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Abstract: The mononuclear +2 oxidation state metal complexes [Au([9]aneSs).]?t and [Ag([18]aneSe)]**
have been synthesized and characterized crystallographically. The crystal structure of the Au(ll) species
[Au([9]aneSs;),](BF4)2 shows a Jahn—Teller tetragonally distorted geometry with Au—S(1) = 2.839(5), Au—
S(2) = 2.462(5), and Au—S(3) = 2.452(5) A. The related Ag(ll) complex [Ag([18]aneSe)](ClO.), has been
structurally characterized at both 150 and 30 K and is the first structurally characterized complex of Ag(ll)
with homoleptic thioether S-coordination. The single-crystal X-ray structure of [Ag([18]aneSe)](ClO,), confirms
octahedral homoleptic Se-thioether coordination. At 150 K, the structure contains two independent Ag(ll)—S
distances of 2.569(7) and 2.720(6) A. At 30 K, the structure retains two independent Ag(ll)—S distances of
2.615(6) and 2.620(6) A, with the complex cation retaining 3-fold symmetry. The electronic structures of
[Au([9]aneS3),]?" and [Ag([18]aneSe)]>™ have been probed in depth using multifrequency EPR spectroscopy
coupled with DFT calculations. For [Au([9]aneSs).]*", the spectra are complex due to large quadrupole
coupling to 1°7Au. Simulation of the multifrequency spectra gives the principal g values, hyperfine (A) and
guadrupole (P) couplings, and furthermore reveals non-co-incidence of the principal axes of the P tensor
with respect to the A and g matrices. These results are rationalized in terms of the electronic and geometric
structure and reveal that the SOMO has ca. 30% Au 5d,, character, consistent with DFT calculations
(27% Au character). For [Ag([18]aneSe)]?*, detailed EPR spectroscopic analysis confirms that the SOMO
has ca. 26% Ag 4d,, character and DFT calculations are consistent with this result (22% Ag character).

Introduction coordination geometry.A series of EPR studies on Au(ll)
complexes of thiocarbamat@snaleonitriledithiolateg,dimer-
captoisotrithioné,o-methylthioaniline, andN-(2-pyridylmethyl)-
2-mercaptoanilinfe have been reported. The structure of the

aiormal Au(ll) complex (BusN)z[Au(mnt);] (mnt = maleoni-
triledithiolate), obtained as a green, air-sensitive product by

reaction of the Au(lll) speciesiBusN[Au" (mnt)], with one
equivalent of'BusN[BH ], shows the Au center bound to four

S donors in a square-planar geometry with all-%&1 bond

lengths equivalent [AtS = 2.4156(7) A]. Detailed EPR and

The common oxidation states for gold and silver (M) &k
and +3 with paramagnetic, mononucleat Bi(Il) complexes
being especially rare. Many of the reported formal M(Il)
mononuclear species are often better described as ligand-radic
species with delocalisation of the unpaired electron into ligand
orbitals}? while the formation of diamagnetic M(F)M(II)
bonded species, for example via oxidative addition of halogens
to binuclear Au(l) derivatives, is also comm#én.

Gold: Genuine mononuclear Au(ll) compounds are rare.

Examples include the first metaKe compound, [AuXg-
(ShyF11)2, obtained by reduction of Auxwith elemental X,
and [AuXe)][ShyF11]2 in which the Au(ll) ion has an octahedral
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("BusN)2[Ni" (mnt)] as a diamagnetic host gave spin-Hamilton
parametergy = 1.985,gy, = 2.005,g9, = 2.016,A, = —39.6,

A, = —40.4,A, = —41.2 K. These data, together with extended
Huckel theory molecular orbital calculations, confirmed that in

Manoharan and Kundu have reported a study on Jdletier
distortions in the Ag(ll) complex of 1,8-diammonio-3,6,10,13,-
16,19 hexaaza-bicyclo[6.6.6]icosane in which the Ag center is
bound to six N-donors of the cryptaf# Single-crystal EPR

("BusN)2[Au(mnt),] ca. 60% of the unpaired electron density
within the singly occupied molecular orbital (SOMO) is
localized on the S donors and ortdg. 8% is localized on the
Au center? More recently, a stable, monomeric Au(ll) complex
has been reported with hematoporphyfinn which the six-

measurements reveal a dynamic Jafieller distortion above

230 K, a static JahnTeller distortion between 230 and 120 K,
and below 110 K evidence of exchange interacti&ns:band
measurements on a single crystal at room-temperature gave
01 = 2.052,g, = 2.078 andyz = 2.086. Ag(ll) selenocarbamates

coordinate Au center is bound to the hematoporphyrin macro- showg values, for example for [Ag(dsg])(dsc = diselenocar-
cycle and two water molecules are coordinated axially. The EPR bamate), that are close to that for the free electfdfirmse et

spectrum of this complex is dominated by an intense signal al. have studied bis(di-butyldiselenocarbamate)silver(ll) in a
attributed to a stable free radical; a less intense signal containingdiamagnetic palladium(ll) host by single-crystal EPR spectros-
nine lines due to the interaction of the unpaired electron with copy?* The spectra obtained were rhombic with hyperfine
the four coordinated N atoms is also observed. splitting to 1°7Ag and1%°Ag as well as td’Se ( = 1/2, 7.5%
Silver: Mononuclear, paramagnetic Ag(ll) centers are more natural abundance). The question of whether these are ligand-

common than the analogous Au(ll) species, btitcn still be

centered radicals remains relevant in the characterization and

regarded as an unusual oxidation state for silver. Ag(ll) species analysis of these complexes.
have been identified in the processesing of radioactive waste at Thioether Crowns: As part of our studies on the stabilization

room temperatufé and are known as effective oxidants for
organic substratés 15 The complexes of formal Ag(ll) centers
are dominated by porphydfiand aza macrocyché species in
which the Ag(ll) center is coordinated to all four N-donors of

of unusual oxidation states [Co@) Rh(Il),26 Ni(l),2” Ni(llI), 28
Pd()2° Pd(lI),%° Pt(1)3 and Pt(llIf4 using macrocyclic
ligands3® we report herein the first crystal structure of a
homoleptic thioether S-bound Ag(ll) complex, [Ag([18]asgS

the ligand in a square planar geometry with potential weak axial (ClO,),, together with a full multifrequency EPR spectroscopic

interaction(s) to counter-anions or co-ligands. Highly oxidizing
Ag(ll) products containing N-heterocyclic ligands can be

prepared via oxidation of precursor Ag(l) complexes using £bO
Ba®, CaQ, or 03151820 Many of these formal Ag(ll)
complexes have been studied by EPR spectrod@éfincluding

complexes of dialkyldithiocarbamates that show a doublet with

hyperfine splittings td%’Ag and1%°Ag, with giso = 2.019 and

Aso = 27 x 104 cmL. Doublet spectra are also observed in

the fluid solution EPR spectrum of [Ag(malj~ (mn&~ =
maleonitriledithiolate) withgis, = 2.019, Aiso = 31.4 G2
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analysis coupled to DFT calculations to interrogate the detailed
electronic structure and nature of the SOMO in [Ag([18]-
ane3)]?" and the related Au(ll) species [Au([9]langg?". We
were first to report the single-crystal structure of [Au([9]-
aneS$);]%" in which the formal 8 Au(ll) center is bound to six

S atoms of two [9]anesSligands in a JahnTeller distorted
octahedral geometry with equatorial Au(Hp distances of
2.452(5) and 2.462(5) A and longer, apical Au¢iB bonds at
2.839(5)A34 The stabilization of other Ai436 and Ag63°
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Figure 1. Views of single-crystal X-ray structures of (a) [Au([9]ang$', (b) [Au([9]aneS)2]?", and (c) [Au([9]ane§]3+.34352

complexes with thioether crowns have been the subject of other Chart 1.

reports. The structural characterization of Ag(ll) with thioether

donor ligands has not been reported previously, and this is the

first comprehensive and detailed study by multifrequency EPR
spectroscopy, with simulations of high quality data linked to

[9]aneSs (i) and [18]aneSs (ii)

57

(o

DFT calculations to probe the degree of redox non-innocence
of thioether crowns in these complexes. ()
The thioether macrocycles [9]ang®,4,7-trithiacyclononane)

and [18]anes (1,4,7,10,13,16-hexathiacyclooctadecane) (see typjcally favors facial coordination and forms sandwich-type

Chart 1) are well-known to be capable of modifying their  complexeg3 whereas [18]anaSs large enough to encapsulate
coordination to accommodate a range of transition-metal ste- 5 metal iort©

reochemistries and, as such, are suited to facilitate the study of

(i)

the redox chemistry of transition metal compleXgf9laneS
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Results and Discussion

Synthesis and Characterization of [Au([9]aneg)2](BF 4)2.
The binding of Au(l), Au(ll), and Au(lll) centers in the
complexes [Au([9]anes},] 23+ and their single-crystal X-ray
structures have been reported (Figuré*€p.[Au([9]aneS),]-
(BF4), was prepared by reaction of 2 equiv of [9]apefder
reflux with 1 equiv of HAUC} in HBF4 (50%) for 30 min in
the absence of light. We sought to determine the degree of
delocalisation of charge in [Au([9]angg]?" and to probe the
degree of non-innocence of the thioether donors in this system.
Multi-Frequency EPR Studies on [Au([9]aneS)z]% .
[Au([9]aneS),]?" was studied in MeCN/toluene solutiona
10:1 v/v) as a fluid and as a frozen solution by multifrequency
L-, S-, X-, K- and Q-band EPR spectroscopy. The fluid solution

(40) (a) Hintsa, E. J.; Hartman, J. R.; Cooper, SJRAmM. Chem. S0d.983
105 3738-3739. (b) Hartman, J. R.; Cooper, S. R.Am. Chem. Soc.
1986 108 1202-1208. (c) Hartman, J. R.; Hintsa, E. J.; Cooper, SJR.
Am. Chem. Soc1986 108 1208-1214. (d) Blake, A. J.; Gould, R. O.;
Lavery, A. J.; Schider, M. Angew. Chem., Int. Ed. Endl986 25, 274~
276.
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Figure 2. EPR spectra of [Au([9]ane]?" in MeCN/toluene solution: (a) X-band fluid spectrum at room temperature (top) and simulation (below) with
Giso = 2.005,Aisoan) = —43 x 1074 cm1, with Gaussian linewidths dfiso, = 40 G (bottom). (b) L-band, (c) S-band, (d) X-band, (e) K-band, and (f) Q-band
spectra ata. 110 K (top) and simulation (below) withw = 1.999,g,y = 1.980,0,; = 2.032,Axay) = —50 x 1074 cm?, Ayyay = —30 x 1074 cmr?,

Agay = =50 x 104 cm™, P =5 =5 x 104 cm%, and a twist about the&-axis of the quadrupole tensor with respect to thand A matrices by

p =15

X-band spectrum at room temperature (Figure 2a) comprisesand Q-band spectra (Figure 2e,f) reveals that the lowest and
four evenly spaced transitions due to the hyperfine interaction highest field quartetsgg, and gyy, respectively) arainevenly
with the °7Au nucleus [ = 3/2, 100% natural abundance). spaced, being grouped into “two-plus-two” peaks, i.e., the

Simulation givesgiso = 2.005,Aiso = —43 x 1074 cm™! (the separation between the inner two transitions is greater than those
sign of Aiso Will be justified later). On freezing this solution at  between the outer and inner transitions. This is indicative of
ca 110 K, the X-band spectrum is dominated by'*#Au large quadrupole coupling to the= 3/2 1%7Au nucleus (which

hyperfine quartet (Figure 2d), which indicates that the  has a very large nuclear quadrupole moment) of similar
anisotropy is not very large. At Q-band, there is a partial magnitude to the nuclear hyperfine interaction.

resolution of all thregy values, confirming the rhombic nature Simulations. The spectra were simulated using the spin-
of theg matrix, with hyperfine quartets centeredgat= 1.999, Hamiltonian:

Oyy = 1.980,9,; = 2.032 (Figure 2f). From simple crystal field o N )

arguments on this JahiTeller elongated, nominally Au(ll), 5d H=pgBS+ SAi + g,8,Bl + P,J31,72— I1(1 + 1)] +

complex, we expect the SOMO to be a formglatbital where (P,.— P )(f 2_j 2)

the xy plane is defined by the equatorial Auplane, and we oWy
would expect the largesgtvalue @.) to be normal to this plane. where B and f, are the electronic an&’Au nuclear Bohr
At Q-band, the centréf’Au hyperfine quartet (tgx) is clearly magnetons, respectivel,is the applied magnetic fieldy and
resolved alAq| ~ 50 G, as are the three highest field lines of - A gre the electronig matrix and®7Au nuclear hyperfine matrix,
the quartet t@yy (the lowest field transition ofl,, overlaps with respectively, an®; (i = x, y, 7) are the principal values of the

the highest field transition ax); |Ay| is considerably smaller,  clear quadrupole interaction tens@yrdefined by:
atca 30 G. All four transitions of the lowest fieldj,, hyperfine

quartet are resolved, although with the larger experimental eQq,
linewidths at Q-banddf. X-band), they appear as two sets of Pi = m
two partially resolved peaks. At the intermediate K-band

frequency, the separation of the two lowest-field peaks is and

observed more clearly at the cost of a lower resolution ofjthe

anisotropy. From the separation&;4 is of a similar magnitude I aY

to |Axl. At microwave frequencies lower than K-band, the poor Gi = ?

resolution of theg anisotropy is such that the frozen solution

spectra appear near-axial due to the near-axial pattefHAud wheree is the electronic charge&) is the quadrupole moment

hyperfine couplings. of the 197Au nucleus andy; are the principal values of the
The four transitions of the central hyperfine quartetgig electric field gradient at the nucleus. TRdensor is traceless;

are more-or-less evenly spaced, as is apparent from everythus, its principal components can be parametrizedPby
frequency measured. In contrast, a closer inspection of the K- [P,; — (Pxx + Py)/2]/3 and a rhombic termy = (Pxx — Pyy)/2.
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Figure 3. Effect of the angle of non-co-incidenge between theg, A Figure 4. Effect of the Au quadrupole tensor rhombicity parametem
hyperfine matrices and the quadrupole terBan the simulated Q-band  the simulated Q-band spectra (34.280 GHz) of [Au([9]aj¥%. Simulation
spectra (34.280 GHz) of [Au([9]angg]2". Simulation parametersgy = parametersgy = 1.999,g,y = 1.980,g,, = 2.032,Acxay) = —50 x 1074
1.999,gyy = 1.980,0zz = 2.032, Agay) = —50 x 107% cm™2, Apyay = cm L, Apay = —30 x 102 ecm L, Aggayy = =50 x 104 cm L, P =5 x
=30 x 1074 em™, Aggay = =50 x 1074 cm™, P=75 =5 x 1074 cm™ 104 cm L, p = 15°, with 7 = 0 (top) and 5x 104 cm 2 (bottom). Gaussian
Angle of rotation about the&-axis p = 0 (top) and 15 (bottom). Gaussian linewidths of Waxx = Wy = 8 G, Wy, = 22 G.

linewidths of Wyx = Wyy = 8 G, W,, = 22 G.

observed experimentally. However, we found that these uneven
spacings iny andz can be enhanced by including an angle of
non-co-incidence between thetensor axes with those of the

g and A matrices which are assumed to have co-incident
principal axes. We explored the effect of a single angle of
rotation of theP tensor about the&-axis. This has the effect of
mixing the y and z components, introducing non-zero off-
diagonalPy, and P,, elements. We rotate aboutbecause in
the experimental spectra we observe that ghehyperfine
multiplet is not affected by quadrupole coupling, and rotation
abouty or zwould reintroduce quadrupole effectsgg. Thus,

the x-axis of theP tensor is co-incident with those of thigA
matrices, but thegy and z axes are rotated through an angle
about thex-axis. The effect o for fixed P = # is shown in
Figure 3, and the large effect on the uneven spacing ofjfhe
and g,; features can be clearly seen. We found the best fit to
the experiment witlp = 15° for P=75 =5 x 1074 cm™%; this

We initially simulated the spectra by ignoring the quadrupole
interaction to define the electrongcvalues and to obtain best
first estimates of the principal values for the hyperfines. These
simulations were performed first at the higher frequencies (K-,
Q-band) and then the values checked by simulation of the lower
frequency spectra. It was assumed that the principal axes of
the g and A matrices were co-incident. This approach defines
Oxx Oyys Oz @andAy well, but poorly definesd,y andA,, due to

the large influence of the quadrupole coupling on these multi-
plets. We then introduced a non-zero value of the quadrupole
parameteP (Figures 3 and 4). For values Bf> ca. 5 x 104
cm1, new transitions are found in the calculated spectra beyond
the high-field edge of the spectrum calculated Fo= 0 (and

the experimental spectrum). This places an upper limit of
5 x 104 cm! on our value ofP. The P tensor elements
(/104 cm™1) for P =5 x 104 cm™%, = 0 would be:

-5 0 0 gives theP tensor elements (/168 cm™?) in the diagonalg/A
0 -5 0 frame:
0 0 +10 0 0 0
The most significant changes to the calculated specfta ( 0 —8.7 =5.0
P = 0) were found to be in the andy (middle- and high-field) 0 -5.0 +8.7

features. However, experimentally we know thais largely
unaffected by quadrupole effects (becaggés split as a regular
four line multiplet) whereayg andz are affected as revealed by
the uneven spacings in the quartets. Therefore, we introduce
a non-zero value for the rhombic quadrupole paramgetévhen

n = P, there is a special case in whi€hx = 0; the P tensor
elements (/10* cm™) for P = =5 x 107* cm™! become:

Thus, there are no quadrupole effects onsttfeatures of the
calculated spectra, and significant off-diagoral elements
dproduc:e the pronounced “two-plus-two” structure in bothythe
andz components. Note that it is not possible to simulate the
spectra by including non-co-incidence effects witk= 0, for
example see Figure 4, as this still gives rise to a signifi€nt
component. Thus, to reproduce the experimentally observed

0 0 0 “two-plus-two” distortions of they,, andg,, hyperfine multiplets,
0 —10 0 it is necessary to include non-zero values footh these
0 0 +10 parameters. Figures 3 and 4 also highlight the sensitivity of the
calculated spectra to changegjiandp; hence, these parameters
Thus,n = P restricts the quadrupole effects to theplane. can be determined with some confidence.
The inclusion ofP = = 5 x 1074 cm~! does not perturb the To establish a best set of parameters, we vatigdA,, P,

centralgy multiplet in the calculated spectrum. However, there 7, andp to simulate the Q-band spectrum with the setfAgf

is a slight modulation of the relative spacing and intensities of g., 0y, and g, parameters established previously. All the
the four transitions within thg, (low-field) andgyy (high-field) parameters were then refined by simulating the lower frequency
quartets (Figure 4). These effects are quite subtle and not largespectra, which are more sensitive to changeginand the
enough to reproduce the distinct “two-plus-two” patterns process repeated iteratively until excellent simulations were
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achieved forall frequencies studied with a single set of
parameters ignoring minor changes in linewidths. The final
parameters weregy = 1.999,9,y = 1.980,09,,= 2.032,A =
=50 x 104 cm™%, Ay = =30 x 104 cm™%, A, = —50 x
10%cmL, P=5x 10%cm?t, =5 x 104 cm™, andp =
15°. The assignment of the signs Af will be justified below.
Interpretation of EPR Data for [Au([9]aneS3);]?". EPR
spectra have been reported for Au(ll)-doped [Zn([9]adS
(BF4)2 by Kirmse et aP However, the spectra obtained are of
significantly lower resolution than in the present study, in
particular at the higher frequencies and are found to be

temperature dependent, which presumably reflects structural

changes in the host zZn(ll) lattice. The authors present simula-
tions only for S- and W-band, based on the parameigrs
2.004,9, = 1.989,03 = 2.041,A; = =55 x 10%cm™L, Ay =
—35x 10%cm, As=—-43x 10%cm}, P, =410 x 104
cm ', P,=—7 x 10*cm™, P3= —3 x 10* cm™! (equivalent
toP=5x 10*cm™%, y = 2 x 1074 cm™1) where theg and
A matrices and th® tensor are all assumed to have co-incident
principal axes. However, these fail to reproduce the “two-plus-
two” patterns of the hyperfine quartets in the high- and low-
field features. Our simulations for the frozen and fluid solutions
of [Au([9]aneS)z]?", based on much higher resolution data, give
excellent simulations atll frequencies giving greater confidence
in the parameters, and these are significantly different from those
reported by Kirmsé&ba

To interpret the spectra, we assign andgyy to orientations
lying in the equatorial Augplane, withg,, (the largesg value)
perpendicular to this plane as would be expected from simple
crystal field arguments, with the unpaired electron in the metal
5d,y, orbital. DFT calculations are consistent with this interpreta-
tion, predicting that the SOMO hag aymmetry inC; point
symmetry, and that the dominant metal component of the SOMO
is 5d, (see below). In this case, the principal components of
the g and A matrices are given by eqgs 1 and 2, respectidély:

O = Ge T 20y,
Oy =0T 26yz
0,,= g+ 80 (1)

X2 —y2

and
Av=Ast PfZa 1+ Ag, — G,
A, =As+ P, %az +Ag,, — %Agxx]
A=At P~ 587+ Ag, + (80, + Ag,)| @)

wheregg is the free-electroig value, Ag; are the shifts of the

g values fromge, Py is the electron-nuclear dipolar coupling
parameter for Au 5d electrons, aads the linear combination

of atomic orbitals (LCAO) coefficient of the Au Sgorbital in

the SOMO. The); terms are the weighted average ground state-
excited-state energy gaps:

(41) (a) Maki, A. H.; Edelstein, N.; Davison, A.; Holm, R. H. Am. Chem.
Soc.1964 86, 4580-4587. (b) Rieger, P. HCoord. Chem. Re 1994
135-136, 203-286.
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wherel is the spir-orbit coupling constant for Au 5d electrons,
andci is the LCAO coefficient of théth atomic orbital in the
kth molecular orbital As is the isotropic Fermi contact term

given by:
)

and can include contributions from direct admixture of 6s orbital
density to the SOMO and from inner core polarization.

From egs 1 we exped}, to be the largesg value, oriented
perpendicular to the plane of the formalpdrbital, and this is
the basis of our assignment pf(see above)g.x and gy are
both less thage, which is not expected from eq 1. One possible
explanation for this is that eq 1 arises from a first-order
perturbation treatment of the spiorbit coupling, and this has
been noted to be inadequate in some heavy metal complexes
where second-order termsAAcan be significant! Significant
negative contributions to thg-shifts can also arise from low-
energy charge-transfer transitions from or to predominantly
ligand-based orbitals, and this has been observed to give rise
to negativeg shifts in severa Au(ll)S4} complexed;26b.7b.7¢,37.42

The principal values of th& matrix, determined by simula-
tion, average to the experimentally measured isotropic value
(A= Aiso = 43 x 1074 cm™1), and hence, ally values must
be the same sign as each other an8i@sWith this information,
eq 2 implies thatA;j] should be the largest principal value of
the A matrix. Although we findA;, to be larger tham\y, it is of
similar magnitude td\. This may be a limitation of the model
used to simulate the spectra; we have assumed that the principal
axis of theg andA matrices are co-incident because we achieve
good simulations without including this effect. However, this
situation is not required fdZ; molecular point symmetry, where
all the 5d orbitals transform ag, @and hence can mix. This
scrambling of d-orbital functions can give rise gbA matrix
non-co-incidence effect8 DFT calculations (see below) suggest
that the dominant contribution to the SOMO is,pR7.7%)
and that there are negligible contributions from the other 5d
orbitals of g symmetry. Thus, any rotation about thg/A,y
axis is likely to be minor. A rotation could have the effect on
the frozen solution spectrum of diminishing the separations
within the g;; hyperfine quartet while increasing those gf.
We have attempted to include this angle of twist while keeping
the sum ofA. and A,; to be close to-100 x 104 cm™! and
fixing all other parameters to the values above. Although we
can achieve reasonable multifrequency simulations in this model,
they are not as good as those in Figure 2, and we do not feel
that their inclusion here is justified. However, a non-zero twist
about gy/Ayy cannot be excluded, and consequently in the
analysis of the dipolar part of the metal hyperfine, the contribu-
tion of the metal d-orbitals to the SOMO (see below) should
be regarded as a minimum value.

Ag,t+ Ag,, + Ag,
3

As= RO~ Pd( @)

(42) van Rens, J. G. M.; de Boer, Hol. Phys.197Q 19, 745-747.

(43) See for example: (a) Carpenter, G. B.; Clark, G. S.; Rieger, A. L.; Rieger,
P. H.; Sweigart, D. AJ. Chem. Soc. Dalton Tran$994 2903-2910. (b)
Wang, Q.; Barclay, E.; Blake, A. J.; Davies, E. S.; Evans. D. J.; Marr, A.
C.; Mclnnes, E. J. L.; McMaster, J.; Wilson, C.; Sttieo, M. Chem. Eur.

J. 2004 10, 3384-3396.
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Combination of eqs 43 gives:

4

A= =Py~ 5

& + 270, — (Ag, + A3 ()
From eq 4 and the assignment above, we can calcafatbe
admixture of 5¢, to the SOMO, without the need to explicitly
assignx andy. The calculatedPy values for the metal ion, using
Rieger's methodology in which the result is dependent on the
configuration assumett,are+51.8 x 1074, +48.4x 104, and
+51.1 x 1074 cm~1 for the possible electronic configurations
5, 5¢°, and 5d6s', respectively. Substitution into eq 4 with
the experimenta) and A values (assuming negative values of
A;) givesa? = 0.29, 0.30 and 0.29, respectively. [Note that 6p
admixture to the @SOMO is symmetry forbidden; hence, we
neglect the 5%p! configuration.] Positive values of; give
negative values of?. Thus, the metal d-orbital contribution to
the SOMO isca 30%, although allowing for mixing with g
may increase this value slightly (see above).

TheC; point symmetry of [Au([9]ane$,]2" also allows direct
admixture of the Au 6s orbital into thg &OMO, and this could
give rise to the relatively large isotropic component of the
matrix. This can be estimated directly from the ratio of the
experimental isotropic hyperfin&s,, and the calculated hyper-
fine coupling for unit population of the 6s orbital in the%6d!
configuration,Ags = 1874 x 1074 cm~144to give 0.02 (2%),

similar effect in his Ir(ll) study, where the hyperfine quartets
due to1911%r (I = 3/2) were grouped into quasi 1:2:1 multiplets
and could only be modeled including rhombic asymmetr? in
and non-co-incidence betweBrandA.*6 For [Au([9]ane$)2]%T,
we found the principal values of the diagorRiltensor to be
Pw=0,Pyy=—10x 10 4cm %, andP,,= +10 x 10 4cm%;
when expressed in the diagomglA frame, the non-zerB tensor
elements arePy, = —8.7 x 104 cm™%, P,,= +8.7 x 104
cm!, andPy, = P,y= —5 x 1074 cm™L.

In a simple crystal field model, a $¥configuration would
give an isotropic charge distribution and, therefore, zero
quadrupole coupling. The quadrupole coupling that would arise

from a single hole in the g orbital can be calculated from:
7b,7¢c

1

2
_ e€Q |43
 4re, 0 e

2121 — 1)|7 ©)

zz

whereep is the permittivity of free spaces is the electronic
charge, an® is the nuclear quadrupole moment of the nucleus
(0.574 x 1072* cn? for 197Au). Using a value forld—3dq of
15.64 a.u., calculated for the Sdonfiguration using Rieger’s
methodology** we obtainP,, = +67 x 1074 cm™1 [Py and

Pyy would be half this value and of opposite sign]. This value
is slightly larger than those previously calculated by Schlupp
and Maki® and by van Ren# Therefore, we can crudely

although this should be viewed as an upper limit because spinestimate the 5g contribution to the SOMO of [Au([9]ane]**
polarization of inner core s electrons can also contribute to the from the ratio of the calculated and experimental valueB.ef

observed isotropic hyperfine. It should be noted that the-spin
orbit coupling contribution tAiso, the second term in eq 3, is
negligible due to the near-zero averalyg.

Quadrupole Effects. Nuclear quadrupole coupling arises
from an anisotropic electron density distribution and the resulting
electric field gradients (EFGs) at the nucleus. The effect of the

(expressed in the diagon@lframe), givinga? = 0.15. Although
consistent with a highly delocalised SOMO, tl&#% value is
significantly lower than that determined from analysis of the
metal hyperfinesda. 0.30). However, this quadrupole analysis
neglects Sternheimer shielding effects due to polarization of the
inner shell electrons by the surrounding non-spherical charge

guadrupole coupling on an EPR spectrum is crucially dependentdistribution. Thus, the calculated valueRyf is an upper limit,
on the relative magnitudes of the quadrupole with respect to and the quadrupole-derived value @fis a lower limit. This

the hyperfine interaction. When the quadrupole moment of the
nucleus is small, and consequently g values are small,
the intensities and positions of the allowAdy = 0 hyperfine
lines are unaffected, but otherwise forbiddem, > 0 transitions
can become allowed. This is often the case with, for example,
Cu(ll) and has been studied extensively by Belford and co-
workers?> among others. When the quadrupole and hyperfine
interactions are of similar magnitude, a further effect can be to

analysis also neglects the EFG due to the ligand electrons and
nuclei, which tends to be opposite in sign to the metal valence
contribution#347 This implies that the valence contribution to
P..is larger than the observed value, and again this would result
in a calculated value o that is too low. Belford has used
Mulliken population analyses, based on MO calculations, to
estimate the metal valence contributions to the EF@&/e have
followed his methodology using the Mulliken populations

perturb the otherwise regular spacing and intensities of the derived from DFT calculations using TDZP (Au) and TZP (C,

Amy = 0 hyperfine transitions, and this has been much less
studied. It is this latter effect that we observe in [Au([9]-

aneSg);]?". A thorough investigation of these effects on powder
EPR spectra has been reported for a range of Ir(Il) compt&xes.
Analyses of quadrupole interactions from single-orientation

H, S) basis sets. It should be noted that these DFT results are
in excellent agreement with the analyses of the metal hyperfine
data in terms of the covalency of the SOMO. Table 1 gives the

Mulliken populations of the Au 5d orbitals for a free Sidn

and for [Au([9]ane$),]?" derived from DFT. The calculated

spectra on Au-doped Ni(ll) dithiolene species have also beenvalue of P,, for the free ion (67x 104 cm?) is exactly

reported.270.7¢.42Through simulation of the EPR spectra of
[Au([9]laneS),;]?H, we find that the “two-plus-two” distortions
of the g,,andgyy hyperfine quartets can only be reproduced by

equivalent to that from eq 5. The calculated Mulliken popula-
tions for [Au([9]ane$),]%" give a covalency reduction factor
of 0.31, which giveP,, = 21 x 1074 cm%, which is still

introduction of both a non-zero rhombic quadrupole parameter significantly larger than the experimental value of 0104

n and a non-zero angle of twigtof the P tensor with respect
to the g and A matrices about the axis. Rieger observed a

(44) Rieger, P. HJ. Magn. Resonl997, 124, 140-146.

(45) Liczwek, D.; Belford, R. L.; Pilbrow, J. R.; Hyde, J. $. Phys. Chem.
1983 87, 2509-2512 and references therein.

(46) Connelly, N. G.; Emslie, D. J. H.; Klangsinsirikul, P.; Rieger, P.JH.
Phys. Chem. 2002 106, 12214-12220.

cmL. Thus, to reproduce the experimental metal quadrupole
coupling, we require a ligand contribution cd. —11 x 104
cm~1, which is of the same order of magnitude as found by
Belford for square planafCu(Il)S;} complexes!

(47) (a) White, L. K.; Belford, R. LChem. Phys. Letfl976 37, 553-555; (b)
White, L. K.; Belford, R. L.J. Am. Chem. Sod.976 98, 4428-4438.
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Table 1. 5d Contribution to the EFG from Mulliken Population Analyses
Bcos? - 10 free ion population (1) n#[3 cos? 6 — 10 AuS; population (n)? n#[3cos? 0 — 10
Au 5de-y2 —4/7 2 —8/7 1.97 —1.13
Au 5dy —4/7 1 —4/7 1.68 —0.96
Au 5d,, 217 2 417 1.97 0.57
Au 5d,, 217 2 417 1.97 0.57
Au 502 417 2 8/7 1.98 1.13
Sum 9 0.57 9.57 0.18
[3En[3 cog 0 — 1la.u. 8.91 2.81
covalency reduction factor 1.00 0.31
P,/104cm™?t 67 21

aMulliken populations from DFT calculations using TZ2P basis %&guivalent to the 4/7 term in eq 5.

Figure 5. Orientation of theg matrices with respect to the Cartesian frame
for (a) [Au([9]aneS)z]2" and (b) [Ag([18]ane§]?" calculated with a TZ2P
basis set for Au and Ag, respectively, at a TZP basis set for all other atoms.

There is a large rhombic anisotropy in the plane for the
determined nuclear quadrupole parameters. Witlr #, the

Table 2. Comparison of Spin-Hamiltonian Parameters of
[Au([9]aneSs),]?+ with {Au(I)Ss} Complexes

gxxa g,\/ya gzza Axxb Ayy Azz P, xxb P 142 P, 2z
[Au(mnt)]2¢f  2.006 1.978 2.016-41 —39 —42 —7 —19 +26
[Au(dmit);]2-9f 2.002 1.982 2.042—40 —39 —41 —6 —17 +23
[Au(dic)]®f  2.008 1.986 2.118-32 —32 —30 —19 —9 +28
[Au(9anes),]> 1.999 1.980 2.032-50 —30 —50 0 —10 +10

az-axis is perpendicular to Aulane,y-axis bisects SAu—S chelate
angles” Diagonal elements o, Pj in 104 cm™2. ¢ Data from reference
7c. NoteP; elements have been doubled compared to the values given in
reference 7c, in order to be consistent with the definition in this wbbkata
from reference 1¢ Data from reference 6tmnt = maleonitriledithiolate,
dmit = dimercaptoisotrithione, dte= diethyldithiocarbamate.
symmetry. The restrictions of the tridentate [9]agpdi§ands
are such that the axial S-donor atoms do not lie on the normal
to the Au§ plane, and the S(axialyAu---S(axial) vector is at
an angle of 12.2to this normal, which results in a shift of
both of these axial donor atoms into thie plane. This could
give rise to a significant ligand contribution to the rhombicity
and could perturb the overlap between the axial lone-pair S 3p
orbitals with the Au 5¢, and 54, orbitals to produce a metal
valence contribution to the in-plane anisotropy. However, the
Mulliken population analysis based on the DFT results (Table
1) show no difference in the population of these two orbitals,
which suggests that the ligand contribution dominates.

This distortion may also explain why the angle of twist
15°) of the P tensor with respect to thgand A matrices about
the x-axis was necessary to simulate the EPR spectra. The
orientation of the principal axes of thgeand A matrices are
dictated by the distribution of the electrspindensity, and the
SOMO of [Au([9]aneg);]?" is an in-plane orbital with 5¢
being the major metal component. Thus, we exgecandA,,

quadrupole coupling, and therefore the EFG, is restricted to theto be normal to thexy plane. In contrast, the principal axes of

yz plane. Although the simulations of the EPR spectra cannot
assign thecandy axes, DFT calculations of treematrix indicate
that the smallesy value,gyy, bisects approximately the in-plane
S--Au---S chelate bite angles (87)7whereasgy bisects
approximately the non-chelate-SAu---S angles (92.3 (Figure

the P tensor are dictated by thetal electron (charge) density
distribution. Whereas in a square planar comtgxthe largest
element of theP tensor, would also be expected to be normal
to the coordination plane, the two axial S-donors in [Au([9]-
aneS),]%+ will give rise to a significant EFG component along

5a). Very large rhombic asymmetries have also been observedthe S(axial)--Au---S(axial) vector. This could result in the

in [Cu(mntp]?~ and [Au(mnt}]2~.247 For the Cu(ll) complex,
Belford argued that this rhombicity could either be due to the
m-electron density localized on the=C double bonds of the
mni- ligands (a ligand, in-plane dipolar contribution to the EFG
along one axis), or due to an imbalance @f dnd g, net
populations resulting from more efficient overlap of one of these
orbitals with thesz-systems of the chelating ligands (a metal
valence contribution)? In the case of [Au([9]ane$]?", the
two axial S-donor atoms are at 2.839 A from Au in a Jahn
Teller elongation, with the four equatorial S donors at 2.452
and 2.462 A and lying in a perfect plane due to @epoint

13834 J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006

tensor rotating away frong and A, and indeed the angle of
non-co-incidence of 15is remarkably close to the angle
between this vector and the normal to the equatorials/l&he
(12.17°).

Comparison of [Au([9]ane%),]2" with { Au(Il)S 4} Species.
A summary ofg values,®’Au A values, andP values for
[Au([9]aneS),]2" are given in Table 2 together with those for
other nominally Au(ll), thio-ligand complexes for comparison,
namely [Au(mnt}]2-, [Au(dmit);]2-, and [Au(dtc)]. All of these
complexes have significantly delocalised ground states where

the dominant metal component is ,5d The latter three
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Figure 7. 1sosurface plot of the--spin SOMO of [Au([9]ane§]?" derived
from a BP-TZ2P all electron SR DFT calculation.

Table 3. Experimental and Calculated g Matrix Components for

[Au([9]aneS3),]%*

exptl BP-TZP SO BP-TZ2P SO

(EPR) BP-TZP SO BP-TZ2P SO all electron all electron
(o] 2.032 2.027 2.025 2.031 2.028
[07] 1.999 2.004 2.004 2.001 2.001
[oF] 1.984 1.982 1.984 1.967 1.970
A1 30 25 23 29 26
AQ -3 2 2 -1 -1
Ags —18 —20 —18 -35 —32

t':h'gulge;‘ C;S&ft'iEﬁtsefgfgfs[&'}?giﬁﬁg‘ﬁ?z‘i”;%%”[‘bg) fgg&?sﬁsafenéﬁlﬁyed " Au—S(1)/S(2) and AuS(3) distances are longer foa. 0.09
in C; symmetry. and 0.15 A, respectively, and the-8u—S bond angles are
ca. 2° smaller than those observed in the X-ray crystal structure
complexes all give rather similar spin-Hamiltonian parameters. of [Au([9]aneS$),](BF4).. Nevertheless, the relative differences
In comparison, [Au([9]ane]?* has larger hyperfine couplings  in Au—S bond lengths within the calculated and experimental
and hyperfine anisotropy implying a greater d-orbital occupancy geometries are similacé. 0.01 andca. 0.38-0.44 A between
in the SOMO, i.e., greater Au(ll)-like character. However, the the equatorial AatS bond distances, and between the axial
quadrupole couplings for [Au([9]angf]?" are much smaller,  Au—S and equatorial AuS bond distances, respectively). Thus,
by a factor ofca. 2. This is inconsistent with the changesath the overall similarities between the calculated and experimental
and, therefore, must be due to the changes in the nature of thegeometries for [Au([9]anesy]?" suggest that these DFT
ligands. There are several possible explanations for this: (a)calculations are of sufficient quality to permit a qualitative
replacing neutral [9]aneSigands with dianionic mit (or understanding of the electronic properties of [Au([9]ag)g3".
dmit2~ or dtc”) will give rise to much greater EFGs alozgn The inclusion of all electrons in the TZP basis set and the
the mnE~ complex; (b) the in-plane Au...S distances are enlargement of the Au basis to TZ2P does not substantially
considerably longer in the [9]ang8omplex, reducing the EFG;  improve the agreement between the calculated and experimental
(c) in mné~, there are delocalised electrons (on the ethene  structures of [Au([9]anes,]?".
bond) increasing the EFG. Belford has observed that on The calculated SOMO for [Au([9]angl]?" (Figure 7), using
coordination of axial solvate ligands in square planar O- and a TZ2P all electron basis set for Au and a TZP all electron
S-donor Cu(ll) complexes (changing from 4- to 6-coordinate), basis set for all other atoms, is composed of 27.7% Ay 5d
there is an increase in the EFG along thaxis*® Thus, we and 62.8% equatorial S 3p character. This overall description
might expect a slightly increased contribution to the EFG in remains essentially unchanged for calculations employing all
our system from the coordination of the two axial S-donor electron and frozen core TZP and TZ2P basis sets.
atoms. However, comparison with [Au(msi® indicates that A comparison between the experimental and calculated
the differences in the nature of the ligands in this case are far matrix components is presented in Table 3. Calculations using
more important than the difference in coordination number in the ZORA SO formalism with a frozen core TZP basis set yield

determining the EFG at Au. g matrix components that deviate from the experimental values
DFT Calculations on [Au([9]aneS$)2]%". The experimental by —5, 5, and—2 ppt forgi, g, andgs, respectively. The use
and calculated structural parameters for theSAeoordination of all electron basis sets and/or the use of a TZ2P basis set for

sphere in [Au([9]lane$,]?" were compared (see Supporting Au does not significantly improve the correspondence between
Information), and the atom-numbering scheme and coordinatethe experimental and calculated values. Similar deviations
frame employed in the calculations are shown in Figure 6. The between experimental and calculageehatrix components have

y axis bisects the S(HAu—S(2) angle and the axis also lies been reported previously and have been ascribed to over- and
in the equatorial AuSplane. The ZORA SR DFT calculations  under-estimations in the contributions from the second-order
reveal tetragonally elongated stereochemistries for [Au([9]- spin—orbit/orbital term in the calculategl matrix#%-52 Further-
aneg);]?" that are consistent with & dahn-Teller distorted more, the relative insensitivity of the calculatganatrix with
Au(ll) center. For the frozen core TZP basis set, the calculated the treatment of the core electrons within the basis set reflects
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Ag(1)

Figure 8. Structure of [Ag([18]ane§](ClO4); at 30 K with minor disorder
component of C1, C2 omitted.

the fact that they matrix is a property principally of the valence

contains two independent Ag(#)S distances of 2.569(7) and
2.720(6) A. However, the three-fold symmetry of the complex
means that there are three of each distance. These distances are
shorter than those in the structure of the tetragonally compressed
[Ag([18]aneS)]" where the two axial bond lengths are 2.6665(12)
A and the four equatorial bond lengths are 2.7813(1G%-R.

At 30 K, the structure still contains two independent Ag{l§
distances of 2.615(6) and 2.620(6) A. However, these bond
lengths exhibit greater similarity than those measured at 150 K
and, as well as being equivalent, there are still three of each
distance due to the three-fold symmetry of the complex,
suggesting that even at 30 K there is some disorder of the axis
of elongation.

Multi-Frequency EPR Studies on [Ag([18]ane$)]? .
[Ag([18]aneS)]?" was studied in ESO, solution as a fluid at
X-band, and as a frozen solution at S-, X-, and K-band. The
fluid solution X-band spectrum at room temperature (Figure 9d)
is a simple doublet arising from hyperfine coupling of the
unpaired electron to th®7.19%g nucleus (botH = 1/2, 100%
combined natural abundance). Simulation gives the isotropic

electrons. Thus, the reproduction of the trends in the metrical parametersgjiso = 2.019,Ai5o = +28 x 1074 cm™L. On freezing

parameters for the AyScoordination sphere, the agreement

this solution atca. 110 K, the X-band spectrum (Figure 9a)

between the calculated and EPR-derived Au contribution to the appears axial with overlapping parallel and perpendicular
SOMO and the smaller deviations between the calculated andcomponentsd; > g), both of which show coupling to Ag.

experimentalg matrix components support a SOMO in [Au-
([9]aneS),]?" that possessesa. 30% Au 5dy character. The
calculated orientation of the principglvalues with respect to
the molecular frame is shown in Figure 5a. The largest principal
g value @) is approximately perpendicular to tlg plane, as
expected for a formal,g SOMO, and lies 7.90ff the z-axis
which is perpendicular to the AySplane. The remaining
principal g values,g, andgs, are 2.2 and 7 %away from thex
andy axes, respectively.

Synthesis and Characterization of [Ag([18]ane§]CIO4
and [Ag([18]ane$)](CIO 4)2. [Ag([18]aneS)]CIO, was prepared
via reaction of a solution of AgClgand 1 equiv of [18]anesS

There is also partial resolution of hyperfine coupling to ligand
nuclei on the perpendicular feature, which is better resolved at
S-band (Figure 9b; splittinga. 7 G) at the expense of much
poorerg resolution. At K-band, the parallel Ag hyperfine doublet
is clearly resolved at the low-field end of the spectrum, while
the shoulder in the perpendicular feature is due to partial
resolution of the Ag hyperfine doublet. The spectra, across all
frequencies, are best simulated assuming a simple axial system
with g,,= 2.046,0.« = gyy = 2.013, and hyperfine coupling to
Ag with A, = +38 x 104 cm™L, Ax = Ayy = +23 x 1074
cmL. There is an additional feature in the middle of the K-band
spectrum (Figure 9c) ata. 8500 G that is not simulated with

in MeNO; under reflux and an inert atmosphere in the absence this model, and is likely due to an impurity. We have not

of light for 30 min283° The resulting solution was filtered
through Keiselghur, and gD was added to the filtrate with
vigorous stirring. [Ag([18]ane§]ClO,4 was isolated as a white
solid and collected by filtration. HCI§(70%) was added to a
MeCN solution of [Ag([18]ane§]ClO4, and a color change
from colorless to deep royal blue was observed. [Ag([18]ateS
(ClO4)2 was collected by filtration as a deep-royal-blue solid.
Needles of [Ag([18]anesJ](ClO,), were grown by slow diffu-
sion of HCIQ, (70%) through an aqueous slurry of silica gel
into a solution of [Ag([18]aneg]ClO, in MeNO..

Crystal Structure Determination of [Ag([18]aneSs)]-
(ClO4)2. [AQ([18]aneS)](ClO4)2 has been structurally character-
ized by single-crystal X-ray diffraction at 150 and 30 K and is
the first structurally characterized Ag(ll) complex with homo-
leptic thioether S-donor ligation. The single-crystal X-ray
structure of [Ag([18]aned](ClO4), confirms octahedral homo-
leptic thioether coordination (Figure 8). At 150 K, the structure

(48) Kaupp, M.; Reviakine, R.; Malkina, O. L.; Arbuznikov, A.; Schimmelpfen-
nig, B.; Malkin, V. G.J. Comput. Chen002 23, 794—-803.

(49) Patchkovskii, S.; Ziegler, . Chem. Phys1999 111, 5730-5740.

(50) Patchkovskii, S.; Ziegler, T1. Am. Chem. So00Q 122, 3506-3516.

(51) van Lenthe, E.; van der Avoird, A.; Hagen, W. R.; Reijerse, B. Phys.
Chem. A200Q 104, 2070-2077.

(52) Stein, M.; van Lenthe, E.; Baerends, E. J.; Lubitz, JWPhys. Chem. A
2001, 105 416-425.
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attempted to reproduce the superhyperfine structure in the
perpendicular features of the lower frequency spectra, but this
is most likely due to ligand protons.

Interpretation of EPR Data for [Ag([18]aneSg)]?t. In a
simple crystal field model assuming a Ag(Il),%zbnfiguration,
we would expect the unpaired electron to be in thg ddbital.

In this case, the principal components of thand A matrices
are given by egs 1 and“? respectively, wher®y is now the
electron-nuclear dipolar coupling parameter for Ag 4d elec-
trons, anda is the LCAO coefficient of the Ag 4g orbital in
the SOMO. The experimenta and metal A values for
[Ag([18]aneS)]?" are consistent with eqs 1 and 2. Tdpealues
are all greater thage, with g,,being associated with the largest
principal hyperfine valué\,; and oriented perpendicular to the
plane of the 4g, orbital. The experimenta values must all be
the same sign as each other and\as because the anisotropic
values average well #s,. From eq 4 and the assignment above,
we can calculate?, the spin density in the Ag 4glorbital (or
the admixture of 4g to the SOMO), without the need to
explicitly assignx andy. We have calculate®y for 197Ag for
the possible electronic configurations #dic®, and 4d6s! using
Rieger's methodolog¥} as—80.1 x 1074, —74.7 x 104 and
—79.1 x 104 cm™1, respectively. Substitution of the experi-
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Figure 9. EPR spectra of [Ag([18]angd?" in H,SO, atca. 110 K (top)
and simulation (below) (a) X-band, (b) S-band, and (c) K-band with=

2.046,0x = Gyy = 2.013,Azgaq) = 40 G, Acag) = Ayag) = 25 G with
Gaussian linewidths df\V,; = 18, Wyx = W,y = 21 G (S-band)W,, = 21,

W = Wy = 23 G (X-band)Mi, = 23, Wy = Wy = 27 G (K-band). (d)
Room temperature, fluid solution X-band spectrum of [Ag([18]a)iES
in H2SOy (top) and simulation below witlgiso = 2.019, Aisoiag) = 30 x

104 cm™! with a Lorentzian linewidth of 21 G.

3100 3200

mentalg and A values into eq 4 (assuming positive values of
Ay) givesa? = 0.26, 0.27 and 0.26, respectively. Negative values
of A; give negative values af? which are nonsensical. Thus,
the metal d-orbital contribution to the SOMOds. 26%.
Geometry Optimization and SOMO Details for [Ag([18]-
ane$)]?t. The X-ray crystal structure of [Ag([18]angE&ClO.).
at 150 and 30 K reveal a Ag®oordination sphere with three-
fold symmetry defined by two AgS distances at each tem-
perature [Ag(1}S(1)= 2.615(6) A and Ag(13S(2)= 2.620(6)
A at 30 K and Ag(1}S(1) = 2.720(6) A and Ag(1}S(2) =
2.569(7) A at 150 K]. DFT geometry-optimization calculations

Figure 10. lsosurface plots of the--spin SOMO of [Ag([18]ane§]?"
derived from BP-TZ2P all electron SR DFT calculations on (a) geometry
1 and (b) geometnp.

employing starting geometries with axial elongation and equato-
rial compression (geometry), and axial compression and
equatorial elongation (geomet®y were performed to facilitate
convergence and to assess the extent of distortion within the
AgSs coordination sphere that may not be resolved by X-ray
crystallography. The calculated structural parameters for the
AgSs coordination sphere for [Ag([18]angl3" geometriesl
and2 were compared (Supporting Information), and the atom
numbering scheme employed in the calculations is shown in
Figure 6b.

Models employing starting geometridls and 2 result in
geometry-optimized structures containing tetragonally elongated
(for geometryl) and compressed (for geomefZyAgS; centers
that are consistent with & dahn-Teller distorted Ag(ll) center.
The average calculated A distances for the geometry-
optimized structures vary little with the choice of basis set and
lie within 30 of the Ag—S distances obtained from X-ray
crystallography. The geometry-optimized structures differ by
ca. 0.2 kcal mof?! (70 cnm?) for identical model chemistries,
which may indicate plasticity in the Ag®oordination sphere
that manifests in axial and equatorial A§ distances that are
not resolved from one another by X-ray crystallography. The
calculated SOMO for [Ag([18]aneF" (Figure 10a), using a
TZ2P all electron basis set for Ag and geomeittrgs the initial
coordinates is composed of 22.0% Ag/ahd 65.6% equatorial
S 3p character. For geomet®/the nature of the calculated
SOMO switches (Figure 10b) to a 20.1% AgAand 67.9% S
3p composition for a TZ2P all electron basis set for Ag. These
overall descriptions of the SOMOs for the calculated structures
derived from geometriesl and 2 remain unchanged for
calculations employing frozen core TZP and TZ2P basis sets.
A comparison between the experimental and calculgtedtrix.
components is presented in Table 4. The experimental EPR
spectra may be simulated with axial spin-Hamiltonian param-
eters at all frequencies wit),, > Oxxyy. FOr geometryl, the
calculated principalg values exhibit a rhombic pattern that
increases in rhombicity for calculations employing all electron
basis sets. The calculated value (2.035) with a TZ2P all-
electron basis set is 11 ppt lower than the experimepiaklue
(2.0046). The calculateg, and g« values compare well with
one anotherd, =2.011 andgy =2.013) andgs (1.979) is 34
ppt lower than the experimentg), (2.013) value. The orienta-
tion of the calculated principag values with respect to the
molecular frame is shown in Figure 5b for calculations employ-

employing these geometries as the initial coordinates lead toing an all-electron TZ2P basis set for Ag in geoméitryrhegs
SCF calculations that did not converge. Thus, calculations principal g-value is essentially co-incident with thexis and
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Table 4. Experimental and Calculated g-Matrix Components for
[Ag[18]aneSg]2+

BP-TZ2P SO
experimental  BP-TZP SO  BP-TZ2P SO  BP-TZP SO all electron
geometryl
o1 2.046 2.024 2.024 2.035 2.035
073 2.013 2.010 2.010 2.011 2.011
O3 2.013 1.988 1.992 1.979 1.979
Agy 41 22 22 33 33
AQ2 11 8 8 9 9
AQ3 11 —-14 —-10 —23 —23
geometry2
o1 2.046 2.029 2.029 2.029 2.028
073 2.013 2.026 2.027 2.026 2.026
o} 2.013 1.978 1.981 1.978 1.980
Ag1 41 27 27 27 26
A 11 24 25 24 24
AQ3 11 —24 21 —24 —24

01 and g are rotated away from theandx axes respectively
by a rotation about thgs/y axis of 12.2. Calculations of they
matrix of geometny2 yield g matrices that are axial and show
much less variation with basis set than similar calculations on
geometryl and with calculated principa values and orienta-
tions that match @,y > 9., pattern consistent with the formal
4d2 SOMO calculated for geometrg, but inconsistent with
the EPR data for [Ag([18]aneg?".

Thus, the experimental spin Hamiltonian parametgrs>
Oxxyy and the experimentally determined SOMO with. 26%
Ag 4dy, character are more consistent with the electronic
structure calculated for geomettythan for that calculated for
geometry2 and suggest that in solution [Ag([18]angiS" may
exist in an axially elongated Agjeometry.

Summary

The electronic structures of the complexes [Au([9]aNg3"
and [Ag([18]aneg]?" have been elucidated. Results from the
DFT calculations and detailed and comprehensive EPR simula-
tions are in agreement and show that for [Au([9]ag)g%", the
SOMO hasca 27-30% Au 5dy character and 6263%
equatorial S 3p character, thus confirming the non-innocence
of thioether ligands in this system. [Ag([18]angl3" has been
structurally characterized,; this is the first Ag(ll) complex with
homoleptic thioether coordination to be characterized by single-
crystal diffraction. Spectroscopic and computational results are
in agreement and show that the unpaired electron dengity is
22—26% in the Ag 44, orbital. Stace and co-workers have
identifiecP® from gas-phase studies thatlonor andr-acceptor
ligands are capable of stabilizing the M(Il) (M Cu, Ag, Au)
oxidation states, although they identified that the stabilization
of Ag(ll) and Au(ll) was more difficult. This is consistent with
our own observations that metal-bound thioether crowns can
behave potentially as botlr-donors by donation of the
remaining lone paf or asz-acceptor specied. The macro-
cyclic nature of the ligands used in the present study clearly
enhance the stability of M(ll) species. Thus, [Ag([18]agés
is stable over a few hours but only under acidic conditions
(HCIO4), which minimizes decomposition via ring-opening
B-elimination reactiong® In contrast, [Au([9]aneg,]?" is an

(53) Walker, N. R.; Wright, R. R.; Barran, P. E.; Murrell, J. N.; Stace, Al.J.
Am. Chem So001, 123 4223-4227 and references therein.

(54) Blake, A. J.; Holder, A. J.; Hyde, T. |.; Scider, M.J. Chem. Soc. Chem.
Communl1989 1433-1434.
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air-stable solid that slowly decomposes in solutionrc¥é at
room temperature. The stereochemical flexibility and ambiva-
lence of the crown ligands and their encapsulation of metal
radical ions by polarizabale S-donors is, we believe, the basis
of the stabilization of these unusual oxidation state species.
Current work seeks to establish further the electronic structures
of these unusual oxidation state species by MCD coupled to
electronic and EPR spectroscopy.

Experimental Section

Computational Details. The calculations were performed using the
Amsterdam Density Functional (ADF) suite version 20030The
unrestricted and restricted relativistic DFT calculations employed a
Slater-type orbital (STO) triplé-plus one polarization function basis
set from the ZORA/TZP database of the ADF suite for all atoms except
Au and Ag. All electron and frozen core basis sets (up to and including
2p for S, and 1s for C) were employed. For Au and Ag, triplplus
one polarization function (ZORA/TZP) and tripleplus two polariza-
tion functions (ZORA/TZ2P) all electron and frozen core basis sets
(up to and including 4d and 3d for Au and Ag, respectively) were
employed. Scalar relativistic (SR) and spiorbit coupling (SO)
approaches were used within the ZORA Hamiltonian for the inclusion
of relativistic effects. The local density approximation (LDA) with the
correlation potential due to Vosket al>¢ was used in all of the DFT
calculations. Gradient corrections were performed using the functionals
of Becké” and Perdew (BP¥ Models of [Au([9]ane$);]?>" and
[Ag([18]aneS)]?" in C; symmetry were constructed using geometrical
data from the X-ray crystal structures of [Au([9]angEBF.), and
[Ag([18]aneS)](ClOs).. The atom numbering schemes and the coor-
dinate frames employed in the calculations are shown in Figure 6. The
y-axis bisects the S(¥)M—S(2) angle in both structures and thaxis
lies in the equatorial Mfplane. The model geometries were optimized
at the ZORA SR level. Thg matrices were obtained from unrestricted
ZORA SO calculations using the collinear approximation on the
geometry optimized structures derived from unrestricted ZORA SR
calculations with identical basis sets.

Chemicals. All chemicals were purchased from Aldrich, except
hydrogen tetrachloroaurate (Alfa Aesar) and perchloric acid (Lancaster),
and were used as received.

Physical MeasurementsMultifrequency EPR spectra were recorded
on a Bruker ESP 300E spectrometer. Simulations were performed using
the commercial XSophe softwat&lnfrared spectra were recorded on
a Nicolet Avatar 360 FTIR spectrometer. Mass spectra were obtained
from the EPSRC National Mass Spectrometry Service center at the
University of Wales, Swansea, UK. Elemental analyses were carried
out by the Microanalytical Service at the University of Nottingham
with an Exeter Analytical Inc CE-440 Elemental analyzer.

[Au([9]aneSs)2](BF4)2. In the absence of light, hydrogen tetra-
chloroaurate (67 mg, 0.19 mmol) was added to a stirring mixture of
[9]aneSs (71 mg, 0.39 mmol) and 40% aqueous tetrafluoroboric acid
(15 cn?) and heated under reflux for 15 min. Mel@0 cn¥) and
water (80 crf) were added. The aqueous layer was washed with MeNO
(4 x 10 cn¥), and the organics were combined and dried over MgSO
before the solvent was removed under reduced pressure. The resulting
brown oil was washed with Ci€l,. Yield: 54 mg (42%) Found: C
19.13, H 3.09 (Au@H24SsB2Fs requires: C 19.71, H 3.31); IR (KBr)

(55) (a) SCM, Vrije Universiteit Amsterdam; http://www.scm.com, Amsterdam,
The Netherlands. (b) Guerra, C. F.; Snijders, J. G.; te Velde, G.; Baerends,
E. J.Theor. Chem. Acd 998 99, 391—-403. (c) te Velde, G.; Bickelhaupt,
F. M.; van Gisbergen, S. J. A.; Guerra, C. F.; Baerends, E. J.; Snijders, J.
G.; Ziegler, T.J. Comput. Chen001, 22, 931-967.

(56) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.

(57) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098-3100.

(58) Perdew, J. PPhys. Re. B: Condens. Matter Mater. Phy$986 33, 8822
8824.

(59) XSophe Computer Simulation Suiophe version 1.1.3; University of
Queensland: Australia and Bruker Biospin GmbH: Germany, 2003.
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PmadCm L 3413 b (O-H stretch), 2925 m (€EH stretch), 2897 m
(C—H stretch), 1633 w, 1460 w, 1407 m, 1301 m, 1034 s Bstretch),
824 m, 533 m (B-F stretch); MSm/z. 577 (96%, [M]"), 381 (5%,
[M — Au]h).

CARE: Perchlorate salts may be explosi Care was taken in the
synthesis of the perchlorate salts described below novéperate to

diffraction data were collected on a Bruker APEX diffractometer
equipped with an Oxford Cryosystems Cryostreamfldw cryostat.
Disorder in one @H, bridge is modeled as two half-occupied sites.
The oxygen atoms of one CJO anion are also disordered with one
modeled over three 0.333 occupied sites around the three-fold axis and
the other independent O atom for this anion modeled over two sites

dryness or heat any solid formed. Perchlorate salts can also be shock with occupancies 0.667 and 0.333. Disordered atoms were modeled

senstie.

[Ag([18]aneS%)]CIO 4. Under a nitrogen atmosphere and protected
from light, a mixture of [18]anes$(36 mg, 0.1 mmol) and silver
perchlorate (21 mg, 0.10 mmol) in MeN@ cn¥) was heated under
reflux for 15 min. The colorless solution was filtered through Kieselghur
before diethyl ether (20 cfhwas added with vigorous stirring to give

with isotropic adps and distance restraints.

30 K refinement. C;2H24AgCl0sSs, MW 667.44, trigonal, space
group P3, purple needle with dimensions 0.360.01 x 0.01 mn¥
mounted in Fomblin film,a = 10.851(2) A,c = 5.186(2) A, T =
30 K, Z =1, Ry = 0.041 for 876 reflections with > 2¢(I) and
WR, = 0.092 for all 1113 reflections, GOE 0.094. Single-crystal

the product as a colorless precipitate, which was filtered and washed X-ray diffraction data were collected on a Bruker APEX diffractometer

with diethyl ether and CkCl,. Yield: 48 mg (84%) Found: C 24.73,
H 4.12 (AgG2H24S:ClO,4 requires: C 25.37, H 4.26); IR (KBMmal
cm 2975 m (CH stretch), 2920 m ¢H stretch), 1626 w, 1533 w,
1421 s, 1264 s, 1089 s (€0 stretch), 931 s, 622 s (€D stretch);
H NMR (CDClg) 6/ppm: 2.98 (s); MSwz 469 (97%, [M]"), 467
(100%, [M]").

[Ag([18]aneS)]CIO 4. A solution of [Ag([18]aneg)][ClO,] (40 mg,
0.06 mmol) in MeCN (5 cr¥) was treated with 70% aqueous perchloric
acid ca 5 cn®) to give a royal-blue solution. A royal-blue solid
precipitated from the solution after several hours. Yield: 34 mg (77%);
IR (KBr) 7ma/cm: 3380 b (C-H stretch), 2912 m (EH stretch),
1424 m, 1088 s (CtO stretch), 940 m, 625 s (€O stretch); MS
m/z. 469 (94%, [M]"), 467 (100%, [M]).

Crystal Structure Determination of [Ag([18]aneSe)](ClO 4),. Royal-
blue needles of [Ag[18]angKClO.), suitable for study by X-ray
diffraction were grown by slow diffusion of HCI{X70%) through an
aqueous slurry of silica gel into a MeN®olution of [Ag([18]ane§)]-
ClOa.

150 K Refinement.Ci2H24AgCl,0sSs, MW 667.44, trigonal, space
group P3, purple needle with dimensions 0.390.01 x 0.01 mn¥
mounted in Fomblin fim,a = 10.973(2) A,c = 5.230(2) A, T =
150 K, Z = 1, Ry = 0.072 for 1202 reflections with > 20(l) and
WR, = 0.076 for all 1250 reflections, GOF 1.20. Single-crystal X-ray

equipped with a Bede Microsource and Oxford Cryosystems HELIX
He flow cryostat. The crystal was cooled to and maintained at 30 K
throughout data collection. The symmetry is close to that of space group
P3 but would require an unreasonable disorder model for the;C
bridge where two Ckigroups would clash. The model ®8 consists

of the Ag atom situated on a three-fold axis with two unique S atoms
and two unique €H, groups, one of which is disordered over two half-
occupied sites. Both perchlorate anions lie on three-fold axes.
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