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PROLOGUE

PROLOGUE

This thesis reports on the synthesis and characterization of cobalt complexes and their
application in the functionalization of white phosphorus. Chapter 1 reviews the versatile
chemistry of transition metal-mediated P4 functionalization and categorizes this
research field into systematic subunits. Chapter 2 addresses the synthesis of a novel
heterobimetallic Co2Sn; cluster and its reactivity toward white phosphorus. Chapter 3
reports on the cyanide-induced [3+2] fragmentation of pentaphosphido ligands, which
were obtained by stepwise P4 activation and functionalization. In Chapter 4, the
construction of polyphosphido complexes from a tetraphosphido cobaltate precursor is
discussed. The final chapter 5 summarizes the results of this thesis and gives a brief

outlook.

PROLOG

Diese Dissertation behandelt die Synthese und Charakterisierung von niedervalenten
Cobaltkomplexen und deren Anwendung in der Funktionalisierung von weillem
Phosphor. Kapitel 1 setzt sich mit dem aktuellen Forschungsstand zur
Ubergangsmetallvermittelten P4 Funktionalisierung auseinander und gruppiert die
bisherige Literatur in systematische Untereinheiten. Kapitel 2 beschreibt die Synthese
eines neuen heterobimetallischen Co;Sn;-Clusters und seine Reaktivitat gegenliber
weillem Phosphor. In Kapitel 3 wird die durch Cyanidanionen ausgeldste [3+2]
Fragmentierung von Pentaphosphidoliganden thematisiert. Kapitel 4 befasst sich mit
dem Aufbau von Polyphosphidokomplexen durch Reaktion von einem Tetraphosphido-
Komplex mit einer P, Spezies. Das letzte Kapitel 5 fasst die Ergebnisse dieser Arbeit

zusammen und gibt einen kurzen Ausblick.
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CHAPTER 1 — TRANSITION METAL-MEDIATED TRANSFORMATIONS OF WHITE PHOSPHORUS

1 TRANSITION METAL-MEDIATED TRANSFORMATIONS OF WHITE
PHOSPHORUS

1.1  Introduction

The element phosphorus is essential for life. In every organism, phosphorus serves as a
building block of DNA and of the cellular energy carrier ATP.""! But the biological
relevance is far from the only reason why phosphorus containing molecules have a huge
impact on daily life.!'! Phosphorus compounds are also found in detergents, fertilizers,
insecticides, food products, flame retardants, and organophosphorus derivatives in

particular play a crucial role in the chemical and pharmaceutical industries (Figure 1).

3% 2%

6%

= fertilizers = feedstuffs
= detergents and cleaning products = food industry
= drinking water supply = flame retardants

Figure 1. Percentage distribution of phosphorus usage in Germany in 2011 estimated by the Federal
Environment Agency.!?

The industrial precursor for the vast majority of these synthetic compounds is white
phosphorus (P4), the most reactive allotrope of the element, which is produced from
phosphate rock on a megaton scale annually.®* Tremendous amounts of energy are
required to generate P4 from the mineral apatite, Cas(PO4)3(OH,F,Cl), quartz sand (SiO»)
and coke (C) at around 1500 °C in an electric arc furnace (Scheme 1a).l"! A significant
amount of P4 produced worldwide is converted into valuable organophosphorus
compounds which are used for example as specialty chemicals, pharmaceuticals and

catalyst components. The synthesis of these target organophosphorus derivatives is a
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multistep process involving the initial chlorination of P4 to PCl3, followed by subsequent

functionalization with Grignard or organolithium reagents (Scheme 1b).[>#
a) 3084 kJ + 2 Cas(PO,), + 6Si0, + 10C —> 6CaSiO; + 10CO + @

+ RLi, or
b) RMgX R; + LiCl, or
4+6C'2—’4@ | WASTE !
+ PhCI, Na : ;
\ Ph3 + NaCl J

Scheme 1. Production of white phosphorus (P4) from the calcium phosphate part of apatite minerals (a)
and the synthesis of organophosphorus compounds via PCls (b) (R = organic residue; X = Cl, Br, I).

Triphenylphosphane (PPhs), for example, being one of the synthetically most important
organophosphorus compounds, is industrially prepared by high-temperature reaction of
chlorobenzene with PCl; in the presence of molten sodium.P! Furthermore, huge amounts
of inorganic salt waste are accumulated as by-products. Thus, both sustainability and
safety issues render an overall improvement of those processes urgently needed. The
development of alternative routes that avoid the use of chlorine gas and circumvent the
highly toxic intermediate PCl; is currently of great interest. A promising approach to gain
fundamental understanding of phosphorus transformations is the mild activation of P4 and
its successive functionalization with organic substrates. It is hoped that studying these
reactions may ultimately pave the way to effective catalytic methods for converting P4

directly to organophosphorus derivatives.

1.2 Activation of White Phosphorus

The controlled and consecutive cleavage of P—P bonds within the P4 tetrahedron (often
referred to as P4 activation) plays a crucial role in the formation of reactive P, (n=1-4)
units, potentially suitable for further functionalizations. As outlined in several reviews, a
large number of reactive main group element or transition metal compounds has been
applied to the activation and degradation of the P4 molecule.[*®”! Scheme 2 illustrates
conceivable degradation pathways starting with the initial formation of [1.1.0]bicyclo-P4
(“butterfly”) species. The stepwise cleavage of further P—P single bonds results in cyclic,
branched and linear P, fragments stabilized by transition metals or main group

compounds.
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_| > r Nl e 2 |
N

/_\—> | —_—

P -

N o

Scheme 2. A selection of possible reaction pathways for the activation of white phosphorus (P4). Only the

~N

/\

Pn backbones of the fragments are shown; charges and substituents are omitted for clarity.

Especially the transition metal-mediated activation of P4 has attracted considerable
attention over the last several decades has given rise to a plethora of fascinating
complexes bearing highly versatile P, units.*%! A complete description of all literature
known P, ligands would exceed the scope of this introduction. Nevertheless, only a
compendious overview of common structural P, motifs is illustrated in Figure 2.
Monophosphido ligands, P> dumbbells or cyclo-P3 rings derive from fragmented Ps4
molecules (n < 3). Tetraphosphido ligands (n = 4) are typically observed either as metal-
bound retained P4 tetrahedra, or as partially degraded “butterfly” species, P4 rings and
chains. Sometimes, the aggregation of multiple phosphorus atoms n > 5 is also observed,
which may result in aromatic cyclo-Ps and cyclo-Ps ligands, or even extended
polyphosphorus cages (bridging motifs, metal-phosphorus multiple bonding, and varying

hapticity can also be observed, but are not discussed here).

n=1 n=2 n= 3 n=4 n>5
= [M]
[M]_-_ S ‘ 1
5 ~ | \
M <Py [ ™ (<>}
] <
M]= M S g [M]
i=p= || M= s
[M] [M] :_
e S IS <5 o
g A /'/\ \,‘\f
M] M] P &
[M]:;::&_./::;;[M] Yl

Figure 2. Structural motifs of selected transition metal complexes bearing Pn ligands; [M] = transition

metal complex fragment.
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1.3  Transition Metal-Mediated Functionalization of White Phosphorus

Whereas the activation of Ps has been extensively investigated, subsequent
functionalization is far less explored. In the last few years, the interest in transfer and
incorporation of P4-derived phosphorus atoms into organic or main group substrates has
grown substantially, yet the controlled and selective functionalization of activated
phosphorus units is still challenging. In the following section, a detailed review is
presented which addresses the functionalization of white phosphorus promoted by

transition metals.

1.3.1 One Step Activation and Functionalization

The first transition metal-mediated P4 functionalization reaction was reported in 1974 by
Green and co-workers.%! They described the reaction of [Cp2MoH] (1) with an excess
of P4 in hot toluene, affording the deep red diphosphene complex [Cp2Mo(n?-P2H2)] (2),
which was crystallographically characterized by Canillo et al. three years later (Scheme
3a).”! This discovery represents a landmark in phosphorus chemistry, since not only P4
activation, but also functionalization was observed. Specifically, five P—P bonds of the
P4 tetrahedron were cleaved and, simultaneously, new P—H bonds were formed by

transfer of the hydride ligands from the metal center to phosphorus.

j \ /H \ 4

.~..
o8]
c

\ /H I. Zr
Mo_ \% \~H"
/ H
= M >
\ / 1 \ _ P
Mol = 2 Nz
%" Ny  toluene, 90°C | toluene, -35 °C, - H2 N
a c % é
2 @ © tBu tBu
/l
=4 =
s/ P4 . _P(SiMej3),
H o Zr\P(SM )
; S 4 IMe3)2 .
Ta—p—H H % Q ~P(SiMe;),
Y 3 7 \ /'
% \ ~ > NS
H toluene, 85 °C toluene, 25 °C 2 \/ 8
4 (b) (d) §> P(SiMes),

Scheme 3. Early transition metallocene-mediated activation of P4 with concomitant functionalization.

More than 20 years later, Stephan and co-workers provided a further example of such a

fragmentation/hydrogenation process (Scheme 3b). Reaction of the tantalocene trihydride
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complex [Cp.TaHs] (3) with P4 results in the hydridodiphosphene complex
[Cp2Ta(H)(>-P2H2)] (4).'% Interestingly, Chirik et al. found that an analogous reaction
of the related zirconium dihydride complex [Cp*2ZrH2] with P4 proceeds differently, and
does not give a diphosphene complex. Instead, only P4 activation to the [1.1.0]-
tetraphosphabicyclobutane (butterfly) complex [Cp*2Zr(n?-Ps)] occurs, along with
reductive elimination of H,.!"" They further described the treatment of the sterically more
encumbered dinuclear complex [Cp*Cp'ZrHzl» (5, Cp' = n°-CsHaBu) with Ps
(Scheme 3c). The product molecule [ {Cp*Cp'Zr} 2(u2,n>,n>-P4Hz)] (6) features a bridging
P4 chain best described as a PsH»* tetraanion. Lappert and co-workers used the zirconium
diphosphido complex [Cp2Zr(P(SiMe] (7) for a related insertion of a rearranged P4
scaffold into both Zr—P bonds to yield the hexaphosphane-3,5-diide complex 8
(Scheme 3d).l"?!

A late transition metal based approach for the one-step activation and functionalization
of P4 was initially reported by Peruzzini et al. in 1998 (Scheme 4).1'3! Rhodium(III) and
iridium(III) hydride complexes [(triphos)MH3] (9a: M = Rh, 9b: M = Ir; triphos = 1,1,1-
tris(diphenylphosphanylmethyl)ethane) enable the direct hydrogenation of P4 to PHs, if
conducted in a closed system. The stoichiometric by-products are the highly stable cyclo-

P53 compounds 10. Upon carrying out the reaction of 9a with P4 at lower temperature, or

& &
PII, \\H 4 PI,,
‘M. o M
v~ L v ’ + R H2
P L H for R = H: PTANY
(a)
9a(M=Rh R=H)  closedsystem 10a(M=Rh)  _...._._. \
9b (M =Ir, R = H) 10b(M=1Ir) 0!
9¢ (M =1Ir, R = Et) H =T
| 4 (- ) Hy | : E) '
open system® P 'T closed system(©) i triphos
P P |_ V4 b —|+
Pl 4 T electrophile(® P, | F
,Rh--—|| —_— R —_— ,Rh“'\
P” | THF, -30°C  \ /' THF, -78°C P,
R 11a (M = Rh, R = H) N
11b (M = Ir, R = H) Me” &
12a (R=Me, Et, Ph) 11C(|V|=Rh,R=Me)
12b (R = H) 11d (M = Rh, R = Et) 13a (R = H)
11e (M = Rh, R = Ph) 13b (R = Ph)

Scheme 4. Functionalization of P4 mediated by rhodium and iridium triphos complexes. Reaction
conditions: (a) for 9a: THF, 70 °C; for 9b THF, 120 °C. (b) for 9a: open system, THF, 70 °C, —-H; or closed
system, THF, 40 °C, —H2; for 9c: open system, THF, reflux, -CzHe. (c) for 11a, 11b: THF, 70 °C; for 11c, 11d,
11e: THF, 60 °C, 20 atm Ha. (d) for 11a, 11e: +MeOTf; for 11c: +HBFs-:OMe:.
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in an open system, the evolution of dihydrogen gas and an isolable intermediate species
[(triphos)Rh(n':n2-HP4)] (11a) was observed. Further mechanistic studies performed with
the kinetically more stable dihydridoethyl iridium complex [(triphos)IrH2(Et)] (9c¢)
revealed the initial formation of a butterfly compound [(triphos)M(H)(n?-P4)], which
slowly isomerizes to [(triphos)Ir(n':n2-HP4)] (11b). Finally, when solutions of either 11a
or 11b were saturated with Ha, the reactions proceeded to completion, forming PH3 and
10.

Only a year later, Peruzzini et al. successfully extended this concept to P—C bond
formation by reporting on analogous hydrocarbon-substituted tetraphosphido rhodium
complexes [(triphos)Rh(n':m?-RP4)] (11¢: R = Me; 11d: R = Et, 11e: = Ph) derived from
the corresponding ethylene complexes [(triphos)Rh(R)(n*-C2H4)] (12a) and P4 (Scheme
4)." During the reaction the labile ethylene ligand is released while the alkyl and aryl
moieties previously bound to the metal center in 12a selectively migrate to the activated
P4 scaffold. Notably, the reaction of Ps with the corresponding hydrido-ethylene
derivative [(triphos)Rh(H)(?-C2H4)] (12b) does not afford the expected product 11a.
Instead, the ethylene ligand inserts into the Rh—H bond and successively gives the
ethyltetraphosphido species 11d. Moreover, the pressurization of 11¢, 11d and 11e with
H; at 60 °C induced the formation of 10a along with the phosphanes RPH> in moderate
yields. The reactivity of complexes 11 was further explored through reactions with
electrophiles.!'! The reaction of 11a and 1le with MeOTf or Mel gave the doubly
functionalized and highly temperature sensitive cations [(triphos)Rh(n':n>*-MeRP4)]*
(13a: R = H, 13b: R = Ph). The fact that 13a is also obtained by treating 11c¢ with
HBF4-OMe; supports the idea that in this system electrophilic attack generally takes place

at the already-functionalized phosphorus atom.

A very recent collaboration by the groups of Caporali and Griitzmacher dealt with the
chlorination of P4 by the 16 valence electron species [Cp*RuCI(PCy3)] (14, Scheme 5).11%!
Promoted by two equivalents of 14, the migration of two chloride ligands from ruthenium
to an activated Ps unit yields the dinuclear complex [Cp*Ru(PCys)(n2.n*n*-
P4Cl2)RuCp*] (15), containing a planar and unsymmetrically bridging 1,4-dichloro-
tetraphosphabutadiene ligand. A selective exchange of the chloro substituents with alkyl
groups was achieved by salt metathesis with nBuLi. The product was the tetranuclear
2.2, 4

compound [(Cp*Ru)4(u3,n":m"n*-PsnBuz)2] (16), which features two coplanar [P4snBus]

moieties.
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| R
% é_\ _ /{ l Cl nBuLi
—

p > --Ru Ru--
7 N\~ n-hexane, 20 °C 7 THF, 20 °C, 15 min \/\
o ’ : : : Nl
CysP 20 h, -PCys cr” \R!u-- -2 LiCl, - PCys /«\\ )
RNYAN
14 Cy3p/ nBu R.“/ nBu

Scheme 5. Ruthenium-mediated halogenation and subsequent alkylation of Pa.

1.3.2 Functionalization of P1 and P, Ligands

In comparison to the one-step reactions mentioned above, more versatile transformations
can be made feasible by separating P4 activation from the subsequent functionalization
step. The following section deals with functionalizations of P; and P> ligands derived
from P4, which date back to the pioneering work of Scherer et al. in 1991. Oxidation of
the NioWP2 complex 17 with (Me3SiO) afforded 18a, the first complex of PO, the heavier

congener of the ubiquitous nitric oxide (NO, Scheme 6a).['”! Oxidation of 17 with Sg

OC CO _ OC €O cpd cp*
OC—W/—CO + 2 (Me3SiO), or \v\{/CO Ni CI)O N
+1/4 Sg 0oc— N~ —7
I Sl o
Cp*-Ni—[7 SNi—cp? rt. Cot-Ni—""Syi_~.a toluene, ’
PN I ~Ni—Cp (a) PN —~NI=CP™ o0 oc " co °
4 ; / (b)
17 Cp* = CyiPr,H E 18a(E=0) 19
18b (E = S)
S
(I)I Il
Cr / AN I,Cp + 0, Cp /\\\M'/Cp exc. Sg/CS, Cr / \EM'/CP
oc-M<IM-co = —— oc-M<JVVco oc-M<IM-Cc
7 M \CO toluene, r.t. OC/ M “co CHCl, oc M “co
¢ v’ co (c) cr’ | co (d) cr’ | o
(610) (610 CcO
M = Mo, W
21a M= Mo, W 20 21b
- E\\ - //E
oé ’\\/\\/o +1/2 Sg or + 4 Segey oé[\/\\/.
® = [CpFe (e > 0”0 E=S, Se
eprel A\ A n =<3
(e) £ ‘£
22 23

Scheme 6. Oxidation of Ps-derived P1 and P2 ligands in the coordination sphere of transition metals.
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similarly affords the isoelectronic PS species 18b, which undergoes partial loss of CO
and rearrangement from psm! to po:m? coordination of the PS ligands when heated to
100 °C (19, Scheme 6b).['8! Mays and co-workers found that a similar u3-PO compound
(21a) is formed if the trinuclear species 20 is exposed to atmospheric oxygen
(Scheme 6¢).["' The corresponding oxidation with elemental sulfur is fully reversible and
leads to 21b in the presence of an excess of Sg in CS2 (Scheme 6d).*”! The reverse
reaction to 20 takes place in common organic solvents in the absence of an excess Ss.
Scherer et al. reported on the synthesis of E=P—P=E ligands in 23 by oxidation of the P>

dumbbells in the Fe4Ps clusters 22 with elemental sulfur or grey selenium (Scheme 6e).!!

A series of remarkable functionalizations was performed by Cummins and co-workers
using early transition metals triply bound to a terminal phosphido (P*") ligand. The
molybdenum phosphide 24 was reacted with monomeric acetone peroxide, elemental
sulfur and mesityl azide (MesN3), giving complexes with terminally-bound phosphorus
monoxide (25a), phosphorus monosulfide and iminophosphenium (25b) ligands
(Scheme 7a).[?>2¥ In addition, the phosphaalkyne AdC=P (Ad = 1-adamantyl) adds to the
Mo=P triple bond in 24 to yield the cyclo-CP> complex 26 (Scheme 7b).[*!

E + 9
I o>< or A c—Ad
R Mo. R . ESJLS R R + AdC= \Jn/ iPr
. o., 3 o., = iPr. o.,
I\|l/ \N ,N/ - \r\‘l/ \ N/ > \'\|l/ \N /N/ o
*R R =C(CDs),Me — R = iPr —iPr
Ar Ar Ar AI‘ o Ar Ar
A! A! CeDs, 60 °C All'
25a (E = O) (@) 24 (b) 26
25b (E= S, NMeS) Ar = 3,5—M6206H3

Scheme 7. P:1 functionalizations mediated by the molybdenum phosphido complex 24.

Cummins and co-workers also subsequently demonstrated the impressive synthetic
potential of the anionic niobium complex 27, which is isoelectronic with 24 (Scheme 8).
The Nb=P triple bond in 27 participates in further solvent-dependent P4 activation.
Trapping of 0.5 equivalents of P4 in weakly coordinating solvents affords [(cyclo-
P3)Nb(N[Np]Ar)s]” (Np = CH2tBu, Ar = 3,5-Me2CgH3), which is structurally related and
isolobal to 26.°! In THF, however, addition of the entire P4 tetrahedron occurs and
concomitant migration of one amide ligand onto phosphorus gives the amino
functionalized cyclo-Ps anion 28 (Scheme 8a). Moreover, the anionic nature of 27 opened
up avenues to salt metathesis reactions with electrophiles. Treatment of 27 with divalent

group 14 element salts at low temperatures provided the dinuclear compounds 29 contai-
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85°C| A | AP N7 NN 65 °C Pe
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N\ J
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Scheme 8. Phosphorus functionalization mediated by the niobium phosphide anion 27. (i) Recovery of
starting material 27 from 33 proceeds by: 1. +Tf20 in Et20 at -35 °C; 2. +[Mg(thf)3(C1saH10)]/-Mg(OTf)>,
—Ci4H10 in THF at =100 °C; 3. +0.25 equiv. P4 in THF at r.t.; 4. +Na-amalgam/-Hg in THF at r.t.

ning bridging pom®-ni-cyclo-EP> (E = Ge, Sn, Pb) triangles (Scheme 8b).*®! The
n?-phosphanyl phosphinidene complexes 30 were accessible by reacting 27 under similar
conditions with chlorophosphanes (Scheme 8c).?”!  Silylation and stannylation
(compounds 31) at the nucleophilic phosphorus atom were achieved by treating 27 with
MesECI (E = Si, Sn, Scheme 8d). Cummins and co-workers further reported that 27
enables the remarkable transformation of acyl chlorides into the corresponding
phosphaalkynes (Scheme 8e).!?8! In fact, the authors described a complete synthetic cycle
involving an initially formed niobacyclic intermediate 32, [2+2] fragmentation to give the
phosphaalkynes P=C—R (R = rBu, Ad) and the niobium(V) oxo product 33, and finally
the recycling of 33 by step-wise deoxygenation, P4 activation and reduction.”® The

reaction of 27 with the chloroiminophosphane CIP=NMes* (Mes* = 2.,4,6-tBuzCsH>)

9
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gives 34, which bears the diphosphorus analogue of an organic azide ligand (P=P=N-
Mes*) coordinating through the P=P unit in an n?-fashion (Scheme 8f).*! Remarkably,
compound 34 serves as a precursor for the thermal release of formal [P=P] units, which
can be quantitatively trapped by using 1,3-cyclohexadiene to form the Diels-Alder adduct
35 via a double diene addition. The by-product of this process is the niobium imide

complex [(Mes*N)Nb([Np]NAr)3] (36).

Moreover, Cummins and co-workers presented additional functionalizations of the
terminal PO ligand in the above-mentioned molybdenum complex 25a, mediated by
added more oxophilic metal species. The nucleophilic attack of one methyl group in
[Cp2ZrMe:] at phosphorus gives the Mo(IV) complex 37 in up to 75% yield
(Scheme 9a)./**! An uncommon phospha-Wittig reaction takes place upon treatment of
25a with the silyl phosphinidene complex 31a (Scheme 9b).*!! This O=P/Nb=PSiiPr;
metathesis generates the oxo niobium compound 33 along with the silyl substituted
diphosphenido molybdenum complex 38. In solution, 38 decomposes within days to the
phosphido molybdenum complex 24 and the unstable diphosphene 39. Elevated
temperatures accelerate this decomposition reaction. The reactive intermediate 39 readily
oligomerizes to a mixture of the phosphinidene trimer 40 and tetramer 41, or can be

trapped with dienes to form the [2+4] cycloaddition products 42.

C f [PMo(RNAr);]
+ [CpyZrMe;] I I 24
CeHeg, 28 °C R Mo., R R Mo., R <
N \NIlN/R N \NI/N/R @
(a) Ar | Ar CeHg Ar | Ar
Q r 22 °C Ar -
M - /

e 252 (b>—< 38 S Ior
Dy L AMe £8) I
S | [ONb(NpINAT] i

R, _Mo., R Np Np 33 IS)

Scheme 9. Transformations of the phosphorus monoxide ligand P=0 promoted by combinations of two
metal complexes (Ar = 3,5-Me2CsHs; R = C(CD3)2Me; Np = CH»tBu).

In 2000, Scheer and co-workers described the functionalization of the chromium complex
43 with group 15 halides (Scheme 10a).1**! While reactions with PCls and PCl3, led to the

cyclo-P3 complex 44 and the dinuclear chromium chloride 45, respectively, the reactions

10



CHAPTER 1 — TRANSITION METAL-MEDIATED TRANSFORMATIONS OF WHITE PHOSPHORUS

with ECI; (E = As, Sb) were very unselective. A complex mixture of products was
obtained, including 44, 45, the cyclo-EP, complex 46 and various triple-decker
compounds 47. Interestingly, Ruiz and co-workers found that the closely related heavier
group 6 complex anions 48 can readily be functionalized with electrophiles affording the

methyl- or stannyldiphosphenyl bridged species 49 (Scheme 10b).3!

/

P e

m— ’—E
\lr/ 44 \(|:|-/ 46
OC, IX «CO FClsorECl 5o "\co oc” \"co
(a) Ay > Cp * Cp
Co— T Cl~cp E-pa
\ =F, AS, Sb + +
oc co X
43 [CpCr(u-CICl]2 (45)  [(CpCr)a(n-PxAss.)] (47)
R
- /
OC, y X <CP Mel or Physncl  9C, X CP
b —M—M T —M—M-
(b) Cp \P/ (6]0) THE Cp \P/ CcO
Cyz Cyz M = Mo; R = Me, SnPhy
M=W; R =Me

48 49

Scheme 10. Functionalization of P2 units mediated by dinuclear group 6 complexes.

1.3.3 Functionalization of Ps Ligands

The first functionalization of a P3 ligand was reported by Peruzzini and Stoppioni in 1986.
Highly electrophilic alkylating agents MeOTf and [Me3O]BFs were used for the
methylation of the cyclo-P3 moiety in the group 9 triphos complexes 50 (Scheme 11a).34
The products 51 contain methyltriphosphirene ligands coordinating in an n>-mode. It is
noteworthy that these alkylations represent the first examples of successful transition
metal-mediated functionalization of any polyphosphorus ligand with carbon-based
electrophiles. Under the same conditions, the protonation of 50 with HOTf gave a
different outcome (Scheme 11b).%5 Spectroscopic and crystallographic investigations
indicated that H* interacts weakly with the heteroatomic CoP3 cluster core in 52 and is

most likely located between both phosphorus and cobalt.

The reactivity of the cyclo-P3 ligand toward main group nucleophiles was explored by
Scheer and co-workers 30 years later using a related nickel complex.*®! According to
variable temperature 3'P NMR studies, the reaction of the nickel cyclo-P3 sandwich
compound 53 with LiPPh> initially forms the intermediate triphosphirene species 54a,

which then rapidly incorporates a second equivalent of 53 and concomitantly rearranges

11
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to the heptaphosphane compound 55a. Since crystallization and purification of 55a was

unsuccessful due to its high sensitivity, protonation with HBF4 was investigated to afford

the more stable neutral species 56. The two nickel centers in 56 are bridged by a

remarkable bicyclic P ligand with an exocyclic PPhs substituent. By contrast, the reaction

of 53 with LiNMe; gives the n’-triphosphirene complex 54b as isolable main product,

and 55b was detected only in minor quantities by *'P NMR spectroscopy.

)
at at
+ MeOTf or ’
P\ ,PP - [Me3O]BF4 P\ 'PP +TfOH . P\ PP E :
4 2 L P
/M\ DCM, 0 °C /M\ DCM, 0 °C /Coq‘;"' PP
<c\,—; W M = Co, Rh, I < M = Co <<\>7 ; triphos
(a) — (b)
51 50 52
- _
tBu@tBu tBu\©’tBu Ni] T [Ni]
Bu” | +LiNu  tBu” +53 7~ o iHBF a
Ni - Ni - K Y > t Y
s THF A\_p  THE NN THF  Ph,P\
</ SE W // // N\
(©) [Ni] Nij H
53 54a (Nu = PPh,) 55a (Nu = PPh,) 56

54b (Nu = NMe,)

55b (Nu = NMe,)

Scheme 11. Reactivity of neutral cyclo-P3 complexes with electrophiles (top) and nucleophiles (bottom);
[Ni] = [Ni(CeH2tBus)] (triphos = 1,1,1-tris(diphenylphosphanylmethyl)ethane).

Further n-triphosphirene complexes were obtained by Piro and Cummins by reacting the

di- and trinuclear cyclo-P3 complex anions 57a and S7b, respectively, with electrophiles

(Scheme 12).**! Treatment of the dinuclear 57a with Ph3SnCl affords the P-stannylated

compound 58a, and the reaction of trinuclear 57b with 1-adamantylcarbonyl chloride

gave the analogous, yet thermally unstable, P-acyclated species S8b. When 57b is reacted
with C1IP=NMes*, one [W(CO)s] fragment is lost and a shift of the second [W(CO)s] moi-

(OC)W]
o)Wy |
| s
Y
N
p\[\|j/
A

+ PhsSnCl
-
‘4, /Np

N

—Np +
r Ad

z=

or
0
r J\CI

H—

A

58a ([W(CO)s], R = SnPhs)
58b ([W(CO)sl, R = C(O)Ad)

r

N [(OC)sW]
[(OC)sW] N =NMes*
[(OC)sW] | 7~ ~
\<i> + CIP=NMes* \"/
—_—
NIO\N/ NI{'"'/N’Np F120, 11007C Np\N/NR'""N/Np
| N—-N | N—-N
Ar | Ar P Ar | Ar i
Ar Al
J
57a ([W(CO)s)) >9

57b ([W(CO)sl,)

Scheme 12. Functionalization of cyclo-Ps units with electrophiles mediated by oligonuclear complex

anions (Ar = 3,5-Me2CeH3; Np = CH2tBu;

12

Mes* = 2,4,6-tBusCsH2).
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ety to the iminophosphane P is observed. The product 59 features a Mes*NP[W(CO)s]*
unit that circumambulates around the unsaturated triphosphorus cycle in solution at

ambient temperature.

Cummins and co-workers further demonstrated the exceptional utility of anionic niobium
complexes for phosphorus transfer by using the niobate 60 (Scheme 13), which bears
phenolato instead of the more established anilido ligands (cf. 27, 57). The reaction of 60
with Ph3SnCl yields the stannyldiphosphirene complex 61, where the Ph3Sn™ moiety
rapidly migrates around the cyclo-Ps ring in solution even at =90 °C (Scheme 13a).53"!
Subsequent liberation of the diphosphirene molecule from the metal center was achieved
by converting 61 with the oxidant pyridine-N-oxide in the presence of the trapping agent
1,3-cyclohexadiene. This procedure gave the uncommon Diels-Alder adduct 62 along
with the niobium oxo dimer [ONb(ODipp)s]>. Remarkably, 62 serves as a P3*~ synthon
and readily transfers its cyclo-P3 unit onto [CIRh(PPh3)s]. This reaction involves chloride
abstraction from rhodium to eliminate Ph3SnCl, and the release of 1,3-cyclohexadiene
from the diphosphene by [4+2] retrocycloaddition which ultimately affords the cyclo-P3

rhodium complex 63.

/Snph3 A +P,, Na/H
- 4, Na/Hg
= P .
& © Physnl & 4 [(DippO)3;NbCI(thf)]
Nb, Nb, + ECl,
Dipp0” \ "ODiPp g0, rt. | Dipp0” '\ "ODipp
ODipp ODipp THF
(a) (c) E
61 60 Vi
=
*+ CsHsNO + [IMo(N[tBU]A
Et,0, rt. | + 1,3-CHD Et,0, rt, |+ IMO(NIBUIAN] 67 (E = As, Sb)
- [ONb(ODipp)3l, (b) - [PMo(N[tBu]Ar)s]
_ 24 [7301
PhsSn._ ,76 \;é _ 7
= Dipp0” '\ “ODipp >0.5 "
62 ODipp [Nb]
64 65
THF + [CIRh(PPh3);] t
° nea
007G\ - Phgsnc 1,3-CHD“
-1,3-CHD .
' - [ONb(OD
- Q + CyHgNo ~ [ONB(ODIPP)S,
o> 2P +13-CHD
1/ \/
_Rh,, _Nb, P
PhsP” \ 'PPhs Dipp0” '\ "ODipp WKY
PPhs, ODipp -
63 66 35

Scheme 13. Phosphorus transfer reactions promoted by the anionic niobium cyclo-P3 complex 60; [Nb] =
[Nb(ODipp)s] (1,3-CHD = 1,3-cyclohexadiene).
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In a different approach, 60 was reacted with the iodo molybdenum(IV) species
[IMo(N[7Bu]Ar)s] (Ar = 3,5-Me2CeH3, Scheme 13b), which acts as a P~ abstractor to form
[PMo(N[/Bu]Ar)3] (c.f. 24, Scheme 7).1*¥ In this manner, the dinuclear cyclo-P4 cluster
65 was quantitatively obtained, presumably via an irreversible dimerization of an
intermediate P> species 64. In the presence of the trapping agent 1,3-cyclohexadiene, an
equilibrium with the Diels-Alder product 66 was detected by 3'P NMR spectroscopy.
Complex 66 could not be isolated as a pure compound due to this equilibrium with 64,
which irreversibly dimerizes to 65. However, upon addition of the oxidizing agent
pyridine-N-oxide, liberation of the diphosphene ligand occurs, affording the above-
mentioned double cycloaddition product 35 (Scheme 8). Cummins and co-workers also
reported on the facile synthesis of the fascinating binary interpnictogen molecules EP3
(67, E = As, Sb) via salt metathesis reactions of 60 with ECl3 (Scheme 13¢).[*’! The
niobium dichloride by-product [(DippO)s;NbClx(thf)] can easily be recycled to the cyclo-

P precursor 60 by reduction in the presence of Ps.

1.3.4 Functionalization of P4 Ligands

As the formation of P4 ligands is the most common result of transition metal-mediated P4
activation,!*®! it is not surprising that phosphorus functionalization has mostly been
explored for these complexes. These reactions are particularly versatile depending on the
precise nature of the P4 ligand. Thus, the following section is divided into four parts
correlating with the successive degradation of the P4 tetrahedron: tetrahedral P4 ligands,
[1.1.0]bicyclo-Ps compounds (“butterfly-Ps” ligands), cyclo-P4 units, and catena-Ps

species.
1.3.4.1 Tetrahedral P4 Ligands

Stoppioni, Peruzzini and co-workers reported on the hydrolytic disproportionation of
intact P4 tetrahedra in the coordination sphere of ruthenium. Such reactivity is remarkable
given that free P4 is well known to be indefinitely stable in water at room temperature.'®
The authors found that [CpRu(PPh3)2(n'-P4)]* (68a) almost quantitatively forms the
phosphane complex 69a upon reaction with 100 equiv. H,O (Scheme 14a).[*Y! By-
products are oxophosphorus species such as phosphorus acid (H3POs) and phosphoric
acid (H3PO4). Substitution of the triphenyl phosphane ligands for the bidentate
1,2-(bisdiphenylphosphino)ethane (dppe), or the sodium salt of meta-sulfonated
triphenylphosphane (TPPMS = PhoP(m-CsHsSO3Na) (compounds 68b and 68c,

14
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respectively), resulted in formation of minor quantities of hydroxyphosphane complexes
such as 70b,c and 71b,c as side-products.[*!! The composition of the final mixtures
strongly depends on the solvent, the temperature and the excess amount of H>O. When
71b is dissolved in DCM, it reacts with the PFs counter anion and gives the

fluorodihydroxyphosphane complex [CpRu(dppe){PF(OH).}]PF,0, (72) by F/OH

substitution.
a)
70a ([M] = [Ru])
M1 %) (100 enuiv) . + MI=PH(OH);' " 70b (M) = (Ru1)
\Q\ ————— [M]—PH, ::3 83 ;(1)0 ([M]:[Eu 1)
2 SRS (1) e A g
69a ([M] = [Ru]) 71b ([M] = [Ru'])
68a ([M] = [Ru]) 69b ([M] = [Ru'], [Ru"]) +PF6’¢ DCM, r.t. 71e ([M] = [Ru"])
68b ([M] = [Ru") o a+ .
68¢c (IM] = [Ru"]) [Ru']-PF(OH), PF,0, 72
b)
H +
H —2+ *HO [Rul<_ 2+ + 1y, [Rul " il
[Rul i (100 equiv.) \i\ + H,0 (traces) 1 __\
[Ru] —<—— PEN ——— 7 IRyl
H, THF 73 [Ru] DCM 78
74
+ H3POg3, + 69a, +H.O lTHF
7 71
+70a,+71a (500 etzquiv.) +H,O | THF [Rul\H =~ 2+
THF (20 equiv.) \/\
79 F= =[Ru]
T2+
H 12+ Y
R R ! OH + H,0
[ U]\/\/ N /[ u] @1 2+ Ph3P/|7u\ //OH (10 equii_)lDCM
HOH M2 75 Hy I * H/\/\H
Ru_ H H 2
+ HsPO, [Ru]” \H: %Ph3(0H)3 HO [Au] [Rul{ _P_ /[Rulj '
76 77 H, H, 80
+69a, + 70a, + 71a, + 74, + H;PO, + H3PO3

Scheme 14. Hydrolysis of P4 in the coordination sphere of mononuclear (a) and dinuclear (b) ruthenium
complexes; [Ru] = [CpRu(PPhsz)2]; [Ru’] = [CpRu(dppe)] (dppe = 1,2-bis(diphenylphosphino)ethane); [Ru”]
= [CPRU(TPPMS).] (TPPMS = Ph,P(m-CeHaSOsNa)).

The dicationic diruthenium complex 73 displays a very complex hydrolysis behavior.
When treated with 100 equiv. H20O, in a similar manner to 68a, a diphosphane complex
74 is obtained along with 69a, 70a, 71a and H3POs as by-products (Scheme 14b).1*?! With
a much higher excess of water (500 equiv.), the reaction becomes selective and gives rise
to H3POs and the remarkable 1-hydroxytriphosphane complex 75 in 93% isolated
yield.[**! Reducing the amount of water to only 20 equiv. slows down the reaction rate

significantly and affords two different compounds as major products:**! the 1,1,4-
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tris(hydroxy)tetraphosphane complex 77 and a dinuclear species 76, which comprises a
bridging diphosphane and a P(OH)s ligand. The reaction mixture further contains small
amounts of several other species, namely 69a, 70a, 71a, 74 and H3POs. A different
reactivity is observed when 73 is first oxidized with iodine in the presence of traces of
water.[*! The initial product is the monocationic diruthenium complex 78, stabilizing the
cyclic (P4sH2l)™ anion. In THF, the iodide anion dissociates from the tetraphosphorus
ligand, resulting in the [1.1.0]bicyclotetraphosphane complex 79 that further hydrolyzes
to the triphosphane complex 80 and phosphorous acid.

In a different approach recently reported by Lammertsma and co-workers, the
N-heterocyclic carbene (NHC) gold complex 81, which binds an intact P4 tetrahedron in
an n’-fashion, readily reacts with aryl lithium compounds at low temperatures
(Scheme 15).146! The controlled P—C bond formation and concomitant cleavage of one
P—P bond gives rise to the proposed intermediate butterfly species 82. Immediate addition
of a second [(NHC)Au] fragment, derived through formal loss of P4 from a second

equivalent of 81, affords the cationic complex 83 in high yield.

( = % NN o
Di NN D 81 DepTY IR
ipp~ N N=Dj +
PP ;( PP + ArLi N Dlpp _P, Alu o
u
A / —_— ipp
LN toluene, / Au\(J toluene, A~ \// Au
S .78 °C -78 °C ~"
Co 81 82  Dipp” J7
\ y, 83 Dipp”

Ar = Mes, 2,6-Mes,CgH3

Scheme 15. Functionalization of P4 with organolithium compounds in the coordination sphere of N-

heterocyclic carbene (NHC) gold cations.

1.3.4.2 [1.1.0]bicyclo-P4 Ligands

The first functionalizations of [1.1.0]bicyclo-P4 (“butterfly-P4”) ligands were reported by
Scherer et al. Thermolysis of the diiron complexes 84 in the presence of
diphenylacetylene affords the triphospholyl species 85a in moderate yields
(Scheme 16a).1”! In the case of the related compound containing a sterically more
demanding pentaisopropylcyclopentadienyl ligand (84b), the remarkable P11 cage
compound 86 is also formed in low quantities. Scheer and co-workers later extended this
concept to other alkynes. Phenylacetylene gives a mixture of the monophospholyl (87)
and 1,2,3-triphospholyl species (85b).1*8] The reaction of 84a with the phosphaalkyne
BuC=P produces several compounds (Scheme 16b).1*”! While the tetraphospholyl (88)
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and the 1,2,4-triphospholyl (89) complexes are the main products, minor amounts of
pentaphosphaferrocene 90 and the dinuclear triphosphaallyl complex 91 can also be
isolated. It is proposed that key steps in these reactions are the [3+1] fragmentation of the

butterfly framework and the subsequent addition of one or two equivalents of alkyne.

. Cp*
[Fe']
e o e W
| l/\,\ /\ F| + @ + Ph Fe
=\ "\ Y —Fe |
S/ I co S5 ©\Ph
= ocC 85a (R = Ph, Cp* = Cp", Cp®)
86 ([Fe'] = [Cp°Fe(CO)]) 85b (R = H, Cp* = Cp™) 87
A b o A !
Ph—=——ph Ph——H
toluene, 110 °C Cp* Cp* toluene, 110 °C
| |
_Fe Fe
Bu—= OCOC/ N2 N \COCO 84a (Cp* = Cp™ = 1,2,4-tBusCzH,)
toluene, 110 °C 84b (Cp* = Cp® = iPrsCs)
®) F F F
Bu_L :e] [ :e] tBu [ :e] 7 \
== RN == e S
88 89 90
(c)
excess
phN=c=s I[N/ U\__INil  [Nil<_/\\\__INi]
NI LN N =——— ] P
THF ) N
N S \
92 bn 93 Ph 94

Scheme 16. Addition reactions of unsaturated organic molecules to Ps butterfly complexes; [Ni] =
[CpNi(IMes)] (IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene); [Fe] = [Cp’"’Fe].

Wolf and co-workers found that the N=C and C=S bonds of the heterocumulene phenyl
isothiocyanate (PhNCS) reversibly insert into a P—P bond of the P4 butterfly scaffold of
the dinuclear nickel complex 92 (Scheme 16¢).°%! The products are the two isomeric
bicyclo[3.1.0]heterohexane species 93 and 94, which can be isolated as pure compounds,

although they slowly equilibriate with the starting materials 92 and PhNCS in solution.

Protonation of the iron butterfly compound 84a was also investigated by Scheer and
co-workers. According to *'’P NMR and computational studies, the acidic proton
selectively attacks the more nucleophilic, metal-bound (“wing tip”’) P atom to give the
cation 95 (Scheme 17a).°!! A similar observation was made by Lammertsma and co-
workers.!*?! The reaction of the anionic Lewis acid stabilized Ps-butterfly compound 96

with [MesNH][BPhy] initially forms the intermediate “wing tip” protonated species 97
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(Scheme 17b). Immediate loss of the amine-borane adduct Me3sN-BAr3 (Ar = Ph, CgFs)
leads to the formation of the neutral bicyclo[1.1.0]tetraphosphabutane isomers
exo,endo-98 and exo,exo-98. The two isomers were calculated to lie close in energy and
readily undergo Lewis acid-catalyzed isomerization. Moreover, they decompose within

one day due to a lack of kinetic stabilization.

_|+
+ HX R
@) | [Fe]. /Z D\ _[Fe] | ———— [Fel<_ZP\__[Fe]
|
84a 95
[Fel ZP\ M
exo0,ex0-98
7 ) + [Me3NH]* ’ - Me3N-BAr,
(b) [Fe'l< /’l\\ _BAr; ? [Fe'l< /,\\ BAr3 —— 1}
|l| exo,endo-98
96 (Ar = Ph, C4F 97 R
|
H
Scheme 17. lIron-mediated protonation of Ps-butterfly ligands; HX = [(Et20)H][BFa],

[(Et20)2H][AI(OC(CF3)s]; [Fe] = [Cp"'Fe(CO)2]; [Fe'] = [Cp*Fe(CO)2].

"_—

As also reported by Scheer and co-workers, the reaction of [Cp”2Zr(n':n!-P4)] (99, Cp
1,3-tBu2CsH3) with the monochlorosilylene 100 in toluene at room temperature gives
compounds 101 and 102, which are remarkable phosphorus/silicon analogues of benzene
and cyclobutadiene, respectively (Scheme 18).°%! Computational studies indicated that
101 possesses considerable aromatic character, whereas 102 is weakly antiaromatic. The
aromaticity in both compounds is substantially influenced by the additional donating
nitrogen lone pairs of the bidentate PhC(N7Bu)2 substituents.

tBu tBu tBu
ﬁ/ ' e L

toluene

\ - N
tBu 22l K| |+ P “si-Cl T+ L-siOsi-L
\%\ AN N r.t. 57 P’
BU Bu  -[Cp",ZrCly] !

100 101 102

99

Scheme 18. Synthesis of phosphorus/silicon analogues of benzene by P4 functionalization (L =
[PhC(NtBu)2]).
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1.3.4.3 cyclo-P4 ligands

Functionalization at cyclo-P4 ligands is far less common than at tetrahedral and butterfly-
P4 ligands, and was first demonstrated by Scheer and co-workers (Scheme 19).°* When
a tenfold excess of PCls is reacted with the pentanuclear cyclo-P4 complex 103, the main
products in the reaction mixture are [WCl4(MeCN)], PClz, [W(CO)s(PCl3)], and the
dinuclear tetrachlorodiphosphane complex 104. However, these species are only found in
minor quantities when the reaction is performed with a smaller amount of PCls (4 equiv.).
The main product in this case is 105, in which a [WCI(CO)2(MeCN);] fragment is
coordinated by a chlorinated cyclo-P4 ligand through its triphosphaallyl subunit. The
isolation of 105 as a pure compound was not successful, because it readily reacts with

traces of moisture to give the corresponding hydrolysis product 106.

10 equi cf W
equiv. N ,
oG CO —» [WCIy(MeCN),] + PCl3 + [W]-PCl; + N
\
OoC-W—CO + PCI Wl ¢
NG 5 i ol 104
WI—PSISe —wy | MeCN MeCN_ | _CO MeCN_ | _co
- MeCN-W=CO  +H,0 MeCN-W=CO
wi] \ 2
4 > é- ~[W] _>HCI é_ ~[W]
103 equiv. \/ \\ W] - \/ \\ g
w1l | [w] |
[W] = [W(CO)s] Cl OH
105 106

Scheme 19. Chlorination of a cyclo-P4 ligand in the pentanuclear tungsten complex 103; [W] = [W(CO)s].

Recently, Mézailles and co-workers investigated the reactivity of the end-deck cyclo-P4
iron complex 107 toward electrophiles (Scheme 20a).5%! The P-borylated Lewis adduct
108 is formed in an equilibrium reaction upon treatment of 107 with B(CeFs)3 in DCM.
Scheer and co-workers reported on ring expansions of the related end-deck cyclo-P4
cobalt sandwich complex 109 upon reaction with the pnictinidene complexes
[Cp*E{W(CO)s}2] (E = P, As, Scheme 20b).1"! The insertion of the phosphinidene into
the P4 ring is followed by a shift of one [W(CO)s] unit and affords the two isomeric
n*-cyclo-Ps species 110a and 110b, which differ only in the orientation of the tungsten
pentacarbonyl and the Cp* substituents. Interestingly, when 109 is reacted with the
arsinidene, all substituents previously bound to arsenic migrate to phosphorus resulting
in numerous n*-cyclo-PsAs isomers (111a-c¢), which differ by the location of the arsenic

atom within the five-membered ring.
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Scheme 20. Late transition metal complex-promoted functionalization of cyclo-P4 ligands; [Co] = [(1,2,4-
tBusCsH2)Col.

1.3.4.4 P4 Chains

Wolf and co-workers first demonstrated the functionalization of P4 chains in the
coordination sphere of 3d metalate anions. Reaction of the diiron compound 112 with one
equivalent of EtsN-HCI or [H(Et:O):][BArfs] (Arf = 3,5-(CF3).Ce¢H3) affords the
protonated ferrate 113 in moderate yields (Scheme 21).5"" Crystallographic,
spectroscopic and computational investigations indicate that the proton is highly mobile,
and simultaneously bound to both iron and phosphorus. Treatment of 112 with an excess

of Me3SiCl results in liberation of the phosphorus scaffold from the iron center to give a

N ( Ar o 92-) . .
r + EtzN HCI, or Ar Ar MesSis,~ v\, -SiMe;
o+ H,O (traces), or Ar Ar \ L 1SiMe3
\ / \ + [H(OEt)I[BAr" ] / \ +MesSiCl (exc.)  ~P- 114
- - .
\ /4 THF, rt. \/ THF, rt. H(SiMey),
Ar e Ar .
<>
AriﬁAr Ar Ar (SiMe3),
L Ar )
113 12

Scheme 21. Functionalization of the bridging P4 chain in the ferrate 112 with electrophiles (Ar = 4-
ethylphenyl; Arf = 3,5-(CF3)2CsHs).
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mixture of PH(SiMes)2, P(SiMes); and the nortricyclane compound P7(SiMes); (114) in

aratio of 1:1:10.

The heterodinuclear complex 115, which features a catena-P4 unit, readily undergoes P—P
condensation reactions with chlorophosphanes (Scheme 22).°8! The reaction with
tBuPCl; affords a cyclo-Ps cobalt complex 116 with a concomitant chloride shift from P
to Ga. By contrast, a different outcome is observed upon reaction of 115 with the
dialkylmonochlorophosphanes R2PCl (R = iPr, Cy, tBu). In this case, the N-heterocyclic
gallylene [Ga(nacnac)] (nacnac = CH[CMeN(2,6-iPr2CsHz3)]2) is released, affording the
mononuclear cyclo-PsR> cobalt complexes 117. Variable temperature NMR studies on
the reaction with 7/ProPCl revealed the formation of two intermediate species, likely being
constitutional isomers, of which the more abundant one could be crystallographically

identified as the neutral catena-PsiPr, complex 118.

cl R,PCI
~ \ ~ —|_ s ~
) tBuPCl, ) R =iPr, Cy, tBu )
2 A ) S - JA\D
[Col— \> THF, rt. |[Col—p—IGal THF, 60 °C [Col—E=R
tBu
115 . 117
He iPr,PCI /) A
[Coj—}=[Gal
THF-dg, \ CéDe,
_30 oC iPr2 r.t.
118

Scheme 22. Functionalization of the catena-P4 unit in the cobaltate complex 115 with chlorophosphanes;
[Co] = [CoBIAN] (BIAN = bis(mesityl)iminoacenaphthene); [Ga] = [Ga(nacnac)] (nacnac = CH[CMeN(2,6-
iPr2CsHz)]2).

1.3.5 Functionalization of P, Ligands (n 2 5)

The functionalization of white phosphorus-derived P, ligands with n > 5 has hitherto been
only scarcely explored. Scheer and co-workers treated the pentaphosphaferrocene
[Cp*Fe(n’-Ps)] (119) with a set of main group nucleophiles and thus obtained
P-functionalized n*-Ps ferrate complexes (Scheme 23a).!*”! Distinct reactivity was
observed depending on the nucleophile. While LiCH>SiMes, LiNMe», and LiPHz, give
rise to mononuclear complexes of the type of 120 (minor product for LiPH), the
formation of dinuclear complexes of the type of 121 occurs upon reaction with NaNH»

and LiPH> (major product), respectively.
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Scheme 23. Transition metal-mediated functionalization of a cyclo-Ps ligand (a) and a Ps framework (b);
[Fe] = [Cp*Fe]; [Nb] = [Nb(OR)3] (OR’ = (adamantane-2-ylidene)(mesityl)methanolate); Ar = Ph, 4-Cl-CeHa,
4-Me-CeHa, 4-OMe-CeHa, 4-NMez-CsHa, 4-CF3-CsHa). (i) Recovery of starting material 122 (0.5 equiv.)
proceeds by: 1. + O(OCCFs)2, +2 equiv. MesSil/~-MesSiO(OCCFs) in Et20; 2. + Sml2/-Smlz in THF; 3. +P4 in
toluene.

Cummins and co-workers found that the diniobium octaphosphide complex 122 possesses
a reactive phosphinidene moiety, which readily hydrolyzes to give the oxo niobium
species 124a and the mononuclear phosphanyl-substituted heptaphosphide complex 123
(Scheme 23b).1°% The latter compound could also be synthesized in a more selective
manner by protonation of 122 with two equivalents of 2,6-dimethylpyridinium iodide.
The corresponding niobium diiodide complex is the stoichiometric by-product.
Remarkably, 122 also undergoes Nb=P/O=C metathesis with ketones.!®’] While the
resulting alkyl substituted phosphaalkene complexes 125 are stable for up to several days
at ambient temperature, the corresponding aryl derivatives immediately undergo an
electrocyclic rearrangement ultimately affording the saturated organophosphorus cluster

compounds 126. The carbophosphorus cluster can be liberated from niobium by treatment
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with two equivalents of pyridine-N-oxide in the presence of an excess of 1,3-
cyclohexadiene, leading to the Diels-Alder product 127.121 Moreover, [4+2]
cycloaddition with the niobium bound diphosphene moiety in 126 also takes place when
2,3-dimethylbutadiene or spiro[2.4]hepta-1,6-diene are used as dienes, and the niobium
oxo compounds 124a and 124b can be recycled by step-wise deoxygenation, reduction
and P4 activation. Furthermore, Cummins and co-workers described the remarkable
reactivity of 127 towards ten equivalents of iodine, which cleanly affords four molecules

of PI; along with the bis(diiodophosphanyl)-substituted hydrocarbons 128 and 129.

1.3.6 Radical Functionalization

A further approach to P4 functionalization not necessarily involving the formation of
intermediate phosphido complexes is the functionalization of P4 with main group radicals
mediated by transition metal complexes. The key step is the controlled generation of
carbon (or other main group element) centered radicals, which induce successive,
homolytic P—P bond cleavage reactions, resulting in stepwise degradation of the P4
molecule. This concept was originally demonstrated by Barton and co-workers in a metal
free system using alkyl radicals generated by the decomposition of pyridine thione
oxycarbonyl esters (Barton’s PTOC esters).!®) Cummins and co-workers used the three-
coordinate Ti(Ill) complex [Ti(N[tBu]Ar);] (130, Ar = 3,5-C¢H3Mez) for the
stoichiometric halogen radical abstraction from main group element halides RX (RX =
PhBr, CyBr, Me;Sil, Ph3SnCl) to give the Ti(IV) species 131 (Scheme 24a).* The
concomitantly formed R’ radicals successively break down the P4 tetrahedron, ultimately
affording the respective phosphane species PR3 in certain cases. While a similar,
quantitative conversion is also observed for the heavier group 14 element halides MesSil
and Ph3SnCl, considerable amounts of the diphosphane species P2R4 are found as
by-products in the analogous reactions with CyBr and PhBr. However, with an excess
(5 equiv.) of 130 and RX, these reactions also become quantitative. When sterically more
demanding aryl groups such as Mes and Ar* (= 2,6-Mes>CgH3) are used, the stepwise P4
degradation does not proceed to completion, but results in the triphosphirane P:Mes3 and
the  bicyclo[1.1.0]tetraphosphabutane  (“butterfly””)  species  exo,endo-Ar*:Pa,

respectively.
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Scheme 24. Radical functionalization of P4 mediated by early (a) and late (b) transition metals. (i) only for
Cp®C; (ii) MCp® = NaCp®'®, NaCp"™, LiCp*, NaCp™™; (iii) only for MCp* = NaCp"”, LiCp* (Cp®'°® = Cs(4-nBu-
CeHa)s; Cp™’ = CsHatBus; Cp* = CsMes; Cp™™ = CsHiPra).

Scheer reported on the synthesis of the organic exo,exo-substituted Ps4 butterfly
compounds 132 by the one-pot reactions of P4 with metal-generated cyclopentadienyl
radicals (Scheme 24b).1! The required radicals were formed via three different
pathways: (i) The treatment of NaCpB'C (CpB'C = Cs5(4-nBu-Ce¢Ha)s) with CuBr led to
precipitation of metallic copper along with dark blue {CpP!°}" radicals, which were
detected by EPR spectroscopy and selectively gave 132a upon addition of P4. (if) The
reaction of the alkali cyclopentadienide salts MCpR (= NaCp®!°, NaCp", LiCp*,
NaCp®™) with FeBr; afforded the intermediate Fe' complexes 133, which readily
transfer Cp®* radicals onto the P4 tetrahedron, giving 132 upon loss of FeBr. (iii) The
corresponding Fe" complexes 134 synthesized from MCp® (= NaCp"”, LiCp*) and FeBr»
resulted in the P4 butterfly species 132b when reacted with P4. The reaction mechanism

in this case is suggested to involve disproportionation of 134 into the Fe'!!

complexes
133b, which undergo the abovementioned reaction with P4, and Fe' intermediates 135 that

form the dinuclear species 136 bearing a bridging catena-P4 ligand.

Furthermore, Yakhvarov and Budnikova have reported on electrochemical methods for

radical functionalization of P4.[°%”] Their work has recently been reviewed in detail.!%%!
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The reaction principle is based on the electrocatalytic C—P bond formation mediated by
bipyridine (bpy) nickel complexes. Figure 3 exemplifies a suggested schematic catalytic
cycle for the nickel-promoted transformation of P4 into organophosphorus compounds.
The proposed mechanism involves the cathodic electrogeneration of active Ni’ complexes
from the corresponding Nil species, followed by the oxidative addition of aryl halides
ArX.'®7] The resulting organonickel aryl complex [NiX(Ar)(bpy)] is inert towards Pa.
However, after electrochemical one-electron reduction, the radical species [Ni(Ar)(bpy)]
immediately incorporates the P4 molecule.!® Subsequent aqueous work-up ultimately
affords tertiary phosphanes and phosphane oxides. Note that the metal ions generated
from the electrochemically soluble (sacrificial) anode are required to stabilize anionic
phosphido intermediates and thus prevent undesired phosphorus polymerization
processes. Depending on the anode material, different organophosphorus products are
formed.””! While a zinc anode mainly leads to the formation of tertiary phosphanes, an
aluminium anode rather results in phosphane oxide formation. By contrast, use of a

magnesium anode gives cyclic polyphosphorus compounds, such as (PhP)s.

power supply

cathode anode
(Pt) (Zn)

[Ni'(Ar)(bpy)]* )
Ge', - X Zn2+4/

[Ni"X(Ar)(bpy)]

T + ArX [Ni(P,)(Ar)(bpy)]
[Ni%(bpy)]
R
[Ni'(bpy)]**
Ars

Figure 3. Proposed mechanism for nickel-electrocatalyzed arylation of white phosphorus in DMF or MeCN

carried out in an undivided cell (bpy = 2,2'-bipyridine).
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1.4  Conclusion

Starting with the pioneering work of Green, Stoppioni and Peruzzini in the 1970s and
1980s, the transition metal-mediated functionalization of white phosphorus has developed
greatly over the last two decades. Scientists around the globe have contributed to this part
of phosphorus chemistry and demonstrated the synthetic potential of P4 functionalization
in the formation of versatile and unprecedented phosphorus compounds. A considerable
number of transition metal complexes bearing P, ligands derived from P4 activation have
been used for subsequent P4 functionalization (sections 1.3.2-1.3.5). By contrast, only a
few hydrido or alkyl complexes have shown the potential to activate and functionalize P4
in a single step (section 1.3.1), and even fewer complexes have been capable of promoting
radical functionalization (section 1.3.6). Generally, neutral complexes have been
employed more often for P4 functionalization than ionic ones. Yet, anionic complexes
have generally proven to serve as better platforms than cations. This may be attributed to
the fact that by far the most common reactants for P4 functionalizations are electrophiles.
The attack at the nucleophilic phosphorus sites is often accompanied with metathetical
halide abstraction, which provides the driving force for the reaction. Hydrolyses,
oxidations, cycloadditions, and reactions with nucleophiles have been reported much less
frequently. Most of these functionalizations have given rise to remarkable new mono- or
oligophosphorus complexes. However, the liberation of these P-rich species from the
complexing metal centers is challenging and has thus far seldom been achieved.
Nevertheless, some fascinating compounds, such as EP3 (E = As, Sb) prepared by
Cummins and the P-Si analogue of benzene reported by Scheer have been synthesized via
this approach. It is noteworthy that, while P4 functionalization at both early and late
transition metals has been established to similar extents, release from the metal has mostly
been observed at early transition metal systems. This is probably due to the higher
oxophilicity of these metals, which can be exploited in ligand liberation reactions with

oxidizing agents (e.g. pyridine-N-oxide).

In summary, despite the growing number of successful phosphorus functionalization
reactions, the ultimate goal, namely the circumvention of chlorine gas and PCl3 in the
industrial formation of useful organophosphorus species, is still far from being reached.
However, careful evaluation of the above-mentioned literature may begin to allow
chemists to predict the outcome of their prospective functionalization reactions, and

hence accelerate the progress in this fundamental area of modern phosphorus chemistry.
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2.1 Introduction

Tin compounds have played a pivotal role in the chemistry of multiple bonded heavier
main group species.!!! The ability of heavy p-block elements to form isolable
homodinuclear multiple bonds was first demonstrated by the structural characterization
of the distannene R2Sn=SnR> (R = CH{SiMe3}>) by Lappert and co-workers in 1976.1!
Distannyne Ar'SnSnAr’ (Ar’ = CsH3-2,6(CsH3-2,6-iPr2)2), one of the first heavier group
14 element alkyne analogues, was described in 2002.B34 Moreover, homo- and
heterometallic Zintl ions,”! metalloid cages [SnR],,'® and metalloid clusters [SnaRum]
(n > m)!"! have attracted significant attention. Various transition metal stannyl and
stannylidene complexes were reported, while stannylidyne complexes and
metallostannylenes are still scarce.!!*?) Known examples such as A—C (Figure 1a) are

stabilized by phosphane, cyclopentadienyl or carbonyl coligands.

Me3P,,, NS
—M —W—PMe; PN
oc /\\Sn—Ar# MeaP Al Ar'—Sn Sn—Ar'
ocC PMe3 /
CO A N\
M =Cr, Mo, W

Figure 1. (a) Selected metallostannylene and stannylidyne complexes (Ar¥ = CeH3-2,6(CeH2-2,4,6-Mes),);
(b) synthesis of Co2Sn, compound 1, reagents and byproducts: [Ar'Sn(p-Cl)]2 + 3[K(thf)o2][Co(n*-1,5-
cod)2]/-2KCl, -4 1,5-cod; conditions: toluene, -30 °C > r.t., 20 h

Herein, we describe a new strategy for the synthesis of unusual p-block/d-block element
clusters. Pioneering work by Jonas and Ellis established the synthesis and reactivity of
[K(thf)o2] [Co(n4—1,5—cod)2] D, cod = cyclooctadiene)“o] and many related alkene and
polyarene metalates.!'!"'?! However, such anions were employed mainly in redox-neutral
ligand exchange reactions.!'>!¥) We now show that anion D can be used to obtain the
unusual [Ar'SnCo]> cluster (1), which features a cyclic Co2Sny core with two three

coordinate tin atoms. The preparative oxidation of 1 with [Cp2Fe][BArf4] (Arf = 3,5-
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(CF3)2C6H3) led to the cationic cluster [Ar'SnCo]>* (2). In addition, reactivity studies of
1 with white phosphorus afforded [Ar'2Sn2Co2P4] (3), which is the first molecular cluster
composed of tin, cobalt and phosphorus atoms. Furthermore, the synthesis of the
analogous heterobimetallic clusters [Ar'GeCo]> (4) and a related iron tin compound S is

discussed.

2.2 Results and Discussion

2.2.1 Synthesis, Characterization and Reactivity of [Ar'SnCo]z (1)

[Ar'SnCo]» (1) was obtained by reacting [K(thf)o2][Co(n*-1,5-cod).] (D) with [Ar'Sn(u-
CD]2 (E) in toluene (Figure 1b). An excess of cobaltate D (three equiv. per [Ar'Sn(u-Cl)]2
dimer) was required to produce 1 in up to 42% isolated yield. Deep-green single crystals
suitable for single crystal XRD were obtained from a concentrated n-hexane solution. The
structure of 1 (Figure 2) shows a centrosymmetric, rhomboidal Co2Sn> core with two

distinct Co—Sn bond lengths.

Figure 2. Displacement ellipsoid (40%) drawing of the centrosymmetric complex 1. The co-crystallized
n-hexane solvent molecule and the hydrogen atoms are not shown for clarity. Selected bond lengths [A]
and angles [°]: Sn1-Sn1’ 2.8700(5), Sn1-Co1 2.5365(5), Sn1-Co1’ 2.4071(6), Sn1-C1 2.174(3), Co-Dipp(c)
1.560(1), C1-Sn1-Sn1’ 145.96(8), Col-Sn1-Sn1’ 52.43(1), Col’-Sn1-Snl1’ 56.64(1), Sn1'-Col-Sn1l
70.92(2), C1-Sn1-Col 93.53(8), C1-Sn1-Col’ 157.38(8).
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The Sn1—Col distance of 2.5365(5) A resembles that predicted for a Co—Sn single bond
(Creov = 2.51 A), whereas the Sn1—Col’ bond length (2.4071(6) A) is closer to that of a
double bond (calculated covalent double bond radius 2.33 A).[M] The Sn1—Sn1’ distance
(2.8700(5) A) is similar to those of Sn—Sn single bonds in bulky hexaorganodistannanes
such as [fBusSnSnBus] (2.894(1) A),™> [(PhCH2)3SnSn(CH2Ph)s] (2.823(1) A)!'* and
[(0-Tol)3SnSn(o-Tol)s] (2.883(1) A),'! but see DFT calculations below. The cobalt
atoms are n°-coordinated by the flanking 2,6-diisopropylphenyl rings with a very short
cobalt—centroid distance (1.560(1) A), which suggests a particularly strong cobalt-arene
interaction, cf. >0.1 A shorter than the nb-arene interactions in [Ar'‘CoCoAr’]
(1.764(2) A),'" [(nacnac)Co(n®-C7Hs)] (1.747(2) A, nacnac = HC{C(Me)N-(2,6-
Me2CsH3) }2)!'8! and [(n°-C7Hs)CoAr*] (1.659(1) A, Ar* = CeH-2,6(CsH2-2,4,6-iPr3),-
3,5-iPr2)."”) The average C—C bond length within the metal-coordinated aryl rings is
nearly 0.025 A longer than those in the noncoordinated rings. The existence of d-m*
backbonding is also underlined by the substantial upfield shift of the aryl resonances of
the coordinated Dipp groups (4.76 and 4.56 ppm) in the 'H NMR spectrum.!'”! A '19Sn
NMR signal was not detected for 1 in the range of —4200 to +4200 ppm. This is probably
due to the unsymmetric electron environment at the tin atoms in 1, which leads to fast
relaxation through the anisotropy of the chemical shift tensor. The 'Jsaco coupling to the
two adjacent °’Co nuclei (I = —7/2) may additionally cause considerable broadening of
the signal rendering it unobservable above the baseline. It seems noteworthy that the ''°Sn
resonance of the distannyne [Ar'SnSnAr’] could also not be detected despite extensive
efforts,'>?" but large differences were observed for the solid-state ''’Sn NMR data of
[Ar'SnSnAr’] and the closely related species [Ar*SnSnAr*] (Ar* = CgHs-2,6-(CsHa-
2,4,6-iPr3))?!

Crystallographically characterized molecular cobalt—tin clusters are rare and the known
organometallic cobalt—tin complexes contain cobalt carbonyl fragments and tetravalent
tin atoms.??! The structure of 1 has a resemblance to those of ternary RECoSn stannides
(RE = rare earth metal).”>** However, the Co,Sn, units in RECoSn (2.61 and 2.67 A
Co—Sn in DyCoSn) are condensed to a ladder-like motif and the units show an inverse
tilt, i.e. the tin atoms show a maximum separation of 4.04 A. Fissler and co-workers
described endohedral Zintl cluster anions [Co@Sny]> and [Co2@Sn;7]>~ with Co™ anions
encapsulated into Sng cages.!* A bridging u-n'm°® coordination mode of the terphenyl
ligand was observed for the doubly reduced distannyne [K>Ar'SnSnAr’] and the
digermyne silver complexes [AgAr'GeGeAr'][SbFs] and [Ag:Ar'GeGe(F)Ar'][SbFs],

35



CHAPTER 2 — SYNTHESIS OF CYCLIC M2E2 CLUSTERS (M = FE, Co; E = GE, SN) USING M~ SYNTHONS

where the K* and Ag* cations are coordinated by two flanking Dipp substituents.202°!

Additionally, the bonding in 1 differs markedly since these structures have relatively long

Ag—Ge and K—Sn distances and short, multiple Sn—Sn and Ge—Ge bonds.

Density functional theory (DFT) studies at the B3LYP-D3/def2-TZVP level on the
truncated model compound 1’ (iPr substituted by H) support the presence of strong
intermetallic interactions.?” 32 The HOMO and HOMO-2 (Figure 3a) and a natural bond
orbital analysis (Figure S12, SI) illustrate the m-character of the shortened Sn1—Col’
bond. Several other occupied molecular orbitals (HOMO—-1, HOMO-3, HOMO-S5,
HOMO-10, see Figure S13, SI) also show c-interactions between tin and cobalt. Notably,

the occupied MOs do not show an interaction between the tin atoms. Sn—Sn bonding is

only apparent in the LUMO.

LUMO LUMO+1
-1.74 eV -1.53 eV

Figure 3. (a) Selected molecular orbitals of 1’ which describe the most significant interactions within the
Co2Sn: core; (b) AIM (Bader) analysis (bond critical points: red, ring critical points green); (c) proposed
Lewis resonance structures of 1 based on DFT calculations.
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A Wiberg bond index (WBI) analysis gave values of 0.68 and 0.59 for the Sn1-Col’ and
Sn1—Col bonds, respectively, and a WBI of 0.65 for the Sn—Sn interaction. An AIM
analysis (Figure 3b) at the ZORA/ OPBE/QZAP level** 3% showed no bond-critical point
between the two tin atoms and revealed a ring critical point at the center of the four
membered ring. Taken together, these calculations suggest that the covalent Sn—Sn
interaction in 1 is quite weak. In terms of Lewis representations, resonance structure I in
Figure 3c representing a bis(stannylidyne) complex seems to be more important than
resonance structure II describing a distannyne dicobalt complex. The '°Sn Mossbauer
spectrum of solid 1 recorded at 6 K (Figure S10, SI) shows a single quadrupole doublet.
The isomer shift of 1 (5 =2.14(1) mm s!) is slightly lower than that of £-Sn (§ = 2.6 mm
s~ 1) and comparable to those of stannides and intermetallic tin compounds, e.g. DyCoSn
(0 = 1.80 mm s, 295K data), showing Co2Snz units similar to those of 1.[2437.381
Adjacent ladders in DyCoSn condense via further Co—Sn bonds, leading to a slightly
distorted tetrahedral SnCosus coordination and a small electric quadrupole splitting
parameter of AEq = 0.55 mm s .| The electric quadrupole splitting is drastically larger
for the Co2Sn, core in 1 (AEq = 2.86(1) mm s™!). This indicates a highly anisotropic
charge distribution analogous to that of the related distannyne [Ar'SnSnAr’] (& =
2.658(2) mm s '; AEq =2.995(2) mm s !).2!

The cyclic voltammogram of 1 recorded in THF/[nBusN]PF¢ features a reversible one-
electron oxidation at Ei2 = —0.85 V (Figure 4). In order to prove the reversibility of that
process we applied different scan rates, varying from 100 mV/s to 1000 mV/s. The linear

plot of i, vs. v!/? provided the evidence for an electrochemical reversible redox process.!”!

I T T T T T T T T T T T T T T T 1
-1200 -1100 -1000 -900 -800 -700 -600 ~-500 -400
E/mV (vs. Fc/ Fc")

Figure 4. Cyclic voltammograms of 1 recorded in THF/[nBusN]PFs with a platinum disc working electrode,
a platinum wire as counter electrode, and silver/silver nitrate as reference electrode. v = 100 mV/s;
potentials are referenced to the Fc/Fc+ couple.
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Encouraged by this promising CV data, we synthesized the monocationic Co2Sn> cluster
[Ar'SnCo]>" (2) as [BArf4] salt on a preparative scale by oxidizing 1 with [Cp2Fe][BAr4]
(A" = 3,5-(CF3)2C6H3) in THF. 2[BAr"4] was isolated as red-brown powder in up to 59%

yield after removal of the ferrocene by-product by washing with n-hexane.

[CpaFel[BArT]
ipp ——» Pr
THF, r.t., 14 h

Scheme 1. Synthesis of the monocationic Co2Sn: cluster 2 by oxidation of 1 with [Cp2Fe][BArfa] (Arf = 3,5-
(CF3)2CsHa).

Dark brown crystals of 2[BAr"s] were grown from a saturated toluene solution and
analyzed by single-crystal XRD studies. The asymmetric unit contains two molecules of
2[BArf4]. However, its solid-state molecular structure reveals three crystallographically
independent [Ar'SnCo]>" cations, specifically, one whole cation, and two half cations
located at an inversion center (See Figure 5). Table 1 shows the bond parameters of the
three crystallographically independent cations 2, which deviate only slightly from each
other, and a comparison to the neutral starting material 1. Generally, the molecular
structure of cation 2 closely resembles the neutral precursor 1. It features a similar
rhomboidal Co2Sn; cluster core, however the metal-metal bonds in 2 are overall
elongated compared to those found in 1. The Sn—Sn distance features the most significant
difference and is almost 0.1 A longer in 2 (2.9372(2) to 2.9732(2) A) than in 1
(2.8700(5) A). Analogously to 1, the flanking Dipp groups of the tin bound terphenyl
substituents coordinate the cobalt atoms in the n(’-fashion, though the cobalt—centroid

distances are also elongated.

2[BAr",] is paramagnetic and shows broad 'H NMR signals in the range of —1.4 to
12.7 ppm. (Figure S3). Although the solution effective magnetic moment [3.1(1) pg]
(Evans Method in THF-ds)*Y indicates the presence of two unpaired electrons per
molecule, the EPR spectrum (Figure 6) clearly shows an S = %2 system. The spectrum is
slightly rhombic and rather broad. It is probable that the broadening is caused by
numerous overlapping hyperfine coupling interactions with two cobalt and two tin nuclei

combined with g-anisotropy.
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Figure 5. Displacement ellipsoid (40%) drawing of one of the centrosymmetric cations (Cation B) in the
solid-state molecular structure of 2[BArfs]. The other two crystallographically independent 2 cations, the

[BArf4]™ anions, and the hydrogen atoms are not shown for clarity.

Table 1. Selected bond lengths [A] and angles [°] of the three crystallographically independent cations of

2[BArf4] in comparison to those of neutral 1.

2 1al
Cation A Cation B/ Cation C#
Snl1—Snl’ 2.9372(2) 2.9732(3) 2.9558(3) 2.8700(5)
Sn1—Col 2.5266(4) 2.5200(4) 2.5232(5) 2.5365(5)
Sn1'—Col’ 2.5299(4) - - -
Sn1—-Col’ 2.4318(4) 2.4129(5) 2.4291(5) 2.4071(6)
Sn1'—Col 2.4298(4) - - -
Sni-C1| 2.151(2) 2.148(2) 2.143(2) 2.174(3)
Snl'-Cl'|  2.1452) ; i i
Col—-Dipp(c) 1.578(1) 1.568(1) 1.578(1) 1.560(1)
Col"—Dipp(c)’ 1.579(1) - - -
C1-Sn1-Snl’| 144.72(7) 145.16(6) 14532(7) | 145.96(8)
C1'-Sn1'-Snl 145.43(6) - - -
Col-Snl-Snl’| 52.15(1) 51.31(1) 51.91(1) 52.43(1)
Col'—Sn1-Snl |  52.18(1) ; ] ]
Col'-Sn1-Snl’ 55.26(1) 54.60(1) 54.83(1) 56.64(1)
Col-Sn1~Snl |  55.19(1) ] i i
Sn1'—Col—Snl 72.66(1) 74.09(1) 73.26(2) 70.92(2)
Sn1-Col'—Snl’ 72.57(1) - - -
C1-Sn1—Col 93.71(7) 94.04(6) 93.51(7) 93.53(8)
C1-Sn1—Col’ 93.53(6) -
Snl—-Col—Sn1'—Col’ 4.73 0 0 0

[a] centrosymmetric molecules
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[g-Factor]
2.6800 2.2333 1.1914 1.6750
| | | |
2_
Intensity
24
-4

T T T I T T T T I T T T T I T T T T I T

2500 3000 3500 4000
[C]

Figure 6. EPR spectrum of [Ar'2Sn,Co2][BArfs] (2[BArfs]).

While reactivity studies with small molecules such as O2 and CO gave intractable
products so far, 1 reacted readily with white phosphorus in toluene to afford
[Ar2Sn2CozP4] (3) as a well-defined, crystalline species in up to 76% isolated yield
(Scheme 2).

Scheme 2. Synthesis of Co2Sn2P4 compound 3 by reaction of 1 with white phosphorus.

Dark-brown crystals of 3 suitable for single-crystal XRD were obtained from a
concentrated cyclohexane solution. The molecular structure (Figure 7a) shows a P4 chain
resulting from the insertion of the white phosphorus molecule into the Co2Snz core of 1.
One of the terphenyl moieties has migrated from tin to phosphorus, but both cobalt atoms
retain the n’-coordination from flanking aryl rings as observed in the structure of 1.
Terphenyl migration from tin to phosphorus was previously observed by Wesemann and
co-workers in the reaction of adamantyl phosphaalkyne with a terphenyl allyl
stannylene.!*!! Moreover, a similar terphenyl transfer from thallium to phosphorus was
observed in the reaction of a dithallene with P4.!*! The cobalt-centroid distances of
1.585(1) and 1.612(1) A are slightly longer than those in 1. The P—P bond distances
ranging from 2.2005(8) to 2.1621(8) A are typical for single bonds (Yreov = 2.22 A).[14]
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As expected, the Co—P bonds of the terminal P atoms coordinating to Col (Col—P1
2.1864(6) and Col1—P4 2.2289(7) A) are shorter than those of the side-on coordinated P—P
bond coordinating to Co2 (Co2—P3 2.3350(6) and Co2-P4 2.3501(6) A). The Co—Sn
distances (Col—Snl 2.7380(4), Co2—Snl 2.8263(4), and Co2—Sn2 2.6500(4) A) are
significantly longer than in 1, while the Sn1—P2 and Sn2—-P1 distances (2.6587(6) and
2.5716(6) A, respectively) compare well with Sn—P single bonds reported for other
tin—phosphorus cage compounds.**! Weak interactions between Snl---P3 and Sn2---P4
are also apparent, since the corresponding Sn—P distances of 2.8519(6) and 2.9277(6) A

are much smaller than the sum of van der Waals radii (Yrvaw = 4.02 A).[44

b)
experiment P2

P4 P1 P3

165.0 1600 || 100.0 950  90.0 W 1055 -110.5 ppm
1105

simulation

[

Figure 7. (a) Displacement ellipsoid (40%) drawing of the Co2Sn:Ps cluster 3. The cocrystallized
cyclohexane solvent molecule and the hydrogen atoms are not shown for clarity. Selected bond lengths
[A] and angles [°]: Sn1-Co2 2.8263(4), Sn2—-Co1 2.7380(4), Sn2-Co2 2.6500(4), Sn1-P2 2.6587(6), Sn2-P1
2.5716(6), Sn1:--P32.9277(6), Sn2:--P4 2.8519(6), Sn1-C31 2.279(2), Co1-P1 2.1864(6), Co1-P4 2.2289(7),
Co2-P3 2.3350(6), Co2-P4 2.3501(6), P1-P2 2.2005(8), P2-P3 2.1809(8), P3-P4 2.1621(8), P1-C1
1.843(2), Col-Dipp(c) 1.585(1), Co2-Dipp(c) 1.612(1), P1-P2-P3 93.40(3), P2-P3-P4 109.79(3),
P1-P2-P3-P4 16.27(3). (b) Measured (upward) and simulated (downward) 3'P{*H} NMR spectra of
compound 3 in THF-ds.
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The *'P{'H} NMR spectrum of 3 shows four multiplets with an integral ratio of 1:1:1:1
(Figure 7b) with additional coupling to ''7''"Sn. The spectrum was successfully
simulated by an iterative fitting procedure (see the SI for further details). The Jpp
coupling constants range from —303 to —370 Hz.[*! The proximity of P1 and P2 to
adjacent tin atoms is confirmed by the observation of '7!'°Sn satellites at P2 and P4
("Jp2sn1 = 579 Hz, 'Jpisn2 = 1482 Hz). Direct bonding to quadrupolar °Co nuclei can
considerably affect the line width of *'P NMR resonances depending on the 'Jpc, coupling
constant and the longitudinal relaxation time.[*®! Provided that there is a direct correlation
of the signal width to the number of bound Co atoms, the broadened multiplets can be

assigned to P1 (Avin =77 Hz), P3 (Avi2 = 54 Hz) and P4 (Avi2 = 121 Hz).

In agreement with the two different Sn sites in the solid-state structure, the ''°Sn
Mossbauer spectrum of 3 (Figure S11, SI) was well reproduced with two doublets in a
1:1 ratio with isomer shifts of § = 2.58(1) mm s ! and § = 2.94(1) mm s™!. These isomer
shifts are comparable to those of other organotin(I) compounds®*’#”! and metalloid tin
clusters.[**#! Both signals show similar quadrupole splittings of AEq = 1.41(1) and
1.43(1) mm s ! respectively, reflecting the noncubic site symmetries. Similar quadrupole
splittings for organotin compounds with an asymmetric environment are reported in the

literature.!*8!

2.2.2 Synthesis of Related Heterobimetallic Clusters
2.2.2.1 Reaction of [Ar'GeCl]> with [K(thf)o2][Co(n*-1,5-cod),]

We further investigated whether this methodology is applicable to the formation of the
analogous germanium cluster [Ar'‘GeCo]> (4). Under the same conditions that led to 1, an
excess of [K(thf)o2][Co(m*-1,5-cod)2] (D) was reacted with [Ar'GeCl] in toluene at
=30 °C (Scheme 3).

-
Y (Ar'GeCl), .
[K(thflo.oI" 9 >
@a toluene,
-30°C —r.t., 27 h

Scheme 3. Reaction of [K(thf)o.2][Co(n?*-1,5-cod).] (D) with [Ar'GeCl]..

42



CHAPTER 2 — SYNTHESIS OF CYCLIC M2E2 CLUSTERS (M = FE, Co; E = GE, SN) USING M~ SYNTHONS

According to the '"H NMR spectrum of the reaction mixture, the reaction is very
unselective (Figure 8 bottom). Yet, several multiplets arising in the characteristic range
of 4.2 to 6.0 ppm indicate the formation of 4 along with other species featuring metal
coordinating arene rings. The isolation of 4 as a pure compound has been unsuccessful so
far. Note that the tin analogue 1 can be purified by washing the crude product with copious
amounts of Et2O (see the Experimental Section, chapter 2.4.3.1 for details). As 4 is highly
soluble in Et2O and non-polar solvents such as n-hexane, this approach cannot be used to
purify 4. Nonetheless, minor amounts of dark brown crystals formed in the concentrated
n-hexane extracts of crude 4. Although they were unsuitable for XRD analysis, the 'H
NMR spectrum of the isolated crystals (Figure 8 middle) indicates that the sample is
relatively pure and shows a very similar set of signals compared to the 'TH NMR spectrum
of 1 (Figure 8 top) along with remaining n-hexane and some unknown impurities. The
signals assigned to the coordinating Dipp groups in 4 (4.55 and 5.07 ppm) are somewhat
shifted compared to 1 possibly indicating a significant difference in both the geometric

and the electronic structure of the Co.Ge; core.
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Figure 8. 'H NMR spectra in CsDe of top: [Ar'SnColz (1); middle: isolated crystals of [Ar'GeCol (4), bottom:
reaction mixture of [K(thf)o2][Co(n*-1,5-cod)z] (D) with [Ar'GeCl]..* CsDs, X unknown impurities; O
n-hexane; o toluene.
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2.2.2.2 Reaction of [Ar'Sn(u-Cl)]2 with [K(18c-6)][Fe(n?*-1,5-cod)(n*-Ci14H10)]

Following the protocol that led to 1 and 4, the formation of an analogous Fe>Sn: cluster
(5) was not observed with the Fe~ synthon [K(18c-6)][Fe(n*-1,5-cod)(n*-Ci4Hio)]
(3.0 equiv. with respect to E, 18c-6 = 18-crown-6). Only very broad signals, probably
caused by residual amounts of the paramagnetic starting material or other paramagnetic
by-products, are observed in the '"H NMR spectrum of the reaction mixture. Nevertheless,
a different approach, namely the reaction of [Ar'Sn(p-Cl)]2 (E) with two equivalents of
[K(18¢c-6)][Fe(n*-1,5-cod)(m*-C14sHi0)] in THF at —90°C, was more promising
(Scheme 4). Besides large amounts of free anthracene and [18]crown-6, the 'H NMR
spectrum of the reaction mixture (Figure 9 top) shows also minor signals (4.8 and

5.7 ppm) in the characteristic region for n-coordinating arene rings.
5

» 5

A
1|
SO~ '

THF

e@ 90 °C —»r.t., 19 h

Dipp
Dipp /N j@ .
? Sn\ /Sn + 2 equiv.

[K(18¢-6)(thf),]*
Scheme 4. Reaction of [K(18c-6)(thf)2][Fe(n*-1,5-cod)(n*-C1aH10)] with {Ar'Sn(u-Cl)}a.
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Figure 9. 'H NMR spectra in CsDs of top: reaction mixture of [K(18c-6)(thf)2][Fe(n*-1,5-cod)(n*-CiaH10)] with
{Ar'Sn(u-Cl)}2, bottom: isolated crystals of 5 with two different sets of Ar’ ligand protons (e vs. @).* C¢Ds,
o anthracene, A 18c-6, ¢ Et,0, O n-hexane.
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A few dark violet to red brown crystals were obtained after work-up from combined
concentrated Et2O extracts. The yield was not determined, since the isolated crystals of §

were contaminated by considerable amounts of anthracene, Et2O and n-hexane.

XRD analysis of these crystals revealed the formation of a terphenyl containing product
S with an unclear composition. The solid-state molecular structure of compound S is
depicted in Figure 10 center and shows a disordered centrosymmetric rhomboidal cluster
core. Structural refinement revealed the presence of six metal sites with 50% occupancy
each: four terphenyl-bound tin positions, and two locations for iron coordinated by the
flanking Dipp groups in the n°-fashion. Thus, the total molecular composition of the
analyzed crystals is [Ar'2SnoFe]. Interestingly, this array can be realized in two plausible
ways depending on the chemical connectivity of the metal sites. In the first scenario
(Figure 10a), [Ar'2SnyFe] features a triangular SnzFe core Sa, which is disordered with its
symmetry generated congener. Alternatively, [Ar'2Sn;Fe] could be described as a 1:1 co-
crystallization of the distannylidyne diiron complex [Ar'2SnoFez] (5b) with the well-
known distannyne compound [Ar'SnSnAr’] (5¢) (Figure 10b).1! 5a features two distinct
iron—tin bonds. The Fel—Sn2 (= Fe2—Sn3) distance of 2.621(2) A is in the range typical
for Fe—Sn single bonds (> rcov = 2.56 A), whereas the Fel—Sn4 (= Fe2—Sn1) bond length
(2.297(1) A) is remarkably short.'"* In fact, it is even shorter than predicted for a Fe=Sn
triple bond (calculated covalent triple bond radius 2.34 A),l" and also more than 0.1 A
shorter than the smallest reported Fe—Sn distance (2.408(1) A), which was found in
[Fe(CO)4{Sn(OAr),}].5% Similar to the Co2Sn» compound 1, the elongated Sn1-Sn3 (=
Sn2—-Sn4) distance (3.057(2) A), presumably indicates a weak covalent Sn—Sn
interaction. The proposed distannylidyne diiron compound Sb shows a rare linear
geometry around tin (Fel—Sn4—C2 = Fe2—Sn1-C1 176.7(1) °), that has so far only been
found in some stannylidyne complexes published by Filippou et al.l>>!! Interactions
between Sn1—Sn4 and Fel—Snl(= Fe2—Sn4), respectively, should be weak, since they
are fairly remote (Sn1—Sn4 3.624 A, Fel-Snl 3.237 A). The bond parameters of the co-
crystallized distannyne Sc slightly differ from the original data reported by Power and co-
workers. In 5S¢, the Sn2—Sn3 bond (2.527(2) A) is shorter, and the C1-Sn2—Sn3 angle
(145.0(1) ©) is wider, compared to Power’s data (2.6675(4) A, 125.24(7) ©).
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5 [Ar,Sn,Fe]

occupancies:

terphenyl ligands
100%

metal sites
50%

Figure 10. Displacement ellipsoid (50%) drawings of the iron tin compound 5 along with the two
conceivable compositions (a and b). The metal atoms Fel, Fe2, Snl, Sn2, Sn3 and Sn4 feature only 50%
occupancy. The Ar’ ligands are fully occupied. The hydrogen atoms are not shown for clarity. Selected
bond lengths [A] and angles [°]: Sn2-Sn3 2.527(2) Sn1-Sn3 = Sn2-Sn4 3.057(2) Fel-Sn2 = Fe2-Sn3
2.621(2), Fe1l-Sn3 = Fe2-Sn2 2.349(2), Fe1l-Sn4 = Fe2-Sn1 2.297(1), C1-Sn1 = C2-Sn4 2.131(4), C1-Sn2 =
C2-Sn3 2.238(4), Fe1-Dipp(c) = Fe2-Dipp(c) 1.505(1), Fe1-Sn4-C2 = Fe2-Sn1-C1 176.7(1), C1-Sn2-Sn3 =
C2-Sn3-Sn2 145.0(1), Sn2-Fel-Sn4 = Sn3-Fe2-Snl 76.55 (5), C1-Sn2-Sn4 = C2-Sn3-Snl 137.9(1),
C2-Sn4-Sn2 =C1-Sn1-Sn3121.4(1), Fe1-Sn2-Sn4 = Fe2-Sn3-Sn1 46.96(3), Fe1-Sn4-Sn2 = Fe2-Sn1-Sn3
56.49(3).

The "H NMR spectrum of the isolated crystals recorded in CéDg shows two characteristic
sets of signals in an integral ratio of 1:1 that correspond to two different terphenyl
substituents (Figure 9 bottom). One set (marked red) closely resembles the Ar’ signal set

of 1: four doublets (0.63, 1.02, 1.06 and 1.13 ppm) and two septets (2.37 and 3.12 ppm)
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for two chemically inequivalent iPr groups, and the doublet and triplet at 4.74 and
5.62 ppm, respectively, that arise from the shielded arene protons of the flanking Dipp
group m-coordinating to iron. The other set (marked in blue) can be assigned to a classical
terphenyl ligand with two chemically and magnetically equivalent Dipp substituents. It
has so far been impossible to determine whether the two different Ar’ ligands are present
in the same molecule (See Figure 10, Sa) or bound to two different symmetric species
present in an equimolar ratio (5b = red and 5S¢ = blue). Notably, the '"H NMR chemical
shifts originally reported for the pure distannyne [Ar'SnSnAr'] in C¢Ds solution'! slightly
differ from the experimental values assigned to Sc (blue). According to the previous work,
a septet for the methine protons of the iPr groups arises at 2.87 ppm and a triplet for the
para-protons of the terphenyl substituent resonates at 6.22 ppm.! Herein, the
experimental chemical shift of the corresponding septet is somewhat higher (2.99 ppm)

and in the range between 5.6 and 7.0 ppm, no signal was found at all.

Geometry optimizations of both possible iron tin compounds Sa and Sb were performed
with the ORCA Program packagel®* at the BP86-D3BJ/def2-TZVP+def2-ECP(Sn) level
of theory.[27:283132531 Whijle the structural parameters in the optimized structure Sa-opt
are very close to the crystallographically determined values (Figure 11), the optimized
structure Sb-opt is drastically different from Sb. The Snl1—Fel, Sn2—Fe2 (2.540 and
2.539 A) and Snl1-Sn2 (3.116 /OX) distances are considerably smaller, whereas the
Fel—Sn2 and Fe2—Sn1 (2.352 and 2.353 A) bonds are longer compared to their respective
equivalent in Sb (c.f. Sn---Sn 3.624, Fel—Snl 3.237 and Fe2—Sn1 2.297(1) A). Moreover,
the center of symmetry is not retained and Sh-opt features a bent “butterfly” like SnoFe»

core (Snl—Fel—Sn2—Fe2 torsion angle 42.0°).

4(:1
)

i Fel
/ Sn2
// Sn1

L)

/
/

\
“Ton~~"5n1 sn2

5a-opt 5b-opt

Figure 11. Geometry optimized structures of 5a-opt (left) and 5b-opt (center: top view, right: side view)
calculated at the BP86-D3BJ/def2-TZVP+def2-ECP(Sn) level of theory. The hydrogen atoms are not shown
for clarity. Selected bond lengths [A] and angles [°] for 5a-opt: Sn1-Sn2 3.086, Sn1-Fel 2.660, Sn2-Fel
2.295, C1-Sn1 2.234, C2-Sn2 2.177, C1-Sn1-Sn2 135.4, C2-Sn2-Sn1 116.8. for 5b-opt: Sn1:::Sn2 3.116,
Fel--Fe2 3.216, Snl1-Fel 2.540, Sn2-Fe2 2.539, Sn1l-Fe2 2.353, Sn2-Fel 2.352, Sn1-C1 2.156, Sn2-C2
2.156, C1-Sn1-Fe2 168.9, C2-Sn2-Fel 168.5, Sn1-Fel-Sn2-Fe2 42.0.
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In summary, the synthetic protocol that led to the iron tin cluster compound 5 could so
far not be optimized and the separation of the by-products 18c-6 and anthracene is rather
challenging due to similar solubility. The true composition of § remains ambiguous, since
neither X-ray crystallography, nor the 'H NMR spectroscopic analysis gave sufficient
experimental evidence to distinguish, whether it is the disordered triangular Sn;Fe
compound Sa, or a co-crystallized mixture of the distannylidyne complex Sb and the
distannyne Sc. However, the latter option seems to be less likely, since both, the bond
parameters and the '"H NMR spectroscopic data of 5c¢ differ from the values originally
reported of the pure distannyne. Moreover, the geometry optimizations rather support the
presence of the triangular compound Sa than the dinuclear distannylidyne compound Sb.
To better ascertain the structure of 5, several further experiments and analyses, such as
mass spectrometry, 'Sn NMR and Mossbauer spectroscopy, need to be performed. Such
studies have so far been hampered by the unselective synthesis 5, which only provides

access to very low amounts of product.
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2.3 Conclusion

In conclusion, we successfully used the anionic cobaltate salt [K(thf)o2][Co(n*-1,5-cod)2]
(D) as a Co™ source for the synthesis of the unique Co2Sn; cluster 1. We further gathered
evidence for the formation of the related Co,Ge> cluster 4 but its isolation as a pure
compound has hitherto been unsuccessful. The reaction of the anionic ferrate salt
[K(18¢c-6)][Fe(n*-1,5-cod)(n*-C14Hi0)] with [Ar'Sn(u-C1)]2 (E) gave a different outcome
compared to 1. However, it could not conclusively be determined if the product
compound is the disordered triangular SnoFe compound Sa or a co-crystallized mixture

of the distannylidyne complex Sb and the distannyne Sc.

Nevertheless, the synthesis of 1, 4 and 5 illustrates a promising avenue to new bimetallic
species with strong intermetallic bonding. The application of this synthetic strategy to a
range of further other metalate anions and metal halides available across the periodic table
may lead to a rich family of new heterobimetallic clusters, which may possess interesting
electrochemical properties as demonstrated by the reversible oxidation of 1 with
[Cp2Fe][BAr's]. Exemplified by the synthesis of the ternary cluster 3 from the reaction
of 1 and white phosphorus, we also anticipate a rich reaction chemistry of these

heterobimetallic species. Investigations in these directions are in hand.
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2.4  Supporting Information

2.4.1 General Procedures

All experiments were performed under an atmosphere of dry argon, by using standard
Schlenk and glovebox techniques. Solvents were purified, dried, and degassed with an
MBraun SPS800 solvent purification system. NMR spectra were recorded on Bruker
Avance 400 and 600 spectrometers at 300 K and internally referenced to residual solvent
resonances. >'P{'H} and *'P NMR spectra were referenced externally to 85% H3POuq).
The assignment of the 'H and >*C NMR signals was confirmed by two-dimensional
(COSY, HSQC, HMBC and ROESY) experiments. Melting points were measured on
samples in sealed capillaries on a Stuart SMP10 melting point apparatus. UV/vis spectra
were recorded on an Ocean Optics Flame Spectrometer. Elemental analyses were
determined by the analytical department of Regensburg University. The starting materials
[K(thf)o2][Co(n*-1,5-cod)2],I'"! {Ar'Sn(p-Cl)},,% (Ar'GeCl),,12"
[K(18c-6)(thf)2][Fe(m*-1,5-cod)(m*-C14H10)],I'" were prepared according to literature

procedures.

2.4.2 NMR Simulations

The *'P{'H} NMR spectrum of compound 3 was fitted using the full lineshape iteration
of gNMR version 5.0.6.0 in order to determine the 3'P-*'P and 3'P-!'"Sn coupling
constants.®* The convergence was only achieved if coupling constants close to zero (<

1 Hz) were fixed. These values are omitted in the NMR report.

2.4.3 Synthesis and Characterization
2.4.3.1 Synthesis of [Ar'SnCo]2 (1)

A pale yellow suspension of [K(thf)o,z][Co(n4—1,5—
cod)2] (379 mg, 1.15 mmol, 3.0 equiv.) in toluene
(10 mL) was added dropwise to a bright orange
solution of {Ar'Sn(u-Cl)}> (424 mg, 0.38 mmol,
1.0 equiv.) in 10 mL toluene at —30 °C. The

mixture slowly turned red and was stirred for 20 h
upon warming to room temperature. The resulting dark brown reaction mixture was
filtered and all volatiles were removed in vacuo. The dark brown residue was washed

with Et2O (23 x 1 mL) and extracted into benzene (25 x 2 mL). Concentrating the dark
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green brown solution to ca. 5 mL by slow evaporation over six weeks afforded dark green
to black crystals that were isolated and washed quickly with cold n-pentane (2 mL). Yield:
184 mg (42%).

M.p. 262 °C (decomposition to a black solid). UV/vis (THF, Amax / nm, €max /
L-mol '-cm™): 280sh (58000), 315 (41000), 415 (22000), 470sh (15000), 680
(6300). '"H NMR (600.03 MHz, 300 K, THF-ds, in ppm): & = 0.88 (d, *Jun = 6.9
Hz, 12H, —CH(CHs3)2 of C*>—Dipp), 1.00 (d, *Jun = 6.7 Hz, 12H, —CH(CH3), of
C?>-Dipp), 1.15 (d, *Jun = 6.8 Hz, 12H, —CH(CH3), of C®—Dipp), 1.19 (d, *Jun =
6.9 Hz, 12H, —CH(CH5)2 of C®—Dipp), 2.26 (sept, *Jun = 6.8 Hz, 4H, —CH(CH3)2
of C>—Dipp), 2.82 (sept, >Jun = 6.8 Hz, 4H, —CH(CHj3), of C®—Dipp), 4.56 (t, *Jun
= 6.3 Hz, 2H, C*-H of C>-Dipp), 4.75 (d, *Jun = 6.3 Hz, 4H, C**—H of C*>~Dipp),
7.28 (d,*Jun = 7.3 Hz, 2H, C°—H), 7.32 (d, *Jun = 7.8 Hz, 4H, C**—H of C®-Dipp),
7.42 (t,3Jun = 7.7 Hz, 2H, C*~H of C®—Dipp), 7.56 (t, *Jun = 7.4 Hz, 2H, C*-H),
7.70 (d, *Jau = 7.4 Hz, 2H, C°*—H). BC{'H} NMR (150.88 MHz, 300 K, THF-ds,
in ppm): & = 23.8 (s, ~CH(CH3)2 of C>—Dipp), 23.9 (s, -CH(CHj3), of C®—Dipp),
29.5 (s, —CH(CHj3), of C>-Dipp), 31.3 (s, ~CH(CH3)2 of C®—Dipp), 84.0 (s, C* of
C?-Dipp), 87.9 (s, C* of C>*-Dipp), 112.0 (s, C*>® of C>-Dipp), 115.1 (s, C' of
C>-Dipp), 123.2 (s, C**° of C’—Dipp), 126.9 (s, C%), 127.5 (s, C*), 128.5 (s, C* of
C°—Dipp), 128.6 (s, C%), 142.1 and 142.3 (s, C? and C! of C5—Dipp), 147.6 (s, C*©
of C®-Dipp), 149.5 (s, C®, 158.3 (s, C'). Elemental analysis calcd. for
CeoH74C02Sn, Mw = 1150.54 g-mol ') C 62.64, H 6.48; found C 62.34, H 6.13.

2.4.2.2 Synthesis of [Ar'2Sn2Co2][BArfs] (2[BArt4])

A dark blue solution of [Cp:Fe][BAr ]
(46 mg, 0.044 mmol, 1.0 equiv.) in THF

T BArT

(2.5 mL) was added dropwise to a dark
yellow suspension of 1 (50 mg, 0.043 mmol,
1.0equiv.) in THF (2.5mL) at room
temperature. The mixture immediately
turned dark red-brown and was stirred for 14 h. All volatiles were removed in vacuo and
the dark brown residue was washed with n-hexane (15 x 1 mL) to remove the by-product
ferrocene. The residue was extracted into Et2O (6 x 1 mL) and the combined dark red
brown extracts were filtered. The solvent was removed and the dark red-brown solid was

carefully dried in vacuo. Yield: 52 mg (59%).
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M.p. 219 °C. Effective magnetic moment (THF-ds): pesr = 3.1(1) us. '"H NMR
(400.13 MHz, 300 K, THF-ds, in ppm): 6 = —1.36 (br s, 7H), 1.09 (s, SH), 2.79 (s,
1H), 3.96 (br s, 3H), 7.56 (s, 4H), 7.77 (s, 6H), 8.57 (br s, 4H), 12.63 (br s, 1H).
Elemental analysis calcd. for Co2HssBC02F24Sn2 (Mw =2013.76 g-mol™!) C 54.87,
H 4.30; found C 54.96, H 4.41.

2.4.2.3 Synthesis of [Ar'2Sn2CozP4] (3)

Solid P4 (26 mg, 0.210 mmol, 1.1 equiv.) was
added to a dark green brown suspension of 1
(214 mg, 0.186 mmol, 1 equiv.) in toluene (20 mL)
at room temperature. The reaction mixture slowly
turned dark red brown upon stirring for 18 h. The
solvent was removed and the resulting residue was

extracted into cyclohexane (5 x 1 mL). The dark red

brown solutions were combined, filtered and
reduced to ca. 2 mL. Dark brown microcrystals of 3 were isolated after storage over one

day and dried in vacuo. Yield: 192 mg (76%).

M.p. 216 °C (decomposition to a black oil). UV/vis (THF, Amax / nm, €max / L-mol '-cm™):
275 (32000), 350sh (18000), 390sh (13000), 430sh (9000). '"H NMR (400.13 MHz,
300 K, THF-ds, in ppm): 8 = 0.59 (d, *Jun = 6.8 Hz, 3H, C'*—~CH(CHs)2), 0.83 (d,
3Jun = 6.8 Hz, 3H, C'"—-CH(CH5)2), 0.93 (d, 3Jun = 6.7 Hz, 3H, C'>-CH(CHs),),
0.97-1.01 (m, 9H, C'""—CH(CHs): overlapping with C"-CH(CHs): and
C¥—CH(CHs)2), 1.06 and 1.08 (d, *Jun = 6.7 Hz, 6H, C}*~CH(CH3)>), 1.13 (d, *Jun
= 6.8 Hz, 3H, C'’—CH(CHs)2), 1.18 (d, *Jun = 6.8 Hz, 3H, C'®*-CH(CH3),), 1.25
(d,*Jun = 6.8 Hz, 3H, C'*—CH(CHs),), 1.28 (d, *Jun = 6.8 Hz, 3H, C'*—CH(CH3)»),
1.40 (d, 3Jun = 6.8 Hz, 3H, C¥*-CH(CH3),), 1.48 (d, 3Jun = 7.0 Hz, 3H,
C'“—-CH(CH3)2), 1.57 (d,*Jun = 6.8 Hz, 3H, C'*—CH(CH3)2), 1.71 (d,*Juu = 6.9
Hz, 3H, C'>-CH(CHs)>), 1.84 (sept, *Jun = 6.8 Hz, 1H, C¥*—~CH(CH3)2), 2.20 (sept,
3Jun = 6.8 Hz, 1H, C'*—CH(CHa),), 2.27 (sept, *Jun = 6.8 Hz, 1H, C'*—CH(CH3)»),
2.38 (sept, *Jun = 6.7 Hz, 1H, C’~CH(CHz)2), 2.46 (sept, *Jun = 6.9 Hz, 1H,
C!“—CH(CHas)2), 2.55 (sept, *Jun = 6.8 Hz, 1H, C'?*—CH(CHj3)2), 2.70 (sept, *Jun =
6.8 Hz, 1H, C'®-CH(CHa)2), 2.77 (sept, *Jun = 6.7 Hz, 1H, C'>-CH(CH3),), 5.56
(t,*Jun = 6.5 Hz, 1H, C'—H), 5.70 (d, *Jun = 6.4 Hz, 1H, C°—H), 5.79 (t,*Juu =
6.3 Hz, 1H, C'°-H), 6.23 (d, *Jun = 6.6 Hz, 1H, C°—H), 6.62 (d, *Jun = 6.2 Hz, 1H,
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C''~H), 6.65 (d, *Jun = 7.3 Hz, 1H, C>~H), 6.70 (d, *Jun = 6.4 Hz, 1H, C'"~H),
6.78 (d, *Jun = 7.8 Hz, 1H, C""—H), 6.83-6.88 (m, 2H, C'"—H overlapping with
C>=H), 7.00 (t,*Jun = 7.5 Hz, 1H, C*~-H), 7.03 (t,*Jun = 7.8 Hz, 1H, C'°-H), 7.12-
7.16 (m,2H, C'"-H overlapping with C’-H), 7.21-7.27 (m,2H, C*—-H overlapping
with C*~H), 7.32 (d,*Jun = 7.6 Hz, 1H, C'*~H), 7.43 (t,*Jun = 7.7 Hz, 1H, C'*-H).
I3C{TH} NMR (100.61 MHz, 300 K, THF-ds): § = 20.8-21.0 (m, C3~CH(CH3),
overlapping with C'>-CH(CH3)2), 21.7 (m, C*—CH(CHs3)2 overlapping with
C'”—CH(CH3)2), 23.2 (s, C'*—CH(CH3)2), 23.8 (d, Jcp = 11 Hz, C'3-CH(CHj3)»),
243 (s, C'"¥—CH(CHs)2), 24.5 (s, C“-CH(CHs)2), 25.2 (d, Jcr = 4 Hz,
C'>—CH(CH3)2), 25.5 (s, C'¥—=CH(CH3)2), 25.6 (d, Jcp = 4 Hz, C*—~CH(CHj3)»),
25.9 (s, C'® =CH(CH3)2), 26.2 (s, C'*~CH(CHas)2), 26.5 (s, C'*~CH(CHj3)>), 26.8
(s, C""—CH(CHz3)2), 27.4 (s, C®*~CH(CHs3)2), 29.6 (s, C!>-CH(CHj3),), 30.3 (s,
C3—CH(CHs)2), 30.4 (s, C¥*~CH(CHj3)2), 30.6-30.7 (m, C'*-CH(CHj3). overlapping
with C'¥—CH(CH3)2), 31.1 (s, C'*—CH(CHs)2), 31.2 (s, C'*—CH(CHs)2), 31.3 (s,
C!"—CH(CHs3)2), 87.5 (s, C”), 88.5 (s, C'9), 91.8 (s, C'!), 94.4 (s, C'"), 96.8 (s,
C'"), 972 (s, ), 107.5 (s, C7), 114.8 (s, C7), 117.5 (s, C*), 118.0 (s, C®), 119.5
(s, C'?), 121.0 (s, C'), 122.7 (s, C'7), 123.2, (s, C'7) 123.4 (s, C"), 124.0 (s, C'?),
124.6 (s, CY, 127.3-127.4 (m, C° overlapping with C*), 128.1-128.2 (m, C'°
overlapping with C’ and C*), 129.7 (s, C'®), 131.8 (d, *Jcp = 5 Hz, C°), 137.1 (s,
C'), 142.6 (s, C"), 142.7 (s, C? or C®), 143.6 (d, 2Jcp =9 Hz, C* or C%), 144.4 (d,
2Jcp = 8 Hz, C* or C%), 145.6 (s, C'*), 146.3 (s, C'* overlapping with C'*), 147.1
(s, C'®), 147.9 (s, C? or C°, overlapping with d, 'Jcp = 27 Hz, C'), C' not detected.
SIP{IH} NMR (161.96 MHz, 300 K, THF-ds, in ppm): 6 —109.3 (1P, dd, 'Jp2p3 = —303
Hz, 'Jpop1 = =370 Hz, ""°Sn satellites: 'Jpsn = 549 Hz, P2), 15.7 (1P, br dd, Avy; = 54 Hz,
1Jp2p3 = =303 Hz, 'Jp3ps = —366 Hz, P3), 94.6 (1P, br d, Ay, = 77 Hz, 'Jpip2 = —370 Hz,
11981 satellites: 'Jpsn = 1482 Hz, P1) 163.0 (1P, br d, Avy, = 121 Hz, 'Jpap3 = =366 Hz,
P4). Elemental analysis calcd. for CeoH74C02P4Sn2-CeHiz (Mw = 1358.24 g-mol™!) C
58.35, H 6.38; found C 58.56, H 6.70
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2.4.3.4 Synthesis of [Ar'GeCo]2 (4)

A pale yellow suspension of [K(thf)o2][Co(n*-1,5-
cod)2] (48 mg, 0.146 mmol, 3.0 equiv.) in toluene
(1.5 mL) was added dropwise to a bright yellow
solution of (Ar'GeCl)> (50 mg, 0.049 mmol,
1.0 equiv.) in 1.5mL toluene at —30 °C. The

mixture slowly turned deep yellow and was stirred
for 27 h upon warming to room temperature. The resulting dark yellow green reaction
mixture was filtered and all volatiles were removed in vacuo. The dark green brown
residue was extracted into n-hexane (4 x 0.5 mL) and concentrated to ca. 1 mL. A few
dark brown crystals were obtained after one week. The yield was not determined due to

the small scale of the reaction. A 'H NMR spectrum of the crystals is show in Figure 8.

H NMR (400.13 MHz, 300 K, C¢Ds, in ppm): & = 1.06 (d, 3Jun = 6.8 Hz, 12H,
—CH(CHs): of Dipp), 1.11 (d, *Jun = 6.9 Hz, 12H, —CH(CH5) of Dipp), 1.26 (d,
3Jun = 6.8 Hz, 12H, —CH(CH5)2 of Dipp), 1.44 (d, *Jun = 6.9 Hz, 12H, —CH(CH3)>
of Dipp), 2.45 (sept, *Jun = 6.8 Hz, 4H, —CH(CH3) of Dipp), 3.05 (sept, *Jun = 6.8
Hz, 4H, —CH(CH3): of Dipp), 4.55 (t, *Jun = 6.4 Hz, 2H, C*~H of C*>-Dipp), 5.07
(d, *Jun 