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Abstract: Readily accessible nitrilium triflates are convenient
imine building blocks for the expedient synthesis of a novel
class of 1,3-P,N ligands as demonstrated for the reaction with
primary phosphanes. This procedure allows variation of all
substituents. X-ray crystal structures are reported for nitrilium
ions, phosphaamidines, and three phosphaamidinate com-
plexes. The lithium phosphaamidinate is N coordinated and its
reaction with [AuCl(tht)] (tht = tetrahydrothiophene) gives
a unique P-bridged gold trimer, while a P,N-bidentate complex
results from [{RhCl(cod)}2]. The nitrilium ion methodology
allows extension of the 1,3-P,N motive to bis(imino)phos-
phanes, which are the neutral phosphorus analogues of the
valuable b-diketiminate ligand.

The nitrilium ions A[1] are reactive intermediates in a number
of classic organic reactions, such as the Beckmann rearrange-
ment,[2] the Ritter,[3] and the Ugi reaction.[4] The isolation of
the first stable nitrilium salts was reported by both Klages and
Grill[5] and Meerwein et al.[6] in 1955, but the development
and application of these imine synthons has remained rather
limited, likely for practical reasons. For example, the com-
monly used Lewis acid SbCl5 for conversion of imidoyl
chlorides into nitrilium salts is toxic,[5, 7] and the alternative
approach to alkylate nitriles suffers from the limited avail-
ability of trialkyloxonium salts (i.e., Meerwein�s reagent
R3O

+BF4
� , R = Me, Et).[1,6, 8, 9]

We were keen on developing a scalable and efficient
synthesis of a range of nitrilium ions and exploring their use in
the preparation of 1,3-P,N ligands.[10] The archetypical P,N li-
gand 2-pyridyldiphenylphosphane (B) has found widespread
application in coordination chemistry and catalysis[10c,11] in
spite of its structurally limited N-donor site.[12] Iminophos-
phanes (i.e., phosphaamidines C), in contrast, offer an easily
tunable imine fragment which allows facile steering of the
steric and electronic properties of the ligand, but they are
difficult to access. So far, only four examples were prepared
by reacting an imidoyl chloride[13, 14] with alkali-metal phos-
phides[15] or silylphosphanes.[16,17] Two additional reports
mention the synthesis of bis(imino)phosphanes, but without
conclusive analytical data.[15b,18] Moreover, convenient syn-
thetic access to the phosphorus analogues of the highly
versatile and much used amidinate ligands,[19] that is, the
anionic phosphaamidinates D,[15c,16, 20] is not available other
than by using silylphosphanides and nitriles.[20d, 21] Herein we
report the synthesis of nitrilium triflates and their reactivity
toward primary phosphanes,[22] which allows the facile syn-
thesis of C, D, and bis(imino)phosphanes.

The reaction of the imidoyl chlorides 1a–f with trime-
thylsilyl triflate (TMSOTf) in CH2Cl2 afforded the nitrilium
triflates 2a–f as sole products after removal of all volatiles
(Scheme 1).[23] The N-aryl-substituted nitrilium triflates 2a–d
were readily purified by crystallization on a multigram scale
(78–99%) and proved to be stable at room temperature under

Scheme 1. Synthesis of the nitrilium triflates 2a–f and molecular
structures of 2a and 2c (hydrogen atoms and the noncoordinating
OTf anion are omitted for clarity, and displacement parameters are
drawn at 50 % probability level. For 2c one of the two crystallographic
independent cations is shown). Selected bond lengths [�] and angles
[8] for 2a : N1–C1 1.125(3), N1–C6 1.402(2), C1–C2 1.461(3); C1-N1-
C6 179.3(2), N1-C1-C2 177.7(2). 2c (values for the second cation in
square brackets): N1–C1 1.140(4) [1.142(4)], N1–C8 1.412(4)
[1.405(4)], C1–C2 1.423(4) [1.431(4)]; C1-N1-C8 176.1(3) [176.0(3)],
N1-C1-C2 177.6(4) [174.8(3)].
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an inert atmosphere. In contrast, the N-alkyl-substituted salts
2e,f are thermally labile, albeit storable for months at �80 8C.
The molecular structures of 2a and 2c were established
unequivocally by X-ray crystal structure determinations
(Scheme 1).[24] They showed a linear conformation of the
nitrilium ion with a typical N�C bond [2a : 1.125(3), 2c :
1.140(4) �] which compares well with the only other struc-
turally characterized N-aryl-substituted nitrilium salt, that is,
[2,6-Me2C6H4-N�C-Me][BF4].[25,26]

To explore the reactivity of the nitrilium triflates, we
examined the reaction of 2a with primary phosphanes both
experimentally and computationally. Treatment of 2 a with
phenyl- and cyclohexylphosphane for 10 minutes at �78 8C
afforded, quantitatively, the respective iminium triflates 3a
and 3b [3a : d31P =�50.5 ppm, 1J(P,H) = 255.6 Hz; 3b : d31P =

�29.0 ppm, 1J(P,H) = 243.2 Hz] by P-nucleophilic attack on
the nitrilium ion followed by a [1,3] H-shift from phosphorus
to the more basic nitrogen site (Scheme 2). Subsequent

addition of triethylamine at�78 8C afforded, after work-up, in
good yield the secondary iminophosphanes 4 a [85 %; d31P =

�64.7 ppm, 1J(P,H) = 231.9 Hz] and 4b [79 %; d31P =

�42.7 ppm, 1J(P,H) = 220.8 Hz] as colorless solids. Single-
crystal X-ray diffraction analysis revealed unequivocally a Z-
configurated imine (Scheme 2) with C=N bond character [4a :
1.2720(16), 4b : 1.2736(18) �] and a typical P�C bond [4a :
1.8748(13), 4b : 1.8648(15) �].[24] The E conformers of 4a,b
were not detected by 31P NMR spectroscopy, and concurs with
the DFT calculations at the wB97X-D/6-31 + G(d,p)[27] level
of theory, and indicates these E isomers to be the least stable
ones [DGE-Z = 5.4 (4a), 2.2 (4b) kcal mol�1].

Treatment of the nitrilium triflate 2a with 2,4,6-tri-tert-
butylphenylphosphane (Mes*PH2) and subsequently with

NEt3 afforded two isomers of the iminophosphane 4c in
a 3:2 ratio [d31P: �55.3 ppm, 1J(P,H) = 243.2 Hz and
�56.7 ppm, 1J(P,H) = 252.9 Hz; Scheme 3]. Both isomers
tautomerized under the reaction conditions to the amino-
phosphaalkene 5 c, which was isolated as a yellow oil in 88%
yield [d31P = 102.0, d1H = 5.26 (NH) ppm].[28, 29] Calculations
at the wB97X-D/6-31 + G(d,p)[27] level of theory showed (Z)-
5c to be the thermodynamic product of this reaction [DG =

8.1 ((E)-4c), 4.6 ((Z)-4c), 9.0 ((E)-5c), and 0.0 ((Z)-5c)
kcalmol�1; Scheme 3, bottom],[30] and compares well with the
reported (Z)-DippP=C(p-CH3C6H4)N(H)Dipp (Dipp = 2,6-
iPr2C6H3) by Boer� and co-workers.[20b] These findings
illustrate that a diverse set of P,N ligands is accessible by
simply changing the substituents.

Having the phosphaamidines 4a,b and 5c in hand, we
explored the synthesis and coordination chemistry of the
corresponding phosphaamidinates. Treatment of either 4 a or
5c with n-butyl lithium at �78 8C in THF provided the
orange-colored 6 in good yield upon isolation (6a : 86 %,
d31P = 10.9 ppm; 6c : 66%, d31P = 38.6 ppm; Scheme 4). The
molecular structure of the Mes*-derivative 6c (Scheme 4),
obtained by a single-crystal X-ray structure determination,[24]

shows an N-coordinated lithium ion [Li1-N1 2.013(4) �]
bearing two molecules of thf and an interaction with the Mes*
ring [i.e., Li1-C12 2.599(4) �]. The elongated Z-configured
P=C bond [P1-C1 1.750(2) �] and shortened N�C bonds [N1-
C1 1.327(3) �] are indicative of a delocalized 1-aza-3-
phosphaallyl system as was highlighted by Niecke et al.[20a]

Our next step was to establish the coordination modes for
the phosphaamidinate ligand with transition metals, since no
such complexes have been reported in the literature.[31] A soft
metal should favor P coordination, which is indeed the case,
but with an unexpected result. Reaction of 6c with
[AuCl(tht)] at room temperature afforded 7 as yellow crystals
(66 %, d31P =�7.8 ppm; Scheme 4). Its molecular structure
displays a unique gold(I) phosphanyl trimer with a six-
membered {P3Au3} core [e.g., Au1-P1 2.354(2) �] and three
noncoordinating E imine substituents [e.g., N1-C1 1.269(9);
Scheme 4].[24] The P-Au-P angles are distorted from linearity
[e.g., P1-Au1-P3 155.35(7)8] and the {Au3} triangle features
Au···Au distances of 3.0168(6), 3.0945(6), and 3.1030(6) �,[32]

which are similar to the ones found for [{Au(PIs2)}3] (Is =

2,4,6-iPr3C6H2) as reported by Glueck et al.[33]

Next, we targeted the P,N-chelating motif for transition
metals,[34] as this is the predominant bonding mode in the

Scheme 2. Synthesis of the phosphaamidines 4a,b and molecular
structures of 4a,b (hydrogen atoms are omitted for clarity, except for
H1, one crystallographic independent molecule of 4b is shown, and
displacement parameters are drawn at 50 % probability level). 4b
crystallizes with two crystallographic independent molecules in the
asymmetric unit of which the values of the second are within square
brackets. Selected bond lengths [�] and torsion angles [8] for 4a :
P1–C1 1.8748(13), P1–H1 1.325(15), N1–C1 1.2720(16), N1–C6
1.4159(16); P1-C1-N1-C6 �1.21(17). 4b : P1–C1 1.8631 (13) [1.8648
(15)], P1–H1 1.330(14) [1.324(14)], N1–C1 1.2760(16) [1.2736(18)],
N1–C6 1.4166(17) [1.4115(18)]; P1-C1-N1-C6 �0.72(18) [-0.39(19)].

Scheme 3. Formation of 4c and 5c (top) and the computed isomers of
E/Z-4c and E/Z-5c at wB97X-D/6-31+ G(d,p) level of theory (bottom).
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widely applied, analogous N,N’-amidinates.[19] To this end, we
treated 6c with the rhodium complex [{RhCl(cod)}2] to obtain
the anticipated 8 as an orange solid [82%, d31P =�45.3 ppm,
1J(P,Rh) = 64.4 Hz; Scheme 4]. The molecular structure of 8
shows a k2-phosphaamidinate complex [Rh1-P1 2.3513(6),
Rh1-N1 2.085(2) �] bearing a h4-coordinated cod fragment
and features a shortened P�C bond [P1-C1 1.820(2) �], an
elongated N=C bond [N1-C1 1.309(3) �], and a P1-Rh1-N1
angle of 67.41(5)8 (Scheme 4). This bite angle is larger than
that for the corresponding amidinate ligands (638)[35] because
of the larger size of the P atom, which will have an effect on its
reactivity,[36] and is currently under investigation.

Finally, we explored whether the nitrilium ion method-
ology would allow extending the 1,3-P,N ligand with a second
imine unit to potentially give 1,3,5-N,P,N ligands. Treatment
of 4a with 2a and NEt3 afforded the bis(imino)phosphane 9a
as a yellow solid in 92 % yield (d31P = 17.0 ppm; Scheme 5,
left).[23] A single-crystal X-ray analysis confirmed the unique
structure of 9a (Scheme 5),[24] which contains an intact (Z)-4a
moiety [N2�C12 1.262(3) �] with an additional E imine
(N1�C1 1.270(3) �). The structure represents the first fully
characterized neutral, phosphorus analogue of the valuable b-
diketiminate ligand family.[37]

In conclusion, we have shown that readily accessible
nitrilium triflates are very convenient building blocks for the
synthesis of novel classes of phosphaamidines, phosphaami-
dinates, and bis(imino)phosphanes, thus allowing variation of
all substituents. The full potential of these readily available
P,N ligands in coordination chemistry and catalysis is cur-
rently being explored in our laboratories.
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