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@cm Catalytic bond forming reactions promoted by
oo oo 2o @midinate, guanidinate and phosphaguanidinate
14302 ~ compounds of magnesiumt
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The synthesis and catalytic properties of a series of magnesium compounds consisting of monoanionic,
N,N’-chelating ligands (NNN = amidinates, guanidinates, phosphaguanidinates) is reported. The com-
pounds were synthesized by (i) insertion of a carbodiimide into an existing Mg—C or Mg—N bond, or (ii)
protonolysis of an organomagnesium compound by a neutral pre-ligand. Structural analyses of mono- or
bis-(chelate) compounds with general formula Mg(NNN)X(L), and Mg(NnN),(L), (X = halide, aryloxide,
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amide; L = Et,O, THF; n = 0, 1 or 2) have been performed and the influence that the ligand substituent
patterns have on the solid-state structures has been probed. Selected examples of the compounds were
tested as (pre)catalysts for the polymerization of lactide, the dimerization of aldehydes and the hydro-

www.rsc.org/dalton acetylenation of carbodiimides.

Introduction

The application of group 2 compounds containing Mg, Ca, Sr,
Ba as catalysts is an attractive area of research due to the rela-
tively low toxicity of the metal and abundance of cheap/easily
synthesised starting materials."* Magnesium is particularly
favoured in this respect due to the ubiquitous presence of
organomagnesium compounds in synthetic chemistry labora-
tories, typically in the form of Grignard reagents. Accordingly,
in the last 5 years magnesium complexes have been reported
for their activity as catalysts in a range of chemical transform-
ations including hydroamination,®® hydroboration,'*™** cross-
dehydrocoupling,' ring-opening polymerization (ROP),">™"”
and the homocoupling of aldehydes'®'® (the Tishchenko reac-
tion).”” We have recently explored a series of magnesium
amidinate and guanidinate compounds as (pre)-catalysts in
selected bond forming reactions.>** In this contribution we
report additional results towards understanding the complex
equilibrium chemistry involved in these catalytic cycles and
the application of selected examples to ROP catalysis. To sup-
plement the results from existing amidinate and guanidinate
compounds, we have extended this area to include phospha-
guanidinate compounds in which the carbon atom of the
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Fig. 1 Generic amidinate, guanidinate and phosphaguanidinate ligands.

metallacycle is bonded to a -PR, substituent (Fig. 1). The
structural consequences of the different substitution patterns
are investigated for a range of four-, five- and six-coordinate
compounds.

Experimental
General information

All manipulations were carried out under dry nitrogen using
standard Schlenk-line and cannula techniques, or in a conven-
tional nitrogen-filled glovebox. Solvents were dried over appro-
priate drying agents and degassed prior to use. All compounds
were purchased from Sigma-Aldrich and used as received
unless otherwise stated. MgMeCl (3 M solution in THF) and
MgMeBr (3 M solution in Et,0) were received as solutions. LiN-
{SiMe;}, and KN{SiMes}, were crystallized from toluene; benz-
aldehyde was freshly distilled and stored under nitrogen; rac-
Lactide was sublimed before use. Ph,PC{NCy{NHCy},** Cy,PC

This journal is © The Royal Society of Chemistry 2014


www.rsc.org/dalton
http://crossmark.crossref.org/dialog/?doi=10.1039/c4dt01097c&domain=pdf&date_stamp=2014-09-08
http://dx.doi.org/10.1039/C4DT01097C
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT043038

Published on 08 May 2014. Downloaded on 13/11/2015 20:05:18.

Dalton Transactions

{N'Pr}{NH'Pr},*® and Cy,PC{NCy}{NHCy}** were synthesised as
reported.

NMR spectra were recorded using a Bruker Avance DPX
300 MHz spectrometer at 300.1 (*H), 75.4 (**C{'H}) and 121.5
(*'P{'H}) MHz, a Varian INOVA system at 300.1 (*H) or 75.3
(“*c{*H}) MHz, or a Varian VNMR 400 MHz spectrometer at
400.1 (*H), 100.3 (**C{'H}) and 161.9 (*'P{'H}) MHz. Proton
and carbon chemical shifts were referenced internally to
residual solvent resonances; phosphorus chemical shifts were
referenced to external H;PO, (85% aq.). Coupling constants
are quoted in Hz. Elemental analyses were performed by
S. Boyer at London Metropolitan University.

Synthesis of Mg(Ph,PC{NCy},)CI(THF) (6). A solution of
MgMeCl (0.08 mL of a 3 M solution in THF, 0.25 mmol) was
added drop wise to a solution of Ph,PC(NCy)(NHCy) (0.100 g,
0.25 mmol) in toluene. The resultant clear, colourless solution
was stirred at ambient temperature for 16 hours prior to
removal of volatiles under reduced pressure. Crystallization of
the crude white solid by slow cooling a hot hexane solution to
ambient temperature afforded 6 as colourless crystals. Yield
0.11 g (84%). Anal. Calcd for C,oH4oN,OMgPCl (523.37): C,
66.55; H, 7.70; N, 5.35%. Found: C, 66.49; H, 7.65; N, 5.33%.
"H NMR (300 MHz, C¢Dg): 6 7.74 (d t, *Jyy = 6.4, Yo = 1.5, 4H,
m-CeHs), 7.54 (t, *Jun = 6.1, 4H, 0-CeHj), 7.12-7.02 (m, 2H,
p-CeHs), 4.23 (m, 2H, Cy-H,), 4.12 (m, 4H, THF), 1.90-0.82 (m,
20H, Cy-CH,), 1.47 (m, 4H, THF). *C{'H} NMR (75 MHz,
CeDy): 6 170.8 (d, “Jpc = 53, PCN,), 134.3 (d, Jpc = 20, CeHs),
132.4 (d, Jpc = 19, CgHj), 129.3 (CeHs), 129.0 (d, Jpc = 7, CeHs),
69.4 (THF), 56.4 (d, *Jpc = 18, Cy-C,), 37.0, 35.7 (Cy-CH,), 26.3
(THF), 25.2 (Cy-CH,). *'P{"H} NMR (121 MHz, C¢Dy): § —23.6.

Synthesis of Mg(Cy,PC{NCy},)Br(OEt,) (7). The compound
was made in an analogous manner to that described for 6,
using 0.22 mL of a 3 M solution of MgMeBr in Et,O
(0.66 mmol) and 0.250 g Cy,PC{NCy{NHCy} (0.64 mmol), and
Et,O as the solvent. Prolonged storage at 5 °C afforded a small
number of colourless crystals (0.037 g, 10%) that were isolated
and analysed by X-ray diffraction and elemental analysis. Anal.
Caled for C,oHs,N,OMgPBr (581.93): C, 59.85; H, 9.35; N,
4.81%. Found: C, 59.71; H, 9.57; N, 4.72%.

Synthesis of Mg(Cy,PC{N'Pr},)CI(THF) (8). The compound
was made in an analogous manner to that described for 6,
using 0.11 mL of a 3 M solution of MgMeCl in THF
(0.33 mmol) and 0.100 g Cy,PC{N'Pr{NH'Pr} (0.31 mmol) in
toluene. Crystallization from hot hexane afforded 8 as colour-
less crystals. Yield 0.09 g (60%). Despite repeated attempts,
accurate elemental could not be obtained. "H NMR (300 MHz,
C¢Dg): 6 4.86 (m, 2H, CHMe,), 4.80 (m, 2H, Cy-H,), 3.90 (m,
4H, THF), 2.33-0.82 (m, Cy-CH,*), 1.43 (m, 4H, THF), 1.20 (d,
*Jun = 6.3, 12H, CHMe,) [*total integral for cyclohexyl methyl-
ene groups = 20H]. *C{'H} NMR (75 MHz, C¢Ds): § 170.8 (d,
J =53, PCN,), 68.6 (THF), 50.6 (d, J = 18, Cy-C,,), 46.9 (d, J = 14,
CHMe,), 34.2 (d, J = 17, Cy-CH,), 32.6 (d, J = 23, Cy-CH,), 30.6
(d, J = 12, Cy-CH,), 26.4 (d, J = 21, Cy-CH,), 25.8 (s, CHMe,),
25.6 (THF). >'P{"H} NMR (121 MHz, C¢D): 6 —9.9.

Synthesis of Mg(Ph,PC{NCy},)(OAr')(THF) (12) (Ar' =
2,6-'Bu,-4-MeCgH,). A solution of MgMeCl (0.16 mL of a 3 M
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solution in THF, 0.48 mmol) was added drop wise to a clear
colourless solution of Ph,PC{NCy{NHCy} (0.200 g,
0.50 mmol) in THF (~10 mL). The resultant clear, colourless
solution was stirred at ambient temperature for 1 h before
being added to a clear colourless solution of LiOAr’ (0.113 g,
0.50 mmol) in THF (~10 mL). Stirring for 16 h at ambient
temperature followed by removal of volatiles in vacuo afforded
a crude white solid. Extraction from LiCl with hot hexane and
slow cooling to ambient temperature yielded colourless crys-
tals of 12. Yield 0.170 g (48%). Anal. Calcd for C,4H¢;N,0,MgP
(707.26): C, 74.72; H, 8.98; N, 3.96%. Found: C, 74.66; H, 8.88;
N, 3.99%. 'H NMR (300 MHz, C¢De): & 7.66 (d t, *Juy = 7.1,
Ypu = 1.5, 4H, m-C¢Hs), 7.32 (s, 2H, m-C¢H,), 7.12-7.02 (m, 6H,
0,p-C¢Hs), 3.82 (m, 2H, Cy-H,), 3.60 (m, 4H, THF), 2.46 (s, 3H,
Ar'-CH;), 1.83 (s, 18H, Ar'-C(CH,);, 1.68-1.00 (m, 20H,
Cy-CH,), 1.17 (m, 4H, THF). “C{"H} NMR (75 MHz, CcDy):
5 172.5 (d, Ypc = 49, PCN,), 160.9 (s, i-CcH,), 137.2 (C4H,),
135.5 (d, Jpc = 17, CeHs), 134.3 (d, Jpc = 19, CeHs), 132.3 (d,
Jec = 19, CeHs), 129.1 (C¢Hy), 125.7 (CeH,), 121.3 (CsHy), 69.6
(THF), 56.0 (d, *Jpc = 18, Cy-C,), 37.2, 35.6 (Cy-CH,), 31.8 (Ar'~
C(CH;)3), 26.2 (THF), 24.9 (Cy-CH,), 21.7 (Ar'-CH3). The reson-
ance for C(CHj3); could not be confidently assigned due to it’s
low intensity and possible overlap with other signals. *'P{'H}
NMR (121 MHz, C¢Dg): 6 —20.5.

Synthesis of Mg(Ph,PC{NCy},)(N{SiMe;},)(THF) (14). A solu-
tion of MgMeCl (0.16 mL of a 3 M solution in THEF,
0.48 mmol) was added drop wise to a clear colourless solution
of Ph,PC{NCy{NHCy} (0.200 g, 0.50 mmol) in THF (~10 mL).
The resultant clear, colourless solution was stirred at ambient
temperature for 1 h before being added to a solution of KN
{SiMes}, (0.100 g, 0.50 mmol) in THF (~10 mL). Stirring for
16 h at ambient temperature followed by removal of volatiles
in vacuo afforded a crude white solid. Extraction from the KCl
with hot hexane with slow cooling to ambient temperature
yielded colourless crystals of 14. Yield 0.240 g (74%). Anal.
Caled for C;5HsgN;OMgSi,P (648.30): C, 64.84; H, 9.02; N,
6.48%. Found: C, 64.88; H, 9.02; N, 6.55%. "H NMR (300 MHz,
CeDg): 6 7.67 (d t, *Juyy = 8.4, Ypu = 1.3, 4H, m-C¢H;), 7.10 (t,
}an = 6.2, 4H, 0-C¢Hs), 7.02 (t, J = 5.1, 6H, p-CeHs), 3.79 (m,
2H, Cy-H,), 3.68 (m, 4H, THF), 1.60-1.00 (m, 20H, Cy-CH,),
1.26 (m, 4H, THF), 0.48 (s, 18H, SiMe;). "*C{'H} NMR (75 MHz,
CeDs): 6 171.9 (d, Ypc = 48, PCN,), 135.7 (d, Joc = 17, CeHs),
132.3 (d, Jpc = 18, CeHs), 128.7 (C¢Hs), 68.8 (THF), 56.2 (d,
*pc = 18, Cy-C,), 37.5 (Cy-CH,), 26.2 (THF), 26.1, 25.1
(Cy-CHy,), 6.3 (SiMes). *'P{"H} NMR (121 MHz, C¢Dg): § —20.7.

Synthesis of Mg(Cy,PC{NCy},)(N{SiMe;},)(THF) (15). The
compound was made in an analogous manner to that
described for 14, using 0.60 mL of a 3 M solution of MgMeBr
in Et,0 (1.80 mmol), 0.730 g Cy,PC{NCy{NHCy} (1.80 mmol)
and 0.300 g LiN{SiMe;}, (1.80 mmol). Stirring for 18 h at
ambient temperature followed by removal of volatiles in vacuo
afforded a crude white solid. Extraction from LiCl with hot
hexane and slow cooling to ambient temperature yielded
colourless crystals of 15. Yield 1.00 g (84%). Anal. Caled for
C35H7oN;OMgSi,P (660.40): C, 63.65; H, 10.68; N, 6.36%.
Found: C, 63.51; H, 10.53; N, 6.26%. 'H NMR (400 MHz,
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CeDe): & 3.71 (m, 4H, THF), 2.30 (m, 2H, Cyp-H,), 2.11-1.11
(m, 42H, Cyp~H, + Cype)-CH,), 1.27 (m, 4H, THF), 0.46 (s,
18H, SiMe;). "*C{'"H} NMR (100 MHz, C¢Ds): 6 174.8 (d, Jpc =
49.7, PCN,), 68.7 (THF), 38.0 (br), 36.0 (d, *Jec = 18, Cyp-Ca),
33.5 (d, Jec = 23, Cyp~CH,), 32.0 (d, Jec = 12, Cy(p~CH,), 27.4
(d, Je = 21, Cy(p-CH,), 27.4, 26.6, 26.5 (Cy(nj~CH,), 25.2 (THF),
6.6 (SiMe;). *'P{"H} NMR (161 MHz, C¢Dg): § —8.3.

Catalysis (typical procedures)

Lactide polymerization. A C¢Dg solution of the pre-catalyst
(0.01 mmol) and 20 equiv. rac-Lactide were combined in an
NMR tube fitted with a J. Young’s tap. NMR spectra were
acquired after 10 minutes and then at 30 minute intervals.

Dimerization of aldehydes. An NMR tube fitted with a
J. Young’s tap was charged with 1 mol% of pre-catalyst fol-
lowed by the addition of 0.5 mL of a C¢Ds solution of 1,4-
dimethoxybenzene (0.11 M). The NMR instrument was locked
and shimmed to this sample and an experiment set up to
record "H NMR spectra (1 scan every 30 seconds) for the dur-
ation of the experiment. 0.1 mL of a C4D¢ solution of benz-
aldehyde (4.77 M) was added to the sample in the glovebox.
The experiment was started as soon as the sample was in the
probe (maximum time elapsed after mixing = 2 minutes).

Hydroacetylenation. A solution of the magnesium com-
pound in Ce¢D¢ (0.5 mL of a 0.0034 M standard solution,
1.7 pmol) was added to an NMR tube fitted with a J. Young’s
tap that had been previously charged with a mixture of phenyl
acetylene (0.022 mL, 0.17 mmol) and N,N'-diisopropylcarbodi-
imide (0.028 mL, 0.17 mmol). The NMR tube was heated to
80 °C for 24 h with regular monitoring of the progress of the
catalysis using "H NMR spectroscopy. Yields of the propargyla-
midine were determined using peaks corresponding to the
THF from 1 as an internal standard.

Crystallography

Crystals were covered in inert oil and suitable single crystals
were selected under a microscope and mounted on a Bruker
AXS diffractometer (15) or an Enraf Nonius Kappa CCD diffr-
actometer ([6],, [7],, [8]z, 12 and 14). Data were collected at
173(2) K using Mo Ka radiation at 0.71073 A. The structures
were refined with SHELXL-97.>° Additional points are summar-
ized below:

[Mg(Cy,PC{NCy},)Br(Et,0)], [7],. The coordinated ether
molecule was disordered and was modelled over two positions
with C-C distances restrained to be equal.

Mg(Ph,PC{NCy},)(OAr')(THF) 12. The carbon atoms of the
THF molecule were disordered over two positions and were
modelled isotropically.

Mg(Cy,PC{NCy},)(N{SiMe;},)(THF) 15. There are two essen-
tially identical molecules in the unit cell. One of the SiMe;
groups is disordered over two positions; the carbon atoms of
the lower occupancy position are modeled isotropically.

Mg(p-tolC{NCy},),(THF),. One cyclohexyl group and the co-
ordinated THF group are disordered with the two components
required to have the SAME geometry. For the THF solvate it
was impossible to distinguish the position of the oxygen atom
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and all atom sites were set at 80% carbon, 20% oxygen; in
addition there was conformational disorder of the solvate. All
disordered atoms were left isotropic.

Results and discussion
Synthesis

The synthesis of magnesium compounds incorporating the
N,N'-chelating ligands described in this study was achieved
using two approaches. The insertion of carbodiimides into
Mg-X bonds (Scheme 1) represents an atom efficient method
for the preparation of amidinates (X = alkyl, aryl)*’>° and gua-
nidinates (X = amide).>” We have used this route to access mag-
nesium compounds with the [mesC{NCy},]” amidinate ligand
(mes = 2,4,6-Me;CgH,),”* isolating bromide 1 as a pre-cursor to
further derivation. We have also demonstrated that insertion
into the Mg-N bonds of Mg(N{SiMe;},), affords the bis(guanidi-
nate) compound Mg{(Me;Si),NC{N'Pr},],(THF) (2).>*

Alternatively, the [NNN]~ ligand may be introduced to mag-
nesium using a protonolysis methodology, employing the
neutral amidine/guanidine and a suitable organo- or amido-
magnesium reagent (Scheme 2).>*°°3® We have used this
route to prepare compounds incorporating the bicyclic guani-
dinates derived from 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]-
pyrimidine (hppH) and 1,4,6-triazabicyclo[3.3.0]oct-4-ene
(Htbo).>" However rather than give the expected Mg(NNN)X(L),
compounds, the solid-state structures showed a preference for
these ligands to adopt a bridging coordination mode (3 and 4,
Fig. 2);*” a similar coordination of the [hpp]  anion was
observed in the tetrameric base-free compound [Mg(hpp)Br],
isolated in low yield by Himmel and co-workers.*®> We have
used this approach to furnish the mono- and bis-(chelate) com-
pounds 5 and 9 that incorporate the ethynylamidinate ligand
[PhC=CC{N'Pr},]".*

We note that when attempting to isolate heteroleptic com-
pounds of the type Mg(NNN)X(L),, (X = halide), ligand redistri-
bution can occur affording the bis(chelate) species, Mg-
(NNN),(L), with concomitant formation of MgX,(L),.*" Very
minor changes to the ligand substituents can influence this
process, illustrated by the contrasting results obtained from
the insertion reaction of dicyclohexylcarbodiimide and THF

R'\
"Mg(mes)Br"
RN=C=NR ————— > N _OEt
L mes 4<( /Mg ~pr
’ N
Mg(N{SiMe3z})> | L I
R
R=Cy 1
o T R siMe,
N
\N —Mg >~
MesSi [/ N SiMeg
N R
Me,Si R' _
R'=Pr 2
Scheme 1
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/ ‘\/ g “Br
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Fig. 2 Solid-state structure of 3 and 4, showing bridging coordination
of the guanidinate ligands.

solutions of MgRBr (R = mes, p-tolyl). In the former case the
desired compound Mg(mesC{NCy},)Br(THF) (1) crystallized in
good yield as the p,p-dibromo-bridged dimer. However, a
reduction in bulk at the 2,6-positions of the arylmagnesium
reagent afforded the solvated homoleptic products upon
work-up, with fractional crystallization of Mg(p-tolylC-
{NCy},),(THF),f and MgBr,(THF),. A similar ligand redistribu-
tion was exploited in this work to enable isolation of the
bis(amidinate) species Mg(mesC{NCy},),(THF) (10), from the
mixed amidinate/acetylide species A (Scheme 3).

We have used the protonolysis route to synthesize a series
of phosphaguanidinate magnesium compounds from the reac-
tion of the neutral species Ph,PC{NCy{NHCy},>* and Cy,PC
{NR'{NHR'} (R’ = 'Pr, Cy),*® with MgMeX (X = Cl, Br) solutions
(6-8, Scheme 2). This approach was used rather than the car-
bodiimide insertion route that has successfully been employed
by Hill***° and Westerhausen*’ to synthesize phosphaguanidi-
nate compounds of Ca, Sr and Ba, primarily due to the lack of
availability of suitable magnesium phosphanides.*!

Compounds 6 and 8 were isolated in good yield and charac-
terized by 'H, ">C and *'P NMR spectroscopy. The yield for
compound 7 was not optimized and spectroscopic data were

1 The composition of the amidinate species Mg(p-tolylC{NCy},),(THF), was con-
firmed by X-ray diffraction (Fig. S41) and the cif-file has been uploaded as a part
of this contribution; no additional analytical data were obtained on this
compound.
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not obtained; subsequent reactions generated this compound
in situ. The "H NMR of 6 and 8 were consistent with a symme-
trically bound phosphaguanidinate ligand with a single bound
THF molecule. The *'P{"H} NMR of diphenylphosphaguanidi-
nate derivative 6 shows a singlet at 5, —23.6, consistent with
this ligand in the N,N’-chelated bonding mode (§, range:
—-17.3 to —23.8).>8*%**™*7 gimilarly, the chemical shift for the
Cy,P-derivative, 8 (5, —9.9) is consistent with other N,N’-che-
lated ligands incorporating this substitution at phosphorus (8,
range: —7.4 to —11.0).**

Metathesis reactions of the Mg(NNN)X(L), compounds has
been successfully performed using MOAr (M = Li, K; Ar =
2,6-'Bu,CeHj, 2,6-'Bu,-4-MeCH,) and MN{SiMe;}, (M = Li, K)
to access aryloxide (11 and 12) and bis(trimethylsilyl)Jamide
derivatives 13-15 (Scheme 4). The "H NMR spectrum of each
compound was consistent with a symmetric N,N’-chelated
ligand, with a single THF at the metal. The *'P{'"H} NMR
chemical shifts for the phosphaguanidinate derivatives vary
according to the phosphorus substituents, as reported above,
with no significant difference observed between the aryloxide
12 (6, —20.5) and the amide 14 (5, —20.7) of the ‘Mg(Ph,PC
{NCy},)(THF)’ fragment. The presence of THF was not indi-
cated in the NMR spectra of the hpp-amide compound Mg
(hpp)(N{SiMes},) 16, and the corresponding [tbo]~ compound

Cy Cy
\ \
MOAr THF
s Bu

H< Mo H< M
~.

I I

Cy Cy Bu
MN{SiMe ),
-MX R =mes R =Ph,P
Rt 1T R_we |12
Cy
THF
R 4<( Mg < S'Mes R=mes 13
R=Ph,P 14
c y’ suwe3 R=Cy,P 15
Scheme 4
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Fig. 3 Solid-state structure of 16 and 17.

17 showed a guanidinate : amide : THF ratio of 1:1:1.>" The
solid-state structures of these compounds showed bridging
ligands, as observed in 3 and 4 (Fig. 3).

Structural study

X-ray diffraction analysis has been performed on phosphagua-
nidinate compounds 6-8, 12, 14 and 15 (Tables 1-5). The
results are presented alongside selected examples from our
previous work.

As observed in related amidinate®® (including 1), and gua-
nidinate®**® compounds, the Mg(R,PC{NR'},)X(L) complexes
crystallize as the p,p-dihalobridged dimers with chelating
[NNN]™ ligands (Fig. 4 for [6],; Fig. S1 and S2+ for [7], and [8],:
see ESIt). The magnesium centres are five-coordinate with the
remaining site occupied by an O-bound ether molecule (THF
or Et,0). The resultant geometries are best described as dis-
torted square-based pyramidal in which the apical position is
occupied by the ether oxygen atom, with z5-values® between
0.30 and 0.40. In contrast, the amidinate structure [1], has a
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7s-value of 0.70 and may therefore be considered as a distorted
trigonal bipyramid, with N1 and Br’ defining the apical posi-
tions. This change in geometry arises mainly from an
increased twisting of the plane of the metallacycle relative to
the plane defined by N1-Mg-O, such that the N2-Mg-X angle
is considerably less in the amidinate than in the phosphagua-
nidinate (123.66(8)° and 144.36(6)°, respectively, Fig. 5). The
75-values of 0.56 and 0.48 for the two independent magnesium
centres in propargylamidinate derivative [5], illustrate that this
is a relatively ‘soft’ parameter that can be influenced strongly
by subtle changes in the ligand. Overall it appears that there is
no clear preference for either trigonal bipyramidal or square-
based pyramidal metal geometry in compounds that adopt
this general structure type.

Despite a tendency towards asymmetry in the Mg-N bonds
(range Angn: 0.025 A to 0.078 A), consistent with inequivalent
axial and equatorial (or basal and apical) positions for each of
the idealized five-coordinate geometries, the C-N bond lengths
within the metallacycle are indistinguishable (within 36). This
is consistent with symmetric delocalization of n-electron density
in the heteroallylic unit. The bite angle of the ligand is largely
invariant of the substitution pattern (range 63.93(12)° to 64.76
(8)°) suggesting a robust MgN,C metallacycle. The sum of
angles at phosphorus (range Y angles(P): 309.5° to 311.3°) varies
little between the Ph,P- and Cy,P-ligands, and indicates the
availability of P-lone-pair for interaction with additional
metals® or, in the application of these compounds in catalysis,
possible interaction with substrate molecules.

Compound Mg(Ph,PC{NCy},)(OAr')(THF) (12) crystallizes as
the monomeric compound with a terminal aryloxide ligand

Table 1 Crystal structure and refinement data for [Mg(Ph,PC{NCy},)CI(THF)], [6],, [Mg(Cy,PC{NCy},)Br(Et,O)l, [7], and [Mg(CyZPC(NiPr)z)Cl(THF)]z

(81>

(6],

[7].

(8]

Empirical formula CsgHgoN,0,Mg,P,Cl,
CCDC Number 996734

M, 1046.72

T [K] 173(2)

Crystal size [mm]
Crystal system

0.25 x 0.20 x 0.15
Triclinic

Space group P1 (no. 2)
a[A] 8.9301(2)
b[A] 11.0289(3)
c[A] 16.2637(5)
al°] 76.778(2)
A1 84.155(2)
r[°] 68.586(2)
VI[A%] 1451.39(7)

zZ 1

Deate. [mg m™3] 1.20
Absorption coefficient [mm™] 0.23

6 Range for data collection [°] 3.59 to 26.02
Reflections collected 21660
Independent reflections 5662 [Rine 0.043]
Reflections with 1> 26(1) 4710
Data/restraints/parameters 5662/0/316

Final R indices [I > 20(1)]
Final R indices (all data)
GOOF on F*

Largest diff. peak/hole [e A™*]

14306 | Dalton Trans., 2014, 43, 14302-14314

Ry = 0.042, WR, = 0.102
Ry = 0.054, WR, = 0.108
1.039

0.49 and —0.31

CsgH10sN4O,Mg,P,Bry Ca6HgsN,O,Mg,P,Cl,
996735 996736

1163.86 910.66

173(2) 173(2)

0.20 x 0.20 x 0.20 0.15 x 0.10 x 0.05
Triclinic Monoclinic

P1 (no. 2) P24/c (no. 14)
9.6349(14) 14.3215(9)
11.1469(9) 11.5567(7)
16.5610(19) 15.9545(8)
88.234(3) 90

79.663(4) 92.786(3)
67.527(11) 90

1615.5(3) 2637.5(3)

1 2

1.20 1.15

1.36 0.25

3.59 to 26.73 3.47 to 26.02
19523 17706

6791 [Rin; 0.051] 5119 [Rip; 0.106]
4905 3115
6791/112/353 5119/0/262

R, = 0.048, WR, = 0.101
R, = 0.079, WR, = 0.112
0.998

0.41 and —0.43

R; = 0.072, WR, = 0.139
Ry = 0.134, WR, = 0.167
1.015

0.42 and —0.28

This journal is © The Royal Society of Chemistry 2014
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Table 2 Selected bond lengths (A) and angles (°) for [6],, [7], and [8], presented with the corresponding data from [5],2° and [1],.22 All molecules
are located on an inversion centre rendering both magnesium atoms equivalent, except for [5],; the corresponding parameters for the second mag-
nesium centre are presence in italics. The 7s-values were calculated according to reference 50

BV [5).° (6], (7L £
Mg-N1 2.123(2) 2.138(2)/2.119(2) 2.1104(16) 2.071(2) 2.079(3)
Mg-N2 2.050(2) 2.060(2)/2.060(2) 2.0874(16) 2.108(2) 2.104(3)
Mg-X 2.5532(9) 2.7202(9)/2.7181(9) 2.4112(8) 2.5818(10) 2.4848(17)
Mg-X' 2.6789(9) 2.5364(9)/2.5406(9) 2.4787(8) 2.6882(10) 2.4078(16)
C1-N1 1.331(3) 1.324(4)/1.331(3) 1.330(2) 1.341(3) 1.339(4)
C1-N2 1.338(3) 1.333(3)/1.340(3) 1.331(2) 1.330(3) 1.325(4)
C1-P — — 1.8905(17) 1.898(3) 1.889(4)
N1-Mg-N2 64.76(8) 64.51(9)/64.74(9) 64.16(6) 64.27(9) 63.93(12)
N1-Mg-X 98.32(7) 161.45(7)/161.33(7) 102.24(5) 137.56(8) 98.59(10)
N1-Mg-X' 165.47(7) 103.20(8)/102.08(7) 162.56(5) 99.03(7) 140.03(11)
N2-Mg-X 123.66(8) 96.94(7)/96.78(7) 144.36(6) 100.53(7) 161.20(11)
N2-Mg-X' 101.13(7) 127.94(8)/132.43(8) 99.78(5) 161.48(7) 101.55(10)
N1-Mg-O 98.28(9) 98.84(9)/99.84(0) 100.37(7) 113.43(10) 117.09(13)
N2-Mg-O 117.09(10) 121.64(10)/118.01(10) 112.86(7) 101.19(10) 102.62(13)
0O-Mg-X 118.43(7) 90.50(7)/91.11(7) 101.71(6) 108.25(8) 91.36(10)
O-Mg-X' 91.30(7) 110.00(8)/109.09(7) 92.07(6) 92.71(7) 102.10(10)
X-Mg-X' 86.55(3) 88.40(3)/88.36(3) 86.97(3) 86.46(3) 87.49(5)
Mg-X-Mg' 93.45(3) 91.55(3)/91.69(3) 93.03(3) 93.54(3) 92.51(5)
s 0.70 0.56/0.48 0.30 0.40 0.35
Yangles(P) — — 311.3 309.5 310.9

“X=Br.’x=ClL

Table 3 Crystal structure and refinement data for Mg(Ph,PC{NCy},)(OAr')(THF) 12, Mg(Ph,PC{NCy},)(N{SiMe3},)(THF) 14 and Mg(Ph,PC{NCy},)-

(N{SiMe3},)(THF) 15

12 14 15
Empirical formula C44Hg3N,O,MgP C35H53N3;0MgSi, P C35H,oN;0MgSi,P
CCDC Number 996737 996738 996739
M, 707.24 648.30 660.40
T [K] 173(2) 173(2) 173(2)
Crystal size [mm] 0.30 X 0.30 x 0.25 0.25 % 0.25 % 0.20 0.28 X 0.22 X 0.16
Crystal system Monoclinic Triclinic Triclinic
Space group P24/c (no. 14) P1 (no. 2) P1 (no. 2)
a[A] 9.5663(2) 10.1097(2) 14.2018(3)
b[A] 23.8131(5) 10.4287(2) 16.0675(3)
c[A] 18.3412(3) 19.5149(4) 18.2651(3)
al°] 90 89.591(1) 87.827(1)
A1°] 95.552(1) 79.403(1) 80.418(1)
r[°] 90 72.968(1) 85.172(1)
VI[A%] 4158.58(14) 1931.30(7) 4093.92(13)
zZ 4 2 4
Deate. [mg m ™3] 1.13 1.12 1.07
Absorption coefficient [mm™] 0.12 0.18 0.17
0 Range for data collection [°] 3.46 to 26.22 3.47 to 25.95 2.92 to 27.48
Reflections collected 27354 31193 79 546
Independent reflections 8147 [Rin 0.059] 7494 [Rin 0.040] 18 752 [Rin 0.061]
Reflections with > 26(1) 5995 6212 13481
Data/restraints/parameters 8147/0/446 7494/0/388 18752/3/788

Final R indices [I > 26(I)]
Final R indices (all data)
GOOF on F*

Largest diff. peak/hole [e A™%]

(Tables 3 and 4, Fig. 6); a similar structure was recorded for
amidinate 11.2 The 7,-values®? of 0.67 and 0.63 for 11 and 12,
respectively indicate a geometry closer to tetrahedral than
square planar, despite the small bite angle of the ligands (11
65.89(9)°, 12 65.12(8)°). The N,N’-chelating ligands bond to Mg

R, = 0.061, WR, = 0.145
R, = 0.087, WR, = 0.162
1.020

0.44 and —0.44

This journal is © The Royal Society of Chemistry 2014

R, = 0.038, WR, = 0.089
R, = 0.051, WR, = 0.095
1.016

0.29 and —0.23

R; = 0.060, WR, = 0.143
Ry = 0.091, WR, = 0.157
1.059

0.84 and —0.94

more symmetrically than in the [Mg(NNN)X(L)], compounds
(max. Ay 0.023 A) with equal distribution of n-density across

the -NCN- fragment. The

terminal

aryloxide ligand

approaches a linear geometry at oxygen in compound 11
(163.38(18)°) but is considerably more acute in 12 (155.95(16)°)
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Table 4 Selected bond lengths (A) and angles (°) for 12 presented with
the corresponding data from 11.22 The 74-values were calculated
according to ref. 52

11 12
Mg-N1 2.067(2) 2.062(2)
Mg-N2 2.054(2) 2.085(2)
Mg-01 1.8431(19) 1.8463(17)
Mg-02 2.005(2) 2.004(2)
C1-N1 1.328(3) 1.328(3)
C1-N2 1.329(3) 1.331(3)
C1-P — 1.892(2)
N1-Mg-N2 65.89(9) 65.12(8)
N1-Mg-01 134.82(10) 131.44(9)
N1-Mg-02 106.29(9) 106.76(9)
N2-Mg-O1 131.25(9) 139.14(8)
N2-Mg-02 111.31(9) 103.39(9)
01-Mg-02 103.07(9) 104.58(8)
Mg-01-Cx” 163.38(18) 155.95(16)
0.67 0.63
Eangles(P) - 312.0

@11, x = 23; 12, x = 26.

Table 5 Selected bond lengths (A) and angles (°) for 14 and 15 pre-
sented with the corresponding data from 13.22 The r,-values were cal-
culated according to ref. 52

13 14 15°
Mg-N1 2.077(2) 2.0844(14) 2.084(2)/2.0681(19)
Mg-N2 2.081(2) 2.0668(14) 2.0611(19)/2.059(2)
Mg-N3 1.997(2) 1.9891(14) 1.992(2)/1.992(2)
Mg-O 2.0205(18) 2.0113(12) 2.0295(17)/2.0365(17)
C1-N1 1.336(3) 1.331(2) 1.337(3)/1.334(3)
C1-N2 1.333(3) 1.330(2) 1.335(3)/1.340(3)
C1-P — 1.8910(16) 1.895(2)/1.891(2)
N1-Mg-N2 65.54(7) 65.35(5) 65.20(7)/65.43(7)
N1-Mg-N3 134.26(8) 132.06(6) 134.88(8)/135.98(8)
N1-Mg-O 108.30(8) 103.33(6) 101.08(8)/99.93(7)
N2-Mg-N3 130.83(8) 130.06(6) 127.07(8)/129.91(9)
N2-Mg-O 106.34(8) 112.33(5) 108.61(8)/110.08(8)
N3-Mg-O 105.60(8) 107.24(6) 111.38(8)/108.16(8)
Mg-N3-Si1 115.41(10) 117.71(7) 118.07(11)/116.95(11)
Mg-N3-5i2 117.05(10) 115.89(8) 116.25(10)/117.35(11)
Si1-N3-Si2 127.24(12) 126.27(8) 125.41(12)/125.45(12)

0.67 0.69 0.70/0.67
Y angies(P) — 313.6 311.7/311.5

“Corresponding values for the second molecule in the unit cell
presented in italics.

despite no apparent adverse steric contacts. Both values fall
within the rather large range for aryloxide ligands of this type
(146.0(4)°-170.99(9)°).>*>*

The bis(trimethylsilyl)Jamide compounds Mg(R,PC{NCy},)-
(N{SiMe;},)(THF) (14 R = Ph, 15 R = Cy) both crystallize in the
P1 space group (Tables 3 and 5) but are not isostructural; there
are two independent molecules present in the unit cell of 15.
The gross structural features are the same as noted for the
amidinate compound 13,%> with a chelating [NNN]~ ligand,
terminal amide and coordinated THF (Fig. 7 for 15; Fig. S37
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Fig. 4 Thermal ellipsoid plot (30% probability) of [Mg(Ph,PC{NCy},)Cl-
(THF)], [6], (hydrogen atoms omitted).

Fig. 5 Schematic projections of the magnesium environments of [6],
(left) and [1]; (right).

Fig. 6 Thermal ellipsoid plot (30% probability) of Mg(Ph,PC{NCys},)-
(OAr')(THF) 12 (hydrogen atoms omitted).

for 14: see ESIf). The r,-values’® (range 0.67 to 0.70) are
similar to those calculated for the aryloxide compounds above,
suggesting the bulk of the aryl- and trimethylsilyl-groups is
sufficiently removed from the metal environment that little
influence is exerted on the metal geometry. The chelating
ligands are essentially symmetrically bound (max. Aygn
0.023 A), with equal delocalization in the amidine component.
The Mg-Ngamiqe distance (range 1.9891(14) A to 1.992(2) A) are

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Thermal ellipsoid plot (30% probability) of one of the indepen-
dent molecules of Mg(Cy,PC{NCy},)(N{SiMez},)(THF) 15 (hydrogen
atoms omitted).

typical for terminal amides of this type, and the planar geome-
try at the nitrogen atoms is as expected.

Although the geometric variations are generally small once
a specific structural type has been adopted, the ligand substi-
tuents play an important role in determining the gross struc-
ture of the compound.®™*°® This is illustrated for five
structural types observed for the bis(chelate) compounds, Mg-
(NNN),(L), (Fig. 8). Amidinate compounds I-III (Table 6)*'**°7
represent examples of non-solvated, four coordinate species
(Fig. 8a). Each of these compounds was prepared in the pres-
ence of THF or Et,O, whereas similar compounds IV and
V,*83% were not exposed to donor solvents during their prepa-
ration and the structures may therefore not represent the pre-
ferred coordination number. Variations of the base-free
‘Mg(NNN),’ unit are seen for bimetallic VI and VII (Fig. 8b
and c).”” Five-coordinate magnesium centres (Fig. 8d) are
adopted for guanidinate (VIII and IX)***” and amidinate
(X and XI)***® species. In contrast, bis(solvated) compounds
(Fig. 8e) are restricted to amidinates XII-XV,>*?*”*® including
formamidinate compounds XVI and XVII,*® where R = H.

Examination of the data in Table 6 shows the C-N-R' angle
() is largely invariant of structure type and ligand substitution
pattern, with most ligands giving values in the range 120°-
125°. Exceptions occur when R or R’ = ‘Bu (III and IV) or SiMe;
(X and XIII) for which values tend towards 130°, and for the
formamidinate ligands in XVI and XVII (values generally
<120°). The latter correlates well with the reduced size of the
R-group and the adoption of a six-coordinate structure.
Despite the similar a angles, large variations in the angle
between the two metallacycles (6) exist for compounds with
the same structure type. For example, there is only a slight
increase in @ when the methyl substituent in I is replaced with
p-tolyl in II, but a large decrease in 6, and a z,-value for II con-
sistent with an approximately square-planar metal. Further,
the interplay between these parameters is not a direct corre-
lation, as larger « values in compounds III and IV give greater
0 angles and 7,4-values more fitting for a distorted tetrahedron.
The ability of the substituents to interdigitate may play an

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper
(a) (b) R ,I:{..
\ . R R
R R N
e b
~,, Ny
R (/Mg\)%R R4<(/Mg\N(Mg\)>—R
v A
b b ST
R
R
() (d)
IR' /R' 1 L 1
R \TAT R R N.R
N N R
R—C Mg Mgl >—R N—Mg_ >~
oY A5
I NN L R™ N R
R R Y R R b
R
(e) R -
| Lo
N, ¥
R—<CN'h/;g‘>>—R
I |
R L R

Fig. 8 Different structural types reported for Mg(NNN),(L),,.

important role, with significant differences between ‘flat’ aro-
matic substituents and more ‘spherical’ alkyl/silyl groups.

The bis(guanidinate) compounds VIII and IX are five-
coordinate (type 8d). Ignoring electronic contributions to the
bonding, this increase in coordination number correlates with
the nitrogen of the -NR", group removing the R” substituents
from the metal environment. This is supported by the similar
a values, and is accentuated by the planar geometry of this
nitrogen, which permits rotation such that the substituents
are perpendicular to the metallacycle (VIII 77.2(5)°; IX 79.7(1)°
and 80.7(1)°).°° The six-coordinate compounds XII to XVII
(type 8e) and distorted octahedral with trans donor solvent
molecules. This enables the metallacycles to be co-planar,
maximizing the distance between R'-substituents. The angle 6
is generally small, although the presence of SiMe; groups in
XIII causes the ligands to twist relative to each other (0 =
15.7(2)°).

We conclude, that there is no clear correlation between sub-
stituent pattern and structure type for this series of com-
pounds, or for the [NNN]|~ ligands in general. This
unpredictability can be summarized by comparing compounds
III and XII where changing from R’ = ‘Bu to R’ = 'Pr causes an
increase in the coordination number from four (type 8a) to six

(type 8e).

Catalysis

Selected examples of compounds described in this work have
been examined as (pre)-catalysts for a variety of bond-forming
reactions.

Lactide polymerization. Magnesium compounds have an
established history in promoting the ring-opening polymeriz-
ation (ROP) of lactide to give poly-lactic acid (PLA). A series of
Mg(NNN)X(L),, compounds have been developed based on the
p-diketiminate ligand (BDI) system, [HC{C(Me)NAr},]”, with
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Table 6 Collection of structural parameters for bis(chelate) compounds, Mg(NNN)(L), (see text for references). Structure refers to Fig. 8, a is
defined as the C—-N—-R’ angle, 0 is the inter-planar angle between the two metallacycles (hormalized to 0° < 8 < 90°), z-values are calculated accord-

ing to ref. 52 (z*-) and 50 (z>-)

Coordn no. Structure R R'/R" L al® o/° r-value
4 8a I Me Ar* — 121.2(4) to 122.5(4)” 54.9(2), 54.1(2) 7, = 0.40, 0.41
4 8a | p-tol® Ar* — 123.8(2), 123.9(2) 13.3(2) 7, =0.10
4 8a 111 Ph ‘Bu — 129.5(2), 130.0(2) 89.8(2) 7, =0.58
(4)? 8a v ‘Bu mes’ — 129.7(3), 129.9(3) 80.3(2) 74=0.57
(4)? 8a v 2,6(mes),CeHs 'pr — 128.6(2), 131.2(2) 88.2(1) 7, = 0.60
4f 8b A% Me Et — 121.4(2), 122.2(2)F — —
‘Bu 124.9(2), 125.5(2)"
4f 8c A% Me 'Pr — 121.8(2) — —
5 8d VIII N'Pr, 'pr THF 121.8(7), 122.1(7) 47.1(5) 75 =0.57
5 8d X N{SiMe,}, ipr THF 122.4(2) to 124.5(2)” 44.7(1) 75 = 0.50
5 8d X Ph Cy Et,0 123.6(3)" 71.3(2) 75=0.74
SiMe, 131.0(3)
5 8d X1 Mes Cy THF 120.2(1), 121.8(1) 38.9(1) 75 =0.41
6 8e X1l Ph 'pr THF 120.6(7), 120.7(6) 7.4(5) —
6 8e XIII Ph SiMe, THF 127.9(3), 130.6(2) 15.7(2) —
6 8e XIV C=CPh 'Pr THF 121.0(1), 121.1(1) 0 —
6 8e XV p-tol® Cy THF 121.7(3), 121.8(2) 0 —
6 8e XVI H p-tol® THF 119.0(2) to 122.9(2)” 2.1(1) —
6 8e XVII H o-tol* THF 117.4(2), 118.5(2) 0.2(3) —

9Ar = 2,6-Pr,CeH,. ? Values given as a range. C4-MeCGH4

Prepared in the absence of coordinating solvent. °2,4,6-Me;CeH,. @ values reported

for chelating ligands only. £ Angle to Et-substituent. ” Angle to ‘Bu-substituent. ' Angle to Cy-substituent.” Angle to SiMe;-substituent. © 2-MeCgH,.

X = alkyl,®*"®* amide,**°® or alkoxide.®**”"*® Accordingly we
examined selected compounds to assess their behaviour as
ROP catalysts.

Phosphaguanidinate compounds 6, 8, 12 and 14 were
initially screened for activity on an NMR scale with 20 equi-
valents of rac-lactide. The chlorides 6 and 8 were inactive at
room temperature and 70 °C, consistent with the requirement
of a reactive Mg-X bond (where X = alkyl, amide, alkoxide) to
initiate polymerization. The aryloxide 12 did not show appreci-
able activity at room temperature, but was active at 70 °C,
giving a conversion of <95% after 6 h. This is consistent with a
slow initiation due to the large aromatic substituent of the
aryloxide.

The amide 14 was considerably more active, with <95% con-
version after 30 min at room temperature. The 'H NMR
spectra of this reaction showed non-coordinated THF, and a
shift of SiMe; resonances to —0.03 ppm, which is inconsistent
with the liberation of HN{SiMe;}, (S 0.09 in C¢Ds). However,

e *'P{'"H} NMR spectra showed that polymerization initiated
by 12 and 14 proceed with loss of the phosphaguanidine,
Ph,PC{NCy{NHCy}, identified by a characteristic singlet at &p
-16.9.**

Amidinate- and guanidinate-amides (13 and 16) were also
tested. Both compounds promoted the NMR scale polymeriz-
ation at room temperature, with <95% conversion after 2 h
(13) and 5 minutes (16). The rapid polymerization promoted
by the hpp-derivative 16 is consistent with the lack of a coordi-
nating solvent that would compete with the monomer for
access to the metal.”® However, in both cases the non-co-
ordinated ligand was identified in solution by 'H NMR spec-
troscopy, consistent with rapid loss of the N,N’-chelate.

14310 | Dalton Trans., 2014, 43, 14302-14314

Whilst these compounds demonstrate good activity for the
polymerization of lactide, their development as useful reagents
is limited, with any control of polymerization imparted by the
N,N-chelate lost on conversion to the active species. In
addition, the neutral compound hppH is an excellent organo-
catalyst for lactide polymerization (1 mol% hppH gives 99%
conversion of i-lactide in 20 seconds),”* and the observed
polymerization activity of 16 may therefore be due to the pres-
ence of liberated guanidine.

Dimerization of aldehydes (the Tishchenko reaction). In
2007 Hill and co-workers rekindled research in the homo-
coupling of aldehydes promoted by main group elements
other than aluminium.”” They examined the catalytic activity
of amide compounds of Ca, Sr and Ba, initially supported by
the BDI ligand. Subsequent work with main group elements
includes compounds of Li,”>”* Na,”>”>7® K,”> and most
recently Zn.”” Magnesium reagents have been used in the pres-
ence of thiolate'®'®”® and selenide anions” to promote this
coupling reaction. We have previously communicated our work
in this area with amidinate compounds 11 and 13,%> and gua-
nidinates 16 and 17.>! We report here the catalytic perform-
ance of the phosphaguanidinate amides 14 and 15.

The esterification of benzaldehyde was examined on an
NMR scale in C¢Dg using 1 mol% of 14 and 15 with 1,4-
dimethoxybenzene as an internal standard. During the initial
10 minutes, compounds 14 and 15 produce 60% and 46%
yields of benzylbenzoate, respectively (Fig. 9), corresponding to
turnover frequencies (TOFs) of 360 h™" (14) and 276 h™" (15).
This represents a marked increase in the rate of reaction over
the same time period when compared with 13 (yield 37%, TOF
~ 220 h™") and 16/17 (yields ~20%, TOFs ~ 120 h™"). The rate

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Graphical representation of the activity of magnesium amide and
aryloxide compounds for the catalytic dimerization of benzaldehyde.

of ester production decreases after this time [30 minutes: 70%
(14), 60% (15); 60 minutes: 74% (14), 65% (15)], likely due to
the reduced concentration of substrate in the closed system.

In contrast to the lactide polymerization catalysis, *'P{"H}
NMR analysis of the reaction mixtures showed no liberated
phosphaguanidine, suggesting that the ligand remains associ-
ated with the magnesium during the catalysis. The GCMS trace
of a hydrolysed reaction between 15 with two equivalents of
benzaldehyde shows the expected organic species PhC(O)H,
PhCH,OH, PhC(O)N{SiMe;}, and PhC(O)OCH,Ph, in addition
to the silyl exchange products PhCH,0SiMe; and PhC(O)
NHSiMe;.>! Peaks for PCy,H and CyN—C=—NCy are also
observed, but believed to be due to the facile cleavage of the
P-C bond during sample preparation.®

Hydroacetylenation of carbodiimides. Ethynylamidines,
RC=CC{NR'{NHR'}, are potentially valuable building blocks
to organic compounds containing more complex heterocycles
including isoxazoles and pyrazoles.”™® Although the prepa-
ration of the metal-bound amidinates via the insertion of a car-
bodiimide into a terminal metal-acetylide bond is facile,
hydrolysis to liberate the free amidine is not viable due to the
sensitivity of the products to these conditions.®* This has led
to research into the catalytic production of these unsaturated
molecules,® with most work to date focussed on the lantha-
nide elements.®"**#

The use of main group compounds as catalysts was first
reported in 2006 using commercially available LiN{SiMe;},.*®
Subsequently, Hill and co-workers studied the stoichiometric
insertion of carbodiimides into Ca-C bonds of BDI-supported
acetylide compounds.®® Despite observing catalytic turnover at
80 °C in toluene, loss of the BDI-ligand was detected by NMR
spectroscopy. Building on these results, Hill’s team has
reported catalytic hydroacetylenation of carbodiimides using
the solvated homoleptic amides, M(N{SiMes},),(THF), (M =
Mg, Ca, Sr).”° These simple catalysts show high activities and
demonstrate improved substrate scope by extending the coup-
ling to include bulky carbodiimide derivatives (e.g. R’ =
2,6-'Pr,CeHj).

This journal is © The Royal Society of Chemistry 2014
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We reported the hydroacetylenation of carbodiimides using
compound 13, with an NMR yield of 72% after 24 h at 80 °C.*?
Subsequent investigations using bis(chelate) compounds 2,
9 and 10 showed similar activities (range 72%-74%) demon-
strating that the amide was not a requirement for catalysis.
Indeed, catalytic turnover was also observed for organometallic
and organoamide compounds of magnesium, including
Grignard reagents RMgX. This demonstrated multiple entry
points into the accepted catalytic cycle (Scheme 5), prompting
further investigation through stoichiometric reactions.

The procedure for NMR scale catalysis involves the addition
of the magnesium reagent to a pre-mixed, equimolar solution
of the alkyne and the carbodiimide. For 13, it is assumed the
reaction proceeds via protonolysis of the amide and formation
of the terminal acetylide (Step 1, Scheme 5). However, inser-
tion of carbodiimide into the Mg-N bond to form a guanidi-
nate ligand is a viable alternative pathway (see Scheme 1).
A competition reaction performed using a 1:1:1 ratio of [13]:
IPrN=C=N'Pr : PAC=CH in C¢D, showed that both pathways
operate under these conditions. The 'H NMR spectrum
showed HN{SiMe;}, (from Step 1) and {Me;Si},NC{N'Pr}-
{NH'Pr} (I, Scheme 6), which originates from carbodiimide
insertion to form amidinate/guanidinate species B prior to
protonation by phenylacetylene. The relative ratio of
HN{SiMes}, : I, calculated from "H NMR integrals of the SiMe;
peaks, was 9 : 1 showing that Step 1 dominates the reactivity.

The insertion of the carbodiimide into the Mg-C bond
(Step 2, Scheme 5) is generally considered an irreversible step.
To examine this, 1 equiv. of 'PrN—C—N'Pr was added to A
(generated in situ), to form the heteroleptic bis(amidinate)
species C containing the [PhC=CC{N'Pr},]” ligand. Sub-
sequent addition of 1 equiv. CyN=C=NCy did not show
formation the corresponding N,N-dicyclohexyl-2-phenylethyny-
lamidinate compound. Given the similar reactivity of the two
carbodiimides during catalysis,>* this suggests that ‘de-inser-
tion’ of N,N’-diisopropylcarbodiimide does not occur to an
appreciable extent. Although previous studies showed that C
undergoes ligand re-distribution to form the homoleptic
bis(amidinate)s 9 and 10, the lack of CyN=C=NCy incorpor-
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ated into the system is good evidence that formation of the
amidinate ligands is essentially an irreversible process.

The relative protolytic stability of the amidinate and guani-
dinate ligands generated during the catalysis initiated by 13 is
important in determining the mechanism. Experiments show
that the amidinate ligand, [mesC{NCy},], is relatively resistant
to protonolysis when compared with [{Me;Si},NC{N'Pr},]” and
[PhC=CC{N'Pr},]”. For example, no reaction was observed
upon heating NMR samples bis(amidinate)s 9 or 10 to 80 °C in
the presence of 5 equivalents of phenylacetylene, whereas the
bis(guanidinate) 2 quantitatively liberates guanidine I under
these conditions. This contradicts the observation that bis
(amidinate) 10 is active in hydroacetylenation and highlights
the limitations of comparing the results of stoichiometric reac-
tions with the complex equilibria present during a catalytic
experiment. As noted for Hill’s strontium system,’® there was a
negligible kinetic isotope effect when the catalysis was per-
formed with deuterated phenylacetylene (Fig. S5T) suggesting
that the protonation of the amidinate by phenylacetylene is
not involved in the rate determining step.

iPr

THF THF \

Ph-C=C-Mg-C=C-Ph + 2 Ph-C=C—/
THF‘ THF H/N—'Pr

-2 Ph-C=C-H

—2THF
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Scheme 7
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Hill reports that catalysis initiated by the group 2 bis
(amide) compounds is subject to a significant product inhi-
bition effect. Kinetic analysis of the Sr case suggested that this
proceeded by competitive protonolysis of the metal amidinate
by the amidine product rather than the phenylacetylene.’® To
investigate whether this process was operating in our system,
the stoichiometric reaction between Mg(C=CPh),(THF), and
ethynylamidine PhC=CC{N'Pr}{NH'Pr}, was performed
(Scheme 7). Quantitative formation of the bis(amidinate) 9
with formation of phenylacetylene indicates that the terminal
magnesium acetylide ligand is susceptible to protonolysis by
the amidine product, and suggests that Step 3 may be
reversible.

Conclusions

We have demonstrated that amidinate, guanidinate and phos-
phaguanidinate compounds of magnesium are accessible
through standard synthetic procedures. The insertion of carbo-
diimides into Mg-C and Mg-N bonds is an efficient route to
amidinate and guanidinate compounds, respectively, whereas
protonation of organomagnesium groups was the preferred
route to phosphaguanidinate compounds. The substitution
pattern of the ligand may influence the constitution of the
species isolated from the reaction, with ligand redistribution a
possibility in solution. Surveying a range of compounds from
the literature failed to identify a single structural parameter
that correlated with the type of solid-state structure adopted,
although the ability of the ligand substituents to pack efficien-
tly around the small magnesium centre is believed to play an
important role.

Selected compounds show good activity in a range of bond-
forming catalytic reactions. However, the extent to which the
integrity of the metal reagent is maintained during catalysis
has been questioned. In the case of the ring-opening polymer-
ization of lactide, the loss of the ligand from magnesium was
confirmed and so it was concluded that these species were of
limited use.

Although loss of the ligand from the metal was not
observed for the dimerization of aldehydes, the factors that
control the activity remain unclear. Thus the reason for the
increased activity observed for the phosphaguanidinate com-
pounds is not well understood, but must result from the pres-
ence of the terminal -PR, groups. Finally, stoichiometric
studies have shown that the hydroacetylenation catalysis is
dominated by the presence of multiple equilibria in solution
and that, provided a polar organomagnesium or magnesium-
amide bond is present at some point during the catalytic cycle,
access to active species is achieved with little loss to activity.
So, although the ligands presented in this study have enabled
some interesting chemistry to be explored, we regretfully con-
clude that their future development in the areas of catalysis
presented in this contribution is, at best questionable.
Pathway 1 in Scheme 8 may be playing a more dominant role
in magnesium-based catalysis than we first assumed.

This journal is © The Royal Society of Chemistry 2014
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