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Preface

Some of the chapters presented herein have already been published during the preparation of this
dissertation. The relevant citations and the license numbers are given at the beginning of the

corresponding chapters (Chapters one and three).

Each chapter, except for Chapters two and seven, begins by listing the authors and indicating how
they have contributed to the chapter. All chapters have their unique compound numbering system.
The depicted molecular structures may differ slightly in style. A general introduction (Chapter one)
along with the objectives of this thesis (Chapter two) are given at the beginning. For the sake of
consistency, all the research chapters (Chapters three to six) are divided into the following sections:

= Abstract, except for Chapter six

= Introduction, except for Chapter six

= Results and Discussion

= Conclusion, except for Chapter six

» References

= Syntheses and Characterizations

= X-ray Crystallographic Details

» Quantum Chemical Calculations, except for Chapter five and Chapter six

= Supplementary References

In addition, a comprehensive conclusion (Chapter seven) of this work is presented at the end of
this thesis.
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Abbreviations

A Angstrém (10720 m)

Ac Acetyl

Ar Aryl

ATR Attenuated total reflection
BCF tris(pentafluorophenyl)borane
°C Degree Celsius

Ch Chalcogen (Element of group XVI)
Cy Cyclohexyl

0 Chemical shift in ppm
DCM Dichloromethane

DFT Density functional theory
de Diastereomeric excess
d.r. Diastereomeric ratio

ee Enantiomeric excess

El Electron impact ionization
e.r. Enantiomeric ratio

ESI Electrospray ionization
equiv. Equivalent

Et Ethyl

g Gram(s)

GC Gas chromatography

h Hour(s)

hexane n-hexane

HR High resolution

Hz Hertz (s™)

Int Intermediate

iPr iso-propyl

IR Infrared

J Coupling constant

K Kelvin

L Liter

M Molar (mol-L™1)

Me Methyl

Mes Mesityl (2,4,6-trimethylphenyl)
min Minute(s)

mol Mole(s)

MS Mass spectrometry

m/z Mass-to-charge ratio
Naph Naphthyl

nBu n-butyl

NMR Nuclear magnetic resonance
pentane n-pentane

Ph Phenyl

ppm Parts per million

pTsOH  Para-toluenesulfonic acid
rac Racemic

r.t./RT Room temperature

s/sec Second(s)

Rx/Sx R/S-configuration at element X (if there is no X, axial chirality or the element is C)
t Time

T Temperature

tBu tert-butyl

TfOH Triflic acid

THF Tetrahydrofuran

Tol 4-Methylphenyl

TS Transition state

XRD X-ray diffraction
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1.1. Abstract

For more than five decades, P-stereogenic aminophosphine chalcogenides and boranes have
attracted scientific attention and are still in the focus of ongoing research. In the last years, novel
transition metal-based synthesis methods have been discovered, in addition to the long-known use
of chiral auxiliaries. Enantiomerically pure compounds with N-P*-X~ (X = O, S, BH3) motifs served
as valuable reactive building blocks to provide new classes of organophosphorus derivatives,
thereby preserving the stereochemical information at the phosphorus atom. Over the years,
intriguing applications in organocatalysis and transition metal catalysis have been reported for some
representatives. Asymmetric reductions of C=C, C=N, and C=0 double bonds were feasible with
selected P-stereogenic aminophosphine oxides in the presence of hydrogen transfer reagents. P-
stereogenic aminophosphine boranes could be easily deprotected and used as ligands for various
transition metals to enable catalytic asymmetric hydrogenations of olefins and imines. This review
traces the emergence of a synthetically and catalytically powerful functional compound class with
phosphorus-centered chirality in its main lines, starting from classical approaches to modern

synthesis methods to current applications.

1.2. Introduction

Organophosphorus compounds, be they phosphines!’! or phosphine chalcogenidesi?, have
emerged as key derivatives for a variety of reactions in modern synthetic chemistry. Their suitability
as intermediatesl® and organocatalystsl'b-¢2b2c4] renders them essential and indispensable in
today’s research. Likewise, they have broad applications as ligands in transition metal
catalysis!'2225] and are used for hydrogenation reactions.® In general, P(lll) organophosphorus
compounds are investigated more frequently. However, a great advantage of P(V) compounds is
their stability against air and moisture. Investigations of the latter compounds are therefore
rising.[2¢71

For the further development of catalysis, it is of great interest to introduce specific functional entities
into the molecules, which enable them to interact with key intermediates during catalytic processes.
This is feasible with heteroatomic moieties like amino groups that are capable of further
functionalizationl®! or that have exceptional qualities for use as synthesis intermediates and
precursors.¥l The N-P*—Ch~ (Ch = chalcogenide) motif proved to be a beneficial feature for novel
ligands,['% in catalysis,[' and in medicinal chemistry.l'?l In addition, amino- and thiophosphates
have recently been proposed as plausible molecules in early Earth scenarios.!'3l Especially in the
context of ligand design, oxidation of P(lll) compounds with selenium has many advantages, as the
7Se NMR spectroscopic parameters such as the 'Jr_se coupling constant provide important
information about the electronic nature of the new phosphines.[7cfdl

The possibility that both tri- and tetra-substituted phosphorus compounds can exhibit phosphorus-
centered chirality is another important feature of these molecules, which is worth taking advantage

of. Synthesis methods often involve the use of chiral auxiliaries, leading to diastereomeric mixtures



that need to be separated.l' A great advantage of P(lll) and P(V) compounds with chloro
substituents is their ability to be resolved by dynamic kinetic resolution using chiral alcohols and
amines, thus leading to the enrichment of one favored stereoisomer.['S] Furthermore, the
stereoselectivity of the resolution is strongly dependent on the reaction conditions, such as
temperature, solvent, base, and the ratio of starting materials.!'®! Highly diastereomerically pure
compounds could be obtained by separation techniques like fractional crystallization or
chromatography. The desired enantiomers can then be obtained by cleavage of the chiral
auxiliary.l'4 The first examples were already reported in the late 1960s!'”] and various preparation
methods for P-stereogenic molecules have then been developed in the following decades.['8] While
many synthetic routes to all-C-substituted P-stereogenic compounds are known,!'?l heteroatom-
substituted analogues have so far received comparatively little attention. Applications can be found
as intermediates,?% in organocatalysis,l2'! for enantioselective hydrogenations,2%¢221 and for the
design of new ligands.[%2.23]

In this review, we provide a comprehensive overview on the powerful connection between
phosphorus and nitrogen under stereochemical aspects. We focus on P-stereogenic
aminophosphine chalcogenides and boranes and provide a systematic overview of classical and
modern synthetic methods and highlight perspectives for applications of these stereochemically
valuable functional molecular building blocks in synthesis and asymmetric catalysis. Reports about
deprotected aminophosphines for use as ligands in transition metal catalysis are included as well.
Aminophosphinic compounds are also discussed in this review, as they have provided impressive

utility to the world of asymmetric organocatalysis.

1.3. Auxiliary-Based Approaches Towards P-Stereogenic
Aminophosphine Chalcogenides and Boranes

The use of monodentate chiral auxiliaries is still a widely used method to introduce a stereogenic
phosphorus center. For this purpose, readily available C-stereogenic auxiliaries are used. Due to
the possibility of diastereomeric separation methods, this approach is often more reliable in terms
of stereoselectivity than novel techniques such as the challenging organocatalyzed synthesis of
single enantiomers. For example, in 2016, the preparation of P-stereogenic oxazaphospholidines
catalyzed by tertiary amines only gave moderate enantioselectivities, possibly due to unwanted
side reactions.?¥l P-stereogenic compounds with P-N bonds are often prepared as chalcogenides
or boranes and are either used directly as they are or are deprotected prior to use depending on
the intended synthetic purpose. Some examples for commonly used chiral auxiliaries are shown in
Figure 1.1.

In the late 1970s, the group of Koizumi provided a general route applying L-proline ethyl ester
[(Sc)-1] as chiral auxiliary (Scheme 1.1).291 After coupling the amino acid derivative with
phenyldichlorophosphate (2), a diastereomeric mixture of 3 was obtained, which could be
functionalized stepwise with alcohols. Anhydrous pyridine was used both as solvent and HCI

scavenger. In a subsequent reaction, the remaining P—Cl bond was substituted by ethanol or
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Figure 1.1. Commonly used O- and N-bound chiral auxiliaries.

approach was described by Koizumi et al. using L-phenylalanine ethyl ester [(Sc)-6] for synthesizing

the alkylphenylphosphoramidates (Sr)-10 and (Rpr)-10 (Scheme 1.2).1281 Again, phenyldichloro-

phosphate (2) was the starting material of choice and was initially coupled with the amino acid

derivative (Sc)-6 in tetrahydrofuran using triethylamine as HCI scavenger. To introduce the second

alkyloxy moiety, the intermediate was then reacted with either methanol or ethanol. Since

separation of the resulting 1:1 diastereomeric mixture of 7 has failed at this point, the reaction

sequence was continued by N-chlorination with tBuOCI. The N-chlorinated products (Sc,Sp)-8 and

(Sc,Re)-8 could then be separated by flash chromatography and further used in their crude state.

Application of L-proline ethyl ester as chiral auxiliary
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Scheme 1.1. Syntheses of (Sp)-5 and (Re)-5 using L-proline ethyl ester [(Sc)-1] as chiral auxiliary and subsequent twofold

alcoholysis. @



Application of L-phenylalanine ethyl ester as chiral auxiliary

1) PhO(PO)CI,
2 €]
(o) CH,Ph
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S
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Scheme 1.2. Syntheses of (Sp)-10 and (Rp)-10 after using L-phenylalanine ethyl ester [(Sc)-6] as chiral auxiliary (THF =
tetrahydrofuran).?8l

Application of (S¢)-a-methylbenzylamine as chiral auxiliary

o S
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Scheme 1.3. Synthetic pathway towards (Sc,Rr)-14 and (Sc,Sp)-15 reported by Kolodiazhnyi.!'630

Before the chiral auxiliary could be cleaved to afford the desired phosphoramidate, the pure
diastereomers had to be transformed into a species that allowed C—N bond cleavage. For this
purpose, the individual diastereomers (Sc,Se)-8 and (Sc,Rr)-8 were subjected to alkaline
methanolation by sodium methoxide in dry methanol at 7 °C. The resulting amino acetals (Sr)-9
and (Rpr)-9 were each formed as epimer mixtures. However, this epimerism was irrelevant, since
the concerning part was meant to be cleaved from the actual product in the next step by sulfuric
acid in methanol.?8 After purification by silica chromatography, the enantiomeric excesses of
products (Sp)-10 and (Rr)-10 were determined to be over 96% by the Eu(hfc)s shift method.[28]
Furthermore, the stereochemistry of acid-catalyzed alcoholysis was studied?®! and compared with
previous results. 29

Synthesis and investigation of P-chiral N-P*—S~ compounds have been rather neglected compared
to the corresponding oxides. In the course of investigations by Kolodiazhnyi and co-workers in
2003,['6:30] diastereomeric P-chiral phosphine sulfides with (Sc)-a-methylbenzylamine [(Sc)-11] as
the chiral auxiliary were reported, but not further considered for follow-up reactions.!'¢:301 Compound
(Sc)-11 was also used for providing P-chiral 4-nitrophenyl alkyl methylphosphonothioates.[*! In
Kolodiazhnyi’'s multiple step preparation (Scheme 1.3), an unsymmetric dialkyl- or alkylaryl-
chlorophosphine (12) was reacted with the chiral auxiliary (Sc)-11 to afford (Sc)-13 (d.r. 90:10),
which was subsequently treated with BHs-THF in order to obtain the diastereomerically pure,

borane-protected product (Sc,Rr)-14 after recrystallization from hexane. After removing the borane,



the aminophosphine intermediate (Sc,Rr)-13 was usable for several further transformations, such
as oxidation with hydrogen peroxide or elemental sulfur leading to compound (Sc,Sp)-15.[16:30

In 2010, Riera, Verdaguer, and co-workers presented a way to cleave the C—N bond of the chiral
auxiliary in such BHs-protected tert-butylphenylphosphine sulfides (Table 1.1, entries 1 and 2).132
In a solution of lithium in liquid ammonia, it was possible to attain the desired cleavage. However,
due to the strongly reductive conditions, the phenyl substituent at the phosphorus atom underwent
a Birch-type reduction when using (Sc)-a-methylbenzylamine [(Sc)-11] as chiral auxiliary, leading
to compound (Sr)-19 (Table 1.1, entry 1). This unwanted reduction could be prevented by using
(Sc)-1-(1-naphthyl)-ethylamine [(Sc)-16] as chiral auxiliary. Thus, the desired product (Rr)-20 could
be obtained (Table 1.1, entry 2).[32 Inspired by those findings, Bauer and co-workers published a
thorough investigation on sulfurized analogues in 2022.131 In the case of aminophosphine sulfides,
mixtures with intact and reduced phenyl substituents at the phosphorus atom were observed, no
matter if (Sc)-a-methylbenzylamine [(Sc)-11] or (Sc)-1-(1-naphthyl)ethylamine [(Sc)-16] was used
as chiral auxiliary. Furthermore, the molecules were not spared from P—Ph and P-S bond cleavage,
which made the phenyl substituent impractical for this kind of reaction. The key to the applicability
of the Li/NHs mixture was simply to replace the phenyl substituent by an aliphatic cyclohexyl
substituent (Table 1.1, entry 3). The resulting cleavage product (Rr)-21 was the first reported
enantiomerically pure P-stereogenic primary aminophosphine sulfide. It represents a class of
functionalizable precursors, which could be demonstrated by coupling it with a chlorosilane (22),
affording compound (Rp)-23 (Scheme 1.4). With that in mind, novel P-chiral ligands and
organocatalysts might be achievable. Additionally, a new spectroscopic method for determining the
enantiomeric purity of aminophosphine sulfides using the lithium salt of (R)-BINOL-dithiophosphoric
acid as chiral shift reagent was presented and demonstrated that no racemization has occurred

during the reductive elimination. 33

Table 1.1. Reductive C-N bond cleavage of (Sc,Rp)-14%2, (Sc,Rp)-17,52 and (Sc,Rr)-185% under Birch-type reaction
conditions.

© o
Ar X X H,N H,N

/k F\,@ 1) Li (4.0 equiv.)/tBUOH (2.0 equiv.) ||a®
N~} gy __ NHa (liqu.)/THF, -80 °C, t HZN/‘ 18U

i
H R 2) NH,CI (excess) R2

d.r. >99:1
(Sc,Rp)-14 (Sp)-19 (Sc)-1 (Sc)-16
(Sc.Rp)-17 (Rp)-20
(Sc,Rp)-18 (Rp)-21
t 4 2 chiral starting purity of
entry [min] Ar X R R auxiliary material product product
1-(cyclo- not Riera and
1 5-10 Ph Hs  Ph hexa-2.5-  (Sg)-11 (Sc,Re)-14  (Sp)-19 determined Verdaguer,
dien) 2010
1- Riera and
2 5-10 Naoh H; Ph Ph (Sc)-16  (Sc,Re)-17  (Re)-20 99% ee Verdaguer,
P 2010
3 2 Ph Cy Cy (Sc)-11 (Sc,Re)-18  (Re)-21 99% ee Bauer, 2022




© 1) nBuLi (1.2 equiv.) H ©
l® Et,0, 80 °Ctor.t, 15 h | l®
N/R-,,tB 2) BU,SIHCI (22, 1.0 equiv.) tBu/S,'\N/ 7‘~«,tBu
HoNT | “Bu THF, reflux, 15 h it
Cy : : tBu Cy
(Rp)-21 (Rp)-23
e.r. >99:1 e.r. >99:1

Scheme 1.4. Synthesis of compound (Rr)-23 by coupling enantiomerically pure (Rp)-21 with an achiral chlorosilane (22).5

A long-known!7¢.18:341 O-bound auxiliary-based method was applied in 2018 by Stankevic et al.,[3%
when diastereomerically pure aminophosphine boranes were synthesized with L-menthol
[(1Rc,2Sc,5Rc)-24] as chiral auxiliary and used as reactive intermediates to obtain
methylphenylphosphinous acid methyl ester borane [(Srp)-31] (Scheme 1.5). After coupling of
dichlorophenylphosphine (25) with L-menthol [(1Rc,2Sc,5Rc)-24] in the presence of triethylamine,
compound (1Rc,2Sc,5Rc)-26 was obtained and the remaining chloro substituent was exchanged
using diethylamine (27), affording compound (1Rc,2Sc,5Rc)-28. Protection with borane enabled
separation by fractional crystallization of the diastereomeric 1:1 mixture of (1Rc,2Sc,5Rc)-29 from
cyclohexane/Et20 at —78 °C. One of the diastereomerically pure intermediates [(1Rc,2Sc,5Rc,Rp)-
29] was then subjected to different electrophilic reagents, such as methyl iodide, after creating
Birch-type reaction conditions that caused a P-O bond cleavage. Interestingly, the phenyl moiety
was not affected by the strong reductive conditions as it was described by Riera and Verdaguer,[32
and by Bauer et al.[*3% |t is known, that the outcome of Birch-type reductions of arylphosphoric acid
amides is highly dependent on their substituents.[8 The enantiomerically pure product (Rr)-30
could finally be transformed into a methyl ester (Sp)-31 by stereospecific exchange of the
diethylamino moiety through acidic methanolysis. The absolute configurations of all products were

derived from literature precedents.[39!

Application of (-)-menthol as chiral auxiliary
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Scheme 1.5. Synthesis towards diastereomerically pure (-)-menthol-substituted aminophosphine borane
[(1Rc,2Sc,5Rc,Rp)-29], which can be substituted by a methyl and a methoxy entity while maintaining the stereochemical
integrity at the phosphorus center (DCM = dichloromethane).l*®

Besides monodentate N- and O-bound chiral auxiliaries, also bidentate auxiliaries are part of the
synthesis repertoire for providing P-stereogenic compounds. A prominent example is (—)-ephedrine
[(1Rc,2Sc)-32], which was introduced by InchB"l (Scheme 1.6) in the 1970s and further studied by

Jugé (Scheme 1.7) around the turn of the millenium.[202.200.22b.38] This auxiliary is capable of



chelating a phosphorus center by forming a P—O and P-N bond in the same reaction step. Inch et
al. used phosphoryl trichloride (33) in benzene and triethylamine as HCI scavenger to obtain a
stereochemically pure, five-membered N-P(O)-O heterocycle [(2Rr,4Sc,5Rc)-34] after
crystallization (Scheme 1.6, top). The remaining P—CI bond could be subsequently functionalized
when subjected to an alcohol in the presence of triethylamine, and compound (2Sp,4Sc,5Rc)-35
was obtained. The substitution proceeded with retention of configuration.l372:37¢l Chelation of
monoalkyl-substituted phosphine sulfide 36 was likewise possible forming the N-P(S)-O
heterocycle (2Rp,4Sc,5Rc)-37, which could be opened by P-N bond cleavage through acidic
alcoholysis with inversion of configuration while forming compound (1Rc,2Sc,Sr)-38 (Scheme 1.6,
bottom). After alkaline treatment with sodium hydroxide, the non-isolated intermediate (Rr)-39 was
reacted with methyl iodide to get to (Rr)-40.137%] The absolute configurations of all products were

derived from literature precedents and all syntheses were described to be stereospecific.[3”]

Application of (-)-ephedrine as chiral auxiliary for phosphine oxides
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Scheme 1.6. Top: (-)-Ephedrine-based approach to chelate phosphoryl trichloride 33 and functionalization of the remaining
P—Cl bond.B737¢ Bottom: Synthesis of (Rp)-40 after ring opening of (2Rp,4S¢,5Rc)-37.57

Jugé and co-workers were using P(lll) compounds for the reaction with (-)-ephedrine [(1Rc,2Sc)-
32]. Instead of chloride, their starting materials (such as 41) had diethylamine as leaving group,
which worked well at high temperatures without using any base (Scheme 1.7). The N—P(ll)-O ring
of (2Rp,4Sc,5Rc)-42 was opened in a Michaelis-Arbusow rearrangement with retention of
configuration at phosphorus through the reaction with alkyl halides such as methyl iodide.
Aminophosphine oxide (1Rc,2Sc,Rr)-43 was thereby formed with high diastereomeric excess
featuring a stereogenic P(V) center. Subsequent acidic methanolysis led to cleavage of the P-N
bond and afforded compound (Rr)-44. The alcoholysis took place with inversion of configuration
(Scheme 1.7, top).l3%l After the reaction of (-)-ephedrine [(1Rc,2Sc)-32] with bis(diethylamino)-
phenylphosphine (41), the phosphorus atom of the heterocycle could be protected by borane,
obtaining compound (2Rr,4Sc,5Rc)-45. Reaction with methyllithium led to cleavage of the P-O
bond with retention of configuration at phosphorus [(2Rr,4Sc,5Rc)-46]. Acidic methanolysis led to
P-N bond cleavage, which allowed (-)-ephedrine [(1Rc,2Sc)-32] to be recovered. The



methanolized phosphine borane (Sp)-31 was obtained with inverted configuration and could be
further reacted with aryl lithium compounds, again with inversion of configuration [(Rr)-47]
(Scheme 1.7, bottom).[202.20b] Apsolute configurations were determined by X-ray crystallography or

assumed as previously reported.!202,20b,38b]

Application of (-)-ephedrine as chiral auxiliary for P(lll) compounds
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Scheme 1.7. Top: (-)-Ephedrine-based approach to (Rp)-44 after Michaelis-Arbusow rearrangement and acidic
methanolysis.!®% Bottom: (-)-Ephedrine-based approach to obtain borane-protected phosphine (Rp)-47 after four steps (0An
= ortho-anisol).[202.200.38]

In 2011, Riera, Verdaguer, and co-workers published a method based on the (-)-ephedrine
strategy, but with a variation of the backbone of the chiral auxiliary (Scheme 1.8, top).[2%d Using (-)-
cis-1-amino-2-indanol [(1Sc,2Rc)-48], a highly diastereomerically enriched product (d.r. 18:1) was
obtained after reaction with tert-butylchlorodiethylaminophosphine (49) and borane dimethylsulfide
complex. The pure major diastereomer (2Rp,4Sc,5Rc)-50 could be obtained after recrystallization
from hexane and the absolute configuration was determined by the anomalous dispersion method.
The chiral auxiliary was removed in two steps. First, ring-opening with organometallic reagents led
to cleavage of the P—O bond and gave (1Rc,2Sc,Spr)-51a (R = alkyl) or (1Rc,2Sc,Rpr)-51b (R = aryl),
while leaving the P-N bond intact. To the surprise of the authors, this happened in general with
inversion of configuration for both alkyl and aryl substituents, no matter if Grignard or other
organometallic reagents were used (Scheme 1.8, top).2% Previously investigated P-O bond
cleavages in monocyclic 1,3,2-oxazaphospholes were reported to proceed with retention of
configuration.[200.38a.39 Excellent diastereomeric ratios were achieved using methylmagnesium
bromide. Various other organometallic reagents also gave good ratios, not worse than 90:10, and
the corresponding products could be purified by recrystallization from hexane or by column
chromatography. In order to finally set the aminophosphine boranes (Sr)-52a (R = alkyl) free, the
chiral auxiliary was cleaved using lithium in liquid ammonia, whereby the enantiomeric purity was
completely maintained (>99% ee). However, as also mentioned in other publications,32:33 phenyl

ring-containing substrates were reduced according to Birch reduction. The authors found a remedy



Application of (1S¢,2R¢)-(-)-cis-1-amino-2-indanol as chiral auxiliary
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Scheme 1.8. Top: Synthesis of enantiomerically enriched and pure aminophosphine boranes (1Rc,2Sc,Sp)-51a (R = alkyl)
and (1Rc¢,2Sc,Rp)-51b (R = aryl) using (-)-cis-1-amino-2-indanol [(1S¢,2Rc)-48] as chiral auxiliary.?! Bottom: Differences
in cleavage reactions for the substrates (1Rc,2Sc,Sp)-51a and (1Rc,2Sc,Rp)-51b (Ms = SO,CH).12d!

for this circumstance by forming an imino-
phosphine after mesylation of the hydroxy group
[(1Rc,2Sc,Rp)-53 (R =aryl)] and subsequent
alkaline mediated elimination towards (Rr)-54
(R = aryl). afforded the
corresponding aminophosphine boranes (Rp)-
52b (R=aryl) with >99% ee (Scheme 1.8,
bottom).[20d]

In a follow-up publication two years later,1*0 the

Acidic hydrolysis

results of a thorough investigation regarding the
P-O

reported and an explanation of the differing

stereodivergent ring opening were
stereochemical pathways of the findings of
Riera and Verdaguer?°d compared to those of
Inchl®*! and Jugél?®! was given (Scheme 1.9,
top). Three possible reasons were suggested:
different substitution at phosphorus ({Bu vs. Ph),
different substitution at nitrogen (H vs. Me) and
different backbones [(-)-cis-1-amino-2-indanol
vs. (—)-ephedrine].[*0]

To find the main factor, Riera and Verdaguer
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amino-2-indanol and (-)-norephedrine as chiral backbones. For the reaction of the N,O-chelated
phosphine boranes with organolithium compounds, the presence of an NH moiety provided
inversion, while an NMe moiety provided retention at the stereogenic phosphorus atom
(Scheme 1.9, top). In case of NH, the cation of the organometallic reagent can deprotonate the
nitrogen atom and the attack of R~ takes place from the backside leading to an inversion of
configuration (Scheme 1.9, bottom, mechanism a). If the nitrogen atom is blocked by a methyl
group, the cation temporarily sticks to oxygen causing R~ to attack from the frontside, which results
in retention of configuration (Scheme 1.9, bottom, mechanism b). Proof of this hypothesis was
supported by computational investigations of the mechanism. Consequently, the different
reactivities of the N-methylated and non-N-methylated chiral auxiliaries can be exploited to obtain
final products with both (Rp)- and (Sr)-configuration.“%l

Another approach with an N,O-bidentate chiral auxiliary included the application of o,a-diphenyl-L-
prolinol [(Sc)-56].14"1 Using dichlorophenylphosphine oxide 57 in the presence of triethylamine as
HCI scavenger and DMAP as organocatalyst, the bicyclic 1,3,2-oxazaphospholidine-2-oxide
intermediate (1Rp,3aSc)-58 was formed in an excellent diastereomeric ratio of >95:5
(Scheme 1.10). Reaction with MeMgBr resulted in the cleavage of the P-O bond and afforded
(Sc,Rr)-59. The chiral auxiliary could be removed completely through acidic methanolysis of the P—
N bond at —78 °C to form the corresponding methyl ester (Rr)-44. The absolute configurations were
determined by single-crystal X-ray structure analysis of a follow-up product and the transformations

were concluded to be inversion processes.*]

Application of a,a-diphenyl-L-prolinol as chiral auxiliary
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Scheme 1.10. Synthesis of diastereomerically pure a,a-diphenyl-L-prolinol-substituted aminophosphine oxide (1Rp,3aSc)-
58 and subsequent stereospecific methanolysis (DMAP = 4-(dimethylamino)pyridine).!

1.4. Transition Metal-Catalyzed Approaches Towards
P-Stereogenic Aminophosphine Chalcogenides and
Boranes

Along with the development of novel synthetic methods, the preparation of P-stereogenic
compounds with P-N functions by means of transition metal catalysis has been increasingly
reported. Procedures for non-P-chiral or racemic compounds are also known from the literature. 42
Promising results in terms of conversion, stereoselectivity, and catalyst efficiency give reason for

further innovative developments in the future.
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1.4.1. Synthesis by Copper Catalysis

In 2022, Yin and co-workers presented a general procedure for copper(l)-catalyzed syntheses of
P-stereogenic aminophosphine chalcogenides and boranes (Table 1.2).143 The classes of coupling
partners were O-benzoyl hydroxylamines and diarylphosphines. Several chiral ligands were tested
to obtain asymmetric products with the best possible enantiomeric enrichment. The first choice fell
on (Rc,Rp)-Ph-FOXAP [(Rc,Rr)-62], a diphenylphosphino- and 4-phenyloxazoline-substituted
ferrocene derivative (Table 1.2). Cu(CH3CN)4PFes was used as catalyst in the presence of Barton’s
base. The P—N coupled intermediate was then quenched with hydrogen peroxide. In this context,
dibenzylaminoesters (60) with electron-deficient aryl groups such as 3,5-(CF3)2-CsHs were found to
increase both yield and stereoselectivity. The same is true for diarylphosphine substrates (61) with
sterically hindered aryl substituents. The best result for substrates with PO entities [product (Sr)-
63-0] in terms of enantiomeric excess (90%) was obtained with mesityl-substituted phosphines (61-
Mes) (Table 1.2, entry 1), as determined by HPLC on a chiral stationary phase. The absolute
configuration was determined by single-crystal X-ray structure analysis for one of the synthesized
derivatives and deduced for all other obtained products. After finding the best conditions, different
reagents (sulfur, selenium, and borane-tetrahydrofuran-complex) were used instead of hydrogen
peroxide for quenching the unprotected aminophosphine and afforded products (Sr)-63-S, (Sp)-63-
Se, and (Rr)-63-BHs with enantiomeric excesses of 90%, 89%, and 92%, respectively (Table 1.2,
entries 2—4).

Table 1.2. Comparison of copper(l)-catalyzed syntheses to obtain enantiomerically enriched N,N-dibenzyl-P,P-diaryl-

aminophosphine borane and chalcogenides yielding similar enantiomeric excesses.®?!

PPh,
1) Cu(CHZCN)4PFs (10 mol%) o
o " (Re,Rp)-62 (10 mol%) Oy ‘ \ NtBu
| Barton's base (2.0 equiv.) BnsN—ph® Fe N
BnyN + P. noN~ |
2 \okAﬂ Ph” SAr2  THF, rt, 12h \\"P\Arz < Ph  Me;N" "NMe;
60 61 2)quenched with Y Ph Ligand Barton's base
(2.0 equiv.) (1.0 equiv.) (Sp)-63-0/S/Se or 'gan
(Rp)-63-BH, (Re,Rp)-Ph-FOXAP
(Rc,Rp)-62
entry Ar' Ar? Y X product ee (%)
1 3,5-(CF3)2-CeHs Mes H202 (0} (Sr)-63-O 90
2 3,5-(CF3)2-CeHs 2,6-Me2-CeHs 8 (Sp)-63-S 90
3 3,5-(CF3)2-CeHs 2,6-Me2-CeHs Se Se (Sp)-63-Se 89
4 3,5-(CF3)2-CeHs 2,6-Me2-CeHs Hs THF Hs (Re)-63-BH3 92

A copper-catalyzed synthesis of diastereomerically enriched P-stereogenic compounds containing
a P-N bond was reported in 2015 through P—O bond coupling for the purpose of generating the
nucleoside-based prodrugs (Sc,Sp)-66 and (Sc,Sp)-69 (Scheme 1.11). While purine-based

substrates 65 gave the best results with copper(ll) triflate (d.r. 1:8.3), the best choice for pyrimidine-
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based substrates 68 was copper(l) acetate (d.r. 1:6.3), whereby the absolute configurations were
derived from comparable molecules previously reported in a patent. The respective catalytic
reactions gave 35-40% conversion with N,N-diisopropylethylamine (DIPEA) as the base and
tetrahydrofuran (THF) or dimethoxyethane (DME) as the solvent.[*4 Strategies for several non-
metal-catalyzed syntheses of nucleoside-based, P-stereogenic drugs, such as remdesivir [(Sc,Sp)-
74] (Scheme 1.12) that was used during the COVID-19 pandemic,®! were recently summarized in

a review article.l4e]
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Scheme 1.11. Cu(ll)- and Cu(l)-catalyzed syntheses of nucleoside-based prodrugs (Sc,Sr)-66 and (Sc,Sr)-69 through P-O
bond coupling (DIPEA = N,N-diisopropylethylamine, DME = dimethoxyethane; stereodescriptors of compounds 65 and 68
have been omitted for clarity).?4
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Scheme 1.12. Organocatalyzed synthesis of anti-COVID-19-drug remdesivir [(Sc,Sp)-74] through P—O bond coupling (2,6-
lutidine = 2,6-dimethylpyridine; stereodescriptors of compound 71 have been omitted for clarity).*"!

Simple copper(l) and copper(ll) salts have also been used for dehydrocoupling of P(O)—H bonds
with primary amines. Both achiral and enantiomerically pure P-stereogenic H-phosphinates were
applied and the coupling products showed overall good yields with 2 mol% copper(ll) bromide as
the catalyst in ethyl acetate. The optically pure starting materials incidentally maintained their
stereochemical integrity in the product, albeit with inversion of configuration after the cross-

coupling.[*"]
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1.4.2. Synthesis by Iridium Catalysis

Using [Ir(cod)Cl]2 as the catalyst, an (R)-BINOL-based chiral ligand [(Rax,Rc)-77], and KHMDS as
the base, access to P-chiral N-vinylphosphonamides such as (Rr)-79 was opened (Scheme 1.13,
top). The products were generated in excellent enantiomeric ratios up to 99:1 by asymmetric allylic
substitution-isomerization, in which a non-chiral diaminophosphine oxide (75) reacted with an allylic
compound such as diethyl cinnamylphosphonate (76). In the initial kinetically controlled reaction
step, both a C- and a P-stereogenic center were each introduced by the coupling process,
accompanied by a shift of the allylic double bond to the terminal position, affording compound (Rr)-
78. However, due to thermodynamic control, the double bond is shifted back towards the C—N bond
and the final product (Rp)-79 is obtained. The absolute stereochemistry at phosphorus of the final
product was determined by X-ray crystallography and deduced for all other obtained derivatives.
One of the novel N-vinylphosphonamides was investigated for its applicability as chiral catalyst.
Both iodocyclization of a phenol derivative and a reductive aldol reaction were investigated in this
context. Although they only showed enantiomeric ratios of not more than 60.5:39.5, they provide a

valuable basis for further investigations regarding catalytic applications.[48]
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1) HpS0O, in MeOH (0.25 M) e
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d.r. up to>882 d.r. up to 98:2 er. upto 96:4

Scheme 1.13. Top: Iridium(l)-catalyzed synthesis of enantiomerically enriched (Rp)-79 using the (R)-BINOL-based ligand
(Rax,Rc)-7T7 (LG = leaving group = OP(O)(OEt),, cod = 1,5-cyclooctadiene, TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene,
KHMDS = potassium hexamethyldisilazane)./*¥! Bottom: Palladium(0)-catalyzed synthesis of enantiomerically enriched, (R)-
BINOL-substituted aminophosphine oxide (Rax,Se)-82 using derivatives of (Rax,Rc)-77 as starting compounds and
subsequent reaction with acidic methanol and Grignard reagents (dba = dibenzylideneacetone, TBDPS = fert-
butyldiphenylsilyl, DMAP = 4-dimethylaminopyridine).!%!

1.4.3. Synthesis by Palladium Catalysis

The scaffold of the (R)-BINOL-based chiral ligand used for the Ir(l)-catalyzed asymmetric allylic
substitution-isomerization (see Scheme 1.13, top)“8 was also used as substrate in recent studies
towards enantiomerically pure aminophosphine oxides like (Rax,Sp)-82 (Scheme 1.13, bottom).[4°]
Using Pdz(dba)s as catalyst and Cs2COs as base, the (R)-BINOL-based precursor (Rax)-80 was
converted with aryl iodides (81) in toluene at 50—100 °C for 16 h and subsequently hydrolyzed to
obtain aminophosphine oxides [(Rax,Sr)-82] with diastereomeric ratios up to >98:2 and good yields

(Scheme 1.13, bottom). Formally, this is an auxiliary-based approach using a palladium catalyst
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(see also chapter 1.3). The absolute configuration was determined by single-crystal X-ray structure
analysis for one of the synthesized derivatives and deduced for all other obtained compounds. The
products can be further substituted by alkoxides and Grignard reagents (Scheme 1.13, bottom),
each with inversion of configuration, which was again confirmed by single-crystal X-ray diffraction
analysis for one representative product. Furthermore, equipping the free hydroxy group of the (R)-
BINOL fragment with a silane protection group after methanolysis [product (Rax,Sr)-83] led to better
enantiomeric ratios (up to 96:4) for product (Rr)-84 in the Grignard reaction. Mechanistic studies
revealed an oxidative addition of both precursors to the Pd(0) center and a reductive elimination
upon C—P bond formation.i*? The same (R)-BINOL-based P(lll) scaffolds also react with alkenyl
halides when catalyzed by Ni(0) catalysts. Diastereomeric ratios of up to >20:1 could be obtained
with 10 mol% Ni(cod)(dq) [bis(1,5-cyclooctadiene)(duroquinone) nickel(0)] in 1,2-dichloroethane at
80 °C after 12—-24 h.50

Palladium(ll)-catalyzed approach towards P-chiral, enantiomerically enriched phosphinic
hydrazones (Rpr)-88-S and (Rr)-88-O was provided in 2020 by Pullarkat, Leung, and co-workers
(Scheme 1.14, top). The P-N-N compounds constitute a class of considerable intermediates for
the synthesis of diarylphosphinates such as (Sr)-89, which can be obtained after acidic
methanolysis of the phosphinic hydrazones with inversion of configuration. The modification of the
Pd(ll) catalysts as well as the substrates, a-diazoesters, and secondary racemic phosphines offered
enantiomeric excesses up to 55% for sulfur-protected and up to 81% for oxygen-protected
phosphinic hydrazones. The best results could be obtained with 85 and 86 as starting materials
and (Rc)-87 as Pd(ll) catalyst. The use of diazabicycloundecene (DBU) as the base in a mixture of
chloroform and acetone at —80 °C turned out to be helpful for the stereochemical outcome. The
proposed mechanism (Scheme 1.14, bottom) starts with the coordination of two secondary
diarylphosphines to the Pd(ll) center (Int1) followed by coordination of the a-carbon atom of the a-
diazoester (Int2). Deprotonation of the phosphine (Int3) leads to a nucleophilic attack at the azo
group forming a rigid, five-membered Pd(ll) intermediate (Int4). Eventually, the ring is reopened
(Int5), before the non-oxidized product is eliminated and the catalyst reoccupied."

Quite an intriguing way to obtain enantiomerically enriched aminophosphine oxides [(Sr)-93] using
Pd(ll) catalysis was reported in 2015 (Scheme 1.15, top). Starting from racemic, diarylsubstituted
aminophosphine oxide (90), a desymmetrizing ortho-C—H-arylation was carried out by the reaction
with boronic ester 91 in the presence of N-Boc-protected amino acid (Rc)-92 as chiral ligand
(Scheme 1.15, top). The best results were obtained by using 10 mol% Pd(OAc)z in combination
with Ag2COs as oxidant and benzoquinone as additive in dimethylformamide. Enantiomeric
excesses up to 98% were achieved as determined by chiral HPLC analysis and the absolute
configuration at phosphorus was assigned by single-crystal X-ray diffraction analysis.!? In a follow-
up work, the obtained products were reported to undergo ortho-C—N bond coupling through radical
oxidation, thus yielding cyclic phosphine amides. Moreover, it could be shown in this work that the
oxides could be transferred into sulfides using Lawesson’s reagent.[%3 In a very recently published
article, the selective attachment of alkynyl bromide 95 on the ortho-position of a phenyl ring in 94

with the lactam L-pyroglutamic acid [(Sc)-96] as chiral ligand was reported (Scheme 1.15, middle).
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Scheme 1.14. Top: Palladium(ll)-catalyzed synthesis of enantiomerically enriched phosphinic hydrazones (Rr)-88-S and
(Rp)-88-0O and conversion into diarylphosphinates (Sp)-89 by acidic methanolysis (DBU = diazabicycloundecene).®"! Bottom:
Proposed mechanism for the reaction of o-diazoester 85 with secondary racemic phosphine 86.15"

The absolute configuration at phosphorus of product (Rer)-97 was determined by X-ray
crystallography.l54 Related with the aforementioned work,152-54 further catalytic approaches to
enantiomerically pure P-stereogenic compounds were investigated and recently reviewed.[5®!

A non-metal-based, substrate-controlled desymmetrizing aryl coupling method (Scheme 1.15,
bottom) furnished similar stereoselectivity compared to the previously described Pd(ll) catalyzed
syntheses.[®8] Starting from a C-stereogenic, (Sc)-a-methylbenzylamine-substituted amino-
phosphine oxide [(Sc)-98], the electrophilic ortho-substitution of one of the phenyl groups was
achieved by stereoselective deprotonation of one of the diastereotopic phenyl rings with tBuLi
followed by the reaction with an electrophile (Scheme 1.15, bottom). Diastereomeric ratios of up to
98:2 were obtained.5¢! The absolute configuration at phosphorus of products (Sc,Sr)-99 could be
revealed by X-ray structure determination of a representative derivative.®6¢l The newly introduced

functional unit at the ortho-position could then be replaced by alkyl or aryl moieties!®¢! or by the 4-
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amino-TEMPO (4-amino-2,2,6,6-tetramethylpiperidinyloxyl) radical.¢d Analogous asymmetric
ortho-substitutions were reported for aminophosphazenes, which contain a P*~N——COOMe instead
of a P*—O~ unit. They could be converted to the corresponding aminophosphine oxides or sulfides
when subjected to phenyliso(thio)cyanate (Ph—NCO or Ph—NCS).[56a.56b]

Pd(ll) catalyzed synthesis of asymmetric aminophosphine oxide with an N-Boc-protected amino acid

BPin Pd(OAc), (10 mol%) Ligand (Re)-92
(Rc)-92 (20 mol%)
@\ benzoquinone (0.5 equiv.) @ CeHg4-p-OtBu
LiCOj3 (3.0 equiv.) \ (/ /<O
Ag,CO3 (1.5 equiv.)
DMF, 40 °C, 12 h MeO O O Me BocHN ~ OH

(Sp)-93
98% ee

Pd(ll) catalyzed synthesis of asymmetric aminophosphine oxide with L-pyroglutamic acid

Pd(OAc), (10 mol%) Ligand

Br _ o L-pGlu-OH
O i (Sc)-96 (20 mol%) NG P u96
e | benzoquinone (1.0 equiv.) oo 1 | (Sc)-
Pl N + | | c : P ~
N N sNOj3 (1.0 equiv.) N N o)

Ag3POy4 (2.5 equiv.)

TIPS tAmyIOH, 65 °C, 12 h =—TIPS H OH
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95% ee
Non-metal-based synthesis of asymmetric aminophosphine oxide E*= E=

Me3SnCl SnMe;

S/ 1) tBuLi (2.2 equiv.) C C,Clg cl
| ® THF, -78°C, 1 h c) (BrCHz), Br
P< ; N (ICH2), I
” tBu 2)E” (1.2 equiv.) N ” tBu Me;SiCl SiMes
-78 °C tor.t.,, 15 min TsN 3 N;
3) H,0 E 0, OH

Ph,PCI (PO)Ph,
(Sc)-98 (Sc.Sp)-99 AllylBr Allyl
d.r. 91:9 to 98:2 Boc,O (CO)OtBu

Scheme 1.15. Top: Palladium(ll)-catalyzed synthesis of (Sp)-93 starting from a P,P-diarylaminophosphine oxide (90) by
selective ortho-arylation of one of the P-aryl substituents (Are = 2,3,5,6-tetrafluorobenzonitrile, Bpin = pinacolborane, DMF =
dimethylformamide).*? Middle: Another palladium(ll)-catalyzed approach with different chiral ligand (TIPS =
triisopropylsilane, tAmylOH = 2-methyl-2-butanol).’¥ Bottom: Non-metal-based approach.5®

1.5. Applications of P-Stereogenic Aminophosphine
Chalcogenides and Boranes

1.5.1. Applications of Aminophosphine Oxides as a Novel Class of
Organocatalysts

Many researchers have used the work of Inchl?6:37.39 and Jugé[20a.20b.22b,38a] on enantiomerically pure
N-P*—O~ compounds as a starting point for their investigation of functionalized phosphorus-
stereogenic compounds.

In 2015, Han et al. found an efficient way to synthesize primary aminophosphine oxides [(Sr)-103]

with a wide range of substitution patterns (Scheme 1.16, top).’l They made use of 1,3,2-
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benzoxazaphosphinine-2-oxide [(Rc)-100] as chiral intermediate for providing the phosphorus-
stereogenic products (Sp)-103 with enantiomeric purities of up to 99% after treatment with an
organometallic reagent and lithium amide. Only two years later, they reported the design of efficient
asymmetric Lewis base organocatalysts [(Sp)-105] by functionalizing the amino group with an ortho-
phosphine oxide-substituted benzyl moiety. Excellent asymmetric induction of the P-stereogenic
compound was proven for the reduction of chalcone derivatives 104, forming products (Rc)-106
with enantiomeric ratios up to 97.5:2.5 (Scheme 1.16, bottom).[57®! In 2019, the P-stereogenic
aminophosphine oxides (Sp)-103 served as precursors for Brgnsted acid organocatalysts such as
(Rp)-108. Catalytically active species of this type have been shown to be effective for certain
enantioselective transformations. Through the coupling of the nitrogen atom of the P-stereogenic
aminophosphine oxides with electron withdrawing groups such as SO2Ar or P(O)R2, the acidity of
the resulting NH function could be increased, which was crucial for the reliability of this type of
Brensted acid catalysts. The substituents at the stereogenic phosphorus center can also affect the
NH acidity. Reactivity as well as stereoselectivity of the catalyzed reaction can thereby be modified.
The new set of P-stereogenic aminophosphine oxides catalyzed hydrogenations using quinoline
derivatives such as 107 as substrates and Hantzsch ester as reducing agent (Scheme 1.17, left).[58!
Analogous reactions were performed in the past with atropoisomeric (R)-BINOL-phosphoric acid
derivatives.[® Full conversion could be achieved with some achiral test catalysts after 24 h. The P-
stereogenic catalysts also gave full conversion after 24—48 h and yielded enantiomerically enriched
products with enantiomeric ratios ranging from 53:47 to 84:16, strongly depending on the
substituents of the catalyst, but also on the substituents of the quinoline-based substrate. Highest
selectivity was observed with the sterically demanding catalyst (Rp)-108 and with 2-aryl substituted
quinoline derivative 107, which gave (Sc)-109 as product.[58]

In the same year, Tsantrizos and co-workers reported similar molecular patterns for Brgnsted acid
organocatalysis, however, with some innovations (Scheme 1.17, right).l6% (Rp)-111, also known as
OttoPhosa |, is the prototype of a P-stereogenic aminophosphine derivative with an electron
withdrawing arylsulfonate moiety attached to the nitrogen atom and a phenolic moiety attached to
the phosphorus atom. The hydroxy group of the phenolic moiety is capable of hydrogen bond
formation to the NH group. This increases the acidity of the NH moiety on the one hand and
stabilizes the transition state structure on the other hand, leading to an increased reaction rate and
better enantioselectivities. Using a 2-methyl-substituted quinoline, enantiomeric excesses of 80—
89% could be reached with OttoPhosa | [(Rr)-111], depending on reaction time and solvent. The
best result was achieved for the conversation of 110 into product (Sc)-112 using cyclohexane as
solvent at 22 °C.[®% |n a follow-up publication the scope of catalysts and substrates was expanded
and it was shown that such catalysts are limited in application at temperatures higher than room
temperature, as they tend to racemize upon heating./®'l Nevertheless, this class of organocatalysts
provided short reaction times and good enantioselectivities, which could possibly be further

enhanced upon crystallization.
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Scheme 1.17. Left: Hydrogen transfer reaction of quinoline derivative 107 using aminophosphine oxide catalyst (Rp)-108
without intramolecular hydrogen bond stabilization.® Right: Hydrogen transfer reaction of quinoline derivative 110 with
hydrogen bond-stabilized OttoPhosa | [(Rp)-111].5”

The previously described products of the palladium(ll)-catalyzed synthesis of ortho-substituted,
enantiomerically enriched P,P-diarylaminophosphine oxides [(Sr)-93, Scheme 1.15, top]®2 were
used as novel organocatalysts in the reductive desymmetrization of cyclic 2,2-disubstituted 1,3-
diketones (Scheme 1.18). Five- and six-membered substrates of type 113 could be converted into
products of type (Sc,Sc)-115 with high to excellent enantio- and diastereoselectivities, although the
reductions of six-membered derivatives turned out to be challenging in the past. After extensive
investigations, the most suitable reaction conditions were found with dichloromethane as solvent,
catecholborane as reducing agent, and di-iso-propylphenylamine as additive. The reaction was
quenched with methanol and subjected to aqueous work-up.2 The wide substrate scope, easy
upscaling, and high selectivity made these findings also applicable in the synthesis of natural
products.[63]

The proposed mechanism for the reduction (Scheme 1.19) starts with a coordination of Lewis-acidic
catecholborane by the P*—O~ unit of the catalyst (Int5). Following, the addition of di-iso-propyl-
phenylamine causes the release of one molecule dihydrogen. The resulting intermediate can either

be described as a P*—O-B~ zwitterionic structure (Intéa) or as a coordination complex (Int6b)
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forming an additional O---B interaction with the 1,3-diketone 113. Due to the different substituents
at the 2-position, there is a favored (Int7a) and a disfavored (Int7b) case. In the favored case, the
less bulky substituent (RS) is pointing towards the activated catalyst. A second catecholborane
molecule is then coordinated by the P*™—O~ unit (Int8) and capable of reacting with 113 affording the

corresponding hydroborane (Int9), which finally turns into the alcohol (Sc,Sc)-115 after aqueous
work-up.[62

tBu
S
o) o
.7
Me R ProNPh (20 mol%) iPr l®
o) o P, -CeFs
(Sp)-114 (5 mol%) SN
catecholborane (1.5 equiv.) B B
X7 DCM, rt, 2h Y .
13 (Sc.Sc)-115 d
n=0,1 up to 98% ee \iPr
X = CHyp, CMe,, O, S d.r. up to 99:1
Catalyst (Sp)-114
99% ee
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1.5.2. Transition Metal-Catalyzed Transformations Using P-Stereogenic
Aminophosphine Ligands

The P(V)-N compounds (Sp)-105, (Rr)-108, (Rr)-111, and (Sr)-114 containing a stereogenic
phosphorus(V) center were shown to have useful properties for many synthetic applications.
However, they do not represent the heteroatom-substituted phosphorus species most commonly
used in catalysis. As mentioned in several publications,[6:220.23d,32.64] BH3 is suitable for protecting
phosphorus(lll) compounds without changing the oxidation state and a lot of effort has been made
in the last twenty years to equip such compounds with P-centered chirality.

For their use as ligands in transition metal catalysis, they are deprotected again before coordinating
the metal center. Since a comprehensive overview on this topic was published some time ago, [20¢]

we will only focus on the most groundbreaking achievements in this chapter.

1.5.2.1. Asymmetric Catalysis with Rhodium(l) Complexes

Jugé and co-workers reported that an ephedrine-based pathway led to chiral diphosphines such as
(1Sc,2Rc,Rpr)-118, which represent suitable ligands for rhodium(l) complexes used for
homogeneous catalytic hydrogenations of compounds 116 to obtain products (Sc)-117
(Scheme 1.20, a). Interestingly, the P-stereogenic center within the chiral molecule having multiple
chirality centers was much more pivotal than the ephedrine backbone for the enantioselectivity of
the catalyzed reactions. Up to 99% ee was achieved, strongly depending on the bulkiness of the
aminophosphine substituents that determine the conformation of the rhodium chelate
complex.[22b.38d]

Work on less traditional analogues of ephedrine-based P-stereogenic ligands was carried out by
Kamer and de Vries2®1 using solid-phase synthesis (Scheme 1.20, b). The resin-bound molecules
(1Rc,2Sc,Rr)-119 were equally tested in rhodium(l)-catalyzed asymmetric hydrogenations showing
an enantiomeric excess up to 89%.

Maijor contributions to the development of enantiomerically pure P-BHs-based compounds and their
applications were made by Riera, Verdaguer, and co-workers (Scheme 1.20, c). First synthesis
approaches in 2010 included the easily available chiral auxiliaries (-)-a-methylbenzylamine [(Sc)-
11] and (-)-1-(1-naphthyl)- ethylamine [(Sc)-16].%2 This in turn was important preparatory work for
the studies on aminophosphine sulfides.®3 The primary and secondary aminophosphine boranes
could be functionalized at the nitrogen atom without loss of the stereochemical information at the
asymmetrically substituted phosphorus-center. Carbon- as well as phosphorus-based substituents
were connected to the nitrogen atom. The latter functionalization provided aminodiphosphine (PNP)
ligands such as (Sp)-120 (also known as MaxPHOS ligand) after deprotection, which were used for
rhodium(l)-catalyzed highly enantioselective hydrogenations of olefins.[32

Another example of rhodium(l)-PNP-catalyzed olefin hydrogenations with excellent enantiomeric
ratios of up to 99% ee was reported by Kamer and de Vries using ligand (Rc,Rc,Se,Rr)-121 with a
Betti base backbone (Scheme 1.20, d).169]
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Two years later, the groups of Riera Kamer, and de Vries (b1 and d®), Riera and Verdaguer (c),*? and

and Verdaguer reported a new Kamer (e)®® (cod = 1,5-cyclooctadiene).

class of rhodium(l) catalysts with phosphinosulfonamide (PNSO) ligands for intramolecular
cycloadditions of terminal enediynes 132 (Scheme 1.22).671 The ligand preparation started from
enantiomerically pure (Sp)-126 with sodium hydride and sulfonyl chlorides 127 or N-phenyl-
bis(trifluoromethanesulfonimide) in THF to obtain (Sr)-128 as intermediate product in good to
excellent yields. Since the goal was to generate ligands for rhodium(l), the borane entity had to be

cleaved in order to release the required coordination site on the stereogenic phosphorus atom. This
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Scheme 1.21. Synthesis of (Rax)-BINOL-substituted PNP ligand (Rax,Sp)-122 (TMEDA = N,N,N',N'-tetramethylethane-1,2-
diamine).[®!
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was achieved under basic (DABCO) or acidic (HBF4) conditions and heating (Scheme 1.22, top).
Surprisingly, the deprotected products were stable under air due to a simple reason: the ability for
NH/PH tautomerism led to the PH form (Sr)-129a in most of the cases because of the relative
basicity of the phosphorus atom. This basic character is increased by electron-rich substituents on
the phosphorus atom and by electron-withdrawing substituents at the nitrogen atom. A tautomeric
equilibrium in general can be effectively shifted towards the P(lll) state by coordinating the
phosphorus lone electron pair to a metal center. It is assumed that such molecules do not lose their
chiral information during this tautomeric equilibrium, as is indeed the case with the tautomerism of
PH/OH compounds. Both, air-stable neutral [(Rr)-130] and cationic [(Rr)-131] rhodium(l)
complexes could be synthesized. In addition to thorough structural investigations of the cationic
complex, %] the complexes were tested for the challenging(®®! [2+2+2] intramolecular cycloaddition
of enediynes 132. While the neutral complexes (Rpr)-130 did not lead to any cyclization, the cationic
complexes (Rpr)-131 showed remarkable conversions and enantiomeric excesses of up to 94% for
products (Rc,Rc)-133, depending on the reaction conditions as well as the exact composition of the
O- or N-tethered substrate (Scheme 1.22, bottom).[67]
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Scheme 1.22. Top: Synthesis of PNSO ligands (Sp)-129 showing NH/PH tautomerism, and preparation of rhodium(l)-PNSO-
complexes.®”! Bottom: Rhodium(l)-catalyzed [2+2+2] intramolecular cycloaddition of enediynes 132 (DABCO = 1,4-
diazabicyclo[2.2.2]octane).”!

1.5.2.2. Asymmetric Catalysis with Iridium(l) Complexes

In 2015, the reactivity of phosphine boranes with adjacent imine functionalities towards
organometallic reagents (Scheme 1.23, a and b) was published by Riera and Verdaguer.®4 Borane-

protected N-phosphonyl imines such as (Sr)-134 were prepared in a microwave at 80 °C from
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enantiomerically pure (Sp)-126 and various aldehydes. The condensation was promoted by
titanium(lV) ethoxide under neat conditions.

The borane moiety proved to be an efficient directing group for the 1,2-addition of organometallic
reagents to the imine double bond, leading to unequal mixtures of diastereomers (Scheme 1.23, a
and b).%4 Such a directing behavior was previously only known for P(V) compounds!®
(Scheme 1.23, c) and sulfinylesl’®. Depending on the solvent, diastereomerically enriched
1,2-addition products (Sc,Sr)-135 or (Rc,Sr)-135 with a diastereomeric ratio of up to 98:2 could be
obtained for the phosphine boranes.[54

(a) Favored frontside attack with borane in non-coordinating solvents

S) O a
IIBHS ( ) IIBH3 Me l\lfle H
MelLi (5 eq. ®
\--P® — = wP tBu/P\ S
Me™ [ SN Spn  DCM Me, l\”J\Ph AT
{Bu ~78°C,2h tBu LB ili— g
(Sp)-134 (Sc.Sp)-135
dr. 98:2 - T$1 -
(b) Use of coordinating solvents
S © i Li— K
BHs BHz e Me Me
MeLi (5 eq.) r|’® :
WP B—— AN _—P
Me' [\N/\Ph solvent Me' | ” Ph tBu \Né\r—‘h
Bu -78°C,2h fBu LH }
(Sp)-134 (Rc.Sp)-135 n-B<y HMe
solvent: d.r.: L TS2 B
THF 71:29
DME 59:41
Et,O 57:43
THF/18-crown-6 73:27
THF/TMEDA 68:32
(c) Favored backside attack with oxygen Ph Br t
o © I
o (l) Me P H \\“‘Mg
II’® MeMgBr (3 eq.) P@ H tBu// |~ /
Bu" [ SN Spn DoMrt,2h  BUT f N7 ph N
Ph Ph H TN,
(Rp)-136 (Re.Rp)-137 TS3
d.r. 85:15

Scheme 1.23. Directing behavior of borane in non-coordinating solvents (a),'®* borane in coordinating solvents (b),®* and
oxygen in non-coordinating solvents (c)!® in stereoselective 1,2-addition reactions of organometallic reagents with N-
phosphanylimines (Sp)-134 and (Rr)-136 (DME = dimethoxyethane, 18-crown-6 = 1,4,7,10,13,16-hexaoxacyclooctadecane,
TMEDA = N,N,N',N'-tetramethylethane-1,2-diamine).

A crucial factor was the coordination ability of the solvents. Coordinating solvents in general
provided less stereoselectivity (d.r. values between 41:59 and 27:73), whereas non-coordinating
solvents such as dichloromethane gave excellent ratios. Moreover, the selectivity was reversed for
the different types of solvent, which means that non-coordinating solvents preferably yielded
(Sc,Sp)-135 (Scheme 1.23, a) and coordinating solvents (Rc,Sp)-135 (Scheme 1.23, b). The
authors provided insight into the stereochemical behavior based on the structure of the transition
state. With non-coordinating solvents, a distorted cyclic chair conformation is favorable (TS1,
Scheme 1.23, a), in which lithium is n?-coordinated by the BH3 directing group. This well-defined
transition state structure ensures the high stereoselectivity of the 1,2-addition. Since coordinating
solvents usually enclose lithium cations, the chair-shaped transition state cannot be built (TSZ2,
Scheme 1.23, b). Not even the use of cation scavengers such as TMEDA or 18-crown-6 could

prevent the lithium cations from being trapped by the coordinating solvent, resulting in poorer and
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reversed stereoselectivity.®¥ P*—O- compounds build a similar chair-shaped transition state
structure compared to P-BHs analogues (TS3, Scheme 1.23, c). However, reaction of the
enantiomerically pure P-stereogenic N-phosphinoylimine (Rp)-136 and MeMgBr in dichloromethane
yielded a diastereomeric ratio of only 85:15 in (Rc,Rr)-137,18% emphasizing that the borane moiety
is a more effective directing group than the P*—O~ group.[%4

Since the main goal was to establish a new type of ligands for catalytic applications, (Rc,Rr)-138,
which features a thiophene moiety and a diastereomeric ratio of <99:1, was deprotected using
DABCO and coordinated to iridium(l) to obtain (Rc,Sp)-139 (Scheme 1.24). When ftreating the
resulting neutral complex with NaBArF, the thiophene moiety coordinated as well, yielding the
cationic, P,S-bonded bidentate Ir(l) complex (Rc,Sp)-140. The molecular structure of the complex
salt in the crystalline state was used to determine the absolute configuration of the ligand.®4 So far,

no catalytic activity was reported for exactly this type of complexes.

BHs ph 1) DABCO, >\ g 0\ =

@l = toluene, Ir Ph 5Ir~s Jo
tBu\\.-‘F’\N ‘. _s 100°C,16h S NaBArF |\= BArF
Me H/\E/>2 ) [Ir(cod)Cl], Bu [ N S DcMm Bu SN Spy

DCM, rt., 16 h Me H || 2 rt.1h Me H
(Rc,Rp)-138 (Re,Sp)-139 (Rc,Sp)-140
d.r. >99:1

Scheme 1.24. Synthesis of a neutral, P-monodentate [(Rc,Sr)-139] and a cationic, P,S-bidentate [(Rc,Sp)-140] iridium(l)
complex (cod = 1,5-cyclooctadiene, BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate).[64

NHAG
NHAC s )-142a (1 mol%)
- =
H, (3 bar)
DCM

141 (Sc)-143
99% ee
O BH,3
@/
; : P, P @BH
iPr 1)lBuO(C 0)Cl, NEty iPr MsO ‘ "tBu iPr P 3
) amino alcohol Me /\/ ”Me
\ﬂ/\NHB“ 3) HCl \ﬂ/\NHZ ~20°C, DCM
IPr /Pr
iPr
O
HN
1) SOCl, Pr eBH3 y . |
DCM 1) pyrrolidine, A u‘P @ N o
BArF
2)NaHCO, ipr \//\N 2) [Ir(cod)Cl], DCM /\ o r
3) NaBArF %
(Sp)-142a
MaxPHOX-Ir(l)

Scheme 1.25. Top: Highly enantioselective iridium(l)-catalyzed asymmetric hydrogenation of the cyclic enamide 141.7"
Bottom: Synthesis of (Sp)-142a, a representative of the MaxPHOX-Ir(l) family.["'®!
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However, also in 2015, the same groupl’" presented the MaxPHOX-Ir(l) family with characteristic

P,N-bidentate phosphine-oxazoline ligands coordinating to iridium(l). (Sp)-142a is a representative

of this type of catalysts and is
capable of highly enantioselective
hydrogenation of cyclic enamides
(Scheme 1.25, top). This way, the
reduction of 141 could be achieved
with 99% ee in product (Sc)-143,
after only 9% ee were achieved with
a Rh(l)

earlier.’2 The ligands and their

catalyst some years

corresponding complexes were
synthesized in a wide variety of
different stereoisomers with various
substituents starting from three
simple building blocks, each
containing a C- or P-stereogenic
center. The synthesis is shown for
example [(Sp)-142a] in
Scheme 1.25 (bottom).["1®!

Research towards the MaxPHOX-
Ir(I)-complex was expanded in the
Just

numerous non-chelating di-, tri-, and

one

following years. recently

tetrasubstituted olefins were

reported to undergo catalytic
hydrogenations with up to >99% ee.
The trisubstituted alkenes were not
only exclusively equipped with aryl
and alkyl groups (144), but also
contained poorly coordinating units
such as enones (non-cyclic 146 and
cyclic 152), vinyl boronates (148),
enol phosphinates (150), lactams
(152), (152)
(Scheme 1.26, the

tetrasubstituted species 154 it is

and lactones

a—e). For
noteworthy that even with four

different substituents almost

enantiomerically pure products with

(a) Non-functionalized trisubstituted olefins
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Scheme 1.26. Overview of different MaxPHOX-Ir(I)-complexes being

able to catalyze various hydrogenation reactions.l?
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95% ee could be generated (Scheme 1.26, f).[’2 The authors thus complemented a library of olefinic
substrates, which had originally begun some years earlier with a similar catalyst.[3 In general, the
success of asymmetric olefin hydrogenation with excellent enantioselectivity highly depends on the
substitution pattern. In Scheme 1.26, the various studied species and the corresponding catalysts
for their hydrogenation are shown.l”?2 DFT calculations supported the proposal of two possible

transition states during the

catalytic cycle, both of which

iF'r
originate from an Ir(lll)/Ir(V) _Ph _Ph
o : " HN HN \)
tetrahydride intermediate. The (So11420 (1 mol%) - tBusp @ N BArF
initial hydrogen transfer from the 4’,42(1 atm) ©/\ Me / "\ “Pr
metal center to the coordinated 156 DCM, -20°C (Rp)-157 %
96% ee
olefin is expected to ultimately (Sp)-142d

determine the enantioselectivity, Scheme 1.27. MaxPHOX-Ir(l)-catalyzed asymmetric hydrogenation of

which in turn can be estimated N-aryl imine 156 (BArF = tetrakis[3,5-bis(trifluoro-methyl)phenyl]borate).™

from the relative energies of the

two possible transition states. The iPr iPr
respective pathways are either a migration- N"op _(Se)-142e (1 mol%) o
insertion mechanism (most favorable) or a ”SSMa,tTt.'ﬁ?i?’
o-bond metathesis (energetically feasible oMe 158 OM(;P)_159
according to the calculations, but not 96% ee
favored).[’2 Fr
In 2018, MaxPHOX-Ir(l)-mediated hydro- tBu:";:@j\‘ro -
genation of a variety of N-aryl imines was 1 Me /'f\ -
achieved. Compound (Rr)-157 could be j\/\ %
obtained with 96% ee from 156 with (Se)- R® 1} o (Sp)-142e
142d as catalyst (Scheme 1.27). This was R
feasible at atmospheric hydrogen pressure RZJ\/\OH le R
at —20 °C. The stereochemical outcome C:/@: \H 2&/\%
and the catalyst activity of these reactions Int10 \Q
were strongly dependent on the substitution catalytically
pattern at the phosphorus atom and also on H Fé-z 1o Reespenes R2 R
the counterion used. Avoiding P-centered Int13CN,,,.(I?¢¢‘\\ C:@';KH Int11
chirality in the catalyst or replacing the P/F'"HO\H /2
classic BArF anion with borontetrafluoride
reduced both the reaction rate and %}% ., @H‘\\FRZW /@é@\:go
stereoselectivity.4] //’%:’@ Cp* 'lr‘H <«
A very striking feature of the MaxPHOX-Ir(l) H’O

Int12

catalysts was published in 2020 with their

Scheme 1.28. Top: MaxPHOX-Ir(l)-catalyzed isomerization of
allylic alcohol 158 to its corresponding aldehyde (Rp)-159.®!

primary allylic alcohols to aldehydes.[’! Bottom: Proposed catalytic cycle of the upper reaction.™

ability to enantioselectively isomerize
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After studying the different derivatives of MaxPHOX-Ir(l) and various olefinic substrates, the best
performing catalyst was (Sr)-142e and led to 96% ee for the isomerization of 158 to (Rr)-159
(Scheme 1.28, top). Therefore, the dichloromethane solution containing the starting material was
flooded with hydrogen for two minutes and stirred at room temperature under nitrogen atmosphere
for 17 hours. The catalytic cycle (Scheme 1.28, bottom) is initiated by activation of (Sr)-142e
through hydrogenation (Int10) and subsequent coordination of the Ir(l) center by the allylic substrate
(Int11). A migratory insertion of the axial hydrogen atom to the substrate (Int12) followed by (-
hydride elimination (Int13) led to the enol product, which now contains a stereogenic carbon atom
and a C=C double bond, the latter being shifted by one position compared to the starting material.
Since the enol is now capable of keto-enol tautomerism, it can be converted to the more stable
aldehyde. Both the transition state and intermediate structures of the catalytic cycle were confirmed

by DFT calculations.[7®!

1.6. Summary and Outlook

Phosphorus-stereogenic aminophosphines were shown to provide a unique property profile for two
important areas of catalysis, namely organocatalysis and transition metal catalysis. So far, only
aminophosphine oxides have been used for organocatalytic reactions. However, the newly created
access to other P-stereogenic aminophosphine chalcogenides opens up further areas of application
in organocatalysis and may stimulate the design of new ligands for transition metal-catalyzed
reactions. The ability to achieve outstanding stereoselectivities in a large number of asymmetric
transition metal-catalyzed reactions is remarkable and encourages further investigation into
complexes with aminophosphine-based ligands.

Synthesis methods for providing P-stereogenic, enantiomerically pure aminophosphine
chalcogenides and boranes are extensive, ranging from the long-known and still appreciated use
of chiral auxiliaries to modern techniques using transition metals such as copper, iridium, and
palladium. Stereochemically pure aminophosphine chalcogenides exhibit an interesting bifunctional
pattern capable of forming hydrogen bonds, which should be further investigated in terms of defined
supramolecular structures with chiral information. This contribution may help researchers in the
fields of ligand design, asymmetric catalysis, and chiral supramolecular chemistry to get new ideas

and to focus on new building blocks whose potential is far from being exhausted.

Cautionary Note

Some of the presented products and intermediates might potentially be toxic due to their structural

similarity to parathion, which inhibits acetylcholinesterase.[’”]
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2. Research Objectives

As mentioned in the introduction, phosphine chalcogenides represent an appreciated and valuable
class of functional compounds, that can be further enhanced by the introduction of more
heteroatomic elements such as nitrogen. The experimental preparation of such aminophosphine
chalcogenides may be straightforward for achiral representatives but is even more challenging for
P-stereogenic examples.

In Chapter three, we sought for a clean method to prepare P-stereogenic primary aminophosphine
sulfides with high enantiomeric purity. The long-established use of N-bound chiral auxiliaries should
allow to provide diastereomerically pure precursors and a subsequent reductive C—-N bond
cleavage reaction is intended to release the desired primary amino moiety. However, problems with
the cleavage of the chiral auxiliary, which had not been thoroughly studied in the previous literature,
required investigation and improvement towards the desired products. Furthermore, a method of
stereoselective discrimination of the aminophosphine sulfides had to be found due to the lack of
mechanical means.

Whether chiral or not, the bifunctional pattern of aminophosphine chalcogenides is suitable for the
formation of intermolecular interactions such as hydrogen bonding, which is of great interest for
organocatalytic processes and supramolecular topics. The importance to comprehend hydrogen-
bond-based structural motifs and self-assembled agglomerates, led us to investigate protonated
aminophosphine oxides, sulfides and selenides in terms of their aggregation properties into
supramolecular synthons in Chapter four.

The functionalizability of achiral and P-stereogenic aminophosphine sulfides was meant to be
examined by coupling the amino moiety with a hydrosilyl compound and subsequent ring formation
by intramolecular stabilization of the silylium center with the P*—S~ moiety. In addition, Chapter five
deals with the introduction of Si-centered chirality into the heterocyclic products in the presence of

a P-stereogenic center.
The research objectives can briefly be described as follows:

» Preparation of enantiomerically pure P-stereogenic primary aminophosphine sulfides

» Investigation and differences of reductive C—N bond cleavage of the chiral auxiliary in
aminophosphine sulfides with a phenyl or only alkyl substituents

= Determination of the enantiomeric purity of P-stereogenic primary aminophosphine sulfides
using chiral shift reagents in NMR spectroscopy

= Studies on the aggregation properties of protonated aminophosphine chalcogenides in
solid state and in solution depending on the use of weakly or strongly coordinating anions

= Application of aminophosphine sulfides as coupling partners for silyl chlorides or triflates

» Ring closing reactions of N-hydrosilyl-substituted phosphine sulfides by intramolecular
Lewis-base stabilization of a Lewis-acidic silylium center

= Experiments towards the stereoselective preparation of four-membered heterocycles with

P- and Si-centered chirality
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3. Access to Enantiomerically Pure P-Stereogenic Primary
Aminophosphine Sulfides under Reductive Conditions

Preface
A synthetic version of the following chapter has already been published.
The article is reprinted with permission of Wiley-VCH. License-number: 5743670185544

Authors
Tanja Huber, Noel-Angel Espinosa-Jalapa, Jonathan O. Bauer
Chem. Eur. J. 2022, 28, €202202608.

Author contribution

All syntheses and characterisations reported in this work were performed by T. Huber, except for
the synthesis of the chiral shift reagents (R)-BINOL-PSSM (M = Li, Na, K) and monolithiated (R)-
BINOL, which were synthesized by Dr. N. A. Espinosa-Jalapa. Quantum chemical calculations were
performed by PD Dr. J. O. Bauer. The manuscript and the supporting information were drafted by
T. Huber and revised by both Dr. N. A. Espinosa-Jalapa and PD Dr. J. O. Bauer.

Acknowledgements

This work was jointly supported by the Elite Network of Bavaria (ENB), the Bavarian State Ministry
of Science and the Arts (StMWK), and the University of Regensburg (Project N-LW-NW-2016-366).
The authors also thank Prof. Dr. Manfred Scheer for generous support, Dr. Michael Seidl for helpful
discussions regarding X-ray crystallography, and the Scheer group for kindly providing the reagents

benzyl sodium and benzyl potassium.

34


https://chemistry-europe.onlinelibrary.wiley.com/doi/10.1002/chem.202202608

3.1. Abstract

Stereochemically pure phosphines with phosphorus—heteroatom bonds and P-centered chirality
are a promising class of functional building blocks for the design of chiral ligands and
organocatalysts. A route to enantiomerically pure primary aminophosphine sulfides was opened
through stereospecific reductive C—N bond cleavage of phosphorus(V) precursors by lithium in
liquid ammonia. The chemoselectivity of the reaction as a function of reaction time, substrate
pattern, and chiral auxiliary was investigated. In the presence of exclusively aliphatic groups bound
to the phosphorus atom, all competing reductive side reactions are totally prevented. The absolute
configurations of all P-stereogenic compounds were determined by single-crystal X-ray diffraction
analysis. Their use as synthetic building blocks was demonstrated. The lithium salt of (R)-BINOL-
dithiophosphoric acid proved to be a useful stereochemical probe to determine the enantiomeric
purity. Insights into the coordination mode of the lithium-based chiral complex formed in solution

was provided by NMR spectroscopy and DFT calculations.

3.2. Introduction

Phosphorus-stereogenic phosphines play a central role in asymmetric transition-metal catalysis!
and have also been used as organocatalysts.? Since the seminal work on phosphine ligands with
phosphorus-centered chirality by Knowles and co-workers in the late 1960s and 1970s,B! numerous
synthetic methods for the preparation of P-stereogenic compounds have been reported.*! Many
synthetic routes to fully carbon-substituted phosphines with stereogenic phosphorus(lil) and (V)
centers start from tetravalent phosphine—borane adducts!® or phosphine sulfides and make use of
a desymmetrization through kinetically controlled asymmetric deprotonation.®! Strategies based on
a thermodynamic dynamic resolution via lithiated phosphine boranes and sulfides were also
reported.[’l Over the past few decades, further elegant routes toward P-chiral compounds have
been developed. Prominent examples among them are the dynamic kinetic asymmetric oxidation
of trivalent phosphinesl® and the (—)-menthol-mediated dynamic kinetic resolution of P-stereogenic
phosphine oxides.[! Enantioselective transition-metal-catalyzed procedures have increasingly
gained in importance over the past years.['9-12 These processes are essentially based on catalytic
asymmetric C—P cross-couplings reactions of secondary phosphines!'® and secondary phosphine
oxides,['"l or rely on desymmetrization reactions.l'? Asymmetric organocatalytic variants of
desymmetrization and coupling reactions also demonstrate the enormous research output in this
field.[3!

Access strategies to P-stereogenic P(lll) and P(V) phosphines containing additional phosphorus-
heteroatom bonds are very desirable due to their great potential for the design of new types of chiral
ligand systemsl!'l and organocatalysts.l2 However, enantiomerically pure P-chiral compounds in
which the stereogenic phosphorus atom is directly linked to other reactive functionalities are rare
and their synthesis strategies strongly limited in terms of functional group compatibility and

substrate scope. Chiral auxiliary-based methods, " which often involve the separation of mixtures
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of diastereomers, are still an integral part in synthesizing structurally versatile P-stereogenic
compounds, as these methods have the advantage of providing stereochemically pure phosphine
precursors for targeted subsequent transformations.['% In particular, P-stereogenic phosphinic acid
and aminophosphine derivatives have proven to be highly efficient intermediates,!'®! which have
contributed significantly to the emergence of new areas of application in recent times.l'”! Riera,
Verdaguer, and co-workers opened direct access to enantiomerically pure P-chiral borane-
protected primary aminophosphines (A, Figure 3.1, a) by reductive C-N bond cleavage of
diasteromerically pure (S)-(-)-1-arylethylamino-functionalized phosphine borane precursors.['7dl
Their method relies on the important previous work of Kolodiazhnyi et al., who already reported the

diastereoselective synthesis of the used precursors.[8]

a) b) c)
© Hs © e
H2N~|i;®mtBu H2N-|§é)-tBu HzNhli;éntBu
R R R
A B C
Rieraetal., 2010 Han et al., 2015 This Work

Figure 3.1. Previously reported enantiomerically pure P-stereogenic primary aminophosphines. a) Borane-protected
aminophosphines (A).['"" b) Aminophosphine oxides (B).l'"! ¢) Aminophosphine sulfides (C) reported herein.

The N-P*—O~ bonding motif received much attention in asymmetric Brensted acid!'® and Lewis
base organocatalysisi? and became a central structural feature in the catalyst design. Han et al.
reported a chiral auxiliary-based multistep synthesis of enantiomerically pure primary
aminophosphine oxides (B) via benzoxazaphosphinine-2-oxide templates (Figure 3.1, b).['71 This
is a modification of the widely used!'7¢e.d] stereoselective strategy originally developed by Jugél?']
in the way of introducing an inverted reactivity of the P-N and P-O bonds of the cyclic chiral
intermediate.['%e.171 Compounds B turned out to be valuable precursors for the design of new
organocatalysts.['7l However their use in catalyst development is strongly limited probably due to
the lack of convenient asymmetric synthesis methods.[?? In the context of our work on heterocyclic
ring systems,[23l we became interested in stereochemically pure P-stereogenic phosphine sulfide
moieties. Notably, we found no report in the literature of enantiomerically pure primary

aminophosphine sulfides (C) exhibiting an HaN-P+-S- structural motif (Figure 3.1, c).

3.3. Results and Discussion

Herein, we report our studies on the reductive C—N bond cleavage of stereochemically pure P-
stereogenic phosphorus(V) precursors by lithium dissolved in liquid ammonia to provide
enantiomerically pure primary aminophosphine sulfides. We thoroughly investigated the
competition between C—N bond cleavage, Birch-type reduction, P—Ph cleavage, and desulfurization
in aromatic and aliphatic phosphine sulfides depending on the reaction time and the chiral auxiliary

used. The use of the enantiomerically pure primary aminophosphine sulfides as synthetic building
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blocks was shown in an example. We also introduced a practical method to determine the
enantiomeric purity of primary aminophosphine sulfides using the lithium salt of (R)-BINOL-
dithiophosphoric acid [(R)-BINOL-PSSLi]. NMR spectroscopy accompanied by computational
investigations of the chiral complex formed in solution provided important insights into the interplay
of hydrogen-bonding and coordinative metal-ligand interactions. To the best of our knowledge, this
is the first report on the synthesis of enantiomerically pure P-stereogenic primary aminophosphine

sulfides.

3.3.1. Synthesis of Diastereomerically Pure (Sp,S)-4 and (Sp,S)-5

In order to provide suitable stereochemically pure P-stereogenic precursors, we resorted to a chiral
auxiliary-based method developed by Kolodiazhnyi and co-workers.['®l We first reacted racemic
tert-butylchlorophenylphosphine (1) with (S)-(-)-1-phenylethylamine [(S)-2] and (S)-(-)-1-(1-
naphthyl)ethylamine [(S)-3] (Scheme 3.1). It is known that the coupling of both racemic
phosphorus(lll) and phosphorus(V) chlorides with chiral amines and alcohols leads to unequal
mixtures of both diastereomersl!79.18.22b.24] 'which strongly depends on the reaction conditions.[18:24b]
The phosphorus(lll) intermediates were not isolated and reacted directly with elemental sulfur in a
second step to compounds 4 and 5, respectively. The diastereomeric ratios of the auxiliary-
substituted phosphine sulfides were determined by means of 3'P and 'H NMR spectroscopy. The
phenyl-substituted compounds (Sp,S)-4 and (Sr,S)-5 were obtained in a diastereomeric ratio of 6:1
and 12:1, respectively. After fractional crystallization, the main diastereomer was obtained in
stereochemically pure form for both derivatives 4 and 5, and with overall yields of 27% [(Sp,S)-4]
and 51% [(Sr,S)-5].

1) 2.0 equiv.

.NH;

toluene, RT, 15 h

2) 1/8 Sg, toluene
RT, 15 h

(Sp,S)-4: 27%, d.r. > 99:1
(2 steps, recrystallization)
Cl,, _tBu

| 1) 1.0 equiv.

Ph wNH,
1
Sl

NEts (1.0 equiv.) n S
toluene, RT, 15 h

2) 1/8 S, toluene
RT, 15 h

(Sp,S)-5: 51%, d.r. > 99:1
(2 steps, recrystallization)

Scheme 3.1. Synthesis of the stereochemically pure phosphorus(V) precursors (Sp,S)-4 and (Sp,S)-5.
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The absolute configuration at the stereogenic phosphorus center was determined to be Sp for both
compounds by single-crystal X-ray structural analysis. Diastereomer (Se,S)-4 crystallized in the
orthorhombic crystal system, space group P212121, and diastereomer (Sp,S)-5 in the monoclinic

crystal system, space group P2+ (Figure 3.2).

(Sn.S)-4 (Sr,S)-5

Figure 3.2. Molecular structures of compounds (Se,S)-4 and (Sp,S)-5 in the crystal (displacement ellipsoids set at the 50 %
probability level).

-

3.3.2. Reductive C-N Bond Cleavage of (Spr,S)-4 and (Sp,S)-5

In a next step, we investigated whether a selective reductive C—N bond cleavage can be applied to
the stereochemically pure phenylethyl- and naphthylethyl-substituted phosphorus(V) starting
compounds (Sp,S)-4 and (Se,S)-5. At first glance, this seems to be challenging under these strongly
reducing conditions as these types of compounds might also be sensitive to reduction of the
phosphorus(V) center in addition to the possibility of a Birch-type reduction of the phosphorus-
bound phenyl ring or even full cleavage of the P—Ph moiety. For this purpose, we first reacted
compound (Sp,S)-4 in a solution of lithium in liquid ammonia in the presence of tert-butanol for either
one, two, or three minutes before quenching the reaction with ammonium chloride (Table 3.1). We
could unequivocally identify and fully characterize two main products, (Rr)-6 and (Rr,S)-7, both now
having a cyclohexadienyl ring bound to the phosphorus atom. Their ratios, determined by 3'P NMR
spectroscopy, depended sensitively on the reaction time. Apparently, the Birch-type reduction[?5! of
the phenyl ring attached to the phosphorus atom occurs before the reductive C—N bond cleavage,
a finding consistent with the observation on (S)-(—)-1-phenylethylamino-substituted phosphine
boranes.l'7d Hence, starting from the phenylethyl-substituted phosphine sulfide (Sr,S)-4, the
product of selective C—N bond cleavage with a still intact P-Ph group [(Sr)-8] was never observed.
Since the phosphorus atom is unaffected in the reactions toward (Rr)-6 and (Rp,S)-7, we expected
the formation of both compounds to occur with retention of configuration at the stereogenic
phosphorus atom. We were indeed able to isolate single-crystals of (Rp,S)-7 and (Rr)-6 to confirm
the proposed absolute configuration at the phosphorus atom by single-crystal X-ray diffraction
analysis (Figure 3.3, top). Both compounds crystallized in the orthorhombic crystal system, space

group P21212;4.
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Table 3.1. Time-dependent product ratios formed under the reductive conditions for the cleavage of the chiral auxiliary.

)
HoN~piBu \\\N\P wtBU
1) Li (4.0 equiv.)/
tBuOH (2.0 equiv.),
H S® NH5 (liqu.)/THF
N—p.Bu 80 °C, 1103 min (Rp)-6 Rp.S)-7
" @ e.r. >99:1 dr>991
Igh 2) NH,CI (excess)

» \P ntBu o \P wiBu
(Sp,S)-4
d.r. >99:1

. . |dent|f|ed by GC/EI- MS
1) Li (4.0 equiv.)/

tBuOH (2.0 equiv.),
H S © NHs (liqu.)/'THF l © | ©
N—p.m -80 °C, 1to 3 mi —p.t —p.
N P& tBu o3min  H,N Py tBu . H,N P& tBu

| | é’h 2) NH4CI (excess) f f

(Sp.S)-5 (Rp)-6 (Sp)-8

d.r. >99:1 e.r. >99:1 e.r. >99:1
Starting material (Sp,S)-4
Reaction time [min] 1 2 3
Ratio (Rr)-6/(Rp,S)-7/9/10 13:49:21:17 37:22:26:15 41:15:27:17
Starting material (Sp,S)-5
Reaction time [min] 1 2 3
Ratio (Rp)-6/(Sp)-8 34:66 38:62 53:47

The Birch-type reduction of phosphorus-bound phenyl rings by metals dissolved in liquid ammonia
has previously been studied on phosphine boranes, which was often accompanied by P—Ph
cleavage as the most important side reaction.?8! In fact, during the reaction of compound (Sr,S)-4
with lithium/tert-butanol in liquid ammonia, two additional products, 9 and 10, were obtained in a
ratio of approximately 1.5:1, which remained almost constant over all reaction times between 1 to
3 min (Table 3.1). Species 9 and 10 together accounted for about 41% of the total products formed
(for details, see Chapter 3.6.2.4). GC/EI-MS analysis indicated that compound 9 was the product
of a P-Ph bond cleavage, and 10 the desulfurized phosphorus(lll) species. The P-S bond cleavage
of phosphine sulfides by alkali metals in liquid ammonia is known.[?”l The transfer of an electron
from the 1 orbital of a phenyl substituent to the ¢* orbital of the P-S bond was thought to be an
important step in the mechanism.?8! In both compounds 9 and 10, the chiral auxiliary is still attached
to the phosphorus atom. Apparently, the formation of these products competes with the Birch-type
reduction of the phosphorus-bound phenyl ring right at the beginning of the reaction. Remarkably,
as the reaction proceeds, the product composition depends only on the rate of the subsequent
reductive C-N bond cleavage of (Rp,S)-7, leading to (Rr)-6
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The envisioned product (Sr)-8 as a result of selective C—N bond cleavage was only formed when
using the (S)-(-)-1-(1-naphthyl)ethylamino-substituted phosphine (Spr,S)-5 (Table 3.1). One reason
may be the different reduction potentials of the phenyl and naphthyl groups of (Sr,S)-4 and (Sr,S)-
5, respectively, in terms of the initial formation of the radical anions.?? Another explanation might
be the higher stability of the 1-(1-naphthyl)ethide anion over the 1-phenylethide anion, which are
both formed as a result of the reductive C-N bond cleavage.?®l However, different from what was
described for P(lll) phosphine boranes,!'’d the phenyl ring of P(V) phosphine sulfides was not
necessarily spared from the Birch-type reduction just by using the naphthylethyl fragment within the
intramolecular auxiliary. The longer the substrate was exposed to the reductive conditions, the more
the product ratio (Rr)-6/(Sr)-8 was shifted toward the Birch-type-reduced product (Rp)-6 (34:66 after
1 min, 53:47 after 3 min) (Table 3.1). Smaller amounts of unspecified by-products were obtained
from the reaction of compound (Sr,S)-5 with lithium/tert-butanol in liquid ammonia, which, however,
show 3P NMR signals in a chemical shift range similar to that of compounds 9 and 10.

Also for compound (Sp)-8 the absolute configuration at the stereogenic phosphorus atom could be
unambiguously assigned and confirmed by single-crystal X-ray structural analysis (monoclinic
crystal system, space group P21) (Figure 3.3, bottom). The racemic form of the compound [(rac)-8]
was synthesized separately for determining the stereochemical purity of (Sp)-8 (see below). The
molecular structure of (rac)-8 was also determined by single-crystal X-ray crystallography

(monoclinic crystal system, space group P21/n) (Figure 3.3, bottom).

(Rp,S)-7

J

(Se)-8 (rac)-8

Figure 3.3. Molecular structures of compounds (Rp)-6 and (Re,S)-7 (top), and (Sp)-8 and (rac)-8 (bottom) in the crystal
(displacement ellipsoids set at the 50 % probability level).
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3.3.3. Synthesis and Reductive C—N Bond Cleavage of (Re,S)-12

Although the use of the (1-naphthyl)ethylamino-patterned starting material (Sp,S)-5 does in fact
result in much faster C-N bond cleavage and hence reasonable amounts of the desired primary
aminophenylphosphine (Sr)-8, the chemoselectivity of the reaction using phosphine sulfides with a
phosphorus-bound phenyl group appears to be difficult to control and extremely short reaction times
are required to suppress the undesired Birch-type reduction of the phenyl ring. Moreover,
phosphorus(V) compounds appear to be generally more susceptible to Birch-type reduction or P—
Ph cleavage by alkali metals dissolved in liquid ammonia than phosphorus(lll) compounds.

We therefore set out to investigate how phosphorus(V) sulfides with only aliphatic groups bound to
the phosphorus atom react under these strongly reductive conditions. For this purpose, we
synthesized the cyclohexyl derivative (Rp,S)-12 in two steps starting from fert-
butylchlorocyclohexylphosphine (11) and (S)-(-)-1-phenylethylamine [(S)-2] by using the same
proven methodology as outlined above (Scheme 3.2). Compound (Rp,S)-12 was initially obtained
in a diastereomeric ratio of 3:1. Recrystallization provided the diastereomerically pure precursor in
32% overall yield. Surprisingly, by replacing the phenyl group with a cyclohexyl group, the
subsequent reaction of compound (Rp,S)-12 with lithium in liquid ammonia proceeded with excellent
chemoselectivity and led exclusively to the stereospecific C—N bond cleavage to give the desired
product (Rp)-13 in enantiomerically pure form and in a high yield of 94%. The complete absence of
a P-S bond cleavage in the case of fully aliphatic substitution patterns impressively shows that a

phosphorus-bound aryl group is indeed required for initiating a desulfurization process.

1) 2.0 equiv.

wNH;
1) Li (4.0 equiv.)/
E j {BUOH (2.0 equiv.),
S)-2
S H S°© NH; (liqu.)/THF ©

CI“H,P/tBu pentane, RT, 15 h

N—p.ntBu -80°C, 2 min HoN-p.{Bu
S w P@ _— 2 P®
|
C 2) 1/8 Sg, toluene 2) NH,CI (excess)
y RT, 15 h

1 (Rp,S)-12: 32%, d.r. > 99:1 (Rp)-13: 94%
(2 steps, recrystallization) e.r. > 99:1

Scheme 3.2. Stereospecific, reductive C-N bond cleavage of (Rp,S)-12 to enantiomerically pure P-chiral primary
aminophosphine sulfide (Rp)-13.

The stereoisomers (Rr,S)-12 and (Rr)-13 could be obtained in single-crystalline form and subjected
to single-crystal X-ray structure analysis for confirming the absolute configuration at the stereogenic
phosphorus atom. Compound (Re,S)-12 crystallized in the orthorhombic crystal system, space
group P212121, and the cleavage product (Rr)-13 in the trigonal crystal system, space group P32
(Figure 3.4).
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(Rs,S)-12 (Rp)-13

Figure 3.4. Molecular structures of compounds (Re,S)-12 and (Rr)-13 in the crystal (displacement ellipsoids set at the 50 %
probability level).

3.3.4. Determination of the Stereochemical Purity of (Sp)-8 and (Rr)-13,
and Structural Proposal of the Chiral Shift Reagent Complex

In order to determine the enantiomeric purity of compounds (Sr)-8 and (Rr)-13, we first attempted
a method that has previously been used for the NMR spectroscopic determination of the
enantiomeric purity of silyl pyridines.B% This method is based on the use of (R)-BINOL-
dithiophosphoric acid [(R)-BINOL-PSSH]B®'l as Brgnsted acidic chiral shift reagent. After
preparation of the respective racemic compounds (rac)-8 and (rac)-13, we tested the ability of (R)-
BINOL-PSSH as stereochemical probe for our new P-stereogenic primary aminophosphine
sulfides. However, diastereotopic discrimination could not be achieved for the racemic mixtures
either in the 'H or the 3'P NMR spectra, which is probably due to the low basicity of the H:2N—P*-S-
unit. We therefore adapted the procedure for our aminophosphine sulfides by using the lithiated
(R)-BINOL-dithiophosphoric acid [(R)-BINOL-PSSLi] (Scheme 3.3). Apparently, the lithium ion has
an important structure-stabilizing effect and consequently leads to significant 'H and 3'P NMR
spectroscopic discrimination between the two diastereomers formed when the racemic compounds
are used. The formation of a structure like D in dichloromethane solution was supported by quantum
chemical calculations on the M062X/6-31+G(d) level of theory!® using the polarizable continuum
model (PCM)33I (solvent: dichloromethane). The calculated structure D-Cy (R = cyclohexyl) of [(R)-
BINOL-PSSLi-(Rr)-13] exhibits the lowest energy among all optimized, plausible structures in
dichloromethane (for details, see Chapter 3.8). It shows that the interplay of both coordinative and
hydrogen-bonding interactions may play an important role in the formation of a rigid structure
required for efficient diastereotopic discrimination (Scheme 3.3). A tetrahedral coordination of the
lithium center and all coordination modes with an involved H2N---Li interaction turned out to be
energetically less favorable than structure D-Cy.

In D-Cy, the lithium center is coordinated in a trigonal-pyramidal fashion by three sulfide donor
atoms. The NH:2 function appears to be involved in the structure formation via a weak N-H---S
hydrogen bond. The '"H NMR spectrum of compound (Rr)-13 in the presence of (R)-BINOL-PSSLi

in dichloromethane shows a slightly downfield-shifted NHz signal at 2.35 ppm compared to the
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broad signal of the pure compound (Rr)-13 (6 = 2.12 ppm). For compound (rac)-8, which actually
shows a broad NH:z signal at & = 2.60 ppm in dichloromethane, the presence of (R)-BINOL-PSSLi
even leads to a splitting of the NH2 group into two sharp slightly downfield-shifted signals at 2.69
and 2.74 ppm, probably corresponding to the two diagnostic diastereomers. These findings support
an involvement of the primary amino group in the complex formation, presumably through weak
hydrogen-bonding interaction with a sulfide acceptor of the dithiophosphoric acid unit according to
the proposed model D.B4 For comparison, the NH signal of the lithium amide (rac)-13-Li in
dichloromethane is considerably highfield-shifted to 0.24 ppm. Therefore, complete deprotonation
of the amino function along with an HN---Li interaction in the reaction of the aminophosphine sulfide
with (R)-BINOL-PSSLi can be excluded. This is also in accordance with acidity considerations
(higher Bransted acidity of the P—-SH compared to the NH2 function). In this context, it seems logical
that the same result is also obtained if the reaction is carried out vice versa, i.e. the respective
lithium amide and (R)-BINOL-PSSH are reacted.

We also examined the sodium and potassium salts of (R)-BINOL-dithiophosphoric acid as well as
monolithiated (R)-BINOL for their ability to discriminate between the two enantiomers of P-
stereogenic aminophosphine sulfides. However, this resulted in either no splitting at all [in the case
of (R)-BINOL-Li] or only insufficient splitting [when using (R)-BINOL-PSSNa and (R)-BINOL-PSSK].
The 7Li NMR spectrum of the complex formed from (rac)-13 and (R)-BINOL-PSSLi in
dichloromethane shows a signal at & = 0.4 ppm. In order to strengthen our structural hypothesis in
solution, we performed DFT calculations on the 7Li NMR chemical shift for the computed complexes
on the M062X/6-311+G(2d,p)//M062X/6-31+G(d) level of theory®2 using the gauge-independent
atomic orbital (GIAO)B® method (for details, see Chapter 3.8). The calculated 7Li NMR chemical
shift of 6 = 0.3 ppm for D-Cy fits perfectly with the experimentally measured shift. Based on all
spectroscopic and computational data, we can indeed consider complex D as a plausible structural

proposal in dichloromethane solution (Scheme 3.3).

(R)-BINOL-PSSLI
C@ ® s° Structural proposal in solution
O\P/
N 66 il | O @ P TIR-
HZN_H'%“,BU (1.0 equiv.) SPLC T \Pi.
I CD,Cl, RT “H-N R
R H
(Sp)-8: R=Ph, er. =991 L
(rac)-8. R = Ph . s
(Rp)-13: R=Cy, er. = 99:1 - H | p {
(rac)-13: R =Cy .
t N /! J f)
)

D-Cy
Scheme 3.3. Determination of the enantiomeric purity of primary aminophosphine sulfides by NMR spectroscopy using

lithiated (R)-BINOL-PSSH as chiral probe (top). Calculated model (D-Cy) of the structural proposal D (bottom) [M062X/6-
31+G(d); PCM solvent: dichloromethang].®233
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Finally, the ™H and 3'P NMR spectra of the enantiomerically pure samples in the presence of (R)-
BINOL-PSSLi nicely proved the stereospecificity of the reductive C—N bond cleavage and hence
the enantiomeric ratios of e.r. > 99:1 of the primary aminophosphine sulfides (Sr)-8 and (Rr)-13 (for
details, see Chapter 3.6.2.12). This method, based on the lithium salt of (R)-BINOL-PSSH, can be
a valuable spectroscopic tool for determining the enantiomeric purity of weakly basic chiral

compounds or chiral substances that are sensitive to Brgnsted acids.

3.3.5. Functionalization of (Re)-13

The P-stereogenic primary aminophosphine sulfides represent a valuable class of functional
precursors that can be added to the molecular repertoire for the synthesis of new phosphine-based
asymmetric catalyst systems. In order to demonstrate the applicability for further functionalization,
we performed an N-Si coupling through lithiation of the enantiomerically pure compound (Rp)-13
followed by reaction with di-tert-butylchlorosilane (Scheme 3.4). The Si—H bond of the resulting N-
hydrosilyl-substituted phosphine sulfide (Rr)-14 has great synthetic potential for carrying out further
transformations.[23.361 Stereochemically pure compound (Rr)-14 was isolated in single-crystalline
form from a diethyl ether solution (24% vyield) and characterized by single-crystal X-ray

crystallography (orthorhombic crystal system, space group P212121) (Figure 3.5).

s© 1) nBuLi (1.2 equiv.) H H se
H2N\|':.-ntBu Et,0, -80 °C to RT, 15 h \s-/N\#-ntBu
® - - ®
2) tBU,SIHCI (1.0 equiv.) ~ 1BU” |
THF, reflux, 15 h tBu
(Rp)13 (Rp)-14, 24%
e.r. >99:1 e.r.>99:1

Scheme 3.4. Functionalization of the primary amino group of enantiomerically pure (Rr)-13 through lithiation and reaction
with a chlorohydrosilane. The yield refers to crystalline material obtained directly from the mother liquor.

c1n

(Rp)-14

Figure 3.5. Molecular structure of compound (Rp)-14 in the crystal (displacement ellipsoids set at the 50 % probability level).
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3.4. Conclusion

In conclusion, easy synthetic access to enantiomerically pure P-stereogenic primary
aminophosphine sulfides was opened. By a sequence of P-N coupling of racemic
chlorophosphines with a chiral amine, separation of the diastereomers, and subsequent reductive
C-N bond cleavage in solutions of lithium in liquid ammonia, enantiomerically pure primary
aminophosphine sulfides [(Rp)-6, (Sp)-8, and (Rr)-13] were obtained for the first time. The
competition between reductive C—N bond cleavage, Birch-type reduction, P-Ph cleavage, and
desulfurization when using phenyl-substituted phosphine sulfides depending on the reaction time
and the chiral auxiliary used was investigated in detail. Undesirable reductive side reactions during
the cleavage of the chiral auxiliary can be completely avoided by exclusively using aliphatic
substitution patterns as shown for a cyclohexyl-substituted derivative. The absolute configuration
of all P-stereogenic compounds was determined by single-crystal X-ray crystallography and the
enantiomeric purity of the primary aminophosphine sulfides determined by NMR spectroscopy
using the lithium salt of (R)-BINOL-dithiophosphoric acid [(R)-BINOL-PSSLi] as an efficient chiral
shift reagent. This method could be particularly useful for weakly basic or Brgnsted acid-sensitive
chiral substances. NMR spectroscopic and computational studies on a plausible [(R)-BINOL-
PSSLi-(Rr)-13] complex in solution provided important insights into structure-forming coordination
principles. The P-stereogenic primary aminophosphine sulfides can provide a basis for the design
of new chiral ligands and organocatalysts. First steps in this direction were shown by the successful

functionalization of the primary amino function by a hydrosilyl moiety.
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3.6. Syntheses and Characterizations

3.6.1. General Remarks

All experiments were performed in an inert atmosphere of purified nitrogen by using standard
Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was heated at 140 °C
prior to use. Dichloromethane (DCM), diethyl ether, hexane, pentane, tetrahydrofuran (THF), and
toluene were dried and degassed with an MBraun SP800 solvent purification system. Ammonia
(anhydrous, Staub & Co.), ammonium chloride (299.8%, Merck KGaA), tert-butanol (anhydrous,
>299.5%, Merck KGaA), n-butyllithium (2.5 M or 1.6 M solution in hexane, Merck KGaA), tert-
butyllithium (1.6 M solution in pentane, Merck KGaA), dichlorocyclohexylphosphine (95%, Merck
KGaA), dichlorophenylphosphine (97%, Merck KGaA), di-tert-butylchlorosilane (97%, Merck KGaA),
(S)-(-)-1-phenylethylamine [(S)-2] (98%, Merck KGaA), (S)-(-)-1-(1-naphthyl)ethylamine [(S)-3]
(2 99%, Merck KGaA), lithium (granules, 99%, Merck KGaA), sulfur (99%, Merck KGaA),
triethylamine (299%, Merck KGaA), (R)-(+)-1,1'-bi-2-naphthol [(R)-BINOL] (99%, Merck KGaA),
phosphorus(V) sulfide (99%, Merck KGaA), and m-xylene (299%) were used as received without
further purification. (R)-BINOL-dithiophosphoric acid [(R)-BINOL-PSSH] (99% ee) was synthesized
according to a reported literature procedure.ltl tert-Butylchlorophenylphosphine (1) and tert-
butylchlorocyclohexylphosphine (11)B! were synthesized according to modified literature
procedures; the new protocols are presented herein. Compound (Sp,S)-4 has been reported
previously.l CsDs (299%, Merck KGaA) and CD2Cl. (299.8%, Fluorochem) were dried over 3 A
molecular sieves and degassed by a standard freeze-pump-thaw procedure. NMR spectra were
either recorded on a Bruker Avance 400 (400.13 MHz) or on a Bruker Avance Ill HD 400
(400.13 MHz) at 25 °C. Chemical shifts (0) are reported in parts per million (ppm). *H and 3C{*H}
NMR spectra are referenced to tetramethylsilane (SiMes, & = 0.0 ppm) as external standard, with
the deuterium signal of the solvent serving as internal lock and the residual solvent signal as an
additional reference. 3'P{*H} NMR spectra are referenced to 85% H3POa, 2°Si{*H} NMR spectra to
SiMes, and “Li{*H} NMR spectra to LiCl (1 M in D20). Hydrogen and carbon atoms of aromatic rings
are denoted as Har and Car, respectively, or specified with the subscripts i = ipso, o = ortho, m =
meta, and p = para. For the assignment of the multiplicities, the following abbreviations are used:
s = singlet, d = doublet, m = multiplet, br = broad signal. Elemental analyses were performed on a
Vario MICRO cube apparatus. High-resolution mass spectrometry was carried out on a Jeol
AccuTOF GCX and an Agilent Q-TOF 6540 UHD spectrometer.
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3.6.2. Synthetic Procedures

3.6.2.1. Synthesis of tert-butylchlorophenylphosphine (1)

Cl\_ Cl Buli(1.0equiv) ~ Cl, tBu
F|’ ~80 °C to RT F|’
pentane, 15 h
Ph 5% F;h

tert-Butyllithium (60.0 mL of a 1.6 M solution in pentane, 96.0 mmol, 1.0 equiv.) was slowly added
to a solution of dichlorophenylphosphine (17.2 g, 96.0 mmol, 1.0 equiv.) in pentane (150 mL)
at —80 °C. The reaction mixture was allowed to slowly warm to room temperature and stirred for
15 h. The precipitated lithium chloride was filtered off via cannula filtration. Then, all volatiles of the
filtrate were removed in vacuo. Compound 1 was obtained as a yellowish liquid (14.4 g, 71.7 mmol,
75%).

H NMR (400.13 MHz, CeDs, 298 K): & 0.93 [d, 3Jh-p = 13.5 Hz, 9H, PC(CHa)s], 7.09-7.05 (m, 3H,
Har), 7.58-7.53 (m, 2H, Har). 3'P{'"H} NMR (162.04 MHz, CsDe, 298 K): 5 108.3. 3C{'"H} NMR
(100.61 MHz, CeDs, 298 K): & 25.2 [d, 2Jcp = 17.8 Hz, PC(CHa)s], 34.2 [d, 'Jor = 29.9 Hz,
PC(CHs)s], 128.1 (d, 3Jc-p = 8.5 Hz, Cm), 130.3 (s, Cp), 132.2 (d, 2Jc_p = 25.4 Hz, C,), 136.1 (d, "Jc_
p = 40.8 Hz, Cy).
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Figure S3.1. 'H NMR spectrum (C¢Ds, 298 K) of compound 1.
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Figure S3.2. 3'P{*H} NMR spectrum (Ce¢Ds, 298 K) of compound 1.
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Figure S3.3. *C{*H} NMR spectrum (C¢Ds, 298 K) of compound 1.
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3.6.2.2. Synthesis of (Sp,S)-4

1) 2.0 equiv.
.NH3

(€]
S)-2
cl 8 * P
u
"'%P/ toluene, RT, 15h ®
| 2) 1/8 Sg, toluene h
Ph RT, 15 h
1 3) crystallization from
toluene/hexane (Sp,S)-4
27% overall yield d.r. > 99:1

Compound (S)-2 (2.43 mL, 2.28 g, 18.84 mmol, 2.0 equiv.) was added to a solution of compound
1(1.89 g, 9.42 mmol, 1.0 equiv.) in toluene (50 mL) at room temperature. After stirring for 15 h, the
solids were filtered off by transferring the liquid phase via cannula filtration directly into another
Schlenk tube filled with sulfur (0.30 g, 9.42 mmol, 1.0 equiv.). The reaction mixture was stirred at
room temperature for 15 h. Then, all volatiles were removed in vacuo. The 'H and 3'P{'H} NMR
spectra of the crude product showed the formation of the desired product (Sp,S)-4 in a 6:1
diastereomeric ratio. The crude product was recrystallized from toluene/hexane at -25 °C.
Compound (Se,S)-4 (0.82 g, 2.58 mmol, 27% overall yield, d.r. > 99:1) was obtained as colorless
crystals suitable for single-crystal X-ray diffraction analysis.

H NMR (400.13 MHz, CsDs, 298 K): & 1.05 [d, 3Ju-p = 16.3 Hz, 9H, PC(CHa)s], 1.52 (d, “Jn-p =
6.7 Hz, 3H, CHCH), 2.33-2.29 (m, 1H, NH), 4.62-4.52 (m, 1H, CHCH3), 7.10-6.92 (m, 8H, Har),
7.88-7.83 (m, 2H, Ha). ¥'P{'H} NMR (162.04 MHz, CeDs, 298 K): & 80.7. "C{'H} NMR
(100.61 MHz, CsDs, 298 K): & 24.9 [d, 2Jcp = 1.4 Hz, PC(CHa)s], 26.2 (d, 3Jcp = 2.8 Hz, CHCHa),
35.2 [d, 'Je-p = 66.7 Hz, PC(CHa)s], 51.5 (d, 2Jcp = 1.5 Hz, CHCH3), 126.5 (s, Car), 127.0 (s, Car),
127.6 (d, 2Jcp = 12.0 Hz, Co), 128.6 (s, Car), 131.1 (d, “Je—p = 2.9 Hz, Cp), 132.0 (d, "Jer = 91.4 Hz,
PCi), 134.1 (d, 3Jc-p = 10.0 Hz, Cm), 146.0 (d, 3Jcp = 6.1 Hz, CCi). HR(ESI)-MS: Calcd miz for
CisH2sNPS [(M + H)*]: 318.1440. Found: 318.1441. CHN Analysis: Calcd for C1sH24NPS: C, 68.11;
H, 7.62; N, 4.41. Found: C, 68.27; H, 7.51; N, 4.42.
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Figure S3.4. 'H NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Sp,S)-4 and (Re,S)-4 were formed in a 6:1 diastereomeric ratio.
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Figure S3.5. 31P{*H} NMR spectrum (CsDs, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Sp,S)-4 and (Re,S)-4 were formed in a 6:1 diastereomeric ratio.
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Figure S3.7. 3'P{*H} NMR spectrum (CsDs, 298 K) of compound (Sp,S)-4.
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Figure S3.8. *C{*H} NMR spectrum (C¢Ds, 298 K) spectrum of compound (Sp,S)-4.
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3.6.2.3. Synthesis of (Sp,S)-5

1) 1.0 equiv.
wNH;

NEt; (1.0 equiv.)
Cl tBu 3
%P/ toluene, RT, 15h
| 2) 1/8 Sg, toluene
Ph RT, 15 h
1

3) crystallization from
toluene/hexane
51% overall yield

Compound 1 (0.48 g, 2.39 mmol, 1.0 equiv.) was added to a solution of compound (S)-3 (0.38 mL,
0.41 g, 2.39 mmol, 1.0 equiv.) and triethylamine (0.33 mL, 0.24 g, 2.39 mmol, 1.0 equiv.) in toluene
(7 mL) at room temperature. After stirring for 15 h, the solids were filtered off by transferring the
liquid phase via cannula filtration directly into another Schlenk tube filled with sulfur (0.08 g,
2.39 mmol, 1.0 equiv.). The reaction mixture was stirred at room temperature for 15 h. Then, all
volatiles were removed in vacuo. The 'H and 3'P{’"H} NMR spectra of the crude product showed
the formation of the desired product (Se,S)-5 in a 12:1 diastereomeric ratio. The crude product was
recrystallized from toluene/hexane at —25 °C. Compound (Sr,S)-5 (0.45 g, 1.22 mmol, 51% overall
yield, d.r. > 99:1) was obtained as pale beige crystals suitable for single-crystal X-ray diffraction

analysis.

1H NMR (400.13 MHz, CsDs, 298 K): & 1.06 [d, 3Jn-pr = 16.3 Hz, 9H, PC(CHa)s], 1.67 (d, 4Jn-p =
6.7 Hz, 3H, CHCHa), 2.32 (m, 1H, NH), 5.37-5.48 (m, 1H, CHCHs), 6.76-6.72 (m, 2H, Har), 6.85—
6.81 (m, 1H, Har), 7.02-6.97 (m, 1H, Har), 7.14—7.12 (d, 3Jk-n = 7.7 Hz, 1H, Har), 7.35-7.32 (m, 1H,
Har), 7.45-7.44 (d, 3Ju-n = 7.1 Hz, 1H, Har), 7.59 (dd, 3Ji-n = 8.0, “Jun = 4.9 Hz, 2H, Har), 7.69 (d,
3Jnn = 8.6 Hz, 1H, Har), 7.82—7.77 (m, 2H, Har). *'P{'H} NMR (162.04 MHz, CsDs, 298 K): & 81.2.
13C{'H} NMR (100.61 MHz, CeDs, 298 K): & 24.9 [d, 2Jc_p = 1.4 Hz, PC(CHa)3], 26.5 (d, 3Jcp =
1.8 Hz, CHCHs), 35.3 [d, "Jop = 66.6 Hz, PC(CHa)s], 47.9 (s, CHCHs), 122.8 (s, Car), 123.8 (s, Car),
125.6 (s, Car), 125.8 (s, Car), 126.3 (s, Car), 127.5 (d, 2Jc-p = 12.0 Hz, Co), 127.9 (s, Car), 128.9 (s,
Car), 130.7 (s, Car), 131.1 (d, 4Jo—p = 2.9 Hz, Cp), 131.9 (d, "Jep = 91.7 Hz, PC), 133.8 (d, 3Jcp =
10.0 Hz, Cm), 134.4 (s, Car), 142.4 (d, 3Jc—r = 6.5 Hz, CCi). HR(ESI)-MS: Calcd m/z for C22H27NPS
[(M + H)*]: 368.1596. Found: 368.1598. CHN Analysis: Calcd C22H2sNPS: C, 71.90; H, 7.13; N,
3.81. Found: C, 71.64; H, 7.00; N, 3.74.
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Figure S3.9. *H NMR spectrum (CsDs, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Sp,S)-5 and (Rp,S)-5 were formed in a 12:1 diastereomeric ratio.
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Figure S3.10. *P{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Sp,S)-5 and (Rp,S)-5 were formed in a 12:1 diastereomeric ratio.
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3.6.2.4. General procedure for the reductive C—N bond cleavage of
compounds (Sp,S)-4 and (Sp,S)-5

s®

I
HoN—p..ntBu
2 p@ .
1) Li (4.0 equiv.)/
tBuOH (2.0 equiv.),
NH; (liqu.)/THF
-80 °C, 1to 3 min (Rp)-6

> e.r. > 99:1
2) NH4CI (excess)
©
P_n‘ u R \P_‘\‘ u
° i
H Ph
9 10

(identified by GC/EI-MS)

1) Li (4.0 equiv.)/
tBuOH (2.0 equiv.),

NH; (liqu.)/THF Se S@
-80°C,1to3min H2N\P wiBu ZN\P «tBu
2) NH,4CI (excess) f f

e r > 99 1 e r > 99 1

Ammonia (5 mL) was condensed into a flask containing lithium (9.0 mg, 1.28 mmol, 4.0 equiv.) at
—80 °C. The mixture was stirred for 5 to 10 min while turning into a dark blue solution. Meanwhile,
a solution of either (Sp,S)-4 (0.102 g, 0.32 mmol, 1.0 equiv.) or (Sp,S)-5 (0.118 g, 0.32 mmol,
1.0 equiv.) and tert-butanol (0.06 mL, 0.64 mmol, 2.0 equiv.) in THF (2.5 mL) was prepared and
then added to the solution of lithium in liquid ammonia in one portion. After stirring for 1, 2, or 3 min
(see Table 3.1 in Chapter 3.3.2), the mixture was quenched with ammonium chloride. Reaction
times longer than 3 min up to 10 min led to a significant increase in undesired by-products. After
guenching, the cooling bath was removed allowing ammonia to evaporate. The crude mixture was
extracted with diethyl ether (1 x 5 mL, 2 x 2.5 mL) and the solids removed via cannula filtration. All
volatiles were removed in vacuo and the ratios of the products [(Rr)-6/(Rr,S)-7/9/10 or (Rp)-6/(Sr)-8,
depending on the starting compound used] in the crude mixture determined by 3!P{*H} NMR
spectroscopy (see Table 3.1 in Chapter 3.3.2 and Figures S3.23-28). Separation attempts using
Kugelrohr distillation were challenging and mostly resulted in mixed fractions of the products.
However, very few crystals of pure (Rp)-6, (Sr)-8, and (Re,S)-7, suitable for single-crystal X-ray
diffraction analysis, could be obtained. Crystals of (Rr)-6 were obtained from the crude reaction
mixture of the reduction of (Se,S)-4 after 3 min reaction time. The crude product mixture was
dissolved in diethyl ether (5 mL) and the solvent was slowly evaporated from a half-sealed vial at

room temperature for two days until colorless crystalline needles of (Rp)-6 were formed. Crystals of
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(Re,S)-7 were obtained from the crude reaction mixture of the reduction of (Sp,S)-4 after 1 min
reaction time. The crude product was dissolved in diethyl ether (2 mL) and the solvent was slowly
evaporated from a half-sealed vial at room temperature for two days until colorless crystalline blocks
of (Re,S)-7 were formed. Crystals of (Sp)-8 were obtained from the crude reaction mixture of the
reduction of (Sp,S)-5 after 1 min reaction time. After dissolving the crude product in dichloromethane
(2 mL), the solution was slowly layered with pentane (4 mL) and stored at —35 °C in a sealed vial
for four weeks until colorless crystalline blocks of (Se)-8 were formed. The crystalline material of
compounds (Rr)-6, (Re,S)-7, and (Sp)-8 was sufficient to obtain all analytical data (NMR
spectroscopy, elemental analysis, high-resolution mass spectrometry, and X-ray crystallography).
The enantiomeric purity of crude compound (Sp)-8 was determined by 'H and 3'P{'H} NMR
spectroscopy in the presence of (R)-BINOL-PSSLi (99% ee) in CD2Cl2 (for details, see
Chapter 3.6.2.12). Compounds 9 and 10 were identified by GC/EI-MS analysis. For this purpose, a
diethyl ether extract of the crude mixture of the reaction of compound (Sp,S)-4 with lithium/tert-

butanol in liquid ammonia after 3 min reaction time was subjected to GC/EI-MS analysis.

Compound (Rp)-6:

IH NMR (400.13 MHz, CeDs, 298 K): 6 1.09 [d, 3Ju-p = 16.0 Hz, 9H, PC(CHBa)s], 1.60 (br, 2H, NH>2),
2.36-2.32 (m, 1H, CH), 2.41-2.38 (m, 1H, CH), 3.41-3.30 (m, 1H, CH), 5.58-5.52 (m, 1H, CH),
5.66-5.61 (m, 1H, CH), 5.80-5.76 (m, 1H, CH), 6.04-5.99 (m, 1H, CH). 3!P{*H} NMR (162.04 MHz,
CeDs, 298 K): 6 81.2. 13C{*H} NMR (100.61 MHz, CeDs, 298 K): 6 55.9 [d, 2Jc-p = 0.9 Hz, PC(CH3)3],
26.7 (d, *Jc-p = 6.1 Hz, CH>), 37.3 [d, *Jc-p = 59.2 Hz, PC(CHa)z3], 43.7 (d, {Jc-p = 53.5 Hz, PCH),
123.3 (d, 3Jc-p = 6.5 Hz, CH), 123.6 (d, 3Jc-p = 7.2 Hz, CH), 126.7 (d, 2Jc-p = 10.0 Hz, CH), 127.5
(d, 2Jcp = 9.9 Hz, CH). HR(ESI)-MS: Calcd m/z for CioH1sNPS [(M + H)*]: 216.0970. Found:
216.0973. CHN Analysis: Calcd for C10H1sNPS: C, 55.79; H, 8.43; N, 6.51. Found: C, 56.36; H,
8.28; N, 6.27.

Compound (Rp,S)-7:

H NMR (400.13 MHz, CsDs, 298 K): & 1.17 [d, 3Ju-r = 15.9 Hz, 9H, PC(CHz3)3], 1.35 (d, *Ju-p =
6.8 Hz, 3H, CHCH3), 2.04-1.87 (m, 1H, NH), 2.27-2.14 (m, 2H, CH2), 3.39-3.26 (m, 1H, CH), 5.08-
4.97 (m, 1H, CH), 5.45-5.39 (m, 2H, CH), 5.88-5.83 (m, 1H, CH), 5.98-5.92 (m, 1H, CH), 7.05—
7.01 (m, 1H, Ha), 7.12-7.08 (m, 2H, Har), 7.23-7.20 (M, 2H, Har). 3*P{*H} NMR (162.04 MHz, CsDs,
298 K): 6 82.6. 13C{*H} NMR (100.61 MHz, CeDs, 298 K): & 25.5 (d, 3Jc-p = 4.5 Hz, CHCH3), 26.2
[s, PC(CHg3)3], 26.5 (d, “Jc-p = 6.0 Hz, CH2), 38.0 [d, YJc-p = 59.7 Hz, PC(CHa)3], 43.9 (d, YJcp =
53.7 Hz, PCH), 50.6 (d, 3Jc—r = 1.5 Hz, CHCHa), 123.5 (d, 3Jc-p = 7.3 Hz, CH), 123.6 (d, 3Jcp =
6.2 Hz, CH), 126.3 (d, 2Jc—, = 10.0 Hz, CH), 126.8 (s, Car), 127.1 (d, 2Jc-p = 9.7 Hz, CH), 127.2 (s,
Car), 128.7 (s, Car), 146.5 (d, 3Jc-p = 3.5 Hz, CCj). HR(ESI)-MS: Calcd m/z for C1sH27NPS [(M + H)*]:
320.1596. Found: 320.1594. CHN Analysis: Calcd for CisH26NPS: C, 67.68; H, 8.20; N, 4.38.
Found: C, 67.62; H, 8.26; N, 4.38.
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Compound (Sr)-8:

'H NMR (400.13 MHz, CsDs, 298 K): 6 0.98 [d, 3Jn-p = 16.7 Hz, 9H, PC(CHa)s], 1.76 (br, 2H, NH2),
7.07-7.04 (m, 3H, Har), 7.91-7.86 (M, 2H, Har). 3!P{*H} NMR (162.04 MHz, CsDs, 298 K): & 75.4.
13C{*H} NMR (100.61 MHz, CeDs, 298 K): 6 24.7 [d, 2Jc-p = 2.0 Hz, PC(CHBa)3], 35.6 [d, 1Jcp =
67.5 Hz, PC(CHz3)3], 127.9 (d, 2Jc-p = 11.8 Hz, Co), 131.2 (d, *Jc-p = 2.9 Hz, Cp), 133.2 (d, 3Jc—r =
9.8 Hz, Cm), 133.2 (d, YJc-p = 88.8 Hz, PCi). GC/EI-MS: m/z (%) = 213 (21) [M*], 157 (53) [(M
— C4Hg)*], 156 (24) [(M — C4Hg)*], 124 (100) [H2NPPh*]. CHN Analysis: Calcd for CioH16NPS:
C, 56.32; H, 7.56; N, 6.57. Found: C, 56.40; H, 7.51; N, 6.52.

Compound 9:

31P{1H} NMR (162.04 MHz, CeDs, 298 K): & 66.1. GC/EI-MS [80 °C (1 min) — 320 °C (15 min) with
25°C'min7Y], (70eV, tt = 7.02min): m/iz (%) for Ci2H0NPS: 241 (2) [M*], 208 (16)
[{CsHo(NH)PtBU}*], 184 (29) [(M — CaHo)*], 120 (100) [(CsH1oN)*], 105 (85) [(CsHo)*], 77 (22)
[(CeHs)*™], 57 (38) [(CaHe)*"].

Compound 10:

31p{1H} NMR (162.04 MHz, CeDs, 298 K): & 47.5. GC/EI-MS [80 °C (1 min) — 320 °C (15 min) with
25 °C-min71], (70 eV, tr = 7.47 min): m/z (%) for C1sH2aNP: 285 (8) [M*], 228 (55) [(M — CaHs)*],
124 (88) [(CsH7NP)*], 105 (100) [(CsHsg)*], 77 (13) [(CsHs)*].
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Figure S3.14. 'H NMR spectrum (C¢Ds, 298 K) of compound (Rp)-6 (with impurity of toluene).
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Figure S3.15. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Rp)-6.
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Figure S3.16. *C{*H} NMR spectrum (CsDs, 298 K) of compound (Rp)-6.
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Figure S3.18. *P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Rp,S)-7.
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Figure S3.19. 3C{*H} NMR spectrum (Cg¢Ds 298 K) of compound (Rp,S)-7.
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Figure S3.20. *H NMR spectrum (CsDs, 298 K) of compound (Sp)-8.
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Figure S3.21. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Sp)-8.

NAN—0OAN— O 0

P T RN o~ NN
ufacu i ga n o NI
2 N e

it JU 1
145 135 125 115 105 95 90 8 80 75 70 65 60 55 50 45 40 35 30 25 20

Figure S3.22. 3C{*H} NMR spectrum (CsDs, 298 K) of compound (Sp)-8.
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Figure S3.23. 3P{*H} NMR spectra (CsDs, 298 K) of the crude mixture of the reaction of compound (Sg,S)-4 with lithium/tert-
butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes.
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Figure S3.24. 3P{*H} NMR spectra (CsDs, 298 K) of the crude mixture of the reaction of compound (Sp,S)-4 with lithium/tert-
butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes. Integration over all main
products formed.
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Figure S3.25. 3P{*H} NMR spectra (CsDs, 298 K) of the crude mixture of the reaction of compound (Sp,S)-4 with lithium/tert-

butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes. Integration only over the
products (Rp)-6 and (Rp,S)-7.
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Figure S3.26. 3'P{*H} NMR spectra (C¢Ds, 298 K) of the crude mixture of the reaction of compound (Sp,S)-4 with lithium/tert-

butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes. Integration only over the
products 9 and 10.
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Figure S3.27. 3P{*H} NMR spectra (CsDs, 298 K) of the crude mixture of the reaction of compound (Sg,S)-5 with lithium/tert-
butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes. The unspecified signals
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Figure S3.28. 3P{*H} NMR spectra (CsDs, 298 K) of the crude mixture of the reaction of compound (Sp,S)-5 with lithium/tert-
butanol in liquid ammonia after one (top/blue), two (middle/green), and three (bottom/red) minutes. Integration only over the
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3.6.2.5. Synthesis of (rac)-8

1) NHj (liqu.)
o 5, B0°ClRT s®
tBu
| 2) 1/8 Sg, pentane | ®
29% overall yield
1 (rac)-8

A solution of compound 1 (4.41 g, 22.0 mmol, 1.0 equiv.) in diethyl ether (50 mL) was cooled
to —80 °C and ammonia was condensed into the solution. The reaction mixture was allowed to
slowly warm to room temperature and stirred for 15 h. The formed precipitate was filtered off via
cannula filtration and all volatiles of the filtrate were removed in vacuo. The crude intermediate was
dissolved in pentane (50 mL), added to a flask loaded with sulfur (0.70 g, 22.0 mmol, 1.0 equiv.),
and stirred for 15 h yielding a colorless suspension. The liquid phase was removed via cannula
filtration and the remaining solid extracted with dichloromethane. Then, all volatiles were removed
in vacuo to yield (rac)-8 as a colorless solid (1.35 g, 6.33 mmol, 29% overall yield). Crystals suitable
for single-crystal X-ray diffraction analysis were obtained by recrystallization from

dichloromethane/pentane at room temperature.

H NMR (400.13 MHz, CeDs, 298 K): 6 0.98 [d, 3Jn-r = 16.7 Hz, 9H, PC(CHs)3], 1.79 (br, 2H, NH2),
7.08-7.05 (m, 3H, Har), 7.91-7.86 (m, 2H, Har). 3'P{'"H} NMR (162.04 MHz, CsDs, 298 K): & 75.4.
BC{'H} NMR (100.61 MHz, CeDs, 298 K): 6 24.7 [d, 2Jc—p = 2.0 Hz, PC(CHs3)3], 35.6 [d, 'Jcp =
67.3 Hz, PC(CHz3)3], 127.9 (d, 2Jc—, = 11.8 Hz, Co), 131.2 (d, *Jc-p = 2.9 Hz, Cp), 133.0 (d, "Jocp =
89.3 Hz, PCi), 133.2 (d, 3Jc-p = 9.8 Hz, Cm). "TH NMR (400.13 MHz, CD2Clz2, 298 K): § 1.15 [d, 3J-p
=16.9 Hz, 9H, PC(CHs)3], 2.60 (br, 2H, NH>), 7.54-7.45 (m, 3H, Har), 7.93-7.98 (M, 2H, Har). 3'P{'H}
NMR (162.04 MHz, CD2Cl2, 298 K): § 76.4. *C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): 6 25.0 [d,
2Jc-p =2.0 Hz, PC(CHBa)3], 36.0 [d, "Jcp = 66.7 Hz, PC(CH3)3], 128.4 (d, 2Jc-p = 11.9 Hz, Co), 131.9
(d, 4Jcp = 2.9 Hz, Cp), 132.8 (d, '"Jcp = 89.6 Hz, PCi), 133.2 (d, 3Jcr = 9.8 Hz, Cm). HR(ESI)-MS:
Calcd m/z for C1oH17NPS [(M + H)*]: 214.0814. Found: 214.0814. CHN Analysis: Calcd for
C10H16NPS - 0.05 CH2Cl2: C, 55.49; H, 7.46; N, 6.44. Found: C, 55.71; H, 7.07; N, 6.38.
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Figure S3.29. *H NMR spectrum (CsDs, 298 K) of compound (rac)-8.
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Figure S3.30. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (rac)-8.
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Figure S3.31. 3C{*H} NMR spectrum (CgDs, 298 K) of compound (rac)-8.
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Figure S3.32. 'H NMR spectrum (CD,Cl,, 298 K) of compound (rac)-8.
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Figure S3.34. 3C{*H} NMR spectrum (CD.Cl,, 298 K) of compound (rac)-8.
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3.6.2.6. Synthesis of tert-butylchlorocyclohexylphosphine (11)

(¢]] | i i
N /C tBuLi (1.0 equiv) CI.,,%P/tBu

| -80 °C to RT |
pentane, 15 h
Cy 73% ::13'

tert-Butyllithium (2.97 mL of a 1.6 M solution in pentane, 4.76 mmol, 1.0 equiv.) was slowly added
to a solution of dichlorocyclohexylphosphine (0.88 g, 4.76 mmol, 1.0 equiv.) in pentane (10 mL) at
—80 °C. The reaction mixture was allowed to slowly warm to room temperature and stirred for 15 h.
The precipitated lithium chloride was filtered off via cannula filtration. Then, all volatiles of the filtrate

were removed in vacuo. Compound 11 was obtained as a yellowish liquid (0.72 g, 3.48 mmol, 73%).

H NMR (400.13 MHz, CeDs, 298 K): & 1.05 [d, 3Ju-p = 12.2 Hz, 9H, PC(CHs)3], 1.22-1.10 (m, 4H,
CH), 1.38-1.24 (m, 2H, CH>), 1.50-1.46 (m, 1H, CH2), 1.61-1.54 (m, 1H, CHz), 1.68—1.64 (m, 2H,
CH?), 2.09-2.05 (m, 1H, PCH). 3'P{'H} NMR (162.04 MHz, CsDs, 298 K): & 137.8. 13C{'"H} NMR
(100.61 MHz, CsDs, 298 K): 5 26.2 [d, 2Jcp = 1.1 Hz, PC(CHa)3], 26.5 (s, CHz), 26.7 (s, CHz), 26.9
(s, CHz), 33.5 [d, "Jc—p = 33.5 Hz, PC(CHa)s], 39.2 (d, 'Je—p = 37.9 Hz, PCH). GCIEI-MS: m/z (%) =
206 (8) [M*], 83 (14) [CeH11*], 57 (100) [CaHg*].
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Figure S3.35. *H NMR spectrum (CsDs, 298 K) of compound 11.
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Figure $3.36. 3'P{'"H} NMR spectrum (C¢D¢, 298 K) of compound 11.
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Figure S3.37. 3C{*H} NMR spectrum (CsDs, 298 K) of compound 11.
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3.6.2.7. Synthesis of (Re,S)-12

1) 2.0 equiv.

.«NH;

C'RP/tB“ pentane, RT, 15 h
| 2) 1/8 Sg, t -
g, toluene
Cy RT, 15 h
32% overall yield
11 (Rp,S)-12

d.r. >99:1

Compound (S)-2 (4.24 mL, 3.99 g, 32.96 mmol, 2.0 equiv.) was added to a solution of compound
11 (3.41 g, 16.48 mmol, 1.0 equiv.) in pentane (40 mL) at room temperature. After stirring for 15 h,
the solids were filtered off by transferring the liquid phase via cannula filtration directly into another
Schlenk tube filled with sulfur (0.53 g, 16.48 mmol, 1.0 equiv.). The reaction mixture was stirred at
room temperature for 15 h. Then, all volatiles were removed in vacuo. The 'H and 3'P{'H} NMR
spectra of the crude product showed the formation of the desired product (Rp,S)-12 in a 3:1
diastereomeric ratio. The crude product was recrystallized from toluene/hexane at -25 °C.
Compound (Rr,S)-12 (1.70 g, 5.25 mmol, 32% overall yield, d.r. > 99:1) was obtained as colorless

crystals suitable for single-crystal X-ray diffraction analysis.

H NMR (400.13 MHz, CeDs, 298 K): & 0.87-0.96 (m, 3H, CHz), 1.1 [d, 3Jur = 15.4 Hz, 9H,
PC(CHs)s], 1.18-1.29 (m, 1H, CH>), 1.35 (d, “Ju-r = 6.8 Hz, 3H, CHCH), 1.38—1.44 (m, 2H, CH>),
1.48-1.65 (m, 5H, CHa, PCH), 1.94-1.98 (m, 1H, NH), 4.94-5.04 (m, 1H, CHCH3), 7.03—7.07 (m,
1H, Har), 7.13-7.15 (m, 2H, Har), 7.21-7.23 (m, 2H, Har). *'P{'H} NMR (162.04 MHz, CeDs, 298 K):
5 89.1. 13C{'"H} NMR (100.61 MHz, CeDs, 298 K): 5 25.8 (d, 3Jc-r = 4.4 Hz, CH>), 25.9 [d, 2Jc-r =
1.1 Hz, PC(CHa)s], 26.0 (d, “Je-r = 1.7 Hz, CH2), 26.9 (d, 2Jc-r = 10.7 Hz, CHz), 27.0 (d, 2Jcp =
9.7 Hz, CHa), 27.4 (d, 3Jc_p = 3.4 Hz, CHz), 28.7 (d, 3Jc_p = 1.4 Hz, CHCHs3), 36.8 [d, 'Jc_p = 61.3 Hz,
PC(CHs)a], 40.6 (d, 'Jep = 57.8 Hz, PCH), 50.8 (d, 2Jc-p = 1.2 Hz, CHCHa), 126.9 (s, Car), 127.1 (s,
Car), 128.7 (s, Car), 146.7 (d, 3Jc_r = 3.6 Hz, PCi). HR(ESI)-MS: Calcd m/z for C1sH31NPS [(M + H)*]:
324.1909. Found: 324.1914. CHN Analysis: Calcd for C1sHaoNPS: C, 66.84; H, 9.35; N, 4.33.
Found: C, 66.75; H, 9.12; N, 4.22.
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Figure S3.38. 'H NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Rp,S)-12 and (Sp,S)-12 were formed in a 3:1 diastereomeric ratio.
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Figure S3.39. 3P{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Rp,S)-12 and (Sp,S)-12 were formed in a 3:1 diastereomeric ratio.
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Figure S3.40. *H NMR spectrum (CesDs, 298 K) of compound (Rp,S)-12.
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Figure S3.41. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Re,S)-12.
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3.6.2.8. Synthesis of (Rp)-13

1) Li (4.0 equiv.)/

o tBuOH (2.0 equiv.), o
NH; (liqu.)/THF ?
-80 °C, 2 min . H2N\P-C;)“tBU
2) NH,4CI (excess)
94%
(Rp,S)-12 (Rp)-13
d.r. >99:1 e.r. >99:1

Ammonia (5 mL) was condensed into a flask containing lithium (24 mg, 3.48 mmol, 4.0 equiv.)
at —80 °C. The mixture was stirred for 10 min while turning into a dark blue solution. Meanwhile, a
solution of compound (Rp,S)-12 (0.28 g, 0.87 mmol, 1.0 equiv.) and tert-butanol (0.17 mL,
1.74 mmol, 2.0 equiv.) in THF (5 mL) was prepared and then added to the solution of lithium in
liquid ammonia in one portion. After stirring for 2 min, the mixture was quenched with ammonium
chloride and the cooling bath removed allowing ammonia to evaporate. The crude mixture was
extracted with diethyl ether (1 x 10 mL, 2 x 5mL) and the solids were removed via cannula
filtration. Then, all volatiles were removed in vacuo and the gel-like substance purified via Kugelrohr
distillation (100-120 °C oven temperature, 1.0-1072 mbar). Compound (Rr)-13 (0.18 g, 0.82 mmol,
94%, e.r.>99:1) was obtained as a colorless solid. Crystals suitable for single-crystal X-ray
diffraction analysis were obtained from diethyl ether by slow evaporation of the solvent. The
enantiomeric purity of crude compound (Rp)-13 was determined by 'H and 3'P{'H} NMR
spectroscopy in the presence of (R)-BINOL-PSSLi (99% ee) in CD2Cl2 (for details, see
Chapter 3.6.2.12).

H NMR (400.13 MHz, CeDs, 298 K): & 1.06 [d, 3Ji-p = 15.5 Hz, 9H, PC(CHs)s], 1.09-1.06 (m, 2H,
CH), 1.48-1.42 (br, 2H, NH2), 1.52—1.49 (m, 1H, CH>), 1.66—1.56 (m, 7H, CHz), 1.91-1.88 (m, 1H,
PCH). ¥'P{"H} NMR (162.04 MHz, C¢Ds, 298 K): 5 85.4. 3C{'H} NMR (100.61 MHz, CsDs, 298 K):
5 25.7 [d, 2Jc-p = 1.4 Hz, PC(CHs)3], 26.0 (d, 3Jcp = 1.6 Hz, CHz), 26.6 (d, 2Jc_p = 14.4 Hz, CHy),
26.8 (d, 2Jcp = 13.5 Hz, CH2), 28.3 (s, CH2), 30.2 (s, CH2), 36.2 [d, 'Jc-r = 61.3 Hz, PC(CH)3],
38.6 (d, 'Je_r = 58.2 Hz, PCH). "H NMR (400.13 MHz, CD2Clz, 298 K): & 1.23 [d, 3Ji-r = 15.8 Hz,
9H, PC(CHa)s], 1.38-1.26 (m, 3H, CHz), 1.57-1.41 (m, 2H, CHz), 1.71-1.67 (m, 1H, PCH), 1.92—
1.79 (m, 3H, CHz), 2.02-1.93 (m, 2H, CH), 2.12 (br, 2H, NH2). *'P{'H} NMR (162.04 MHz, CDCl,
298 K): & 86.7. 13C{'H} NMR (100.61 MHz, CD2Clz, 298 K): & 25.9 [d, 2Jc-p = 1.4 Hz, PC(CHa)s],
26.3 (d, 3Jc-r = 1.6 Hz, CHy), 26.8 (d, 2Jc_p = 14.5 Hz, CH2), 27.1 (d, 2Jc-r = 12.8 Hz, CH2), 27.2 (d,
3Je-p = 4.0 Hz, CHz), 28.7 (s, CHz), 36.5 [d, "Jo-r = 60.7 Hz, PC(CHs)s], 38.6 (d, 'Jo-r = 58.1 Hz,
PCH). HR(ESI)-MS: Calcd miz for CioH2sNPS [(M + H)*]: 220.1283. Found: 220.1276. CHN
Analysis: Calcd for C1oH22NPS: C, 54.76; H, 10.11; N, 6.39. Found: C, 55.21; H, 10.46; N, 6.15.
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Figure S3.43. 'H NMR spectrum (C¢Dg, 298 K) of the crude reaction mixture confirming that no by-products were formed.
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Figure S3.44. 3P{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture confirming that no by-products were
formed.
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Figure S3.45. 'H NMR spectrum (C¢Ds, 298 K) of compound (Rp)-13.
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Figure S3.46. 3'P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Rp)-13.
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Figure S3.47. BC{*H} NMR spectrum (CeDs, 298 K) of compound (Rp)-13.
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Figure S3.48. 'H NMR spectrum (CD,Cl,, 298 K) of compound (Rp)-13.
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Figure S3.49. 3!P{*H} NMR spectrum (CD,Cl,, 298 K) of compound (Rp)-13.
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Figure S3.50. *C{*H} NMR spectrum (CDCl,, 298 K) of compound (Rp)-13.
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3.6.2.9. Synthesis of (rac)-13

1) NH3 (liqu.)
-80 °C to RT $©
CI%P/tB“ pentane, 15h HzN\l'D/tB“
| 2) 1/8 Sg, pentane | ®
Sy RT, 15 h Cy
46% overall yield
» (rac)-13

A solution of compound 11 (1.02 g, 4.93 mmol, 1.0 equiv.) in pentane (15 mL) was cooled to —80 °C
and ammonia was condensed into the solution. The reaction mixture was allowed to slowly warm
to room temperature and stirred for 15 h. The formed precipitate was filtered off via cannula filtration
and the filtrate directly transferred into a Schlenk tube loaded with sulfur (0.16 g, 4.93 mmol,
1.0 equiv.) at room temperature. The reaction mixture was stirred for 15 h. All volatiles were
removed in vacuo and the remaining solid extracted with diethyl ether. Then, all volatiles were

removed in vacuo to yield (rac)-13 as a colorless liquid (0.50 g, 2.28 mmol, 46% overall yield).

H NMR (400.13 MHz, CeDs, 298 K): & 1.07 [d, 3Ji-p = 15.6 Hz, 9H, PC(CHs)s], 1.07—1.03 (m, 2H,
CH), 1.54-1.47 (br, 2H, NHz), 1.68—1.60 (m, 6H, CHz), 1.95-1.75 (m, 3H, PCH/CH>). ¥'P{'"H} NMR
(162.04 MHz, CeDs, 298 K): & 85.4. *C{'H} NMR (100.61 MHz, CsDs, 298 K): & 25.7 [d, 2Jc-p
1.4 Hz, PC(CHs)3], 26.0 (d, 3Jc-p = 1.6 Hz, CHz), 26.6 (d, 2Jcp = 14.4 Hz, CH2), 26.8 (d, 2Jc-p
13.5 Hz, CH>), 28.3 (s, CH2), 30.2 (s, CHz), 36.2 [d, Jo-r = 61.3 Hz, PC(CHa)s], 38.6 (d, 'Je-p =
58.2 Hz, PCH). HR(ESI)-MS: Calcd m/z for [(M + H)*]: 220.1283. Found: 220.1276. CHN Analysis:
Calcd for C1oH22NPS: C, 54.76; H, 10.11; N, 6.39. Found: C, 55.12; H, 10.59; N, 6.09.
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Figure S3.51. *H NMR spectrum (CsDs, 298 K) of compound (rac)-13.
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Figure S3.52. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (rac)-13.
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Figure S3.53. 3C{*H} NMR spectrum (CsDs, 298 K) of compound (rac)-13.
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3.6.2.10. Synthesis of (rac)-13-Li

s® s®
| nBuLi (1.0 equiv.) |
H2N\P/tBu > LiHN\P/tBu
® -30°Cto RT @
| pentane, 15 h |
Cy 69% Cy

(rac)-13 (rac)-13-Li

n-Butyllithium (0.44 mL of a 2.5 M solution in hexane, 1.09 mmol, 1.0 equiv.) was added dropwise
to a solution of (rac)-13 (0.24 g, 1.09 mmol, 1.0 equiv.) in pentane (20 mL) at -30 °C. The
suspension was allowed to slowly warm to room temperature and then stirred for 15 h. The
remaining solid was filtered off and dried in vacuo to yield (rac)-13-Li as a colorless solid (0.17 g,
0.75 mmol, 69%).

H NMR (400.13 MHz, CD2Clz, 298 K): 5 0.24 (d, ZJi-p = 12.3 Hz, 1H, NH), 1.20 [d, 3Ji-p = 15.1 Hz,
9H, PC(CHs)s], 1.46-1.25 (m, 5H, CHz), 1.68 (d, 2Ji-p = 11.3 Hz 1H, PCH), 1.88-1.78 (m, 3H, CH>),
2.02-1.90 (m, 1H, CHz), 2.19-2.05 (m, 1H, CHz). *'P{'"H} NMR (162.04 MHz, CD:Clz, 298 K): 5
92.6. 7Li{'H} NMR (155.51 MHz, CD2Cl2) 5 1.13. *C{'H} NMR (100.61 MHz, CD2Cls, 298 K): 5 26.0
[s, PC(CHa)s], 26.6 (s, CH2), 27.6 (s, CH2), 29.7 (s, CHz) 30.3 (s, CH2), 37.4 [d, 'Jep = 52.7 Hz,
PC(CHs)s], 40.0 (d, "Je-p = 49.2 Hz, PCH).
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Figure S3.54. 'H NMR spectrum (CD,Cl,, 298 K) of compound (rac)-13-Li.
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Figure S3.55. *P{*H} NMR spectrum (CD,Cl,, 298 K) of compound (rac)-13-Li.
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Figure S3.56. "Li{*H} NMR spectrum (CD,Cl,, 298 K) of compound (rac)-13-Li.
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Figure S3.57. 3C{*H} NMR spectrum (CD.Cl,, 298 K) of compound (rac)-13-Li.

90



3.6.2.11.Synthesis of (Rr)-14

€] . ) (€]
S 1) nBuLi (1.2 equiv.) H H S
H2N\|_L®'“tBU Et,0, -80 °C to RT, 15 h‘ >Si/N\I|3“"tBU
- ®
2) tBu,SiHCI (1.0 equiv.) fBu !‘B
THF, reflux, 15 h u
24% overall yield
(Rp)-13 (R)-14
e.r. >99:1 e.r. >99:1

n-Butyllithium (0.22 mL of a 1.6 M solution in hexane, 0.55 mmol, 1.2 equiv.) was added to a
solution of compound (Rr)-13 (100 mg, 0.46 mmol, 1.0 equiv., e.r. > 99:1) in diethyl ether (2 mL) at
—80 °C. The reaction mixture was allowed to slowly warm to room temperature and stirred for 15 h.
The resulting colorless solution was again cooled to —80 °C and di-tert-butylchlorosilane (82 mg,
0.46 mmol, 1.0 equiv.), dissolved in diethyl ether (3 mL), was added. The reaction mixture was
allowed to slowly warm to room temperature and stirred for 15 h. Since no reaction occurred, the
solvent was changed to THF (5 mL) and the reaction mixture was heated at reflux for 15 h turning
into a yellow solution. Then, all volatiles were removed in vacuo and the crude product was
extracted with diethyl ether. Colorless crystals of compound (Rr)-14 (40 mg, 0.11 mmol, 24%)
suitable for single-crystal X-ray diffraction analysis were obtained by slow crystallization from the
diethyl ether solution at —25 °C.

H NMR (400.13 MHz, CsDs, 298 K): & 1.07-1.03 (m, 3H, CH>), 1.08 [s, 9H, SiC(CHa)s], 1.12 [s,
9H, SiC(CHs)a], 1.17 [d, 3Jn-p = 15.5 Hz, 9H, PC(CHs)s], 1.53—1.40 (m, 4H, CHz), 1.70—1.64 (m, 2H,
CH./NH), 1.84-1.74 (m, 1H, CH), 2.12-2.08 (m, 1H, CH,), 2.28-2.23 (m, 1H, CH>), 4.65-4.63 (m,
1H, SiH). P{'"H} NMR (162.04 MHz, CeDs, 298 K): & 85.1. 3C{'H} NMR (100.61 MHz, CsDs,
298 K): 6 20.0 [d, 3Jcp = 2.4 Hz, SiC(CHa)s], 20.1 [d, 3Jc—p = 0.9 Hz, SiC(CHa)s], 26.2 [d, 2Jc-r
1.4 Hz, PC(CHa)s], 27.3 (d, 3Jc-r = 2.3 Hz, CHz), 27.4 (d, 2Jcp = 3.3 Hz, CH2), 29.1 (d, 2Jc-p
3.4 Hz, CHz), 29.1 [s, SIC(CHa)s], 29.2 [s, SIC(CHa)s], 29.3 (d, 3Jc—p = 2.4 Hz, CHz), 38.2 [d, "Jc-r
59.7 Hz, PC(CHa)s], 42.9 [d, 'Jep = 56.9 Hz, PCH]. 2Si{'H} NMR (79.49 MHz, CsDs, 298 K): 5 4.5
(d, 2Jc—p = 6.5 Hz). HR(ESI)-MS: Calcd m/z for C1sHatNPSS [(M + H)*]: 362.2461. Found: 362.2464.
CHN Analysis: Calcd for C1sHs0NPSSi: C, 59.78; H, 11.15; N, 3.87. Found: C, 59.29; H, 11.03; N,
3.42.
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Figure S3.58. *H NMR spectrum (CsDs, 298 K) of compound (Rp)-14.
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Figure S3.59. 3P{*H} NMR spectrum (C¢Ds, 298 K) of compound (Rp)-14.
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Figure S3.60. *C{*H} NMR spectrum (Ce¢Ds, 298 K) of compound (Rp)-14.
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Figure S3.61. #Si{*H} NMR spectrum (C¢Ds, 298 K) of compound (Rp)-14.
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3.6.2.12. Determination of the enantiomeric ratios of compounds (Sr)-8 and
(Rp)-13 using (R)-BINOL-PSSLi

n-Butyllithium (0.06 mL of a 2.5 M solution in hexane, 0.14 mmol, 1.0 equiv.) was added to a
suspension of (R)-BINOL-PSSH (53 mg, 0.14 mmol, 1.0 equiv.) in pentane (20 mL) at =30 °C. The
mixture was allowed to slowly warm to room temperature. The resulting colorless solid was filtered
off, washed with pentane and dried in vacuo. Then, the freshly prepared sample of (R)-BINOL-
PSSLi and the respective primary aminophosphine sulfide [(rac)-8, (Sr)-8, (rac)-13, or (Rr)-13]
(0.14 mmol, 1.0 equiv.) were dissolved in CD2Cl2 (0.5 mL), the mixture transferred to a Young NMR
tube and subjected to 'H and 3'P{'H} NMR spectroscopy. The enantiomeric ratios were determined
by integration of either the "H NMR signals of the tert-butyl groups or the 3'P{'"H} NMR signals. For
details, see Figures S3.64-79.

(rac)-8 in the presence of (R)-BINOL-PSSLi:

1H NMR (400.13 MHz, CD2Clz, 298 K): & 0.97 [d, 9H, 3Jn-p = 17.2 Hz, PC(CHa3)3], 1.00 [d, 9H, 3Jn-
p=17.2 Hz, PC(CHa)3], 2.69 (s, 2H, NH2), 2.74 (s, 2H, NH2), 7.23-7.20 (m, 7H, Har), 7.33-7.31 (m,
7H, Har), 7.42-7.36 (M, 7H, Har), 7.48=7.44 (m, 14H, Ha), 7.81-7.72 (m, 5H, Har), 7.94-7.91 (m,
14H, Har). 3'P{*H} NMR (162.04 MHz, CD2Cl2, 298 K): 5 77.3 (s, 1P, SPN), 77.5 (s, 1P, SPN), 126.3
(s, 2P, O2PSy).

(Se)-8 in the presence of (R)-BINOL-PSSLi:

1H NMR (400.13 MHz, CD2Clz, 298 K): & 1.07 [d, 9H, 3Ju-p = 17.2 Hz, PC(CH3)3], 2.82 (s, 2H, NH>),
7.26—7.23 (m, 17H, Ha), 7.36-7.34 (m, 17H, Har), 7.47-7.44 (m, 17H, Har), 7.53-7.51 (m, 17H, Ha),
7.97-7.92 (m, 34H, Har). 3'P{!H} NMR (162.04 MHz, CD2Clz, 298 K):  77.3 (s, 1P, SPN), 127.8 (s,
02PS>).

(rac)-13 in the presence of (R)-BINOL-PSSLi:

1H NMR (400.13 MHz, CD2Cl2, 298 K): 6 1.04 [d, 9H, 3Ju-p = 16.3 Hz, PC(CHz3)3], 1.05 [d, 9H, 3Jn-
p=16.3 Hz, PC(CHa)s], 1.25-1.10 (m, 6H, CH2), 1.43-1.26 (m, 4H, CH), 1.61-1.58 (m, 2H, 2 x CH),
1.78-1.64 (m, 7H, CH2), 1.95-1.80 (m, 3H, CHy), 2.52 (s, 4H, 2 x NH2), 7.27-7.24 (m, 4H, Ha),
7.40-7.37 (m, 4H, Har), 7.48-7.45 (m, 4H, Ha), 7.60-7.58 (m, 4H, Har), 7.97-7.95 (m, 4H, Ha),
8.01-7.99 (m, 4H, Ha). 3'P{H} NMR (162.04 MHz, CD2Cl>, 298 K): 6 88.5 (s, 1P, SPN), 88.6 (s,
1P, SPN), 122.5 (s, 2P, 02PSy). Li{*H} NMR (155.51 MHz, CD>Cl2, 298 K): 5 0.4.

(Rp)-13 in the presence of (R)-BINOL-PSSLi:

1H NMR (400.13 MHz, CD2Cl, 298 K): 5 1.11 [d, 9H, 3Ju-p = 16.1 Hz, PC(CHa)3], 1.45-1.17 (m, 5H,
CHz), 1.63-1.60 (m, 1H, CH), 1.79-1.70 (m, 3H, CHz), 1.93-1.80 (m, 2H, CHz), 2.35 (s, 2H, NH>),
7.29-7.23 (m, 2H, Har), 7.40-7.34 (m, 2H, Har), 7.49-7.43 (m, 2H, Har), 7.58-7.51 (m, 2H, Ha),
8.01-7.89 (M, 4H, Har). 3'P{*H} NMR (162.04 MHz, CD2Cl>, 298 K): 5 87.9 (s, 1P, SPN), 126.3 (s,
1P, O2PSy).
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Figure S3.62. *H NMR spectrum (0.5 mL CD,Cl,, 298 K) of (rac)-8 (21 mg, 0.10 mmol, 1.0 equiv.) in the presence of (R)-
BINOL-PSSH (38 mg, 0.10 mmol, 1.0 equiv.). No diastereotopic discrimination was achieved.
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Figure S3.63. 3'P{*H} NMR spectrum (0.5 mL CD,Cl,, 298 K) of (rac)-8 (21 mg, 0.10 mmol, 1.0 equiv.) in the presence of
(R)-BINOL-PSSH (38 mg, 0.10 mmol, 1.0 equiv.). No diastereotopic discrimination was achieved.
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Figure S3.64. *H NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSLi.
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Figure S3.65. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSLi.
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Figure S3.66. Details of the *H NMR spectrum (left) and 3:P{*H} NMR spectrum (right) of (rac)-8 in the presence of (R)-
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Figure S3.67. *H NMR spectrum (CD.Cl,, 298 K) of lithiated (rac)-8 [(rac)-8-Li] in the presence of (R)-BINOL-PSSH, showing

that complex formation also works vice versa.
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Figure S3.68. 3'P{*H} NMR spectrum (CDCl,, 298 K) of lithiated (rac)-8 [(rac)-8-Li] in the presence of (R)-BINOL-PSSH,
showing that complex formation also works vice versa.
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Figure S3.69. Details of the *H NMR spectrum (left) and **P{*H} NMR spectrum (right) of lithiated (rac)-8 [(rac)-8-Li] in the
presence of (R)-BINOL-PSSH (CD,Cl,, 298 K).
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Figure S3.70. *H NMR spectrum (CD,Cl,, 298 K) of crude (Sp)-8 in the presence of (R)-BINOL-PSSLi. Due to the small
amount of sample, the shift reagent was used in a slight excess.
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Figure S3.71. **P{*H} NMR spectrum (CD,Cl,, 298 K) of crude (Sp)-8 in the presence of (R)-BINOL-PSSLi. Due to the small
amount of sample, the shift reagent was used in a slight excess.
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Figure S3.72. Details of the *H NMR spectrum (left) and 3!P{*H} NMR spectrum (right) of (Sp)-8 in the presence of (R)-
BINOL-PSSLi (CD.Cl,, 298 K).
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Figure S3.73. 'H NMR spectrum (CD,Cl,, 298 K) of (rac)-13 in the presence of (R)-BINOL-PSSLi.
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Figure S3.74. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac)-13 in the presence of (R)-BINOL-PSSLi.
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Figure S3.75. Details of the *H NMR spectrum (left) and 3*P{*H} NMR spectrum (right) of (rac)-13 in the presence of (R)-
BINOL-PSSLi (CD,Cl,, 298 K).
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Figure S3.77. *H NMR spectrum (CD,Cl,, 298 K) of crude (Rp)-13 in the presence of (R)-BINOL-PSSLi.
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Figure S3.78. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of crude (Rp)-13 in the presence of (R)-BINOL-PSSLi (CD,Cl,, 298 K).
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Figure S3.79. Details of the *H NMR spectrum (left) and 3P{*H} NMR spectrum (right) of (Rp)-13 in the presence of (R)-
BINOL-PSSLi (CD.Cl,, 298 K).
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3.6.2.13. Preparation of (R)-BINOL-PSSNa and (R)-BINOL-PSSK

A suspension of benzyl sodium (0.18 g, 1.6 mmol, 1.0 equiv.) or benzyl potassium (0.17 g,
1.3 mmol, 1.0 equiv.) in hexane (20 mL) was added to a suspension of (R)-BINOL-PSSH (1.6 or
1.3 mmol, 1.0 equiv.) in hexane (30 mL) at-30 °C. The mixture was allowed to slowly warm to room
temperature and stirred for 48 h. Then, the resulting colorless solid was filtered off, washed with
hexane and dried in vacuo to yield (R)-BINOL-PSSNa (0.58 g, 1.45 mmol, 91%) and (R)-BINOL-
PSSK (0.46 g, 1.10 mmol, 85%), respectively. The reagents were used directly.

3.6.2.14. Preparation of monolithiated (R)-BINOL

n-Butyllithium (1.0 mL of a 2.5 M solution in hexane, 2.5 mmol, 1.0 equiv.) was added to a
suspension of (R)-BINOL (0.69 g, 2.5 mmol, 1.0 equiv.) in hexane (60 mL) at =30 °C. The mixture
was allowed to slowly warm to room temperature and stirred for 48 h. Then, the resulting colorless
solid was filtered off, washed with hexane and dried in vacuo to yield monolithiated (R)-BINOL

(0.67 g, 2.3 mmol, 92%). The reagent was used directly.

3.6.2.15.Investigation of (R)-BINOL-PSSNa, (R)-BINOL-PSSK, and
monolithiated (R)-BINOL for use as chiral shift reagents

Freshly prepared (R)-BINOL-PSSNa, (R)-BINOL-PSSK, or monolithiated (R)-BINOL (0.14 mmol,
1.0 equiv.) and (rac)-8 (29 mg, 0.14 mmol, 1.0 equiv.) were dissolved in CD2Cl2 (0.5 mL), the
mixture transferred to a Young NMR tube and subjected to 'H and 3'P{'"H} NMR spectroscopy. With
(R)-BINOL-PSSNa and (R)-BINOL-PSSK, no sufficient diastereotopic discrimination was achieved.
With monolithiated (R)-BINOL, no diastereotopic discrimination was achieved. For details, see
Figures S3.80-87.

(rac)-8 in the presence of (R)-BINOL-PSSNa:

IH NMR (400.13 MHz, CD2Cl2, 298 K): 6 1.03 [d, 18H, 3Jn-p = 17.1 Hz, PC(CHa)3], 2.61 (s, 2H, NH>),
2.67 (s, 2H, NH2), 7.22-7.18 (m, 7H, Har), 7.53-7.32 (m, 23H, Ha’), 7.76-7.71 (m, 3H, Har), 7.90-
7.82 (m, 12H, Har). 3'P{*H} NMR (162.04 MHz, CD2Cl2, 298 K): 6 76.6 (s, 1P, SPN), 76.6 (s, 1P,
SPN), 130.1 (s, 2P, O2PS»).

(rac)-8 in the presence of (R)-BINOL-PSSK:

H NMR (400.13 MHz, CD2Clz, 298 K): 6 1.10 [d, 9H, 3J4-p = 17.0 Hz, PC(CHs3)3], 1.10 [d, 9H, 3Jn-
p = 17.0 Hz, PC(CHg)3], 2.76 (br, 4H, 2 x NHz), 7.20-7.16 (m, 6H, Har), 7.55-7.32 (m, 28H, Har),
7.94-7.85 (m, 16H, Har). 3*P{*H} NMR (162.04 MHz, CD2Clz, 298 K): § 76.4 (s, 2P, SPN), 130.4 (s,
2P, O2PSy).
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Figure S3.80. *H NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSNa.
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Figure S3.81. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSNa.
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Figure S3.82. Details of the *H NMR spectrum (left) and 3*P{*H} NMR spectrum (right) of (rac)-8 in the presence of (R)-
BINOL-PSSNa (CDCl;, 298 K). No sufficient diastereotopic discrimination was achieved.
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Figure S3.83. *H NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSK.
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Figure S3.84. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of (R)-BINOL-PSSK.
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Figure S3.85. Details of the 'H NMR spectrum (left) and 3'P{*H} NMR spectrum (right) of (rac)-8 in the presence of (R)-
BINOL-PSSK (CDCl,, 298 K). No sufficient diastereotopic discrimination was achieved.
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Figure S3.86. *H NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of monolithiated (R)-BINOL. No diastereotopic
discrimination was achieved.

76.4

145 135 125 115 105 95 9 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 O

Figure S3.87. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac)-8 in the presence of monolithiated (R)-BINOL. No
diastereotopic discrimination was achieved.

108



3.7. X-Ray Crystallographic Details

The crystals were selected and measured either on an Xcalibur Gemini Ultra diffractometer,
equipped with a TitanS2 detector [(Sp,S)-4, (Rp,S)-7], an XtaLAB Synergy R, DW system, equipped
with a HyPix-Arc 150 detector [(Sp,S)-5, (Rr)-6, (rac)-8, and (Rp)-14], or on a SuperNova Dualflex
diffractometer, equipped with a TitanS2 detector [(Sp)-8, (Rpr,S)-12, and (Rp)-13]. The crystals were
kept at T = 123(1) K [(Se,S)-4, (Sp,S)-5, (Re,S)-7, (Se)-8, (Rpr,S)-12, (Rp)-13, and (Re)-14] or
100(1) K [(Rp)-6 and (rac)-8] during data collection. Data collection and reduction were performed
with CrysAlisPro, Version 1.171.41.83a [(Sp,S)-4, (Sp,S)-5, (Rp,S)-7, (Rr)-6, (rac)-8, (Re,S)-12 and
(Rp)-14] or Version 1.171.41.90a [(Spr)-8, (Rr)-13].Pl For all compounds a numerical absorption
correction based on Gaussian integration over a multifaceted crystal model, and an empirical
absorption correction using spherical harmonics as implemented in SCALE3 ABSPACK scaling
algorithm was applied. Using Olex2,[ the structures were solved with ShelXT!"l and a least-square
refinement on F2 was carried out with ShelXLI8l. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms at the carbon atoms were located in idealized positions and refined isotropically
according to the riding model. Hydrogen atoms at the nitrogen atoms in compounds (Se,S)-4,
(Sp,S)-5, (Re,S)-7, and (Re,S)-12 were located in idealized positions and refined isotropically
according to the riding model. Hydrogen atoms at the nitrogen atoms in compounds (Rr)-6, (Sr)-8,
(rac)-8, (Rr)-13 and (Rr)-14 were located from the difference Fourier map and refined without
restraints. The hydrogen atom at the silicon atom was located from the difference Fourier map and
refined without restraints. All figures were created with Olex2.[6]

Compound (Sp,S)-4: The asymmetric unit contains one molecule.

Compound (Sp,S)-5: The asymmetric unit contains one molecule.

Compound (Rp)-6: The asymmetric unit contains one molecule.

Compound (Rp,S)-7: The asymmetric unit contains one molecule.

The phenyl moiety (C14, C15, C16, C17, C18) is disordered over two positions and split into two
parts with occupancies of 66:34. SIMU and SADI restraints were used to model this disorder.
Compound (Sp)-8: The asymmetric unit contains four molecules. DFIX and DANG restraints were
used for this structure.

Compound (rac)-8: The asymmetric unit contains one molecule.

Compound (Rp,S)-12: The asymmetric unit contains one molecule.

Compound (Rp)-13: The asymmetric unit contains three molecules.

One of the cyclohexyl moieties (C25, C26, C27, C28) is disordered over two positions and split into
two parts with occupancies of 50:50. SIMU and SADI restraints were used to model this disorder.

Compound (Rr)-14: The asymmetric unit contains one molecule.

109



Table S3.1. Crystallographic data for compounds (Sp,S)-4, (Sp,S)-5, and (Rp)-6.

Compound

(Sp,S)-4 (Se,S)-5 (Re)-6
Data Set TH179_2 TH139 TH147_dest_1B
(internal naming)
CCDC Number 2201330 2201331 2201332
Formula C1sH2aNPS C22H26NPS C1oH1sNPS
Pcaic. | g-cm™3 1.208 1.264 1.273
p/mm-? 2.442 2.282 3.538
Formula Weight 317.41 367.47 215.28
Color clear colorless clear colorless clear colorless
Shape block block needle
Size/mm3 0.48 x 0.20 % 0.20 0.22 x0.2%0.16 0.81 x 0.09 % 0.09
TIK 123.00(10) 123.00(10) 100.00(10)
Crystal System orthorhombic monoclinic orthorhombic
Flack Parameter —-0.011(9) —0.004(6) —0.004(10)
Hooft Parameter —-0.011(5) -0.014(3) -0.011(8)
Space Group P212421 P24 P212421
alA 6.4057(2) 10.1070(10) 6.23200(10)
b/A 14.4006(5) 8.01210(10) 10.2303(2)
c/A 18.9245(7) 11.9370(10) 17.6171(3)
al’ 90 90 90
pr 90 92.340(10) 90
v/’ 90 90 90
V/IA3 1745.71(10) 965.832(17) 1123.18(3)
V4 4 2 4
zZ 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Kq Cu Ka
20min/° 7.714 7.412 9.998
20max/° 135.13 150.556 154.208
Measured Refl. 18713 15260 8284
Independent Refl. 3137 3910 2320
Rint 0.0406 0.0209 0.0311
Parameters 194 230 129
Restraints 0 1 0
Largest Peak 0.41 0.26 0.33
Deepest Hole -0.32 -0.23 -0.27
GooF 1.079 1.032 1.053
wR: (all data) 0.0857 0.0587 0.0699
wR> 0.0834 0.0586 0.0696
R (all data) 0.0328 0.0222 0.0258
R1 0.0312 0.0220 0.0252
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Table S3.2. Crystallographic data for compounds (Re,S)-7, (Sp)-8, and (rac)-8.

Compound (Re,S)-7 (Sp)-8 (rac)-8
Data Set TH186_1A TH250_2A KS02
(internal naming)
CCDC Number 2201333 2201334 2201335
Formula C1sH26NPS C1oH1sNPS C1oH16NPS
Pcaic.| g-cm™ 1.175 1.242 1.249
p/mm-? 2.361 3.484 3.502
Formula Weight 319.43 213.27 213.27
Color clear colorless clear colorless clear colorless
Shape block block block
Size/mm3 0.22 x 0.17 % 0.09 0.19x0.13 x 0.11 0.49 x 0.36 % 0.29
TIK 123.00(10) 122.97(16) 100.00(10)
Crystal System orthorhombic monoclinic monoclinic
Flack Parameter -0.042(18) 0.04(2) -
Hooft Parameter —0.045(15) 0.04(2) -
Space Group P212421 P24 P24/n
alA 6.3088(3) 6.31750(10) 12.77968(9)
b/A 16.3220(10) 21.0281(2) 6.28987(4)
c/A 17.5362(12) 17.1702(2) 14.39331(10)
al’ 90 90 90
pr 90 90.0680(10) 101.3194(7)
v/’ 90 90 90
V/IA3 1805.74(19) 2280.97(5) 1134.466(14)
V4 4 8 4
zZ 1 4 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Kq Cu Ka Cu Kaq
20min/° 10.088 8.41 8.466
20max/° 133.634 132.992 150.866
Measured Refl. 10712 8020 13598
Independent Refl. 3208 8020 2308
Rint 0.0548 — (twin) 0.0298
Parameters 234 506 129
Restraints 96 10 0
Largest Peak 0.19 0.26 0.47
Deepest Hole -0.21 -0.30 -0.36
GooF 1.024 1.067 1.103
wR; (all data) 0.0803 0.1241 0.0774
wR> 0.0775 0.1238 0.0773
R (all data) 0.0392 0.0452 0.0288
R1 0.0343 0.0450 0.0287




Table $3.3. Crystallographic data for compounds (Rp,S)-12, (Rr)-13, and (Re)-14.

Compound

(Rp,S)-12 (Rp)-13 (Re)-14
Data Set TH208 TH222 TH302
(internal naming)
CCDC Number 2201336 2201337 2202270
Formula C1sH3oNPS C1oH22NPS C18H40NPSSi
Pcaic. | g-cm™3 1.152 1.146 1.109
p/mm-? 2.287 3.125 2.518
Formula Weight 323.46 219.31 361.63
Color clear colorless clear colorless clear colourless
Shape needle needle needle
Size/mm3 0.52 x 0.09 % 0.08 0.89 x 0.10 x 0.09 0.3 x0.05x0.03
TIK 123.00(10) 123.01(10) 122.99(10)
Crystal System orthorhombic trigonal orthorhombic
Flack Parameter -0.002(11) -0.02(3) 0.000(10)
Hooft Parameter —0.003(8) -0.02(3) —-0.010(8)
Space Group P212421 P32 P212421
alA 6.03120(10) 23.0281(4) 11.1841(3)
b/A 16.7373(2) 23.0281(4) 12.1617(3)
c/A 18.4734(3) 6.23040(10) 15.9245(5)
al’ 90 90 90
pr 90 90 90
v/’ 90 120 90
V/IA3 1864.82(5) 2861.29(11) 2166.01(10)
V4 4 9 4
zZ 1 3 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Kq Cu Kq Cu K¢
20min/° 9.576 7.678 9.15
20max/° 133.632 133.75 147.602
Measured Refl. 13208 5128 15742
Independent Refl. 3303 5128 4170
Rint 0.0491 — (twin) 0.0323
Parameters 194 400 216
Restraints 0 52 0
Largest Peak 0.28 0.31 0.22
Deepest Hole -0.39 —-0.46 -0.17
GooF 1.040 1.075 1.053
wR: (all data) 0.0845 0.1192 0.0659
wR> 0.0839 0.1188 0.0650
R (all data) 0.0325 0.0459 0.0280
R1 0.0319 0.0453 0.0256
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Compound (Sp,S)-4:

Selected Bond Lengths in A

Selected Bond Angles in °

S—pP 1.9485(9) N—P-S 111.32(8)
P-N 1.659(2) N—P—C1 104.67(11)
P—C1 1.850(2) N—P—C5 109.64(11)
P-C5 1.822(2) C5-P-S 111.25(9)
N-C11 1.479(3) C5-P—C1 105.81(11)
C1-P-S 113.79(8)
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Compound (Sp,S)-5:

Selected Bond Lengths in A

Selected Bond Angles in °

S-P 1.9547(6) N-P-S 113.01(6)
P—N 1.6702(15) N-P—C1 106.08(8)
P—C1 1.8546(18) N-P—C5 107.52(8)
P—C5 1.8213(17) C5-P-S 111.01(6)
N-C11 1.478(2) C5-P—C1 106.09(8)
C1-P-S 112.69(6)
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Compound (Rp)-6:

Selected Bond Lengths in A

Selected Bond Angles in °

S—P 1.9625(7) N—P-S 112.65(8)
P-N 1.6417(19) N—P—C1 104.24(10)
P—C1 1.860(2) N—P—C5 106.47(10)
P—C5 1.862(2) C5-P-S 110.91(7)
C5-P—C1 108.60(9)
C1-P-S 113.52(7)
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Compound (Rp,S)-7:

Part 1 (66%)

Part 2 (34%)

Selected Bond Lengths in A

Selected Bond Angles in °

S—P 1.9625(10) N—-P-S 111.33(10)
P-N 1.650(2) N—-P—C1 104.05(13)
P—C1 1.842(3) N—-P—C5 107.30(14)
P-C5 1.866(3) C5-P-S 107.69(11)
N-C11 1.473(4) C5-P-C1 113.53(16)
C1-P-S 112.83(11)
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Compound (Sp)-8:

(one of four molecules in the asymmetric unit)

Selected Bond Lengths in A Selected Bond Angles in °
S1-P1 1.953(3) N1-P1-S1 110.5(3)
P1-N1 1.642(7) N1-P1-C1 104.6(3)
P1-C1 1.846(7) N1-P1-C5 110.0(3)
P1-C5 1.821(7) C5-P1-S1 111.2(2)
C5-P1-C1 106.8(3)
C1-P1-S1 113.4(3)
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Compound (rac)-8:

Selected Bond Lengths in A

Selected Bond Angles in °

S—P 1.9651(4) N—P-S 110.96(5)
P—N 1.6446(12) N—P—C1 105.57(6)
P—C1 1.8446(12) N—P—C5 109.31(6)
P-C5 1.8188(13) C5-P-S 112.19(4)
C5-P—C1 105.96(6)
C1-P-S 112.50(4)
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Compound (Rp,S)-12:

Selected Bond Lengths in A

Selected Bond Angles in °

S-P 1.9609(8) N—P-S 113.29(8)
P—N 1.651(2) N-P—C1 106.58(11)
P—C1 1.863(2) N—-P—C5 101.56(11)
P-C5 1.830(2) C5-P-S 113.06(8)
N-C11 1.468(3) C5-P—Cl1 110.19(11)
C1-P-S 111.56(8)
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Compound (Rp)-13:

(one of three molecules in the asymmetric unit)

Selected Bond Lengths in A Selected Bond Angles in °
S1-P1 1.967(3) N1-P1-S1 111.8(2)
P1-N1 1.653(6) N1-P1-C1 109.2(3)
P1-C1 1.862(7) N1-P1-C5 101.0(3)
P1-C5 1.835(7) C5-P1-S1 113.3(3)
C5-P1-C1 110.9(3)
C1-P1-S1 110.3(2)
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Compound (Rp)-14:

Selected Bond Lengths in A

Selected Bond Anglesin °©

S—P 1.9615(8) N-P-S 111.27(7)
P-N 1.6679(19) N—P—C1 107.27(10)
P—C1 1.860(2) N—P—C5 107.73(10)
P—C5 1.849(2) C5-P-S 112.72(8)
Si-N 1.761(2) C5-P—C1 105.08(11)
Si-C11 1.908(3) C1-P-S 112.38(8)
Si-C15 1.907(2) N-Si—-C11 109.16(10)
N-Si—-C15 110.75(10)

C15-Si—-C11 115.27(11)
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3.8. Quantum Chemical Calculations

Optimization and additional harmonic vibrational frequency analyses were performed with the
software package Gaussian 09 (Revision E.01) on the M062X/6-31+G(d) level of theory™®! without
symmetry restrictions applying the Polarizable Continuum Model (PCM)1A [solvent:
dichloromethane for D-Cy, E-Cy, F-Cy, G-Cy, and H-Cy, tetrahydrofuran for (LiCI- THF).]. The GJF
input files and the figures of the optimized structures were created with the program GaussView
version 5.0.9.11 For the ground state structures, the vibrational frequency analysis showed no
imaginary frequency in the harmonical approximation. The relative energies (AG) of the computed
structures are given based on the sum of electronic and thermal free energies (Gibbs energies) at
298.15K in kIJmoll. The Hartree units were converted as follows: 1 Hartree =
2625.4995 kJ mol-1.12 The total electronic energies (SCF), the sum of electronic and zero-point
energies (ZPE), the sum of electronic and thermal free energies (Gibbs energies) at 298.15 K, 7Li
GIAO magnetic shieldings together with the derived “Li NMR chemical shifts, and the Cartesian
coordinates of the optimized structures can be found in Tables S3.4-S3.11. The “Li NMR chemical
shift calculations were performed with the software package Gaussian 09 (Revision E.01) on the
M062X/6-311+G(2d,p) level of theory® applying the Gauge-Independent Atomic orbital (GIAO)13]
method on the M062X/6-31+G(d)-optimized structures. The 7Li NMR chemical shifts of D-Cy, E-Cy,
F-Cy, G-Cy, and H-Cy were calculated relative to that of (LiCI-THF)2 (6 = 0.5 ppm, measured in
THF)4, The existence of the dimeric structure [(LiCl-THF)2] of LiCl in THF solution is very well

supported by work from Stalkel*s! and Reich(18],

Table S3.4. Total electronic energies (SCF), sum of electronic and zero-point energies (ZPE), and sum of electronic and
thermal free energies (Gibbs energies) at 298.15 K of the optimized structures.

Optimized Method/Basis SCF [Hartree] ZPE [Hartree] Gibbs energies

structure [Hartree]
M062X/6-31+G(d)

D-Cy (PCM, solvent: —3253.25704881 -3252.665282 —3252.736368

dichloromethane)
M062X/6-31+G(d)

E-Cy (PCM, solvent: —3253.25843306 —-3252.664853 —3252.732020
dichloromethane)
M062X/6-31+G(d)

F-Cy (PCM, solvent: —3253.25677601 —-3252.663693 —3252.732728
dichloromethane)
M062X/6-31+G(d)

G-Cy (PCM, solvent: —3253.25499484 -3252.662789 —-3252.733531
dichloromethane)
M062X/6-31+G(d)

H-Cy (PCM, solvent: —3253.25306666 —3252.660900 —3252.731598
dichloromethane)
M062X/6-31+G(d)

(LICI-THF)2  (PCM, solvent: —1865.12249575 —-1864.635955 —1864.702577
tetrahydrofuran)
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Table S$3.5. Calculated "Li NMR chemical shifts of the optimized structures relative
to (LiCI-THF), (6 = 0.5 ppm, measured in THF).

Optimized

’Li GIAO magnetic  ’Li NMR chemical

structure Method/Basis shieldings [ppm] shift [ppm]
D-Cy ?g%’;’ 6-311+G(2dp) g 7801 0.3
E-Cy '(\éolf\%)y 6-311+G(2d:p) 90 5556 0.5
F-Cy ?g%’;’ 6-311+G(2dp) g 8234 0.3
G-Cy ?g%);/ 6-311+G(2d.p) g 8782 0.2
H-Cy ?g%);/ 6-311+G(2d:p) 995105 0.6

(LICI'THF)2  M062X/6-311+G(2d,p)
(Reference) (GIAO)

O@ O. “s g JBU OO O .wS-=:Li- N Ly OO o \s’ LI

90.4436, 90.7595

SPLs e SPLs R =5 N
OO © “H—y H/ ~cy OO © s tBu OO HZ'“:BUf -
D-Cy E-Cy F-Cy
0 1" 10
OO o “pu \s e OO o “pe .s L >P:_:Bu
Cry° Hy N’P\Cy Oe N
G-Cy H-Cy
7 13

Figure S3.88. Relative energies [kJ mol™] of different coordination modes of [(R)-BINOL-PSSLi-(Rp)-13] structures in
dichloromethane solution [M062X/6-31+G(d)] (PCM, solvent: dichloromethane). In E-Cy, the amino and not the sulfide
functionality like in D-Cy coordinates to the lithium center; this eliminates the possibility of an additional N-H---S hydrogen
bond. Structure F-Cy shows an alternative S;N coordination mode of the lithium center. In G-Cy, the lithium cation can be
considered tetra-coordinate, with the NH, function capping the trigonal SsLi plane. Structure H-Cy features a nearly
tetrahedrally coordinated lithium center.

Figure S3.89. Optimized structure D-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Table $3.6. Cartesian coordinates of the optimized structure D-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Atomic symbol X y z
C —3.885688 —0.473452 —0.195404
C -3.216477 0.849501 —0.098786
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-1.867344
—3.356343
—3.950842
-5.092689
-5.651471
-5.037031
—6.800077
—7.305760
—6.673200
-5.570733
—3.903092
-3.203414
—1.828295
-1.162309
—5.254332
-5.881386
-5.195874
—3.884826
-3.487416
-5.571642
—7.263063
—8.180036
—7.060596
—5.090989
—1.306590
—0.106145
-5.789079
—6.910995
—5.705695
-3.339771
—2.209590
-1.163501
—0.766663
0.524928
—0.284220
4.186244
4.315422
3.478682
3.969748
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0.900449
-1.431611
—2.697902
—-3.010809
—2.093805
—-0.822053
—2.436515
-1.571601
-0.323327

0.042091

2.086315

3.316923

3.300200

2.113788

2.134168

3.335826

4.558066

4544175
-3.391233
-3.976141
—-3.406308
—1.844814

0.348886

0.997761

4.244992

2.077121

1.205601

3.349174

5.500688

5.474012
—-1.141013
—0.280815
—1.168538
—0.225865
—2.975581
—2.150953
—0.299763
—0.175135
—-1.312804

0.184801
-1.034389
-1.226655
-0.538013

0.393958

0.586610

1.158278

2.096550

2.316943

1.582946
-0.341086
-0.172877

0.186698

0.341538
-0.784387
-1.009501
-0.801953
-0.396874
-1.921032
-0.678788

0.992724

2.679547

3.076896

1.769884

0.314428

0.587569
-0.958167
-1.354788
-0.976813
-0.253088
-1.759042

0.370010
-0.961871
—2.133009
-0.328131
-0.644434

0.123184

1.775869

2.679052
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5.055162
3.495800
3.702491
1.966711
1.704028
1.460908
1.567330
3.788634
3.486693
3.225213
4.850544
3.579612
4.066044
2.606708
6.076402
7.063197
6.276470
6.300320
8.504344
6.851467
6.927915
7.717239
6.083432
5.569877
8.721617
9.192769
8.731282
7.847276
7.899740
9.746695
8.595912
1.886030

—1.285944
-1.207392
—2.290511
—-0.306013
—1.246548
—-0.287975
0.523348
1.181210
2.014327
1.251068
1.289701
0.923853
1.121853
0.700988
0.241110
—-0.554147
1.753208
0.010507
—0.148752
—0.359259
-1.627417
2.148110
1.996029
2.340061
1.355621
-0.710211
—0.434881
3.224188
1.960092
1.625800
1.622958
—2.418990

2.829281
3.661570
2.269064
1.556152
1.060023
2.528843
0.963448
2.424423
1.782889
3.362191
2.670915
—0.781986
—1.655766
-1.011154
0.328483
—0.539803
0.112276
1.381911
-0.217327
-1.601001
—-0.381852
0.452470
—0.941423
0.704693
—0.385391
—0.858931
0.819861
0.291385
1.520401
—-0.107855
—1.444561
-1.624769
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Figure S3.90. Optimized structure E-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Table S3.7. Cartesian coordinates of the optimized structure E-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Atomic symbol X y z
C —3.31807900 —-0.58439700 —0.42465100
C —2.87521200 0.78380300 —0.04899500
C —-1.52692100 1.02313600 0.11258200
C —2.75023700 —-1.20159300 -1.52142500
C —3.14314200 —2.48272500 -1.96764100
C —4.11544200 —-3.16253700 —1.28328800
C —4.69396600 —2.61062400 —0.10814500
C —4.27807500 —1.32444100 0.34353400
C -5.66237100 —3.33439500 0.63973900
C —6.17771700 —2.82484300 1.80535800
C —5.73182900 -1.56699400 2.28059700
C —4.80933200 —-0.83715100 1.57081300
C —3.77952600 1.88717300 0.10689100
C —3.26871000 3.15281600 0.51932500
C —1.87099900 3.31606100 0.72514100
C —-1.00721800 2.27706600 0.50317700
C —-5.17025100 1.77968500 —0.17322000
C —6.00784500 2.85730800 —0.01396600
C —5.50443700 4.10293100 0.43506700
C -4.16297300 4.24438800 0.68957000
H —2.66630700 —2.89389200 —2.85159600
H —4.44081400 —4.14330600 —1.62002200
H -5.97949300 —4.30770000 0.27322400
H —6.91436800 —3.38675600 2.37165800
H —6.11951400 -1.17841100 3.21774100
H —4.47060800 0.12049200 1.95335600
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—1.49474000
0.06811800
-5.56881200
—7.06519700
—6.17925500
—3.75871800
—1.78958100
—-0.63001600
-0.26271700
0.58651700
0.73081800
4.80368800
2.62333900
4.45590000
4.51088700
5.10462300
4.51767000
6.56022900
6.72492500
7.78311100
6.15326600
6.43945400
7.48303300
8.52301500
7.32137200
7.35432700
6.92677600
6.26703900
7.94878300
6.88585200
3.67464500
2.37579800
3.34768300
4.23419800
1.48322500
1.83598400
2.60813900
2.48570800
2.77601100

4.28721000
2.38613300
0.83450800
2.75537900
4.94409200
5.19976800
—-0.53457800
—-0.01278900
—0.38805400
1.12583500
—2.09635400
0.27018000
—0.40876000
—0.86498600
—1.84321500
—-0.73604400
2.08826900
—0.00562900
—-1.38136400
—-1.51973800
—-1.46473100
—2.20302700
0.09151900
0.02940900
—0.73250400
1.04128600
1.09371200
1.09248900
0.91727100
2.08395800
—0.24755300
0.57423700
—1.75349900
—0.01558900
0.18352700
0.39098300
1.64338100
—2.12544800
—-1.98240100
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1.03574300
0.61161700
—0.52858700
—0.24037100
0.56233700
1.01544100
—2.26570500
—0.09350200
-1.65902700
—2.60156600
—1.60854600
—0.05261900
—2.31725700
—1.30879400
—1.01811700
—2.08796400
—-0.77143100
0.50867400
1.16800200
1.41866600
2.09797600
0.50153200
—0.71337400
—0.37316600
—1.41724000
—1.24174000
1.51541500
2.39013800
1.87048200
1.05395200
1.31734600
1.32257100
1.30120700
2.23705500
2.50341000
0.38383100
1.35245500
2.51186000
0.39250200



H 4.25484100 —2.36606000 1.29178600
C 1.18872800 —-1.31623700 2.52028200
H 0.54632300 0.75079300 2.45117300
H 1.98071000 0.47249200 3.44120400
H 2.26838200 —-3.19918000 2.48379700
H 3.05152500 —-1.93528600 3.43561400
H 0.58457200 —-1.57470900 3.39755900
H 0.59931500 —1.57045900 1.62916500
1
1
Jd

A

Figure S3.91. Optimized structure F-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Table S3.8. Cartesian coordinates of the optimized structure F-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Atomic symbol X y z
C —3.81316000 —0.59348800 —0.32647900
C —-3.46072100 0.71518300 0.28407300
C —2.19157800 0.89965500 0.79288000
C —2.99837900 —-1.11228400 —-1.31165500
C —3.28138300 —2.31848500 —-1.98857700
C —4.40106000 —3.02892500 —1.64750500
C —5.24657800 —2.58522300 —0.59448400
C —4.94495700 —1.37196300 0.09007600
C —6.37682100 —3.34952800 —0.19592500
C —7.16247300 —2.94964300 0.85610000
C —6.84003300 —-1.76652600 1.56530000
C —5.76296500 —0.99864500 1.19300100
C —4.36652400 1.82828800 0.31369200
C —-3.96761100 3.03671400 0.95642300
C —2.66601600 3.13727700 1.51913100
C —-1.78231300 2.09580600 1.42191100
C —5.64299900 1.78910700 —0.31385800
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—6.48606300
—6.10334300
—4.86820400
—2.60245400
—4.64337200
—6.59983000
—-8.02128500
—7.44659200
-5.52280400
—2.37342600
—0.77283800
-5.94721100
—7.45295200
—6.78187600
—4.55189700
—1.86598800
—-1.27446600
—-0.54781200
0.64969800
0.22600000
2.30063900
5.33800700
3.22157400
2.86825700
2.80637500
4.93149700
5.64974700
4.99440000
5.11438200
5.47581700
3.92732600
7.16042000
7.66449600
7.59528300
7.36974800
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Figure S3.92. Optimized structure G-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Table S3.9. Cartesian coordinates of the optimized structure G-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Atomic symbol X y z
C -3.59442700 0.86395500 0.07749300
C -3.91723800 —-0.56750100 —0.15598100
C —3.12989800 —1.29896800 —1.02026600
C —2.31479400 1.21144800 0.45784200
C —1.93373400 2.54101800 0.74264700
C —2.85909700 3.54321600 0.61938400
C —4.17732700 3.26081300 0.16853200
C -4.54790800 1.91646000 —0.12771400
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Figure S3.93. Optimized structure H-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).



Table S3.10. Cartesian coordinates of the optimized structure H-Cy [M062X/6-31+G(d)] (PCM, solvent: dichloromethane).

Atomic symbol X y z
C 4.07713700 —0.58645100 0.21632900
C 4.04583100 0.83075600 —0.23100300
C 2.94974600 1.28743600 —0.93389500
C 3.00853100 —-1.08606100 0.93177100
C 2.96709600 —2.40513700 1.43359300
C 4.01920200 —3.24626800 1.18862400
C 5.12240100 —2.81536400 0.40212500
C 5.14903400 —1.48443800 —0.10862300
C 6.18910400 —3.70317800 0.09448100
C 7.22845500 —3.30468400 —0.70829200
C 7.23722800 —1.99593400 —-1.24949200
C 6.22715800 —1.11090200 —0.95908700
C 5.08503000 1.77109300 0.08044100
C 5.00113000 3.09870000 —0.43290400
C 3.87292900 3.48462300 —1.20714400
C 2.85137000 2.60287500 —1.43725900
C 6.18661000 1.44241500 0.91955900
C 7.16436300 2.36716600 1.19637400
C 7.09888800 3.67295400 0.65153800
C 6.03586900 4.02815700 —0.14047800
H 2.09844300 —2.71592000 2.00505700
H 4.01240700 —4.26256000 1.57374900
H 6.15725400 —4.71138700 0.50053300
H 8.03650300 —3.99164600 —0.94134600
H 8.04779200 —-1.69138900 —-1.90510600
H 6.24241100 —0.11526000 —1.39139300
H 3.82182000 4.49874600 —-1.59462500
H 1.96504600 2.87925500 —1.99901900
H 6.24631500 0.44955800 1.35435000
H 7.99346600 2.09637500 1.84351500
H 7.88230000 4.39159400 0.87289400
H 5.96010900 5.03289800 —0.54919300
@] 1.93377300 —0.25834500 1.21784600
@] 1.90326300 0.41978000 —-1.20808700
P 0.85364500 0.05904400 0.01201900
S —0.19889600 1.62418500 0.60970400
S —0.15090100 —-1.54410800 —0.56412400
Li —2.06446500 —0.05025900 0.24118000
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Figure S3.94. Optimized structure (LiCl- THF), [M062X/6-31+G(d)] (PCM, solvent: tetrahydrofuran).

Table S$3.11. Cartesian coordinates of the optimized structure (LiCl-THF), [M062X/6-31+G(d)] (PCM, solvent:

tetrahydrofuran).

Atomic symbol X y z
Li -1.083475 0.968382 0.034134
Cl 0.011688 —0.239488 —1.599762
Li 0.791049 —-1.108620 0.436119
Cl —0.555050 —-0.092420 2.017615
O —2.967956 1.039520 —0.236243
O —0.375942 2.739447 —0.032013
O 2.611812 —0.589907 0.628959
@] 0.535292 —3.000798 0.286954
C 3.443670 —0.078385 —0.430972
C 4.371672 0.930158 0.237450
C 4.535896 0.325515 1.635070
C 3.129105 —0.190154 1.914065
C —0.855517 -3.366834 0.183790
C —1.030293 -3.881735 —1.238257
C 0.324927 —4.550465 —1.489567
C 1.283727 -3.582785 —0.800847
C -3.667195 1.660129 0.866269
C -4.740216 0.659991 1.309300
C —4.194594 —0.673426 0.785288
C -3.560903 —-0.239241 -0.527237
C —0.759373 3.438394 —1.234555
C 0.494085 4.174968 -1.692031
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4.361600
5.133899
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1.707452
3.403084

—1.244604
0.098682
—1.195558
-0.862262
-0.301113
0.303523
2.384312
1.608869
2.577034
2.318242
0.418359
0.927807
—1.332066
—1.923860
—2.549927
—-1.007783
-0.382315
-1.476314
0.520635
1.655827
2.391995
0.831496
0.648278
1.458967
—0.893581
—1.315729
—-0.987989
-1.978173
—2.768433
-1.170728
—1.156488
—1.942789
0.355599
0.917581
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4. Hydrogen Bonding Patterns of Protonated
Aminophosphine Chalcogenides in Solid-State and in
Solution

Preface

The following chapter and supporting information are based on a manuscript in preparation on a
model study about hydrogen bonding modes of protonated, bifunctional aminophosphine oxides,
sulfides and selenides in the presence of a strongly or weakly coordinating anion. Special focus is

put on the investigation of aminophosphine sulfide aggregates in CD2Cl2 solution.
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4.1. Abstract

Cube-like structures held together solely by non-covalent interactions have long attracted the
attention. Reaction of di-tert-butylaminophosphine sulfide 1, P-stereogenic (tert-butyl)cyclohexyl-
aminophosphine sulfides (Rp)-2/rac-2 and di-tert-butylaminophosphine selenide 4 with hydrogen
chloride led to well-defined supramolecular structures in the crystalline state consisting of a cubic
hydrogen-bonded ammonium chloride core. The assembly behavior of these supermolecules was
examined in dichloromethane at different concentrations and temperatures by means of classical
analytical methods. Diffusion-ordered (DOSY), H, 2H, SN{'H}, 15N, 3'P{'H}, 7"Se{'H} NMR and
infrared spectroscopy were applied. The measurements showed that, depending on the conditions,
a switch from the tetrameric, possibly cube-like P-NHs---Cl association to the monomeric species
occurs. Possibilities to protonate the less basic chalcogenide entity were the use of a weakly
coordinating anion or the replacement of the heavier chalcogen homologues by oxygen.
Computational studies supported our findings on the protonation behavior of sulfide-substituted

cations.

4.2. Introduction

Hydrogen-bond-based aggregation plays a crucial and indispensable role in modern
organocatalysis.["l Non-covalent interactions often have a significant impact on catalytic processes
and should not be neglected when considering mechanistic studies.? The behavior of the
aggregation is often dependent on external factors, such as solvents, temperature and
concentration.®! Perhaps the best examples of hydrogen bonding catalysts can be found in the
human body. Enzymes, which catalyze important biochemical reactions, form the basis for
biomimetic images of potent organocatalysts.['¢# Since hydrogen-bonded functional species often
do not necessarily contain metal centers, they represent an environmentally friendly alternative to
classic transition-metal catalysts.['®:5 Well-known analytical methods suitable to detect hydrogen
bonding[2¢8l and other non-covalent interactions!6t-6e.71 are NMR spectroscopy!2¢.6a.6¢.6d:6.6d] gnd, in
the case of supramolecular aggregation, diffusion NMR spectroscopy.[60.6¢.6e.6:.69.7]

While the definition of self-assembled aggregates was limited to host-guest chemistry a few
decades ago, structural motifs with hydrogen bonding have become a valuable representative of
this broad field.[® Well-defined structural patterns form the basis for the self-organization of the
molecules of life¥! and for mineralization processes in our nature.['l The exploration of novel
supramolecular assemblies and the targeted design of metal-containing clusters for use as
functional materials with diverse applications is a cutting edge research with a high level of
interdisciplinary.l'l Knowledge about non-covalent interactions in clearly defined supramolecular
units is a key to understanding the molecular mechanisms of their formation and the origins of
complex matter.l'2]

For a clearer comprehension, G. R. Desiraju introduced the modern concept of crystal engineering

and defined supramolecular synthons as secondary building units, that are connected by
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intermolecular interactions such as hydrogen bonds or coordination bonds.['20.124.13] The spatial
layout of such aggregated synthons is often accompanied by the formation of stacked or ladder-
shaped structures.['Y An astonishing pattern in crystal structures is the three-dimensional cube.
Firstly found in 1985,['5] more and more cubic aggregates were reported in the early 2000s.[16-21]
Protonated primary amines have always played an important role in cubic structure formation, as
they can form a three-dimensional network by incorporation of all three hydrogen atoms, provided
appropriate hydrogen bonding acceptor atoms are present. Halides,!'>'71 sulfonates,!'8
silanethiolates,!'® phosphonates,? and carboxylates?l have been found to be suitable
counteranions. However, the cubic, supramolecular entities known from the literature are often
limited in their expandability and only little is known about the solution structures of fundamental
inorganic functional patterns regarding their involvement in different hydrogen-bonding motifs. At
the same time, it is known that many compounds exhibit different aggregation behavior in solution
than they do in the solid state.l?? By studying defined molecular model systems, which focus on a
few basic structural patterns, the complexity of questions on the nature of matter can often be
simplified. This can help to gain in-depth information about fundamental formation principles,

hydrogen-bonding motifs and structure-interaction relationships.[23

4.3. Results and Discussion

Herein, we present a simple bifunctional molecular model system that contains both an amino (NH2)
group and a phosphorus chalcogenide [P*—Ch~ (Ch = O, S, Se)] moiety within the same molecule.
Both functional units show an affinity to protons and are in principle capable of forming hydrogen
bonds. These aminophosphine chalcogenides thus combine an interesting structural motif, which
will be studied in terms of their hydrogen bonding modes and supramolecular arrangements. An
achiral, a racemic and an enantiomerically pure phosphorus-stereogenic model system will be
studied for aminophosphine sulfides. As they were found to exhibit virtually identical aggregation
properties according to NMR measurements, the achiral probe was studied in more detail and
compared with the selenide and the oxide analogue. The investigations address the question of
how the two competing acceptor atoms (N or Ch) are involved in hydrogen bonding both in the solid

state and in solution, and under what conditions one of the two bonding modes is favored.

4.3.1. Protonation of Aminophosphine Chalcogenides in the Presence of a
Strongly Coordinating Anion

Di-tert-butyl-substituted aminophosphine chalcogenides (compounds 1, 4 and 5)?4 were used as
achiral starting materials and modified by exchange through a cyclohexyl moiety for the P-
stereogenic enantiomerically pure [(Re)-2]?% and racemic (rac-2)5 samples. All precursors were
subjected to a protonation with an excess of hydrogen chloride in diethyl ether at room temperature
(Scheme 4.1).
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Scheme 4.1. Synthesis of the protonated products (1-:HCl)s4, [(Rr)-2-HCI]4, (rac-2-HCI)s, (4-HCIl)4 and 5-HCI and grown
crystal structure of 5-HCI (displacement ellipsoids set at the 50% probability level). The phosphorus atom in rac-2 must be
seen without stereoinformation. The structure of (rac-2-HCI), is derived from NMR data only, not from XRD data.

The products (1-HCl)4, [(Rr)-2-HCI]4, (rac-2-HCIl)4, (4-HCI)s and 5-HCI were obtained as colorless
solids in yields between 40% and 89%. Crystals suitable for single crystal X-ray analysis were
obtained for compounds (1-HCl)4, [(Rr)-2-HCI]4, (4-HCI)4 and 5-HCI from Et20 at -35 °C, from Et.0
by slow evaporation of the solvent, from DCM by slowly evaporating the solvent or from a DCM
solution by layering with n-pentane, respectively. The crystal structures of (1-HCl)s, [(Rr)-2-HClI]4
(Figure 4.1) and (4-HCI)4 consist of a tetrameric, hydrogen-bonded synthon with a cubic core whose
corners are alternately occupied by ammonium and chloride ions. The three hydrogen atoms of
each NHs unit point along the edges of the cube towards a chloride acceptor. The H---Cl distances
range from 2.24 A to 2.33 A, which is in correlation with hydrogen bonds of chloride acceptors
known from the literature.l'2a |t is thus proven, that the precursors 1, (Rr)-2 and 4 are protonated
at the amino moiety, while the P*—Ch~ functional units remain unprotonated in the solid state. In
contrast to that, precursor 5, which has oxygen as a harder Lewis basic moiety,?8! is protonated at
the P*—Ch~ unit. The product 5-HCI is therefore unable to form a cubic structure in the solid state,
but still forms a two-dimensional network constructed by hydrogen bonds between anionic chloride

acceptors and both OH and NH2 groups (Scheme 4.1, bottom right).
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Figure 4.1. Molecular structures of (1-HCI), (left) and [(Re)-2-HCI]4 (right) in the crystalline state (displacement ellipsoids
set at the 50% probability level).

4.3.2. 'H DOSY Experiments of (1-HCl)s, [(Rp)-2-HCI]s and (4-HCl)s

In order to get insight into the cubic structures in solution, we performed 'H DOSY measurements
of the isolated supermolecules (1-HCl)4, [(Rr)-2-HCI]4 and (4-HCI)4 in deuterated dichloromethane
(DCM) at room temperature with different concentrations. The hydrodynamic volume of sample
(1-HCI)4 has increased continuously from 435 A3 (30 mM) via 670 A3 (50 mM) to 905 A2 (100 mM).
For the monomeric reference compound 1 a volume of 248 A3 was obtained. Any potential
hydrogen bonding interaction between the amino and the sulfur moiety in 1, that could distort the
reference result, was excluded by preparing and measuring compound 3 (di-tert-butyl-
chlorophosphine sulfide, see experimental section), which had a volume of 228 A3. Thus, the
hydrodynamic volume of (1-HCI)s in 100 mM DCM-d2 solution is approximately four times greater
than of the non-protonated compounds 1 and 3. This indicates a tetrameric arrangement also in
DCM solution and corresponds well with a cubic synthon composition as found in the crystal
structure (Figure 4.1, left). The same conclusion can be drawn for [(Rr)-2-HCI]4, which has a
hydrodynamic volume of 713 A3 in 50 mM solution, compared to 280 A3 for monomeric (Rr)-2. For
(4-HClI)4 a concentration of 500 mM is required to obtain a hydrodynamic volume of 855 A3, which
is approximately four times the value of the monomeric reference compound 4 (235 A3) and again
corresponds to the crystal structure of the cubic synthon.

Surprisingly, reducing the concentration of compounds (1-HCI)4, [(Rr)-2-HCI]4 and (4-HCI)4 to 5 mM
resulted in the formation of a solution species that is clearly indicative of a monomer according to
the measured hydrodynamic volumes of 265 A3, 273 A3 and 251 A3, respectively. It can be
assumed that in this entropically favored dissociation process now also the sulfide function
becomes involved in hydrogen bonding before hydrogen chloride is released from the monomeric
species. Quantum chemical calculations on the M062X/6-311+G(d,p) level of theory using the

polarizable continuum model (PCM) (solvent: DCM) showed that the energy of the transition state
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between H2N---H and S---H hydrogen bonding is only 13 kJ-mol~' in the presence of a coordinating
anion such as chloride. Without a coordinating anion the energy of the transition state would be
100 kd-mol~" higher. Furthermore, S---H bonding is even thermodynamically favored over the
H2N---H bonding, but in practice the cubic arrangement seems to lead to an energy gain. As
explained in this chapter, this can only be achieved in a sufficiently concentrated solution. As the
concentration is reduced, the equilibrium between tetramer and monomer (Scheme 4.1) is shifted

towards the latter.

4.3.3. NMR Studies of (1-HCI)4, [(Rp)-2-HCI]4, (rac-2-HCl)4, (4-HCI)4 and
5-HCI

The results of 'H and 3'P{"H} NMR measurements in CD2Clz solution substantiate the DOSY
experiments. A comparison of the values for the tert-butyl, amino/ammonium and phosphorus
signals shows that these are broadened and shifted towards the lower field for the HCI adducts
(1-HCl)s (100 mM), [(Rp)-2-HCI]4 (100 mM), (rac-2-HCIl)s (100 mM) and (4-HCl)s (500 mM) in
contrast to the precursors 1, (Rp)-2, rac-2 and 4. In addition, the integrals of the NH signals
correspond well with the presence of an NHs moiety and the coupling constants of the tert-butyl
signals are each increased by about 2 Hz. This indicates deshielding and hence confirms the
presence of hydrogen bonding. The samples in low concentrations (5 mM or 10 mM) give 'H and
31P{'H} NMR spectra, which are essentially identical to those of the corresponding starting
materials. The low concentration structures can therefore be considered as monomers in the
presence of solvated hydrogen chloride [1 + HClso, (Rp)-2 + HClsor, rac-2 + HClsor, 4 + HClson]
(Scheme 4.1, top right).

As expected from the crystal structure, the situation is different for compound 5-HCI. No
dependence on the concentration of the NMR samples was found and the formation of a cubic
aggregation can be safely excluded. Considering the Lewis basic properties of oxygen in
comparison to sulfur and selenium,?8 it is logical that the proton is attached to oxygen. However,
an exchange between OH and NH:z protons in solution is likely and gives an averaged signal in the
"H NMR spectrum.

Compounds (1-HCI)4 and (4-HCI)s were subjected to thorough dilution- and temperature-dependent
'H and 3'P{'H} NMR studies in CD2Cl.. (1-HCI)4 was measured in seven different concentrations at
298 K (Figure 4.2, left). In the 3'P{"H} NMR spectra at 10 mM and 15 mM only one signal at around
0 = 94.5 ppm, that can be assigned to the monomeric species 1 + HClsov, was observed. Two
signals were visible between 20 mM and 30 mM, indicating the coexistence of monomer and
tetramer. The downfield shifted signal at around & = 111.5 ppm, that can be assigned to the
tetrameric aggregate, rose with increasing concentration. From 50 mM only the signal of the
tetramer remained. The same tendency was observed with decreasing temperature for a 5 mM
sample (Figure 4.2, right). Only the monomer was present at room temperature and coexisted with
the tetramer at 283 K. At temperatures below 273 K only the tetrameric aggregate remained. 'H

NMR spectra confirmed these findings by changing from an NH: signal at around & = 2.0 ppm to a
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broad NHs signal at around & = 9.5 ppm with increasing concentration or decreasing temperature

(see experimental section).

P-NH, P-NH, P-NH, = P-NH,
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Figure 4.2. Results of variable concentration (left) and variable temperature (right) 3'P{"H} NMR measurements of (1:HCl)a.

(4-HCI)s was investigated in the same way as (1-HCI)s, but with different concentrations (see
experimental section). As explained for the DOSY experiments, a concentration five times higher
than for the sulfur analogue was required to obtain a hydrodynamic volume corresponding to the
tetrameric structure. Indeed, the 3'P{"H} NMR spectrum of the 500 mM sample showed a single
signal at around 6 = 114.0 ppm, that can be assigned to the tetramer. Between 20 mM and 200 mM
two signals were observed for coexisting monomer and tetramer, while at even lower
concentrations only the monomer signal at around & = 95.0 ppm is present. Variable temperature
measurements were performed with a 10 mM sample. In contrast to the measurements with the
sulfur analogue, the monomer signal did not disappear and coexisted with the tetramer up to the
lowest possible measurement temperature (193 K).

?H NMR spectra in a 9:1 mixture of CH2Cl2 and CD2Cl2> were measured after reaction of 1, 4 and 5
with deuterium chloride instead of hydrogen chloride. It was found that the signals corresponding
to NH2D [100 mM (1-DCI)4 or 500 mM (4:DCI)4], NHD [5 mM (1-DCl)4 or 10 mM (4-DCl)4] and OD
(5-DCI) are indeed approximately at the same chemical shift values in the 2H NMR spectrum as the
corresponding 'H NMR chemical shifts of the non-deuterium labelled samples. This suggests a
rapid exchange between the hydrogen and deuterium atoms of the nitrogen and chalcogen atoms.
BN and "®N{'H} NMR measurements were recorded after labelling the precursor 1 with 98% '°N
enriched ammonia (see experimental section). The spectra should provide further information and
confirmation of the previously predicted structures of (1-HCI)4 in high (100 mM) and low (5 mM)
concentrated CD2Cl2 solution. The reference spectrum of 1 showed a N chemical shift of
0 =29.1 ppm (td). Coupling of the nitrogen atom with the phosphorus atom ('Un-p = 22 Hz) and with
the NH2 protons ('Un-n = 76 Hz) was clearly observed. At a concentration of 5 mM, the chemical
shift and the N—-P coupling constant of the protonated species turned out to be the same as for 1,
which corroborates the presence of 1 + HClsov in @ low concentrated solution of compound (1-HCl)4.

The N—H coupling constant could not be observed, possibly due to the insufficient concentration.
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Lowering the temperature was not an option regarding the results of the variable temperature
experiments. A 100 mM concentrated solution of (1-HCI)s showed a broad downfield shifted N
signal at & = 60.1 ppm, which showed no couplings at all. Measuring the same sample at 193 K
resulted in a slightly shifted signal at & = 62.6 ppm (qd) due to the temperature change. It revealed
the coupling constants of the nitrogen atom with the phosphorus atom ('Un-p = 34 Hz) and with the
NHs* protons ('Jn-x = 68 Hz), which are also visible in the corresponding 'H and 3'P{'H} NMR
spectra at 193 K.

Compound (4-HCI)4, as the selenium-containing sample, was subjected to studies of the 77Se NMR-
active core. Precursor 4 showed a 7”Se chemical shift of 5 = -351 ppm with a phosphorus-selenium
coupling constant of 727 Hz. Very similar values were obtained for the protonated species at a
concentration of 10 mM, again supporting the assumption of the presence of a monomeric species
(4 + HClsow). A chemical shift of 8 =-348 ppm for the 500 mM sample of compound (4-HCI)4
suggests, that the chalcogen atom is not much affected by the tetrameric aggregation. However,
the coupling constant between the phosphorus and the selenium atom is increased by almost

100 Hz ('Jr-se = 815 Hz) upon protonation of the nitrogen atom.

4.3.4. IR Spectroscopy Studies of (1-HCl)4

Based on the results of the crystal structure and the NMR experiments of compound (1-HCl)4, we
expected to observe IR vibrations for a primary ammonium cation in the solid state and at
concentrations in CD2Clz higher than 15 mM. In the transmission IR spectrum of the solid, the broad
signal at 2713 cm™! can be assigned to the NHs* stretching vibration. While the transmission IR
spectrum of a 5 mM CD2Cl: solution appeared identical to the reference spectrum of compound 1,
the 50 mM CD2Cl2 solution unequivocally showed a broad NHs* signal at 2750 cm™'. The same
observation was made for 10 mM and 500 mM CD2Cl: solutions of (4-HCl)s.

Screening of different concentrations of compound (1-HCI)4 revealed that the signal at 2750 cm™"
becomes larger with increasing concentration. At the same time, the two NH2 bands at about
3400 cm™" decrease. This can be clearly seen by stacking the difference absorption spectra
[difference between (1-HCI)4 and 1]. Figure 4.3 shows the difference absorption spectra normalized
to the respective concentrations. Despite the normalization, the order of the concentrations remains
the same, suggesting in fact an increasing formation of the tetrameric structure with increasing

concentration.
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Figure 4.3. Cutout of the difference absorption spectra [(1-HCI), — 1] of the IR spectroscopy measurements normalized to
the concentration in CH,Cl, with concentrations 10 mM to 100 mM showing the broad signal of the NH;* moiety at 2750 cm™’
and the NH; signals in the range of 3400 cm™".

4.3.5. Protonation of Aminophosphine Chalcogenides in the Presence of a
Weakly Coordinating Anion

The same achiral and chiral precursors as for the protonation reactions with hydrogen chloride [1,
(Rp)-2, rac-2, 4 and 5] were subjected to a protonation with Jutzi’s acid {[H(OEt2)2][B(CeFs)4]}2"1 in
DCM (Scheme 4.2). The reactions were performed at room temperature, except for the synthesis

of (4-SeH)* WCA-, which was carried out from -30 °C to -10 °C.

©Ch ChH
-||=@ [H(OEt,)IB(CeFs)al _'|) ® eB(C .
R/ DCM, 2hor15h R™"/ 6Fs)a
5 / "NH, o 5 / "NH,
! -30°Cto-10°C u
1: R ={Bu, Ch = (1-SH)* WCA™: R =1Bu, Ch =S; 87%
(Rp)-2: R=Cy, Ch= [(Rp)-2-SH]* WCA™: R =Cy, Ch =S;82%
rac-2. R=Cy, Ch= (rac-2-SH)* WCA—: R=Cy, Ch=S5;73%
4 R =tBu, Ch = Se (4-SeH)* WCA™: R = {Bu, Ch = Se; 74%
5: R={Bu,Ch=0 (5—OH)* WCA™: R = tBu, Ch = 0; 85%

Scheme 4.2. Synthesis of the protonated products (1-SH)* WCA™, [(Rr)-2—SH]* WCA", (rac-2-SH)* WCA-, (4-SeH)* WCA~
and (5—-OH)* WCA". The phosphorus atom in rac-2 must be seen without stereoinformation.

The products (1-SH)* WCA-, [(Rr)-2-SH]* WCA", (rac-2-SH)* WCA-~ and (5-OH)* WCA-~ were
obtained as colorless solids, while (4-SeH)* WCA~ was a pale rose solid, due to a slight
decomposition forming red selenium. The yields are approximately 80% for each of the products.

Crystals suitable for single crystal X-ray analysis of compounds (1-SH)* WCA~and (4-SeH)* WCA-

could be grown from a toluene or DCM solution, respectively, by layering with n-pentane. As

146



[B(CsFs)4]~ is a non-coordinating anion, no cube formation, as observed for the HCI adducts, is
possible. The crystal structures of compounds (1-SH)* WCA- and (4—-SeH)® WCA~ showed, that

the chalcogenide moiety, instead of the amino moiety, is protonated in the solid state (Figure 4.4).

Figure 4.4. Molecular structures of (1-SH)* WCA™ (left) and (4-SeH)* WCA"™ (right) in the crystalline state (displacement
ellipsoids set at the 50% probability level).

4.3.6. 'H and "B DOSY Experiments of (1-SH)* WCA~

Indeed, the question is what the structure of the protonation products with a weakly coordinating
anion looks like in solution. First, it should be noted that no concentration or temperature
dependence, as observed for the HCI adducts, was found in CD2Cl.. Quantum chemical
calculations on the M062X/6-311+G(d,p) level of theory using the polarizable continuum model
(PCM) (solvent: DCM) showed that in the absence of a coordinating anion in CD2Clz solution the
intrinsic proton affinity is higher for sulfur than for the amino group. In addition, 'H and "B DOSY
experiments of compound (1-SH)* WCA™ in CD2Clz and DMSO-ds revealed a solvent dependence
of the hydrodynamic volumes. In DMSO-ds, as a strongly coordinating solvent, the volume of the
cation (1-SH)* remained roughly the same (394 A3) as for the reference molecule 1 (324 A3), which
suggests the presence of a monomeric cation. The corresponding monomeric volume of the anion
[B(CsFs)4]- was 583 A3 in DMSO-ds. However, in CD2Cl2 the hydrodynamic volumes of both cation
(579 A3) and anion (1052 A3) were approximately twice as high as it was expected for monomers.
It is therefore assumed, that in CD2Cl2 solution units consisting of two cations and two anions are
formed and that a rapid intermolecular exchange of the SH and NH: protons between two cations

might take place.

4.3.7. NMR Studies of (1-SH)* WCA-, [(Re)-2-SH]* WCA-, (rac-2-SH)*
WCA-, (4-SeH)* WCA- and (5-OH)* WCA-

The fast exchange of SH and NH: protons is confirmed by the "H NMR spectra of compounds (1-
SH)* WCA-, [(Rr)-2—-SH]* WCA™ and (rac-2-SH)* WCA-, which all show an averaged signal at
0 = 2.95 ppm for these three protons. The same is true for compound (4—SeH)* WCA- for the SeH
and the NH: protons (& = 2.48 ppm), while the OH and NH: protons in compound (5—-OH)* WCA-

147



have different shifts at & = 3.55 ppm (NH2) and at & = 6.04 ppm (OH). As with the HCI adducts, the
oxygenated compound is again the odd one out, which can be attributed to the higher Lewis basicity
and proton affinity of oxygen.l?! A comparable exchange of the OH and the NH:2 protons can
therefore be excluded.

For further confirmation of the presence of an SH or SeH moiety in CD2ClI:2 solution, compound (6—
SH)* WCA~ (see experimental section), which is intrinsically unable to intramolecularly exchange
its SH proton, can be used. For (6—SH)* WCA-, the SH signal is visible at & = 2.42 ppm in the 'H
NMR spectrum, which roughly correlates with the ChH values for (1-SH)* WCA-, [(Rr)-2—SH]*
WCA™ (rac-2-SH)* WCA™ and (4-SeH)* WCA-.

Furthermore, 2H NMR spectra of the deuterated analogues (1-SD)" WCA~ and (4—-SeD)* WCA- in
a 9:1 mixture of CH2Cl2 and CD2Cl. were measured. The chemical shifts of the 2H signals at
0 = 2.85 ppm are another indication for the S---H/D---N exchange.

The 3'P{'H} NMR values of (1-SH)* WCA-, [(Rr)-2—SH]* WCA- (rac-2-SH)* WCA- and (4-SeH)*
WCA- are slightly shifted towards lower field (Ad = 3.5-5.7 ppm) compared to the starting materials
1, (Rr)-2, rac-2 and 4. In contrast to that, the different Ch—H bonding situation[2¢! of compound (5-
OH)* WCA- in solution leads to a much greater downfield shift of Ad = 25 ppm compared to 5.

5N and "SN{'H} NMR measurements of compound (1-SH)* WCA~ were recorded after labelling the
precursor 1 with 98% 1SN enriched ammonia (see experimental section). The spectra showed a
doublet signal at 21.2 ppm ('Un-p = 16 Hz), which is slightly highfield shifted compared to compound
1 (6 =29.1 ppm). This is indicative of higher shielding of the nitrogen atom in compound (1-SH)*
WCA-~ and further supports the idea that the nitrogen atom is not protonated. The coupling between
the nitrogen and the hydrogen atom could not be observed, possibly due to the fast SH/NH2 proton
exchange. Even lowering the temperature to 193 K did not make the coupling visible.

Compound (4-SeH)* WCA- was used for 77Se NMR measurement. Compared to precursor 4
(6 =-351 ppm, 'Jp-se = 727 Hz), a strong downfield shift to & = —43 ppm and a significant decrease
in the coupling constant ('Jr-se = 406 Hz) was observed. The differences in the chemical shift and
the phosphorus-selenium coupling constant compared to compound 4, and also compound
(4-HCl)4, provide solid evidence for a change in the immediate vicinity of the selenium atom. In
addition to protonation, as in the case described, similar differences have been observed for

intramolecularly coordinated silylium centers by phosphine selenide functions. 28]

4.3.8. IR Spectroscopy Studies of (1-SH)* WCA-

IR measurements of compound (1-SH)* WCA~ were carried out in solid state and in CH2Cl solution
(Figure 4.5). Both transmission spectra show a characteristic, weak thiol signal at about 2560 cm™.
The signals at about 3370 cm™ and 3450 cm™' can be attributed to amine vibrations. In the
difference absorption spectrum [difference between (1-SH)* WCA~ and 1] (Figure 4.6) the weak
SH signal is clearly observable as well. The two NHz bands are actually present for both compounds

(1-SH)* WCA- and 1 (see experimental section), but in (1-SH)* WCA- they are more pronounced,
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although the compounds were measured in the same solvent and in the same concentration. The

opposite applies to the signals at around 3000 cm~, which are most likely hydrocarbon vibrations.

Transmission/%
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—— PNS-WCA solid
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Figure 4.5. Cutout of the transmission spectra of (1-SH)* WCA~ in 50 mM DCM solution (blue line) and in the solid state
(red line).
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Figure 4.6. Cutout of the difference absorption spectrum [(1-SH)* WCA~ — 1] in 50 mM DCM solution.
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4.4. Conclusion

In conclusion, it has been demonstrated that the formation of hydrogen bonding after the
protonation of model systems with NHz and P*—Ch~ (Ch = O, S, Se) moiety is highly dependent on
the counteranion, but also on external conditions such as solvent, concentration and temperature.
Several bifunctional molecular model systems in combination with two different counterions were
examined, one of which is generally able to coordinate (CI"), while the other one is a classic
representative of weakly coordinating anions {WCA/[B(CsFs5)4]"}. The bifunctional substrates were
all protonated on the chalcogenide entity when using the WCA and no evidence of hydrogen
bonding networks could be observed in the solid state and in solution. However, intermolecular
exchange of the ChH and NH2z protons might take place for sulfur- and selenium-substituted
congeners in CD2Cl2 solution. In contrast to this, two different supramolecular aggregation modes
were found for the chloride products. The oxygen analogue, which was protonated on the oxygen
moiety, formed a two-dimensional, hydrogen-bonded network by interaction with the chloride anions
in the solid state. Due to their lower basicity, it was not possible to protonate the sulfur or selenium
entity under the same conditions. Instead, an ammonium cation was generated, which formed a
cube-shaped synthon with the chloride anions in the solid state. We assume that the number of
hydrogen bonding interactions leads to an energy gain compared to the protonation of the
chalcogenide function. The tetrameric structure remained intact in sufficiently high concentrations
in CD2Cl2 solution but disintegrated in too low concentrations. Furthermore, it was discovered that
P-stereogenic enantiomerically pure aminophosphine sulfides exhibit comparable aggregation
properties to an achiral sulfide. Our findings were supported by single crystal X-ray analysis, NMR
spectroscopy, IR spectroscopy and computational studies. The results of this model study could
provide insights into important structural patterns that have implications for a variety of topics and
further investigations. Of particular importance appear the tailored formation of supramolecular
synthons by gradual cluster expansion due to free sulfide or selenide coordination sites and the

field of hydrogen-bonding/ion-pairing organocatalysis.
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4.6. Syntheses and Characterizations

4.6.1. General Remarks

All experiments were performed in an inert atmosphere of purified nitrogen by using standard
Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was heated at 140 °C
prior to use. Diethyl ether (Et20), dichloromethane (DCM), n-hexane, n-pentane, tetrahydrofuran
(THF), and toluene were dried and degassed with an MBraun SP800 solvent purification system.
Di-tert-butylchlorophosphine (98%, abcr or 96%, Merck), ammonia (anhydrous, Staub & Co.), sulfur
(99%, Merck), ammonia (98% '°N, Eurisotop), hydrogen chloride (2.0 m solution in diethyl ether,
Merck) and deuterium chloride (2.0 m solution in diethyl ether, Merck) were used without further
purification.

(Rp)-2 and rac-2 were synthesized following a procedure published by our group.l!
[H(OEt2)2][B(CeFs5)4] and [D(OEt2)2][B(CsFs)4] were synthesized following a reported procedure.l?
tBuz2(PO)NH:2 (5) was synthesized following a reported procedure.’®a 6 was prepared following a
procedure published by our group.!

CsDs (=99.6%, Merck) was used for NMR spectroscopy as purchased. CD2Cl2 (> 99.8%,
Fluorochem) was degassed and dried over molecular sieve (3 A) prior to use. NMR spectra were
either recorded using a Bruker Avance 400 (400.13 MHz) or a Bruker Avance Il HD 400
(400.13 MHz) at 25 °C. Chemical shifts (0) are reported in parts per million (ppm). 'H, 2H and
8C{'H} NMR spectra are referenced to tetramethylsilane (SiMes, & = 0.0 ppm) as external standard,
with the deuterium signal of the solvent serving as internal lock and the residual solvent signal as
an additional reference. 3'P{'H}, 77Se{'H}, ""B{'H}, '°F{'H} and 2°Si{'H} NMR spectra are referenced
to H3POs4, Se(CHs)2, BF3-OEt2, CFCls and SiMes, respectively. For the assignment of the
multiplicities, the following abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet, br = broad signal.

Elemental analyses were performed on a Vario MICRO cube apparatus.

High-resolution mass spectrometry was carried out on a Jeol AccuTOF GCX and an Agilent Q-TOF
6540 UHD spectrometer.

Infrared spectroscopy for solids was carried out on a Thermo Scientific Nicolet™ iS™ 5 FT-IR-
Spectrometer.

Infrared spectroscopy in solution was performed in CH2Cl2 on a Bruker Vertex 80 spectrometer with
OPUS software. All measurements were performed at 25 °C. IR data was processed, evaluated,
and plotted with Python 3 software. For the peak intensities, the following abbreviations are used:

vw = very weak, w = weak, m = medium, s = strong, vs = very strong, br = broad.
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4.6.2. Synthetic Procedures

4.6.2.1. Synthesis of tBuz2(PS)NH:z (1)

es
NH3 /g Sg
tBu"‘““P\ Bu N — \u---ll3®
& Cl Et,0, 15h - NHz  pentane, 15 h Bu / \NH
u —80 °Ctordt. u 0°Ctordt. By 2
99% 90%

1

1 was synthesized in a modified literature procedure.!

Di-tert-butylchlorophosphine (15.4 g, 85.2 mmol) in diethyl ether (100 mL) was cooled to -50 °C
and ammonia was passed through the solution for 45 min. The reaction mixture was allowed to
slowly warm to room temperature and stirred for 15 h. The precipitated NH4Cl was filtered off via
cannula filtration and washed with diethyl ether. The solvent was removed in vacuo from the filtrate
yielding amino-di-tert-butylphosphine as a colorless liquid (13.6 g, 84.3 mmol, 99%). The values of
"H and 3'P{'"H} NMR are in accordance with the literature.

Amino-di-tert-butylphosphine (7.00 g, 43.4 mmol, 1.0 equiv.) was added dropwise to a suspension
of sulfur (1.39 g, 43.4 mmol, 1.0 equiv.) in n-pentane (90 mL) at 0 °C. The reaction mixture was
allowed to slowly warm to room temperature and stirred for 15 h yielding a colorless suspension.
The liquid phase was removed by cannula filtration and the remaining solid was extracted with the
minimum amount of diethyl ether. After removal of insoluble solids via cannula filtration, the solvent
was removed in vacuo to obtain 1 as a colorless solid (7.58 g, 39.2 mmol, 90%). Crystals suitable

for single crystal X-ray diffraction were obtained from n-pentane at -25 °C.

For the >N NMR measurements, the first reaction was proceeded using 98% '°N labelled ammonia
as reagent. In order not to waste the enriched ammonia, the gas was condensed into an empty
Schlenk tube at —196 °C (gas flow at 3.9 bar for 30 sec). Di-tfert-butylchlorophosphine (2.85 g,
15.77 mmol) in diethyl ether (10 mL) was precooled to —70 °C and then added to enriched ammonia
at —70 °C. The reaction mixture was allowed to slowly warm to room temperature and stirred for
15 h. The precipitated '*NH4Cl was filtered off via cannula filtration and washed with diethyl ether.
The solvent was removed in vacuo from the filtrate yielding '°N labelled amino-di-tert-
butylphosphine as a colorless liquid (1.71 g, 10.5 mmol, 66%). The values of 'H and 3'P{'"H} NMR
are in accordance with the literature.

5N labelled amino-di-tert-butylphosphine (1.00 g, 6.16 mmol, 1.0 equiv.) was added dropwise to a
suspension of sulfur (0.20 g, 6.16 mmol, 1.0 equiv.) in n-pentane (15 mL) at 0 °C. The reaction
mixture was allowed to slowly warm to room temperature and stirred for 15 h yielding a colorless
suspension. The liquid phase was removed by cannula filtration and the remaining solid was
extracted with the minimum amount of diethyl ether. After removal of insoluble solids via cannula
filtration, the solvent was removed in vacuo to obtain '°N labelled 1 as a colorless solid (0.67 g,
3.45 mmol, 56%).

154



H NMR (400.13 MHz, CeDs, 298 K): & = 1.14 (d, 3Jhp = 15.2 Hz, 18H, PC(CHs)3), 1.54 (br, 2H,
NH,). 'P{'H} NMR (162.04 MHz, CeDs, 298 K): 5 = 92.9 (s). *C{'H} NMR (100.61 MHz, CsDs,
298 K): & = 27.3 (d, 2Jc-r = 1.7 Hz, PC(CHa)s), 38.5 (d, 'Jc-r = 55.7 Hz, PC(CHs)s). '"H NMR
(400.13 MHz, CD2Clz, 298 K): & = 1.32 (d, 3Ju-p = 15.4 Hz, 18H, PC(CHa)s), 2.20 (br, 2H, NH>).
3P{'H} NMR (162.04 MHz, CD2Clz, 298 K): & = 94.1 (s). *C{'H} NMR (100.61 MHz, CD:Cly,
298 K): & = 27.6 (d, 2Jc—p = 1.6 Hz, PC(CHs)s), 38.9 (d, 'Jer = 55.3 Hz, PC(CHs)s). 5N NMR
(40.54 MHz, CD2Clz, 298 K, "N labelled): & = 29.1 (td, 'n-+= 76.0 Hz, 1Un-r = 22.2 Hz). Elemental
analysis: CsH20NPS: calcd.: C 49.71, H 10.43, N 7.25; found: C 49.92, H 10.15, N 7.29. HR(EI+)-
MS: calcd. m/z for CsH2oNPS [M*]: 193.1049, found: 193.1054.

[CE
-
— -

N

1.54

Figure S4.1. *H NMR spectrum (C¢Ds, 298 K) of 1.
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Figure S4.2. 3'P{*H} NMR spectrum (CsDs, 298 K) of 1.
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Figure S4.3. *C{*H} NMR spectrum (C¢Ds, 298 K) of 1.
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Figure S4.4. *H NMR spectrum (CD,Cl,, 298 K) of 1.
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Figure S4.5. 3*P{*H} NMR spectrum (CD,Cl,, 298 K) of 1.
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Figure S4.6. *C{*H} NMR spectrum (CD,Cl,, 298 K) of 1.
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Figure S4.7. >N NMR spectrum (CD,Cl,, 298 K) of N labelled 1.
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4.6.2.2. Synthesis of tBuz(PS)NHs* CI- [(1-HCI)4]

©s
Lo
tBu//P’/,,’ o
Bu @T\ Hoommmees ¢l
AN
H HEY tBu
\ A \tB
Ho L H | &
by N 2\
os O N "o\ os
| HCl(20eq) | | Ho | ) o
wp® ! | H =4 _ P + 4 HCI
Bu" / AN Et,0,1h Cl----- --=-H——N...,,,,, | @ ptBU cp,cl, fBu / \NH
NHz 7y o\ | CAH 2
tBu o AN H H | \ tBu tBu
88% H -
\ o Se
N——H--------- Cl
S ®P/® ©
© :E\tBu
tBu
1 (1-HCI), 1+ HClg,
solid-state / 100 mM CD,CI, solution <10 mM CD,CI, solution

1 (0.60 g, 3.10 mmol, 1.0 equiv.) was dissolved in diethyl ether (20 mL) and HCI (3.10 mL,
6.20 mmol, 2.0 equiv., 2.0 m in diethyl ether) was added dropwise at room temperature resulting in
a colorless suspension after a few minutes. After 1 h of stirring, the solvent was removed in vacuo
and the solid further dried. (1-HCI)s was obtained as a colorless solid (0.63 g, 2.74 mmol, 88%).

Crystals suitable for single crystal X-ray diffraction were grown from Et20 at -35 °C.

"H NMR (400.13 MHz, 100 mM in CD2Cl2, 298 K): & = 1.50 (d, 3Jn-p = 17.4 Hz, 18H, PC(CH?s)3),
9.32 (br, 3H, NH3). '"H NMR (400.13 MHz, 100 mM in CD2Cl2, 193 K, "*N labelled): 5 = 1.40 (d, 3Jn-
p = 17.7 Hz, 18H, PC(CHs)3), 9.56 (d, '"Ju-n = 68.1 Hz, 3H, NHs). 3'P{'H} NMR (162.04 MHz,
100 mM in CD2Cl2, 298 K): & = 111.5 (br). 3'"P{'"H} NMR (162.04 MHz, 100 mM in CD2Cl2, 193 K,
5N labelled): & = 111.9 (d, "Jr—n = 34.1 Hz). 3C{'H} NMR (100.61 MHz, 100 mM in CD2Cl2, 298 K):
5 =27.5 (d, 2Jc-p = 2.0 Hz, PC(CHs3)3), 40.8 (d, 'Jc—p = 43.2 Hz, PC(CHs3)3). >N NMR (40.54 MHz,
100 mM in CD2Cl2, 298 K, 5N labelled): & = 60.1 (br; no N-H or N-P coupling visible). 1SN NMR
(40.54 MHz, 100 mM in CD2Cl2, 193 K, "*N labelled): 5 = 62.6 (qd, 'Un-1 = 68.0 Hz, "Jr-n = 34.0 Hz).
H NMR (400.13 MHz, 5 mM in CD2Cl2, 298 K): & = 1.33 (d, 3Jn-r = 15.4 Hz, 18H, PC(CHs)3), 2.14
(br, 2H, NH2). 3'P{'"H} NMR (162.04 MHz, 5 mM in CD2Cl2, 298 K): & = 94.2 (s). *C{'H} NMR
(100.61 MHz, 5 mM in CD2Cl2, 298 K): 8 = 27.6 (d, 2Jc-p = 1.3 Hz, PC(CH?3)3), PC(CH?s)s not visible.
5N NMR (40.54 MHz, 5 mM in CD2Cl2, 298 K, 5N labelled): & = 29.5 (br; no N-H or N-P coupling
visible). "*N{'H} NMR (40.54 MHz, 5 mM in CD2Cl2, 298 K, "N labelled): & = 29.0 (d, "Un-p =
22.4 Hz). Elemental analysis: CsH21CINPS: calcd.: C 41.82, H 9.21, N 6.10; found: C 41.90, H
8.81, N 6.06. IR (solid, ATR): 2713 (s, br, NHs*), 2002 (vw), 1866 (vw), 1556 (vw), 1466 (m), 1435
(s), 1403 (m), 1375 (m), 1184 (w), 1024 (w).

For 2H NMR measurements, the reaction was proceeded using 1 (0.50 g, 2.59 mmol, 1.0 equiv.) in
diethyl ether (2 mL) and DCI (5.2 mL, 5.18 mmol, 2.0 equiv., 1.0 m in diethyl ether). 2H labelled
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compound (1-DCl)4 was obtained as a colorless solid (0.50 g, 2.17 mmol, 84%). The 2H NMR
samples were prepared using a mixture of CH2Cl2 and CD2Cl2 (9:1) as solvent.

"H NMR (400.13 MHz, 100 mM in CD2Cl2, 298 K): & = 1.49 (d, 3Jn-p = 17.3 Hz, 18H, PC(CHs)3),
9.59 (br, 2H, NH2D). 2H NMR (61.42 MHz, 100 mM in CH2Cl2/CD2Cl2(9:1), 298 K): & = 8.96 (br, 1D,
NH2D). 'TH NMR (400.13 MHz, 5 mM in CD2Clz, 298 K): & = 1.33 (d, 3Jnr = 15.4 Hz, 18H,
PC(CHs)3), 1.90 (br, 1H, NHD). 2H NMR (61.42 MHz, 5 mM in CH2Cl2/CD2Cl2(9:1), 298 K): & = 2.08
(br, 1D, NHD).
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Figure S4.8. 'H NMR spectrum (100 mM in CD,Cl,, 298 K) of (1-:HClI)s.
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Figure S4.9. *H NMR spectrum (100 mM in CD,Cl,, 193 K) of *N labelled (1-HCI)..
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Figure S4.10. 3'P{*H} NMR spectrum (100 mM in CD,Cl,, 298 K) of (1-HCl),.
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Figure S4.11. 3P{*H} NMR spectrum (100 mM in CD,Cl,, 193 K) of *N labelled (1-HCI),.

o 0 1
- O INENY
<+ < o~ N
\Ya N

100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
Figure S4.12. ®C{*H} NMR spectrum (100 mM in CD,Cl,, 298 K) of (1-HClI)..
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Figure S4.13. N NMR spectrum (100 mM in CD,Cl,, 298 K) of *N labelled (1-HCI), (no N—H or N-P coupling visible).
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Figure S4.14. >N NMR spectrum (100 mM in CD,Cl, 193 K) of N labelled (1-HCI),.
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Figure S4.15. *H NMR spectrum (5 mM in CD,Cl,, 298 K) of 1 + HClsy.
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Figure S4.16. 3'P{*H} NMR spectrum (5 mM in CD,Cl,, 298 K) of 1 + HClsyy.
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Figure S4.17. 3C{*H} NMR spectrum (5 mM in CD,Cl, 298 K) of 1 + HClsoy.
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Figure S4.18. >N NMR spectrum (5 mM in CD,Cl,, 298 K) of **N labelled 1 + HClso, (no N—H or N—P coupling visible).

165

0



—29.2
—28.7

T T T T
15 13 11 9 87 6 543210

39 37 35 33 31 29 27 25 23 21 19 17
Figure S4.19. >N{*H} NMR spectrum (5 mM in CD,Cl,, 298 K) of 1*N labelled 1 + HClsoy.
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Figure S4.20. 'H NMR spectrum (100 mM in CD,Cl,, 298 K) of (1:DCI),.
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Figure S4.21. 2H NMR spectrum (100 mM in CH,Cl,/CD,Cl; (9:1), 298 K) of (1:DCl),.
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Figure S4.22. *H NMR spectrum (5 mM in CD,Cl,, 298 K) of 1 + DClsy.
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Figure S4.23. 2H NMR spectrum (5 mM in CH,Cl,/CD,Cl, (9:1), 298 K) of 1 + DClso.
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4.6.2.3. Synthesis of tBuz(P*—SH)NH2 B(CsFs)4~ [(1-SH*) WCA]

O©s SH
| ® [H(OEt:)I[B(CeFs)a]l |® o
Bu 7PN DCM, 15 h Iy AN
{ N rt. / TNH
tBu 87% tBu
1 (1-SH)* WCA-

1 (117 mg, 0.60 mmol, 1.0 equiv.) and [H(OEt2)2][B(CeF5)4] (500 mg, 0.60 mmol, 1.0 equiv.) were
dissolved in dichloromethane (10 mL) and the resulting suspension was stirred for 15 h at room
temperature. All volatiles were removed in vacuo and the solid further dried. (1-SH)* WCA~ was
obtained as a colorless solid (450 mg, 0.52 mmol, 87%). Crystals suitable for single crystal X-ray

diffraction were grown from toluene after layering with n-pentane.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.48 (d, 3Ju-r = 18.4 Hz, 18H, PC(CH?s)3), 2.96 (br, 3H,
NH2/SH). 3'P{'"H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 97.6 (s). "*C{'H} NMR (100.61 MHz,
CD2Cl2, 298 K): 8 = 26.6 (d, 2Jc-p = 0.6 Hz, PC(CHa)3), 39.6 (d, 'Jc-p = 44.6 Hz, PC(CH3)3), Car-borate
not visible. >N NMR (40.54 MHz, CD2Cl2, 298 K, °N labelled): d = 21.2 (d, Jx-p = 15.9 Hz; no N-H
coupling visible). >N NMR (40.54 MHz, CD2Clz, 193 K, '*N labelled): & = 22.9 (d, Jnp = 16.5 Hz;
no N—H coupling visible). 1SN{'"H} NMR (40.54 MHz, CD2Cl2, 298 K, 5N labelled): 5 = 21.2 (d, Jn-p
=15.9 Hz). "B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): 6 = -16.9 (s). "*F{'"H} NMR (376.66 MHz,
CD2Clz, 298 K): 6 = —167.2 (m, 8F, meta-Far-borate), —163.3 (M, 4F, para-Farborate), —132.9 (s, 8F,
ortho-Farvorate). Elemental analysis: C32H21BF20NPS: calcd.: C 44.01, H 2.42, N 1.60; found: C
42.85,H2.74, N 1.64. IR (ATR): 3464 (vw, NH2), 3375 (w, NHz), 2975 (vw), 2573 (vw, SH), 1644
(m), 1547 (w), 1514 (s), 1456 (vs), 1411 (w), 1375 (w), 1274 (m), 1186 (vw), 1084 (s), 1022 (vw),
973 (vs).

For 2H NMR measurements, the reaction was proceeded using 1 (30.0 mg, 0.16 mmol, 1.0 equiv.)
and [D(OEt2)2][B(CsFs)4] (129 mg, 0.16 mmol, 1.0 equiv.) in dichloromethane (1 mL). 2H labelled
compound (1-SD)* WCA- was obtained as a colorless solid (105 mg, 0.12 mmol, 75%). The 2H
NMR sample was prepared using a mixture of CH2Cl2 and CD2Clz (9:1) as solvent.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.49 (d, 3Ju-r = 18.4 Hz, 18H, PC(CH?3)3), 2.91 (br, 2H,
NH-2 or NHD/SH). 2H NMR (61.42 MHz, CH2Cl2/CD2Cl2 (9:1), 298 K): & = 2.90 (br, 1D, NHD or SD).
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Figure S4.24. 'H NMR spectrum (CD,Cl,, 298 K) of (1-SH)* WCA".
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Figure S4.25. *P{*H} NMR spectrum (CD,Cl,, 298 K) of (1-SH)* WCA".
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Figure S4.26. *3C{*H} NMR spectrum (CDCl,, 298 K) of (1-SH)* WCA".
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Figure S4.27. 5N NMR spectrum (CD,Cl,, 298 K) of N labelled (1-SH)* WCA- (no N—H coupling visible).
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Figure S4.28. N NMR spectrum (CD,Cl,, 193 K) of N labelled (1-SH)* WCA~ (no N—H coupling visible).
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Figure S4.29. >N{*H} NMR spectrum (CD,Cl,, 298 K) of **N labelled (1-SH)* WCA".

172



-16.9

L

50 45 40 35 30 25 20 15 10 5 0 -5 .10 -15 -20 -25 -30 -35 -40 -45 -50

Figure S4.30. *B{*H} NMR spectrum (CD,Cl,, 298 K) of (1-SH)* WCA".
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Figure S4.31. *F{*H} NMR spectrum (CDCl,, 298 K) of (1-SH)* WCA".
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Figure S4.32. *H NMR spectrum (CD,Cl,, 298 K) of (1-SD)* WCA".
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Figure S4.33. 2H NMR spectrum (CH,Cl,/CD,Cl, (9:1), 298 K) of (1-SD)* WCA".
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4.6.2.4. Synthesis of (Rp)-tBuCy(PS)NHs* CI- {[(Rr)-2-HCI]}

©s
Cy7P’//,‘_ @
B @N—H cl
, H\ ': N tBu Cy
l:' : \ \ H\ @ lP.“‘\
D | st
os i OCI-mmoo- H—N"g\ ©s
| HCl (2.0 eq) | i Hoo| Se B
P& > | | H =4 _ P + 4 HCl
Cy™"/ N\ E20,1h  Cl-=-=d----H——N..,,, | ®,Bu  cp,c, O™/ ™\
/ NH \ ! med 2v2 / NH,
B 2t o\ A @\H "R—cy {Bu
85% Y W \
N oo Se
N——H--------- of
S ®P/ ® ©
@ §\tBu
Cy
(Rp)-2 [(Rp)-2-HCl]4 (Rp)-2 + HClg)y
solid-state / 100 mM CD,Cl, solution <10 mM CD,CI, solution

(Rp)-2 was synthesized following a procedure published by our group.!"!

(Rp)-2 (100 mg, 0.46 mmol, 1.0 equiv., e.r. > 99:1) was dissolved in diethyl ether (2 mL) and HCI
(0.46 mL, 0.92 mmol, 2.0 equiv., 2.0 m in diethyl ether) was added dropwise at room temperature
resulting in a colorless suspension after a few minutes. After 1 h of stirring, the solvent was removed
in vacuo and the remaining solid further dried. [(Rr)-2-HCI]4 was obtained as a colorless solid
(99 mg, 0.39 mmol, 85%). Crystals suitable for single crystal X-ray diffraction were grown from Et20

by slow evaporation of the solvent.

"H NMR (400.13 MHz, 100 mM in CD2Cl2, 298 K): & = 1.34-1.20 (m, 3H, CH2), 1.38 (d, 3Ju-p =
17.5 Hz, 9H, PC(CHs)3), 1.72—1.52 (m, 3H, CH-), 1.86—1.83 (m, 1H, CH2), 1.98-1.92 (m, 2H, CH2),
2.14-2.11 (m, 1H, CH2), 2.38-2.32 (m, 1H, CH-), 8.37 (br, 3H, NHs). 3'P{'"H} NMR (162.04 MHz,
100 mM in CD2Cl2, 298 K): & = 99.7 (br). *C{'H} NMR (100.61 MHz, 100 mM in CD2Clz, 298 K): &
=25.8 (d, 3Jcr = 1.6 Hz, CH2), 26.0 (d, ?Jc-p = 1.8 Hz, PC(CH3)3), 26.6 (d, 2Jcp = 15.3 Hz, CH2),
26.9 (d, 2Jc-p = 13.4 Hz, CH2), 27.4 (d, 3Jc-p = 4.5 Hz, CH2), 27.9 (s, CH2), 38.2 (d, 'Jc—p = 50.2 Hz,
PC(CHs3)3), 39.0 (d, '"Jc-p = 49.3 Hz, PCH). "H NMR (400.13 MHz, 5 mM in CD2Clz, 298 K): & =
1.22-1.18 (m, 1H, CH2), 1.26 (d, 3Ju-p = 16.0 Hz, 9H, PC(CHs)3), 1.26—-1.25 (m, 1H, CH2), 1.39-
1.29 (m, 2H, CH2), 1.60-1.44 (m, 2H, CH-), 1.72-1.68 (m, 1H, CH-2), 1.99-1.80 (m, 4H, CH2), 2.29
(br, 2H, NH2). 3'P{'H} NMR (162.04 MHz, 5 mM in CD2Cl, 298 K): & = 87.0 (s). "*C{'H} NMR
(100.61 MHz, 5 mM in CD2Cl2, 298 K): & = 25.3 (d, 2Jc-p = 1.5 Hz, PC(CH3)3), PC(CHa3)3, CH and
CH: not visible. Elemental analysis: C1oH23CINPS - 0.2 Et20: calcd.: C 47.94, H 9.31, N 5.18;
found: C 48.24, H 8.99, N 5.24.

175



A
Zas
STTH
9T
e
87T+
0E'T
0E'T
4 ;W

T
veTJE
oL
or'TE
CInE
£57T
85T
65T 1
09°7
197
297 ]
497 4
$9°T
59T
99'7 4
197
89'T
89'T
69'T
12T
[/as
[/as
€8T
€8'T
¥8°T ]
98'T
26T
S6'T
86'T
86'T
T
e
[AN A
€17
pTZ
£€77
pET
S€'74
9€7Z 4
9€7Z 4
L2

LE'8—

LE8—

8°C

10

A

58'C

40 35 30 25 20 15 1.0 05 0.0

4.5

95 90 85 80 75 70 65 60 55 50

10.0

Figure S4.34. 'H NMR spectrum (100 mM in CD,Cl,, 298 K) of [(Rr)-2-HCl]..
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Figure S4.35. 3!P{*H} NMR spectrum (100 mM in CD,Cl,, 298 K) of [(Rr)-2:HCl]..
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Figure S4.36. *C{*H} NMR spectrum (100 mM in CD,Cl,, 298 K) of [(Rr)-2-HCI]..

—2.29

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Figure S4.37. 'H NMR spectrum (5 mM in CD,Cl,, 298 K) of (Rp)-2 + HClson.
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Figure S4.38. 3P{*H} NMR spectrum (5 mM in CD,Cl,, 298 K) of (Rs)-2 + HClsoly.
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Figure S4.39. 3C{*H} NMR spectrum (5 mM in CD,Cl,, 298 K) of (Rp)-2 + HClsoy.
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4.6.2.5. Synthesis of (Rp)-tBuCy(P*—SH)NHz B(CeFs)+~ {[(Rr)-2-SH]* WCA-}

Os
| ® [H(OEL:),]B(CsFs)al SH
P, ® €]
Cy* N DCM, 15 h
tBu/ NH, n cy /P\NH B(CeFs)a
82% tBu 2
(Rp)-2 [(Rp)-2-SH]* WCA-

(Rp)-2 was synthesized following a procedure published by our group.!"!

(Rp)-2 (8.0 mg, 31.3 pmol, 1.0 equiv.) and [H(OEt2)2][B(CeF5)4] (26 mg, 31.3 umol, 1.0 equiv.) were
dissolved in dichloromethane (1 mL) and the resulting suspension was stirred for 15 h at room
temperature. All volatiles were removed in vacuo and the solid further dried. [(Rr)-2—SH]* WCA~

was obtained as a colorless solid (23 mg, 25.6 ymol, 82%).

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.21-1.35 (m, 1H, CH-), 1.39-1.41 (m, 1H, CH2), 1.40
(d, 3Jn-p = 18.8 Hz, 9H, PC(CHs)3), 1.45-1.59 (m, 3H, CHz), 1.78—1.84 (m, 1H, CH2), 1.94-2.07 (m,
4H, CH2), 2.37-2.45 (m, 1H, CH2), 2.94 (s, 3H, NH2/SH). 3'P{'"H} NMR (162.04 MHz, CD:Cl>,
298 K): & = 90.2 (s). ®*C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 25.1 (s, PC(CH3)3), 25.4 (d,
3Jc-p = 1.8 Hz, CH2), 26.3 (d, 2Jc—p = 15.1 Hz, CH2), 26.4 (d, 2Jc—p = 13.6 Hz, CH2), 27.0 (d, 3Jcp =
5.1 Hz, CHz), 28.0 (d, “Jc-p = 2.6 Hz, CH2), 37.3 (d, "Jc—p = 51.3 Hz, PC(CH3)3), 37.7 (d, 'Jc-p =
49.4 Hz, PCH), 124.7 (s, ipso-Carborate), 136.9 (d, "Jc-r = 246.9 Hz, meta-Carborate), 138.8 (d, 'Jc-r
= 246.7 Hz, para-Carborate), 148.8 (d, 'Jc-F = 244.2 Hz, ortho-Carborate). ""B{"H} NMR (128.43 MHz,
CD2Cl2, 298 K): 6 =-16.9 (s). "*F{"H} NMR (376.66 MHz, CD2Cl2, 298 K): 6 = -167.3 (m, 8F, meta-
Farborate), —163.5 (m, 4F, para-Farvorate), —132.9 (s, 8F, ortho-Farborate). Elemental analysis:
C34H23BF20NPS: calcd.: C 45.41, H 2.58, N 1.56; found: C 45.10, H 3.07, N 1.68.
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Figure S4.40. *H NMR spectrum (CD,Cl,, 298 K) of [(Rp)-2—SH]* WCA".
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Figure S4.41. *P{*H} NMR spectrum (CD,Cl,, 298 K) of [(Rp)-2—=SH]* WCA".
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Figure S4.42. BC{*H} NMR spectrum (CD,Cl,, 298 K) of [(Rp)-2—SH]* WCA".
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Figure S4.43. 'B{*H} NMR spectrum (CD,Cl,, 298 K) of [(Rp)-2—=SH]* WCA".
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Figure S4.44. F{*H} NMR spectrum (CDCl,, 298 K) of [(Rs)-2—SH]* WCA".
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4.6.2.6. Synthesis of rac-tBuCy(PS)NHs* CI- [(rac-2-HCI)4]

©s
/P
Cy—, %, ©
/2 VT — Cl
u @|\ N 5
\ b v c
AN W LT
\ N \ \ /P
os S H—N" o\ os
o HCl@Oea) | Hoo | Se o
__p E—— ! | H P + 4 HCI
Y™/ N, B0 180 CloommiimmoH——Nou, 1 @ BU - aDyCl, OV /Ny,
2 o O\ "R 2
tBu rt @ N H H : \Cy Bu
40% H N \
\‘ N Se
N——H--------- cl
s ®P/ ® ©
© ,\tBu
Cy
rac-2 (rac-2-HCl), rac-2 + HClgqy
100 mM CD,Cl, solution <10 mM CD,CI, solution

rac-2 was synthesized following a procedure published by our group.[

rac-2 (1.00 g, 4.56 mmol, 1.0 equiv.) was dissolved in diethyl ether (5 mL) and HCI (4.6 mL,
9.12 mmol, 2.0 equiv., 2.0 m in diethyl ether) was added dropwise at room temperature resulting in
a colorless suspension after a few minutes. After 15 h of stirring, the solvent was removed in vacuo
and the remaining solid further dried. (rac-2-HCl)4 was obtained as a colorless solid (0.47 g,
1.84 mmol, 40%).

"H NMR (400.13 MHz, 100 mM in CD2Clz, 298 K): & = 1.34-1.20 (m, 3H, CH2), 1.38 (d, 3Ju-p =
17.4 Hz, 9H, PC(CHs)s), 1.66-1.44 (m, 2H, CHz), 1.72-1.69 (m, 1H, CHz), 1.87-1.84 (m, 1H, CHz),
1.99-1.92 (m, 2H, CHz), 2.13-2.10 (m, 1H, CHz), 2.40-2.29 (m, 1H, CHz), 8.64 (br, 3H, NHs).
MP{'H} NMR (162.04 MHz, 100 mM in CD2Clz, 298 K): & = 100.3 (br). *C{'"H} NMR (100.61 MHz,
100 mM in CD2Clz, 298 K): & = 25.9 (d, %Jo_p = 1.3 Hz, CHz), 26.2 (d, 2Je_p = 1.3 Hz, PC(CHa)s)
26.8 (d, 2Jo_p = 14.6 Hz, CHz), 27.1 (d, 2Jor = 12.9 Hz, CH2), 27.2 (d, 3Jc_p = 4.0 Hz, CHz), 28.6 (s,
CHz), 36.8 (d, 'Jo_p = 59.3 Hz, PC(CHa)s), 38.6 (d, "Jo_r = 56.5 Hz, PCH). TH NMR (400.13 MHz,
5 mM in CD2Clz, 208 K): & = 1.23 (d, *Jip = 15.8 Hz, OH, PC(CHs)s), 1.37—1.29 (m, 2H, CHz), 1.58—
1.41 (m, 3H, CH2), 1.71-1.67 (m, 1H, CHz), 1.89-1.78 (m, 3H, CHz), 1.92 (br, 2H, NH2), 2.02—1.92
(M, 2H, CHz). *P{'H} NMR (162.04 MHz, 5mM in CD.Cl, 298 K): 5 = 86.7 (s). "*C{"H} NMR
(100.61 MHz, 5 mM in CD2Cl2, 298 K): 6 = 25.3 (d, 3Jc—p = 1.4 Hz, CH2), 25.7 (d, ?Jcr = 1.9 Hz,
PC(CHa3)3), 26.3 (d, 2Jc—p = 14.5 Hz, CH2), 26.5 (d, 2Jc-p = 12.9 Hz, CH>), 26.6 (d, 3Jc-p = 3.9 Hz,
CHz), 28.1 (s, CHz), 38.0 (d, 'Jo_p = 58.1 Hz, PCH), PC(CHs)s not visible.
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Figure S4.45. 'H NMR spectrum (100 mM in CD,Cl,, 298 K) of (rac-2-HCl),.
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Figure S4.46. 3'P{*H} NMR spectrum (100 mM in CD,Cl,, 298 K) of (rac-2:HCl),.
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Figure S4.49. 3P{*H} NMR spectrum (5 mM in CD,Cl,, 298 K) of rac-2 + HClsoy.
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4.6.2.7. Synthesis of rac-tBuCy(P*—SH)NH:2 B(Ce¢F5)4~ [(rac-2-SH)* WCA"]

O©s
| ® [H(OEL),][B(CeFs)al SH
P ©
Cy// N\h, DCM.15h c __p® B(CoFs)s
B 2 rt Y/ S\H
73% tBu 2
rac-2 (rac-2-SH)* WCA~

rac-2 was synthesized following a procedure published by our group.!"!

rac-2 (24 mg, 0.11 mmol, 1.0 equiv.) and [H(OEt2)2][B(CsF5)4] (90 mg, 0.11 mmol, 1.0 equiv.) were
dissolved in dichloromethane (1 mL) and the resulting suspension was stirred for 15 h at room
temperature. All volatiles were removed in vacuo and the solid further dried. (rac-2-SH)* WCA-

was obtained as a colorless solid (70 mg, 0.08 mmol, 73%).

H NMR (400.13 MHz, CD2Cla, 298 K): & = 1.23-1.38 (m, 2H, CH2), 1.41-1.43 (m, 1H, CH,), 1.42
(d, 3Jn-p = 19.3 Hz, 9H, PC(CH)3), 1.46—~1.61 (m, 3H, CH), 1.80—1.84 (m, 1H, CH2), 1.91-2.09 (m,
4H, CHz), 2.43-2.52 (m, 1H, CH2), 2.99 (s, 3H, NH2/SH). 3'P{'"H} NMR (162.04 MHz, CD:Cly,
298 K): & = 90.4 (s).
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Figure S4.51. *H NMR spectrum (CD2Cl,, 298 K) of (rac-2-SH)* WCA".
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Figure S4.52. *P{*H} NMR spectrum (CD,Cl,, 298 K) of (rac-2-SH)* WCA".
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4.6.2.8. Synthesis of tBu2(PS)CI (3)

os
1
/g Sg
B “‘““P\ \\\““L@
u / Cl hexane, 5 h Bu / \CI
B 60 °C B
86% 3

3 was synthesized in a modified literature procedure.!

Di-tert-butylchlorophosphine (2.00 g, 11.1 mmol, 1.0 equiv.) and sulfur (0.36 g, 11.1 mmol,
1.0 equiv.) were suspended in n-hexane (10 mL) and heated to 60 °C for 5 h. The solvent was
removed in vacuo and the remaining solid was extracted with the minimum amount of n-pentane.
After removal of insoluble solids via cannula filtration, the solvent was removed in vacuo to obtain

3 as a colorless solid (2.02 g, 9.50 mmol, 86%).

H NMR (400.13 MHz, CsDs, 298 K): & = 1.21 (d, 3Jn-r = 18.2 Hz, 18H, PC(CHs)s). 3'P{'"H} NMR
(162.04 MHz, CeDs, 298 K): 5 = 145.3 (s). *C{'"H} NMR (100.61 MHz, CsDs, 298 K): & = 27.5 (d,
2Jc—p = 2.0 Hz, PC(CH3)3), 45.2 (d, "Jc—p = 40.8 Hz, PC(CHs)3). "TH NMR (400.13 MHz, CD2Cl>,
298 K): & = 1.46 (d, 3Jkr = 18.4 Hz, 18H, PC(CHa)s). *'P{'"H} NMR (162.04 MHz, CD:Clz, 298 K):
5 = 146.4 (s). 3C{'H} NMR (100.61 MHz, CD2Cly, 298 K): & = 27.9 (d, 2Jc_p = 2.0 Hz, PC(CH3)3),
45.7 (d, 'Jo-p = 39.9 Hz, PC(CHs)3). Elemental analysis: CsH1sCIPS: calcd.: C 45.17, H 8.53;
found: C 45.01, H 8.21. HR(EI+)-MS: calcd. m/z for CsH1sCIPS [M*]: 212.0550, found: 212.0556.
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Figure S4.53. *H NMR spectrum (Ce¢Ds, 298 K) of 3.
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Figure S4.54. 3P{*H} NMR spectrum (C¢Ds, 298 K) of 3.
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Figure S4.55. 3C{*H} NMR spectrum (CgDs, 298 K) of 3.
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Figure S4.56. *H NMR spectrum (CD,Cl,, 298 K) of 3.

191



146.4

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Figure S4.57. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of 3.
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Figure S4.58. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of 3.
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4.6.2.9. Synthesis of tBuz2(PSe)NH: (4)

©se
--P\ Se |®
Bu —_—— P
NH2  pentane, 15 h Bu \NH
tBu t 2
r.t tBu
75%
4

Amino-di-tert-butylphosphine (3.00 g, 18.6 mmol, 1.0 equiv.) was added dropwise to a suspension
of grey selenium (1.47 g, 18.6 mmol, 1.0 equiv.) in n-pentane (20 mL). The reaction mixture was
stirred for 15 h yielding a light grey suspension. The liquid phase was removed by cannula filtration
and the remaining solid was extracted with the minimum amount of diethyl ether. After removal of
insoluble solids via cannula filtration, the solvent was removed in vacuo to obtain 4 as a colorless
solid (3.33 g, 13.9 mmol, 75%). Crystals suitable for single crystal X-ray diffraction were obtained
at the wall of the reaction Schlenk tube after stirring for 15 h.

TH NMR (400.13 MHz, CeDs, 298 K): & = 1.14 (d, 3Jh-p = 15.6 Hz, 18H, PC(CHs)s), 1.66 (br, 2H,
NH-). 3'P{'H} NMR (162.04 MHz, CeDs, 298 K): & = 93.8 (s). "*C{'H} NMR (100.61 MHz, CsDs,
298 K): & = 27.6 (d, 2Jc—p = 2.2 Hz, PC(CH3)s3), 38.6 (d, 'Jc—p = 45.9 Hz, PC(CHa)3). "7Se{'H} NMR
(76.31 MHz, CeDs, 298 K): & = —=356.2 (d, 'Jse-p = 744.5 Hz). 'TH NMR (400.13 MHz, CD2Cl2, 298 K):
5 =1.34(d, 3Ju-p = 15.8 Hz, 18H, PC(CH?3)3), 2.33 (br, 2H, NH-). 3'P{"H} NMR (162.04 MHz, CD2Cl>,
298 K): & = 95.0 (s). "*C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 27.8 (d, 2Jc—r = 2.1 Hz,
PC(CHs)3), 39.1 (d, 'Jc—p = 45.5 Hz, PC(CHz)3). 77Se{'H} NMR (76.31 MHz, CD2Cl2, 298 K): d =
-350.8 (d, 'Jse-p = 726.6 Hz). Elemental analysis: CsH20NPSe - 0.25 Et20: calcd.: C 41.78, H 8.77,
N 5.41; found: C 41.74, H 8.55, N 5.59. HR(EI+)-MS: calcd. m/z for CsH20NPSe [M*]: 241.0499,
found: 241.0495.
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Figure S4.59. *H NMR spectrum (CeDs, 298 K) of 4.
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Figure S4.60. 3*P{*H} NMR spectrum (C¢Ds, 298 K) of 4.
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Figure S4.61. *C{*H} NMR spectrum (CgDs, 298 K) of 4.
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Figure S4.62. 7"Se{*H} NMR spectrum (CeDs, 298 K) of 4.
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Figure S4.63. *H NMR spectrum (CD,Cl,, 298 K) of 4.
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Figure S4.64. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of 4.
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Figure S4.65. *C{*H} NMR spectrum (CD,Cl,, 298 K) of 4.
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Figure S4.66. 7"Se{*H} NMR spectrum (CD,Cl,, 298 K) of 4.

197



4.6.2.10.Synthesis of tBuz2(PSe)NHs* CI- [(4-HCI)4]

@ Te
®
tBU//P///,' @ @
N——H-------- cl
tBu |\ T
1 N
H H\\ : \\H tBLiI \\\tBU
\ \ K

i B L \® R
se | O N T\ ose
| HCI(10.0 eq) | | Ho | eo ©

P& > 5 | = P + 4 HCI
Bu""/ N\, EtO, 1h Cl---=-=--H——N...,,, | ® pBu  cp,cl,  1BU / ~
/ NH, ! ! DNy 2Ll NH
B r.t. @\\ v T R— Bu
89% H - \
\|@ N Seo
o N He Cl
Se—P/ ©
© _é\tBu

tBu
4 (4-HCI), 4 + HClgpy

solid-state / 500 mM CD,ClI, solution <15 mM CD,ClI, solution

4 (1.00 g, 4.16 mmol, 1.0 equiv.) was dissolved in diethyl ether (4 mL) and HCI (21 mL, 41.6 mmol,
10.0 equiv., 2.0 m in diethyl ether) was added dropwise at room temperature resulting in a colorless
suspension after a few minutes. After 1 h of stirring, the solvent was removed in vacuo and the solid
further dried. (4-HCI)4 was obtained as a colorless solid (1.03 g, 3.72 mmol, 89%). Crystals suitable

for single crystal X-ray diffraction were grown from DCM by slowly evaporating the solvent.

"H NMR (400.13 MHz, 500 mM in CD2Cl2, 298 K): & = 1.50 (d, 3Jn-p = 17.7 Hz, 18H, PC(CH?s)3),
9.52 (br, 3H, NH3). 3'P{'H} NMR (162.04 MHz, 500 mM in CD2Clz2, 298 K): & = 114.3. "*C{'H} NMR
(100.61 MHz, 500 mM in CD2Clz, 298 K): & = 27.9 (d, 2Jcp = 2.4 Hz, PC(CHas)3), 40.6 (d, 'Jcp =
33.8 Hz, PC(CHs3)3). 77Se{'H} NMR (76.31 MHz, 500 mM in CD2Clz, 298 K): 5 = -348.4 (d, 'Jse-p =
814.5 Hz). '"H NMR (400.13 MHz, 10 mM in CD2Clz, 298 K): & = 1.36 (d, 3Jn-p = 15.9 Hz, 18H,
PC(CHs)3), 2.12 (br, 2H, NH-). 3'P{"H} NMR (162.04 MHz, 10 mM in CD2Clz, 298 K): & = 95.1.
BC{'H} NMR (100.61 MHz, 10 mM in CD2Cl2, 298 K): & = 27.3 (d, 2Jcp = 2.0 Hz, PC(CH3)3),
PC(CHs)s not visible. 77Se{'H} NMR (76.31 MHz, 10 mM in CD2Clz, 298 K): & = -350.3 (d, 'Jse-p =
732.5 Hz). Elemental analysis: CsH21CINPS - 0.2 Et2O: calcd.: C 36.26, H 7.95, N 4.81; found: C
36.47,H 7.80, N 5.17.

For 2H NMR measurements, the reaction was proceeded using 4 (0.50 g, 2.08 mmol, 1.0 equiv.) in
diethyl ether (2 mL) and DCI (15.6 mL, 15.6 mmol, 7.5 equiv., 1.0 m in diethyl ether). 2H labelled
compound (4:DCl)s was obtained as a colorless solid (0.52 g, 1.87 mmol, 90%). The 2H NMR
samples were prepared using a mixture of CH2Cl2 and CD2Cl2 (9:1) as solvent.

"H NMR (400.13 MHz, 500 mM in CD2Cl2, 298 K): & = 1.51 (d, 3Jn-p = 17.7 Hz, 18H, PC(CHs)3),
9.71 (br, 2H, NH2D). 2H NMR (61.42 MHz, 500 mM in CH2Cl2/CD2Cl2(9:1), 298 K): & =9.13 (br, 1D,
NH2D). 'TH NMR (400.13 MHz, 10 mM in CD2Clz, 298 K): & = 1.38 (d, 3Jn-p = 15.9 Hz, 18H,
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PC(CHs)s), 2.11 (br, 1H, NHD). 2H NMR (61.42 MHz, 10 mM in CH2Cl/CD2Cl» (9:1), 298 K): & =
2.27 (br, 1D, NHD).
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Figure S4.67. 'H NMR spectrum (500 mM in CD,Cl,, 298 K) of (4-HCl),.
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Figure S4.68. 3P{*H} NMR spectrum (500 mM in CD,Cl,, 298 K) of (4-HCl)..
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Figure S4.69. *C{*H} NMR spectrum (500 mM in CD,Cl,, 298 K) of (4-HClI)..
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Figure S4.70. 7"Se{*H} NMR spectrum (500 mM in CD,Cl,, 298 K) of (4:HClI),.
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Figure S4.71. *H NMR spectrum (10 mM in CD,Cl,, 298 K) of 4 + HClso.
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Figure S4.72. 3P{*H} NMR spectrum (10 mM in CD,Cl,, 298 K) of 4 + HClsoly.
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Figure S4.73. 3C{*H} NMR spectrum (10 mM in CD,Cl, 298 K) of 4 + HClsy.
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Figure S4.74. ""Se{*H} NMR spectrum (10 mM in CD,Cl, 298 K) of 4 + HClsy.
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Figure S4.75. 'H NMR spectrum (500 mM in CD,Cl,, 298 K) of (4-DCl),.
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Figure S4.76. 2H NMR spectrum (500 mM in CH,Cl,/CD,Cl; (9:1), 298 K) of (4:DCl),.
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Figure S4.77. *H NMR spectrum (10 mM in CD,Cl,, 298 K) of 4 + DClso.
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Figure S4.78. 2H NMR spectrum (10 mM in CH,Cl,/CD,Cl, (9:1), 298 K) of 4 + DClsop.
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4.6.2.11.Synthesis of tBuz(P*—SeH)NH2 B(CsFs5)4~ [(4—-SeH)* WCA]

Ose SeH
|@ [H(OEt:)I[B(CeFs5)al |® o
tBu“"}P\NH DCM, 2 h tBu““}P\NH B(CoFs)s
B 2 -30°Cto-10°C B 2
74%
4 (4-SeH)* WCA-

4 (100 mg, 0.42 mmol, 1.0 equiv.) and [H(OEt2)2][B(CsF5)4] (340 mg, 0.42 mmol, 1.0 equiv.) were
dissolved in dichloromethane (for each 2 mL) in separate flasks. The solutions were combined at
—30 °C and stirred until the temperature of the acetone bath reached —10 °C. After removal of the
cooling bath, all volatiles were removed in vacuo and the solid further dried. (4-SeH)* WCA~ was
obtained as a pale rose solid (284 mg, 0.31 mmol, 74%). Crystals suitable for single crystal X-ray

diffraction were grown from DCM after slow layering with n-pentane.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.51 (d, 3Ju-p = 19.1 Hz, 18H, PC(CH3)3), 2.48 (br, 3H,
NH2/SH). 3'P{'"H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 100.7 (s). "*C{'H} NMR (100.61 MHz,
CD2Clz, 298 K): 6 = 26.8 (d, 2Jc-p = 1.2 Hz, PC(CH3)s3), 40.4 (d, 'Jc-p = 36.9 Hz, PC(CH3)3), Car-borate
not visible. ""B{'"H} NMR (128.43 MHz, CD2Cl2, 298 K): 6 = -17.0 (s). "F{"H} NMR (376.66 MHz,
CD2Clz, 298 K): 6 = -167.3 (m, 8F, meta-Far-borate), —163.5 (M, 4F, para-Farborate), —133.0 (s, 8F,
ortho-Far-borate). 77Se{'H} NMR (76.31 MHz, CD2Cl2, 298 K): & = -43.4 (d, 'Jse-r = 406.3 Hz).
Elemental analysis: Cs2H21BF20NPSe: calcd.: C 41.77, H 2.30, N 1.52; found: C 42.20, H 2.47, N
1.44.

For 2H NMR measurements, the reaction was proceeded using 4 (10.0 mg, 0.42 mmol, 1.0 equiv.)
and [D(OEt2)2][B(CeFs)s] (348 mg, 0.42 mmol, 1.0 equiv.) in dichloromethane (2 x 2 mL). 2H
labelled compound (4-SeD)* WCA~ was obtained as a pale rose solid (307 mg, 0.35 mmol, 83%).
The 2H NMR sample was prepared using a mixture of CH2Cl2 and CD2Cl2 (9:1) as solvent.

H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.49 (d, 3J1-r = 18.8 Hz, 18H, PC(CH3)3), 2.45 (br, 2H,
NHz or NHD/SeH). 2H NMR (61.42 MHz, CH2Cl2/CD2Cl2 (9:1), 298 K): & = 2.83 (br, 1D, NHD or
SeD).
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Figure S4.79. *H NMR spectrum (CD,Cl,, 298 K) of (4—SeH)* WCA".
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Figure S4.80. *P{*H} NMR spectrum (CD,Cl,, 298 K) of (4-SeH)* WCA-
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Figure S4.81. *C{*H} NMR spectrum (CD,Cl,, 298 K) of (4-SeH)* WCA".
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Figure S4.82. 'B{*H} NMR spectrum (CD,Cl,, 298 K) of (4-SeH)* WCA".
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Figure S4.83. *F{*H} NMR spectrum (CD,Cl,, 298 K) of (4—SeH)* WCA".
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Figure S4.84. 7"Se{*H} NMR spectrum (CDCl,, 298 K) of (4-SeH)* WCA".
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Figure S4.85. *H NMR spectrum (CD,Cl,, 298 K) of (4—SeH)* WCA".
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Figure S4.86. 2H NMR spectrum (CH,Cl,/CD,Cl, (9:1), 298 K) of (4-SeH)* WCA".
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4.6.2.12. Synthesis of tBuz(P*—OH)NH: CI- (5-HCI)

90 OH

| ® HCI (2.0 eq.) | @
—_—
weP. WP
tBu“‘/ ~N Et,0, 15 h Bu™", N\ o
NH, /{ TNH, Ci
B r.t.

u 4% tBu

5 5-HCI

tBu2(PO)NH:2 (5) was synthesized following a reported procedure. 3

5 (0.30g, 1.69 mmol, 1.0 equiv.) was dissolved in diethyl ether (10 mL) and HCI (1.7 mL,
3.38 mmol, 2.0 equiv., 2.0 m in diethyl ether) was added dropwise at room temperature resulting in
a colorless suspension after a few minutes. After 15 h of stirring, the liquid phase was filtered off,
the solid was washed with n-hexane and dried in vacuo. 5-HCI was obtained as a colorless solid
(0.23 g, 1.08 mmol, 64%). Crystals suitable for single crystal X-ray diffraction were grown from a
DCM solution by layering with n-pentane.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.41 (d, 3Ju-p = 15.5 Hz, 18H, PC(CH3)3), 7.57 (br, 3H,
NH2/OH). *'P{'H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 71.7 (s). "*C{'H} NMR (100.61 MHz,
CD2Cl2, 298 K): 8 = 26.5 (s, PC(CH3s)3), 35.1 (d, 'Jc-p = 78.5 Hz, PC(CHs)s). Elemental analysis:
CsgH21CINOP: calcd.: C 44.97, H 9.91, N 6.55; found: C 44.92, H9.71, N 6.21.

For 2H NMR measurements, the reaction was proceeded using 5 (0.05 g, 0.28 mmol, 1.0 equiv.) in
diethyl ether (0.5 mL) and DCI (0.56 mL, 0.56 mmol, 2.0 equiv., 1.0 m in diethyl ether). 2H labelled
compound 5-DCI was obtained as a colorless solid (0.052 g, 0.24 mmol, 86%). The 2H NMR
samples were prepared using a mixture of CH2Clz and CD2Cl2 (9:1) as solvent.
H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.40 (d, 3Ju-p = 15.7 Hz, 18H, PC(CH3)3), 8.33 (br, 1H,
NH:z). 2H NMR (61.42 MHz, CH2Cl2/CD2Cl2 (9:1), 298 K): & = 7.25 (br, 1D, OD).
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Figure S4.87. 'H NMR spectrum (CD,Cl,, 298 K) of 5-HCI.
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Figure S4.88. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of 5-HCI.
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Figure S4.90. *H NMR spectrum (CD,Cl,, 298 K) of 5:DCI.
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Figure S4.91. 2H NMR spectrum (CH,Cl,/CD,Cl, (9:1), 298 K) of 5-DCI.
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4.6.2.13. Synthesis of tBuz(P*—OH)NH2 B(CsFs)4~ [(5—OH)* WCA"]

o0 OH
,|: [H(OEt),][B(CeFs)al | ® ©
Bu"" N\ DCM, 2h Bu P~ B(CeFs)s
tBu/ NH. rt. B { T
85% u
5 (5-OH)* WCA"~

tBu2(PO)NH:2 (5) was synthesized following a reported procedure. [

5 (55.0 mg, 0.47 mmol, 1.0 equiv.) and [H(OEt2)2][B(CsF5)4] (390 mg, 0.47 mmol, 1.0 equiv.) were
dissolved in dichloromethane (2 mL) and the resulting solution was stirred for 2 h at room
temperature. All volatiles were removed in vacuo and the solid further dried. (5—OH)* WCA~ was

obtained as a colorless solid (343 mg, 0.40 mmol, 85%).

H NMR (400.13 MHz, CD2Clz, 298 K): = 1.44 (d, 3Ju_p = 17.0 Hz, 18H, PC(CHa)s), 3.55 (br, 2H,
NH2), 6.04 (br, 1H, OH). 3'P{'H} NMR (162.04 MHz, CD2Cl,, 298 K): & = 82.4 (s). 3C{'"H} NMR
(100.61 MHz, CD2Cl2, 298 K): & = 25.9 (s, PC(CHs)3), 35.2 (d, 'Jc—r = 70.9 Hz, PC(CHs)3), 136.9
(d, 'Je-F = 247.3 Hz, Carborate), 138.8 (d, 'Jc—r = 255.6 Hz, Carborate), 148.7 (d, 'Jc—r = 245.4 Hz, Car
borate), iDSO-Chrborate NOt Visible. B{H} NMR (128.43 MHz, CDzClz, 298 K): & = —16.9 (s). "°F{'H}
NMR (376.66 MHz, CD:Clz, 298 K): & = ~167.3 (m, 8F, meta-Farborate), —163.3 (m, 4F, para-Far
borate), —133.1 (s, 8F, ortho-Farborate). Elemental analysis: C32H21BF20NPO - 0.4 Et20: calcd.: C
45.50, H 2.84, N 1.58; found: C 45.54, H 2.75, N 1.54.
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Figure S4.92. *H NMR spectrum (CD,Cl,, 298 K) of (5—-OH)* WCA".
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Figure S4.93. 3P{*H} NMR spectrum (CD,Cl,, 193 K) of (5—-OH)* WCA".
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Figure S4.95. *'B{*H} NMR spectrum (CD,Cl,, 298 K) of (5-OH)* WCA".
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Figure S4.96. **F{*H} NMR spectrum (CD.Cl,, 298 K) of (5-OH)* WCA".
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4.6.2.14.Synthesis of tBuz(P*—SH)CH2Si(H)tBuz B(CsFs)+~ [(6~SH)* WCA"]

Os H SH H
e | [H(OEt)21[B(CeFs)a] le | °
Si.. > P Siw.,,
tBu“"/P\/ I\"’tBu DCM, 30 min tBu / \/ \ tBu B(CsF5)4
B ‘B rt tBu tBu
. . 95%
6 (6-SH)* WCA-

6 was prepared following a procedure published by our group.[®!

6 (202 mg, 0.60 mmol, 1.0 equiv.) and [H(OEt2)2][B(CeFs)4] (500 mg, 0.60 mmol, 1.0 equiv.) were
dissolved in dichloromethane (4 mL) and the resulting solution was stirred for 30 min at room
temperature. All volatiles were removed in vacuo and the solid further dried. Then the white powder
was washed twice with 2 mL n-hexane. Subsequently the dry white powder was dissolved in 1 mL
DCM and layered with 3 mL n-hexane. [(6—-SH)* WCA-] was obtained as fine colorless needles

suitable for single crystal X-Ray crystallography (585 mg, 0.58 mmol, 95 %).

H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.15 (s, 18H, SiC(CHs)3), 1.53 (d, 3Jp-H = 17.8 Hz, 18H,
PC(CHs)3), 1.55 (dd, 2Jp-n = 14.4 Hz, 3Ju-n = 2.0 Hz, 2H, P-CH>-Si), 2.42 (br, 1H, S—H), 3.90 (m,
1H, Si—H). 3*'P{'H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 89.3 (s). 3*C{'H} NMR (100.61 MHz,
CD2Cl2, 298 K): 5 = 1.7 (d, "Jp—c = 27.2 Hz, P-CH2-Si), 20.2 (d, 3Jrc = 2.4 Hz, SiC(CHa)3), 27.6
(d, 2Jp—c = 0.6 Hz, PC(CH?3)3), 29.5 (s, SiC(CHs)s), 40.8 (d, 'Jr-c = 29.3 Hz, PC(CHs)s3), 124.1 (br,
ipSO-Carborate), 136.9 (d, 'Jc—r = 243.3 Hz, Carborate), 138.8 (d, 'Jc—r = 245.1 Hz, Carborate), 148.8 (d,
1Jc—F = 238.6 Hz, Carborate). ""B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): 6 = -16.9 (s). "*F{'H} NMR
(376.66 MHz, CD2Cl2, 298 K): & = -167.3 (m, 8F, meta-Farborate), —163.5 (m, 4F, para-Farborate),
-132.9 (m, 8F, ortho-Farborate). 2°Si{'H} NMR (79.49 MHz, CD2Cl2, 298 K): & = 6.6 (d, 2Jr-si =
11.9 Hz). Elemental analysis: C41H40BF20PSSi: calcd.: C 48.50, H 3.97; found: C 48.45, H 3.97.
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Figure $4.97. '"H NMR spectrum (CD,Cly, 298 K) of (6-SH)* WCA-.
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Figure $4.98. 3'P{'"H} NMR spectrum (CD,Cl,, 298 K) of (6-SH)* WCA".
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Figure $4.99. *C{'"H} NMR spectrum (CD,Cl,, 298 K) of (6~SH)* WCA".
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Figure $4.100. ""B{"H} NMR spectrum (CD,Cl,, 298 K) of (6~SH)* WCA-.
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Figure S4.102. 2Si{"H} NMR spectrum (CD,Cl,, 298 K) of (6-SH)* WCA".
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4.6.3. Concentration- and Temperature-Dependent Investigations

4.6.3.1. Diffusion-Ordered NMR Spectroscopy (DOSY)

General information

Diffusion ordered NMR spectroscopy experiments were performed in CD2Cl2 on Bruker Avance llI
HD 600 MHz spectrometer, equipped with a 5 mm CPPBBO BB-1H/19F. All measurements were
performed at 298 K and temperature was controlled by BVTE 3900. NMR Data were processed,
evaluated and plotted with TopSpin 3.2 software. Further analysis of the measurements was
performed with Microsoft Excel (Version 16.0.10359.20023 64 Bit). The results of the

measurements are shown in Table S4.1.

Diffusion-ordered spectroscopy (DOSY)
The DOSY measurements were performed with the convection suppressing DSTE (double
stimulated echo) pulse sequence developed by Jerschow and Miiller in a pseudo 2D mode.[¢]
Smoothed square (SMSQ10.100) gradient shapes and a linear gradient ramp with 20 increments
between 5% and 95% of the maximum gradient strength (5.35 G/mm) were used. The diffusion
time delay was set to 45 ms. For the homospoil gradient strengths, values of 100, —-13.17, 20 and
-17.13% were used. Gradient pulse lengths (p16) were first optimized to obtain a sigmoidal signal
decay for increasing gradient strength (0.75 ms for TMS, 0.9-1.2ms for the investigated
molecules). NMR spectra were processed with Bruker TopSpin 3.2 (T1/T2 relaxation package) and
diffusion coefficients were derived according to Jerschow and Miillerl®l. Tetramethylsilane was
added to the samples to reference chemical shifts and the viscosity of each sample.
The molecular radii were derived by the Stokes-Einstein equation™ using Chens correction!®l,

kpT rsolv)2'234]

= 1+ 0.695 * (222
l 6nr)rH*[+065*(rH

Di is the self-diffusion coefficient derived by the measurement, n is the viscosity of the solvent, ry is
the hydrodynamic radius of the observed molecule and rsoi the radius of the solvent. No form factor
correction was applied. The viscosity was determined by measuring the diffusion coefficient of the
reference tetramethylsilane (TMS) and solving the equation for n with the literature valuel® of the
radius of 2.96 A. The solvent radius of CD2Cl2 (2.46 A) was taken from literature.[%!
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Table S4.1. Results of the DOSY measurements (600 MHz).

Diffusion coefficient | Diffusion coefficient | Concentration | Temperature Hydrodynamic )
Compound Sample Solvent Nucleus ) ) ) ) T Volume in A3
in m?/s of TMS in m?/s in mmol/L in K Radius in A
1 TH120 CD2Cl2 H 1.84E-09 2.83E-09 50 298 3.90 248
(1-HCl)4 TH231 CD2Cl2 H 1.70E-09 2.70E-09 5 298 3.98 265
(1-HCl)4 TH231 CD2Cl2 H 1.35E-09 2.69E-09 30 298 4.70 435
(1-HCl)4 TH231 CD2Cl2 H 1.12E-09 2.68E-09 50 298 5.43 670
(1-HCl)4 TH231 CD2Cl2 H 1.01E-09 2.73E-09 100 298 6.00 905
(Re)-2 TH288 CD2Cl2 H 1.69E-09 2.75E-09 50 298 4.06 280
[(Rp)-2 - HCI]s« | TH282 CD2Clz2 H 1.72E-09 2.77E-09 5 298 4.02 273
[(Rp)-2 - HCI]s« | TH282 CD2Cl2 H 1.12E-09 2.74E-09 50 298 5.54 713
3 TH111 CD2Clz2 H 1.90E-09 2.80E-09 50 298 3.79 228
4 TH488 CD2Cl2 H 1.80E-09 2.70E-09 50 298 3.83 235
(4-HCl)4 TH474 CD2Cl2 H 1.91E-09 2.96E-09 5 298 3.92 251
(4-HCl)4 TH474 CD2Cl2 H 8.06E-10 2.13E-09 500 298 5.89 855
TH357
(1-SH)* WCA- ] CD2Cl2 H 1.50E-09 3.38E-09 100 298 5.17 579
Cation
TH357
(1-SH)* WCA- ) CD2Clz 1B 1.18E-09 3.38E-09 100 298 6.31 1052
Anion
1 TH120 DMSO-ds H 5.14E-10 9.18E-10 100 298 4.26 324
TH357 DMSO-d H 3.41E-10 6.67E-10 100 298 4.55 394
(1-SH)* WCA- . -ds A1E- .67E- .
Cation
TH357
(1-SH)* WCA- Ani DMSO-ds 1B 2.86E-10 6.67E-10 100 298 5.18 583
nion
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4.6.3.2. 3'P{'H} and 'H NMR Spectroscopy
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Figure S4.103. 3*P{*H} NMR spectra (CD,Cl, 298 K) of (1-HCI)./(1+HCI) in different concentrations.
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Figure S4.104. Enlarged cutout of *H NMR spectra (CD,Cl,, 298 K) of (1-HCI),/(1+HClI) in different concentrations showing

the signals for NH3* (left) and NH, (right).
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Figure S4.105. 3*P{*H} NMR spectra (10 mM in CD,Cl,) of (1-HCI),/(1+HCI) at variable temperatures.
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Figure S4.106. Enlarged cutout of *H NMR spectra (10 mM in CD,Cl,) of (1-HCI)./(1+HCI) at variable temperatures showing
the signals for NH3* (left) and NH, (right).
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Figure S4.107. 3'P{*H} NMR spectra (CDCl,, 298 K) of (4-HCI),/(4+HCI) in different concentrations.
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Figure S4.108. Enlarged cutout of *H NMR spectra (CD,Cl,, 298 K) of (4-HCI)./(4+HCI) in different concentrations showing
the signals for NH;" (left) and NH, (right).
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Figure S4.109. 3*P{*H} NMR spectra (10 mM in CD,Cl,) of (4-HCI)./(4+HCI) at variable temperatures.
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Figure S4.110. Enlarged cutout of *H NMR spectra (10 mM in CD,Cl,) of (4-HCI)./(4+HCI) at variable temperatures showing
the signals for NH;" (left) and NH, (right).
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4.6.3.3. Infrared Spectroscopy (IR)
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Figure S4.111. IR spectrum (298 K) of (1-HCI), in the solid state.
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Figure S4.112. IR spectra (298 K) of 1 in 5 mM CH,ClI, solution (dotted line) and 1 + HClsoy in 5 mM CH,ClI, solution (solid

line) showing almost no difference.
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Figure S4.113. IR spectra (298 K) of 1 in 50 mM CH,Cl; solution (dotted line) and (1-HCI), in 50 mM CH,Cl, solution (solid
line). The broad signal at about 2750 cm™ shows that the NHs* moiety is present in 50 mM solution of (1:HCI),.
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Figure S4.114. Cutout of the difference absorption spectra [(1-HCI), — 1] of the IR spectroscopy measurements in CH,Cl,
with concentrations 10 mM to 100 mM showing the broad signal of the NHs* moiety at 2750 cm™ and the NH, signals at
3400 cm™,
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Figure S4.115. Cutout of the difference absorption spectra [(1-HCI), — 1] of the IR spectroscopy measurements normalized
to the concentration in CH,Cl, with concentrations 10 mM to 100 mM showing the broad signal of the NH;" moiety at

2750 cm~* and the NH, signals at 3400 cm™,
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Figure S4.116. Plot of absorption against the concentration of normalized absorption spectra in Figure S4.115. The increase

in normalized absorption shows the formation of the cubic structure; otherwise no change would be expected.
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Figure S4.117. IR spectrum (298 K) of (1-SH)* WCA™ in the solid state.
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Figure S4.118. IR spectra (298 K) of 1 in 50 mM CH,Cl, solution (dotted line) and (1-SH)* WCA~ in 50 mM CH,ClI, solution
(solid line). The weak signal at about 2500 cm™ shows that an SH moiety in present in the solution of (1-SH)* WCA".
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4.7. X-Ray Crystallographic Details

The crystals were selected and measured on a SuperNova, single source at offset/far, Atlas {1}, on
a Xcalibur, AtlasS2, Gemini ultra {(1-HCl)s}, on a GV1000, TitanS2 {(1-SH)* WCA-} on a
SuperNova, Dualflex, TitanS2 {[(Re)-2-HCl]4, 4, (4—SeH)* WCA"} or on a XtaLAB Synergy R, DW
system, HyPix-Arc 150 {(4-HCl)4, 5-HCI, (6—-SH)* WCA-}. The crystals were kept at T = 123(1) K
{1, (1-SH)* WCA", [(Rp)-2 - HCI]4, 4, (4-HCIl)4, (1-SeH)* WCA-, 5-HCI, (6—SH)* WCA} or 293(2) K
{(1-HCI)4} during data collection. Data collection and reduction were performed with CrysAlisPro
Version 1.171.39.46 {1}, Version 1.171.40.18c {(1-SH)* WCA-}, Version 1.171.41.83a {(1-HCl)a,
4}, Version 1.171.41.90a {[(Re)-2-HCI]4}, Version 1.171.41.93a {(4-HCl)4, (1-SeH)* WCA-, 5-HCI}
or Version 1.171.43.36a {(6—SH)* WCA-}.'"l For all compounds a numerical absorption correction
based on gaussian integration over a multifaceted crystal model and an empirical absorption
correction using spherical harmonics as implemented in SCALE3 ABSPACK was applied. Using
Olex2!'2, the structures were solved with ShelXT!'3land a least-square refinement on F2was carried
out with ShelXL!"4for all structures. All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms at the carbon atoms were located in idealized positions and refined isotropically according
to the riding model. Hydrogen atoms at the nitrogen atoms in compounds (1-HCl)4, (1-SH)* WCA-,
[(Re)-2-HCI]4, (4-HCl)4, (4—-SeH)* WCA- were located in idealized positions and refined isotropically
according to the riding model. Hydrogen atoms at the nitrogen atoms in compounds 1, 4, 5-HCI
were located from the difference Fourier map and refined without restraints. Hydrogen atoms at
sulfur, selenium and oxygen were located from the difference Fourier map and refined without

restraints. Figures were created with Olex2.['2

Compound 1: The asymmetric unit contains one molecule. One of the tert-butyl moieties (C6, C7,
C8) is disordered over two positions and split into two parts with occupancies of 55:45. SIMU and
SADI restraints were used to model this disorder.

Compound (1-HCI)4: The asymmetric unit contains one cation and one chloride anion.

Compound (1-SH)* WCA- : The asymmetric unit contains one cation and one anion.

Compound [(Rp)-2-HCIl]4: The asymmetric unit contains one cation, one chloride anion and one
molecule of diethyl ether. One of the cyclohexyl moieties (C25, C26, C27, C28, C29, C30) is
disordered over two positions and split into two parts with occupancies of 60:40. Another one of the
cyclohexyl moieties (C36, C37, C38, C39, C40) is disordered over two positions and split into two
parts with occupancies of 83:17. SIMU and SADI restraints were used to model these disorders.
Compound 4: The asymmetric unit contains one molecule. The squeeze tool was used for solvent
masking.

Compound (4-HCI)s: The asymmetric unit contains two cations, two chloride anions and half a
molecule of DCM.

Compound (4-SeH)* WCA- : The asymmetric unit contains one cation and one anion.

Compound 5-HCI: The asymmetric unit contains one cation and one chloride anion.

Compound (6-SH)* WCA~: The asymmetric unit contains one cation and one anion.
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Table S4.2. Crystallographic data for compounds 1, (1-HCIl)s and (1-SH)* WCA".

Compound

(1-HCl)4 (1-SH)* WCA-
Data Set
) . nf-341 nf-349_2 nf-268
(internal naming)
Formula CsH20NPS C32HgaClaN4P4S4 C32H21BF20NPS
Pealc./ g-cm™3 1.125 1.190 1.733
p/mm-? 3.421 0.544 1.889
Formula Weight 193.28 918.95 873.34
Color clear colorless clear colorless yellow
Shape needle block block
Size/mm3 0.221 x 0.059 x 0.04 0.33 x 0.27 x 0.15 0.24 x 0.12 x 0.07
TIK 123.00(10) 293(2) 123.01(13)
Crystal System tetragonal triclinic triclinic
Flack Parameter 0.01(5) - -
Hooft Parameter 0.01(5) - -
Space Group -4 P-1 P—1
alA 16.6871(2) 13.2417(3) 10.5988(5)
b/A 16.6871(2) 13.8445(4) 12.7849(5)
c/A 8.1933(2) 14.2299(5) 13.9950(6)
al’ 90 81.033(3) 73.714(3)
Br 90 88.006(2) 72.120(4)
v/’ 90 84.805(2) 71.221(4)
V/A3 2281.50(8) 2565.66(13) 1673.66(14)
V4 8 2 2
Z' 1 1 1
Wavelength/A 1.54184 0.71073 1.39222
Radiation Type Cu Ka Mo Kq Cu Kp
20min/° 7.492 6.628 6.118
20max/° 152.642 64.134 132.154
Measured Refl. 5805 23418 21688
Independent Refl. 2313 15490 7745
Rint 0.0178 0.0219 0.0273
Parameters 143 461 515
Restraints 70 0 0
Largest Peak 0.42 0.46 0.44
Deepest Hole -0.49 -0.32 -0.41
GooF 1.038 1.088 1.028
wR: (all data) 0.1002 0.0908 0.1057
wR> 0.0995 0.0841 0.1010
R (all data) 0.0425 0.0601 0.0408
R1 0.0417 0.0430 0.0368
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Table S4.3. Crystallographic data for compounds [(Re)-2-HCl]s, 4 and (4-HCI)s.

Compound [(Re)-2-HClI]4 4 (4-HCl)4
_ DataSet TH263 Sis110 TH380
(internal naming)
CsoH184ClsNgPsSs - CsH20NPSe CsH21CINPSe -
Formula
(C2Hs5)20 ¥ CH2Cl2
Pcalc./ g-cm3 1.177 1.306 1.446
p/mm-? 4.349 4.994 7.588
Formula Weight 2120.30 239.74 319.10
Color clear colorless clear colorless clear colorless
Shape block plate plate
Size/mm3 0.791 x 0.418 x 0.297 0.32x 0.10 x 0.06 0.36 x 0.24 x 0.20
TIK 122.97(13) 123.15 123.00(10)
Crystal System monoclinic trigonal orthorhombic
Flack Parameter 0.008(9) - 0.05(5)
Hooft Parameter 0.008(9) - 0.05(5)
Space Group P24 R-3 Fdd2
alA 12.50990(10) 32.0113(3) 46.4889(3)
b/A 21.9387(2) 32.0113(3) 23.3534(2)
c/A 22.3873(2) 6.18430(10) 10.80290(10)
al’ 90 90 90
pr 103.2050(10) 90 90
v/’ 90 120 90
V/IA3 5981.75(9) 5488.17(14) 11728.43(17)
V4 2 18 32
z' 1 1 2
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Kq Cu Ka
20min/° 7.258 9.57 7.606
20max/° 134.536 133.73 150.466
Measured Refl. 167804 16785 29677
Independent Refl. 20205 2160 5773
Rint 0.0596 0.0333 0.0433
Parameters 1236 181 258
Restraints 400 0 1
Largest Peak 0.94 0.33 1.54
Deepest Hole -0.44 -0.27 -0.96
GooF 1.031 1.092 1.073
wR: (all data) 0.1188 0.0534 0.1744
wR2 0.1178 0.0519 0.1737
R (all data) 0.0452 0.0196 0.0670
R1 0.0444 0.0192 0.0663
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Table S4.4. Crystallographic data for compounds (4—-SeH)* WCA-, 5-HCI and (6-SH)* WCA".

Compound (4-SeH)* WCA- 5:-HCI (6—SH)* WCA-
Data Set
) . TH473 TH402 AF119b
(internal naming)
Formula C32H21BF20NPSe CsH21CINOP C41H40BF 20PSSi
Pealc./ g-cm3 1.817 1.209 1.555
dimm-? 3.264 3.860 2.357
Formula Weight 920.24 213.68 1014.66
Color clear colorless clear colorless clear colorless
Shape plate block cube
Size/mm3 0.49 x 0.38 x 0.11 0.59 x 0.39 x 0.19 0.16 x 0.15 x 0.07
TIK 123.01(10) 123.00(10) 123.00(10)
Crystal System triclinic monoclinic monoclinic

Flack Parameter -

Hooft Parameter -

Space Group P—1 /2/a P24/n
alA 10.5767(2) 12.33050(10) 13.96480(10)
b/A 12.7396(2) 11.95060(10) 20.74560(10)
c/A 14.0847(2) 16.90260(10) 15.03350(10)
al’ 73.7310(10) 90 90
pr 72.177(2) 109.4890(10) 95.6630(10)
A 71.968(2) 90 90
V/IA3 1681.57(5) 2348.01(3) 4334.07(5)
V4 2 8 4
z' 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Ka Cu Ka
20min/° 7.456 9.25 7.286
20max/° 133.908 150.246 150.602
Measured Refl. 29498 22570 46340
Independent Refl. 5968 2407 8842
Rint 0.0551 0.0540 0.0221
Parameters 515 127 606
Restraints 0 0 0
Largest Peak 0.52 0.48 0.41
Deepest Hole -0.87 -0.52 -0.47
GooF 1.054 1.097 1.109
wR; (all data) 0.1196 0.0967 0.1268
WR> 0.1191 0.0965 0.1234
R (all data) 0.0433 0.0345 0.0357
R1 0.0429 0.0344 0.0326
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Compound 1:

Part 1 (55%)

Part 2 (45%)

Selected Bond Lengths in A

Selected Bond Angles in °

S—P 1.9667(12) N—-P-S 110.64(14)
P-N 1.664(4) N—-P—C1 107.0(2)
P—C1 1.858(4) N—P—C5 103.8(3)
P—C5 1.850(5) C5-P-S 110.96(16)
C5-P—C1 113.72(19)
C1-P-S 110.46(12)
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Compound (1-HCl)4:

T cH

Selected Bond Lengths in A

Selected Bond Anglesin °©

P1-S1 1.9292(6) N1-P1-S1 108.99(5)
P1-N1 1.7791(13) N1-P1-C5 102.34(7)
P1-C5 1.8525(16) N1-P1-C1 101.29(7)
P1-C1 1.8559(16) C5-P1-S1 111.98(5)
C5-P1-C1 115.92(8)
C1-P1-S1 114.69(6)
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Compound (1-SH)* WCA™:

Selected Bond Lengths in A

Selected Bond Angles in °

P-S 2.0705(6) N—P-S 112.43(6)
P-N 1.6345(15) N—P—C5 105.68(8)
P—C5 1.8382(17) N—P—C1 107.54(8)
P—C1 1.8392(16) C5-P-S 108.50(6)
S—H 1.19(3) C5-P—C1 118.24(8)

C1-P-S 104.62(5)

P—S—H 91.6(12)
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Compound [(Rp)-2 - HCI]4:

Part 1 [60%(C25A—C30A)/83%(C36A—~C40A)] Part 2 [40%(C25B—C30B)/17%(C36B—C40B)]

Selected Bond Lengths in A Selected Bond Anglesin °
P1-S1 1.9296(18) N1-P1-S1 111.87(15)
P1-N1 1.792(4) N1-P1-C5 98.7(2)
P1-C5 1.809(5) N1-P1-C1 103.0(2)
P1-C1 1.836(5) C5-P1-S1 115.26(18)

C5-P1-C1 111.6(2)
C1-P1-S1 114.61(18)

240



Compound 4:

Selected Bond Lengths in A

Selected Bond Anglesin °

Se-P 2.1425(4) N—P-Se 116.79(5)
P-N 1.6583(14) N—-P—C1 102.97(8)
P—C1 1.8683(17) N—-P—C5 101.96(7)
P—C5 1.8707(16) C5-P-Se 111.58(5)
C5-P-C1 114.98(7)
C1-P-Se 108.43(5)
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Compound (4-HCl)4:

Selected Bond Lengths in A

Selected Bond Anglesin °

P1-Sel 2.076(2) N1-P1-Sel 107.7(2)
P1-N1 1.781(7) N1-P1-C5 102.1(3)
P1-C5 1.846(9) N1-P1-C1 101.5(3)
P1-C1 1.872(9) C5-P1-Sel 116.0(3)
C5-P1-C1 114.1(4)
C1-P1-Sel 113.4(3)
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Compound (4-SeH)* WCA™:

Selected Bond Lengths in A

Selected Bond Anglesin °©

P—Se 2.2221(6) N—P—Se 112.40(9)
P-N 1.631(2) N—-P—C5 105.56(12)
P-C5 1.843(2) N—P—C1 107.46(12)
P—C1 1.844(2) C5-P-Se 108.67(9)
Se—H 1.28(4) C5-P-C1 118.18(11)
C1-P-Se 104.74(8)
P—Se—H 86.3(16)
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Compound 5-HCI:

Selected Bond Lengths in A Selected Bond Anglesin °
P-O 1.5668(9) N-P-O 115.27(6)
P—N 1.6112(12) N-P-C5 107.90(6)
P—C5 1.8324(13) N-P—C1 105.91(6)
P-C1 1.8335(13) C5-P-0 102.75(6)
O-H 0.81(3) C5-P-C1 118.51(7)
C1-P-O 106.94(6)
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Compound (6—SH)* WCA:

Selected Bond Lengths in A Selected Bond Anglesin °
P-S 2.0647(6) C1-P-S 110.22(5)
P-C1 1.8022(13) Ci1-P-C2 107.99(6)
P-C2 1.8576(14) C1-P-C3 108.70(8)
P-C3 1.8613(17) C2-P-S 106.80(5)
Si—C1 1.9241(14) C2-P-C3 115.69(7)
S—H 1.47(5) C3-P-S 107.38(7)
P-S-H 82(2)
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4.8. Quantum Chemical Calculations

Optimization and additional harmonic vibrational frequency analyses were performed with the
software package Gaussian 09 (Revision E.01) on the M062X/6-31+G(d) level of theory!'5! without
symmetry restrictions applying the Polarizable Continuum Model (PCM)M'6l (solvent:
dichloromethane). The GJF input files and the figures of the optimized structures were created with
the program GaussView version 5.0.9.['"1 For the ground state structures, the vibrational frequency
analysis showed no imaginary frequency in the harmonical approximation. The relative energies
(AG) of the computed structures are given based on the sum of electronic and thermal free energies
(Gibbs energies) at 298.15 K in kd mol-'. The Hartree units were converted as follows: 1 Hartree =
2625.4995 kJ mol-'.['81 The sum of electronic and thermal free energies (Gibbs energies) at
298.15 K are summarized in Table S.4.5, and the Cartesian coordinates of the calculated systems
can be found in Tables S4.6-S4.11.

Table S4.5. Total electronic energies (SCF), sum of electronic and zero-point energies (ZPE), and sum of electronic and
thermal free energies (Gibbs energies) at 298.15 K of the optimized structures.

Optimized

Gibbs energies

Method/Basis SCF [Hartree] ZPE [Hartree]
structure [Hartree]
M062X/6-31+G(d)
1-SH_CI (PCM, solvent: -1571.97261507 -1571.687688 —-1571.731178

dichloromethane)
M062X/6-31+G(d)

1-TS_CI (PCM, solvent: -1571.96666983 —-1571.682339 -1571.726215
dichloromethane)
M062X/6-31+G(d)

1-NH_CI (PCM, solvent: -1571.97490240 -1571.685693 -1571.728813
dichloromethane)
M062X/6-31+G(d)

1-SH_WCA (PCM, solvent: -1111.57385463 —-1111.287671 -1111.327229
dichloromethane)
M062X/6-31+G(d)

1-TS_WCA (PCM, solvent: -1111.52805261 -1111.244421 -1111.283791
dichloromethane)
M062X/6-31+G(d)

1-NH_WCA  (PCM, solvent: -1111.57331216  -1111.282740 -1111.322266
tetrahydrofuran)
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Figure S4.119 Relative energies of different protonation modes and transition states (TS) in the presence of a coordinating
anion (left) and in the absence of a coordinating anion (right) in dichloromethane solution [M062X/6-31+G(d)] (PCM, solvent:
dichloromethane). The energy differences in the calculations are based on the Gibbs energies.
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Table S4.6. Cartesian coordinates of the optimized structure 1-SH_CI [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -1.69046200 -2.32793400 -0.71789000
C -1.89158500 -0.91723800 -0.13501200
C -2.48807400 -1.04549600 1.27199000
C -2.84219800 -0.13549500 -1.04861500
C 1.25898300 2.15897200 0.37805100
C -0.18927600 1.72849000 0.09165000
C -0.65983900 2.42065300 -1.19623600
C -1.07524200 2.13954300 1.27359100
H -0.95073700 -2.89878800 -0.15227700
H -1.39804200 -2.29377600 -1.76936800
H 0.65326900 -1.33949200 -1.80651900
H -2.64482700 -2.85735000 -0.65760800
H 1.20062000 0.20883000 -1.84713000
H 2.57278500 -0.81853100 0.40176400
H -1.86286900 -1.67008300 1.91091200
H -2.40480200 0.03735600 -2.03401000
H -3.46929800 -1.51949800 1.18015700
H -3.75013700 -0.73055000 -1.18217600
H 1.95446900 1.83829100 -0.40238800
H -0.00636000 2.19978800 -2.04110000
H 1.61396700 1.77100500 1.33307000
H -2.62771200 -0.07966300 1.75854600
H -3.13951900 0.81970600 -0.61268000
H -1.67858600 2.15692900 -1.47283400
H 1.28356100 3.25128500 0.41433100
H -0.80571600 1.59924800 2.18444600
H -0.62969200 3.50016100 -1.02362600
H -2.13455200 1.98080400 1.06450800
H -0.92988300 3.20711800 1.45872700
N 0.39749900 -0.37301700 -1.62676300
S 0.87066000 -1.00255400 1.39480700
P -0.20478400 -0.13013300 -0.06757100
Cl 3.70464400 -0.69928200 -0.36035000
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Table S4.7. Cartesian coordinates of the optimized structure 1-TS_CI [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -1.98802100 -2.32839100 0.05200400
C -2.00756300 -0.81442300 -0.20901100
C -2.96330800 -0.14805700 0.78615600
C -2.48646800 -0.58778700 -1.65078100
C 1.36615700 2.02426900 -0.09786600
C -0.12246300 1.67554900 0.06998100
C -0.92834100 2.34820100 -1.04849000
C -0.58664700 2.20243900 1.43476600
H -1.76751300 -2.55148900 1.09558100
H -1.25181300 -2.84250300 -0.57184300
H 0.71046800 -1.58673100 -1.52379300
H -2.97529100 -2.72897100 -0.19472300
H 0.32712500 -0.13247900 -2.23291800
H 2.69381500 -0.68568100 -0.17550500
H -2.58601000 -0.21375200 1.80971700
H -1.88645300 -1.15586900 -2.36446000
H -3.92421700 -0.66894900 0.74731200
H -3.51582200 -0.94981900 -1.72685800
H 1.75553500 1.72077200 -1.07053800
H -0.66555300 1.97586700 -2.04217300
H 1.97112700 1.55971100 0.68374400
H -3.14724700 0.89939100 0.54099500
H -2.48484000 0.45963100 -1.94886000
H -2.00353600 2.23872900 -0.90249700
H 1.47120600 3.10896600 -0.00826000
H -0.01179000 1.75072800 2.24433800
H -0.70218500 3.41816300 -1.03362800
H -1.64599000 2.02613100 1.61824000
H -0.41994700 3.28294800 1.45470200
N 0.61902400 -0.58691200 -1.37291100
S 0.64360500 -1.02889200 1.58346000
P -0.25586900 -0.18851200 0.02523600
Cl 3.97447300 -0.69160300 -0.38368600
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Table S4.8. Cartesian coordinates of the optimized structure 1-NH_CI [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -1.48461700 1.96948100 0.00111000
C 0.02716100 1.69278000 -0.05145200
C 0.70980400 2.45448200 1.09577100
C 0.58833200 2.16271200 -1.39885000
C 1.99402500 -2.27507500 0.17899100
C 1.89256700 -0.83195000 -0.34025200
C 2.01604200 -0.84964700 -1.87177700
C 3.02251600 0.00176600 0.28117000
H -1.93693600 1.57977500 0.91453100
H -2.02166200 1.55355900 -0.85372000
H -1.93033900 -0.76175200 -0.68920400
H -1.62353100 3.05324600 -0.01736300
H -0.69552300 -1.83252800 -1.09261400
H 0.29171800 2.16852600 2.06151600
H 0.16698200 1.62518700 -2.25228000
H 0.52504400 3.52039100 0.94152800
H 0.31562400 3.21414300 -1.52110600
H 1.16011500 -2.90223400 -0.14751500
H 1.32016700 -1.55356600 -2.33410200
H 2.03461500 -2.30624000 1.26711000
H 1.78900500 2.30139500 1.11995800
H 1.67581300 2.09905200 -1.44208200
H 1.89053100 0.12836500 -2.33313700
H 2.91403400 -2.70890800 -0.22086100
H 2.90479400 0.09747700 1.36331200
H 3.02263400 -1.19823400 -2.11644900
H 3.09310100 0.99689000 -0.16003500
H 3.96782700 -0.51251700 0.09115000
N -0.87064100 -0.82941700 -0.98659400
S -0.28921500 -0.73390300 2.01661500
P 0.26620400 -0.13056000 0.24849200
H -0.78395200 -0.40600400 -1.91460100
Cl -3.76153900 -0.85862000 -0.41878600
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Table S4.9. Cartesian coordinates of the optimized structure 1-SH_WCA [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -2.68364600 0.00791800 0.75924600
C -1.57198800 -0.53639100 -0.15604300
C -1.89267400 -0.19169500 -1.61769000
C -1.46168400 -2.05581700 0.03151000
C 2.72364900 0.56804700 0.07669600
C 1.61211700 -0.46373300 -0.18163400
C 1.90893600 -1.74805900 0.61037800
C 1.53918700 -0.75847600 -1.68500900
H -2.73593200 1.09867200 0.75110900
H -2.57190800 -0.34675900 1.78507900
H -0.70768900 0.66683100 2.53210900
H -3.63488700 -0.37426200 0.38214500
H 0.93284800 0.32821300 2.48728900
H 0.81103300 2.70130700 0.40062100
H -2.09960500 0.87149800 -1.75461400
H -1.15443000 -2.31943000 1.04546600
H -2.79814600 -0.73804200 -1.89160100
H -2.45354500 -2.48135500 -0.13922700
H 2.74671100 0.92784700 1.10865900
H 2.04733800 -1.55563400 1.67483300
H 2.64518600 1.42193400 -0.59693800
H -1.10336200 -0.49086500 -2.30699400
H -0.77949600 -2.51284100 -0.68635900
H 1.13728300 -2.50686800 0.49090600
H 3.67896400 0.07569300 -0.11759600
H 1.25689000 0.12535500 -2.26172900
H 2.84425000 -2.15833400 0.22218500
H 0.85155400 -1.57382000 -1.91236900
H 2.53548800 -1.06507700 -2.01204300
N 0.03871800 0.20285700 2.02676600
S -0.17675100 2.22245000 -0.37801900
P 0.00433800 0.26639800 0.37568600
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Table S4.10. Cartesian coordinates of the optimized structure 1-TS_WCA [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -2.73678100 0.47326300 -0.06223400
C -1.60094700 -0.56132900 -0.09700600
C -1.55875500 -1.22629500 -1.48019900
C -1.82116900 -1.60836700 1.00462500
C 2.68539400 0.16477500 0.67663400
C 1.58190100 -0.59745900 -0.07451600
C 1.49051500 -2.03153500 0.45885200
C 1.89623100 -0.59289100 -1.58007900
H -2.66967300 1.17312600 -0.89440500
H -2.76800000 1.04416700 0.86885100
H -0.87648400 0.80139000 2.34620000
H -3.67810200 -0.07496100 -0.14382600
H 0.78502900 0.88263900 2.34632100
H -0.04998100 2.15549200 0.99594100
H -1.34260400 -0.50757700 -2.27457800
H -1.90135800 -1.16292800 1.99843900
H -2.54732900 -1.64882500 -1.67469900
H -2.77433100 -2.10055900 0.79619900
H 2.61003200 0.03741900 1.75879400
H 1.20189800 -2.06853800 1.51157000
H 2.70269100 1.22784000 0.42845000
H -0.83642600 -2.04195600 -1.52387300
H -1.05135800 -2.37649000 1.02315500
H 0.81038300 -2.65052700 -0.12676900
H 3.64276300 -0.26392000 0.37253700
H 2.01986900 0.42292300 -1.95893100
H 2.48698100 -2.47285200 0.37510400
H 1.13468900 -1.10290400 -2.17056500
H 2.83961100 -1.12542500 -1.72079900
N -0.05421600 1.01498700 1.78155000
S 0.06530100 2.21771300 -0.63703100
P -0.00146200 0.34287800 0.15413700
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Table S4.11. Cartesian coordinates of the optimized structure 1-NH_WCA [M062X/6-31+G(d)] (PCM, solvent:

dichloromethane).

Atomic symbol X y z
C -2.69050800 0.16363500 0.64084100
C -1.57076100 -0.53223100 -0.15278000
C -1.89023200 -0.42785100 -1.65386300
C -1.47864700 -2.00292000 0.26986200
C 2.75171200 0.51178500 -0.05724000
C 1.59814400 -0.49738300 -0.15439900
C 1.82687900 -1.62821400 0.85781900
C 1.53828900 -1.05534500 -1.58555800
H -2.72300400 1.23796800 0.45109700
H -2.61871700 -0.01803600 1.71560500
H -0.74646900 1.09794300 2.32341000
H -3.64140300 -0.26290100 0.31396800
H 0.87603400 0.86115100 2.36093200
H -2.00713300 0.61167400 -1.96203500
H -1.21778500 -2.13561900 1.32332600
H -2.83620800 -0.94644600 -1.82630300
H -2.46776500 -2.44705300 0.13172600
H 2.80987300 0.99996300 0.91882900
H 2.01151400 -1.25237200 1.86671500
H 2.67396800 1.28313200 -0.82252400
H -1.13216700 -0.89801800 -2.28044600
H -0.77900400 -2.57096700 -0.34283100
H 1.01912300 -2.35687100 0.88552200
H 3.68366400 -0.03851900 -0.20693100
H 1.30744000 -0.27593400 -2.31564100
H 2.73202200 -2.16067000 0.55541100
H 0.81670000 -1.86673200 -1.68543700
H 2.52461000 -1.45784600 -1.82798600
N -0.00312400 0.46348600 2.01457700
S -0.04296900 2.26719900 -0.45292100
P 0.00379300 0.42197600 0.14035300
H -0.14205900 -0.44192000 2.47491600
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5.1. Abstract

A simple method for the synthesis of N-hydrosilyl-substituted aminophosphine sulfides is provided
by coupling lithiated achiral or enantiomerically pure aminophosphine sulfides with
chlorohydrosilanes. The same procedure can be used starting from chlorohydrodisiloxanes to
obtain N-hydrodisiloxy-substituted aminophosphine sulfides. Both species serve as precursors for
the preparation of four- or six-membered cationic rings, respectively, when subjected to hydride
abstraction with the Lewis acid B(CsFs)s. The investigation of the stereochemistry of the ring-closing
reaction using a substrate with defined P- and Si-centered chirality provided insights into the

equilibrium processes of diastereomeric enrichment.

5.2. Introduction

Chiral, quaternary phosphonium ions have been considered as an important class of catalysts in a
variety of asymmetric organic synthesis protocols.[ In general, carbon-centered chirality often
seems to be the most straightforward option to obtain enantiomerically enriched products, but
research on phosphorus-stereogenic analogues has been rising in the past decades and has shown
to contribute beneficial properties to asymmetric catalysis.[? When combined with other heteroatom
functional groups such as amino groups or chalcogen atoms directly bonded to phosphorus, a
powerful functional pattern is created for applications as chiral organocatalysts or ligands.?!

The introduction of a silicon atom as a potential Lewis-acidic site features another interesting aspect
to consider in terms of catalytic activity and bond activation.®! In recent years, several elegant ways
have been found to tame highly reactive silicon centers, including intramolecular stabilization by a
Lewis-basic moiety,®! three-center-two-electron Si-H-Sil®l or Si-H-B["l bridges, as well as
counteranion-mediated stabilization.[®l Compounds with tetrasubstituted stereogenic silicon centers
were part of chiral memory studies towards hydride abstraction reactions and subsequent
intramolecular stabilization.[52525¢51 |n terms of applications, stereochemical studies on the
exchange of functional groups at asymmetrically substituted silicon centers provide important

information about the maintenance of configurational integrity at stereogenic silicon centers during

reactions.[®
a) b) c)
Me. @~ \Si/Me tBu.,, 9 /N, Ph Rl o \S_,,..RS
NN ) | , '
(MesSN" “NT “we By \ﬁ/ Ny B N7 R2
. 2
SIME3 [HB(CGFS)?:]e [HB(CGFS)S]G
EMmel, (M = Al, Ga)
Burford et al., 1990 Bauer et al., 2021 This work

Figure 5.1. Overview of four-membered, cationic heterocyclic ring systems. a) First published cationic NPSSi cycle.''” b)
Enantiomerically pure CPSSi cycle with Si-centered chirality.® c¢) First stereochemically pure NPSSi cycle with both
phosphorus and silicon as stereogenic centers, reported herein.
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The first examples of four-membered NPSSi cycles were reported by Burford et al. in the 1990s
(Figure 5.1, a). Ring closure was achieved by chloride abstraction via P—CI bond cleavage using
the Lewis acids aluminium trichloride (AICls) or gallium trichloride (GaCls).['®'1] The cationic cycle
was found to be unstable to heating and was converted to an NPNSi species (Scheme 5.1, top). A
new approach using a different starting material resulted in a zwitterionic compound with an NPSSi

core that is thermally stable up to at least 80 °C (Scheme 5.1, bottom).['%

SiM83
© MCly N
|@ (M = Al, Ga) Me. @~ \_.._-Me__AT _ Me @ \_ _Me
(Me3S|)2N“’7P\ i /P\\ /SI\ —MesSICl g /P\ /SI\
(Me3Si),N cl (Me3Si)pN "i' Me + "|" Me
Si - i
@IVICI,1 iMeq MCl, SiMes;
@
|
/Pg SiMe, ALCh Me\g/ \Si,Me Burford et al., 1990
N/ N/ —_— o e TN
| | ClAl<—N N Me
tBu  tBu Bu  fBu

Scheme 5.1. Top: Synthesis of a thermally unstable cationic NPSSi cycle using the Lewis acids AICI; and GaCls, and
conversion to an NPNSi cycle.'"” Bottom: Synthesis of a thermally stable NPSSi cycle using AICI;.['%

In contrast to this, cyclic CPChSi (Ch = S, Se) cations (Figure 5.1, b) have recently been prepared
by hydride abstraction from a silane moiety with Lewis-acidic tris(pentafluorophenyl)borane
[B(CeF5)3/BCF].15%3k5 A six-membered cationic CPSSiOSi ring system and its ion pair reactivity
have also been reported by our group.[®! The present work aimed to investigate cationic ring
systems based on a NPSSi core. Instead of the CHz-bridge, an NH moiety was introduced
(Figure 5.1, c), which provides an additional Brgnsted acidic functionality and therefore enlarges

the scope of applications.

5.3. Results and Discussion

Herein, we report the synthesis of N-hydrosilyl-substituted aminophosphine sulfides as valuable
precursors for heterocyclic systems and present ring formation reactions using
tris(pentafluorophenyl)borane (BCF) as hydride abstractor. The scope of precursors does not only
include achiral and racemic, but also P-chiral as well as P-and Si-chiral molecules. Particular
attention will be paid to the possibility of introducing both P- and Si-centered chirality into the cyclic
system. While achiral or racemic precursors were relatively easy to convert into the ring structure,
the enantiomerically and diastereomerically pure products showed high sensitivity when subjected
to classical workup such as washing with pentane. Nevertheless, it was possible to perform small
scale reactions and to obtain preliminary information by NMR spectroscopy and X-ray structural
analysis. Among other things, it was found that the cyclization of diastereomerically pure (Rp,Rsi)-17
(d.r. 97:3) does not proceed completely stereospecific. Moreover, an example of the formation of a

racemic six-membered ring system starting from an N-hydrodisiloxy-substituted aminophosphine
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sulfide is presented. All obtained products have been characterized in the best possible way. If no
crystal structure could be obtained, 'H, 2°Si{'H} and 3'P{'H} NMR data such as chemical shifts or

coupling constants could be used as perfect indicators for the success of the ring formations.

5.3.1. Synthesis of Achiral and Racemic Four-Membered NPSSi Ring
Systems and Their Precursors

For the synthesis of achiral or racemic starting materials P,P-di-tert-butylaminophosphine sulfide
(1)"2l was lithiated using n-butyllithium at —80 °C and subsequently subjected to a nucleophilic

substitution with the respective hydrosilyl chloride or triflate (Scheme 5.2)

1) nBuLi (1.2 equiv)
es -80 °C tor.t. es H 2: R'=R2=Ph; 21%

| Et,0, 15 h | | 4: R'=R2 = Pr; 38%
_P® - . _P® si s .
tBu / ~ 2) R'R2SiHCI (1.0 equiv)  tBU 7 \N/ N R rac-6: R'=Ph, R? = tBu; 29%
B NH, . . 1 10: R' = Ph, R2 = H; 49%
u or PhSiH,OTf (1.0 equiv) tBu H R : , ; °
1 -80 °C to r.t.
Et,0, 15 h

Scheme 5.2. Synthesis of the achiral or racemic precursors 2, 4, rac-6 and 10.

Figure 5.2. Molecular structures of 2 (top left), 4 (top right), rac-6 (bottom left) and 10 (bottom right). in the crystalline state
(displacement ellipsoids set at the 50% probability level). Selected bond lengths [A] and angles [*]: Compound 2: P-S
1.9631(17), P-N 1.654(4), Si-N 1.751(4), N-P-S 111.11(16), P-N-Si 127.3(3); Compound 4: P-S 1.9647(5), P-N
1.6551(11), Si-N 1.7550(12), N-P-S 110.16(4), P-N-Si 127.90(7); Compound rac-6: P-S 1.9646(5), P-N 1.6683(11), Si—
N 1.7500(11), N-P-S 111.36(4), P-N-Si 125.83(8); Compound 10: P-S 1.9669(18), P-N 1.645(4), Si-N 1.744(5), N-P-S
109.20(17); P-N-Si 127.4(3).
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The N-hydrosilyl-substituted phosphine sulfides were purified by either crystallization (2, 4),
Kugelrohr distillation (rac-6) or washing with pentane (10) and obtained in yields between 21% and
49%. All products are stable in air for a long time and do not need to be stored under inert gas.
Colorless crystals suitable for single-crystal X-ray analysis (see Figure 5.2) were grown from either
diethyl ether (2, 4, rac-6) or toluene (10) solutions.

As being achieved with CH:-bridged analogues,®"%3 hydride abstraction of the synthesized N-
hydrosilyl-substituted phosphine sulfides could be accomplished using the Lewis acid
tris(pentafluorophenyl)borane (BCF). While the hydride remains at the boron atom of BCF to form
the anion [HB(CsFs)s]-, the cation undergoes an intermolecular stabilization of the Lewis-acidic
silylium moiety by the sulfur atom. Formally, a cyclic aminophosphonium cation is formed and the
still Lewis-acidic silylium atom is tamed.

The reactions were conducted at low temperature by slowly combining toluene solutions of both
reagents and the mixtures were allowed to warm to ambient temperature overnight while stirring
(Scheme 5.3).

es H
|@ S, ) B(CéFs)s tBU\(D/ \ H@B(C Fo)
I— :
Bu— NN 60 °Cor40°Ctort e \ A Rt 67573
tBu H R’ toluene, 15 h H
2: R'=R2=Ph 3[HB(CgFs)3]: R' = R? =Ph; 52%
4: R'=R?=Pr 5[HB(CgFs)s]: R'=R?=iPr; 62%
rac-6: R' = Ph, R? = tBu rac-7[HB(C4Fs)sl: R! = Ph, R? = tBu; 62%
10: R'=Ph,R2=H rac-11[HB(CgF5)3]: R' = Ph, R>=H; n.d.

Scheme 5.3. Synthesis of the achiral or racemic cyclic aminophosphonium compounds 3[HB(CsFs)s], 5[HB(CsFs)s], rac-
7[HB(C¢Fs)s] and rac-11[HB(CgF5)s] (n.d. = yield not defined).

After removal of the solvent and washing with pentane, the product salts were obtained as colorless
amorphous solids in yields between 52% and 62% (only the yield of compound rac-11[HB(CsFs)s]
was not defined due to irremovable impurities, but expected to be similar). It was possible to
crystalize compounds 3[HB(CeFs)s] and 5[HB(CeFs)s] from a toluene solution by layering with
pentane and compound rac-7[HB(CsFs)3] from a DCM solution by layering with pentane. Those

crystals were suitable for single-crystal X-ray diffraction analysis (see Figure 5.3).

C9

Figure 5.3. Molecular structures of the cyclic cations of compounds 3[HB(CsFs)s] (left), S5[HB(CsFs)s] (middle) and rac-
7[HB(C¢Fs)3] (right) in the crystalline state (displacement ellipsoids set at the 50% probability level). Hydrogen atoms, except
for NH, are omitted for clarity. Anions are omitted for clarity. Selected bond lengths [A] and angles [°]: Compound
3[HB(CeFs)s]: P-S 2.0657(6), P-N 1.6458(14), Si-N 1.7490(15), S—Si 2.1967(6); N-P-S 93.69(5), P-S-Si 76.95(2), N-Si—
S 86.49(5), P-N-Si 102.81(8); Compound 5[HB(CsFs)s]: P-S 2.0586(6), P-N 1.6434(15), Si-N 1.7530(15), S—Si 2.2074(6),
N-P-S 94.24(6), P-S-Si 76.83(2), N-Si-S 86.24(5), P-N-Si 102.69(8); Compound rac-7[HB(CsFs)s]: P-S 2.0692(16), P—
N 1.646(4), Si-N 1.752(4), S-Si 2.1937(16), N-P-S 93.57(16), P-S-Si 76.83(6), N-Si-S 86.51(15), P-N-Si 102.5(2).
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All three cations have the shape of a distorted square with phosphorus, nitrogen, silicon and sulfur
at the edges. The acute P-S-Si angles of about 77° and the wider P-N-Si angles of about 103°
indicate that the rings are highly strained systems. While the lengths of the P-N and Si—N bonds
hardly changed due to the ring formation compared to the precursor molecules, each P-S bond is
lengthened by about 0.1 A. Modifying the substituents on silicon does not seem to make a big
difference at first glance. However, it is noteworthy that compound 5[HB(CsFs)3] with two aliphatic
entities on silicon exhibits, by small margin, the longest S—Si distance of all three cations shown in
Figure 5.3. This fact is especially reflected when comparing the 2°Si{'"H} NMR shifts in CD2Cla:
0 = 35.2 ppm for 5[HB(CsF5)3], d = 4.4 ppm for 3[HB(CsFs)3] and & = 20.7 ppm for rac-7[HB(CsFs)s3].
It is known that the Lewis-acidic character of a silicon center is increased with a higher downfield
shift in 2°Si{'H} NMR spectra,!'3 which means that the silicon atom in compound 5[HB(CsF5)3] is the
most Lewis-acidic of the three cycles due to the lack of electron-rich aromatic groups. Electronic
effects in four-membered CPSSi heterocyclic molecules were already investigated by the Bauer
group.[54

Not only the signal of the silicon atom, but also of the phosphorus atom experiences a downfield
shift according to 3'"P{'H} NMR spectroscopy in CD2Cl2, when comparing the precursors 2, 4, rac-6
and 10 (& = 93.3-95.0 ppm) with the corresponding cyclic aminophosphonium cations 3, 5, rac-7
and rac-11 (5 = 111.8-116.1 ppm). In the "H NMR spectra, downfield shifts of up to A = 0.3 ppm
for the tert-butyl groups on the phosphorus atom and about Ad® = 2.0 ppm for the hydrogen atom
on the nitrogen atom were observed. The coupling constants (3Jk-p) of the tert-butyl doublets also
changed upon ring formation and increased by about 4 Hz.

Although it was not possible to obtain single-crystals of compound rac-11[HB(CsFs)3] and thus, to
unambiguously determine the molecular structure, the 'H and 3'P{'"H} NMR data strongly indicate,
that ring formation by S—Si stabilization took place, since the changes are fairly comparable with
the ones observed for compounds 3[HB(CsFs)s], 5[HB(CsFs)s] and rac-7[HB(CeFs)s]. However,
compound rac-11[HB(CeFs)3] could only be obtained in 85% pure form. A small signal at
0 = 4.60 ppm in the "H NMR spectrum in CD2Clz, which becomes larger when the same sample is
subjected to another NMR measurement one day later, provides a conceivable explanation for the
presence of impurities. Due to the close proximity of protic (NH) and hydridic (SiH) hydrogen atoms
in the strained ring, dihydrogen formation appears to occur and increases with time. The proposed
decomposition product still contains an NPSSi cycle, but with an N=Si double bond due to the
dihydrogen cleavage (Scheme 5.4). In a previous publication,®1 it was shown that dihydrogen

formation upon Si—-H bond cleavage is feasible in the presence of protic hydrogen at higher

temperatures.
tBu @/ N Ph o tBu @/ N O
N e N .
P i HB(CgF5)3 P_ _~Si—Ph HB(CgFs)s

N N

tBu/ 'r \H - Hy tBu/ N

H
possible structure of

rac-11[HB(CgF5)s] dehydrogenated rac-11[HB(CgF5)3]

Scheme 5.4. Possible mechanism and proposed result of dihydrogen formation in rac-11[HB(CsFs)s).
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An indication that the cationic ring has indeed not completely been opened upon decomposition is
the still downfield shifted signal (5 = 106.0 ppm) in the 3'P{'"H} NMR spectrum and the higher
coupling constant (A3Ju-p = 2.2 Hz) of the tert-butyl doublet compared to precursor 10. However, it
is assumed that the dehydrogenated cation is a highly reactive intermediate and immediately reacts
further. In turn it is possible that the 3'P{'H} NMR signal at 106.0 ppm may not belong to the
proposed structure in Scheme 5.4. As there are a number of other small, unidentifiable signals in
the 3'P{'H} NMR spectrum at lower values, also partial ring opening cannot be excluded with
certainty.

5.3.2. Activation Experiments of compound rac-7[HB(CeF5)s3]

Activation experiments with gaseous carbon dioxide and hydrogen were carried out based on
literature-known models,['™ however, with no significant result for rac-7[HB(CsFs)3]. A more
promising attempt was made with ammonia.['® The small molecule could certainly open the ring
structure of the cation rac-7 after being condensed into the reaction flask at —-80 °C and stirring
overnight in toluene at room temperature. It was expected that ammonia would attack on the silicon
atom to form a terminal aminosilane moiety (Scheme 5.5). Surprisingly, single-crystal X-ray
analysis of colorless crystals obtained from a toluene solution, that was layered with pentane,
revealed that a terminal Si—-OH functionality was present (rac-8). Even the use of dried ammonia
did not prevent the hydrolysis reaction. It is likely that the use of solvents introduced moisture into
the reaction solution or product, although the solvents used were generally dry enough to handle
the water-sensitive cationic phosphonium cycles such as rac-7. The terminal Si—N bond is therefore
thought to be relatively unstable. Potentially, changing the substituents could help to solve this
problem. In addition, NHs" HB(CsFs5)s~ was present in the crystal structure (Scheme 5.5). Rac-8 is
a potential precursor for the chain extension with a silane moiety, leading to an N-hydrodisiloxy-
substituted aminophosphine sulfide.
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Bu_ @ Ph © 2 ®
> < >Si/ HB(C¢Fs)s NH; ||:@ S!i NH,

By N By -80 °Ctort. tBu— NN \\Ph o

H toluene, 15 h BuU H tBu HB(C6F5)3

faC-?[HB(CeF5)3]

ltraces of H,O
s OH

= @ : @ ©
= tBu/P\N/S'\Ph NH4 HB(CgFs)3
tBu H tBu

Scheme 5.5. Possible reaction pathway of the ammonia activation of rac-7[HB(C¢Fs)s] and subsequent hydrolysis of the
labile intermediate.
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Besides the activation of small molecules, rac-7[HB(CeF5s)s] itself bears potential for further
modification such as deprotonation of the NH bridge. This is essentially the second step of a
stepwise removal of dihydrogen from compound rac-6, which has both hydridic (SiH) and protic
hydrogen (NH). In order to avoid ring opening of cation rac-7 during the deprotonation step, non-
nucleophilic bases were used for the experiment. Admittedly, the interpretation of such experiments
was challenging due to the presence of several products. An attempt with the non-nucleophilic base
1,8-diazabicyclo[5.4.0]lundec-7-en (DBU) led to a crystalline product, which is the by-product of the
expected deprotonated cyclic main product. The presence of DBU-H* HB(CsFs5)3~ {9[HB(CeF5)3]}
(Figure 5.5) suggests, that deprotonation of the cationic ring rac-7 was indeed successful, but the
zwitterionic, formally dehydrogenated, cycle could not be isolated. Due to the presence of several
products in the crude NMR spectra, it is likely that the zwitterionic cycle could have reacted further
and decomposed. If the isolation can be achieved in the future, the proposed zwitterionic structure

(Scheme 5.6) could serve as a model for a novel type of N-binding ligands.

Bue o Ph © DBU Bu e/ _ _Ph
~p Nsi” HB(CgF5); ———— \P< Si”
By SN By -50°Ctort. 4o N~ NBuy

. H DCM, 15 h S)
rac-T[HB(CgF5)3] not unambiguously identified,

potentially decomposed

9[HB(CsFs)3]

Scheme 5.6. Possible zwitterionic deprotonation product of rac-7[HB(CsFs)s] and crystal structure of the by-product
9[HB(C¢Fs)3] (DBU = 1,8-diazabicyclo[5.4.0Jundec-7-en).

5.3.3. Attempted Synthesis of Chiral Four-Membered NPSSi Ring Systems
and Synthesis of Their Precursors

To introduce chirality into the ring structures, phosphorus- and silicon-centered chirality are
thinkable. With the goal to investigate P-chiral NPSSi cycles, we prepared enantiomerically pure
(Rp)-P-(tert-butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12], which has already been
published,!'®! and coupled it with achiral hydrosilyl chloride or ftriflate after lithiation with n-
butyllithium. A first test reaction with achiral di-tert-butylchlorosilane was already included in the

mentioned publication.['® Two more examples are shown in Scheme 5.7.
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1) nBuLi (1.2 equiv)

© -80 °C or -40 °C to r.t. ] H
|® Et,0 or THF, 15hor 1.5 h |® | (Rp)-13: R"=R?=/Pr; 51%
CY“"'/P\NH 2) iPr,SIHCI (1.0 equiv) Cy““'/P\N/S'\\R2 (Rp)-14: R'=Ph, R* = H; 47%
BU 2 or PhSiH,OTf (1.0 equiv) BuU H R!
-80°Ctort.
(Rp)-12 Et,0 or THF, 15 h
e.r. > 99:1 e.r. >99:1

Scheme 5.7. Synthesis of the P-chiral precursors (Rp)-13 and (Rp)-14.

The P-chiral N-hydrosilyl-substituted phosphine sulfides were purified by crystallization and
obtained in yields around 50%. The products seemed to be air-stable but were stored under inert
gas as a precaution. Colorless crystals suitable for single-crystal X-ray analysis (see Figure 5.4)

were grown from either diethyl ether [(Rr)-13] or toluene [(Rr)-14] solutions.

Figure 5.4. Molecular structures of compounds (Rp)-13 (left) and (Rp)-14 (right) in the crystalline state (displacement
ellipsoids set at the 50% probability level). Selected bond lengths [A] and angles [°]: Compound (Re)-13: P-S 1.9593(10),
P—N 1.649(3), Si-N 1.756(3), N-P-S 109.60(10), P-N-Si 128.02(16); Compound (Re)-14: P-S 1.9656(7), P-N 1.6653(18),
Si—-N 1.7385(18), N-P-S 111.51(7), P-N-Si 128.39(11).

So far, it was not possible to achieve the ring formation of compound (Rr)-13 using the same
procedure as for the achiral substrates. It is assumed that the chiral cycles are less stable than the
achiral ones and break during work-up. In general, it is known that the stability of silicon-nitrogen
bonds decreases with a lower steric demand of the substituents at the silicon atom.!'”! In the present
case, also the steric demand of the substituents at phosphorus, which is lower in the chiral samples
due to the exchange of one tert-butyl by a cyclohexyl group, could have an influence on the stability
of the products. The reaction of (Rp)-14 with tris(pentafluorophenyl)borane (BCF) was therefore
carefully conducted as a small-scale reaction in a Young NMR tube at 0 °C. Deuterated benzene
was used as the solvent in order to be able to measure NMR spectra of the crude reaction mixture
before the work-up. In the crude 3'P{'H} NMR spectrum, two signals at & =108.2 ppm and
0 = 95.6 ppm in a ratio of 62:38 were visible. Due to the downfield shift (Ad = 20 ppm) the one with
the higher integral at & = 108.2 ppm could easily be assigned to the corresponding desired NPSSi
four-membered cycle (Rr)-15 (Scheme 5.8), which is supported by the increase of the coupling
constant of the fert-butyl doublet by 3.8 Hz. It is noteworthy, that this is indeed only one signal for
the NPSSi cycle. This suggests that only one diastereomer was obtained and that stereochemical
induction from the configurationally defined P-chiral center to the silicon atom had most likely
occurred. However, the absolute configuration at the silicon atom is unknown. After the classic
work-up (removing the solvent and washing with pentane) only the second signal at 6 = 95.6 ppm

(CeDe)/ © = 96.3 ppm (CD2Cl2) was left and the coupling constant of the tert-butyl doublet was still
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increased by 2.4 Hz compared to precursor (Rr)-14. The most interesting hint for the identification
of this decomposed molecule, however, could be observed in the 2°Si{'H} NMR spectrum.
Surprisingly, it showed a strongly upfield shifted signal of & = -81.7 ppm, which is in the range for
anionic pentacoordinated silicon atoms in a spirocyclic environment.['®! According to the 'H NMR
spectra, the presence of a molecule with the structure of (Rr,Rr)-16 (Scheme 5.8) is possible. In
both, the crude 'H NMR spectrum in CsDs and the '"H NMR spectrum in CD2Clz, that was taken
after work up, a signal corresponding to dihydrogen is visible at & = 4.47 ppm or 6 = 4.60 ppm,
respectively. Dihydrogen formation in cationic NPSSi ring systems was already discussed for
compound rac-11[HB(CeFs)s]. This formation is feasible due to the proximity of protic (NH) and
hydridic (SiH) hydrogen in the cyclic cation. Molecules with the same NH-SiHPh motif have been
shown to be unstable and prone to further reactions, especially when traces of water are present.!['9
Furthermore, it is likely that [HB(CeFs)s]-induced silane release has occurred upon N-Si bond
cleavage and the free aminophosphine sulfide has reacted with an equivalent of cation (Rp)-15 or
its dehydrogenated analogue. Several possibilities for the mechanism are thinkable. Two proposals
are presented in Scheme 5.8. The by-products phenylsilane or phenylsilanol could not be observed

in the NMR spectra, however, polymerization due to moisture, which gives insoluble products, is

likely.
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Scheme 5.8. Two possible mechanisms for the formation of the bicyclic compound (Re,Rp)-16[HB(CgFs)s].
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5.3.4. Synthesis of a P- and Si-Chiral Four-Membered NPSSi Ring System
and Its Precursor

After the successful attachment of an achiral silane moiety to enantiomerically pure (Rp)-P-(tert-
butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12], a chiral alkylarylchlorosilane was used for the
coupling reaction after lithiation of the amino entity (Scheme 5.9). Basically, (Rr)-12 functioned as
a P-stereogenic chiral auxiliary and, as expected, two P- and Si-chiral diastereomers [(Rp,Ssi)-17
and (Rp,Rsi)-17] were formed, which had to be separated. The crude reaction mixture showed a
diastereomeric ratio of 11:89 according to the signals at = 86.8 ppm and & = 86.1 ppm in the
3T1P{'H} NMR spectrum. After three crystallization steps (for details see experimental section) from
a diethyl ether solution, that was layered with pentane, the diastereomerically pure P- and Si-chiral
N-hydrosilyl-substituted phosphine sulfides (Rp,Ssi)-17 (d.r. >99:1) and (Rp,Rsi)-17 (d.r. 97:3) could

be separated.
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Scheme 5.9. Synthesis of the P- and Si-chiral precursors (Re,Ssi)-17 and (Re,Rsi)-17, and molecular structure of compound
(Re,Ssi)-17 in the crystalline state (displacement ellipsoids set at the 50% probability level).

After the many crystallization steps, yields of 4% and 39% were achieved in total for the air-stable
products. Colorless crystals could be obtained for compound (Rr,Ssi)-17 after the second
crystallization step and the absolute configuration could be determined by single-crystal X-ray
diffraction analysis (see Scheme 5.9). (Rr,Rsi)-17 could never be obtained in a crystalline form good
enough to be analyzed by single-crystal X-ray diffraction.

With (Rp,Rsi)-17, the stereoselectivity of the ring closure of P- and Si-chiral N-hydrosilyl-substituted
phosphine sulfides was investigated for the first time. Previous experiments on Si-chiral hydrosilyl
phosphine sulfides showed that both ring formation with BCF and re-opening using NaHBEts were
stereospecific.’1 For the ring closure experiment, (Rp,Rsi)-17 was dissolved in CsDs and slowly
added to a solution of tris(pentafluorophenyl)borane (BCF) in CsDs in @ Young NMR tube at 0 °C
(Scheme 5.10). Five hours later, NMR spectra of the crude mixture were recorded without any
purification and showed two signals at & = 106.4 ppm and © = 105.8 ppm in a ratio of 22:78 in the
31P{"H} NMR spectrum. The downfield shift (A5 = 20 ppm) and the change in the coupling constants
of the tert-butyl doublets (A3Jn-p = 4.3 Hz) compared to the precursor (Rp,Rsi)-17 indicate that the

two possible diastereomeric cyclic cations (Rp,Ssi)-18 and (Re,Rsi)-18 had been formed. Also, the
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29Si{"H} NMR signals were shifted downfield (Ad = 15 ppm). We strongly believe that the poor
stereoselectivity, as observed in the 3'P{"H} NMR spectrum, is based on thermodynamic reasons.
Since neighbor-group-participated hydride abstraction with Lewis acids such as BCF has been
shown to be an inversion process,®>520 (Rp,Rsi)-18[HB(CsFs)s] is the kinetic product, which is
gradually converted into the thermodynamically stable (Rp,Ssi)-18[HB(CsFs)s]. This hypothesis is
additionally supported by the structure of the diastereomers. In the cation (Rpr,Rsi)-18, both tert-
butyl groups (PtBu and SitBu) are located on the same side of the NPSSi ring and are quite close
to each other. Since this is sterically unfavorable, the cation (Rp,Ssi)-18, which carries the tert-butyl
groups on the opposite sides of the ring, is formed over time. In previous studies, this circumstance
was not discovered, since exclusively an achiral phosphine sulfide moiety was used.[®1 In addition,
it should be noted that the recorded NMR spectra only represent a momentary snapshot and that
an increasing formation of the more stable product with longer reaction time cannot be ruled out.
In order to unequivocally prove the ring formation, a crystallization experiment was set up by
layering the crude CeDe solution with pentane. Colorless crystals of (Rp, Ssi)-18[HB(CsFs)3] could be
obtained after five days at room temperature and were subjected to a single-crystal X-ray diffraction
analysis (see Scheme 5.10).
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Scheme 5.10. Synthesis of the diastereomeric P- and Si-chiral cyclic aminophosphonium compounds (Rp,Rsi)-18[HB(CsFs)3]
and (R, Ssi)-18[HB(CsFs)s], and molecular structure of cation (Re,Ssi)-18 in the crystalline state (displacement ellipsoids set
at the 50% probability level; hydrogen atoms, except for NH, are omitted for clarity).

After a second ring closure experiment of (Rp,Rsi)-17, re-opening of the cyclic cation (Rp,Rsi/Ssi)-
18 (d.r.78:22) using NaHBE13%1 was attempted. Although it was expected that the starting materials
would be recovered, two broad signals at & = 70.3 ppm and & = 71.4 ppm were obtained in the
3T1P{'H} NMR spectra in CsDs, which are not consistent with the shift values of the starting materials
(Rp,Ssi)-17 and (Re,Rsi)-17. Furthermore, the ratio of these new signals (66:34) suggests that the
presumed ring opening reaction was again not stereoselective in the case of diastereomeric signals.

Due to the broadness of the signals, also in the '"H NMR spectrum, no statement on the possible
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structure of the products can be made. Regarding the highfield-shifted 3'P{"H} NMR values, it is
likely that ring opening has occurred, but presumably not in the expected manner between sulfur
and silicon. Cleavage between nitrogen and silicon seems likely according to our own experiences
during the experimental collection and work with N-Si bridged N-hydrosil(ox)yl-substituted

phosphine sulfides.

5.3.5. Synthesis of a Racemic Six-Membered NPSSiOSi Ring System and
Its Precursor

While hydrosilyl chlorides and triflates could be directly coupled with P,P-di-tert-
butylaminophosphine sulfide (1) after lithiation to give silane-based precursors, this reaction proved
less efficient for chlorodisiloxanes. Instead, a chlorodisiloxane was coupled with the unoxidized
P,P-di-tert-butylaminophosphine after lithiation at -80 °C and subsequently oxidized with elemental

sulfur to obtain compound rac-19 (Scheme 5.11).

1) nBuLi (1.2 equiv)

-80 °C to r.t. © Ph Ph H
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tBu / “NNH., 2) tBUHPhSIOSiPh,CI (1.0 equiv) {BU / ~NT So” \
tBu 2 _go°Ctort. B H tBu
pentane, 15 h rac-19
3) '/ Sg, pentane 31%

Scheme 5.11. Synthesis of the racemic disiloxane-based precursor rac-19.

The N-hydrodisiloxy-substituted phosphine sulfide rac-19 was obtained in an overall yield of 31%
after three reaction steps. Since Kugelrohr distillation was carried out after the second reaction
step, no further purification was necessary after oxidation with sulfur. The oxidized product rac-19
was obtained as a colorless viscous oil and stored under inert gas.

Hydride abstraction of rac-19 was performed with tris(pentafluorophenyl)borane (BCF) at —40 °C
by slowly combining toluene solutions of both reagents and allowing the mixture to warm to ambient
temperature overnight while stirring (Scheme 5.12). The oily crude product of rac-20[HB(CsFs)3]
was isolated by precipitation in pentane and eventually obtained as a colorless foamy solid in 49%

yield after washing with pentane and drying in vacuo.
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Scheme 5.12. Synthesis of the racemic disiloxane-based cyclic aminophosphonium compound rac-20[HB(CsFs5)s).
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Although several attempts to obtain single crystals of rac-20[HB(CeF5)s] remained unsuccessful,
the structure of the six-membered aminophosphonium cation could be validated by NMR
spectroscopy. The missing SiH signal and the coupling constants of the tert-butyl doublets (3Jn-p =
18.7 Hz in cation rac-20 vs. 3Ju-p = 15.5 Hz in precursor rac-19) in the '"H NMR spectrum strongly
suggest the successful hydride abstraction and ring formation by intermolecular stabilization of the
Lewis-acidic silylium moiety by the sulfur atom. Also the downfield shift from & = 91.0 ppm in rac-
19 to 5 = 100.1 ppm in rac-20[HB(CsFs)3] in the 3'P{'"H} NMR spectrum confirms this assumption.
Compared to the four-membered cycles, the overall downfield shift is indeed lower, which means
that the influence of the P—S-Si stabilization is less in six-membered cycles. The same suggestion
is underlined by the small downfield shift to d = -3.3 ppm in the 2°Si{"H} NMR spectrum for the
tamed silylium atom (tBuPhSi) in rac-20[HB(CeFs)s] compared to the tBuPhHSi moiety of the
precursor rac-19 (& = -5.6 ppm). These findings are in line with previous investigations on six-
membered CH2-bridged substrates.[®] As there too, it should be mentioned at this point that
increased shielding of silicon atoms with increasing ring size is a known fact.2"

Failed crystallization attempts of compound rac-20[HB(CeFs)3] included classical methods such as
layering a DCM solution of the aminophosphonium hydroborate with pentane, as well as prior anion
exchange experiments. The latter were carried out with Jutzi's acid {[H(OEt2)2]"[B(CeFs5)4]},
Li*[B(CsFs)4]” or (CPh3)*[B(CsFs)4]". The aim was to replace the anion [HB(CeFs)3] ~ by the tetraaryl-
substituted borate [B(CsFs)4]-, which features a better crystallizability. After anion exchange with
lithium or trityl tetraaryl-substituted borate, single crystals of rac-20[B(CsFs)s] could still not be
obtained. Jutzi's acid, previously used successfully for weakly coordinating anion exchange,[®!
induced cleavage of the N-Si bond in cation rac-20. The same bond cleavage happened when
trying to crystallize rac-20[HB(CsF5)s] in the unintended presence of moisture. Not only the cation
turned out to be very sensitive, but also the anion, which dimerized with a hydroxyl moiety in
between. The crystal structure of 21[(u-OH)(BCF).] (Figure 5.5) was obtained from a DCM solution
after layering with pentane.

Figure 5.5. Molecular structure of compound 21[(u-OH)(BCF);] in the crystalline state (displacement ellipsoids set at the
50% probability level). Selected bond lengths [A] and angles [°]: P-S 2.0796(9), P-N 1.626(2), S-HA 1.30(3), N-P-S
112.94(10).
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5.4. Conclusion

In conclusion, we have synthesized N-hydrosilyl-substituted aminophosphine sulfides in four
categories: 1) achiral, 2) Si-racemic, 3) enantiomerically pure P-chiral and 4) diastereomerically
pure P- and Si-chiral. A great challenge was the unprecedented fractional crystallization of the
diastereomeric compounds (Re,Ssi)-17 and (Rp,Rsi)-17. N-hydrosilyl-substituted phosphine sulfides
constitute valuable precursors for the formation of four-membered, cationic, heterocyclic ring
systems upon hydride abstraction with BCF. The phosphine sulfide, as a Lewis basic functionality,
provides an effective stabilization for the Lewis-acidic silylium-type centers through the formation
of strong intramolecular bonds. While the preparation of achiral cyclic cations was a straightforward
undertaking, all chiral samples were prone to decomposition. Nevertheless, it was possible to study
the stereoselectivity of the ring formation of (Re,Rsi)-17, which is likely influenced by epimerization
processes. Two examples of follow-up reactions of rac-7[HB(CeFs)s] that give rise to further
investigation were presented and can be considered as model experiments for the applicability of
aminophosphonium ions in organic synthesis. It was also shown that six-membered cyclic cations
can be prepared using the same hydride abstraction method. Application of the presented
molecules in the design of new ligand systems and transition metal-free catalysis will be further

investigated in the future.
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5.6. Syntheses and Characterizations

5.6.1. General Remarks

All experiments were performed in an inert atmosphere of purified nitrogen by using standard
Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was heated at 140 °C
prior to use. Diethyl ether (Et20), dichloromethane (DCM), hexane, pentane, tetrahydrofuran (THF),
and toluene were dried and degassed with an MBraun SP800 solvent purification system.
n-Butyllithium (1.6 M or 2.5M solution in hexane, Merck), chlorodiphenylsilane (90%, abcr),
chlorodiisopropylsilane (95%, abcr), diphenylsilane (97%, Merck), triflic acid (98%, Merck), sulfur
(99%, Merck), ammonia (anhydrous, Staub & Co.), 1,8-diazabicyclo[5.4.0Jundec-7-en (DBU) (for
synthesis, Merck) were used without further purification.

P,P-Di-tert-butylaminophosphine sulfide (1) and P,P-di-tert-butylaminophosphine were synthesized
following literature procedures.[V tert-Butylchlorophenylsilane and CIPh2Si—-O-SitBuPhH were
synthesized following a procedure published by our group.l?! Tris(pentafluorophenyl)borane (BCF)
was synthesized following a reported procedure.B! Phenylsilyl triflate was synthesized following a
reported procedure.*! (Rp)-P-(tert-butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12, e.r. >99:1]
was synthesized following a procedure published by our group.[®

CsDs (=99.6%, Merck) was used for NMR spectroscopy as purchased. CD2Cl2 (> 99.8%,
Fluorochem) was degassed and dried over molecular sieve (3 A) prior to use. NMR spectra were
either recorded using a Bruker Avance 400 (400.13 MHz) or a Bruker Avance Ill HD 400
(400.13 MHz) at 25 °C. Chemical shifts (8) are reported in parts per million (ppm). 'H and 8C{'H}
NMR spectra are referenced to tetramethylsilane (SiMes, & = 0.0 ppm) as external standard, with
the deuterium signal of the solvent serving as internal lock and the residual solvent signal as an
additional reference. 3'P{'H}, 2°Si{'H}, ""B{'H} and "°F{'"H} NMR spectra are referenced to H3POa4,
SiMes, BF3-OEt2 and CFCls, respectively. For the assignment of the multiplicities, the following
abbreviations are used: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad signal. Elemental
analyses were performed on a Vario MICRO cube apparatus. High-resolution mass spectrometry
was carried out on a Jeol AccuTOF GCX and an Agilent Q-TOF 6540 UHD spectrometer.
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5.6.2. Four-Membered NPSSi Ring Systems and Their Precursors

5.6.2.1. Synthesis of tBuz(PS)NH(SiHPh2) (2)

1) nBuLi (1.2 equiv)

s -80°Ctor.t. es H
| Et,0, 15 h | l
__po® - __p® Si—pp,
tBu / \NH2 2) Ph,SiHCI (1.0 equiv) tBu / ~y7 \
tBu -80 °C tor.t. tBu H Ph
Et,0, 15 h
1 21% overall yield 2

nButyllithium (3.92 mL, 9.80 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution
of P,P-di-tert-butylaminophosphine sulfide (1) (1.58 g, 8.17 mmol, 1.0 equiv.) in diethyl ether
(50 mL) at —80 °C. The solution was allowed to slowly warm to room temperature and stirred for
15 h. Following, the colorless solution was cooled to —80 °C again and chlorodiphenylsilane (1.79 g,
8.17 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was allowed to slowly warm to
room temperature and stirred for 15 h affording a yellow suspension. The precipitated lithium
chloride was filtered off via cannula filtration and washed with diethyl ether. The crude solution was
keptat—28 °C for 20 h to yield colorless crystalline needles suitable for single-crystal X-ray analysis,
which were filtered off via cannula filtration and washed with pentane. After drying in vacuo,

compound 2 was obtained as colorless needle-shaped crystals (0.63 g, 1.68 mmol, 21%).

"H NMR (400.13 MHz, CeDs, 298 K): & = 1.12 (d, 3Jn-p = 15.4 Hz, 18H, PC(CH?3)3), 2.11 (br, 1H,
NH), 6.15 (m, 1H, SiH), 7.18-7.23 (m, 6H, Hrn), 7.76—7.80 (m, 4H, Hen). 3'P{"H} NMR (162.04 MHz,
CsDs, 298 K): & = 93.3 (s). "*C{'H} NMR (100.61 MHz, CeDs, 298 K): & = 27.4 (d, 2Jc—p = 1.9 Hz,
PC(CHs)3), 39.7 (d, 'Jc-p = 53.2 Hz, PC(CHs3)3), 128.3 (S, Cmeta), 130.3 (S, Cpara), 135.5 (d, 3Jc-p =
2.9 Hz, Cipso), 135.6 (s, Cortno). 2°Si{"H} NMR (79.49 MHz, CeDs, 298 K): & = —20.9 (d, 2Jsip =
2.1 Hz).

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.30 (d, 3Ju-p = 15.5 Hz, 18H, PC(CHs)3), 2.31 (br, 1H,
NH), 5.69 (m, 1H, SiH), 7.37—7.46 (m, 6H, Hrn), 7.66—7.68 (m, 4H, Hen). 3'P{"H} NMR (162.04 MHz,
CD2Cl2, 298 K): 8 = 94.2 (s). "*C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): d = 27.7 (d, 2Jc-p = 1.8 Hz,
PC(CHs)s), 40.2 (d, 'Jo-p = 52.8 Hz, PC(CH3)3), 128.5 (S, Cmeta), 130.6 (S, Cpara), 135.6 (S, Cortho),
135.6 (S, Cipso). 2°Si{"H} NMR (79.49 MHz, CD2Cl2, 298 K): & = -21.8 (d, 2Jr_si = 2.3 Hz).
Elemental analysis: C20H30NPSSi: calcd.: C 63.96, H 8.05, N 3.73; found: C 63.73, H 7.84, N 3.64.
HR(+ESI)-MS: calcd. m/z for C20H31NPSSi [(M+H)*]: 376.1679, found: 376.1685.
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Figure S5.2. 3'P{*H} NMR spectrum (CsDs, 298 K) of 2.
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Figure S5.3. *C{*H} NMR spectrum (C¢Ds, 298 K) of 2.
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Figure S5.4. ?°Si{*H} NMR spectrum (CsDs, 298 K) of 2.
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Figure $5.8. °Si{"H} NMR spectrum (CD.Cl, 298 K) of 2.
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5.6.2.2. Synthesis of [tBu2(PS)NH(SiPh2)]* [HB(CeFs)3]~ {3[HB(CeFs)3]}

GT T S
Bu @, AN Ph ©
P. Sj—0o + B(CsF S HB(CgzF
tBU// Ny I\ Ph (CeFsls —60 °C to r.t. /P\ 7~ I\ (CoFs)s
N tBu N Ph
tBu H Ph toluene, 15 h H
52%
3[HB(CgF5)s]

A solution of compound 2 (0.32 g, 0.84 mmol, 1.0 equiv.) in toluene (3 mL) was added to a solution
of tris(pentafluorophenyl)borane (0.43 g, 0.84 mmol, 1.0 equiv.) in toluene (2 mL) at -60 °C. The
solution was allowed to slowly warm to room temperature and stirred for 15 h. The solvent was then
removed in vacuo and the remaining solid was washed with pentane. After drying in vacuo,
compound 3[HB(CsFs)3] was obtained as a colorless solid (0.39 g, 0.44 mmol, 52%). Crystals

suitable for single-crystal X-ray analysis were obtained by layering a toluene solution with pentane.

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.49 (d, 3Jn-p = 19.2 Hz, 18H, PC(CH?s)3), 4.36 (d, 2Jn-p
= 3.1 Hz, 1H, NH), 7.45-7.49 (m, 4H, Hp), 7.59-7.63 (m, 2H, Hpn), 7.68-7.70 (m, 4H, Hpn). 3'P{'H}
NMR (162.04 MHz, CD2Clz2, 298 K): & = 113.2 (s). 3C{'H} NMR (100.61 MHz, CD2Clz, 298 K): & =
26.7 (d, 2Jc—p = 2.5 Hz, PC(CHs)3), 42.7 (d, 'Jc—, = 29.7 Hz, PC(CHs)3), 129.3 (s, Cen), 130.0 (s,
Crn), 133.6 (s, Cpn), 135.2 (s, Crn). ""B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): & = -25.1 (s).
F{'H} NMR (376.66 MHz, CD2Cl2, 298 K): & = -166.9 (m, 6F, meta-Farborate), —163.9 (m, 3F, para-
Far-borate), —133.6 (M, 6F, ortho-Farborate). 2°Si{'"H} NMR (79.49 MHz, CD2Cl2, 298 K): d = 4.4 (d, 2Jr-
si = 5.5 Hz).

Elemental analysis: C3sH30BF1sNPSSi: calcd.: C 51.42, H 3.41, N 1.58; found: C 51.52, H 3.32, N
1.64.
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5.6.2.3. Synthesis of tBuz(PS)NH(SiHiPr2) (4)

1) nBuLi (1.2 equiv)

es -80 °Ctort. ©s H
| Et,0, 15h | '
_p® ™ e Si—p
BUT/ N\, 2) PrSIHCI (1.0 equiv) Bu SN
Bu -80 °Ctor.t. tBu H iPr
Et,0, 15 h
1 38% overall yield 4

nButyllithium (2.48 mL, 6.20 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution
of P,P-di-tert-butylaminophosphine sulfide (1) (1.00 g, 5.17 mmol, 1.0 equiv.) in diethyl ether
(20 mL) at —80 °C. The solution was allowed to slowly warm to room temperature and stirred for
15 h. Following, the colorless solution was cooled to —80 °C again and chlorodiisopropylsilane
(0.78 g, 5.17 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was allowed to slowly
warm to room temperature and stirred for 15 h affording a colorless suspension. The precipitated
lithium chloride was filtered off via cannula filtration and washed with diethyl ether. The crude
solution was kept at —28 °C for 20 h to yield colorless crystalline needles suitable for single-crystal
X-ray analysis, which were filtered off via cannula filtration and washed with pentane. After drying

in vacuo, compound 4 was obtained as colorless needle-shaped crystals (0.60 g, 1.95 mmol, 38%).

TH NMR (400.13 MHz, CsDs, 298 K): 8 = 1.08—1.04 (m, 12H, SiCH(CH?3)2), 1.20 (d, 3Jn-p = 15.2 Hz,
18H, PC(CH3)3), 1.34—1.25 (m, 2H, SiCH(CHs3)2), 1.48 (br, 1H, NH), 4.73 (m, 1H, SiH). *P{'H} NMR
(162.04 MHz, CeDs, 298 K): & = 92.3 (s). "*C{'H} NMR (100.61 MHz, CsDs, 298 K): 8 = 13.0 (d, 3Jc-
p = 2.2 Hz, SICH(CHa)2), 18.4 (d, “Jc—p = 22.2 Hz, SiCH(CH?3)2), 27.5 (d, 2Jc-p = 1.7 Hz, PC(CHa)3),
39.9 (d, 'Jc-p = 53.8 Hz, PC(CHa3)3).

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.08-1.06 (m, 12H, SiCH(CHs)2), 1.26—1.20 (m, 2H,
SiCH(CHs)2), 1.30 (d, 3Ju-p = 15.3 Hz, 18H, PC(CH?s)3), 1.69 (br, 1H, NH), 4.34 (m, 1H, SiH). *'P{'H}
NMR (162.04 MHz, CD2Clz, 298 K): & = 93.3 (s). "*C{'"H} NMR (100.61 MHz, CD2Cl2, 298 K): & =
13.3 (d, 3Jc-p = 2.2 Hz, SiCH(CHs)2), 18.5 (d, 4Jc-r = 26.4 Hz, SiCH(CHs)2), 27.8 (d, 2Jc—r = 1.7 Hz,
PC(CHa)s3), 40.3 (d, 'Jc—p = 53.6 Hz, PC(CH3)3). 2Si{'H} NMR (79.49 MHz, CD2Cl2, 298 K): 5 = 3.0
(d, 2Jr-si = 4.5 Hz).

Elemental analysis: C14H34sNPSSi - 0.15 Et20: calcd.: C 53.81, H 11.23, N 4.30; found: C 53.73, H
11.42, N 4.51.

HR(+ESI)-MS: calcd. m/z for C14H3sNPSSi [(M+H)*]: 308.1992, found: 308.1998.
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Figure S5.20. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of 4.
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5.6.2.4. Synthesis of [tBuz(PS)NH(SiiPr2)]* [HB(CsFs)s]~ {5[HB(C6Fs)s]}

Bu. @, \ iPr ©
@ . > N .~
P. Si——p, + B(CgF > P Si HB(CgF5)
tBu// \N/ \ ipr + B(CgFs)3 40 °Clort 5 P \N/ \iPr 6Fs)3
tBu H iPr toluene, 15 h u H
62%
4 5[HB(CgF5)sl

A solution of compound 4 (0.26 g, 0.84 mmol, 1.0 equiv.) in toluene (4 mL) was added to a solution
of tris(pentafluorophenyl)borane (0.43 g, 0.84 mmol, 1.0 equiv.) in toluene (6 mL) at —40 °C. The
solution was allowed to slowly warm to room temperature and stirred for 15 h. The solvent was then
removed in vacuo and the remaining solid was washed with pentane. After drying in vacuo,
compound 5[HB(CeFs)3] was obtained as a colorless solid (0.43 g, 0.52 mmol, 62%). Crystals

suitable for single-crystal X-ray analysis were obtained by layering a toluene solution with pentane.

'H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.23-1.20 (m, 12H, SiCH(CH?3)2), 1.49 (d, 3Ju-p =
18.9 Hz, 18H, PC(CHs)3), 1.69-1.58 (m, 2H, SiCH(CHs)2), 3.61 (br, 1H, NH). 3'P{'"H} NMR
(162.04 MHz, CD2Cl2, 298 K): & = 111.8 (s). *C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 16.6
(s, SICH(CHs)2), 19.1 (s, SiCH(CHs)2), 26.6 (d, 2Jc—p = 2.5 Hz, PC(CH3)s3), 42.4 (d, '"Jc-p = 30.8 Hz,
PC(CHs)3). ""B{'H} NMR (128.43 MHz, CD2Clz, 298 K): & = —25.3 (s). "*F{'"H} NMR (376.66 MHz,
CD2Clz, 298 K): & = —167.2 (m, 6F, meta-Farborate), —164.1 (m, 3F, para-Farborate), —133.8 (m, 6F,
ortho-Farborate). 2°Si{'"H} NMR (79.49 MHz, CD2Clz, 298 K): & = 35.2 (d, 2Jp_si = 2.7 Hz).

Elemental analysis: C32H34BF1sNPSSi: calcd.: C 46.90, H 4.18, N 1.71; found: C 47.55, H 4.24, N
1.79.
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Figure S5.24. *C{'"H} NMR spectrum (CD.Cl,, 298 K) of 5[HB(CsFs)s].
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Figure $5.25. "'B{'"H} NMR spectrum (CD.Cl,, 298 K) of 5[HB(CsFs)3].
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5.6.2.5. Synthesis of tBuz(PS)NH(SiHtBuPh) (rac-6)

1) nBuLi (1.2 equiv)

©s -80 °Ctor.t. ©s H
| Et,0, 15 h | l
_pP® > _—p2 Si—pPh
BUT/ N\, 2)BUPhSIHCI (1.0 equiv)  BUT /NN
tBu 2 -80 °Ctor.t. tBu H tBu
Et,0, 15 h
1 29% overall yield rac-6

nButyllithium (4.40 mL, 11.0 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution
of P,P-di-tert-butylaminophosphine sulfide (1) (1.77 g, 9.16 mmol, 1.0 equiv.) in diethyl ether
(50 mL) at —80 °C. The solution was allowed to slowly warm to room temperature and stirred for
15 h. Following, the colorless solution was cooled to —80 °C again and tert-butylchlorophenylsilane
(1.82 g, 9.16 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was allowed to slowly
warm to room temperature and stirred for 15 h affording a colorless suspension. The precipitated
lithium chloride was filtered off via cannula filtration and washed with diethyl ether. Then, all volatiles
of the filtrate were removed under vacuum. The crude solid mixture was purified by Kugelrohr
distillation (115 °C oven temperature, 1.3x102 mbar). Compound rac-6 was obtained as a colorless
solid (0.95 g, 2.67 mmol, 29%). Crystals suitable for single-crystal X-ray analysis were obtained

from a diethyl ether solution by slow evaporation of the solvent.

"H NMR (400.13 MHz, CeDs, 298 K): 5 = 0.99 (s, 9H, SiC(CHs)3), 1.09 (d, 3Jn-r = 15.3 Hz, 9H,
PC(CHs3)3), 1.24 (d, 3Ju-p = 15.1 Hz, 9H, PC(CHs)3), 1.90 (br, 1H, NH), 5.29 (m, 1H, SiH), 7.18-7.22
(m, 3H, Hpn), 7.63—7.65 (m, 2H, Hen). 3'P{"H} NMR (162.04 MHz, CsDs, 298 K): & = 92.9 (s). "*C{'H}
NMR (100.61 MHz, CeDs, 298 K): 6 = 18.0 (d, 3Jc-p = 4.0 Hz, SiC(CHs)s3), 27.2 (s, SiC(CHs)s), 27.5
(s, PC(CHa)s), 27.6 (s, PC(CHs)s), 39.5 (d, 'Jc—p = 55.0 Hz, PC(CHzs)s), 40.2 (d, 'Jc-p = 54.7 Hz,
PC(CHs)3), 128.0 (s, Cpn), 129.9 (s, Cpn), 135.0 (s, Cpn), 135.7 (s, Cph). 2°Si NMR (79.49 MHz, CeDe,
298 K): 6 =-6.0 (d, 'Jsi-n = 221.4 Hz).

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 0.99 (s, 9H, SiC(CHs)3), 1.21 (d, 3Jn-p = 15.5 Hz, 9H,
PC(CHs)s), 1.36 (d, 3Jn-p = 15.4 Hz, 9H, PC(CHs)s3), 2.06 (br, 1H, NH), 4.90 (d, 3Jn-p = 2.9 Hz, 1H,
SiH), 7.34-7.40 (m, 3H, Hpn), 7.57-7.59 (m, 2H, Hen). 3'P{"H} NMR (162.04 MHz, CD2Cl2, 298 K):
5 = 94.0 (s). ®*C{'H} NMR (100.61 MHz, CD2Clz, 298 K): & = 18.1 (d, 3Jc—r = 4.3 Hz, SiC(CH3)3),
27.3 (s, SiC(CHa)s), 27.8 (d, 2Jc-p = 1.8 Hz, PC(CHa)s), 27.8 (d, 2Jc—r = 1.9 Hz, PC(CHa)3), 39.8 (d,
'Jc-p =53.4 Hz, PC(CH3)3), 40.9 (d, "Jo-p = 53.0 Hz, PC(CH3)3), 128.1 (s, Cpn), 130.1 (s, Crn), 135.1
(s, Cpn), 136.0 (s, Cen).

Elemental analysis: C1sH3sNPSSi: calcd.: C 60.80, H 9.64, N 3.94; found: C 60.35, H 9.76, N 3.65.
HR(APCI+)-MS: calcd. m/z for C1sHasNPSSi [(M+H)*]: 356.1996, found: 356.1992.
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Figure S5.28. *H NMR spectrum (CsDs, 298 K) of rac-6.
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Figure S5.29. 3P{*H} NMR spectrum (C¢Ds, 298 K) of rac-6.
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Figure S5.31. 2°Si NMR spectrum (CgDs, 298 K) of rac-6.
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Figure S5.33. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of rac-6.
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Figure S5.34. 3C{*H} NMR spectrum (CDCl,, 298 K) of rac-6.
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5.6.2.6. Synthesis of [tBu2(PS)NH(SitBuPh)]* [HB(CeFs)3]~ {rac-7[HB(CeF5)s3]}

os H

e | Bu o, ~\__Ph ©
tBu//P\N/S'\Ph + B(CeFs)3 oot /P\N/SI\tB HB(CgF5)3
tBu H tBu toluene, 15 h Bu H u
62%
rac-6 rac-T[HB(CgF5)s]

A solution of compound rac-6 (0.30 g, 0.84 mmol, 1.0 equiv.) in toluene (3 mL) was added to a
solution of tris(pentafluorophenyl)borane (0.43 g, 0.84 mmol, 1.0 equiv.) in toluene (2 mL) at
—60 °C. The solution was allowed to slowly warm to room temperature and stirred for 15 h. The
solvent was then decanted and the remaining solid was washed with pentane. After drying in vacuo,
compound rac-7[HB(CeFs)3] was obtained as a colorless solid (0.45 g, 0.52 mmol, 62%). Crystals
suitable for single-crystal X-ray analysis were obtained by slow layering of a DCM solution with

pentane.

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.10 (s, 9H, SiC(CHs)3), 1.22 (d, 3Jn-p = 19.1 Hz, 9H,
PC(CHs)s), 1.55 (d, 3Jn-p = 19.2 Hz, 9H, PC(CH?)s), 3.99 (d, 2Ju-p = 1.5 Hz, 1H, NH), 7.45-7.49 (m,
2H, Hpn), 7.54-7.61 (m, 3H, Hren). 3'"P{'"H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 114.3 (s). 3*C{'H}
NMR (100.61 MHz, CD2Clz, 298 K): & = 24.4 (s, SiC(CHs)3), 25.6 (s, SiC(CHs)3), 26.8 (d, 2Jc-p =
2.7 Hz, PC(CHs3)3), 26.9 (d, 2Jc-p = 2.6 Hz, PC(CHs)s), 43.0 (d, "Jc-p = 29.5 Hz, PC(CHs)s), 43.1 (d,
1Je-p = 29.2 Hz, PC(CHa)3), 129.2 (s, Cpn), 130.7 (s, Crn), 132.3 (s, Cpn), 133.4 (s, Crn). ""B{'H}
NMR (128.43 MHz, CD2Cl2, 298 K): & = -25.1 (s). "*F{'H} NMR (376.66 MHz, CD2Cl2, 298 K): & =
-166.9 (m, 6F, meta-Far-borate), —164.0 (M, 3F, para-Far.vorate), —133.4 (M, 6F, 0rtho-Farborate). 2°Si{'H}
NMR (79.49 MHz, CD2Cl2, 298 K): 8 = 20.7 (d, 2Jr-si = 3.4 Hz).

Elemental analysis: CssH34BF1sNPSSi: calcd.: C 49.84, H 3.95, N 1.61; found: C 49.91, H 3.98, N
1.58.

HR(+ESI)-MS: calcd. m/z for C1sH3sNOPSSi* [Cation+H20]", C1sHBF+1s~ [Anion]—: 372.1941,
512.9937, found: 372.1993, 513.0017.
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Figure S5.35. *H NMR spectrum (CD,Cl,, 298 K) of rac-7[HB(CsFs)s].
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Figure S5.36. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of rac-7[HB(CsFs)s].

296



PRI NN oo a@man~ o
888 fodd  gESKER
N~ RO e
| ! |
" . J L 1 N
T T T T T T T T T T T T T T T T
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Figure S5.37. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of rac-7[HB(C¢sFs)3].
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Figure S5.38. *B{*H} NMR spectrum (CD,Cl,, 298 K) of rac-7[HB(CsFs)s].
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Figure S5.39. **F{*H} NMR spectrum (CDCl,, 298 K) of rac-7[HB(C¢Fs)3].

20.7
20.7

<

50 60 -70 -80 -90 -100 -110 -120 -130 -140 -150

50 40 30 20 10 0 .10 -20 -30 40

Figure S5.40. 2Si{*H} NMR spectrum (CD,Cl,, 298 K) of rac-7[HB(CsFs)s].
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5.6.2.7. Reaction of rac-7[HB(CsFs)3] with ammonia

©s OH
u.@,~ _Ph c traces of H,0 __p® b SH. HS(CoFae
P Si HB(C¢Fs)s ——————— {BU 2 )
- \N/ \tB -80 °C to r.t. / N
B H ! toluene, 15 h Bu H tBu
rac-7T[HB(CgFs)3] rac-8 - NH4* HB(CqFs)s

rac-7[HB(CeFs)3] (100 mg, 0.115 mmol) was solved in toluene (7 mL) and cooled to -80 °C.
Anhydrous, gaseous ammonia (a few mL) was condensed into the reaction flask. The mixture was
allowed to slowly warm to room temperature and stirred for 15 h affording a colorless solution. All
volatiles were removed in vacuo. Crystals suitable for single-crystal X-ray analysis were obtained
by layering a toluene solution with pentane. X-ray measurement revealed that the expected amino-
substituted product [{Buz(PS)NHSiINH2tBuPh] had not crystallized. Instead, the hydrolysed product
rac-8 had co-crystallized with NH4* HB(CsF5)3™.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 0.96 (s, 9H, SiC(CHs)3), 1.18 (d, 3Ju-p = 15.9 Hz, 9H,
PC(CHs)s), 1.38 (d, 3Jhp = 15.7 Hz, 9H, PC(CHa)s), 2.29 (br, 1H, NH), 4.42 (br, 1H, OH), 4.82 (br,
4H, NHa), 7.35-7.43 (m, 3H, Hen), 7.63-7.66 (M, 2H, Hen). *'P{'H} NMR (162.04 MHz, CDCl,
298 K): & = 94.5 (s). C{'H} NMR (100.61 MHz, CD2Cls, 298 K): & = 19.3 (d, 3Jcr = 3.3 Hz,
SiC(CHzs)s), 26.4 (s, SiC(CHas)s), 27.6 (d, 2Jc, = 1.8 Hz, PC(CHs)3), 27.7 (d, 2Jcpr = 1.9 Hz,
PC(CHas)s), 40.2 (d, '"Jo-p = 52.6 Hz, PC(CHa)s), 40.5 (d, "Jo-p = 52.1 Hz, PC(CHa)s), 128.0 (s, Crn),
130.1 (s, Cen), 135.2 (s, Cen), 136.2 (s, Cen). ""B{'H} NMR (128.43 MHz, CD:Clz, 298 K): & = —24.9
(s). "F{'H} NMR (376.66 MHz, CD2Cl2, 298 K): & = -166.3 (m, 6F, meta-Farvorate), —162.7 (m, 3F,
para-Farborate), —134.5 (M, 6F, 0rtho-Farsorats). 2*Si NMR (79.49 MHz, CD:Clz, 298 K): & = ~12.1 (d,
2Jsip = 6.2 Hz).
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Figure S5.41. 'H NMR spectrum (CD,Cl,, 298 K) of rac-8 - NH;* HB(CsFs)s™.
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Figure S5.42. *P{*H} NMR spectrum (CD,Cl,, 298 K) of rac-8 - NH,* HB(CsFs)3™.
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Figure S5.43. BC{*H} NMR spectrum (CDCl, 298 K) of rac-8 - NH;* HB(CsFs)s™.
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Figure S5.44. *'B{*H} NMR spectrum (CD,Cl, 298 K) of rac-8 - NH," HB(CsFs)3™.
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Figure S5.45. F{*H} NMR spectrum (CD,Cl,, 298 K) of rac-8 - NH;* HB(C¢Fs)s™.
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Figure S5.46. #Si{*H} NMR spectrum (CD,Cl,, 298 K) of rac-8 - NHs* HB(C¢Fs)s™.
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5.6.2.8. Reaction of rac-7[HB(CeFs5)3] with DBU

H
S ®N S
Bu @, ~ N _Ph © DBU A o . tBu\@/ AN _Ph
P Si HB(CgF5)3 —————> HB(CeFs)3 P Si
B S \N/ \tBu —-50 °C to rit. N e \N/ \tB
u H DCM, 15 h Bu o u
rac-7T[HB(CgF5)s] 9[HB(CgF5)3] not unambiguously

identified

DBU (9 mg, 0.0576 mmol, 1.0 equiv.) was added to a solution of rac-7[HB(CsFs)s] (50 mg,
0.0576 mmol, 1.0 equiv.) in DCM (1.5 mL) at -50 °C. The reaction mixture was allowed to slowly
warm to room temperature and stirred for 15 h affording a colorless solution. All volatiles were
removed in vacuo. Crystals suitable for single-crystal X-ray analysis were obtained by layering a
DCM solution with pentane. X-ray measurement revealed that not the desired zwitterionic product
had crystallized, but the by-product, which is DBU-H* HB(CsF5)3~ {9[HB(CsF5)s]}.
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5.6.2.9. Synthesis of tBu2(PS)NH(SiH2Ph) (10)

1) nBulLi (1.2 equiv)

os -80 °Cto rt. ©s H
| Et,0, 15 h | '
BU™ /N, 2 PhSIHOTI (10equv)  BU 7 TN
BU 2 _80°Ctort. tBu H Ph
Et,0, 15 h
1 49% overall yield 10

nButyllithium (2.48 mL, 6.20 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution
of P,P-di-tert-butylaminophosphine sulfide (1) (1.00 g, 5.17 mmol, 1.0 equiv.) in diethyl ether
(20 mL) at —80 °C. The solution was allowed to slowly warm to room temperature and stirred for
15 h. Following, the colorless solution was cooled to —80 °C again and phenylsilyl triflate (1.32 g,
5.17 mmol, 1.0 equiv.), which was prepared shortly before addition in a separate Schlenk tube
according to a literature procedure,! was added dropwise. The reaction mixture was allowed to
slowly warm to room temperature and stirred for 15 h affording a colorless solution. All volatiles
were removed in vacuo, the remaining solid was washed with pentane and the product was
extracted with toluene. After removing toluene again and drying in vacuo, compound 10 was
obtained as a colorless solid (0.76 g, 2.54 mmol, 49%). Crystals suitable for single-crystal X-ray

analysis were obtained by layering a toluene solution with pentane.

"H NMR (400.13 MHz, CeDs, 298 K): & = 1.06 (d, 3Jn-p = 15.4 Hz, 18H, PC(CH?3)3), 1.63 (br, 1H,
NH), 5.36 (m, 2H, SiH), 7.17—7.22 (m, 3H, Hrn), 7.79-7.84 (m, 2H, Hen). *'P{'"H} NMR (162.04 MHz,
CsDe, 298 K): & = 94.2 (s). "*C{'H} NMR (100.61 MHz, CéDs¢, 298 K): & = 27.2 (d, 2Jc—p = 1.8 Hz,
PC(CHs)3), 39.5 (d, 'Jc-p = 52.9 Hz, PC(CHs3)3), 128.3 (S, Cmeta), 130.5 (S, Cpara), 134.7 (d, 3Jc-p =
2.5 Hz, Cipso), 135.8 (s, Cortho).

H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.29 (d, 3Jn-p = 15.6 Hz, 18H, PC(CH?)3), 2.07 (br, 1H,
NH), 5.03 (m, 2H, SiH), 7.37—7.46 (m, 3H, Hrn), 7.72—7.75 (m, 2H, Hen). 3'P{"H} NMR (162.04 MHz,
CD2Cl2, 298 K): 8 = 95.0 (s). "*C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): d = 27.5 (d, 2Jc-p = 1.9 Hz,
PC(CHs)s), 40.1 (d, 'Jc-p = 52.6 Hz, PC(CHs)3), 128.5 (S, Cmeta), 130.8 (S, Cpara), 134.4 (d, 3Jc-—p =
3.2 Hz, Cipso), 135.8 (s, Cortho). 2°Si{'H} NMR (79.49 MHz, CD2Cl2, 298 K): & = -33.3 (d, 2Jp-si =
2.5 Hz).

Elemental analysis: C14H26NPSSi: calcd.: C 56.15, H 8.75, N 4.68; found: C 56.18, H 8.54, N 4.62.
HR(+ESI)-MS: calcd. m/z for C14H27NPSSi [(M+H)*]: 299.1293, found: 194.1131 {fragmentation
peak equals [({Buz(PS)NH2+H)*]: calcd. m/z for CsH21NPS [(M+H)*]: 194.1127.}
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Figure S5.47. 'H NMR spectrum (C¢Dg, 298 K) of 10.
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Figure S5.48. 3P{*H} NMR spectrum (CsDs, 298 K) of 10.
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Figure S5.49. 3C{*H} NMR spectrum (CsDs, 298 K) of 10.
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Figure S5.50. *H NMR spectrum (CD,Cl,, 298 K) of 10.
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Figure S5.52. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of 10.
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Figure S5.53. 2°Si{*H} NMR spectrum (CD,Cl,, 298 K) of 10.
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5.6.2.10. Synthesis of [tBu2(PS)NH(SiHPh)]* [HB(CeFs)s]~ {rac-11[HB(CsFs)s]}

G)T H s
Bu @/ N H ©
P. — + B(CgF > HB(CgF
tBU// \N/SI\ H (CoFs)s -60 °C to rt. n /P\N/SI\Ph (CeFsks
By H Ph toluene, 15 h Bu H
10 rac-11 [HB(C6F5)3]

A solution of compound 10 (0.25 g, 0.84 mmol, 1.0 equiv.) in toluene (4 mL) was added to a solution
of tris(pentafluorophenyl)borane (0.43 g, 0.84 mmol, 1.0 equiv.) in toluene (4 mL) at —40 °C. The
solution was allowed to slowly warm to room temperature and stirred for 15 h. The solvent was then
removed in vacuo and the remaining colorless solid was washed with pentane. Compound rac-
11[HB(CsFs)3] was identified by 'H and 3'P{'"H} NMR spectroscopy and could only be obtained in
85% pure form with several small impurities. Attempts to obtain single crystals of compound rac-

11[HB(CsFs)s] have failed so far, leading to an oily precipitate.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.58 (d, 3Jn-p = 19.2 Hz, 18H, PC(CH3)3), 4.14 (br, 1H,
NH), 6.00 (br, 1H, SiH), 7.48-7.59 (m, 3H, Hpn), 7.74—7.76 (m, 2H, Hen). 3'P{'"H} NMR (162.04 MHz,
CD2Cl2, 298 K): & = 116.1 (s). 3C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 26.3 (d, 2Jcp =
2.4 Hz, PC(CHs)3), 42.7 (d, 'Jc-p = 29.6 Hz, PC(CHa)s), 128.7 (s, Cpn), 129.6 (s, Cprn), 134.7 (s, Cen),
134.9 (s, Cpn). "B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): & = -24.8 (s). "F{'"H} NMR
(376.66 MHz, CD2Cl2, 298 K): d = —166.6 (m, 6F, meta-Farborate), —163.8 (m, 3F, para-Farborate),
-133.3 (m, 6F, ortho-Far-borate).
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Figure $5.54. "H NMR spectrum (CD,Cl,, 298 K) of rac-11[HB(CsFs)s].
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Figure $5.55. "H NMR spectrum (CDCl,, 298 K) of rac-11[HB(CsFs)s] after one day at room temperature showing increasing
dihydrogen formation at 4.60 ppm and progressive decomposition.
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Figure $5.56. 3'P{"H} NMR spectrum (CD.Cl,, 298 K) of rac-11[HB(C¢Fs)s].
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Figure S5.57. °C{"H} NMR spectrum (CD,Cl,, 298 K) of rac-11[HB(C4Fs)].
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Figure $5.58. "'B{"H} NMR spectrum (CD.Cl,, 298 K) of rac-11[HB(C¢Fs)s.
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Figure $5.59. "*F{'"H} NMR spectrum (CDCl,, 298 K) of rac-11[HB(CsFs)3].
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5.6.2.11. Synthesis of (Rp)-tBuCy(PS)NH(SiHiPr2) [(Re)-13]

1) nBuli (1.2 equiv)

©s -40°Ctort. ©s H
| THF, 1.5 | |
----- p® > P2 Si—_.
Cy! / Ny, 2)Pr;SIHCI (1.0 equiv) Cy! / ~y N\ iPr
tBu 2 -80°Ctort. Bu H iPr
THF, 15h
(Rp)-12 51% overall yield (Rp)-13

nButyllithium (0.33 mL, 0.82 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution
of (Re)-P-(tert-butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12] (150 mg, 0.68 mmol, 1.0 equiv.)
in THF (6 mL) at =30 °C. The solution was allowed to warm to room temperature and stirred for
1.5 h. Following, the yellow solution was cooled to —80 °C and chlorodiisopropylsilane (102 mg,
0.68 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was allowed to slowly warm to
room temperature and stirred for 15 h affording a colorless solution. All volatiles were removed in
vacuo and the product was extracted with diethyl ether. The filtered solution was kept at 8 °C for
20 h to yield colorless crystals suitable for single-crystal X-ray analysis, which were filtered off via
cannula filtration and washed with pentane. After drying in vacuo, compound (Rr)-13 was obtained

as colorless crystals (117 mg, 0.35 mmol, 51%).

H NMR (400.13 MHz, CeDs, 298 K): & = 1.02—1.11 (m, 12H, SiCH(CHs)2), 1.11 (d, 3Jn-r = 15.6 Hz,
9H, PC(CHa)s), 1.15-1.19 (m, 1H, CHa), 1.20-1.29 (m, 1H, SICH(CHa)), 1.31-1.44 (m, 1H,
SICH(CHa)2), 1.53 (br, 1H, NH), 1.55-1.73 (m 4H, CH>), 1.79-1.86 (m, 1H, CHz), 2.03-2.11 (m 1H,
CH>), 4.71 (m, 1H, SiH). 3'P{'H} NMR (162.04 MHz, CeDs, 298 K): & = 85.2 (s).
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Figure S5.60. 'H NMR spectrum (C¢Dg, 298 K) of (Rp)-13.
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Figure S5.61. 3'P{*H} NMR spectrum (C¢Ds, 298 K) of (Rp)-13.
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5.6.2.12. Synthesis of (Re)-tBuCy(PS)NH(SiHzPh) [(Rr)-14]

1) nBuLi (1.2 equiv)

©s -80 °C to r.t. s H
| Et,0, 15 h | |
P - - po Si—
Cy" / \NH 2) PhSiH,OTf (1.0 equiv) Cy" / \N/ \ H
By 2 _g0°Ctort. tBu H Ph
Et,0, 15 h
(Rp)-12 47% overall yield (Rp)-14

nButyllithium (0.9 mL, 2.18 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution of
(Re)-P-(tert-butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12] (400 mg, 1.82 mmol, 1.0 equiv.) in
diethyl ether (10 mL) at —80 °C. The solution was allowed to slowly warm to room temperature and
stirred for 15 h. Following, the colorless solution was cooled to —80 °C again and phenylsilyl triflate
(466 mg, 1.82 mmol, 1.0 equiv.), which was prepared shortly before addition in a separate Schlenk
tube according to a literature procedure,*! was added dropwise. The reaction mixture was allowed
to slowly warm to room temperature and stirred for 15 h affording a colorless solution. All volatiles
were removed in vacuo, the remaining solid was washed with pentane and the crude product was
extracted with toluene. By layering the toluene solution with pentane, colorless crystals suitable for
single-crystal X-ray analysis were obtained. Those were filtered off via cannula filtration and washed
with pentane. After drying in vacuo, compound (Rr)-14 was obtained as colorless crystals (0.28 g,
0.86 mmol, 47%).

"H NMR (400.13 MHz, CsDes, 298 K): & = 1.01 (d, 3Jn-r = 15.8 Hz, 9H, PC(CHs)3), 1.34 (br, 1H, NH),
1.43-1.70 (m, 7H, CH2), 1.79-1.92 (m, 1H, CH), 5.32 (m, 2H, SiH), 7.18-7.23 (m, 3H, Hrn), 7.78—
7.82 (m, 2H, Hrn). 3'P{'H} NMR (162.04 MHz, CeéDs, 298 K): & = 87.4 (s). *C{'H} NMR
(100.61 MHz, CD2Clz, 298 K): 6 = 25.7 (d, 2Jc-p = 1.7 Hz, PC(CHz3)3), 25.9 (d, 3Jc-r = 1.6 Hz, CHy),
26.6 (d, 2Jcp = 10.9 Hz, CH2), 26.7 (s, CH2), 26.9 (d, 2Jc-p = 12.8 Hz, CH2), 28.3 (s, CH), 37.2 (d,
'Jc-p = 58.5 Hz, PC(CH3)3), 39.6 (d, "Jcp = 55.8 Hz, PCH), 128.3 (s, Cen), 130.4 (s, Cpn), 134.6 (d,
3Jc-p = 2.5 Hz, Cipso), 135.8 (s, Crn).

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.21 (d, 3Ju-p = 16.0 Hz, 9H, PC(CHs)3), 1.27 (br, 1H,
NH), 1.30-1.34 (m, 1H, CH2), 1.40-1.54 (m, 2H, CH2), 1.67-1.69 (m, 1H, CH), 1.75-2.02 (m, 7H,
CH), 5.01 (m, 2H, SiH), 7.38-7.46 (m, 3H, Hen), 7.71-7.73 (m, 2H, Hen). 3'P{'"H} NMR
(162.04 MHz, CD2Clz, 298 K): & = 88.2 (s). "*C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 25.8 (d,
2Jc-p = 1.6 Hz, PC(CHa3)3), 26.3 (d, 3Jc-p = 1.6 Hz, CH2), 26.9 (d, 2Jc—p = 14.5 Hz, CH2), 27.1 (d, 2Jc-
p=12.8 Hz, CH), 27.3 (d, 3Jcr = 3.8 Hz, CH2), 28.7 (s, CH2), 37.6 (d, 'Jc-p = 58.3 Hz, PC(CHj3)s),
39.9 (d, 'Jc-p =55.5 Hz, PCH), 128.5 (s, Cpn), 130.8 (s, Cpn), 134.3 (d, 3Jc-p = 3.1 Hz, Cipso), 135.7
(s, Cpn). 2Si{"H} NMR (79.49 MHz, CD2Cl2, 298 K): & = -34.3 (d, 2Jr_si = 2.2 Hz).
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Figure S5.62. 'H NMR spectrum (C¢Dg, 298 K) of (Rp)-14.
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Figure S5.63. 3!P{*H} NMR spectrum (C¢Ds, 298 K) of (Rp)-14.
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Figure S5.64. ®C{*H} NMR spectrum (Ce¢Ds, 298 K) of (Rp)-14.
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Figure S5.65. 'H NMR spectrum (CD,Cl,, 298 K) of (Rp)-14.
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Figure S5.66. S!P{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp)-14.
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Figure S5.67. *C{*H} NMR spectrum (CDCl,, 298 K) of (Rp)-14.
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Figure S5.68. 2Si{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp)-14.
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5.6.2.13.Reaction of (Rr)-14 with BCF

e ©
/ < / v,m. HB(CeFs)3
1] e
i (Rp)-15[HB(C4Fs)s] (unstable)
Cy* / \ /SI\H + B(CoFsls 0°Ctort. " + o
tBu Ph CeDg, 5
(Rp)-14 \ |/ \®/Cy ©
/ \ Sl \ P " HB(CeFs)s
N N

(Rp,Rp)-16[HB(C4F5)3]

A solution of compound (Rr)-14 (34.7 mg, 0.11 mmol, 1.0 equiv.) in CsDs (1.0 mL) was added to a
solution of tris(pentafluorophenyl)borane (54.6 mg, 0.11 mmol, 1.0 equiv.) in CeDs (0.5 mL) at 0 °C
in a Young NMR tube. The mixture was allowed to slowly warm to room temperature, affording a
colorless solution. NMR spectroscopy of the crude reaction mixture was carried out without any
purification, showing (Re)-15[HB(CsFs5)s] and (Re,Rp)-16[HB(CsFs)s]. Then, all volatiles were
removed in vacuo and the remaining solid was washed with pentane. After drying the resulting
colorless solid in vacuo, NMR spectroscopy was carried out in CD2Cl2, showing only
(Rp,Rp)-16[HB(CsF5)3].

Crude reaction mixture containing (Rp)-15[HB(CsFs)s] and (Rp,Rr)-16[HB(CsF5)3]:
"H NMR (400.13 MHz, CeDs, 298 K): & = 0.70 (d, 3Jn-p = 18.3 Hz, 5.1H, PC(CHs)s, (Rr)-16), 0.80
(d, 3Jn-p = 19.8 Hz, 9H, PC(CHs)s, (Rr)-15), 0.86—1.08 (m, 10H, overlapping CH and CH: signals),
1.19-1.31 (m, 2H, overlapping CH: signals), 1.39-1.70 (m, 8H, overlapping CH: signals), 1.78—
1.80 (m, 1H, overlapping CH- signals), 1.97-2.03 (m, 1H, overlapping CH- signals), 3.32 (d, 2Jn-r
= 3.9 Hz, 0.5H, NH, (Re)-16), 3.99 (br, 1H, NH, (Rr)-15), 5.35 (br, 1H, SiH, (Re)-15), 7.11-7.19 (m,
5H, overlapping Hren signals), 7.42-7.44 (m, 2H, overlapping Hpen signals). 3'P{'H} NMR
(162.04 MHz, CeDs, 298 K): & = 108.2 (s, 0.62P, (Re)-15), 95.6 (s, 0.38P, (Rr)-16). '*C{'H} NMR
(100.61 MHz, CsDs, 298 K): & = 23.0 (d, 2Jc—p = 1.9 Hz, PC(CHs)3), 23.9 (d, 3Jc-p = 2.1 Hz, CHy),
25.5 (d, 2Jc-p = 13.3 Hz, CH2), 25.9 (d, 2Jc-p = 26.1 Hz, CH2), 28.0 (d, 3Jcp = 2.5 Hz, CH2), 28.5 (d,
4Jc_p = 1.9 Hz, CH2), 37.7 (d, '"Jc-p = 34.9 Hz, PC(CHBa)3), 38.6 (d, 'Jc_p = 37.8 Hz, PCH), 129.1 (s,
Cpn), 133.1 (s, Crn), 134.1 (s, Cpn), 134.3 (s, Crn), 137.5 (d, "Jc-r = 253.9 Hz, Carborate), 148.9 (d,
1JoF = 229.5 Hz, Carborate), signals of (Rr)-16 not visible. ""B{"H} NMR (128.43 MHz, C¢Ds, 298 K):
= —24.5 (s). "F{'"H} NMR (376.66 MHz, CeDs, 298 K): & = —166.7 (m, 6F, meta-Farborats), —162.5
(m, 3F, para-Far-borate), —133.5 (m, 6F, ortho-Far-borate).

(Rp,Rr)-16[HB(CsF5)3]; after washing with pentane:

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.15 (d, 3Jip = 18.4 Hz, 18H, PC(CHs)3), 1.63—2.03 (m
20H, CHICH?2), 2.24-2.33 (m, 2H, CHICH>), 3.73 (d, 2Ju-p = 4.1 Hz, 2H, NH), 7.38-7.42 (m, 2H,
Hepn), 7.61-7.64 (m, 3H, Hen). 3'P{'"H} NMR (162.04 MHz, CD2Cl2, 298 K): 5 = 96.3 (s). *C{'H} NMR
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(100.61 MHz, CD2Cly, 298 K): & = 24.6 (d, 2Jc_p = 2.1 Hz, PC(CHa)s), 25.7 (d, 3Jc—r = 1.9 Hz, CHa),

26.5 (d, 2Je.p =

= 13.6 Hz, CH2), 26.6 (d,

d, 2Jcp = 14.8 Hz, CH2), 28.4 (d, 3Jcr = 4.3 Hz, CHz), 29.2 (d,

4Jc-p = 2.5 Hz, CH2), 36.9 (d, '"Jc-p = 41.6 Hz, PC(CHa)3), 37.8 (d, 'Jc-r = 44.6 Hz, PCH), 128.1 (s,
Cpn), 130.4 (s, Crn), 131.8 (s, Cpn), 133.3 (s, Cpn), 137.4 (d, '"Jc-r = 250.2 Hz, Car-borate), 148.7 (d,
1Jo—F = 246.4 Hz, Carborate). "1B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): & = -25.3 (s). "*F{'H} NMR
(376.66 MHz, CD2Cl2, 298 K): 5 = —166.7 (m, 6F, meta-Farborate), —163.5 (m, 3F, para-Farvorate),
-134.6 (m, 6F, ortho-Farborate). 22Si{'H} NMR (79.49 MHz, CD2Cl2, 298 K): & = -81.7 (s).
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Figure S5.69. 'H NMR spectrum (CsDs, 298 K) of the crude reaction mixture containing (Rp)-15[HB(C¢Fs)s] and

(Re,Rp)-16[HB(CoFs)s].
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Figure S5.70. 3P{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture containing (Rp)-15[HB(CsFs)s] and
(Rp,Rp)-16[HB(CsFs)s).
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Figure S5.71. **C{*H} NMR spectrum (CsDs, 298 K) of the crude reaction mixture containing (Re)-15[HB(CeFs)s] and
(Rp,Rp)-16[HB(C¢Fs)3].
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Figure S5.72. *B{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture containing (Rp)-15[HB(CsFs)s] and
(Rp,Rp)-16[HB(C4Fs)s.
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Figure S5.73. F{*H} NMR spectrum (CsDs, 298 K) of the crude reaction mixture containing (Rp)-15[HB(C¢Fs)s] and
(Rp,Rp)-16[HB(CgFs)3].
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Figure S5.74. *H NMR spectrum (CD,Cl,, 298 K) of (Rp,Rp)-16[HB(C¢Fs)s] with residues of pentane.
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Figure S5.75. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp,Rp)-16[HB(CFs)].
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Figure S5.76. 3C{tH} NMR spectrum (CD,Cl,, 298 K) of (Rp,Rp)-16[HB(CeFs)a].
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Figure S5.77. *B{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp,Rp)-16[HB(CsFs)s].
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Figure S5.78. *F{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp,Rp)-16[HB(C¢Fs)3].
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Figure S5.79. 2Si{*H} NMR spectrum (CD,Cl,, 298 K) of (Re,Rp)-16[HB(CsFs)s].
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5.6.2.14. Synthesis of (Rp,Ssi)-tBuCy(PS)NH(SiHtBuPh) [(Re,Ssi)-17)] and
(Re,Rsi)-tBuCy(PS)NH(SiHtBuPh) [(Re,Rsi)-17)]

OT T
@ .
P Si-..,
“"Ph
% Cy \N/
1) nBuLi (1.2 equiv) overall yield tBu H Bu
es -100 °C to r.t.
| Et,0, 15 h (Re.Ssi) 17
-C d.r. >99:1
Cy" \NH 2) tBuPhSiHCI (1.0 equiv)
tBu 2 _100°Ctort. OT T
Et,O0, 15 h .
(Rp)-12 3) separation by crystallization Cyw'"'P®\ /S""""tBu
from Et,O/pentane 39% / N \
. tBu H Ph
overall yield
(Rp.Rgi)-17
d.r. 97:3

nButyllithium (0.9 mL, 2.18 mmol, 1.2 equiv., 2.5 M in hexane) was added dropwise to a solution of
(Rp)-P-(tert-butyl)-P-cyclohexylphosphinothioic amide [(Rr)-12] (400 mg, 1.82 mmol, 1.0 equiv.) in
diethyl ether (10 mL) at —100 °C. The solution was allowed to slowly warm to room temperature
and stirred for 15 h. Following, the colorless suspension was cooled to —100 °C again and tert-
butylchlorophenylsilane (360 mg, 1.82 mmol, 1.0 equiv.) was added dropwise. The reaction mixture
was allowed to slowly warm to room temperature and stirred for 15 h affording a colorless
suspension. The precipitated lithium chloride was filtered off via cannula filtration and washed with
diethyl ether. Then, all volatiles of the filtrate were removed under vacuum. Almost full conversion
(86%) of the starting material and formation of the desired products (Rr,Ssi)-17 and (Rp,Rsi)-17 (d.r.
11:89) was confirmed by 'H and 3'P{'"H} NMR spectroscopy. Twofold crystallization from a diethyl
ether solution that was layered with pentane at room temperature afforded the diastereomerically
enriched products, which could be each even higher enriched by a third recrystallization step. For
every crystallization step, the minimum amount of diethyl ether, that was needed to completely
solve the substrate, was used and carefully layered with 10 mL of pentane. In the first crystallization
step, all leftover starting material was removed and only the diastereomeric products (Rp,Ssi)-17
and (Rp,Rsi)-17 (d.r. 25:75, 451 mg) were present in the formed crystals. In the second
crystallization step, the two diastereomers could be almost fully separated. After filtration, washing
with pentane and drying in vacuo, (Re,Ssi)-17 was isolated as colorless crystals (d.r. 98:2), which
were suitable for single-crystal X-ray analysis. A third recrystallization step lead to an even higher
diastereomeric enrichment of (Re,Ssi)-17, which was again obtained as colorless crystals (26.0 mg,
0.07 mmol, 4%, d.r. >99:1). (Rpr,Rsi)-17, which remained in the mother liquor of the second
crystallization step, was obtained as a colorless solid (d.r. 95:5) after removing all volatiles and
drying in vacuo. It was recrystallized a third time to obtain an even higher diastereomeric enrichment
in the mother liquor. After removing all volatiles and drying in vacuo, (Rr,Rsi)-17 was obtained as a
colorless solid (272 mg, 0.71 mmol, 39%, d.r. 97:3). Attempts to receive measurable single crystals

of this diastereomer has failed several times.
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(Rp,Ssi)-1T7:

"H NMR (400.13 MHz, CeDs, 298 K): & = 1.00 (s, 9H, SiC(CHs)3), 1.05 (d, 3Ju-r = 15.7 Hz, 9H,
PC(CHs)s), 1.52 (br, 1H, NH), 1.57-1.80 (m, 6H, CHz), 1.91-1.94 (m, 1H, CH2), 2.04—-2.07 (m, 1H,
CH2), 526 (m, 1H, SiH), 7.18-7.22 (m, 3H, Hen), 7.56-7.60 (m, 2H, Hen). 3'P{'"H} NMR
(162.04 MHz, CeDs, 298 K): d = 86.8 (s). 3*C{'H} NMR (100.61 MHz, CeDs, 298 K): & = 18.1 (d, 3Jc-
p = 3.1 Hz, SiC(CHs)s), 26.0 (d, 2Jcp = 1.6 Hz, PC(CHs)3), 26.1 (d, 3Jc—p = 1.5 Hz, CH2), 26.8 (d,
2Jcp = 14.1 Hz, CH2), 27.0 (d, 2Jcr = 12.6 Hz, CH2), 27.1 (s, SiC(CH3)3), 27.7 (d, 3Jcp = 3.7 Hz,
CH2), 28.6 (d, *Jc—r = 0.8 Hz, CH2), 37.5 (d, 'Jo-p = 59.2 Hz, PC(CH3s)3), 40.5 (d, '"Jc-p = 56.5 Hz,
PCH), 128.1 (s, Cpn), 130.0 (s, Cen), 135.0 (s, Crn), 135.5 (d, 3Jc—r = 0.8 Hz, Cipso). 2Si{'"H} NMR
(79.49 MHz, CeDs, 298 K): 5 = 6.4 (d, 2Jr-si = 4.5 Hz).

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 0.97 (s, 9H, SiC(CHs)3), 1.14 (d, 3Jn-p = 15.9 Hz, 9H,
PC(CHs)s), 1.22-1.32 (m, 3H, CH2), 1.42-1.53 (m, 2H, CH2), 1.67-1.69 (m, 1H, CH), 1.78-1.89 (m,
3H, CH2), 1.91-2.01 (m, 2H, CH2), 2.05 (br, 1H, NH), 4.78 (m, 1H, SiH), 7.34-7.42 (m, 3H, Hen),
7.55-7.58 (m, 2H, Hpn). 3'P{"H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 87.5 (s). '*C{'H} NMR
(100.61 MHz, CD2Clz, 298 K): & = 18.2 (d, 3Jc-p = 3.7 Hz, SiC(CHs)s), 26.2 (d, 2Jc, = 1.6 Hz,
PC(CHas)3), 26.4 (d, 3Jc-p = 1.6 Hz, CH2), 27.1 (d, 2Jc-p = 13.8 Hz, CH2), 27.1 (s, SiC(CHs)3), 27.2
(d, 2Jc—, = 12.1 Hz, CH2), 28.0 (d, 3Jc—p = 3.9 Hz, CH2), 29.0 (d, *Jc—p = 1.3 Hz, CH2), 37.6 (d, 'Jc-p
=58.9 Hz, PC(CHa)s), 40.8 (d, 'Jc-p = 56.0 Hz, PCH), 128.2 (s, Cpn), 130.1 (s, Cpn), 135.1 (s, Cen),
135.8 (s, Cipso).

Elemental analysis: C20H3sNPSSi: calcd.: C 62.95, H 9.51, N 3.67; found: C 62.48, H 9.20, N 3.50.
HR(+ESI)-MS: calcd. m/z for C20H37NPSSi [(M+H)*]: 382.2148, found: 382.2159.

(Re,Rsi)-1T:

1H NMR (400.13 MHz, CsDs, 298 K): & = 0.97 (s, 9H, SiC(CHa)s), 1.14 (d, 3Jip = 15.6 Hz, OH,
PC(CHs)s), 1.40-1.53 (m, 3H, CH2/NH), 1.57—1.78 (m, 4H, CH2), 1.80—1.90 (m, 1H, CHz), 1.92—
2.02 (M, 1H, CHz), 5.21 (m, 1H, SiH), 7.18=7.24 (m, 3H, Her), 7.63—7.66 (m, 2H, Hen). *'P{'H} NMR
(162.04 MHz, CsDs, 298 K): 5 = 86.1 (). *C{'"H} NMR (100.61 MHz, CeDs, 298 K): & = 17.9 (d, 3Jc-
b = 4.2 Hz, SIC(CHa)s), 25.9 (d, 2Jop = 1.5 Hz, PC(CHs)s), 26.0 (d, 3Je-p = 1.5 Hz, CH2), 26.9 (d,
2Jc_p = 14.6 Hz, CH2), 27.0 (d, 2Jc_p = 13.2 Hz, CHz), 27.2 (s, SIC(CHa)a), 27.8 (d, 3Je_p = 3.7 Hz,
CHz2), 28.8 (d, *Jc—p = 1.0 Hz, CH2), 37.8 (d, 'Jc—r = 58.8 Hz, PC(CH3)3), 39.6 (d, 'Jcr = 56.2 Hz,
PCH), 128.0 (s, Cer), 130.0 (s, Cen), 135.0 (s, Cen), 135.9 (s, Cipso). 2°Si NMR (79.49 MHz, CeDs,
298 K): 5 = -6.2 (d, "Jp_s: = 4.5 Hz).
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Figure S5.80. 3*P{*H} NMR spectrum (C¢Ds, 298 K) of the crude reaction mixture for determining the diastereomeric ratio.
Compounds (Rp,Ssj)-17 and(Rp,Rsj)-17 were formed in a 11:89 diastereomeric ratio. 14% of the starting material (Rp)-12
remained unreacted.
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Figure S5.81. 3'P{*H} NMR spectrum (CsDs, 298 K) of compounds (Re,Ss)-17 and(Rp,Rsi)-17 after the first crystallization
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step showing a 25:75 diastereomeric ratio.

329



00°T

0T
@
S.ﬁ/
19T
€9T-E
Yo' T4F
v9' T F
[TRE §
997
697
os1
171
[
€11
€01
st
osT
or1
i
6.7
16°T-
€61
6'T-
02
902+
10z

9C’S
9C’S
LTS
LS

8T°L
6T°L
6T°L
0L
1TL
wL
L
9§,
JAwa
8§/
6S°L
6S°L
6S°L
09°L

0'6
b
Tgsp
S hoeo
= 79

Lo

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

Figure S5.82. *H NMR spectrum (CgDs, 298 K) of (Rp,Ssi)-17.
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Figure S5.83. 3P{*H} NMR spectrum (C¢Ds, 298 K) of (Rp,Ss)-17.
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Figure S5.84. 3C{*H} NMR spectrum (Cg¢Ds, 298 K) of (Rp,Ssi)-17.
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Figure S5.85. 2°Si{*H} NMR spectrum (C¢Ds, 298 K) of (Rp,Ss)-17.
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Figure S5.86. *H NMR spectrum (CD,Cl,, 298 K) of (Rp,Ss)-17.

S8 —

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

200

Figure S5.87. 3P{*H] NMR spectrum (CD,Cl,, 298 K) of (Rp,Ssi)-17.
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Figure S5.88. *C{*H] NMR spectrum (CD,Cl,, 298 K) of (Rp,Ssi)-17.
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Figure S5.91. 3C{*H} NMR spectrum (CsDs, 298 K) of (Rp,Rsi)-17.
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5.6.2.15. Synthesis of (Rp,Rsi/Ssi)-tBuCy(PS)NH(SitBuPh)* [HB(C6Fs)s]-
{(Rp,Rsi/Ssi)-18)[HB(C6Fs)3], d.r. 78:22 or 22:78}

S
Cyn,®,/ "\ _wPh ©

P Si HB(C6Fs)3
tBu/ \H/ \tBu
os H
[ (Rp,Rsi)-18[HB(CeFs)sl | o,
. fours —_— o '
Cy““‘/P\N/S'\'"tBU "B ot ¥ dr 29:78
B H Ph CeDs, 5N cy., @ N wiBu © e
: Bu N Ph
d.r. 97:3 H

(Rp,Ssi)-18[HB(CgF5)3]

A solution of compound (Rp,Rsi)-17 (80.9 mg, 0.21 mmol, 1.0 equiv., d.r. 97:3) in CéDs (1.0 mL) was
added to a solution of tris(pentafluorophenyl)borane (109 mg, 0.21 mmol, 1.0 equiv.) in CsDs
(0.5mL) at 0°C in a Young NMR tube. The mixture was allowed to slowly warm to room
temperature, affording a colorless solution. NMR spectroscopy was carried out without any
purification 5 h after the starting materials were combined. Compound (Re,Rsi/Ssi)-18[HB(CsFs5)3]
was obtained in a diastereomeric ratio of 78:22 or 22:78, respectively, according to 'H and 3'P{'H}
NMR spectroscopy. Colorless crystals of diastereomer (Rp,Ssi)-18[HB(CsF5)3] were obtained after
five days by layering the CeDs solution with pentane at room temperature and subjected to a single-
crystal X-Ray measurement. Before the crystals could be separated from the mother liquor,

decomposition took place to form an oily precipitate.

"H NMR (400.13 MHz, CsDe, 298 K): & = 0.55 (d, 3Jn-r = 19.8 Hz, 9H, PC(CH?3)3, major product),
0.81 (d, 3Ju-p = 20.0 Hz, 2.6H, PC(CHs)3, minor product), 0.82 (s, 2.6H, SiC(CHs)s, minor product),
0.84 (s, 9H, SiC(CHs)s, major product), 0.89-1.61 (m, 16H, overlapping CH and CH- signals), 1.87—
2.04 (m, 2H, overlapping CH: signals), 4.38 (d, 2Ju-p = 2.8 Hz, 0.3H, NH, minor product), 4.44 (d,
2Ju-p = 3.4 Hz, 1H, NH, maijor product), 7.09-7.21 (m, 6H, overlapping Hrn signals), 7.43-7.48 (m,
2H, overlapping Hrn signals). 3'P{"H} NMR (162.04 MHz, CsDs, 298 K): & = 105.8 (s, 0.78P, major
product), 106.4 (s, 0.22P, minor product). "*C{"H} NMR (100.61 MHz, CeDs, 298 K): & = 22.8 (d,
3Jc-p = 2.3 Hz, SiC(CHs)s), 23.2 (s, PC(CHs)s), 24.2 (s, SiC(CHa)s), 25.0 (d, 3Jc-p = 1.7 Hz, CH2),
25.9 (d, 2Jc-p = 14.4 Hz, CH2), 26.1 (d, 2Jcp = 15.2 Hz, CH2), 27.3 (d, 3Jc-p = 4.4 Hz, CH2), 29.0 (d,
4Jcp = 3.1 Hz, CH2), 38.1 (d, "Jcp = 35.2 Hz, PC(CHs3)3), 39.1 (d, 'Jcp = 38.1 Hz, PCH), 128.8 (s,
Cpn), 129.5 (s, Crn), 132.2 (s, Cpn), 133.2 (s, Crn), 137.7 (d, "Jc—r = 259.2 Hz, Carborate), 148.6 (d,
TJc—F = 246.4 Hz, Carborate), Signals of minor product not visible. ""B{'H} NMR (128.43 MHz, CsDs,
298 K): & = -24.1 (s). "F{"H} NMR (376.66 MHz, CeDs, 298 K): 5 = -166.0 (m, 6F, meta-Far-borate),
-162.5 (m, 3F, para-Farborate), —132.8 (m, 6F, ortho-Farborate). 22°Si{"H} NMR (79.49 MHz, C¢Des,
298 K): & = 20.3 (d, 2Jr-si = 3.9 Hz), 21.6 (d, 2Jr-si = 3.4 Hz).
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Figure S5.93. *H NMR spectrum (CsDs, 298 K) of (Rp,Rsi/Ssi)-18[HB(CsFs)s].
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Figure S5.94. *P{*H} NMR spectrum (C¢Ds, 298 K) of (Rp,Rsi/Ss;)-18[HB(CeFs)3].
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Figure S5.95. 3C{*H} NMR spectrum (CgDs, 298 K) of (Rp,Rsi/Ssi)-18[HB(CsFs)s].
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Figure S5.96. *B{*H} NMR spectrum (C¢Ds, 298 K) of (Rp,Rsi/Ss;)-18[HB(C¢Fs)3].
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Figure S5.97. *F{*H} NMR spectrum (CD,Cl,, 298 K) of (Rp,Rs/Ssi)-18[HB(CsFs)s] with impurities of BCF.

21.6
21.6
20.3
20.3

/
kY

T
50 40 30 20 10 0 .10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150

Figure S5.98. 2°Si{*H} NMR spectrum (C¢Ds, 298 K) of (Rp,Rsi/Ss;)-18[HB(C¢Fs)3].
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5.6.2.16. Attempt to Ring Opening of (Rp,Rsi/Ssi)-18)[HB(CsFs)3]

S
Cyu, ® g o NaBHEt; unknown ring opening products
P. Si HB(CgF5)3 ————— : ;
& 7 \N/ %tBu 0°Ctort. in a ratio of 34:66
! H CeDp, 5 h

(Rp,Ssi/Rsi)-18[HB(CgF 5)3]

The crude reaction mixture of compound (Rp,Rsi/Ssi)-18[HB(CsFs5)3] (0.21 mmol, 1.0 equiv.) in CeDs
was treated with an excess of sodium triethylborohydride (0.25 mL, 0.25 mmol, 1.2 equiv., 1.0 M in
toluene) at 0 °C. The mixture was allowed to slowly warm to room temperature, affording a colorless

suspension. NMR spectroscopy was carried out without any purification.
TH NMR (400.13 MHz, CeDs, 298 K): 1.07 (br, 0.66H, PC(CHs)3, major product), 1.31 (br, 0.34H,

PC(CH?s)3, minor product), other product signals not visible due to strong broadening. 3'P{'"H} NMR
(162.04 MHz, CeDs, 298 K): 6 = 71.5 (s, 0.34P, minor product), 70.3 (s, 0.66P, major product).
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Figure $5.99. "H NMR spectrum (CsDs, 298 K) of the ring opening attempt of compound (Rp,Rs/Ssi)-18[HB(CsFs)3].
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Figure $5.100. 3'P{'"H} NMR spectrum (C¢Ds, 298 K) of the ring opening attempt of compound (Rp,Rs/Ssi)-18[HB(CsFs)3].
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5.6.3. Six-Membered NPSSiOSi Ring System and Its Precursors

5.6.3.1. Synthesis of tBuz(PS)NH(SiPh20SitBuHPh) (rac-19)

1) nBulLi (1.2 equiv)
-80 °C tor.t. ©

S Ph Ph H
pentane, 15 h le  \/ |
BUT/ N\, 2) BUHPSIOSIPN,CI (1.0 equiv)  BU™ /SN~ Ph
Bu ~80°Ctort. By H tBu
pentane, 15 h rac-19

3) Vg Sg, pentane
31% overall yield

nButyllithium (2.33 mL, 3.72 mmol, 1.2 equiv., 1.6 M in hexane) was added dropwise to a solution
of P,P-di-tert-butylaminophosphine (0.50 g, 3.10 mmol, 1.0 equiv.) in n-pentane (10 mL) at —80 °C.
The solution was allowed to slowly warm to room temperature and stirred for 15 h. Following, the
colorless solution was cooled to —80 °C again and 3-(fert-butyl)-1-chloro-1,1,3-triphenyldisiloxane
(1.23 g, 3.10 mmol, 1.0 equiv.) was added dropwise. The reaction mixture was allowed to slowly
warm to room temperature and stirred for 15 h affording a yellow suspension. The precipitated
lithium chloride was filtered off via cannula filtration and washed with n-pentane. Then, all volatiles
of the filtrate were removed under vacuum. The crude oily mixture was purified by Kugelrohr
distillation (230 °C oven temperature, 1.0x102mbar). The unoxidized intermediate
tBu2PNHSIiPh20SitBuHPh was obtained as a yellowish viscous oil (0.58 g, 1.11 mmol, 36%).

For oxidation, sulfur (0.036 g, 1.11 mmol, 1.0 equiv.) was suspended in 1 mL pentane and cooled
to 0 °C. tBu2PNHSIiPh20SitBuHPh (0.58 g, 1.11 mmol, 1.0 equiv.) in 5 mL pentane was added
dropwise to the suspension. The mixture was allowed to slowly warm to room temperature and
stirred for 15 h. Then, all volatiles were removed in vacuo and the product was extracted with
pentane. After removing the solvent and drying in vacuo, compound rac-19 was obtained as a
colorless viscous oil (0.54 g, 0.97 mmol, 87%).

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 0.92 (s, 9H, SiC(CHs)3), 1.15 (d, 3Ju-p = 15.5 Hz, 9H,
PC(CHs)s3), 1.16 (d, 3Ju-p = 15.5 Hz, 9H, PC(CHs)s), 2.53 (br, 1H, NH), 5.02 (s, 1H, SiH), 7.29-7.44
(m, 10H, Hen), 7.57-7.59 (m, 2H, Hpn), 7.76-7.79 (m, 3H, Hrn). 3'P{'"H} NMR (162.04 MHz, CD2Clz,
298 K): & = 91.0 (s). BC{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 18.9 (s, SiC(CHa)3), 26.0 (s,
SiC(CH3)3), 27.8 (d, 2Jc-p = 1.6 Hz, PC(CHa)s), 27.8 (d, 2Jc-r = 1.7 Hz, PC(CH3)3), 40.0 (d, "Jop =
53.4 Hz, PC(CH3)3), 40.1 (d, 'Jc—p = 53.3 Hz, PC(CHz3)3), 127.9 (s, Cen), 128.0 (s, Cpn), 128.2 (s,
Crn), 130.4 (s, Crn), 130.5 (s, Crn), 130.5 (s, Crn), 135.1 (s, Crn), 135.4 (s, Crn), 135.8 (s, Crn),
136.0 (s, Crn). Si NMR (79.49 MHz, CD2Cl2, 298 K): & = -32.8 (s, SiPhz2), -5.6 (d, 'Jsin =
209.7 Hz, tBuPhHSi).

Elemental analysis: C33H4sNOPSSI2: caled.: C 65.05, H 8.01, N 2.53; found: C 65.20, H 7.14, N
2.30.

HR(+ESI)-MS: calcd. m/z for CasHsaNOPSSiz [(M+H)*]: 554.2493, found: 554.2497.
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Figure $5.101. 'H NMR spectrum (CD,Cl,, 298 K) of rac-19.
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Figure $5.102. 3'P{'"H} NMR spectrum (CD,Cl,, 298 K) of rac-19.
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Figure $5.103. "*C{'"H} NMR spectrum (CD,Cl,, 298 K) of rac-19.
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Figure $5.104. 2°Si NMR spectrum (CD,Cl,, 298 K) of rac-19.
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5.6.3.2. Synthesis of [tBu2(PS)NH(SiPh20SitBuPh)]* [HB(CsFs5)3]~ {rac-
20[HB(CsFs)3]} and crystallization of [tBuz(PSH)NH2]* [(u-OH)(BCF)2]~
{21[(u-OH)(BCF)]}

s
tBu\%/ . _Ph

@S| Ph Ph H Si

/P@) \SI/ Sli\ = tBU/HI\ll (l)\tBu €]
BuT /N o Ph +B(CoFe)s — oo % HB(CeFs)s
tBu H tBu toluene, 15 h /SI\
49% Ph  Ph
rac-19 rac-20[HB(CgF5)3]

A solution of compound rac-19 (0.97 g, 1.75 mmol, 1.0 equiv.) in toluene (10 mL) was added to a
solution of tris(pentafluorophenyl)borane (0.90 g, 1.75 mmol, 1.0 equiv.) in toluene (10 mL) at
—40 °C. The solution was allowed to slowly warm to room temperature and stirred for 15 h. The oily
crude product was precipitated by slowly transferring the resulting colorless solution into another
Schlenk flask containing pentane (50 mL). The upper liquid phase was decanted, and the oily lower
phase was washed with pentane. After drying in vacuo, compound rac-20[HB(CsFs)s] was obtained

as a foamy colorless solid (0.92 g, 0.86 mmol, 49%).

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.12 (s, 9H, SiC(CHs)3), 1.30 (d, 3Jn-r = 18.6 Hz, 9H,
PC(CHs)3), 1.38 (d, 3Ju-p = 18.7 Hz, 9H, PC(CHs)3), 2.87 (br, 1H, NH), 7.38-7.39 (m, 4H, Hen),
7.42-7.46 (m, 2H, Hpn), 7.54—7.68 (m, 7H, Hpn), 7.74=7.77 (m, 2H, Hpn). 3'P{'"H} NMR (162.04 MHz,
CD2Clz2, 298 K): & = 100.1 (s). *C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): & = 23.4 (s, SiC(CH3)3),
25.1 (s, SiC(CHa)s), 26.8 (d, 2Jc-p = 1.3 Hz, PC(CHa)s), 26.9 (d, 2Jc-p = 1.6 Hz, PC(CHa)s), 42.7 (d,
'Jc-p =39.6 Hz, PC(CH3)3), 43.5 (d, "Jo-p = 41.3 Hz, PC(CH?3)3), 129.1 (s, Cpn), 129.2 (s, Crn), 129.5
(s, Cpn), 132.9 (s, Cpn), 133.0 (s, Crn), 133.2 (s, Crn), 135.1 (s, Cen), 135.2 (s, Cen), 135.5 (s, Cen).
""B{'H} NMR (128.43 MHz, CD2Cl2, 298 K): & = —-25.6 (s). "*F{'"H} NMR (376.66 MHz, CD2Cl>,
298 K): & = -165.6 (m, 6F, meta-Farborate), —159.5 (m, 3F, para-Farborate), —133.2 (M, 6F, ortho-Far-
borate). 22Si{'"H} NMR (79.49 MHz, CD2Cl2, 298 K): & = -26.1 (d, 2Jsi-p = 6.6 Hz, SiPh2), 3.3 (d, 2Jsi-
p = 4.3 Hz, tBuPhSi).

H
tBu\c;))/S\S'/Ph s”
- [ Neu o ||>@ 0
BN O " HB(CFs); rt. T BUT N, (CoFoRBTO BCHF )
\Si/ DCM/pentane, 15 h tBu z
/ \ traces of H,O
Ph  Ph
rac-20[HB(CgF5)s] 21[(u-OH)(BCF),]

Crystallization of rac-20[HB(CsFs)3] turned out to be challenging and mostly lead to oily precipitates.
Only once, crystals suitable for single-crystal X-ray analysis could be obtained by layering a DCM
solution with pentane. X-ray measurement revealed that the siloxane moiety has cleaved from the
cation and that the anion has dimerized, very likely due to moisture. The crystal structure of
21[(u-OH)(BCF)2] could be obtained.

345



481
wﬁ”\ 2006
€8T\ _ HE'6
9T 16
w1/

L8T— - 680

8¢/ -
65
65
2L
bt -
9/
52
S5/
S5/
95/
(5L
85|
85/
65/
09/
092+
09
192+
1924,
£9'/-f
£9'/ ¥
s £
592
9924
192
1921
89/
bl
sLL
9L
el

(84

590C

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

9.0

Figure $5.105. 'H NMR spectrum (CD,Cl,, 298 K) of rac-20[HB(C¢Fs)s].
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Figure $5.106. *'P{'"H} NMR spectrum (CD,Cl,, 298 K) of rac-20[HB(C¢Fs)3].
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Figure $5.108. "'B{'"H} NMR spectrum (CD,Cl,, 298 K) of rac-20[HB(C¢Fs)3].
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Figure $5.110. 2°Si{'"H} NMR spectrum (CD,Cl,, 298 K) of rac-20[HB(C¢Fs)3].
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5.7. X-Ray Crystallographic Details

The crystals were selected and measured on a XtaLAB Synergy R, DW system, HyPix-Arc 150 {2,
3[HB(CeFs)s], 4, 5[HB(CeFs)s], 9[HB(CeFs)s], 10, (Re)-13, (Re)-14, (Rr,Ssi)-17, (Rp,Ssi)-
18[HB(CsFs)s], rac-21[(u-OH)(BCF)2]}, on a Xcalibur, AtlasS2, Gemini ultra (rac-6), on a GV1000,
TitanS2 {rac-7[HB(CsFs)3]}, on a SuperNova, Dualflex, TitanS2 (rac-8 - NHs* HB(CsFs)3™). The
crystals were kept at T = 123(1) K {2, 3[HB(CsFs)3], 4, 5[HB(CeFs)3], rac-8 - NH4" HB(CsFs)s~, 10,
(Re)-13, (Rr)-14, (Rr,Ssi)-17, (Re,Ssi)-18[HB(CsFs)3]}, 100(1) K  {9[HB(CsFs)s], rac-
21[(u-OH)(BCF)2]}, 293(2) K (rac-6) or 166(60) K {rac-7[HB(CeFs)3]} during data collection. Data
collection and reduction were performed with CrysAlisPro Version 1.171.42.95a {2, 3[HB(CsFs5)3],
4, 5[HB(CsF5)3], 10, (Rp)-14, (Rp,Ssi)-17}, Version 1.171.39.46 (rac-6), Version 1.171.41.76a {rac-
7[HB(CeFs)3]}, Version 1.171.40.66a (rac-8 - NH4* HB(CeFs)3), Version 1.171.41.83a
{9[HB(CsFs)s]}, Version 1.171.41.93a [(Rr)-13] or Version 1.171.42.58a {(Rp,Ssi)-18[HB(CsF5)3]}.[!
For all compounds a numerical absorption correction based on gaussian integration over a
multifaceted crystal model and an empirical absorption correction using spherical harmonics as
implemented in SCALE3 ABSPACK was applied. Using Olex2!"], the structures were solved with
ShelXTBl and a least-square refinement on F2was carried out with ShelXL®! for all structures. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms at the carbon atoms were
located in idealized positions and refined isotropically according to the riding model. Hydrogen
atoms at the nitrogen, silicon, sulfur and oxygen atoms were located from the difference Fourier
map and refined without restraints, except for (Re,Ssi)-18[HB(CsFs)s], whose hydrogen atoms at the
nitrogen atoms were located in idealized positions and refined isotropically according to the riding
model. Hydrogen atoms at the boron atoms in compounds 3[HB(CsFs)s], 5[HB(CsF5)3] and (Rp, Ssi)-
18[HB(CsF5)3] were located in idealized positions and refined isotropically according to the riding
model. Hydrogen atoms at the boron atoms in rac-7[HB(CeFs)s], rac-8 - NH4* HB(CeFs)s~ and
9[HB(CeF5)s] were located from the difference Fourier map and refined without restraints. Figures

were created with Olex2.["]

Compound 2: The asymmetric unit contains one molecule.

Compound 3[HB(CeFs)s]: The asymmetric unit contains one molecule of the cation and one
molecule of the anion.

Compound 4: The asymmetric unit contains one molecule.

Compound 5[HB(CeFs)s]: The asymmetric unit contains one molecule of the cation and one
molecule of the anion.

Compound rac-6: The asymmetric unit contains one molecule.

Compound rac-7[HB(CsF5)3]: The asymmetric unit contains one molecule of the cation and one
molecule of the anion.

Compound rac-8 - NH4* HB(CsF5)s™: The asymmetric unit contains one molecule of the uncharged
N-hydrosilyl-substituted aminophosphine sulfide, one disordered ammonium cation and one borate
anion. The tert-butyl moieties at the phosphorus atom (C2, C3, C4 and C6, C7, C8) are disordered
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over two positions and split into two parts with occupancies of 78:22 or 76:24, respectively. SADI
and RIGU restraints were used to model these disorders. SIMU, SADI and RIGU restraints were
used to model the disorder of the protons in the ammonium cation.

Compound 9[HB(CeFs)3]: The asymmetric unit contains one molecule.

Compound 10: The asymmetric unit contains one molecule.

Compound (Rp)-13: The asymmetric unit contains one molecule.

Compound (Rr)-14: The asymmetric unit contains one molecule.

Compound (Rp,Ssi)-17: The asymmetric unit contains one molecule. The tert-butyl moiety at the
silicon atom (C12, C13, C14) is disordered over two positions and split into two parts with
occupancies of 69:31. The phenyl moiety at the silicon atom (C15, C16, C17, C18, C19, C20) is
disordered over two positions and split into two parts with occupancies of 56:44. SIMU and SADI
restraints were used to model these disorders.

Compound (RP,Ssi)-18[HB(CsFs)s]: The asymmetric unit contains four molecules of the cation and
four molecules of the anion. Two of the cations (N3, P1A, S3, Si3 + the respective C atoms and N4,
P2A, S4, Si4 + the respective C atoms) are disordered over two positions and split into two parts
with occupancies of 41:59 or 33:67, respectively. One CsFs moiety at B3 is disordered over two
positions and split into two parts with occupancies of 77:23. SADI, SIMU, RIGU and ISOR restraints
were used to model these disorders.

Compound rac-21[(u-OH)(BCF)z]: The asymmetric unit contains one molecule of the cation and
one molecule of the anion. The asymmetric unit contains half a molecule dichloromethane (C45A,
CHA, CI2A), which is disordered over two positions and split into two parts with occupancies of
34:16. DANG, DFIX and SIMU restraints were used to model these disorders.
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Table S5.1. Crystallographic data for compounds 2, 3[HB(C¢Fs)s] and 4.

Compound

2 3[HB(CsF5)3] 4
Data Set BK11 BK17 BK15
(internal naming)
Formula C20H30NPSSi CssH30BF15sNPSSi C14H3aNPSSI
Pealc./ g-cm3 1.182 1.555 1.080
p/mm-? 2.617 2.421 2.808
Formula Weight 375.57 887.56 307.54
Color clear colorless clear colorless clear colorless
Shape needle block needle
Size/mm3 0.4 x 0.09 x 0.05 0.43 x 0.22 x 0.14 0.32 x 0.07 x 0.05
TIK 123.01(10) 123.00(10) 123.00(10)
Crystal System orthorhombic monoclinic monoclinic
Flack Parameter -0.01(4) - -
Hooft Parameter - - -
Space Group Pna21 P21/n P21/c
alA 16.9481(2) 11.42660(10) 16.2223(2)
b/A 20.0823(3) 18.95120(10) 6.22620(10)
c/A 6.20240(10) 17.58030(10) 19.7590(2)
of 90 90 90
Br 90 95.3400(10) 108.6420(10)
7 90 90 90
V/IA3 2111.03(5) 3790.45(4) 1891.02(4)
Z 4 4 4
z' 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Ka Cu Kq
20min/° 6.824 6.874 5.75
20max/° 150.572 150.39 150.574
Measured Refl. 16655 71997 27160
Independent Refl. 3714 7776 3881
Rint 0.0451 0.0377 0.0376
Parameters 231 533 181
Restraints 1 0 0
Largest Peak 0.54 0.29 0.48
Deepest Hole -0.62 -0.44 -0.38
GooF 1.168 1.060 1.061
wR; (all data) 0.1695 0.1008 0.0891
WR> 0.1679 0.0986 0.0876
R (all data) 0.0591 0.0400 0.0335
R1 0.0576 0.0364 0.0315
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Table S5.2. Crystallographic data for compounds and 5[HB(CsFs)s], rac-6 and rac-7[HB(CsFs)s).

Compound 5[HB(CsF5)3] rac-6 rac-7[HB(CeFs)3]
Data Set TH519 THO55 TH112
(internal naming)
Formula Ca2H34BF 1sNPSSi C18H3aNPSSi C3eH34BF 1sNPSSi
Pealc./ g-cm™3 1.500 1.134 1.527
dimm-? 2.470 2.619 2.412
Formula Weight 819.53 355.58 867.57
Color clear colorless clear colorless clear colorless
Shape plate block block
Size/mm3 0.5x0.45x0.15 0.31 x0.224 x 0.099  0.31 x0.147 x 0.118
TIK 123.01(10) 293(2) 166(60)
Crystal System monoclinic monoclinic orthorhombic
Flack Parameter - - -0.02(3)
Hooft Parameter - - -
Space Group P24/c P21/c Pna21
alA 17.40980(10) 18.0296(3) 17.1324(6)
biA 11.83110(10) 6.41460(10) 21.2722(9)
c/A 17.67910(10) 19.6993(3) 10.3571(3)
of 90 90 90
B/ 94.8860(10) 113.920(2) 90
A 90 90 90
V/IA3 3628.26(4) 2082.60(6) 3774.6(2)
Z 4 4 4
Z' 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Ka Cu Ka
20min/° 5.094 9.084 6.624
20max/° 147.914 143.724 148.74
Measured Refl. 47329 13452 19563
Independent Refl. 7165 3987 7204
Rint 0.0270 0.0252 0.0416
Parameters 483 226 522
Restraints 0 0 1
Largest Peak 0.61 0.35 0.33
Deepest Hole -0.45 -0.20 -0.39
GooF 1.030 1.035 1.044
wR; (all data) 0.0992 0.0755 0.1305
WR> 0.0982 0.0728 0.1264
R (all data) 0.0389 0.0323 0.0538
R1 0.0374 0.0290 0.0492
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Table S5.3. Crystallographic data for compounds rac-8 - NHs* HB(CsFs)s~, 9[HB(CeFs)s] and 10.

Compound rac-8 - NHa* HB(CsFs)s™ 9[HB(CsF5)s3] 10
Data Set TH366 TH148 BK10
(internal naming)
Formula Cs6H39BF15sN2OPSSi Ca7H18BF 15N2 C14H26NPSSi
Pcaic. | g-cm™ 1.432 1.689 1.167
p/mm-? 2.221 1.572 3.113
Formula Weight 902.65 666.24 299.48
Color clear colorless clear colorless clear colorless
Shape block block needle
Size/mm3 0.238 x 0.2 x 0.153 0.52 x 0.29 x 0.28 0.33 x 0.06 x 0.06
TIK 123.15 100.15 123.00(10)
Crystal System triclinic monoclinic orthorhombic
Flack Parameter - - 0.11(5)
Hooft Parameter - - 0.11(5)
Space Group P-1 P21/n P212121
alA 10.7415(2) 8.71110(10) 6.14000(10)
bIA 14.1355(3) 28.57560(10) 15.7849(2)
c/A 15.1402(3) 11.13960(10) 17.5939(3)
of 102.729(2) 90 90
Br 99.937(2) 109.1290(10) 90
7 105.607(2) 90 90
V/A3 2092.86(8) 2619.81(4) 1705.19(5)
z 2 4 4
z' 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Ka Cu Kq
20min/° 7.78 6.186 7.524
20max/° 134.08 150.496 150.788
Measured Refl. 30902 42427 17786
Independent Refl. 7417 5377 3498
Rint 0.0578 0.0225 0.0532
Parameters 622 414 179
Restraints 455 0 0
Largest Peak 0.40 0.32 0.55
Deepest Hole -0.41 -0.23 -0.81
GooF 1.060 1.064 1.105
wR: (all data) 0.1237 0.0788 0.1733
WR> 0.1184 0.0784 0.1602
R (all data) 0.0477 0.0319 0.0599
R1 0.0436 0.0314 0.0540
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Table S5.4. Crystallographic data for compounds (Rp)-13, (Re)-14 and (Re,Ssi)-17.

Compound (RP)-13 (Rr)-14 (Rp,Ssi)-17
Data Set TH501 BK13 TH510
(internal naming)
Formula C16H3sNPSSi C1eH2sNPSSi C20H3sNPSSi
Pealc./ g-cm™3 1.095 1.179 1.109
p/mm-? 2.661 2.934 2.417
Formula Weight 333.58 325.51 381.62
Color clear colorless clear colorless clear colorless
Shape block block plate
Size/mm3 0.26 x 0.12 % 0.06 0.33 x 0.09 % 0.07 0.23 x 0.1 x 0.07
TIK 123.01(10) 123.01(10) 123.00(10)
Crystal System monoclinic orthorhombic orthorhombic
Flack Parameter —0.02(3) 0.01(2) -0.00(3)
Hooft Parameter —0.02(3) 0.01(2) -0.00(3)
Space Group P24 P212121 P212121
alA 6.20850(10) 10.24910(10) 10.75220(10)
b/A 19.7623(2) 11.71930(10) 12.11670(10)
c/A 8.34720(10) 15.2652(2) 17.5507(2)
of 90 90 90
Br 99.0760(10) 90 90
v/’ 90 90 90
V/IA3 1011.33(2) 1833.54(3) 2286.53(4)
Z 2 4 4
z' 1 1 1
Wavelength/A 1.54184 1.54184 1.54184
Radiation Type Cu Ka Cu Ka Cu Kq
20min/° 8.95 9.514 8.868
20max/° 145.92 150.348 146.484
Measured Refl. 13511 19541 20852
Independent Refl. 3879 3722 4500
Rint 0.0248 0.0275 0.0289
Parameters 196 194 317
Restraints 1 0 228
Largest Peak 0.27 0.18 0.40
Deepest Hole -0.39 -0.30 -0.22
GooF 1.117 1.061 1.030
wR: (all data) 0.0819 0.0660 0.1053
WR> 0.0816 0.0658 0.1047
R (all data) 0.0327 0.0239 0.0378
R1 0.0320 0.0236 0.0371
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Table S5.5. Crystallographic data for compounds (Rp,Ssi)-18[HB(CsFs)s] and rac-21[(u-OH)(BCF),].

Compound

(Rp,Ssi)-18[HB(CsF5)3]

rac-21[(u-OH)(BCF)2]

Data Set
(internal naming)
Formula
Poaic./ g-cm™3

dimm-?
Formula Weight
Color
Shape
Size/mm3
TIK
Crystal System
Flack Parameter
Hooft Parameter
Space Group
alA
bIA
c/A
a/’

B
v/

V/IA3
V4
7
Wavelength/A
Radiation Type
20min/°
20max/°

Measured Refl.
Independent Refl.
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF
WR; (all data)
wR>
R (all data)
R1

TH527

C3sH3sBF 1sNPSSi
1.489

2.302
893.61
clear colorless
block
0.19 x 0.119 x 0.112
123.00(10)
monoclinic
0.056(10)
0.06(3)
P21
10.22120(10)
36.6956(5)
21.2608(2)
90
90.2030(10)
90
7974.30(15)
8
4
1.54184
Cu Kaq
4.804
134.16
94551
26550
0.0512
2500
2130
0.63
-0.39
1.040
0.1889
0.1789
0.0788
0.0670

TH154

C44H22B2F30NOPS-72CH2Cl2

1.787

2.915
1277.74
clear colorless
needle
0.48 x 0.1 x 0.09
100.00(10)
triclinic
P-1
11.3986(2)
13.1673(3)
16.6394(3)
74.882(2)
80.022(2)
87.981(2)
2374.36(8)
2
1
1.54184
Cu Kaq
5.582
148.202
80412
9249
0.0557
797
67
0.39
-0.63
1.086
0.1305
0.1265
0.0523
0.0453




Compound 2:

Selected Bond Lengths in A Selected Bond Angles in °
P-S 1.9631(17) N-P-S 111.11(16)
P-N 1.654(4) N-P-C5 105.2(2)
P—C5 1.871(5) N-P-C1 105.8(2)
P-C1 1.866(5) N-Si—C9 113.41(19)
Si-N 1.751(4) N-Si—-C15 106.0(2)
Si-C9 1.873(4) N-Si-H 107.3(18)
Si-C15 1.878(5) P-N-Si 127.3(3)
Si-H 1.40(5)
N-HA 0.83(8)
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Compound 3[HB(CeFs5)3]:

Selected Bond Lengths in A

Selected Bond Anglesin °

S—P 2.0657(6) P—S-Si 76.95(2)

S-Si 2.1967(6) N-Si-S 86.49(5)

Si-N 1.7490(15) P—N-Si 102.81(8)

P—N 1.6458(14) N—P-S 93.69(5)
Si—C9 1.8504(17) C15-Si-C9 109.80(8)
Si—C15 1.8468(18) C1-P—C5 115.63(8)
P—C1 1.8499(18)

P—C5 1.8421(17)

N-H 0.86(3)
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Compound 4:

Selected Bond Lengths in A Selected Bond Angles in °
P-S 1.9647(5) N-P-S 110.16(4)
P-N 1.6551(11) N-P-C5 106.89(6)
P-C5 1.8702(13) N-P-C1 105.22(6)
P-C1 1.8696(14) N-Si-C9 104.97(6)
Si-N 1.7550(12) N-Si—-C12 111.20(6)
Si-C9 1.8798(15) N-Si-H 109.9(7)
Si—C12 1.8767(14) P—N-Si 127.90(7)
Si-H 1.405(17)
N-HA 0.76(2)
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Compound 5[HB(CeFs5)3]:

Selected Bond Lengths in A Selected Bond Anglesin °
S-P 2.0586(6) P-S-Si 76.83(2)
S-Si 2.2074(6) N-Si-S 86.24(5)
Si—N 1.7530(15) P-N-Si 102.69(8)
P-N 1.6434(15) N-P-S 94.24(6)
Si—C9 1.8652(19) C12-Si-C9 117.74(9)
Si—-C12 1.867(2) C1-P-C5 115.32(9)
P-C1 1.8443(19)
P-C5 1.8545(18)
N-H 0.86(3)
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Compound rac-6:

Selected Bond Lengths in A Selected Bond Anglesin °
P-S 1.9646(5) N-P-S 111.36(4)
P-N 1.6683(11) N-P-C5 106.14(6)
P-C5 1.8662(14) N-P-C1 104.88(6)
P-C1 1.8699(13) N-Si—C9 109.91(6)
Si-N 1.7500(11) N-Si—C13 112.05(6)
Si—C9 1.8935(14) N-Si—H 107.6(7)
Si—C13 1.8716(14) P—N-Si 125.83(8)
Si-H 1.374(18)
N-HA 0.76(2)
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Compound rac-7[HB(CsFs)s3]:

Selected Bond Lengths in A

Selected Bond Anglesin °

S—P 2.0692(16) P—S-Si 76.83(6)
S-Si 2.1937(16) N-Si-S 86.51(15)
Si-N 1.752(4) P—N-Si 102.5(2)
P-N 1.646(4) N-P-S 93.57(16)

Si—C9 1.873(5) C13-Si-C9 111.6(2)

Si-C13 1.860(5) C1-P—C5 115.0(3)
P—C1 1.848(6)

P—C5 1.870(6)
N-H 0.81(7)
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Compound rac-8 - NH4* HB(CsFs)s:

Part 1 [78%(C2-C4)/76%(C6-C8)]

Part 2 [22%(C2a—C4a)/24%(C6a—C8a)]

Selected Bond Lengths in A Selected Bond Angles in °
P-S 1.9732(7) N1-P-S 111.08(6)
P-N1 1.6663(16) N1-P-C5 107.10(9)
P—C5 1.863(2) N1-P-C1 105.26(10)
P-C1 1.858(2) N1-Si-C9 104.68(8)
Si-N1 1.7362(17) N1-Si-C13 112.84(8)
Si-C9 1.8855(19) N1-Si-O 112.20(7)
Si-C13 1.8665(18) P-N1-Si 132.95(11)
Si-O 1.6473(13)

N-H1 0.76(3)
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Compound 9[HB(CsF5)3]:

Selected Bond Lengths in A

Selected Bond Angles in °

N1-C1 1.4637(16) C9-N1-C1 124.03(10)
N1-C9 1.3232(16) C9-N2—C4 122.03(10)
N1-H1 0.882(18) C9-N2-C3 121.40(10)
N2—C3 1.4739(16) C3-N2—-C4 116.52(10)
N2—C4 1.4787(15)
N2—C9 1.3183(16)
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Compound 10:

Selected Bond Lengths in A Selected Bond Anglesin °
P-S 1.9669(18) N-P-S 109.20(17)
P-N 1.645(4) N-P-C5 106.9(2)
P-C5 1.866(5) N-P-C1 104.7(2)
P-C1 1.869(6) N-Si-C9 116.1(2)
Si-N 1.744(5) N-Si-Ha 112(3)
Si—C9 1.861(5) N-Si-Hb 103(2)
Si-Ha 1.45(7) P—N-Si 127.4(3)
Si-Hb 1.52(7)

N-H 0.89(7)
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Compound (Rpr)-13:

Selected Bond Lengths in A

Selected Bond Angles in °

P-S 1.9593(10) N—P-S 109.60(10)
P—N 1.649(3) N-P—C5 108.77(14)
P—C5 1.855(3) N-P—C1 105.89(14)
P—C1 1.852(3) N-Si-C11 109.41(15)
Si-N 1.756(3) N-Si-C14 104.92(14)
Si—C11 1.876(3) N-Si—H 111.1(14)
Si-C14 1.878(3) P—N-Si 128.02(16)
Si-H 1.40(3)
N-Ha 0.81(4)
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Compound (Rr)-14:

Selected Bond Lengths in A

Selected Bond Anglesin °

P-S 1.9656(7) N-P-S 111.51(7)

P—N 1.6653(18) N—P—C5 105.40(9)
P—C5 1.834(2) N-P—C1 104.79(10)
P—C1 1.853(2) N-Si-C11 111.66(10)

Si-N 1.7385(18) N-Si-Ha 107.7(11)
Si-C11 1.860(3) N-Si—Hb 111.2(12)
Si—HA 1.43(3) P—N-Si 128.39(11)
Si-HB 1.42(3)

N-H 0.83(2)
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Compound (Re,Ssi)-17:

Part 1 [69%(C12—C14)/56%(C15-C20)]

Part 2 [31%(C12A—C14A)/44%(C15A~C20A)]

Selected Bond Lengths in A

Selected Bond Angles in °

P-S 1.9612(10) N-P-S 110.97(10)
P-N 1.669(3) N—-P—C5 104.41(13)
P—C5 1.828(3) N—P—C1 105.74(14)
P—C1 1.859(3) N-Si—-C11 108.81(15)
Si-N 1.744(3) N-Si-C15 112.0(5)
Si-C11 1.888(4) N-Si—C15A 110.1(6)
Si—C15 1.864(9) N-Si—H 109.5(17)
Si-C15A 1.873(11) P—N-Si 126.65(16)
Si—H 1.43(4)
N-HA 0.81(4)
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Compound (Rp,Ssi)-18[HB(CsF5)s3]:

Part 1 (multicolored)
[41%(N3,P1A,S3,Si3 +
respective C atoms)/
33%(N4,P2A,S4,Si4 +
respective C atoms)/
77%(C1G-C67,F17-F19)]

Part 2 (marked green shaded)
[59%(N1A,P1B,S1A,Si1A +
respective C atoms)/
67%(N2A,P2B,S2A,Si2A +
respective C atoms)/
23%(C03M—-CO3N,F01D-
FO1E)]

Selected Bond Lengths in A

Selected Bond Angles in °

P1-S1 2.076(4) P1-S1-Sil 76.76(14)
S1-Sil 2.180(4) N1-Si1-S1 87.9(3)
P1-N1 1.668(9) P1-N1-Sil 102.1(5)
P1-C5 1.792(13) N1-P1-S1 93.1(3)
P1-C1 1.826(12) C15-Si1-C11 110.7(7)
Si1-N1 1.731(9) C1-P1-C5 109.1(5)

Si1-C11 1.872(15)

Si1-C15 1.825(16)
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Compound rac-21[(u-OH)(BCF)z2]:

Selected Bond Lengths in A

Selected Bond Anglesin °

P-S 2.0796(9) N-P-S 112.94(10)
P-N 1.626(2) N—-P—C5 107.21(13)
P—C5 1.842(3) N—-P—C1 105.79(13)
P—C1 1.847(3) C5-P-S 103.18(9)
S—HA 1.30(3) C5-P-C1 118.53(12)
O—H 0.84(3) C1-P-S 109.40(9)
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6.1. Results and Discussion

This chapter summarizes additional findings regarding the complexation and aggregation ability of

aminophosphine sulfides.

6.1.1. Preparation and Crystal Structures of (1-Li)4s and 2-HCI

During investigations on chapter five, the question arose as to what the solid-state structure of the
lithiated starting material 1 would look like. In the past, the Bauer group has already dealt with the
structure of lithium salts in the solid state and in solution.!"!

For the lithiation reaction, 1 was suspended in pentane and cooled to —30 °C before n-butyllithium
was added. After stirring for 15 h, filtering and drying the colorless solid, crystallization was
successful from a DCM solution, that was slowly layered with pentane and then stored at —10 °C.
Single-crystal X-ray structure analysis revealed a tetrameric structure (1-Li)s4, which forms a very
distorted cube (Scheme 6.1). Similar structures are known from literature for compounds with
lithiuml[?! and other alkali metals.l?2:31 The corners of the highly distorted cubic core are alternately

occupied by lithium and nitrogen, and the areas of the cube resemble rather a rhombus than a

square.

o8 .

o nBULi (1.0 equiv) ©S
P > .
Bu—7 -30°Ctort. gl —P2 L

tBuU NH, pentane, 15 h Bu / \N/
63% tBu A
1 (1-Li)g

Scheme 6.1. Synthesis and crystal structure of (1-Li)4 (displacement ellipsoids set at the 50% probability level).

As described in chapter five for compound 1, also non-oxidized P,P-di-tert-butylaminophosphine
was attempted to be coupled with one or even two equivalents of chlorosilane. Besides
deprotonation with n-butyllithium, experiments with triethylamine as the base were performed.
Disubstituted and also monosubstituted coupling products (2) could never be obtained in pure form.
The most likely reason for the latter fact is the tendency of 2 to partially form a zwitterionic species
(2a) by transferring the NH hydrogen atom to the phosphorus lone electron pair (Scheme 6.2, top).
Due to the difficulty in interpreting the crude NMR spectra, the actual presence of these molecules
cannot be determined with certainty. Furthermore, in the course of a reaction of P,P-di-tert-

butylaminophosphine with two equivalents of fert-butylchlorophenylsilane in the presence of two
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equivalents of triethylamine, crystalline needles suitable for single-crystal X-ray analysis were
obtained. Apparently, the base triethylamine could not fully scavenge the formed hydrogen chloride
and, in turn, the adduct 2-HCI was formed (Scheme 6.2, bottom). Between the NH hydrogen atom
and the chloride anion, a hydrogen bond with an NH:--Cl distance of 2.28 A can be observed in the
solid-state structure. Since the crystallization batch contained also some other unknown products

(possibly 2 and 2a), it was not possible to obtain more analytical data of 2-HCI.

H
. o,
fBu/P\N/ IHtBuPh tBu//P\N/ IHtBuPh
tBu |1| Bu S)
2 2a
H
NEt; (2.0 equiv) |@ )
tBU/?P\NH tBUPhSIHCI (2.0 equiv) fBu//-P\N/SIHfBUPh
BU 2 rt., pentane, 15 h Bu |
K
c1©
2:HClI
+ unknown products 2-Hcl °

Scheme 6.2. Top: Presumed equilibrium of 2 with its zwitterionic form 2a. Bottom: Experimental procedure and crystal
structure of adduct 2-HCI (displacement ellipsoids set at the 50% probability level).

6.1.2. Hydrogen-Bond-Based Structures of Aminophosphine Sulfides with
Group-14-Elements and Transition Metals

To extend the scope of hydrogen-bond-based supramolecular synthons, the gradual expansion of
the cubic clusters in chapter four was pursued. The aim was to use the free sulfide functions of
compound (1-HCI)4 as ligands for the coordination of metal cations.

It was attempted to coordinate germanium(ll) or tin(ll), while maintaining the cubic structure of
compound (1-HCI)4. To ensure that the starting material is in its tetrameric form from the beginning,
the reaction was performed in a 100 mM solution in DCM. Compound (1-HCI)4 and MCl2 (M = Ge,
Sn) were simultaneously dissolved in DCM and stirred for 15 h (Scheme 6.3). Insoluble solids were
removed by filtration and the filtrate was layered with pentane to obtain colorless crystals that were
suitable for single-crystal X-ray structure analysis for both reactions. The introduction of Ge(ll) or
Sn(ll) into the products was indeed successful, however, the desired cubic shape could not be
detected anymore. Nevertheless, both structures showed hydrogen-bonded patterns with crucial
differences. The first dissimilarity that can be noticed is, that in the product with Ge(ll), the amino
moiety in 1 is still protonated and the chloride anion sticks to GeClz to form trichlorogermanat(ll). In
contrast to that, the product with Sn(ll) is free from the formerly present hydrogen chloride and
SnClz is coordinated by the sulfur unit of 1. Accordingly, the products are named (1-H)* GeCls~ and
1-SnCl,. While the crystal structure of (1-H)* GeCls~ resembles a hydrogen-bonded, closed cage

in the solid state, 1-SnCl, forms a ladder-like pattern made from ten-membered, hydrogen-bonded
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rings (Scheme 6.3). The hydrogen bonds in 1-SnCl, with a NH---Cl distance of 2.56-2.71 A are
weaker than those in (1-H)* GeCls, that have a NH:--Cl distance of 2.43-2.48 A.

es
|
@
IBU‘."PP\\SI)"‘H
tBu

| ~H
Cl
A I
‘cl—Ge
5]
(1-H)* GeCl,~
GeCl,-1,4-dioxane Vel
(1.0 equiv) - 2
e? rt, DCM, 15 h 93|
® @
Bu—F. © tBu*}P’l,,\ ©
tBu @T\ Hooooee ¢l B @T\ oo ¢l
H N tBu N tBu
|_I| \\\ :| H‘ ® ;/_‘\-(Bu |_I| \\ : H\ ® $"‘..JBU
t @Cl------ H—N—"%\ MCl, (M = Ge, Sn) ' ©Cl------ H——N="%\
; | l T | Se (1.0 equiv) .o \ H | 0.
fy ] H e L : | H "MClI
! Cl"".‘“'H_@N\"‘ o ? By ' CI_"':"_H_&?I """ g2 2
N ' impl_ . | N .
RN H o\ TBu SN H :P\ Bu
H\l o Se H\| \\: S,e
@/N@—H ——————— Cl o N@—H ——————— cl
o5—P( © CI2M———S—P/ ©  wmcp,
:Bu  (1'HCI) ° By
tBu tBu
: desired cubic synthon with
rsl"‘C'Z (1.0 equiv) graup-14-element coordination
DCM, 15 h
o5---SnCl,
|
P&
tBuF~
NH Y,
fBu/ 2
1-SnCl,

cn

1-SnCl,

Scheme 6.3. Synthesis and grown crystal structures with hydrogen bonding of compounds (1-H)* GeCl;~ and 1-SnCl,
(displacement ellipsoids set at the 50% probability level).

Compound (1-HCI)s was likewise reacted with AuCl. The cubic structure could again not be
maintained and the analytical data were in accordance with those obtained by N. Fontanal®l, when
reacting compound 1 with AuCl (Scheme 6.4, top). The corresponding crystal structure of the
product [12-AuCl]. revealed an aurophilic interaction between two Au(l) cations,!®! that were each
complexed by the sulfur moieties of two equivalents of compound 1. The Au(l)-Au(l) distance of
3.02 Al is in the typical range!® for such a metallophilic interaction.

Surprisingly, a different structural result was obtained using enantiomerically pure compound (Rr)-3
as the starting material. After reaction with AuClin DCM for 15 h and subsequent filtration, colorless
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crystals of [(Rr)-3]2-AuCl were obtained from the filtrate at —-35 °C (Scheme 6.4, bottom). As with
the achiral sample, although equimolar amounts of (Rp)-3 and AuCl were used, the product
contained two equivalents of (Rr)-3 per metal ion center. The Au(l) cations were each coordinated
by the sulfur units of two (Rp)-3 ligands, but no Au(l)-Au(l) interaction could be observed. Instead,
a hydrogen-bonded zigzag chain of alternating amino groups and chloride anions was detected.
The NH---Cl bond distances were between 2.34 A and 2.37 A,

Possibly, the formation of a dense, hydrogen-bonded network is not possible with the achiral

sample due to steric reasons, since two bulky tert-butyl groups are present in ligand 1.

/,C\I\e ?
tBu E" ¥ F
tBu\i:/N\ N/
/ ® H H/ \ ‘\\tBU
es @ij,;\\“ @P;tBu
s AuCI (1.0 equiv) AU/ ‘
_ e =S
tBu""}P\NH it o o
2 OS----Aus--- Se
B DCM, 15 h | Au | s20) )1
..P® ®P.A Au
1 tBU“"/ \N’H H \'""'tBu P2 P1
[alternatively (1-HCI),] tBu Ikll Bu
H H
N N2 SN
cie
[1,-AuCll, oc
1S1
. o [©] .
os ©S----Ay----5 -
| o AuClI (1.0 equiv) | o o W
Cy™ /™~ rt. Cy™/ ™\ “\" S 4
NH g
tBu/ 2 DCM,15h tBu/ N HN <
cI®
(Rp)-3 [(Rp)-3],-AuCl

Scheme 6.4. Top: Synthesis and grown crystal structure with Au(l)-Au(l) interaction of compound [12-AuCl],.1) Bottom:
Synthesis and grown crystal structure with hydrogen bonded zigzag chain of compound [(Rr)-3].-AuCl (displacement
ellipsoids set at the 50% probability level; hydrogen atoms, except for NH, omitted for clarity).

6.1.3. Hydrogen-Bond-Based Structures of 1 with Tosylate and Triflate
Anions

Besides chloride (see Chapter four), also other strongly coordinating anions are suitable for the
formation of hydrogen-bonded, cube-like clusters.®! With this in mind, p-toluenesulfonic acid and
triflic acid were used for the protonation of compound 1. Since the cubic structure of the chloride-
based product (1-HCI)4 could not be maintained by reaction with group-14-element or transition
metal salts, it was believed, that by changing the anion, more stable clusters would be formed.

Compound 1 was reacted with one equivalent of either p-toluenesulfonic acid or triflic acid in DCM
for 15 h (Scheme 6.5). After removing all volatiles, the colorless solids were each converted into

crystals suitable for single-crystal X-ray analysis by layering a DCM solution with pentane.
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Scheme 6.5. Synthesis and grown crystal structure of compounds (1-pTsOH), and {[(1-H)*].H;0*}(OTf"); (displacement
ellipsoids set at the 50% probability level; hydrogen atoms, except for NH and OH, omitted for clarity).

Using p-toluenesulfonic acid, the desired cubic product (1-pTsOH)s was obtained (Scheme 6.5).
Due to the SOs~ moiety, the cube was much more distorted than the cubic core of compound
(1-HCI)4 (see Chapter four) and the hydrogen bonds were much stronger. While the NH---Cl bond
distances of (1-HCl)4 range from 2.24 A to 2.33 A, the NH---O bond distances of (1:pTsOH), are
only 1.85-1.90 A. Thus, it can be assumed that the inner cluster of compound (1:pTsOH)4 is indeed
more stable and that the terminal sulfur units could be suitable for the complexation of metal cations,
while the cubic core is preserved. Furthermore, variable concentration and variable temperature
NMR studies of (1-pTsOH)4 in CD2Cl2 did not reveal such a pronounced dependence as observed
for (1-HCl)s. The 'H and 3'P{'"H} NMR spectra showed indeed slightly shifted signals by changing
the concentration or temperature, however, a downfield shifted NH3 signal could be observed in

every recorded 'H NMR spectrum. This suggests that the cubic cluster of (1-pTsOH), is also
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present in low concentration, which matches with the presence of very strong hydrogen bonds in
the solid state.

Coordination experiments of several cations, such as Au(l), Al(lll), Sn(ll) and Ge(ll) were performed
with (1-pTsOH)4. Since no crystals that were suitable for single-crystal X-ray structure analysis
could be obtained from any of these experiments, no explicit evidence for the successful
preservation of the cubic core could be found, but the aggregation properties of (1-pTsOH),4 are
promising for this hypothesis.

Due to the similarity of p-toluenesulfonic acid and triflic acid regarding the SOsH moiety, analogous
products were expected for both reagents. However, a very different situation was found, when
using triflic acid instead of p-toluenesulfonic acid for the protonation of compound 1. The crystal
structure of the product revealed that oxonium ions are incorporated and form a hydrogen-bonded,
ladder-shaped network with the triflate ions and the protonated starting material 1 (Scheme 6.5).
Structures containing ammonium ions, oxonium ions and triflate ions were recently described.l"I In
the present case, for each oxonium ion there are two (1-H)* cations and three friflate ions, giving
in total a species named {[(1-H)*]-H30*}(OTf)s. Most likely, due to the hygroscopicity of triflic acid,
traces of water were present, that were logically protonated to oxonium ions in the acidic medium.
The hydrogen bonds are very strong with NH---O bond distances of 1.90-1.99 A and OH:--O bond
distances of 1.68-1.74 A.
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6.3. Syntheses and Characterizations

6.3.1. General Remarks

All experiments were performed in an inert atmosphere of purified nitrogen by using standard
Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was heated at 140 °C
prior to use. Diethyl ether (Et20), dichloromethane (DCM), n-hexane, n-pentane, tetrahydrofuran
(THF), and toluene were dried and degassed with an MBraun SP800 solvent purification system.
n-Butyllithium (2.5 M solution in hexane, Merck), triethylamine (299%, Merck), GeClz-1,4-dioxane
(1:1 complex, Merck), tin(Il) chloride (98%, Merck), gold(l) chloride (97%, abcr), p-toluenesulfonic
acid (98%, Merck), triflic acid (98%, Merck) were used without further purification.

1 and P,P-di-tert-butylaminophosphine were synthesized following literature procedures.!
tert-Butylchlorophenylsilane was synthesized following a procedure published by our group.@
(1-HCI)4 was synthesized following a procedure, which can be found in Chapter four of this work.
(Rp)-3 was synthesized following a procedure published by our group.!

CeDs (=99.6%, Merck) was used for NMR spectroscopy as purchased. CD2Cl2 (> 99.8%,
Fluorochem) was degassed and dried over molecular sieve (3 A) prior to use. NMR spectra were
either recorded using a Bruker Avance 400 (400.13 MHz) or a Bruker Avance Il HD 400
(400.13 MHz) at 25 °C. Chemical shifts (0) are reported in parts per million (ppm). 'H and 3C{'H}
NMR spectra are referenced to tetramethylsilane (SiMes4, & = 0.0 ppm) as external standard, with
the deuterium signal of the solvent serving as internal lock and the residual solvent signal as an
additional reference. 3'P{'H} NMR spectra are referenced to H3POa. For the assignment of the
multiplicities, the following abbreviations are used: s = singlet, d = doublet, t = triplet, m = multiplet,

br = broad signal. Elemental analyses were performed on a Vario MICRO cube apparatus.
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6.3.2. Synthetic Procedures

6.3.2.1. Synthesis of (1-Li)4

s ©s
| nBuLi (1.0 equiv) |
__p® = 1 __p® Li
{Bu AN -30°Ctort. 4\ tBu ~,
/' NH, / N
BU pentane, 15 h Bu H
63% 4
1 (1-Li),

nButyllithium (2.1 mL, 5.17 mmol, 1.0 equiv., 2.5 M in hexane) was added dropwise to a suspension
of P,P-di-tert-butylaminophosphine sulfide (1) (1.00 g, 5.17 mmol, 1.0 equiv.) in pentane (20 mL) at
—30 °C. The suspension was allowed to slowly warm to room temperature and stirred for 15 h. The
liquid phase was filtered off and the remaining solid was washed with pentane. After drying in vacuo,
compound (1-Li)4 was obtained as a colorless solid (0.65 g, 3.27 mmol, 63%). Crystals suitable for
single-crystal X-ray analysis were obtained from a DCM solution after slow layering with pentane

and storing at —10 °C.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 0.45 (d, 2Jh-p = 12.1 Hz, 1H, NH), 1.32 (d, 3Jn-p =
14.7 Hz, 18H, PC(CH?3)3). 3'P{'H} NMR (162.04 MHz, CD2Clz, 298 K): 8 = 101.0 (s). "*C{'H} NMR
(100.61 MHz, CD2Cl2, 298 K): d = 28.4 (s, PC(CHz3)3), 39.9 (d, 'Jc-p = 48.3 Hz, PC(CHa)3).

Elemental analysis: CsH19LiNPS: calcd.: C 48.23, H 9.61, N 7.03; found: C 48.68, H 9.53, N 7.01.
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Figure S6.1. *H NMR spectrum (CD,Cl,, 298 K) of (1-Li)a.
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Figure S6.2. 3P{*H} NMR spectrum (CD,Cl,, 298 K) of (1-Li)a.
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Figure S6.3. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of (1-Li)a.

6.3.2.2. Synthesis of 2-HCI

H
NEt; (2.0 equiv) F|’@ SiHBUPh
tBUPhSIHCI (2.0 equi — niBu
_p UPhSIHCI (2.0 equiv) _ 1By / \N/ + unknown products
tBu / \NH rt., pentane, 15 h tBu [
tBu 2 T
c®
2-HCI

Triethylamine (1.5 mL, 10.58 mmol, 2.0 equiv.) was added to a solution of P,P-di-tert-
butylaminophosphine (0.85 g, 5.29 mmol, 1.0 equiv.) in pentane (20 mL) at room temperature.
Then, tert-butylchlorophenylsilane (2.10 g, 10.58 mmol, 2.0 equiv.) was added and the suspension
was stirred for 15 h. The precipitate was removed by filtration and washed with pentane. All volatiles
were removed from the filtrate and the remaining colorless solid was subjected to several
recrystallizations from DCM/pentane until compound 2-HCI eventually crystallized as thin colorless

needles suitable for single-crystal X-ray analysis.
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6.3.2.3. Synthesis of (1-H)* GeCls-

©s
Bu—,., ©
tBu @N\ H=====- (|:I\\
| H I tBT tBu
H \ | H
| AN ] \® =4
\ e
OCl------ H N
| i b ®\s o GeCly-1,4-dioxane es
1 ! ! b (1.0 equiv) |®
4 ‘ ! 8 > —P\@ @
Cl___':___H_N"-'-.,,I ® u r.t. tBu \
@\\ |—I| @ \ :,”P\\tBU DCM, 15h tBU/ NH3 GeCI3
H N
\| \\: So
N——H------- Cl
PR S
oSN
th tBu (1-HCI), (1-H)* GeCl3~
u

(1-HCIl)s (60 mg, 0.25 mmol, 1.0 equiv) and GeCl2-1,4-dioxane complex (60 mg, 0.25 mmol,
1.0 equiv) were suspended in DCM (2.5 mL) at room temperature and the mixture was stirred for
15 h. The resulting suspension was filtered and the filirate was layered with pentane. Crystals

suitable for single-crystal X-ray analysis of compound (1-H)* GeCls~ were obtained at room

temperature.

H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.41 (d, 3Ju-r = 16.8 Hz, 18H, PC(CHa)a), 3.35 (d, 2H,
NH). 3'P{'H} NMR (162.04 MHz, CD2Cl>, 298 K): & = 94.7 (s). *C{'"H} NMR (100.61 MHz, CD:Cl2,
298 K): & = 27.1 (d, 2Jcp = 1.3 Hz, PC(CHa)s), 39.1 (d, 'Jep = 50.7 Hz, PC(CHa)s).
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Figure S6.4. *H NMR spectrum (CD,Cl,, 298 K) of (1-H)* GeCl3™.
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Figure S6.5. *'P{*H} NMR spectrum (CD,Cl,, 298 K) of (1-H)* GeCl;".
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Figure S6.6. **C{*H} NMR spectrum (CD,Cl,, 298 K) of (1-H)* GeCls".
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6.3.2.4. Synthesis of 1-:SnCl2

©s
Lo
tBlJ/P/’t,‘~ @
tBu @T\ H-==--- ?'\\
AN Y tBT SfBU
[ \ LA ®
! ©CI------ HA——N =\
1 [}
\ | H | Se
1 ! : |
* Cl--=-l==-H——N...,, | © ,fBu
@\ | G')\ '|”’P\
\\HH H\ : \ tBu
I
\| \\I Se
N——H------- Cl
@/ ® o)
SN
Bu (1-HCl),
tBu

(1-HCl)4 (60 mg, 0.25 mmol, 1.0 equiv) and SnClz (50 mg, 0.25 mmol, 1.0 equiv) were suspended
in DCM (2.5 mL) at room temperature and the mixture was stirred for 15 h. The resulting suspension

was filtered and the filirate was layered with pentane. Crystals suitable for single-crystal X-ray

SnCl, (1.0 equiv)

r.t.
DCM, 15 h

analysis of compound 1-SnCl, were obtained at room temperature.

"H NMR (400.13 MHz, CD2Clz, 298 K): & = 1.42 (d, 3Jn-p = 16.8 Hz, 18H, PC(CHs)3), 3.39 (d, 2H,
NH). 3'P{"H} NMR (162.04 MHz, CD2Clz, 298 K): & = 94.6 (s). "*C{'H} NMR (100.61 MHz, CD2Cl>,

1-SnCl,

298 K): & = 27.2 (d, 2Jcp = 1.2 Hz, PC(CHa)3), 39.0 (d, 'Jep = 51.2 Hz, PC(CHa)s).
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Figure S6.8. 3'P{*H} NMR spectrum (CD,Cl,, 298 K) of 1-SnCl,.
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Figure S6.9. *C{*H} NMR spectrum (CD,Cl,, 298 K) of 1-SnCl..
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6.3.2.5. Synthesis of [(Rp)-3]2-AuCl

cl®
)
©s @S____Au____s@
| AuClI (1.0 equiv) | |
Cy““7P®\NH rt. g Cy““7p®\NH H N/(EP('"'tBu
2 2H2
tBu DCM, 15 h tBu
(Re)-3 [(Re)-31,-AuCl

(Rp)-3 (e.r.>99:1) (30 mg, 0.14 mmol, 1.0 equiv) and AuCl (32 mg, 0.14 mmol, 1.0 equiv) were
suspended in DCM (2.5 mL) at room temperature and the mixture was stirred for 15 h. The resulting
suspension was filtered and the filtrate was layered with pentane. Crystals suitable for single-crystal

X-ray analysis of compound [(Rr)-3]2-AuCl were obtained at -35 °C.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.20-1.40 (m, 6H, CH?2), 1.32 (d, 3Ju-r = 16.5 Hz, 18H,
PC(CHs)3), 1.55-1.74 (m, 6H, CH-), 1.81-1.94 (m, 4H, CH-), 1.96-2.06 (m, 4H, CH2), 2.13-2.24
(m, 2H, CH), 2.98 (br, 4H, NH-). 3'P{'H} NMR (162.04 MHz, CD2Cl2, 298 K): & = 86.7 (s). "*C{'H}
NMR (100.61 MHz, CD2Clz, 298 K): 6 = 26.1 (s, PC(CH3)3), 26.8 (d, 2Jc—p = 14.6 Hz, CH2), 27.2 (d,
2Jcp = 13.1 Hz, CH2), 27.3 (s, CH2), 27.3 (s, CH2), 28.7 (s, CH2), 36.6 (d, 'Jcr = 57.9 Hz,
PC(CHs)s), 38.4 (d, '"Jc-p = 55.3 Hz, PCH).

Elemental analysis: C20H44AuCIN2P2S: - 0.25 CsH12 (pentane): calcd.: C 37.04, H 6.87, N 4.07;
found: C 37.18, H 6.61, N 4.08.
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Figure S6.10. *H NMR spectrum (CD,Cl,, 298 K) of [(Rp)-3]2-AuCl.
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Figure S6.11. 3P{*H} NMR spectrum (CD,Cly, 298 K) of [(Rp)-3]2-AuCl.

388



150 140 130 120 110 100 90 80 70 60 50 40 30 20
Figure S6.12. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of [(Rp)-3]2-AuCl.
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6.3.2.6. Synthesis of (1:-pTsOH)4

o

©s
tBu//P/,l\ ® o ®
N H======- 0-5
tBu N T\
|, ©00; Bu g
\ [ \ ~bu
2% o 1 Hoe I‘D
2@?—0 ——————— H——N"% \
\
00 VI Se
H
|
|
|

pTsOH (1.0 equiv)

|
T :
|
| © 1
® 2Og_ Qe cH——N... | ® ,tBU
tBu//P\NH r.t. S\ © : @N\I:I""":IHP<
BU 2 DCM, 15 h ©0, T L\ B
N

o (]S}
38% H e e0j"~ Se

——H-------- 0-Ss

@/ o

AN
: tBu
tBu
1 (1-pTsOH),

1 (0.97 g, 5.00 mmol, 1.0 equiv) and pTsOH (0.86 g, 5.00 mmol, 1.0 equiv) were solved in DCM
(20 mL) at room temperature and the mixture was stirred for 15 h. All volatiles were removed from
the resulting solution and the remaining colorless solid was dried in vacuo to obtain compound
(1-pTsOH)4 (0.70 g, 1.92 mmol, 38%). Crystals suitable for single-crystal X-ray analysis were

obtained from a DCM solution after layering with pentane.

"H NMR (400.13 MHz, CD2Cl2, 298 K): & = 1.39 (d, 3Ju-p = 17.0 Hz, 18H, PC(CHs)3), 2.38 (s, CH?),
7.20 (d, 3Jn-H = 8.0 Hz, 2H, Hrn), 7.73 (d, 3Jn-H = 8.2 Hz, 2H, Hpn), 7.93 (br, 3H, NH). 3'P{'H} NMR
(162.04 MHz, CD2Cl2, 298 K): & = 107.0 (s). *C{'H} NMR (100.61 MHz, CD2Cl2, 298 K): 5 = 21.7
(s, CH3), 27.2 (d, 2Jc-p = 1.8 Hz, PC(CHz3)3), 40.1 (d, 'Jc—p = 46.4 Hz, PC(CH3)3), 126.7 (s, Cpn),
129.5 (s, Cpn), 140.6 (s, Crn), 142.0 (s, Cen).

Elemental analysis: C1sH2sNO3sPS: - 0.4 CH2Clz: calcd.: C 46.30, H 7.27, N 3.51; found: C 46.07,
H 7.35, N 3.49.
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Figure S6.13. *H NMR spectrum (CD,Cl,, 298 K) of (1-pTsOH)a.
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Figure S6.14. 3'P{*H} NMR spectrum (CD,Cl, 298 K) of (1-pTsOH),.
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Figure S6.15. 3C{*H} NMR spectrum (CD,Cl,, 298 K) of (1-pTsOH),.
6.3.2.7. Synthesis of {[(1-H)*]2H30*}(OTf)3"
©s TfOH (1.0 equiv) @T ®
| ® traces of H,O p® H30
tBu//P\NH rt. tBU// “SNH, (OTfe)3
2 DCM, 15 h tBu
tBu 2
1 {[(1-H)"1,H;0"HOTf");

1 (0.30 g, 1.55 mmol, 1.0 equiv) was solved in DCM (20 mL) and triflic acid (0.14 mL,1.55 mmol,
1.0 equiv) was added dropwise at room temperature. After stirring the mixture for 15 h, all volatiles
were removed from the resulting solution and the remaining colorless solid was dried in vacuo to
obtain compound {[(1-H)*]-H3O*}(OTf)s. Crystals suitable for single-crystal X-ray analysis were

obtained from a DCM solution after layering with pentane.
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6.4. X-Ray Crystallographic Details

The crystals were selected and measured on a XtaLAB Synergy R, DW system, HyPix-Arc 150
{(1-Li)4, (1-H)* GeCls~, 1-SnCly, [(Rr)-3]2-AuCl, (1-pTsOH)4}, on a GV1000, TitanS2 (2-HCI) or on
a SuperNova, Dualflex, TitanS2 {{[(1-H)*]oH:O*}(OTf")s}. The crystals were kept at T = 123(1) K
{(1-Li)4, 2-HCI, 1-SnCl3, [(Rr)-3]2-AuCl, (1-pTsOH)4, {[(1-H)*]2H30*}(OTf)3} or 100(1) K [(1-H)*
GeCl;7] during data collection. Data collection and reduction were performed with CrysAlisPro
Version 1.171.41.93a [(1-Li)s, (1-H)* GeCl;~, 1-SnCla, (1-pTsOH)4], Version 1.171.41.54a (2-HCI),
Version 1.171.41.83a {[(Rr)-3]2-AuCl}, Version 1.171.42.95a {{[(1-H)*]2.H3O*}(OTf)3}.*] For all
compounds a numerical absorption correction based on gaussian integration over a multifaceted
crystal model and an empirical absorption correction using spherical harmonics as implemented in
SCALE3 ABSPACK was applied. Using Olex20%], the structures were solved with ShelXT® and a
least-square refinement on F2 was carried out with ShelXLI"! for all structures. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms at the carbon atoms were located in idealized
positions and refined isotropically according to the riding model. Hydrogen atoms at the nitrogen
atoms in compounds 1-SnCl;, [(Rpr)-3]2-AuCl, {[(1-H)*]-H3O0*}{OTf); were located in idealized
positions and refined isotropically according to the riding model. Hydrogen atoms at the nitrogen
atoms in compounds (1-Li)s, 2-HCI, (1-H)* GeCls~, (1-pTsOH)s were located from the difference
Fourier map and refined without restraints. The hydrogen atom at the silicon atom in 2-HCI was
located in idealized position and refined isotropically according to the riding model. The hydrogen
atom at the phosphorus atom in 2-HCI was located from the difference Fourier map and refined
without restraints. Two hydrogen atoms at the oxygen atom in {[(1-H)*]2H30*}(OTf"); were located
in idealized positions and refined isotropically according to the riding model, while the third
hydrogen atom was located from the difference Fourier map and refined without restraints. Figures

were created with Olex2.15

Compound (1-Li)4: The asymmetric unit contains eight lithium cations, eight anions (1-1) and two
molecules of DCM.

Compound 2-HCI: The asymmetric unit contains one cation (2—H)* and one chloride anion.
Compound (1-H)* GeCls™: The asymmetric unit contains one cation (1-H)* and one anion GeCl;".
Compound 1-SnCl.: The asymmetric unit contains two molecules. The bad values for Rint, max.
peak and min. peak are due to the high residual electron density caused by the presence of tin.
Compound [(Rr)-3]2-AuCl: The asymmetric unit contains one gold(l) complex with two (Rp)-3-
ligands and one chloride anion.

Compound (1-pTsOH)4: The asymmetric unit contains one cation (1-H)*, one tosylate anion and
half a molecule of DCM.

Compound {[(1-H)*]2H30*}(OTf)s: The asymmetric unit contains two cations (1-H)*, one oxonium
cation and three triflate anions. Two of the triflate anions (FOOA, FO0O, FOOP and FOO0S, FOOT,

FOOW, C01B) are disordered over two positions and split into two parts with occupancies of 43:57
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and 72:28, respectively. SIMU, SADI, RIGU and ISOR restraints were used to model these

disorders.

Table S6.1. Crystallographic data for compounds (1-Li)s, 2-HCI and (1-H)* GeCl;".

Compound (1-Li)s 2-HCI (1-H)* GeCls~
Data Set
) ) TH356 THO004a TH470
(internal naming)
CeaH152LisNsPsSs C1sH3sCINPSI CsH21Cl3sGeNPS
Formula
2 CH2Cl2
Pealc./ g-cm3 1.176 1.117 1.562
p/mm-? 0.453 2.785 9.240
Formula Weight 1763.54 359.98 373.23
Color clear colorless clear colorless clear colorless
Shape prism needle plate
Size/mm3 0.57 x 0.26 % 0.21 0.406 x 0.037 x 0.026  0.32 x 0.22 x 0.08
TIK 123.00(10) 123.00(10) 100.01(10)
Crystal System orthorhombic monoclinic monoclinic
Flack Parameter 0.00(2) - -
Hooft Parameter 0.00(2) - -
Space Group P212124 P21/c P21/c
alA 20.56660(10) 15.5590(10) 8.97660(10)
b/A 20.64060(10) 10.8837(6) 10.45140(10)
c/A 23.4568(2) 13.0428(8) 17.2759(2)
al’ 90 90 90
Br 90 104.273(6) 101.6720(10)
v/’ 90 90 90
V/A3 9957.58(11) 2140.5(2) 1587.28(3)
V4 4 4 4
Z' 1 1 1
Wavelength/A 0.71073 1.54184 1.54184
Radiation Type Mo Ka Cu Ka Cu Ka
20min/° 3.994 10.024 9.948
20max/° 104.332 147.408 147.39
Measured Refl. 165232 7330 19624
Independent Refl. 71901 4108 3098
Rint 0.0213 0.0466 0.0554
Parameters 999 216 154
Restraints 0 0 0
Largest Peak 1.18 0.40 0.47
Deepest Hole -0.76 -0.44 -0.49
GooF 0.991 1.067 1.082
wR: (all data) 0.1004 0.1200 0.0841
wR> 0.0909 0.1143 0.0835
R (all data) 0.0722 0.0588 0.0314
R1 0.0388 0.0458 0.0306
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Table S6.2. Crystallographic data for compounds 1-SnCl,, [(Rp)-3]2-AuCl, (1-pTsOH), and {[(1-H)*].H;O0*}(OTf)s.

Compound

1'SI'IC|2

[(Re)-3]2-AuCl

(1:-pTsOH),

{[(1-H)"]:H:0"HOTf)s

Data Set
(internal naming)

Formula

Peaic./ grcm™3
u/mm-
Formula Weight
Color
Shape
Size/mms3
TIK
Crystal System
Flack Parameter
Hooft Parameter
Space Group
alA
bIA
c/A
a/’

B
v/

VIA3
V4
7
Wavelength/A
Radiation Type
20min/°
2Bmax/®
Measured Refl.
Independent
Refl.

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF
WR> (all data)
WRz
R (all data)
R1

TH467

1.698
18.923
765.74

clear colorless
needle
0.8 x0.12x0.11
123.01(10)
monoclinic

P21/n
7.51040(10)
26.3361(2)
15.20040(10)
90
95.1100(10)
90
2994.61(5)
4
1
1.54184
Cu Kq
6.712
151.336
44661
5989

0.1211
265
0
2.19
—-2.06
1.097
0.1606
0.1588
0.0558
0.0544

TH246

C16H40ClaN2P2S2Sn2 C20H44AUCIN2P2S2

¥2CH2Cl2
1.634 1.238
13.640 4.121
671.05 407.94
clear colorless clear colorless
needle block
0.36 x 0.14 x 0.09 0.61 x 0.31 x 0.23
123.01(10) 123.00(10)
orthorhombic tetragonal
—-0.033(4) —-0.001(4)
P212124 P-4n2
9.94820(10) 18.40640(10)
14.83780(10) 18.40640(10)
18.47890(10) 12.92390(10)
90 90
90 90
90 90
2727.66(4) 4378.56(6)
4 8
1 1
1.54184 1.54184
Cu Ka Cu Ka
7.642 6.792
146.238 150.236
26344 51474
5250 4446
0.0350 0.0581
259 232
0 0
0.92 0.24
-1.60 -0.27
1.106 1.081
0.0579 0.0708
0.0577 0.0705
0.0236 0.0271
0.0233 0.0265

TH421

C15H2sNO3PS: -

TH526

C19Ha5F9N2010P2Ss

1.475
4.389
854.84
clear colorless
block
0.47 x 0.39 x 0.32
123.15
orthorhombic
0.354(7)
P212124
12.1546(1)
17.6478(1)
17.9402(1)
90
90
90
3848.21(4)
4
1
1.54184
Cu Kaq
7.02
133.4
33349

6794

0.0569
511
182
0.40
-0.29
1.044
0.0874
0.0862
0.0345
0.0335
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Compound (1-Li)4:

second cube with solvent molecules:

Selected Bond Lengths in A Selected Bond Angles in °
P1-S1 1.9974(5) N1-P1-S1 108.41(4)
P1-N1 1.6361(11) N1-P1-C2 109.08(6)
P1-C2 1.8770(15) N1-P1-C1 109.01(6)
P1-C1 1.8755(14) Cl-P1-C2 112.05(7)
N1-Li1 2.198(3) P1-N1-Li1 93.54(8)
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Compound 2-HCI:

Selected Bond Lengths in A Selected Bond Anglesin °
P-N 1.6251(19) N-P-C5 112.56(10)
P-C5 1.841(2) N-P-C1 109.92(11)
P-C1 1.836(2) N-P-H1 106.9(14)
P-H1 1.27(3) N-Si-C13 110.45(10)
Si-N 1.7477(19) N-Si-C9 110.31(12)
Si—C13 1.872(3) P—N-Si 126.83(12)
Si—C9 1.888(3)

397




Compound (1-H)* GeCls™:

Selected Bond Lengths in A

Selected Bond Anglesin °

P-S 1.9373(8) N—P-S 109.06(7)
P—N 1.810(2) N—P—C5 100.88(10)
P—C5 1.862(2) N—P—C1 101.11(10)
P—C1 1.859(2) C1-P—C5 117.33(12)
Ge-CI1 2.3445(6) Cl1-Ge—CI2 91.07(2)
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Compound 1-SnCl.:

*ci13

Selected Bond Lengths in A Selected Bond Anglesin °
S1-P1 2.0216(16) N1-P1-S1 109.76(15)
P1-N1 1.648(4) N1-P1-C1 104.8(2)
P1-C1 1.855(4) N1-P1-C5 109.7(2)
P1-C5 1.861(5) C1-P1-C5 115.7(2)
Snl-S1 2.6083(10) P1-S1-Sn1 101.28(5)
Snl-Cl1 2.5093(11) Cl1-Sn1-Ss1 91.44(4)
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Compound [(Rpr)-3]2-AuCl:

Selected Bond Lengths in A Selected Bond Anglesin °
P1-S1 2.0431(19) N1-P1-S1 116.8(2)
P1-N1 1.624(5) N1-P1-C1 104.9(3)
P1-C1 1.855(6) N1-P1-C5 106.7(3)
P1-C5 1.847(6) C5-P1-C1 110.2(2)
Au-S1 2.2820(16) S1-Au-S2 172.91(5)
Au-S2 2.2968(15)
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Compound (1-pTsOH)s:

C16

Selected Bond Lengths in A Selected Bond Anglesin °

S1-P 1.9378(8) N-P-S1 109.73(7)
P-N 1.775(2) N-P-C1 102.08(12)
P-C1 1.855(3) N-P-C5 102.35(12)
P-C5 1.861(3) C1-P-C5 115.93(16)
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Compound {[(1-H)*]2H:0*}(OTf)3:

Part 1 (multicolored)
[43%(FO0A,F000,FO0P)/
72%(F00S,FO0T,FOOW,C01B)]

Part 2 (marked green shaded)

[57%(F3,F2,F00Q)/

28%(F1,FO0U,F00X,C01C)]

Selected Bond Lengths in A

Selected Bond Angles in °

P004-S006 1.9275(9) n0OL—P004—S006 108.33(8)
P004—n00L 1.792(2) C017-P004—n00L 100.68(11)
P004—C00Q 1.860(3) C00Q—P004—n00L 101.79(11)
P004—C017 1.864(3) C017-P004—-C00Q 115.12(12)
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7. Conclusions

This work presented the stereoselective preparation of aminophosphine sulfides, methods to
influence their aggregation properties and novel applications as N-silyl-substituted building blocks.
Unless otherwise stated, the products have generally been structurally characterized by classical
analytical methods such as NMR spectroscopy, elemental analysis, mass spectrometry and single
crystal X-ray diffraction. For chiral compounds, the absolute configurations were determined from
the crystal structures obtained by single crystal X-ray diffraction analysis.

The first chapter gave a thorough overview of historical and modern research on P-stereogenic
aminophosphines and shows the potential of chiral P-N compounds in terms of reactivity and
applications. Preparative options for P-stereogenic aminophosphine chalcogenides and boranes
ranging from the use of chiral auxiliaries to transition metal-based methods were reviewed before
their applications in asymmetric catalysis were discussed. Non-oxidized aminophosphines serve as
ligands in transition metal catalysis, whereas aminophosphine oxides are used in organocatalysis.
Aminophosphine chalcogenides of the higher homologues are relatively unexplored in these areas
but may inspire researchers to investigate their advantages in terms of catalytic applicability. In
Chapter three, we first paved the way to P-stereogenic, enantiomerically pure primary
aminophosphine sulfides. Using a chiral-auxiliary-based method, we eventually succeeded to

obtain a representative with only alkyl substituents at the phosphorus atom (Scheme 7.1).

1) 2.0 equiv.
/ NH; 1) Li (4.0 equiv.y \
fBuOH (2.0 equiv.),
H

s} iqu.)/ (3S] 5@
] H S NH3 (liqu.)'THF 1) nBuLi (1.2 equiv.)
CI%P,tBu Ej (S)- ,\NE;L.--'I‘BU -80 °C, 2 min HQN‘Fl’-"'fBU Et,0, -80 °CtoRT, 15 h H\Si,N_H'L_,.JBu

s —— - _— -

é pentane, RT, 15 h © 2) NH,4CI (excess) @ 2) BUSIHCI (1.0 equiv,)  (BU }B ®
y 2)1/8 S, toluene THF, reflux, 15 h !
Sas ane

RT, 15h

1 (Rp.S)-Nl, 32% d.r. > 99:1 (Re)V, 94%
(2 steps, recrystallization) er >99:1

Scheme 7.1. Stereospecific, reductive C—-N bond cleavage of (Re,S)-lll to enantiomerically pure P-chiral primary
aminophosphine sulfide (Rp)-IV and subsequent silylation to (Rp)-V.

(S)-Methylbenzylamine [(S)-ll] was used as the chiral anchor and coupled with tert-
butylchlorocyclohexylphosphine (I). After oxidation with elemental sulfur, the diastereomerically
pure product (Re,S)-lll was obtained by fractional crystallization. To cleave the chiral auxiliary and
release the primary aminophosphine sulfide (Rr)-IV, a reductive C-N bond cleavage was carried
out in a solution of lithium in liquid ammonia. Subsequent functionalization of the amino function

with a hydrosilyl moiety to obtain (Rr)-V was successful and forms the basis of investigations
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towards new heterocyclic aminophosphonium cations with P- and Si-centered chirality, which were
taken up in Chapter five. The substrates, that were initially investigated, contained a phenyl moiety
on the phosphorus atom, which was attacked by the highly reductive conditions resulting in a Birch
type reaction. While this issue was known and rectified for P(lll) compounds, no simple solution
such as an exchange of the chiral anchor was helpful for P(V) compounds. Not only the Birch
reduction of the phenyl ring, but also the concomitant P-Ph and P-S cleavages increase the level
of difficulty for solving this circumstance. Time-dependent studies were carried out to gain more
insight into the rapid reductive decomposition of the diastereomeric substrates. In the end, there
was no other choice but to replace the phenyl with a cyclohexyl moiety, which made the
diastereomeric separation more difficult but also allowed the C-N bond cleavage reaction to
proceed in a very clean way and with excellent yield (Scheme 7.1). In addition, (R)-BINOL-PSSLi
was successfully used as chiral shift reagent to prove the enantiomeric purity of primary
aminophosphine sulfides. The associated NMR spectroscopy experiments and quantum chemical
calculations indicated the formation of a complex between (R)-BINOL-PSSLi and the respective
aminophosphine sulfide in CD2Cl2 solution. Both coordinative and hydrogen bonding interactions
are involved in the proposed structure. Hydrogen-bond-based model systems also play the major
role in Chapter four. Several aminophosphine chalcogenides have been subjected to a protonation
with hydrogen chloride or Jutzi’'s acid (Scheme 7.2). Although this may sound simple from a
synthetic point of view, the bifunctional pattern with NHz2and P*—Ch~(Ch = O, S, Se) moiety provides
interesting insights into the possibilities of hydrogen bonding interactions in the solid state and in
solution. Upon reaction with hydrogen chloride, achiral aminophosphine sulfide VI and selenide VIII
were protonated at the amino group and formed a tetrameric cubic supermolecule with the chloride
anions in the solid state [(VI-HCI)s and (VIII-HCI)4, respectively]. With [B(CeFs)4]” as a weakly
coordinating anion, such hydrogen bonds could not be formed and the protonation at the P*—S~ or

*—Se~ entity appeared to be energetically more favorable [(VI-SH)* WCA~ and (VIlI-SeH)* WCA-,
respectively]. The same observations were also made for both P-stereogenic, enantiomerically pure
[(Re)-VII] and racemic (rac-VII) aminophosphine sulfides. An achiral oxygen analogue IX was
always protonated at the P*—O- entity, whether [B(CsFs)4]~ [(IX—OH)* WCA-] or CI- (IX-HCI) was
used as the counterion. However, only with the chloride anion, the formation of a ladder-shaped,
hydrogen-bonded network was observed in the solid state, whereas no intermolecular interactions
could be found in the presence of a weakly coordinating anion. The different protonation behavior
of the oxygen-substituted congener when hydrogen chloride is used is easily explained by the fact
that oxygen is by far more Lewis-basic than its higher homologues. All solid state structural
information is derived from single crystal X-ray diffraction and in some cases also from NMR
spectroscopy. For the aggregation properties in CD2Cl2 or CH2Cl2 solution, we used NMR and IR
spectroscopy as well as computational calculations. Interestingly, the aggregation behavior of
aminophosphine sulfides and selenides with chloride was found to be strongly dependent on
concentration and temperature. The tetrameric structure tended to be preserved at high

concentrations and at low temperatures. No such tendency was found for aminophosphine oxides.
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Furthermore, for aminophosphine sulfides and selenides in the presence of [B(CeFs)4], a rapid

exchange of NHz and ChH protons was suggested, which could be observed on the NMR timescale.
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Scheme 7.2. Similarities and differences in the reaction products of VI, (Re)-VII, rac-VII, VIl and IX with HCI or Jutzi’s acid.
The phosphorus atom in rac-VII must be seen without stereoinformation.

The fact that aminophosphine chalcogenides are potent and indispensable reaction intermediates

in modern synthetic chemistry was discussed in Chapter one and was even experienced during the

experimental work for Chapter three, when a P-stereogenic, enantiomerically pure aminophosphine

sulfide was used as a building block for the functionalization with a hydrosilane moiety. The scope

of hydrosilylation possibilities was extended in Chapter five. Achiral and P-chiral aminophosphine

sulfides were left to react with achiral or Si-racemic hydrosilyl chlorides or triflates after

deprotonation with nBuLi. Hydride abstraction reactions of the resulting N-hydrosilyl-substituted

aminophosphine sulfides were carried out using the Lewis acid B(CsFs)s (BCF). The highly reactive
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silylium centre was immediately stabilized by the Lewis-basic P*—S~ unit to form an intramolecular
S—Si bond. Although this ring-forming reaction generally gave more stable products for the achiral
samples, the chiral precursors were significant for reactivity studies and stereochemical
investigations. For example, a thermodynamic dependence on the stereoselective outcome of the
ring closing reaction using a diastereomerically pure P- and Si-chiral precursor was found
(Scheme 7.3).

®s| T
_'Cy‘ ...... P\\ /Sl
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Scheme 7.3. Synthesis of the diastereomeric P- and Si-chiral cyclic aminophosphonium compounds (Re,Rs;)-XI[HB(CsFs5)3]
and (Re, Ssi)-XI[HB(C¢Fs)3] starting from (Re)-IV.

In summary, it was shown that P-stereogenic primary aminophosphine sulfides are valuable
compounds for promising applications as synthetic building blocks or as precursors for
supramolecular synthons. They provide a molecular basis for the tailored design of new chiral ligand
systems for transition metal catalysis but also for metal-free organocatalysis, such as hydrogen-
bonding/ion-pairing catalysis. The possibilities for using P-stereogenic primary aminophosphine
sulfides in synthetic inorganic and organic chemistry are far from being exhausted and will continue
to be explored. This work is expected to be an inspiration to researchers with a background in the

fields of asymmetric catalysis, supramolecular chemistry and P-chiral synthesis methodologies.
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