMO—1, and HOMO—2 orbitals (Figure 2.4). Besides, these frontier orbitals for 3a and 3b
mainly arose from the E,Mn; metal core and di-Cr(CO)s fragment, indicating that the
oxidation and reduction processes both occurred mainly in the E;Mn; metal core and the
di-Cr(CO)s fragments (Figure 2.4). In general, these quasi-reversible oxidation waves for
complex 3a occurred at more positive potentials than those for complex 1a, which indicated
that 3a was difficult to be oxidized because of the two electron-withdrawing Cr(CO)s
fragments (Figure 2.6). In particular, the first quasi-reversible oxidation wave of 3a (+0.323
V) displayed a pronounced anodic shift (291 mV) compared to that of 1a (+0.032 V), which
was supported by the calculations that cluster 3a showed a lower HOMO energy level,
decreasing components of HOMO, and decreased nature charges of the HS;Mn3(CO)y core,
as well as greater ionization energy, compared with those calculated for 1a (3a vs. 1a: —0.28

vs. 0.35 eV; 86.44 vs. 98.86%; —0.865 vs. —1.383 |e|; IE = Eeee(N — 1) = Eeiec(N), 36.59 vs.

19.93 kcal/mol, respectively).

20



2.3. Conclusions

The present study demonstrated that the chalcogen elements of the E,Mn; metal core
(E =S, Se) played an important role in the controlled stepwise construction of a new series of
mono- or di-Cr(CO)s-incorporated HE,Mns-based complexes 1 and 3, and
mono-Cr(CO);-incorporated E;My-based octahedral complexes 2, under different reaction
conditions, and the subsequent transformation of 1 (1a and 1b) into octahedral complexes of
2 (2a and 2b) was also achieved. In addition, the electrochemical properties of these resultant
E—Mn—Cr complexes displayed quasi-reversible redox waves over quite a large window
(+0.883 ~ —0.702 V). These results can be summarized by the following conclusions. First,
the unexpected electron-sponge behavior was observed for complexes 1a and 1b and
octahedral complexes 2a and 2b, which can be readily fine-tuned by the control of electronic
properties exhibited by the attached mono-Cr(CO), fragment in different metal cores
(HE;Mn3 vs. E;M4). Second, in the cases of 1a and 3a, significant anodic shifts were
observed as a higher number of Cr(CO)s groups incorporated into the HS;Mn; metal core,
due to the pronounced electron-withdrawing ability of the di-Cr(CO)s groups. Furthermore,
the stepwise cluster-growth processes, metal skeleton transformations, electronic properties,
and electrochemistry of these E—Mn—Cr carbonyl clusters were rationalized by molecular

orbital calculations at the BP86 level of the DFT.

2.4. Experimental Section

All reactions were performed under an atmosphere of pure nitrogen using standard
Schlenk techniques.*® Solvents were purified, dried, and distilled under nitrogen prior to use.
KOH (J. T. Baker), Cr(CO)s (Strem), PPNCI (Strem), and TMBACI (ACROS) were used as
received. [PPN][ExMn3(CO)o], [TMBA][E:Mn3(CO)9] (E = S, Se), and [PPN][HCr(CO)s]

14a21e

were prepared according to published methods. The 'H NMR spectra were taken on a
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Bruker AV 400 at 400.13 MHz. 'H chemical shifts are reported in ppm and were referenced
internally with respect to the solvent resonances (‘H, & = 2.49 for DMSO-ds). Infrared spectra
were recorded on a Perkin-Elmer Paragon 500 IR spectrometer as solutions in CaF, cells.
Elemental analyses of C, H, and N were performed on a Perkin-Elmer 2400 analyzer at the
NSC Regional Instrumental Center at National Taiwan University, Taipei, Taiwan. The
manganese and chromium contents of complexes 1, 2, and 3 were determined with an
inductively coupled plasma-atomic emission (ICP-AES) spectrometer (Perkin Elmer Optima
3000DV) at the NSC Regional Instrumental Center at National Tsing Hua University,
Hsinchu, Taiwan.

2.4.1. Synthesis of [PPN],[HS;Mn3;Cr(CO)14] ([PPN]z[1a]). Method A: MeOH (10
mL)/MeCN (5 mL) was added to a mixture of [PPN][S;Mn3(CO)y] (0.66 g, 0.65 mmol),
Cr(CO)s(0.14 g, 0.64 mmol), PPNCI (0.76 g, 1.32 mmol), and KOH (3.39 g, 60.4 mmol) in
an ice-water bath. The mixture was stirred at room temperature for 3 h. The solid was
collected by filtration, washed with deionized water and MeOH, and then extracted with
CH,Cl,, which was recrystallized with CH,Cl,/MeOH/Et,0 to give a reddish-brown sample
of [PPN];[HS;Mn3;Cr(CO)14] ([PPN]:[1a]) (0.45 g, 0.26 mmol) (yield: 41% based on
Cr(CO)g). IR (vco, CH2CLy): 2054 (w), 1967 (vs), 1963 (vs), 1928 (w), 1894 (m), 1869 (m)
cm . "H NMR (400 MHz, DMSO-dg, 300 K): & —8.94 (s, hydride) (Chemical shifts not given
for [PPN]+). Anal. Calcd for [PPN],[1a]: C, 58.98; H, 3.51; N, 1.60. Found: C, 59.14; H, 3.52;
N, 1.47. Crystals of [PPN]y[1a] suitable for X-ray diffraction were grown from
CH,Cl,/MeOH/Et,0. ICP-AES: Mn: Cr=3.18: 1.

Similar procedures were applied for the preparation of [TMBA],[HS,Mn;Cr(CO);4] by
using [TMBA][S:Mn3(CO)o] (0.92 g, 1.46 mmol), Cr(CO)s(0.33 g, 1.50 mmol), TMBACI
(0.84 g, 4.57 mmol), and KOH (4.55 g, 81 mmol) in MeOH (15 mL)/MeCN (5 mL). The

yield was 1.06 g (1.09 mmol) of (([TMBA],[1a]) (75% based on [TMBA][S:Mn3(CO)o].)
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Method B: MeOH (15 mL)/MeCN (5 mL) was added to a mixture of
[PPN][S:Mn3(CO)o] (0.38 g, 0.37 mmol) and [PPN][HCr(CO)s] (0.28 g, 0.38 mmol) in an
ice-water bath. The mixture was stirred at room temperature for 3 h. A methanol solution of
PPNCI (0.49 g, 0.85 mmol) was added dropwise into the resulting solution, precipitating the
solid. The solid was worked up as above-mentioned to give a reddish-brown sample of
[PPN],[1a] (0.38 g, 0.22 mmol) (yield: 59% based on [PPN][S;Mn;3(CO)y]).

2.4.2. Synthesis of [PPN],[HSe;Mn3Cr(CO)4] ([PPN][1b]). Method A: MeOH (15
mL)/MeCN (5 mL) was added to a mixture of [PPN][Se;Mn3(CO)o] (0.86 g, 0.77 mmol),
Cr(C0O)s(0.34 g, 1.55 mmol), PPNCI (0.81 g, 1.41 mmol), and KOH (4.48 g, 80 mmol) in an
ice-water bath. The mixture was stirred at room temperature for 17 h. The solid was collected
by filtration, washed with deionized water and MeOH, and then extracted with CH,Cl,,
which was recrystallized with CH,Cl,/MeOH/Et;O to give a reddish-brown sample of
[PPN]2[HSe;Mn;Cr(CO)14] ([PPN]2[1b]) (0.63 g, 0.34 mmol) (yield: 44% based on
[PPN][SeaMn3(CO)g]). IR (vco, CH2Cly): 2050 (w), 1964 (vs), 1958 (vs), 1930 (w), 1891 (m),
1866 (m) cm . "H NMR (400 MHz, DMSO-ds, 300 K): & —7.78 (s, hydride) (chemical shifts
not given for [PPN]"). Anal. Calcd for [PPhy]5[1b]: C, 51.48; H, 2.86. Found: C, 51.39; H,
2.89. Crystals of [PPhy]p[1b] suitable for X-ray diffraction were grown from
CH,Cl,/MeOH/Et,0. ICP-AES: Mn: Cr=3.06: 1.

Similar procedures were applied for the preparation of [TMBA],[HSe;Mn3;Cr(CO);4]
by using [TMBA][Se;Mn3(CO)9] (0.75 g, 1.04 mmol), Cr(CO)s (0.50 g, 2.27 mmol),
TMBACI (0.85 g, 4.63 mmol), and KOH (4.50 g, 80 mmol) in MeOH (15 mL)/MeCN (5 mL).
The yield was 0.88 g (0.83 mmol) of [TMBA],[HSe;Mn;Cr(CO)14] ([ TMBA],[1b]) (80%
based on [TMBA][Se;Mn3(CO)q].).

Method B: MeOH (15 mL)/MeCN (5 mL) was added to a mixture of

[PPN][Se:Mn3(CO)o] (0.38 g, 0.34 mmol) and [PPN][HCr(CO)s] (0.50 g, 0.68 mmol) in an
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ice-water bath. The mixture was stirred at room temperature for 17 h. A methanol solution of
PPNCI (0.49 g, 0.85 mmol) was added dropwise to the resulting solution, precipitating the
solid. The solid was worked up as above-mentioned to give a reddish-brown sample of
[PPN]2[1b] (0.19 g, 0.103 mmol) (yield: 30% based on [PPN][Se>Mn3(CO)o]).

2.4.3. Synthesis of [TMBA];3[S:Mn3Cr(CO);z] (ITMBA]3[2a]). MeOH (20 mL) was
added to a mixture of [TMBA][S:Mn3(CO)y] (0.88 g, 1.40 mmol), Cr(CO)s (0.31 g, 1.41
mmol), and KOH (4.51 g, 81 mmol). The mixture was stirred at 60 °C for 17 h. A methanol
solution of TMBACI (0.91 g, 4.95 mmol) was added dropwise to the resulting solution,
precipitating the solid. The solid was collected by filtration, washed with deionized water and
MeOH several times, and then extracted with MeCN, which was recrystallized with
MeCN/CH,Cl, to give a purplish-black sample of [TMBA];[S;Mn3;Cr(CO);,] ((TMBA];[2a])
(0.93 g, 0.88 mmol) (yield: 63% based on [TMBA][S;Mn3(CO)y]). IR (vco, MeCN): 1983
(W), 1937 (w), 1904 (vs), 1893 (vs, sh), 1874 (m), 1849 (m), 1790 (vw) cm . Anal. Calcd for
[TMBA];s[2a]-CH,Cl,: C, 45.04; H, 3.87; N, 3.66. Found: C, 45.12; H, 4.33; N, 3.62. Crystals
of [TMBA]s[2a]-CH,Cl, suitable for X-ray diffraction were grown from MeCN/CH,Cl,.
ICP-AES: Mn: Cr=2.89: 1.

2.4.4. Synthesis of [TMBA]3[Se;Mn3;Cr(CO)2] (| TMBA]3[2b]). MeOH (20 mL) was
added to a mixture of [TMBA][Se;Mn3(CO)o] (0.50 g, 0.69 mmol), Cr(CO)¢ (0.16 g, 0.73
mmol), and KOH (4.57 g, 82 mmol). The mixture was stirred at 60 °C for 24 h. A methanol
solution of TMBACI (0.95 g, 5.17 mmol) was added dropwise to the resulting solution,
precipitating the solid. The solid was collected by filtration, washed with deionized water and
MeOH several times, and then extracted with MeCN, which was recrystallized with
MeCN/CH,Cl, to give a greenish-black sample of [TMBA]s[Se;Mn;Cr(CO);]
([TMBA];[2b]) (0.45 g, 0.39 mmol) (yield: 57% based on [TMBA][Se;Mn3(CO)o]). IR (vco,

MeCN): 1978 (w), 1948 (w), 1905 (vs), 1894 (vs, sh), 1866 (m), 1850 (m), 1782 (vw) cm .
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Anal. Calcd for [TMBA];[2b]-0.5 CH,Cl,: C, 42.40; H, 4.10; N, 3.49. Found: C, 42.21; H,
3.77; N, 3.49. Crystals of [TMBA];[2b]-0.5 CH,Cl, suitable for X-ray diffraction were grown
from MeCN/CH,Cl,. ICP-AES: Mn: Cr =2.95: 1.

2.4.5. Synthesis of [PPN];[HS;Mn3;Cr(CO)19] ([PPN];[3a]). CH,Cl, (20 mL) was
added to a mixture of [PPN],[1a] (0.20 g, 0.11 mmol) and Cr(CO)s(0.03 g, 0.14 mmol). The
reaction mixture was heated in refluxing CH,Cl, for 12 h. The resulting solution was filtered
and the solvent removed under vacuum. The solid was washed with deionized water and
MeOH and then extracted with CH,Cl,, which was recrystallized with CH,Cl,/MeOH/Et,0 to
give a reddish-orange sample of [PPN],[HS,;Mn;Cr,(CO);9] ([PPN]2[3a]) (0.12 g, 0.06 mmol)
(yield: 55% based on [PPN];[1a]). IR (vco, CH2Cly): 2054 (w), 1984 (vs), 1979 (vs), 1931
(m), 1905 (w), 1877 (m) cm . "H NMR (400 MHz, DMSO-ds, 300 K): & —8.97 (s, hydride)
(chemical shifts not given for [PPN]"). Anal. Calcd for [PPN],[3a]: C, 56.24; H, 3.16; N,
1.44. Found: C, 56.03; H, 3.04; N, 1.52. Crystals of [PPN],[3a] suitable for X-ray diffraction
were grown from CH,Cl,/MeOH/Et,O. ICP-AES: Mn: Cr=1.51: 1.

2.4.6. Synthesis of [PPN];[HSe;Mn3;Cr,(CO)19] ([PPN]2[3b]). CH,Cl, (20 mL) was
added to a mixture of [PPN],[1b] (0.20 g, 0.11 mmol) and Cr(CO)s(0.05 g, 0.23 mmol). The
reaction mixture was heated in refluxing CH,Cl, for 18 h. The resulting solution was filtered
and the solvent removed under vacuum. The solid was washed with deionized water and
MeOH, and then extracted with CH,Cl,, which was recrystallized with CH,Cl,/MeOH/Et,O
to give a reddish-orange sample of [PPN],[HSe;Mn;Cry(CO);9] ([PPN],[3b]) (0.11 g, 0.05
mmol) (yield: 45% based on [PPN],[1b]). IR (vco, CH2Cla): 2049 (w), 1982 (vs), 1972 (vs),
1931 (m), 1902 (w), 1871 (m) cm ‘. 'H NMR (400 MHz, DMSO-ds, 300 K): & —7.80 (s,
hydride) (chemical shifts not given for [PPN]"). Anal. Calcd for [PPN],[3b]-MeOH: C, 53.40;
H, 3.17; N, 1.35. Found: C, 53.17; H, 3.45; N, 1.15. Crystals of [PPN],[3b] suitable for X-ray

diffraction were grown from CH,Cl,/MeOH/Et,0. ICP-AES: Mn: Cr = 1.68: 1.
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2.4.7. Conversion of [TMBA];[1a] to [TMBA];3[2a]. MeOH (20 mL) was added to a
mixture of [TMBA],[1a] (1.06 g, 1.09 mmol) and KOH (2.25 g, 40 mmol). The mixture was
stirred at 60 °C for 12 h. A methanol solution of TMBACI (0.82 g, 4.46 mmol) was added
dropwise to the resulting solution, precipitating the solid. The solid was collected by filtration,
washed with deionized water and MeOH several times, and then extracted with MeCN,
which was recrystallized with MeCN/CH,Cl, to give a purplish-black sample of [TMBA]s[2a]
(0.64 g, 0.60 mmol) (yield: 55% based on [TMBA],[1a]).

2.4.8. Conversion of [TMBA];[1b] to [TMBA];3[2b]. MeOH (20 mL) was added to a
mixture of [TMBA],[1b] (0.88 g, 0.83 mmol) and KOH (2.25 g, 40 mmol). The mixture was
stirred at 60 °C for 14 h. A methanol solution of TMBACI (0.92 g, 5.01 mmol) was added
dropwise to the resulting solution, precipitating the solid. The solid was collected by filtration,
washed with deionized water and MeOH several times, and then extracted with MeCN,
which was recrystallized with MeCN/CH,Cl, to give a greenish-black sample of
[TMBA];[2b] (0.40 g, 0.35 mmol) (yield: 42% based on [TMBA],[1b]).

2.49. X-ray Structural Characterization of |[PPN];[1a], [PPhy];[1b],
[TMBA];3[2a]-CH,Cl,, [TMBA];3[2b]-0.5 CH,Cl,, [PPN];[3a], and [PPN];[3b]. Selected
crystallographic data for [PPN],[1a], [PPhs4]»[1b], [TMBA];[2a]-CH,Cl,, [TMBA];3[2b]-0.5
CH,Cl,, [PPN];[3a], and [PPN],[3b] are given in Table 2.4. All crystals were mounted on
glass fibers with epoxy cement. Data collection for [PPN];[1a], [TMBA]s;[2a]-CH,Cl,,
[TMBA];[2b]-0.5 CH,Cl,, [PPN],[3a], and [PPN],[3b] was carried out on a Bruker Nonius
Kappa CCD diffractometer using graphite-monochromated Mok, radiation, and an empirical
absorption correction by multi-scan was applied.” Data collection for [PPhy];[1b] was
carried out on a Siemens Smart Apex CCD diffractometer using graphite-monochromated
Mok, radiation employing the 6—26 scan mode, and an empirical absorption correction by

multi-scan was applied.3 ? The structures of [PPN]y[1a], [PPhy]2[1b], [TMBA]s[2a]-CH,Cl,,
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[TMBA];[2b]-0.5 CH,Cl,, [PPN],[3a], and [PPN],[3b] were solved by direct methods and
were refined with SHELXL-97.% The hydride atoms of [PPN],[1a], [PPh4],[1b], [PPN],[3a],
and [PPN],[3b] were found in the bridging position across one Mn—Mn bond and were
refined with isotropic temperature factors. For [TMBA]s[2a], the Mn(1), Mn(2), Mn(3), and
Mn(4) atoms and the Cr(1), Cr(2), Cr(3), and Cr(4) atoms of the M, square in the two
independent forms were with 75 and 25% occupancy, respectively, and were refined with
anisotropic temperature factors. For [TMBA];[2b], one independent square M4 plane showed
the disordered M(1) and M(2) atoms with Mn and Cr in 75 and 25% occupancy, and the other
one showed the disordered M(3) atom with Mn and Cr present in a 50:50 ratio. All metal
atoms were refined with anisotropic temperature factors. For [PPN]y[3a], the C(3), O(3); C(4),
0(4); C(5), O(5); and C(17), O(17) atoms in the four terminal COs of the di-Cr(CO)s group
were disordered with 50, 55, 55, and 60% occupancy, respectively, and were refined with
isotropic temperature factors. Except for the disordered C and O atoms on the di-Cr(CO)s
group of [PPN],[3a], all of the non-hydrogen atoms for [PPN][1a], [PPhs],[1b],
[TMBA]s[2a]-CH,Cl,, [TMBA]5[2b]-0.5 CH,Cl,, [PPN]y[3a], and [PPN],[3b] were refined
with anisotropic temperature factors. The selected distances and angles for [PPN],[1a],
[PPh4]o[1b], [TMBA]s[2a]-CH,Cl,, [TMBA];[2b]-0.5 CH,Cl,, [PPN],[3a], and [PPN],[3b]
are listed in Table S2.5. Additional crystallographic data are available as CIF files in the
Supporting Information.

2.4.10. Electrochemical Measurements. The cyclic voltammetry measurements were
performed at room temperature under a nitrogen atmosphere and recorded using a
BAS-100W and a CHI 621D electrochemical potentiostat. A platinum working electrode, a
platinum wire auxiliary electrode, and a non-aqueous Ag/Ag’ electrode were used in a
three-electrode configuration. Tetra-n-butylammonium perchlorate (TBAP) was used as the

supporting electrolyte, and the solute concentration was ~107-10"* M. The redox potentials
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were calibrated with a ferrocenium/ferrocene (Fc'/Fc) couple in the working solution and
referenced to SCE.

2.4.11. Computational Details. All calculations reported in the present study were
performed via the density functional theory (DFT) with Becke’s 1988 exchange functional (B)

26,27

and Perdew’s 1986 gradient correlation functional (BP86) or Becke’s three-parameter (B3)

2829 .
7 with

exchange functional and the Lee—Yang—Parr (LYP) correlation functional (B3LYP)
a larger basis set: TZVP (triple-zeta valence with one polarization function on each atom)
using the Gaussian 03 series of packages.*' We focused our analyses on the pure DFT method
(BP86) due to a better correlation with experimental structural parameters (Table S2.4). The
geometries of [E;Mn3(CO)9] (E = S, Se), 1a, 1b, 2a, 2b, 3a, and 3b were fully optimized
using the BP86/TZVP method. Wiberg bond indices®® and natural charges®® were evaluated
with Weinhold’s NBO method.* Graphical representations of the molecular orbitals were
obtained using CS Chem3D 5.0. For orbital contributions, the molecular orbital compositions
were analyzed using the AOMIX program.*
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Se), 1a, 1b, 2a, 2b, 3a, and 3b, ORTEPs for 1a—3a, and electrochemical data. This material

is available free of charge via the Internet at http://pubs.acs.org.
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Table 2.1. Averaged Bond Distance (A) for [PPN],[1a], [PPhs]o[1b], [TMBA]s[2a]-CH,Cl,,
[TMBA];[2b]-0.5 CH,Cl,, [PPN],[3a], [PPN],[3b], and Related Complexes

complex E—Mn Mn—Mn E—Cr H—Mn Mn—Cr  ref
[PPN],[1a] 2.32(2) 2.692) 2.427(2) 1.7(2) a
[PPh4],[1b] 2.43(3) 2.78(2)  2.532(1)  1.68(2) a
[TMBA];[2a]-CH,Cl, 2.40(2) 2.68(4) 2.35(6) 2.6(3) a
[TMBA];[2b]-0.5 CH,Cl, 2.51(1) 2.73(4) 2.49(5) 2.73(3) a
[PPN],[3a] 2.32(2) 2.72(2) 2.45(1) 1.6(2) a
[PPN],[3b] 2.43(2) 2.76(1)  2.533(4) 1.7(1) a
[PPN][S:Mnj3(CO)9] 2.24(1)  2.768(3) 12¢g
[EtsN][Se2Mn3(CO)o] 2.36(2) 2.83(2) 14a
[PPh4]2[SeaMn3(CO)o] 2.43(2) 2.76(6) 13a
[PPN],[SeaMny(CO);2] 2.475(2)  2.705(8) 14a
[Cp2Cra(1-SCMes)(13-S):Mn(CO);] 2.29(2) 2.30(4) 2.77(8) 18b
[CrMn,(CO)s(1-CO)o(13-SN,C4Hs),] - 2.320(2) 2.343(2) 2.849(1) 25
[CpMnSe,Cr(CO)/] 2.50(1) 2.503(2) 19a
[CpMnSe;Cr2(CO)2] 2.53(2) 2.50(1) 19a
[EtaN]2[Se2Mn3(CO);p{Cr(CO)s} 2] 243(2)  2.671(2) 2.541(1) 19¢
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Table 2.2. Calculated Components of the Selected Frontier Molecular Orbitals for
[E;Mn3(CO)o] (E =S, Se), 1a, 1b, 2a, 2b, 3a, 3b

complex atoms

E Mn Cr H CcO HE,;Mn;(CO), Cry(CO),
/E;Mn;3(CQO), (sum) (sum)

[E2Mn3(CO)o] (E =S)

LUMO+1 23.78 50.61 25.61 100 0
LUMO 23.79 50.62 25.59 100 0
HOMO 592 68.28 25.80 100 0
HOMO—1 6.90 6590 27.20 100 0
[E-Mn3(CO)o] (E = Se)

LUMO+1 26.60 49.90 23.50 100 0
LUMO 26.71 49.87 23.52 100 0
HOMO 797 67.10 24.93 100 0
HOMO-—1 796 67.08 24.96 100 0
la

LUMO (m=1,n=5) 344 20.67 16.13 0.06 59.70 40.69 59.31
HOMO (m=1,n=15) 1428 62.41 0.69 0.30 22.32 98.86 1.14
1b

LUMO (m=1,n=5) 3.76  26.11 15.04 0.01 55.08 48.35 51.65
HOMO (m=1,n=15) 19.15 5994 0.06 0.06 20.79 99.92 0.08
2a

LUMO (m=1,n=23) 326 5387 8.00 34.87 86.53 13.47
HOMO (m=1,n=23) 049 51.86 14.01 33.64 80.55 19.45
2b

LUMO (m=1,n=23) 391 5246 8.76 34.87 85.54 14.46
HOMO (m=1,n=3) 0.32 55.17 10.72 33.79 85.44 14.56
3a

LUMO (m=2,n=10) 290 3145 12.04 0.02 53.59 55.98 44.02
HOMO (m =2, n=10) 12.66 53.16 8.20 0.01 2597 86.44 13.56
3b

LUMO (m=2,n=10) 3.18 3691 10.62 0.02 49.27 63.58 36.42
HOMO (m=2,n=10) 15.57 51.58 8.60 0.01 2424 86.28 13.72
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Table 2.3. Differential Pulse Voltammetry of [PPN][S;Mn3(CO)y], [PPN][Se;Mn3(CO)q],
[PPN],[1a], [PPN],[1b], [TMBA]s[2a], [TMBA];[2b], [PPN],[3a], [PPN],[3b], and Cr(CO),

oxidation process

reduction process

complex Ep™/v* Ep™Y/V°® Ep™/V* A
( W1 /2/ ch) ( Wl /2/ mV‘) ( Wl /2/ mV‘) ( W1 /2/ l’IlVL)
[PPN][S:Mn;3(CO)y] 0.605 (130) 0.645 (130)
[PPN][Se;Mn3(CO)]¢  0.554 (110) 0.601 (118)
[PPN],[1a] 0.756 (90) 0.796 (101)
0.604 (130) 0.656 (135)
0.328 (90) 0.396 (93)
0.032 (130) 0.060 (150)
[PPN],[1b] 0.883 (142) 0.877 (111)
0.551 (105) 0.561 (115)
0.359 (100) 0.337 (99)
0.127 (100) 0.121 (115)
[TMBAJs[2a] 0.702 (138) 0.666 (132) —0.046 (106) —0.050 (100)
0.542 (130) —0.270 (111) —0.258 (115)
~0.350 (%) (br) 0.366 (98) —0.690 (115) —0.702 (108)
[TMBAJ;[2b] 0.702 (138) —0.050 (110) —0.044 (104)
0.538 (136) 0.544 (96) —0.274 (112) —0.234 (101)
~0.370 (%) (br) 0.368 (100) —0.694 (115) —0.684 (108)
[PPN],[3a] 0.867 (128) 0.872 (129) —0.137 (210) (br)  —0.160 (212) (br)
0.755 (99) (“) (br)
0.675 (95) ~0.688 () (br)
0.595 (91) (“) (br)
0.323 (92) 0.324 (110)
[PPN1],[3b] 0.849 (133) 0.853 (105) —0.182 (150) (br)
0.693 (115) (“) (br)
0.561 (173) () (br)
0.325 (80) 0.345 (84)
0.069 (91)
Cr(CO)s —0.063 (493) (br) —0.233 (415) (br)

“Ep™ = oxidative peak potential. *Ep
“Difficult to determine. “ref 14e.

red

= reductive peak potential. “W;,, = width at half-height.
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Table 2.4. Crystallographic
[PPh4]2[HSezMn3Cr(CO) 14]

Data
([PPh4]2[1Db]),

for

[PPN][HS;Mn;Cr(CO) 4]
[TMBA]3 [SzMH3CI‘(CO) 1 9] 'CH2C12

([PPN]2[1a]),

([TMBAJ;[2a]-CH,Cl,), [TMBA]5[SesMn3;Cr(CO)16]-0.5 CH,Cl, ([TMBAJ5[2b]-0.5 CH,CL,),
[PPN]Q[HSZMH3CI'2(CO)19] ([PPN]2[33]), and [PPN]Z[HSeszCrz(CO)]g] ([PPN]2[3b])

[PPN],[1a] [PPh4],[1b] [TMBA];[2a]-CH,Cl,
empirical formula  CggHg1CrMn3N,O14P4S,” CerHy CrMn3;014P5Ses C43H44C1L,CrMn3N5015S,
fw 1751.19 1446.63 1146.65
cryst syst Triclinic Orthorhombic Triclinic
space group P1 Pbca Pi
cryst dimensions (.38 x 0.34 x 0.08 0.50 x 0.15 x 0.02 0.34 x 0.14 x 0.04
(mm)

a(A) 13.6111(6) 19.3174(3) 12.2105(4)

b (A) 14.6217(7) 24.2509(4) 13.2732(4)
c(A) 21.674(1) 26.8237(1) 16.8203(6)

o (deg) 88.358(2) 68.679(2)

S (deg) 87.626(2) 85.157(2)

y (deg) 82.321(2) 88.312(1)
V(A% 4269.9(3) 12565.9(3) 2530.5(1)

Z 2 8 2

Deatea (g cm ™) 1.362 1.529 1.505

1 (Mog,) (mm™")  0.743 2.029 1.188
diffractometer Nonius (Kappa CCD)  Siemens Smart (Apex CCD) Nonius (Kappa CCD)
radiation (1) (A)  0.71073 0.71073 0.71073

temp (K) 298 298 200

6 range for data1.92—24.98 1.52—25.00 1.65—25.02
collecn (deg)

Tinin/ Tax 0.77/0.94 0.55/0.72 0.69/0.95

no. of indep reflns 7898 (I > 2 o([)) 6562 (1> 2 o(l)) 4983 (1> 2 o()))
no. of parameters 1003 761 607

R1°/wR2" 0.0571/0.1329 0.0554/0.0807 0.0666/0.1562
(I>2o(1)

R1%/wR2" (all data) 0.1334/0.1843

0.1178/0.0989

0.1198/0.1922

“ Water molecule, H,O, is excluded in the formula, formula weight, calculated density, p,
F(000), and R1/wR2 according to the Platon Squeeze procedure. * The functions minimized

during least-squares cycles
[EDw(Fo'=Fe) VEw(FE )™

WCEre

RI = 3|F,|
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_F.V=lF,] and wR2 =



[TMBA]5[2b]-0.5 CH,Cl,

[PPN],[3a]

[PPN][3b]

empirical formula
fw

cryst syst

space group

cryst dimensions
(mm)

a(A)

b(A)

¢ (A)

o (deg)

B (deg)

7 (deg)

V(A%

VA

Degiea (g cm™)
# (Mokg) (mm™)
diffractometer
radiation (1) (A)
temp (K)

CssHosCLL,CroMngNO24Ses Co1Hei CroMn3N>O19P4S,

2408.07
Orthorhombic
Pcan
0.43x0.4x0.2

13.2857(1)
20.3204(2)
35.3790(4)

9551.3(2)

4

1.675

2.639

Nonius (Kappa CCD)
0.71073

200

0 range for data2.16—25.68

collecn (deg)
T, min/ T, max

no. of indep reflns
no. of parameters
R1°/wR2"

(I>2 o())

0.34/0.46
8819 (1> 2 o(])
6940
0.0402/0.1013

R1%/wR2" (all data) 0.0595/0.1127

’ The functions minimized during least-squares cycles were R1 = 3| F, |- IF ¢ |17z F, | and wR2
= [X[W(Fo —F )V w(Fo )11

1943.24

Triclinic

Pi

0.40 x 0.34 x 0.16

14.506(2)
15.018(2)
23.780(3)
79.726(8)
83.814(7)
64.256(6)
4588.6(9)

2

1.406
0.814
Nonius (Kappa CCD)
0.71073
298
1.64—25.01

0.74/0.88

5514 (I> 2 o(I))
1099
0.1211/0.2948

0.2791/0.3845

41

Co1Hg1CroMn3;N,O19P4Ser
2037.04

Triclinic

Pi

0.19 x 0.09 x 0.04

14.344(1)
14.846(1)
23.494(2)
79.085(4)
83.113(4)
64.752(3)
4438.9(6)

2

1.524

1.614
Nonius (Kappa CCD)
0.71073
100
1.57—25.03

0.75/0.94
9147

1096
0.0651/0.1119

0.1367/0.1346



Figure Captions

Figure 2.1. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom
labeling for 1b.

Figure 2.2. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom
labeling for 2b. CH,Cl, molecules were omitted for clarity.

Figure 2.3. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom
labeling for 3b.

Figure 2.4. The spatial graphs (isovalue = 0.04) of the selected frontier molecular orbitals
and their associated calculated energies of [S;Mn3(CO)o], [SeaMn3(CO)o] , 1a, 1b, 2a, 2b,
3a, and 3b.

Figure 2.5. Space filling structures of 1a and 1b (yellow: S atoms; Orange: Se atoms; blue: H
atom; red: O atoms; white: C atoms).

Figure 2.6. DPVs in MeCN for [PPN][S;Mn3(CO)o] (black), [PPN],[1a] (red), [TMBA];[2a]
(green), and [PPN],[3a] (blue). Conditions: electrolyte, 0.1 M BusNCI1O4; working electrode,

platinum; scan rate, 100 mV s !, Potentials are vs SCE.
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Figure 2.1.
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M1, M2: 75% Mn + 25% Cr

M3:50% Mn + 50% Cr

Figure 2.2.
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018

Figure 2.3.
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[SaMn3(CO)o] [SexMn3(CO)o]

1a

1b

LUMO+1,-0.58 eV | LUMO+1, —0.62 ¢V

LUMO, -0.58 eV

»

LUMO, —0.62 eV

HOMO, -2.74 eV

HOMO, -2.72 eV

%

HOMO—1, -2.75 eV

HOMO—1, -2.72 eV

LUMO, 2.31 eV

HOMO—1, 0.33 eV

LUMO, 2.18 eV

sa

HOMO, 0.29 eV

HOMO—1, 0.25 eV

Figure 2.4.
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2a

2b

3a

3b

LUMO+I, 6.17 eV

LUMO, 5.91 eV

HOMO, 4.24 eV

LUMO+1, 6.02 eV

LUMO, 5.74 eV

¢
HOMO, 4.20 eV

HOMO, —0.28 eV

HOMO—1, -0.32 eV

’* J(_

HOMO—-2,-0.34 eV

HOMO, —0.34 eV

HOMO—1, -0.38 eV

(e

HOMO-2, -0.44 eV

Figure 2.4. (continued)
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Figure 2.5.

[HE>Mn;Cr(CO) 4]~

E=S,1a

E=Se, 1b
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J\ —— [PPN][S,Mn,(CO),]

10.25 uh

Jotua
—[FPN] [1a]

——[TMBA],[2a]

—[PPN],[3a]

Jozsua

=

T
1.0 0.5 0.0 05 1.0
PotentiallV vs. SCE

Figure 2.6.
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Supporting Information for

Stepwise Construction of Manganese—Chromium Carbonyl Chalcogenide
Complexes: Synthesis, Electrochemical Properties, and Computational
Studies

Minghuey Shieh,* Chia-Yeh Miu, Kuo-Chih Huang, Chung-Feng Lee, and Bo-Gaun Chen
Department of Chemistry, National Taiwan Normal University, Taipei 116, Taiwan, Republic
of China

Figure S2.1. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom
labeling for 1a.
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Figure S2.2. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom

Mn1: 75%, Cr1: 25%
Mn2: 75%, Cr2: 25%
Mn3: 75%, Cr3: 25%

Mn4: 75%, Crd: 25%
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Figure S2.3. ORTEP diagram (30% thermal ellipsoids) showing the structure and atom

labeling for 3a.

52

C3:50%, 03: 50% ; C3a: 50%, O3a: 50%

C4:55%, 04: 55% ; C4a: 45%, O4da: 45%
C5:55%, 05: 55% ; C5a: 45%, O5a: 45%

C17:60%, O17: 60% ; C17a: 40%, O17a: 40%



Figure S2.4. DPVs in MeCN for [PPN][Se;Mn3(CO)y] (black), [PPN],[1b] (red),
[TMBA];3[2b] (green), and [PPN],[3b] (blue). Insert: the quasi-reversible reduction peaks of
[PPN]2[3b] (blue) in a higher concentration in the oxidation process (+1.0 ~ +0.4 V).
Conditions: electrolyte, 0.1 M BusNCIOy4; working electrode, platinum; scan rate, 100 mV s
Potentials are vs. SCE.

—— [PPN][Se,Mn,(CO),]

N

Totua

uA
——[PPN][1b]

[TMBA] 28]

_LIIJ

——[PPNJ,[3b]

r T T T 1
10 0.6 0.0 06 A0
Potential/lV vs. SCE
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Figure S2.5. (a) CVs in MeCN for [PPN][S;Mn3(CO)¢] (black), [PPN],[1a] (red),
[TMBA]s[2a] (green), and [PPN];[3a] (blue). (b) CVs in MeCN for [PPN][Se;Mn3(CO)o]
(black), [PPN],[1b] (red), [TMBA];[2b] (green), and [PPN],[3b] (blue). Conditions:
electrolyte, 0.1 M BusNClO4; working electrode, platinum; scan rate, 100 mV s !, Potentials
are vs. SCE.

@)

—

——[PPN][S,Mn,(CO),]
——[PPNJ,[1a]
——[TMBA],[2a]
——[PPNJ,[3a]

T T T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 -02 -04 -06 -08 -10
Potential/V vs. SCE

(b)

—— [PPN][Se,Mn,(CO),]
—— [PPN],[1b]

—— [TMBA],[2b]

—— [PPN],[3b]

T T T T T T T
1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
Potential/V vs. SCE
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Computational details (Part I and Part II):

Part1

Table S2.1. All calculations reported in this study were performed via the density functional
theory (DFT) with the Becke’s 1988 exchange functional (B) and the Perdew’s 1986 gradient
correlation functional (BP86) or the Becke’s three-parameter (B3) exchange functional and
the Lee—Yang—Parr (LYP) correlation functional (B3LYP) with a larger basis set: TZVP
using the Gaussian 03 series of packages. The geometries of complexes [EoMn3(CO)y| (E =
S, Se), 1a, 1b, 2a, 2b, 3a, and 3b were fully optimized using the BP86/TZVP and
B3LYP/TZVP methods.

[S:Mn3(CO)s]™ (BP86/TZVP)
G = -5270.984640 a.u.

X y z

Mn 0.246600 1.608461 0.000692
Mn -1.518248 -0.590832 0.000714
Mn 1.269995 -1.018567 0.000646
S -0.000383 -0.000913 1.597156
S -0.000413 -0.001040 -1.597163
C -0.185826 2.791719 1.295481
C -0.210081 2.794991 -1.282816
C 1.942469 2.129066 -0.013779
C -2.816507 0.617632 -0.009966
C 2.317414 -1.576731 -1.284805
C -2.324378 -1.559726 1.294693
C 2.515041 -1.228298 1.292640
C 0.875616 -2.748202 -0.006853
C 2.522762 -1.218176 -1.285534
o) -0.456634 3.572683 2.118285
0 -0.497217 3.577976 -2.097998
o) 3.056797 2.485723 -0.023465
0 -3.682665 1.404260 -0.017108
o) -2.851548 2.214818 -2.101881
0 -2.863452 -2.186525 2.117350
o) 3.329507 -1.379547 2.113597
0 0.628566 -3.891871 -0.011762
o) 3.342139 -1.362748 -2.102711

[S:Mn3(CO)s]™ (B3LYP/TZVP)
G = -5270.240465 a.u.
X y z

Mn -0.303853 1.665679 0.000006
Mn -1.291386 -1.096321 -0.000100
Mn 1.596371 -0.570358 -0.000036
S 0.000982 -0.001002 1.569588
S 0.000988 -0.000959 -1.569686
C -1.101357 2.623004 1321631
C -1.102802 2.623132 -1.320673
C 1.138716 2.720338 -0.000905
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-2.924916
-1.724130
-1.723817
2.824031
1.788319
2.824056
-1.612931
-1.615407
2.077705
-3.974479
-1.994952
-1.994446
3.604541
1.899319
3.604599

[SesMn3(CO)s]~ (BPS6/TZVP)

G =-9278.174006 a.u.

Se
Mn
Mn

<
=)

cloloNoloNoRoNoNoNoNoNo o NoNo oo ok S

X
-0.000514
0.466779
-1.620912
1.154046
-0.000723
-0.855009
1.377600
1.378341
-2.840405
-2.839224
-1.984779
1.466710
1.460092
2.838748
-1.715116
1.969352
1.970569
-3.659750
-3.658014
-2.241985
1.697419
1.686157
3.955342

[Se:Mn3(CO)o] ™ (B3LYP/TZVP)

G =-9276.999148 a.u.

Se
Mn

X
0.003064
-1.233329
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-0.371796
-2.265399
-2.265304
-0.357455
-2.346829
-0.357754
3.229325

3.229536
3.390771

0.107386

-3.011404
-3.011211
-0.216524
-3.495245
-0.217043

y
0.000010

1.601248
-0.396510
-1.205447
-0.000764
2.784031
2.482690
2.483823
-0.041967
-0.055007
-2.132476
-2.431609
-2.437258
-0.650689
3.577166
3.086586
3.088811
0.172652
0.150785
-3.273840
-3.243594
-3.252980
-0.301320

y
-0.002882

-1.242392

0.000030
-1.321225
1.321205
1.321495
0.000153
-1.321602
2.154804
-2.153148
-0.001593
0.000131
-2.154072
2.154204
2.154832
0.000303
-2.154942

z
-1.722469
0.000625
0.000190
-0.000129
1.722838
0.000870
-1.280668
1.280551
-1.278640
1.283649
-0.007498
-1.283405
1.279357
0.004956
0.001017
-2.085595
2.084308
-2.081968
2.089893
-0.012736
-2.089807
2.083259
0.008541

z
-1.686106
0.002070



w< Z
==

cleoNolojojololohohoNoNoNoNoRoNoNOR®

1.695382
-0.460743
0.002287
-0.637866
-2.442707
-2.427792
2.580499
2.600263
2.847644
-0.143085
-0.167809
-2.219771
-0.242509
-3.224623
-3.200696
3.154989
3.189405
3.582991
0.059608
0.019140
-3.357173

[HS;Mn;Cr(CO)14]*~ (1a) (BP86/TZVP)

G =-6883.221145 a.u.

Q
b

ooooooooooooooooooo§§§

X
2.794791
-1.067728
-1.493655
-1.151695
2.518421
2917519
4.616504
2.995343
2.748653
-0.790045
0.108679
-2.403368
-0.491444
-3.044475
-1.676549
-2.555840
-0.057981
-0.847590
2.413647
3.084945
5.783135
3.184901
2.835167
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-0.445173
1.687045
-0.001853
-2.927244
-1.565993
-1.583891
-1.339294
-1.290304
0.920106
2.897690
2.895584
2.001725
-4.010900
-1.777873
-1.808095
-1.916508
-1.835493
1.808597
3.682352
3.679547
2.193841

y
-0.057324

1.947286
0.038667
-1.707742
-1.364330
-1.400708
-0.156705
1.258808
1.307962
2.183839
3.211501
3.133917
0.362673
0.446950
-1.684533
-2.819376
-3.080786
-1.844180
-2.154526
-2.205070
-0.222568
2.051366
2.131108

0.003627
0.001987
1.689383
-0.013513
-1.307059
1.320382
-1.299784
1.325905
-0.031204
-1.307581
1.319206
-0.014986
-0.023786
-2.125100
2.143789
-2.113552
2.151372
-0.054272
-2.125329
2.141485
-0.026069

z
0.131142
-0.593384
1.309229
-0.792388
1.484098
-1.203077
0.353775
-1.220307
1.455515
-2.345186
-0.100578
-0.551662
2.760315
2.103115
1.834262
-0.881494
-0.383933
-2.531026
2.328589
-2.026198
0.496491
-2.050032
2.270776
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[HS;Mn3Cr(CO)14]>~ (1a) (B3LYP/TZVP)

G =-6882.263900 a.u.

Cr
Mn

oooooooooooooooooooooooooooo§§

-0.637378
0.832172
-3.269189
0.108064
-4.048017
-1.854715
-3.463591
0.608152
-0.668748
0.296063
-2.568942
-1.377288

X
2.851479
-1.135786
-1.499434
-1.133638
2.594661
2.963409
4.681917
2.981762
2.754313
-0.868644
0.048417
-2.510424
-0.467896
-3.059065
-1.641323
-2.539376
0.020091
-0.825029
2.483498
3.100362
5.837999
3.106909
2.792253
-0.721655
0.774855
-3.393094
0.156152
-4.053506
-1.784120
-3.438516
0.721001
-0.641827
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2.375633
4.086774
3.927278
0.574080
0.718972
-2.691702
-3.557102
-4.020532
-1.945216
0.039396
0.135980
1.736348

y
-0.013357

1.907969
0.068498
-1.759133
-1.287094
-1.405913
-0.061519
1.269303
1.407887
2.008419
3.204130
3.068460
0.496303
0.504709
-1.638603
-2.894418
-3.085243
-1.908652
-2.041623
-2.225364
-0.095373
2.030553
2.255762
2.088414
4.068333
3.818387
0.778408
0.802409
-2.638469
-3.619269
-3.965129
-1.988798

-3.491488
0.195238
-0.533522
3.743966
2.643110
2.414855
-0.978517
-0.164280
-3.686356
-0.234688
-0.784420
1.127943

z
0.127548
-0.648275
1.371275
-0.777246
1.532652
-1.173003
0.335382
-1.281248
1.409073
-2.429580
-0.230232
-0.658916
2.785032
2.155851
1.964548
-0.830738
-0.327798
-2.525182
2.389933
-1.966667
0.466721
-2.132264
2.181024
-3.573111
0.025384
-0.665793
3.715628
2.663918
2.536180
-0.890619
-0.063026
-3.664396



S
S
H

[HSe;Mn;Cr(CO) 141>~ (1b) (BP86/TZVP)

G =-10890.415995 a.u.

Se
Se
Cr

moooooooooooooooooooooooooooo§§§

[HSe>:Mn3Cr(CO)14]*~ (1b) (B3LYP/TZVP)

G =-10889.028356 a.u.

Se
Se

0.301317
-2.621274
-1.414115

X
0.441509
-2.628892
3.058439
-1.064330
-1.364300
-1.083239
3.209818
3.153948
4.883405
2.810274
2.988899
-0.878292
-0.882377
-2.420834
0.113454
0.071060
-2.465246
-2.873178
-1.488958
-0.281610
3.362340
3.290715
6.052527
2.719684
3.048106
-0.762454
-0.788465
-3.298864
0.841173
0.784427
-3.357682
-3.843202
-1.618032
0.371193
-1.288709

X
0.448697
-2.680178
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0.019679
0.038201
1.748628

y
0.040898

0.075161
-0.018979
1.999062
0.021866
-1.824823
1.281979
-1.382953
-0.091400
-1.307957
1.364669
-2.022207
2.270986
3.150110
3.269901
-3.145277
-2.962514
0.423598
-1.692561
0.385751
2.070530
-2.203520
-0.139907
-2.088016
2.204692
-2.167002
2.484089
3.925734
4.148719
-4.051066
-3.725182
0.690005
-2.691947
0.622012
1.720972

y
0.023973

-0.019212

-0.217352
-0.739327
1.063514

z
-0.281414
-0.707260
0.066530
-0.515502
1.418595
-0.691562
-1.303411
-1.246925
0.261771
1.441290
1.368882
-2.437353
-2.273534
-0.369455
-0.052895
-0.289753
-0.646175
2.288844
1.983691
2.797075
-2.145587
-2.060286
0.386509
2.297005
2.169149
-3.596500
-3.422817
-0.284412
0.220293
-0.077100
-0.657791
2.890256
2.589707
3.740318
1.207640

z
-0.269093
-0.663152
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3.113454
-1.129539
-1.367047
-1.062787

3.212275

3.199015

4.945514

2.876580

2.997550
-0.855002
-0.958907
-2.520838

0.057367

0.151984
-2.442237
-2.880435
-1.459029
-0.257842

3.315221

3.308966

6.102900

2.776660

3.012082
-0.736164
-0.870827
-3.411004

0.788637

0.900123
-3.320657
-3.839671
-1.560620

0.416193
-1.318944

[S:Mn;Cr(CO)1,]°~ (2a) (BP86/TZVP)

G =-6655.741567 a.u.

cnnifanannion

X
-3.152357
-4.002483
-1.913167
-3.151894
-1.961661
-2.121245

0.179838
-0.299271
-0.052576
-0.052459
-4.001664
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0.018219
1.966903
0.079183
-1.874724
1.265822
-1.409522
-0.011078
-1.220924
1.470542
-2.103946
2.099280
3.100664
3.269337
-3.141240
-3.035646
0.524072
-1.614041
0.551389
2.009717
-2.254053
-0.032497
-1.956566
2.341172
-2.239525
2.201251
3.839487
4.136803
-3.981774
-3.787412
0.826841
-2.603957
0.862312
1.754164

y
-0.190518

-0.191367
-0.229342
-0.189825
-2.110163
2.075100
-1.837801
1.882350
0.046892
0.047055
-0.190213

0.064409
-0.588222
1.479106
-0.675884
-1.375180
-1.197396
0.251393
1.502920
1.307201
-2.429293
-2.378778
-0.496843
-0.207577
-0.226792
-0.583598
2.340551
2.118140
2.814511
-2.245367
-1.969201
0.368901
2.378039
2.054228
-3.572064
-3.526948
-0.439101
0.020190
0.035181
-0.551858
2.910338
2.714531
3.699935
1.125545

z
1.269271
2.093380

-0.000058

-1.269805

-0.000584
0.001204

-0.000012
0.000019
1.508274

-1.508338

-2.094285
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-2.639122
-3.130224
0.193604
0.194731
2.127796
1.904070
2.337192
-0.131652
-0.129690
0.214490
0.216371
3.032759
3.152644
3.152262
2914113
-0.058251
-0.054928
3.988563
3.987810

[S:Mn;Cr(CO) 12~ (2a) (B3LYP/TZVP)

G =-6654.760906 a.u.

noooonnnlnnnococouwnifnnnion

X
3.162872
3.963023
1.972460
3.161448
2.369113
1.792504
0.024778
0.108132
0.064334
0.063297
3.960600
3.096136
2.736087
0.274114
0.271339

-1.805933

-1.949087

-2.729951

-0.369374

-0.366703
0.428502
0.418500

-2.640802

-3.136300

-3.136205

61

-3.098597
2.714099
-3.070732
-3.070739
-1.923482
0.209243
2.016509
3.119300
3.119076
-3.913208
-3.913194
-2.706415
0.092718
0.095573
3.055524
3.971589
3.971242
0.042746
0.047539

y
0.287627
0.480166

-0.044306
0.287277
-1.817918
2.541773
-1.867491
1.939015
0.060168
0.059185
0.479625
-2.749798
3.241254
-3.069974
-3.069778
-2.276990
0.002974
1.663715
3.074752
3.075280
-3.873468
-3.872047
-3.111873
-0.374099
-0.373729

-0.001127
0.002446
1.277781

-1.277808
0.001350

-0.000038

-0.002060

-1.266414
1.266409
2.107386

-2.107420
0.002534

-1.324821
1.325332

-0.003401

-2.084883
2.084879

-2.165965
2.166967

z
-1.282524
-2.111763
0.000675
1.285252
0.000612
0.000748
-0.000656
0.000538
-1.502889
1.502870
2.115509
0.000971
0.000763
-1.295119
1.294500
-0.001483
-0.000886
-0.000422
1.295676
-1.295007
-2.126380
2.128264
-0.002053
1.337834
-1.339947
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-3.415045
-0.661925
-0.650342
-3.917613
-3.919594

[Se:MnsCr(CO) 12~ (2b) (BP86/TZVP)

G =-10662.933741 a.u.

Se
Mn
Cr
Mn
Mn
Se

cleololojojololohohoholoNololoNoNoloNoNoRoNoNoN!

[SexMnsCr(CO) 12~ (2b) (B3LYP/TZVP)

G =-10661.526562 a.u.

Se
Mn
Cr
Mn
Mn

X
-0.057022
-1.958900
1.959795
-0.358751
0.229925
-0.057252
3.196606
3.199916
2.484525
2.125340
-3.198661
-3.196660
-2.040392
-2.136377
-0.106769
-0.096677
0.186447
0.196532
4.028348
4.034226
3.047089
3.065404
-4.054336
-4.050792
-2.656810
-3.179594
0.018543
0.035415
0.182690
0.199868

X
-0.048814
-2.028056

2.034715
-0.077511
-0.043542
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2.618309
3.835866
3.835030
-0.587744
-0.588956

y
0.060985
-0.300720
0.236260
1.940190
-1.880895
0.061078
0.057726
0.047952
2.000944
-1.996469
-0.194796
-0.201796
-2.138530
2.222020
3.156363
3.158525
-3.117359
-3.112976
-0.023730
-0.039788
3.046582
-2.734751
-0.163752
-0.175412
-3.163397
2.793842
3.998619
4.002458
-3.966453
-3.958515

y
-0.040345

0.029706
0.022650
-1.993766
1.942135

-0.000952
2.129014
-2.132701
2.185337
-2.185141

z
1.611918
0.000037
-0.000160
0.000138
0.000013
-1.612081
-1.327956
1.323293
0.006241
-0.006825
1.263476
-1.265919
0.005085
-0.006164
1.272646
-1.268286
-1.271856
1.276358
-2.170873
2.163019
0.011258
-0.012314
2.082201
-2.086410
0.009879
-0.011590
2.094527
-2.087339
-2.095394
2.103552

z
-1.603069

0.001092
-0.000140
-0.000977
-0.000060
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[HS;Mn;Cry(CO)19]*~ (3a) (BP86/TZVP)

G =-8494.877093 a.u.

Cr
Cr
Mn

oooooooooooooo§§

-0.047058
3.191074
3.190092
2.931864
1.684663

-3.157871

-3.154124

-2.636242

-1.680490
0.533529
0.505836

-0.453985

-0.467734
3.965609
3.963458
3.641731
2.548466

-3.923341

-3.917199

-3.351920

-2.611359
0.901817
0.857123

-0.698599

-0.721467

X
-3.972441

3.972437

0.000009
-0.000003
-0.000003
-4.057049
-3.872660
-5.803820
-6.974142
-3.864211
-3.870582
-4.177445
-4.427783

0.000049
-1.255809

1.255813
-1.304184

1.304179

0.000012

-0.041095
0.532863
0.516741

-1.562686
2.519525

-0.458198

-0.476105
1.709265

-2.757777

-3.066565

-3.069415
3.102352
3.101347
0.827424
0.801458

-2.500261
3.315307

-0.746071

-0.775786
2.642044

-3.469450

-3.790813

-3.794821
3.885319
3.883825

y
0.042280

0.042272
1.916351
-0.060315
-1.762898
-1.311067
-1.254629
0.010804
-0.011737
1.409064
2.234771
1.362194
2.156636
2.224347
3.153198
3.153196
0.263390
0.263380
-1.802313

1.602563
1.317733
-1.325129
0.012666
-0.009445
-1.288310
1.286696
0.012447
-0.018839
-1.291631
1.300354
1.292615
-1.289034
2.149003
-2.160929
0.024571
-0.017617
-2.121400
2.117861
0.021789
-0.031843
-2.126922
2.141988
2.122080
-2.116274

z
-0.330058
-0.330062
-0.209502
1.682647
-0.487547
1.005074
-1.714042
-0.494720
-0.599690
-1.644086
-2.461560
1.026421
1.835236
-1.976339
0.109906
0.109961
2.868821
2.868823
2.187565
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[HS;Mn;Cry(CO)19]*~ (3a) (B3LYP/TZVP)

G =-8493.716849 a.u.

Cr
Cr
Mn

oooooooooooo§§

1.257103
-0.000014
-1.257110

4.057042

3.872644

5.803815

6.974136

3.864208

4.177446
-4.184744
-3.903517

0.000053
-2.031909

2.031906
-2.114441

2.114438

0.000027

2.030475
-0.000029
-2.030483

4.184736

3.903494

3.870578

4.427785
-1.448443

1.448441

0.000021

X
-4.049994

4.049996

0.000000

0.000002
-0.000001
-4.106527
-3.929709
-5.887891
-7.045373
-3.903380
-3.864983
-4.215601
-4.419961

0.000000
-1.280619

1.280622
-1.320427

-3.037199
-1.875322
-3.037196
-1.311098
-1.254608
0.010792
-0.011751
1.409091
1.362162
-2.120560
-2.024301
2.455193
4.007805
4.007799
0.471015
0.471000
-2.824014
-3.912544
-1.955455
-3.912539
-2.120602
-2.024264
2.234826
2.156591
0.042041
0.042034
1.645016

y
0.019529

0.019527
1.915716
0.023547
-1.788638
-1.286342
-1.341952
-0.007781
-0.028491
1.338429
2.121794
1.408425
2.233011
2.072630
3.162257
3.162256
0.425233

-0.323639
-2.258348
-0.323620
1.005047
-1.714073
-0.494732
-0.599708
-1.644053
1.026440
1.826906
-2.584007
-3.122098
0.305727
0.305831
3.684976
3.684977
2.765308
-0.253580
-3.425583
-0.253547
1.826867
-2.584052
-2.461499
1.835267
-0.183051
-0.183052
1.531994

z
-0.320606
-0.320609
-0.287821

1.729845
-0.471473

1.079427
-1.655569
-0.480453
-0.581166
-1.696913
-2.534772

0.991203

1.761225
-2.090829
-0.040835
-0.040836

2.890130
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[HSe;Mn;Cry(CO)19]*~ (3b) (BP86/TZVP)

G =-12502.072730 a.u.

Cr
Cr
Mn

oooooooooo§§

1.320433
0.000000
1.285241
-0.000004
-1.285243
4.106529
3.929709
5.887892
7.045375
3.903380
4.215606
-4.190632
-3.926751
-0.000007
-2.070053
2.070057
-2.139610
2.139618
-0.000003
2.070747
-0.000024
-2.070751
4.190634
3.926750
3.864980
4.419967
-1.472419
1.472420
-0.000001

X
-4.165241

4.165266
-0.000031

0.000052

0.000021
-4.184981
-4.068654
-5.998880
-7.170662
-4.089266
-4.105803
-4.328610
-4.541519
-0.000066
-1.263015
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0.425234
-1.700508
-3.049770
-1.933402
-3.049768
-1.286346
-1.341952
-0.007784
-0.028494

1.338430

1.408421
-2.054833
-2.139675

2.179862

3.990848

3.990845

0.691216

0.691219
-2.707857
-3.885184
-2.004347
-3.885181
-2.054837
-2.139675

2.121798

2.233005

0.017949

0.017949

1.708204

y
0.018418
0.018430
2.001277

-0.008670
-1.855574
-1.282917
-1.334937
-0.036307
-0.073481
1.338083
2.138962
1.386178
2.210908
2.325606
3.223192

2.890128
2.306383
-0.258273
-2.252940
-0.258271
1.079422
-1.655574
-0.480458
-0.581172
-1.696913
0.991202
1.926455
-2.481306
-3.238150
0.113430
0.113427
3.656341
3.656337
2.877428
-0.138617
-3.403749
-0.138614
1.926449
-2.481311
-2.534770
1.761226
-0.170926
-0.170927
1.445375

z
-0.325075
-0.325061
-0.232541
1.701929
-0.436490
1.062560
-1.652387
-0.442116
-0.517279
-1.686417
-2.528886
0.987743
1.776504
-1.995141
0.104297
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[HSe;Mn;Cry(CO)19]*~ (3b) (B3LYP/TZVP)

G =-12500.481645 a.u.

Cr
Cr
Mn

oooooooo§§

1.262919
-1.311524
1.311707
-0.000299
1.265684
0.000039
-1.265638
4.185013
4.068703
5.998907
7.170691
4.089306
4.328586
-4.265342
-4.090075
-0.000086
-2.050385
2.050259
-2.127029
2.127270
-0.000515
2.052978
0.000055
-2.052925
4.265387
4.090138
4.105856
4.541457
-0.000026
1.530567
-1.530543

X
-4.244710

4.244709

0.000001

0.000000
-0.000003
-4.231286
-4.135753
-6.085637
-7.244981
-4.149343
-4.136911
-4.361320
-4.524224
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3.223245
0.361065
0.360851
-1.729586
-3.105005
-2.070097
-3.105018
-1.282884
-1.334954
-0.036277
-0.073441
1.338063
1.386218
-2.063592
-2.146827
2.568110
4.065550
4.065643
0.601176
0.600809
-2.731546
-3.962357
-2.219913
-3.962380
-2.063553
-2.146863
2.138919
2.210968
1.693551
0.044013
0.043999

y
-0.011569

-0.011571
2.003550
0.101455

-1.881812

-1.248501

-1.440548

-0.063830

-0.099934
1.241928
1.989357
1.437930
2.300133

0.104233
2.863511
2.863488
2.269264
-0.193463
-2.196139
-0.193494
1.062593
-1.652344
-0.442073
-0.517217
-1.686435
0.987736
1.917514
-2.483786
-3.138913
0.306885
0.306772
3.665736
3.665702
2.880390
-0.074863
-3.356934
-0.074925
1.917552
-2.483725
-2.528926
1.776486
1.500409
-0.246720
-0.246715

z
-0.301373
-0.301374
-0.340260

1.742520
-0.427053
1.160455
-1.563175
-0.399057
-0.461270
-1.739502
-2.611150
0.947492
1.685420
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0.000011
-1.288381
1.288382
-1.324117
1.324108
0.000020
1.295658
-0.000008
-1.295666
4.231301
4.135749
6.085635
7.244980
4.149338
4.361312
-4.270047
-4.130668
0.000019
-2.088343
2.088344
-2.145233
2.145220
0.000037
2.096036
-0.000022
-2.096046
4.270076
4.130661
4.136906
4.524205
-0.000010
1.556191
-1.556191

2.166329
3.238358
3.238355
0.558191
0.558223
-1.595438
-3.111298
-2.144253
-3.111293
-1.248564
-1.440502
-0.063821
-0.099918
1.241980
1.437879
-1.978744
-2.285495
2.281376
4.056184
4.056178
0.861043
0.861103
-2.583012
-3.922893
-2.294360
-3.922884
-1.978845
-2.285419
1.989442
2.300050
1.775540
0.019798
0.019800

-2.142285
-0.084946
-0.084929
2.874688
2.874684
2.390659
-0.127697
-2.193984
-0.127687
1.160404
-1.563231
-0.399067
-0.461286
-1.739456
0.947548
2.043877
-2.340888
-3.289204
0.070439
0.070472
3.625363
3.625353
2.994685
0.044067
-3.337508
0.044085
2.043793
-2.340976
-2.611076
1.685514
1.384342
-0.239436
-0.239438



Part I1.

Table S2.2. Comparison of selected structural parameters of the optimized geometries for 1a,
1b, 2a, 2b, 3a, and 3b with the experimental structural parameters shown in parentheses,
calculated at the BP86 and B3LYP levels with different basis sets. (the mixed basis sets,
LanL.2DZ for S(Se), Mn, and Cr atoms and 6-31+G* for C, O, and H atoms; the mixed basis
sets, TZVP for S(Se), Mn, and Cr atoms and 6-31+G* for C, O, and H atoms)

bond distance

level/basis set

B3LYP BP86
LanlL2DZ Lanl.2DZ/ TZVP/ TZVP Lanl.2DZ/ TZVP
6-31+G* 6-31+G* 6-31+G*

1a
S(33)—Mn(2)  2.439(2.320) 2.449 2412 2412 2.419 2.372
S(33)—Mn(3) 2.433(2.326) 2.440 2.403 2.402 2.411 2.364
S(33)—Mn(4)  2.387(2.283) 2.392 2.353 2.353 2.382 2.337
S(34)—Mn(2)  2.424(2.337) 2.425 2.389 2.390 2.403 2.360
S(34)—Mn(3)  2.428(2.328) 2.426 2.391 2.390 2.399 2.356
S(34)—Mn(4)  2.372(2.296) 2.370 2.333 2.333 2.367 2.326
H(35)—Mn(2) 1.747(1.593) 1.739 1.742 1.742 1.754 1.762
H(35)—Mn(3) 1.707(1.836) 1.699 1.710 1.710 1.700 1.711
Mn(2)—Mn(3) 2.750(2.675) 2.746 2.757 2.756 2.724 2.728
Mn(3)—Mn(4) 2.825(2.706) 2.822 2.844 2.844 2.748 2.754
S(33)—Cr(1) 2.591(2.427) 2.604 2.573 2.574 2.569 2.527

1b
Se(1)—Mn(4)  2.534(2.426) 2.546 2.523 2.523 2.513 2.481
Se(1)—Mn(5)  2.535(2.438) 2.544 2.521 2.521 2.512 2.480
Se(1)—Mn(6)  2.481(2.392) 2.487 2.461 2.461 2.475 2.444
Se(2)—Mn(4)  2.539(2.468) 2.541 2.520 2.521 2.516 2.487
Se(2)—Mn(5)  2.535(2.454) 2.536 2.515 2.515 2.504 2.474
Se(2)—Mn(6)  2.486(2.425) 2.485 2.461 2.462 2478 2.449
H(35)—Mn(4) 1.744(1.692) 1.735 1.738 1.737 1.752 1.760
H@35)—Mn(5) 1.712(1.656) 1.702 1.712 1.713 1.704 1.714
Mn(4)—Mn(5) 2.799(2.761) 2.793 2.811 2.810 2.770 2.782
Mn(5)—Mn(6) 2.888(2.791) 2.883 2.923 2.925 2.801 2.818
Se(1)—Cr(3) 2.696(2.532) 2.704 2.685 2.686 2.667 2.641

2a
S(9)—Mn(3) (2.399) 2.432 2.411
S(9)—Mn(7) (2.416) 2.444 2.425
S(9)—Mn(8) (2.440) 2.407 2.388
S(10)—Mn(3) (2.426) 2.432 2411
S(10)—Mn(7) (2.440) 2.444 2.425
S(10)—Mn(8) (2.416) 2.407 2.388
S(9)—Cr(17) (2.258) 2.513 2.476
S(10)—Cr(17) (2.362) 2.513 2.476
Mn(3)—Mn(7) (2.702) 2.668 2.640
Mn(3)—Mn(8) (2.721) 2.722 2.658
Cr(17)—Mn(7) (2.557) 2.719 2.676
Cr(17)—Mn(8) (2.684) 2.825 2.767

2b
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Se(1)—Mn(2)
Se(1)—Mn(4)
Se(1)—Mn(5)
Se(6)—Mn(2)
Se(6)—Mn(4)
Se(6)—Mn(5)
Se(1)—Cr(3)

Se(6)—Cr(3)

Mn(2)—Mn(4)
Mn(2)—Mn(5)

Cr(3)—Mn(4)
Cr(3)—Mn(5)
3a
S(44)—Mn(3)
S(44)—Mn(4)
S(44)—Mn(5)
S(45)—Mn(3)
S(45)—Mn(4)
S(45)—Mn(5)

Mn(3)—Mn(4)
Mn(4)—Mn(5)

Cr(1)—S(44)
Cr(2)—S(45)
H(46)—Mn(3)
H(46)—Mn(4)

3b

Se(46)—Mn(3)
Se(46)—Mn(4)
Se(46)—Mn(5)
Se(45)—Mn(3)
Se(45)—Mn(4)
Se(45)—Mn(5)
Mn(3)—Mn(4)
Mn(4)—Mn(5)

Cr(1)—Se(46)
Cr(2)—Se(45)
H(44)—Mn(3)
H(44)—Mn(4)

(2.497)
(2.511)
(2.522)
(2.487)
(2.522)
(2.511)
(2.484)
(2.472)
(2.783)
(2.682)
(2.733)
(2.708)

2.432(2.299)
2.436(2.323)
2.383(2.300)
2.432(2.336)
2.436(2.339)
2.383(2.302)
2.762(2.702)
2.844(2.729)
2.599(2.461)
2.600(2.445)
1.751(1.401)
1.707(1.745)

2.536(2.450)
2.536(2.446)
2.485(2.408)
2.537(2.424)
2.536(2.441)
2.485(2.407)
2.811(2.750)
2.909(2.770)
2.699(2.536)
2.699(2.530)
1.746(1.572)
1.712(1.745)

2.439
2.440
2.385
2.439
2.440
2.385
2.757
2.837
2.613
2.613
1.742
1.699

2.545
2.542
2.489
2.545
2.542
2.489
2.804
2.901
2.709
2.709
1.737
1.702

2.405
2.406
2.350
2.405
2.406
2.350
2.769
2.857
2.582
2.582
1.745
1.709

2.523
2.522
2.464
2.523
2.522
2.464
2.824
2.944
2.689
2.689
1.739
1.712
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2.549
2.527
2.549
2.548
2.527
2.550
2.630
2.628
2.811
2.756
2.920
2.829

2.405
2.404
2.350
2.405
2.404
2.350
2.766
2.851
2.582
2.582
1.746
1.709

2.523
2.521
2.464
2.523
2.521
2.464
2.821
2.939
2.689
2.689
1.740
1.712

2.413
2.409
2.376
2.413
2.409
2.376
2.734
2.757
2.572
2.572
1.755
1.701

2.515
2.509
2477
2.515
2.509
2477
2.778
2.808
2.664
2.664
1.752
1.703

2.519
2.494
2.540
2.519
2.494
2.540
2.588
2.588
2.754
2.700
2.877
2.734

2.369
2.364
2.334
2.369
2.364
2.334
2.736
2.758
2.528
2.528
1.763
1.712

2.485
2.478
2.447
2.485
2.478
2.447
2.790
2.830
2.636
2.636
1.760
1.714



Table S2.3. Results of Natural Bond Order and Natural Population Analyses of [E;Mn3(CO)9] (E =S, Se), 1a, 1b, 2a, 2b, 3a, and 3b

complex Wiberg bond index Natural charge
E—Mn Mn—Mn E—Cr H—Mn  Mn—Cr E Mn Cr H HE;Mn;(CO)y Crn(CO),
/ExMnz(CO)y (sum) (sum)
[ExMn3(CO)o]™ (E=9S) 0.806 0.279 0.408 —1.692 -1 0
[E;Mn;(CO)9] (E=Se)  0.807 0.285 0.517 —1.735 -1 0
la(m=1;n=95) 0.732 0.284 0.613 0.355 0.389 —1.826 —2.847 0.246 —1.383 —0.617
1b(m=1;n=5) 0.736 0.285 0.605 0.356 0.498 —1.867 —2.890 0.243 —-1.329 —0.671
2a(m=1;n=3) 0.613 0.279 0.610 0.257 0.336 —1.595 —2.235 -1.719 —1.281
2b (m=1;n=23) 0.618 0.283 0.617 0.261 0.432 -1.613 —2.238 —1.686 -1.314
3a(m=2;n=10) 0.699 0.277 0.610 0.355 0.493 —1.786 —2.821 0.246 —0.865 —1.135
3b (m=2;n=10) 0.702 0.278 0.608 0.356 0.630 —-1.839 —2.861 0.242 —0.768 —1.232
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Table S2.4. Cyclic Voltammetry (CV) of [PPN][S;Mn3(CO)s], [PPN][Se:Mn;3(CO)y],
[PPN];[1a], [PPN],[1b], [TMBA];[2a], [TMBA];[2b], [PPN],[3a], [PPN],[3b], and Cr(CO)s

oxidation process reduction process

complex 12 m 1/2 m
pl Ep™/V' Ep*/N' Eip/N _AEMV __ Ep™/N  Ep*/N"  Ep/N  AE/mV

[PPN][S>:Mn;(CO),] 0.660
[PPN][Se:Mn3(CO)]¢  0.603
[PPN],[1a] 0.795
0.620
0.065
[PPN],[1b] 0.901
0.538
0.116
[TMBA];[2a] 0.867 -0.154 - €
0.641 -0.576  -0.648  —0.612 72
-© 0.384
0.062 —0.013  0.025 75
[TMBAJ;[2b] 0.791 -0.012  -0.088  —0.050 76
0.565 -€ -0.230 - €
0.308 -0.652  -0.726  —0.689 74
[PPN],[3a] 0.908 -¢
~0.774 -€ -€ -0.361
~0.701
0.619 -€

—0.366

a o o a o o o a

0.353 -¢
[PPN]2[3b] 0.905 -¢
0.744 -
0.636 -
0.356 -
Cr(CO)g ~0.350
%Ep®™ = oxidative peak potential. “Ep™® = reductive peak potential. “Difficult to determine. “ref 14e
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Table S2.5. Selected bond distances (A) and bond angles (deg) for [PPN],[HS>:Mn3Cr(CO) 4]
([PPN]z[1a]), [PPhs]o[HSexMn3Cr(CO)14] ([PPhs]o[1b]), [TMBA];[S:Mn;Cr(CO)12]-CH2Cly
([TMBA];[2a]-CH,Cl,), [TMBA]3[SesMn;Cr(CO),2]-0.5 CH,Cl, ([TMBA]3[2b]-0.5 CH,Cl,),
[PPN]2[HS;Mn;Cra(CO) 0] ([PPN]z[3a]), and [PPN]5[HSe;Mn3Cry(CO) 9] ([PPN][3b])

[PPN]2[1a]
S(1)—Mn(1) 2.320(2) S(1)—Mn(2) 2.326(2)
S(1)—Mn(3) 2.284(2) S(2)—Mn(1) 2.337(2)
S(2)—Mn(2) 2.328(2) S(2)—Mn(3) 2.296(2)
S(1)—Cr(1) 2.427(2) Mn(1)—Mn(2) 2.676(1)
Mn(2)—Mn(3) 2.706(1) H(1)—Mn(1) 1.5929(9)
H(1)—Mn(2) 1.8362(8)
S(1)—Mn(1)—S(2) 76.59(5) S(1)—Mn(3)—S(2) 78.12(6)
S(1)=Mn(2)—S(2) 76.63(6) Mn(3)—S(1)—Mn(1) 102.38(6)
Mn(3)—S(2)—Mn(1) 101.49(6) S(1)—Mn(2)—Mn(1) 54.72(4)
S(2)—Mn(2)—Mn(1) 55.15(5) S(1)=Mn(2)—Mn(3) 53.33(4)
S(2)—Mn(2)—Mn(3) 53.63(4) H(1)=Mn(1)—Mn(2) 42.11(3)
H(1)—Mn(2)—Mn(1) 35.57(2) Cr(1)—S(1)~Mn(1) 128.40(7)
Cr(1)—=S(1)—Mn(2) 128.03(7) Cr(1)—S(1)—Mn(3) 128.56(6)

[PPhs]o[1b]
Se(1)—Mn(1) 2.4265(9) Se(1)—Mn(2) 2.4380(9)
Se(1)—Mn(3) 2.3924(9) Se(2)—Mn(1) 2.4681(9)
Se(2)—Mn(2) 2.454(1) Se(2)—Mn(3) 2.4246(9)
Se(1)—Cr(1) 2.532(1) Mn(1)—Mn(2) 2.761(1)
Mn(2)—Mn(3) 2.791(1) H(1)—Mn(1) 1.69(4)
H(1)—Mn(2) 1.66(4)
Se(1)—Mn(1)—Se(2) 77.83(3) Se(1)—Mn(3)—Se(2) 79.33(3)
Se(1)—Mn(2)—Se(2) 77.87(3) Mn(3)—Se(1)—Mn(1) 102.05(3)
Mn(3)—Se(2)—Mn(1)  99.94(3) Se(1)=Mn(2)—Mn(1)  55.22(3)
Se(2=Mn(2)—Mn(1)  56.12(3) Se(1)=-Mn(2)—Mn(3)  53.94(2)
Se(2)—Mn(2)—Mn(3)  54.61(2) H(1)=Mn(1)—Mn(2) 34.0(14)
H(1)—Mn(2)—Mn(1) 34.9(14) Cr(1)—Se(1)—Mn(1) 129.68(3)
Cr(1)—Se(1)—Mn(2) 128.17(4) Cr(1)—Se(1)—Mn(3) 127.92(3)

[TMBA];[2a]-CH,Cl,

S(1)—Mn(1) 2.40(2) S(1)—=Mn(1a) 2.43(2)
S(1)—Mn(2) 2.42(2) S(1)—Mn(2a) 2.44(1)
S(1)—Cr(1) 2.36(6) S(1)—Cr(1a) 2.26(5)
S(1)—Cr(2) 2.38(6) S(1)—Cr(2a) 2.25(4)
Mn(1)—Mn(2) 2.70(2) Mn(1)—Mn(2a) 2.72(2)
Mn(1)—Cr(2) 2.60(6) Mn(1a)—Cr(2) 2.63(7)
Mn(2)—Cr(1) 2.68(7) Mn(2a)—Cr(1) 2.56(5)
Mn(1)—Mn(2)—Mn(la) 89.4(6) Mn(2)—Mn(1)—Mn(2a) 90.6(6)
Mn(la)—Mn(2)—Cr(1) 85.9(12) Mn(la)—Mn(2a)—Cr(1) 88.8(17)
Mn(2a)—Mn(1)—Cr(2) 88.4(15) Mn(2a)—Mn(1a)—Cr(2) 88.1(14)
Mn(1)—Cr(2)—Mn(la) 94.0(20) Mn(2)—Cr(1)=Mn(2a) 94.7(19)
S(1)—Cr(1)—S(1a) 79.4(17) S(1)—Cr(2)—S(1a) 79.4(15)
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S(1)=Mn(1)—S(1a) 75.5(5) S(1)=Mn(2)—S(1a) 74.9(4)

S(2)—Mn(3) 2.385(3) S(2)—Mn(3a) 2.379(3)
S(2)—Mn(4) 2.392(5) S(2)—Mn(4a) 2.389(5)
S(2)—Cr(3) 2.390(8) S(2)—Cr(3a) 2.40409)
S(2)—Cr(4) 2.41(2) S(2)—Cr(4a) 2.37(2)
Mn(3)—Mn(4) 2.626(3) Mn(3)—Mn(4a) 2.658(4)
Mn(3)—Cr(4) 2.32(1) Mn(3)—Cr(4a) 2.94(1)
Mn(4)—Cr(3) 2.978(7) Mn(4)—Cr(3a) 2.289(8)
Mn(3)—Mn(4)—Mn(3a) 89.7(1) Mn(4)—Mn(3)—Mn(4a) 90.3(1)
Mn(3)—Mn(4)—Cr(3a) 97.8(2) Mn(3)—Mn(4a)—Cr(3a) 82.1(2)
Mn(4)—Mn(3)—Cr(4a) 83.9(3) Mn(4)—Mn(3a)—Cr(4a) 96.8(4)
Mn(3)—Cr(4)—Mn(3a) 89.7(5) Mn(4)—Cr(3)—Mn(4a) 89.7(2)
S(2)—Cr(3)—S(2a) 76.5(2) S(2)—Cr(4)—S(2a) 76.8(5)
S(2)—Mn(3)—S(2a) 77.09(9) S(2)—Mn(4)—S(2a) 76.8(1)
[TMBA];3[2b]-0.5 CH,Cl,
Se(3)—Mn(4a) 2.5221(7) Se(3)—Mn(4) 2.5113(7)
Se(3)—Mn(3a) 2.50(1) Se(3)—Mn(3) 2.49(1)
Se(3)—Cr(3) 2.49(1) Se(3)—Cr(3a) 2.47(1)
Mn(3)—Mn(4) 2.681(8) Mn(3)—Mn(4a) 2.782(8)
Cr(3)—Mn(4) 2.733(9) Cr(3)—Mn(4a) 2.708(9)
Mn(4)—Mn(3)—Mn(4a) 91.0(3) Mn(3)—Mn(4)—Cr(3a) 90.1(2)
Mn(3a)—Mn(4)—Cr(3) 87.5(2) Mn(4)—Cr(3)—Mn(4a) 91.5(3)
Se(3)—Cr(3)—Se(3a) 80.0(3) Se(3)—Mn(3)—Se(3a)  79.5(3)
Se(3)—Mn(4)—Se(3a)  78.53(2)
Se(1)—Cr(2) 2.53(2) Se(1)—Cr(1) 2.53(2)
Se(2)—Cr(2) 2.52(1) Se(2)—Cr(1) 2.41(3)
Se(1)—Mn(2) 2.482(4) Se(1)—Mn(1) 2.509(7)
Se(2)—Mn(2) 2.504(4) Se(2)—Mn(1) 2.519(8)
Mn(1)—Mn(2) 2.740(7) Mn(1a)—Mn(2) 2.726(7)
Mn(1)—Cr(2) 2.74(2) Mn(1a)—Cr(2) 2.78(2)
Mn(2)—Cr(1) 2.68(2) Mn(2a)—Cr(1) 2.71(2)
Mn(2)—Mn(1)—Mn(2a) 89.2(2) Mn(1)—Mn(2)—Mn(1a) 90.8(2)
Cr(1)=Mn(2)—Mn(la) 90.0(4) Cr(1)=Mn(2a)—Mn(1a) 89.7(4)
Cr(2)—Mn(1)—Mn(2a) 90.1(4) Cr(2)—Mn(la)=Mn(2a) 89.5(4)
Mn(2)—Cr(1)=Mn(2a) 90.9(7) Mn(1)—Cr(2)—Mn(la) 89.6(4)
Se(1)—Cr(1)—Se(2) 80.3(7) Se(1)—Cr(2)—Se(2) 78.2(4)
Se(1)—Mn(1)—Se(2) 78.6(2) Se(1)—Mn(2)—Se(2) 79.36(9)
[PPN]2[3a]
S(1)—Mn(1) 2.298(5) S(1)—Mn(2) 2.324(5)
S(1)—Mn(3) 2.301(4) S(2)—Mn(1) 2.336(4)

S(2)—Mn(2) 2.339(5) S(2)-Mn(3) 2.302(5)
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S(1)—Cr(1)
Mn(1)—Mn(2)
H(1)—Mn(1)

S(1)=Mn(1)—S(2)
S(1)-Mn(2)—S(2)
Mn(3)—S(2)—Mn(1)
S(2)-Mn(2)—Mn(1)
S(2)—Mn(2)—Mn(3)
H(1)~Mn(2)—Mn(1)
Cr(1)—S(1)—Mn(2)
Cr(2)—S(2)—Mn(1)
Cr(2)—S(2)—Mn(3)

Se(1)—Mn(1)
Se(1)—Mn(3)
Se(2)—Mn(2)

Se(1)—Cr(1)
Mn(1)—Mn(2)
H(2)—Mn(2)

Se(1)—Mn(1)—Se(2)
Se(1)—Mn(2)—Se(2)
Mn(3)—Se(2)—Mn(1)
Se(2)—Mn(2)—Mn(1)
Se(2)—Mn(2)—Mn(3)
H(2)—Mn(3)—Mn(2)
Cr(1)—Se(1)—Mn(2)
Cr(2)—Se(2)—Mn(1)
Cr(2)—Se(2)—Mn(3)

2.461(5)
2.702(4)
1.401(3)

75.3(2)
74.7(2)
103.2(2)
53.8(1)
53.4(1)
27.24(8)
131.1Q2)
128.5(2)
128.02)

2.407(1)
2.424(1)
2.446(1)

2.530(1)
2.770(1)
1.745(1)

77.35(4)
75.98(4)
102.68(4)
54.56(3)
55.91(3)
36.06(4)
130.08(5)
127.67(4)
129.57(4)

S(2)—Cr(2)
Mn(2)—Mn(3)
H(1)—Mn(2)

S(1)-Mn(3)—S(2)
Mn(3)—S(1)—~Mn(1)
S(1)—=Mn(2)—Mn(1)
S(1)—-Mn(2)—Mn(3)
H(1)—~Mn(1)—Mn(2)
Cr(1)—S(1)—Mn(1)
Cr(1)—S(1)-Mn(3)
Cr(2)—S(2)—Mn(2)

[PPN]>[3b]

Se(1)—Mn(2)
Se(2)—Mn(1)
Se(2)—Mn(3)

Se(2)—Cr(2)
Mn(2)—Mn(3)
H(2)—Mn(3)

Se(1)—Mn(3)—Se(2)
Mn(3)—Se(1)—Mn(1)
Se(1)—Mn(2)—Mn(1)
Se(1)—Mn(2)—Mn(3)
H(2)—Mn(2)—Mn(3)
Cr(1)—Se(1)—Mn(1)
Cr(1)—Se(1)—Mn(3)
Cr(2)—Se(2)—Mn(2)
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2.445(4)
2.728(3)
1.745(3)

75.9(2)
104.5(2)
54.6(1)
53.5(1)
34.8(1)
127.9(2)
126.1(2)
125.7(2)

2.442(1)
2.408(1)
2.450(1)

2.536(1)
2.750(2)
1.572(1)

76.22(4)
103.50(4)
54.57(3)
55.29(4)
32.02(3)
128.54(4)
127.59(5)
122.67(5)



Chapter 3

Insight to Mixed-Metal Chemistry of Mn—Ru Carbonyl Chalcogenide
Clusters and Comparison of Their Corrosponding Homo- or
Hetero-nuclear Octahedral Clusters: Synthesis, Electrochemistry, Optical

Properties, and Computational Studies

Abstract

Heating trinuclear E,Mn;-trigonal-bipyramidal clusters, [E;Mn3(CO)9] (E = S, Se)
with Ru3(CO);; in a molar ratio of 1: 1 in MeCN/MeOH solutions afforded two tetranuclear
products, E;Rug-octahedral clusters [HE,Ru4(CO);9] (E = S, 3a; Se, 3b) and mixed-metal
E>Mn,Rus-octahedral clusters [E;MnoRux(CO)1i1P~ (E = S, 4a; Se, 4b). Clusters 3a and 3b
were isomorphous and each displayed an E,Rus octahedral core with one Ru—Ru bond
bridged by one hydrogen atom and two Ru—Ru bonds each bridged by one carbonyl group.
Clusters 4a and 4b were isomorphous and consisted of an E;Mn;Ru; octahedral core with one
Ru—Ru bond bridged by one carbonyl group and two Mn—Ru bonds each semibridged by
one carbonyl group. In addition, 4a and 4b exhibited intense electronic communication
through the My square during oxidation of Mn,(CO)e fragment, which were compared to the
analogous homonuclear group 7 clusters, [E-Mny(CO) o>~ (E = S, 1a; Se, 1b) and the
heteronuclear mixed-group 6/7 clusters, [EoMn;Cr(CO)12]>~ (E = S, 2a; Se, 2b). The
electronic absorptions of [E;Mn3(CO)9] and 1 were assigned as the MLCT (Mn—E or COs)
transitions while those of 2 and 4 were attributed to the MLCT (Mn—E or COs) and MMCT
(Mn—Cr or Ru) transitions. Moreover, these clusters also showed optical transitions with

band gaps of 1.25 to 1.80 eV. Furthermore, the formation and electronic properties as well as
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electrochemical and optical properties of these E,My-octahedral carbonyl sulfides and
selenides were studied and elucidated with the aid of molecular calculations at the BP86 level

of the density functional theory.
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Chapter 4

Reactivity of [TeRus(CO);s]>~ Toward Copper Salts: Synthesis,
Transformations, Electrochemistry, Optical Properties, and Computational

Studies

Abstract

When [PPhy]y[TeRus(CO)14] was treated with 1 equiv. of [Cu(MeCN)4][BF4] in
dichloromethane (CH,Cl,) at low temperature, the CusCl-incorporated di-TeRus carbonyl
cluster [PPhy]s[ {TeRus(CO);4}2CusCl] ([PPhs]o[1]) was formed. X-ray analysis showed that
complex 1 exhibited two TeRus cores that are linked by a Cu3Cl moiety. When
[PPhys]o[TeRus(CO)14] reacted with 2 equiv. of [Cu(MeCN)4][BF4] in CH,Cl, at low
temperature, both CuyClz-incorporated di-TeRus carbonyl clusters
[PPh4]2[{TeRus(CO);4}2CusCl,]-CH,Cl, ([PPh4]2[2]-CH,Cl,) and
[TeRus(1~CO)2(CO)12Cur(MeCN),] (3a) were obtained. However, similar reaction of
[PPhy][TeRus(CO)14] with 2 equiv. of [Cu(MeCN)4][BF4] in CH,Cl, at room temperature
produced complex 2 and [TeRus(1~CO)3(CO);1Cu(MeCN);] (3b). The formation of 1 and 2
involved the abstraction of chloride from dichloromethane while the formation of isomers 3a
and 3b was governed by the reaction temperature. Cluster 3a was structurally characterized
by X-ray analysis to display a TeRus core with two adjacent Rus triangles each capped by a
13-Cu(MeCN) fragment and two Ru—Ru bonds each bridged by a CO ligand. Cluster 3b
consists of a TeRus core with one Ruj triangle further capped by a Cuy(MeCN), fragment
with the two Cu bonded and three Ru—Ru bonds each bridged by a CO ligand. The nature,
stepwise cluster transformation, electrochemical and optical properties of these CuX (X =

MeCN or Cl)-incorporated mono- or di-TeRus-based clusters were discussed in terms of the
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effects of copper, tellurium, temperature, and the size of the metal skeleton, which was
elucidated in detail by DFT calculations at the MPW1PW91 level of the density function

theory.

78



Chapter S

Semiconducting Te—Fe—Cu—Dipyridyl Carbonyl Polymers: Controlled

Synthesis, Optical Properties, and Computational Studies

Abstract

Four new mixed-metal cluster-based organometallic-organic hybrid polymers 1—4,
were synthesized from the reactions of the neutral heterometallic cluster
[TeFe;(CO)o{Cu(MeCN)},] with  various ditopic  organic linkers such as
1,2-bis(4-pyridine)ethene (bpe), 1,2-bis(4-pyridine)ethane (Hzbpe), and
4,4'-trimethylene-dipyridine (tmdpy) in the stoichiometric molar ratios in THF. Besides, the
corresponding anionic clusters in 3 and 4, [{TeFe3(CO)oCu},L]*~ (L = Hsbpe, 5; tmdpy, 6),
could be isolated from a one-pot reaction of [TeFe3(CO)o]*~, [Cu(MeCN),][BF4], and Hybpe
or tmdpy. Moreover, the diffuse-reflectance spectra revealed that parent -cluster
[TeFe;(CO)o]*~ and complexes 1—6 with low band gaps, which exhibited the semiconducting
behaviors. The ternary Te—Fe—Cu—dipyridyl complexes 1—6 were characterized
spectroscopically and their nature, formation, and semiconducting properties were discussed
systematically in terms of the nature of N-donor dipyridyl linkers, the dimensionalities, and
the intermolecular hydrogen interactions with the aid of molecular calculations at the B3LYP

level of the density functional theory.
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Appendix A

Other Reactions

Experimental Section

All reactions were performed under an atmosphere of pure nitrogen using standard
Schlenk techniques.! Solvents were purified, dried, and distilled under nitrogen prior to use.
BiCl; (Strem), AgCl, 4,4'-trimethylene-dipyridine (tmdpy) (Aldrich), Cr(CO)s (Strem) were
used as received. [Cu(MeCN)4][BF,] was prepared according to the published method.?
Infrared spectra were recorded on a Perkin-Elmer Paragon 500 IR spectrometer. Elemental
analyses of C, H, and N were performed on a Perkin-Elmer 2400 analyzer at the NSC
Regional Instrumental Center at National Taiwan University, Taipei, Taiwan. ESI-mass
spectra were obtained on a Thermo Finnigan LCQ Advantage mass spectrometer.

X-ray Structural Characterization. Selected crystallographical data for
[EtsN][SeFes;(CO)9Bi], [EtsN],[SesFes(CO)i2], and [PPN];[S:Mn;Cr(CO)y] are given in
Table A.1. All crystals were mounted on glass fibers with epoxy cement. Data collection for
[EtsN][SeFes;(CO)9Bi] and [EtsN],[SesFes(CO);,] was carried out on a Bruker-Nonius Kappa
CCD diffractometer and for [PPN],[S:Mn3Cr(CO),0] was carried out on a Bruker Apex II
CCD diffractometer using graphite-monochromated Mo Ka radiation. An empirical
absorption correction by multiscans was applied.” The structures were solved by direct

methods and refined with SHELXL-97.°
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