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Tris-dichloroglyoximate clathrochelate [Fe(Cl,Gm)s;(SnCls),]*~ dianion has been synthesized by a procedure
differing from those described earlier for boron-capped analogs. The co-ordinately saturated SnClg>~ dianion
is now used as the capping agent instead of boron-containing Lewis acids. The tris-dichloroglyoximate
tin-capped product obtained is far less reactive than its boron-capped analogs, and only in the case of a
thiophenolate anion was the “regular” hexafunctionalized clathrochelate obtained. The complexes synthesized
have been characterized by elemental analysis, PD and MALDI-TOF mass, IR, UV-vis and 'H, 13C and '"Sn
NMR spectra, cyclic voltammetry, and X-ray crystallography for the clathrochelate [Fe(Cl,Gm)3(SnCl3),]*~
dianion. The geometry of the functionalized complex (the distortion angle ¢ and main bond lengths in the
clathrochelate framework) has been deduced from the quadrupole splitting value in the 3’Fe Mossbauer

spectrum and EXAFS data, respectively.

Introduction

A suitable reactive halogenide precursor has proved to be an
essential reagent in the directed synthesis of ribbed-functiona-
lized (i.e., functionalization of chelate a-dioximate fragments)
clathrochelate d-metal tris-dioximates with varied structural,
chemical, and physicochemical characteristics. The use of
such a strategy has allowed us to obtain both triribbed- (i.e.,
functionalization of all three dioximate fragments) and mono-
ribbed- (i.e., functionalization of only one of these fragments)
functionalized macrobicyclic complexes of Fe?>*, Ru**, Co**
and Co*" ions starting from hexa- and dichloro clathrochelate
precursors, respectively (Scheme 1).!> Moreover, since all of
the previously obtained complexes containing boron-capping
groups possessed a geometry approaching that of the trigonal
prism (TP),° it seemed that the geometry of the resultant func-
tionalized complexes was predominantly determined by that of
their precursors. Therefore, we thought that it was desirable to
synthesize a tin-capped reactive precursor to obtain trigonal-
antiprismatic ribbed-functionalized clathrochelates since the
geometry of all previously obtained tin-capped clathrochelates
approaches that of the trigonal antiprism (TAP).”'°

Experimental

General procedures

The reagents used, FeCl,-4H,O, SnCly, C¢HsSH, [(CH3)s-
NI]CL, [{(CH3),N}4P]BF, and [(n-C4Hg)4N]Cl, as well as the

1 Electronic supplementary information (ESI) available: EXAFS
oscillations, k%y(k), and RDA curves of six boron- and tin-capped
iron(1) clathrochelates. See http://www.rsc.org/suppdata/nj/b2/
b211623¢/
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organic solvents, were obtained commercially (Fluka).
Dichloroglyoxime (denoted as H,Cl,Gm) was prepared by
chlorination of glyoxime as described in ref. 11. The
Fe(CH3;CN),Cl, salt was obtained as described in ref. 2.

Analytical data (C, H, N content) were obtained with a
Carlo Erba model 1106 microanalyzer. Iron content was deter-
mined spectrophotometrically.

The plasma desorption (PD) mass spectra were recorded
using a BC MS SELMI time-of-flight mass spectrometer
and an accelerating voltage of 20 kV. Ionization was induced
by 22Cf spontaneous decay fragments, and typically
20000 decay acts were registered. The samples (approximately
1-2 mg) were applied to a gilded disk or to a nitrocellulose
layer.

The IR spectra of solid samples (KBr tablets) in the range of
400-4000 cm ™! were recorded with a Specord M-80 Carl Zeiss
spectrophotometer. The UV-vis spectra of solutions in methy-
lene dichloride and acetonitrile were recorded in the 230-800
nm range with a Lambda 9 Perkin Elmer spectrophotometer.
The individual Gaussian components of these spectra were
calculated using the SPECTRA program.

The 'H, >C and ''"B NMR spectra were recorded from
CD;CN and CD,Cl, solutions with a Bruker AC-200 FT-
spectrometer.

5TFe Mo&ssbauer spectra were obtained with a YGRS-4M
spectrometer in constant acceleration mode. The spectra were
collected with a 256-multichannel amplitude analyzer. The
isomer shift was measured relative to sodium nitroprusside
and an o-Fe foil was used for the velocity scale calibration.
>Co in a chromium matrix was used as the source and was
always kept at 298 K. The minimal absorption line width in
the spectrum of a standard sample of sodium nitroprusside
was 0.24 mm s~ .
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R M™=Fe, Ru(ll), Co(ll, l)
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Scheme 1

Cyclic voltammograms were recorded in acetonitrile under
argon using a PI-50-1 potentiostat coupled with a B7-45
tera-ohmic potentiometer as the current voltage convertor.
The scan rate was varied from 5 to 10 mV s~!, which is close
to steady-state conditions for ultramicroelectrodes.!? Tetra-
ethylammonium tetrafluoroborate (0.1 M) was used as the
supporting electrolyte. A platinum microelectrode (10 um in
diameter), thoroughly polished and rinsed before measure-
ments, was chosen as the working electrode. A platinum plate
was used as the auxiliary electrode. A standard Ag/AgCl elec-
trode was connected to the cell via a salt bridge. All potentials
are referenced to the redox potential of the ferrocene (Fc*/Fc)
couple as an internal standard. This potential is +0.565 V vs.
Ag/AgCl under the present experimental conditions.

The EXAFS spectra of the iron and tin K-edges for all sam-
ples studied were obtained at the EXAFS Station of the Siber-
ian Synchrotron Radiation Center. The storage ring VEPP-3
with an electron beam energy of 2 GeV and an average stored
current of 80 mA was used as the source of radiation. The
X-ray energy was monitored with a channel-cut Si(111) mono-
chromator. The EXAFS spectra were recorded in transmission
mode with 1.4 eV steps and treated using the standard proce-
dures in the VIPER program.'? The background was removed
by extrapolating the pre-edge region into the EXAFS region
using Victoreen’s polynomials. Three cubic splines were used
to construct the smooth part of the adsorption coefficient.
The inflection point of the edge of the X-ray absorption spec-
trum was used as the initial point (k = 0) of the EXAFS spec-
trum. The radial distribution function of atoms (RDA) was
calculated from the EXAFS spectra in k%y(k) as the modulus
of the Fourier transform in the wave number interval 3.0-
13.0 A=, A curve-fitting procedure with EXCURV-92 code'*
was employed to determine the distances and coordination
numbers.

Syntheses

[(1-C4Ho)4NL[Fe(Cl,Gm)3(SnCl;);]  (1).  Fe(CH3CN)4Cl
(2.90 g, 10 mmol) and an excess of H,Cl,Gm (5.20 g, 33 mmol)
were dissolved /suspended with intensive stirring in dry nitro-
methane (100 ml) under argon. The reaction mixture was then
boiled and an excess of [(CH3)4N],SnClg (10.1 g, 21 mmol) was
added. The brown-red reaction mixture was heated and stirred
for 6 h and then cooled to 25 °C. Diethyl ether (100 ml) was
then added and the reaction mixture was filtered. The preci-
pitate was extracted with dimethylsulfoxide and the solution

was filtered. The filtrate was treated with benzene and
the dark-red precipitate was collected and washed with
benzene and then ethanol and dried in vacuo. The solid was
reprecipitated from a dimethylformamide (DMF) solution
using a saturated aqueous [(n-C4H)4;N]CI solution and washed
with water, a methanol-water (2:1) mixture, and then diethyl
ether and finally dissolved in methylene dichloride. The solu-
tion so obtained was dried with MgSO,, passed through a
Silasorb SPH-300 layer (30 mm) and treated with hexane.
The solid was collected and washed with diethyl ether and then
hexane and dried in vacuo (yield: 6.55g, 45%). Anal. calcd. for
C38H72N306FGSHQC112: C, 3134, H, 495, N, 770, FC, 383,
found: C, 31.46; H, 5.02; N, 7.74; Fe, 3.77%. MS(PD): m/z
(positive) 1697 [M + (n-C4Ho)yN]", m/z (negative) —972
[M — 2(]’!-C4H9)4N + H]i, -936 [M — 2(]’1-C4H9)4N - Cl]7 1I‘l
NMR (CD;CN): 6 0.94 (t, 24H, CH3), 1.33 (m, 16H, CH,),
1.60 (m, 16H, CH,), 3.10 (t, 16H, NCH,). *C{'H} NMR
(CD3;CN): 6 12.7 (s, CH3), 19.2 (s, CH,), 23.2 (s, CH;), 58.1
(s, NCH,), 130.2 (s, CIC=N). Sn NMR {CD;CN, rel.
Sn(CHa3)4]: 0 —630.6. UV-vis (CH,CL): Amax/nm (1072 &/
mol 'l em™!) 301 (15), 362 (0.9), 429 (1.6), 471 (5.1), 530
(4.0), 569 (3.9). IR (cm~!, KBr): 1502 v(C=N), 916, 1005
v(N-0).

[{(CH3),N} 4P][Fe(Cl,Gm)3(SnCls),] (2). This complex was
synthesized by a similar procedure except that [{(CHj3),-
N}4P]BF, salt was used instead of [(n-C4Hg)4N]Cl (yield:
72g, 52%) Anal. calcd. for C22H48N1406C112F6P2Sn2: C,
19.06; H, 3.47; N, 14.15; Fe, 4.03; found: C, 19.14; H, 3.46;
N, 14.02; Fe, 4.11%. MS(PD): m/z (positive) 1592 M+
{(CH31N}PI", m/z (negative) —972 [M —2{(CH3),N},P+H],
—936 [M — 2((CH3),N),P — CI]". '"H NMR (CD>CL): § 2.60
(d, Jip>'p = 9.7 Hz). 3C{'H} NMR (CD,CL,): 6 37.6 (d,
Jiuc ' = 4.3 Hz, CH3), 131.0 (s, CIC=N). UV-vis (CH,CL):
Jmax/nM (1073 ¢/mol ™1 em™") 301 (17), 365 (1.0), 427 (1.8),
470 (6.0), 530 (4.8), 570 (4.2). IR (cm~!, KBr): 1504
v(C=N), 918, 1006 v(N-O).

[(n-C4Ho)4NL[Fe{(CsHsS),Gm}5(SnCls),] (3). An excess of
thiophenol (1 ml, 9 mmol) was dissolved in dry DMF and a
2 M tetrahydrofuran (THF) solution of ~CsH;;OK (4 ml),
obtained from metallic potassium with f-amyl alcohol, was
added under argon. The solution was stirred for 10 min and
the [(n-C4Hg)4N]o[Fe(Cl,Gm);(SnCls),] complex (0.15 g, 1
mmol) was added. The dark-violet reaction mixture was stirred
for 12 h at 25 °C and a saturated aqueous solution (20 ml) of

New J. Chem., 2003, 27, 1148-1155 1149


http://dx.doi.org/10.1039/B211623E

Downloaded on 26 October 2010
Published on 03 June 2003 on http://pubs.rsc.org | doi:10.1039/B211623E

[(n-C4Ho)4N]Cl was added. The product was extracted from
the reaction mixture with chloroform (20 ml) and the chloro-
form extract was washed with a saturated aqueous Na,COj3
solution (100 ml, in 2 portions) and then with water (200 ml,
in 4 portions) and dried with MgSO, . The chloroform solution
was passed through a Silasorb SPH-300 layer (30 mm). The
chloroform eluate was discarded and the desired complex
was eluted with an acetonitrile—chloroform (1:3) mixture.
The dark-violet solution was evaporated to dryness and the
solid residue was washed with a small amount of chloroform,
then with hexane and dried in vacuo (yield: 1.23g, 65%). Anal.
calcd. for C74H92NgOgSeSn,ClgFe: C, 46.83; H, 5.38; N, 5.91;
Cl, 11.23; S, 10.14; found: C, 46.81; H, 5.43; N, 5.90; Cl, 11.14;
S, 10.23%. MS(PD): m/z (positive) 2138 [M + (n-C4Ho)4N]*.
MS(MALDI-TOF): m/z (positive) 2138 [M + (n-C4Ho)4N] ™,
m/z (negative) —1413 [M —2(n-C4Ho)y,N +H]". 'H NMR
(CD3;CN): 6 0.95 (t, 24H, CH3), 1.34 (m, 16H, CH,), 1.60
(m, 16H, CH,), 3.10 (t, 16H, NCH,), 7.20 (m, 30H, Ph).
BC{'H} NMR (CD;CN): é 12.8 (s, CH;), 19.2 (s, CH,),
23.2 (s, CH»), 58.2 (s, NCH,), 126.7 (s, Ph), 128.7 (s, Ph),
130.4 (s, Ph), 133.9 (s, Ph), 148.4 (s, SC=N). 'Sn NMR
[CD;CN, rel. Sn(CH3)4): 6 —635.8. UV-vis (CH3CN): Apax/
nm (1072 ¢/mol~'1 em™") 286 (26), 346 (9.2), 416 (3.1), 500
(11), 581 (7.4), 627 (7.4). IR (cm~', KBr): 1582 w(C=N), 897,
1030 v(N-O).

X-Ray crystallography

The dark-red thin-plate crystal (0.50 x 0.25 x 0.06 mm) of the
[{(CH3),N}4P]o[Fe(Cl,Gm);(SnCl3),] clathrochelate, which
was grown from a methylene dichloride-heptane (3:1) mixture,
was a twin with a 0.62:0.38 ratio of the components as deter-
mined from the Flack parameter.'®

The crystal system is orthorhombic: at 120 K a = 19.498(9),
b = 8.584(4), ¢ = 29.979(13) A, U = 5018(4) A?, d.oic = 1.834
gem™3, p = 2.026 mm™!, space group Pna2,, Z = 4.

Intensities of 12 134 reflections (R, = 0.06) were measured
with a Bruker SMART 1K CCD area detector mounted on a
3-circle diffractometer using graphite monochromated Mo-Ka
radiation (4 = 0.71073 A) by w-scanning (step 0.35°, frame
exposure time 20 s), 20,,.x = 56°. The completeness of the col-
lected reflections was 100%. Intensities of reflections were
corrected using SAINT Plus and SADABS programs'®!’
(the maximal and minimal transmission coefficients were
0.694 and 0.422, respectively).

The structure was solved by the heavy-atom method. The
non-hydrogen atoms were refined by full-matrix least-squares
in the anisotropic approximation except for the disordered
atoms of one of the cations. The difference Fourier analysis

Cl NOH

Fe(CHLCN),Cl, + 3 :i + 2 ((CHa)4N),SnCly ———————

Cl NOH

11 [(n-C4Hg)sNL[Fe(CloGm)3(SnCls),]
2: [((CH3)2N)4PLo[Fe(Cl,Gm)s(SnCly)]

View Online

allowed one to elucidate and resolve positions of only the
N(13), C(18), C(19), C(20) and C(22) atoms of the different
cations, which were refined isotropically. For the disordered
cation, the P-N and N-C bond lengths were restrained to
the target values of 1.615 and 1.470 A, respectively, with
an estimated standard deviation of 0.005 A, according
to ref. 18. The positions of the hydrogen atoms were calcu-
lated geometrically with isotropic displacement parameters
Uiso(H) = 1.5-Ueo(C), where U,q(C) is the equivalent isotro-
pic displacement parameter of a carbon atom. The final con-
vergence factors were as follows: R; = 0.054 [calculated
against F for 8142 reflections with I > 20(/)], wR, = 0.127
(calculated against F* for all measured reflections). All calcu-
lations were performed using the SHELXTL-97 program
package.'®

CCDC reference number 192573. See http://www.rsc.org/
suppdata/nj/b2/b211623e/ for crystallographic files in CIF
or other electronic format.

Results and discussion

Synthesis

The tris-dichloroglyoximate clathrochelate [Fe(Cl,Gm)s-
(SnCls),]*~ dianion was synthesized by a procedure essen-
tially different from that used earlier for its boron-capped
analogs.'™ Firstly, the co-ordinately saturated SnCls>~ dia-
nion was used as the capping agent instead of boron-contain-
ing Lewis acids. Cross-linking with a similar anion, BF,",
was first detected for macrobicyclic phosphorus-containing
tris-diiminates.'”” The clathrochelate dianion formed in the
course of the reaction was isolated as a tetramethylammo-
nium salt and then, for purification, was converted to the
tetra-n-butylammonium and tetra(dimethylamido)phospho-
nium salts (Scheme 2).

The tris-dichloroglyoximate tin-capped [Fe(Cl,Gm);-
(SnCl)3),]*~ dianion obtained has turned out to be far less
reactive than its boron-capped analogs. We have failed to
unravel its interaction with sterically unhindered primary
aliphatic amines (n-butylamine and cyclohexylamine) and
alkylthiolate anions (CH3;SK/CH;SH and n-C,HoSH/TEA
systems) in DMF. The interaction of a tin-capped precursor
with a phenolate anion in DMF and THF led only to the for-
mation of a mixture of the partially substituted (mainly tri-
and tetrasubstituted) products even with prolonged heating
of the reaction mixture. However, with the thiophenolate
anion the “regular” hexafunctionalized clathrochelate was
obtained by the reaction shown in Scheme 3.

Cl

Cl

((n-C4Hg)4N)*

(((CHa)2N)4P)"

Scheme 2
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31 [(n-C4Ho)sN]2[Fe((CeH5S)2,Gm)3(SnCls)s]

((n-C4Hg)sN)*

DMF // \
0]

Scheme 3

Structure and spectra

A crystal structure of 2 consists of one [Fe(Cl,Gm)s(SnCls),]*~
dianion and two [{(CH;3),N}4P]* cations (Fig. 1), one of which
is disordered.

Although quite a number of X-ray structures of boron-
capped clathrochelates are known, the present paper records
only the fifth tin-capped [Fe(Cl,Gm)s(SnCls),]*~ dianion. The
structures of the other four tin-capped clathrochelates, [(C,Hs),-
NH,)p2[FeNx3(SnCls),]-[(C,Hs),NH,] " -Cl ™ -2is0-C3H,0H, >
H[CoDm;(SnCls),]-2CeHg 2! [(1-C4Ho)4N][CoNx3(SnCls),]
and [(n-C4Ho)sN][CoDms(SnBr3),]- H,0,2  where Nx*~ is
cyclohexanedione-1,2-dioxime (nioxime) dianion and Dm?~
is dimethylglyoxime dianion, have been described previously.
The main structural parameters for these complexes are
summarized in Table 1. The Ng-coordination polyhedra
of the encapsulated metal ions in the tin-capped clathroche-
lates show approximate D3 symmetry with a threefold axis pas-
sing through the capping tin atoms and encapsulated metal
ion, and three twofold axes passing through this metal ion
and the centres of the C-C bonds in the chelate fragments.
For the complexes listed, the analogous bond lengths and
bond angles are similar (Table 1). The maximal discrepancy
is observed for the C—-N-O angle. Its magnitude for the iron(ir)

Fig. 1 View of 2 with displacement ellipsoids drawn at the 30%
probability level and labelling scheme. Hydrogen atoms are not shown.

complexes (average 116.7°) is lower by approximately 3° than
that for the cobalt(iir) complexes (average 119.5°). Such a
difference may be accounted for by a small deviation of the
dioximate fragments from planar geometry as a result of distor-
tion of the macrobicyclic ligand around its approximate Cj
axis. Twisting around this axis is characterized by a distortion
angle (¢ = 0° for a trigonal prism and ¢ = 60° for a trigonal
antiprism). The distortion angle ¢ along with the bite angle o,
the distance between the encapsulated metal ion and the coor-
dinated nitrogen atom, and the distance / between the coordi-
nation polyhedron bases, have proven to be characteristic
parameters of the geometry of macrobicyclic complexes.

Among the macrobicyclic tris-dioximates studied, clathro-
chelate tin-capped complexes show the maximal distortion of
the macrobicyclic ligand in the direction of a TAP geometry.
The distortion angle ¢ is largest for tin-capped cobalt(i)
clathrochelates (approximately 43°) and slightly lower for the
iron(1r) complexes (approximately 39°) (see Table 1). The ¢
angle value for the tin-capped hexachloride iron(ir) clathroche-
late 2 is slightly higher than that for its nioximate analog.
We have also observed a distortion angle ¢ of approximately
39° for the [(n-C4Ho)4N][Fe(Cl,Gm)s(SnCly),] clathrochelate.
Unfortunately an accurate X-ray structure of this complex
has not been determined because of a complicated disordering
of the cations.

The geometry of a clathrochelate complex is determined
by the interaction between an encapsulated metal ion and its
nearest coordination environment, in particular, the six nitro-
gen donor atoms.®?? There are two factors, which as a matter
of fact are “integral” and can be evaluated empirically. The
first one is a tendency to retain a certain ““optimal” distance
between an encapsulated metal ion and the coordinated nitro-
gen atoms, and the second one is an energetic preference for a
TAP coordination in comparison with a TP one for a given
low-spin metal ion with a d® electronic configuration in terms
of the ligand-field stabilization energy (LFSE) concept.

Table 1 indicates that “optimal” Fe(i1)-N and Co(i)-N
distances for tin-capped clathrochelates are equal to 1.92
and 1.90 A, respectively. These values are close to the corre-
sponding ones for the boron-capped complexes [1.91 A for
Fe(u)-N distances (more than 20 structures)® and 1.89 A for
a Co(i)-N distance®®]. It should be noted that the realization
of the ideal TP geometry by a macrobicyclic ligand in tin-
capped complexes would lead to a much longer distance
(approximately 2.44 A) between metal ions and nitrogen
atoms. In fact, the twisting of a coordination polyhedron

New J. Chem., 2003, 27, 1148-1155 1151
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Table 1 Average structural parameters for tin-capped iron(1r) and cobalt(m) tris-dioximates (M = Fe' or Co™ and X = Cl or Br, depending on the

compound)

[Fe(Cl,Gm)s(SnCly),]*~ [FeNx5(SnCl3),]*~ [CoNx5(SnCls),]~ [CoDms(SnCls),]~ [CoDms(SnBr3),]~
T/K 110 183 153 298 153
M-N/A 1.915(5) 1.923 1.913 1.90 1.894
N=C/A 1.304(7) 1.300 1.283 1.29(2) 1.284
N-O/A 1.349(5) 1.376 1.346 1.37 1.337
Cc-Cc/A 1.449(7) 1.446 1.472 1.46 1.475
C-Cl/A 1.693(5) — — — —
C-C=N/° 113.5(5) 112.5 113.2 114.1 113.1
C=N-0/° 117.2(4) 116.2 119.5 119.4 119.5
N-O-Sn/° 115.2(3) 115.0 114.6 114.0 115.1
N=C-C=N¢“/° 3.5 6.2 6.0 6.8 6.7
Sn-0/A 2.106(4) 2.093 2.111 2.10 2.118
Sn-X/A 2.375(2) 2.399 2.380 2.386 2.538
M-Sn/A 3.626 3.612 3.615 3.582 3.596
i’ /A 2.244(7) 2.227 2.236 2.117 2.182
o /° 40.5(1) 39.5 40.6 40.2 41.0
o) 40.4 37.5 41.0 428 45.1
Reference This work Ref. 20 Ref. 22 Ref. 21 Ref. 22

“ Dihedral angles for the chelating fragments. ® Distance between the coordination polyhedron bases (the height of the distorted trigonal prism).

¢ Bite angle (half the chelate angle). ¢ Distortion angle.

around the C; axis results in Fe-N and Co-N distances
decreasing to ““optimal’ values. A slightly shorter Co(1)-N
distance in comparison with the Fe(i1)-N bond length is attrib-
uted to the smaller ionic (Shannon) radius of the Co>" ion
(r;=0.68 A) in comparison to that of the Fe’" ion
(r, = 0.75 A).®

The energetic preference for a TAP geometry rather than a
TP one for low-spin complexes with a metal d® electronic con-
figuration was analyzed in ref. 23. This can also be considered
as a factor that influences the distortion of the macrobicyclic
ligand. It is in good agreement with experimental data, namely
with realization of a pseudooctahedral (trigonal-antiprismatic)
arrangement of the central iron(ir) and cobalt(ir) ions in the
nonmacrocyclic [Fe(H,Nx);]*" and [Co(H,Om);** (where
H,Om is oxamideoxime) tris-complexes.’®*’” It should also
be noted that the metal-nitrogen distances in these complexes
[1.934-1.986 A for Fe(i)-N bonds and 1.904-1.922 A for
Co(11)-N bonds] are close to the upper limit for the known dis-
tances in a-dioximate complexes and are appreciably smaller
than the value of 2.44 A expected for the ideal TP geometry
in tin-capped clathrochelates.

The coordination polyhedra of the capping tin atoms in the
dianion 2, as well as in its nioximate [FeNx;(SnCh)z]z* ana-
log,? also display a distorted octahedral geometry. Apart from
the obvious difference in the Sn—O and Sn—Cl bond lengths, the
deviation from octahedral geometry manifests itself in the
increase of the Cl-Sn—Cl angles (ave. 94.7°) and decrease in
the O-Sn-O angles (ave. 82.3°).

The clathrochelate dianions in the crystal of 2 form layers
parallel to the crystallographic (0 0 1) plane (Fig. 2). Inside
the (0 0 1) layer, a system of intermolecular CI1---Cl1 contacts
between the dichloroglyoximate fragments [CI(1)---
CI(5)™ '+ 7 3.589(2) A and CI(2)- - -Cl(4)™ '+ 7 3.751(2) A]
and also between the dichloroglyoximate fragments and the
capping groups [CI(3)---Cl(9)*>*+~ 15-7 = 33003) A
and CI(6)---CI(12) %>+ 150 = 3441(2) A] is observed.
The tetra(dimethylamido)phosphonium cations form layers
between the layers of dianions, that is, the clathrochelate 2
crystal packing can be described as an alternation of anionic
and cationic layers.

Since our attempts to obtain crystals of a functionalized cla-
throchelate 3 suitable for an X-ray diffraction study failed,
information about its electronic structure and spin state as well
as the geometry of the nearest coordination environment of the
encapsulated iron ion were deduced from the EXAFS spectra
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and the *’Fe M&ssbauer parameters (for complex 1 the isomer
shift, characterizing the s-electron density on the iron atom
nucleus, is IS = 0.40 mm s~' and the quadrupole splitting,
which is determined by the electric field gradient on the iron
atom nucleus, is QS = 0.24 mm s~!; for complex 2: IS =
0.40 mm-s~' and QS = 0.20 mm s~ '; for complex 3: IS =
0.35 mm s~ and QS = 0.50 mm s~'). The IS values for the
compounds obtained indicate that these clathrochelates are
low-spin iron(ir) complexes. According to the X-ray data (see
above), tin-capped clathrochelates of this type possess a geo-
metry approaching that of a TAP, and a negative QS value
has been predicted for them.” ' A negative QS value was also
expected for the complexes obtained. The literature QS vs. ¢
correlation relationship?® and a modern version of the partial
QS concept®** indicate that an increase in the distortion angle
¢ value leads to a decrease in the QS value. For complexes
with a TP geometry and a positive QS value, this results in a
decrease in the absolute QS value. TAP complexes [in particu-
lar iron(11) tris-phenanthrolinates and tris-bipyridinates] have a
negative QS value (as seen from direct MGssbauer experiments
in a magnetic field®"), which increases as temperature

Fig. 2 Packing diagram for the molecules of 2.
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Fig. 3 The temperature dependence of the *’Fe Mdssbauer para-
meters (IS, ® and QS, A) for complex 1.

decreases. Since a direct determination of the sign of QS entails
a considerable investigation, the sign was deduced from the
temperature dependence of the *’Fe Mossbauer parameters
for the structurally characterized tin-capped hexachloride
precursors 1 and 2 (Figs 3 and 4). As for the [(C,Hs),NH],-
[FeNx3(SnCl;),] clathrochelate and the nonmacrocyclic
[Fe(H,Nx);](SO4) tris-nioximate,”° the absolute QS values for
these precursors increase with decreasing temperature, which
implies a negative QS value. For the functionalized clathro-
chelate 3, this corresponds to a distortion angle ¢ of approxi-
mately 40-50°. Thus, the geometries of the hexachloride
precursors 1 and 2, as well as that of the ribbed-functionalized
clathrochelate 3, are close to trigonal-antiprismatic.

This conclusion is also supported by the UV-vis spectra of
complexes 1-3. The geometry of the FeNg chromophore centre
exerts an appreciable influence on the number and intensity of
the M(d) — L(n*) charge transfer (MLCT) bands in the visible
region. The spectra of trigonal prismatic C3-symmetric boron-
capped clathrochelates have one asymmetric band of high
intensity [e~(2-3) x 10* mol~" I cm™'] in this region,>**® while
the UV-vis spectra of the TAP tin-, antimony-, and germa-
nium-capped macrobicyclic tris-dioximates in the visible
region contain two or three bands of similar intensity [e~(3—
10) x 10* mol ™' I em™'.7%32734 It is apparent that the UV-
vis spectra of complexes 1-3 (see Experimental) are of the
TAP type. The MLCT bands for the hexasulfur-containing

IS(QS),
mm-s™
0.5

0.4+

0.31

120 160 200 240 280

>

Fig. 4 The temperature dependence of the *’Fe Méssbauer para-
meters (IS, ® and QS, A) for complex 2.
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complex 3 are red-shifted by 30 to 50 nm compared with the
hexachloride precursors 1 and 2, as is the case for the boron-
capped ribbed-functionalized clathrochelates.!*?

If the >"Fe M&ssbauer parameters allow one to deduce the
angular characteristics of the coordination polyhedron of the
encapsulated iron(1) ion, the EXAFS spectra make it possible
to obtain some information about distances in the clathroche-
late framework. The functions for the radial distribution of
atoms (RDA, see Electronic supplementary information,
ESI) surrounding the scattering atom were obtained for the
central iron(ir) ion and also for the capping tin(1v) atom, which
appreciably increases the reliability of the final results. The
RDA functions were also obtained for a series of boron-
capped clathrochelate analogs, the structures of which were
determined previously by X-ray crystallography.!?> As seen
from Table 2, good agreement between the X-ray and EXAFS
data is observed in most cases. For the hexasulfide complex 3,
whose X-ray structure could not be determined, by EXAFS we
have determined the main distances in the clathrochelate
framework to be Fe-N=~1.9, Fe-C (chelate)~2.8, Fe-O~
2.9 and Fe-Sn~3.7 A, while in the capping tin atoms moiety
Sn-O~2.1 and Sn—Cl=2.4 A. These values are close to those
found by X-ray analysis for the clathrochelate precursor 2 and
the alicyclic [FeNx3(SnCls),]*~ dianion (Table 2).

The distances from the encapsulated iron(i) ion to the sulfur
atoms of the functional substituents (4.0-4.5 A) are practically
the same as those determined for the clathrochelate 3 (EXAFS
experiment) and its hexasulfide boron-capped analogs (both
X-ray and EXAFS experiments).

The 'H and '*C{'H} NMR as well as PD and MALDI-TOF
mass spectra of the synthesized complexes confirm their com-
position and C; symmetry; the parameters of the ''°Sn
NMR spectra of these clathrochelates indicate a high symme-
try of the octahedral SnCl;03 capping fragment.

Electrochemistry

Cyclic voltammograms of the iron(1) clathrochelates are char-
acterized by the existence of an anodic wave, which is assigned
to the oxidation of the encapsulated iron(i1) to iron(u).® The
half-wave potential value, E/,, for the Fe**/2* couple
depends on the electron-donating properties of the substituents
at the capping atoms and in the ribbed fragments. The reversi-
bility of the electrochemical reactions might be characterized
by the Tomes criterion value, AE, which is determined as
AE = E3)4— Ey /4 and is equal to 56 mV for a one-electron
reversible process. As seen from Table 3, the tin-capped
clathrochelates are oxidized at lower potentials than their
boron-capped analogs. Furthermore, the Tomes$ criterion
value and the cyclability indicate a higher reversibility of the
redox processes for the former complexes. This might be due
to an increase in electron density on the encapsulated iron
ion, resulting from the 2— formal charge of the capping SnCl;05
groups, which delocalized onto the clathrochelate framework
through the ¢ and = bond systems.

Conclusion

The hexachloride TAP tin-capped precursor obtained is less
reactive than its boron-capped analogs. This is ascribed to
an increase in the electron density of the capping group. The
BRO; fragment has a formal charge equal to 1—, while the
capping SnCl;05 group has a formal charge of 2—. Such elec-
tron density changes infludence the clathrochelate framework
through the system of ¢ and m-conjugated bonds and the elec-
tron density on the carbon azomethine atoms of the chelate
fragments also increases. As a result, the reactivity of the
dichloroglyoximate fragments in nucleophilic substitution reac-
tions decreases and only a limited number of functionalized

New J. Chem., 2003, 27, 1148-1155 1153
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Table 2 X-Ray“ and EXAFS data on distances (A) from the encapsulated iron(1) ion and capping Q atoms for boron- and tin-capped clathro-

chelate iron(1) dioximates (cn is coordination number)

Fe(Clsz)3 Fe(Clsz)3 Fe{(CH‘;S)sz}:; FC{(CGHSS)sz}:; [Fe(Clsz)3 [Fe{(C6H5S)2Gm}; [FGNX3
en (Bn-CqHo) > (BCeHs)y ' (BCeHs), (BCgHs), ! (SnCl),~  (SnCly)o* (SnCly)* 2
Fe—=N 6 1.92 1.92 1.92 1.92 1.91 1.92 1.93
Ca (1.90) (1.91) (1.90) (1.91) (1.90) (1.92)
T\/N 6 2.75 2.84 2.87 2.85 2.78 2.78 2.80
c_ F (2.75) (2.74) (2.78) 2.77) (2.74) (2.78)
iy—,o 6 2.90 3.01 3.00 2.95 2.94 2.94 3.05
Fe (2.90) (2.91) (2.89) (2.88) (2.92) (2.94)
< Fe—Q 2 3.01 3.04 3.04 3.06 3.68 3.67 3.60
N (3.04) (3.08) (3.00) (3.01) (3.63) (3.61)
N>>C\_C\\ 6 4.30 4.29 4.36 4.35 4.23 4.33 4.32
N
~ (4.39) (4.39) (4.47) (4.46) (4.39) (4.24)
Sn—-0O 3 2.12 2.13 (2.10)
2.11)
Sn—Ck 3 2.38 2.41 (2.40)
o (2.37)
\Sn 3 3.38 3.41 (2.96)
(2.95)
Sn—Fe 2 3.64 3.62 (3.61)
o (3.63)
C// \Sn 3 3.91 4.19 (4.00)
N—O (3.99)
c// \Sn 3 443 4.33 (4.54)
N (4.64)
¢ X-Ray data are given in parentheses when available.
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