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Abstract

A series of mono- and bisaminophosphanes with formulas R,NPR’R’’ and (R,N),PR’ (R = iPr,
Cy; R’ =Ph, Cy; R”’ = iPr) were structurally characterized by X-ray structural analysis, NMR
spectroscopy and computational methods. The common structural futures of these species are
short and polarized P-N bonds, a pyramidal geometry at the P atom and an almost planar
geometry at the N atoms. According to DFT calculations, these compounds are highly
nucleophilic, with nucleophilic centers located on the N and P atoms. Except for species
containing a PPh, moiety, the obtained aminophosphanes are air-stable and do not react with
water. They form stable frustrated Lewis pairs with BPh; or B(C¢Fs);. Mono- and
bisaminophosphanes in the presence of B(C¢Fs); activate dihydrogen and carbon dioxide at

room temperature.

Keywords: main group chemistry; phosphanes; boranes; frustrated Lewis pairs; dihydrogen;

carbon dioxide.



Introduction

Aminophosphanes are a class of P-tricoordinate compounds containing one to three
polar P-N bonds and constitute a richly represented and widely studied family of
phosphanes.[1-3] Based on the number of amino groups bound to the P atom, they may be
classified as mono-, di- or trisaminophosphanes, and based on the number of hydrogen atoms
attached to the nitrogen atom, each group may be subdivided into dialkylamino- R,P(NR’R”); ,
monoalkylamino- RyP(NHR’);, and aminophosphanes R,P(NH,);; mono-, bis- and
tris(dialkylamino)phosphanes are of the greatest interest because of their stability.[1,2,4,5]
Systems with N-H bonds tend to condense to form oligomers, and this process is enhanced as
the number of amino substituents increases and the steric bulk of these substituents
decreases.[4] Moreover, the N-H atom is labile and can easily migrate from the nitrogen atom

to the phosphorus atom, forming two isomers: R,P-N(H)R' and R,P(H)=NR"’.[5]

Because their chirality, nucleophilicity, and reactivity towards metal complexes of
phosphanes strongly depend on the substituents, attaching amino groups to the P center
significantly broadens the scope of properties that can be tailored to specific applications. The
nitrogen atom may constitute the stereogenic center of the molecule itself or generate a P
stereogenic center as an amino substituent on phosphanes bearing three different groups,
yielding chiral phosphorus ligands for use in asymmetric catalysis.[6] The introduction of
nitrogen atoms as additional reactive sites increases their reactivity due to the presence of both
hard (N) and soft (P) Lewis basic centers in one molecule. Therefore, in reactions with Lewis
acids, aminophosphanes may behave as ambident reagents, with the P atoms being a basic
center when soft acids are used as reagent partners and conversely, with the nitrogen atoms
serving as bases when reacting with hard acids.[7] Despite the m-electron transfer from
neighboring nitrogen atoms, the nucleophilicity of aminophosphanes depends mainly on the
availability of the lone pair on the phosphorus atom; therefore, their nucleophilicity is similar
to that of tertiary alkyl amines and phosphanes.[8] This indicates that steric effects (steric
hindrance of the P and N substituents) rather than electronic effects are crucial in reactions with

electrophiles.[2]

The condensation reaction between a phosphorus(III) halide and the respective primary
or secondary amine(s) RR'NH is the most convenient method to synthesize
aminophosphanes.[1,2,9—14] This method is widely used because of its readily available and

inexpensive reagents, easy isolation process, and overall reaction yields ranging from



approximately 50 to 80%. To obtain mono- and bisaminophosphanes, the condensation reaction
should be preceded by the introduction of alkyl, aryl or alkoxy groups in the reaction of PCl;
with the respective organometallic reagent or alcohol due to the labile nature of the P-N
bonds.[2,10,14] Therefore, aminophosphanes are generally air- and moisture-sensitive, and
polar P-N bond(s) undergo hydrolysis.[5,15] Nevertheless, aminophosphanes are widely
applicable as catalysts in polymerization processes and peptide synthesis[2,16] or as versatile
ligands for the synthesis of transition metal complexes, which in turn supports a wide variety
of organic reactions.[1,17] They may also serve as synthons to obtain a variety of inorganic
heterocycles and as precursors for the synthesis of fire retardants, chemotherapeutic agents,

sterilizing agents, and effective insecticides.[2]

Although aminophosphanes have a long-standing history in main-group-element
chemistry, there are no reports on their reactivity as Lewis basic components in one of the most
attention-grabbing groups of nonmetallic catalysts, frustrated Lewis pairs (FLPs).[18-21]
These pairs are inter- or intramolecular combinations of Lewis acids and Lewis bases that,
because of steric encumbrance[22,23] or reduced electronic overlap[24-27] of the reactive
centers, do not form classic Lewis adducts. Such systems exhibit unusual reactivity towards
small molecules — for example, FLPs are capable of activating H,,[28-31] CO,,[32-34]
CO,[35] N;0,[36,37] NO,[38] or SO,[39-42]. Even simple combinations of Lewis acids
(mostly boranes) with amines,[31,41,43,44] imines|[18,45] or phosphanes[40,45,46] can split
dihydrogen molecules heterolytically under ambient conditions to form salts that may serve as
effective catalysts in the hydrogenation of unsaturated organic compounds.[28—31] There are
only a few examples of nonmetallic compounds with P-N bonds that were proven to activate
small molecules. Among this class of compounds, superbases attract the most attention.[47,48]
Equimolar mixtures of Verkade superbase[49,50] or phosphazene[50], with weak Lewis acids
(BPh; or HBMe;) form FLPs that split H,, while amidophosphoranes fix CO, molecules
between the P-N bonds.[51] Interestingly, reactions of the classical adduct of Verkade
superbase and strong Lewis acid B(C¢Fs); with CO,, PANCO, PhNSO, or PhCH;,Nj led to the

insertion of these molecules into the P-B bond.[52]

One of the main interests of our group is the application of compounds containing p-
block elements and possessing polarized covalent bonds to the activation of small molecules.
Recently, we reported on the reactivity of (R,N),P-P7Bu,, unsymmetrical bis(dialkylamino)-
substituted diphosphanes[53] that, in combination with BPh; acting as a catalyst, incorporated
CO, molecules into the polar P-P bond to form (R,N),P-O-C(O)-PrBu,.[54] Moreover, we



showed that diaminophosphinoboranes can act as intramolecular FLPs and react with CO, or
SO, via the insertion of these molecules into polarized P-B bonds[55][56] We decided to
include systems with polarized P-N bonds, such as aminophosphanes, in our research program.
Herein, we report the structures of a series of mono- and bisaminophosphanes with bulky

substituents and their reactivity towards small molecules.
Results and discussion

Syntheses and structures of mono- and bisaminophosphanes

For the reactivity studies, we selected a series of aminophosphanes bearing bulky iPr,N
(1-3) or Cy;N (4-6) amino groups (Chart 1). We assumed that these substituents would increase
the stability of the obtained compounds and facilitate the formation of crystalline products.
Moreover, in these species, the P atom bears phenyl (1, 2, 4-6), cyclohexyl (3), or isopropyl
substituents (6). In this group of compounds, three monoaminophosphanes (2, 5, 6) and three
bisaminophosphanes (1, 3, 4) were obtained. The syntheses of 1,[57] 2,[58] 4,[59] and 5[60]
were previously reported; however, solid-state structures for these aminophosphanes remained

unavailable.
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Chart 1 Mono- and bisaminophosphanes selected for the reactivity studies.

The first step of the syntheses was the condensation of phosphorus trichloride with the
secondary amine iPr,NH or Cy,NH (Scheme 1). For the syntheses of mono- and
bisaminophosphanes, two- and four-fold excesses, respectively, of the secondary amine were
used. In the second step, the obtained amino(chloro)phosphanes reacted with the appropriate

organolithium or/and Grignard reagent. In the synthesis of 2, we used a modified literature



method[58] where commercially available Ph,PCl reacted with two equivalents of iPr,NH.
Notably, attempts to introduce bulkier alkyl groups such as /Bu at the P atom were unsuccessful.
According to *'P NMR spectroscopy, reactions of the mentioned amino(chloro)phosphanes
with rBuLi or reactions of zert-butyl-substituted mono- and dichlorophosphanes with R,NH (R=

iPr, Cy) did not occur at all, or only very weak signals attributable to the desired products were

observed.
PhLi
> (R,N),PPh R=iPr(1)71%
- LiCl R = Cy (4) 38%
4 R,NH
Cly > (R,N),PCl
-2 R,NH-HCI
CyMgCl
> (R,N),PCy R =iPr(3)48%
-MgC|2
2 iPr,NH
Ph,PCl » [ProNPPhy,  (2) 62%
- iPr,NH-HCI
2 PhLi
» Cy,NPPh,  (5)49%
’ -2 LiCl
2 Cy,NH
Cls > Cy,NFPCl,
- Cy,NH-HCI
‘ iPrMgCl
> Cy,NP(iPr)Cl
_MgCl, 2

PhLi | - LiCl

Cy,NP(iPr)Ph (6) 68%
Scheme 1 Syntheses of mono- and bisaminophosphanes.
The 3'P NMR chemical shifts of aminophosphanes were in the range of 37.9 ppm to 64.9 ppm
(Table 1). The signals of bisaminophosphanes (1, 3, 4) are more downfield shifted compared to

the signals of monoaminophosphanes (2, 5, 6). Analytically pure crystalline compounds 1-6

were obtained by extraction of the crude products with petroleum ether (1, 3) or toluene (2, 4-



6) followed by crystallization at -20°C (1, 2, 4-6) or +4°C (3). Although the syntheses of 1-6

were almost quantitative, the yields of the crystalline products varied from 38% to 71%.

Table 1 3'P{'H} NMR data for the aminophosphanes (1-6) together with 3'P{'H} NMR and ''"B NMR
data for the products of the activation of H, (1a-6a) and CO, (1b, 3b, 4b, 6b) by

aminophosphane/borane FLPs.

No. |63P{H} |Upy 5B Usn
[ppm] [Hz] [ppm] [Hz]

1 59.5

2 37.9

3 57.7

4 64.9

5 413

6 41.7

la | 17.0 534 -25.0 89

2a | 15.5 519 -24.7 88

32 [282 519 -25.0 92

42 [ 19.0 539 -24.9 90

5a | 16.1 521 -25.0 90

6a |33.9 495 -24.7 90

1b | 364 2.6

3b |[502 -2.8

4b (399 2.7

6b |39.1 2.1

Solid-state structures of all the isolated aminophosphanes were determined by single-
crystal X-ray structure analysis. The X-ray structures of 1-6 are presented in Figure 1.
Compounds 1-6 exhibit common structural features that are characteristic of the whole family
of aminophosphanes: planar geometry of the N atoms, pyramidal geometry of the P atoms, and
relatively short P-N distances (Table 2). Interestingly, in the case of bisaminophosphanes 1, 3,
and 4, the geometries around the P atoms are more flattened. The P-N bond lengths are in the

narrow range of 1.681(2) A — 1.705(3) A, in between the single and double covalent P-N bond



lengths of 1.820 A[61] and 1.620 A[62], respectively. The determined distances are within the
range of 1.661 A —1.723 A reported previously for P-N bonds in aminophosphanes.[63—70]
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Figure 1 X-ray structures of aminophosphanes 1-6 showing the atom-numbering scheme. H atoms

have been omitted for clarity.

Table 2 P-N bond distances and geometries at the P and N atoms in aminophosphanes 1-6.

No. |[PI-NI PI-N2 >P1 IN1 N2
[A] [A] [°] [°] [°]

1 1.696(3) | 1.698(4) | 317.02 359.17 359.40
2 1.681(2) 310.91 357.34

3 1.705(3) | 1.7123) | 314.49 359.90 359.89
4 1.698(2) | 1.703(2) | 313.60 359.68 359.37
5 1.690(2) 310.76 357.54

6 1.6933(9) 308.07 358.82

The structural features of 1-6 were investigated by DFT methods (see the ESI for details). NBO
analysis indicates that the N atoms exhibit sp? hybridization and lone pairs at these atoms
display an almost pure p character. Otherwise, the lone pairs at the P atoms have significant s

character (48-50%), whereas the p orbitals of the P atoms are involved mainly in the formation



of P-C and P-N bonds (s character contribution of only 16-17%). The NBO orbitals attributed
to the lone pairs on the N atoms for the representative aminophosphane 6 are presented in Figure
2. The decreased occupancies of NBO orbitals attributed to the lone pair orbitals of the N atoms
and increased occupancies of antibonding o*(P) orbitals suggest significant m-interactions
between these orbitals (negative hyperconjugation). This is in accord with the structural features
of aminophosphanes, such as short P-N bonds and planar amino groups. According to Hirshfeld
population analysis, P-N bonds are polarized towards the N atom, where higher polarization is
observed for bisaminophosphanes (1, 3, 4) than for other compounds (Figures S91-S96). For
representative compound 1, the Hirshfeld charges on P and N atoms have values of +0.159 (P1),
-0.116 (N1), and -0,119 (N2). Fukui function analysis revealed that the values of the condensed
nucleophilic Fukui function for P and N atoms are very similar, which indicates that both
nitrogen and phosphorus atoms may constitute the nucleophilic center of aminophosphanes
when reacting with an electrophile (Table S4). Similarly, the HOMO orbitals of 1-6 are located
mainly at these atoms (Figures S85-S90).

Figure 2 The NBO orbitals of 6 associated with lone pairs on the nitrogen and phosphorus atoms.

Reactivity of mono- and bisaminophosphanes towards small molecules

Reactions of THF solutions of 1-6 with water under an ambient air atmosphere were
performed. Surprisingly, P-N bond hydrolysis was not observed. In the case of
aminophosphanes possessing PPh, groups (2, 5), oxidation to the respective phosphane oxides
RoNP(=0)Ph,[71] occurred. The other aminophosphanes (1, 3, 4, 6) were stable under these

reaction conditions.



The structural features of aminophosphanes 1-6, where two or three Lewis basic centers
are surrounded by bulky substituents, encouraged us to test their reactivity as basic components
of FLPs in reactions with small molecules. Indeed, 1-6 formed “stable” FLPs with boranes such
as BPh; or B(CgF5);. According to 3'P{'H} and !'B NMR spectroscopy, we did not observe the
formation of classic Lewis acid-base adducts or decomposition products in a benzene-dg
solution at room temperature. The FLPs of 1-6 with B(C¢F5); were found to be active. Benzene-
d¢ solutions containing each aminophosphane 1-6 and B(CgFs); were covered by a Hj
atmosphere (1 atm) at room temperature. After overnight stirring, the formation of two phases
was observed, and their composition was determined by 'H, 13C, 3'P{'H}, °F{!'H}, and !'B
spectroscopy. The upper phase consisted mainly of solvent and traces of unreacted
aminophosphane and borane. The 3!'P{'H} NMR spectrum of the lower oily phase contains
signals in the range of 15.5-33.9 ppm, which are significantly shifted upfield from the signals
from the parent aminophosphanes. Furthermore, the reaction products exhibited a large 'Jp.yy
value (495-534 Hz) characteristic of tetracoordinated P centers with P-H functions.[72] The !'B
NMR spectra of the lower oily phases displayed a doublet at approximately -25 ppm with a
gy value of approximately 90 Hz, whereas the '°F{'H} spectrum contained three signals at
approximately -133 ppm, -164 ppm and -167 ppm. These NMR data are in agreement with
those reported for the [H-B(C4Fs);]- anion.[72] Collectively, the NMR spectroscopy data
indicated the formation of phosphonium borate salts with formulas [(R,N),R’PH]"[HB(C¢Fs);]-
(1a, 3a, 4a) or [(R,N)R’R”’PH][HB(C¢Fs)3]- (2a, 5a, 6a) as the main components of the lower
oily phases (Scheme 2). Notably, we did not observe the formation of the ammonium borate
salts [[(RoNH)(R;N)R’P]*[HB(C¢F5);]- or [(R,NH)R’R’P]*[HB(C¢Fs);]- similar to the
products of reactions of amine/borane FLPs with dihydrogen.[31] The observed reaction pattern
can be explained by better accessibility of the P lone pair than of the N lone pair (Figure 2) and

the fact that the latter pair is involved in m-interactions with phosphorus atoms.
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Scheme 2 Activation of dihydrogen by aminophosphane/borane FLPs.

Generally, 1a-6a had a low tendency to crystallize; however, in the case of 1a, 3a, and
4a, small amounts of crystals suitable for X-ray analysis were obtained from pentane solution
at +4°C. The solid-state structures of 1a, 3a, and 4a are presented in Figure 3. X-ray analysis
confirmed the formation of phosphonium borate salts. Hydrogen atoms directly bound to
phosphorus and boron were found in the Fourier electron density map. In the structures of 1a
and 3a, the P-H and H-B functionalities face each other, with H---H distances of 3.44(3) A and
2.53(5) A, respectively. The H---H distances in 3a are significantly shorter than those observed
previously for [1BusPH]'[HB(C4Fs);] (2.75 A).[72] The phosphonium cations 1a, 3a, and 4a
retain planar geometry at the nitrogen atoms but exhibit slightly shorter P-N bonds (1,625(2) A
—1.649(2) A) than do the parent aminophosphanes (1.698(4) A — 1.712(3) A).
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Figure 3 X-ray structures of the products of dihydrogen activation by aminophosphane/borane FLPs
(1a, 3a, and 4a) showing the atom-numbering scheme. All H atoms except for P-H and B-H have been

omitted for clarity.

FLPs 1-6 with B(C¢Fs); react with gaseous CO, (1 atm) in benzene-d¢ at room
temperature. The reactions involving 1, 3, 4 or 6 led to the formation of zwitterionic salts
(RoN),R’PC(O)OB(CgFs); (1b, 3b, 4b) or (Cy,N)PhiPrPC(O)OB(Cg¢Fs); (6b) (Scheme 3).
Products 1b, 3b, and 4b precipitated from the reaction solution as a white solid. The mixture of
aminophosphanes containing PPh, groups (2, 5) and B(C¢F5); did not form stable adducts with
CO,. The products of these reactions decomposed rapidly to symmetrical Ph,P-PPh, and a
complex mixture of unidentified compounds, which suggests that subsequent radical reactions
occurred in the reaction mixture. The identity of isolated CO, activation products was

confirmed by means of 'H, 13C, 3'P, 1B, '°F spectroscopy (1b, 3b, 4b, and 6b) and single-



crystal X-ray diffraction (1b). The 3'P{'H} spectra of the mentioned products display singlets
in the range of 36.4 ppm — 50.2 ppm, whereas the !'B spectra show singlets between -3 ppm
and -2 ppm. Furthermore, characteristic downfield doublets attributed to the C=0O group at
162.9 ppm — 163.9 ppm (!Jcp = 133.6 Hz — 178.4 Hz) are visible in the '3C spectra. These
spectroscopic data are in accord with the spectroscopic data of /Bu;PC(O)OB(C¢F5s);.[34]
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Scheme 3 Activation of carbon dioxide by aminophosphane/borane FLPs.

The X-ray structure of zwitterion 1b is depicted in Figure 4. The P1-C1 and B1-O1 distances,
with values of 1.899(2) A and 1.535(3) A, respectively, are very close to those observed for
zwitterionic species with the P-C(=0)O-B structural motif.[34] The P1 and B1 atoms exhibit
pseudotetrahedral geometries, whereas the geometries around the C1 atom of the CO, moiety
and the N1 and N2 atoms of the amino groups are planar. Of note is that the FLPs of 1-6 with

BPh; were found to be inactive towards hydrogen and carbon dioxide.



Figure 4 X-ray structures of the product of the activation of carbon dioxide by an
aminophosphane/borane FLP (1b) showing the atom-numbering scheme. H atoms have been omitted

for clarity.

Interestingly, despite the presence of highly polarized P-N in 1-6, the products of CO,
insertion into P-N bonds were not observed. The reactivity of aminophosphane/borane FLPs
towards COj; is in strong contrast to the reactivity of diphosphane/borane FLPs, where CO, was
inserted into a polarized P-P bond.[54] The reactions involving combinations of
aminophosphanes 1-6 and B(C¢F5); with dihydrogen or carbon dioxide were not reversible. We
did not observe regeneration of the parent compounds even under vacuum or elevated
temperatures. It is worth mentioning that combinations of aminophosphanes with the weaker
Lewis acid BPh; did not activate dihydrogen and carbon dioxide under the same mild

conditions.

Conclusions

Our studies reveal that aminophosphanes 1-6 possessing bulky substituents can be
successfully applied as basic components of frustrated Lewis pairs. These Lewis bases bearing
the P-N structural motif are relatively easy to synthesize and in contrast to the great majority of
aminophosphanes, they did not undergo oxidation or hydrolysis of the P-N bonds in ambient
air (except for 2 and S bearing the PPh, group). These features make them attractive reagents
for the activation of small molecules. Indeed, the combinations of 1-6 and B(C¢Fs); form
“stable” FLPs that activate dihydrogen and carbon dioxide at room temperature and under 1
atm of gaseous reagents. The structural features of aminophosphanes such as the presence of
accessible lone pair at the P atom and the involvement of the lone pair at N atoms in -
interactions with 6*(P) antibonding orbitals, explain their reactivity towards small molecules.

The reactions of FLPs containing aminophosphane as a basic component with H, led to



phosphonium borate salts possessing P-H function, whereas reaction with CO, led to the
formation of a new P-C bond. The less accessible lone pairs at N atoms did not interact with
small molecules, moreover, products of the insertion of small molecules into polarized P-N
bonds were not observed. The studies on the reactivity of products of H, activation —
phosphonium borate salts with P-N structural motif — are currently in progress and will be

published due to course.
Materials and methods

All manipulations were performed under an Ar atmosphere in flame-dried Schlenk-type
glassware on a vacuum line or in a dry box. Solvents, tetrahydrofuran, and toluene were dried
over K/benzophenone and distilled under argon. Diethyl ether was dried over Na/benzophenone
and distilled under argon. Pentane and petroleum ether were dried over sodium-potassium alloy
and also distilled under argon. Solvents for NMR spectroscopy, C¢Ds, and CDCl;, were purified
with metallic sodium and P,Os, respectively. Literature methods were used for the synthesis of
(iPr;N),PCI[73], (iPruN)PCL,[74], (Cy,N),PCI[75], Cy,N-PCl,[74]. B(CeFs);, CyMgCl,
iPrMgCl, Ph,PCl, PhLi were purchased from commercial and used as received. NMR spectra
were recorded on a Bruker Avance III HD 400 MHz spectrometer at ambient temperature
(external standard TMS for 'H, '3C; H3PO, for 3'P, BF5-Et,0O for ''B, CFCl; for 1°F). Data were
processed using Bruker's Topspin 3.5 software. For previously reported 1,[57] 2,[58] 4,[59] and
5[60] completed NMR data are provided.

Diffraction data of described compounds were collected on an IPDS 2T dual-beam
diffractometer (STOE&Cie GmbH, Darmstadt, Germany) at 120.0(2) K using MoKa radiation
of a microfocus X-ray source (GeniX 3D Mo HighFlux, Xenocs, Sassenage, France, 50 kV, 1.0
mA, L =0.71069 A) for 1, 3,5, 6, 1a, 3a, 4a, 1b) and CuKa radiation of a microfocus X-ray
source (GeniX 3D Cu HighFlux, Xenocs, 50 kV, 0.6 mA, . = 1.54186 A) for structures 2 and
5. Good quality single-crystal specimens of 1 — 6, 1a, 3a, 4a, and 1b were manually selected
for the X-ray diffraction experiments. The investigated crystal was thermostated in the nitrogen
stream at 120 K using CryoStream-800 device (Oxford CryoSystem, UK) during the entire
experiment. Data collection and data reduction were controlled by X-Area 1.75 program.[76]
The structures were solved with the Shelxt method[77,78] and refined using the program
packages Olex2[79,80] and SHELX-2014.[77,78] All non-hydrogen atoms were refined with

anisotropic displacement parameters. All H-atoms were refined with isotropic displacement



parameters. Hydrogen atoms were placed in idealized positions and refined with usual restraints

of the riding model, except P-H and B-H hydrogen atoms which were refined as an independent.

Specific details for individual structures: Structure 1 was refined with whole molecule
disordered over two positions with site occupation factors of 0.6103/0.3097(10). A similar
disorder was already reported for other aminophosphanes.[81] In order to stabilize positions of
chemically bonded atoms, restraints for N1-C and N2-C bond lengths were applied in both parts
to make them equal (SADI command). Similarly, restraints to make even bond lengths in C1-
C6 rings in both parts were added. Two structures, 2 and 4, were determined using the Cu X-
ray source (due to failure of Mo-lamp) and in those cases, absorption correction was performed,
being necessary. The structure of 2 was solved by SHELXT procedure and refined with the
SHELXL program with no special treatment. It just turned out to be necessary to omit two
reflections affected by beam stop holder shadow. The structure of 3 was also refined as
disordered with the whole molecule occupying two positions with a probability of
0.8154/0.1846(15). Similarly, as for 1, restraints for N-C and additionally on P-N bond lengths
in both parts of 3 were applied. Structure 4 turned out to contain two independent molecules in
the asymmetric unit, (Z = 8 in the space group P2,/n) but required no special procedures for
determination (except omitting of two bad reflections). Structures of 5 and 6 were determined
using routine procedures. In the structure of la, we refined the structure with atom P1
disordered over two positions with site occupation factors of 0.8638/0.1362(18) to absorb a
relatively high electron density peak close to the atom. Due to the low occupation factor of the
second part, it would be speculative to determine the position of the rest light atoms in that part.
Hydrogen atoms in groups P1-H1 and B1-H1A were found in the Fourier electron density map
and refined without restraints. No disorder was found in structures 3a and 4a, and the same
procedure was applied for the determination of P-H and B-H hydrogen atom positions. Finally,
structure 1b was refined with a disorder of the isopropyl group C8-C9-C10 over two positions

with site occupation factors of 0.559/0.441(8).

For more crystallographic details see ESI. The crystal structure analyses were performed on an

STOE IPDS II diffractometer.

Elemental analysis was performed at the University of Gdansk using a Vario El Cube CHNS

apparatus.

Synthesis procedures



Synthesis of (iPr,N),PPh (1)

PhLi (2.15 mL, 4.0 mmol, 1.9 M in dibutyl ether) was added dropwise to a stirred solution of
(iPr,N),PCI (1.080 g, 4.0 mmol) in Et,0O (20 mL) at 0°C. The mixture was allowed to warm to
room temperature and stirred overnight. Filtration to remove the white precipitate, followed by
the removal of the solvent under reduced pressure, produced a light yellow residue. The crude
product was extracted with petroleum ether (6 mL) and filtered. Slow cooling of the resulting

solution to -20°C gave suitable crystals for X-ray diffraction. Yield: 0.890 g (71%).

Elemental analysis: Calc. for C;gH33N,P: C: 70.09; H: 10.784; N: 9.08. Found: C: 70.05; H:
10.746; N: 9.04.

3IP{IH} NMR (CgDg): 5 59.5 (s).

'H NMR (C¢De): & 7.72 (tm, 3Jyis = 7.4 Hz, 2H, 0-CH); 7.25 (td, 3Jyp= 7.4 Hz, “Tp.y = 2.2 Hz,
2H, m-CH); 7.10 (td, 3Jyy = 7.4 Hz, Ty = 1.1 Hz, 1H, p-CH); 3.32 (dsept, 3Jun = 6.6 Hz,
3Ip = 2.2 Hz, 4H, CH(CH;),); 1.24 (d, 3T = 6.6 Hz, 12H, CH(CH;),); 1.17 (d, 3Ju = 6.6
Hz, 12H, CH(CH:),).

13C{H} NMR (C¢Dy): 5 145.1 (d, Jep = 5.5 Hz, ipso-CP); 131.0 (d, Jcp = 21.1 Hz, 0-CH);
127.6 (d, 3Jcp = 4.5 Hz, m-CH); 126.7 (d, “Jcp = 1.8 Hz, p-CH); 47.7 (d, 2cp = 11.7 Hz,
CH(CHs),); 24.2 (d, 3Jc.p = 6.4 Hz, CH(CHs),); 24.1 (d, 3Jc.p = 7.9 Hz, CH(CH),).

Synthesis of (iPr,N)PPh, (2)

Ph,PCI (3.14 mL, 17.5 mmol, 1.229 g/mL) in Et,0 (5 mL) was added dropwise to a stirred
solution of iPr,NH (4.91 mL, 35.0 mmol, 0.722 g/mL) in Et,O (15 mL) at 0°C. The mixture
was allowed to warm to room temperature and stirred overnight. Filtration to remove the white
precipitate, followed by the removal of the solvent under reduced pressure, produced a light
yellow residue. The crude product was extracted with toluene (30 mL) and filtered. Slow
cooling of the resulting solution to -20°C gave suitable crystals for X-ray diffraction. Yield:

3.086 g (62%).

Elemental analysis: Calc. for C;gHy4NP: C: 75.76; H: 8.477; N: 4.91. Found: C: 75.47; H: 8.231;
N:4.71.

3IP{TH} NMR (CgDg): 6 37.9 (s).



'"H NMR (C¢Dy): & 7.58 (m, 4H, 0-CH); 7.15 (m, 4H, m-CH, overlapped with solvent), 7.09
(m, 2H, p-CH); 3.29 (dsept, 3Jy.y = 6.6 Hz, 3Jp.y = 2.5 Hz, 2H, CH(CHs),); 1.04 (d, 3Jy.p = 6.6
HZ, 12H, CH(CH3)2)

BC{'H} NMR (C¢Dy): 6 141.0 (d, 'Jcp = 14.0 Hz, ipso-CP); 132.5 (d, 2Jc.p = 20.5 Hz, 0-CH);
128.0 (d, 3Jc.p = 5.9 Hz, m-CH, overlapped with p-CH and solvent); 128.0 (s, p-CH, overlapped
with m-CH and solvent); 47.4 (d, 2Jcp = 9.1 Hz, CH(CH;),); 23.6 ppm (d, 3Jcp = 6.7 Hz,
CH(CHj3),).

Synthesis of (iPr,N),PCy (3)

CyMgCl (3.11 mL, 4.0 mmol, 1.3 M in THF) was added dropwise to a stirred solution of
(iP1,N),PCI (1.080 g, 4.0 mmol) in THF (20 mL) at 0°C. The mixture was allowed to warm to
room temperature and stirred overnight. Filtration to remove the white precipitate, followed by
the removal of the solvent under reduced pressure, produced a light yellow residue. The crude
product was extracted with petroleum ether (20 mL) and filtered. Slow cooling of the resulting

solution to +4°C gave suitable crystals for X-ray diffraction. Yield: 0.608 g (48%).

Elemental analysis: Calc. for CigH39N,P: C: 68.74; H: 12.500; N: 8.91.Found: C: 68.51; H:
12.252; N: 8.83.

3IP{TH} NMR (C¢Dy): & 57.7 (s).

"TH NMR (CgDy): 6 3.27 (dsept, *Jy.q = 6.6 Hz, 3Jp.y = 3.4 Hz, 4H, CH(CHj;),); 2.02 — 1.66 (m,
6H, overlapped signals of CH or CH, of Cy); 1.41 — 1.25 (m, 5H, overlapped signals of CH
and CH, of Cy); 1.23 (d, 3Jyy = 6.6 Hz, 12H, CH(CHs),); 12 (d, 3Jy.y = 6.7 Hz, 12H,
CH(CH5;),).

BC{'H} NMR (C¢Dy): 6 46.9 (d, 2Jcp = 10.1 Hz, CH(CHs),); 34.6 (s, CH of Cy); 30.6 (d, ?Jc.
p=21.5 Hz, CH, of Cy); 27.4 (d, 3Jc.p = 12.9 Hz, CH; of Cy); 26.8 (bs, CH, of Cy); 24.7 (d,
3Jc_p =6.6 HZ, CH(CHg)z), 24.2 (d, 3JC—P =6.2 HZ, CH(CH3)2)

Synthesis of (Cy,N),PPh (4)

PhLi (2.15 mL, 4.0 mmol, 1.9 M in dibutyl ether) was added dropwise to a stirred solution of
(Cy,N),PCI (0.942 g, 4.0 mmol) in Et,O (15 mL) at 0°C. The mixture was allowed to warm to

room temperature and stirred overnight. Filtration to remove the white precipitate, followed by



the removal of the solvent under reduced pressure, produced a light yellow residue. The crude
product was extracted with toluene (15 mL) and filtered. Slow cooling of the resulting solution

to -20°C gave suitable crystals for X-ray diffraction. Yield: 0.704 g (38%).

Elemental analysis: Calc. for C3oH49N,P: C: 76.88; H: 10.538; N: 5.98. Found: C: 76.62; H:
10.491; N: 5.90.

3IP{IH} NMR (CgDg): & 64.9 ().

'H NMR (C6D6)2 0 7.83 (tl’l’l, 3JH-H= 7.5 HZ, 2H, O-CH); 7.26 (td, 3JH—H= 7.5 HZ, 4JP-H= 1.9 HZ,
2H, m-CH); 7.09 (td, 3Jy.y= 7.5 Hz, 4J.qy= 1.0 Hz, 1H, p-CH); 2.97 (m, 4H, overlapped signals
of CH of Cy); 2.00 — 0.95 (m, 40H, overlapped signals of CH, of Cy).

BC{'H} NMR (C¢Dg): & 145.7 (d, 'Jcp = 9.2 Hz, ipso-CP); 131.0 (d, 2Jcp = 21.9 Hz, o-CH);
127.5 (d, 3Jcp = 4.8 Hz, m-CH); 126.6 (d, *Jcp = 1.3 Hz, p-CH); 57.7 (d, 2Jcp = 9.7 Hz,
overlapped signals of CH of Cy); 35.5 (d, Jc.p = 6.3 Hz, overlapped signals of CH, of Cy);
34.9 (d, YJcp = 7.5 Hz, overlapped signals of CH, of Cy); 26.9 (d, 3Jcp = 17.5 Hz, overlapped
signals of CH, of Cy); 25.8 (s, overlapped signals of CH, of Cy).

Synthesis of (Cy,N)PPh; (5)

PhLi (8.63 mL, 16.4 mmol, 1.9 M in dibutyl ether) was added dropwise to a stirred solution of
(Cy,N)PCI, (2.31 g, 8.2 mmol) in Et,0 (30 mL) at 0°C. The mixture was allowed to warm to
room temperature and stirred overnight. Filtration to remove the white precipitate, followed by
the removal of the solvent under reduced pressure, produced a light yellow residue. The crude
product was extracted with toluene (25 mL) and filtered. Slow cooling of the resulting solution

to -20°C gave suitable crystals for X-ray diffraction. Yield: 1.423 g (49%).

Elemental analysis: Calc. for C,4H3,NP: C: 78.87; H: 8.825; N: 3.83. Found: C: 79.07; H: 8.864;
N: 3.81.

3IP{TH} NMR (CgDg): 6 41.3 (s).

"H NMR (C4Dg): 6 7.66 (m,4H, o-CH); 7.18 (m, 4H, m-CH, overlapped with solvent); 7.10 (m,
2H, p-CH, signals overlapped with solvent); 2.93 (m, 2H, overlapped signals of CH of Cy);
1.73 — 1.54 (m, 10H, overlapped signals of CH, of Cy); 1.50 — 1.40 (bd, 2H, overlapped signals



of CH, of Cy); 1.37 — 1.25 (m, 2H, overlapped signals of CH, of Cy); 1.16 — 0.82 (m, 6H,
overlapped signals of CH, of Cy).

BC{™H} NMR (CgDy): & 141.5 (d, Jcp=14.9 Hz, ipso-CP); 132.5 (d, 2Jc.p = 20.5 Hz, o-CH);
128.0 (d, 3Jcp = 5.5 Hz, m-CH, overlapped p-CH and solvent); 128.0 (s, p-CH, overlapped with
m-CH and solvent); 57.0 (bs, CH of Cy); 34.9 (bs, CH, of Cy); 26.5 (s, CH; of Cy); 25.7 (s,
CH,; of Cy).

Synthesis of (Cy,N)P(iPr)Ph (6)

iPrMgCl (3.20 mL, 6.4 mmol, 2 M in Et,0) was added dropwise to a stirred solution of
(Cy,N)PCI, (1.806 g, 6.4 mmol) in Et,0O (35 mL) at 0°C. The mixture was allowed to warm to
room temperature and stirred overnight. Filtration to remove the white precipitate, followed by
the removal of the solvent under reduced pressure, produced a light yellow residue. The crude
product was extracted with toluene (15 mL) and filtered. Slow cooling of the resulting solution
to -20°C gave light yellow crystals of (Cy,N)P(iPr)Cl (1.254 g, 4.3 mmol, yield 67%). The
purity of the obtained product was confirmed by NMR spectroscopy. Thereafter, PhLi (2.26
mL, 4.3 mmol, 1.9 M in dibutyl ether) was added dropwise to a stirred solution of
(Cy,N)P(iPr)CI (1.254 g, 4.3 mmol) in Et,O (25 mL) at 0°C. The mixture was allowed to warm
to room temperature and stirred overnight. Filtration to remove the white precipitate, followed
by the removal of the solvent under reduced pressure, produced a white residue. The crude
product was extracted with toluene (10 mL) and filtered. Slow cooling of the resulting solution

to -20°C gave suitable crystals for X-ray diffraction. Yield: 0.972 g (68%).

Elemental analysis: Calc. for C,;H34NP: C: 76.09; H: 10.339; N: 4.23. Found: C: 76.09; H:
10.257; N: 4.20.

SIP{TH} NMR (CgDy): 6 41.7 (s).

"H NMR (Cg¢Dg): 8 7.65 (tm, 3Jyy.y = 6.8 Hz, 2H, 0-CH); 7.18 (m, 2H, m-CH, overlapped with
solvent); 7.11 (m, 1H, p-CH, overlapped with solvent); 2.79 (bs, 2H, overlapped signals of CH
of Cy); 2.35 (sept, 3Jy.py = 6.8 Hz, 1H, CH(CHs),), 1.78 — 1.44 (m, 10H, overlapped signals of
CH, of Cy); 1.36 - 0.91 (m, 10H, overlapped signals of CH, of Cy, overlapped with CH(CH}),);
1.28 (dd, 3Jp.y = 15.0 Hz, 3Ji.y = 6.8 Hz, 3H, CH(CH5),); 0.96 (dd, 3Jp.y = 17.9 Hz, 3 ).y = 6.8
Hz, 3H, CH(CH5),).



13C{IH} NMR (C¢De): 8 140.5 (d, Jcp = 22.4 Hz, ipso-CP); 132.8 (d, Jcp = 21.4 Hz, 0-CH);
128.3 (bs, p-CH); 127.9 (d, 3Jc.p = 6.2 Hz, m-CH); 34.9 (bs, CH of Cy); 26.7 (s, CH, of Cy);
26.5 (s, CH, of Cy); 25.7 (s, CH, of Cy); 21.7 (d, Jcp = 6.36 Hz, CH(CH),); 19.8 (d, ZJcp =
19.8 Hz, CH(CH),); 18.2 (d, 2Jc.p = 27.5 Hz, CH(CHs),).

H,; activation

General procedure for H, activation: appropriate aminophosphane (0.25 mmol) and B(C¢Fs)3
(0.128 g, 0.25 mmol) was dissolved in C¢Dg¢ (3 mL). The resulting reaction mixture was
subjected to a few freeze-pump-thaw cycles and subsequently exposed to 1 atm of H, at 78 K.
The mixture was allowed to warm to room temperature and stirred overnight. After that time,

two phases could be seen.

The oil phase was separated and the volatiles were removed in vacuo. The residue was extracted
with pentane (3 mL). Slow cooling of resulting solution to +4°C gave small amount of crystals

of 1a, 3a, and 4a suitable for X-ray diffraction.

Samples, obtained by the dissolution of 1a — 6a oil phase (0.1 mL) in CDCl; (0.6 mL), were

measured via NMR spectroscopy. Given yield refers to the amount of obtained oil phase.
Synthesis of [(iPr,N),PhPH]|*[HB(C¢Fs);]" (1a)
Yield: 0.186 g (90%).

Elemental analysis: Calc. for C3sH3sBFsN,P: C: 52.57; H: 4.289; N: 3.41. Found: C: 52.10; H:
4.348; N: 3.45.

3IP{IH} NMR (CDCly): § 17.0 (s) (Jp.u = 534.0 Hz).
IB NMR (CDCly): § -25.0 (bd, Ty = 89.4 Hz).

'H NMR (CDCl): 6 7.96 (d, Jp.y=534.0 Hz, 1H, PH); 7.91 — 7.70 (m, 5H, overlapped signals
of 0-CH, m-CH, and p-CH); 4.15 (bd, Jg.;= 89.4 Hz, 1H, BH); 3.78 (dsept, 3Jyy.y = 6.9 Hz,
3Jp.n = 3.3 Hz, 4H, CH(CH3),); 1.42 (d, 3Jun= 6.9 Hz, 12H, CH(CH;),); 1.29 (d, 3Jun = 6.9
Hz, 12H, CH(CH;),).

19F (I} NMR (CDCly): 5 -133.1 (d, 3355 = 19.2 Hz, 6F, 0-C4Fs); -163.8 (t, 3Jr.¢ = 20.4 Hz, 3F,
p-C6F5); -166.8 (td, 3JF—F =223 HZ, 4]]:_]: =7.0 HZ, 6F, m-C6F5 )



13C{'H} NMR (CDCL): & 148.4 (dm, Jcr = 236.3 Hz, 0-CF); 138.0 (dm, Jc.r = 245.8 Hz, p-
CF); 136.6 (dm, 'Jc.r = 246.5 Hz, m-CF); 135.8 (d,*Jc.p = 3.25 Hz, p-CH); 131.5 (d, 3Jc.p = 13.9
Hz, m-CH); 130.4 (d, 2Jc.p = 14.9 Hz, 0-CH); 125.4 (bs, ipso-CB); 123.0 (d, 'Jc.p = 124.3 Hz,
ipso-CP); 48.3 (d, Ucp = 4.7 Hz, CH(CH;),); 22.9 (d, 3Jcp = 2.7 Hz, CH(CH),); 22.0 (d, 3Jcp
= 3.1 Hz, CH(CHs),).

Synthesis of [(iPr,N)Ph,PH]* [HB(C¢Fs);] (2a)
Yield: 0.178 g (89%).

Elemental analysis: Calc. for C3gHp¢BFsNP: C: 54.09; H: 3.278; N: 1.75. Found: C: 54.17; H:
3.332; N: 1.59.

3IP{IH} NMR (CDCls): 8 15.5 (5) (Up.= 519.0 Hz).
I'B NMR (CDCly): 5 -24.7 (bd, g 1 = 88.2 Hz).

'"H NMR (CDCl;): 4 8.50 (d, Jp.5=519.0 Hz, 1H, PH); 7.95 — 7.88 (m, 2H overlapped signals
of 0-CH, m-CH, and p-CH); 7.80 —7.73 (m, 7H, overlapped signals of o-CH, m-CH, and p-
CH); 7.52—-7.35 (m, 1H, overlapped signals of 0-CH, m-CH, and p-CH); 4.09 (bd, Jg.;= 88.2
Hz, 1H, BH); 3.73 (dsept, 3Jy.q = 6.7 Hz, 3Jp.y = 3.2 Hz, 2H, CH(CHjs),); 1.37 (d, 3Jq.y = 6.7
Hz, 9H, CH(CHs),).

19F {IH} NMR (CDCL): & -133.1 (d, 3Jrr = 19.7 Hz, 6F, 0-C4Fs); -163.3 (t, 3Jpr = 20.4 Hz, 3F,
p-C6F5); -166.4 (td, 3JF-F =223 HZ, 4JF—F =17.1 HZ, 6F, m-C6F5 )

1BC{'H} NMR (CDCL): & 148.3 (dm, e = 234.3 Hz, 0-CF); 138.1 (dm, Jc.r = 243.9 Hz, p-
CF); 136.6 (dm, Jer = 249.0 Hz, m-CF); 136.2 (s, p-CH); 133.1 (d, 3Jcp = 12.6 Hz, m-CH);
130.7 (d, 2Jcp = 13.9 Hz, 0-CH); 124.9 (bs, ipso-CB); 117.8 (d, 'Je.p = 99.5 Hz, ipso-CP); 48.8
(s, CH(CHj),); 22.4 (bs, CH(CHs),); 19.1 (s, CH(CH;),

Synthesis of [(iPr,N),CyPH]"[HB(C¢Fs);]- (3a)
Yield: 0.192 g (93%).

Elemental analysis: Calc. for CssH4BF5N,P: C: 52.19; H: 4.988; N: 3.38. Found: C: 51.63; H:
4.923; N: 3.30.

3IP{IH} NMR (CDCly): § 28.2 (s) (Jp.u= 519.4 Hz).



I'B NMR (CDCls): § -25.0 (bd, T = 91.5 Hz).

'H NMR (CDCl5): & 6.83 (dd, Jp.y=519.4 Hz, 3Jy.y= 7.5 Hz, 1H, PH); 3.97 (bd, Jg.y=91.5
Hz, 1H, BH, overlapped with CH(CHs),); 3.67 (dsept, 3Jy.y = 6.8 Hz, 3Jp.; = 1.9 Hz, 2H,
CH(CH;),); 2.60 (bs, 1H, CH of Cy); 2.14 — 1.88 (m, 5H, overlapped signals of CH or CH, of
Cy); 1.56 — 1.29 (m, 5H, overlapped signals of CH or CH, of Cy, overlapped with CH(CH;),);
1.43 (d, 3Ju.p= 6.8 Hz, 12H, CH(CHs),); 1.38 (d, 3Jy.q = 6.8 Hz, 12H, CH(CH5),).

19F {IH} NMR (CDCls): § -133.0 (d, 3¢ = 19.6 Hz, 6F, 0-C4Fs); -163.9 (t, *Jp¢ = 20.1 Hz, 3F,
p-C(,FS); -166.8 (td, 3JF-F =213 HZ, 4]}:_1: =6.9 HZ, 6F, I’I’l-C6F5 )

BC{IH} NMR (CDCL): & 148.5 (dm, Ucy = 237.5 Hz, 0-CF); 138.0 (dm, Jer = 243.2 Hz, p-
CF); 136.6 (dm, 'Jcy = 245.6 Hz, m-CF); 125.5 (bs, ipso-CB); 49.2 (d, 2Jcp = 2.8 Hz,
CH(CHs),); 34.7 (d, Jcp= 82.3 Hz, PCH of Cy); 28.3 (s, CH, of Cy); 26.3 (d, 2Jcp=17.2 Hz,
CH, of Cy); 25.0 (bs, CH, of Cy); 23.2 (d, 3Jcp = 2.7 Hz, CH(CH;),); 23.2 (d, 3Jc.p = 2.0 Hz,
CH(CHa;),).

Synthesis of [(Cy,N),PhPH]|*[HB(C¢Fs);]~ (4a)

Yield: 0.205 g (84%).

3SIP{TH} NMR (CDCls): 8 19.0 (s) (1Jp.y=538.7 Hz, 3Jp.y = 14.7 Hz).
B NMR (CDCl3): 6 -24.9 (bd, Jg.; = 89.7 Hz).

'H NMR (CDCls): 6 8.12 (d, 'Jp.y=538.7 Hz, 1H, PH); 7.92 — 7.82 (m, 3H, overlapped signals
of m-CH, and p-CH); 7.73 (m, 2H, 0-CH); 4.00 (bd, Jg.y=91.5 Hz, 1H, BH); 3.33 (m, 4H,
CH of Cy); 2.05 — 1.95 (m, 8H, overlapped signals of CH, of Cy); 1.95 — 1.85 (m, 4H,
overlapped signals of CH, of Cy); 1.81 — 1.66 (m, 12H, overlapped signals of CH, of Cy); 1.66
— 1.52 (m, 4H, overlapped signals of CH, of Cy); 1.47 — 1.23 (m, 8H, overlapped signals of
CH, of Cy); 1.23 — 1.08 (m, 4H, overlapped signals of CH, of Cy).

19F {IH} NMR (CDCly): ): & -132.9 (d, 3Jp. = 20.2 Hz, 6F, 0-C¢Fs); -164.0 (t, 3J.r = 20.4 Hz,
3F,p—C6F5); -166.8 (td, 3]}:_1: =220 HZ, 4JF_1: =7.0 HZ, 6F, m—C6F5 )

13C{IH} NMR (CDCls): & 148.4 (bd, Jcr = 242.8 Hz, 0-CF); 138.0 (bd, Jcr = 243.8 Hz, p-
CF); 136.6 (bd, ek = 250.6 Hz, m-CF); 135.6 (d, *Jc.p = 2.8 Hz, p-CH); 131.5 (d, 3Jcp = 14.2
Hz, m-CH); 130.2 (d, 2Jc.p= 15.2 Hz, p-CH); 125.6 (bs, ipso-CB); 123.8 (d, Jcp = 123.6 Hz,



ipso-CP); 57.6 (d, 2Jcp = 3.6 Hz, CH of Cy); 34.0 (bs, overlapped signals of CH, of Cy); 33.1
(bs, overlapped signals of CH, of Cy); 26.3 (s, overlapped signals of CH, of Cy); 26.2 (s,
overlapped signals of CH; of Cy); 24.8 (s, overlapped signals of CH, of Cy).

Synthesis of [(Cy,N)Ph,PH]|*[HB(C¢Fs);]- (5a)
Yield: 0.198 g (90%).

Elemental analysis: Calc. for C4,H34,BFsNP: C: 57.36; H: 3.897; N: 1.59. Found: C: 57.29; H:
4.081; N: 1.21.

3IP{TH} NMR (CDCls): 8 16.1 (5) (Jp.u= 521.4 Hz).
I'B NMR (CDCls): § -25.0 (bd, T = 89.9 Hz).

'H NMR (CDCl;): 6 8.30 (d, Jp.y = 521.4 Hz, 1H, PH); 7.64 — 7.40 (m, 10H, overlapped
signals of 0-CH, m-CH, and p-CH); 3.69 (bd, 'Jg.y= 89.9 Hz, 1H, BH); 2.99 (m, 2H, CH of
Cy); 1.70 — 1.31 (m, 14H, overlapped signals of CH, of Cy); 1.12 — 0.80 (m, 6H, overlapped
signals of CH, of Cy).

9F {IH} NMR (CDCls): § -133.3 (d, 3Jgp = 18.8 Hz, 6F, 0-CeFs); -163.6 (t, 3Jp.x = 20.1 Hz, 3F,
p-C6F5); -166.7 (td, SJF-F =223 HZ, 4JF-F =73 HZ, 6F, m-C6F5).

BC{'H} NMR (CDCl;): 6 148.1 (dm, Jcr = 232.1 Hz, 0-CF); 137.7 (dm, Jor = 243.2 Hz, p-
CF); 136.4 (dm, 'Jcr = 247.5 Hz, m-CF); 135.8 (s, p-CH); 132.8 (d, 3Jc.p = 12.4 Hz, m-CH);
130.2 (d, JJc.p= 13.7 Hz, 0-CH); 124.7 (bs, ipso-CB); 117.9 (d, 'Jcp =99.5 Hz, ipso-CP); 57.3
(s, CH of Cy); 33.2 (s, overlapped signals of CH, of Cy); 29.5 (s, overlapped signals of CH; of
Cy); 25.6 (s, overlapped signals of CH, of Cy); 24.4 (s, overlapped signals of CH, of Cy); 23.9
(s, overlapped signals of CH, of Cy).

Synthesis of [(Cy,N)(iPr)PhPH]* [HB(C¢Fs)3] (6a)
Yield: 0.186 g (88%).
3SIP{H} NMR (CDCl;): 6 33.9 (s) (\Jp.y=494.5 Hz).

1B NMR (CDCly): & -24.7 (bd, U = 89.8 Hz).



'H NMR (CDCls): 6 7.89 — 7.66 (m, 5H, overlapped signals of o-CH, m-CH, and p-CH); 7.37
(dd, Jp.y=494.5 Hz, 3Jyy= 9.4 Hz, 1H, PH); 3.97 (bd, Jg.;= 89.8 Hz, 1H, BH); 3.38 —2.91
(m, 3H, overlapped signals of CH of Cy, and CH(CH3),); 2.02 — 1.01 (m, 26H, overlapped
signals of CH, of Cy, and CH(CHj),).

19F {IH} NMR (CDCL): & -133.1 (d, 3Jrr = 19.0 Hz, 6F, 0-C4Fs); -163.4 (t, 3Jpr = 20.3 Hz, 3F,
p-C6F5); -166.5 (td, 3JF-F =22.6 HZ, 4JF—F =72 HZ, 6F, m-C6F5 )

13C{'H} NMR (CDCL): & 148.4 (dm, Jc = 237.1 Hz, 0-CF); 138.0 (dm, Jc.r = 243.5 Hz, p-
CF); 136.7 (dm, 'Jcr = 247.8 Hz, m-CF); 135.8 (d, “Jep=2.7 Hz, p-CH); 137.7 (d, 3Jc.p = 10.5
Hz, m-CH); 130.7 (d, 2c.p = 12.6 Hz, 0-CH); 125.0 (bs, ipso-CB); 119.6 (d, 'Jcp = 85.8 Hz,
ipso-CP); 57.7 (d, 2Jcp= 1.7 Hz, CH of Cy); 33.6 (d, 3Jc.p = 15.2 Hz, CH, of Cy); 25.9 (s, CH,
of Cy); 24.6 (s, CH, of Cy); 22.3 (d, Jcp = 60.6 Hz, CH(CHs),); 16.8 (d, 3Jcp = 2.4 Hz,
CH(CH;),); 16.4 (d, 3Jc.p = 2.6 Hz, CH(CH;),).

CO; activation

General procedure for CO, activation: appropriate aminophosphane (0.25 mmol) and
B(C¢Fs); (0.128 g, 0.25 mmol) was dissolved in C¢Dg (3 mL). The resulting reaction mixture
was subjected to a few freeze-pump-thaw cycles and subsequently exposed to 1 atm of CO, at
78 K. The mixture was allowed to warm to room temperature and stirred overnight. After that

time, in the case of the reaction of 1, 3, and 4 aminophosphane, white solid precipitated.

The solvent was evaporated and the volatiles were removed in vacuo. The residue was extracted
with petroleum ether (4 mL) and filtrated. The solvent was evaporated and the crude product
was extracted with CH,Cl, (1 mL). Slow cooling of resulting solution to -30°C gave suitable

crystals of 1b for X-ray diffraction in a low yield.

Samples, obtained by the dissolution of 1b, 3b, and 4b white solid (0.020 g) in CDCl; (0.7 mL)
and the sample of 6b fraction in C¢Dg, were measured via NMR spectroscopy. Given yield

refers to the amount of obtained white solid.
Synthesis of (iPr,N),PhPC(O)OB(C¢Fs); (1b)
Yield: 0.121 g (56%).

31P{IH} NMR (CDCls): § 36.4 (s).



"B NMR (CDCl;): 8 -2.6 (s).

'H NMR (CDCls): § 7.96 (dd, 3Jp.y = 13.2 Hz, 3Ty = 7.5 Hz, 2H, 0-CH); 7.68 (tm, 3Ty = 7.5
Hz, 1H, p-CH); 7.46 (td, 3Jyu= 7.5 Hz, *Jp.y = 3.8 Hz, 2H, m-CH); 2.50 (sept, 3Ju.u= 6.8 Hz,
4H, CH(CHs),); 1.24 (d, 3Juy = 6.8 Hz, 12H, CH(CH;),); 1.11 (d, 3Juy = 6.8 Hz, 3H,
CH(CH;),).

F {IH} NMR (CDCl5): 8 -135.6 (bd, 3Jrr = 22.3 Hz, 6F, 0-C¢Fs); -159.9 (t, 3Jrr = 20.4 Hz,
3F,p-C6F5); -165.4 (btd, 3JF-F =229 HZ, 4JF-F =17.6 HZ, 6F, m—C6F5 )

BC{IH} NMR (CDCL): § 163.9 (d, Je.p = 175.2 Hz, C=0); 147.8 (dm, Jcr = 242.4 Hz, o-
CF); 139.3 (dm, Jer = 241.5 Hz, p-CF); 136.7 (dm, Jer = 249.1 Hz, m-CF); 135.2 (d, “Je.p=
2.9 Hz, p-CH); 134.8 (d, 3Jcp = 11.7 Hz, 0-CH); 128.8 (d, 2Jc.p = 13.4 Hz, m-CH); 121.3 (d,
Jep= 107.7 Hz, ipso-CP); 119.5 (bs, ipso-CB); 50.0 (d, 2ep = 5.2 Hz, CH(CH;),); 23.8 (d,
3Jep = 3.2 Hz, CH(CHs),); 23.7 (d, 3Jcp = 2.6 Hz, CH(CH),).

Synthesis of (iPr,N),CyPC(O)OB(C¢Fs); (3b)
Yield: 0.149 g (68%).

3SIP{TH} NMR (CDCl3): 8 50.2 (s).

"B NMR (CDCl3): 6 -2.8 (s).

'"H NMR (CDCl;): 8 3.68 (dsept, 3Jy.p = 6.8 Hz, 3Jp.;; = 2.6 Hz, 4H, CH(CH3),); 2.23 (m, 1H,
CH of Cy); 2.09 (m, 2H, CH, of Cy); 1.83 (m, 2H, CH, of Cy); 1.68 (m, 2H, CH, of Cy); 1.26
(m, 24H, CH(CHs),); 1.22 — 1.06 (m, 4H, overlapped signals of CH, of Cy);.

YF {TH} NMR (CDCly): 6 -133.5 (bd, 3Jrr = 22.8 Hz, 6F, 0-C¢Fs); -159.9 (t, 3Jrr = 20.5 Hz,
3F,p—C6F5); -165.4 (btd, 3JF-F =233 HZ, 4JF_1: =74 HZ, 6F, m—C6F5 )

3C{IH} NMR (CDCL): § 163.6 (d, Jc.p = 164.2 Hz, C=0); 147.8 (dm, 'Jor = 238.8 Hz, o-
CF); 139.3 (dm, Yy = 241.4 Hz, p-CF); 136.7 (dm, Uer = 261.3 Hz, m-CF); 119.7 (bs, ipso-
CB); 49.7 (d, 2Jep = 3.9 Hz, CH(CHs),); 38.4 (d, Ue.p= 61.3 Hz, PCH of Cy); 28.3 (s, CH, of
Cy); 26.7 (d, 2Jc.p= 14.4 Hz, CH; of Cy); 26.1 (d, 2Jc.p=2.75 Hz, CH, of Cy); 25.4 (d, ?Jcp=
1.76 Hz, CH, of Cy); 24.5 (d, 3Jc.p = 2.9 Hz, CH(CHj),); 24.4 (d, 3Jc.p = 3.8 Hz, CH(CHa),).

Synthesis of (Cy,N),PhPC(O)OB(C¢Fs); (4b)



Yield: 0.164 g (64%).
31P{IH} NMR (CDCls):  39.9 (s).
IB NMR (CDCLy): § -2.7 (s).

'H NMR (CDCl;): 8 7.79 (dd, 3Jp.y = 12.8 Hz, 3Jy.y = 7.8 Hz, 2H, 0-CH); 7.65 (bt, 3Jy.p = 7.8
Hz, 1H, p-CH); 7.36 (td, *Jyy= 7.8 Hz, 4Jp.y = 3.7 Hz, 2H, m-CH); 3.27 (m, 4H, CH of Cy);
1.91 — 1.84 (m, 4H, overlapped signals of CH, of Cy); 1.68 — 1.48 (m, 24H, overlapped signals
of CH, of Cy); 1.07 — 0.92 (m, 12H, overlapped signals of CH, of Cy).

19F {IH} NMR (CDCls): § -132.8 (bd, 3.5 = 21.5 Hz, 6F, 0-C¢Fs); -160.1 (t, 3Jpr = 20.5 Hz,
3F,p-C6F5); -165.3 (m, 6F, m-C6F5).

BC{'H} NMR (CDCl): 8 162.9 (d, Jcp= 178.4 Hz, C=0); 147.8 (dm, Jcr = 245.9 Hz, o-
CF); 139.4 (dm, Jcr = 249.5 Hz, p-CF); 136.7 (dm, Jcr =251.6 Hz, m-CF); 134.6 (d, YJcp=
2.3 Hz, p-CH); 134.4 (d, 3Jcp = 11.2 Hz, 0-CH); 128.5 (d, ?Jc.p= 13.0 Hz, m-CH); 122.1 (d,
Jcp=106.6 Hz, ipso-CP); 119.3 (bs, ipso-CB); 59.2 (d, 2Jc.p = 4.4 Hz, CH of Cy); 35.0 (d,
3Jc.p = 2.7 Hz, overlapped signals of CH; of Cy); 26.8 (d, 3Jcp = 5.0 Hz, overlapped signals of
CHj; of Cy); 25.2 (s, overlapped signals of CH; of Cy).

Synthesis of (Cy,N)(iPr)PhPC(O)OB(C4Fs); (6b)
3IP{1H} NMR (C¢Dy): 8 39.1 (s).
B NMR (C¢Dg): 6 -2.1 (s).

"H NMR (C¢Dg): 6 7.41 (dd, 3Jp.y = 11.9 Hz, 3Jy.y = 7.4 Hz, 2H, 0-CH); 7.02 (td, 3Jyy = 7.4
Hz, Jy.qu = 1.6 Hz, 1H, p-CH); 6.92 (td, *Jy.;= 7.4 Hz, *Jp.; = 3.5 Hz, 2H, m-CH); 2.80 (m, 2H,
CH of Cy); 2.50 (sept, *Jy.n= 6.9 Hz, 1H, CH(CHjs),); 1.78 — 1.63 (m, 2H, overlapped signals
of CH, of Cy); 1.49 — 1.35 (m, 6H, overlapped signals of CH, of Cy); 1.34 — 1.26 (m, 2H,
overlapped signals of CH, of Cy); 1.10 — 0.81 (m, 8H, overlapped signals of CH, of Cy,
overlapped with CH(CH3),); 0.99 (dd, *Jp.; = 19.5 Hz, 3 ).y = 6.9 Hz, 3H, CH(CH}),); 0.96 (dd,
3Jp.n = 18.1 Hz, 3Jy.p = 6.9 Hz, 3H, CH(CHS;),).

19F {H} NMR (C¢Dy): & -133.4 (bd, 3. = 21.5 Hz, 6F, 0-CoFs); -159.4 (¢, *Je.x = 20.7 Hz, 3F,
p-C6F5); -165.1 (btd, 3JF—F =234 HZ, 4JF—F =8.2 HZ, 6F, m-C6F5 )



BC{'H} NMR (C¢Dy): 8 163.1 (d, Jc.p= 133.6 Hz, C=0); 148.2 (dm, Jcr = 247.1 Hz, 0-CF);
139.6 (dm, Jcr = 248.0 Hz, p-CF); 137.1 (dm, Jcr = 250.4 Hz, m-CF); 134.8 (d, 4Jcp= 2.6
Hz, p-CH); 133.4 (d, 3Jcp = 9.3 Hz, 0-CH); 128.9 (d, 2Jc.p= 11.8 Hz, m-CH); 119.9 (bs, ipso-
CB); 118.2 (d, 'Jc.p= 84.1 Hz, ipso-CP); 60.3 (s, CH of Cy); 34.3 (s, overlapped signals of CH,
of Cy); 33.3 (s, overlapped signals of CH, of Cy); 26.6 (d, *Jc.p = 20.6 Hz, overlapped signals
of CH, of Cy); 26.2 (d, 3Jc.p = 16.7 Hz, overlapped signals of CH, of Cy); 25.5 (s, CH(CH;),);
24.8 (s, overlapped signals of CH, of Cy); 16.4 (d, 3Jcp = 2.6 Hz, CH(CHz),); 15.7 (s,
CH(CHa),).

Appendix A. Supplementary data

CCDC 2003084 — 2003093 contains the supplementary crystallographic data for 1-6, 1a, 3a,
4a, and 6b. These data can be obtained free of charge via

http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic

Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:

deposit@ccdc.cam.ac.uk.

Acknowledgments

R.G., KXK. and N.S. thank the National Science Centre NCN, Poland (Grant
2016/21/B/ST5/03088) for their financial support. The authors thank TASK Computational

Center for access to computational resources.
References

[1] M. Alajarin, C. Lopez-Leonardo, P. Llamas-Lorente, The Chemistry of Phosphinous
Amides (Aminophosphanes): Old Reagents with New Applications, in: Top. Curr.
Chem., 2005: pp. 77-106. https://doi.org/10.1007/b100982.

[2] J. Gopalakrishnan, Aminophosphines: their chemistry and role as ligands and synthons,

Appl. Organomet. Chem. 23 (2009) 291-318. https://doi.org/10.1002/aoc.1515.

[3] G. Ewart, D.S. Payne, A.L. Porte, A.P. Lane, 783. Some aminophosphines, J. Chem.
Soc. (1962) 3984. https://doi.org/10.1039/jr9620003984.

[4] T. Bauer, S. Schulz, M. Nieger, U. Kessler, Bis(alkylamino)phosphanes: Deprotonation
Reactions and Reactivity of t -BuP(NH- t -Bu) 2 toward Group 13 Metalloorganics,


http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Organometallics. 22 (2003) 3134-3142. https://doi.org/10.1021/om0301839.

Z. Fei, P.J. Dyson, The chemistry of phosphinoamides and related compounds, Coord.
Chem. Rev. 249 (2005) 2056-2074. https://doi.org/10.1016/j.ccr.2005.03.014.

J. Gopalakrishnan, M.N.S. Rao, IR, Proton, and Carbon-13 NMR Spectral
Characterization of Some Chiral and Achiral Aminophosphines and Their Selenides,
Phosphorus. Sulfur. Silicon Relat. Elem. 185 (2010) 754-764.
https://doi.org/10.1080/10426500902953946.

M.R.I. ZUBIRI, J.D. WOOLLINS, SYNTHESIS AND USES OF PHOSPHINES
CONTAINING P-N BONDS, Comments Inorg. Chem. 24 (2003) 189-252.
https://doi.org/10.1080/02603590390464216.

J.A. Dean, Handbook of organic chemistry, McGraw-Hill Book Company, New York,
1987. https://doi.org/10.1002/crat.2170221112.

G. Ewart, A.P. Lane, J. McKechnie, D.S. Payne, 306. Tervalent phosphorus—nitrogen
chemistry. Part II. Mono- and bis-(disphenylphosphino)alkylamines, J. Chem. Soc.
(1964) 1543—1547. https://doi.org/10.1039/JR9640001543.

J. Gopalakrishnan, A Deep Analysis on Widely Used Condensation Route for
Preparing Aminophosphines: Synthesis and Spectral Characterization of an
Aminobis(chlorophosphine), (NC 4 H 8 N)[P( i -Pr 2 N)CI] 2, Synth. React. Inorganic,
Met. Nano-Metal Chem. 46 (2016) 1336-1343.
https://doi.org/10.1080/15533174.2015.1040163.

M.D. Tessier, K. De Nolf, D. Dupont, D. Sinnaeve, J. De Roo, Z. Hens,
Aminophosphines: A Double Role in the Synthesis of Colloidal Indium Phosphide
Quantum Dots, J. Am. Chem. Soc. 138 (2016) 5923-5929.
https://doi.org/10.1021/jacs.6b01254.

A. Tarassoli, R.C. Haltiwanger, A.D. Norman, Synthesis and structural characterization
of the primary-amine-substituted phosphines (COH5SNH)3P and
[(C6H5SNH)2P]2NC6HS, Inorg. Chem. 21 (1982) 2684-2690.
https://doi.org/10.1021/ic00137a030.



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

D. Muller, L. Guenee, A. Alexakis, Practical Synthesis of SimplePhos Ligands :
Further Development of Alkyl-Substituted Phosphanamines, European J. Org. Chem.
(2007) 1-10. https://doi.org/10.1002/ejoc.201300729.

D.K. Srivastava, L.K. Krannich, C.L. Watkins, A new synthetic route to
aminophosphines, Polyhedron. 7 (1988) 2553-2559. https://doi.org/10.1016/S0277-
5387(00)83873-5.

J.P. van Linthoudt, E.V. van den Berghe, G.P. van der Kelen, NMR study (1H, 13C
and 31P) of the {(C2H5)2N}nPX3—n compounds (X =Cl, C2H5; n=0, 1, 2, 3),
Spectrochim. Acta Part A Mol. Spectrosc. 36 (1980) 315-319.
https://doi.org/10.1016/0584-8539(80)80136-X.

G.W. Anderson, J. Blodinger, R.W. Young, A.D. Welcher, The Use of Phosphite
Amides in Peptide Syntheses 1, J. Am. Chem. Soc. 74 (1952) 5304-5306.
https://doi.org/10.1021/ja01141a022.

C. Jones, M. Timm, J.D. Masuda, A. Xia, Synthesis, characterization, and application
of palladium complexes containing bis(aminophosphine) ligands, Can. J. Chem. 95

(2017) 1041-1044. https://doi.org/10.1139/cjc-2017-0349.

D.W. Stephan, G. Erker, Frustrated lewis pairs: metal-free hydrogen activation and
more, Angew. Chemie - Int. Ed. 49 (2010) 46-76.
https://doi.org/10.1002/anie.200903708.

G.C. Welch, R.R.S. Juan, J.D. Masuda, D.W. Stephan, Reversible, Metal-Free
Hydrogen Activation, Science (80-. ). 314 (2006) 1124—-1126.
https://doi.org/10.1126/science.1134230.

G. Erker, D.W. Stephan, Frustrated Lewis Pairs I, Springer Berlin Heidelberg, Berlin,
Heidelberg, 2013. https://doi.org/10.1007/978-3-642-36697-0.

G. Erker, D.W. Stephan, Frustrated Lewis Pairs II, Springer Berlin Heidelberg, Berlin,
Heidelberg, 2013. https://doi.org/10.1007/978-3-642-37759-4.

D.J. Scott, M.J. Fuchter, A.E. Ashley, Designing effective ‘frustrated Lewis pair’
hydrogenation catalysts, Chem. Soc. Rev. 46 (2017) 5689—-5700.



https://doi.org/10.1039/C7CS00154A.

[23] F.G. Fontaine, M.A. Courtemanche, M.A. Légaré, E. Rochette, Design principles in
frustrated Lewis pair catalysis for the functionalization of carbon dioxide and
heterocycles, Coord. Chem. Rev. 334 (2017) 124-135.
https://doi.org/10.1016/j.ccr.2016.05.005.

[24] K. Samigullin, I. Georg, M. Bolte, H.-W. Lerner, M. Wagner, A Highly Reactive
Geminal P/B Frustrated Lewis Pair: Expanding the Scope to C-X (X=Cl, Br) Bond
Activation, Chem. - A Eur. J. 22 (2016) 3478-3484.
https://doi.org/10.1002/chem.201504791.

[25] F. Bertini, V. Lyaskovskyy, B.J.J. Timmer, F.J.J. de Kanter, M. Lutz, A.W. Ehlers, J.C.
Slootweg, K. Lammertsma, Preorganized Frustrated Lewis Pairs, J. Am. Chem. Soc.

134 (2012) 201-204. https://doi.org/10.1021/ja210214r.

[26] S.J. Geier, T.M. Gilbert, D.W. Stephan, Activation of H 2 by Phosphinoboranes R 2
PB(C6F5)2,J. Am. Chem. Soc. 130 (2008) 12632—-12633.
https://doi.org/10.1021/ja805493y.

[27] E.N. Daley, C.M. Vogels, S.J. Geier, A. Decken, S. Doherty, S.A. Westcott, The
phosphinoboration reaction, Angew. Chemie - Int. Ed. 54 (2015) 2121-2125.
https://doi.org/10.1002/anie.201410033.

[28] D.W. Stephan, Activation of dihydrogen by non-metal systems, Chem. Commun. 46
(2010) 8526. https://doi.org/10.1039/c0cc03313h.

[29] T. Privalov, On the Possibility of Conversion of Alcohols to Ketones and Aldehydes
by Phosphinoboranes R 2 PBR'R"”: A Computational Study , Chem. - A Eur. J. 15
(2009) 1825-1829. https://doi.org/10.1002/chem.200802320.

[30] L.J. Hounjet, D.W. Stephan, Hydrogenation by Frustrated Lewis Pairs: Main Group
Alternatives to Transition Metal Catalysts?, Org. Process Res. Dev. 18 (2014) 385—
391. https://doi.org/10.1021/0p400315m.

[31] V. Sumerin, F. Schulz, M. Nieger, M. Leskeld, T. Repo, B. Rieger, Facile heterolytic
H2 activation by amines and B(C 6F5)3, Angew. Chemie - Int. Ed. 47 (2008) 6001—



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

6003. https://doi.org/10.1002/anie.200800935.

M.A. Courtemanche, M.A. Légar¢, L. Maron, F.G. Fontaine, Reducing CO2 to
methanol using frustrated lewis pairs: On the mechanism of phosphine-borane-
mediated hydroboration of CO2, J. Am. Chem. Soc. 136 (2014) 10708-10717.
https://doi.org/10.1021/ja5047846.

F. BuB3, P. Mehlmann, C. Miick-Lichtenfeld, K. Bergander, F. Dielmann, Reversible
Carbon Dioxide Binding by Simple Lewis Base Adducts with Electron-Rich
Phosphines, J. Am. Chem. Soc. 138 (2016) 1840—1843.
https://doi.org/10.1021/jacs.5b13116.

C.M. M6mming, E. Otten, G. Kehr, R. Frohlich, S. Grimme, D.W. Stephan, G. Erker,
Reversible metal-free carbon dioxide binding by frustrated lewis pairs, Angew. Chemie

- Int. Ed. 48 (2009) 6643—-6646. https://doi.org/10.1002/anie.200901636.

M.A. Dureen, D.W. Stephan, Reactions of Boron Amidinates with CO 2 and CO and
Other Small Molecules, J. Am. Chem. Soc. 132 (2010) 13559-13568.
https://doi.org/10.1021/ja1064153.

R.C. Neu, E. Otten, A. Lough, D.W. Stephan, The synthesis and exchange chemistry of
frustrated Lewis pair-nitrous oxide complexes, Chem. Sci. 2 (2011) 170-176.
https://doi.org/10.1039/c0sc00398k.

D.W. Stephan, G. Erker, Frustrated Lewis pair chemistry of carbon, nitrogen and sulfur
oxides, Chem. Sci. 5 (2014) 2625-2641. https://doi.org/10.1039/C4SC00395K.

J.C.M. Pereira, M. Sajid, G. Kehr, A.M. Wright, B. Schirmer, Z.W. Qu, S. Grimme, G.
Erker, P.C. Ford, Reaction of a bridged frustrated lewis pair with nitric oxide: A
kinetics study, J. Am. Chem. Soc. 136 (2014) 513-519.
https://doi.org/10.1021/ja4118335.

M. Sajid, A. Klose, B. Birkmann, L. Liang, B. Schirmer, T. Wiegand, H. Eckert, A.J.
Lough, R. Frohlich, C.G. Daniliuc, S. Grimme, D.W. Stephan, G. Kehr, G. Erker,
Reactions of phosphorus/boron frustrated Lewis pairs with SO2, Chem. Sci. (2013)
213-219. https://doi.org/10.1039/c2sc21161k.



[40] N. Aders, L. Keweloh, D. Pleschka, A. Hepp, M. Layh, F. Rogel, W. Uhl, P-H
Functionalized Al/P-Based Frustrated Lewis Pairs in Dipolar Activation and
Hydrophosphination: Reactions with CO2 and SO2, Organometallics. 38 (2019) 2839—
2852. https://doi.org/10.1021/acs.organomet.9b00346.

[41] A. Adenot, N. von Wolff, G. Lefévre, J.C. Berthet, P. Thuéry, T. Cantat, Activation of
SO2 by N/Si+ and N/B Frustrated Lewis Pairs: Experimental and Theoretical
Comparison with CO2 Activation, Chem. - A Eur. J. 25 (2019) 8118-8126.
https://doi.org/10.1002/chem.201901088.

[42] F. Lavigne, E. Maerten, G. Alcaraz, V. Branchadell, N. Saffon-Merceron, A.
Baceiredo, Activation of CO2 and SO2 by boryl(phosphino)carbenes, Angew. Chemie
- Int. Ed. 51 (2012) 2489-2491. https://doi.org/10.1002/anie.201108452.

[43] V. Sumerin, K. Chernichenko, F. Schulz, M. Leskeld, B. Rieger, T. Repo, Amine-
Borane Mediated Metal-Free Hydrogen Activation and Catalytic Hydrogenation, in:
Frustrated Lewis Pairs I, 2012: pp. 111-155. https://doi.org/10.1007/128 2012 391.

[44] T. Wang, C.G. Daniliuc, C. Miick-Lichtenfeld, G. Kehr, G. Erker, Formation of
Reactive n-Conjugated Frustrated N/B Pairs by Borane-Induced Propargyl Amine
Rearrangement, J. Am. Chem. Soc. 140 (2018) 3635-3643.
https://doi.org/10.1021/jacs.7b11958.

[45] D.W. Stephan, Frustrated Lewis pairs: From concept to catalysis, Acc. Chem. Res. 48
(2015) 306-316. https://doi.org/10.1021/ar500375;.

[46] D.W. Stephan, Frustrated lewis Pairs, J. Am. Chem. Soc. 137 (2015) 10018—-10032.
https://doi.org/10.1021/jacs.5b06794.

[47] R. Schwesinger, H. Schlemper, Peralkylated Polyaminophosphazenes— Extremely
Strong, Neutral Nitrogen Bases, Angew. Chemie Int. Ed. English. 26 (1987) 1167—
1169. https://doi.org/10.1002/anie.198711671.

[48] T. Ishikawa, Superbases for Organic Synthesis: Guanidines, Amidines, Phosphazenes

and Related Organocatalysts, 2009. https://doi.org/10.1002/9780470740859.

[49] S. Mummadi, D. Kenefake, R. Diaz, D.K. Unruh, C. Krempner, Interactions of



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Verkade’s Superbase with Strong Lewis Acids: From Labile Mono- and Binuclear
Lewis Acid-Base Complexes to Phosphenium Cations, Inorg. Chem. 56 (2017) 10748—
10759. https://doi.org/10.1021/acs.inorgchem.7b01719.

S. Mummadi, D.K. Unruh, J. Zhao, S. Li, C. Krempner, “inverse” Frustrated Lewis
Pairs - Activation of Dihydrogen with Organosuperbases and Moderate to Weak Lewis
Acids, J. Am. Chem. Soc. 138 (2016) 3286—3289.
https://doi.org/10.1021/jacs.5b13545.

L.J. Hounjet, C.B. Caputo, D.W. Stephan, Phosphorus as a Lewis Acid: CO ,
Sequestration with Amidophosphoranes, Angew. Chemie Int. Ed. 51 (2012) 4714—
4717. https://doi.org/10.1002/anie.201201422.

T.C. Johnstone, G.N.J.H. Wee, D.W. Stephan, Accessing Frustrated Lewis Pair
Chemistry from a Spectroscopically Stable and Classical Lewis Acid-Base Adduct,
Angew. Chemie - Int. Ed. 57 (2018) 5881-5884.
https://doi.org/10.1002/anie.201802385.

N. Szynkiewicz, L. Ponikiewski, R. Grubba, Symmetrical and unsymmetrical
diphosphanes with diversified alkyl, aryl, and amino substituents, Dalt. Trans. 47
(2018) 16885—16894. https://doi.org/10.1039/C8DT03775B.

N. Szynkiewicz, L. Ponikiewski, R. Grubba, Diphosphination of CO 2 and CS 2
mediated by frustrated Lewis pairs-catalytic route to phosphanyl derivatives of formic
and dithioformic acid, Chem. Commun. 55 (2019) 2928-2931.
https://doi.org/10.1039/c9cc00621d.

N. Szynkiewicz, A. Ordyszewska, J. Chojnacki, R. Grubba,
Diaminophosphinoboranes: effective reagents for phosphinoboration of CO 2, RSC

Adv. 9 (2019) 27749-27753. https://doi.org/10.1039/CORA06638A.

N. Szynkiewicz, J. Chojnacki, R. Grubba, Activation of N20O and SO2 by the P-B
Bond System. Reversible Binding of SO2 by the P-O-B Geminal Frustrated Lewis Pair,
Inorg. Chem. 59 (2020) 6332—6337. https://doi.org/10.1021/acs.inorgchem.0c00435.

P.W. Dyer, J. Fawcett, M.J. Hanton, R.D.W. Kemmitt, R. Padda, N. Singh, Exploring

the coordination chemistry and reactivity of dialkylamino- and bis(dialkylamino)-



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

phosphines in the coordination sphere of metals, Dalt. Trans. (2003) 104—113.
https://doi.org/10.1039/b208886.

H.-J. Cristau, A. Chéne, H. Christol, Synthesis of Aminophosphonium Salts by
Arylation of Aminophosphines, Synthesis (Stuttg). 1980 (1980) 551-554.
https://doi.org/10.1055/s-1980-29117.

B.R. Kim, S.D. Cho, E.J. Kim, [.H. Lee, G.H. Sung, J.J. Kim, S.G. Lee, Y.J. Yoon,
Efficient palladium-catalyzed amination of aryl chlorides using
di(dicyclohexylamino)phenylphosphine as a PN2 ligand, Tetrahedron. 68 (2012) 287—
293. https://doi.org/10.1016/j.tet.2011.10.059.

C.J. Thomas, M.N.S. Rao, Cyclic S?N compounds and phosphorus reagents: Part X.
Synthesis and characterization of phosphinimino-substituted S?N heterocycles,

Heteroat. Chem. 3 (1992) 321-327. https://doi.org/10.1002/hc.520030403.

P. Pyykko, M. Atsumi, Molecular single-bond covalent radii for elements 1-118,
Chem. - A Eur. J. 15 (2009) 186—197. https://doi.org/10.1002/chem.200800987.

P. Pyykko, M. Atsumi, Molecular double-bond covalent radii for elements Li-E112,
Chem. - A Eur. J. 15 (2009) 12770-12779. https://doi.org/10.1002/chem.200901472.

D. Miiller, L. Guénée, A. Alexakis, Practical synthesis of simplephos ligands: Further
development of alkyl-substituted phosphanamines, European J. Org. Chem. (2013)
6335-6343. https://doi.org/10.1002/ejoc.201300729.

C. Beddie, E. Hollink, P. Wei, J. Gauld, D.W. Stephan, Use of computational and
synthetic chemistry in catalyst design: A new family of high-activity ethylene
polymerization catalysts based on titanium tris(amino)phosphinimide complexes,

Organometallics. 23 (2004) 5240-5251. https://doi.org/10.1021/0m049545i.

T. Béttcher, C. Jones, Extremely bulky secondary phosphinoamines as substituents for
sterically hindered aminosilanes, Dalt. Trans. 44 (2015) 14842—-14853.
https://doi.org/10.1039/c5dt02504d.

A. Karagar, M. Freytag, H. Thonnessen, P.G. Jones, R. Bartsch, R. Schmutzler,

Preparation and structures of 1-dimethylamino-2-bis(dimethylamino)- and 1-chloro-2-



[67]

[68]

[69]

[70]

[71]

[72]

[73]

bis(diethylamino)-1-phospha-2-phosphonium acenaphthene: the first examples of the
1,2-dihydro-1,2-diphospha-acenaphthene ring system, J. Organomet. Chem. 643—-644
(2002) 68-80. https://doi.org/10.1016/S0022-328X(01)01122-6.

A.J. Ayres, M. Zegke, J.P.A. Ostrowski, F. Tuna, E.J.L. Mclnnes, A.J. Wooles, S.T.
Liddle, Actinide-transition metal bonding in heterobimetallic uranium- and thorium-
molybdenum paddlewheel complexes, Chem. Commun. 54 (2018) 13515-13518.
https://doi.org/10.1039/c8cc05268a.

E. Despagnet, H. Gornitzka, A.B. Rozhenko, W.W. Schoeller, D. Bourissou, G.
Bertrand, Stable Non-Push—Pull Phosphanylcarbenes: NMR Spectroscopic
Characterization of a Methylcarbene, Angew. Chemie Int. Ed. 41 (2002) 2835-2837.
https://doi.org/10.1002/1521-3773(20020802)41:15<2835::AID-ANIE2835>3.0.CO;2-
8.

J. Ebels, R. Pietschnig, S. Kotila, A. Dombrowski, E. Niecke, M. Nieger, H.M.
Schiffner, Bis(pentamethylcyclopentadienyl)-Substituted Phosphanes: Synthesis and
Structure, Eur. J. Inorg. Chem. 1998 (1998) 331-337.
https://doi.org/10.1002/(SICI)1099-0682(199803)1998:3<331::AID-
EJIC331>3.0.CO;2-4.

M.K. Pandey, J.T. Mague, M.S. Balakrishna, Sterically Demanding Phosphines with
2,6-Dibenzhydryl-4-methylphenyl Core: Synthesis of Rull, PdII, and PtII Complexes,
and Structural and Catalytic Studies, Inorg. Chem. 57 (2018) 7468—7480.
https://doi.org/10.1021/acs.inorgchem.8b01095.

P. Ona-Burgos, I. Fernandez, L. Roces, L.T. Fernandez, S. Garcia-Granda, F.L. Ortiz,
An unprecedented phosphinamidic gold(iii) metallocycle: Synthesis via tin(iv)
precursors, structure, and multicomponent catalysis, Organometallics. 28 (2009) 1739—

1747. https://doi.org/10.1021/om801137y.

G.C. Welch, D.W. Stephan, Facile heterolytic cleavage of dihydrogen by phosphines
and boranes, J. Am. Chem. Soc. 129 (2007) 1880—-1881.
https://doi.org/10.1021/;a067961j.

W. ZeiB3, C. Feldt, J. Weis, G. Dunkel, Neue 1,3,2,4-Diazadiphosphetidine, Chem. Ber.
111 (1978) 1180—1194. https://doi.org/10.1002/cber.19781110336.



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

R.B. King, N.D. Sadanani, Dialkylaminodichlorophosphines, Synth. React. Inorg. Met.
Chem. 15 (1985) 149-153. https://doi.org/10.1080/00945718508059375.

M.M. Olmstead, P.P. Power, A. Sigel, Unusual Bonding in the Secondary
Aminophosphine [HP {N(SiMe3)2}2]2: X-ray Structures and NMR and IR Studied of
the Main Group V Amino Compounds HE(NR2)2 (E =P, As, R=SiMe3; E=P,R =
Ph), Inorg. Chem. 27 (1988) 2045-2049.

STOE &Cie GmbH, X-Area 1.75, STOE &Cie GmbH, (2015).

G.M. Sheldrick, SHELXT — Integrated space-group and crystal-structure
determination, Acta Crystallogr. Sect. A Found. Adv. 71 (2015) 3-8.
https://doi.org/10.1107/S2053273314026370.

G.M. Sheldrick, Crystal structure refinement with SHELXL, Acta Cryst. C. 71 (2015)
3-8. https://doi.org/10.1107/S2053229614024218.

O. V Dolomanov, L.J. Bourhis, R.J. Gildea, J.A K. Howard, H. Puschmann, OLEX2: a
complete structure solution, refinement and analysis program, J. Appl. Crystallogr. 42

(2009) 339-341. https://doi.org/10.1107/S0021889808042726.

S.P. Westrip, publCIF : software for editing, validating and formatting crystallographic
information files, J. Appl. Crystallogr. 43 (2010) 920-925.
https://doi.org/10.1107/S0021889810022120.

R. Grubba, L. Ponikiewski, J. Chojnacki, J. Pikies, 1,1,2,2-
Tetrakis(diisopropylamino)diphosphane, Acta Crystallogr. Sect. E Struct. Reports
Online. 65 (2009) 02214—02214. https://doi.org/10.1107/S1600536809032802.

Magdalena Siedzielnik: Investigation

Kinga Kaniewska-Laskowska: Investigation, Writing - Original Draft, Visualization

Natalia Szynkiewicz: Writing - Original Draft, Formal analysis

Jarostaw Chojnacki: Investigation, Formal analysis

Rafat Grubba: Conceptualization, Writing - Original Draft, Supervision



Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

CIThe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

The structural analysis of a series of aminophosphanes possessing bulky substituents using X-
ray diffraction and DFT methods is presented. The aminophosphanes, as basic components of

frustrated Lewis pairs, activate dihydrogen and carbon dioxide under very mild conditions.

The application of aminophosphanes in the activation of dihydrogen and carbon dioxide.



Journal Pre-proofs



