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Reactivity of B←P coordinated phosphide with isocyanides: Bases 
or nucleophiles? 
Michal Aman, a Tomáš Bíza, a Libor Dostál, a Zdeňka Růžičková, a Emanuel Hupf,b* Roman Jambor a*

The reactivity of the sodium phosphido-borane complex, [Na(THF)₃]+[1-BCy₂-8-PPh-C₁₀H₆]– (1), with RCH2NC isocyanides is 
reported. In contrast to traditional bases or phosphides, 1 act as an efficient nucleophile to form reactive carbanion 
intermediates instead of proton abstraction from RCH2NC and formation of protonated phoshane 1-BCy2-8-P(H)Ph-C10H6 (2). 
This study showed that 1 acts as a nucleophile and reacts with RCH2NC in a 1:2 stoichiometry to form a 2-imidazoline, 
imidazole or an enamine. Isolated compounds demonstrate the ability of 1 in promoting carbanion formation and 
participating in subsequent reactions to give various N-substituted alkyl phosphine organic compounds, which are not 
usually obtained by different synthetical approaches.

Introduction
Group 1 metal phosphides R2PM (R = organic substituent, M = 
Group 1 metal) are frequently used in substitution reactions 
(SNu) to produce asymmetrical phosphines R2PR’ that are crucial 
in organometallic catalysis.1–12 The R2PM species are also 
sufficiently nucleophilic to activate small molecules. In 1993, 
Kuchen et al. reported the activation of CO₂ by Ph2PM (M = Li, 
Na) providing the Ph₂PCO₂M carboxylates (Figure 1A).1,2 
Similarly, the activation of CY2 (Y = O, S) by (Ter)iPrPK (Ter = 2,6-
bis(2,4,6-trimethylphenyl)phenyl) was reported by Schulz et al. 
in 2021 (Figure 1B).5,6 In 2018, Stephan et al. showed the 
possible activation of HD by tBu₂PLi7 and later, in 2019, an 
addition of tBu₂PK into CO (Figure 1C).8 In 2020, Shirota et al. 
reported the reaction of Cy₂PLi with allyl phosphates 
RCH=CHCH₂OP(=O)(OEt)₂ as a new cyclopropanation method 
(Figure 1D).12

Figure 1 Reaction products of phosphides with small molecules.

Coordination of R2PM to a Lewis acidic boron atom is also 
possible and provides e. g. the phosphido–borane complexes of 
type M[R₂P→BH₃]. These complexes show rich structural 
variability since the metal atom M may interact either with the 
phosphorus atom or with the hydrogen atoms of the BH₃ 
fragment.13 Despite their nucleophilic character in SNu 
reactions,14 effective small molecules activation by phosphido–
borane complexes remain challenging. In 1992, Pellon et al. 
used Li[Ph₂P→BH₃] in a ring-opening reaction of propylene 
oxide to yield β-substituted hydroxyphosphine–boranes (Figure 
2A).15 Later on, Oulyadi et al. reported the addition of 
Li[Ph₂P→BH₃] to the CO bond of aldehydes or ketones and 
isolated α-substituted hydroxy phosphine-boranes (Figure 
2B).16 Recently, we reported the reaction of the B←P 
intramolecularly coordinated phosphido–borane [Na(THF)3][1-
BCy2-8-PPh-C10H6] (1) with 2,3-butanedione, where the methyl 
group of 2,3-butanedione was attacked and a new P-CH=C 
fragment was formed, accompanied by the elimination of H2 
(Figure 2C).17 This example suggested that the B←P coordinated 
phosphido–borane 1 can effectively activate small molecules. In 
the present study we explore the synthetic potential of 1 
towards the isocyanides RCH2NC.
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Figure 2 Reaction products of phosphido–borane complexes with organic 
compounds.

Results and discussion
The reactions between RCH2NC isocyanides and inorganic bases 
such as NaH,18a,c tBuOK,18a,c,e-g NaOH,18a,f,g K2CO3,18a-d,f,g 
Cs2CO3,18a,c,f,g Ag2CO3,18f,g or DBU18a,c,d,f are widely known and 
typically involve the proton abstraction providing BH+ (B = base) 
and the formation of a carbanion intermediate [RCHNC]- 
(Scheme 1). If compound 117 would behave similarly to 
traditional bases, then the carbanion [RCHNC]- generation 
should be accompanied by the formation of a B←P coordinated 
phosphane 1-BCy2-8-P(H)Ph-C10H6 (2) (Scheme 1).

Scheme 1 Reaction of bases with isocyanides (B = base).

Therefore, we started with the direct preparation of the 
phosphane 2 as first step of our study (Scheme 2). The 
hydrolysis of 1 provided the complex 2, characterised by NMR 
spectroscopy and X-ray diffraction analysis (see Figures S1–S6 in 
SI).

Scheme 2 Hydrolysis of compound 1.

Most importantly, the PH proton gave rise to a doublet at δ 6.02 
ppm along with a coupling constant of 1JP,H = 362 Hz in the 1H 
NMR spectrum of 2. The respective proton coupled 31P NMR 
spectrum also showed a doublet at δ -17.6 ppm with 1JP,H = 362 
Hz (see Figure S6 in SI). Finally, the molecular structure of 2 was 
confirmed by X-ray diffraction analysis (see Figure S1 in SI).
With compound 2 characterized, the phospido–borane 1 (see 
Figure S7 in SI) was treated with benzyl isocyanide PhCH2NC in 
a 1:1 stoichiometry as an NMR experiment (see Figure S8 in SI) 
and the reaction was monitored by 1H, 13C{1H} and 31P{1H} NMR 
spectroscopy. The aliphatic region of the 1H NMR spectrum, in 
addition to the signal of the starting PhCH2NC (δ 4.72 ppm), 
showed a new AX spin system at δA 3.91 ppm and δX 4.65 ppm, 
along with signals at δ 4.24, 5.03 and 6.69 in a 2:1:1:1 ratio after 
two days at r.t. (see Figure S9 in SI). The 13C{1H} NMR spectrum 
also revealed new signals at δ 78.6, 73.5 ppm and a doublet at 
δ 42.6 ppm with nJP,C = 13.1 Hz, together with the signal at δ 44.7 

ppm corresponding to PhCH2NC (see Figure S10 in SI). The 
13C{1H} APT and the 2D 1H–13C HMQC NMR spectra allowed the 
assignment of new signals to the PCH₂ fragment, non-
equivalent CH-CH groups and one CH group (see Figures S11–
S12 in SI). The 31P{1H} NMR spectrum revealed a signal at δ -26.0 
ppm of 1 together with a new signal at δ 16.2 ppm (see Figure 
S13 in SI). Therefore, it is evident that 1 does not behave like the 
traditional bases as no signal corresponding to that of 2 was 
detected. Upon heating the reaction mixture to 60 °C for 24h, 
the signal of isocyanide PhCH2NC disappeared (δ 4.72 ppm) in 
the 1H NMR spectrum (see Figure S14 in SI) while the 31P{1H} 
NMR spectrum still showed the presence of the starting 
phosphide-borane 1 (δ -25.5 ppm) (see Figure S15 in SI). The 
presence of 1 suggests that the reaction takes place in a 1:2 
stoichiometry, and therefore a second equivalent of PhCH2NC 
was added. The reaction was heated to 60°C for an additional 
48 hours to complete the conversion of 1 (see Figures S16–S17 
in SI). The evaporation of THF-d8, followed by extraction with a 
hexane/Et2O mixture (1:1) afforded a white powder that was 
redissolved in C₆D₆. The 1H NMR spectrum exhibited an AB spin 
system at δ 3.78 ppm, along with doublets at δ 4.10, 5.23 and 
6.45 in a 2:1:1:1 ratio (see Figure S18 in SI).
Based on this NMR experiment, the reaction of 1 with 2 eq. of 
PhCH2NC was performed at 60°C in a Schlenk flask and a new 
compound 3 was isolated, containing the P-CH2, CH-CH and CH 
bonds, as detected in the NMR experiment (Scheme 3). 
Compound 3 was characterized by NMR spectroscopy (see 
Figures S19–S23) and X-ray diffraction analysis.

Scheme 3 Synthesis of compound 3.

The molecular structure of 3 (Figure 3) reveals that the reaction 
of 1 with 2 eq. of benzyl isocyanide PhCH2NC provides an N-
substituted 2-imidazoline. The central C3N2 ring consists of one 
N=C double bond, represented by the bond distance of N2-C14 
(1.286(3) Å), which is close to the sum of the covalent radii for 
an N=C double bond (Σd_cov N,C = 1.27 Å).19 The remaining C-C 
and C-N bond distances within the C3N2 ring are close to the 
sums of the covalent radii of the parent atoms and correspond 
to the presence of single bonds, falling within the ranges 
observed in 2-imidazoline moieties.20 The N1 atom of the 2-
imidazoline ring is substituted by a B←P-CH2 alkyl group, with 
the C11-N1 bond distance again close to that of a C-N single 
bond. This new N-alkyl substituent features a new P1-C11 bond 
with a bond distance of 1.852(2) Å, close to the sum of the 
covalent radii of the parent atoms (Σcov P,C = 1.86 Å).19 
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Figure 3 PovRay presentation of molecular structure of 3. The thermal ellipsoids 
are drawn with 50% probability Selected hydrogen atoms are omitted for clarity. 
Selected bonds [Å] and angles (°): P1–B1 2.053(3), P1–C11 1.852(2), C11–N1 
1.445(3), N1–C14 1.365(4), N2–C14 1.286(3), P1–C11–N1 115.2(2), N1–C14–
N2 116.9(3). 

The 1H NMR spectrum of 3 shows singlets at δ 4.13 and 5.30 
ppm, corresponding to the CH–CH fragment of 2-imidazoline 
ring, along with a singlet at δ 6.52 ppm corresponding to the 
CH=N unit. The signal of P-CH2 resonates at δ 3.78 ppm with nJP,H 
= 4.5 Hz. The 31P{1H} NMR spectrum revealed a signal at δ 14.9 
ppm, shifted to higher frequency in comparison to the starting 
compound 1 (δ -25.5 ppm). This value is, however, consistent 
with related B←P coordinated phosphines 1-BR2-8-PR’2-C10H6 (R 
= Cy, Mes, Flu; R’ = iPr, Ph) or 1-BR2-8-PPh2-C10H6(C2H4) (R = H, 
Mes, C6F5) (12.2–25.1 ppm)21 and 1-BR2-2-PiPr2-C6H4 (24.8–5.5 
ppm) (R = Cy, Mes, Ph).22

The isolation of 3 suggests that compound 1 does not behave 
like traditional bases, while the formation of the P-C bond 
suggests its nucleophilic character. DFT computational studies 
have been performed to shed more light into the potential 

reaction mechanism. Evaluation of the electrostatic potential of 
both, the phosphido-borane 1 as well as the isocyanide, reveal 
a negatively polarized P-atom as well as terminal C-atom (Figure 
S39). The formation of the new P-C bond in 3 may proceed via 
two possible pathways: (i) 1 initial attack at the Ph-CH₂ group of 
the isocyanide followed by an immediate rearrangement of the 
phenyl substituent to provide the carbanion intermediate IntCH2 
(Scheme 4, top), or (ii) initial attack of 1 at the negatively 
polarized terminal isocyanide C-atom to form the carbanion 
intermediate Int1CN (Scheme 4, bottom). 

Scheme 4 Proposed interaction of 1 with PhCH2NC.

DFT calculations revealed that both intermediates represent a 
local minimum on the potential energy surface. While the 
formation of both intermediates are endothermic, the Int1CH2 is 
higher in energy by ΔH = +32.2 kJ mol−1, while the intermediate 
Int1CN is slightly lower with ΔH=+ 14.5 kJ mol−1 (Figure 4). Given 
that, the Int1CN is energetically favorable, the second pathway 
is more probable. In addition, the reactivity of 1 would then 
mimic the reactivity of alkyllithium reagents with aryl 
substituted RNC, where C-lithioaldimines were in situ 
generated.23 DFT calculations further revealed that the 1,3 
migration of hydrogen atom of Int1CH2 or Int1CN leads to the 
intermediate Int2, which is highly favored by ΔH=−80.7 kJ mol−1 
(Figure 4). 

Figure 4 Possible reaction mechanism for the formation of 3.
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In addition, the Int2 can then undergo a reaction with another 
isocyanide leading to the neutral phosphane 4 and a [PhCHNC]- 
carbanion, which is a moderately endothermic process of 
ΔH=+4.2 kJ mol−1 (Figure 4). It should also be mentioned that 
reaction of 1 with PhCH2NC to provide the carbanion [RCHNC]- 
and 2 is much higher in energy with ΔH = +71.5 kJ mol−1 (Figure 
4).
In an effort to experimentally confirm the presents of Int2, 
another NMR experiment was carried out. The reaction of 
PhCH2NC with a large excess of 1 in THF-d8 was carried out to 
suppress the immediate reaction of possible Int2 with 
isocyanide. The 1H, 13C{1H} and 31P{1H} NMR spectra revealed 
the mixture of 1 and a new species tentatively assigned as 4. 
The 1H NMR spectrum showed new AB spin system at δA 4.64 
and δA 4.82 ppm of the PCH₂ moiety (see Figure S24 in SI), that 
resonates at 58.9 ppm in the 13C{1H} NMR spectrum (see Figure 
S25 in SI). The 31P{1H} NMR spectrum revealed a signal at δ -23.6 
ppm of 1 together with a new signal at δ 15.5 ppm (see Figure 
S26 in SI). NMR spectra of a pure sample of 4 could not be 
acquired, due to the large excess of isocyanide PhCH2NC 
resulting in formation of compound 3 (vide supra). However, 
several crystals of 4 suitable for X-ray diffraction analysis were 
isolated from this mixture (Figure 5). 

Figure 5 PovRay presentation of molecular structure of 4. The thermal ellipsoids 
are drawn with 50% probability. Selected hydrogen atoms are omitted for clarity. 
Selected bonds [Å] and angles (°): P1–B1 2.059(3), P1–C11 1.855(3), C11–N1 
1.442(4), N1–C14 1.274(4), P1–C11–N1 109.3(2). 

A key feature of the molecular structure of 4 is the formation of 
the P-CH₂ moiety showing a P1-C11 bond with a bond distance 
of 1.855(3) Å, close to the sum of the covalent radii of the parent 
atoms (Σcov P,C = 1.86 Å).19 In contrast, the bond distance of N1-
C14 (1.274(4) Å) is close to the sum of the covalent radii for an 
N=C double bond (Σd_cov N,C = 1.27 Å).19  
Thus, DFT calculations and the experimental results support the 
assumption that 1 behaves as a nucleophile towards PhCH2NC 
and it attacks the isocyanide C-atom (IntCN), followed by 1,3-
hydrogen migration to provide intermediate Int2, that is basic 
enough to deprotonate the PhCH2NC.  This reaction may 
provide the carbanion intermediate [PhCHNC]- together with 
the neutral phosphane 4 (Scheme 5). The formation of 3 can be 
further explained as the subsequent reaction of 4 with the 
[PhCHNC]- carbanion, followed by the hydrolysis (Scheme 5).

Scheme 5 Preparation of compound 3.

To further study the nucleophilic character of 1 towards the 
isocyanides, additional reactions of 1 with 2 eq. of TosCH2- (Tos 
= CH3C6H4SO2) and EtOC(=O)CH2- isocyanides were carried out. 
These isocyanides are commercially available and contain 
electron-withdrawing substituents, which are expected to 
facilitate the nucleophilic attack of 1 at the CH₂ group of RCH₂NC 
(R = Tos, EtOC(=O)). Subsequent reactions with a second 
equivalent of the isocyanide provided compounds 5 (Scheme 6) 
and 6 (Scheme 7). Both compounds 5 and 6 were characterized 
by NMR spectroscopy (see Figures S27–S35 in SI) and X-ray 
diffraction analysis.

Scheme 6 Preparation of compound 5.

Molecular structure of 5 (Figure 6) revealed that the reaction of 
1 with 2 eq. of TosCH2NC provided N-substituted imidazole. The 
central C3N2 ring features N=C and C=C double bonds, 
represented by bond distances of C12-C13 (1.369(6) Å) and N2-
C14 (1.319(6) Å), close to the sum of the covalent radii for the 
parent double bonds (Σd_cov C,C = 1.34, Σd_cov N,C = 1.27 Å,).19 The 
remaining C-C and C-N bond distances within the C3N2 ring are 
close to the sums of the covalent radii of the parent atoms and 
correspond to the presence of single bonds, falling within the 
ranges observed in imidazole rings.18d-g 
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Figure 6 PovRay presentation of molecular structure of 5. The thermal ellipsoids 
are drawn with 50% probability. Selected hydrogen atoms are omitted for clarity. 
Selected bonds [Å] and angles (°): P1–B1 2.070(5), P1–C11 1.871(4), C11–N1 
1.454(6), N1–C14 1.370(6), N2–C14 1.319(6), C12–C13 1.369(6), P1–C11–
N1 114.4(3), N1–C14–N2 112.5(4).

The N1 atom of the imidazole ring is substituted by a B←PCH2 
alkyl group, with the C11-N1 bond distance again close to that 
of a C-N single bond. This N-alkyl substituent features a new P1-
C11 bond with a bond distance of 1.871(4) Å, close to the sum 
of the covalent radii of the parent atoms (Σcov P,C = 1.86 Å).19 
The 1H NMR spectrum of 5 is consistent with its structure and 
shows singlets corresponding to the imidazole ring at δ 6.53 
ppm for the CH=C and δ 7.31 ppm for the CH=N protons. The 
PCH2 signals resonate as an AB spin system at δA = 4.93 ppm and 
δB = 5.35 ppm, with nJP,H = 15.2 and 14.5 Hz, respectively. The 
31P{1H} NMR spectrum revealed a signal at δ 19.1 ppm, shifted 
to higher frequency in comparison to the starting compound 1 
(-25.5 ppm), but close to that observed for 3. The ¹¹B{¹H} NMR 
spectrum showed a signal at δ 1.5 ppm. 

Scheme 7 Preparation of compound 6.

Finally, the molecular structure of 6 (Figure 7) revealed that the 
reaction of 1 with 2 eq. of EtOC(=O)CH2NC provided an N-
substituted enamine. While the C12-C13 bond distance 
(1.338(4) Å) is close to the sum of the covalent radii for C=C 
double bonds (Σd_cov C,C = 1.34 Å),19 the N1-C12 bond length 
(1.374(3) Å) is shorter than the sum of the covalent radii of the 
parent atoms (Σd_cov N,C = 1.46 Å). Both distances are, however, 
consistent with those observed in related enamines (the range 

of 1.356–1.375 Å for C,C and of 1.334–1.344 Å for N,C atoms).24 
The N1 atom of the enamine is substituted by both a B←PCH2 
alkyl group, with the C11-N1 bond distance at 1.441(3) Å, with 
the C11-N1 bond distance again close to that of a C-N single 
bond, and a H1 atom, with the N1-H1 bond distance at 0.90(3) 
Å. The N-alkyl substituent contains a newly formed P1-C11 bond 
with the bond length of 1.860(2) Å. The H1 proton is involved in 
an N–H∙∙∙O=C intramolecular hydrogen bonding, with an H···O 
distance of 2.06(3) Å.

Figure 7 PovRay presentation of molecular structure of 6. The thermal ellipsoids 
are drawn with 50% probability. Selected hydrogen atoms are omitted for clarity. 
Selected bonds [Å] and angles (°): P1–B1 2.044(3), P1–C11 1.860(2), C11–N1 
1.441(3), N1–C12 1.374(3), C12–C13 1.338(4), P1–C11–N1 114.5(2), C11–N1–
C12 126.9(2), C13–C12–C17 117.8(3). 

The existence of 6 was also proven by NMR spectroscopy. The 
1H NMR spectrum of 6 is consistent with its solid-state structure 
and shows signals of the enamine at δ 5.10 ppm for the C=CH 
and at δ 8.48 ppm for the NH protons. This was further 
supported by the 1H-15N 1D HMQC experiment (d1 = 80 Hz), 
which displayed a doublet at δ 8.5 ppm with 1JN,H = 93.5 Hz (see 
Figure S35 in SI). The signals of PCH2 resonate as an AB spin 
system at δA 4.52 and δB 4.97 ppm, with nJP,H = 15.5 and 15.0 Hz, 
respectively. The 31P{1H} NMR spectrum revealed a signal at δ 
18.5 ppm, shifted to higher frequency in comparison to the 
starting compound 1 (-25.5 ppm), but close to that observed for 
3 and 5. The ¹¹B{¹H} NMR spectrum showed a signal at δ 0.3 ppm. 
Both examples suggest that 1 tentatively reacts with the studied 
isocyanides RCH2NC to initially generate the [B←PCHN=CHR]⁻ 
carbanion intermediates of the type Int2. These species 
probably behave like traditional bases B and undergo reactions 
with an additional equivalent of RCH2NC to form neutral 
phosphanes of type [B←PCH2N=CHR] (like isolated 4) together 
with the carbanion intermediates [RCHNC]-. This in situ 
generated system, subsequently provides the formation of new 
C–C bonds resulting in the new molecules 3, 5 and 6. This 
reactivity is consistent with the behaviour observed in the 
reactions of isocyanides with conventional bases B reported in 
the literature,18 in which the initial step has been proposed to 
involve the formation of [RCHNC]⁻ carbanion intermediates 
followed  by the subsequent reactions with organic substrate to 
form new species via C–C bond formation.18 Thus, compound 1 
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is distinguished not by its ability to promote C–C bond 
formation, but by its ability to generate the unique [B←PCH-
N=CHR]⁻ carbanion species of the type Int2. 
The unique behaviour of 1 was further documented by the 
reaction of the commercial group 1 metal phosphide Ph2PK with 
TosCH2NC and EtOC(=O)CH2NC. The 31P NMR spectra revealed a 
doublet at  - 41 ppm with 1J(31P, 1H) = 217 Hz (see Figures S36–
S37 in SI) in both cases, and suggests the formation of Ph2PH. 
Thus, the behaviour of Ph2PK resemble the behaviour of the 
traditional bases in these cases. In the reaction with PhCH₂NC, 
no formation of Ph₂PH was observed, and a mixture of products 
was generated (see Figure S38 in SI). Therefore, this borane-free 
group 1 metal phosphide contrasts the reactivity of 1 and 
cannot be used for preparation of P-substituted 2-imidazoline 
(3), imidazole (5) or enamine (6). While the isolation of neutral 
N-substituted alkyl phosphine enamine is unique, similar 
imidazole derivatives are known, its synthesis requires the use 
of imidazole, paraformaldehyde and toxic Ph₂PH.25 

Conclusions
This study presents a detailed exploration of the reactivity of 
the sodium phosphido-borane complex, [Na(THF)₃]+[1-BCy₂-8-
PPh-C₁₀H₆]– (1), with isocyanides. Phosphido-borane 1 act as an 
efficient nucleophile, enabling the formation of carbanion 
intermediates instead of proton abstraction reaction that 
should give the phosphane 1-BCy2-8-P(H)Ph-C10H6 (2). 
Therefore, this reactivity contrasts that of traditional bases or 
phosphides. In the initial reaction with benzyl isocyanide, it was 
discovered that 1 act as a nucleophile and reacts in a 2:1 
stoichiometry to form a 2-imidazoline ring in compound 3. 
Additional reactions of 1 with isocyanides bearing 
electron-withdrawing groups, in a 2:1 stoichiometry, led to the 
formation of compounds 1-BCy2-8-PPh[CH2(imidazole)SO2(p-
tolyl)]-C10H6 (5) and 1-BCy2-8-PPh[CH=NCH(COOEt)CH2COOEt]-
C10H6 (6), respectively. In compound 5, the formation of an 
imidazole ring was observed, while compound 6 features the 
formation of an enamine. Compounds 3, 5 and 6 demonstrate 
the ability of the sodium phosphido-borane complex 1 in 
promoting carbanion formation and participating in subsequent 
reactions to give various N-substituted alkyl phosphine organic 
compounds, which are not usually obtained by different 
synthetical approaches.

Experimental section
General Methods 
The starting compound 1 was prepared according to the 
literature.17 All reactions were carried out under argon 
atmosphere using standard Schlenk techniques. Compounds 
benzyl isocyanide, p-tolylsulfonylmethyl isocyanide and ethyl 
isocyanoacetate were purchased from Sigma Aldrich. Solvents 
were dried by standard methods, distilled prior to use. The 1H, 
13C{1H}, 11B{1H} and 31P{1H} NMR spectra were recorded at 
ambient temperature with a Bruker Avance 500 spectrometer. 

The chemical shifts δ are given in ppm and referenced to 
external SiMe4 (1H, 13C).

Synthesis of 1-BCy2-8-P(H)Ph-C10H6 (2)
A distilled water (1 l) was added to 5 mL THF solution of 
compound 1 (0.20 g, 0.31 mmol) at room temperature and 
stirred for 1 hour. The volume of the reaction mixture was 
reduced to half, and hexane (1 mL) was subsequently added. 
The resulting solution was crystallized at 5 °C to yield colourless 
crystals of 2. Yield: 0.09 g (68 %). Mp. 146–147 °C. Anal. Calc. for 
C28H34BP (412.33):C, 81.56; H 8.31; found C, 82.53; H 8.40. 1H 
NMR (500.13 MHz, C6D6, 300K): δ 0.84 (q, 1H, CyH), 0.98 (q, 2H, 
CyH), 1.10 (q, 3H, CyH), 1.18–1.23 (m, 1H, CyH), 1.25–1.34 (q, 
2H, CyH), 1.40 (t, 1H, CyH), 1.48 (d, 1H, CyH), 1.53 (d, 3H, CyH), 
1.65 (d, 1H, CyH), 1.78 (d, 2H, CyH), 1.85 (t, 3H, CyH), 1.95 (d, 
1H, CyH), 2.03 (d, 1H, CyH), 6.02 (d, 1H, PH, JP,H = 362 Hz), 6.92 
(t, 2H, ArH), 6.98 (d, 1H, ArH), 7.18–7.24 (m, 3H, ArH), 7.32 (t, 
1H, ArH), 7.53 (t, 1H, ArH), 7.59 (d, 1H, ArH), 7.73 (d, 1H, ArH), 
7.80 (d, 1H, ArH). 13C{1H} NMR (125.77 MHz, THF-d8, 300K): δ 
27.5 (d, JP,C = 17.7 Hz), 28.4, 28.8 (d, JP,C = 8.8 Hz), 28.9, 29.8 (d, 
JP,C = 11.0 Hz), 30.7 (d, JP,C = 9.4 Hz), 32.5, 32.5 (d, JP,C = 11.0 Hz) 
(CyC), 122.9, 124.7, 125.2, 125.3 (d, JP,C = 7.2 Hz), 125.6, 127.5 
(d, JP,C = 3.6 Hz), 128.5 (d, JP,C = 18.0 Hz), 128.9 (d, JP,C = 10.8 Hz), 
129.8, 130.6 (d, JP,C = 2.5 Hz), 131.4 (d, JP,C = 2.8 Hz), 132.5, 
132.6, 132.6 (d, JP,C = 10.1 Hz), 145.6 (d, JP,C = 38.4 Hz) (ArC), ArC-
B not found. 11B{1H} NMR (160.57 MHz, C6D6, 300K): δ 1.6.  
31P{1H} NMR (202.49 MHz, C6D6, 300K): δ -17.6.

Synthesis of 1-BCy2-8-PPh[CH2(imidazoline)Ph2]-C10H6 (3)
Two equivalents of benzyl isocyanide (0.06 mL, 0.50 mmol) 
were added to a 5 mL THF solution of 1 (0.16 g, 0.25 mmol) at 
room temperature and stirred for 3 days at 60 °C. The resulting 
orange solution was evaporated, remaining solid extracted to 
10 mL of THF/hexane (1:1). The filtrate was left at room 
temperature for crystallization to yield a white solid of 3. Yield: 
0.15 g (85 %). Mp. 196–197 °C. Anal. Calc. for C44H48N2BP 
(646.67): C, 81.72; H 7.48; found C, 81.95; H 7.42. 1H NMR 
(500.13 MHz, C6D6, 300K): δ 0.52 (q, 1H, CyH), 0.87 (q, 3H, CyH), 
0.92–1.02 (m, 3H, CyH), 1.11–1.28 (m, 5H, CyH), 1.37 (t, 2H, 
CyH), 1.58 (d, 1H, CyH), 1.75 (q, 4H, CyH), 1.88 (t, 3H, CyH), 3.78 
(d, 2H, PCH2), 4.13 (d, 1H, NCHPh), 5.30 (d, 1H, NCHPh), 6.52 (s, 
1H, NCH=N), 6.71 (d, 2H, ArH), 6.90–6.97 (m, 6H, ArH), 7.02 (t, 
1H, ArH), 7.15–7.19 (m, 1H, ArH), 7.22 (q, 4H, ArH), 7.32 (t, 2H, 
ArH), 7.47–7.53 (m, 3H, ArH), 7.62 (d, 1H, ArH), 7.73 (d, 1H, 
ArH). 13C{1H} NMR (125.77 MHz, C6D6, 300K): δ 27.6, 27.9 (d, JP,C 
= 13.2 Hz), 28.7 (d, JP,C = 14.2 Hz), 29.1 (d, JP,C = 7.6 Hz), 29.3 (d, 
JP,C = 9.4 Hz), 29.9 (d, JP,C = 11.3 Hz), 30.3 (d, JP,C = 14.2 Hz), 31.1 
(d, JP,C = 9.4 Hz), 31.9 (d, JP,C = 6.6 Hz), 32.2 (d, JP,C = 3.3 Hz), 32.9 
(d, JP,C = 8.0 Hz), 33.6 (d, JP,C = 4.7 Hz) (CyC), 42.5 (d, JP,C = 15.5 
Hz) (PCH2), 73.4, 78.2 (NCHPh), 123.2, 125.0 (d, JP,C = 9.2 Hz), 
125.2 (d, JP,C = 9.2 Hz), 126.3, 128.2 (d, JP,C = 2.2 Hz), 128.3 (d, 
JP,C = 2.9 Hz), 128.6 (d, JP,C = 4.6 Hz), 128.7 (d, JP,C = 4.3 Hz), 128.8 
(d, JP,C = 9.3 Hz), 129.0, 129.5, 130.3 (d, JP,C = 2.3 Hz), 130.4 (d, 
JP,C = 2.8 Hz), 130.6, 131.1, 131.7, 131.9, 132.4 (d, JP,C = 9.8 Hz), 
140.0, 143.9, 145.1 (d, JP,C = 36.7 Hz), 145.8 (d, JP,C = 36.7 Hz) 
(ArC), 154.3 (NCH=N), 156.3 (B-C). 11B{1H} NMR (160.57 MHz, 
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C6D6, 300K): δ -0.2. 31P{1H} NMR (202.49 MHz, C6D6, 300K): δ 
14.9.
Synthesis of 1-BCy2-8-PPh[CH2(imidazole)SO2(p-tolyl)]-C10H6 (5)
A p-tolylsulfonylmethyl isocyanide (0.21 g, 1.08 mmol) was 
added to a 10 mL THF solution of 1 (0.35 g, 0.54 mmol) at -70 °C 
and stirred for 3 days at room temperature. The resulting 
suspension was filtrated. The filtrate was evaporated, the 
remaining solid extracted to 10 mL of toluene/Et2O (1:1). The 
filtrate was crystallized at -20 °C to yield yellow crystals suitable 
for X-ray analysis and characterized as 5·1.5C7H8. Yield: 0.31 g 
(88 %). Mp. 189–190 °C. Anal. Calc. for C39H44N2O2SBP·C10.5H12 
(784.84): C, 75.57; H 7.25; found C, 75.48; H 7.19. 1H NMR 
(500.13 MHz, THF-d8, 300K): δ -0.09 (q, 1H, CyH), 0.38 (q, 1H, 
CyH), 0.66 (d, 1H, CyH), 0.73–0.79 (m, 2H, CyH), 0.94 (d, 1H, 
CyH), 1.03–1.11 (m, 3H, CyH), 1.32–1.43 (m, 5H, CyH), 1.61 (d, 
1H, CyH), 1.74–1.83 (m, 5H, CyH), 1.91 (d, 1H, CyH), 2.27 (d, 1H, 
CyH), 2.44 (s, 3H, CH3), 4.93 (AB system, 1H, P-CH2), 5.35 (AB 
system, 1H, P-CH2), 6.53 (t, 1H, CH=C), 6.92 (d, 2H, ArH), 7.31 (t, 
1H, CH=N), 7.39 (d, 2H, ArH), 7.48 (d, 1H, ArH), 7.56 (t, 1H, ArH), 
7.65 (t, 2H, ArH), 7.70 (t, 2H, ArH), 7.79–7.83 (m, 4H, ArH), 8.08 
(d, 1H, ArH). 13C{1H} NMR (125.77 MHz, THF-d8, 300K): δ 20.5 
(CH3), 27.1, 27.8 (d, JP,C = 2.0 Hz), 28.8, 28.9, 29.0, 29.2, 29.4 
(CyC), 30.1 (BCH), 31.8 (d, JP,C = 2.7 Hz), 33.0 (d, JP,C = 2.4 Hz), 
33.7 (d, JP,C = 6.6 Hz) (CyC), 45.3 (d, JP,C = 5.7 Hz) (P-CH2), 123.2 
(d, JP,C = 1.8 Hz), 124.2 (d, JP,C = 18.2 Hz), 124.6 (d, JP,C = 28.9 Hz), 
125.0 (d, JP,C = 7.3 Hz) (ArC), 125.1 (CH=N), 127.5 (d, JP,C = 4.0 
Hz), 128.6, 128.7, 129.2, 129.4 (d, JP,C = 9.6 Hz) (ArC), 129.8 
(CH=C), 131.5 (d, JP,C = 3.1 Hz), 132.2 (d, JP,C = 2.4 Hz), 132.8 (d, 
JP,C = 9.6 Hz), 132.8 (d, JP,C = 10.5 Hz), 139.4, 139.6, 142.3, 143.4, 
144.6 (d, JP,C = 35.8 Hz) (ArC), 155.9 (d, JP,C = 21.9 Hz) (B-C). 

11B{1H} NMR (160.57 MHz, THF-d8, 300K): δ 1.5. 31P{1H} NMR 
(202.49 MHz, THF-d8, 300K): δ 19.1.

Synthesis of 1-BCy2-8-PPh[CH=NCH(COOEt)CH2COOEt]-C10H6 (6)
An ethyl isocyanoacetate (0.2 mL, 1.88 mmol) was added to a 
10 mL THF solution of 1 (0.61 g, 0.94 mmol) at -70 °C and stirred 
for 24 hours at room temperature. The resulting yellow solution 
was evaporated, the remaining solid extracted to 10 mL of 
hexane/THF (1:1). The filtrate was overlayered by 5 mL of Et2O 
and let crystallize at -20 °C to provide yellow crystals of 6. Yield: 
0.41 g (71 %). Mp. 185–186 °C. Anal. Calc. for C37H47NO4BP 
(611.57): C, 72.96; H 7.90; found C, 72.85; H 7.97.  1H NMR 
(500.13 MHz, THF-d8, 300K): δ -0.03 (q, 1H, CyH), 0.39 (q, 1H, 
CyH), 0.71 (q, 3H, CyH), 0.93–1.02 (m, 4H, CyH), 1.10 (t, 3H, CH3), 
1.16 (d, 1H, CyH), 1.22 (t, 3H, CH3), 1.27–1.35 (m, 4H, CyH), 1.54 
(d, 1H, CyH), 1.67–1.73 (m, 5H, CyH), 1.81 (d, 1H, CyH), 2.09 (d, 
1H, CyH), 3.95 (qui, 2H, O-CH2), 4.08 (q, 2H, O-CH2), 4.52 (AB 
system, 1H, P-CH2), 4.97 (AB system, 1H, P-CH2), 5.10 (s, 1H, 
C=CH), 7.40 (d, 1H, ArH), 7.47–7.52 (m, 4H, ArH), 7.58 (t, 1H, 
ArH), 7.64 (d, 1H, ArH), 7.74 (t, 2H, ArH), 7.99 (t, 1H, ArH), 8.04 
(d, 1H, ArH), 8.48 (bs, 1H, NH). 13C{1H} NMR (125.77 MHz, THF-
d8, 300K): δ 14.1, 14.9 (CH3), 28.4, 29.0, 29.2, 30.1, 30.2, 30.3, 
30.5 (CyC), 31.3, 31.5 (BCH), 32.9 (d, JP,C = 3.1 Hz), 33.7 (d, JP,C = 
3.6 Hz), 34.8 (d, JP,C = 5.2 Hz) (CyC), 43.6 (d, JP,C = 9.9 Hz) (P-CH2), 
60.2, 62.7 (O-CH2), 91.3 (d, JP,C = 1.7 Hz) (C=CH), 124.0, 126.2 (d, 
JP,C = 39.2 Hz), 126.3 (d, JP,C = 6.1 Hz), 128.4 (d, JP,C = 50.1 Hz), 
128.5 (d, JP,C = 3.3 Hz), 129.4 (d, JP,C = 17.5 Hz), 130.0 (d, JP,C = 

7.6 Hz), 131.0, 131.7 (d, JP,C = 2.4 Hz), 132.6 (d, JP,C = 2.4 Hz), 
133.8 (d, JP,C = 10.7 Hz), 134.0 (d, JP,C = 9.5 Hz), 145.8 (d, JP,C = 
35.5 Hz) (ArC), 150.6 (C=CH), 157.1 (B-C), 163.6, 170.5 (C=O). 

11B{1H} NMR (160.57 MHz, THF-d8, 300K): δ 0.3. 31P{1H} NMR 
(202.49 MHz, THF-d8, 300K): δ 18.5.

Mechanistical studies. 
Phospido–borane 1 (0.16 g, 0.25 mmol) was dissolved in THF-d8 
and treated with benzyl isocyanide PhCH2NC (0.03 mL, 0.25 
mmol) in a 1:1 stoichiometry at r.t. for 2 days as an NMR tube 
experiment. The reaction mixture was subsequently heated for 
another 24 h until complete consumption of PhCH2NC was 
achieved. Then, a second equivalent of benzyl isocyanide (0.03 
mL, 0.25 mmol) was added to the NMR tube, and the reaction 
mixture was heated at 60 °C for an additional 2 days. The 
evaporation of THF-d8, followed by extraction with a 
hexane/Et2O mixture (1:1) afforded a white powder that was 
redissolved in C₆D₆ (see Figures S18 in SI).

A large excess of 1 (0.2 g, 0.30 mmol) in THF-d8 was treated in 
NMR tube with PhCH2NC (0.01 mL, 0.1 mmol) for 24 h at r.t. The 
addition of hexane/Et2O mixture (1:1) provided several single 
crystals suitable for X-ray diffraction analysis that were analysed 
as compound 4. 

Crystallographic details 
Single crystals of colourless 2 suitable for X-ray analysis were 
obtained from THF/hexane solution at 5°C. Compound 3 was 
crystalized from THF/Et2O/hexane at 5°C to provide colourless 
crystals of 3·0.5(C6H14). Single crystals of 4 suitable for X-ray 
analysis were obtained from THF-d8/hexane/Et2O solution at 
5°C. Yellow crystals of 5·1.5(C7H8) and of 6 suitable for X-ray 
structure determination were obtained from toluene/Et2O (1:1) 
solutions of 5 and 6 at -20 °C. Full-sets of diffraction data for 2, 
3·0.5(C6H14), 5·1.5(C7H8) and 6 were collected at 150(2)K using 
a Bruker Venture D8 diffractometer at 150 K with graphite-
monochromated Mo-K (0.7107 Å) radiation. The frames were 
integrated with the Bruker SAINT software package using a 
narrow frame algorithm. Data were corrected for absorption 
effects using the Multi-Scan method (SADABS). Obtained data 
were treated by XT-version 2014/5 and SHELXL-2019/1 
software implemented in APEX4 v2021.10-0 (Bruker AXS) 
system. All non-hydrogen atoms were refined using anisotropic 
displacement parameters. Crystallographic data for the 
structural analyses have been deposited with the Cambridge 
Crystallographic Data Centre, CCDC nos. 2498561 – 2498564 (3, 
5 and 6) and 2558515 (4). Copies of this information may be 
obtained free of charge from The Director, CCDC, 12 Union 
Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336033; e-mail: 
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). There 
are residual electron maxima within the unit cell probably 
originated from the disordered solvent in the structure of 
3·0.5(C6H14), and 5·1.5(C7H8). PLATON/SQUEZZE26 was used to 
correct the data for the presence of disordered solvent. The 
structure of 6 contains a solvable disorder of OEt group, this 
disorder was treated with SHELXL software.27
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Computational Methodology
Geometry Optimizations of the isolated molecule structures 
were carried out using density functional theory (DFT) at the 
B3PW91/6-311+G(2df,p)28,29 level of theory using the 
Gaussian1630 software package. Dispersion effects were 
modelled using Grimme’s GD3BJ parameters.31 Solvent effects 
have been modelled by including the polarizable continuum 
model (IEF-PCM)32 and universal force field (UFF) atomic radii) 
with tetrahydrofuran as solvent for the geometry optimization 
at the level of theory specified above.

Author contributions
M.A. and T.B. carried out experimental work, including the synthesis 
and the reactivity. Z.R. carried our characterisation of the complexes 
by XRD. E.H. performed all DFT computations. L.D. and R.J. 
conceptualised the project, supervised the overall work, and wrote 
the manuscript with the participation of all authors.

Conflicts of interest
There are no conflicts to declare”

Data availability
Electronic Supplementary Information (ESI) including all NMR 
spectra, details of X-ray diffraction analysis available. CCDC 2498561 
– 2498564 and 2558515. R. Jambor, FigShare, Experimental dates, 
doi 10.6084/m9.figshare.31923072.

Acknowledgements
R.J. would like to acknowledge Program Johannes Amos 
Comenius under the Ministry of Education, Youth and Sports of 
the Czech Republic [No. CZ.02.01.01/00/23_021/0008593] for 
financial support. We thank one anonymous reviewer for 
valuable discussions on the proposed intermediates Int1CH2 and 
IntCN.

Notes and references
1 K. Diemert, T. Hahn and W. Kuchen, Zur Kenntnis Des 

Natriumdiphenylphosphinoformiats Ph2PCOONa, 
Phosphorus, Sulfur Silicon Relat. Elem., 1991, 60, 287–294, 
DOI: 10.1080/10426509108036793.

2 K. Diemert, T. Hahn, W. Kuchen and P. Tommes, Darstellung 
Und Reaktionen Einiger Lithiumphosphinoformiate R2PCOOLi 
Und RhPCOOLi -Ab Initio-Rechnungen Im System H2PCOOH-
Ph3/CO2, Phosphorus, Sulfur Silicon Relat. Elem., 1993, 83, 65–
76, DOI: 10.1080/10426509308034349.

3 R. P. Davies and M. G. Martinelli, Synthetic and Structural 
Studies of Lithium Complexes of Selenophosphorus Ligands, 
Inorg. Chem., 2002, 41, 348–352, doi.org/10.1021/ic010835q.

4 R. P. Davies, C. V. Francis, A. P. S. Jurd, M. G. Martinelli, A. J. P. 
White and D. J. Williams, Coordination Chemistry of 
Diselenophosphinate Complexes:  The X-ray Single-Crystal 
Structures of [K(Se2PPh2)(THF)2]2 and [In(Se2PPh2)3]·L (L = THF, 

PhMe), Inorg. Chem., 2004, 43, 4802–4804, 
doi.org/10.1021/ic049567x.

5 J. Bresien, Y. Pilopp, A. Schulz, L. S. Szych, A. Villinger and R. 
Wustrack, Synthesis of Sterically Demanding Secondary 
Phosphides and Diphosphanes and Their Utilization in Small-
Molecule Activation, Inorg. Chem., 2020, 59, 13561–13571, 
doi.org/10.1021/acs.inorgchem.0c01934.

6 L. S. Szych, K. P. Lüdtke, Y. Pilopp, J. Bresien, A. Villinger and 
A. Schulz, Reaction of potassium phosphide KP(iPr)Ter with 
chalcogens, heteroallenes and an acyl chloride, Dalton Trans., 
2021, 50, 16568–16577, doi.org/10.1039/D1DT03400F.

7 M. Xu, A. R. Jupp, Z.-W. Qu and D. W. Stephan, Alkali Metal 
Species in the Reversible Activation of H2, Angew. Chem., 
2018, 130, 11216–11220, doi.org/10.1002/ange.201806849.

8 M. Xu, A. R. Jupp and D. W. Stephan, Acyl-Phosphide Anions 
via an Intermediate with Carbene Character: Reactions of 
K[PtBu2] and CO, Angew. Chem., Int. Ed., 2019, 58, 3548–
3590, doi.org/10.1002/ange.201814562.

9 J. Ye, J.-Q. Zhang, Y. Saga, S. Onozawa, S. Kobayashi, K. Sato, 
N. Fukaya and L.-B. Han, Ready Approach to 
Organophosphines from ArCl via Selective Cleavage of C–P 
Bonds by Sodium, Organometallics, 2020, 39, 2682–2694, 
doi.org/10.1021/acs.organomet.0c00295.

10 A. Mudzakir, P. Liebing, E. Haak, A. Fischer, L. Hilfert, R. 
Goldhahn and F. T. Edelmann, An unusual phosphide addition 
reaction of 1,3-dimethyl-1,2,3-benzotriazolium iodide, Inorg. 
Chem. Commun., 2024, 161, 111924, 
doi.org/10.1016/j.inoche.2023.111924.

11 B. S. N. Huchenski and A. W. H. Speed, Room-temperature 
reduction of sulfur hexafluoride with metal phosphides, 
Chem. Commun., 2021, 57, 7128–7131, 
doi.org/10.1039/D1CC01943K.

12 R. Shintani, A. Ohzono and K. Shirota, Phosphinative 
cyclopropanation of allyl phosphates with lithium phosphides, 
Chem. Commun., 2020, 56, 11851–11854, 
DOI: 10.1039/D0CC04854B.

13 (a) F. Dornhaus, M. Bolte, H. Lerner and M. Wagner, A 
Comparative Study of Chalcogenated 
Phosphanylborohydrides[EPR2BH3]– (R = Ph, tBu) and 
Triorganophosphane Chalcogenides EPPh2CH3 (E = O, S, Se, 
Te), Eur. J. Inorg. Chem., 2006, 24, 5138–5147; 
doi.org/10.1002/ejic.200600753; (b) K. Izod, J. M. Watson, W. 
Clegg and R. W. Harrington, Benzyl Ether-Substituted 
Phosphido–Borane Complexes of the Alkali Metals, Eur. J. 
Inorg. Chem., 2012, 10, 1696–1701, 
doi.org/10.1002/ejic.201101367; (c) V. L. Rudzevich, H. 
Gornitzka, V. D. Romanenko and G. Bertrand, Formation of 
the monoanion [Ar*P(BH3)(μ-BH2)2H]− with a symmetrically 
bridging hydride from the attempted synthesis of the dianion 
[Ar*P(BH3)3]2−, Chem. Commun., 2001, 17, 1634–1635; 
doi.org/10.1039/B105030N; (d) K. Izod, J. M. Watson, W. 
Clegg and R. W. Harrington, Phosphido-Borane and 
Phosphido-Bis(Borane) Complexes of the Alkali Metals, a 
Comparative Study, Inorg. Chem., 2013, 52, 1466–1475; 
doi.org/10.1021/ic302205b; (e) K. Izod, J. M. Watson, W. 
Clegg and R. W. Harrington, Synthesis, structures and 
stabilities of thioanisole-functionalised phosphido-borane 
complexes of the alkali metals, Dalton Trans., 2011, 40, 
11712–11718; doi.org/10.1039/C1DT11368B.

14 (a) B. Mohr, D. M. Lynn and R. H. Grubbs, Synthesis of Water-
Soluble, Aliphatic Phosphines and Their Application to Well-
Defined Ruthenium Olefin Metathesis Catalysts, 
Organometallics, 1996, 15, 4317–4325;      
doi.org/10.1021/om9603373; (b) T. Imamoto, Y. Saitoh, A. 
Koide, T. Ogura and K. Yoshida, Synthesis and 
Enantioselectivity of P-Chiral Phosphine Ligands with Alkynyl 
Groups, Angew. Chem. Int. Ed., 2007, 46, 8636–8639; 
doi.org/10.1002/anie.200702513; (c) R. J. Detz, S. A. Heras, R. 

Page 8 of 11Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

https://doi.org/10.1021/ic010835q
https://doi.org/10.1021/ic049567x
https://doi.org/10.1021/acs.inorgchem.0c01934
https://doi.org/10.1039/D1DT03400F
https://doi.org/10.1002/ange.201806849
https://doi.org/10.1002/ange.201814562
https://doi.org/10.1021/acs.organomet.0c00295
https://doi.org/10.1039/D1CC01943K
https://doi.org/10.1039/D0CC04854B
https://doi.org/10.1002/ejic.200600753
https://doi.org/10.1002/ejic.201101367
https://doi.org/10.1039/B105030N
https://doi.org/10.1021/ic302205b
https://doi.org/10.1039/C1DT11368B
https://doi.org/10.1021/om9603373
https://doi.org/10.1002/anie.200702513


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

De Gelder, P. W. N. M. Van Leeuwen, H. Hiemstra, J. N. H. Reek 
and J. H. van Maarseveen, Clickphine:  A Novel and Highly 
Versatile P,N Ligand Class via Click Chemistry, Org. Lett., 2006, 
8, 3227–3230; doi.org/10.1021/ol061015q.

15 P. Pellon, Phosphine-boranes in synthesis. Borane as an 
efficient protecting group in the preparation of functionalized 
phosphines, Tetrahedron Lett., 1992, 33, 4451–4452; 
doi.org/10.1016/S0040-4039(00)60107-7.

16 G. B. Consiglio, P. Queval, A. Harrison-Marchand, A. Mordini, 
J.-F. Lohier, O. Delacroix, A.-C. Gaumont, H. Gerard, J. 
Maddaluno and H. Oulyadi, Ph2P(BH3)Li: From Ditopicity to 
Dual Reactivity, J. Am. Chem. Soc., 2011, 133, 6472–6480; 
doi.org/10.1021/ja201760c.

17 M. Aman, L. Dostál, A. Růžička, Z. Růžičková and R. Jambor, B-
substituted group 1 phosphides: synthesis and reactivity, 
Dalton Trans., 2023, 52, 16870–16885; 
doi.org/10.1039/D3DT02568C.

18 (a) J. Luo, Y. Zhang, Q. Yan, G. Yang, Y. Zhang and H. Wang, 
NaH-promoted one-pot synthesis of 5-amidoimidazoles from 
arylamines, carbon disulfide and isocyanides, Molecular 
Diversity. 2023, 27, 135–143; 10.1007/s11030-022-10413-9;
(b) S. Hu, Y. Li, W. Kan, T. Ding, H. Gu, T. Zhang, Z. Yi and Y. 
Chen, Novel orthodiphenyl five-member N-heteroaromatic 
compounds as potent anticancer cell agents, Medicinal 
Chemistry Research, 2022, 31, 936–948; 
doi.org/10.1007/s00044-022-02894-y; (c) D. Saha, T. Kaur and 
A. Sharma, Facile Construction of Imidazo-benzothia-
/oxazepines by a Quick and Efficient van Leusen Protocol, 
Asian J. Org. Chem., 2017, 6, 527–533; 
doi.org/10.1002/ajoc.201600531; (d) W. Wu, Z. Zhang, J. Li, J. 
Xia, X. Han and Z. Weng, Copper Loading-Controlled Selective 
Synthesis of 2,5-Bis(trifluoromethyl) and 
Monotrifluoromethyl-Substituted Oxazoles, J. Org. Chem., 
2024, 89, 589-598; doi.org/10.1021/acs.joc.3c02315; (e) C. 
Necardo, A. I. Alfano, E. Del Grosso, S. Pelliccia, U. Galli, E. 
Novellino, F. Meneghetti, M. Giustiniano and G. C. Tron, Aryl 
Azides as Forgotten Electrophiles in the Van Leusen Reaction: 
A Multicomponent Transformation Affording 4-Tosyl-1-
arylimidazoles, J. Org. Chem., 2019, 84, 16299- 16307; 
doi.org/10.1021/acs.joc.9b02546; (f) S. Hu, H. Yang, Z. Chen  
and X.-F. Wu, Base-mediated [3þ2] annulation of 
trifluoroacetimidoyl chlorides and isocyanides: An improved 
approach for regioselective synthesis of 5-trifluoromethyl-
imidazoles, Tetrahedron, 2020, 76, 131168; 
doi.org/10.1016/j.tet.2020.131168; (g) J. Cai, H. Bai, Y. Wang, 
X. Xu, H. Xie and J. Liu, Base-mediated regioselective [3+2] 
annulation of ketenimines and isocyanides: efficient synthesis 
of 1,4,5-trisubstituted imidazoles, Chem. Commun., 2019, 55, 
3821-3824, doi.org/10.1039/C9CC01257E.

19 (a) P. Pyykkö and M. Atsumi, Molecular Single-Bond Covalent 
Radii for Elements, Chem.-Eur. J., 2009, 15, 186-197, 
doi.org/10.1002/chem.200800987; (b) P. Pyykkö and M. 
Atsumi, Molecular Double-Bond Covalent Radii for Elements, 
Chem.-Eur. J., 2009, 15, 12770-12779, 
doi.org/10.1002/chem.200901472.

20 (a) S. Qiao, C. B. Wilcox, D. K. Unruh, B. Jiang and G. Li, 
Asymmetric [3 + 2] Cycloaddition of Chiral N-Phosphonyl 
Imines with Methyl Isocyanoacetate for Accessing 2-
Imidazolines with Switchable Stereoselectivity, J. Org. Chem., 
2017, 82, 2992-2999; doi.org/10.1021/acs.joc.6b03068; (b) 
Y.-R. Lin, X.-T. Zhou, L.-X. Dai and J. Sun, Ruthenium Complex-
Catalyzed Reaction of Isocyanoacetate and N-Sulfonylimines:  
Stereoselective Synthesis of N-Sulfonyl-2-Imidazolines, J. Org. 
Chem., 1997, 62, 1799-1803, doi.org/10.1021/jo961598p; (c) 
Z. Gao, L. Zhang, Z. Sun, H. Yu, Y. Xiao and H. Guo, DABCO-
catalyzed [3 + 2] annulation of sulfamate-derived cyclic imines 
with isocyanoacetates: synthesis of sulfamate-fused 2-

imidazoline, Org. Biomol. Chem., 2014, 12, 5691-5697, 
doi.org/10.1039/C4OB00840E.

21 (a) S. Bontemps, M. Devillard, S. Mallet-Ladeira, G. Bouhadir, 
K. Miqueu and D. Bourissou, Phosphino-Boryl-Naphthalenes: 
Geometrically Enforced, Yet Lewis Acid Responsive P → B 
Interactions, Inorg. Chem., 2013, 52, 4714-4720, 
doi.org/10.1021/ic4003466; (b) J. Beckmann, E. Hupf, E. Lork 
and S. Mebs, Peri-Substituted 
(Ace)Naphthylphosphinoboranes. (Frustrated) Lewis Pairs, 
Inorg. Chem., 2013, 52, 20, 11881–11888, 
doi.org/10.1021/ic401406k; (c) S. Furan, E. Hupf, E. Lork, S. 
Mebs and J. Beckmann, Insights into Frustrated and 
Regular peri-Substituted (Ace-)Naphthylaminoboranes and 
(Ace-)Naphthylphosphinoboranes, Eur. J. Inorg. Chem., 2017, 
27, 3302-3311, doi.org/10.1002/ejic.201700267. 

22 (a) S. Bontemps, G. Bouhadir, K. Miqueu and D. Bourissou, On 
the Versatile and Unusual Coordination Behavior of 
Ambiphilic Ligands o-R2P(Ph)BR‘2, J. Am. Chem. Soc., 2006, 
128, 12056-12057; doi.org/10.1021/ja0637494; (b) M. W. P. 
Bebbington, S. Bontemps, G. Bouhadir and D. Bourissou, 
Photoisomerizable Heterodienes Derived from a Phosphine 
Borane, Angew. Chem. Int. Ed., 2007, 46, 3333-3336, DOI: 
10.1002/anie.200605078; (c) M. Sircoglou, S. Bontemps, M. 
Mercy, K. Miqueu, S. Ladeira, N. Saffon, L. Maron, G. Bouhadir 
and D. Bourissou, Copper(I) Complexes derived from Mono- 
and Diphosphino-Boranes: Cu→B Interactions Supported by 
Arene Coordination, Inorg. Chem., 2010, 49, 3983-3990, 
doi.org/10.1021/ic901896z.

23 A. Orita, M. Fukudome, K. Ohe and S. Murai, Reactions via 
carbonyl anions. [4+1] Cyclocoupling of azadienyllithium with 
carbon monoxide, J. Org. Chem., 1994, 59, 477-481 
https://doi.org/10.1021/jo00081a032

24 B. Kempf, N. Hampel, A.R. Ofial, and H Mayr, Structure - 
Nucleophilicity relationships for enamines, Chem. Eur. J., 
2003, 9, 2209-2218, DOI 10.1002/chem.200204666.

25 X.-B. Jiang, L. Lefort, P. E. Goudriaan, A. H. M. de Vries, P. W. 
N. M. van Leeuwen, J. G. de Vries and J. N. H. Reek, Screening 
of a Supramolecular Catalyst Library in the Search for 
Selective Catalysts for the Asymmetric Hydrogenation of a 
Difficult Enamide Substrate, Angew. Chem. Int. Ed., 2006, 45, 
1223–1227, doi.org/10.1002/anie.200503663.

26 A. L. Spek, PLATON SQUEEZE: a tool for the calculation of the 
disordered solvent contribution to the calculated structure 
factors, Acta Cryst. 2015, C71, 9-18, doi: 
10.1107/S2053229614024929.

27 G. M. Sheldrick, SHELXL-97, Program for Crystal Structure 
Solution and Refinement, University of Göttingen: Göttingen, 
2008.

28 (a) A. D. Becke, Density-functional thermochemistry. III. The 
role of exact exchange, J. Chem. Phys., 1993, 98, 5648−5652, 
doi.org/10.1063/1.464913; (b) J. P. Perdew, J. A. Chevary, S. 
H. Vosko, K. A. Jackson, M. R. Pederson, D. J. Singh and C. 
Fiolhais, Atoms, molecules, solids, and surfaces: Applications 
of the generalized gradient approximation for exchange and 
correlation, Phys. Rev. B: Condens. Matter Mater. Phys., 1992, 
46, 6671−6687, doi.org/10.1103/PhysRevB.46.6671.

29 (a) R. Krishnan, J. S. Binkley, R. Seeger and J. A. Pople, 
Self-consistent molecular orbital methods. XX. A basis set for 
correlated wave functions, J. Chem. Phys., 1980, 72, 650−654, 
doi.org/10.1063/1.438955; (b) A. D. McLean and G. S. 
Chandler, Contracted Gaussian basis sets for molecular 
calculations. I. Second row atoms, Z=11–18, J. Chem. Phys., 
1980, 72, 5639−5648, doi.org/10.1063/1.438980.

30 Gaussian16 (RevisionC.01), M. J. Frisch, G. W. Trucks, H. B. 
Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. 
Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M. 
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, 
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. 

Page 9 of 11 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

https://doi.org/10.1021/ol061015q
https://doi.org/10.1016/S0040-4039(00)60107-7
https://doi.org/10.1021/ja201760c
https://doi.org/10.1039/D3DT02568C
https://doi.org/10.1007/s11030-022-10413-9?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1002/ajoc.201600531
https://doi.org/10.1021/acs.joc.3c02315
https://doi.org/10.1021/acs.joc.9b02546
https://doi.org/10.1016/j.tet.2020.131168
https://doi.org/10.1039/C9CC01257E
https://doi.org/10.1002/chem.200800987
https://doi.org/10.1002/chem.200901472
https://doi.org/10.1021/acs.joc.6b03068
https://doi.org/10.1021/jo961598p
https://doi.org/10.1039/C4OB00840E
https://doi.org/10.1021/ic4003466
https://doi.org/10.1021/ic401406k
https://doi.org/10.1002/ejic.201700267
https://doi.org/10.1021/ja0637494
https://doi.org/10.1021/ic901896z
https://pubs.acs.org/joceah/search-results?f_AllAuthors=Akihiro+Orita
https://pubs.acs.org/joceah/search-results?f_AllAuthors=Masato+Fukudome
https://pubs.acs.org/joceah/search-results?f_AllAuthors=Kouichi+Ohe
https://pubs.acs.org/joceah/search-results?f_AllAuthors=Shinji+Murai
https://doi.org/10.1021/jo00081a032
https://doi.org/10.1002/anie.200503663
https://pubs.aip.org/aip/jcp/article/98/7/5648/842114/Density-functional-thermochemistry-III-The-role-of
https://pubs.aip.org/aip/jcp/article/98/7/5648/842114/Density-functional-thermochemistry-III-The-role-of
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.438955
https://doi.org/10.1063/1.438980


ARTICLE Journal Name

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, 
J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, 
V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 
M.Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. Throssell, 
J. A. Montgomery, Jr., J. E.Peralta, F. Ogliaro, M. J. Bearpark, J. 
J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. 
Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. 
Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. 
Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. 
Martin, K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox, 
Gaussian, Inc., Wallingford CT, 2019.

31 S. Grimme, S. Ehrlich and L. Goerigk, Effect of the damping 
function in dispersion corrected density functional theory, J. 
Comp. Chem., 2011, 32, 1456-1465, 
doi.org/10.1002/jcc.21759. 

32 (a) E. Cances, B. Mennucci and J. Tomasi, A new integral 
equation formalism for the polarizable continuum model: 
Theoretical background and applications to isotropic and 
anisotropic dielectrics , J. Chem. Phys., 1997, 107, 3032–3041, 
doi.org/10.1063/1.474659; (b) M. Cossi, G. Scalmani, N. Rega 
and V. Barone, New developments in the polarizable 
continuum model for quantum mechanical and classical 
calculations on molecules in solution, J. Chem. Phys., 2002, 
117, 43–54, doi.org/10.1063/1.1480445.

Page 10 of 11Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

https://doi.org/10.1002/jcc.21759
https://doi.org/10.1063/1.474659
https://doi.org/10.1063/1.1480445


Data availability
Electronic Supplementary Information (ESI) including all NMR spectra, details of X-ray diffraction analysis and DFT calculations 
available. CCDC 2498561 – 2498564 and 2558515. Data are deposited in FigShare doi 10.6084/m9.figshare.31923072.

Page 11 of 11 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t


