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1. Introduction

Primary phosphines (H,PR) are interesting chemical feed-
stocks that have found applications in asymmetric catalysis,"
medicinal chemistry,” polymer science,® and the synthesis of
extended solids.* However, despite their enormous versatility,
the reactivity of this class of compounds remains underex-
plored compared to primary amines (H,NR). This is largely
due to the noxious character, propensity towards oxidation, and
the pyrophoric nature of the vast majority of primary phos-
phines. In recent years, a significant amount of research has
been conducted exploring the synthesis and reactivity of air-
stable primary species in an effort to circumvent many of the
pitfalls associated with their manipulation.”” For example,
the use of sterically encumbering substituents has been shown
to kinetically stabilise such compounds, allowing for a more
thorough exploration of their highly reactive P-H bonds.®

We recently reported on a unique class of primary phos-
phines, so-called phosphinecarboxamides or carbamoylpho-
sphines, (RHNC(O)PH,), that can be accessed by the reaction
of the 2-phosphaethynolate anion (PCO™) with amines in the
presence of an acid.”'® This was made possible due to the
availability of a phosphorus-containing congener of the
cyanate anion, PCO™, which while first reported in 1992,"* has
only come to the fore as a chemical reagent this last decade.™
As with other primary phosphines, H,NC(O)PH, may also be
employed as a precursor for metal phosphides, for example in
the synthesis of Zn;P, thin films.'® The main advantage of this
family of phosphines is that the carbamoyl group imparts a
high degree of stability to such species, making their manipu-
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We describe the synthesis of N-functionalised phosphinecarboxamides obtained by reaction of the
2-phosphaethynolate anion (PCO™) with diamines, specifically hydrazine, methylenediamine and ethyl-
enediamine, in the presence of acid. The resulting neutral compounds can be deprotonated to generate
phosphide anions that, when further reacted with electrophiles, form secondary phosphines.

lation in air straightforward. Further research into the syn-
thesis of phosphinecarboxamides has included mechano-
chemical methods,'® metal-catalysed reactions,'” direct reac-
tion of secondary phosphines with cyanates,'® and phosphino-
boration of isocyanates.'® The reactivity of such species has
also been demonstrated by coordination to metal centres,*
functionalization of P-H bonds to afford secondary
phosphines,"*' and their use as precursors to generate
phosphonates.

These findings prompted us to investigate the accessibility
of di-substituted phosphinecarboxamides by employing dia-
mines as starting materials. For this purpose, we studied the
reactivity of [Na(dioxane),][PCO] (x = 1.97-2.08) towards hydra-
zine, methylenediamine and ethylenediamine (NH,(CH,),NH,,
where n = 0, 1, 2, respectively). Herein we report the synthesis
of new N-functionalised phosphinecarboxamides, their corres-
ponding phosphides (accessed by deprotonation) as well as
their secondary phosphine derivatives.>*

2. Results and discussion

2.1. Synthesis of phosphinecarboxamides

In the first instance we explored the reactivity of hydrazine
hydrochloride, NH,NH,-HCl, towards [Na(dioxane),|[PCO] in a
1:1 ratio (Scheme 1). This reaction gives rise to a product with
a triplet resonance at —139.9 ppm (/p_yy = 206 Hz) in the *'P
NMR spectrum, accompanied by a side product observed at
—128.2 ppm as a triplet of doublets (Yp_y = 218 Hz; *Jp.iy = 5

o) o

NHaNH“HCI ¢ [Na(@ionIPCO} —— HzN‘r}lJ\PHz + H\I}IJ\PHZ
-ha H NH,
1a 1b

Scheme 1 Reaction of NH,NH,-HCl and [Na(dioxane),][PCO] to afford
1 as its trans (1a) and cis (1b) isomers.
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Hz). Both triplets collapse to singlets on proton decoupling,
suggesting the formation of the trans- and cis-isomers of
H,NHNC(O)PH, (1).%

The peak at —139.9 ppm can be assigned to the trans
isomer of the monosubstituted hydrazine phosphinecarboxamide
(or phosphinecarbohydrazide; 1a) and the peak at —128.2 ppm
corresponds to the cis isomer (1b). In the case of the latter
species, the PH, group and the carboxamide proton are in a
vicinal ¢rans arrangement to one another relative to the C-N
bond, allowing for the resolution of the oon coupling. This
data is in agreement with that of the parent species (H,PC(O)
NH,), where only the coupling to the trans proton of the amide
could be observed.’

Accordingly, the "H NMR spectrum of this mixture reveals
two doublets centred at 3.72 ppm (Yyp = 206 Hz) and
4.02 ppm (Yy_p = 218 Hz) corresponding to the PH, protons in
1a and 1b, respectively. These resonances collapse into singlets
upon selective phosphorus decoupling. The '*C{'H} NMR
spectrum is also consistent with the proposed structures, with
the most diagnostic resonances being in the downfield region
of the spectrum, where a doublet at 172.56 ppm (‘Jc_p = 9 Hz)
and a singlet at 181.51 ppm corresponding to the carbonyl
carbon in 1a and 1b were observed. The coupling between
carbon and phosphorus could not be resolved for 1b, therefore
"H-"*C HMBC 2D NMR experiments were used to unambigu-
ously assign the peak.

Single crystals of 1a were obtained from a toluene solution
(Fig. 1). X-ray diffraction studies revealed that the proton
attached to the a-nitrogen is cis to the phosphorus atom rela-
tive to the C-N bond. The phosphorus presents a pyramidal
geometry, while the (NH,)NH-CO fragment is planar. There
are two molecules in the asymmetric unit and, consequently,
all the bond metric data are discussed as average values. Bond
metric data show a C-P bond length of 1.864(av) A, which is
consistent with a single bond between these atoms, and the C-
N bond length is 1.334(av) A, suggesting multiple bond charac-
ter between carbon and nitrogen.>***

Single crystals of cis-isomer, 1b, could also be obtained by
co-crystallisation of the mixture with 18-crown-6, which forms
hydrogen bonds with the product (Fig. 2). Bond metric data
for this species were similar to those recorded for 1a.

The barrier to rotation around the C-N bond was calculated
using density functional theory (DFT) at the PBE0/6-31G(d,p)
level of theory (Fig. S35t). The transition state was found to be
92 kJ mol ™" higher in energy than the more stable isomer. The
trans isomer 1a is more stable than the cis 1b by 11 kJ mol™.
This value is in good agreement with the spectroscopic data
obtained, which suggest that 1a is the major product of the
reaction. The relatively high barrier precludes interconversion
between isomers due to inherent thermal instability of
phosphinecarboxamides.

In an attempt to synthesise a bifunctionalised phosphine-
carboxamide derived from hydrazine, i.e. PH,C(O)NHNHC(O)

1 See ESIf for full experimental details.
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Fig. 1 Molecular structure of the trans isomer of hydrazine mono-
phosphinecarboxamide 1a. Thermal ellipsoids pictured at the 50% prob-
ability level. Selected bond distances (A) and angles (deg): P1-C1:
1.864(av); C1-0O1: 1.224(av); C1-N1: 1.334(av); N1-N2: 1.431(av);
O1-C1-P1: 119.2(av); N1-C1-P1: 116.5(av); O1-C1-N1. 124.2(av);
C1-N1-N2: 121.4(av).

Fig. 2 Molecular structure of the cis isomer of the hydrazine mono-
phosphinecarboxamide in 1b-(18-crown-6)qs. Thermal ellipsoids pic-
tured at the 50% probability level. Note that 1b crystallises with 0.5
equivalents of 18-crown-6 in the asymmetric unit, for clarity, the full
18-crown-6 molecule is pictured. Selected bond distances (A) and
angles (deg): P1-C1: 1.869(av); C1-01: 1.222(av); C1-N1: 1.339(av); N1-
N2: 1.407(av); O1-C1-P1: 122.2(av); N1-C1-P1: 114.3(av); O1-C1-N1:
123.4(av); C1-N1-N2: 118.7(av).

PH,, the reaction of NH,NH,-2HCI and two equivalents of
[Na(dioxane),][PCO] was attempted. *'P{"H} NMR spectroscopy
revealed that the product of this reaction was a mixture of 1a
and 1b. Attempts to force the reaction to completion by
heating resulted in decomposition. It is likely that the desired
compound could not be obtained due to decreased nucleophi-
licity of the p-nitrogen in 1a/1b caused by the presence of one
phosphinecarboxamide moiety. Consequently, nucleophilic
attack of the f-nitrogen at a second HPCO molecule is slow.
HPCO is unstable and short-lived in solution and rapidly
decomposes.>®

We next aimed to extend this research to bridged diamines,
by exploring the reactivity of methylenediamine towards
[Na(dioxane),|[PCO]. Interestingly, the product obtained from
the reaction of NH,CH,NH,-2HCl and one equivalent of

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Proposed decomposition pathway of the methylenediamine
mono-phosphinecarboxamide derivative.

0]

H
HN-S\H 2HC1 + 2 [Na(dion)PCO] —» HzP\n/N\/\NJ\

- 2NaCl H PH,

Scheme 3 Reaction of NH,CH,CH,NH,-2HCl and [Na(dioxane),][PCO]
to afford 2.

[Na(dioxane),]JPCO] was shown to be the parent phos-
phinecarboxamide species, H,PC(O)NH,,” and hexamethyl-
enetetramine, also known as urotropine.”” We propose that
the desired phosphinecarboxamide product is initially formed
but methylene imine is quickly eliminated to form the parent
species, and that the imine, in turn, oligomerises to yield the
urotropine and ammonia (Scheme 2).

The relative energies of the two proposed stages of this
decomposition reaction have been calculated (Fig. S36/
Table S117). The final products, C, are 8 k] mol™" more stable
than if the reaction were to stop at the targeted phosphinecar-
boxamide, A, and 53 k] mol™" more stable than intermediates
B, which explains why urotropine is observed in the 'H NMR
spectrum. This pathway is also supported by the presence of a
small peak at 0.05 ppm in the "H NMR spectrum that corres-
ponds to the ammonia formed.?®

Finally, when NH,CH,CH,NH,-2HCI and two equivalents of
[Na(dioxane),][PCO] were reacted, the di-substituted phosphi-
necarboxamide 2 was obtained (Scheme 3). The *'P NMR spec-
trum exhibits a triplet at —132.9 ppm (*/p_; = 208 Hz) that col-
lapses to a singlet on proton decoupling. The "H NMR spec-
trum shows a doublet centred at 3.72 ppm (YJy_p = 208 Hz)
that also collapses to a singlet upon selective phosphorus
decoupling. The C{"H} NMR spectrum shows a doublet at
173.52 ppm (YJop = 7 Hz) that corresponds to the carbonyl
carbons of the two phosphinecarboxamide moieties coupling
to the phosphorus atoms.

Single crystals obtained by slow diffusion of hexane into a
pyridine solution of the product confirm the incorporation of
two phosphinecarboxamide units to the ethylenediamine
(Fig. 3). Bond metric data are consistent with 1a and 1b.

2.2. Deprotonation and alkylation studies

We sought to investigate the relative acidity of the P-H bonds
in these novel phosphinecarboxamides by exploring their reac-
tivity towards strong non nucleophilic bases such as benzyl
potassium (BnK) or potassium bis(trimethylsilyl)Jamide
(KHMDS).

Addition of one equivalent of BnK and 18-crown-6 to 1 in
ds-pyridine gave rise to a broad doublet at —109.4 ppm (Y/p_g; =
150 Hz) and a triplet at —128.6 ppm (‘/p_y; = 190 Hz) in the *'P
NMR spectrum (Fig. 4). In dg-THF these resonances were

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Molecular structure of 2. Thermal ellipsoids pictured at the 50%
probability level. Symmetry operation ": —x, —y, 1 — z. Selected bond dis-
tances (A) and angles (deg): P1-C1: 1.8633(12); C1-O1: 1.2275(15);
C1-N1: 1.3256(15); N1-C2: 1.4549(15); C2-C2": 1.519(2); O1-C1-P1:
118.38(9); N1-C1-P1: 118.47(8); O1-C1-N1: 123.06(11).
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Fig. 4 *'P{*H} (top) and *'P (bottom) NMR spectra (in dg-THF) of the
reaction between 1 and BnK in the presence of 18-crown-6.

observed at —114.0 and —132.5 ppm, respectively. These reso-
nances collapse to singlets upon proton decoupling and have
an integration ratio of 0.3 : 1, respectively, and they are consist-
ent with deprotonation at the phosphorus and nitrogen sites
of the molecule to yield two different anionic species, [K(18-
crown-6)][3] (Scheme 4).

In the "H NMR spectrum, two well defined doublets were
observed centred at 2.95 ppm (‘Jp_ = 150 Hz), corresponding
to the phosphide product, and another at 4.08 ppm (YJp_y; =
190 Hz) which corresponds to the amide. These resonances
collapse to singlets upon phosphorus decoupling.

Compound 1 possesses three possible deprotonation sites
that can yield eight isomers of 3 either in their cis or trans
forms relative to the C-N and C-P bonds. The energy of all
isomers of 3a-3c (Fig. 5) were calculated using DFT.
Calculations revealed that the phosphide trans-cis-3a is the

BnK

HoN
18-crown-6

0 o
HaN< )
2 H)J\PH + HZN\(RJ\PHZ

@

N PH
N 2
[K(18-crown-6)]

Scheme 4 Reaction of 1, one equivalent of BnK and 18-crown-6 to
yield [K(18-crown-6)][3].
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Fig. 5 Possible deprotonation isomers of 3 relative to the C-N and
C—-P bonds. The calculated relative AG values are given in brackets in
kJ mol™. The isomers obtained in solution assigned according to NMR
data are highlighted with boxes.

most stable isomer. Based on these results, the broad doublet
in the *'P NMR spectrum was assigned as trans—cis-3a, as this
is the most stable phosphide isomer, and the triplet has been
assigned as trans-3c, resulting from deprotonation of the
NHNH, site, which is 58 k] mol™" higher in energy (structures
highlighted with boxes in Fig. 5).

Avariable temperature *'P NMR experiment was performed
on a mixture of 1, KHMDS and 18-crown-6 in dg-THF over the
range of —80 to +60 °C (Fig. S16%). At —80 °C, it is possible to
observe a broad doublet at —97.0 ppm (Y/p_y = 157 Hz), a
triplet at —130.1 ppm (“/p_y; = 190 Hz), a triplet of doublets at
-132.9 ppm (Yp_y = 217 Hz, *Jp_y = 8 Hz), and another triplet
at —135.6 ppm (“Jp_u = 197 Hz). The broad doublet shifts from
—97.0 ppm to —114.9 ppm as the temperature increases and
two of the triplets disappear over time leaving only one broad
triplet at +60 °C. Interestingly, even though the broad doublet
shifted 18 ppm upfield, no coalescence between the doublet
and the triplet could be observed as the temperature was
increased from —80 °C to room temperature. This observation
suggests that at room temperature, a slow exchange between
these two species might be occurring.

The inability to observe coalescence in this system indicates
that if exchange is taking place, it is slow on the NMR time-
scale. To further investigate this behaviour, a *'P{"H} 1D EXSY
exchange spectroscopy NMR experiment was conducted at
room temperature (Fig. S171) where the phosphide peak was
inverted while the signal of the phosphine is monitored as a
function of time as the inverted signal relaxes back to equili-
brium. As the first peak relaxes, the intensity of the non-
inverted signal is observed to decrease and, with time, the
phosphide resonance regains its initial intensity while the
phosphine increases its intensity, which suggests exchange
between the two species at room temperature.

Single crystals suitable for X-ray diffraction were obtained
from slow diffusion of hexane into a pyridine solution of [K
(18-crown-6)][3]. Interestingly, only [K(18-crown-6)|[cis-cis-3a]
crystallized from the solution (Fig. 6).

Bond metric data indicate that the P-C, C-N and C-O bond
lengths are 1.792(2), 1.383(3) and 1.248(3) A, respectively.

6994 | Dalton Trans., 2021, 50, 6991-6996
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Fig. 6 Molecular structure of [K(18-crown-6)][cis—cis-3a). Thermal
ellipsoids pictured at the 50% probability level. Selected bond distances
(A) and angles (deg): P1-C1: 1.792(2); C1-0O1: 1.248(3); C1-N1: 1.383(3);
N1-N2: 1.393(3); O1-K1: 2.679(2); O1-C1-P1: 128.0(2); N1-C1-Pi:
115.26(18); O1-C1-N1: 116.7(2); C1-N1-N2: 122.8(2).

Upon deprotonation at the phosphorus, the degree of
multiple bond character between phosphorus and carbon
increases (1.793(3) vs. 1.869(av) A in 1b), while there is a
decrease in the multiple bond character between the carbon
and nitrogen atoms (1.384(3) vs. 1.339(av) A in 1b). These data
are consistent with the bond metrics of previously reported
carbamoylphosphides.**

Even though cis—cis-3a is 31 k] mol ™" less stable than trans-
cis-3a, the fact that it crystalizes preferentially can be explained
by the presence of hydrogen bonds with the neighbouring
molecules that favours crystal packing. It should also be men-
tioned that our gas phase calculations do not take into con-
sideration the presence of the cation or the sequestering
agent.

Addition of two equivalents of KHMDS to 2 in pyridine in
the presence of two equivalents of 18-crown-6 promotes exclu-
sive deprotonation at the phosphorus atoms, affording com-
pound [K(18-crown-6)],[4] (Scheme 5).

This selectivity is evident in the *'"P NMR spectrum, which
exhibits a broad doublet centred at —98.8 ppm (YJp_y; = 150
Hz). With longer reaction times, we observe the presence of a
broad triplet at —256.5 ppm (“Jp_i; = 134 Hz) that corresponds
to KPH,, a decomposition product. These resonances collapse
to singlets upon proton decoupling.

The 'H NMR spectrum shows a doublet centred at
2.78 ppm (Jp_; = 150 Hz) that corresponds to the phosphide

o 20
(o} H
H 2 KHMDS HP_ _N
HZP\H/N\/\NJ‘I\PH \n/ \/\N)J\PH
H 2 2 18-crown-6 o) H
o - 2Kl

2[K(18-crown-6)] ®

Scheme 5 Reaction of 2, two equivalents of KHMDS and 18-crown-6
to yield [K(18-crown-6)],[4].

This journal is © The Royal Society of Chemistry 2021
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moiety. The C{'H} NMR spectrum reveals a doublet at
203.79 ppm (YJc_p = 59 Hz). The “J_p coupling constant found
for this anion is significantly larger than that of the neutral
species 2 (YJc_p = 7 Hz) presumably due to contraction of the
P-C bond with an increase of multiple bond character between
these two atoms upon deprotonation.

The deprotonated species can be used as precursors to
form secondary phosphines. In order to probe this possibility,
iodomethane (Mel) was chosen as a simple electrophile to
generate P-functionalised phosphinecarboxamides.

Iodomethane was added to a [K(18-crown-6)][3] solution to
yield the corresponding trans (5a) and cis (5b) isomers of the
methylated products in solution (Scheme 6).

The *'P NMR spectrum revealed one major doublet of quar-
tets at —85.4 ppm (Jp_y = 207 Hz, *Jp_y = 3 Hz) and a minor
multiplet at —86.8 ppm (‘Jp_iy = 228 Hz, *Jp_; = 3 Hz) that are
approximately 23 ppm downfield-shifted relative to trans—cis-3a
and have been assigned to 5a and 5b, respectively. These reso-
nances are in a 1: 0.4 ratio and collapse to singlets upon phos-
phorus decoupling suggesting that methylation has taken
place at the phosphorus centre upon addition of base. Despite
[K(18-crown-6)][3] being deprotonated at both nitrogen and
phosphorus atoms, there is no evidence of methylation at the
nitrogen.

In the "H NMR spectrum it is possible to observe two clear
sets of doublets of quartets centred at 4.04 ppm (YJp_; = 207
Hz, *Jy_u = 8 Hz) and 4.60 ppm (YJp_y = 228 Hz, *J;;_y = 7 Hz).
These correspond to 5a and 5b. As expected, these resonances
collapse to quartets upon phosphorus decoupling. The pres-
ence of two doublets of doublets at 1.37 ppm (*Ju_p = 3 Hz,
*Jun = 7 Hz) and 1.36 ppm (¥y_p = 4 Hz, *Jy;_; = 7 Hz) corres-
ponding to the methyl protons was also noted and, with the
help of "H-*'P HMBC experiment, they have been assigned as
belonging to 5a and 5b, respectively. The "C{"H} NMR spec-
trum reveals doublets from the methyl carbons at 1.53 ppm
(YJo-p = 9 Hz) and 1.83 ppm (*Jc_p = 6 Hz) that, with the help of
"H-"C HMBC, have been attributed to 5a and 5b, respectively.
The carbonyl carbons of 5a and 5b could also be observed as
doublets at 177.68 ppm (*Jc_p = 13 Hz) and 185.08 ppm (Jc_p =
6 Hz).

The *'P NMR spectrum also displays 1% of the product of
double methylation of the phosphorus atom which is apparent
as a broad peak at —44.2 ppm. This happens when there is an
excess of KHMDS and Mel in solution. Excess base promotes a
second deprotonation at the phosphorus that is then attacked
by a second equivalent of electrophile.

Two equivalents of KHMDS were added to a mixture of Mel
and 2 to yield the corresponding methylated product (6). The

0 o] "
Mel Me H. Ve
K(18crown-6)[3] ———— > HoN. )J\P» L PR
— [K(18-crown-6)][I] H \H NH, H
5a 5b

Scheme 6 Reaction of [K(18-crown-6)][3] and Mel to yield 5a and 5b.
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Fig. 7 Trans—cis (6a) and trans—trans (6b) isomers of 6.

*1P NMR spectrum exhibits three overlapping doublet of quar-
tets, two of equal integration centred at -81.08 and
-81.11 ppm (Yp_u = 207 Hz, *Jy u = 3 Hz), and a smaller one
at —81.08 ppm (/p_y; = 207 Hz, *J;;_; = 3 Hz) that is only appar-
ent in the *'P{"H} NMR spectrum. These resonances collapse
to singlets upon proton decoupling and are 51.5 ppm down-
field-shifted relative to 2 and 17.6 ppm downfield-shifted rela-
tive to 4. We propose that the two main overlapping reso-
nances observed correspond to the trans—cis isomers of the
product of single methylation at the phosphorus atoms (6a)
and that the minor product is the trans—trans isomer (6b)
(Fig. 7).

Other than the desired products obtained, it is also possible
to observe the presence of two overlapping septets at —41.0
and —41.1 ppm accompanied by a triplet at —132.7 ppm in the
*'P NMR spectrum. These resonances are complementary and
correspond to the product of double methylation of one of the
phosphorus atoms in a molecule while leaving the other phos-
phorus untouched.

In the "H NMR spectrum, the doublets originating from the
PH, moiety in 2 are replaced by two overlapping doublets of
quartets centred at 4.02 ppm (1]H_P =207 Hz, 3]H_H =3 Hz; and
Yup = 207 Hz, *Jy 4 = 3 Hz) that correspond to the P-H
protons in the trans-cis isomer (6a). These resonances also
overlap with the methylene units from each isomer, but they
become very clear in the "H{*'P} NMR spectrum, where they
collapse to quartets upon phosphorus decoupling. The pres-
ence of a doublet of doublets at 1.34 ppm (*fy_p = 3 Hz, *Jiipq =
7 Hz) corresponding to the methyl protons was also noted.
The "*C{'H} NMR spectrum reveals doublets from the methyl
carbons at 1.74 ppm (YJc_p = 8 Hz) and these appear to have
the same chemical shift for the two isomers (6a). The carbonyl
carbons of 6a were also observed as two overlapping doublets
at 178.82 and 178.80 ppm (‘Jc_p = 11 Hz).

3. Conclusions

We have shown that the synthesis and characterization of
two novel phosphinecarboxamides and their subsequent
functionalization is possible by reacting diamines with
sodium phosphaethynolate salts. It has been shown that, in
general, despite having two possible deprotonation sites, the
phosphorus-bound protons are more acidic than the amide
protons and that phosphinecarboxamides are not able to toler-
ate basic media. The phosphides obtained can be further
reacted with simple electrophiles rendering P-functionalised
phosphinecarboxamides. The generation of molecules featur-
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ing multiple phosphinecarboxamide moieties, such as 2, high-
lights the potential of this method for the synthesis of bespoke
chelating ligands from abundant poly(amine) precursors.
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