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1. Introduction

Synthesis, characterisation and reactivity of group
2 complexes with a thiopyridyl scorpionate ligand+

2 Emily Spray,? Iiigo J. Vitorica-Yrezabal,” Kuldip Singh,?
¢ Stuart A. Macgregor (2 *¢ and

Matthew P. Stevens,
Vanessa M. Timmermann,? Lia Sotorrios,
Fabrizio Ortu () *@

Herein we report the reactivity of the proligand tris(2-pyridylthio)methane (HTptm) with various Alkaline
Earth (AE) reagents: (1) dialkylmagnesium reagents and (2) AE bis-amides (AE = Mg-Ba). Heteroleptic
complexes of general formulae [Mg(Tptm)(R)] (R = Me, "Bu; Tptm = {C(S—-CsH4N)3}7) and [AE(Tptm)(N")]
(AE = Mg-Ba; N" = {N(SiMes),}") were targeted from the reaction of HTptm with R,Mg or [AE(N"),],.
Reaction of the proligand with dialkylmagnesium reagents led to formation of [{Mg(x*C,N,N-C{BuM{S-
CsHANR)(-S-CsHaN)Yl (1) and [{Mg(k>C,N,N-C{MeHS—-CsH4N},)(u-OSiMes)},] (2) respectively, as a
result of a novel transfer of an alkyl group onto the methanide carbon with concomitant C-S bond clea-
vage. However, reactivity of bis-amide precursors for Mg and Ca did afford the target species [AE(Tptm)
(N")] (3-AE; AE = Mg—Ca), although these proved susceptible to ligand degradation processes. DFT calcu-
lations show that alkyl transfer in the putative [Mg(Tptm)("Bu)] (Im’) system and amide transfer in 3-Ca is a
facile process that induces C-S bond cleavage in the Tptm ligand. 3-Mg and 3-Ca were also tested as
catalysts for the hydrophosphination of selected alkenes and alkynes, including the first example of
mono-hydrophosphination of 4-ethynylpyridine which was achieved with high conversions and excellent
regio- and stereochemical control.

catalysts for a variety of reactions including hydroelementa-

The organometallic chemistry of the Alkaline Earth (AE)
metals has undergone a true renaissance over the last three
decades."™ A lot of the interest around these metals arises
from their high abundance in the Earth’s crust and low tox-
icity, with the notable exceptions of beryllium and radium.’
The abundances of the group 2 metals are far greater than
those of precious metals commonly employed in industrial
processes, e.g. the Fischer-Tropsch process (Ru),® the
Monsanto process (Rh),” the Wacker process (Pd)® and oil
reforming (Pt).” A lot of effort is being put into breaking the
reliance of industrial chemistry on precious metals and to
move instead towards more Earth-abundant materials."® Over
the last four decades AE metal complexes have been studied as
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tion, polymerisation and hydrogenation."*™* Besides catalytic
applications, the organometallic chemistry of magnesium is
extremely well established,® whilst analogous chemistry with
the heavy AEs has historically lagged behind. Nonetheless, a
lot of progress has been achieved in the isolation of heavy
Grignard reagents in recent years.>'> Heavy AE organometal-
lics are difficult to handle'®"” and suffer with multiple degra-
dation pathways, including solvent degradation and Wurtz
coupling.'®?' The main reasons for this high reactivity are the
strong electropositive character, large ionic radii and the very
polarised AE-C bonds.>* Strategies for stabilising heavy AE
organometallics usually involve a combination of steric and
electronic stabilisation, a typical example being the use of
bulky silyl substituents around the carbon donor.>*>* In
general, the use of monodentate ligands is extremely challen-
ging for the heavy AEs due to their high steric demands®® and
a lot of effort has been put into using multidentate ligands,
which include p-diketiminates,”” macrocycles,® and tripodal
scorpionates.”>*® C-Donor functionalities can also be incor-
porated into multidentate ligands for the stabilisation of AE
organometallics, such as bis(phosphoranyl)-methanide and
-methanediide ligands,*° and various tripodal systems.***!
In 2008 Kitano et al. reported the use of the scorpionate ligand
tris(2-pyridylthio)methanide ({C(S-CsH4N);}™; Tptm) for the
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stabilisation of the heteroleptic zinc complexes [Zn(Tptm)(X)]
(X = Cl, Br) via salt elimination.”> Parkin and co-workers
further developed this chemistry by including various func-
tionalities (e.g. alkyl, alkoxide, azide)***® and also extended
this to heavier group 12 analogues.*® Group 12 and AE metals
have very similar coordination chemistry owing to their domi-
nant and stable +2 oxidation state and similar ionic radii
(6-coordinate ionic radii: Zn 0.74 A, Mg 0.72 A, Cd 0.95 A, Ca
1.00 A).*” Therefore, we decided to investigate the use of Tptm
as a supporting ligand for obtaining heteroleptic AE complexes
which could function as catalysts in hydroelementation reac-
tions. Herein, we report the synthesis of AE derivatives sup-
ported by Tptm obtained via protonolysis routes, together with
some unexpected reactivity pathways affecting the ligand
scaffold and applications in catalytic hydrophosphination
reactions.

2. Synthesis and NMR spectroscopic
characterisation

Heteroleptic complexes of general formulae [Mg(Tptm)(R)] (R
= Me, "Bu) and [AE(Tptm)(N”)] (AE = Mg-Ba; N" = {N
(SiMe;),} ") were targeted from the reaction of HTptm with
R;Mg (R = Me, "Bu) or [AE(N"),],. Reactions of the proligand
with dialkylmagnesium reagents were carried out in diethyl
ether at room temperature; unexpectedly we could not obtain
the target [Mg(Tptm)(R)] complexes, and the dimeric species
[{Mg(<’C,N,N-C{Bu}{S-CsH,N)(1-S-CsHuN)};] (1) and [{Mg
(x*C,N,N-C{Me}{S-CsH,N},)(1-OSiMe;)},] (2) were isolated
instead (Scheme 1). This indicated a novel alkyl migration
onto the methanide carbon accompanied by C-S bond clea-
vage of the Tptm scaffold. Interestingly, these alkyl migrations
are not observed for the analogous complex [Zn(i*-Tptm)(Me)]
reported by Parkin and co-workers, thus highlighting the
unique role of the metal in promoting this pathway.** Complex
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1 was obtained consistently from this reaction (27% crystalline
yield) upon repeated attempts, and separated from a mixture
of products which we could not unequivocally identify
(vide infra; also see ESI, Fig. S5 and S67). In the case of the
reaction with Me,Mg, 2 was likely formed from the degra-
dation of a species analogous to 1 in the presence of silicone
grease and was isolated in very small yields. Also in this case it
was not possible to identify other species obtained from the
reaction (see ESI, Fig. S7 and S8f). Nonetheless, reactivity
involving bis-amide precursors of Mg and Ca afforded target
species [AE(Tptm)(N")] (3-AE; AE = Mg-Ca). In the case of 3-Ca,
the reaction and follow-up purification steps had to be carried
out at low temperature (<—10 °C) due to its temperature
instability. Such sensitivity is exacerbated in the case of
heavier analogues 3-Sr and 3-Ba. The former of these could not
be isolated in pure form, despite strict temperature control
and quick work-up times (see ESI, Fig. S30 and S317%), whilst
reaction between HTptm and [Ba(N"),], led to an intractable
mixture (see ESI, Fig. S32%). Despite the well-recorded pro-
blems of using ethereal solvents with heavy organo-AE metal
complexes,*®* no issues of this type were observed in these
systems and we ascribe the thermal instability to the avail-
ability of facile decomposition pathways for the supporting
ligand (vide infra).

'H NMR analysis of 1 revealed a set of signals in the aro-
matic region (6.0-8.8 ppm) which could be assigned to the
newly formed methanide {k’C,N,N-C(Bu)(S-CsH,N),}~ ligand
and the bridging thiopyridyl ligand, whilst signals belonging
to the butyl fragment were also identified in the alkyl region
(0.8-3.0 ppm). "H NMR analysis of the crude mixture prior to
recrystallization reveals that several species are present, which
include unreacted "Bu,Mg, 1 and 4-Mg (vide infra), together
with other species that we could not unequivocally identify.
Interestingly, 1 is only a minor component of the crude
mixture, therefore it could not be excluded that its formation
takes place during the crystallisation procedure. In the case of
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Scheme 1 Synthesis of 1-3 via protonolysis between HTptm and "Bu,Mg or [Ae(N"),], (AE = Mg—Ba).
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2, analysis of crude products prior to recrystallisation afforded
a spectrum similar to 1, with the additional presence of
signals which can be assigned to various decomposition pro-
ducts, including [Mg{k>N,N-CH(S-CsH,N)},] (5) (vide infra and
ESI, Fig. S6 and S77).

3-Mg and 3-Ca were fully characterised via multinuclear
NMR spectroscopy (Fig. $8-S10 and S11-S131). The "H NMR
spectrum of 3-Mg shows a set of three multiplets in the aro-
matic region (6 = 8.98-9.04, 6.45-6.55 and 6.28-6.33 ppm)
and with relative integration values of 3:6: 3 corresponding to
the protons of the pyridyl fragments of the Tptm ligand.
Additionally, one strong signal is present in the aliphatic
region (6y = 0.41 ppm, 9H) which can be attributed to the
protons of the N” ligand. "*C{'H} data are also in good agree-
ment with the proposed formulation, revealing five distinct
environments for the pyridyl carbon atoms (5¢ = 118.6, 120.4,
138.0, 151.8 and 164.8 ppm). We were also able to identify the
signal of the methanide carbon donor (6¢ = 34.2 ppm), which
is very difficult to detect and was not reported previously for
the analogous complex [Zn(Tptm)(N")].>° Finally, the *°Si{'H}
spectrum of 3-Mg shows one single resonance at —10.5 ppm.
The multinuclear NMR spectra of 3-Ca are analogous to those
of 3-Mg, though the resonance of the methanide carbon in the
BC{'H} is significantly shifted upfield (5c = 5.6 ppm);
additionally, the SiMe; signal in the *°Si{"H} NMR spectrum is
shifted with respect to 3-Mg, resonating at —14.7 ppm. In both
3-Mg and 3-Ca, the *°Si{'H} signal is noticeably downfield
shifted from the corresponding [AE(N"),], signals at 11.6 and
—1.3 ppm respectively.>*
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3. Structural analysis

Compound 1 crystallises in the triclinic space group P1 and
features two 6-coordinate Mg centres in a slightly distorted
octahedral arrangement (Fig. 1). Interestingly, two indepen-
dent molecules are present in the asymmetric unit, which
feature significantly different metrics. In both cases, the
dimeric arrangement of the molecule is supported by the pres-
ence of two bridging thiopyridyl ligands: each of these frag-
ments binds one metal cation in a bidentate fashion [Mg(1)-N
(3) 2.215(3) A; Mg(1)-S(3) 2.6431(15) A; Mg(2)-N(6) 2.195(3) A;
Mg(2)-S(6) 2.6182(15) A] and bridges to the adjacent Mg centre
via the S donor [Mg(1)'-S(3) 2.6484(15) A; Mg(2)'-S(6) 2.6772
(15) A]. The tridentate ligand {k*C,N,N-C(Bu)(S-CsH,N),}~ dis-
plays a similar binding mode to Tptm in the zinc complex [Zn
(Tptm)(N")] reported by Parkin and co-workers (vide infra).>
The structural motif of 1 is analogous to that of 2, in which
the bridging bidentate thiopyridyl ligand is replaced by a
monodentate siloxide, {OSiMes}~ (Fig. S277).

Recrystallisation of 3-Mg from boiling toluene gave X-ray
quality crystals which led to the determination of the expected
molecular structure (Fig. 2). 3-Mg crystallises in the monocli-
nic P24/c space group, with the metal centre positioned inside
the steric pocket of the scorpionate Tptm ligand and co-
ordinated axially by {N(SiMe;),}”. As can be seen, the Mg-C
bond is similar in length [2.303(4) A] to the Mg-C bond length
in [Mg(Tism™"®"%)(NPh,)] scorpionate complex [2.373(3) A].*>

The Mg-N,, bond distances [2.181(3)-2.220(4) A] are
similar to typical Mg-N distances within closely related tris

Fig. 1 Crystal structure of 1. Ellipsoids are set at 50% probability level and hydrogens omitted for clarity. The asymmetric unit contains two indepen-
dent molecules, only one of them has been reproduced here. Symmetry operation used to generate equivalent atoms: i =1 — x, 1 — y, —z. C: black;
N: blue; Mg: aquamarine; S: yellow. Selected bond lengths (A) and angles (°): Mg(1)-C(1) 2.212(4), Mg(1)-N(1) 2.149(3), Mg(1)-N(2) 2.204(3), Mg(1)-N
(3) 2.177(3), Mg(1)-S(3) 2.6431(15), Mg(1)-S(3)' 2.6773(18), N(1)-Mg(1)-N(2) 86.45(12), N(2)-Mg(1)-N(3) 86.84(12), C(1)-Mg(1)-S(3) 172.82(12), N(2)-
Mg(1)-S(3)' 177.58(10). Selected bond lengths (A) and angles (°) of second molecule of 1: Mg(2)-C(21) 2.209(4), Mg(2)-N(4) 2.184(3), Mg(2)-N(5)
2.202(3), Mg(2)-N(6) 2.195(3), Mg(2)-S(6) 2.6182(15), Mg(2)-S(6)' 2.6772(15), N(4)-Mg(2)-N(5) 92.46(11), N(2)-Mg(1)-N(3) 84.95(11), C(21)-Mg(2)-S
(6) 176.29(11), N(5)-Mg(2)-S(6)' 175.06(9).

1924 | Dalton Trans., 2022, 51, 11922-11936 This journal is © The Royal Society of Chemistry 2022
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Fig. 2 X-ray crystal structure of 3-Mg. Ellipsoids are set at 50% prob-
ability level, hydrogen atoms have been excluded for clarity. The asym-
metric unit contains two molecules with identical connectivity and stat-
istically identical metrics; one of these has been excluded for clarity. C:
black; N: blue; S: yellow; Mg: aquamarine; Si: orange. Selected bond
lengths (A) and angles (°): Mg(1)-C(1) 2.303(4), Mg(1)-N(1) 2.220(4), Mg
(1)-N(2) 2.181(3), Mg(1)-N(3) 2.215(4), Mg(1)-N(4) 2.061(3), N(1)-Mg(1)-
N(2) 106.50(13), N(2)-Mg—N(3) 94.90(13), C(1)-Mg—N(4) 158.70(15).

(pyrazolyl)}-methane and -methanide systems [2.092(6)-2.315
(4) A],>® whilst the Mg-N bond to the {N(SiMe;),}~ ligand
[2.061(3) A] is a little longer than other Mg-N distances in ana-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

View Article Online

Paper

logous complexes [1.961(2)-1.987(2) A].>**° The geometry
around magnesium is best described as distorted square pyra-
midal. Interestingly, the analogous complex [Zn(Tptm)(N")]
reported by Parkin and co-workers displays Tptm acting as a k>
donor, with one of the pyridyl pendant arms flipped below the
steric pocket.>®

4. Decomposition studies

3-Mg is stable at room temperature, however, signs of
decomposition at higher temperatures were observed (dis-
colouration of the solution) during recrystallizations from
toluene, and also during catalytic studies (vide infra). A "H
NMR time course was acquired at 100 °C in dg-toluene, from
which a halflife of 104.1 + 0.3 minutes was calculated
(Fig. S133t). 3-Ca was observed to possess distinct temperature
sensitivity during synthesis, and an analogous "H NMR time
course experiment (Fig. 3) was conducted in d¢-benzene at
25 °C and monitored following signal a (5y 8.09 ppm,
doublet). We analysed the kinetics of this decomposition, but
found it possessed a non-integer reaction order thereby ren-
dering extraction of meaningful kinetic information about this
decomposition very difficult. This doublet slowly decreases in
intensity and a new signal at 8.09 (A) gradually rises in inten-
sity, but later plateaus out. This was attributed to the precipi-
tation of a decomposition product, which is corroborated by
the observation of a precipitate at the bottom of the NMR
tube. Similar decreases in intensity are seen for the signals at
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6.62 (d), 6.49 (c), and 6.25 (b) ppm, together with increases
and subsequent plateauing for the signals at 7.06 (D), 6.74 (C),
and 6.36 (B) ppm. Much as for 3-Ca, 3-Mg also shows the co-
dependent increase and decrease in the most downfield
signals, ie. 9.01 (a) and 8.91 (A) for 3-Mg and a major
decomposition product analogous to that observed for 3-Ca
respectively (see Fig. S1337).

During attempts to crystallise 3-Ca from a solution in DME,
we isolated crystals of decomposition product [Ca(S-
CsH,N),(DME),] (4-Ca-DME;,) (Fig. S28%). This compound was
then obtained from the direct reaction of 2-mercaptopyridine
with [Ca(N"),],. NMR characterisation of 4-Ca revealed that
this species is present in the thermal decomposition of 3-Ca,
and presumably a similar decomposition pathway takes place
for the other analogues 3-AE (for completeness we also deliber-
ately obtained 4-Mg from the reaction of 2-mercaptopyridine
with "Bu,Mg - see Experimental Section).

5. Computational studies

We have used DFT calculations to study the unexpected for-
mation of bimetallic Mg dimer 1 and the decomposition of 3-
Ca to 4-Ca. Both processes involve cleavage of Cysethanide=S
bonds and, in the case of the Mg-butyl, a well-defined transfer
of the alkyl group onto the methanide carbon. We therefore
considered the Mg-butyl system first and started with the tar-
geted heteroleptic complex [Mg(Tptm)("Bu)] (1m’). The com-
puted structure of 1m’ shows a distorted trigonal bipyramidal
(TBP) geometry with the methanide and alkyl carbons in axial
positions (see Fig. 4). A transition state for butyl group
migration, TS(1m’-1m), was located at +12.1 kcal mol™" and
displays another distorted TBP structure in which two pyridyl
moieties (bound through N2 and N3) now occupy the axial
positions. This places the butyl ligand, C1 and the remaining
pyridyl moiety in equatorial positions and as a result the

1m' TS(1m'-1m)
+12.1

Fig. 4 Computed structures of 1m’, TS(Im’-1m) and 1m with key distances in A and free energies in kcal mo

1926 | Dalton Trans., 2022, 51, 1922-11936
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widened C1-Mg-N1 angle (138.8°) can no longer accommo-
date the C1-S1 bond which therefore breaks (C1---S1 = 3.26 A).
TS(1mr’-1m) also features a C(S-NCsH,), carbene-like ligand
with an sp*-hybridised carbon (sum of angles at C1 = 360.0°).
A shortening of the Mg-C1 distance is also seen (2.21 A in TS
(1m’-1m) ¢f. 2.38 A in 1m’). TS(1m’-1m) leads to the formation
of 1m, the monomeric precursor to 1, in which the new C1-C2
bond is fully formed (1.55 A) and N1 on the free 2-thiopyridide
ligand has moved to the position vacated by the butyl such
that the sulfur of that group occupies the axial position trans
to C1 (Mg-S1 = 2.65 A). This combined butyl migration/C-S
cleavage and rearrangement is both readily accessible kineti-
cally with a barrier of only 12.1 kcal mol™" and significantly
exergonic (AG = —40.3 kcal mol ™). The subsequent dimerisa-
tion of 1m to form 1 is also computed to be very favourable
(AG = —60.7 keal mol ™).

We postulate that an analogous ligand transfer process, this
time of an amide, could also be involved in the decomposition
of 3-Ca to 4-Ca. In this case amide transfer is computed to
involve a two-step process via I(3-4-Ca)l at +12.8 kcal mol™
(see Fig. 5). This species resembles TS(1m'-1m) in the Mg-butyl
system in that one C-S bond has broken and a carbene-like
C(S-C5H,4N), ligand is in place. In the second step via TS(3-4-
Ca)2 (+19.7 keal mol™") the C1-N4 bond is formed; the resul-
tant intermediate, I(3-4-Ca)2, is analogous to 1m in the Mg
system, with the exception that the movement of the newly
formed thiopyridide ligand is restricted by the bulky {N
(SiMes),}~ group. From I(3-4-Ca)2 formation of 4-Ca must
involve cleavage of a second C-S bond and this would leave
behind a C(S-CsH4NKN(SiMe;),} carbene ligand. Intriguingly,
Westerhausen and co-workers have observed a similar degra-
dation process of a tris(pyrazoyl)methanide ligand,*®*® in
which C-N bond cleavage is accompanied by formation of
tetra-substituted alkene. The analogous process in the present
case would form 4-Ca with the C(S-CsH,N){N(SiMes),} carbene
ligand dimerising to an alkene. Indeed, cleavage of the C1-S2

—>1
-101.0

-40.3
9

1. Aromatic H hidden for clarity.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (Top) Free energy profile of the decomposition 3-Ca to provide 4-Ca and tetrasubstituted ethylene, as computationally found. (Bottom)
Geometries of intermediates 1(3-4-Ca)l, 1(3-4-Ca)2 and 1(3-4-Ca)3. Aromatic H hidden for clarity.

bond in I(3-4-Ca)2 proceeds with a minimal barrier of 2.9 kcal
mol ™" to give I(3-4-Ca)3 at —7.7 kcal mol~" which is an adduct
of 4-Ca with the C(S-CsH,N)}{N(SiMe;),} ligand. Dissociation
and dimerization of the carbene liberates 4-Ca and forms the
tetra-substituted alkene 6 at —21.0 kcal mol™". The decompo-
sition of 3-Ca to 4-Ca and alkene therefore has a modest
overall barrier of 19.7 kcal mol™" and is exergonic by 21.0 kcal
mol ™", consistent with a facile process that proceeds at room
temperature.”” The equivalent barrier for the initial amide
transfer and C-S bond cleavage process in 3-Mg was computed
to be 29.7 keal mol™", consistent with the much slower degra-
dation of this system seen experimentally.

This journal is © The Royal Society of Chemistry 2022

6. Catalytic studies

With compounds 3-Mg and 3-Ca in hand we decided to
explore their reactivity in hydroelementation reactions, which
have been extensively studied with group 2 catalysts."'*>°% In
particular, we decided to focus on hydrophosphination reac-
tions, as these are suitable for amide complexes 3-AE which
are capable of deprotonating protic E-H bonds. Additionally,
group 2-catalysed hydrophosphinations of alkenes and alkynes
have been extremely well studied,”®** thus providing a bench-
mark for the performances of our new systems. 3-Mg and 3-Ca

were initially tested as pre-catalysts for the hydrophosphina-
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3-AE (10 mol%)
A R 4HPR, —

R
R
\g/ . V\PR'Z

AE = Mg, Ca PR',
R = Ph, CN, CO,Me,

2-py, 4-py A B
R'=Ph, Cy (o-addition) (B-addition)

Scheme 2 Catalytic hydrophosphination of alkenes with 3-AE (AE =
Mg, Ca).

tion of selected terminal alkenes with diphenylphosphine
(HPPh,) and dicyclohexylphosphine (HPCy,), to give a-addition
(branched, Markovnikov, A) and p-addition (linear, anti-
Markovnikov, B) products (Scheme 2). Various terminal alkenes
were screened (styrene, methyl acrylate, acrylonitrile, 2-vinylpyri-
dine, and 4-vinylpyridine) to test functional group tolerance and
catalytic efficiency (Table 1 and S3t). The reactions were carried
out on NMR scales in deuterated (d¢-benzene) or non-deuterated
(THF) solvents under various conditions, though reactions invol-
ving 3-Ca could only be carried out at room temperature due to
its thermal instability (vide supra). Different solvents were
chosen to ascertain if the presence of coordinating solvents
would interfere with the catalytic cycle, or if changes in polarity
would affect the reaction rate. Additionally we carried out
selected controlled experiments: (1) in the absence of catalyst;
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(2) in the presence of [Ca(N"),],; (3) in the presence of known
decomposition products, 4-Mg and 4-Ca (see Table S6%).
Integration of the *'P{'H} NMR signals enabled the quantifi-
cation of yields and selectivity between linear anti-Markovnikov
and branched Markovnikov products (see ESIf).

For the reactions carried out with HPPh,, poor conversions
were obtained with most of the alkene substrates employed in
this study, though excellent selectivities were obtained in most
cases. However, moderate conversions were observed in the
hydrophosphination of 4-vinylpyridine with HPPh, when 3-Mg
was employed as pre-catalyst (62% yield, entry 10, Table 1).
Interestingly, 4-Mg gave even better conversions (71%, entry 11,
Table 1) than 3-Mg, though leading to the formation of the
a-addition product. Additionally, comparable conversions were
obtained with 3-Ca or 4-Ca (3-Ca, 37%: entry 12, Table 1; 4-Ca,
36%: entry 4, Table S6T). When the more electron-rich HPCy,
was used, significant conversion to the desired hydrophosphina-
tion products was only observed in the case of methyl acrylate
(entry 6, Table 1) with 3-Mg as pre-catalyst, albeit with poor
selectivity. Accuracy of the *'P{'H} integrations was confirmed
through repeated screenings of hydrophosphination of 4-vinyl-
pyridine with and without hexamethylbenzene as an internal
standard.®®> Notably, the anti-Markovnikov product was by far
the dominant species across the board, with the sole exception

Table 1 Hydrophosphination reactions with alkenes and HPPh, (with the exception of entry 6, where HPCy, was used) including yields and selec-
tivities. Only the major products are represented in the table for clarity. All catalyst loadings were 10 mol%

Substrate Entry Catalyst Conditions Conv. (%) Product ratio (a: ) Product
©\/ 1 3-Mg C¢Dg 80 °C, 29 h 23 0:100 ©\/\
A PPh,
2 3-Ca — — — —
- o] .
NC A 3 3-Mg CeDg 80 °C, 29 h 47 0:100 NC~ppp
4 3-Ca CeDsr.t.,1h 5 0:100 NC\/\PPh
0 5 3-Mg Ce¢Ds 80 °C, 29 h 23 17:83 )
\oJ\/ \OJ\/\Pth
6 3-Mg THF 60 °C, 70 h 40 27:73 o}
S0P pey,
7 3-Ca — — — —
| N 8 3-Mg THF 60 °C, 29 h 36 9:91 (j\/\
Z Z
N 7 N PPh,
9 3-Ca THFr.t,1h 20 9:91 N
P
N PPh,
N 10 3-Mg THF r.t., 100 h 62 17:83 ,@\/\
| {
N Z PPh,
11 4-Mg THF 60 °C, 135 h 71 93:7 N
l =
PPh,
12 3-Ca CeDer.t.,1h

1928 | Dalton Trans., 2022, 51,11922-11936

37 0:100 h@\/\
7 PPh,
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of the hydrophosphination of 2-vinylpyridine catalysed by 3-Ca
in benzene (entry 20, Table S37), yielding over five times as
much of the Markovnikov isomer as anti-Markovnikov. In the
*'p{'H} NMR spectra, we also observed several smaller signals
clustered around the Markovnikov product resonance (6p —21 to
—22 ppm), which we have tentatively assigned as oligomerisa-
tion or polymerisation products.®®

Since 3-Ca seemed to be quite effective at catalysing the
polymerisation of the substrate, we tried reducing the pre-cata-
lyst loading from 10 mol% to 2.5 mol%, with a corresponding
reduction in yield of desired hydrophosphination product
without a reduction in the yield of oligomeric products.
Another possibility is that these products could be formed via
anionic polymerisation initiated by {PPh,}~, though this could
not be proved experimentally.”” We also determined approxi-
mate yields of these soluble phosphorus-containing oligomers
via *'P{'H} NMR spectroscopy (Tables S3 and S4f). Simple
polymerisation of the alkene could not be detected in the 'H
NMR spectra. A test with 4-vinylpyridine and 3-Mg in the
absence of phosphine revealed neither any change in the 'H
NMR spectra nor precipitate formation even after 10 days.

View Article Online
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Additionally, upon combination of a solution of 3-Ca with
methyl acrylate, the immediate formation of yellow precipitate
was observed, which upon closer inspection revealed a gel-like
consistency, thus suggesting a polymerisation reaction had
occurred; this is a likely occurrence, as calcium-initiated poly-
merisation of methyl acrylate has been previously reported.®®
No alkene signals were visible in the "H NMR spectra, and the
31p{'H} spectra did not change over time and contained only
one resonance, which corresponded to HPPh, (see ESIT).
Analogous behaviour was not observed with 3-Mg, indicating
its greater tolerance towards ester functionality. It can be
noted that both catalysts tolerated nitrile groups (Fig. 4;
entries 12-16, Table S3t). However, attempts to use fumaroni-
trile led to instant decomposition of the pre-catalyst and for-
mation of a brown precipitate which could not be identified.
On the basis of the results obtained with alkene substrates,
we decided to trial 3-AE (AE = Mg, Ca) as catalysts for the
hydrophosphination of selected alkynes (phenylacetylene, 1,3-
diethynylbenzene, 4-ethynyltoluene, methyl propiolate, 2-ethy-
nylpyridine, 4-ethynylpyridine, and 4-ethynylanisole) with
HPPh, (Scheme 3, Fig. 6, Table 2 and Table S5t). 3-Mg and 4-

PPh,
3-AE (10 mol% RT N PPh
R—== + HPPh, ( )= R/\/F)I:’h2 + + PP’ i
AE = Mg, Ca c p PPhy | R
R= Ph, 2-py, E PPh F
4-MeOCeH4 2

Scheme 3 Catalytic hydrophosphination of alkynes with 3-AE (AE = Mg, Ca).

-

X X X
| — * | = | N
PPh, N N PPh, N PPh,
PPh, 3-Mg: 7%
3-Mg: 23% o (azB 0:100; E:Z 49:51 - THF, 60 °C, 135 h)
(azB 0:100 - C¢Dg, 80 °C, 29 h) 3-Mg: 36% 3.Ca: 97%
3-Ca: inactive (a:p 9:91 - THF, 60 °C, 29 h) R 0100 B-7 AB-E4 -
3.Ca: 21% (a:B 0:100; E:Z 46:54 - THF, r.t., 1 h)
(a:p 9:91 - THF, rt., 1 h)
O N| N + : NI N
¥
~o + \O)K/\PR. PPh, AN pph,
PR" PPh
2 2 3-Mg: 96%
R 3-Mg: 62% (a:B 0:100; E:Z 96:4 - THF, r.t.,, 72 h)
(o 31;\“5?3% BPQ(’) 320/;9 h) (a:p 17:83 - THF, r.t.,, 100 h) 3-Ca: 45%
a:p 17 e o 4-Mg: 71% (o::p 0:100; E:Z 34:66 - THF, r.t., 1 h)
3-Mg: R' = Cy, 40% (a:B 93:7 - THF, 60 °C, 135 h)
(o:p 27:73 - THF, 60 °C, 70 h) MR L 2gos
3-Ca: inactive 3-Ca: 38%
) (c:p 0:100 - CgDg, r't., 1 h)
i i O
NC~~ppn \o)k]/ + N PPh, 7
2 PPh,
PPh,
3-Mg: 47% 3-Mg: 18% 3-Mg: 8%
(0::p 0:100 - CgDs, 80 °C, 29 h) (o:p 11:89; E:Z 77:23 - THF, 60 °C, 135 h)  (a:p 0:100; E:Z 76:24 - THF, r.t., 135 h)
3-Ca: 5% 3-Ca: 45% 3-Ca: 4%
(a:p 0:100 - CgDg, r-t., 1 h) (ou:p 0:100; E:Z 69:31 - THF, r.t., 1 h) (o 0:100; E:Z 74:26 - THF, r.t., 1 h)

J

Fig. 6 Selected phosphines obtained from hydrophosphination reactions with alkenes and alkynes, including yields, selectivities and reaction con-
ditions. Both a- and B-addition products are illustrated for relevant entries. All catalyst loadings were 10 mol%.
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Ca provided poor to moderate catalytic activity with most of
the alkynes screened in this work. However, excellent results
were obtained for the hydrophosphination of 4-ethynylpyridine
when 3-Mg is employed as pre-catalyst, leading to high conver-
sions (96%) with excellent regio- and stereoselectivity (entry
13, Table 2); this is in contrast with the catalytic performance
of 3-Ca which gave only 40% conversion to the hydrophosphi-
nation product. Nonetheless, 3-Ca showed excellent catalytic
activity in the hydrophosphination of 2-ethynylpyridine, which
gave 95% conversion (by *'P{"H} NMR) to B-addition products
(C and D, Scheme 3; entry 12, Table 2; Fig. 6) with excellent
regioselectivity. In these reactions we also noticed the presence
of trace amounts of double addition product (E) and dehydro-
coupling product Ph,P-PPh, (F) with all substrates.®® It is
noteworthy that Webster and co-workers reported the double
hydrophosphination of 4-ethynylpyridine catalysed by K(N").*°
Nonetheless, to the best of our knowledge, our study is the

View Article Online
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first report of catalytic mono-hydrophosphination of 4-ethynyl-
pyridine; the resulting novel vinyl phosphine, 4-(2-(diphenyl-
phosphaneyl)vinyl)pyridine (Fig. 6), was isolated as the parent
phosphine oxide in excellent yield (88% - see ESI, page S327).
Overall 3-Mg and 3-Ca do not perform as well as previously
reported AE catalysts, such as [Ca(BDI”"PP)N(SiMe;),(THF)]
(BDIPPP = {HC(C(Me),N-2,6-'Pr,CeHs),} "), [Ca{N(SiMe;),}
(THF),]’* and  [Ca{2-NC(Ph)NArCsH,CHNArH{N(SiMe;),}
(THF)],** which can all catalyse the hydrophosphination of
styrene with extremely high conversions (95%, 92% and >99%
respectively). The latter complex was also used by Cui and Hu
to catalyse the hydrophosphination of 2-ethynylpyridine,
giving slightly better conversion (>99%) and selectivity (E: Z =
69 : 31) compared to 3-Ca.®

These hydrophosphination reactions are likely to occur via
typical intermolecular hydroelementation mechanism in
which the first step consists of protonolysis between the pre-

Table 2 Hydrophosphination reactions with alkynes and HPPh,, including yields and selectivities. Only the major products are represented in the

table for clarity. All catalyst loadings were 10 mol%

Substrate Entry Catalyst Conditions Conv. (%) Product ratio (a: f/E: Z) Product
1 3-Mg THF 60 °C, 135 h 9 7:93/7:93 %
S ZpPh,
N 2 3-Ca THF r.t., 1 h 6 18:86/21:79 ©\/1
Z pph,
| 3 3-Mg THF 60 °C, 135 h 5 0:100/0: 100 |
0 © PPh,
F
% 4 3-Ca THF r.t., 1 h 3 0:100/0: 100 <|3
PPh,
F
5 3-Mg THF 60 °C, 135 h 8 0:100/76: 24 \©\/1
S & pph,
N 6 3-Ca THF r.t., 1 h 4 0:100/74:26 \©\/1
7 pph,
| | 7 3-Mg THF r.t., 96 h 4 0:100/49: 51 Il
Z pph,
8 3-Ca THF r.t., 1 h 8 30:70/39:61 Il
A
Z*pph,
0 9 3-Mg THF 60 °C, 135 h 18 11:89/77:23 0
\OJ\ \OJ\/"‘ PPh,
A 10 3-Ca THF r.t., 1 h 11 4:96/84:16 0
\o)j\/‘1 PPh,
| N 11 3-Mg THF 60 °C, 135 h 7 0:100/49: 51 ™
VPSS NZ N pp,
X 12 3-Ca THF r.t., 1 h 95 0:100/46 : 54 m
N7 ppp,
N 13 3-Mg THF r.t., 72 h 96 0:100/96: 4 N
| [
2N PN ppy,
N 14 3-Ca THF r.t., 1 h 40 0:100/34: 66 N
|
PN pp,

1930 | Dalton Trans., 2022, 51, 11922-11936
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Mg(PPh), + HTptm —> 0.5
rt,16h

/,,,l
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Fig. 7 Crystal structure of 5-Ph,P—PPh,. Ellipsoids are set at 50% probability level and hydrogens omitted for clarity. The asymmetric unit contains
half a molecule of each; the full molecules have been reproduced here. Symmetry operation used to generate equivalent atoms: i = —x, +1/2 y, —1/2

z. C: black; N: blue; Mg: aquamarine; P: purple; S: yellow.

catalyst and the phosphine.®® To shed some light on the gener-
ally low conversion rates, we attempted to prepare the pro-
posed catalytic intermediate [Mg(Tptm)(PPh,)] via protonolysis
between 3-Mg and HPPh,, however on an NMR scale, very little
conversion was observed in the *'P{'H} NMR spectra even
under forcing conditions (12 h at 50 °C, Fig. S19 and S207). As
a result, we chose not to scale this up to a preparative scale
and instead opted to react Mg(PPh,), with HTptm in THF
(Scheme 4). However, 'H and *'P{'"H} NMR analysis of the
crude mixture revealed that the target phosphido complex was
not obtained, revealing instead the presence of 4-Mg, together
with several other unknown components (Fig. S28 and S29%).
Crystallisation of the reaction mixture led to the isolation of a
small crystalline crop of material (<10 mg) which was identi-
fied via X-ray studies as [Mg(Bptm),] (Bptm = {x’C,N,N-CH(S-
CsHyN),}7) (5) and the diphosphine Ph,P-PPh, co-crystallise
together (Scheme 4 and Fig. 7).

It is unclear how this diphosphine may have formed,
however this is a known occurrence in hydrophosphination
catalysis.”®”> *'P{'"H} NMR spectra of the crude reaction
mixture reveal two resonances, while the bulk recrystallised
material contained but one signal corresponding to the dipho-
sphine at —15.1 ppm. We tentatively attribute the resonance at

This journal is © The Royal Society of Chemistry 2022

25.1 ppm in the *'P{"H} NMR spectrum of the crude to tetra-
phenyldiphosphane dioxide (Ph,P(O)-P(O)Ph,), which is likely
formed from adventitious oxygen or moisture.” The formation
of 5-Ph,P-PPh, from this reaction is in agreement with the
observation of free Ph,P-PPh, in some of our catalytic studies.
Therefore, these findings shed light on another possible
decomposition pathway for this family of catalysts which could
be responsible for some of the poor catalytic performances.

7. Conclusions

In conclusion we have shown the varying reactivity of HTptm
with AE reagents. When alkylmagnesium reagents are
employed, this leads to degradation of the ligand through clea-
vage of a C-S bond which is replaced by the alkyl nucleophile
(methyl or butyl) and forms bimetallic dimers 1 and 2. Despite
this, heteroleptic amide complexes 3-AE can be obtained by
reacting HTptm with bis-amide AE reagents, [AE(N"),],.
However, these complexes become increasingly unstable des-
cending the group, which poses some limitations in the devel-
opment of reactivity studies. DFT calculations characterise the
facile transfer of anionic alkyl and amide ligands onto the

Dalton Trans., 2022, 51, 1922-11936 | 11931
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methanide carbon and that this induces C-S bond cleavage.
We were also able to directly identify several components of
these decomposition pathways, including the formation of
dehydrocoupling product Ph,P-PPh, co-crystallised with
decomposition product 5. Nonetheless, compound 3-Ca dis-
played excellent catalytic activity and regioselectivity in the
hydrophosphination of 2-ethynylpyridine, whilst 3-Mg gave
excellent conversions for 4-ethynylpyridine, together with
excellent regio- and stereoselectivity. We are currently investi-
gating the reactivity of 3-Mg and 3-Ca further and expanding
the scope of their catalytic applications, together with modifi-
cations of Tptm in order to increase the steric protection
around the metal centre and also impart more stability to the
ligand backbone.

8. Experimental section
General methods

THF, Et,0, toluene and hexane were passed through columns
containing molecular sieves, then stored over molecular sieves
(THF) or over a potassium mirror (Et,O, hexane, toluene) and
thoroughly degassed prior to use. Anhydrous 1,2-dimethoxy-
ethane (DME) was purchased from Sigma Aldrich, dried and
stored over molecular sieves and thoroughly degassed prior to
use. For NMR spectroscopy, C¢Dg, C4D50, and C,Dg were dried
by refluxing over K, and then vacuum transferred and degassed
by three freeze-pump-thaw cycles before use. NMR spectra
were recorded on either a Bruker AVIII HD 400 or Bruker AVIII
500 spectrometer operating at 400.07/500.13 (*H), 100.60/
125.78 (**C{'H}), 79.48 (*°si{'H}), or 161.98 (*'P{'H}) MHz. To
achieve a greater signal to noise ratio, the *°Si{'H} NMR
spectra were acquired with a DEPT24 where available or other-
wise with a DEPT45 pulse sequence. In some cases, the recycle
delay between scans was set to a value of up to 60 s to improve
the spectra. Solvent suppression procedures were implemented
in the acquisition of '"H NMR data run in C,H3O, suppressing
signals at chemical shifts 1.79 and 3.72 ppm. The solvent sup-
pression procedure used a 1D version of Bruker library pulse
program noesyprph which made use of presaturation at the
aforementioned chemical shifts during the relaxation delay
and mixing time. NMR spectra were recorded at 298 K unless
otherwise stated, and were referenced to residual solvent
signals in the case of '"H and "C{'H} experiments. FTIR
spectra were recorded on a Bruker Alpha II spectrometer with
Platinum-ATR module. Elemental microanalyses were carried
out by Elemental Microanalysis Ltd. "Bu,Mg, "BulLi, 2-mercap-
topyridine, and bromoform were wused as received.
Hexamethyldisilazane was dried over activated molecular
sieves, stored over the same and thoroughly degassed before
use. Mgl,, Cal,, SrI, and Bal, were baked at 300 °C under
vacuum for 4 hours before use. HTptm,*® [AE(N"),],,”*”> Mg
(PPh,),,”%”” and Me,Mg”® and were prepared according to lit-
erature  procedures.  Diphenylphosphine, dicyclohexyl-
phosphine, phenylacetylene, 2-ethynylpyridine, 4-ethynylani-

sole, 4-ethynyltoluene, and 1,3-diethynylbenzene were

1932 | Dalton Trans., 2022, 51,11922-11936
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degassed via three freeze-pump-thaw cycles before use.
Styrene, methyl acrylate, acrylonitrile, 2-vinylpyridine, 4-vinyl-
pyridine, and methyl propiolate were dried over calcium
hydride then vacuum transferred and degassed by three
freeze-pump-thaw cycles before use. Hexamethylbenzene and
4-ethynylpyridine were dried under vacuum for 4 hours before
use. Most phosphines obtained in the catalytic studies have
been previously reported;”*”*®* novel phosphines have been
isolated as parent oxides and their characterisation data is
reported in the ESI (page S33).}

Synthesis

[{Mg(x*C,N,N-C{Bu}{S-C5;H 4N}, )(1-S-CsH,N)},] (1). HTptm
(0.343 g, 1.00 mmol) was added into a flame-dried Schlenk
flask fitted with a stirrer bar and dissolved in diethyl ether
(40 mL). "Bu,Mg (2 mL, 1.00 mmol, 0.5 M in heptane) was
then added dropwise at room temperature with stirring. The
reaction mixture was stirred for 1 hour at room temperature,
leading to the formation of a precipitate. The suspension was
filtered off and the filtrate was stored at room temperature
overnight, affording 1 as pale yellow crystals (0.111 g,
0.27 mmol, 27%). The original precipitate was dried in vacuo
and recrystallised from toluene, affording crystals suitable for
X-ray studies; unfortunately we were only able to determine a
unit cell (a = 9.123(4) A, b = 9.123(4) A, ¢ = 13.253(9) A, a = 90°,
£ =90°, y = 120° V = 1103.0(10) A*) and no connectivity could
be established due the poor quality of the dataset. Satisfactory
elemental analysis results for 1 could not be obtained due to
the presence of impurities which could not be separated even
upon repeated crystallisation attempts. 'H NMR (400 MHz,
298 K, C¢Dg): 0.82 (t, J = 7.5 Hz, 3H, "Bu-CHj;), 1.27-1.37 (m,
2H, "Bu-CH,), 1.74-1.83 (m, 2H, "Bu-CH,), 2.39-2.47 (m, 2H,
"Bu-CH,), 6.30-6.35 (m, 3H, p-S-CsH,N-CH), 6.62 (t, J = 6.8
Hz, 2H, C{BuMS-C;H,N},-CH), 6.70-6.75 (m, 3H, C{Bu}S-
CsH,N},-CH + p-S-CsH,N-CH), 6.87 (d, J = 8.1 Hz, 2H, C{Bu}
{S-C;H,N},-CH), 8.25 (dd, J = 1.0, 5.0 Hz, 2H, C{Bu}{S-
CsH,N},-CH) ppm. "*C{'H} NMR (125 MHz, CcDs): 148.8 ({S-
CsH,N},-C), 147.3 ({S-CsH,N},-CH), 147.2 ({S-CsH,N},-CH),
145.0 ({S-CsH4N},-C), 144.3 ({S-CsH,N},-C), 136.6 ({S-
CsH,N},-CH), 135.9 ({S-C5H,N},-CH), 135.2 ({S-C5H,N},-CH),
120.9 ({S-CsH,N},-CH), 119.7 ({S-CsH,N},-CH), 118.1 ({S-
CsH,N},-CH), 117.2 ({S-CsHyN},-CH), 114.0 ({S-CsH,N},-CH),
43.5 ("Bu-CHj,), 32.3 ("Bu-CH,), 22.9 ("Bu-CH,), 13.4 ("Bu-CH,)
ppm. FTIR: & = 1583, 1552, 1411, 1260, 1002, 794, 748, 720,
638, 481, 409 cm ™.

[Mg(Tptm)(N")] (3-Mg). [Mg(N"),], (0.345 mg, 1.00 mmol)
and HTptm (0.343 mg, 1.00 mmol) were added into a flame-
dried Schlenk flask fitted with a stirrer bar. Toluene (30 mL)
was added at room temperature and the reaction mixture was
stirred for 1 hour. All volatiles were removed in vacuo,
affording a pale yellow powder. The crude product was dis-
solved in boiling toluene (ca. 4 mL) and yellow crystals of 3-Mg
formed upon cooling to room temperature which were isolated
by decantation (0.400 g, 0.76 mmol, 76%). "H NMR (400 MHz,
298 K, CgDg): 0.41 (18H, s, SiCHj), 6.31 (3H, td, *Jiy; = 6.3 Hz,
Yan = 1.6 Hz, CsH,N-CHP), 6.49 (3H, td, iy = 8.7 Hz, iy =

This journal is © The Royal Society of Chemistry 2022
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1.6 Hz, CsH;N-CH?), 6.53 (3H, dt, *Ju; = 8.2 Hz, *Jyyyy = 1.1 Hz,
CsH,N-CHS), 9.01 (3H, dd, *Jyy = 5.5 Hz, gy = 1.1 Hz,
CsH,N-CH*) ppm. “C{'H} NMR (100 MHz, CeD): 6.47 (Si
(CH;);), 34.2 (MgC), 118.6 (CsH,N-C"H), 120.4 (CsH,N-C°H),
138.0 (CsH4N-C%H), 151.8 (CsH,N-CH), 164.8 (C5sH,N-C°S)
ppm. *°Si{'H} NMR (79.5 MHz, 298 K, C¢Ds): —10.5 (SiCHj;)
ppm. A satisfactory elemental analysis could not be obtained
despite repeated attempts, which gave consistently low carbon
and hydrogen values; this phenomenon has been observed fre-
quently in silicon-rich AE complexes.®® Anal. caled for
C,H3oMgN,S;Si,-(CHg)os: C, 53.43%; H, 5.98%; N, 9.77%.
Found: C, 46.48%; H, 3.53%; N, 9.78%. FTIR: ¥ = 1586, 1555,
1457, 1412, 1235, 1129, 1045, 992, 880, 808, 755, 657, 635, 606,
485,414 cm™ .

[Ca(Tptm)(N")] (3-Ca). [Ca(N"),], (0.360 g, 1.00 mmol) and
HTptm (0.343 g, 1.00 mmol) were placed in a flame-dried
Schlenk flask with stirrer bar. The flask was cooled to 0 °C;
diethyl ether (30 mL) was then added slowly with rapid stir-
ring, and the reaction mixture was allowed stirred for a further
20 minutes, forming a yellow suspension. The solvent was
then removed in vacuo at 0 °C, and then allowed to warm
briefly to room temperature to aid removal of HN", affording
3-Ca as a bright yellow powder (0.391 g, 0.72 mmol, 72%).

A very small crop of crystals of 4-Ca-2DME (ca. 10 mg) were
obtained from a concentrated DME solution of 3-Ca (ca.
200 mg in 6 mL) at room temperature (vide infra).

3-Ca: "H NMR (400 MHz, 298 K, C¢Ds): 0.47 (18H, s, SiCH3),
6.32 (3H, t, *Jy = 6.3 Hz, CsH;N-CH"), 6.52 (3H, t, *Jyyy = 7.3
Hz, CsH,N-CHY), 6.61 (3H, d, *Juy = 8.2 Hz, C;H,N-CH"), 8.75
(3H, d, *Jyy = 5.0 Hz, CsH,N-CH?) ppm. ‘H NMR (400 MHz,
263 K, dg-toluene): 0.47 (18H, s, SiCHj), 6.32 (3H, t, *Juy = 6.3
Hz, CsH,N-CH), 6.52 (3H, t, *Jyy; = 7.3 Hz, CsH,N-CHY), 6.61
(3H, d, ¥y = 8.2 Hz, CsH,N-CHS), 8.75 (3H, d, *Jyy = 5.0 Hz,
CsH,N-CH®) ppm. "*C{"H} NMR (100 MHz, 263 K, C,Ds): 5.62
(CaC), 6.21 (Si(CH,)3), 118.3 (CsH,N-CPH), 120.8 (CsH,N-C°H),
136.7 (CsH4N-C“H), 148.4 (CsH,N-CH), 167.3 (CsH,N-C°S)
ppm. *’Si{'H} NMR (79.5 MHz, 263 K, C,;Dg): —14.7 (SiCHs)
ppm. Anal. caled for C,,H3,CaN,S;Si,: C, 48.67%; H, 5.57%; N,
10.32%. Found: C, 48.84%; H, 5.16%; N, 10.22%. FTIR: i =
1581, 1550, 1457, 1408, 1236, 1124, 1043, 878, 810, 751, 659,
633, 563,481 cm™ .

[Ca(S-C5H,N),(DME),] (4-Ca-2DME). [Ca(N"),]l, (0.360 g,
1.00 mmol) and HTptm (0.343 g, 1.00 mmol) were placed in a
flame-dried Schlenk flask with stirrer bar. Toluene (30 mL)
was then added and the reaction mixture was allowed stirred
for 1 hour at room temperature, forming a yellow suspension.
The precipitate was then filtered off, and dried in vacuo. A
small portion of the powder was then recrystallized from DME,
yielding a very small crop of crystals of 4-Ca-2DME (ca. 10 mg).

Direct  synthesis of [Ca(S-C;H,N),] (4-Ca).  2-
Mercaptopyridine (0.222 g, 2.00 mmol) and [Ca(N"),], (0.360 g,
1.00 mmol) were added to a flame-dried Schlenk flask fitted
with stirrer bar. Toluene (30 mL) was then added, and the reac-
tion mixture allowed to stir at room temperature overnight.
The white precipitate was filtered off and dried under vacuum,
affording 4-Ca as a white powder (0.191 g, 73%).

This journal is © The Royal Society of Chemistry 2022
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4-Ca: "H NMR (400 MHz, 298 K, C4HO0): 6.46 (2H, t, *Jyy =
6.1 Hz, CsH,N-CH), 7.04 (2H, td, *J;54 = 7.5 Hz, “Jy = 1.8 Hz,
CsH,;N-CH®), 7.14 (2H, d, *Jyy; = 8.2 Hz, CsH,N-CHY) 7.81 (2H,
d, *Jun = 4.8 Hz, CsH,N-CH®) ppm. *C{'H} NMR (100 MHz,
C,Hg0): 113.3 (CsH,N-CPH), 129.4 (CsH,N-C°H), 134.6
(CsH4N-C%H), 146.2 (CsH,N-C*H), 180.5 (CsH,N-CHC) ppm.
Anal. calcd for C;,H,3N,S,Ca: C, 46.13%; H, 3.10%; N, 10.76%.
Found: C, 45.59%; H, 3.24%; N, 10.18%. FTIR © = 1583, 1545,
1447, 1410, 1267, 1131, 1084, 1044, 998, 749, 725, 633, 488,
444,407 cm™",

4-Ca-2DME: '"H NMR (400 MHz, 298 K, C¢Dg/C,D3O, 4:1):
3.12 (12H, s, DME-CH;), 3.32 (8H, s, DME-CH,), 6.33 (2H, t,
*Ju = 6.0 Hz, CsH,;N-CHP), 6.85 (2H, t, *Jyy; = 7.5 Hz, CsH,N-
cHY 7.98 (2H, d, *Jyyy = 5.3 Hz, CsH,N-CH®), 7.68 (2H, d,
= 8.3 Hz, CsH,N-CH®) ppm. “*C{'"H} NMR (100 MHz, 298 K,
CeDs): 58.8 (DME-CH3), 72.2 (DME-CH,), 114.0 (CsH,N-C"H),
130.2 (CsH,N-C°H), 135.3 (CsH,N-C°H), 146.4 (CsH,N-C°H)
ppm; Note: signal for CsH,N-C°S not observed. FTIR: & = 2963,
2365, 2335, 1578, 1556, 1537, 1458, 1407, 1260, 1128, 1098,
1068, 1019, 864, 796, 760, 726 cm ™.

Synthesis of [Mg(S-Cs;H,N),] (4-Mg). 2-Mercaptopyridine
(0.222 g, 2.00 mmol) was added into a flame-dried Schlenk
flask fitted with stirrer bar. Toluene (30 mL) was added and
the mixture stirred until completely dissolved. Di-n-butylmag-
nesium (2.0 mL, 0.5 M in heptane, 1.0 mmol) was then added
dropwise with stirring, and the mixture stirred at room temp-
erature for 1 hour. The white precipitate was then filtered off,
and dried under vacuum, affording 4-Mg as a white powder
(0.171 g, 71%). The product was recrystallized from DME (ca.
15 mlL), yielding yellow-white crystals of the mono-DME
adduct, [Mg(S-CsH,N),(DME)] (4-Mg-DME).

4-Mg: "H NMR (400 MHz, 298 K, C;HgO): 6.44 (2H, td, *Juy
= 5.5 Hz, gy = 2.5 Hz, CsH,N-CH), 7.06-7.14 (4H, m,
CsH,;N-CH®Y), 7.85 (2H, d, *Juy = 5.2 Hz, CsH,;N-CH®) ppm.
3C{'H} NMR (100 MHz, C,HgO): 114.0 (CsH,N-C°H), 127.2
(CsH4N-C°H), 135.9 (CsH,N-C%H), 145.2 (CsH,N-C*H), 177.5
(CsH4N-CH®) ppm.

4-Mg-DME: (400 MHz, 298 K, C¢Dq): 2.94 (6H, s, DME-CHj),
3.04 (4H, s, DME-CH,), 6.13 (2H, t, *J;;3; = 6.0 Hz, CsH,N-CH"),
6.70 (2H, t, *Jyy = 7.4 Hz, C;H,N-CHY), 7.53 (2H, d, *Jyy = 8.2
Hz, CsH,N-CH®), 8.07 (2H, d, *J = 3.5 Hz, CsH,N-CH?) ppm.
Bc{"H} NMR (100 MHz, C¢Dg): 30.2 (DME-CH;), 58.9
(DME-CH,), 114.8 (CsH,N-C°H), 127.9 (CsH,N-C°H), 136.8
(CsH4N-C%H), 145.8 (CsH,N-C*H), 178.4 (CsH,N-CHF) ppm.
Anal. caled for Cy4H;gN,S,0,Mg: C, 50.23%; H, 5.42%; N,
8.37%. Found: C, 49.76%; H, 5.41%; N, 8.17%. FTIR & = 1586,
1537, 1438, 1404, 1263, 1132, 1058, 1002, 864, 776, 756, 726,
642 cm™",

Computational details

DFT calculations were run with Gaussian 16 (rev. A.03).%°
Geometry optimizations and thermodynamic corrections were
performed with the BP86 functional®*®” with Mg, Ca, Si and S
centres described by Stuttgart RECPs and associated basis
sets®® and 6-31G** basis sets for all other atoms.?*° A set of
d-orbital polarization functions was added to Ca (% = 1.245),

Dalton Trans., 2022, 51, 1922-11936 | 11933
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Si (% =0.284) and S (¢ = 0.503).°" All stationary points were
fully characterized via analytical frequency calculations as
either minima (all positive frequencies) or transition states
(one negative frequency), and the latter were characterized via
IRC calculations and subsequent geometry optimizations to
confirm the adjacent minima. Electronic energies were recom-
puted with the def2-TZVP basis sets*** and included correc-
tions for Et,0 solvent (PCM approach)® and dispersion
(Grimme’s D3 parameter set with Becke-Johnson damping,
BJD3).” Details of all computed structures are provided in the
ESIt and as a separate XYZ file.
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