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Redox-active tin(i) complexes with sterically
demanding o-phenylenediamido ligands and their
reactivity with organic azides¥
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A series of tin() complexes R1 supported by phenylene-1,2-diamido ligands containing a bulky
N-substituent TIPT (2,4,2",4"-tetraisopropyl-[1,1:3",1"]terphenyl) and different aromatic substituents R (Cl,
H, Me, OMe) at the 4,5-positions and by a naphthalene-2,3-diamido ligand with the TIPT substituent
naphy are synthesised and characterised. Tin(i) complexes SnLM® and SnLPMBY2 s ;pp0rted by phenylene-
1,2-diamido ligands with sterically less hindered N-substituents, Ph or 3,5-di-tert-butylphenyl, are also
prepared as reference complexes. Crystal structures of ®*1 and ™" show that the tin(i) centers are co-
ordinated with the two amido nitrogen atoms of the respective deprotonated chelating ligand and two
solvent molecules such as tetrahydrofuran and/or acetonitrile. On the other hand, the tin(i) complex
SnLPMBYW2 contains only one coordinating solvent molecule, and its tin(i) center exhibits intermolecular
interaction with the aromatic ligand moiety of a neighboring tin(i1) complex through a 5p—= interaction.
The 9Sn NMR signal of R in C¢Dg shifts from the lower- to higher-magnetic field region as R becomes
more electron-withdrawing, which can be explained by assuming that the naked two-coordinate tin(i)
complex and solvent-involving three- and/or four-coordinate tin(i) complex exist in equilibrium in solu-
tion. The tin(i) complexes with the sterically demanding ligands (*1 and "™P"1) are more stabilised against
hydrolysis when compared with SnLP" and SnLP"*®W2 The tin(i) complexes 1 and ""1 undergo one-
electron quasi-reversible ligand-based redox oxidation in a range from —0.45 V to +0.13 V vs. Fc/Fc*. The
tin() complexes having electron-donating groups (R = OMe, Me, H) exhibit intramolecular C—H amination
reactivity when treated with trisylazide (2,4,6-triisopropylphenylsulfonyl azide), giving sultam (5,7-diiso-
propyl-2,3-dihydro-3,3-dimethyl-1,2-benzothiazole-1,1-dioxide) as the product. On the other hand, the
tin(n) complexes having electron-withdrawing groups (R = Cl, naph) do not show such reactivity. Such a
difference in the reactivity is attributed to availability of a nitrene-radical bound species formed by the
reaction. The formation step of the nitrene-radical bound species is analyzed kinetically to reveal that the
reaction comprises two steps: binding of the organic azide to the tin(i) centre and successive intra-
molecular electron transfer from the ligand to the azide moiety to induce dinitrogen (N,) elimination and
nitrene-radical formation.
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Metal complexes with redox-active ligands have attracted much
recent attention in current synthetic organic chemistry as well
as coordination chemistry, since such ligands can avoid high
activation barriers in several types of redox transformation
reactions.”™ Tyrosine in the oxygen-evolving center of photo-
system II and galactose oxidase,”® porphyrin in cytochrome
P450, and dithiolene in molybdoenzymes® are typical
examples of such redox-active ligands in nature. In coordi-
nation chemistry, redox-active ligands have been recognized as
being able to offer nobility to base metals by combining a 1e™
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redox change at both the ligand and the metal center for an
overall 2¢~ redox process." ™ This methodology has been
applied to alkane and arene amination and alkene aziridina-
tion reactions, where metal-nitrenoids are involved as the
active oxidant."*'® On the other hand, recent studies on reac-
tions of dr-filled late-transition metal complexes with redox-
active ligands containing an organic azide have demonstrated
that only the 1e” redox change occurs at the redox-active
ligand without a change of the metal oxidation state to enable
formation of metal-nitrenoids.* 2 In these reactions, the one-
electron transfer takes place from the redox-active ligand to
the bound organic azide to induce dinitrogen (N,) elimination.
The metal-nitrenoids generated by these reactions feature a
radical-localizing nitrene unit, namely a nitrene-radical bound
metal complex, and this has attracted current interest in view
of its unique electronic structure as well as its radical type of
reactivity. Such nitrene-radical bound metal complexes were
proposed as reactive intermediates, based on DFT calculation
studies, in C(sp®)-H amination with organic azides catalyzed
by the drn-filled palladium(u) and rhodium(u) complexes co-
ordinated with redox-active ligands (Fig. 1(a) and (b))."*™*
Recently, a nitrene-radical bound cobalt(m) complex of a
redox-active tetra-amido macrocyclic ligand, which was active
in aziridination and sulfimidation, was characterised spectro-
scopically (Fig. 1(c))."” " These results suggest that this meth-
odology can be applied to complexes of redox-innocent main
group elements. The tin(u) ion has a (5s)* lone pair highly
stabilized by the relativistic effect and is essentially inactive
against an electron transfer type of oxidation although some
exceptions have been reported.>** In this context, we have
recently reported that the reaction of a tin(ir) complex of a steri-
cally demanding phenylene-1,2-diamido-based ligand with an
organic azide enables formation of a nitrene-radical bound tin
() complex (Fig. 1(d)), which exhibited C-H activation reactiv-
ity.>> As in the case of the nitrene-radical bound palladium(u),
rhodium(ir), and cobalt(m) complexes,'**'” formation of the
nitrene-radical bound tin(u) complex is induced by electron
transfer from the redox-active ligand.>?

Whereas tin(n) complexes comprising phenylene-1,2-
diamido ligands have been reported,**° research interest is
limited to their nature as Lewis bases using the (5s)* lone pair
or Lewis acids using the empty (5p,) orbital,*" but little atten-
tion has been directed toward functions of the redox non-inno-
cent phenylene-1,2-diamido ligands. In this study, we syn-
thesise and characterise a series of tin(n) complexes ®1 sup-
ported by phenylene-1,2-diamido ligands containing a steri-
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Fig.1 (a)-(d) Reported nitrene-radical complexes coordinated with
redox-active ligands.
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cally demanding N-substituent TIPT (2,4,2",4"-tetraisopropyl-
[1,1":3",1"]terphenyl) and different aromatic substituents R (Cl,
H, Me, OMe) at the 4,5-positions as well as the tin(i) complex
of a naphthalene-2,3-diamido ligand with TIPT "*"1 (Fig. 2).
The TIPT substituent has been shown to provide a hydro-
phobic space around a first coordination sphere of the metal
centre and prevent intermolecular interaction of the metal
centre to stabilize the mononuclear structure.>***** The tin(u)
complexes of phenylene-1,2-diamido ligands containing less
bulky N-substituents, SnL*™ and SnL*"®®"2  are also prepared
as reference complexes. Examination of their electrochemical
properties as well as their reactivities with organic azides gives
further insights into the roles of redox-active ligands in the
reactions of main group element complexes.

Results and discussion

Preparation, characterization, and crystal structures of tin(u)
complexes

Tin(u) complexes 11, Me1, ©Meq maPhq and SRLPPEBW? wwere syn-
thesised by a ligand exchange reaction between Sn[N(SiMe;),],
and ®LH, (R = Cl, Me, OMe and naph) or L""®2H, The
obtained complexes were characterised by 'H, °C, and ''°sn
NMR spectroscopy as well as elemental analysis. In the "H
NMR spectra of all the complexes in C4Ds, 'H signals of all C-
H protons of the ligands appeared but the N-H proton signals
of ®LH, disappeared, indicating that isolated tin(i) complexes
have the deprotonated diamido ligand, (*L)?~ or (LFM(Bw2)2-,
as in the case of ™ (see Experimental section and Fig. S1-
S4t).>® single crystals of the tin(i) complexes were obtained by
slow diffusion of acetonitrile into a THF solution of each
complex. The ORTEP drawings of the X-ray crystal structures
are depicted in Fig. 3. The crystal structures of “'1, Me1, ©Meq
and ™M1 reveal that overall they all resemble that of ™1 exhi-
biting a stannylene-type structure with the two coordinating
nitrogen atoms of the diamido unit as previously reported
(Fig. 3(a)-(d)). But there are some structural differences when
compared with the structures of the related stannylene com-
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Fig. 2 ChembDraw structures of the tin(i) complexes and organic azides
employed in this study and their abbreviations.
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Fig. 3 ORTEP diagrams of (a) [Sn(“'LI(THF),l (¢'1), (b) [Sn(MeL)(THF)
(CHsCN)I (Me1), (c) [Sn(®MEL)(THF)(CHSCN)l (°™e1), (d) [Sn("P"L)(THF),]
("Ph1) and (e) [Sn(LP"BY2)(THF)] (SnLPMBYW2) showing 50% ellipsoids.
Hydrogen atoms and non-coordinating solvent molecules are omitted
for clarity.

plexes coordinated with the less hindered o-phenylenediamido
ligands reported in the literature.>*° Namely, due to the steri-
cally demanding TIPT substituents, there is no intermolecular
interaction in the "L ligand system to allow coordination of
two solvent molecules with each tin(u) centre. In “'1 and "*P"1,
the two apical positions are occupied with two THF molecules.
With respect to M1 and °™¢1, one coordinating solvent mole-
cule is THF while the other one is CH;CN. In the case of
SnL*M®W2 o the other hand, one of the apical positions is
ligated with one THF molecule but the opposite apical site is
occupied by the phenylenediamido ring of a neighboring tin
() complex (Fig. 3(e)). The closest distance between the tin(u)
centre and the aromatic ring of the neighboring complex is
2.85 A, confirming an intermolecular interaction between the
empty 5p,-orbital of tin(u) and a w-orbital of the phenylenedia-
mido unit. Apparently, the sterically demanding TIPT substitu-
ent prohibits such an intermolecular interaction to stabilize
the monomer structure of ®1 as mentioned in the
Introduction.

The '°Sn NMR spectra of C¢Dg solutions of “'1, M1, Meq1,
OMeq and ™PR1 were recorded to evaluate the coordination
environments of the tin(u) centers (Fig. S51). The '*°Sn signals
appeared at 26 ppm, 65 ppm, 83 ppm, 126 ppm and 54 ppm,
respectively, which are listed in Table 1 together with those of
the related stannylene complexes.”*° It has been reported
that a ''°Sn chemical shift of stannylene is largely related to

This journal is © The Royal Society of Chemistry 2025
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Table 1 °Sn chemical shifts of the tin(i) complexes and related
compounds

Complex 1981 shift/ppm
! 26

11 (ref. 21) 65

Meq 83

OMeyq 126

naph1 54
[Sn(CeH4(NMe),)] 222¢
[Sn(CeH4(NCH,Ch,0Me),)] 148°
[Sn(CeH4(NCH,CH,CH,N(Me),),)] 52¢

“ Ref. 26.

the coordination number of the tin center.”>**® The appearance
of a 'Sn signal in a higher magnetic field region indicates
the presence of a four-coordinate tin(u) complex, whereas a
19Sn signal appearing in a lower magnetic field region indi-
cates formation of a two-coordinate tin(u) center.*’*> For
example, two-coordinate ~monomeric stannylene, [Sn
(CeH4(NMe),)], existing in a diluted C¢Dg solution, exhibits a
96n  signal at 222 ppm.*®* A tin(u) complex, [Sn
(CeH4(NCH,Ch,0Me),)], which exhibits a monomer structure
with weak intramolecular interactions between the tin(u)
centre and the two ether oxygen atoms of the ligand sidearm,
shows a ''?Sn signal at 148 ppm.>® On the other hand, a dimer
complex, [Sn(C¢H,(NCH,CH,CH,N(Me),),)],, consisting of
intramolecular Sn—-NMe, interactions and intermolecular Sn-N
(phenylenediamido of a neighboring molecule) interactions,
affords four-coordinated tin(u) centres, which show a °Sn
signal at 52 ppm.>® The "*°Sn chemical shifts of the series of
®1 complexes varied from 26 to 126 ppm. Since all the com-
plexes adopt a four-coordinate monomer structure in the solid
state as revealed by the crystallographic study (Fig. 3), the
observed variation of the *°Sn chemical shift suggests involve-
ment of an equilibrium between the three and/or four-coordi-
nate structure and its two-coordinate one that is formed by dis-
sociation of the coordinating solvent molecules, as shown in

eqn (1):

[Sn(RL™T)(solvent),] = [Sn(RL™"T)(solvent)] + solvent
= [Sn(RL™T)] + 2 solvent

The '*°Sn signal of “1 appeared at the highest magnetic
field among the series of ®1 complexes, suggesting that 2p,
(2N of o-phenylenediamido) — 5p, (Sn) donation was wea-
kened by the electron-withdrawing chloro-substituents,
making dissociation of the coordinating solvent molecules
from the tin(u) centre difficult in C¢De. Thus, the four-coordi-
nate tin() centre in “'1 is more stabilized. On the other hand,
OMe1 had its ''°Sn peak at the lowest magnetic field due to the
electron-donating nature of the methoxy substituents, making
the equilibrium proceed in the right-arrow direction of eqn (1).
In fact, the "H NMR spectrum of °™¢1 in C¢Ds showed 'H
signals assignable to a free THF molecule (dissociated THF) in
solution. Judging from the observed ''°Sn chemical shifts, it
can be concluded that the solvent-coordinated complexes are

Dalton Trans., 2025, 54, 5025-5034 | 5027
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more stabilized as the substituent R goes from OMe, Me, H,
naph and to CL

Effects of the bulky TIPT substituent on stability toward
hydrolysis

As revealed by the crystal structure analysis of *1, the TIPT sub-
stituents effectively stabilise the monomer tin(u) structure and
allow coordination of two solvent molecules. Since stannylene is
known to undergo hydrolysis easily,®" the stability of 1 toward
hydrolysis was compared to that of SnL*M®W2 and snL*",
Addition of a small amount of water to a THF solution of each
complex resulted in the formation of original ligand precursors,
HLH, and a white powder of SnO according to eqn (2):

[Sn('L)] + H,0 —-8n0 + HLH, (2)

In Fig. 4(a), the spectral changes for the hydrolysis of ™1 are
shown. The absorption band of ™1 at 330 nm decreases with
the increasing absorption band at 300 nm due to the original
ligand with an isosbestic point at 325 nm, obeying first-order
kinetics (see inset of Fig. 4(a)). The pseudo-first-order rate con-
stant (Kops, s’l) was proportional to the concentration of added
water, as shown in Fig. 4(b), from which the second-order rate
constant (k) was obtained as 2.4 M™" s™*, The hydrolytic reac-
tions of SnLPP®W2 and SnL™ were analyzed in a similar
manner to that of ™1, and the second-order rate constants
were determined as 26 M™' s7' and 54 M™' s7', respectively
(Fig. 4(b)). The second-order rate constants of SnL*P(®#W2 and
SnL™ are larger by about 10 and 22 times, respectively, than
that of ™1, demonstrating that both of the bulky TIPT substitu-
ents and the coordinating solvent molecules suppress the
attack of water molecules at the tin(u) centre.

a) b)
15 ) 10
£ SnLPh
T ’é ’ ’
<
s Ph(tBu)2
» 10 <4 - SnLPh(tBu)
5 = 26l o
H 3
I} 5 <
2 0 50 100 150 x
< time /s S 4r
0.5 =
o
217 Hy
0 L - 0 L L L L
250 300 350 400 450 500 0 2 4 6 8 10
Wavelength / nm [H20]/ mM

Fig. 4 (a) Time-dependent UV-vis spectral changes of a THF solution
of M1 in the presence of H,O (0.03 mM). The inset shows the pseudo-
first-order plot based on the absorbance change at 300 nm. (b) Plots of
Kkobs (s7Y) against [H,0] (black: M1, red: SnLPPBY2 Kiye: SnLPM).

Electrochemical properties of the tin(u) complexes

We recently reported electrochemical properties of ™1 in THF,
which was the first example of one of the tin(u) complexes with
o-phenylenediamido ligands to be subjected to CV measure-
ment.>® In this study, substituent effects of ®1 on electro-
chemical properties of “'1, M°1, °M°1, and "1 were also
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Fig. 5 (a) Cyclic voltammograms of R1 and "™P"1 in THF. (b) Frontier
Kohn—Sham orbital of the HOMO for H1 (B3LYP/SDD (for Sn), D95** (for
the other atoms)). In the calculation, the coordinating THF molecules
were omitted.

examined. As shown in Fig. 5(a), a quasi-reversible redox wave
was observed at +0.05 V, —0.10 V, —0.24 V, and —0.45 V vs. Fc/
Fc', respectively. "*P"1 also exhibited a quasi-reversible redox
wave at +0.13 V vs. Fc/Fe'. Apparently, the oxidation potential
of the tin(n) complexes shifts toward the negative direction as
the electron-donating nature of the substituent of ®1 increases
from Cl, H, Me, to OMe. We have already demonstrated that
one-electron oxidation of ™1 takes place at the supporting
ligand to generate the diiminosemiquinone radical complex of
tin(u), ®2.>° The observed substituent-dependent negative shift
of the oxidation potential further supports this conclusion.
Fig. 5(b) shows the HOMO diagram of ™1 obtained by DFT cal-
culations, where the majority of the HOMO exists on the phe-
nylenediamido moiety. In both CVs of SnL*"®®")2 and sn1®",
irreversible oxidation waves were observed at E,, = —0.20 V and
Ep, = —0.17 V, respectively.

Reactivity of the tin(u) complexes toward organic azides

The reactivity of ®1 complexes in a C-H amination reaction
was examined using trisylazide (N;-Trs) as a substrate (Fig. 2
and Scheme 1). Following the reactions of °¢1, M°1 and ™1,
sultam (5,7-diisopropyl-2,3-dihydro-3,3-dimethyl-1,2-ben-
zothiazole-1,1-dioxide) was obtained in 25, 23 and 22% yields,
respectively. As a by-product, trisylamine was also obtained.
However, sultam was not obtained from the reactions of trisy-
lazide with 1 and ™*"1. Such a difference in the reactivity
can be attributed to whether the nitrene-radical bound
species, [Sn(*L)(Trs-N")] (*2™ ™), is generated as the reactive
oxidant by electron transfer from the o-phenylenediamido

HN 25% (R = OMe)
R + N3Trs —» g 23% (R = Me)
0% 22% (R=H)
0% (R=Cl)
sultam

naphq, §pLPh(tBuz) SplPh + N3-Trs —f—= sultam

Scheme 1 Reactivity differences of tin() complexes in the C-H
amination.

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Formation mechanism of in the reaction of "1

and N3—TolCFs.

moiety to the bound N;-Trs and the successive release of dini-
trogen (N,) (Scheme 2). In our previous paper, such a nitrene-
radical bound species, 2™ has been revealed as the active
oxidant for the intramolecular amination reaction to give
sultam.>® In ®2™* ™" most of the spin is located on the nitrene
nitrogen atom (the spin density = 82%) while the remainder is
on the tin(u) center (2%) and on the sulfonyl group (-S(O),-)
(16%). Reactions of N3-Trs with tin(un) complexes with sterically
less hindered ligands, SnLPP®%2 and snL®™, did not give
sultam.

Then, the reactivity of the tin(u) complexes toward organic
azides was followed by UV-vis-NIR spectroscopy at low temp-
erature. Since the nitrene-radical complex, "2™™" has a diimi-
nosemiquinone radical unit, which exhibits a broad absorp-
tion band (960 nm) in the near-IR region,>® formation of the
analogues intermediate, *2%™", was examined in the reactions
of the series of ®1 complexes and organic azides (N;-R’) by
monitoring the appearance of the broad absorption band in
the near-IR region. Table S3f lists the Anax of the near-IR
absorption bands of the generated ®28™". The absorption
spectra of ®28 ™" are given in Fig. S6.1 Complex ®™¢1 activated
all organic azides employed, N3;-R’, to produce a series of
R2R’—N-. Mey gave Mest—N-, MeZTolCFS—N- and Me2T5 N from the
reactions with the corresponding azides. Reactions of ™1 with
N,-Ns and N;-TolCF; also afforded 2NN and HpTolCFs—N-
respectively. Reactions of other combinations did not proceed.
Thus, the reactivity of ®1 toward organic azides, N;-R’, became
higher as the oxidation potential became more negative: Cl —
H — Me — OMe. Namely, ®°1 having the lowest oxidation
potential exhibits the highest reactivity in the activation of
organic azides. On the other hand, 1 and ™*P"1 having higher
oxidation potentials did not reduce the azides. IR spectra of
the organic azides were recorded to observe the vn—y stretch
bands and their values are also listed in Table S3.1 As is clearly
seen, the higher the vy—y value, the easier the dinitrogen
release.

It is proposed that generation of a nitrene bound metal
complex ®28 ™" from the precursor complex *1 and an organic
azide N3;-R’ requires the following two steps: (1) coordination
of an organic azide to the precursor complex to yield an
adduct complex and (2) elimination of a dinitrogen molecule
(N,) from the adduct complex. A large number of nitrene
bound metal complexes including metal imido and metal
nitrene-radical complexes have so far been prepared by such

This journal is © The Royal Society of Chemistry 2025
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reactions. However, no Kkinetics study on such a two-step
process has been reported. By careful inspection of the absorp-
tion spectral change of ®1 observed upon addition of N3-R’, we
found that the reaction of ™1 with N3~TolCF; giving "2™'°F3™N"
consisted of two-step processes. Fig. 6(a) shows spectral
changes for the reaction of ™1 (1.0 mM) in the presence of N3-
TolCF; (20.0 mM) in toluene at —40 °C. The original spectrum
(black line) of ™1 readily changed to the red line spectrum,
and then the characteristic absorption bands at 490, 880, and
965 nm due to the nitrene-radical bound complex, H2ToICF3-N-
gradually appeared (green line spectrum) (Fig. S7t). The time
course of the absorbance changes at 455 nm was fitted by
using eqn (3), from which the apparent rate constants for the
first step, kops: (S7'), and the second step, kopsx (S77), were
obtained (Fig. 6(b)):

Absyss = a+ b - exp(—kobst - t) — ¢ - exp(—Kkobs2 - t) (3)

As shown in Fig. 6(c) and (d), keps1 (5™') was proportional to
the concentration of N3-TolCF;, whereas kops, (S~') was inde-
pendent of N;-TolCF; concentration, from which the second-
order rate constant k; and the first-order rate constant k, were
determined as being 0.19 M~ s™ and 5 x 10~° s7*, respectively
(the time courses of the absorbance changes at each concen-
tration of N;-TolCF; are given in Fig. S8%). The first step is
safely assigned to that involving coordination of N3;-TolCF; to
H1 to yield an intermediate "1™*""1°F3 \hile the second step
involves N, elimination from H1N3-T°I¢F3 coypled with a one-
electron transfer from the phenylenediamido moiety to the

a) b)
20 20
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Absorbance at455 nm
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102 X Koy / 871

20 / 20
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[N3-ToICF 4] [N3-TolCF3]
Fig. 6 (a) Spectral changes observed upon addition of N3z—TolCFs

(20.0 mM) to M1 (1.0 mM) in toluene at —40 °C: "1 (black) — HiN3-TelCFs
(red) — H2ToCF3-N (green). (b) Time course of the absorbance change at
455 nm (black). Simulation of the time course (red): Absyss = a + b-exp(—
Kopsit) + c-expl—Kopsat); @ = 1.7, b = 3.4, kopsy = 7.1 x 1073, ¢ = 3.6,
Kobs2 = 2.8 X 1073, R? = 0.9996. (c) Plot of ko1 against [N3—TolCFs]. (d)
Plot of kops2 against [N3—TolCFs].
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azide moiety to give "2T°'°F*™N" (Scheme 2). On the other
hand, when ®*1 was employed instead of "1, the UV-vis spec-
trum of °™°1 was directly changed to that of M oICF3-N- f5].
lowing a single exponential kinetics equation, namely the
adduct intermediate was not detected spectroscopically
(Fig. S9t). Such a difference in the kinetics behaviors can be
explained as follows. The oxidation potential of ™1 is higher
than that of 1. Thus, the intramolecular electron transfer
from the phenylenediamido unit to the coordinating azide in
HN3-ToICF3 must be slower than that in the methoxy analogue
OMeyN3-TolCF3  Accordingly, the first step for adduct
formation of N;-TolCF; and ™1 was observable. On the other
hand, intramolecular electron transfer within ©Me1N3-T0ICF3 ¢
produce “M€2TOICF3 N will be much faster than that within
HN3-ToICF3 taking the lower oxidation potential of °™1 into
account. Moreover, the tin(n) centre of ®€1 favors the two-
coordinate structure as revealed by the ''°Sn NMR spectral
examination (Table 1), where the initial association process
between °™°1 and N;-TolCFs, namely coordination of
N;-TolCF; to €1, becomes unfavorable (slower) when com-
pared with the case of 1.

The formation mechanism of H2™F*N* deduced by the
kinetics study is further supported by DFT calculations. The
majority of the LUMO of ™1 comprises the 5p, orbital of the
tin(u) centre as shown in Fig. $10,T which accepts coordination
of N;-TolCF; to yield the adduct complex, #1N*-T0IF3  Thig
complex adopts the closed-shell singlet state (CSS), where the
phenylenediamido unit constitutes the HOMO whereas the
N;-TolCF; part significantly contributes to the LUMO (Fig. 7).
The energy difference between the HOMO and LUMO of
HYN3-TOICFS is .41 eV. In the conversion of M1N3"TICF3 o
HQToICF3-N- " the transition state (TS) is also a CSS, which is
formed with E, = 10.5 kcal mol™'. Two electrons in the HOMO
of the TS delocalize over the phenylenediamido and N;-S(0),-
units excluding the sulfur and tin atoms and similarly in the
LUMO there are contributions from the two units. Following
the dinitrogen elimination with AE = —16.0 kecal mol™', a
triplet state is generated in the nitrene-radical bound
complex 271" N haying a triplet state is generated.

To confirm that H2™FN is 3 triplet species, its X-band
electron paramagnetic resonance (EPR) spectrum was recorded
in toluene glass at 4.1 K (Fig. 8). As observed in "2™™" which
was recently reported,® the half-field transition for AMg = +2

a)

J\
e
4,

Fig. 7 (a) Frontier Kohn—Sham orbitals of the HOMO (a) and the LUMO
(b) for HAN3=TolCF3 (B3] YP/SDD (for Sn), D95** (for the other atoms)).
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Fig. 8 EPR spectra of H2N'To!CF3 gpserved in toluene glass at 4.1 K. (a) A

half-field EPR transition of H2T°'“F*~N" (b)) Allowed EPR transitions. The
observed spectrum (black) is compared with a simulated one (red)
including a radical impurity. The signal intensity of the half-field tran-
sitions was two-orders of magnitude smaller than that of the allowed
transitions.

was observed at g ~ 4 together with allowed transitions for
AMg = +1, demonstrating that H2T°'F3N" 3150 includes a spin-
triplet species. By simulating the observed spectra using the
Easyspin toolbox*® on MATLAB software, we determined mag-
netic parameters of 2N ag follows: g, = 2.001, g, =
1.998, g,, = 2.000, |D| = 0.0039 cm™ ", and |E| = 0.0005 cm™".
The signal intensities of the half-field transitions were not pro-
portional to 1/7, indicating that the spin-triplet species is in a
thermally excited state (Fig. S11f). Thus, this triplet species
was characterised as a tin(u)-nitrene-radical complex with a
diiminobenzosemiquinone radical anion, H2™¢F3-N-,

Conclusions

In this manuscript, tin(i) complexes with o-phenylenediamido
ligands that have a terphenyl-based sterically bulky substituent
were synthesised and then characterised by several spectro-
scopic methods. Crystal structures of all complexes were deter-
mined and these show tin(u) centres that adopt a four-coordi-
nate structure with two amido nitrogen atoms of the o-phenyle-
nediamido ligand and two solvent molecules. Following *°Sn
NMR study of the complexes in C¢Dg, each tin(u) center was
revealed to exist in equilibrium between the four-coordinate
tin(u) centre and the two-coordinate version formed by dis-
sociation of the two solvent ligands, where ligands having elec-
tron-donating groups stabilised the two-coordinate tin(u)
centre while those having electron-withdrawing groups stabil-
ised the four-coordinate species. The terphenyl-based bulky
substituent stabilised the tin(u) centre against hydrolysis,
which was demonstrated by comparing its stability with that of
the tin(u) complexes with less bulky substituents. The tin(u)
complexes with sterically demanding o-phenylenediamido-
based ligand derivatives underwent ligand-based redox and
the oxidation potential varied from —0.45 V to +0.13 V as the
substituent goes from -OMe to -naph. The tin(u) complexes
having electron-donating groups exhibited intramolecular C-H
amination of trisylazide to give sultam but the amination
product was not obtained by the reactions of those complexes
having electron-withdrawing groups with this substrate. Such a
difference in the reactivity was the availability of the nitrene-
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radical bound tin(u) reactive intermediate. A step of binding
an organic azide to a tin(u) complex and then successive one-
electron transfer steps from the ligand to the bound azide
moiety to give the nitrene radical tin(u) complex were analyzed
kinetically. The combination of the o-phenylenediamido
ligands and a tin(u) centre provides further insights into the
roles of redox-active ligands in the reactions of main group
element complexes.

Experimental

Materials and methods
General

Reagents and solvents used in this study except for the ligand
and complexes were commercial products of the highest avail-
able purity. The solvents were stored with a molecular sieve 4A.
Silica gel 60 (0.063-0.200 mm) made by Merck was used for
silica gel column chromatography. Sn[N(SiMe;),],,*® [Sn
(L™ and [Sn("L™")] (*1)** were prepared according to
reported methods under argon in a Miwa DBO0-1KP glovebox.
LPRBU2E, 15 51 bromo-2,4,2",4"-tetraisopropyl-[1,1':3',1"]ter-
phenyl (TIPT-Br),>® 4,5-dimethoxyphenylene-1,2-diamine,*”
4-methylbenzenesulfonyl azide (N5-Ts),*® 4-nitrobenzenesulfo-
nyl azide (N;3-Ns),*® 4-(trifluoromethyl)benzenesulfonyl azide
(N3-ToICF3),*® 2,4,6-trimethylphenylazide (N;-Mes),*® 1-azido-
4-nitrobenzene (N;-PhNO,)*° and mestylazide*' were syn-
thesised by following the reported methods. EPR measure-
ments were carried out on a BRUKER ELEXSYS E600 spectro-
meter under non-saturating microwave power conditions. UV-
vis spectra were recorded on a Hewlett Packard 8453 photo-
diode array spectrophotometer equipped with a UNISOK ther-
mostated cell holder (USP-203). Solution IR spectra were
acquired on a SHIMAZU spectrometer (IRPrestige-21). 'H, *C
and "°Sn NMR spectra were recorded on a JEOL ECP 400 or a
JEOL ECS 400 spectrometer. Elemental analysis and HR-MS
measurements conducted in the  Analytical
Instrumentation the Graduate School of
Engineering, Osaka University. Electrochemical measurements
were performed using a KOREA KIYON KK-011AS glovebox
with a Hokuto Denko HZ-7000 in THF (1.0 mM) containing
"BuyNPFs (0.1 M) at room temperature. A set of a carbon
working electrode (diameter = 3 mm), an Ag/AgNO;/CH;CN
reference electrode and a platinum counter electrode was
employed in these experiments. All redox potentials are refer-
enced to the ferrocene/ferrocenium (Fe/Fc') redox potential.
The values of E;;, and A(Ep, — Epc) vs. Ag/AgNO; from the
cyclic voltammogram of Fc were 0.30 V and 0.20 V, respectively,
under the employed conditions.
N,N'-Bis[2,6,2",6"-tetra-isopropyl-m-terphenyl]-4,5-dichloro-
phenylene-1,2-diamine (“'LH,). 4,5-Dichlorophenylene-1,2-
diamine (354 mg, 2.00 mmol), TIPT-Br (1.91 g, 4.00 mmol)
and NaO‘Bu (576 mg, 6.00 mmol) were placed in a 100 mL
three-neck flask with a magnetic bar stirrer. Pd,(dba)s
(91.6 mg, 0.100 mmol), rac-BINAP (93.4 mg, 0.150 mmol) and
toluene (5.0 mL) were added to a 50 mL eggplant flask under

were
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an N, atmosphere. After stirring the solution for 6 h, the gen-
erated [Pd(binap)] catalyst solution was added by cannulation
into the 100 mL three-neck flask previously prepared. The
mixture was heated to 110 °C and stirred overnight at this
temperature. The resultant suspension was cooled to room
temperature. Insoluble material was removed by filtration
through a pad of Celite and the solid was washed with CH,Cl,
until the filtrate became colorless. The combined filtrate was
concentrated under reduced pressure to give a crude product
of “'L"™"H,, which was purified by silica gel column chromato-
graphy using a mixed solvent of hexane/chloroform (v/v =3:1)
as an eluent. A pale-yellow band was collected and evaporated
to give a white solid of “'L™"H, (891 mg, 46%), which was
recrystallized by slow diffusion of acetonitrile into a THF solu-
tion. Anal. caled (%) for CeeH,6Cl,N,-0.3THF: C, 81.37; H,
8.17; N, 2.82. Found: C, 81.42; H, 8.10; N, 2.84. 'H NMR
(CDCl;, 600 MHz, ppm): 6 = 7.41 (s, 2H, Haw,), 7.32 (t, ] = 7.8
Hz, 4H, Hypy), 7.18 (d, J = 7.8 Hz, 8H, Hyypry), 6.83 (d, J = 1.2
Hz, 4H, Hrypr), 6.64 (t, ] = 1.2 Hz, 2H, Hrppy), 5.69 (s, 2H, Hyp),
2.81 (sep, J = 7.2 Hz, 8H, Hepgen), 1.17 (d, J = 7.2 Hz, 24H,
Hue(ipr), 1.08 (d, 7.2 Hz, 24H, Hyeipr). C NMR (CDCl;,
600 MHz, ppm): § = 146.57, 142.00, 138.68, 134.60, 127.90,
125.04, 124.88, 122.50, 119.58, 117.53, 30.46, 24.40, 24.19
(Fig. S11). HR-MS (FAB"): m/z = 968.5540.

[Sn(“'L)(THF),] (“"1). To a THF (1.0 mL) solution containing
“'LH, (0.400 mmol, 387 mg) was added Sn[N(SiMe;),],
(0.404 mmol, 177 mg) under an argon atmosphere. The reac-
tion mixture was then stirred for 36 h at ambient temperature
to yield yellow powder, which was collected by filtration
(199 mg, 46%). Anal. caled (%) for
CeeH76CLN,Sn-2THF-2.8H,0: C, 69.35; H, 7.68; N, 2.19.
Found: C, 69.32; H, 7.52 N, 2.19. 'H NMR (C¢Ds, 600 MHz,
ppm): § = 7.59 (s, 2H, Ha,), 7.33 (t, ] = 7.8 Hz, 4H, Hrpr),
7.22 (d, J = 7.8 Hz, 8H, Hypr), 6.90 (s, 4H, Hrpr), 6.54 (s, 2H,
Hiypr), 3.47 (m, 8H, Hyyg), 3.15 (sep, J = 6.6 Hz, 8H, Hewgen),
1.33 (m, 4H, Hyug), 1.29 (d, J = 6.6 Hz, 24H, Hyie(ipr), 1.23 (d, ]
= 6.6 Hz, 24H, Hyse(ipr). C NMR (CgDs, 600 MHz, ppm): § =
146.81, 145.74, 144.28, 142.87, 139.30, 128.65, 127.15, 123.35,
123.04, 116.88, 112.92, 67.89, 31.05, 25.69, 24.76, 24.68. 1'°Sn
NMR (CgDg, 600 MHz): § = 26.2 ppm.

N,N'-Bis[2,6,2",6"-tetra-isopropyl-m-terphenyl]-4,5-dimethyl-
phenylene-1,2-diamine (M°LH,). This ligand was prepared in a
similar manner to that for the synthesis of “'LH, by using 4,5-
dimethylphenylene-1,2-diamine (272 mg, 2.00 mmol) instead
of 4,5-dichlorophenylene-1,2-diamine. A white solid sample of
MCLH, (1.10 g, 59%) was obtained after purification by silica
gel column chromatography using a mixed solvent of hexane/
chloroform (v/v = 3:1) as an eluent. M°*LH, was recrystallized
by slow diffusion of acetonitrile into a THF solution. Anal.
caled (%) for CegHgoN,-0.3THF: C, 87.39; H, 9.16; N, 2.95.
Found: C, 87.34; H, 9.17; N, 2.95. "H NMR (CDCl;, 600 MHz,
ppm): § = 7.30 (t, J = 7.2 Hz, 4H, Hrpr), 7.19 (s, 2H, Ham,),
7.17 (d, J = 7.2 Hz, 8H, Hypy), 6.77 (d, J = 1.8 Hz, 4H, Hypy),
6.51 (t, J = 1.2 Hz, 2H, Hyypy), 5.62 (s, 2H, Hyn), 2.85 (sep, J =
7.2 Hz, 8H, Hewgen), 1.16 (d, J = 7.2 Hz, 24H, Hye(ipr), 1.07 (d,
7.2 Hz, 24H, Hyeipr). °C NMR (CDCl;, 600 MHz, ppm): 6 =
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146.63, 143.78, 141.48, 139.24, 132.36, 130.84, 127.67, 123.14,
122.41, 121.04, 116.16, 30.37, 24.43, 24.20, 19.26 (Fig. S27).
HR-MS (FAB"): m/z = 928.6641.

[Sn(M°L)(THF)(CH;CN)] (**1). This compound was prepared
in a similar manner to that for the synthesis of “"1 by using
MeLH, (371 mg, 0.400 mmol) instead of “'LH, and isolated as
a yellow powder (293 mg, 70%). Anal. caled (%) for
CesHgoN,Sn-2.2THF-1.5H,0: C, 74.89; H, 8.40; N, 2.27. Found:
C, 74.78; H, 8.42 N, 2.36. 'H NMR (C¢Ds, 600 MHz, ppm): § =
7.49 (s, 2H, Haw,), 7.35 (t, J = 7.8 Hz, 4H, Hoyppr), 7.24 (d, J =
7.8 Hz, 8H, Hyypy), 6.89 (s, 4H, Hyypr), 6.61 (s, 2H, Hypy), 3.54
(m, 8H, Hryg), 3.23 (sep, J = 6.6 Hz, 8H, Hcy(ipr), 1.39 (m, 4H,
Hrur), 1.27 (d, J = 6.6 Hz, 24H, Hye(ipr), 1.26 (d, J = 6.8 Hz,
24H, Hye(ipn). °C NMR (C¢Dg, 600 MHz, ppm): § = 146.87,
146.74, 142.51, 142.43, 139.71, 128.35, 126.44, 125.93, 123.38,
122.99, 114.16, 67.85, 30.99, 25.78, 24.82, 24.68. *°Sn NMR
(CeDg, 600 MHz): § = 83.3 ppm.

N,N'-Bis[2,6,2",6"-tetra-isopropyl-m-terphenyl]-4,5-dimethox-
yphenylene-1,2-diamine (°™°LH,). This ligand was prepared in
a similar manner to that for the synthesis of “'LH, by using
4,5-dimethoxyphenylene-1,2-diamine (252 mg, 1.50 mmol)
instead of 4,5-dichlorophenylene-1,2-diamine. A light orange
solid sample of ®Y°LH, (1.10 g, 59%) was obtained after purifi-
cation by silica gel column chromatography using a mixed
solvent of hexane/chloroform (v/v = 1:2) as an eluent. The
obtained solid was washed with acetonitrile to give a white solid
of ®°LH, (0.58 g, 40%). Anal. caled (%) for CgsHgsN,0,-2.5H,0:
C, 81.14; H, 8.91; N, 2.78. Found: C, 81.14; H, 8.60; N, 2.85. 'H
NMR (CDCl;, 400 MHz, ppm): § = 7.30 (t, 4H, Hyypy), 7.16 (d, 8H,
Hpppr), 6.93 (S, 2H, Ham), 6.69 (d, J = 1.2, 2H, Hypy), 6.50 (t, ] =
1.2 Hz, 4H, Hppr), 5.63 (S, 2H, Hyw), 3.75 (S, 6H, Hopme), 2.82
(sept, J = 6.6 Hz, 8H, Hoygpn), 1.12 (d, J = 6.6 Hz, 24H, Hyie(pr),
1.05 (d, J = 6.6 Hz, 24H, Hyegpn)- C NMR (CDCl;, 600 MHz,
ppm): & = 146.54, 145.39, 144.30, 141.58, 139.21, 128.22, 127.72,
123.24, 122.42, 115.48, 106.48, 56.37, 30.34, 24.44, 24.14
(Fig. S31). HR-MS (FAB"): m/z = 960.6554.

[Sn(°™°L)(THF)(CH;CN)] (°™¢1). This compound was pre-
pared in a similar manner to that for the synthesis of “'1 by
using ®™°LH, (0.400 mmol, 371 mg) instead of “'LH, and was
isolated as a yellow powder (293 mg, 70%), which was recrystal-
lized by slow diffusion of acetonitrile into a THF solution.
Anal. caled (%) for CggHg,N,0,Sn-THF-CH3CN-0.5H,0: C,
74.05; H, 7.89; N, 3.50. Found: C, 73.85; H, 8.15 N, 3.68. 'H
NMR (C¢Dg, 600 MHz, ppm): & = 7.34 (t, ] = 7.8 Hz, 4H, Hyypy),
7.28 (d, J = 1.8 Hz, 4H, Huyypr), 7.23 (S, 2H, Haw), 7.23 (d, J =
7.8 Hz, 8H, Hyypr), 6.92 (s, 2H, Hrpr), 3.62 (s, 6H, Home), 3.53
(m, 2.5H, Hyyy), 3.22 (dsep, J = 6.9, 0.6 Hz, 8H, Hepypn), 1.24
(dd, J = 6.9, 0.6 Hz, 48H, Hyse(ipr). ~C NMR (C¢Ds, 600 MHz,
ppm): § = 146.76, 146.22, 144.48, 142.47, 139.50, 138.97,
128.48, 127.30, 123.85, 122.94, 100.91, 57.74, 30.93, 24.82,
24.48. °Sn NMR (C4¢Ds, 600 MHz): § = 126 ppm.

N,N'-Bis[2,6,2",6"-tetra-isopropyl-m-terphenyl ]-naphthalene-
2,3-diamine ("*P"LH,). This ligand was prepared in a similar
manner to that for the synthesis of “'LH, by using naphtha-
lene-2,3-diamine (257 mg, 1.50 mmol), instead of 4,5-dichloro-
phenylene-1,2-diamine. A light orange solid sample was
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obtained by silica gel column chromatography using a mixed
solvent of hexane/chloroform (v/v = 3:1) as an eluent, which
was washed with acetonitrile to give a white solid of "*P"LH,
(0.78 g, 55%). Anal. caled (%) for C,oHg,N,: C, 88.37; H, 8.69;
N, 2.94. Found: C, 88.22; H, 8.85; N, 2.90. 'H NMR (CDCl,,
400 MHz, ppm): § = 7.77 (s, 2H, Haw,), 7.48 (m, 2H, Haw),
7.32 (t, ] = 7.6 Hz, 4H, Hypr), 7.23 (m, 2H, Hawy), 7.20 (d, J =
7.6 Hz, 8H, Hypy), 6.98 (d, J = 1.2, 4H, Hyypy), 6.30 (t, J = 1.2
2H, Hypy), 5.92 (s, 2H, Hyy), 2.88 (sep, J = 6.8 Hz, 8H,
Hecngpn), 1.20 (d, J = 6.8 Hz, 24H, Hye(ipr), 1.10 (d, J = 6.8 Hz,
24H, Hye(ipr)- ~C NMR (CDCl;, 600 MHz, ppm): 5 = 146.60,
142.71, 141.80, 138.96, 135.09, 129.96, 127.81, 126.12, 124.42,
124.36, 122.47, 117.53, 113.67, 30.45, 24.43, 24.24 [Fig. S4T).
HR-MS (FAB"): m/z = 950.6500.

[Sn("*P"L)(THF),] (***"1). This compound was prepared in a
similar manner to that for the synthesis of “1 by using
naphp 1, (0.404 mmol, 177 mg) instead of “'LH, and was iso-
lated as a yellow powder (293 mg, 70%). The solid was recrys-
tallized by slow diffusion of acetonitrile into a THF solution.
Anal. caled (%) for C,oHgoN,Sn-1THF-3H,0: C, 74.42; H, 7.93;
N, 2.35. Found: C, 74.65; H, 7.99 N, 2.44. '"H NMR (CgDs,
600 MHz, ppm): § = 7.98 (s, 2H, Ha,), 7.85 (m, 2H, Haw,),
7.35 (s, 4H, Hypy), 7.34 (t, J = 7.8 Hz, 4H, Hyppy), 7.25 (m, 2H,
Ham,), 724 (d, J = 7.8 Hz, 8H, Hypr), 6.93 (t, J = 1.2, 2H,
Hrpr), 3.53 (m, 2.5H, Hoyyp), 3.26 (dsep, J = 6.9, 0.6 Hz, 8H,
Heugen), 1.37 (m, 2.5H, Hpyg), 1.31 (d, J = 6.6 Hz, 24H,
Huyegpr), 1.27 (d, J = 7.2 Hz, 24H, Hyegpr). ~C NMR (CgDs,
600 MHz, ppm): § = 146.79, 145.66, 142.61, 139.58, 128.92,
128.48, 128.29, 126.47, 126.40, 123.33, 123.13, 122.97, 106.98,
30.97, 24.77, 24.68. 1°Sn NMR (C4¢Ds, 600 MHz): § = 54 ppm.

[Sn(LP"(*BW2)(THF)] (SnL*®2). This compound was pre-
pared in a similar manner to that for the synthesis of “'1 by
using "L*"®"2H, (0.400 mmol, 194 mg) instead of “'L"™""H,
and isolated as a yellow powder (216 mg, 90%). Anal. calcd (%)
for Cs,HyN,Sn-THF: C, 67.76; H, 8.08; N, 4.16. Found: C,
67.99; H, 8.47 N, 4.16. '"H NMR (THF-dg, 600 MHz, ppm): 6 =
7.39 (s, 4H, Hpy), 7.31 (s, 2H, Hpy), 7.17 (dd, J = 5.8 Hz, 3.4 Hz,
2H, Hyw), 6.62 (dd, J = 5.8 Hz, 3.4 Hz, 2H, Huw), 1.53 (s,
36H, Hyze). '°Sn NMR (CgDg, 600 MHz): § = —58.0 ppm.

Kinetics study on the formation of tin-nitrenoid complexes

A toluene solution of ™1 (1.0 mM, 2.0 mL) in a 1.0 cm path-
length UV-vis cuvette was held in a Unisoku thermostated cell
holder at —40 °C. An aliquot (20 pL) of a toluene solution of
N;-TolCF; (1.0 g, 4.0 mmol in 1.0 mL) was added to the
toluene solution of ™1 in the cuvette through a septum cap by
using a gas-tight syringe to start the reaction. In this case, the
molar ratio of ™1 and N;-TolCF; was 1:20. The same pro-
cedures were repeated by changing the amount of added N;-
TolCF; (40, 60, 80, and 100 equiv. against ™1). The reaction
consisted of a two-step process: 1 + N3-TolCF; — [F17*-T0ICF3]
— HTolCF3-N- "The time course of the absorbance changes at
455 nm due to the "1™™!F3 adduct intermediate was fitted
by the following equation: Abs. = a + b-exp(—kopsi-t) + c-exp(-
kobs2t) to give rate constants, where the apparent rate con-

This journal is © The Royal Society of Chemistry 2025
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stants, kobs(1) (s71) and kobs(z) (s™), correspond to the first step
and the second step, respectively.

EPR measurement

An EPR sample tube (¢ = 5 mm) containing a toluene solution
(0.8 mL) of ™1 (1.0 mM) was cooled and kept at —40 °C with a
dry ice-CH;CN bath. To the toluene solution, a toluene solu-
tion of N3;-TolCF; was added through a septum cap by using a
gas-tight syringe ([1]:[N3-TolCF;] = 1:1). After standing at
—40 °C for 1 h to generate #27'°F™N"the solution was frozen
in liquid nitrogen. EPR spectra of the frozen solution were
observed with an X-band ELEXSYS E600 EPR spectrometer
(vaw = 9.5375 GHz) at liquid helium temperature. Microwave
power of 0.01 mW and modulation amplitude of 0.1 mT were
applied for the measurements of allowed transitions. On the
other hand, microwave power of 1.0 mW and modulation
amplitude of 1 mT were applied for the measurements of half-
field forbidden transitions. The spectrum measured was simu-
lated by the Easyspin toolbox.**

Intramolecular amination of trisylazide (N3;-Trs)

Trisylazide (35 pmol, 10.9 mg) was dissolved in toluene
(1.0 mL) and then an aliquot (20 pL) of the solution was added
to a toluene solution (1.0 mL) of ®1 (3.50 pmol), where the
ratio of trisylazide : ®*1 is 1: 1. The mixture was stirred at 70 °C
for 24 h under argon. All volatiles were evaporated in vacuo
and the crude products were analyzed by "H NMR spectroscopy
(CDCl;, 400 MHz; internal standard: 1,4-dimethoxybenzene
(2.07 mg, 15.0 pmol)). The aminated product (sultam: 5,7-di-
isopropyl-2,3-dihydro-3,3-dimethyl-1,2-benzothiazole-1,1-
dioxide) was identified by comparing its '"H NMR chemical
shifts with those of the authentic sample.

X-ray crystallography. Single crystals of <M1
and SnL”"(*®2 gyitable for X-ray crystallographic analysis were
obtained by slow diffusion of acetonitrile into the respective
THF solution. Each single crystal was mounted on a loop with
mineral oil. Data from X-ray diffraction patterns were recorded
at —158 °C on a Rigaku R-AXIS RAPID diffractometer using
filtered Mo-Ka radiation (0.71075 A). The structures were
resolved by direct methods (SHELXT)* and expanded using
Fourier techniques. The non-hydrogen atoms were refined ani-
sotropically by full-matrix least squares on F°. The hydrogen
atoms were attached at idealized positions on carbon atoms
and were not refined. All calculations were performed using
the program Olex2 crystallographic software packages.** For
!4, one of the THF molecules coordinating toward the tin
atom was disordered, and its hydrogen atoms were not
attached to them. All structures in the final stage of refinement
showed no movement in atom positions. There is no high-level
alert in the check CIF file to the CIF and FCF files (https:/
checkcif.iucr.org). Crystallographic parameters are summar-
ized in Table S1.f CCDC 2325047-23250511 contain the sup-
plementary crystallographic data (CIF files) for <11, M1, °Me1,
naphy and SnLP"*®W2 reported in this paper.

Computational methodology. Energy calculations in the
triplet, closed-shell singlet, and open-shell singlet states were

, Mel’ OMel’ naph:l
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performed using density functional theory implemented with
the Gaussian16 program package.’” The open-shell singlet
state was computed using the broken-symmetry approach.
Geometry optimizations were performed with the B3LYP
functional.*®*” For the Sn atom, the SDD basis set,*®*° and for
the other atoms, D95** basis set>® were used.
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