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The synthesis, characterization, and reactivity of a new sulfur-rich tridentate ligand, tetrakis(2-thienyljbgrate (

are reported along with a molecular orbital analysis of its coordination to a metal center. Unlike the analogous
tetrakis((methylthio)methyl)borate2(), 1~ does not coordinate Mo(C@Wwhen reacted with (@g)Mo(CO)s.

The sulfur atoms in both ligands are oriented to coordinate the metal in a pyramidalfur-bound mode.
Approximate molecular orbital calculations are used to compare the nligfahd interactions in these related
species, and the results indicate that the magnitude and polarizability of the electronic charge density of the lone
pairs on the sulfur atoms dictate the coordination strength of the ligands. Simple Mulliken atomic charges and
orbital occupation numbers are used to determine the extent of charge delocalization. While the conjugation of
the sulfur lone pair electrons with adjacentonds in the ligands decreases the corresponding Lewis basicity,
the contribution from the aromaticity in the thienyl groups is negligible. During the course of these studies, the
structure of K[l] was determined by X-ray diffraction. K[: monoclinic space grou@2/c, with a = 16.00(2)

A, b=7.680(7) A,c=16.22(2) A,g = 118.520(7), V = 1750(3) B, Z = 4, R(F) = 0.0494, andR,(F?) =

0.122. The crystal lattice contains one-dimensional chairls dfridged by K ions.

Introduction Chart 1

Recent studies of the interactions between transition metal %
ions and thiophene have revealed a subtle and diverse coordina-

tion chemistry: The motivation for these studies has been, to 5
a large extent, an understanding of the mechanism of catalytic |
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hydrodesulfurization (HDS), an industrial process by which M M M M
sulfur is removed from petroleum feedstackOf the sulfur- n! S-bound n2-bound n4-bound n5-bound
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relatively little is known about its coordination strength or the
contributing electronic factors.

To gain a deeper understandingsgfcoordination to metal
ions, we have prepared a new sulfur-rich anion, tetrakis(2-
thienyl)borate, B(GH3S),~ (1), which is the thiophene ana-
logue of the polythioether ligand tetrakis((methylthio)methyl)-

borate, B(CHSCHs),~ (27) recently reported by one of ds.
— - /CH3 ——]'
o g

I
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Like the latter ligand, the former was designed to provide a

Sargent et al.

Table 1. Crystallographic Data for Kl

formula GeH12BKS4 B, deg 118.520(7)
fw 382.4 v, A3 1750(3)
color, habit champagne, blockz 4

crystal system monoclinic T, K 296

space group C2/c L, AMoKa) 0.71073

a, 16.00(2) p(calcd), gcm® 1.451

b, A 7.680(7) u, cmt 7.71

c, A 16.22(2) R(F), Ru(F)? 0.0494, 0.122

*R(F) = 3A/3 (Fo); Ru(F) = Y[AWY/[Fow'?; A = |Fo — Fel; wt
= 0%(Fo) + gF2

Experimental Section

Materials. All reagents were distilled under ;Nand dried as
indicated. THF, BEXO, and benzene were freshly distilled over Na/
benzophenone. BFELO and LIGHsS (2-thienyllithium) were used
as received from Aldrich Chemical Co. Elemental analyses were
performed by Desert Analytics. NMR spectra were recorded on a 400
MHz Bruker spectrometer equipped with a Sun workstation.

K[B(2-CsH3S)] (K[1]). The K salt was prepared according to the
literature procedur®.The product was precipitated by addition of
aqueous KCI. The floculent white solid was isolated by filtration,
washed with BO (2 x 30 mL), and dried under vacuum. Yields:
60—80%. H NMR (CD3NO): 6 7.16 (m, 4 H), 6.93 (m, 4 H), 6.91
(m, 4 H). The BuN" salt was prepared by addition of [BNICI. Anal.
Calcd (found) for [BuN][1], Cs2H4sBNSs: C, 65.67 (65.73); H, 8.26
(8.49); N, 2.39 (2.37).

Attempted Preparation of Metal Complexes. Using synthetic

relatively soft, face-capping coordination sphere. In contrast Protocols outlined previously,we tried to prepare the following

to 27, which binds avidly to a variety of metal ions in the
intended mannerl™ shows no affinity for the same metal
fragments.

complexes: I]2M (M = Fe, Co, Ni), K[@)Mo(CO)], and [(1)Cula.
While these routes proved successful for the poly((methylthio)methyl)-
borates, only starting materials were recovered whed] Kjas
employed as ligand. Efforts to prepare the metal derivatives under

Herein we report the preparation and molecular structure of more forcing conditions, i.e. refluxing EtOH, DMF, or THF, resulted

K[1]. In addition, we report a theoretical comparison of the
bonding in transition metal derivatives of the parent tetrakis-
(thienyl) and tetrakis((methylthio)methyl) ligand4]¥1o(CO);~
(37) and RJMo(CO);~ (47). That the thioether moieties

in intractable black oils.

Crystallographic Structural Determinations. Crystals of suitable
quality for X-ray diffraction analysis were grown by diffusing.Bt
into an acetone solution containing K[ Crystallographic data for
the structures are presented in Table 1 and in the Supporting

Coqrd_inat? more strongly to met_al species than _thiOPhenelnformation. Systematic absences in the diffraction data were consistent
moieties is an expected conclusion. What remains to be for the space groupScandC2/c. The possibility of a molecular 2-fold

answered is whyy! S-bound thiophene is such a poorly
coordinating ligand. While a number of important theoretical
studies of the thiophene HDS reaction have been repérfed,
most have examined models of react@urface?® or cluster
specie$ where, due to the complexity of the size of these
systems, the approximations have been necessarily sever
Other theoretical studies have exploited the simplicity of

axis andZ = 4 suggested the centric space group, which yielded
chemically reasonable and computationally stable results. Both ions
are located on a 2-fold axis. The structure was solved using direct
methods, completed by subsequent difference Fourier syntheses and
refined by full-matrix least-squares procedures. Semiempirical absorp-
tion corrections were applied. The atoms S(2) and C(7) were found to

e statistically disordered with respect to each other in a 70/30

distribution. Each disordered atom site was assigned the identity of

homogeneous organometallic model complexes and have fo-the major atom contributor and refined with partial carbon/sulfur

cused on the energetfésind natur@cof the orbital interactions
between thiophene and a number of metal species.

occupancies. All non-hydrogen atoms were refined with anisotropic

In thedisplacement coefficients. Hydrogen atoms were treated as idealized

present study, the factors which govern the strength of the contributions. All software and sources of the scattering factors are

thiophenen! bonding mode are directly examined through the
comparison of the coordination chemistry of a series of relate
ligands.

(4) (a) Riordan, C. G.; Ge, P.; Haggerty, B.; Rheingold, A.JL.Am.
Chem. Soc.1994 116 8406-8407. (b) Ohrenberg, C.; Ge, P;
Schebler, P.; Riordan, C. G.; Yap. G. P. A,; Rheingold, Alrarg.
Chem.1996 35, 749-754. (c) Ohrenberg, C.; Saleem, M. M.; Riordan,
C.G.; Yap, G. P. A;; Verma, A. K.; Rheingold, A. . Chem. Soc.,
Chem. Commuril996 1081-1082.

(5) Harris, S.; Chianelli, R. R). Catal.1984 86, 400-412.

(6) Zonnevylle, M. C.; Hoffman, R.; Harris, Surf. Sci1988 199 320-
360.

(7) Diemann, E.; Weber, Th.; Mier, A. J. Catal.1994 148 288-303.

(8) (a) Rincm, L.; Terra, J.; Guenzburger, D; 8zhez-Delgado, R. A.
Organometallicsl 995 14, 1292-1296. (b) Sachez-Delgado, R. A;;
Herrera, V.; Rin¢a, L.; Andriollo, A.; Marfin, G. Organometallics
1994 13, 553-561. (c) Harris, SOrganometallics1994 13, 2628~
2640.

contained in the SHELXTL (5.3) program libra#y.

d Theoretical Approach. Unparametrized Fenskddall molecular

orbital (MO) calculation’' were employed to elucidate the electronic
structure and bonding of the various thiophene and thioether complexes
reported herein. Geometric parametersfor2-, and4~ were taken
directly from the crystal dat4. Since the transition metal complex of

1~ is not known, the geometric parameters for the hypothetical complex,
37, were derived from the crystal data of the free ligatd)(along

with those from the metal tricarbonyl fragment4n. The Mo—S bond
distances B~ were set equal to those #1 (2.57 A).

To reduce the size of the calculations and increase the molecular
point group symmetry (fron€,; to Cs), the apical thienyl or thioether
group of the chelating ligand was replaced by a hydrogen atom bonded
directly to boron. As a check, calculations were also performed on

(9) Pacey, G. E.; Moore C. EAnal. Chim. Actal979 105, 353-359.
(10) G. Sheldrick. Siemens XRD, Madison, WI.
(11) Hall, M. B.; Fenske, R. Anorg. Chem.1972 11, 768-775.
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the full complexes in the lower point group symmetry; no significant A
differences were observed.

Geometries for the 2,3-dihydrothiophenic derivative$afas well
as those derivatives in which the thiophene heterocycle was broken,
were defined as follows. Full-gradient ab initio geometry optimiza-
tionst? were performed at the RHF/6-31G level of theory on the isolated
thiophenic moieties9—12) in which a terminal G-H bond replaced
the C-B bond. The geometries of these fragments were then
incorporated into the parent borate ligand species for subsequent
calculations of the coordination complex. The M8 and C-B bond
distances in these hypothetical complexes were again set to those found
in 3~ and4~ (2.57 and 1.62 A, respectively). For the comparisons of
coordination strengths between these hypothetical derivatives of the
coordination complexes and the coordination complexes invol¥ing
and 2-, the geometries ol~ and 2~ also utilized RHF optimized
parameters for the thiophene componer@s &énd methyl sulfide
components, respectively, rather than the parameters taken from the
X-ray data. These changes, manifest primarily in longelCSond
distances, resulted in only minor quantitative differences in the amount
of electron density transferred between the metal and borate fragments
but were necessary for the consistency of the comparison.

The basis functions for all non-hydrogen atoms were generated by
the numerical X atomic orbital program of Herman and Skillnién
used in conjunction with the &-to-Slater basis program of Bursten
and Fensk& Non-transition metal atoms assumed ground-state atomic
configurations, while a @ cationic configuration was used for Mo.
The exponents for the valence s and p orbitals of Mo were determined
by minimizing the energy difference between the valence eigenvalues
obtained from molecular calculations and experimental ionization Figure 1. (A) Thermal ellipsoid plot of KLJ. Thermal ellipsoids are
potentials® The numerical X atomic orbitals were fit to doublg- drawn at the 40% probability level. Hydrogen atoms are omitted for

analytical Slater type functions for the valence d orbitals of Mo and ¢|arity. (B) Depiction of infinite chains of KI] in the crystal lattice.
for the valence p orbitals of the other atoms except hydrogen, the

exponent of which was 1.20. All other orbitals were represented as 3 151 t0 3.289 A. This arrangement results in infinite chains
single< _functions. A Mulliken population analyé&was_used in the of 1~ bridged by K ions in the crystal lattice, Figure 1B.
_calt_:glahons to 'determlne gross and overlap populations, as well as Reaction of K[1] with Metal Complexes. k[l] does not
individual atomic charges. react with (GHg)Mo(CO)s, Fe(BR)2+6H,0, Ni(BF4)2+6H,0, or
Results and Discussion CU(CHCN)4(PFs). This is in contrast to the behavior of [B\]-
[2], which reacts rapidly with each of these metal complexes
to yield isolable derivatives in which three S donors per borate
are bound to the metal ich.

Molecular Orbital Calculations. Before the interactions
, 4 - ; between the molecular fragments of the coordination complexes
less bl.OCkS‘. suitable fo_r _X-ray diffraction analysis. K[ are discussed, it is useful to describe the molecular orbitals
crystalhzgd n the_ mOUOCI'.n'C space grogg/c. The mo'ecu'af (MOs) of the chelating ligands with respect to the orbitals of
structure is contained in Figure 1 with selec_ted metric parametersy, o thiophene and thioether building blocks. Much of the
in Table 2. The molecular structure consists of intimate, ionic bonding between the larger chelates and the metal species can

pairs of K ce_ltions and. anions. Tr_]e geometry about B is )5 qegcribed in terms of simple linear combinations of these
tetrahedral with ©B—C angles rang}_!\ng from 106.8 toA:I.11.9 smaller moieties. Of the valence orbitals for thiophene and
The B-C bond distances (1.63(1) A) are ca. 0.025 A shorter ey syifide illustrated in Figure 2, those which play a

”‘af‘ in PI.M (M = Fe, Co, Ni).‘}b. These differences may be significant role in binding to transition metal centers through
attrlbutgd to the_dlfferent_ hybridizations at thg C atoms. The ha sulfur atom are the 2and 2h orbitals of the former and
C—C distances in the thienyl backbones deviate significantly e 15 angd 1h orbitals of the latter. These orbitals combine
from those in the parent'thlo.phene (Q{—I}(Z), 1.370 A C(2y to form what can be regarded as two hybridized lone pair
C(3), 1.424 A" Coordination to B increases the C{ig(2) orbitals, one of which is used to coordinate to a metal species

distance to 1.416(10) A while the C3E(4) distance decreases o iting in the known trigonal pyramidal geometry around the
to 1.331(13) A. The C()C(3) bond distance also increases sulfur a?om 5, g Py g i

slightly (1.436(10) A). Each K ion is surrounded by four thienyl
rings, two from one borate and two from an adjacent borate, in

a pseudotetrahedral geometry. The thienyl ringss&ravith * =
A

Molecular Structure of K[1]. K[1] was prepared in good
yield according to the procedure of Pacey and MdorkCl
was used in place of CsCl to precipitate from aqueous
solutions. Recrystallization from acetonEt,O yielded color-

respect to the K ion with Kring atom distances ranging from

(12) Pulay, PMol. Phys.1969 17, 197—204. 5 M
(13) Herman, F.; Skillman, SAtomic Structure CalculationsPrentice-

Hall: Englewood Cliffs, NJ, 1963. : . .
(14) Bursten’gB. E.. Fenske, R. B. Chem. Phys1977, 67, 3138-3145. Three pairs of these;@nd i symmetry orbitals combine to

Bursten, B. E.; Jensen, R. J.; Fenske, RJ.FChem. Phys1978 68, form the six molecular orbitals of the tridentate borate fragments
3320-3321. 1~ and 27, illustrated on the sides of the molecular orbital

(15) Grant, S.; Sargent, A. L; Hall, M. B. Unpublished results. ; ; ; ;
(16) Mulliken R, S.J. Chem. Phys1955 23, 1833-1840, 18411846,  Jiagram shown in Figure 3. For the thioether fragment,

(17) Bak, B.; Christensen, D.; Hansen-Nygaard, L.; Rastrup-Andersen, J. the totally syr.nmet.ric c.ombinations of thejland 1h orbitals
R. J. Mol. Spectrosc1961, 7, 58—67. of methyl sulfide give rise to the 1a and 2a fragment molecular
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Table 2. Selected Bond Lengths (A) and Angles (deg) fol K[ Me
K—C(1) 3.153(4) S(2rk#4 3.201(2) _s & s
K—C(L)#1 3.153(4) B-C(8)#1 1.621(5) Me
K—C(8)#2 3.154(4) B-C(8) 1.621(5) (CH5),S C4Hy4S
K—C(8)#3 3.154(4) B-C(1) 1.633(5)
K—C(2) 3.220(5) B-C(1)#1 1.633(5)
K—C(2)#1 3.220(5) C(BC(Q) 1.407(5)
K—C(7)#2 3.227(4) c(2yc(3) 1.438(6) ?@& 2ay
K—C(7)#3 3.227(4) C(3yC(4) 1.342(7)
K—C(6)#2 3.271(5) C(5)C(6) 1.336(7) 2a }O
K—C(6)#3 3.271(5) C(5yK#4 3.297(5) 3
K—S(1)#1 3.274(2) C(6)C(7) 1.498(5) 1
K—S(1) 3.274(2) C(6yK#4 3.271(5)
S)-C(4) 1.689(5) C(AC(8) 1.528(4) 2by x
S(1)-C(1) 1.725(4) C(7yKi4 3.227(4) M 2b)
S(2)-C(5) 1.655(5) C(8yK#4 3.154(4) (HOMO)
S(2)-C(8) 1.712(4)
C(1)-K—C(2)#1 66.64(11) C(6)#2K—S(1) 121.62(10) by lag
C(2-K—C(2)#1 88.9(2)  S(1)#K—-S(1)  95.71(8) (HOMO)
C(L-K—-C(7)#2  117.88(9) C(4)S1)-C(1) 94.02)
C(2-K—C(7)#2 92.75(10) C(4)S(1)-K 76.1(2) 221
CQ#I-K—C(7)#2 160.81(9) C(BHS(1)-K 70.58(13)

C-K—C(7)#3  160.81(9) C(5)S(2-C(8) 94.7(2) g &<
CQHI-K—C(7)#3  92.74(10) C(8)B—C(1)  112.0(2)
C(T#2-K—C(7)#3  91.93(12) C(C(1)-B  128.2(3)
C(1-K—-C(6)#2  105.03(11) C(2C(1)-S(1) 109.3(3) "
2 :%

C(1)-K—C(6)#3  116.46(11) BC(1)-S(1) 121.9(2)

2003

C(L)#1-K—C(6)#3 105.02(11) C(C@A)-K 79.9(2) by

C(8#2-K—C(6}#3  91.18(12) B-C(1)-K 102.4(2)

C(2-K—C(6)#3  136.05(11) S(BHC(1)-K 78.35(13)

C(M#2-K—C(6)#3 110.83(12) C(HC(2-C(3) 111.1(4) by

C(6)#2-K—C(6}#3 134.4(2) C(BC(2)—K 74.6(2)

C(B#2-K—S(1)#1 115.74(8) C(3)C(2)-K 80.2(3)

C(B)#3-K—S(1)#1 141.93(7) C(#HC(3)-C(2) 114.2(4) Figure 2. Character, symmetry, and energetic ordering of the valence

C(2)-K—S(1)#1 74.39(10) C(4C(3)-K 78.6(3) molecular orbitals of thiophene and methyl sulfideGn, symmetry.

C(Ty#2-K—-S(1)#1 115.87(8) C(C(3)-K 74.3(2)

C(M#3-K—-S(1)#1 119.77(8) C(3)C(4)-S(1) 111.4(3) : ; ;

COM2-K—S()#1  8973(10) C(3)OMA)—K 77.9(3) the extent of interaction between two atomic or fragme;nt

C(6#3-K—S(1)#1 121.62(10) S(LC(A)—K 74.1(2) molecular orbitals is through a second-order perturbation

C(8)#2-K—S(1) 141.93(7)  C(6YC(5)-S(2) 113.8(3) correction to the molecular eneré§eq 1. The numerator of

C(8)#3-K—S(1) 115.74(8)  C(5YC(6)-C(7) 116.4(4)

C(2)-K—S(1) 46.45(9) C(6)C(7)-C(8) 103.9(3) H' 2

C(Q#1-K—S(1) 74.39(10) C(AC(8)-B 126.4(2) @ _ i 1

C(7)#2-K-S(1)  119.77(8) E7= — 1)
] ]

a Symmetry transformations used to generate equivalent atoms: (#1)
—X+2,y, =2+ 3%y #2) —x+2,y—1,—z+3%; #3)x,y— 1,z

#YX y+ 1,2 this expression, the square of the Fock matrix element, is a term

which depends on orbital overlaps, while the denominator is
orbitals (FMOs), while the remaining symmetry-adapted com- the difference in energy between the interacting fragment
binations give rise to the 1le and 2e sets of doubly degeneratemolecular orbitals. The greater energy difference between the
FMOs. Notice that the 2e FMO @ is the HOMO for the 2e orbitals of1~ and the 3e orbitals of Mo(C@)therefore

isolated fragment. translates into a weaker interaction between the two fragments.

The FMOs of1~ are constructed similarly. The principal The Mulliken gross populations, listed in Table 3, reflect the
difference is that the six FMOs which are formed from the weaker coordination ofi; the metal 3e FMO, which was
symmetry-adapted linear combinations of the Zad 2k unoccupied prior to the interaction, gains only 0.27 electron
orbitals of the three thiophene moieties do not correspond to from fragmentl~ while it gains 0.31 electron from fragment
the six highest occupied FMOs af, as was the case ir. 2~. Notice that the participation of the 3e orbitals Iof (not

More importantly, the 2e FMO df~ is not the HOMO of the ~ shown in Figure 3) as Lewis bases is largely a consequence of
fragment but rather has three occupied FMOs above it energeti-the symmetry-allowed mixing of the 2e and 3e orbitals. Linear
cally. These three FMOs correspond to the a- and e-type combinations of these orbitals can separate the contributions
symmetry combinations of the thiophene, babital. The 2a  arising from the 2band 1a MOs of the thiophene moieties.
FMO of 1~, which is not shown in Figure 3, is primarily boron The calculations presented in Figure 3 do little more than
in character and resides directly above the 1a FMO. corroborate a known experimental result. Of greater interest is
One of the most important interactions between the ligands an understanding of the chemical factors which influence the
and the metal involves the 3e orbitals of the metal fragment coordination strength of sulfur-containing ligands. We have
and the 2e orbitals of the borate ligand. In the vernacular of indicated that the energy difference between the borate 2e
the coordination chemist, this interaction represents the primary orbitals and the metal 3e orbitals influences the extent of the
components of the Lewis acid/Lewis base chemistry; the borate interaction but have said nothing about the origin of this
orbitals are the electron donors and metal orbitals are the difference or about the possible influence of the overlap terms
acceptors. The energy difference between the 3e orbitals ofin the numerator of eq 1. To address these issues, we focus on
the metal fragment and the 2e orbitalslofis 1.5 eV greater
than that with the 2e orbitals &~. One way of quantifying (18) Hoffmann, RAcc. Chem. Red.971, 4, 1-9.
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Figure 3. Molecular orbital diagram for the coordination complexdsand4-. The orbital energies af~ were scaled such that the energies of
are shown for clarity.

the Mo(CO} fragment molecular orbitals were the same as those in the coordination complex in@iviBgly the orbitals of the sulfur atoms

thiophene and its aromaticity.

Calculations involving three species closely relatetitathe

the separate contributions made by the heterocyclic nature ofTable 3. Mulliken Gross Populations of the FMOs &f, 27, and

molecular structures of which are illustratedn—8-, have
been performed to determine the effects of both the aromaticity

Mo(CO}; for the Interactions Leading to the Coordination
Complexes § and4") lllustrated in Figure 3, Along with Orbital
Symmetries in Parentheses

4- 3"
2 Mo(CO) Mo(CO)s 1
N - (2e) 1.74 (3a) 0.14 (3a) 0.11 (4a) 2.00
H H (2a) 1.96 (3e) 0.31 (3e) 0.27 (3e) 1.87
EL é (1e) 1.95 (2€) 1.93
el _ 3 (1a) 1.85 (3a) 2.00
ié/ {(\s\s} J \s\sl (le) 1.91
o 7 (2a) 1.98
I (1a) 1.85
6" 7"
Table 4. Energy Difference (eV) between the 3a and 3e FMOs of
Mo(CO); and the Six FMOs from the Ligands Involved sf
- S-Bound Coordination, Along with the Total Donation of Electron
H Density from the Tridentate Ligands Calculated from the Sum of
é the Mulliken Gross Populations of the 3a and 3e FMOs of Mo@CO)
—
/ \\s\, ligand
s Sj FMOsymm 1 2 6 7 8
R e 9.45 8.61 8.26 8.00 8.27
8 a 13.13 1259 1155 1208  11.86
o ) e 12.18 12.30 12.74 12.46 11.23
and the heterocycle on the coordination strength of the chelating a 14.93 14.96 15.33 14.78 14.97
ligand. In each case, the coordination strength was estimated ot. gonation 0.36 0.43
by the amount of electron density donated from the chelating
ligand to the 3e and 3a orbitals of the Mo(G@ggment; the

ethyl sulfide derivative,8~, and the 2,3-dihydrothiophene

sum of the Mulliken gross populations of these metal orbitals sulfide derivative,7, donates less—0.01 electron).
are listed at the bottom of Table 4. Relativelto, both the

0.38
electron, respectively) to the metal fragment, while the ethylene

The
relative coordination strength of the ligands therefore follows
the order7— < 17 <6~ < 8.

That the two extremes both

derivative, 6~, donate more electron density (0.05 and 0.02 contain acyclic organosulfur moieties implies that the hetero-
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Figure 4. Comparison of the relative energies of the, 2hbital of
thiophene before and after the heterocycle is broken.
1.13 1.03 1.78

cyclic nature of thiophene does not play an important role in 124
determining its effectiveness as a Lewis base. From an ‘
energetics standpoint, we expect that as the heterocycle of

thiophene breaks, the 2MO becomes less stable due to the

loss of the bonding interaction between the distal carbon atoms,
as shown in Figure 4. This destabilization favors an enhanced 0.96 N
interaction with the 3e and 3a FMOs of the metal fragment but /
1.25 1.27

alone does not provide a sufficient driving force to promote
the strong interaction between the Lewis acid and Lewis base, 1.29
as evident in the case @f. If it did, we would expec7~ to
coordinate strongly to the metal fragment. 0.95
The calculated energy differences between the ligand FMOs Total
on i i i 1g. 2.53 3.04 2.28 3.05
which involve the S g or S sp orbitals vital to they* S-bound Sulfur 2
coordination and the Mo(C@e and 3a FMOs are listed in Occupation
Table 4 for the various ligands under consideration. Notice that, _. . . .
Figure 5. Comparison of the character and sulfur atomic populations

despite the predominantly Sma"er energy d'ﬁere_nces involving for the occupied molecular orbitals which play a significant role in the
the metal complex o~ relative to1-, the magnitude of the  5.poundy! coordination to metal centers for specges12. The results
Lewis acid-Lewis base interaction is smaller. Indeed, the were obtained from ab initio calculations at the RHF/6-31G level of
splittings associated with complek, which is the complex theory.

with the weakest coordination, are significantly less than those
associated witl2~, the complex with the strongest coordination.
This comparison clearly indicates that the energy splitting
between interacting fragments does not dictate the overall molecule

Table 5. Sulfur Atomic ChargesRelative to Isolated Thiophene
(9) or Tetrakis(2-thienyl)boratel()

strength of the Lewis acid Lewis base interaction, as the results method 9 10 11 12
from Figure 3 might suggest, but, by exclusion, implies that  ap initio 0 —0.158 —0.042 —0.254
some property based on orbital overlap dominates the interaction Fenske-Hall 0 —0.209 —0.105 —-0.272
chemistry. Electron delocalization is a likely candidate. -

While the aromaticity is lost in each of the three derivatives lon
6-—87, a significant amount of stabilization, due to the method 1 6" 7" 8"
delocalization of the lone pair electrons on sulfur through  Eenske-Hall 0 ~0.193 —0.067 —0.232

conjugation with the available carbewcarbon double bonds,
is present ir/~ and, to a lesser extent, 6T. The conjugation
is greatest irl—, with contributions from two double bonds and
the aromaticity for each thiophenic moiety. Ligands 6,

a Atomic charges are determined from Mulliken gross populations.

a > of the method used (ab initio or Fenskidall) or the model
and8~ have two, one, and no double bonds per thio group, omnioved (full borate ligand,~, 6-—8-, or isolated fragment,
respectively. The localization of the sulfur electronic charge ~12)

density, which is a consequence of this conjugation, therefore The' weaker coordination of~ relative to 1- can be

follows th::-j_ord?jr_l* T ” <h67 = 8(;_ an_d comes clﬁseftoh understood from the molecular orbital contributions to the
corresponding directly to the coordination strength of the ..5nic charges. Figure 5 illustrates the molecular orbitals most

ligands. Assuming that a perfect correspondence existed, thes‘?mportant to they? coordination mode: the S7pMO, which is
results suggest that the greater the localization of the sulfur loneperpendicular to plane of the thiopﬁene unit a’md the S sp

pairs and, hence, the more electron_ density localized on thehybrid, which lies in the plane. In spite of the more negative
sulfur atom, the stronger the Lewis base. However, the gy, atomic charge in1 relative to9 (Table 5), the sulfur
rela.t|o.nsh|p is not perfect, ar?d.we must reconcile t@e apparent ;i e population (or occupation number) in the MO of
deviation from the trend exhibited in ligands and 1. 11 (the HOMO) is less than that of the corresponding8 p

_ Calculations on the isolated _sulfur-containing moieties, o pital of 9 (the SHOMO). Relative to that i8, the sulfur
independent of the parent borate ligands, were performed, and.p, o acter in the high-lying occupiedrpMO is smaller in11

the rgsultﬁ are presenLed In Il?gure Sand Tgl;le 5. The calculated, y yansiates into a smaller atomic population for this orbital
atomic charges on the sulfur atom provide an approximate \picp, jg important to thg! coordination mode. Since the total

mheas#re Olf tr;e ngOﬁahzatlc_)n ?lf the lsulf(t;r Ione_ palrsﬁ Notice aomic charge is calculated from the difference of the atomic
that the calculated charges in the isolated speiek? reflect number and the total gross atomic population (summed over

f‘he torle.nd of glecrt]ron glelocfa(ljlzatlon in the parint boratrt]a all occupied MOs}? this means that more of the total atomic
lgands: given in the order of decreasing atomic charges, t € population in11 resides in low-lying MOs. The principal
trend9 > 11 > 10 > 12 matches the trend in the respective

parent ligands1™ > 7~ > 6~ > 8. Notice, t0o, that there is  (19) Levine, I. N.Quantum Chemistryard ed.; Allyn and Bacon: Newton,
qualitative agreement in the calculated atomic charges regardless = MA, 1983; p 433.




Poly(2-thienyl)borates Inorganic Chemistry, Vol. 35, No. 24, 1996101

characteristic of an effective Lewis base in this context is, tion in the former between the donor orbitals of the ligand
therefore, that the sulfur lone pairs are localized in high-lying fragment and the acceptor orbitals of the metal fragment was
occupied orbitals. The sulfur occupation numbers, summed overresponsible for the decreasgé coordination strength. How-

the high-lying occupied orbitals of importanceb coordina- ever, an analysis of the bonding in the related conjugated
tion, e.g. those shown in Figure 5, correlate with the coordination aliphatic complex7~ revealed that the energy separation

strength of the parent borate ligandg, < 9 < 10 < 12, and between interacting fragments is not as important to the
support this conclusion. coordination strength of the ligand as the localization of the

Increasing the Lewis basicity of thiophene may result as a electronic charge density in the sulfur lone pair orbitals.
consequence of a disruption of the aromaticity through the Delocalization of the lone pair charge density through conjuga-
hydrogenation of the unsaturated bonds or through enhancingtion with adjacentr bonds decreases the Lewis basicity of the
the ring electron density by functionalization with strong donor ligand. The additional delocalization associated with aroma-
groups (e.g. methyl, methoxy). The same objective might also ticity, i.e. the extra conjugation provided by the heterocycle, is
be achieved by substitution in the 3,4-positions of thiophene not observed in the results of the calculations and implies that
with a strongr donor ligand such as a halide. This would result the aromaticity in thiophene is weak and does not contribute
in a higher energy porbital due to the antibonding interaction  significantly to the strength of the Lewis base. Consequences
between the carbon atoms in the 3,4-positions and the respectivef the weak aromatic stability extend into the mechanism of
halogens13. the activation reactions involving thg coordination complex.

Accurate ab initio studies which investigate the Eand C-H
bond activation reactions involving thg andz* coordination
complexes will be reported in another pager.
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coordinate to a variety of metal ions.
A theoretical comparison df~ with the closely related and 1C960703A
more reactive?—, suggested that an increased energetic separa-(20) Sargent, A. L.; Yandulov, D. V.; Titus, E. P. Manuscript in preparation.

The molecular structure of K] has been determined by X-ray
diffraction. In the solid state the borates orient to form infinite






