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Conjugated Bis-Guanidines (CBGs) as ff-Diketimine
Analogues: Synthesis, Characterization of CBGs/Their
Lithium Salts and CBG Li Catalyzed Addition of B—H and

TMSCN to Carbonyls

Thota Peddarao*,” Ashim Baishya*,”’ Nabin Sarkar,” Rudresh Acharya,” and

Sharanappa Nembenna*®

Herein, we report a range of conjugated bis-guanidines (CBGs)
L [L={(ArHN)(ArHN)C=N—C=(NAr)(NHAn}; Ar=2, 6-Me, - C4H,,
(1), 2, 4, 6-Mes;—CH,, (2), 2, 6-Et,—C¢Hs, (3), 2, 6-Pr—CHs, (4)].
These compounds can be easily accessed by the reaction
between N,N'-diaryl carbodiimide, and aq. ammonia in
acetonitrile. Deprotonation of 1 with n-BuLiin a 1:1 ratio in THF
resulted in the formation of four coordinate lithium complex,
[1Li- (THF),] (5), while at the same reaction conditions, ligands 3
and 4 gave three coordinate lithium complexes, [3Li-THF] (6)
and [4Li-THF] (7), respectively. However, both compounds 1 and
4 upon deprotonation with n-BuLi in diethyl ether allowed

Introduction

Much effort has been devoted to ligand design in order to
influence the reactivity of metal complexes by steric and
electronic ligand properties." In particular, monoanionic and
bidentate nitrogen-based ancillary ligands such as /-
diketiminates,” triazapentadienate,” dipyrromethene,””
formazanate,” amidinates,® guanidinates,” amine-imine,® etc.
have attained much importance in coordination chemistry.
Moreover, bulky monoanionic N,N'-chelating ligands are ideal
supporting frameworks for the stabilization of low valent and/
or low oxidation state metallacycles.”’ The choice of a bulky
supporting ligand is one of the key factors to isolate such
unusual molecules. Given this, our group is currently focusing
on designing new bulky N,N'-chelating ligands"® and utilizing
those precursors for the construction of unusual metal
complexes."” We have earlier published a metal-free approach
of numerous bulky N,N'-diarylcarbodiimides (CDIs).'”? These
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[1Li-Et,O] (8) and [4Li-Et,0] (9), respectively, while compounds 1
and 3 in toluene afforded un-solvated lithium complexes [1Li]
(10) and [3Li] (11), respectively. Significantly, a reaction
between compound 4 and n-BuLi in a 1:1 ratio in toluene
yielded sandwich lithium complex [4Li] (12). All new CBGs 1-4
and lithium salts of CBG, 5, 8, and 12 were characterized by
single-crystal X-ray structural analysis. The compounds 5-12
were characterized by multinuclear magnetic resonance spec-
troscopy. Moreover, we have investigated the catalytic applica-
tion of lithium salts of CBGs for the addition of B—H and TMSCN
to carbonyls.

CDIs are good starting materials for the synthesis of several
bulky nitrogen-donor ligands such as formamidines, zwitter-
ionic type amidinates, or N-heterocyclic carbene-carbodiimide
(NHC-CDI) adducts,"*® amidines,"* guanidines,"* etc.
Guanidines™ are a particular class of organic molecules
consisting of a Y-shaped N3 C functional group, in which the
carbon atom is linked to one imino and two amino nitrogen
atoms (N;C,Hs) (Scheme 1, i). Guanidines are stronger bases
compared to closely related amidines."” Therefore, they are
useful in various base-catalyzed reactions." Prior motifs are
found to be essential components in many biological, pharma-
ceutical molecules, and natural products."” Primarily, guanidi-
nate anions have been known for their crucial role in the
coordination chemistry of various elements of the periodic table
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Scheme 1. Unsubstituted and substituted guanidines and biguanides.
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(Scheme 1, ii)."*"® Further, metal complexes bearing guanidi- N-OH
nate ligands have been used as catalysts in organic trans- ("'A'\.H CANH
. . . . \_/ N3 2
formations and polymerization reactions.”®' toluene, 110 °C, 48 h
Ar Ar

As far as synthesis and mechanistic aspects of guanidines
are concerned, there have been some review articles.””
Guanidine synthesis can be achieved either by stoichiometric
reactions using guanylating reagents®” or by metal-catalyzed
reactions.

On the other hand, biguanides are nitrogen-rich organic
compounds in which the amidine fragment is directly con-
nected to the guanidine unit at N2 position to form -
C=N—C=N- conjugated system (Scheme 1, iii).*® The first report
on the synthesis of unsubstituted biguanide (N;C,H,) was
described by Rathke in 1879.”¥ Since that time, the synthesis of
substituted biguanides and their applications as ligands and in
medicinal chemistry are well developed.”” Notably, substituted
biguanide, metformin,” is a novel drug for diabetes Il that
helps control sugar levels. In 2013, the Eckert-Maksic group
reported the hexasubstituted biguanides (Scheme 1, iv).?

Moreover, there have been reports on biguanide systems
formed by metal-mediated cyanamide-guanidine coupling.”” At
the time of drafting our manuscript, Kretschmer et al. reported
the 3,4-ethylene bridged 1,1,2,5-tetrasubstituted biguanides
(Scheme 1, v)."® As far as we know, tetra aryl-substituted
conjugated bis-guanidines (CBG) are not known in the literature
(Scheme 1).27

Therefore, herein, we report a synthesis of structurally
characterized CBGs by the reaction of amidoxime or aqueous
(ag.) ammonia with N,N-diarylCDI. Further, we offer a first
insight into the coordination chemistry of CBG ligands 1, 3-4
towards lithium cations. More importantly, CBG lithium cata-
lyzed hydroboration and cyanosilylation of carbonyls have been
studied.

Results and Discussion

The tetra aryl substituted-conjugated bis-guanidines (CBGs)
were accessed conveniently by three synthetic routes.

In the first approach, the reaction between corresponding
bulky  N,N-diarylcarbodiimide  (CDI) (2.0 equiv), and
acetamidoxime® (1.0 equiv) in toluene at refluxing temper-
ature for two days resulted in the formation of desired products
(1-4) (Scheme 2, Method A). The pure compounds were
obtained by column chromatography (ethyl acetate/n-hexane
5:95 (v/v) as eluent). We utilized four CDIs with varying steric
bulk to produce the corresponding CBG ligands. Typically, CBG
is a combination of one ammonia and two CDI molecules.
Therefore, we were curious to know the outcome of the
reaction between CDI and ag. ammonia. Accordingly, we
performed a reaction between one equiv. of CDI and four equiv.
of ag. ammonia in acetonitrile at room temperature conditions.

We observed the formation of CBGs in good yields
(Scheme 2, Method B). Furthermore, we developed a high yield
access protocol for the preparation of CBGs. The one-pot
reaction of CDI, NH,Cl, and Et;N at 80 °C for 3-4 h after work-up
afforded CBGs in high yields (Scheme 2, Method C). All CBG
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1-4

Scheme 2. Synthesis of conjugated bis-guanidines 1-4.

ligands 1-4 were confirmed by 'H, >*C{'"H} NMR, and IR analyses.
The purity of compounds 1-4 was further confirmed by high-
resolution mass spectrometry (HRMS), high-performance liquid
chromatography (HPLC), and elemental analyses. All CBGs are
thermally stable and melt in the range of 163-231°C.

A Mechanism for the Formation of CBGs (1-4)

Bulky N,N"-diarylcarbodiimide undergoes a nucleophilic addition
reaction with an in situ generated ammonia molecule, which
leads to the formation of the N,N'-diaryl substituted guanidine
intermediate, which further reacts with another molecule of a
CDI, resulting in the formation of a tetra-aryl substituted
conjugated bis-guanidine (CBG). Fylaktakidou, Hadjipavlou-
Litina, and coworkers observed the formation of 5-amino
substituted 1,2,4-oxadiazoles and urea as products when
amidoximes treated with CDIs.®"” The authors suggested a
mechanism for the establishment of the above products in such
a way that an initial formation of O-amidoxime-CDI adduct
(upon the reaction of amidoxime with CDI), which further reacts
with another molecule of CDI and undergoes cyclization leading
to the formation of 5-amino substituted 1,2,4-oxadiazole and
N,N'-disubstituted guanidine intermediate, which further reacts
with water resulting in the formation of urea. Nevertheless, in
our case, we presumed that the initial formation of O-
amidoxime-CDI adduct is hindered due to the steric nature of
ortho-disubstituted aryl CDls. Therefore, CDI reacts with an
ammonia molecule, which leads to the formation of a stable
N,N'-diaryl substituted guanidine, which further reacts with
another molecule of a CDI to afford a CBG molecule. In the first
method, CBGs are isolated in moderate yields, which can be
attributed to a series of reactions when the CDI and amidoxime
were heated at 110°C for 48 h.

Moreover, the proposed mechanism was verified by react-
ing to CDI and ag. ammonia in acetonitrile to obtain CBGs in
good yields. In the conjugated bis-guanidine molecule, a
relocation of the proton from amine to imine nitrogen was

© 2021 Wiley-VCH GmbH
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noticed, thus exhibiting amine-imine tautomerism. Four possi-
ble tautomers for the CBG ligands are shown in Figure 1.

Resonance Forms and Coordination Modes of CBG

Like S-diketiminate anion, conjugation/deconjugation can be
observed in complexes with CBG ligands.®*” Resonance struc-
tures of the monoanionic, dianionic, and possible coordination
modes of CBGs are shown in Scheme 3.
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Figure 1. A possible mechanism for the formation of CBG and its tautomeric
structures.

a) Resonance forms of monoanionic CBG ligand

Five bonding modes (A-E), as illustrated in Scheme 3¢,**

are observed for the main group and first-row transition
elements. A and C bonding modes have been observed for the
lithium element, while B/D and E are observed for aluminum
and zinc/cobalt elements, respectively.®” The N,N'- chelating
framework is distinguished as an LX-type ligand (A and D),
consisting of both sigma (o) and pi(m)-donor characteristics; B
shows double chelation that means L,X, type ligand contains
two ¢ and two & donor properties. In contrast, C exhibits a
monodentate X-type ligand comprising only o property.
Interestingly, the bonding mode E also shows N,N- chelation
like A, but it is distinguished as an L, type ligand, including
both pi characteristics.

In the "H NMR spectra of CBG ligands, two sets of chemically
non-equivalent N—H protons were observed. The N—H proton
(N—H—N) resonates as a broad singlet in the deshielded region
in the range of 12.82-13.02 ppm for compounds 1-4 in C,Ds,
which is due to intramolecular hydrogen-bonding. Another
well-resolved sharp singlet is displayed in the range of 4.62-
4.94 ppm, assigned to the N—H resonances of the side-arm
Ar—NH groups. In the C NMR spectra, all compounds (1-4)
display a characteristic signal for the N;C carbon atom in the
range of 154.4-156.6 ppm, which is in good agreement with
the described guanidines (148-160 ppm)./e

All compounds were characterized by their IR spectra, which
exhibit N-H and C=N stretching frequencies in the range of
3080-3400 cm™" and 1560-1655 cm™" respectively. These val-
ues are well in accord with previously reported guanidines
(3317-3394cm™" for NH and 1595-1645cm™' for C=N)."®
Furthermore, the purity of newly reported bulky conjugated
bis-guanidines was confirmed by HRMS, HPLC, and elemental
analyses. Besides, solid-state structures of compounds 1-4 were

r Ar Ar Ar Ar Ar Ar
WN NN A NN, NN_N.
N e T N =
Ar/N N\Ar Ar” g\Ar Ar” SAr
b) Resonance forms of dianionic CBG ligand
Ar Ar Ar Ar Ar
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Scheme 3. Resonance forms and coordination modes of CBG.
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Scheme 4. Synthesis of compounds 5-11.

affirmed by single-crystal X-ray structural analysis. The molec-
ular structures of compounds 1 and 4 are shown in Figure 2 (for
compounds 2 and 3, see FigureS33 in the supporting
information) along with selected bond parameters.

Single crystals of compounds 1-4 suitable for X-ray analysis
were grown from ethyl acetate solution at room temperature.
Compounds 1 and 4 crystallized in triclinic space group P
1, and orthorhombic space group Pbca, respectively, while
compounds 2 and 3 crystallized in monoclinic space group P2,/
n.

The molecular structures revealed that tetra-aryl substituted
CBGs, guanylated derivatives of guanidine structures incorpo-
rating five N atoms, and two C atoms with a conjugated
—C=N-C=N core. In compounds 1-3, one imino N atom is
placed at the central position, and the other one is at the
terminal site (conjugation), while in compound 4, two imino N
atoms are situated at the terminal positions (deconjugation).
The compounds 1-3 show intramolecular resonance assisted
hydrogen bond N—H--N in the solid-state, which is caused by
the m delocalization that involves hydrogen.B® However, this is
not observed in compound 4, which is ascribed to the
tautomeric and steric nature of the ligand. In compound 4, the

})—1’
&

()

\ Ar Ar
¢ NN (1.1 equiv) "BuLi
P N .1 equiv) "BulLi,
H mN/ \Nﬁ H toluene, r.t. 12 h

Figure 2. Solid-state structures of 1 (left) and 4 (right).Selected bond A SAr

distances (A) and bond angles (deg) for 1: N2-C33 1.305(2), N3-C33
1.3740(19), N3-C34 1.312(2), N1-C34 1.353(2), N5-C33 1.381(2), N4-C34
1.3778(19), N1-C1 1.424(2); N2-C33-N3 124.25(14), C34-N3-C33 120.80(14),
N3-C34-N1 125.31(14), N3-C33-N5 113.04(14), N3-C34-N4 117.63(14); for 4:
N3-C2 1.324(3), N1-C2 1.343(2), N1-C1 1.348(2), N4-C1 1.306(3), N2- C2
1.360(2), N5-C1 1.369(2); N3-C2-N1 123.05(18), C2- N1-C1 122.27(17), N4-C1-
N1123.62(18), N1-C2-N2 116.18(18), N1- C1-N5 114.49(18).
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hydrogen atom is attached to the central nitrogen atom of the
biguanide. In all the cases, the other two hydrogen atoms are
attached to two side-arm nitrogen atoms.

Further, we studied the coordination chemistry of CBG/
biguanides®” with lithium elements. The synthesis of lithium
salts of CBG ligands (5-12) was achieved by adding n-BulLi to a
corresponding free ligand, either in ethereal or hydrocarbon
solvents. The addition of n-BuLi to a solution of 1, 3, and 4 in
THF and toluene/Et,0 in a 1:1 stoichiometric ratio at room
temperature, independently, continued by stirring the reaction
mixture for 8 h, yielded the lithium salts of CBG ligands 5, 6, 7,
8 and 9, respectively as their solvent adducts (Scheme 4). The
reaction of n-BuLi with 1 and 3 in toluene solution in a 1:1
stoichiometric ratio at ambient temperature for 12 h yielded the
lithium salts of CBG 10 and 11 in the unsolvated form
(Scheme 4). Unfortunately, we could not obtain the single
crystals of compounds 10 and 11 appropriate for X-ray
diffraction. However, compounds 10 and 11 were isolated in
pure form as colorless crystalline solids in good yields of 61%
and 94 %, respectively. The compound 12 was synthesized by
stirring the reaction mixture of 4 and n-Buli in toluene in a 1:1
stoichiometric ratio at room temperature for 12 h. Colorless
crystals for 12 were obtained from toluene in a good yield of
60% (Scheme 5).

Compounds 5-12 are highly air and moisture-sensitive. All
compounds 5-12 were confirmed by multinuclear ('H, "*C, and
’Li) magnetic resonance spectroscopy. Furthermore, com-
pounds 5, 8, and 12 were confirmed by single-crystal X-ray
structural analysis.

4Li; Ar =2, 6-/Pr,- CeHy (12), (60%)

Scheme 5. Synthesis of compound 12.
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The 'H NMR spectra of compounds 5, 8, and 10 each
revealed the complete disappearance of a broad singlet in the
deshielded region at 12.91 ppm, which corresponds to the
N—H—N resonance of the free ligand 1. Similarly, a complete
vanishing of an N—H—N signal of the free ligand 3 at 12.97 ppm
in compounds 6 and 11 was observed. Likewise, a complete
absence of N—H—N resonance of the free ligand 4 at 13.02 ppm
was observed in compounds 7 and 9. The '"H NMR spectrum of
compound 5 displays two peaks that integrate into eight
protons each at 0.92 (OCH,CH,) ppm and 2.86 (OCH,CH,) ppm
in C4D, indicating that two THF molecules coordinated to the
lithium atom, while in compounds 6 and 7, these two
resonances integrate into four protons; each was suggesting
that only one THF molecule is coordinated to the lithium atom.

The 'H NMR spectra of 8 and 9 show one triplet and one
quartet that integrate into six protons and four protons,
respectively, at 0.82 and 0.72 ppm(OCH,CH,) and 2.96 and 2.99

Figure 3. Solid-state structures of 5 (left) and 8 (right). Selected bond
distances (A) and bond angles (deg) for 5: Li1-O1 2.001(6), Li1-O2 2.029(6),
N1-Li1 1.963(6), N2-Li1 1.958(6), C1-N1 1.322(4), N3-C1 1.339(4), N3-C2
1.348(4), N2-C2 1.323(3), N4- C1 1.404(4), C2-N5 1.380(4); N2- Li1- N1 92.3(2),
N1-Li1- O1 112.4(3), N2-Li1- 02 113.8(3), N1-Li1- 02 123.1(3), O1-Li1-02
92.6(2), N1-C1-N3 128.6(3), C1-N3-C2 123.5(2), N2-C2-N3 127.2(3), N3-C1-N4
112.5(2), N3-C2-N5 112.4(2); for 8: Li1-O1 1.930(4), N1-Li1 1.903(4), N2-Li1
1.902(4), C20-N1 1.326(2), C20-N3 1.340(2), C6-N3 1.341(2), C6-N2 1.321(2),
C20-N4 1.381(2), C6-N5 1.381(2); N2-Li1-N1 98.15(17), N1-Li1-O1 124.6(2), N2-
Li1-O1 137.2(2), N1-C20-N3 126.95(18), C20-N3- C6 124.39(16), N2-C6-N3
127.50(17), N3-C20-N4 112.88(16), N3-C6-N5 112.59(16).

Figure 4. The solid-state structure of 12. Selected bond distances (A) and
bond angles (deg): N1-Li1 1.979(5), N4-C2 1.318(3), N1-C21.364(3), N1-C1
1.380(3), N3-C1 1.345 (3), N5-C2 1.367(3), N2-C11.333(3); C2-N1-Li1 120.8(2),
C1-N1-Li1 117.47(19), N4-C2-N1 124.5(2), C2-N1-C1 121.76(19), N3-C1-N1
121.5(2), N1-C2-N5 115.1(2), N2-C1-N1 119.05(19).
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(OCH,CH,;) ppm, which corresponds to the coordination of one
diethyl ether molecule to the Li atom. However, the 'H NMR
spectra of 10 and 11 reveal no solvent is coordinated to the Li
atom. In contrast, the '"H NMR spectrum of 12 exhibits two
singlets that integrate into one proton, each at 13.01 ppm and
4.95 ppm; this is due to the amine-imine tautomeric structure
of the compound 12.

The ’Li NMR signals at 2.06, 5.11, 4.96, 0.79, 3.87, —0.77,
3.97, and 2.17 ppm for compounds 5-12, respectively, confirm
the presence of lithium atom in all the compounds.

Single crystals of compounds 5, 8, and 12 suitable for X-ray
crystallography were obtained by crystallization from n-hexane/
THF, toluene/diethyl ether, and toluene, respectively. The
molecular structures are shown in Figure 3 (for compounds 5
and 8) and Figure 4 (for compound 12), along with selected
bond parameters. Compounds 5 and 8 were crystallized in the
triclinic space group P1, and compound 12 was crystallized in
the orthorhombic space group Pbca.

The molecular structure of compound 5 discloses that the
lithium center adopts a distorted four-coordinate tetrahedral
geometry bonded to one monoanionic N,N'-chelated CBG
ligand, and oxygen atoms of the neutral THF occupy the other
two sites molecules. The solid-state structure of compound 8
shows a three-coordinate metal center with a distorted trigonal
planar geometry, in which lithium metal ion is bound to the
CBG ligand in an N,N'- chelating manner, and another position
is resided by the oxygen atom of the diethyl ether molecule. It
is important to note that upon deprotonation of a tetra-
substituted guanidine using a base, we can expect an N2CLi
four-membered metallacycle. In contrast, we observed a six-
membered metallacycle in compounds 5 and 8 (C,NslLi ring).
Thus, these are analogues of lithium complexes of the f-
diketiminate anion.

The Li—O and Li—N bond lengths for the compounds 5 are
Li1-O1 2.001(6) A, Li1-02 2.029(6) A, N1-Li1 1.963(6) A and N2-
Li1 1.958(6) A, which are close to the reported Li—O and Li—N
bond lengths of tetra-coordinated lithium complex
[{(2,6-Pr,CsH5)N(CH,)CHLCHILI(THF), Li1-01 1.994(3) A, Li1-02
1.947(3) A, and N1-Li1 1.955(2) A.®® The bite angle in compound
5N2-Li1-N1 92.3(2) (°) is acute when compared to the bite
angle of [{(2,6-Pr,CsH;)N(CH5)CLCHILI(THF), N(1)# —Li(1) —N(1)
95.84(14) (°). The Li—O and Li-N bond lengths for the
compounds 8 are Li1-O1 1.930(4) A, N1-Li1 1.903(4) A and N2-
Li1 1.902(4) A, which are comparable with the bond distances
of tri-coordinated lithium complex [{(2,6-Pr,C¢H3)N(CH5)C},CHI
Li(EL,0),*” Li1-01 1.911(4) A, Ni1-Lit  1.917(4) A, N2-Li1
1.912(4) A. The geometry at lithium has been well described as
distorted trigonal planar in 8, N—Li—O bond angles for 6 are N1-
Li1-O1 124.6(2) (°), N2-Li1-O1 137.2(2) (°), which have shown the
deviation from the idealized value 120°. The N2-Li1-N1 bite
angle in compound 8 is 98.15(17) (°). All these values are lying
in the range of reported values for the tri coordinated lithium
complex [{(2,6-Pr,C¢H;)N(CH,)C},CHILi(Et,0).5

Surprisingly, an unusual coordination mode was observed
in the solid-state structure of 12 (Figure 4), in which the
tautomer of CBG acts as a monoanionic ligand that binds the
lithium metal through the central N1 atom. Besides, there are
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approximately m°-metal--wt -arene interactions for the amide.
Li1-Cm interactions are in the range of 2.312-3.010 A;*” all
these data are summarized in the supporting information
Table S1. The centroid (Ct) is estimated for any six-membered
ring in which any of the Li--C bond distances are lower the sum
of the van der Waals radii (Zvdw, Li, C=3.51 A), considered
using values from the literature.*” Moreover, Li1-Cxt bond
distance range is in agreement with other sandwich lithium
complexes, i.e., lithocene anion [(Cp,Li")(Ph,P™)] (average C—Li
bond distance 2.318(4) A) and [(Cp,Li) (NHCYPPH*); 2.217(9)-
2.442(8) A1.*? Note that there have been some crystal structures
of Li* sandwiched between m—electron systems in the
literature.”® The N1-Li1 bond distance in compound 12 is
1.979(5) A and is shorter than those in the lithium guanidinate
(unsubstituted), LiN;H, (2.113(3) A)** or [{Li(Mes)N},SiMe,],
(2.007(8) and 2.015(8) A).*! The N1-Li1 bond distance in
compound 12 is longer than those of Li-cation stabilized amide
ligands, [LI{(N(®Ar*)(SiMe)}(Et,0),] (N-Li 1.944(2) A) and [Li
{N(®Ar)(SiPh,)}(Et,0)], (N—Li 1.908(3) A, (Ar*~bulky aromatic
substituent).1*?

Catalysis: CBG Lithium Catalyzed Hydroboration and
Cyanosilylation of Aldehydes and Ketones

More recently, we published cheaper and sustainable alumi-
num/zinc catalyzed hydroboration of unsaturated organic
substrates.?** There are not many reports on lithium catalyzed
hydroboration®’ and cyanosilylation®® of aldehydes and ke-
tones. Thus herein, we report CBG lithium catalyzed hydro-
boration and cyanosilylation of carbonyls. We chose benzalde-
hyde as a model substrate to optimize the reaction conditions
for the hydroboration of aldehydes, and the reaction’s progress
was verified by 'H NMR analysis (see the Supporting Informa-
tion Table S4). The reaction of a 1:1 molar ratio of benzalde-

hyde and HBpin catalyzed by CBGLi (11) was performed at
room temperature under neat conditions.

A complete conversion of benzaldehyde into its correspond-
ing boronate ester was observed using 3 mol% of catalyst
loading for 6 h. There was no decrease in the conversion to
further reduced timings 4h and 2h at similar reaction
conditions.

A decrease in catalyst loadings to 2 mol% and 1 mol%
yielded the product near quantitative at 2h. Moreover,
solvated-CBGLi salt (6) exhibits similar catalytic activity as that
of CBG Li.

Predictably, a slight excess amount of catalyst (2 mol%) and
longer time (4 h) are required for the complete conversion of
acetophenone into corresponding boronate ester. Thus,
1 mol% and 2 h for aldehydes and 2 mol% and 4 h for ketones
are optimized conditions. Further, 4-methoxy benzaldehyde,
mesitaldehyde, 2-chlorobenzadehyde, 4-bromobenzaldehyde,
4-nitrobenzaldehyde, and 4-acetamidobenzaldehye were ex-
plored. As shown in Scheme 6, all seven aldehydes attained
near full conversion within 2 h with 1 mol% catalyst loading.
Next, 4-methyl acetophenone, 4-methoxyacetophenone, 4-
chloroacetophenone, 4-bromoacetophenone, methyl4-acetyl-
benzoate, isobutyrophenone were investigated. As illustrated in
Scheme 6, all these ketones achieved complete conversion
within 4 h with 2 mol % catalyst loading.

Examine whether trimethylsilyl cyanide Me;SiCN addition to
aldehydes and ketones could be broadened to the catalysts 6
and 11; we explored the cyanosilylation reaction with the same
aldehydes and ketones (Scheme 7). The reaction of benzalde-
hyde with trimethyl cyanide with 1 mol% catalyst 6 gave near
guantitative conversion to the cyanosilylated product within 6 h
at ambient temperature under neat conditions. Catalyst 11 also
exhibits similar catalytic activity at the same reaction conditions
(see the Supporting Information Tables S6). Unsurprisingly, an
excess amount of catalyst loading (3 mol%) and longer reaction

o cat. 11 (x mol%) OBpin
I + HBpin ——— > \ =
R R pin neat, r.t. 2-4 h R R R, _a !
R'=H or alkyl
13a-13n 14a-14n

upto >99%

cl
gOBpin OBpin /@fOBpin @OBpin /@OBpin
MeO Br
14a, >99% 14b, >99% (86%) 14c, >99% (80%) 14d, >99% 14e, >99%
/©/\OBpin o) /@ﬂo&)in OBpin OBpin OBpin
“y sl aNNe
H MeO
14f, >99% 14g, >99% 14h, >99% 14i, >99% 14j, >99% (82%)
OBpin OBpin OBpin OBpin
Br
cl X
14k, >99% 141, >99% 14m, >99% (76%) 14n, >99%

Scheme 6. Hydroboration of aldehydes and ketones catalyzed by CBG Li complex (11). Reaction conditions: aldehydes or ketones (0.3-1.0 mmol, 1.0 equiv.),
pinacolborane (0.3-1.0 mmol, 1.0 equiv.), catalyst 11 x=1 mol % for aldehydes and x =2 mol % for ketones, time 2 h for aldehydes and 4 h for ketones at rt
under N,. Yields were analyzed by 'H NMR (400 MHz, CDCl,, 25 °C) integration of newly formed proton (RCH,0OBpin/RCHR'OBpin) resonance peak of the

reaction mixture. Isolated yields were given in parenthesis.
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o) OSiMe3
I+ MesSiCN cat. 11 (x mol%) rten R = aryl
R* R neat, rt. 6-12 h R R'=H or alkyl
13a-13n 15a-15n
upto >99%
OSiMe; OSiMe3 OSiMe3 Cl OSiMe; OSiMeg
MeO Br
15a, >99% 15b, >99% (82%) 15¢, >99% (80%) 15d, >99% 15e, >99%
OSiMe3 OSiMe3 OSiMe3 OSiMe; OSiMe3
CN o CN CN CN CN
H P H
OzN H MeO
15f, >99% 15g, >99% 15h, >99% 15i, >99% 15j, >99% (77%)
OSiMes OSiMes OSiMes OSiMes
N CN
SO O e O e
|
Br o
15k, >99% 151, >99% 15m, >99% (74%) 15n, >99%

Scheme 7. Cyanosilyation of aldehydes and ketones catalyzed by CBG Li complex (11). Reaction conditions: aldehydes or ketones (0.3-1.0 mmol, 1.0 equiv.),
trimethylsilyl cyanide (0.3-1.0 mmol, 1.0 equiv.), catalyst 11x=1 mol% for aldehydes and x=3 mol% for ketones, time 6 h for aldehydes and 12 h for ketones
at rt under N,. Yields were analyzed by 'H NMR (400 MHz, CDCls, 25 °C) integration of newly formed proton (RCHCNOTMS / RR'CNOTMS) resonance peak of the

reaction mixture. Isolated yields were given in parenthesis.

time (12 h) are required for the complete cyanosilylation of
ketones (see the Supporting Information Tables S7). The
reaction of acetophenone and Me;SiCN with 3 mol % catalyst 6
or 11 gave near quantitative conversion to the cyanosilylated
product within 12 h. A series of aldehydes and ketones react
with trimethylsilyl cyanide at standard reaction conditions in
the presence of CBG lithium catalyst 11 gave cyanohydrin
trimethylsilyl ethers in nearly quantitative yields. It is important
to note that lithium catalyzed hydroboration and cyanosilyla-
tion reactions; a tolerance of halide, nitro, amide, and ester
functionalities was noticed. There have been reports on
catalyst-free and solvent-free hydroboration of aldehydes and
ketones and cyanosilylation of aldehydes in the literature. Note
that such reactions were performed by using an excess amount
of hydride source and harsh reaction conditions."”

Mechanism of LLi (11) Catalyzed Reduction of Carbonyl
Compounds via hydroboration

Considering the earlier provided mechanisms“®* for alkali
metal-catalyzed hydroboration of carbonyl compounds, herein
we propose that the CBG Li catalyzed hydroboration of carbonyl
compounds as depicted in Scheme 8.

Initially, the interaction of the O atom of HBpin to the Lewis
acidic site of the Li atom of the catalyst has been proposed.
Next, the oxygen atom of either aldehyde or ketone adds to the
boron site of HBpin, with the migration of hydride from B to
carbonyl carbon. Finally, the catalytic cycle closes by eliminating
the boronate ester product and regeneration of the CBG lithium
catalyst via four-membered transition state TS1.

Eur. J. Inorg. Chem. 2021, 1-14 www.eurjic.org
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Scheme 8. A probable mechanism for hydroboration of carbonyl com-
pounds.

Mechanism of LLi (11) Catalyzed Cyanosilyation of Carbonyl
Compounds

We also proposed the mechanism for the CBG catalyzed
cyanosilylation of carbonyl compounds following previous
reports (Scheme 9)."*% The catalyst CBG Li interacts with TMSCN
to give an Int 1, in which the N atom of the cyanide group
interacts with the Li atom of the catalyst. Next, the nucleophilic
addition by the carbonyl oxygen of aldehyde or ketone to the
silicon center of TMSCN in TS1.

The breaking of the Si-CN bond and CN to carbonyl carbon
atom via C—C bond formation and oxygen adds to the Si atom
SiMe; group. Finally, the catalytic cycle ends by the elimination

7 © 2021 Wiley-VCH GmbH

These are not the final page numbers! 77


https://doi.org/10.1002/ejic.202100141

Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

Eur]JIC . ..
doi.org/10.1002/ejic.202100141

European Journal of Inorganic Chemistry

_SiMe;
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/& (1) NC-SiMe;
R . CN
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Product
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N NC-SiMe,
< cBGLI”
CBGLi R/(R. Int 1
TS 1
By
R R

Scheme 9. A probable mechanism for cyanosilyation of carbonyl com-
pounds.

cyanoether product and regeneration of the product via TS1.
Overall, CBG Li catalysts exhibit comparable catalytic activities
to main group and transition based metal catalysts. 7"l

Conclusions

A series of structurally characterized N-tetra-arylated bis-
guanidines or conjugated bis-guanidine(CBG)s have been
reported. Also, we provided the first insight into the coordina-
tion chemistry of free CBG ligands towards lithium cations. We
have reported the solvated and un-solvated lithium salts
bearing the ligands 1, 3, and 4. Some exciting features of these
ligands have been observed while coordinating with the lithium
metal. In the case of ligand 1, solvated lithium salts were
obtained when the lithiation was carried out in the ethereal
solvent, either THF or Et,0, while un-solvated lithium salt was
observed in toluene. Ligand 4 showed a peculiar coordination
behavior with lithium, in which the central nitrogen atom of the
ligand coordinates the Li atom in a k'-fashion. Also, there are n°
interactions of the Li center with the Dipp substituents of N5
and N2 atoms. Thus, two bonding modes of CBG are observed
for the lithium element. Notably, CBG lithium salt 11 acts as an
effective catalyst for the hydroboration and cyanosilylation of
carbonyl compounds. These CBG salts (5-12) can be used as
ligand transfer reagents to obtain CBG metal halides. Moreover,
these N-donor ligands will have broad applications in coordina-
tion, organometallic, medicinal chemistry, organic syntheses,
and catalysis. Such studies are underway in our laboratory.

Experimental Section

General Methods

All air and moisture sensitive reactions were performed by using
standard Schlenk line and glovebox techniques under an inert
atmosphere of dinitrogen. Unless otherwise noted, all the reagents
and solvents required were bought from commercial suppliers and
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used without further purification to prepare air-stable organic
molecules. However, for the air and moisture sensitive compounds,
solvents such as toluene, benzene, and n-hexane were collected
from the MBraun solvent purification system, degassed, and stored
under an atmosphere of dinitrogen before use. THF was dried over
sodium wire and distilled before use. N,N'-diarylcarbodiimides'?”
and acetamidoxime® were prepared by following the literature
procedures. NMR spectroscopic data were recorded on a Bruker AV
400 MHz spectrometer (C {'H} (101 MHz; "Li 156 MHz). Deuterated
benzene (C;Dy), chloroform (CDCl,), [Dg] toluene, and tetrahydrofur-
an (THF-dg) were used for NMR measurements; chemical shift values
(0) were reported in parts per million relatives to the residual
signals of their respective solvents.®" The ’Li NMR spectra are
reported with reference to the standard ’Li NMR of LiCl in D,0.
High-resolution mass spectra (HRMS) were recorded on a Bruker
micrOTOF—Q |l spectrometer. IR spectra were recorded on the
Perkin-Elmer FTIR spectrometer. Melting points were recorded on
digital melting point apparatus and are uncorrected. The purity of
the conjugated bis-guanidines has been determined by high-
pressure liquid chromatography (HPLC) using a Finepak-SIL-C18T-5
column. Analytical HPLC was performed on a JASCO-EXTREMA
Technologies BS-4000 Series system equipped with an FP-4020
fluorescence detector. The compounds were dissolved in
acetonitrile. The following eluent system was used: 5% n-hexane/
95% isopropanol (v/v). HPLC retention times (HPLC t;) were
obtained at flow rates of 1mLmin™' using an isocratic run.
Elemental analyses were performed in a Euro Vector EA 3000 CHNS
analyzer.

Synthesis of compound (1)

Method A: The reaction mixture of 1,3-bis(2, 6-dimethyl phenyl)
carbodiimide (6.0 g, 24 mmol, 2.0 equiv) and acetamidoxime
(0.845 g, 0.0114 mmol, 1.0 equiv) in toluene (~40 mL) was stirred
under refluxing conditions for two days. The resultant reaction
mixture is filtered off and washed with dichloromethane (~80 mL).
Removal of volatiles in vacuo followed by purification with column
chromatography on silica gel yielded the desired product (5:95
ethyl acetate /n-hexane as eluent). The desired compound 1 was
further crystallized from ethyl acetate to obtain single crystals for X-
ray diffraction. Yield: 1.42 g, 2.746 mmol, 23 %.

Method B: To a solution of 1,3-bis(2, 6-dimethyl phenyl) carbodii-
mide (1 g, 4 mmol, 1.0 equiv) in acetonitrile (~15 mL) was added
aqueous ammonia (25%) (68 pL, 16 mmol, 4.0 equiv) at room
temperature and continued the stirring for 15 h. Formation of white
precipitate was observed. This was filtered off, dried the solid
residue, and recrystallized from dichloromethane to give com-
pound 1 colorless solid. Yield: 0.559 g, 1.07 mmol, 54 %.

Method C: To a stirred solution of 1,3-bis(2, 6-dimethylphenyl)
carbodiimide (5.0 g, 19.95 mmol, 2.0 equiv) and NH,Cl (0.435g,
8.15 mmol, 1.0 equiv) in 8 mL ethanol in a sealed tube was added
triethylamine (1.5 mL, 10.6 mmol, 1.3 equiv) slowly. The reaction
mixture was heated at 80°C for 3 h to afford a white precipitate.
After completion of reaction, the crude mixture was filtered off and
wash with cold (—40°C) ethanol (5-10 ml) and recrystallized from
dichloromethane at room temperature to give as a colorless solid.
Yield: 3.7 g, 7.156 mmol, 72%; Mp: 210-212°C; '"H NMR (400 MHz,
C¢De, 25°C): (major isomer) 6 =1.89 (s, 12H, CH,), 2.37 (s, 12H, CH,),
4.62 (s, 2H, NH), 6.68 (d, *Jy=8.0 Hz, 4H, ArH), 6.84 (t, *J,,,=8.0 Hz,
2H, ArH), 6.96-6.99 (m, 2H, ArH), 7.04 (d, *Jy,=8.0 Hz, 4H, ArH),
12.91 ppm (s, 1H, NHN); C{'H} NMR (101 MHz, C,D,, 25°C): 6=
18.25 (Ar-CH;), 18.29 (Ar-CH,), 124.8 (Ar-C), 125.4 (Ar-C), 127.1 (Ar-C),
128.4 (Ar-C), 133.8 (Ar-C), 135.7 (Ar-C), 136.6 (Ar-C), 140.8 (Ar-C),
1543 ppm (N;C); IR (KBr pellet, cm™) 3380s, 3019 m, 2920 m,
1618s, 1586 m, 15675, 1499 m, 1468 m, 13995, 13565, 1295 m,
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1251 m, 12255, 890s, 768 s; HRMS (ESI-TOF-Q) m/z: [M+H]" calcd.
for C3,H,0Ns 518.3278, found: 518.3294; HPLC: Pypc (major isomer)
98.0%, tz 2.11 and (minor isomer) 2.05%, t; 2.78; Anal. Calcd. for
C3,H3oNs (517.71): C, 78.88; H, 7.59; N,13.53. Found: C, 79.09; H, 8.11;
N, 13.80.

Synthesis of compound (2)

Method A: The reaction mixture of 1,3-bis(2, 4, 6-trimethylphenyl)
carbodiimide (6g, 21.58 mmol, 2.0 equiv) and acetamidoxime
(0.759 g, 10.26 mmol, 1.0 equiv) in toluene (~40 mL) was stirred
under refluxing conditions for two days. The resultant reaction
mixture is filtered off and washed with dichloromethane (~80 mL).
Removal of volatiles in vacuo followed by purification with column
chromatography on silica gel yielded the desired product (5:95
ethyl acetate /n-hexane as eluent). The desired compound 2 was
further crystallized from ethyl acetate to obtain single crystals for X-
ray diffraction. Yield: 1.36 g, 2.37 mmol, 22 %.

Method B: To a solution of 1,3-bis(2, 4, 6—trimethylphenyl)
carbodiimide (1 g, 3.592 mmol, 1.0 equiv) in acetonitrile (20 mL)
was added aqueous ammonia (25%) (61 puL, 14.368 mmol,
4.0 equiv) at room temperature and continued the stirring for 15 h.
Formation of white precipitate was observed. This was filtered off,
dried the solid residue, and recrystallized from dichloromethane to
give compound 2 a colorless solid. Yield: 0.526 g, 0.9175 mmol,
52%.

Method C: The synthetic procedure was similar to [L'(3H)] (1) by
using 1,3-bis(2, 4, 6-trimethylphenyl) carbodiimide (5.0,
17.97 mmol, 2.0 equiv), NH,Cl (0.435 g, 8.15 mmol, 1.0 equiv) and
triethylamine (1.5 mL, 10.6 mmol, 1.3 equiv). Compound 2 (3.30 g,
5.755 mmol, 65%). Mp: 229-231°C; 'H NMR (400 MHz, C,D, 25°C):
0=1.94 (s, 12H, CH,), 2.21 (s, 12H, CH), 2.40 (s, 12H, CH,), 4.70 (s,
2H, NH), 6.51 (s, 4H, ArH), 6.86 (s, 4H, ArH), 12.82 ppm (s, 1H,
NHN);*C{"HINMR (101 MHz, C,Ds, 25 °C): 0 =18.2 (0-Ar-CH;), 18.3 (o-
Ar-CH;), 20.6 (p-Ar-CHs), 20.7 (p-Ar-CH,), 127.5 (Ar-C), 127.8 (Ar-Q),
129.1 (Ar-C), 133.4 (Ar-C), 134.0 (Ar-C), 134.2 (Ar-C), 135.5 (Ar-Q),
138.3 (Ar-0), 154.6 ppm (N;O); IR (KBr pellet, cm™") 3665 m, 3383 s,
2915 m, 2854 m, 1621 m, 1601 m, 1567 s, 1474 m, 1396 m, 1356 m,
12335, 1030 m, 1010 m, 874 m, 845 s, 785 m; HRMS (ESI-TOF—Q) m/
z: [M+H] " calcd. for CigH,gNs 574.3904, found: 574.3932; HPLC: Pypc
(major isomer) 98.4%, t; 1.98 and (minor isomer) 2.47 %, tz1.59;
Anal. Calcd. for C3gH,;Ns (573.81): C, 79.54; H, 8.26; N,12.20. Found:
C,78.71; H, 8.82; N, 12.55.

Synthesis of compound (3)

Method A: The reaction mixture of 1,3-bis(2, 6—diethyl phenyl)
carbodiimide (6.0 g, 19.57 mmol, 2.0 equiv) and acetamidoxime
(0.69 g, 9.32 mmol, 1.0 equiv) in toluene (~40 mL) was stirred under
refluxing conditions for two days. The resultant reaction mixture
was filtered off and washed with dichloromethane (~80 mL).
Removal of volatiles in vacuo followed by purification with column
chromatography on silica gel yielded the desired product (5:95
ethyl acetate /n-hexane as eluent). The desired compound 3 was
further crystallized from ethyl acetate to obtain single crystals for X-
ray diffraction. Yield: 1.11 g, 1.76 mmol, 18 %.

Method B: To a solution of 1,3-bis(2, 6-diethyl phenyl) carbodiimide
(19, 3.263 mmol, 1.0 equiv) in acetonitrile (20 mL) was added
aqueous ammonia (25%) (55.5 pL, 13.052 mmol, 4.0 equiv) at room
temperature and continued the stirring for 15 h. Formation of white
precipitate was observed. This was filtered off, dried the solid
residue, and recrystallized from dichloromethane to give com-
pound 3 a colorless solid. Yield: 0.65 g, 1.03 mmol, 64 %.
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Method C: The synthetic procedure was similar to [L'(3H)] (1) by
using 1,3-bis(2, 6—diethylphenyl) carbodiimide (5.0 g, 16.32 mmol,
2.0 equiv), NH,CI (0.435 g, 8.15 mmol, 1.0 equiv) and triethylamine
(1.5 mL, 10.6 mmol, 1.3 equiv). Compound 3 (3.7 g, 5.878 mmol,
71%). Mp: 163-167°C; '"H NMR (400 MHz, C6D6, 25°C): 6 =1.02 (t,
3Jyn=8.0 Hz, 12H, CH,CH,), 1.28 (t, *Juyy=8.0 Hz, 12H, CH,CHs), 2.20-
2.27 (m, 4H, CH,CH,), 2.30-2.35 (m, 4H, CH,CH,), 2.62-2.73 (m, 4H,
CH,CH,), 3.01-3.12 (m, 4H, CH,CH,), 4.86 (s, 2H, NH), 6.77-6.79 (d,
3Jyu=8.0 Hz, 4H, ArH), 6.98-7.01 (m, 2H, ArH), 7.09-7.13 (m, 6H,
ArH), 12.97 ppm (s, TH, NHN);"*C NMR (101 MHz, C6D6, 25°C): 6 =
143 (Ar-CH,CHy), 147 (Ar-CH,CH,), 24.8 (Ar-CH,CH;), 24.9 (Ar-
CH,CH,), 125.2 (Ar-C), 125.4 (Ar-C), 126.1 (Ar-C), 126.6 (Ar-C), 135.2
(Ar-0), 139.4 (Ar-0), 139.6 (Ar-C), 141.7 (Ar-C), 155.0 ppm (N;C); IR
(KBr pellet, cm™) 3378s, 3048m, 3066m, 2962s, 2933s, 2349,
2340s, 2361s, 1609m, 1568m, 1514m, 1507m, 1457m, 1423m,
1291s, 1265s, 1222s, 897s, 868s, 789s, 717s; HRMS (ESI-TOF-Q) m/z:
[M-+HI* caled. for CyHsgNs 630.4530, found: 630.4519; HPLC: Pypc
100%, tz2.29; Anal. Calcd. for C,,HssNs (629.92): C, 80.08; H, 8.80;
N,11.12. Found: C, 78.96; H, 9.48; N, 11.42.

Synthesis of compound (4)

Method A: The reaction mixture of 1,3-bis(2, 6-diisopropylphenyl)
carbodiimide (6.0 g, 16.55 mmol, 2.0 equiv) and acetamidoxime
(0.583 g, 7.88 mmol, 1.0 equiv) in toluene (~40 mL) was stirred
under refluxing conditions for two days. The resultant reaction
mixture is filtered off and washed with dichloromethane (~80 mL).
Removal of volatiles in vacuo followed by purification with column
chromatography on silica gel yielded the desired product (5:95
ethyl acetate /n-hexane as eluent). The desired compound 4 was
further crystallized from ethyl acetate to obtain single crystals for X-
ray diffraction. Yield: 2.456 g, 3.311 mmol, 40%.

Method B: To a solution of 1,3-bis(2,6-diisopropylphenyl) carbodii-
mide (1.0 g, 2.759 mmol, 1.0 equiv) in acetonitrile (~15mL) was
added aqueous ammonia (25%) (46.75 pL, 11.03 mmol, 4.0 equiv)
at room temperature and continued the stirring for 15 h. Formation
of white precipitate was observed. This was filtered off, dried the
solid residue, and recrystallized from dichloromethane to give 4 a
colorless solid. Yield: 0.511 g, 0.6989 mmol, 50 %.

Method C: The synthetic procedure was similar to [L'(3H)] (1) by
using 1,3-bis(2,6-diisopropylphenyl) carbodiimide (5.0 g, 13.8 mmol,
2.0 equiv), NH,CI (0.435 g, 8.15 mmol, 1.0 equiv) and triethylamine
(1.5 mL, 10.6 mmol, 1.3 equiv). Compound 4 (3.5g, 4.716 mmol,
68%). Mp: 212-214°C; 'H NMR (400 MHz, C¢Ds, 25°C): 6=0.94 -
0.95 (d, *Jyy=4.0 Hz, 12H, CH(CH5),), 0.99-1.00 (d, *Ji,=4.0 Hz, 12H,
CH(CH,),), 1.24-1.26 (d, *Jy=8.0 Hz, 12H, CH(CH;),), 1.31-1.33 (d,
*Ju=8.0 Hz, 12H, CH(CH,),), 3.06-3.13 (sept, *Jy,_8.0 Hz, 4H, CH-
(CH,),), 3.59-3.66 (sept, /,4,_8.0 Hz, 4H, CH(CH,),), 4.94 (s, 2H, NH),
6.89-7.14 (m, 12H, ArH), 13.02ppm (s, 1H, NHN); "C{"HINMR
(101 MHz, CiDy, 25°C): 0=21.7 (Ar-CH(CH,),), 23.2 (Ar-CH(CH,),),
23.6 (Ar-CH(CH),), 25.3 (Ar-CH(CHs),), 28.1 (Ar-CH(CHs),), 28.4 (Ar-
CH(CH,),), 122.6 (Ar-C), 123.4 (Ar-C), 126.0 (Ar-C), 127.3 (Ar-C), 133.6
(Ar-C), 137.9 (Ar-C), 143.9 (Ar-C), 146.9 (Ar-C), 156.5 ppm (N;C); IR
(KBr pellet, cm™) 3399s, 2958s, 2867m, 1607m, 1586m, 1566m,
1460m, 1395m, 1358 m, 1326m, 1256s, 792m, 757m; HRMS (ESI-
TOF-Q) m/z: IM+H] * caled. for CsoH,,Ns 742.5782, found: 742.5772;
HPLC: Pypc 100%, t32.23; Anal. Calcd. for CsoH;;N5 (742.13): C, 80.92;
H, 9.64; N, 9.44. Found: C, 80.75; H, 9.77; N, 10.39.

Synthesis of compound (5). To a solution of compound 1 (0.25 g,
0.482 mmol, 1.0 equiv) in THF (~10 mL) was added "BulLi (1.6 M in
n-hexane, 0.31 mL, 0.507 mmol, 1.1 equiv) at 0°C. The reaction
mixture was allowed to warm to room temperature and continued
the stirring for 8 h. The volatiles were removed under reduced
pressure. The obtained solid residue was dried under high vacuum

9 © 2021 Wiley-VCH GmbH
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and crystallized from n-hexane and THF mixture to provide 5 as a
colorless crystal. Yield: 0.177 g, 0.265 mmol, 55%. Mp: 177-186°C;
'H NMR (400 MHz, C¢Dg, 25°C): =0.92 (br, s, 8H, OCH,CH,), 2.06 (s,
12H, CH,), 2.46 (s, 12H, CH,), 2.86 (br, s, 8H, OCH,CH,), 4.63 (s, 2H,
NH), 6.73 (d, *Jy=8.0 Hz, 5H, ArH), 6.86-6.89 (m, 3H, ArH), 6.93—
6.96 (m, 2H, ArH), 7.13 ppm (s, 2H, ArH); *C{'"H} NMR (101 MHz,
CDe 25°C): 6=18.8 (Ar-CH,), 19.1 (Ar-CHs), 25.0 (OCH,CH,), 67.7
(OCH,CH,), 122.6 (Ar-C), 125.0 (Ar-C), 127.5 (Ar-C), 128.6 (Ar-C), 132.6
(Ar-0), 136.1 (Ar-0), 139.2 (Ar-C), 149.1 (Ar-C), 155.1 ppm (N;C); ’Li
NMR (155.5 MHz, CsDg, 25 °C): 6 =2.06 ppm (s).

Synthesis of compound (6).The compoundwas synthesized by
employing a similar procedure to that used for the synthesis of
5but by using compound 3 (0.25 g, 0.396 mmol, 1.0 equiv) "BulLi
(20M in cyclohexane, 0.22 mL, 0.436 mmol, 1.1 equiv). Yield:
0.228 g, 0.322 mmol; 81%. Mp: 170-178°C; 'H NMR (400 MHz, C,Ds,
25°C): 0=0.95 (br, s, 4H, OCH,CH,), 1.11 (t, */,y=8.0 Hz, 12H,
CH,CH,), 130 (t, y=80Hz 12H, CH,CHsy), 2.33-2.40 (m, 4H,
CH,CHs), 2.55-2.62 (m, 4H, CH,CHs), 2.75-2.84 (m, 4H, CH,CH5), 2.93
(br, s, 4H, OCH,CH,), 3.04-3.13 (m, 4H, CH,CH;), 474 (s, 2H, NH),
6.76-6.79 (m, 4H, ArH), 6.97-7.01 (m, 2H, ArH), 7.06-7.11 (m, 2H,
ArH), 7.15-7.19 ppm(m, 4H, ArH); "*C{'H} NMR (101 MHz, C/Ds,
25°C): 0=14.5 (Ar-CH,CH;), 14.7 (Ar-CH,CH,), 24.3 (Ar-CH,CH), 24.6
(Ar-CH,CHs),), 25.2 (OCH,CH,), 67.5 (OCH,CH,), 122.8 (Ar-C), 125.1
(Ar-C), 125.3 (Ar-C), 126.1 (Ar-C), 126.6 (Ar-C), 137.5 (Ar-C), 137.9 (Ar-
0, 141.5 (Ar-0), 141.7 (Ar-0), 147.4 (Ar-C), 155.3 ppm(N,0); "Li NMR
(155.5 MHz, C;Dg, 25°C): 6=5.11 ppm (s).

Synthesis of compound (7).The compound was synthesized by
employing a similar procedure to that used for the synthesis of 5
but by using compound 4 (0.25g, 0.336 mmol, 1.0 equiv),"BuLi
(20 M in cyclohexane, 0.19mL, 0.370 mmol, 1.1 equiv). Yield:
0.246 g, 0.299 mmol, 88%; Mp: 182-188°C; 'H NMR (400 MHz, C,D,
25°C): §=0.93 (br, s, 4H, OCH,CH,), 0.96— 1.05 (m, 12H, CH(CH,),),
1.24-1.25 (d, *Jyy = 4.0 Hz, 24H, CH(CHs),), 1.43-1.45 (d, *J,,=8.0 Hz,
12H, CH(CHs),), 2.80 (br, s, 4H, OCH,CH,), 3.30-3.36 (m, 4H,
CH(CH;),), 3.73-3.76 (m, 4H, CH(CHs),), 5.13 (s, 2H, NH), 6.92-6.94 (d,
*Jui=8.0 Hz, 4H, ArH), 7.01-7.05 (m, 2H, ArH), 7.11-7.17 (m, 2H,
ArH), 7.23-7.25 ppm(d, 3J,;=8.0 Hz, 4H, ArH);*C NMR (101 MHz,
CeDs, 25°C): 6=23.1 (Ar-CH(CH;),), 24.5 (Ar-CH(CH,),), 24.5 (Ar-
CH(CH,),), 25.8 (OCH,CH,), 27.9 (Ar- CH(CH,),), 28.2 (Ar-CH(CHs),),
67.4 (OCH,CH,), 122.1 (Ar-C), 123.3 (Ar-C), 125.6 (Ar-C), 135.7 (Ar-Q),
142.6 (Ar-C), 1452 (Ar-C), 145.7 (Ar-C), 155.8 ppm(N;O);Li NMR
(155.5 MHz, C,Dg, 25°C): 6 =4.96 ppm (s).

Synthesis of compound (8). To a solution of compound 1 (0.25 g,
0.482 mmol, 1.0 equiv) in diethyl ether (10 mL) was added "BulLi
(1.6 M in n-hexane, 0.31 mL, 0.507 mmol, 1.1 equiv) at 0°C. The
reaction mixture was allowed to warm to room temperature and
continued the stirring for 8 h. The solvent was removed under
reduced pressure. Finally, the solid was dried under high vacuum
and the compound was recrystallized from toluene/diethylether to
give 8as a colorless crystal. Yield: 0.170 g, 0.285 mmol, 59%; Mp:
177-186°C; 'H NMR (400 MHz, C¢Dg, 25°C): 0=0.82 (t, *Jy=8.0 Hz,
6H, OCH,CH,), 2.01 (s, 12H, CHs), 2.36 (s, 12H, CHs), 2.96 (g, *Jyu=
8.0 Hz, 4H, OCH,CHs), 4.55 (s, 2H, NH), 6.70 (d, *J,,,=8.0 Hz, 5H, ArH),
6.83-6.86 (M, 2H, ArH), 6.96 (t, *J;=8.0 Hz, 2H, ArH), 7.04 (d, *Jy =
8.0 Hz, TH, ArH), 7.13 ppm(s, 2H, ArH); C{'"H} NMR (101 MHz, C,Ds,
25°C) 6=14.8 (OCH,CH;), 18.8 (Ar-CH;), 19.1 (Ar-CH;), 65.9
(OCH,CH,), 122.7 (Ar-C), 125.1 (Ar-C), 127.5 (Ar-C), 128.6 (Ar-C), 132.6
(Ar-0), 136.0 (Ar-C), 139.0 (Ar-C), 148.9 (Ar-C), 154.9 ppm(N;C); ’Li
NMR (155.5 MHz, C,Dg, 25 °C): 6 =0.79 ppm (s).

Synthesis of compound (9). The compound was synthesized by
employing a similar procedure to that used for the synthesis of 8
but by using compound 4 (0.25g, 0.336 mmol, 1.0 equiv),"BulLi
(20 M in cyclohexane, 0.19 mL, 0.370 mmol, 1.1 equiv). Yield:
0.230 g, 0.279 mmol, 83%; Mp: 180-186°C;'H NMR (400 MHz, CiD,
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25°C): =0.72 (t, *Jyy=8.0 Hz, 6H, OCH,CH;), 1.11-1.12 (d, *Jpy=
4.0 Hz, 12H, CH(CH5),), 1.16-1.17 (d, *}4y=4.0 Hz, 12H, CH(CH,),),
1.48-1.50 (d, *Jyy=8.0 Hz, 12H, CH(CH,),), 1.56-1.58 (d, *Jy,=8.0 Hz,
12H, CH(CH;),), 2.99 (q, *Jyy=8.0 Hz, 4H, OCH,CH,), 3.23-3.30 (m,
4H, CH(CH,),), 3.75-3.83 (m, 4H, CH(CH,),), 5.11 (s, 2H, NH), 7.05-
7.11 (m, 4H, ArH), 7.20-7.26 (m, 2H, ArH), 7.31-7.34 (m, 2H, ArH),
7.36-7.40 ppm(m, 4H, ArH);"*C NMR (101 MHz, C,Dg, 25°C): 6=14.3
(OCH,CH,), 22.3 (Ar-CH(CHs),), 22.7 (Ar-CH(CHs),), 24.4 (Ar-CH(CH.),),
27.2 (Ar-CH(CH,),), 27.5 (Ar-CH(CH,),), 64.6 (OCH,CH,), 121.7 (Ar-C),
1225 (Ar-C), 125.0 (Ar-C), 137.0 (Ar-Q), 142.9 (Ar-C), 146.0 (Ar-C),
155.6 ppm(N;C);’Li NMR (155.5 MHz, C,Dy, 25 °C): 6 =3.87 ppm (s).

Synthesis of compound (10).To a solution of compound 1 (0.2 g,
0.386 mmol, 1.0 equiv) in toluene (~10 mL) was added "BuLi (1.6 M
in n-hexane, 0.253 mL, 0.406 mmol, 1.1 equiv) at room temperature,
which results immediate formation of colorless precipitate and
continued the stirring for 12 h. The volatiles were removed under
reduced pressure. The obtained residue was dried under high
vacuum to give 10 as a colorless solid. Yield: 0.123 g, 0.235 mmol,
61%; Mp: 180-187°C; 'H NMR (400 MHz, THF-dg, 25°C): 6=1.92 (s,
12H, CH,), 2.38 (s, 12H, CH,), 4.79 (s, 2H, NH), 6.50 (d, *J,;=8.0 Hz,
4H, ArH), 6.59-6.62 (m, 3H, ArH), 6.70-6.73 (m, 3H, ArH), 6.96 ppm(d,
Ju=8.0 Hz, 4H, ArH); *C {"HINMR (101 MHz, THF-dg, 25°C): 6 =19.0
(Ar-CHs), 19.1 (Ar-CH;), 121.8 (Ar-C), 124.6 (Ar-C), 127.5 (Ar-C), 128.4
(Ar-C), 1329 (Ar-Q), 136.1 (Ar-C), 140.2 (Ar-C), 150.5 (Ar-Q),
155.0 ppm(N;C); "Li NMR (155.5 MHz, THF-dg, 25°C): 6 =-0.77 ppm
().

Synthesis of compound (11).The compoundwas synthesized by
employing a similar procedure to that used for the synthesis of 10
but by using compound 3 (1.0 g, 1.59 mmol, 1.0 equiv) in toluene
(~20 mL),"BuLi (20M in cyclohexane, 0.88 mL, 1.74 mmol,
1.1 equiv). Yield: 0.95 g, 1.49 mmol, 94%; Mp: 180-186°C;'H NMR
(400 MHz, C,D, 25°C) 6=1.03 (t, *Jyy=8.0 Hz, 12H, CH,CH,), 1.31 (¢,
3Jyn=8.0 Hz, 12H, CH,CH), 2.26-2.35 (m, 4H, CH,CH,), 2.45-2.55 (m,
4H, CH,CH,), 2.67-2.85 (m, 2H, CH,CH;),4.62 (s, 2H, NH), 6.69-6.71
(d, *Juy=8.0 Hz, 4H, ArH), 6.92 (t, *J,,y=8.0 Hz, 2H, ArH), 7.14-7.12
(d, ¥uy=8.0 Hz, 2H, ArH), 7.24-7.22 ppm(d, *J,;=8.0 Hz, 2H, ArH);
BC NMR (101 MHz, C,D,, 25°C): 0=13.6 (Ar-CH,CH;), 14.3 (Ar-
CH,CH,), 23.7 (Ar-CH,CH,), 25.0 (Ar-CH,CH;), 122.9 (ArC), 124.9 (ArQ),
125.2(ArC), 125.4 (ArC), 126.1 (ArC), 126.6 (ArC), 137.1 (ArC), 137.4
(ArC), 139.6 (ArC), 141.1 (ArC), 141.7 (ArC), 147.2 (ArC), 154.9 ppm
(N50); "Li NMR (155.5 MHz, C4Dg, 25°C): 6 =3.97 ppm (s).

Synthesis of compound (12). To a solution of compound 4 (0.20 g,
0.27 mmol, 1.0 equiv) in toluene (~10 mL) was added "Buli (1.6 M
in n-hexane, 0.185 mL, 0.296 mmol, 1.1 equiv) at room temperature
and continued the stirring for 12 h. The volatiles were removed
under reduced pressure. The obtained solid residue was dried and
recrystallized from toluene to give 12 as a colorless crystal. Yield:
0.121 g, 0.16 mmol, 60%; Mp: 206-214°C; 'H NMR (400 MHz, C,Ds,
25°C) §=0.95-0.96 (d, *J,;y=4.0 Hz, 12H, CH(CH,),), 1.07-1.09 (d,
*Jun=28.0 Hz, 9H, CH(CH,),), 1.20-1.22 (d, *J;=8.0 Hz, 6H, CH(CH;),),
1.25-1.26 (d, *Jyy=4.0 Hz, 9H, CH(CH,),), 1.31-1.32 (d, *Jy;=4.0 Hz,
12H, CH(CHs),), 3.08-3.13 (m, 3H, CH(CH,),), 3.17-3.22 (m, 1H,
CH(CH,),), 3.62-3.67 (m, 4H, CH(CH,),), 4.95 (s, 1H, NH), 6.92-6.95
(m, 4H, ArH), 7.02-7.08 (m, 4H, ArH), 7.17-7.22 (m, 4H, ArH),
13.01 ppm (s, TH, NHN); *C{'H} NMR (101 MHz, C,Ds, 25°C) &=
22.1(CH(CH;),), 23.6 (CH(CH;),), 24.0 (CH(CH;),), 25.7 (CH(CH5),), 28.5
(CH(CH,),), 28.5 (CH(CH,),), 28.8 (CH(CH,),), 28.9 (CH(CH,),), 123.0
(Ar-C), 123.8 (Ar-C), 126.3 (Ar-C), 127.7 (Ar-C), 128.3 (Ar-C), 134.0 (Ar-
0), 138.3 (Ar-C), 144.3 (Ar-C), 147.3 (Ar-C), 156.9 ppm (N;C); ‘Li NMR
(155.5 MHz, Dg-Toluene, 25°C): 6 =2.17 ppm (s).

Note: Reproducible microanalysis CHN data on compounds 5-12
could not be obtained owing to their solvated ad air/moisture
sensitive nature.

10 © 2021 Wiley-VCH GmbH
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General Procedure for the Catalytic Hydroboration of
Aldehydes and Ketones

Aldehyde or ketone (0.3-1.0 mmol.), pinacolborane (0.3-1.0 mmol),
and catalyst 11 (1 mol % or 2 mol %) were placed in a screw cap vial
inside the glove box. The reaction mixture was stirred at r.t. for 2 h
or 4 h. The progress of the reaction was monitored by 'H (in dry
CDCl;) NMR spectroscopy. The 'H NMR spectrum confirms the
complete disappearance of the starting material and the presence
of a new CH, or CH peak of boronate esters. After completion of
the reaction, 3-4 mL of dry hexane was added to the crude catalytic
reaction mixture and passed through a syringe filter which further
dried properly in a high vacuum under N, atmosphere for isolating
the pure aryloxyboronate esters (14b-14c¢; 14j and 14m) with 76—
86 % vyield.

General Procedure for the Catalytic Cyanosilyation of
Aldehydes and Ketones

Aldehyde or ketone (0.3-1.0 mmol), trimethylsilyl cyanide (0.3-
1.0 mmol), and catalyst 11 (1 mol% or 3 mol%) were placed in a
screw cap vial inside the glove box. The reaction mixture was
stirred at r.t. for 6 h or 12 h. The progress of the reaction was
monitored by 'H (in dry CDCl;) NMR spectroscopy. The 'H NMR
spectrum confirms the complete disappearance of the starting
material and the presence of a new CH or shifting of CH; peakof
cyanosilyated ethers. The crude organic product was extracted
from the catalytic reaction mixture with DCM (3x 10 mL) and wash
thoroughly with dry hexane (3 x 5 mL). The organic compound was
dried over MgSO,, and all remain volatiles were completely
removed using a rotary evaporator and dried adequately for 3-4 h
in a high vacuum. The final addition product (15b-15¢; 15j and
15m) was characterized by 'H and "*C{'H} NMR spectroscopy.

Supporting Information

(see footnote on the first page of this article): Crystallographic
information files (CIF). 'H, *C{'H}, and ’Li (5-12) NMR of spectra
for 1-12, 4a-4c, borate esters (14a-14n), and cyanoethers
(15a-15n); Molecular structures of compounds 2-3 and 4a-4c,
along with a list of selected bond lengths and angles;
Optimization Tables for catalysis; Table S4-S7. Experimental
procedures (PDF) Deposition Numbers 1546802 (for 1), 1546803
(for 2), 1546804 (for 3), 1546805 (for 4), 1546806 (for 4a),
1546807 (for 4b), 1546808 (for 4c), 1546809 (for 5), 1546810
(for 8), and 1546811 (for 12) contain the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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We have developed a simple and salts act as efficient catalysts for hy-
effective procedure for preparing droboration and cyanosilylation of
bulky conjugated bis-guanidines carbonyl compounds. Both free-
(CBG)s. Further, we have shown the ligands and lithium salts are ideal pre-
coordination chemistry of ligands 1, 3, cursors for the construction of metal
and 4 with the lithium element. complexes across the periodic table.

Besides, we demonstrated that CBG Li
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