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ABSTRACT: A simple exchange reaction between [Ar"*Sn-
(u-C1)], (1) and sodium azide afforded the doubly bridged
Sn(I) azide, [Ar™*Sn(u-N;)], (2) (AF™* = CgH;-2,6(CeHs-
2,6-'Pr,),) in 85% yield. Photolysis of a diethyl ether solution
of 2 for ca. 16 h yielded an azepinyl-substituted insertion
product, [CgH;-2-(C¢H,-2,6-Pr,)-6-(C4H,N-3,7-Pr, )Sn], (3).
The reaction of the Lewis acid, B(C4F;); (BCF), or the Lewis
base, pyridine, with 2 dissociates the dimer to afford the corre-
sponding complexed monomeric Sn(II) azide, Ar"™SnN;BCF
(4) in which BCF coordinates the a-nitrogen, or Ar"™Sn-
(pyridine)N, (6) in which pyridine coordinates to the tin atom.
Photolysis of 4 in diethyl ether for 12 h results in the insertion

of the a-nitrogen of the azide group into one of the B—C bonds of the BCF acceptor to yield the tin(II) amide,
Ar™SnN(C4Fs)B(CgFs), (5). In contrast, photolysis of 6 for over 36 h afforded no apparent reaction. A highly reactive Sn

nitride intermediate,

Ar"™Sn=N, is proposed as part of the mechanistic pathway for the formation of 3 and 5 as a result of

trapping the tin-centered radical isomers, This was effected by immediate freezing the samples of 2 or 4 after ca. 30 min of UV
photolysis and recording their electron paramagnetic resonance spectra. These exhibited a rhombic g tensor of [g;, g, g] =
[2.029, 1.978, 1.933]. This radical intermediate could be related to the valence isomers of the nitride [—Sn"V=N] intermediate,
in isomeric equilibrium with the nitrene [—Sn"—N7] and nitridyl [~Sn™=N-] forms, but with the spin density on the nitrogen
being quenched, possibly by the H atom abstraction to form an S = 1/2 species of formula —Sn-=N(H).

B INTRODUCTION

The study of metal azide chemistry has focused mainly on
derivatives of the transition metals," > and the structures and
reactivity of a range of such complexes are well-established.
An interesting feature of their reactivity is decomposition to
metal nitrides, such as MoNCly or WNCl;, via thermolysis of the
azido metal halides MCLN; (M = Mo, W) with elimination of
N, and CL.° Related azido metal complexes of formula MCI,N,
(M = Nb, Ta) were shown to react with PPh; to give phospho-
raneiminato complexes ClM=N=PPh; with elimination of
N,.”* Azido complexes have also been used as precursors
for homo- or heterometallic clusters. An example is the gold
cluster [(PhyPAu)g]**, obtained via photolytic decomposition of
[R;PAuN,] in tetrahydrofuran (THF) solution at room
temperature.” Azido ligands are also encountered as bridging
ligands in transition-metal clusters, such as [Ti,(OPr),5(N3),],
which were obtained by reacting (N),Ti(OPr), with Ti(OPr),
at 135 °C."°

In the main-group elements, heavy group 14 metal(IV) azides
have been studied in connection with their photochemical
reactivity and use in organic synthesis. Reichle first reported the
Curtius-type rearrangement in 1964, where a carboxylate azide
thermally decomposes to produce isocyanate (Scheme 1, top)." "
The thermolysis of Ph;SiN; results in migration of the phenyl
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Scheme 1. Some Reactivity Studies of Group 14 Azides™" >
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group from Si to the a-nitrogen atom of the azide and eliminates
N, to afford the silaimine Ph,Si=NPh as an intermediate, which
is trapped by reaction with aldehydes or ketones in a pseudo-
Wittig manner to afford an imine and cyclotrisiloxane (Scheme 1
middle)."> Group 14 metal(IV) azides R;EN; (E = Si, Ge, Sn)
have also been shown to undergo cycloaddition with acetylene to
give triazole via a click mechanism (Scheme 1, bottom)." "¢
In contrast, only a few structurally characterized low-valent group

Received: September 20, 2017
Published: November 13, 2017

DOI: 10.1021/acs.inorgchem. 7b02413
Inarg. Chem. 2017, 56, 1459614604


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.7b02413

Inorganic Chemistry

14 azides have been reported since the first low-valent
heteroleptic group 14 azide Tp'GeN; (Tp’ = hydrotris(3,5-
dimethylpyrazol-1-yl)borato) was reported by Filippou and
co-workers in 1998."”

Most of these azide derivatives are monomeric and are supported
by the bidentate ligands (("Pr),ATI (ATI = aminotroponiminate),"*
(Mes),DAP (DAP = diazapentadienyl),'® or [-BuO(Me,)Si],N)*’
or tridentate ligand (Tp’ or CpCo{P(O)(OEt),};).”" Recently,
Inoue and co-workers reported the synthesis and structure of
the dimeric terminal Sn(II) azide, [NIPrSn(u-N;)], (NIPr =
bis (2,6-diisopropylphenyl Jimidazolin-2-imine).”” However, the
reactivity of such species has not been investigated.

In parallel with the azido complexes, the transition-metal
nitrides have been studied for more than a century.n They have
been synthesized by several routes that include the above-
mentioned decomposition of metal azide with dinitrogen
elimination,* ammonolysis reactions of transition-metal oxides,
such as OsO; or Re,O-, with NH; or ammonium salts, >
reactions of transition-metal carbonyls or halides with NCl;,”**
or of transition-metal oxo complexes such as ReOCl;(PR;) with
hydrazine in the presence of ethanol.”**° Numerous complexes
featuring terminal M=N triple bonds have been reported.
Recently, a terminal actinide nitride species, [U(N)(Tren™"")]
(Tren™3 = {N(CH,CH,NSiPr;);};~, Pr = CH(CHj;),), was
synthesized from [U(CI)(Tren™™®)] via a mild redox route,
involving alkali metal reduction, formation of Na-bridged U(V)
nitride, and iodine oxidation.’

Stable main-group metal nitrides with triple bonds to nitrogen
are scarce, and none is known for the group 14 elements.
However, in the group 15 and 16 elements, heteroatomic triple
bonds between nitrogen and these elements are known; these
include imjnoPhosphenium ions, [Mes*N=P]* (Mes* = C¢H,-
2,4,6-'Bu;),>"”? substituted thiazyne, PhARR'S=N,* and the
thionitrosyl-coordinated transition-metal complexes, such as
[Tc(NS)(S,CNE,),Br,],** TpOs(NS)Cl, (Tp = hydrotris
(1-pyrazolyl)borate),”® and [Ni(NSEF,NMe,)4](AsFg),,*°
which have been structurally and spectroscopically investigated.
Recently, Inuoe and co-workers attempted to use B(C(F;), to

- 1

extrude a carbene moiety from Sn{N=CN(Dipp) CHCHN-
(Dipp) H{N(SiMe;),} (Dipp = C4H32,6-Pr,) to generate a Sn=N
triple-bonded species. This product led to further reaction and
extraction of the methyl group of the —N(SiMe;), ligand to give
an amino(imino) silylene bridged Sn(II) cation, [:SnN =

1

CN(Dipp) CHCHN(Dipp) (NSiMe; ) (4-SiMe,) ] [MeB(CFs); .
Recently, Kato and co-workers attempted to synthesize a
silanitrile via a reaction of a phosphine-stabilized chlorosilylene
with NaN; followed by decomposition. Instead, a 1,3-disila-2,4-
diazacyclobutadiene was obtained, which was deemed to be
formed by dimerization of the monomeric silanitrile.*”

‘We now report the investigation of the structure and reactivity
of the low-valent bridged aryl tin(II) azide [Ar™*Sn(u-N;)], (2)
(Ar®* = C¢H;-2,6(C4H;-2,6-Pr,),). This species is shown to
eliminate N, under UV irradiation with insertion of the a-nitrogen
into a C—C bond from a flanking phenyl ring of the terphenyl
ligand to afford a peculiar aryl/azepinyl tin(II) product [C{H,-2-
(CgH;-2,6-Pr,)-6-(C4H;N-3,7-Pr,)Sn], (3) (Scheme 2).

The photochemical reactivity of the azide was further
investigated via the reaction of a Lewis acid, that is, B(C4F);
(BCF), and a Lewis base, pyridine, to complex the azido species.
This generated the two monomeric complexes Ar""*SnN,BCF
(4) and Ar®™$n(pyridine)N; (6). Photolysis of 4 eliminates N,
and the B—C(phenyl) bond is cleaved via nitrogen insertion

Scheme 2. Synthesis of the Low-Valent Azido Sn(II)
Compound 2, Its Photolysis to Give 3, Its Reaction with the
Lewis Acid, Tris(pentafluorophenyl)borane (BCF), to yield
4, or with the Lewis Base, Pyridine to Yield 6
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“Further photolysis of 4 yielded the B—C inserted species 5.

to afford the amido derivative, Ar”™*SnN(CF,)B(CF), (5).
The putative tin nitride was characterized by electron para-
magnetic resonance (EPR) spectroscopy.

B RESULTS AND DISCUSSION

Synthesis. Mixing [Ar"™*Sn(u-Cl)], and 1.5 equiv of NaNj
in diethyl ether at room temperature afforded a dark yellow
solution, from which the product [Ar*™Sn(u-N,)], (2) was
obtained at ca. —18 °C as colorless crystals in 85% yield. UV
irradiation of a diethyl ether solution of 2 for 12 h yielded an
orange solution, from which 3 was crystallized at ca. —18 °C, also
as a colorless solid in 84% yield. The X-ray crystal structure of 3
shows that dinitrogen has been eliminated and the remaining tin-
bound a-nitrogen atom has been inserted into one of the flanking
-C4H;3-2,6-Pr, rings of the terphenyl ligand to give an aryl/
azepinyl tin(II) species [CgH;-2-(CgH;-2,6-Pr,)-6-(CsH;N-
3,7-Pr,)Sn], (3). An attempt to stabilize the potential Sn—N
multiple-bonded nitride intermediate by the addition of a Lewis
acid B(C¢Fs); (BCF) to 2 afforded the complex Ar™*SnN,(BCF)
(4), in which the boron is coordinated by the a-nitrogen atom of
the azido group. A dark orange solution was obtained after
exposing 4 under UV light for 12 h. In this case, one of the B—C
bonds was cleaved by a-nitrogen atom insertion to form the
amide Ar™*SnN(C4F)B(C¢F), (5) in 92% yield. Reaction of 2
with a Lewis base, pyridine (py), led to a colorless product
Ar®$n(py)N; (6) in which a pyridine is coordinated to the tin
atom. Exposure of 6 under UV light for 12 h afforded no reaction,
suggesting that the pyridine that binds via the empty orbital on
the Sn atom blocks further reaction at tin.

Structures. The symmetric aryl/azido distannene dimer
[Ar™Sn(u-N,)], (2) (Figure 1) was obtained as coloress
crystals from Et,O solution at ca. —18 °C. The structure is
characterized by a center of symmetry in the center of the
Sm,N, ring. The tin atoms have pyramidal coordination
(Z°Sn = 270.2°), with the Sn—C(ipso) distance of 2.254(12) A.
The azido group bridges the tin atoms via the @-nitrogen atom
(i.e., N(1)) with the Sn(1)—N(1) and Sn(1)—N(1a) distances of
2.268(13) and 2.360(12) A, which are significantly longer than
the Sn—N bond length range of 2.110(9)—2.156(3) A in the
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Figure 1. lllustration of the structure of [Ar™*Sn (4-N;)], (2). Thermal
ellipsoids (50%) are shown for the core atoms only. Hydrogen atoms are
not shown. Selected bond lengths [A] and bond angles [deg]: C(1)—
Sn(1) 2.253 (13), Sn(1)—N(1) 2.268 (13), Sn(1)—N(1a) 2.360 (11),
N(1)-N(2) 1.244 (7),N(2)—N(3) 1.138 (7), C(1)—Sn(1)-N(1) 92.7
(4), C(1)=Sn(1)-N(1a) 104.8 (3), N(1)=Sn(1)-N(1a) 72.8 (3),
Sn(1)—N(1)—Sn(la) 107.2 (3), N(1)—N(2)—N(3) 1786 (9), N(2)—
N(1)—Sn(1) 118.9 (16), N(2)—N(1)—Sn(1a) 120.5 (15).

terminal tin(II) azide species such as [(Pr"),ATI]SnN,
(ATI = aminotroponiminate), [HB(3,5-(CF;),Pz);]AgSn(N3)-
[("Pr),ATI] (Pz = J}yrazole), and [(Mes),DAP]SnN; (DAP =
diazapentadienyl).'”"””" The azide moiety shows an almost
linear geometry with a N(1)—N(2)—N(3) bond angle of 178.6(9)°.
The N(1)—N(2) moiety subtends an angle of 146.5 (8)° with
respect to the Sn,N, plane, which is within the range of those
in other doubly bridged main-group metal azido species
[(7"-Cp*)Ga(p,-N3){N(SiMe;),}], (1315 (7)°, Cp* = pentame-
thylcyclopentadienyl) and [‘BuOMe,Si],NGeN; (1592 (3)°).***

The symmetric aryl/azepinyl distannene [CzH;-2-(CgH;-
2,6-Pr,)-6-(C4H;N-3,7-Pr,)Sn], (3) was isolated as colorless
crystals from a diethyl ether solution at ca. —18 °C. The structure
(Figure 2) has a center of symmetry at the center of the Sn,N,
ring. Each tin atom has a distorted trigonal pyramidal coor-
dination with a narrow C(1)—Sn(1)—N(1) angle of 77.3 (11)°.
The nitrogen atom possesses tetrahedral coordination and is
bound to two tin atoms and two carbons derived from a C,—C;
bond of one of the flanking C4H, rings that forms the azepinyl
group, in which the C(2)—C(3), C(4)—C(5), and C(6)—C(7)
bond lengths, 1.357(5), 1.362(5), and 1.362(5) A, lie well-within
the typical C=C double bond range.” The N(1)—C(2) and
N(1)—C(7) distances of 1.466 (4) and 1.457 (3) A are
consistent with C—N single bonding.*

In the crystal structure of the monomeric azido stannylene
Ar"*$nN,B(C4F;), (4) (Figure 3), the tin atom has bent coor-
dination with a relatively narrow C(1)—Sn(1)—N(1) angle of
97.3 (2)°. Unlike the previously reported BCF coordinated
transition-metal azido complexes,*"** in which the B atom is
attached to the nitrogen atom furthest from the metal (y-N), the
boron atom is coordinated to the N(1) atom that is also bonded
to B(1) and Sn(1). The Sn—N(1) distance of 2.259 (11) A is
slightly shorter than that in the doubly bridged 2; however, it is
significantly longer than those in the aforementioned terminal Sn

Figure 2. Illustration of the structure of [CgH,-2-(C4H;-2,6-Pr,)-6-
(C4H,N-3,7-Pr},)Sn), (3) Thermal ellipsoids (50%) are shown for the
core atoms only. Hydrogen atoms are not shown. Selected bond lengths
[A] and bond angles [deg]: C(1)—Sn(1)2.219 (3), Sn(1)-N(1) 2.299
(3),Sn(1)—-N(1a) 2.300 (3), N(1)—C(2) 1.466 (4),N(1)—C(7) 1.457
(4), C(2)—C(3) 1.357 (5), C(3)—C(4) 1469 (5), C(4)—C(5) 1.362
(5), C(5)—C(6) 1451 (5),C(6)—C(7) 1.362 (5), C(1)—Sn(1)—-N(1)
108.8 (11), C(1)—Sn(1)—N(1a) 77.3 (11), N(1)—Sn(1)—N(1a) 76.8
(10), Sn(1)—-N(1)-Sn(2) 93.5 (10), Sn(1)-N(1)—C(7) 1064 (19),
Sn(1)—N(1)—C(2) 1209 (2), C(2)-N(1)—C(7) 106.8 (3).

azido species (2.157 (4)—2.253 (4))."®'>*' The boron atom,
which possesses distorted tetrahedral coordination, is bound to
three C4F; groups as well as the N(1) atom from the azido group
with interligand angles within the range of 101.7 (18)—116.9
(3)°. The N(1)—B(1) bond distance of 1.638 (9) A is consistent
with a dative N—B interaction.*>*>

The monomeric amido stannylene Ar”™$nN(CF;)B(C4Fs),
(5) is the photolysis product of 4. The two-coordinate tin atom
retains a bent coordination geometry but with a much wider
C(1)—Sn(1)—-N(1) angle of 1152 (13)° cf 97.3 (2)° in 4.
The coordination of the ipso-carbon atom C(1) displays a very
large distortion from planarity with an angle of ca. 32.4° between
Sn(1) and C(1) and the averaged plane of the C(1) aryl ring.
This distortion is reminiscent of that in the Ge(II) bisgermylene
imido species, 1-AdN(GeAr™), (1-Ad = 1-adamantanyl), which
possesses a Ge—C angle of 35.7° with respect to the Ge,N
plane.* The distorted geometry at the ipso C atom is probably
due to increased steric hindrance as a result of the intramolecular
electronic interaction involving the F atoms of the —CgF;
moieties and the 7 orbital ring of the flanking phenyl group,
as indicated by the close distances of 2.982 (3)—3.095 (4) A
between the phenyl rings and the F atoms. The N(1) atom,
which possesses a trigonal planar geometry (X°N = 359.6°),
is inserted into a B—C bond from the B(C¢Fs); group. The
N(1)—B(1) distance of 1.398 (6) A is much shorter than that
in 4, as well as being shorter than a normal N—B single bond,
indicating the lone pair on the N atom is delocalized onto the
B atom to form a bond with multiple character. The coordination
of the B(1) atom changes from four to three (2°B = 360°), being
bound to the nitrogen atom and two carbon atoms from two
C,F; moieties, as a consequence of the N(1) insertion.
The C(3)B(1)C(4) array is almost coplanar with the Sn(1)-
N(1)C(2) plane with only a small torsion angle of 5.2 (6)°.

The crystal structure of 6 (Figure 4) displays a trigonal
pyramidal geometry at the Sn atom that carries a terphenyl
group, a pyridine, and an azido group with X°Sn = 276.7°.
Unlike 3, in which has the BCF group binds to the N(1) atom,
the Lewis base, pyridine, binds to the Sn atom with a relatively
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Figure 3. [llustrations of the structures of Ar"*SnN3B(C¢Fs); (4) and Ar™SnN(C4Fs)B(C4Fs), (5). Thermal ellipsoids (50%) are shown for the core
atoms only. Hydrogen atoms are not shown. Selected bond lengths [A] and bond angles [deg]: 4, Sn(1)—C(1) 2202 (11), Sn(1)—N(1) 2.259 (11),
N(1)-N(2) 1.244 (5), N(2)—N(3) 1.127 (4), N(1)—B(1) 1.638 (9), C(1)—Sn(1)—N(1) 97.3 (2), Sn(1)—N(1)—-N(2) 119.2 (4), N(1)-N(2)-N(3)
177.6 (4), Sn(1)—N(1)—B(1) 120.9 (13), N(2)—-N(1)-B(1) 119.4 (3), N(1)-B(1)—C(2) 109.8 (4), N(1)-B(1)—C(3) 108.1 (19), N(1)-B(1)—
C(4) 101.7 (18), C(2)—B(1)—C(3) 106.1 (4), C(2)—B(1)—C(4) 114.0 (8), C(3)—B(1)-C(4) 1169 (3); 5, Sn(1)—C(1) 2.208 (3), Sn(1)—N(1)
2.185(3),N(1)—B(1) 1.398 (6), N(1)—C(2) 1.416 (6), B(1)—C(3) 1.589 (6), B(1)—C(4) 1.587 (7), C(1)—Sn(1)—N(1) 115.2 (13), Sn(1)—-N(1)—
C(2) 124.7 (3), Sn(1)—N(1)—B(1) 114.8 (3), C(2)—N(1)—B(1) 119.6 (3), N(1)—B(1)—C(3) 123.0 (4), N(1)—B(1)—C(4) 121.1 (4), C(3)-B(1)—

C(4) 115.9 (3).

Figure 4. Drawing of the structure of Ar™Sn(py)N; (6). Thermal
ellipsoids (50%) are shown for the core atoms. Hydrogen atoms are
not shown. Selected bond lengths [A] and bond angles [deg]: 6,
C(1)-Sn(1) 2227 (9), Sn(1)=N(1) 2.177 (11), Sn(1)—N(4) 2.343 (9),
N(1)-N(2) 1.184(5), N(2)—N(3) 1.183 (5), C(1)-Sn(1)-N(1) 932
(19), C(1)-Sn(1)-N(4) 100.1 (3), N(1)—Sn(1)—N(4) 83.4 (3),
Sn(1)—N(1)-N(2) 1196 (2), N(1)—N(2)—N(3) 169.9 (12).

long Sn(1)—N(4) distance of 2.343(9) A, which is similar to that
in the previously reported Ar™Sn(py)Cl (2.369(4) A).*
The essentially equal N(1)—N(2) and N(2)—N(3) distances
of 1.184 (5) and 1.183 (S5) A indicate the azido group exists as a
—N=N=N isomer, cf. a difference of 0.13 A in the -N—N=N
isomers in 2 and 3.

NMR Spectroscopy. The '?Sn{"H} NMR spectrum of 2 in
CgDg at room temperature displays a sharp signal at 418.2 ppm,
which is significantly downfield-shifted in comparison to that
of the bridged aryl/amido tin(II) species [ArSn(u-NH,)],

(Ar = Ar™ or Ar**6) (280 and 313 ppm). This may be due
to the greater electron-donating character of the azido group.*®
The '*Sn{"H} NMR chemical shift for 3 is located at 241.5 ppm.
This upfield location in comparison to 2 or the above-mentioned
amides may be caused by the delocalized electron density of the
N atom in the rings, which leads to the deshielding of the tin
nucleus. Evidence of the formation of the azepinyl group is
provided by the '"H NMR spectrum. In contrast to the two
doublets that represent two sets of methyl groups from the
isopropyl groups of the terphenyl groups in 2, the '"H NMR
spectrum of 3 displays eight doublets, representing different
electron environments for the eight methyl groups on each
inserted ligand between 0.61 and 1.63 ppm.

The '"”Sn{"H} NMR spectrum of 4 shows a sharp signal at
850.2 ppm, which is upfield-shifted in comparison to that of the
previously reported aryl/amido stannylene, Ar"**Sn{N(SiMe,), },
(Ar®® = CjH;-2,6-(C¢H,-2,4,6-i-Pr;) ), of 1196.8 ppm,*” and the
907.1 ppm chemical shift of the monobridged imido Sn(II)
species Me,SiN(SnAr®™),, both of which feature a two-
coordinate tin(1I) atom bound to an aryl group and a nitrogen.**
A chemical shift at —4.14 ppm in the 'B{'H} NMR spectrum
indicates a tetrahedrally coordinated B atom that, in this case, is
bound to three C4Fs moieties and a N atom. It is similar to the
—1.5 ppm of (C¢F;);B(NH,CMe,) and to the —3.6 ppm of
(2-Me) CgH,NB(C4F;),.**° The equivalence of the three
—CgF; moieties was supported by the '"F NMR spectrum
which displays three signals at —132.2, —155.7, and —162.3 ppm
for an integration ratio of 2:1:2, representing the ortho, para, and
meta F atoms, respectively, which confirms the coordination of
the BCF moiety.”’ The '*Sn{'H} NMR signal of 5 is observed at
10162 ppm consistent with two-coordinate tin.”>* The shift is
similar to but is slightly upfield-shifted in comparison to that of
the aryl/amido stannlyene Ar"“Sn{N(SiMe;),} at 1196.8 ppm.”’
This may be due to the presence of the electron-withdrawing
groups —C4Fs and —B(C¢Fs), causing reduced electron density
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Scheme 3. Proposed Mechanism for the Formation of [CgH;-2-(C¢H;-2,6-Pr,)-6-(C¢H;N-3,7-Pr,)Sn], (3) and

Ar™*$nN(CgFs)B(CgFs), (5) via a Sn Nitride Intermediate
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of the N atom. In the ""B{'"H} NMR spectrum a singlet was
observed to be downfield-shifted to 37.2 ppm in comparison to
that in 4 as a consequence of the lower coordination number of
the boron.”® The "F NMR spectrum shows nine resonances
between —131.6 and —162.3 ppm, representing different
electron environments for the three —C4F; rings confirming
the rigidity of the nitrogen and boron coordination as well as the
multiple character of the B—N bond.” A variable-temperature
(VT) FNMR study was performed with the object of observing
free rotation of the B—N bond and cleavage of the donor—
acceptor N=B 7 bond in 5. Increasing the temperature gradually
to 90 °C shows no evidence of equilibration of the fluorine atom
signals, indicating a strong N=B mutiple-bond character.

The "H NMR spectrum of 6 displays two triplet signals at 6.25
and 6.61 ppm and a doublet at 7.70 ppm with the integration
ratio of 2:1:2, indicating the meta, para, and ortho H atoms of
the coordinated pyridine. The "°Sn{'H} NMR spectrum
shows a sharp signal at 256.7 ppm, which is downfield-shifted
in comparison to that of Ar*™Sn(py)Cl (233.6 ppm) (see
Supporting Information), which is due to the electron donation
of the azido group.

Possible Tin Nitride Intermediates. The nature of the
products 3 and 5 is suggestive of the existence of highly reactive
intermediates generated by the photolysis. C—H bond activation
by metal carbon or metal nitrogen multiple-bonded moieties
have been reported. The “stannylcarbyne” Ar™Sn=C—SiPr,,
which was generated as an intermediate by photolysis of the
diazomethylstannylene Ar**Sn—C(N,)SiPPr;, reacts as a carbene
to insert into the C—H bond of the isopropyl group of the
terphenyl ligand. 5 Furthermore, a uranium nitride inter-
mediate “(Cp*),[N(SiMe;),]JU=N" was reported to insert
into the C—H bond from the methyl group of the Cp* ligand.”’
A photoactivated nickel azido species, Ni(N;)PNP (PNP =2,2'-
di(isopropylphosphino)-4,4’-ditolylamide) was reported to react
with the C—H bond of a benzene molecule via a transient nickel
nitride intermediate, “PNPNi=N".** However, instead of C—H
activation of the ligand, the photolysis product of 2 displays C—C
bond insertion involving a flanking CsH;-2,6-Pr', group.
The addition of pyridine to 2 to form the complex 6 shuts
down the photolysis activation shown by 2. This is presumably

due to the blocking of the reaction pathway by the occupation of
the tin p-orbital by the pyridine donor.

A parallel experimental investigation was performed by the
addition of a strong Lewis acid, tris(pentafluorophenyl)borane
(BCF), to complex the a-nitrogen of the azide and cause
dissociation of the dimer with formation of 4.*” The BCE-
coordinated monomeric stannylene 4 was photolyzed for ca.
12 h. Unlike the photolysis of 6, this afforded the N, elimination
and the insertion of the @-nitrogen atom into one of the B—C
bonds to form §, a derivative of a borylamido ligand (Figure 3).
A rare example of such an insertion was reported by Mayer and
co-workers with an osmium nitride species in which the Lewis
acid BCF was added to the osmium nitride, TpOs(N)CL, (Tp =
hydrotris(3,5-dimethylpyrazol-1-yl)borato). The coordinated
species then underwent a rearrangement in which one of the
—C¢F; moieties migrates to the N atom to form the osmium
amido compound TpOs{N(CF;)B(CsFs),}Cl,,’” which further
supports the existence of the reactive —Sn=N triple -bonded
intermediate.

In the proposed mechanism for the formation of 3 (Scheme 3,
top), the monomeric Sn nitride is formed as a consequence of the
N, elimination and then dimerizes to form the bridged species
(shown within the large brackets). The reactive nitride may then
react as an isomeric nitrene and attack a C—C bond of one of the
flanking rings of the terphenyl ligand of the partner tin moiety to
reform a dimeric species. The mechanism of the formation of 5
(Scheme 3, bottom) suggests that the nitride that is partly
stabilized by the BCF acceptor molecule is formed. The electrons
on the Sn—N z-bond of the intermediate are transferred to the
electrophilic boron atom, which along with the o-donation by the
N atom, forms a B—N multiple bond. The —CF; group then
migrates to the N atom to form an amido group with the
reduction of the tin by the donation of the other pair of electrons
in the Sn—N 7z-bond.

EPR Spectroscopy. Solutions of compound 2 or 4 were
subjected to ca. 30 min of UV photolysis and then frozen to trap
any potential intermediates. Analysis by EPR spectroscopy
revealed that photolysis of 2 or 4 resulted in the formation of
the same radical intermediate. The low-temperature (15 K)
X-band EPR spectrum is shown in Figure 5 and Figure S1.
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Figure 5. X-band CW EPR spectrum (black trace) of the radical
intermediate trapped by UV photolysis of compound 2 in toluene for
~30 min. The spectrometer settings are as follows: 15 K, 0.1 mW power
(no saturation), microwave frequency, 938 GHz, conversion time,
40 ms, modulation amplitude, 0.8 mT, modulation frequency, 100 kHz.
The simulation (red trace) parameters are as follows: g = [2.029, 1978,
1.933], ALY = [430, 1700, 650] MHz, Alf = [15, 15,25] MHz and two
equivalent 'H nuclei with A}; = [50, 15, 45] MHz.

The temperature dependence of the EPR spectra (see Figure S2)
suggests that this radical species is monomeric, as the intensity of
signal behaves according to the Curie law except at very low
temperature near 7 K, where the signal intensity is slightly low,
which could be due to partial signal saturation. A significantly
large hyperfine splitting of ~1700 MHz (60.7 mT) centered at
the magnetic field of 339.1 mT (corresponding to g value 1.978)
suggests that this radical species is a Sn-centered radical (*°Sn:
I=1/2,8.59% abundance; ''"Sn: I = 1/2, 7.68% abundance), due
to the strong Fermi contact and spin- "Spolar interactions of
electron spin with ''”/'?$n nuclear spin.®”®" This radical exhibits
a thombic g tensor with [g;, g, g3] = [2.029, 1.978, 1.933], and
with g, = 1.992, which is in the range of the typical Sn-centered
radicals.”” > The hyperfine tensor of !'Sn was determined
as [A}, A, A;] = [430, 1700, 650] MHz from simulation (see
Figure S3 for more details), with A;,, = 926 MHz corresponding
to 33.1 mT. Spin density analysis shows that there is ~0.55 spin
population residing on tin in this trapped intermediate.®’ We did
not observe two distinct sets of hyperfine splittings that are
expected from the couplin%s of an unpaired electron with two
isotope nuclei "Sn and '"Sn with the gyromagnetic ratios of
7(**®Sn)/7(*7Sn) ~ 1.046. This could be because the difference
between A('”Sn) and A('"Sn) is small, resulting in the broad
hyperfine peaks, as shown in Figure S5, with the overlap of
hyperfine features from two different isotope nuclei.*

In addition, we observed significant superhyperfine splittings
(ca. 1.8 mT) at the magnetic field of 330.6 mT (corresponding to
g 2.029) with an intensity ratio of 1:2:1. These features could
only be well-simulated by employing two equivalent 'H nuclei
(I=1/2) with anisotropic hyperfine (A'y) tensors of [ 50, 15, 45]
MHz, as well as one "*N nucleus (I = 1) with an anisotropic
hyperfine (A\') tensor of [15, 15, 25] MHz (see Figure S4 for
more details). This simulation is further confirmed by Q-band
electron spin—echo detected field swept absorption spectrum
and the corresponding pseudomodulated spectrum (Figure S5).
This radical signal showed maximum intensity during the UV

photolysis reaction (see Figure S6A), which first increased and
then diminished as the reaction proceeded for longer than ca. 4 h,
suggesting a reaction intermediate identity. We did not observe
this radical intermediate upon UV photolysis of compound 6.
It is likely that this intermediate is related to the nitride [ —Sn'V=N]
species in isomeric equilibrium with nitrene [—Sn"—N] and
nitridyl [—Sn™=N-],°"” which can be generated by decom-
position of tin azide with dinitrogen elimination under UV
photolysis, followed by hydrogen atom transfer to quench much
of the spin density on the nitrogen to form a possible doublet
radical (S = 1/2) intermediates —Sn-=N(H).** Such an H atom
abstraction explains why the "N hyperfine is rather small and is
also observed for uranium nitride species.”” The transferred
hydrogen atoms are most likely from the methine protons of the
-CgH;-2,6-Pr, ring, as we already ruled out the source from the
solvent by using dg-toluene, which show the same EPR spectrum
(see Figure S7). Further investigations on this radical
intermediate are underway.

B CONCLUSION

The photolysis of a low-valent Sn(II) azide resulted in the inser-
tion of a highly reactive nitrogen center into a carbon—carbon
bond to yield [ C¢H;-2-(C4H;-2,6-Pr,)-6-(C4H;N-3,7-Pr,)Sn],
(3) or a carbon—boron bond in 4 to afford 5. EPR studies of the
reactions suggested radical valence isomers of Ar"S$n=N as
reactive intermediates.

B EXPERIMENTAL SECTION

General Procedures. All operations were performed under
anaerobic and anhydrous conditions using modified Schlenk techniques.
All solvents were dried over alumina columns and degassed prior to use.
The 'H, *C, and "Sn NMR spectroscopic data were collected on a
Varian 600 MHz spectrometer. The 196 NMR data were referenced to
SnBu, (—11.7 ppm). Infrared spectra were collected as a mineral oil mull
using a Bruker Tensor 27 IR spectrometer. [Ar™Sn(u-Cl)], (1) was
synthesized according to literature methods.”” NaN; and BCF were
obtained from commercial sources, stored in the drybox, and used
without further purification. Pyridine was dried over CaH, and trap-to-
trap distilled prior to use.

Approximately 60 mM of compound 2 or 4 dissolved in either diethyl
ether or toluene was prepared in a nitrogen-filled anhydrous glovebox
and transferred to a quartz X-band (ID = 2.8 mm, OD = 3.8 mm) EPR
tube that had a Teflon stopcock to keep the sample anaerobic. Then the
sample was exposed under UV light at room temperature for ca. 30 min
before being flash-frozen in liquid nitrogen.

The X-band (9.38 GHz) continuous-wave (CW) EPR spectra were
recorded on a Bruker (Billerica, MA) EleXsys ES00 spectrometer
that was equipped with a superhigh Q resonator (ER4122SHQE).
Cryogenic temperatures were achieved and controlled using an ESR900
liquid helium cryostat in conjunction with a temperature controller
(Oxford Instruments ITCS503 ) and gas flow controller. CW EPR data were
collected under slow-passage, nonsaturating conditions. The spectrom-
eter settings were as follows: conversion time = 40 ms, modulation
amplitude = 0.3 mT, and modulation frequency = 100 kHz; other
settings are given in corresponding figure captions.

A Q-Band two-pulse electron spin—echo (ESE)-detected field-swept
EPR spectrum (7/2-7—n—7-echo) was collected at 34.220 GHz using a
Bruker (Billerica, MA) EleXsys ES80 spectrometer equipped witha 1 W
amplifier and a R.A. Isaacson cylindrical TEQ11 resonator in an Oxford
CF935 cryostat. Pulse sequences were programmed with the PulseSPEL
programmer via the XEPR interface. Experiment parameters: 10 K,
microwave frequency = 34.220 GHz, n/2 = 12 ns, and 7 = 300 ns. Spectral
simulations were performed using the Easyspin 5.1.10 toolbox ™!
within the MatLab software suite (The Mathworks Inc., Natick, MA).

[AFPSn(u-Ny)], (2). A mixture of [A¢*™Sn(u-CI)], (0.46 g 0.834 mmol)
and NaNj (0.081 g, 1.25 mmol) was added to ca. 30 mL of diethyl ether.
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The solution color changed from dark orange to pale orange over 1 h of
rapid stirring at ca. 25 °C. The solution was allowed to stir for a further
16 h, and the solvent was removed under reduced pressure. The product
was extracted with toluene (ca. 5 mL) and then stored at ca. —18 °C
to afford 2 as colorless crystals. Yield: 0.39 g (85%), mp 148—150 °C;
'H NMR (600 MHz, CgDy, 298 K): 6 = 1.02 (d, 24H, *] = 6.9 Hz,
CH(CH,),), 1.32 (d, 24H, *J = 6.9 Hz, CH(CH,), ), 3.01 (sept, 6H, % =
6.9 Hz, CH(CH,),), 7.03—7.14 (m, 12H, m-CH,, p-C¢H,, m-Dipp and
p-Dipp; Dipp = 2,6-Pr,—CH,) ppm; “C{'H} NMR (C.Dy, 125 MHz,
298 K): §=23.3,26.3, 309, 123.6,129.2, 130.6, 1392, 146.7, 147.3 ppm;
190 {'H} NMR (C4Dg,223.6 MHz, 298 K): 6 = 418.2 ppm; IR (Csl,
mineral oil; selected, cm™): 2080 (N, stretching), 450, 380.

[CsHy-2-(CgH5-2,6-Pr,)-6-(CsH;N-3,7-Pr,)Sn], (3). Compound 2
(035 g, 0.625 mmol) was dissolved in diethyl ether (ca. 20 mL) at
room temperature. The solution was transferred to a quartz tube and
exposed under UV light for 16 h. The pale orange solution became dark
orange in color. The solution was concentrated to ca. 5 mL under
reduced pressure and then stored at ca. —18 °C to afford 3 as colorless
crystals. Yield: 0.28 g (84%), mp 144—146 °C; 'H NMR (600 MHz,
C4Dg 298 K): 5= 0.61 (d, 6H, *] = 6.9 Hz, CH(CHS,),), 0.76 (d, 6H, 3] =
6.9 Hz, CH(CH,),), 0.89 (d, 6H, ¥ = 6.9 Hz, CH(CH,),), 1.06 (d, 6H,
3)7 =69 HZ, CH(CH‘;))), 1.16 (d, GH, 3)7 =69 HZ, CH(CH‘;))), 1.36
(d, 6H, * = 6.9 Hz, CH(CH,),), 1.40 (d, 6H, 3] = 6.9 Hz, CH(CH,),),
1.63 (d, 6H, %] = 69 Hz, CH(CHs),), 238 (sept, 2H, % = 6.9 Hg,
CH(CH,),), 3.09 (sept, 6H, *] = 6.9 Hz, CH(CH,),), 3.41 (sept, 6H,
3] = 69 Hz, CH(CH,),), 3.43 (sept, 6H, %] = 6.9 Hz, CH(CHS,),),
5.84—7.45 (m, 18H, m-C,H,, p-C;H,, m-Dipp and p-Dipp; Dipp =
2,6-Pr,—C¢H,) ppm; *C{'H} NMR (C.Dy, 125 MHz, 298 K): § =
21.1.22.0,23.1,23.2, 247, 26.5, 28.6,2938, 30.7, 31.5,37.7, 117.2, 123.1,
123.4,1263,127.0,128.5,1299, 135.4, 138.5, 141.6, 144.4, 145.6, 146.6,
157.3, 1783 ppm; "Sn{'H} NMR (C,D,,223.6 MHz, 298 K): § =
241.5 ppm; IR (Csl, mineral oil; Selected, cm™): 450, 380.

ArPSpN,B(CsFs); (4). To a rapidly stirred solution of 2 (043 g,
0.780 mmol) in diethyl ether (ca. 30 mL) was added B(C4Fs); (040 g,
0.780 mmol) in diethyl ether (ca. 15 mL). The solution color changed
from pale orange to yellow. After it had been continuously stirred for
12 h, the solution was concentrated under reduced pressure to ca. S mL.
Storing the concentrated solution at ca. —18 °C afforded 4 as colorless
crystals. Yield: 0.74 g (89%); m? 158—160 °C; '"H NMR (600 MHz,
CgDg, 298 K): 5 =0.87 (d, 12H, *] = 6.9 Hz, CH(CH,),), 1.17 (d, 12H,
3] = 69 Hz, CH(CH,),), 2.86 (sept, 4H, 3] = 6.9 Hz, CH(CH,),),
6.98—7.38 (m, 9H, m-C4H;, p-CsH;, m-Dipp and p-Dipp; Dipp =
2,6-Pr,—C¢H,) ppm; *C{'H} NMR (C.D,, 125 MHz, 298 K): § =
22.3,31.3, 1229, 125.1, 125.7, 128.6, 131.0, 1469 ppm; "'B{'H} NMR
(C4Dy, 1283 MHz, 298 K): § = —4.6 ppm; '°F NMR (C¢Dy, 376.3 MHz,
298 K): § = —1322 (b, 6F, ortho-C,F,), —155.6 (b, 3F, para-C,F;),
—162.3 (b, 6F, meta-C4Fs) ppm; Sn{'H} NMR (C4Dg,223.6 MHz,
298 K): § = 850.2 ppm; IR (Csl, mineral oil; selected, cm™): 2100
(N, stretching) 450, 360.

ArP™SnN(C4F5)B(CsFs); (5). A solution of 4 (0.3 g, 0.585 mmol) in
diethyl ether (ca. 20 mL) was transferred to a quartz tube and exposed
under UV light for ca. 12 h. The solution changed color from pale orange
to dark orange. It was concentrated to ca. S mL under reduced pressure
and then stored at ca. —18 °C to afford 5 as colorless crystals. Yield:
0.26 g (929%); mp 155—158 °C; 'H NMR (600 MHz, CsD,, 298 K):
5= 087 (d, 12H, 3 = 6.9 Hz, CH(CH,),), 112 (d, 12H, 3] = 69 Hz,
CH(CH,),), 2.82 (sept, 4H, 3] = 69 Hz, CH(CHj),), 6.92-7.37
(m, 9H, m-C4H;, p-CsHy, m-Dipp and p-Dipp; Dipp =2,6-Pr,—C¢H;) ppmy
BC{'H} NMR (CgDs, 125 MHz, 298 K): § = 23.9, 303, 122.4, 1280,
1310, 1392, 1407, 1464; "B{'"H} NMR (C,D,, 1283 MHz 298 K):
& =37.2ppm; "F NMR (CD, 376.3 MHz, 298 K): § = —131.9 (d, 2F,
ortho-C¢Fs), —133.1 (d, 2F, meta-C¢F;), —147.9 (t, 1F, para-CGF;),
—1484 (d, 2F, ortho-C4Fs), —148.9 (t, 1F, para-C4Fs), —1562 (t, 1F,
para-C4Fs), —160.5 (m, 2F, para-C(F,), —160.9 (m, 2F, ortho-C,F;),
—1619 (d, 2F, ortho-C4F;) ppm; '*Sn{'H} NMR (C4D,223.6 MHz,
298 K): § = 1016.2 ppm; IR (Csl, mineral oil; selected, cm™"): 2100
(N, stretching) 450, 380.

AP "‘Sn(py)N3 (6). To a rapidly stirred solution of 2 (0.54 g
0.965 mmol) in toluene (ca. 30 mL) was added pyridine (0.07 mL,
1.06 mmol) via syringe. The solution color changed from light orange to

pale yellow immediately after the addition. After the solution was
allowed to stir for 1 h, it was concentrated under reduced pressure to
ca. 3 mL under dynamic vacuum. Colotless crystals of 6 were obtained
after storing the solution at ca. —18 °C for 12 h. mp 145—150 °C;
'H NMR (600 MHz, C,D,, 298 K): & = 1.07 (d, 12H, ¥ = 6.9 Hz,
CH(CHj),), 1.28 (d, 12H, ¥ = 6.9 Hz, CH(CH,),), 3.14 (sept, 4H,
3 = 6.9 Hz, CH(CH,),), 6.26 (t, 2H, ] = 6.6 Hz, meta-py-H), 661
(4, 1H, ¥ = 6.6 Hz, para-py-H), 6.99—7.24 (m, 9H, m-C;H,, p-C;H,,
m-Dipp and p-Dipp; Dipp = 2,6-Pr,—CgHj), 7.70 (d, 2H, ] = 6.6 Hz,
ortho-py-H) ppm; “C{'H} NMR (C(Dg, 125 MHz, 298 K): § = 23.0,
26.1, 311, 123.1, 124.6, 1268, 128.3, 128.9, 137.9, 147.5, 1482 ppm;
96n{"H} NMR (C¢D¢,223.6 MHz, 298 K): § = 256.7 ppm; IR (Csl,
mineral oil; selected, cm™): 2050 (N, stretching) 450, 350.
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