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Preface

Some of the presented results have already been published during the preparation of this
thesis (vide supra). The corresponding citations and license number are given at the
beginning of the respective chapters.

Each chapter includes a list of authors. At the beginning of each chapter the individual
contribution of each author is described. Additionally, if some of the presented results have
already been partly discussed in other theses, it is stated at the beginning of the respective
chapters.

To ensure uniform design of this work, all chapters are subdivided into ‘Introduction’,
‘Results and Discussion’, ‘Conclusion’, ‘References’, and ‘Supporting Information’.
Furthermore, all chapters have the same text settings and the numeration of compounds.
The depicted molecular structures may differ in their style. A general ‘Introduction’ and the
‘Research Objectives’ are given at the beginning of this thesis. In addition, a
comprehensive ‘Conclusion’ of this work is presented at the end of this thesis.
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1. Introduction

1.1. Phosphorus and its Modifications

Phosphorus is an essential element for organic life. This is the reason why astronomers
search, inter alia, for phosphorus compounds on exoplanets, to pursue the question of
extraterrestrial life." Surprisingly, since September 2020 these investigations have led to
a renewed discussion about possible life on our sister planet Venus, as the group of
Greaves et al. claimed to have spectroscopically detected phosphine gas (PH3) in the
atmosphere of Venus.? In the meantime, however, these results are strongly doubted,
since the group may have misinterpreted the data.”! Nevertheless, PHs is considered a
well-suited biomarker as the presence of PH3 in the atmosphere of an exoplanet may be
related to biological activity.® Although PH3 being highly oxophilic, it can also be detected
in the earth's lower troposphere in a ppg to ppb range since it is steadily produced, inter
alia, by bacteria in an anaerobic environment.!

Due to the oxophilicity, phosphorus on earth is generally found in inorganic phosphates in
the geosphere, where it accounts for about 0.1 mass percent. Of the many mineral
phosphates, apatite (CasX(PQOas)s (X = F, Cl, OH)) is the most important for the industrial
synthesis of elemental phosphorus. In following, the three allotropes of elemental
phosphorus — white phosphorus, red phosphorus, and black phosphorus — will be
discussed (Scheme 1.1).1

| white phosphorus | red phosphorus | black phosphorus |

b) d)
P—P pP— —
Sl NS eon e\ e
a) S N N\ ¢ —F <TR PSP\
P P P bo|-|:p _/;l \
I\ Ple \ bfe
P—|—r PP P—P
\P/ | I\ o B
c s e —
N N PP ZP\P/P\P/7P
/P lP P |-P PN e Npp
\P/P' \P/P/ \P/P \P‘P/ \P/ P/P P7P\P4P
Z_p —
\P(/ \P(/ \P(/ \P(/ \P// P— \;’[ \P’/

Scheme 1.1. Structures of the three main modifications of phosphorus - white, red, and black phosphorus. a)
molecular P4 tetrahedron of white phosphorus; b) assumed microcrystalline structure of amorphous red
phosphorus;” c) smallest repeating unit of the crystalline modification (fibrous and violet phosphorus) of red
phosphorus; d) structure of orthorhombic black phosphorus; e) structure of hexagonal black phosphorus. The
P atoms in bold are above and the grey P atoms are in the paper plane.

The least thermodynamically stable modification is white phosphorus (Ps). However, since
all other modifications are obtained starting from P4, it is the most important one. White
phosphorus was firstly discovered by the German alchemist Hennig Brand in 1669.5 In



his search for the “Philosopher’s stone”, he evaporated urine to dryness and strongly
heated the residue in the absence of air to obtain a product which glowed in the dark —
white phosphorus. The glow of white phosphorus was also responsible for the naming,
because the Greek word phosphéros means "light bearer”. In industry P4 is synthesized in
an electrothermal process via the reduction of calcium phosphate with silicon dioxide and
coke:
2 Caz(POy4), +6 Si0O,+10C —> P4+ 6 CaSiO3z + 10 CO

After distillation, white phosphorus is obtained as a waxy white solid. P4 exists in three
different crystalline modifications. The a form exists at room temperature and transforms
reversible into B-P4 at =77 C°, while y-P4 is the low temperature modification of white
phosphorus.®-'" The four phosphorus atoms in the P, molecule form a perfect tetrahedron
with P—P single bonds (a) in Scheme 1.1). Since the bond length are not only determined
by X-ray analysis (2.199 - 2.212 A)®'" but have also been extensively examined by
Raman spectroscopy (2.2228(5) A),l'? electron diffraction (2.1994(3) A),"®! as well as
quantum chemical calculations (2.194 A),['¥ the approximate value of 2.21 A is now the
standard reference value for P-P single bonds. White phosphorus is the most reactive
allotrope of phosphorus due to the high ring tension (PPP angles of 60°) within the P4
tetrahedron. Furthermore, P. is the only modification that is well soluble in organic solvents
which is why it is an excellent staring material for several products in industry as well as in
academic research.

When white phosphorus is tempered above 200 C° it transforms into the modification of
red phosphorus. Red phosphorus is an intermediate modification between white and black
phosphorus and can be divided into subgroups |-V that have been examined by the group
of Roth extensively.['" Form | is the commercially available red phosphorus which is mainly
described as amorphous solid. Herein, the phosphorus atoms have three neighbors at a
distance of 2.29 A and about six neighbors within 3.48 A 'Sl which is similar to the
arrangement in black phosphorus. However, recent studies indicate a microcrystalline
structure, which is build up by one-dimensional zig-zag ladders of condensed cyclo-P4
units (b) in Scheme 1.1)."1 With increasing temperature, the phosphorus atoms begin to
reorganize, and the crystallinity increases. The structures of the so obtained forms Il and
Il are still unknown. The fourth form or fibrous phosphorus can be obtained above 500 C°
and is the first crystalline form of red phosphorus. Fibrous phosphorus is build up by
parallel double tubes of alternating P2, Pg, P2, Ps units which are connected via the Pg units
(c) in Scheme 1.1).I'"1 The fifth form is very similar to the fibrous phosphorus and is
obtained by tempering white phosphorus above 550 C° for more than one week. Due to
its color this modification is also called violet phosphorus and was first discovered in 1865
by Johann Willhelm Hittorf which is why it is also called the Hittorf's phosphorus.l'® The
structure of violet phosphorus contains the same alternating P2, Py, P2, Ps units like fibrous
phosphorus. However, in contrast to fibrous phosphorus, the connected tubes are not



orientated parallel but angled which leads to a two-dimensional double layer structure.['”)
The double layers are hold together by van-der-Waals interactions.

The thermodynamically most stable modification at room temperature is black phosphorus.
Black phosphorus has the electric properties of a semi-conductor which is why black
phosphorus is the most metallic modification of phosphorus.?® One way to produce
orthorhombic black phosphorus is to treat P4 at 200 C° while applying 12 kbar.?"! The solid
state structure shows strongly corrugated layers, build up by condensed Ps rings in a chair
conformation (d) in Scheme 1.1)221 The high pressure modification of hexagonal
phosphorus is obtained at 110 kbar. The structure is consisting of condensed Ps rings,
similar like in orthorhombic black phosphorus (e) in Scheme 1.1). However, instead of an
endo conformation, exhibit the Ps rings in the hexagonal phase an exo conformation which
leads to more flatten layers.

1.2. Bulky Cyclopentadienyl Ligands

A milestone in organometallic chemistry was the discovery of the ferrocene molecule [(n®°-
CsHs)2Fe] in 1951.1281 Due to its remarkable chemical as well as thermal stability,?*
ferrocene derivatives are used in several catalytic?® and medical®® applications. In the
years after the discovery, the chemistry of cyclopentadienyl (Cp) complexes has rapidly
grown and in the meantime, CpR complexes (CpR = Cp derivative) with all transition metals,
lanthanoids, main group metals, and several actinoids have been synthesized. In these
complexes the CpR ligand does not exclusively bind in an n?® fashion to the metal, but also
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Scheme 1.2. Selected examples of commonly used cyclopentadienyl derivatives, shown as negatively
charged 6 1-electron donors.



n'-n* coordination is observed. In 1967, pentamethylcyclopentadiene (Cp*) was
introduced which was another turning point in this field,?”! since remarkable differences
between complexes stabilized by unsubstituted Cp ligands and complexes stabilized by
the sterically more demanding Cp* ligand has been observed.’?®! Based on these results,
several different substituents have been introduced in the following years which leads to
a large variety of cyclopentadienyl derivatives. Some of the most frequently used CpR
ligands in organometallic chemistry are shown in Scheme 1.2. However, besides the
shown CpR ligands that exhibit a symmetrical substitution pattern, also unsymmetric CpR
ligands can be synthesized.?® In general, the introduction of substituents does not only
change the sterical bulk of the ligands but also influences its donor and acceptor properties
and alters the solubility of the ligand.

In the last years, a trend towards ever bulkier CpR ligands has become apparent. However,
the definition of bulky CpR ligands is rather unspecific, which is why a new concept of size
determination has been developed that is comparable to the procedure used for the
phosphines introduced by Tolman.% The size estimation of CpR ligands is bases on two
types of cone angles that can be derived from crystallographic as well as computational
data of [(n”-C7H7)Zr(CpR)].B" The first cone angle © measures the sterical bulk in the plane
spanned out by the Cs ring, while the second angle Q indicates the sterical bulk along the
Cp—M bond. Using a combination of these two cone angles, the group was able to show
that this method is a good indicator of the actual size of a CpR ligand, since they derived
the size of the CpR ligands in the following order: CsHs < Cp”< Cp* < CsH2'Pr; < CsMe2/Prs
< Cp” < CpP" < Cp*P" < CsPhy(p-"BuPh) < Cp>".

According to Janiak et al. the introduction of sterically demanding CpR ligands influences
mainly the kinetic stabilization of the formed complexes and allows the formation of novel
structural motifs.®? This can be demonstrated at the stannocene molecule since the bend
angle along the Cpcent—SN—Cpcent. axis is strongly related to the sterical bulk of the CpR
ligand. While in [CpP"2Sn] (1),2% [CpB®'®,Sn] (2),B4 and [Cp®F,Sn] (3) the two ligands are
arranged parallel to each other, the bend angel decreases from 180° to 155° in [Cp*2Sn]
(4)B° and finally to 144°/147° (two molecules in the asymmetric unit) in [Cp2Sn] (5).52¢! The
trend to form more linear metallocene structures with larger CpR ligands is also observed
for the other group 14 elements®’! as well as for the metallocenes of alkaline earth
metals,®”%8 and lanthanoids.[34.3839

The kinetic stabilization of bulky CpR ligands allows the isolation of alkaline earth (Ca, Sr,
Ba) and transition metal (Fe, Ni, Co) half sandwich complexes of the type
[CPRM(u-X)(thf)a]lm (N =0, 1, 2; m =1, 2, «; X = CI, Br, 1).4% Typically, these complexes
tend to dissociate due to the following Schlenk-type rearrangement:

2[CpRMX] === [CpM] + MX;



Furthermore, large CpR ligands are also able to stabilize reactive 17 valence electron (VE)
radical monomers. In the solid state, these complexes are mainly found as the dimeric
complexes [CpRM(CO)4]2 (M = Cr, Mo, x = 3; M = Fe, x =2; M = Ni, x = 1), in order to fulfil
the 18 VE rule.*" However, by increasing the size of the CpR ligand, the amount of radical
monomer present in solution can be increased. While for [CpRFe(CO).]. (CpR = Cp (6),
Cp* (7)) a photolytic activation is needed to produce the highly reactive monomer
radicals,*? the complexes [CpRFe(CO),], (CpR = Cp™" (8),14344 CsPha(p-MePh) (9),1344]
CpB'® (10)49)) already partly dissociate in solution at room temperature. This trend was
taken to the limit with [Cp®""Fe(CO);]» (11), since here, due to the sterically very
demanding Cp®" ligand, no dimerization could be observed in solution.s! The
corresponding dimeric chromium complexes are stabilized by a rather weak Cr—Cr bond.
Therefore, the complexes [CpRCr(CO)s). (CpR = Cp (12), Cp* (13)) with rather small CpR
ligands show a monomer-dimer equilibrium already at room temperature.”*’ However, the
CpP" analogue exists in solution as well as in solid state only in the monomeric form of
[CpP"Cr(CO)s] (14).14% In the case of molybdenum, the radical monomer is only detected
in solutions of [Cp""Mo(CO)s]. (15).149

1.3. The Activation of White Phosphorus by Transition Metals

White phosphorus (P4) is the starting material for the synthesis of many organophosphorus
compounds. Therefore, P4 is typically first treated with chlorine gas to produce PCls. In a
second step, PCls is then reacted with either Grignard reagents, organolithium compounds
or alcohols to produce the desired phosphorous compounds.®? Since, in addition to the
use of hazardous reagents, a stoichiometric amount of side products is formed, intensive
research is being conducted on alternative reaction routes. A suitable route is the
activation of P4 with reactive transition metal complexes®' or main group compounds®?
which yields in P, ligand complexes. P, ligands are P, units that do not bear any organic
substituents and are only stabilized by metal fragments. In the following, some examples
of transition metal based P, ligand complexes will be discussed.

Typically, reactive transition metal fragments are generated under either photolytic or
thermolytic conditions. These fragments react readily with P4 via a successive P-P bond
cleavage, until the formed P, unit is stabilized in the coordination sphere of the transition
metal (Scheme 1.3). However, the recombination of smaller units leads to the formation of
complexes containing larger P, units (n = > 4). The first P, ligand complexes were
synthesized by Ginsberg and Lindsell via the reaction of [LsRhCI] with P4 and leads to the
formation of [Lo.RhCI(n""-P4)] (L = PPhs (16), P(p-MePh); (17), P(m-MePh); (18), AsPh;
(19); Figure 1.1).5% In these complexes, the P4 units are side-on coordinated by the Rh
fragments, leading to P—P cleavage in the P, tetrahedron and the formation of tetra-
phosphabicyclo[1.1.0]butane unit.®* Since then numerous P, ligand complexes with up to
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Scheme 1.3. Degradation of P4 by successive P-P bond cleavage. Recombination of smaller units leads to
Pn moieties with n > 4.

24 P atoms have been synthesized.®® In the following the complexes will be divided into
different classes, according to their number of P atoms.

The P4 unit can be stabilized in six different structural motifs (A — F in Scheme 1.3). The
stabilization of an intact P4 tetrahedron (A) was first reported by Sacconi in 1979 by the
synthesis of [(np3)Ni(n'-P4)] (20, np; = tris(2-diphenylphosphinoethyl)amine).®®! Besides
the terminal bonding, the P4 tetrahedron can also be side-on coordinated as it could be
shown in [M(n?—P4)2][A] (M = Cu (21),°7 Ag (22),54 A = A{OC(CF3)3}s~; M = Au (23),5581 A
= GaCly"). By cleavage of one P—P bond, the tetraphosphabicyclo[1.1.0]butane unit (B),
or P4 butterfly unit is obtained which is typically stabilized by either one or two metal
fragments. In mononuclear butterfly complexes, the central metal atom is coordinated by
the two “wing-tip” P atoms which leads to complexes shown in the upper part of

Mononuclear P4 butterfly complexes ¢ ¢
L N L N
~..— L = PPh3 (16), Co ‘Bu /M\ By

/Rh\ P(p-MePh); (17), F)/ \P . .
P//,, 4.\P P(m-MePh)3 (18), ,"~P~‘\ Il"P“\
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I; P P
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L = DPPIm CpR=Cp" (24), Cp" (29), CpB'©

Figure 1.1. Selected examples of mononuclear (top) and binuclear (bottom) P4 butterfly complexes with im
= HC(CMeN'Pr)2), PPPlm = HC(CMeN(2,6-Pr2CsHa3))2), ArPPP = 2, 6-(2,6-(Pr)2CesHz)2CsH3).



Figure 1.1.1535962 the two “wing-tip” P atoms which leads to complexes shown in the upper
part of Figure 1.1.535-621 |n binuclear P, butterfly complexes the “wing-tip” P atoms
coordinate to two different metal atoms. A common way to synthesize these binuclear P,
butterfly complexes is to react P4 with 17 VE transition metal complexes. Due to the radical
character, these complexes are highly reactive which allows the formation of the binuclear
P4 butterfly complexes already under mild conditions (Figure 1.1, bottom).[63646d
Remarkable work was done by the Scherer group, since they could observe successive
decarbonylation of [Cp”Fe(CO),]: in the presence of P4 under photolytic conditions.% On
the one hand this leads to the formation of the butterfly compounds [{Cp”Fe(CO)z}2(u,n""-
P.)] (24) and [{Cp”Fe(CO).}{Cp”Fe(CO)}(u,n*'-P4)] (25). While, on the other hand the
complexes [{Cp”Fe(CO)H{Cp"Fe}(u,n*'-P4)] (26), [{Cp”Fe(CO){Cp”Fe}(p,n**-P4)] (27),
and [(Cp”Fe)2(u,n**-P4)] (28) could be isolated. The P4 unit in 26 is described as a cyclo-
P4 unit (C), while in 27 an iron-tetraphosphacyclopentadiene-like system is present, which
is build up by a catena-P4 unit (D). A similar catena-P4 unit is bridging two [Cp”Fe]
fragments in 28. Comparable complexes were obtained by the thermolytic treatment of
[Cp”’Fe(CO).]. since this procedure leads to the formation of the P4 butterfly complex
[{Cp’Fe(CO)2}2(u,n"'-P4)] (29), the triple-decker complex [(Cp’’Fe)2(u,n**-P4)] (30), and
[Cp”’Fe(n%-Ps)] (31).64 Complex 30 is the analogue Cp’” containing complex to 28, while
31 contains a cyclo-Ps unit.

Of particular interest are complexes containing a cyclo-P4 end-deck (C, Scheme 1.3). The
first complexes of this kind were [(CpRM(CO).)(n*-P4)] (M = Nb, CpR = Cp* (32);/*8! M = Ta,
CpR = Cp” (33)"]), while in the last years also complexes of iron!®® and cobalt® have
been reported. Complexes with P4 units of type E could not be stabilized by a transition
metal so far and complexes with P4 units of type F are very rare. The only reported
examples are the trinuclear cubanes [([M])([M'])2(u3,n%%2-P4)(u3,n*"'-P)] ([M] = [M'] =
Cp*Ni (34)"%; [M] = Cp*Fe, [M'] = Cp”Ta (35)1").

Of the two types of P3 ligands, the cyclo-Ps type is more commonly observed and was first
reported by the group of Sacconi.l’? While [(triphos)Co(n3-P3)] (36, triphos =
CH3C(CH2PPh;)3) contains a cyclo-P3; end-deck, the P3 ligand in [(triphos)2Ni(u,n3-P3)] (37)
acts as a middle deck.

Complexes with biphosphorus ligands can be obtained from the reaction of P4 with
[CPM(CO)s)2 (M = Cr, Mo) at thermolytic reaction conditions. The obtained complexes
[(CPM(CO)2)(u,n%2-P2)] (M = Cr (38),"*] Mo (39)"4) exhibit a M.P; tetrahedran-like core
structure. Under similar conditions, the treatment of P4 with [CpCo(CO),] leads to the triple-
decker complexes [(CpRCo)2(u,n*2-P2)2] (CpR = Cp* (40),1% Cp” (41),181 Cp™ (42)V"") with
bridging side-on coordinated P> dumbbells.



Complexes with terminally bound P4 units are of particular interest due to their formal M=P
triple bond. The first reported complexes of this type were [(NsN)M(n'-P)]"® (M = Mo (43),
W (44); N3N = (Me3SiINCH2CH2);N) and [Mo(NRAr)s(n'-P)]"® (45, R = C(CD3)CHs, Ar =
3,5-CsHsMey).

Pn units with n > 4 are obtained by aggregation of smaller P, entities. The most prominent
examples are complexes with cyclo-Ps and cyclo-Pe moieties. According to the isolobal
concept these units are all-phosphorus analogues of the cyclopentadienyl ligand or
benzene, respectively. The pentaphosphaferrocene derivative 31 was already mentioned,
however, the first synthesized pentaphosphaferrocene derivative was [Cp*Fe(n°-Ps)]
(46).8% In 2002, the group of Ellis reported on [Ti(n°-Ps)2]>~ (47), a homoleptic carbon-free
sandwich complex.®" The hexaphosphabenzene unit can only be stabilized as a middle-
deck and was first observed in [(Cp*Mo)2(u,n%5-Pe)] (48).182

1.4. Coordination Chemistry of P, Ligand Complexes

By definition, P, ligands do not bear any organic substituents. For this reason, P, ligands
typically exhibit stereochemically accessible lone pairs and therefore possess a rich
coordination chemistry. The first coordination compound with a P, ligand complex was
presented in 1982 by the group of Sacconi, as they reacted [(triphos)Co(n*-P3)] (36) with
CuBr which yields in [{(triphos)Co(n3-P3)}2(CuBr)e] (49).83 Complex 49 exhibits a central
CueBrs ring-type structure which bridges two units of 36 (Figure 1.2).

[C0]
Pe=|=—P._

\\/\

Br— - —_—C

/\\7\ //\
AL/

|
[Co]
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49
Figure 1.2. Structure of [{(triphos)Co(n3-P3)}2(CuBr)s] (49) with [Co] = [(triphos)Co].

Especially the pentaphosphaferrocene derivatives show a wide-ranging coordination
chemistry, which is extensively investigated by our group. The initial results were obtained
by the reaction of [Cp*Fe(n®-Ps)] (46) with copper halides.®4 The reaction with CuCl yields
in the 1D coordination polymer [{Cp*Fe(n®''-Ps)}CuCl]. (50), where two cyclo-Ps units and
two Cu cations assemble to form six-membered Cu.P4 rings, that are connected via two
chlorine atoms (Figure 1.3, left). Surprisingly, the reaction with CuBr a Cul leads to the
formation of the 2D polymers [{Cp*Fe(n®'""'-Ps)}CuX], (X = Br (51), | (52)), respectively.



While the cyclo-Ps units in 50 showed a 1,2-coordination pattern, the cyclo-Ps units in 51
and 52 exhibit a 1,2,4-coordination pattern which induces the formation of a 2D network.

-
|

L2 BN

P7 NP P N P ! P P
Y/ Y/ 5o
Q PPCB\P \Q/
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/ / \ “\\C|’ ) / \ “‘\C| ~= B | \ \ |
Cu Cu |Cu Cu 46 Q P— [Cu] [Cul— P
7 / el N / e / \
P—P P—P = P P —P

/\ P \ /\Q\ p /Q\

P—p | [Cu] = CuBr (51),
50 — 1cul. Cul (52)

Figure 1.3. 1D and 2D coordination polymers obtained by the reaction of 46 with CuX (X = Cl, Br, I).

By slightly changing the reaction conditions, the reactions of 46 with CuCl and CuBr allow
not only the isolation of polymers 50 and 51, but also the spherical supramolecules
[Cp*Fe(n®-Ps)]@[(CuX)10(Cu2X3)s{Cu(CH3zCN)2}s{Cp*Fe(n>'111-Ps)}15] (X = CI (53), Br
(54)).8% Both aggregates exhibit a similar fullerene-like topology, which is composed of 90
inorganic atoms (Figure 1.4, left). The spheres can be divided in two half-shells that are
connected by [Cu2Xs]™ as well as by [Cu(CH3CN).]* units. Each half-shell is built up by six
cyclo-Ps units and ten CuzPs rings, which are arranged alternately (Figure 1.4, right). In
total, the molecules are composed of twelve units of 46, with a thirteenth encapsulated
inside the sphere. In the following years, several polymers, and supramolecular clusters
of different shape could be synthesized.®5871 However, the most significant progress has

Qc
ON
QP
Qci

@Fe
JCu 53 half shell of 53

Figure 1.4. Left: Molecular structure of 53 in the crystal. Right: View of a half shell of the molecule of 53.
Hydrogen atoms are omitted for clarity and the encapsulated 46 is depicted in space-filling model.



been made with the use of pentaphosphaferrocene derivatives, which bear larger CpR
ligands. The introduction of the new building blocks [Cp®"Fe(n®-Ps)] (55)€8 and
[CpB'°Fe(n®-Ps)] (56)“% has two advantages. On the one hand, the solubility of the
compounds is increased, which allows their characterization in solution. On the other hand,
the use of sterically more demanding building blocks leads to the formation of even larger
aggregates.®”:8% For example, results the reaction of 56 with CuBr in the formation of the
spherical cluster [{Cp®'®Fe(n%%111:11-P5)}1,Cuz0Brss] (57).°% Similar like 53 and 54, 57
consists also of twelve pentaphosphaferrocene units. However, due to the increased steric
bulk of the Cp®®© ligand, the cluster shows topological analogy to the theoretical
icosahedral C14o fullerene molecule and is build up in several shells.

Furthermore, our group could show that the P4 butterfly complex [{Cp’’Fe(CO)z}2(u,n'"'-
P4)] (29) is a suitable starting material for the synthesis of novel coordination compounds.
Due to its geometry and electronic structure, 29 can bind to Lewis acids as a bidentate
ligand. The ridged P4 butterfly scaffold results in small bite angles which is why 29 may be
regarded as an inorganic dppm (dppm = PPh,CH>PPhy) ligand with larger sterical bulk. An
example for this behavior is demonstrated in the reaction of 29 with [Cu(NCCHz)4][BF4].5"
Here, depending on the used stoichiometry, two different coordination compounds were
obtained. In a 1:1 reaction the adduct complex [{Cp”’Fe(CO)a}a(us,n*""-
P4){Cu(NCCHjs)}][BF4] (58) is formed, where the two “wing-tip” phosphorus atoms of the
butterfly unit coordinate the [Cu(NCCHj3)]* fragment (Figure 1.5). However, by adding an
additional equivalent of 29, the labile acetonitrile ligand is substituted and the

CHy p—p |
; CO
C oy =
i [Fe] \\Pé“‘ [Fel : P [Fe]
N - 3 _ Cp"'mm— e —P ) /P\ /
| [BF4] \ I [BFy] B o P
Cu+ Cu+t / ’ID z /
/P( >P\ /P( }P\ /PQP/\Z’Q :P/F?‘Co
[Fe] XPy [Fe] [Fe] Xpy [Fe] [Fe] CU/ ;b y
z - p
g 8 |
|
58 59 60
CcO
Br\ Br OC”', /CO OC\ :__/ co
e -~ :
/F . oc Co C;)
P, P \ | IFe] [Fe] = [Cp"Fe(CO),]
/ 1 P\‘ \ P p
[Fe] : / [Fe] 5 K
P [Fe] -
61 62

Figure 1.5. Selected examples of coordination compounds derived from [{Cp’’Fe(CO)2}2(u,n'1-P4)] (29).
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spiro-complex [{{Cp"’Fe(CO)z2}2(u3,n*11-P4)}.Cu][BF] (59) is formed. Similar reactivity was
observed in reactions with monovalent silver and gold salts.®? Surprisingly, the reaction
of 29 with Cul yields in a rearrangement of the butterfly complex and the
dimeric complex [{Cp"'Fe(CO).}{Cp"’Fe(CO)}(us,n>*11-P4){Cul}]. (60) is formed after the
loss of two CO ligands. This leads to a migration of the [Cp”’Fe(CO)] fragment form an n’
coordination to an n'' coordination by the two “wing-tip” phosphorus atoms. The two
Psunits are connected by the coordination of two Cul units via the two “bridge-head”
phosphorus atoms and one “wing-tip” phosphorus atom (Figure 1.5). Besides the reactions
with coinage metal salts, 29 was also reacted with [FeBr>:dme] (dme = dimethoxyethane)
and [Coz(CO)s]. While the reaction with the Fe" compound yields in the adduct complex
[{Cp”’Fe(CO)2}2(Ms,n*11-Ps)(FeBrz)] (61),°2 the reaction with [Co2(CO)s] results in
{Cp”"Fe(CO)2}2(H4,n>%11-P4){Co(CO)3}2] (62).°3! Complex 62 bears a cyclo-P4 unit, which
is formed by a P-P bond cleavage and coordinates two [Co(CO)s] fragments in an n?
coordination mode.
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2. Research Objectives

First investigations of the coordination chemistry of the P. butterfly complex
[{CpFe(CO)2}2(u,n""-P4)] towards Lewis acids have already been performed. Based on
the results obtained, it was claimed that the P4 butterfly complex can be considered as an
inorganic dppm derivative. This assertion is mostly correct, but in some cases, it could also
be shown that [{Cp™Fe(CO)2}2(u,n''-P4)] is not a pure spectator ligand. In these rare
examples, under certain conditions, either the P4 framework or the stabilizing iron
fragments were rearranged. Therefore, the objectives for this work were to:

% Investigation of the coordination behavior of [{Cp’Fe(CO)2}2(u,n'"'-P4)] towards
transition metal-based Lewis acids;

+ Determination of the reaction conditions for the rearrangement of the P4 butterfly

complex.

Based on the results obtained in the synthesis of supramolecular aggregates with
[Cp*Fe(n®-Ps)] and coinage metals, the new building blocks [CpB"Fe(n®-Ps)] and
[CpB'®Fe(n®-Ps)] were introduced into supramolecular chemistry. Especially the use of the
sterically more demanding Cp®" and Cp®€¢ ligands enabled the formation of larger
spherical aggregates. For this reason, we were interested in whether it is possible to form
even larger aggregates by further increasing the steric demand of the CpR ligand attached
to the pentaphosphaferrocene.

Preliminary results in the synthesis of an alkyl substituted pentabiphenylcyclopentadienyl
ligand were presented in my master thesis. However, the first attempts to attach the super
bulky CpR ligand to iron failed. Instead, only a remarkably stable cyclopentadienyl radical
could be isolated. Based on these results the following research tasks arise:

+«» Study the reactivity of the cyclopentadienyl radical;

+» Optimization of the reaction conditions to obtain iron complexes with a super bulky
CpR ligand;

+ Synthesis of a super bulky pentaphosphaferrocene derivative;

+ Probe the potential of the super bulky pentaphosphaferrocene derivative as a
building block in supramolecular chemistry.
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3. Rearrangement of a P4 Butterfly Complex —
The Formation of a homoleptic Phosphorus-lron
Sandwich Complex

Abstract: The versatile coordination behavior of the P4 butterfly complex [{Cp””’Fe(CQO)2}2(u,n"'-P4)] (1, Cp””
= n®-CsH2'Bus) towards different iron(ll) compounds is presented. The reaction of 1 with [FeBrz-dme] (dme =
dimethoxyethane) leads to the chelate complex [{Cp’’Fe(CO)2}2(us,n’"2-P4){FeBra}] (2), whereas, in the
reaction with [Fe(CH3CN)s][PFs]2, an unprecedented rearrangement of the P4 butterfly structural motif leads to
the cyclo-P4 moiety in {(Cp”’Fe(CO)2)2(u3,n""*-Ps)}2Fe][PFel2 (3). Complex 3 represents the first fully
characterized “carbon-free” sandwich complex containing cyclo-P4R2 ligands in a homoleptic-like iron—
phosphorus-containing molecule. Alternatively, 2 can be transformed into 3 by halogen abstraction and
subsequent coordination of 1. The additional isolated side products, [{Cp”’Fe(CO)z}2(us,n’2-
P4){Cp’’Fe(CO)}J[PFe] (4) and [{Cp’’Fe(CO)2}2(us,n""4-Ps){Cp’"Fe}[PFe] (5), give insight into the stepwise
activation of the P4 butterfly moiety in 1.

3.1. Introduction

The activation of small molecules has been an area of great interest over the last years.
The conversion of molecules such as dinitrogen or carbon dioxide under mild reaction
conditions could be the answer to an ever-expanding energy demand.[" But also the
activation of other molecules such as white phosphorus (Pa4) is of particular interest, since
P, is an important industrial starting material.”) The activation of P, can be mediated by
main group elements® as well as by transition metals.” One of the first degradation steps
is the formation of a tetraphosphabicyclo[1.1.0]butane unit.’! This so-called butterfly
framework can either be stabilized by one!®® or twol”! covalently bound metal fragments or
organic substituents.® These butterfly complexes can be further converted by P—P bond
cleavage between the two “bridgehead” phosphorus atoms. Scherer et al. reported the
formation of a formal P.* ligand by an oxidative additon of a P-P bond in
[{Cp*Co(CO)}n?-P4)] (A, Cp* = n°-Cs(CHjs)s) to a [Cp*Co(CO)] fragment, which leads to
[{Cp*Co(CO)}2(u,n*?-P4)] (B) (Scheme 3.1).%8] Rather unselective activation processes of
P, butterfly complexes proceed via photolysis® or thermolysis.¢°*1% However,
successive decarbonylation and P-P bond cleavage of [{Cp”Fe(CO)2}2(u,n"'-P4)] (C, Cp”
= ns-CsH3Buz) was reported under photolytic conditions,”? whereas the thermolysis of
[{Cp”’Fe(CO)2}2(u,n""1-P4)] (1, Cp”” = n°-CsH2Bus) leads to the catena-P. ligand containing
complex G and the pentaphosphaferrocene derivative H.['"]

Further, we could recently show that 1 is able to act as a bidentate ligand itself. This unique
feature arises from the spatial proximity of the two “wing-tip” phosphorus atoms and their
electronical properties. Thus, 1 chelates on [Cu(CH3CN)4][BF4] to give the monoadduct
[{CpFe(CO)2}2(u3,n""-P4)}{Cu(CHsCN)}|[BFs] () and the spiro compound
[{(CpFe(CO)2)2(u3,n""2-P4)}2Cu][BF4] (J) (Scheme 3.1).'2 Both complexes still bear the
intact P4-butterfly as ligand. We supposed that the reaction outcome might change if a less
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electron-rich transition metal moiety is used instead of Cu'. Thus, we chose iron(ll)
compounds as promising candidates, since most of the previously discussed activation
reactions proceed in the presence of d® metals. Furthermore, chelate complexes of iron(ll)
halides have drawn special interest because of their use as catalysts in different processes.
Gibson et al. investigated the use of [([R2EC2H4ER2)FeX;] (E = N, P;X = Cl, Br; R = alkyl or
aryl) complexes as catalysts for the controlled polymerization of styrene and acrylate
monomers.['® Moreover, Tyler et al. reported on the catalytic activity of [(dppe).FeClz]
(dppe = PhaPC:H4PPh;) for the direct generation of ammonia from hydrogen and
dinitrogen.['4

[Co] = [Cp*Co(CO)]

activation
[Fela = [Cp"Fe(CO)2]
Aep w1, (cprCoCopl, o Kp. IFely = [CpMFe(CO)]
[Co] 5 —————~ [Co P,[Co}
N -Co N
A B
Cp"
AN hv o
£ [Fels ———
[Fe P/P - F’;P‘//_\RP
c [Fel,— P i
V] -co
Cp Cp'
| |
Fe
|
‘F//— P\ hv // \\ co
P P co KE TP
F Fle E Cp
Cp (i)p"' Cllp
F
‘P/_ “"F& . Fe A
/ / ’ — \
F [Felp ——— &D
[Fels \/ b p\\|//P + PGP
G Fe
1 | H
Cp"

coordination

NCCH3 _|+ [BFaI
Fely” \ / [Fely

Scheme 3.1. Transformation reactions of selected P4 butterfly complexes (1 and A — H) and representation of
the coordination compounds of 1 with [Cu(CH3sCN)4][BF4] (I and J).

Herein we report on the detailed studies of the versatile coordination behavior of the
butterfly complex 1 towards different iron(ll) compounds as Lewis acids. Depending on the
nature of the anion, either chelate complexes are obtained or an unprecedented
isomerization of the butterfly unit occurs by the unique formation of a homoleptic-like
complex containing aromatic cyclo-P4R: ligands (R = Cp”’Fe(CO).) (Scheme 3.2).'
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Scheme 3.2. Schematic representation of the isomerization process of 1.

3.2. Results and Discussion

The reaction of [FeBro-dme] with 1 in a 1:1 ratio ((i) in Scheme 3.3) leads to
[{Cp"’Fe(CO)2}2(us,n"12-P4){FeBr2}] (2) in a 52% isolated crystalline yield (*'P{'"H} NMR
shows a quantitative conversion of 1). Complex 2 is paramagnetic and 3'P NMR as well
as EPR silent. The effective magnetic moment of 2 in solution was determined by the
Evans method!"® giving pe = 6.1 ps, which corresponds approximately to four unpaired
electrons. The e value of 2 is slightly larger than that of [(R.PC.HsPR2)FeCl,] (R = alkyl
or aryl) (hert = 5.0 — 5.5 ug).l"* DFT calculations at the BP86/def2-TZVP level show that the
quintet spin state is the ground state of 2 with the triplet and the singlet spin states lying
higher in energy with 67.94 and 98.82 kJmol™', respectively. Furthermore, the formation of
2 from [FeBr:dme] and 1 is exothermic by -64.03 kJmol™'. The Mo6Rbauer spectrum
shows doublets for the central and the terminal iron atoms (central Fe: & = 0.73(3) mms™
and AEq = 2.33(1) mms™; two terminal iron atoms: & = 0.12(3) mms™ and AEq =

Br Br
AN
(i) S (iv)
P
2
2+
) [Fe]—P“"ii;"/"'P_[Fe] [PFel2
o
R—clsR1Fel
[Fe]—’P P
3
Cp" ,&CO_|[PF61’
! Fe
/ \P B
o
EANVANTS
P
4
[Fe] = [Cp™Fe(CO),]
Bu *
‘Bu\@ _I[PFG]'
]
(i) p_;g_p...:l-»[m
LW 3 > - |
[Fe]—P—FP

Scheme 3.3. Synthesis of the products starting from 1:
(i) 1 + [FeBrz-dme]; (ii) 1 + 0.5 [Fe(CH3sCN)g][PFe]z; (iii) 1 + 0.5 [{Cp"'Fe(u-Br)}z] + TIPFe; (iv) 1 + 2 + TIPFe.
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1.73(4) mms™'). These values are in good agreement with the calculated ones!'”! and
indicate an iron(ll) high-spin configuration for the central iron and an iron(ll) low-spin
configuration for the terminal iron atoms.!"®! The IR spectrum (KBr) of 2 shows two strong
absorption bands at ¥ = 2029 and 1983 cm™', which are about 30 cm™ blue-shifted
compared to 1.

The molecular structure of 2 (Figure 3.1) reveals that the Lewis acidic Fe3 atom is
coordinated by two terminal bromine atoms and the “wing-tip” phosphorus atoms of the
butterfly ligand 1 in a distorted tetrahedral manner. The dihedral angle between the planes
defined by the atoms Br1-Fe3-Br2 and P1-Fe3-P2 is 85.35(2)°. The P1-Fe3—-P2 bond
angle of 70.27(3)° is smaller than the corresponding bond angles in the chelate complexes
1 (75.19(2)°) and J (72.51(3)° and 72.71(3)°).l" The P-Feen. distances (2.4823(8) A and
2.4364(7) A) compare well with those found in [(Cy,PC,H4PCy,)FeCl;] (Cy = cyclohexyl,
2.461(1) A and 2.466(1) A)." The P-P (2.2057(9) — 2.2216(10) A) and P-Fewem.
(2.2634(7) and 2.2861(8) A) distances are similar to the ones of J exhibiting a similar
coordination environment of the Lewis acid, nicely exemplifying the potential of 1 to serve
as a small bite angle chelate ligand for different Lewis acids.

»Br1

Figure 3.1. Structure of 2 in the crystal. Solvent molecules and H atoms are omitted for clarity. Ellipsoids are
set at 50% probability.

By switching from tightly coordinated Br ligands to substitutionally more labile CH3sCN
ligands on Fe, we speculated that the reaction of 1 with [Fe(CH3CN)s][PFs]2 would lead to
a similar complex formation than in the case of [Cu(CH3CN)4][BF4] (formation of | and J).
But, to our surprise, the reaction of two equivalents of 1 with one equivalent of
[Fe(CH3CN)e][PFel2 ((ii) in Scheme 3.3) leads to the quantitative formation (according to
3P{'H} NMR) of the unprecedented sandwich complex [{(Cp’Fe(CO)z2)z(us,n""4-
P.)}2Fe][PFe]2 (3) isolated in a 68% crystalline yield. Obviously, an isomerization has
occurred by transforming the butterfly P4sR» ligand into the 6m-aromatic P4R. ligand
(Scheme 3.2) to form the unique homoleptic-like octaphosphorus iron sandwich complex
3. After the homoleptic decaphosphatitanocene dianion synthesized by Ellis et al.['¥! this
is another unique example for an all-phosphorus ligand containing sandwich complex.
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Single-crystal X-ray diffraction reveals that the central Fe atom in 3 is coordinated by two
planar cyclo-P4 units (Figure 3.2). Each cyclo-Ps unit is substituted by two bulky
[Cp’’Fe(CO),] fragments. The P—P distances vary from 2.1406(10) A to 2.1547(10) A and
are between a P—P single (2.20-2.25 A) and a P—P double bond (2.00-2.05 A), which
compares well to the P—P distances found in the isolated P42~ anion in CsyP4-2NH3
(2.146(1) A and 2.1484(9) A).?% The cyclo-P4sR2 (R = Cp’Fe(CO)2) units in 3 are slightly
distorted from the symmetric square geometry with P—-P—-P bond angles of
82.76(4)°/82.88(4)° and 97.11(4)°/97.24(4)°. Due to the geometry analogy of the two
cyclo-P4 units in 3 and CszP4-2NH3, we propose that the cyclo-P4 units in 3 can be formally
described as aromatic 6 1T-electron-containing R2P4 ligands. The two cyclo-P4 planes in 3
are parallel to each other but twisted along the P4 cent-Fe-Pa cent. axis with a torsion angle
of 60°. Interestingly, for the hypothetical [Fe(P4).]*~ dianion containing square cyclo-Pa4
ligands, a staggered conformation (torsion angle of 45°; Dsg symmetry) has been predicted
by DFT studies.?" The distances between the cyclo-P. plane centroids and Fe3 are
1.7648(7) A and 1.7759(7) A, thus being slightly longer than the calculated ones for the
[Fe(Ps)2]> anion (1.739 A).2" The Feem—P distances vary from 2.2255(9) A to
2.2317(9) A and are slightly longer than the corresponding distance in D (2.211(1) A)
(Scheme 3.1)@ put are shorter than those in 1 (2.348(2) A and 2.3552(19) A).l""l

Figure 3.2. Cationic part of the structure of 3 in the crystal. H atoms and solvent molecules are omitted for
clarity. Ellipsoids are set at 50% probability.

To obtain a deeper insight into the formation of 3 and its electronic structure, DFT
calculations at the BP86/def2-TZVP level were performed, which show that the reaction of
[Fe(CH3CN)s]?* (quintet spin state) with 1 is exothermic by —118.76 kJmol™" indicating the
preferred formation of 3. The inspection of the natural charge distribution in 3 shows that
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the cyclo-P4 ligand is a good electron donor but a weak acceptor. This becomes obvious
by comparing the charge distribution in 3 and the free planar ligand [{Cp”’Fe(CO)z2}2(Pa4)]
(L). While each cyclo-P4 unit in 3 bears an overall positive charge of 0.47, in the free ligand
L, it bears a partial negative charge of —0.50. Further stabilization arises from the
[Cp’Fe(CO),] substituents, which additionally dissipate the overall twofold positive charge
in 3, each bearing a partial positive charge of 0.44. The Wiberg Bond Index (WBI) of the
P—P bonds (0.97 on average) as well as of the Fewrm—P bonds (0.91 on average) are close
to unity. In contrast, the WBI of the Fecni—P bonds are considerably lower (0.63 on
average) indicating the 11-type coordination of the cyclo-P4 units in 3. Both, the highest
occupied (HOMO) and the lowest unoccupied (LUMO) molecular orbital are mainly iron-
centered non-bonding orbitals, while the HOMO-1 and HOMO-2 orbitals are Fe-P
bonding orbitals (Figure 3.3).

Figure 3.3. Frontier molecular orbitals in 3 at the BP86/def2-TZVP level.

In the 3'"P{"H} NMR spectrum (CDCl,) of 3, two multiplets at & = 91.7 ppm and 114.3 ppm
corresponding to an AA'BB’ spin system were observed, which could be confirmed by
simulation (Figure 3.4; for coupling constants cf. Table S3.2).'" The downfield shifted
signal is assigned to the atoms P1, P1’, P3, P3’ and the upfield shifted signal to P2, P2’,
P4, P4’, respectively. The MoRbauer spectrum shows doublets for the central iron atom
(Fecent.. ® = 0.47(3) mms™; AEq, = 0.58(4) mms™) indicating an iron(ll) low-spin
configuration. The signals with an isomer shift of & = 0.13(8) mms™ and a AE, =
1.83(3) mms™" are assigned to the four terminal iron atoms,!"® and are in good agreement
with the calculated ones.["”!
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Figure 3.4. Experimental (bottom) and simulated (top) 3'P{'H} NMR spectrum of 3 in CD2Cl2 at 300K.

measured

Furthermore, we investigated if complex 2 can serve as a precursor for the synthesis of 3.
Therefore, one equivalent of 2 was treated with 4 equivalents of TIPFs in the presence of
one equivalent of 1 ((iv) in Scheme 3.3) under ultrasonic conditions. The formation of 3
was confirmed by 3'P{'H} NMR spectroscopy (yields vary from 50% to 12% according to
the *'P{'H} NMR). However, this approach does not lead exclusively to 3, but also to the
minor products [{Cp’Fe(CO)2}2(u3,n""-P4)}{Cp"’Fe(CO)}[PFs] (4) and
[{Cp"’Fe(CO)2}2(u3,n""*-P4)}{Cp’Fe}l[PFs] (5) and other side products that could not yet
be characterized.’”? The formation of the side products may originate from the
fragmentation of the ligand 1.

An X-ray structure analysis of 4 reveals an intact P4 butterfly structural motif (Figure 3.5),
coordinating to the [Cp”’Fe(CO)] fragment by the two “wing-tip” phosphorus atoms. The
P—P distances in the P4 butterfly moiety are within 2.1974(8) — 2.2327(8) A and lie in the
range of P—P single bonds. The P—Fecent. distances with 2.2985(10) A and 2.3224(10) A

Figure 3.5. Cationic part of the molecular structure of 4. H atoms and solvent molecules are omitted for clarity.
Ellipsoids are set at 50% probability.
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are significantly shorter than those in 2 (2.4823(8) A and 2.4364(7) A). In the 3'"P{"H} NMR
spectrum (CDCl,), the multiplets at & = 15.8, 69.7 and 137.4 ppm with an integral ratio of
1:1:2 are assigned to the PsFe part of the cation of 4. The ESI mass spectrum (CH3CN)
shows the molecular ion peak of the cation of 4 at m/z = 1131.4.

In addition to the formation of 5 as a minor product ((iv) in Scheme 3.3), we were able to
develop a rational synthetic procedure for the synthesis of 5 ((iii) in Scheme 3.3). Therefore,
complex 1 was treated with one equivalent of [{Cp’”’Fe(u-Br)}.] and three equivalents of
TIPFg, to give 5 in a 24% crystalline yield (quantitative according to the 3'P{'H} NMR). A
single-crystal X-ray structural analysis reveals that the former P4 butterfly unit has again
been transformed to an aromatic cyclo-R:P4 unit, which coordinates n* to a [Cp’Fe]
fragment (Figure 3.6). The P—P distances vary from 2.1361(9) A to 2.1516(7) A and the
P—P—P bond angles from 82.98(3)° to 96.60(3)° and are very similar to those observed in
3 (2.1406(10) — 2.1547(10) A; 82.76(4)°/82.88(4)° and 97.11(4)°/97.24(4)°). In addition,
the distance between the central iron atom and the center of the cyclo-P4 unit (1.7610(5) A)
is almost equal to those in 3 (1.7648(7) A and 1.7759(7) A). The 2'"P{'"H} NMR spectrum
(CD2Cl2) shows three multiplets, due to the hindered rotation of the substituents at & =
45.6 ppm (assigned to P3), 56.8 ppm (assigned to P1 and P4) and 78.9 ppm (assigned to
P2) for 5. A similar behavior has been reported for [Cp”Co{1,3-P2('BuC)2}].®¥) The
MoRbauer spectrum reveals doublets for the central and the terminal iron atoms (central
Fe atom: & = 0.43(3) mms™ and AEq = 1.62(4) mms™; two terminal iron atoms: & =
0.13(8) mms™ and AE, = 1.75(3) mms™). These values are in good agreement with the
calculated ones!'! and indicate an iron(ll) low-spin configuration for all iron atoms.["8

Figure 3.6. Cationic part of the structure of 5 in the crystal. H atoms and solvent molecules are omitted for
clarity. Ellipsoids are set at 50% probability.

According to the DFT calculations, the electronic structure of 5 is similar to that of 3. On
the other hand, the elimination of one CO ligand from 4 to form 5 is thermodynamically
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disfavored by 72.73 kJmol™'. This indicates that complex 4 is probably not an intermediate
in the formation of 5.

3.3. Conclusion

Summing up, we showed that the butterfly complex [{Cp’Fe(CO)2}2(u,n"'-P4)] (1) can
serve as a bidentate ligand with a small bit angle to form the coordination compound
[{Cp”’Fe(CO)2}2(us,n"12-P4){FeBrz}] (2) in the reaction with [FeBrz-dme]. More importantly,
it was demonstrated that the P4R; butterfly unit of 1 can be unprecedentedly transformed
into cyclo-P4R: units (R = Cp”’Fe(CO).) by coordination towards suitable iron(ll) salts as
Lewis acids. Thus, 1 forms with [Fe(CH3CN)s][PFsl2 [{(Cp’Fe(CO)2)2(us,n'"*-
P.)}2Fe][PFe]2 (3) the first example of a homoleptic-like sandwich complex with cyclo-P4R>
ligands (R = Cp’’Fe(CO).). Additionally, an alternative synthetic approach for 3 was found,
using 2 as starting material along with TIPFs and 1. Beside the formation of 3, the two
minor products [{Cp’Fe(CO)2}2(u3,n""2-P4){Cp”’Fe(CO)}[PFs] 4) and
[{Cp"’Fe(CO)2}2(us3,n""*-P4)}{Cp’Fe}|[PFs] (5) could be characterized, highlighting that the
stepwise P4 butterfly transformation is strongly connected to the steric hindrance and the
electronic nature of the used iron(ll) compound. Moreover, the isomerization of the Ps-
butterfly ligand to the aromatic cyclo-P4R, moiety represents a further, so far unknown step
in the activation of Pg.
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3.5. Supporting Information

Synthesis and Characterization:

General Remarks:

All manipulations were performed with rigorous exclusion of oxygen and moisture using
Schlenk-type glassware on a dual manifold Schlenk line with Argon inert gas or glove box
filled with N2 containing a high-capacity recirculator (<0.1 ppm O2). Solvents were dried
using a MB SPS-800 device of company MBRAUN, degassed and saturated with argon.
Mass spectrometry was performed using a Waters Micromass LCT (ESI-MS) and a JEOL
AccuTOF GCX (FD-MS), respectively. Elemental analysis (CHN) was determined using a
Vario micro cube and Vario EL Il instrument. Infrared spectroscopy was performed using
a Bruker ALPHA Platinum-ATR-Spectrometer or a VARIAN FTS-800 FT-IR spectrometer.

Thallium(l) hexafluorophosphate, 97% was purchased by ABCR and used without further
purification. [{Cp”’Fe(CO)z2}2(u,n"1-P4)] (1)", [Fe(CH3CN)6][PFs]2? and [{Cp”’Fe(u-Br)}2]®!
were synthesized following literature-known routes.

Synthesis of [{Cp’”’Fe(CO)2}2(u3,n"12-P4)FeBr] (2)

To a suspension of 38 mg [FeBrz-dme] (0.123 mmol) in 5 ml dichloromethane is given a
solution of 100 mg [{Cp”’Fe(CO)2}2(u,n""'-P4)] (1) (0.123 mmol) in 5 ml dichloromethane.
The reaction mixture is stirred for 10 minutes resulting in a dark red colored solution. The
solution is filtered via cannula and concentrated in vacuum (2 ml). Storing the solution at
-28 °C yields 2 as a dark red crystalline solid.

Crystalline yield: 60 mg (0.058 mmol, 52%)

Analytical data of 2:

NMR (CD2Cl,, 298 K) H: & [ppm] = —3.4 (s br, 9H, -(C4Ho)),
-2.2 (s br, 18H, -(CsHo)2), —=20.1 (s br,
2H, CsH.'Bus).

Evans method Mes [MB] = 6.13.

Spin N=5.2.

IR (KBr) v[cm™] = 1983 (vs), 1929 (vs)
Elemental analysis Calculated: C 43.11, H 5.54
(CsgHsgBraFezO4P4-(CH2Cl2)o.5) Found: C43.12,H5.65

Mass spectrometry (FD, toluene) m/z: 733.3 (100%) [{Cp”’Fe}.Ps]*, 1253.4

(10%) [{Cp’’Fe(CO).}sPs — CO — 2HT,
1283.3 (5%) [{Cp"’Fe(CO)2}3Ps]".
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Synthesis of [{{Cp’”’Fe(C0)2}2(u3,n""-P4)}.Fe]>*[PFe]2 (3):

A red suspension of 200 mg (0.246 mmol) [{Cp”’Fe(CO)z}2(u,n""-P4)] (1) and 76 mg
(0.129 mmol) [Fe(CH3CN)e][PFs]2 in 20 ml dichloromethane is stirred for 16 h at room
temperature. The resulting brownish reaction mixture is filtered over diatomaceous earth
and concentrated in vacuum. Brown blocks of 3 can be obtained by layering the solution
with hexane.

Yield (according to NMR): quantitative
Yield (crystalline): 165 mg (0.084 mmol, 68%)

Analytical data for 3:

NMR (CD:Clz, 298 K) "H: & [ppm] = 1.41 (s, 9H, -(CaHo)), 1.48
(Sy 18H’ _(C4H9)2)’ 538 (S! 2H; C5ﬂ2tBu3)'

N
o P °
[Fe]—P~5~P—IFe]

e ) $IP{'H}: & [ppm] = -143.84 (sept., 2P,
. Fe IE [PFel2 PFs, "Jee = 710 Hz), 91.7 (m, 4P, Ps/Ps;,
R—tsRTFel "Ja = 354.4 Hz, "Jnp = 354.8 Hz, 2ps =
[Fe]=—F R 2.1 Hz), 114.3 (m, 4P, Pa/Pa, 2Jaa =
8.0 Hz)
[Fe] = Cp™Fe(CO),
IR (crystalline) V[cm™=1978 (s), 2001(vs, br), 2026 (s),
2043 (s)
Elemental analysis Calculated: C 43.69, H 5.64
(C76H116F12Fe5OgP1o-(CH2CI2)2) Found: C 43.78, H 5.66
Mass spectrometry (ESI, CH3CN) m/z: 1829.1 (1%) [M — PFe]*, 1339.0

(7%) [M — (Cp’’Fe(CO),) — 2PF]*, 993.9
(39%) [M — 2(Cp”’Fe(CO).) — 2PFq],
965.9 (7%) [M — 2(Cp’’Fe(CO)) — CO —
2PF¢]*, 937.9 (39%) M -
2(Cp”’Fe(CO)) — 2CO — 2PFe]*, 841.1
(12%) [M — 2PFe?*, 655.5 (7%) [M —
(Cp”’Fe(CO),) — CO — 2PFel?*, 345.1
(100%) [Cp”’Fe(CO)]*, 330.2 (32%)
[(Cp”Fe(CO)) — CHal*, 317.1 (27%)
[Cp”’FeCOJ".

Alternative synthesis of [{{Cp’”’Fe(CO)2}2(u3,n"1*-P4)}2Fe]**[PFe]2 (3):

A suspension of 51 mg [{Cp”’Fe(CO)a}2(us,n""?-P4)FeBrz] (2) (0.050 mmol), 41 mg
[{Cp’Fe(CO)2}2(u,n"'-P4)] (1) (0.050 mmol) and 75 mg TIPFs (0.215 mmol) in 20 ml
dichloromethane is treaded in the ultrasonic bath for 2 h. The resulting dark brown reaction
mixture is filtered over diatomaceous earth.
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Yield (according to *'P-NMR; PPh; as standard):

[{{Cp”’Fe(CO)2}2(u3,n""*-P4)}2Fel?*[PFe]2 (3): 50 - 12%
[{{Cp”’Fe(CO)2}2(u3,n"12-P4)}(Cp’’Fe(CO))]*[PFs] (4): 8 - 1%
[{{Cp”’Fe(CO)2}2(u3,n""**-P4)}FeCp1"[PFe] (5): 1 - 0%

Analytical data for 4 :
NMR (CD2Cl,, 298 K) 31P: & [ppm] = —143.84 (sept., 1P, PFs,

Jpr = 710 Hz), 15.8 (m, 1P), 69.7 (m,
1P), 137.4 (m, 2P)

Mass spectrometry (ESI, CH3CN) m/z: 1131.4 (100%) [M — PFe]*, 1103.4
(55%) [M — CO — PFe],

Synthesis of [{{Cp’”’Fe(CO)z2}2(us,n"1*-P4)}FeCp’’]*[PFe] (5):

In a spindle flask, a suspension of 50 mg [{Cp”’Fe(u-Br)}2] (0.068 mmol), 110 mg
[{Cp’Fe(CO)2}2(u,n""-P4)] (1) (0.135 mmol) and 71 mg TIPFs (0.203 mmol) in 20 ml
dichloromethane is treated in the ultrasonic bath for 16 h. The solvent is removed under
vacuum. The remaining solid is taken up in toluene, filtered over diatomaceous earth and
dried in vacuum. The residue is solved in thf and layered underneath hexane to yield 5 as
dark green blocks.

Yield (according to NMR): quantitative
Yield (crystalline): 40 mg (0.026 mmol, 24 %)

Analytical data for 5:

NMR (CDCl,, 298 K) H: & [ppm] = 1.14 (s, 9H, b), 1.39 (s,
o + 18H, c), 1. 41 (s, 18H, e), 1.47 (s, 36H,
'Bu | f), 5.36 (s br, 4H, d), 5.38 (s, 2H, a).
ctBu\Q/Ha
a H I tB b
Fe o [PFe] 31p: 5 [ppm] = -143.84 (sept., 1P, PFe,
R—=is R IFel "Jpe = 710 Hz), 45.6 (m, 1P, 4), 56.8 (m,
[Fe]—P—P 2P, 1 & 3), 78.9 (m, 1P, 2)
i By
‘Bu
[Fe] = Hj
¢H \Fe’\z
B4 /[ Sco
¢ 0OC
IR (crystalline) v [em™] = 1972 (vs, br), 2017 (vs), 2028
(s)

Elemental analysis Calculated: C 54.32, H 7.45

(C55H87F6304P5F6'(C4Hso)2) Found: C 54.64, H7.15
Mass spectrometry (ESI, CH3CN) m/z: 1047.36 (2 %) [M — 2CO - PFe]",

1103.27 (100 %) [M — PFg]".

31



Crystallographic Details

General remarks:

Single crystal Technologies

diffractometer GV1000, Titan®? diffractometer (4), SuperNova, Single source at offset,

structure analyses were performed using Agilent

Atlas diffractometer. (2, 3, 5). Frames integration and data reduction were performed with
the CrysAlisPro software package. Using the software Olex2P! the structure solution was
carried out using the programs ShelXT®! (Sheldrick, 2015). Least squares refinements on
Fo? were performed using SHELXL-2014"! (Sheldrick, 2015). Further details are given in
Table S3.1.

In 2 a dichloromethane molecule was refined to a chemical occupancy 62:38. In 3 one
disordered tert-butyl group was refined to a chemical occupancy 74:26 and a solvent mask
was used to squeeze a disordered dichloromethane molecule. The single crystal analysis
of 4 reveals a disordered central P4 — Fe unit. The main part (94%) of the structure shows
a P4 — butterfly motive that coordinates a [Cp’’Fe(CO)] — fragment in a n? fashion. The
minor part (6%) shows a cyclo-P. unit that coordinates a [Cp’’Fe] — fragment in a n* fashion.
Additionally, a solvent mask was used to squeeze a disordered tetrahydrofurane molecule.
In 5 the PFg anion is disordered and was refined to a chemical occupancy 80:20.

Crystallographic data and details of the diffraction experiments are given in Table S3.1.
CIF files with comprehensive information on the details of the diffraction experiments and
full tables of bond lengths and angles for 2, 3, 4 and 5 are deposited in Cambridge
Crystallographic Data Centre under the deposition codes CCDC 1531887-1531890.

Table S3.1: Crystallographic data and details of diffraction experiments for 2, 3, 4 and 5.

Compound 2 -2 CH2Cl2 3 4 5- 2 thf
CCDC number 1531887 1531888 1531889 1531890
Formula CaoHe2Br2ClsFes04P4  |C76H116F 12Fe508P10 (Cs9.9375HesFeFes Cs9HgsFsFe3OsPs

O5.9375P4.9875
Dcaic/ g cm™ 1.571 1.372 1.315 1.291
/mm! 12.056 8.122 6.679 6.668
Formula Weight 1199.94 1974.63 1346.62 1320.74
Color red black clear brown dark green
Shape plate block block block
Size/mm?3 0.24x0.09x0.02 0.17x0.11x0.09 0.38x0.15x0.14 0.26x0.19x0.13
TIK 123.01(10) 123.01(10) 123.00(10) 123.01(10)
Crystal System monoclinic monoclinic monoclinic triclinic
Space Group P2i/c C2/c C2/c P1
alA 21.2045(2) 24.5485(5) 36.5561(6) 10.2890(3)
biA 13.33220(10) 15.9348(3) 10.4827(2) 15.2465(3)
clA 19.7875(2) 24.6752(5) 35.5465(6) 21.6807(5)
al 90 90 90 89.7792(19)
Br 114.8930(10) 97.9544(18) 92.6951(15) 87.626(2)
vy’ 90 90 90 89.0826(19)
V/IA3 5074.27(9) 9559.5(3) 13606.6(4) 3397.70(14)
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V4 4 4 8 2

Z' 1 0.5 1 1
Wavelength/A 1.54178 1.54184 1.54184 1.54184
Radiation type Cu Ka Cu Ka Cu Kq Cu Ko
Ominl” 4.034 3.617 2.420 3.540
Omaxl’ 70.815 74.113 74.817 74.251
Measured Refl. 27122 27896 42206 38720
Independent Refl. 19502 9308 13367 13415
Reflections Used 8749 8304 12752 12399
Rint 0.0268 0.0271 0.0298 0.0284
Parameters 541 550 777 784
Restraints 0 24 72 222
Largest Peak 0.508 1.376 0.483 0.830
Deepest Hole -0.517 -2.355 -0.413 -1.308
GooF 1.020 1.047 1.034 1.062
wR: (all data) 0.0650 0.1306 0.0788 0.1227
wR> 0.0627 0.1260 0.0777 0.1188
R (all data) 0.0291 0.0547 0.0328 0.0452
R1 0.0257 0.0485 0.0312 0.0421

Figure $3.1: Molecular structure of compound 2. Hydrogen atoms, Butyl-groups and two solvent molecules

dcm are omitted for clarity. Thermal ellipsoids are shown at 50% probability level.

Figure S$3.2: Molecular structure of compound 3. Hydrogen atoms, Butyl-groups, and the counter anions PFs

are omitted for clarity. Thermal ellipsoids are shown at 50% probability level.
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Figure S3.3: Main part of the molecular structure of compound 4. Hydrogen atoms, '‘Butyl-groups, a solvent
molecule thf and the counter anion PFs™ are omitted for clarity. Thermal ellipsoids are shown at 50% probability
level.

Figure S3.4: Molecular structure of compound 5. Hydrogen atoms, 'Butyl-groups, a solvent molecule thf and
the counter anion PFe are omitted for clarity. Thermal ellipsoids are shown at 50% probability level.

MoRbauer Spectra

General remarks:

5’Fe MoRbauer spectra were recorded on a WissEl M6Rbauer spectrometer (MRG-500)
at 77 K in constant acceleration mode. °’Co/Rh was used as the radiation source.
WinNormos for Igor Pro software has been used for the quantitative evaluation of the
spectral parameters (least-squares fitting to Lorentzian peaks). The minimum
experimental line widths were 0.20 mm-s™'. The temperature of the samples was
controlled by an MBBC-HE0106 MOSSBAUER He/N, cryostat within an accuracy of
+0.3 K. Isomer shifts were determined relative to a-iron at 298 K.
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Figure $3.5. Zero-filled 3"Fe M6Rbauer spectrum of 2, recorded on a micro-crystalline, solid sample at 77 K.
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Figure S3.6. Zero-filled "Fe MoRbauer spectrum of 3, recorded on a micro-crystalline, solid sample at 77 K.
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Figure S3.7. Zero-filled 5’Fe M&Rbauer spectrum of 5, recorded on a micro-crystalline, solid sample at 77 K.

"H NMR and *'P NMR Spectroscopy

General remarks:

'H and 3'P NMR spectra were recorded on a Bruker Avance |1l HD 400 ('H: 400.130 MHz,
31P: 161.976 MHz). The chemical shifts are reported in ppm relative to external TMS ('H)
and HsPO4 (*'P). The *'P NMR simulation was performed with the simulation tool of Bruker
TopSpin 3.0.
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Mueller JM134, (?mg/0.9 mlL CDZClZ) Ref.: TMS extern
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Figure S3.8. 'H NMR spectrum of [{Cp"’Fe(CO)2}2(u3,n""2-P4)FeBrz] (2) in CD2Cl2. The marked signal (*) arise
from impurities.

Mueller, JM080, (?mg in 0.8ml CD2Cl2), Ref.: TMS extern
@rau_hl CD2Cl2 {C:\Bruker\TopSpin3.2PL7} puk06221 7

No o o=
@ = N ®© o
@ oo R
0w o —

L _

11 10 9 8 7 6 5 4 3 2 1 0 ppm

2.142—
3.848 —

Figure $3.9: 'H NMR spectrum of [{{Cp"’Fe(CO)2}2(l3,n""*-Pa)}2Fe]?*[PFe] 2 (3) in CD2Cla.
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Figure $3.10: 3'P{'H} NMR spectrum of [{{Cp’’Fe(CO)2}2(u3,n"1-P4)}2Fe]?*[PF¢] 2 (3) in CD2Cla.

007

Table $3.2: Calculated coupling constants of 3.

Chemical shift [ppm] | Coupling constants [Hz]
AA’ 113.8 "Jns 354.4
BB’ 91.7 TUnp 354.8

/v 8.0

'Jgp 2.1

Mueller, JM085, (?mg in 0.8ml CD2Cl1l2), Ref.: TMS extern
@rau_hl CD2Cl2 {C:\Bruker\TopSpin3.2PL7} puk06221 8
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T
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Figure $3.11: 'H NMR spectrum of [{{Cp"’Fe(CO)z2}2(u3s,n"1*-P4)}FeCp™1*[PFe] (5) in CD2Cl2. The marked
signals (*) correspond to thf.
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Figure $3.12: 3'P NMR spectrum of [{{Cp"’Fe(CO)2}2(u3,n""*-P4)}FeCp”’J*[PFs] (5) in CD2Cl2.
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Figure $3.13: 3'P-3'P cosy NMR spectrum of [{{Cp’Fe(CO)z2}2(us,n'"*-P4)}FeCp™]*[PFe] (5) in CD2Cla.
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Figure $3.14: Detail of 3'"P-3'P cosy NMR spectrum of [{{Cp’’Fe(CO)z}2(us,n'"*-P4)}FeCp”’T*[PFe] (5) in
CD2Cla.

Computational Details

All calculations have been performed with the TURBOMOLE program packagel® at the
RI®L-BP86!"Y //def2-TZVPEP: 1] |evel of theory. To speed up the geometry optimization the
Multipole Accelerated Resolution-of-the-ldentity (MARI-J)® 2 approximation has been
used. The final energy of the molecules was determined by single point calculations
without using the RI formalism.

For the calculation of the M6Rbauer parameters of complexes 2, 3 and 5, the geometry
has been optimized at the RI-BP86/def2-TZVP level in TURBOMOLE followed by single
point calculations using ORCA.I'" In the single point calculations the B3LYPI'0a-d. 14]
functuional together with the core-property basis set CP(PPP) basis set!' for Fe and def2-
TZVP for all other atoms has been used. The isomer shift (8) was calculated according to
the formulae & = a(p(0) - C) + B, with a =-0.366, C = 11810 and 3 = 2.852. p(0) represents
the calculated electron density on Fe. The values of the parameters a, B and C depends
from the functional and basis set used and were taken from the reference [16].

Table S3.3: Total energy of the computed compounds, at the BP86/def2-TZVP level.

Compound Total energy (Hartree)
[{Cp"Fe(CO)a}2(u,n":n'-P4)] (1) -5678.390385
[{Cp"'Fe(CO)2}(cyclo-p,n':n'-P4)] @ -5678.331718
[Fe(MeCN)e]?* (quintet) -2060.454259
MeCN -132.8114966
[{{Cp"Fe(CO)2}2(u3,n"14-Pa)}2Fe]?* -12620.41128
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[FeBrz(dme)] (quintet)

-6721.972694

dme -308.9928029
[{{Cp"Fe(CO)z}2(s,n":n":n2-Pa)}FeBr,] (2) (quintet) -12091.39466
{{Cp"Fe(CO)z}a(u3,n""4-Pa)}FeCp"T* -7607.750829

{{Cp"Fe(CO)a}a(us,n""2-P4)}Fe(CO)Cp"T*

-7721.143842

a) Single point calculation (unrestricted singlet) using the geometry as found in the optimized structure

of 3.

Table S3.4: Relative energy of [{{Cp"'Fe(CO)2}2(u3,n":n":n?-P4)}FeBrz] in different spin states. Calculated at

the BP86/def2-TZVP level.

Singlet

Triplet

Quintet

Relative energy (kJ:mol™") | 94.82

67.94

0.00

Table $3.5: NPA charges (natural population analysis) condensed to fragments. Calculated at the BP86/def2-

TZVP level.

Cp"'Fe(CO)2 | {Cp"'Fe(CO)2}2P4 | P4 Fecentral | Cp™
[{{Cp"Fe(CO)z2}2(u3,n"14-Pa)}oFe]?* 0.44 1.35 0.47 -0.70 -
[{{Cp"Fe(CO)z2}2(u3,n"14-P4)}FeCp™T* 0.36 1.09 0.37 -0.23 0.13
[{{Cp"'Fe(CO)2}2(u3,n"12-P4)}Fe(CO)Cp"T* | 0.35 1.01 0.31 -0.25 0.11
[{{Cp"'Fe(CO)2}2(u3,n":n":n?-P4)}FeBr2] (2) |0.20 0.36 -0.03 0.64 -
[{Cp"'Fe(CO)2}(cyclo-p,n':n'-P4)] @ 0.25 0.00 -0.50 - -
[{Cp"'Fe(CO)2}2(u,n":n"-Pa)] (1) 0.06 - -0.12 - -

a) Single point calculation (unrestricted singlet) using the geometry as found in the optimized structure

of 3.

Table S3.6: Reaction energies for selected transformations, calculated at the BP86/def2-TZVP level.

Transformation Energy (kJ-mol™) @
2 [{Cp"'Fe(CO)2k2(u,n":n"-P4)] (1) + [Fe(MeCN)g]?* = 118.76
[{{Cp"'Fe(CO)2}2(u3,n"14-Pa)}2Fel?* (3) + 6 MeCN )
[{Cp"Fe(CO)2}2(u,n":n"-P4)] (1) + [FeBra(dme)] = 64.03
[{{Cp"Fe(CO)2}2(u3,n":n":n>-P4)}FeBrz] (2) + dme s
[{Cp"Fe(CO)}2(p,n":n"-P4)] (1) = [{Cp"Fe(CO)z}2(cyclo-p,n":n'-P4)] (L) © 154.03
[{{Cp"'Fe(CO)2}2(u3,n""?-P4)}Fe(CO)Cp™* = 72.73
[{{Cp"Fe(CO)2lz(us,n""*-P4)}FeCp"]* + CO :

a) The SCF energies without any corrections have been used.
b)  Single point calculation (unrestricted singlet) on the Rz2P4 ligand using the geometry as found in the

optimized structure of 3.

Table S3.7. Calculated and experimental Isomer shifts (5 / mm-s™') and Quadrupole splitting (QS / mm-s™").

For labeling see Figure S3.15.

2 (quintet spin state) 3 5

9] QS 9] QS e} QS
Fe 0.53 2.33 0.41 0.89 0.49 211
Fe 0.07 1.94 0.08 1.99 0.08 1.93
Experiment
Fe 0.73(3) 2.33(1) 0.47(3) 0.57(4) 0.43(3) 1.62(4)
Fe 0.12(3) 1.73(4) 0.12(8) 1.81(3) 0.13(8) 1.75(3)
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Figure §3.15. Labeling scheme for M6Rbauer parameters.

Table $3.8. Cartesian coordinates of the optimized geometry of [{Cp"Fe(CO)2}2(u,n"'-P4)] (1) at the RI-
BP86/def2-TZVP level of theory.

Atom X y z

Fe 3.6563096 -0.0573871  -0.5344296

Fe  -3.5734605 0.0642978  -0.4911500

p 1.4346193 -0.0654399 0.2647336 ) "t &
P 0.0423094  -1.0594926 -1.1801880 y, .
P 0.0415403 1.1307841  -1.0388112 e o g
P -1.3489100 -0.0406703 0.2657766 T>€§?\ |
0 2.8109966 0.6288459  -3.2347408 . /NS S
0 3.3927000  -2.8855592  -1.1742666 - ‘/ﬁi:;*'
0 -3.3668258 2.9682208  -0.5831879 o - ‘;-: AN
0 -2.6867526  -0.1596906  -3.2559047 - s ® e
C 5.5102127 1.0350403  -0.6010401 o o i
C 4.5086423 1.8167075 0.1559351 -

C 4.1304033 0.9963559 1.2720522

C 4.8289777  -0.2409639 1.2718196

C 5.6617437 -0.2020968 0.1037312

C -4.7127112  -1.7776976  -0.4803460

C -5.6180990 -0.6223178 -0.6132905

C -5.3989513 0.1760080 0.5583415

C -4.4397767  -0.4243692 1.4361342

C -4.0204704 -1.6087487 0.7701563

C 6.4837770 1.3450573  -1.7587498

C 7.7968236 1.8612014 -1.1138994

C 6.0084302 2.3725379  -2.7996436

C 6.8180991 0.0549650 -2.5451511

C 3.4730836  -1.7579433  -0.9018176

C 3.1198023 0.3824773  -2.1415637

C -3.4183000 1.8080024  -0.5349206

¢ -3.0194488 -0.0880064 -2.1445757

C 4.0139968 3.2765072 0.0584701

C 5.2192597 4.2314600 0.2340569

C 3.2505116 3.6038173  -1.2412143

C 3.0364269 3.5865582 1.2161150

C 4.8767901 -1.2604866 2.4029248

C 5.7989346  -0.6650447 3.4980009

C 3.4825907 -1.5096892 3.0051671

C 5.4728452  -2.6007301 1.9365130

C -4.5625208  -3.1191714 -1.2285756

¢ -5.5495885  -4.1136225 -0.5620716

C -4.8311948  -3.0913229  -2.7429043

C -3.1341998  -3.6854571  -1.0509118

C -6.7373342  -0.2551977 -1.6128545

C -7.8199530 -1.3606072 -1.6060930

C -7.4438476 1.0464173 -1.1671987

C -6.2385368 0.0039946  -3.0497165

C -4.1407382 0.0091335 2.8667694

¢ -5.4366332  -0.2090204 3.6878872

C -3.7484030 1.4975101 2.9384466

C -3.0170797 -0.8418571 3.4844882

H 3.3910026 1.2798022 2.0127792

H 6.3260392  -1.0031998  -0.2004338

H -5.9090101 1.1108168 0.7640857

H -3.2751462  -2.2967939 1.1529159

H 8.2165244 1.1159085 -0.4233977

H 7.6377924 2.7903500 -0.5509510

H 8.5438083 2.0613872  -1.8966510
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H 6.7850493 2.4750614 -3.5719375
H 5.8471505 3.3681932 -2.3737814
H 5.0870636 2.0499933 -3.3009071
H 7.3352290 -0.6948350 -1.9324396
H 7.4898786 0.3059170 -3.3783840
H 5.9127854 -0.4046799 -2.9636918
H 5.9367037 4.1649204 -0.5919544
H 5.7572355 4.0176707 1.1692580
H 4.8615185 5.2707712 0.2795022
H 2.9807581 4.6707130 -1.2462119
H 2.3195471 3.0230693 -1.2954248
H 3.8271194 3.4015196 -2.1467764
H 2.6899265 4.6250201 1.1179420
H 3.5149461 3.4894502 2.2012933
H 2.1487486 2.9386790 1.1871007
H 5.8911864 -1.3700029 4.3377614
H 5.3939735 0.2796575 3.8877167
H 6.8071465 -0.4675789 3.1056735
H 2.8002232 -1.9516453 2.2666923
H 3.0202808 -0.5828058 3.3718845
H 3.5635348 -2.2006666 3.8573883
H 5.5142523 -3.3004139 2.7837633
H 6.4993007 -2.4831566 1.5600557
H 4.8658777 -3.0650574 1.1481827
H -6.5934491 -3.7909561 -0.6688380
H -5.3363035 -4.21942009 0.5111276
H -5.4500268 -5.1048754 -1.0292124
H -5.8597797 -2.8098966 -2.9903965
H -4.6679604 -4.1010278 -3.1473749
H -4.1449514 -2.4133092 -3.2660181
H -3.0469792 -4.6213463 -1.6207549
H -2.8991709 -3.9243773 -0.0056567
H -2.3715230 -2.9883253 -1.4236062
H -8.6700415 -1.0485071 -2.2299937
H -8.1946882 -1.5367034 -0.5871796
H -7.4536480 -2.3146521 -2.0012323
H -8.2306953 1.2896249 -1.8949907
H -6.7516595 1.8996080 -1.1353807
H -7.9239280 0.9427621 -0.1835729
H -5.6870027 -0.8376556 -3.4757343
H -5.5799140 0.8824708 -3.0725129
H -7.0992093 0.2087608 -3.7045329
H -5.7591044 -1.2596361 3.6487168
H -6.2610666 0.4145341 3.3131417
H -5.2629214 0.0557806 4.7415912
H -3.6225188 1.8021326 3.9881379
H -4.5180015 2.1450145 2.4944692
H -2.8014818 1.6799189 2.4124878
H -3.2899000 -1.9071261 3.5191295
H -2.8312844 -0.5145814 4.5179538
H -2.0787274 -0.7395847 2.9208763

Table $3.9. Cartesian coordinates of the optimized geometry of [{Cp"Fe(CO)2}2(u3,n"""2-Ps){FeBr2}] (quintet
spin state) (2) at the RI-BP86/def2-TZVP level of theory.

Atom X y z

Fe 3.6598980 -0.0734301  -0.7126951 .‘i
Fe -3.5684331 0.1537144 -0.5729372 ¥
P 1.4491616 -0.1509725  -0.0337023 ."\7r\5\
P 0.0116909  -0.8895508 -1.5755774 ‘ J
P 0.0627249 1.2663717 -1.0985041 \%Z>.‘\/
P -1.3394429  -0.0638404 0.0262573 ] < SN
Fe 0.0883134  -0.6322741 1.8797801 & J® W\~
Br 0.5516481 1.0259461 3.5020328 ] ¢ e
Br -0.3192312 -2.9064098 2.3784027

0 2.9043514 0.7905080  -3.3924709 e

0 3.5015611 -2.8625325 -1.5480384

0 -3.3174510 3.0576695 -0.6885313

0 -2.8266355 -0.0879263 -3.3817299

c 5.4899486 1.0642492 -0.6991895

c 4.4796395 1.7580677 0.1276846

c 4.1216372 0.8371963 1.1735203
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H -7.3356482 -2.5141666 -1.9025090
H -8.2280237 1.0559637 -2.2756512
H -6.7857852 1.7985732 -1.5654980
H -7.9529572 0.9254323 -0.5302794
H -5.6082633 -1.1655249 -3.5542595
H -5.5962880 0.5979814 -3.3843239
H -7.0716666 -0.2348700 -3.9127391
H -6.1096295 -0.7476830 3.4625019
H -6.5082281 0.9055265 2.9318505
H -5.6760749 0.6451257 4.4814368
H -3.9197171 2.2765109 3.7511903
H -4.6222569 2.4936410 2.1354146
H -2.9225731 1.9832961 2.3123040
H -3.6622558 -1.4709939 3.6711839
H -3.2596627 0.0020068 4.5792749
H -2.3532590 -0.4030834 3.1151705

Table S$3.10. Cartesian coordinates of the optimized geometry of [{{Cp"'Fe(CO)2}2(u3,n'14-P4)}2Fe]?* (3) at
the RI-BP86/def2-TZVP level of theory.

Atom X \ z

Fe -0.0718815 -0.0044005 0.2705416 / A
P -1.4832345 -0.0190746 2.0953062
P -0.0935448 -1.6720088 1.9742062
P 1.2305801 0.9094630 -1.4989447
P -0.9165556 1.2310928 -1.4789392
P 1.4038464 -0.0924557 2.0417596
P 0.0039187 1.5669657 2.0581017
P -1.4808450 -0.8713655 -1.4382398
P 0.6620043 -1.1929477 -1.5539181
Fe -2.1720533 3.0162380 -2.1387520
Fe -3.6302210 -0.0046690 2.8202304
Fe 1.8702025 -3.0095184 -2.1790750
Fe 3.5186210 -0.2360126 2.9007758

-3.3121608 3.4247175 0.5113683

-3.4492694 2.8296166 3.5030791
-4.2728349 1.1440990 -2.9325065
-4.6102371 0.5302886 0.1244577
-0.53592009 3.9282566 -3.1600402

0.4660178 3.5137256 -3.1899772
-1.5501352 3.6451758 -4.1370181
-2.3715037 5.0828875 -2.5046969
-3.0337238 5.7312157 -1.9414747
-3.5650727 -0.7834279 4.8467452
-4.8466997 -0.2287235 4.5226978
-5.3059154 0.6013354 5.0496825
-2.7494454 4.3962501 -3.7068752
-1.0007910 4.8393553 -2.1676927
-5.4754077 -0.9401020 3.4456165
-0.1570939 5.6026207 -1.1606715

-3.3748277 -1.8329659 3.9038267
-2.4842389 -2.4490160 3.8491795
-2.8364107 3.2373091 -0.5259210
-4.5156806 -1.9925802 3.0462662
-3.4951070 1.7126439 3.2148095

-4.1090101 .7517851 -4.3453114
-1.2032755 .8784553 -5.4273233
-2.0654223 .6217776 -5.6582485

-1.7916673 .1631664 -6.6191283

4

2

1

-1.8826114 0.8809618 -4.8672867

1

-3.1373008 1.8305792 -5.6866932
1

[@l="li==li==lN Qi iR i O NONONO NNl I HONONONONONON:-HONONONO NN NoNoN:-NoNO N Ho N No o N

-3.4346903 .8780302 -2.6274362
-4.2138914 0.2952465 1.1855702
-4.6344404 -3.2268479 2.1299145
-2.7477123 -0.5072776 6.0980953
-4.8318687 -2.8961827 0.6374690
-5.6987632 -2.2602397 0.4436534
-4.9744483 -3.8308360 0.0765540
-3.9411427 -2.3953002 0.2321375
-3.4582337 -1.2732720 7.2465669
-4.4788199 -0.8993620 7.4089139
-2.8968060 -1.1397945 8.1820644
-3.5163601 -2.3501702 7.0352133
-1.3124828 -1.0393461 5.9587924
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.1273618
.8289525
.5595707
.0889453
.5465105
.9627614
.4670880
.9708820
.0632124
.2267453
.7978535
.1065673
.8867525
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.0253602
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.4232758
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.8538782
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.3613408
.4499338
.1415938
.0302910
.8775872
.6404491
.2931124
.8800176
.5879766
.0700856
.2767115
.0130491
.8016167
.1437310
.2909241
.3977887
.2094555
.6743057
.5070527
.4799784
.8530722
.5721773
.5105143
.5237608
.6782816
.6161867
.2955733
.1167965
.4782079
.5021513
.4316766
.9742775
.1997696
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.7434891
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.5226755
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.7157553
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.2647020
.2796233
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.5639998
.6532867
.7115076
.0794448
.5514881
.3862533
.3365170
.3102941
.5415977
.7355802
.9289983
.6555425
.5594114
.2072299
.1599744
.0530637
.2195590
.5839753
.3603019
.2318465
.7158795
.6426747
.8038276
.3342986
.8254085
.2519867
.5817682
.4952154
.2738458
.8023203
.7376112
.2790826
.0604403
.3469882
.0687909
.5018355
.5262482
.7873985
.2095431
.5226910
.3643044
.5213840
.2755303
.2035133
.2085720
.5498508
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.0742144
.8392909
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.8806111
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.5443398
.2509407
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.5200879
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.7458557
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.3457954
.4352664
.5066924
.7087749
.1616914
.0546834
.3775505
.8928825
.6480938
.3049350
.1559633
.1173911
.3701607
.5422964
.3699419
.8809507
.9330686
.0972108
.1298093
.3584237
.4042758
.0276339
.8039740
.6380224
.1705260
.5100652
.1297813
.0842839
.4906962
.4142957
.9175326
.1588477
.5195539
.4259559
.3905568
.5413411
.1725031
.9879159
.6878561
.5469846
.5504294
.9677026
-2.
.1653465
.7855544
.8371608
.5365057
.6785196
.4354080
.9749285
.1166878
.2661490
.9256670
.7188180
.6948647
.7713555
.7932919
.3458287
.8295087
.5687594
.9389339
.1827828
.9132212
.3578282
.7416771
.9861035
.0223397
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.1114635
.9994324
.8380186
.2621040
.9688749
.8350528
.5209583
.6944292
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.2638609
.8416412
.0214861
.0533859
.8525716
.2860421
.6954135
9772684
.6195635
.1553699
.5259508
.0197863
.4608427
.8913110
.9967857
.8247213
.0874834
.8142440
.9833962
.2070746
.3074377
.5306489
.1977620
.7320136
.4981789
.1060468
.1548237
.8221598
.8527624
.6861623
.9498254
.6508129
.1065419
.5991749
.9034324
.8770653
.8201313
.1125119
.2136932
7771907
.8487686
.6758114
.2644361
.5270421
.4289455
.6763195
.6464354
.6977470
.9312751
.5402462
.8078260
.7416270
.1025692
.8281142
.2348764
.0012693
.6054745
.9915181
.0470852
-1.
-0.
-1.
-2.
-3.
-3.
-2.
-3.
-0.
.3551068
-0.
-0.
-0.
-0.
.6099463
.5379763
-0.

4673448
6614879
0452050
2252583
1754608
9697281
7471021
6331364
9615091

5378384
1391123
0672926
4855228

5063899
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H 0.4215575 3.9038580 0.0938183
H 1.5342819 5.2900417 0.1601445
H 1.5505462 4.2187471 -1.2500520
C 0.5640268 6.7163860 -1.9668805
H 1.2233951 6.2928896 -2.7374595
H 1.1787152 7.3240228 -1.2878915
H -0.1551308 7.3847251 -2.4606766

Table $3.11. Cartesian coordinates of the optimized geometry of [{{Cp™Fe(CO)2}2(us,n*"2-P4)}Fe(CO)Cp™T*
(4) at the RI-BP86/def2-TZVP level of theory.

Atom X \ z
Fe 0.2453578 0.3706075  -3.5892470
Fe -1.2243634 -0.560676636 3.4086284

Fe 1.9801784 0.3043288 0.3966330

P 0.3779165 0.1327181 -1.2682966
P -0.1049722 -0.1315492 1.3629261
P -1.3797938 0.9117114 -0.1346920
P -1.0556718 -1.2887330 -0.3080457
0 2.4630365 -1.5050282 -3.8158592
0 1.5340066 3.1794890 0.4714604
o) -1.5916301 -3.3396040 2.5822157
0 2.0091054 2.6865283 -3.4971024
0 1.2593184 -1.2905367 4.7409143
c -1.8887928 0.1218320 -3.7617187
H -2.5534109 -0.1264800 -2.9414843
c -1.2621208 -0.8531462 -4.6119653 .
C -2.5974127 1.0811044 3.2547986 -
H -2.7153249 1.7081154 2.3778482
C -1.5730541 1.4499243 -4.1651155
c -1.8641510 0.2608994 5.2334695
H -1.3155929 0.1507217 6.1627080
C 3.2034944 -0.8066928 1.7115935
c 3.5516410 -0.8047750 -0.5222488
c -3.3776811 -0.0951520 3.5080782
C -0.4468070 -0.0878669 -5.5793129
C 1.3107690 1.7636481 -3.4759630
c 3.8851182 0.4226932 1.4198179
c 4.1168104 0.4227636 -0.0357784
c -1.4572498 -2.2259729 2.8715086
C -0.6519224 1.2934653 -5.2532640
H -0.2029914 2.1185922 -5.7965748
c -1.6856250 -2.3359806 -4.5528289
C 3.0316470 -1.6030120 0.5367969
C -1.6901796 1.3492525 4.3220313
C -2.8796873 -0.6499745 4.7856269
c 1.7112118 2.0272240 0.4510110
c -4.6205278 -0.4162890 2.6502678
C 4.9985842 1.2976818 -0.9554957
c -0.9499063 2.6487456 4.5903354
C -2.2730769 2.7505631 -3.7728185
C -2.7472417 -2.5527567 -3.4518717
H -2.3677619 -2.3098272 -2.4488011
H -3.0336901 -3.6132774 -3.4420113
H -3.6593018 -1.9668814 -3.6346036
c 0.3172712 -0.4251450 -6.8792304
C 1.5641289 -0.7805140 -3.7025363
c -5.8779630 -0.2907257 3.5477334
H -5.9266927 -1.0569205 4.3277442
H -6.7767592 -0.3961850 2.9236734
H -5.9201869 0.6950563 4.0326853
C -3.3427256 -1.7607358 5.7542363
c 6.4636822 1.2149375 -0.4583577
H 6.6129981 1.7098427 0.5071375
H 7.1215839 1.7096727 -1.1874124
H 6.7924211 0.1700735 -0.3624455
C -2.3805417 -2.7061919 -5.8871125
H -3.2175737 -2.0249739 -6.0967719
H -2.7875340 -3.7245182 -5.8113053
H -1.7016222 -2.6855312 -6.7452747
C -0.6945664 -0.2284373 -8.0409682
H -1.5461926 -0.9165505 -7.9684588
H -0.1903035 -0.4137429 -9.0001306
H -1.0877157 0.7977384 -8.0575606
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.7928114
.9284028
.6930147
.9449387
.3316885
.4365533
.1431494
.0833901
.9281928
.6808115
.4371275
.1831336
.5832369
.7795683
.5347697
.4355308
.7299901
.4370947
.1789367
.9489759
.0914203
.2792436
.7581702
.6134096
.1703562
.0758584
.0126491
.3332263
.4448842
.5598458
.5844847
.2887216
.4902271
.1370621
.4141387
.5025522
.6077791
.5292001
.2943199
.9055694
.1253048
.4824185
.1461492
.0063135
.2119830
.1433739
.2746744
.6591073
.8975235
.0080917
.7964626
.5250786
.4829961
.4168648
.0057104
.4263696
.6299149
.0013300
.2989265
.1189105
.1518933
.9473742
.7807299
.4188911
.4407502
.8045895
.2754527
.7241524
.5353783
.1294845
.4943135
.0903165
.7889245
.9404988
.5614787
.7056321

.6352940
.6499656
.3876177
.6413329
.2217778
.5503701
.1904357
.3884115
.8335633
.0170006
.9177291
.6340223
.7924835
.8240311
.9594594
.6245719
.0944041
.4761020
.7962455
.4193628
.0412332
.0776737
.2746075
.8206155
.6448942
.9625443
.6898930
.6654197
.5056525
.7704352
.8467555
.3153863
.2836853
.3458005
.8226239
.1146253
.5991703
.3097976
.2374233
.3426075
.1279260
.5699433
.6083059
.3034678
.5286007
.4662710
.1511647
.4219206
.7298670
.6468715
.8366650
.6058174
.2703757
.2705093
.7282207
.2859682
.3729316
.7114293
.9719400
.5092394
.0135923
.5951068
.2697001
.2475387
.6432639
.8821199
.2446670
.5884941
.4469705
.1388311
.5677983
.8210106
.5510086
.9103909
.5673293
.7526901
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.5321021
.9327832
.9531796
.8318297
.3070785
.9031078
.5159866
.5228316
.9848210
.2080845
.9553740
.9474911
.9570150
.2073517
.4317067
.6497913
.4810809
.8056093
.2494005
.5693215
.8570471
.7878104
.3277831
.5258935
.3159921
.1337148
.6386743
.9386718
.4191729
.0747087
.5688285
.6926736
.1136263
.5284539
.8530718
.2227079
.1339162
.2526128
.9678702
.2790813
.2470421
.0986419
.2131347
.0265535
.2786664
.6571660
.6239149
.8243131
.3484728
.1313466
.3894203
.3676146
.0484686
.5945112
.3920122
.4368795
.0257009
.8335036
.1745634
.8673101
.0372970
.8809580
.7102553
.7719813
.4667196
.5820466
.1904291
.0803696
.3966702
.9420432
.2994516
.6499696
.1544473
.6209594
.6101098
.3036546
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5.5078297 2.8985704 1.5737466
5.0327569 3.2351939 3.2359356
3.8104362 3.2831717 1.9540890
1.7965174 -3.5320439 1.6188612
2.2087117 -3.2878503 2.6077561
1.6462775 -4.6204330 1.5858118

0.8119878 -3.0576942 1.5224095
-2.8642884 3.3538357 -5.0730753
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.0789757 3.6366983 -5.7875362
-3.4351458 4.2610748 -4.8300612
-3.5447342 2.6479542 -5.5702235
-1.3086876 3.7748074 -3.1452217
-0.8796126 3.3982569 -2.2065467
-1.8486325 4.7064111 -2.9229024
-0.4833431 4.0267192 -3.8248146

3.5638900 -1.1050798 -1.5634909
2.9042241 -1.1095307 2.7090964

Table S3.12. Cartesian coordinates of the optimized geometry of [{{Cp"'Fe(CO)z2}2(u3,n'"*-P4)}FeCp"]* (5) at
the RI-BP86/def2-TZVP level of theory.

Atom X \Y z

Fe -0.7552629 -0.7782083 -1.7698822
Fe 1.4381817 -3.2222064 1.1196008
-1.8570417 3.1188579 -0.1246378
0.1793839 -1.5582885 0.1670092
-1.0673716 0.9828443 -0.3360746
-1.9015617 -0.9243093 0.2926045
0.9767386 0.3212539 -0.5517416
2.8902488 -3.4387173 -1.4032174
-4.6310320 2.2174823 -0.0501054
-0.2271368 -5.5121268 0.4322714
-1.8689073 3.4657283 -3.0227677
1.7093593 -2.0562347 2.9073253
1.3189552 -1.0538791 3.0398371
-1.2103331 -0.0649502 -3.6827186
-1.4455845 0.9655472 -3.9240848 -
-0.3316363 3.6190051 1.2989579

0.5197923 2.9835327 1.5115404
-1.4378595 -2.2990874 -3.0662884
-2.1892503 -1.0578340 -3.3053956

3.1150654 -3.8227601 2.3366284

1.0015939 -3.2427062 3.2483186
-0.0488426 -1.9783627 -3.3118536

0.7709566 -2.6811248 -3.2203243

0.0995301 -0.6227090 -3.7296904
-0.3380153 4.6418385 0.2918317

3.0093875 -2.3488482 2.3705443

1.8753406 -4.3139418 2.8645737

1.6426040 -5.3663812 2.9901294
-2.6059866 -4.0009802 -1.5083293
-1.9472997 -3.7650202 -0.6631455
-2.8934375 -5.0594975 -1.4253825
-3.5084469 -3.3945805 -1.4014305
-3.6860439 -0.7406575 -3.4946433

0.3747915 -4.5533613 0.6699728
-2.4067234 4.5231340 1.3425481

53]
[0}

-3.4351325 4.7303210 1.6212050
1.3363032 0.0121089 -4.3475689
-3.5191312 2.5335522 -0.0941137
-1.5775607 3.5468805 1.9836654
-1.6968663 5.2256267 0.3112740
4.2537033 -4.8339668 2.0832590
-1.0398735 -2.0528278 4.1431823
-0.4442576 -1.2395118 4.5812225
-1.9357017 -2.1773167 4.7674046
-1.3672120 -1.7435211 3.1403544
5.3553374 -4.4056892 1.0991838
.9587396 -4.2173455 0.0934418
.0814703 -5.2262710 1.0132154

.9123475 -3.5230418 1.4285424
.6368896 -0.6170030 -3.8212677
.7487687 -0.4510206 -2.7406794
.5009086 -0.1615345 -4.3261251
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.0041003
.6564964
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.6343652
.0298659
.4470421
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.9639179
.0941533
.1417864
.9758173
.8899992
.9283835
1697746
.3673431
.2353511
.2116295
.1068448
.3285827
.8969416
.3398047
.6939201
.1568634
.5679278
.0051943
.3429636
.7565127
.4280161
.5737112
.1894995
.1095184
.2646819
.0709787
.4918311
.2847237
.7714344
.7528497
.9416848
.2854475
.8843319
.0786152
.3335877
.4135054
.2179949
.8540554
.9033273
.7984935
.2394303
7712326
.6218647
.9151116
.1464527
.3164317
.0681925
.9893155
.8824255
.9177498
.0603406
.6719266
.8041771
.7390789
-1.
.1845334
.6871283
.9996436
.5204757
.1698914
.8277122
.7795795
.4106688
.9398600
.1927291
.1358670
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.6982287
.5012715
.2687064
.6322874
.4652678
.7610924
.0645317
.9572426
.3988237
.6918744
.7233100
.4235646
.6821490
.9894115
.9453920
.3804462
.5606221
.4591070
.2591995
.3374773
.1711047
.1922293
.1195514
.2190572
.8680652
.5179572
.1035545
.0293219
.3245774
.8006696
.1464581
.3935457
.9242303
.1939517
.1257801
.8331307
.6922127
.3144272
.2345333
.7493623
.3176864
.0470952
.2175633
.3711633
.1132098
.0398539
.4415334
.5116904
.5840439
.3433289
.7066008
.6680595
.7759191
.9291464
.1756765
.2568300
.4999352
.1173237
.8777616
.4023351
.3945569
.6267054
.7621299
.0100654
.2439617
.2256042
.1694562
.6613745
.8655861
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.0110242
.6172882
.6376995
.3308159
.5420346
.2649600
.2605728
.3526643
.0003642
.8665849
.6676415
.0995063
.8448779
.9250379
.2542119
.3104700
.3911319
.3295702
.8726678
.0840188
.3872890
.2993106
.4677191
.9116441
.3534852
.1758758
.7181177
.3362046
.6751211
.0411178
.5235184
.8771388
.3745095
.5747063
.2403586
.0011411
.2246197
.5001207
.0176180
.0261461
.9315262
.9857222
.5172084
.1897539
.9672786
.4276168
.1520163
.1871565
.0939967
.9334022
.5347376
.5644467
.2144220
.9185730
.0913172
.1742803
.4106544
.1644660
.4032176
.4546983
.3745993
.2495875
.5847064
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H -2.6503021 7.3854597 1.6504236
H -2.6840555 8.5270607 0.2877888
C 2.3260574 -3.3197783 -0.3988025
C 4.0453549 -1.2240824 2.1638175
c -0.2525085 -3.3712896 4.1013140
c 0.9811375 5.0717235 -0.3861813
C -1.8373452 3.3154592 -1.8753008
c -4.0375717 -1.0329082 -4.9783321
H -3.4113114 -0.4322578 -5.6530688
H -5.0887454 -0.7688111 -5.1666498
H -3.9007939 -2.0878282 -5.2413667
C -1.8769942 -3.7628828 -2.8449937
c 1.3780368 1.5320375 -4.1194537
H 0.4826068 2.0329934 -4.5124403
H 2.2497917 1.9635976 -4.6320194
H 1.4655076 1.7639889 -3.0482697
C -1.8861599 2.8101320 3.2782355
c -4.6580369 -1.4999456 -2.5762302
H -4.6814474 -2.5760866 -2.7740993
H -5.6771949 -1.1222994 -2.7423526
H -4.4110145 -1.3448745 -1.5164094
c 1.3172615 6.5108441 0.0786785
H 0.6076073 7.2558031 -0.2967475
H 2.3145043 6.7869401 -0.2922007
H 1.3357103 6.5787203 1.1759219
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4. Coordination Behavior of a Ps-Butterfly
Complex towards Transition Metal Lewis Acids:
Preservation versus Rearrangement

Abstract: The reactivity of the P4 butterfly complex [{Cp”’Fe(CO)2}2(u,n""-P4)] (1, Cp’” = n°-CsH2'Bus) towards
divalent Co, Ni and Zn salts is investigated. The reaction with the bromide salts leads to
[{Cp’"Fe(CO)2}2(u3,n%"1-P4){MBrz}] (M = Co (2Co), Ni (2Ni), Zn (2Zn)) in which the P4 butterfly scaffold is
preserved. The use of the weakly ligated Co complex [Co(NCCHS3)s][SbFe]2, results in the formation of
[{(Cp’Fe(CQO)2)2(u3,n*""1-P4)}2Coj[SbFs]3 (3), which represents the second example of a homoleptic-like
octaphospha-metalla-sandwich complex. The formation of the threefold positively charged complex 3 occurs
via redox processes, which among others also enables the formation of [{Cp’’Fe(CO)z}a(us,n*'11-
Ps){Co(CQ)2}][SbFs] (4), bearing a rare octaphosphabicyclo[3.3.0Joctane unit as a ligand. On the other hand,
the reaction with [Zn(NCCHs3)4][PFs]2 yields the spiro complex [{(Cp’’Fe(CO)2)2(us,n?""-P4)}2Zn][PFs]> (5)
under preservation of the initial structural motif.

4.1. Introduction

Oligophosphorus compounds are a versatilely useable class of compounds and are
therefore in the focus of current research. As they typically exhibit several sterically
accessible lone pairs, these compounds show a manifold coordination chemistry.'-*)Some
of the most prominent representatives are the bis(diphenyl) phosphines of the type
Ph.P(CH.).PPh: (dppm, n = 1; dppe, n = 2; dppp, n = 3) that can act as monodentate,
chelating bidentate®® or non-chelating bidentate®®! ligands. Due to their preference to
form chelate complexes with small bite angles, these ligands are especially useful in
homogeneous catalysis.>31% Compounds with a higher phosphorus content show an even
more diverse coordination chemistry. For example, the monoanionic P; chain ['Bu.P-P-
PBuy]  is able to coordinate up to two [Cr(CO)4] fragments in an n>* fashion,!'" while linear
tetraphosphides can undergo a [4+1] cycloaddition to give five membered metalla-
cycles."? Furthermore, cyclic systems of tetraphosphines!' and pentaphosphines! can
also act as bidentate ligands. Here, regardless of the ring size, the oligophosphines always
stabilize the metal center in a 1,3-coordination mode. However, the highest diversity of
coordination modes is found for phosphorus ligands that do not bear any organic
substituents.!"l These so called P, ligands are usually obtained by reactions of white
phosphorus (P4) with either main group or transition metal moieties.'” One of the first
steps in the activation of the tetrahedral Ps molecule is the formation of a
tetraphosphabicyclo[1.1.0]butane unit'®'"l which can be stabilized by forming either
mononuclear!'®'® or binuclear!'%20-21.221 p, putterfly complexes.

Our group could show that the P4 butterfly complex [{Cp’’Fe(CO)z}2(u,n''-P4)] (1, Cp™” =
n°-CsH.'Bus) also fulfils the requirements of a bidentate ligand (Figure 4.1, top left), which
mimics the dppm ligand.*24 In 1, the central P4 butterfly unit coordinates the Lewis acids
via its two “wing-tip” phosphorus atoms. This results in complexes that can best be
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Figure 4.1. Top: Schematic illustration of the isomerization of [{Cp’’Fe(CO)2}2(u,n''-P4)] (1). Bottom:
Examples of coordination compounds A — D synthesized from 1.

compared with the corresponding dppm complexes since they exhibit a very similar
geometry, steric bulk and bite angle. However, in contrast to dppm, we could also show
that 1 is electronically very flexible. On the one hand, 1 can act as a 40-electron donor.
This is demonstrated in the case of [Cu(NCCHs)s][BF4], where the monoadduct
[{CpFe(CO)2}2(u3,n*"1-P4)}{Cu(NCCH3)}|[BFs] (A) as well as the spiro compound
[{{Cp"’Fe(CO)2}2(u3,n>""-P4)}oCu][BF4] (B) can be obtained, depending on the
stoichiometry (Figure 4.1).128l On the other hand, reactivity studies with Fe'" salts have
shown that the reaction outcome is strongly dependent on the nature of the ligands since
the ligands influence the electron affinity of the metal center. Therefore, the reaction with
[FeBro-dme] (dme = dimethoxyethane) vyields the neutral coordination compound
[{Cp"’Fe(CO)2}2(us,n*"1-P4){FeBr}] (C).2 However, performing the same reaction in the
presence of an Fe" salt with more labile acetonitrile ligands, an isomerization of the
butterfly unit to an aromatic cyclo-Ps[Fe]. entity ([Fe] = [Cp”’Fe(CO),]) is observed, which
now acts as a 61r-electron donor (Figure 4.1, top right). This leads to the formation of the
first octaphosphorus-iron-sandwich complex [{(Cp’’Fe(CO)z2)2(us,n*''-P4)}2Fe][PFs]2 (D).
The conditions of the isomerization of 1 are still not fully understood. However, the results
with Fe'"' have shown, that the reactivity is strongly dependent on the nature of the ligands
of the Lewis acid. To investigate this phenomenon further and to rationalize under what
conditions what kind of coordination behavior is to be expected, we investigated the
reaction of the butterfly complex 1 with various divalent transition metal compounds.

Herein, we report on detailed studies of the coordination behavior of the butterfly complex
1 towards 3d transition metal-based Lewis acids. A preservation of the P4 butterfly
framework is observed in most of the reactions. However, it could also be shown that 1
has a high tendency to rearrange in the presence of weakly ligated d® metals, which yields
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complexes that contain cyclo-Ps[Fe]. units ([Fe] = Cp”’Fe(CO);) or the rare
octaphosphabicyclo[3.3.0]octane unit as ligands.

4.2. Result and Discussion

The reactions of 1 with 1.1 equivalents of the divalent bromide salts CoBr», [NiBr,-dme] or
ZnBr; lead to the formation of [{Cp’’Fe(CO)2}2(us,n%>"'-P4)}{MBr2}] (M=Co (2Co), Ni (2Ni),
Zn (2Zn)), respectively, which can be isolated in moderate crystalline yields (Scheme 4.1).

. Br\MA‘\Br
oBr, or
P. .P. . / N\
G=VAN [NiBr,-dme] or ZnBr. R, P
Fel” \P/ [Fel - - Fe)” \5’/ \[Fe]
P CH,Cly, r.t.,, 16 h P
1 2Co:M = Co, 50%, (> 95%)
2Ni: M = Ni, 29%, (90%)
[Fe] = [Cp™”Fe(CO),] 2Zn: M = Zn, 36%, (90%)

Scheme 4.1. Syntheses of the coordination compounds with divalent bromide salts starting from 1. The
displayed vyields correspond to the isolated crystalline yield referred to 1. The number in brackets gives the
yield according to the 3'P NMR spectroscopy of the reaction mixtures.

The molecular structures of 2Co, 2Ni and 2Zn (Figure 4.2, Figure S4.2 and Figure S4.3)
reveal that the P4 butterfly unit is still intact and coordinates the Lewis acidic metal atom
always via the two “wing-tip” phosphorus atoms. The metal centers are coordinated in a
distorted tetrahedral fashion, which is indicated by the twist angles of the P1-M1-P2 plane
to the Br1-M1-Br2 plane of 86.15(1)° (2Co), 84.39(4)° (2Ni) and 85.92(2)° (2Zn),
respectively. The trend in the covalence radii® of Fe (rre = 1.16 A), Co (rco = 1.11 A), Ni
(i =1.10 A) and Zn (rz» = 1.18 A) is nicely reflected in the metal phosphorus bond lengths
of C (2.4364(7)/2.4823(8) A),?1 2Co (2.3614(11)/2.3959(11) A), 2Ni (2.3389(15)/-
2.3607(14) A), 2Zn (2.4479(6)/2.5002(6) A). However, the P-Ni bond lengths of 2Ni are
longer compared to the ones in the square planar complex [(dppm)NiBrz] (2.143(2) A and
2.152(2) A).®I The deviation of the geometry of the nickel center (d® configuration) from the
preferred square planar geometry ([(dppm)NiBr-]) to a distorted tetrahedral geometry (2Ni)
must be caused by the steric bulk of 1 that does not allow a square planar geometry at the
nickel atom. With 70.102(18)° the bite angle of the P4 butterfly unit in 2Zn is almost

Figure 4.2. Molecular structure of 2Co in the solid state exemplifying the structural core of 2Ni and 2Zn as
well (cf. Figure S4.2 and Figure S4.3). Hydrogen atoms and CH2Cl2 molecules are omitted for clarity. Atomic
displacement parameters (ADPs) are shown at 50% probability level.
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identical with the corresponding angle in C (70.27(3)°).?*! The cobalt and nickel analogues
exhibit a slightly larger bite angle of 73.55(4)° (2Co) and 72.08(5)° (2Ni). However, the bite
angle in 2Ni is smaller compared to the one in [(dppm)NiBrz] (75.62(8)°).8 In all three
compounds the P—P bond lengths are in the range of a common P—P single bond as it was
observed for C.[24

The "H NMR spectra (CD2Cl,) of 2Co, 2Ni and 2Zn each show three signals for the two
magnetically equivalent Cp™” ligands. The 'H NMR spectrum of 2Zn reveals two broad
singlets at & = 1.42 ppm and d = 1.37 ppm with an integral ratio of 18:9 which can be
assigned to the three 'Bu groups. The broad signal with an integral of 2 at 3 = 5.11 ppm
can be assigned to the two aryl H atoms of the Cp’” ligands. Since compound 2Co and
2Ni are paramagnetic, the signals in the '"H NMR spectra are strongly shifted. The '"H NMR
spectrum of 2Co exhibits three broad signals at 6 = -3.7, -5.8 and -26.1 ppm with an
integral ratio of 18:9:2. In the case of 2Ni, the signals with an integral ratio of 9:18:2 are
shifted to 6 = 3.9, 3.3 and —15.8 ppm, respectively.

The 3'"P{"H} NMR spectrum of 2Zn in CD,Cl, reveals two sharp triplets of an AxX spin
system at & = —43.1 ppm and & = -309.6 ppm ('Jer = 198 Hz). In comparison to the
chemical shifts of 2Zn, the signals of 1 (5 = —81.4 ppm and & = -325.0 ppm)'*??land A (&
= -73.2 ppm and & = -313.7 ppm)?® are shifted to lower ppm values.

The *'P{'"H} NMR spectrum (CDCl,) of the reaction solution of 2Zn reveals an additional
set of signals at & = 137.3, 69.3 and 16.0 ppm corresponding to a byproduct (coupling
constants are summarized in Table S4.4).2426 The integral ratio of main product to side
product is 10:1. Despite several attempts, the exact structure of this byproduct could not
be clarified yet, but according to the chemical shift as well as the coupling pattern, the
presence of a cyclo-P4 unit is very likely. The formation of this byproduct may be attributed
to a partial fragmentation of 1 as this can generate metal species that can be coordinated
by 1. The formation of cyclo-P4 containing complexes, induced by a partial fragmentation
of 1, has already been observed.?4

The 3'P{'H} NMR spectrum of 2Ni in CD.Cl, shows only one very broad signal at & =
-267.3 ppm (wy = 575 Hz) while 2Co is 3'P NMR silent. During the synthesis of 2Ni a
diamagnetic byproduct is formed which can be observed in the *'P{'H} NMR spectrum
(CD2Cl,) of the reaction solution in form of an AA’XX’ spin system at & = 97.4 ppm and
198.8 ppm. The corresponding coupling constants are summarized in Table S4.3. The
chemical shifts and coupling pattern point towards the presence of a cyclic P4 unit instead
of a P4-butterfly core. Regardless of numerous attempts, the nature of the byproduct could
not be unambiguously clarified so far.

Although 2Co and 2Ni are paramagnetic, they are EPR silent, indicating the presence of
high spin d” and d® configurations, respectively. The same behavior was observed for
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complex C where a high spin d® configuration could be verified for the central iron atom.[?4
According to the applied Evans method?”! compound 2Co possesses an effective
magnetic moment of per = 4.8 pg. Although the value is higher than 3.9 ug, which is
expected for three unpaired electrons, it is in good agreement with experimentally found
values of tetrahedrally coordinated Co" complexes (per = 4.3 — 4.7 pg).28! Complex 2Ni
exhibits an effective magnetic moment of per = 2.7 g that fits to two unpaired electrons.
However, this value is smaller compared to other tetrahedrally coordinated Ni" compounds
that have magnetic moments within the range of perr = 3.3 — 4.0 ps.?°l On the other hand,
complexes of [NiXoL] (X = ClI, Br, I; L = bis-diphosphines) are mainly described to be
diamagnetic caused by the square planar geometry.[”830]

The unexpected formation of the sandwich complex D in the reaction of 1 with
[Fe(NCCHz3)6][PFe]2,¥! inspired us to investigate the reaction of 1 with M" compounds
containing labile ligands. Therefore, we reacted two equivalents of 1 with 1.05 equivalents
of [M(NCCHa)i][X]2 (M = Co, n = 6, X = PFs, SbFs, Scheme 4.2; M = Ni, n = 6, X = PFeg,
SbFs, Scheme 4.3; M =Zn, n =4, X = PFg, Scheme 4.4). Based on 3'"P NMR spectroscopic
investigations, the reaction of 1 with [Co(NCCHa)e][X]2 (X = PFe, SbFs) leads to the
formation of a variety of products (Scheme 4.2). The use of the salt with the better soluble
hexafluorophosphate anion only allowed the characterization of the already known
compounds [{Cp”’Fe(CO)z}2(us,n*11-P4)(Cp”’Fe)][PFe]?* (E) and [Cp’’Fe(CO)s][PFs] (F)
by single crystal X-ray structure analysis, *'P NMR spectroscopy and mass spectrometry
(see supporting information). However, switching to the less soluble hexafluoroantimonate
anion additionally allows the isolation of [{(Cp"’Fe(CO)2)2(us,n*''-P4)}>Co][SbF¢]s (3) (3%)
and few crystals of [{Cp”’Fe(CO)z}s(us,n*"111-Pg){Co(CO)2}|[SbFs] (4). The central Ps unit
of 4 is a rare example of an octaphosphabicyclo[3.3.0]octane unit which must have been
formed by a dimerization of 1 in the presence of a [Co(CO)]** unit. Complex 3 however,
contains two cyclo-P4[Fe]. units that coordinate the central cobalt atom in an n*

Fel 3+ -
[Fe]u - [Fel] \ C—I[X]

QL

P TP ~~I[Fe P\& /P
o \ / gy 25 [CONCCH)X, co e 13|
CH,Cly, rt, 16 h R—=lsR™ N P\ R,
Fel= "= * [FelP CO g
1 3 4
f——— t
Brg .Br X" B~y B X
N
. @
/ {P} . 1+ 3 TI[PFg] i t e ‘ co
1D\ P PII
[Fe] \E/ [Fel ~ CH,Ch, rt, 16 Fom Pt
2Co E . nidentified F
[Fe] = [Cp™Fe(CO),]; [X] = PFgs, SbFg products

Scheme 4.2. Coordination complexes derived from 1 in the presence of labile ligated cobalt centers.
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coordination mode each. Therefore, 3 represents the second example of a homoleptic-like
octaphospha-metalla-sandwich complex.?*! The threefold positive charge of 3 indicates
that the central cobalt atom must be in the oxidation state of +lll. Hence, 3 is isoelectronic
to D,!?¥ which shows that the isomerization has a high tendency to occur in the presence
of weakly ligated d® metals. The charge of the complex also reveals that redox processes
are involved in the formation of 3. Surprisingly, the cyclic voltammogram of
[Co(NCCHjs)6][PFs]. in CH:Cl, reveals that the Co?" ion can only be reduced
electrochemically, but not oxidized (Figure S4.33). On the other hand, 1 can be both
oxidized and reduced electrochemically but both processes are irreversible (Figure S4.34).
Therefore, the Co** ion is most likely produced chemically by a reduction of 1 during the
reaction. However, the use of an excess of 1 as well as the addition of [Cp2Fe][PFs] as an
electron acceptor did not enhance the formation of 3 significantly. The driving force for this
oxidation is most likely the isomerization of the butterfly units to the aromatic cyclo-P4[Fe].
units (see Figure 4.1, top), since DFT calculations showed that the analogue reaction of
[Fe(NCCHz3)e]?* and 1 is exothermic by —118.76 kJ/mol.[?*! The redox processes must also
induce a degradation of 1, since all characterized side products indicate a partial
decomposition of 1. The tendency of butterfly complexes to decompose and rearrange in
the presence of reactive species or under harsh reaction conditions has already been
discussed in the literature.'®20241 Despite intensive efforts it was not possible to identify
other products of this reaction that would allow a better insight into the reaction pathway.
This is mainly hindered by the very similar solubility of all the products since all are charged

and bear the well soluble Cp’” ligand.

The single-crystal X-ray structure analysis of 3 reveals that the P4 butterfly units have
isomerized into cyclo-P4 units that coordinate as 6 t-electron donors to the central Co

Figure 4.3. Cationic part of the molecular structures of 3. The three SbFe™ anions, hydrogen atoms and solvent
molecules are omitted for clarity. ADPs are shown at 50% probability level.
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atom (Figure 4.3). The P—P bond lengths vary from 2.135(2) to 2.154(2) A and are between
a P—P single (=2.22 A)?% and a P=P double bond (=2.04 A).B Compared to other cyclo-
P4?"containing compounds, the P—P bond lengths of 3 are in good agreement.’?*3233 The
geometry of the cyclo-P4 units is with P-P-P angles from 83.17(8) to 96.62(8)° slightly
distorted compared to the square P42~ anion of [Cs2P4-2NH3] (89.76(4) and 90.24(4)°).B3
The deformation is most likely induced by the two sterically demanding [Fe] fragments that
stabilize each cyclo-P4 unit. However, compared to the analogue iron complex D,?*! the P-
P-P angles of 3 are slightly closer to the ideal value of 90°. The planar P4 rings in 3 (sums
of the P-P-P angles are 359.95 and 359.96°) are almost parallel with an P4 cent-C0-P4 cent.
angle of 178.00(7)°. The two cyclo-P4 units are in an eclipsed conformation while D shows
an intermediate state between the staggered and the eclipsed conformation.?*! However,
DFT calculations have predicted that the hypothetical [(P4)2Co"']” anion containing square
cyclo-P4 ligands has a staggered conformation (Dss symmetry).?4 The Fe—P distances
vary from 2.1972(17) to 2.2055(17) A and are shorter than the corresponding distances in
D (2.2255(9) to 2.2317(9) A)?4 and 1 (2.348(2) and 2.3552(19) A).l"9

The 'H NMR spectrum (CDsCN) of 3 shows three broad signals for the magnetically
equivalent Cp’” ligands at ® = 6.01, 1.44 and 1.39 ppm with an integral ratio of 2:9:18. The
3'P{'H} NMR spectrum (CD3sCN) of 3 reveals an AA’XX’ spin system at & = 196.8 and
144.1 ppm (coupling constants are summarized in Table S4.5). Compared to the iron
containing complex D (5 = 114.3 and 91.7 ppm in CD.Cl,)"?*I the signals of 3 are strongly
shifted downfield.

The molecular structure of 4 reveals the formation of a mono-cationic complex that
contains an octaphospha-bicyclo[3.3.0]octane cage (Figure 4.4), which can be derived

Figure 4.4. Cationic part of the molecular structures of 4. The SbFs anion and hydrogen atoms are omitted
for clarity. ADPs are shown at 50% probability level.
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from the realgar structure type with a [Co(CO).]** fragment inserted into the P4—P8 bond.
The Ps unit can also be described as two fused Ps rings that are twisted due to the
coordination of the [Co(CO),]** fragment. The only comparable complex with a yet more
symmetrical Pg unit is [K(dme)]2[(Cp”’Co)2(d,n*3-Ps)].?% However, the dicobalt complex
consists of two allylic subunits (P-P bond length of 2.1519(6)-2.1580(6) A) that are
connected via P—P single bonds (2.1947(6)-2.2247(6) A),® while the PP bond lengths
in 4 vary from 2.1928(17) A to 2.2308(18) A. The only exceptions are the P1-P8
(2.116(2) A) and P4-P5 (2.111(2) A) bonds that are shorter due to the side-on
coordination of the cobalt atom. The four Co—P bond lengths in 4 are not equal. The
distances to the phosphorus atoms that are also coordinated by an iron fragment are
shorter (Co1-P1 (2.2553(1) A), Co1-P5 (2.2551(17) A) compared to the substituent free
P atoms P4 (2.4058(18) A) and P8 (2.4098(17) A). The Fe—P distances vary from
2.2996(15) A to 2.3115(15) A and are slightly shortened compared to the ones in 1.1"%

The question whether the central [M(CO).] fragment in 4 contains an iron or a cobalt atom
cannot be unambiguously clarified by single crystal structure analysis. Therefore, a
solution of 4 was investigated by ESI mass spectrometry, where the presence of cobalt
was confirmed by the detection of the molecular ion peak at m/z = 1743.4. The 3'P{'H}
NMR spectrum of 4 in thf-ds shows an AA’MM’OO’XX’ spin system at & = 303.9, 234.2,
-151.4 and —-272.9 ppm (coupling constants are summarized in Table S4.6). Due to the
diamagnetic nature of 4, it can be concluded that 4 also contains cobalt in the oxidation
state +lII, which means that the ligand constitutes a Pg®~ unit.

Since the reaction of 1 with [Co(NCCHz3)e][X]2 (X = PFs, SbFg) leads to the formation of
several side products, we investigated if the selectivity is increased when starting the
reaction with compound 2Co (Scheme 4.2). Therefore, 2Co was treated with 1 and an
excess (3 equivalents) of TI[PFs] in order to eliminate the two bromido ligands by the
formation of TIBr. This should lead to vacancies in the coordination sphere of the Co'"
center while it is still bound to 1. However, the 3'P{'H} NMR spectrum of the reaction
mixture indicates that this alternative reaction pathway does not lead to an increased
selectivity, since the obtained NMR spectrum is comparable to the one of the reaction of
1 with [Co(NCCHpa)e][X]2.

The reaction of 1 with [Ni(NCCHzs)s][X]2 (X = PFs, SbFs) leads also to the formation of
several products (Scheme 4.3; 3'P{"H} NMR of the reaction mixture is depicted in Figure
S4.27). Despite several attempts, only the nickel-free fragmentation products E and F
could be isolated and characterized, which were also observed in the analogue reaction
with [Co(NCCHzs)e][X]2. The appearance of these degradation products indicates that 1
partially decomposes during the reaction with [Ni(NCCHa)s][X]. which might also be
induced by redox processes.

62



\© —‘[X] \© —I[X]

P, P .
— /\'PY \,_ ., O5[Ni(NCCHz)lX], _
Lrej \4 rej + .
CH,Cl,, rt., 16 h P—<5Pn [Fe] oc” A co
[Fe]"P_P Cco
1
E F
Fel = [Cp™F - 1X] = PF F unidentified
[Fe] = [Cp”Fe(CO)y; [X] 6, SbFg + 7 Droducts

Scheme 4.3. Coordination complexes derived from 1 in the presence of [Ni(NCCH?3)s][X]2 (X = PFs, SbFs).

In contrast, stirring 1 with [Zn(NCCHs)4][PFs]. leads to the quantitative formation of
[{(Cp”’Fe(CO)2)2(u3,n%""-P4)}2Zn][PFe]2 (5; Scheme 4.4; 68%, >95% according to 3'P NMR
spectroscopy). The spiro complex 5 bears two still intact P4 butterfly units that coordinate
the central zinc atom. The preservation of the P4 butterfly scaffold can be explained by the
electronic properties of Zn'" that has a d'° configuration. Therefore, the isomerization to
cyclo-P4 units (611-electron donors) is not expected, but the preservation of the P4 butterfly
scaffold (4o0-electron donor) enables the formation of a stable 18 valence electron complex.
The existence of such spiro complexes was already observed for B.[?®!

o 0.5 [Zn(NCCH3),]IPFel,
\/ CH,Cl,, rit., 16 h 2+
2[PF.
1 [Fela); / a[Fe] 1 2PFel
—— Zn
Br. Br
TR P, P
AN Fe” N/ “rFel
PP 1+ 3 TI[PFg] B
[Fe] \/ [Fe] CH,Cl,, rt., 16 h 5
P 68%, (> 95%)
2Zn [Fe] = [Cp”Fe(CO)s]

Scheme 4.4. Coordination complexes derived from 1 in the presence of the labile ligated Lewis acid of zinc.
The displayed yields correspond to the isolated crystalline yield referred to 1. The number in brackets gives
the yield according to the 3'"P NMR spectroscopy of the reaction mixtures.

The molecular structure of 5 reveals that the central Zn?* cation is coordinated by two
butterfly units (Figure 4.5). The distorted tetrahedral geometry at Zn1 is indicated by a twist
angle of the Zn1-P1-P2 plane to the Zn1-P1’-P2’ plane of 75.5814(5)°. This twist angle is
slightly larger than the one in B (74.882(2)°)®! but much smaller than the one in [Zn{n?-
((P(Pr)2)2N}] (87.53(5)°).3% The Zn—P bond lengths of 2.4471(11) and 2.4536(11) A are
in good agreement with the ones of complex 2Zn (2.4479(6), 2.5002(6) A). The bite angle
of 73.34(3)° is approx. 3° larger compared to 2Zn which can be explained by the steric
repulsion of the four [Fe] fragments. With 2.2102(15)-2.2252(15) A the distances between
the “wing-tip” and the “bridge-head” P atoms are in the region of P—P single bonds, while
the P3—P4 bond (2.1803(16) A) has a slight double bond character. Compared to 1,[' the
P—P bond lengths are slightly elongated which indicates a widening of the P4 butterfly
scaffold during coordination of the Zn?* cation. At the same time, the Fe—P distances
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Figure 4.5. Cationic part of the molecular structures of 5. The two PFe anions, hydrogen atoms and solvent
molecules are omitted for clarity. ADPs are shown at 50% probability level.

(2.2806(12), 2.2832(12) A) are slightly shortened compared to the free ligand complex 1
(2.348(2), 2.3552(19) A).1"9

The "H NMR spectrum (CDCl,) of 5 shows the characteristic signals for the magnetically
equivalent Cp”™ ligands at & = 5.00, 1.45 and 1.42 ppm. The *P{'H} NMR spectrum
(CD2Cly) of 5 reveals an AA’A’A”XX'X’X™ spin system at & = -13.2 and -295.3 ppm
(coupling constants are summarized in Table S4.8) for the cation and a septet at & =
-143.8 ppm for the two PFe~ anions.

Moreover, we were also interested in whether 5 can also be formed starting from 2Zn.
Therefore, 2Zn is treated with the halogen abstractor TI[PFg] in the presence of 1. The
quantitative formation of 5 was confirmed by *'P NMR spectroscopy.

4.3. Conclusion

We have reported on the versatile coordination behavior of the butterfly complex 1. On the
one hand, 1 acts as a bidentate ligand for divalent bromide salts to give complexes 2Co,
2Ni, and 2Zn. In these compounds the P4 butterfly unit coordinates the Lewis acids via the
two “wing-tip” phosphorus atoms. Thereby, the exhibited bite angles are comparable to
analogue dppm complexes. On the other hand, however, the formation of two unidentified
side products, which exhibit an altered P4 scaffold and occur during the synthesis of 2Ni
and 2Zn, indicates that complex 1 is electronically highly flexible. This behavior is
especially emphasized in the reaction with [Co(NCCHs3)e][SbFs]2, which leads to 3 as the
second example of a homoleptic octaphospha-metal-sandwich complex. Here, the P4
ligands act as 611-electron donors, which is enabled by isomerization to aromatic cyclo-P4
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ligands. However, surprisingly the starting material [Co(NCCHa)e][SbFe]. gets at least
partly oxidized from Co'" to Co"' which also leads to an unselective degradation of 1 and
the formation of several byproducts, like the monocationic compound 4, a product of a
dimerization of 1 in the presence of a [Co(CO)]** fragment. Complex 4 contains a Pg unit
which represents a rare all-phosphorus derivative of bicyclo[3.3.0]octane. The reaction of
1 and [Zn(NCCH;s)4][PFs]2 leads to the formation of the spiro complex 5 that still bears
intact P4 butterfly units. However, this outcome highlights that the isomerization is not
dependent on the nature of the ligand only, but also strongly related with electronic
properties of the metal. Therefore, this study clearly shows that the rearrangement of 1 is
feasible in the presence of weakly ligated d® metals only.
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4.5. Supporting Information

Synthesis and Characterization

General Remarks:

All manipulations were performed with rigorous exclusion of oxygen and moisture using
Schlenk-type glassware on a dual manifold Schlenk line with Argon inert gas or glove box
filled with N2 or Ar containing a high-capacity recirculator (<0.1 ppm O). All solvents were
dried using a MB SPS-800 device of company MBRAUN, degassed and saturated with
argon. Mass spectrometry was performed using a Waters Micromass LCT (ESI-MS) and
a Jeol AccuTOF GCX (LIFDI-MS), respectively. Elemental analysis (CHN) was determined
using a Vario micro cube. Infrared spectroscopy was performed using a Thermo Scientific
Nicolet iS5. spectrometer. The X-Band EPR measurements were carried out with a
MiniScope MS400 device with a frequency of 9.44 GHz and a rectangular resonator TE102
of the company Magnettech GmbH.

CoBr2 (97%), TI[PFs] (97%) and NO[SbFg] (97%) were purchased by abcr. NO[PFs] (96%)
was bought from Alfa Aesar. All commercially available chemicals were used without
further purification. Compound [{Cp’’Fe(CO)2}2(u,n"'-P4)]" (1) and [NiBr.-dme]® were
synthesized according to literature known procedures.

Synthesis of [{Cp’”’Fe(CO)z}2(u3,n%"'-P4){CoBr,}] (2Co)

0.200 g of compound 1 (0.246 mmol, 1eq) and 0.059 g of CoBr, (0.270 mmol, 1.1eq) are
suspended in 20 ml of CH,Cl,. The mixture is stirred for 16 hours at room temperature and
filtered over diatomaceous earth to give a brown reddish solution. The solution is
concentrated in vacuum and stored at —35 °C to give pure 2Co as dark brown crystalline
solid.

Yield: 0.131 g (0.126 mmol, 50%)

Analytical data of 2Co:

NMR (CD:Clz, 298 K) "H: 5 [ppm] = —26.1 (s br, 4H, CsH2'Bus),
~5.8 (s br, 18H, -(CsHs)), =3.7 (s br, 36H,
~(CaHo)2).

Due to the paramagnetic character of the
sample no signal in the 3P NMR
spectrum could be obtained in a region
of +600 to —600 ppm.

Evans method Meff [MB] = 4.8.
IR (CH2CIy) v [cm™ = 1978 (s), 2016 (m), 2024 (vs).
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Elemental analysis Calculated: C 40.88, H 5.30
(C33H5sBr2COF6204P4'(CH2C|2)1_5) Found: C 40.73, H 5.25.
Mass spectrometry (LIFDI, toluene) ‘ m/z: 1032.9 (100%) [M]*.

Synthesis of [{Cp’”’Fe(CO)2}2(u3,n*11-P4){NiBrz}] (2Ni)

In the absence of light, 0.050 g of compound 1 (0.061 mmol, 1eq) and 0.020 g of
[NiBrz-dme] (0.065 mmol, 1.1eq) are suspended in 5 ml of CH2Cl,. The mixture is stirred
for 16 hours at room temperature and filtered over diatomaceous earth to give a dark red
solution. The solution is concentrated in vacuo and stored at —35 °C to give 2Ni as dark
red crystalline solid. However, these crystals contain always traces of a diamagnetic side
product.

Yield: 0.021 g which correspond to 0.018 g of 2Ni (0.018 mmol, 29%)

Analytical data of 2Ni:

NMR (CD.Cl,, 298 K) 'H: & [ppm] = —15.8(s br, 4H, CsH.Bus),
3.3 (s br, 36H, -(C4Ho)2), 3.9 (s br, 18H, -
(CaHo)).
SIP{'H}: & [ppm] = —267.3 (br, wy =
575 Hz).

Evans method Mert [UB] = 2.7.

IR (CH2Cly) v [cm™ = 1978 (s), 2017 (m), 2024 (vs).

Mass spectrometry (LIFDI, toluene) m/z: 1031.9 (100%) [M]*, 424.1 (35%)
[Cp”’Fe(CO)2Br]".

Analytical data of the byproduct:

NMR (CD:Cl,, 298 K) 3P{'H}: & [ppm] = 97,4 (m, 1P), 198.8 (m,
1P).

Coupling constants are summarized in
Table S4.3.

Synthesis of [{Cp’’Fe(CO)2}2(us,n%"1-Ps){ZnBr2}] (2Zn)

0.100 g of compound 1 (0.123 mmol, 1eq) and 0.030 g of ZnBrz (0.065 mmol, 1.1eq) are
suspended in 10 ml of CH2Cl>. The mixture is stirred for 16 hours at room temperature to
give a dark yellow solution. The solvent is evaporated. The obtained residue is taken up
in 10 ml of toluene and filtered over diatomaceous earth. The solvent of the filtrate is
removed in vacuo to give analytically pure powder of 2Zn. Dark yellow crystals of 2Zn can
be obtained by storing a concentrated CH»Cl. solution at —35 °C.

Yield: 0.046 g (0,044 mmol, 36%)
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Analytical data of 2Zn:

NMR (CD:Clz, 298 K) "H: & [ppm] = 1.37 (s br, 18, -(CaHs)), 1.41
(Sy 36H! _(C4H9)2)1 5.1 (S bl‘, 4H:
CsﬂztBU3).

SIP{'H}: & [ppm] = —309,6 (t, 2P, Proridge-
head”, 1\JPP= 198 HZ), —-43.1 (t, 2P, P”wing—tip”,
"Jpp = 198 Hz).

*C{'H}: 8 [ppm] = 31.7 (s, -(C(CHs)s)),
31.4 (s, -(C(CHs)s)), 33.3 (s, -(C(CHa)s)),
33.9 (s, -(C(CHs)s)), 89.0 (s, CoH2C3Bus),
110.6 (S, C2H2Q3tBU3), 112.6 (S,
CzH2g3tBU3), 212.9 (bl’ S, QO)

IR (CH2Cly) v [cm™™ = 1976 (vs), 2014(s) 2023 (vs).
Elemental analysis Calculated: C 41.65, H5.38
(CsgHseBr2ZnFe204P4(CH2Cl2)) Found: C 41.68, H 5.38.

Mass spectrometry (LIFDI, toluene) m/z: 959.1 (100%) [M - Br]*, 893.0 (61%)

[M - Zn - Br]*, 814.2 (11%) [M - Zn - 2Br]*,
758.2 (12%) [M - Zn - 2Br — 2COJ*, 469.1
(97%) [Cp"Fe(CO)PJI*, 424.1 (14%),
[Cp”Fe(CO)XBr*, 3452  (13%)
[Cp™”Fe(CO)y]".

Analytical data of the byproduct that is present in the reaction mixture:3#

NMR (CD.Cl,, 298 K) 3IP{'H}: & [ppm] = 16,0 (m, 1P), 69.3 (m,
1P), 137.3 (m, 1P).

Coupling constants are summarized in
Table S4.4.

Synthesis of [M(NCCH;).][X]2 [M = Co, n = 6, X = PFs, SbFs; M = Ni, n = 6, X = PFe,
SbFs; M =2Zn, n =4, X = PF¢]

3,762 mmol of NO[X] (2 eq) is dissolved in 20 ml of CH3CN and added to a suspension of
1.976 mmol of metal powder (1.05 eq) in 10 ml of CH3CN. The reaction flask is connected
to an overpressure outlet and stirred for 20 h at room temperature in the case of cobalt
and nickel. The reaction with zinc powder is stirred for 3 h at room temperature. The
obtained suspension is reduced to half by evaporation in vacuo. To remove the remaining
metal powder the mixture is filtered over diatomaceous earth to give a clear solution.
Storing a concentrated solution at —35 °C gives crystalline [M(NCCHj3)n][X]2.

[Co(NCCHa)s][PFs]2:  Yield: 0.676 g (1.137 mmol, 61%) as orange needles
[Co(NCCHa)s][SbFg]2: Yield: 0.828 g (1.066 mmol, 54%) as orange needles
[Ni(NCCHz3)e][PFs]2:  Yield: 0.599 g (1.007 mmol, 51%) as blue needles
[Ni(NCCHj3)6][SbFe)2: Yield: 0.860 g (1.108 mmol, 51%) as blue needles
[Zn(NCCHBa)4][PFel2:  Yield: 0.977 g (0.903 mmol, 48%) as colorless needles
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Synthesis of [{(Cp’”’Fe(CO)2)2(M3,n*"1-P4)}.Co][SbF¢]s (3) and
[{Cp’”’Fe(CO)2}4(ps,n*"'""'-Pg){Co(CO)2}1[SbFs] (4)

Reaction pathway 1:

0.200 g of compound 1 (0.246 mmol, 2eq) and 0.095g of [Co(NCCHs3)e][SbFe]2
(0.123 mmol, 1.05eq) are suspended in 5 ml of CH>Cl.. The mixture is stirred for 16 hours
at room temperature during which a fluffy orange precipitate is formed. The overlaying
solution is decanted and filtered over diatomaceous earth. The orange precipitate that
remains on the frit and in the reaction flask is washed two times with a small amount of
CH,Cl,. The CHCI; solutions are combined (The *'P{'H} NMR spectrum is depicted in
Figure S4.24). The orange precipitated is taken up in CH3;CN and filtered over
diatomaceous earth to give a dark orange solution (The *'P{"H} NMR spectrum is depicted
in Figure S4.25). Both solutions are evaporated to dryness, taken up in 2 ml of 1,3-
difluorbenzene and layered under hexane.

The layering of the formerly CH3CN solution gives orange blocks of 3 that are covered with
a black oil. The oil can be removed by washing with small amounts of CH2Cl..

The layering of the formerly CH2Cl: filtrate gives a dark brown oil and a very small amount
of dark red needles of 4.

Yield of 3: 0.010 g (0,004 mmol, 3%)

Yield of 4: < 0.005 g (< 1%)

Yield of [Cp”’Fe(CO)s][SbFs]: < 0.005 g (< 1%)

Yield of [{Cp”’Fe(CO)2}2(us,n*11-P4)(Cp’’Fe)][SbFe]: < 0.005 g (< 1%)

Reaction pathway 2:

0.050 g of 2Co (0.048 mmol, 1eq), 0.039 g of 1 (0.048 mmol, 1eq) and 0.051 g of TIPFs
(0.145 mmol, 3eq) are suspended in 10 ml of CH>Cl.. The mixture is stirred for 16 h at
room temperature and filtered over diatomaceous earth. 3'P NMR spectroscopy indicates
an identical reaction outcome as described in reaction pathway 1.

Analytical data of 3:

NMR (CDsCN, 298 K) H: & [ppm] = 1.39 (s br, 36H, -(CsHo)),
1.44 (s, 72H, -(C4Ho)2), 6.01 (s br, 8H,
CsﬂztBU3).
$1P{'H}: & [ppm] = 144,1 (m, 4P), 196.8
(m, 4P).
Coupling constants are summarized in
Table S4.5.

IR (CH2CIy) v [cm™] = 2008 (m), 2043(s)
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Mass spectrometry (ESI, CH3zCN)

Analytical data of 4:
NMR (thf-ds, 298 K)

miz: 1939.2 (< 1%) [M +SbFs + OHJ",
1703.3 (< 1%) [M + O, 1577.1 (< 1%)
[M - Cp*““Fe(CO), + SbFe]*, 1359.2 (1%)
[M - Cp*Fe(CO), + OHJ, 1331.2 (< 1%)
[M - Cp*“Fe(CO), + OH - COJ*, 997.0
(7%) [M - 2Cp“‘Fe(CO).J*, 852.2 (100%)
M + OHP, 6711 (31%) [M -
Cp*“Fe(CO)J%, 386.2 (90%)
[Cp*“Fe(CO)(NCCHa)]*, 330.2 (13%)
[Cp*“Fe(NCCHs)]*, 244.9 [SbFs]-

3P{'H}: & [ppm] = 303.9 (M, 2P), 234.2
(m, 2P), =151.4 (m, 2P), —=272.9 (m, 2P).

NMR (CDs;CN, 298 K)

S'P{'H}: & [ppm] = 308.2 (m, 2P), 234.4
(m, 2P), =151.5 (m, 2P), —=272.0 (m, 2P).

Coupling constants are summarized in
Table S4.6.

Mass spectrometry (ESI, CH3CN)

miz: 1743.3 (3%) [M], 1715.3 (< 1%) [M
- COJ*, 1687.3 (< 1%) [M - 2COJ*, 1659.3
(1%) [M - 3COJ, 1159.3 (14%)
[{Cp”Fe(CO)1Ps + Cp”Fe(CO)J",
1131.3  (8%) [{Cp”Fe(CO)}Ps +
Cp”’Fe(CO)T", 1103.3 (9%)
[{Cp”Fe(CO)kpPs + Cp™Fel’, 852.2
(2%) [{(Cp”’Fe(CO)2):P4}2(Co) + OHJ**,
823.3 (< 1%) [{Cp”’Fe(CO)2}2P2 — CO -

HJ, 386.2 (23%)
[Cp*Fe(CO)(NCCHs)*, 373.1 (100%)
[Cp”’Fe(CO)J", 330.2 (20%)

[Cp*““Fe(NCCHs)]*, 244.9 [SbFs]-

Analytical data of the side product in the CH3CN washing solution:

NMR (CD:Cly, 298 K)

31P{'H}: & [ppm] = 171.0 (m, 2P), 97.9 (m,
1P), 87.7 (m, 2P), 77.0 (m, 2P), =51.9 (m
br, 1P).

Coupling constants are summarized in
Table S4.7.

NMR (CDs;CN, 298 K)

Analytical data of [Cp”’Fe(CO)s][SbFé]:
Mass spectrometry (ESI, CH3CN)

31P{"H}: & [ppm] = 165.0 (m, 2P), 99.8 (m,
1P), 87.6 (M, 2P), 78.0 (M, 2P), -53.9 (m
br, 1P).

miz: 373.1 [M]*

71



Reaction of 1 and [Ni(NCCH3)s][X]2 (X = PFe, SbFe)

0.150 g of compound 1 (0.1842 mmol, 2eq) and 0.0967 mmol of [Ni(NCCHa)e][X]> (1.05
eq) are suspended in 20 ml of CHxCI, and stirred for 16 hours at room temperature. The
mixture is evaporated in vacuo to half the volume and filtered over diatomaceous earth to
give a brown solution. This solution is investigated by *'P{'H} NMR spectroscopy (see
Figure S4.27). The rest of the solution is evaporated to dryness, taken up in 1,3-
difluorbenzene and layered under pentane to give a brown oil of an unknown composition
and small amounts of pale brown needles of [Cp”’Fe(CO)s][X].

Yield of [Cp™’Fe(CO)3][X]: < 0.005 g (< 1%)
Yield of [{Cp”’Fe(CO)a}2(ps,n""*-P4)(Cp’”Fe)][X]: = 1% (according to *'P NMR
spectroscopy)

Synthesis of [{(Cp’’’Fe(C0).)2(M3,n%"1-P4)}2Zn][PFe]2 (5)

Reaction pathway 1:

0.100 g of compound 1 (0.123 mmol, 2eq) and 0.050 g of [Zn(NCCHj3)4][PFe)2 (0.065 mmol,
1.05eq) are suspended in 10 ml of CHCl,. The mixture is stirred for 16 hours at room
temperature and filtered over diatomaceous earth to give a dark yellow solution. The
solution is concentrated in vacuo and stored at —35 °C to give 5 as dark yellow crystalline
solid.

Yield: 0.083 g (0,042 mmol, 68%)

Reaction pathway 2:

0.050 g of 2Zn (0.048 mmol, 1eq), 0.039 g of 1 (0.048 mmol, 1eq) and 0.051 g of TIPFe
(0.145 mmol, 3eq) are suspended in 10 ml of CH2Cl.. The mixture is stirred for 16 h at
room temperature and filtered over diatomaceous earth. 3'P NMR spectroscopy indicates
an identical reaction outcome as described in reaction pathway 1.

Analytical data of 5:

NMR (CD.Cl,, 298 K) H: & [ppm] = 1.42 (s br, 36H, -(C4Ho)),
1.45 (s, 72H, -(C4Ho)2), 5.00 (s br, 8H,
CsﬂztBU3).

31P{1H}: 0 [ppm] = —295,3 (m, 4P, |:)"bridge—
head’),—143.8 (sept, 2P, PF¢ ), —13.2 (m,
4P’ I:)"wing-tip”)-

Coupling constants are summarized in
Table S4.8.
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*C{'H}: 3 [ppm] = 31.8 (s, -(C(CHs)s)),
32.6 (s, -(C(CHs)s)), 33.4 (s, -(C(CHs)3)),
33.8 (s, -(C(CHs)s)), 89.0 (s, CoH2C3sBus),
111.4 (S, C2H2Q3tBU3), 113.9 (S,
CzH2g3tBU3), 211.8 (bl’ S, QO)

IR (CH2CIy) v[cm™] = 1989 (s), 2023 (vs), 2030 (s)
Elemental analysis Calculated: C44.70,H5.75
(CyeH116F12Fe4OgP1oZn . CHzC|2) Found: C 44.87, H 5.64

Mass spectrometry (ESI, CH3CN) m/z: 1131.3 (9%) [{Cp”’Fe(CO)2}.Ps +
Cp”’Fe(CO)Y*, 1103.3 (10%)
[{Cp”’Fe(CO).}.Ps + Cp’Fe]*, 1075.4
(1%) [{Cp’Fe(CO)2}2P4 + Cp'”Fe - COJ",
1019.4 (1%) [{Cp’Fe(CO)2}.P4 + Cp”’Fe
- 3CQJ*%, 991.4 (< 1%) [{Cp’Fe(CO)2}2P4
+ Cp”Fe - 4COJ], 358.2 (14%)
[Cp““Fe(CO)(NCCHs3)]*, 330.2 (100%)
[Cp““Fe(NCCHa)]", 144.9 [PFe].

Crystallographic Details

General remarks:

Single crystal structure analyses were performed using either Rigaku (formerly Agilent
Technologies) diffractometer GV50, TitanS2 diffractometer (2Ni, 2Zn, 3, 4,
[Cp”’Fe(CO)s][PF¢], [Cp’Fe(CO)s][SbFs]) or SuperNova, Single source at offset, Atlas
diffractometer (2Co) or a Gemini Ultra diffractometer (Oxford diffraction) with an AtlasS2
detector (5) with Cu-Ka radiation (A = 1.54178 A). Frames integration and data reduction
were performed with the CrysAlisPro® software package. All structures were solved ether
by ShelXT®! (2Ni, 2Zn, 3, 4, 5, [Cp"’Fe(CO)s][PFs]) or ShelXS!" (2Co, [Cp"’Fe(CO)s][PFé))
using the software Olex2[® and refined by full-matrix least-squares method against F? in
anisotropic approximation using ShelXLP. Hydrogen atoms were refined in calculated
positions using riding on pivot atom model. Further details are given in Table S4.1 and
Table S4.2.

CCDC-2026542 (2Co), CCDC-2026543 (2Ni), CCDC-2026544 (2Zn), CCDC-2026545
(3), CCDC-2026546 (4), CCDC-2026547 (5), CCDC-2026548 ([Cp’”’Fe(CO)s][PF¢]), and
CCDC-2026549 ([Cp’’Fe(CO)s][SbFe]) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at:
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: + 44-1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

Table S4.1. Crystallographic data and details of diffraction experiments for 2Co, 2Ni, 2Zn and 3.

3 - 2.61(CeH4F2) -

Compound 2Co - 2(CH2Cl2) 2Ni - 2(CH2Cl2) 2Zn - 2(CH2Cl2) 0.8(CsH1a)

Formula CaoHe2Br2ClsaCoFe2 | CaoHe2BroClaFeaNi | CaoHs2BraClsaFe20s | Cop.asH137.64C0OF23.22
O4P4 O4P4 P4Zn Fe4OsPsSba

CCDC number 2026542 2026543 2026544 2026545

Dcaic/ g cm 1.585 1.577 1.587 1.577
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y/mm-! 12.405 10.240 10.368 12.199
Formula Weight 1203.02 1202.80 1209.46 2761.74
Color dark brown dark brown clear yellow clear dark orange
Shape plate plate plate irregular
Size/mm?3 0.13x0.11x0.04 0.10x0.08x0.04 0.33x0.15x0.03 0.26x0.19x0.11
TIK 123.01(10) 122.94(18) 122.96(11) 122.93(19)
Crystal System monoclinic monoclinic monoclinic monoclinic
Space Group P2i/c P24/c P24/c P2i/c

alA 21.1398(6) 21.1466(7) 21.1695(4) 14.5876(2)
b/A 13.2714(3) 13.2685(2) 13.31570(10) 27.7347(4)
clA 19.7648(6) 19.8156(7) 19.7952(4) 29.2809(4)
al’ 90 90 90 90

Bl 114.622(4) 114.327(4) 114.868(2) 100.9578(13)
v/ 90 90 90 90

VIA3 5040.9(3) 5066.3(3) 5062.62(16) 11630.5(3)
Z 4 4 4 4

Z' 1 1 1 1
Wavelength/A 1.54184 1.54184 1.54184 1.54184
Radiation type Cu Ka Cu Ka Cu Ka Cu Ka
Ominl’ 4.141 4.045 4.040 3.463
Omaxl” 72.952 73.966 74.487 67.079
Measured Refl's. | 18681 24114 28759 79709
Ind't Refl's 9630 9793 9842 20695
Refl's with | > 2(1) | 8451 7622 9533 16742

Rint 0.0399 0.0564 0.0261 0.0782
Parameters 541 542 542 1559
Restraints 0 0 0 550
Largest Peak 0.772 1.114 0.607 1.835
Deepest Hole -0.645 -0.742 -0.514 -2.029
GooF 1.098 1.035 1.082 1.045

wR:2 (all data) 0.1062 0.1274 0.0752 0.1993
wR2 0.1024 0.1152 0.0746 0.1885

R (all data) 0.0537 0.0717 0.0283 0.0823

Ry 0.0455 0.0509 0.0275 0.0691

Table S4.2. Crystallographic data and details of diffraction experiments for 4, 5, [Cp”’Fe(CO)3][PFs] and
[Cp”’Fe(CO)s][SbFe].

Compound 4 5 - 4(CH2Cl2) [Cp’Fe(CO)s][PFe] | [Cp"Fe(CO)s][SbFe]
Formula Co0.5CoFeFesH146 CsoH124ClsF12FesOs | C20H20FeFeOsP C20H20F6FeO3Sb
010PsSb P10Zn

CCDC number | 2026546 2026547 2026548 2026549
Dearc./ g cm™3 1.316 1.481 1.467 1.657
y/mm-" 8.850 8.546 6.408 14.129
Formula Weight | 2159.90 2323.85 518.25 609.03
Color dark brown clear yellow dark brown dark yellow
Shape needle plate irregular needle
Size/mm?3 0.20x0.09x0.04 0.45%0.14x0.06 0.62x0.39x0.34 0.45x0.08x0.07
TIK 123.00(10) 123(1) 123.00(10) 123.00(10)
Crystal System triclinic orthorhombic orthorhombic monoclinic
Flack Parameter | - -0.006(3) -0.007(4) -
Hooft Parameter | - -0.0058(16) -0.012(3) -
Space Group P-1 Pba2 P212121 P24/c
alA 14.1898(4) 17.45470(10) 10.1272(3) 10.89360(10)
bIA 19.3435(4) 21.0632(2) 14.0681(4) 12.39000(10)
clA 20.7967(4) 14.17520(10) 16.4718(5) 18.0885(2)
al’ 96.846(2) 90 90 90
Bl 95.481(2) 90 90 91.2600(10)
v/ 104.082(2) 90 90 90
V/IA3 5451.1(2) 5211.54(7) 2346.75(12) 2440.85(4)
Z 2 2 4 4
Z' 1 0.5 1 1
Wavelength/A 1.54184 1.54184 1.54184 1.54184
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Radiation type Cu Ka Cu Ka Cu Kq Cu Kq
Ominl” 3.238 4,198 4.133 4.059
Omaxl’ 66.600 71.769 74.186 73.958
Measured Refl's. | 56856 34731 5871 13817
Ind't Refl's 19063 9438 3987 4773
Refl's with | > 13306 9100 3861 4452
2(1)

Rint 0.0953 0.0393 0.0287 0.0255
Parameters 1073 594 289 336
Restraints 204 19 0 28
Largest Peak 0.991 0.491 0.246 0.437
Deepest Hole -0.655 -0.908 -0.454 -0.391
GooF 1.027 1.033 1.045 1.037
wR: (all data) 0.1880 0.0978 0.0867 0.0527
WR> 0.1703 0.0962 0.0854 0.0517
R (all data) 0.0893 0.0377 0.0340 0.0227
R1 0.0651 0.0358 0.0327 0.0205

X-ray diffraction on Crystals of 2Co

In the crystal structure of [{Cp”’Fe(CO)2}2(u3,n%""-P4){CoBr,}] - 2(CH.Cl;) (2Co) a chlorine
atom of one the CH2Cl, molecules is disordered over two positions and was refined to an
occupancy of 50:50.

™

o

Figure S4.1. Molecular structure of 2Co - 2(CH2Cl2) in the crystal. Hydrogen atoms are omitted for clarity.
ADPs are drawn at 50% probability level. Selected bond length [A] and angles [°] are: P1-P3 2.2183(13), P1-
P4 2.2034(13), P2-P3 2.2113(13), P2-P4 2.2210(14), P3-P4 2.1926(14), P1---P2 2.8481(13), Co-P1
2.3614(11), Co-P2 2.3959(11), Co-Br1 2.3669(7), Co-Br2 2.3753(8), P1-Fe1 2.2538(11), P2-Fe2 2.2768(11).
Br1-Co-Br2 114.80(3), Br1-Co-P1 112.97(4) Br1-Co-P2 111.85(4), Br2-Co-P1 114.37(4), Br2-Co-P2 122.67(4),
P1-Co-P2 73.55(4).
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X—ray diffraction on Crystals of 2Ni

In the crystal structure of [{Cp”’Fe(CO)2}2(us,n*""-P4)}{NiBr2}] - 2(CH.Cl.) (2Ni) a chlorine
atom of one the CH2Cl, molecules is disordered over two positions and was refined to an
occupancy of 65:35.

Figure S4.2. Molecular structure of 2Ni - 2(CH2Cl2) in the crystal. Hydrogen atoms are omitted for clarity.
ADPs are drawn at 50% probability level. Selected bond length [A] and angles [°] are: P1-P3 2.1888(15), P1-
P4 2.2108(17), P2-P3 2.2047(16), P2-P4 2.2073(18), P3-P4 2.2156(17), Ni-P1  2.3389(15),  Ni-P2
2.3607(14), Ni-Br1 2.3629(10), Ni-Br2 2.3591(9), P1-Fe1 2.2622(13), P2-Fe2 2.2802(12), Br1-Ni-Br2
123.81(4), Br1-Ni-P1 107.25(5), Br1-Ni-P2 104.08(4), Br2-Ni-P1 112.88(4), Br2-Ni-P2 124.47(5), P1-Ni-P2
72.08(5).

X—ray diffraction on Crystals of 2Zn

In the crystal structure of [{Cp”'Fe(CO)2}2(u3,n*"1-P4}{ZnBrz}] - 2(CH.Cl,) (2Zn) a chlorine
atom of one the CH2Cl> molecules is disordered over two positions and was refined to an
occupancy of 66:34.
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Figure S4.3. Molecular structure of 2Zn - 2(CH2Cl2) in the crystal. Hydrogen atoms are omitted for clarity.
ADPs are drawn at 50% probability level. Selected bond length [A] and angles [°] are: P1-P3 2.2137(7), P1-
P4 2.1993(7), P2-P3 2.2087(7), P2-P4 2.2143(8), P3-P4 2.2010(8), P1---P2 2.8420(8), Zn-P1 2.4479(6), Zn-
P2 2.5002(6), Zn-Br1 2.3629(4), Zn-Br2 2.3655(4), P1-Fe1 2.2583(6), P2-Fe2 2.2827(6), Br1-Zn-Br2
117.21(1), Br1-Zn-P1 112.46(2), Br1-Zn-P2 110.28(2), Br2-Zn-P1 115.15(2), Br2-Zn-P2 122.77(2), P1-Zn-P2
70.10(2).

X—ray diffraction on Crystals of 3

The X-ray diffraction experiment of [{(Cp’Fe(CO)2)2(us,n*""-P4)}.Co][SbFs]s
2.61(CsH4F2) - 0.8(CeH14) (3) suffers from disorder of the hole cation, all anions as well as
one hexane molecule (Figure S4.4). The cation as well one SbF¢™ anion is disordered over
two position with an occupancy of 97:3. For the discussion of the bond length as well as
the angles only the main component was taken into account (Figure S4.5). Due to the low
occupancy of the minor part, only the heavy atom scaffold (P, Fe, Co) as well as one Sb
atom could be refined (Figure S4.6). The already mentioned SbFg anion is disordered in
total over three position with an occupancy of 60:37:3. The other two anions were refined
with occupancies of 55:44 and 80:20 over two positions, respectively. One position of the
three o-dfb (CsH4F2) solvent molecules is only 61% occupied. The hexane position is
occupied in 80% while one CHs group is also disordered over two positions with an
occupancy of 50:30.
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Sl: 4. Coordination Behavior of a P4s-Butterfly Complex towards
Transition Metal Lewis Acids: Preservation versus Rearrangement

Figure S4.4. Asymmetric unit of 3 - 2.61(CeHaF2) - 0.8(CeH14) in the solid state displaying all the disordered
parts. Hydrogen atoms are omitted for clarity. ADPs are drawn at 50% probability level.

Figure S4.5. Part 1 of the Molecular structure of 3 - 2.61(CeH4F2) - 0.8(CeH14) in the crystal. Hydrogen atoms
are omitted for clarity. ADPs are drawn at 50% probability level. Selected bond length [A] and angles [°] are:
P1-P2 2.151(2), P2-P3 2.147(2), P3-P4 2.137(2), P1-P4 2.139(2), P5-P6 2.135(2), P6-P7 2.137(2), P7-P8
2.154(2), P5-P8 2.151(2), Fe1-P1 2.2007(17), Fe2-P3 2.1972(17), Fe3-P5 2.2055(17), Fe4-P7 2.2013(18),
Co1-P1 2.2685(17), Co1-P2 2.3589(17), Co1-P3 2.2749(17), Co1-P4 2.3581(19), Co1-P5 2.2691(17), Co1-
P6 2.3636(18), Co1-P7 2.270(2), Co1-P8 2.3486(19); P4-P1-P2 96.45(8), P1-P2-P3 83.17(8), P2-P3-P4
96.62(8), P3-P4-P1 83.71(8), P8-P5-P6 96.25(8), P5-P6-P7 84.20(8), P6-P7-P8 96.09(9), P7-P8-P5 83.42(8),
P2-P1-Fe1 130.59(9), P4-P1-Fe1 132.03(9), P2-P3-Fe2 132.72(8), P4-P3-Fe2 130.33(9), P6-P5-Fe3
130.38(9), P8-P5-Fe3 132.73(9), P6-P7-Fe4 131.11(9), P8-P7-Fe4 131.51(9).
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Figure S4.6. Part 2 of the Molecular structure of 3 - 2.61(CeHaF2) - 0.8(CeH14) in the crystal. Due to the
occupancy of the cation as well as one SbFe™ anion of only 3%, only the heavy atom scaffold can be refined.

X-ray diffraction on Crystals of 4

In the crystal structure of [{Cp’’Fe(CO)z}a(us,n**111-Pg){Co(CO)2}][SbFs] (4) the SbFe
anion is disordered over two positions with an occupancy of 52:48.

Figure S4.7. Molecular structure of 4 in the crystal. Hydrogen atoms are omitted for clarity. ADPs are drawn
at 50% probability level. Selected bond length [A] and angles [°] are: P1-P2 2.2075(18), P1-P8 2.116(2), P2-
P3 2.2046(19), P2-P6 2.1928(17), P3-P4 2.2308(18), P4-P5 2.111(2), P5-P6 2.2162(18), P6-P7 2.2075(19),
P7-P8 2.2246(19), Fe1-P1 2.3022(15), Fe2-P5 2.3115(15), Fe3-P3 2.3101(16), Fe4-P7 2.2996(15), Co1-P1
2.2553(15), Co1-P4 2.4058(18), Co1-P5 2.2551(17), Co1-P8 2.4098(17); P8-P1-P2 108.49(8), P1-P2-P6
100.16(7), P1-P2-P3 89.22(7), P6-P2-P3 104.79(7), P2-P3-P4 101.39(7), P3-P4-P5 107.60(8), P4-P5-P6
108.24(7), P5-P6-P7 89.17(7), P5-P6-P2 100.48(7), P2-P6-P7 105.03(8), P6-P7-P8 101.37(7), P7-P8-P1
107.51(8).
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X—ray diffraction on Crystals of 5

The crystal structure of [{(Cp’Fe(CO)2)2(us,n*"'-P4)}2Zn][PFs]2 - 4(CH2Cl.) (5) contains
half of the molecule in the asymmetric unit. The chlorine atom of one the CH>Cl, molecules
is disordered over two positions and was refined to an occupancy of 52:48.

Figure S4.8. Molecular structure of 5 - 4(CH2Clz) in the crystal. Hydrogen atoms are omitted for clarity. ADPs
are drawn at 50% probability level. Selected bond length [A] and angles [°] are: P1-P3 2.2152(15), P1-P4
2.2214(15), P2-P3 2.2252(15), P2-P4 2.2102(15), P3-P4 2.1803(16), Zn1-P1 2.4536(11), Zn1-P2 2.4471(11),
Fe1-P1 2.2832(12), Fe2-P2 2.2806(12); P1-Zn1-P1’ 137.35(6), P1-Zn1-P2 73.34(3), P1-Zn1-P2’ 123.68(4),
P2-Zn1-P2’ 136.79(6), P2-Zn1-P1’ 123.68(4).

X—ray diffraction on Crystals of [Cp”’Fe(CO)s][PFe]

Figure $4.9. Molecular structure of [Cp’’Fe(CO)s][PFg] in the crystal. Hydrogen atoms are omitted for clarity.
ADPs are drawn at 50% probability level.
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X-ray diffraction on Crystals of [Cp”Fe(CO)s][SbFs]

In the crystal structure of [Cp’’Fe(CO)s][SbFs] the SbFe¢ anion is disordered over two
positions with an occupancy of 55:45.

Figure $4.10. Molecular structure of [Cp’’Fe(CO)s][SbFe¢] in the crystal. Hydrogen atoms are omitted for clarity.
ADPs are drawn at 50% probability level.

NMR Spectroscopy

General remarks:

'H, 3'P and '*C NMR spectra were recorded on a Bruker Avance Ill HD 400 ('H:
400.130 MHz, 3'P: 161.976 MHz, 3C: 100.655 MHz ) at 298 K. The chemical shifts are
reported in ppm relative to external TMS ('H, ®C) and Hs;POs (3'P). The *'P NMR
simulation was performed with the simulation tool of Bruker TopSpin (Version 4.0.8.).
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Figure S4.11. "H NMR spectrum of 2Co in CD2Cl2. Impurities are marked with *.
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Figure $4.12. 'H NMR spectrum of 2Ni in CD2Cl2. Impurities are marked with *.
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Figure S$4.13. 3'P{'"H} NMR spectrum of 2Ni in CD2Cl2. The signals marked with * belong to an unknown side
product.
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Figure S4.14. Simulated 3'P{'"H} NMR spectrum of the AA’XX’ spin system in the reaction of 2Ni.

Table S4.3. Calculated coupling constants of the AA’XX’ spin system with a R-factor of 2.53%.
Chemical shift [ppm] | Coupling constants [Hz]

AA 198.8 20 -0.4 | Uax 2820
XX 97.3 Uax 3221 | Uax  326.0
Jax  286.3 | Wxx -28.0
R! R?
Fe
\P\x,—|—P\R/[ ]
[Fel— AT "Xegi

Scheme S4.1. Postulated structure of the byproduct based on the coupling constants obtained by the
simulation. R" and R? are possible pattern for substitution.
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Figure S$4.15. 'H NMR spectrum of 2Zn in CD2Cl>.
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Figure $4.16. 3'P{'H} NMR spectrum of 2Zn in CD2Clz.
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Figure S4.17. '3C{'"H} NMR spectrum of 2Zn in CD2Cl..
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Figure S4.18. Reaction 3'"P{'"H} NMR spectrum of the synthesis of 2Zn in CD2Cl2. The signals marked with *

belong to an unknown side product.
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Figure S4.19. Simulated 3'"P{'"H} NMR spectrum of the A2MX spin system in the reaction of 2Zn. These Signals
were mistakenly assigned to [{Cp’’Fe(CO)z}2(u3,n""2-P4){Cp™’Fe(CO)}]* in the previous work.™!

Table S4.4. Calculated coupling constants of the A2MX spin system with a R-factor of 0.29%.
Chemical shift [ppm] | Coupling constants [Hz]

A 137.3 TJam 304.7
M 69.3 1Jax 204.3
X 15.9 2Jmx 25.5
n+
R2
P —| P/[Fe]
[Fe]/PA Pu. -

Scheme S4.2. Postulated structure of the byproduct based on the coupling constants obtained by the
simulation. R, R? and R3 are possible pattern for substitution.
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Figure $4.20. "H NMR spectrum of 3 in CD3CN. Impurities are marked with *.
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Figure S4.21. 31P{1H} NMR spectrum of 3 in CD3CN.

87



T T T T T T T T T T T T T T T 1
205 200 195 190 185 180 175 170 165 160 155 150 145 140 135 ppm

Figure S$4.22. Simulated 3'P{'"H} NMR spectrum of 3 (AA'’XX’ spin system).

Table S4.5. Calculated coupling constants of the cation of 3 (AA’XX’ spin system) with a R-factor of 3.68%.

Chemical shift [ppm] | Coupling constants [Hz]
AA 196.7 2Jaa 20.8 | Uax 366.7
XX’ 144.2 2xx -16.8 | "Uax  363.2

Felr... +
Felip —p |

Px T - PA‘[Fe]

vk

[Fe]= PA™

Scheme S4.3. Schematic view of the cation of 3 for the NMR assignment.
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Figure $4.23. Simulated 3'P{'"H} NMR spectrum of 4 (AA'MM’OO’XX’ spin system).
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Table S4.6. Calculated coupling constants of the cation of 4 (AA'MM OO’XX’ spin system) with a R-factor of
2.31%.

Chemical shift [ppm] | Coupling constants [Hz]

AA 303.9 Jao 316.2 | Uno 3099 | 2Jam  62.2
MM’ 234.2 Uax 166.5 | WUax 1726 | 2Jox 92.8
oo’ -151.4 Uvo 3283 | 'Uwo 332.0 | 2Jamw  57.9
XX’ -272.9 Umx  202.7 | Uwx 1974 | 2ox 91.6

Scheme S4.4. Schematic view of the cation of 4 for the NMR assignment.

T T T T T T T T T T T T T T T T T
450 400 350 300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300 ppm

Figure S4.24. CH2Cl2 washing solution of the reaction of 1 and [Co(NCCHz3)s][SbFs]2 in CD3CN. The signal
marked with a square (o) can be assigned to 4 while the signal marked with a dot (e) is part of the signal that
can be assigned to the cation of [{Cp”’Fe(CO)2}2(us3,n""4-P4)(Cp’’Fe)]*.1!
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Figure S4.25. CH3zCN washing solution of the reaction of 1 and [Co(NCCHa)e][SbFe]2 in CD3CN. The signal
marked with a square (o) can be assigned to 3 while signals marked with a dot (e) indicate the formation of an
unknown side product.

T T T T T T T T T

T T T T T
180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -80 ppm

Figure S4.26. Simulated 3'P{'H} NMR spectrum of the side product marked with a dot (e) in CD2Cl2
(A2MN202X spin system) (see Figure S4.25).

Table S4.7. Calculated coupling constants of the A2MN202X spin system with a R-factor of 1.15%.
Chemical shift [ppm] | Coupling constants [Hz]

A 171.0 2 11.8 2Jwo  20.0
M 97.9 20an 179 | Uwx 174
N 87.7 Jao 363.0 | 2o 20.5
(0] 77.0 20ax 167 Uk 318.6
X -51.9 Uuwn 2234 | 2Jox 17.5
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Scheme S$4.5. Postulated structure of the byproduct based on the coupling constants obtained by the
simulation. The nature of Y is still unclear. However, the formation of a hydroxy species (Y = OH) is very likely.
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Figure S4.27. Reaction 3'P{'"H} NMR spectrum of the reaction of 1 and [Ni(NCCH3)e][SbFs]2 in CD2Cl2. The
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Figure S4.28. 3'P{'"H} NMR spectrum of the reaction solution of 5 in CD2Cl2. The marked signals are assigned
to the starting material.
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Figure $4.29. 'H NMR spectrum of 5 in CD2Clz.
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Figure $4.30. 3'P{'"H} NMR spectrum of 5 in CD2Cl>.
R — —— T N N
r T T T T 1 T T T T 1
12 13 14 45  ppm 204 295 296  -297 ppm

Figure S4.31. Simulated 3'P{'"H} NMR spectrum of 5 (AA’A”A”’XX’X"X" spin system).

Table S4.8. Calculated coupling constants of the cation of 5 (AA'A’A”’XX’X”X” spin system) with a R-factor
of 0.59%.

Chemical shift [ppm] | Coupling constants [Hz]

AA'A”A” 2952 | 2Jax 36.0 | 2Jaar 27.7 | Wma  -258

XXX X -13.1 Uax  198.8 | Uax»  199.0 | 2Jaa»  -1.5
Uax  197.1 | "arx  198.6 | 2Jan  -43.3
Uxx  150.2 | Uxx»  149.5 | 2Janm  -33.4
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Scheme S4.6. Schematic view of the cation of 5 for the NMR assignment.
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Figure $4.32. '3C{"H} NMR spectrum of 5 in CD2Cl>.

Magnetic Measurements in Solution (Evans Method)

Magnetic susceptibilities x;,..s and effective magnetic moments ;s of paramagnetic
compounds in solution were determined by 'H NMR spectroscopy using the Evans
method® with pure solvent as internal reference according to equation'® (1) and (3). The
diamagnetic contributions were considered in equation (2) while y,;, is determined from
literature known values that are summarized in "', '"H NMR spectra were recorded on a
Bruker Avance Ill HD 400 ('H: 400.130 MHz) spectrometer.

Equations:
_ 3 - Af
Tmeas = 1000 - f - ¢
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Zpara = Imeas - Zdia (2)

Heff =798 - ’T ) Xpara (3)
Where

Xmeas 1S the measured molar susceptibility of the sample in m® - mol™,
Xaiq 1S the diamagnetic molar susceptibility of the sample in m® - mol™,
Xpara 18 the paramagnetic molar susceptibility of the sample in m3 - mol™,

Af is the chemical shift difference between solvent in presence of paramagnetic solute
and pure solvent in Hz,

fis the operating frequency of NMR spectrometer in Hz,

c is the concentration of paramagnetic sample in mol - L™,

T is the absolute temperature in K, and

Hery is the effective magnetic moment in ps.

Cyclic Voltammetry

General Remarks:

For the cyclic voltammetry measurements, a cell of 5 ml volume was used. The cell was
filled with a CHxCl. solution of 0.01 mmol of the analyte and 750 mg of the conducting salt
[("Bu)aN][PFs]. The setup contains three electrodes: the working electrode as well as the
counter electrodes are each Pt wires, while the reverence electrode is made from Ag wire.
Ferrocene was used as an internal standard.

-2.700 -1.700 -700 300 1.300 2.300

10,0 \ 10,0
—>
0,0 - 4 0,0
-10,0 - 4 -10,0
-20,0 - -4 -20,0
I (nA)

-30,0 - -+ -30,0
-40,0 - | -40,0
-50,0 \ \ \ \ -50,0

-2.700 -1.700 -700 300 1.300 2.300

E (mV)

V vs. Cp,Fe/Cp,Fe*

Figure $4.33. Cyclic voltammogram of [Co(NCCHz)s][PFs]2.
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Figure S4.34. Cyclic voltammogram of 1.
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5. From a P4 Butterfly Scaffold to cyclo- and
catena-P4 Units

Abstract: The reactivity of [{Cp’"Fe(CO)2}2(u,n""-P4)] (1) towards half-sandwich complexes of Ru(ll), Rh(lll),
and Ir(lll) is studied. The coordination of these Lewis acids leads to a rearrangement of the P4 butterfly unit to
form complexes with either an aromatic cyclo-P4R2 unit (R = Cp’’Fe(CQ)z) or a catena-tetraphosphaene entity.

5.1. Introduction

The activation of small molecules is an active research topic. This research area focuses
mainly on inert molecules such as Hy!"2 Np!'"¥ CO,M™ and CHil'lsince their
functionalization might be important to solve e.g. energy problems. However, this research
area also includes highly reactive compounds such as white phosphorus (P.) where the
focus is to control its reactivity. In industrial applications, P4 is an important starting material
for the synthesis of organophosphorus derivatives. However, their synthesis proceeds via
multistep reactions with low atom economic efficiency. To increase the sustainability, a
direct and selective functionalization is desired. Therefore, the degradation of tetrahedral
P4 in the presence of reactive main group compounds®! and transition metal complexes!®
is investigated (Scheme 5.1, left). Typically, harsh reaction conditions are needed to
generate these reactive metal species.”#'? |n the field of P4 conversion, work was done
by the Scherer group, e.g. by showing that the photolysis of [Cp”Fe(CO).]. (Cp” = n°-
CsHsBuy) in the presence of P4 leads to [Cp”2Fez(CO)nP4] (n = 3, 4 type A, n = 2 type B,
n =1 and n = 0 type D) by successive decarbonylation (Scheme 5.1, left).l Comparable
results were obtained via thermolytic reactions of P4 with [Cp”’Fe(CO).].**! (Cp” = n°-
CsH2Bus), [Cp*Co(CO)"! (Cp* = n®-CsMes) and [Cp*Co('Pralm)(n2-C2H4)]1"% ! (Pralm =
1,3-di-isopropylimidazolein-2-ylidene), respectively. The thermolysis of [Cp*Ni(CO)]. leads
to complexes of the type E.I'S! In molten GaCls, P4 can also be converted by in situ
generated Ph,P*,['?l |eading to the insertion of phosphonium cations into several P-P
bonds to form cationic P4(PPhz) (type A), Ps(PPh2). (type C) and P4(PPhz)s; (type F)
compounds.

Conversions of P4 at mild conditions is an overall goal in this chemistry, which can be
achieved with coordinative unsaturated complexes,['®'] like the triple-decker complex
[(Cp™Co)2(u-C7Hs)].['® In solution it dissociates into the 14-valence-electron (VE) fragment
[Cp’’Co] and reacts readily with complexes bearing intact tetrahedral P4 units to cyclo-P4
(type B) containing derivatives.['®l On the other hand we showed that the formation of the
butterfly complex [{Cp”’Fe(CO)2}2(u,n"1-P4)]® (1) by the reaction of [Cp”’Fe(CO)]. with P4
does not need thermal activation and already occurs quantitatively at room temperature.!'?
The reactivity of 1 is very versatile, since the reaction with PhC=CPh or P=C'Bu gives
access to triphospholyl- and tetraphospholyl-containing iron complexes.?” We could also
show that 1 has the properties of a chelate ligand (Scheme 5.1, right, coordination type
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Scheme 5.1. Left: Schematic overview of a first steps of the successive degradation of the P4 tetrahedron.
Charges and lone pairs of electrons are omitted for the sake of simplicity. Right: Donor capabilities of 1 and
the resulting complexes.

1).2"-231 Here, the P4 butterfly scaffold coordinates to various transition metal-based Lewis
acids via the two “wing tip” phosphorus atoms. However, in the presence of a d® metal
Lewis acid like Fe(ll) that bears ligands that can easily be substituted, an unusual
isomerization of the butterfly unit (4o e~ donor, coordination type I) to an aromatic cyclo-
P4R unit (611 e donor, R = [Cp’’Fe(CO),], coordination type Il) is observed, giving access
to the unique homoleptic octaphosphorus sandwich complex [{(Cp”’Fe(CO)z)2(us,n*''-
P4)}2Fe][PFe)2.?2 To obtain deeper insight into the isomerization reaction of 1, it was
reacted with various 3d metal Lewis acids to give mainly coordination as a chelating ligand,
but in one case an isomerization via a redoxreaction to Co(lll) occurred.”” Since the
availability of 3d® metal-based Lewis acids like Fe(ll) and Co(lll) is limited, the question to
use 4d and 5d transition metal complexes, which typically yield products with a higher
stability, came into mind. This might alter the reaction outcome in general. Herein, we
report on the reactivity of 1 towards Ru(ll)-, Rh(lll)-, and Ir(lll)-based Lewis acids,
surprisingly leading exclusively to an isomerization to form cyclo- and also catena-P.
containing complexes.

5.2. Results and Discussion

A method to generate unsaturated transition metal fragments in solution is to treat the
corresponding metal halide precursor with an excess of a thallium(l) salt that bears a
weakly coordinating anion to eliminate poorly soluble thallium(l) halides. This was used to
generate the solvent-stabilized (CH3CN or CH,Cl,) species “[CymRu][PFg]2” (Cym = para-
cymene) and “[Cp*M][PFs].” (M = Rh, Ir) in situ. These metal fragments react smoothly
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Scheme 5.2. Synthesis of the isomerization products starting from 1. The yields in italics are based on the 3'P
NMR spectra of the crude reaction mixture, while the second value refers to the isolated yield.

with 1 leading to [{Cp”’Fe(CO)z}2(us,n*1"-P4)(LM)][PF¢)2 (2: LM = CymRu; 3: LM = Cp*Rh;
4: LM = Cp*Ir; Scheme 5.2). Complexes 2—4 feature all cyclo-P4R2 units that coordinate
the central [LM]?* fragments. This finding reveals that the isomerization of the P4 butterfly
moiety (40 e~ donor, coordination type ) to a cyclo-P4R; ligand (611 e donor, coordination
type ll) is a general feature, not only bound to 3d metals, if the 18 VE rule can be fulfilled
and a d® metal is present. The molecular structures of 2—4 shows, that the central metal
atom is coordinated in an n* fashion by the cyclo-P4R, unit (Figure 5.1). The similar
covalent radii of Ru (rry = 1.25 A), Rh (rrn = 1.25 A), and Ir (i, = 1.22 A) lead to similar M—
Pacent. distances of 1.8890(2) A in 2, 1.8939(3) A in 3 and 1.8915(2) A in 4.?% Compared
to [{Cp’’Fe(CO)2)2(us,n*"1-P4)(Cp”’Fe)][PFe], the distances are approx. 0.13 A longer

o : Rut
c P4
P 3o S
g Fe P2 % ‘
’ 2 | 3

Figure 5.1. Cationic parts of the molecular structures in solid state of 2 and 3. The structural core of 3
exemplifies the one of 4 as well. Hydrogen atoms are omitted for clarity. A.d.p. are shown at 50% probability
level.
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(1.7609(5) A) which is attributed to the smaller covalent radius of Fe (ree = 1.16 A).?2 The
P—P bond lengths are with 2.1356(7)-2.1481(7) A (2), 2.1433(8)-2.1459(8) A (3), and
2.1488(6)-2.1518(6) A (4) in the range between a P-P single (2.20-2.25 A) and a P=P
double bond (2.00-2.05A). These bond lengths are in good agreement with the
determined P—P distances in the isolated cyclo-P4?~ anion (2.146(1) and 2.1484(9) A) in
Cs2P4-2NH3% as well as in other complexes with formal P42~ ligands.['62223.261 The cyclo-
P4 units exhibit similar diamond-shaped geometries in all three complexes, which was also
found in the other complexes derived from 1.122:23

The "H NMR spectrum of 2 in CD,Cl, shows two singlets at = 1.33 and 1.45 ppm and a
multiplet at & = 5.66 ppm with an integral ratio of 18:36:4 for the two Cp’”’ ligands. The
signals at & = 1.35, 2.59, and 6.71 ppm can be assigned to the Cym ligand. The '"H NMR
spectra of 3 and 4 show similar signals for the Cp’’ ligands while the singlet of the Cp*
signal can be detected at 6 = 2.46 (3, CD.Cl,) and 2.64 ppm (4, CDsCN), respectively. The
3'P{'H} NMR spectra of 2 and 4 show each an AA’XX’ spin system for the cation (2 in
CD.Cl,: 6 = 148.9 and 102.9 ppm; 4 in CD3CN: & = 102.3 and 62.7 ppm).1 The cation of
3 shows two signals at & = 169.8 and 121.1 ppm that are part of an AA'MM’X spin system
(X corresponds to Rh) caused by the NMR-active '®Rh nuclei (/ = 1/2, 100% natural
abundance).1 However, the *'P{'"H} NMR spectrum of the reaction solution of 3 reveals an
additional set of signals at & = 201.7, 157.7 and 125.7 ppm corresponding to a byproduct
(AA’'MNX spin system, X corresponds to Rh), in a ratio of 3 to the byproduct of
approximately 2:1. Despite several attempts, the exact structure of the byproduct could
not be clarified yet, but, according to the NMR features, the presence of a cyclo-P4 unit

bound to a "*Rh core is very likely.

The reaction of 1 and [Cp*Ru(NCCH;):][PFs] in the absence of light yields
[{Cp"’Fe(CO)2}2(u3,n*"1-P4)(Cp*Ru)][PFe] (5). During this reaction, all acetonitrile ligands
are substituted by 1, while the P4 core isomerizes to a cyclic P4 unit. Despite numerous
attempts, it was not possible to isolate 5 in crystalline form. However, the 3'P{"H} NMR
spectrum of 5 in CD2Cl, shows an AA’XX' spin system at & = 82.0 and 51.6 ppm
unambiguously confirms its identity.3 The chemical shift values as well as the spin system
compare well to that found for 2—4 and [{Cp"’Fe(CO}.)2(us,n*"'-P4)(Cp’’Fe)][PFe]?22% (5 =
78.9, 56.8 and 45.6 ppm).

Performing the reaction of 1 with [Cp*Ru(NCCHz3)3][PFs] in the presence of light, a different
reaction outcome is observed. Surprisingly, the main product is not 5, but a subsequent
CO elimination, followed by the insertion of the [Cp”’Fe(CO)] fragment into one of the
adjacent P—P bonds, leads to [{Cp”’Fe(CO)}{Cp"'Fe(CO)}(u3,n*?1-P4)(Cp*Ru)][PFe] (6) in
moderate yield (22%, 70% according to *'P NMR spectroscopy). Complex 6 features a
metallo-tetraphosphaene unit and represents a formally twofold activated P4 butterfly
complex 1. The formation of 6 also highlights the high diversity in different binding modes
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Figure 5.2. Cationic part of the 1S-2R-3R-4R-5S enantiomer of 6 in the solid state. Hydrogen atoms are
omitted for clarity. A.d.p. are shown at 50% probability level.

of the P4 unitin 1. Furthermore, 6 should be handled with caution, as further treatment with
UV light leads to subsequent transformations and finally to decomposition.

The insertion of Fe1 into the P1-P4 bond leads to the formation of the 1S-2R-3R-4R-5S
configuration (Figure 5.2) while insertion into the P3—P4 bond leads to the formation of the
1R-2S-3S-4S-5R configuration (Figure S5.5, ESIt). The two enantiomers form a racemate
and are both present in the solid state structure. The central FeP4 metallacycle reveals an
envelope conformation with an almost planar catena-P4 unit (dihedral angle P1-P2-P3-P4
of 7.73(3)°). The three Fe—P distances vary from 2.2413(6) to 2.2539(6) A and are in the
range of typical Fe—P single bonds.?'-?4l The P—P bond distances vary from 2.1335(8) to
2.1446(8) A and are in a range between a P—P single and a P=P double bond. The [Cp*Ru]
fragment is located over the center of the metallocycle with two shorter Ru—P distances
(Ru1-P1: 2.3592(5); Ru1-P4: 2.3513(6) A) and two longer Ru—P distances (Ru1-P2:
2.4454(5); Ru1-P3: 2.4469(6) A). This results in a shift of the ruthenium fragment towards
the [Cp”’Fe1(CO)] fragment and raises the question of a Ru—Fe interaction. While the
Ru1-Fe1 distance of 2.9052(4) A is longer than a predicted single bond (2.41 A),?4 the
distance is still significantly smaller than the sum of the van der Waals radii (4.90 A).21 A
complex similar to 6 is for example the dirhodium complex [(Cp*Rh(CO))(u,n*2-
P4){Cp*Rh}] (lll, Cp* = n°-CsMe4Et)."" Although, lll has two electrons more than 6, the P—
P bond lengths (2.150(3)-2.160(3) A) are comparable. However, in lll, no metal-metal
interaction was observed since the n*-coordinated [Cp*Rh] fragment is located over the
center of the P4 chain. The complex [K(dme)2][(M*sBIAN)Co(u,n*2-P4)Ga(nacnac)]® (IV,
dme = dimethoxyethane, M*SBIAN = 1,2-bis(2,4,6-dimethylphenylimino)acenaphthene,
nacnac = CH[CMeN(2,6-Pr.CsHs)]2) exhibits a similar, however main group-based,
heteroatomic core, but without significant metal-metal interaction. The bond lengths
(2.1198(7)-2.1286(7) A) are comparable to the ones in 6. A similar carbon-based complex
is [{CpFe(CO)H{u,u*?-(CR-(CH)2-CR)}(Cp*Ru)] (R = CMe,OH) where the [Cp*Ru] fragment
is n®-coordinated by the cyclopentadiene ring of iron.?®! The reported Ru-Fe distances of
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2.6688(7)/2.6743(7) A are shorter compared to the one in 6 and are described as Ru-Fe
single bonds.

The 'H NMR as well as the *'P{'"H} NMR spectrum (CD.Cl) of a crystalline sample of 6
points to the presence of two conformers in solution which are formed in a ratio of 1:1.7.
At room temperature, both conformers are involved in dynamic processes leading to signal

broadening. This is most likely caused by the rotation of either one of the Cp’” ligands or
the whole [Cp’Fe(CO);] fragment. At lower temperatures, the rotation is slowed down
resulting in sharp signals.t The *'P{'H} NMR spectrum shows an AMXY spin system for
both isomers which resonate at similar chemical shifts so that they mainly overlap. The
signals at & = 501.1, 465.5, 144.1 and 126.0 ppm can be assigned to the main species
while the signals at & = 500.9, 457.0, 145.2 and 126.5 ppm correspond to the minor
species. With chemical shifts and coupling constants (Table S5.7, ESIt) being almost
identical, the structure of the two species must be very similar.f However, these findings
compare well to [(Cp”Fe)(u,n%2-P4){Cp”Fe(CO)}|® (5 = 567.2 and 169.1 ppm) and IV?8 (&
=74.0 and 125.4 ppm) showing both an AA’XX’ spin system for the catena-P. unit. The
dirhodium complex ' (3= 201.4 and 150.8 ppm) reveals an AA’'NMXX' spin system (N

and M correspond to Rh).

To obtain deeper insight into the electronic structure of 6, DFT calculations at the
BP86/def2-TZVP level were performed which show the absence of a direct Ru1-Fe1 bond.
Instead, a multi-center bond with bond contributions of Ru1 = 40%, Fe1 = 25% and P1 =
P4 = 17.5% is present. The Wiberg Bond Index of the Ru1-Fe1 bond of only 0.32 is in
good agreement with the multi-center bond description. The corresponding localized
molecular orbital, which contains 41% Ru, 24% Fe and 35% P atomic orbital contribution,

localized molecular orbital

Figure 5.3. Left: The localized molecular orbital of 6 showing the interaction between Ru, Fe and P. Right:
Frontier orbitals in 6 at the BP86/def2-TZVP level.
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is depicted in Figure 5.3 (left). We could not locate a bond-critical point between Ru and
Fe1 by the analysis of the topology of the electron density of 6 by means of the Atoms in
Molecules (AIM) approach. However, a ring-critical point could be detected, situated in the
plane spanned by Ru, Fe1, P1 and P4. The frontier orbitals in 6 are depicted on the right
hand side in Figure 5.3. The highest occupied molecular orbital (HOMO) shows mainly the
lone pairs of the phosphorus atoms while both HOMO-1 and HOMO-2 show mainly
bonding interaction within the P4sFe unit. The lowest unoccupied molecular orbital (LUMO)
shows mainly nonbonding orbitals at the phosphorus as well as the metal atoms.

Furthermore, we were interested in why 5 transforms into 6, while the transformation from
2 to the hypothetical complex [{Cp’’Fe(CO):{Cp”’Fe(CO)}(u3,n**'-P4)(CymRu)]** (7) is
not observed under the same conditions. Therefore, we determined the natural charge
distribution of the four complexes.t According to this, the [CymRu]?>* fragments act as
weak electron acceptors, while [Cp*Ru]* act as strong electron acceptors. In contrast, the
cyclo-P4R2 (R = Cp’’Fe(CO)2) units in 2 and 5 act as strong electron donors. During the
transformation from cyclo-P4R> units to catena-P4 units, this effect is even enhanced.
Therefore, it is suggested that the further transformation is dependent on the nature of the
ligands that are attached to the central Lewis acid.

The disfavored formation of 7 in comparison to 6 is also highlighted by the calculated
reaction energies at the B3LYP level (solvation effects incorporated by the COSMO model).
The calculations showed that the formation of 6 starting from 5 is endothermic by
95.87 kd/mol. However, these calculations do not take into account the terms of entropy
which should have a mayor impact due to the release of CO gas during this process. The
formation of 7 starting from 2 would be endothermic by 150.87 kJ/mol which shows that,
in principle, the formation of 6 in comparison to 7 would be energetically less disfavored.

5.3. Conclusion

In summary, we could show that the P4 butterfly complex 1 can easily be activated by a
vast variety of different d® metal-based Lewis acids, leading to the formation of 2-5 bearing
cyclo-P4R> units. However, by using [Cp*Ru(NCCHjs)s][PFs] in the presence of light 6 is
formed. Complex 6 exhibits an irontetraphosphaene unit which is formed via CO
elimination and the subsequent insertion of the iron fragment into a P-P bond. However,
this second activation step is not observed for complexes 2—4 under the same reaction
conditions. DFT calculations confirmed that the transformation is strongly dependent on
the nature of the ligand at the Lewis acid. The formation of different complexes under mild
conditions highlights the high diversity of binding modes of the P4 unit in 1.
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5.5. Supporting Information

Synthesis and Characterization

General Remarks:

All manipulations were performed with rigorous exclusion of oxygen and moisture using
Schlenk-type glassware on a dual manifold Schlenk line with Argon inert gas or glove box
filled with N2 or Ar containing a high-capacity recirculator (<0.1 ppm O.). All solvents
except were dried using a MB SPS-800 device of company MBRAUN, degassed and
saturated with argon. Mass spectrometry was performed using a Waters Micromass LCT
(ESI-MS) and a Jeol AccuTOF GCX (LIFDI-MS), respectively. Elemental analysis (CHN)
was determined using a Vario micro cube. Infrared spectroscopy was performed using a
Thermo Scientific Nicolet iS5. spectrometer.

TI[PFe] (97%) was purchased by abcr and was used without further purification. Compound
[{CpFe(CO)2}2(u,n"1-P4)]™M (1) and [Cp*Ru(NCCHz3)s][PFs]? were synthesized according
to literature known procedures.

Synthesis of [{Cp’’Fe(CO)2}2(p3,n*''-P4){CymRu}][PFe]: (2)

The reaction is best performed in the absence of light. Although the *'P NMR spectra of
the reaction mixtures (with light and without light) are comparable, crystallization works
much better when light is excluded.

0.100 g of compound 1 (0.123 mmol, 1eq), 0.038 g of [CymRuClz]> (0.061 mmol, 0.5eq)
and 0.129 g TI[PFs] (0.368 mmol, 3eq) are suspended in 20 ml CH2Cl,. The mixture is
stirred for 16 h at room temperature during which an off-white precipitate is formed. The
suspension is filtered over diatomaceous earth to give a dark yellow solution. Crystals of
2 can be obtained by layering a CH.Cl, solution under pentane.

Yield: 0.080 g (0,060 mmol, 49%)

Analytical data of 2:

NMR (CD2Cl,, 298 K) "H: & [ppm] = 1.33 (5,18, ~(CaHe)), 1.35
(d, S = 6.93 Hz, 6H,
MeCeH4sCH(CH3)2) 1.45 (s, 36H, -
(C4Ho)2), 2.59 (s, 3H, CH3CeH4'Pr), 2.84
(sept, U = 6.90Hz, 1H,
MeCeHsCH(CHs3)2), 5.66 (m, 4H,
C5ﬂ2t8u3). 6.71 (m, 4H, MeC6ﬂ4iPr).

3P{'H}: & [ppm] = 148.9 (m, 2P), 102.9
(m, 2P), —143.7 (sept. 2P, Jpr = 710 Hz).
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Coupling constants of the cation are
summarized in Table S5.2.

IR (CH2Cl2) v [cm™] = 2037.4 (s), 1997.3 (vs)
Elemental analysis Calculated: C 43.46, H 5.54
(CagH72F12Fe204P6RU - (CsH12)0.2) Found: C 43.38, H5.24.

Mass spectrometry (ESI, CH3CN) m/z: 1208.2 (< 1%) [M +PFs — CO +

NCCHa]*, 1195.2 (3%) [M + PFe]*, 705.1
(22%) [M — Cp”’Fe(CO),]*, 525.1 (100%)
[M]Z, 399.2 (6%)
[Cp™"Fe(CO)(NCCHs)]*, 386.2 (46%)
[Cp”’Fe(CO)(NCCHs)]*, 373.1 (8%)
[Cp”’Fe(CO)J", 358.2 (20%)
[Cp”"Fe(CO)(NCCHa)]*, 345.1  (6%)
[Cp”’Fe(CO)J", 330.2 (60%)
[Cp”’Fe(NCCHs)T", 3172 (2%)
[Cp”Fe(CO)*, 289.2 (2%) [Cp”Fel",
144.8 [PFe].

— N N N

Synthesis of [{Cp’”’Fe(CO)2}2(u3,n*1'-P4)(Cp*Rh)][PFe]2 (3)

0.100 g of compound 1 (0.123 mmol, 1eq), 0.054 g of [Cp*RhBr:]> (0.068 mmol, 0.55eq)
and 0.129 mg TI[PFe] (0.368 mg, 3eq) are suspended in 10 ml of CH2Cl» and stirred for
16 h at room temperature. The mixture is filtered over diatomaceous earth and the solvent
of the filtrate is removed in vacuo to give 3 as a dark orange powder. Crystals of 3 are
obtained by layering a CHClI; solution under hexane.

Yield: 0.086g (0,064 mmol, 52%)

Analytical data of 3:

NMR (CD,Cl,, 298 K) "H: & [ppm] = 1.36 (s,18H, -(C4Ho)), 1.48
(S, 36H, -(C4ﬂ9)2), 2.46 (S, 15H,
C5(Cﬂ3)5) 5.73 (m, 4H, CsﬂztBU3).
31P{'H}: & [ppm] = 129.8 (M, 2P), 121.1
(m, 2P), —143.7 (sept. 2P, 'Jpr = 711 Hz).

Coupling constants of the cation are
summarized in Table S5.3.

IR (CH2ClI>) v [cm™] = 2004 (vs), 2042 (vs)

Elemental analysis Calculated: C 39.71,H5.13

(C48H73F12F8204P6Rh . (CHzC|2)2) Found: C 40.27, H 4.99.

Mass spectrometry (ESI, CH3CN) m/z: 1197.2 (5%) [M + PFe]*, 707.1
(100%) [M — Cp”’Fe(CO)2]*, 526.1 (51%)
[M]?, 386.2 (86%)

[Cp”’Fe(CO)(NCCHs)*, 358.2 (11%)
[Cp”Fe(CO)NCCHa)], 3451  (7%)
[Cp”’Fe(CO)J", 330.2 (23%)
[Cp”’Fe(NCCH3)I", 3172 (1%)
[Cp”’Fe(CO)J*, 144.8 [PFs].
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Analytical data of the side product:

NMR (CD:Clz, 298 K) 3P{'H}: & [ppm] = 201.7 (m, 2P), 157.7
(m, 1P), 125.7 (m, 1P,).

Coupling constants are summarized in
Table S5.4.

Synthesis of [{Cp’’Fe(CO)2}2(p3,n*"'-P4)(Cp*Ir)][PFe)2 (4)

0.100 g of compound 1 (0.123 mmol, 1eq), 0.049 g of [Cp*IrCl2]2> (0.061 mmol, 0.5eq) and
0.129 g TI[PFe¢] (0.368 mmol, 3eq) are transferred to a Young-tube and suspended in 20 ml
CH3CN. The mixture is treated in the ultrasonic bath for 16 h during which an off-white
precipitate is formed. After evaporating the solvent, the residue is washed several times
with thf which was rejected afterwards. The remaining residue is taken up in CH2Cl; and
filtered over diatomaceous earth. Evaporation of the solvent gives analytically pure 4 as a
dark yellow powder. Crystals of 4 can be obtained by layering a CH2Cl» solution under
hexane.

Yield: 0.093g (0,065 mmol, 53%)

Analytical data of 4:

NMR (CDsCN, 298 K) 'H: 5 [ppm] = 1.35 (s,18H, ~(C4Hs)), 1.46
(Sy 36H’ _(C4ﬂ9)2)v 2.64 (S! 15H’
C5(Cﬂ3)5) 5.79 (m br, 4H, CsﬂztBU3).
31P{'H}: & [ppm] = 62.2 (m, 2P), 102.3 (m,
2P), —143.7 (sept. 2P, Jpr = 706 Hz).

Coupling constants of the cation are
summarized in Table S5.5.

NMR (CD:Clz, 298 K) 31P{'H}: & [ppm] = 60.5 (m, 2P), 107.1 (m,
2P), —143.6 (sept. 2P, 'Jpr = 706 Hz).

IR (CH2Cly) v [cm™] = 2003 (vs), 2041 (vs)

Elemental analysis Calculated: C 36.89,H 4.78

(CagH73F12Fe204Pglr-(CH2Cly)25) Found: C 37.23,H4.54.

Mass spectrometry (ESI, CH3CN) m/z: 1287.3 (1%) [M+PFe]*,797.2 (22%)
[M — (Cp”’Fe(CO)2)]", 571.1 (100%)
[M]?*, 399.4 (15%)

[Cp™"Fe(CO)(NCCHs)]*, 387.4 (21%)
[Cp”"Fe(CO)(NCCH3)]*, 358.4 (14%)
[Cp”’Fe(CO)(NCCHa)]*

Synthesis of [{Cp’’Fe(C0)2}2(M3,n*''-P4)(Cp*Ru)][PFe] (5)

In the absence of light are 0.200 g of compound 1 (0.246 mmol, 1eq) and 0.260 g of
[Cp*Ru(NCCH3):][PFg] (0.516 mmol, 2.1eq) suspended in 15 ml of CH2Cl; and stirred for
16 h at room temperature. The solvent is removed in vacuo and the residue is first washed

109



with hexane and then taken up in CH2Cl, and filtered over diatomaceous earth. Drying the
CH.CI; solution in vacuo gives 5 as a red powder.

Yield: 0.241 g (0,201 mmol, 82%)

Analytical data of 5:

NMR (CD2Clz, 298 K) "H: 8 [ppm] = 1.34 (s br,18, -(C4Ho)), 1.47
(Sy 36H! _(C4ﬂ9)2)! 227(8! 15H’
Cs(Cﬂs)s), 5.34 (m, br, 4H, CsﬂztBU3).
$1P{"H}: & [ppm] = 51.6 (m, 2P), 82.0 (m,
2P), —143.7 (sept. 2P, "Jpr = 710 Hz).

Coupling constants of the cation are
summarized in Table S5.6.

IR (CH2Cl2) v [cm™] = 1990 (s), 2030 (s)

Elemental analysis Calculated: C 50.32, H 6.28
(CagH73FsFe204PsRu+ - (C7Hs)o.66) Found: C 50.77, H 6.09.

Mass spectrometry (ESI, CH3CN) H\%z: (1:(2)5312 (100%) [M]*, 1023.2 (10%)

Synthesis of [{Cp’’Fe(CO):{Cp’’Fe(CO)}(s,n*%"-Ps)(Cp*Ru)][PFs] (6)

0.200 g of compound 1 (0.246 mmol, 1eq) and 0.260 g of [Cp*Ru(NCCHs3)s][PFe]
(0.516 mmol, 2.1eq) are suspended in 15 ml of CH.Cl, and stirred for 3 days at room
temperature. The solvent is removed in vacuo and the residue is first washed with toluene
and then taken up in ortho-difluorobenzene and filtered over diatomaceous earth. Drying
the solution in vacuo gives a red powder. Crystals of 6 are obtained by layering a thf
solution under hexane.

Yield: 0.063g (0,054 mmol, 22%)

Analytical data of 6:

NMR (CD2Clz, 298 K) H: & [ppm] = 1.37 (s, 9H, -(CsHo)), 1.46
(s, 9H, -(C4Ho)), 1.49 (s, 9H, -(C4Ho)), 1.5
(very broad, wy, = 80 Hz, 18H, -(C4Ho)>),
1.52 (s ,9H, -(CsHo)), 1.79 (s ,15H, -
(Cs(CHas)s), 5.1 (very broad, wy, = 80 Hz,
2H, CsH,Bus) 5.16 (m broad, 1H,
CsﬂztBU3), 5.20 (m broad, 1H, CsﬂztBU3).

31P{'H}: two isomers present in solution

Isomer 1: & [ppm] = 126.0 (m, 1P), 144.1
(m, 1P), 465.5 (m. 1P), 501.1 (m, 1P).

Isomer 2: & [ppm] = 126.5 (m, 1P), 145.2
(m, 1P), 457.0 (m. 1P), 500.9 (m, 1P).

Coupling constants of the cation are
summarized in Table S5.7.
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IR (CH2CIy) v [cm™] = 1957 (m), 1985 (s), 2026 (s)
Elemental analysis Calculated: C 48.34,H6.30
(C47H73F5F6203P5RU1) Found: C 4518, H5.77.

The large deviation is probably caused
by excess [Cp*Ru(solv)«][PFs], which
adsorbs on crystals of 6. Due to its
similar solubility to 6, it cannot be
removed by washing.

miz: 1023.2 (100%) [M]*

Mass spectrometry (ESI, CH3CN)

Crystallographic Details

General remarks:

Single crystal structure analyses were performed using either Rigaku (formerly Agilent
Technologies) diffractometer GV50, TitanS2 diffractometer (6) or a Gemini Ultra
diffractometer (Oxford diffraction) with an AtlasS2 detector (2, 3, 4). Frames integration
and data reduction were performed with the CrysAlisPro® software package. All structures
were solved ether by ShelXT# (2, 3, 4) or ShelXSP! (6) using the software Olex2® and
refined by full-matrix least-squares method against F? in anisotropic approximation using
ShelXL™. Hydrogen atoms were refined in calculated positions using riding on pivot atom
model. Further details are given in Table S5.1.

CCDC-2051733 (2), CCDC-2051734 (3), CCDC-2051735 (4), and CCDC-2051736 (6)
contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK, Fax:
+ 44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Table S5.1. Crystallographic data and details of diffraction experiments for 2, 3, 4, and 6.

Compound 2 3 - 2(CH2Cl2) 4 - 2(CH2Cl2) 6 - 0.7(C4HsO)

Formula CasH72F 12Fe204 CsoH77ClaF12Fe204 CsoH77ClaF12Fezlr Cag.8H78.6FeFe203.7
PeRu PsRh O4Ps PsRu

Dearc./ g cm-3 1.520 1.555 1.648 1.347

p/mm-! 0.986 9.179 2.890 7.558

Formula Weight 1339.64 1512.34 1601.63 1218.14

Color clear dark yellow | clear orange clear orange dark red

Shape plate block block plate

Size/mm3 0.46x0.31x0.25 0.17x0.13x0.09 0.38x0.25x0.12 0.32x0.16x0.11

TIK 123(1) 123(1) 123(1) 123.(1)

Crystal System monoclinic triclinic triclinic monoclinic

Space Group P24/n P-1 P-1 P24/c

alA 10.0919(2) 12.9624(4) 12.9537(2) 18.66252(20)

biA 14.4515(2) 14.8814(4) 14.8742(2) 16.39571(14)

clA 40.1739(6) 18.4164(4) 18.4134(2) 20.2876(3)

al’ 90 73.521(2) 73.4890(10) 90

Bl 92.7650(10) 72.266(3) 72.3460(10) 104.5480(11)

yl’ 90 80.180(2) 80.0700(10) 90

VIA3 5852.26(17) 3230.90(16) 3226.85(8) 6008.68(11)

Y4 4 2 2 4
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7' 1 1 1 1
Wavelength/A 0.71073 1.54184 0.71073 1.54184
Radiation type MoKa CuKa Mo Ka CuKa
Ominl” 3.357 3.527 3.208 2.446
Omaxl’ 32.463 71.928 32.890 74.387
Measured Refl's. | 79434 34376 124329 63495
Ind't Refl's 19438 12257 22599 12096
Refl's with | > 2(1) | 16675 11123 20785 11464
Rint 0.0374 0.0322 0.0305 0.0421
Parameters 744 825 772 645
Restraints 297 54 92 0
Largest Peak 0.688 0.519 1.068 0.622
Deepest Hole -0.874 -0.554 -0.862 -0.982
GooF 1.080 1.014 1.028 1.042
wR:2 (all data) 0.0924 0.0671 0.0519 0.0887
WR> 0.0880 0.0648 0.0503 0.0873
Ry (all data) 0.0481 0.0328 0.0267 0.0349
R1 0.0386 0.0283 0.0222 0.0332

X-ray diffraction on Crystals of 2

In the crystal structure of [{Cp”’Fe(CO)2}2(us,n*""-P4){CymRu}][PFs]2 (2) a methyl group of
the cymene ligand as well as one PFg anion is disordered over two position and was refined
to an occupancy of 56.459:43.541 and 65.893:34.107, respectively.

Figure S5.1. Molecular structure of 2 in the crystal. Hydrogen atoms are omitted for clarity. ADPs are drawn
at 50% probability level. Selected bond length [A] and angles [°] are: P1-P4 2.1410(7), P1-P2 2.1434(7), P4-
P3 2.1481(7), P3-P2 2.1356(7), Fe1-P1 2.1800(5), Fe2-P3 2.1813(5), Ru1-P4cent. 1.8890(2), Ru1-Ce cent.
1.7433(8), P4-P1-P2 97.34(3), P1-P4-P3 82.50(2), P2-P3-P4 97.37(3), P3-P2-P1 82.74(2).
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X—ray diffraction on Crystals of 3

In the crystal structure of [{Cp’’Fe(CO)2}2(M3,n*"1-P4){Cp*Rh}][PFe]2 - 2(CH.Cly) (3) the two
CH.CI, molecules as well as one PFs anion is disordered over two position and was refined
to an occupancy of 70:30, 55:45 and 90:10, respectively.

Figure S5.2. Molecular structure of 3 in the crystal. Hydrogen atoms are omitted for clarity. ADPs are drawn
at 50% probability level. Selected bond length [A] and angles [°] are: P1-P4 2.1456(8), P1-P2 2.1447(8), P4-
P3 2.1459(8), P3-P2 2.1433(8), Fe1-P1 2.2100(6), Fe2-P3 2.2091(6), Rh1-P4cent. 1.8938(3), Rh1-Cp*cent.
1.8531(10), P4-P1-P2 97.34(3), P1-P4-P3 83.02(3), P2-P3-P4 96.91(3), P3-P2-P1 83.10(3).

X—ray diffraction on Crystals of 4

In the crystal structure of [{Cp”’Fe(CO)a}2(us,n*""-Ps){Cp*Ir}][PFe]2 - 2(CH:Cl,) (4) a
chlorine atom of a CH2Cl> molecule as well as the second CH,Cl, molecule is disordered
over two position and was refined to an occupancy of 60:40 and 70.563:29.437,
respectively.
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Figure S$5.3. Molecular structure of 4 in the crystal. Hydrogen atoms are omitted for clarity. ADPs are drawn
at 50% probability level. Selected bond length [A] and angles [°] are: P1-P4 2.1488(6), P1-P2 2.1512(6), P4-
P3 2.1501(6), P3-P2 2.1518(6), Fe1-P1 2.2073(4), Fe2-P3 2.2074(4), Ir1-P4cent. 1.8915(2), Ir1-Cp*cent.
1.8542(7), P4-P1-P2 96.82(2), P1-P4-P3 83.10(2), P2-P3-P4 96.76(2), P3-P2-P1 83.20(2).

X—ray diffraction on Crystals of 6

In the crystal structure of [{Cp”’Fe(CO)}{Cp”'Fe(CO)}us,n**'-P4)(Cp*Ru)][PFe]
0.7(C4HsO) (6) only one of the two enantiomers (Figure S5.4: 1S-2R-3R-4R-5S
enantiomer, Figure S5.5: 1R-2S-3S-4S-5R enantiomer) is present in the asymmetric unit.
The second enantiomer is obtained by symmetry generation. The position of thf molecule
is occupied by 70%.
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SI: 5. From a P4 Butterfly Scaffold to cyclo- and catena-P4 Units

Figure $5.4. Molecular structure of the 1S-2R-3R-4R-5S enantiomer of 6 in the crystal. Hydrogen atoms are
omitted for clarity. ADPs are drawn at 50% probability level. Selected bond length [A] and angles [°] are: P1-
P2 2.1360(8), P2-P3 2.1335(8), P3-P4 2.1446(8), Ru1-P1 2.3592(5), Ru1-P2 2.4454(5), Ru1-P3 2.4469(6),
Ru1-P4 2.3513(6), Ru1--Fe1 2.9052(4), Fe1-P1 2.2539(6), Fe1-P4 2.2498(7), Fe2-P2 2.2413(6), Ru1-Cp*cent.
1.9069(10), P4-Fe1-P1 99.44(2), P2-P1-Fe1 102.26(3), P3-P2-P1 111.67(3), P3-P4-Fe1 108.53(3).

Figure S5.5. Molecular structure of the cationic part of the 1R-2S-3S-4S-5R enantiomer of 6 in the crystal.
Hydrogen atoms are omitted for clarity. ADPs are drawn at 50% probability level.

TH NMR and *'P NMR Spectroscopy

General remarks:

'H and *'P NMR spectra were recorded on a Bruker Avance |1l HD 400 ('H: 400.130 MHz,
31P: 161.976 MHz) at 298 K. The chemical shifts are reported in ppm relative to external
TMS ('H) and H3sPO4 (3'P). The 3'P NMR simulation was performed with the simulation
tool of Bruker TopSpin (Version 4.0.8.).
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Figure $5.7. 3'P{"H} NMR spectrum of 2 in CD2Cl>.
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Figure $5.8. Simulated 3'P{'"H} NMR spectrum of 2 (AA’XX’ spin system).

Table S5.2. Calculated coupling constants of the cation of 2 (AA’XX’ spin system) with a R-factor of 1.66%.
Chemical shift [ppm] | Coupling constants [Hz]

A 148.9 Jax 3773 | s 13.8
A 148.8 Jax 366.5 | Jxx 144
X 102.9 Jax  362.3
X 102.9 Jax  369.2
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Figure $5.10. 3'P{'"H} NMR spectrum of the reaction solution of 3 in CD2Cl.. The signals marked with a circle
(o) can be assigned to 3, while the signals marked with a diamond (¢) indicate the formation of a side products
with an AA’MNX spin system (see Figure S5.13, Table S5.4 and Scheme S5.1).
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Figure S$5.11. 3'P{'H} NMR spectrum of 3 in CD2Cl>.
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Figure $5.12. Simulated 3'"P{'"H} NMR spectrum of 3 (AA'MM’X spin system, X corresponds to Rh).
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Table S5.3. Calculated coupling constants of the cation of 3 (AA’'MM’X spin system) with a R-factor of 1.15%.
Chemical shift [ppm] | Coupling constants [Hz]

A 169.8 Jam 3727 | s 1.9 Jux  41.0
A 169.8 Jav 3644 | Juw 153 | Jux 414
M 1211 Jam 365.1 | Jax 13.9
M’ 121.1 Jamw 370.8 | Jax 137

— S ,
: | :

Rhy
Pumy—= CB_P’AIA‘
[Fe]=—Paa=Pum

w[Fe]

—

MWMML
WWWWW

I T 1 I T T T 1 T T T T T

T T T T T T T
170 169 168 167 ppm 159 158 157 156 ppm 123 122 121 120 ppm

Figure $5.13. Simulated 3'P NMR spectrum of the side product with an AA'MNX spin system (X corresponds
to Rh) of the synthesis of 3 (see Figure S5.10)

Table S5.4. Calculated coupling constants of the side product in the synthesis of 3 (AA’'MNX spin system) with
a R-factor of 3.67%.

Chemical shift [ppm] | Coupling constants [Hz]

A 201.7 Jam 3594 | Jwm  118.8 | Jux 35.1
A 201.7 Jan 3159 | Jww 128 | Unx 248
M 157.7 Jam  356.8 | Jax 1567
N 125.7 Jan 3147 | Jax 1567
n+
1
Rhy
R~py—|—Pun"TFe]

[Fe]=—Pan=—Pu-g

Scheme S5.1. Postulated structure of the byproduct based on the coupling constants obtained by the
simulation. R and L are possible pattern for substitution.
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Figure $5.15. 3'P{"H} NMR spectrum of 4 in CDsCN.
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Figure $5.16. Simulated 3'P{'"H} NMR spectrum of 4 (AA’XX’ spin system).

Table S5.5. Calculated coupling constants of the cation of 4 (AA’XX’ spin system) with a R-factor of 1.08%.
Chemical shift [ppm] | Coupling constants [Hz]

A 102.3 Jax 338.1
A 102.3 Jax: 343.1
X 62.2 Jax 345.6
X 26.2 Jax: 340.2
Jan 17.9

IIr _|2+

Px/x"_é_ P’A/A-“.[Fe]
[Fe]=—Paa==Pxx
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Figure $5.19. Simulated 3'"P{'"H} NMR spectrum of 5 (AA’XX’ spin system).

Table $5.6. Calculated coupling constants of the cation of 5 (AA’XX’ spin system) with a R-factor of 2.74%.
Chemical shift [ppm] | Coupling constants [Hz]

A 82.0 Jax 3526 | Janr 25.9
X 82.0 Jax 3615 | Jxx 314
X 51.7 Jax 3594
X 51.7 Jax 3523
~
|
Ru
Pxixey 1S Pan'” [Fe]
[Fe]=—Pan==Pxx
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Figure $5.20. 3'"P{"H} NMR spectrum of the reaction mixture of 6 in CD2Clz. The signals marked with the circle

(o) can be assigned to 5, while the signals marked with a diamond (0) indicate the formation of side or
degradation products.
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Figure S$5.21. "H NMR spectrum of a crystalline sample of 6 in CD2Cl2. The aliphatic region (approx. & = 1.3

— 1.7 ppm) shows four singlets with an integral of approx. 9 each. Additionally, a broad signal lays underneath
the four singlets with an integral of 18 (56-(4*9)=18).
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Figure $5.22. 3'P{'H} NMR spectrum of a crystalline sample of 6 in CD2Cl2 that indicates the presence of two
isomers in solution.
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Figure $5.23. Simulated 3'P{'"H} NMR spectrum of 6 (AMXY spin system).

126



Table S5.7. Calculated coupling constants of the two isomers of 6 (AMXY spin system) with a R-factor of
1.76%. The two isomers were refined to a distribution of 63% to 37%.

Isomer 1 Isomer 2
Chemical shift . Chemical shift .
Coupling constants [Hz Coupling constants [Hz
[opm] pling [Hz] [opm] pling [Hz]
A 501.1 Jay  406.5 Jav 3.2 A 500.9 Jay  407.3 Jam 6.8
M 465.5 Jux  480.6 Jax =34 ||[M 457.0 Jux  458.0 Jaxx  -8.6
X 144 .1 Jxy  544.9 Juy 267 ||| X 145.2 Jxy  546.1 Juy  30.1
Y 126.0 Y 126.5
_\+
: I : B
/RU\ u
X,
[Fel=—Px— "u<re—k -ty
oC
Bu

300 K
273 K
* . *
A

|-

253 K
) ILJ\A ) . )MM
L
233K
* L *
A
213 K
193 K

f T T T T T T T T T T T T T T T 1
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

Figure S5.24. "H NMR spectra of a crystalline sample of 6 in CD2Cl at different temperatures. Signals marked

with a star (*) are assigned to toluene, while the broad signals marked with a dot () are assigned to impurities
of [Cp*Ru(thf)x][PFe].
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Figure $5.25. 3'P{'"H} NMR spectra of a crystalline sample of 6 in CD2Cl at different temperatures.

Computational Details

General remarks:

All calculations have been performed with the TURBOMOLE program packagel”! at the
RIB-BP86!"%/def2-TZVPP ' |evel of theory. To speed up the geometry optimization the
Multipole Accelerated Resolution-of-the-ldentity (MARI-J)®°12 approximation has been
used. For the reaction energies single point calculations at the B3LYP/def2-TZVP level
have been performed in which the solvent effects have been incorporated via the COSMO
method (acetonitrile € = 35.688). The numbering of the atoms in the computational part
differs from that of the main part.
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Table S$5.8. Partial charge of the fragments of 6, 7, 5 and 2.

Partial Percentage Partial Percentage

charge [%] charge [%]
Complex 6 7
liggmem Cp"Fe2(CO)  0.08 8.00 Cp"Fe2(CO) 0.33 16.39
gggment Cp"Fe3(CO).  0.34 34.38 Cp"Fe3(CO). 0.49 24.70
Ligand (Ru) | Cp* 0.29 28.74 Cym 0.64 3217
Ruthenium | Ru1 -0.35 -35.00 Ru1 -0.40 -20.12
P unit P4 0.64 63.88 P4 0.94 46.86
o 1.00 100.00 2.00 100.00
Complex 5 2
L{ggmem Cp"Fe2(CO)2  0.35 35.22 Cp"Fe2(CO)2 0.51 25.73
foament | CP"Fe3(CO)  0.34 24,30 Cp"Fe3(CO) 052 25.76
Ligand (Ru) | CpP* 0.18 18.04 Cym 0.52 26.01
Ruthenium | Rul -0.37 37.04 Ru1 -0.41 -20.26
P4 unit P4 0.49 4948 P4 0.86 42.76
Iﬁ;?ge 1.00 100.00 2.00 100.00

Figure S5.26. Optimized
[{Cp”’Fe(CO)z}2(u3,n*""'-P4)(Cp*Ru)]*

structure

(5)

of

[{Cp"’Fe(CO)z2}2(us,n*"1-P4)(CymRu)}**
[{Cp™"Fe(CO)H{Cp” Fe(CO)}(u3,n*?*"-Pa)(CymRu)|**
[{Cp’Fe(CO)2KCp""Fe(CO)}(u3,n*?"1-P4)(Cp*Ru)]* (6) with the atom assignment.

7)

(2),

and
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Table $5.9. Calculated total energy of complexes 2, 5, 6, 7 and CO.

5 6 2 7 co
BP86/def2-TZVP

Tot.Efau] | -6163.618 -6050.2167 -6162.736 -6049.308 -113.365

[Tk‘jt/'n'fol] -16182579.092 | -15884843.558 | -16180261.959 | -15882457.721 | -297640.623
B3LYP/def2-TZVP; COSMO (acetonitrile)

Tot.E.[au] | -6160.950 -6047.602 -6160.191 -6046.823 -113.311

[Tk‘jt/'mEo'l] -16175573.423 | -15877979.547 | -16173582.450 | -15875933.929 | -297497.986

TotE. +OC | 4160045 -6047.598 -6160.184 -6046.815 -113.311

corr [au]

TotE. +OC | 16175561872 | -15877967.975 | -16173562.440 | -15875913.548 | -297498.024

corr [kdJ/mol]

Table S$5.10. Calculated reaction energies at the SP-COSMO-B3LYP level of the transformation of 5 to 6 and

2t07.
Reaction Reaction energy [kJ/mol]
[{Cp""Fe(COeJa(yis,n*'-P4) CPRU)I* S 95.87
[{Cp™Fe(CO)H{Cp’"Fe(CO)}u3,n**1-P4)(Cp*Ru)]* + CO :
[(Cp"Fe(CO)}a(pis,n* "1-P4)(CymRu)Z* > 15087

[{Cp’”"Fe(CO)2{Cp””’Fe(CO)}(p3,n*?1-P4)(CymRu)J?>* + CO

Table S5.11. Selected Wiberg bond indices for [{Cp”’Fe(CO)2{Cp’’Fe(CO)}(u3,n*%'-P4)(Cp*Ru)]* (6).

Reference:

Fe2 - Ru1
P4 - Fe2
P5 - Fe3
P7 - Fe2

0.317
0.796
0.970
0.768

P4 - Ru1
P5 - Ru1
P6 - Ru1
P7 - Ru1

1.015
0.604
0.742
1.082

P5 - P4
P6 - P5
P7-P6
P7 - P4

0.974
1.012
1.127
0.029
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6. Total Synthesis of the Super Bulky
[Cp**'Fe(n°-Ps)] — A Potential Building Block for
Supramolecular Aggregates

Abstract: We report on the total synthesis of the new pentaphosphaferrocene derivative [Cp*Fe(n°-Ps)] (6),
starting with the super bulky cyclopentadiene Co***H (1b) (Cp**t = Cs(2,4,6-triisopropyl-1,1’-biphenyl)s). All
intermediate products were isolated and fully characterized by spectroscopic methods as well as by single
crystal X-ray diffraction. Additionally, the first result in supramolecular chemistry is obtained in the reaction of
6 with CuBr which yields in the novel supramolecular cluster with the general formula [{Cp**'Fe(n*-
Ps)}s(CuxBrx-3)(solv)y] (9, solv = methanol or acetonitrile). Furthermore, the formation of remarkable stable
cyclopentadienyl radicals could be observed which allowed their characterization by single crystal X-ray
diffraction. The reaction of these cyclopentadienyl radicals with P4 leads to formation of organo-substituted P4
butterfly compounds.

6.1. Introduction

Since the discovery of ferrocene ([(n%-Cp)zFe]) in 1951,"! cyclopentadienyl derivatives
(CpR) have become one of the most important ligand groups in organometallic chemistry.
In the last years, cyclopentadienyl complexes with all transition and main group metals,
lanthanoids, and many actinoids have been synthesized. Thereby the CpR ligand exhibits
mainly an n® binding mode and acts as a 6 T-electron donor. However, less frequently also
an n', n?, n% and n* binding mode is observed. The CpR—M bond is typically very stable,
which is why CpR ligands are excellent spectator ligands and commonly used in catalysis.?
In addition, the CsHs unit can be easily functionalized, allowing the electronic and steric
properties to be changed selectively.®! Therefore, a vast variety of different Cp derivatives
is known, and some examples are depicted in Scheme 6.1 (top). In recent years, there
has been a trend towards ever larger CpR ligands. Due to their steric protection, the
characterization of intermediates as well as complexes with new structural motives could
be enabled. This is exemplified by the structure of [CpR.Sn] which is strongly related to the
size of the CpR ligand. The Cpcent—M—Cpcent. angle in [Cp2Sn] is 143.7°/147.0°, while this
angle widens to 155° in [Cp*.Sn]® and finally increases to 180° in [Cp™,Sn]®! and
[Cp®'®,Sn].l"" Another example is the kinetic stabilization of reactive 17 valence electron
(VE) transition metal species in solution by large CpR ligands.!

The synthesis of [Cp*Fe(n°-Ps)] in 1987 by the group of Scherer was another milestone in
organometallic chemistry.[®) Compared to ferrocene, the pentaphosphaferrocene bears a
cyclo-Ps ligand which is isolobal to the Cp ligand.['® While the oxidation of [(n°-Cp):Fe] is
mainly iron centered and the reduction leads to fragmentation, the oxidation of [Cp*Fe(n°-
Ps)] leads to the formation of the P,P coupled dimer [(Cp*Fe)z(u,n**-P10)]?*.l'"'? In the
dication, the P atoms, that connect the two Ps units, are bend out of the former Ps plane
which results in an n* coordinated envelope structure. A similar dimeric species is
observed by reduction, whereas the twofold reduction yields the monomeric dianion
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p*P" R = H; Cp": R = H;
5iPr ‘R =Pr @ Cp"':R=tBu
cpP™ R = H;
CpPEt R = Et

. = ) @ Can
CpBlé:R="Bu R R

CpA™: R ="Pr, R? = H;
XXL. p1 = R2 = |
R ri CPLR'=RZ="Pr

Scheme 6.1. Top: Selected examples of common CpR ligands as negatively charged 6 t-electron donors.
Bottom: The Cp”A™ and Cp*** ligand are presented in this work and were the starting point for the synthesis of
super bulky pentaphosphaferrocenes.

[Cp*Fe(n*-Ps)]?. Reactions of [Cp*Fe(n°-Ps)] with ionic main group nucleophiles lead also
to the formation of complexes with the Ps unit in an envelope conformation.!'¥ Since each
P atom in the cyclo-Ps unit bears a lone pair, the pentaphosphaferrocenes show a rich
coordination chemistry. The group of Scherer investigated the reactivity towards transition
metal-based Lewis acids, where either an n' or an n? coordination of the cyclo-Ps unit is
observed.[" Our group could show that reactions of [Cp*Fe(n°-Ps)] with coinage metal
salts lead to the formation of 1D and 2D polymers!('>16.17.18 or fullerene-like spherical
aggregates.['®19-241 A similar coordination behavior was observed for [CpB"Fe(n°-Ps)]'%2%
and the larger pentaphosphaferrocene derivative [Cp®'®Fe(n5-Ps)].?%271 However, more
sterically demanding CpR ligands significantly influence the properties of the spherical
aggregates. On the one hand, the solubility of the coordination compounds can be
increased which allowed their characterization also in solution. On the other hand, the use
of bulky pentaphosphaferrocene derivatives induces the formation of supramolecular
aggregates with novel skeletal structures. When using [Cp*Fe(n®-Ps)], the obtained
supramolecules are either build up by 8,23 Q823 1128 12119241 or 13029
pentaphosphaferrocene units. However, only the aggregates containing 12
pentaphosphaferrocene units exhibit fullerene-like structure. These fullerene-like
supramolecules are derived from either 80 or 90-vertex scaffolds. However, if the sterical
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demand of the CpR ligands is increased, the pentaphosphaferrocene units must be further
apart, resulting in a rearrangement of the building blocks. In principle, the system can react
in two different ways: On the one hand, the supramolecules can also be built up from 12
bulky pentaphosphaferrocene units to yield even larger fullerene-like aggregates. On the
other hand, a smaller number of five-fold symmetrical building blocks can be used, leading
to novel supramolecules with sizes that should be comparable to that of the 80-vertex ball
based on [Cp*Fe(n°-Ps)]. According to this concept, the use of the bulky building block
[CpB'®Fe(n®-Ps)] leads to the formation of [{Cp®C€Fe(n°-Ps)}2Cu7oBrss], which shows the
topology of the unprecedented icosahedral C14o fullerene.?®!

Based on the results in supramolecular chemistry, obtained first with [Cp*Fe(n°-Ps)] and
then with the sterically more demanding building block [CpB'°Fe(n’-Ps)], we were
encouraged to synthesize a pentaphosphaferrocene derivative with an even larger CpR
ligand. The use of this super bulky building block in supramolecular chemistry should result
in novel and possibly even larger supramolecular aggregates. Herein, we present the
synthesis of the super bulky penta-arylated Cp”” and Cp*** ligands and the total synthesis
of the pentaphosphaferrocene derivative [Cp**-Fe(n®-Ps)] (6; Scheme 6.1, bottom). As a
proof of concept, 6 was reacted with CuBr which leads to a novel supramolecular
aggregate with the general formula [{Cp**-Fe(n*-Ps)}s(CuxBrx-3)(solv),] (9, solv = methanol
or acetonitrile). Additionally, it could be shown that the new cyclopentadienyl derivatives
form remarkably stable radicals which allowed their characterization by single crystal X-
ray diffraction. Furthermore, to test their synthetic potential, the reactivity towards white
phosphorus (P4) is presented.

6.2. Results and Discussion

Preface

A general reaction pathway that is usually applied for the synthesis of
pentaphosphaferrocene derivatives with bulky Cp ligands is depicted in Scheme 6.2 and
starts with the corresponding cyclopentadiene derivative.*% The following metalation is the
starting point for the synthesis of [CpRFe(CO).Br]. This Fe'" containing compound can be
reduced to the Fe' containing dimer [CpRFe(CO),].. Finally, the co-thermolysis of the iron
dimer with P4 yields the desired pentaphosphaferrocene derivative.

R
R 0 =
D R R Q Rﬁ A‘C'a /CO I
—_— o+ — — Fe Fe — Fe
M g Fe. , =R e
| / Q Br” \'CO oc” M y o C TSP
cO 0] N P - P
CpRH (1) MCpR (2m) 4 5 6

Scheme 6.2. General reaction steps for the synthesis of pentaphosphaferrocene.
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Our investigation started with the synthesis of Cp”"H (1a; Scheme 6.1, bottom) which was
then transferred into NaCp”” (2ana). However, the following synthesis of [Cp”"Fe(CO).Br]
(4a) was a turning point, since regardless of the chosen reaction pathways, the formation
of 4a could not be observed spectroscopically. Despite several attempts, the only products
that could be identified and isolated were the degradation products 1a and the Cp*™®
radical (3a). The formation of Cp"™, and Cp®©* radicals in similar reactions as
intermediates and side products has already been discussed in literature since they are
easily recognized by their intense blue color.B-%2l However, the dark green radical 3a
seems to be remarkably stable since it is formed in large quantities and can be easily
crystallized (vide infra). This high stability can be explained by the tremendous stabilization
of the radical 3a by delocalization over the central Cs ring and ten adjacent phenyl groups.
Moreover, this delocalization lowers the electron density in the central Cs ring of the Cp””
anion (2a) which is why the Cp”” ligand is a very weak electron donating ligand. The
combination of these two effects thus hinders the formation of the crucial complex 4a,
needed for the synthesis of the corresponding pentaphosphaferrocene derivative.

To reduce the amount of delocalization, the ligand design was changed to Cp***H (1b;
Scheme 6.1, bottom). The substitution of all outer phenyl groups with ‘Pr groups in the
ortho and para-position leads to a sterically induced rotation of the second ring plane by
approx. 90°. Therefore, the outer ring planes should be electronically decoupled from the
inner ones. Consequently, the Cp**-* radical (3b) is stabilized only by delocalization over
the central Cs ring and five phenyl groups, resulting in a decrease of the overall stability of
3b to a level that is comparable to the Cp""®, CpPE**, and Cp®'®* radicals. Additionally, a
reduced delocalization should lead to a higher electron density in the central Cs unit and
in better electron donating properties which is needed to build up Cp**" containing iron
complexes.

Synthesis of the Super Bulky Cyclopentadienyl Ligands and Radicals

The cyclopentadiene derivatives 1a and 1b are synthesized in moderate yields (53% for
1a and 51% for 1b) via a palladium catalyzed one-pot synthesis, ¥ starting with [Cp2ZrCl,]
and 4-bromo-4'-propyl-1,1'-biphenyl (Br-R') or 4'-bromo-2,4,6-triisopropyl-1,1'-biphenyl
(Br-R?), respectively (Scheme 6.3).

+0.12 P'Bug, +6 Cs,CO3,
ﬁ el +0.05 Pd(OAc), R R
+ 6 Br—R

0.5 Zry,
% cl dmf, 3d, 130 °C
CpXXLH b) R=R2

Scheme 6.3. Synthesis of the cyclopentadiene derivatives 1a and 1b via a palladium catalyzed one-pot
synthesis.
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The single crystal X-ray structure analysis confirmed the formation of penta-substituted
cyclopentadiene derivatives (Figure 6.1). In both structures, one of the central C atoms is
clearly sp® hybridized since the attached aryl substituent is bend out of the cyclo-Cs plane.

The "H NMR spectra of 1a (CsDs) and 1b (CDCIs) show the characteristic signal for the
protonated Cs ring at & = 5.32 ppm (1a) and 5.27 ppm (1b). Furthermore, the additional
bond to a hydrogen atom of one of the central C atoms leads to a splitting of the signals
into three sets with an integral ratio of 1:2:2. As these signals superimpose, only two sets
of signals with an integral ratio of 3:2 are observed.

,9 D >
) = ’/.P i'/ N
& 7 ." ’ -
- £
(3 g
g 1b >
\ ]

Figure 6.1. Molecular structure of 1a (left) and 1b in solid state. Solvent molecules are omitted for clarity and
atom displacement parameters (ADPs) are shown at 50% probability level.

The following metalation of the cyclopentadiene is a crucial step in this chemistry. On the
one hand, deprotonation provides the metalated Cp ligand, on the other hand it is also
suitable as a purification step. The main problem in the one pot synthesis of 1a and 1b is
column chromatographic work up. Since the reaction is performed on a multi-gram scale
and many side products exhibit almost the same solubility as the product, the column
chromatographic workup must be repeated several times to obtain 1a or 1b in analytically
pure form. Therefore, generally the most practical method is the removal of by-products
by filtration, followed by one-time column chromatographic workup and reaction of the
resulting mixture with an alkali metal base. The formed salt can be washed with nonpolar
solvents which typically allows the isolation of analytical pure MCpR.

According to this procedure, NaCp”” (2ana) and NaCp™*" (2bna) were synthesized from the
cyclopentadienes and NaNH: in thf (Scheme 6.4). While 2ana can be isolated in good
yields (79%), 2bna is only obtained in small amounts and in low purity, since 2bna is highly
soluble in non-polar solvents like toluene, hexane, and pentane. The change to KCp**-
(2bk), which was synthesized from 1b and KH, resulted in only a slight decrease of the
solubility in nonpolar solvents. Finally, only the synthesis of TICp**" (2br) allowed the
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isolation of a MCp”*** salt in the desired purity and good yields (67%). The thallium salt

2br, is obtained as bright yellow powder from the reaction of 1b and TIOEt in hexane.

R H R

R R +M[B], -H[B] R @ R
thf or hexane, 16 h, reflux M

R R R R

1a:R=R"; A o = R
; _ CpA™:R=R
1b:R =R r 2ay, M = Na*, [B] = NHy
Pr Cp**t:R=R?
0D BT
2by: M = K*, [B] = H;
’Pr/

2by: M = TI*, [B] = EtO

Scheme 6.4. Metalation of 1a and 1b.

Crystals suitable for single crystal X-ray analysis were obtained for 2an, at —35°C from a
thf/hexane solution, while crystals of 2bt were obtained by slow diffusion of a CH.Cl;
solution into hexane. Compound 2bna could be crystallized under the same conditions as
2ana, but the quality of the crystals was poor, so only the connectivity could be confirmed
(see Figure S6.2). The molecular structures of 2ana and 2br in the solid state are depicted
in Figure 6.2 and reveal that within the Cs rings all C atoms are sp? hybridized and possess
almost identical C—C bond lengths (1.414(3) A — 1.429(2) A in 2ay, and 1.411(5) A —
1.435(5) A in 2br). The inner phenyl groups of the five aryl substituents are not co-planar
to the central Cs ring but are twisted by 39.86(6)° — 56.56(7)° in 2ana and 46.96(19)° —
51.85(19)° in 2bm, which results in the typical propeller-like configuration.?*36 The
influence of the 'Pr substituents at the Cp**! ligand can be determined from the twist angle
of the inner and outer phenyl groups. While the twist angles in 2ana vary from 20.99(6)° to
36.82(6)°, the twist angles in 2br are clearly increased as they vary from 76.69(13)° to
88.70(19)°. However, the most remarkable feature when comparing the structures is that
in 2ana the Cp”” anion is non-coordinated. Typically, either 1D coordination polymers or
oligomers are observed in the solid state structures of [M(solvent)xCpR] (M = Li, Na, K, Rb,
Cs).[32343637.381 Only in the presence of strong donating ligands like crown ethers, the
complete separation of the ions can be observed.B¥ The fact that in 2ana the sodium cation
is only stabilized by six relatively weakly coordinating thf molecules and no cation-anion
interaction is observed, highlights that Cp”" is a very poor electron donating ligand. This is
probably due to the extraordinary mesomeric stabilization of the cyclopentadienyl anion,
caused by delocalization of the electron density over the Cs ring and ten phenyl groups.
Contrary to 2ana, both 2by and 2bna (see Sl for more information) have contact ion pairs
in the solid state, indicating that the introduction of '‘Pr groups hampers delocalization. Due
to the steric bulk of the 'Pr substituents, the formation of a coordination polymer is hindered.
Instead, dimers are present which are build up by metallocene anions [Cp**-2M]™ (M = Na,
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Tl) and an external metal cation that coordinates the sandwich complex from one side (see
Figure S6.2 and Figure S6.3). The formation of these neutral units is often found in
structures of alkali metal compounds with bulky Cp-ligands.** While the external sodium
cation in 2bya is coordinatively saturated by thf molecules,“®! the external thallium cation
in 2bm is not coordinated by any solvent molecules (2bm was crystallized from a
CH.Cly/hexane mixture). However, the thallium cation exhibits intermolecular TI-C
distances of 3.322(7) A — 3.656(9) A (TI-Cscent. = 3.190(4) A) to an adjacent triisopropyl-
phenyl group (see Figure S6.4). These distances are in good agreement with
thallium(l)arene compounds known in the literature and therefore indicate intermolecular
stabilization of the external thallium cation.*! The two identical TI-Cp distances to the
inner Tl atom are with 2.697(2) A shorter than the distance of 2.796(2) A to the external Tl
atom. The bond lengths are comparable to the ones in polymeric TICp* (2.71(1) A)*2 and
TI(CsMesH) (2.68 A and 2.70 A)®"1 while they are significantly shorter than in TICp
(3.19(10) A).*3 However, the TI-Cp bond lengths in 2br are much longer compared to
those in TICp®" (2.490 A and 2.494(4) A*9),

Figure 6.2. Molecular structure of 2ana (left) and 2bm (right) in solid state. The thf molecules of the [Na(thf)s]*
cation are shown as a wire frame model and additional solvent molecules are omitted for clarity. For 2bti only
half of TI[Cp*™2Tl] is shown which is present in solid state (see Figure S6.3). ADPs are shown at 50%
probability level.

Due to the high radical stability, solutions of 2ana always contain small amounts of 3a,
which is why no reliable '"H NMR spectrum could be obtained. With the more stable 2br,
the formation of radicals in solution can be prevented if it is handled carefully. The '"H NMR
spectrum of 2br in CD.Cl; shows one sharp set of signals for the five magnetically
equivalent substituents of the Cp**t ligand.

Although radicals are typically known for particularly high reactivity, the two
cyclopentadienyl radicals 3a and 3b appear to be moderately stable. Therefore, the
formation and properties of the new cyclopentadienyl radicals is further investigated. The
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interest of chemists in cyclopentadienyl radicals started almost a century ago when Ziegler
and Schnell observed the CpP" radical the first time.[% Since then, the exact structure of
CpR-radicals has been widely discussed.*’#l In the meantime, several derivatives have
been synthesized and characterized spectroscopically®495051 a5 well as by single crystal
X-ray diffraction.52-5° As mentioned before, the formation of CpA™® (3a) as well as Cp**-®
(3b) can be observed, due to their intense green (3a) and blue (3b) colors, in many
reactions as side or degradation products. To investigate these remarkably stable radicals
in detail, we synthesized 3a and 3b via oxidation of the metalated cyclopentadienyl with
CuBr (Scheme 6.5).1°¢]

R R
R @ R +CuBr, -Cu, -MBr - R @ R
M+
thf, 2 h, r.t.
R R R R
2ay,: M =Na, R=R" _ 3a:R=R";
2br: M =TI, R=R2 'Pr 3b:R=R?

Scheme 6.5. Synthesis of 3a and 3b via oxidation with CuBr.[51 The amount of the radical formed in the
reaction solution is difficult to determine by spectroscopic methods, so no exact data can be given.[58

The synthesis of 3a is completed within 2 h since the following filtration shows no residue
of yellow 2ana. However, the synthesis of 3b is slower. Even after stirring for 24 h, traces
of yellow 2br are still present and can be removed by filtration. On the one hand, the
slower reaction speed might be related to the stronger interaction between the thallium

cation and the Cp***

anion, compared to the very weak interaction between Na* and the
Cp”” anion. On the other hand, 2br is less soluble in thf than 2ana, which could also slow
down the reaction. Finally, the two radicals should exhibit different stabilities as it can
already be roughly estimated from their colors. The group of Kurreck studied the Cp™"°,
the CpPMes (CpPMe = n5-Cs(CeH4CHa)s) as well as the CpBP® (CpBPh = n5-Cs(CsH4CsHs)s)
radicals.*®! These radicals show absorption maxima at Amax = 585 nm (Cp"™"*), 613 nm
(CpP"™*), and 677 nm (CpB®™"*) which is shifted to longer wavelengths with increasing
substitution. A similar trend was observed in the calculated excitation energies for the first
excited state. Compared to CpP"* the excitation energy decreases with CpPMe* by
2.3 kcal/mol and with CpB"* by 6.7 kcal/mol. In the case of 3a the absorption maximum
is at Amax = 681 nm,%% which shows that it is comparable to Cp®™"*. In comparison, the
absorption maximum of 3b at Amax = 620 nm is strongly redshifted. Therefore, the
electronically structure of 3b is comparable to the blue colored CpP"®, Cp™Me* CpPEt* and
Cp®'®* radicals.[%5% This feature highlights again that the new ligand design of Cp**" leads
to an altered electronic structure compared to the Cp”"” ligand, while however the huge
steric demand is maintained.
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Radicals 3a and 3b each show a signal in the EPR spectrum, referring to g-factors of 2.004
(3a in toluene at 77 K) and 2.000 (3b in toluene at 77 K), respectively. The values are in
good agreement with other cyclopentadienyl radicals.[5-53:55.56.60-62]

Both radicals can be crystallized by slow diffusion of a toluene solution into acetonitrile.
Crystals of 3a can be obtained as dark green blocks, while 3b crystallizes as reddish blue
blocks. In both cases the crystals are always polluted with the degradation products 1a
and 1b, which are obtained as colorless crystals. Crystals of 3a and 3b must therefore
always be separated manually, which is why the isolated yield of the analytically pure
radicals is very low (8% (3a) and 2% (3b)).

>

Figure 6.3. Molecular structure of 3a (left) and 3b (right) in solid state. ADPs are shown at 50% probability
level.

The molecular structure of 3a and 3b in solid state is depicted in Figure 6.3. In both
structures, all aryl substituents are in the Cs plane, which shows that the C atoms of the
Cs rings are sp? hybridized. The C—C bond length in the Cs ring are with 1.385(3) A —
1.472(4) A in 3a and 1.4162(18) A — 1.4374(17) A in 3b comparable to the ones in the
corresponding anions as well as other structural characterized cyclopentadienyl
radicals.?-5%621 Remarkable is the packing of the radicals in solid state. Radical 3a forms
layers that are slightly shifted against each other (see Figure S6.5). Hereby, short
intermolecular H---C contacts within these layers are observed, due to the propeller-like
configuration of the aryl substituents. The H---C distances are shorter than the sum of the
van der Waals radii for C and H (2.90 A) and go down to 2.641(3)°A which is in good
agreement with already reported H---C contacts.®3%4 In the solid state structure of 3b,
dimeric units are present which are reminiscent of metallocene structures, where the
formal position of the metal is not occupied (see Figure S6.6). In this dimeric units, the
central Cs rings are parallel to each other and are orientated in a staggered conformation
while the Cscent—Cs cent. distance is 4.7059(13) A. The reason for the formation of dimeric
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units in the solid state is most likely the stabilization of 18 intermolecular short H-:-C contact
in the range of 2.7633(15) A— 3.0690(15) A between Cphenyi and Hphenyi @nd Huethyi,
respectively (see Figure S6.7).

Synthesis of Cyclopentadienyl Iron Carbonyl Complexes 4 and 5.

As mentioned before, the formation of [Cp”"Fe(CO).Br] (4a) could not be observed,
although two reaction pathways have been tested (Scheme 6.6). Pathway 1 is the common
method to synthesize [CpRFe(CO).Br] with sterically demanding CpR ligands to give the
respective products in moderate to good yields, starting with the corresponding NaCpR
salt.;3065681 However, performing the same protocol starting with 2aya, no reaction occurs
and only the decomposition compounds 3a and 1a could be observed. In pathway 2, the
Cp”" anion is first oxidized to the dark yellow Cp””Br,!6”] while the reduction with [Fe(CO)s]
gives dark green 3a and [Fe(CO).Br] at room temperature.®'%8 Subsequent thermolysis
should yield the desired complex. But even after several hours of heating, the color of the
reaction mixture is still dark green. In addition, the formation of a metallic mirror is observed,
which most likely results from the thermal decomposition of [Fe(CO)Br]. By subsequent
IR spectroscopical investigations, the characteristic CO absorption bands for 4a could not
be detected. Summarizing the results of these two reaction pathways, it must be concluded
that with the Cp”” ligand, which on the one hand is a very poor electron donating ligand
and on the other hand forms the extremely stable radical 3a, the formation of 4a is not
possible. Therefore, we were not able to continue the synthesis of the Cp”” containing
pentaphosphaferrocene derivative. For this reason, we then focused only on the synthesis
of the corresponding Cp**- complexes.

Path 1:
MCpR = 2ay,, 2by,, 2bk \ R
MCR 1. +[FeBry(dme)], -MBr 2. +CO, in situ A} ?D
p R—
thf, 2 h., -40 °C to r.t. thf, 2 h., r.t. MCp"™ = 2by, _ Fe.
i | B \’CO
co
Path 2:
+BrCN, -NaCN A +[Fe(CO)s], in situ A insitu 4a:; CpR = cpA"
CpA"Br Cp™® . (pR = (pXXL
23N, Et,O/hexane, P xylene, P xylene, N\ 4b: Cp™ =Cp
2 h, -40 °C 5 min,, r.t. 3a 2 h, reflux

Scheme 6.6. Reaction pathway for the synthesis of 4b (Path 1). The synthesis of 4a was not successful
regardless the chosen reaction pathway which is why it is greyed out.

Surprisingly, the use of both 2bna and 2bk did not lead to formation of [Cp**'Fe(CO).Br]
(4b) via reaction pathway 1. This indicates that although the introduction of the 'Pr
substituents has improved the electron-donating properties of the Cp*** ligand compared
to Cp””, the Cp*** ligand is a weaker electron donor than the Cp™ or CpB'® ligand. More
precisely, the Cp®'® ligand should be a stronger electron donor than the Cp" ligand,
because of the +| effect of the "Bu groups. However, despite the unfavorable overlap due
to the 'Pr substituents, the outer triisopropylphenyl groups act as weak —M substituents,
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thus reducing the electron density in the central Cs ring in the Cp*** ligand. However, this
disadvantage could be overcome by reacting [FeBrz:(dme)] (dme = dimethoxyethane) with
2br which leads finally to the formation of [Cp**-Fe(CO).Br] (4b) in quantitative yield of
98%. The reason for this is most likely an equilibrium between the free CpR ligand, a
dissociated Br~, and a [FeBrL,]" (L = solvent molecules) moiety. By using 2bna and 2bk,
the dissociated bromide anions cannot be removed from the equilibrium, since NaBr and
KBr are still slightly soluble in thf. However, by using 2br, the bromide anions are removed
from the equilibrium by precipitation of insoluble TIBr, leading to 4b.

The formation of 4b can best be verified by IR spectroscopy since a toluene solution shows
two strong absorption bands in the range of CO stretching frequencies at v = 1996 cm™
and 2035 cm™ that compare well to those of the Cp®'® derivative (v = 1991 cm™ and
2032 cm™).B% The 'H NMR spectrum of 4b in CD.Cl, shows the typical set of signals.
However, the signals are very broad which might be attributed to a partial decomposition
of 4b is solution. The reason for this might either be a dissociative disproportion reaction
which generates small amounts of the radical 3b or the spontaneous release of CO. The
release of CO in solution at room temperature was already observed for the similar
complexes [CpRFe(CO)2X] (CpR = n°-CsHs, n°-CsHsCO2Me; X = Cl, Br, 1).169

@Fe

Figure 6.4. Molecular structure of 4b (left) and 5 (right) in solid state. In the structure of 5, the substituents of
the second Cp*** ligand are translucent for clarity. Hydrogen atoms as well as solvent molecules are also
omitted for clarity. ADPs are shown at 50% probability level.

The molecular structure of 4b is depicted on the left at Figure 6.4 and is comparable to
other [CpRFe(CO),Br] compounds. However, a closer comparison shows that 4b exhibits
the longest Fe—Cpcent. distances in this group of complexes. Since the Fe—Cpcent. distances
increase in the order from CpR = n®-CsHs (1.710(2) A),% n5-CsH4sCO2Me (1.714(3) A),9
n®-CsMes(CF3) (1.729(1) A),""1 CpPh (1.738(5) A)7@ to Cp**t (1.746(3)/1.748(2) A), this
indicates that the distance is affected by both steric and electronic properties of the CpR
ligands.
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The reduction of 4b with KCs leads to the formation of the iron dimer [Cp**'Fe(CO).] (5)
in moderate yields of 55% (Scheme 6.7). Since the starting material as well as the iron
dimer exhibit similar solubility, KCs is typically used in a slight excess to produce small
amounts of the ferrate K[CpRFe(CO).].B%%%1 Normally, washing the crude mixture with
highly polar solvents like acetonitrile gives access to the analytically pure iron dimer.
However, in the case of the corresponding Cp*** containing complexes, this procedure is
not feasible since the ferrate salt is insoluble in highly polar solvents like acetonitrile. On
the other hand, the starting material as well as the two products are at least slightly soluble
in thf, pentane, or diethyl ether. A separation by column chromatography is also
problematic since 5 partly decomposes on the column. Therefore, the only practical
method for purification of 5 is crystallization. This gives 5 as dark green prisms and traces
of the degradation product 1a as colorless crystals which must be separated manually.

O —
C XXL XXL C XXL
P +1.25 KCg, -KBr CPLT G, fO P
Fe. toluene, 16 1 rt. SRS N
Br I\ ’Co oluene, , ILL \ VRN
co ocC 8 CpXL oc co
4b 5

Scheme 6.7. Synthesis of 5 via the reduction of 4b with KCs.

The molecular structure of 5 reveals the formation of the dimeric iron complex with the
expected trans orientation of the two Cp*** ligands (Figure 6.4, right). Due to the sterical
influence of the Cp**‘-ligands, the Fe—Fe distance is with 2.6083(5) A one of the longest
among dimeric iron carbonyl complexes.l4656973 However, surprisingly, the Fe—Fe
distance is slightly shorter than the corresponding distance in the sterically less demanding
Cp®'© analogue (2.6180(3) A) which might be related to the electronic structure of the Cp**
ligand.%

The 'H NMR spectrum of 5 in thf-ds shows very broad signals for the Cp** ligand in the
expected region. This broadening might be attributed either to dynamic processes of the
ligand, or to a monomer-dimer equilibrium in solution. The assumption of a monomer-
dimer equilibrium is supported by the presence of four peaks in the region of the CO
stretching frequencies in the IR spectrum. Here, the absorption bands in a toluene solution
of 5 at V = 1782 cm™ and 1954 cm™ can be assigned to the dimer, while the two weak
absorption bands at V = 1924 cm™" and 1990 cm™ can be assigned to the 17 VE monomer.
These findings are in good agreement with other pentaaryl-substituted Cp derivatives.%74

Synthesis and Characterization of the Pentaphosphaferrocene Derivative
6 and the P4 Butterfly Compounds 7 and 8

Thermolytic treatment of the iron dimer 5 in the presence of P4 leads to the formation of
the pentaphosphaferrocene derivative [Cp**'Fe(n°-Ps)] (6) in moderate yields of 25%
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(Scheme 6.8, top).[”® However, stirring 5 in the presence of P4 at room temperature yields
quantitatively (according to IR spectroscopy of the reaction solution, isolated yield: 49%)
in [{Cp**-Fe(CO)2}2(u,n""-P4)] (7) that bears a tetraphospha-bicylo[1.1.0]butane unit
(Scheme 6.8, bottom). The central P4 unit of 7 is also commonly referred to as butterfly
motif. Furthermore, complex 7 can be transformed into 6 if treated with additional P4 under
thermolytic conditions.

CpXL 8 co +exc. Py . CcpXL
Ny dib, 3.5 h, reflux !
Fe-\- -/-Fe P _Fe_

oC XXL . .

8 Cp P@ P
P Pa
° M 4N e R
\ / P / 5\ ¢
’77//7 \ &0 -
OC -
OCO

7

Scheme 6.8. Isolated reaction products of 5 with white phosphorus. dib = 1,2-diisopropylbenzene.

Complex 6 can be obtained after column chromatographic workup and elutes first as an
intense green fraction. However, the column chromatographic workup is problematic since
the band of 6 separates only poorly from a following red band. This is most likely caused
by the ligand Cp**t, which stabilizes the different reaction products and strongly dominates
their solubility. Therefore, the red fraction always contains traces of 6. Despite several
attempts, the exact molecular structure of the red byproduct could not be unambiguously
clarified yet. However, we assume that the byproduct is [(Cp**-Fe)2(u,n**-P4)] since

corresponding complexes with the Cp™ and Cp®'® ligand are formed under the same

conditions.[30.76]

Pentaphosphaferrocene 6 crystallizes as thin green needles by slow diffusion of a toluene
solution into acetonitrile. The molecular structure of 6 is depicted in Figure 6.5 (left) and
shows a staggered conformation with a Ps—Cs twist angle of approx. 16°. The bond
distances and angles are in the expected region and are comparable to previously
reported pentaphosphaferrocene derivatives.B%6476771 However, with the Cp**- ligand
attached to the [FePs] fragment, 6 is the largest pentaphosphaferrocene derivative
reported so far. This is demonstrated by an average Cs cent—Coutmost distance (see Figure
6.5) of about 12 A ([Cp®'®Fe(n’-Ps)] = 9 A, [Cp*Fe(n®-Ps)] = 3 A).?

The 3'P{"H} NMR spectrum of 6 in CsDs shows a sharp singlet at & = 174.6 ppm.
Compound 6 has the strongest low-field shifted signal among the known
pentaphosphaferrocene derivatives.®306476.771 The TH NMR spectrum of 6 in CsDs shows
sharp signals for the 15 isopropyl groups at & = 1.19 ppm (doublet), 1.25 ppm (doublet),
2.85 ppm (septet), and 2.96 ppm (septet) with an integral ratio of 60:30:5:10. However, the
signals in the aromatic region split up into a multiplet at & = 7.19 ppm, a singlet at 6 =
7.22 ppm, and one very broad signal (wy, = 160 Hz) at d = 7.48 ppm, where each signal

145



exhibits an integral of 10. The broad signal in the aromatic region may be caused by
dynamic processes in solution that cannot be resolved on the NMR time scale.

Figure 6.5. Molecular structure of 6 (left) in a top view and 7 (right) in solid state. The dotted line in the structure
of 6 indicates the circular area that is roughly blocked by the Cp*X_ ligand with a radius of approx. 12 A (Cs cent—
Coutmost distance). In the structure of 7, the substituents of the second Cp*X! ligand are translucent for clarity.
Hydrogen atoms as well as solvent molecules are also omitted for clarity. ADPs are shown at 50% probability
level.

The P4 butterfly complex 7 can be crystallized as orange prisms by slow diffusion of a
toluene solution into acetonitrile. The molecular structure of 7 shows a central P4 butterfly
unit that is stabilized by two [Cp**-Fe(CO),] fragments (Figure 6.5, right). The P-P bond
distances between the “wing-tip” (P1 and P3) and the “bridge-head” (P2 and P4)
phosphorus atoms vary from 2.21611(1) A to 2.23343(1) A and are in the range of PP
single bonds (2.20 A — 2.25 A). In contrast, the bond between the two “bridge-head”
phosphorus atoms has with 2.18515(1) A slightly double bond character. With a distance
between the two “wing-tip” phosphorus atoms of 2.79551(1) A, the P4 unit is almost
identical to that in [{CpB'®Fe(CO)2}2(u,n""'-P4)]."¥ However, a comparison with the

derivative containing Cp"', shows that stabilization by both a Cp®'® and a Cp**- ligand leads
to a slight P—P bond elongation, while the distance between the two "wing tip" phosphorus
atoms is shortened by about 0.2 Al The Fe—P distances are with 2.31142(1) A and
2.31709(1) A slightly shorter than the corresponding distances in the Cp’” (2.348(2) A and

2.3552(19) A) and the Cp®'® (2.3397(4) A) stabilized derivatives.

The "H NMR spectrum of 7 shows the appropriate but slightly broadened set of signals for
the two magnetically equivalent Cp**- ligands. The *'P{'H} NMR spectrum in CsDs reveals
two triplets (A2Xz spin system) at & = -=51.5 ppm and -315.5 ppm ('Jpe = 190 Hz) which is
characteristic for P4 butterfly moieties.”™ A comparison of the chemical shifts of the
derivatives with a Cp” (& = -84.2 ppm and -325.5 ppm),% Cp”* (& = -81.4 ppm and
-324.5 ppm),"% or CpB'® (8 = -53.9 ppm and -317.1 ppm)"® ligand shows that the signals
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are significantly low field shifted when the sterical bulk of the ligand increases or the
electron donating properties of the ligand decreases.

The reaction of P4 with the iron dimer 5, which dissociates into reactive 17 VE radical
monomers in solution, shows that P4 reacts readily with radicals. Therefore, we also
reacted the cyclopentadienyl radicals 3a and 3b with P4 at room temperature (Scheme
6.9) which yield the organo-substituted P4 butterfly complexes CpR:P4 (CpR = Cp”” 8a,
Cp*™t 8b). The analogue compounds with Cp*, Cp™, Cp*P" , and Cp®'® have also been
reported by our group.¢€% The reaction time for the formation of 8a and 8b is not equal.
While the reaction of 8a finishes within 2 h and results in a brown reaction solution, the
reaction solution of 8b is still dark blue after stirring for 24 h. Surprisingly, the 3'P{'"H} NMR
spectrum of the crude mixture of 8b in CsDs did not show any signals, besides the singlet
at & = -520.5 ppm which is assigned to P4. On the other hand, the 3'"P{'"H} NMR spectrum
of the crude mixture of 8a in CsDe shows two triplets at = -302.3 ppm and 6 =-174.3 ppm
(A2X2 spin system, "Jpp = 193 Hz) for the P4 butterfly moiety, which is in good agreement
to other organo-substituted P4 butterfly compounds.®81 However, by layering the crude
toluene reaction solutions with acetonitrile, three kinds of crystals can be obtained in both
cases. On the one hand, colorless crystals of 1a or 1b as well as crystals of 3a (dark green)
or 3b (reddish blue) are formed. On the other hand, small amounts of bright yellow crystals
of 8a and 8b can be isolated in moderate yields (14% for 8a and 25% for 8b) which must
be separated manually.

R
P"l \"P
R R +P R \E>/ R
2 P
toluene, 2 or 20 h, r.t.

R R RR RR
3a:R=R"; ' 8a:R=R"
3b: R =R? Pr 8b: R=R?

'Pr

Scheme 6.9. Synthesis of organo-substituted P4 butterfly compounds 8a and 8b.

The 3'"P{"H} NMR spectrum of crystalline 8b in CsDs show the expected two triplets at & =
-312.7 ppm and & = —183.1 ppm (A2Xz spin system, "Jpp = 193 Hz). However, the 3'P{'H}
NMR spectra of crystalline samples of 8a and 8b contain always traces of P4. This finding
indicates that in solution 8a and 8b are in equilibrium with P4 and the respective radical.
The same behavior was also observed for CpB'®,P4.% However, the decomposition of
Cp®'%,P, is slower, as only 35% of the butterfly compound decomposed into P4 and the
corresponding Cp®'®® radicals within 72 h. Since 8b cannot be detected in the reaction
mixture (probably due to its low concentration) and is only formed in larger quantities
during crystallization, the equilibrium in solution of 8b is strongly shifted towards the side
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of the starting materials. However, as compound 8a is already present in the reaction
solution, 8a exhibits a higher stability in solution than 8b. Therefore, it can be deducted
that the decomposition of Cp®'®,P4, 8a, and 8b is probably caused mainly by steric effects
as this would explain the trend of stability in solution of Cp®'©,P, > 8a > 8b. The surprisingly
low stability of 8b is most likely caused by steric repulsion of the 'Pr groups of the two
Cp**t units, as these are in spatial proximity (vide infra). Due to the partly decomposition
of 8a and 8b into the corresponding radicals, no reliable '"H NMR spectrum could be
recorded.

Figure 6.6. Molecular structure of 8a (left) and 8b (right) in solid state. Four aryl substituents, that are in the
Cs plane, of one of the CpR units are translucent for clarity. Hydrogen atoms as well as solvent molecules are
also omitted for clarity. 8a is shown in the “balls and sticks” model. ADPs of 8b are shown at 50% probability
level.

The molecular structures of 8a and 8b in the solid state are depicted in Figure 6.6.
Unfortunately, the crystals of 8a were of deficient quality which is why the structure could
not be refined in anisotropic approximation and therefore, its structure is not discussed in
detail. In both cases the structures show clearly that the carbon atom bound to the
phosphorus atom is sp® hybridized, since the aryl substituents are bend out of the Cs ring
plane. Furthermore, the C—C bond distribution within the Cs units of 8b indicates the
presence of butadiene systems. The P—P bond lengths of 8b vary from 2.1801(10) A to
2.2121(8) A, while the P—C bond distances are in the range of 1.933(3) A to 1.972(2) A.
Compared to CpR,P4 (CpR = Cp*, Cp”™, Cp*™", Cp®'©) the P-P bond distances are in the
same range.® However, the P-C bond distances show a trend to a bond elongation by
increasing sterical demand of the CpR unit, with the longest distance being found in 8b.
Noteworthy is that in 8a the Cp”” units are almost in an eclipsed conformation while in 8b
the Cp*** units show a staggered one. The different conformation of the Cp**" units in 8b
is most likely induced by the additional bulk of the 'Pr groups as this leads to stronger
repulsion. This finding might also be the reason for the surprisingly low stability of 8b in
solution.
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The use of 6 as building block in supramolecular chemistry.

Based on the previous results, the novel super bulky pentaphosphaferrocene derivative 6
was tested as building block in supramolecular chemistry. The reaction of 6 with an excess
of CuBr leads to a color change from green to reddish brown. By layering the CH.Cl;
reaction mixture with methanol, small amounts of black crystals of a novel supramolecule
with the general formula of [{Cp**‘Fe(n*-Ps)}s(CuxBrx-s)(solv),] (9, solv = methanol or
acetonitrile) can be obtained. Unfortunately, the exact formula of the product could not be
determined within the scope of this work, as the crystals were seriously twinned and poorly
scattering. For this reason, the crystal structure determination was performed at a
synchrotron at 6 K. Compound 9 crystallizes in the trigonal space group R3c as a racemic
twin with two crystallographically independent molecules (9a and 9b) in the unit cell, each
occupying positions on the 3-fold axis. Both co-crystallized supramolecules contain three
units of 6, surrounded by a core of disordered Cu and Br atoms. Preliminary refinement
shows that each molecule has a slightly different composition and molecular structure.
These differences can explain the fact that compound 9 (or rather a co-crystal or solid
solution) crystallizes with two unique crystallographic positions. Supramolecule 9a is
localized at the coordinates with the center ('/3, ?/3, z) while 9b possesses the center (0, 0,
z). Due to the more severely disordered scaffold of 9b, it can only be defined as charge
balanced neutral moiety in the current state of structure refinement. However, the search
for final non-contradictory combination of atomic positions and occupancies of the heavy
atoms is still underway. The other molecule has the formula of [{Cp™*‘Fe(n*-
Ps)}3Cu1s5Bri2s(solv),] (9a; solv = methanol or acetonitrile) and is depicted in Figure 6.7.
In both 9a and 9b, the Ps ligands exhibit an envelope conformation which is why the
presence of [Cp™‘Fe(n*-Ps)]” units is suggested (vide infra).l'? However, in both
molecules the copper coordination is similar, but occupation factors are different and the
Cp*™t ligands are disordered over two positions.

The envelope structure of the Ps ligands results from one P atom being bent out of the
former Ps ring. Therefore, the Ps unit is only n* coordinated, by the iron atom. In 9a, the
three P-P bond lengths which connect the four P atoms that are coordinated by the iron
atom vary from 2.1345(39) A to 2.1475(37) A and indicate a butadiene-like arrangement.
The P—P bonds to the P atom bend out of plane have more single bond character which
is indicated by longer bond length of 2.1814(41) A and 2.1921(40) A. Similar, but slightly
shorter P-P bond length are found in [K(dme).K(dme)][(Cp*Fe)(u,n**-P10)] which is
formally build up by two P—P bonded [Cp*Fe(n*-Ps)]™ units.l'? The P-P bond elongation in
9a is most likely induced by the additional coordination to Cu atoms which leads to
formation of a supramolecular aggregate. However, the reason for the formation of
[Cp™*-Fe(n*-Ps)] is still unclear.
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6. Total Synthesis of the Super Bulky [Cp**'Fe(n®-Ps)] — A Potential
Building Block for Supramolecular Aggregates

Qc

QP
@ Fe
Q@ Cu
@ Br

@ solvent

Figure 6.7. Molecular anatomy of [{Cp**-Fe(n*-Ps)}3sCu1s5Bri2.5(solv)x] (9a, solv = methanol or acetonitrile).
a) Entire supramolecule as a space-filling model, except for the Cp*** ligands. H atoms and minor parts of
disorder are omitted for clarity. b) Top view of 9a as a ball-and-stick model, showing the trigonal prismatic
shape. c) Idealized central P1sCu17Br13 scaffold, showing the Cu—P bonds as dotted lines. d) Outer Cu1sBri3
scaffold, with the marked “top body” (gray highlighted CusBrs ring) and “bottom body” (green highlighted
Br(CuBr)s unit). The corners of the distorted trigonal prism are defined by the six bromide atoms marked with
black circles. e) Framing of the envelope-shaped Ps units by the outer scaffold. Only one Ps unit is shown and
the third CusBr2 strand is translucent for clarity. f) Position 1 of a Cu atom in the center. g) Position 2 of a Cu
atom in the center. The “top” and “bottom body” are indicated by the corresponding Cu atoms.
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When considering all 17 Cu and 13 Br positions, the idealized structure of 9a can be
described as a slightly distorted trigonal prism (Figure 6.7). The faces of the prism are
defined by the three [Cp**-Fe(n*-Ps)]” units, with the Cu and Br positions occupied on
average by only 15.5 Cu and 12.5 Br atoms, respectively, to maintain charge balance. In
the idealized structure, the Ps units are held together by an outer frame of 15 Cu and 13
Br atoms that build up the bodies as well as the edges. The “top body” (gray plane in Figure
6.7 d)) is built up by a CusBrs ring in chair conformation, while the “bottom body” (green
plane in Figure 6.7 d)) consists out of a Br(CuBr); unit. The corners of the two trigonal
bodies are defined by six Br atoms (marked with black circles in Figure 6.7 d)). The edges
of the prism are built up by three strands of CusBr. chains which connect the six bromide
atoms positioned at the corners. Each of three Ps units is framed into the scaffold by
coordinating five Cu atoms of the outer scaffold (Figure 6.7 e)). This leads to a trigonal
coordination geometry for all Cu atoms in the strands since all coordinate to two bromide
and one phosphorus atom. However, the Cu atoms that are part of the bodies are
tetrahedrally coordinated by two bromide atoms, one phosphorus atom and an additional
solvent molecule (acetonitrile or methanol; Figure 6.7 €)). The folded Ps units are all
similarly orientated since all P atoms bend out of plane, coordinate a Cu atom of the “top
body”. Due to the presence of negatively charged [Cp*™'Fe(n*-Ps)]” units, the Cu—P bond
distances (2.1725(33) A to 2.2160(131) A) are significantly shorter than in other
supramolecular aggregates, obtained with neutral pentaphosphaferrocenes.l'®?% In the
center of the cluster, two positions can be occupied by one Cu atom. At '/s of the molecules,
both positions are vacant, while in '/2 of the molecules, position 1 (Figure 6.7 f)) and in '/3
of the molecules, position 2 (Figure 6.7 g)) is occupied. The Cu atom at position 1 is
coordinated by the three P atoms bent out of the Ps plane, resulting in a trigonal pyramidal
geometry. However, the Cu atom at position 2 is only coordinated by one Ps unit and the
central Br atom of the Br(CuBr); unit of the “bottom body” plane. The corresponding Ps
unit coordinates the Cu atom in an n? fashion which is leads to longer Cu—P distances of
2.4580(44) A and 2.4639(45) A. However, an additional Cu—P distance of 2.8764(45) A
indicates a weak interaction with a second Ps unit via an n' coordination.

Due to the low yield (= 1%), 9 could not be investigated by other analytical methods which
would also give insight into the exact composition of 9.

6.3. Conclusion

In conclusion we present the total synthesis of the novel pentaphosphaferrocene
[CP™Fe(n®-Ps)] (6), where each intermediate product could be fully characterized. The
concept behind synthesizing a super bulky pentaphosphaferrocene is to introduce 6 as a
building block into supramolecular chemistry. Hereby, the steric repulsion of the attached
super bulky, penta-arylated Cp*** ligand should lead to new supramolecular aggregates.
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As a proof of concept, 6 was reacted with CuBr which leads to the formation of the
unprecedented supramolecule [{Cp*™*'Fe(n*-Ps)}sCu1s5Bri2s(solv)y] (9a; solv = methanol
or acetonitrile) with a trigonal prismatic scaffold. At the beginning of the synthesis of the
novel pentaphosphaferrocene, two new, super bulky cyclopentadienyl derivatives CpA"H
(1a) and Cp*™‘H (1b) were synthesized. Despite both CpR ligands exhibit similar steric bulk,
their electronic properties are very different. In the Cp”™ anion (2a) as well as the Cp”™®
radical (3a) the electron density is distributed of the central Cs ring as well as ten phenyl
groups. This results in weak electron-donating properties, the formation of the remarkably
stable radical 3a and is probable the reason why no iron complexes with the Cp*"” ligand
were accessible. By the introduction of 'Pr substituents in the ortho and para position of
the outer phenyl group, the delocalization of the electron density could be reduced in the
Cp**t ligand. This yields in better electron donating properties of the Cp**‘ anion (2b), a
slightly lower stability of the Cp**‘* radical (3b) and allowed finally the synthesis of Cp*X-
containing iron complexes. Due to the high stability of 3a and 3b, both radicals could be
characterized by single crystal X-ray diffraction. Finally, the reaction of 3a and 3b with P,
yields the organo-substituted P4 butterfly compounds Cp”",P4 (8a) and Cp**-,P4 (8b),
respectively. Based on this preliminary work, further studies will be conducted on the use
of 6 as a super bulky building block in supramolecular chemistry.
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6.5. Supporting Information

Synthesis and Characterization

General Remarks:

All manipulations were performed with rigorous exclusion of oxygen and moisture using
Schlenk-type glassware on a dual manifold Schlenk line with Argon inert gas or glove box
filled with N2 containing a high-capacity recirculator (<0.1 ppm O2). Solvents were dried
using a MB SPS-800 device of company MBRAUN, degassed and saturated with argon.
Mass spectrometry was performed using an Agilent Q-TOF 6540 UHD (ESI-MS) and a
JEOL AccuTOF GCX (LIFDI-MS, EI-MS, FD-MS), respectively. Elemental analysis (CHN)
was determined using a Vario micro cube and Vario EL Il instrument. Infrared
spectroscopy was performed using a Bruker ALPHA Platinum-ATR-Spectrometer or a
VARIAN FTS-800 FT-IR spectrometer. Diatomaceous earth was routinely stored at 110 °C
prior to use, then dried in vacuo with the aid of a heat gun. Silica gel 60 used for the column
chromatography was heated under vacuo (3 d, 1078 mbar, 230 °C) prior to use.

TIOEt was purchased by Sigma-Aldrich. 1-Bromo-2,4,6-triisopropylbenzene, 1-lodo-4-
bromobenzene and [NiClz(PPhs);] was purchased by fluorochem. Pd(OAc);, Cs2COs,
P'Bus, 4-bromo-4'-propyl-1,1'-biphenyl (Br-R"), and [Cp.ZrCl,] were purchased by ABCR
and was used without further purification.

Synthesis of 4'-bromo-2,4,6-triisopropyl-1,1'-biphenyl (Br-R?)

12.027 g magnesium powder (494.86 mmol, 2.1eq) is heated in vacuo for 2 hours. Then
700 ml thf and a spatula tip of iodine is added. The suspension is stirred for 16 h at room
temperature. 50.22 ml of 1-Bromo-2,4,6-triisopropylbenzene (235.65 mmol, 1eq) is
degassed, dissolved in 300 ml thf, and slowly added via the reflux condenser to the
suspension. The reaction mixture is heated to reflux for 10 days. The resulting brownish
suspension is cooled to room temperature and filtered over diatomaceous earth. The
resulting brown solution is slowly added to 100.00g 1-lodo-4-bromobenzene
(353.47 mmol, 1.5eq) and 15.42 g [NiCly(PPhs);] (23.56 mmol, 0.1eq) suspended in
300 ml thf. During addition, the reaction mixture turns deep red and grows warm to about
45 °C. The mixture is heated to reflux for 3.5 days to give a brown suspension, then cooled
to room temperature. The reaction is quenched with 500 ml HCI (0.1 mol/l) and stirred for
16 h at room temperature. From now on no protection gas is needed.

The phases are separated, and the aqueous phases is extracted three times with each
300 ml hexane and then three times with each 50 ml dichloromethane. All organic phases
are merged, and the solvent is removed in vacuo. The crude product is purified by column
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chromatography (dry-load, silica gel, hexane, | = 30 cm, d = 6.5 cm) to give a mixture of
starting material and product. Subsequent sublimation of the starting material (80 °C, 1 -
107° bar) gives pure Br-R2.

Crystals suitable for single crystal diffraction can be obtained by layering a CH2Cl; solution
of Br-R? under acetone.

Yield: 42.93 g (119.47 mmol, 51% (related to 1-Bromo-2,4,6-triisopropylbenzene))

Analytical data of Br-R2:

NMR (CD2Cl», 298 K) H: & [ppm] = 1.09 (d, 12H, 3Jwn =
cHe, cHe, 6.88 Hz, CH(CH?®;)2), 1.31 (d, 6H, 3Jnn =
| | 6.93 Hz, CH(CH%;),), 2.60 (sept, 3Jun =
N N 6.88 Hz, 2H, CH%(CH)2), 2.96 (sept, *Jun
’ T ’ = 6.93 Hz, 1H, CH®(CHj3)2), 7.09 (m, 4H,
_CH! o CH CHY), 7.56 (m, 2H, CH®).
cH ™ O
)|\ _CHf CHY_
Br CHf CHe; CHe,

Elemental analysis Calculated: C 72.58, H 7.71

(C21H27Br-(C7Hs)o.5) Found: C72.59,H7.95
Mass spectrometry (El, toluene) m/z: 358.1 (52%) [M]**, 343.1 (30%) [M -

CHa]**, 315.1 (14%) [M - CsH7]**, 264.2
(94%) [M - CHs - Br]**, 221.1 (100%) [M
- CH3 - Br- C3H7]+',

Synthesis of CpA"H (1a)
The synthesis is based on a literature known procedure, but slightly modified.["!

0.339 g Pd(OAc), (1.514 mmol, 0.1eq), 59.201 g Cs,CO3 (181.699 mmol, 12eq), 0.735 g
P'Bus (3.634 mmol, 0.24eq), 4.426 g [Cp2ZrCl,] (15.142 mmol, 1eq) and 50.0 g 4-Bromo-
4'-n-propylbiphenyl (181.699 mmol, 12eq) are suspended in a mixture of 500 ml dmf and
stirred for 3 days at 130 °C. The mixture is cooled to room temperature and then slowly
quenched with 69.577 g p-toluenesulfonic acid monohydrate (363.399 mmol, 24eq). Gas
evolution can be observed during addition. From now on no protection gas is needed.
Then 400 ml CH.CI, are added, and the mixture is stirred for 16 h.

The reaction mixture filtered over silica gel (I = 10 cm, d = 5 cm) and washed with CH2Cls.
The filtrate is dried in vacuo to give a brown powder. The powder is transferred to a large
frit and washed several times with hexane and then with acetone, discarding the hexane
and acetone solutions. The solid remaining on the frit is dissolved in toluene and filtered,
giving a yellow solution of crude 1a. Analytically pure 1a can be obtained by
recrystallization from a hot toluene/hexane mixture.
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Crystals suitable for single crystal diffraction can be obtained by layering a toluene solution
of 1a under acetonitrile.

Yield: 16.60 g (16.00 mmol, 53% (related to [Cp2ZrCly]))

Analytical data of 1a:

NMR (CsDe, 298 K) [opm] = 0.82 (t, 9H, 3Juu = 7.28 Hz,
—CH2CH2CH3), 0.84 (t, 6H, 3JHH =
7.28 Hz, ~CH,CH,CHs), 1.50 (m, 10H,
_CHZCH20H3), 2.40 (t, 6H, 3JHH =
661 HZ, —CH2CH2CH3), 2.41 (t, 4H, 3J|-||-|
= 6.61 Hz, -CH.CH»CHs), 5.32 (s, 1H,
CsArsH), 7.00 (m, 10H, CeH4) 7.42 (m,

30H, CsH4)
Elemental analysis Calculated: C 92.62, H 7.38
(CsoH7s) Found: C92.52, H7.26
Mass spectrometry (FD, toluene) m/z: 1036.6 (100 %) [M]**

Synthesis of Cp**'H (1b)
The synthesis is based on a literature known procedure, but slightly modified.!"!

0.260 g Pd(OAc)2 (1.160 mmol, 0.1eq), 45.335 g Cs2CO3 (139.140 mmol, 12eq), 0.563 g
PBus (2.783 mmol, 0.24eq), 3.389 g [Cp2ZrClz] (11.595 mmol, 1eq) and 50.0 g Br-R?
(139.140 mmol, 12eq) are suspended in a mixture of 500 ml dmf and 200 ml toluene and
stirred for 3 days at 130 °C. The mixture is cooled to room temperature and then slowly
quenched with 52.933 g p-toluenesulfonic acid monohydrate (276.280 mmol, 24eq). Gas
evolution can be observed during addition. From now on no protection gas is needed.
Then 200 ml H2O are added, and the mixture is stirred for 16 h.

The two phases are separated, and the aqueous phase is extracted five times with 300 ml
pentane each. All organic phases are merged, and the solvent is removed in vacuo.
Column chromatography (silica gel, hexane/toluene = 5/1;1=30 cm; d = 6.5 cm) was used
for purification. However, the obtained yellow/brownish solid is not completely pure (75 %
according to '"H NMR).

m (yellow/brownish solid): 21.45 g (according to "H NMR only 75 % pure)
m (1b) = 16.09 g (11.03 mmol, 48% (related to [Cp2ZrCl.]))

An analytically pure sample of 1b can be obtained by the hydrolysis of a CH.Cl, solution
of 2br with an aqueous solution of NaHCOs. The phases are separated, and the aqueous
phase is extracted with pentane. The organic phases are merged, and the solvent is
removed in vacuo. The residue is taken up in CH2Cl. and layered under acetone to give
1b as colorless needles.
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Analytical data of 1b:

NMR (CDCls, 298 K) 'H: & [ppm] = 1.04 (m, 60H, CH(CHa)z),
1.30 (m, 30H, CH(CHa)2), 2.64 (m, 10H,
CH(CHs)2), 2.93 (sept, 3Jun = 6.9 Hz, 5H,
CH(CHs)2), 5.27 (s, 1H, CsArsH), 6.90 (m,
4H, CH), 7.03 (m, 14H, CH), 7.12 (m, 6H,
CH), 7.21 (m, 4H, CH), 7.43 (m, 2H, CH).

Elemental analysis Calculated: C 90.60, H 9.40
(C110H136) Found: C 90.53,H 9.40
Mass spectrometry (LIFDI, toluene) m/z: 1458.1 (100 %) [M]**

Synthesis of NaCp”™ (2ana)

0.789 g NaNH, (20.226 mmol, 1.32eq) is suspended in 100 ml thf. 15.886g 1a
(15.312 mmol, 1eq) is dissolved in 100 ml thf and slowly added to the NaNH2 suspension.
The suspension is heated for 16 h to reflux to give a dark yellow suspension. The mixture
is cooled to room temperature and the mixture is filtered over diatomaceous earth. The
obtained filtrate is evaporated to dryness, giving crude 2an, as a brownish yellow powder.
The powder is dissolved in acetonitrile and filtered over diatomaceous earth. The obtained
filtrate is evaporated to dryness. The powder is taken up in thf and a concentrated solution
is stored at —35 C°, to give analytically pure 2ana as multicrystalline dark yellow solid.

Crystals suitable for single crystal diffraction can be obtained by storing a concentrated
thf/hexane mixture at =35 C°.

Yield: 12.888 g (12.165 mmol, 79%)

Analytical data of 2ana:

NMR (thf-ds, 298 K) Due to the high sensitivity of solutions of
2ana, always traces of 3a are present
which is why no reliable 'H NMR
spectrum could be obtained (Figure

S6.11).
Elemental analysis Calculated: C 86.61, H 7.82
(NaCgoH75°(C4HsO)s3) Found: C 86.33, H7.02
Mass spectrometry (ESI, H;CCN) m/z: 1035.8 [Cp*"]”

Synthesis of TICp*** (2b)

5.600 g 1b (3.840 mmol, 1eq) is dissolved in 100 ml hexane. 0.30 ml TIOEt (1.054 g,
4.224 mmol, 1.1eq) is suspended in 10 ml hexane and slowly added to the 1b solution.
The suspension is heated for 20 h to reflux to give an orange suspension. The mixture is
cooled to room temperature and the solution is decanted off to leave a bright yellow powder
behind. This powder is washed three times with each 50 ml hexane. Then the powder is
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dissolved in thf and filtered over diatomaceous earth to give a bright yellow solution.
Evaporation of the solvent gives pure 2br as bright yellow powder.

Crystals suitable for single crystal diffraction can be obtained by layering a CHCl; solution
of 2br under hexane.

Yield: 4.280 g (2.576 mmol, 67%)

Analytical data of 2br:

NMR (CD.Clz, 298 K) H: & [ppm] = 1.02 (br d, 3Ju+ = 6.8 Hz,
60H, CH(CHs)z), 1.27 (d, 3 = 6.9 Hz,
30H, CH(Cﬂs)z), 2.72 (sept, 3JHH =
6.8 Hz, 10H, CH(CHs)z), 2.92 (sept, 3Jux
= 6.9 Hz, 5H, CH(CHs)2), 6.87 (m, 10H,
CH), 7.02 (s, 10H, CH), 7.13 (m, 10H,

CH).
Elemental analysis Calculated: C 79.51, H 8.19
(TIC110H135) Found: C 79.55, H 8.23

Mass spectrometry (ESI, H;CCN/CHCI.) m/z: 1457.1 [Cp**']”

Synthesis of CpA™* (3a)
The synthesis is based on a literature known procedure.?

0.150 g 2ana (0.1416 mmol, 1eq) and 0.0223 g CuBr (0.1557 mmol, 1.1eq) are suspended
in thf 25 ml and stirred at room temperature for 2 h to give a dark reaction mixture. Then
the solvent is removed, the residue is taken up in toluene and filtered over diatomaceous
earth to give a dark green solution. Layering a toluene solution under acetonitrile gives
dark green crystals of 3a and colorless crystals of 1a.

The crystals must be separated manually, that is why the isolated yield is so low.
Yield of 3a: 0.0117 g (0.0113 mmol, 8%)

Analytical data of 3a
EPR (toluene, 77 K) ‘ 2.004 g

UV-Vis (benzene) ‘ Amax.vis [nm]: 681

Synthesis of Cp**‘* (3b)
The synthesis is based on a literature known procedure.?

0.5000 g 2by (0.3009 mmol, 1eq) and 0.0475g CuBr (0.3310 mmol ,1.1eq) are
suspended in thf 50 ml and stirred at room temperature for 24 h to give a dark
turquoise/black reaction mixture. Then the solvent is removed, the residue is taken up in
pentane and filtered over diatomaceous earth to give a dark blue solution. Layering a
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toluene solution under acetonitrile gives dark reddish blue crystals of 3b and colorless
crystals of 1b.

The crystals must be separated manually, that is why the isolated yield is so low.
Yield of 3b: 0.0068 g (0.0047 mmol, 2%)

Analytical data of 3b

EPR (toluene, 77 K) 2.000
UV-Vis (benzene) Amax.vis [nm]: 620
g [I'mol™"-cm™]: 2.87
Mass spectrometry (LIFDI, toluene) m/z: 1458.0 (100%) [Cp***H]**

Attempts to synthesize [CpA"Fe(CO).Br] (3b)

Despite several attempts 3b could not be obtained, although two reaction pathways have
been tested.

Pathway 1:

0.6349 g [FeBr,-dme] (2.0765 mmol, 1.1eq) is suspended in 100 ml thf and cooled to —
40 °C. 2.000 g 2ana (1.8877 mmol, 1eq) is dissolved in 100 ml thf and slowly dropped to
the cold suspension. The mixture is stirred for 2.5 h during which it is warmed to room
temperature. Bubbling CO gas through the reaction mixture for 2 h result in a dark green
suspension. The mixture is stirred for another 16 h under CO atmosphere. The solvent is
then removed, the residue is taken up in toluene and filtered off via diatomaceous earth.
The subsequent IR spectroscopic investigation showed no signals for CO groups in the
typical range.

Pathway 2:

0.5000 g 2ana (0.4719 mmol, 1eq) is suspended in 100 ml toluene and cooled to —40 C°.
In a second flask, 0.0500 g BrCN (0.4719 mmol, 1eq) is added to 20 ml Et,O. The BrCN
solution is added to the suspension of 2ana to give a dark yellow mixture. The mixture is
stirred for 2 h at -40 C° before it is allowed to reach room temperature. The solvent is then
removed, the residue is taken up in xylene and filtered off via diatomaceous earth.

Then, 0.20 mI [Fe(CO)s] (1.4803 mmol, 0.2900 g, 3.1eq) is added to the filtrate which leads
to a color change from dark yellow to dark green within minutes. The mixture is heated for
2 h at reflux to give a dark greenish brown mixture. The solvent is then removed, the
residue is taken up in toluene and filtered off via diatomaceous earth. The subsequent IR
spectroscopic investigation showed no signals for CO groups in the expected region.
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Synthesis of [Cp**-Fe(CO),Br] (4b)
The procedure is carried out in the absence of light.

2.2082 g [FeBro:dme] (7.2216 mmol, 1.5eq) is suspended in 100 ml thf and cooled to —
40 °C. 8.000 g 2br (4.8144 mmol, 1eq) is dissolved in 300 ml thf and slowly dropped to
the cold suspension. The mixture is stirred for 2 h during which it is warmed to room
temperature. Bubbling CO gas through the reaction mixture for 2 h result in the formation
of a milky brown suspension. The solvent is then removed, the residue is taken up in
hexane and filtered off via diatomaceous earth. Evaporation of the solvent gives 4b as red
brown powder.

Crystals suitable for X-ray analysis can be obtained by layering a CH.Cl, solution of 4b
under acetonitrile.

Yield: 7.815 g (4.739 mmol, 98%)

Analytical data of 4b:

NMR (CD:Cly, 298 K) 'H: & [ppm] = 1.04 (br, 60H, CH(CHs)z),
1.28 (br, 30H, CH(CHs)z), 2.72 (br, 10H,
CH(CHs)2), 2.92 (br, 5H, CH(CHs)2), 7.03
(br, 20H, CH), 7.33 (br, 10H, CH).

IR (toluene) V[cm™] = 1996 (vs), 2035 (vs)
IR (hexane) V[cm™] = 1999 (vs), 2037 (vs)
Elemental analysis Calculated: C 77.50, H 7.90
(C112H135F€O2Br-(CH2Cl2)1.25) Found: C77.47,H7.97
Mass spectrometry (LIFDI, toluene) m/z: 1457.1 (100%) [Cp**L]**

Synthesis of [Cp**-Fe(C0):]2 (5)
The procedure is carried out in the absence of light.

0.4919g KCs (3.6385 mmol, 1.2eq) is suspended in 50 ml toluene. 5.000g 4b
(3.0321 mmol, 1eq) is dissolved in 300 ml toluene and added to the KCg suspension and
stirred for 20 h at room temperature. Filtration over diatomaceous earth and subsequent
evaporation gives a dark green powder. The powder is washed with acetone until the
acetone solution is colorless. Drying the remaining dark green powder gives pure 5.

Crystals suitable for X-ray analysis can be obtained by layering a toluene solution of 5
under acetonitrile.

Yield: 2.636 g (0.840 mmol, 55 %)
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Analytical data of 5:
NMR (thf-ds, 298 K)

'H: & [ppm] = 0.98 (s br, 60H, CH(CHs)z),
1.23 (s br, 15H, CH(CHzs)2), 1.24 (s br,
15H, CH(CHs)), 2.66 (m br, 10H,
CH(CHs)z), 2.87 (m br, 5H, CH(CHs)z),
7.03 (s br, 10H, CH), 7.09 (m br, 20H,
CH).

IR (toluene)

IR (hexane)

IR (pentane)

Dimer: v [cm™] = 1782 (s), 1954 (s).
Monomer: 7 [cm™] = 1924(w), 1990 (w).
Dimer: v [cm™] = 1783 (s), 1955 (s).
Monomer: 7 [cm™] = 1929 (w), 1993 (w).
Dimer: v [cm™] = 1783 (s), 1956 (s).
Monomer: v [cm™] = 1930 (w), 1994 (w).

Elemental analysis
(C224H270F €204 (CeH4Cl2)1.33)

Calculated: C 83.32, H 8.28
Found: C 83.57,H8.32

Mass spectrometry (LIFDI, toluene)

Synthesis of [Cp**'Fe(n°-Ps)] (6)

miz: 14571 (100%) [Cp°“H]**, 1548.0
(12%) [CP™* + C7Hs - H]**, 1605.00 (6%)
[CPp™Fe(C7Hs)]*,

0.5000 g 5 (0.1593 mmol, 1eq) and 0.1974 g P4 (1,5933 mmol, 10eq) are suspended in
125 ml diisoproplybenzene and heated to reflux for 3.5 h. The mixture is cooled to room

temperature and the solvent is removed in vacuo to give a brownish/black residue. This is

taken up in hexane and filtered over diatomaceous earth. The solvent is removed, and the

filtrate is purified by column chromatography (silica gel, hexane/toluene = 10/1; 1 = 35 cm;

d = 3.5 cm). The first green fraction is 6.

Crystals suitable for X-ray analysis can be obtained for both complexes by layering a

toluene solution under acetonitrile to give to 6 as green needles.

Yield: 0.131 g (0.0785 mmol, 25 %)

Analytical data of [Cp™‘Fe(n5-Ps)]:
NMR (CeDs, 298 K)

H: & [ppm] = 1.19 (d, 3Jun = 6.86 Hz,
60H, CH(CHs)2), 1.25 (d, 3Jun = 6.92 Hz,
30H, CH(CHzs)z), 2.85 (sept, 3Jun =
6.92 Hz, 5H, CH(CHz3),), 2.96 (sept, 3Ju+
= 6.86 Hz, 10H, CH(CHs)), 7.19 (m,
10H, CH), 7.22 (s, 10H, CH), 7.48 (br, wy.
~ 160 Hz, 10H, CH).

$1P{'H}: & [ppm] = 174.6 (s, 5P, Ps).

Elemental analysis
(C110H135FePs)
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Mass spectrometry (LIFDI, toluene) m/z: 1668.0 (100%) [M]**

Synthesis of [{Cp**Fe(CO)2}2(u,n""-P4)] (7)
The procedure is carried out in the absence of light.

0.5000 g 5 (0.1593 mmol, 1eq) and 0.0217 g P4 (0.1753 mmol, 1.1eq) are suspended in
20 ml hexane and stirred at room temperature for 15 min. After 1 minute the reaction
mixture turns into a clear bright red/orange solution. Then the solution was concentrated
and stored at —35 °C to give 7 as red/orange powder.

Crystals suitable for X-ray analysis can be obtained by layering a toluene solution of 7
under acetonitrile as orange prisms.

Yield: 0.252 g (0.0773 mmol, 49 %)

Analytical data of 7:

NMR (CD2Clz, 298 K) H: & [ppm] = 0.99 (br, 120H, CH(CHa)2),
1.25 (br, 60H, CH(CHs)2), 2.62 (br, 20H,
CH(CHs)2), 2.89 (br, 10H, CH(CHs).),
6.95 (br m, 20H, CH), 6.99 (br s, 20H,
CH), 7.22 (br m, 20H, CH).

P{HY: & [ppm] = —313.7 (t, 'Jep =
189 Hz, 2P, bridge-head P), —48.5 (t,
'Jpp = 189 Hz, 2P, wing-tip P).

NMR (CeDs, 298 K) 3IP{H): & [ppm] = —315.5 (t, 'Jep =

189 Hz, 2P, bridge-head P), —51.5 (t,
'Jep = 189 Hz, 2P, wing-tip P).

IR (hexane) 7 [cm™] = 1962 (vs,), 1998 (m). 2006 (s)
Elemental analysis Calculated: C 82.08, H 8.46
(CazsH270F€204P4-(E120)) Found:  C 82.04, H 8.54
Mass spectrometry (LIFDI, toluene) m/z: 1458.0 (100%) [Cp**'H]"*, 1605.0

(18%) [Cp**-Fe(C7Hs)]*

Synthesis of Cp”",P, (8a)

The synthesis is based on a literature known procedure.? The synthesis is performed in
the absence of light.

A freshly prepared solution of 0.1957 g 3a (0.1888 mmol, 2eq) in 20 ml thf is added to
0.0129 g P4 (0.1038 mmol, 1.1eq) and stirred for 2 h at room temperature. The dark yellow
solution is evaporated to dryness and taken up in toluene. Layering the toluene solution
under acetonitrile gives a mixture of 8a as yellow plates and 1a as colorless blocks.

Yield: 0.0290 g (0.0132 mmol, 14%)
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Analytical data of 8a:

NMR (CsDs, 298 K) No reliable '"H NMR spectrum of 8a could
be obtained due to traces of radical 3a
that are always present in the reaction
mixture. Furthermore, are crystals of 8a
always polluted with 1a.

SP{H): & [ppm] = -174.3 (t, "Jep
193 Hz, 2P, wing-tip P), —302.3 (t, 'Jep
193 Hz, 2P, bridge-head P).

Synthesis of Cp*X-,P, (8b)

The synthesis is based on a literature known procedure.?! The synthesis is performed in
the absence of light.

A freshly prepared solution of 0.1754 g 3b (1.1204 mmol, 2eq) in 20 ml thf is added to
0.0224 g P4 (1.805 mmol, 3eq) and stirred for 20 h at room temperature. The still deeply
blue reaction solution is evaporated to dryness and taken up in toluene. Layering the
toluene solution under acetonitrile gives a mixture of 8b as yellow plates and 1b as
colorless blocks.

Yield: 0.0460 g (0.0151 mmol, 25%)

Analytical data of 8b:

NMR (CsDs, 298 K) No reliable "H NMR spectrum of 8b could
be obtained due to traces of radical 3b
that are always present in the reaction
mixture. Furthermore, are crystals of 8b
always polluted with 1b.

SIP{'H}: & [ppm] = -183.1 (t, 'Jrp
193 Hz, 2P, wing-tip P), =312.7 (t, "Jrp
193 Hz, 2P, bridge-head P).

Synthesis of [{Cp**'Fe(n*-Ps)}s(CuxBrx-3)(solv),] (9, solv = methanol or acetonitrile)

0.0100 g [Cp™Fe(n®-Ps)] (0.0060 mmol, 1eq) and 0.0103 g CuBr (0.0719 mmol, 12eq)
are suspended in 5 ml acetonitrile and stirred for 15 minutes. After that, the solvent is
removed, and the green residue is dissolved in 10 ml of CH2Cl. leading to a dark orange
solution. The mixture is stirred at room temperature for 3 days and is then filtered over
diatomaceous earth. Layering the CH»Cl. solution under methanol gives small amounts of
9 as black prisms.

Yield: >0.001 mg (>1%)

The only analytical data that could be obtained for 9 is the molecular structure in solid
state (vide infra). Further characterization was not possible, due to the low yield.
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Crystallographic Details

General remarks:

Crystals were taken from a Schlenk tube under a stream of argon and immediately covered
with mineral oil to prevent decomposition and a loss of solvent. The quickly chosen single
crystals covered by a protective layer of the oil were directly placed on a magnetic base
and into a stream of cold nitrogen with a pre-centered goniometer head with a CryoMount®
and attached to the goniometer of a diffractometer.

Single crystal structure analyses were performed using a Rigaku (formerly Agilent
Technologies) SuperNova diffractometer, equipped either with TitanS? CCD detector (Br-
R?, 2bna, 2b1, 3a, 4b, 6) or SuperNova, Single source at offset, Atlas diffractometer (2ana)
or a Gemini Ultra diffractometer (Oxford Diffraction) with an Atlas®? detector (1a) or dual-
wave XtaLAB Synergy R diffractometer, equipped with HyPix-Arc hybrid pixel detector (1b,
3b).

To collect diffraction data for 5 and 9 at the DESY PETRA Ill synchrotron, the crystals were
carefully selected, mounted on a magnetic holder, checked for quality, and placed into a
Dewar vessel with liquid nitrogen using standard cryo-crystallography tools. The X-ray
diffraction study of 9 faced many challenges, as the crystals were systematically twinned
and weakly scattering. Using standard procedures, the series of crystals 5 and 9 were
placed into a special Dewar vessel filled with liquid nitrogen among other crystals in the
P11 hutch. A robotic mounting/demounting was used for further manipulations. The data
for 5 were collected at 7(2) K at P11 beamline (DESY PETRA Il synchrotron)® on a 1-
axis goniostat using 360°-rotation around ¢ with using 18 keV synchrotron radiation (A =
0.6888 A, 12% transmission) and shutterless data acquisition with 60 ms per 0.1° scan
registered with DECTRIS PILATUS 6M photon counting detector. Crystal of 9 was
measured at 6(2) K with shutterless data acquisition (30% transmission) with 40 ms per
0.1° scan.

The data for 8b were collected at 14(2) K at P24 (DESY PETRA Il synchrotron)®* using
Huber 3-cycle diffractometer equipped with MAR165 CCD detector and an open-flow He
LT system. The crystals were chosen under argon and handled using mineral oil as
described above. Data collection was performed by 360° ¢-rotation with 0.2° scan width
and exposure 1 s per frame at a wavelength A = 0.56076 A (22.11 keV).

Data reduction and absorption correction for all experiments was performed with CrysAlis
software.! The structures were solved by direct methods with SHELXS or SHELXT® and
were refined by full-matrix least-squares method against F? in anisotropic approximation
using multiprocessor variable memory versions of SHELXL.! All non-hydrogen atoms with

165



occupancies higher than 0.5 were refined in anisotropic approximation, while the hydrogen

atoms were refined riding on pivot atoms.

Further details are given in Table S6.1, Table S6.2, Table S6.3, and Table S6.4.

Table S6.1. Crystallographic data and details of diffraction experiments for Br-R?, 1a, 1b and 2ana.

Compound Br-R? 1a 1b - 1.18(C7Hs) 2ana - 8(C4Hs0)

Formula C21H27Br CsoHrs C118.26H145.44 C112H139NaOs

Deaie/ g cm™ 1.270 1.152 1.038 1.164

y/mm-’ 2.917 0.484 0.428 0.589

Formula Weight 359.33 1037.40 1566.90 1636.21

Color clear colorless clear colorless light brown clear yellowish
brown

Shape block needle block block

Size/mm? 0.36x0.27x0.18 1.23x%0.09%0.05 0.52x0.28x0.18 0.32x0.11x0.09

TIK 123.00(10) 124(2) 100.00(10) 123.01(10)

Crystal System monoclinic monoclinic triclinic monoclinic

Space Group P2ilc P2ilc P1 P2ilc

alA 9.8190(2) 18.3118(7) 12.79990(10) 13.66214(14)

b/A 10.9050(2) 32.9962(12) 18.21710(10) 19.1315(2)

clA 17.5642(3) 9.9972(4) 22.5485(2) 35.8560(4)

al’ 90 90 103.1560(10) 90

Bl 91.869(2) 97.950(4) 92.0040(10) 95.2393(10)

i 90 90 100.6780(10) 90

VIA3 1879.71(6) 5982.5(4) 5014.77(7) 9332.79(18)

Z 4 4 2 4

V4 1 1 1 1

Wavelength/A 1.54184 1.54184 1.54184 1.54184

Radiation type Cu Ka Cu Ka Cu Ka Cu Ka

Ominl” 4.506 3.622 2.019 3.386

Omaxl” 74.176 67.013 75.450 74.165

Measured Refl's. | 10557 39323 124779 66729

Ind't Refl's 3673 10494 19927 18212

Refl's with | > 2(1) | 3448 6845 16020 15520

Rint 0.0365 0.0750 0.0305 0.0354

Parameters 205 1014 1729 1113

Restraints 0 330 1742 0

Largest Peak 0.595 0.344 0.761 0.628

Deepest Hole -0.623 -0.288 -0.320 -0.401

GooF 1.035 1.013 1.050 1.070

wR2 (all data) 0.0983 0.1539 0.2171 0.1662

wWR2 0.0958 0.1286 0.2055 0.1594

R (all data) 0.0386 0.0972 0.0804 0.0706

Ry 0.0366 0.0568 0.0689 0.0611

Table S6.2. Crystall

ographic data and details of diffraction experiments for 2bna, 2bT, 3a and 3b.

Compound 2bna - 0.5(C4Hs0)? | 2bm - 0.3(CH2Cl2) 3a 3b
Formula C111.76H137.8sNaOo.s | C110.3H1356Clo.6Tl CsoH7s Ci1oH13s
Deare./ g cm™3 0.823 1.075 1.159 1.015

y/mm-! 0.375 3.422 0.487 0.418
Formula Weight 1512.11 1687.02 1036.40 1457.17
Color pale green clear yellow clear dark green dark green
Shape block block block needle
Size/mm? 0.19x0.17x0.11 0.18x0.13x0.10 0.49x0.11x0.09 0.16x0.13x0.07
TIK 123.0(2) 89.8(5) 89.9(5) 100.01(16)
Crystal System monoclinic triclinic monoclinic monoclinic
Space Group P24in P1 P2ilc P2i/n

alA 14.6812(6) 14.5609(3) 10.2603(2) 14.48780(10)
b/A 28.9269(10) 20.3372(3) 40.6728(7) 24.32730(10)
c/A 28.7524(12) 20.5087(4) 28.7113(5) 27.93300(10)
al 90 117.540(2) 90 90
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Bl 91.861(4) 94.040(2) 97.322(2) 104.38
i 90 100.520(2) 90 90

V/IA3 12204.2(8) 5210.30(19) 11884.0(4) 9536.60(8)
V4 4 2 8 4

Z' 1 1 2 1
Wavelength/A 1.54184 1.54184 1.54184 1.54184
Radiation type Cu Ka Cu Ka Cu Ka Cu Ka
Ominl” 3.076 3.517 3.289 2.442
Omaxl” 65.181 74.252 74.301 75.320
Measured Refl's. | 45409 51644 53125 252669
Ind't Refl's 19813 20214 22772 19640
Refl's with 1 > 2(1) | 10710 16584 16518 16577
Rint 0.0459 0.0461 0.0395 0.0264
Parameters 1570 1322 2172 1289
Restraints 1202 432 2561 540
Largest Peak 0.756 1.311 0.701 0.305
Deepest Hole -0.249 -1.164 -0.413 -0.251
GooF 1.256 1.024 1.041 1.034
wR:2 (all data) 0.3903 0.1198 0.2679 0.1517
wR2 0.3400 0.1112 0.2429 0.1452
R (all data) 0.1593 0.0573 0.1069 0.0594
Ri1 0.1215 0.0448 0.0689 0.0515

a) preliminary data, chemical formula is incorrect

Table S6.3. Crystallographic data and details of diffraction experiments for 4b, 5, 6 and 7.

Compound

4b - 3(CH2Cly) -

5-5.1(C7Hs) -

7 - 2.88(C7Hs) -

2(CaHaN) 0.7(C2HsN) 6 - 1(C7Hs) 1.7(CoHsN)

Formula C231H282Br2ClsFe2 C261.1H312.2N0.704 C117H143FePs C247.56H298.14N1.704

N204 Fez PsFe2
Deate./ g cm™ 1.132 1.091 1.115 1.054
p/mm-’ 2.617 1.464 2.214 0.116
Formula Weight 3634.79 3636.00 1760.01 3597.10
Color clear dark red green, brown clear green orange
Shape block elongated prism needle prism
Size/mm?® 0.43%0.27x0.20 0.41x0.12x0.09 0.31x0.08x0.04 0.2x0.1x0.1
TIK 122.96(11) 89.9(4) 122.98(10) 14(2)
Crystal System monoclinic triclinic orthorhombic monoclinic
Space Group P2ilc P1 Pbca P2ilc
alA 26.2647(3) 14.6992(4) 35.1370(3) 16.98776(8)
bIA 23.7225(2) 19.9180(5) 15.1438(2) 21.53745(13)
c/lA 34.5585(3) 20.0332(5) 39.4008(6) 61.9901(3)
al’ 90 75.107(2) 90 90
Bl 97.8090(10) 87.830(2) 90 92.3799(5)
7 90 77.506(2) 90 90
V/IA3 21332.5(4) 5533.1(3) 20965.5(5) 22660.9(2)
Z 4 1 8 4
Z' 1 0.5 1 1
Wavelength/A 1.54184 1.54178 1.54184 0.56076
Radiation type Cu Ka Cu Ka Cu Ka synchrotron
Ominl’ 3.277 3.671 3.370 2.771
Omaxl” 74.118 74.266 74.003 20.232
Measured Refl's. | 101072 40331 64472 290740
Ind't Refl's 41284 21553 20402 42696
Refl's with 1 > 2(1) | 33815 17470 17346 28150
Rint 0.0355 0.0255 0.0387 0.0590
Parameters 3056 1686 1229 2666
Restraints 1331 60 108 12
Largest Peak 5.450 0.445 0.568 1.100
Deepest Hole -1.744 -0.467 -0.319 -0.421
GooF 1.933 1.058 1.016 1.044
wR2 (all data) 0.4318 0.1461 0.1405 0.2545
wR2 0.4147 0.1415 0.1334 0.2449
R (all data) 0.1617 0.0602 0.0614 0.1029
R1 0.1492 0.0511 0.0514 0.0801
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Table S6.4. Crystallographic data and details of diffraction experiments for 8a, 8b, and 9.

168

oot | wacwor | % RN | e

Formula C172H17103P4 C246.15H301.85N2.75P4 | C291.67H419Br11.75
Cl2.92Cu14.33FesNs.33
P1s

Doatc./ g cm™3 1.022 1.029 >1.113

y/mm-"! 0.868 0.080 >2.00

Formula Weight 2261.79 3422.92 >6585.14

Color yellow yellow black

Shape plate prism prism

Size/mm?3 0.29x0.25x0.12 0.40x0.30x0.30 0.20x0.15x0.15

TIK 123.0(2) 7(2) 6.1

Crystal System triclinic triclinic trigonal

Space Group P1 P1 R3c

alA 17.6046(10) 22.99535(18) 38.75571(17)

biA 20.9917(19) 25.3652(2) 38.75571(17)

clA 22.0631(13) 39.6432(4) 90.6531(5)

al 68.082(7) 100.5687(8) 90

Br 86.679(5) 96.6481(8) 90

vl 76.422(6) 100.3355(7) 120

VIA3 7348.7(10) 22096.2(4) 117919.2(9)

Y4 2 4 6

Z' 1 2 2

Wavelength/A 1.54184 0.6888 0.6888

Radiation type Cu Ka synchrotron synchrotron

Ominl’ 2.331 1.503 1.571

Omaxl” 74.569 25.499 24.835

Measured Refl's. 46003 259107 211118

Ind't Refl's 28261 84834 49515

Refl's with 1 > 2(I) ]| 10565 56932 40863

Rint 0.2306 0.0310 0.0417

Parameters 1428 5257 2522

Restraints 135 43 1

Largest Peak 1.383 1.402 2472

Deepest Hole -1.149 -0.647 -0.776

GooF 1.239 1.064 1.065

wR2 (all data) 0.5346 0.2445 0.2329

wR2 0.4528 0.2330 0.2162

R (all data) 0.2954 0.0977 0.0927

Ri1 0.2004 0.0760 0.0805

Flack parameter - - 0.953(9)

a) preliminary data, chemical formula is incorrect



Sl: 6. Total Synthesis of the Super Bulky [Cp**tFe(n®-Ps)] — A
Potential Building Block for Supramolecular Aggregates

@b 5

Figure S6.1. Molecular structure of Br-R? in the crystal. ADPs are shown at 50% probability level.

Figure S6.2. Model of the molecular structure of 2bna in the crystal, showing the presence of the dimer
[Na(thf)x][Cp**-2Na] in solid state. The positions of the two thf molecules are not fully occupied. The exact
amount could not be determined due to poor crystal quality. H atoms are omitted and the substituents of the

lower Cp**L unit are translucent for clarity.
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Sl: 6. Total Synthesis of the Super Bulky [Cp**'Fe(n°-Ps5)] — A
Potential Building Block for Supramolecular Aggregates

@cC
QT

Figure $6.3. Molecular structure of 2br in the crystal, showing the presence of the dimer TI[Cp**2Tl] in solid
state. H atoms are omitted and the substituents of the lower Cp**- unit are translucent for clarity.

Q@c
QT

Figure S6.4. Molecular structure of 2br in the crystal, showing the intermolecular stabilization of the external
thallium cation by coordinating to an adjacent triisopropylphenyl group. Selected bond lengths [A]: TI-C12
3.584(8), TI-C13 3.454(7), TI-C14 3.322(7), TI-C15 3.362(9), TI-C16 3.506(10), TI-C17 3.656(9), TI-Cé,centr.
3.190(4), TI-Cs,centr. 2.796(2).
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Sl: 6. Total Synthesis of the Super Bulky [Cp**tFe(n®-Ps)] — A
Potential Building Block for Supramolecular Aggregates

Layer 1 { 45?3‘ .' ’F‘ !
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A 2 9
Layer 5 ‘ . w :

o

@c

Figure S6.5. Section of the packing of 3a in solid state. H atoms are omitted and the substituents of the Cs
rings are translucent for clarity.

Figure S6.6. Packing of 3b in solid state, showing the presence of dimeric units in solid state and are shown
in a side (left) and top view (right). H atoms are omitted and the substituents of the lower unit of 3b are
translucent for clarity.
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Figure S6.7. Molecular structure of 3b in the crystal, showing the stabilization of the dimeric unit by short
intermolecular H---C contacts. Only the involved H atoms are shown and the substituents of the lower unit of
3b are translucent for clarity. Bond lengths [A]: 1/1° 2.7964(14), 2/2’ 2.8636(14), 3/3’' 3.0691(15), 4/4’
2.7632(15), 5/5’ 2.8978(14), 6/6’ 2.8784(14), 7/7° 2.9252(14), 8/8 2.770(5), 9/9’ 3.0380(13).

"H NMR and *'P NMR Spectroscopy

General remarks:

'H and 3'P NMR spectra were recorded on a Bruker Avance |1l HD 400 ('H: 400.130 MHz,
31P: 161.976 MHz) at 298 K. The chemical shifts are reported in ppm relative to external
TMS ('H) and H3PO4 (*3'P).
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Figure S6.8. '"H NMR spectrum of Br-R2 in CD2Cl>.
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Figure S6.9. "H NMR spectrum of 1a in CeDes.
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Figure $6.12. 'H NMR spectrum of 2br in CD2Cl2.
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Figure $6.13. 'H NMR spectrum of 4b in CD2Cl>.
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Figure $6.15. 'H NMR spectrum of 6 in CeDs.
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Figure $6.16. 3'P{"H} NMR spectrum of 6 in CesDe.

7.23
<721
——6.99

™6.95

—2.89
—262
1.26
1.25
1.00
0.99

<3
<t

| I

r T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm
~

[y

Figure $6.17. "H NMR spectrum of 7 in CD2Cl..
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Figure S$6.18. 3'P{'"H} NMR spectrum of 7 in CD2Cl2. The signal at =523 ppm can be assigned to Pa.
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Figure $6.19.3'P{'"H} NMR spectrum of 8a in CsDs. The signal at =520 ppm can be assigned to Pa.
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Figure $6.20. 3'P{'H} NMR spectrum of 8b in CsDe. The signal at -521 ppm can be assigned to Pa.

UV-Vis Spectroscopy

General remarks:

The measurements were carried out with a Varian Cary 50 spectrometer in a cuvette (d =
1cm)
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Figure S6.21. UV-Vis spectrum of a mixture of 1a and 3a in CeéHe. Due to the sensitivity of 3a, its concentration
is very low.
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Figure $6.22. Magnification of the absorption maximum (Amax = 681 nm) in the visible light range of 3a in CeHs.
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EPR Spectroscopy

General remarks:

The X-Band EPR measurements were carried out with a MiniScope MS400 device with a
frequency of 9.44 GHz and a rectangular resonator TE102 of the company Magnettech

GmbH.
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Figure $6.25. EPR spectrum of 3a in toluene at 77 K.
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Figure $6.26. EPR spectrum of 3b in toluene at 77 K.
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7. Conclusion

This work gives an insight into the synthesis and reactivity of iron based polyphosphorus
ligand complexes. The stabilization of these novel complexes is mainly provided by either
bulky alkyl or super bulky pentaaryl substituted cyclopentadienyl ligands.

The first part of this thesis deals with the investigation of the reactivity and coordination
behavior of the P4 butterfly complex [Cp”’Fe(CO)2}2(u,n'"-P4)] (1) towards late transition
metal-based Lewis acids (Fe, Co, Ni, Zn, Ru, Rh, Ir). Depending on the nature of the Lewis
acids the P butterfly scaffold can either be preserved or a rearrangement can be induced.
The exact reaction conditions are investigated in this thesis.

In the second part, the synthesis of complexes containing the super bulky Cp**" ligand are
presented (Figure 7.1). The results are compared with the similar Cp”” ligand which was
synthesized during my master thesis. Both CpR ligands form remarkably stable radicals if
not handled carefully. The formation of the CpR ligands is the initial step for the synthesis
of a super bulky pentaphosphaferrocene derivative. The potential of [Cp***Fe(n°-Ps)] (2)
as a building block in supramolecular chemistry was demonstrated by the reaction with
CuBr.

Ri CpA™: Ry = "Pr; Ry = H Ri
CpXXL. Ri =Ry = ipr

Figure 7.1. Structure of the super bulky Cp”™ and Cp** ligands, shown as negatively charged 61 donors.
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7.1. Reactivity of the Ps; Butterfly Complex towards Divalent
Transition Metal Bromides

The P4 butterfly complex [Cp”’Fe(CO)2}2(u,n""'-P4)] (1) shows a versatile reactivity. On the
one hand, it can react with the electrophiles PhnC=CPh or P=C'Bu to give triphospholyl and
tetraphospholyl containing iron complexes under thermolytic conditions. However, 1 can
also act as bidentate ligand towards Lewis acids. The obtained complexes are comparable
to the analogue chelating complexes of dppm (dppm = PhoPCH2PPh;). Therefore, 1 can
be described as an inorganic derivative of dppm. Until now, however, the coordination
behavior of 1 to act as bidentate ligand could only be shown in reactions with coinage
metal compounds as well as with [FeBry-(dme)] (dme = dimethoxyethane). In order to
expand the scope of Lewis acids, 1 was reacted with the divalent metal bromide salts of
Co, Ni, and Zn (Scheme 7.1).

+[FeBr,-dme]; +CoBry; Br\ .\Br
. . +[NiBr,-dme]; +ZnBr-
Ny Nowonel O e
Fel” \-/ "IFel SR
b Fel” \o/ [Fel
P
1
— m 3Fe, M = Fe;
3Ni, M = Ni;
3Zn,M =2Zn

Scheme 7.1. Coordination compounds of 1, obtained by the reactions with [FeBrz:(dme)], CoBrz, [NiBr2-(dme)],
and ZnBrz, respectively. Due to the importance for this work, complex 3Fe is added in this scheme although it
was synthesized by Christoph Schwarzmaier.!"]

The reaction of 1 with CoBr», [NiBr2:-(dme)], or ZnBr; yield in the coordination compounds
[Cp”’Fe(CO)z2}2(u3,n%"1-P4)(MBr2)] (3Co: M = Co; 3Ni: M = Ni, 3Zn: M = Zn). In all these
complexes the P4 butterfly motif is unchanged and the central Lewis acids are coordinated
via the two “wing-tip” phosphorus atoms. The same behavior was observed in
[Cp’Fe(CO)2}2(us,n%""1-P4)(FeBr2)] (3Fe) which was synthesized by Christoph
Schwarzmaier.! The NMR spectra of 3Co and 3Ni indicate that both complexes are
paramagnetic while 3Zn is diamagnetic. Furthermore, show the *'P{'H} NMR spectra of
the reaction solution of 3Ni and 3Zn additional signals of diamagnetic side products that
are formed in small amounts. According to simulations of the NMR spectra, it could be
deduced that the two by-products no longer exhibit P4 butterfly motifs. Despite several
attempts, the exact structure of the side products could not be clarified yet.

According to these results, the description of 1 as an inorganic derivative of dppm is correct
since the obtained complexes exhibit very small bite angles. However, the formation of
side products that bear no longer a P4 butterfly motif, indicates that this description is only
valid under certain conditions. Compared to the ligand dppm, 1 seems to be electronically
more flexible.
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7.2. Coordination Behavior of the Ps Butterfly Complex - the
Conditions of Rearrangement

In her PhD thesis, Miriam Eberl was able to show that the butterfly complex 1 does not
always behave as a spectator ligand, but also tends to rearrange itself.l This was
demonstrated in the reaction of 1 with [Co2(CO)s] and Cul, respectively. Similar
observations were made in this dissertation on the reactivity of 1 towards labile ligated

Lewis acids (Scheme 7.2).
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Scheme 7.2. Summary of the coordination compounds obtained from 1 with labile ligate Lewis acids.
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Surprisingly, the reaction of 1 with [Fe(NCCHj3)s][PFe¢)2 leads to the quantitative formation
of [{(Cp"Fe(CO)2)2(us,n*""1-P4)}Fe][PFs]2 (4), an unprecedented octaphosphorus iron
sandwich complex. Obviously, an isomerization of the P4 butterfly scaffold (4 o-electron
donor) to a cyclo-P4R2 (R = Cp”’Fe(CO)z; 6 tr-electron donor) unit has taken place during
coordination (Scheme 7.3). The P-P bond lengths in the cyclo-P4 units are in the range
between a P-P single and a P=P double bond which indicates an aromatic character of
the cyclo-P4 units. By MoRbauer spectroscopy the central iron atom of 4 could be
determined as iron(ll) which shows that no redox processes are involved in the formation
of 4.

46 e donor ligand 6n e donor ligand
/B' ‘p 'B\ isomerization p
[Fe] \'/ [Fe] - [Fe] —P <& > P —[Fe]
P

Scheme 7.3. Schematic representation of the isomerization of 1.

Furthermore, it could be shown that 3Fe can serve as precursor for the sandwich complex
4. Therefore, 3Fe was treated with one equivalent of 1 and an excess of TI[PFg] in an
ultrasonic bath which yields in 4. In this process, however, a partial decomposition of 1 is
induced and leads, inter alia, to the formation of the side products [{Cp”’Fe(CO)z}2(us,n*""-
P4)(Cp”’Fe)][PFe] (5) and [{Cp”’Fe(CO)2}2(us,n*""'-P4){Cp”’Fe(CO)}[PFe] (6). While 5
bears also an aromatic cyclo-P4R: ligand, the scaffold in 6 is preserved. The formation of
5 could also be obtained in a selective and quantitative approach (vide infra).

The same isomerization of the P4 unit is observed in the reaction of 1 with
[Co(NCCHas)s][SbFs]2 which leads to the formation of the sandwich complex
[{(Cp"’Fe(CO)2)2(u3,n*11-P4)}Co][SbFs]s (7). However, the main difference in the
formation of the octaphosphorus sandwich complexes is that redox processes are involved

in the formation of 7 since Co'" is oxidized to Co"

. Unfortunately, the exact oxidizing agent
of this reaction could not be determined without any doubts. However, the redox processes
induce a non-selective decomposition which results in the formation of the by-products
[{Cp"Fe(CO)z}a(ks,n*""""'-Pg){Co(CO)}[SbFe] (8), [Cp”’Fe(CO)|[SbFe] (9), and 5,
among others. Complex 8 features a rare octaphosphabicyclo[3.3.0]Joctan unit which is
most likely formed by a dimerization of 1 in the presence of [Co(CO);]. The same reaction

outcome was observed when 3Co was used as a precursor (Scheme 7.2).

The treatment of 1 with [Ni(NCCHz;)s][SbFg]. leads also to a non-selective decomposition
of 1, which might also be induced by redox processes. Unfortunately, only the formation
of the nickel-free complexes 5 and 9 could be confirmed.

Reacting 1 with [Zn(NCCHs)4][PFe]2 vields quantitatively the spiro-complex
[{(Cp’Fe(CO)2)2(u3,n*"1-P4)}2Zn][PFel2  (10). In contrast to the reactions with
[M(NCCHa)s]** (M = Fe, Co), the P4 butterfly scaffolds are preserved when 10 is formed.
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This finding can be explained by the d'° configuration of the Zn" atom which enables the
formation of a stable 18 valence electron complex by preservation of the P4 butterfly
scaffold (4 o-electron donor). The synthesis of 10 starting from 3Zn is quantitative and
selective, as no decomposition can be observed.

The oxidation from Co' to Co"' associated with the formation of 7 indicates that the
isomerization occurs preferentially in the presence of d® metals. In order to get more insight
into the isomerization of 1, it was reacted with Lewis acids of d® metals. Due to the poor
availability of metal complexes in which a d® metal is stabilized exclusively by labile ligands,
the corresponding half-sandwich complexes were used (Scheme 7.4).
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Bu
13

Scheme 7.4. Summary of the coordination compounds obtained from 1 with half sandwich complexes.

A suitable method to generate solvent stabilized half-sandwich complexes in situ is the
abstraction of halides with an excess of TI[PFg¢]. The formation of these half-sandwich
complexes in the presence of 1 gives access to complexes 5, [{Cp’'Fe(CO)z}2(us,n*""-
Psa{(Cym)Ru}][PFel2 (11, Cym = para-cymene) and [{Cp’Fe(CO)}(us,n*'"-
P4)(Cp*M)][PF¢)2 (12b, M = Rh; 12¢, M = Ir) in good yields, while [{Cp”’Fe(CO)2}2(us,n*""-
P4)(Cp*Ru)][PFe] (12a) could be synthesized by reacting 1 with [Cp*Ru(NCCHz3)e][PFs]. In
all cases, the coordination of a half-sandwich complex of a d® metal results in an
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isomerization of the P4 butterfly scaffold to an aromatic cyclo-P4 unit. Surprisingly, 12a is
the only complex from this group of complexes (5, 11, and 12) that rearranges itself when
exposed to sunlight. The activation by sunlight induces an elimination of a carbonyl group
that leads to the formation of [{Cp”’Fe(CO)}{Cp"’Fe(CO)}(us,n*?"'-P4)(Cp*Ru)][PFs] (13).
Complex 13 can be described as the twofold activated P4 butterfly complex 1 and features
a butadiene-like P4 chain that chelates the [Cp’’Fe(CO)] fragment to form a five membered
metallacycle. The [Cp*Ru] fragment is not only coordinated by the catena-P. unit, but
additionally stabilized by a multicenter bond between Ru, Fe and the two P atoms, which
was verified by DFT calculations. Furthermore, shows 13 dynamic behavior in solution
which leads to two sets of signals in the *'P{'H} NMR spectrum. The fact that only 12a is
further activated by sunlight, is investigated by comparing the activation of 12a with the
hypothetical activation of 11 based on DFT calculations. It could be shown that the
hypothetical activation of 11 is energetically disfavored compared to the activation of 12a
which is most likely due to different charge distributions, resulting from the different ligands
attached to the Ru centers (neutral Cym versus anionic Cp*).

As a conclusion, it could be shown that the P, butterfly scaffold of complex 1 is
electronically very flexible when it comes to the coordination of Lewis acids. On the one
hand, 1 can act as a 4 o-electron donating bidentate ligand to form complexes, comparable
to dppm (Chapter 7.2). On the other hand, the P4 butterfly scaffold of complex 1 can be
isomerized to a 6 1r-electron donating aromatic cyclo-P4R; unit, giving excess to unique
sandwich complexes. However, to induce the isomerization, the Lewis acids must meet
certain criteria. 1) According to this work, the isomerization only occurs in the presence of
d® metal centers, which is highlighted by the oxidation from Co" to Co"' to form the
octaphosphorus cobalt sandwich complex 7. 2) The isomerization depends strongly on the
type of ligand bound to the Lewis acid. This is particularly illustrated by the different
reaction outcomes obtained by the coordination of different Fe' containing species (3Fe
versus 4 or 5). However, it was not possible to determine the decisive factors of the ligands
for isomerization. But the isomerization is most likely strongly connected to ligand field
splitting as well as the overall Lewis acidity of the coordinated fragment, as the Br ligands
induce a low ligand field splitting and FeBr; is a weak Lewis acid (results in 3Fe) while the

Cp’ ligand induces a high ligand field splitting and the [Cp’’Fe]" fragment is a strong Lewis
acid (results in 5). Additionally, if the right conditions are met, the exposure to sunlight can
even induce a second activation of the P4 butterfly unit. However, the general scope of
reactants as well as the reaction conditions is rather limited since 1 tends to decompose

under harsh reaction conditions.
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7.3. Synthesis of Super Bulky CpR Ligands

In the last years, in organometallic chemistry a trend toward even bulkier Cp ligands has
become apparent. In our group the bulky Cp®¢ and Cp"® ligands are already well
established. Due to their sterical demand, several novel P, ligand complexes could be
stabilized. Therefore, the question arose whether an even larger Cp ligand could be
applied in organometallic chemistry. For this purpose, the Cp”” and Cp*** ligand have
been synthesized (Scheme 7.5).

R H R
.‘ R
. Cl [Pd]cat. R R +M[B]
0.5 Zr‘ + 6 Br—mR —— » _ e M R
% cl
R R R
R

CpA"H (14a): R=R";  15ay,: CpR = Cp"", M = Na, B = NH;,
R'= -g"Pr Cp*H (14b): R=R?  15by,: CpR = Cp™L, M = Na, B = NH,.

15by: CpR=Cp™*L-, M=K, B =H.

i
Pr 15by;: CpR = Cp*X, M =TI, B = EtO,
iPr

Scheme 7.5. Synthesis of the super bulky Cp”"H (14a) and Cp**'H (14b) derivatives. The following metalation
provides the starting material for the synthesis of metal complexes as well as the corresponding radicals.

The cyclopentadienyl derivatives CpA"H (14a) and Cp*™*'H (14b) have been synthesized
via a palladium catalyzed one-pot reaction. In the reaction with the metal bases NaNH,,
KH, or TIOEt the metalated Cp ligands NaCp”" (15ana), NaCp**‘ (15bna), KCp**- (15bk)
and TICp**- (15bm) could be obtained, respectively. Although the Cp”™ and Cp**- ligands
are comparable in their sterical bulk, they differ dramatically in their solubility as well as in
their ability to donate electrons. Due to the high solubility of the Cp**- derivative, only 15br
could be isolated in an analytically pure form. A comparison of the structures of 15a and
15b shows that the Cp”" ligand is a very poor electron donating ligand since the ions are
completely separated in the solid state structure of 15ana. The reason for this behavior is
that the electrons in the Cp”” ligand are delocalized over the Cs ring and ten phenyl groups.
In the case of the Cp*** ligand, the introduction of several 'Pr substituents leads to a sterical
induced rotation of the outer phenyl plane. Therefore, the area of delocalization is reduced
which results in a higher electron density in the central Cs ring and better electron donating
properties.

7.4. Formation of Remarkably Stable CpR Radicals and Their
Reactivity Towards P4

The interest in Cp radicals started almost a century ago. Since then, the structure of Cp
based radicals is investigated intensively. Until now, only a handful of stable Cp radicals
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have been reported. In general, radicals are of particular interest as they are used for small
molecule activation. Therefore, the formation of the Cp radicals, as well as their reactivity
towards P4 is investigated (Scheme 7.6).

R R P.., ..P
R R R \F:’ / R
+CuBr +Py R R : R R
M* R E—— R — 05 P
R R L 7
\R \R R R R g

15ay,: CpR = CpA™, M = Na; 16a: CpR = Cp"; 17a: CpR = CpA"";
15b: CpR = Cp™Xt, M =TI 16b: CpR = cp*Xt 17b: CpR = cpXt

Scheme 7.6. Formation of the Cp”” radical (16a) and Cp**- radical (16b) and their reactivity towards Pa.

If not handled carefully, both cyclopentadienyl anions are easily oxidized to the Cp”"”
radical (16a) or Cp** radical (16b), respectively. Due to the extraordinary delocalization
of the electron density, the radicals are remarkably stable. Therefore, 15ana and 15b were
oxidized with CuBr which allowed the crystallization and characterization of 16a and 16b
by single crystal X-ray diffraction.

Furthermore, the radicals are reacted with white phosphorus which leads via a P-P
cleavage to the formation of the P4 butterfly compounds Cp”",P4 (17a) and Cp**-,P4 (17b).
Due to the increased sterical bulk of the additional 'Pr substituents at the Cp**‘ units, 17b
exhibits only low stability in solution as it decomposes into 16b and Pa.

7.5. Synthesis of a Super Bulky Pentaphosphaferrocene
Derivative and Its Application as Building Block in

Supramolecular Chemistry

Our group could show that pentaphosphaferrocenes are suitable building blocks in
supramolecular chemistry. In self-assembly reactions with coinage metal salts, spherical
aggregates with fullerene-like topology could be obtained. By using the larger building
block [CpB'°Fe(n®-Ps)] instead of [Cp*Fe(n’-Ps)], the size of the aggregates could be
increased. Therefore, it was considered that by using an even larger Cp ligand, the size of
the aggregates could be further increased. The different reaction steps for the synthesis
of the super bulky pentaphosphaferrocene derivative [Cp*'Fe(n°-Ps)] (2) are summarized
in (Scheme 7.7).

The first attempts to synthesize the intermediate complexes [CpRFe(CO).Br] (18a, CpR =
Cp””; 18b, CpR = Cp*™*) turned out to be more difficult than expected. Although the applied
reaction pathway allowed the formation of analog complexes with sterically demanding
CpR ligands like Cp®'® or CpPE!, the desired complex could not be obtained starting from
15ana, 15bna, and 15bk, respectively. The difficulties in the synthesis of complexes with the
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Cp”” ligand are most likely caused by the poor electron donating properties due to the
extraordinary delocalization of the electron density. Unfortunately, the synthesis of the
Cp”" containing complex 18a could not be achieved, even though an alternative reaction
pathway was tested. Even though, the Cp**" ligand exhibits better electron donating
properties, the formation of 18b was hampered. Only by starting from 15br, the crucial
intermediate product 18b could be obtained. The driving force for the formation of 18b by
staring from15br, is most likely the elimination of poorly soluble TIBr.
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Scheme 7.7. Synthesis of the pentaphosphaferrocene derivative [Cp**Fe(n®-Ps)] (2). The initial step for this
synthesis is the formation of [CpRFe(CO)2Br] (18a, CpR = Cp””; 18b, CpR = Cp**L). Unfortunately, the
complexes could not be obtained starting with 15ana, 15bna and 15bk, which is why they are greyed out.
Complex 18a could not be obtained at all, which is why in the following only the Cp**- derivatives are presented.

Starting from 18b the dimeric complex [Cp**-Fe(CO).]2 (19) could be obtained via
reduction with KCg. The solid state structure of 19 reveals a remarkably long Fe—Fe bond.
Furthermore, exhibits 19 a monomer-dimer equilibrium in solution, which was observed by
IR spectroscopy. Due to the partly dissociation into reactive 17 valence electron species,
19 reacts at room temperature with P4 selectively to the P4 butterfly complex
[{Cp**Fe(CO)2}2(u,n""-P4)] (20). Either complex 19 or 20 can be used as starting material
for the synthesis of the pentaphosphaferrocene derivative 2 via a cothermolysis with an
excess of P4 in high boiling solvents. Due to the attached Cp**‘ ligand, 2 is the largest
pentaphosphaferrocene derivative reported so far.

The suitability of 2 as building block in supramolecular chemistry is highlighted via the
reaction of 2 with an excess of CuBr. The use of the super bulky pentaphosphaferrocene
leads to the formation of a novel supramolecular cluster with the general formula
[(Cp**-FePs)s(CuxBrx-3)(solv),] (21, solv = methanol or acetonitrile). Due to the intrinsic
poor quality of crystals of Cp*™‘ containing compounds, the exact formula of the
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supramolecule could not be determined within the scope of this thesis. However, 21
crystallized with two crystallographically unique molecules (21a and 21b) of similar, but
different composition and molecular structure. Due to server disorder of 21b, only the
formula of 21a could be determined as [(Cp**‘FePs);Cu1ssBri2s(solv)y] (21a; solv =
methanol or acetonitrile; Figure 7.2) which exhibits a distorted trigonal prismatic shape. In
both, 21a and 21b, all Ps units exhibit envelope conformation which is why the presence
of [Cp***Fe(n*-Ps)]” units is suggested. The reason for the formation of [Cp***Fe(n*-Ps)]”
units is still unclear.

T 0O

e

0060

(2]

u

°Br

Q solvent

Figure 7.2. Idealized molecular anatomy of [(Cp**-FePs)3Cu1s.5Bri2.5(solv)x] (21a) in solid state. a) Inorganic
scaffold of the supramolecule as a space-filling model. The Cp** ligands are shown as a ball-and-sick model
and H atoms are omitted for clarity. b) Top view on the entire supramolecule as a ball-and-sick model.
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8. Appendix

8.1. Thematic List of Abbreviations

NMR Spectroscopy

NMR Nuclear Magnetic Resonance
9] chemical shift

ppm part per million

Hz Hertz, s™*

J coupling constant, Hz

S singlet

d doublet

t triplet

q quartet

m multiplet

br broad

(A half width at full maximum, Hz
VT variable temperature

TMS Tetramethylsilane, Si(CHzs)4

Solvents

thf tetrahydrofuran, C4HsO

tol toluene, C7Hs

dib 1,3-diisopropylbenzene, C12H1s

dme 1,2-dimethoxyethane, C4H1002
CH2Cl>  dichloromethane

CH3CN acetonitrile

o-dfb 1,2-difluorbenzene, CeéHaF2

dmf N,N-dimethylformamide, C3sH7NO

Mass Spectrometry

MS mass spectrometry

[M]* molecular ion peak

m/z mass to charge ratio

LIFDI liquid injection field desorption ionization
FD field desorption

ESI electro spray ionization

El electron impact

Ligands and substituents

Ar aromatic substituent

R organic substituent

Me Methyl, -CH3s

Et, Ethyl, -C2Hs

Pr iso-Propyl, -C3H7

‘Bu tert-Butyl, -CaHs

"Bu n-Butyl, -CaHg

Ph Phenyl, -CsHs

Cp cyclopentadienyl, n°-CsHs

CpR cyclopentadienyl derivative

Cp* n5-CsMes

Cp*Pr n5-CsPrsH

Cp” 1,3-di-tert-butylcyclopentadienyl, ns-CsHsBuz
Cp” 1,2,4-tris-tert-butylcyclopentadienyl, ns-CsH2/Bus

CpPn pentakis-phenylcyclopentadienyl, ns-Cs(CsHs)s

Evans Method

effective magnetic moment

Meff
uB

Bohr magneton

Mossbauer Spectroscopy

e} isomer shift, mm-s™

AEq quadrupole splitting, mm-s~"
IR Spectroscopy

IR infrared spectroscopy

1% wavenumber, cm™!

S strong

w weak

br broad

Other

A Angstrom, 1 A=110""m
T temperature

K Kelvin

°C Degree Celsius

c concentration, mol - L™*

d distance, A

r.t. room temperature

M metal

L ligand

1D one dimensional

2D two dimensional

3D three dimensional

DFT density functional theory
VE valence electrons

ADPs atom displacement parameters

CpP® pentakis-4-ethylphenylcyclopentadienyl, n5-Cs(4-EtCeHa4)s
CpB¢ pentakis-4-n-butylphenylcyclopentadienyl, n3-Cs(4-"BuCesHa)s

Cp?” n8-Cs(4-n-propyl-1,1’-biphenyl)s
Cp*Xt n5-Cs(2,4,6-triisopropyl-1,1'-biphenyl)s
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