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ABSTRACT: Reductive cleavage of C4F;SeSeCFs with elemental M (M = Cu, In, Sn, Pb)
in pyridine results in the formation of (py),Cu,(SeCFs),, (py),In(SeC¢Fs);, (py),Sn-
(SeCgFs),, and (py),Pb(SeC¢Fs),. Each group adopts a unique structure: the Cu(I)
compound crystallizes as a dimer with a pair of bridging selenolates, two pyridine ligands
coordinating to each Cu(I) ion, and a short Cu(I)—Cu(I) distance (2.595 A). The indium
compound crystallizes as monometallic five-coordinate (py),In(SeC¢Fs); in a geometry that
approximates a trigonal bipyramidal structure with two axial pyridine ligands and three
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selenolates. The tin and lead derivatives (py),M(SeC¢Fs), are also monomeric, but they

adopt nearly octahedral geometries with trans pyridine ligands, a pair of cis-selenolates, and two “empty” cis-positions on the
octahedron that are oriented toward extremely remote selenolates (M—Se = 3.79 A (Sn), 3.70 A (Pb)) from adjacent molecules.
Two of the four compounds (Cu, In) exhibit intermolecular 7—7 stacking arrangements in the solid state, whereas the stacking of
molecules for the other two compounds (Sn, Pb) appears to be based upon molecular shape and crystal packing forces. All
compounds are volatile and decompose at elevated temperatures to give MSe, and Se(C4F;),.The electronic structures of the
dimeric Cu compound and monomeric (py),M(SeC¢Fs), (M = Sn, Pb) were examined with density functional theory

calculations.

B INTRODUCTION

Aromatic 7—7 stacking interactions’ represent an underex-
plored variable that can potentially be controlled to deliver
important materials in new forms, whether it be molecular
precursors to compound semiconductors,” quantum dots,” or
two-dimensional materials.” Fluorinated arene ligands are likely
to engage in 77— interactions because of the polar nature of the
C—F bond. These fluorinated rings impart useful character-
istics,” including superior solubility/volatility properties and the
stabilization of elements in high oxidation states.

Fluorinated phenoxides’ and thiolates’ have been used
extensively to make stable compounds with metals from every
part of the periodic chart, but the analogous fluorinated
selenolate chemistry is considerably less developed. The SeC4F;
(SeAr) ligand is not commercially available as either the selenol
or the diselenide, but a reliable synthesis of C4F;Se—SeC4F; has
been reported.” There exists a description of TI(SeC4F;) and
heterometallic M/Tl compounds’ with SeC,F; ligands that
contain dative T1—F interactions, a mer-octahedral lanthanide
compound with a significant structural trans influence,”” and a
recent description of M(SeC¢F;), compounds with the group
12 metals Zn, Cd, and Hg.10

In the group 12 work, there was a clear tendency for all three
products to crystallize with 7—7 stacking arrangements, either
as discrete molecules or coordination polymers, as has often
been noted in related thiolate chemistry.'""> To further explore
the chemistry of this ligand, and to examine the possibility of
using these 77— interactions to influence molecular structure,
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we extended our investigation and describe here the synthesis
and characterization of Cu(I), Sn(II), Pb(II), and In(III)
compounds with the perfluorinated benzeneselenolate and the
subsequent thermolysis behavior of these compounds.

B EXPERIMENTAL SECTION

General Methods. All syntheses were performed under ultrapure
nitrogen (Welco Praxair), using conventional drybox or Schlenk
techniques. Pyridine (Aldrich) was purified with a dual column Solv-
Tek solvent purification system and collected immediately prior to use.
Se,(C4Fs), was prepared according to literature procedures.8 Sn, Pb,
Cu, and In metals (Aldrich) were purchased and used as received.
Melting points were recorded in sealed capillaries and are uncorrected.
IR spectra were recorded on a Thermo Nicolet Avatar 360 FTIR
spectrometer from 4000 to 450 cm™ as mineral oil mulls on CsI
plates. UV—vis absorption spectra were recorded on a Varian DMS
100S spectrometer with the samples dissolved in pyridine, placed in
either a 1.0 mm X 1.0 cm Spectrosil quartz cell or a 1.0 cm® special
optical glass cuvette, and scanned from 190—800 nm. All NMR data
were collected on a Varian VNMRS 500 spectrometer at 25 °C with
the compounds dissolved in deuterated dimethyl sulfoxide. 'H and *°F
NMR spectra were obtained at 499 and 476 MHz, respectively; 7’Se
NMR spectra were acquired with a longer relaxation delay (4.0 s)
together with an extended number of scans (2056) in fluorine-
decoupled mode at 95 MHz using (SePh), as external standard.
Electrospray ionization mass spectrometry (MS) data were recorded
on a Thermo Finnigan LCQ DUO system with the sample dissolved
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Table 1. Summary of Crystallographic Details for 1—4

compound 1 2 3 4
empirical formula C3,HyCu,F oN,Se, Cy3H sF sInN;Ses C,,H (FoN,Se,Sn C,,H,(F(N,PbSe,
fw 935.52 1090.18 768.93 857.43
space group P1 P2,/n C2/c C2/c
a (A) 7.846(4) 13.037(1) 19.209(3) 19.354(3)
b (A) 9.932(6) 18.940(2) 5.2539(9) 5.1931(7)
c (A) 11.707(7) 14.175(1) 24.187(4) 24.613(4)
a (deg) 113.11(1)

B (deg) 90.91(1) 99.696(2) 108.549(2) 108.569(2)
7 (deg) 98.10(1)

vV (A3) 828.2(8) 3450.3(5) 2314.2(7) 2345.0(6)
z 1 4 4 4

D (caled) (g/cm™) 1.876 2.099 2.207 2.429
temperature (K) 100(2) 100(2) 100(2) 100(2)

2 (A) 0.71073 0.71073 0.71073 0.71073
abs coeff (mm™) 3.569 3.963 4.346 10.394
R(F)* [I>2 6(D)] 0.046 0.026 0.030 0.0238
R(F)Y [T > 2 o()] 0.120 0.061 0.064 0.057

“R(F) = YIIF,| — IFI/YIF,). PR (F}) = {3 [w(F,} — F2)?*]/Y[w(F,2)?]}"/% Additional crystallographic details are given in the Supporting

Information.

in a 10:1 MeOH/CH;COOH mixture. Mass spectra were acquired in
the negative ion detection mode scanning a mass range from m/z =
150 to m/z = 1000. In the case of isotopic patterns, the value given is
for the most intense peak. Powder X-ray diffraction data were obtained
on a Bruker HiStar area detector using Cu Ka radiation from a Nonius
571 rotating-anode generator. Elemental analyses were performed by
Quantitative Technologies, Inc. (Whitehouse, NJ).

Synthesis of (py),Cu,(SeCsFs), (1). Cu (0.032 g, 0.50 mmol), Hg
(0.014 g, 0.070 mmol), and (SeC¢Fs), (0.12 g 0.25 mmol) were
added to pyridine (20 mL), and the mixture was stirred at room
temperature for 3 d. The solution was filtered to remove Hg, then
concentrated to ~8 mL, layered with ~20 mL of hexanes, and cooled
to ca. 2 °C, to give yellow crystals (0.17 g, 73%) that melted at 102 °C
and decomposed at 160 °C. IR: 2944 (s), 2881 (w), 1509 (w), 700
(m), 458 (m), 430 (s), 415 (s), 413 (w), 405 (m) cm™". UV—vis: This
compound shows an optical absorption maximum at 570 nm. Anal.
Caled for C;,Hy0F(N,Cu,Se,: C, 41.0; H, 2.10; N, 5.98. Found: C,
41.3; H, 2.31; N, 5.54%. "H NMR (ppm): 8.67 (s, 2H), 7.82 (t, ] = 9.2,
6.4 Hz, 1H), 7.43 (s, 2H). F NMR (ppm): —125.26 (d, ] = 22.1 Hg,
2F), —162.29 (t, ] = 21.2 Hz, 1F), —164.70 (t, J = 22.1 Hz, 2F). No
77Se NMR signal was observed.

Synthesis of (py),In(SeC4Fs)s-py (2). In (0.057 g 0.50 mmol), Hg
(0.013 g, 0.065 mmol), and (SeC¢Fs), (0.37 g 0.75 mmol) were
combined in pyridine (20 mL), and the mixture was stirred at room
temperature for 15 d. The solution was filtered to remove Hg,
concentrated to ~8 mL, layered with ~20 mL of hexanes and cooled
(2 °C) to give colorless crystals (0.37 g, 56%; mp 106 °C; dec 198
°C). IR: 2975 (s), 2880 (w), 2843 (w), 1602 (m), 1508 (m), 1483 (s),
1217 (s), 1007 (w), 1070 (m), 973 (m), 816 (m), 702 (m), 627 (w),
413 (w) ecm™'. UV—vis: This compound shows an optical absorption
maximum at 330 nm. Anal. Calcd for Cy3H,F 5InN;Se;: C, 36.3; H,
1.39; N, 3.85. Found: C, 36.2; H, 1.39; N, 4.09%. 'H NMR (ppm):
8.56 (dt, J = 4.0, 1.7 Hz, 2H), 7.76 (dd, ] = 5.6, 4.0, 1.4 Hz, 1H), 7.36
(tt, J = 15.2, 7.6, 1.7 Hz, 2H). '’F NMR (ppm): —124.23 (d, J = 28.2
Hz, 2F), —159.22 (t, ] = 28.2 Hz, 1F), —163.84 (broad s, 2F). "Se
{F} NMR (ppm): 382.5.

Synthesis of (py),Sn(SeC4Fs), (3). Sn (0.24 g, 2.01 mmol), Hg
(0.020 g, 0.10 mmol), and (SeCgFs), (0.99 g, 2.01 mmol) were
combined in pyridine (ca. 25 mL), and the mixture was stirred at room
temperature for 16 d. The solution was heated to 60 °C, filtered,
concentrated to ~5 mL, and cooled to room temperature to give light
orange crystals (0.91 g, 84%) that began to melt at 110 °C, melted
completely at 119 °C, and decomposed at 229 °C. IR: 2957 (s), 2284
(m), 1607 (w), 1593 (w), 1510 (s), 1462 (s), 1377 (s), 1213 (m),
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1153 (m), 1083 (m), 1031 (m), 1010 (m), 971 (s), 815 (m), 751 (m),
723 (m), 700 (s), 617 (s) ecm™". UV—vis: This compound shows a
broad optical absorption maximum at 450 nm. Anal. Caled for
Cp,H, (N,F,SnSe,: C, 34.4; H, 1.31; N, 3.64; Found: C, 33.6; H, 1.37;
N, 3.69%. '"H NMR (ppm): 8.56 (m, 2H), 7.78 (tt, ] = 7.6, 1.8 Hg,
1H), 7.37 (m, 2H). ’F NMR (ppm): —126.11 (d, ] = 28.2 Hz, 2F),
—160.63 (broad s, 1F), —163.84 (t, J = 28.2 Hz, 2F). ”’Se {*F} NMR
(ppm): 75.98.

Synthesis of (py),Pb(SeC4Fs), (4). Pb (021 g 1.0 mmol) and
(SeCgFs), (049 g, 1.0 mmol) were combined in pyridine (15 mL)
with a catalytic amount of Hg (ca. 0.05 g). The resulting mixture was
stirred until all the metal powder was completely consumed (7 d). The
deep orange solution was separated from a dark gray precipitate by hot
filtration at 70 °C and cooled to room temperature to give brown
crystals (0.74 g, 70%) that turned red at 160 °C and decomposed at
205 °C. IR: 2922(s), 2854(s), 1592(m), 1509(s), 1478(s), 1442(s),
1377(m), 1359(m), 1329(w), 1214(w), 1152(w), 1081(m), 1065(m),
1030(w), 1000(m), 969(s), 814(s), 750(m), 701(s), 617(m) cm™
This compound gives a broad optical absorption maximum at 451 nm.
Anal. Caled for Cp,H, N, F | PbSe,: C, 30.7; H, 0.85; N, 3.08; Found:
C, 30.5; H, 0.87; N, 3.11%. '"H NMR (ppm): 8.55 (m, 2H), 7.76 (m,
1H), 7.36.0 (tt, ] = 15.6, 7.6, 1.8 Hz 2H). "F NMR (): —126.07 (d, ] =
28.2 Hz, 2F), —161.18 (broad s, 1F), —164.25 (t, ] = 28.2 Hz, 2F).
77Se {*’F} NMR (ppm): 75.76.

Thermolysis. Typically, a sample of 1—4 (ca. 20 mg) was placed in
a quartz thermolysis tube that was sealed under vacuum, and the
sample end was placed into a model 847 Lindberg tube furnace. The
“cold” end of the glass tube was held at —196 °C by immersion in
liquid nitrogen. The sample was heated to 650 °C at a ramp rate of 10
°C/min and then held at 650 °C for S h, at which time it was cooled to
25 °C at a rate of 3.5 °C/min. For 1, the black powder that was
formed at the sample end of the quartz tube was identified as CuySe;
with multiple phases present; the structure most identified with a
berzelianite derivative.”> The resultant solid for 2 was identified as
In,Se;'* 3 gave SnSe,'* and 4 gave PbSe.'® Gas chromatography
(GC)MS analysis of the volatile products identified py and Se(C4Fs),
(m/z = 413) in all four cases.

X-ray Structure Determination. Single-crystal X-ray data for 1—
4 were collected on a Bruker Smart APEX CCD diffractometer with
graphite monochromatized Mo Ka radiation (4 = 0.71073 A) at 100
K. Crystals were immersed in mineral oil and examined at low
temperatures. The data were corrected for Lorenz effects, polarization,
and absorption, the latter by a multiscan (SADABS)'” method. The
structures were solved by direct methods (SHELXS86).'® All non-
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hydrogen atoms were refined (SHELXL97)"® based upon F,.* All
hydrogen atom coordinates were calculated with idealized geometries
(SHELXL97). Scattering factors (f,, f', f”) are as described in
SHELXL97. Crystallographic data and final R indices for 1—4 are
given in Table 1. Molecular visualization by use of Mercury CSD
diagrams20 for 1, 2, and the common structure for 3 and 4 are shown
in Figures la, 2a, and 3a, respectively. Packing diagrams for 1, 2, and

Figure 1. (a) Molecular visualization of dimeric (py),Cu,(SeCFs), in
1, with the H atoms removed for clarity and ellipsoids at the 50%
probability level. Significant bond lengths [A] and angles [deg]:
Cu(1)—-N(2), 2.048(3); Cu(1)—-N(1), 2.096(3); Cu(1)-Se(1),
2.4648(12); Cu(1)—Se(1)’, 2.5248(13); Cu(1)—Cu(1)’, 2.5952(14)
(see dashed line); Se(1)—C(1), 1.929(4); Se(1)—Cu(1)’, 2.5248(13);
N(2)—Cu(1)-N(1), 104.34(13); N(2)—Cu(1)—Se(1), 119.88(10);
N(1)—Cu(1)—Se(1), 98.40(10); N(2)—Cu(1)—Se(1)’, 109.40(10);
N(1)=Cu(1)=Se(1)’, 104.64(8); Se(1)—Cu(1)=Se(1)’, 117.33(2);
N(2)—Cu(1)—Cu(1)’, 142.77(10); N(1)—Cu(1)—Cu(1)’, 112.62(9);
Se(1)—Cu(1)—Cu(1)’, 59.80(4); Se(1)'—Cu(1)—Cu(1)’, 57.53(3).
Symmetry transformation used to generate equivalent (’) atoms: —x +
1, =y, —z.(b) Ball-and-stick drawing® of the crystal packing in 1 as
viewed approximately along the crystallographic a+b diagonal with the
c axis along the page. Likely 7---7 interactions as indicated by dashed
lines between ring centroids (see text), form isolated triplets of
contacts: two py--SeAr distances of 3.51 A and one SeAr--SeAr
distance of 3.61 A. The H atoms are omitted for clarity. Atom types
are as indicated by colors in (a).

the common structure of 3 and 4 are given in Figures 1b, 2b, and 3b,
respectively.”’ Additional crystallographic details are provided in
Supporting Information.

Computational Details. Electronic structure calculations, facili-
tated by the GaussView”> and Gaussian 09’ suites of programs, were
performed on 1, 3, and 4. We employed density functional theory
(DFT)** with the M06,>> M06-L,>>* PBE,*® and B3LYP*’ exchange-
correlation functionals. For Pb, Sn, Cu, and Se, we applied the Wadt—
Hay relativistic effective (small) core potentials®® and the LANL2TZ
basis sets”>*” augmented by one f-type function and a complete set of
diffuse spdf functions; > 6-311+G(d,p) basis sets were used for F, N,
C, and H atoms.*" Standard procedures were employed to obtain the
optimized geometries, and normal-mode analysis was performed to
verify the nature of the located stationary points as true minima.
Increased atomic grid sizes (pruned (99 590) grids) were used for the
numerical integrations to enhance computational stability and accuracy
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Figure 2. (a) Molecular visualization of the (py),In(SeC¢Fs),
molecule of 2, with the H atoms removed for clarity and ellipsoids
at the 50% probability level. Selected bond lengths [A] and angles
[deg]: In(1)-N(2), 2.3594(14); In(1)—N(1), 2.3714(1S); In(1)—
Se(1), 2.5630(3); In(1)—Se(2), 2.5919(3); In(1)—Se(3), 2.5980(3);
N(2)-In(1)-N(1), 156.54(5); N(2)—In(1)—Se(1), 105.15(4);
N(1)—In(1)-Se(1), 98.28(4); N(2)—In(1)—Se(2), 90.21(4);
N(1)-In(1)—Se(2), 80.27(4); Se(1)—In(1)—Se(2), 116.540(8);
N(2)-In(1)—Se(3), 82.13(3); N(1)-In(1)—Se(3), 90.96(4);
Se(1)—In(1)—Se(3), 104.506(8); Se(2)—In(1)—Se(3), 138.803(9).
(b) Ball-and-stick drawing™® of the crystal packing in 2 as viewed
approximately along the crystallographic b+c diagonal with the a axis
along the page. The likely 7--7 interactions in 2 form a 1D array of
contacts along the ¢ axis. The repeating quartet of distances are 3.55,
3.79, 3.70, and 3.64 A between respective ring centroids (shown by
dashed lines propagating from lower to upper in the figure) for the
SeAr--py, py---py, py---SeAr, and SeAr---SeAr interactions, respectively
(see text). The py molecules of solvation are shown, but all H atoms
are omitted for clarity. Atom types are as indicated by colors in (a).

of geometry optimizations and vibrational frequency calculations (grid
ultrafine option). Natural bond orbital (NBO) analysis was
performed with NBOS, version 5.9.%%%

B RESULTS AND DISCUSSION

Reaction of M (M = Cu, In, Sn, Pb) with C4F;Se—SeCF; in
pyridine leads to the reductive cleavage of the Se—Se bond and
the formation of metal selenolate compounds that crystallize as
pyridine adducts. This is a particularly attractive synthetic
approach due to the minimal number of reagents involved, the
relatively high yields obtained, and the ease with which the
product can be isolated since there are no solid-state
byproducts.

With Cu, reduction over a period of days followed by
saturation of the solution after the Cu had been consumed
Reaction 1, leads to the isolation of (py),Cu,(SeC¢Fs), (1) in
high yield. This compound was characterized by conventional
spectroscopic methods and low-temperature single-crystal X-
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Figure 3. (a) Molecular visualization of the common structure (py),M(SeCFs),, for 3 (M = Sn) or for 4 (M = Pb), with the H atoms removed for
clarity and ellipsoids at the 50% probability level. Significant bond lengths [A] and angles [deg] for 3: Sn(1)—N(1), 2.553(2); Sn(1)—-N(1)’,
2.553(2); Sn(1)—=Se(1), 2.6637(5); Sn(1)—Se(1), 2.6637(5); Se(1)—C(1), 1.911(3); Se(1)—Sn(1)’, 2.6637(5); N(1)—Sn(1)—N(1)’, 176.90(10);
N(1)—Sn(1)—Se(1)’, 86.38(5); N(1)’=Sn(1)—Se(1)’, 91.37(5); N(1)—Sn(1)—Se(1), 91.37(5); N(1)'—Sn(1)—Se(1), 86.38(5); Se(1)'—Sn(1)—
Se(1), 86.804(19). Significant bond lengths [A] and angles [deg] for 4: Pb(1)—N(1), 2.655(2); Pb(1)—N(1)’, 2.655(2); Pb(1)—Se(1), 2.7551(4);
Pb(1)—Se(1)’, 2.7551(4); N(1)—Pb(1)—N(1)’, 179.44(11); N(1)—Pb(1)—Se(1), 92.12(5); N(1)'—Pb(1)—Se(1), 87.46(5); N(1)—Pb(1)—Se(1)’,
87.47(5); N(1)'—Pb(1)—Se(1)’, 92.12(5); Se(1)—Pb(1)—Se(1)’, 86.184(16). Symmetry transformation used to generate equivalent atoms: —x + 1,
y, =z + 1/2. (b) Ball-and-stick drawing”® of the crystal packing for 3 and 4 (M = Sn and Pb) as viewed approximately along the crystallographic b
axis (left) and a+c diagonal axis (right). There are no short contact distances that indicate significant 77 interactions, and the closest interligand
contact is 3.53 A between a Se atom and a C atom of two SeAr groups related by b-axis translation, as indicated by the dashed lines (right). The H
atoms are omitted for clarity. Atom types are as indicated by colors in (a).

ray diffraction. The molecular structure of 1 is shown in Figure absorption has been attributed to a ligand-to-metal charge
la with significant geometrical parameters given in the figure transfer transition in previous descriptions of Cu(I) compounds
caption. with selenolate ligands.>** The NMR spectra suggest that there
are dynamic processes that influence line shapes (noted also for

Cu + CgESeSeC(E 24 [(py),Cu(SeCcE)], (1) the Sn and Pb compounds), but conditions for obtaining
classical slow or fast exchange spectra could not be determined

The Cu compound is a dimer, with a central Cu—Cu because of problems with either solubility or thermal stability.
separation of 2.595(1) A; there are two bridging selenolates and The dimeric motif found in 1 is often observed in Cu(I)
two pyridine donors saturating the primary coordination chalcogenolate compounds; although depending on the steric
sphere. When compared to over 360 structures in the demands of the ancillary ligands (or the lack thereof),
Cambridge Structural database (CSD) with bridged pairs of compounds have been noted with Cu,, Cuy and polymeric
Cu(I) atoms, this Cu—Cu separation is consistent with the frameworks.”**” Most of these compounds contain metal-
range of values reported, 2.4 A to 3.0 A, which contain several lophilic interactions, even in the presence of bulky phosphine
instances of the longer bridging iodide atoms, and somewhat ligands and sterically demanding chalcogenolates that typically
shorter than the mean value, 2.72 A. This separation is also favor structures of low nuclearity. Within the lattice of 1, there
somewhat shorter than the mean value of 2.71 A for the 10 are a number of close associations between planar aromatic
instances of neutral dimer compounds in the CSD with four- rings that are consistent with 77 interactions (e.g,, closely
coordinate Cu(I) and bridging O-, S-, or Se-containing u* stacking, nearly parallel rings with separations less than 3.8 A
ligands.>* There exist Cu(Il) compounds with fluorinated and lateral shifts less than 2.3 A, approximately) or o7
thiolate ligands: tetrahedral pyrazolylborate compounds with interactions (e.g,, CH---ring) of aromatic compounds, cf. Figure
monodentate thiolates™ and an octahedral cis bis-thiolate 1b (the separations given are for segments of the rings that
compound with a tetradentate amine ligand.*® One of the overlap when viewed in projection, and the lateral shifts are for
Cu(Il) pyrazolylborate compounds was also reduced to give a the projected ring centroids). Both the 7~z and the CH--x
Cu(I) product, again with a tetrahedral geometry and a noncovalent interactions are commonly observed in the crystal
terminal thiolate. structures of aromatic compounds and have been assumed to
Compound 1 has a yellow color because of an electronic be a driving force for crgstal packing, protein folding, and
transition with an absorption maximum at $70 nm; this molecular recognition.”””” The likely 77 interactions of
8899 DOI: 10.1021/acs.inorgchem.5b00452
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aromatic rings (py or SeAr) along the crystallographic (a—b)
diagonal, namely, pyl--SeAr--SeAr’---py(l’), are capped in
either direction by the o---7 interactions between the two
unique py ligands. For the four z---7 interactions, the central
two fluorinated rings are positioned to allow significant overlap
with separation of 3.3 and 3.2 A, dihedral angles of 0° and 120°,
and lateral separations of 1.3 and 1.2 A for SeAr:--SeAr’ and
SeAr’--py(1’), respectively. A CH;--x interaction, involving the
atoms H(12) and C(7) at a distance of 3.1 A, is observed for
py(2")--py(1) or py(1)---py(2”). The above sequence repeats
upon inversion at (1/2, 1/2, 0) and near py(2) with the
H(16)--H(16') distance at 2.5 A, slightly longer than the sum
of the van der Waals radii (2.4 A).

Indium metal behaves similarly, reducing (SeC¢Fs), over a
span of days at room temperature to afford a light yellow
solution Reaction 2, from which crystals of the monopyridine
solvate of (py),In(SeC4F;); can be isolated by saturating the
solution with hexane. This contrasts with earlier fluorinated
thiolate literature, where In(SC4Fs); is reported to crystallize
from hexane and not react further with pyridine.”” The
structure of 2, as established by low-temperature X-ray
diffraction, is a monomeric distorted trigonal bipyramid with
a pair of axial pyridine donors (N(2)—In(1)-N(1) =
156.54(5)°) and three equatorial selenolates distorted from
ideal positions [Se(1)—In(1)—Se(2) = 116.540(8); Se(1)—
In(1)—Se(3) = 104.506(8); Se(2)—In(1)—Se(3) =
138.803(9)] (Figure 2). While distorted, the three Se—In—Se
bond angles still sum to nearly 360° (359.8°). There are
continuous one-dimensional (1D) arrays of ring stacking motifs
along the c-axis in the crystal structure of 2 (Figure 2b), with
favorable 77— interaction geometries for alternating inter- and
intramolecular stacking of rings, namely, SeAr(3)---py(1) [3.1 A
separation, 17° dihedral, and 1.1 A lateral shift], py(1)---py(2’)
[3.3 A separation, 8° dihedral, and 1.9 A lateral shift], py(2)--
SeAr(2) [3.8 A separation, 15° dihedral, and 0.8 A lateral shift],
and SeAr(2) and SeAr(3’) [3.4 A separation, 3° dihedral, and
1.2 A lateral shift].

In + 3/2 C,ESeSeC,E = (py),In(SeC,E), @)

Indium selenolate geometries are highly sensitive to the
coordination environment, with previous reports describing
compounds with coordination numbers that range from three
to six. There is no structure of a homoleptic In(III)
fluorothiolate, but a tetrahedral geometry was observed in
[In(SC¢Fs),(OPh)],.** Introduction of an R group with
extraordinary steric demands (i.e, SeC¢H,-2,4,6,Bu’)*' leads
to the formation of three coordinate molecules, while reduction
in the size of R leads to distorted tetrahedral dimers with
bridging and terminal SeR ligands.42 The In(SePh), anion® is
more of an ideal tetrahedron, and octahedral (N,Se;)
geometries are observed with chelating ligands, that is, In(Se-
2-NC;H,);."* With the fluorinated selenolate ligand, compound
2 is the first In(SeR); product to adopt a trigonal bipyramidal
geometry.

Tin and lead metals also reduce 1 equiv of the diselenide to
give divalent products that were identified as (py),M(SeC¢Fs),
(M = Sn(3); Pb(4)), Reaction 3, by single-crystal X-ray
diffraction.

M + CESeSeC(F, = (py),M(SeC4E), (M =Sn, Pb)  (3)

The structures of 3 and 4 (Figure 3a) contain stacks of M(II)
atoms that are formally bound to two pyridine and two
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selenolate ligands and datively bound to the two selenolate
ligands bonded to the M(II) atom related to the first by simple
translation along the b-axis, thus forming an infinite array of
octahedrally arranged ligands with two M—Se bonds of ~2.7 A,
typical lengths of such bonds in M(II) compounds,”*** and
two dative M-Se interactions spanning ~3.7 A; the same
structure was communicated in the structure report of
Pb(SeC¢Fs),.*° For comparison, the solid-state structure of
SnSe is a distorted NaCl lattice with three short (2.77, 2.82, and
2.82 A) and three long (3.35, 3.35, and 3.47 A) Sn—Se
separations.”* The nearly octahedral geometries of these M(II)
complexes are reflected in the cis-L—M—L angles of 88.2° (Sn)
and 88.6° (Pb). These structures also reveal similar aromatic
ring-stacking arrangements as found in 1 with four nearly
parallel ligands, namely, two instances of intramolecular SeAr---
py on either side of the SeAr:--SeAr from crystallographically
related (inversion at (1/2, 1/2, 1/2)) py,M(11)(SeAr), units,
capped on either end of the stack with CH:--SeAr contacts of
~3.0 A. For the crystal structures of these M(II) compounds,
the separations, dihedrals, and lateral shifts for the unique
SeAr---py and SeAr--SeAr’ units are 3.3 A, 0°, 2.3 A; 3.2 A, 8°,
2.5 A for 3 and 3.4 A, 0°,2.4 A; 32 A, 4°,2.6 A for 4.

While there is literature precedent for selenolates stabilizing
Sn(IV) in the preparation of Sn(SePh),** reactions with 2
equiv of fluorinated diselenide and Sn metal resulted only in the
isolation of the divalent product. This should not imply that the
divalent state is particularly stable—in fact, given the
fluorinated selenolates of Zn(II), Cd(II), Hg(Il),"" Cu(I),
Sn(1I), Pb(II), and In(III), only the Sn(I1I) compound 3 reacts
visibly with air, })resumably by reducing oxygen to form Sn(IV)
oxide products.”’

There are only a handful of structurally characterized group
14 M(SeR), (M = Sn, Pb) compounds in the literature, and
within this small number there is an extraordinarily diverse
range of coordination environments. The most recent
contribution to this molecular class is a remarkable group of
two-coordinate M(SeAr®™",), compounds48 with acute Se—M—
Se bond angles in which the ideal E-M—E bond angles are
compressed because of intramolecular dispersion forces.
Approaches to ideal right angle bonding similar to 3 and 4
are also found in the pseudo-octahedral arrangements of
[Sn(Se-2-NCH,),],,** in which [Sn(Se-2-NCH,), ], units are
connected to neighboring dimers with a relatively long
(3.618(2) A) Sn—Se interaction. In this case, deviations from
ideal geometries arise from constraints associated with the
chelating SePy ligand. Compounds 3 and 4 possess geometries
that are most consistent with pure p-orbital metal involvement
in M—Se bonding. Structures of divalent compounds have also
displayed geometries consistent with the presence of a
stereochemically active lone pair on the metal, as seen in the
structures of polymeric**® Sn(SePh),, dimeric M(ESi-
(SiMe;)),, " and molecular Pb(SeCH,CH,NMe, ),.**

Computations. Using the X-ray structures of 1, 3, and 4 as
guidance, initial geometries representing monomeric (3, 4) or
dimeric (1) units were constructed; these trial structures were
then optimized emzplozing several functionals (M06, M06-L,
PBE, and B3LYP).>” > In all cases, the geometry optimizations
converged to minima featuring C; symmetry (1) or C,
symmetry (3, 4; twofold rotation axis bisecting the Se—M—Se
angle).

The structural parameter of primary interest in 1 is the short
Cu(I)—Cu(I) separation. The optimized geometry produced by
the B3LYP functional shows a Cu—Cu distance of 2.614 A,
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essentially equal to the experimental value of 2.595 A; the other
functionals applied here lead to even shorter Cu—Cu
separations: 2.554 A (PBE), 2.475 A (M06-L), and 2473 A
(M06). Computed Cu—Cu Wiberg bond indices™® fall in the
range from 0.05 (B3LYP) to 0.08 (M06-L); for comparison, the
Wiberg indices for the Cu—Se single bonds are computed to be
in the range of 0.20—0.23. Both computed (idealized gas phase)
and experimental (X-ray) values derived for the Cu(I)—Cu(I)
distance are distinctly shorter than the sum of the van der
Waals radii (2.80 A) and close to the sum of the metal atom
radii (2.556 A), suggesting that attractive interactions exist
between the Cu atoms.”’ The modest but distinctly nonzero
value of the Cu—Cu bond order also supports weak bonding
existing between the formally closed-shell, d'° Cu(I) ions in 1.

Optimized values of essential geometrical parameters
characterizing the metal coordination geometry in 3 and 4
are summarized in Table 2. The data presented in Table 2

Table 2. Comparison of Experimental and Computed
Structures for Monomeric 3 and 4“

(Py)zSn(Secer)z
parameter X-ray Mo06 MO06-L PBE B3LYP
Sn(1)—N(1) 2.553 2.571 2.577 2.592 2.623
Sn(1)—Se(1) 2.664 2.694 2.694 2.700 2.700
Se(1)—-C(1) 1911 1918 1.914 1.926 1.927
N(1)-Sn(1)— 176.9 171.7 168.2 173.4 174.2
N(1)’
N(1)-Sn(1)— 86.4 84.0 82.0 85.3 87.6
Se(1)’
N(1)-Sn(1)— 91.4 89.9 89.3 89.7 88.1
Se(1)
Se(1)—Sn(1)— 86.8 85.4 84.3 84.0 86.2
Se(1)’
(py),Pb(SeC¢Fs),
parameter X-ray Mo6 MO06-L PBE B3LYP
Pb(1)-N(1) 2655 2.646 2.654 2.676 2716
Pb(1)—Se(1) 2.755 2.744 2.744 2.759 2.765
Se(1)—C(1) 1914 1916 1913 1.924 1.924
N(1)—Pb(1)— 179.4 172.9 168.9 174.9 177.4
N(1)’
N(1)-Pb(1)— 87.5 84.1 814 87.9 88.5
Se(1)’
N(1)—Pb(1)— 92.1 90.7 90.4 88.3 89.6
Se(1)
Se(1)—Pb(1)— 86.2 85.8 85.6 85.0 86.6
Se(1)’

“Bond lengths in angstroms, angles in degrees.

demonstrate that all four functionals applied here produce
optimized monomer structures for 3 and 4 that are very similar
to the experimentally determined structures with respect to the
local geometries observed around the central metal atoms. The
more elaborate, widely applicable M06 and MO6-L func-
tionals™* lead to more compact geometries (also noticeable in
the optimized Cu—Cu distances in 1, vide supra) in which the
rings in adjacent SeAr-py pairs are approximately parallel with
an edge-to-edge distance of 3.5-3.6 A, indicating the presence
of some 7(C4F;)-n(py) overlap; the optimized geometries
arising from use of the older, less comprehensive PBE and
B3LYP functionals are more open and extended. The M06 and
MO6-L functionals clearly provide an improved account of the
medium-range correlation energy (and hence dispersion).””"*
In particular, the B3LYP optimized structures of both 3 and 4
show the aromatic rings rotated to such an extent that
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intramolecular 7—7 interactions appear to be minimal (see
Figure S-1 in Supporting Information), reflecting the absence of
any consideration of dispersion interactions in this functional.
Thus, the basic coordination geometry for 3 and 4 does not
appear to be imposed by the crystal lattice; intramolecular 7—7
interactions appear to be sufficiently strong to engender some
overlap of SeAr-py rings in isolated (idealized gas phase)
(py),M(SeC¢Fs), monomeric units. However, the full extent of
m—r interactions and hence the final values of the dihedral
angles and overlap attained by the aromatic rings in the crystals
of 3 and 4 are undoubtedly determined by the lattice so as to
maximize overall thermodynamic stability (cf. Figure 3).

We analyzed the M06 wave functions in some detail using
the NBO partitioning and analysis schemes.”* Applying default
program settings, the wave function for 3 localizes well with
more than 98% of the total number of electrons placed in
Lewis-type localized orbitals and less than 2% appearing in
valence and Rydberg non-Lewis orbitals. Ignoring occupancies
less than 0.02 e, the natural electronic configurations for the
metal and immediate ligated atoms are Sn: (core)Ss"**Sp'¥;
Se: (core)4s'7%4p*34d°?; and N: (core)2s'*2p*!”, giving rise
to natural net charges of Sn: +0.85; Se: —0.14; and N: —0.54,
respectively. The two equivalent Sn—Se bond orbitals each
contain 1.92 e and may be characterized as having formed from
Sn and Se hybrid orbitals with contributing weights of 22% and
78%, respectively. The hybridization of the Sn orbital used for
Se bonding is effectively sp'® (corresponding to ca. 5% s- and
94% p-character); the Se partner orbital also has substantial p-
orbital content with an effective hybridization of sp®®
(corresponding to ca. 13% s- and 86% p-character).
Participation by d- and f-functions in these hybrids is slightly
higher for Se than for Sn but is overall insignificant. Rounding
out the occupied Lewis orbitals involving Sn is a lone pair
orbital with an occupancy of 1.98 e and sp®' hybridization
(corresponding to ca. 90% s- and 10% p-character). The
Kohn—Sham molecular orbital for 3, which most closely
approximates this highly localized Sn lone pair, is illustrated in
Figure 4.

% 0
F o

*(&d :
Sty

Figure 4. Side and top views of the Kohn—Sham molecular orbital for
3, which most closely approximates a localized Ss lone pair on the
central Sn atom.

The overwhelming extent of Sp orbital character present in
the Sn hybrids used for Sn—Se bonding, combined with the
existence of the Ss-like lone pair on Sn, explains the nearly 90°
value of the Se—Sn—Se angle (computed and observed). In this
localized orbital picture, the interaction between Sn and N(py)
becomes mostly electrostatic in nature. In a coordinate system
where the z-axis (the C, rotation axis) bisects the Se—Sn—Se
angle and the triad N—Sn—N approximately defines the y-axis,
the atomic orbital occupancies for Sn are
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SS1‘845px0'375py0‘255p20‘67, that is, very low occupancy in the p,
orbital, which potentially interacts with the N(py) lone pairs.
The Wiberg bond index’ for the Sn—N bond is only 0.17,
indicating limited covalent character in the Sn—N bond; for
comparison, the Wiberg Sn—Se bond index is 0.69. The total
Wiberg bond index for Sn (1.91) is comparable to that of Se
(1.93) but, of course, much smaller than, for example, that of N
(3.15).

The NBO analysis of 4 proceeds in a manner entirely
analogous to that just described for 3. The parameter values
obtained for 4 typically differ by only 1-2% from their
counterparts in 3 (see Supporting Information for details).

Thermolysis. The potential utility of these molecules as
precursors to new forms of compound semiconductors inspires
an investigation into their thermolysis behavior. For Sn, Pb, and
In, thermal decomposition proceeded as expected with the
formation of MSe/In,Se; phases and the elimination of
Se(CgFs), as detected by GC/MS. This reactivity parallels
previous descriptions of covalent metal chalcogenolate
thermolyses, with the exception of Zn(SCFs),, which afforded
ZnF,. In contrast, the Cu reaction gave a mixture of CuSe,
phases. Nonstoichiometric CuSe products have been noted
previously in molecular thermolyses, with Er_oduct distributions
that depend upon thermolysis conditions.*”

B CONCLUSIONS

The fluorinated selenolate ligand SeC4F; forms easily crystal-
lized pyridine coordination compounds with the group 11, 13,
and 14 metals Cu, In, Sn, and Pb. These compounds expand
the already diverse range of metal selenolate structural types
found in each group, with extensive 7—7 stacking evident
throughout all structures. All compounds decompose to give
solid-state MSe at elevated temperatures, with the elimination
of Se(C¢Fs),.
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