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Tuneable Phosphaamidinate Ligands: Alkyl-Magnesium
Complexes Responsive to Increased Ligand Bulk
Stephanie J. Urwin,*[a] Martin W. Stanford,[a] Gary S. Nichol,[a] Jennifer A. Garden,*[a] and
Michael J. Cowley*[a]

We describe the synthesis of five new phosphaamidine ligands
of formula RNC(R’)P(H)(R’’), featuring a hindered tert-butyl-
bearing backbone and variable steric bulk at both the nitrogen
and phosphorus centres. Crystallographic and heteronuclear
NMR studies indicate the geometry of the phosphaamidine is
dependent on the steric bulk of the peripheral substituents,
and in one case multiple isomers were observed in solution.
Ligand deprotonation by reaction with 0.5 or 1 equivalents of

nBu2Mg respectively forms heteroleptic (LMgnBu) or homoleptic
(L2Mg) complexes, with the most bulky phosphaamidinate
ligand generating a monomeric, unsolvated three-coordinate
magnesium centre. Three LMgnBu complexes were isolated and
show excellent activity for the ring opening polymerization of
rac-lactide (<99% conversion in two minutes), with a uniform
polymer chain length (Đ=1.02–1.37).

Introduction

Bidentate nitrogen-donor ligands, such as amidinates and β-
diketiminates, are prevalent throughout organometallic
chemistry. Their main group metal complexes have diverse
applications, and are used as effective bond forming catalysts,[1]

polymerization activators[2] and molecular reducing agents.[3]

Steric tuning of N-donor ligands including amidinates and β-
diketiminates[4] is a powerful method for manipulating the
structures and reactivity of their complexes. Increasing the
steric bulk of N-donor substituents has enabled the isolation of
two-coordinate Mg(I) systems,[5] allowed control over the
reactions between Mg(I) compounds and carbon monoxide,[6]

and can even be used to enhance the reactivity of Mg(I)
systems such that they reduce benzene.[7] Employed in calcium
chemistry, superbulky NacNac ligands even enable the reduc-
tion of dinitrogen.[8]

Steric tuning of N-donor ligands is clearly powerful. In
contrast, electronic tuning in these systems has been less
widely explored–largely because in much chemistry, the donor
properties of the nitrogen centre remain relatively insensitive to
the identity of the attached aryl substituent.

In N,N-donors, isoelectronic substitution of one nitrogen
atom for phosphorus can at least maintain (and in principle
expand) the valuable steric tunability of these ligands. It also

brings additional potential advantages. (i) Phosphorus is larger
and more polarizable than nitrogen. The increased accessibility
and altered donor strength of the P lone pair may offer access
to alternative chemistry; robust Mo and Cr phosphaamidine
complexes have been successfully isolated, whereas the corre-
sponding amidine analogues were unstable.[9] (ii) Any steric or
electronic tuning should be straightforward and ‘modular’,
given the well-developed synthetic chemistry of phosphines.
(iii) The 31P NMR handle can aid detailed solution state structural
studies, as evidenced through the characterization of P,N ligand
supported Al complexes.[10,11]

In spite of the potential benefits of P,N ligands and the
extensive use of amidines (RNC(R’)N(R’’2) in main group
chemistry, phosphaamidines (RNC(R’)P(R’’2) remain surprisingly
underexplored. Only 5 structurally authenticated protic phos-
phaamidines (RNC(R’)P(H)(R’’) and 15 corresponding phosphaa-
midinate metal complexes have been deposited in the Cam-
bridge Structural Database (Figure S1), with a single example of
a magnesium complex. Phosphaamidines can display a phos-
phinoimine or amino-phosphaalkene structure; in conjunction
with E/Z isomerism of the double bond, this results in eight
possible structural isomers.[12] With one exception, reported
examples have been isolated as a single isomer in the solid
state, with Z-anti(P=C),[9,12,13] Z-syn(N=C)[14] and Z-anti(N=C)[12]

structures all represented in the literature (Figure 1A–C).
Recently, crystalline (Dipp(H)NC(Tol)P(Dipp) (A) was demon-
strated to exist as a mixture of four isomers in CDCl3 solution.
Crystallographic studies of purified A indicated a uniform Z-
anti(P=C) solid state configuration, however 31P CP-MAS solid
state NMR analysis of the sample indicated that small amounts
of the E-syn(N=C) were also present.[12]

Complexes featuring an anionic phosphaamidinate can be
generated via phosphaamidine deprotonation, silyl abstraction
or ligand rearrangement reactions.[13–19] The serendipitous
preparation of the only reported phosphaamidinate magnesium
complex D resulted from a 1,3-silyl migration.[17] Phosphaamidi-
nate metal complexes display various coordination modes;
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monodentate kN or kP, bidentate N,P chelate, bimetallic bridge
and charge-separated ion pair. The delocalization (or otherwise)
of the anionic charge across the P� C� N framework surely
influences which coordination mode is favoured, though a
detailed understanding of precisely how remains unclear and
requires further study.

In spite of the potential benefits of P,N ligands compared to
their N,N analogues, the catalytic activity of phosphaamidinate
metal complexes is currently unknown. Here we present the
synthesis of five new bulky phosphaamidine ligands and their
corresponding homo- and hetero-leptic magnesium complexes,
with detailed investigations into their structure and activity
towards rac-lactide ring-opening polymerization.

Results and Discussion

Phosphaamidine Synthesis

Building on previous studies,[13,15] a functional group tolerant
preparation of phosphaamidines was reported in 2014, combin-
ing a carbonitrilium triflate with a primary phosphine in the
presence of triethylamine under mild conditions.[14] Using this
method a series of protic phosphaamidines were prepared
which varied the size of substituents at both the phosphorus
and nitrogen centres. Pro-ligands 1a-d were prepared in good-
to-moderate yield by treatment of the appropriate carbon-
itrilium triflate salt with the corresponding primary phosphines
MesPH2, TippPH2 or Mes*PH2 in the presence of triethylamine
(Scheme 1).

The smallest examples in our series, 1a and 1b, exist as the
phosphinoimine tautomers in both the solid and solution state.
Alongside consistent doublet resonances in 1H and 31P NMR
spectra (1a 1H=4.96, 31P δ= � 80.6, 1JP� H=245 Hz; 1b 1H δ 5.03,
31P δ � 88.9, 1JP� H=252 Hz), in 13C NMR experiments, 1a and 1b
exhibit 1JC� P coupling constants consistent with a C� P single
bond (1a: 13C δ 182.6, 1JC� P=59 Hz; 1b: 13C δ 182.7, 1JC� P=

61 Hz). Single-crystal X-ray studies of 1a (Figure 2) indicated

typical C=N double (1.279(4) Å) and C� P single (1.872(3) Å)
bond distances. The internal P� C=N angle of 1a is 124.1(2)°,
comparable with those of PhP(H)C(tBu)NPh and CyP(H)C-
C(tBu)NPh (123.16(10)° and 125.22(10)°)[14] despite the slightly-
greater steric bulk of 1a. A Z-syn(N=C) structure is adopted,
presumably a result of the tBu substituent on the central carbon
which ‘repels’ the P- and N- substituents. This is further
stabilized by parallel-displaced π-π interactions between the
aromatic substituents.

In contrast to 1a and 1b, Mes* derivative 1c tautomerizes
in solution. In the solid state, 1c adopts the amino-phosphaal-
kene tautomer (Figure 2), with short P=C double (1.7385(17) Å)
and C� N single (1.375(6) Å) bond distances. In contrast to 1a
and 1b, 1c adopts the E-syn(P=C) geometry in the solid state,
similar to Boeré and Masuda’s DippP=C(Tol)N(H)Dipp.[13] Where
both P- and N-substituents are bulky, this geometry is
seemingly preferred, perhaps because it relieves steric strain.
No other solid-state tautomers were found for 1c.

When crystalline 1c was dissolved in C6D6,
31P NMR

spectroscopy revealed three signals: δ 98.3 (d, 3JP� H=18 Hz), δ
80.1 (s) and δ � 53.6 (d, 1JP� H=253 Hz). Guided by the P� H
coupling constants, the two downfield resonances were
assigned to phosphaalkene (P=C) tautomers of 1c, with the
high field signal featuring a large JH� P arising from a
phosphinoimine tautomer. No change to the relative distribu-
tion of signals in variable temperature 1H and 31P NMR

Figure 1. Selected examples of structurally authenticated protic phosphaa-
midines in different geometries (A–C), the only literature example of a
phosphaamidinate magnesium complex (D), and the new phosphaamidinate
magnesium complexes reported herein. Tol=para-tolyl; Dipp=2,6-diiso-
propyl phenyl.

Scheme 1. Preparation of novel phosphaamidines 1a-d from a primary
phosphine and carbonitrilium triflate. 1a: R1=R2=Mes; 1b: R1=Tipp, R2=Mes;
1c: R1=Mes*, R2=Mes; 1d: R1=Mes, R2< >Dipp. Mes=2,4,6-trimethyl phenyl,
Tipp=2,4,6-triisopropyl phenyl, Mes*=2,4,6-tritert-butyl phenyl, Dipp=2,6-
diisopropyl phenyl.

Figure 2. Molecular structures of 1a, c and e. Hydrogen atoms (except N� H/
P� H) omitted and organic substituents wireframe for clarity. Selected bond
lengths (Å) 1a: P1� C3 1.872(3), C3� N1 1.279(4); 1c: P1� C19 1.7385(17),
C19� N1 1.375(6); 1e: P1� C2 1.8801(18), C2� N1 1.265(2). Selected bond
angles (°) 1a: P1� C3� N1 124.1(2), C17� C3� P1 116.72(19), C17� C3� N1
118.3(2); 1c: P1� C19� N1 114.32(12), C20� C19� P1 134.83(11), C20� C19� N1
110.84(14); 1e: P1� C2� N1 118.50(13), C37� C2� P1 123.39(13), C37� C2� N1
117.31(15).
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spectroscopy indicated that these structural isomers do not
interconvert in solution at elevated temperatures, and attempts
to fractionally crystallize the remaining two species resulted in
sole isolation of the E-syn P=C geometry (vide supra).

We investigated which other possible tautomers of 1c are
present in solution using density functional theory (DFT). The
eight possible tautomer geometries of 1c were optimized
(M062X/def2svp) and minima were located for seven of the
eight possible geometries (1c-i to 1c-vii, numbered in order of
increasing energy, Figure S43); a stable minimum was not
located for the E-anti(N=C) tautomer. This isomer is thought to
be of high energy due to significant steric interactions between
the pendant aryl groups and the tBu backbone, and so its
omission from the series should not affect our conclusions.
Comparison between calculated and experimentally measured
geometrical parameters for the E-syn(P=C) tautomer 1c-ii
indicate excellent agreement (e.g. P=C distance 1.7385(17) vs
1.722 Å, Δ=1.0%; C� N distance 1.375(6) vs 1.387 Å, Δ=0.2%;
P� C� N angle 114.32(12)° vs 114.7° Δ=0.3%). The relative
energy for each of the seven stable tautomers span a range of
around 40 kJmol� 1. The solid-state configuration of 1c was not
the lowest energy isomer calculated for the P=C tautomer; the
Z-anti(P=C) tautomer 1c-i was 8.8 kJmol� 1 lower in energy. We
therefore assign the two low-field 31P NMR signals to these two
isomers on the basis that they are the lowest energy Z and E
isomers. The Z-syn and E-anti isomers (1c-iii and 1c-vii)–
generated by simple rotation about the C� N single bond–are
13.5 and 36.8 kJmol� 1 higher in energy than 1c-i respectively.

The two 31P NMR signals at δ 98.3 (d, 3JH� P=18 Hz) and δ
80.2 (s) can be assigned specifically to 1c-i and 1c-ii on the
basis of their H� P coupling constants. Karplus-type arguments
rationalizing the magnitude of JH� P coupling constants on the
basis of the H� P dihedral angle[20,21] are not applicable here due
to a 3-bond distance (i. e., there is no dihedral angle between
the atoms of interest). 3JH� P coupling constants are known to
correlate with the magnitude of ω, the dihedral angle between
the phosphorus lone-pair and the atom to which the hydrogen
atom is bonded (in this case: the lone-pair-P� C� N dihedral),
such that large dihedral angles result in small H� P coupling
constants and vice versa.[22] The Z-anti isomer 1c-i has a large ω
angle (165.9°) and is thus assigned to the singlet resonance at δ
80.2. ω is small for E-syn 1c-ii (7.8°) and so the doublet signal at
δ 98.3 (3JH� P=18 Hz) is assigned to it. These assignments are
consistent with solution-phase isomerism in A (Z-anti(P=C) δ
53.6, s; E-syn(P=C) δ 79.5, d, 3JH� P=10 Hz).[12] The remaining
signal in the 31P NMR spectrum of 1c at δ � 53.6 (1JH� P=253 Hz)
is assigned to the lowest-energy N=C tautomer, 1c-iv (Figure 3).

Initial attempts to prepare Ar* substituted phosphaamidine
1e (Ar*=2,6-bis(diphenylmethyl)-4-methylphenyl) using the
same method as for 1a-d were unsuccessful as the correspond-
ing carbonitrilium salt presented significant handling
challenges.[23] However, treatment of chloroimine Ar*N=C(Cl)tBu
with MesPH2, Me3SiOTf, and NEt3 in an analogous one-pot
reaction in DCM allowed preparation of 1e in a low but
reproducible yield of 32%; using toluene at high temperature
increased the yield of 1e to 69%. (Scheme 2). Monitoring the
reaction using in situ 31P NMR spectroscopy indicated the

reaction does not proceed through a carbonitrilium salt, and
instead MesP(H)(SiMe3) forms at room temperature (31P δ
� 160.0 (d, 1JP� H=207 Hz)[24]). When heated to 80 °C this silyl
phosphine then reacts with the chloroimine, and the signal of
1e replaces that of the silyl phosphine. This is reminiscent of
the isolation of a tertiary phosphaamidine, Ph2PC(Ph)NPh.

[16]

The preparation of silyl phosphines from primary phosphines
reacting with trimethylsilyl triflate has been reported for smaller
organic groups (Ph and tBu),[24,25] however larger substituents
(Mes, Dipp, Mes*) are usually synthesized by lithiation of the
primary phosphine and addition of trimethylsilyl chloride,
eliminating lithium chloride in a salt metathesis reaction.[24,26]

1e was found to be relatively air- and moisture tolerant; after
storing for 2 days in air little degradation had occurred.

Like 1a and 1b, super-bulky 1e exists in solution as the
phosphinoimine tautomer, with a 31P NMR resonance observed
at δ � 74.9 (d, 1JH� P=249 Hz) and the corresponding proton
resonating at δ 5.19 (d, 1JH� P=250 Hz) in the 1H NMR spectrum.
Unlike 1a or 1c, in the solid state 1e adopts a Z-anti
conformation, which maximizes separation of the mesityl, tBu
and Ar* groups. This is confirmed by the single crystal X-ray
structure (Figure 2), in which C=N double (1.265(2) Å) and C� P
single (1.8801(18) Å) bond distances can be seen. A reduced
P� C=N internal angle in 1e suggests an increase in steric
crowding compared to 1a but on a magnitude comparable to
that of 1c (1a: 124.1(2)°; 1c: 114.32(12)°; 1e: 118.50(13)°).

Figure 3. 31P NMR spectrum of 1c (C6D6, 202.5 MHz, 300 K), with chemical
shifts assigned to isomers present.

Scheme 2. Preparation of super-bulky phosphaamidine 1e. Ar*=2,6-
bis(diphenylmethyl)-4-methylphenyl.
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Preparation of Magnesium Complexes

The relationship between the steric properties of amidinate
ligands and the substitution pattern/nuclearity of the resulting
magnesium complexes is firmly established; small amidinate
ligands give highly substituted, aggregated complexes,[27]

slightly bulkier amidinate ligands favour heteroleptic complexes
which can dimerize[28,29] and super bulky amidinate ligands
produce monomeric compounds.[30] Treatment of the smallest
phosphaamidines in our series, 1a and 1b, with 1 equivalent of
nBu2Mg forms the LMgnBu complexes 2a and 2b, by
elimination of butane (Scheme 3). In both cases, an immediate
colour change from colourless to bright yellow accompanies a
new singlet signal in the 31P NMR spectrum (2a: δ � 41.9; 2b: δ
� 55.3). The loss of P� H resonances is also evident in the

corresponding 1H NMR spectra. A series of multiplet signals
corresponding to the nBu groups are observed, including
distinctive signals arising from the AA’XX’ spin system of the
LMgCH2 groups at δ 0.49 (Figure S16).[31] In the 13C NMR
spectrum of 2a, the signal for the central carbon atom of the
phosphaamidinate ligand is significantly downfield from that in
the phosphaamidine (1a: δ 182.5, d, 1JC� P=59 Hz; 2a: δ 211.2 (d,
1JC� P=14 Hz)). A decrease in C� P coupling constant indicates
metal coordination to phosphorus[32] (2a: 14 Hz, 1a: 59 Hz; 2b:
15 Hz, 1b: 61 Hz).

The structures of 2a and 2b, determined by single-crystal
X-ray diffraction, reveal dimeric structures in the solid-state
(Figure 4). Due to the 1,3-coordination mode of the phosphaa-
midinate ligand, the conformations of the free phosphaami-
dines are not maintained on deprotonation and complexation
to Mg. Intermolecular coordination of the phosphorus lone
pairs results in 4-coordinate magnesium centres, with dative
Mg� P interactions taking the place of the coordinated solvent
that is commonly observed in magnesium alkyl complexes. The
tetrahedral geometry at phosphorus gives 2a and 2b a
stereogenic centre, though both compounds exist as racemic
mixtures. In the solid state, a centre of inversion located within
the Mg2P2 ring means the dimeric structures are meso
compounds.

Upon coordination to magnesium, the backbone P� C bond
distance of 1a contracts marginally (1.872(3) Å to 1.8527(19) Å)
whereas the C� N bond lengthens (1.279(4) Å to 1.303(3) Å),
with bond distances in 2a leading to the conclusion of an
overall phosphide-imine structure. This lack of delocalization of
the anionic charge across P and N centres is in contrast to
previous observations with phosphaamidinate lithium com-
plexes (cf. [DippNC(Tol)Pdipp][Li]: P� C 1.766(2) Å, C� N
1.343(3) Å; [DippNC(tBu)Pdipp][Li]: P� C 1.796(3) Å, C� N
1.317(3) Å).[13,15] This is likely a result of coordination of two
magnesium centres to each phosphorus acting as a superior
sink for the negative charge than conjugation with the C=N
bond. The increase in steric bulk of our phosphaamidinate
ligand compared to literature analogues is reflected in the
N� C� P bite-angle, which is narrower in 2a than in the
previously reported lithium complex with a sterically demand-
ing phosphaamidinate ligand bonding (2a: 108.03(13)°;
[PhNC(tBu)P(Mes*)]Li(THF)2: 122.34(16)°, kN coordination[14]). It is
noted that Mg1� P1 and Mg1� P2 bond lengths in 2a are very
similar at 2.5937(8) Å and 2.6186(8) Å. The solid-state molecular
structure of 2b is largely identical to that of 2a (Figure S42).
Comparison of the P� Mg� N bite-angles and percentage buried
volume (%Vbur)

[33] suggests that the metal centre in Tipp-
substituted 2b is not significantly more sterically crowded than
in 2a (2a: P� Mg� N=64.65(3)°, %Vbur=38.8%; 2b: P� Mg� N=

64.51(4)°, %Vbur=40.7%. %Vbur calculated without nBu group).
When the Mes*-substituted phosphaamidine 1c, the bulk-

iest of our series at phosphorus, was treated with 1 equivalent
of nBu2Mg, 31P NMR spectroscopy revealed, in addition to
substantial amounts of unreacted 1c, a new singlet signal at δ
12.5 that is distinctly different from those observed for the
parent ligand 1c (31P δ 98.4, 80.2 and 53.6) or LMgnBu
complexes 2a (31P δ � 41.9) and 2b (31P δ � 55.3). In the

Scheme 3. Preparation of magnesium complexes discussed. 1-3a:
R1=R2=Mes; 1-3b: R1=Tipp, R2=Mes; 1-3c: R1=Mes*, R2=Mes; 1,3d: R1=Mes,
R2=Dipp.

Figure 4. Molecular structure of 2a with the asymmetric unit shown inset.
Hydrogen atoms are omitted for clarity. Selected bond lengths (Å): P2� Mg1
2.6185(8), P1� Mg2 2.6186(8). (Å): Mg1� P1 2.5937(8), P1� C5 1.8527(19),
C5� N1 1.303(3), N1� Mg1 2.1717(17). Selected bond angles (°): P1� C5� N1
108.03(13), C5� N1� C19 127.66(16), C5� P1� C10 111.93(9), P1� Mg1� N1
64.65(3).
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corresponding 1H NMR spectrum, no signals attributable to nBu
groups were observed. When 1c, which exists in solution as a
mixture of one phosphino-imine and two phosphaalkene
tautomers, is reacted in a 2 :1 ratio with nBu2Mg the same
product is observed by NMR spectroscopy, only this time with
complete consumption of 1c. The observed stoichiometry and
spectroscopic observations are consistent with the formation of
the L2Mg type complex 3c, which was confirmed by single-
crystal X-ray diffraction studies (Figure 5). The solid state
structure of 3c confirms a distorted tetrahedral magnesium
centre (bond angle range=66.20(4)°–140.38(3)°) coordinated
by two phosphaamidinato ligands. The distorted geometry at
magnesium results from the narrow bite-angle of the two
phosphaamidinate ligands. The P� C bond distance is the
shortest of the phosphamidinate complexes reported here, at
1.7946(16) Å, and the C� N distance is 1.334(2) Å, longer than a
C=N double bond (ca. 1.27–1.30 Å) and in-range for a
delocalized imine (ca. 1.33–1.41 Å).[34] As sp2 hybridization is
maintained around C1 (ΣC1=359.24(13)°; ΣC33=359.39(12)°), we
conclude that the anionic charge of the ligand is delocalized to
a greater degree across the phosphorus and nitrogen centres
than in the LMgnBu complexes 2a and 2b.

The L2Mg complexes 3a and 3b, derived from the smaller
phosphaamidinate ligands 1a and 1b can also be prepared by
treating the phosphaamidines with 0.5 equivalents of nBu2Mg.
We made no crystallographic study of these compounds but
characterized them spectroscopically. Both compounds contain
only one ligand environment, and resonate as singlets in their
31P NMR spectra at δ � 25.9 (3a) and δ � 34.3 (3b). In the 13C
NMR spectrum, and consistent with all phosphaamidinate
complexes described here, the central carbon of the ligand
gives rise to doublet signals for 3a at δ 222.6 (d, 1JC� P=60 Hz)
and for 3b at δ 211.30 (d, 1JC� P=58 Hz). Treatment of the L2Mg
complex 3a with 1 equivalent of nBu2Mg results in formation of

the LMgnBu complex 2a, whilst 3a can also be prepared from
2a and one equivalent of 1a.

Next, we examined the ligand 1d, which bears a Dipp
substituent at the nitrogen centre. Treatment of 1d with one
equivalent of nBu2Mg forms an inseparable mixture of the
heteroleptic complex 2d and homoleptic 3d, the latter of
which is the major product, as determined on the basis of
resonances in the 31P NMR spectrum at δ � 44.8 (2d) and δ
� 20.5 (3d). Comparison of the chemical shift for 2d with others
in our series reveals that heteroleptic 2d is likely a dimer in
solution, with a structure comparable to 2a and 2b. When 1d
is treated with 0.5 equivalents of nBu2Mg, a mixture of 2d and
3d is formed. Using sub-stoichiometric nBu2Mg enables the
isolation of 3d, albeit in a low yield (57%) and with trace
contamination of 2d remaining.

The super-bulky phosphaamidine ligand 1e reacts slug-
gishly with one equivalent of nBu2Mg at room temperature,
however heating the mixture to 90 °C for 12 hours results in a
colour change and formation of the heteroleptic LMgnBu
complex 2e (Scheme 4). In the 31P NMR spectrum, a singlet
signal at δ � 7.03 is observed, and the 1H NMR spectrum has
resonances corresponding to a MgnBu group, including a broad
high-field signal at δ= � 0.56–0.73 for the MgCH2 protons. No
reaction was observed with further equivalents of 1e even
under forcing conditions, i. e., it was not possible to from an
L2Mg complex using this super-bulky phosphaamidine.

Compound 2e was isolated in 78% yield. Single crystal X-
ray diffraction experiments revealed that, unlike 2a and 2b, 2e
is monomeric in the solid state and contains an unsolvated,
three-coordinate magnesium centre (Figure 5), similar to a β-
diketiminate supported example derived from the same super-
bulky amine.[30] Although three-coordinate monomeric magne-
sium complexes can be readily prepared with more sterically
demanding alkyl groups such as isopropyl[35] or tBu,[36] examples
bearing an nBu group are rare. Although the diffraction data
from 2e was of sufficient quality to assist in formulation of the
compound, it proved insufficient to enable accurate determi-
nation or discussion of bond metrics. The three-coordinate
phosphorus centre of 2e is stereogenic, however the com-
pound crystallizes as a racemic mixture.

Whilst there is substantial disorder around the pendant n-
butyl ligand, it clearly adopts an unusual ‘folded back’
conformation, which we believe is enforced by the large steric
bulk of the nitrogen substituent. The steric crowding is reflected
in a %Vbur value of 58.9%, much greater than the values for 2a
(38.8%) or 2b (40.7%). Given the shift in 31P NMR resonance of
2e (δ � 7.03) is substantially downfield compared to dimeric 2a

Figure 5. Molecular structures of 2e (asymmetric unit) and 3c. Hydrogen
atoms omitted and organic substituents are wireframe for clarity. Only one
position of the disordered nBu group is represented in 2e. 2 C6D6 of
crystallization in 3c are omitted for clarity. Selected bond lengths in 3c (Å):
P1� C1 1.7883(17), P1� Mg1 2.5093(6), C1� N1 1.334(2), N1� Mg1 2.0930(15),
P2� C33 1.7946(16), P2� Mg1 2.5064(7), N2-C33 1.334(2), N2� Mg1 2.0977(14).
Selected bond angles in 3c (°): P1� C1� N1 107.81(12), P2� C33� N2
107.84(11), P1� Mg1� N1 66.20(4), P2� Mg1� N2 66.7(4), P1� Mg1� P2 140.38(3),
N1� Mg� N2 119.94(6).

Scheme 4. Preparation of a monomeric, three-coordinate magnesium.
Ar*=2,6-bis(diphenylmethyl)-4-methylphenyl.
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(δ � 41.9) and 2b (δ � 55.3), we conclude that 2e remains
monomeric in solution.

Ring-opening Polymerization Studies

Several N,N-ligated Mg complexes have shown excellent activity
in the ring-opening polymerization (ROP) of racemic-lactide
(rac-LA) to poly(lactic acid) (PLA), including those based on β-
diketiminate, heteroscorpionate and aza-(oxazoline)
ligands.[31,37–39] As PLA can be used in biomedical applications,[40]

magnesium-based catalysts are attractive due to the low
toxicity, lack of colour and low cost of this metal. Heteroleptic
2a, 2b and 2e were therefore tested for rac-LA ROP. Each of
these complexes bears a n-butyl group as a single-site initiator

for controlled chain growth, similar to N,N-ligated Mg-alkyl
complexes previously reported for cyclic ester ROP.[31,37] The
polymerization conditions selected are commonly used in
testing Mg complexes as catalysts for rac-LA ROP (Scheme 6;
[LA]=1.0 M, with 1 [Mg] mol% or 0.5 [Mg] mol% catalyst
loading ([Mg] vs LA) in dichloromethane solution at 20 °C).[31,39,41]

While THF solvent has been used with other Mg complexes for
rac-LA ROP,[42,43] 31P NMR studies showed that the stoichiometric
addition of Lewis donor THF resulted in the formation of the
bis-ligated Mg species through the Schlenk equilibrium. This
was identified by a downfield shift of the 31P NMR resonance
(from δ= � 42.0 to δ= � 22.2 for 2a, and from δ= � 55.3 to δ=

� 34.1 for 2b), corresponding to the formation of 3a and 3b,
respectively (Scheme 5). As the formation of L2Mg complexes
has been reported as a catalyst deactivation pathway within
amidinate chemistry,[29] dichloromethane was thus selected as
the solvent for ROP studies using 2a, 2b and 2e as initiators
(Scheme 6). Representative NMR studies confirmed that 2a and
2b persist in DCM solutions under the polymerisation con-
ditions (Figures S36 and S37).

Complexes 2a, 2b and 2e all display high catalytic activities
for the polymerization of LA (Table 1). At 1 mol% [Mg] loading
(vs [LA]), all three catalysts display relatively similar activities
although catalyst 2a displayed slightly lower activities than the
bulkier 2b analogue (Entries 1 and 3). The lower activity of the
less sterically bulky 2a catalyst falls in line with previously
reported trends within magnesium catalysts for the ROP of
LA.[37,45] All three catalysts remained active at lower catalyst
loadings (0.5 [Mg] mol%, Entries 6–9), with 2b appearing to be
the most robust system, achieving 98% conversion of LA in
5 minutes (Entry 7). In general, 2a delivered the lowest
dispersity (Đ) values (e.g. Đ=1.06 at 0.5 [Mg] mol% catalyst
loading, Entry 6) in the absence of further additives. Alcohols

Scheme 5. Reaction of magnesium complexes 2a and 2b with stoichiomet-
ric THF in C6D6.

Scheme 6. Ring-opening polymerization of rac-lactide to poly(lactic acid),
initiated by phosphaamidinate magnesium complexes. Mg activator=2a,
2b or 2e.

Table 1. Polymerizations of rac-lactide catalysed by 2a, 2b and 2e.

[Mg][a] (mol%) MeOH (mol%) Time (min) Conv[b] (%) Mn
[c] (Da) Mn,calc

[d] (Da) Đ[c]

1 2a [1.0] – 1[e] 46 – – –

2 2a [1.0] – 30 98 5690 14110 1.13

3 2b [1.0] – 1[e] 98 – – –

4 2b [1.0] – 30 98 7870 14110 1.26

5 2e [1.0] – 2 99 15540 14260 1.37

6 2a [0.5] – 30 87 4260 25060 1.06

7 2b [0.5] – 5 98 – – –

8 2b [0.5] – 30 98 7840 28220 1.08

9 2e [0.5] – 5 70 14370 20160 1.28

10 2a [1.0] 1.0 3[e] 5 – – –

11 2a [1.0] 1.0 30 10 – – –

12 2b [1.0] 1.0 3[e] 19 – – –

13 2b [1.0] 1.0 30 91 3800 13110 1.02

14 2e [1.0] 1.0 2 98 7720 14110 1.16

15 3a [10] – 60 20 – – –

Reaction conditions: dichloromethane, [LA]–1.0 M. [a] concentration relative to number of magnesium centres. [b] Determined by 1H NMR. [c] Determined by
size-exclusion chromatography analysis in THF, using a triple detection system and using a dn/dc value of 0.05 mL/g for poly(lactic acid).[44] [d] Calculated
from the monomer conversion Mn,calc=M0×([M]/[I])×conversion assuming 1 chain per catalyst. [e] 0.1 mL reaction aliquot quenched in excess hexane.
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can be added to cyclic ester ring-opening polymerizations as a
method of controlling the molar mass and decreasing the
dispersity.[46] Here, the addition of 1 equivalent of methanol to
the most sterically hindered catalyst 2e improved the dispersity
from 1.37 to 1.16 (Entries 5 and 14). However, the addition of
methanol significantly decreased the catalytic activity of 2a,
giving just 10% conversion after 30 minutes. The polymer-
izations were moderately well-controlled, with catalyst 2b
giving a dispersity of 1.02 at 91% conversion (Entry 13), albeit
with 2a and 2b giving lower than expected Mn,obs values. In
contrast, 2e generally gives good agreement between the Mn,obs

and Mn,calc values (Entry 5). This difference may arise from the
structural differences between monomeric 2e and dimeric 2a-
2b. Catalysts 2a, 2b and 2e are comparable with the most
active magnesium catalysts reported for the ROP of LA,[31,39,47]

including a diketiminate complex, [CH{(CMe)(2,6-
iPr2C6H3N)}2 Mg(OiPr)], which gave 97% conversion of LA to PLA
in two minutes (dichloromethane solvent, 20 °C, 1 mol%
catalyst loading, 1 equivalent of iPrOH).[41] A comparable
polymerization experiment using homoleptic 3a as an initiator
gave only trace conversion of rac-LA to PLA after 18 hours of
reaction time.

Microstructural analysis of the PLA by decoupled 1H NMR
spectroscopy revealed that sterically encumbered 2b gave PLA
with a very slight isotactic preference (2b, Pi=0.55), whereas
2a and 2e yielded essentially atactic PLA (Pi=0.48 and 0.52,
respectively).[48] This lack of stereocontrol was expected from
meso 2a/2b and racemic 2e, and is in line with previous
reports of magnesium catalysts for the ROP of LA, which are
generally highly active but not very stereoselective.[35,41,49]

MALDI-ToF analysis is an established method of identifying
polymer chain end-groups.[50] Here, the MALDI-ToF analysis of
the purified polymers prepared using 2a shows the presence of
α-butyl-ω-hydroxyl end-capped PLA, as well as a telechelic
polymer terminated by hydroxyl groups (Figure S41). This aligns
with previous reports of related magnesium-n-butyl catalysts
for LA ROP.[31,37,39,51,52] In the presence of one catalytic equivalent
of MeOH, evidence of chain transfer was observed with α-
methoxy-ω-hydroxyl PLA present, in addition to the di-hydroxyl
terminated polymer and macrocyclic PLA; this was further
corroborated by the lower Mn,obs values (cf. the Mn,calc values,
Entries 4–5 vs 13–14).[53] To provide further support for the
presence of nBu end groups and to probe the nature of the
active species, we investigated the NMR scale reaction of 2a
with LA in C6D6 solvent (selected to allow comparison with 2a,
Figure S16). Upon the addition of two equivalents of LA per 2a
dimer, a new broad 31P NMR resonance was observed at δ=

13.9, alongside 1a as a minor product (Figure S37), suggesting
that the phosphorous environment has changed from four-
coordinate to three-coordinate (cf. three-coordinate 2e: δ=

� 7.0). The concurrent disappearance of the AA’XX’ 1H NMR
resonance, corresponding to the MgCH2 group, upon reaction
of 2a with 2 equivalents of LA provides further evidence for
reaction of the n-butyl group (Figure S40). It seems plausible
that the presence of Lewis donor LA cleaves the dimeric
structure of 2a into a monomer, although ligand redistribution
to form L2Mg and nBu2Mg in a complex reaction mixture cannot

be unequivocally ruled out. The addition of 10 equivalents of
lactide (vs [Mg]) was subsequently investigated. While the 1H
NMR of this reaction mixture is complex, the diagnostic MgCH2

resonance of 2a disappears (δ=0.46–0.54), providing further
evidence to support the initiation of ROP by nucleophilic attack
of the n-butyl groups.[22] Furthermore, a distinctive new quartet
was observed at δ=3.72 (1JH� H=6.7 Hz), which is significantly
upfield compared to the lactide and poly(lactic acid) methine
resonances (δ=5.06, 1JH� H=6.7 Hz and δ=5.26–5.15 (m), re-
spectively). While the addition of 20 equivalents of lactide (vs
[Mg]) generated further PLA, as confirmed by 1H NMR
spectroscopy, the 31P NMR resonance remained at constant δ=

13.9. These observations provide some support for the notion
that the 2a phosphaamidate complex is in the monomeric state
during the ROP of LA.

Conclusions

Five new protic phosphaamidines 1a-e have been prepared.
For super bulky 1e, a modified one-pot procedure was
developed which expands the range of accessible functional
groups on protic phosphaamidines and proceeds through a silyl
phosphine intermediate. Pro-ligands 1a, 1c and 1e each
crystallized in different phosphaamidine configurations (Z-
syn(N=C), E-syn(P=C) and Z-anti(N=C) respectively), with 1c also
existing as the Z-anti(P=C) and Z-syn(N=C) isomers in the
solution-state. Addition of 1 or 0.5 equivalents of nBu2Mg
produced isolable LMgnBu (2a,b,e) complexes and thermody-
namic sink L2Mg complexes (3a-d). For our heteroleptic
examples, the steric profile of the phosphaamidine controlled
the nuclearity of the complex in the solid and solution state,
with dimerization observed for 2a and 2b, and a monomeric
structure for 2e. Both the dimeric and monomeric centres
retained an accessible metal centre, and 2a, 2b and 2e are all
highly active initiators for the ROP of rac-LA, converting almost
100 equivalents of monomer within just 2 minutes, and
generating polymer chains with Đ=1.02–1.37.

With their advantages of both steric and electronic tuna-
bility, we have shown that phosphaamidine ligands can
successfully support highly active main group metal catalysts.
To fully capitalize on the advantages and new possibilities
enabled by exchanging N for P, we are exploring the
preparation of enantiomerically pure phosphaamidinate main
group complexes and their application into chiral bond-forming
transformations.

Supporting Information Summary

The authors have cited additional references within the
Supporting Information.[54–68] Deposition Numbers 2347156 (for
1c), 2347157 (for 2a), 2347158 (for 1e), 2347159 (for 3c),
2347160 (for 1a), 2347161 (for 2b) and 2347162 (for 2e)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
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including an unsolvated three-coordi-
nate magnesium centre. The homo-
leptic complexes are efficient initiators
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