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Reactivity of B&P coordinated phosphide with isocyanides: Bases

or nucleophiles?
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The reactivity of the sodium phosphido-borane complex, [Na(THF)3]*[1-BCy,-8-PPh-CioHs]~ (1), with RCH,NC isocyanides is

DOI: 10.1039/x0xx00000x

reported. In contrast to traditional bases or phosphides, 1 act as an efficient nucleophile to form reactive carbanion

intermediates instead of proton abstraction from RCH,NC and formation of protonated phoshane 1-BCy,-8-P(H)Ph-CioHg (2).

This study showed that 1 acts as a nucleophile and reacts with RCH,NC 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 RPM (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.’™»2 The R,PM species are also
sufficiently nucleophilic to activate small molecules. In 1993,
Kuchen et al. reported the activation of CO, by Ph,PM (M = Li,
Na) providing the Ph,PCO,M carboxylates (Figure 1A).12
Similarly, the activation of CY, (Y = O, S) by (Ter)PrPK (Ter = 2,6-
bis(2,4,6-trimethylphenyl)phenyl) was reported by Schulz et al.
in 2021 (Figure 1B).>® In 2018, Stephan et al. showed the
possible activation of HD by !Bu,PLi’ and later, in 2019, an
addition of ‘Bu,PK into CO (Figure 1C).8 In 2020, Shirota et al.
reported the reaction of Cy,PLi with allyl phosphates
RCH=CHCH,OP(=0)(OEt), as a new cyclopropanation method
(Figure 1D).22
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Figure 1 Reaction products of phosphides with small molecules.
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Coordination of R,PM to a Lewis acidic boron atom is also
possible and provides e. g. the phosphido—borane complexes of
type M[R,P->BHs]. 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 BHs;
fragment.!®> Despite their nucleophilic character in Sy
reactions,'* effective small molecules activation by phosphido—
borane complexes remain challenging. In 1992, Pellon et al.
used Li[Ph,P->BHs] in a ring-opening reaction of propylene
oxide to yield B-substituted hydroxyphosphine—boranes (Figure
2A).15 Later on, Oulyadi et al. reported the addition of
Li[Ph,P->BH;3] to the CO bond of aldehydes or ketones and
isolated a-substituted hydroxy phosphine-boranes (Figure
2B).’6 Recently, we reported the reaction of the B<P
intramolecularly coordinated phosphido—borane [Na(THF)s][1-
BCy,-8-PPh-CioHg] (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 H,
(Figure 2C).Y7 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 RCH,;NC.
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Figure 2 Reaction products of phosphido—borane complexes with organic
compounds.

Results and discussion

The reactions between RCH;NC isocyanides and inorganic bases
such as NaH,18ac tByQK,18aceg NgOH,18fe K,COs,182dfe
Cs,C0s,182cf8 Ag,CO5,18%8 or DBU82Af gre widely known and
typically involve the proton abstraction providing BH* (B = base)
and the formation of a carbanion intermediate [RCHNC]
(Scheme 1). If compound 17 would behave similarly to
traditional bases, then the carbanion [RCHNC]- generation
should be accompanied by the formation of a B&P coordinated
phosphane 1-BCy,-8-P(H)Ph-CioHs (2) (Scheme 1).
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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
sl).
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Scheme 2 Hydrolysis of compound 1.

- NaOH

Most importantly, the PH proton gave rise to a doublet at 6 6.02
ppm along with a coupling constant of Lpy = 362 Hz in the 'H
NMR spectrum of 2. The respective proton coupled 3P NMR
spectrum also showed a doublet at § -17.6 ppm with Lpy = 362
Hz (see Figure S6 in Sl). Finally, the molecular structure of 2 was
confirmed by X-ray diffraction analysis (see Figure S1 in Sl).

With compound 2 characterized, the phospido—borane 1 (see
Figure S7 in SI) was treated with benzyl isocyanide PhCH;NC in
a 1:1 stoichiometry as an NMR experiment (see Figure S8 in Sl)
and the reaction was monitored by 'H, 3C{*H} and 3!P{*H} NMR
spectroscopy. The aliphatic region of the H NMR spectrum, in
addition to the signal of the starting PhCH,NC (6 4.72 ppm),
showed a new AX spin system at 64 3.91 ppm and 6x 4.65 ppm,
along with signals at 6 4.24, 5.03 and 6.69 in a 2:1:1:1 ratio after
two days at r.t. (see Figure S9 in Sl). The 13C{*H} NMR spectrum
also revealed new signals at 6 78.6, 73.5 ppm and a doublet at
642.6 ppm with "Jpc=13.1 Hz, together with the signal at 6 44.7

2| J. Name., 2012, 00, 1-3

ppm corresponding to PhCH;NC (see Figure S10 in Sl). The
13C{*H} APT and the 2D *H-'3C HMQC NMR spectra allowed the
assignment of new signals to the PCH, fragment, non-
equivalent CH-CH groups and one CH group (see Figures S11—
S12in Sl). The 31P{*H} NMR spectrum revealed a signal at § -26.0
ppm of 1 together with a new signal at § 16.2 ppm (see Figure
S13in Sl). 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 PhCH;NC disappeared (6 4.72 ppm) in
the *H NMR spectrum (see Figure S14 in Sl) while the 3'P{1H}
NMR spectrum still showed the presence of the starting
phosphide-borane 1 (6 -25.5 ppm) (see Figure S15 in Sl). The
presence of 1 suggests that the reaction takes place in a 1:2
stoichiometry, and therefore a second equivalent of PhCH;NC
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 Sl). The evaporation of THF-dg, followed by extraction with a
hexane/Et,0 mixture (1:1) afforded a white powder that was
redissolved in C¢De. The *H NMR spectrum exhibited an AB spin
system at & 3.78 ppm, along with doublets at § 4.10, 5.23 and
6.45 in a 2:1:1:1 ratio (see Figure S18 in Sl).

Based on this NMR experiment, the reaction of 1 with 2 eq. of
PhCH;NC was performed at 60°C in a Schlenk flask and a new
compound 3 was isolated, containing the P-CH,, CH-CH and CH
bonds, as detected in the NMR experiment (Scheme 3).
Compound 3 was characterized by NMR spectroscopy (see
Figures S19-523) and X-ray diffraction analysis.

B
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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 PhCH,NC provides an N-
substituted 2-imidazoline. The central CsN; ring consists of one
N=C double bond, represented by the bond distance of N2-C14
(1.286(3) A), which is close to the sum of the covalent radii for
an N=C double bond (24 cov N,C = 1.27 A).1% The remaining C-C
and C-N bond distances within the C3N; 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.?’ The N1 atom of the 2-
imidazoline ring is substituted by a B&P-CH; 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) A, close to the sum of the
covalent radii of the parent atoms (2o P,C = 1.86 A).1°

This journal is © The Royal Society of Chemistry 20xx
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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 [A] and angles (°): P1-B1 2.053(3), P1-C11 185282), C11-N1
%léuis(s) s |\)|1—c14 1.365(4), N2-C14 1.286(3), P1-C11-N1115.2(2), N1-C14—

The 'H NMR spectrum of 3 shows singlets at 6 4.13 and 5.30
ppm, corresponding to the CH—CH fragment of 2-imidazoline
ring, along with a singlet at § 6.52 ppm corresponding to the
CH=N unit. The signal of P-CH; resonates at § 3.78 ppm with "Jp y
= 4.5 Hz. The 3'P{'H} NMR spectrum revealed a signal at 6 14.9
ppm, shifted to higher frequency in comparison to the starting
compound 1 (6 -25.5 ppm). This value is, however, consistent
with related B&P coordinated phosphines 1-BR;-8-PR’;-CioHe (R
= Cy, Mes, F|LI; R’ = ’Pr, Ph) or 1-BR2-8-PPh2-C10H6(C2H4) (R = H,
Mes, CgFs) (12.2—25.1 ppm)?* and 1-BR,-2-P'Pr,-Ce¢Hs (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
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Figure 4 Possible reaction mechanism for the formation of 3.
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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-CH, group of
the isocyanide followed by an immediate rearrangement of the
phenyl substituent to provide the carbanion intermediate Int®2
(Scheme 4, top), or (ii) initial attack of 1 at the negatively
polarized terminal isocyanide C-atom to form the carbanion
intermediate Int1N (Scheme 4, bottom).

®
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N

Scheme 4 Proposed interaction of 1 with PhCH,NC.
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DFT calculations revealed that both intermediates represent a
local minimum on the potential energy surface. While the
formation of both intermediates are endothermic, the Int1H2 js
higher in energy by AH = +32.2 kJ mol!, while the intermediate
Int1N is slightly lower with AH=+ 14.5 kJ mol~! (Figure 4). Given
that, the Int1°N 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 situ
generated.?®> DFT calculations further revealed that the 1,3

were in

migration of hydrogen atom of Int1M2 or Int1N |eads to the
intermediate Int2, which is highly favored by AH=-80.7 kJ mol-
(Figure 4).

R,B B R W= ,HLC"
OO Ph” “N=C
Int2 G 3
807 76:8

Ph

This journal is © The Royal Society of Chemistry 20xx
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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
AH=+4.2 kJ mol=* (Figure 4). It should also be mentioned that
reaction of 1 with PhCH,NC to provide the carbanion [RCHNC]
and 2 is much higher in energy with AH = +71.5 kJ mol=! (Figure
4).

In an effort to experimentally confirm the presents of Int2,
another NMR experiment was carried out. The reaction of
PhCH,NC with a large excess of 1 in THF-dg was carried out to
suppress the immediate reaction of possible Int2 with
isocyanide. The 1H, 13C{*H} and 3'P{*H} NMR spectra revealed
the mixture of 1 and a new species tentatively assigned as 4.
The *H NMR spectrum showed new AB spin system at 64 4.64
and 64 4.82 ppm of the PCH, moiety (see Figure S24 in Sl), that
resonates at 58.9 ppm in the 13C{*H} NMR spectrum (see Figure
S25in SlI). The 3'P{*H} NMR spectrum revealed a signal at § -23.6
ppm of 1 together with a new signal at 6§ 15.5 ppm (see Figure
S26 in Sl). NMR spectra of a pure sample of 4 could not be
acquired, due to the large excess of isocyanide PhCH;NC
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 [A] 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).
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Scheme 5 Preparation of compound 3.

A key feature of the molecular structure of 4 is the formation of
the P-CH, moiety showing a P1-C11 bond with a bond distance
0f 1.855(3) A, close to the sum of the covalent radii of the parent
atoms (Scov P,C = 1.86 A).1° In contrast, the bond distance of N1-
C14 (1.274(4) A) is close to the sum of the covalent radii for an
N=C double bond (24 covN,C = 1.27 A).29

Thus, DFT calculations and the experimental results support the
assumption that 1 behaves as a nucleophile towards PhCH;NC
and it attacks the isocyanide C-atom (IntN), followed by 1,3-
hydrogen migration to provide intermediate Int2, that is basic
enough to deprotonate the PhCH,NC. 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).

4| J. Name., 2012, 00, 1-3

To further study the nucleophilic character of 1 towards the
isocyanides, additional reactions of 1 with 2 eq. of TosCH,- (Tos
= CH3CgH4S03) and EtOC(=0)CH,- 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 CH, group of RCH;NC
(R = Tos, EtOC(=0)). 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 SlI) and X-ray
diffraction analysis.

Nag H
Sy, Ph oo LTI
Cy’B'-P Na(THF), Cy"B -~—FP N Tos
D @
5 H,C—N=C
Tos
1 Int2
H
Q&
+:6=N—cH
Tos
H
H, H W
Cy\ELh\F"C\N’C\\ Tos O B G //L/\
cy— \ /C’ cy— P N Tos nal®
HC=N K - g@
OO i NaTOE OO * QC///N Tos

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 CsN; ring features N=C and C=C double bonds,
represented by bond distances of C12-C13 (1.369(6) A) and N2-
C14 (1.319(6) A), close to the sum of the covalent radii for the
parent double bonds (£4_covC,C = 1.34, 34 coyN,C=1.27 A,).29 The
remaining C-C and C-N bond distances within the C3N; 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.18dg

This journal is © The Royal Society of Chemistry 20xx
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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 [A] and angles (°): P1-B1 2.070(5), P1-C11 1.87184), C11-N1
1.454(6), N1-C14 1.370(6), N2-C14 1.319(6), C12-C13 1.369(6), P1-Cl1-
N1 114.4(3), N1-C14-N2 112.5(4).

The N1 atom of the imidazole ring is substituted by a B&PCH;
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) A, close to the sum
of the covalent radii of the parent atoms (Zcov P,C = 1.86 A).1°
The 'H NMR spectrum of 5 is consistent with its structure and
shows singlets corresponding to the imidazole ring at 6 6.53
ppm for the CH=C and 6 7.31 ppm for the CH=N protons. The
PCHj; signals resonate as an AB spin system at 64 =4.93 ppm and
&g = 5.35 ppm, with "Jpy = 15.2 and 14.5 Hz, respectively. The
31p{1H} NMR spectrum revealed a signal at 6 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 "B{'"H} NMR
spectrum showed a signal at 6 1.5 ppm.
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)',\B-—\P’c\”’c\\CH Spapr O

Cy— @
® EENa
&
OO + GC/,/N/ “COOEt

6

Scheme 7 Preparation of compound 6.
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of 1.356-1.375 A for C,C and of 1.334-1.344 A for N,C atoms).2*
The N1 atom of the enamine is substituted by both a B&PCH,
alkyl group, with the C11-N1 bond distance at 1.441(3) A, 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)
A. The N-alkyl substituent contains a newly formed P1-C11 bond
with the bond length of 1.860(2) A. The H1 proton is involved in
an N—H---:0O=C intramolecular hydrogen bonding, with an H---O
distance of 2.06(3) A.

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 [A] 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-N1114.5(2), C11-N1-
C12 126.9(2), C13—C12—C17 117.8(3).

Finally, the molecular structure of 6 (Figure 7) revealed that the
reaction of 1 with 2 eq. of EtOC(=0O)CH;NC provided an N-
substituted enamine. While the C12-C13 bond distance
(1.338(4) A) is close to the sum of the covalent radii for C=C
double bonds (24 cov C,C = 1.34 A),29 the N1-C12 bond length
(1.374(3) A) is shorter than the sum of the covalent radii of the
parent atoms (Z4_covN,C = 1.46 A). Both distances are, however,
consistent with those observed in related enamines (the range

This journal is © The Royal Society of Chemistry 20xx

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 6 5.10 ppm for the C=CH
and at 6 8.48 ppm for the NH protons. This was further
supported by the *H->N 1D HMQC experiment (d1 = 80 Hz),
which displayed a doublet at § 8.5 ppm with Ly 4 = 93.5 Hz (see
Figure S35 in Sl). The signals of PCH, resonate as an AB spin
system at 64 4.52 and 65 4.97 ppm, with "Jp ;= 15.5 and 15.0 Hz,
respectively. The 3'P{1H} NMR spectrum revealed a signal at 6
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 "B{"H} NMR spectrum showed a signal at § 0.3 ppm.
Both examples suggest that 1 tentatively reacts with the studied
isocyanides RCH,;NC 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 RCH,NC 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,!® 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.'® Thus, compound 1

J. Name., 2013, 00, 1-3 | 5
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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 Ph,PK with
TosCH;NC and EtOC(=0)CH,NC. The 3P NMR spectra revealed a
doublet at - 41 ppm with 2J(31P, 'H) = 217 Hz (see Figures S36—
S37 in Sl) in both cases, and suggests the formation of Ph,PH.
Thus, the behaviour of Ph,PK resemble the behaviour of the
traditional bases in these cases. In the reaction with PhCH,NC,
no formation of Ph,PH was observed, and a mixture of products
was generated (see Figure S38 in Sl). 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 Ph,PH.?°

Conclusions

This study presents a detailed exploration of the reactivity of
the sodium phosphido-borane complex, [Na(THF)s]*[1-BCy,-8-
PPh-CioHe]™ (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-BCy;-8-P(H)Ph-CioHs (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-BCy,-8-PPh[CH;(imidazole)SOx(p-
tolyl)]-CioHe (5) and 1-BCy,-8-PPh[CH=NCH(COOEt)CH,COOEt]-
CioHs (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.l” 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 H,
BBC{*H}, “B{*H} and 3'P{*H} NMR spectra were recorded at
ambient temperature with a Bruker Avance 500 spectrometer.
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The chemical shifts & are given in ppm and referenced to
external SiMes (*H, 13C).

Synthesis of 1-BCy»-8-P(H)Ph-C1oHs (2)

A distilled water (1 pl) 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
CasH34BP (412.33):C, 81.56; H 8.31; found C, 82.53; H 8.40. H
NMR (500.13 MHz, C¢Ds, 300K): 6 0.84 (g, 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 4 = 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). 3C{*H} NMR (125.77 MHz, THF-ds, 300K): &
27.5(d, Joc = 17.7 Hz), 28.4, 28.8 (d, Jp,c = 8.8 Hz), 28.9, 29.8 (d,
Jpc=11.0 Hz), 30.7 (d, Joc = 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, Joc=3.6 Hz), 128.5 (d, Jp,c = 18.0 Hz), 128.9 (d, Jpc = 10.8 Hz),
129.8, 130.6 (d, Joc = 2.5 Hz), 131.4 (d, Jpc = 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. 'B{H} NMR (160.57 MHz, CsDs, 300K): & 1.6.
31P{1H} NMR (202.49 MHz, CsDs, 300K): § -17.6.

Synthesis of 1-BCy;-8-PPh[CH(imidazoline)Ph;]-CioHe (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 CsqHassN2BP
(646.67): C, 81.72; H 7.48; found C, 81.95; H 7.42. 'H NMR
(500.13 MHz, CsDs, 300K): & 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, PCH,), 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). 3C{*H} NMR (125.77 MHz, C¢Ds, 300K): 6 27.6, 27.9 (d, Jp,c
=13.2 Hz), 28.7 (d, Jpc = 14.2 Hz), 29.1 (d, Jpc = 7.6 Hz), 29.3 (d,
Jpc=9.4 Hz), 29.9 (d, Joc = 11.3 Hz), 30.3 (d, Jpc = 14.2 Hz), 31.1
(d, Joc=9.4Hz),31.9 (d, Jo,c = 6.6 Hz), 32.2 (d, Jpc = 3.3 Hz), 32.9
(d, Jo,c = 8.0 Hz), 33.6 (d, Jp,c = 4.7 Hz) (CyC), 42.5 (d, Jpc = 15.5
Hz) (PCH,), 73.4, 78.2 (NCHPh), 123.2, 125.0 (d, Jpc = 9.2 Hz),
125.2 (d, Jc = 9.2 Hz), 126.3, 128.2 (d, Jpc = 2.2 Hz), 128.3 (d,
Jpc=2.9Hz),128.6 (d, Jo,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,
Jpc = 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, Jpc = 36.7 Hz), 145.8 (d, Jpc = 36.7 Hz)
(ArC), 154.3 (NCH=N), 156.3 (B-C). *B{*H} NMR (160.57 MHz,
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CsDg, 300K): & -0.2. 3!P{1H} NMR (202.49 MHz, CsDs, 300K): &
14.9.

Synthesis of 1-BCy2-8-PPh[CH(imidazole)SO(p-tolyl)]-CioHe (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/Et,0O (1:1). The
filtrate was crystallized at -20 °C to yield yellow crystals suitable
for X-ray analysis and characterized as 5-1.5C;Hg. Yield: 0.31 g
(88 %). Nlp 189-190 °C. Anal. Calc. for C39H44N202$BP'C10,5H12
(784.84): C, 75.57; H 7.25; found C, 75.48; H 7.19. 'H NMR
(500.13 MHz, THF-dg, 300K): & -0.09 (g, 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-CH;), 5.35 (AB
system, 1H, P-CH,), 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{*H} NMR (125.77 MHz, THF-dg, 300K): 6 20.5
(CHs), 27.1, 27.8 (d, Jec = 2.0 Hz), 28.8, 28.9, 29.0, 29.2, 29.4
(Cy(), 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) (Cy(), 45.3 (d, Jp,c = 5.7 Hz) (P-CH>), 123.2
(d, Jo.c=1.8 Hz), 124.2 (d, Jp,c = 18.2 Hz), 124.6 (d, Jp,c = 28.9 Hz),
125.0 (d, Je,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, Jeo,c = 35.8 Hz) (ArC), 155.9 (d, Je,c = 21.9 Hz) (B-C).
1B{*H} NMR (160.57 MHz, THF-ds, 300K): & 1.5. 3'P{*H} NMR
(202.49 MHz, THF-dg, 300K): 6 19.1.

Synthesis of 1-BCy,-8-PPh[CH=NCH(COOEt)CH,COOEt]-C10Hs (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 Et,O
and let crystallize at -20 °C to provide yellow crystals of 6. Yield:
0.41 g (71 %). Mp. 185-186 °C. Anal. Calc. for Ca;H7NO4BP
(611.57): C, 72.96; H 7.90; found C, 72.85; H 7.97. 'H NMR
(500.13 MHz, THF-ds, 300K): & -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, CHs),
1.16 (d, 1H, CyH), 1.22 (t, 3H, CHs), 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-CH>), 4.08 (q, 2H, O-CH,), 4.52 (AB
system, 1H, P-CH,), 4.97 (AB system, 1H, P-CH,), 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). 3C{*H} NMR (125.77 MHz, THF-
ds, 300K): 6 14.1, 14.9 (CHs), 28.4, 29.0, 29.2, 30.1, 30.2, 30.3,
30.5 (CyC), 31.3, 31.5 (BCH), 32.9 (d, Jpc = 3.1 Hz), 33.7 (d, Jpc =
3.6 Hz), 34.8 (d, Jp,c = 5.2 Hz) (CyC(), 43.6 (d, Jp.c = 9.9 Hz) (P-CH,),
60.2, 62.7 (O-CH3), 91.3 (d, Jo.c = 1.7 Hz) (C=CH), 124.0, 126.2 (d,
Jpc = 39.2 Hz), 126.3 (d, Jp,c = 6.1 Hz), 128.4 (d, Jpc = 50.1 Hz),
128.5 (d, Jpc = 3.3 Hz), 129.4 (d, Jp.c = 17.5 Hz), 130.0 (d, Jpc =
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7.6 Hz), 131.0, 131.7 (d, Jo.c = 2.4 Hz), 132.6 (d, Jpc = 2.4 Hz),
133.8 (d, Joc = 10.7 Hz), 134.0 (d, Jpc = 9.5 Hz), 145.8 (d, Jpc =
35.5 Hz) (ArC), 150.6 (C=CH), 157.1 (B-C), 163.6, 170.5 (C=0).
11B{1H} NMR (160.57 MHz, THF-ds, 300K): & 0.3. 31P{{H} NMR
(202.49 MHz, THF-ds, 300K): & 18.5.

Mechanistical studies.

Phospido—borane 1 (0.16 g, 0.25 mmol) was dissolved in THF-dg
and treated with benzyl isocyanide PhCH,NC (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 PhCH,;NC 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-dg, followed by extraction with a
hexane/Et,0 mixture (1:1) afforded a white powder that was
redissolved in C¢De (see Figures S18 in Sl).

A large excess of 1 (0.2 g, 0.30 mmol) in THF-ds was treated in
NMR tube with PhCH,NC (0.01 mL, 0.1 mmol) for 24 h atr.t. The
addition of hexane/Et,O 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/Et,O/hexane at 5°C to provide colourless
crystals of 3:0.5(CgHi4). Single crystals of 4 suitable for X-ray
analysis were obtained from THF-ds/hexane/Et,O solution at
5°C. Yellow crystals of 5-1.5(C7Hg) and of 6 suitable for X-ray
structure determination were obtained from toluene/Et,0 (1:1)
solutions of 5 and 6 at -20 °C. Full-sets of diffraction data for 2,
3:0.5(CgH14), 5:1.5(C7Hs) and 6 were collected at 150(2)K using
a Bruker Venture D8 diffractometer at 150 K with graphite-
monochromated Mo-Ka. (0.7107 A) 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(CeH14), and 5-1.5(C7Hg). 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.?”
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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)?82° level of theory using the
Gaussian163° software package. Dispersion effects were
modelled using Grimme’s GD3BJ parameters.3! 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.
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Data availability

Electronic Supplementary Information (ESI) including all NMR spectra, details of X-ray diffraction analysis and DFT calculations
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