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Chapter 1
Introduction. General

Properties of Phosphinines



1.1 Phosphinines

Compared to the classical phosphorus(Ill) compounds, the investigation on low-
coordinated phosphorus(I1l) compounds is still scarce. In these compounds, the number
of binding partners (o) is smaller than the valency (1) of the phosphorus atom, due to
the formation of PC multiple bonds."?! In 1966, Mirkl has achieved the first
preparation of a A’c’-phosphinine. This was a milestone because the reactive P=C
double bond in the phosphinine was thermodynamically stabilized by the incorporation
into one aromatic system. A few years later, the parent phosphinine CsHsP 2 was
reported by Ashe III (Figure 1).2*! Phosphinines belong to a class of aromatic
phosphorus heterocycles and represent the heavier analogues of pyridines. Phosphinine
is similar to benzene, in which a CH unit is substituted by an isolobal phosphorus(III)
atom. An alternative name of phosphinine is “phosphabenzene”, but nowadays it is
usually called A’o°-phosphinine in accordance with the IUPAC nomenclature. For a
long time, phosphinines were considered as ‘‘chemical curiosities’’ since they violate
the classical double bond rule, according to which elements of the third and higher

periods cannot form stable double bonds."!

Figure 1: 2,4,6-triphenyl-A’s”-phosphinine and parent phosphinine.

1.2 Synthesis of phosphinines

Mairkl et al. synthesized 2,4,6-triphenylphosphinine 1 by the reaction of 2,4,6-
triphenylpyrylium tetrafluoroborate 3 and tri(hydroxymethyl)phosphane 4 in boiling
pyridine (Scheme 1).[*1 The initiation of this reaction involves the nucleophilic attack

of P(CH20H)3 to the Ca atom of the pyrylium salt.
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Scheme 1: Synthesis of 1 by Markl in 1966.

This synthetic route allows a range of substituents and functional groups to be

introduced into the 2-, 4-, and 6-positions of the phosphinine ring, and proved to be a

1.[6.7.8.9.10]

versatilely and modular synthetic approac

(SiMe); or Li[P(SiMes),]

Scheme 2: Synthesis of pyrylium salts and phosphinines.

The starting materials for the synthesis of pyrylium salts are commercially available
benzaldehyde and acetophenone derivatives. The triaryl-substituted pyrylium salts can
be synthesized via the chalcone route: the first step is a classical aldol condensation
between benzaldehydes and acetophenones resulting in the formation of the chalcones,
which are subsequently reacted with acetophenones and tetrafluoroboric acid in diethyl

ether for the formation of pyrylium salts. Alternatively, pyrylium salts can be prepared
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via the 1,5-diketone route, in which 1.5-diketones undergo cyclization in the presence
of boron trifluoride diethyl etherate.''!l Subsequently, phosphinines can be obtained
directly in the reaction of pyrylium salts with P(SiMes)3 or Li[P(SiMes)2] (Scheme
2).!1213 This pyrylium salt route is still the main synthetic method for the preparation of
2,4,6-trisubstituted phosphinines today.

The parent phosphinine CsHsP 2 was synthesized and reported by Ashe III in 1971.5
The reaction of phosphorus tribromide, 1,4-dihydro-1,1-dibutylstannabenzene 5 and
the base 1,5-diazabicyclo[4.3.0]non-5-ene forms the parent phosphinine (Scheme 3).
This route also allows the synthesis of heavier analogues of phosphinine, arsabenzene,

stibabenzene and bismabenzene.?%)

stnnBUZ Br3
// \\ —_— =

Sn
H H n-Bu'_ h-Bu

Scheme 3: Synthesis of the parent phosphinine.

Another approach to phosphinines was developed by Mathey and co-workers in 1979.
The 1,2-dihydro-A’-phosphinine 7 was obtained by reaction of 1-benzyl-3,4-
dimethylphosphole 6 and P4Si0, which was further reduced by Ni(0) to form the 2-

14]

phenyl-3,4-dimethylphosphinine 8 (Scheme 4).!

Scheme 4: Synthesis of phosphinine 8.

Seven years later, Regitz and co-workers reported that the phosphaalkyne 9 can act as
dienophile in [4+2] cycloaddition reactions with cyclopentadienones or pyrones
affording alkyl-substituted phosphinines. The low stability of phosphaalkynes led to a
limited applications of this method in the synthesis of a phosphinine library (Scheme
5).015]
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Scheme 5: Synthesis of alkyl-substituted phosphinines.

The diazaphosphinine route was developed by Mathey et al. in 1996. It was found that
1,3,2-diazaphosphinine 10 could be converted into phosphinines by multiple [4+2]
cycloaddition-cycloreversion ~ reactions  with  alkynes  (Scheme  6).['¢
Bis(cyclopentadienyl)titanium(I'V) dichloride reacts with methylmagnesium chloride
to form Cp2TiMe2 which subsequently reacts with pivalonitrile and PCls to give 1,3,2-
diazaphosphinine 10.17-2!1 1,3 2-diazaphosphinine can react with one equivalent of an
alkyne to form 1,2-azaphosphinines by extrusion of one nitrile molecule. Subsequent
addition of the second equivalent of alkyne gives rise to phosphinines. This method has
distinct advantages, such as simplicity, considerable product yields and versatility,
affording a vast number of phosphinines with various functional groups. Therefore, this

method was mainly used in this work.

W R—=R, ‘RZ Rs—R, ‘Rz Ny

NI _N 4+2 o 4+2 o | _
P” cycloaddition-cycloreversion Ri cycloaddition-cycloreversion Ri Rs
10 - Bu—=N - Bu—=N

Scheme 6: Synthesis of phosphinines via the diazaphosphinine route.

Nishibayashi reported that Fel> can catalyze the [2+2+2] cycloaddition reaction
between diynes 11 and phosphaalkynes in m-xylene affording a variety of 2,4,5-
trisubstituted phosphinines (Scheme 7).1?

— Fel, (20 mol % N
X~ =R 2( )y X
N— /
11 R

Scheme 7: Synthesis of phosphinines via catalytic [2+2+2] cycloaddition reactions.

In summary, a series of synthetic routes enable the introduction of specific functional
groups into different positions of the aromatic heterocycle to modulate the steric and
electronic properties of A3-phosphinines. This allows to use those phosphorus

heterocycles as functionalized molecules in various research fields, such as

5



homogeneous catalysis, materials science and coordination chemistry (see chapters 1.5
and 1.6). The A’-phosphinines discussed in this work were mainly synthesized by the

pyrylium salt route or by the 1,3-diaza-2-phosphinine route.

1.3 Electronic properties of phosphinines

In coordination chemistry, phosphinines usually act as weak o-donor but rather strong
m-acceptor ligands. They show significantly different reactivity and coordination
abilities compared to classical trivalent phosphorus compounds and pyridines due to

23-26] Pyridine is as

the inherent features of their electronic and steric properties.!
aromatic as benzene by both bond separation and superhomodesmic calculations, while
the aromaticity of phosphinines has been calculated at SCF/3-21G* energy level as only
88-90 % of that of benzene. This phenomenon can be partly explained by the increase

of heteroatom size accompanied by a small steady decrease in the delocalization of the

3 O

| ot | 20
N
5- o+

6m-electrons. 228

electronegativity: C: 2.55 N: 3.04 P:2.19
angle °: C-C-C: 120 C-N-C: 117 C-P-C: 100
bond length A: C-C: 1.39 C-N:1.34 C-P:1.75

Scheme 8: Comparison of electronegativities, angles and bond lengths in benzene, pyridine and

the parent phosphinine.

The different electronegativities of nitrogen (Pauling scale: 3.04) and phosphorus
(Pauling scale: 2.19) lead to an opposite polarization of the C-E bonds in the respective
heterocycles (E = N, P). While the N-atom in pyridine holds a partial negative charge,
phosphinine possesses a positively charged phosphorus atom (Scheme 8).1*! The lone
pair of the nitrogen atom in pyridine is almost perfectly sp>-hybridised with an s-
character of 29.1 %. At the same time, the reluctance of the phosphorus atom to undergo
3s-3p hybridization results in a strong 3s-orbital character (63.8 %) of the lone pair.!*"’

For these two reasons, the basicity and nucleophilicity of the phosphorus atom in

phosphinine is rather low [pKa (CsHeP") = 16.1 £ 1.0; pKa (CsHsN¥) = 5.23)].53132]
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Figure 2: Kohn-Sham orbitals of pyridine, the parent phosphinine and 2-SiMes-phosphinine; the

energy level of the lone pair in yellow; Calculated at B3LYP-D3/def2-TZVP energy level.

The frontier molecular orbitals of the unsubstituted phosphinine 2, pyridine and 2-
SiMes-phosphinine are depicted in Figure 2.1*%] The phosphorus lone pair in the
parent phosphinine CsHsP is represented by the HOMO-2, which lies lower in energy
than the lone pair of nitrogen in pyridine (represented by the HOMO), and, additionally,
is more diffuse and less directional than that of pyridine. The presence of the electron-
donating SiMes substituent at the a-position of the phosphinine ring increases the
energy of the lone pair (HOMO-1), with respect to the parent phosphinine (HOMO-2),
and, therefore, enhances the basicity and nucleophilicity of the aromatic heterocycle.
The LUMO of the parent phosphinine is a t* antibonding orbital with a large coefficient
at the phosphorus atom. In contrast, the LUMO of pyridine is significantly higher in
energy and possesses a low coefficient on the nitrogen atom. Interestingly, the ortho-
SiMes substituent in the phosphinine does not significantly impact the energy level of

the LUMO (Figure 2).

Classical nucleophilic and electrophilic aromatic substitution reactions are usually

excluded for phosphinines. For example, the reaction of RLi with pyridine results in



the anion 12, while the reaction of RLi and phosphinine results in the 1-R-

phosphacyclohexadienyl-anion 13 (Scheme 9).13637!

TN R, @H
e

N N~ R

Scheme 9: Reactions of pyridine and parent phosphinine with alkyllithium reagent.

As mentioned above, it was observed that the basicity and nucleophilicity of the
phosphorus atom in 2-SiMes-phosphinine is enhanced by the introduction of an o-

341 Tt can be anticipated that the introduction of

electron donor to the heterocycle.
multiple strong o-electron donating groups to the phosphorus heterocycle will lead to a
significantly different reactivity of the corresponding phosphinines compared to the

parent phosphinine. This is one of the focuses of the research in this work.
1.4 Structural properties of phosphinines

The structural analysis of phosphinines revealed that they form a distorted hexagon with
a C-P-C angle of around 101°.1*8) The P-C bond lengths in phosphinines are 1.71-1.78
A, which is in-between a single and a double P-C bond distance (> 7cov(P-C) = 1.86 A,
Yreov(P=C) = 1.69 A).F*% The C-C bond lengths in phosphinines are also in
accordance with a delocalized 6m-electron system within the heterocycle. The cone
angle concept for a measure of steric bulk of a ligand was proposed by Tolman. It
remains in widespread use, because it is relatively straightforward to determine and
provides an established context of knowledge for the development of new ligands.[4!-44]
However, because the ring of a phosphinine is planar, the steric demand of such
compounds cannot be evaluated well by Tolman's cone angle concept. Therefore, the
occupancy angles o and f were introduced to evaluate the steric bulk in the
perpendicular planes. They show that the steric demand of phosphinines in y plane is
relatively small, while that in x plane is very large in ortho-substituted phosphinines

(Figure 3).145471



Figure 3: Left: 2,4,6-triphenylphosphinine as an example to show the occupancy angles o and f3;

right: Tolman's angle 6/2 for a classical phosphine.

The most recent method developed by Cavallo and co-workers for the evaluation of the
steric hindrance of ligands is the ‘‘percent buried volume’’ (% /¥ bur) that is defined as
the percent of the total volume of a sphere occupied by the ligand. The sphere has a
defined radius of 3.50 A and has the metal center (away from the donor atoms of 2.00
or 2.28 A) at the core. %Vour is calculated using crystallographic data (Figure 4). This
method allows a better comparison of sterically different ligands, including both planar
and three-dimensional ligands.[''3] A large amount of values for various classical
trivalent phosphorus compounds and N-heterocyclic carbenes have been
published.[''*!!5] The group of Miiller reported the % Vour values for phosphinines, 1-

phosphabarrelenes and 5-phosphasemibullvalenes, for the first time.!!®!

y Iz,oo or2.28 A

Figure 4: Percent buried volume % Vour.
1.5 Coordination chemistry of phosphinines

The electronic and steric properties discussed above indicate that phosphinines can bind



to transition metals in various coordination modes via two different coordination sites:
the lone pair of the phosphorus atom, the aromatic © system, and a combination of the
two different coordination sites.[**>3] The energetically low-lying lone pair at the
phosphorus atom is suitable for a o-coordination with a metal center, while the n-orbital
of the aromatic cycle results in #°-coordination.’*>° The coordination modes of the
phosphinine ligand depend on the oxidation state of the metal, the type of metal
precursor and the steric features of the phosphinine.[®*-¢®) Common coordination modes
of phosphinines are shown in Figure 5.
@ M X A
S ey ) Gl
! M M Mo AN X

6 6
111 n nl’ n Hzﬁ ns Hz-ze' “4-4e'

Figure 5: Coordination modes of phosphinine.

The reaction of the parent phosphinine 2 with CuBr-SMe: results in the formation of
the coordination polymer 14 which has repeating [(CsHsP)2CuBr] units of two

phosphinine and one bromide ligands (Scheme 10).34

e 0 DON0 g

Z CH,Cl,

,'. / CU R
2 Br 14\Br n

Scheme 10: Reaction of 2 with CuBr*S(Me), and formation of the coordination polymer 14.

Interestingly, the presence of a m-donor-substituent in ortho-position of the phosphinine
ring results in a significantly different coordination pattern of the heterocycle. A series
of known 2-donor-functionalized phosphinines have been reported. When used as
ligands, they exhibit different coordination modes when linked to late transition metals
compared to the parent phosphinine.

Griitzmacher and co-workers found that the anionic phosphinin-2-olate acts as a 4e

donor and bridges a cationic [Au(PPhs)]" and a neutral [AuCl] fragment (Scheme 11).[67]

10



Scheme 11: Reaction of phosphinin-2-olate with AuCl-S(Me), and formation of the gold complex

17.

The group of Miiller reported that 2-amino-substituted phosphinine 18 shows a strong
interaction between the n-donating NMez group and the aromatic system resulting in a
high n-density at the phosphorus atom. It forms the p-P-4e Cu complexes 19 when
reacted with CuBr-SMe: (Scheme 12).[68!

)
®
NS
N HycoN® N
| CuBrSMe; CON /N |
.y > /’/C\u--/Cy—Br 4
N - /B Y / Br-
\ H;CCN r—Cu
18 NCCH,
19

— —In

Scheme 12: Reaction of 18 with CuBr'S(Me); and formation of the copper complex 19.

The diversity of possible substitution patterns in the phosphinine ring as well as
multiple possible coordination modes make the coordination chemistry of these
heterocycles very attractive for further studies. The investigation of the coordination

chemistry of donor-functionalized phosphinines is one of the directions of this work.
1.6 Reactivity and applications of phosphinines

The high s-character at the lone pair at the phosphorus atom and the energetic
stabilization of the corresponding frontier molecular orbital make the reactivity of
phosphinines obviously different from that of classical P(III) compounds. It was shown
that phosphinines can be protonated only by non-oxidizing superacids containing
weakly coordinating anions. Reed and co-workers successfully protonated 2,4,6-tris-

‘Bu-/’-phosphinine 20 with H{CHB1:MesCls] (Figure 6).[%°]
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tBu

X

o
» [CHB;MesCllg
Bu ® tBu

20

Figure 6: The protonated 2,4,6-tri-tert-butyl-phosphinine 20.

Deberitz and co-workers observed a decrease of the vapor pressure when B2Hs was
added to 1 at low temperatures, indicating the reversible formation of the phosphinine-
borane adduct 21. However, the product could not be isolated and fully characterized
(Scheme 13)."% No additional reports on adduct formations of phosphinines with other
main group compounds have been published. In contrast, the lone pair on the nitrogen
atom of pyridine is more nucleophilic and basic, which enables the formation of stable
pyridine-borane adducts.[!**!171 Based on these results, it can be anticipated that the 1-
borane adduct has a relatively weak P-B bond strength and is not sufficiently stable, all
of which are due to the weaker nucleophilicity and basicity of 1. The group of Miiller
found that the introduction of strong o-donating groups at the ortho-position of the
aromatic heterocycle increases the energy of the phosphorus lone-pair.**! This

observation opens the possibility of forming more stable phosphinine-borane adducts.

BaHs y
= | T=-70°C <
Yy e T

O 1 BH3

21

Scheme 13: Reaction of phosphinine 1 with BoHe.

Moreover, phosphinines cannot be alkylated directly with classical alkylating reagents.
However, the corresponding phosphininium salts are accessible via a multistep
synthesis. The synthesis of phosphininium salts relies on the oxidation of 1-methyl-

phosphahexadienyl anions, which are produced by treating methyllithium with 2,6-

12



bis(SiMe3)-3,5-diphenylphosphinine or 2,6-bis(SiMe3)-3,5-dimethylphosphinine.[’!!
Recently, the groups of Miiller and Riedel achieved for the first time the methylation
of a phosphinine using the strongly electrophilic methylation reagent

[(Me)2C1]'TAI(OTeFs)4], resulting in novel 1-methyl-phosphininium salts (Scheme

14).1721
R R i ) R R
X alkyl halides or meerwein salts X
XX AL
(Me);Si Si(Me)s (Me)sSi [ SiMe)s
Me
a
i = . © . =z .
(Me),Si Si(Me) (Me);si” P Si(Me), (Me)sSi™ “F7 siMe)s (Me)sSi~ P " Si(Me)s
Me Me’ i Me O
GaCl,

b) - {j [Me,CITAIOTeFs)ll g _:(j A(OToFe)]

| ®
Me

Scheme 14: Synthesis of phosphininium salts via a): a multistep synthesis; b): via a the strongly

electrophilic methylchloronium reagent.

Compared to classical phosphorus(III) compounds, the oxidation of phosphinines with
chalcogens is rather challenging. Mathey and co-workers reported the synthesis and
isolation of phosphinine sulfide 23 by the reaction of 2-phenyl-4,5-dimethyl-
phosphinine 22 with Ss under harsh reaction conditions (Scheme 15).[7>7°1 Phosphinine
oxides have never been directly detected and exist only as highly reactive species.[”®

At the same time, phosphinine selenides were still unknown.

AN Sg _ N
- e,
LO

S

22 23

Scheme 15: Synthesis of phosphinine sulfide.

It has been shown that phosphinines can react at the phosphorus atom with strong
nucleophiles, such as organolithium reagents, to yield (1R)-phosphahexadienyl anions
(Scheme 16). They were called A*-phosphinines to distinguish them from A3- and A°-
phosphinines. However, they should be regarded as A3-phosphinines with a pseudo-

ylide structure.’’! (1R)-phosphahexadienyl anions can subsequently react with

13



electrophiles, giving A°-phosphinines. Due to the rather reactive nature of the (1R)-
phosphahexadienyl anions, reactions with electrophiles result in the formation of by-
products which are difficult to separate from the products by regular purification
methods, for example, column chromatography and recrystallization. More details will

be given in Chapter 5.

RLi

Scheme 16: Synthesis of A*-phosphinines.

Moreover, A*-phosphinines can be oxidized by Hg(OAc)2 in the presence of alcohols or

%761 The group of

amines to give the highly fluorescent A’-phosphinines (Scheme 17).!
Miiller synthesized a series of 2,4,6-triaryl-A’-phosphinines via this efficient oxidation
process of A3-phosphinines to introduce additional different R2N- or RO- substituents

at the phosphorus atom.!’”]

Scheme 17: Synthesis of fluorescent A°-phosphinines.

A3-Phosphinines can also be oxidized with phosphorus pentachloride under irradiation
with UV light. This leads to 1,1’-dichloro-A’-phosphinines which are especially useful
intermediate compounds for the preparation of A’-phosphinines with alkyl- and aryl-
substituents at the phosphorus atom (Scheme 18)."%7°) More specific information can

be found in Chapter 5.
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PCls

UV irradiation

Scheme 18: Synthesis of A’-phosphinines with PCls under UV light irradiation.

Some A’-phosphinines show pronounced thermal stability and intensive fluorescence,
which are necessary features required for the construction of light emitting devices,
such as organic light-emitting diodes (OLEDs).””) For the first time, A’-phosphinines
with fluorescence quantum yields of up to 42 % were reported by the group of Miiller

and were applied as luminescent emitting materials in novel OLED devices (Figure 7).

Figure 7: Application of fluorescent A’-phosphinines in an organic light-emitting diode device.

Phosphabarrelenes are accessible by reacting A’-phosphinines with alkynes via [4+2]
cycloaddition reaction (Scheme 20). The pyridylfunctionalized 1-phosphabarrelene 25
undergoes a rather selective di-n-methane rearrangement in the coordination sphere of
a metal center under UV light, which leads to the formation of chelating 5-
phosphasemibullvalene derivatives and their respective transition-metal complexes.
These compounds are promising for the application as ligand in transition-metal-

mediated transformations and homogeneous catalysis.[8-34]
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L,M = Rh(CO)CI;
W(CO),

Scheme 19: Synthesis of phosphasemibullvalene.

Overall, the distinctive reactivity of phosphinines compared to classical P(III)
compounds can be attributed to the inherent weak nucleophilicity and basicity of the
phosphorus atom. However, the nucleophilicity and basicity of phosphinines can be
significantly enhanced by the introduction of strong electron-donating groups. This
broadens the scope of those phosphorus heterocycles for the preparation of hitherto
unknown phosphinine-based compounds as well as for the applications. This is the

focus of this work.

1.7 Motivation

For the use of A’¢’-phosphinines in more applied research fields, their specific
functionalization is particularly important in order to modify their stereo-electronic
properties. Amino- or SiMes-groups can significantly enhance the basicity and
nucleophilicity of the phosphorus atoms in phosphinines, which allows them to exhibit
a significantly different reactivity and coordination chemistry compared to the parent
phosphinine. In this respect, the synthesis of functionalized phosphinines and their
further exploration in applications are imperative.

Phosphinine borane adducts: As already mentioned, A36’-phosphinines are extremely
weak bases and very poor nucleophiles. They were widely explored as ligands in

coordination chemistry. However, there is still little known about the reactivity of
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phosphinines towards main group elements and main group-based Lewis acids.
According to DFT calculations by Erhardt and Frenking, the bond dissociation of a
phosphinine-borane adduct is about 70% compared with that in the pyridine-borane
adduct.'"*' Based on this calculated value, the synthesis of phosphinine-borane adducts
seems promising. Furthermore, N6th and Deberitz reported the formation of the 1-BH3
adduct, based on the decrease in the vapor pressure upon adding B2Hes to 1 at low
temperatures. However, the equilibrium shifted again to the starting materials at room
temperature.’%! Due to the higher nucleophilicity of SiMes-substituted phosphinines, it
was worthwhile to investigate the reaction between phosphinines and boranes in more
detail 3+121]

Phosphinine selenides: Phosphinine sulfides were reported by Mathey and co-works
in 1984.1"2) They are more stable than phosphinine oxide and display a high reactivity
in cycloaddition reactions. However, contrary to phosphinine sulfides, phosphinine
selenides are still unknown. The selenation of phosphinines is rather challenging due to
the intrinsic low basicity and nucleophilicity of the phosphorus atom, which hinders the
reaction with selenium species. Bottcher and co-workers confirmed that 2,6-
bis(SiMes)-pyridine is much more basic than the parent pyridine.!''! Therefore, the
systematic investigation on the influence of SiMes-groups on the gas phase basicity of
the corresponding phosphinines and their reactivity towards selenium were started.
3-N,N-Dimethylaminophosphinine derivatives: After the successful synthesis of
2,4,6-triphenylphosphinine and the parent phosphinine, several synthetic routes for the
introduction of different functional groups into specific positions of the phosphorus
heterocycle to modify their stereoelectronic properties and coordination abilities were
developed (see Chapter 1.2). A series of donor-functionalized phosphinines have been
reported in literature, however, the phosphorus-containing aniline derivatives remained
elusive until recently.[%"8] Theoretical calculations showed that the electronic
properties of phosphorus-containing aniline derivatives differ significantly from the

parent phosphinine.[®® Therefore, it was envisaged to explore the synthetic access,
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reactivity, and coordination chemistry of novel aminofunctionalized phosphinines in
more detail.
2’-phosphinines: The group of Miiller has synthesized a variety of fluorescent A’-

(67T However,

phosphinines which show a maximum quantum yields 0f'42 % in solution.
the work mainly involved the modification of the substituents at 4-position and 2,6-
positions of the phosphorus heterocycle. Research on effects of the substituents at the
phosphorus atom on the optical properties of A’-phosphinines are still scarce.!®”7]
Furthermore, the fluorescence emission of A’-phosphinines has been reported mainly in
blue to green region and such compounds with red fluorescence emission in solution
were yet unknown. Therefore, it was envisaged to further clarify the effects of the

substitution pattern to the photophysical and photochemical properties of A°-

phosphinines.
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Chapter 2
Phosphinine Borane Adducts
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B Borane Adducts of Aromatic Phosphorus Heterocycles:
- Synthesis, Crystallographic Characterization and Reactivity

of a Phosphinine-B(C¢Fs); Lewis Pair

Jinxiong Lin*" Friedrich Wossidlo.* Nathan T. Coles,®" Manuela Weber,?
Simon Steinhauer,” Tobias Béttcher,*' and Christian Miiller*®

In memory of Professor Paul C. J. Kamer.

Abstract: A phosphinine-borane adduct of a Me,Si-functional-
ized phosphinine and the Lewis acid B(C¢Fs); has been
synthesized and characterized crystallographically for the first
time. The reaction strongly depends on the nature of the
substituents in the a-position of the phosphorus heterocycle.
In contrast, the reaction of B,H; with various substituted
phosphinines leads to an equilibrium between the starting
materials and the phosphinine-borane adducts that is
determined by the Lewis basicity of the phosphinine. The

novel phosphinine borane adduct (6-B(C4Fs);) shows rapid
and facile insertion and [4+2] cycloaddition reactivity
towards phenylacetylene. A hitherto unknown dihydro-1-
phosphabarrelene is formed with styrene. The reaction with
an ester provides a new, facile and selective route to 1-R-
phosphininium salts. These salts then undergo a [4+2]
cycloaddition in the presence of Me;Si-C=CH and styrene to
cleanly form unprecedented derivatives of 1-R-phosphabarre-
lenium salts.

J

Introduction

Tertiary phosphines (PR;) readily react with various electrophilic
species. For instance, they can be protonated and also form
phosphine-borane adducts upon reaction with boranes (BR)."
Boranes are particularly important as protecting groups for
phosphines, especially for the synthesis of P-stereogenic
compounds, as they can easily be removed afterwards by
reaction with amines or more basic phosphines.? In recent
years, the interaction of phosphines with boranes has been
widely explored in the context of “frustrated Lewis pairs”
(FLPs).? The reactivity of phosphines towards boranes is typically

[a] J. Lin,” Dr. F. Wossidlo.,” Dr. N. T. Coles, M. Weber, Dr. S. Steinhauer,

Prof. Dr. C. Miiller

Freie Universitdt Berlin, Institut fiir Chemie und Biochemie

Fabeckstr. 34/36, 14195 Berlin (Germany)

E-mail: c.mueller@fu-berlin.de
[b] Dr. N.T. Coles

School of Chemistry, University of Nottingham

University Park Campus, Nottingham, NG7 2RD (UK)
[c] Priv.-Doz. Dr. T. Béttcher

Institut fiir Anorganische und Analytische Chemie

Universitdt Freiburg

Albertstrasse 21, 79104 Freiburg (Germany)

E-mail: tobias.boettcher@ac.uni-freiburg.de
['] These authors have contributed equally to this manuscript.
E2 Supporting information for this article is available on the WWW under
https://doi.org/10.1002/chem.202104135
© 2021 The Authors. Chemistry - A European Journal published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

=5,

Chem. Eur. J. 2022, 28, @202104135 (1 of 9)

related to the pronounced basicity and nucleophilicity of
phosphines, but steric factors on both the donor and the
acceptor site also play a significant role.*

In contrast to classical phosphines, 2*-phosphinines (phos-
phabenzenes) are extremely weak bases and very poor
nucleophiles. This can be attributed to the rather high 3s
character of the phosphorus lone pair in C;HsP, which is much
higher than the value found for the nitrogen lone pair in
pyridine CsHsN (64% 3 s vs. 29% 2 s character).”) Nevertheless,
phosphinines are very good m-acceptors due to an energetically
low-lying LUMO.® Thus, they readily form coordination com-
pounds particularly with late transition metals in low oxidation
states.®” On the other hand, little is known about the reactivity
of phosphinines towards main group-based Lewis acids. Reed
and co-worker succeeded in protonating the phosphorus atom
in 2,4,6-tris-tBu-A>-phosphinine with the in situ generated, non-
oxidizing superacid H[CHB;;Me,Cl;] to afford the salt
[H(CsH,BusP)I[CHB,;MesClg] (1-H, Figure 1).!

Recently we have shown direct methylation of phosphinine
2 by using the strong alkylating reagent [(CH,),Cl] * [Al(OTeFs),]
(2-CH;).”" According to DFT calculations by Erhardt and
Frenking, the bond dissociation energy of a phosphinine-
borane adduct is about 70% that of a pyridine-borane adduct
(25.8 vs. 35.6 kcalmol™)."” Based on this calculated value, the
formation of phosphinine-borane adducts should consequently
be possible. As a first indication, Noth and Deberitz observed a
decrease in the vapor pressure upon adding B,Hg to 2,4,6-
triphenylphosphinine (3) at low temperatures.""” This indicated
the formation of the adduct 3-BH, (Figure 1). At room temper-
ature, however, the equilibrium shifted again to the starting
materials. Even though this observation was mentioned in a

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Reactivity of phosphinines towards Lewis acids and selenium, and
a brief summary of this work.

footnote almost 50 years ago, no additional reports on adduct
formations of phosphinines with boranes, or other main group
compounds have been published since, even though borane
adducts with five-membered aromatic phosphorus heterocycles
are known."? In this respect, we recently found that the basicity
and nucleophilicity of phosphinines can be increased signifi-
cantly by introducing o-donating Me,Si substituents to the
aromatic phosphorus heterocycle™* This allowed for the syn-
thesis and characterization of the first phosphinine selenides
(4=Se, 5=5e)."" These results prompted us to investigate the
reaction between phosphinines and boranes in more detail and
in this work we report the first preparation, crystallographic
characterization and reactivity of a phosphinine-borane adduct.

Results and Discussion

As mentioned above, the presumed existence of a phosphinine-
borane adduct (3-BH;) is based solely on the observed

4-BH
a) ¥ b)

reduction of the vapor pressure when adding B,H, to 2,4,6-
triphenylphosphinine 3 (Figure 1). In order to obtain more
conclusive data and to verify the assumption, we first decided
to repeat this experiment. Diborane was condensed into a
solution of 3 in dichloromethane at T=—70°C. In order to shift
the equilibrium more to the side of the product, an excess of
diborane was used and the solution was investigated by means
of low-temperature NMR spectroscopy. At T=—70°C, the °'P
{'"H} NMR spectrum of the reaction mixture shows a second, yet
rather small, signal at =163.1 ppm (cf. =179.0 ppm for 3).
The equilibrium of the reaction is clearly located on the side of
the starting materials, even though a large excess of diborane
was used. This is also confirmed by the "B NMR spectrum of
the solution. Even if the experiment corroborates the evidence
for the existence of a phosphinine-borane adduct, any sub-
sequent isolation and characterization of the phosphinine-
borane adduct remained unsuccessful due to its low concen-
tration (ratio 3/3-BH;~20:1). We anticipated that the higher
basicity and nucleophilicity of Me;Si-substituted phosphinines
could shift the equilibrium in favor of the sought-after products.
Therefore, phosphinines 4 and 5 were reacted with a slight
excess of diborane (Scheme 1)."*'*! Analogous to the reaction of
3 with B;H, the reaction mixture was kept at temperatures
below T=-70°C and investigated by means of low-temper-
ature NMR spectroscopy. For both reactions a new, broad signal
can be observed in the *'P{'H} NMR spectra, which is slightly
shifted to higher field when compared to the starting material
(4: 0=230.7 ppm; 4-BH;: 0=2094ppm; 5: 6=256.4ppm;
5-BH;: 6 =226.0 ppm).

Much to our delight, phosphinine 5 shows the highest
conversion (5-BH,/5=98:2), while phosphinine 4 forms consid-
erably less of the phosphinine-borane adduct (4-BH,/4=288:12,
Figure 2a).

This is perfectly in line with our assumption that the more
basic phosphinine 5 should shift the equilibrium more to the

=
1y BoHg S 7 T siMe
77 siMe; T=-70°C g
CHzCly BH,
R=H:4 #
R =Me;Si: 5 R =H: 4-BH;

R = Me;Si: 5-BH;

Scheme 1. Reaction of phosphinines 4 and 5 with diborane.
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Figure 2. a) *'P{'H} NMR spectrum of the reaction of 4 with B,H,. b) Enlargement of the signal of 4-BH.. ¢} "'B NMR spectrum of 4-BH..
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right side of the reaction equation (see above and Scheme 1).
We noticed, however, that increasing the temperature to room
temperature only had a marginal influence on the position of
the equilibrium. In the case of the reaction of 4 with B,H,, a
splitting of the new signal in the *'P{'H} NMR spectrum into a
doublet (\Jpg =18 Hz) can be observed (Figure 2b). As ''B has a
nuclear spin of %, splitting of the *'P{'H} NMR signal into a
quartet is to be expected. Our observation might thus be due
to a significant broadening of these signals. In the ''B NMR
spectra of the reaction mixtures, a new signal at 6=—34.6 (5-
BH,) or —35.3 ppm (4-BH;) can be observed in addition to the
signal for excess diborane. The chemical shifts are in good
agreement with values typically found for phosphine-borane
adducts. Moreover, the ''B signal for 4-BH, shows a quartet,
caused by the coupling to the three 'H atoms. This signal is
additionally split into a doublet by coupling to the *'P atom
with Jgp =18 Hz. The same coupling constant is also found in
the °'P{'"H} NMR spectrum (Figure 2c). This confirms the
existence of a phosphinine-borane adduct. The 'H NMR spectra
of the reaction mixtures show that the aromatic protons are
somewhat more strongly shielded than in the free phosphi-
nines. The signals of the borane protons can be found at 0=
1.5 ppm.

As B,Hg is highly reactive, we also attempted to use the
commercially available BH;-SMe, adduct as a borane source for
the reaction with 4. In this case, we could also observe the
formation of 4-BH,, however, the equilibrium of the reaction
was clearly located on the side of the starting material, even
when using a large excess of BH;-SMe,. This can most likely be
attributed to a competition between dimethylsulfide and the
phosphinine to form an adduct with the Lewis acidic borane.
Once again, this clearly shows the low basicity and nucleophi-
licity of phosphinines compared to classical phosphines.

During the course of our NMR investigations, we noticed
that a subsequent reaction took place with the initially formed
phosphinine-borane adducts 4-BH; and 5-BH;, even at T=
—70°C, which made crystallization and further characterization
of 4-BH; and 5-BH; impossible. While warming the NMR
samples up to room temperature, a colorless, viscous oil formed
inside the NMR tube and within a few weeks, a slightly yellow
solid formed. Additionally, when the adducts were stored at
low temperatures, a colorless solid formed over time, which
turned into a pale yellow solid as the final product after a few
months. In the "B NMR spectrum only a large number of very
broad signals can be detected while the *'P{'"H} NMR spectra
showed mainly a very broad signal at 0 =21.4 ppm. Boranes are
frequently used in the hydroboration of double bonds and the
hydroboration previously been
reported." |t is therefore reasonable to assume that the
subsequent hydroboration of the P=C double bond in 4-BH,
and 5-BH; slowly takes place, while insoluble polymers are
finally formed (Scheme 2). According to quantum chemical
calculations by Ermolaeva and lonkin as well as experimental
work by Yoshifuji et al. on the reaction of phospha-alkenes with
BH, we suggest that the regioisomer 5(H)-BH, shown in
Scheme 2, is initially formed."”'® The chemical shift of 0=
—21.4 ppm, observed during the further conversion of 5-BH,, is

of phospha-alkenes has
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Scheme 2. Potential hydroboration of the P=C double bond in 5-BH; and
subsequent polymerization.

in line with the chemical shift of d=—6.4 ppm reported by
Yoshifuji etal. for the product of the hydroboration of a
phospha-alkene, which subsequently dimerized."® Moreover,
Arbuzov and co-workers reported polymerization reactions with
hydroborated phospha-alkenes." This finding could explain
the formation of the insoluble solid in the reaction mixtures of
4-BH; and 5-BH;, which could not be further characterized thus
far.

In order to avoid hydroboration of the P=C double bond,
we decided to use the strong Lewis acid B(C4F;); in combination
with phosphinines 3-5 in CH,Cl, at room temperature. How-
ever, no reaction could be observed as judged by *'P{"H} NMR
spectroscopy (Scheme 3a).

Apparently, formation of the adduct between phosphinines
3-5 and the sterically demanding B(C4Fs); is hindered by the
bulky phenyl and Me;Si substituents at the a-position of the
phosphinine. We therefore considered the reaction of phosphi-
nine 6, which contains Me;Si substituents at the 3,5-positions of
the ring, with B(C,Fs); in CH,Cl, at room temperature. Com-
pound 6 was recently reported by us and its gas phase basicity
was calculated to be higher than that of unsubstituted
phosphinine C;HsP, but lower than for 5, which contains Me,Si
groups at the 2,6-positions."

Nevertheless, we were delighted to detect only one signal
in the *'P{'"H} NMR spectrum of the reaction mixture, which is
shifted upfield with respect to the starting material (0=176.6
vs. 206.4 ppm). The 'H, "°F and "'B NMR spectra also indicate the
successful and quantitative conversion of 6 to the phosphinine—
borane adduct 6-B(C4Fs); (Scheme 3b).

3
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a | o R OPTOR?
R! P~ R2 CH,Cl, l
25 rt. B(CeFs)s
(3-5)-B(CéFs)s
R R
B(CeFs)s \(j/
=
CH,Cl, q
rt
B(Cq¢F:
R = Me;Si: 6 (CeFsls
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Scheme 3. Reaction of phosphinines 3-5 with B(C¢Fs).
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We considered that the high Lewis acidity of B(C4Fs); might
also allow the formation of adducts with less basic phosphi-
nines, such as 3,5-diphenylphosphinine (7). Gratifyingly, the
quantitative formation of 7-B(C4Fs); was also observed upon
reaction of 7 with B(C¢F); in CH,Cl, at room temperature (*'P
{'H} NMR: 6 =182.7 ppm). As already anticipated, these results
clearly show that steric factors play a significant role in the
interaction between phosphinines and boranes with strong
Lewis acidic properties.

Crystals of 6-B(C4Fs);, suitable for X-ray diffraction, were
obtained by slow evaporation of a solution of the phosphinine-
borane adduct in a mixture of dichloromethane and n-pentane
and the molecular structure of the first crystallographically
characterized phosphinine-borane adduct, along with selected
bond lengths, angles and distances are depicted in Figure 3.

The P(1)-B(1) distance of 2.042 A is shorter than in the
corresponding  triphenylphosphine  adduct  Ph;P—B(C4Fs)s
(2.181 A)." Figure 3 clearly shows that sterically demanding
substituents in the o-position of the phosphorus heterocycle,
such as Me;Si or Ph groups, would indeed prevent any adduct
formation. Interestingly, a closer look at the solid-state structure
of 6-B(C(Fs); reveals that F(5) is located directly above the

- Lt\
3 s|(1)c(1)f/ P()

B(1)

© (%2

Figure 3. a) Top and b) side views of the Molecular structure of 6-B(CsFs), in
the crystal. Displacement ellipsoids are shown at the 50 % probability level.
Selected bond lengths [A] and angles [°]: P(1)-B(1): 2.0415(12); P(1)-C(1):
1.7046(11); P(1)-C(5) 1.1.7082(10); P(1)--F(5) 2.8679(8); C(1)—P(1)—C(5):
106.87(5); B(1)—P(1)—C(3): 168.36(4); X(C—B—C): 338.14(9).
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phosphorus atom. One of the electron lone pair of F(5) points
directly towards the LUMO of the phosphinine, while the
distance between F(5) and P(1) is 2.868 A, which is shorter than
the sum of the van der Waals radii (3.34 A).” Additionally, the
boron-phosphorus bond is slightly tilted out of the plane of the
phosphinine ring (Figure 3b). These observations could indicate
a significant fluorine-phosphorus interaction, which might
stabilize the adduct further. However, the NMR spectra do not
show such an interaction at room temperature nor at T=
—70°C, as all ortho-fluorine atoms remain magnetically equiv-
alent.

In order to gain more insight into a possible interaction
between P(1) and F(5), the electron density distributions were
calculated for 6-B(C4Fs)s, and the results are depicted in Figure 4
as Laplacian plots through the atoms P(1), B(1) and F(5). This
indicates that a bond-critical point (red arrow) can be detected
between P(1) and F(5), however, the value of 0.098 e A~ is very
low. In comparison, the value for the bond critical point
between P(1) and B(1) is 0.678 e A=. We therefore suggest that
the presence of a bond-critical point between P(1) and F(5)
should not be over interpreted.

Instead, we propose on the basis of the calculations and the
charges of the atoms that the fluorine-phosphorus interaction
can rather be attributed as an electrostatic effect. This is best
visualized in the electrostatic potential plot of 6-B(CcFs); in
which the green, negatively polarized fluorine atom (F5) is
directly positioned above the red, positively polarized
phosphorus atom (Figure 5, left). For comparison, the electro-
static potential plot of the pyridine-B(C4F); adduct was also
calculated (Figure 5 right). In this case, a higher electron density
can be observed at the heteroatom of the ring due to the
higher electronegativity of nitrogen, compared to phosphorus.
Consequently, the fluorine atom is positioned above the C-N

Figure 4. 2D contour plot of the Laplacian of the electron density /o(r) in
the P(1)-B(1)—F(5) plane of 6-B(C4F). Red dashed contours indicate regions
of local charge accumulation (7°o(r) < 0); Blue contours indicate regions of
local charge depletion (%7%o(r) > 0). Bond paths are shown as gray lines.
Bond critical points (BCPs) shown as blue dots. The red arrows indicate the
electron density p(r) [e A ] for the BCPs.
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6-B(CoFs)s
~0.15 HE—

py-B(CeFs)s

- M +0.15

Figure 5. Electrostatic potential of 6-B(CsFs); (left) and pyridine-B(C¢Fs);
(right) calculated at the B3LYP-D3(BJ)/def2-TZVPP level of theory. The
electrostatic potential [a.u.] is mapped onto electron density isosurfaces of
0.02 eau >,

bond. The B(C4F;5); moiety shows the expected propeller-like
geometry with no unusually short N—F contacts.

As expected, we found that the phosphorus-boron inter-
action in such Lewis pairs is rather weak, due to the low basicity
and nucleophilicity of the aromatic phosphorus heterocycle
(see above). The calculated bond dissociation enthalpy for the
reaction LB+ B(C4Fs);—LB—B(CsFs); (LB=Lewis base) is AH =
—54.9kJ - mol™" for 6-B(C¢Fs);, which is almost half the value
obtained for the triphenylphosphine adduct Ph;P—B(CF;);
(AH°=—-110.2 kJ-mol ).

Based on our observations and due to the strong polar-
ization of the phosphorus heterocycle caused by the interaction
with the Lewis acid, we anticipated that 6-B(C¢F,); might exhibit
a pronounced reactivity particularly towards unsaturated sub-
strates. Previous studies have shown that activated alkynes can
react with certain phosphinines, phosphinine-metal complexes,
1-methylphosphininium salts, phosphinine-sulfides and phos-
phinine-selenides to form 1-phosphabarrelene
derivatives."**"#! This orbital controlled [4+2] cycloaddition
reaction proceeds by a 1,4-addition of the dienophile across the
phosphorus heterocycle. Again, this process is facilitated by
increasing the polarization of the aromatic phosphinine, for
example, by P coordination to a metal center or by oxidation to
a formal P(V) derivative. In this respect, we first considered the
reaction between 6-B(CsFs); and the less reactive phenylacety-
lene. So far, no 1-phosphabarrelene derivatives, generated from
this dienophile and the corresponding phosphorus heterocycle,
have been reported to date. Much to our delight, upon addition
of excess PhC=CH, we could observe a quantitative and
selective reactivity at room temperature to a new compound
(9) after 100 min. The product shows a single resonance at 0 =
—18.3 ppm in the *'P{'H} NMR spectrum. However, its analysis
by high resolution mass spectrometry indicates that 9 is not
only a simple borane adduct of a 1-phosphabarrelene. The
crystallographic characterization reveals that next to a regiose-
lective cycloaddition of phenylacetylene to the phosphinine
ring, a further insertion of PhC=CH into the P—B bond occurred
and the zwitterionic alkenyl-phosphabarrelenium borate salt 9
had been formed (Scheme 4 and Figure 6).

The regioselective activation of terminal alkynes both by
frustrated and classical Lewis acid/phosphine pairs has been
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MesSis__SiMe; =z Eh
\],Q/ exc. Me;Si_ (- SiMes
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CeFs5)3B©  Ph
6-B(CeFs)s rt, CDCly (CoFehd 9

Scheme 4. Reaction of 6-B(C¢Fs); with excess phenylacetylene.

Figure 6. Molecular structure of 9 in the crystal. Displacement ellipsoids are
shown at the 50% probability level for one orientation of the 1-
phosphabarrelene moiety. Selected bond lengths [Al: P(1)-C(8): 1.767(4);
C(8)-C(9): 1.344(6); C(9)-B(1): 1.626(6).

reported in literature before. Nevertheless, the formation of
phosphonium alkynyl borate salts (R;PH~ PhC=C-B(C,Fs);") is
also observed in this case, resulting from deprotonation of the
alkyne by the basic phosphine.*” By performing the reaction of
6-B(C4F5); with PAC=CH in a 1:1 ratio, additional information on
the mechanism of the product formation could be obtained.
Figure 7 shows the *'P{'"H} NMR spectra of the reaction mixture
at t=10 and 80 min after addition of the alkyne to the
phosphinine-borane adduct.

Interestingly, a transient intermediate (8) can be observed
during the course of the reaction, which fully converts to 9
when access phenylacetylene is applied. In the 1:1 reaction, the
ratio between the starting material 6-B(C4Fs);, 8 and the product

8
6-B(CeFs)3 *
"

A

ﬁ J ¢ =10 min

| ¢= 80 min

210 190 170 150 130 110 90 70 50 30 10 -10 -30 -50 -70
5 (ppm)

Figure 7. *'P{'H} NMR spectra for the reaction of 6-B(CsFs); with PhC=CH at a
1:1 ratio.
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9 remains constant after t=80 min. The chemical shift of 8 at
6=140.0 ppm in the *'P{'H} NMR spectrum is characteristic for
a phosphininium salt (see below). We therefore anticipate that
intermediate 8 is a zwitterionic alkenyl-phosphininium borate

MesSi SiMes Me;Si - SiMes
= =z \
| P
= p
e ®
insertion )\(H

P *
B(CeFs)s CD,Cl, Ph
. ©B(CeFs)3
6-B(CgFs)s 8
Ph
Pz
©// |v|e35iZ 2 SiMes
A,
H = P@
[4+2) 9
CeFs5)3B©  Ph
CD,Cl (CeFs)dl
rt.
Scheme 5. Reaction of 6-B(C¢Fs); with excess phenylacetylene.
Me;Si N SiMes Ph
o o
P Me:,SiZ SiMe3
rre— AN,
B(CoFs)s wa ;
rt
6-B(CoFs)s CDCly (CoFskB 40.8(CeFs)s

Scheme 6. Reaction of 6-B(CFs); with styrene.

Figure 8. Molecular structure of 10-B(C4Fs); in the crystal. Displacement
ellipsoids are shown at the 50% probability level for one enantiomer.
Selected bond lengths [A] and angles [°]: P(1)-B(1): 2.030(3); P(1)—C(1):
1.806(7); P(1)-C(5): 1.793(3); P(1)-C(6): 1.840(3); C(1)-C(2): 1.340(3); C(4)-C(5):
1.341(4); C(6)—C(7): 1.559(4). C(1)—P(1)—C(5): 100.21(12); C(1)-P(1)-C(6):
98.04(12); C(5)—P(1)—C(6): 100.54(12).
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salt, which is first generated by insertion of PhC=CH into the
dative P—B bond (Scheme 5). Intermediate 8 further reacts
rapidly in a [4+2] cycloaddition reaction with PAC=CH to form
the final product 9 (Scheme5). As a matter of fact, 1-R-
phosphininium salts readily react with alkynes to 1-R-phospha-
barrelenium salts even at low temperature.?*** Cycloaddition
reactions at highly polarized Te/B-heterocycles have also been
observed by Stephan et al.”’ By means of *'P NMR spectroscopy
we can further rule out that 8 is the 1-H-phosphininium salt,
which might be generated by deprotonation of phenylacety-
lene.

As cycloaddition reactions of C=C double bonds to six-
membered aromatic phosphorus heterocycles are unprece-
dented in the literature, we subsequently treated 6-B(C¢Fs);
with styrene (Scheme 6).

Again, we could observe the rapid, quantitative and
selective conversion of 6-B(C¢F5); to a new product, which
shows a single resonance at d =—38.0 ppm in the *'P{'H} NMR
spectrum. Crystals of the product, suitable for X-ray diffraction
were obtained by slow evaporation of the solvent. The result of
the X-ray crystal structure analysis is depicted in Figure 8 along
with selected bond lengths and angles and unambiguously
confirms that a racemic mixture of the cycloaddition product
10-B(C4Fs); had been formed. This compound represents the
first example of a dihydro-1-phosphabarrelene derivative. It is
interesting to note that only one regioisomer is formed in the
conversion of 6-B(C¢F;); with styrene. In 10-B(C(F:),, the phenyl
group of the former styrene substrate is pointing away from the
B(C4F5); moiety, most likely due to steric effects during the [4+
2] cycloaddition step, as this reaction is orbital controlled.?**

Motivated by these initials results, we attempted to apply 6-
B(C4Fs); in typical frustrated Lewis-pair reactions.”” As styrene
derivatives react with diaryl-substituted esters in the presence
of the FLP system RyP/B(CFs); to form substituted olefins, we
decided to treat 6-B(C4Fs); first with ester 11 (Scheme 7).%%

Much to our surprise, the reaction of 6-B(CsFs); with 11 in
CDCl; proceeds instantaneously. The NMR spectroscopic analy-
sis of the reaction mixture reveals again the selective and
quantitative formation of a single, new species. This compound
shows a resonance at 6=156.8 ppm in the *'P NMR spectrum,
which is corroborated in the corresponding 'H NMR spectrum
with a coupling constant of “J,;=27.0 Hz to the alkyl CH. This
is in line with the presence of the 1-R-phosphininium salt 12, as
the *'P{'"H} NMR signal of the related 1-methyl-phosphininium
cation can be observed at 0 =160.2 ppm.”*" Most intriguingly,

MesSiv_~ -SiMe; O Ph P
U + ﬁo* ph  _CPCk Ph)\ Ph
P rt
1 F

B(CoFe)s 1

6-B(CeFs)s

Scheme 7. Study of the reactivity of 6-B(C¢Fs); towards ester 11.
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phosphininum salts can currently only be prepared in a
multistep synthesis, or alternatively, with the very strong
methylation reagent [(CH,),Cl1[Al(OTeFs),]~ due to the low
nucleophilicity of the phosphorus atom (see above, Fig-
ure 1).°29 Our first results, depicted in Scheme 8, thus
impressively show that various novel phosphininium salts might
be easily formed by making use of phosphinine-borane
adducts in combination with aromatic alkyl esters. To this end,
1-R-phosphininium salts can be generated and further explored,

©/\ Ph
ON\P"
rt 3
Ph

MesSi_~ - SiMes MesSi SiMes
Ty 27

P’ @ 14

, 8 ©/\ L WP
O-B(CgFs)s
e — o

B(CeFs)y ——
4 [4+2]
(45
X
/©)LO on F
E 1 SiMes
MesSi~_(tl___sime,
v
«{® 15
L W
MesSi—= 0-B(CeFs)
[4+2] 0

Scheme 8. Reaction of 6 with B(C¢Fs),, ester 11, styrene and TMS-acetylene.

Figure 9. Molecular structure of 14 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms and co-crystallized THF
are omitted for clarity. Selected bond lengths [A]: P(1)—C(1): 1.783(2);
P(1)-C(8): 1.8199(19); P(1)-C(5): 1.779(2); P(1)-C(6): 1.821(2); C(1)-C(2):
1.347(3); C(2)—C(3): 1.525(3); C(3)-C(4): 1.533(3); C(4)—C(5): 1.341(3); B(1)-0(1):
1.514(2).
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which are otherwise synthetically inaccessible. However, at this
point, we do not have any insight into the reaction mechanism
of this surprisingly fast quaternization reaction, which can occur
either through a single-electron (radical) or a two-electron
transfer mechanism during the C-O bond scission reaction.”®

Subsequently, we added styrene to 11 and observed again
the spontaneous formation of a single species, which shows a
signal at 0=—6.4 ppm in the *'P{'H} NMR spectrum. The same
immediate reactions occurs, when 6 was mixed with B(C4Fs), 11
and styrene in an equimolar ratio with CHCl; as solvent.
However, we could not detect any signals of the substituted
olefin 13 by means of 'H NMR spectroscopy (Scheme 8).

Crystals, suitable for X-ray diffraction were obtained of the
reaction product 14 by slow evaporation of the solvent. The
result of the X-ray crystal structure analysis is depicted in
Figure 8 along with selected bond lengths and angles.

Interestingly, crystallographic characterization of 14 (Fig-
ure 9) reveals the first example of a dihydro-1-R-phosphabarre-
lenium salt. The compound forms by a fast and regioselective
[4+ 2] cycloaddition of styrene to the aromatic 1-R-phosphini-
nium heterocycle. It should be mentioned that the reaction of a
related 1-methyl-1-phospha-7-bora-norbornadiene with phenyl-
acetylene has recently been described by us.™”!

Finally, we also converted rapidly, quantitatively and
selectively a mixture of 6, ester 11 and Me,Si—-C=CH towards
the corresponding 1-R-phosphabarrelenium salt 15 (Scheme 8),
which we could also characterize crystallographically (Fig-
ure 10).

Figure 10. Molecular structure of 15 in the crystal. Displacement ellipsoids
are shown at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] and angles [°): P(1)-C(17): 1.8235(19);
P(1)-C(1): 1.7951(19); P(1)-C(5): 1.7873(19); P(1)-C(6): 1.792(2); C(1)-C(2):
1.342(3); C(2)-C(3): 1.558(3); C(4)-C(5): 1.339(3); C(6)-C(7): 1.338(3); B(1)-O(1):
1.510(2). C(5)-P(1)—C(6): 100.35(9); C(5)-P(1)-C(1): 99.68(9); C(1)-P(1)-C(6):
101.00(9).

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

27



Chemistry
Europe

European Ghemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202104135

Conclusion

In conclusion, we could demonstrate that the equilibrium of the
reaction between 2,4,6-triphenylphosphinine and B,H, is almost
exclusively located on the side of the starting materials, even at
low temperature. In contrast, more basic Me;Si-substituted
phosphinines lead to a shift of the equilibrium towards the
products, although complete conversion to phosphinine-
borane adducts is still not achieved. This demonstrates that
Me;Si-substituted phosphinines are still rather weak Lewis
bases. Moreover, hydroboration of the P=C double bond is
observed with B,H, which presumably leads to the formation
of polymeric species. The use of the much stronger, yet more
sterically demanding, Lewis acid B(C4Fs); reveals a strong
influence of the o substituents of the aromatic phosphorus
heterocycle on the formation of a discrete adduct. Phosphinines
with Ph or Me,Si substituents in the ortho position of the
phosphinine prevent any reaction with B(CsFs); whereas
3,5-bis(trimethylsilyl)phosphinine as well as 3,5-diphenylphos-
phinine undergo complete conversion to the phosphinine-
borane adduct. In the case of 3,5-bis(trimethylsilyl)phosphinine,
the product could be characterized crystallographically. The
solid-state structure reveals an interaction between the
phosphorus atom and one of the fluorine atoms of the Lewis
acid; this is supported by theoretical calculations. We could
further highlight that the novel phosphinine-borane adduct
shows distinct insertion and subsequent [4+2] cycloaddition
reactivity towards phenylacetylene. This results in a zwitterionic
alkenyl-phosphabarrelenium borate salt that is formed selec-
tively and quantitatively. With styrene, the borane adduct of a
dihydrophosphabarrelene is formed. In the presence of an ester,
the Lewis pair forms 1-R-phosphininium salts. This route
significantly improves upon the previous multistep synthesis, as
this procedure is performed at room temperature in a fast,
facile, and selective manner. The cationic heterocycle was then
shown to readily undergo a [4+ 2] cycloaddition reaction with
styrene ultimately forming the first example of a dihydro-1-R-
phosphabarrelenium salt. The [4+2] cycloaddition of the 1-R-
phosphininium salt generated insitu with TMS-acetylene
quantitatively affords the corresponding 1-R-phosphabarrele-
nium salt. The results presented herein highlight how the
phosphinine-borane adduct 6-B(C,Fs); apparently mimics frus-
trated Lewis-pair reactivity. Our results provide fascinating new
perspectives for the future, particularly with respect to the
activation of small molecules and the synthesis of adducts of
phosphinines with other main group elements and compounds.
Experiments in this direction are currently being pursued in our
laboratories.

Experimental Section
Experimental details are given in the Supporting Information.

Deposition Numbers 2067304 (for 6-B(C¢Fs);), 2121299 (for 9),
2067303 (for 13) and 2121300 (for 14) contain the supplementary
crystallographic data for this paper. These data are provided free of
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charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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1. DFT Calculations

DFT calculations

The quantum chemical calculations were performed with TURBOMOLE 7.5! using the B3LYPP!
functional with def2-TZVPPP! basis set and D3M(BJ)! dispersion correction. Vibrational frequencies were
calculated using the AOFORCEN! module. All optimized structures represent true minima without
imaginary vibrational frequencies. The calculations of the electrostatic potential plot and the QTAIM
analysis on 6-B(CFs)s were performed using the non-hydrogen atom coordinates obtained by the crystal
structure determination and using reoptimized coordinates for the hydrogen atoms on the B3LYP-
D3(BI)/def2-TZVPP level of theory. The win file was generated with TURBOMOLE from this structure.
QTAIM calculations were carried out using the MultiWFN 3.6 program package.[’l The electrostatic
potential plots were created using the Chemeraft 1.8 program package.l®!

Table S1. Energies used to calculate AH®. Evx = sum of translational, rotational and vibrational energy

including zero point energy.

Compound

Escr [H] Fwt [kJ mol™] IH° [kJ mol ]
(symmetry)
6 (Cs) -1352.08854560  [805.01 -3549100.31
[PhsP (Cs) -1036.16407705  [760.12 -2719685.67
B(CsFs)s (D) -2208.35807223  480.05 -5797560.49
6-B(CsFs ) (Ch) —3560.46951909  |1292.72 -9346715.74
IPhsP-B(CsFs)s (Cs) [-3244.56724693  |1250.84 -8517356.37

2. Experimental Procedures

General Remarks

All reactions were performed under argon in oven-dried glassware using modified Schlenk techniques
unless otherwise stated. All common solvents and chemicals were commercially available and were used
without further purification. All dry or deoxygenated solvents were prepared using standard techniques or
were used from a MBraun solvent purification system. Diborane!®l, 1-methyl-phosphininium salt (2-CHz)!*"!
2,4,6-triphenylphosphinine (3)'!], 2-trimethylsilylphosphinine (4)[2], 2,6-bis(trimethylsilyl)phosphinine
(5131, 2,3,5,6-tetrakis(trimethyl-silyl)phosphininel®! 3,5-diphenylphosphinine (7)!*1 and benzhydryl 4-

fluorobenzoate (11)!**! were prepared according to literature procedures.
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The 'H, *H{"'B}, "B, “F, PC{*H}, *Si{1H}, *P{'H} and *P NMR spectra were recorded on a JEOL
ECX400 (400 MHz), Bruker Avance600 (600 MHz) and Bruker Avance700 (700 MHz) spectrometer and
all chemical shifts are reported relative to the residual resonance in the deuterated solvents. The APCI-
Quadrupole-Mass spectrometry measurements were performed on an expressionL, Advion. High resolution
mass spectrometry (HRMS) was performed on a Agilent 6210 ESI-TOF. Element analyses were performed
on a VARIO EL, Elementar.

3,5-Bis(trimethylsilyl)phosphinine (6)

M%S\Ej/sm%
7

6 was prepared using a modified literature procedure.l'® HCI'-ELO (2 M, 0.6 mL, 1.2 mmol, 4.8 eq.) was
added to 2,3,5,6-tetrakis(trimethylsilyl)phosphinine (97 mg, 0.25 mmol, 1 eq.) in diethyl ether (2.4 mL) and
was stirred at room temperature overnight. After removal of the solvent in vacuum, the crude product was
filtrated over a short silica plug with n-pentane (20 mL) as the cluent. The product 5 was isolated as colorless
liquid (45 mg, 0.19 mmol, 76%).

I NMR (401 MHz, Dichlormethane-ds): 6 = 9.02 (dd, %Jup = 38.4 Hz, “Jux = 0.8 Hz, 21, ortho-H), 7.92
(dt, “Jup = 3.7 Hz, /s = 0.8 Hz, 1H, para-H), 0.32 (s, 18, -SiMes) ppm.

BC{H} NMR (101 MHz, Dichlormethane-db): 6 = 160.5 (d, Jep = 56.8 Hz), 146.0 (d, YJcp = 12.4 Hz),
138.0 (d, YJep = 25.0 Hz), -1.2 (s) ppm.

#Si{'H} NMR (80 MHz, Dichlormethane-d3): § =-1.9 (d, */s» = 3.7 Hz) ppm.
SIP NMR (162 MHz, Dichlormethane-d;): § = 200.3 (td, /g = 38.4, 3.7 Hz) ppm.
LRMS: APCI (m/z). Calculated [M+H] " 241.1, Observed: 241.1.

Elemental analysis: Calculated for Cy;HPSiz: C 54.95%, H 8.80%, Observed: C 54.59%, H 8.84%.

General method: diborane addition to phosphinines

The corresponding phosphinine were dissolved in dichloromethane-d> (0.7 mL) and the solution degassed
via freeze-pump-thaw. After addition of diborane via condensation the samples were warmed up to 7' = -

78 °C and NMR spectra were recorded at low temperature (7= -70 °C).
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A) 2,4,6-Triphenylphosphinine borane adduct (3-BHj;)

Ph
o
Ph"~P7 ~Ph

B,

2,4,6-Triphenylphosphinine (3, 28 mg, 86 umol), phosphinine:BH; = 1:4, conversion: 4%.

SP{"H} NMR (162 MHz, Dichlormethane-d;, T=-70 °C): § = 167.8 (s) ppm.

B) 2-Trimethylsilylphosphinine borane adduct (4-BHx)

N
&

H,

SiMe,

2-Trimethylsilylphosphinine (4, 98 mg, 0.58 mmol), phosphinine:BHs = 1:1, conversion: 88%.

H NMR (401 MHz, Dichlormethane-d): 6 = 8.36 (dd, Jup = 18.1 Hz, Jux = 10.2 Hz, 1H), 8.16 (dd, Jur
=26.6 Hz, Jux = 8.2 Hz, 1H), 7.99 (ddd, Jup = 21.6 Hz, Juz = 10.1, 8.4 Hz, 1H), 7.55 (q, Jup = 7.3 Hz, Jun
=17.3 Hz, 1H), 1.59 (¢, Vs = 104.6 Hz, 3H, -BH), 0.45 (s, OH, -TMS) ppm.

B NMR (128 MHz, Dichlormethane-d;): 6 = -35.3 (qd, *Jup = 104.8 Hz, “J3» = 25.1 Hz) ppm.

SP{*H} NMR (162 MHz, Dichlormethane-dy): 6 = 209.4 (d, /g = 25.6 Hz) ppm.

C) 2,6-Bis(trimethylsilyl)phosphinine borane adduct (5-BH;)

Jl\/j
Me3Si” ~PZ “SiMe,

Hy
2,6-Bis(trimethylsilyl)phosphinine (5, 122 mg, 0.51 mmol), phosphinine:BH; = 1:1.3, conversion: 98%.

H{"B} NMR (401 MHz, Dichlormethane-d;): 6 = 8.11 (dd, *Jup = 25.6 Hz, *Jux = 8.1 Hz, 2H,
meta-H), 7.46 (q, “Jup = 7.7 Hz, *Jun = 7.7 Hz, 1H, para-H), 1.66 (d, *Jup = 20.0 Hz, 3H, -BH;), 0.45 (s,
18H, -7ALS) ppm.
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“B NMR (128 MHz, Dichlormethane-c): 6 = -34.3 (q, gz = 96.0 Hz) ppm.

BC{H} NMR (101 MHz, Dichlormethane-do): § = 154.2 (d, Jep = 17.4 Hz), 143.2 (d, Jep = 18.6 Hz),
126.4 (d, Jep = 45.3 Hz), -0.1 (d, Jep = 2.8 Hz) ppm.

Si{'H} NMR (79 MHz, Dichlormethane-d>): § = 1.1 (d, 2J5;» = 16.7 Hz) ppm.

SP{"H} NMR (162 MHz, Dichlormethane-d;): 6 = 226.0 (d, “J5» = 19.8 Hz) ppm.

2-Trimethylsilylphosphinine (4) with BHy SMe,

L
P > SiMe,
H3

2-Trimethylsilylphosphinine (4, 70 mg, 0.42 mmol, 1 eq.) was dissolved in dichloromethane-d> (0.7 mL)
and BH;-SMe; (158 mg, 2.08 mmol, 5eq.) was added. The NMR spectra were recorded at room temperature

and show a conversion of 21%
“B NMR (128 MHz, Dichlormethane-dz): 6 = -35.3 (q, Y = 102.6 Hz) ppm.

SIP{*H} NMR (162 MHz, Dichlormethane-dz): 6 = 208.2 (s) ppm.

Follow-up reaction of 2,6-bis(trimethylsilyl) phosphinine borane adduct (5(H)-BH>)

AN x>
| | SiMe; T—»
MesSie “P% “SiMe; — MesSi<” ~P —

BH, o
! polymerization
H
Hs

A sample of 2,6-bis(trimethylsilyl)phosphinine borane adduct (5-BHs) was kept at room temperature after
recording the NMR spectra. After the formation of a colorless viscous oil (one day) an NMR spectrum was

recorded.
SP{*H} NMR (162 MHz, Dichlormethane-dz): 6 = -21.4 (s) ppm.

After an additional two weeks a pale solid precipitated, which could not be dissolved in common solvents

(pentane, toluene, benzene, acetonitrile, tetrahydrofuran, dichloromethane, acetone).
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A second sample stored at 7= -80 °C formed a colorless solid after a week and after two months also formed

a slightly yellow, insoluble solid.

General method: B(CsFs)s addition to phosphinines

The corresponding phosphinine (0.150 mmol, 1 eq.), B(CsFs): (76.8 mg, 0.150 mmol, 1 eq.) and
dichlormethane-d- (0.7 mL) were added to a J-Young NMR tube and NMR spectra were recorded at room

temperature. If conversion was observed, crystals were grown by slow evaporation of the solvent.

A) 2,4,6-Triphenylphosphinine B(C¢Fs); adduct (3-B(CesFs)s)

Ph
| AN

Ph” ~P#Ph
é(CGFS)S

No conversion was observed.

B) 2-Trimethylsilylphosphinine B(C¢Fs): adduct (4-B(CsFs)3)

N
B

SiMe,
|
B(Cs5)3

No conversion was observed.

() 2,6-Bis(trimethylsilyl)phosphinine B(CFs); adduct (5-B(CeFs)s)

Bt
Me,Si T/ SiMe;

B(CeFs)3

No conversion was observed.
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D) 3,5-Bis(trimethylsilyl) phosphinine B(CsFs)s adduct (6-B(CsFs)s)

\E

e
F_F L F_F
F?%;%Fé;é??ﬁ

Full conversion was observed. Product 6-B(C4Fs); was isolated as colorless crystals (109 mg, 0.145 mmol,

97%).

'H NMR (401 MHz, Dichlormethane-ds): & = 8.43 (d, 2Jup = 22.9 Hz, 2H, ortho-H), 7.98 (d, “Jup = 8.5
Hz, 1H, para-I1), 0.31 (s, 18H, -TMS) ppm.

1B NMR (128 MIz, Dichlormethane-d:): § = -9.6 (s) ppm.

BC{'H} NMR (151 MIIz, Dichlormethane-dz) 6 154.43 (d, J = 20.8 Hz, C6), 148.46 (dt, 'S = 242.6,
13.2 Hz, €2), 142.35 — 140.36 (m, C4), 140.19 (d, J = 18.1 Hz, C5), 138.97 (d, J = 44.9 Hz, C7), 138.77 —
136.76 (m, C3), -1.55 (s, C8) ppm. C1 could not be located.

¥F NMR (377 Mz, Dichlormethane-d>): § =-129.4 (s, 2F), -156.0 (t, Jrr = 20.1 Hz, 1F), -163.7 (1, Jrr
= 21.8 Hz, 2F) ppm.

$P{'"H} NMR (162 MHz, Dichlormethane-d;): § = 176.6 (s) ppm.

Element Analysis: calculated for C2oHa BF,5PSi;: C 46.29%, H 2.89%: found: 46.47%, H 3.12%.

E) 3,5-Diphenylphosphinine B(CsFs): adduct (7-B(C4Fs)3)

B(CsFs)3

Full conversion was observed. Product 7-B(CsFs)s was isolated as a pale yellow solid (114 mg, 0.150 mmol,

quant.).
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H NMR (401 MHz, Dichlormethane-d:): 6 = 8.42 (dd, 2/qp = 20.4 Hz, *Jgr = 1.2 Hz, 2H, ortho-H), 8.08
(dt, *Jup = 6.5 Hz, *Jun = 1.4 Hz, 1H, para-H), 7.63 (dd, Jux = 8.0, 1.3 Hz, 4H, -Ph), 7.58-7.42 (m, 6H, -
Ph) ppm.

“B NMR (128 MHz, Dichlormethane-&;): § = -5.1 (s) ppm.

“F NMR (377 MHz, Dichlormethane-dz): § = -128.9 (d, Jer = 15.1 Hz, 2F), -154.5 (t, Jer = 19.1 Hz,
IF), -162.9 (td, Jrr = 23.6, 7.9 Hz, 2F) ppm.

MP{'H} NMR (162 MHz, Dichlormethane-d;): § = 182.7 (s) ppm.

Reaction of 3-B(C6F5)3 with Phenylacetylene (9).

3,5-TMS-Phosphinine (12 mg, 0.05 mmel, 1.0 eq.) and tris(pentafluorophenyl)borane (25 mg, 0.05 mmol,
1.0 eq.) were mixed in DCM (0.2 mL) in a J-Young NMR tube. To the resulting colourless solution,
phenylacetylene (14 mg, 0.15 mmol, 3 eq.) in DCM (0.3 ml) was added. The solvent slowly evaporated in
glovebox after overnight reaction. The rest solids were washed with toluene and then dissolved in DCM for

recrystallization (30 mg, 0.032 mmol, 63%).

1H NMR (600 MIz, Dichlormethane-d): & 8.87 (d, 2/« = 37.7 Hz, 1L CH), 7.47 (s, SH, Ph), 7.24 —
7.18 (m, 3H, Ph), 7.18 (dd, s » = 24.1, 1.2 Hz, 2H, PCH), 7.09 — 7.05 (m, 2H, Ph), 6.63 (dd, *J:z» = 22.4,
2.2 He, 1H, PCH), 6.42 (q,J = 1.6 Hz, 1, CE), 0.19 (s, 18H, -TMS) ppm.

UB{¥F} NMR (129 Mz, Dichlormethane-d:) 6 -15.84 (d, J = 18.2 Hz) ppm.
HB{'H} NMR (129 MHz, Dichlormethane-d;) 5 -15.83 (d, ./ = 18.2 Hz) ppm.

B NMR (129 MHz, Dichlormethane-4;) 6 -15.84 (d, J = 18.3 Hz) ppm.
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BC{H} NMR (151 MHz, Dichlormethane-ds)  183.87 (dd, *Jez = 101.1, %o »=49.5 Hz, C15), 173.84
(d,2p=10.1Hz, C2), 168.28 (d, Ycp = 5.1 Hz, C6), 148.53 (d, Yo r = 237.0 Hz, C12), 139.94 — 138.04
(m, C14), 136.94 (d, e r = 264.9 Hz, C13), 136.07 (d, Yo r = 12.6 Hz, C4), 135.37 (d, 2o = 15.7 Hz,
CI7), 131.68 (d, e r= 55.2Hz, C1), 131.30 (s, A7), 129.75 (s, A7), 128.84 (s, C20), 128.73 (d, e = 5.7
Hz, C18), 128.56 (d, Jur = 3.1 Hz, C19), 126.00 (s, A7), 124.57 — 123.27 (m, C11), 117.47 (d, Ve p = 69.7
Hz, C16), 113.40 (d, Yo = 73.8 Hz, C5), 61.30 (s, C3), 60.94 (s, C3"), -1.70 (s, C10) ppm.

F NMR (377 MHz, Dichlormethane-d;) 5 -131.85 (d, Jr = 23.3 Hz, 2F), -162.35 (t, Je = 20.3 Hz, 1F),
-166.60 — -166.83 (m, 2F).

4P§1H} NMR (162 MHz, Dichlormethane-d2) § -17.14 (d, 18.0 Hz).

HRMS: ESI (m/z): Calculated: [M]Na*: 979.1605, Observed: 979.1665.

Reaction of 5-B(C¢Fs); with styrene (10-B(CgFs);)

™S T™s

iv_J
R T F
F‘Q_Fé FF;:‘?F F

3,5-TMS-Phosphinine (12 mg, 0.05 mmol, 1.0 eq.) and tris(pentafluorophenyl)borane (25 mg, 0.05 mmol,
1.0 eq.) were mixed in DCM (0.2 ml) in a J-Young NMR tube. To the resulting colourless solution, styrene
(3 eq.) in DCM (0.3 mL) was added. The solution was left to react at room temperature overnight. Once
complete, all volatiles were removed under high vacuum. Crystals were acquired by slow evaporation of a
DCM solution (38 mg, 0.044 mmol, 88 %). Crystals were acquired by slow evaporation of toluene solution

in glovebox.

'H NMR (700 MHz, Chloroform-d;) 3 7.33 — 7.29 (m, 2H, -Ph), 7.29 - 7.23 (m, 1H, -P%), 6.97 (dd, J =
7.9, 1.5 Hz, 2H, -Ph), 6.57 (d, %> = 32.0 Hz, 1H, PCH), 6.36 (d, %/x» = 33.0 Hz, 1H, PCH), 4.51 (dd, J =
2.6, 1.2 Hz, 1H, CH), 2.94 — 2.90 (m, 1H, PCILCHCH), 1.91 - 1.72 (m, 2H, CH>), 0.25 (d, /= 1.1 Hz,
SH, -TMS), -0.26 (d, J = 1.1 Hz, OH, -TMS) ppm.

“B{*H} NMR (129 MHz, Chloroform-d;) 6 -16.86 ppm.
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BC{'H} NMR (176 MHz, Chloroform-dy) & 170.30 (d, /c.» = 9.3 Hz, C6), 168.47 (d, /o »= 9.1 Hz,
C6), 148.64 (d, 'Jcr = 239.7Hz, C2), 140.29 (d, "Jo r = 252.5 Hz, C4), 137.40 (dt, °Jc » = 250.9, 16.2 Hz,
C3), 129.95 (d, Jc» = 39.1 Hz, C5), 129.09 (s, Ar), 127.93 (s, Ar), 127.71 (d, J = 2.8 Hz, Ar), 126.37 (s,
Ar), 54.15 (s, C7), 53.85 (s, C7"), 40.91 (d, *Jcp = 10.0 Hz, C8), 23.33 (d, Ve p = 29.7Hz, C9), -2.11 (s,
C14),-2.46 (s, C14) ppm. C1 could not be located. C10-13 could not be clearly identified due to

inequivalence of the aryl groups.

F NMR (376 MHz, Chloroform-dy) & -130.36 (dt, /rr = 23.8, 8.5 Hz, 0-BCF), -155.63 (d, er = 4.1
Hz, p-BCF), -162.90 (ddd, *Jrx = 23.2, 19.8, 8.5 Hz, m-BCF) ppm.

3P{*H} NMR (162 MHz, Chloroform-d;) & -38.12 ppm.

Element Analysis: Calculated for C2oHx: BF:sPSi:: C 51.88 %, H 3.41 %; found: 51.36 %, H4.01 %.

Reaction of 6-B(CsFs); with benzhydryl 4-fluorobenzoate (12)

TMS TMS
E,/ /©)\O,B(CGF5)3
F

3,5-TMS-Phosphinine (24 mg, 0.1 mmol, 1.0 eq.) and tris(pentafluorophenyl)borane (51 mg, 0.1 mmol, 1.0
eq.) were mixed in Chloroform (0.2 mL) in a J-Young NMR tube. To the resulting colourless solution,
benzhydryl 4-fluorobenzoate (31 mg, 0.1 mmol, 1.0 eq.) in chloroform (0.3 mL) was added and the
corresponding phosphininium salt form immediately at room temperature. This compound is highly reactive

and decomposes within 1 hour at room temperature. Spectroscopic yield 100%.

H NMR (401 MHz, Chloroform-d;) 5 $.10 (d, “Jp = 11.1 Hz, 1H, para-H), 8.02 (d, 2/up = 13.2 Hz,
2H, ortho-H), 7.70 (dd, J = 8.7, 5.7 Hz, 2H, Ar), 7.56 — 7.48 (m, 6H, Ar), 7.34 (ddd, J = 8.4, 2.6, 1.4 Hz,
4H, A7), 6.99 (d, 2Jup = 26.9 Hz, 1H, PhCHPh), 6.93 — 6.87 (m, 2H), 0.31 (s, 18H, -7AS) ppm.

F NMR (376 MHz, Chloroform-d;) § -112.53 (t,J = 7.7 Hz, F-Ar), -135.15 (d, *Jpr = 23.4 Hz, 0-BCF),
-165.27 (d, >/ = 19.8 Hz, p-BCF), -169.09 (t, *Jxx = 22.1 Hz, m-BCF) ppm.

SP{*H} NMR (162 MHz, Chloroform-dy) 8 155.42 ppm.

10
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Reaction of 5-B(CsFs); with benzhydryl 4-fluorobenzoate and styrene (14)

23
22 F
F KF
1
20
S u iF,
TMS_ 19/}, ™S F F
= {}-—F
Vv o E
12 * F1 FAF
" S Y
10 F

3,5-TMS-Phosphinine (24 mg, 0.1 mmol, 1.0 eq.) and tris(pentafluorophenyl)borane (51 mg, 0.1 mmol, 1.0
eq.) were mixed in THF (0.2 ml) in a J-Young NMR tube. To the resulting colourless solution, benzhydryl
4-fluorobenzoate (31 mg, 0.1 mmol, 1.0 eq.) in THF (0.3 mL) was added followed by styrene (12 mg, 0.1
mmol, 1.2 eq.). The solution was left to react at room temperature for 1 hour. Once complete, all volatiles
were removed under high vacuum. The residue was dissolved in chloroform and crystals were acquired via

slow evaporation of a chloroform solution (105 mg, 0.085 mmol, 85%).

'H NMR (700 MHz, THF-ds): § 8.05-8.02 (m, 2H, F-A7), 7.61 — 7.57 (m, 4H, Ar), 7.52 — 7.43 (m, 6H, 4r),
731 - 7.26 (m, 3H, Ar), 7.21 (app. dq, J = 293, 1.3 Hz, 1H, PCH), 7.11 (app. dq, J = 30.8, 1.2 Hz, 1H,
PCH), 7.02 — 6.97 (m, 4H, Ar/F-Ar), 6.02 (d, 2/ue = 19.4 Hz, 1H, PCHPhy), 4.85 (dt, J = 2.5, 1.5 Hz 1H,
CH), 3.38 (m, 4H, THF, 3.16 (m, 1H, PCHLCHCH), 2.38 (dddd, J = 14.2, 12.9, 10.1, 1.3 Hz, 1H, PCH),
2.28 (dddd, J = 14.2, 12.9, 4.8, 1.3 Hz, 1H, PCH>), 1.60 (m, 4H, THF), 5 0.30 (s, 9H, TMS), -0.21 (s, 9H,
TMS) ppm. Protic THF was found to be contained within the crystal structure by X-ray diffractometry.

“B NMR (128 MHz, THF-d5): § -6.4 ppm.

BC{'H} NMR (176 MHz, THF-d3): 6 179.7 (d,%/cp = 8.1, C16),178.2(d, 2Jcp = 9.0, C16"), 166.9 (s, C5),
165.7 (d, 'Jep = 248.5 Hz, C1), 149.3 (m, 'Jer = 240.1 Hz, C7), 141.6 (d, *Jcp = 4.5 Hz, C20), 139.5 (m,
Yer =242.9 Hz, C9), 137.5 (m, Jcr=246.0, C8), 134.3 (d, *Jcp = 4.5 Hz, C13), 134.1 (d, Ycp = 4.5 Hz,
C13),133.0(d, *Jcr = 8.9 Hz, C3), 131.02 (s, Ar), 130.99 (s, C4), 130.98 (s, Ar), 130.39 (s, Ar), 130.37 (s,
Ar), 130.36 (s, Ar), 130.24 (s, Ar), 130.19 (s, Ar), 130.14 (s, Ar), 130.12 (s, Ar), 130.10 (s, Ar), 1292 (s,
Ar), 128.54 (s, Ar), 124.1 (d, Jep = 56.2 Hz, C15°), 121.4 (d, *Jcp = 55.4 Hz, C15), 115.1 (d, %cr = 21.5
Hz, C2),71.5 (s, THF), 55.9(d, ¥cp =569 Hz, C17),43.6 (d, 'Jcp = 41.2Hz, C14),41.0(d,%Jcp= 9.1 Hz,
C18),27.8 (s, THF),23.1(d,J = 46.0 Hz, C19), -2.58 (s, C24), -2.66 (s, C24") ppm. C6 could not be located.
C10-12 and C21-23 could not be clearly identified due to inequivalence of the aryl groups.

F NMR (376 MHz, Dichlormethane-dz): & -110.3 (m, F-Ar), -134.7 (d, *Jer = 20.3 Hz, 0-BCF), -162.5
(t, >/rr = 20.4 Hz, p-BCF), -166.8 (m, m-BCF) ppm.
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SP{H} NMR (162 MHz, THF-ds): 5 -6.4 ppm.

HRMS: ESI (m/z). Positive mode: Calculated [M;]": 511.2401, Observed: 511.2440. Negative mode:
Calculated [M;] 651.0054, Observed: 651.0000.

Reaction of 5-B(C¢Fs)3 with ester and Trimethylsilylacetylene (15)

F
FAF

™S
o
™S F
A _Tus YFe_ F
Zg/ F/®)LO/ ="
b FLF
F

3,5-TMS-Phosphinine (12 mg, 0.05 mmol, 1.0 eq.) and tris(pentafluorophenyl)borane (25 mg, 0.05 mmol,
1.0 eq.) were mixed in DCM (0.2 mL) in a J-Young NMR tube. To the resulting colourless solution,
Trimethylsilylacetylene (7.4 mg, 0.075 mmol, 1.5 eq.) was added followed by benzhydryl 4-fluorobenzoate
(0.05 mmol, 1.0 eq.) in DCM (0.3 mL). The solution was left to react at room temperature for 3 hours. Once
complete, all volatiles were removed under high vacuum. Crystals were acquired by dissolving the residue

in a mixture of DCM and »n-Hexane (48 mg, 0.041 mmol, 83%).

'H NMR (700 MHz, Dichlormethane-d;) 8 8.05 — 8.02 (m, 2H, F-Ph), 7.53 — 7.46 (m, 6H, A7), 7.43 —7.40
(m, 4H, Ar), 7.02(dd, 2z = 29.9, 1.5 Hz, 2H, PCH) 7.03 — 7.00 (m, 3H, Ar), 6.54 (q,J = 1.5 Hz, 11, Ar),
5.88 (d, Jyr= 17.6 Hz, 1H, CH), 0.21 (s, 27, -IMS) ppm.

“B{'H} NMR (129 MHz, Dichlormethane-d?) 3 -4.47 ppm.

BC{'H} NMR (176 MHz, Dichlormethane-d;) 6 175.69 (d, 2Jc» = 11.1 Hz, C16), 167.17 (s, C5), 165.21
(d, Ve r=249.0 Hz, CI), 148.49 (dt, 'Jor = 239.9, 6.2 Hz, C7), 139.01 (dt, 'Jo» = 245.2, 13.8 Hz, C9),
136.95 (ddd, YJer = 246.1, 22.8, 12.1 Hz, C8), 132.79 (d, %Jcr = 4.6 Hz, C13), 132.33 (d, *Jcr = 9.0 Hz,
C3), 131.91(d, “Jo,r =2.7Hz, C4), 130.71 (s, C11),130.10 (d, *Jcp= 2.7 Hz, C12), 129.08 (s, C10), 126.93
(d, "Jeop=52.7Hz, C15), 114.99 (d, %Jcr= 21.4 Hz, C2), 62.40 (s, C17), 62.10 (s, C17"), 42.07 (d, Jcp =
40.9 Hz, C14),-1.66 (s, C18) ppm. C6 could not be located.

¥F NMR (377 MHz, Dichlormethane-d2) § -110.44 — -110.65 (m, F-Ar), -134.60 — -134.87 (m, 0-BCF),
-162.76 (t, °J 7= 20.4 Hz, p-BCF), -166.78 —-167.11 (m, m-BCF) ppm.

SP{H} NMR (162 MHz, CDCl-d2) 5 -13.81 ppm.
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HRMS: ESI (m/z). Positive mode: Calculated [M;]": 505.2327, Observed: 505.2626. Negative mode
Calculated [M:]" 651.0054, Observed: 651.0117.

3. NMR Spectra

:‘E[E;‘ ET‘S;‘ E (;‘2)
ama,0m| 167,08
a
slosheTabe s ba s bz p o s le 86 B 7 B 7 ko
[ppm]
SO02 anoa®o
aoom PROOR
o3 RAGEES
1
i i iy
8 5 o
tsT1loils 10 105 100 ofs 90 &5 80 75 70 65 6D 55, 50 45 40 35 30 25 20 15 10 05 00 05 1o -5 2o
-~ lppm]
Figure S1: '"H NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine (6) in CD,CL.
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Figure S2: "C{'H} NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine (6) in CD,ClL.
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Figure $3: Si{'H} NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine (6) in CD;Cl,.
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Figure §4: *'P NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine (6) in CD.CL.
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Figure 85: *'P{"H} NMR spectrum at 7' = -70 °C of 2,4,6-triphenylphosphinine borane adduct (3-BHs) in
CD,Cl..
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Figure 8§6: '"H NMR spectrum of 2-trimethylsilylphosphinine borane adduct (4-BH;) in CD;Cl,.
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Figure 87: "B NMR spectrum of 2-trimethylsilylphosphinine borane adduct (4-BH;) in CD,Cl,.
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Figure §8: *'P{'H} NMR spectrum of 2-trimethylsilylphosphinine borane adduct (4-BHs) in CD;Cl,.
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Figure §9: "H{"B} NMR spectrum of 2,6-bis(trimethylsilyl)phosphinine borane adduct (5-BH4) in
CD,Cl,.
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Figure $10: ''B NMR spectrum of 2,6-bis(trimethylsilyl)phosphinine borane adduct (5-BIIs) in CD,ClL,.
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Figure 811: *C{'H} NMR spectrum of 2,6-bis(trimethylsilyl)phosphinine berane adduct (5-BH;) in
CDyCl,.
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Figure $12: ®Si{'H} NMR spectrum of 2,6-bis(trimethylsilyl)phosphinine borane adduct (5-BH;) in
CD,ClL..
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Figure S$13: *'P{"H} NMR spectrum of 2,6-bis(trimethylsilyl)phosphinine borane adduct (5-BH3;) in
CD,ClLa.
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Figure S14: "B NMR spectrum of 2-trimethylsilylphosphinine (4) with BIT;-SMe;, in CD,Cl,.
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Figure $15: *P{'H} NMR spectrum of 2-trimethylsilylphosphinine (4) with BHs SMe; in CD:Cl,.
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Figure $16: *P{'H} NMR spectrum of the follow-up product of 2,6-bis(trimethylsilyl)phosphinine

borane adduct (5-BH3) in CD:Cl,.
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Figure $17: 'H NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine B(C¢Fs)s adduct (6-B(CgFs)s) in

CD:Cl..
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Figure $18: "B{'H} NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine B(CFs); adduct (6-B(CsFs)s)
in CD;Cl,.
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Figure $19: *C{'H} NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine B(CsFs)s adduct (6-B(CsFs)3)
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Figure 820: F NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine B(CsF;); adduct (6-B(CsFs)s) in
CDyCla.
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Figure 821: *'P{'H} NMR spectrum of 3,5-bis(trimethylsilyl)phosphinine B(CsFs)s adduct (6-B(CsFs)s)
in CDzClz.
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Figure $22: '"H NMR spectrum of 3,5-diphenylphosphinine B(CsFs)s adduct (7-B(CFs)s) in CD;Cl,.
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Figure $23: ''B NMR spectrum of 3,5-diphenylphosphinine B(CsFs)s adduct (7-B(CsFs)s) in CD;CL.
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Figure 824: F NMR spectrum of 3,5-diphenylphosphinine B(CsFs)s adduct (7-B(CsFs)s) in CD,Cl,.
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Figure $25: *'P NMR spectrum of 3,5-diphenylphosphinine B(CsFs)s adduct (7-B(CsFs)s) in CD;CL.
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Figure $26: 'H NMR spectrum of 9 in DCM ;.
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Figure 827: UB{*I'} NMR spectrum of 9 in DCM ;.
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Figure §28: "B{'H} NMR spectrum of 9 in DCM d,.
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Figure 829: B NMR spectrum of 9 in DCM d..
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Figure §30: PC{'I} NMR spectrum of 9 in DCM d;.

~6£0
Eepole

Footp

-120

-1bo
5
[ppm]

Figure 831: “F NMR spectrum of 9 in DCM d).
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Figure §32: "P{'TI} NMR spectrum of 9 in DCM d;.
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Figure $33: 'H NMR spectrum of 10-B(C4Fs); in Chloroform-d;.
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Figure S34: '"B{'H} NMR spectrum of 10-B(C¢Fs); in Chloroform-d;.
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Figure S35: PC{'I1} NMR spectrum of 10-B(CsFs); in Chloroform-di.
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Figure S37: *'P{'H} NMR spectrum of 10-B(C¢Fs); in Chloroform-d,.
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Figure $38: 'H NMR spectrum of 12 in Chloroform d.

155.4

i 3 -50 <00 150 200 250 -3t
Lpprm]

1.00g
=7}

Figure $39:*P{'H} NMR spectrum of 12 in Chloroform d.
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Figure $40:F NMR spectrum of 12 in Chloroform di.
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Figure S41: '"H NMR spectrum of 14 in THF-dk.
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Figure $43: PC{'H} NMR spectrum of 14 in THF-d;
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Figure $44: 'F NMR spectrum of 14 in CD,Cl,.
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Figure §45: *'P{'H}NMR spectrum of 14 in THF-d5.
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Figure 846: "H NMR spectrum of 15 in DCM-d,.
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Figure $47: "B{'H} NMR spectrum of 15 in DCM-d;.
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Figure $50: *'P{'H} NMR spectrum of 15 in DCM-d,.

4. Crystallographic Details

Low-temperature x-ray diffraction data was collected on a Bruker D8 Venture fitted with a Photonll CMOS
Detector. The data collection was executed with Mo K, radiation (4= 0.71073 A) from an /1S micro-source,
performing ¢-and @-scans. The structure was solved by dual-space methods using SHELXT!S! and refined
against /* on all data by full-matrix least squares with SHELXT.-2018"] following established refinement
strategies!"®. The program Olex2"®! was also used to aid in the refinement of the structures. All non-
hydrogen atoms were refined anisotropically. all hydrogen atoms were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic displacement parameters
of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for
methyl groups). Selected crystallographic can be found in Table 81 below. The supplementary
crystallographic data can be found in the CCDC with the following deposit numbers 2079366 (6-B(C4Fs)s).
2129188 (9), 2121299 (10-B(CsFs)s). 2094934 (14), 2121300 (15). Thesc data can be obtained free of

charge from The Cambridge Crystallographic Data Centre vig www.ccde.cam.ac.uk/data_request/cif.
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Table S1- Selected crystallographic data

6-B(CsFs)s 9 10- B(CsFs)s
CCDC number 2079366 2129188 2121299
Empirical formula CasHxBFysPSi, CasHzBF1sPSh, Cy7HsBF1sPSi;
Formula weight 752.42 956.67 856.56
Temperature/K 100 101.3 101.9
Crystal system Triclinic Monoclinic Monoclinic
Space group P1 Pi/c C2/c
ok 11.6244(10) 143921(11) 34.5304(18)
(Y 12.2966(10) 18.3419(14) 11.6897(6)
oK 13.6947(11) 17.0817(14) 20.4603(10)
o/ 105.213(3) 30 90
pr 102.936(3) 108.262(4) 96.274(2)
v/° 112.880(3) 30 90
Volume/X 1619.2(2) 4282.1(6) 8209.3(7)
Z 2 4 8
Reflections collected 55490 45482 66006
Independent
reflections 9961 8163 8376
(0.0385) (0.0585) (0.0552)
(Rint)
R1 [>=20 (D] 0.0328 0.0929 0.0582
wR, (all data) 0.0867 0.1996 0.1656
14 15
CCDC number 2094934 2121300
Empirical formula Ce1H5:BF160:PSi, Cs4HasBF1602PSi3
Formula weight 1234.98 1156.96
Temperature/K 99.9 102.4
Crystal system Monoclinic Orthorhombic
Space group P2i/n P2,2,2
a/A 13.4712(6) 19.2802(3)
WA 20.9562(9) 21.0118(4)
oK 20.572009) 13.44193)
o/° 90 90
B 92.549(2) 90
Ve 90 90
Volume/A? 5801.8(4) 5445.47(18)
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4 4 4
Reflections collected 120663 129159
Independent
) 11861 16603
reflections ©.0516) ©0.0526)
Rind) ' '

R1 [1>=2c (I)] 0.0469 0.0308
wRa (all data) 0.1126 0.0730

Additional refinement details for 9:

The crystal contains one molecule per asymmetric unit which exhibits 3-fold rotational disorder of the
phenyl and two silyl groups. The model was allowed to refine freely with the sum of free variables 2, 3 and
4 constrained to a total of 2 (SUMP) to reflect that there are two silyl moieties. In addition to this relatively
strong DFIX restraints were used for the Si-C and C-C bonds of the disordered silyl and phenyl groups
bound to the central barrelene core. Tphenyl groups were constrained to be regular hexagons (AFIX 66)
with additional FLAT restraints to prevent bending of the phenyl moieties relative to the barrelene core.
Thermal restraints (RIGU, SIMU) were applied to all disordered atoms and thermal constraints (EADP)
were employed to Si1A/C10A and Sil1B/C10B where the atoms are close together/partially overlapping.

Additional refinement details for 10- B(CsFs)s:

The crystal was found to contain one equivalent of phosphinine-borane adduct and disordered solvent. It
was not possible to adequately model the solvent and so SQUEEZE was implemented. SQUEEZE was used
to remove electrons equating to 0.85 equivalents of DCM per ASU.

Additional refinement details for 14:

The crystal was found to contain one equivalent of the synthesized salt in addition to an equivalent of
disordered THF. The THF was modelled in a 60:40 ratio with both parts requiring angle, distance and
thermal restraints. The restraints were introduced using the Fragment DB add-on through the Olex2

interface.
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5, Cartesian Coordinates of the Calculated Structures in Angstrém

-1.1725946
-1.1917553
0.1840883
1.4635305
1.3154943
0.0400701
-2.8223687
2.8174783
-2.5259071
-3.7837923
-3.7837923
4.3993853
2.7455783
2.7455783
-2.1570883
24692327
-0.0096955
-3.4793376
-1.9703598
-1.9703598
-4.7621769
-3.9454412
-3.2447332
-3.9454412
-3.2447332
-4.7621769
5.2672789
4.4714985
4.4714985
3.5834916
1.8238008
2.7830287
1.8238008
27830287
3.583491¢6

-0.9031352
-2.3011100
-3.3513583
-2.1781151
-0.7927013
-0.2086333
0.0189391
0.3552452
1.8734189
-0.4745054
-0.4745054
-0.6535986
1.4367467
1.4367467
-2.7996630
-2.5857364
0.8747891
24056812
2.1939755
2.1939755
0.0099823
-1.5532999
-0.1910796
-1.5532999
-0.1910796
0.0099823
0.0090062
-1.2911580
-1.2911580
2.1365725
20206038
0.8306479
2.0206038
08306479
2.1365725

0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
0.0000000
-1.5362452
1.5362452
0.0000000
-1.5351895
1.5351895
0.0000000
0.0000000
0.0000000
0.0000000
0.8832270
-0.8832270
-1.5600353
-1.5717534
-2.4419362
1.5717534
24419362
1.5600353
0.0000000
0.8829344
-0.8829344
-1.5623147
-1.5648657
-2.4420900
1.5648657
2.4420900
1.5623147
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B(CoFs)s, Ds

C
C

Q0

THTmETE O TR T O0OO00GE 0000

2.3040491
1.5607391
2.3040491
3.6880144
4.3831931
3.6880144
-1.0352299
-2.1915966
-2.6527845
-1.9536083
-0.78036%6
-0.3504409
-0.0000000
-1.9536083
-2.6527845
-2.1915966
-1.0352299
-0.3504409
-0.7803696
1.6817440
1.6817440
4.3574490
57101703
43574490
-0.5995767
-2.8550852
-3.7578723
-2.4351194
0.7533754
-2.4351194
-3.7578723
-2.8550852
-0.5995767
0.7533754

0.9255891
0.0000000
-0.9255891
-0.9338955
0.0000000
0.9338955
-3.6608619
-3.7959566
-2.7269664
-1.5325703
-1.3516397
-2.458159%6
0.0000000
1.5325705
2.7269664
3.7959566
3.6608619
2.4581596
1.3516397
1.8408783
-1.8408783
-1.8234429
0.0000000
1.8234429
-4.6853829
-4.9451526
-2.8619401
-0.5359938
-2.3768722
0.5359938
2.8619401
4.9451526
4.6853829
2.3768722

0.7364603
0.0000000
-0.7364603
-0.7570667
0.0000000
0.7570667
0.7570667
0.0000000
-0.7570667
-0.7364603
0.0000000
0.7364603
0.0000000
0.7364603
0.7570667
0.0000000
-0.7570667
-0.7364603
0.0000000
1.4916941
-1.4916941
-1.4893890
0.0000000
1.4893890
1.4893890
0.0000000
-1.48938%0
-1.4916941
14916941
1.4916941
1.4893890
0.0000000
-1.4893890
-1.4916941
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PPhs, Cs

ITTIToDIIZITTToDZD DD IS DD OOQaaoaavaaaaonaoaaoaaaan

1.3806168
1.7583797
2.7801131
3.4559101
3.0996238
2.0667401
0.9595915
1.0980886
0.3465931
-0.5377511
-0.6658398
0.0848309
0.0000000
-2.5618728
-1.4009004
-1.4654477
-2.7179712
-3.8782017
-3.8025032
1.2448629
3.0555956
4.2587561
3.6235535
1.7936654
1.5359005
1.7841505
0.4459106
-1.1281395
-1.3515760
-24954140
-0.4420934
-2.7807634
-4.8397461
-4.7046666

-0.8950538
-2.1232418
-2.8730625
-2.3954819
-1.1686272
-0.4243875
2.5844224
3.8441798
4.1906469
3.2686666
2.0020432
1.6431761
-0.0000000
-2.10003%4
-1.5776557
-0.7481223
04611806
09711173
-1.7951650
-2.4922271
-3.8243084
-2.9736871
-0.7893963
0.5250901
2.3241964
4.5583777
5.1750345
3.5327875
1.2908182
-2.7433913
-1.81559083
0.1680306
-0.7340692
-2.2013474

-0.6131993
-1.1651625
-0.5984139
0.5200680
1.0672404
0.5074212
-1.1651625
-0.5984139
0.5200680
1.0672404
0.5074212
-0.6131993
-1.4316152
1.0672404
0.5074212
-0.6131993
-1.1651625
-0.5984139
0.5200680
-2.0445522
-1.0343928
0.9577625
1.9349403
05454935
-2.0445522
-1.0343928
0.9577625
1.9349403
0.9454935
1.9349403
0.9454935
-2.0445522
-1.0343928
0.9577625
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6-B(CsFs)s, C1

P

-0.2178311
1.0462474
-1.4839851
-1.7446672
2.6780403
0.2731965
24125724
-2.6320504
0.0074853
4.8006451
-1.4895650
2.3928787
-2.0642783
2.6350084
-4.4257510
0.7104627
4.6853950
-4.6675721
-1.2138616
1.3822981
-0.7688118
0.3513783
-0.8125864
-1.2414147
-0.2249403
-0.2250689
1.4366478
-0.6187563
2.5798959
-1.1440625
0.3320116
1.3705775
0.3856488
0.8305791
-0.5236967
-2.4336570

«

©

-0.1962506
2.2669124
3.8628577

-1.1344868

-0.8859794

-3.9085467

-3.3699228

-1.3796527

-4.9153005

-1.1486608

-1.2010150

-4.1462823

-6.5888320

-3.4265804

-5.6812456

-2.3489819

-2.7788819

-3.0595499

-3.0684637

-2.4252316
24470450

-2.1826820

1.1628690
1.0063448
2.6832956
3.7094163

-2.7836157

-1.6852171

-1.7406908

44171245
1.7223339

-3.2254071
0.3790709

-0.3445061

-1.7179779

-2.6623474

0.1373221
-3.3835634
14616093
2.6229848
0.9519176
-1.8024346
2.1945798
-0.5440069
1.1821295
-0.6449076
52817402
-3.3635979
0.8846774
4.8346807
-0.13190%0
6.4241658
-2.8264708
-0.8382560
0.3552839
-0.2982738
0.4140836
2.2699613
0.9677904
1.9466597
-0.8521647
-1.1999233
2.9022782
3.1344224
-0.0840025
0.6975334
-1.7093456
-1.4382736
-1.3466028
-2.0138754
4.5151648
-0.1643323
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C
C
C
C
C
C
C
H
H
H
C
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
H
H
H
C
B

-2.1957685
1.5721567
-3.3980664
3.6325658
0.5905581
3.6889361
-3.3010232
-3.8476446
-3.7574574
-34418760
2.4649895
-1.2668714
-0.2151024
-1.6727633
-1.7924419
-0.5600936
-0.6583194
-0.9502096
0.5041205
1.9593244
2.7653445
24075957
1.2954726
2.2205541
1.7127714
2.6507212
3.0417229
-0.3787366
-1.0785780
-0.0174339
-0.9337703
-3.5162623
0.0931730

-5.3040804
-2.8432236
-4 8469167
-2.6673398
-2.3015839
-1.8428755
3.5000336
3.4656694
4.2697091
2.5401564
-3.3609271
54869147
5.7093001
6.3046272
5.4903626
38914144
2.9431105
4.6758048
4.0787543
0.8202231
04644042
1.1216755
-0.0208283
3.6969915
4.5432085
4.0482395
3.3988725
2.8112730
1.9915045
3.1529365
3.6330342
-3.5148614
-2.1518959

PhsP-B(CoFs)s, Cs

C

1.6542974

0.1857267

0.5451563
4.2835085
0.0240338
-2.0184153
5.0980180
-0.9034524
1.7449616
0.8010860
2.3706397
22448438
-2.2859860
0.5508711
0.3624593
1.1497569
-0.4056827
3.0928340
3.6240827
3.7445069
2.9406821
-4.1496467
-3.5050636
-5.0982834
-4.3576368
-3.0782572
-2.6123600
-4.0183669
-2.4243924
4.4743649
-4.6448773
-5.4464762
-4.0180902
-0.3344242
0.6612909

1.5315751
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2.7129953
3.9725687
4.1944674
3.1457808
1.8823293
-0.8167455
-1.5671151
-2.4983856
-2.6678064
-1.9173039
-0.9879928
-0.0000000
-0.4779743
0.0349746
-0.6663046
-1.8962498
-2.4054536
-1.6960818
2.5595539
4.7820928
5.1794416
3.3080725
1.0785602
-0.1022408
-1.4266915
-3.0888609
-3.3879336
-2.0631987
0.0798611
0.9846385
-2.4573131
-3.3554013
-2.0905807
2.3269391
1.5686974
2.2775685
3.6322679
43416847
3.6738122
-0.6093529
-1.7312292
-2.2898577
-1.7369874
-0.6377772
-0.0956999

-0.6232521
-0.4840150
0.4632104
1.2643002
1.1271485
2.6611489
3.6823529
3.4009102
2.0921760
1.0665707
1.3398002
-0.0000000
-3.3564761
-2.1937192
-1.5255269
-2.0378968
-3.1983379
-3.8641205
-1.3597016
-1.1135411
0.5763574
2.0021322
1.7596696
2.8964895
4.6981844
4.1973493
1.8638087
0.0542257
-3.8659409
-1.8138953
-1.5367879
-3.5846433
-4.7737067
1.2329541
0.1692462
-0.6907455
-0.5470091
0.5076215
1.4174564
-3.8903429
-4.0138200
-2.8721317
-1.6270594
-1.4431549
-2.6316654

1.1059864
1.6713146
2.6640189
3.0974870
2.5368686
1.1059864
1.6713146
2.6640189
3.0974870
2.5368686
1.5315751
0.7851377
3.0974870
2.5368686
1.5315751
1.1059864
1.6713146
2.6640189
0.3357204
1.3279428
3.0961646
3.8713604
2.8805930
0.3357204
1.3279428
3.0961646
3.8713604
2.8805930
3.8713604
2.8805930
0.3357204
1.3279428
3.0961646
-1.3293840
-1.8125338
-2.6501552
-2.9268120
-2.3784773
-1.5748601
-1.5748601
-2.3784773
-2.9268120
-2.6501552
-1.8125338
-1.3293840
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B
C
C
C
C
C
C
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

0.0000000
-2.2312391
-3.0644593
-2.6104555
-1.3424101
-0.5405811
-0.9309202

1.7353608

1.6778116
4.2541078

5.6423010
4.3322684
-0.0429550
-2.2548272
-3.3532129
-2.3285357

1.0154019
-2.7507627
-4.2893134
-3.3874738
-0.9008949

0.6507241

0.0000000
13987113
24728865
3.5061985
3.4191408
2.3178050
1.2739087
2.1743961
-1.7200765
-1.4158464
0.6539338
24516362
-4.9776726
-5.2133430
-2.9762422
-0.5929892
-2.5900646
0.4156685
2.5260364
4.5594091
4.3920887
2.3130657

Pyridine-B(CsFs)s, C

Vo

rd

T T T T T R R -

-0.6786860
-0.8215574
-2.0412245
-2.7081831
-2.1242905
-0.9290900
1.8710163
4.1955201
5.0922298
3.5947682
1.2876965
2.4083942
2.2772980

-0.9735356
-2.2675284
-2.2827021
0.0664048
2.4255802
2.4754189
1.5414572
0.7482687
-1.7955659
-3.5250995
-2.7727575
1.4248918
3.6338350

-1.4092757
-1.3293840
-1.5748601
-2.3784773
-2.9268120
-2.6501552
-1.8125338
-0.5640474
-3.2717167
-3.7293136
-2.6301683
-1.0435175
-1.0435175
-2.6301683
-3.7293136
-3.2717167
-0.5640474
-0.5640474
-1.0435175
-2.6301683
-3.7293136
-3.2717167

1.0786847
-1.5368270
-3.9102029
-5.1302354
-3.9065019
-1.5506493
-1.5159911
-2.5691492
-2.1638514
-0.6806038
0.3679682
1.3019569
2.75597186

47

77



-0.1143961 4.8405072 3.2511010
-2.4018765 3.7590610 2.2323208
-2.2995851 1.5473413 0.7415820
0.0142519 -1.2582884 2.1960484
1.0183269 -0.8672125 2.2425404
-0.5255322 -2.0036214 3.2198208
0.0711326 -2.2141563 4.0944613
-1.8303519 -2.4682934 3.0993584
-2.2797656 -3.0559298 3.8876932
-2.5457095 -2.1579325 1.9543665
-3.5653162 -2.4854362 1.8182664
-1.9401313 -1.4055634 0.9643529
-2.4639983 -1.1200278 0.0685401
-0.8514702 0.0988176 -1.3886554
-1.1494972 -1.0750145 -2.0798104
-1.7725182 -1.1162768 -3.3161808
-2.1104639 0.0747135 -3.9398821
-1.8144879 1.2723167 -3.3099952
-1.1962778 1.2669112 -2.0655430
1.4773760 -0.5493735 -0.4845107
22746482 0.2822431 -1.2703959
3.4771290 -0.1044778 -1.8345565
3.9364990 -1.3983698 -1.6319614
3.1744313 -2.2709925 -0.8758571
1.9705394 -1.8394407 -0.3312657
0.0637205 1.4151277 0.8717253
1.1922960 1.9843766 1.4502604
1.1545258 3.1307798 2.2356341
-0.0588402 3.7445408 2.4955343
-1.2198843 3.1922594 1.9743312
-1.1321289 2.0518927 1.1959979
0.0234635 0.0308510 -0.0058507

HONONONONONONO NN NI NONONONONONONONON-sNoN-- o NN oNNo N No N N Nl

6-B(CFs)s HOPT

(Non-hydrogen atom coordinates were taken from the crystal structure of 6-B(CFs);. The geometry of the

hydrogen atom coordinates was optimized).

P -0.2944551 -0.2411762 -0.0318976

Si 11827649 2.4562828 -3.3267886

i -1.5737081 3.7810848 1.4118744
-1.8242491 -1.1647812 2.5029084
2.6349549 -0.8682352 0.6890484
0.2398269 -4.1954572 -1.7119086
2.4736859 -3.1311312 2.1585034
-2.7836301 -1.5769182 -0.5297406
0.0820159 -4.8873022 1.2584124

w2
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4.7699199
-1.5158311
2.3647099
-1.9294691
2.7409159
-4.3681931
0.7788099
4.6605859
-4.7569311
-1.2474071
1.3224689
-0.8265441
0.3368379
-0.9245151
-1.4218189
-0.1857131
-0.1426970
1.4645909
-0.6459811
2.5295809
-1.1120221
0.3961209
1.3300379
0.4058349
0.8688515
-0.5249641
-2.5103291
-2.1301141
1.6258169
-3.3644231
3.5991979
0.6290679
3.6492009
-3.3601251
-3.9344234
-3.8267816
-3.4566807
2.4305459
-1.4257431
-0.3862366
-1.8753585
-1.9446724
-0.6500171
-0.7348621
-1.0535382

-1.3325312
-0.9901542
-4.6253562
-6.6623562
-2.9604912
-5.9266982
-1.9114552
-3.2037842
-3.3688202
-3.1459022
-2.5182532
2.3961228
-2.0770252
1.0823778
0.8827100
2.6862608
3.7288422
-2.5493742
-1.5847632
-1.8261542
-4.4694782
1.7606768
-3.4490542
0.3911998
-0.3066374
-1.4995102
-2.8250852
-5.4049102
-2.4898622
-5.0331982
-2.9815332
-1.9609732
-2.0351172
3.3603368
3.2990963
4.1180022
2.4016831
-3.6911712
5.3786158
5.6494816
6.1991882
5.3180920
3.8047068
2.8400526
4.5632904

-0.8369346
5.1464824
-3.2029176
1.1842734
4.7788884
0.2195434
6.3275694
-2.8312806
-0.6264656
0.3694544
-0.3944166
0.3549414
2.1716644
0.8371034
1.7733326
-0.8587726
-1.1475648
2.8333294
3.0259194
-0.2591536
0.7950024
-1.7432816
-1.4313556
-1.4570266
-2.1401433
4.4037124
-0.1049416
0.7527414
4.2101394
0.2652454
-2.0516806
4.9976904
-1.0432026
1.7354134
0.8094896
2.3686473
2.2481859
-2.2387646
0.4621234
0.2693544
1.0250001
-0.4962465
3.0304904
3.5345871
3.7044294
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0.4121312 4.0120273 2.8899294
1.7394229 1.0203768 -4.3833406
24947146 0.4134342 -3.8802314
21788584 1.3757481 -5.3172771
0.9010661 0.3709906 -4.6423864
2.5947369 3.5606118 -2.8091856
22410448 43633589 -2.1594499
3.0695417 4.0236735 -3.6767791
3.3604625 3.0061338 -2.2643381
-0.1099741 3.4729438 -4.1956056
-0.9777911 2.8699500 -4.4683909
0.2916759 3.9116192 -5.1116606
-0.4612275 4.2936763 -3.5677085
-3.5601051 -3.7375152 -0.1648006
0.0423339 -2.1654532 0.5615894
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Phosphinine Selenide: Noncovalent Interactions with
Organoiodines and Elemental lodine, and Reactivity

towards Potassium Cyanide

Jinxiong Lin,”! Nathan T. Coles,* ™ Manuela Weber,”” and Christian Miiller®

Dedicated to Prof. Ldszlé Nyuldszi on the occasion of his 65" birthday

A co-crystalline adduct consisting of a phosphinine selenide
and an organohalide was obtained by slow evaporation of the
solvent from a mixture of 2,6-bis(trimethylsilyl)phosphinine
selenide and 1,4-diiodotetrafluorobenzene (1,4-TFDIB). The
crystallographic characterization of the product shows m-mt
stacking, F--H hydrogen bonding between 1,4-TFDIB and the
phosphinine selenide, as well as F--F interactions between 14-
TFDIB molecules. Moreover, the phosphorus heterocycle could

Introduction

Since the first synthesis of phosphine selenides (R,P=Se, R=
alkyl, aryl), a vast amount of reports concerning their applica-
tion in several fields of chemical research have been published
in literature."” In general, trivalent phosphines readily react with
grey selenium to form quantitatively phosphine selenides,
which are thermodynamically and kinetically rather stable
compounds.? Consequently, the selenium atom can be used as
a protecting group, which can be removed again by different
methods.” Moreover, the 'J coupling between the *'P and ’Se
nucleus provides valuable information on the basicity of the
trivalent phosphorus atom, which is of fundamental importance
when applying organophosphorus compounds as ligands in
homogeneous catalysis.* Interestingly, the selenium atom in
triphenylphosphine selenide (Ph;P=Se, 1) shows a high affinity
towards organoiodines, which often results in the formation of
co-crystalline adducts with non-covalent halogen bonding
interactions. Pennington and co-workers have reported on
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be crystallized with diiodine to form a 1:1 adduct. The d;
distance in this compound is 2.8475(3) A, which is shorter than
the corresponding one in triphenylphosphine selenide diiodide,
reflecting the weaker net-donor power of the phosphinine
selenide towards diiodine. The phosphinine selenide could also
be used as a selenium transfer reagent to generate KSeCN from
KCN.

cocrystals, that display halogen bonding, by combining 1 with
1,2-diiodotetrafluorobenzene (1,2-TFDIB), 1,4-diiodotetrafluoro-
benzene (1,4-TFDIB, 2), and tetraiodoethylene (TIE), respectively
(Scheme 1). In this way finite adducts, chains and two-dimen-
sional layers could be assembled.” 1,4-TFDIB has been exten-
sively investigated as a tool in cocrystal formation as the
polarizable iodine atoms attached to the aromatic ring lead to
the presence of o-holes. This, in turn, facilitates the formation of
halogen bonds. On the other hand, n-hole is generated at the
n-surface of the aryl-ring, due to the presence of highly
electronegative fluorine atoms, that cause an electron-deficient
core” Halogen bonding as a non-covalent interaction is a

R F @ Ph
e PPhy Phae: Ph
JSe--- |--- 8¢’ \ﬁ@
PhgP (] Oge.
@ FF TNy
2 3
i ®
,C=Se---N=C-- Li
4
this work:
non-covalent i and ivity of a phost selenide
=
Z
Me;Si~ ~' "SiMe
O,
12C6Fa Se KCN
6
n---T Se---1 l k2 Se-transfer:
F---F F---H Se---I-l KSeCN
cocrystal 7 adduct 8 9

Scheme 1. Adducts of Ph;P=Se with 1,4-TFDIB (2) and I, (3). Interaction of
LiCN with F,C=Se (4) and brief summary of this work.
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valuable instrument in understanding the association of
molecules in a crystalline environment.”” This topic recently
attracted a lot of attention, for instance, for the synthesis of
diverse crystalline forms,® the development of photolumines-
cent materials,” the construction of stoichiomorphic donor-
acceptor aggregates and the exploration of the nature and
energetics of intermolecular interactions."*""

Besides the formation of halogen bonding using organo-
iodine compounds, phosphine selenides can also form charge-
transfer complexes with dihalogens. The first examples were
reported by Zingaro and co-workers in 1960, who showed that
R;P=Se (R=alkyl or aryl) can form 1:1 adducts with I, (3), IBr
and ICl in CCl,"" Godfrey and co-workers characterized
crystallographically several phosphine selenide dihalides and
showed, that the donor power of the selenium atom in R;P=Se
towards diiodine is sensitive to the nature of the R groups."”

Also, chalcogen bonds with nitrogen bases are known. This
type of noncovalent Se--N interaction plays a prominent role
with respect to molecular recognition, biological systems as
well as crystal engineering."" In this case, the o-hole at the
selenium atom can interact with the lone pair of nitrogen-based
compounds (4, Scheme 1)."

Our group recently reported on the first synthesis of a
phosphinine selenide (6, Scheme 1)." In contrast to classical
phosphines, the selenation of phosphinines is rather challeng-
ing as the phosphorus atom in the aromatic phosphorus
heterocycle shows a very weak basicity along with a poor
nucleophilicity. These characteristics severely hindered the
reaction with grey selenium. However, the electronic properties
of phosphinines can be drastically influenced by introducing
strongly electron-donating Me;Si-substituents to the heterocy-
clic ring. In this way, it was possible to react the bis-SiMe,-
substituted phosphinine 5 with red selenium to the correspond-
ing phosphinine selenide, albeit the desired product could
finally not be characterized crystallographically. Interestingly
and similar to 4 (Scheme 1), the phosphinine selenide 6 is
expected to be a multifunctional molecule, with a o-hole at the
selenium atom, a m-hole at the phosphorus atom (energetically
low-lying LUMO) as well as two lone-pairs perpendicular to one
another with a high p-character at the selenium atom. This is
also reflected in the corresponding electrostatic potential plot
of 6 (Figure 1) and indicates that the phosphinine selenide
should have the potential to form adducts with organoiodine
compounds as well as with halogens and nitrogen bases and

== .
00 0025 005 0075 0.1

Figure 1. Electrostatic potential plot of 6 calculated at B3LYP—D3/def2-TZVP
level of theory. The electrostatic potential (in a.u.) is mapped on electron
density isosurfaces of 0.02 e/au’ (in accordance to ref. [16)).
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that the formation of co-crystalline adducts can be expected."
These qualitative considerations prompted us to investigate the
reactivity of phosphinine selenide 6 towards organoiodines,
dihalogens as well as CN™ in more detail.

Results and Discussion

As 1,3,5-trifluoro-2,4,6-triiodobenzene (TFTIB), 1,2-TFDIB, 1,4-
TFDIB, as well as TIE have been used successfully in the
formation of co-crystals with Ph,P=Se and Ph,P before,*® we
started a systematic study these organoiodines in combination
with phosphinine selenide 6. At first, an equimolar solution of
TFTIB and 6 in different solvents (see Supporting Information)
was prepared at T=-30°C and the solvent was slowly
evaporated at room temperature. Colorless crystals were
obtained, which turned out to be the starting material TFTIB.
With 1,2-TFDIB and TIE, only viscous oils were obtained with 6.
When using a combination of 1,4-TFDIB and 6 in deuterated
dichloromethane as solvent, the *'P NMR spectrum of the
mixture shows a signal at d(ppm)=168.4 with "Se-satellites,
which is identical to the pure phosphinine selenide 6.'¢
However, when using a mixture of dichloromethane and n-
pentane, single crystals, suitable for X-ray diffraction, could be
obtained by slow evaporation of the solvent mixture.

The crystallographic characterization of the product 7
reveals indeed the presence of a co-crystalline adduct that
crystallizes in the centrosymmetric monoclinic space group
P2,/c. The unit cell consists of four molecules 1,4-TFDIB and four
molecules of 6 (Figure 2), while the asymmetric unit contains
two half molecules of crystallographically different molecules of
1,4-TFDIB. Figure 2 represents the first structurally characterized
phosphinine selenide.

The P(1)-Se(1) bond length of 2.083(1) Ais slightly shorter
than the one found in the co-crystalline product of 1,4-TFDIB
and Ph;P=Se (2.127(2) and 2.107(2) A)”¥' As expected, the Se
atom lies very close to the axis defined by the P(1) and C(3)
atoms (Se(1)—P(1)—C(3): 178.64°), while the phosphorus hetero-
cycle is essentially planar with a P(1)-C(1)-C(2)—-C(3) torsion
angle of 0.2°. This situation may contribute to m-t stacking. In
fact, the phosphorus heterocycle and the closest 1,4-TFDIB

/, \77'\'_

e

Figure 2. Molecular structure of phosphinine selenide-1,4-TFDIB adduct 7 in
the crystal (unit cell). Displacement ellipsoids are shown at the 50%
probability level. Selected bond lengths (A) and angles (°): Se(1)-P(1):
2.083(1), P(1)-C(1): 1.721(5), P(1)-C(5): 1.715(5), C(1)-C(2): 1.414(7), C(2)-C(3):
1.387(8), C(3)-C(4): 1.390(8), C(4)—C(5): 1.396(7), C(1)-P(1)—-C(5): 111.8(3).

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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molecule show nearly an offset-stacked geometry with d-
(C17--centroid(6)=3.852A and  d(C3-centroid(1,4-TFDIB)=
3.634 A. The C—C bond distances in the phosphinine selenide
are very similar to the ones observed in a 2,6-bis-Si(CH);-
substituted phosphinine sulphide, reported by Le Floch and co-
workers."” The same is observed for the P(1)—C(1) and P(1)—C(5)
bond lengths (1.721(5) and 1.715(5) A, respectively) as well as
for the C(1)-P(1)—C(5) angle of 111.75°.

A closer look to the packing of the molecules in the crystal
of 7 reveals further distinct features (Figure 3). The iodine atoms
of one of the 1,4-TFDIB molecules show potential 1(2)--Se(1)
contacts to two different phosphinine selenides, with an
interatomic  distance of d;.sy=3.8730(7) A (Figure 3, blue
dotted line). This value is significantly longer than the one
found for the cocrystal consisting of Ph;P=Se and 1,4-TFDIB
(dy..se=3.4944(11), 3.6841(12), 3.4224(13) A) and almost equal
to the sum of the van der Waals radii of selenium and iodine
(3.91 A).®"™ The second molecule of 1,4-TFDIB has a distance of
1(1)--Se(1) of 4.0216(7) A, which is clearly outside the sum of the
van-der-Waals radii and is not to be considering interacting.
Moreover, the P=Se- angle is with 130.69(4)° considerably
larger than the one found in Ph;P=Se-1,4-TFDIB (113.01(7)°,
88.90(6)°, and 112.60(7)°). The C(17)-(2)—Se(1) angle of 143.71°
deviates substantially from linearity. Consequently, only a weak
interaction of the selenium atom with the o-hole of 1,4-TFDIB
should be considered. The four fluorine atoms of 1,4-TFDIB
form short F--F contacts of 2.692(6) and 2.757(6) A with
neighboring 1,4-TFDIB molecules (Figure 3, red dotted lines), as
well as two F--H hydrogen bonds with adjacent phosphinine
selenides (d..y=2.579 A and 2.623 A, Figure 3, green dotted
lines). Overall we assume that the co-crystal 7 is primarily held
together by F--F and F-H interactions as well as wt-rt stacking,
with only slight contributions by Se-I contacts.

It is well known that Ph;P=Se can form charge-transfer (CT)
adducts when combined with stoichiometric amounts of an
appropriate dihalogen or interhalide compounds.” Upon
addition of Br, to 6 in dichloromethane, however, the formation
of several products was observed by means of *'P{'H} NMR

o

Figure 3. Overview of molecular packing in the cocrystal of 7. 1,4-TFDIB
molecule is involved in I-Se interactions (blue), short F--H contacts with two
neighboring phosphinine selenides (green), and short F--F short contacts
with neighboring 1,4-TFDIB molecules (red).

ChemPlusChem 2022, 202200284 (3 of 5)

spectroscopy, even at T=—30°C. We anticipate that the rather
reactive bromine reacted unselectively with the unsaturated
phosphorus heterocycle. The same was observed when the
interhalide compounds IBr and ICl, respectively, were used.
Nevertheless, when |, was added to 6 at room temperature in
dichloromethane, the *'P{'H} NMR spectrum revealed a single
resonance at d(ppm)=162.0, which is only slightly shifted
compared to the starting material (8(ppm)=170.3). Addition-
ally, the 'Jps. coupling constant decreased numerically from
883 Hz to 833 Hz. Much to our delight, the slow evaporation of
the solvent at T=—30°C afforded large dark red crystals, which
were suitable for single crystal X-ray diffraction.

The crystallographic characterization reveals, that an |,
adduct of 6 has indeed been formed. The molecular structure
of the new compound (8) and its packing in the solid state is
depicted in Figure 4, along with selected bond lengths and
angles.

The 1(1)-1(2) bond length in 8 is with 2.8475(3) A slightly
shorter compared to Ph;P=Se--l,, while the distance di. is
with 2.8585(3) A somewhat longer than in the triphenylphos-

a)

b)

N

U S

Figure 4. Molecular structure of phosphinine selenide-diiodide adduct 8 in
the crystal and packing of 8 in the solid state. Displacement ellipsoids are
shown at the 50% probability level. Prime (') donates a symmetry equivalent
atom generated using the following equation: 1+x, +y, +z. Selected bond
lengths (A) and angles (°): I(1)-Se(1): 2.8585(3), 1(1)-(2): 2.8475(3), Se(1)-P(1):
2.1243(6), P(1)-C(1): 1.709(2), P(1)—C(5): 1.705(2), C(1)-C(2): 1.401(2),
C(2)-C(3): 1.395(2), C(3)-C(4): 1.395(3), C(4)—C(5): 1.399(2), 1(2)-P(1)"
3.6853(5). Se(1)-(1)-(2): 174.500(15); I(1)—Se(1)—P(1): 105.85(2),
C(1)—P(1)—C(5):113.81(8).

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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Scheme 2. Reaction of phosphinine selenide 6 with KCN in acetonitrile.

phine derivative (d,: 2.881(2) A; ds.: 2.8033) A; dyy in 1
2.71 A). This can be attributed to the smaller polarization of the
Se(1)-(1) bond in 8. Moreover, the P(1)-Se(1)-I(1) bond angle
in 8 is with 105.85(2)° very similar with respect to Ph;P=Se--l,
(106.0(1)°). This is in line with the donation of electron density
from one of the non-bonding p-orbitals at the selenium atom
to the o-hole of the I, molecule. The Se(1)—(1)-1(2) moiety is
essentially linear (174.500(15)°), which is consistent with other
crystallographically characterized charge-transfer complexes of
diiodine (Scheme 1).1"!

Additionally, the P(1)-Se(1) bond in 8 is with 2.1243(6) A
considerably longer with respect to 7 (2.083(1) A). Also this
observation is in line with earlier computational studies on
phosphinine selenides, which show, that the two non-bonding
p-orbitals at the selenium atom are involved in backdonation to
o*(P—C) and m*(P—C) orbitals."” Consequently, also the bond
lengths P(1)-C(5) (1.705(2) A) and P(1)-C(1) (1.709(2) A) are
shorter in 8 with respect to 7 (1.721(5), 1.715(5) A).

Additionally, 1(2) has a short contact of 3.6853(5) A to the
phosphorus atom P(1)' of a neighbouring phosphinine selenide
(Figure 4b), which is significantly shorter than the sum of the
van-der-Waals radii of these atoms. This is perfectly in line with
the presence of a formal positive charge at the phosphorus
atom.

As the o-hole at the selenium atom of 6 (Figure 1) is in fact
larger than the corresponding one in Ph,P=Se, we anticipated
that the rather nucleophilic CN™ anion might form a strong
Se-~-NCK bond. Compound 6 was thus reacted with KCN in
acetonitrile at room temperature (Scheme 2).

Upon slow evaporation of the solvent, single crystals,
suitable for X-ray diffraction, were obtained. Much to our
surprise, we found that KSeCN had been formed, rather than
the expected adduct of the type 6--NCK (Figure S10). This
polymorph of KSeCN can be found in the Cambridge Crystallo-
graphic Data Center."” Apparently, 6 serves as a very good
selenium-transfer reagent, rather than participating in non-
covalent interactions.

Conclusion

In conclusion, we have structurally characterized for the first
time the phosphinine selenide (6) in form of a co-crystalline
adduct with the organoiodine 1,4-TFDIB (7). The molecular
structure of 7 in the solid state is stabilized by several non-
bonding interactions, including mt-t stacking, hydrogen bond-
ing, F-F— and Se-l interactions. This demonstrates that
phosphinine selenides can be used efficiently as a multifunc-
tional molecule for crystal design. Moreover, we could show

ChemPlusChem 2022, €202200284 (4 of 5)

that the phosphinine selenide also forms an adduct with
diiodine via interaction of one of the selenium lone-pairs with
the o-hole at the I, molecule, as confirmed by single crystal X-
ray diffraction. The iodine molecule shows an additional contact
with the phosphorus atom of a neighboring phosphinine
selenide, which carries a formal positive charge. Moreover, it
turned out that the phosphinine selenide acts as an efficient
selenium transfer reagent as it reacts selectively with KCN
towards KSeCN.

Experimental Section

General Remarks: All reactions were performed under argon in
oven-dried glassware using modified Schlenk techniques unless
otherwise stated. All common solvents and chemicals were
commercially available and were used without further purification.
All dry or deoxygenated solvents were prepared using standard
techniques or an MBraun solvent purification system. 2,6-
Bis(trimethylsilyl)phosphinine selenide (6) was prepared according
to the literature." The 'H, “C{'H}, "F, *Si{'H}, *'P, *'P{'H} and "’Se
{"H} NMR spectra were recorded on a JEOL ECX400 (400 MHz) and a
Bruker Avance 600 (600 MHz) spectrometer and all chemical shifts
are reported relative to the residual resonance in the deuterated
solvents. The HRMS ESI mass spectra were measured on an Agilent
6210 ESI-TOF.

Single crystal X-ray diffraction: Low-temperature and room-temper-
ature X-ray diffractometry was performed on a Bruker-AXS X8
Kappa Duo diffractometer with /uS micro-sources, performing ¢-
and w-scans. The data were collected using a Photon2 CPAD
detector with Mo K, radiation (1=0.71073 A). The structures were
solved by dual-space methods using SHELXT®” and refined against
F* on all data by full-matrix least squares with SHELXL-2017%"
following established refinement strategies®”. The program
Olex2® was also used for refinement. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were included into
the model at geometrically calculated positions and refined using a
riding model. The isotropic displacement parameters of all hydro-
gen atoms were fixed to 1.2 times the U-value of the atoms they
are linked to (1.5 times for methyl groups). Details of the data
quality and a summary of the residual values of the refinements are
listed in table S2. Tables $S3-S8 provide all bond lengths and angles
for the obtained structures (Supporting Information).

Preparation of 7: Phosphinine selenide 6 (32 mg, 0.1 mmol) was
dissolved in dichloromethane (2 mL) at T=-30°C. Subsequently,
1,4-TFDIB (40 mg, 0.1 mmol) was added to the solution. Another
2mL of n-pentane was layered on the dichloromethane solution.
The co-crystalline adduct 7 was obtained after the solution was
evaporation at T=-30°C. '"HNMR (400 MHz, C;Dy) & 7.47 (dd,
*Jup=42.7, *Jyy=8.1 Hz, 2H, meta-H), 6.64 (q, *Jy»=8.0 Hz, 1H, para-
H), 043 (s, 18H, —SiMe;)ppm. “C{'H}NMR (101 MHz, CD,Cl,)
5 148.6-147.8 (m, CeF4ly), 146.1 (d, *Jep=15.1 Hz, meta-C-CsHsP),
145.5 (d, *Jep=14.6 Hz, para-C-CsH,P), 120.0 (d, Ycp=52.2 Hz, ortho-
C-CsHsP), 73.5-73.2 (m, CeF4ly), —1.0 (d, J=2.8 Hz, —SiMe;) ppm.
3P NMR (162 MHz, CD,Cl,) & 16839 (td, Jyp=43.1, 7.6 Hz, Up se=
883.5 Hz) ppm. *P{'H}NMR (162 MHz, C,D)) 1703 (5, Ypse=
883.5 Hz) ppm. "FNMR (377 MHz, CD,Cl,) & —114.6 ppm. ”’Se
{'H} NMR (76 MHz, CD,Cl,) & —28.0 (d, 'Jp.s.=878.8 Hz).

Preparation of 8: Phosphinine selenide 6 (32 mg, 0.1 mmol) was
dissolved in dichloromethane (1 mL) at T=-30°C and |, (25 mg,
0.1 mmol) was added to the solution. The dichloromethane solution
was stored in the freezer at T=-30°C and red crystals were
obtained after the solvent slowly evaporated. Product yield: 92%

© 2022 The Authors. ChemPlusChem published by Wiley-VCH GmbH
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(0.09 mmol, 51.6 mg). 'H NMR (600 MHz, CD,Cl,) & 7.94 (dd, 'y,p=
44.4, *Jyy=8.1Hz, 2H, meta-H), 7.27 (q, *Jyp=8.2 Hz, TH, para-H),
0.49 (s, 18H, —SiMe;) ppm. "*C{"H} NMR (151 MHz, CD,Cl,) & 148.5 (d,
*Jep=13.0 Hz, para-C), 146.8 (d, *Jcp=16.4 Hz, C2, meta-C), 122.4 (d,
Jep=54.5 Hz, ortho-C), —0.7 (d, J=2.9 Hz, —SiMe;) ppm. *'P{'H} NMR
(243 MHz, CD,CL,) 8 162.0 (s, 'Jp_s.=832.5 Hz) ppm. HR-ESI MS (m/2):
573.5846 (Calculated: 573.8169) [M] .

Synthesis of KSeCN: Phosphinine selenide 6 (32 mg, 0.1 mmol) was
dissolved in acetonitrile (1 mL) and KCN (6.5 mg, 0.1 mmol) was
added to the solution at room temperature. After stirring for
2 hours, the solvent was slowly evaporated to afford dark red
crystals in quantitative yield. (14 mg). The free phosphinine 6 could
be detected as a viscous oil at the bottom of the vial.
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1. Experimental details

Table S1: Method and list of solvents used for crystallization experiments.

Experiment | Solvent used for crystallization Method Result
number
Phosphinine selenide (6)+TFTIB
1. Acetonitrile Slow evaporation (r. t.) Single crystal of
TFTIB and grey
selenium
2. Dichloromethane Slow evaporation (-30 °C) | Single crystal of
TFTIB and viscous
oil
3. Dichloromethane and n-Pentane | Diffusion and then Slow Single crystal of
evaporation (-30 °C) TFTIB and viscous
oil
4. Dichloromethane and diethyl Layering of solvents and Single crystal of
ether then slow evaporation (-30 | TFTIB and viscous
°C) oil
6+1.,2-F4DIB
1 Dichloromethane Slow evaporation (-30 °C) | viscous oil
2 Tetrahydrofuran Slow evaporation (r. t.) viscous oil
3 Dichloromethane and n-Pentane | Layering of solvents and viscous oil
then slow evaporation (-30
uc)
4 n-hexane Slow evaporation (r. t.) viscous oil
6+TIE
1 Dichloromethane Slow evaporation (-30 °C) | Aggregates
2 Dichloromethane and #-Pentane | Layering of solvents and Aggregates
then slow evaporation (-30
oc)
6+1,4-F4ADIB
1 Dichloromethane Slow evaporation (-30 °C) | viscous oil
2 Dichloromethane and n-Pentane | Slow evaporation (r. t.) Co-crystal
3 Acetonitrile Slow evaporation (r. t.) Grey selenium and
viscous oil
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2. NMR spectra
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3. Crystallographic details
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Figure S10. Molecular structure of KSeCN in the crystal. Displacement ellipsoids are shown at the 50 %
probability level. Selected bond lengths (A) and angles (°): Se(1)-C(1): 1.808(1); Se(1)-K(1): 3.3374(3);
3.8096(3); 3.3892(4); 3.4396(3), K(1)-N(1): 2.867(1); 2.810(1); 3.007(1), N(1)-C(1): 1.160(2). C(1)-
Se(1)-K(1): 98.45(4); 128.58(4); 80.27(4); 112.44(4).

This polymorph of KSeCN can be found in the Cambridge Crystallographic Data Center (Figure S10).!"!

The structures were solved by dual-space methods using SHELXT!?! and refined against 72 on all data
by full-matrix least squares with SHELXL-20178! following established refinement strategies!*l. The
program Olex2®! was also used to aid in the refinement. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were included into the model at geometrically calculated positions
and refined using a riding model. The isotropic displacement parameters of all hydrogen atoms were
fixed to 1.2 times the U-value of the atoms they are linked to (1.5 times for methyl groups). Details of
the data quality and a summary of the residual values of the refinements are listed in Table S2 below.
Tables S3, S5, S7 give all bond lengths for the structures and S4, S6, S8 give all angles for the structures.

Table S2 — Selected crystallographic data for 7, 8 and KSeCN.

Sample name 7 8 KSeCN
CCDC number 2201270 2201271 2201272
Empirical formula C]7H2|F4[2PSeSi2 C] lellzPSeSiz CKNSe
Formula Weight 721.25 573.19 144.08
Temperature / K 100.0 102 294.0
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2,/c P2//c P2i/n
a/A 10.2800(2) 9.6576(2) 4.4153(2)
b/A 10.1004(2) 15.7829(3) 7.5083(3)
c/A 23.2591(4) 12.3940(2) 11.7238(7)
a/® 90 90 90
pre 90.2792(6) 90.4417(6) 100.168(2)
y/° 90 90 90
Volume/A? 2415.01(8) 1889.10(6) 382.56(3)
Z 4 4 4
Reflections collected 58835 62088 15784
Independent reflections 5927 5730 1673
(Rin) (0.0497) (0.0340) (0.0375)
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\ Ri[>26 ()] [ 0.0446 [ 0.0173 [ 0.0189

\ WwR; (all data) [ 0.1016 [ 0.0407 [ 0.0331

Additional refinement details for 7: Refined as a 2-component twin. Twin was found using the
twinning tool COSET in WINGX2014. This generated a new hkl file which was refined against.

Table S3-List of bond lengths for 7.

Atom|1 Atom?2 Length/ A Atoml Atom?2 Length/ A
n C17 2.082(5) C13  Cla 1376(9)
F3 Cls 1.349(8) Sel Pl 2.083(1)
F4 Cl6 1.342(8) P1 ci 1.721(5)
Cl15 Cleé 1.36(1) Pl C5 1.715(5)
Cl5 c17 1.370(9) sil Cl 1.879(5)
Cl6 C17 1.394(9) Sit 6 1.863(7)
Cl17 Cl5 1.370(9) Sil C7 1.856(7)
12 C17 2.082(5) Cci3  Cl4 1.376(9)
F3 Cl15 1.349(8) Cl4 Cl12 1.39(1)
F4 clé 1.342(8) I c13 2.078(7)
Cl5 Cl6 136(1) F1 c12 1.343(8)
Cle C17 1.394(9) F2 Cl14 1.343(7)
1 c13 2.078(7) c2  cn 1377(9)
Fl Cl12 1.343(8) Sil C8 1.856(7)
F2 cl4 1343(7) sz Cs 1.897(6)
Cl12 Cl13 1.377(9) Si2 C9 1.867(6)
Cl12 Cl4 1.39(1) Si2 C10 1.851(7)
2 C3 1.387(8) sz cll 1.855(7)

3 c4 1.390(8) cl c2 1.414(7)
C4 C5 1.396(7)

Table S4-List of angles for 7.

Atoml Atom2 Atom3 Angle/® Atom1 Atom2 Atom3 Angle/®

F3 Cls Cl6 119.0(6) CI2 Cl4 F2 117.7(6)
F3 cls cl7 119.66) Cl12 Cl4 Cl3 121.3(6)
clé cls c17 121.3(6) F2 cl4 c13 120.9(6)
F4 Cl6 cl1s 119.06)  Sel P1 Cl 123.4(2)
F4 Cl6 c17 119.6(5)  Sel Pl cs 124.9(2)
C15 Cl6 c17 1213(6) Cl Pl cs 111.8(3)
2 c17 Cl6 121.0¢4) Cl Sil C6 107.6(3)
2 C17 Cls 121.6(4) Cl Sil c7 110.0(3)
C16 c17 Cls 117.3(5) Cl Sil cs 109.1(3)
c17 cls F3 119.6(6) C6 Sil C7 108.4(3)
c17 Cls Cl16 121.3(6) C6 Sil Cs 109.7(3)
F3 cls Cl6 119.06) C7 Sil Cs 111.9(3)
F4 C16 Cls 119.06) C5 Si2 C9 107.0(3)
F4 Cl6 C17 119.6(5) CS Si2 C10 108.6(3)
Cts Cl6 C17 1213(6) C5 Si2 Cll 110.3(3)
Cls c17 2 121.6(4) €9 Si2 C10 110.4(3)
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Cl15 Cl17 Cl6 1173(5) C9 Si2 Cl1 108.6(3)
2 C17 Cl6 121.0(4) C10 Si2 Cl1 111.8(3)
F1 C12 C13 120.5(6) P1 Cl Sil 122.7(3)
F1 C12 Cl4 118.7(6) Pl C1 C2 115.3(4)
C13 Cl12 Cl4 120.8(6)  Sil Cl C2 122.0(4)
11 C13 CI12 121.0(5) Cl1 Cc2 C3 126.9(5)
11 C13 Cl4 121.1(5) C2 C3 C4 123.3(5)
Cl12 Cl13 Cl4 117.9(6) C3 Cc4 C5 126.2(5)
F2 Cl4 C13 120.9(6) P1 C5 Si2 121.6(3)
F2 Cl4 Cl12 117.7(6) P1 C5 Cc4 116.6(4)
C13 Cl4 CI12 121.3(6) Si2 C5 Cc4 121.7(4)
C14 Cl12 F1 118.7(6) 11 C13 Cl14 121.1(5)
C14 Ci12 C13 120.8(6) Cl12 C13 Cl4 117.9(6)
F1 Cl12 C13 120.5(6) 1l Cl13 Cl12 121.0(5)
Table S5-List of bond lengths for 8.
Atom]1 Atom?2 Length/ A Atoml  Atom2 Length/A
11 Sel 2.8585(3) Sil C8 1.860(2)
I1 I2A 2.843(2) Si2 C5 1.906(2)
Sel P1 2.1249(6) Si2 C9 1.865(2)
P1 Cl 1.708(2) Si2 C10 1.863(2)
P1 C5 1.705(2) Si2 Cll 1.861(2)
Sil Cl 1.909(2) Cl1 Cc2 1.402(2)
Sil Cé 1.856(2) C2 C3 1.394(3)
Sil Cc7 1.863(2) C3 C4 1.394(3)
Cc4 C5 1.400(3)
Table S6-List of angles for 8.
Atoml Atom2 Atom3 Angle/® Atoml Atom2 Atom3 Angle/°
Sel I1 A 174.36(4) C9 Si2 Cl1 110.62(9)
11 Sel P1 105.85(2) Cl10 Si2 Cl1 111.98(9)
Sel P1 Cl 123.73(6) PI Cl Sil 124.1(1)
Sel Pl C5 122.31(6) P1 Cl C2 114.9(1)
Cl Pl (O8] 113.81(9) Sil C1 C2 121.0(1)
Cl Sil Cé6 106.88(8) Cl C2 H2 117
Cl Sil c7 106.35(9) Cl C2 C3 126.0(2)
Cl Sil C8 111.19(8) C2 C3 (eZ} 124.3(2)
Co Sil Cc7 110.48(9) C3 C4 Cs5 125.9(2)
Cé Sil C8 108.65(9) Pl C5 Si2 123.4(1)
C7 Sil C8 113.11(9) Pl C5 C4 115.1(1)
C5 Si2 Cc9 107.05(8) Si2 C5 C4 121.5(1)
C5 Si2 C10 108.02(8) C9 Si2 C10 109.64(9)
C5 Si2 Cl1 109.38(8)
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Table S7-List of bond lengths for KSeCN.

Atom1 Atom?2 Length/ A Atoml  Atom2 Length/ A
Sel Cl 1.808(1) K1 N1 3.007(1)
Sel K1 3.33743) KlI Cl 3.174(1)
Sel K1 3.8096(3) NI Cl 1.160(2)
Sel K1 3.3892(4) NI K1 2.810(1)
Sel K1 3.4396(3) NI K1 3.007(1)
K1 N1 2.867(1) Cl K1 3.174(1)
K1 Sel 3.8096(3)  Sel K1 3.3374(3)
K1 Sel 3.33743)  Sel K1 3.8096(3)
K1 Sel 3.3892(4)  Sel K1 3.3374(3)
K1 Sel 3.4396(3) Kl N1 2.867(1)
K1 N1 2.810(1) K1 N1 2.867(1)
N1 Cl 1.160(2)

Table S8-List of bond angles for KS¢CN.
Atoml Atom2 Atom3 Angle/° Atoml Atom2 Atom3 Angle/®
Cl Sel K1 98.45(4)  Sel K1 Cl 169.26(3)
Cl Sel K1 128.58(4) Sel K1 N1 155.47(3)
Cl Sel K1 80.27(4)  Sel K1 N1 83.76(2)
Cl Sel K1 112.44(4) Sel K1 C1 102.81(2)
K1 Sel K1 75.99(1) NI K1 N1 98.68(3)
K1 Sel K1 98.70(1) NI K1 C1 85.26(3)
K1 Sel K1 148.35(1) N1 K1 C1 21.42(3)
K1 Sel K1 150.95(1) Kl N1 Cl 135.5(1)
K1 Sel K1 89.35(1) Kl NI K1 91.43(4)
K1 Sel K1 80.56(1) K1 N1 K1 108.12(4)
N1 K1 Sel 145.99(3) ClI N1 K1 128.1(1)
N1 K1 Sel 133.39(3) C1 N1 K1 87.42(9)
NI K1 Sel 83.65(3) Kl N1 K1 98.68(4)
N1 K1 Sel 68.87(2)  Sel Cl N1 179.6(1)
N1 K1 N1 88.57(4)  Sel Cl K1 108.83(5)
N1 K1 N1 71.88(3) NI Cl K1 71.16(9)
N1 K1 Cl1 88.06(3) K1 Sel K1 98.70(1)
Sel K1 Sel 75.99(1) K1 Sel K1 89.35(1)
Sel K1 Sel 66.43(1) K1 Sel K1 148.35(1)
Sel K1 Sel 118.60(1) Kl Sel K1 75.99(1)
Sel K1 NI 75.003)  Sel K1 Sel 112.96(1)
Sel K1 N1 139.12(2) Sel K1 Sel 66.43(1)
Sel K1 Cl 119.19(2) Sel K1 Sel 75.99(1)
Sel K1 Sel 112.96(1) Sel K1 Sel 71.48(1)
Sel K1 Sel 71.48(1) NI K1 N1 88.57(4)
Sel K1 N1 133.05(3) NI K1 Cl 21.42(3)
Sel K1 N1 80.492) NI K1 N1 71.88(3)
Sel K1 Cl 77.722) Cl K1 NI 88.06(3)
Sel K1 Sel 80.56(1) Kl N1 K1 91.43(4)
Sel K1 N1 87.72(3) Kl NI K1 108.12(4)
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Abstract: A  3-aminofunctionalized phosphabenzene was
synthesized and structurally characterized. The pyramidalized
nitrogen atom of the dimethylamino substituent indicates only a weak
interaction between the lone pair of the nitrogen atom and the
aromatic phosphorus heterocycle, resulting in somewhat basic
character. It turned out that the amino-group can indeed be
protonated by HCI. In contrast to pyridines, however, the
phosphabenzene-ammonium salt undergoes a selective ring
contraction to form a hydroxylphospholene oxide in the presence of
additional water. Combining experimental work and quantum
chemical calculations, a rational mechanism for this hitherto unknown
conversion is proposed.

Introduction

A%, 0%-phosphinines, also known as phosphabenzenes or
phosphorines, are intriguing aromatic phosphorus heterocycles
which are currently undergoing a renaissance within coordination
chemistry, small molecule activation, catalysis and molecular
materials science.l'®! However, for their use in more applied
research fields, their specific functionalization is particularly
important in order to modify their stereo-electronic properties and
coordination abilities. Phosphinines with additional donor-
substituents at the 2-position of the heterocycle (A, Chart 1) are
relatively rare. Small bite-angle phosphinines (Do = PR;), for
example, have been used successfully as chelating ligands in
several catalytic reactions.””) Griitzmacher and co-workers have
accessed sodium salts of phosphinine-2-ols (Do = OH).! The
anionic phosphinine-2-olate (Do = ONa) acts as a 4e-donor and
bridges a cationic [Au(PPhs)]* and a neutral [AuCl] fragment.[¥ We
have recently reported the first 2-N,N-dimethylaminophosphinine
B. Natural Resonance Theory calculations revealed resonance
structures with two lone-pairs at the phosphorus atom (B"),
contributing substantially to the electronic ground state of this
compound. Accordingly, B/B” forms coordination polymers with
CuBr-S(CHs)2, in which the phosphorus atom of the phosphinine

heterocycle bridges two Cu(l) centres in a rare p»-P-4e
coordination mode in the solid state, exhibiting the first example
for this bonding motif for a neutral substituted phosphinine.””)
Stimulated by these results, we anticipated to synthesize a 3-
aminofunctionalized phosphinine (C) with the aim to investigate
the influence of an amino group in 3-position on the electronic
properties and the reactivity of the corresponding phosphorus
heterocycle. We report here an unusual ring contraction of C in
the presence of hydrochloric acid and water and the selective
formation of a hydroxylphospholene oxide (D, Chart 1).

21 (O, — GL
e <) @
RS po 7 NMe,

B B’

P NMe;
A
Do: OR, OH, ONa,
SR, PR,
This work:
NMe,
| e HCI
2 R .
e P DCM
& H,0

Chart 1. 2-Donor-substituted phosphinines and pictorial summary of this work

Results and Discussion

While B was prepared via the 2-pyrone route, we found that the
3-N,N-dimethylaminophosphinine derivative 3 can easily be
synthesized using a method developed by Mathey and co-
workers.®l  The precursor 1,3,2-diazaphosphinine (1) was
sequentially reacted with 1-(trimethylsilyl)propyne to afford
azaphosphinine 2 and subsequently with N ,N-dimethyl-
phenylacetylene at elevated temperatures in toluene (Scheme 1).
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Scheme 1. Synthesis of the 3-N,N-dimethylaminofunctionalized phosphinine 3.

A single resonance at 5(ppm) = 244.0 was found for product 3 in
the 3'P{'H} NMR spectrum. The chemical shift is remarkably
different compared to the one observed for the previously
synthesized phosphinine B (3(ppm) = 127.0). This already
indicates, that the electronic properties of 3 vary significantly from
its regioisomer. Crystals of 3 suitable for single crystal X-ray
diffraction were obtained by slow evaporation of the solvent from
a solution of 3 in n-hexanes and the molecular structure of this
compound in the solid state is depicted in Figure 1, along with
selected bond lengths and angles.

Figure 1. Molecular structure of 3 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths (A) and angles (°):
P(1)-C(1): 17369(8), P(1)-C(5): 1.7333(8), N(1)-C(2): 1.4059(10), C(1)-C(2)
1.4151(11), C(2-C(3):: 1.4104(11), C(3)-C(4): 1.3960(12), C(4)-C(5):
1.4115(11). C(1)-P(1)-C(5): 105.33(4), C(2)-N(1)-C(14): 118.06(7), C(2)-N(1)-
C(13): 117.58(7), C(13)-N(1)-C(14): 110.26(7).

The crystallographic characterization of 3 shows, that the N(1)-
C(4) bond length of 1.406(1) A is closer to a C-N single bond (1.47
A) than to a double bond (1.28 A).®) Moreover, the nitrogen atom
of the dimethylamino substituent in 3 is pyramidalized (Z%(CNC)
= 345.9°), in contrast to the bonding observed for B/B" in a Cu(l)
complex, in which the phosphinine serves as a ligand. The twist
angle of best plane through the NMe> group versus the
phosphinine ring has been calculated as 28.30(5)°. For 3, this
might hint to only a weak electronic interaction between the
nitrogen lone pair and the m-accepting phosphorus heterocycle.

As shown by us recently, an N,N-dimethylamino-group in the 2-
position of the parent phosphinine induces accumulation of
negative charge (red) in the ring of the m-system, as visualized by
the electrostatic potential (ESA) map of B/B” (Figure 2, left).!] In
this case, the ring is even more negative than the nitrogen
substituent, in full accordance with the w-accepting character of
the aromatic phosphorus heterocycle. Accordingly, the basicity of
B/B" is also reduced with respect to N,N-dimethylaniline, as

WILEY-VCH

shown by a decrease of the computed gas phase basicities (220
kcal/mol for B/IB" vs. 225 kcal/mol for CsHsN(CHs)o).

Figure 2. Electrostatic potential maps for B/B” (left) and 3 (right). Parameters:
r(red): 0.000, yellow: 0.025, green: 0.050, light blue: 0.075, blue 0.100. The
electrostatic potential (in a.u.) is mapped on electron density isosurfaces of 0.02
e/au®. The calculations were performed at a B3LYP-D3/def2-TZVP level.”!

In contrast, according to the electrostatic potential map of 3, we
found a large concentration of electrons close to the nitrogen atom,
suggesting the presence of a lone pair that is not part of the
aromatic phosphorus heterocycle (Figure 2, right). Interestingly,
this effect is clearly caused by the steric demand of the phenyl-
group in the 2-position of 3. In fact, the parent phosphinine,
substituted in 3-position by an N,N-dimethylamino group (3°),
shows again a fully planar nitrogen atom (see Figure S29).
Consequently, because the lone pair of the nitrogen atom in 3
shows only weak interaction with the aromatic system, the amino
substituent should provide a stronger basic character than the one
in B/B’". This is also confirmed by the calculated gas phase
basicity of this compound (225 kcal/mol for 3 versus 220 kcal/mol
for B/B").[1

We thus anticipated, that the amine functionality in 3 can easily
be protonated, in contrast to B/B". Upon addition of a slight
excess of HCI/Et,O to 3, a precipitate is formed instantaneously.
Based on the 'H and 3'P NMR data, the protonated species 4 is
formed initially, with the SiMes-substituent still located in the
ortho-position of the heterocycle. The signal of this pronated
species 4 can be found at &(ppm) = 252.3 in the 3'P{'"H} NMR
spectrum. However, during the process of recrystallizing 4 from
hot acetonitrile, protodesilylation occurs, resulting in phosphinine
5 (Scheme 2).

i i
HyC NMe, HaC NMe,

EtO  Meysi” “P7 “Ph CHCN 757 “pp
rt., 10 min 4 c® - Me3SiCl 5 c@

Scheme 2. Synthesis of protonated phosphinines 4 and 5.

Compound 5 shows a single resonance at 8(ppm) = 212.7 in the
31P{'H} NMR spectrum. The crystallographic characterization of 5
(Figure 3) displays indeed the presence of an ammonium group
in the 3-position of the phosphinine as well as a CI counter anion,
and clearly shows that protodesilylation had occurred.
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Figure 3. Molecular structure of § in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths (A) and angles (°):
P(1)-C(1): 1.7445(13), P(1)-C(5): 1.7230(14), C(1)-C(2): 1.3886(17), C(2)-C(3):
1.3942(16), C(3)-C(4): 1.3940(17), C(4)-C(5): 1.3902(18), N(1)-C(2):
1.4824(15); C(1)-P(1)-C(5): 102.13(6)

Surprisingly, when stirring the suspension containing the white
precipitate for a prolonged time at room temperature in an open
reaction vessel, a clear solution is formed overnight at room
temperature. The 3'P{'H} NMR spectrum shows that a new
compound had formed selectively, which exhibits a single signal
at 5(ppm) = 53.0. Remarkably, this chemical shift is not in the
usual range found for a phosphinine, which indicates that there is
no A%,a2-phosphinine present anymore.l'!! Crystals of the product
(6, Scheme 3) suitable for X-ray diffraction were obtained from a
concentrated solution of 6 in a mixture of dichloromethane and n-
hexane. The molecular structure of 6 in the solid state is depicted
in Figure 4, along with selected bond lengths and angles.

Much to our surprise, the crystallographic characterization of 6
reveals that the product consists of two phospholene oxide
moieties bridged by an additional oxygen atom. The amine
functionalities of both five-membered phosphorus heterocycles
are protonated, with the chloride counter anion bridging the two
ammonium groups by hydrogen bonding. The second counter
anion is a rare hydrogen dichloride anion [CI(HCIJ;, which is
located on the unit cell with the bond lengths matching those
previously reported in literature.!'?

Cl(o1)

A~
& Hon

cio1)

Figure 4. Molecular structure of 6.in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths (A) and angles (°)
P(1)-C(1): 1.7956(13), P(1)-C(4): 1.8629(12), P(1)-O(1): 1.6307(6), P(1)-O(2):
1.4687(9), N(1)-C(4): 1.5225(15), N(1)-H(1): 0.980, C(1)-C(2): 1.5137(18), C(2)-
C(3): 1.3381(18), C(3)-C(4): 1.5110(17), C(4)-C(5): 1.5542(16). C(1)-P(1)-C(4):
95.89(6), P(1)-0(2)-P(1): 121.92(8).

The P(1)-C(1) (1.80 A) and P(1)-C(4) (1.86 A) bond lengths are
consistent with those of reported phospholenes.['¥ In general,
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hydrogen dichloride salts tend to liberate HCI readily with some of
them being rather unstable toward moisture and oxygen.l' 6,
however, is air- and moisture stable in solution and in the solid
state. While ring expansion reactions from phospholes to
phosphinines and a ring contraction from 1,3,5-triphosphinines to
a triphosphole have been reported in literature before, the here
presented results are the first case of a ring contraction reaction
from a 1-phosphinine to a hydroxylphospholene oxide.!'>-16

To clarify the role of water in this reaction (see also Figure S25
and S26), a dry solution of HCI/Et,O was reacted with a solution
of 3in diethylether and monitored by means of NMR spectroscopy.
Again, a precipitate was formed immediately and no resonance
could be observed in the 3'P{'H} spectrum anymore. The white
precipitate is, however, soluble in CD3CN and the NMR spectra
verified the formation of the protonated species 4. When
dichloromethane was used as a solvent, the first step in the
protonation of 3 with HCI/Et,O is again the formation of 4. A
prolonged reaction time leads to a new, yet unknown transient
intermediate with a resonance at 8(ppm) = 75.0 in the 3'P{'H}
NMR spectrum. Finally, protodesilylation occurs and 5 is formed
quantitatively. Apparently, the presence of water is indeed
essential for the ring contraction to occur, while in the absence of
water only protonation, followed by protodesilylation, occurs.!"”!
Consequently, we attempted the reaction of 4 with an aqueous
HCI solution in dichloromethane. The main product showed a
resonance at d(ppm) = 56.0 in the 3'P{'"H} NMR spectrum after
stirring the reaction mixture for overnight. The chemical shift of
this species is similar to the one recorded for the oxygen bridged
dimer 6, however, not identical. According to NMR spectroscopic
analysis, it was identified as compound 7-TMS. Recrystallization
of this species from a hot isopropanol solution afforded crystals
suitable for X-ray diffraction and the molecular structure of 7
(Scheme 3) is depicted in Figure 5, along with selected bond
lengths and angles.

Figure 5. Molecular structure of 7 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths (A) and angles (°):
P(1)-C(1): 1.786(3), P(1)-C(4): 1.863(3), P(1)-O(1): 1.483(3), P(1)-0(2):
1.550(3), N(1)-C(4): 1.533(4), N(1)-H(1): 0.93(5), C(1)-C(2): 1.515(5), C(2)-
C(3): 1.333(5), C(3)-C(4): 1.507(5), C(4)-C(5): 1.548(5); C(1)-P(1)-C(4):
95.78(16).

The crystallographic characterization of 7 shows that the product
consists again of a five-membered phosphorus heterocycle. In
contrast to 6, however, a hydroxyphospholene oxide is present,
that forms hydrogen bonding to a second molecule, via the -P=0
and -N(H)Me, moieties.

Moreover, protodesilylation occurred during the reaction or the
crystallization process, respectively. The dissolved crystals show
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a signal in the 3'P{'"H} NMR spectrum at &(ppm) = 47.0. Formally,
7 is the hydrolyzed product of the oxygen-bridged dimer 6
(Scheme 3).

In order to get insight into the mechanism of the formation of 7-
TMS (respectively 7), calculations based on Grimme’s PBEh-3c
composite method!"® and the PBE0-D3(BJ)"! level of DFT were
carried out (see supporting information). Based on the
computational results, the NMR monitoring experiments as well
as the crystallographic data, we propose the following mechanism
for the ring contraction in the presence of water (Scheme 4). The
first step is the protonation of the amino substituent by HCI,
forming 4 as the first intermediate (int.1).

HCIEt,0

ONH HNG
traces H,0O b zi CI
HaCo - NMez
iR C|9

MegSi” “P7 “Ph
HCI/HQO Ad/ )—CHy
Mez
@u

Scheme 3. Formation of oxygen-bridged phospholene oxide 6 and
hydroxylphospholene oxide 7.

This step is exergonic by -69.5 kJ/mol and fully consistent with the
NMR experiments. A proton migration forming a racemic mixture
of int.2 occurs, which is energetically feasible under the applied
reaction conditions (+22.3 kJ /mol). Subsequently, we propose

H
H;CﬁNMeZ ®
i
>

| ®
HaC NMe, HaC NMe
[ [© SN 2 10
~ — MesSin|_ —
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the addition of water to the reactive P=C bond in int.2 to give a
trivalent  hydroxyphosphine species (HOPCH(Ph)R), that
tautomerizes to int.3. Overall, this process is also exergonic by -
101.9 kJ/mol. A related tautomerism reaction at a phosphinine
has been reported in the literature before.?® Moreover, metal
complexes of phosphinines also readily add H»O across the P=C
double bond.2"!

In the presence of a second water molecule, int.3 is in equilibrium
with the phosphinic acid derivate int.4 (+8.7 kJ/mol). Int.4 can
transform into tautomer int.5 (+32.0 kJ/mol). Such a process is
known in literature.?? The formation of Int.5 is crucial in order to
reach the transition state of the rate-determining step (RDS). The
phosphorus atom in int.5, having a rather strong nucleophilicity,
can react with electrophilic C=N* moieties intermolecularly to form
a new P-C bond. The formation of the P-C bond (+33.3 kJ/mol) in
the transition state (TS) can be specified as a 5-exo-trig reaction,
which is allowed according to the Baldwin rules.” The ring
formation from TS to int.6 is associated with a significant
decrease in free energy by -63.2 kJ/mol. The last step is a proton
transfer, which is a significantly exergonic reaction (-50.3 kJ/mol),
to form the final product 7-TMS. The whole reaction sequence is
exergonic by -187.0 kJ/mol and the energy barrier of the RDS
(int.3—>TS) is 76.0 kJ/mol. The protodesilylation to 7 presumably
proceeds in the presence of excess HCI| during the
recrystallization process.

In order to get additional experimental proof for our proposed
mechanism, we sought to incorporate deuteriuminto the products
by using DCI/D>O. The reaction between DCI/D,O and 3 in
dichloromethane was again stirred in a Schlenk flask overnight.
The product (7-d) was recrystallized from hot isopropanol. For
compound 7-d several signals (see Figure S22) can be detected
as broad resonances due to 2D-*C coupling in the '*C{'"H} NMR
spectrum compared to that of compound 7.

MesSi” P ph MesSi” F7 “Ph H P Ph
4
0.0 (=int.1) int2
-69.5 -47.2
H
; uh pn
Ph e Ph e
N(H)Me, NMe; \S’MEZ e
‘ P\[())H Bista - HcJ " ‘—Hcl W
HsC Hye” 7 O = Tsives ? SiMes
1 “SiMes 3 “siMe; Ho oM H'o
OH
7-TMS int.6 int.5 int4
-187.0 -136.7 106.8 -138.8

Scheme 4. Proposed reaction mechanism for the reaction of 3 with HCI in the presence of water. 7-TMS is the main product; Relative Gibbs free Energies (in
kJ/mol) are given below the compound name; Int.: intermediate. Calculated at the PBEO-D3(BJ) level of theory. Note: only the diastereomer int.3 is shown as int.3"
is located at higher energy (-146.4 kJ/mol) and therefore not considered for the mechanism

Moreover, compound 7d shows a chemical shift (5(ppm) = 47.5)
similar to compound 7 in the 3'P{'"H} NMR spectrum. By means of
2D and HMQC NMR experiments, the D-atoms were assigned to
the positions depicted in Scheme 5, which supports the proposed
mechanism. Moreover, the crystallographic characterization of 7-

d showed the same molecular structure in the solid state as
determined for 7.

Itis clear, that the here observed unusual ring contraction reaction
can only proceed because the special electronic properties of
phosphinines, in combination with the particular reactivity of low-
coordinate organophosphorus species, allows sequential
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reactions at the aromatic phosphorus heterocycle. This is in clear
contrast to functionalized pyridines.

Scheme 5. Formation of 7-d by reaction of 3 with DCI/D20.

Conclusion

In summary, we have synthesized and structurally characterized
a new 3-aminofunctionalized phosphinine by a series of [4+2]
cycloaddition/cycloreversion reactions, starting from 1,3,2-
diazaphosphinine, 1-(trimethylsilyl)propyne and N,N-dimethyl-
phenylacetylene. The steric demand of the phenyl group in a-
position of the heterocycle causes a weak electronic interaction
between the nitrogen lone-pair and the aromatic phosphorus
heterocycle, as evidenced by a substantial pyramidalization of the
nitrogen atom. This allows for protonation of the dimethylamino
substituent by hydrochloric acid. Remarkably, in the presence of
water, the protonated phosphinine undergoes a hitherto unknown,
selective ring contraction to form a hydroxylphospholene oxide,
which participates in hydrogen bonding and forms a dimer in the
solid state. DFT-based calculations and deuterium labeling
experiments were performed to get insight into the reaction
mechanism. The experimental results are fully consistent with the
calculations and the proposed reaction pathway. Overall, we
could show for the first time that a phosphinine can undergo a
selective and quantitative ring contraction reaction. The special
electronic properties of phosphinines in combination with the
particular reactivity of low-coordinate organophosphorus species
allow for sequential reactions at the aromatic phosphorus
heterocycles, in contrast to functionalized pyridines.

Experimental Section

All experimental and computational details can be found in the Supporting
Information. CCDC-2181743(3), 2181744(5), 2181745(6), 2181746(6)
contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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1. Experimental Procedures

1.1 General Remarks

All reactions were performed under argen in oven-dried glassware using modified Schlenk
techniques unless otherwise stated. All common solvents and chemicals were commercially
available and were used without further purification. All dry or deoxygenated solvents were
prepared using standard techniques or were used from a MBraun solvent purification system.
N,N-dimethyl-2-phenylethyn-1-amine and 1,3,2-diazaphosphinines were prepared according to
literaturel™2, The 'H, “F, BC{'H}, *P{'H} and *'P NMR spectra were recorded on a JEOL
ECX400 (400 MHz) spectrometer and a Bruker Avance 600 (600 MHz), and all chemical shifts
are reported relative to the residual resonance in the deuterated solvents. The HRMS ESI mass
spectra were measured on an Agilent 6210 ESI-TOF. Low-temperature x-ray diffractometry was
performed on a Bruker-AXS X8 Kappa Duo diffractometer with 748 micro-sources, performing ¢-
and w-scans. Data was collected using a Photon 2 CPAD detector with Mo K. radiation
(4=0.71073 A). The structures were solved by dual-space methods using SHELXT®! and refined
against % on all data by full-matrix least squares with SHELXT.-20171 following established
refinement strategies”®). The program Olex2!®! was also used to aid in the refinement. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the model at
geometrically calculated positions and refined using a riding model. The isotropic displacement
parameters of all hydrogen atoms were fixed to 1.2 times the U-value of the atoms they are linked
to (1.5 times for methyl groups). Details of the data quality and a summary of the residual values
of the refinements are listed in Table S1 below. Tables S2, S4, 86 and S8 give all bond lengths
for the structures, and 83, 85, §7 and S9 give all angles for the structures.

1.2 Synthesis details

1.2.1 Synthesis of 3

Bu Bu Bu Me,N NMe,
Xy —=—SiM =
I ¢ gl

~P~ Me3S| 90 °C Me3Si
1 T= 70 °C Sh Overnight 3

Scheme S1: Synthesis of 3.

1 equiv. of 1-(trimethylsilyl)-prop-1-yne (0.22 g, 2.0 mmol) was added to a solution of 1,3,2-

diazaphosphinine (2.0 mmol, 0.13 M) in toluene (15 mL). The mixture was heated at T = 70 °C

for 5 hours after which complete formation of the 1,2-monoazaphosphinine was observed by *'P

NMR spectroscopy (8 = 297.9 ppm). Next, 2 equiv. of N, N-dimethyl-2-phenylethyn-1-amine
S3
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(0.58 g, 4 mmol) were then added to the mixture and heated at T = 90 °C for overnight. The
solution was then cooled to room temperature and the product purified by column
chromatography (silica) using an eluent of n-hexane : ethyl acetate (9:1). Yield: 78 % (471 mg,
1.56 mmol).

. s
Me31S| "

H NMR (400 MHz, CeDs) 8 7.65 (d, Yiun = 7.8 Hz, 2H, 1-Ph), 7.24 (t, Yun = 7.5 Hz, 21, -Ph),
7.11 (td, Jap = 7.4, 1.3 Hz, 11, -Ph), 6.78 (br. s, 1L, CsHP), 2.45 (s, 3H, -Me), 2.33 (s, 6H, -
Nides), 0.48 (d, “Jip = 1.8 Hz, OH, -TMS) ppm.

BC{H NMR (151 MHz, CDg) 5 156.8 (d, Vep = 88 Hz, C8), 1563 (d, Yep = 106 Hz, C2),
155.9 (d, Ycp = 10 Hz, C6), 149.7 (d, Ycp = 13 Hz, C3), 143.7 (d, Yep = 24 Hz, €9), 129.3 (d,
3J0p = 11 Hz, C10), 128.7 (s, C11), 126.6 (s, C12), 122.9 (d, *Jep = 16z, C5), 42.6 (s, C7), 26.3
(d, “Jep = 3Hz, C4), 1.5 (d, Jep = 11 Hz, C1) ppm.

P AT} NMR (162 MHz, CeDs) & 244 ppm.
HR-ESI MS (n7%): 302.1506 (calculated: 302.1489) [M+H]".

Element analysis: calculated for Ci7HuNPSi: C: 67.74%, H: 8.03%, N: 4.65%; found: C: 67.79%,
H: 9.519%, N: 4.672%.

1.2.2 Synthesis of 4

| H~©
) N- Cl
HCI in H,O P
Et,O .
Me;Si rt  MesSi
10 minutes 4

Scheme S2: Synthesis of protonated phosphinine (4).

3 (36 mg, 0.12 mmol) was dissolved in 2 mL Et,O at room temperature and 0.1 mL HCI in water
(0.24 mmol, 2.4 M) was added to the Schlenk flask. A white precipitate was formed immediately,
after which the reaction was stirred for an additional 10 minutes. All solvents were removed by

syringe and the residual solid was washed with Et;O. Yield: 75% (30 mg, 0.09 mmol).
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HS
7 Cl

| 10
Me;Si "

s -
~®
o

H NMR (400 MHz, CDsCN) 3 7.68 — 7.00 (m, 6, CsHP & I-Ph), 3.26 — 2.82 (m, 11, -
HNMey), 2.68 (s, 61, -NMes), 2.50 (s, 3H, -Me), 0.43 (s, OH, TAS) ppm.

SPAI} NMR (142 MHz, CD:CN) § 252 ppm.

Compound 4 is not stable as protodesilylation slowly proceeds in solution. Therefore, 4 was not

fully characterized.

1.2.3 Synthesis of 5

N-HcP
-TMS | Xre™
—_———
MeCN =
Me,Si T=90°C 5

Scheme $3: Recrystallization for protodesilylation.

4 (34 mg, 0.1 mmol) was dissolved in refluxing MeCN (0.5 mL) for recrystallization. This
resulted in protodesilylation. Yield: 72% (19 mg, 0.07 mmol).

H NMR (700 MHz, CD:CN) 5 7.51 — 7.41 (m, 5H, -Ph), 7.41 — 7.37 (m, 2H, CsHP), 2.75 —
2.66 (m, 61, -NMe2), 2.52 (d, Yup = 1.5 Hz, 31, -Me), 2.58-2.37 (m, 111 -HNMe,) ppm.

BC{'H} NMR (176 MHz, CD;CN) 8 158.9 (d, '/cp = 54 Hz, C7), 146.8 (d, *Jcp = 14 Hz, C3),
142.5 (d, *Jcp = 12 Hz, C8), 132.0 (d, 'Jcp = 88 Hz, CI), 130.3 (d, *Jcp = 10 Hz, C9), 1294 (s,
C10), 1283 (s, C11), 125.5(d, Jcp = 25 Hz, €2), 125.0 (s, C4), 44.8 (s, C6), 24.7 (d, *Jop = 3 Hz,
C3) ppm.

SIPAH} NMR (142 MHz, CD;CN) § 213 ppm.

HR-ESI MS (m/2): 230.1104 (caleulated: 230.1094) [M]".
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1.2.4 Synthesis of 6

& ©
- Cl
N o @)\NH e P W
| X\ HClin H,0O o N o
_—
Me,Si =~ Dlethryltether A\ Y Ay
3 overnight é

Scheme $4: Synthesis of 6.

3 (36 mg, 0.12 mmol) was dissolved in Et,O (3 mL) at room temperature and 0.1 ml HCI in
water (0.24 mmol, 2.4 M) was added to the Schlenk flask. The reaction was stirred for overnight
before removing all volatiles in vacuo. The residual solid was washed with Et,O. Yield: 40 % (30

mg, 0.05 mmol).

H NMR (700 MHz, D,0) § 7.68 — 6.67 (m, 10LL Ph), 5.72 (d, */up = 24.7 Hz, 2H, C.HP), 3.33
(d, Jup = 11.6 Hz, 4H, -CH3), 3.01 (s, 9 H, -NMey), 2.72 (s, 3H, -NMey), 2.06 (s, 2H, -HNMe»),
2.00 (m, 4H, CFH), 1.76 (s, 6H, -Me) ppm.

BC{'H} NMR (176 MHz, D>0) 5 145.0 (d, “Jep = 9 Hz, C8), 134.0 (t, *Jep = 5 Hz, C4), 131.3 (s,
C3), 1283 (s, CI), 127.4 (s, C2), 121.9 (d, “Jep = 17 Hz, C7), 71.3 (d, YJcp = 86 Hz, C6), 40.8
(s, C11), 393 (s, C11°)35.1 (d, Yep = 14 Hz, C5), 35.1(d, YJep = 192 Hz, C10), 20.4 (d, *Jep =
12 Hz, C9) ppm.

SIPATT} NMR (162 MHz, D,0) 6 53 ppm.
$IP NMR (162 MHz, D,0) 6 53 (t, Zup= 11 Hz) ppm.

HR-ESI MS (m/z): 531.2596 (calculated: 531.2542) [(M+OH)]".
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1.2.5 Synthesis of 7

| R h(\ HClin H,O
Me,Si~ ~P? E?Ct'v'
3 overnight

Scheme S5: Synthesis of 7.

3 (72 mg, 0.24 mmol) was dissolved in DCM (3 mL) at room temperature and HCI in water (0.3
mL, 0.72 mmol, 2.4 M) was added to the Schlenk flask. The reaction was stirred for overnight
before removing all volatiles in vacuo. A crystal suitable for single crystal X-ray diffraction was
obtained by slowly cooling a hot solution of the crude solid in isopropanol. Yield: 87 % (63 mg,
0.21 mmol).

1H NMR (400 MHz, D,0) § 7.55 — 7.11 (m, 5IL -Ph), 5.69 (d, YJup = 25.3 Hz, 1H, CH), 3.29 (d,
3Jup = 12.6 Hz, 2H, -CH>), 2.96 (d, “Jup = 3.4 Hz, 6H, -NMe>), 2.67 (s, 1FL, -OH), 2.05-1.96 (m,
1H, -HNMes), 1.96 (m, 2 H, CH>), 1.72 (s, 3H, -CH;) ppm.

BC M} NMR (151 MHz, D,0) 5 145.0 (d, ¥cp = 9 Hz, C8), 134.0 (d, YJep = 4 Hz, C4), 131.3 (s,
C3), 1283 (s, C1), 1274 (s, C2), 121.9 (d, Yep = 16 Hz, C7), 71.3 (d, Ucp = 86 Hz, C6), 40.8
(s, C11),39.3 (s, C11°),35.3 (d, Vep= 95 Hz, C10),35.2 (s, C5), 20.4 (d, *Jep = 12 Hz, C9) ppm.

P A} NMR (162 MHz, D;0) § 47 ppm.
1P NMR (162 MHz, D;0) 5 47 (t, Yp = 25 Hz) ppm.

HR-ESI MS (m/2): 266.1306 (caleulated: 266.1304) [M]".
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1.2.6 Synthesis of 7-TMS-d

Ph DG?,{
D 0=
x '{\ DClin DO / D bo_
——————————ee e _
MenSi | rt _ =0--—-
€35 overnight MeSi
3 @cvd 7-TMS-d

Scheme S6: Synthesis of 7-TMS-d.

Method 1: 3 (72 mg, 0.24 mmol) was dissolved in DCM (3 mL) at room temperature and DC1 in
D;O (0.2 mL, 2.4 M) was added to the Schlenk flask. The reaction was stirred for overnight
before removing the DCM phase by syringe. The water phase containing the product 7-TMS-d
was washed with 0.2 mL DCM, after which all volatiles were evaporated under vacuum to obtain

the pure product. Yield: 62 % (56 mg, 0.15 mmol).

Method 2: 3 (72 mg, 0.24 mmol) was dissolved in MeCN or THF (0.5 mL) at room temperature in
an NMR tube and DCI in D;O (0.2 mL, 2.4 M) was added. This reaction was allowed to stand at
room temperature for approximately 5 days. Almost all starting material was converted to the
product directly. Yield: 88 % (80 mg, 0.21 mmol). The product was recrystallized from

isopropanol without further purification.

Cclo

'H NMR (400 MHz, CD:;CN) 5 7.43 — 7.14 (m, 5H, -Ph), 5.74 (d, *Jup = 27.1 Hz, 1H, CH), 3.00
(s, 6H, -NMe), 1.66 (s, 3H, -Me), 0.04 (d, ] = 5.6 Hz, 9H, -ThS) ppm.

BC{'H} NMR (151 MHz, CD;CN) § 144.0 (s, C8), 133.8 (s, C4), 132.1 (s, C3), 128.5 (d, Ycp =
14 Hz, C7), 127.9 (s, C2), 122.9 (s, C1), 71.7 (d, Jcp = 90 Hz, C6), 41.7-41.4 (m, C11), 40.3-40.0
(m, C11°), 35.7-34.7 (broad peak due to D-C coupling, C/0 and C5), 20.5 (s, C9), 0.8 (s, C12).

BSi{H}-DEPT NMR (80 MHz, CD;CN) § § ppm.

1P A1} NMR (162 MHz, CD:CN) 6 55 ppm.
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1.2.7 Synthesis of 7-d

AP
Cl" 7.TMs-d
Scheme S7: Recrystallization for protodesilylation.

Protodesilylation of 7-TMS-d in solution occurs under strong acid conditions. All volatiles were
removed in vacuo after the reaction was completed. The residual solid was dissolved in refluxing

isopropanol (0.5 mL) and subsequently recrystallized. Yield: 90% (58 mg, 0.19 mmol).

H NMR (400 MHz, D;0) 5 7.43 — 7.23 (m, SH, -P#), 5.67 (dd, Yup = 24.9, 1.5 Hz, 111, CH),
2.94 (d, Yup = 3.2 Hz, 611, -NMey), 1.70 (s, 3H, -Me) ppm.

BC{'H} NMR (151 MHz, D>0) & 145.0 (d, *Jep = 9 Hz, C8), 133.9 (d, J cp = 4 Hz, C4), 1313 (s,
C3), 1284 (s, C1), 127.5 (s, C2), 122.0 (d, *Jep = 17 Hz, C7), 71.2 (d, Yz = 86 Hz, C6), 40.9 (s,
C11),393 (s, C117),36.1 - 33.7 (m, broad peak due to D-C coupling, C10 & C3), 20.4 (d, *Jep =
12 Hz, C9) ppm.

SP{'H} NMR (162 MHz, D;0) 5 48 ppm.
1.2.8 Synthesis of 5 by reaction of 3 with HCI-Et;0O in DCM

| H©

possible intermediate

Scheme 10: Reaction of 3 with HCl-ether in DCM solvent.
S9

117



3 (30 mg, 0.1 mmol) was dissolved in DCM (0.5 mL) at room temperature in an NMR tube and
HCI in Et;O (0.1 mL, 0.2 mmol) was added. The sample was submitted for NMR spectroscopic

analyis.
SIP{'H} NMR (162 MHz, CH,CL) 6 217.80 (s), 74.61 (s) ppm.

1P NMR (162 MHz, CH:CLy) 6 217.88 (d, Yie = 39.9 Hz), 74.63 (m) ppm
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2. NMR Spectra

E\Ef ;f
7/ S ]
] A l h A
Figure S1 'H NMR spectrum of 3 in CeDs.
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Figure S2 ¥C{'H} NMR spectrum of 3 in CDs,
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Figure S3 SIPSIH} NMR spectrum of 3 in CD,Cl,,
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Figure S4 'H NMR spectrum of 4 in CD;CN.
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Figure $6 'H NMR spectrum of 5 in CD;CN.
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Figure $7 *C{*H} NMR spectrum of 5 in CD;CN.
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Figure S8 *'P{'H} NMR spectrum of 5 in CD;CN.
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Figure S9 'H NMR spectrum of 6 in D;0.
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Figure S10 C{'H} NMR spectrum of 6 in D;O.
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Figure S11 *'P{'H} NMR spectrum of 6 in D,0.
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Figure S12 *'P NMR spectrum of 6 in D,O.
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Figure S13 '"H NMR spectrum of 7 in D;O.

oz,

oz

105
ovse—
=
szec—
evor—

oot
51

sevein

bose

Figure S14 BC{'H} NMR spectrum of 7 in D;0.

Figure $15 *P{'H} NMR spectrum of 7 in D,0.
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Figure $16 3'P NMR spectrum of 7 in D,O.
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Figure S18 BC{'H} NMR spectrum of 7-TMS-d in CD;CN.
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Figure $19 *'P{"H} NMR spectrum of 7-TMS-d in CD;CN.
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Figure S21 'H NMR spectrum of 7-d in D,0.
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Figure S25 Time elapsed 'P{!H} NMR spectra for recording the process of 3 with HCI-Et,O in
DCM.
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Figure $26 Time elapsed *'P NMR spectra for recording the process of 3 with HCI-EtO in DCM.
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Figure $27 *'P NMR spectrum for the reaction of 3 with HCI-Et;O in DCM.
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Figure S28 *'P{'H} NMR spectrum for the reaction of 3 with HCI-E;O in DCM.
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. Crystallographic details

The supplementary crystallographic data for 3, 5, 6 and 7 can be found in the CCDC with the
following deposit numbers CCDC 2181743 (3), 2181744 (5), 2181745 (6) and 2181746 (7). These

data can be obtained free of charge from www.ccde.cam.ac.uk/data request/cif.

Table S1 Selected crystallographic data for 3, 5, 6 and 7.

3 5 6 7
Sample Name JL1302 IX0137 I1X0136 IX0193
CCDC number 2181743 2181744 2181745 2181746
Empirical formula Ci7H4NPSi CuHi7CINP CosHiiCI3N,O5P, C14HxCINO,P
Formula Weight 301.43 265.70 621.92 301.74
Temperature/K 100.0 100.0 100.0 100.0
Crystal system Monoclinic Orthorhombic Orthorhombic Monoclinic
Space group P2ic Pbeca Pben P2i/c
alA 10.1624(4) 12.5647(8) 9.6377(3) 6.6747(5)
b/A 17.8102(6) 10.1062(8) 12.5777(4) 8.4813(6)
c/A 10.1967(3) 21.9775(18) 24.6612(6) 27.458(2)
o/° 90 90 90 90
B 111.8630(10) 90 90 95.079(3)
v/° 90 90 20 90
Volume/A® 1712.81(10) 2790.7(4) 2089.43(15) 1548.3(2)
Z 4 8 4 4
Refloctions 53517 58240 46022 34171
collected
Independent 5223 4258 4560 4695
reflections (Riw) (0.0232) (0.0546) (0.0602) (0.0439)
Ri[I>20 (1)] 0.0278 0.0328 0.0312 0.0802
wR; (all data) 0.0784 0.0862 0.0787 0.1876
Table 82 List of bond lengths for 3.
Atoml Atom?2 Length/A Atoml Atom?2 Length/A
P1 C1 1.7333(8) C2 Cé 1.5152(12)
P1 C5 1.7369(8) C3 C4 1.4104(11)
Sil C1 1.8866(8) C4 C5 1.4151(11)
Sil C13 1.8662(11) C5 Cc7 1.4907(11)
Sil Cl4 1.8703(11) Cc7 C8 1.3994(11)
Sil C15 1.8731(10) Cc7 C12 1.4041(11)
N1 C4 1.4059(10) C8 Cc9 1.3973(12)
N1 Cl6 1.4665(12) c9 C10 1.3866(14)
N1 Cc17 1.4568(11) C10 C11 1.3945(14)
C1 2 1.4115(11) C11 C12 1.3903(12)
C2 C3 1.3960(12)
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Table S3 List of bond angles for 3.

Atom1 Atom2  Atom3 Angle/° Atom1 Atom?2 Atom3 Angle/®
Cl P1 Cs 105.33(4) C2 C3 C4 126.39(7)
C13 Sil C1 108.37(4) N1 C4 C3 119.73(7)
C13 Sil Cl14 108.17(7) N1 C4 C5 119.95(7)
C13 Sil C15 107.22(6) C3 C4 C5 120.29(7)
C14 Sil C1 110.48(5) C4 C5 P1 122.90(6)
Cl14 Sil C15 108.99(5) C4 C5 Cc7 122.65(7)
C15 Sil C1 113.44(4) Cc7 C5 P1 114.36(6)
C4 N1 Cl6 117.58(7) C8 C7 C5 121.46(7)
C4 N1 C17 118.06(7) C8 C7 C12 118.34(8)
C17 N1 Cl6 110.26(7) C12 C7 C5 120.08(7)
P1 C1 Sil 114.15(4) C9 C8 c7 120.85(8)
2 C1 P1 120.96(6) C10 C9 C8 120.12(9)
c2 C1 Sil 124.81(6) C9 C10 C11 119.70(8)
C1 Cc2 C6 120.39(7) C12 Cl1 C10 120.28(9)
C3 C2 C1 123.14(8) C11 C12 c7 120.72(8
Table S4 List of bond lengths for 5.

Atoml  Atom2  Length/A Atoml  Atom2  Length/A

P1 C5 1.7445(13) c7 C8 1.3950(18)

P1 C1 1.7230(14) C3 C2 1.3940(17)

N1 C4 1.4824(15) C2 C1 1.3902(18)

N1 CO0A 1.5006(16) 2 Cé 1.5104(18)

N1 C00C 1.5009(16) C12 C11 1.3974(18)

C4 C5 1.3886(17) C10 C11 1.3847(19)

C4 C3 1.3942(16) C10 C9 1.382(2)

C5 Cc7 1.4969(16) C8 c9 1.3935(19)

Cc7 C12 1.3937(18)

Table S5 List of bond angles for 5.
Atom1 Atom2 Atom3 Angle/® Atom1 Atom?2 Atom3 Angle/®
Cl1 P1 C5 102.13(6) C8 Cc7 C5 119.97(11)
C4 N1 CO0A 112.30(9) C2 C3 C4 123.43(12)
C4 N1 C00C 111.33(9) C3 C2 Cé 118.48(12)
CO0A N1 C00C 111.37(10) C1 Cc2 C3 121.10(11)
C5 C4 N1 118.65(10) C1 C2 Cé 120.42(11)
C5 C4 C3 125.46(11) Cc7 C12 Cl1 120.11¢12)
C3 C4 N1 115.87(10) c9 C10 Cl1 120.11¢12)
C4 C5 P1 121.69(9) C2 Cl1 P1 126.17¢10)
C4 C5 C7 122.58(11) C10 Cl1 C12 120.08(13)
Cc7 C5 P1 115.73(9) c9 C8 Cc7 120.24¢13)
C12 c7 C5 120.69(11) C10 C9 C8 120.18(13)
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Ci12 c7 C8 119.28(11)

Table S6 List of bond lengths for 6.
Atoml  Atom2  Length/A Atoml  Atom2  Length/A
P1 01 1.6307(6) C3 C4 1.5110(17)
P1 02 1.4687(9) Cc4 C5 1.5542(16)
P1 C1 1.7956(13) C5 C6 1.5117(17)
P1 C4 1.8629(12) C6 Cc7 1.3935(17)
N1 C4 1.5225(15) C6 Cl1 1.3962(18)
N1 C13 1.4957(16) Cc7 C8 1.3882(19)
N1 Cl4 1.5009(16) cs 9 1.388(2)
C1 C2 1.5137(18) Cc9 C10 1.3837(19)
C2 C3 1.3381(18) C10 Cl1 1.3897(18)
C2 C12 1.4932(18)

Table S7 List of bond angles for 6.

Atom1 Atom2  Atom3 Angle/® Atom1 Atom?2 Atom3 Angle/®
01 P1 C1 102.76(4) N1 C4 P1 112.28(8)
01 P1 Cc4 100.17(5) N1 C4 Cs 109.52(9)
02 Pl 01 112.02(5) C3 C4 Pl 99.06(8)
02 Pl C1 122.39(6) C3 C4 N1 110.34(10)
02 P1 Cc4 120.00(5) C3 C4 Cs 112.57(10)
C1 P1 C4 95.89(6) C5 C4 P1 112.76(8)
P1 01 p1! 121.92(8) C6 C5 C4 114.42(10)
C13 N1 C4 114.93(10) C7 C6 Cs 119.88(11)
C13 N1 Cl4 108.93(10) C7 C6 C11 118.64(12)
Cl14 N1 C4 113.04(9) Cl11 Co Cs 121.48(11)
Cc2 C1 P1 101.64(8) C8 Cc7 C6 120.82(12)
C3 C2 C1 116.33(11) C9 C8 Cc7 119.96(12)
C3 Cc2 C12 124.59(12) C10 (&) C8 119.81(12)

C12 C2 C1 119.07(12) C9 C10 C11 120.28(13)
Cc2 C3 Cc4 117.90(11) C10 c1n C6 120.44(12)
Table S8 List of bond lengths for 7

Atoml  Atom2  Length/ A Atoml  Atom2  Length/ A
P1 01 1.483(3) C3 C4 1.507(5)
P1 02 1.550(3) C4 C5 1.549(5)
P1 C1 1.786(3) C5 C6 1.517(5)
P1 C4 1.863(3) C6 c7 1.389(6)
N1 C4 1.533(4) C6 Cc11 1.385(5)
N1 C13 1.494(4) C7 C8 1.391(6)
N1 C14 1.486(5) C8 c9 1.381(8)
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C1 C2 1.515(5) C9 C10 1.371(9)

C2 C3 1.332(5) C10 C11 1.404(7)

C2 C12 1.489(5)

Table S9 List of bond angles for 7.

Atoml  Atom2  Atom3  Angle/® Atoml  Atom2  Atom3  Angle/®
01 P1 02 114.86(15) N1 C4 C5 110.3(3)
o1 P1 C1 114.30(17) C3 C4 P1 99.1(2)
o1 P1 c4 109.66(15) C3 C4 N1 110.3(3)
02 P1 C1 107.78(16) C3 C4 C5 113.8(3)
02 P1 Cc4 112.96(15) Cs C4 P1 114.7(2)
C1 P1 Cc4 95.78(16) C6 C5 Cc4 113.8(3)
C13 N1 C4 115.1(3) Cc7 C6 C5 120.5(3)
C14 N1 C4 113.9(3) Cl11 C6 C5 120.7(4)
C14 N1 C13 108.6(3) C11 C6 Cc7 118.8(4)
C2 C1 P1 101.7(2) C6 Cc7 C8 120.8(4)
C3 Cc2 C1 116.6(3) Cc9 C8 Cc7 120.2(5)
C3 C2 C12 125.7(3) C10 Co C8 119.4(5)
C12 C2 C1 117.6(3) Cco C10 C11 120.8(5)
Cc2 C3 c4 117.5(3) C6 cn C10 119.9(5)
N1 Cc4 P1 108.1(2)
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4. DFT calculations
4.1 Methodology

All calculations were performed using the Turbomole program package (Version 7.3).1 Structure
optimizations were carried out employing the PBEh-3¢c composite method including three body
interaction terms'® and COSMO (e = o) as an implicit solvation model.”’ SCF energies and
structural gradients were converged to 107 au. and 107 au., respectively. The exchange
correlation functional was integrated using the radial multigrid m4."% Electronic energies were
calculated at the PBE0-D3(BJ)/def2-TZVPM level with COSMO (& = 9.08, DCM) for implicit
solvation."” The solvation model (¢ = 78.4, H,O) was applied for H,O and H;O" single point
energies. Normal modes and vibrational frequencies were computed within the rigid-rotor
harmonic-oscillator approximation applied to vibrational modes below 100 cm™ at 298.15 K.
Furthermore, a concentration correction to the translational partition function (gyas) is used,
kaT)% ] K

2 n

Qtrans = (

with the mass (m), Boltzmann constant (kg), temperature (7), volume (/) and amount of substance
(n). Intermediates were assumed to have a concentration of 1M and water is calculated with its
initial concentration of 55.6M. Spurious negative frequencies between —100 cm™! and 0 were sign
inverted as they arise due to inaccuracies of the COSMO solvation model and contribute to the
Gibbs free energy of the respective compound to minimize the error. Relaxed potential energy
surface scans were conducted to obtain a reasonable guess for the transition state. The optimized
transition state was assessed through a normal mode calculation. The structural gradient is
converged to 6:10* a. u. and the imaginary mode corresponds to the P-C bond formation with a

frequency of -142 cm™.

4.2 Electrostatic potential maps, mechanism and energy diagram

Figure S29. Electrostatic potential maps of 2-dimethylaminophosphinine and 3-
dimethylaminophosphinine calculated at the PBE0/def2-TZ VP level of DFT, isovalue = 0.02 a.u..
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The ring contraction experiment was investigated with the reaction pathways and Gibbs free

energy profiles depicted in Figure S31 and S32, respectively

t ® 2
HC A NMe, o HiC_~NMe, HsC NMe, HiC A~ NMe,
H @ 5 H,0 : H
| . 0 | — i MO, Me,Sin
. Z = Me3Sirn, 2 Ph
Me;Si Ph Me3Si Ph H Ph H 75\
3 4 0 H
0.0 (= int.1) int.2 int.3
-69.5 -47.2 -149.1
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| 2 -—
“OH
H,C Sl SIME3 SIMe;
H 3 H' “siMes P \O
7-TMS int.6 int.5 mt.4
-187.0 -136.7 -106.8 -138.8

Figure S30 Lewis structures of the reaction pathway. The 7-TMS is the product formed with
reaction. Energies (in kJ/mol), relative to phosphinine 3 (0.0 kJ/mol), are given below the

compound name; Int.: intermediate.
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Figure S31 Relative free energies of the compounds shown in the reaction paths.
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In the reaction of 3 to int.1, the aromaticity of the phosphinine is conserved. It is known that the
energy gain of the enamine formation is not high enough to destroy the aromatic system.!'!
However, the oxidative addition of H,O across the activated P=C bond in int.2 to give a P-OH
species with an adjacent CH unit. This compound will tautomerize to int.3. This process is
exergonic by -101.9 kJ/mol. Furthermore, an equilibrium reaction of int.3 to int.4 happens. Their

energetic difference amounts to 8.7 kJ/mol which corresponds to an equilibrium constant of K =

e# = 33. The formation of int.5 is necessary for the formation of the transition state of the RDS.
Phosphinic acids are known to tautomerize to form nucleophilic phosphorus species (HP=0O«<P-
OH).™ The nucleophile can then react with the electrophilic imide. The transition state of the P-C
bond formation can be specified as a 5-exo-trig reaction, which is allowed according to the
Baldwin rules."® Polar protic solvents stabilize the transition state and decrease the total energy
barrier of 75.6 kl/mol (int.3 to TS), because the amine group can form hydrogen bonds with
surrounding water molecules. Our calculations suggest that the intramolecular hydrogen transfer
between the POH unit and the nitrogen occurs after the RDS (int.6 to 7-TMS), rather than
simultancously. Ring formation (TS to int.6) and subsequent hydrogen transfer and P=O double
bond formation (int.6 to 7-TMS) contribute to a significant decrease in free energy of 63.2 kJ/mol
and 50.3 kJ/mol, respectively. The overall reaction starting from int.3 as the most stable
compound before the RDS is thus rendered exergonic with AG = -37.9 kJ/mol.

All in all, the proposed reaction mechanism serves as a rationale for the outcomes of ring
contraction. The computed relative Gibbs free energies of the structures and the energy barrier of

the RDS (76 kJ/mol) seem physically sound.

4.3 Calculated structures

"Phosphinine 3", E_el(SPE) = -3536821.66 kJ/mol, G = 862.25 kl/mol, neg. freq. (1-3) = 0.0, 0.0, 0.0
C  1.0299750 0.0105888 -1.0678551
C  1.5357904 -12851171 -0.9610759
C 27960210 -1.6015980 -1.4528295
H 09446595 -2.0506681 -0.4727475
P -1.5823549 -0.6621443 -1.2851133
C 35707847 -0.6261375 -2.0624337
C  3.0749719 0.6681570 -2.1778201
H 31715204 -2.6121128 -1.3541097

C  1.8190854 0.9844126 -1.6857702
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s

=

=

Si

4.5533210

1.4434089

3.6697211

-0.3402415

-3.0673403

2.4121199

-0.6084556

-4.8739643

-5.1015429

-1.9314430

-0.4396036

-0.3041123

-3.0882132

-4.2537838

-2.0762781

-6.3592960

-5.3730112

1.1870164

1.5936613

-4.6226582

-6.6306348

-4.3960621

-5.8574879

-6.2984614

-5.7853288

-5.4349397

-4.7375809

-3.4579824

-0.8695844

1.9942540

1.4343811

03310383

0.0083438

1.9985956

1.4174399

2.2810874

1.0033750

1.7770560

4.0519244

3.5330673

1.1478295

2.4743976

2.6156878

0.9100444

0.8442155

1.4754138

0.4589597

-0.9140466

-0.3577169

1.7538651

02357551

-2.3616299

-1.0941274

-1.7833623

-2.4774114

-2.9838809

-2.4457438

-1.7841393

-2.6587850

-0.6020117

-0.7173755

1.4622551

0.2508522

-0.2846175

0.8976444

0.5497450

0.5491495

2.2407167

0.1026318

1.3467469

1.2183440

-1.4348138

-2.8941489

2.6293522

1.2479213

-1.2844546

-2.6215628

0.5425308

-2.1284058

-0.1555066

0.9498104

0.1806301

0.6533063

-2.1154851
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"int. 1(= phosphinine 4)", E_el(SPE) = -3537978.97 kJ/mol, G = 897.46 kI/mol, neg. freq. (1-3) = -34.31,

-4.1334814

-5.0330624

-3.6536188

0.4399542

1.1295810

1.4539408

0.1793718

0.0,0.0

C

C

1.0704792

1.6776134

2.9665879

1.1418655

-1.5956949

3.6610653

3.0620479

3.4294163

1.7714068

4.6664530

1.2991965

3.5940766

-0.3120918

-3.0262612

1.6375997

-0.5744087

-4.8182867

-4.9718760

-2.2373160

-2.7604126

-1.8146446

2.1629634

4.0281981

1.4872786

3.5001264

0.0226310

-1.1853635

-1.4659802

-1.9019094

-0.6048140

-0.5462263

0.6562061

-2.4049051

0.9397317

-0.7675102

1.8676220

1.3731597

0.3170680

0.0018820

2.1213258

1.2744489

2.1807207

0.7514527

-2.5351411

-2.8682899

-3.4192175

0.7776981

1.3421051

1.5652959

1.2554178

-1.2164456

-0.8739665

-1.3032960

-0.2640408

-1.4930536

-2.0780793

-2.4274324

-1.0296430

-2.0029907

-2.4111940

-2.3046133

-3.0383458

-0.7657542

-0.7400464

2.6090194

0.1938820

0.0962064

1.1069401
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Q

=

Q

Q

-1.8342851

0.4753622

-0.2779881

-3.0155240

-4.1028353

-1.9179209

-6.3901371

-5.4741700

-0.1286045

0.7535158

1 -4.6284291

-6.6977107

-4.2932110

-5.9118102

-6.1669491

-5.5897717

-5.2906042

-4.5416668

-3.5048581

-4.2125171

-5.1304616

-3.8034236

0.5710410

1.4919166

0.7154657

0.5613571

1.4129018

1.6141341

3.6093961

3.8996606

1.0248753

2.1568925

23829238

0.9218317

1.1185194

2.0821873

0.5929433

-0.8656319

-0.1401667

1.5514061

03831472

-2.4868007

-1.3525546

-1.9289859

-2.6546422

-2.7795986

-1.9921543

-2.4792297

-1.4427916

1.9761318

3.8623338

1.6701826

3.4430542

1.6083952

0.6603389

-0.5306536

1.0534509

0.2222290

1.7001837

1.4189330

-1.0802798

-2.5746278

2.7997767

2.3856513

-1.3161459

-2.4462195

0.8157757

-1.8974495

-0.2464032

0.9663142

0.0904606

0.4119536

-2.5032187

-2.7654492

-3.1029724

-3.6147511

0.8036087

0.9087080

2.2560999

0.5387920

0.3502453
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"int. 2", E_cl(SPE) = -3537952.60 kT/mol, G = 893.43 kI/mol, neg. freq. (1-3) = -0.0, -0.0, -0.0

C 07963424 -0.2400849

C

C

=

1.7535650

29379080

1.5810050

-1.4508938

3.1734608

2.2155553

3.6771574

1.0319472

4.0973120

0.2868604

2.3876753

-0.5070235

-3.0647450

1.6755704

-0.9703247

-4.5696447

-5.2482231

-2.2684645

-1.7888714

-0.8970118

-3.1892068

-4.1027324

-2.4818667

-2.9530017

-2.2026007

1.5200885

-1.1443430

-1.3231521

-1.6950379

-1.4942145

-0.6051666

0.2886969

-2.0233564

0.4674250

-0.7429112

1.1593054

0.8439423

-0.0941343

-0.9833766

2.5980824

1.15664438

1.4236753

-0.0914853

1.2452335

3.6321244

3.8215274

0.2477710

-0.1264587

21367842

1.4724801

0.1826866

3.0034402

-0.7947546

-0.3414700

-1.0441693

0.5751784

-0.2086692

-2.2077536

-2.67186%4

-0.6778199

-1.9736039

-2.7540554

-2.3479240

-3.5846239

-0.0938584

03725172

-0.4056283

0.4597650

2.2935258

1.6718170

1.0590580

0.2133934

1.7406128

1.1282608

2.9930351

1.6316474

-1.8478240

-2.7971721

1.3080983
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s

Si

1.6543760

-4.0514092

-3.7782901

-4.3497189

-3.1479829

-6.3458624

-5.7891043

-5.7730452

-6.3060740

-4.4954003

-4.0975315

-4.7523123

-3.1158049

-0.2154107

-0.1646620

1.2404252

-0.8107203

-3.6298491

1.3229887

-0.7201975

0.8174683

0.3842039

0.5520766

-0.0795181

0.8614729

-0.1331013

-0.8182475

-3.1645807

-2.4078966

-2.3716649

-2.7401384

22532493

4.3028746

2.2814366

3.5678288

-1.8179824

0.8279346

-1.3666215

-3.2514175

2.0588920

-2.3998510

-1.8828140

-0.5048712

-0.9509251

-0.2873415

-1.4980484

-2.1758524

-3.0489058

-2.5146171

0.4859176

0.2074212

0.5413818

0.6823509

0.7983442

"int. 3", E el(SPE) = -3738656.72 kJ/mol,

C

C

0.8691009

1.5163728

2.8560689

0.9862716

-1.5148964

3.5542781

2.9071320

3.3523270

-0.1812842

-0.3586113

-0.7179997

-0.2208512

-1.4499935

-0.9185591

-0.7565698

-0.8447508

-0.9993552

0.2199711

0.2520547

1.1554201

-1.1119996

-0.9309037

-2.1482518

1.2050628

G =961.23 kI/mol, neg. freq. (1-3) = -64.71, -0.0, -0.0
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Q

=

=

Q

@]

=

=

1.5696026 -0.3902240 -2.1832784
4.5985671 -1.2003684 -0.9038893

1.0734364 -0.2566921 -3.1367636
3.4437344 -0.9124082 -3.0747626
-0.6056418 0.1578785 -1.0622925
-3.0868995 -1.1002775 -0.3056482
0.4826900 2.2266739 -1.7796426
-1.0412532 1.0946174 0.0330744
-4.7125658 -0.7944246 1.8721129
-3.3636372 -1.7565229 2.4285062
-1.9361081 0.6585598 1.0653131
-1.9876668 3.3197424 1.2280522
-0.4957198  2.8949987 2.0979147
-2.8362074 -0.3512603  0.9460219
-3.5193374 -0.0780309 2.9720286
-1.9121758 1.1861293  2.0084668
-3.0678582 1.9110276 -1.8079305
-2.7832552  0.7839609 -3.1495533
0.1015401 3.8307328 -1.1661260

1.3981411 2.8852843 -0.4165932
-4.3658751 -0.2211018 -1.4798836
-4.2902523 1.6722895 -3.0340125
-3.6533051 -0.7470564 2.1255203
-3.5291903  1.1547577 -2.4457959
-6.4508783 1.0083818 -1.0432502
-5.3396029 1.2508338 0.2967996
-5.7194320 0.5072067 -0.4059159

-6.2531891 -0.2560860 0.1617990

533

141



"int. 4", E_el(SPE) = -3939242.59 kT/mol, G = 1022.96 kJ/mol, neg. freq. (1-3) =-0.0, -0.0, -0.0

-4.2396397

-5.0353011

-5.5291944

-5.7694109

-0.5470181

-0.4920638

0.4153808

-0.9070729

-0.8146759

-0.8257519

-1.5673478

-3.5526644

-1.9971614

-1.5458982

-2.3394717

-1.1212064

22991815

4.2033267

2.8293505

3.2288045

-2.2246822

0.6181376

-2.0192831

-2.0632383

C 04640643 0.4419910

C

1.2250420

23089142

0.9896287

-1.9904399

2.6422827

1.8867206

2.8924202

0.8082114

3.4873728

0.2302971

2.1389601

-0.7629931

-3.3445926

-0.4051107

-1.0899792

-0.5406253

-1.9431221

-0.9425852

-0.1006851

-1.7411544

0.5885762

-1.4776756

12506187

0.0253481

1.1700159

-0.7413848

-3.2124599

-2.6199285

-2.0568867

-3.3069007

0.07444832

0.9161867

-0.8837486

1.1467145

-0.1656551

-2.0309953

-2.4937569

-0.0685987

-1.6228847

-0.8225810

-1.3549675

0.2258308

0.1715859

-2.6934856

-3.4982459

-0.7174833

-2.9642835

-3.1062690

-3.5985813

-4.5429605

-1.1262810

0.1396161
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s

z

=

1.2099835

-0.8977943

-5.3547915

-4.6078810

-2.1880566

-0.3896277

-0.5899632

-3.2276809

-4.4512544

-2.3569801

-5.2228217

-3.6250586

1.5202860

2.1464969

1 -4.1481217

-4.9654084

-4.4723708

-4.5149903

-6.2250194

-6.4197084

-5.7200177

-5.5026173

-2.0481251

-2.9964261

-2.7726750

-3.5046029

0.0890604

1.0267366

2.6585147

1.4834615

0.8037788

0.1843090

1.4137258

3.2136400

1.4632325

0.5559010

1.9001286

22343353

1.6201230

1.8189720

3.4925277

1.8552114

-0.6135011

1.2629650

0.8955608

1.1885022

-1.6427313

-1.2217295

-1.6268726

-2.6589617

-0.8092972

-1.3367629

-2.3880677

-1.2833608

2.0123264

2.1692238

-0.6849144

0.3300576

0.9873864

2.4417697

0.9775120

2.6534262

2.9078472

0.8582901

2.0392830

1.6655628

-1.3094693

-2.0196642

0.8346615

0.5916593

-1.6466291

-3.0103485

1.6238458

-2.0184581

-2.5292270

-0.8288974

-1.5620611

-1.2815353

-3.0633340

-2.9464412

-2.7596129

-3.9119696

0.9913714

2.8342163
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"int. 5", E_el(SPE) = -3939208.26 kT/mol, G = 1020.63 kJ/mol, neg. freq. (1-3) = -87.96, -42.92, 0.0

C

C

1.3126181

0.0181428

-1.0752343

-0.8612184

-2.5290193

-4.1349938

-1.0592871

-1.5021544

-1.6540323

0.2792969

0.1921456

1.3472930

2.5804852

2.6730617

1.5141538

4.0308403

4.4817125

5.2078685

6.3390365

7.1661731

7.5642074

6.0213159

4.0933498

3.1932002

4.4490305

6.8553936

2.5234638

22272134

-1.6186965

2.1277510

-3.3255677

-1.3016514

-1.5899674

-1.7520156

0.6201281

-0.2203622

-0.3648372

-0.3214764

-0.1265929

0.0328501

-0.0207303

0.2499067

1.6499107

1.9024334

1.3000660

0.3786720

-1.1814430

-1.7704882

2.6618477

2.5703815

4.0316988

1.6430397

0.3849335

2.4337270

1.4584129

-1.6516864

0.0409320

0.6563984

-0.8126382

2.3158502

-1.4260258

-0.3131041

1.0640661

1.8348457

1.2311158

-0.1500287

-0.9171997

-0.7908228

-0.4810298

0.7531934

1.1733399

0.3536616

1.2772783

1.2912706

-1.1946010

-2.3373629

-0.8269955

2.5377513
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Si

8.7886083

9.1833276

10.2212214

8.4284467

8.3059599

1.5680672

-0.6135570

-0.7701012

3.4789619

1.2893209

21902338

6.8053775

7.9016588

3.7055704

5.4268512

6.2772012

4.7837494

10.0198602

10.4865428

3.5410047

3.1636375

11.1016317

93117315

8.1598527

7.6171524

9.4695179

8.3387859

10.0217929

1.2554487

0.5744346

0.9508737

3.0943077

-2.0351069

0.0748001

-0.2657914

-0.5188255

-0.1120445

-0.4471514

2.8658815

0.7702950

1.9500017

4.43873858

4.0632970

2.4383873

2.6757228

1.2968522

-0.1057275

3.2511129

1.5718868

1.4892099

3.6133012

3.5559094

3.2846305

-0.4776176

0.6789118

1.1269820

-0.2605851

-1.9658183

0.9173332

-0.4074644

0.0815359

-1.9944683

-0.9228710

1.5347105

1.8361565

2.9081681

-2.0315711

3.1936264

2.5145560

-0.1422723

-0.3569633

3.0026413

1.3851772

1.9318916

0.9730802

-3.1089258

-2.7529980

0.5595483

-0.7850234

0.5438557

-1.1126503

-1.9403356

-2.6469640

-2.3983861
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"TS" E_el(SPE) = -3939174.29 kJ/mol, G = 1019.91 kI/mol, neg. freq. (1-3) =-14235, -86.32, -15.21

C

C

Si

@]

@]

4.4691060

4.7310758

6.6579747

3.9992930

5.8908221

7.8730486

0.4061097

-0.5406964

-1.0290888

-0.5786134

0.3596546

0.8532119

0.8421332

-0.2006526

-1.3874381

-1.5337243

-0.4657415

0.6800816

0.0426434

-0.4079928

-1.5711937

0.5672009

-2.8430421

0.3799439

1.4673068

1.3837753

4.6406537

-0.4529622

0.1123702

0.0448134

-2.4110945

-2.0157641

5.0322048

4.9640965

3.7271295

2.5683494

2.6274794

3.8703929

1.3597611

0.8275381

0.1705023

-1.1167164

-2.1554138

-1.3628525

-1.8453556

1.4543260

1.1984989

2.3353674

-1.5913497

-2.8651808

-4.3116864

-1.5493657

-1.7253103

-0.3482168

-0.5816064

-1.8598111

2.0009063

-0.7833794

-0.9489917

-1.9612726

-2.3627707

-1.7475896

-0.7187396

-0.3331622

-0.0526799

0.9131798

0.2996038

-0.0426800

0.1735074

1.3405959

2.7565116

2.0639486

2.8983127

2.6802575

-0.5791229

-1.4177431

-0.8897480

-2.3042066
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-0.9357320

2.1460180

1.6057886

0.8031459

-0.8895629

-0.9571306

-1.7567826

-2.2082943

-2.7683220

-3.1982998

0.5988850

1.5658012

-3.6075210

-2.2300417

0.7665031

2.2147720

-1.2517324

-2.1509757

1.8099621

-0.4475957

-1.4644060

-1.6744247

2.4856941

1.0516737

1.5415078

0.2911695

1.0123221

-0.9265165

-3.5230671

-2.0421824

3.9367261

5.9901329

5.8687988

1.6084955

3.6631309

0.4328740

-1.9070952

-2.4563468

2.1374822

2.1752886

-0.8136245

0.8403199

-0.7025611

-1.1743857

0.8706990

21144262

-1.9754056

-4.1454104

-2.7319087

-4.1448320

-4.0115159

-4.8542625

-5.0245548

3.3800055

0.5939542

-3.0413227

-2.5886471

1.2248078

0.4428020

-0.6391373

-2.4419597

-2.0791227

-3.1612962

2.4697519

-1.6183809

-0.0130734

3.7501669

2.2875981

-0.5241853

0.15777176

-2.6107691

-1.7051983

3.8875701

3.0136524

-3.2149332

-3.3419982

-3.1208230

-2.0811026

-0.6423745

-0.0383440

-1.7130168

2.5343289

-0.8067706

0.6330425
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H

H

1.8011291

0.4090883

1.5249677

-1.3868335

H 21968702 -2.9986080

"int. 6", E_cl(SPE) = -3939242.51 kT/mol, G = 1024.97 kJ/mol, neg. freq. (1-3) = -47.38, -0.0, -0.0

C

C

Q

@]

=

0.4973329

0.0193837

-0.5479108

-0.6220727

-0.1422073

0.4111969

0.9209142

-0.1748827

-0.6546232

0.3738140

-1.3019867

-1.4203762

-2.4897548

-0.4185953

0.7266605

-0.3256803

0.3522191

1.9279936

-0.3422950

-1.8726199

2.0976941

1.4058726

0.9535955

3.9966830

5.0683987

48541168

3.5626511

24955164

2.6952317

1.5229569

0.7895673

1.4413962

2.1252840

0.3243650

-0.9721691

-1.5000445

-1.9501183

-2.8551635

-4.1504283

-0.8837601

-0.9584299

-0.9922027

22370564

-3.7254056

-1.6010335

4.1863688

0.4347333

3.5243872

1.3731659

-0.1714805

-0.9135126

-2.1618527

-2.6670479

-1.9216360

-0.6577790

0.1400409

0.9462665

2.1750217

2.9535833

0.0548970

-0.2504075

-1.1454197

0.3359473

-0.9433317

-1.8006741

1.5414437

1.6417990

2.9473921

2.0652559

0.0052489

-2.1586968

0.7919591

540
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0.0974010

-0.9196863

-0.1922555

-1.0474258

-2.6998697

-2.0807126

-2.9725787

-0.0123804

1.2686705

-3.2483377

-1.9809588

0.6155589

21274124

-2.1379393

-1.7571139

1.9245293

0.3218018

-1.0680146

-0.8481057

2.9509946

1.7453774

2.4761371

0.6724080

1.3657917

-0.9425990

1.7298294

-0.7401136

2.3396634

6.0722532

5.6885425

1.4944720

3.3851858

1.6311159

-1.8098826

-2.3738636

2.3036545

1.5106444

-0.7436171

1.0563208

-0.9979746

-0.9257962

25877602

3.1080124

-2.1133864

-4.7997768

-3.7295313

-4.7812915

-3.0800715

-4.1571983

-4.5536206

3.0881566

0.8028395

-2.7559053

1.8388700

-0.0612130

-1.7599259

-0.5164530

-2.7421853

-2.3339686

-3.6463101

1.7039174

-2.1084596

-0.7058985

3.9558426

3.0548705

-1.3373169

-0.3620458

-2.6099881

-1.6962542

3.0610065

1.4144868

-2.9711267

-2.3937468

-2.4776819

-1.0797374

0.2151664

0.9443055

-0.5968963

2.5343696

-0.5503006

0.8640879

0.7999946

3.0611017

1.9991345
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"7.TMS", E_el(SPE) = -3939307.43 kI/mol, G = 1039.56 kI/mol, neg. freq. (1-3) =-0.0, 0.0, 0.0

C 07110912 0.9315607

C

0.8972112

0.7641588

1.1645765

-0.9848676

0.4408632

0.2421819

0.9194271

0.3770480

0.3418059

0.2438096

-0.0099423

0.9698801

-2.5628268

2.2237339

-0.2733899

-4.6459898

-3.7548493

-1.4650860

-0.7058807

0.5737258

-2.5882470

-4.2171259

-1.4123266

-3.6314619

-1.9040107

-0.2980944

-0.4195112

-1.1639837

-0.6930937

0.6875892

1.9169442

-1.3818072

2.0356754

0.5946452

3.0048742

27872394

1.0982078

-0.3722467

1.3188905

1.0465151

1.5468607

2.8738493

1.8037743

3.4957279

3.2550771

1.1252486

1.4566106

2.8748696

0.3820100

0.4621072

-1.5040317

-2.1295524

-3.5067659

-1.5382926

1.0656394

-4.2771299

-3.6616316

-3.9772914

-2.2861479

-5.3508757

-1.8202720

-4.2537162

-0.0297828

02467677

2.3585558

0.8752312

0.4496582

-0.3053247

0.3840271

2.1991299

3.3920692

0.1204230

-1.2466341

0.2319085

-3.1018028

-2.7655288
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s

=

S1

1.3644723

1.3191350

-2.9962891

-2.5444832

-3.8631117

-2.7460321

-5.1781262

-5.4392543

-4.8178317

-4.9882818

-0.9511000

-2.0019590

-2.0583296

-2.4097506

0.1204966

0.9953688

1.3388569

0.2533629

-0.0776028

1.6859822

1.4622982

-3.3528582

-1.4008575

-1.0118322

-0.6495517

1.0657801

-0.1805467

-1.3260634

-0.8256560

1.7912292

-0.2178897

-2.2792932

-0.8769117

-1.7637692

-2.4233952

-2.7135151

-2.9077551

-3.5335615

-3.4809789

1.5477437

3.3883959

0.8887740

3.0249817

-1.7996343

03396115

2.0637897

-0.6954012

-0.7094466

-1.4340493

1.2848712

3.8867637

2.6288347

-1.3916094

-3.7710318

-0.2714888

-2.8874723

-2.1042188

-1.0734062

-1.2116760

-0.3586825

-1.7703509

-1.5630319

-0.6722976

-2.3988129

2.2683923

1.6763690

2.8162330

2.3801651

0.6693627

0.2881338

0.1101806

0.9358846

2.6338991

3.1436152

2.8875457
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Copper(l) and Gold(l) Complexes of 3-Aminofunctionalized
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Abstract: A series of 3-aminofunctionalized phosphabenzenes was
synthesized and structurally characterized. DFT calculations show
that these aromatic phosphorus heterocycles possess stronger -
donor and o-donor abilities compared to the parent phosphabenzene
CsHsP. The novel 3-aminofunctionalized phosphabenzenes show a
classical terminal o-coordination mode towards Cu(l). However, the
Cu(l) ions shows a rare distorted trigonal planar coordination
environment in the corresponding complexes of the type
[(Phosphinine),CuBr],. Upon reaction with AuCl-SMe,, mononuclear
phosphinine-Au(l)Cl complexes are formed

Introduction

Phosphinines (phosphabenzenes, phosphorines), the higher
homologues of pyridines, are usually regarded as strong -
acceptor and relatively weak o donor ligands once coordinated to
a metal center. In fact, their particular electronic properties are
especially suited for a coordination to late transition metals in low
oxidation states.! To date, several synthetic routes for the
preparation of phosphinines have been reported in literature.
Some of them allow the introduction of functional substituents into
specific positions of the 6-membered aromatic heterocycle, which
is important for the modification of their stereoelectronic ligand
properties and coordination abilities.2346

Recently, we have shown that the basicity and nucleophilicity of
the phosphorus lone-pair can be significantly enhanced by
introducing o-donating substituents into the 2-position of the
phosphinine ring.! This, together with steric factors, can also
affect drastically their coordination behaviour towards metal
fragments. For instance, the reaction of the parent phosphinine
CsHsP with CuBr-SMe; leads to the infinite CuBr coordination
polymer A, which consists of repeating [(CsHsP)CuBr] units
(Figure 1). The 2-SiMes-phosphinine, on the other hand, forms the
bromido-bridged dimer B of the type [(L).CuBr]. upon reaction
with CuBr-SMe,."? Mathey and co-workers investigated the
reaction of a phosphinin-2-ol with copper chloride: They observed

[a] J. Lin, Dr. D. S. Frost, Dr. N. T. Coles, M. Weber, Prof. Dr. C. Muller
Institut fir Chemie und Biochemie
Freie Universitét Berlin
Fabeckstr. 34/36, 14195 Berlin (Germany)
E-mail: c.mueller@fu-berlin.de
[b] Dr.N. T. Coles
School of Chemistry
University of Nottingham
University Park Campus, Nottingham, NG7 2RD (UK)

Supporting information for this article is given via a link at the end of
the document.

the formation of the dimeric copper chloride complex C containing
two o-P coordinating as well as two p»-P-coordinating
phosphinines.’® The corresponding anionic phosphinin-2-olate,
reported by Griitzmacher and co-workers, acts as a 4e donor and
bridges a cationic [Au(PPhz)]* as well as a neutral [AuCI] fragment
(D).®! More recently, our group synthesized a neutral 2-N,N-
dimethylamino-substituted phosphinine.!'” The strong interaction
between the lone-pair of the nitrogen atom of the NMe> group and
the aromatic system results in a high m-density at the phosphorus
atom. As a consequence, the phosphorus-containing derivative of
N,N-dimethyl-aniline acts again as a p.-P ligand and forms the
coordination polymer E when reacted with CuBrSMe,.

4 \
SiMe;  MesSi. C?H
< O v
e s /C” G Cu—r
f; '\\ | P Y Vi
"SiMe; M53S| <\:/>_ o HO
c

A B
this work
Ph R NMe;
Q@ X
e Z
| HaCH,CN| /\ | B Me;Si” "P” “Ph
] ,..arCe"C“’B'B,.-" L,
Au Au —Cu~ o
& ¢ HyCCN Br—Cu
Phg cl NCCH; F
n ML, = CuBr; AuCl

Figure 1: Coordination compounds A-F of differently substituted phosphinines
and brief outline of this work.

We have recently reported on the synthesis, structural
characterization and reactivity of the novel 3-NN-
dimethylaminofunctionalized phosphinine 6 (Scheme 1).'"l This
compound shows only a weak interaction between the nitrogen
lone pair and the aromatic phosphorus heterocycle, in contrast to
observations made for the 2-N,N-dimethylaminophosphinine
derivative (vide infra). We report here on our first results
concerning the coordination chemistry of this donor-
functionalized phosphorus heterocycle towards Cu(l) and Au(l) (F,
Figure 1).

Results and Discussion

The 3-N,N-dimethylaminofunctionalized phosphinines 5-7 were
synthesised according to a modified literature procedure
described by Mathey and co-workers.!'? 1,3 2-diazaphosphinine
1 reacts with 1.2 equiv. of trimethylsilylacetylene derivatives in
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toluene at T = 70 °C first to the corresponding 1,2-
azaphosphinines 2-4 (Scheme 1). Their formation was monitored
by means of *'P{'H} NMR spectroscopy.® After complete
conversion of 1 to 2-4, all volatiles were removed under vacuum
to prevent further reaction of the slight excess of
trimethylsilylacetylenes and 1,2-azaphosphinines at higher
temperatures. Compounds 2-4 were dissolved in toluene again
and then reacted with N,N-dimethyl-2-phenylethyn-1-amine at T
=90 °C to the desired phosphinines 5-7 (Scheme 1). Compounds
5-7 were easily purified by means of column chromatography.

'EuY\r'Bu MeSi—= R ‘Bu
N 8,8 ——=—R I\r
i —
toluene :

MesSi

T=70°C
1 5h R=H(2)
CH;z (3)
Ph (4)
O=A{_ mph
ey i TS R=H(®)
—_—— Hs (6)
toluene Me;Si % Cph i;))
7=80-90°C

18h

Scheme 1. Synthesis of phosphinines 5-7

Compounds 5-7 show resonances in the 3'P{'H} NMR spectra at
&(ppm) = 237.7, 244 .3 and 244.5, respectively. These values are
rather  different to the one found for 2-N,N-
dimethylaminosphosphinine (5(ppm) = 127.0).1'? This indicates
that the electronic properties of 5-7 vary significantly from its
regioisomer. Crystals of 5-7, suitable for X-ray diffraction, were
obtained by slow evaporation of the solvent from a solution of the
phosphinines in n-hexanes. The molecular structure of 5 in the
crystal is depicted in Figure 2, along with selected bond lengths
and angles (for the crystallographic characterization of 6, see ref.
11; for 7 see supporting information).

Figure 2. Molecular structure of 5 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles [°]:
P(1)-C(1): 1.737(1); P(1)-C(5): 1.731(1); C(5)-C(4): 1.397(2); C(4)-C(3):
1.387(2); C(3)-C(2): 1.407(2); C(2)-C(1): 1.419(2); N(1)-C(2): 1.393(2); C(5)-
Si(1): 1.875(1). C(5)-P(1)-C(1): 104.68(5); C(12)-N(1)-C(2): 119.48(9); C(2)-
N(1)-C(12)-C(13): 144.9(1).

The crystallographic characterization of 5-7 reveal similar C-N
bond distances of 1.393(1) (5), 1.407(1) (6) and 1.415(2) A (7).
Moreover, the nitrogen atom of the N,N-dimethylamino-
substituent is clearly pyramidalized in all three phosphinines.
Consequently, we anticipate that the lone pair of the nitrogen

WILEY-VCH

atom only weakly contributes to a conjugation with the aromatic
phosphorus heterocycle, in contrast to the situation in 2-N,N-
dimethylamino-phosphinine.l'%

Having synthesized the novel 3-N,N-dimethylamino-substituted
phosphinines 5-7, we were further interested in the electronic
ligand properties, particularly with respect to the parent
phosphinine CsHsP as well as the 2-N,N-dimethylamino-
functionalized regioisomer, recently reported by us.['” As already
demonstrated for phosphinine 6, we also found a large
concentration of electrons close to the nitrogen atom in the
electrostatic potential (ESA) maps of 5 and 7, suggesting the
presence of a lone pair that is not part of the aromatic phosphorus
heterocycle (Figure 3). This effect is clearly caused by the steric
demand of the phenyl-group in the 2-position of 5-7. In fact, both
the 2-N,N-dimethylamino-('% as well as the 3-N,N-dimethylamino-
substituted phosphinine!'!), without any other substituents at the
phosphorus heterocycle, show a fully planar nitrogen atom
(Figure 3, left).

WD Hely DelP
ks 2

2-N,N-dimethyl-
Figure 3: Electrostatic potential maps for 2-N,N-dimethylaminophosphinine

aminophosphinine 5

(left) and phosphinines 5-7. The electrostatic potential (in a.u.), color-coded

from O (red) to 0.1(blue), is mapped on electron density isosurfaces of 0.02 e/au®.

Additionally, significant differences can be found in the frontier
Kohn-Sham orbitals of the parent phosphinine CsHsP, 5 and 2-
N,N-dimethylaminophosphinine (Figure 4).

wso*
& w
(] g‘:&

Figure 4: Kohn-Sham orbitals of CsHsP (left), 5 and 2-N,N-dimethyl-
aminophosphinine (right). Energy level of lone pair in orange.
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While the energy of the LUMO of § is similar to the one of CsHsP,
both are considerably lower in energy than the LUMO in 2-N,N-
dimethylaminophosphinine. This is in line with the reduced m-
acceptor property of this compound, due to the efficient electronic
interaction between the nitrogen lone pair and the aromatic
phosphorus heterocycle (vide supra). On the other hand,
particularly the presence of the trimethylsilyl-group in 2-position of
the ring leads to stronger o-donor properties of 5, while the 3-N,N-
dimethylamino-substituent increases at the same time the -
donor capability compared to the parent phosphinine (+ 1.10 eV).
However, less than in 2-N,N-dimethylaminophosphinine due to
the strongly reduced interaction of the lone-pair with the
phosphorus heterocycle. The fact that the lone-pair in 2-N,N-
dimethylaminophosphinine (HOMO-2) is lower in energy than the
one in 5 can be attributed to the electronegative character of the
nitrogen atom in close proximity to the phosphorus atom.

Having elucidated qualitatively the steric and electronic features
of the novel phosphinines, we were further interested in exploring
their coordination properties. Phosphinines are known to react
readily with Cu(l) precursors to form a variety of different
complexes, including infinite stair-like coordination polymers,
infinite chain structures, phosphinine-bridged copper dimers as
well as tetranuclear heterocubane clusters and polynuclear
architectures.®'>'8l. We therefore decided to focus first on the
coordination chemistry of the novel phosphinines towards Cu(l).
Phosphinines 5-7 were reacted with CuBr-S(CHs); in THF in a
molar ratio of 1:1 (Scheme 2). Only one single resonance at
d(ppm) = 202.8, d(ppm) = 223.0 and d(ppm) = 224.3 was
observed in the corresponding *'P{'"H} NMR spectra of the
reaction products 8-10 after the reaction mixtures were stirred for
overnight at room temperature. The coordination shift difference
of 8 around Ad(ppm) = -35.0 (-21 (9), -21 (10)) is indicative for a
successful coordination of the phosphinines to Cu(l).

Pale yellow crystals of 8-10, suitable for X-ray diffraction, were
obtained by slow evaporation of the solvent from a solution of the
coordination compounds in acetonitrile. Complex 8 crystallizes in
the triclinic space group P-1, while complexes 9 and 10 crystallize
in the monoclinic space group P2¢/c. The molecular structures of
the complexes 8 and 10 in the crystal are depicted in Figures 5
and 6, along with selected bond lengths and angles (for the
crystallographic characterization of complex 9, see supporting
information).

The molecular structures of the Cu(l) complexes 8-10 in the solid
state reveal the formation of a bromide-bridged dimer of the type
[(phosphinine)CuBr],. Compounds 8-10 show a classical terminal
2e-donation via the lone pair of phosphorus to the respective Cu(l)
centers. Interestingly, this structural motif has so far never been
reported in the chemistry of phosphinine-Cu(l) complexes, as the
Cu(l) atom shows a rare distorted trigonal planar coordination
environment. This can most likely be attributed to the steric
demand of both the SiMes- and the Ph-group in 2-position of the
phosphorus heterocycle. In fact, 2-SiMes-phosphinine forms a
dimer of the type [(Phosphinine),CuBr], with CuBr-S(CHs)-, that
shows a distorted tetrahedral coordination environment around
the Cu(l) center (B, Figure 1).17 Overall, the P-Cu--Cu-P angles
decrease considerably from 166.07° in 8, to 170.72° in 9 and
176.05° in 10. Consequently, the P-Cu,Brs-P moiety shows a
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butterfly-like arrangement in 8, while it is almost planar in 10
(Figure 5). In contrast to the situation in E (Figure 1), containing
the 2-N,N-dimethylaminophosphinine as ligand, the nitrogen
atoms in 8-10 are clearly pyramidalized, while the C(2)-N(1) bond
lengths (1.407(5) A (8); 1.379(3) A (9), 1.3800(15) A (10)) are
considerably longer (E: C(2)-N(1): 1.359(8) A) This indicates a
significant C-N single bond character in the phosphinine ligand in
8-10, which is again in line with a strongly reduced interaction of
the nitrogen lone-pair with the w-accepting phosphorus
heterocycle.

ok

\ P(1)

| 2 < ,,b £
cu(N Eu(\B)

C(1)

Br(1)

Br(18) P(1B)

Figure 5. Molecular structure of 8 in the crystal. Displacement ellipsoids are
shown at a 50% probability level. Selected bond lengths [A] and angles [°]: P(1)-
C(1): 1.735(4); P(1)-C(5): 1.714(5); Cu(1)-P(1): 2.164(1); Cu(1B)-P(1B):
2.163(1); Br(1B)-Cu(1): 2.3734(9); Br(1)-Cu(1): 2.4142(7); N(1)-C(2): 1.398(6);
C(1)-C(2): 1.411(8); C(2)-C(3): 1.413(7); C(3)-C(4): 1.382(7); C(4)-C(5):
1.394(8); C(1)-P(1)-C(5): 108.1(2); Cu(1)-Br(1)-Cu(1B): 76.11(3); Br(1)-Cu(1)-
Br(1B): 102.45(3); Cu(1)-Br(1B)-Cu(1B)-Br(1): 12.86(3).

c
Br(1

\ P(1_i) $ cun P(1)

- N

cul) v
Br(1i)

/

Vil 4
alm
Figure 6. Molecular structure of 10 in the crystal. Displacement ellipsoids are
shown at a 50% probability level. Selected bond lengths [A] and angles [°]: P(1)-
C(1): 1.724(1); P(1)-C(5): 1.723(1); Cu(1)-P(1): 2.1792(5); Br(1)-Cu(1):
2.4361(4); N(1)-C(4): 1.380(2); C(1)-C(2): 1.416(1); C(2)-C(3): 1.393(2); C(3)-
C(4): 1.413(2); C(4)-C(5): 1.421(2). C(1)-P(1)-C(5): 108.42(6); Cu(1)-Br(1)-
Cu(1_i): 77.95(1); Br(1)-Cu(1)-Br(1_i): 102.05(1); Cu(1)-Br(1)-Cu(1_i)-P(1_i):
176.33(2).

The reaction of phosphinines 5-7 with CuBr-S(CHs), in THF,
under formation of the Cu(l)-complexes 8-10, is summarized in
Scheme 2.
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Scheme 2. Synthesis of coordination compounds 8-10.

As phosphinines usually also react readily with Au(l)
precursors, we further investigated the coordination
chemistry of 5-7 towards AuCl-S(CHjz),.['"

The reaction of § and 7 with the Au(l) precursor in THF
affords a yellow solution, while under the same reaction
conditions, the formation of black particles, which could not
be further analyzed, were observed with phosphinine 2 and
AuCl-S(CH3z)2. Complexes 11 and 12 show single
resonances at 8(ppm) = 193.2 (11) and d(ppm) = 204.7 (12)
in the corresponding *'P{'H} NMR spectra.

Crystals, suitable for X-ray diffraction, were obtained by
layering n-hexanes onto a solution of complexes 11 and 12
in acetonitrile. The coordination compounds crystallize in the
monoclinic space group Cc and the triclinic space group P-1,
respectively. The molecular structure of 11 in the crystal is
depicted in Figure 7, along with selected bond lengths and
angles (for the crystallographic characterization of 12: see
supporting information).

Figure 7. Molecular structure of 11 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles [°]:
P(1)-C(1): 1.716(5); P(1)-C(5): 1.698(6); C(5)-C(4): 1.396(6); C(4)-C(3):
1.381(8); C(3)-C(2): 1.41(1); C(2)-C(1): 1.426(7); N(1)-C(2): 1.385(7); P(1)-
Au(1): 2.213(1); Au(1)-CI(1): 2.282(1). P(1)-Au(1)-CI(1): 175.98(5); C(5)-P(1)-
C(1): 110.4(2); C(2)-N(1)-C(12)-C(13): 149.9(7).

As expected, both 11 and 12 display an almost linear
geometry around the Au(l) center (P(1)-Au(1)-CI(1):
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175.98(5)° for 11; P(1)-Au(1)-CI(1): 178.73(3)° for 12). The
phosphorus-Au(l) distances are very similar to the values
found for reported phosphinine-AuCl complexes.['”) However,
in our case, no aurophilic Au---Au contacts can be found in
the unit-cells of 11 and 12. We anticipate, that the sterically
demanding Ph- and SiMes-substituents in 2-position of the
heterocyclic ring prevent a close arrangement of two
coordination compounds to form aurophilic interactions. A
summary about the reaction of phosphinines § and 7 with
AuCIl-SMe; is depicted in Scheme 3.

| |
R N

R i SN AuCl+S(Me), | A
Messi THF MesSi -
a
R=H (5);Ph(7) R=H (1), Ph (12)

Scheme 3. Synthesis of phosphinine-Au(l) complexes 11 and 12

Due to the presence of a SiMesz-group and a donor-
functionality, we anticipated that the novel phosphinines
provide the possibility for post-synthesis ligand
modifications.""! In fact, SiMes-substituted phosphinines can
be protodesiylated, while amino-functionalized phosphinines
can be protonated exclusively at the nitrogen-donor.["18]
Due to the similarity of the here reported phosphorus
heterocycles, we focused exclusively on phosphinine 6.
Indeed, the amine functionality in € can easily be protonated
by adding a slight excess of HCI/Et,O. Based on the 'H and
1P NMR spectra, the protonated species 13 is formed
quantitatively, with the SiMes-substituent still located in the
ortho-position of the heterocycle. The phosphorus resonance
of 13 can be found at 8(ppm) = 252.3 in the *'P{'"H} NMR
spectrum. Upon heating 13 in acetonitrile, protodesilylation
occurs, resulting in phosphinine 14, which shows a signal at
S(ppm) = 212.7 in the *'"P{"H} NMR spectrum (Scheme 4).

H ) H
A
S \ = \
Meas% EIZO e SII@ CHCN %
10min
14

c®
= 5\ CuClSMe,
DA =,
B DCM
rt
18h

Scheme 4. a) Post-synthesis modification of 6 by protonation and
protodesilylation. b) reaction of 14 with a Cu(l) precursor.
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So far, we were not able to isolate any Cu(l)- and Au(l)-
complexes when reacting the phosphinine-based
hydrochloride salt 14 with CuBr-SMe> and AuCl-SMe,,
respectively.

However, a yellow powder could finally be obtained in high
yield, when reacting 14 CuCl-SMe2 instead. The 3'P{1H}
NMR shift of the new compound (156) occurs at d(ppm) =
172.8 (Ad(ppm) = -40) in THF. Crystals of 15, suitable for
single-crystal X-ray diffraction, were obtained from a solution
of the complex in a mixture of THF and n-hexane at T = -
30°C. Complex 15 crystallises in the space group P-71 and
the molecular structure of this compound in the crystal is
depicted in Figure 8, along with selected bond lengths and
angles.

cl(18_)

CI(1
‘(‘CUHBJ{ )

ci1s)

Figure 8: Molecular structure of 16 in the crystal. Displacement ellipsoids
are shown at the 50% probability level. Selected bond lengths [A] and
angles [?]. P(1)-Cu(1): 2.2140(4); P(1B_i)}-Cu(1): 2.3469(5); P(1B_i)-
Cu(1B_i): 2.2503(4); Cu(1)-Cu(1B_i): 2.4586(4); Cu(1B_i)-Cu(1_i):
3.3433(3); Cu(1)-CI(1B_i): 24157(4); Cu(1B_i)-CI(1B_i): 2 2758(4);
Cu(1B_i)-CI(1_i): 2.2078(5); CI(1_i)-Cu(1_i): 2.3334(4). C(1)-P(1)-C(5):
106.14(7); C(5B)-P(1B)-C(1B): 106.32(7).

Interestingly, the crystallographic characterization of 15
reveals the presence of a Cus-thombus, which is capped by
a total of four chlorido ligands. Additionally, two phosphinine
ligands coordinate in the classical o-coordination mode via
the phosphorus lone pair to two of the four Cu(l) centers. The
other two phosphinine ligands show the rare bridging p>-
coordination mode and span also two of the four Cu(l)
centers. To the best of our knowledge, this type of complex
is unprecedented in the coordination chemistry of
phosphinines. As 15 is overall neutral, deprotonation of 14 is
expected during complex formation and crystallization.

Conclusions

We have synthesized novel 3-N,N-dimethylaminophosphinines,
starting from 1,3,2-diazaphosphinine, substituted acetylenes and
N,N-dimethyl-2-phenylethyn-1-amine. Based on DFT calculations,
the phenyl and trimethylsilyl substituents in the donor-
functionalized phophinines increase both the o-donor and the -
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donor capacity of the aromatic heterocycles compared to the
parent phosphinine CsHsP. However, the increase of w-electron
density at the phosphorus atom of the novel phosphinines is still
weaker than in 2-N,N-dimethylaminophosphinine due to a much
weaker interaction between the lone-pair of the exocyclic nitrogen
atom and the aromatic phosphorus heterocycle, as shown by the
calculated electrostatic  potential maps. The 3-N,N-
dimethylaminophosphinines readily react with CuBr-SMe; to form
bromide-bridged dimers of the type [(phosphinine)CuBr]>, which
show a rare distorted trigonal planar coordination environment at
the Cu(l) centers. In fact, the core of 8 in the solid-state shows a
butterfly structure, while the one in 9 and 10 display each a planar,
P-CuBrs-P moiety. Upon reaction of the 3-NN-
dimethylaminophosphinines with AuCI-S(CHz),, mononuclear
phosphinine-Au(l)-complexes were formed quantitatively. The
novel phosphinines are prone to post-synthesis ligand
modification, as they can easily be protonated exclusively at the
nitrogen atom, while protodesilylation occurs in acetonitrile at
higher  temperature. ~ The  formed phosphinine-based
hydrochloride salts react with CuCl-SMe; to form a rare CusCls-
core containing four differently coordinating phosphinine ligands.

Experimental Section

Experimental details are given in Supporting Information. Deposition
Numbers 2214696 (for 5), 2214697 (for 7), 2214698 (for 8), 2214699 (for
9), 2214700 (for 10), 2214701 (for 11), 2214702 (for 12) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic Data

Centre and Fachinformationszentrum Karlsruhe Access Structures service.
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1. Experimental Procedures

General Remarks

All reactions were performed under argon in oven-dried glassware using modified Schlenk
techniques unless otherwise stated. All common solvents and chemicals were commercially
available and were used without further purification. All dry or deoxygenated solvents were
prepared using standard techniques or were used from a MBraun solvent purification system.
N.N-dimethyl-2-phenylethyn-1-amine, 1,3,2-diazaphosphinines, 6, 13 and 14 were prepared
according to literature!2. The 'H, °F, 1*C {'H}, *'P{'H} and *'P NMR spectra were recorded
on a JEOL ECX400 (400 MHz) spectrometer and a Bruker Avance 600 (600 MHz)
spectrometer and all chemical shifts are reported relative to the residual resonance in the
deuterated solvents. The HRMS ESI mass spectra were measured on an Agilent 6210 ESI-TOF.
Low-temperature x-ray diffractometry was performed on a Bruker-AXS X8 Kappa Duo
diffractometer with /xS micro-sources, performing ¢-and w-scans. Data was collected using a
Photon 2 CPAD detector with Mo K, radiation (A = 0.71073 A) or CuKuradiation (4 = 1.5406
A). The structures were solved by dual-space methods using SHELXT?! and refined against
F? on all data by full-matrix least squares with SHELXL-2017"" following established
refinement strategies™). The program Olex2!®! was also used to aid in the refinement. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the model
at geometrically calculated positions and refined using a riding model. The isotropic
displacement parameters of all hydrogen atoms were fixed to 1.2 times the U-value of the atoms
they are linked to (1.5 times for methyl groups). Details of the data quality and a summary of
the residual values of the refinements are listed in Table S1 below. Tables S2, 84, S6, S8, S10,
$12, S14 and S16 give all bond lengths for the structures and S3, S§, 87,89 ,S11 , S13, S15
and S17 give all angles for the structures. Supplementary crystallographic data for 5, 7-12 and
15 can be found in the CCDC with the following deposit numbers CCDC 2214696 (85), 2214697
(7), 2214698 (8), 2214699 (9), 2214700 (10), 2214701 (11) and 2214702 (12), 2214703 (15).
These data can be obtained free of charge from www.ccdc.cam.ac.uk/data_request/cif.

The general method for the synthesis of compounds 5-7.

1 equiv. of (trimethylsilyl)acetylene derivatives (2.0 mmol) was added to a solution of 1,3,2-
diazaphosphinines (2.0 mmol) in 15 mL toluene. The mixture was heated to 7' = 70 °C for 5
hours. The complete formation of the 1,2-monoazaphosphinine was observed by *P NMR
spectroscopy and all volatiles were removed under vacuum. The reaction of residual solids
with 2 equiv. of N,N-dimethyl-2-phenylethyn-1-amine (0.58 g, 4 mmol) in 15 mL toluene was
heated to 7 = 90 °C (for compound 1, 7= 80 °C) overnight. At the end of reaction, the solution
was removed under vacuum and the product was purified by column chromatography of silica

with n-hexane/ethyl acetate (9:1).
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70°C,5h 80 °C, overnight

Scheme S1. Synthesis of 5.
(trimethylsilyl)acetylene derivatives: (trimethylsilyl)acetylene (0.20 g, 2.0 mmol), product
yield: 477 mg, 0.17 mmol, 83 %.
N
(Y
9
TMS PP o

14
'H NMR (600 MHz, CDCl3) § 7.96 (t, *J(H,P) = 10.8 Hz, 1H, CsH,P), 7.53 (d, J = 7.6 Hz, 2H, -Ph),
7.40 (t,J= 7.6 Hz, 2H, -Ph), 7.29 (t, J = 7.6 Hz, 1H, -Ph), 7.15 (d, *J(H,P) = 8.7 Hz, 1H, CsH.P), 2.63
(s, 6H, -NMe), 0.36 (s, 9H, -TMS) ppm.

BC{'H} NMR (151 MHz, CDCl;) § 159.1 (d, 'J(C,P) = 58.6 Hz, C7), 158.3 (d, '/(C,P) =72.1 Hz,
(2), 155.0 (d, >J(C,P) = 10.8 Hz, C5), 143.5 (d, 2J(C,P) = 23.3 Hz, (8), 138.9 (d, 2J(C,P) = 12.7 Hz,
C3),128.7 (d, *J(C,P) = 10.6 Hz, C9), 128.5 (s, C11), 126.6 (s, C10), 119.5 (d, *J(C,P) = 17.6 Hz,
C4),42.8 (s, C6),0.2 (d, *J(C,P)= 5.9 Hz, CI) ppm.

SIp{'H} NMR (162 MHz, CD:Cl) § 238 ppm.

HR-ESI MS (m/z): 288.1461 g/mol (calculated: 288.1332 g/mol) [M][H]".

—
— N—
W ——TMS | = /

| -N

N. -N Tol T™S™ “F” Tol
70°C,5h 90 °C, Overnight

Scheme $2: Synthesis of 6.

(trimethylsilyl)acetylene derivatives: 1-(trimethylsilyl)-1-propyne (0.22 g, 2.0 mmol), product
yield: 470 mg, 0.16 mmol, 78 %.

5
> ~
10

™S pZ -

2
'H NMR (400 MHz, CsD) 5 7.65 (d, J= 7.8 Hz, 2H, -Ph), 7.24 (t,J = 7.7 Hz, 2H, -Ph), 7.11 (td, J =
7.4,1.3 Hz, 1H, -Ph), 6.78 (d,J = 1.6 Hz, 1H, CsHP), 2.45 (d,J = 1.5 Hz, 3H, 4-Me), 2.33 (s, 6H, -
NMe), 0.48 (d, J = 1.8 Hz, 9H, -TMS) ppm.

BC{'H} NMR (151 MHz, CsDg) § 156.5 (d, 'J(C,P) = 87.9 Hz, C8), 156.0 (d, 'J(C,P) = 106.3 Hz,
(2),155.6 (d, 2J(C,P) = 9.6 Hz, C6), 149.4 (d, 2(C,P) = 12.8 Hz, C3), 143.4 (d, 2J(C,P) = 24.3 Hz,
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C9),129.0 (d, *J(C,P) = 10.5 Hz, C10), 128.4 (s, C11),126.3 (s, C12), 122.6 (d, *J(C,P) = 15.7 Hz,
C5),42.3 (s, C7), 26.0 (d, “J(C,P) =2.8 Hz, C4), 1.2 (d, >J(C,P) = 10.9 Hz, CI) ppm.

SIP{'H} NMR (162 MHz, CsDg) 5 244 ppm.

HR-ESI MS (m/z): 302.1506 g/mol (calculated: 302.1489 g/mol) [M][H]".

Tol
90 °C, Overnight

Scheme S3: Synthesis of 7.

(trimethylsilyl)acetylene derivatives: 1-phenyl-2-trimethylsilylacetylene (0.35 g, 2.0 mmol),
yield: 589 mg, 0.16 mmol, 81 %.

'H NMR (600 MHz, CD:CL;) 5 7.54 (d, J = 8.2, 1.2 Hz, 2H, -Ph), 7.45 — 7.38 (m, 5H, -Ph), 7.34 (dd,
J=17.7,1.7Hz, 2H, -Ph), 7.30 (t,J = 7.4, 1.3 Hz, 1H, -Ph), 6.95 (d,J= 1.5 Hz, 1H, CsHP), 2.61 (s,
6H, -NMe>), 0.04 (d, J = 1.5 Hz, 9H, -TMS) ppm.

B3C{'H} NMR (151 MHz, CD;Cl) § 157.5 (s, C4), 155.8 (d, 'J(C,P) =60.6 Hz, C11), 155.8 (d,
LJ(C,P)=83.1 Hz, C2), 154.7 (d, 2J(C,P) = 9.7 Hz, C9), 146.1 (d, 2J(C,P) = 12.8 Hz, C3), 143.0 (d,
2J(C,P)=24.6 Hz, C12), 129.0(s, C5), 128.8 (d, J(C,P) = 10.6 Hz, C13), 128.4 (s, C14), 127.8 (s,
C6), 127.3 (s, C7), 126.6 (s, C15), 122.4 (d, *J(C,P) = 14.3 Hz, C8), 42.6 (s, C10), 1.8 (d, *J(C,P) =
10.1 Hz, C1) ppm.

SIP{'H} NMR (243 MHz, CD:Cl;) 5 245 ppm.

The general method for the synthesis of complexes 8-10.

Phosphinine (0.1 mmol) and copper(I) bromide dimethyl sulfide complex (21 mg, 0.1 mmol)
were added in Schlenk flask and 4 mL THF solvent followed into flask. All solvent was
removed under vacuum after the mixture stirred at room temperature overnight. The single
crystal of titled compound was acquired via MeCN solution of complex slow evaporation in

glovebox.
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CuBr-S(CHa),

THF
r. t., overnight

Scheme S4: Synthesis of copper-complex 8.

Phosphinine 5 (29 mg, 0.1 mmol), yield: 40 mg, 0.047 mmol, 93 %.

'H NMR (600 MHz, CD;CN) § 7.98 (dd, *J(H.P) = 18.9,.J = 9.1 Hz, 2H, CsHP), 7.50 (d,./J= 7.5 Hz,
4H, -Ph), 742 (1, J= 7.6 Hz, 4H, -Ph), 7.33 (t.J = 7.1 Hz, 2H, -Ph), 7.19 (dd, “/H.P) = 10.2, 2.6 Hz,
2H. CsH:P), 2.58 (s, 12H, -NMes). 0.38 (s, 18H, -TMS) ppm.

BC{'H} NMR (151 MHz, CD;CN) 6 157.5 (d, *J(C.P) = 8.1 Hz, C5). 152.3 (d. "J(C.P) = 20.1 Hz,
€7), 150.0 (d, “J(C,P) = 44.1 Hz, C2), 143.0 (d, 2(C.P) = 18.2 Hz, (&), 141.5 (d, 2J(C,P) = 15.2 Hz,
(3),130.1 (d, *J(C,P) = 10.7 Hz, C9), 129.5 (s, C11). 128.0 (s, C10), 120.0 (d, *J(C,P) =23.1 Hz,
C4),42.9 (s. C6). 0.4 (d, *J(C.PY=4.9 Hz C1) ppm.

3'P{'H} NMR (243 MHz, CD;CN) § 203 ppm.

HR-ESI MS (m/z); 860.1451 g/mol (calculated: 859.9452 g/mol) [M][H]".

CuBr+S(CHs),

THF
r. ., overnight

Scheme S5: Synthesis of copper-complex 9.

Phosphinine 6 (30 mg, 0.1 mmol), yield: 41 mg, 0.047 mmol, 93 %.
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'H NMR (600 MHz, CD;CN) 6 7.49 (d,.J = 7.6 Hz, 4H, -Ph), 7.40 (t,.J = 7.5 Hz, 4H, -Ph), 7.31 (t,J
=7.5Hz, 2H, -Ph), 7.02 (s, 2H, CsHP), 2.59 (d,J = 2.0 Hz, 18H, 3-NMe, & 5-Me), 0.42 (s, 18H, -
TMS) ppm.

SIPAH} NMR (162 MHz, CD;CN) 5 223 ppm.

HR-ESI MS (m/z): 888.1794 g/mol (calculated: 887.9765 g/mol) [M][H]".

A suitable *C{'H} spectrum could not be obtained due to poor solubility of this compound in organic

solvents.

CuBr+S(CHs),

THF
r. t., overnight

Scheme S6: Synthesis of copper complex 10.

Phosphinine 7 (36 mg, 0.1 mmol), yield: 45 mg, 0.047 mmol, 88 %.

'H NMR (600 MHz, CD;CN) § 7.55 (dt, J = 8.1, 1.3 Hz, 4H, -Ph), 7.47 — 7.41 (m, 10H, -Ph), 7.37 -
7.32 (m, 6H, -Ph), 6.95 (d, *J(H,P) = 2.3 Hz, 2H, CsHP), 2.60 (s, 12H, 3-NMe:), 0.05 (d, J = 1.4 Hz,
18H, -7MS) ppm.
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BC{IH} NMR (151 MHz, CDsCN) § 155.9 (s, C4), 155.7 (d, 2J(C.P) = 13.7 Hz, C12),154.7 (d, *(C,P)
=7.5C Hz, C9) 149.8 (d, 'J(C.P) = 63.6 Hz, C2), 145.7 (s, C3), 142.3 (d, "J(C,P) = 21.8 Hz, C11), 130.7
(s. C5), 129.0 (s, C13), 128.7 (s, C14), 128.0 (s, C6), 127.6 (s, C7), 127.0 (s, C15), 122.0 (d, *JC,P) =
17.3 Hz, C8), 41.9 (s, C10), 1.5 (d. *J(C,P) = 9.2 Hz, CI) ppm.

S1p{'H} NMR (243 MHz, CD;CN) 5 224 ppm.
HR-ESI MS (m/z): 1012.2001g/mol (calculated: 1012.0078 g/mol) [M][H]".
The general method for the synthesis of complexes 11-12.

Phosphinine (0.1 mmol) and chloro(dimethylsulfide)gold(I) (30 mg, 0.1 mmol) were added in
Schlenk flask and 3 ml THF solvent followed into flask. All solvent was removed under
vacuum after the mixture stirred at room temperature overnight. Crystallization was achieved

by layering hexanes onto a MeCN solution of complex in a freezer at -30 °C.

S NS AUCI*S(CH3), S No
—
™S THF ™S p7
r. t., overnight |
Alu
Cl

Scheme S7: Synthesis of gold complex 11.

Phosphinine 5 (29 mg, 0.1 mmol), yield: 47 mg, 0.09 mmol, 90 %.

N ~§
| .
™S p# .
Au 1
&

'H NMR (600 MHz, CD;CN) § 8.11 (ddd, *J(H,P) = 34.1, 9.3, 1.6 Hz, 1H, CsH2P), 7.52 (d,/=9.1 Hz,
2H, -Ph), 7.46 (1, J = 7.4 Hz, 2H, 1-Ph), 7.42 (t,J = 4.8 Hz, 1H, -Ph), 7.23 (dd, “J(HLP) = 9.8, 6.5 Hz,
1H, CsH2P), 2.65 (d, J = 1.6 Hz, 6H, -NMe>), 0.45 (d, J = 1.7 Hz, 9H, -TMS) ppm.

BC{H} NMR (151 MHz, CD:CN) § 159.3 (s, C5), 145.0 (d, 'J(C.P) = 38.6 Hz, 2), 143.2 (d, 'J(C,P)
=16.6 Hz, C7), 142.4 (s, C3), 140.5 (d, Y(C.P) = 10.2 Hz, C8), 130.7 (d, *J(C.P) = 10.9 Hz, C9), 130.0
(s. C10), 128.9 (s, C11), 120.1 (d, *J(C.P) = 31.7 Hz, C4), 42.8 (s, C6), 0.7 (d, *J(C.P) = 4.3 Hz, CI).

SIp £} NMR (243 MHz, CD:CN) & 193 ppm.

HR-ESI MS (m/z): 542.0506 g/mol (calculated: 542.0549 g/mol) [M]Na".
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AUCI*S(CH3),

THF
r. t., overnight

Scheme §8: Synthesis of gold complex 12.

Phosphinine 7 (36 mg, 0.1 mmol), product yield: 54 mg, 0.09 mmol, 90 %.

&

'H NMR (600 MHz, CD;CN) §7.57 — 7.53 (m, 2H, -Ph), 7.49 — 7.45 (m, 6H, -Ph), 739~ 7.35 (m, 2H,
-Ph), 6.96 (d, J=4.0 Hz, 1H, CsHP), 2.64 (d, J= 0.8 Hz, 6H, -NMe:), 0.14 (dd, J= 1.6, 0.9 Hz, 9H, -
TMS) ppm,

BC{'H} NMR (151 MHz, CD;CN) & 157.4 (d. '"J(C,P) = 53.4 Hz, Ci1), 157.4 (d, 'J(C,P) = 67.7 Hz,
C2), 157.3 (s, C4), 135.9 (s, C9), 145.2 (d, *J(C.P) = 13.6 Hz, C3), 130.0 (d, >J(C.P) = 10.8 Hz, C12),
128.8 (s, C5), 128.3 (s, C6), 128.2 (d, *J(C,P) = 7.8 Hz, C13), 128.0 (s, C7), 128.0 (s, Ci4), 127.6 (s,
C15),121.6 (d, *J(C,P)=26.7 Hz, (8), 41.9 (s, C10), 2.3 (d, >J(C,P) = 5.8 Hz, CI) ppm.

SIP{'H} NMR (243 MHz, CD;CN) 5 205 ppm.

HR-ESI MS (m/z): 618.0819 g/mol (calculated: 618.0783 g/mol) [M]Na".

CuCl-SMe,
_—
DCM
rt.
18 h

Scheme $9; Synthesis of gold complex 15.

Protonated phosphinine 14 (30 mg, 0.1 mmol) was dissolved in DCM (3 mL) at room
temperature and copper(l) chloride dimethyl sulfide complex (16 mg, 0.1 mmol, 1 eq.) was

added to the Schlenk flask. The reaction was stirred at room temperature overnight before
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filtering the crange solution through Celite. A1l volatiles of the filtrate were removed under

vacuum vielding 15 as an orange solid. Tield: 82 % (30.2 mg, 0.023 mmol).

Crystals of 15 suitable for single crystal 3RD were acquired from a mizture of THFE {1 mL)

and x-hexane (1 mL) in afreezer at -30 °C.

1H NMR (600 MHz, THF-d&) 5 7.70 (d, “qp= 20.5 Hz, 1H, Cs%,F), 7.51 (d, J=7.5 Hz, 2H PE), 7.22
{t, 7=T5 He, 2H, Ph), 712 (t, 7= 7.4 Hz, |H Pk), 6.96 (d, “7up= 3.9 Hz, 1H, CsE4P), 2.54 (5 6H
Nivdes), 242 (s, 3H, CEB) ppm.

BeslH) NMR (151 MHz, THF-d9) § 157.9 (d, 2702, F) = 9.0 He, ©5), 147.6 (3, ©9), 147.3 (d, 20(C,F)
=154 He, 02, 141.6 (d, VP = 17.2 He, €7, 137.9 (s, 04, 130.5 (d, 2RCF) = 10.9 He, ©8), 125.3
(s, CIh, 127.5 (5, ©I, 121.3 (4, WIC,F)=19.2 He, C1), 43.2 (5 C8), 26.0 (5, &'F) ppmm.

MpH) NMR (162 MHz, THF-ck) & 173 pprm.
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2. NMR Spectra
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Figure $2. BC{'H} NMR spectrum of compound 5 in CDCl;,
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Figure 3. *'P{*"H} NMR spectrum of compound 5 in CD,Cl,.
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Figure $6. *'P{'H} NMR spectrum of compound 6 in CD,Cl,
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Figure 89. *'P{'H} NMR spectrum of compound 7 in CD,Cl,.
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Figure $10. 'H NMR spectrum of complex 8 in CD;CN.
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Figure S11. *C{'H} NMR spectrum of complex 8 in CD;CN.
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Figure S12. *'P{'H} NMR spectrum of complex 8 in CD;CN.
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Figure S13. 'H NMR spectrum of complex 9 in CD;CN.

Figure S$14. *'P{'"H} NMR spectrum of complex 9 in CD;CN.

7
o e

5

Figure S15. 'H NMR spectrum of complex 10 in CD;CN.
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Figure S16. *C{'H} NMR spectrum of complex 10 in CD;CN.
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Figure S17. *'P{'H} NMR spectrum of complex 10 in CD;CN.
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Figure S18. 'H NMR spectrum of complex 11 in CD;CN.
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Figure $19. BC{'H} NMR spectrum of complex 11 in CD3sCN.
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Figure S20. *'P{'H} NMR spectrum of complex 11 in CD;CN.
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Figure S21. 'H NMR spectrum of complex 12 in CD;CN.
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Figure $22. *C{'H} NMR spectrum of complex 12 in CD3;CN.
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Figure $23. *'P{'"H} NMR spectrum of complex 12 in CD;CN.
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Figure S24. 'H NMR spectrum of complex 15 in THF-ds.
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Figure $25. *C{'H} NMR spectrum of complex 15 in THF-ds.
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Figure $26. *'P{'H} NMR spectrum of complex 15 in THF-ds.
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3. Crystallographic Part

Table S1 Selected crystallographic data for 5,7, 8, 9, 10, 11, 12, 15.

5 7 8 9
Empirical formula C16H22NPSi C22H26NPSi C32H44Br2Cu2N2P28Si2 C34H48Br2Cu2N2P2Si2
CCDC number 2214696 2214697 2214698 2214699
Formula weight 28740 363.50 861.71 889.76
Temperature /K 100 100 100 100
Crystal system monoclinic monoclinic triclinic monoclinic
Space group P2,/c P2y/n P-1 P2i/c
a/A 11.9745(7) 12.1736(2) 10.2016(3) 938333(2)
b/A 10.6819(6) 8.8108(1) 10.3857(3) 18.8139(4)
cfA 12.7497(6) 18.7609(3) 18.0567(6) 11.3015(2)
of° 90 90 93.311(1) 90
B 97.139(2) 101.061(1) 93.038(1) 96.6519(9)
¥ 90 90 102.694(1) 90
Volume/A? 1618.18(15) 1974.90(5) 1859.00(10) 2076.73(7)
Z 4 4 2 2
Reflections collected 64333 24793 32917 26007
Independent reflections 4909 5841 7005 4252
R} 0.0306) (0.0309) (0.0747) 0.0292)
RI[20()] 0.0287 0.0336 0.0456 0.0242
wRo(all data) 0.0747 0.0912 0.1173 0.0562
Continue table S1:
10 11 12 15
Empirical formula C44H52Br2Cu2N2P2Si2 C20H21AuCIPSi C22H26AuCINPSi C5H64CI4Cu4N4P4
CCDC number 2214700 2214701 2214702 2214703
Formula weight 1013.90 552.85 595.91 1312.95
Temperature / K. 100 100 100 100
Crystal system monoclinic triclinic triclinic triclinic
Space group P2i/c P-1 P-1 P-1
2/A 10.0614(3) 9.2859(2) 9.9924(4) 9.8937(2)
b/A 11.5513(4) 11.4569(2) 11.2338(5) 11.7165(2)
/A 19.6138(6) 11.5897(2) 11.3484(4) 12.71992)
o 90 111.6404(5) 94.376(2) 102.1863(6)
& 104.490010) 102.0416(6) 107383(1) 91.8573(6)
¥° 90 108.1246(6) 108.656(2) 91.6284(6)
Volume/A® 2207.05(12) 1014.01(8) 1130.83(8) 1439.56(4)
z 2 2 2 1
Reflections collected 82274 30279 44140 62388
Independent reflections 7827 6076 6741 8730
Rin) (0.0359) (0.0578) (0.0608) (0.0450)
R1[I>26(D)] 0.0244 0.0260 00278 0.0305
WR(all data) 0.0604 0.0555 0.0840 0.0827
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Additional refinement details for 9

A solvent mask (SQUEEZEL!) was implemented. This mask accounted for 0.75 equivalents of

pentane per asymmetric unit.

Additional refinement details for 11

Refined as a two component inversion twin (6%).

A
7‘4&8“

Table S2 List of bond lengths for 5.

Atom Atom Length/A Atom Atom Length/A
P15 1.7361(9) EE 1.4075(13)
P1 Cl 1.7311(10) C5 Cé6 1.4931(12)
Sil C1 1.8748(10) Ccé6 Cl1 1.3987(13)
Sil C12 1.8644(11) C6 C7 1.3985(13)
Sil C13 1.8661(11) c2 C1 1.3982(13)
Sil C14 1.8691(12) Cc2 C3 1.3901(13)
N1 C4 1.3932(12) Cl1 C10 1.3902(13)
N1 Cle6 1.4549(12) C7 C8 1.3958(13)
N1 C15 1.4591(12) Cl10 c9 1.3931(15)
C4 C5 1.4191(12) C8 c9 1.3864(15)

Table S3 List of angles for 5.

Atom Atom Atom  Angle/ Atom Atom Atom Angle/’
C1 P1 Cs 104.72(4) C6 Cs P1 114.02(6)
C12 Sil C1 109.73(5) Cl1 Cé Cs 119.12(8)
C12 Sil C13  110.72(5) Cc7 Cé Cs 121.95(8)
C12 Sil Cl4  108.64(6) Cc7 Cé C11 118.78(9)
C13 Sil Cl 109.02(5) Cc3 Cc2 C1 125.66(9)
C13 Sil Cl4  109.72(6) Clo Cl1 Cé6 120.63(9)
Cl4 Sil C1 108.99(5) P1 C1 Sil 118.04(5)
C4 N1 Cl6  118.64(8) Cc2 C1 Pl 120.40(7)
Cc4 N1 C15  119.47(8) Cc2 C1 Sil 121.49(7)
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Cle N1 C15 111.78(8) C2 C3 C4 124.90(9)
N1 C4 C5 120.20(8) C8 (o) Co 120.43(9)
N1 C4 C3 119.55(8) Cl1 C10 C9 120.18(9)
C3 C4 C5 120.21(8) C9 C8 (o) 120.28(9)
C4 C5 P1 123.95(7) C8 C9 C10 119.70(9)
C4 C5 Co 121.67®)
Table S4 List of bond lengths for 7.

Atom Atom Length/A Atom Atom Length/A

P1 Cl1 1.7354(11D) C5 C12 1.4909(15)

P1 C5 1.7370(12) Co6 Cc7 1.3941(17)

Sil Cl1 1.8971(12) Co6 Cl1 1.3940(17)

Sil C18 1.8701(13) Cc7 C8 1.3948(16)

Sil C19 1.8683(13) C8 c9 1.3868(18)

Sil C20 1.8670(13) c9 C10 1.3884(19)

N1 C4 1.4151(15) C10 Cl1 1.3922(16)

N1 Cc21 1.4574(15) C12 C13 1.3986(17)

N1 C22 1.4621(16) C12 C17 1.3970(17)

Cl1 c2 1.4081(15) C13 Cl14 1.3940(17)

c2 C3 1.3988(16) Cl14 C15 1.384(2)

c2 Co6 1.5022(15) C15 Clo6 1.387(2)

C3 C4 1.4045(15) Clo6 C17 1.3920(17)

C4 C5 1.4119(15)

Table S5 List of angles for 7.
Atom Atom Atom  Angle/ Atom Atom Atom  Angle/
C1 P1 C5 105.52(5) C4 C5 P1 123.36(9)
C18 Sil C1 108.16(6) C4 C5 C12  123.17(10)
C19 Sil C1 112.73(6) C12 C5 P1 113.42(8)
C19 Sil C18 105.74(6) (o) Co6 c2 121.89(10)
C20 Sil C1 110.22(5) C11 Co6 c2 119.24(10)
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C20 Sil C18  109.63(6) Cl1 Co C7 118.85(11)
C20 Sil C19  110.22(6) C6 C7 C8 120.41(11)
C4 N1 C21  117.22(10) C9 C8 C7 120.33(12)
C4 N1 C22  115.99(10) C8 C9 C10  119.55(11)
C21 N1 C22  110.91(10) C9 C10 Cll  12021(12)
P1 Cl Sil 114.01(6) Cl10 Cl1 Co6 120.61(12)
Cc2 Cl P1 120.50(9) Cl13 Cl2 C5 119.86(11)
C2 Cl Sil 125.36(8) C17 C12 C5 121.67(11)
Cl Cc2 Co 120.78(10) C17 C12 Cl13  11839(11)
C3 Cc2 Cl 123.75(10) Cl4 C13 Cl2  120.73(12)
C3 C2 Co6 115.42(10) Cl15 Cl4 CI13  120.17(13)
C2 C3 C4 126.58(10) Cl4 C15 Cl6 119.75(12)
C3 C4 N1 119.94(10) CI15 Cle Cl17  120.28(13)
C3 C4 C5 120.25(10) Cl6 C17 Cl2  120.67(12)
C5 C4 N1 119.81(10)
~gC128
c138' g A A //@
) .lCAB CJM }‘
c3B \ T cC
. ‘\/“'@, Br P1,
e ;"4\! I Cc13
o T uiBNGT U Nt
L BriB WY
- : & -
| K 12
Table S6 List of bond lengths for 8.
Atom Atom Length/A Atom Atom  Length/A
Brl Cu2  2.3749(6) N2 C31  1.463(6)
Brl Cul  2.4134(8) c21 C22  1.481(6)
Cu2 Cul  2.95279) c21 C20  1.410(6)
Cu2 Br2 2.4152(8) Cl C2 1.396(6)
Cu2 P2 2.1653(13) c4 cs 1.399(6)
Cul Br2  23737(7) c4 C3 1.398(7)
Cul Pl 2.1640(13) Cc22 C27  1.402(6)
P2 C21 1.735(4) C22 C23 1.398(6)
P2 c17 1.711(5) C17 CI8  1.3996)
Pl cl 1.709(5) c2 c3 1.395(6)
Pl cs 1.727(4) cs c6 1.478(6)
Si2 C17 1.882(4) Cl18 C19 1.383(6)
Si2 28 1.873(4) c6 c7 1.393(6)
Si2 C30 1.870(5) c6 Cll  1.404(6)
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Si2 C29 1.855(5) c27 C26 1.37(7)
Sil C1 1.885(5) C20 C19 1.413(7)
Sil Cl4 1.857(5) Cc7 C8 1.372(7)
Sil C12 1.859(5) C23 C24 1.385(7)
Sil C13 1.861(5) C26 C25 1.393(7)
N1 C4 1.407(5) cn C10 1.377(7)
N1 C16 1.461(6) C24 C25 1.375(7)
N1 C15 1.462(6) C8 c9 1.381(8)
N2 C20 1.399(5) C10 Cc9 1.383(8)
N2 32 1.462(5)

Table S7 List of angles for 8.

Atom Atom Atom  Angle/ Atom Atom Atom  Angle/’
Cu2  Brl Cul 76.14(2) c22 C21 P2 113.0(3)
Brl Cu2 Cul 52.52(2) c20 cC21 P2 121.3(3)
Brl Cu2 Br2 10242(3) C20 C21 C22 12544
Br2 Cu2 Cul 51.302(19) P1 C1 Sil 122.0(3)

P2 Cu2  Brl  142.89(4) Cc2 C1 Pl 118.2(4)
P2 Cu2 Cul 162.10(4) C2 C1 Sil 119.5(4)
P2 Cu2  Br2 114.68(4) C5 Cc4 N1 118.4(4)
Brl Cul Cu2 51.343(18) C3 Cc4 N1 120.4(4)
B2 Cul Brl 10251(3) C3 Cc4 Cs 121.1(4)
B2 Cul Cu2 5257(2) Cc27  C22  C21 121.2(4)
P1 Cul  Brl 12893(4) C23  C22 C21 120.8(4)
P1 Cul Cu2 166.07(4) C23  C22 C27 11784
P1 Cul  Br2 128354) P2 C17  Si2 123.2(2)
Cul B2 Cu2 76.13(2) C18 C17 P2 118.0(3)
C21 P2 Cu2 116.15(16) C18 C17 Si2 118.7(3)
C17 P2 Cu2  132.85(15) C3 C2 C1 126.2(4)
C17 P2 Cc21 108.1(2) C4 C5 P1 122.0(4)
C1 P1 Cul  135.08(16) C4 C5 C6 124.1(4)
C1 P1 C5 107.6(2) C6 C5 Pl 113.3(3)
C5 P1 Cul 117.19(17) C19 Cl18 C17 126.3(4)
C28  Si2 C17  111.57(19) Cc7 C6 C5 120.5(4)
C30 Si2 C17 107.4(2) Cc7 C6 Cl11  117.9(5)
C30  Si2  C28 109.7(2) C11 C6 Cs 121.3(4)
c29  Si2  C17 108.1(2) C2 C3 c4 124.9(4)
c29  Si2 C28 108.9(2) C26 C27 C22  121.34)
C29 Si2 C30 111.1(2) N2 C20 C21 11994
Cl4  sil C1 111.1(2) N2 C20 C19 11934
Cl4  sil Cl2 110.7(3) C21 C20 C19 120.84)
Cl4 Ssil  C13 109.3(3) C8 Cc7 C6 120.8(4)
C12  sil Cl 109.3(2) C24 C23 C22 12094
C12  Sil  C13 110.1(3) C27  C2 C25 11984
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Table S8 List of bond lengths for 9.

Sil
N1
N1
N1
N2
N2
N2

Cl 106.2(2)
cl6 116703
CI5  117.4(4)
C15  112.2(4)
€32 118.9(4)
€3l 118.903)
31 111.503)

C18
Cl0
C25
C24
Cc7
Cl1
Cc8

C19
Cl1
C24
C25
Cc8
C10
Cco

C20
Co
C23
C26
Cc9
Cc9
Cl10

125.4(4)
120.7(5)
120.3(4)
119.9(5)
121.1¢5)
120.6(5)
118.9(5)

Atom Atom Length/A Atom  Atom Length/A

Brl Cul 2.3904(4) G5 C4 1.415(3)
Brl Cul'  2.4447(4) C5 Cc7 1.489(3)
Cul Cul'  2.9913(6) Cl Cc2 1.423(3)
Cul Pl 2.1785(6) 2 3 139103)
Pl G5 172402 2 6 152003)
Pl Cl 1.717(2) C4 C3 1.420(3)
Sil €l 1890(2) 7 Cl2 13903)
Sil CI5  1.8793) c7 8 1401(3)
Sil Cl4 1.872(3) Cl2 Cll 1.389(4)
Sil Cl3 1.868(3) C8 c9 1.395(4)
N1 C4 1.379(3) Cl11 C10 1.388(4)
N1 Cle 1.461(3) C9 Cl0 1.382(5)
N1 €17 1.463(3)

Table S9 List of angles for 9.

Atom Atom Atom Angle/’ Atom Atom Atom  Angle/”
Cul  Brl  Cul' 76.426(13) c4 Cs C7 123.4(2)
Brl  Cul Brl' 103.575(13) C7 c5 Pl 114.76(16)
Brl! Cul Cul'  50.971(10) Pl Cl Sil 117.67(13)
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Brl
Pl
Pl
P1
Cs5
Cl
Cl

Cl15

Cl4

Cl4

Cl13

Cl13

C13
C4
Cc4

Cl6
Cc4

Table S10 List of bond lengths for 10.

Cul
Cul
Cul
Cul
P1
P1
P1
Sil
Sil
Sil
Sil
Sil
Sil
N1
N1
N1
C5

Cul!
Brl1!
Brl
Cul!
Cul
Cul
Cs
Cl
Cl
Cl15
Cl
CI15
Cl4
Cl6
C17
C17
P1

52.604(11)
122.99(2)
132.70(2)
170.72(2)
115.00(8)
135.98(9)

108.84(11)

108.84(11)

113.36(12)

108.88(13)

109.42(11)

108.21(13)

108.01(13)
122.2(2)
120.3(2)
113.6(2)

121.46(18)

C2
C2
Cl
C3
C3
N1
N1
Cs
C2
Cl12
Cl12
C8
Cl1
C9
C10
C10
C9

C1
Cl
Cc2
c2
Cc2
C4
C4
C4
C3
Cc7
Cc7
Cc7
C12
C8
Cl1
9
C10

P
Sil
C6
Cl
Co
C5
C3
C3
C4
Cs
C8
Cs
Cc7
Cc7
C12
C8
Cl11

—_

118.05(18)
124.19(17)
120.0(2)
124.3(2)
115.7(2)
120.7(2)
119.2(2)
120.1(2)
126.9(2)
119.9(2)
118.4(2)
121.6(2)
120.8(2)
120.5(3)
120.1(3)
120.3(3)
119.93)

Atom Atom  Length/A Atom Atom  Length/A
Brl Cul  2399(2) c2 C3  13930(16)
Brl Cul! 2.4362(2) C2 C6 1.4995(15)
Cul cul'  3.042003) C3 C4  1.4128(16)
Cul P1 2.1793(3) C7 C8 1.3951(17)

P1 C1 1.7238(12) C7 Co6 1.3927(17)

P1 C5 1.7228(12) Cl12 C13 1.3947(16)

Sil C1 1.8913(12) Cl12 C17 1.3995(17)

Sil C18 1.8712(15) C13 Cl4 1.3966(18)

sit C19  1.8724(16) 8 O 13842
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Sil
N1
N1
N1
C1
C5
C5

C20
C4
COON
C000
Cc2
C12
C4

1.8670(16)
1.3800(15)
1.4553(17)
1.4534(16)
1.4156(16)
1.4909(16)
1.4206(16)

Table S11 List of angles for 10.

c9
Cé6
Cl4
C15
C17
C10

C10
Cl1
C15
Cl16
Cl16
Cl1

1.386(2)
1.3941(18)
1.382(2)
1.391(2)
1.3860(18)
1.3926(18)

Atom Atom Atom Angle/ Atom Atom Atom Angle/®
Cul Brl Cul! 77.956(7) C4 C5 C12 122.19(10)
Brl Cul Brl! 102.042(7) Cl c2 C6 120.03(10)
Brl Cul Cul! 51.558(6) C3 c2 C1 124.76(10)
Brl! Cul Cul! 50.485(6) C3 c2 cé6 115.21(10)

P1 Cul Brl 131.218(11) C2 C3 c4 126.34(11)
P1 Cul  Brl! 126.631(11) Cé6 c7 C8 120.51(12)
P1 Cul  Cul' 176.044(13) Cl13 C12 C5 122.24(11)
Cl P1 Cul 132.73(4) C13 c12 C17 118.59(11)
C5 P1 Cul 118.82(4) C17 C12 C5 119.07(11)
C5 P1 Cl 108.43(6) Cl12 Cl13 Cl4 120.30(12)
C18 Sil Cl 108.98(6) N1 Cc4 C5 120.05(10)
C18 Sil C19 107.03(8) N1 Cc4 C3 119.65(10)
C19 Sil Cl1 110.42¢7) C3 C4 C5 120.23(10)
C20 Sil Cl1 112.60(7) C9 C8 Cc7 119.93(12)
C20 Sil C18 107.58(8) C8 c9 C10 119.99(12)
C20 Sil C19 110.04(8) Cc7 Ce6 c2 121.95(11)
4 N1  COON  120.97(11) Cc7 Ce Cl1 119.03(11)
4 N1  C000  120.92(10) Cl11 Ce c2 119.02(11)
C000 N1 COON  113.13(11) C15 Cl4 Ci13 120.49(12)
P1 C1 Sil 117.68(6) Cl4 Ci15 Cile6 119.65(12)
C2 C1 P1 117.97(9) Cl6 C17 C12 120.92(12)
C2 C1 Sil 124.22(8) Cl17 Cl6 Cl15 120.04(13)
Cl12 C5 P1 116.04(8) C9 C10 Cl1 120.18(14)
C4 C5 P1 121.29(9) C10 Ci1 C6 120.31(13)
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Table S12 List of bond lengths for 11.

, ;(f“"‘*f'

Atom Atom Length/A

Atom Atom Length/A

Aul  Cll  2.2816(12) c1 c2 1397(7)
Aul Pl 2.2130(12) c2 c3 1.382(7)
Pl Cl  1.698(5) c3 C4  1.406(7)
P1 cs 1.715(5) c4 C5  1.426(6)
Sil Cl 1.888(5) Cs Ceé 1.48%(6)
Sil  C12  1.868(5) c6 C7T  1.3957)
Sil C13 1.864(5) Cé C11 1.400(7)
Sil  Cl4  1.863(5) c7 C8  1.394(7)
N1 Cc4  1.386(6) cs C9  1.383(8)
NI CI5S  1.455(6) Co  Cl0 1.391(8)
Nl  Cl6  1.469(6) Cl10 Cl1  1.38%7)
Table S13 List of angles for 11.

Atom Atom Atom Angle/® Atom  Atom  Atom Angle/
P1 Aul Cl1 175.98(5) C3 c2 C1 127.0(5)
Cl P1 Aul 123.89(17) Cc2 c3 C4 125.5(4)
C1 P1 C5 110.3(2) N1 Cc4 C3 119.3(4)
C5 P1 Aul 125.75(17) N1 C4 Cs 120.2(5)
C12 Sil C1 104.6(2) C3 c4 C5 120.5(4)
C13 Sil C1 108.6(2) C4 Cc5 P1 120.0(4)
C13 Sil C12 110.7(2) c4 Cs Co6 122.9(4)
C14 Sil C1 113.3(2) Co6 Cs P1 117.1(3)
C14 Sil C12 110.7(3) c7 cé6 C5 120.9(4)
C14 Sil C13 108.9(3) c7 co6 Cl1 119.1(4)
C4 N1 C15 118.9(4) c11 Ceé Cs 120.0(4)
c4 N1 Cle 120.7(4) C8 C7 Co 120.0(5)
C15 N1 Cl6 113.1(4) Cc9 C8 Cc7 120.6(5)
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P1 Cl Sil 125.1(3) Cc8 Cc9 C10 119.9(5)
C2 C1 P1 116.4(4) Cl11 C10 C9 119.8(5)
c2 C1 Sil 117.93) C10 Cl11 C6 120.6(5)
ci
Table S14 List of bond lengths for 12.
Atom Atom  Length/A Atom Atom  Length/A
Aul Pl 2.2092(8) c6 Cl1 1.402(4)
Aul Cll 2.2722(8) C6 c7 1.393(4)
Pl Cl 1.708(3) Cc2 C3 1.393(4)
Pl Cs 1.714(3) Cc9 C10 1.390(5)
Sil cl 1.906(3) cll C10 1.394(5)
Sil C20 1.861(4) C4 C5 1.421(5)
Sil C18 1.869(4) C4 C3 1.418(4)
Sil C19 1.867(4) C5 Cl12 1.484(4)
N1 C4 1.373(4) Cl12 C17 1.405(5)
N1 22 1.462(5) cl12 C13 1.397(5)
N1 C21 1.458(5) C17 Cl6 1.390(5)
Cl c2 1.418(4) Cl15 Cl6 1.392(5)
Cc8 C9 1.390(5) C15 Cl4 1.377(5)
Cc8 C7 1.386(5) Cl4 C13 1.391(5)
c6 2 1.494(4)
Table S15 List of angles for 12.
Atom Atom Atom Angle/* Atom Atom Atom Angle/*
Pl Aul  Cll1 178.74(3) C3 c2 Cl1 125.2(3)
c1 P1 Aul 128.16(11) C3 2 C6 116.2(3)
C1 Pl C5 111.47(15) C10 Cc9 Cc8 120.03)
C5 P1 Aul 120.36(12) C10 Cl1 Co6 120.1(3)
C20 Sil C1 114.93(15) N1 C4 C5 120.0(3)
C20 Sil C18 105.33(19) N1 C4 C3 120.03)
C20 Sil C19 109.22(19) C3 C4 C5 120.0(3)
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C18
C19
C19

C21
P1
C2
C2
Cc7

Cl11
C7
Cc7
Cl

Table S16 List of bond lengths for 15.

Sil
Sil
Sil
N1
N1
N1
Cl
Cl
Cl
C8
Co6
C6
Co
C2

Cl
Cl
C18
C22
C21
C22
Sil
P1
Sil
Cc9
C2
Cc2
Cl1
Co6

107.27(15)
109.86(16)
110.1(2)
120.2(3)
120.7(3)
113.1(3)
11639(17)
115.7(2)
127.8(2)
120.0(3)
120.8(3)
120.0(3)
119.1(3)
118.6(3)

C4
Cc4
C12
Cl17
C13
C13
C9
Cl6
C8
Cl4
Cl17
CI15
Cc2
Cl4

(O8]
Cs
C5
Cl2
Cl12
Cl12
C10
Cl17
Cc7
C15
Cl6
Cl4
C3
Cl13

Pl 119.42)
cl2  1253(3)
Pl 115.12)
cs 119.3(3)
cs 122.2(3)

Cl7  1182(3)
Cll  120.003)
Cl2  120.9(3)
c6 120.6(3)
Cl6  120.53)
Cl5  119.5(3)
Cl3  120.003)
c4 126.8(3)
Cl2  120.903)

Atom1 Atom?2 Length/A Atom1 Atom?2 Length/A
Cul Cl1 2.3334(4) C9B C10B 1.376(3)
Cul P1 2.2140(4) C10B C11B 1.392(3)
Cul CulB 2.4586(4) Cul cl 2.3334(4)
Cul Cl1IB 2.4157(4) Cul P1 2.2140(4)
Cul P1B 2.3469(5) CulB Cl1 2.2078(5)
CulB Cl1 2.2078(5) CulB Cl1IB 2.2758(4)
CulB Cl1B 2.2758(4) CulB P1B 2.2503(4)
CulB P1B 2.2503(4) P1 C1 1.725(1)
CulB Cul 2.4586(4) P1 (S} 1.702(2)
Cl1B Cul 2.4157(4) P1B CIB 1.719(1)
P1 Cl 1.725(1) P1B C5B 1.709(1)
P1 C5 1.702(2) N1 €2 1.411(2)
P1B C1B 1.719(1) N1 G2 1.467(2)
P1B C5B 1.709(1) N1 13 1.465(2)
P1B Cul 2.3469(5) NI1B C2B 1.413(2)
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N1 2 1.411(2) N1B C12B 1.457(3)
N1 c12 1.467(2) N1B C13B 1.456(2)
N1 C13 1.465(2) cl 2 1.419(2)
N1B 2B 1.413(2) cl c6 1.495(2)
NIB C12B 1.457(3) [e”) 3 1.405(2)
N1B C13B 1.456(2) C1B C2B 1.416(2)
Cl 2 1.419(2) C1B C6B 1.486(2)
Cl c6 1.495(2) C3 c4 1.395(2)
2 C3 1.405(2) C2B C3B 1.404(2)
C1B 2B 1.416(2) c4 cs 1.387(2)
CI1B C6B 1.486(2) c4 Cl4 1.510(2)
C3 c4 1.395(2) C3B C4B 1.400(2)
2B C3B 1.404(2) C4B CsB 1.385(2)
C4 cs 1.387(2) C4B C14B 1.508(2)
c4 Cl4 1.510(2) c6 7 1.403(2)
C3B C4B 1.400(2) c6 cll 1.401(2)
C4B CsB 1.385(2) C6B C7B 1.400(2)
C4B C14B 1.508(2) C6B Cl11B 1.394(2)
cé c7 1.403(2) cs co 1.390(2)
c6 Cl1 1.401(2) C7B CsB 1.392(3)
c7 cs 1.392(2) co clo 1.385(2)
CéB C7B 1.400(2) CsB CoB 1.379(3)
C6B C11B 1.394(2) C10 i1 1.392(2)
cs co 1.390(2) C9B C10B 1.376(3)
C7B C3B 1.392(3) C10B Cl11B 1.392(3)
co clo 1.385(2) Clo cll 1.392(2)
CsB CoB 1379(3)

Table S17 List of angles for 15.
Atoml Atom?2 Atom3 Angle/® Atom 1 Atom?2 Atom3 Angle/®
cl Cul P1 117.162) CulB Cul cn 100.92(1)
cn Cul CulB 100.92(1) CulB Cul P1 140.28(2)
Cl1 Cul CI1B 107.24(2) ClIB Cul P1B 107.18(2)
cn Cul PI1B 106.56(2) ClIB Cul cll 107.24(2)
Pl Cul CulB 140.28(2) ClB Cul Pl 99.86(2)
Pl Cul clB 99.86(2)  PIB Cul cn 106.56(2)
P1 Cul P1B 117.78(2) PIB Cul P1 117.78(2)
CulB Cul ciB 5566(1)  Cll Cul Pl 117.16(2)
CulB Cul P1B 55.79(1) Cul CulB cli 164.22(2)
CliB Cul PI1B 107.18(2) Cul CulB CliB 61.22¢(1)
cn CulB CllB 119.65(2) Cul CulB P1B 59.59(1)
cn CulB PIB 1242002y Cll CulB CliB 119.65(2)
cn CulB Cul 164.22(2) Cll CulB P1B 124.20(2)
ClB CulB P1B 115.75(2) ClIB CulB P1B 115.75(2)
cnB CulB Cul 61.22(1)  Cul ch CulB 94.78(2)
PIB CulB Cul 59.59(1) Cul CllB CulB 63.13¢(1)
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Cul
CulB
Cul
Cul
Cl1
CulB
CulB
CulB
CIB
ClB
C5B
C2
C2
Cl12
C2B
C2B
C12B
P1

P1

Cc2
N1
N1
C1
PIB
PIB
C2B
C2
NIB
NIB
CIB
C3
C3
C5
C2B
P1
C3B
C3B
C5B
C1

Cl1
C7
PIB
C6
CIB
C1B
C7B
C7
C6B

cl
CllB
P1
P1
P1
PIB
PI1B
PIB
P1B
P1B
PIB
N1
N1
N1
NIB
NIB
NIB
Cl1
Cl
Cl
C2
c2
C2
CIlB
CIB
ClB
C3
C2B
C2B
C2B
C4
C4
C4
C3B
C5
C4B
C4B
C4B
Cé
C6
C6
C5B
C7
CeéB
CeB
Cé6B
C8
C7B

CulB
Cul
Cl1
C5
C5
CIB
C35B
Cul
C35B
Cul
Cul
Cl12
C13
Cl13
C12B
Cl13B
C13B
C2
C6
C6
C1
C3
C3
C2B
C6B
C6B
C4
CIB
C3B
C3B
C5
Cl4
Cl14
C4B
C4
C5B
Cl14B
Cl14B
C7
Cl1
Cc1l
C4B
C8
C7B
Cl1B
Cl1B
C9
CSB

94.78(2)
63.13(1)
133.91(5)
117.60(6)
106.14(7)
120.10(5)
126.11(5)
64.62(1)
106.32(7)
116.28(5)
118.15(5)
116.2(1)
117.4(1)
110.4(1)
114.6(1)
116.9(1)
111.8(1)
120.8(1)
114.5(1)
124.4(1)
118.8(1)
119.4(1)
121.8(1)
121.1(1)
116.0(1)
122.9(1)
126.1(1)
117.8(1)
120.4(1)
121.8(1)
121.9(1)
119.3(1)
118.8(1)
126.2(1)
122.9(1)
122.0(1)
118.9(1)
119.1(1)
120.6(1)
121.1(1)
118.1(1)
122.6(1)
120.7(1)
121.1(1)
120.0(1)
118.8(2)
120.4(2)
119.902)

Cul
Cul
C1
Cul
Cul
Cul
CulB
CulB
C1B
Cc2
Cc2
C12
C2B
C2B
C12B
Pl
P1
C2
N1
N1
C1
PIB
PI1B
C2B
C2
NI1B
N1B
CI1B
C3
C3
C5
C2B
P1
C3B
C3B
C5B
C1
C1
C7
PIB
Cé6
C1B
CI1B
C7B
C7
C6B
C8
C7B

532

P1
P1
P1
P1B
PI1B
P1B
P1B
P1B
P1B
N1
N1
N1
NIB
NIB
NIB
Cl
C1
Cl
C2
C2
C2
C1B
C1B
C1B
C3
C2B
C2B
C2B
C4
C4
C4
C3B
[08]
C4B
C4B
C4B
Cé
Cé
Cé
C5B
C7
CéB
CeéB
CeéB
Cs8
C7B
C9
C8B

Cl
C5
C5
CulB
C1B
C5B
C1B
C5B
C5B
Cl2
C13
C13
C12B
C13B
C13B
Cc2
Cé
Cé
Cl
C3
C3
C2B
CéB
CéB
C4
C1B
C3B
C3B
C5
Cl14
Cl14
C4B
C4
C35B
Cl14B
Cl4B
C7
Cll
Cll
C4B
C8
C7B
Cl11B
Cl11B
Cc9
CSB
C10
C9B

133.91(5)
117.60(6)
106.14(7)
64.62(1)
116.28(5)
118.15(5)
120.10(5)
126.11(5)
106.32(7)
116.2(1)
117.4(1)
110.4(1)
114.6(1)
116.9(1)
111.8(1)
120.8(1)
114.5(1)
124.4(1)
118.8(1)
119.4(1)
121.8(1)
121.1(1)
116.0(1)
122.9(1)
126.1(1)
117.8(1)
120.4(1)
121.8(1)
121.9(1)
119.3(1)
118.8(1)
126.2(1)
122.9(1)
122.0(1)
118.9(1)
119.1(1)
120.6(1)
121.1(1)
118.1(1)
122.6(1)
120.7(1)
121.1(1)
120.0(1)
118.8(2)
120.4(2)
119.902)
119.6(2)
120.4(2)
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cs 9 Cl10 1196(2) €9 Cl10 cll 120.3(2)

C7B C8B C9B 120.4(2) C8B C9B C10B 120.4(2)
Cc9 Cl0 Cl1 120.3(2) Cé Cll C10 120.9¢1)
CsB C9B C10B 120.4(2) C9B C10B Cl11B 119.8(2)
C6 Cl1 Cl10 120.9(1) Cé6B C11B C10B 120.7¢2)
C9B C10B Cl1B 119.8(2) CulB Cul CliB 55.66(1)
CéB Cl1B C10B 120.7(2) CulB Cul P1B 55.79%(1)

4. DFT Calculations

Energy levels of the frontier molecular orbitals
General information

DFT Calculations were carried out with the ORCA 4.2.0 program suite.[® Initial molecular
structures were created in the program Avogadro™ or were based on crystal structures, if
available. Geometry optimizations were then performed with the PBEh-3¢ method developed
by Grimme and co-workers. ') Numerical Frequency calculations were carried out to confirm
the nature of stationary points found by geometry optimizations. The absence of imaginary
vibrational frequencies indicated that the optimized structure is a local minimum. Final single
point calculations on the optimized structures were conducted with the B3LYP functional.!'!]
Additionally, for all calculations the empirical Van der Waals Correction (D3) was used.[12],
Standardized convergence criteria were used for the geometry optimization (OPT) and the
addition “tight” for SCF-calculations (“TIGHTSCF”). A Triple--valence-basis set (def2-
TZVP) was applied for all atoms (single point caleulation).l'¥] Singe point calculations with the
B3LYP-functional were done with the RIJCOSX-approximation!'! and solvent effects were
taken into account with the Conductor-like-Polarizable-Continuum-Modell (CPCM) for
THF. Molecular orbitals were visualized via the freely available program I[BOView

v20150427.11¢]

Computed Cartesian coordinates (1) for parent phosphinine (PBEh-3c)
C -6.82758459082452  2.39862006253895  -0.00014009336622

C -6.90473364684224  1.01654590621344  -0.00017063587903

C -4.24938328522251  1.07917228425864  0.00011678914983

C -4.39192325041511  2.45613056244555  0.00003434726274

C -5.62547202848662  3.09346301120752  -0.00004200197887

S33
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H

H

-7.74849355193160

-5.65107094501903

-3.49913784627841

-5.55092389918300

-7.88983786791819

-3.24376908787877

2.97044828678917

4.17544798680152

3.07099034789223

-0.05802885992600

0.56416608379652

0.67436432798246

-0.00003671247507

0.00004220584259

0.00003566487655

-0.00025206153820

0.00036723763951

0.00004526046617

Computed Cartesian coordinates (A) for 5 (PBEh-3c¢)

C

C

Si

_

-0.90123311487248

-0.60400579138643

0.44248615734408

1.33670158208173

1.29870240374404

0.07115830068463

0.57335923657600

-1.35250670127292

-2.11656416771874

-2.94677846991021

-2.99848255154786

-2.23244454735578

2.36838168363664

3.38071446167780

4.35888055751055

4.32921893085986

-2.37989297795135

-1.38091952520793

-0.36307264720712

0.53808530602156

0.53223835397748

-0.42247689546010

-1.64672252592082

1.30717755395085

-1.11226856700079

-0.94649694862281

0.15712508323794

1.10083977643253

0.93513538693601

1.60103688583333

1.60090299990498

2.58260971136943

3.58433394463199

-2.56933111520590

S34

-0.08881300043503

0.82205300399243

0.63885374163852

-0.42890453004931

-1.44961303980066

-1.50009747283314

1.39191065654068

3.08518188764909

4.23042940570725

4.35940054536128

3.34367334314803

2.20058974770950

-0.42688449827625

0.52822697153263

0.51704426061231

-0.44233695373714

0.064350306360061
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j22]
b4

-3.93394587823154

-3.90539603497463

-4.80043137663118

-4.10979821059839

-2.76481979427874

-1.95034363387527

-2.98687628962014

-3.64414440162491

-1.93890595072609

-1.86250555158630

-0.98893428844203

-2.70155992805628

1 2.56516433571936

2.51153045935463

4.32809607125772

2.10255569692655

2.72684926327691

3.26608567198191

1.54753698792873

1.04946463051452

2.68766358138230

2.28601663761021

4.56217547890000

4.52748310198826

-1.70889634980865

-1.48889715370298

-2.34861154015064

-0.76907694393931

-3.23879305937274

-3.82918672671670

-2.44105972071324

-3.88493561429894

-4.04401043795102

-3.78026062322189

-4.48575049310888

-4.82080946537495

-0.53856282879873

-2.29917650748438

-0.20939441743492

0.62318760207718

-3.04163643452933

-2.41129921981721

-2.55697890541688

0.51926413709842

0.38570714368874

1.67043090839034

-0.76860426072942

0.84222148676067

S35

0.69369466530523

1.75995944154217

0.51177499633277

0.16861061097133

-1.65736703664292

-2.07662819835728

-2.36745448098356

-1.60673191346167

1.15801102103547

2.21205171862432

0.85369078781234

1.07345794535853

-2.86666506170963

-3.54385821776127

-2.28791753878238

-4.28119604286423

-2.77424678529253

-4.32574756062425

-3.98223191025922

-4.54670452074125

-5.17198227013047

-4.04466290027210

-1.38113211526108

-2.08688386567123
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H

H

5.02798491444860

-2.05881581953196

-3.54658255406475

-3.64110853991552

5.14937153282023

2.33294137325638

-1.41437433855429

-2.28147983469275

3.30929813543079

5.09472216159894

3.27032969659483

3.41217492730239

-0.69220355344698

1.52900632845893

-0.53626676716812

-1.67806384408735

0.28498737917979

1.96617317799600

2.56223372639949

2.62127353477453

-0.18110066670927

1.66641430426263

3.60586772654451

4.34882753325146

4.39360641601030

0.81181016103016

-1.96486021794096

2.64605018334167

-3.06020668874093

5.02580714342954

5.25075401259121

3.43957823112266

1.25569506774184

-1.37162188948459

2.05374814337780

1.40339774425676

-1.38202889701959

-0.45335633024384

-2.12300712268635

1.26921420880062

2.99161654955893

-2.09609531599197

Computed Cartesian coordinates (A) for 6 (PBEh-3c¢)

C

C

Si

_

-1.03366556936605

-0.37475883602032

0.82959721433194

1.56127818786355

1.11351501552026

-0.37134831874384

1.22077077881523

2.76718104608659

-2.66397177172446

-1.75827071927463

-1.31628865443611

-0.62412449711150

-0.28830788242861

-0.66315467179217

-1.51348336079726

-0.29142921019959

0.40868660053112

-2.71872735002461

S36

-1.33044489215600

-0.17534766941379

-0.21590085105993

-1.36066176415417

-2.63663994308924

-2.90690939481428

0.73718582574836

-1.22823199657407

-1.31283314936773
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-3.29779123607231

-3.47776313523962

-4.24567485852456

-2.61007474263940

-2.39714080442544

-2.06004427632377

-1.65020004195941

-3.32294211885703

-4.00230136339473

-4.06059752471376

-3.85158553047592

-4.97764800849161

1.92606492767073

3.24279846195636

1.37427081006007

-0.98297815758412

3.98183240982615

3.42386126322984

2.11661298428314

1.66926297130232

0.35520809041372

4.99874600272842

4.00497473391172

3.68356856303383

-2.90383237926623

-1.94032699515125

-3.44651577864992

-3.45838326022623

-4.45255718128164

-4.45388667039700

-4.99180084269011

-5.03000043520222

-1.82463832986686

-0.77014761872813

-1.87908241855652

-2.26817544201055

-0.43145030053882

-0.88962686602206

0.19856604551329

-1.53156481144222

-0.71352759497038

-0.07630869791830

0.37670362466833

0.87233454348349

0.56234732423949

-1.08135879591776

0.06141587102613

-1.39119127469479

S37

-3.07798717567788

-3.55612597150369

-3.06849603450217

-3.71643334488330

-0.61268946908221

0.42423547952381

-1.19688512177016

-0.65120829380391

-0.32290804011091

-0.59681321612972

0.75480026084580

-0.53287394201042

-3.85392477646349

-3.93444382065657

-4.96813128810237

1.18724754741277

-5.09122058294107

-6.19228152494836

-6.12708357542442

-6.97873976617880

-4.92103395002278

-5.13730275437162

-7.09458181489595

-3.08398205490320
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H

H

3.45994768663660

2.87430218169564

2.34840068849505

3.92178502710599

2.46680126410595

3.03349768481969

4.49201727312367

3.48473566885907

-1.83644523888313

-0.26713712905037

-1.33701227338568

0.35920991483327

1.70531195104115

1.72979910425452

1.93326559011233

2.50488909079463

1.01286073791173

0.67697229222396

-0.65905782151278

-0.87006167161722

-1.33068777532496

-2.55329338258295

0.03299937132357

-1.86526806918339

-2.81456191373130

-2.06822519425358

-1.23212607136820

0.80785190327756

-0.12283217349129

0.41942862206532

1.34205216074613

1.98345698989671

1.32070144020008

Computed Cartesian coordinates (A) for 7 (PBEh-3c¢)

C

C

-1.07415415398905

-0.57488091991255

0.57671599821058

1.39890014632348

1.10732497083494

-0.26170824334555

0.82398403980829

-0.74490585785895

-1.42146755926158

-2.64847459393787

-3.18869720199746

-2.51195773743813

-1.71784585406149

-1.00986496220990

-0.23131522109397

-0.03158244023061

-0.65169455062649

-1.68403938889569

0.29524014839601

-1.70190883314702

-1.74415485061174

-1.11005718686888

-0.42454216403174

-0.38611835578582

S38

-1.30191532935311

-0.20409184627599

-0.24209259382956

-1.35560839637166

-2.58211742926818

-2.83025550546103

0.67062881285993

2.19208574259679

3.40120963616791

3.53517017619888

2.45711512334213

1.24698835772553
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=

N 2.53194069979917

-2.60089497659218

-4.19586426884034

-4.46441556344049

-5.02790385553834

-4.11743848968749

-2.47580925772158

-1.56302000609662

-2.49669474212966

-3.32011191573378

-2.69630604213451

-2.99946085102171

-1.73947942681854

-3.42704281268441

2.01670030661729

3.36552678395715

1.53021560547242

-0.99286378305692

-3.17836409834031

-4.13741505109996

-1.29153340976858

0.77929501037440

-2.84795371364735

-1.86354290455007

-1.28505751933211

-2.53891199635029

-1.17320354826156

-4.05347624247062

-4.64928315057501

-3.55923613525575

-4.74590560796580

-3.87206601971875

-3.29328979008761

-4.34156758074267

-4.67294396529045

-0.54734298222215

-0.89139601688571

-0.15826606004155

-2.27805278611308

-1.14500762052628

0.08610484551017

-1.03671452240259

-1.23975762260948

-1.25283386338147

-1.48269443908692

-0.59949221061346

-1.69220420273431

-2.32389624531290

-2.69988010979592

-2.65947762968358

-3.67121341408983

-2.66876584120624

0.32688558997872

1.19836455349371

0.55877935139177

0.19318221098068

-3.74779712229164

-3.63830068073281

-4.99463258211342

4.23926569690635

4.47789159320309

2.55923580700124

1.09853202886296

-2.92673862898519  0.16021894103254  0.40948487987952
0.20618941288760  -2.20840790168435  2.08418816065161
C 4.19859966068325 -0.83872232482579 -4.74215414604987

S39
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C 3.70453153999910

C 2.36689566045263

H 1.96908423459438

H 0.48691094063786

H 5.23986570496512

H 4.35910722127522

H 3.75777061508465

C 2.61165785604077

C 3.08697130225329

H 3.14032518508331

H 2.53403089079004

H 4.10496789132139

H 2.19075297947282

H 3.65530619268139

H 2.08074760818560

5 Reference

-0.44054440507423

-0.10269236055558

0.20654091836299

0.11448705365632

-1.11584230451410

-0.39848237033455

-1.20641789698288

1.95811234161737

1.00209648228434

0.06891233168374

1.73556437801099

1.37836367638937

1.77889771281349

2.24347105820907

2.81004663563348

-5.97787214816104

-6.10039561474632

-7.05807186923081

-5.09542700182229

-4.63996765790153

-6.83841745260763

-2.68121117335144

-2.07847171922358

0.07058800827526

0.63009796400697

0.67484682318444

-0.04069374995260

-3.06282242651559

-2.21828838896956

-1.633050103963 64
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Chapter 5
A’-Phosphinines
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5.1 Introduction

5.1.1 Properties of A’-phosphinines

J3- and A’-phosphinines have been known for many decades.*’! The different
electronegativities of the phosphorus (Pauling scale: 2.2) and the carbon atom (Pauling
scale: 2.5) leads to a partially positively charged phosphorus atom in A’6’-phosphinines,
while the neighboring carbon atoms are partially negatively charged.*®! Thus, the
phosphorus atoms of A’6?-phosphinines can be attacked by strong nucleophiles for the
synthesis of a variety of A*-phosphinines and A’-phosphinines.!'°!! The bonding situation
in A>-phosphinines were studied in detail by Schéfer et al. who used photoelectron
spectroscopy and CNDO calculations.[® /°-Phosphinines can either be described as

aromatic or as phosphonium ylide (Scheme 5.1).

R R’ R
X
/ m n R||| ) Rll
R R R . R g
R R ROR
A’~Phosphinine A’—Phosphinine

Scheme 5.1: 2°- and 1’-phosphinines.

However, recent studies by Schleyer and co-workers have shown that the nature of the
substituents at the phosphorus atom plays a predominant role in the extent of cyclic
electron delocalization in A’-phosphinines. The NICS values calculated at a GIAO-
HF/6-31+G*/B3LYP/6-311+G** energy level for A’-phosphinines containing
electronegative atoms (for example, F: -7.8, Cl: -7.3) at the phosphorus atom are only
somewhat smaller than the ones of the parent phosphinine (-10.8) and benzene (-10.6),
indicating that these A°-phosphinines are aromatic. The compounds with electropositive
atoms at the phosphorus atom have, on the other hand, small NICS values (For example,
H: -2.6), indicating weak aromatic properties. Thus, the structure of A’-phosphinines

with electron-withdrawing substituents on the phosphorus atom can be described as
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hybrids of internal zwitterions (ylide) and ‘Hiickel’ aromatic systems, while with
electron-donating substituents at the phosphorus atom as a phosphonium ylide.!3¢!

For example, NR2- and OR2- in Figure 5.1 are electron-releasing substituents. The
ionization energy of 5-1 and 5-2 recently reported by Miiller et. al. is low, which is in
accordance with an ylide-character. The A’-phosphinines 5-1 and 5-2 show two

oxidation waves, while no reduction process was observed in the electrochemical

windows of the cyclic voltammogram!”’],

Figure 5.1: 2,4,6-Triaryl-A>-phosphinines 5-1 and 5-2, and -A*-phosphinine 5-3.

The nature of the P-substituents has a significant impact on the HOMO energy. An
NR2-substituent (5-1) results in a more destabilized HOMO compared to an OR-
substituent (5-2) and shows lower E®! oxidation potentials (Table 5.1).

Table 5.1: Calculated at B3LYP/6-31+G* level HOMO energies [eV], first oxidation potentials

(E™ [V])
Sample name HOMO [eV]? E [V]°
5-1 -4.91 0.59
5-2 -5.27 0.93

a: All potentials were measured by cyclic voltametric investigations in 0.1 M BusNPF¢ in CH2Cl.
Platinum electrode diameter: 1 mm, sweep rate: 200 mV s’ All reported potentials are referenced
to the reversible formal potential of the decamethyl-ferrocene/decamethyl-ferrocenium couple; b:

Irreversible process.

In general, A>-phosphinines are almost non-fluorescence with quantum yields << 1 %.[¢!
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In contrast, many A’-phosphinines show an intense fluorescence emission in solution.®’-

%31 The most effective fluorescent materials are based on conjugated C=C double bonds,
while phosphinines contain a conjugated system with a P=C double bond. Theoretical
and experimental results show that the P=C double bond in A*-phosphinines is not
responsible for their non-luminescent behavior.[**® TD-DFT calculations showed that
the red-edge absorption band for /*-phosphinine 5-3, assigned to m—m* transition, is
partially forbidden due to the small change in the dipole moment (both HOMO and
LUMO have the same b: symmetry), resulting in a low luminescent intensity (quantum
yields << 1%). For the 2’-phosphinines 5-1 and 5-2, the band maxima of absorption are
essentially the HOMO-LUMO transitions that are strongly allowed, due to a change of
parity, causing rather large oscillator strength (more than 0.2) and high fluorescence in

solution (Figure 5.2).1%

LUMO

HOMO

5-1 5-2 5-3

Figure 5.2: HOMO and LUMO orbitals of 5-1, 5-2 and 5-3 at the B3LYP/6-31+G level of theory.
5.1.2 Synthesis of A>-phosphinines

/3-phosphinines are still the main starting materials for the synthesis of A°-
phosphinines.’>%>1% Dimroth and co-workers succeeded in synthesizing A’-
phosphinines in 1968. For example, starting from triphenylphosphinine, they were able

to obtain the corresponding 1,1’°-dimethoxy-A’-phosphinines. Most likely, the oxidation
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reaction with Hg(OAc): involves the formation of radicals. In the presence of alcohol

or phenols, the formation of A7-phosphinines is observed. (Scheme 5.2).

R2
R2 R30OH
Q Hg(OAc), | N
| R P OR!
~ ’
R’ R’ o0
R? RS

Scheme 5.2: Synthesis of ’-phosphinines by the oxidation of Hg(OAc), in the presence of

alcohols.

The group of Miiller has adopted this method for the synthesis of a series of A°-
phosphinines.[®””) The A’-phosphinine 5-1 has a rather large oscillator strength and
exhibits intensive blue-emission in solution.

Dimroth and co-workers reported the access to the first 1,1°-dihalo-A’-phosphinines by
a light-induced addition of halogens, for example by reaction with PCls or elemental
bromine, to the phosphorus atom of A*-phosphinines in 1972. These 1,1’-dihalo-A’-
phosphinines are especially useful intermediates for the preparation of /’-phosphinines

containing alkyl- or aryl- substituents (Scheme 5.3).1!%!

R R
R2 2 2
+ X, N 2 RLi N
| hvor A Z )
. 1

Scheme 5.3: Synthesis of 1’-phosphinine from 1,1-dihalogen-A>-phosphinines.

Another efficient way to obtain A>-phosphinines is to react A*-phosphinines with strong
nucleophilic reagents, such as organolithium compounds, to form A*-phosphinine
anions. These can further react with organoiodines to produce the desired products
(Scheme 5.4).1192-105] The benefit of this method is that most products can be synthesized
at room temperature. However, the disadvantage of this method is the possible

formation of by-products which cannot be separated from the products.
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Scheme 5.4: Synthesis of /’-phosphinines from A*-phosphinines and organoiodines.

Another interesting route for the synthesis of A’-phosphinines is the reaction of
bis(cyanomethyl)-phosphonium salts with aldimine. Hashimoto et. al. have reported a
variety of 2,6-dicyano-A’-phosphinines by using this procedure (Scheme 5.5).°°! The
photophysical properties of the 2,6-dicyano-A’-phosphinines were modified by
introducing different substituents at the 4-position of the aromatic heterocycle, which
resulted in a fluorescence, ranging from blue to yellow with a maximum quantum yield
of 92 % in solution. The disadvantage of this method is that it is impossible to modify
the substituents at the phosphorus atom and at the 2,6-positions of the phosphorus
heterocycles. Also, the maximum emission wavelength of these /°-phosphinines only

reaches the yellow region in solution.

R R
® R X7 R
NN . DMF R
NC Ph/ \ CN R /N - /ﬁj\/\ - /f:(\
Ph — NC” PZ CN NC” 'PC_"CN
Ph” Ph Ph™ Ph

Scheme 5.5: Synthesis of 2’-phosphinines via bis(cyanomethyl)-phosphonium salts and aldimine.

In 1969, Mirkl reported the first synthesis of spiro-A’-phosphinine compound by
heating 2,4,6-triphenylphosphinine and [1,1'-biphenyl]-2,2'-diylmercury to 300 °C
(Scheme 5.6). This reaction produced highly toxic mercury vapors, which severely
limited the use of this synthetic method.!'**] Even though this reaction was mentioned
more than 50 years ago, no further reports on the synthesis and characterization of spiro-

/’-phosphinine compounds have been published since.
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Scheme 5.6: Synthesis of spiro-A’-phosphinine 5-23.

Recently, Kostyuk ef al. prepared a variety of 1°-phosphinines by electrocyclization of
phosphahexatrienes generated in sifu. Starting from commercially available hexatrienes,
they were able to synthesize A’-phosphinines in high yield in four steps (Scheme
5.7).1%) By this method one can, however, only introduce a limited number of

functional groups to the phosphorus atom of the parent phosphinine.

R\ /Rl R\ /Rl R\ ,R'

NS AN

DEASU O
Ru Z = Ru

Scheme 5.7: Synthesis of 2’-phosphinines by electrocyclization of hexatrienes.

Overall, although several methods have been developed for the synthesis of A°-

phosphinines, they all have their own advantages and drawbacks (vide supra).

5.2 Result and discussion

By combining different synthetic methods, a variety of A’-phosphinines have been
obtained. These A’-phosphinines involve not only the modification of the substituents
at the 2-, 4-, 6-positions of the phosphorus heterocycle, but also the introduction of
different substituents at the phosphorus atom. This gives an insight into the correlation
between optical properties of 2’-phosphinines and substitution patterns. Furthermore,
these A7-phosphinines show intense fluorescence emission in solution, with a quantum
yield up to 72 %. Moreover, the emission of A’-phosphinine 5-22 reaches the red region
for the first time, with a maximum emission wavelength close to A = 650 nm. It should

be noted that A°-phosphinines 5-23-5-26 show no luminescence in the visible and near-
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infrared regions, either at room temperature or at low temperatures, in the solid state or
in solution. A more detailed theoretical insight and additional experiments are required

to reveal the luminescence properties of compounds 5-23—-5-26 completely.

5-25

Scheme 5.8: Overview of synthesized A’-phosphinines and A*-phosphinines.

For all A’-phosphinines included in this chapter (Scheme 5.8), their fluorescence
properties, particular the absorption and emission features are essentially not affected
by the different substituents in the 4-position of the phosphorus heterocycle, in contrast
to the observations reported by Hayashi and co-workers.”! The different substituents

at the 2,6-positions of the phosphorus heterocycle have an obvious effect on the
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absorption, emission and quantum yields of A°>-phosphinines. However, the substituents
connected to the phosphorus atom play a predominant role in the photophysical
properties of A’-phosphinines (vide infra). More detailed investigations on the
photophysical and photochemical properties of these A’-phosphinines are currently

performed.

5.3 Synthesis of 2’-phosphinines

A library of A’-phosphinines was synthesized by oxidation of A*-phosphinines.*]
Therefore, the corresponding pyrylium salts were first synthesized. It is known that
aldehydes react with ketones in a Claisen-Schmidt condensation to give chalcones,
which subsequently react with another ketone in the presence of HBF4'Et20 to pyrylium
salts. Pyrylium salts can be converted to the corresponding phosphinines by an O*/P
exchange with a suitable phosphorus source, such as P(SiMes); (Scheme 5.9). The
analytical data for A3-phosphinines 1 and 5-3-5-7 are not described in here, as they have

already been reported in literature by Miiller et. al..!®!

2 eq. Et,0. HBF,

Microwave reactor

2 eq. P(SiMes);

DME
reflux overnight

1 equiv.

Scheme 5.9: Synthesis of /°-phosphinines via the pyrylium salt route.
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5.4 Synthesis and characterization of A°-phosphinines

The A3-phosphinine 5-4 was further converted quantitatively to A’-phosphinine 5-8 by
reaction with mercury(Il) acetate as oxidation reagent in the presence of N,N’-
dimethyl-ethylenediamine, according to a modified procedure described by Dimroth
and co-workers (Scheme 5.10).1'%1 A fter stirring for overnight, the solution was filtered
over silica (3 cm) to remove the mercury residues. The solvent of the neon yellow
filtrate was then removed under vacuum and the residue was washed with pentane.

After drying under a high vacuum, the product was obtained as a neon yellow solid.

H
/N\/\N/
H
Hg(OAc)2

toluene

Scheme 5.10: Synthesis of 5-8.

Due to the oxidation of the A3- to the A’-phosphinine, a substantial upfield shift from
S(ppm) = 193.0 to 34.7 was observed in the *'P{'H} NMR spectrum. The proton
resonances of the phosphorus heterocycle were found in the 'H NMR spectrum as
doublet of doublets with a coupling constant of *Jup = 33.8 Hz at §(ppm) = 7.60 (Figure
5.3).

34.37

250 200 150 160 50 0 -50 -100 -150 -200 250
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Figure 5.3:3'P{'H} (top) and 'H NMR (bottom) spectra of 5-8.

Although 5-8 is relatively straightforward to synthesize and to purify, it is, however,
problematic to crystalize. After using different recrystallisation methods, crystals,
suitable for single crystal X-ray diffraction, were finally obtained. The first step was
dissolving the crude 5-8 in methanol followed by several repeated hot recrystallizations.
The purified product was dissolved in ethanol, heated to reflux and allowed to cool to
room temperature very slowly. Finally, the solution was placed in a freezer at 7= -20
°C for recrystallization. The molecular structure of 5-8 in the crystal is depicted in

Figure 5.4, along with selected bond lengths and angles.

Figure 5.4: Molecular structure of 5-8 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-N1: 1.644(2); P1-N2:
1.668(2); P1-C1: 1.732(3); P1-C5: 1.742(1); F1-C7: 1.356(3); F2-C20: 1.366(3); N1-C25:

1.465(4); N2-C26: 1.462(4); C1-P1-C5: 103.9(1); N1-P1-N2: 91.9(1); P1-N1-N2-C26: 155.8(2).
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In 5-8, the P1-C1 and P1-C5 bond lengths of 1.732(3) A and 1.742(2) A are
significantly shorter compared to those in A*-phosphinine 5-3 (1.756(6) and 1.753(6)
A). The C1-P1-C5 angle of 103.9(1)° is considerably larger in 5-8 than the one in A°-
phosphinine 5-3 (99.4(3)°). This can be explained by the formal sp>-hybridization of
the phosphorus atom in 5-8. The NI1-PI-N2 angle in 5-8 is 91.9(1)°, which is
significantly smaller than the C1-P1-C5 angle. Overall, the phosphorus atom shows a
distorted tetrahedral environment. The C-C distances in the phosphorus heterocycle are
averaged between a C-C single bond and a C=C double bond. The ring formed by the
P1-N1-C25-C26-N2 atoms is not planar and has a significant distortion (155.8(2)°).

The A3-phosphinines 1, 5-3-5-7 were reacted first with methyllithium in diethyl ether
to form the corresponding A*-phosphinine anions, which were subsequently reacted

with methyl iodide, resulting in 5-9-5-14 (Scheme 5.11).

MeLi Mel
Et,O Et,O
r.t r. t.

5 minutes 20 minutes

Scheme 5.11: Synthesis of 2’-phosphinines 5-9-5-14.

The solvent was removed under vacuum after the end of the reaction. The purification
of these A’-phosphinines is rather challenging, as A>-phosphinines are usually soluble in
common organic solvents. Moreover, some A’-phosphinines are very sensitive towards
air and moisture, which makes them difficult to purify by column chromatography.
More importantly, if by-products are produced during the reaction, they may not be
purified at all using regular purification methods. Fortunately, the reactions of 1, 5-3—
5-7 with organolithium compounds and methyl iodide were remarkably selective to
produce 5-9—5-14, respectively. 5-9—-5-12 can be dissolved in ethanol and recrystallized
in a freezer at T = -20°C. For compounds 5-13 and 5-14, crystals suitable for single
crystal X-ray diffraction were not obtained up to date.

The molecular structures of 5-9—5-12 in the crystal are depicted in Figures 5.5-5.8,
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along with selected bond lengths and angles.

Figure 5.5: Molecular structure of 5-9 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.756(3); P1-C5:
1.748(4); P1-C25: 1.801(6); P1-C24:1.812(4); C1-P1-C5: 104.6(2); C25-P1-C24: 102.0(2); C5-

C1-P1-C3: 4.9(2).

Compound 5-9 crystallized in the triclinic crystal system in the space group P-1. Based
on the bond lengths and angles in the molecule, a comparison can be made to A’-
phosphinine 5-8. The P1-C1 and P1-C5 bond lengths of 1.756(3) A and 1.763(1) A in
5-9 are significantly longer compared to those in 5-8 (1.732(3) and 1.748(4) A). This
observation is consistent with the fact that more electronegative atoms are connected to
the phosphorus atom of the A’-phosphinines, resulting in shorter P-C bond lengths. The
C1-P1-C5 angle of 103.90(7)° in 5-9 is similar to that in 5-8 (103.9(1)°), as the
phosphorus atom shows a distorted tetrahedral environment by its four bonding partners.

5-10 crystallized with four independent molecules in the asymmetric unit (Figure 5.6).
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SF2D
C24D

Figure 5.6: Molecular structure of 5-10 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1D-C1D: 1.762(3); P1D-C5D:
1.768(3); P1D-C25D: 1.813(4); P1D-C24D:1.798(3); C1D-P1D-C5D: 104.1(2); C25D-P1D-

C24D: 109.0(2); C5D-C1D-P1D-C3D: 27.19(7).

The P1D-C1D and P1D-C5D bond lengths of 1.765(2) A and 1.763(1) A in 5-10 are
similar to those in 5-9. The C5D-C1D-P1D-C3D torsion angle of 27.19(7)° in the
phosphorus heterocycle of 5-10 is much larger than the corresponding angle of 4.9(2)°
in 5-9, which shows that the 2,6-substituents have an impact on the torsion angle of the
phosphorus heterocycle.

5-11 crystallized with two independent molecules in the asymmetric unit. Its structural

information is similar to that of 5-10, so it will not be repeated here.
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Figure 5.7: Molecular structure of 5-11 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.765(2); P1-C5:
1.763(1); P1-C25: 1.808(1); P1-C26:1.803(1); C1-P1-C5: 103.90(7); C25-P1-C26: 108.93(7); C5-

C1-P1-C3: 25.8(2).

Figure 5.8: Molecular structure of 5-12 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.749(1); P1-C5:
1.749(1); P1-C25: 1.810(1); P1-C26:1.803(1); C1-P1-C5: 103.95(6); C25-P1-C26: 103.44(6); C5-

C1-P1-C3: 20.42(7).

For compound 5-12, the fluorine atoms are at the para-position of the 2,6-substituents
of the heterocyclic ring. 5-12 crystallized in the monoclinic crystal system in the space

group P2i/n. The P1-C1 and P1-C5 bond distances in 5-12 are equal (1.749(1) A) and
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significantly smaller than the P1-C1 and P1-C5 bond lengths in 5-11 (P1-C1: 1.765(2)
A; P1-C5:1.763(1) A). This suggests that the P-C bond lengths in A’-phosphinines may
be influenced not only by the substituents on the phosphorus atom, but also by the 2,6-
substituents of the phosphorus heterocycle.

5-13 is an air, moisture and temperature sensitive compound. In the *'P{'H} NMR
spectrum, a resonance is found at §(ppm) = -7.03. In the 'H NMR spectrum, the
chemical shift of the methyl groups at the phosphorus atom appears at 5(ppm) = 1.55,
with a 2Jup coupling constant of 12.5 Hz (Figure 5.9). Unfortunately, no suitable

crystals for single crystal X-ray diffraction measurement were obtained.

REulgl
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Figure 5.9:3'P{'H}(top) and 'H NMR (bottom) spectra of 5-13.

Crystals of 5-14 are not available up to date. 5-14 has a very good solubility in common
organic solvents.

Next, it was investigated whether it is possible to introduce two different substituents
at the phosphorus atom. This has not been achieved before. Thus the reaction of 1*-
phosphinines first with phenyl lithium and subsequently with methyl iodide was

investigated. Indeed, A*-phosphinines 1, 5-3-5-6 react with phenyl lithium in diether
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ethyl to form the corresponding A*-phosphinine anions, which further react with methyl

iodide to give compounds 5-15-5-18 (Scheme 5.12).

PhLi Mel
Etzo EtZO
r.t. r.t.

5 minutes 20 minutes

Scheme 5.12: Synthesis of 5-15, 5-16, 5-17 and 5-18.

The resonances of these compounds were found in the range of 6(ppm) = -5.9-2.4 in
the 3'P{'H} NMR spectra. In the 'H NMR spectra, the chemical shift of the methyl
groups connected directly to the phosphorus atoms was observed as doublet resonances
at 8(ppm) = 2.1 with coupling constants of 2Jip = 13 Hz. The molecular structures of
5-15-5-18 are depicted in Figures 5.10-5.13, along with selected bond lengths and
angles.

Compounds 5-15, 5-17 and 5-18 crystallized in the monoclinic crystal system, while 5-
16 crystallized in the orthorhombic crystal system. The C1-P1-C5 angles in these A°-

phosphinines are around 104°, which is similar to that in 1,1’-dimethyl-/’-phosphinines.

Figure 5.10: Molecular structure of 5-15 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.753(2); P1-C5: 1.753
(2); P1-C25: 1.821(2); P1-C24:1.801(2); C1-P1-C5: 104.79(9); C25-P1-C24: 104.81(9); C5-C1-

P1-C3: 8.2 (1).
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Figure 5.11: Molecular structure of 5-16 in the crystal (H atoms were omitted for clarify).
Displacement ellipsoids are shown at the 50% probability level. Selected bond lengths (A) and
angles (°): P1-C1: 1.763(2); P1-C5: 1.763 (2); P1-C25: 1.822(2); P1-C24:1.807(2); C1-P1-C5:

104.6(2); C25-P1-C24: 103.8(1); C5-C1-P1-C3: 16.0 (1).

Figure 5.12: Molecular structure of 5-17 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.750(3); P1-C5:
1.764(3); P1-C25: 1.809(3); P1-C26:1.818(3); C1-P1-C5: 104.6(2); C25-P1-C26: 105.3(1); C5-

C1-P1-C3: 9.3 (2).
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Figure 5.13: Molecular structure of 5-18 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.749(2); P1-C5: 1.752
(2); P1-C25: 1.808(1); P1-C26:1.817(1); C11-C7: 1.743(2); C12-C20: 1.742(1); C1-P1-CS:

104.83(7); C25-P1-C26: 104.33(7); C5-C1-P1-C3: 7.03(3).

The attempt to synthesize A’-phosphinines 5-22-5-26 by reaction between A°-
phosphinines with the corresponding organolithium compounds resulted in a mixture
of unidentified compounds that could not be separated. Thus, 1,1’-dichloro-A’-
phosphinines were synthesized first, as the reaction of 1,1’-dichloro-A’-phosphinine
with organolithium compounds selectively produces A°-phosphinines with alkyl- and
aryl- substituents. 5-19-5-21 were synthesized in accordance to the literature.!!°!! 13-
phosphinines 1, 5-3 and 5-4 react with PCls in toluene under irradiation with UV light,
resulting in the corresponding 1,1’°-dichloro-A’-phosphinines (Scheme 5.13).

R R

PCls

uv
toluene

R = Me, H
R'=F,H

Scheme 5.13: Synthesis of 5-19, 5-20 and 5-21.
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After the reaction was complete, the volatiles were removed under vacuum and the
residual solid was dissolved in refluxing acetonitrile for recrystallization. The 1,1°-
dichloro-A’-phosphinines are sensitive to air and moisture. 5-21 crystallized with two

independent molecules in the asymmetric unit (Figure 5.14).

@ ©

cl1 CI2
Figure 5.14: Molecular structure of 5-21 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.708(1); P1-C5: 1.705

(1); P1-C25: 1.808(1); C5-C1-P1-C3: 0.78(6).

The P1-C5 and P1-C1 bond lengths in 5-21 are 1.708(1) A and 1.705(1) A, respectively,
which are much shorter than those in 5-11(1.765(2) and 1.763(1) A) and 43-phosphinine
5-3(1.756(6) and 1.753(6) A). This is due to the high electronegativity of the Cl atoms
(vide supra).

A’-phosphinine 5-22 was obtained by reaction of 1,1’-dichloro-A’-phosphinine 5-21
with PhMgBr in a mixture of toluene and diethyl ether (Scheme 5.14). After the reaction
was complete, the volatiles were removed under vacuum and the residual solid was
purified by recrystallization. Crystals were obtained by evaporating the MeCN solution
of 5-22 in the glovebox. Using PhMgBr in this reaction is necessary as the reaction

between phenyl lithium and 5-21 mainly produces the A3-phosphinine 5-4.
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Scheme 5.14: Synthesis of 5-22.

A-phosphinine 5-22 shows a single resonance at 3(ppm) = 5.2 in the 3'P{'H} NMR
spectrum. The 'H NMR spectrum displays the proton resonances of the phosphorus
heterocycle at §(ppm) = 7.94 with a coupling constant of *Jip = 30.2 Hz.

The molecular structure of 5-22 is depicted in Figure 5.15, along with selected bond
lengths and angles. The P1-C1 and P1-C5 bond lengths in 5-22 are 1.753(1) A and

1.752(1) A, respectively, which are similar to those to 5-18.

Figure 5.15: Molecular structure of 5-22 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.753(1); P1-C5: 1.752
(1); P1-C25: 1.823(1); P1-C31:1.812(1); C1-P1-C5: 103.91(5); C25-P1-C31: 103.79(5); C5-C1-

P1-C3: 7.94(5).

Next, an attempt was made to synthesize spiro-A’-phosphinines, which have already

been described in literature. Only one procedure has been reported in literature, which

222



involves the use of toxic [1,1’-biphenyl]-2,2'-diylmercury. It can be considered that
1,1°-dichloro-A’-phosphinines might react with 2,2'-dilithiobiphenyl derivatives to form
spiro-A’-phosphinines. Indeed, reaction of 1,1’-dichloro-A’-phosphinines with 2,2'-
dilithiobiphenyl derivatives leads selectively to 1,1’-bipheyl-A1’-phosphinines 5-23-5-
26 (Scheme 5.15). It is important that the syntheses were carried out by very slow
dropwise addition of a toluene solution of 1,1’-dichloro-A>-phosphinines to an ether
solution of 2,2'-dilithiobiphenyl derivatives at 7= -78 °C. The reaction mixtures were
allowed to warm up to room temperature slowly and continued to stir for overnight. At
the end of the reaction, the mixtures were filtered to remove the lithium chloride and
the solvent was removed under vacuum to obtain a clean compound. 5-23-5-26 are air-
and moisture-sensitive orange and dark red solids. The purified 5-25 was dissolved in
hot acetonitrile for recrystallization. Crystals suitable for single crystal X-ray

diffraction, were obtained upon cooling the solution down to 7= -20 °C.

R =CHj;, H
R'=F,H
. R"=OCH3, H
toluene/diether ethyl
-78°Ctor. t.
overnight

Scheme 5.15: Synthesis of 5.20, 5.21, 5.22 and 5.24.

5-25 shows a resonance at (ppm) = 0.9 in the *'P{'H} NMR spectrum. The proton
signals of the phosphorus heterocycle appear at 8(ppm) = 7.65 (*Jup= 30.9, Juu = 1.2

Hz) in the "TH NMR spectrum (Figure 5.16 and 5.17).
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Figure 5.16: '"H NMR spectrum of 5-24.
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Figure 5.17: *'P{'H} NMR spectrum of 5-24.

The molecular structure of 5-25 in the crystal is depicted in Figure 5.18, along with
selected bond lengths and angles. 5-25 crystallized in the triclinic crystal system in the
space group P-1. The crystallographic characterization of 5-25 shows a tetrahedral
environment around the phosphorus atom, while the biphenyl unit is almost
perpendicular to the plane of the phosphorus heterocycle. The C25-P1-C36 angle of
90.5(1)° in 5-25 is even slightly smaller than that in 5-8 [91.9(1)°]. This can be
explained by the biphenyl substituent at the phosphorus atom that forms a closed 5-

membered ring with the P1-C25-C30-C31-C36 atoms.
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Figure 5.18: Molecular structure of 5-25 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Selected bond lengths (A) and angles (°): P1-C1: 1.738(2); P1-C5: 1.751
(2); P1-C25: 1.808(2); P1-C36:1.819(2); C1-P1-C5: 105.1(1); C25-P1-C36: 90.5(1); C5-C1-P1-

C3:2.1(1).

5-23, 5-24 and 5-26 are similar to 5-25 in terms of NMR spectroscopic data. Crystals,
suitable for single crystal X-ray diffraction, were not available up to date, therefore

these compounds are not discussed in detail.

5.5 Photophysical properties of 2’-phosphinines

In cooperation with the group of Prof. Muriel Hissler (Université¢ de Rennes, France),

the photophysical properties of selected 2°-phosphinines were investigated.
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Figure 5.19: Fluorescence emission of 1°- phosphinines and pyrylium salt under UV light.

The analysis of the absorption and emission spectra of 5-10, 5-11 and 5-14 reveals that
the different substituents at the 4-position of phosphorus heterocycle have almost no
effect on the optical properties of the A°>-phosphinines (Figures 5.20 and 5.21). These
results contrast with the previously reports by Hayashi and co-workers as their
derivatives of 2,6-dicyano-A’-phosphinines show differences in the luminescence
properties when different substituents at the 4-position of phosphorus heterocycle are

introduced.®!]
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Figure 5.20: UV absorption spectra of 5-10(black), 5-11(blue) and 5-14(red) in toluene.
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Figure 5.21: Emission spectra of 5-10(black), 5-11(blue) and 5-14(red) in toluene.

The absorption spectra of 5-10, 5-11 and 5-14 show the maximum lowest energy (red-
edge) absorption band at around Aussmax = 483 nm with an extinction coefficient of ¢
=~ 11500 L/(mol-cm). The fluorescence emission of 5-10, 5-11 and 5-14 is intense in
solution with quantum yields of ®r = 72 % and slightly red-shifted compared to the
maximum of the red-edge absorption band (Stoke shift: A1 = 80 nm) to Aemmax = 563
nm.

Furthermore, studies were carried out on how different substituents at the 2,6-positions
of the aromatic ring can impact the photophysical properties of A’-phosphinines. The
absorption spectra shown in Figure 5.22 exhibit that different 2,6-substituents at the
phosphinine ring have a significant effect on the absorption properties of the
corresponding A’-phosphinines. A comparison of 5-9, 5-11, 5-12 and 5-13 revealed that
the maximum of the red-edge absorption band (1 = 486 nm) of A’-phosphinine 5-11
(ortho-F-substituted) has the highest e-value and a slight red-shift, while the maximum
of the lowest energy absorption band of 5-13 (ortho-Cl-substituted) is obviously blue-
shifted (Aabsmax = 450 nm) and has the lowest e-value, which is only 20 % of that of 5-
11. The wavelength differences in the fluorescence emission of A’-phosphinines 5-9, 5-
10, 5-11 and 5-12 are within 20 nm (Figure 5.23). However, the photoluminescence

quantum yield (PLQY) of 5-13 (®r= 36 %) is only 50 % of that of 5-11, which can be
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explained by the fact that 5-13 has a significantly lower extinction coefficient. Overall,
different 2,6-substituents at the phosphorus heterocycle have major effects on the

absorption and the PLQY properties of the corresponding /A’-phosphinines.
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Figure 5.22: UV absorption spectra of 5-9(brown), 5-11(blue), 5-12(green) and 5-13(violet) in

toluene.
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Figure 5.23: Emission spectra of 5-9(brown), 5-11(blue), 5-12(green) and 5-13(violet) in toluene.

Finally, the photophysical properties of A’-phosphinines containing different

substituents at the phosphorus atom were investigated in detail. Figure 5.24 shows the
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absorption spectra of 5-8, 5-10, 5-17, 5-22 and 5-23. It can be observed that the different
substituents at the phosphorus atoms result in a significant effect on the absorption
spectra of the corresponding A’-phosphinines, with the maxima of lowest energy
absorption bands ranging from A = 398 nm for 5-7 to A = 498 nm for 5-22. 5-10 has the
highest extinction coefficient of e = 12000 L/(mol-cm) and 5-22 has an intensity of less
than 3000 L/(mol-cm). Also 5-25 presents an intense band centered at 4 =454 nm along

with a red-shifted shoulder tailing down to A = 600 nm.
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Figure 5.24: UV absorption spectra of 5-8(blue), 5-10(green), 5-17(red), 5-22 (violet) and 5-

25(black) in toluene.

From the analysis of the absorption spectra, it can be anticipated that the fluorescence
emissions of A’-phosphinines are also significantly affected by the substituents at the
phosphorus atoms. Figure 5.25 shows the emission spectra of 5-8, 5-10, 5-17 and 5-22.
The fluorescence emissions of 5-17 and 5-22 can reach Aemmax > 620 nm. The A°-
phosphinine 5-17 is the first case in which fluorescence emission in solution can reach
to the region of red light. Under UV light, 5-8 and 5-10 exhibit blue and green
fluorescence in the solution, respectively. The quantum yields of 5-8, 5-10, 5-17 and 5-

22 were 17%, 74%, 15% and 3%, respectively. This suggests a remarkable relationship
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between the decrease in the quantum yields of A°-phosphinines and the increase in the

number of phenyl substituents to the phosphorus atom.
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Figure 5.25: Emission spectra of 5-8(blue), 5-10(green), 5-17(red), and 5-22 (violet) in toluene.

At room and low temperatures, no fluorescence emission was detected in the visible
and NIR regions for 5-23, 5-24, 5-25 and 5-26 both in solution and in the solid state.
5-23 shows an intense band centered at A = 480 nm along with a red-shifted shoulder

tailing down to about A = 660 nm, which indicates a small spiro-conjugation (Figure

5.26).11221
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Figure 5.26 UV absorption spectra of 5-20(black), 5-21(blue), 5-22(red) and 5-24(orange) in

toluene.
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Overall, the substituents at the phosphorus atom have the most significant effect on the

optical properties of the A’-phosphinines compared to the substituents at the other

positions of the phosphorus heterocycle.

Table 5.2 summarizes the data from the optical measurements of selected A°-

phosphinines.

Table 5.2: Optical data of selected A’-phosphinines in solution

Sample name | Amaxabs [nm]* | € [L/mol-cm] Amax,em [NM]? Or[%]
5-7 483 9700 567 70 ¢
5-8 398 7150 472 17°
5-10 480 10050 580 65 ¢
5-11 486 12000 564 74 ¢
5-13 453 2400 560 36°¢

5-15 519 5850 628 16 ¢
5-16 494 10250 619 154
5-18 484 4500 616 9d
5-22 498 3020 627 3d
5-25 454 9000 - -
5-26 453 8500 - -

@ Measured in toluene. ® Fluorescence quantum yields determined using quinine sulfate as standard,
+15%. € Fluorescence quantum yields determined using fluorescein Aexc =450 nm as standard, +15%.

4 Fluorescence quantum yields determined using Rhodamine 6G as standard, +15%.

5.6 Experimental details

5.6.1 General remarks

Unless otherwise stated, all syntheses were performed under an inert argon atmosphere
using modified Schlenk techniques or in a MBraun glovebox. All commercially
available chemicals were used as received. Dry, deoxygenated solvents were prepared
using standard techniques or collected from a MBraun solvent purification system. The

NMR spectra were recorded on a JEOL ECX400 (400 MHz), Bruker 500 MHz and 600
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MHz spectrometers and chemical shifts are reported relative to the residual resonance
in the deuterated solvents. A3-Phosphinines, 5-15, 5-19, 5-20, 2,2'-dilithiobiphenyl and
2,2'-dilithio-4,4’-dimethoxy-biphenyl were prepared according to the

literature,[101.107.108]

UV/Vis spectra were recorded at room temperature with a
VARIAN Cary 5000 spectrophotometer. UV/Vis/NIR emission and excitation spectra
measurements were recorded with an FL 920 Edinburgh Instrument equipped with a
Hamamatsu R5509-73 photomultiplier for the NIR domain (300-1700 nm) and
corrected for the response of the photomultiplier. Quantum yields were calculated

relative to quinine sulfate (H2SO4, 0.1 M, @rer = 0.55), fluorescein Aexe = 450 nm and

Rhodamine 6G.

5.6.2 Synthesis of 5-8

Phosphinine (5-4, 520 mg, 1.39 mmol) and mercury acetate (486 mg, 1.53 mmol) were
dissolved in toluene (15 mL) and subsequently mixed with N,N’-
dimethylethylenediamine (0.16 ml, 1.53 mmol) at room temperature. After stirring
overnight, the solution was filtered over silica (3 cm) to remove the mercury residues.
The solvent of the neon yellow filtrate was then removed under vacuum and the residue
was washed with pentane. After drying under vacuum, the product was obtained as a
neon yellow solid. Yield: 352 mg (0.84 mmol, 55%).

'"H NMR (500 MHz, THF-ds) § 7.60 (d, *Jup=33.8 Hz, CsH:P), 7.34 (tt, J= 7.8, 1.6 Hz, 2H,
2,6-Ar), 7.26 (d,J= 8.1 Hz, 2H, 4-Tol), 7.21 (m, 2H, 2,6-Ar), 7.14 — 7.07 (m, 4H, 2,6-Ar), 7.03
(d, J = 8.1 Hz, 2H, 4- Tol), 2.87 (d, J = 7.8 Hz, 4H, -CH>-CH>), 2.44 (d, *Jup= 10.4 Hz, 6H, -

NCH;), 2.26 (s, 3H, 4-Tol).
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13C{'H} NMR (126 MHz, THF-ds) & 161.1 (dd, "Jor = 244.4 Hz, *Jcp = 5.8 Hz, C9), 140.7 (d,
J=2.1Hz, CI0),139.9 (d, *Jcp = 9.1 Hz, C3), 132.6 (s, C13), 132.3 (t, *Jcr = 7.5 Hz, C3),
128.7 (s, C12), 127.9 — 127.6 (m, C4), 127.5 (d, *Jer = 7.6 Hz, C7), 124.8 (s, C11), 123.5 (d,
“Jer = 4.3 Hz, C6), 115.5 (d, 2Jcr = 23.5 Hz, C8), 112.6 (d, %Jcp = 15.0 Hz, C2), 88.8 (d, Jep
=129.2 Hz, CI), 47.1 (d, J= 8.7 Hz, CI6), 30.4 (s, C15), 20.1 (s, C14) ppm.

3IP{'H} NMR (162 MHz, CsDg) & 34 ppm.

F NMR (376 MHz, C¢D¢) & -114 ppm.

HR-ESI MS (m/z): 460.1870 g/mol (calculated: 460.1874 g/mol) [M]".

General method for synthesis of 5-9, 5-10, 5-11, 5-12, 5-13 and 5-14
A3-Phosphinine (0.56 mmol) was dissolved in Et20 (10 ml) and MeLi (1.6 M, 0.39 ml,
1.1 equiv., 0.62 mmol) was added slowly at room temperature. After stirring for 5
minutes, Mel (0.042 ml, 1.2 equiv., 0.67 mmol) was added to solution. The reaction
was stirred for another 20 minutes at room temperature and after this time the solvent
was removed under vacuum. Finally, the crude solid was dissolved in hot ethanol and

crystals were acquired upon cooling the solution down.

5.6.3 Synthesis of 5-9

Starting materials: Phosphinine (1, 181.6 mg, 0.56 mmol). Yield: 48 mg (0.13 mmol,
24 %).

'"H NMR (400 MHz, MeCN-d5) & 7.50 — 7.40 (m, 5H, 2,6-Ar), 7.40 — 7.30 (m, 7H, CsH-P/2,6-
Ar/4-Ph), 7.22 (dtd, J = 9.6, 7.4, 1.5 Hz, 4H, 2,6-Ar), 7.04 — 6.96 (m, 1H, 4-Ph), 1.88 (d, 2Jiwp
=12.5 Hz, 6H, 1,1’-CH3) ppm.

3C{'H} NMR (101 MHz, MeCN-d3) & 144.3 (s, C10), 141.4 (s, C9), 141.3 (s, C5), 138.2 (d,
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2Jer = 6.7 Hz, C4), 129.6 (s, C12), 1294 (s, C7), 128.8 (d, YJer = 5.3 Hz, C3), 126.0 (s, C6),
1243 (s, CI1), 123.9 (s, C13), 113.6 (s, C8), 111.9 (d, 2Jep = 12.6 Hz, C2), 84.8 (d, Jep = 94.1
Hz, CI), 19.3 (d, 'Jcp = 56.9 Hz, C14) ppm.

3P} NMR (162 MHz, MeCN-ds) & -6 ppm.

5.6.4 Synthesis of 5-10

Starting materials: Phosphinine (5-3, 201.8 mg, 0.56 mmol). Yield: 142 mg (0.36 mmol,
65 %).

'H NMR (600 MHz, THF-ds) 5 7.35 (d, *Jup = 27.4 Hz, 2H, CsH:P), 7.34 (m, 4H, 2,6-4r) 7.23
—7.07 (m, 8H, 4-Ph/2,6-Ar), 6.93 (ddd, J= 8.4, 6.8, 1.1 Hz, 1H, 4-Ph), 1.68 (d, 2/isp=13.0 Hz,
6H, 1,1’-CH;) ppm.

13C{!H} NMR (151 MHz, THF-ds) § 161.5 (dd, 'Jer = 240.8 Hz, *Jcp = 3.2 Hz, C9), 144.4 (s,
C10), 139.4 (d, *Jep = 6.0 Hz, C3), 133.6 (t, *Jor = 9.2 Hz, C5), 129.1 (s, C12), 129.1 — 128.9
(m, C4) 128.2 (d, *Jer = 8.3 Hz, C7), 125.6 (d, “Jer = 3.3 Hz, C6), 124.4 (s, C11), 123.9 (s,
C13), 116.2 (d, YJcr = 23.6 Hz, C8), 114.3 (d, YJep = 12.2 Hz, C2), 76.6 (d, "Jep = 98.4 Hz,
CI),16.9 (d, 'Jcp = 58.4 Hz, C14) ppm.

3IPFH} NMR (202 MHz, THF-ds) 5 -3 ppm.

F NMR (565 MHz, THF-ds) & -112 ppm.
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5.6.5 Synthesis of 5-11

Starting materials: Phosphinine (5-4, 209.6 mg, 0.56 mmol). Yield: 118 mg (0.29 mmol,
52 %).

"H NMR (400 MHz, THF-ds) 5 7.33 (d, *Jup=27.2 Hz, 2H, CsH,P), 7.34 — 7.29 (m, 2H, 2,6-
Ar), 7.25 (d, J = 8.3 Hz, 2H, 4-Tol), 7.21 — 7.06 (m, 6H, 2,6-4r), § 7.01 (d, J = 8.3 Hz, 2H, 4-
Tol), 2.25 (s, 3H, 4-Tol), 1.67 (dt, *Jup = 13.0, 2.4 Hz, 6H, 1,1 -CH;) ppm.

BC{'H} NMR (101 MHz, THF-ds) & 161.4 (dd, 'Jcr = 240.8 Hz, *Jep = 3.2 Hz, C9), 141.6 (s,
C10), 139.2 (d, *Jep = 5.8 Hz, C3), 133.5 (t, *Jcr = 12.34 Hz, C5), 133.0 (s, C13), 129.8 (s,
C12),129.1 (m, C4), 128.0 (d, *Jer=8.2 Hz, C7), 125.6 (d, *Jcr = 3.3 Hz, C6), 124.5 (s, C11),
116.2 (d, 2Jcr =23.6 Hz, C8), 114.5 (d, %Jcp = 12.2 Hz, C2), 76.2 (d, 'Jcp = 98.7 Hz, CI), 21.6
(s, C14),16.9 (d, 'Jep = 58.2 Hz, C15) ppm.

F NMR (471 MHz, C¢Ds) & -111 ppm.

Sp{'H} NMR (202 MHz, C¢Ds) & -4 ppm.

HR-ESI MS (m/z): 404.1493 g/mol (calculated: 404.1500 g/mol) [M]".

5.6.6 Synthesis of 5-12
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Starting materials: Phosphinine (5-5, 209.6 mg, 0.56 mmol). The crude solid was
dissolved in acetonitrile and crystals were acquired upon evaporating the solution under
the glovebox. Yield: 102 mg (0.25 mmol, 45 %).

'H NMR (400 MHz, THF-ds) & 7.39 — 7.32 (m, 4H, 2,6-4r), 7.27 (d, *Jup = 29.1 Hz, 2H,
CsH,P), 7.15 (d, J = 8.2 Hz, 2H, 4-Tol), 7.06 — 6.99 (m, 4H, 2,6-Ar), 6.95 (d, J = 7.8 Hz, 2H,
4-Tol), 2.21 (s, 3H, 4-Tol), 1.79 (d, *Jup= 12.4 Hz, 6H, 1,1’-CH3) ppm.

3C{'H} NMR (101 MHz, THF-ds) 5 162.2 (d, 'Jer = 243.6 Hz, C8), 141.9(s, C10), 139.1 (d,
3Jer = 6.9 Hz, C4), 138.4 (d, *Jep = 3.1 Hz, C3), 138.3 (d, *Jer = 3.3 Hz, C6), 132.8 (s, C13),
130.9 (d, “Jer = 2.7 Hz, C5), 130.9 (d, *Jcr = 12.7 Hz, C7), 129.8 (s, C12), 124.4 (s, C11),
116.2 (d, YJcr = 21.3 Hz, C9), 112.1 (d, 2Jcp = 12.0 Hz, C2), 83.1 (d, "Jep = 95.3 Hz, CI), 21.1
(s, C14),19.5 (d, 'Jep =56.4 Hz, C15) ppm.

31p NMR (162 MHz, THF-ds) § -7 (m) ppm.

F NMR (377 MHz, THF-dy) § -119 (d, J = 1.8 Hz) ppm.

5.6.7 Synthesis of 5-13

Starting materials: Phosphinine (5-6,221.3 mg, 0.56 mmol). Yield: 151 mg (0.35 mmol,
62 %).

'"H NMR (400 MHz, THF-dy) 5 7.50 (d,J= 7.6 Hz, 2H, 2,6-4r), 7.44 (d, J = 7.2 Hz, 2H, 2,6-
Ar), 7.34 — 7.23 (m, SH, 4-Tol/2,6-Ar), 7.14 (d, *J(H,P) = 21.3 Hz, 2H, CsH>P), 7.10 (s, 1H,
2,6-Ar), 6.93 (d,J= 8.0 Hz, 2H, 4-Tol), 2.21 (s, 3H, CH3), 1.55 (d, 2J(H,P) = 12.5 Hz, 6H, 1,1’-
CH;3) ppm.

BC{'H} NMR (151 MHz, THF-ds) 5 141.9 (s, C10), 141.6 (d, 2Jcp = 6.5 Hz, C2), 139.9 (d,

2Jep = 9.0 Hz, C4), 134.9 (d, 2(C,C1) = 3.0 Hz, C8), 132.5 (s, C13), 131.0 (s, C12), 129.7 (s,
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C11), 129.2 (d, *J(C,Cl) = 1.2 Hz, C7), 127.6 (d, *J(C,Cl) = 1.4 Hz, C5), 124.3 (s, C6), 109.7
(d, "J(C,C1) = 11.9 Hz, C9), 106.7 (s, C3), 81.9 (d, 'Jcp =97.0 Hz, CI), 21.1 (s, C14), 19.9 (d,
'Jep =573 Hz, C15) ppm.

3Ip{IH} NMR (162 MHz, THF-ds) § -7 ppm.

5.6.8 Synthesis of 5-14

Starting materials: Phosphinine (5-7,213.2 mg, 0.56 mmol). Yield: 153 mg (0.35 mmol,
62 %).

'H NMR (600 MHz, THF-ds) § 7.37 — 7.27 (m, 7H, A7), 7.24 — 7.07 (m, TH, Ar), 2.40 (s, 3H,
OMe), 1.68 (dt, 2Jup = 13.0, Juu = 2.3 Hz, 6H, 1,1’-CHj).

3IP{IH} NMR (162 MHz, THF-ds) § -5 ppm.

F NMR (377 MHz, THF-ds) & -112 ppm.

General method for synthesis of 5-16, 5-17 and 5-18

/3-Phosphinine (0.56 mmol) was dissolved in Et2O (10 ml) and PhLi (1.9 M, 0.35 ml,
1.2 equiv., 0.67 mmol) was added slowly at room temperature. After stirring for 5
minutes, Mel (0.042 ml, 1.2 equiv., 0.67 mmol) was added to the solution. The reaction
was stirred for another 20 minutes at room temperature and after this time the solvent
was removed under vacuum. Finally, the crude solid was dissolved in hot ethanol and

crystals were acquired upon cooling the solution down.
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5.6.9 Synthesis of 5-16

F

/
2 W4y O
19, 15
18 7

Starting materials: Phosphinine (5-3, 201.8 mg, 0.56 mmol). Yield: 192 mg (0.43 mmol,

76 %)

"H NMR (600 MHz, THF-ds) 5 7.57 —7.53 (m, 2H, I-Ar), 7.49 (d, *Jup=28.8 Hz, 2H, CsH:P),
737 (dd, J=12.2,4.9 Hz, 5H, 4-Ph/1-Ar), 7.18 (t,J = 7.7 Hz, 2H, 2,6-Ar), 7.09 (t,J = 7.4 Hz,
4H, 4-Ph/2,6-Ar), 6.99 — 6.92 (m, 5H, 4-Ph/2,6-Ar), 2.11 (d, 2Jup= 12.0 Hz, 3H, -CH;) ppm.
BC{'H} NMR (151 MHz, THF-ds) 3 161.7 (d, 'Jcr = 244.4 Hz, C9), 144.5 (s, C10), 140.1 (s,
C17), 136.8 (d, 2Jep = 12 Hz, C19), 135.9 (d, 'Jcp = 82.2 Hz, C14), 134.0 (m, C4), 133.1 (d,
*Jep=5.2Hz, C16),133.0 (s, C13),132.1 (d, *Jcr=8.5Hz, C5), 129.5 (d, *Jep=7.1 Hz, C18),
129.1 (s, C12), 128.6 (d, “Jcp = 12 Hz, C15), 128.1 (d, J= 8.1 Hz, C7), 125.0 (s, C6), 124.6 (s,
C11), 124.0 (s, C3), 116.3 (d, *Jer = 23.3 Hz, C8), 112. (d, *Jcp = 12.9 Hz, C2), 78.1 (d, 'Jcp
=98.1 Hz, C1), 13.3 (d, 'Jcp = 64.0 Hz, C20) ppm.

3P NMR (243 MHz, THF-ds) § 2 ppm.

YF NMR (565 MHz, THF-ds) & -114 ppm.

HR-ESI MS (m/z): 452.1498 g/mol (calculated: 452.1500 g/mol) [M]".
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5.6.10 Synthesis of 5-17

F

=
15 44

M 21\\\‘ \ O
20 1
19 8

Starting materials: Phosphinine (5-4, 209.6 mg, 0.56 mmol). Yield: 209 mg (0.45 mmol,

80 %).

'H NMR (400 MHz, THF-ds) 5 7.60 —7.51 (m, 2H, 1-4r), 7.45 (d, *Jup=28.9 Hz, 2H, CsH,P),
7.40 — 7.35 (m, 3H, 1-4r), 7.26 (d, J=7.9 Hz, 2H, 4-Tol), 7.15 — 6.87 (m, 10 H, 4-Tol/2,6-Ar),
2.26 (s, 3H, 4-Tol), 2.12 (d, “Jup= 13.3 Hz, 3H, -CH;).

BC{'H} NMR (151 MHz, THF-ds) 5 161.7 (dd, 'Jor = 243.3 Hz, *Jcp = 4.4 Hz, C9), 141.7 (s,
C10), 140.0 (d, “Jep = 19.7 Hz, C20), 136.0 (d, 'Jep = 81.1 Hz, C15), 133.1 (s, C13), 133.0 (d,
3Jcp = 8.4 Hz, C17), 132.1 (d, *Jcr = 10.1 Hz, C5), 132.0 (d, “Jcp = 3.2 Hz, C18), 129.7 (m,
C4), 129.8 (s, C3), 129.3 (d, %Jep = 11.7 Hz, CI6), 129.1 (s, C12), 128.4 (d, *Jcp = 6.2 Hz,
C19),128.0 (d, *Jer = 7.9 Hz, C7), 125.0 (d, *Jcr = 3.5 Hz, C6), 124.6 (s, C11), 116.3 (d, “Jcr
=23.3 Hz, C8), 112.8 (d, *Jep = 12.2 Hz, C2), 77.7 (d, 'Jcp = 98.9 Hz, CI), 21.1 (s, C14), 13.5
(d, 'Jcp=64.0 Hz, C21) ppm.

3p{'H} NMR (162 MHz, THF-ds) 5 -5 ppm.

F NMR (565 MHz, THF-ds) & -112 ppm.

HR-ESI MS (m/z): 466.1655 g/mol (calculated: 466.1656 g/mol) [M]".
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5.6.11 Synthesis of 5-18

Cl

=
15 44

M 21\\\‘ \ O
20 1
19 8

Starting materials: Phosphinine (5-6, 221.3 mg, 0.56 mmol). Yield: 120 mg (0.24 mmol,

43 %).

'H NMR (600 MHz, THF-ds) & 7.59 (ddd, J = 12.6, 7.6, 1.8 Hz, 2H, 1-Ar), 7.46 — 7.40 (m,
4H, 4-Tol/1-Ar), 7.39 (s, 1H, 1-Ar), 7.34 (d, *Jup=30.3 Hz, 2H, CsH,P), 7.20 (d, J = 8.2 Hz,
2H, 2,6-Ar), 7.11 (ddd, J= 7.7, 6.8, 1.5 Hz, 2H, 2,6-Ar), 7.02 (td, J = 7.5, 1.4 Hz, 2H, 4-Tol),
7.00 — 6.94 (m, 4H, 2,6-Ar), 2.24 (s, 3H, 4-Tol), 2.05 (d, 2Jup= 13.0 Hz, 3H, 1,1°’-CH;) ppm.
BC{'H} NMR (151 MHz, THF-ds) 5 141.8 (s, C10), 141.7 (d, 2Jcp = 6.2 Hz, C2), 139.8 (d,
2Jep = 9.4 Hz, C4), 136.9 (d, *Jcp = 5.5 Hz, C17), 136.8 (d, "Jep = 78.9 Hz, C15), 133.9 (d,
2J(C,Cl)=3.1 Hz, C8), 132.8 (s, C13), 132.6 (d, “Jep = 10.4 Hz, C16), 132.2 (d, *Jcp = 3.0 Hz,
CI18), 131.1 (s, C12), 129.7 (s, C11), 129.4 (d, 2Jcp = 11.8 Hz, C20), 128.7 (s, C7), 127.3 (s,
C5), 126.7 (d, *Jep = 5.1 Hz, C19), 124.5 (s, C6), 110.0 (d, 'J(C,Cl) = 11.8 Hz, C9), 106.7 (s,
C3),82.0 (d, 'Jep=98.4 Hz, CI), 21.1 (s, C14), 14.9 (d, 'Jcp = 63.7 Hz, C21) ppm.

3P} NMR (162 MHz, THF-ds) 5 -3 ppm.

5.6.12 Synthesis of 5-21
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Phosphinine (5-4, 209.6 mg, 0.56 mmol) was dissolved in toluene (15 mL) and then
PCls (152 mg, 1.3 eq, 0.73 mmol) was added to the solution at room temperature. After
stirring for 2 hours under UV irradiation (~ 365 nm), the solution was filtered to remove
excess PCls. The solvent of the filtrate was then removed under vacuum and the residue
was dissolved into hot acetonitrile. Finally, crystals were acquired upon cooling the
solution. Yield: 150 mg (0.34 mmol, 60 %).

'"H NMR (400 MHz, MeCN-ds) & 7.74 (d, *Jup = 50.6 Hz, 2H; CsH,P), 7.75 — 7.69 (m, 2H,
2,6-4r), 7.59 — 7.46 (m, 2H, 4-Tol), 7.38 — 7.26 (m, 6H, 2,6-4r), 7.16 (d, J = 8.1 Hz, 2H, 4-
Tol), 2.31 (s, 3H) ppm.

13C NMR (101 MHz, MeCN-d3) § 161.9 (dd, 'Jcr = 245.8, *Jcp = 8.3 Hz, C9), 142.0 (d, *Jcr
= 8.6 Hz, C7), 138.5 (C10), 136.9 (s, C13), 134.0 (d, *Jcr = 6.3 Hz, C5), 131.8 (d, *Jcp = 8.3,
C3), 130.3 (s, C12), 126.8 (s, C11), 125.4 (d, *Jer = 3.3 Hz, C6), 123.5 (d, 2Jcr = 20.3 Hz),
121.4 (d, %Jcr = 23.5 Hz, C8), 117.0 (d, 2Jcp = 22.7 Hz, C2), 97.4 (d, 'Jcp = 111.9 Hz, C1),
20.9 (s, C14) ppm.

3IP{'H} NMR (162 MHz, MeCN-ds) & 21 ppm.

F NMR (376 MHz, MeCN-d5) 5 -115 ppm.

5.6.13 Synthesis of 5-22
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Phosphinine (5-21, 44.5 mg, 0.1 mmol) was dissolved in toluene (4 ml) and this solution

was added slowly to PhMgBr (3 M, 0.07 mL, 2.2 eq, 0.22 mmol) in Et2O (4 ml) at 0
°C. The reaction was allowed to warm to room temperature and stirred overnight. After

this time the solvent was removed under vacuum yielding the crude product which was
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dissolved in acetonitrile and crystals were acquired upon evaporating the solution under
the glovebox. Yield: 14.7 mg (0.028 mmol, 30 %).

"H NMR (400 MHz, C¢Ds) 5 7.94 (d, *Jip = 30.2 Hz, 2H, CsH.P), 7.77 — 7.63 (m, 4H, 1,1 -
Ar), 7.50 (d, J = 8.2 Hz, 2H, 4-Tol), 7.08 (d, J = 7.9 Hz, 2H, 4-Tol), 6.99 — 6.88 (m, 8H, 1,1 -
Ar/2,6-Ar), 6.77 — 6.65 (m, 4H, 2,6-Ar), 6.60 — 6.55 (m, 2H, 2,6-4r), 2.21 (s, 3H, CH;) ppm.
3C{'H} NMR (101 MHz, THF-ds) 5 162.1 (d, 'Jey = 244.4 Hz, C9), 141.5 (s, C10), 141.1 (d,
3Jep=5.2Hz, C3), 134.3 (d, 2cp = 10.4 Hz, C20), 133.2 (s, C13) 133.1 (t, *Jer = 6.2 Hz, C5),
132.3 (d, *Jcp =3.1 Hz, C17), 131.3 (d, 'Jcp = 86.1 Hz, C15), 129.8 (d, *Jcp = 3.4 Hz, C19),
129.6 (s, C18), 129.3 (m, C4), 129.2 (d, 2Jcp = 12.3 Hz, C16), 129.1 (s, C12), 128.4 (d, *Jcr =
8.1 Hz, C7), 124.8 (s, C11), 124.4 (d, YJcp = 3.7 Hz, C6), 116.6 (d, 2Jcr = 23.6 Hz, C8), 112.1
(d, YJcp=12.3 Hz, C2), 77.4 (d, "Jep = 99.5 Hz, CI), 21.1 (s, C14) ppm.

3P} NMR (162 MHz, C¢Ds) & 5 ppm.

1F NMR (376 MHz, C¢Dy) 5 -111 (d, J = 5.6 Hz) ppm.

General method for synthesis of 5-23, 5-24, 5-25 and 5-26

Phosphinine (0.5 mmol) was dissolved in toluene (20 ml) and added slowly to
organolithium compounds (1 equiv., 0.5 mmol) in Et20 (20 ml) at -78 °C. The reaction
was allowed to warm to room temperature slowly and stirred overnight. After this time
the solvent was removed under vacuum yielding the crude product. Finally, the crude
solid was dissolved in hot acetonitrile and crystals were acquired upon cooling the

solution down.

5.6.14 Synthesis of 5-23
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Starting materials: Phosphinine (5-19, 197.6 mg, 0.5 mmol), 2,2'-dilithiobiphenyl (83
mg, 1 equiv., 0.5 mmol). Yield: 102 mg (0.22 mmol, 43 %).

'H NMR (400 MHz, THF-ds) 5 7.94 (m, 2H, 1,1 -4r), 7.90 (d, *Jup = 31.0 Hz, 2H, CsH-P),
7.72 (dd, J=10.6, 7.3 Hz, 2H, 1,1°-4r), 7.61 — 7.47 (m, 4H, 4-Ph/1,1’-Ar), 7.38 (qd, J = 8.0,
7.4,3.7 Hz, 2H, 1,1°-4r), 7.27 (t, J = 7.8 Hz, 2H, 4-Ph), 7.04 (t, J = 7.4 Hz, 1H, 4-Ph), 6.89
(ddd, J = 25.5, 17.9, 7.5 Hz, 8H, 2,6-Ar) ppm.

3P{'H} NMR (162 MHz, THF-ds) § -1 ppm.

HR-ESI MS (m/z): 476.1686 g/mol (calculated: 476.1688 g/mol) [M]".

A suitable “C{'H} spectrum could not obtain due to the poor solubility of this compound in

organic solvents.

5.6.15 Synthesis of 5-24

Starting materials: Phosphinine (5-20, 215.6 mg, 0.5 mmol), 2,2'-dilithiobiphenyl (83.0
mg, 1 equiv., 0.5 mmol). Yield: 97 mg (0.19 mmol, 38 %).

'H NMR (600 MHz, THF-ds) & 7.91 — 7.81 (m, 2H, 1,1-Ar), 7.75 (d, *Jup = 20.6 Hz, 2H,
CsH-P), 7.72 (s, 2H, 1,1-Ar), 7.48 (t, J = 7.8 Hz, 2H, 4-Ph), 7.44 — 7.35 (m, 4H, 1,1-4r), 7.22
(t, J=17.8 Hz, 2H, 4-Ph), 7.01 (d, J = 8.0 Hz, 1H, 4-Ph), 6.91 (q, J = 6.8, 6.1 Hz, 2H, 2,6-Ar),
6.80 (t, J=9.1 Hz, 4H, 2,6-Ar), 6.65 (t, J = 7.7 Hz, 2H, 2,6-Ar) ppm.

3C{'H} NMR (151 MHz, THF-ds) § 161.4 (dd, 'Jcr = 245.5 Hz, *Jcp = 5.7 Hz, C9), 144.3 (s,
C10),142.5 (dd, *Jcp = 6.9, 2.8 Hz, C3), 141.7 (d, 2Jcp = 20.0 Hz, C19), 135.6 (d, 'Jcp = 89.9
Hz, C14), 134.1 (s, C13), 132.8 (d, *Jer = 11.0 Hz, C5), 132.2 (t, Jep = 3.7 Hz, C16), 130.4
(d, 2Jcp = 11.8 Hz, C18), 129.2 (s, C12), 129.0 — 128.7 (m, C4), 128. 4 (d, *Jer = 8.0 Hz, C7),

125.1 (s, C11), 124.4 (s, C17), 1243 (d, “Jer = 3.9 Hz, C6), 122.2 (d, “Jep = 9.5 Hz, CI5),
243



116.3 (d, 2 = 23.3 Hz, C8), 112.7 (d, Ycp = 12.7 Hz, C2), 78.6 (d, "Jep = 96.2 Hz,C1).
3P} NMR (243 MHz, THF-ds) 5 5 ppm.
1F NMR (565 MHz, THF-ds) § -114 ppm.

HR-ESI MS (m/z) 512.1490 g/mol (calculated: 512.1500 g/mol) [M]".

5.6.16 Synthesis of 5-25

Starting materials: Phosphinine (5-21, 22.3 mg, 0.05 mmol), 2,2'-dilithiobiphenyl (8.3
mg, 1 equiv., 0.05 mmol). Yield: 14.7 mg (0.028 mmol, 56 %).

"H NMR (500 MHz, THF-d) 5 7.86 —7.80 (m, 2H, 1,1 -Ar), 7.72 (d, *Jup = 31 Hz, 2H, CsH:P),
7.72 —7.67 (m, 2H, 1,1-Ar), 7.45 (tt, J=17.5, 1.4 Hz, 2H, 1,1-4r), 7.39 —7.33 (m, 2H, 1,1 -
Ar), 7.30 (d, J = 8.2 Hz, 2H, 4-Tol), 7.06 (d, J = 8.2 Hz, 2H, 4-Tol), 6.93 — 6.85 (m, 2H, 2,6-
Ar), 6.83 — 6.74 (m, 4H, 2,6-Ar), 6.69 — 6.59 (m, 2H, 2,6-Ar), 2.28 (s, 3H, -CH3) ppm.
BC{'H} NMR (126 MHz, THF-ds) 5 161.6 (dd, 'Jcr =245.2 Hz, *Jcp = 5.9 Hz, C9), 142.3 (d,
3Jep = 6.5 Hz, C3), 141.6 (d, 2Jcp = 20.3 Hz, C20), 141.5 (s, C10), 135.7 (d, 'Jep = 89.9 Hz,
C15),134.1 (d, 3Jep=2.5Hz, C17),133.6 (s, C13), 132.8 (t, *Jor = 11 Hz, C5), 132.2 (d, *Jcp
=2.7 Hz, C18), 130.3 (d, *Jep = 11.7 Hz, C19), 129.9 (s, C12), 129. 1 — 128.8 (m, C4), 128.4
(d, *Jcr=7.8 Hz, C7),125. 1 (s, C11), 124.3 (d, *Jcr = 3.6 Hz, C6), 122.2 (d, “Jcp = 9.5 Hz,
C16), 116.3 (d, “Jcr = 23.3 Hz, C8), 112.7 (d, *Jcp = 12.9 Hz, C2), 78.3 (d, 'Jcp = 96.4 Hz,
CI),212 (s, CI4).

SIP{'H} NMR (162 MHz, CsDs) 5 5 ppm.

F NMR (376 MHz, C¢Ds) & -113 ppm.

HR-ESI MS (m/z): 526.1696 g/mol (calculated: 526.1656 g/mol) [M]".

244



5.6.17 Synthesis of 5-26

Starting materials: Phosphinine (5-21, 201.1 mg, 0.45 mmol), 2,2'-dilithio-5,5-
dimethoxy-biphenyl (176.6 mg, 1.05 equiv., 0.475 mmol). Yield: 166 mg (0.28 mmol,
63 %).

"H NMR (600 MHz, THF-ds) 3 7.71 (dd, J=10.1, 8.2 Hz, 2H, 1,1 -Ar), 7.65 (dd, *Jup=30.9,
1.2 Hz, 2H, CsH,P), 7.35 — 7.22 (m, 4H, 1,1°-4r), 7.07 — 7.00 (m, 2H, 4-Tol), 6.97 — 6.88 (m,
4H, 1,1-Ar & 2,6-Ar), 6.85 — 6.76 (m, 4H, 2,6-Ar), 6.65 (td, J= 7.5, 1.3 Hz, 2H, 2,6-Ar), 3.84
(s, 6H, -OMe), 2.27 (s, 3H, -CH3).

BC{'H} NMR (151 MHz, THF-ds) 5 165.3 (d, *Jcp = 2.6 Hz, C18), 161.7 (dd, 'Jcr = 245.2,
3Jep=6.0 Hz, C9), 143.7 (d, 2Jcp = 21.0 Hz, C20), 142.0 (dd, *Jcp = 6.9, 3.0 Hz, C3), 141.7 (s,
C10), 134.0 (d, *Jor = 12.3 Hz, C5), 133.3 (s, C13), 132.2 (t, *Jep = 3.7 Hz, C19), 129.8 (s,
C12),129.4 (dd, *Jer = 14.8, %Jcp = 9.8 Hz, C4), 128.2 (d, 'Jcp = 96.0 Hz, C15), 128.1 (d, *Jcr
=7.9 Hz, C7),125.0 (s, C11),124.2 (d, *Jor = 3.6 Hz, C6), 116.3 (d, *Jcr = 23.4 Hz, C8), 115.9
(d, %Jcp = 12.5 Hz, C2), 112.0 (d, *Jcp = 12.4 Hz, C16), 108.2 (d, *Jcp = 10.3 Hz, C17), 79.2
(d, 'Jep =98.0 Hz, CI), 56.0 (s, C21), 21.14 (s, C14) ppm.

S'p{'H} NMR (162 MHz, THF-ds) 5 0.9 ppm.

F NMR (377 MHz, THF-ds) § -115 (q, J = 3.9 Hz) ppm.

5.7 Crystallographic details

The structures were solved by dual-space methods using SHELXT!'®! and refined

against F? on all data by full-matrix least squares with SHELXL-2017"'% following
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established refinement strategies!!!!. The program Olex2[!'?] was also used to aid in the

refinement. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms

were included into the model at geometrically calculated positions and refined using a

riding model. The isotropic displacement parameters of all hydrogen atoms were fixed

to 1.2 times the U-value of the atoms they are linked to (1.5 times for methyl groups).

Details of the data quality and a summary of the residual values of the refinements are

listed in Table S1 below. Tables S2, S4, S6, S8, S10, S12, S14, S16, S18, S20, S22 and

S24 give all bond lengths for the structures, and S3, S5, S7, S9, S11, S13, S15, S17,

S19, S21, S23 and S25 give all bond angles for the structures.

Details of the data quality and a summary of the residual values of the refinements are

listed in Table S1 below.

Table S1 — Selected crystallographic data for A’-phosphinines.

Sample name 5-8 5-11 5-10 5-12 5-17 5-16
Empirical formula C23H27F2N2P C26H23F2P C25H21F2P C26H23F2P C31H25F2P C30H23F2P
Formula Weight 460.48 404.41 390.13 404.41 466.48 452.45
Temperature / K 100.0 100.0 100.0 100.0 100.0 101.0
Crystal system Monoclinic Triclinic Monoclinic Monoclinic | Monoclinic | Orthorhombic
Space group P2,/c P-1 P2, P2,/n P2, P2,2,2;
a/A 8.1653(6) 10.1293(2) 10.27267(7) 9.4907(7) 10.6308(7) 10.7601(3)
b/A 20.8817(14) 12.9688(2) 24.35141(17) | 20.3747(15) 9.5488(6) 11.4595(3)
c/A 14.0144(9) 16.8564(3) 15.78910(11) 11.3339(8) 12.1149(8) 18.4725(5)
o/° 90 68.9190(10) 90 90 90 90
B/° 99.573(4) 85.9210(10) 91.2737(3) 110.947(3) 103.732(2) 90
y/° 90 86.6020(10) 90 90 90 90
Volume/A3 2356.3(3) 2059.56(6) 3948.73(5) 2046.8(3) 1194.65(13) 2277.76(11)
Z 4 4 8 4 2 4
Reflections collected 36924 39209 131300 63306 23827 44741
Independent reflections 4150 8082 13915 6800 4349 6931
(Rinr) (0.0660) (0.0404) (0.0376) (0.0461) (0.0351) (0.0628)
Ry [I>20 (1)] 0.0466 0.0342 0.0345 0.0407 0.0351 0.0407
wR> (all data) 0.1136 0.0887 0.0916 0.1008 0.0939 0.1099
continue Tablel:
Sample name 5-15 5-18 5-21 5-22 5-25 5-9
Empirical formula C30‘5C1H26P C31H25C12P C24H17C12F2P C36H27F2P C40H31F2N2P C25H23P
Formula Weight 416.47 499.38 445.24 528.54 608.64 351.40
Temperature / K 100.0 99.9 100.0 100.0 100.0 100.0
Crystal system Monoclinic | Monoclinic Monoclinic Monoclinic Triclinic Triclinic
Space group P2i/n P2,/n P2,/c P2i/n P-1 P-1
a/A 9.5876(7) 11.7692(12) 13.5294(5) 12.9361(5) 10.0816(5) 9.34495(8)
b/A 12.0991(9) 13.7101(15) 17.3996(6) 10.2256(4) 12.7201(5) 9.94785(8)
c/A 20.7220(15) | 16.3551(17) 17.8896(7) 20.1593(8) 12.9298(7) 12.45875(11)
o/° 90 90 90 90 94.798(2) 111.4151(5)
p/e 98.013(3) 109.340(4) 99.4210(10) | 90.0780(10) 92.671(2) 95.1736(5)
y/° 90 90 90 90 107.413(2) 112.1885(4)
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Volume/A3 2380.3(3) 2059.56(6) 4154.5(3) 2666.66(18) | 1572.09(13) 962.807(12)
Z 4 4 8 4 2 2
Reflections collected 90080 40862 110589 43476 55377 17955
Independent reflections 6177 7570 11662 8061 7833 3429
(Rins) (0.0710) (0.0539) (0.0237) (0.0325) (0.0632) (0.1124)
R [I>2¢ (1)] 0.0527 0.0433 0.0306 0.0388 0.0601 0.0748
wR; (all data) 0.1262 0.1117 0.0849 0.1026 0.1836 0.1844
Table S2: Bond lengths for 5-8.
Atom Atom Length/A Atom Atom Length/A
Pl NI 1.644Q2) c4  C5  1.380(3)
Pl N2 1.668(2) Cl12 Cl17 1.400(3)
Pl Cl 1.732Q) Cl9 C5 1.49703)
Pl C5 174202 Cl19 C20 1.387(3)
FI  C7 1356(3) C19 C24 1.389(3)
F2  C20 1.366(3) Cl4 CI15 1.395(3)
NI C27 1.43403) C7  C8 1384(3)
N1 C25 1.46503) C20  C21 1.382(3)
N2 C26 1.462(3) co  C8  1377(4)
N2 C28 1.455(4) C9 C10 1.387(4)
C2 Cl  1.40203) Cl6  CI5 1.388(4)
C2 C3 1.391(3) Cl6 Cl17 1.387(3)
C6 Cl  1.494(3) Cl15 CI8 1.510(3)
C6 C7 1.385(3) Cl1  C10 1.386(3)
C6  Cll 1.403(3) C24 €23 1393(3)
C3  C4  1.40403) 23 (€22 1.382(4)
C3  CI2 1.489(3) C21 €22 1.382(4)
C13 Cl12 1.397(3) C25 C26 1.507(4)
C13 Cl14 1.393(3)
Table 3: Bond angles for 5-8.
Atom Atom Atom Angle/ Atom Atom Atom Angle/
N1 P1 N2 91.92(11) C20 C19 C24 116.1(2)
N1 Pl Cl1 121.43(11) C24 C19 C5 123.5(2)
N1 Pl C5 112.58(11) C13 Cl4 CI5 121.3(2)
N2 Pl CI 111.70(11) FI C7 C6 118.8(2)
N2 Pl C5 115.74(11) F1 C7 C8 117.0(2)
C1 Pl C5 103.91(11) c8 C7 C6 124.2(2)
C27 NI Pl 125.00(19) c4 C5 Pl 122.18(17)
C27 NI C25 119.6(2) c4 C5 C19 120.0(2)
C25 NI Pl 115.33(18) Cl9 C5 Pl 117.66(16)
C26 N2 Pl 111.61(17) F2 C20 C19 118.2(2)
Cc28 N2 Pl 119.98(18) F2 €20 C21 117.8(2)
C28 N2 C26 116.8(2) C21 C20 C19 124.0(2)
C3 c2 (I 127.2(2) C8 c9 Cl10 119.9(2)
C7 Cc6 Cl 124.4(2) C17 Cl6 Cl15 121.6(2)
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Table S4: Bond lengths for 5-11.

Atom Atom Length/A Atom Atom Length/A

Pl Cl 1.7646(13) P2 C27 1.7633(14)
Pl C5 1.7628(13) P2 C31 1.7644(13)
Pl C25 1.8077(14) P2 C51 1.8122(14)
P1  C26 1.8034(13) P2 C52 1.8006(13)
F1 C7 1.3649(17) F3  C33 1.3643(17)
F2 €20 13683(16) F4  C46 1.3640(17)
Cl C2 1.3889(18) C27 (28 1.3935(18)
Cl Ce6 1.4767(18) C27 C32 1.4772(18)
Cc2 C3 1.4069(19) C28 (29 1.4077(18)
C3 4 1.4061(19) C29 C30 1.4043(19)
3 Cc2 1.4822(18) C29 C38 1.4841(18)
C4 C5 1.3922(18) C30 C31 1.3898(19)
cs 19 1.4737(18) C31 C45 1.4716(19)
c6 C7 1.393(2) C32 (C33 1.3918(19)
Co6 Cll1 1.407(2) C32 C37 1.406(2)
C7 C8 1.383(2) C33 C34 1.380(2)
8 9 1385(2) C34 (35 1.387(2)
o Cl0 13892) €35 C36 1390(2)
C10 Cl11 1.389(2) C36 C37 1.390(2)
c12 c13 1.4022(19) C38 C39 1.3980(19)
C12 C17 1.4022(19) C38 C43 1.4030(19)
Cl13 Cl4 1.3887(19) C39 C40 1.3951(19)
Cl14 C15 1.396(2) C40 C41 1.391(2)
C15 Cl6 1.389(2) C41 C42 1.398(2)
cl5 CI8 1.5064(18) C41 C44 1.5082(19)
Cl6 C17 1.3911(19) C42 C43 1.3882(19)
C19 C20 1.3939(19) C45 C46 1.394(2)
C19 C24 1.4044(19) C45 C50 1.405(2)
€20 C21 13792) C46 C47 1378(2)
21 2 1389(2) C47 C48 1384(2)
C22 C23 1.390(2) C48 C49 1.391(2)
€23 C24 1389(2) C49 C50 1386(2)

Table S5: Bond angles for 5-11.

Atom Atom Atom Angle/ Atom Atom Atom Angle/®

Cl Pl C25 110.04(6) C27 P2 (31 103.66(6)
Cl Pl C26 111.53(6) C27 P2 Csl 109.93(7)
C5 Pl Cl 103.90(6) C27 P2 C52 112.92(6)
C5 P1 C25 109.14(6) C31 P2 Csl 110.69(7)
C5 Pl C26 113.19(6) C31 P2 Cs2 112.11(6)
C26 P1 C25 108.93(6) C52 P2 CS51 107.56(7)
C2 Cl1 Pl 116.14(10) C28 C27 P2 115.39(10)
C2 Cl1 Ce6 120.38(12) C28 C27 (32 121.29(12)
C6 Cl1 PI 123.48(10) C32 C27 P2 123.27(10)
Cl C2 (3 126.35(12) C27 C28 C29 126.61(12)
C2 C3 Cl12 121.03(12) C28 C29 (38 119.80(12)
Cc4 C3 C2 119.63(12) C30 C29 C28 119.65(12)
C4 C3 Cl12 119.03(12) C30 C29 C38 120.02(12)
C5 C4 C3 127.12(12) C31 C30 C29 126.59(12)
C4 C5 Pl 115.19(10) C30 C31 P2 115.77(10)
Cc4 C5 C19 120.58(12) C30 C31 C45 120.46(12)
Cl9 C5 Pl 124.23(10) C45 C31 P2 123.77(10)
C7 C6 Cl 124.35(13) C33 C32 C27 123.97(13)
C7 C6 Cl1 115.11(13) C33 C32 C37 114.94(12)
Cll C6 Cl 120.52(12) C37 C32 C27 121.09(12)
F1 C7 Cé6 118.55(12) F3 C33 C32 118.33(12)
F1 C7 C8 117.06(13) F3 C33 C34 117.12(12)
c8 C7 C6 124.39(14) C34 C33 C32 124.55(14)
c7 C8 C9 118.69(14) C33 C34 C35 118.71(13)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
c8 C9 Cl10 119.52(14) C34 C35 C36 119.44(13)
Cl1 C10 C9 120.37(15) C35 C36 C37 120.22(14)
C10 Cll C6 121.92(14) C36 €37 C32 122.09(13)
Cl13 Cl12 C3 122.74(12) C39 (C38 (29 120.56(12)
C17 Cl2 C3 120.10(12) €39 €38 (43 117.50(12)
C17 Cl12 Ci13 117.15(12) C43 C38 (29 121.93(12)
Cl14 Cl13 Ci12 121.19(13) C40 C39 (C38 121.30(13)
Cl13 Cl14 Ci15 121.21(13) C41 C40 C39 121.02(13)
Cl4 Cl15 Ci18 121.36(13) C40 C41 C42 117.78(12)
Cl6 C15 Cl4 117.92(12) C40 C41 C44 121.16(14)
Cl6 Cl15 Ci18 120.71(13) C42 C41 C44 121.05(13)
Cl5 Cl6 Cl7 121.14(13) C43 C42 C4l 121.48(13)
Cl6 Cl17 Ci12 121.33(13) C42 C43 (38 120.89(13)
C20 C19 G5 124.03(12) C46 C45 C31 124.16(13)
€20 C19 C24 114.74(12) C46 €45 C50 114.96(13)
C24 C19 G5 121.20(12) C50 C45 C31 120.85(13)
F2  C20 Cl9 117.99(12) F4 €46 C45 117.72(12)
F2 C20 cC21 117.25(12) F4 C46 C47 117.60(13)
21 C20 Cl9 124.74(13) C47 C46 C45 124.64(14)
C20 C21 (22 118.60(13) C46 C47 C48 118.60(14)
C21 C22 C23 119.41(13) C47 C48 C49 119.43(14)
C24 C23 C22 120.20(13) C50 C49 (48 120.46(15)
C23 C24 C19 122.27(13) C49 C50 C4s5 121.88(14)
Table S6: Bond lengths for 5-10.

Atom Atom Length/A Atom Atom Length/A

Pl Cl 1.762(3) PIC CIC 1.765(3)

Pl C5 1.768(3) PIC C5C 1.762(3)

Pl  C24 1.799(3) P1C C24C 1.797(3)

Pl1  C25 1.812(4) PI1C C25C 1.803(3)

FI C7 1.356(4) FIC C7C 1.365(4)

F2  CI3 1.365(4) F2C C13C 1.363(4)

cl 1.387(5) ClC C2C 1.394(5)

Cl C6 1.477(4) C1C cCo6C 1.471(4)

Cc2 C3 1.417(4) C2C C3C 1.412(5)

3 C4 1.405(4) C3C C4C 1.396(5)

3 ClI8 1.483(5) C3C CI8C 1.481(5)

C4 Cs 1.390(4) C4C C5C 1.392(5)

s Cl2 1.474(4) C5C Cl12C 1.479(4)

c6e C7 1.389(5) C6C Ci7C 1.394(5)

Cc6 Cll 1.403(5) C6C Cl1C 1.406(5)

C7 C8 1.382(5) C7C C8C 1.376(5)

c8 9 1.382(6) C8C C9C 1.387(5)

9 Cl0 1.376(7) C9C C10C 1.381(5)

C10 Cl11 1.394(5) Cl10C C11C 1.388(5)

c12 Cl3 1.397(5) C12C C13C 1.390(5)

Cl12 C17 1.403(5) Cl2C C17C 1.408(5)

C13 Cl4 1.377(5) C13C C14C 1.384(5)

Cl4 Ci15 1.376(5) Cl4C C15C 1.384(6)

C15 Cl6 1.389(5) CI5C C16C 1.373(7)

C16 Cl17 1.388(5) C16C C17C 1.387(5)

C18 C19 1.399(5) CI18C C19C 1.404(5)

C18 C23 1.402(5) C18C C23C 1.410(5)

C19 C20 1.392(5) C19C C20C 1.384(5)

C20 C21 1.389(5) C20C C21C 1.391(6)

21 C22 1.384(5) C21C C22C 1.383(5)

C22 C23 1.389(5) C22C C23C 1.390(5)

Table S7: Bond angles for 5-10.

Atom Atom Atom Angle/ Atom Atom Atom Angle/
C1 P1 C5 104.10(16) CIC PIC c(C24C 113.95(16)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl P1 C24 110.18(15) C1C PIC C(C25C 108.86(15)
Cl P1 C25 110.73(16) C5C PIC CIC 104.11(16)
C5 P1 C24 113.83(16) C5C PIC C24C 110.25(16)
C5 P1 C25 108.95(15) C5C PIC (C25C 110.76(16)
24 P1 C25 108.99(16) C24C PIC C25C 108.86(16)
C2 Cl P1 117.02) C2C cCl1C PiIC 115.2(2)
C2 Cl Cé6 120.3(3) C2C Cl1C ceC 120.7(3)
(&) Cl Pl 122.7(2) CcoeC Cl1C P1C 124.02)
Cl Cc2 C3 125.9(3) C1C C2C C3C 126.6(3)
C2 C3 Cl18 120.2(3) C2C (C3C Cl18C 119.7(3)
C4 C3 2 119.7(3) C4C (C3C C2C 120.1(3)
C4 C3 (18 119.8(3) C4C (C3C Cl18C 119.8(3)
C5 C4 C3 127.5(3) C5C (C4C C3C 126.5(3)
C4 C5 P1 115.4(2) C4C (C5C PIC 116.2(2)
C4 C5 Cl12 120.8(3) C4C C5C Cl12C 120.4(3)
C12 C5 P1 123.9(2) CI12C C5C PIC 123.4(2)
(o) c6 Cl 124.8(3) C7C C6C CIC 123.8(3)
C7 Co Cl1 114.6(3) C7C co6C Cl1C 114.7(3)
cil1 C6  Cl 120.7(3) C1IC C6C CIC 121.5(3)
FI  C7 C6 118.2(3) FIC C7C C6C 117.73)
F1 C7 C8 117.2(3) F1C C7C C8C 117.2(3)
C8 C7 C6 124.6(4) C8C (C7C cCe6C 125.0(3)
C9 c8  C7 118.5(4) C7C C8C (C9C 118.2(3)
C10 Cc9 C8 120.1(3) C10C C9C C8C 119.6(3)
C9 Cl10 Cl11 119.8(4) Cc9C cClocC C11C 120.7(3)
C10  Cll C6 122.5(4) C10C C11C C6C 121.8(3)
C13 Cl12 C5 123.93) C13C Cl12C Cs5C 124.1(3)
C13 Cl12 C17 114.4(3) C13C Cl12C C17C 115.5(3)
C17 Cl12 C5 121.6(3) C17C C12C Cs5C 120.4(3)
F2 C13 Cl12 117.7(3) F2C Cl13C C12C 118.4(3)
F2  Cl3 Cl4 117.13) F2C C13C C14C 117.7(4)
Cl4 C13 Cl12 125.1(3) Cl14C C13C C12C 123.8(4)
Cl15 Cl4 C13 118.3(3) C15C Cl14C C13C 118.8(4)
Cl4 Cl15 Cl6 119.7(3) Cl16C C15C C14C 119.6(3)
C17 Cl6 C15 120.4(3) C15C Cl16C C17C 120.8(4)
C16 Cl17 Cl12 122.03) C16C C17C C12C 121.4(4)
C19 C18 C3 121.93) C19C C18C C3C 121.1(3)
C19  C18 €23 117.6(3) C19C C18C C23C 117.13)
C23 C18 C3 120.4(3) C23C C18C C3C 121.8(3)
C20 C19 C18 120.93) C20C C19C C18C 121.8(3)
C21 C20 C19 120.4(3) C19C C20C C21C 120.3(3)
C22 C21 C20 119.6(3) C22C C21C Cc20C 119.0(3)
C21 C22 (C23 120.1(3) C21C C22C C23C 121.2(3)
C22 C23 C18 121.43) C22C C23C C18C 120.6(3)
CIB PIB C24B 113.40(16) CID PID C5D 103.77(16)
C1B P1B C25B 109.50(17) C1D PID C24D 110.98(16)
C5B P1IB CI1B 103.75(16) CID PID C25D 111.58(17)
C5B P1B C24B 111.00(16) C5D PID C24D 112.97(16)
C5B P1B C25B 111.06(17) C5D PID C25D 109.76(17)
C24B PIB (25B 108.12(19) C24D PID C25D 107.81(18)
C2B C1B PIB 115.5(2) C2D C1D PID 116.7(2)
C2B Ci1B C6B 121.2(3) C2D C1D C6D 120.3(3)
C6B  CIB PIB 1233(2) Cc6D CID PID 123.02)
CIB C2B C3B 127.7(3) CilD C2D C3D 126.4(3)
C2B (3B C4B 119.4(3) C2D C3D C4D 120.0(3)
C2B C3B CI18B 120.4(3) C2D C3D Cl18D 120.4(3)
C4B (3B CISB 120.0(3) C4D C3D CISD 119.1(3)
C5B  C4B C3B 125.93) C5D C4D C3D 126.53)
C4B C5B PIB 116.9(2) C4D C5D PID 115.8(2)
C4B  C5B CI2B 119.93) C4D C5D CI2D 120.53)
C12B C5B PIB 123.2(2) C12D C5D P1D 123.7(2)
C7B  C6B CIB 124.3(3) C7D C6D CID 123.93)
C7B C6B Cl11B 114.7(3) C7D Cé6D CI11D 115.3(3)
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Atom Atom Atom Angle/ Atom Atom Atom Angle/
Cl1B C6B CI1B 120.9(3) Cl11D C6D CI1D 120.8(3)
F1B C7B C6B 118.4(3) FID C7D C6D 117.8(3)
FIB C7B C8B 116.7(3) FID C7D C8D 117.4(3)
C8B C7B C6B 124.9(3) C8D C7D C6D 124.7(3)
C7B (8B (9B 118.4(3) C9D C8D C7D 118.4(4)
C8B C9B C10B 119.3(3) C8D C9D C10D 119.5(3)
Cl1B  CI0B C9B 120.5(3) C9D C10D C11D 120.7(4)
C10B Cl11B C6B 122.0(3) C10D C11D C6D 121.4(3)
C13B Cl12B C5B 123.5(3) C13D C12D C5D 123.7(3)
C13B Cl12B C17B 115.2(3) C13D C12D C17D 115.4(3)
C17B Cl12B C5B 121.3(3) C17D CI12D C5D 120.9(3)
F2B  CI3B CI2B 118.3(3) F2D CI3D C12D 118.5(3)
F2B C13B C14B 117.4(3) F2D C13D C14D 117.6(3)
C14B C13B C12B 124.3(3) C14D C13D C12D 123.9(4)
C13B Cl14B C15B 118.7(4) C15D C14D C13D 118.9(3)
C14B C15B C16B 119.6(3) C14D C15D C16D 120.1(3)
CI5B  CI6B C17B 120.5(3) C15D C16D C17D 119.7(4)
Cl6B C17B C12B 121.7(3) C16D C17D C12D 122.0(3)
C19B CI8B C3B 120.2(3) C19D C18D C3D 121.3(3)
C23B C18B C3B 122.5(3) C23D C18D C3D 121.3(3)
C23B C18B C19B 117.3(3) C23D C18D C19D 117.5(3)
C20B C19B C18B 121.0(3) C20D C19D C18D 120.6(3)
C21B C20B C19B 120.4(3) C21D C20D C19D 121.2(3)
C22B  C21B C20B 119.2(3) C20D C21D C22D 119.0(3)
C21B (C22B C23B 120.8(3) C23D C22D C21D 120.3(3)
C22B  C23B CISB 121.2(3) C22D C23D C18D 121.5(3)
Table S8: Bond lengths for 5-12.

Atom Atom Length/A Atom Atom Length/A

Pl Cl 1.7494(12) c8 €9 1.3788(18)

Pl C5 1.7487(12) c9 Cl10 1.3757(18)

P1  C25 1.8100(13) Cl10 Cl11 1.3884(17)

Pl  C26 1.8030(12) Cl2 CI13 1.4065(17)

FI C9 1.3619(14) Cl2 C17 1.4038(17)

F2 C22 1.3633(14) Cl13 Cl4 1.3917(17)

c1 2 1.3934(16) Cl4 Cl5 1.3930(19)

Cl C6 1.4734(16) Cl15 Cl6 1.3901(19)

Cc2 C3 1.4020(16) Cl5 CI18 1.5070(18)

C3 ¢4 1.4170(16) Cl6 C17 1.3913(17)

C3 Cl2 1.4828(16) C19 C20 1.3945(17)

c4 Cs 1.3796(16) C19 C24 1.3962(17)

Cs  Cl19 1.4907(16) C20 C21 1.3950(17)

c6 C7 1.3987(17) C21 C22 1.377(2)

c6 Cll 1.4014(17) 2 23 1375(2)

C7 C8 1.3905(17) C23 C24 1.3927(18)

Table S9: Bond angles for 5-12.

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl Pl (25 114.85(6) C10 C9 8 122.82(11)
Cl Pl C26 113.31(6) Cc9 Cl10 Ci11 117.91(12)
cs Pl Cl 103.95(6) C10 Cll C6 121.90(12)
C5s P1 C25 108.65(6) Cl13 Cl12 C3 121.58(11)
C5 Pl C26 112.84(6) Cl17 Cl12 C3 122.24(11)
C26 P1 C25 103.43(6) Cl17 Cl12 Ci13 116.16(11)
C2 Cl1 Pl 117.50(9) Cl4 C13 Ci12 121.77(12)
2 Cl C6 120.54(10) Cl13 Cl4 Cl5 121.42(12)
Cc6 Cl1 Pl 121.92(8) Cl4 Cl15 Ci18 121.27(13)
c1 2 C3 127.94(11) Cl16 Cl5 Cl4 117.23(11)
C2 C3 c4 118.65(10) Cl6 Cl15 Ci18 121.47(13)
C2 C3 Cl12 119.98(10) C15 Cl6 C17 121.73(12)
C4 C3 Cl12 120.89(10) Cl6 Cl17 Ci12 121.63(12)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C5 C4 C3 126.50(11) C20 C19 Cs5 120.87(11)
C4 C5 Pl 118.93(9) C20 C19 C24 118.66(11)
C4 C5 CI19 121.01(10) C24 C19 Cs5 120.45(11)
C19 C5 Pl 119.83(8) C19 C20 cC21 120.84(12)
C7 Cé6 Cl 122.75(11) C22 C21 C20 118.19(12)
C7 Cé6 Cl1 117.61(11) F2 C22 cC21 118.65(12)
Cll C6 C1 119.64(11) F2  C22 C23 118.22(12)
c8 C7 Cé6 121.42(12) C23 C22 C21 123.13(12)
c9 C8 (7 118.28(12) C22 C23 C24 117.83(12)
F1 C9 C8 118.62(11) C23 C24 C19 121.32(12)
F1 C9 Cl0 118.56(12)
Table S10: Bond lengths for 5-17.

Atom Atom Length/A Atom Atom Length/A

Pl Cl 1.750(3) Cl12 Ci13 1.409(4)

Pl C5 1.764(3) Cl12 C17 1.389(4)

Pl (25 1.810(3) C13 Cl4 1.388(4)

P1  C26 1.818(3) Cl4 Ci15 1.397(5)

F2 C20 1.329(4) C15 Ci6 1.388(5)

Cl C2 1.396(4) C15 Ci18 1.507(4)

Cl Cé6 1.480(4) Cl6 C17 1.396(4)

C2 C3 1.395(4) C19 C20 1.385(5)

C3 c4 1.404(4) C19 C24 1.395(5)

C3 Cl12 1.485(3) C20 C21 1.386(5)

C4 Cs 1.376(4) C21 C22 1.373(6)

C5 C19 1.491(4) C22 C23 1.383(6)

c6 C7 1.380(4) C23 C24 1.394(5)

C6 Cl1 1.396(4) C26 C27 1.387(5)

C7 C8 1.383(4) C26 C31 1.392(4)

C7 Fl 1.323(4) C27 C28 1.381(5)

c8 (9 1.372(5) C28 C29 1.389(5)

c9 Cl0 1.388(6) C29 C30 1.362(6)

C10 Cl11 1.372(5) C30 C31 1.392(5)

Cl1 Fl1A 1.279(6)

Table S11: Bond angles for 5-17.

Atom Atom Atom Angle/® Atom Atom Atom Angle/*
Cl Pl Cs5 104.61(13) C13 Cl12 C3 120.3(3)
Cl Pl C25 111.47(14) Cl17 Cl12 C3 122.4(3)
Cl Pl C26 115.86(14) C17 C12 Cl13 117.3(2)
C5 Pl C25 114.95(15) Cl4 C13 C12 121.4(3)
C5 Pl (26 104.80(14) C13 Cl14 Cl1s5 120.6(3)
C25 P1 (26 105.29(14) Cl4 C15 C18 120.3(3)
C2 C1 Pl 118.9(2) Cl6 C15 Cl4 118.3(3)
C2 Cl1 Cé6 119.1(2) Cl6 C15 Cl18 121.4(3)
Cc6 Cl1 Pl 122.0(2) Cl5 Cl6 C17 121.1(3)
C3 C2 Cl 128.0(3) Cl12 C17 Cl6 121.3(3)
C2 C3 4 119.9(2) C20 C19 C5 123.7(3)
C2 C3 cC12 119.8(2) C20 C19 C24 116.7(3)
C4 C3 C12 120.3(2) C24 C19 Cs5 119.6(3)
C5 C4 C3 126.8(3) F2 C20 CI19 118.1(3)
C4 C5 Pl 120.3(2) F2 C20 cC21 118.7(3)
C4 C5 CI19 120.6(3) C19 C20 cC21 123.2(3)
C19 C5 Pl 116.4(2) C22 C21 C20 118.7(4)
C7 Cé6 Cl 124.5(3) C21 C22 C23 120.4(3)
C7 Cé6 Cll 114.6(3) C22 C23 C24 119.8(4)
Cll C6 Cl 120.8(3) C23 C24 CI19 121.1(4)
c6 C7 C8 124.1(3) C27 C26 Pl 117.4(2)
F1 C7 Cé6 119.1(3) C27 C26 C31 119.3(3)
F1 C7 C8 116.8(3) C31 C26 Pl 122.7(2)
coO C8 C7 119.1(3) C28 C27 (26 120.5(3)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
c8 C9 Cl10 119.0(3) C27 C28 (29 119.6(3)
Cl1 C10 C9 120.0(3) C30 C29 (28 120.5(3)
Cl0 CIl C6 122.8(3) €29 C30 C31 120.3(3)
FIA Cl11 Ceé 124.8(5) C30 C31 C26 119.8(3)
FIA CIl CI0 112.3(5)
Table S12: Bond lengths for 5-16.
Atom Atom Length/A Atom Atom Length/A
PlI Cl 1.763(3) Cl2 CiI13 1.398(3)
Pl1 G5 1.763(2) Cl2 C17 1.407(3)
Pl1 C24 1.808(3) Cl13 Cl4 1.379(3)
Pl (C25 1.822(3) Cl3 F2 1.351(3)
cl 1.389(3) Cl4 ClIs 1.391(4)
Cl C6 1.474(3) Cl5 Cl6 1.388(4)
2 C3 1.401(3) Cl6 C17 1.385(4)
C3 ¢4 1.409(3) C18 CI19 1.405(4)
C3 C18 1.481(3) Cl18 (23 1.405(4)
C4 C5 1.382(3) C19 C20 1.389(4)
cs Cl12 1.478(3) 20 C21 1.394(4)
c6 C7 1.396(4) C21 C22 1.384(4)
Cc6  Cll 1.397(3) 22 €23 1.391(4)
C7 C8 1.375(4) 25 €26 1.398(4)
C7 Fl1 1.345(3) C25 C30 1.400(4)
c8  C9 1.391(4) 26 C27 1.385(4)
c9  Cl0 1.380(4) 27 €28 1.390(4)
C10 Cl11 1.384(4) Cc28 C29 1.385(4)
Cll FIA 1.342(3) €29 C30 1.393(4)
Table S13: Bond angles for 5-16.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl Pl G5 103.78(12) F1A C11 C10 114.7(3)
Cl Pl C24 113.54(12) Cl3 Cl12 C5 121.0(2)
Cl Pl C25 111.72(12) Cl13 Cl2 C17 115.4(2)
C5 P1I  C24 109.79(12) Cl17 Cl12 C5 123.6(2)
cs Pl C25 112.10(11) Cl4 CI3 CI2 123.7(2)
C24 P1 C25 106.04(13) F2 C13 Ci2 119.3(2)
c2 Cl Pl 118.66(19) F2 CI3 Cl4 117.12)
Cc2 Cl1 Ceo 121.4(2) Cl3 Cl4 Ci15 119.2(2)
Cc6 Cl1 Pl 119.85(18) Cl6 Cl15 Cl4 119.3(2)
Cl C2 C3 127.4(2) Cl17 Cl6 C15 120.4(2)
Cc2 C3 c4 119.5(2) Cl6 Cl17 Ci12 122.0(2)
2 €3 CI8 121.2(2) Cl19 CI8 C3 121.2(2)
C4 C3 Ci18 119.3(2) Cl19 Cl18 (23 117.6(2)
C5s C4 C3 127.1(2) C23 Cl18 C3 121.1(2)
C4 C5 Pl 119.40(19) C20 C19 Ci18 121.1(3)
C4 C5 Cl12 120.6(2) Cl19 C20 C21 120.3(3)
Cl2 C5 Pl 119.95(18) 22 C21 €20 119.3(2)
C7 C6 Cl1 124.3(2) C21 C22 C23 120.7(3)
Cc7 C6 Cll 113.9(2) C22 €23 CI8 121.03)
Cll C6 Cl1 121.8(2) C26 C25 PI1 116.8(2)
c8 C7 Co 125.0(3) C26 C25 C30 119.2(2)
F1 C7 Ceé6 120.8(2) C30 C25 Pl 124.0(2)
F1 C7 C8 114.2(2) C27 C26 C25 120.6(3)
c7 C8 (9 118.5(3) C26 C27 C28 120.0(3)
Cl10 C9 C8 119.3(3) C29 C28 (27 120.1(3)
c9 Clo Cll 120.13) €28 €29 C30 120.4(3)
Cl10 Cl11 Ce 123.1(2) C29 C30 C25 119.8(3)
F1A Cl11 Ce6 122.1(3)

Table S14: Bond lengths for 5-15.
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Atom Atom Length/A Atom Atom Length/A
Pl1 C25 1.8206(19) C4 G5 1.397(2)
P1 Cl 1.7528(19) C18 C19 1.402(3)
Pl C5 1.753(2) Cl18 C5 1.483(3)
P1  C24 1.8012(19) Cl18 C23 1.406(3)
C30 C25 1.389(3) Cl C6 1.485(3)
C30 C29 1.389(3) Co Cl1 1.402(2)
Cc2 (3 1.409(3) C19 C20 1.383(3)
c2 C1 1.381(2) Cl13 Cl4 1.389(2)
Cc3 Cl12 1.482(2) C20 cC21 1.385(3)
C3 ¢4 1.389(3) C23 C22 1.385(3)
C7 Co6 1.396(3) c8 €9 1.390(3)
C7 C8 1.388(3) C21 C22 1.380(3)
Cl6 Cl15 1.383(3) C28 C29 1.375(3)
Cl6 C17 1.390(3) C28 C27 1.368(3)
C25 C26 1.387(3) Cl10 C9 1.376(3)
Cl5s Cl4 1.383(3) Cl10 Cl11 1.387(3)
Cl2 C17 1.400(3) C27 C26 1.384(3)

Table S15: Bond angles for 5-15.

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl Pl (25 109.42(8) c2 C1 PI 120.54(16)
Cl Pl C24 110.83(10) c2 Cl1 Ce6 120.48(17)
C5 P1I  C25 114.83(10) c6 Cl1 Pl 118.96(13)
Cs P1 Cl 104.79(9) C7 C6 (i1 119.78(16)
c5 Pl C24 112.25(9) c7 C6 Cll 117.93(19)
C24 P1 C25 104.81(9) Cll C6 C1 122.27(18)
C29 C30 C25 119.98(18) C20 C19 Ci18 121.63(18)
Cl C2 C3 126.73(18) c4 C5 PI 118.90(15)
C2 C3 Cl12 119.65(17) C4 C5 Ci18 120.94(18)
c4 €3 C2 119.73(16) Cl1§ C5 Pl 120.15(14)
C4 C3 Cl12 120.62(17) Cl4 Cl13 Ci12 121.15(19)
c8 €7 C6 121.41(18) C19 €20 C21 120.47(19)
Cl15 Cle C17 120.21(18) Cl5 Cl14 Ci13 120.51(18)
C30 C25 Pl 124.22(14) C22 C23 Ci18 121.12(19)
C26 C25 PI 116.90(14) Cc7 C8 (9 119.5(2)
C26 C25 C30 118.84(17) C22 C21 C20 118.99(19)
Cl4 C15 Cl6 119.36(17) €27 C28 €29 119.76(18)
Cl17 Cl12 C3 121.18(17) C28 C29 C30 120.51(18)
Cl13 Cl12 C3 121.34(17) Cc9 C10 C11 120.67(18)
Cl13 Cl12 C17 117.47(16) Cl10 C9 C8 119.9(2)
Cl6 C17 Ci12 121.29(18) C10 Cl11 Ce6 120.5(2)
C3 C4 G5 128.12(19) C21 C22 C23 120.92(19)
Cl19 C18 C5 120.76(17) C28 C27 C26 120.44(19)
C19 C18 €23 116.85(18) €27 €26 (€25 120.47(19)
C23 C18 C5 122.39(18)
Table S16: Bond lengths for 5-18.

Atom Atom Length/A Atom Atom Length/A

Clt C7 1.7429(16) Cl12 Ci13 1.401(2)

R €20 1.7418(15) c12 c17 1.398(2)

P1 Cl 1.7491(14) C13 Cl4 1.390(2)

Pl C5 1.7516(14) Cl4 C15 1.394(2)

P1  C25 1.8082(15) Cl15 Cl6 1.391(2)

Pl (26 1.8174(15) C15 CI8 1.509(2)

Cl C2 1.3857(19) Cl6 C17 1.389(2)

cl C6 1.4910(19) C19 €20 1.404(2)

Cc2 C3 1.4004(19) C19 C24 1.4018(19)

C3 C4 1.4007(19) C20 C21 1.390(2)

3 C12 1.4796(19) 21 2 1.384(2)

C4 C5 1.3838(19) C22 C23 1.385(2)

c5  Cl19 1.4855(19) C23 C24 1.389(2)
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Atom Atom Length/A Atom Atom Length/A
c6e C7 1.400(2) C26 C27 1.400(2)
C6 Cl1 1.403(2) C26 C31 1.397(2)
C7 C8 1.388(2) C27 C28 1.390(2)
c8 €9 1.386(2) C28 C29 1.389(2)
Cc9 Cl10 1.389(2) C29 C30 1.386(3)
Cl10 Cl11 1.389(2) C30 C31 1.393(2)

Table S17: Bond angles for 5-18.

Atom Atom Atom Angle/° Atom Atom Atom Angle/®
Cl PlI G5 104.83(7) Cl17 Cl12 C3 121.55(12)
Cl Pl (25 112.53(7) Cl17 Cl12 Ci13 117.15(13)
Cl Pl C26 112.21(7) Cl4 Cl13 Ci12 121.15(14)
cs Pl C25 110.12(7) Cl13 Cl4 Cl5 121.52(14)
C5 Pl C26 113.00(7) Cl4 Cl15 Ci18 121.70(14)
25 Pl (26 104.33(7) Cl6 CI5 Cl4 117.30(13)
c2 Cl1 Pl 119.78(10) Cl6 Cl15 Ci18 120.97(15)
C2 Cl1 C6 119.64(12) C17 Cl6 Ci15 121.61(14)
c6 Cl1 Pl 120.35(10) Cl6 C17 Ci12 121.24(13)
Cl C2 C3 127.49(13) C20 C19 C5 122.99(12)
2 C3 C4 119.73(12) C24 C19 C5 120.91(13)
C2 C3 Ci12 120.09(12) C24 C19 C20 116.09(13)
C4 C3 Cl12 120.10(12) Cl19 C20 CI2 120.67(11)
C5 C4 C3 127.35(13) C21 C20 CI2 116.80(11)
C4 C5 Pl 119.99(10) C21 C20 C19 122.53(13)
c4 C5 Cl9 120.99(12) €22 €21 C20 119.36(14)
Cl19 C5 Pl 118.85(10) C21 C22 C23 120.02(14)
c7 C6 Cl 122.12(13) €22 €23 C24 119.87(14)
C7 C6 Cl1 116.31(13) C23 C24 C19 122.12(14)
Cll C6 C1 121.46(13) C27 C26 Pl 118.18(11)
c6 C7 Cl 119.85(11) C31 C26 PI 122.34(12)
c8 C7 cCl 117.49(12) C31 C26 C27 119.37(14)
c8 C7 Co 122.66(15) C28 C27 C26 120.23(15)
c9 C8 C7 119.36(15) C29 (C28 (27 119.92(16)
cg8 C9 C10 119.83(14) C30 C29 (28 120.31(15)
Cll1 C10 C9 119.97(15) C29 C30 C31 120.07(15)
C10 Cl11 Cé 121.87(15) C30 C31 C26 120.08(16)
Cl13 Cl2 C3 121.29(13)
Table S18: Bond lengths for 5-21.

Atom Atom Length/A Atom Atom Length/A

cll Pl 2.0548(4) c3 P2 2.0521(4)

c2 Pl 2.0429(4) Cl4 P2 2.0409(4)

Pl1 Cl 1.7077(11) P2 C25 1.7079(12)

Pl1 G5 1.7055(11) P2 C29 1.7082(11)

Cl C2 1.3946(15) F3 (31 1.3435(13)

Cl C6 1.4929(15) C015 C30 1.3972(16)

2 C3 1.3996(15) C015 C34 1.3934(17)

C3 ¢4 1.3979(15) C25 C26 1.3928(15)

3 ClI8 1.4836(14) €25 C30 1.4894(15)

Cc4 C5 1.3935(14) C26 C27 1.4014(14)

C5 Cl12 1.4914(15) C27 C28 1.3987(15)

c6 C7 1.3904(16) C27 C41 1.4841(15)

C6 Cl1 1.3974(16) Cc28 C29 1.3951(15)

Cc7 C8 1.3835(16) €29 €35 1.4917(15)

C7 Fl1 1.3420(14) C30 C31 1.3889(16)

8 9 1.3888(19) C31 C32 1.3830(16)

Cc9 Cl10 1.3877(19) C32 (33 1.3862(18)

C10 Cl11 1.3923(16) C33 C34 1.3894(18)

Cll1 Fl1A 1.315(5) C35 C36 1.3857(18)

Cl12 Cl13 1.3876(16) C35 C40 1.3856(19)

c12 Cl17 1.3934(16) C36 €37 1.3908(18)
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Atom Atom Length/A Atom Atom Length/A
Cl13 Cl4 1.3837(16) C36 F4 1.2878(18)
C13 F2 1.3354(14) C37 C38 1.383(2)

Cl4 Ci15 1.3865(19) C38 C39 1.379(3)

Cl5 Cleé 1.382(2) C39 C40 1.3866(19)
Cl6 C17 1.3946(17) C40 F4A 1.260(2)

Cl7 F2A 1.295(4) C4l1 C42 1.3983(15)
C18 C19 1.3973(16) C4l C46 1.4000(15)
C18 C23 1.3972(16) C42 C43 1.3914(16)
C19 C20 1.3913(16) C43 C44 1.3943(18)
C20 C21 1.388(2) C44 C45 1.3930(18)
C21 C22 1.387(2) C44 C47 1.5105(17)
C21 C24 1.5082(17) C45 C46 1.3913(16)
C22 C23 1.3930(17)

Table S19: Bond angles for 5-21.

Atom Atom Atom Angle/° Atom Atom Atom Angle/®

Cl2 Pl Cll 95.504(16) C22 C23 C18 120.55(12)
Cl Pl cCl 112.23(4) Cl4 P2 CI3 96.042(19)
Cl Pl CI2 114.05(4) C25 P2 CI3 112.71(4)
C5 Pl Cll 113.37(4) C25 P2 CH4 112.98(4)
C5 Pl CI2 112.46(4) C25 P2 (C29 108.70(5)
C5 P1 Cl 108.84(5) C29 P2 C(CI3 111.70(4)
C2 Cl1 Pl 118.36(8) C29 P2 Cl4 114.37(4)
C2 Cl1 Cé6 120.46(10) C34 C015 C30 120.92(11)
Cc6 Cl1 Pl 121.13(8) C26 C25 P2 118.65(8)
Cl C2 C3 126.74(10) C26 C25 C30 121.95(10)
C2 C3 C18 119.07(10) C30 C25 P2 119.40(8)
C4 C3 2 120.79(10) C25 C26 C27 126.54(10)
C4 C3 C18 120.0909) C26 C27 C41 119.48(10)
C5 C4 C3 126.61(10) C28 C27 (26 120.89(10)
C4 C5 Pl 118.61(8) C28 C27 C41 119.61(9)
C4 C5 Cl12 120.48(9) C29 C28 C27 126.58(10)
Cl2 C5 Pl 120.91(8) C28 C29 P2 118.58(8)
C7 C6 Cl 121.66(10) c28 C29 (35 121.18(10)
C7 Cé6 Cl1 116.68(10) C35 C29 P2 120.08(8)
Cll C6 Cl 121.56(10) C015 C30 C25 122.05(10)
c8 C7 C6 123.15(11) C31 C30 Co15 117.37(10)
F1 C7 Cé6 118.88(10) C31 C30 C25 120.58(10)
FI C7 C8 117.96(11) F3 C31 C30 118.50(10)
C7 C8 (9 118.82(11) F3 C31 C32 118.58(11)
Cl10 C9 C8 119.96(11) C32 C31 C30 122.91(11)
c9 Cl10 Cl1 119.93(12) C31 C32 (33 118.58(11)
C10 Cl11 Cé 121.45(11) C32 (C33 C34 120.44(11)
FIA Cl1 C6 116.8(4) C33 (€34 cCo15 119.78(12)
F1A Cl11 Cl10 121.7(4) C36 C35 C29 122.70(11)
Cl13 Cl12 C5 120.66(10) C40 C35 C29 121.09(12)
C13 C12 C17 116.88(10) C40 C35 C36 116.20(12)
C17 C12 C5 122.38(10) C35 C36 C37 122.95(13)
Cl4 C13 CI12 123.17(11) F4 C36 (35 119.23(13)
F2 Cl13 CI12 118.70(10) F4 C36 C37 117.69(14)
F2 Cl13 Cl4 118.14(11) C38 C37 C36 118.51(14)
C13 Cl14 CI15 118.68(12) C39 C38 (37 120.56(13)
Cl6 Cl15 Cl4 119.99(11) C38 C39 C40 119.04(15)
C15 Cl6 C17 120.16(12) C35 C40 C39 122.74(15)
Cl12 C17 Cl16 121.11(12) F4A C40 C35 120.26(14)
F2A C17 Cl12 117.6(3) F4A C40 C39 116.62(16)
F2A C17 Cl6 120.9(4) C42 Cc41 C27 120.64(10)
Cl19 C18 C3 121.17(10) C42 C41 cC46 118.27(10)
C23 C18 C3 120.81(10) C46 C41 C27 121.08(10)
C23 C18 CI19 118.00(10) C43 C42 C41 120.60(11)
C20 C19 C18 120.85(12) C42 C43 C44 121.22(11)
C21 C20 CI19 121.06(12) C43 C44 C47 121.20(12)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C20 C21 C24 120.58(14) C45 C44 C43 118.10(11)
C22 C21 C20 118.19(11) C45 C44 C47 120.68(12)
C22 C21 C24 121.22(13) C46 C45 C44 121.15(11)
C21 C22 C23 121.29(12) C45 C46 C41 120.66(11)
Table S20: Bond lengths for 5-22.

Atom Atom Length/A Atom Atom Length/A

Pl CI 1.7527(10) Cl5 CI8 1.5112(15)

Pl C5 1.7517(10) Cl6 C17 1.3926(14)

Pl  C25 1.8227(10) C19 C20 1.3938(14)

P1  C31 1.8117(10) C19 C24 1.3980(14)

F1 C7 1.3583(12) C20 C21 1.3859(14)

Cl C2 1.3920(13) C20 F2 1.3528(13)

Cl Cé6 1.4865(13) C21 C22 1.3836(17)

C2 C3 1.4023(13) C22 C23 1.3838(17)

C3 c4 1.4062(13) C23 C24 1.3909(15)

c3 CI2 1.4811(13) 24 F2A 1.324(3)

C4 Cs5 1.3848(13) C25 C26 1.3964(14)

C5 C19 1.4907(13) C25 C30 1.4018(14)

c6 C7 1.3939(13) C26 C27 1.3950(15)

C6 Cl1 1.4005(13) C27 C28 1.3844(17)

C7 C8 1.3793(14) C28 C29 1.3896(17)

c8 (9 1.3912(16) C29 C30 1.3921(15)

c9 Cl10 1.3891(16) C31 C32 1.3993(14)

C10 Cl11 1.3947(14) C31 C36 1.3978(14)

Cl12 C13 1.4040(14) C32 (33 1.3916(15)

Cl12 C17 1.4031(14) C33 C34 1.3902(17)

Cl13 Cl4 1.3939(14) C34 C35 1.3866(17)

Cl14 Ci5 1.3953(15) C35 C36 1.3922(15)

C15 Cl6 1.3944(15)

Table S21: Bond angles for 5-22.

Atom Atom Atom Angle/° Atom Atom Atom Angle/°
Cl Pl (25 113.78(5) Cl6 C15 Cl4 117.39(10)
Cl Pl C31 112.23(5) Cl6 C15 C138 121.02(10)
C5 Pl Cl 103.90(5) C17 Cl6 Cl15 121.51(10)
c5 Pl C25 111.40(5) Cl6 C17 CI2 121.41(10)
C5 Pl C31 111.98(5) C20 C19 Cs5 121.9709)
C31 P1  C25 103.80(5) C20 C19 C24 115.99(9)
C2 Cl1 Pl 120.62(7) C24 C19 Cs5 121.9909)
C2 Cl1 Cé6 120.91(8) C21 C20 C19 123.35(10)
c6 ClI Pl 118.47(7) F2 C20 CI19 119.13(9)
Cl C2 C3 127.06(9) F2 C20 cC21 117.50(9)
C2 C3 4 119.39(9) C22 C21 C20 118.85(10)
C2 C3 cC12 121.68(9) C21 C22 C23 119.96(10)
C4 C3 Cl12 118.91(9) C22 C23 C24 120.00(11)
C5 C4 C3 127.32(9) C23 C24 C19 121.82(10)
C4 C5 Pl 120.70(7) F2A C24 CI19 122.6(2)
C4 C5 CI19 119.71(9) F2A C24 (C23 115.5(2)
C19 C5 Pl 119.59(7) C26 C25 Pl 117.83(8)
C7 C6 Cl 120.94(9) C26 C25 C30 119.22(9)
C7 Cé6 Cl1 115.80(9) C30 C25 Pl 122.71(8)
Cll C6 Cl 123.2509) C27 C26 C25 120.33(10)
F1 C7 Cé6 118.40(9) C28 C27 (26 120.07(10)
F1 C7 C8 117.58(9) C27 C28 (29 120.08(10)
c8 C7 Cé6 124.03(9) C28 C29 C30 120.28(10)
C7 C8 (9 118.68(10) C29 C30 C25 120.01(10)
Cl10 C9 C8 119.63(10) C32 C31 Pl 120.96(8)
c9 Cl10 Cl1 120.19(10) C36 C31 Pl 119.00(8)
C10 Cl11 Cé6 121.64(9) C36 C31 C32 119.57(9)
Cl13 Cl12 C3 121.48(9) C33 (C32 C31 120.30(10)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/®
C17 Cl12 C3 121.53(9) C34 C33 (C32 119.66(10)
C17 C12 C13 116.81(9) C35 C34 (33 120.40(10)
Cl4 C13 Cl12 121.41(10) C34 C35 C36 120.24(10)
C13 Cl14 CI5 121.39(10) C35 C36 C31 119.81(10)
Cl4 C15 C18 121.59(10)
Table S22: Bond lengths for 5-25.
Atom Atom Length/A Atom Atom Length/A
Pl Cl 1.738(2) C18 C23 1.413(3)
Pl C5 1.751(2) C19A C20A 1.3900
P1  C25 1.808(2) C20A C21 1.3900
P1  C36 1.819(2) C21 C22A 1.3900
F1 C7 1.357(3) C21 C24 1.549(3)
F2 Cl13 1.362(2) C21 C20 1.337(4)
Cl C2 1.395(3) C21 C22 1.402(4)
Cl Cé6 1.485(3) C22A C23A 1.3900
C2 C3 1.402(3) C25 C26 1.390(3)
C3 c4 1.408(3) C25 C30 1.404(3)
C3 C18 1.506(3) C26 C27 1.394(3)
c4 C5 1.386(3) C27 C28 1.389(3)
C5 Cl2 1.480(3) C28 C29 1.392(3)
c6 C7 1.392(3) C29 C30 1.392(3)
C6 Cl1 1.399(3) C30 C31 1.481(3)
C7 C8 1.380(3) C31 C32 1.393(3)
c8 €9 1.388(3) C31 C36 1.405(3)
c9 Cl10 1.388(4) C32 (€33 1.398(3)
Cl10 Cl11 1.391(3) C33 C34 1.387(3)
Cl12 C13 1.398(3) C34 C35 1.397(3)
C12 C17 1.404(3) C35 C36 1.390(3)
Cl13 Cl4 1.380(3) C19 C20 1.397(4)
Cl4 Ci15 1.386(3) C22 C23 1.393(4)
Cl15 Cl6 1.390(3) N1 C37 1.148(4)
Cl6 C17 1.387(3) C37 (C38 1.452(4)
C18 CI19A 1.3900 N2 C39 1.135(5)
C18 C23A 1.3900 C39 C40 1.471(5)
C18 C19 1.366(3)
Table S23: Bond angles for 5-25.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl Pl C5 105.09(10) C19 C18 C3 121.8(2)
Cl Pl C25 112.33(10) C19 C18 (23 119.0(2)
Cl Pl C36 120.93(10) C23 C18 C3 119.2(2)
C5 Pl C25 116.77(10) C20A C19A C18 120.0
C5 Pl C36 111.44(10) CI9A C20A C21 120.0
C25 P1 C36 90.55(10) C20AC21 C22A 120.0
c2 Cl1 Pl 120.43(16) C20AC21 C24 118.6(2)
C2 Cl1 Ce6 121.23(19) C22AC21 C24 121.3(2)
c6 Cl1 Pl 118.22(15) C20 C21 C24 121.1(3)
Cl C2 C3 127.4(2) C20 C21 C22 120.3(2)
C2 C3 4 119.24(19) C22 C21 C24 118.5(3)
C2 C3 Ci18 121.4(2) C23A C22AC21 120.0
C4 C3 CI8 119.3(2) C22A C23AC18 120.0
C5 C4 C3 127.6(2) C26 C25 Pl 126.55(16)
C4 C5 Pl 120.15(17) C26 C25 C30 121.6(2)
C4 C5 C12 120.33(19) C30 C25 Pl 111.84(16)
Cl2 C5 Pl 119.52(15) C25 C26 C27 118.5(2)
C7 Cé6 ClI 121.15(19) C28 C27 C26 120.0(2)
C7 C6 Cll 116.0(2) C27 C28 (29 121.5(2)
Cll C6 ClI 122.9(2) C30 C29 (28 118.9(2)
F1 C7 Cé6 118.3(2) C25 C30 C31 112.58(19)
F1 C7 C8 118.0(2) C29 C30 C25 119.4(2)
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Atom Atom Atom Angle/® Atom Atom Atom Angle/°
c8 C7 C6 123.7(2) C29 C30 C31 128.0(2)
C7 C8 (9 118.9(2) C32 C31 C30 126.8(2)
c8 C9 Clo 119.6(2) C32 C31 C36 119.8(2)
c9 Clo Cl1 120.2(2) C36 C31 C30 113.37(19)
Cl10 Cl11 Ce6 121.6(2) C31 C32 (33 119.0(2)
Cl13 Cl12 C5 121.3(2) C34 (C33 (32 121.3(2)
Cl13 Cl12 C17 115.9(2) C33 (€34 (35 119.9(2)
Cl17 Cl12 C5 122.8(2) C36 C35 C34 119.2(2)
F2 C13 Cl12 118.85(19) C31 C36 PI 111.01(16)
F2 Cl13 Cl4 117.5(2) C35 C36 Pl 128.11(17)
Cl4 C13 Cl12 123.7(2) C35 C36 C31 120.8(2)
Cl13 Cl4 Ci15 118.83(2) C18 C19 C20 120.8(3)
Cl4 C15 Cl6 119.7(2) C21 C20 C19 120.7(3)
Cl17 Cl6 Cl15 120.4(2) C23 (C22 cC21 119.7(3)
Cl6 C17 Cl12 121.5(2) C22 C23 CI8 119.3(3)
CI9AC18 C3 119.14(17) Nl C37 (38 178.9(4)
CI9AC18 C23A 120.0 N2 C39 C40 178.2(5)
C23AC18 C3 120.85(17)
Table S24: Bond lengths for 5-9.
Atom Atom Length/A Atom Atom Length/A
P1 Cl 1.756(4) c9 Cl10 1.394(6)
Pl C5 1.748(4) C10 Cl11 1.377(6)
P1 C24 1.813(4) Cl12 Ci13 1.406(6)
Pl C25 1.801(4) C12 C17 1.382(6)
Cl C2 1.381(5) C13 Cl4 1.387(6)
Cl Ce6 1.481(5) Cl4 Ci15 1.378(7)
C2 C3 1.405(5) Cl15 Cl6 1.374(7)
C3 ¢4 1.408(5) Cl6 C17 1.385(5)
C3 C18 1.471(5) C18 C19 1.407(5)
C4 C5 1.381(5) C18 C23 1.411(5)
C5 Cl2 1.497(5) C19 C20 1.381(6)
C6 C7 1.400(5) C20 C21 1.379(5)
Cc6 Cl1 1.409(5) C21 C22 1.393(6)
C7 C8 1.372(6) C22 C23 1.385(6)
cg (9 1.384(6)
Table S25: Bond angles for 5-9.
Atom Atom Atom Angle/® Atom Atom Atom Angle/®
Cl Pl C24 116.77(17) C7 C8 (9 120.9(4)
Cl Pl C25 110.75(19) cg C9 cClo 118.5(4)
C5 Pl Cl 104.64(18) Cll1 C10 C9 121.0(4)
C5 Pl C24 108.02(18) C10 Cl11 Cé6 120.7(4)
C5 Pl C25 115.04(19) Cl13 Cl12 G5 121.1(4)
C25 P1 C24 102.02(19) C17 C12 C5 120.9(4)
C2 Cl1 Pl 119.8(3) C17 Cl12 Ci3 118.0(4)
C2 Cl1 Ce6 121.2(3) Cl4 C13 C12 120.8(4)
C6 Cl1 Pl 118.9(3) Cl5 Cl14 Ci13 120.0(4)
Cl C2 (3 128.3(3) Cl6 C15 Cl4 119.6(4)
C2 C3 4 118.7(3) Cl15 Cl6 C17 120.8(4)
C2 C3 Ci18 120.4(3) Cl12 C17 Cl6 120.8(4)
C4 C3 C18 120.93) C19 C18 C3 122.7(3)
C5 C4 C3 127.5(4) C19 C18 (23 115.8(4)
C4 C5 Pl 120.4(3) C23 C18 C3 121.5(3)
C4 C5 Cl12 121.2(3) C20 C19 Ci18 122.2(3)
Cl2 C5 Pl 117.7(3) C21 C20 C19 121.0(4)
C7 C6 Cl 122.1(3) C20 C21 C22 118.3(4)
C7 C6 Cll 117.3(4) 23 €22 C21 121.0(4)
Cll C6 C1 120.6(3) C22 C23 Ci18 121.6(4)
c8 C7 Co 121.6(4)
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Chapter 6

Summary
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Additional donor-substituents on the aromatic phosphorus heterocycle significantly
modify their stereo-electronic properties and their coordination abilities. This class of
phosphinines shows a significantly enhanced basicity and nucleophilicity compared to
the parent phosphinine CsHsP. Moreover, the electrophilic nature of the phosphorus
atom in phosphinines allows a nucleophilic attack by organolithium compounds to form
/’-phosphinines. This leads to the possibility of introducing different substituents at the
phosphorus atom of /*-phosphinines.

This dissertation describes the details exploration of the reactivity of functionalized
phosphinines and first attempts to use phosphinines in more applied research fields.

1. Phosphinine borane adduct

Upon reaction of 3,5-bis(SiMes)phosphinine with B(CeFs)3, the first phosphinine

borane adduct 6-1 was isolated and characterized (Figure 6.1).

Figure 6.1: Molecular structure of 6-1 in the solid-state.

Interestingly, 6-1 turned out to be very reactive towards C-C multiple bonds. A
zwitterionic alkenyl-phosphininium borate salt forms by insertion of phenylacetylene
into the dative P-B bond of 6-1 and reacts further with a second equivalent of
phenylacetylene to form 6-2. The first example of a dihydro-1-phosphabarrelene

derivative 6-3 was formed by reacting 6-1 with styrene. The reaction of 6-1 with an
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ester proceeds instantaneously and forms a 1-R-phosphininium salt that further reacts
with styrene or phenylacetylene to form a dihydro-1-R-phosphabarrelenium (6-4) and
a 1-R-phosphabarrelenium salt 6-5, respectively (Figure 6.2). These results provide
fascinating new perspectives for the future, particularly with respect to the activation
of small molecules and the synthesis of adducts of phosphinines with other main group

elements and main-group-based compounds.

MegSi__~_SiMes
»
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Ph SiMe, Ph
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Th 7 i i, T
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Figure 6.2: Reactivity of 6-1 towards C-C multiple bonds.

2. Phosphinine selenides

The phosphinine selenide (6-6) in the form of the cocrystalline adduct 6-7 with the
organoiodine 1,4-TFDIB was structurally characterized by X-ray diffraction for the
first time. The molecular structure of 6-7 in the solid state is mainly stabilized by several
non-bonding interactions including n-m stacking, hydrogen bonding, F-F- and Se-I
interactions. It demonstrates that phosphinine selenides can be used as a multifunctional
molecules for crystal design. Furthermore, 6-6 can react with diiodine to form the
adduct 6-8. The labile P=Se bond in 6-6 allows the formation of KSeCN 6-9 in the
presence of KCN, which shows that 6-6 can act as an efficient selenium transfer reagent

(Figure 6.3).
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Iz KCN

ML L ]
Me3Si~ "7 TSiMes
KSeCN 6-9 and 2,6-bis(trimethylsilyl)-phosphinine

Co-crystalline adduct 6-7
Phosphinine selenide-diiodide adduct 6-8

Figure 6.3: Co-crystalline adduct 6-7 and reactivity of phosphinine selenide 6-6.

3. 3-N,N-dimethylaminophosphinine derivatives

Figure 6.4: Molecular structures of phosphinine-coinage metal complexes.

Novel 3-aminofunctionalized phosphinines were synthesized and characterized. The
neutral 3-aminofunctionalized phosphinines show a classical o-2e terminal
coordination mode with CuBr:-S(CH3)2. The pronated 3-aminofunctionalized
phosphinine shows both the classical terminal 2e donation via the lone pair of the
phosphorus atom and the uncommon po-bridging 2e-lone-pair donation to the Cu'

center when reacted with CuCl-S(CHs)2. Upon reaction with AuCl-S(CH3)2, the 3-
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aminofunctionalized phosphinines show an expected o-2e terminal coordination mode
(Figure 6.4).

Moreover, in the presence of water and HCl, the phosphinine 6-10 undergoes a hitherto
unknown, selective ring contraction to form a hydroxylphospholene oxide. DFT
calculations and labelling experiments were performed to get insight into the reaction

mechanism (Figure 6.5).

H ® N
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Figure 6.5: Proposed reaction mechanism for the reaction of 6-10 with HCI in the presence of
water. 6-11 is the main product under vigorous stirring; Relative Gibbs free Energies (in kJ/mol)

are given below the compound name; Int.: intermediate.

4. 2’>-phosphinines

A series of functionalized A’-phosphinines were synthesized by combining four
different synthetic methods to introduce different substituents at the 2-, 4- and 6-
positions as well as the phosphorus atom of the phosphorus heterocycle. 5-22 is the first
/’-phosphinine with fluorescence emission that reaches the red region in solution.
Furthermore, these A°-phosphinines exhibit a colorful fluorescence emission (ranging
from blue to deep red) when they were irradiated with UV light (Figure 6.6). By
investigating the effects of the substituents at different positions of the phosphorus
heterocycle, the luminescent properties of 2°-phosphinines were further clarified. These

investigations provided a foundation for the design and synthesis of functionalized /’-
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phosphinines for applications in optoelectronic devices in the future.

Figure 6.6: The fluorescent emission of A°- phosphinines and pyrylium salt under UV light.
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Donor-Substituenten an Phosphininen verdndern deren stereoelektronische
Eigenschaften und Koordinationsfahigkeiten erheblich. Diese Klasse von Phosphininen
besitzen eine deutlich hohere Basizitdt und Nukleophilie als die Stammverbindung
CsHsP. Dariiber hinaus ermdglicht der elektrophile Charakter des Phosphoratoms in
Phosphininen den nukleophilen Angriff von Organolithiumverbindungen, um A°-
Phosphinine zu bilden. Dieses eroffnet die Moglichkeit, verschiedene Substituenten am
Phosphoratom der A*-Phosphinine einzufiihren.

Diese Dissertation beschreibt die detaillierte Untersuchung der Reaktivitit von
Phosphininen und ihre Anwendung in weiteren Forschungsbereichen.

1. Phosphinin-Boran-Addukt

Nach der Reaktion von 3,5-Bis(trimethylsilyl)phosphinin mit B(CeFs)3 wurde das erste
Phosphinin-Boran-Addukt 6-1 isoliert und charakterisiert. Die Festkorperstruktur von

6-1 weist einen P(1)-B(1)-Bindungsabstand von 2.0415(12) A (Abbildung 6.1).

Abbildung 6.1: Molekularstruktur von 6-1 im Festkorper.

Interessanterweise erwies sich 6-1 als sehr reaktiv gegeniiber C-C-Mehrfachbindungen.
Durch Insertion von Phenylacetylen in die dative P-B-Bindung von 6-1 bildet sich ein
zwitterionisches Alkenyl-Phosphininium-Borat-Salz, das mit einem zweite Aquivalent

Phenylacetylen weiter zum Endprodukt 6-2 reagiert. Das erste Beispiel fiir ein Dihydro-
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1-phosphabarrelenderivat 6-3 wurde durch die Reaktion von 6-1 mit Styrol gebildet.
Mit einem Ester reagiert 6-1 unmittelbar unter Bildung eines 1-R-Phosphininiumsalzes,
das mit Styrol oder Phenylacetylen unter Bildung eines Dihydro-1-R-
phosphabarrelenium-(6-4) bzw. 1-R-Phosphabarreleniumsalzes 6-5 weiterreagiert
(Abbildung 6.2). Diese Ergebnisse eroffnen faszinierende neue Perspektiven fiir die
Zukunft, insbesondere im Hinblick auf die Aktivierung kleiner Molekiile und die
Synthese von Addukten von Phosphininen mit anderen Elementen und

Hauptgruppenelementverbindungen.

MegSi__~_SiMes
»
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Abbildung 6.2: Reaktivitit von 6-1 gegeniiber C-C-Mehrfachbindungen.

2. Phosphinin-Selenid

Es wurde erstmals das Phosphinin-Selenid (6-6) in Form eines cokristallinen Addukts
mit der lod-organischen Verbindung 1,4-TFDIB (6-7) strukturell charakterisiert. Die
Molekiilstruktur von 6-7 im Kristall wird hauptsédchlich durch mehrere nicht bindende
Wechselwirkungen stabilisiert, darunter n-r-Stapelung, Wasserstoffbriickenbindungen,
F-F- und Se-I-Wechselwirkungen. Es zeigt sich, dass das Phosphinin-Selenid als

multifunktionales Molekiil fiir das Kristalldesign genutzt werden kann. Dariiber hinaus
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kann 6-6 mit Iod reagieren und das Addukt 6-8 bilden. Die labile P=Se-Bindung in 6-6
ermoglicht die Bildung von KSeCN 6-9 in Gegenwart von KCN, was zeigt, dass 6-6

als effizientes Selentransferreagenz fungieren kann (Abbildung 6.3).

KCN

ML L °)
Me3Si~ "7 TSiMes
KSeCN 6-9 and 2,6-bis(trimethylsilyl)-phosphinine

Co-crystalline adduct 6-7 .
Phosphinine selenide-diiodide adduct 6-8

Abbildung 6.3: Cokristallines Addukt 6-7 und Reaktivitdt von Phosphinselenid 6-6.

3. 3-N,N-Dimethylaminophosphinin-Derivate

C12B

013,8 N1B, s “A 2
*ﬁ PO NS

< :
c3g \ =

P1B Br1 Pt <3
S T
- Ccu1B Cut C2 §C13
v’kg ) Br1B =
o

Abbildung 6.4: Molekiilstruktur von Phosphinin-Miinzmetall-Komplexen.

Neue 3-aminofunktionalisierte Phosphinine wurden synthetisiert und charakterisiert.
Die neutralen 3-aminofunktionalisierten Phosphinine zeigen eine klassische o-2e-

terminale Koordination mit CuBr-S(CHs)2. Das pronierte 3-aminofunktionalisierte
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Phosphinin zeigt bei der Reaktion mit CuCl-S(CH3)2 sowohl die klassische terminale
2e-Bindung iiber das freie Elektronenpaar, als auch die ungewdhnliche -
verbriickende Koordination iiber das freie Elektronenpaar der Phosphoratom an das
Cu'-Zentrum. Die Bildung des Goldkomplexes durch Reaktion von AuCl-S(CH3)2 und
der 3-aminofunktionalisierten Phosphinine zeigt die Standardkoordination fiir fast alle
Goldchloridkomplexe (Abbildung 6.4).

In Anwesenheit von Wasser und Salzsdure kommt es auflerdem zu einer bisher
unbekannten, selektiven Ringkontraktion des Phosphinins 6-10 unter Bildung eines
Hydroxylphospholenoxids (6-11). Um einen Einblick in den Reaktionsmechanismus zu

erhalten, wurden DFT-Berechnungen und Markierungsexperimente durchgefiihrt

(Abbildung 6.5).
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Abbildung 6.5: Vorgeschlagener Reaktionsmechanismus fiir die Reaktion von 6-10 mit HCI in
Gegenwart von Wasser. 6-11 ist das Hauptprodukt unter kréftigem Riihren; die relativen freien

Gibbs-Energien (in kJ/mol) sind unter dem Verbindungsnamen angegeben; Int.: Zwischenprodukt.

4. 2’>-Phosphinine

Eine Reihe von funktionalisierten A>-Phosphininen wurden durch die Kombination von
vier verschiedenen Synthesemethoden synthetisiert, um verschiedene Substituenten an
den 2-, 4- und 6-Positionen und am Phosphoratom des Phosphorheterozyklus

einzufiihren. 5-22 ist das erste A’-Phosphinin, das in Losung den roten Bereich der
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Fluoreszenzemission erreicht. Dariiber hinaus zeigen diese A°-Phosphinine bei
Bestrahlung mit UV-Licht eine farbige Fluoreszenzemission (von blau bis tiefrot)
(Abbildung  6.6). Durch die Untersuchung der Verdnderungen der
Lumineszenzeigenschaften, die durch unterschiedliche Substituenten an verschiedenen
Positionen des  Phosphorheterozyklus  verursacht  werden, wurde die
Lumineszenzfihigkeit ~von  A’-Phosphininen in  Verbindung mit ihren
Substitutionsmustern und Substituenten weiter geklart, was eine Grundlage fiir das
Design und die Synthese von funktionalisierten A°-Phosphininen und ihren Einsatz in

optoelektronischen Komponenten in der Zukunft darstellt.

Abbildung 6.6: Die Fluoreszenzemission von 4’-Phosphininen und Pyryliumsalz unter UV-Licht.
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