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Preface

During the period of this thesis (October 2014 — July 2018) some results have already
been published (vide supra). These thesis are also summarized in the present work,
reprinted with permission of the respective scientific publisher. The associated license
numbers are given at the end of the individual chapters.

At the beginning of each chapter a list of authors, who contributed to the particular part,
is given. In addition, each chapter include the section ‘author contributions’, which
accurately describes the extent of involvement of each author. If results from
collaborations are in part also discussed in other theses, it is stated there.

To ensure a uniform design of this work, all chapters are subdivided into ‘Introduction’,
‘Results and Discussion’, ‘Conclusion’, ‘References’, ‘Supporting Information’ and
‘Author Contributions’. Furthermore, all chapters have been uniformed in the text
setting and the compound numeration begins anew. As different journals require
different formatting, the presentation of figures for single crystal X-ray structures or the
‘Supporting Information’ may differ. In addition, a general introduction at the start, and
a summary of all chapters is given at the end of this thesis.
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Introduction

1. Introduction

Materials consisting of group 13/15 elements have versatile applications, for instance
as high temperature ceramics!¥, as micro-electronic devices,?2® or as flame
retardants.?¢d GaAs for example, has several applications in industry, due to its
semiconducting properties. Small layers of GaAs are fabricated through MOCVD
processes, in which a deposition of thin films is achieved by thermolysis of appropriate
precursors.l Another example is boron nitride (BN)», which occurs in three different
modifications, hexagonal (a), cubic (B) and wurtzite (y). As the layer structure of a-
(BN)n is analogue to graphite, it is used as high temperature lubricant.

Molecular units containing alternating group 13/15 atoms are isolelectronic to their
carbon analogues. This leads to similar structural motifs, not only in the solid state as
described above in the case of a-(BN),, but also in the structure of small molecules.
For instance, Borazine (BsN3Hs), reported in 1926 by Pohland and Stock, shows a
typical aromatic odor, is a colorless liquid at room temperature and exhibits similar
characteristics as benzene. Although it is called “inorganic benzene”, the aromaticity
is significantly lower due to the polar bonds between the group 13 and group 15 atoms.
In case of ammonia borane HsBNHs, one takes advantage of the difference in
electronegativity beween B-N and the resulting polarity inside the molecule, as it
exhibits protonic as well as hydridic hydrogen atoms. Therefore, and due to its high
hydrogen content (up to 19.6 wt-%), it is in the current research focus as possible
material for hydrogen storage.® Dihydrogen can be either set free by thermolysis,
which results in the highest hydrogen release, but also some recycling problems with
the emerging, extraordinary stable (BN)n, or by catalytical reactions (Scheme 1).

T
H B H
~2 [Rh(1,5-cod)(u-Cl], NN
e . L
- 6H, | |
/
H/ \T/ \H
H

Scheme 1: Thermal and catalytical release of Hz in HsBNHs (1,5-cod = 1,5-cyclooctadiene).



Introduction

The Manners group reported in 2001 on a transition metal catalyzed dehydrocoupling
reaction. Using a dinuclear Rh(l)-complex, [Rh(1,5-cod)(u-Cl)]2 (1,5-cod = 1,5-
cyclooctadiene), they were able to dehydrocouple HsNBHs3 to borazine as
mainproduct.[®! Since then, a variety of early and late transition metal catalysts were
discorvered, which are able to catalyze dehydrocoupling reactions of ammonia borane
adducts.l"]

1.1 Polymers consisting of alternating group 13/15

elements

In 1977, Pusatcioglu reported on the synthesis of a boron-nitrogen polymer [F2BNH2],
with a molecular mass of 23.000 Da, measured by DLS (dynamic light scattering).[® A
polymer containing hydrogen atoms bonded to boron was synthesized by the Manners
group through a catalytic process.®! The GPC (gel permeation chromatography) and
the DLS analysis results in a molecular mass up to 405.000 Da. This high molecular
weight polymer, with partially over 4500 repeating units, is yielded by catalytical
dehydrocoupling of RH2NBH3 (R = H, Me, tBu) with Brookharts catalyst [IrH2(ys-1,3,-
(OPtBuU2)2CsHz].1!

In case of the heavier congener, phosphorus, poly(phosphinoborane)s were first
reported by Manners et al. in 1999.11Y Through dehydrocoupling of PhH2PBH3 with a
Rh(l)-catalyst, a polymer with an average molecular mass of 31.000 Da, could be
synthesized. Dennis and Gaumont showed, that transition metals are not absolutely
necessary as catalysts, since the bubbling of PHs and Bz2Hs through a solution of
B(CeFs): yields [H2PBH2]n.1121 Applying Brookharts catalyst to aryl-substituted
phosphine borane adducts RH2PBH3 (R = Ph, pTol, Mes), the group of Radius!*3l was
able to get access to similar polymers as described by the Manners group.* However,
the clarification of the catalytic process leads to completely different results. The
stoichiometric reaction of the adduct and the catalyst results in the formation of
[(tBUPOCOP)Ir(H)2(BH3)] (POCOP = (OPtBu2)2CesH3), the phosphine complex
[(tBUPOCOP)Ir(PH2R)] and the iridium dihydrido  phosphine  complex
[(tBUPOCOP)Ir(H)2(PH2R)], indicating a cleavage of the phosphine borane adduct
throughout the catalytical process.

Recently, the first earth-abundant, iron-based (pre)catalyst for the synthesis of

poly(phosphinoborane)s was described by Manners et al.[* In contrast to the iron-
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catalyzed, heterogeneous dehydrocoupling of Me2HN-BH3,[*® the catalytic process of
PhH2P-BH3 with [Cp(CO)2Fe(OTf)] (OTf = OSO2CF3) appears to be homogenous in
nature. Variation of catalyst loading at identical conditions assume a chain-growth
polymerization, as higher catalyst loadings gave lower molecular weight polymers.
Further, multinuclear NMR studies, as well as ESI-MS support a P-B bond forming and
the formation of a metal-bond phosphine-borane dimer complex. Therefore, a chain-
growth coordination-polymerization mechanism was postulated for this reaction
(Scheme 2).

B-H activation
and
P-B coupling

Ph_ PhT NN
NVAAN N TN
[Fel=P{ P [Fe] _B—P{ P
/ B BHs H/ W\ B BH,
H 2 P. 2
HzB/ " H/ \\H "
| I "
AR
H
Ph
H, elimination P-H activation
-Hy and coordination and B H H
P-[F li H_ Ph Ph
of the monomer [Fe] coupling e N TN
—Py_ P
B BH,

+PhPH,BH;  H

Scheme 2: Postulated catalytic cycle for the chain-growth coordination polymerization of PhH2P-BH3z by
the iron catalyst derived from [Cp(CO)2Fe(PhPHBHz)] (scheme showing one insertion event;
[Fe] = FeCp(CQO)z2).

First attempts regarding copolymers consisting of different group 15 elements and
boron were made by the Manners group in 2004.81 However, reactions of Me2HN-
BH2-PPhH-BH3 with a catalytic amount of [Rh(1,5-cod)(u-Cl)]2 lead amongst other
products to the dimeric [Me2NBH2]. and PhPH2-BHs instead of the desired copolymer.
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Thermal treatment (130°C) of the compound results also in a P-B bond cleavage and
yield [Me2NBHz2]2 and [PhHP-BH2]n.

1.2 Donor/acceptor stabilization of highly reactive small

molecules

To get greater insight into the polymerization reactions, it is inevitable to have a closer
look onto the 13/15 building blocks [R2E-E'R’2] (R, R’= H, alkyl, aryl; E=pnictogen, E’ =
triele). Monomeric compounds, like tBuzAsBMes2, are stable at ambient conditions,
due to the sterical hindrance.l'”! If the sterical demand is not sufficient enough, a head-
to-tail polymerization/oligomerization would occur due to the empty p-orbital on the
triele atom and the lone pair on the pnictogen atom. However, another way to stabilize
such compounds with less sterical demand, like [R2N-BHz], is in the coordination
sphere of transition metals.['8a Even the highly reactive [H2N-BHz2], which has been
isolated under cryogenic conditions, 8! can be stabilized in the coordination sphere of
the complex ([RuHz(n?:n2-H2BNH2)(PCyz3)2]).[*8 Schulz et al. showed, that the addition
of the strong Lewis base (LB) 4-Dimethylaminopyridine (DMAP) to cyclic oligomers
[Me2E-E’(SiMe3)2]n (E=Al, Ga; E’ = P, As; n=2,3) leads to a bond cleavage and yields
the monomeric LB stabilized compounds.['® Regarding only hydrogen substituted triele
atoms, Cowley and Jones reported on a metathesis reaction resulting in LB stabilized
phosphanyl- and arsanylalanes Mes2EAIH2-NMesz (E= P, As).?%l The use of a LB blocks
the vacant p-orbital on the boron, therefore no oligomerization/polymerization can
occur. First results in the field of monomeric phosphanylboranes were made in 2003
by our group. By applying a combination of Lewis acid (LA) /LB, we were able to
stabilize the parent compound of phosphanylboranes and arsanylboranes.?l! We
showed that this electronical stabilization is also sufficient enough to work with the
parent compounds of phosphanylalanes and —galanes.[?? It is noteworthy, that the
synthesis of phosphanylalanes and —galanes was achieved by H:2 elimination
reactions, whereas the synthesis of phosphanylboranes and arsanylboranes was
accomplished by salt metathesis (Scheme 3). DFT calculations indicated, that the
additional stabilization by a LA is not absolutely necessary for pnictogenylboranes. The
addition of P(OMe)s to (OC)sW-PH2BH2-NMes and further irradiation with UV light
leads to the elimination of [(OC)e-mW{P(OMe)s}m] resulting in the LB stabilized
phosphanylborane H2PBH2-NMes.[?3l The disadvantages of this pathway is the long
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multistep synthesis and the isolation of H2PBH2-NMes on a milligram scale. Further,
the described reaction pathway is limited to phosphorus as pnictogen atom.
Improvement has been made using silylated alkalimetalphosphides [(Me3sSi)2PLi-2thf]
instead of [(OC)sW]PH:Li.l?*l The reaction of [(MesSi)2PLi-2thf] with CIBH>-NMes leads
to (MesSi)2PBH2-NMes, which is further reacted with MeOH to eliminate the SiMes
groups, resulting in high yields of H2PBH2-NMes (Scheme 3). Further, this synthesis
can be transferred to the heavier congener, arsenic, yielding the parent arsanylborane
H2AsBH2-NMes. The usage of IBH2-NMes and NaPH: leads to a further shortening of

the reaction time.[2%

(OC)sW—PH,Li + CIH,B—NMe, LiP(SiMes), + CIH,B——NMe,

1) A, -LiCl

- Licl 2) MeOH (exc.)

Ha + P(OMe) H
3 (exc.) 2
(OC)sW. B . B
ﬁz NMe; hv H,P NMe;
-[(CO)6.mW{P(OMe)3}r]
m = 3-5
1)) 2h, - Nal

NaPH, + IH,B——NMe,

Scheme 3: Different synthetic pathways to H.PBH2-NMes.

Whereas a stabilization by a LB is sufficient to synthesize and isolate the parent
compound of arsanylboranes and even the parent compound of stibanylboranes,[2¢! alll
attempts to synthesize a LB stabilized azaborane H2NBH2-LB failed. However, Rivard
et al. succeeded in the preparation of a LA/LB stabilized azaborane.[?”] The addition of
a strong LB (DMAP, NHC9PP-CH2, PCys; NHC = N-heterocyclic carbene, dipp = 2,6-di-
isopropyphenyl) to y-aminodiborane HsB2NH2 leads to the formation of HzB-H2NBH2-
LB. Interestingly, heating of HzB-H2NBH2-DMAP leads to a thermal dehydrocoupling
reaction resulting in borazine and HzB-DMAP. The same reaction behavior is observed
by addition of catalytical amounts of CuBr or CuBr-SMea:.

The thermal treatment of NMes stabilized phosphanylboranes leads to LB
elimination.[?8! Due to the lone pair on the phosphorus atom and the free p-orbital of

the boron atom of the resulting intermediate “R2P-BH2”, a head-to-tail polymerization
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takes place. Through variation of the substituents on the phosphorus atom different
molecular weight polymers are accessible. Whereas thermal treatment of di-
arylsubstituted phosphanylboranes, like Ph2PBH2NMes, results in oligomeric material,
[Ph2PBH2]n  (n<6), the elimination of the LB in mono-alkylsubstituted
phosphanylboranes, like tBuPHBH2NMes, yields high molecular weight polymers
(tBuPHBH2)» (n = 1900 — 2150).128

Besides a head-to-tail polymerization, LB stabilized phosphanylboranes are versatile
building blocks to synthesize discrete oligomeric compounds. The reaction with IBH2-
LB (LB = NMes, SMe2) yields cationic compounds including either a H2B-PH2-BH2 or a
H2B-PH2-BH2-PH2-BH2 chain (Scheme 4).[2°a The synthetic pathway can be further
transferred to substituted phosphanylboranes and even to the LB stabilized
arsanylborane H2AsBH2-NMes.[?%2bl  Depending on the stoichiometry and the
temperature, the coordination of H2PBH2-NMes towards [CpzTi(btmsa)] (btmsa =
bis(trimethylsilyl)acetylene) yields different transition metal bridged oligomers through
a transition metal mediated dehydrooligomerization (Scheme 4).5% In addition, the
replacement of NMes, for example with phosphanides, is also possible resulting in
unprecedented anionic compounds.l The reaction of NaPH2 with H2PBH2-NMes
results in Na*[H2PBH2PH2]" (Scheme 4). The linear H.PBH2PH2 chain can be seen as
anionic counterpart to the cationic MesN-H2BPH2BH2-NMes. Variation of the
substituents on the phosphanide yields, depending on the stoichiometry, to
Na*[H2PBH2PPh2] or to the fivemembered Na*[H2PBH2PPh2BH2PHz2] .
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ey
MesN PH—BH,
s HoB \ __NMeg
Z7THR . _p—B
[Ti] = Cp,Ti [Ti] “HH,
-80°C — r.t.| + H,PBH,-NMe;
H2 Hz
Me3N/ \ / \ / \NMe3 Me3Si\
H2 Ca
e
. + [Cp,Ti(btmsa)] \SiMes
+IBH,-SMe, p2Ti(btmsa) CpaTi_
PH2 /NMe3
'SMez \E
H, 2
/B\ only stable at -80°C

NMe3

H
+ NaPH, A
_ - NMe3 -n NMe3
)
Na* B ne_
H,P PH, ;

Scheme 4: Short overview on the reactivity of H.PBH2-NMes.

1.3 Frustrated Lewis Pairs (FLPs)

Besides many other properties, the use of a combination of group 13/15 elements as
FLPs (Frustrated Lewis pairs) gained increased attention in the last 15 years. Usually,
electron-rich Lewis bases and electron deficient Lewis acids form strong adducts, 2
however, by using sterically demanding substituents, a formation of a dative bond
between these Lewis pairs is precluded. Even if this behavior was observed over a
long period of time,l3% a systematically exploration took a while. In 2006, Stephan
reported the famous FLP-system (MesCsH2)2PCsF4B(CsFs)2, which is able to cleave
dihydrogen under ambient conditions yielding a zwitterionic
phosphonium/hydridoborate and the release of H2 upon thermal treatment.[34
Besides dihydrogen, FLP-systems have shown the ability to react with a large number
of small molecules, including NO, CO, N20, COz2, SOz, olefins, alkynes and many
more. 3%

Inspired by the computational work of Tonner and Franking about
carbodiphosphorane,*8! Alcarazo et al. were able to build a FLP consisting of a carbon-
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based LB and B(CsFs)3."] Besides the classic H-H, C-H, and C-O bond cleavages,

this system is also able to activate alkyl fluorides and Si-H bonds (Scheme 5).

R F
Ph3R F PhsR
B H
N + H, 1atm + _
’ Cofs = ol [ tol > PhgP
Ph,P CoFs oluene oluene 3 HB(CgF5)3
F F

+ +
[ PhyP——=——PPh; <€—> Ph3P\/F’Ph3] + B(CgF5)3

*PPh, o) Ph3R
+ C3H,404 +nCsH4F
toluene toluene CsHqq
PhsP o OB(CeFs) * -
PhsP FB(CeFs)3

Scheme 5: Some reactions of the FLP [(C(PPhs)2)(B(CsFs)3)].

Apart from classic inter- and intramolecular FLPs, there are also so-called hidden
FLPs, which feature a similar reactivity, but do not look like they are frustrated at first
sight.l38 In 2016, Styra et al. reported on a four-membered diphosphamethanide
aluminium heterocycle with either alkyl or aryl substituents on the aluminium atom as
hidden FLP.139 Apart from interesting properties concerning the structural environment
around Al, the alkyl substituted cycle is able to cleave H: yielding the corresponding
diphosphine and aluminiumhydride. DFT calculations suggest a possible reaction
mechanism including a six-membered transition state, which might explain the
reactivity of the alkyl-substituted species, in contrast to the aryl-substituted derivate.

Inspired by the idea of a self-healing gel, based on small molecule interactions, Wang
and Shaver designed a polymer, which contains complementary FLP donors and
acceptors.*% First, they ensured that their chosen monomers, 4-styryl-diphenylborane
and 4-styryl-dimesitylphosphine, did not form a classic LA-LB adduct. However, by
adding the azo-bridged diethyl azodicarboxylate (DEAD) a rapid reaction occurs,
forming a DEAD-bridged product of the monomers. By applying an addition-fragment-

chain-transfer copolymerization with styrene the target polymers are formed.
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2. Research Objectives

In contrast to carbon-based polymers, the objective for copolymers based on
alternating group 13/15 elements is still open. In order to get insight into the chemistry
of possible inorganic copolymers, it is inevitable to take a closer look on the building
blocks H2E-BH2-E’'R’2-BH2 (E, E’ = pnictogen). Due to the high sensitivity of these
compounds, the following tasks arise:

- development of a suitable synthetic pathway to stabilize such highly reactive

compounds under ambient conditions
- variation of one pnictogen atom to adjust the estimated properties

- variation of the substituents

As shown in the introduction, there are some examples for the cleavage of oligomeric
or polymeric pnictogenyltrielanes with strong LBs. However, a systematic investigation
of the cleavage of poly(phosphinoboranes) by different LBs has not been performed
yet. Therefore, the following tasks arise:

- Investigation of different oligo-/poly(phosphanylboranes) to determine the

influence of the substituents on the cleavage
- Variation of the LB to get insight into the donor strength needed for the cleavage
- Performance of the experiments under different conditions to optimize the

cleavage process

As LB stabilized substituted phosphanylboranes RR’PBH2-NMes (R = R’ = Ph; R =H,
R’ =tBu) are versatile building blocks for oligomeric/polymeric material, the established
pathways should be further extended to the heavier congener, arsenic. Thus, LB
stabilized substituted arsanylboranes should be synthesized and characterized. The
reactivity of these compounds should be further investigated towards:

- main group LAs like BHsz and BBr3

- BH2* building blocks to synthesize cationic compounds

- different chalcogens to yield the corresponding oxidated arsanylboranes

- the elimination of the LB through thermal activation to yield oligomeric/polymeric

material
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Due to only one phosphorus coordination site, the possibilities to build up discrete
oligomeric units based on LB stabilized phosphanylboranes are limited. By application
of bidentate LBs in order to stabilize phosphanylboranes instead of monodentate LBs
like NMes, the reactivity of these compounds should be further extended. However,
there are several challenges to overcome:

- finding a suitable bidentate LB to stabilize phosphanylboranes

- transfer of established reaction strategies to yield different bidentate

phosphanylboranes
- examine, if bidentate LBs are suitable to stabilize arsanylboranes
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3. A Convenient Route to Mixed

Pnictogenylboranes

Oliver Hegen, Christian Marquardt, Alexey Y. Timoshkin, and Manfred

Scheer

*CD

+ ER,-BH»LB
(OC)sW-PH,-BHp*SMe;, Clsial (OC)sW-PH,-BH,-ER,-BH»-LB
SMeg
K X

Abstract: We report on the synthesis and characterization of mixed
pnictogenylboranes. The substitution of the Lewis base SMe:2 of (OC)sW-
PH2BH2>—SMe: (2) by different pnictogenylboranes ER2BH2-LB (E = P, As, Sb) leads
to the Lewis acid/base-stabilized, butane analogue molecules (OC)sW-
PH2BH2ER2BH2-LB (3a,b: E = P, R = H, SiMes LB = NMegs; 4a,b: As, R = H, SiMes, LB
= NMes; 5: Sb, R = SiMesz, LB = NHCMe), All these compounds were characterized by
single crystal X-ray structure analysis, mass spectrometry, NMR and IR spectroscopy.
In addition, the very unstable phosphanylborane chain PH2BH2PH2BH2-NMes (1) was
synthesized. DFT calculations provide insight into the thermodynamics of these
reactions.
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3.1 Introduction

Non-carbon-containing polymers based on main-group elements have versatile
applications in the field of lithography, polyelectrolytes, optoelectronics, biomaterials
or as precursors for ceramic materials.[>? In particular, polymers with a backbone built
on group 13/15 elements, which are isoelectronic to hydrocarbons, are of great
interest. Owing to the polarity in the repeating unit, these polymers have different
properties to C-C polymers.B! In particular, poly(phosphinoborane)s (RPH-BH2), have
received more attention in the last few years as high molecular weight polymers.!!
These materials are prepared by transition-metal-catalyzed (Fel*?], [r4dl Rhl4a4cl)
dehydrocouplings of phosphine-borane adducts RPH2-BH3 (R = Ph, iBu, p-nBuCsHa,
p-C12H25CsHa4). Recently, we reported a catalyst-free pathway as well as the synthesis
of the first high-molecular-weight poly(alkylphosphinoborane).®! Thermal treatment of
tBuPHBH2-NMes leads to the elimination of NMes and the head-to-tail polymerization
of the reactive intermediate [tBuPHBH], yielding [tBuPHBH2]n.

Similar highly reactive compounds such as [H2N=BH2] have been isolated under
cryogenic conditions.!®! Under ambient conditions, however, stabilization is necessary,
for example by trapping these compounds with transition-metal complexes
([RuH2(n?:n?-H2BNH2)(PCys)2]).l" The same nZn? coordination of [R2N=BH2] was
observed within an Ir complex.l®l Another way to investigate these compounds at
ambient conditions is either their protection with sterically demanding groups on the
boron atom!® or donor-acceptor stabilization. In the latter case, the vacant p orbital on
the boron atom is blocked by a Lewis base (LB), while the lone pair of the pnictogen
atom coordinates to a Lewis acid (LA).[*% Rivard and co-workers succeeded in the
preparation of HsB-H2NBH2-DMAP (DMAP = dimethylaminopyridine) and its
conversion into borazine.['%d |In some cases, the stabilization induced by coordination
of a Lewis base is sufficient for the isolation of such complexes. Using this strategy,
our group was able to synthesize the parent compounds of the phosphanylboranes, 1]
the arsanylboranes!?? and the stibanylboranes,*3 which are stabilized by a Lewis base
only. Evidence that the free, unstabilized phosphanylborane might exist was reported
by Burg and co-workers with reference to the formation of Ho.PBMe2.[14150] |n contrast
to the matrix-characterized H2NBHz,[®! the free parent phosphanylborane H2PBH2 has
not yet been observed experimentally thus far, but has been studied

computationally.’® As predicted by DFT computations and later shown by
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experiments,l1®l the Lewis base stabilized pnictogenylboranes H2EBH2-NMes (E = P,
As) can be handled easily under inert conditions and are available in good yields.[11.12]
Moreover, computations showed that a Lewis acid such as W(CO)s is sufficient to
prevent the polymerization of H2PBH..1'®! A phosphanylborane that is only stabilized
by a Lewis acid would be an interesting compound as the empty p orbital on the boron
atom renders it a versatile building block for extended Group 13/15 chains.

Aside from different cationic (117, IV)'8 neutral (1119, V)9 and anionic (111124, V)22
Group 13/15 chains, we could recently showed that Lewis base stabilized
pnictogenylboranes are versatile starting materials for the synthesis of ionic extended
group 13/15 compounds. Upon coordination of the pnictogen atom towards IBH2-LB
(LB = NMes, SMey), it is possible to synthesize miscellaneous cationic chains (VI1).[23]
The reactions with phosphanides and arsenides yield anionic chains of the type 1X.124
Thus far, both pathways are restricted to phosphorus and arsenic as the pnictogen

atom (Scheme 1).

cationic neutral anionic
H2 + HZ E'Z
/B\ H3B\N/B\NH H3B\N/ \N/BH3
H3N NH; H, 3 H, H,
| Il 1
H, * Ph, Ph, Ph, R,
B . B/P\B/P\B/P\B/PMQS RZ"\B/F’\B/F'R2
3
Me3P PM83 H2 H2 H2 H2 H2
R =CF;
v v Vi
+ -
H
H2 H2 H2 2
HoAs P AsH,
y N/B\E/B\NM H2P\B /P\B/NM33 NS \B/
e
3 H2 e3 H2 H2 H2 H2
+
H, Hy, H, H, R H,
P. E LB
/B\E/B\E/B\ (00) W/ \B/ \B/ B\
Me;zN B, h, Me; 5 H, H, H,E;  EsHy
Vil Vil IX
E=P, As E=P, As E=Sb Ei=E;=P, As
R =H, SiMe; R = SiMe; Es=P,E;=As
LB =NMe; LB=NHCMe

Scheme 1: Overview of extended Group 13/15 compounds.
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3.2 Results and Discussion

Herein, we report the longest X-ray-characterized parent phosphanylborane chain
PH2BH2PH2BH2-NMes (1) that is stabilized only by a Lewis base and the novel neutral
Lewis acid/base stabilized pnictogenylboranes (OC)sW-PH2BH2ER2BH2-LB (VIII; E =
P, As, Sb; R= H or SiMes and LB = NMes, NHCMe = 1345-
Tetramethylimidazolylidene), which are the first compounds that feature mixed Group

15 element sequences within the chain.

[Na]* [HzP-BH,-PH,I he [H,P-BH,],
+ —_—_— PH2BH2PHZBH2-NM93 _-‘, +
IBH,-NMe Nal 1 PH,BH,-NMe
thf |+ NaPH,
- Nal

BHSPH,BH,-NMes + 0.5 I, 22"281S |81, PH,BH,-NMes + 0.5 H,

Scheme 2: Synthesis of compound 1.

The metathesis reactions of either [Na]* [PH2BH2PHz]- with IBH2-NMes or NaPH:2 with
IBH2PH2BH2-NMes gave PH2BH2PH2BH2-NMes (1, Scheme 2). Compound 1 is not
stable in solution and very prone to decompose to H2PBH2-NMes and the polymer
[H2PBH2]n (Scheme 2). DFT computations indicated that at room temperature the
decomposition of 1 to H2PBH2-NMes and /n [H2PBH?2]» is exergonic by 33 and 24 kJ
mol* for n = 3 and 8, respectively. Nevertheless, we were able to isolate some crystals
of 1 to study its solid state structure (Figure 1). Note that the subsequent stabilization
of 1 by coordination to a Lewis acid such as [(OC)sW(thf)] failed.

On the other hand, DFT computations suggest that donor/acceptor stabilization is
energetically sufficient to stabilize dimeric pnictogenylboranes of this type. Intrigued by
the idea to study only hydrogen-containing dimeric pnictogenylboranes, we developed
a reaction pathway with persistent Lewis acid/base stabilization. This not only enables
the synthesis of longer neutral phosphanylboranes, but also paves the way to mixed
pnictogenylboranes.
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Figure 1: Molecular structure of 1, 2, 3a, and 3b in the solid state. Hydrogen atoms bonded to carbon
are omitted for clarity. Thermal ellipsoids set at 50% probability.

The reaction of (OC)sW-PH:Li and IBH2-SMe: leads to the Lewis acid/base stabilized
phosphanylborane (OC)sW-PH2-BH2-SMez2 (2, Scheme 3). The molecular structure of
2 in the solid state is similar to the structure of (OC)sW-PH2BH2-NMes (Figure 1).118]
The weak donor SMe2 can be easily substituted by stronger Lewis bases, such as

pnictogenylboranes, which results in pnictogenylborane backbones with a P-B-E-B-

sequence (E = P, As, Sh; Scheme 3).

(OC)sW-PH,Li + IBH,-SMe,

- Lil

+ HzEBHz-NMea (OC)5W-PH28H2-SM82 + (Me38|)2EBH2-NMB3

_ SMez = SMBZ
2 (34%)

- SMe; |+ (Me3Si),SbBH,-NHCMe

(OC)sW-PH,BH,EH,BH,-NMe; (OC)sW-PH,BH,E(SiMe;),BH,-NMe;
OC)sW-PH,BH,Sb(SiMes),BH,-NHCMe
3b:E=P (55%)( )sW-PH 25 3(30/ 3)28H; 3aE=P (42%)
4b: E = As (54%) (33%) 4a: E = As (24%)

Scheme 3: Synthesis of compounds 2-5. All reactions are performed in toluene for 18 h (3a, 3b, 4a) or
3h (4b, 5). Yields are given in parentheses.

Therefore, the corresponding pnictogenylboranes ER2BH2-LB (E = P, As, Sb) were
reacted with (OC)sW-PH2BH2-SMe:2 (2) at room temperature. According to the 3P

NMR spectra of the crude reaction mixtures, all conversions proceeded with high
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conversion (ca. 80-100%). However, the yields of isolated crystalline material are lower
because of the used crystallization process and sometimes because of the similar
solubility of the side products. The isolated products 3-5 (Scheme 4) are well soluble
in toluene and slightly soluble in n-hexane. All products show the corresponding

molecular ion peak in the mass spectra.

gg)h.eme 4: The notation given above will be used for further discussion of compounds 3-5 (E = P, As,
The resonance of the P1 atom in the 31P NMR spectra of compounds 3-5 is shifted
downfield relative to that of the starting material 2. Compared to the starting materials
H2PBH2-NMe3*! and (MesSi)2PBH2-NMes,['?l the P2 resonance of 3a and 3b
undergoes a downfield shift upon coordination. In addition, the coordination to a
second boron moiety leads to a substantial broadening of the resonance, which is
consistent with former results and due to the quadrupole moment of the boron nuclei.[*1]
In the 1B NMR spectrum, the signals for the B1 and B2 atoms reveal an upfield shift
(except for 5) compared to the starting material.[2®!

The solid state structures of 1-5 were determined by single-crystal X-ray diffraction
experiments (Figures 1 and 2). The replacement of SMe2 by the pnictogenylboranes
leads to a slight shortening of the E-B2-bond (Table 1). The length of the newly formed
E-B1 bond (E = P, As, Sb) is comparable to that of an E-B single bond. The B2-P2 axis
in 3a shows a synclinal arrangement whereas the B1-P1 and P2-B1 axes adopt
antiperiplanar conformations (Figure 1). Compound 3b adopts a zigzag conformation,
with all substituents being in an antiperiplanar arrangement (Figure 1). The molecular
structure of 1 shows an antiperiplanar arrangement along the B1-P1 and the B2-P2

axes and, in contrast to 3b, a synclinal configuration along the P2-B1 bond (Figure 1).
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Figure 2: Molecular structure of 4a, 4b and 5 in the solid state. Hydrogen atoms bonded to carbon
atoms are omitted for clarity. Thermal ellipsoids set at 50% probability.

Table 1: Selected bond lengths [A] and angles [°] of compounds 2-5.

Compound P1-B1 B1-E E-B2.LB  W-P1-B1-E  BI1-E-B2
2 1.942(11) / / 113.2(5) /
3a 1.958(4)  1.981(4)  2.001(4) 114.4(2) 117.9(2)
3b 1.945(4)  1.939(5) 1.952(4) 114.3(2) 109.5(2)
4a 1.947(4)  2.094(4)  2.105(4) 113.2(2) 118.9(2)
4b 1.939(7)  2.059(6) 2.076(8) 111.6(3) 116.1(3)
5 1.945(4)  2.259(4)  2.301(4) 117.8(2) 114.6(2)

Compounds 4a and 4b (Figure 2) are the first neutral representatives of main-group
chains possessing a P-B-As-B sequence, whereas previously only anionic chains
containing As, P and B were known.[?*l The molecular structure of 4a is similar to that
of 3a. Compared to the starting material (MesSi)2AsBH2-NMesl'? (As-B = 2.112(7) A),
the As-B-bond lengths are similar (Table 1), and the Si-As-Si-angle is larger. The
zigzag conformation in 4b (Figure 2) is distorted, and the B1-As/ As-B2 bonds are
comparable to those in the starting material H2AsBH2-NMes!!2 (2.071(4) A). Compared
to the anionic species [H2As-BH2-PH2-BH2-AsH2] (2.081(3) A), both As-B bonds are
shorter.[24]

Compound 5 is the first derivative containing a P-B-Sb-B sequence. It has an
antiperiplanar configuration along the P-B2 bond, a synclinal arrangement along the
Sb-B2 axis and a synperiplanar configuration along the Sb-B1 bond, which results in a
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distorted U-shape arrangement. The newly formed Sb-B1 bond is slightly shorter than

the Sb-B2 bond.
DFT computations showed that the energetics of the reaction for the synthesis of the

mixed pnictogenylboranes [Eqg. (1)] strongly depends on the element E, the group R,
(OC)sW-PH2BH2-SMe2 + ER2BH2-LB = (OC)sW-PH2BH2ER2BH2-LB + SMe2 1)

and the Lewis base (Table 2). The exothermicity of the reaction increases in the order:
Bi < Sb < As < P, H < SiMes, and MesN < NHCMe, Thus the formation of heavier
pnictogenylboranes remains exothermic only in the case of R = SiMe.[?®l Note that the
nature of the Lewis base is also an important factor for the stabilization of the molecule:
It was predicted that the stronger base NHCMe is required to stabilize the antimony and

bismuth derivatives.

Table 2: Standard enthalpies AH®2¢s, (kJ mol?) for the reaction shown in Eg. (1). Calculated at the
B3LYP/def2-SVP level of theory. Data are given for the most stable isomers in the gas phase.

R LB E: P As Sb Bi

H NMes -59.3 -27.3 5.7 40.0

H NHCMe -74.2 -37.7 0.4 40.0
SiMes NMes -39.2 -27.7 -12.2 13.0
SiMes NHCMe -76.7 -58.5 -32.3 -2.3

3.3 Conclusion

In summary, we have presented the synthesis and characterization of the longest
parent phosphanylborane chain 1 stabilized only by a Lewis base. Moreover, the newly
synthesized phosphanylborane 2 stabilized by a strong Lewis acid ((OC)sW) and a
weak Lewis base (SMe2) is a unique starting material for subsequent reactions. By
substituting the weak Lewis base, unprecedented neutral molecules containing a P-B-
P-B sequence (3a, 3b) were obtained that are not stable without a Lewis acid.

As donor/acceptor stabilization is needed for the stabilization of longer neutral group
13/15 element chains, we successfully applied this general strategy by replacing the
weaker base SMez in 2 with Lewis base stabilized heavier pnictogenylboranes. By this
way we were able to synthesize and characterize a series of previously unknown

neutral pnictogenylboranes such as 4a and 4b, which contain an unprecedented P-B-
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As-B chain, with 3b and 4b being the longest reported neutral parent
pnictogenylborane chains thus far. Furthermore, the first neutral compound 5
containing a P-B-Sb-B unit was synthesized and fully characterized. The use of these
mixed pnictogenylboranes as precursors for inorganic polymers or even longer Group

13/15 catena compounds is currently in the focus of our interest.
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3.5 Supporting Information

Experimental Section: Synthetic Procedures

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 compounds R:EBH2:-NMes (E = P, As; R = H, SiMes),[ (OC)sW:PH:Li,?
(MesSi)2SbBH2-NHCMe 131 |H2B-SMez !  1H2B-NMes,4!  [Na]*[H2PBH2PH2]~,8! were
prepared according to literature procedures.

The NMR spectra were recorded on either an Avance 400 spectrometer (*H: 400.13
MHz, 3'P:161.976 MHz, *'B: 128.378 MHz, 3C{*H}: 100.623 MHz, ?’Al: 104.261 MHz)
with & [ppm] referenced to external SiMes (*H, 13C), HsPOa4 (3'P), BF3-Et20 (*!B), CFClz
(*°F) or AI(NO3)3-9 H20 (?"Al).

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.

Svynthesis of IBH2-H2PBH2-NMes:
To a solution of 53 mg (0.50 mmol) H2PBH2-NMes in 10 mL THF 0.5 mmol of H3B-thf
were added at r.t. and the mixture was stirred for 2 h. After removal of all volatiles

under reduced pressure, the solid was dissolved in benzene and 63 mg (0.25mmol) of

l2 were added. After stirring for 2 days all volatiles were removed under reduced
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pressure and an orange oil was obtained.*'P and !B NMR spectroscopy show a

quantitative conversion to IBH2-H2PBH2-NMes.

Spectroscopic data: 3'P NMR (CsDs, 25 °C): & = -108.7 (d, br, 1Jup = 340 Hz). 3'P{*H}
NMR (CeDs, 25 °C): & = —108.7 (s, br). 1B NMR (CeDs, 25 °C): & = —36.11 (dt, LJsp =
63 Hz, 1Js 1 = 125 Hz, BH2l), -10.7 (dt, 1Je,p= 70 Hz, 1Jg 1 = 110 Hz, MesNBH2). 11B{H}
NMR (CsDs, 25 °C): 6 = —36.11 (d, Jep = 63 Hz, BH2l), -10.7 (d, WJep = 70 Hz,
MesNBH2).

Synthesis of H2PBH2PH2BH2-NMes (1):
A solution of 102 mg (0.25 mmol) [Na]*[H2PBH2PH2]~ in 10 mL THF is added at -80°C
to a solution of 22 mg (0.25 mmol) HsB-thf and 50 mg (0.25 mmol) IH2B-NMes in THF

and is stirred for 18 h. After removal of all volatiles under reduced pressure, the solid

was extracted 3 times with 10 mL of n-hexane and filtrated over diatomaceous earth.
The solution was concentrated under reduced pressure and stored at -80°C. A very

small amount (~2 mg) of crystals of H2PBH2PH2BH2-NMe3s was isolated.

Stoichiometric reaction:

To a solution of 112 mg (2mmol) NaPH2z in 20 mL of thf 212 mg (2 mmol) H2PBH2:NMes
were added and the mixture was sonicated for 3h. The resulting [Na]*[H2PBH2PH:]~
was added at -80°C to a solution of 400 mg (2.00 mmol) IH2B-NMes in THF and is
stirred for 18 h. The 3P NMR spectrum of the reaction mixture showed only the
decomposition products [H2PBHz]» and PH2BH2-NMes.

Alternative route over |IBH2-H2PBH2-NMes:
To a solution of 28 mg (0.5 mmol) NaPH2 in 20 mL of thf 61 mg (0.5 mmol)
IBH2-H2PBH2-NMez were added and the mixture was stirred overnight. The 1P NMR

spectrum of the reaction mixture showed besides small amounts of
H2PBH2PH2BH2:-NMes mainly the decomposition products [H2PBH2]» and
PH2BH2-NMes.

Synthesis of (OC)sW-PH2BH2-SMe2 (2): A solution of 2.018 g (10 mmol) BH2l-SMez in
10 mL toluene is added to a suspension of 3.638 g (10 mmol) (OC)sW-PHzLi in 70 mL

toluene dropwise under stirring at room temperature. After stirring the mixture for 3
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days, the volume of the dark brown solution is reduced to a few mL. The remaining
solution is filtrated into 100 mL of -80°C n-hexane. 2 precipitates as a brown solid. The
remaining liquid is decanted off and the brown solid is dried under vacuum. 2
crystallizes as colorless blocks by storing a boiling n-hexane solution at 9°C.

Yield of 2: 1.45¢g (34%). *H-NMR (CsDs, 25°C): & [ppm] = 1.01 (s, 6H, SMe2), 2.18 (q,
1Jns = 130 Hz, 2H, BH2), 2.69 (m, 2H, 1Ju, p = 314 Hz, PH2). 'B-NMR (CsDs, 25°C): 6
[ppm] = -17.88 (M, 1Jns = 130 Hz, 1Jsp = 61 Hz, BH2). 1'B{*H}-NMR (CeDs, 25°C): &
[ppm] = -17.88 (d, Js,p = 70 Hz, BH2). 13C{*H}-NMR (CeDs, 25°C): & [ppm] = 23.30 (d,
3Jcp =5 Hz, S-Me), 197.67 (td, 2Jcp = 6 Hz, XJcw = 62 Hz, COcis), 200.23 (M, 2Jcp =
18 Hz, COtrans). 3'P-NMR (CsDs, 25°C): 6 [ppm] = -186.1 (td, Jp,n = 314 Hz, 1Jpe = 70
Hz, PHz). 31P{H}-NMR (CesDs, 25°C): & [ppm] = -186.1 (d, LJp,s = 70 Hz, PH2). IR(KBT)
: ¥ [cm™1] = 2460 (w, BH), 2415 (w, BH), 2336 (w, PH), 2068 (vs, CO), 1915 (vs, CO),
1428 (m), 1332 (w), 1119 (m), 1089 (m), 1020 (m), 997 (m), 938 (vw), 772 (S), 655(vw),
595 (s), 569 (s). EI-MS (70eV): m/z = 432 (10%, [M]"), 404 (5%, [M-CO]"), 374 (5%,
[M-2CQOJ*), 359 (20%, [M-2CO-Me]*), 344 (20%, [M-2CO-2Me]*), 312 (20%, [M-2CO-
SMez]*), 300 (35%, [ (CO)sW-PH2]*). Elemental analysis (%) calculated for
C7H10BNOsPSW (2): C: 19.47, H: 2.33, S: 7.43; found: C: 19.47, H: 2.44, S: 7.40.

Synthesis of (OC)sW-PH2BH2P(SiMes)2BH2-NMes (3a): A solution of 173 mg (0.4

mmol) of 2 in 6 mL toluene is added to a solution of 126 mg (0.5 mmol)

(MesSi)2PBH2:NMes in 10 mL toluene. After stirring for 18 h, all volatiles are removed
under reduced pressure. The product is extracted with 20 mL of boiling n-hexane. 3a
crystallizes by storing the solution at -27°C. Despite several recrystallization steps, it

was not possible to obtain 3a in analytical purity.

Yield of 3a: 117mg (47% total; 86% purity according to 3'P-NMR: 105 mg, 42%). 1H-
NMR (CeDs, 25°C): & [ppm] = 0.18 (d, 18H, 3Ju p = 5 Hz, P(SiMes)2), 1.80 (s, 9H,
NMes), 2.04 (m, 2H, (Me3Si)2P-BH2-NMes), 2.21 (m, 2H, H2P-BH2-P(SiMes)2), 3.17 (m,
2H, 1Jp, v = 299 Hz, PH2). 1B-NMR (CsDs, 25°C): 6 [ppm] = -32.43 (m, br, PH2-BH2-
P(SiMes)2), -9.66 (M, 1Jsp = 56 Hz, (MesSi)2P-BH2-NMes). B{*H}-NMR (CsDs, 25°C):
5 [ppm] = -32.43 (s, br, PH2-BH2-P(SiMes)2), -9.66 (d, 1Jep = 56 Hz, (MesSi)2P-BHz-
NMes). B3C{*H}-NMR (CesDs, 25°C): 6 [ppm] = 0.25 (d, 2Jc,p = 6 Hz, P(SiMe3)2), 52.97
(d, 3Jc, P = 5 Hz, N-Me), 198.51 (d, ?Jc,p = 6 Hz, COcis), 201.23 (d, 2Jc, p = 16 Hz,
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COtrans). 3*P-NMR (CeDs, 25°C): 0 [ppm] = - 184.4 (s, br, P(SiMe3)2), -166.6 (t, br, *Jp H
= 299 Hz, PH2). 3'P{*H}-NMR (CeDs, 25°C): 6 [ppm] = - 184.4 (s, br, P(SiMe3)z2), -166.6
(s, br, PH2). IR(KBr): ¥ [cm™] = 2957 (vw, CH), 2894 (vw, CH), 2432 (vw, BH), 2394
(vw, BH), 2358 (vw, PH), 2063 (m), 1970 (m, CO), 1907 (vs, CO), 1840 (m, CO), 1831
(w), 1717 (w), 1700 (w), 1684 (w), 1653 (w), 1635 (w), 1558 (w), 1540 (w), 1521 (w),
1506 (w), 1486 (w), 1465 (w), 1384 (w), 1250 (w), 1153 (vw), 1126 (w), 1083 (w), 1017
(vw), 988 (vw), 845 (m), 781 (m), 694 (vw), 598 (m), 579 (w). FD-MS (LIFDI-MS): m/z
=619 ([M]"). Elemental analysis (%) calculated for C14H33B2NSi2OsP2W (3a): C: 27.16,
H: 5.37, N: 2.26; found: C: 26.39, H: 4.95, N: 1.62.

Synthesis of (OC)sW:PH2BH2PH2BH2:NMes (3b): A solution of 32 mg (0.3 mmol)
H2PBH2:-NMes in 0.6 mL toluene is added to a solution of 108 mg (0.25 mmol) 2 in

15 mL toluene at room temperature. After stirring for 18 h, the volume of the dark brown

solution is reduced to a few mL. The solution is added dropwise to 50 mL of n-hexane
at -80°C. The liquid is decanted off and the precipitated solid is dried under vacuum.
3b crystallizes as colorless needles by cooling a boiling n-hexane solution to room

temperature.

Yield of 3b: 65mg (55%). *H-NMR (CsDs, 25°C): & [ppm] = 1.52 (s, 9H, NMe3s), 1.89
(m, 2H, H2P-BH2-PH2), 1.99 (m, 2H, H2P-BH2-NMes), 2.99 (m, 2H, 1Jn,p = 333 Hz, BH2-
PH2-BH2), 3.03 (m, 2H, LJnp = 300 Hz, (OC)sW-PH2-BH>). 1B-NMR (CsDs, 25°C): &
[ppm] = -35.58 (m, YJsp = 59 Hz, H2P-BH2-PH>), -11.26 (m, 1Jsp = 68 Hz, H2P-BH>-
NMes). *B{*H}-NMR (CeDs, 25°C): & [ppm] = -35.58 (t, 1Jsp = 59 Hz, H2P-BH2-PH?>), -
11.26 (d, YJsp = 68 Hz, H2P-BH2-NMes). 13C{*H}-NMR (CsDs, 25°C): & [ppm] = 52.68
(d, 3Jc,p =6 Hz, N-Me), 197.49 (d, 2Jc,p = 6 Hz, COcis), 201.04 (d, 2Jc,p = 16 Hz, COtrans).
31P-NMR (CeDs, 25°C): 6 [ppm] = -169.9 (td, br, 1Jp8 = 59 Hz, *Jp,H = 300 Hz, (OC)sW-
PH2-BH2), -109.5 (t, br, 1Jpn = 333 Hz, H2B-PH2-BH2). 3!P{*H}-NMR (CsDs, 25°C): &
[ppm] = -169.9 (m, br, 1Jp s = 59 Hz, (OC)sW-PH2-BH2), -109.5 (m, br, H2B-PH2-BH>).
IR(KBr) : ¥ [cm™] = 2953 (vw, CH), 2428 (w, BH), 2394 (w, BH), 2346 (vw, PH), 2325
(vw, PH), 2064 (m), 1970 (s, CO), 1922 (vs, CO), 1895 (vs, CO), 1484 (w), 1467 (w),
1408 (vw), 1243 (vw), 1158 (vw), 1126 (w), 1087 (vw), 1067 (w), 1013 (vw), 977 (vw),
943 (vw), 866 (vw), 796 (vw), 754 (m), 717 (vw), 673 (vw), 631 (vw), 597 (m), 577 (m).
FD-MS (70eV): m/z = 473 ([M]*). Elemental analysis (%) calculated for
CsH17B2NOsP2W (3b): C: 20.21, H: 3.61, N: 2.95; found: C: 20.21, H: 3.55, N: 2.88.
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Synthesis of (OC)sW-PH2BH2As(SiMez)2BH2-NMes (4a): To a solution of 108 mg
(0.25 mmol) of 2 in 5 mL toluene a solution of 73 mg (0.25 mmol) (MesSi)2AsBH2-NMes

in 5 mL toluene is added at room temperature. After stirring the solution for 18 h, all
volatiles are removed under reduced pressure. The remaining solid is dissolved in
35 mL of boiling n-hexane and filtrated over diatomaceous earth. 4a crystallizes by

storing the solution at — 27°C overnight.

Yield of 4a: 40 mg (24 %). *H-NMR (CeDs, 25°C): 6 [ppm] = 0.22 (s, 18H, SiMes), 1.79
(s, 9H, NMes), 2.25 (m, 4H, BH2), 3.24 (m, 1Ju,p = 300 Hz, PH>). 'B-NMR (CsDs, 25°C):
0 [ppm] =-30.99 (s, br, H2P-BH2-As(SiMes)2), -8.66 (t, br, 1Js 1 = 116 Hz, (MesSi)2As-
BH2-NMes). HB{*H}-NMR (CsDs, 25°C): 6 [ppm] = -30.99 (s, br, H2P-BH2-As(SiMe3)z2),
-8.66 (s, br, (MesSi)2As-BH2-NMes). 3C{*H}-NMR (CsDs, 25°C): & [ppm] = 0.92 (s,
SiMes), 53.15 (s, NMes), 198.79 (d, 2Jcp = 7 Hz, COcis), 201.50 (d, 2Jcp = 16 Hz,
COtrans). 3'P-NMR (CsDs, 25°C): & [ppm] = -162.3 (t, br, 1Jp,H = 300 Hz, (OC)sW-PH2-
BH2). 3!P{*H}-NMR (CeDs, 25°C): & [ppm] = -162.3 (s, br, (OC)sW-PH2-BHz). IR(KBr) :
V [cm1] = 3021 (vw), 3001 (vw), 2953 (w, CH), 2851 (vw), 2437 (w, BH), 2399 (w, BH),
2362 (w, PH), 2062 (m), 1972 (m), 1908 (vs, CO), 1485 (w), 1464 (m), 1450 (w), 1406
(vw), 1249 (w), 1163 (vw), 1119 (w), 1089 (vw), 1069 (m), 978 (w), 845 (m), 778 (m),
598 (m), 578 (w). FD-MS (LIFDI-MS): m/z = 663 ([M]*). Elemental analysis (%)
calculated for C14H33AsB2NOsPSiz2W (4a): C: 25.36, H: 5.01, N: 2.11; found: C: 25.38,
H: 4.99, N: 1.91.

Synthesis of (OC)sW-PH2BH2AsH2BH2-NMes (4b): To a solution of 216 mg (0.5 mmol)
of 2 in 10 mL toluene a solution of 74 mg (0.5 mmol) H2AsBH2-NMes in 0.5 mL toluene

is added at room temperature. After stirring the solution for 3 h, all volatiles are
removed under reduced pressure. The remaining solid is suspended in 20 mL n-
hexane. 2 to 3 mL CH2Cl2 are added dropwise, until a clear solution with a small
amount of a brown solid is obtained (too much CH2Cl2 leads to the dissolving of the
impurity). The solution is decanted off and stored at -27°C overnight. 4b crystallizes as

colorless blocks.

Yield of 4b: 140 mg (54 %). *H-NMR (CsDs, 25°C): 0 [ppm] = 1.56 (s, 9H, NMes), 2.07
(m, 2H, AsHy), 2.21 (m, 4H, BH2), 3.13 (m, 1Jn,p = 303 Hz, PH2). 1!B-NMR (CsDs, 25°C):
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0 [ppm] =-32.02 (m, br, 1Jsp = 76 Hz, H2P-BH2-AsH2), -9.30 (t, br, 1Jsn = 115 Hz,
H2As-BH2-NMes). 1'B{*H}-NMR (CsDs, 25°C): & [ppm] = -32.02 (d, br, 1Jsp = 76 Hz,
H2P-BH2-AsHz2), -9.30 (s, br, H2As-BH2-NMes). 13C{*H}-NMR (CsDs, 25°C): d [ppm] =
52.75 (s, NMes), 198.44 (td, YJcw = 63 Hz, 2Jcp = 7 Hz, COcis), 201.19 (d, ZJcp = 17
Hz, COtrans). 3'P-NMR (CeDs, 25°C): & [ppm] = -166.5 (td, br, 1Jpn = 303 Hz, YJpp =
76 Hz, (OC)sW-PH2-BH>). 3!P{*H}-NMR (CsDs, 25°C): 0 [ppm] = -166.5 (d, br, 1Jps =
76 Hz, (OC)sW-PH2-BH2). IR(KBr): v [cm™] = 3003(vw), 2953 (vw, CH), 2927 (vw),
2469 (w, BH), 2435 (w, BH), 2361 (w, PH), 2338 (w, PH), 2180 (vw, AsH) 2064 (m),
1903 (vs, CO), 1473 (w), 1465 (w), 1407 (vw), 1241 (w), 1159 (w), 1123 (w), 1077 (m),
1004 (vw), 997 (vw), 986 (vw), 948 (vw), 862 (w), 785 (w), 724 (vw), 675 (m), 595 (m),
575 (m). FD-MS (70eV): m/z = 517 ([M]*). Elemental analysis (%) calculated for
CsH17B2NOsPAsW (4b): C: 18.50, H: 3.30, N: 2.70; found: C: 18.66, H: 3.27, N: 2.64.

Synthesis of (OC)sW:PH2BH2Sb(SiMes)2BH2-NHCMe (5): To a solution of 101 mg
(0.25 mmol) (MesSi)2SbBH2-NHCMe in 7 mL toluene a solution of 108 mg (0.25 mmol)

2 in 7mL toluene is added at room temperature. After stirring for 3 h, all volatiles are

removed under reduced pressure. The remaining brown oil is suspended in 20 mL
n-hexane. 2 to 3 mL CH2Cl. are added dropwise, until a clear solution with less brown
oil is obtained (too much CH2Cl: leads to the dissolving of the impurity). The solution
is decanted off and stored at -80°C overnight. Crystals of 5 are obtained as yellow

plates.

Yield of 5: 70 mg (33 %). *H-NMR (CeDs, 25°C): & [ppm] = 0.37 (s, 18 H, Sb(SiMe3z)2),
1.35 (s, 6H, C-CHs), 2.17 (m, 4H, BH2), 2.67 (m, 2Jnp = 302 Hz, PH>), 2.93 (s, 6H, N-
CHza). 1*B-NMR (CeDs, 25°C): & [ppm] = -38.36 (m, br, (Me3Si)2Sb—BH2-NHCVMe), -36.57
(m, br, H2P-BH2-Sb(SiMes)2). B{*H}-NMR (CeDs, 25°C): & [ppm] = -38.36 (m, br,
(Me3Si)2Sbh—BH2-NHCMe), -36.57 (m, br, H2P-BH2-Sb(SiMes)z2). 3C{*H}-NMR (CsDs,
25°C): 0 [ppm] = 2.01 (s, SiMes), 7.98 (s, C-CHs), 32.10 (s, N-CHs), 124.70 (s, C=C),
198.95 (td, YJcw = 63 Hz, 2Jcp = 7 Hz, COcis), 201.83 (d, 2Jcp = 16 Hz, COtrans).
31P-NMR (CeDse, 25°C): 6 [ppm] = -158.4 (m, br, YJpx = 302 Hz, (OC)sW-PH2-BH>).
31P{*H}-NMR (CeDs, 25°C): & [ppm] = -158.4 (s, br, (OC)sW-PH2-BHz2). IR(KBr) : ¥ [cm-
11 = 2957 (w, CH), 2897 (vw), 2424 (w, BH), 2403 (w, BH), 2317 (w, PH), 2062 (m),
1974 (s), 1910 (vs, CO), 1889 (vs, CO), 1652 (w), 1578 (vw), 1474 (w), 1441 (w), 1397
(vw), 1373 (vw), 1338 (vw), 1245 (w), 1164 (vw), 1081 (w), 1065 (vw), 1016 (vw), 979

30



A Convenient Route to Mixed Pnictogenylboranes

(vw), 963 (vw), 935 (w), 884 (w), 839 (m), 775 (m), 697 (w), 6290 (w), 598 (m), 578
(m). LIFDI-MS: m/z = 774 ([M]*). Elemental analysis (%) calculated for
C18H36B2N20sPSbSi2W (5): C: 27.90, H: 4.69, N: 3.62; found: C: 27.83, H: 4.51, N:
3.58

Experimental Section: X-ray Diffraction analysis and details of the crystal

structure solution and refinement

The X-ray diffraction experiments were performed on either an Agilent Gemini R Ultra
diffractometer with Cu-Ka radiation (A = 1.54178 A) (3a, 3b, 4b) and Mo radiation (A =
0.71073) (2) or a GV50 diffractometer with TitanS2 detector (1c, 4a, 5) from Rigaku
Oxford Diffraction (formerly Agilent Technologies) applying Cu-Ka radiation (A =
1.54178 A). The measurements were performed at 123 K. 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).[6]

All structures were solved using SIR97",SHELXT® and OLEX.! Least square
refinements against F2 in anisotropic approximation were done using SHELXL.!®!

The hydrogen positions of the methyl groups were located geometrically and refined
riding on the carbon atoms. Hydrogen atoms belonging to BH2, PH2 and AsH2 groups
were located from the difference Fourier map and refined without constraints (1, 3a,
3b, 4a, 4b, 5) or with restrained E—H distances (2). All crystals of 2 showed twinning,
they were refined applying hklf5 refinement.

CCDC reference numbers 1563260 (1), 1563261 (2), 1563262 (3a), 1563263 (3b),
1563264 (4a), 1563265 (4b), and 1563266 (5) contain the supplementary
crystallographic data, which can be obtained free of charge at
www.ccdc.cam.ac.uk/conts/retreving.html or from the Cambridge Crystallographic
Data Center, 12 union Road, Cambridge CB2 1EZ, UK; Fax: (internat.) + 44-1223-
336-033; E-mail: deposit@ccdc.cam.ac.uk
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Crystal Structures

H2PBH2PH2BH2:-NMes: 1 crystallizes from a concentrated n-hexane solution at -80°C

in the monoclinic space group P2i/n. Figure S1 shows the structure of 1 in the solid

state.

Pl

Bl

Figure S1: Molecular structure of 1 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 []: P1—
Bl 1.954(2), P1-B2 1.947(2), P2-B2 1.967(3), N1-B1 1.601(3), B2—P1-B1 112.84(10), N1-B1-P1
115.39(13), P1-B2—P2 109.85(12).

(OC)sW-PH2BH2:SMez: 2 crystallizes from cooling a boiling n-hexane solution to 6°C

as colorless blocks in the monoclinic space group P21/c. Figure S2 shows the structure

of 2 in the solid state.

Figure S2: Molecular structure of 2 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 []: W-
P 2.541(3), P-B 1.942(11), B-S 1.920(12), B-P-W 113.3(4), P-B-S 113.2(5).
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(OC)sW-PH2BH2P(SiMes)2BH2-NMes: 3a crystallizes from cooling a boiling n-hexane

solution to -27°C as colorless blocks in the triclinic space group P1. Figure S4 shows

the structure of 3a in the solid state.

Figure S3: Molecular structure of 3a 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 [°]:
W-P1 2.532(1), P1-B1 1.958(4), B1-P2 1.981(4), P2-B2 2.001(4), B2-N 1.606(5), W-P1-B1 119.6(1),
P1-B1-P2 114.4(2), B1-P2-B2 117.9 (2).

(OC)sW-PH2BH2PH2BH2-NMes: 3b crystallizes as colorless needles by cooling a

boiling n-hexane solution to room temperature in the monoclinic space group P21/n.

Figure S3 shows the structure of 3b in the solid state.

B2 P2

Figure S4: Molecular structure of 3b 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 [°]:
W-P1 2.534(1), P1-B1 1.945(4), B1-P2 1.939(5), P2-B2 1.952(4), B2-N 1.595(5), B1-P1-W 115.9(1),
P2-B1-P1 114.3(2), B2-P2-B1 109.5(2), N-B2-P2 115.8(3).
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(OC)sW-PH2BH2As(SiMes)2BH2-NMes: 4a crystallizes by cooling a boiling n-hexane

solution to -27°C as colorless needles in the triclinic space group P1. Figure S5 shows

the structure of 4a in the solid state.

Figure S5: Molecular structure of 4a 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 [°]:
P-B1 1.947(4), B1-As 2.094(4), As-B2 2.105(4), B1-P-W 118.9(1), As-B1-P 113.2(2), B2-As-B1
118.9(2).

(OC)sW-PH2BH2AsH2BH2-NMes: 4b crystallizes from a solution of n-hexane and

CH2Cl2 at -28°C as colorless blocks in the orthorhombic space group P21212:. Figure

S6 shows the molecular structure of 4b in the solid state.

Figure S6: Molecular structure of 4b 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 [°]:
P-B2 1.939(7), B2-As 2.059(6), As-B1 2.076(8), B1-P-W 118.6(2), As-B1-P 111.6(3), B2-As-Bl
116.1(3).
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(OC)sW-PH2BH2Sbh(SiMes)2BH2-NHCMe: 5 crystallizes from a solution of n-hexane and

CH2Cl- at -80°C as yellow plates in the triclinic space group P1. Figure S7 shows the

molecular structure of 5 in the solid state.

Figure S7: Molecular structure of 5 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 [°]: P-
B1 1.945(4), B1-Sb 2.259(4), Sh-B2 2.301(4), B1-P-W 120.5(1), Sb-B1-P 117.8(2), B2-Sbh-B1 114.6(2).
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Crystallographic Information:

A Convenient Route to Mixed Pnictogenylboranes

Table S1: Crystallographic data for compounds 1 and 2

1 2
Empirical formula CsH17B2NP2 C7H10BOsPSW
Formula weight 150.73 431.84

Crystal
Crystal size/mm?
Temperature/K
Crystal system
Space group
Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Gmax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 (I)]

Final R-values [all data]

Largest difference hole
and peak Ap

colourless plate
0.16 x 0.07 x 0.05
123.00(14)
monoclinic
P21/n
a=10.2429(4) A
b =9.2237(3) A
c =11.0740(5) A
a=90°
B =113.455(5)°
y =90°
959.79(7) A3
4
3.458 mm™!
1.043 g/cm?3
328.0
9.958°/146.818°
analytical
-11<h<12
-10<k<11
-13<1<5
3230
1851 [Rsigma = 0.0396]
0.998
0.712/0.849
1851/0/108
1.068
R1 = 0.0453,
WR2 =0.1234
R1 = 0.0509,
wR2 = 0.1327
-0.35,
0.53 e A3

colourless blocks
0.3072 x 0.1473 x 0.1336
123.00(14)
monoclinic
P2i/c
a=9.3344(7) A
b =12.2815(16) A
c=11.7623(13) A
a =90°
B =92.935(8)°
y =90°
1346.7(3) A3
4
8.851 mm™
2.130 g/cm?
808.0
6.61°/58.36°
gaussian
-12<h<12
-16<k<16
-15<1<13
5214
5214 [Rsigma = 0.0525]
0.997
0.228/0.307
5214/4/157
1.008
R1=0.0474,
wR2 =0.1314
R1 =0.0579,
WR2 =0.1343
-2.24,
2.26 e A3
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Table S2: Crystallographic data for compounds 3a and 3b

3a 3b
Empirical formula C14H33B2NOsP2Si2W CsH17B2NOsP2W
Formula weight 619.00 474.63

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group
Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Omax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 ()]

Final R-values [all data]

Largest difference hole
and peak Ap

colourless blocks

0.462 x 0.24 x 0.113

123.00(14)
triclinic
P-1
a=9.7353(4)
b =12.0520(7)
c =12.5967(6)
a=77.571(5)
B =68.712(4)
Yy = 86.662(4)
1344.52(12)
2
10.124 mm*
1.529 g/cm?
612.0
7.514°/132.896°
analytical
-“11<h<11
-14<k<13
-14<1<14
28384
4697 [Rint = 0.0768]
0.993
0.103/0.319
4697/0/277
1.105
R1 =0.0285
wR2 = 0.0708
R1=0.0288
wR2 =0.0711
-1.55,
1.14 e A3

colourless needles
0.2106 x 0.1749 x 0.0979
123.05(10)
monoclinic
P2i/n
a = 6.45587(10) A
b =26.5981(4) A
c =9.82438(16) A
a=90°
B =94.5064(15)°
y =90°
1681.77(5) A3
4
14.643 mm?
1.875 g/cm?
904.0
9.624°/133.426°
gaussian
6<h<7
-28 <k < 31
11 <1< 11
9099
2982 [Rint = 0.0308]
0.991
0.150/0.391
2982/0/207
1.172
R1=0.0215
wR2 = 0.0569
R1=0.0236
wR2 = 0.0579
-0.81,
0.52 e A3
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Table S3: Crystallographic data for compounds 4a and 4b

da 4b
Empirical formula C14H33AsB2NOsPSi2W CsH17AsB2NOsPW
Formula weight 662.95 518.58

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group
Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Omax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 ()]

Final R-values [all data]

Largest difference hole
and peak Ap

colourless needles
0.332 x 0.049 x 0.03
123.00(10)
triclinic
P-1
a=9.7841(5) A
b=12.1362(4) A
¢ =12.6935(5) A
a = 77.366(3)°
B = 68.592(4)°
y = 86.189(4)°
1369.13(11) A3
2
10.732 mm*
1.608 g/cm?3
648.0
7.466°/148.338°
multi-scan
-11<h<12
-14<k<15
-15<1<15
21586
5425 [Rint = 0.0391]
0.999
0.393/1.000
5425/0/277
1.075
R1=0.0270,
WR2 =0.0722
R1=0.0281,
wR2 =0.0731
-1.26
1.02e A3

colourless blocks
0.082 x 0.079 x 0.052
122.8(6)
orthorhombic
P212121
a =10.0490(2) A
b =10.78818(19) A
c=15.6134(3) A
a=90°
B =090°
y =90°
1692.66(5) A3
4
15.827 mm?
2.035 g/cm?®
976.0
9.966°/133.24°
gaussian
-“11<h<11
-12<k<11
-18<1<18
14040
2964 [Rint = 0.0314]
0.999
0.391/0.541
2964/0/207
0.990
R1=0.0190,
WR2 = 0.0434
R1 =0.0204,
WR2 = 0.0437
-0.40
1.56 e A3
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Table S4: Crystallographic data for compound 5

5

Empirical formula C18H36B2N205PShSi2W

Formula weight 774.86

Crystal yellow plates

Crystal size/mm3 0.293 x 0.187 x 0.093

Temperature/K 123.2(6)

Crystal system triclinic

Space group P-1

Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Bmax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 (I)]

Final R-values [all data]

Largest difference hole
and peak Ap

a=11.9817(4)
b =12.6685(2)
c =12.8127(3)
a = 107.8051(18)
B =113.066(3)
y = 105.879(2)
1522.17(7) A3
2
15.401 mm?
1.691 g/cm?3
752.0
8.204°/148.556°
analytical
-13<hs<14
-15<k<14
-12<1<15
12491
5889 [Rint = 0.0336]
0.988
0.115/0.437
5889/0/323
1.056
R1=0.0325,
wR2 = 0.0854
R1=0.0333,
wR2 = 0.0864
-2.40
1.43 e A3

39



A Convenient Route to Mixed Pnictogenylboranes

NMR spectroscopy:

Table S5: NMR parameters of compounds 2-5

Compound *IP [ppm] “B[ppm]  *P[ppm] B [ppm]

(OC)sW-PH:2 BH:2 ER:2 H2B-LB

2 -186.1 -17.9 / /

3a -166.6 -32.4 -184.4 -9.7

3b -169.9 -35.6 -109.5 -11.3

4a -162.3 -31.0 / -8.7

4b -166.5 -32.0 / -9.3

5 -158.4 -36.6 / -38.4

IH2B-PH2BH2-NMes:

A
I

I
fw f
o \\ﬂmmm V

-110 ppm i

e

[\
S —————
-110 pem
P A

200 100 0 =100 =200 ppm

Figure S8: 31P (top) and 3'P{H} NMR spectrum (bottom) of IH2B-PH2BH2-NMes in CeDes.

- . | .
-5 ~-10 -15 -20 -25 ~30 ~35  ppm

Figure S9: 1B NMR (top) and 'B{*H} spectrum (bottom) of IH2B-PH2BH2-NMesz in CeDes.
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H2PBH2PH2BH2-NMes (1):

Me,N-BH,-H,P-BH,-H,P

Me3N-BH,{PH,

[H ’BH2]n
] I ! ! T
-100 -150 -200 ppm
Ak L
""""" IR R N
200 100 0 -100 -200 ppm

Figure S10: 31P{*H} NMR of H2PBH2PH2BH2:NMes in CsDs at 300K. The signals at § =-215 ppm and at
6 = -107 - -125 ppm, respectively are attributed to the decomposition products H2PBH2-NMesz and
polymeric [BH2PH:],». The signal at & = -200 ppm is tentatively assigned to the terminal PH2z group and
the one at 6 =-97 ppm to the MesNBH2-bond PH: group.

(OC)sW-PH2BH2-SMe2 (2):

Al

T

T T
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Figure S11: 3P (top) and 3'P{*H} NMR spectrum (bottom) of 2 in CeDs
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Figure S12: 11B{*H} (top) and 1B NMR spectrum (bottom) of 2 in CeDs
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Figure S13: H NMR spectrum of 2 in CeDs
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Figure S14: B3C{*H} NMR spectrum of 2 in CsDs
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Figure S15: 31P (top) and 3'P{*H} NMR spectrum (bottom) of 3a in CeDs (* = 1).
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Figure S16: 1B (top) and 1B{*H} NMR spectrum (bottom) of 3a in CsDs (* = 1).

Figure S17: 'H NMR spectrum of 3a in CeDs (* = 1).
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Figure S18: B3C{*H} NMR spectrum of 3a in CeDs (* = 1).
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Figure S19: 31P (top) and 3'P{*H} NMR spectrum (bottom) of 3b in CsDs
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Figure S20: 1B (top) and 1B{*H} NMR spectrum (bottom) of 3b in CsDs
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Figure S21: H (top) and *H{*'B} NMR spectrum of 3b in CsDs
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Figure S22: 13C{*H} NMR spectrum of 3b in CeDe

(OC)sW-PH2BH2As(SiMes)2BH2-NMes (4a):
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Figure S23: 3P (top) and 3!P{*H} NMR spectrum (bottom) of 4a in CeDes.
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Figure S24: 11B (top) and 1B{*H} NMR spectrum of 4a in CeDes.
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Computational Details

The geometries of the compounds have been fully optimized with gradient-corrected
density functional theory (DFT) in form of Becke’s three-parameter hybrid method
B3LYPI with def2-SVP all electron basis set (ECP for Sb, Bi, W).l!1 Gaussian 09
program package!? was used throughout. All structures correspond to minima on their
respective potential energy surfaces. Basis sets were obtained from the EMSL basis
set exchange database.!®!

Table S6: Standard enthalpies AH°29s, (kJ mol?) for reaction
(OC)sWPH2BH2SMe: + ER2BH2-LB= (OC)sWPH2BH2ER2BH2:LB + SMe>

B3LYP/def2-SVP level of theory. Data are given for the most stable isomers in the gas phase.

E
R LB P As Sb Bi
H NMes -59.3 -27.3 5.7 40.0
H NHCMe -74.2 -37.7 0.4 40.0
SiMes NMes -39.2 -27.7 -12.2 13.0
SiMes NHCMe -76.7 -58.5 -32.3 -2.3

Exothermicity of the reaction decreases from P to Bi; for E=Bi, reaction is endothermic
or almost thermoneutral. Reactions with NHCMe as Lewis base are in general more
exothermic (less endothermic). Substitution of H by SiMes groups in general increase

reaction exothermicity, with the exception of PH2BH2-NMes.
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Table S7: Reaction energies AE®o, standard enthalpies AH°298, Gibbs energies AG°298 (kJ mol?) and
standard entropies AS°29s (J mol* K1) for the considered gas phase processes. B3LYP/def2-SVP level

of theory. Data are given for the most stable isomers in the gas phase.

Process AE®o AH®208  AS°208  AG°208
W(CO)sPH2BH2SMe2 + PH2BH2NMes =
W(CO)sPH2BH2PH2BH2NMes + SMe2  -62.0 -59.3 -11.6 -55.8
W(CO)sPH2BH2SMe2 + AsH2BH2NMes =
W(CO)sPH2BH2AsH2BH2NMes + SMe2  -28.9 -27.3 -21.0 -21.0
W(CO)sPH2BH2SMe2 + SbH2BH2NMes =
W(CO)sPH2BH2SbH2BH2NMes + SMe2 5.4 5.7 -8.7 8.3
W(CO)sPH2BH2SMe:2 + BiH2BH2NMes =
W(CO)sPH2BH2BiH2BH2NMes + SMe2  41.0 40.0 -2.8 40.8
W/(CO)sPH2BH2SMe2 + PH2BH2NHCMe =
W/(CO)sPH2BH2PH2BH2NHCM® + SMe2  -76.9 -74.2 -71.4 -72.0
W(CO)sPH2BH2SMe:2 + AsH2BH2NHCMe =
W(CO)sPH2BH2AsH2BH2NHCMe + SMe2  -38.9 -37.7 -12.9 -33.8
W/(CO)sPH2BH2SMe:2 + SbH2BH2NHCMe =
W(CO)sPH2BH2SbH2BHzNHCMe + SMe, 0.7 0.4 0.6 0.2
W(CO)sPH2BH2SMe: + BiH2BH2NHCMe =
W(CO)sPH2BH2BiH2BH2NHCMe + SMe2>  41.0 40.0 11.8 36.5
W/(CO)sPH2BH2SMe: + P(SiMes)2BH2NMes =
W(CO)sPH2BH2P(SiMe3s)2BH2NMes + SMe2  -41.2 -39.2 -24.2 -32.0
W(CO)sPH2BH2SMe2 + As(SiMes)2BH2NMes =
W(CO)sPH2BH2As(SiMes)2.BH2NMes + SMe2  -28.1 -27.7 7.6 -29.9
W(CO)sPH2BH2SMe: + Sb(SiMes)2BH2NMes =
W(CO)sPH2BH2Sb(SiMes):BH:NMes + SMez  -10.8  -12.2 4.6 13.6
W(CO)sPH2BH2SMe: + Bi(SiMes)2BH2NMes =
W(CO)sPH2BH2Bi(SiMes).BH2NMes + SMe2  14.8 13.0 23.5 6.0
W(CO)sPH2BH2SMe:2 + P(SiMes)2BH2NHCMe =
W(CO)sPH2BH2P(SiMe3)2BH2NHCMe + SMe2>  -77.8 -76.7 -28.5 -68.2
W(CO)sPH2BH2SMe: + As(SiMes)2BH2NHCMe =
W(CO)sPH2BH2As(SiMes)2BH2NHCMe + SMe2  -59.0 -58.5 -30.8 -49.3

W(CO)sPH2BH2SMe> + Sb(SiMes):BH.NHCMe = -30.9  -32.3 0.2 -32.2
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W(CO)sPH2BH2Sb(SiMes)2BH2NHCMe + SMez
W(CO)sPH2BH2SMe: + Bi(SiMe3s)2BH2NHCMe =

W(CO)sPH2BH2Bi(SiMe3)2BH2NHCMe + SMe2  -1.0 -2.3 -10.9 1.0
W(CO)sTHF + PH2BH2PH2BH2NMes = -85.0 -82.4 -33.1 -72.6
W(CO)sPH2BH2PH2BH2NMes + THF
PH2BH2PH2BH2NMes = -24.9 -26.4 23.3 -33.3
/3 (PH2BH2)3 + PH2BH2NMe3
PH2BH2PH2BH2NMes = -23.7 -24.0 -0.6 -23.8

/g (PH2BH2)3 + PH2BH2NMes
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Table S8: Total energies E%, sum of electronic and thermal enthalpies H°29s (Hartree) and standard
entropies S°%ugs (cal moltK-1). B3LYP/def2-SVP level of theory.

Point

Compound group E® HO29s SC208
SMe2 Cav -477.8445747 -477.763668 67.882
THF Cs -232.278684 -232.156585 69.941
W(CO)sTHF C2 -865.7468615 -865.567974 146.213
cis_W(CO)sPH2BHz2SMe2 C1 -1479.8327099  -1479.649258 163.853
PH2BH2NMes Cs -542.8627187 -542.689354 88.461
AsH2BH2NMes Cs -2437.2394131  -2437.067688 93.546
SbH2BH2NMes Cs -441.9144850 -441.744913 95.353
BiH2BH2NMes Cs -416.2822950 -416.113645 98.42
PH2BH2NHCMe Cs -751.7185165 -751.479272 115.731
AsH2BH2NHCMe Cs -2646.0978687  -2645.860207 120.001
SbH2BH2NHCMe Cs -650.7767781 -650.541328 122.619
BiH2BH2NHCMe Cs -625.1466082 -624.912024 127.304
P(SiMes)2BH2NMes C1 -1359.9118257  -1359.516004 163.201
As(SiMes)2BH2NMes C1 -3254.2916974  -3253.896492 166.358
Sb(SiMes)2BH2NMes Cs -1258.9663545  -1258.571462 172.603
Bi(SiMes)2BH2NMes Cs -1233.3350633  -1232.940599 176.400
P(SiMes)2BH2NHCMe C1 -1568.7637298  -1568.301954 188.542
As(SiMes)2BH2NHCMe C1 -3463.1459395  -3462.684889 195.104
Sb(SiMez)2BH2NHCMe C1 -1467.8256701  -1467.365015 198.105
Bi(SiMes)2BH2NHCMe C1 -1442.1973268  -1441.737045 202.041
W(CO)sPH2BH2PH2BH2NMe3 Ci1 -1544.8744620  -1544.597532 181.656
W/(CO)sPH2BH2AsH2BH2NMes C1 -3439.2385539  -3438.963661 184.488
W(CO)sPH2BH2SbH2BH2NMes C1 -1443.9005622  -1443.628332 189.245
W(CO)sPH2BH2BiH2BH2NMe3 C1 -1418.2548314  -1417.984010 193.726
W(CO)sPH2BH2PH2BH2NHCMe C1 -1753.7359266  -1753.393140 209.924
W/(CO)sPH2BH2AsH2BH2NHCMe C1 -3648.1008272  -3647.760139 212.89
W(CO)sPH2BH2SbH2BH2NHCMe C1 -1652.7646528 -1652.426757 218.741
W(CO)sPH2BH2BiH2BH2NHCMe C1 -1627.1191267 -1626.782382 226.091
W(CO)sPH2BH2P(SiMes).BH2NMes C1 -2361.9156705 -2361.416537 253.389
W(CO)sPH2BH2As(SiMes)2BH2NMes C1 -4256.2905228  -4255.792624 264.136
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W(CO)sPH2BH2Sb(SiMes)2BH2NMes
W(CO)sPH2BH:2Bi(SiMes)2BH2NMe3
W(CO)sPH2BH2P(SiMes)2BH2NHCMe
W(CO)sPH2BH2As(SiMes)2BH2NHCMe
W(CO)sPH2BH2Sbh(SiMes)2BH2NHCMe
W(CO)sPH2BH:2Bi(SiMe3)2BH2NHCMe
PH2BH2PH2BH2NMes

(PH2BH2)3

(PH2BH2)s

-2260.9586130
-2235.3175572
-2570.7814970
-4465.1565431
-2469.8255904
-2444.1858418
-911.3739179
-1105.562019
-2948.161857

-2260.461707
-2234.821220
-2570.216754
-4464.592752
-2469.262901
-2443.623501
-911.154747
-1105.426301
-2947.796221

269.676
277.989
277.698
283.704
294.019
295.404
113.296
91.206
197.532

Cartesian coordinates of the optimized geometry can be obtained from:

https://doi.org/10.1002/anie.201707436
or from the provided DVD.
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Depolymerization of Poly(phosphinoboranes)

4. Depolymerization of
Poly(phosphinoboranes): From Polymers to

Lewis Base Stabilized Monomers

Christian Marquardt, Oliver Hegen, Ariane Vogel, Andreas Stauber,
Michael Bodensteiner, Alexey Y. Timoshkin, and Manfred Scheer
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Abstract: We report on depolymerization reactions of poly(phosphinoboranes). The
cleavage of the polymers [H2PBH:]n (2a), [tBUHPBH:]» (2¢), [PhHPBHz]» (2€) and the
oligomer [Ph2PBH2]n (2b), with strong Lewis bases (LBs), in particular with NHCs,
leads to the corresponding monomeric phosphanylboranes R!R?PBH2LB. It is
observed that the depolymerization depends on the strength and stability of the LBs
as well as on the substitution pattern of the poly(phosphinoboranes). The solid state
structures of the monomeric phosphinoboranes H2PBH2NHCMe (NHC = N-heterocyclic
carbene) (4a), H2PBH2NHCY?? (5a) and tBUuHPBH2NHCMe (4¢) were determined. DFT
calculations support the experimentally observed reaction behaviour.

60



Depolymerization of Poly(phosphinoboranes)

4.1 Introduction

Polymers based on main-group elements other than carbon are in the focus of current
research as a result of their versatile potential applications for elastomers, lithographic
resists, or as ceramic precursors.*? Main-group macromolecules can be accessed by
different polymerization pathways.8! Metal-catalyzed polycondensation routes and, in
particular, dehydrocoupling processes attracted a lot of attention and were successfully
used for the preparation of poly(aminoboranes) [RHNBHz]» (R = alkyl, H)*5 and
poly(phosphinoboranes) [RHPBH2]» (R = aryl).[®l Those polymers exhibit backbones of
alternating Group 13 and Group 15 elements and are formally isoelectronic to
polyolefins. However, due to the difference in electronegativity and their thus resulting
polar bonds, they possess significantly different physical and chemical properties,’]
leading to the synthesis of a large variety of polymeric BN analogues.!®
Poly(phosphinoboranes) with reasonably high molar masses were prepared by the Rh-
and Fe-catalyzed dehydrogenation of primary phosphine-boranes RPH2BHz3.[6:2.10
Studies of the coordination chemistry of phosphine-borane ligands at the metal centers
allowed to elucidate the P-B bond formation processes leading to dehydrogenative
oligomerization and polymerization.!1% With nearly non-polar P-H bonds, the catalytic
dehydrocoupling routes depend on the electron withdrawing properties of the aryl
groups on the phosphorus atoms to facilitate the reaction, resulting in a limited
substrate range. The only examples of poly(alkylphosphinoboranes) of modest molar
mass were achieved by Rh-catalyzed dehydrocoupling of RPH2BH3 (R = 'Bu, FCCH?2)
in reactions that generally lead to chain branching and crosslinking.6>9 Recently, a
new way for the generation of poly(phosphinoboranes) was presented, circumventing
the disadvantages of metal-catalyzed dehydropolymerization [l and giving access to
high molecular weight poly(alkylphosphinoboranes),l*? based on the use of
pnictogenylboranes R2EBH2NMes (R = alkyl, aryl, H), which are easily accessible at
gram scale 12131 and are valuable starting materials for the formation of ionic oligomeric
(E = As, P)[13.14 and polymeric materials (Scheme 1, E = P).[*2 Thermal treatment of
the phosphanylboranes R2PBH2NMes (R = H, alkyl, aryl, Scheme 1, 1a - d) either in
solution or in the absence of a solvent leads to the elimination of NMes and subsequent
polymerization yielding oligo- and poly(phosphinoboranes) [R*R?2P-BHz2]» (Scheme 1,
2a-d). In particular, the gentle thermolysis (22—-40 °C) of tBuPHBH2NMes (Scheme 1,
1c) afforded the poly(alkylphosphinoborane) [tBuPHBHz]» (Scheme 1, 2c¢) with a high
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molar mass and a reasonably low polydispersity index, which is characteristic of a

mainly linear material (Scheme 1).

22-100 °C -
n R'RZPBH,NMe; — > n [R'R2P-BH,] — [R'R?P-BH,],
-n NMejy
1a-d 2a-d

a:R"=R?=H; b:R"=R?=Ph; c:R" =Bu, R?= H; d: R" = Me, R?=H

| oo
PhPHz-BH3% P—B
-H I I
H o H
n
2e

Scheme 1: .Pol%/merization of phosphar15ylboranes by either LB elimination for 2a-dl213 and
dehydrocoupling for 2eF}(Rh' = [Rh(u-Cl)(1,5-cod)]2).

Although many examples of polymerization reactions are known, the opposite process,
namely depolymerization reactions, are quite scarce. Schulz et al. presented the
cleavage of the cyclic oligomeric phosphino- and arsinoalanes by DMAP (4-
(dimethylamino)-pyridine) as a convenient way for the synthesis of monomeric group
13/15 compounds.*® Hanisch et al. also succeeded in the cleavage of a series of cyclic
phosphino- and arsinogallanes with Lewis bases such as DMAP and N-heterocyclic
carbenes (NHCs).[2®l Based on NMR investigations, the Manners group has recently
found that poly(aminoboranes) [RHNBHz]» (R = alkyl, H) can be transformed into
monomeric compounds by cleaving with NHCs.['"] The importance of NHCs in the
stabilization of reactive main group compounds was already demonstrated by our
group™® and also by the groups of Rivard*®! and Robinson.[?%l However, systematic
investigation of cleavage of inorganic polymers in general and poly(phosphinoboranes)

in particular by very different Lewis bases has not been performed yet.

4.2 Results and Discussion

Herein we report on an alternative approach to the monomeric phosphinoboranes by
the depolymerization of poly(phosphinoboranes) with strong Lewis bases and, in
particular, NHCs. For those studies, we chose the parent compound of the
poly(phosphinoboranes) 2a and the substituted derivatives 2b and 2c as well as the
well-known poly(phenylphosphinoborane) [PhHPBH2]n (2e). DFT computations
revealed that among the [H2PBH2z]m (m = 1 - 8) oligomers, the cyclic trimer [H2PBHz2]3
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is the most energetically stable one. Therefore, the model reaction (1) was used for
the computation of the energetics of the first step of a non-cross-linked polymer

cleavage:

cyclo-[R'R?PBH2]z + LB — chain-(R'R?PBH3)3LB (1)

in which LB = Lewis base. The data in Table 1 indicate that energetics strongly
depends both on the nature of the Lewis base and the substituents R on the
phosphorus atom. The favorability of the reaction (1) expectedly increases with the
increase of the basicity of LB in the order of NMes < DMAP < NHCPPP < NHCMe, The
cleavage of all polymers by NHCMe (1,3,4,5-tetramethylimidazolylidene) is exothermic,
while NHCPPP (1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene) is predicted to

exothermically cleave only H,H and H,Ph derivatives.

Table 1: Standard enthalpies for the gas phase reaction (1);
[kJ molt]. B3LYP/def2-SVP level of theory.

LB\RL, R2  H,H Ph,Ph  H,Bu H, Ph
NMes 56 120 124 57
DMAPE! 10 66 68 11
NHCMetb! -76 -19 -5 -76
NHCdippLc -56 41 29 -43

[a] DMAP = 4-dimethylaminop ridine,éb] NHCMe =1 3,4,5-
tetramethyl-imidazolylidene, [c] NHCdPr = 1 3-his(2,6-
diisopropylphenyl)imidazolin-2-ylidene

According to DFT computations (see the Supporting Information), the cleavage of
trimers by NMes is endergonic, which indicates the thermodynamic instability of
R!R?PBH2NMes with respect to its polymerization. Interestingly, while the
phosphinoboranes 1a-d can be obtained in gram scale, the isolation of HPhPBH2NMe3
(1e) in large amounts has failed so far despite many attempts being made (see the
Supporting Information). For the stronger Lewis base DMAP, computational data
indicate that the cleavage process is much less endergonic. Interestingly, no cleavage
was observed experimentally with DMAP for 2a, 2b and 2c for 72 h in boiling toluene.
Only for the polymer 2e a partial (ca. 25% based on 3P NMR spectroscopy) conversion
was observed, when an excess of DMAP was used (18 h at 110 °C in boiling toluene;
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see the Supporting Information). An excess of DMAP presumably shifts the equilibrium
to the formation of 3e.

The stronger donor NHCMe is predicted to exergonically cleave all considered
polymers. In the reaction of [H2PBHz], (2a) with NHCMe, only a 5% conversion to
H2PBH2NHCMe (4a) was observed (24 h in boiling toluene). The addition of an excess
of NHCMe or elongated reaction times do not lead to a higher conversion rate. To
ensure a correct assignment of the NMR signals, compound 4a was obtained using an
alternative synthetic route (see the Supporting Information).

The reaction of [PhHPBH2]» 2e with NHCM¢ in boiling THF (65 °C) leads to the cleavage
of over 70% of the polymeric material after 30 min. PhHPBH2NHCMe (4e) is obtained
in about 40% vyield (based on 3P NMR spectroscopy)i! as a white solid, which readily
crystallizes from n-hexane. Unfortunately, single crystals suitable for X-ray structure
analysis could not be obtained. However, 4e could unambiguously be identified by
NMR spectroscopy and mass spectrometry experiments.

The addition of an equimolar amount of NHCMe to ['BuHPBH:]» (2c) smoothly cleaves
2c (72 h at 45 °C in toluene) yielding the monomeric phosphanylborane
tBUHPBH2NHCMe (4¢) in about 80% yield (determined by 3P NMR spectroscopy).
Further addition of NHCMe does not lead to higher yields due to the contents of
crosslinked/low molecular weight polymers.[?2 4c can be extracted with n-hexane,
however, unassigned side products and [tBuHPBH2]» are also soluble, and thus
several recrystallization steps are necessary to obtain analytically pure 4c, leading to
a low crystalline yield of 29%. In contrast, the di-substituted oligomer 2b could not be
cleaved at all, which we attribute to a steric shielding of the two substituents at the P-
atom.

Computational data indicate that the process of interaction of polymers with NHCdPp
with the formation of RIRZPBH2NHCY®P is exergonic. However, when the initial stage,
modelled by the reaction (1), is considered, NHCYPP exothermically cleaves only the
parent compound (2a) and the monophenyl-derivative (2e), while the cleavage of 2b
and 2c is endothermic. In agreement with these computational predictions, no
monomeric phosphinoboranes can be found in the reaction of NHCYPP with 2b and 2c
(Scheme 2). The parent poly(phosphinoborane) 2a is cleaved (72 h in boiling toluene)
resulting in the formation of H2PBH2NHCYPP (5a). According to the 3P NMR, 5a is
formed in a 65 % yield, along with two other compounds, which could not be separated

or identified. Alternatively, 5a can be synthesized by a LB exchange adding NHCYPP to
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H2PBH2NMes in boiling toluene (see the Supporting Information). Some cleavage of
the polymer 2e by NHCY?P is detected (72 h in boiling toluene), but no monomeric

phosphinoborane is formed.

[R'R?P-BH,], 3 > R'R?P-BH,LB
R/ LB DMAP NHCMe  NHcdiPP
2a: R'=R2=H - 4a (25%) 5a (65%)
2b: R'=R2=Ph - - -
2¢: R'=1Bu,R?=H - 4c (29%) -

2e: R'=Ph,R2=H 3e(25%) 4e (21%) -

Scheme 2: Depolymerization of poly(phosphinoboranes) (yield in parentheses).

The experiments revealed that for the cleavage of polymeric materials strong Lewis
bases are needed. The strong NHCMe is able to cleave monosubstituted polymers
[R'HPBH2]» (R1 = 'Bu (2c), Ph (2e)) and the parent compound [H2PBHz], (2a).
However, due to the insolubility of 2a, its cleavage requires higher temperatures and
prolonged reaction times. Since NHCMe is thermally unstable,?3] the prolonged heating
results in its partial thermal destruction and low yield of 4a (5%). In this case, the
thermally stable NHCYPP performs much better (65% conversion of 2a to 5a).

In contrast to the report of Manners et al.,['”l where the products RHNBH2-NHC were
characterized in solution but not isolated in the solid state, we were able to isolate and
characterize several NHC-stabilized phosphanylboranes.[?!l The X-ray crystallographic
determination of the solid-state structures revealed that all compounds possess P-B
single bonds (4a: 1.993(2) A, 4c: 1.988(2) A, 5a: 1.990(2) A) and C-B single bonds
(4a: 1.597(3) A, 4c: 1.599(3) A, 5a: 1.593(2) A) (Figure 1).
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4c 5a

Figure 1: Molecular structures of H.PBH2NHCMe (4a), tBuHPBH2NHCM® (4c¢) and, H2PBH2NHCdPp (5a)
in the solid state. Thermal ellipsoids are drawn Wlth 50% probablllty Hydrogen atoms bonding to carbon
are omitted for clarity. Selected bond len gths[) ] and angles [°]: 4a: P-B 1. 993&8 B-C 1.59 gg C-B-
g 1'9%161681281 4c: P-B 1.988(2), B—C 1.599(3) C-B-P 106 31(9), 5a: P-B 1.990(2), B-C 1.593(2), C-

4.3 Conclusion

In summary, it was shown that linear poly(phosphinoboranes) can be cleaved by strong
LBs to form the corresponding monomeric phosphanylboranes. However, the
depolymerization reaction depends not only on the basicity of the LB but also on its
thermal stability. The solubility and stability of the poly(phosphinoboranes), influenced
by the substitution patterns, also play an important role. Computations predict that
other thermally stable NHCs, such as 1,3-bis-tert-butylimidazol-2-ylidene (NHC®Y) and
1,3-bis[2,6-bis(diphenylmethyl)-4-methylphenyl]limidazole-2-ylidene (NHCP"™), should
also exothermically cleave 2a and 2e.[?® The expansion of the new recycling strategies

for other polymers will be explored in the future.
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4.5 Supporting Information

Experimental Section: Synthethic Procedures

General Techniques: All manipulations were performed under an atmosphere of dry
nitrogen or argon using standard Glovebox and Schlenk techniques. Solvents are
degassed and purified by standard procedures. The compounds NHCMe 1l NHCdipp, 2
IBH2NMes, Bl PhP(SiMes)2, [ [PPhH-BH:z],, ! (CeFs)3GaEt201! | [H2PBH2]n, [Ph2PBH2]n,
[(BUHPBH:]n"l , (CsFs)sEPhHP-BH2NMes (E = B, Ga),l® and H2PBH2NMes! were
prepared according to the literature procedures. [LiPPh(SiMes)tmedal. was
synthesized based on a slightly modified procedure.l®l DMAP and "BuLi was used as
received. MeOH was dried over molecular sieve, tmeda over CaH2 and distilled.

The NMR spectra are recorded on either a Avance 300 (*H: 300.132 MHz, 3'P:
121.468 MHz, *°F: 282.404 MHz) or Avance 400 spectrometer (*H: 400.13 MHz, 3'P:
161.976 MHz, 'B: 128.378 MHz, **C{*H}: 100.623 MHz) with & [ppm] referenced to
external SiMes (*H, 13C), HsPOa4 (°'P) or BF3-Et20 (}!B). IR spectra are measured on a
DIGILAB (FTS 800) FT-IR spectrometer. All mass spectra are recorded on a
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ThermoQuest Finnigan TSQ 7000 (ESI-MS) or a Finnigan MAT 95 (FD-MS and ElI-

MS). The C, H, N analyses are measured on an Elementar Vario EL Ill apparatus.

1. Syntheses of LB stabilized phosphanylboranes and thermal instability of NHCMe in

solution

1.1 Syntheses of HPhPBH:NMes (le) and polymerization by thermolysis to
[HPhPBH:]\ (2€)

First attempts involved the cleavage of the LA from the LA/LB-stabilized compounds
(CeFs)3E’PhHPBH:2NMes (E’ = B, Ga).[¥l While the reaction of (CeFs)s:BPhHPBH2NMes
with DMAP (4-dimethylaminopyridine, Scheme SI1), even with a large excess, did not
lead to a full conversion, a complete elimination of the LA was achieved in the reaction
of (CeFs)sGaPhHPBH2NMes with a stoichiometric amount of DMAP. The
phosphanylborane HPhPBH2NMes (1e) and (CsFs5)sGaDMAP are obtained as reaction
products (Scheme 2). Unfortunately 1e could not be separated from (CeFs)sGaDMAP
((CeFs)sGaDMAP, was also synthesized selectively to ensure a correct assignment of
the signals of the reaction products) and be isolated as a pure product due to similar
solubility. EI mass spectrometry and NMR spectroscopy studies clearly indicate the

formation of HPhPBH2NMes (1e).

+DMAP
(CeF5)3E'HPhPBH,NMe; ——— > HPhPBH,NMe; + (CgFs)3E'DMAP

1e E'=B, Ga

Scheme SI1: Generation of le via displacement of the LA.
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NMes
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Figure SI1: *H NMR spectrum of 1e and (CsFs)sGaDMAP in CD2Cl2. All signals marked with * are

assigned to (CsFs)3GaDMAP (the signals are shifted about 0.1 to 0.2 ppm in comparison to the pure

substance).

For a selective generation of le a metathesis route by the reaction of
[LIPPh(SiMes)tmeda]z (tmeda = N,N,N,N-Tetramethylethane-1,2-diamine, CeH1sN2)
with IBH2NMes proved to be the best procedure (Scheme SI2). During the synthesis
and isolation of le the stabilizing NMes seems to be too loosely attached to the boron
atom, because partly elimination and subsequent polymerization occurs Yyielding
[HPhPH2B]n (2e, Scheme SI2).

toluene

0.5 [LiPPh(SiMes)tmeda], + IBH,NMe; — > (Me;Si)PhPBH,NMes,
Ll MeOH(exc)
-MeOSiMe;
A
[HPhP-BH,], — HPhPBH,NMe;
2e -NMes 1e

Scheme SI2: Synthesis of 1e and subsequent polymerization to [HPhPBH2]» (3e).

However, a small amount of crystals could be isolated and the proposed structure of

1e was confirmed by single crystal X-ray structure analysis and *H, B and 3P NMR
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spectroscopy. The best yield of 1e was obtained if the reaction is done in toluene as a
solvent and at low temperatures (Scheme SI2).

Single crystals are obtained by storing a solution of 1e in n-hexane at —28°C. In the
solid state the P—B distance is 1.955(2) A, corresponding to a P-B single bond (Figure
SI3).

Heating a solution of HPhPBH2NMes (1e) in toluene to 100°C affords a product, which
shows overlapping signals in the 3!P NMR spectrum (Figure SI2), similar to those
reported for the thermolytic, uncatalyzed dehydrocoupling of H2PhPBH3.11% Generation
of the free phosphine H2PhP is also observed. Poorly resolved peaks in the 3P NMR
spectrum suggest a mixture of low molecular weight polymers; therefore the reaction

mixture was not characterized any further.

I ' I j I j ] T I j I j
-20 -40 ~60 -80 100 -120 ppm

Figure SI2: 3'P{*H} NMR spectra of HPhPBH2-NMes (top) and [HPhPBH:z]n (bottom) in CeDs at r.t. * =
PhPHa.

1.2 Alternative syntheses of H,PBH,NHC (NHC = NHCMe, NHCdirp)

Heating a solution of H2PBH2NMes (1a) and NHCMe in toluene to 110°C vyields the
monomeric phosphanylborane H2PBH2NHCMe (4a). After 2h no H2PBH2NMes (1a) can
be observed in the 3'P-NMR-spectrum of the reaction mixture. H2PBH2NHCMe (4a) is
with 97% the main product. The unidentified side product is precipitated by addition of
n-hexane. Crystals of 4a are obtained by slow evaporation of a 2:1-mixture of n-

hexane/toluene as colorless blocks (Figure SI5).
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Heating a solution of H2PBH2NMez (1a) and NHCY?? in toluene to 110°C yields the
monomeric phosphanylborane H2PBH2NHCA?P (5a). After 1h no H2PBH2NMes (1a) can
be observed in the 3'P-NMR-spectrum of the reaction mixture. H.PBH2NHCYPP (53) is
with 90% the main product. 5a crystallizes by storing a saturated benzene solution at

r.t. as colorless blocks (Figure SI7).

1.3 Thermal instability of NHCMe at prolonged heating in solution

15 mg of fresh sublimed NHCMe were dissolved in toluene-d® and heated in a NMR
tube at 100°C. At the beginning, after 24h, after 48h and after 72h a *H-NMR-spectrum

was measured. In addition, a second NMR tube with fresh sublimed NHCMe in toluene-

d® was measured after 6d stirring at r.t.

NHC™ after 72h in toluene-d° at 100°C

| Lo
NHC™ after 48h in toluene-d° at 100°C J
il

| Y M A__LU X ”

NHC™ after 24h in toluene-d° at 100°C

Ll A.LL.h.Hl.Al’(II I

NHCNIe after 6d in toluene—d8 atr.t.

Ak wl lll“ | ST

Fresh sublimed NHC"®

T T T T T T T T T T T T T T T T T T T T 1
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

Figure SI3: 'H-NMR spectra of NHCMe in toluene-d® after 24h, 48h and after 72h at 100°C (Signals
generated by the methyl groups of NHCMe are marked with *). For comparison the *H-NMR spectra of

fresh sublimed NHCMe and after 6d in toluene-d® are also pictured.

The signals produced by decomposition products increase at prolonged heating
compared to the signals generated by the methyl groups of NHCMe, This shows the

thermal instability of NHCMe in solution.
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1.4 Synthesis of (CsFs)3GaDMAP and PhHPBH2NMes

Direct synthesis of (CsFs)sGaDMAP: (CsFs)sGaEtzO (300 mg, 0.465 mmol) and
DMAP (57 mg, 0.467 mmol) were dissolved in 15 mL of toluene. The reaction mixture
was stirred overnight (18 h) at room temperature. The solution was concentrated
under reduced pressure to about 2—-3 mL and stored at 4°C. After one day
(CsFs)sGaDMAP crystallizes as colourless prisms. The crystals were filtered off the
solution and washed with n-hexanes (3 x 7 mL). Yield: 302 mg (94 %).

'H NMR (CD2Cl2, 25°C): 6 =3.12 (s, 6H, NMez2), 6.64 (d, 3JnuH =8 Hz, 2H, H-C(2)),
7.97 (d, 3Jnn =7 Hz, 2H, H-C(3)).

19F NMR (CD2Clz, 25°C): 6 =-123.3 (m, o-F, 6F, Ga(CeFs)3), —154.5 (t, 3JrF = 19 Hz,
p-F, 3F, Ga(CeFs)3), —162.2 (m, m-F, 6F, Ga(CeFs)3).

ESI-MS (MeCN): m/z =692 (11 %, [M]*), 570 (8 %, [(CeFs)3Ga]*), 525 (17 %, [M-
CsFs]*), 403 (24 %, [Ga(CeFs)2]*), 168 (35 %, [CsFsH]™), 122 (100 %, [DMAP]*).

Synthesis of PhHPBH2NMes (1e)

Route via elimination of LA

(CsFs)sGaPhHPBH2NMes (300 mg, 0.4 mmol) was dissolved in 10 mL CH2Cl> and
then DMAP (49 mg, 0.4 mmol) was added. The solution was stirred overnight (18 h) at

room temperature and the solvent was removed under reduced pressure.
PhHPBH2NMes (1e) and (CsFs)3sGaDMAP was obtained in equal quantities. Attempts
to purify and isolate 1e from (CeFs5)sGaDMAP failed.

H NMR (CD2Clp, 25°C): 6 = 2.21 (q, br, 1Jsx = 107 Hz, 2H, BH), 2.60 (s, 9H, NMe3),
3.24 (dt, LJpn = 212 Hz, 3Jnn = 6.4 Hz, 1H, PH), 7.05 (t, 3Jnn = 7 Hz, p-Ph, 1H), 7.14
(t, 3Jnn = 7 Hz, m-Ph, 2H), 7.42 (m, o-Ph, 2H).

3P NMR (CD2Cl, 25°C): 6 =-99.7 (d, 1Jp,H = 212 Hz, PH).

31P{*H} NMR (CD2Cl2, 25°C): 6 =-99.7 (s, PH, ).

1B NMR (CD2Cl2, 25°C): 6 = —4.7 (td, {JsH = 107 Hz, 1Js,p=32 Hz, BH>).

1B{*H} NMR (CD2Cl2, 25°C): 6 =—4.7 (d, 1Jsp = 32 Hz, BH>).

13C{*H} NMR (CD2Cl2, 25°C): 6 =53.3 (d, 2Jcp = 6 Hz, NMes), 125.3 (s, m-C, Ph),
128.2 (d, 3Jcp =5 Hz, p-C, Ph), 132.8 (d, ?Jcp = 12.5 Hz, 0-C, Ph).

EI-MS (70 eV, toluene): m/z = 181 (4 %, [M]*).
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Metathesis route

Alternative synthesis of [LiPPh(SiMes)tmeda]z: 13.7 g (53.9 mmol) PhP(SiMes)2
and 11 mL tmeda are dissolved in 60 mL of THF. Under vigorous stirring 34.25 mL of
a 1.6 M (54.8 mmol) solution of "BuLi in n-hexane are added dropwise and the solution
is stirred for 12h. After removal of all volatiles under reduced pressure the resulting
[LiIPPh(SiMes)tmeda]z is washed 2 times with 10 mL of toluene and 2 times with 10 mL

of n-hexane. The solid is dried under reduced pressure.

Yield of [LiPPh(SiMes)tmeda]z: 14.6 g (89%). All analytical data are in accordance with

the previously published values.

Synthesis of (MesSi)PhPBH2NMes: A solution of 199 mg (1.0 mmol) IBH2NMes in 10
mL of toluene is added to a solution of 304 mg (0.5 mmol) [LIPPh(SiMes)tmeda]z in 10
mL toluene at —40°C. The reaction mixture is stirred for 18 h upon slow warming to r.t..
The solution is filtrated through diatomaceous earth and all volatiles are removed under
reduced pressure and a white wax is obtained.

3P NMR (CeDs, 25 °C): 6 =—129.5 (m, br).

31P{*H} NMR (CéDs, 25 °C): 6 =—-129.5 (m, br).

1B NMR (CeDs, 25 °C): 6 =-3.5 (m).

1B{*H} NMR (CsDs, 25 °C): 6 = -3.5 (m).

Synthesis of PhHPBH2NMes (1e): A solution of 199 mg (1.0 mmol) IBH2NMes in 10
mL of toluene is added to a suspension of 304 mg (0.5 mmol) [LiPPh(SiMes)tmeda].
in 10 mL toluene at —40°C. After stirring the reaction mixture for 18 h at r.t. the solution
is filtered through diatomaceous earth and is cooled to —40°C. 0.5 mL of methanol are
added and the mixture is stirred for further 18 h. All volatiles are removed under
reduced pressure and the remaining solid is extracted with n-hexane (3 x 50 mL) and
filtered through diatomaceous earth. The solution is concentrated under reduced
pressure. Storing the solution at 3°C affords a small amount of crystals as colourless
needles.

'H NMR (CeDs, 25 °C): 6 =1.80 (s, NMes), 2.61 (m, BH2), 3.66 (dt, 1Jup =210 Hz,
3Ju,H = 6 Hz, PH), 7.02 (m, 1H, p-Ph), 7.15 (m, 2H, m-Ph), 7.73 (m, 2H, o-Ph).

3P NMR (CeDs, 25 °C): 6 =—98.5 (dm, br, 1Jup = 210 Hz).

31P{*H} NMR (CeéDs, 25 °C): 6 =-98.5 (m).
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1B NMR (CsDs, 25 °C): & = —4.0 (dt, 1Jsp = 35 Hz, 1JgH = 107 Hz).

UB{*H} NMR (CeDs, 25 °C): 6 = -4.0 (d, 1Jsr = 35 Hz).

FTIR (KBr): 7 = 3065 (w, CH), 3059 (w, CH), 2994 (w, CH), 2942 (w, CH), 2916 (w,
CH), 2383 (s, B-H), 2296 (sh), 2264 (m, P-H), 1951 (w), 1584 (m), 1480 (vs), 1463 (s),
1447 (m), 1431 (m), 1404 (m), 1385 (w), 1251 (s), 1158 (m), 1123 (s), 1074 (s), 1062
(s), 1030 (m), 1011 (m), 980 (m), 952 (w), 907 (w), 887 (m), 851 (s), 745 (s), 738 (s),
696 (s), 575 (W), 551 (W), 480 (W), 462 (w).

‘HB \! 31P
I )A
Ul M \

«
S

"BeHy | peHy |
|

i

Figure Sl4: (left) *H NMR spectrum of 1ein CeDs at r.t., (right) 1'B and 3P NMR spectra of 1e in CeDs

at r.t.* = solvent CsDe.

1.5 Synthesis of 4a and 5a by LB exchange

Synthesis of H2PBH2NHCMe (4a): To a solution of 110 mg (1.05 mmol)
H2PBH2NMes™ in 20 mL toluene 194 mg (1.56 mmol) NHCMe is added in portions at
0°C. The reaction mixture was refluxed for 2 h, and the still hot solution was filtered
through diatomaceous earth. The reaction mixture is layered with n-hexane. The

mother liquor containing 4a is decanted. All volatiles including NHCMe are removed
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under reduced pressure. The remaining solid is washed with n-hexane and dried under
reduced pressure. 4a is obtained as colorless powder. The product is not given in
analytical purity. Yield: 42 mg (25%)

1H NMR (CD2Clz, 25°C): & = 0.85 (dt, XJp,4 = 178 Hz, 3Jun = 7 Hz, 2H, PH), 1.56 (q,
1Jgn = 94 Hz, 2H, BH), 2.11 (s, CCHs, 6H, NHCMe), 3.57 (s, NCHs, 6H, NHCMe),

31P NMR (CD2Cl2, 25°C): 6 = -211.7 (tq, YJs,p = 24 Hz,YJp,x = 178 Hz, PH).

31P{1H} NMR (CD2Clz, 25°C): & = —211.7 (q, Jsp = 24 Hz).

1B NMR (CD2Cl2, 25°C): & = —-34.9 (dt, 1Jsp = 24 Hz, 1JsH = 94 Hz).

1B{*H} NMR (CD2Clp, 25°C): 6 =-34.9 (d, 1Js,p = 24 Hz).

BC{IH} NMR (CD2Cl2, 25°C): 6 = 8.8 (s, CCH3, NHCMe), 32.4 (NCH3z. NHCM®), 123.9
(s, C=C, NHCMVe),

FTIR (KBr): 7 = 2943 (m, CH), 2923 (w, CH), 2863 (w, CH), 2365 (vs, br, 2 sh, BH),
2308 (m, PH), 2274 (s), 2259 (vs), 1659 (m), 1477 (m), 1455 (w), 1438 (m), 1398 (m),
1369 (w), 1261 (w), 1230 (w), 1207 (w), 1167 (m), 1115 (m, br), 1077 (m), 1007 (s, sh),
967 (m), 808 (w, br), 740 (w), 673 (m), 584 (w), 485 (w), 466 (w) cm=.

11B 31P

11B{1H} 31P{1H}
-—‘-—"‘AJ u‘“_\
i ' ] ! I ’ [ ' T Y [ ;
-32 =34 -3¢ -38 ppm -205  ~210  -215 ppm

Figure SI5: 1B and 3P NMR spectra of 4a in CeDs at r.t. * = HsBNHCMe [12]

Synthesis of H2PBH2NHCY P (5a): To a solution of 118 mg (1.12 mmol) H2PBH2NMe3
in 50 mL toluene 436 mg (1.12 mmol) NHCYPp is added in portions at 0°C. The reaction
mixture was refluxed for 1 h. After cooling down the solution was filtered through

79



Depolymerization of Poly(phosphinoboranes)

diatomaceous earth. All volatiles are removed under reduced pressure and the
remaining solid is washed with n-hexane and dried under reduced pressure. 5a is
obtained as colorless powder. The product is contaminated by HsBNHCAPp

Yield: 317 mg (65%)

IH NMR (CeDs, 25°C): & = 1.02 (d, 3Jun = 7 Hz, 12H; CH-Me), 1.24 (br d, XJpn = 177
Hz, 2H; PH2), 1.37 (d, 3Jun = 7 Hz, 12H; CH-Me), 1.87 (br q, 1JsH = 96 Hz, 2H; BH>),
2.77 (sept, 3Jun = 7 Hz, 4H; CH-Me), 6.41 (s, 2H; CH=CH), 7.09 (m, 4H; m-Ph), 7.22
(m, 2H; p-Ph).

3P NMR (CsDs, 25°C): 6 = —212.7 (br t, LJpn = 177 Hz, PH).

31P{*H} NMR (CeDs, 25°C): 6 = —212.7 (br s).

1B NMR (CsDs, 25°C): 6 = —34.1 (br t, 1JsH = 92 Hz).

1B{*H} NMR (CesDs, 25°C): 6 =-34.1 (br, s).

FD-MS (toluene): m/z = 434.4 (100 %, [M]*).

FTIR (KBr): v = 3154 (w, CH), 3070 (w, CH), 3033 (w, CH), 2946 (vs, CH), 2930 (s,
CH), 2870 (s, CH), 2761 (w), 2732 (w), 2381 (m br, BH), 2285 (w br, PH), 1681 (w),
1597 (m), 1535 (m), 1468 (s), 1422 (w), 1387 (w), 1366 (w), 1331 (m) 1302 -(w), 1269
(m), 1208 (w), 1182 (w), 1163 (w br), 1163 (m), 1062 (s br), 1023 (w), 983 (w), 953 (w),
937 (w), 805 (s), 757 (s), 686 (m) cm™™.

11B

11B{‘IH}

~32 ~34 =36 pom ~215 pom

Figure SI6: 1B and 3P NMR spectra of 5a in CeDs at r.t. * = HaBNHCdipp [13]
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Figure SI7: 'H NMR spectrum of 5a in CsDs at r.t. * = ba

1.6 Depolymerization reactions

Synthesis of PhHPBH2DMAP (3e)

[PhHPBHz2]\ (2e, 209 mg, 1.7 mmol) and DMAP (866 mg, 7.1 mmol) were dissolved in
30 mL toluene. The mixture was refluxed for 18 h (spectroscopic yield approximately
25% by 3P NMR) and then filtrated. The NMR shows a mixture of [PhHPBHz2],, DMAP
and the cleavage product PhHPBH2DMAP (3e). Further purification or separation from
DMAP by sublimation, crystallisation or extraction with different solvents failed.

31p NMR (CeDs, 25°C): 6 = —71.7 (d, LJpn = 193 Hz, PH).

31P{*H} NMR (CesDs, 25°C): 6 = —-71.7 (s, PH).
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Figure SI8: 31P NMR spectra of reaction mixture 1e and 3e in CeéDs at r.t. * = 2e

Synthesis of 'BuHPBH2NHCMe (4c): A solution of 161 mg (1.00 mmol) ‘BuHP-
BH2NMes in 5 mL toluene is stirred at 45°C for 3 days. The completeness of the
reaction was confirmed by 3!P NMR. The resulting solution of ['BUHP—BH2]n (2¢) is
added to 124 mg (1.00 mmol) freshly sublimed solid NHCMe, After refluxing the mixture
for 3 days (spectroscopic yield approximately 80% by 3P NMR), all volatiles are
removed under reduced pressure. ‘BUHPBH2NHCMe (4c) is dissolved in 10 mL of n-
hexane and filtrated. The solution is concentrated under reduced pressure.
'BUHPBH2NHCMe (4c) crystallises at -28 °C as colourless needles. After decanting of
the supernatant the crystals are dissolved in a minimum of n-hexane and recrystallized
for 2 more times. The crystals are separated and washed with cold n-hexane (-80°C,
3x5 mL). Yield: 65 mg (29 %).

IH NMR (CeDs, 25 °C): 6 = 1.14 (s, 6H, C-Me), 1.70 (d, 3Jup = 10 Hz, 9H, Bu), 2.37
(m, BH2), 2.55 (dm, 1Jup = 173 Hz, 1H, PH), 3.15 (s, 6H, N-Me).

3P NMR (CéDs, 25 °C): 6 = —63.7 (d, 1Jn,p = 173 Hz, br).

31P{*H} NMR (CéDs, 25 °C): 6 = —63.7 (q, 1Js,p = 28 Hz).

1B NMR (CsDs, 25 °C): 6 =-32.5 (td, 1Js,H = 95 Hz, 1Jsp = 28 Hz).

1B{*H} NMR (CsDs, 25 °C): 6 =-32.5 (d, 1Js,p = 28 Hz).
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13C{*H} NMR (CesDs, 25 °C): 6 = 7.8 (s, C-Me), 26.6 (d, 1Jcp = 11 Hz, CMe3s), 32.0 (N-
Me), 33.4 (d, 1Jcp = 6 Hz, C-Me3), 122.8 (s, C=C), 169.6 (q, *Jcs = 52 Hz, CB).

FTIR (KBr): v = 2946 (vs, CH), 2929 (vs, CH), 2887 (s, CH), 2850 (s, CH), 2358 (vs,
br, BH), 2300 (s, BH), 2245 (s, PH), 2233 (s, PH), 1656 (m), 1471 (s), 1455 (s), 1431
(s), 1441 (s), 1396 (s), 1355 (m), 1231 (w), 1167 (m), 1111 (w), 1016 (m), 997 (m), 953
(m), 873 (m), 820 (m), 780 (w), 715 (w), 604 (w).

EI-MS (toluene): m/z = 57 (9%, [Bu]*), 137 (100%, [BH2- NHCMe]*), 226 (15 %, [M]*).

Elemental analysis (%) calculated for C1aH24BN2P: C: 58.36, H: 10.69, N: 12.38; found:
C: 58.29, H: 10.65, N: 12.25.

T T T T T T T ] ) T T
3.0 2.5 2.0 1.5 ppom -32 -33 —3Z pom -62 -464 -€8 PEm

Figure SI9: (left) 'H NMR spectrum of 4c in CeDs at r.t., (right) 'B and 3P NMR spectra of 4c in CeDs

at r.t.* = solvent CesDe.
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Figure SI10: 13C{*H} NMR spectrum of 4c in CgDs at r.t.
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Synthesis of PhHPBH2NHCMe (4e): [PhHP-BH2]» (2e, 200 mg, 1.6 mmol) was
dissolved in 10 mL THF and 1,3,4,5-Tetramethylimidazol-2-yliden (NHCM®) (203 mg,
1.6 mmol) was added. The mixture was refluxed for 1.5 h (spectroscopic yield
approximately 40% by 3P NMR) and then concentrated under reduced pressure. For
purification of 4e the remaining unreacted polymer was precipitated from vigorously
stirred n-hexane. 4e was extracted from hot n-hexane and filtered off the precipitated
polymer. By cooling the n-hexanes solution of 4e featherlike crystals of 4e were
obtained, which could not be characterised by X-ray diffraction. The product is not
obtained analytically pure. Yield: 83 mg (21 %).

'H NMR (CeDs, 25°C): & = 1.12 (s, CCHs, 6H, NHCMe), 2.77 (s, NCH3, 6H, NHCMe),
3.52 (dt, 1Jp,H = 187 Hz, 3JuH = 7 Hz, 1H, PH), 6.9 — 7.0 (m, 3H, Ph), 7.4 — 7.5 (m, 2H,
Ph).

3P NMR (CeDs, 25°C): 6 =-87.8 (d, YJp,n = 187 Hz, PH).

31P{*H} NMR (CsDs, 25°C): 6 = —87.8 (s, PH).

1B NMR (CsDs, 25°C): 6 = —29.3 (t, 1JsH = 98 Hz, BH>).

1B{*H} NMR (CsDs, 25°C): 6 =—29.3 (s, BH2).

13C{*H} NMR (CeDs, 25°C): 6 = 8.8 (s, CCHs, NHCM®), 35.0 (NCH3. NHCMe), 122.8 (s,
C=C, NHCMe) 124.8 (s, m-C, Ph), 127.5 (d, 3Jcp =6 Hz, p-C, Ph), 133.7 (d,
2Jcp = 14 Hz, 0-C, Ph), 167.3 (s, br, BC, NHCVe),

EI-MS (70 eV, toluene): m/z = 246 (7 %, [M]*), 137 (100 %, [BH2NHCMe]*).

FTIR (CeDe): v = 2395 (m, BH), 2371 (m, br, BH), 2303 (m, br), 2279 (s, PH), 2249 (m,
br), 1942 (w, br), 1739 (m), 1677 (vs), 1576 (m), 1458 (s), 1440 (s), 1421 (s), 1397 (s),
1365 (vs), 1309 (w), 1261 (vs), 813 (s, br), 740 (m), 697 (m), 603 (w), 624 (m), 567
(w), 536 (m) cm™.
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Figure SI11: 1B and 3P NMR spectra of 4e in CsDs at r.t.
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Figure SI12: 'H NMR spectrum of 4e in CsDs at r.t. * = 4e

Depolymerization of [H2PBHz]n (2a):
A solution of 1.00 mmol 2awas combined with 1.00 mmol of DMAP in refluxing toluene

for 48 h. No conversion was observed, even after addition of excess DMAP and

prolonged reaction times.
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Figure SI13: 3P{*H} NMR spectrum of 2a with one equivalent DMAP after 48h in boiling toluene
(bottom) and with an excess of DMAP (top) in CeDs at r.t.

A solution of 1.00 mmol 2atoluene was reacted with 1.00 mmol of NHCMe in refluxing
for 24 h. Addition of excess NHCM® and prolonged reaction times do not lead to higher
conversion. According to 3P NMR a reaction occurs (see Figure SI14), but no clean
cleavage to 4a is observed. If the reaction is performed in THF at lower temperatures

no conversion is observed.
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Figure SlI14: 31P{*H} NMR spectrum of 2a (bottom) and after reaction with NHCVe (top) in CsDs at r.t.

A solution of 0.5 mmol 2a in DME was reacted with 0.5 mmol NHCMe at 80°C.
According to 1B NMR spectroscopy about 15% H2PBH2NHCM® (4a) was obtained
along with unreacted 2a.
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Figure SI15: *B{*H} NMR spectrum (CeDs at r. t.) of 2a after the reaction with NHCMe in DME (* = 4a)

A solution of 1.00 mmol 2ain refluxing toluene was reacted with 1.00 mmol of NHCdPp
for 96 h. According to 3P NMR spectroscopy 65% H2PBH2NHCYPP (5a) was obtained

along with unassigned side products. No 2a could be observed in the 3P NMR
spectrum.
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Figure SI16: 3'P{1H} NMR spectrum of 2a (bottom) and after reaction with NHCdrp (top) in CsDs at r.t.

* = unassigned side products

Depolymerization of [Ph2PBH:]n (2b):
A solution of 1.00 mmol 2b was combined with 1.00 mmol of DMAP, NHCMe or NHCdiPp,

respectively in refluxing toluene for 72 h. No conversion was observed.

Depolymerization of ['BuHPBH:]n (2c):

A solution of 1.00 mmol 2¢ was combined with 1.00 mmol of DMAP or NHCYPP
respectively in refluxing toluene for 72 h. No conversion was observed.

A solution of 1.00 mmol 2c was reacted with 1.00 mmol of NHCMe in toluene for 72 h.

About 80% conversion is observed according to 3 P NMR spectroscopy.
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Figure SI17: 31P-NMR spectrum of 2c (bottom), after reaction with NHCMe (middle), and 4c after
crystallization (top) in CeDs at r.t. * = 2¢, ** = ‘BuPH2

Depolymerization of [PhHPBH2]n (2e):

[PhHPBHz2]. (2e, 209 mg, 1.7 mmol) and DMAP (866 mg, 7.1 mmol) were dissolved in
30 mL toluene. The mixture was refluxed for 18 h (spectroscopic yield approximately
25% by 3P NMR) and then filtrated. The NMR shows a mixture of [PhHPBH2],, DMAP

and the cleavage product 3e. Further purification or separation failed.
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Figure SI18: 3P NMR spectra of reaction mixture 1e and 3e in CsDs at r.t. * = 2e

A solution of 1.00 mmol 2e was reacted with 1.00 mmol of NHCYPP respectively in
refluxing toluene for 72 h. Some cleavage of polymer 2e by NHCYPP is observed, but

monomeric phosphinoborane is not formed.
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Figure SI19: 31P-NMR spectra of 2e with NHCdPp after 72h in boiling toluene in CeDe at r.t. * =

oligomer/polymer

A solution of 1.6 mmol 2e was reacted with 1.6 mmol NHCMe in refluxing THF for 1.5 h
(spectroscopic yield approximately 40% by 3!P NMR). Neither addition of NHCMe nor
prolonged reaction times lead to a higher conversion.

* K

-50

Figure SI20: 3P NMR spectrum of 2e (bottom), after reaction with NHCVe (top) in CeDs at r.t. * = 2e, **
= PhPH:2
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2. Single crystal X-Ray diffraction experiments

The single crystal X-Ray diffraction experiments were performed on either a Gemini R
Ultra CCD diffractometer (le, (CeFs)sGaDMAP, 4a), a SuperNova A CCD
diffractometer (5a) or a GV50 diffractometer (4c) from Agilent Technologies (formerly
Oxford Diffraction) applying Cu-Kq radiation (A = 1.54178 A). All measurements were
performed at 123 K. 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 CrysAlis PRO
software by Agilent Technologies Ltd).["4 All structures were solved using SIR97,[15]
SHELXT, SHELXSI®l and OLEX 2.1 Refinements against F? in anisotropic
approximation were done using SHELXL.'®! The hydrogen positions of the methyl
groups were located geometrically and refined riding on the carbon atoms. Hydrogen
atoms belonging to BH2 and PH:z groups were located from the difference Fourier map
and refined without constraints (1e, (CeFs)sGaDMAP, 4a, 5a) or with restrained P—H
distances (4c). A disordered toluene molecule in 5b and a disordered P-B unit in 7
were refined using the SADI command. Figures were created with OLEX 2.[Y7] CIF files
are deposited in Cambridge Crystallographic Data Center under the deposition codes
CCDC 1578187 (le), 1578188 (4a), 1578189 (4c), 1578190 (5a) and 1578191
((CeFs)sGaDMAP).
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compound le (CeFs)sGaDMAP 4a 4c 5a
empirical formula CoH17BNP Cs7H2sF30GazNa C7H16BN2P C11H24BN2P C27H40BN2P
formula weight 181.01 1478.27 170.00 226.10 434.39
temperature [K] 123(1) 123(1) 123(1) 123(1) 123(1)
crystal system monoclinic triclinic monoclinic monoclinic monoclinic
space group Pn P-1 P2i/c P2i/c P21/n
alA] 6.26140(16) 11.157(3) 6.1020(5) 20.4072(4) 11.39804(19)
b [A] 8.4380(2) 11.352(2) 16.3278(12) 12.16809(19) 13.5524(2)
c[A] 10.2943(3) 12.914(2) 10.7138(11) 11.9600(2) 17.6287(3)
all 90 88.168(15) 90 90 90

B 94.756(3) 69.571(18) 109.823(7) 106.177(2) 92.6737(16)
v [°] 90 65.81(2) 90 90 90
Volume [A?] 542.01(3) 1386.3(6) 1004.19(16) 2852.27(9) 2720.14(8)
z 2 1 4 8 4
Peacg/cm?® 1.109 1.771 1.124 1.053 1.061
p/mm 1.814 2.536 1.955 1.479 0.998
F(000) 196.0 730.0 368.0 992.0 944.0

crystal size [mm?]

absorption correction
Tmin/Tmax

20 range [°]

completeness

index ranges

reflections collected

independent reflections

data/restraints/parameters

GOF on F?

final R indexes [I>=20 (I)]

final R indexes [all data]

max/min Ap [e-A?]

flack parameter

0.38 x 0.08 x 0.06 0.12 x 0.08 x 0.06 0.36 x 0.15 x 0.10 0.29 x 0.12 x 0.08 0.24 x 0.13 x 0.12

analytical
0.746/0.918

multi-scan
0.652/1.000

multi-scan
0.608 / 1.000

multi-scan
0.682/1.000

10.484 t0 133.096 7.368 to 124.288 10.314 to 133.162 8.554 to 147.73

0.993

-7Tshs7
-10<k<9
-12<1<8

3759

1425
[Rint = 0.0355,
Rsigma = 0.0384]

1425/3/124
1.025

R1=0.0412
wR2 = 0.1051

R1=0.0418
wR2 = 0.1062

0.24/-0.17
-0.04(4)

0.989

-12=sh=12
-12<k=<12
11114

19827

4319
[Rint = 0.0294,
Rsigma = 0.0220]

4319/15/419
1.116

R1=0.0367
wR2 =0.1011

R1=0.0430
WR2=0.1047

0.95/-0.39

0.998 0.996
6<hs<7 25<h<25
A1<k<19 15<k<14
A1<1<12 10<1<14

3468 15424
1772 5573

[Rint = 0.0350, [Rint = 0.0420,

Rsigma = 0.0448]  Rsigma = 0.0360]
1772/0/164 5573/4/321

0.957 1.023
Ri = 0.0372 R: = 0.0506

WR2 = 0.0895 WR2 = 0.1338
Ri = 0.0487 R: = 0.0551
WR2 = 0.0934 WR2 = 0.1394
0.21/-0.24 0.43/-0.31

Gaussian
0.852/0.909

8.232 to 145.632
0.996

-13sh=<12
-16<sk<11
21114

10796

5268
[Rint = 0.0381,
Rsigma = 0.0474]

5268/0/304
1.034

R1=0.0553
WR2 = 0.1530

R1=0.0647
wWR2 = 0.1646

0.83/-0.29

93



Depolymerization of Poly(phosphinoboranes)

2.1 HPhBH2NMes (1e)

HPhBH2NMes (1e) crystallizes at 3° C out of a saturated n-hexane solution as colorless

needles in the monoclinic space group Pn.

Figure SI21: Molecular structure of 1e in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bond to carbon are omitted for clarity. Selected bond lengths [A] and angles
[°]: P-B 1.955(2), N-B—P 116.47(12).

2.2 (CeFs)3:GaDMAP

(CsFs)sGaDMAP crystallizes at 4° C out of a saturated toluene solution as colorless

prisms in the triclinic space group P-1.

[ 4

Figure SI22: Molecular structure of (CsFs)s:GaDMAP in the solid state. Thermal ellipsoids are drawn
with 50% probability. Selected bond lengths [A] and angles [°]: Ga—N 1.996(2).

2.3 H2PBHzNHCVe (4a)

H2PBH2NHCMe  (4a) crystallizes by slow evaporation of a 2:1-mixture of n-

hexane/toluene as colorless blocks in the monoclinic space group P2i/c.
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Figure SI23: Molecular structure of 4a in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bond to carbon are omitted for clarity. Selected bond lengths [A] and angles
[°]:P-B 1.993(2), B-C 1.597(3), C—B—P 109.66(12).

2.4 'BuHPBH;NMes (4c)

‘BuHPBH2NMes (4c) crystallizes at -28° C out of a saturated n-hexane solution as

colorless needles in the monoclinic space group P2i/c.

Figure SI24: Molecular structure of 4c in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bond to carbon are omitted for clarity. Selected bond lengths [A] and angles
[°]:P-B 1.988(2), B-C 1.599(3) C-B—P 106.31(9).

2.5 HoPBHoNHCP (5a)

H2PBH2NHCA?P (5a) crystallizes by storing a saturated solution in benzene at r.t. as

colorless blocks in the monoclinic space group P2i/n.
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Figure SI25: Molecular structure of 5a in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bond to carbon are omitted for clarity. Selected bond lengths [A] and angles
[°]:P-B 1.990(2), B-C 1.593(2), C—B—P 111.94(12).

3. Computational details

Gaussian 09 program packagel'® was used throughout. Density functional theory
(DFT) in form of Becke’s three-parameter hybrid functional B3LYP19 with def2-SVP all
electron basis set?® was employed. Basis sets were obtained from the EMSL basis
set exchange database.?! The geometries of the compounds have been fully
optimized and verified to be true minima on their respective potential energy surfaces
(PES).

For the (H2PBH2)n cyclic oligomers, structures possessing the main axis of the order n
were found to be high level stationary points on the PES in case of n=4. Optimization
starting from these geometries without the symmetry constraints resulted in the
structures presented in Table 3S. The (H2PBH2)3 cyclic trimers are the most
energetically favorable among the considered oligomers and therefore were chosen
as a model compounds for the cleavage of the first P-B bond in polymers by interaction

with Lewis bases.
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Table 2S. Optimized geometries of ring(PR*R?BH2)3 and respective LB stabilized chain(PR!R2BH2)s
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Table 3S. Optimized geometries of (PH2BH2)n and respective LB stabilized (PH2BH2)n-LB.
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Table 4S. Reaction energies AE°o, standard enthalpies AH®298, Gibbs energies AG°29s

(kJ mol?) and standard entropies AS°298 (J mol! K1) for the considered gas phase
processes. B3LYP/def2-SVP level of theory.

Process AE®o AH®208 AS°208 AG®208
PH2BH2 = % (PH2BH2)2 -78.0 -72.3 -95.9 -43.7
PH2BH2 = 1/3 (PH2BH2)3 -121.5 -113.4 -127.7 -75.3
PH2BH:2 = /4 (PH2BH2)4 -118.3 -109.5 -138.2 -68.3
PH2BH: = /5 (PH2BH2)s -117.4 -108.3 -144.9 -65.1
PH2BH: = /s (PH2BH2)s -118.7 -109.5 -147.5 -65.5
PH2BH: = /7 (PH2BH2)7 -120.4 -111.3 -149.4 -66.8
PH2BH2 = 1/ (PH2BH2)s -120.4 -111.0 -151.6 -65.8
PH2BH2 + NMes = PH2BH2NMes -111.5 -97.4 -172.9 -45.9
(PH2BH2)2 + NMes = (PH2BH:)2NMes 522 -40.0 1321 0.6

(PH2BH2)3 + NMes = (PH2BH2)sNMes 47.6 56.0 -98.2 85.3

(PH2BH2)s + NMes = (PH2BHz):NMes 42.2 50.1 -87.8 76.3

(PH2BH2)s + NMes = (PH2BH2)sNMe3s 38.8 45.8 -73.0 67.6

PH2BH + dmap = PH2BHzdmap 1137.8 1126.9 1164.8 77.8
(PH2BH2)2 + dmap = (PH2BHz)2dmap -90.3 -81.1 -131.8 -41.8
(PH2BH2)3 + dmap = (PH2BH2)sdmap 4.2 10.1 -97.6 39.2

(PH2BH2)s + dmap = (PH2BHz)sdmap 4.1 07 -90.5 27.7

(PH2BH2)s + dmap = (PH2BH2)sdmap -94 -5.0 -79.8 18.8

PH2BH2 + NHCMe = PH,BH2NHCMe -224.4 -212.7 -165.2 -163.4
(PH2BH2)2 + NHCMe = (PH2BH2)2NHCMe -178.2 -168.5 -126.1 -130.9
(PH2BH2)s + NHCMe = (PH,BH2)sNHCMe -82.7 -76.4 -85.4 51.0
(PH2BHa2)s + NHCMe = (PH,BH2)sNHCMe -90.5 -85.2 -80.2 61.3
PH2BH2 + NHCPiPp = PH,BH2NHCPiPP -198.0 -186.9 -199.7 -127.3
(PH2BH2)2 + NHCP® = (PH2BH2),NHCDi#p 1156.1 [146.5 -168.3 -96.4
(PH2BH2)s + NHCP® = (PH2BH2)sNHCDi#p 62.4 55.9 -130.0 17.2
(PH2BH2)4 + NHCP® = (PH2BH2)sNHCDi#p 715 -66.4 -123.9 -20.5
PH2BH2 + NHC®BY = PH,BH>NHC®BUY -163.6 -149.4 -198.1 -90.4
(PH2BH2)s + NHC® U = (PH2BH2)sNHC®u 273 -18.4 1135.4 21.9

PH2BH2 + NHCPM = PH2BH2NHCPh -186.0 -174.7 -181.5 -120.6
(PH2BHz)s + NHCP™ = (PH2BHz)sNHCP™ -60.9 54.7 1122.0 118.3
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P(Ph)HBH2 + NMes = P(Ph)HBH2NMes
[P(Ph)HBHz]s + NMes = [P(Ph)HBH2]sNMes
P(Ph)HBHz + dmap = P(Ph)HBHz2dmap
[P(Ph)HBH:]s + dmap = [P(Ph)HBH:]sdmap
P(Ph)HBH2 + NHCMe = P(Ph)HBH2NHCMe
[P(Ph)HBHz]s + NHCMe = [P(Ph)HBHz2]sNHCMe
P(Ph)HBH2 + NHCPPp = P(Ph)HBH2NHCPirp
[P(Ph)HBHz]3 + NHCPPp = [P(Ph)HBH2]sNHCPiep
P(Ph)HBH2 + NHC®Y = P(Ph)HBH2NHC'®U
[P(Ph)HBHz]s + NHC® = [P(Ph)HBH2]sNHC®u
P(Ph)HBH2 + NHCP"™ = P(Ph)HBH>NHCP"™
[P(Ph)HBHz]s + NHCP"™ = [P(Ph)HBH2]sNHCP™

P('Bu)HBH2 + NMes = P('‘Bu)HBH2NMes
[P('Bu)HBH]z + NMes = [P(‘Bu)HBH:]sNMes
P(‘Bu)HBH2 + dmap = P(‘Bu)HBH2dmap
[P(‘Bu)HBH2]z + dmap = [P('Bu)HBH:z]sdmap
P(‘Bu)HBH2 + NHCMe = P(‘Bu)HBH,NHCMe
[P(Bu)HBH:z]3 + NHCMe = [P(‘Bu)HBH2]sNHCMe
P(‘Bu)HBH2 + NHCP*P = P('Bu)HBH2NHCPp
[P('Bu)HBH:]s + NHCPPP = [P(‘Bu)HBH2]sNHCPiPp
P(‘Bu)HBH2 + NHC®! = P('Bu)HBH2NHC'®Y
[P('Bu)HBH:]s + NHC® = [P(‘Bu)HBH2]sNHC'®!
P(‘Bu)HBHz + NHCP"™ = P('Bu)HBHzNHCP"
[P('BBU)HBH:]3z + NHCP™ = [P(‘Bu)HBH2]sNHCP"

PPhzBH2 + NMes = PPh2BH2NMes
[PPh2BH2]z + NMes = [PPh2BH2]sNMes
PPh2BH2+ dmap = PPh2BH2dmap
[PPh2BH2]z + dmap = [PPh2BH:]sdmap
PPh2BH2 + NHCMe = PPh,BH2NHCMe
[PPh2BHa]s + NHCMe = [PPh,BH;]sNHCMe
PPh2BH2 + NHCPiPp = PPh,BH2NHCDPiPP
[PPh2BH2]3 + NHCPPP = [PPh2BH2]sNHCPirp
PPh2BH2 + NHC®BU = PPh,BH>NHC®BUY
[PPh2BH2]z + NHC®U = [PPh2BH2]sNHC®Bu
PPh2BH2 + NHCP™ = PPh,BHNHCP™
[PPh2BH2]z + NHCP™ = [PPh2BH2]sNHCPM

% [PH2BH2]3 + NMes = PH2BH2NMes
Y5 [P(Ph)HBHz]3 + NMes = P(Ph)HBH2NMes

-106.7
47.5
-143.1
3.8
-223.7
-83.2
-197.9
-50.0
-161.2
-15.3
-198.1
-32.0

-101.7
114.0
-123.3
60.6
-210.3
-12.9
-191.1
22.5
-122.2
31.5
-183.4
21.8

-98.9
109.1
-133.6
58.7
-220.7
-26.9
-178.6
32.7
-140.7
47.0
-133.5
55.7

10.1
21.2

-92.6
57.4
-132.1
10.8
-211.5
-75.5
-186.3
-42.7
-146.9
-4.8
-186.1
-24.2

-88.0
123.7
-112.5
67.7
-198.9
-5.4
-179.8
29.3
-108.7
41.8
-172.3
28.1

-85.5
119.7
-123.1
66.0
-209.7
-19.2
-176.6
41.2
-127.9
58.0
-122.4
63.3

15.9
28.0

-171.4
-129.3
-173.6
-122.0
-176.9
-126.8
-206.6
-190.9
-207.8
-167.8
-205.4
-161.3

-177.0
-143.5
-169.9
-147.1
-162.6
-157.5
-216.7
-202.2
-212.1
-179.9
-200.4
-250.7

-171.8
-162.9
-190.6
-145.9
-177.7
-150.2
-224.2
-232.1
-224.4
-197.6
-264.7
-237.9

-45.2
-40.2

-41.5
96.0
-80.3
47.2
-158.8
-37.7
-124.7
14.2
-85.0
45.3
-124.8
23.9

-35.2
166.5
-61.8
111.6
-150.4
41.5
-115.2
89.6
-45.5
95.5
-112.6
102.9

-34.3
168.3
-66.3
109.5
-156.7
25.6
-109.8
110.4
-61.0
116.9
-43.5
134.3

294
40.0
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% [P(BU)HBHz]s + NMes = P(Bu)HBHzNMes
¥4 [PPh2BHz]z + NMes = PPh2BH2NMes

¥4 [PH2BHz]s + dmap = PH2BH2dmap

% [P(Ph)HBH2]s + dmap = P(Ph)HBH2dmap
Y5 [P(Bu)HBHz]s + dmap = P(‘Bu)HBHzdmap
4 [PPh2BH2]s + dmap = PPh.BHzdmap

¥4 [PH2BH2]s + NHCMe = PH.BH2NHCMe

¥ [P(Ph)HBH2]s + NHCMe = P(Ph)HBH2NHCMe
% [P(BU)HBH2]s + NHCVe = P(BuU)HBHzNHCMe
Y5 [PPh2BH2]z + NHCMe = PPh2BH2NHCMe

¥4 [PH2BH2]3 + NHCPirp = PH,BH>NHCPirp

¥ [P(Ph)HBH:]z + NHCPPp = P(Ph)HBH2NHCPirp
% [P(BU)HBH2]s + NHCPP = P(1BU)HBH,NHCD®P
Y5 [PPh2BHz]3 + NHCPiPr = PPhBH2NHCDirp

Y5 [PH2BHz]s + NHC®!Y = PH,BH2NHC®U

Y5 [P(Ph)HBH2]s + NHC®! = P(Ph)HBH2NHC®u
% [P(BuU)HBHz]s + NHC® = P(Bu)HBH,NHC®!
%4 [PPh2BHz]s + NHC® = PPh,BH,NHC

%5 [PH2BHz]s + NHCPM = PH2BH2NHCPM™

% [P(Ph)HBHa]s + NHCP™ = P(Ph)HBH,NHCP™
% [P(‘BU)HBHz]s + NHCPY* = P(Bu)HBHoNHCP™
¥4 [PPh2BHz]3s + NHCP"™ = PPh2.BH2NHCPM

32.8
29.8

-16.2

-15.1
11.2
-4.9

-102.9
-95.8
-75.8
-92.0

-76.5
-70.0
-56.6
-49.9

-42.1
-33.3
12.3
-12.0

-64.5

-70.1

-48.9
-4.8

39.0
36.9

-13.5

-115
145
-0.7

-99.3
-90.9
-71.9
-87.2

-73.5
-65.7
-52.8
-54.2

-36.1

-26.3
18.3
-55

-61.4

-65.5

-45.3
0.0

-48.2
-23.8

-37.1
-42.4
-41.1
-42.7

-37.5
-45.7
-33.7
-29.7

-72.1
-75.4
-87.9
-76.3

-70.4
-76.6
-83.3
-76.5

-53.8

-74.2

-71.6
-116.7

53.4
44.0

-2.5
1.2
26.8
12.0

-88.1
-77.3
-61.8
-78.4

-52.0
-43.2
-26.6
-31.4

-15.1
-3.5
43.1
17.3

-45.3
-43.4
-24.0
34.8
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Table 5S. Total energies E%, sum of electronic and thermal enthalpies H°29s (Hartree) and standard
entropies S°%gs (cal moltK1). B3LYP/def2-SVP level of theory.

Depolymerization of Poly(phosphinoboranes)

Compound Point group E% HO%o98 SO9s

NMes Cav -174.3458754 -174.219985 68.868
dmap Cav -381.9816942 -381.810708 90.336
NHCMe Cov -383.1586677 -382.966025 94.309
NHCPDiep C1 -1159.2022092 -1158.603433  200.965
NHCBu Cov -540.2940193 -539.984816 117.812
NHCPh C2 -2770.570623 -2769.462903  348.043
PH2BH:2 Cs -368.4743914 -368.432251 60.918
(PH2BH2)2 Cav -737.0081737 -736.919542 76.001
(PH2BH2)3 Cav -1105.562019 -1105.426301 91.206
(PH2BH2)4 Cov -1474.077814 -1473.895832 111.587
(PH2BH2)s C1 -1842.59554 -1842.367478  131.471
(PH2BH2)s C1 -2211.117501 -2210.843728  154.014
(PH2BH2)7 C1 -2579.641879 -2579.322474  176.536
(PH2BH2)s C1 -2948.161857 -2947.796221  197.532
PH2BH2NMes Cs -542.8627187 -542.689354 88.461
PH2BH2dmap Cs -750.5085519 -750.291295 111.874
PH2BH2NHCMe Cs -751.7185165 -751.479272 115.731
PH2BH2NHCPirp C1 -1527.7520218 -1527.106859 214.146
PH2BH2NHC®u C1 -908.8307292 -908.473983 131.379
PH2BH2NHCP™ C1 -3139.115871 -3137.961707  365.575
(PH2BH2)2 NMes Cs -911.3739179 -911.154747 113.296
(PH2BH2)2 dmap Cs -1119.024261 -1118.76114 134.827
(PH2BH2)2 NHCMe Cs -1120.234721 -1119.949736 140.178
(PH2BH2)2 NHCDiep C1 -1527.7520218 -1527.106859 214.146
(PH2BHz2)s NMes Cs -1279.889756 -1279.624938  136.612
(PH2BHz)s dmap Cs -1487.542115 -1487.23317 158.225
(PH2BH2)s NHCMe Cs -1488.752189 -1488.42144 165.102
(PH2BHz)s NHCPipp C1 -2264.787992 -2264.05103 261.103
(PH2BH2)s NHC®Bv C1 -1645.86642 -1645.418132  176.663
(PH2BH2)s NHCP™ Ci -3876.155818 -3874.910042  410.086
(PH2BH2)4 NMes Cs -1648.407621 -1648.096729  159.479
(PH2BH2)4 dmap Cs -1856.061063 -1855.706262  180.304
(PH2BH2)a NHCMe Cs -1857.270957 -1856.894318  186.735
(PH2BHz)s NHCPipp C1 -2633.307247 -2632.524549  282.948
(PH2BH2)s NMes Cs -2016.926629 -2016.57002 182.889
(PH2BHz)s dmap Cs -2224.580798 -2224.1801 202.726
P(Ph)HBH:2 C1 -599.3621491 -599.232305 89.018
[P(Ph)HBH2]3 Cs -1798.232649 -1797.834707  172.987
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P(‘Bu)HBH:
[P(Ph)HBH:]3
PPh2BH:2

[PPh2BH2]3
P(Ph)HBH2NMes
P(Ph)HBH2dmap
P(Ph)HBH2NHCMe
P(Ph)HBH2NHCPirp
P(Ph)HBH2NHC®u
P(Ph)HBH2NHCFM™
P(Bu)HBH2NMes
P(‘Bu)HBH2dmap
P(‘Bu)HBH2NHCMe
P(‘Bu)HBH2NHCPiPp
P(‘Bu)HBH2NHC®Y
P(‘Bu)HBH-NHCP™
PPh2BH2NMe3
PPh2BH2dmap
PPh2BH2NHCMe
PPh2BH2NHCPirp
PPh2BH2NHC'®U
PPh2BH2NHCPM
[P(Ph)HBHz]s NMes
[P(Ph)HBH:z]s dmap
[P(Ph)HBH2]s NHCMe
[P(Ph)HBHz]s NHCDPirp
[P(Ph)HBHz]s NHC®
[P(Ph)HBHz]s NHCPM
[P('Bu)HBH:]s NMes
[P(Bu)HBHz]s dmap
[P(tBu)HBHz]s NHCMe
[P(Bu)HBH2]s NHCPipp
[P(Bu)HBH2]s NHC®u
[P(tBu)HBH2]s NHCPM*
[PPh2BH2]s NMes
[PPh2BH2]z dmap
[PPh2BHz]s NHCMe
[PPh2BH:]s NHCP#Pp
[PPh2BH2]s NHC®u
[PPh2BHz]s NHCP™

Depolymerization of Poly(phosphinoboranes)

-525.6159113
-1577.00142
-830.2506517
-2490.898983
-773.7486821
-981.3983453
-982.6060360
-1758.6397514
-1139.717568
-3370.008212
-700.0005237
-907.6445658
-908.8546870
-1684.8909255
-1065.956489
-3296.256391
-1004.6341923
-1212.2832229
-1213.4933796
-1989.520874
-1370.598255
-3600.872103
-1972.560418
-2180.212886
-2181.423011
-2957.453914
-2338.532505
-4568.815448
-1751.30386
-1958.960019
-1960.164986
-2736.195077
-2117.283459
-4347.563749
-2665.203317
-2872.858329
-2874.067889
-3650.088752
-3031.175117
-5261.44838

-525.454729
-1576.509311
-830.033009
-2490.238928
-773.487563
-981.093309
-982.27889
-1757.906707
-1139.273084
-3368.766081
-699.708233
-907.308289
-908.496505
-1684.126641
-1065.480959
-3294.983265
-1004.285577
-1211.890615
-1213.078892
-1988.703705
-1370.066541
-3599.542532
-1972.03283
-2179.641297
-2180.82949
-2956.454406
-2337.821348
-4567.306826
-1750.682172
-1958.294232
-1959.477407
-2735.101566
-2116.478197
-4345.961509
-2664.413311
-2872.024486
-2873.212265
-3648.826659
-3030.201662
-5259.677706

89.43
175.928
115.121
239.299
116.915
137.871
141.048
240.598
157.155
387.967
115.999
139.155
144.888
238.603
156.545
389.572
142.939
159.903

166.97
262.502
179.302
399.908
210.946
234.154
237.000
328.319
250.682

482.48
210.504
231.107
232.591
328.557
250.733
464.042
269.236
294.753
297.709
384.801
309.890
530.478
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Cartesian coordinates of the optimized geometry can be obtained from:
https://doi.org/10.1002/chem.201705510
or from the provided DVD.
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- Synthesis of 1le by elimination of (FsCs)3Ga with DMAP

- Cleavage of [PhHPBH:], with DMAP to yield 3e and NHCMe to yield 4e
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Dr. Andreas Stauber performed the following reactions (reported in his PhD-thesis,
Regensburg 2014):

- Synthesis and characterization of 4a and 5a by LB exchange

- Cleavage of [H2PBH2]» with NHCMe and NHCdPp
Dr. Christian Marquardt performed the following reactions (reported in his PhD-thesis,
Regensburg 2015):

- Synthesis and characterization of [LIPPh(SiMes)tmeda]2

Synthesis and characterization of (MesSi)PPhBH2NMes by metathesis reaction

Synthesis and characterization of 1e by metathesis reaction

Thermolysis of 1le

Synthesis and characterization of 4c through cleavage of (‘BuPHBH2), with
NHCMe
Combining (Ph2PBH2), with DMAP and NHCMe
Oliver Hegen performed the following reactions:
Thermal instability of NHCMe
- Combination of (Ph2PBH2), with NHCdPp
- Combination of (PhHPBHz2)» with NHCdPp
- Combination of (H2PBH2), with DMAP
- Combination of (‘BuPHBHz2), with DMAP and NHCUPp
All DFT-calculations were performed by Prof. Dr. A. Y. Timoshkin.

The manuscript (including supporting information, figures, schemes and graphical
abstract) was written by Dr. Christian Marquardt and Oliver Hegen in equal
contribution.

This chapter was reprinted with slight modifications with permission of “John Wiley and
Sons”, License Number: 4332411053152
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5 The Lewis base stabilized diphenylsubstituted
Arsanylborane — A versatile building block for

arsanylborane oligomers

Oliver Hegen, Alexander V. Virovets, Alexey Y. Timoshkin and Manfred

Scheer
Ph,
H As
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PhyAsBH,-LB
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Abstract: The synthesis and properties of the Lewis base stabilized
diphenylsubstituted arsanylborane Ph2AsBH2SMe:2 (1) and Ph2AsBH2NMes (2) are
reported. These compounds were obtained by the reaction of KAsPh2 with IBH2-LB
(LB = SMe2, NMes). Compounds 1 and 2 can be used as starting material for
oligomeric/polymeric arsinoboranes. The neutral species, HsB-Ph2AsBH2NMes (3) and
BrsB-Ph2AsBH2NMes (4), are synthesized by the reaction with either HsB or BrsB.
Through reaction with IBH2-LB (LB = SMe2, NMes) the cationic oligomeric group 13/15
compounds [(MesNBH2Ph2AsBH2NMes) (1)] (5) and [{H2B(Ph2AsBH2NMes)2} (1)] (6)
were synthesized. All compounds were completely characterized. In addition, we
studied the oxidation of Ph2AsBH2NMes with chalcogenes. Whereas both sulfur
Ph2As(S)BH2NMes (7b) and selenium Ph2As(Se)BH2NMes (7c¢) oxidation products
could be isolated and fully characterized, the bis(trimethylsilyl)peroxide oxidated
arsinoborane Ph2As(O)BH2NMes (7a) is not stable enough and could only be
characterized in solution. DFT computations support the decomposition pathway of
this compound.
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5.1 Introduction

Inorganic polymers based on main-group elements other than carbon are in the focus
of current research, because of their versatile applications.*23 Polymers consisting of
alternating group 13 and group 15 elements are accessible by metal-catalyzed
polycondensation reactions and dehydrocoupling processes. Both pathways are
established for poly(aminoboranes) [RHNBH2]» (R = alky, H) and
poly(phosphinoboranes) [RHPBHz]» (R = aryl). In the case of poly(phosphinoboranes),
a third, catalyst-free pathway was recently developed.®l The thermal elimination of the
Lewis base (LB) in tBUuHPBH2NMes leads to a head-to-tail polymerization of the formed
highly reactive intermediate [tBuHPBH2] and enables the access to the first high
molecular weight poly(alkylphosphinoborane). With regard to the heavier pnictogen
homologue, the quest for poly(arsinoboranes) is still open. Only a few arsinoboranes
and cyclic oligo(arsinoboranes) are known (Figure 1).[! Protected with big substituents
on both atoms, B and As, neutral rings (1)*®! and monomeric arsanylboranes (I1)>°.d
were achievable. Applying less steric protection, there is only one example known of a
cyclic arsinoborane containing hydrogen substituents on the B atom, (Me2AsBH2)s3
(1), which reveals the high tendency for oligomerisation/polymerization of these
highly reactive monomers. Another possibility is to use a LB for stabilization, as our
group reported on the synthesis of the parent compound of arsanylboranes
H2AsBH2NMes (IV).[l As the goal for achieving poly(arsinoboranes) is still open, we
tried to transfer our polymerization strategy of LB stabilized phosphanylboranes!® to
arsanylboranes. Unfortunately, all attempts for thermal elimination of the LB in IV to
force a head-to-tail polymerization failed and resulted in the cleavage of the labile As-
B bond. Therefore, we targeted the synthesis of a partly sterically protected
arsanylborane (V) as model compound. Substituting As with phenyl-groups will lead to

less electron density on the pnictogen atom and stabilize the As-B bond.

108



The Lewis base stabilized diphenylsubstituted Arsanylborane

Ph s
N/ \/ .
B B B
/ N/ \
c” As  Ph
tBu \tBu
| |
( N\
Me, AsH, Q Q
_As_ AS
H,B BH, | |
| BH,
Me,As.__ AsMe, T BH,
; !
Hy NMe; LB
\_ LB = NMej;; SMe, )

1] v \"

Figure 1: Selection of annular and monomeric arsinoboranes.

5.2 Results and Discussion

Herein, we present a one-pot synthesis for the LB stabilized arsanylborane
Ph2AsBH2LB in high yields. This reaction route enables the study of the reactivity of
this new compound and open the way to neutral and cationic oligomeric group 13/15
compounds. Furthermore, we were able to synthesize the first oxidized arsanylboranes
Ph2As(Q)BH2NMes (Q = O, S, Se).

The reaction of IBH2SMe2 with KAsPh: in thf leads to the LB stabilized arsanylborane
Ph2AsBH2SMe:2 (1). According to NMR investigations, the conversion proceeds nearly
quantitatively and is accompanied by a color change from red to colorless.l”l All
attempts to isolate 1 even at low temperatures or to stabilize the compound by
coordination with a LA failed. However, as free SMe: is already detected by 'H NMR
spectroscopy of the reaction mixture at low temperatures, an elimination of the LB in 1
can be assumed. After allowing the reaction mixture to reach room temperature, a
white solid is received in moderate yields, which is well soluble in solvents like toluene
and thf. In the **B{*H} NMR spectrum, a broad signal at & = -31.04 ppm is observed,
which shows further broadening in the B NMR spectrum. The signal lies in the range
of the oligomer [Ph2PBH2]».**! Furthermore, in the EI-MS fragment ion patterns of
[(Ph2AsBH2)2BHz]* and [(Ph2AsBH2)sBHz]* are observed. Similar ion patterns are

observed for (Me2AsBH2)s in the EI-MS.I5 Therefore, the decomposition of 1 and
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formation of the trimer (Ph2AsBH2)s can be proposed. Unfortunately, it was not possible
to obtain single crystals of the reaction products suitable for X-ray diffraction analysis.
As polymerization processes depend decisively on controlled conditions and the purity
of the starting materials, which is not given under the synthetic conditions for 1, we
targeted the synthesis of an arsanylborane stabilized by a stronger LB.

The salt metathesis reaction of KAsPhz with IBH2NMes in thf leads to Ph2AsBH2NMes
(2) in good yields (Scheme 1).18 In the 1B NMR spectrum, the product shows a triplet
at d = -0.91 ppm with a typical coupling constant 1Jsx = 115 Hz. The absorptions of
the B-H valence stretches in the IR spectra appear between 2376 cm* and 2360 cm™.
Whereas thermal treatment of Ph2PBH2NMes leads to the elimination of NMes inducing
a head-to-tail oligomerization,*! by applying similar thermal polymerization conditions
for 2 only the cleavage of the As-B bond instead of the B-N bond was observed.
Therefore, only decomposition products like Asz2Ph4 could be detected. Interestingly, 2
shows a much higher thermal stability than Ph2PBH2NMes. It can be still detected by
1B NMR spectroscopy after heating for 5 days at 100°C in toluene.[® However, above

100°C, decomposition occurs.

H H
H3B |/H BI"3B |/H
As-B -
Ph” “NMes “NMe;
(44% 85%
KAsPhy+ IBH,NMes ——»  As-B
- Kl Ph” |
Ph NME3
2 (64%)
+ IBH,NMe; & 1/2 IBH,SMes,
-1/2 SM62
Ph, Ph, Ph,
MesN_ AS NMe, © MesN_ AS AS  NMes |
B B B B B
Hy H Hy Hy Hp
5 (42%) 6 (64%)

Scheme 1: Synthesis of compounds 2-6 (isolated yields in parentheses).

To determine if the donor strength of the As atom in a diphenylsubstituted
arsanylborane is sufficient to build oligomeric chain compounds, we investigated the

coordination chemistry of 2 with respect to the formation of longer neutral and cationic
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13/15 chains. The reactions with Lewis acids (LA = HsB, BrsB) yields the corresponding
LA-LB  stabilized diphenylarsanylborane HsBAsPh:BH2NMes  (3) and
BrsBAsPh2BH2NMes (4; Scheme 1). Both reactions proceed smooth and nearly
guantitative according to the 'B NMR spectroscopy of the reaction mixtures.l®l The
signal of the BH3 moiety in 3 is observed at & = -33.51 ppm, and for the BBrs moiety in
4 at & = -13.40 ppm in the 1B NMR spectra. As expected, the 1B resonance of the
BH2 moiety shifts highfield in 3 and 4. The same tendency is observed in the 13C{*H}
NMR spectra for the signals of the ipso-carbons.

The reaction of 2 with IBH2LB (LB = NMes, SMe2) yields selectively compounds
containing cationic oligomeric chains of different length. Depending on the donor
strength of the LB, either the formation of the shorter chain [MesNBH2AsPh2BH2NMez]*
I~ (5; LB = NMes3), or the longer chain [MesNBH2AsPh2BH2AsPh2BH2NMes]* I (6; LB =
SMez) can be observed (Scheme 1). Both conversations proceed with a yield up to
70% according to 'B NMR spectroscopy.['% 5 and 6 are the first examples, that contain
cationic chains derived from substituted arsanylboranes.

As expected, the signals of the MesN bonded BH: units of 5 and 6 in the !B NMR
spectra shift highfield. In accordance to previous results,'? the BH2 moiety between

the two AsPh2 groups in 6 shows broadening and a highfield shift at & = -28.38 ppm.

Figure 2: Molecular structure of compounds 2-6 in solid state. Hydrogen atoms bonded to carbon atoms
and counterions are omitted for Clarlty Thermal elli SOIdS set at 50% probability. Selected bond lengths
R& ] and angles/& 2: As-B 2. 098&2 N-B-As 111 ; 3: As-B 2.058(3)-2.07 3) N-B-As 112. 84@7%

12.91(16 s-B 123.13(12)- 42913')3 4: 2.071(3) 20904) N-B-As 116.6(2), B
122.48(14), As-B 2.083(3)-2.100(3), N-B-As 114 06(18)- 114 68(19), B-As-B 121. 74(13) 6: As-B
2.052(11)- 2. 107(10) N-B-As 114.2(7 116 4(7), B-As-B 127.3(4)-129.3 4)
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The solid state structures of 2-6 were determined by single crystal X-ray diffraction
(Figure 2). All bond lengths are in the range of single bonds. Compound 2 adopts an
anticlinal arrangement along the As-B bond. The B atom presents a nearly tetrahedral
arrangement. Similar to the environment of the P atom in PhoPBH2NMes,[*?! the As
atom in 2 adopts a distorted tetrahedral arrangement.

In the solid state, the B-N and the As-B bonds of 3 and 4 are slightly shortened
compared to 2. Depending on the steric demand of the coordinated LA, the N-B-As
angle is widened. Both compounds adopt a similar anticlinal arrangement along the
As-Bl-axis as 2. Compound 3 and 4 exhibit certain structural analogies to the
phosphorus homologues.'¥ Compounds 5 and 6 are the first examples of cationic
substituted  arsanylboranes  (Figure 2), whereas cationic  substituted
phosphanylboranes are already known.[*2l Both, 5 and 6, reveal a staggered
conformation along the B-As chain. The two As-B axis in 5 adopt a synclinal
arrangement, whereby an anticlinal environment is observed at the three As-B bonds
in 6.

The B-N as well as the As-B bond lengths do not change essentially compared to the
starting material 2. However, it was found that the N-B-As angle in 5 and 6 is widened.
Interestingly, presumably resulting from packing effects, the B-As-B angles in 6 differ
between 5° - 7° compared to 5.

In contrast to H.PBH2NMes, where a selective oxidation to the boranylphosphine
chalcogenides H2P(Q)BH2NMez (Q = S, Se) occurs,'3 all attempts to oxidize
H2AsBH2NMes failed due to decomposition. Interestingly, arsine oxides*4 are well
investigated, but there are only few examples for arsine sulfides!®® and only one
structurally characterized arsine selenide.[*8] To get further insight into the stability of
the As—B bond, we targeted for the oxidation of Ph2AsBH2NMes (2).

a) Me3Si-0-0-SiMe;

T b) 1/8 Sg a T
H c) 1/8 Se Q H
/As—B/ _)18Ses /As—B/
P71 “uMe Ph | e,
Ph 3 Ph
2 7aQ=0 (/%)

7b S (69%)
7c¢  Se (55%)

Scheme 2: Synthesis of compounds 7a-c (isolated yields in parentheses).
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The reactions of 2 with bis(trimethylsilyl)peroxide, sulfur or grey selenium in CH2Cl2
yields the corresponding boranylarsine chalcogenides Ph2As(Q)BH2NMes (7a-c). All
reactions proceed smooth and in quantitative yields according to the B NMR
spectroscopy of the reaction mixtures.”! This reminds on the oxidation of substituted
phosphanylboranes R2PBH2NMes (R = Ph; R = tBu and H).['8l In contrast to the
Ph2PBH2NMes, it was not possible to get access to the tellurium derivative, which is in
accordance with the CV data of 2, showing an irreversible oxidation at E = 1./ 55"
However, 7a-c represent the first oxidized arsanylboranes.

Whereas the sulfur (7b) and selenium derivative (7c) can be isolated as crystalline
solids and fully characterized, all attempts to isolate the oxygen derivative
Ph2As(O)BHz2NMes (7a) analytically pure failed due to the stability of the compound at
ambient conditions. However, 7a could be unambiguously identified by ESI-MS, IR and
NMR spectroscopy.

DFT computations at B3LYP/def2-SVP level of theory (see Sl, section 4.2) reveal that
in the gas phase the formation of 7a-c by the oxidation of 2 with Oz, Ss and Ses is
exothermic and exergonic at room temperature. Therefore, their spontaneous
decomposition due to the reverse reaction

Ph2As(Q)BH2NMes = Ph2AsBH2NMes + 1/ Qn (Q= O, S, Se)

is thermodynamically forbidden. However, computational data predict the existence of
several alternative decomposition pathways of 7a, which are exergonic at room
temperature. Among these reactions, the process

27a=2+ "5 (HBO2)s + %2 H2 + NMes + %2 As2Pha

yields the starting material 2 as one of the detected decomposition products. An
intermolecular mechanism for this reaction could be assumed, with the transfer of the
oxygen atom from the first molecule of 7a to the boron atom of a second molecule of
7a, yielding 2, polymeric metaboric acid (HOBO)n, trimethylamine, molecular hydrogen
and AsPh2 radicals, which are expected to dimerize to form As2Phas. A long term (28
days) NMR study confirms the decomposition of 7a with formation of 2, in accord with
the postulated decomposition pathway.?? Furthermore, the identification of the
diarsine As2Phs gives further evidence of the discussed pathway.[?%

In the 1'B NMR spectra of 7a-c, triplets arise, shifted more strongly highfield with rising
electronegativity of the chalcogen substituent Q compared to the starting material 2.122
In the ESI-MS (7a) and the LIFDI-MS (7b, 7c), respectively, the molecular ion peaks

are detected. The IR spectra of 7a-c show clearly a shift to higher wavenumbers for
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the absorptions of the B-H valence stretches compared to the starting material 2. The
broad band of the As-O valence stretches in 7a (V(As=0) = 846 cm?) is similar to those
in triphenylarsine oxide (V (As=0) = 877, 885 cm™).123l

Single crystals suitable for X-ray structure analysis were obtained by layering a solution
of CH2Cl2 with n-hexane (7b) or by slow evaporation of CH2Cl2 (7c). Both molecules
adopt a synclinal arrangement along the B-As axis in solid state (Figure 3). The B-As
bond length is slightly shorter as in the starting material. Compared to triphenylarsine
sulfide (As-S = 2.090A),1%b] the influence of the boron moiety H2BNMes leads to a slight
elongation of the As-S bond in 7b (As-S = 2.1136(7)A). The same tendency can be
observed for 7c, where the As-Se bond (As-Se = 2.2553(4)A) is elongated in
comparison to triethylarsine selenide (As-Se = 2.234A)[1%%] due to the influence of the

boron moiety.

Figure 3: Molecular structure of 7b and 7c in solid state. Hydrogen atoms bonded to carbon atoms are
omitted for clarity. Thermal ellipsoids set at 50% probability.

5.3 Conclusion

In summary, we showed a one-pot synthesis as an elegant way to access a new class
of LB stabilized organo-substituted arsanylboranes. Whereas Ph2AsBH2SMe:2 (1) can
only be characterized in solution, due to its thermal instability, Ph2AsBH2NMes (2) can
be isolated in good yields and shows a high thermal stability. By reaction with different
moieties novel compounds are accessible containing neutral (3, 4) and cationic (5, 6)
arsanylborane chains, with alternating group 13 and 15 group elements. Furthermore,
we were able to synthesize the first oxidized arsanylboranes (7a-c). Besides the highly
sensitive oxygen derivative Ph2As(O)BH2NMes (7a), which could unambiguously be
characterized in solution, the sulfur (7b) and the selenium derivative (7c) have been
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characterized also in solid state. 7a-c are the first compounds containing a Q=As-B
fragment (Q = O, S, Se). We proved, that the donor strength of the As moiety, as well
as the stability of the As-B bond has significant influence on a possible head-to-tail
polymerization. To enable this, the As-B bond must be stronger than the LB-B bond to
achieve an elimination of the LB. All attempts to thermally eliminate NMes in 2 failed
due to decomposition of the As-B bond, whereas SMez in 1 is already eliminated at
lower temperatures, presumably forming the trimeric arsinoborane (Ph2AsBH2)s. To
optimize both influencing factors and to get further access to poly(arsinoborane)s,
reactions with alkyl-substituted arsinoboranes, stabilized with primary and secondary

amines as LB are under current investigation.
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5.5 Supporting Information

Experimental Section

Synthetic procedures

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 compounds IBH2-NMesltl, IBH2:SMe2[tl and KAsPh2[? were prepared according
literature procedures. Other chemicals were obtained from Sigma-Aldrich (Ss,
H3B-SMez, BrsB, Segrey) and Fluorochem (MesSi-O-O-SiMes).

The NMR spectra were recorded on either an Avance 400 spectrometer (*H: 400.13
MHz, 3'P:161.976 MHz, *'B: 128.378 MHz, 3C{*H}: 100.623 MHz, ?’Al: 104.261 MHz)
with & [ppm] referenced to external SiMes (*H, 13C), HsPOa4 (3'P), BF3-Et20 (*!B), CFClz
(*°F) or AI(NO3)3-9 H20 (?"Al).

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.

Synthesis of Ph2AsBH2SMez2 (1)
To a solution of 16.3 mg (0.05 mmol) KAsPh2 0.65 dioxane in 1 mL thf-d® 0.05 mL
(0.05 mmol) of a solution of IBH2SMez in toluene is added at -80°C in a NMR tube. The

color of the solution changed within seconds after the addition from red to colorless.

The formation of Ph2AsBH2SMe:z is observed by VT NMR experiments. 9 decomposes
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over -20°C and under reduced pressure. All attempts to isolate or quench the product

failed.

Analytical Data of 1: **B-NMR (thf-d8, -60°C): & [ppm] = -14.11 (s, br, BH>).

Attempts to synthesize [Ph2As-BHz]n
a) A solution of 150 mg (0.5 mmol) Ph2AsBH2NMes in 10 mL toluene is heated at 100°C

for five days. The color of the clear solution turned red-orange after about 10 h. Proper

signals, which indicate oligomeric/polymeric material are not observed.

b)To a solution of 712 mg (2 mmol) KAsPh2 dioxane in 10mL thf 2 mL of a 1M solution
IBH2:SMe: is added at -80°C. The solution is stirred for 18 h and allowed to reach room
temperature. The deep red solution is bleached. All volatiles are removed via vacuum.
The remaining solid is suspended in 25 mL toluene and filtrated. After removal of all
volatiles, the received oil is suspended in 35 mL n-pentane and the solvent is decanted

after stirring for 18 h. The sustained white solid is dried via vacuum.

Yield: 182 mg; **B-NMR (CsDs, 25°C): & [ppm] = -31.04 (m, br, BH2); 'B{*H}-NMR
(CeDs, 25°C): 6 [ppm] = -31.04 (m, br, BH2); EI-MS: m/z = 497 [{BH2(AsPh2BH2)2}*],
739 [{AsPh2(BH2AsPh2BH2)2}].

Synthesis of Ph2AsBH2NMes (2):
A solution of 2.948 g (11 mmol) KAsPhz in 30 mL thf is added to a solution of 1.988 g

(20 mmol) IBH2-NMes in 35 mL thf at -80°C. The solution is allowed to reach room

temperature overnight and the color changes from red to colorless. All volatiles are
removed under reduced pressure. The product is extracted with 50 mL toluene and
filtrated over diatomaceous earth. The solution was concentrated in vacuo until the first

crystals appear and stored at -28°C. 2 crystallizes as colorless prisms.

Yield of 2: 1.950 g (64%, crystalline). *H-NMR (CsDs, 25°C): & [ppm] = 1.86 (s, 9H,
NMes), 2.92 (g, 2H, 1Jne = 115 Hz, BH2), 7.09 (m, 2H, p-CeHs), 7.20 (m, 4H, m-CeHs),
7.94 (m, 4H, 0-CeHs); 11B-NMR (CeDs, 25°C): & [ppm] = -0.91 (t, 1Jen = 115 Hz, BH2);
1B{*H}-NMR (CsDs, 25°C): 6 [ppm] =-0.91 (s, BH2); **B-NMR (CDClIs, 25°C): & [ppm]
=-1.13 (t, WJen = 115 Hz, BH2); 1B{2H}-NMR (CDCls, 25°C): & [ppm] = -1.13 (s, BH2);
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1I3C-NMR (CeDs, 25°C): & [ppm] = 53.11 (s, NMe3z), 126.60 (s, p-CeHs), 128.12 (s, m-
CeHs), 135.29 (s, 0-CsHs), 144.05 (s, i-CeHs). IR(KBr): ¥ [cm1] = 3057 (vw, Cph-H),
3003 (vw, Cph-H), 2941 (vw, Cwme-H), 2376 (m, BH), 2360 (m, BH), 2290 (vw), 1894
(vw), 1575 (vw), 1477 (s), 1459 (s), 1430 (s), 1404 (w), 1303 (vw), 1263 (vw), 1251
(w), 1154 (m), 1116 (s), 1076 (w), 1045 (vs), 1022 (m), 1006 (vw), 979 (vw), 852 (s),
741 (s), 696 (s), 584 (w), 486 (m). LIFDI-MS: m/z = 373 ([M*]). Elemental analysis (%)
calculated for CisH21NBAs (1): C: 59.84, H: 7.03, N: 4.65; found: C: 59.64, H: 7.05, N:
4.65.

Synthesis of H3B-Ph2AsBH2NMes (3):
0.04 mL (0.4 mmol) HsBSMe: is added to 50 mg (0.16 mmol) Ph2AsBH2NMes in 5 mL
thf. After stirring overnight all volatiles are removed in vacuo. The remaining white solid

is washed with 10 mL n-hexane and dissolved in 10 mL toluene. The solution is stored

at -28°C to obtain 3 as colorless plates.

Yield of 3: 22 mg (44%, crystalline). H-NMR (CsDs, 25°C): & [ppm] = 1.91 (s, 9H,
NMes), 2.23 (m, 3H, BH3), 2.82 (m, 2H, BH2), 7.04 (m, 2H, p-CsHs), 7.12 (m, 4H, m-
CeHs), 8.05 (m, 4H, 0-CsHs);1'B-NMR (CeDs, 25°C): 6 [ppm] = -5.72 (t, 1Js1 = 116 Hz,
BH2), -33.51 (q, Js.H = 103 Hz, BHz3); *B{*H}-NMR (CeDs, 25°C): & [ppm] = -5.72 (s,
BH?2), -33.51 (s, BH3); 13C-NMR (CeDs, 25°C): 6 [ppm] = 53.47 (s, NMe3s), 128.82 (s, p-
CeHs), 128.63 (s, m-CeHs), 133.36 (s, 0-CeHs), 136.82 (s, i-CeHs). IR(KBr): ¥ [cm™] =
3048 (vw, Cpn-H), 2948 (vw, Cwme-H), 2918 (vw, Cwme-H), 2451 (m, B-H), 2389 (s, B-H),
2369 (s, B-H), 2281 (w), 2267 (w), 1481 (m), 1467 (m), 1435 (m), 1410 (vw), 1245 (w),
1157 (w), 1145 (w), 1119 (m), 1070 (m), 1045 (vs), 974 (w), 864 (m), 755 (m), 745 (m),
698 (m), 590 (vw), 487 (w). LIFDI-MS: m/z = 373 [{(MesN)BH(AsPh2BH3)}*], 615
[{(Me3N)2B(AsPh2BHs3)2}*]. Elemental analysis (%) calculated for CisH24AsB2N (2): C:
57.12, H: 7.68, N: 4.45; found: C: 56.97, H: 7.33, N: 4.28.

Synthesis of BrsB-Ph2AsBH2NMes (4):
0.05 mL (0.5 mmol) BBr3 is added to a solution of 150 mg (0.5 mmol) Ph2AsBH2NMes
in 15 mL toluene at — 80°C. The clear solution is allowed to reach room temperature.

A white precipitate is observed. All volatiles are removed in vacuo, the solid is washed
2 times with 5 mL n-hexane and dried in vacuo. 4 crystallizes by storing a saturated

CH3sCN-solution at — 28°C as colorless cubes.
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Yield of 4: 235 mg (85%, powder). *H-NMR (CDsCN, 25°C): & [ppm] = 2.84(s, 9H,
NMes), 2.95 (m, 2H, BH2), 7.43 (m, 4H, m-CesHs), 7.49 (m, 2H, p-CeHs), 7.75 (m, 4H,
0-CeHs);'*B-NMR (CD3CN, 25°C): & [ppm] = -6.05 (t, 1JsH = 115 Hz, BH2), -13.40 (s,
BBrz); 'B{*H}-NMR (CDsCN, 25°C): 6 [ppm] = -6.05 (s, BH2), -13.40 (s, BBr3); C-
NMR (CD3CN, 25°C): 6 [ppm] = 55.48 (s, NMes), 129.73 (s, p-CesHs), 131.13 (s, m-
CeHs), 134.94 (s, 0-CeHs), 131.57 (s, i-CsHs). IR(KBr): ¥ [cm™] = 3058 (w, Cph-H), 2992
(Cwe-H), 2946 (w), 2484 (m, B-H), 2428 (m, B-H), 2359 (vw), 2319 (vw), 1954 (vw),
1888 (vw), 1812 (vw), 1683 (vw), 1653 (vw), 1581 (vw), 1558 (vw), 1481 (vs), 1463
(vs), 1436 (m), 1410 (w), 1384 (vw), 1250 (m), 1239 (m), 1188 (m), 1163 (m) 1118 (vs),
1085 (s), 1063 (vs), 1025 (m), 1014 (m), 999 (m), 971 (w), 867 (s), 740 (vs), 692 (vs),
677 (s), 647 (m), 610 (vs), 610 (vs), 594 (s), 478 (m), 459 (m). LIFDI-MS: m/z = 472
[(M-Br)*], 301 [(M-BBrs)*]. Elemental analysis (%) calculated for CisH21AsB2BrsN (3):
C: 32.66, H: 3.84, N: 2.54; found: C: 32.95, H: 4.01, N: 2.48.

Synthesis of (MesNH2B-Ph2AsBH2NMes)*I™ (5):
A solution of 150 mg (0.5 mmol) Ph2AsBHz2NMesin 5 mL CH2Cl2 is mixed with a solution
of 100 mg (0.5 mmol) IBH2NMes in 5 mL CH2Cl2 at -80°C. After stirring for six days, all

volatiles are removed in vacuo. The remaining white solid is washed two times with 5

mL toluene. 5 crystallizes by layering a saturated CH2Cl2 solution with n-hexane.

Yield of 5: 105 mg (42%, powder). *H-NMR (CDClsz, 25°C): 6 [ppm] = 2.75 (s, 18H,
NMes), 2.87(m, 4H, BH2), 7.42 (m, 2H, p-CeHs), 7.43 (m, 4H, m-CeHs), 7.53 (m, 4H, o-
CeHs);''B-NMR (CDCl3z, 25°C): o [ppm] = -6.41(s, br, BH2); 'B{*H}-NMR (CDClIs,
25°C): & [ppm] = -6.41(s, br, BH2); 13C-NMR (CDCls, 25°C): & [ppm] = 55.09 (s, NMe3),
129.75 (s, m-CesHs), 130.38 (s, p-CsHs), 130.69 (s, i-CsHs), 133.01 (s, 0-CsHs). IR(KBF):
¥ [cm™] = 3043 (vw, Cpn-H), 3005 (vw, Cph-H), 2946 (vw, Cme-H), 2738 (vw), 2457 (m,
B-H), 2402 (m, B-H), 1771 (vw), 1733 (vw), 1716 (vw), 1699 (vw), 1683 (vw), 1652
(vw), 1635 (vw), 1575 (vw), 1558 (vw), 1539 (vw), 1520 (vw), 1506 (vw), 1482 (m),
1472 (m), 1434 (w), 1393 (w), 1237 (w), 1172 (w), 1115 (m), 1051 (s), 1013 (w), 961
(vw), 867 (m), 740 (w), 720 (w), 692 (w), 486 (w). ES-MS (cation): m/z = 373 (M").
Elemental analysis (%) calculated for CisH21AsSBNS (4): C: 43.25, H:6.45, N:5.60;
found: C:40.90, H:6.42, N:5.57.
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Synthesis of (MesNBH2Ph2As-H2B-Ph2AsBH2NMes)*I™ (6):
To a solution of Ph2AsBH2NMes (0.5 mmol) in 10 mL CH2Clz a solution of 1M IBH2SMe:2

(0.25 mmol) in toluene is added at -80°C. The reaction solution is allowed to reach
room temperature overnight. All volatiles are removed in vacuo. The remaining white
solid is washed two times with 5 mL toluene and dried in vacuo. 6 crystallizes as

colorless plates by slow evaporation of the solvent of a saturated CH2Cl2 solution.

Yield of 6: 118 mg (64%, powder). *H-NMR (CDCls, 25°C): 6 [ppm] = 2.54 (s, 18H,
NMes), 2.61 (m, 6H, BH2), 7.28 (m, 4H, m-CesHs), 7.35 (m, 2H, p-CeHs), 7.37 (m, 4H,
0-CsHs);1*B-NMR (CDCls, 25°C): & [ppm] = -6.19 (s, br, BH2-NMes), -28.38 (s, br,
AsPhz-BH2-AsPh2); 11B{*H}-NMR (CDCls, 25°C): & [ppm] = -6.19(s, BH2-NMes3), -28.38
(s, AsPh2-BH2-AsPhz); *3C-NMR (CDCls, 25°C): & [ppm] = 54.68 (s, NMe3z), 129.01 (s,
p-CeHs), 129.88 (s, m-CeHs), 132.14 (s, 0-CeHs), 133.09 (s, i-CsHs). IR(KBr): V [cm™] =
3042 (s, Cpn-H), 2975 (m, Cwme-H), 2809 (vw), 2730 (vw), 2458 (m, B-H), 2417 (m, B-
H), 2362 (m), 1733 (vw), 1699 (vw), 1683 (vw), 1652 (vw), 1635 (vw), 1558 (vw), 1540
(vw), 1506 (vw), 1480 (s), 1434 (s), 1305 (vw), 1261 (w), 1160 (w), 1120 (m), 1062
(vs), 1013 (m), 957 (m), 866 (m), 802 (w), 764 (w), 743 (s), 695 (vs), 668 (vw), 640 (w),
483 (w), 458 (m). ES-MS (cation): m/z = 615 [M*]. Elemental analysis (%) calculated
for CaoH44As2B3IN2 (5): C: 48.50, H: 5.97, N: 3.77; found: C: 47.70, H: 5.96, N: 3.62.

Synthesis of Ph2As(O)BH2NMes (7a):
To a solution of 301 mg (1 mmol) Ph2AsBH2NMes in 10 mL CH2Cl2 0.25 mL
(1.13 mmol) Bis-trimethylsilylperoxide at -80°C is added. According to *H-NMR and

11B-NMR-spectra the product yields in 100%. Due to decomposition isolation by

removing the solvent or precipitation was not successful.

Analytical data of 7a: *H-NMR (CD2Cl2): d[ppm] = 6 [ppm] = 2.66 (m, 2H, BH>), 2.89
(s, 9H, NMes), 7.38 (m, 4H, m-CeHs), 7.39 (m, 2H, p-CeHs), 7.73 (m, 4H, 0-CsHs);11B-
NMR (CD2Clz, 25°C): & [ppm] = -7.91 (t, {Jsn = 112 Hz, BH2); B{*H}-NMR (CD2Cl2,
25°C): 6 [ppm] = -7.91 (s, BH2). IR(KBr vessel, CH2Cl2): ¥ [cm™] = 3054 (m, Cph.-H),
2986 (vw, Cwme-H), 2958 (w, Cwme-H), 2451 (w, B-H), 2407 (w, B-H), 2348 (vw), 1484
(vw), 1422 (vw), 1290 (vw), 1270 (vs), 1158 (vw), 1120 (vw), 1061 (w), 895 (w), 846
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(m, As=0), 778 (vw), 758 (m), 700 (vs). ESI-MS (CH2Cl2): Kation: m/z = 318 [{M}"],
635 [{M2}*].

Synthesis of Ph2As(S)BH2NMes (7b):

150 mg (0.5 mmol) Ph2AsBH2NMes and 16 mg (0.5 mmol) Ss are put together as solid.

The solids are dissolved in 10 mL CH2Clz to receive a clear yellow solution. After
stirring for 18 h, all volatiles of the colorless solution are removed in vacuo and the
remaining solid is washed with 5 mL toluene and dried in vacuo. 7b crystallizes by

layering a saturated CH2Cl2 solution with n-hexane at -28°C.

Yield of 7b: 115 mg (69%, powder). *H-NMR (CDClz, 25°C): & [ppm] = 2.85(m, 2H,
BH2), 2.91 (s, 9H, NMes), 7.34 (m, 4H, m-CsHs), 7.35 (m, 2H, p-CeHs), 7.89 (m, 4H, o-
CsHs):11B-NMR (CDCls, 25°C): & [ppm] = -6.44(t, 1Jg,n = 115 Hz, BH2); 11B{H}-NMR
(CDCls, 25°C): & [ppm] = -6.44(s, BH2); 13C-NMR (CDCIs, 25°C): 6 [ppm] = 54.09 (s,
NMes), 128.44 (s, m-CeHs), 129.49 (s, p-CesHs), 130.69 (s, 0-CeHs), 138.31 (s, i-CsHbs).
IR(KBr): ¥ [cm™] = 3017 (w, Cpn-H), 2998 (w, Cwme-H), 2945 (vw), 2462 (m, B-H), 2423
(m, B-H), 2360 (w, P-H), 1843 (vw), 1771 (vw), 1733 (vw), 1716 (vw), 1699 (vw), 1683
(vw), 1652 (vw), 1635 (vw), 1616 (vw), 1576 (vw), 1539 (w), 1506 (w), 1478 (s), 1464
(s), 1435 (m), 1404 (vw), 1305 (w), 1243 (w), 1154 (w), 1114 (m), 1079 (w), 1053 (s),
1019 (vw), 1004 (w), 970 (w), 869 (m), 751 (s), 698 (s), 485 (s), 467 (m).

LIFDI-MS: m/z = 333 [{M}*], 405 [{MesNBH2AsPh2S-BH2NMes}*], 666 [{M}*].
Elemental analysis (%) calculated for CisH21AsBNS (7): C: 54.08, H: 6.35, N: 4.20;
found: C: 53.96, H: 6.31, N: 3.98.

Synthesis of Ph2As(Se)BH2NMes (7¢):
150 mg (0.5 mmol) Ph2AsBH2NMes and 39 mg (0.5 mmol) Segrey are put together as

solid. The solids are dissolved in 10 mL CH2Cl2 to receive a clear gray solution. After
stirring for 18 h, all volatiles of the colorless solution are removed in vacuo and the
remaining solid is washed with 5 mL toluene and dried in vacuo. 7c crystallizes by

evaporation of a saturated CH2Cl2 solution at room temperature.

Yield of 7c: 105 mg (55%, powder). *H-NMR (CDClIs, 25°C): & [ppm] = 2.90 (m, 2H,
BH2), 2.92 (s, 9H, NMes), 7.32 (m, 4H, m-CsHs), 7.35 (m, 2H, p-CeHs), 7.89 (m, 4H, o-
CeHs);1*B-NMR (CDCls, 25°C): 6 [ppm] = -6.15 (t, 1Jsx = 106 Hz, BH2); 1'B{*H}-NMR
(CDCls, 25°C): 6 [ppm] = -6.15 (s, BH2); **C-NMR (CDCls, 25°C): § [ppm] = 54.22 (s,
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NMes), 128.42 (s, m-CesHs), 129.49 (s, p-CsHs), 131.35 (s, 0-CsHs), 136.28 (s, i-CsHs).
IR(KBr): ¥ [cm™] = 3060 (vw), 3040 (vw), 3015 (vw, Cpnh-H), 2946 (vw, Cwme-H), 2460
(m, B-H), 2422 (m, B-H), 2362 (vw, P-H), 1980 (vw), 1576 (w), 1478 (s), 1467 (m),
1450 (m), 1434 (s), 1411 (vw), 1403 (vw), 1305 (w), 1242 (w), 1174 (w), 1154 (m),
1114 (s), 1077 (m), 1051 (s), 1020 (m), 1003 (m), 970 (w), 869 (m), 759 (m), 750 (s),
733 (w), 696 (s), 668 (W), 574 (w), 483 (m), 454 (w). LIFDI-MS: m/z = 381 [{M}'], 453
[{Me3BH2AsPh2Se-BH2NMes}*]. Elemental analysis (%) calculated for CisH21ASBNSe
(8): C:47.41, H: 5.57, N: 3.69; found: C: 47.04, H: 5.49, N: 3.44,

Cyclovoltamogram of Ph2AsBH2NMes

-1.500 -1.000 -500 0 500 1.000 1.500 2.000
1 1 1 1 1 1
40,0 -4 40,0
30,0 4 30,0
20,0 - 1 20,0
| (nA)
10,0 - 4 10,0
—>
0,0 - ———— 400
-10,0 - -4 -10,0
-20,0 ‘ ‘ ‘ ‘ ‘ ‘ -20,0
-1.500 -1.000 -500 0 500 1.000 1.500 2.000
E(mV)
V vs. Cp,Co/Cp,Co*

Compound 2 shows an irreversible oxidation, with no reversibility at either lower or
higher feed rates. The CV was measured in CH2Cl2 with [Cp2Co][PFs] / Cp2Co as

reference.

X-Ray diffraction analysis

The X-ray diffraction experiments were performed on either on Rigaku Oxford
Diffraction SuperNova diffractometer (2-5, 7b, 7c, T=123K, Cu-Ka microsource, A =
1.54178 A, TitanS2 CCD detector) or on P11 beamline at DESY, Hamburg!®! (6, T=80K,

synchrotron radiation, A = 0.6199 A, 1-cycle diffractometer with horizontal ¢-axis,
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PILATUS 6M pixel detector). Crystallographic data together with the details of the
experiments are given below. Integration of frames, data finalization and absorption
corrections for all compounds, including 5, was done using Rigaku Oxford Diffraction

CrysAlisPro software.

Details of structure refinement and solution

All structures were solved using SIR97DISHELXTI®! and OLEX.[l Least square
refinements against F2 in anisotropic approximation were done using SHELXL.®!

The hydrogen positions of the methyl groups were located geometrically and refined
riding on the carbon atoms. Hydrogen atoms belonging to BH2 groups were located
from the difference Fourier map and refined without constraints. All crystals of 2 and

6¢ showed twinning, they were refined applying hklf5 refinement.

Crystal structures
Ph2AsBH2NMes (2)

2 crystallizes from a solution of toluene at -28°C as colorless prisms in the monoclinic

space group Cc. Figure S1 shows the molecular structure of 2 in solid state.

Figure S1: Molecular structure of 2 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 [°]: N-B 1.612(10), B-As 2.098(8), As-C1
1.971(6), As-C2 1.979(7), C1-As-C2 98.4(3), N-B-As 111.2(5).

125



The Lewis base stabilized diphenylsubstituted Arsanylborane

HsB-Ph2AsBH2NMes (3)
Compound 3 crystallizes from a solution of toluene at -28°C as colorless plates in the
triclinic space group P1 with one molecule toluene in the unit cell. All crystals showed

twinning. Figure S2 shows the molecular structure of 3 in solid state.

Figure S2: Molecular structure of 3 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 [°]: N-B1 1.595(2), B1-As 2.0702(19), As-B2
2.056(2), N-B1-As 112.74(11), B1-As-B2 123.27(9).

BrsB-Ph2AsBH2NMes (4)
Compound 4 crystallizes from a solution of MeCN at -28°C as colorless cubes in the
orthorhombic space group Pbca. Figure S3 shows the molecular structure of 4 in solid

state.
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Figure S3: Molecular structure of 4 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 [°]: N1-B1 1.598(5), B1-Asl 2.093(4), As1-B2
2.077(4), N1-B1-Asl 116.5(3), B1-As1-B2 122.59(18).

(MesNH2B-Ph2AsBH2NMes)*I" (5)

Compound 5 crystallizes from a solution of CH2Cl2 layered with n-hexane at -28°C as
colorless plate with one molecule CH2Clz in the unit cell in the triclinic space group P1.

Figure S4 shows the molecular structure of 5 in solid state.

Figure S4: Molecular structure of 5 in the solid state. Hydrogen atoms bonded to
carbon and counterions are omitted for clarity. Thermal ellipsoids are drawn with 50%
probability. Selected bond lengths [A] and angles [°]: N1-B1 1.600(3), N2-B2 1.593(4),
B1-As 2.100(3), B2-As 2.083(4), N1-B1-As 114.03(17), N2-B2-As 114.74(18), B2-As-
B1121.71(13).
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(MesNBH2Ph2As-H2B-Ph2AsBH2NMes)*I- (6)

Compound 6 crystallizes through evaporation of the solvent of a saturated CH2Cl2
solution as colorless plates in the triclinic space group P1. There are two independent
molecules of the compound with two molecules toluene and one molecule CH2Cl2

inside the unit cell. Figure S5 shows the molecular structure of 6 in solid state.

Figure S5: Molecular structure of 6 in the solid state. Hydrogen atoms bonded to
carbon and counterions are omitted for clarity. Thermal ellipsoids are drawn with 50%
probability. Selected bond lengths [A] and angles [°]: N-B 1.577(13)-1.612(12),B-As
2.052(11)-2.107(10), N-B-As 114.2(7)-116.4(7), B-As-B 127.3(4)-129.3(4).

Ph2As(S)BH2NMes (7b)
Compound 7b crystallizes from a solution of CH2Cl2 layered with n-hexane at -28°C as
colorless blocks in the orthorhombic space group P212:2:. Figure S6 shows the

molecular structure of 7b in solid state.

128



The Lewis base stabilized diphenylsubstituted Arsanylborane

Figure S6: Molecular structure of 7b 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 [°]: N-B 1.596(5), B-As 2.070(4), As-S 2.1133(8),
N-B-As 116.6(2), B-As-S 120.50(11).

Ph2As(Se)BHz2NMes (7¢)
Compound 7c crystallizes by evaporation of a saturated solution of CH2Cl2 at room
temperature as colorless block in the monoclinic space group P2i/c. All crystals

showed twinning. Figure S7 shows the molecular structure of 7c in solid state.

Figure S7: Molecular structure of 7c 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 [°]: N-B 1.593(6),B-As 2.071(5), As-Se
2.2555(6), N-B-As 117.2(3), B-As-Se 120.78(15).
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Crystallographic information

Table S1: Crystallographic data for compounds 2 and 3

2 3
Empirical formula CisH21AsBN Cs7HseAs2B4N2
Formula weight 301.06 360.96

Crystal colorless prism colorless plates
Crystal size/mm?3 0.04 x 0.069 x 0.187 0.259 x 0.037 % 0.034
Temperature/K 123.2(6) 123
Crystal system monoclinic triclinic
Space group Cc P1
Unit cell dimensions a=14.3237(4) a=8.4744(2)
b =9.0552(2) b =13.1709(5)
c=11.3772(3) ¢ =19.1051(6)
a=90 a=71.232(3)
B =95.362(3) B =79.836(2)
y =90 Yy =74.431(3)
Volume V 1469.21(7)A3 1935.44(12)
Formula units Z 4 4
Absorption coefficient p 2.959 mm 2.320
Density pcalc 1.361 g/cm?3 1.239
F(000) 624.0 756.0
Theta range Omin/BOmax 11.576°/148.424° 4.91/148.73
Absorption correction gaussian gaussian
Index ranges -17<h<17 -7<h<10
8<k=s11 -15<k<16
-13<1<14 -23<1=<23
Reflections collected 8013 13750
Independent reflections 2871 [Rint = 0.0371] 13750 [Rint = 0.0406]
Completeness to full 6 0.988 0.964
Transmission Tmin/Tmax 0.743/0.910 0.639/0.912
Data/restraints/parameters 2871/2/174 13750/0/454
Goodness-of-fit on F? 1.186 1.050
Final R-values [I>=20 (1)] R1=0.0362, R1 = 0.0360,
wWR2 = 0.1064 wR2 = 0.1064
Final R-values [all data] R1=0.0378, R1=0.0420,
wR2 = 0.1090 wR2 = 0.1091
Largest difference hole -0.47 -0.58,
and peak Ap 1.18 e A3 0.49
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Table S2: Crystallographic data for compounds 4 and 5

4 5
Empirical formula Ci5H21AsB2BrsN C19H34AsB2CI2IN2
Formula weight 551.60 584.82
Crystal colorless cubes colorless plate

Crystal size/mm?3 0.359 x 0.228 x 0.174 0.68 x 0.122 x 0.074
Temperature/K 123 123

Crystal system orthorhombic triclinic

Space group Pbca P1

Unit cell dimensions

a = 14.02470(19)
b = 14.63913(18)
¢ = 19.4863(2)

a = 9.35198(20)
b =10.7164(2)
c = 13.3184(3)

a=90 a = 84.4330(17)
B =90 B =75.6426(18)
y =90 y = 84.0876(16)
Volume V 4000.72(9) 1282.66(5)
Formula units Z 8 2
Absorption coefficient p 9.260 13.195
Density pcalc 1.832 1.514
F(000) 2128.0 584.0
Theta range Omin/Omax 9.076/147.286 6.87/147.9
Absorption correction analytical analytical
Index ranges -11<h<17 -11<hsM1
-17 <k <17 -13<k<13
-16<1=<23 -16<1<16
Reflections collected 8686 19124
Independent reflections 3909 [Rint = 0.0209] 5101 [Rint = 0.0505]
Completeness to full 6 0.968 0.979
Transmission Tmin/Tmax 0.210/0.395 0.040/0.508
Data/restraints/parameters 3909/0/210 5101/0/266
Goodness-of-fit on F? 1.255 1.071
Final R-values [I>=20 (I)] R1 =0.0301, R1 =0.0306
wR2 = 0.0763 wR2 = 0.0824
Final R-values [all data] R1=0.0328, Ri1=0.0318
wWR2 =0.0777 wR2 =0.0832
Largest difference hole -0.77, -1.02
and peak Ap 0.46 1.33
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Table S3: Crystallographic data for compounds 6 and 7b

6 7b
Empirical formula C37.1H52.1As2B3Clo.1IN2 Ci1sH21AsSBNS
Formula weight 840.35 333.12

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group
Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Omax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?2
Final R-values [I>=20 (I)]

Final R-values [all data]

Largest difference hole
and peak Ap

colorless plates
0.170 x 0.060 x 0.020
80K
triclinic
P1
a=16.1345(2)
b =16.9253(3)
c =18.2864(3)
a = 99.4540(14)
B =115.4079(14)
y = 92.5597(12)
4412.09(13)
4
1.561
1.265
1701.0
3.352/43.856
multi-scan
-19<h<19
-20< k<20
-22<1<22
53642
[Rint =]
0.952
0.972/1.000
15374/147/863
0.881
R1 =0.0704,
wR2 =0.1881
R1=0.1247
wR2 =0.2019
-0.91,
1.63

colorless block
0.236 x 0.223 x 0.145
123
orthorhombic
P212121
a=8.9777(2)
b =10.1495(2)
c = 17.4837(4)
a=90
B =90
y =90
1593.10(6)
4
3.977
1.389
688
10.078/148.202
gaussian
-11<h<8
-12<k<8
21<1<17
5520
2969 [Rint = 0.0278]
1.59/0.92
0.560/0.761
2969/0/183
1.046
R1=0.0229,
wR2 = 0.0580
R1 =0.0240,
wR2 = 0.0586
-0.60
0.33
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Table S4: Crystallographic data for compounds 7c¢

7c
Empirical formula Cis5H21AsBNSe
Formula weight 380.02

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group
Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Bmax
Absorption correction
Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 ()]

Final R-values [all data]

Largest difference hole
and peak Ap

colorless block
0.311 x 0.218 x 0.167
123
monoclinic
P2i/c
a=10.1667(3)
b =9.1322(3)
c=17.6684(4)
a=90
B =99.025(2)
y =90
1620.10(8)
4
4.030
1.558
760.0
7.95/120.308
analytical
-12<h<12
“11<k<11
21 <1< 21
4425
5944 [Rsigma = 0.0212]
1.350
0.454/0.640
4425/0/184
1.086
R1=10.0347,
wR2 = 0.0933
R1=10.0379,
wR2 = 0.0961
-0.43,
0.75
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NMR spectroscopy
The Formation of Ph2AsBH2SMe:
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Figure S8: 1B VT NMR spectra of the reaction of KAsPh2 with IBH2SMe: at different
temperatures (* = Ph2AsBH2SMey) in thf-d&.
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Figure S9: 'H VT NMR spectra of the reaction of KAsPh2 with IBH2SMe: at different
temperatures (* = SMe2 of Ph2AsBH2SMez; ** = free SMe2) in thf-d8.
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Figure S10: 3C VT NMR spectra of the reaction of KAsPh2 with IBH2SMe: at different
temperatures (* = SMe:2 of Ph2AsBH2SMez; ** = free SMez) in thf-d8.
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Figure S11: B NMR spectra of the thermal threatment of Ph2AsBH2NMes (=*) in

toluene with CeDs capillary.
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Figure S12: 1B (top) and 'B{*H} NMR spectrum of the isolated solid of the reaction
of KAsPh2 with IBH2SMe: in CeDe.
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Figure S13: 'H (top) and *H{*'B} NMR spectrum of the isolated solid of the reaction of
KAsPh2 with IBH2SMe: in CeDe.
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Ph2AsBH2NMes
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Figure S14: 1B (top) and 'B{*H} NMR spectrum of 2 in CeDe.
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Figure S15: *H NMR spectrum of 2 in CeDe (=%).
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Figure S16: 13C NMR spectrum of 2 in CeDs (=*).
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H3B-Ph2AsBH2NMes
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Figure S17: 1B (top) and 1'B{*H} (bottom) NMR spectrum of 3 in CsDe.
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Figure S18: 'H (top) and 1H{*'B} (bottom) NMR spectrum of 3 in CsDe (=*) (impurity =

**) .
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Figure S19: 13C NMR spectrum of 3 in CsDs (=*).
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Figure S20: 1B (top) and 'B{*H} NMR spectrum of 4 in CD3CN.
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Figure S21: 'H NMR spectrum of 4 in CD3CN (=%).
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Figure S22: 13C NMR spectrum of 4 in CD3CN (=*).
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Figure S23: 1B (top) and *!B{*H} NMR spectrum of 5 in CDCl3
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Iy

7.7 7.6 7.5 7.4 ppm : : : : ‘ :
m ’ I | 82 o0 28 26 ppm
T T T T T T T T T T T T T T T
18 16 14 12 10 8 6 4 2 0 2 -4 % -8 ppm
Figure S24: 'H NMR spectrum of 5 in CDCl3
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Figure S25: 13C{*H} NMR spectrum of 5 in CDCls
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Figure S26: 1B (top) and 'B{*H} NMR spectrum of 6 in CDCls.
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Figure S27: H (top) and 1H{*!B} NMR spectrum of 6 in CDCIz (*=silicon grease).
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Figure S28: 13C NMR spectrum of 6 in CDClz (=*).
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Figure S29: 1B{H} (top) and B (bottom) NMR spectra of a reaction mixture of Bis-
trimethylsilylperoxide and Ph2AsBH2NMes in CD2Cl2 (*=(HBO2)s).
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Figure S30: 'H NMR spectrum of a reaction mixture of Bis-trimethylsilylperoxide and
Ph2AsBH2NMes in CD2Cl2 (* = (MesSi)20).
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Figure S31: 1B (top) and 1'B{*H} NMR spectrum of 7b in CDCls.
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Figure S32: 'H NMR spectrum of 7b in CDCls.
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Figure S33: 13C{*H} NMR spectrum of 7b in CDCls3 (=*).
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Figure S34: 1B (top) and *B{*H} NMR spectrum of 7c in CDCls
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Figure S35: 'H NMR spectrum of 7c in CDCl3
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Figure S36: 13C{*H} NMR spectrum of 7c in CDCls (=*).
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Figure S37: 1B NMR spectra of 2 (CDCIz), 7a (CD2Clz2; * = assumedly traces of
(HBO2)3 ), 7b (CDCls) and 7c (CDCIs).
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Instability of Ph2As(O)BH2NMes
Long term NMR spectra
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Figure S38: 1B{*H} NMR spectra of the reaction mixture of Bis-trimethylsilylperoxide
and Ph2AsBH2NMes in CH2Cl2 with CeDs capillary after 1d, 2d, 5d, 7d, 14d and 28d (*
= Ph2AsBH2NMes; ** = Ph2As(O)BH2NMes).
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Figure S39: 1B NMR spectra of the reaction mixture of Bis-trimethylsilylperoxide and
Ph2AsBH2NMes in CH2Cl2 with CsDs capillary after 1d, 2d, 5d, 7d, 14d and 28d (* =
Ph2AsBH2NMes; ** = Ph2As(O)BH2NMes).
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Computational Data

The geometries of the compounds have been fully optimized with gradient-corrected
density functional theory (DFT) in form of Becke’s three-parameter hybrid method
B3LYPH1A with all electron def2-SVP basis set.'] Gaussian 09 program packagel?
was used throughout. All structures correspond to minima on their respective potential
energy surfaces. Basis sets were obtained from the EMSL basis set exchange
database.!3l

Table S5: Reaction energies AE®o, standard enthalpies AH®298, Gibbs energies AG°29s
(kJ mol?) and standard entropies AS°298 (J mol! K1) for the considered gas phase
processes. B3LYP/def2-SVP level of theory.

N Process AE°0  AH®208 AS°208 AG°208
1 2 Ph2As(O)BH2NMes— AsPh2BH:NMes + /3

(HBO2)3 + /2 H2 + NMes + /2 As2Pha -404.3 -412.9 210.8 -475.8
2 2 Ph2As(S)BH2NMes— AsPh2BH2NMes + 1/3 (HBS2)3

+ 1/2 H2 + NMes + /2 As2Pha -34.3 -57.5 2194 -122.9
3 2 Ph2As(Se)BH2NMes— AsPh:BH2NMez + /3

(HBSe2)s + /2 H2 + NMes + /2 As2Pha 415 153 221.7 -50.8
4  Ph2As(O)BH2NMes— AsPhz2BH2NMes + /2 O2 150.6 146.7 88.5 120.3

Ph2As(S)BH2NMes— AsPh2BH2NMes + /g Sg 56.5 53.3 28.7 447

Ph2As(Se)BH2NMes— AsPh2BH2NMes + /g Ses 32.2 29.4 30.1 20.4

7 Ph2As(O)BH2NMez— HBO-NMes + > H2 + 12

As2Pha -88.8 -101.2 175.2 -153.4

8 Ph2As(O)BH2NMez— NMes + /3 (HBO)s + /2 H2 +

/2 As2Pha -203.6 -218.4 202.7 -278.9

As expected, reactions of a direct loss of O, S, Se from E=AsPh2BH2NMes to
AsPh2BH2NMes (reactions 4-6, Table S5) are endothermic and endergonic, making
compounds stable towards this decomposition pathway and allowing their synthesis
using the reverse reactions.

However, alternative pathways of decomposition exist which are exothermic. For
example, reaction of formation of trimeric ring (HBO2)3 is highly exothermic and
supposedly a driving force for the experimentally observed reaction (Table S5, reaction

1). For the sulfur derivative analogous reaction 2 is still exothermic (could proceed at
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elevated temperatures, however (HBS)s rings should be prone to oxidation), but for Se
analog the reaction 3 is endothermic.

Since reactions 7,8 in Table S5 are also very favorable energetically (and should lead
to the full conversion of the starting compound to the reaction products), it is assumed
that the reaction path is not intramolecular.

Intermolecular mechanism for the reaction 1 could be assumed, with the O=As group
from the first O=AsPh2BH2NMes molecule attacking the B-H bond of the second
molecule. The first molecule loses O and converges to AsPh2BH2NMes, the second
completely disintegrates with B-As bond breaking, transfer of O atom from As to B,
leading to AsPh: radicals which will dimerize to form As2Phs. NMes, polymeric

metaboric acid (HOBO)n and molecular hydrogen are expected as by-products.

Table S6: Total energies E°, sum of electronic and thermal enthalpies HC29s (Hartree)
and standard entropies S°9s (cal moltK1). B3LYP/def2-SVP level of theory.

Point

Compound group E® HO%g98 S%20s

H2 Dh -1.1737901 -1.160528  31.227
02 Dh -150.2047989 -150.197625 48.961
Ss Dad -3184.691874 -3184.668126 103.978
Ses Dad -19210.50315 -19210.48134 129.865
NMes Cav -174.3458754 -174.219985 68.868
(HBO2)3 Casn -527.8057542 -527.722544 85.547
(HBS2)3 Can -2465.072405 -2465.011281 108.478
(HBSe2)3 Casn -14484.28879 -14484.23327 127.682
As2Pha C1 -5397.225697 -5396.837119 175.563
AsPh2BH2NMes Ci -2899.007385 -2898.659688 143.735
Ph2As(O)BH2NMes Cs -2974.167129 -2973.814368 147.062
Ph2As(S)BH2NMes C1 -3297.115379 -3296.76351 149.861
Ph2As(Se)BH2NMes C1 -5300.332541 -5299.981037 152.786
HBO-NMes Ci -275.0012146 -274.854095 85.537
/3 (HBO)3 Dsh -302.0972164 -302.036273 69.703
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Figure S40: Optimized geometries of model reaction products. B3LYP/def2-SVP level
of theory.
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Cartesian coordinates of the optimized geometry can be obtained from the provided
DVD.

References:

[1] C. Marquardt, C. Thoms, A. Stauber, G. Balazs, M. Bodensteiner, M. Scheer,
Angew. Chem. Int. Ed. 2014, 53, 3727-3730; Angew. Chem. 2014, 126, 3801—
3804.

[2] A. Tzschach, W. Lange, Chem. Ber. 1962, 95, 1360-1366.

[3] A. Burkhardt et al. Eur. Phys. J. Plus 2016, 131:56

[4] Agilent Technologies 2006-2011, CrysAlisPro Software system, different
versions, Agilent Technologies UK Ltd, Oxford, UK.

[5] A. Altomare, M. C.Burla, M. Camalli, G. L. Cascarano, C. Giacovazzo, A.
Guagliardi, A.G. G. Moliterni, G. Polidori, R. Spagna, J. Appl. Cryst. (1999) 32,
115-1109.

[6] G. M. Sheldrick, Acta Cryst. 2008, A64, 112-122.

149



The Lewis base stabilized diphenylsubstituted Arsanylborane

[7] O.V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann,
OLEX2: A complete structure solution, refinement and analysis program, 2009.
J. Appl. Cryst., 42, 339-341.

[8] G. M. Sheldrick, Acta Cryst. 2008, A64, 112-122.

[9] H. C. Brown, T. P. Stocky, J. Am. Chem. Soc. 1977, 99, 8218-8226.

[10] a) A.D. Becke, J. Chem. Phys. 1993, 98, 5648. b) C. Lee, W. Yang, R.G. Parr,
Phys. Rev. B. 1988, 37, 785.

[11] F.Weigend, R. Ahlrichs, Phys.Chem.Chem.Phys., 2005, 7, 3297-3305;

[12] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H.
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G.
Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J.
Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J.
A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E.
Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N.
Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J.
Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C.
Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A.
Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J.
B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09, Revision
E.01, Gaussian, Inc., Wallingford CT, 2013.

[13] a) D. Feller, J. Comp. Chem. 1996, 17, 1571-1586; b) K. L. Schuchardt, B. T.
Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase, J. Li, T. L. Windus, J.
Chem. Inf. Model. 2007, 47, 1045-1052.

5.6 Author contributions

All compounds were synthesized and characterized by Oliver Hegen, except the X-ray
diffraction analysis of compound 6, which was performed and solved by Dr. A. V.
Virovets.

All DFT-calculations were performed by Prof. A. Y. Timoshkin.

The manuscript (including supporting information, figures, schemes and graphical

abstract) was written by Oliver Hegen.

150



Bidentate Phosphanyl- and Arsanylboranes

6 Bidentate Phosphanyl- and Arsanylboranes
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Abstract: A new class of neutral bidentate ligands with pnictogenyl-functional sites
have  been  obtained. Reaction of tmeda:(BH2)2: (1, tmeda =
tetramethylethylendiamine) with different phosphanides vyield the corresponding
bidentate phosphanylboranes tmeda:(BH2PH2)2 (2a), tmeda:(BH2PPh2)2 (2b) and
tmeda-(BHztBuPH)2 (2c). This reaction strategy could be further extended to
synthesize the first bidentate arsanylborane tmeda-(BH2AsPh2)2 (3). Depending on the
substituents on the phosphorus, these compounds form different Au(l) complexes, to
build  either  polymeric, tmeda-(BH2PH2AuUCl)2 (4a), and monomeric
tmeda-(BH2PPh2AuUCl)2 (4b) products. These compounds form neutral oligomeric
group 13/15 chain-like molecules by coordination to a boron moiety like
tmeda-(BH2PH2BHS3)2 (5a) and tmeda-(BH2AsPh2BHs)2 (5b). In addition, the reaction
of the iodinated boranes tmeda-(BH:l)2 (1) and 4,4’-bpy-(BHa2l)2 (7) with MesN-BH2PH:2
yields the dicationic chain compounds [(tmeda-(BH2PH2BH2-NMes)2] [I]2 (6) and [(4,4’-
bpy-(BH2PH2BH2-NMes)2] [I]2 (8, bpy = bipyridine). DFT calculations provide insight into
the differences between the syntheses of mono- or bidentate pnictogenylboranes.

151



Bidentate Phosphanyl- and Arsanylboranes

6.1 Introduction

Bidentate ligands are often used compounds in coordination, supramolecular and
organometallic chemistry.[*:2 Usually, these ligands have two pnictogen coordination
sites. Whereas ligands containing nitrogen donor atoms, like 4,4’-bipyridene and its
derivates, are most common as building blocks e.g. for the construction of 3D MOFs,®!
ligands with phosphorus coordination sites, like dppe (=1,2-
Bis(diphenylphosphino)ethane, 1) and dppm (=Bis(diphenylphosphino)methane),!! are
more used in catalysis, in the formation of 1D-coordination polymers and luminescent
materials. E. g. Nozaki et al. demonstrated, that rhodium(l) complexes including chiral
phosphine-phosphite ligands (II) are highly efficient catalysts for asymmetric
hydroformylations of a wide range of olefins.[®l Whereas cyclic ligands like the four-
membered 1,3-diphosphacyclobutadiene-diide (lll) are only stable in the coordination
sphere of transition metals,[® five-membered cyclopentadienyl-analogues like 1,3-
diphospholyl rings (IV) can be isolated as potassium salts.l’! Complexes of these
ligands reveal an interesting coordination chemistry towards unsaturated metal
fragments, to build up either higher aggregates(® and polymers.[’?! Using gold ()
complexes supported by phosphine ligands, versatile properties as luminescent

materials can be observed.®!

phz'F;/T/'F;th OO

v
R
Hy '/ |/R'
. ~- _P _N B
R | [ H,
\' R Vi

Figure 1: Selected examples of bidentate ligands containing phosphorus coordination sites.

Applying bridged phosphine ligands, the distance between the gold centers can be

further reduced, leading to tuned luminescent properties.l®1% Moreover, Hey-Hawkins
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et al. demonstrated the influence of the carbon backbone of bis-phospholanes (V)
towards gold(l) to synthesize selectively macrocycles or chains and nanotubes,
respectively.11

Our group showed, that Lewis base (LB) stabilized pnictogenylboranes are excellent
building blocks for the synthesis of extended neutral and ionic mixed group 13/15
compounds.'? At least an electronic stabilization induced by the coordination of a LB,
like MezN, is necessary, to prevent head-to-tail polymerization.[*3l However, as a result
of only one pnictogen atom as a donor, the possibilities to build up longer chains or
even frameworks based on main group elements without a possible polymerization are
limited. Therefore the introduction of a second pnictogen donor site into the system of
LB stabilized pnictogenylboranes should give access to organic phosphorus boron
based oligomers and networks. Furthermore, by exploiting the isolobal relation
between an ethyl-moiety and a boranyl group linked to a phosphorus moiety, the bond
polarity inside the molecule is further extended which should lead to different features
as potential ligands (VI).

By coordination to transition metal complexes, pnictogenylboranes show a manifold
chemistry to establish higher aggregates.'¥ For example, the coordination of
pnictogenylboranes towards Au(l) gives either monomeric, dimeric or polymeric
compounds depending on the pnictogen atom and the substituents revealing
interesting luminescent properties.*®! Intrigued by the idea of connecting metal centers
with a pnictogenylborane-linker, to evoke intra- as well as intermolecular interactions,
we developed a pathway for the synthesis of bidentate phosphanyl- and
arsanylboranes.

6.2 Results and Discussion

Herein, we report the first LB bridged bidentate phosphanylboranes LB-(BH2PRR’)2
(VI, 2a-c). In addition, we could extend this approach to synthesize the first LB bridged
bidentate arsinoborane LB-(BH2AsPh2)2 (3). The donor strength as well as the sterical
hinderence of the bidentate LB has an essential effect on the stability of these bidentate
pnictogenylboranes. We show that these compounds are suitable ligands to form
dimeric and polymeric Au(l) complexes and are well suited to build up oligomeric group
13/15 compounds.
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As MesN is useful as LB to stabilize pnictogenylboranes, the nearest related bidentate
amine, tmeda (tetramethylethyldiamine), was chosen as starting material for the
synthesis of bidentate pnictogenylboranes. Through iodination of tmeda-(BHz3)2,18!
tmeda-(BHzl)2 (1) is received in almost quantitative yield. The metathesis of 1 with two
equivalents of NaPHz: in thf leads to the parent compound of a LB bridged bidentate
phosphanylborane, tmeda-(BH2PH2)2 (2a, Scheme 1). 2a is stable in solution and well
soluble in polar solvents like thf and CH2Cl.. The reaction of 1 with substituted
phosphanides NaPRR’ (R = R’ = Ph; R = H, R’ = tBu) yields the corresponding
phosphanylboranes tmeda-(BH2PPh2)2 (2b) and tmeda-(BH2tBuPH)2 (2c) (Scheme 1).
Depending on the substituents on the P atom, the reactions of 2a-c proceed up to 35%
yield according to 3P NMR spectroscopy of the reaction mixtures due to side

reactions.ll’]

ERR'
El’,HZI H,B”
—_ thf \ \—
/\N/\/N\ +2MERR' ———> /N/\/N\
BH, -2 M BH
2 RRE”
1 2a: M=Na; E=P; R=R'=H (22%)
2b: M=Na, E=P; R=R'=Ph  (32%)
2c: M=Na; E=P; R=H, R'=tBu (26%)
3: M=K; E=As;R=R'=Ph  (18%)

Scheme 1: Synthesis of compounds 2a — ¢ and 3. Isolated yields are given in parentheses.

Compound 2b is moderately soluble in toluene, whereas 2c is already well soluble in
n-hexane. The 3P NMR spectra and the 1B NMR spectra of 2a-c are comparable with
the MesN stabilized phosphanylboranes.[*3¢18] As compound 2c possesses two
stereocenters at the P atoms, for the HzC groups of the tmeda moiety three singuletts
in a 1:1:2 ratio at & = 1.95-1.99 ppm in the *H NMR spectrum can be observed.
Whereas the two signals at & = 1.98 ppm and & = 1.99 ppm corresponds to the
diastereotopic HsC groups of the R,R’ and S,S’ pair of enantiomers, the broad singulett
at d = 1.95 is assigned to the HsC groups of the meso compound. In addition, a broad
multiplett at & = 2.87 ppm can be attributed to the H2C groups of tmeda unit.

Whereas 2a and 2b are stable in solution, 2c decomposes fast in solution.®
Compared to monomeric phosphanylboranes!3¢18l (55-70%), the yields of 2a-c are
rather low. An explanation is the formation of the five-membered ring [tmeda-BH2]* and

polymeric/oligomeric phosphinoborane as competitive reaction. The formation of
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molecular and ionic complexes of tmeda with group 13 Lewis acids EX3 was examined
both experimentally and computationally.?% It was shown that the electronegativity of
the substituents X in EXs plays a decisive role on the ionic/molecular structure. The
ionic form [tmedaEXz]* [EX4] is preferred in case of Al and Ga halides, while the
molecular complex tmeda-(BHs3): is favored in case of BHs. DFT computations[?t! show,
that in the gas phase spontaneous ionization of tmeda-(BH3s)2 and tmeda-(BH2l)2 into
the ion pairs [tmedaBHz]*~[BH4]" and [tmedaBH2]*-[BH2l2] is endothermic by 133 and
43 kJ mol?, respectively. The reaction of 1 with NaPH: leading to the formation of 2a
according to Scheme 1 is exothermic; the first (-103.2 kJ mol!) and the second (-102.4
kJ mol?) step differ less than 1 kJ moll. Note that the alternative reaction with
formation of the five-membered cycle [tmeda-BH2]* and the oligomer (BH2PH2)3

1 + NaPH2 = [tmeda-BH2]* I + Nal + ¥ (BH2PH2)3

is even slightly more exothermic (-106.2 kJ molt). Thus, both reaction pathways are
energetically similar and can proceed simultaneously, lowering the yield of 2a.

We tried hard to use the synthetic pathway described in Scheme 1 for the synthesis of
the bidentate parent arsanylborane tmeda-(BH2AsH2)2. Unfortunately, all attempts
failed so far, due to the bad solubility and instability of KAsH2, and only decomposition
products could be observed.[?? Therefore, we targeted the synthesis of a bidentate
substituted arsanylborane. The reaction of 1 with two equivalents KAsPh: leads to
tmeda-(BH2AsPh2)2 (3). The compound is well soluble in toluene. Due to the
phenylsubstituents in 3, the signal in the 1B NMR spectra is shifted downfield relative
to MesN-BH2AsH2.[13d

To the best of our knowledge, compounds 2-3 are the first neutral bidentate

pnictogenylboranes.
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Figure 2: Molecular structures of 2 - 3 in the solid state. Hydrogen atoms bonded to carbon atoms are
omitted for clarity. Thermal ellipsoids are drawn with 50% probability. Selected bond Iengths and
angles [°]: 2a: P-B 1.965(2), B- 16272)PBN11695(11 2b: P-B 1.9840 8)BN1602 -B-N
109.85(10); 2c: P-B 19863319901 B-N 163283) P-B-N 109.0-109.39(15); 3: As-B 2.087(3)-
2.089(11), B-N 1.636(4)-1.642(11); As-B-N 108.77(19)-109.3(7).

The solid state structures of 2a, 2b, 2c and 3 were determined by single crystal X-ray
diffraction (Figure 2). The E-B (E = P, As) and the B-N bond lengths are comparable
to single bonds. The molecular structure of 2-3 show a synclinal arrangement along
the B-N axis. The parent compound 2a adopts an antiperiplanar arrangement along
the P-B axis, in contrast to the phenylsubstituted compounds 2b and 3, which show a
synperiplanar configuration along the E-B bond. Similar to 2a, 2c adopts an
antiperiplanar arrangement along the P-B axis, which leads to two N-B-P-C zigzag-
chains.

The bond lengths and angles in the solid state structures of 2a-c are comparable to
the monomeric MesN stabilized phosphanylboranes.[*3¢18 |n comparison to
MesN-BH2PH2,1*3¢ the P-B bond length in 2a is slightly shorter and the P-B-N angle is
slightly tightened. Due to the substituents on the P atoms in 2b and 2c, respectively,
the P-B-N angle is smaller as in 2a. The P-B/B-N bond lengths in 2b are slightly
elongated in comparison to MesN-BH2PPh2 (B-N 1.619(3)A; P-B 1.975(2)A), whereas
the P-B-N angle in 2b is smaller compared to the monomer(18l (112.4(2)°). The angles
and bond lengths in 2c are nearly identical to the corresponding ones found in
MesN-BH2tBuPH.8 The molecular structures of 2b and 3 are similar. Compared to
MesN-BH2AsH:,[13d the B-N/As-B bond lengths are assimilable to 3, whereas a
contraction of the N-B-As angle (117.1(2)°) is observed, due to the influence of the

phenylsubstituents.
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5b (38%): E = As, R = Ph

Scheme 2: Synthesis of compounds 4 - 5. Isolated yields are given in parentheses.

The reaction of the pnictogenylboranes 2a and 2b, respectively, with two equivalents
AuCl(tht) (Scheme 2) yields the coordination compounds tmeda-(BH2PH2AuUCI)2 (4a)
and tmeda-(BH2PPh2AuCl)2 (4b). In contrast to 4b, which is well soluble in all polar
solvents, the parent compound 4a reveals poor solubility after crystallization. In
comparison to 2a/b, the resonance signals in the NMR spectra of 4a and 4b are shifted
downfield, due to the coordination to Au(l).[*® Whereas the hydrogen substituted parent
phosphanylborane forms a polymeric structure with aurophilic interactions of the Au
atoms in 4a, the steric bulk of the phenylsubstituents in 4b avoid such interactions and
a dinuclear structure is formed (Figure 3). The gold atoms in 4a show shorter intra-
(3.230 A), as well as longer intermolecular (3.360 A) interactions.!*% However, only the
intramolecular Au---Au distances are shorter than the sum of van der Waals radii (3.32
A) 123

All bond lengths in 4a and 4b are in the range of single bonds. The B-P-Au angle in 4b
(120.60(16)°) is slightly tightened compared to 4a (123.9(4)°). In both cases, the B-P
axis adopt a synclinal arrangement, however, due to the influence of the
phenylsubstituents on the phosphorus atom in 4b, the molecular structure is linear,
which is comparable to 2b and 3, instead of the U-shaped structure formed in 4a.

Although, intra- as well as intermolecular interactions are present in the solid state of
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4a, no luminescence properties were found. Therefore, we targeted the synthesis of
cationic complexes with two pnictogenylboranes coordinated to Au(l). The reaction of
4a with a second equivalent of 2a in the presence of AICl3 leads to a fluorescent powder
(A = 254 nm). Unfortunately, due to the bad solubility, further characterization of the

product was not possible.

Figure 3: Molecular structure of 4a and 4b in the solid state. Hydrogen atoms bonded to carbon atoms
are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.

As a first step towards the construction of organic pnictogen-boron based frameworks,
we further investigated the coordination behavior towards BHs. The reactions of either
2a or 3 with two equivalents of Me2S-BHs in toluene leads to tmeda-(BH2PH2BH3)2 (5a)
or tmeda-(BH2AsPh2BH3s)2 (5b, Scheme 2), respectively. Compound 5a is the first
neutral parent compound containing two, only hydrogen substituted B-P-B chains and
5b is the first neutral compound containing two B-As-B chains. The resonance of the
P atoms in the 3P NMR spectrum of 5a (8 =-117.4 ppm) shows an expected downfield
shift and a substantial broadening upon coordination to the boron moiety.[12¢13¢l |n
contrast, the resonance of the B atoms in the 1B NMR spectrum of 5a reveal a highfield
shift (5 = -11.81 ppm and -40.54 ppm) compared to the starting material 2a. In the 'B
NMR spectrum of 5b, a highfield shift (& =-7.23 ppm and -34.71 ppm) compared to the

starting material 3 is observed as well.
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Scheme 3: Synthesis of compounds 6 and 8. Isolated yields are given in parentheses.

In order to synthesize the first LB connected, ionic phosphanylborane
[tmeda-(BH2PH2BH2-NMe3s)] [I]2 (6), we reacted 1 with two equivalents MesN-BH2PH:
(Scheme 3). Compounds 5a, 5b and 6 are well soluble in polar solvents like CH2Cl2
and CH3CN. The dicationic part of 6 can be seen as ionic analogue of 5a. The
resonance signals in the 1B NMR and 3P NMR spectra of 6 are similar to
[(MesN-BH2PH2BH2-NMe3z)*I].[12a

As synthetic procedures in which 1 is used as starting material show low yields due to
the flexibility of the LB and therefore occurrence of side reactions like cyclisation, we
decided to introduce the more rigid LB 4,4’-bipyridene (4,4’-bpy). The reaction of 4,4’-
bpy with two equivalents Me2S-BHs in Et20, and further iodination in benzene leads
4.4’-bpy-(BHzl)2 (7) in nearly quantitative yield. To evaluate if 7 is a suitable starting
material for the synthesis of the desired products, we reacted 7 with two equivalents of
MesN-BH2PH: to obtain [4,4’-bpy:(BH2PH2BH2"NMe3)2] [l]2 (8, Scheme 3). The
chemical shifts of the resonance signals in the !B NMR and 3P NMR spectrum are
comparable to 6. In contrast to the flexible tmeda linker, which reveal side reactions by
cyclisation, the more rigid linker 4,4’-bpy avoid these reactions. The synthesis of 8
shows nearly quantitative yield. However, all attempts to synthesize the neutral 4,4’-
bpy-(BH2PRR’)2 from 7 failed so far, probably due to the lower donor strength of the
LB.
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Figure 4: Molecular structures of 5 — 8 in the solid state. Counterions and hydrogen atoms bonded to
carbon atoms are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.

The E-B and B-N bond lengths of 5 - 8 are comparable to single bonds (Figure 4). The
antiperiplanar arrangement of the B-P and B-N axis in 5a leads to two B-P-B-N zigzag
chains. Whereas an antiperiplanar environment along the B-N axis in 5b is observed
as well, the B-As bond presents a synclinal arrangement. A linear and a distorted U-
shaped molecular structure are observed in the unit cell of 6. Whereas the distorted U-
shaped molecular structure results from the B2-N2-bond being in a synclinal
arrangement and the B3-P2 axis showing an anticlinal orientation (Figure 4), the linear
structure of 6 has a similar linear orientation as 5a in the solid state. It is also noticeable,
that the B1-P1-B2 angle in 6 (116.6(2)°) is comparable to the B1-P-B2 angle in 5a
(114.27(8)°), whereas the B3-P2-B4 angle in 6 is smaller (108.0(2)°). This results
presumably from packing effects. The B2-P bond in 8 has an antiperiplanar

configuration, in contrast, the P-B1 bond adopts a synclinal arrangement.

6.3 Conclusion

In summary, we were able to synthesize the novel bidentate phosphanylboranes
tmeda:(BH2PRR’): (2a: R = R’ = H; 2b: R = R’ = Ph; 2c: R = tBu, R’ = H).These
compounds are the first LB bridged phosphanylboranes and are interesting bidentate
ligands due to their extended polarity inside the molecule compared to common
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bidentate phosphine ligands. Moreover, by coordination to Au(l) centers, we were able
to synthesize either dinuclear (4b) or polynuclear (4a) Au(l) complexes. Whereas 4b
shows no aurophilic interaction due to the sterical hindrance of the phenylsubstituents
on the P atom, 4a evoke intra- as well as intermolecular aurophilic interactions. This
synthethic approach was further extended to the heavier homologue As to build the
first bridged bidentate arsanylborane 3. By coordination towards Me2S-BHzs, we were
able to synthesize neutral group 13/15 oligomers 5a and 5b, as a first step to organic
boron-pnictogen based networks. In addition, we could show that the iodinated
compounds LB-(BHzl)2 (1, 7) are useable starting materials to establish the first
dicationic chains of group 13/15 elements (6, 8). DFT calculations reveal the
challenges of transferring the synthethic strategies of monodentate
pnictogenylboranes to bidentate ones. The introduction of isopropyl-substituents on
the nitrogen atoms of the bidentate LB should prevent a ring closure as well as ensure
a higher solubility of the products. First approaches with the rigid N,N,N’,N'-
tetraisopropylethylenediamine (tipeda)?*! are very promising and are currently under

investigation.
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6.5 Supporting Information

Experimental section

Synthetic procedures

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 compounds MesN-BH2PH21Y,  MesN-BH2I?, tmeda-(BH3)2L%l, NatBuPHM,
dioxane-KAsPh2®! and (tht)AuCl®! were prepared according literature procedures. The
synthesis of compound 4,4’-bpy-(BH3)2 was slightly modified.[”’ The compound
Me2S-BHs (Sigma-Aldrich) is commercially available.

The NMR spectra were recorded on either an Avance 400 spectrometer (*H: 400.13
MHz, 3'P:161.976 MHz, *'B: 128.378 MHz, 13C{*H}: 100.623 MHz, ?’Al: 104.261 MHz)
with & [ppm] referenced to external SiMes (*H, 13C), HsPOa4 (3'P), BFs-Et20 (*!B), CFClz
(*°F) or AI(NO3)3-9 H20 (?"Al).
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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.

Synthesis of tmeda-(BH2l)2 (1)
10.15 g (40 mmol) lodine is added to a suspension of 5.73 g (39.5mmol) tmeda-(BH3)2

in Et20. The color turns brown and a development of gas is observed. After three days
all volatiles of the bleached suspension are removed in vacuo. The off-white solid is

washed two times with 40 mL n-hexane and dried in vacuo.

Yield: 13.569 (86%, powder).

H-NMR (CsDe): S[ppm] = 2.90 (m, br, 4 H, BH>), 2.83 (s, 4 H, CH2 tmeda),
1.94 (s, 12 H, CHs tmeda).

LB{IH}-NMR (CeéDe):  d[ppm] = - 12.07 (s, br).

11B-NMR (CsDs): O[ppm] = - 12.07 (t, br, *Jn = 120 Hz).

Synthesis of tmeda-(BH2PH2)2 (2a)
To a suspension of 396 mg (1 mmol) 1 in 15 mL thf a suspension of 130 mg (2.2 mmol)

NaPH: is added at -80°C. The suspension is either sonicated for 2 h or allowed to
reach room temperature for 18 h. All volatiles are removed in vacuo and the remaining
white solid is washed with 10 mL n-hexane. The solid is suspended in 30 mL toluene
at 50°C and filtrated. The volume of the clear solution is reduced in vacuo to about

15 mL. 2a crystallizes as colorless needles by storing the solution at -30°C.

Yield: 45 mg (22%, crystalline).

1H-NMR (CeDe): O[ppm] = 1.45 (dm, Jwp = 189 Hz, 4 H, PH),
1.79 (s, 12 H, CHs), 2.38 (m, br, 4H, BH2), 2.63 (s, 4 H,
CHo>).

1B{*H}-NMR (CeDs): S[ppm] =-9.12 (s, br, w2 = 260 Hz, BH2).

11B-NMR (CsDs): O[ppm] =-9.12 (t, br, 1Jsn = 108 Hz, BH>).

31pf1H}-NMR (CéDs): S[ppm] = -217.5 (d, br, 1Jps = 30 Hz, PH>).
31P-NMR (CsDs): d[ppm] = -217.5 (td, br, 1Jpe = 30 Hz' 1Jpn = 189 Hz, PH>).



EI-MS (CH2Cl2):

EA:

IR (KBr):

Bidentate Phosphanyl- and Arsanylboranes

cation: m/z: 207 (2) (M*), 175 (2) ((H2B-TMEDA-BH2PH2)*),
129 (25) ((TMEDA-BH2)*), 116 (8) (TMEDA"), 58 (100)
((Me2N=CH2)").
calculated for CeH24B2N2P2:

C 34.58%; H 11.62%, N 13.45%
found: C 34.29%; H 11.37%; N 13.11%.
V [cm™] = 3445(vw), 2997(w, C-H), 2942(w, C-H), 2392(vs,
B-H), 2280(vs, P-H), 1475(s), 1400(m), 1307(m), 1244(m),
1140(s), 1113(s), 1092(s), 1053(s), 1023(s), 990(m),
871(s), 788(m), 691(m), 588(m).

Synthesis of tmeda:(BH2PPh2)2 (2b)

To a solution 198 mg (0.5 mmol) 1 in 15 mL thf 1.1 mL of a 1M solution of NaPPhz in
thf is added at -80°C. After allowing the clear red solution to reach room temperature

over 18 h, all volatiles are removed in vacuo. The remaining solid is suspended in

25 mL toluene and filtrated. The volume of the clear colorless solution is reduced in

vacuo to 5mL and stored at -30°C for 24 h. The solvent is decanted and the

microcrystalline solid is dried in vacuo. 2b crystallizes as colorless blocks by storing a
saturated solution of CH2Cl at -30°C.

Yield:
'H-NMR (CeDs):

1B{*H}-NMR (CeDs):

1B-NMR (CsDs):
1I3C-NMR (CsDs):

31P{*H}-NMR (CsDs):

31P-NMR (CsDs):
EI-MS (CH2Cl2):

83 mg (32%, microcrystalline).

O[ppm] = 1.90 (s, 12 H, CHs), 2.71 (s, br, w1z = 175 Hz, 4
H, BH2), 2.78 (s, 4 H, CH2), 7.00-7.20 (m, 12 H, m/p-H Ph),
7.78 (m, 8 H, 0-H Ph).

O[ppm] = -3.86 (s, br, w2 =590 Hz, BH2).

O[ppm] =-3.86 (s, br, w2 = 602 Hz, BH2).

O[ppm] = 51.56 (d, 2Jcc=11.17 Hz, CHs tmeda), 56.79 (d,
2Jcc=11.17 Hz, CH2tmeda ), 126.67 (s, p-CsHs ), 128.01 (d,
3Jcp=24.02 Hz, m- CsHs), 134.88 (d, 2Jcp=16 Hz, 0-CeHs),
143.13 (d, YJcp=11 Hz, i-CeHs).

O[ppm] =-42.1 (s, br, w2 = 45 Hz, PPhy).

O[ppm] =-42.1 (s, br, w12 =52 Hz, PPhy).

cation: m/z: 641 (100) (M+tmeda-BH2)*),

512 (15) (M%), 129 (100) ((tmeda-BH2)*).
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calculated for CeH24B2N2P2:

C70.27% H 7.87% N 5.47%
found: C 70.00% H 7.80% N 5.36%.
¥ [cm™1] = 3066 (vw, Carom-H), 3049 (vw, Carom-H), 3013 (vw,
Carom-H), 2991 (vw, Cmethy-H), 2938 (vw), 2381 (vs, B-H),
2343 (m, B-H), 1772 (vw), 1733 (vw), 1717 (W), 1699 (vw),
1684 (vw), 1674 (vw), 1669 (w), 1652 (m), 1646 (m), 1635
(m), 1623 (vw), 1616 (m), 1576 (m), 1569 (w), 1558 (vw),
1540 (m), 1521 (vw), 1506 (vw), 1496 (vw), 1475 (vs), 1456
(s), 1430 (s), 1400 (vw), 1386 (vw), 1301 (vw), 1243 (vw),
1194 (vw), 1141 (m), 1106 (w), 1079 (m), 1061 (s), 1019
(s), 989 (w), 862 (m), 793 (w), 760 (m), 733 (vs), 703 (vs),
693 (vs), 668 (w), 641 (w), 516 (m).

Synthesis of tmeda-(BH2tBuPH)2 (2¢)

To a suspension of 396 mg (1 mmol) 1 in 20 mL thf 10 mL of a fresh synthesized

solution of NatBuPH (2 mmol) in thf is added at -80°C. The suspension is allowed to

reach room temperature over 18 h. All volatiles are removed and the remaining white

solid is suspended in 30 mL n-hexane. After filtration the volume of the clear solution

is reduced to 15 mL and storred at -30°C. 2c crystallizes as colorless blocks. Due to

the similar solubility of side/decomposition products and the thermal instability of 2c,

further purification was not possible.

Yield:
'H-NMR (CeDe):

LB{1H}-NMR (CeDe):

1B-NMR (CsDs):

31P{*H}-NMR (CsDs):

31P-NMR (CsDs):

120 mg (69% purity according 3P NMR spectra; 26%).
[ppm] = 1.46 (d, 3Jwp=11Hz, 18 H, C(CHz)3), 1.95 (s, br,
6H, CHs tmeda, meso), 1.98 (s, 3H, CHs tmeda, R,R" and
S,SY), 1.99 (s, 3H, CHs tmeda, R,R" and S,S'), 2.17 (s, br,
w12 = 200 Hz, 4H, BH2), 2.46 (dt, *Jnp = 198 Hz, 3Jnn = 7
Hz, 2H, PH), 2.87 (m, 4H, CH2 tmeda).

O[ppm] = -8.12 (s, br, BH2).

O[ppm] =-8.12 (m, br, BH>).

O[ppm] = -70.9 (d, br, 1Jpe = 81 Hz, PH).

O[ppm] = -70.9 (m, br, 1Jps = 81 Hz, 1JpH = 198 Hz, PH).
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ES-MS (CH2Cl2): cation: m/z: 525 [(M+('BuPHBH2)2)*],
423 [(M+('BuPHBH2))*], 321 [M*],
219 [(tmeda-BH2'BuPH)"].

The crystallization of 2c succeeded once. The IR spectrum and the EA were measured

from this small amount of crystalline material (about 5 mg). As presented later on, the

NMR spectra of the bulk phase shows impurities and decomposition products, which

could not be further separated.

EA: calculated for C14H40B2N2P2:

C 52.45% H 12.59% N 8.47%

found: C 51.99% H 12.22% N 7.92%.

IR (KBr): ¥ [cm1] =2989 (w, C-H), 2930 (s, C-H), 2888 (m), 2850 (m),
2426 (m, B-H), 2395 (s, B-H), 2359 (s, B-H), 2325 (m), 2262
(m, P-H), 2241 (m, P-H), 1733 (vw), 1717 (vw), 1699 (vw),
1684 (vw), 1652 (vw), 1646 (w), 1635 (vw), 1558 (w), 1540
(w), 1521 (w), 1506 (W), 1471 (s), 1456 (s), 1436 (m), 1418
(vw), 1404 (vw), 1357 (m), 1300 (w), 1198 (vw), 1163 (w),
1145 (m), 1111 (m), 1067 (s), 1025 (m), 995 (w), 860 (m),
800 (vw), 780 (w).

Synthesis of tmeda-(BH2AsPh2)2 (3)
To a suspension of 198 mg (0.5 mmol) 1 in 10 mL thf a solution of 340 mg (1.06 mmol)
KAsPh2-(dioxin)o.ss in 10 mL thf is added at -80°C. The solution is allowed to reach

room temperature over 18 h and changes the color from deep red to colorless. All
volatiles are removed in vacuo and the remaining white solid is washed with 10 mL
n-hexane. The solid is suspended in 25 mL toluene and filtrated. The volume of the
clear solution is reduced in vacuo to about 12 mL and stored at -30°C. 3 crystallizes

as colorless blocks.

Yield: 53 mg (18%, crystalline).

H-NMR (CsDs): O[ppm] = 1.84 (s, 12H, CHs tmeda), 2.67 (s, 4H, CH:2
tmeda), 2.69 (m, 4H, BH2), 7.06 (m, 4H, p-CsHs), 7.15 (m,
8H, m-CeHs), 7.83 (d, 8H, 3JnH = 8 Hz, 0-CeHbs).

1B{*H}-NMR (CeDs): S[ppm] =-2.90 (s, br).

1B-NMR (CsDs): S[ppm] = -2.90 (s, br, w2 = 870 Hz).
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d[ppm] = 52.08 (s, CHs tmeda), 57.56 (s, CHz tmeda),
126.86 (s, p-CsHs), 128.35 (s, m-CeHs), 135.27 (s, 0-CsHs),
143.24 (s, i-CeHs).
cation: m/z: 600 (M*).
calculated for CsoHasN2B2AS2:

C 59.78%; H 7.03%; N 4.65%
found: C 60.23%; H 6.55%; N 4.51%.
¥ [cm™] = 3063 (vw, C-Harom), 3048 (w, C-Harom), 2989 (vw,
C-Haky1), 2399 (m, B-H), 2377 (m, B-H), 2342 (w), 1636
(vw), 1576 (w), 1477 (m), 1470 (m), 1456 (w), 1428 (w),
1401 (vw), 1300 (vw), 1242 (vw), 1150 (w), 1137 (w), 1104
(w), 1077 (w), 1051 (s), 1017 (m), 985 (w), 864 (w), 792 (w),
748 (m), 731 (s), 714 (s), 693 (w), 591 (vw), 487 (m), 452

(vw).

Synthesis of tmeda-(BH2PH2AuUCI)2 (4a)

To a solution of 15 mg (0.07 mmol) 2a in 10 mL CH2Clz at -80°C a solution of 48 mg
(0.15 mmol) AuCl(tht) in 5 mL CH2Clz at -80°C is added. The solution is stirred for
30 min at -80°C and subsequently allowed to reach room temperature. All volatiles are

removed in vacuo and the remaining white solid is washed with 10 mL n-hexane. The

solid is suspended in 5 mL CH2Cl2 and filtrated. 4a crystallizes as colorless needles by

layering a saturated CH2Clz solution with threefold n-hexane. The crystalline material

is badly soluble.

Yield:
'H-NMR (CsDe):

11B{1H}-NMR (CsD):
11B-NMR (CsDe):
31P{*H}-NMR (CsDs):
31P-NMR (CsDs):

IR (KBr):

23mg (49%, crystalline).

S[ppm] = 2.09 (m, br, 4H, BH2, e = 120H2),
2.99 (s, 12 H, CHg), 3.83 (d, 4H, PH2, 1Jnp = 352Hz), 3.88
(s, 4H, CH>).

O[ppm] =-11.47 (m, br, BH2).

O[ppm] = -11.47 (m, br, BH2).

O[ppm] =-144.7 (s, br, PH>).

O[ppm] =-144.7 (m, br, PH>).

V [cm1] = 3057 (w), 3012 (w), 2961 (w, C-H), 2938 (w, C-H)
2422(s, B-H), 2405 (s, B-H), 2364 (m, P-H), 2343(m, P-H),
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2307 (m, P-H), 1581 (w), 1570 (w), 1475(vs), 1466 (m),
1431 (vs), 1403 (s), 1309 (s), 1262 (s), 1240 (m), 1190 (m),
1181 (m), 1151 (m), 1139 (s), 1094 (s), 1072 (vs), 1021 (vs),
999 (s), 982 (m), 870 (s), 854 (m), 801 (s), 789 (s), 765 (s),
743 (s), 700 (vs), 637 (s), 550 (w), 514 (s), 472 (m), 455 (s),
426 (m).

Svynthesis of tmeda-(BH2PPh2AuCl)2 (4b)

To a solution of 36 mg (0.07 mmol) 2b in 30 mL CH2Clz at -80°C a solution of 45 mg
(0.24 mmol) AuClI(tht) in 30 mL CH2Clz at -80°C is added. The solution is stirred for

30 min at -80°C and subsequently allowed to reach room temperature. All volatiles are

removed in vacuo and the remaining white solid is washed with 10 mL n-hexane. The

solid is suspended in 10 mL CH2Clz and filtrated. 4b crystallizes as colorless needles

by layering a saturated CH2Cl2 solution with threefold n-hexane. In addition, some

black powder precipitates, presumably Au(0).

Yield:
H-NMR (CD2Cl>2):

11B{1H}-NMR (CD2Cl2):

11B-NMR (CD2Cl>):
13C-NMR (CD2Cl>):

31P{1H}-NMR (CD2Cl2):

31P-NMR (CD2Cl>):
FD-MS (CH2Cl>2):
EA:

IR (KBr):

22 mg (32%, crystalline).
O[ppm] = 2.68 (br, 4H, BH2), 2.78 (d, 12H, CHas, 3Jus =
1.5 Hz), 3.70 (s, 4H, CH>), 7.35-7.41 (m, 12H, m/p-H CsHs),
7.72-7.80 (m, 8H, 0-H CgHs).
O[ppm] = -7.44 (s, br, w12 =590 Hz, BH2).
O[ppm] =-7.44 (s, br, w2 = 602 Hz, BH>).
d[ppm] = 53.41 (s, CHs tmeda), 57.89 (d, ?Jcc= 6.5 Hz, CH2
tmeda ), 129.11(d, 3Jcp = 10.32 Hz, m- CeHs), 130.59 (d,
4Jcp=2.73 Hz, p-CeHs), 133.25 (d, YJcp= 50.34 Hz, i-
CeHs),134.86 (d, 2Jcp= 11.48 Hz, 0-CsHs).
d[ppm] = -7.33 (s, br, w1z = 465 Hz, PPh2).
O[ppm] = -7.33 (s, br, w2 =535 Hz, PPh2).
m/z (rel. Int. %): 976 (M*), 941 ([M]*-ClI), 709 ([M]*-AuCl>).
calculated for [C30H3sAU2Cl2B2N2P2](Au)o.4s:

C: 33.81%; H: 3.79%; N: 2.63%
found: C: 33.83%; H: 3.81%; N: 2.41%.
V [cm™?] = 3054 (w, C-Harom), 3009 (w, C-Haiy, 2465 (m,
B-H), 2396 (m, B-H), 2360 (m), 2332 (m), 1733 (w), 1699
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(m), 1683 (m), 1652 (w), 1635 (vw), 1506 (w), 1476 (s),
1457 (vs), 1435 (vs), 1265 (w), 1141 (w), 1116 (w), 1065
(vs), 1025 (w), 879 (w), 786 (w), 735 (vs), 690 (vs), 643
(vw), 520 (s), 484 (m).

Synthesis of tmeda-(BH2PH2BH3)2 (5a)
To a solution of 35 mg (0.17 mmol) 2a in 10 mL toluene 0.2 mL of a 2M Me2S-BHs in

toluene is added at -80°C. The solution is allowed to reach room temperature over
10 h. All volatiles are removed in vacuo. 5a crystallizes by storing a saturated solution
of CH2Cl2 at -30°C.

Yield: 20 mg (50%, powder).

'H — NMR (CDCl3): S[ppm] = 0.71 (q, br, Jus = 95 Hz, 6H, BHz3), 2.20 (m, br,
4H, BH2), 2.84 (d, “Jup = 1.87 Hz, 12H, CHa), 3.36 (dm, Jup
= 333 Hz, 4H, PH2) 3.49 (s, 4H, CHy).

11B{1H} — NMR (CDCl3z): d[ppm] = -40.54 (d, YJsp = 42 Hz, BH3), -11.81 (d, 1Jep =
70Hz, BH>).

11B — NMR (CDCl3): S[ppm] = -40.54 (qd, LJep = 42 Hz 1Jn = 95Hz, BH3), -11.82
(m, BH2).

31P{1H} — NMR (CDClI3s): d[ppm] =-117.4 (s, br, PH2).

31P— NMR (CDClI3): O[ppm] = -117.4 (t, br, 1Jpn = 333Hz, PH>).

EI-MS (toluene): m/z (rel. Int. %): 221 (25) ((PH2BH2-tmeda-BH2PH2BH3)*),
175 (10) ((tmeda-BH2PH2BH3)*), 129 (100) ((tmeda-BH2)*),
58 (40) ((Me2N=CH2)*).

Synthesis of tmeda-(BH2AsPh2BH3)2 (5b)
To a solution of 40 mg (0.066 mmol) 3 in 7 mL thf 0.02 mL (0.2 mmol) Me2S-BHs is

added at -80°C. A white solid precipitates. The solution is stirred over 18 h and all

volatiles are removed in vacuo. The remaining solid is washed with 10 mL n-hexane
and dissolved in 5 mL CH2Clz. After filtration over diatomaceous earth the volume of
the solution is reduced in vacuo to about 1 mL. 5b crystallizes by storing a saturated

solution of CH2Cl2 at -30°C as colorless blocks. Due to an impurity/decomposition
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product (tmeda-(BHs)2) with similar solubility, it was not possible to achieve analytical

purity.

Yield:

1H-NMR (CD2Cl>):

11B{1H}-NMR (CD2Cl>):

11B-NMR (CD2Cl>):

FD-MS (CHzCl>):

EA:

IR (KBr):

18 mg (crystalline, 88% purity according to *H and B NMR
spectra, 38%).
O[ppm] = 1.26 (q, br, *Jue = 111 Hz, 6H, BH3), 2.65 (s, 12H,
CHs), 2.67 (m, br, 4H, BH2), 3.35 (s, 4 H, CH2), 7.31 (m,
12H, p- and m-CeHs), 7.66 (m, 8H, 0-CsHs).
O[ppm] = -7.23 (s, br, w2 = 326 Hz, BH2), -34.71 (s, br,
w12 = 263 Hz, BH3).
O[ppm] = -7.23 (s, br, w1z = 449 Hz, BH2), -34.71 (q, br,
1JgH = 111 Hz, BH3).
m/z: 614 [((Ph2AsBH2)-tmeda-(BH2AsPh2BH3))*], 129 (100)
((tmeda-BH2)").
calculated for CsoH46AS2B4N2

C: 57.30%, H: 7.38%, N: 4.46%.
found: C: 57.26%, H: 7.51%, N: 4.53%.
¥ [em?] = 3062 (vw, C-Harom.), 3043 (vw, C-Harom.), 3001
(vw, C-Haky), 2948 (vw, C-Haky), 2919 (vw), 2849 (vw),
2453 (w, B-H), 2437 (m, B-H), 2389 (s, B-H), 2348 (m, B-
H), 2295 (w), 2274 (w), 1733 (vw), 1699 (vw), 1652 (vw),
1581 (vw), 1558 (vw), 1540 (vw), 1506 (vw), 1475 (m), 1434
(s), 1352 (w), 1307 (w), 1240 (vw), 1164 (w), 1087 (w), 1048
(vs), 1023 (m), 999 (w), 976 (vw), 878 (w), 854 (w), 796 (w),
748 (m), 739 (m), 696 (m), 664 (vw), 604 (vw), 485 (w), 452
(w), 418 (vw).

Synthesis of [tmeda:(BH2PH2BH2:NMes)][1]2 (6)

To a suspension of 198 mg (0.5 mmol) of 1 in 25 mL CH2Cl2 2mL (1mmol) of a solution

of MesN-BH2PHz2 in toluene is added at -30°C. The suspension is stirred for 10h and

is allowed to reach room temperature. All volatiles are removed in vacuo. The

remaining white solid is washed three times with 10mL toluene. 6 crystallizes by storing

a saturated solution of acetonitrile at 3°C as colorless plates and needles.
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Yield:
1H-NMR (CDsCN):

L1B{1H}-NMR (CD3CN):
11B-NMR (CD3CN):
31p{1H}-NMR (CDCN):

31p-NMR (CD3CN):
ES-MS (MeCN):

EA:

IR (KBr):

Bidentate Phosphanyl- and Arsanylboranes

100 mg (33%, crystalline).

d[ppm] = 2.06 (m, 8H, BH2),
2.76 (d, 18H, N(CH3)3, “Jup = 1.5H2z),
2.84 (s, 12H, CHs tmeda), 3.40 (s, 4H, CH2 tmeda),

3.92 (dm, 4H, PHz, YJup = 350 Hz).
O[ppm] =-11.19 (m, br, MesN-BH2),
-12.14 (m, br, tmeda-(BH2)2).
S[ppm] =-11.19 (m, br, MesN-BH>),
-12.14 (m, br, tmeda-(BH2)2).
O[ppm] =-135.7 (s, br, PH>).
O[ppm] = -135.7 (t, br, PH2, 1JpH = 350 Hz).
cation: m/z: 1084 ([[tmeda-(BH2PH2BH2-NMe3)]?*]2 [I3) , 2
%), 479 ([tmeda-(BH2PH2BH2:NMes3)]>* [I], 20 %),
176 ([tmeda-(BH2PH2BH2-NMes)]?*, 100 %).
calculated for Ci2H34Ba4l2N2P2:

C 23.76%; H 7.65%; N 9.24%
found: C 23.80%; H 7.53%; N 9.16%.
¥ [cm™] = 3500(m), 3440(m), 2997(s, CH), 2950(m, CH),
2813(w), 2446(vs, BH), 2416(vs, BH), 2305(s, PH),
2041(vw), 1773(vw), 1613(vw), 1469(vs), 1414(s),
1355(vw), 1318(m), 1244(s), 1200(w), 1156(s), 1130(vs),
1106(vs), 1055(s), 1018(s), 975 (s), 870 (vs), 845(vs),
812(vs), 785(vs), 714(s), 671 (w), 617(w), 503(w), 474(vw),
420(vw).

Svynthesis of 4,4’-bpy-(BH3)2

To a solution of 790 mg (5.05 mmol) 4,4’-bpy in 60 mL Et2O 7.5 mL of a 2M solution of

Me2S-BHs in toluene is added at 0°C. A purple precipitate is observed. All volatiles are

removed in vacuo. The remaining solid is washed with 20mL n-hexane and dried in

vacuo.

Yield:
IH-NMR (CDCls):

920 mg (99%, powder).
d[ppm] = 2.69 (m, br, 6H, BH3), 7.76 (m, 4H, o-H 4,4’-bpy),
8.81 (d, 4H, 2JnH = 6Hz, m-H 4,4’-bpy).
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Bidentate Phosphanyl- and Arsanylboranes

1B{H}-NMR (CDClz):  d[ppm] =-12.05 (s, br).
11B-NMR (CDCl3): S[ppm] = -12.05 (s, br, w12 = 515Hz).

Synthesis of 4,4’-bpy-(BH2l)2 (7)
To a suspension of 184 mg (1 mmol) 4,4’-bpy-:(BH3)2 in 25 mL benzene 253 mg

(2 mmol) 12 is added. A gas evolution is observed and the suspension turns brown.
After stirring for 18 h, the color is changed to orange. The solvent is decanted. The

remaining orange solid is washed with 35 mL n-hexane and dried in vacuo.

Yield: 360 mg (82%, powder).

'H-NMR (CDClI3): O[ppm] = 3.25 (m, 4H, BH2), 8.41 (m, 4H, 0-H 4,4’-bpy), 8.93
(m, 4H, m-H 4,4’-bpy).

1B{H}-NMR (CDCl3z):  d[ppm] =-12.10 (s, br).

1B-NMR (CDClg): S[ppm] = -12.10 (s, br, w12 = 550 Hz).

Synthesis of [4,4’-bpy:(BH2PH2BH2-NMes)2][1]2 (8)
To a solution of 218 mg (0.5 mmol) of 7 in 20 mL CH2Cl2 2 mL of a 2M solution of
MesN-BH2PH: in toluene is added at -80°C. After allowing the solution to reach room

temperature overnight, the color changed from orange to deep red. The solution is
filtrated over diatomaceous earth and the remaining solid is washed with 10 mL
CH2Cl2. The volume of the solution is reduced in vacuo to 15 mL. The solution is
dropped into 60 mL n-hexane at -80°C. The solvent is decanted and the precipitate is
washed with 20 mL n-hexane and dried in vacuo. 8 crystallizes by layering a saturated

solution of CH2Cl2 with threefold n-hexane as orange plates.

Yield: 310 mg (96%, powder).

'H-NMR (CD3CN): S[ppm] = 2.06 (m, 4H, MesN-BH2),
2.75 (d, 18 H, N(CH3)s, 4Jwp = 1.5 Hz), 3.03 (m, 4H,
bipy-BH2), 3.83 (dm, 4H, PH2, *Jup = 351 Hz, 2Jng = 7.7 HZz),
8.22 (m, 4H, o-H 4,4’-bpy), 8.83 (m, 4H, m-H 4,4’-bpy).

L1B{1H}-NMR (CDsCN):  3[ppm] =-11.19 (d, br, 1Jgp = 57 Hz, MesN-BH>),

-13.50(m, br, 4,4’-bpy-(BH2)2).

11B-NMR (CD3CN): O[ppm] = -11.19 (m, br, Jsp = 57 Hz, Jsn =

105 Hz, MesN-BH?2), -13.50 (m, br, 4,4’-bpy-(BH2)2).
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Bidentate Phosphanyl- and Arsanylboranes

13C{1H}-NMR (CDsCN):  &[ppm] = 54.38 (d, 2Jc;s = 5.8Hz, N(CHz)3), 126.67 (d, 2Jc.c
= 1.4 Hz, a-C 4,4’-bpy), 149.10 (d, 2Jc,c = 2.1 Hz, B-C 4,4'-
bpy), 150.06 (d, 2Jc.c = 4.3 Hz, y-C 4,4’-bpy).
S1P{*H}-NMR (CD3CN): d[ppm] =-121.5(s, br, PH>).

31P-NMR (CDsCN): O[ppm] = -121.5 (t, br, PH2, 1JpH = 339 Hz).

ES-MS (MeCN): cation: m/z: 519 ([4,4’-bpy-(BH2PH2BH2-NMe3)]?* [I'], 8 %),
274 ([4,4’-bpy-(BH2PH2BH2-NMes)]*, 100%),
195 ([4,4’-bpy-(BH2PH2BH2-NMes)2]?*, 40 %).

EA: calculated for Ci6H3sBal2N4P2(CH2Cl2)1.5:

C 27.20%; H 5.35%; N 7.26%

found: C 27.23%; H 7.21%; N 7.21%.

IR (KBr): V [em™] = 3019(w, C-Harom), 2961 (W, C-Hmethy1), 2444(vs, B-

H), 2411(vs, B-H), 2303(s, P-H), 1626(vs, C=N), 1539 (m),
1482 (m), 1469 (m), 1424 (s), 1276 (vw), 1242 (m), 1160
(s), 1128 (m), 1071 (vs), 974 (m), 850 (m), 726 (m), 692

(vw).

X-ray Diffraction analysis

The X-ray diffraction experiments were performed on either an Agilent Gemini R Ultra
diffractometer with Cu-Ka radiation (A = 1.54178 A) (2a, 8) , a SuperNova
diffractometer with microfocus Cu-source and Atlas CCD-detector (2b, 4a) or a GV50
diffractometer with TitanS2 detector (2c, 3, 4b, 5a, 5b, 6) from Rigaku Oxford
Diffraction (formerly Agilent Technologies) applying Cu-Ka radiation (A = 1.54178 A).
The measurements were performed at 123 K. 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).!®!
Details of crystal structure solution and refinement
All structures were solved using SIR97FSHELXTIY and OLEX.I'Y Least square

refinements against F2 in anisotropic approximation were done using SHELXL.® All

crystals of 2c and 5a showed twinning, they were refined applying hkif5 refinement.
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Bidentate Phosphanyl- and Arsanylboranes

Crystal structures
tmeda-(BH2PH2)2

2a crystallizes as colorless needles in the triclinic space group P1 by storing a
saturated CH2Cl2 solution at -30°C. Figure S1 shows the structure of 2a in the solid

state.

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 [°]: P-B 1.965(2), B-N 1.627(2), N-B-P
116.95(11).

tmeda-(BH2PPh2)2
2b crystallizes as colorless blocks in the triclinic space group P1 by storing a saturated

CH2Cl2 solution at -30°C with two molecules CH2Clz within the unit cell. Figure S2

shows the structure of 2b in the solid state.
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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 [°]: N-B 1.640(2), B-P 1.9840(18), N-B-P
109.85(10).

tmeda-(BH2tBuPH)2
2c crystallizes as colorless needles in the monoclinic space group P2i/c by storing a

saturated n-hexane solution at -30°C. Figure S3 and Figure S4 show the molecular

structure of 2c¢ in solid state. The structure solution shows distortion.

Figure S3: Distorted molecular structure of 2c in solid state.
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Figure S4: 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 [°]: N-B 1.632(3), B-P 1.986(3)-1.990(12), P-C
1.873(3)-1.894(12), N-B-P 109.0(4)-109.39(15).

tmeda-(BH2AsPh2)2
3 crystallizes as colorless blocks in the triclinic space group P2i/c by storing a

saturated solution toluene at -30°C. Figure S5 and Figure S6 show the molecular
structure of 3 in the solid state. The structure solution shows distortion.

Figure S5: Distorted molecular structure of 3 in solid state.
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Figure S6: Molecular structure of 3 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 [°]: As-B 2.087(3)-2.089(11), N-B 1.636(4)-
1.642(11), N-B-As 108.78(17)-109.3(7).

tmeda:(BH2PH2AuUCl)2
4a crystallizes as colorless blocks in the monoclinic space group P21 by layering a

saturated CH2Cl2 solution with threefold n-hexane. Figure S7 shows the structure of

4a in the solid state.

Figure S7: Solid state structure of 4a. Hydrogen atoms bonded to carbon are omitted
for clarity. Thermal ellipsoids are drawn with 50% probability. Selected bond lengths
[A] and angles [°]: N1-B1 1.604(15), B1-P1 1.970(14), P1-Aul 2.244(3), Aul-Au2inra
3.231(1), Aul-Au2iner 3.359(1), N1-B1-P1 113.8(8), P1-Aul-Cl1l 179.4(1), P1-Aul-
Au2-P2 127.2(1).
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tmeda-(BH2PPh2AuUCl)2

4b crystallizes as colorless rods in the monoclinic space group P2i/c by layering a
saturated CH2Cl2 solution with threefold n-hexane. Figure S8 shows the structure of

4b in the solid state.

Figure S8: Molecular structure of 4b 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 [°]: N-B 1.607(7), B-P 1.973(6), P-Au 2.247(1),
N-B-P 115.4(3), P-Au-Cl 176.7(1).

tmeda-(BH2PH2BH3)2
5a crystallizes as colorless blocks by storing a saturated CH2Cl2 solution at -30°C in

the monoclinic space group P2i/c. The structure was refined with HKLF5-data as twin
with a BASF 0.487(2). Figure S9 shows the structure of 5a in the solid state.
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B
B1'
v")_f

Figure S9: Molecular structure of 5a 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 [°]: B1-P 1.940(2), P-B2 1.946(2), B2-N 1.613(2),
B1-P-B2 114.27(8), P-B2-N 115.26(10).

tmeda-(BH2AsPh2BHs3)2

5b crystallizes as colorless blocks in the monoclinic space group P21/n by storing a
saturated CH2Cl2 solution at -30°C within a molecule toluene (occupancy 0.38) and
CH2Cl2 (occupancy 0.12) in the unit cell. Figure S10 shows the molecular structure of

5b in solid state.

Figure S10: Molecular structure of 5b in the solid state. Solvent molecules and
hydrogen atoms bonded to carbon are omitted for clarity. Thermal ellipsoids are drawn
with 50% probability. Selected bond lengths [A] and angles [°]: N1-B1 1.611(4), B1-
Asl 2.087 (3), As1-B2 2.063(3), N2-B3 1.601(4), B3-As2 2.087(3), As2-B4 2.058 (3),
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N1-B1-Asl 113.88(18), B1-As1-B2 124.67(12), N2-B3-As2 112.44(17), B3-As2-B4
124.71(13).

[tmeda-(BH2PH2BH2-NMes3)2][]2
6 crystallizes as colorless needles and plates in the triclinic space group P1 by storing
a saturated acetonitrile solution at 3°C within one molecule CHsCN in the unit cell.

Figure S11 and Figure S12 show the structure of 6 in the solid state. 6 exhibits a
linear, as well as a U-shaped molecular structure in solid state.

-

¢

Figure S11: Molecular structure of 6 in solid state.
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Figure S12: Molecular structure of 6 in the solid state. Counterions, solvent molecules
and hydrogen atoms bonded to carbon are omitted for clarity. Thermal ellipsoids are
drawn with 50% probability. Selected bond lengths [A] and angles [°]: B1-P1 1.950(5),
P1-B2 1.970(5), B3-P2 1.962(5), P2-B4 1.960(5), B1-P1-B2 116.6(2), B3-P2-B4
107.949, N1-B1-P1 115.0(3), N3-B3-P2 114.50(3).
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[4,4’-bpy-(BH2PH2BH2-NMes3)?] [1]2

8 crystallizes as orange plates in the triclinic space group P1 by layering a saturated
CH2Cl2 solution with threefold n-hexane within one molecule CH2Cl2 in the unit cell.

Figure S13 and Figure S14 show the structure of 8 in the solid state. The structure

solution shows distortion.

Figure S14: Molecular structure of 8 in the solid state. Counterions, solvent molecules
and hydrogen atoms bonded to carbon are omitted for clarity. Thermal ellipsoids are
drawn with 50% probability. Selected bond lengths [A] and angles [°]: N-B 1.583(6)-
1.593(6), B-P 1.938(6)-1.950(5), N1-B1-P1 109.1(3), B1-P1-B2 116.2(2).
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Crystallographic Information

Table S1: Crystallographic Data for compounds 2a, 2b and 2c

Bidentate Phosphanyl- and Arsanylboranes

2a 2b 2c
Empirical formula CeH24B2N2P2 C32H44B2ClaN2P- C14H40B2N2P2
Formula weight 207.83 682.05 320.04

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group

Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient u
Density pcalc
F(000)

Theta range Omin/Omax
Absorption correction

Index ranges

Reflections collected

Independent reflections
Completeness to full 6

Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 (I)]

Final R-values [all data]

Largest difference hole

and peak Ap

colorless plate
0.1817*0.1495*0.1297
123
triclinic
P1
a=55178(4)A
b = 7.2575(6)A
c = 8.8580(6)A
a =110.807(7)
B =94.172(6)
y = 106.683(7)
311.53(4)A3
1
2.807 mm-!
1.445 g/lcm?®
950
5.45/66.77
analytical
-6<h<6
-8<k<8
-10=<1=<10

7363 / 1109(Rinc = 0.0436)

1018
0.946
0.703/0.776
1109/4/73
1.082
R1 = 0.0336,
wR2 = 0.0851
R1=0.0372,
wR2 = 0.0883
-0.23,
0.30

colorless plate
0.098*0.064*0.035
123
triclinic
P1
a=9.4484(3)A
b =9.9252(3) A
¢ =10.0211(3) A
a = 87.349(2)
B=72.979(2)
y = 80.015(2))
884.96(4) A2
1
4.074 mm-?
1.280 g/cm?
358.0
452/73.78
multi-scan
“11<hs<11
12<k<12

-12<1<12

14487/ 3506 (Rint =
0.0388)

3230
0.990
0.85601 / 1.00000
3506/2/192
1.042
R1 = 0.0400,
WR2 = 0.1054
R1=0.0433,
WR2 = 0.1094
-0.32,
0.51

Colorless block
0.349*0.204*0.138
123
monoclinic
P2i/c
a = 6.5964(5))
b =13.4102(9)
¢ = 12.3472(7)
a=90
B =96.329(5)
y =90
1085.56(13)

2
1.747 mm-?
0.979 g/cm’3
356
9.77 1 149.466
multi-scan
-8<hs<5
-15<k<16
-15<1<14

7224/2179 (Rint = 0.0307)

2179
0.976
0.852/ 1.00000
6600/6/216
1.077
R1 =0.0533
WR2 =0.1489
R1 =0.0575
WR2 =0.1540
-0.30
0.27
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Table S2: Crystallographic data for compounds 3, 4a and 4b

Bidentate Phosphanyl- and Arsanylboranes

3

4a 4b
Empirical formula CisH20ASBN CsH24AU2B2Cl2N2P2 CsoH0AuU2B2CI2N2P2
Formula weight 300.05 672.66 977.03

Crystal
Crystal size/mm?
Temperature/K
Crystal system
Space group

Unit cell dimensions

colorless block
0.077*0.074*0.035
123
monoclinic
P2i/c
a =9.0995(3)A
b = 5.8807(2)A

clear colourless block

0.08*0.07*0.06

123

monoclinic
P21

a = 6.5803(3)
b = 15.5749(5)

clear colourless rod

0.18*0.10*0.06

131

monoclinic
P2i/c

a = 14.6355(3)
b = 13.9285(2)

c =26.9732(8)A € =8.2257(3) ¢ = 8.18960(10)
a=90 a=90 90
B = 97.424(3) B =100.338(4) 90.229(2)
y =90 y =90 90
Volume V 1431.27(8) A3 829.35(6) 1669.44(5)
Formula units Z 4 2 2
Absorption coefficient pt 3.037 mm1 37.384 mm'! 18.832 mm™*
Density pealc 1.397 glcm? 2.694 g/cm® 1.944 g/lcm?®
F(000) 402.0 612.0 932.0
Theta range Bmin/Omax 6.61/148.54 5.467/74.245 4.382/74.796
Absorption correction gaussian gaussian gaussian
Index ranges -10sh<10 -8<h<6 -13<h<17
-5<k<6 -19<k<19 “16<k<17
-30<1<33 -9<1<10 -10<1<8
Reflections collected 4614 / 2747 (Rint = 0.0265) 3280 (/).%%g)(Rim = 7595/3256 (R = 0.0361)
Independent reflections 2747 2141 2990
Completeness to full 6 0.990 0.996 0.987
Transmission Tmin/Tmax 0.103/0.564 0.131/0.285 0.154 / 0.458
Data/restraints/parameters 2747/0/182 2216/1/168 3256/0/191
Goodness-of-fit on F2 1.140 1.042 1.029
Final R-values [I>=20 (1)] R1 =0.0331, R1=0.0278 R1 =0.02948
wR2 =0.0741 wR2 = 0.0654 wR2 = 0.0760
Final R-values [all data] R1 =0.0383, R1 =0.0289 R1=0.0323
wR2 = 0.0762 wR2 = 0.0669 wR2 =0.0785
Largest difference hole -0.41, -1.511 -1.463
and peak Ap 0.45 1.204 1.096
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Table S3: Crystallographic data for compounds 5a, 5b and 6

Bidentate Phosphanyl- and Arsanylboranes

5a 5b 6
Empirical formula CsH30B4N2P2 C32.78H49.28AS2B4Clo.24N2 Cao0H144B12l6N14Ps
Formula weight 235.50 672.97 1898.63

Crystal
Crystal size/mm?
Temperature/K
Crystal system
Space group

Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Bmin/Omax
Absorption correction

Index ranges

Reflections collected
Independent reflections
Completeness to full 6

Transmission Tmin/Tmax

Data/restraints/parameters

Goodness-of-fit on F?

Final R-values [I>=20 (1)]

Final R-values [all data]

Largest difference hole

and peak Ap

Colorless block
0.2136*0.103*0.075
123
monoclinic
P2i/c
a=8.1121(4) A
b = 11.3287(4)A
¢ =9.0700(5) A
a=90°
B =112.047(7)°
y = 90°
772.57(7) A2
2
2.286 mm-!
1.012 g/cm?
260.0
5.88/74.43
analytical
-9<h=<10
-14<k<14
MMM

2538 /2384 (Rint = 0.0623) 11830/ 6865 (Rint = 0.0326

2384
0.998
0.577/0.762
2538/7/94
1.091
R1=0.0463,
WR2 =0.1348
R1=0.0478,
wR2 =0.1371
-0.48,
0.48

Colorless block
0.19*0.13*0.09
123
Monoclinic
P2i/c
a=09.7341(2)
bl 1= 27.5085(4)
¢ = 13.5745(3)
a=290°
B = 105.446(2)°
y =90°
3503.57(12) A3
4
2.691 mm-*?
1.276 g/lcm?
1400
3.741/74.885
Gaussian
-11<h=<12
-24 <k<33
-116=1<15

6865
0.955
0.801/1.000
6865/90/478
1.043
R1 = 0.0440,
wR2 = 0.1027
R1=0.0388,
wR2 = 0.0995
-1.005
0.552

colorless plate
0.1547*0.0657*0.0387
123
triclinic
P1
a=9.6291(3)A
b =14.3377(4)A
c = 16.6833(4)A
a = 76.693(2)°
B = 86.631(2)°
y = 76.751(2)°
2181.75(10)A3
1
18.063 mm
1.445 g/lcm?3
950
2.72173.92
gaussian
-10<shs11
17 <k <17
20115
13055 / 8324(Rint = 0.0544)
7307
0.943
0.134/0.587
8324/15/464
1.037
R1 =0.0393,
wWR2 = 0.0967
R1=0.0451,
wR2 = 0.1048
-1.08,
1.40
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Table S4: Crystallographic data of compound 8

Bidentate Phosphanyl- and Arsanylboranes

8
Empirical formula C18H42B4Cl4l2N4P2
Formula weight 815.33

Crystal
Crystal size/mm?3
Temperature/K
Crystal system
Space group

Unit cell dimensions

Volume V
Formula units Z
Absorption coefficient p
Density pcalc
F(000)

Theta range Omin/Omax
Absorption correction

Index ranges

Reflections collected
Independent reflections
Completeness to full 6
Transmission Tmin/Tmax

Data/restraints/parameters
Goodness-of-fit on F?

Final R-values [I>=20 (1)]

Final R-values [all data]

Largest difference hole

and peak Ap

orange plate
0.2449*0.1911*0.0483
123
triclinic
P1
a = 8.0565(4)A
b = 10.3386(6)A
¢ =11.4216(6)A
a = 89.397(4)
B = 70.094(5)
y = 77.457(5)
871.07(9) A2
1
17.981 mm?
1.554 g/cm?
402.0
8.252 / 133.394
analytical
9<h<9
-12<k<12
9<1<13
6506 / 3061 (Rint = 0.0400)
3061
0.990
0.103/0.564
3061/17/240
1.038
R:1 = 0.0397,
wR2 = 0.1021
R1 = 0.0409,
wR2 = 0.1042
-0.70,
1.29
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NMR spectroscopy
tmeda-(BHz2l)2
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Figure S16: B (top) and 'B{‘H} (bottom) NMR spectrum of 1 in CeDe.

tmeda-(BH2PH2)2

| bt

T T T
30 28 26 24 22 ppm

T T T T T T T
18 1.7 16 15 14 13 ppm
26 24 22 20 ppm

Figure S17: *H NMR spectrum of 2a in CeDs (* = H-grease).
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a0 80 70 B0 50 40 30 20 10 4] -fo 20 -30 40 -50 -BO -70 -80 ppm
m
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-216 -217 -218 ppm
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300 250 200 160 100 50 4] -50 -100 -160 —-200 -260 ppm

Figure S19: 3P (top) and 3'P{*H} (bottom) NMR spectrum of 2a in CeDe.
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Figure S20: *H NMR spectrum of 2b in CsDe.
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Figure S21: 1B (top) and 'B{*H} NMR spectra of 2b in CeDe.
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Figure S22: 13C{*H} NMR spectrum of 2b in CeDes.
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Figure S23: 3P (top) and **P{*H} NMR spectra of 2b in CeDe.
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tmeda:(BH2tBuPH)2
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Figure S24: *H NMR spectra of 2c in CsDs measured immediately after dissolving (top)

and after 15 h (bottom).
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Figure S25: 1B (top) and MB{*H} (bottom) NMR spectra of 2c in CsDs
(* = (BUPHBH2)n; ** = unknown impurity).
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Figure S26: 31P (top) and 3'P{*H} (bottom) NMR spectra of 2¢ in CeDs (* = ((BUPHBH>),

** = unknown impurity).
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Figure S27: H (top) and *H{*'B} NMR spectrum of 3 in CeDe.
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T T
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Figure S29: BC{*H} NMR spectrum of 3 in CsDs.
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tmeda-(BH2PH2AuUCI)2

zzzzz

T T T T T T T T T T
18 18 14 12 1c 2 € 4 2 ¥ -2 =4 -6 -8 oom

Figure S30: *H NMR spectrum of 4a in CD2Cl2. The poor solubility of the crystalline
material of 4a does not allow NMR spectra without impurities.

Figure S31: B (top) and 'B{*H} (bottom) NMR spectrum of 4a in CD2Cl2. The poor
solubility of the crystalline material of 4a does not allow NMR spectra without

impurities.
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Figure S32: 3P (top) and 3'P{*H} (bottom) NMR spectrum of 4a in CD2Cl2. The poor
solubility of the crystalline material of 4a does not allow NMR spectra without

impurities.

tmeda-(BH2PPh2AuCl)2
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Figure S33: *H NMR spectrum of 4b in CD2Cl2.
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Figure S34: 1B (top) and 1'B{*H} (bottom) NMR spectra of 4b in CD2Cl.

T
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Figure S35: 13C{*H} NMR spectra of 4b in CD2Cl..
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Figure S36: 3P (top) and 3'P{*H} (bottom) NMR spectra of 4b in CD2Cl>.
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tmeda-(BH2PH2BH3)2
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Figure S37: 'H NMR spectrum of 5a in CDClIs (* = H-grease).
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Figure S39: 1P NMR (top) and 3!P{*H} NMR (bottom) spectra of 5a in CDCls.

197



Bidentate Phosphanyl- and Arsanylboranes

tmeda-(BH2AsPh2BHs3)2
T T T T T T T T
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Figure S41: B (top) and B{*H} NMR spectrum of 5b in CD2Cl> (impurity: * =
tmeda-(BH3)z2).
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[tmeda-(BH2PH2PH2-NMe3)2][1]2
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Figure S41: *H NMR spectrum of 6 in CD3CN.
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Figure S42: 1B (top) and 'B{*H} (bottom) NMR spectrum of 6 in CD3CN.
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Figure S43: 3!P (top) and 3'P{*H} (bottom) NMR spectrum of 6 in CD3CN.
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Figure S44: 'H-NMR spectrum of 7 in CDsCN.
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Figure S45: B (top) and 'B{*H} (bottom) NMR spectrum of 7 in CD3CN.
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Figure S46: *H NMR spectrum of 8 in CD3CN.
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Figure S47: 1B (top) and 'B{*H} (bottom) NMR spectrum of 8 in CD3CN.
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Figure S48: 3C NMR spectrum of 8 in CDsCN.
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Figure S49: 3'P (top) and 3'P{*H} (bottom) NMR spectrum of 8 in CD3CN.

Computational details

The geometries of the compounds have been fully optimized with gradient-corrected
density functional theory (DFT) in form of Becke’s three-parameter hybrid method
B3LYP12 with all electron def2-SVPD basis set (ECP for 1).131 Gaussian 09 program
packagel™ was used throughout. All structures correspond to minima on their

respective potential energy surfaces. Basis sets were obtained from the EMSL basis

set exchange database.!*®!
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Short discussion

The complex of chelating bidentate coordination of tmeda with BH2" is by circa 200 kJ
mol! more stable than with monodentate coordination. Thus [tmeda-BH2]* cation is
quite stable. The subsequent addition of two Lewis acids (LA) to tmeda with formation
of molecular complexes of 1:1 and 1:2 composition (both feature non-chelating
coordination of tmeda) expectedly decrease by 6-17 kJ mol? from first to second LA
(Table S4). However, the first and second I abstraction from tmeda-(BHzl)2 using
NaPH: differ less than 1 kJ mol! (-103.2 and -102.4 for the first and second,

respectively).

Table S5. Standard enthalpies of addition of first and second LA to tmen (kJ molt) and
first and second I abstraction enthalpies from tmeda-(BH:l)2 with NaPH2. All data are
for the gas phase species. B3LYP/def2-SVPD (ECP on |) level of theory.

LA first second
BHs -128.7 -122.4
BH2l -124.2 -107.7
BH2PH:2 -95.4 -85.2

I- abstraction with NaPH: -103.2 -102.4

The ionization of the molecular complex tmeda-(BH:l)z into [tmeda-BHz]*---[BH2l2] ion
pair is endothermic by 43.3 kJ mol?. However, the [BH2l2] anion is predicted to
exothermically react with NaPH: yielding (PH2BH2)n oligomer, modeled by (PH2BH2)3
trimer. Comparison of the reaction enthalpies of tmeda-(BHz:l)z indicates, that reaction
with 2 equivalents of NaPH2 with formation of molecular tmeda-(BH2PH2)2 and Nal is
exothermic by -205.6 kJ mol1, while reaction of 2 equivalents NaPH: with formation of
tmeda-BH2PH2, Nal and 4(PH2BH:)z is more exothermic, -233.0 kJ mol* (Table S5).
Reactions of tmeda-(BHzl)2 with one equivalent of NaPH2 with formation of molecular
and ionic species are exothermic and similar in standard enthalpy AH®298 (kJ mol?):

tmeda-(BHzl)2 + NaPH: = tmeda-(BH2PH2)(BH:l) + Nal -103.2

tmeda-(BHal)2 + NaPH2 = [ tmeda-BHz]*---I + Nal + V3(PH2BH2)3 -106.2
This may explain the observed side products upon reaction of tmeda-(BH2l)2 with
NaPHo.

Table S6. Standard enthalpies of gas phase reaction of tmeda-(BHl)2 (kJ mol?).
B3LYP/def2-SVPD (ECP on 1) level of theory. Symbol --- indicates ion pair.

Process AH®298
tmeda-(BHzl)2 + NaPH: = tmeda‘(BH2PH2)(BH:l) + Nal -103.2
tmeda:(BH2PH2)(BHal) + NaPH: = tmeda:(BH2PH2). + Nal -102.4
tmeda:(BHzl)2 + 2NaPH: = tmeda:(BH2PH)2 + 2Nal -205.6
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tmeda-(BHzl)2 = tmeda+ B2Hal2

tmeda-(BHzl)2 = [tmeda-BHz]*---I- + BHal

tmeda-(BHzl)2 = [tmeda-BHz]*---[BH2lz2]

tmeda-(BHzl)2 + NaPH2 = [ tmeda-BHz]*---I- + Nal + ¥5(PH2BH2)3
tmeda-(BHzl)2 + 2NaPH2 = tmeda-BH2PH: + 2Nal + V4(PH2BH>)3
[BH2l2]- + NaPH:2 = Y3(PH2BH2)z + Nal + I

[tmeda:BHz]*---[BHzl2]+ 2NaPH:2 = tmeda-BH2PH:2 + 2Nal + ¥5(PH2BH2)3

148.4
134.8
43.3
-106.2
-233.0
-127.4
-276.4

Table S7. Reaction energies AE°o, standard enthalpies AH®298, Gibbs energies AG°29s
(kJ mol?) and standard entropies AS°298 (J mol! K1) for the considered gas phase
processes. B3LYP/def2-SVPD (ECP on I) level of theory. Data are given for the most

stable isomers in the gas phase.

Process AE®o AH®298 AS°208 AG®208
tmeda + BH2* = tmeda-BH2* monodentate -500.0 -483.1 -139.2 -441.6
tmeda+ BH2* = [BHz2tmen]* bidentate -710.5 -682.7 -198.4 -623.6
tmen + BHs = tmeda-BHs -144.8 -128.7 -158.0 -81.6
tmeda-BHs + BH3z = tmeda-(BHzs)2 -138.4 -122.4 -168.6 -72.1
tmeda+ Bz2Hs = tmeda-(BHs)2 -108.5 -95.1 -181.8 -40.8
tmen + BHzl = tmeda-BHol -140.3 -124.2 -174.5 -72.2
tmeda-BH:l + BH2l = tmeda- (BH:l)2 -123.0 -107.7 -181.8 -53.5
tmeda+ BzHalz = tmeda-(BHal)2 -166.7 -148.4 -192.3 -91.1
tmeda+BH2PH2 = tmeda-BH2PH: -109.8 -954 -174.2 -43.5
tmeda-BH2PH2 + BH2PH: =tmeda-(BHz2PH2)2 -99.6 -85.2 -194.7 -27.2
tmeda-BH2PH2 + BH2l =tmeda:(BH2PH2)(BH:l) -126.9 -111.3 -176.3 -58.7
tmeda-BHzl + BH2PH:z = tmeda-(BHzPH2)(BHz2l) -96.5 -82.5 -175.9 -30.0
tmeda-(BHzl)2 + 2NaPH:z = tmeda-(BH2PHz)2 + 2Nal -214.0 -205.6 -46.4 -191.8
tmeda-(BHzl)2 + NaPH:z = tmeda-(BH2PH2)(BH2l) + Nal -107.4 -103.2 -11.0 -99.9
tmeda-(BH2PH2)(BH2I) + NaPH2 = tmeda:(BH2PH.). + Nal -106.7  -102.4 -35.4 -91.9
tmeda-(BHa2l)2 = [tmeda-BHz]*---I- + BHal 143.1 134.8 155.5 88.5

tmeda-(BHzl)2 + NaPH: = [tmeda-BHz]*---I + Nal + ¥5(PH2BH.)s -111.2  -106.2 11.7 -109.7
tmeda-(BHz)2 = [tmeda-BHz]*---[BH4] 136.9 132.6 7.6 130.3
tmeda-(BHs)2 = tmeda+ B2Hs 108.5 95.1 181.8 40.8

tmeda+ B2Hs = [tmeda-BHz]*-- [BH4] 28.4 375 -174.2 89.5

tmeda-(BHzl)2 = [tmeda:BHz]*---[BH2lz2] 43.8 43.3 3.3 42.4

tmeda-(BHzl)2 = tmeda+ BzHal2 166.7 148.4 192.3 91.1

tmeda+ BzHalz = [tmeda-BHz]*--:[BHal2] -122.9 -105.1 -188.9 -48.7

[BHzl2]- + NaPH:z = ¥(PH2BH2)s + Nal + I -138.7  -127.4 -39.6 -115.6
[tmeda-BHz]*---[BH2l2]+ 2NaPH: = tmeda-BH2PH2 + 2Nal + V4(PH2BH2): -278.6 -276.4 18.0 -281.7
tmeda-(BHzl)2 + 2NaPH2 = tmeda-BH2PH: + 2Nal + 5(PH2BH2)3 -234.8 -233.0 214 -239.4
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Table S8. Total energies E%, sum of electronic and thermal enthalpies HC29s (Hartree)
and standard entropies S°os (cal mol*K?). B3LYP/def2-SVPD (ECP on |) level of
theory.

Point group

Compound E® H%9s S%os

BHs Dsn -26.5920766 -26.562181 45.055
BH2* Deh -25.6077061 -25.587151 41.516
[BH4] Td -27.2451821 -27.207941 45.298
B2He D2n -53.2506989 -53.183802 55.511
BHal Cay -323.831667 -323.807537 60.752
cis-BzHal2 Cov -647.6998001 -647.646597 81.833
trans-B2Hal2 Can -647.7001351 -647.646885 82.285
[BHl2] Cov -621.7692381 -621.742007 76.254
I- -297.8935536 -297.891193 40.428
Nal Coy -460.1191828 -460.114828 59.579
NaPH:2 Cs -504.7158883 -504.695553 63.77

PH2 Cav -342.4475193 -342.430938 49.501
BH2PH:2 Cs -368.4793894 -368.437191 60.898
(PH2BH2)3 Cav -1105.575711 -1105.440237 91.658
NMes Csv -174.3602413 -174.234491 69.505
PH2BH:lI- Cs -666.403285 -666.358458 76.502
PH2BH2NMes Cs -542.882077 -542.708753 89.78

tmeda Can -347.5148435 -347.282348 99.608
BH:tmeda* monodentate Cs -373.3129793 -373.053502 107.861
[BHztmeda]* bidentate Cz -373.3931484 -373.129539 93.66

[BHztmeda]* [BH2l2] ion pair Ci -995.2617735 -994.96925 136.735
[BHztmeda]* [BHa] ion pair C1 -400.7547143 -400.451865 113.477
[BH2tmeda]* I-ion pair Ci -671.3922932 -671.126864 112.365
tmeda-(BHz) Cs -374.162072 -373.893562 106.911
tmeda-(BHz)2 Can -400.8068501 -400.502353 111.668
tmeda -(BH:l) Cs -671.3999343 -671.137194 118.646
tmeda-(BH:l)2 Ci -995.2784575 -994.98576 135.942
tmeda-(BH2PHz2) Cs -716.0360553 -715.755879 118.876
tmeda-(BH2PH2)2 C: -1084.553395 -1084.22553 133.236
tmeda-(BH2l)(BH2PH>) Cs -1039.916067 -1039.605801 137.496

Cartesian coordinates of the optimized geometry can be obtained from the provided
DVD.
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7 Thesis Treasury

This chapter includes preliminary results, which will be included in future publications.
Some of the obtained compounds could not be characterized completely so far, but all

necessary data for the synthesis of the described compounds will be presented herein.

7.1 Systematical Coordination of Pnictogenylboranes

towards Transition Metal Lewis Acids

To selectively build up networks, it is required to break down the overall phenomenon
to a bottom-up approach. In Chapter 6, a strategy was developed to access Lewis base
(LB) bridged pnictogenylboranes (RR’EBH2).tmeda (E = P, As; R=R’=H, Ph; R =H,
R’ = tBu) and first investigations were performed to use these compounds as linking
units to connect between transition metals. At least two free coordination sites on a
Lewis acid (LA) are necessary to link two pnictogenylboranes. Therefore the labile
ligands norbornadiene (= nbd, C7Hs) and cycloheptatriene (= cht, C7Hs) were employed
to simultaneously get access to either two (nbd) or three (cht) coordination sites. The
reaction behavior of the transition metal complexes (OC)4W(nbd) and (OC)sMo(cht)
towards the parent pnictogenylboranes H2PBH:NMes and H2AsBH:NMes were
investigated.

The reaction of (OC)aW(nbd) with two equivalents H2EBH2NMes leads to
(OC)aW(EH2BH2NMes3)2 in moderate yields (C2l1a: E = P, C21b: E = As, Scheme 1).
The reactions proceed selectively, nearly quantitatively according B and 3P NMR
spectroscopic measurements and are accompanied by a color change from yellow to
brown. A broad multiplett arises at § = - 170.34 ppm (1Jrs = 32 Hz) in the 3P{1H} NMR
spectrum of C21a, which shows further splitting in the 3P NMR spectrum (*JpH = 280
Hz). In the B NMR spectrum, a broad mulitplet is observed at 6 = - 7.52 ppm
(YJsp = 32 Hz, JsH = 130 Hz). In comparison to the starting material the signal of the
PH2-moieties shifts highfield to & = 2.82 ppm, whereas the signal of the BH2-moeities
is shifted downfield to & = 2.34 ppm in the 'H NMR spectrum.[*l A similar behaviour is
observed for C21b. The signal generated by the AsH2-moieties shifts highfield to
0 =1.51 ppm and the signal assigned to the BH2-groups shifts downfield to & =
2.51 ppm compared to the starting material.[?! In the 'B{*H} NMR spectrum of C21b a
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singlet arises at & = -7.36 ppm, which shows further splitting into a triplet in the B
NMR spectrum (1Jsn = 112 Hz).

co
ocy,, | e
W
(OC),W(nbd) + 2 HyEBH,NMes —————» BH,—E” | e gy,
toluene H, H, \
-nbd MesN co N

C21aE=P (57%) Me
C21b: E = As (49%)

co
0C/, | WCO
Mo
(OC)sMo(cht) + 3 HoPBH,;NMe; ———————= 8H,—pPY” | ¥p—BH,
thf / P N
-cht Me3N 2 N
Me
3
H,B

NMe3
C22 (52%)

Scheme 1: Synthesis of C21a, C21b and C22. Isolated yields are given in parentheses.

The molecular structures in solid state of C21a and C21b were determined by single
crystal X-ray diffraction analysis (Figure 1). The pnictogenylboranes are located at the
two coordination sites in cis-position of the W(CO)4 fragment. All bonds are in the range
of single bonds. The B-E axis adopt an antiperiplanar arrangement, whereas a
synclinal arrangement is presented along the E-W axis. « (E1-W-E2) (E = P: 85.44(2)°,
E = As: 84.56(3)°) is slightly smaller than in a perfect octahedron (90°). This results
probably from packing effects.
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(@)
C (@) C
w w
P2 As2
P1 As1
4 ’J\/BZ
N1 %
C21a C21b

Figure 1: Molecular structures of C21a (left) and C21b (right) in solid state. Hydrogen atoms bound to
Carbon are omitted for clarity. Thermal ellipsoids are drawn with 50% probability.

(OC)sMo(PH2BH2NMes)s (C22, Figure 2) was first reported and completely
characterized by C. Thoms as a side product of the reaction of [CpMo(CO)sH] with
PH2BH2NMes in about 15% yield.B! In comparison, the reaction of (OC)sMo(cht) with
three equivalents H2PBH2NMes leads to C22 in moderate yields. The 3P NMR
spectrum of the reaction solution shows nearly quantitative conversion. However, due
to further washing steps, the isolated yield is only moderate. A reaction of the As
derivative H2AsBH2NMes with (OC)sMo(cht) was not observed according to NMR

spectroscopy due to the lesser donor strength of As.

Figure 2: Molecular structure of C22 in solid state. Hydrogen atoms bound to Carbon are omitted for
clarity. Thermal ellipsoids are drawn with 50% probability.
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Experimental section:
Synthesis of (OC)4sW(PH2BH2NMez)> (C21a):
To a solution of 194 mg (OC)sW(nbd) (0.5 mmol) in 20 mL toluene 2 mL of a 0.5 M

solution of PH2BH2NMes (1 mmol) in toluene is added at room temperature. After some

minutes a color change from yellow to brown is observed and a yellowish solid
precipitates. The reaction solution is stirred over 20 h. The supernatant is decanted.
The solid is washed with 10 mL n-hexane and dried in vacuo. C21a crystallizes as

yellow needles upon storing a saturated solution in CH2Cl2 at - 28°C.

Yield: 72 mg (57%, powder, M = 506 g/mol).

1H NMR (CDCla): 5 [ppm] =2.34 (m,  4H, e = 130 Hz, PH2BH>), 2.76 (s,
18H, N(CHz)3), 2.82 (m, 4H, LJpH = 280 Hz, PH2BHa).

1B NMR (CDClz3): o [ppm]= - 7.52 (m, br, 1Jsp =32 Hz, 1Jsn = 130 Hz,
PH2BH>).

1B{'H} NMR (CDCl5): 0 [ppm] = - 7.52 (m, br, 1Jsp = 32 Hz, PH2BH>).

31p NMR (CDCla): 5[ppm]= - 170.34 (m, XJpe =32 Hz, YJpn = 280 Hz,
PH2BH?).

31P{*H} NMR (CDCla3): 0 [ppm] = - 170.34 (m, YJps = 32 Hz, PH2BH?>).

LIFDI MS (CH2Cl2): m/z: 504 [M]*.

EA: calculated for C10H26B2N204WP2

C: 23.75 %; H: 5.18 %, N: 5.54 %

found: C: 23.99 %; H: 5.13 %; N: 5.43 %.

IR (KBr): ¥ [cm] = 3011 (vw, C-H), 2922 (w, C-H), 2847 (vw), 2402

(vw, P-H), 2360 (s, B-H), 2341 (s, B-H), 2002 (m),
1870 (s, C-0), 1825 (s, C-0), 1733 (w), 1717 (w), 1700 (w),
1684 (w), 1684 (w), 1652 (w), 1635 (w), 1558 (w), 1540
(w), 1521 (w), 1506 (w), 1457 (w, CH), 1258 (w), 1124 (w),
1089 (w), 1056 (w), 867 (w), 790 (w), 668 (w), 580 (w).

Synthesis of (OC)aW(AsH2BH2NMes)2 (C21b):
To a solution of 194 mg (OC)sW(nbd) (0.5 mmol) in 20 mL toluene 1 mL of a 1 M

solution of AsH2BH2NMes (1mmol) in toluene is added at room temperature. After

30 min a color change from yellow to brown is observed and a yellowish solid

precipitates. After stirring over 20 h the supernatant is decanted. The solid is washed
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with 20 mL n-hexane and dried in vacuo. C21b crystallizes as yellow needles upon

storing a saturated solution in CH2Cl2 at - 28°C.

Yield: m = 72 mg (49%, powder, M = 594 g/mol).

IH NMR (CDCls): 5 [ppm] = 1.51(m,4H, AsH:BH2), 251 (m, 4H,
1JgH = 112 Hz, AsH2BH?2), 2.81 (s, 9H, N(CHz)3).

1B NMR(CDCls): 0 [ppm] = - 7.36 (t, 1Jsn = 112 Hz, AsH2BH?>).

1B{*H} NMR(CDCIls): 0 [ppm] = - 7.36 (s, AsH2BH>).

13C{*H} NMR(CDClIz3): o [ppm] = 53.65 (s, N(CH3)3), 204.26 (s,
Jew = 63 Hz, CO), 209.58 (s, XJcw = 83 Hz, CO).

LIFDI MS (CH2Cl2): m/z: 592 [M]*.

EA: calculated for C10H26As2N204WP2

C:20.23 %; H: 4.41 %; N: 4.71 %

found: C: 20.52 %; H: 4.49 %; N: 4.54 %.

IR (KBr): ¥ [cm™] = 2955 (vw, C-H), 2911 (vw, C-H), 2845 (vw), 2359

(m, B-H), 2330 (m, B-H), 2114 (vw, As-H), 2001 (vw), 1868
(vs, C=0), 1824 (vs, C=0), 1771 (vw), 1733 (w), 1716 (W),
1699 (W), 1683 (m), 1669 (W), 1652 (),
1635 (w), 1575 (vww), 1558 (m), 1540 (w), 1521 (w),
1506 (m), 1472 (w), 1456 (m), 1436 (w), 1414 (w),
1116 (w), 1068 (W), 845 (), 687 (W), 668 (W), 419 ().

Synthesis of (OC)sMo(PH2BH2NMes)s (C22):
To a solution of 82 mg (OC)sMo(cht) (0.3 mmol) in thf 2 mL of a 0.5 M solution of

PH2BH2NMes (1 mmol) in toluene is added at room temperature. The color changed
immediately from deep red to orange after addition. The solution is stirred over 20 h
and an orange solid precipitates. The solvent is removed in vacuo and the remaining
solid is washed with two times 10 mL toluene. C22 crystallizes as colorless prisms by
layering a saturated solution in thf with four times of the volume n-hexane. NMR
(CD2Cl2), IR (KBr), MS (FD), EA and X-ray diffraction analysis data is presented in the
Dissertation of C. Thoms, Regensburg 2012, who synthesized this compound first by
reaction of [CpMo(CO)sH] with PH2BH2NMes.
Yield: 83 mg (52%, powder; M = 497 g/mol).
H NMR (thf-d®): 0 [ppm] =2.22 (m, 6H, Jpu =265 Hz, PH2BH2), 2.25 (m,
6H, PH2BH?>), 2.77 (s, 27H, N(CH3)3).
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118 NMR (thf-d8): & [ppm] = - 7.95 (m, br, PH2BH>).

UB{*H} NMR (thf-d®): 6 [ppm] = - 7.95 (s, br,PH2BH2).

31p NMR (thf-d®): & [ppm] = - 135.19 (t, br, 1Jpn = 265 Hz, PH2BH>).
31P{1H} NMR (thf-d®): 0 [ppm] = - 135.19 (s, br, PH2BH>).

Crystallographic Data:

All structures were solved using SHELXT and OLEX.F®! Least square refinements
against F2 in anisotropic approximation were done using SHELXL.[* The hydrogen
positions of the methyl groups were located geometrically and refined riding on the
carbon atoms. C21a, C21b and C22 were measured on a SuperNova with an Atlas
detector. Gaussian absorption correction was applied for C21a and C22, analytical
absorption correction for C21b. Hydrogen atoms belonging to BH2, PH2 and AsH:2
groups were located from the difference Fourier map and refined without constraints
(C21a, C21b, C22).

C21a crystallizes by storing a saturated solution in CH2Cl2 at - 28°C as yellow needles
in the monoclinic space group P2i/n. Figure 3 shows the molecular structure in solid

state.

Figure 3: Molecular structure of C21a in the solid state. Thermal ellipsoids are drawn with 50%
probablllty. ngldrogen atoms bound to Carbon are omitted for clarity. Selected bond lengths éAJ and
angles [°]: P-B = 1.951(4) - 1.962(3), P-W = 2.5363(7) - 2.5408(7); P1-W-P2 = 85.44(2);
N-B-P =115.4(2) - 115.7(2).

C21b crystallizes by storing a saturated solution in CH2Cl2 at - 28°C as colorless blocks
in the monoclinic space group P2i/n. Figure 4 shows the molecular structure in solid

state. All crystals of C21b showed twinning and were refined applying hklif5 refinement.
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N1

Figure 4: Molecular structure of C21b in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bound to Carbon are omitted for clarltg. Selected bond lengths AALJ’ and
angles [°]: As-B = 2.064/17) - 2.072(9), As-W = 2.6353(9) - 2.6337(9); Asl-W-As2 = 84.56(3);
N-B-As =114.5(14) - 115.0(6).
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Table 1: Crystallographic Data of C21a/b.

Formula

Dcaic/ g cm3
/'mm-1
Formula Weight
Colour

Shape
Size/mms3

TIK

Crystal System
Space Group
alA

b/A

c/A

of

B

y

VIA3

z

7

Wavelength MA
Radiation type
@min/°

@maxlo
Measured Refl.

Independent Refl.

Reflections Used
Rim
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wWR>

R: (all data)
Ri1

C2la

C10H26B2N204P2W
1.720
12.621
505.74
clear yellow
block
0.29x0.11x0.08
123.00(10)
monoclinic
P2i/n
9.5756(2)
11.9386(3)
17.0963(5)
90
92.201(2)
90
1952.99(9)
4

1

1.54184
CuKq
4,518
73.788
6618

3758

3572
0.0158
228

0

0.548
-0.950
1.115
0.0522
0.0514
0.0212
0.0197
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C21b

C1oH26As2B2N204sW
1.964
14.431
593.64
colourless
block
0.30%0.09x%0.06
123.00(10)
monoclinic
P21i/n
9.7332(2)
12.0019(3)
17.1944(5)
90
91.403(3)
90
2007.99(9)
4

1

1.54184
CuKqg
4,493
73.728
7066

7066

6278

/

218

8

1.827
-1.717
1.043
0.1648
0.1608
0.0672
0.0630
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7.2 Synthesis of alkyl-substituted Lewis base stabilized

phosphanylboranes

Monomeric pnictogenyltrielanes, R2EE’R’2 (E = pnictogen; E’ = triele; R = H, alkyl, aryl;
R’ = H, alkyl, aryl) are highly reactive compounds due to the lone pair on the pnictogen
atom and the vacant p-orbital on the triele atom. These unstable compounds, can be
either handled under cryogenic conditions, like the parent azaborane [H2N=BH:] 6], or
be stabilized by appropriate electronicall”! or stericall® moieties/substituents under
ambient conditions. In contrast the parent azaborane, the free parent
phosphanylborane [H2P-BH2] was not observed experimentally, yet. However, an
isolation was achieved by donor-acceptor stabilization through the combination of a
LB/LA."I The synthetic pathway could be further improved to an only LB stabilization
and was subsequently expanded to heavier homologues, the arsanylboranel® and
stibanylborane.[10]

Thermal activation of phosphanylboranes, R2PBH2NMes, leads to an elimination of the
LB and a head-to-tail polymerization occurs. Depending on the substituents on the P
atom, the molecular weight differs significantly, resulting in either oligomeric material,
like [Ph2P-BH:]» (n<6), or in high molecular weight polymers, such as [tBuPH-BHz]n.
(n = 1900 - 2150).M Through introduction of a second alkyl substituent on the P atom,
the donor strength as well as the sterical demand should be further increased. This
might lead to a different polymerization behavior, resulting in different chain lengths
and tacticity. Besides the well-established salt metathesis route, Stauber described
another synthetic pathway to monoalkylated phosphanylboranes. By reaction of
alkylhalides with H.PBH2NMes, the corresponding phosphonium salts are accessible
in good yields. These can further be deprotonated with LiNiPr2 resulting in
monoalkylated phosphanylboranes like MePHBH2NMes.['?l So far, there are no
examples for LB stabilized phosphanylboranes with two alkyl-substituents on the P
atom.

The reaction of tBuPHBH2NMes with different alkylhalides (Mel; nPrl; 1,3-
dibrompropane) leads to the corresponding phosphonium salts (Scheme 2). The
reactions to (tBuMePHBH2NMes)l (C23a) and (tBunPrPHBH2NMes)l (C23b) proceed
selectively and in good yields according to 3P NMR spectroscopy. Contrary, in the 3P
and 1B NMR spectra of the reaction solution of
[{(MesNH2BHPtBu)nPr(tBuPHBH2NMe3)}(Br)2] (C23c) unknown side products are
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observed, lowering the overall yield to about 40%. The resonance signals of the P
atoms appear downfield shifted compared to the starting material, whereas the signals
for the BH2-moiety shifts to highfield (Table 2).

Table 2: 1B and 3P NMR signals for C23-C24.

Compound 31P NMR shift 1B NMR shift
C23a 0 =-15.70 ppm =-10.30 ppm
C23b =-7.35 ppm 0 =-11.05 ppm
C23c 0 =-10.35 ppm =-10.87 ppm
C24 0 =-53.38 ppm =-1.58 ppm
tBu *
+ Mel -
toluene - PH—BH, [
H3C NMe3
C23a (93%)
+
tBu
tBu + nPrl > PH—BH, I
HP——BH; toluene nPr NMe,
NMej C23b (70%)
— - 2+
Me3N\ /\/\ /NMe3
+ 1,3 - dibrompropane HyB—PH PH—BH; 2[Br]
toluene - \tBu {BU
- C23c (17%) -

Scheme 2: Syntheses of compounds C23a, C23b and C23c. Isolated yields are given in parentheses.

It is noteworthy, that all phosphonium salts exhibit stereocenters on the phosphorus
atoms. However, only for C23c different signals in the '3C{*H} NMR spectrum,
provoked by the different sterecisomers (R,R’; S,S’; meso), are observed. The
molecular structures in solid state of C23a-c were determined by single crystal X-ray
diffraction analysis. The molecular structure of C23a shows the S stereoisomer,
whereas both R and S stereoisomers are observed for C23b. All bond lengths are in
the range of single bonds. The B-P bond length in (C23a) amounts to 1.968(4) A and
the P exhibits a tetrahedral environment «(C1-P-C2) = 109.7(2)°; Figure 5). Although
substituted by the sterically more hindered nPr-group, this is also observed for (C23b)
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(P-B = 1.953(5) A, %(C1-P-C2) = 108.7(2)°). However, the B-P axis in C23a shows an
antiperiplanar arrangement, whereas in C23b an anticlinal arrangement is observed
(Figure 5). The molecular structure of C23c shows only the meso form. An anticlinal
arrangement is presented along the B-P axis and the tetrahedral environment on the
P atom is slightly distorted (x(C-P-C) = 104.6(9) - 104.8(10)°; Figure 5).

Figure 5: Molecular structure of C23a (top left), C23b (top right) and C23c (t?ottom) in solid state.
Hydrogen atoms bound to carbon and counter-anions are omitted for clarity. Thermal ellipsoids are
drawn with 50% probability.

Deprotonation of C23a with KH in CH3CN at -40°C leads tBuPMeBHz2NMes (C24). The
reaction proceeds quantitatively according to 1B and 3P NMR spectroscopy, however,
due to the very good solubility of smallest impurities and C24, crystallization is
necessary lowering the yield. C23b and C23c can be deprotonated by KH as well, but
only C24 is included in this thesis, as it was characterized completely. In accordance
to previous results, the signal of the P atom is highfield shifted to & = -53.38 ppm
through deprotonation and the resonance of the boron atom is downfield shifted to

= - 1.58 ppm. The molecular structure in the solid state (Figure 6) reveals an
antiperiplanar arrangement along the B-P bond and a P-B bond length of
P-B = 2.003(2) A.
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The reaction of IBH2NMes with LiPCy2 12 (Cy = cyclohexyl-) or LiPtBu2 3l yields the
LB stabilized phosphanylboranes Cy2PBH2NMes (C25a) and tBu2PBH2NMes (C25b),
respectively (Scheme 3). The synthesis of C25b proceeds in about 55 % yield
according to 3! P NMR spectroscopy, whereas only 30% yield are observed in the 3P
NMR spectrum of the reaction solution C25a. As side products, the corresponding
phosphines, HPCy2 and HPtBuz, respectively, could be identified in the 3P NMR
spectra. Due to the similar solubility of C25a/b and the phosphines, it was not possible

to isolate the pure compounds.

Cy + LiPCy,
LB = NMe
P—BH, e 3 Cy Cy
thf N/
Cy o,y NMej -Lil i
C25a (/%) + LiPCy, /P
IH,B LB = SMe
AN 2 » 1/2 H,B BH,
LB thf N\ /
tBu + LiPtBu, -SMe; P
P——BH, - LB = NMes L Cy Cy
thi C26 (50%
tBu”  C25b (/%) NMe; -Lil o

Scheme 3: Syntheses of compounds C25a, C25b and C26. Isolated yields are given in parentheses.

However, both compounds were characterized by single crystal X-ray diffraction
analysis. Additionally, the molecular structure of the decomposition product
tBu2PBH2tBu2PBH2NMes (C25c), was determined. C25a presents an anticlinal
arrangement along the P-B axis (P-B = 1.983(3) A) with «(N-B-P) = 111.00(16)° and
¥(C1-P-C2) = 102.52(10)° (Figure 6). A similar geometrical orientation is observed for
C25b in solid state (Figure 6). The substituents along the P-B bond show also an
anticlinal orientation with P-B = 1.987(3) A. Whereas the N-B-P angle is quite similar
compared to C25a (N-B-P = 111.72(17)°), the C1-P-C1’ angle differs (C1-P-C1’ =
109.952). In accordance with previous results (Chapter 3, (H2PBH2)2NMes ), the
decomposition product C25c can be seen as an intermediate and is probably the first
step to an oligomeric material. The molecular structure of C25c in solid state reveals
an antiperiplanar arrangement along the P1-B1 axis and a synperiplanar orientation
along the B1-P1 and B2-P2 bond resulting in a snap-off zigzag structure (Figure 6).
All bonds are in the range of single bonds, however, the B-P bond lengths are slightly
elongated (B-P = 2.004(3) — 2.009(3) A) compared to C25b.
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C1

C2

C25b

Figure 6: Molecular structures of C24 (top Ieft)r,hCZSa (top right), C25b (bottom Ieftg and C25c¢ (bottom
e

right). Hydrogen atoms are omitted for clarity. rmal ellipsoids are drawn with 50% probability.

The reaction of IBH2SMe:2 with LiPCy2 2] in thf leads to (Cy2PBH2)2 (C26) in moderate
yields. This compound features a four-membered ring motif. The reaction mechanism
probably includes the formation of Cy2PBH2SMe: as an intermediate, which undergoes
dimerization and elimination of the weak LB SMe2. The resonance signals of the B and
P nuclei are broadened in the 1B and 3P NMR spectra, respectively. The resonance
signal of the P atoms appear at § = - 10.88 ppm (ww2 = 483 Hz) in the 3P{*H} NMR
spectrum, which is further broadened in the 3P NMR spectrum (w12 = 530 Hz). The
signal of the B atoms is observed in the typical range of oligomeric or polymeric
materiall’® at § = - 32.57 ppm. The signals of the cyclohexyl-substituents arise at
0=1.06 - 2.36 ppm and the signals of the BH2-moieties at 6 = 1.90 ppm as broad
multiplett in the 'H NMR spectrum.
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Figure 7: Molecular structures of C26 in solid state. Hydrogen atoms bound to Carbon are omitted for
clarity. Thermal ellipsoids are drawn with 50% probability.

The molecular structure of C26 was determined by single crystal X-ray diffraction
analysis (Figure 7). The P-B bond distance B-P = 1.9874(16) A corresponds to a P-B
single bond. The slightly distorted square-planar comformation shows a P-B-P angle
with P-B-P = 88.144° and B-P-B angle with B-P-P = 91.856°. The P-P distance P-P =
2.766 A and the B-B distance B-B = 2.858 A are below the van der Waals radii
(Z r(P)9W = 3.60 Al14l; r(B)vdW = 3.84 Al13]). Most likely, interactions between the P and
B atoms take place, however, calculations still have to be done. In addition, by
irradiation with UV-light (A = 366 nm) C26 shows slightly blue luminescence as a solid
as well as in solution. Further, green luminescence was observed by irradiation
(A = 366 nm) of the starting material LiPCy2. However, luminescent measurements still
have to be conducted to get further insights into the electronic properties of this unique

compound.

Experimental Section:
Synthesis of [(tBuMePHBH2NMes)(1)] (C23a):
To a solution of 365 mg tBuPHBH2NMes (2.28 mmol) in 15 mL toluene 0.3 mL Mel

(3.32 mmol) is added at room temperature. A white solid precipitates immediately. The

solution is stirred for 20 h. The supernatant is decanted and the remaining solid is
washed with 30 mL n-hexane. C23a crystallizes as colorless blocks upon layering a

thf/MeCN solution (5:1) with three times of the volume of n-hexane.
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Yield: 640 mg (93%, powder, M = 303 g/mol).

'H NMR (CDsCN): 0 [ppm] = 1.24 (d, 9H, 3Jup = 16 Hz, C(CH3)3), 1.58 (dd, 3H,
2Jup = 12 Hz, 3Jun = 6 Hz, CHgs), 2.15 (m, 2H, BH2), 2.83 (s,
9H, N(CH3)3), 5.47 (m, 1H, YJpx = 396 Hz, 3JuH = 6 Hz, PH).

1B NMR (CD3CN): 0 [ppm] = - 10.30 (dt, 1Jsp = 78 Hz, 1Jsn = 113 Hz).

1B{*H} NMR (CD3CN): & [ppm] =-10.30 (d, 'Jsp = 78 Hz).

13C{*H} NMR (CD3CN): o [ppm] = 26.24 (s, CHzs), 26.25 (s, C(CHs)3), 27.71 (d,
Jcp = 40 Hz, C(CH3)3), 54.98 (d, 3Jcp = 6 Hz), N(CH3)3).

3P NMR (CDzCN): 6 [ppm] = - 15.70 (q, Jre = 78 Hz).
S1P{*H} NMR (CD3CN): & [ppm] = - 15.70 (m, br, 1Jpn = 396 Hz).
ES-MS (CH3CN): m/z (cation): 176 [(tBuMePHBH2NMes)*].
EA: calculated for CsH24BPNI
C: 31.71%, H: 7.98%, N: 4.62%.
found: C: 31.92%, H: 7.67%, N: 4.59%.
IR (KBr): ¥ [cm™] = 2963 (m, C-H), 2949 (m, C-H), 2918 (w), 2863

(m), 2460 (m, P-H), 2414 (m), 2323 (m, B-H), 1481 (m),
1412 (w), 1375 (vw), 1298 (w), 1249 (w), 1192 (vw), 1165
(vw), 1142 (s), 1092 (m), 1034 (w), 1015 (w), 987 (vw), 945
(vw), 911 (w), 876 (w), 856 (m), 821 (w), 755 (vw), 702 (vw).

Synthesis of [(tBunPrPHBH2NMes)(1)] (C23b):
To a solution of 400 mg tBuPHBH2NMes (2.5 mmol) in 20 mL toluene 0.3 mL nPrl

(3 mmol) is added at room temperature. The solution is stirred for 20 h. All volatiles are

removed in vacuo and the remaining solid is washed with 15 mL n-hexane. C23b

crystallizes as colorless prisms upon layering a thf/MeCN solution (5:1) with three times

of the volume of n-hexane.

Yield: 630 mg (70%, powder, M = 429 g/mol).

'H NMR (CDsCN): 0 [ppm] = 1.07 (td, 3H, 3Jnn = 7 Hz, 4JnuH = 1 Hz, CHg), 1.27
(d, 9H, 3Jnp = 16 Hz, C(CHs3)3), 1.57-2.13 (m, 4H, CHz), 2.40
(m, 2H, BH2), 2.81 (d, 9H, 4Jup = 1 Hz, N(CHs)3), 5.29 (m,
1H, 1JpH = 380 Hz, 3JuH = 3 Hz, PH).

1B NMR (CD3CN): 0 [ppm] = - 11.05 (dt, 1Jsp = 73 Hz, 1Jsn = 110 Hz).

1B{*H} NMR (CD3CN): o [ppm] =-11.05 (d, 1Jsp = 73 Hz).
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13C{1H} NMR (CD3CN):

31p NMR (CDsCN):
31p{1H} NMR (CD3CN):
ES-MS (CHsCN):

EA:

IR (KBr):
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S[ppm] = 14.74 (d, 2Jcp = 14 Hz, CHz), 18.02 (d,
1Jcp = 35 Hz, H2C-P), 18.28 (d, 3Jcp = 4 Hz, CHs), 25.84 (d,
2Jcp = 1 Hz, C(CH3)3), 27.75 (d, YJcp = 38 Hz, C(CH?3)3),
54.09 (d, 3Jcp = 6 Hz), N(CHa)3).
O [ppm] = - 7.35 (q, 1Jre = 73 Hz).
6 [ppm] = - 7.35 (m, br, 1JpH = 380 Hz).
m/z (cation): 535 [{(tBunPrPHBH2NMez3)2(1)}], 204
[(tBunPrPHBH2NMes)"].
calculated for CioH28BPNI

C: 36.28%, H: 8.52%, N: 4.23%.
found: C: 36.05%, H: 8.33%, N: 3.99%.
¥ [cm™] = 2994(w, C-H), 2958 (s, C-H), 2870 (m), 2736
(vw), 2452 (m, P-H), 2399 (w), 2286 (m, B-H), 1473 (s),
1417 (w), 1373 (w), 1247 (w), 1196 (vw), 1162 (w), 1138
(s), 1096 (m), 1054 (m), 1029 (w), 978 (w), 910 (vw), 861
(s), 820 (w), 771 (vw), 719 (vw).

Synthesis of [{{(MesNH2BHPtBu)nPr(tBuPHBH2NMe3)}(Br)2] (C23c):

To a solution of 240 mg tBuPHBH2NMes (1.5 mmol) in 15 mL toluene 0.075 mL

(0.75 mmol) CsHeBr2 is added at room temperature. The solution is stirred for 3 d and

a white solid precipitates. All volatiles are removed in vacuo and the remaining solid is

washed with 15 mL toluene. C23c crystallizes as colorless plates upon layering a

saturated CH2CI solution with four times of the volume of n-hexane.

Yield:
'H NMR (CDsCN):

118 NMR (CD3CN):
1B{IH} NMR (CDsCN):
13C{IH} NMR (CD3CN):

31p NMR (CD3CN):
31p{1H} NMR (CD3CN):

65 mg (17%, powder, M = 621 g/mol).

0 [ppm] = 1.29 (d, 18H, 3Jwp = 16 Hz, C(CHs3)3), 2.01-2.41
(m, 6H, CH2), 2.27-2.61 (m, 4H, BH2), 2.89 (s, 9H, N(CHs3)3),
6.41 (m, 1H, YJpn = 390 Hz, PH).

0 [ppm] = - 10.87 (s, br, w2 =505 Hz).

0 [ppm] =- 10.87 (s, br, w2 = 648 Hz).

6 [ppm] = 18.60 (d, *Jcp =35 Hz, H2C-P), 21.81 (t, 3Jcp = 3
Hz, CH2), 26.84 (d, 2Jcp = 1 Hz, C(CH?3)3), 28.79 (d, 1Jcp =
38 Hz, C(CHz3)3), 55.12 (d, 3Jcp = 6 Hz), N(CH3)3).

0 [ppm] = - 10.35 (m, br, 1Jps = 70 HZ).

0 [ppm] = - 10.35 (m, br, 1Jpn = 390 Hz).
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EI-MS (CHsCN):
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m/z (cation):
443 [{(MesNH2BHPtBu)nPr(tBuPHBH2NMe3)Br}*],

363 [{(MesNH2BPtBu)nPr(tBuPHBH2NMes)(Br)}*],

182 [(MesNH2BHPtBu)nPr(tBuPHBH2NMes)2*].

Synthesis of tBuMePBH2NMes (C24):

To a solution of 909 mg C23a (3 mmol) in 25 mL CH3CN 120 mg (3 mmol) KH is added

as a solid at -40°C. The solution is stirred at -40°C until all solid disappears. All volatiles

are removed in vacuo and the remaining white solid is dissolved in 20 mL n-hexane.

After filtration over diatomaceous earth the solvent is removed in vacuo. C24

crystallizes as colorless blocks upon storing a saturated solution in n-hexane at -30°C.

Yield:
'H NMR (CeDe):

1B NMR (CeDs):

1B{*H} NMR (CsDs):
13C{1H} NMR (CeDs):

31P NMR (CeDe):

31P{*H} NMR (CeDs):

LIFDI-MS (toluene):

EA:

IR (KBr):

287 mg (55%, crystalline, M = 175 g/mol).
0 [ppm] = 1.34 (s, br, 3H, CHz), 1.41 (d, 9H, 3Jnp = 11 Hz,
C(CH3)3), 1.95 (s, 9H, N(CHs)3), 2.45 (m, 2H, BH2).
0 [ppm] = - 1.58 (dt, 1Jsp = 53 Hz, 1JsH = 102 Hz).
0 [ppm] = - 1.58 (d, 1Jsp = 53 Hz).
0 [ppm] = 8.40 (s, XJcp = 17 Hz, CH3), 26.80 (d, 2Jcp =5 Hz,
C(CHBa)3), 29.41 (d, 2Jcp = 5 Hz, C(CHz3)3), 52.05 (d, 3Jcp =
12 Hz), N(CHs3)z3).
0 [ppm] =-53.38 (m, br,).
0 [ppm] = - 53.38 (q, br, Jpe = 53 Hz).
m/z  (cation): 524  [{MesN(H2BPMetBu)4}*], 408
[{MesN(H2BPMetBu)s}*].
calculated for CsH23BPN

C: 54.80%, H: 13.23%, N: 7.99%.
found: C: 54.66%, H: 12.90%, N: 7.90%.
¥ [cm™] =2941 (m, C-H), 2897 (m, C-H), 2854 (m), 2374
(m, B-H), 2288 (w), 2187 (vw), 1653 (vw), 1485 (m), 1460
(m), 1422 (w), 1400 (w), 1383 (w), 1356 (w), 1253 (w), 1187
(vw), 1152 (w), 1123 (m), 1069 (s), 1014 (w), vw), 954 (vw),
884 (vw), 868 (vw), 842 (s), 817 (w), 681 (w), 637 (vw), 581
(vw), 472 (vw).
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Synthesis of Cy,PBH2NMes (C25a):
To a solution of 120 mg (0.59 mmol) LiPCy2 in 10 mL thf a solution of 100 mg
(0.5 mmol) IBH2NMes in 10 mL thf is added at -80°C. The color of the solution changed

from yellow to colorless and the solution is allowed to reach room temperature over
18 h. All volatiles are removed in vacuo. The remaining solid is suspended in 10 mL
n-hexane and filtrated over diatomaceous earth. The volume is reduced to 3 mL. C25a
crystallizes as colorless plates upon storing a saturated solution of n-hexane at -30°C.

Due to the similar solubility of decomposition products, it was not possible to obtain the

pure C25a.

1B NMR (CeDs; capillary in thf): 0 [ppm] = - 4.25 (m, br, w1z = 350 Hz).
1B{H} NMR (CeDs; capillary in thf): & [ppm] = - 4.25 (s, br, w12 = 200 Hz).
31P NMR (CeDs; capillary in thf): 0 [ppm] = - 37.29 (m, br).

Synthesis of tBu2PBH2NMes (C25b):
To a solution of 304 mg (2 mmol) LitBuzP in 10 mL thf a solution of 388 mg (1.95 mmol)

IBH2NMes in 10 mL thfis added at -80°C. The color of the solution changed from yellow
to colorless and the solution is allowed to reach room temperature over 18 h. All
volatiles are removed in vacuo. The remaining white solid is suspended in 45 mL n-
pentane and filtrated over diatomaceous earth. C25b crystallizes as colorless blocks
upon storing a saturated solution in n-pentane at -30°C. Due to the similar solubility of
decomposition products, it was not possible to obtain pure C25b. As decomposition
product, (tBu2PBH2)2NMes (C25c), could be structurally characterized. C25c

crystallizes as colorless plates.

H NMR (CeDe): 0 [ppm] = 1.21 (m, br, 2H, BH2), 1.50 (d, 18H, 3Jnp = 11 Hz,
C(CH3)3), 1.96 (s, 9H, N(CHa)a).

11B NMR (CeDe): 0 [ppm] = - 4.18 (dt, 1Jsp = 60 Hz, *JsH = 106 Hz).

1B{1H} NMR (CsDe): 0 [ppm] = - 4.18 (d, YJep = 60 Hz).

31P NMR (CeDe): 0 [ppm] = 8.92 (m, br).

31P{*H} NMR (CeDs): 0 [ppm] = 8.92 (q, br, 1Jrs = 60 Hz).

Synthesis of (Cy2PBH2)2 (C26):
To a solution of 204 mg (1 mmol) LiPCy2 in 10 mL thf 1 mL of a 1 M solution of

IBH2SMe2 in toluene is added at -80°C. The solution is allowed to reach room

temperature over 18 h and the color changes from yellow to colorless. All volatiles are
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removed in vacuo and the remaining white solid is dried for 60 min. The solid is
suspended in 20 mL n-hexane and filtrated over diatomaceous earth. All volatiles are
removed and the remaining solid is dried under vacuum. C26 crystallizes as colorless

needles upon storing a saturated solution in toluene at -30°C.

Yield: 104 mg (50%).
IH NMR (CeDe): & [ppm] = 1.06-2.36 (M, 44H, Cy), 1.90 (m, 4H, BH2).
1B NMR (CeDs): 6 [ppm] = - 32.57 (m, br, w12 = 605 Hz).
1B{*H} NMR (CsDs): 0 [ppm] = - 32.57 (m, br, w12 = 434 Hz).
31P NMR (CsDs): 0 [ppm] = - 10.88 (m, br, w12 = 530 Hz).
31P{*H} NMR (CsDs): 0 [ppm] = - 10.88 (m, br, w12 = 483 Hz).
LIFDI-MS (toluene): m/z (cation): 420 [((Cy2PBH2)2)*].
EA: calculated for C24H4sB2P2
C: 68.51%, H: 11.24%.
found: C: 68.04%, H: 11.24%.

Crystallographic Data:

All structures were solved using SHELXTE! and OLEX.¥ Least square refinements
against F2 in anisotropic approximation were done using SHELXL.!! The hydrogen
positions of the methyl groups were located geometrically and refined riding on the
carbon atoms. C23a, C23b, were measured on a SuperNova with an Atlas detector.
C23c, C24, C25a, C25b were measured on a GV50 with TitanS2 detector. C25c and
C26 were measured on a Gemini ultra with an AtlasS2 detector. Gaussian absorption
correction was applied for C23a, C23b, C23c, C24, C25a, C25b, C25c and analytical
absorption correction for C26. All crystals of C23c showed twinning.

C23a crystallizes upon layering a thf/MeCN solution (5:1) with three times of the
volume of n-hexane in the monoclinic space group P21/n as colorless blocks. Figure

8 shows the molecular structure of C23a in solid state
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Figure 8: Molecular structure of C23a in the solid state. Thermal ellipsoids are drawn with 50%

robabili% Hydrogen atoms bound to carbon and counter-anions are omitted for clarity. Selected bond
engths | (]:and angles [°]: N-B = 1.593(5), B-P = 1.968(4), C1-P = 1.804(4), C2-P = 1.833(4), N-B-P =
112.4(3), C1-P-C2 = 109.7(2).

C23b crystallizes upon layering a thf/MeCN solution (5:1) with three times of the
volume of n-hexane as clear colorless prisms in the triclinic space group P1 with two

molecules inside the unit cell. Figure 9 shows the molecular structure in solid state.

Figure 9: Molecular structure of C23b in the solid state. Thermal ellipsoids are drawn with 50%
I‘Ob&blh%. Hydrogen atoms bound to carbon and counter-anions are omitted for clarity. Selected bond
enfths [A] and angles [°]: N-B = 1.604(6), P-B = 1.953(5), C1-P = 1.847(4), C2-P = 1.814(4), N-B-P =
14.1(3), C1-P-C2 = 108.7(2).
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C23c crystallizes upon layering a saturated CH2Cl solution with four times of the
volume of n-hexane as clear colorless plates in the orthorhombic space group Pna2i.
All crystals of C23c showed twinning. Figure 10 shows the molecular structure in solid

state.

Figure 10: Molecular structure of C23c in the solid state. Thermal ellipsoids are drawn with 50%
I‘Obabl|l't&/. Hydrogen atoms bound to carbon and counter-anions are omitted for clarity. Selected bond
en thsg ] and angles [‘g: N-B = 1.56(3)-1.69(4), P-B = 1.91(2)-2.01(2), C-P = 1.70(3)-1.86(2), N-B-P =
116.6(15)-118.2(15), C-P-C = 104.6(9)-104.8(10).

C24 crystallizes upon storing a saturated solution in n-hexane at - 30°C as colorless
blocks in the orthorhombic space group Pnma. Figure 11 shows the molecular

structure in solid state.

Figure 11: Molecular structure of C24 in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bound to carbon are omitted for clarity. Selected bond lengths [A] and
Irgt)nglzes [;];/2|\|5(2)= 1.626(2), B-P = 2.003(2), C1-P =1.850(4), C2-P = 1.855(2), N-B-P = 109.37(11), C1-

228



Thesis Treasury

C25a crystallizes upon storing a saturated solution in n-hexane at - 30°C as clear
colorless plates in the monoclinic space group P2i/n. Figure 12 shows the molecular

structure in solid state.

Figure 12: Molecular structure of C25a in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hydrogen atoms bound to carbon are omitted for clarity. Selected bond lengths [ } and
angl;s [;02N52 10) 1. 644(3) B-P =1.983(3), C1-P =1.878(2), C2-P = 1.875(2), N-B-P = 111.00(16), C1-

C25b crystallizes upon storing a saturated solution in n-pentane at - 30°C as colorless
blocks in the orthorhombic space group Cmc2i. Figure 13 shows the molecular
structure in solid state. Furthermore, as decomposition product, (tBu2zPBH2)2NMes
(C25c¢), could be structurally characterized. C25c crystallizes as clear colorless plates
in the monoclinic space group P2i/c. Figure 14 shows the molecular structure in solid

State.
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Figure 13: Molecular structure of C25b in the solid state. Thermal eIIiFsoids are drawn with 50%
probability. Hgdrogen atoms bound to carbon are omitted for clarity. Selected bond Iengths&A] and
angles [°]: N-B = 1.636(6), B-P = 1.987(3), C1-P = 1.900(2), N-B-P ="111.72(17), C1-P-C1" = .952.

Figure 14: Molecular structure of C25c in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hgdrogen atoms bound to carbon are omitted for clarity. Selected bond lengths [Ag and
anglesg’ :N-B = 1.612(4%, B1-P1 = 2.008(3_/), P1-B2 = 2.009(3), B2-P2 = 2.004(3), N-B-P =120.05(17),
B1-P1-B2 = 116.13(12), P1-B2-P2 = 123.47(15).

C26 crystallizes upon storing a saturated solution in toluene at -30°C as colorless
needles in the triclinic space group P1. Figure 15 shows the molecular structure in
solid state.
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Figure 15: Molecular structure of C25c in the solid state. Thermal eII| soids are drawn Wlth 50%
probablllt Hydrogen atoms bound to carbon are omitted for clarity. ected bond lengths gs] and
%n I%s[ I138F;>6 1.9874(16), P-C = 1.8526(14)-1.8556(14), P-P = 2. 66 B B = 2.858, P-B-P = 88.144,
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Table 3: Crystallographic Data of C23-C24.

Formula

Dcac/ g cm?3
w/mm-t

Formula Weight
Colour

Shape
Size/mm3

TIK

Crystal System
Flack parameter
Space Group
alA

b/A

c/A

ol

B

o

VIA3

Z

7
Wavelength/A
Radiation type
@nin/o

Ohmaxl”
Measured Refi.
Independent Refl.
Reflections Used
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

R; (all data)

R1

C23a

CsH24BINP
1.451
18.903
302.96
clear colorless
block
0.12x0.09x0.09
123.02(10)
monoclinic
/

P2i/n
6.8599(4)
13.3194(7)
15.4507(8)
90
100.813(5)
90
1386.66(13)
4

1

1.54184
CuKa
4.417
73.454
5385

2707

2402
0.0320
125

0

1.247
-0.696
1.126
0.0746
0.0679
0.0391
0.0319

C23b

C20HseB2I2N2P2
1.333
15.940
662.02
clear colorless
prism
0.50x0.07x0.06
123.00(10)
triclinic

/

P1
10.7645(5)
12.6677(6)
12.8529(5)
82.546(4)
84.823(3)
71.841(4)
1648.96(13)
2

1

1.54184
CuKq

3.694
74.078
11605

6371

5935
0.0348

291

0

2.396
-1.546
1.052
0.1115
0.1089
0.0453
0.0424

C23c

C17H48B2BraN2P2
1.295

4,966

523.95

clear colorless
plate
0.45x0.29x0.11
123.00(10)
orthorhombic
0.47(12)
Pna2:
18.7502(4)
9.92696(18)
7.21638(16)
90

90

90
1343.20(5)

2

0.5

1.54184
CuKq

4,717

73.740

4258

2130

1986

0.0310

192

79

1.236

-0.477

1.109

0.1482
0.1456
0.0517
0.0499
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C24

CsH23BNP
0.940
1.561
175.05
clear colorless
block
0.29x0.19x0.11
123.01(13)
orthorhombic
/

Pnma
10.5145(3)
10.8435(3)
10.8533(3)
90

90

90
1237.43(6)
4

0.5
1.54184
CuKq
5.768
74.169
4667

1299

1203
0.0192

98

6

0.217
-0.147
1.069
0.1507
0.1467
0.0482
0.0465
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Table 4: Crystallographic Data of C25-C26.

Formula

Dcac/ g cm?3
w/mm-t

Formula Weight
Colour

Shape
Size/mm3

TIK

Crystal System
Flack parameter
Hooft parameter
Space Group
alA

b/A

clA

al

B

A

VIA3

Z

7
Wavelength/A
Radiation type
@min/o

Ohmaxl”
Measured Refi.
Independent Refl.
Reflections Used
Rint

Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

R; (all data)

R1

C25a

C1sH33BNP
1.063

1.299
269.20
Clear colorless
plate
0.057x0.083x0.122
123
monoclinic

/

/

P2i/n
10.1968(6)
9.7119(6)
17.0604(12)
90
95.370(6)
90
1682.08(19)
4

1

1.5418
CuKa

9.722
148.318
9294

3325

2614
0.0660

174

0

0.77

-0.28

1.027
0.1493
0.1627
0.0762
0.0611

C25b

C11H20BNP
1.003

1.419
217.13
clear colorless
block
0.34x0.12x0.09
122.99(10)
orthorhombic
-0.02(3)
-0.013(16)
Cmc2:
13.5421(7)
9.7505(5)
10.8930(5)
90

90

90
1438.33(12)
4

0.5

1.54184
CuKq

5.591
74.102
3175

1316

1266
0.0236

79

2

0.355
-0.197
1.091
0.0764
0.0746
0.0303
0.0288

C25c

C19H49B2NP2
1.010

1.583

375.15

clear colorless
plate
0.22x0.09x%0.05
123.0(3)
monoclinic

/

/

P2i/c
11.1560(3)
15.1823(6)
15.5711(4)

90

110.771(3)

90
2465.91(15)

4

1
1.54184
CuKq
4.207
66.656
19393
4331
3307
0.0685
248

0
0.345
-0.266
1.031
0.1226
0.1104
0.0727
0.0502
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C26

C24H4sB2P2
1.108

1.594

420.18

clear colorless
needle
0.23x0.07x0.06
123

triclinic

/

/

P1

7.3788(5)
8.4655(5)
10.4949(6)
91.866(5)
103.402(5)
98.330(5)
629.49(7)

1

0.5
1.54184
CuKq
4,341
65.933
4783
2174
1933
0.0266
135

0
0.381
-0.212
1.041
0.0817
0.0791
0.0385
0.0329
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7.3 Synthesis of a LB stabilized Bismutylborane

In 2015, our group reported on the synthesis of the first LB stabilized stibanylborane
R2SbBH2-LB.PI A salt metathesis route, enabled the access to the substituted
(MesSi)2SbBH2-LB as well as the parent H2SbBH2-LB stibanylborane (LB: NHCMe,
NMes) by methanolysis. Using the weak LB NMes, it was possible to determine the
molecular structure of the parent compound in solid state. In contrast, the use of the
much stronger LB NHCMe, results in H2SbBH2NHCMe with about 20% yield. Marquardt
described in 2015 the synthesis of the first bismuthanylborane (MesSi)2BiBH2-dmap,
whereas a successful reaction with NMes as LB was not observed.'8! Therefore, LBs
with a similar or higher donor strength as dmap might enable a successful synthesis of
the bismuthanylborane (Me3Si)2BiBH2-LB (LB = NEts, NHCYPP, NHCM¢), The reaction
of KBIi(SiMes)2:(thf)os and IBH2NHCMe vyields the silylated bismuthanylborane
(MesSi)2BiBH2NHCMe (C27, Scheme 4).

N N
AN =
-80°C—r.t.
IH,B + KBi(SiMes),e(thflgs —————3  (Me;Si),Bi—BH,
N B N
/ )/

C27 (/%
Scheme 4: Synthesis of C27.

The reaction proceeds selectively and in nearly quantitative according B NMR
spectroscopic measurements. Besides C27, a black precipitate is formed during the
reaction, probably elementary Bi, which could not be further separated, due to the good
solubility of C27. Therefore, all attempts to isolate C27 failed so far. However, it was
possible to determine the molecular structure of C27 in solid state. The substituents
along the Bi-B bond (d(Bi- Bi) = 2.442(7) A) adopt a synperiplanar arrangement
(Figure 16). In the *'B{*H} NMR spectrum a broad singlet appears at 6 = - 39.52 ppm,
which reveals further splitting into a triplet (}Jsn = 111 Hz) in the B NMR spectrum.
Besides the used NHCMe, further experiments were performed with other LBs (NEts,
NHCY®P) but the corresponding bismuthanylboranes (MesSi)2BiBH2LB were not be
observed in the !B NMR spectra, probably due to the lesser donor strength of these

LBs compared to NHCMe ['7] To get further insight into the requirements on a LB to
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stabilize bismuthanylboranes, additional reactions including other NHCs and CAACs

(Cyclic (Alkyl)(Amino) Carbenes) still have to be made.

Figure 16: Molecular structure of C22 in the solid state. Thermal ellipsoids are drawn with 50%
probability. Hgdrogen atoms bound to carbon are omitted for clarity. Selected bond lengths [A] and
angles [°]: B 442(7), C-B = 1.569(9), C-B-Bi = 107.2(4), Si-Bi-Si = 94.57(6).

Experimental Section:

Synthesis of (MesSi)2BiBH2NHCMe (C27):

To a solution of 264 mg (1 mmol) IBH2NHCMe in 10 mL thf a solution of 416 mg
KBi(SiMes)2(thf)o.z in 10 mL thf is added at -80°C. The solution is allowed to reach room

temperature over 18 h and a black solid precipitates. All volatiles are removed in vacuo
and the remaining solid is suspended in 20 mL n-hexane. The solution is filtrated and
reduced to 3 mL. C27 crystallizes as yellow blocks upon storing a saturated solution in
n-hexane at - 30°C. Due decomposition products, which could not be separated, it was
not possible to isolate pure C27.

1B NMR (CsDs, capillary in thf): 0 [ppm] = - 39.52 (t, br, 1Jsn = 111 H2z).
1B{H} NMR (CeDs, capillary in thf): & [ppm] = - 39.52 (s, br).

Crystallographic Data:

All structures were solved using SHELXTE! and OLEX.[ Least square refinements

against F2 in anisotropic approximation were done using SHELXL.[! The hydrogen
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positions of the methyl groups were located geometrically and refined riding on the
carbon atoms. C27 was measured on a GV50 with TitanS2 detector. Gaussian
absorption correction was applied for C27.

C27 crystallizes upon storing a saturated solution in n-hexane at - 30°C as yellow
blocks in the triclinic space group P1. Figure 16 shows the molecular structure in solid

state.

Table 5: Crystallographic Data of C27.

c27
Formula C13H32BBIiN2Si2
Dcaic/ g cms 1.568
mm-1 17.605
Formula Weight ~ 492.37
Colour clear light yellow
Shape block
Size/mm3 0.19x0.13x0.12
T/IK 123.00(10)
Crystal System triclinic
Space Group P1
a/lA 9.5403(4)
b/A 9.8557(6)
c/A 12.1971(4)
o 97.044(4)
B 108.604(4)
A 101.577(4)
VIA3 1043.07(9)
z 2
VA 1

Wavelength/A 1.54184
Radiation type CuKq
Gninl” 3.904
Onaxl” 74.073
Measured Refl. 6314
Independent Refl. 3974
Reflections Used 3703

Rint 0.0365
Parameters 190
Restraints 0
Largest Peak 1.572
Deepest Hole -2.289
GooF 1.050
WR; (all data) 0.0919
WR2 0.0891
R: (all data) 0.0377
R1 0.0350
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8 Conclusion

Mixed Pnictogenylboranes

Whereas longer, only hydrogen substituted anionic and cationic chain-like group 13/15
compounds are known, the quest for longer, only hydrogen substituted, neutral group
13/15 chain-like compounds was still open. First attempts were made by C. Marquardt
and were reported in his dissertation. He succeeded in the synthesis of a dimeric, only
hydrogen substituted phosphanylborane, H2PBH2PH2BH2-NMes, which turned out to
be highly reactive, even at low temperatures. Therefore, a synthetic pathway was
developed including a cooperative LA/LB stabilization, which is sufficient to work with
these compounds at ambient conditions (Scheme 1).

The LA/LB stabilized phosphanylborane (OC)sW-PH2BH2-SMe2 (C1) was synthesized
through salt metathesis of IBH2-SMe2 and LiPH2-W(CO)s (Scheme 1). By replacement
of the weak LB SMe:2 with different phosphanylboranes, it was possible to synthesize
the dimeric phosphanylboranes (OC)sW-PH2BH2-P(SiMes)2BH2-NMes (C2a) and
(OC)sW-PH2BH2-PH2BH2-NMes (C2b). Furthermore, DFT calculations showed that
heavier pnictogenylboranes should also be strong enough to substitute SMe2 in C1.
The reactions of LB stabilized arsanylboranes and stibanylboranes with C1 resulted in
the mixed pnictogenylboranes (OC)sW-PH2BH2-AsR2BH2-NMes (C3a: R = H; C3b: R
= SiMes) (OC)sW-PH2BH2-Sb(SiMes)2BH2-NHCMe  (C4; NHCMe = 13,4,5-
tetramethylimidazolylidene).

These compounds are the first neutral representatives containing P-B-E-B chains

(E = As, Sb) and can be considered as a starting point into group 13/15 copolymers.

(OC)sW-PH,Li + IBH,-SMe,
- Lil

- + (Me3Si),EBH,-NM
+ HyEBH,-NMeg (OC)sW-PH,BH,-SMe, (Me3Si),EBH>-NMes

- SMez - SMeZ
C1 (34%)

- SMe; [+ (Me3Si),SbBH,-NHCMe

(OC)sW-PH,BH,EH,BH,-NMe (OC)sW-PH,BH,E (SiMe3),BH,-NMes

(OC)sW-PH,BH,Sb(SiMe3),BH,-NHCM®
C2b:E=P (55%) ca (339 C2a:E=P (42%)
C3b: E = As (54%) (33%) C3a: E = As (24%)

Scheme 1: Synthesis of compounds C1-C4. All reactions were performed in toluene for 18 h (C2a, C2b,
C3a) or 3h (C3b, C4) at room temperature (isolated yields in parentheses).
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Depolymerization of Phosphanylboranes

Thermal treatment of MesN stabilized phosphanylboranes lead to the corresponding
oligomeric/polymeric phosphanylboranes (Scheme 2, top). The reversible process,
cleavage of these polymers was not investigated in detail so far. A systematical study
of this process under different conditions was performed, which means various LBs
and different substituted poly(phosphanylboranes).

DFT calculations were performed on the model reaction

cyclo-[R'R'PBH2]z + LB — chain-[R'R?PBH2]z-LB (LB = Lewis base)

The favorability of the reaction depends not only on the donor strength of the LB, but
also on the substituents on the P atoms. Whereas NMe3 and DMAP are not predicted
to cleave poly(phosphanylboranes) exothermically, all reactions with the strong LB
NHCMe are energetically favored and therefore a cleavage should be observed. In
comparison, the weaker NHCYPP (1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene)
is predicted to cleave poly(phosphanylboranes) only the dihydrogen-substituted and
the monophenyl-substituted poly(phosphanylborane) exothermically.

22-100 °C -
n R'RZPBH,NMe; — > n [R'R?P-BH,] — [R'R?P-BH;],
-Nn NMe3
C5a-d Cé6a-d

a:R'=R?=H; b:R'=R?=Ph; c: R" = Bu, R?= H; d: R" = Me, R?= H

| Ph H
N PhPHyBH; — 8 o
-Nn H2

LB
[R'R?P-BH,],, % > R'R?P-BH,LB
R /LB DMAP NHCMe NHcdipP
Cé6a: R'=R?2=H - C8a (5%) C9a (65%)
Céb: R'=R?=Ph - - -
Céc: R'=Bu,R2=H - C8c (29%)" -

Cée: R'=Ph,RZ=H CT7e(25%) C8e (21%) -
Scheme 2. Top: Polymerization of phosphanylboranes by either LB elimination for C6a-c and

dehydrocoupling for C6d (Rh' = [Rh(1,5-cod)2][OTf]). Bottom: Depolymerization of
poly(phosphinoboranes) (yields according to 3P NMR spectra in parentheses, *= isolated yields).

Experimentally, no cleavage was observed for DMAP with C6a-c. Only in case of C6e

about 25% cleavage using an excess of DMAP in boiling toluene. Presumably, an
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excess DMAP shifts the equilibrium to the formation of PhPHBH2-DMAP C7e (Scheme
2, bottom).

In case of the stronger LB NHCYPP, the monomeric H2PBH2-NHCPP (C9a) is formed
by cleavage of C6a in about 65% yield according to the 3P NMR spectrum, whereas
no monomeric PhPHBH2-NHCYPP could be obtained. In agreement with the
calculations, no cleavage was observed for C6b and C6c. It can be assumed, that the
big substituents on the NHC prevent a cleavage of the substituted
poly(phosphanylboranes) Céb, C6c and Cé6e.

The scission of all investigated polymers with the stronger LB NHCMe is predicted to
be exergonic by DFT calculations. In contrast to the polymer C6c, which is cleaved
smoothly (72h, 45°C, toluene) in about 80% vyield (isolated yield 29%) and the polymer
C6d, for which a cleavage of over 70% (isolated yield 21%) is observed after 30min in
boiling thf, only 5% conversion to H2PBH2-NHCM¢ is monitored for the polymer C6a
after 72h in boiling toluene. Due to its steric shielding of two substituents on the
phosphorus, the oligomer C6b could not be cleaved at all.

We could show that the depolymerization process depends not only on the donor
strength, size and thermal stability of the LB, but also on the solubility and the

substituation pattern of the poly(phosphanylboranes).

Substituted Arsanylboranes

Since the synthesis of the first LA/LB stabilized phosphanylborane (OC)sW-PH2BH2-
NMes, a variety of different substituted derivatives were synthesized. In contrast, for
arsanylboranes, only the parent compound H2AsBH2-NMes and the substituted
derivative (MesSi)2AsBH2-NMes are known. In the presented work, a new synthetic
strategy was developed to get access to the diphenylsubstituted arsanylborane
Ph2AsBH2-NMes (C10, Scheme 3) in good yields. Even if arsanylboranes are far more
reactive as their phosphorus derivatives, the compound shows higher thermal stability
than Ph2PBH2-NMes. However, the reaction behavior towards main group LAs like
HsB-SMe2 and BBrs is similar resulting in HsB-Ph2AsBH2-NMes (C11) and BrsB-
Ph2AsBH2-NMes (C12, Scheme 3), respectively. Further, through coordination
towards BH2" building blocks, cationic oligomers containing As-B chains were
synthesized and fully characterized (C13, C14). In contrast to the parent compound,
where all attempts for chemical oxidation lead to decomposition, the reactions of C10

with bis(trimethylsilyl)peroxide, Ss or Segrey, respectively, yield the corresponding
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oxidized arsanylboranes. Whereas Ph2As(O)BH2-NMes (C15a) could not be isolated,
but unambiguously identified by mass spectrometry, multinuclear NMR and IR
spectroscopy, respectively, Ph2As(S)BH2-NMes (C15b) and Ph2As(Se)BH2-NMes

(C15b) were isolated in good yields and characterized completely.

HsB T H
3 | H BrsB |
H
\AS—B/ \As—B/
ph” AN ~ AN
NM Ph
€3 NMe
Ph Ph :
0,
C11 (44%) + HyBSMe, +BBry C12 (85%)
- SM92
H
|
/
KAsPh, + IBH,NMe; —— As—B
- KI Ph/|
NMe3
Ph
C10 (64%)
+ IBH,NMej +1/2 IH,BSMe,
- 1/2 SMe,
® ®
Ph, Ph, Ph,
MezN As NMe; Ie 12 MesN As As NMe; Ie
\B/ \B \B/ \B/ \B/
Ha Ha Hy Ha Hz
C13 (42%) C14 (64%)
H a) Me?)?I’-I(/)S-g-SIMe::, a H
H 8 | H
|/ c) 1/8 Seg N ~
As—B — As—B
pn” | phe” |
NMe3 NMe3
Ph Ph
C10 C15aQ=0

C15b S (69%)
C15¢c Se (55%)

Scheme 3: Synthesis of compounds C10-C15 (isolated yields in parentheses).

All attempts for elimination of NMes in C10 to induce a head-to-tail polymerization
failed. Therefore an alternative synthesis of such compound with a much weaker LB
was developed. The salt metathesis of KAsPhz with IBH2-SMe:2 vyields the
arsanylborane Ph2AsBH2-SMe2 (C16). As expected, C16 is highly reactive and

decomposes even at low temperatures to form most likely the trimer [Ph2AsBH2]s.
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These results emphasize the similarities between the substituted phosphanyl- and
arsanylboranes in their coordination behavior towards BHs, BBrs and IBH2-LB (LB =
NMes, SMe2) to build up eiter neutral (C11, C12) or cationic (C13, C14) oligomeric
compounds, respectively. However, there are indeed several differences. Regarding
their chemical oxidation, Ph2PBH2-NMes can be oxidized with Te, whereas no reaction
of C10 with Te was observed. Furthermore, C10 is thermally more stable than
Ph2PBH2-NMes. At higher temperatures, only decomposition of C10 could be observed
and no elimination of the LB followed by a head-to-tail polymerization as in the case of
Ph2PBH2-NMes.

Bidentate Phosphanyl- and Arsanylboranes

The possibilities to build up discrete oligomeric units from LB stabilized phosphanyl-
/arsanylboranes R2EBH2-NMes are restricted due to only one pnictogen donor site. It
was shown, that the use of a bidentate instead of a monodentate LB to stabilize
pnictogenylboranes lead to an extension of the established chemistry. The reaction of
tmeda-(BHzl)2 (tmeda = tetramethylethylendiamine) with NaPRR’ (R =R’ =H, Ph; R =
H, R = tBu) results in the corresponding bidentate phosphanylboranes
tmeda-(H2BPRR’)2 (C17a-c, Scheme 4). Moreover, it was possible to transfer this
synthesis towards arsanylboranes, resulting in the formation of the first bidentate
arsanylborane tmeda-(H2BAsPhz)2 (C18). In accordance with DFT calculations, the low
yields can be explained by a competitive cyclisation reaction:

tmeda-(BHzl)2 + NaPH:2 = [tmeda-BHz]*I" + Nal + 3 (BH2PH2)3

This competitive reaction includes the formation of the cationic five-membered ring
(tmeda-BH2)*, which was observed regularly in these reactions by X-ray diffraction
analysis, and poly(phosphanylborane), which could also be identified by NMR
spectroscopy.

However, first steps to build up organic boron-pnictogen networks were successful.
The reaction of C17a and C18 with HsB-SMe: yields tmeda-(H2BPH2BH3)2 (C20a) and
tmeda-(BH2AsPh2BHzs)2 (C20b), respectively. In addition, the reaction of C17a with
IBH2-NMes vyields [tmeda-(H2BPH2BH2-NMes)2]>* (C21, Scheme 5), the cationic

analogue of C20a.
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ERR'
e
BH,l 2|
_ \ N—
\N/\/N +2MERR — M1 o /N/\/ \
- \ -2 M |
BH
BH,! 2
RRE”
c16 C17a: M=Na; E=P; R=R'=H (22%)
C17b: M=Na, E=P; R=R'=Ph  (32%)
C17c: M=Na; E=P; R=H, R'=tBu (26%)
C18: M=K; E=As; R=R'=Ph  (18%)
" Ph,
MeoN NN :
N
/ ~ HZB/ A
H,B Pz |
B~ | \ -
PH N Cl
P |
Au BH,
n
| CI/ 7
cl Ph,
C19a (49%) C19b (32%)
+2 AuCI(tht) + 2 AuCI(tht)
CHngtht - ZtFVgHzm2
E=P E=P
R=H tmeda*(BH;ER;); R=Ph
toluene | * 2 Me2S-BH;
-2 Me,S
Rz
/E\
H,B BH;
\ N
H3B BH
3 \E/ 2
Rz

C20a (50%): E = P,

=P, R=H
C20b (38%): E = As, R = P

h

Scheme 4. Synthesis of C16-C20 (isolated yields in parentheses).

Moreover the coordination of C17a and C17b towards Au(l) centers lead to either
dinuclear (C19b) or polynuclear molecules (C19a), depending on the substituents on
the phosphorus atom.

To exclude the competitive reaction, the formation of the five-membered ring tmeda-
(BH2)*, we switched to a sterically more hindered LB, 4,4’-bipyridine (4,4’-bipy). First
results, like the formation of the cationic [4,4’-bipy-(H2BPH2BH2-NMes)2]?* (C22,
Scheme 5) were very promising and result in high yields. However, the formation of
4,4’-bipy-(H2BPH2)2 by salt metathesis could not be observed, due to the insufficient
donor strength of the LB.
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— _ 2+
Ha
P NMes
e~ B
\ N— "
N \ 2r
52 B
2
Me;N~ P77
L H, i
C21 (33%)

CH,ClI;, |LB = tmeda
LB+(BH,l), + 2 Me3N<BH,PH,

CH2C|2 LB = 4,4'-bpy

— )
H, Hy / \ AP NMeg|
_B___B—N \ /T B
Me;N E _ / Ho Ha

C22 (96%)
Scheme 5. Synthesis of C21 and C22 (isolated yields in parentheses).
Nevertheless, bidentate pnictogenylboranes have shown to be very promising starting

materials to build up organic boron-pnictogen oligomers and they are interesting

ligands for transition metal complexes as well.
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9 Appendices

9.1 Alphabetic List of Abbreviations

A

°C
br(NMR)
btmsa
CAAC
cht

cod

Cp

Cy
d(NMR)
DLS
E°o
H®296
S°296
G°296

0

Da

DFT
Dipp
dmap

El MS
ESI MS
FAI

FD MS
FLP
GPC
Hz

iPr

Angstroem, 1A = 1*101°m

degree Celsius

broad

bis(trimethylsilyl)acetylene

Cyclic (Alkyl)(Amino) Carbenes
cycloheptatriene, C7Hs
cycloocta-1,5-diene
cyclopentadienyl, CsHs
cyclohexyl-, CeHi1

doublet

Dynamic light scattering

reaction energy

standard reaction enthalpy
standard reaction entropy
standard gibbs reaction energy
chemical shift

Dalton

density functional theory
2,6-diisopropylphenyl
4-Dimethylaminopyridine

electron

electron impact mass spectrometry
electron spray ionization mass spectrometry
[FAHOCsF10(CeFs)}3]

field desorption ionization mass spectrometry
frustrated Lewis pair

Gel permeation chromatography
Hertz

iso-propyl, CsHz

infrared spectroscopy
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JINMR)
LA
LB

Mn

m/z

Me

Mes
MOCVD
NHC
NMR
NPA

w12
Ph
PPA
PPB

ppm
g(NMR)

r.t.
s(IR)
s(NMR)
tBu
t(NMR)
thf

vdw
VE

VT
w(IR)

coupling constant

Lewis acid

Lewis base

molecular ion peak
number-average molar mass
mass to charge ratio

methyl, CHs

mesityl, 2,4,6-trimethylphenyl
metalorganic chemical vapor deposition
N-heterocyclic carbine
nuclear magnetic resonance
Natural Population analysis
frequency/wavenumber

half width

phenyl, CeHs
poly(aminoborane)
poly(phosphinoborane)

parts per million

quartett

organic substituent

radius

room temperature

strong

singlet

tert-butyl, CaHo

triplet

tetrahydrofurane, C4HsO
van der Waals

valence electron

Various Temperature

weak
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