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Synthesis, Characterisation, and Coordination Behaviour of

Novel Pyridyl-formamidine Based Mn(l), Cu(ll), Zn(ll), and

Pd(ll) Complexes

Juliana Mana Edor,™ M. Cassiem Joseph,” Johan H. L. Jordaan,” Hermanus C. M. Vosloo,"”

and Andrew J. Swarts*

We report a new synthetic approach for the synthesis of less-
explored unsymmetrical pyridyl-formamidine ligands and their
coordination behaviour to form Mn(l), Cu(ll), Zn(ll), and Pd(ll)
complexes. The one-step process for synthesising the unsym-
metrical pyridyl-formamidine compounds offers the advantage
of being functional-group tolerant and less cumbersome.

Introduction

Metal-ligand bonding interactions that arise when a ligand
coordinates to a metal can modulate the metal’s electronic
properties and influence its steric environment. This allows for
control over the structure and reactivity of metal complexes.
Consequently, organometallic chemistry, as well as homoge-
neous metal-mediated catalysis, has been greatly enriched by
the design and study of new ligand motifs."" An understanding
of how ligands influence the properties of metal species has led
to the discovery of new and improved metal-catalysed reactions
used in the synthesis of pharmaceuticals and materials, as well
as the isolation and interrogation of vital reactive intermediates.
Additionally, it has enabled chemists to uncover fundamentally
new modes of bonding between metal centres and organic or
main-group compounds.

Coordination compounds containing nitrogen donor ligands
have been of great interest to researchers due to their
usefulness in many applications, including catalysis. Usually,
nitrogen donor ligands are based on amide, amine, imine, and
imide functionalities, which have seen massive development
over the years, to improve upon properties such as reactivity
and stability.” The formamidine nitrogen donor ligand com-
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Generally, the pyridyl-formamidine ligands coordinate to the
metal centres in a bidentate fashion to form a six-membered
chelate as established by spectroscopic and crystallographic
analysis. It was observed that the formamidine functionality is
prone to hydrolysis in the presence of methoxy substituent on
the phenyl ring and/or acetate-containing metal precursors.

bines amine and amide functionalities where the arrangement
of the motif displays a central carbon atom that bonds to a
nitrogen atom via a single bond and at the same time is doubly
bonded with another nitrogen atom, forming an —N=C(H)—N-
(H)— backbone. This structural motif has attracted a great deal
of interest since the first reported synthesis in 1858" due to its
rich  conformational, configurational, and tautomeric
diversity.™® Noteworthy are the symmetrical N,N'-diarylforma-
midines, which have been extensively explored due to their
convenient synthesis from aniline derivatives and trialkyl
orthoformates.” The aryl groups can also be modified to have
electron-donating and electron-withdrawing substituents. Usu-
ally, when formamidines are used as neutral ligands, they bind
in a monodentate fashion through the imine nitrogen."*""
However, when deprotonated, the resulting formamidinates
have a conjugated N—C—N backbone that presents even more
interesting coordination behaviours such as bidentate, n’*-allyl,
and bridging modes."*"® Their corresponding metal complexes
have found applications in catalysis such as polymerisation,’®
cross-coupling,’”! hydrogen evolution reactions,"®
hydroformylation,”® among others.?® Similar to symmetrical
N,N’-diarylformamidines, the symmetrical bis-2-pyridyl-formami-
dine, and its anion have also been studied and found to exhibit
a variety of coordination modes.”” Even though formamidines
and formamidinates are versatile ligands and exhibit a variety
of coordination modes in metal complexes, the unsymmetrical
formamidines have been less explored, likely due to the more
demanding synthesis routes.?*>

Our group is interested in developing novel pyridyl-
formamidine ligands, their corresponding metal complexes, and
their potential applications, especially in catalysis. Herein, as a
first example, we report the improved synthesis of a series of
unsymmetrical pyridyl-formamidines bearing both electron-
donating and electron-withdrawing substituents. The synthesis,
characterisation, and coordination behaviour of copper (Cu),
zinc (Zn), manganese (Mn), and palladium (Pd), complexes
incorporating these pyridyl-formamidine ligands have also been
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explored. The synthetic strategies employed, the challenges
encountered in the processes, and the conditions applied to
achieve the desired coordination environments or otherwise are
described.

Results and Discussion
Ligand Development Strategies

Our starting point in ligand development was the preparation
of N,N'-diphenylformimidamide (L1) using a slight modification
of a previously reported method for the synthesis of sym-
metrical formamidines,” as illustrated in Scheme 1, A to B.
Compound L1 has been reported previously®”? and is also
commercially available, however for this study, we employed
the outlined procedure in Scheme 1 and obtained L1 in high
yield (ca. 88%). It is more cost-efficient to synthesise L1 using
our approach than to purchase from commercial vendors. (See
pricing info in the supplementary information). The (E)-isomers
are shown for all the ligands illustrated in Scheme 1. Two
approaches have been used in synthesising the unsymmetrical
pyridyl-formamidines, L2-L10, as illustrated in Scheme 1.
Procedure one, (A to D) is a modification of a previously
reported method for the synthesis of unsymmetrical
formamidines,” while procedure two (A to E) is a novel
method we have developed for synthesising unsymmetrical
pyridyl-formamidines. Procedure one is a two-step approach
where the first primary amine is reacted with triethyl orthofor-
mate (TEOF) at 110-115°C for 30 minutes or until an imidate
intermediate (C) is formed. Evidence for the formation of this
intermediate is seen in the production of ethanol during the
reaction, which is then distilled off.” The second amine is
added without isolation of the intermediate, and the reaction
continued for 3 hours. Procedure two is a one-step approach in
which all the reactants are initially charged into the reaction

R' I\N
Pz
SPUEE="N
R R
X 110 -120 °C
NN X 0-120 T

2

L2: R=0-CH3; R =H (73%)

L3: R=m-CHz; R'=H (75%)
L4: R =p-CHz; R'=H (65%)

L5: R =p-OCHs; R'=H (86%)
L6: R =p-CHj; R' = CH3 (65%)
L7: R =p-OCHs;; R' = CH3 (62%)
L8: R=p-NO,; R'=H (78%)

L9: R =p-NO,; R'= CHj3 (78%)
L10: R=H; R'=H (87%)

L

vessel. Continuous ethanol removal from the reaction mixture
ensures rapid conversion to the formamidine product, while
preventing the reverse reaction from occurring and leading to
increased vyields of the desired, unsymmetrical, product.®"”
Typically, procedure one gives higher overall yields (ca. 10-15%
more) than procedure two albeit with lower selectivity,
requiring tedious purification methods and product loss.
Procedure two is a more convenient route to the synthesis of
unsymmetrical pyridyl-formamidines since it is a less cumber-
some approach to desired product formation and isolation,
while being more atom-economical. To the best of our knowl-
edge this is the first reported synthesis of unsymmetrical
pyridyl-formamidine ligands using a one-step approach.

Cotton and coworkers®? reported a two-step approach to
synthesising unsymmetrical pyridyl-formamidines, including L4,
L5, and L10 with yields greater than 80%. The first step
involved the synthesis of pyridyl-formimidate by reacting
aminopyridine derivatives with TEOF, using catalytic amounts of
acid and temperatures as high as 180 °C. In the second step, the
pyridyl-formimidate is reacted with the required aniline deriva-
tives in an acid-free environment to produce the unsymmetrical
formamidines. For example, using our approach, as shown in
Scheme 1, a comparable yield (ca. 86%) was obtained for L5
using milder reaction conditions and without the need to use
an acid.?**¥ With the exceptions of compounds L1, L4, L5 and
L10, all the other compounds are novel to the best of our
knowledge. These compounds were characterised using a
combination of FTIR and NMR spectroscopy, CHNS elemental
analysis, APCI-MS, and GC-MS spectrometry.

Characterisation of Ligands
The FTIR spectra of compounds L1-L10 exhibited weak

absorption bands around 3010 to 3310 cm™', which is attrib-
uted to N—H stretching frequencies.”® The formamidinyl C—H
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Scheme 1. Outline for solvent-free synthesis of compounds L1-L10.
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stretch is seen around 2830-2970 cm™' and the azomethine
(C=N) symmetric vibration frequencies are around 1610-
1660 cm™'. Additionally, strong absorption bands between
1550-1590 cm™' were assigned to pyridinyl C=N stretching
frequencies (Figure S1). The 'H NMR data provided complemen-
tary evidence for the successful synthesis of the ligands
(Figure S2). Generally, the N—H signal is a characteristic broad
singlet observed downfield between 8.85 and 10.80 ppm, with
the compounds bearing nitro substituents further downfield
whilst the methyl and methoxy derivatives appear slightly
upfield (Figure S3). The difference is attributed to the high
solvent polarity and electronic effects of the substituents on the
proton.?? In addition, the imine proton signals, N=C(H)—N, were
observed between 8.07 and 8.25 ppm in all the ligands, while
all other protons were duly accounted for. >C NMR spectra of
the ligands show the imine "C shifts around 156-149 ppm,
aromatic C signals between 150-110 ppm while the methoxy
and methyl signals were observed around 55 and 20 ppm
respectively.

To further corroborate the successful synthesis of L1-L10,
elemental analysis, APCI-MS and/or GC-MS were performed.
The bulk purity of the new ligands was confirmed by CHNS
elemental analysis. The results of the elemental analysis mostly
tally well with the calculated values and fall within acceptable
limits, as advocated by the scientific community recently
(Table $3.1).5°* The GC-MS and APCI-MS analyses showed
peaks corresponding to the ligand of interest, as illustrated in
Figures S4 and S5. The findings from the various analytical and
spectroscopic methods signal the successful synthesis of all
compounds.

Establishing the Coordination Behaviour of Pyridyl-
Formamidine Ligands, L1-L10

The complexes were synthesised by reacting the required
amount of metal precursor and ligand in a 1:1 metal:ligand
ratio at room temperature overnight. The chelates are readily
formed under the conditions outlined in Scheme 2 and do not
require heating or additives. In preparing the manganese(l)
complexes (C1-C6), it is desirable to filter the crude through
Celite® at the end of the reaction to remove manganese black,
after which recrystallisation in THF/hexane mixture affords the
pure product. Attempts to synthesise other manganese com-
plexes with the remaining ligands proved futile. The ligands
chelated in a bidentate fashion through the imine nitrogen of
the formamidine moiety and the pyridyl nitrogen, forming a six-
membered ring. The complexes are very unstable in air, making
them extremely difficult to handle and requiring inert con-
ditions for their synthesis, purification, and storage. To further
expand the scope of the metals, we attempted to synthesise
copper and palladium complexes with the ligands bearing
methyl and methoxy groups, to obtain insights into the
substituent effects on the coordination behaviour. However,
most of these have been unsuccessful (highlighted in red in
Scheme 2), even after several efforts using different reaction
conditions. The successfully synthesised Pd(ll) and Cu(ll) com-
pounds, C7a and C8b (hereafter C7 and C8 respectively) were
obtained by reacting the required ligand and metal precursor in
DCM at room temperature overnight using standard Schlenk
techniques. The pure products were then obtained by reducing
the solvent in vacuo and washing the precipitate with dry
hexane or diethyl ether. The complexes were characterised
using a combination of FTIR, NMR, ESI-MS, elemental analysis,
and ScXRD techniques.

H R' H
Ry N R RN
B WN PAC1,{MeCN), |\ = 7 MnBr(COly .
“pal | > 18h, DCM, r.t. FNNF SN 1SR THEr-t B’”‘M"/\ | N
a” Yo Qv H oc” o CON N
2 R
C7a: R = 0-CHy; R' = H
C7b: R=m-CHs; R'=H Cu(OAc),*H,0
C7c:R=p-CHyz R'=H 18h, DCM, r.t.

H
R’ N

B

~N

'

~

7
Cu

\
AcO  ODAc

C1:R=H; R = H (53%)

€2: R=NQ,: R = H (77%)

C3: R = CHy; R' = CHj (61%)

C4: R = CHy; R' = H (65%)

C5: R = OCHg; R' = H (58%)
| N C6: R = NOy; R' = CHj (80%)

R

CBa: R=0-CHz R'=H
C8b: R=m-CH;; R'=H
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Scheme 2. Synthetic routes to manganese (C1—C6), palladium (C7), and copper (C8) pyridyl-formamidine complexes.

Eur. J. Inorg. Chem. 2025, 28, €202400585 (3 of 10)

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 118D 3[edldde auy Aq peuienol a1e sajolie YO ‘9SN J0 Sa|nJ 10} AIq1T 8ULUO AB|IM LD (SUORIPUOD-PUE-SWBIAL0D" A |IM ATeIq1jBulUO//SdNy) SUOTPUOD pue SWwie 1 34} 88S *[9202/70/c0] U0 AkeiqiTauliuO AB]IAN ‘[10UN0D Uotessay [Ed1pBIN UedLJY Uinos Ad S85001202 218/200T 0T/I0p/WodAe | Ake.q i pul|uoado.ne-AnsiweLo//sdny woj pepeojumod ‘2 ‘Sz ‘9z890660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJIC
urj doi.org/10.1002/ejic.202400585

European Journal of Inorganic Chemistry

In the IR spectra of C1—C8, the N—H and imine stretching
frequencies are generally red-shifted relative to the respective
ligands. Furthermore, the IR spectra of the manganese(l)
complexes reveal three characteristic peaks between 2020-
1880 cm™' which are attributed to the carbonyl groups
coordinated to the manganese centre.””? Thus both symmetric
and asymmetric stretching vibrations occur simultaneously
(Figure S6). The CO stretching vibrations also confirm a mutual
facial orientation as observed in the crystal structures .*)

From the 'H NMR spectra, the coordination of Mn(l) to the
ligand through the imine and pyridyl N-atoms is evident. The
N—H proton signals of the complexes shift further downfield
compared to the free ligands, while the imine proton signals
shift slightly upfield. For example, in complex C3, the N—H and
CH=N proton signals are observed at 11.18 and 8.63 ppm
respectively, whereas in the corresponding ligand (L8), the
chemical shifts are 10.79 and 8.94 ppm, respectively. Generally,
peak broadening has been observed in the 'H NMR spectra for
manganese complexes, C1—-C6 (Figure S7). Attempts to resolve
this by switching the NMR solvents from CDCl; to CD,Cl, and
DMSO-d, (Figure S8) did not improve the spectra, nor did
delaying the acquisition time and running the samples at low
or high temperatures. In the C NMR spectra, the signals
corresponding to the imine carbon (C(=N;,,) are observed around
159.13-155.46 ppm while the (=N, signals resonate around
151.66-154.97 ppm. The aromatic carbons resonate within the
range from 126 to 114 ppm (Figure S9). The N-H and CH=N
proton signals of the palladium(ll) complex C8 both shifted
further downfield compared to the free ligand, L2.

The ESI-MS data recorded in the positive ion mode for
manganese complexes, C1—C6, indicates the loss of the
bromide ligand as shown by the masses of the base peaks
(Figure 510).%® Additionally, the calculated ESI-MS values for C7
and C8 agree with the experimentally observed ones. The
results of the elemental analysis tally well with the calculated
values and fall within acceptable limits, confirming the bulk
purity and further corroborating the successful synthesis of
c1-cs.

The molecular structures of Mn(l) complexes C1 and C2 are
shown in Figure1 and Figure S11 respectively. In these
complexes, the manganese centre assumes an octahedral
geometry, with the three CO ligands in mutual facial
configuration.””” The formamidine ligand chelates the metal

C1 C7

centre in a bidentate fashion through the N-donor atoms
resulting in a six-membered ring neutral complex, with the
bromide completing the coordination sphere. Complexes C1
and C2 crystallise in the triclinic crystal system. The Mn—Br
bond lengths in both complexes are comparable, measuring
2.5443(3) A in C1 and 2.5460(5) A in C2. Similarly, the Mn—N,,
bond lengths are similar, with C2 showing a slightly longer
length of 2.0885 A compared to C1 (2.0833 A). Additionally, the
N—M-N angles in C1 and C2 are 86.58°and 87.19° respectively,
suggesting a greater extent of chelate distortion in C1 relative
to C2.

Single crystals of the Pd(ll) and Cu(ll) complexes, C7 and C8,
suitable for X-ray diffraction analysis were obtained from DCM
layered with n-hexane. Their molecular structures are shown in
Figure 1. The complexes exhibit good stability in the solid state
and show no sign of degradation under ambient conditions.
Their crystal structures show a distorted square planar geome-
try around the metal centre. Both complexes crystallise in the
monoclinic crystal system with the P2,/, space group for C7 and
the P2,/, space group for C8 respectively. The crystallographic
data and structure refinement parameters are detailed in
Table S2 and selected bond lengths and angles are provided in
Table S3. The N-M—N angle observed for C7 is 87.37°, which is
slightly smaller than the ideal geometry but also consistent
with reports of similar palladium complexes.*® On the contrary,
the N-M—N angle observed for C8 is 93.37° which is ca. 3°
larger than expected in the ideal geometry but consistent with
those found in some copper complexes.”™ The torsion angle
around C7’s phenyl plane is 51.1°, while that of C8 is 42.0°. In
addition, the metallocycle torsion angle in C7 is 39.83°, pointing
to the Pd being significantly out-of-plane whereas in C8 it is
1.9°, suggesting that the Cu is nearly planar.

Attempted Synthesis of Cu(OAc),(L5) and Zn(OAc),(L7)
Complexes

As mentioned, efforts were made to synthesise novel com-
plexes with the prepared ligands, with varying success. In some
cases, unexpected products were obtained. Two reactions
worth noting are the unexpected behaviour of the methoxy-
substituted ligands L5 and L7 in the presence of copper- and
zinc acetate precursors to afford compounds C9 and C10.

C(10) C

N(2)

c(11)

<(10)

cz)

C8

Figure 1. Representative molecular structures of pyridyl-formamidine-ligated metal complexes: Mn(l): C1, Pd(ll): C7 and Cu(ll): C8 with atomic labelling drawn
at 50 % probability ellipsoids. Hydrogen atoms, besides H(2) in C1, are omitted for clarity.
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Compound C9 was synthesised by reacting Cu(OAc),-H,O
with L5 in dichloromethane at room temperature (Scheme 3). It
was expected that the ligand would coordinate to the metal
centre in a bidentate fashion to form a six-membered ring
complex as observed with compounds C1—C8. However, the
molecular structure revealed that the formamidine ligand, L5
underwent base-mediated hydrolysis in the presence of the
basic acetate group into pyridine-formamide and p-anisidine
(Scheme S1). The pyridine-formamide then coordinates with the
Cu precursor, yielding complex C9. The ORTEP image of C9 is
shown in Figure 2. The arrangement of compound C9 displays a
1D polymeric chain structure with a Cu,(OAc), paddlewheel
core where one Cu centre is coordinated to the N-atom of the
pyridine-formamide ligand and the other Cu is coordinated to
the O-atom of the formamide ligand, in a monodentate mode.
Thus, an alternating arrangement of the dinuclear Cu,(OAc),

H4CO
3 \©\ o I
\§
NZ N7 SN

H

L5 (R'= H); L7 (R' = CHa)

Zn(OAc)z-HZO
Cu(OAc),*H,0 18h, DCM, r.t.

18h, DCM, r.t.

of ~o | (I)/ 6\0
";O ~2-130
o/cu 0/ I \ 0\/cu 0/(:|u\ H
S~ S O _N_ N
K .0 O B0 X A

C9: obtained product
R=H

Scheme 3. Synthetic routes to compounds C9 and C10.

M(OAC)z'Hzo
18h, DCM, r.t.

paddlewheel core and the pyridine-formamide ligand results in
a coordination polymer. Each metal centre displays a distorted
square-pyramidal geometry such that four acetate groups
coordinate at the base of the pyramid and the apex is occupied
by the pyridine-formamide ligand. The compound also presents
a shorter intermetallic Cu-Cu distance (2.584 A) than other
reports of Cu,(OAc), paddlewheel core type complexes.®'*? The
Cu—OAc distances are between 1.95 and 198 A which is
consistent with literature reports'®*" while the Cu—Oy,,, dis-
tance is 2.183 A. Additionally, the Cu—N,, distance, Cu(2)—N(1)
(2.2263(4)) is slightly longer than most Cu-N,, bonds. Again,
AcO—Cu—OAc angles range between ~88° and 93° showing a
distortion from the ideal square-pyramidal geometry values.
Similarly to L5, L7 is also hydrolysed in the presence of the
acetate-containing Zn precursor to form 4-methoxyphenyl
formamide and 2-amino-4-methylpyridine as illustrated in

H
R’ N

| N
~N N
;M\/ \O\
AcO OAc OCH;

Expected product
M = Cuor Zn

Y%

(0}
>\\_ - ___/ 2N

C10: obtained product
R =CH;

Cc10

Figure 2. Molecular structures of C9 and C10 with atomic labelling drawn at 30% probability ellipsoids. Hydrogen atoms are omitted for clarity.
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Scheme S1. The manner in which the hydrolysis occurs in both
instances indicate the presence of two tautomeric forms of the
ligands, as previously reported and described in Scheme 51.%
It is possible that the presence of the methoxy substituent plays
a role in the hydrolysis reaction since the hydrolysis did not
occur with compound C8 which is an analogous copper
complex, without the methoxy substituent. It should be noted
that in our hands, the targeted synthesis of C9 and C10 led to
the isolation of intractable mixtures. This is attributable to a
lack of control over the tautomerisation process and subse-
quent hydrolysis events. This lack of control is illustrated in
divergent ligand hydrolysis products as illustrated in Scheme 3.
As such, bulk purity could not be established for C9 and C10.
The ORTEP image of C10 is shown in Figure 2. The 4-
methoxyphenyl formamide coordinates to the Zn acetate
precursor forming C10, a trinuclear Zn(ll) complex with the Zn
centres arranged linearly. The structure reveals two types of
bridging modes where the acetate ions occupy the bridges in
both monodentate and bidentate fashion, similar to a Zn(ll)
formamidine complex reported previously."® The two outer
Zn(ll) centres exhibit a distorted tetrahedral geometry while the
central Zn atom adopts a distorted octahedral geometry. The
crystallographic data and structure refinement parameters for
C9 and C10 are detailed in Table S4, and selected bond lengths
and angles are provided in Table S5.

Conclusions

We have developed a new synthetic method to prepare the
less-explored unsymmetrical pyridyl-formamidine ligands.
Among the synthesised ligands, L1, L4, L5 and L10, have been
previously reported while the remaining ligands are novel to
the best of our knowledge. Furthermore, we have successfully
synthesised and characterised a variety of novel pyridyl-
formamidine-metal chelate complexes using a combination of
NMR, FTIR, ESI-MS, elemental analysis, and ScXRD techniques.
For the Mn(l) complexes, C1—C6, and Pd(ll) and Cu(ll) com-
plexes, C7—C8, the ligands coordinate to the metal centre in a
bidentate chelating mode resulting in a six-membered ring,
with either distorted octahedral or square planar geometry at
the metal. Interestingly, the analysis of the molecular structures
of Cu(ll) and Zn(ll) complexes, C9 and C10, revealed that the
ligands underwent base-mediated hydrolysis. This result is
significant and confirms that formamidines lead to the
formation of unintended by-products when metal acetate salts
are used, emphasising careful choice of metal salts during
complexation reactions. Current efforts in our group are
directed at establishing the coordination behaviour of our
ligand scaffold with other metals and evaluating the Mn(l)
complexes as catalyst precursors in direct- and transfer hydro-
genation of unsaturated compounds for fuel and fine-chemical
synthesis.
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Experimental Section

Synthesis of N,N'-Diphenylformimidamide (L1)

A round-bottomed flask fitted with a distillation head was charged
with aniline (60 mmol; 5.5 mL), TEOF (30 mmol; 5 mL) and one drop
of 2 M HCl. The mixture was heated in an oil bath at about 120°C
for 4 h. Excess TEOF was removed under vacuum and the product
was cooled to room temperature. The crude solidified upon cooling
and was then triturated in hexane and recrystallised in ethanol to
afford an off-white crystalline product. Yield: 5.18 g (88%). FTIR
(ATR, v cm™") 3158 v(N—H) stretching, 1657 v(C=N) stretching. 'H
NMR (600 MHz, CDCl;, ppm) 8 8.17 (d, J =11.7 Hz, CH,,1H), 7.29
(dd, J =9.7, 5.4 Hz, CH,,, 4H), 7.05 (dd, J =15.0, 7.2 Hz, CH, o, 6H).
EA calculated (found): C 79.56(79.65), H 6.16(6.23), N 14.27(14.11).
HRMS (APCI + mode, m/z): Calculated for [M+H]* 197.1000, found
197.1097.

General Procedure for Synthesis of Pyridyl-Formamidine
Ligands L2—-L7

A series of unsymmetrical formamidine ligands were prepared
using a modification of the method described by Munzeiwa et al.”®
Therefore, the first primary amine (substituted aniline/aniline) and
TEOF are charged into a round-bottomed flask with a simple
distillation setup. The mixture is slowly heated using an oil bath. At
about 115°C, ethanol begins to distill or if distillation does not start,
one drop of 2 M HCl is added to aid the distillation process. When
about 95% of the ethanol is distilled, the excess TEOF is removed
via vacuum distillation. After the removal of the excess TEOF, the
required aminopyridine is added and the reaction continued at
115°C for 3 h. The work-up is described for the individual products
below.

Synthesis of N-(Pyridin-2-yl)-N'-(o-Tolyl)Formimidamide (L2)

Compound L2 was synthesised as described in the general
procedure above, using o-toluidine (20 mmol; 2.143 g), TEOF
(60 mmol, 10 mL), one drop of 2M HCl and 2-aminopyridine
(20 mmol, 1.82 g). At the end of the reaction, the flask was slowly
cooled, ethyl acetate and hexane were added, and the mixture was
kept in the fridge for 72 h. The product crystallised out and was
filtered, washed with 3x10 mL hexane and dried to afford a white
solid. Yield: 3.0859g (73%). FTIR (ATR, v cm™") 3168 v(N-H)
stretching, 1666 v(C(H)=N) stretching. '"H NMR (600 MHz, DMSO,
ppm) & 10.27 (s, N-H, 1H), 8.63 (s, HC=N,,, 1H), 8.20 (d, J =3.5 Hz,
CHyy, TH), 7.73-7.63 (m, CH,, 1H), 7.15 (dd, J =17.1, 7.7 Hz, CHypon
3H), 6.96 (dt, J =12.0, 6.4 Hz, CH, o, 3H), 2.24 (s, —CH;, 3H). °C NMR
(151 MHz, DMSO) & 149.83 (C=N,,), 14881 (C=N,), 148.01
(-N—Cyrom)s 147.75 (CH,,), 129.12 (HC-N,,), 128.98 (CH,.m), 122.65
(CH,om), 119.76 (CH, ), 118.94 (CH,,0.), 20.56 (—CH). EA calculated
(found): C 73.91(73.37), H 6.20(6.64), N 19.89(19.95). HRMS (APCI +
mode, m/z): Calculated for [M+H]* 212.1101, found 212.1177.

Synthesis of N-(Pyridin-2-yl)-N’-(m-Tolyl)Formimidamide (L3)

Compound L3 was synthesised as described in the general
procedure in above using m-toluidine (20 mmol; 2.143 g), TEOF
(60 mmol, 10 mL), one drop of 2M HCl and 2-aminopyridine
(20 mmol, 1.82 g). The product was triturated in cold n-pentane
and washed with diethyl ether to afford a white solid. Yield: 3.169 g
(75%). FTIR (ATR, v cm™") 3147 v(N—H) stretching, 1658 v(C(H)=N)
stretching. '"H NMR (600 MHz, DMSO, ppm) & 10.29 (s, N—H, TH),
8.84 (s, HC=N,,, 1H), 8.23 (s, CH,,, 1H), 7.69-7.64 (m, CH,, 1H), 7.18
(t, J =7.7 Hz, CH,, 1H), 6.92 (dd, J =71.2, 13.8 Hz, CH,omm, 5H), 2.29
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(s, =CH;, 3H). *C NMR (151 MHz, DMSO) & 150.85 (C=N,,), 149.52
(G=N,,), 148.63 (—N-C,on), 147.90 (CH,), 129.64 (CH,,), 128.98
(CHurom)y 12312 (CH,0m), 119.97 (CH,om), 118.99 (CH,.om), 20.59
(—CH,). EA calculated (found): C 73.91(73.48), H 6.20(6.52), N
19.89(20.05). HRMS (APCl + mode, m/z): Calculated for [M+H]*
212.1101, found 212.1190.

Synthesis of N-(Pyridin-2-yl)-N'-(p-Tolyl)Formimidamide (L4)

Compound L4 was synthesised as described in the general above
using p-toluidine (20 mmol; 2.143 g), TEOF (60 mmol, 10 mL) and 2-
aminopyridine (20 mmol, 1.82 g). At the end of the reaction, the
flask was slowly cooled, and the product solidified upon cooling.
The product was then triturated in n-hexane, recrystallised in
toluene, filtered, and air dried to afford the product as an off-white
solid. Yield: 3.05 g (72%). FTIR (ATR, v cm™") 3047 v(N—H) stretching,
1661 v(C(H)=N) stretching. "H-NMR (600 MHz, CDCl;, ppm) & 8.94 (s,
N-—H, TH), 8.27 (d, J =4.0 Hz, HC=N,,,, TH), 7.53 (t, J =7.4 Hz, CH,,
TH), 7.13 (d, J =7.8 Hz, CH,, 3H), 7.03 (s, CH,om 2H), 6.90 (dd, J
=14.5, 8.2 Hz, CH,ym 2H), 2.33 (s, —CH;, 3H). C NMR (151 MHz,
CDCly) § 149.36 (C=N,,), 148.40 (CH,), 138.15 (CH,), 133.59 (CH,,),
130.02 (CH,,), 120.07 (CH,om), 11821 (CHyyom)s 113.26 (CHyror), 20.94
(—CH,). EA calculated (found): C 73.91(73.69), H 6.20(6.23), N
19.89(19.92). HRMS (APCl + mode, m/z): Calculated for [M+H]*t
212.1101, found 212.1190.

Synthesis of n-(Pyridin-2-YI)-n'-(p-Anisidyl)Formimidamide
(L5)

Compound L5 was synthesised as described in the general
procedure above using p-anisidine (20 mmol; 2.463 g), TEOF
(60 mmol, 10 mL), and 2-aminopyridine (20 mmol, 1.82 g). At the
end of the reaction, the flask is slowly cooled, and the solidified
product is then triturated in n-hexane, recrystallised in toluene,
filtered and dried in air to afford the pure product. Yield: 3.909 g
(86%). FTIR (ATR, v cm™") 3164 v(N—H) stretching, 1666 v(C(H)=N)
stretching. 'H NMR (600 MHz, CDCl;, ppm) & 8.89 (s, N—H, 1H), 8.25
(s, HC=Ni,, TH), 7.51 (s, CH,,, 1H), 7.07 (d, J =5.8 Hz, CH,,, 2H), 6.95-
6.78 (M, CH,oms 5H), 3.80 (s, O—CH;,, 3H). *C NMR (151 MHz, CDCl;) §
156.75 (C=N,,), 148.70 (CH,), 148.06-147.93 (CH,,), 138.14 (CH,),
12161 (CHyrom), 120.50 (CHypom), 11798 (CHurom), 114.76 (CHarom),
11257 (CH,om), 55.68 (—OCH,). EA calculated (found): C
68.70(68.71), H 4.16(4.92), N 23.13(22.95). HRMS (APCl + mode,
m/z): Calculated for [M+H] " 228.1100, found 228.1132.

Synthesis of N-(4-Methylpyridin-2-yl)- N'-(p-
Tolyl)Formimidamide (L6)

Compound L6 was synthesised as described in the general
procedure above using p-toluidine (20 mmol; 2.143 g), TEOF
(60 mmol, 10 mL), one drop of 2 M HCl and 2-amino-4-methylpyr-
idine (20 mmol, 2.163 g). At the end of the reaction, the flask is
slowly cooled, and the solidified product is then triturated in n-
hexane, recrystallised in toluene, filtered, and dried in air to afford
the pure product. Yield: 2.925 g (65%). FTIR (ATR, v cm™") 3174
v(N—H) stretching, 1666 v(C(H)=N) stretching. 'H NMR (600 MHz,
DMSO, ppm) 8 10.25 (s, N—H, TH), 8.82 (s, HC=N,,, 1H), 8.07 (s, CH,,
1H), 7.10 (d, J =7.8 Hz, CH,, 2H), 6.97 (s, CH,om 2H), 6.80 (d, J
=15.7 Hz, CH, .o 2H), 2.25 (5, —CH,, 6H). *C NMR (151 MHz, DMSO)
3 148.72 ((=N;y,), 147.78 (CH,,), 129.52 (CH,,), 118.84 (CH, ), 20.48
(—CH,). EA calculated (found): C 74.64(74.77), H 6.71(7.01), N
18.65(19.20). HRMS (APClI + mode, m/z): Calculated for [M+HI*
226.1300, found 226.1340.
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Synthesis of N-(4-Methylpyridin-2-yl)- N'-(4-
Methoxyphenyl)Formimidamide (L7)

Compound L7 was synthesised as described in the general
procedure above using p-anisidine (20 mmol; 2.463 g), TEOF
(60 mmol, 10mL) and 2-amino-4-methylpyridine (20 mmol,
2.163 g). At the end of the reaction, the flask is slowly cooled, and
the solidified product is then triturated in n-hexane, recrystallised in
toluene, filtered, and dried in air to afford the pure product. Yield:
2.992 g (62%). FTIR (ATR, v cm™") 3065 v(N—H) stretching, 1673
v(C(H) =N) stretching. 'H NMR (600 MHz, CDCl,, ppm) & 8.89 (s, N—H,
1H), 8.09 (d, J =4.9 Hz, HC=N,,,, TH), 7.07 (d, J =7.7 Hz, CH,,, 2H),
6.88 (d, / =8.6 Hz, CH,,o, 3H), 6.70 (d, J =4.3 Hz, CH, .o TH), 6.57 (s,
CHyrome 1H), 3.80 (s, O—CH; 3H), 2.18 (s, —CH; 3H). *C NMR
(151 MHz, DMSO) & 155.75 (C=N;y,), 148.71 (CH,,), 147.63 (CH,),
147.39 (CH,,), 120.81 (CHyom), 118.59 (CHypom), 114.43 (CHyrom), 114.43
(CH.rom), 113.95 (CH,1om), 55.20 (—OCH,), 20.59 (—CH,). EA calculated
(found): C 69.69(69.46), H 6.27(6.80), N 17.41(17.81). HRMS (APCI +
mode, m/z): Calculated for [M +H]" 242.1200, found 242.1295.

Novel Method of Synthesis of Unsymmetrical Pyridyl-
Formamidines (L8—L10)

All the reactants (the first primary amine, TEOF, and aminopyridine)
are charged into a round-bottomed flask and the reaction is
performed using a simple distillation set-up. The specific conditions
and work-up are described for the individual compounds.

Synthesis of N-(Pyridin-2-yl)-N'-(p-Nitro)Formimidamide (L8)

Compound L8 was synthesised as described in the novel method
procedure above using 4-nitroaniline (20 mmol; 2.76 g), TEOF
(60 mmol, 10 mL), 2-aminopyridine (20 mmol, 1.82 g) and toluene
(10 mL). The reaction was performed overnight at 100°C. At the
end of the reaction, the crude was triturated in diethyl ether and
washed with ethanol to afford a yellow solid. Yield: 3.34 g (75 %).
FTIR (ATR, v cm™") 3097 v(N-H) stretching, 1665 v(C(H)=N)
stretching. '"H-NMR (600 MHz, DMSO, ppm) & 10.79 (s, N—H, TH),
8.94 (s, HG=N;,, TH), 8.22 (dd, J =35.3, 26.4 Hz, CH,, 4H), 7.73 (t, J
=7.7 Hz, CH,ome TH), 7.40-7.22 (M, CH,roy TH), 7.05 (s, CH,ome 2H).
3C NMR (151 MHz, DMSO) & 149.36 (C=N,,), 148.17 (CH,,), 138.42
(CH,y), 12519 (CH,om), 118.82 (CH,,y). EA calculated (found): C
59.50(59.29), H 4.16(3.89), N 23.13(23.14). HRMS (APCl + mode,
m/z): Calculated for [M +H]* 243.0800, found 243.0880.

Synthesis of N-(4-Nitrophenyl)-N’-(4-Methylpyridin-2-
yl)Formimidamide (L9)

Compound L9 was synthesised as described in the novel method
procedure above using 4-nitroaniline (20 mmol; 2.76 g), TEOF
(60 mmol, 10 mL), 2-amino-4-methylpyridine (20 mmol, 2.163 g)
and THF (5 mL). The mixture was stirred at 90°C for 4 h. At the end
of the reaction, the crude was triturated in diethyl ether, followed
by warm ethanol to afford a pure product. Yield: 4.01 g (78 %). FTIR
(ATR, v cm™") 3073 v(N-H) stretching, 1672 v(C(H)=N) stretching.
'H-NMR (600 MHz, DMSO, ppm) & 10.74 (s, N-H, 1H), 8.94 (s,
HC=N,,, TH), 8.25-8.06 (m, CH,,, 3H), 7.42-7.18 (M, CH, o, 2H), 6.89
(S, CHarome 2H), 2.29 (s, —=CH;, 3H). ®*C NMR (151 MHz, DMSO) & 149.42
(—=C(NO,)), 149.15(C=N,,,) 147.82 (CH,), 12637 (CH,cm), 125.17
(CHaom), 12172 (CH,p0), 120.07 (CH,0), 112.36 (CH,0m), 20.56
(—CH,). EA calculated (found): C 60.93(60.88), H 4.72(4.93), N
21.86(22.03). HRMS (APCl + mode, m/z): Calculated for [M+H]*
257.1000, found 257.1037.

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 118D 3[edldde auy Aq peuienol a1e sajolie YO ‘9SN J0 Sa|nJ 10} AIq1T 8ULUO AB|IM LD (SUORIPUOD-PUE-SWBIAL0D" A |IM ATeIq1jBulUO//SdNy) SUOTPUOD pue SWwie 1 34} 88S *[9202/70/c0] U0 AkeiqiTauliuO AB]IAN ‘[10UN0D Uotessay [Ed1pBIN UedLJY Uinos Ad S85001202 218/200T 0T/I0p/WodAe | Ake.q i pul|uoado.ne-AnsiweLo//sdny woj pepeojumod ‘2 ‘Sz ‘9z890660T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurJIC
urj doi.org/10.1002/ejic.202400585

European Journal of Inorganic Chemistry

Synthesis of (E)-N-Phenyl-N'-(Pyridin-2-yl)Formimidamide (L10)

Compound L10 was synthesised as described in the novel method
procedure above using aniline (20 mmol; 1.85 g), TEOF (60 mmol,
10 mL) and 2-aminopyridine (20 mmol, 1.82 g). The mixture was
stirred at 110°C for 4 h. At the end of the reaction, the flask was
cooled, and the crude was triturated in a 2:1 mixture of hexane:
diethyl ether and dried to afford a white solid. Yield: 3.40 g (87 %).
FTIR (ATR, v cm™) 3069 v(N-H) stretching, 1672 v(C(H)=N)
stretching. '"H NMR (600 MHz, DMSO) § 10.29 (s, N—H, TH), 8.79 (s,
HC=N,,, TH), 8.26 (d, J =31.6 Hz, CH,,,1H), 7.70-7.65 (m, CH,,, 1H),
731 (t, J =7.8 Hz, CH,,, 2H), 7.03 (dd, J =31.0, 23.6 Hz, CH, o, 5H).
*C NMR (151 MHz, DMSO) & 149.43 (C=N,,), 148.51 (CH,), 148.22-
147.52 (CH,,), 138.52-138.09 (CH,), 130.51-129.92 (CH,m), 117.91
(CH,om)- EA calculated (found): C 73.07(73.04), H 5.62(5.60), N
21.30(21.28). HRMS (APCI + mode, m/z): Calculated for [M+HI*
198.2400, found 198.1029.

Synthesis of Mn Complexes

[MnBr(CO)5(L10)] (C1)

To a stirring THF solution of Mn(CO)sBr (0.365 mmol; 100 mg) was
added a THF solution of the L10 (0.365 mmol; 71.99 mg). The
mixture was then allowed to stir overnight at room temperature
under nitrogen. At the end of the reaction, the resulting solution
was filtered through celite and recrystallised by layering of hexane
in a closed system. The product was isolated as a dark-orange
crystalline solid. Yield: 80.50 mg (53%). FTIR (ATR, v cm™') 2972
v(N-H) stretching, 2016 v(Mn—C=0) stretching, 1928 v(Mn—C=0)
stretching, 1893 v(Mn—C=0) stretching, 1647 v(C(H)=N) stretching.
'H NMR (400 MHz, THF) § 10.17 (s, N=H, 1H), 8.91 (s, HC=N,,,, TH),
7.76 (d, J =21.9 Hz, CH,,, 2H), 7.46-6.89 (M, CH,om 7H). *C NMR
(101 MHz, THF) 8 155.46 (s, G=Ny,), 151.66 (d, J =12.6 Hz, s, (=N,),
140.19 (s, -N—C,om), 129.38 (s, HC-N,,), 126.54 (s, CH,), 124.16 (s,
CH,om), 119.30 (s, CH,om), 115.19 (s, CH,,m). EA calculated for
Cy5H,0BrMnN,05.2H20 (found): C 39.85 (39.85), H 3.34 (3.35), N 9.29
(9.72). HRMS (ESI + mode, m/z): Calculated for [M—Br]* 336.2100,
found 336.0181.

[MnBr(CO);(L6)] (C2)

Compound C2 was synthesised in a similar manner as described for
C1 using Mn(CO):Br (0.365 mmol; 100mg) and ligand L6
(0.365 mmol; 88.42 mg). The product was isolated as a dark-orange
crystalline solid. Yield: 129.59 mg (77%). FTIR (ATR, v cm™') 2998
V(N—H) stretching, 2016 v(Mn—C=0) stretching, 1926 v(Mn—C=0)
stretching, 1888 v(Mn—C=0) stretching, 1654 v(C(H)=N) stretching.
'H NMR (400 MHz, THF) & 10.31 (s, N—H, 1H), 8.92 (s, HC=N,,, TH),
8.25 (s, CH,y, 2H), 7.72 (d, J = 77.1 Hz, CHyromns 4H), 7.12 (5, CHaroms 2H).
3C NMR (151 MHz, THF) § 160.21 (—C(NO,)), 155.81 (C=N,,), 149.55
(C=N,), 147.11 (~N—C,on), 14450 (CH,,), 144.50 (CH,), 140.69
(CH,,), 125.88 (CH,,,), 125.65 (CH,om), 125.27 (CH, o), 120.17 (CHypo),
115.96 (CH,,m)- EA calculated for C;sH,,BrMnN,Os.H,O (found): C
37.60 (37.33), H 2.52 (1.90), N 11.69 (11.56). HRMS (ESI + mode,
m/z): Calculated for [M—Br]* 381.2100, found 381.0032.

[MnBr(CO),(L8)] (C3)

Compound C3 was synthesised in a similar manner as described for
C1 using Mn(CO)sBr (0.365 mmol; 100 mg) and ligand L8
(0.365 mmol; 82.23 mg). The product was isolated as a yellow solid.
Yield: 98.89 mg (61%). FTIR (ATR, v cm™') 2998 v(N—H) stretching,
2016 v(Mn—C=0) stretching, 1926 v(Mn—C=0) stretching, 1884
v(Mn—C=0) stretching, 1654 v(C(H)=N) stretching. 'H NMR
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(600 MHz, DMSO) & 11.18 (s, N-H, 1H), 8.63 (d, J =5.4 Hz, HC=N,,,
1H), 7.84 (s, CH,, TH), 7.29-6.98 (M, CH,op, 6H), 2.32 (dd, J =35.5,
25.7 Hz, —CH,, 6H). *C NMR (151 MHz, DMSO) & 159.13 (C=N,,),
153.31 (C=N,), 15216 (-N—C,0p), 151.81(HC-N,,), 149.52 (CH,),
144.80 (—C(CH,)), 124.78 (CH,.op), 12440 (CH,..), 120.82 (CH,..),
114.84 (CH,om), 24.74 (py-CH,), 20.07 (—CH,). EA calculated for
C,7H,6BrMnN,0; (found): C 45.97 (45.54), H 3.40 (3.43), N 9.46 (9.80).
HRMS (ESI + mode, m/z): Calculated for [M—Br]* 364.2600, found
364.0507.

[MnBr(CO),(L4)] (C4)

Compound C4 was synthesised in a similar manner as described for
C1 using Mn(CO)sBr (0.365 mmol; 100 mg) and ligand L4
(0.365 mmol; 77.06 mg). The product was isolated as a yellow solid.
Yield: 102 mg (65%). FTIR (ATR, v cm™') 3058 v(N-H) stretching,
2018 v(C=0) stretching, 1930 v(C=0) stretching, 1884 v(C=0)
stretching, 1654 v(C(H) =N) stretching. '"H NMR (600 MHz, CD,Cl,) &
10.82 (s, N-H, 1H), 8.85 (s, HC=N,,, 1H), 7.66 (d, J =52.6 Hz, CH,,,
2H), 7.18 (t, J =47.4Hz, CH,,,, 6H), 2.35 (s, —CH;, 3H). *C NMR
(151 MHz, CD,Cl,) § 154.75 (C-N,,), 139.68 (—N—C,op), 136.16 (CH,),
129.71 (CH,,), 123.68 (CH,om), 118.91 (CH,.n), 20.86 (—CH;). EA
calculated for C;¢H,;BrMnN;0;.H,0 (found): C 42.88 (42.26), H 3.37
(2.64), N 9.38 (10.34). HRMS (ESI + mode, m/z): Calculated for
[M—Br]* 350.2400, found 350.0341.

[MnBr(CO),(L5)] (C5)

Compound C5 was synthesised in a similar manner as described for
C1 wusing Mn(CO);Br (0.365 mmol; 100 mg) and ligand L5
(0.365 mmol; 82.89 mg). The product was isolated as a yellow solid.
Yield: 95 mg (58 %). FTIR (ATR, v cm™") 2997 v(N—H) stretching, 2016
v(C=0) stretching, 1925 v(C=0) stretching, 1886 v(C=0) stretching,
1654 v(C(H) =N) stretching. 'H NMR (600 MHz, CD,Cl,) & 8.86 (s,
HC=N,,, 1H), 7.66 (d, J =53.2 Hz, CHy,, 2H), 7.31 (d, J =7.3 Hz,
CH,rom 2H), 6.97 (dd, J =26.5 Hz, CH,om 6H), 3.80 (s, —OCH;, 3H). *C
NMR (151 MHz, CD,Cl,) § 158. 50 ((=N;,), 154.97 (C=N,,), 151.56
(-N—C,rom)s 151.02 (HC-N,,) 148.85 (CH,,), 139.74 (—C(CH;)), 124.94
(CHaom)s 119.02 (CH,om), 114.56 (CH,0n), 55.92 (—OCH,). EA calcu-
lated for Cy¢H,3BrMnN;0, (found): C 43.08 (43.08), H 2.94 (2.94), N
9.42 (9.42). HRMS (ESI + mode, m/z): Calculated for [M—Br]*
366.2400, found 366.0240.

[MnBr(CO),(L9)] (C6)

Compound €6 was synthesised in a similar manner as described for
C1 wusing Mn(CO)sBr (0.365 mmol; 100 mg) and ligand L9
(0.365 mmol; 93.48 mg). The product was isolated as a yellow solid.
Yield: 139.50 mg (80%). FTIR (ATR, v cm™') 2998 v(N—H) stretching,
2016 v(C=0) stretching, 1926 v(C=0) stretching, 1884 v(C=0)
stretching, 1654 v(C(H)=N) stretching. '"H NMR (600 MHz, DMSO) &
11.47 (s, NH, 1H), 8.66 (s, HC=N,,,, 1H), 8.34 (s, CH,,, 1H), 8.08 (d, J
=104.0 Hz, CH,,, 2H), 7.58 (5, Hyom 2H), 7.08 (d, J =25.2 Hz, H, o
2H), 2.31 (d, J =57.1 Hz, —CH,, 3H). *C NMR (151 MHz, DMSO0) §
159.13 (=C(NQ,)), 153.31 ((=N;,), 152.16 ((=;,), 151.81 (+N—-Cyom),
149.52 (HC-N,,), 144.80 (CH,), 124.78 (—C(CH,)), 124.40 (CH,,),
120.82 (—CH,/om), 114.84 (—CH,,om), 20.07 (—CH;). EA calculated for
CyH1,BrMnN,O, (found): C 40.45 (41.30), H 2.55 (2.14), N 12.79
(12.79). HRMS (ESI + mode, m/z): Calculated for [M—Br]™ 395.2300,
found 395.0163.
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General Procedure for the Synthesis of Pd, Cu and Zn
Complexes (C7—C10)

To a stirring DCM solution of the metal precursor is added a DCM
solution of the required ligand. The mixture is then allowed to stir
overnight at room temperature under Argon. At the end of the
reaction, the solvent is reduced under vacuum and the product
precipitated with hexane or diethyl ether.

[PdCI,(L2)] (C7)

Compound C7 was synthesised as described in the general
procedure using Pd(NCCH,),Cl, (0.193 mmol; 50 mg) and ligand L2
(0.193 mmol; 41 mg). The product was isolated as an orange solid.
Yield: 54.00 mg (73%). FTIR (ATR, v cm™') 3082 v(N—H) stretching,
1645 v(C(H)=N) stretching. '"H NMR (600 MHz, DMSO) § 11.79 (s, TH),
9.00 (d, J =6.0 Hz, 1H), 8.06 (t, / =7.7 Hz, 1H), 7.69 (s, 1H), 7.37 (d, J
=8.2 Hz, 1H), 7.28 (t, J =6.6 Hz, TH), 7.20-7.10 (m, 4H), 2.49 (s, 3H).
Yield: 0.054 g (72.6%). *C NMR (151 MHz, DMSO) § 153.70 (C=N,.),
151.87 (C=N,), 151.19 (-N—C,on), 150.05 (HC-N,,), 139.82 (~C(CH,)),
134.62 (CH,,), 128.89 (CH,), 122.71 (CH, o), 118.62 (CH,op), 114.70
(CH,rom), 20.04 (—CH,). EA calculated for C;3H,5sPdN;Cl, (found): C
40.18 (40.44), H 3.37 (3.40), N 10.81 (10.81). HRMS (ESI + mode,
m/z): Calculated for [M-(Cl) + CH;N]™ 393.0100, found 393.0081.

Cu(OAc),(L3) (C8)

Compound C8 was synthesised as described in the general
procedure using Cu(OAc),-H,0 (1.25 mmol; 250 mg) and ligand L3
(1.25 mmol; 264 mg). The mixture was then allowed to stir over-
night at room temperature under nitrogen. At the end of the
reaction, the solvent is reduced under vacuum and the product
precipitated with hexane or diethyl ether. The product was isolated
as a green solid. Yield: 385 mg (78.4%). FTIR (ATR, v cm™) 3088
V(N—H) stretching, 1655 v(C(H)=N) stretching. EA calculated for
C,,H,5CuN;0, (found): C 51.97 (51.50), H 4.87 (4.87), N 10.70 (10.80).
HRMS (ESI + mode, m/z): Calculated for [M+H]" 393.0700, found
393.3003.

Cu(OAc),(L5) C9

Compound C10 was synthesised as described in the general
procedure using Cu(OAc),-H,0 (0.625 mmol; 0.125 g) and ligand L5
(1.25 mmol; 0.026 g). The product was isolated as a dark brown
solid. Yield: 0.134 g.

Zn(0Ac),(L7) (C10)

Compound C10 was synthesised as described in the general
procedure using Zn(OAc),-2H,0 (1.0 mmol; 0.219g) and ligand
L7(1.0 mmol; 0.241 g). The product was isolated as an off-white
solid. "H NMR (600 MHz, DMSO) § 7.70 (d, J =5.6 Hz, N-H,, 2H), 6.55
(S, Haom, 3H), 6.42-6.35 (m, H,m 3H), 2.16 (s, 6H), 1.81 (s, 18H).
HRMS (ESI + mode, m/z): Calculated for [M—C,HgN,0,Zn]"
549.9300, found 549.9605.

X-Ray Crystal Structure Determination

Data for single-crystal X-ray diffraction were collected using a
Bruker Apex DUO diffractometer equipped with a CCD area
detector” utilizing graphite-monochromated Mo—Ka radiation (A
=0.71073 A). Data collection, reduction, and refinement were
conducted with the SMART and SAINT software packages.®®
Absorption corrections®® and other systematic errors were ad-

Eur. J. Inorg. Chem. 2025, 28, €202400585 (9 of 10)

dressed using SADABS.”” The structures were solved via direct
methods and refined using full-matrix least-squares on F? with
SHELXS-13 and SHELXL-16,"'#? operated within the X-Seed graph-
ical user interface.”**” Non-hydrogen atoms were refined aniso-
tropically, while hydrogen atoms were placed in calculated
positions using riding models. High-resolution molecular diagrams
were generated with POV-Ray.”” Crystallographic data are depos-
ited at the CCDC under the accession numbers: 2251445 (C8),
2251446 (C7), 2382057 (C2), 2382058 (C1), 2251447 (C9) and
2251448 (C10).

Acknowledgements

Financial support from the Schlumberger Foundation’s Faculty
for the Future Program, the Organisation for Women in Science
for the Developing World (OWSD), and the Swedish Interna-
tional Development Cooperation Agency SIDA is duly acknowl-
edged by JME. AJS acknowledges funding support of the
National Research Foundation (ZA), with grant numbers:
137758, 127291.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Pyridyl-formamidine  ligands Coordination
behaviour - Complexes - Synthesis - Characterisation

[1] R.J. Lundgren, M. Stradiotto, Ligand Design in Metal Chemistry: Reactivity
and Catalysis. Wiley, 2016.
Q. Shi, R.J. Thatcher, J. Slattery, P.S. Sauari, A.C. Whitwood, P.C.
McGowan, R. E. Douthwaite, Chem. Eur. J. 2009, 15, 11346.
[3] C. Gerhardt, Justus Liebigs Ann. Chem. 1858, 214,
[4] W. Zhao, R. Wang, N. J. Mosey, A. Petitjean, Org. Lett. 2011, 13, 5160.
[5] H. Komber, H. Limbach, F. Bohme, C. Kunert, J. Am. Chem. Soc. 2002,
124, 11955.
[6] S.J. Zamisa, U. Bongoza, B. Omondi, CrystEngComm. 2021, 23, 4459.
[7] Y. J. Tsai, W. Lo, Q. Zhao, Polyhedron 2015, 97, 39.
[8] M.B. Pastor, C. Feng, Y. Tsai, A. Watson, Q. Zhao, Tetrahedron 2021, 84,
131995.
[9] T. Ren, Coord. Chem. Rev. 1998, 175, 43.
[10] F.A. Cotton, L. E. E. M. Daniels, D. J. Maloney, J. H. Matonic, Polyhedron
1994, 13, 815.
[11] C. Yeh, H. Hu, R. Liang, K. Wang, T. Yen, J. Chen, J. Wang, Polyhedron
2005, 24, 539.
[12] J. Barker, M. Kilner, Coord. Chem. Rev. 1994, 133, 219.
3] A. Zuyls, P. W. Roesky, G. B. Deacon, K. Konstas, P.C. Junk, Eur. J. Org.
Chem. 2008, 693.
Y. Harada, T. lkeue, Y. Ide, Y. Kimura, I. Hiromitsu, D. Yoshioka, M.
Mikuriya, Y. Kataoka, M. Handa, Inorg. Chim. Acta 2015, 424, 186.
M. Salehisaki, N. E. Rad, G. B. Deacon, J. Wang, Z. Guo, P. C. Junk, Inorg.
Chim. Acta 2022, 539, 120997.
[16] T. Elkin, M. S. Eisen, Catal. Sci. Technol. 2014, 5, 82.
[17] V. Gupta, S. Singh, S. K. Sachan, B. Maurya, S. Char, D. L. V. K. Prasad, G.
Anantharaman, Inorg. Chem. 2022, 61, 3811.

[2

=

[14

[15

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 118D 3[edldde auy Aq peuienol a1e sajolie YO ‘9SN J0 Sa|nJ 10} AIq1T 8ULUO AB|IM LD (SUORIPUOD-PUE-SWBIAL0D" A |IM ATeIq1jBulUO//SdNy) SUOTPUOD pue SWwie 1 34} 88S *[9202/70/c0] U0 AkeiqiTauliuO AB]IAN ‘[10UN0D Uotessay [Ed1pBIN UedLJY Uinos Ad S85001202 218/200T 0T/I0p/WodAe | Ake.q i pul|uoado.ne-AnsiweLo//sdny woj pepeojumod ‘2 ‘Sz ‘9z890660T


https://doi.org/10.1002/chem.200901382
https://doi.org/10.1021/ol202032k
https://doi.org/10.1021/ja0202762
https://doi.org/10.1021/ja0202762
https://doi.org/10.1039/D1CE00458A
https://doi.org/10.1016/j.poly.2015.05.003
https://doi.org/10.1016/j.tet.2021.131995
https://doi.org/10.1016/j.tet.2021.131995
https://doi.org/10.1016/S0010-8545(98)00202-1
https://doi.org/10.1016/S0277-5387(00)81689-7
https://doi.org/10.1016/S0277-5387(00)81689-7
https://doi.org/10.1016/j.poly.2004.12.012
https://doi.org/10.1016/j.poly.2004.12.012
https://doi.org/10.1016/0010-8545(94)80059-6
https://doi.org/10.1016/j.ica.2014.07.076
https://doi.org/10.1016/j.ica.2022.120997
https://doi.org/10.1016/j.ica.2022.120997
https://doi.org/10.1021/acs.inorgchem.1c03891

EurJIC Research Article

European Journal of Inorganic Chemistry

Chemistry
Europe

doi.org/10.1002/ejic.202400585 S e,

[18]
[19]
[20]

[21
[22

[23

[24
[25
[26]

[27]
[28

[29]

[30]

[31]

Eur. J. Inorg. Chem. 2025, 28, €202400585 (10 of 10)

Y. Wu, L. M. A. Quintana, K. Ventura, I. B. Alvarez, A. Metta- Magafa, D.
Villagran, J. Mex. Chem. Soc. 2019, 63, 56.
S. De Doncker, A. Casimiro, L. A. Kotze, S. Ngubane, G.S. Smith, Inorg.
Chem. 2020, 59, 12928.
W. A. Munzeiwa, S.D. Oladipo, C.U. lbeji, C. Mocktar, B. Omondi, J.
Inorg. Biochem. 2021, 225, 111600.
C. Su, J. Chen, T. Keng, J. Wang, Inorg. Chem. Commun. 2001, 4, 201.
F. A. Cotton, P. Lei, C. A. Murillo, L. Wang, Inorg. Chim. Acta 2003, 349,
173.
I I. Althagafi, M. R. Shaaban, A. Y. Al, A. M. Farag, Chem. Cent. J. 2017, 4,
3.
F. A. Cotton, P. Lei, C. A. Murillo, Inorg. Chim. Acta 2003, 3517, 183.
A. S. Ripka, D. D. Diaz, K. B. Sharpless, M. G. Finn, Org. Lett. 2003, 5, 1531.
E. D. Akpan, S. O. Ojwach, B. Omondi, V. O. Nyamori, New J. Chem. 2016,
40, 3499.
R. M. Roberts, J. Am. Chem. Soc. 1950, 72, 3603.
K. U. Sadek, A. Alnajjar, R.A. Mekheimer, N.K. Mohamed, H.A.
Mohamed, E. T. Al, Green Sustainable Chem. 2011, 1, 92.
W. A. Munzeiwa, V.O. Nyamori, B. Omondi, Appl. Organomet. Chem.
2018, 32, 1.
E. Dabrowska, A. Burzynska, A. Mucha, E. Matczak-Jon, W. Sawka-
Dobrowolska, t. Berlicki, P. Kafarski, J. Organomet. Chem. 2009, 694,
3806.

Nino, A. De Maiuolo, L. Procopio, A. Russo, B. Nardi, M. Pasceri, R.
Chimica, D. Calabria, U. Bucci, P. Rende, A. Magna, S. Arab. J. Chem.
2015, 6.

[32] F.A. Cotton, P. Lei, C. A. Murillo, L. Wang, Inorg. Chim. Acta. 2003, 349,
165.

[33] D. Toste, J. Mcnulty, I. W. J. Still, Synth. Commun. 1994, 24, 1617.

[34] L. Gottlieb, A. 1. Meyers, Tetrahedron Lett. 1990, 31, 4723.

[35] W. Kandioller, J. Theiner, B. K. Kepplera, C. R. Kowol, Inorg. Chem. Front.
2022, 9,412.

[36] R.E.H. Kuveke, L. Barwise, Y. van Ingen, K. Vashisth, N. Roberts, S.S.

Chitnis, J. L. Dutton, C. D. Martin, R. L. Melen, ACS Cent. Sci. 2022, 8, 855.

Apex2 Data Collection Software, Bruker AXS, 2010.

SAINT. Data Reduct. Software, Bruker AXS, 2003.

R. H. Blessing, Acta Crystallogr. A. 1995, 51, 33.

SADABS. Version 2.05, Bruker AXS, 2002.

G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 74, 3.

G. M. Sheldrick, Acta Crystallogr. Sect. A Found. Crystallogr. 2007, 64 (1),

112.

[43] L. J. Barbour, J. Supramol. Chem. 2001, 1 (4-6), 189.

[44] J. L. Atwood, L. J. Barbour, Cryst. Growth Des. 2003, 3(1), 3.

[45] POV-Ray. POV-RAY. Version 3.6 Williamstown, Australia, Persistence of
vision ray.

Manuscript received: September 10, 2024

Revised manuscript received: September 30, 2024
Accepted manuscript online: October 7, 2024
Version of record online: November 7, 2024

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

95UB017 SUOLUWIOD aA 118D 3[edldde auy Aq peuienol a1e sajolie YO ‘9SN J0 Sa|nJ 10} AIq1T 8ULUO AB|IM LD (SUORIPUOD-PUE-SWBIAL0D" A |IM ATeIq1jBulUO//SdNy) SUOTPUOD pue SWwie 1 34} 88S *[9202/70/c0] U0 AkeiqiTauliuO AB]IAN ‘[10UN0D Uotessay [Ed1pBIN UedLJY Uinos Ad S85001202 218/200T 0T/I0p/WodAe | Ake.q i pul|uoado.ne-AnsiweLo//sdny woj pepeojumod ‘2 ‘Sz ‘9z890660T


https://doi.org/10.1021/acs.inorgchem.0c02020
https://doi.org/10.1021/acs.inorgchem.0c02020
https://doi.org/10.1016/j.jinorgbio.2021.111600
https://doi.org/10.1016/j.jinorgbio.2021.111600
https://doi.org/10.1016/S1387-7003(01)00174-5
https://doi.org/10.1016/S0020-1693(03)00093-8
https://doi.org/10.1016/S0020-1693(03)00093-8
https://doi.org/10.1021/ol034287r
https://doi.org/10.1039/C5NJ03159A
https://doi.org/10.1039/C5NJ03159A
https://doi.org/10.1021/ja01164a078
https://doi.org/10.4236/gsc.2011.13015
https://doi.org/10.1016/S0020-1693(03)00092-6
https://doi.org/10.1016/S0020-1693(03)00092-6
https://doi.org/10.1080/00397919408010163
https://doi.org/10.1016/S0040-4039(00)97716-5
https://doi.org/10.1039/D1QI01379C
https://doi.org/10.1039/D1QI01379C
https://doi.org/10.1021/acscentsci.2c00325
https://doi.org/10.1107/S0108767394005726

	Synthesis, Characterisation, and Coordination Behaviour of Novel Pyridyl-formamidine Based Mn(I), Cu(II), Zn(II), and Pd(II) Complexes
	Introduction
	Results and Discussion
	Ligand Development Strategies
	Characterisation of Ligands
	Establishing the Coordination Behaviour of Pyridyl-Formamidine Ligands, L1−L10
	Attempted Synthesis of Cu(OAc)₂(L5) and Zn(OAc)₂(L7) Complexes


	Conclusions
	Experimental Section
	Synthesis of N,N′-Diphenylformimidamide (L1)
	General Procedure for Synthesis of Pyridyl-Formamidine Ligands L2−L7
	Synthesis of N-(Pyridin-2-yl)-N′-(m-Tolyl)Formimidamide (L3)
	Synthesis of n-(Pyridin-2-Yl)-n′-(p-Anisidyl)Formimidamide (L5)
	Novel Method of Synthesis of Unsymmetrical Pyridyl-Formamidines (L8−L10)
	Synthesis of N-(4-Nitrophenyl)-N′-(4-Methylpyridin-2-yl)Formimidamide (L9)
	Synthesis of (E)-N-Phenyl-N′-(Pyridin-2-yl)Formimidamide (L10)

	Synthesis of Mn Complexes
	[MnBr(CO)₃(L9)] (C6)

	General Procedure for the Synthesis of Pd, Cu and Zn Complexes (C7−C10)
	[PdCl₂(L2)] (C7)
	Cu(OAc)₂(L5) C9
	Zn(OAc)₂(L7) (C10)

	X-Ray Crystal Structure Determination

	Acknowledgements
	Conflict of Interests
	Data Availability Statement


