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A Selenium-Nitrogen Chain with Selenium in Different Oxidation States

Aino J. Karhu,* Juho Jamsi,* J. Mikko Rautiainen,*® Raija Oilunkaniemi,® Tristram Chivers,** and

Risto S. Laitinen *#

ABSTRACT. The reaction of tBuNH, with a mixture of SeCl, and SeOCL in a 6:2:1 molar ratio
produces the novel selenium-nitrogen chain CISeN(tBu)Se(O)Cl (4), in which the selenium atoms are in
two different oxidation states, Se! and Se'. The crystal structure of 4 is compared with that of the related
Se'l/Se! system ClISeN(tBu)SeCl (1) and differences are attributed to hyperconjugative effects. The

energetics of the formation of 4 via two different routes are elucidated by PBE0/def2-TZVPP calculations.
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INTRODUCTION

Although the chemistry of selenium-nitrogen heterocycles often parallels that of the sulfur-nitrogen
analogues,'!! there are notable exceptions especially among N,Se,Cl species. For example, there is no
selenium analogue of the six-membered ring (NSCl);, which is an important reagent in sulfur-nitrogen
chemistry.l'?! Conversely, although the acyclic cations N(ECl)," are known for E = Si* and Se,!*) the cation
N(SeClL),* Sland the anion N(SeCl;),” ¢! are unique chalcogen-nitrogen species. This disparity is notably
evident in the series of acyclic imidoselenium(II) chlorides CISe[N(tBu)Se],Cl [n=1(1),n=2(2),n=3
(3) 1, for which no sulfur counterparts are known. We have recently isolated 1-3 and identified them as
key intermediates in the formation of cyclic selenium imides of the type (SeNR), (n = 3,4) or Se,(NR),
(n=3,4) from the cyclocondensation reactions of tBuNH, with in situ-generated SeCl, %! at various molar
ratios.”*] During the course of that work we isolated a few crystals of the novel selenium-nitrogen chain
ClISeN(tBu)Se(O)Cl (4) with selenium in two different oxidation states (Se' and Se'V).
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In the light of the obvious similarity between 1 and 4, we were interested in determining the effect of the
oxygen substituent in 4 on the structure and properties of these acyclic compounds. In this contribution,
with this goal in mind, we describe (a) a logical route to the synthesis of 4 in a good yield from the reaction
of tBuNH, with a mixture of SeCl, and SeOCL in THF, (b) the multinuclear solution NMR spectra and
single-crystal X-ray structure of 4, (c) an NBO (Natural Bond Orbital) analysis of hyperconjugative effects
in 4 and 1, and (d) PBEO/def2-TZVPP calculations of the energetics of formation of 4 from tBuNH, and

either SeCl, or SeOCl, as the first step in the condensation process.



RESULTS AND DISCUSSION

Synthesis and NMR Spectra of CISeN(tBu)Se(O)Cl (4)

For the intentional synthesis of 4 we chose to use a mixture of SeCl, and SeOClL, as sources of Se"
and Se", respectively, in a reaction with tBuNH, in THF. Although the stoichiometry shown in Equation
(1) would appear to be the most appropriate for the generation of 4, the choice of the optimum
SeCl,:SeOCl, molar ratio for the synthesis of 4 is not straightforward owing to the facile disproportionation
of SeCl, into SeCl; and Se;CL."") The 77Se NMR spectra of various mixtures of SeCl, and SeOCL, in THF
at room temperature showed that such solutions contain equimolar amounts of the two reagents only when
the initial molar ratio is 2:1. In the light of this information a molar ratio of 2:1:6 for the reagents
SeCl:SeOCL:tBuNH, was employed for the synthesis of 4, which was isolated as air and thermally
sensitive orange-yellow crystals in 54 % yield.['''2!7’Se NMR monitoring of the progress of reactions using
different molar ratios in THF consistently revealed two resonances of equal intensity at 1447 and 1316 ppm
ascribed to compound 4 (vide infra); in all cases singlet resonances attributed to the presence of
CISeN(tBu)SeCl (1) and the eight-membered ring Se4(NtBu), were also observed at 1806 and 1487 ppm,

respectively. 713

SeCl, + SeOCl, + 3tBuNH, — ClISeN(tBu)Se(O)Cl + 2 (tBuNH;)Cl (1)

After recrystallization, the crystals of 4 were dissolved in [Ds]toluene. The '"H NMR spectrum of 4 in
[Ds]toluene shows a resonance at 3 = 1.29 ppm, and the *C{'H} NMR spectrum exhibits two singlets at &
= 72.1 and 31.3 ppm consistent with a single NtBu environment. The 77Se NMR spectrum of the isolated
crystals in toluene exhibits two resonances at 1435 and 1291 ppm of equal intensities consistent with
significantly different selenium environments. The former resonance is attributed to the more deshielded
central NSe(=0)Cl unit, whereas the latter is assigned to the NSeCl environment. The calculated
PBEO/def2-TZVPP 7’Se chemical shifts of 4 using the approach described in Ref. [13] were 1349 and
1200 ppm, which, in view of the computational accuracy, are reasonably consistent with the experimental
values of 1435 and 1291 ppm in toluene.

Crystal Structure and Hypeconjugative Interactions in CISeN(tBu)Se(O)Cl (4)

The X-ray structural determination of 4 confirmed the acyclic structure with Se" and Se" atoms. Crystal
data and structure refinement details are presented in Table 1. The asymmetric unit in 4 consists of two

different molecules, one of which is disordered assuming two different orientations [s.o.f. 0.564(4) and
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0.436(4)] for the more- and less-abundant orientations, respectively. The molecular structures and atomic
numbering schemes of the ordered molecule 4 and the related Se''/Se!' system CISeN(tBu)SeCl (1) are
shown in Figure 1 (the complete asymmetric unit is shown in Figure S1, Supporting Information) and
bond lengths are compared with the PBE0/def2-TZVPP optimized values. Selected bond parameters for 1
and 4 are juxtaposed in Table S1(Supporting Information) and the corresponding data for the disordered

pair in 4 can be found in Table S2(Supporting Information).
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Figure 1. The structures of (a) 1 and (b) the ordered ClSeN(tBu)Se(O)Cl molecule in the asymmetric unit of 4. The metrical
values in the upright font are experimental bond lengths from the crystal structure determination, and those in italics are
computed values at PBEQ/def2-TZVPP level of theory. The experimental values for C1SeN(tBu)SeCl (1) were taken from Ref.

7a. The thermal ellipsoids are drawn at the 50 % probability level.
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Table 1. Crystal data and structure refinement for 4.

Formula C.HoCLLNOSe
M, 315.94

Crystal size /mm 0.20x0.15x0.12
Crystal system triclinic

Space group P-1

a/A 6.9820(14)
b/A 11.235(2)
c/A 12.957(3)

a/° 93.57(3)

B/ 104.42(3)

y/° 98.47(3)

V /A3 968.5(4)

Z 4

Deated. /g-cm™ 2.167
1#(Mo-Ka) ¥ /mm™ 8.128

E(000) 600

hklrange -8-(+8),-13-(+13), -15-(+15)
0 range /° 3.056-25.996
Reflections measured 11298
Reflections unique 3542

Rint 0.0557

No of parameters/restraints 206/18

R [I>20(D)]Y 0.0499

wR2 (all data) © 0.1078

GoF on F? 1.086

Ap(fin) (max/min) /e-A-3 1.190/-1.183

a) A(Mo-Ka) = 0.71073 A.b) R, = 3||Fo|-|F||/Z|F|. ¢) wRy = [Ew(F,> - F2)*/ZF*]*.

The arrangement at the tricoordinate nitrogen atom in 4 is planar, X[angles(N)] = 359.6° (cf.
359.7° in 1).1") Surprisingly, the presence of the Se!¥ atom in the former has little effect on the orientation
of the two Cl substituents with respect to the SeNSe plane, as indicated by the similarity in the CISeNSe
torsion angles for 4 and 1 (Table S1). However, significant disparities are evident in the bond lengths.
Thus, the Se1-N1 distance in 4 is ca. 0.02 A longer than the mean value in 1. Similarly, the Se1-Cl1 bond
length of 2.254(2) A in 4 is notably longer (by 0.035 A) than the mean Se-Cl distance in 1; it is also ca.
0.05 A longer than the Se2-Cl2 bond length involving the two-coordinate Se atom in 4. As expected, the
Cl-Se-N bond angle involving the three-coordinate Se atom in 4 is ca. 4° narrower than the corresponding
bond angles in 1.

The PBEO0/def2-TZVPP optimized geometries of both 1 and 4 are in good agreement with
observed metrical parameters (see Figure 1) and indicate that the differences in the bond lengths are due to
intramolecular electronic effects rather than intermolecular interactions in the solid state. In previous work,
we have shown that negative hyperconjugation plays a significant role in explaining the trends in Se-N and

Se—Cl bond lengths, as well as the intramolecular Se---Se interaction, in the Se"/Se" chain molecules 2 and



3.72%8 The present PBEQ/def2-TZVPP NBO analysis showed that hyperconjugative interactions are also
significant in explaining the structural differences between the Se"/Se" system 1 and the Se'/Se" system 4
(see Figure 2).

The most important interaction energies in 4 are n?(0) — c*(Se—Cl) and n?(0) — c*(Se—N). The
Se=0 bond length in 4 is short [1.621(5) A, cf. values of 1.621(2) A and 1.628(4) A found for the imido-
oxo Se!V/Se!V systems OSe(p-NtBu),SeO ' and tBuNSe(u-NtBu),SeO,™ respectively]. It can also be
compared with the selenium-oxygen bond lengths of 1.621-1.701 A, 1.638-1.653 A, and 1.571-1.616 A in
the C,SeO, C(N)SeO, and CLSeO moieties, respectively.'S) It can clearly be seen that the n?(O) —
0*(Se-E) (E = C, N, Cl) becomes more significant as the electronegativity of the E atom increases.
Consequently, the SeO bond shortens and its bond order increases. At the same time, the bond order of the

Se—E bond expectedly decreases.

The n?(N) — 6*(Se-N) interaction energies are approximately equal in 1 and 4.
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Figure 2. Negative hyperconjugation based on PBEQ/def2-TZVPP NBO interaction energies: (a) n2(0) — c*(Se-Cl), (b)
n*(0) — ¢*(Se-N), and (c) n’(N) — c*(Se-Cl) interaction in CISe(NBu)Se(O)Cl (4), and (d) n’(N) — c*(Se-Cl)
interactions in CISe(NBu)SeCl (1).

Energetics of the Formation of 4

In a recent contribution we calculated the energetics of the reactions of tBuNH, with SeCl, in THF at the

PBE0/def2-TZVPP level of theory and found that the sequential formation of the series of



imidoselenium(II) chlorides ClSe[N(tBu)Se].Cl [n = 1(1), n = 2 (2), n =3 (3)] is energetically
favorable.!*! Based on the reaction profile reported therein, the formation of 4 by treatment of tBuNH, with
a mixture of SeCl, and SeOCl, [Equation (1)] can be envisaged to follow either of two alternative routes

[Equation (2) and Equation (3), or Equation (4) and Equation (5)] that are depicted in Figure 3.

SeCl, + 2tBuNH, — tBuN(H)SeCl + (tBuNHs;)CI(s) (2)
tBuNH, + tBuN(H)SeCl + SeOCl, — ClSeN(tBu)Se(O)Cl + (tBuNH;)CI(s) (3)
SeOCl, + 2tBuNH, — tBuN(H)Se(O)Cl + (tBuNH;)CI(s) (4)

tBuNH, + tBuN(H)Se(O)Cl + SeCl, — ClISeN(tBu)Se(O)Cl + (tBuNH;)Cl(s)  (S)

In a manner similar to the formation of ClSe(NtBu)SeCl (1) from SeCl, and tBuNH,,®! both reaction
profiles contain intermediate products lying in local minima and two transition states each displaying only a
single imaginary frequency with respect to the reaction coordinate. In the case of route depicted in
Equations (2) and (3), (Figure 3a), the first step is the interaction of SeCl, with tBuNH,, as described
previously.®] After the initial adduct formation between tBuNH, and SeCl,, this intermediate interacts with
another amine molecule leading to proton transfer via the transition state TSI11 and the formation of
tBuN (H)SeCl with the precipitation of solid (tBuNH;)CL The intermediate tBuN(H)SeCl then interacts
with another amine molecule and SeOCL to give CISeN(Bu)Se(O)Cl (4) and (BuNH;)Cl(s) via TS12.
Similar to the formation of CISe(NtBu)SeCl (1),!¥! the activation energies for the transition states TS11
and T'S12 are reasonably low and the driving force for this reaction is the formation of (tBuNH;)CI(s).

In the case of the alternative route depicted in Equations (4) and (5), (Figure 3b), the first step involves
the interaction of SeOCl, with tBuNH, with the formation of tBuN(H)Se(O)Cl and (tBuNH;)CI(s) via
the transition state TS21. The second step entails the interaction of this intermediate with SeCl, and
tBuNH, via the transition state TS22 and leads to the final product 4 and the precipitation of
(tBuNH;)CI(s). It can be seen from Figure 3 that the two alternative pathways yield very similar energetics

and the reaction can proceed by either route.
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Figure 3. PBEO/def2-TZVPP energy profiles for the formation of CISeN(Bu)Se(O)Cl (4) from the reaction of tBuNH, with a
mixture of SeCl, and SeOCl, assuming that (a) the reagent SeCl, and (b) the reagent SeOCl, is involved in the first step.

Energies are given in kJ mol™.
CONCLUSIONS
We have developed a convenient synthesis of CISeN(tBu)Se(O)Cl (4), an unique selenium-nitrogen

chain with selenium centres in two different oxidation states for which there is no sulfur analogue. The



small structural differences between the Se"/Se" system 4 and the related Se"/Se" molecule
CISeN(tBu)SeCl (1) are attributed primarily to the effects of negative hyperconjugation. Calculations of
the energetics of the reaction of tBuNH, and a mixture of SeCl, and SeOCl, show that the formation of 4 is
strongly favoured regardless of whether the first step involves SeCl, and SeOCL. In view of the key role of
1-3 as intermediates in the formation of cyclic selenium imides,!*! the bifunctional character of 4 renders it a
potentially versatile reagent for the development of selenium-nitrogen chemistry involving selenium in

different oxidation states.

EXPERIMENTAL SECTION

General Procedures

All reactions and manipulations of air- and moisture-sensitive compounds were carried out under an inert
atmosphere by using a standard drybox or Schlenk techniques. Tetrahydrofuran and toluene were dried by
distillation over Na/benzophenone in an argon atmosphere prior to use. Selenium granules (Merck),
SO,Cl, (Aldrich), and SeOCl, (Aldrich) were used as purchased. tBuNH, (Aldrich) was distilled over
KOH and stored over molecular sieves. SeCl, was prepared from freshly ground selenium and SO,Cl, in
THF by the literature procedure.'"’

NMR Spectroscopy

The 'H, BC{'H}, and 7Se NMR spectra were recorded with a Bruker Avance III spectrometer operating
at 400.13, 100.62, and 76.31 MHz, respectively. Typical spectral widths were 8.22, 24.04, and 113.64 kHz,
and the pulse widths were 26.50, 14.30, and 16.75 ps. The pulse delays for proton, carbon, and selenium
were 1.0, 2.0, and 1.0 s, respectively. The '"H and *C{'H} NMR spectra were referenced to the solvent
resonances and are reported relative to Me,;Si. [ Ds] Toluene was used as a ?H lock. The ”’Se NMR spectra
were referenced externally to a saturated aqueous solution of selenium dioxide, and the chemical shifts are
reported relatively to neat Me,Se [ §(Me,Se) = §(SeO,) + 1302.6].11¢]

Preparation of C1SeN(tBu)Se(O)Cl (4)

A mixture of SeCl, (8.0 mmol)!'”) and SeOCL (0.27 mL, 4.0 mmol) in THF (5 mL) was added dropwise
to a solution of tBuNH, (2.5 mL, 23.8 mmol) in THF (45 mL) at —80 °C. The reaction mixture was stirred
for 30 min at -80 °C and for further 1.5 h at room temperature. The precipitate of (tBuNH;)Cl was
removed by filtration and solvent was evaporated under a dynamic vacuum to give a reddish-brown oil,

which was extracted with toluene (25 mL). The toluene solution was cooled to 20 °C to give air- and



temperature-sensitive orange-yellow crystals of 4 (0.680 g, 2.15 mmol; yield based on SeOCl, 54 %). Anal.
Calcd. for C;Hy,CLNOSe,: C, 15.21; H, 2.87; N, 4.43 %. Found: C, 15.81; H, 3.17; N, 4.97 %. '"H NMR
(400.13 MHz, C;Ds, 25 °C): § = 1.29; BC{'H} NMR (100.62 MHz, C,Ds, 25 °C): §=72.1 [-C(CH,);],
31.3 [-C(CHs)3]; 77Se NMR (76.31 MHz, C;Ds, 25 °C): § = 1435 [NSe(=0)Cl], 1291 (NSeCl); § 7"Se
(THEF, 25 °C): 1447 [NSe(=0)Cl], 1316 (NSeCl).

X-Ray Crystallography

X-ray quality crystals were grown from a toluene solution at —20 °C. Diffraction data for compound 4
were collected at 120(2) K on a Nonius Kappa CCD diffractometer using graphite-monochromated Mo-K
radiation (A = 0.71073 A). The structure was solved by direct methods using SHELXS-2013 and refined
using SHELXL-2013.1'7) After the full-matrix least-squares refinement of the non-hydrogen atoms with
anisotropic thermal parameters, the hydrogen atoms were placed in calculated positions in the methyl
groups (C-H = 0.98 A). In the final refinement the hydrogen atoms were riding with the carbon atom they
were bonded to. The isotropic thermal parameters of the hydrogen atoms were fixed at 1.5 times to that of
the corresponding carbon. The scattering factors for the neutral atoms were those incorporated with the
program.

One of the two ClSeN(tBu)Se(O)Cl (4) molecules in the asymmetric unit was disordered assuming
statistically two different orientations. The disorder was resolved by constraining the asymmetric
displacement parameters of the corresponding atoms in the disordered pair equal, applying slight restraints
on the bond lengths, and refining the site occupation factors together with the positional and common
anisotropic thermal parameters. The final refined site occupational factors of the two orientations were
0.564(4) and 0.436(4). The complete asymmetric unit in the crystal structure of 4 together with the
numbering of the atoms is shown in Figure S1 (Supporting Information).

Crystallographic data (excluding structure factors) for the structure in this paper have been deposited
with the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the depository number CCDC-1522803 (4)

(Fax: +44-1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccde.cam.ac.uk).

Computational Details
The calculations were performed on Gaussian 09 program !'*) by employing the PBEO hybrid functional
9] and def2-TZVPP basis sets.?*?!) Dispersion forces were treated by using D3B] version of Grimme’s

empirical correction with Becke-Johnson damping parameterized for PBEO functional.?”! Full geometry

10


mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/

optimization was carried out for each species and the frequencies were calculated for the optimum
geometries to ascertain the nature of the stationary points. Energies in THF and toluene were calculated
using CPCM method implemented in Gaussian 09.%*! Nuclear magnetic shielding tensors were calculated
using GIAO method.? The 7’Se chemical shifts were calculated using the calibration described
previously.!"?]

The contribution of the precipitation of (tBuNH;)Cl to the energetics of the reactions was estimated by
computing the energy of formation of the ion-pair tBuNH;* and CI" and correcting the energy for lattice
effects by involving solid-state DFT calculations, which utilize the periodic boundary conditions.
Optimizations and frequency calculations for the (tBuNH;)Cl sublimation energy estimations were
performed with Crystall4 program 5! using the PBEQ functional ! and pob-TZVPP basis set 25! (for
computational details, see Ref. 8).

Natural bond orbital (NBO) method " was used to study donor-acceptor interactions in the gas-phase

optimized geometries. NBO analyses were carried out using the NBO 5.9 software.28]
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