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Preface

Some of the presented results have already been published during the preparation of
this work (vide supra). The relevant content is reprinted with permission of the respective
scientific publisher. The corresponding citation and the respective license numbers are
given at the beginning of the particular chapters.

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

the respective chapters.

To ensure a uniform design of this work, all chapters are subdividedinto6 1 nt r oduct i on
OResul ts and €anclusiond o RNied e & ,eand &upporting Informationd
Furthermore, all chapters have the same text settings and the compound numeration
begins anew. Due to different requirements of the journals and different article types, the
presentation of figures for single crystal X-ray structuresor t he 06 S wppmarttiiomg |
may differ. In addition, a general introduction is given at the beginning and a

comprehensive conclusion of all chapters is presented at the end of this thesis.
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1. Introduction

1.1 Bonding Situation and Structure Types of Group 13/15

Compounds

Compounds consisting of elements from both group 13 and group 15 with a direct
bond between both elements are considered as inorganic analogues to hydrocarbon
compounds: In a unit of two carbon atoms, substitution of one carbon atom by a group
13 element, e.g. B, and the other carbon atom by a group 15 element, e.g. N, leads to
isoelectronic units.™ Boron, bearing one valence electron less than carbon, and nitrogen,
bearing one more valence electron than carbon, can conjointly build isoelectronic

molecules, saturated as well as unsaturated ones (Figure 1).

H
H H C
H H H H S
H—(|_‘,—(|3—H C=C/ \C=C/ Hﬂ (|:H
| W S W He ~#CH
H Cl C
H
Ethane Ethene Acetylene Benzene
N
H H
| H H H H HR gy
H—N—=B—H /N;"‘B\ /N_=“B\ ‘H |
| H H H H AN _#NH
H H B
H
Ammonia Borane Aminoborane Iminoborane Borazine

Figure 1. Isoelectronic analogy between hydrocarbons and group 13/15 compounds.

This analogy can also be observed in cyclic molecules like borazine (BsNsHs), also
ed

(BN)». While borazine shows some of the typical characteristics of its aromatic analogue

cal l Ainorganic benzeneo, and even in
benzene (C¢Hs), being a colourless liquid with aromatic odor,” the aromaticity is
significantly lower due to the polarity of the bonds between the group 13 and group 15
atoms. This is caused by the difference in the electronegativity between the boron and
the nitrogen atom (DEN = 1.0). Comparing ammonia borane (HsN-BHs3) to ethane (CzHs),
the bonding situation is pictorially better described as a dative bond from the nitrogen
this the dat.i bond

otherwise plain bonds are depictured. A zwitterionic Lewis structure HzN*-"BH3 could also

atom to the boron atom. In wor k, vV e

sol i d

model
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be used to describe the bonding situation, although computational studies show that just
0.2 e are transferred from nitrogen to boron, locating the bonding electron pair closer to
nitrogen.B! In comparison to a C-C single bond, this leads to a weaker bond, which is
subsequently influencing the reactivity. The bond length is elongated compared to
hydrocarbons, the distance between the two atoms is approximately 0.04 A longer for all
examples in Figure 1. The solid state material boron nitride (BN), occurs in the three
different modifications, he x agon al (0), C u hypec( o(Abgyaphite nike
layer structure can be observed in the hexagonal phase, while the cubic b-BN shows a
diamond like lattice. The o-phase shows the same structure as lonsdaleite, the high

pressure hexagonal diamond.
1.2 Academic Interest and Application

The first report of a group 13/15 compound dates back to the year 1809, a decade
after the French revolution, when the ammonia-borane adduct HsN-BF3; was described
by the famous French scientist Gay-Lussac.”! The first description of the heavier
congener Hs;P-BCls; took place much later in 1890, also containing a fully halogenated
borane.! The presence of trinydridoboron in MesN-BHs was reported in 1937 by Burg
and Schlesinger.®® Based on their work, the isolation of the fully hydrogen substituted
ammonia borane H3;N-BHs; was achieved in 1955, followed by the characterization of
HsP-BH3; a decade later.®® These only hydrogen substituted compounds HzE-BHs (E = N,
P, As, Sb) are of special academic interest because they represent the parent
compounds of substituted pnictogen hydride boranes.®! For application, they are
promising candidates for hydrogen storage materials, especially HsN-BHz due to its high
hydrogen content up to 19.6 wt-%.% Up to three equivalents of dihydrogen can be
released by thermolysis. In this case, the thermodynamically very stable boron nitride
(BN), is formed. Substitution on the main group elements can still be beneficial to
improve the properties by electronical and sterical effects and influence the workability of
resulting materials by altering e.g. the solubility or thermal stability.'Y Catalysis by
transition metal complexes can be applied to lower the activation barrier of the hydrogen
release and control the degree of dehydrogenation. Recent studies showed also
promising results in regenerating partially dehydrogenated compounds.*?
Dehydrogenation can lead to formation of new bonds via dehydrocoupling, resulting in
inorganic oligomeric and polymeric compounds, which will be discussed in the following
chapter. Besides being promising candidates for hydrogen storage materials,
poly(aminoborane)s are examined as potential preceramic materials. Processed into the

desired shapes, subsequent pyrolyzation can then produce U-boron nitride forms. Boron

wurtzit
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phosphide attracts significant interest due to its semiconducting properties,*! for which
poly(phosphinoborane)s are discussed as precursors. Films of polymeric [(p-
CF3CeH4)HP-BH;]n were successfully tested for application in electron beam
lithography.¥ At present, group 13/15 compounds are already used as abrasives,*®
flame retardants,*® high temperature ceramics™™ or as semiconducting materials in opto-

and microelectronic devices.']

1.3 Inorganic Oligomeric and Polymeric Compounds from

Dehydrocoupling reactions

Dehydrocoupling describes the process of the formation of a new chemical bond with
simultaneous release of dihydrogen. This can lead to the aggregation of small molecules
to bigger oligomeric and polymeric units. Subject for such reactions can be the release of
dihydrogen or the generation of new materials or both. Especially dehydrocoupling
reactions of amine- and phosphine-borane adducts have been intensively studied. The
reaction can be induced either by thermolysis!*® or with metal catalysts.® The first metal
catalyzed dehydrocoupling reaction of amine-boranes was mentioned in a patent in
1989.2% A decade later, Manners et al. described the first coupling of phosphine-borane
Ph,HP-BH3 to dimeric species Ph,HP-BH,-Ph,P-BH; (I, Figure 2), using the transition
metal precatalysts [Rh(COD),][OTf] or [Rh(mCI)(COD)]. (COD = cycloocta-1,5-diene).?
Using the mono-substituted phosphine-borane PhH;P-BH3; under similar conditions leads
to the formation of polymeric product [PhHP-BH_]» (II). Later studies comprised the first in
detail investigation on catalytic dehydrocoupling of amine-boranes, also using Rh(l)
complexes or [RhCl;-3H,0].1°¢?21 Similar to dehydrocoupling reactions of phosphine-
borane, the product is strongly influenced by the substitution on the pnictogen atom.
Secondary amine-b or anes RRORYNRB H=  MeCyHg B pyrrolidibe) form
cyclic dimers (11l) by dehydrocoupling, while bulky substituents prevent dimerization and
stabilize monomeric species like iProN=BH. (IV). Mono-substituted compounds
RH2N-BH3 (R = H, Me, Ph) afford cyclic trimers (V) upon dehydrocoupling. Subsequent
heating leads to further hydrogen loss and formation of N-substituted borazines (VI).
Since then, a variety of transition metal complexes and nanopatrticles (Ti, Cr,?% Fe,24
Ni,?%1 CoCu,?8 Zr, Ru,*"271 Rh, Ir,?8 Ptl2%) and also main group compoundst® have been
tested for catalytic activity in dehydrocoupling experiments of amine- and phosphine-

borane adducts.
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Figure 2. Dehydrocoupling of secondary and primary phosphine- and amine-boranes.

In addition to the Rh(l) species, exemplified results will be discussed in the following.
An example for an active main group catalyst is the Lewis acid B(CeFs)s, which was
reacted with the in-situ generated parent compound HsP-BH3.*®! Under evolution of
hydrogen, the formation of poly(phosphinoborane) [H2Pi BH:]» is assumed, although the
product was not indubitable characterized due to its sensitivity. Substrate Ph,HP-BH3
gives rise to the polymeric product [PhHP-BH:], (ll), the same product as from Rh(l)
catalysis. Recently, it was shown that also catalysts based on earth abundant Fe can be
used for the synthesis of poly(phosphinoborane)s, while allowing the control of the
molecular weight of the polymers.BY Worth mentioning is the use of Br ook hart é6s
[IrtH2(POCOP)] catalyst (POCOP = [e3-1,3-(OPtBuU).CsHs]), which allows efficient
dehydrocoupling of the parent compound HsN-BHj, forming either cyclic pentamers
[H2N-BH]s?8 or linear polymers [H2N-BH]. from higher monomer concentrations.?
Similar to these findings, mono-substituted amine-boranes give rise to oligomeric
compounds from reactions of lower monomer concentrations while higher concentrations
lead to polymeric materials [RHN-BH:], (R = H, Me, nBu) (VI1).E23

Another interesting class of catalysts are based on early transition metals titanium and
its heavier homologue zirconium. [Cp.Ti], generated in situ from [Cp.TiCl;] with 2
equivalents of nBuLi, functions as an efficient homogenous catalyst for the
dehydrogenation of secondary amine-borane adducts. R,HN-BHz (R = Me, iPr) show
total conversion at room temperature within minutes. The formed products are the same

as with the use of Rh(l) catalysts.®4 A series of active Ti" and Zr" precatalysts for
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dehydrocoupling reactions has been investigated, of which the Ti-based precatalysts
were found to be far more active than their Zr-based congeners.?>26:371 Mechanistic
investigations propose a N-H bond activation and the formation of a MV intermediate
(Figure 3), which was isolated for Zr'"V, but only proposed for Ti". For subsequent steps,
an off-metal process was suggested by Luo and Ohn,®” which involves hydride transfer
from boron to the metal, resulting in monomeric Me2N=BH, and [Cp.TiH.]. The former
was supposed to dimerize towards a cyclic dimer (lll), while the latter releases H: to re-
form [Cp.Ti]. Manners and Lloyd-Jones on the other hand proposed a two-stage catalytic
cycle, in which a linear diborazane intermediate Me2NH-BH,-NMe»-BH3 (similar to 1) is
formed (and also detected by NMR spectroscopy) after initial N-H activation. A
subsequent on-metal ring closing dehydrogenation step gives rise to the cyclic dimer
(111). Once again, a interplay of Ti" and Ti"V intermediates is postulated.*®! However, this
system was completely inactive towards the parent compound HsN-BH3 and it showed
only negligible reaction rates towards primary amine-boranes. Interestingly,
Wolstenholme and McGrady isolated a paramagnetic Ti"' species [Cp2Ti(NH2BHs3)]
(Figure 3) from reaction of [Cp.TiClz] with Li[NH2BHs], which suggests that the presence
of M" (M = Ti, Zr) species on catalytic dehydrogenation reactions should not be
dismissed.®*! From stochiometric reactions of in-situ generated [Cp.Ti] with both
secondary amine- and phosphine-boranes, further Ti"" complexes [Cp.Ti(NMe;BH3)] and
[Cp2Ti(PPh2BH3)] (Figure 3) could be isolated.®% Both show activities as precatalysts for
dehydrocoupling of Me;HN-BH3;, via a Me:NH-BH>-NMe»-BH; intermediate, towards
formation of a cyclic dimer (lll). This strengthens the assumption of a key catalytic role of

a paramagnetic Ti"" species in dehydrocoupling reactions of amine-boranes.

H M82 H MEZ Hz M82 Ph2
Ce, "N Ce, /' N Co, N Cp, N Cp, R
1'T/'/ \BH 1'2// \BH ‘-'T'/ \BH 1'T'/ \BH ’—'T'/ \BH
I 2 I 2 I 2 I 2 ! 2
/) / VAN 4/ 4\ / /) /
Cp H Cp H Cp H Cp H Cp H
Til\." Zrl\." TiIII

Figure 3. Proposed (Ti'V) and isolated (Zr'"V and Ti"") amido- and phosphidoborane species.

For phosphine-borane substrates, recent studies of the coordination chemistry at d-
block metal centers gave inside into the formation of new P-B bonds via
dehydrogenation in oligomeric and polymeric materials.®® The P-H moiety serves a
double purpose: The activation of the P-H bond leads to the formation of metal-
phosphidoborane intermediates and the P-B bond formation is promoted via

dehydrogenative coupling of a protic P-H and a hydridic B-H moiety with simultaneous
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release of dihydrogen.®'239 Since the P-H bonds are essentially non-polar (DEN = 0.01),
this limits the reactions to substrates containing electron withdrawing effects from aryl
groups on the phosphorus atom. Therefore, there are only very limited examples of
poly(alkylphosphinoborane)s prepared via dehydrocoupling reactions, featuring electron
donating alkyl substituents. iBuPH,-BH3"*% and FcCH,PHABH3*! in reaction with Rh(l)
catalysts leads to the formation of polymeric materials, displaying rather unwanted
properties like low molecular masses or highpolydispersity indices when compared to
other poly(phosphinoborane)s. Though it should be mentioned that there is a completely
different pathway towards poly(alkylphosphi hobor ane) s whi ch
dehydrocoupling processes. Instead it makes use of Lewis base stabilized
phosphanyl borAnBe s( RRR®PBH H, a | skSMey), which will bp
discussed in the following chapter.

1.4 Lewis Base Stabilized Pnictogenylboranes

doesnbod

LB

Pnictogenylboranes [R:EBRJ6 ( E = pnictogen at om; R/ RO

viewed as the inorganic equivalents of ethene, but as monomeric species they are
commonly not stable under ambient conditions. This can be explained due to an empty
p-orbital at the boron atom together with an available lone pair on the pnictogen atom
(Figure 3). The free electron pair can interact with the vacant orbital of a second
molecule, leading to a head-to-tail oligomerization/polymerization. This behavior, used in

a controlled manner, can be utilized for the synthesis of new polymeric materials.

: R R
R\EZB/ " - QE (EZ“‘“RI 1 { é E|s i‘
R AN T
& Ok R O°R {!'? FLJ

E = pnictogen atom
R/R"=H, alkyl, aryl

Figure 3. Head-to-tail oligomerization of pnictogenylboranes.

The monomeric species can be stabilized trough sterical hinderance, among other
things, as observed e.g. in tBu,AsBMes,.[*d Less sterical hindered compounds, like the
parent compound NH,BH_, which could be isolated only at cryogenic conditions,“® can
be stabilized in the coordination sphere of transition metal fragments like
[RuH2(PCys)2( Hd?>-H2NBH,)].#4 Stabilization can also be realized through Lewis acids,
which can accept the electron pair of the pnictogen atom, and Lewis bases, which can

donate into the vacant orbital at the boron atom. Like this, stabilized parent compounds

N M
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[BH3-H2NBH2-DMAP]# and [W(CO)s-H2EBH2-NMe;]“® (E = P, As) could be realized.
Further investigations by our group gave rise to only Lewis base stabilized compounds
H.EBH,-NMes (E = P, As) that can be achieved through abstraction of the [W(CO)s]
fragment by P(OMe)s.*”! Such compounds can also be obtained by direct synthesis via
salt metathesis reactions, giving access also to the heavier homologues H.EBH>-LB (E =
P, As, Sb; LB = NMez or NHCM® for Sb).“8 The azaborane H.NBH,-LB however is not is
accessible by these methods. Although it could be obtained by Manners et al. through
the cleavage of polymers [H2Ni BHz], or [MeHNI BH;], by addition of the strong Lewis
base NHCP*? [l Moreover, mixed pnictogenylboranes could recently be stabilized by our
group. Although also requiring both Lewis acid and Lewis base stabilization,
W(CO)s-PH.BH:ER2BH,-LB (E = P, As, Sb; R = H (except for Sb), SiMes; LB = NMej3 or
NHCMe for Sb) could be obtained, which might be interesting building blocks for
copolymers.B9

Thermal treatment of phosphanylboranes RR 6 P-B\Mes ( R/ R6 = H, al kyl ,
NMes) can lead to the elimination of the stabilizing Lewis base NMez and a head-to-
tail pol ymeri zati on of3], giing rise tot oigomeacdana t e [ RI
polymeric compounds. The resulting material is strongly influenced by the
substituents on the phosphorus atom. Heating of parent compound H,PBH.AMes
results in a insoluble precipitate, presumably [H.PBH-], and further small or branched
oligomers.?4 Electron withdrawing aryl-substituents increase the solubility, the thermally
induced polymerization of Ph,PBH,AMe;s resulted in oligomeric material [PhoPBH:]s,
showing only a limited number of repeating units (n < 6). Gentle thermolysis of alkylated
MeHPBHAlMe; afford soluble poly(alkylphosphinoborane)s with at least 40 repeating
units.bd The best results were obtained from mild thermolysis of tBuHPBH.AMe; at 40
°C, resulting in well soluble, high molecular mass material [tBuHPBH.], with more than
2000 repeating units.?*l Experiments in our group have shown that thermal treatment of
the heavier homAMeaEFAS SHRAESEB® ksult in the elimination of
NMesz and the formation of new E-B bonds, but rather in the breaking of the already
existing E-B bonds or a complete decomposition of the starting material.

To further promote poly- and oligomerization, the parent compound H;PBH.AMe;
has been reacted with transition metal complex [Cp.Ti(btmsa)] (btmsa =
bis(trimethylsilyl)acetylene) as a source of [Cp2Ti], compare chapter 1.3. Initially, the
adduct complex [Cp.Ti(btmsa)(H.PBH.AIMe3)] is formed at -80 °C.52 Upon warming to
room temperature, stepwise aggregation on titanium complex centers to form
phosphinoborane oligomers (n = 3, 4, 6) can be observed (Figure 4). This process

includes elimination of NMe3z as well as dehydrocoupling steps to form new P-B (and also
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P-P) bonds, while the catenae molecule is stabilized in the coordination sphere of [Cp2Ti]
via Ti-P, Ti-B and Ti-H-B interactions.

H, n. M H Hy n Ml

Bz)_p\/ \P_BQZ Ve BZ_T/ s [T
MesN H,B—P P—-BH Me;N -~

[Ti] /PH
(Ti]
H,B—R P—HB, P—B
gz HF’/ \BH F’/ \F’ Bé "
.H HN ... H 2
MesN [Til [Til

Figure 4. Phosphinoborane oligomers stabilized in the coordination sphere of [Cp2Ti].

Based on these findings, the reaction of Lewis base stabilized pnictogenylboranes
towards transition metal complexes should be further investigated in this thesis.
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2 Research Objectives

Since the parent compound H,PBH,AIMe; has been successfully reacted with the
transition metal complex [Cp2Ti(btmsa)] to promote oligomerization, the reaction of Lewis
base stabilized pnictogenylboranes towards transition metal complexes should be further
investigated. Known precatalysts for dehydrocoupling reactions of group 13/15
compounds as well as new complexes should be tested for possible catalytic activities
with Lewis base stabilized pnictogenylboranes. This includes testing of complexes
known for activation of E-H bonds in small molecules as well as a series of monovalent
salts MX (M = transition metal, X = Cl, Br, 1), which showed in the past great potential of
building multinuclear complexes in our group. As we know, the substituents on the

pnictogen atom play a key role in the formation of new oligomeric and polymeric species.

Therefore,a s eri es of substitut e dANMeiEc=tPpAseSbyR bor ane

= H, alkyl, aryl) should be tested in these reactions. Especially alkyl-substituted
phosphinoboranes are of interest for the synthesis of poly(alkylphosphinoborane)s,
because these kinds of inorganic polymers are hard to access via dehydrocoupling
reactions. Because reactions oANMe (Ee A 8
are not suitable for thermolysis, lowering the activation barrier via the addition of a
transition metal precatalyst might bring new perspectives to this field. The reactions are
to be carried out in stoichiometric ratios with the goal of isolating transient species that
also come into play in catalytic reactions or coordination complexes of non-catalytic
reactions. Sub stoichiometric amounts of metal complexes in different amounts and
varying ambient conditions should be used in case of catalytic activities to get further
insight into the ongoing reaction pathway. Proper characterization of the obtained
oligomeric or polymeric products is essential for these investigations. The release of a
free oligomer or polymer would represent a new class of catalytic polymerization reaction
of Lewis base stabilized pnictogenylboranes. Reaction with active precatalysts for

oligomerization/polymerization reactions includes:

9 Stoichiometric reactions with the goal of isolating coordination products
(including transient species) and characterization of the obtained products.

1 Substoichiometric reactions applying different reaction conditions to get further
insight into the ongoing reaction pathway.
Characterization of possible oligomeric and polymeric products.

Evaluation of the substrate scope and synthesis of new starting materials.

\Y

er

h



14| Research Objectives

Not all reactions of transition metal complexes with pnictogenylboranes lead to an
oligomerization or polymerization of the group 13/15 compounds. Coordination towards
transition metal centers is a first step in the coordination chemistry of pnictogenylboranes
and can result in complexes with intriguing properties. Lewis base stabilized
pnictogenylboranes R:EBH2-NMes (E = P, As; R = H, alkyl, aryl) are special phosphines
and arsines: they are good s-donors, they feature an electropositive BHAMes
substituent and the sterical and electronical environment can be easily controlled through
the variation of the organic substituents. Moreover, the parent compounds H,EBH2-NMe3s
(E = P, As) can be used as special primary phosphine or arsine ligands respectively,
which are much less common than their fully organic substituted derivates. Coordination
to a metal center can result in complexes that are unprecedented with such small,
primary ligands, especially for HoAsBH>:NMes. The newly obtained complexes might
feature interesting properties and will be thoroughly characterized. The influence of the
heavier pnictogen atoms P, As and Sb will be determined by the comparison to the
widely used N- and P-based ligands. Additionally, the influence of the unusual boranyl
group BHAMe; will be estimated by comparing the results to more common organic
substituents. Since coordination towards Lewis acids is an important step in many
reactions of pnictogenylboranes, this can help in better understanding and predicting the

outcome of future experiments.
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3 The Polymerization of Phosphinoborane by Titanium

Complexes

Abstract: Reaction of Lewis base stabilized phosphinoborane monomer
tBUHPBH:NMes  (2a) with  catalytic  amounts  of  bis(d®d!-
adamantylidenepentafulvene)titanium (1) provide a convenient new route to
polyphosphinoboranes [tBuPH-BH-], (3a). This method offers access to high
molecular mass materials under mild conditions and short reaction times. It
represents an unprecedented example of a transition-metal mediated
polymerization of Lewis base stabilized Group 13/15 compounds. For this
reaction a variety of different monomers of the type RREBH:NMe; (E = P,
As ; R/ R6 = H, alkyl, aryl) has been tested.

3.1 Introduction

Inorganic polymers, based on main-group elements other that carbon, provide
attractive materials with specific uses as elastomers, lithographic resistant layers,
biomaterials, polyelectrolytes, ceramic precursors and in optoelectronics.™ The inorganic
monomers for polymerization reactions are comparable to their organic analogues.
Ammonia borane HsNBH3; can be regarded as an ethane analogue. It is in the focus of
current studies due to its high hydrogen content.? Recently, a progress in the
regeneration of the dehydrogenated polymeric residue was achieved.®! The metal
induced polymerization is comprehensively studied.” The heavier homologue HsPBHjs is
very labile even at low temperatures, but nonetheless has been reported to give a
polymer in dehydrocondensation reactions catalysed by B(CsFs)3.0!
Poly(phosphinoboranes) [RHP-BH:], have been prepared over the past decade as high-
molar-mass materials by rhodium- and iron-catalyzed dehydrocoupling reactions of
primary phosphine-boranes.®! Catalytic dehydrocoupling-routes have relied on the
electron-withdrawing effect of the aryl groups on the phosphorus to promote the reaction
since the P-H bonds are essentially nonpolar. This limits the substrate scope, with only
very special examples of generated poly(alkylphosphinoborane)si®¢l with modest
molecular masses compared to other poly(phosphinoborane)s. Following the carbon
analogue comparison, the inorganic BN congener of ethylene would be aminoborane
H2NBH2, which has been isolated under cryogenic conditions.[”? The heavier homologue
H.PBH, does not exist and was not obtained even by matrix-isolation techniques.® But it

can be stabilized by Lewis bases to give monomeric phosphinoboranes such as
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H.PBH,NMes.) Moreover, a variety of organic substituted derivates®® and heavier
Group 15 elements derivatives have been synthesized over the years.!*!

3.2 Results and Discussion

Reactions with [Cp2Ti(btmsa)] (btmsa = bis(trimethylsilyl)acetylene) have shown that
H.PBH:NMes is an excellent ethylene-like monomer for the stepwise aggregation to form
oligomers that are stabilized in the coordination sphere of titanium complexes.*? These
phosphinoborane chains are a result of the loss of the stabilizing NMes entity, leading to
a head-to-tail aggregation, as well as to an additional P-P coupling via dehydrocoupling
due to the acchieved P-H activation. Furthermore, the mild metal-free thermolysis of the
derivative tBuHPBH:NMe; leads to a transient free phosphinoborane tBuHPBH; via
elimination of the initially stabilizing Lewis base. Subsequent head-to-tail polymerization
results in high molecular mass poly(alkylphosphinoborane)s,*%! which are hard to access
via catalytic dehydrocoupling reactions due to the unpolar P-H bonds (Scheme 1).
Several attempts to use late transition metal complexes to initiate a polymerization
reaction have not been successfull,®* thus a transition metal mediated polymerization
of Lewis base stabilized phosphanylboranes is unknown so far. Consequently, the quest
for a metal mediated polymerization of Lewis base stabilized pnictogenylboranes at low
temperature to yield high molecular mass polymers without cross links was still open.
Moreover, some of the the heavier homologues H.EBH,AMe; (E = As, Sb) are not
suitable for thermolysis, therefore lowering the activation barrier via addition of a
transition metal catalysis might bring new perspectives to this field. We chose ad d°:d*-
pentafulvene titanium complex due to its similarities to titanocene but showing flexibile
reactivity. They are known for EiH bond
insertion reactions of polar multiple bond substrates,’ which might influence the

molecular mass or size distribution of resulting polymers.

2240 °C, 48h
(a) n tBUHPBH,NMe, = [tBuHPBH],
-n e
3 27800-35000 g mol!
100 °C, 7d
0,
(b) n tBuH,PBH; 5 mol /;[Fe] =  [tBuHPBH,],
R 1100 g mol”
20°C, < 1h
. < 1t
(c) n tBUHPBH,NMe; — mol'\lﬁ [Tl . [tBUHPBH,,
- Ve 20700 g mol™’

Scheme 1. Comparison of different routes to poly[(tert-butylphosphino)boranes]. a) metal free thermolysis,

activat

b) dehydrocoupling using [Fe] = [Cp(CO)2Fe(0S02CF3) ] , c¢) new r o P:t@CsHuCsoHw)Fi) (1).Ti ] =

[ (d
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Preliminary experiments showed a polymerization reaction of tBuHPBH.NMes (2a)
takes pl ace i n t he presence of 5 mo:l'@p of
adamantylidenepentafulvene)titanium (1) in toluene at room temperature (Scheme 1c).
Full conversion to the polymer [tBuPH-BH], (3a) was observed within 30 minutes,
detected by 'H, 1B, and 3P NMR spectroscopy, featuring a release of the stabilizing
Lewis base by observing free NMes. The 3P{*H} NMR spectrum of the polymer 3a,
which was isolated by precipitation into acetonitrile, showed a set of three broad signals
at @9, =22 and -24 ppm, similar to the polymer reported previously.%! n the 3P
NMR spectrum, further broadening and splitting into poorly defined doublets was
observed. A very -38ppmavds fandgA'B{IH} NMR spgctram. While
the total conversion of the monomer 2a happens much faster and at lower temperatures
than the metal free polymerization reaction (48h at 40 °C), however the molecular weight

of polymer 3a was lower (M, = 5511 g mol, PDI = 2.0, PDI = polydispersity index).

/‘m N t = 700 min

\ " t = 640 min
- ﬂ - A Y t = 580 min
1 fﬂ‘ \ - A t =520 min
A t =460 min
— \ A\ N t = 400 min
)I\‘ . ]JL t=340m.i'r.1‘
— i ._.A - T JL t = 280 min
, {,; (7 = 220 min
ol \rom o 1 £=.160 min
JL,.W L . =100 min
e f t =40 min_

T T T T T T 1
100 50 o -50 =100 -150 ppm

Figure 1. 3'P{*H} NMR Spectra of the reaction of 2awi t h 5 md&CsPaCipHe)dTi] (1) at0 °C. G =17
67.6 ppm: tBuHP-BH2NMes, U =716.01 32.0 ppm: [tBuHP-BH2]n.

By lowering the load of the catalyst to only 1 mol% of 1, the conversion of
tBUHPBH:NMe; (2a) proceeds quantitatively at room temperature to higher molecular
mass polymer (M, = 20732 g mol?, Mw = 44937 g mol?, PDI = 2.2). Samples from this
method were analyzed by DLS at optimized concentrations in CH2Cl,. The value of Ry of
4.95 nm corresponds to a molar mass of 35400 g mol* for monodisperse polystyrene
samples in THF,* confirming the presence of higher molecular weight polymer obtained
by lower catalyst concentrations. Even lower catalyst loadings presumably lead to a
competitive reaction between the catalyzed polymerization and the metal free

polymerization reaction, as reaction times progressively approach the values of the
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uncatalyzed reaction. Experiments with significant higher amounts than 5 mol% of 1
show the presence of unreacted starting material 1 in the *H NMR spectra. To evaluate
the influence of the titanium complex on the polymerization reaction, we conducted the
experiments at different temperatures. With 5 mol% of 1 at 40 °C, the same temperature
as metal free polymerization reaction, the observed molecular mass of the polymer was
still significant lower (M, = 3902 g mol?, PDI = 2.3). At 0 °C, no conversation of the
monomer 2a is observed without the help of the metal complex. The addition of 5 mol%
of 1 at 0 °C gives a slowed down polymerization reaction with full conversion to the
polymer 3a within 20h, giving the definite proof of the enhancing influence of the metal
complex on the polymerization reaction as well as a reasonable time scale for
multinuclear NMR spectroscopy experiments.

Monitoring the reaction between tBuHPBH;NMe; (2a) and 5 mol% of bisfulvene
titanium complex (1) at 0 °C by 'H and 3P{*H} NMR spectroscopy shows the
consumption of the monomer (2a) and the release of an equivalent amount of free NMes
as well as the formation of the polymer [tBuPH-BH2], (3a) over the course of 20h (Figure
1 and 2). Figure 1 shows the decline of-
67.6 ppm in the *P{*H} NMR spectra and the growth of the broad, structured signal for
the pol ymer -a0ppna bhe uedclindiof the stabilizing Lewis base NMes in
tBuHPBH.NMes; and the appearance of free NMes in the *H NMR spectra over the time
gives a first idea of the involved kinetics. The natural logarithm of the monomer
concentration versus time can be fitted linearly, suggesting first order kinetics of the
reaction in respect to the monomer concentration with a reaction rate constant k =
0.00318 s'tat 0 °C (Figure 2).

The resulting polymers were also studied by ESI-MS in the positive ion mode with
CHCI, as solvent (Figure 3 and 4). The observed m/z is around 4000 for all samples,
showing the limitation for molecular weight determination in such polyphosphinoboranes.
ESI-MS from the metal free polymer showed m/z up to 2000, while GPC analysis shows
a molecular mass up to 35000 g mol™.l% These limitations are also known for
polyaminoboranes.“¢16 The mass spectroscopy analysis for 2 shows a degree of
polymerization up to 47 (~ 4800 g mol?). Three product distributions were identified, two
major distributions corresponding to linear material [H(tBuHPBH2).NMes]* and
[MesNBH,(tBuHPBH2)sNMes]* and a minor distribution for which best matches
[H(tBUHPBH2).PH:tBu]* (Figure 3). All detected repeating units of are of m/z = 102 and
show the release of tBuHPBH: (Figure 4).
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Figure 2. a) Plot of the consumption of monomer 2a (blue)/ release of free NMes (orange) in time using 5
mol% [ €: ddCsHaC10H14)2Ti] (1) at 0 °C. b) natural logarithm of the monomer concentration; linear fit for a
first order reaction with reaction rate constant of k = 0.00318 s'*at 0 °C.
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Figure 3. ESI-MS of polyphosphinoborane (3a) from reaction with 5 mol% [ ¢: dgCsH4C10H14)2Ti] (1) at O °C,
showing three different possible end groups.
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In order to get more insight into the polymerization pathway and the scope of
substrates, we tested the reactivity of different substituted phosphanylboranes towards
b i $:(dddamantylidenepentafulvene)titanium (1). Following adjusted procedures of our

group,’*MR R 6 E;BMe; (2a: E=P,R=H, R0 tBu;2b:E=P,R = R®C.E=WH;
R=H,R6 Meg;2d: E=P,R=HRO nPr;2e:E=P,R=H,R06 nHex;2f: E=P,R =
Me,R6 tBg;20:E=P,R=R0& P 2h:E=As,R = R®&i:E=A4d,;R=H,R0 tBu)

have been synthesized and were reacted with 5mol % of 1 at room temperature. The

sterical hinderance of the monomer, the electron density on the phosphorus atom

1150 8403
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1456.0309 N
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Figure 4. ESI-MS of polyphosphinoborane (3a) from reaction with 5 mol% [ €: ddCsH4C10H14)2Ti] (1) at 0 °C,
showing distributions of the three possible end groups. Mass increase by 102 Da corresponds to one tBuHP-
BH: unit.

as well as the solubility of the resulting polymer are key factors for the formation for
polyphosphinoboranes!® and can be recognized in these reactions as well. The
sterically encumbered catalyst 1 is already very well soluble in unpolar solvents. The
polymerization from the monosubstituted tBuHPBH:NMes (2a) to polymer [tBuPH-BH;]»
(3a) works best, while reactions with nPrHPBH,NMes (2d) and nHexHPBH:;NMes (2e)
show signals for oligomeric and polymeric product species in the 'H, !B, and 3P NMR
spectra.l’’l MeHPBH.NMe; (2c), tBuMePBH.NMe; (2f) and Ph.PBH,NMes (29) donot
show any reactivity towards 1 at room temperature, neither do the arsenic derivatives
H.AsBH:NMes (2h) and tBuHAsBH:NMes (2i). H.PBH;NMes (2b) shows a completely
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different reaction pathway including formation of paramagnetic coordination complexes
that have not yet been doubtlessly identified, but no polymerization reactions takes
place.” Therefore, we assume that the substrate has to be sterically hindered at the
phosphorus atom, as it is the case for monoalkylated substrates, so that a P-Ti bond
formation as in the reaction with H.PBH:NMe;s (2b) is prevented, but also has to be not
that bulky as in 2f-g. The electron density on the group 15 atom is of importance as well,
as we see no reaction on substrates 2c and 2g-2i with comparably low electron density
on the P or As atom. Good solubility increases the molar mass due to prevention of
premature precipitation of the polymer. These findings were used for the consideration of
the reaction pathway. We discovered that the oligomerization of H,PBH>2NMes; (2b) on
[Cp:Ti] fragments include the formation of B-Ti and B-H¢ Ti bonds,*? so does the
oligomerization of aminoboranes.'® Since we observed that sterical hinderance is
beneficial and prevents P-Ti bond formation, we propose that the first step involves a B-
Hé Ti interaction and thereby the fixation of the first monomer on the metal center. The

exo carbon can subsequently assist in the elimination of the stabilizing Lewis base NMes,

©
( PH{Bu
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Ti \/4 @ ./ 7N
ch/ tBuHPBH,NMe3 /Tl——H (’NMeg

—_—
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B
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Scheme 2. Proposed catalytic cycle for the chain-growth coordination polymerization of 2a (scheme showing
one insertion event).
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lowering the reaction barrier for the chain propagation (Scheme 2). Computational
studies show that the hydrogen atoms on the terminal BH> group next to the NMes are
more electronegative than hydrogens on the BH, moiety between two tBuHP groups,®*®
so a chain migration is likely to happen. This step can be followed up once again by
NMes elimination for further chain growth or by a termination step and release of the free
polymer later in the cycle. While additional experiments as well as more detailed
computational studies are necessary to verify this mechanism, the current model fits the

present data, presenting a first order chain growth mechanism.
3.3 Conclusion

In summary, we report the first example of a transition-metal mediated polymerization
of a Lewis base stabilized Group 13/15 compound. The reaction appears to be
homogenous in nature, presumably via a chain-growth coordination-polymerization
mechanism. While the metal free polymerization of tBuHPBH:NMe; provides a higher
molecular mass of the resulting polymer, the additon of bi $:(%9d
adamantylidenepentafulvene)titanium offers a much faster generation of the polymer and
allows working at milder reaction conditions for a wider substrate scope. These
discoveries will stimulate future developments of the field of inorganic main group

polymers.
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3.5 Supporting Information

3.5.1 Synthethic Procedures

All manipulations, except stated otherwise, were performed under an atmosphere of
dry argon using standard glovebox and Schlenk techniques. All solvents are degassed

and purified by standard procedures.

The compounds [(d®:d}-CsHaC1oH14)2Ti] (1),!) tBuHPBH.-NMes (2a),? H,PBH,NMes;
(2b),B! MeHPBH:-NMe; (2¢),”! Ph,PBH:NMes (29),@ H,AsBHNMes; (2h),B were
prepared according to literature procedures.

Following the literature procedure for MeHPBH,-NMes; (2¢),) nPrHPBH,-NMes (2d)
and nHexHPBH2-NMes (2e) were prepared. nPrl and nHexl respectively were used as a
substitute for Mel.

Following the literature procedure for MeHPBH,-NMes (2¢),™, tBuMePBH2-NMe; (2f)
was prepared. tBuHPBH2-NMe3; was used as a substitute for H.PBH.NMes.

Following the literature procedure for tBUHPBH,-NMe; (2a),? tBuHAsBH2-NMes (2i)

was prepared. tBuH,As? was used as a substitute for tBuH,P.

The NMR spectra were recorded on an Avance 400 spectrometer (*H: 400.13 MHz,
81p:161.976 MHz, 'B: 128.378 MHz, *C{*H}: 100.623 MHz with U [ppm] referenced to
external SiMe, (*H, 13C), HsPO4 (3'P) or BF3-Et.0O (*!B).

The ESI-MS spectra were obtained using a Waters Synapt G2S instrument equipped
with a nanospray ionization module (Advion TriVersa Nanomate). Solutions (40 L) of
approximately 1 mg/mL were loaded under ambient conditions in air into the sample tray,
and aliquots of 3 €L were introduced into the spectrometer using a spray voltage of 1.5
kV. Positive and negative ion spectra were recorded at a rate of 1 scan/second and

summed to obtain the final spectra.

GPC was performed on a Malvern Rl max Gel Permeation Chromatograph, equipped
with an automatic sampler, a pump, an injector, and inline degasser. The columns
(T5000) were contained within an oven (35 °C) and consisted of styrene/divinyl benzene
gels. Sample elution was detected by means of a differential refractometer. THF (Fisher),
containing 0.1 wt% [nBu4N][Br], was used as the eluent at a flow rate of 1 mL/min.
Samples were dissolved in the eluent (2 mg/mL) and filtered with a Ministart SRP15 filter

poly(tetrafluoroethylene) membrane of 0.45 pum pore size) before analysis. The
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calibration was conducted using monodisperse polystyrene standards obtained from
Aldrich. The lowest molecular weight standard used was 2300 Da.

3.5.2 Polymerization Experiments

Polymerization of tBuHPBH,-NMej; (2a) to form [tBuPH-BH:]. (3a)

Five methods were employed to monitor the influence of temperature, catalyst loading

and precipitation on the resulting polymers P1-P5 of [tBuPH-BH;], (3a):

Table S1: Reaction conditions for the formation of polymer [tBuPH-BH,], (3a): P1-P5

P1 P2 P3 P4 P5
T/°C 0 20 40 20 20
Loading / mol% 5 5 5 5 1
Precipitation No No No Yes Yes
Reaction Time / h 36 16 16 16 16

Complete conversation to the polymer happens in less than 30min, except at 0°C, but

was stirred regardlessly for 16h.

1-5 mol% [Ti]

n tBuHPBH,NMe, 040 °C, 056" \BUHPBH,,

- n NMe; 1
3900-20700 g mol
Scheme 1: Route to [tBuPH-BH:]. (3a) using catalytic amounts of [ Ti ] 53
CsHaC1oH14)2Ti] (1).

Synthesis of P1-3: A solution of 11 mg (0.025 mmol) [ €: ddCsH4C1oH14)-Ti] (1) in 1

mL toluene was added to a stirred solution of 81 mg (0.5 mmol) tBuHPBH>-NMe3 (2a) in

5 mL toluene at given temperature. The solution was stirred for 16h (36h for P1). After

removing all the volatiles under vacuum, NMR spectra in C¢Ds were carried out.

Synthesis of P4: A solution of 11 mg (0.025 mmol) [ €: ddCsH4C10H14)-Ti] (1) in 1 mL
toluene was added to a stirred solution of 81 mg (0.5 mmol) tBuHPBH2-NMes (2a) in 5

mL toluene. The solution was stirred for 16h. After removing all the volatiles under
vacuum, P4 was dissolved in 1mL of hexane. The viscous solution was added drop wise

to vigorously stirred acetonitrile (ca. 50 mL) and a off-white rubber-like solid precipitated.
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Synthesis of P5: A solution of 9 mg (0.02 mmol) [ €: ddCsH4C10H14)-Ti] (1) in 1 mL
toluene was added to a stirred solution of 322 mg (2 mmol) tBuHPBH2-NMe3z (2a) in 5

mL toluene. The solution was stirred for 16h. After removing all the volatiles under
vacuum, P4 was dissolved in 4mL of hexane. The viscous solution was added drop wise
to vigorously stirred acetonitrile (ca. 200 mL) and an off-white rubber-like solid

precipitated.

Yield:
P1: 41 mg (80%), P2: 36 mg (71%), P3: 48 mg (94%), P4: 20 mg (39%), P5: 96 mg (47
%)

NMR shifts for [tBuPH-BH:], (3a, P1):

H NMR (CsDs, 20°C): U [ppm] = 0.9 - 1.9 (s, v br, BH2), 1.35 (s, br, tBu), 4.06 (d, br, 1Jup
= 330 Hz PH). 3P NMR (CsDs, 20°C): ti [ppm] = 117 to 7 28 (br, PH). 31P{*H} NMR (CsDs,
20°C): Ui [ppm] = 717 to 128 (br, PH). 2B NMR (CsDs, 20°C): Ui [ppm] = 1 38 (br, BHy).
LB{IH} NMR (CsDs, 20°C): U [ppm] = 738 (br, BH2). 3C NMR (CsDs, 20°C) Ui [ppm] =
29.17 27.2 (m, v br, tBu).

The spectra from all polymerization reactions are shown in section 3.5.3 of the
supporting information. The NMR spectra of P1-P5 are similar to each other and similar
to polymer [tBuPH-BH:], from the metal free polymerization,!? although the ratio of the
overlapped resonances in the 3P{*H} NMR spectra differ slightly (Figure S23). The
overlapping resonances have previously been assigned to tacticity,” therefore we
assume a possible change in tacticity for the transition-metal mediated polymers. Other
factors like chain length, branching and different end groups have to be considered as

well. Further investigations are underway.

For time dependent NMR spectroscopy, a solution of 2.2 mg (0.005 mmol) [ ¢:dd
CsH4C10H14)-Ti] (1) in 0.4 mL toluene-ds at -80 °C was layered inside an NMR tube with a
solution of 16 mg (0.1 mmol) tBuHPBH2-NMe3s (2a) in 0.4 mL toluene-ds at -80 °C. Right
before the start of the measurement, the solutions were mixed by vigorous shaking and
warmed up to O °C inside of the machine, followed by an immediate start of the

measurement.
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Attempted polymerization of RREBH.NMes ( E = P, As; R/ R6 -i H, alKky
to form the corresponding polymer [RREH-BH;]»

tBUHPBH2:NMes (2a) in reaction with 17 100 mol% of [ €: ddCsH4C1oH14)-Ti] (1) in
organic solvents forms polymer [tBuPH-BH], (3a), although the reactions show the
presence of unreacted starting material 1 in the *H NMR spectra if more than 5 mol% of
li s used. Therefore, we stoiMet (@od tEhe Peadt i=0onRsd o=
2c: E = P, R 2d: HE ROPz= MBMPgRe: HE RO P: m’Hex2f:HE, R6 =
= P, R =tBMeg: K6 == P, Rh:= ER6= =AsP,h 2RE =AslRRH= H;
R 6 tBua) with substoichiometric amounts of [ €: ddCsH4C10H14)2Ti] (1), but increased the

load of 1 to stochiometric amounts if no reaction was observed before.

A solution of 2 mmol nPrHPBH:NMes (2d) in 1.5 mL CsDe¢ was splitted into two
batches. 0.7 mL of the solution was reacted with 15 mg (0.034 mmol) [ € dd
CsHaC10H14)2Ti] (1) at room temperature. 0.7 mL of the solution without addition of 1 was
heated to 40 °C for 48h to compare the transition-metal mediated reaction with the metal
free thermolysis. Figure S1 shows the results of these preliminary experiments, showing
a fast reaction of the monomeric species in the *P{*H} NMR spectra at U = -131 ppm to
assumed oligomeric and polymeric species showing broad signals from U = -70 to -56
ppm and U = -41 to -36 ppm respectively. These chemical shifts were in the expected
region on the basis of previous reports on poly(phosphinoborane) [RR?PiBH;],
oligomers.>*8 Metal free thermolysis (40 °C, 48h) leads to identical products, although
remarkably slower and in different ratio. The products have to be further characterized.
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Figure S1: 3'P{*H} NMR spectra of attempted polymerization of nPrHPBH:NMes (2d) in
CeDs. From bottom to top: a) monomeric nPrHPBH:NMe; (2d) b) 30 min after addition of
[ €:ddCsHaCioH14)2Ti] (1) ) 48h after addition of 1 d) 48h at 40 °C without addition of 1.

A solution of 2 mmol of nHexHPBH.NMe; (2€) in 1.5 mL CsDs was splitted into two
batches. 0.7 mL of the solution was reacted with 15 mg (0.034 mmol) [ €:dd
CsHaC10H14)2Ti] (1) at room temperature. 0.7 mL of the solution without addition of 1 was
heated to 40 °C for 48h to compare the transition-metal mediated reaction with the metal
free thermolysis. Figure S2 shows the results of these preliminary experiments, showing
a fast reaction of the monomeric species in the 3P{*H} NMR spectra at U = -128 ppm to
assumed oligomeric and polymeric species showing broad signals from U = -67 to -54
ppm and U = -42 to -34 ppm respectively. These chemical shifts were in the expected
region on the basis of previous reports on poly(phosphinoborane) [R'R2PiBH_],
oligomers.>#8 Metal free thermolysis (40 °C, 48h) leads to the same products, although
the reaction seems to be less selective and less influenced by the addition of 1
compared to the reaction of nPrHPBH:NMes (2d) or tBuHPBH,-NMe; (2a). The products

have to be further characterized.
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Figure S2: 3P{*H} NMR spectra of attempted polymerization of nHexHPBH2NMejz (2€) in
CeDs. From bottom to top: a) monomeric nHexHPBH2NMe;s (2€) b) 30 min after addition
of [ €: ddCsH4C10H14)2Ti] (1) c) 48h after addition of 1 d) 48h at 40 °C without addition of
1.

Reaction of MeHPBH:NMe; (2c), tBuMePBH:NMes; (2f), Ph.PBH:NMes; (29),
H,AsBH:NMes (2h) and tBuHAsBH2NMes (2i) with [ €: ddCsH4C10H14)-Ti] (1) in organic
solvents at room temperature didndét show any

minor amounts of decomposition products.

Reactions of H;PBH:NMe; (2b) with substoichiometric amounts of [ €:dd
CsH4C10H14)2Ti] (1) in toluene at room temperature showed a colour change from blue to
orange, while no new signals show in the NMR spectra can be observed. Reactions of
one or two equivalents of H.PBH,NMes (2b) with [ €: ddCsHaCioH14)2Ti] (1) in toluene
show a colour change from blue to red, while no signals can be observed in the B and
31p NMR spectra. While isolation and identification of the products failed so far and is an
important task for the future, we attribute the behavior of the NMR spectroscopy and the
colour change to formation of paramagnetic coordination complexes that yet have to be

indubitably characterized. Reaction mixtures are also sensitive to ESR spectroscopy.
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3.5.3 NMR spectroscopy
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Figure S4: 1B (top) and *'B{*H} NMR spectrum (bottom) of P1 in Cg¢Ds.
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Figure S5: *H NMR spectrum of P1 in CgDe.
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Figure S6: 3C{*H} NMR spectrum of P1 in C¢De.
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Figure S7: 3P (top) and !P{*H} NMR spectrum (bottom) of P2 in C¢De.
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Figure S8: 1B (top) and B{*H} NMR spectrum (bottom) of P2 in C¢Des.
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Figure S9: *H NMR spectrum of P2 in CgDes.
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Figure S10: *C{*H} NMR spectrum of P2 in CgDes.
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Figure S11: 3!P (top) and 3'P{*H} NMR spectrum (bottom) of P3 in CsDes.
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Figure S12: 1B (top) and *B{*H} NMR spectrum (bottom) of P3 in CsDs.
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Figure S13: 'H NMR spectrum of P3 in CsDe.
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Figure S14: C{*H} NMR spectrum of P3 in CgDes.
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Figure S15: 3P (top) and *'P{*H} NMR spectrum (bottom) of P4 in C¢Ds.
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Figure S16: !B (top) and B{*H} NMR spectrum (bottom) of P4 in CsDs.
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Figure S17: 'H NMR spectrum of P4 in CgDe.
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Figure S18: *C{*H} NMR spectrum of P4 in CgDes.
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P5
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Figure S19:

31p (top) and 3!P{*H} NMR spectrum (bottom) of P5 in C¢De.
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Figure S20: !B (top) and *B{*H} NMR spectrum (bottom) of P5 in CsDs.
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Figure S21: 'H NMR spectrum of P5 in CgDe.
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Figure S22: C{*H} NMR spectrum of P5 in CgDes.
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Figure S23: *'P{*H} NMR spectra overlay: P1: blue, P2: red, P3: green, P4: purple,
thermal 20°C 72h: yellow; * = monomeric tBuHPBH:-NMe3 (2a).
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Figure S24: ES+ mass spectrum of P1 with possible end groups.
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Figure S25: ES+ mass spectrum of P1, simulated MS represented in coloured bars.
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Figure S26: ES+ mass spectrum of P1.
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Figure S27: ES+ mass spectrum of P1.
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Figure S28: ES+ mass spectrum of P1.
1130217 JB P2 DCM POS 31 (0.541) Cm (20:48) TOF MS ES+
1252.9012 2.2626
100+
1150.8403. 1456.0309
1457.0304
10487694
N
115500845
1661.1346
946.6901
1864.2180
844 6269
1966.2356
B
2068.2508
fp— 2169.2532
2971.2461
2272.2441
7425580 2373 2063
4803611
2341884
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500 4750

Figure S29: ES+ mass spectrum of P2.
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Figure S30: ES+ mass spectrum of P2,
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Figure S31: ES+ mass spectrum of P2.
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Figure S32: ES+ mass spectrum of P3.
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Figure S33: ES+ mass spectrum of P3.
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Figure S34: ES+ mass spectrum of P3.
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Figure S35: ES+ mass spectrum of P4.
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Figure S36: ES+ mass spectrum of P4.
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Figure S37: ES+ mass spectrum of P4.
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Figure S38: ES+ mass spectrum of P4.
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Figure S39: ES+ mass spectrum of P5.
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Figure S40: ES+ mass spectrum of P5.
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Figure S41: ES+ mass spectrum of P5.
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3.5.,5 GPCand DLS

Table S2: GPC data of polymers P1-P5 in THF.

P1 P2 P3 P4 P5
T/°C 0 20 40 20 20
Loading / mol% 5 5 5 5 1
Precipitation No No No Yes Yes
Reaction Time / h 36 16 16 16 16
GPC Peak2 RV / mL 19.440 18.857 20.230 19.377 18.043
PDI (Mw/Mn) 2.032 2.012 2.255 2.014 2.168
GPC Mn/ Da 4405 4189 3902 5511 20732
GPC Mw / Da 8950 8430 8798 11098 44937
GPC Mz / Da 15380 14765 16419 20221 67042
GPC Mp/ Da 6337 15546 1368 7049 41040

Table S3: DLS data of polymer P5 in CH2Cl,

Sample T/°C c / mg/mL R,/ nm Mw / g mol?

P5 20 2 4.95 35400

Similar to the polymer from metal free thermolysis,’? GPC analysis of polymer P1-P5
conducted with THF as eluent resulted in two peaks. A lower molecular weight
component ranging from Mn = 3900 to 20700 g mol?, and an apparent higher molecular
weight component ranging from Mn = 79300 to 83900 g mol?. The lower molecular
weight component is consistent with DLS data. The absence of such a size population by
DLS that corresponds to the high molecular weight component is suggestive that the
presence of this species is dependent on the conditions applied, and most probably
larger aggregates form in diluted THF solutions but not in solutions of CH.Cl,. Similar
phenomena have also been observed for poly(phenylphosphinoborane).? 3

P5 was analyzed by DLS at optimized concentrations (2 mg/mL) in CH2Cl>. The value
of Ry of 4.95 nm corresponds to a molar mass of 35400 g mol? for monodisperse

polystyrene samples in THF.["]
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Figure S42: GPC data of non-precipitated (P2) and precipitated (P4) polymers.

Precipitated polymer showed a higher molecular mass in the GPC analysis, while the
polydispersity index (PDI) is roughly the same. This might be due to washing out of lower
mol ecul ar compounds during precipitation in MeC
change significantly, which suggest a shift to higher masses without changing the

distribution of high to low molecular mass polymers.
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Figure S43: GPC data of precipitated polymers with different catalyst loadings: 5mol%
(P4) and 1mol% (P5) of [ €: ddCsH4C10H14)-Ti] (1).

Higher loadings of catalyst [ €: ddCsH4C10H14)Ti] (1) showed a lower molecular mass
in the resulting polymer in GPC analysis, while the PDI is roughly the same, slightly

lower for higher catalyst loadings. This might indicate a chain growth mechanism, which
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leads to shorter chains, the higher concentration of active sites is during the growth
reaction. The slightly higher PDI might be due to a competitor reaction between the
catalytic and thermal polymerization at low catalyst concentrations.

TEMPERATURE DEPENDENCY,
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Figure S44: GPC data of polymers, synthesized at different temperatures: 0 °C (P1),
20°C (P2), 40 °C (P3).

Variation of reaction temperature didndét shoyv
of the resulting polymers. Complete conversion of the monomer to the polymer is faster
at higher temperatures. The PDI of the polymer synthesized at 40 °C is slightly higher

than the other, indicating a faster and less organized reaction.
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3.5.6 Computational Studies

Figure S45: Optimized Geometrie of dimer [MesN-BH.i PtBuHi BHi PtBuH].

All calculations have been performed with the TURBOMOLE program package® at
the RIF-B3LYP1Y/def2-TZVPM!Y level of theory. The solvent effects were incorporated via
the Conductor-like Screening Model (COSMO)!2 using the dielectric constant of THF (U
= 7.250). The natural population analysis™® was performed as implemented in
TURBOMOLE. The studies show that the hydrogen atoms H1 and H2 on the terminal
BH: group next to the NMez are more electronegative than hydrogens H3 and H4 on the
BH: between two tBuHP groups, so a chain migration is likely to happen.
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Summary of Natural Population Analysis:

Natural = ---------------- Natural Population ---------------
Atom Charge Core Valence Rydberg Total
H1 -0.02468 0.00000 1.01818 0.00650 1.02468
H2 -0.02500 0.00000 1.02268 0.00232 1.02500
H3 0.01603 0.00000 0.98165 0.00232 0.98397
H4 -0.00028 0.00000 0.99763 0.00265 1.00028

Atomic populations from total density:

Atom Charge n(s) n(p) n(d) n(f) n(g)

H1 -0.02468 1.02074 0.00394 0.00000 0.00000 0.00000
H2 -0.02500 1.02331 0.00169 0.00000 0.00000 0.00000
H3 0.01603 0.98248 0.00149 0.00000 0.00000 0.00000
H4 -0.00028 0.99874 0.00154 0.00000 0.00000 0.00000
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Commentary

The influence of the heavier pnictogen atoms P, As and Sb in comparison to the
widely used N- and P-based ligands is part of this thesis and will become apparent in the
following chapter. The parent compound H>SbBH>NMez has been used in the same
reactions as H,PBH2NMe; and H.AsBH>NMes, although no products could be identified.
This is due to redox processes taking place between H,SbBH.NMes; and the Au(l)
compounds, resulting in the quick formation of a black precipitate, even at low

temperatures.
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4 Gold(l) Complexes Containing Phosphanyl- and

Arsanylborane Ligands

Abstract: The structural and photophysical properties of a series of new
Au(l) compounds have been studied. The reactions of AuCl(tht) with the
phosphanyl- and arsanylboranes RREBH:NMe; ( E = P, As ; R =
H, Ph, tBu) afford the complexes [AUCI(RREBH:NMes)]. In the solid state,
[AuCI(H.PBH:NMe3s)]. (2a) is a dimer showing unsupported intermolecular
aurophilic interactions with short Au®¢Au distances. In contrast,
[AuCI(H.AsBH2:NMes)]n (2b) aggregates to form 1D chains. Organic
substituents on the pnictogen atoms lead to discrete molecules in

[AUCI(RRPBH,NMes)] (2c: R = tBy;2dR6R== R6 = Ph). To

aurophilicity, the ionic homoleptic complexes [Au(RREBH2NMes),][AICI4] (3a-
d) have been synthesized for which 3a,b form chains in the solid state and
exhibit luminescence. The emissions show a drastic redshift with
temperature decrease correlating with decreasing Au~-Au distances. DFT
calculations provide insight into the bonding situation of the products.

4.1 Introduction

For several decades, gold complexes have been of interest because of their various
applications as drugs,™ sensors,” dopant emitters® and catalysts.”! Under suitable
conditions, gold centers in the oxidation state +1 can aggregate with close intermetallic
distances in the range of 2.50 to 3.50 A, which is well below the sum of the van der
Waals radii of 3.80 A. The strength of such aurophilic interactions is found to be in the
range of hydrogen bonding thus being remarkably stronger than simple van der Waals
forces.® Two or more gold atoms can be forced to Aué Au interactions by a bridging
ligand (supported contacts).l”” Unsupported complexes are also known in which a short
Au-Au distance is essentially the result of the aurophilicity.®® Gold(l) complexes with
aurophilic interactions generally display interesting luminescence properties with high
emission intensities, long-lived photoluminescence as well as a wide range of emission
energies.’! The luminescence can be fine-tuned through variations of the organic
substituents and of the auxiliary ligands.® In order to allow short Au~Au distances, the
ligands should not be too sterically demanding.*Y In linear Au(l) complexes, the
combination of neutral ligands L and anionic ligands X enables the access to neutral
complexes [L-Au-X] or cationic complexes [L-Au-L]*.*? Even though Coulomb repulsion
between equally charged complexes must be overcome,® aurophilic interactions can be

present. Non-bulky primary phosphines are well-suited ligands to promote aurophilic

P h

ncr
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interactions,***3 while complexes with the heavier homologue arsine are comparatively
rare, constrained mainly to AsPhs.[' This sterically demanding ligand prevents proximity
of the gold centers, while gold(l) complexes bearing smaller primary arsines are
unknown. Furthermore, chain-like arrangements of cationic gold complexes are limited
without the help of bridging ligands,*®! and there are no such examples known with
phosphine or arsine ligands. Therefore, the quest for first unsupported (not bridged)
neutral and cationic chain-like phosphine complexes of Au that might reveal
luminescence properties was still open. Moreover, because of the lack of Au complexes
with primary arsine ligands, the question of the synthesis of such unprecedented
derivatives was to be answered, and, if accessible, a comparison of their properties to
related primary phosphines was needed.

We reported recently the high yield syntheses of the parent pnictogenylboranes
[EH2BH:NMe3] (E = P (l1a), As (1b)),*® which are excellent building blocks for the
formation of main group oligomeric*” and polymerict*®! compounds. In the reaction of the
phosphanylborane with early transition metal compounds, dehydrocoupling was
observed leading to oligomeric chains stabilized in the coordination sphere of transition
metals.'® Cluster formation was observed with Cu(l) complexes.?® Therefore, these
distinct primary phosphine and arsine ligands (1a,b) are of interest to study if Au

complexes are achievable and, if so, whether aurophilic interactions do occur.
4.2 Results and Discussion

Herein we describe the structural and photophysical properties of mononuclear,
dinuclear as well as polymeric neutral and cationic Au(l) complexes containing
phosphanyl- and arsanylboranes of the formulae RREBH;NMe; (1a: E = P, R = RO6 =
1b: E = As, 1B =E R® BE; HBu;3d: H,E RO P= R = RO6 = Ph) c
These ligands are well suited for gold chemistry, as their sterical demand can be easily
controlled by the substitution with organic groups at the pnictogen atom.™*8 Moreover,
first gold complexes with a primary arsine could be realized.
To avoid oxidation, the reaction of AuCl(tht) with the phosphanyl- and arsanylboranes
RREBH;NMe; (la-d) was started at -80 °C. According to the NMR spectra of the
reaction mixture, the latter proceed selectively to the products [AUCI(RREBH:NMej3)]
(2a-d), which were isolated in high yields (Scheme 1). All products are well soluble in
dichloromethane and were comprehensively characterized.
The solid state structures of the compounds with organic substituents on the
phosphorus atoms (2c,d) reveal monomeric species,? whereas the unsubstituted

primary phosphine and arsine compounds [AuCI(H.EBH2NMes)]. (2a,b) form extended
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1d: E=P, R=R'=Ph
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Y
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R
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[P | |
Cl | Cl Cl
- -_n
H,B
NMes 2c R=H, R' = {Bu (93%)
2a (73%) 2b (64%) 2d R=R'=Ph (78%)

Scheme 1. Synthesis of Au(l) phosphine and arsine complexes with mononuclear, dinuclear as well as
polymeric arrangements in the solid state.

structures due to the aurophilic interactions (Figure 1). Interestingly, whereas the
phosphorus-containing compound [AuCIl(H.PBH:NMes)]: (2a) forms a dimer,?? the
arsenic derivative [AuCIl(HAsBH:NMe3)]n (2b) shows a 1D chain structure. In both
compounds, the distances between the gold atoms are shorter than the sum of the van
der Waals radii. The distances are shorter in the phosphorus compound 2a (3.103(1) A)
than in the arsenic derivative 2b (3.251(1) A). This observation goes along with reports

B H
P1
CR A2
AulQr=""
ci

2a 2b

Figure 1. Molecular structures and arrangements of the complexes 2a and 2b in the solid state. Thermal
ellipsoids are at 50% probability. The hydrogen atoms bonded to carbon atoms are omitted for clarity.
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on the increasing influence of softer Lewis bases coordinated to Au(l) centers to form
multiple Aué Au interactions compared to harder Lewis bases.*2%! Therefore, not only
smaller ligands but also softer coligands form extended polymeric structures in the solid
state.'?*13 |n the dimer 2a, the two fragments align perfectly orthogonally with a P-Au-
AuBo
the linear chain is slightly bent with an Au-Au-Au angle of 177°. This 1D polymer shows
no photoluminescence. For the hindered
[AuCI(tBuHPBH2NMes3)] (2¢) and [AuCI(Ph,PBH2NMes)] (2d), also a linear coordination

of the gold center was found, without close Au® Au distances in the solid state.?%

torsion angle of

sterically  more derivatives

To trigger more aurophilic interactions and to gain access to luminescent materials,
we targeted on the synthesis of the corresponding homoleptic cationic derivatives of 2a-
d. The reactions of 2a-d with a second equivalent of the respective ligand la-d in the
presence of AlCl; as a chloride abstractor leads to the selective formation of the products
[AU(RREBH:NMe;),][AICI,] (3a-d) with almost no side reactions according to the
multinuclear NMR spectra of the reaction mixtures (Scheme 2). The reactions were
carried out starting at a low temperature (-80°C), otherwise a black precipitate is formed.
This is especially important for the reactions with the arsanylborane (1b). The good
isolated yields confirm these clean reactions.

2a-d + 1a-d + AICl;

CH2C|2 E=P

R -80°Ctor.t. R/R' = alkyl, aryl
[ NMe, T [ NMe, -t
| n [AICI,] | [AICI,]
H,B H,B /R
Rl
\TH2 \P/
o A|u --------- - Au
HoE _~-P
\ R
[ <7 \T“z
NMe, p NMej

3a: E = P (82%) 3c:R=H, R' = tBu (91%)
3b: E = As (59%) 3d: R = R' = Ph (68%)

Scheme 2. Synthesis of charged homoleptic Au(l) phosphine and arsine complexes.

The ionic products 3a-d are soluble in polar solvents and were comprehensively

characterized inclusive of single crystal X-ray diffraction. Only for

[Au(Ph2PBH2:NMejs)-][AICI4] (3d), no single crystals could be obtained. Several attempts

9 ZbA this dngle istwidenedaa 1878 and ¢

pol yme
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of crystallization gave repeatedly crystals of the starting material [AuCI(Ph.PBH2NMes)]
(2d). The *'P-NMR spectra of 3d show a minor presence of 2d, indicating an equilibrium
reaction. Because of the modulated nature of the crystals of 3b, only an average model
could be refined.?® For the compounds [Au(tBuHPBH:NMes),J[AICIs] (3c) and
[Au(Ph2PBH:NMes)-][AICIs] (3d) with bulkier organic substituents on the phosphorus
atom, only monomeric complexes could be obtained.? However, the solid state
structures of the compounds [Au(H2PBH2NMe3)][AICL4] (3a) and
[Au(H2AsBH2NMes),][AICI4] (3b) show isostructural extended cationic chains of gold
atoms (Figure 2). The softer phosphorus ligand in 3a instead of the harder chloride
ligand in the educt 2a might cause the difference between a dimer and a chain-like
structure.2131 |n 3a and 3b, the Au(l) center is coordinated linearly. The Au-Au-Au angle
forms a nearly perfect linear chain. Two neighboring linear fragments align nearly
orthogonal to each other with a E-Au-AuB6 t or si on angle ofE=99A (E
As), respectively. Usually, if gold(l) centers are positively charged one would expect
significant coulomb repulsion. However, for 3a and 3b short Au~Au distances were
found, which are slightly longer for the phosphorus derivative 3a (3.208(2) A) than for the
starting complex 2a (3.103(1) A). Interestingly in the arsenic compound 3b the gold
distances (3.1132(1) A) are significantly shorter than in starting material 2b (3.251(1) A),
despite the positive charge of the gold atoms. This as well might be caused by the softer
arsenic ligand compared the e.g. CI' ligand. While comparable in size, the arsenic ligand
causes shorter intermetallic distances in the resulting complex 3b than the phosphorus

ligand in 3a. Extended chains of Au(l) complexes through aurophilic interactions are

Figure 2. Section of the solid state structures of the luminescent compounds 3a and 3b. [AICl4] counter ions
not shown. Thermal ellipsoids are at 50% probability. The hydrogen atoms bonded to carbon atoms are
omitted for clarity.
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relatively uncommon,*4 especially for positively charged gold(l) centers. Non-bridging
phosphine and arsine ligands were used for the first time to synthesize such complexes.
The distances between the gold atoms are slightly shorter than in other known cationic
gold polymers, usually carrying carbene ligands.?4

In addition, we investigated the Au~Au distances for the chain-like compounds 3a and
3b at different temperatures (300, 230, 160, 90 K) by single crystal X-ray diffraction. With
decreasing temperature, the Au~Au distance decreases (Figure 3).2%

To gain insight into how the energetics of interactions changes with changing
temperatures, single point energy computations using the experimentally determined
geometries of 3a at 90 K and 300 K, respectively, were performed, applying gradient-
corrected density functional theory (DFT). For this calculation, a cationic tetrameric unit
was extracted from the experimental data, the tetramer was subsequently divided into
the two dimers and four monomers. The counterions were not included in the
computation.?! The interaction energies between the positively charged monomers are
highly endothermic. Nevertheless, one can compare the energetic data for 3a at the
geometries determined at 90 K andszpo3 ko) K.
indicates that the Au® Au bond is by 2-4 kJ mol* stronger for the structure at 90 K than
for the one at 300 K. This result is in accordance with the Wiberg bond index (WBI)
trends. The WBI of the Au¢ Au bonds in 3a increases by 7% when going from 300 K to
90 K, which confirms the experimentally observed shorter Au¢ Au distances at 90 K
compared to 300 K (3.160(1) A and 3.214(1) A). The temperature dependency of the

3.26

523 nm emission maxima 503 nm
324
322
3.20

3.18

3.16

3.14

d(Au-Au) / A

3.12

3.10

3.08

497 nm emission maxima 453 nm

3.06
50 100 150 200 250 300

Temparature /K

Figure 3. Temperature dependence of the Au-Au distance. Additionally, emission maxima are given for 77 K
and 300 K.



Gold(l) Complexe€ontaining Phosphanyland Arsanylborane L\gand|567

Au~Au distance is of additional interest because 3a and 3b exhibit luminescence in the
solid state. The emission shows a significant red shift with decreasing temperature
(Figure 3). The luminescence properties are no longer present in in the dissolved
material, therefore it is assumed that the chainlike structures exist only in the solid
state.[?]

Frequently, interacting Au(l) complexes with short metal-metal separations show
significant photoluminescence,®282930.31 while mononuclear or dissolved complexes
mostly do not emit (for an exception see [32]). The solid state compounds show
emissions, which are bright for 3a ( @ = 24 %), but relatively weak for 3b ( @,a 1 %) .
The ambient temperature emissin@n50dmm(@aslo9wi t h p
880 cm™) and at 453 nm (3b, 22 080 cm™), respectively, are very broad with halfwidths
of about 3 600 cm. For both compounds, weak shoulders occur at the high energy side
of the broad bands (Table 1).5

The related low-energy electronic transitions of the solid state materials are
associated with the linear chain structures showing relatively short Au~Au separations. In
this situation, a significant overlap of orbitals of adjacent metal centers occurs, leading to
energy bands. The analysis of the molecular orbitals by DFT calculations of a tetrameric
unit of 3a reveals that the largest contributions to HOMO and LUMO are from the Au
atoms (72% for HOMO and 77% for LUMO). The HOMO is essentially formed by mixing
5dz2 and 6s orbitals of the adjacent Au atoms, while the LUMO is mainly formed by
overlapping 6p, orbitals. Thus, in the chain, the occupied valence band results
predominantly from overlapping Au 5d.? orbitals mixed with Au 6s orbitals.[?82930 The
lowest unoccupied electron band, the conduction band, stems from overlapping Au 6p;
orbitals. These are mixed with small contributions of ligand orbitals. [26:28:29.34]

Accordingly, the low-lying optical transitions can be tracked back to inter-band
excitations by creating a hole in the valence band and an electron in the conduction
band. However, this classification represents only a very coarse assignment, since

Table 1. Photophysical data of the linear chain Au~Au compounds.  Peak maximum, ° shoulder,
¢ photoluminescence quantum yield, ¢ emission decay time measured at <max.

complex 300 K 77K
[Au(H,PBH,NMes),][AICI,]  8max = 503 nm? Bmax = 523 nm?
3a sh.a 450 n
UpL = 24 %°
t & 2 ¢s t & 85 ¢s
[Au(H,ASBHoNMes),J[AICH]  8max = 453 nm? Bmax = 497 nm?
3b sh. & 400 n

GPL=1%C
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several important effects?83536 are not taken into account: (i) hole-electron interaction
leading to an energy stabilization (formation of excitons), (ii) increase of aurophilic
bonding and decrease of the Au~Au separation in the excited electronic state as
compared to the electronic ground state So,B” (iii) exchange interaction leading to
electronic singlet (Si1) and triplet (T1) states. Thus, the emission observed stems from
singlet and/or triplet states of a chain segment with a distorted (relaxed) geometry (self-
trapped states). Usually, the related emission bands are very broad and unstructured,
just as observed in the present case. A similar behavior has already been discussed for
[Au(CN)]- two-dimensional structures?® and for [Pt(CN)sj* one-dimensional chain

structures.B® The emission found for 3a exhibits a relatively long decay time of about 2

es (300 K) and 5 s (77 K), respectivel y.

phosphorescence (T1Y So) that can be traced back to a geometry-relaxed (self-trapped)
excited state predominantly being of 3[(Au5d,2-6s)(Au6p;) ] character,
admixtures can also be of importance. For completeness, the mentioned weak shoulder
at the blue energy side of the emission spectra of 3a,b may tentatively be assigned, in
analogy to Ref. [36], to a short-lived fluorescence stemming from a state of [(Au5d,?-
6s)(Au6p;)] character.

With temperature decrease from T = 300 K to 77 K, the compounds 3a and 3b exhibit
significant shortenings of the Au~Au separation by 0.057 A and 0.069 A, respectively
(Figure 3). Such a decrease leads to a stronger overlap, in particular, of the orbitals of
adjacent Au(l) centers. Accordingly, the electronic band gaps between valence and
conduction bands become smaller, which is confirmed by calculations showing a
decreasing HOMO-LUMO gap in the tetrameric unit. Thus, the related transition energies
are red-shifted with temperature decrease. Indeed, this behavior is clearly observed for
3a,b as marked in Figure 3 and Table 1. Also in this respect, the properties of the Au

chains show a close similarity to those of the linear-chain [Pt(CN)4]*> compounds. !
4.3 Conclusion

In summary, we were able to synthesize novel neutral Au(l) chloride compounds (2a-
d) with phosphanyl- and arsanylborane ligands. Depending on the nature of the ligands,
aurophilic interactions could be observed (2a, 2b). This was not found for the organic
substituted phosphanylboranes, which reveal monomeric AuCl complexes. By
abstraction of the chloride substituent by AICI; and addition of a corresponding
pnictogenylborane ligand, cationic Au(l) complexes are formed, which give, in the case
of the parent ligands 1a,b, infinite 1D chain products (3a,b). In the solid state, the Au~Au

distances in the cationic chains of 3a,b decrease with lower temperature and reveal

Accol

whereby
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luminescence. The emission shows a red shift with temperature decrease, being
correlated with decreasing intermetallic distances. These findings were confirmed by
DFT calculations. Therefore, light-emitting cationic chain complexes of Au(l) with non-
bridging phosphine and arsine ligands were obtained for the first time, resulting in
remarkably short Au-~Au distances. Moreover, unprecedented primary arsine gold
complexes could be synthesized (2b, 3b), which show a high tendency to form multiple
Auf Au bonds, resulting in both cases in 1D chain arrangements in the solid state.
Further investigations of the influences between ligand design, solid-state structure and

luminescence properties are underway.
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4.5 Supporting Information

4.5.1 General information
All manipulations were performed under an atmosphere of dry argon using standard
glovebox and Schlenk techniques. All solvents are degassed and purified by standard

procedures.
The compoundNMeREROEBH= P; 1bR, E6 == AW IccEsR& = H;
= H, tBRdd:= E = P, [IRuerR preparedRdtqrding to literature procedures.

The NMR spectra were recorded on an Avance 400 spectrometer (*H: 400.13 MHz,
81p:161.976 MHz, 'B: 128.378 MHz, *C{*H}: 100.623 MHz with U [ppm] referenced to
external SiMe4 (*H, 3C), HsPO4 (3'P) or BF3-Et.0 (*!B).

IR spectra were measured on a DIGILAB (FTS 800) FT-IR spectrometer and on a
Thermo Scientific Nicolet iS5. All mass spectra were recorded on a Finnigan MAT 95
(FDMS and EI-MS) and a Jeol AccuTOF GCX (LIFDI).

The C, H, N analyses were measured on an Elementar Vario EL Il apparatus.

4.5.2 Syntheses of described compounds
Synthesis of [AuCI(H.PBH>NMes)] (2a): A solution of 21 mg (0.2 mmol) H.PBH2NMes
(1a) in 0.4 mL toluene is added to a stirred solution of 64 mg (0.2 mmol) AuCl(tht) in cold

10 mL CHCl, (-80°C). The solution was warmed to room temperature and stirred for 1
hour. Addition of 100 mL n-hexane leads to precipitation of 2a. The supernatant is
decanted off, the remaining solid is washed two times with small amounts of n-hexane
and dried under reduced pressure. Single Crystals suitable for X-ray structure analysis
are obtained by layering of concentrated CH>Cl> solution with n-hexane. 2a crystallizes

as colourless blocks.

Yield of 2a: 49 mg (73%). *H-NMR (CD.Cl,, 25AC): U [ppm]2),2842.25 (br
(s, 9H, N(CH3)3), 3.69 (dm, “Jup = 328 Hz, 2H, PH,). 'B-NMR (CD:Cl,, 25AC): U [ pp m]
-9.41 (br). “B{*H}-NMR (CDCl,, 25AC): -841[(d PerE 59Hz). 3'P-NMR
(CD.Cl;, 25AC) : -188.5[(bp) P ®{H}-NMR (CDCl;, 25 AC) : -1885[mp m] =
IR(KBr) : T [em™] =3002 (w, CH), 2990 (w, CH), 2967 (w, CH), 2432 (m, BH), 2397 (m,

BH), 2392 (m, BH), 2343 (w, PH), 2295 (w, PH), 1479 (m), 1471 (m), 1466 (m), 1406
(w), 1251 (w), 1242 (m), 1152 (m), 1128 (s), 1094 (m), 1073 (s), 1066 (vs), 1049 (vs),
1009 (s), 975(m), 950 (w), 863 (m), 846 (s), 790 (vs), 705 (m), 682 (w), 667 (W), 474 (w),
410 (w). EI-MS (70eV): m/z = 337 (100%, [AuCI(PH:BH>:NMe3)]*). Elemental analysis
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(%) calculated for CsH1sAuBCINP (2a): C: 10.68, H: 3.88, N: 4.15; found: C: 10.89, H:
3.81, N: 4.22.

Synthesis of [AuCI(H,AsBH,NMes)] (2b): A solution of 37 mg (0.25 mmol)
H>AsBH>NMes (1b) in 0.25 mL toluene is added to a stirred solution of 80 mg (0.25
mmol) AuClI(tht) in cold 10 mL CHCI; (-80°C). The solution was warmed shortly to room

temperature before cooling the solution again to -80°C. The solution is filtered off into
100 mL cold n-hexane (-80°C), which leads to precipitation of 2b. The supernatant is
decanted off, the remaining solid is washed once with 5 mL toluene and two times with
small amounts of n-hexane and dried under reduced pressure. Single Crystals suitable
for X-ray structure analysis are obtained by layering of concentrated CH-Cl. solution with

n-hexane. 2b crystallizes as colourless blocks.

Yield of 2b: 61 mg (64%). 'H-NMR (CD.Cl,, 25 AC) : , 2i55 (f, 2Hb Hd}e = £22

Hz, BHz), 2.66 (s, 9H, N(CHa)s), 2.66 (s, 2H, AsHy). 'B-NMR (CDCl, 25AC) : -

0.41 (t, ne = 122 Hz). “B{*H}-NMR (CDCl,, 25AC) : -@4l [sp IRATR) =i
[cm™?] = 3021 (w, CH), 3005 (w, CH), 3958 (m, CH), , 2928 (w, CH), 2899 (w, CH), 2446
(m, BH), 2413 (s, BH), 2347 (m, BH), 2261 (w, AsH), 2220 (w, AsH), 2194 (w, AsH),
1479 (m), 1470 (s), 1457 (m), 1446 (w), 1403 (m), 1256 (s), 1184 (s), 1129 (vs), 1092
(vs), 1005 (s), 982 (vs), 948 (m), 797 (s), 696 (m), 662 (w), 637 (s). ESI-MS (MeOH):
cation: m/z = 382 (100%, [AuCI(H2AsBH:NMe3)H]"). Elemental analysis for Au(l)-arsine
compounds could not be carried out without formation of black byproduct.

Synthesis of [AuCI('BuHPBH;NMe3)] (2¢): 40 mg (0.25 mmol) 'BuHPBH:NMe; (1c) is
added to a stirred solution of 80 mg (0.25 mmol) AuCl(tht) in cold 2.5 mL CH,Cl, (-80°C).

The solution was warmed to room temperature and stirred for 1 hour. Addition of 50 mL

cold n-pentane leads to precipitation of 2c. The supernatant is decanted off, the
remaining solid is washed two times with small amounts of cold n-pentane and dried
under reduced pressure. Single Crystals suitable for X-ray structure analysis are
obtained by layering of concentrated CH.Cl, solution with n-hexane at 0°C. 2c

crystallizes as colourless blocks.

Yield of 2c: 91 mg (93%). '"H-NMR (CD.Cl,, 25AC) : U [ plprm]l6 Hz,
9H, C(CH3)3), 2.15 (q, lJH,B = 106 Hz, 2H, BHz), 2.86 (S, 9H, N(CH3)3), 4.05 (ddd, 1H,

[ppm

24

lJH,p =333 HZ, 3J|—|,|—| = 10HZ, 3JH,H= 5HZ, PH). 11B-NMR (CD2C|2, 25 A C) . -9164 [ PP m]
(m, lJH,B =106 Hz, lJB,p =75 Hz, BHz). 1lB{1H}-NMR (CD2C|2, 25A C) ;o -9064 ([d,p P m] =

Jgp = 75 Hz). 31P-NMR (CD:Cl, 2 5AC) : -82.1[(dp br e ==333 Hz, PH).
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31p{IH}-NMR (CDCl,, 25AC) : -821[ap PewE80Hz PH). IRATR) : { [cm
11=2972 (w, CH), 2950 (w, CH), 2899 (w, CH), 2862 (w, CH), 2423 (m, BH), 2392 (m,
BH), 2326 (w, PH), 2305 (w, PH), 1469 (m), 1458 (m), 1408 (w), 1402 (w), 1392 (w),
1363 (m), 1253 (w), 1244 (w), 1209 (w), 1182 (w), 1158 (m), 1124 (s), 1074 (s), 1034
(w), 1025 (w), 1014 (m), 973 (m), 956 (w), 878 (w), 857 (s), 846 (s), 822 (m), 731 (W),
688 (m), 662 (w), 646 (M), 604 (w), 524 (w), 514(w), 479 (m), 465 (w), 442(m), 422(w),
414 (w). EI-MS (70eV): m/z = 393 (100%, [AuCI('BUHPBH:NMes)]*). Elemental analysis
(%) calculated for C7H21AuBCINP (2¢): C: 21.37, H: 5.38, N: 3.56; found: C: 22.17, H:
5.21, N: 3.44.

Synthesis _of [AuCI(Ph,PBH;NMes)] (2d): A solution of 257 mg (1 mmol)
Ph.PBH:NMe; (1d) in 3 mL CH.CI; is added to a stirred solution of 321 mg (1 mmol)

AuCI(tht) in cold 7 mL CH.CI, (-80°C). The solution was warmed to room temperature

and stirred for 1 hour. Addition of 100 mL n-hexane leads to precipitation of 2d. The
supernatant is decanted off, the remaining solid is washed two times with small amounts
of n-hexane and dried under reduced pressure. Single Crystals suitable for X-ray
structure analysis are obtained by layering of concentrated CH.Cl, solution with n-

hexane. 2d crystallizes as colourless rods.

Yield of 2d: 380 mg (78%). *H-NMR (CDCl,, 25°C): U [ppm] = 2.76 (q, 2H, Jne = 80
Hz, BH2), 2.82 (s, 9H, N(CHa)3), 7.37 (m, 6H, m-/p-H Ph), 7.77 (m, 4H, o-H Ph). B-NMR
(CD2Cl,, 25°C): U [ppm] = -6.36 (m, br *Jus = 80 Hz, 3Jep = 75 Hz, BHy). *B{*H}-NMR
(CD2Cly, 25°C): U [ppm] = -6.36 (d, br 1Jgp = 75 Hz). 3P-NMR (CD.Cl,, 25°C): U [ppm] = -
5.70 (m, br). 3:P{*H}-NMR (CD.Cl,, 25°C): U [ppm] = -5.70 (m, br 1Jgp = 95 Hz). IR(ATR)
.1 [em™] = 3067 (w, CH), 3050 (w, CH), 3017 (w, CH), 2995 (w, CH), 2935 (w, CH), 2910
(w, CH), 2436 (m, BH), 2406 (m, BH), 1475 (m), 1459 (m), 1442 (s), 1431 (m), 1407 (w),
1400 (w), 1304 (w), 1247 (m), 1241 (m), 1146 (m), 1156 (m), 1121 (s), 1099 (m), 1066
(s), 1030 (w), 1009 (M), 999(w), 971 (w), 949 (w), 926 (w), 912 (w), 859 (s), 764 (W), 752
(s), 741 (w), 691 (s), 650 (m), 636 (s), 615 (w), 512 (s), 488 (m), 479 (w), 457 (m), 430
(m), 416 (w), 405 (w). EI-MS (70eV): m/z = 489 (100%, [AuCIl(Ph.PBH:NMej3)]").
Elemental analysis (%) calculated for CisH21AuBCINP (2d): C: 36.80, H: 4.32, N: 2.86;
found: C: 36.84, H: 4.35, N: 2.85.

Synthesis _of [Au(H.PBH:NMes) ]J[AICL] (3a): A solution of 26 mg (0.25 mmol)
H.PBH2NMes (1a) in 0.5 mL toluene is added to a stirred solution of 80 mg (0.25 mmol)
AuCI(tht) in cold 7 mL CHxCI, (-80°C). A cooled solution of 34mg (0.25mmol) AICI; and
26 mg (0.25 mmol) H,PBH:NMes; in 5 mL CH.Cl, (-80°C) is added to the reaction
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mixture. The solution is stirred for 1 hour and was warmed to room temperature. Addition
of 100 mL n-hexane leads to precipitation of 3a. The supernatant is decanted off, the
remaining solid is washed two times with small amounts of n-hexane and dried under
reduced pressure. Single Crystals suitable for X-ray structure analysis are obtained by
storing a concentrated solution of 3a in 1,2-Difluorobenzene at -30°C. 3a crystallizes as

colourless rods.

Yield of 3a: 121 mg (82%). *H-NMR (CD.Cl,, 25 AC) : 229 (f, gHh fd]s= E16
Hz, BH,), 2.82 (s, 18H, N(CHs)s); 3.88 (d, 4H, Jup = 333 Hz, PH,). 1'B-NMR (CD.Cly,
25AC) :  U-9.680m, tr]*Jne= 116 Hz, Jgp = 58 Hz, BH.). 1'B{*H}-NMR (CD.Cl>,

25AC) : U-9.68Hd) bn]Jsp= 58 Hz). 3*P-NMR (CD.Cl, 25AC) : -1B3.0Dppm] =

(br). 3P{*H}-NMR (CD.Cl,, 25AC) : -183.40 gbp.nRA(KBB : T [cm] = 3064 (w,
CH), 3015 (w, CH), 2953 (w, CH), 2425 (s, BH), 2387 (s, BH), 2294 (m, PH), 2139 (w),
1645 (m), 1483 (s), 1455 (s), 1409 (m), 1244 (m). ESI-MS (CHCl,): cation: m/z = 407
(100%, [Au(PH2BH2NMes),]*). Elemental analysis (%) calculated for CsHzsAuP2B2N2AICI,
(3a): C: 12.52, H: 4.55, N: 4.87; found: C: 12.26, H: 5.01, N: 4.75.

Synthesis of [Au(H2AsBH>NMes)o][AICIs] (3b): A solution of 37 mg (0.25 mmol)
H>AsBH>NMes (1b) in 0.25 mL toluene is added to a stirred solution of 80 mg (0.25
mmol) AuCl(tht) in cold 7 mL CH2Cl, (-80°C). A cooled solution of 34mg (0.25mmol)
AICl; and 37 mg (0.25 mmol) H,AsBH,NMe; in 5 mL CH.Cl, (-80°C) is added to the

reaction mixture. The solution is stirred for 1 hour and was slowly warmed to room

temperature. Addition of 100 mL n-hexane leads to precipitation of 3b. The supernatant
is decanted off, the remaining solid is washed two times with small amounts of n-hexane
and dried under reduced pressure. Single Crystals suitable for X-ray structure analysis
are obtained by storing a concentrated solution of 3b in 1,2-Difluorobenzene at -30°C. 3b

crystallizes as colourless rods.

Yield of 3b: 98 mg (59%). *H-NMR (CD.Cl,, 25AC) : U [ pp fd}s=%23
Hz, BHy), 2.82 (s, 4H, AsH,). 2.86 (s, 18H, N(CHs)s). 1'B-NMR (CDCl,, 25AC) :
0.67 (t, {Jnp = 123 Hz, BH,). “B{*H}-NMR (CD.Cl,, 25AC) : 0 [ pROATR):T
[cm?] = 3037 (m, CH), 2950 (w, CH), 2439 (m, BH), 2402 (s, BH), 2308 (w), 2143 (m,
AsH), 2076 (w), 1636 (s), 1480 (s), 1465 (s), 1407 (m), 1242 (m), 1185 (w), 1154 (m),
1116 (s), 1065 (s), 1049 (vs), 1007 (m), 974 (m), 951 (m), 852 (s), 800 (m), 723 (w). ESI-
MS (MeCN): cation: m/z = 496 (100%, [Au(AsH2BH>:NMes).H]*). Elemental analysis for

Au(D)-arsine compounds could not be carried out without formation of black byproduct.

.51 |

[ PP

. 67
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Synthesis of [Au('BuHPBH,NMes):][AICI4] (3c): 40 mg (0.25 mmol) 'BuHPBH,NMe;
(1c) is added to a stirred solution of 80 mg (0.25 mmol) AuClI(tht) in cold 7 mL CH2Cl> (-
80°C). A cooled solution of 34mg (0.25mmol) AICIs and 40 mg (0.25 mmol)
'BuHPBH,NMes in 5 mL CH,Cl, (-80°C) is added to the reaction mixture. The solution is
stirred for 1 hour and was warmed to room temperature. Addition of 100 mL n-pentane

leads to precipitation of 3c as an oily viscous liquid. The supernatant is decanted off, the
remaining oil is washed two times with small amounts of n-pentane and dried under
reduced pressure to give a white solid. Single Crystals suitable for X-ray structure
analysis are obtained by storing a concentrated solution of 3c in 1,2-Difluorobenzene at -

30°C. 3c crystallizes as colourless blocks.

Yield of 3c: 157 mg (91%). *H-NMR (CD2Cl, 25AC) : U [ pPlwE 8 Hz,
18H, C(CHs)3), 2.28 (q, Jue = 93 Hz, 4H, BH>), 2.86 (s, 18H, N(CHs)3), 4.26 (ddd, 2H,

1.

27

Lnp = 322 Hz, 3Jup = 10Hz, 3Jup= 5Hz, PH). *B-NMR (CD.Cl,, 25AC) : -903[ p p m]

(m, br, BHo). “B{*H}-NMR (CD,Cl, 2 5AC) : -903 (prp BANMR £CD,Cl,, 25°C):

O [ p p-£9]3 (debr Wup = 290 Hz, PH). 3P{*H}-NMR (CD:.Cl, 25AC) : -1®3[ p p m]

(br, PH). IR(CH.Cl,) : T [cm™]=2996 (w, CH), 2954 (m, CH), 2899 (w, CH), 2864 (w,
CH), 2436 (m, BH), 2407 (m, BH), 2332 (w, PH), 1464 (m), 1407 (w), 1394 (w), 1366
(m), 1263 (m), 1243 (w), 1178 (w), 1159 (w), 1263 (s), 1077 (s), 1015 (m), 976 (m), 856
(m), 812 (w), 639 (w), 492 (s), 465 (M), 445 (s). ESI-MS (CHCl,): cation: m/z = 519
(100%, [Au(‘BuHPBH:NMes).]"). Elemental analysis (%) calculated for
C14H42AUB2N2P-AICI, (3¢): C: 21.37, H: 5.38, N: 3.56; found: C: 22.17, H: 5.21, N: 3.44.

Synthesis of [Au(Ph;PBH;NMes) ][AICL] (3d): 64 mg (0.25 mmol) Ph,PBH2NMe; (1d)
is added to a stirred solution of 80 mg (0.25 mmol) AuCl(tht) in cold 7 mL CHxCl, (-80°C).
A cooled solution of 34mg (0.25mmol) AICI; and 64 mg (0.25 mmol) Ph,PBH2NMes in 5

mL CHCI, (-80°C) is added to the reaction mixture. The solution is stirred for 1 hour and

was warmed to room temperature. Addition of 100 mL n-hexane leads to precipitation of
3d. The supernatant is decanted off, the remaining solid is washed two times with small
amounts of n-hexane and dried under reduced pressure to give a white solid. Single
Crystals suitable for X-ray structure analysis could not be obtained. Storing a
concentrated solution of 3d in 1,2-Difluorobenzene at -30°C gives repeatedly single

crystals of 2d.

Yield of 3d: 150 mg (68%). *H-NMR (CD.Cls, 25AC) : = 276 (orp4HmBH,),
2.79 (s, 18H, N(CHa)s), 7.44 (m, 12H, m-/p-H Ph), 7.70 (m, 8H, o-H Ph). “B-NMR

(CDCl, 25AC) : -509 (npbp.MB{*HENMR (CD:.Cl, 25AC) : -5W9 (np p m]

(- m
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br). 3'P-NMR (CD:Cl;, 25AC) : 0 [ pPHH}-NMR (6D:@.2 2BHAT) :

6.02 (br). IR(ATR) : T [cm™] = 3049 (w, CH), 3013 (w, CH), 2995 (w, CH), 2944 (w, CH),
2435 (m, BH), 2406 (m, BH), 1644 (w), 1584 (w), 1571 (w), 1506 (w), 1478 (s), 1462 (m),
1432 (s), 1407 (w), 1331 (w), 1305 (w), 1266 (w), 1241 (m), 1183 (w), 1156 (m), 1121
(s), 1098 (m), 1066 (s), 1026 (w), 1010 (m), 999 (w), 971 (w), 911 (w), 859 (s), 741 (s),
691 (s), 649 (w), 636 (m), 615 (m), 512 (s), 478 (s), 457 (m), 430 (m). ESI-MS (CH.CL,):
cation: m/z = 711 (100%, [Au(Ph.PBH>:NMes),]*). Elemental analysis (%) calculated for
CsoHa2AUB2N2P-AICI, (3d): C: 40.95, H: 4.81, N: 3.18; found: C: 41.07, H: 4.95, N: 2.98.

4.5.3 Details of Crystal Structure Solution and Refinement

The X-ray diffraction experiments were performed on either an Rigaku Oxford
Diffraction Gemini R Ultra diffractometer with Cu-KU radiation (a-= 1.54178 A) (2a, 2b,
2d, 3a, 3c) and Mo-KU radiation (= = 0.71073) (2c, 3b). The experiments were
performed at 273K (3a) and 123 K (2a-d, 3b-c). Additionally unit cell determinations
were performed at 90, 160, 230 and 300 K for 3a and 3b. Crystallographic data together
with the details of the experiments are given below. Absorption corrections were applied
semi-empirically from equivalent reflections or analytically (SCALE3/ABSPACK algorithm
implemented in CrysAlisPro software by Rigaku Oxford Diffraction).?

All structures were solved using SIR97EL,SHELXTH and olex2.solve.! Least square
refinements against F2 in anisotropic models were done using SHELXL. All images
were created with Olex2.5!

The hydrogen positions of the methyl groups were located geometrically and refined
riding on the carbon atoms. Hydrogen atoms at BH,, PH> and AsH, have been located
from the difference Fourier map and refined without constraints (2c, 2d, 3c) or with
restrained Ei H distances (2a-b, 3a). All crystals of 2a-b showed twinning, they were
refined applying HKLF5 refinement. The crystals of 3b turned out to be modulated and a
full refinement was not possible even from different crystallization efforts. Details are

given below (c.f. 4.5.4).

The fluorescent compounds 3a and 3b revealed the Au-Au contacts along the
crystallographic b (3a) and c (3b) axis, with gold distances of one-half of the
corresponding unit cell axis. Therefore, the unit cell parameters were determined for
different temperatures and are given below together with the Au-Au- distances of the

structure determination (3a) and average structure (3b), respectively (Table S1 and S2).

[ ppT
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Table S1 Compound 3a [Au(H2PBH;NMes),][AICL4].

T [K] b-axis (A) 1/2 b-axis (A) Au-Au distance (A)
300 6.4270(2) 3.2135(1) 3.2135(1)
273 6.4165(2) 3.2083(1) 3.2083(1)
230 6.3913(1) 3.1957(1) 3.1957(1)
160 6.3545(1) 3.1772(1) 3.1772(1)
90 6.3190(7) 3.1595(4) 3.1596(4)

Table S2 Compound 3b [Au(H2AsBH2NMes),][AICI].

T [K] c-axis (A) 1/2 c-axis (A) Av. str. Au-Au distance (A)
300 6.339(8) 3.170(4) 3.169(4)

230 6.3191(18) 3.1596(9) 3.1596(9)

160 6.2499(4) 3.1250(2) 3.1250(2)

123 6.2263(2) 3.1132(1) 3.1132(1)

90 6.2073(8) 3.1037(4) 3.1037(4)

CCDC-1838755 (2a), CCDC-1838756 (2b), CCDC-1838757 (2c), CCDC-1838758
(2d), CCDC-1838759 (3a), and CCDC-1838761 (3c) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336-033; e-mail:

deposit@ccdc.cam.ac.uk).
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454 Crystal Structures

[AuCI(H2PBH2NMe3)]

2a crystallizes by layering of a concentrated CH.Cl, solution with n-hexane as
colourless blocks in in the triclinic space group P-1. Figure S1 shows the structure of 2a

in the solid state.

H1A
H2A
Aul Cl2
P2
H2B
H2C
Cll

Figure S1: Molecular structure of 2a in the solid state. Hydrogen atoms bonded to
carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.
Selected bond lengths [A] and angles [?]: Aul-Au2 3.1031(8), Aul-P1 2.237(4), P1i B1
1.948(2), 1.947(2), N1i B1 1.619(2), P1-Aul-Cl1 178.10(14), P1-Aul-Au2-P2 89.69(16)
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[AuCI(HAsBH:NMes)]

2b crystallizes by layering of a concentrated CH.Cl, solution with n-hexane as
colourless blocks in the monoclinic space group P2i/c. Figure S2 shows the structure of

2b in the solid state.

C2

H1B

Cl1i

Figure S2: Molecular structure of 2b in the solid state. Hydrogen atoms bonded to

carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.

Selected bond lengths [A] and angles [°]: Aul-Au 1 6 3. 2 5As{ 21361, (1), AsllB1

2.091(18), N1iB1 1.57(3), P1-Aul-Cl1 175.65(14), Aul-Au A& 66 176 .-Aul{ 4) , As 1
AudA& 16 127.18(10)
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[AuCI(‘BuHPBH,NMe3)]

2c crystallizes by layering of a concentrated CH2Cl. solution with n-hexane at 0°C as
colourless blocks in the monoclinic space group Cc. Figure S3 shows the structure of 2¢

in the solid state.

Figure S3: Molecular structure of 2c in the solid state. Hydrogen atoms bonded to
carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.
Selected bond lengths [A] and angles Aul-P1 2.250(2), P1iB1 1.978(10), N1iB1
1.597(11), P1-Aul-CI1 179.62(9)
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[AuCl(Ph2PBH:NMe3)]

2d crystallizes by layering of a concentrated CH.Cl, solution with n-hexane as
colourless rods in the orthorhombic space group Pna2;. Figure S4 shows the structure of

2d in the solid state.

Cc13

Cl4

C15

Figure S4: Molecular structure of 2d in the solid state. Hydrogen atoms bonded to
carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.
Selected bond lengths [A] and angles [°]: Aul-P1 2.252(1), P1iB1 1.962(9), N1i B1
1.603(9), P1-Aul-CI1 177.57(9)
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[AU (HzPB HzNMEg)z] [A|C|4]

3a crystallizes by storing a concentrated solution of 3a in 1,2-Difluorobenzene at -
30°C as colourless rods in the orthorhombic space group Pb2n. Figure S5 shows the

structure of 3a in the solid state.

Ccé c4

H1E

Figure S5: Molecular structure of 3a in the solid state. [AICl4]" counter ions not shown.
Hydrogen atoms bonded to carbon are omitted for clarity. Thermal ellipsoids are drawn

with 30% probability. Selected bond lengths [A] and angles [*]: Aul-Au 16 3. 168 (1),
P1 2.305(1), P1iB1 1.94(4), N1iBl1 1.61(4), P1-Aul-P2 179.9(1), Aul-Au A& 166
179.4(1), P1-Aul-A u 1PAL 6 3(2)9 .
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[Au(H2AsBH:NMes)2][AIC4]

3b crystallizes by storing a concentrated solution of 3b in 1,2-Difluorobenzene at -
30°C. 3b crystallizes as colourless rods. The diffraction pattern with diffuse scattering
intensities revealed a 2D incommensurate structure and no satisfying model for the
atoms besides gold and arsenic could be refined. Figure S7 shows the average structure

and provides the connectivity model of 3b in the solid state.

@ - ® A
0
e A Puee@-—9 O ¢ So®—tv - .
A G . ~
L}

Figure S6: Diffraction pattern (top left), reciprocal space view (top right) and intensity

distribution histogram (bottom) of 3b.
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Figure S7: Average structure of 3b in the solid state. Hydrogen atoms bonded to carbon
are omitted for clarity. Thermal ellipsoids of Au and As are drawn with 50% probability.
Selected bond lengths [A] and angles [°]: Aul-Au2 3.088(2), Aul-Au2 8.139(2), Aul-Asl
2.397(4), Asli B1 1.835(15), N1i B1 1.862(15), As1-Aul-As2 177.33(15), Au2-Aul-Au 2 6
179.62(9), As1-Aul-Au2-As4 92.58(13)
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[AU (tBU HPB HzNMe3)2] [A|C|4]

3c crystallizes by storing a concentrated solution of 3c in 1,2-Difluorobenzene at -
30°C as colourless blocks in the triclinic space group P-1. Figure S8 shows the structure

of 3c in the solid state.

Figure S8: Molecular structure of 3c in the solid state. Hydrogen atoms bonded to
carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.
Selected bond lengths [A] and angles [°]: Aul-P1 2.363(2), P1iB1 1.963(7), N1i B1
1.608(8), P1-Aul-P2 179.07(9)



Gold(l) Complexe€ontaining Phosphanyland Arsanylborane Ligandk87

4.5.5 Crystallographic Information

Table S3: Crystallographic data for compounds 2a

Formula

Dcac/ g cm-3
mmm-t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
alA

b/A

c/A

al

or

g

VIA3

z

7
Wavelength/A
Radiation type
Grinl”

Gmaxl”
Measured Refl.
Independent Refl.
Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R: (all data)

R1

CeH26Au2B2CI2N2P2
2.449

33.889

674.68

clear colourless
block
0.14%0.04x0.04
122.8(7)
triclinic

P-1

9.4692(6)
9.7236(5)
11.1025(5)
66.915(5)
85.150(4)
76.630(5)
914.89(9)

2

1

1.54184

CuKa

4.329

73.969

6330

6330

5316

176

4
4.324
-1.909
1.083
0.1789
0.1655
0.0612
0.0539
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Table S4: Crystallographic data for compounds 2b

Formula

Decaic/ g cm3
mmm-t
Formula Weight
Colour

Shape
Size/mm3

TIK

Crystal System
Space Group
alA

b/A

c/lA

al

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl”

Gmasd”
Measured Refl.

Independent Refl.

Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>2

R, (all data)
R1

C3Hi13AsAuUBCIN
2.843

37.231

381.29

clear colourless
block
0.20%0.07x0.04
123.00(14)
monoclinic
P2i/c

7.9616(6)
17.5813(8)
6.4999(5)

90

101.707(7)

90

890.90(10)

4

1

1.54184

CuKa

5.031

66.784

2337

2337

1669

79

3
6.323
-7.312
0.996
0.2515
0.2397
0.0992
0.0883
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Table S5: Crystallographic data for compounds 2c

Formula C7H2:AuBCINP
Dcaic/ g cm3 2.046
mmm-t 11.808
Formula Weight 393.44
Colour clear colourless
Shape block
Size/mms3 0.31x0.29x0.21
TIK 122.95(10)
Crystal System monoclinic
Flack Parameter 0.000(8)
Space Group Cc

a/lA 9.8373(3)
b/A 18.9084(6)
c/A 6.9888(3)
al 90

br 100.698(3)
g 90

VIA3 1277.39(8)
Z 4

VA 1
Wavelength/A 0.71073
Radiation type MoKa
Gminl” 3.476
Gmaxl” 41.093
Measured Refl. 23493
Independent Refl. 8211
Reflections Used 7158

Rint 0.0528
Parameters 125
Restraints 2

Largest Peak 4.473
Deepest Hole -1.868
GooF 1.043

WR> (all data) 0.1087
wR> 0.1029

R, (all data) 0.0540

R1 0.0459
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Table S6: Crystallographic data for compounds 2d

Formula

Dcac/ g cm-3
mmm-t
Formula Weight
Colour

Shape
Size/mms3

TIK

Crystal System
Flack Parameter
Space Group
alA

b/A

c/A

al

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl

Gmaxl’
Measured Refl.

Independent Refl.

Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R: (all data)
Ri1

C1sH2:BNPCIAu
1.915

18.516
489.52

clear colourless
rod
0.14x0.05%0.03
123.1(7)
orthorhombic
-0.052(10)
Pna2:
11.1992(2)
13.3982(2)
11.3156(2)
90

90

90
1697.90(5)

4

1

1.54178
CuKa

5.116

73.921

8623

2811

2666

0.0254

192

1

1.188

-0.379

1.076

0.0452
0.0442
0.0212
0.0191
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Table S7: Crystallographic data for compounds 3a at 273K

Formula

Dcaic/ g cm3
mmm-1
Formula Weight
Colour

Shape
Size/mm?

T/IK

Crystal System
Space Group
alA

b/A

c/A

al

or

7

VIA3

Z

7
Wavelength/A
Radiation type
Gminl

Gmaxl”
Measured Refl.

Independent Refl.
Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R, (all data)
Ri1

CeH26AIAUB2ClaN2P2
1.719

18.493
575.59

clear colourless
rod
0.12x0.10x0.06
123(2)
orthorhombic
Pbcn
22.4027(7)
6.4165(2)
30.9447(11)
90

90

90

4448.2(3)

8

1

1.54184
CuKa

3.472

66.828
29023

3939

2737

0.0521

257

39

0.607

-0.738

1.146

0.1149
0.1041
0.0764
0.0508
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Table S8: Crystallographic data for compounds 3a at 300K

Formula

Decac/ g cm3
mmm-t
Formula Weight
Colour

Shape
Size/mm3

T/IK

Crystal System
Space Group
alA

b/A

c/A

ar

or

7

V/IA3

Z

7
Wavelength/A
Radiation type
Gminl

Gmaxl”
Measured Refl.

Independent Refl.
Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

R: (all data)
R:1

CeH26AIAUB2ClaN2P>
1.709

18.389
575.59

clear colourless
rod
0.22x0.20x0.14
300.0(1)
orthorhombic
Pbcn
22.4674(8)
6.4270(2)
30.9792(10)
90

90

90

4473.3(3)

8

1

1.54184
CuKa

3.466

73.555
17527

4409

2182

0.0391

173

44

2.309

-0.789

0.828

0.1325
0.1180
0.0839
0.0476
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Table S9: Crystallographic data for compounds 3a at 230K

Formula

Dcaic/ g cm
mmm-?
Formula Weight
Colour

Shape
Size/mm?

TIK

Crystal System
Space Group
alA

b/A

c/A

al

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl”

Gmard”
Measured Refl.

Independent Refl.

Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR; (all data)
wR>

R, (all data)
R1

CesH26AIAUB2CI4N2P2
1.737

18.692
575.59

clear colourless
rod
0.22x0.20x0.14
230.0(2)
orthorhombic
Pbcn
22.2949(6)
6.39132(10)
30.8844(7)
90

90

90
4400.84(17)
8

1

1.54184
CuKa

3.482

73.455
17231

4348

2577

0.0366

173

32

2.801

-1.154

0.909

0.1326
0.1225
0.0703
0.0464
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Table S10: Crystallographic data for compounds 3a at 160K

Formula

Dcaic/ g cm
mmm-t
Formula Weight
Colour

Shape
Size/mm3

TIK

Crystal System
Space Group
alA

b/A

c/A

al

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl”

Gmard”
Measured Refl.

Independent Refl.

Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR; (all data)
wR>

R, (all data)
R1

CesH26AIAUB2CI4N2P2
1.769

19.029
575.59

clear colourless
rod
0.22x0.20x0.14
160.0(1)
orthorhombic
Pbcn
22.1169(7)
6.35448(10)
30.7581(7)
90

90

90
4322.79(17)
8

1

1.54184
CuKa

3.500

73.724
16861

4282

2944

0.0341

173

26

3.562

-0.790

0.939

0.1178
0.1111
0.0584
0.0427
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Table S11: Crystallographic data for compounds 3a at 90K

Formula

Dcaic/ g cm
mmm-?
Formula Weight
Colour

Shape
Size/mm?

TIK

Crystal System
Space Group
alA

b/A

c/A

al

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl”

Gmard”
Measured Refl.

Independent Refl.

Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR; (all data)
wR>

R, (all data)
R1

CesH26AIAUB2CI4N2P2
1.791

19.238
575.59

clear colourless
rod
0.22x0.20x0.14
89.9(3)
orthorhombic
Pbcn
21.951(3)
6.3190(7)
30.726(4)

90

90

90

4261.9(9)

8

1

1.54184
CuKa

3.512

74.761
15789

4229

3390

0.0944

174

38

11.307
-6.436

1.083

0.3167
0.3104
0.1332
0.1222
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Table S12: Crystallographic data for compounds 3b

Formula

Dcac/ g cm-3
mmm-t
Formula Weight
Colour

Shape
Size/mm3

T/IK

Crystal System
alA

b/A

c/A

al

br

g

VIA3
Wavelength/A
Radiation type
Grinl”

Gmard
Measured Refl.

Independent Refl.

Reflections Used
Rint

CeH26B2N2AICIsAS2AU
2.759

14.027

663.49

clear colourless
rod
0.45%0.23x0.04
123(2)
orthorhombic
14.3566(4)
26.8056(9)
6.2263(2)

90

90

90

2396.11(13)
0.71073

MoKa

3.219

34.779

63309

19396

11539

0.0653
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Table S13: Crystallographic data for compounds 3c

Formula

Dcaic/ g cm3
mmm-L
Formula Weight
Colour

Shape
Size/mm3

TIK

Crystal System
Space Group
a/A

b/A

c/A

ar

br

g

VIA3

Z

7
Wavelength/A
Radiation type
Gminl”

Gmard
Measured Refl.

Independent Refl.

Reflections Used

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wR>

R; (all data)
R1

C14H42AIAUB2ClaN2P2
1.559
14.139
687.80
clear colourless
block
0.16x0.11x0.08
123(2)
triclinic

P-1
10.5572(4)
11.3638(4)
14.2359(5)
105.204(3)
102.846(3)
109.172(3)
1464.84(10)
2

1

1.54184
CuKa

4.423
66.276
15617

5113

4139
0.0458

304

5

1.622
-0.906
1.013
0.0824
0.0787
0.0532
0.0373
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4.5.6 NMR Spectroscopy

[AUC| (HzPB HzNMeg)] (28.)

T T T T T T
300 250 200 150 100 50 0 -50 -100 -150 -200 -250 ppm

Figure S9: 3P (top) and *P{*H} NMR spectrum (bottom) of 2a in CD,Cl,.
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Figure S10: !B (top) and B{*H} NMR spectrum (bottom) of 2a in CD.Cl..
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18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 ppm

Figure S11: 'H NMR spectrum of 2a in CD,Cl,.
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[AUCI(H2AsBH:NMes)] (2b)

T
93 &0 70 &0 M 40 30 20 10 0 -0 -Z00 -3 -40 -5% -80 -70  -80 pom

T T T T T T
4 4 o Lj:_____,—’/
B L\‘\
T T T T T T T T T T T T T T T T T T
a0 30 70 80 E0 40 20 20 1 -10 -2 -20 -40 -5 -80 -7 -80 ppm

Figure S12: B (top) and B{*H} NMR spectrum (bottom) of 2b in CD,Cl..

< 5 5 5 #
i I I i
e =122Hz
Y
‘ I J,. Ak 1

Figure S13: *H NMR spectrum of 2b in CD.Cl,. Overlap of signals from N(CHs)s (9H),
AsH2 (2H) and BH (quartet: 0.5 H) at 2.66ppm. Impurities of silicon grease (#).
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[AuCIl(‘BuHPBH:NMes)] (2c)

T T T
300 250 298 159 200 50 Q =50 =100 =157 -200 -250 opr

T T T T T T T T T T T T T T T T T T
ad 80 70 60 50 40 20 20 19 2 -10 -20 -23 -<0 -530 -60 70 -8C ppm

Figure S15: 1B (top) and 'B{*H} NMR spectrum (bottom) of 2c in CD,Cl..
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]
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Figure S16: 'H NMR spectrum of 2¢ in CD,Cl,.
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[AuCI(Ph2PBH2NMe3)] (2d)

T T T T T T T T T T T
3Ca 250 200 150 100 50 ¢ =52 -.0c -180 -200 —250 opm

Figure S17: 3P (top) and 3P{*H} NMR spectrum (bottom) of 2d in CD,Cl..

50 69 49 20 2 -z0 -40 -62 -82 o,

Figure S18: !B (top) and B{*H} NMR spectrum (bottom) of 2d in CD,Cl..
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18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 ppm

Figure S19: *H NMR spectrum of 2d in CD.Cl..
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[Au(H2PBH:NMes)][AICI4] (3a)

)

T T T T T T
-50 -100 -150 -200 -250 pom

o -
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300 250 200 150 100 50

Figure S20: 3!P (top) and 3P{*H} NMR spectrum (bottom) of 3a in CD,Cls.
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Figure S21: B (top) and B{*H} NMR spectrum (bottom) of 3a in CD.Cl..
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Figure S22: 'H NMR spectrum of 3a in CD,Cl,.
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[Au(H2AsBH.NMes)][AICI4] (3b)

T T T T T T
S0 a2 i €0 50 0 X 20 ic ¢ -1 -2¢ -30 -40 =30 -6C =70 =80 pom

Figure S23: 1B (top) and *B{*H} NMR spectrum (bottom) of 3b in CD.Cl,. Traces of
starting material 1b(#) and 2b(+).
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Figure S24: *H NMR spectrum of 3b in CD,Cl,. Traces if starting material [AuCI(tht)](#).
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[Au('BUHPBH.NMes)2][AICI4] (3c)
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Figure S25: 3P (top) and 3P{*H} NMR spectrum (bottom) of 3¢ in CD.Cls.
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Figure S26: !B (top) and *B{*H} NMR spectrum (bottom) of 3¢ in CD.Cl..
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Figure S27: *H NMR spectrum of 3¢ in CD,Cls.
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[AuCI(Ph,PBH:NMes)][AICl4] (3d)

et
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Figure 28 3P (top) and *!P{*H} NMR spectrum (bottom) of 3d in CD.Cl..
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Figure S29: 1B (top) and *B{*H} NMR spectrum (bottom) of 3d in CD,Cl,.
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Figure S30: *H NMR spectrum of 3d in CD2Cl..
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4.5.7 Computational Details

Quantum chemical computations have been performed with gradient-corrected
density functional theory (DFT) in form of M06-2X®! functional, which includes dispersion
corrections, in conjunction with def2-TZVPP basis set (ECP for Au).[7 Basis set was
obtained from the EMSL basis set exchange database.®! Gaussian 09 program
packagel® was used throughout. Both single point energy computations on experimental
solid state geometries and geometry optimization have been performed. Optimized
geometry structures correspond to minima on their respective potential energy surfaces
as was verified by subsequent vibrational analysis. Natural bond orbital analysis (NBO
Version 3.1, E. D. Glendening, A. E. Reed, J. E. Carpenter, and F. Weinhold) was

performed as implemented in Gaussian 09.

Results of Computational Studies for 2a and 2b

- f‘#
" c; : (=
=S
T
J g -
o Q.
R SN ¢ *~ ¢
> & 'y

Figure S31: Optimized gas phase structures of dimer 2a (left) and dimer 2b (right).

Optimization of dimer of 2a results in breaking the Au-Au bond (Au-Au distance is
5.12 A), nevertheless the dimerization energy is exothermic (-83.3 kJ molt) due to
additional interactions (Figure S31). In contrast, optimization of 2b dimer yielded the
structure with Au-Au distance of 3.371 A, which is longer than experimental value of

3.251 Ain the solid 2b polymer. Gas phase dimerization energy of 2b is -67.2 kJ mol™.

Energetics of the interactions based on the single point energy computations at
experimental solid state geometries of 2a and 2b are given in Table S14. The values are

exothermic, for 2b the energy gain upon formation of Au-Au bond is about -42 kJ mol™.
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MOs of 2b tetramer (left) and 2b dimer (right) at experimental geometries are
presented in Figure S32. The HOMO-LUMO gap for 2b tetramer is 6.29 eV and for 2b
dimer is 7.43 eV. HOMO is essentially Au orbital (with some contribution of Cl), and
LUMO is ligand-based. WBI of the middle Au-Au bond in 2b tetramer is 0.146,
corresponding Au-Cl and Au-As WBI are 0.554 and 0.623. According to NBO analysis,
the electronic configuration of middle Au atoms in 2b tetramer is 6s%745d° 78 6p°-34,

Table S14. Energetics for the complexation processes, kJ mol*. M06-2X/def2-TZVPP
(ECP on Au) level of theory (single point energy computation at experimental

geometries).
Process PE MPE p e-Aubdnd
2 [2a] = [2a_dimer] -39.1 -39.1
2 [2b] = [2b_dimer] -45.3 -45.3
2 [2b_dimer] = [2b_tetramer] -36.8 -36.8
3 [2b] = [2b_trimer] -84.5 -42.3
4 [2b] = [2b_tetramer] -127.4 -42.5
2b tetramer 2b dimer

HOMO

LUMO LUMO (top view) LUMO

Figure S32. MOs of tetramer (left) and dimer (right) of 2b at experimental solid state
geometries.








































































































































































































































