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PROLOGUE

PROLOGUE

This thesis reports on the synthesis and characterization of mono-, di-, and oligonuclear cobalt
complexes with diphosphacyclobutadiene and diphosphacyclobutene ligands. Chapter 1
reviews the chemistry of transition metal phosphaalkyne and diphosphacyclobutadiene
complexes. Besides the synthesis and structural motifs of diphosphacyclobutadiene complexes,
this chapter also deals with the coordination properties of such species. In chapters 2 and 3, the
functionalization of the diphosphacyclobutadiene ligand is discussed. Chapters 4 and 5 describe
coordination studies, which have resulted in the synthesis and characterization of numerous
new di- and oligonuclear complexes with diphosphacyclobutadiene ligands. Chapter 6 reports
on the thermal properties as well as the potential application of complexes with
diphosphacyclobutadienes and other phosphorus containing ligands in atomic layer deposition.

The final chapter 7 summarizes the results of this thesis and gives a brief outlook.
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CHAPTER 1 — THE CHEMISTRY OF PHOSPHAALKYNE AND DIPHOSPHACYCLOBUTADIENE COMPLEXES

1 THE CHEMISTRY OF PHOSPHAALKYNE AND

DIPHOSPHACYCLOBUTADIENE COMPLEXES

1.1 Introduction

1.1.1 Historical Development of Phosphaalkyne Chemistry

Phosphaalkynes and their oligomerization products (in particular diphosphacyclobutadienes and
triphosphabenzenes) have attracted much attention in the past three decades due to their versatile
coordination properties."? Several synthetic routes to a wide range of phosphaalkynes have been
described.”® Phosphaacetylene, HC=P, the simplest phosphaalkyne, and, according to the
isolobal concept, the phosphorus-containing counterpart of acetylene, was initially proposed by
Albers in 1950 and characterized by Gier in 1961.° Nevertheless, Becker and co-workers were
able to isolate fBuC=P only 20 years later. fBuC=P is Kkinetically stabilized by a fert-butyl
substituent. To date, it remains the most commonly used phosphaalkyne. Subsequently, numerous
related phosphaalkynes were synthesized and their reaction chemistry was explored in detail.’
Apart from serving as starting materials for a wide range of new phosphaorganic compounds,
these investigations opened a new field in coordination chemistry.>®’

The original synthesis of phosphaalkynes devised by Becker and subsequently developed further
by Regitz and co-workers is shown in Scheme 1.7 Phosphide 1a or phosphane 1b is treated with
the corresponding acyl chloride to give a phosphaalkene 2, followed by base-catalyzed
B-elimination of hexamethyldisiloxane.” This procedure is most common for the synthesis of
phosphaalkynes 3, however, there are also other protocols describing the elimination of hydrogen
halides, chlorotrimethylsilanes, or lithium trimethylsilanolates.>® The scope of phosphaalkynes

synthesized by this approach is limited by the stabilities of the corresponding precursor and the

product.
1
R” “Cl 0 [1,3pshit ~ MesSIO_ SiMes
MP(SiMeg), — > i _—
- MCl R” ~P(SiMes), R
1a M=Li 2
1b M = SiMe,
base _ 3a R=1Bu 3e R=Ad
— > 3b R =tPent 3f R=Cy
- Me3SiOSiMes 3c R=/Pr 3g R=Mes
3d R=Bu 3h R =Mes*

Scheme 1. Synthetic route toward common phosphaalkynes.” (tBu = tert-butyl, tPent = tert-pentyl,
iPr = iso-propyl, iBu = jso-butyl, Ad = adamantyl, Cy = cyclohexyl, Mes = 2,4,6-Me3-CsH2, Mes* = 2,4,6-
(tBu)3-CeH2)
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1.1.2 The Coordination Chemistry of Phosphaalkynes

Phosphaalkynes are versatile ligands to transition metal atoms and ions which display a wide
range of coordination modes including both side-on (A) and end-on (B) as well as diverse bridging
modes (e.g. C-E, Figure 1).8 Furthermore, they can act as ligands donating a total of two, four or
six electrons as demonstrated by prominent examples. The first complex featuring a
phosphaalkyne in its structural framework was reported by Nixon and co-workers. This complex
exhibits 7BuCP side-on (type A) coordinated to Pt® acting as 2e~ donating ligand (4, Figure 1).°
In the same publication, the authors also described the 4e~ bridging mode D, which is exemplified
by the dicobalt complex [Cox(CO)s(tBuCP)] (7), which is prepared by adding BuCP to a THF
solution of Cox(CO)g and isolated as light-sensitive, red oil. While the crystal structure of this
compound was not obtained due to its being an oil, addition of [W(CO)s(THF)] afforded
[Co2(CO)s(rBuCP)W(CO)s] (8), in which a new Lewis-acidic W(CO)s moiety is also bound to
the rBuCP ligand, now displaying the 6e~ donating mode E.!° In comparison with side-on binding,
n'-type coordination B is usually unfavored and thus only accessible with sterically demanding
phosphaalkynes such as AdCP (5) or bulky ligands such as dppe
(= 1,2-bis(diphenylphosphano)ethane) in order to avoid competing n>-type coordination'! or in
combination with the side-on n>-fashion (mode C) demonstrated by [Pt(dppe)(fBuCP)W(CO)s]
(6).'> This competing ligation can be explained by the nature of the orbitals centered at the carbon
and the phosphorus atom of the phosphaalkyne. Photoelectron spectroscopy revealed that the
HOMO is essentially centered at the C=P triple bond, while the HOMO-1 is located at the

phosphorus lone pair."

R R R R
M_l | |‘| M_l‘l /N /*\
J l MQM Mi¢:|\/|
M M M
A B c D E
B Ad tBu B B
PhaR | ‘ ‘ ! u
il If] (dppe)Pt—||| /\ /\
PhsP
3 | | [Co]=—=[Co] [Co]éyh[Co]
Mo(dppe)z W(CO)s
W(CO)s
l'l [Co] = Co(CO)s
4 Ad 5 6 7 8

Figure 1. Coordination modes of phosphaalkynes (A—E).
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1.2 Transition Metal-Mediated Oligomerization

1.2.1 Dimerization and Trimerization

The first examples for the cyclodimerization of phosphaalkynes in the coordination sphere of
transition metal centers were independently reported by Nixon and co-workers and the group of
Binger and Regitz."* rBuC=P undergoes metal-mediated [2+2]-cycloaddition to give

n*-coordinated 1,3-diphosphacyclobutadiene ligands (Scheme 2).

R R
R R 2 Bu-C= R R
M tBu M

X' 7 Va; - Co R~
_<tBu 12M=Co, R=H

13M=Co,R=Me

9M=Co 14M=Rh,R=H
10 M = Rh 15 M =Rh,R = Me
MM=Ir 16 M =Ir, R = Me

Scheme 2. The first examples of 1,3-diphosphacyclobutadiene complexes obtained by cyclodimerization

of phosphaalkynes.

Subsequently, it was shown that iron(0), titanium(0), and molybdenum(0) also mediate the
cyclodimerization of phosphaalkynes.'> Treatment of the Ni(IT) precursor Ni(acac) (acac = acetyl
acetonate) with two equivalents of nBuLi at low temperature and subsequent addition of four
equivalents of 3a afforded the bis(1,3-diphosphacyclobutadiene)nickel (17, Scheme 3).'
Alternatively, this complex can be obtained by reacting [Ni(cod):] with four equivalents of

17

phosphaalkyne."” Remarkably, this was the first homoleptic 1,3-diphosphacyclobutadiene

complex.

N

- 1Bu
i

: 2 nBulLi tBu
Ni(acac)y, —— Bu
3a (4 equiv.) 7@ P
3 —<tBu
17

Scheme 3. The first example of a homoleptic bis(1,3-diphosphayclobutadiene) complex.*®

Wolf, Lammertsma and co-workers later found that the reaction of the anthracene metalates 18
and 19'® afforded homoleptic P.C, complexes [K([18]crown-6)(thf),][20] and [K([18]crown-6)-
(thf);][21], respectively (Scheme 4).°* Cyclic voltammetry studies showed that the
[M(n*-P2CatBu,)>] anions (20 and 21) can be reversibly oxidized to the neutral species 22 and
23, which was achieved chemically by treatment with ferrocenium hexafluorophosphate

(FcPFg).'%
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aa B Bu |~ tBu
== = =7
!

Vv 4 tBu-C= fBu . FcPFg  tBu
M su M B
_,f;‘\‘ -2 C14H10 7&:9— - KPFB U)C-:p_
- < -Fc <
QQ Bu tBu
[K([18]crown-6)(thf)]* [K([18]crown-6)(thf),]*
18 M=Fe [K([18]crown-6)(thf);][20] M = Fe 22 M=Fe
19 M=Co [K([18]crown-6)(thf),][21] M =Co 23 M=Co

Scheme 4. Synthesis of anionic bis(1,3-diphosphacyclobutadiene) complexes [K([18]crown-6)(thf);][20]
and [K([18]crown-6)(thf)2][21] and oxidation to the neutral compounds 22 and 23 (Fc = Ferrocene).

Although most diphosphacyclobutadiene complexes reported in the literature incorporate the
1,3-isomer, some 1,2-derivatives have also been described, including titanium(0) complexes 24a
and 24b,? the iron(0) complex 25,?! the tantalum(IIT) complex 26, and the tungsten(0) complex
27, in which the diphosphacyclobutadiene ligand is stabilized by coordination of two W(CO)s

fragments® (Figure 2).

tBu 1;' tBu  1Bu I::Q(CO)I?Bu CIvy | % tBu V.V(CO)‘}BU
o7 v ol A, a2
(OC)SW/ \W(CO)5
24a R ={(Bu 25 26 27
24b R=Ad

Figure 2. lllustration of examples of 1,2-diphosphacyclobutadiene complexes.

Very recently, Scheer and co-workers reported the synthesis of [Cp™Co(n*-1,2-P,C.tBuy)] (28,
Cp" = CstBusH,). This 1,2-diphosphacyclobutadiene complex can be obtained either by
thermolysis of the 1,3-derivative 29 or by release from the corresponding Ag(I) coordination
compound 30 (Scheme 5), which was prepared by treating [Cp"'Co(n*-1,3-P,C2rBuy)] (29) with
[Ag(pftb)] (pftb = AI(OC(CF3)3)4).*
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{Bu {Bu ]2+

— 28 Bu 30

Scheme 5. Synthesis of 28 by either (i) thermolysis of 29 or (ii) treatment of 30 with pyridine at room

temperature.

While examples of phosphaalkynes cyclodimerizing in the coordination sphere of transition
metals are far more numerous,” a few examples have nevertheless demonstrated that
phosphaalkynes can also cyclotrimerize forming 1,3,5-triphosphabenzenes in a manner analogous
to alkyne trimerization reactions. The first such trimerization was reported for the molybdenum(0)
complex 31 by Barron and Cowley.?** Refluxing the cycloheptatriene-carbonyl molybdenum
complex 32 with 3a in THF gave 31 in moderate yield (Scheme 6). At the same time, Binger and
co-workers described the formation of valence isomers of 1,3,5-triphosphabenzene mediated by
vanadium (34 and 35, Scheme 6).® Nixon has also reported the ruthenium(II)-mediated
trimerization of 3a.”” The structural motif in this case is different, featuring a metalla-
phosphaalkene fragment bound to a bent, fluoro-substituted, four-membered P>C: ring that

exhibits a novel 2-phosphaallylic unit (37).
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tBu
:>©>—tsu
‘o 3a tBu i
. T co | Bu % \
7 \7co -¢° “Co
oC %o \\ co
32 31
: 3a ; co |
AV . \Vj _ = v—CO
:.: - CqoHsg fBU—(ﬁ }tBu fBU7¢ﬂ—fBu
\ﬁB/u Bu
33 34 35
"~ |PFg
= .
: 3a R’J
Ru, > —hu
7\ "NCMe PR BuPmuy
MeCN Ncme v ﬂ
’ N -
F tBu
36 37

Scheme 6. Cyclotrimerization of phosphaalkynes in the coordination sphere of molybdenum(0),

vanadium(l), and ruthenium(Il).

1.2.2 Access to further Phosphaorganometallic Ligands by Phosphaalkyne

Oligomerization

1,2- and 1,3-Diphosphacyclobutadienes are the most common products of phosphaalkyne
oligomerization. However, other ligand types can also be accessible through co-condensation or
high temperature approaches such as metal vapor synthesis. Nixon reported that the co-
condensation of electron-beam generated molybdenum atoms with BuC=P (3a) affords the
tris(1,3-diphosphacyclobutadiene)molybdenum complex 38 (Figure 3).2% The same compound
can be obtained as side product when a THF solution of fac-[Mo(CH3CN)3(CO)s] and 3a (four
equivalents) is heated to reflux for eight hours, while the main product is [Mo(P>C2/Bu;)>(CO),]
(39).28

In contrast, reaction of cobalt atoms generated through a metal vapor approach with 3a gave three
heteroleptic compounds featuring a combination of a 1,3-diphosphacyclobutadiene ligand and a
second ligand, i.e. 1,2,4-triphosphacyclopentadienyl (40), 1,3-diphosphacyclopentadienyl (41),
and 1,3,5,7-tetraphosphabarrelene (42) (Figure 3).%
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Figure 3. Complexes obtained via co-condensation of tBuCP (3a) with metal atoms generated by electron

beam or metal-vapor synthesis methods.

Meanwhile, treatment of iron, chromium or vanadium atoms generated by metal vapor techniques
with 3a afforded pentaphosphametallocenes 43—-45.>° By contrast, treatment of nickel atoms
obtained by the same approach with 3a yielded two compounds of which one was identified as
the known homoleptic [Ni(n*-P2C2tBu,):] (17). The second species (46) was characterized by
X-ray crystallographic studies on the W(CO)s adduct. These studies confirmed that this complex
features a phosphirenyl cation (PC2rBu,)* (Figure 4).%!

Bu

’c/:f;\ rBu—(c_;;;w—tBu

Bu Bu

M Ni
- B i B
Bu —@)‘ tBu ’ T©7/ -

43 M=Fe 46
4 M=
45 M=V

Figure 4. Different structural motifs obtained by co-condensation reactions of V, Cr, Fe, and Ni atoms with
tBuC=P.

1.2.3 Coordination Compounds and Metal Aggregates

The phosphorus atoms in the structural framework of diphosphacyclobutadiene complexes can be
used to coordinate further metal atoms, leading to oligonuclear coordination compounds.'**¢ The
first examples of such oligonuclear species, compounds 47 and 48 (Figure 5, top), were prepared
by treating mononuclear [CpCo(n*-P.C2R»)] (12a,b) with one and two equivalents of
[CpCo(m*-C2Ha)2]  (9), respectively.  Subsequently, the coordination behavior —of
diphosphacyclobutadiene complexes was investigated in detail by several groups.*> Nixon and
co-workers described the coordination of 12 to one or two platinum centers (49-51).32¢ The same
authors reported the remarkable hexanuclear complexes 52 and 53, in which four molecules of 12
and 14, respectively, are coordinated to a Rh,Cl, fragment.**¢ Complexes 54 and 55 (Figure 5,
bottom), reported by Stone and co-workers, show the anionic [Rh(n*-P,CorBuz)(n’-C2BoH1)]~
fragment coordinated to [(n*-C4sMes)Co(CO),]* in 54 and [Au(PPhs)]* in 55, respectively.??><
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Figure 5. First o-coordination compounds of 1,3-diphosphacyclobutadiene complexes.

It is in this context that Wolf and co-workers have been investigating the coordination behavior
of the [Co(n*-P,CarBuz),]” sandwich anion (21), which exhibits four phosphorus atoms in its
structural framework. Reactions with coinage metal halides afforded various oligonuclear
compounds (Figure 6).* Di- and trinuclear structures 56-62 were formed when
[K(thf)2{Co(n*-P.C2R2)2}] (R = tBu, rPent, Ad) was reacted with [{CuCI(PPhs)}4], AgCl, or
AuCl(tht) in a 1:1 ratio and in the presence of tertiary phosphanes. Complex 63 was obtained by
reacting [K(thf);{Co(n*-P,CatPent,),}] with two equivalents of AgSbFs and an excess amount of
PMes. In the absence of phosphanes, polymeric compounds 64 and 65 formed, which were
characterized by solid-state NMR spectroscopy and elemental analysis. Treatment of 60 with four
equivalents of [AuCl(PPhs)] afforded the unprecedented molecular square [Au{Co(P>C2fBuz)>} 14

(66), which consists of four units of anion 21 connected by four gold cations (Figure 6, bottom).>*
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Figure 6. Coordination compounds with coinage metals obtained by our group.

A second synthetic pathway to 66 is the 1:1 reaction of [TI(thf),{Co(n*-P2C.2tBu,),}] (67) with
AuClI(tht). Reaction of 67 with [(n*-CsMes)Co(CO).I] and [CpNi(PPh;)Br] afforded dinuclear
compounds 68 and 69 (Figure 7).** Similar to the coinage metal complexes shown in Figure 6 and
the earlier examples reported by Binger, Nixon, and Stone, the molecular structures of 68 and 69

show o-coordinated diphosphacyclobutadiene ligands.'#><32
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Figure 7. First examples of the homoleptic bis(diphosphacyclobutadiene)cobaltate coordinated to 3d

transition metals.
1.3  Conclusion

Phosphaalkynes show a wide variety of coordination modes which have been investigated by
several groups. These studies revealed that phosphaalkynes can act as two, four or six electron
donating ligands. Moreover, they undergo cyclization reactions to form low-coordinate
phosphorus heterocycles such as diphosphacyclobutadienes (dimerization), triphosphabenzenes

(trimerization) as well as other cyclic oligomers like di- or triphospholides and phosphinines.

In particular, the metal-mediated [2+2]-cyclodimerization in the coordination sphere of transition
metal atoms has turned out to be a facile route to form metal-complexed
diphosphacyclobutadienes which are unstable in their free, uncoordinated form. Depending on
the steric demand of the substituents on the phosphaalkyne, 1,2- as well as
1,3-diphosphacyclobutadienes are accessible, however, due to the wide use of sterically
encumbered fert-butylphosphaalkyne most reported complexes feature the 1,3-derivative. The
chemistry of such diphosphacyclobutadiene complexes has been substantially explored in the past
30 years with the main focus being on the investigation of the coordination behavior. Most of the
reported coordination compounds feature coordination of the diphosphacyclobutadiene ligand to
coinage metal cations and precious metal cations of rhodium, palladium, and platinum. Notably,

the formation of o-complexes has been exclusively observed with such metal cations.

Wolf and co-workers contributed to this area by developing homoleptic
bis(1,3-diphosphacyclobutadiene) sandwich anions which afforded new coordination
compounds. The most striking example is the octanuclear [Au{Co(P,C>tBu»)> }]4 (66) macrocycle.
Expanding the investigations to 3d metal atoms afforded two novel dinuclear compounds 68 and
69, where the [Co(P2CafBuz)]” anion (21) coordinates to [(n*-CsMes)Co(CO).]* and
[CpNi(PPh3)]*. Further investigations into the coordination behavior of 21 toward 3d and 4d metal
cations was one of the main goals of this thesis. In this course, we wished to explore the ability
of 21 to act as a « ligand to another metal cation forming a tripledecker or a tripledecker-like

complex. Therefore, a suitable precursor was essential to enable this rare coordination mode.

10
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Furthermore, functionalization of the diphosphacyclobutadiene ligand was also a fascinating goal
which might give access to novel P-containing ligands. This could be realized by introducing
reactive groups®® (e.g. electrophiles) followed by addition of suitable, organic substrates.
Reactivity toward nucleophiles might also give access to diverse new complexes bearing one or
even two functionalized ligand moieties. While the reactivity of diphosphacyclobutadiene
complexes toward electrophilic transition metal complexes has been extensively explored, reports

on the reactivity of diphosphacyclobutadiene complexes toward nucleophiles are scarce.?**%

11
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