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Synthesis, Structure, and Dynamics of Six-Membered Metallacoronands and
Metallodendrimers of Iron and Indium™
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Abstract: In the reaction of the N-sub-
stituted diethanolamines (H,L'?) (1-3)
with calcium hydride followed by addi-
tion of iron(1) or indium(i) chloride,
the iron wheels [FesCls(L")s] (4) and
[FecCls(L*)s] (6) or indium wheels

mined unequivocally by single-crystal
X-ray analyses, complexes 8 and 9
were characterised by NMR spectros-
copy. Contrary to what is normally pre-
sumed, the scaffolds of six-membered
metallic wheels are not generally rigid,

but rather undergo nondissociative
topomerisation processes. This was
shown by variable temperature (VT)
'HNMR spectroscopy for the indium
wheel [IngClg(L")¢] (5) and is highlight-
ed for the enantiotopomerisation of

[IneCls(L")s] (), [InCl(L*)] (8) and
[InCls(L?)s] (9) were formed in excel-
lent yields. Exchange of the chloride
ions of 6 by thiocyanate ions afforded
[Feo(SCN)4(L?)s] (7). Whereas the
structures of 4, 5 and 7 were deter-
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one indium centre {'/;[Ss-5]='/s[Ss-5'])-
The self-assembly of metallic wheels,

density ) ) _

g starting from diethanolamine dendrons,
indium - > i : .

spectroscopy 1s an efficient strategy for the conver-

gent synthesis of metallodendrimers.

Introduction

Since the discovery that, below a critical temperature, para-
magnetic molecular clusters can act as nanoscale magnets,
the syntheses of polyoxometalates have become the focus of
intense research activities. Such single-molecule magnets
(SMMs) can be regarded as ideal model systems for the in-
finite-size version of the linear Heisenberg chain and are
promising new materials for data storage and quantum com-
puting. They exhibit magnetisation hysteresis, quantum tun-
nelling of magnetisation and, most interestingly, demon-
strate an exciting effect: cooling by adiabatic magnetisa-
tion.!"? Over the past years, considerable progress has been
made towards the predictability of ordered supramolecular
assemblies on the basis of coordinative metal/ligand
bonds.** A particular symmetric class are the so-called
ferric wheels.[**

We have reported the template-mediated self assembly of
six- and eight-membered iron coronates [NaC{Fes[N(CH,-
CH,0);]¢}]C1 and [CsC{Fes[N(CH,CH,0);]5}]Cl, prepared
from triethanolamine with iron(m) chloride and sodium hy-
dride or cesium carbonate.®! A common feature of these
two complexes is that six or eight ethanolate arms solely
function as ligands for the coordinative saturation of the
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iron centres and for charge compensation, whereas the re-
maining ethanolate p,-O donors are structure-determining.
They are linkers, necessary for the ring formation. Conse-
quently, reaction of N-butyldiethanolamine with calcium hy-
dride and iron(m) chloride yielded the unoccupied neutral
iron coronand [Fe,Cls{BuN(CH,CH,0),}]."! In this case,
completion of the octahedral coordination sphere at iron and
charge compensation are achieved by the chloride co-ligands.

Results and Discussion

In order to test scope and limitation of this new synthesis
for six-membered iron wheels, we treated N-(3,5-bis-tert-bu-
tylbenzyl)diethanolamine (1; H,L') with calcium hydride
and iron(u) chloride and isolated a yellow microcrystallinic
product. The elemental analysis and FAB-MS spectrum
identified 4 as a hexairon chelate complex of the composi-
tion [Fe4Cls(L")s] (Scheme 1).

For an unambiguous characterisation of [Fe,Cli(L")s] (4),
we carried out an X-ray crystallographic structure analy-
sis. Principally, complex 4 is isostructural with the six-
membered ferric wheel [Fe,Cls{BuN(CH,CH,0),}s]. That is
to say, the twelve ethanolate p,-O donors of (L!)*", together
with the six iron(1m) ions form the ring, and the six chloride
ions again are only necessary for charge compensation and
as co-ligands for an octahedral environment at iron. The
iron wheel 4 (Figure 1) crystallises with three molecules in
the unit cell and the disklike clusters are piled in cylindrical
columns with mean intra-columnar midpoint distances d of
13.7 A, with all the iron centres superimposed. Each column
is surrounded by six parallel columns, which are alternately
dislocated by 1/3 d and 2/3 d against the central one.

When ligand 1 was treated with calcium hydride and in-
dium(m) chloride instead of iron(in) chloride, we isolated
the corresponding indium wheel [IngCly(L'),] (5)

(Scheme 1). Single-crystal X-ray analysis proved 5”1 to be
isostructural with iron wheel 4. In the solid state, the N-sub-
are desymmetrised

stituted diethanolamine ligands of S¢-5
through metal coordination.
That 5 is the only species pres-
ent also in solution was demon-
strated by ESI mass spectrosco-
py {m/z=2753 for [Ine
Cls(LY¢:3H,0]* in toluene}. At
temperatures below 50°C, a
“static” Ss-symmetric structure
is observed by 'H and *C NMR
spectroscopy. All 'H and
BCNMR resonances were un-
ambiguously assigned by a com-
bination of COSY, HMQC, and
HMBC spectra. Exemplarily,
the most significant 'H NMR
characteristics of 5 are dis-
cussed (Figure 2). A major fea-
ture of the desymmetrised
(L")*" ligands is the diastereoto-
picity of the 12 ethanolate arms
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Scheme 1. Synthesis of [FesClg(L")s] (4), [IngClg(L")s] (5), [FesCle(L?)]
(6), [Feg(SCN)4(L?)q] (7), [IngClg(L?)s] (8) and [IngCls(L?)s] (9)-

and, as a result, the formation of a set of four distinguish-
able methylene groups, which like the six N-benzylic meth-
ylene groups exhibit the characteristic AB splitting patterns
for their diastereotopic methylene protons. In contrast, the

Figure 1. (Stereo view): Structure of [FesCls(L')s] (4) in the crystal, highlighting the packing of seven parallel
columns, with six columns alternately dislocated by 1/3 d and 2/3 d against a central one. Solvent molecules
and hydrogen atoms are not depicted for clarity.
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Figure 2. 'H,'H-EXSY spectrum of [IngCls(L")¢] (5) (CDCl;, 30°C). Cor-
relation of the signals: ethanolate arms: OCH, (4,+), NCH, (0,0); ben-
zylic groups: NCH, (o). Each geminal pair of protons is assigned with
identical symbols. A phase sensitive ROESY-sequence has been em-
ployed, mixing time 300 ms. Cross peaks highlighted in red are ROE
peaks. Other cross peaks are exchange peaks (blue) and TOCSY peaks
(black). H,O (#); acetone (#).

12 tBu groups and the pairs of aromatic protons, ortho to
the CH,N link, are homotopic due to free rotation of the
aromatic rings.

Variable temperature 'H NMR studies on the enantioto-
pomerisation of tetrahedral homochiral (4,4,4,4)-
[(NH,)sN{Mgy(L)e} = (A,4,4,4)-[(NH,),N{Mg4(L)s}] (L=
diethyl ketipinate dianion)!"!! prompted us to also study the
dynamic behaviour of [InsCls(L')q] (5) by VT NMR
spectroscopy.’? At higher temperatures in [Ds]bromoben-
zene, the diastereotopic protons of the five distinguishable
methylene groups, undergo pairwise mutual exchange. This
phenomenon clearly manifested already at temperatures
below 50°C in chloroform in exchange cross peaks in
EXSY-type spectra (Figure 2). The off-diagonal signals rep-
resent three different types of cross peaks: ROE-signals,
which indicate spatial relationship (opposite phase as diago-
nal signals, depicted in red), TOCSY-type signals, indicating
scalar coupling (same phase as diagonal signals, black), and
exchange signals (same phase as diagonal signals, blue).

The high-temperature "H NMR spectra (Figure 3) indicate
time-averaged pseudo-D;; molecular symmetry for § due to
rapid, nondissociative topomerisation of bistable S¢-5 with a
fast S4-575¢-5 interconversion. As explicitly shown for the
benzylic diastereotopic protons of 5, coalescence is observed
at 130°C (500 MHz). The activation parameters for the mo-
lecular interconversion have been derived from a line shape
analysis: AH*=9.0kcalmol™, AS*=-27calK 'mol™’,
AG},=20.0 kcalmol ™.

Chem. Eur. J. 2004, 10, 1899 —1905 www.chemeurj.org
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Figure 3. Enantiotopomerisation of one indium centre of 5 {'/[Se-
5]='/[Ss-5]} leading to enantiotopomerisation of the diastereotopic
groups of ligand (L')*". For clarity only the VT 'HNMR signals of the
benzylic methylene protons of the topomerisation of 5 are depicted. Left:
experimental (500 MHz, C,DsBr); right: simulated.

Density functional calculations at B3LY-
P/LANL2DZp!'*'*l and BP86/RI/SV(P)'” on a model
compound [InsCl{{MeN(CH,CH,0),}s] (MC), in which the
N-(3,5-bis-tert-butylbenzyl) groups of 5 have been replaced
by N-methyl groups suggest that an S-MC+=S,-MC' inter-
conversion does not involve a highly symmetrical transition
structure. The obvious transition state D;;-MC, in which
enantiotopomerisation proceeds synchronously at all indium
centres, turns out to be a hilltop structure with three imagi-
nary frequencies, 36.1 kcalmol™! less stable than the ground
state Ss-MC. The favoured transition structure has approxi-
mate C, symmetry, [C,-MC]", and corresponds to an activa-
tion barrier of 16.6 kcalmol~'. The imaginary mode indicates
that the topomerisation proceeds in a concerted, yet asyn-
chronous fashion (Figure 4). A calculation on the full com-
plex [IngClg(L")s] (5) on BP86/RI/SV(P) level with a 46-elec-
tron pseudopotential yields a C, structure 20.9 kcalmol ™
above the S, ground state, whereas the Ds, stationary point
is found to be 44.6 kcalmol™' less stable than the ground
state.

The significant scope of the synthesis of six-membered
metallic wheels starting from alkyl-substituted diethanol-
amines was further demonstrated in reacting branched den-
dritic diethanolamines H,L? (2) and H,L* (3) with calcium
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Figure 4. Pictogram and energy values, illustrating the topomerisation of
MC and 5 in a concerted, yet asynchronous fashion. The D4 structure in
which enantiotopomerisation proceeds synchronously at all indium cen-
tres turns out to be a hilltop structure. Energy values given in italic corre-
spond to 5.

hydride and iron(ur)/indium(i) chloride. The elemental
analyses and FAB-MS spectra identified the reaction prod-
ucts as the hexametallic chelate complexes [FecCls(L*)q] (6),
[InsCls(L?)s] (8), and [IngCls(L*)s] (9) (Scheme 1). In order
to grow single-crystals suitable for an X-ray analysis,
[Fe,Cly(L?),] (6) was transformed with rhodanide ions to
give [Feg(SCN)¢(L?)s] (7) (Scheme 1, Figure 5)."2! According
to this analysis, 7 is isostructural with [Fe,Cls(L')¢] (4).

For unambiguous characterisation of [IngCls(L?)s] (8) and
[IngCl4(L*)s] (9) we carried out 'H and “C NMR spectra.
Exemplarily, the most significant 'H NMR characteristics
are discussed for 9 (Figure 6). A major feature of the (L*)*~
ligands, desymmetrised through metal coordination, is the
loss of chemical-shift differences of diastereotopic protons
towards the periphery of the dendrimer. The diastereotopic
protons of the methylene groups of the ethanolate arms and

Figure 5. Stereoview of crystal structure of metallodendrimer [Feo(SCN)4(L?)¢] (7).
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Figure 6. 'HNMR spectrum (CDCly; 21°C) of metallodendrimer
[IngCls(L?)¢] (9) and correlation of the signals. Ethanolate arms: OCH,
(2,4), NCH, (0,0); benzylic groups: NCH, (1); inner OCH, (2); periph-
eral OCH, (3). Aromatic protons are marked as A-F.

the N/O-benzylic protons (1,2) give rise to six discernible
AB splitting patterns. The assignment of these signals is
based on NMR experiments as carried out for 5. By con-
trast, the diastereotopic protons within the 24 peripheral O-
benzylic methylene groups (3) coincide and lead to only one
signal for the 48 protons. Natu-
rally, due to rotation of the
phenyl groups, the pairs of aro-
matic protons (A,C,EJF) are
isochronous. For the

same
reason, all CH; resonances
result in a singlet for the

72 protons involved.

Conclusion

Provided that the bridging li-
gands are flexible, metallacoro-

www.chemeurj.org Chem. Eur. J. 2004, 10, 1899 —1905
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nands are not necessarily rigid. This was demonstrated by
temperature-dependent '"H NMR spectroscopy for a diamag-
netic indium analogue. In summary, the six indium centres
experience inversion of configuration resulting in retention
of the overall S; molecule symmetry. Calculations indicate
that the topomerisation proceeds in a concerted, yet asyn-
chronous fashion. Advanced studies towards metalloden-
drimers'*! are on the way.

Experimental Section

NMR-spectra were recorded on JEOL Alpha 500, JEOL EX 400 and
JEOL GX 400 spectrometers. Solvent signals were employed as internal
standards : CDCl; ("H, 7.24 ppm; "*C, 77.0 ppm); CsDsBr ('H, 7.17 ppm;
13C, 122.51 ppm).

Compounds 1-3: Syntheses according to standard methods from the cor-
responding bromide and dendritic bromides®®"! with diethanolamine.

Compounds 4-9

General procedure: Either H,L' (1) (0.62 g, 2.0 mmol) for 4 and 5, H,L?
(2) (1.05 g, 2.0 mmol) for 6 and 8, or H,L* (3) (2.13 g, 2.0 mmol) for 9
was added to a suspension of calcium hydride (0.13 g, 3.0 mmol) in anhy-
drous THF (125 mL). After the suspension was stirred for 1 h at 20°C, a
solution of either iron(m) chloride (0.32 g, 2.0 mmol) for 4 and 6, or in-
dium(11) chloride (0.44 g, 2.0 mmol) for 5, 8 and 9 in anhydrous THF
(50 mL) was added. The reaction mixture was stirred at 20°C for 72 h,
then the solvent was removed under vacuum. The precipitate was dis-
solved in CH,Cl, (100 mL) and the remaining residue was filtered off.
After evaporation of the solvent 4 and 6 were obtained as yellow and 5,
8 and 9 as white powders.

Rhodanide 7 was prepared by exchange of the co-ligand CI~ by SCN~ .

Compound 4: Yield 0.34 g, 43% (yellow rhombic crystals from toluene at
4°C); m.p. >240°C (decomp); FAB-MS (3-NBA): m/z (%): 1552 (30)
[Fe,Cly(LY),]*, 1190 (40) [FesCly(L')s]*, 1155 (40) [Fey;ClL(L) ]+, 1119
(100) [Fe;CI(LY);]*; IR (KBr): #=2965, 2906, 2867, 1600, 1477, 1461,
1088, 729 cm™'; elemental analysis calcd (%) for C,;,H;sClsFesNgO;,tol-
uene (2472.70): C 58.78, H 7.91, N 3.40; found: C 58.70, H 8.16, N 3.38.

Compound 5: Yield 0.32 g, 35% (colourless rhombic crystals from tolu-
ene at 4°C); m.p. >240°C (decomp); '"HNMR (500.1 MHz, C¢DsBr,
50°C): 6=17.725 (s, 12H; aryl), 7.696 (s, 6H; aryl), 5.013 (d, J=13.8 Hz,
6H; benzyl), 4.882 (d, /=138 Hz, 6H; benzyl), 4.621 (dd, J=5.0,
10.6 Hz, 6H; O—CH,), 4.510 (dt, J=6.4, 12.9 Hz, 6 H; N—CH,), 4.228 (dd,
J=62, 11.5 Hz, 6H; O—CH,), 4.102 (dd, J=5.3, 10.3 Hz, 6H; O—CH,),
3.844 (dt, J=2.8, 11.5 Hz, 6H; N—-CH,), 3.776 (dt, J=5.9, 11.7 Hz, 6H;
O-CH,), 2.822 (d, J=9.8 Hz, 6H; N—CH,), 2.286 (d, J=11.2 Hz, 6H;
N—CH,), 1.565 ppm (s, 108 H; /Bu); *C NMR (125.7 MHz, CDCl,, 25°C):
0=150.47 (12C, quat. aryl), 132.39 (6C, quat. aryl), 125.87 (12C, CH
aryl), 121.69 (6C, CH aryl), 62.66 (6C, benzyl), 61.77 (6C, O—CH,),
60.13 (6C, O—CH,), 58.08 (6C, N—CH,), 55.71 (6C, N—CH,), 34.75 (12C,
CMes), 31.51 ppm (36C, Me); ESI-MS: m/z (%): 2753 (100) [Ing-
Cl5(LY)s3H,0]*; FAB-MS (3-NBA): m/z (%): 2734 (5) [IngCly(L))q]*.
2698 (8) [IneCls(L")e]*, 1787 (80) [In,Cl;(L"),]*, 1330 (80) [InsClL(L")5]*,
875 (100) [In,CI(L"),]*; IR (KBr): #=2965, 2870, 1602, 1477, 1460, 1079,
715 cm™'; elemental analysis caled (%) for C;;;H;sClsIngNsO;, THF
(2806.51): C 50.50, H 6.97, N 2.99; found: C 50.51, H 6.96, N 2.88.

Compound 6: Yield 0.70 g, 57 % (yellow thin needles from chloroform by
diffusion of diethyl ether at 20°C); m.p. >240°C (decomp); FAB-MS (3-
NBA): m/z (%): 3677 (10) [FesClg(L?)s] T, 3640 (68) [FeCls(L?)6] T, 2415
(75) [Fe,Cly(L?),]*, 1767 (100) [Fe;Cl(L?),]*; IR (KBr): #=2947, 2913,
2866, 1721, 1601, 1445, 1281, 1154, 1109 cm™'; elemental analysis calcd
(%) for Cy74H;55ClFesNgOys (3677.20): C 56.83, H 5.10, N 2.29; found: C
56.10, H 5.29, N 2.17.

Compound 7: Yield 0.59 g, 81 % (orange crystals from chloroform by dif-
fusion of diethyl ether at 20°C); m.p. >240°C (decomp); FAB-MS (3-
NBA):  m/z  (%): 3755 (10) [Fes(SCN)s(L?)e]*, 2483 (50)
[Fe,(SCN),(L%),]T, 2425  (100)  [Fe,(SCN)(L?,]*, 2368  (50)
[Fe,(SCN)(L?),]*; IR (KBr): #=2926, 2077, 2041, 1720, 1620, 1287 cm™;

Chem. Eur. J. 2004, 10, 1899 —1905 www.chemeurj.org

elemental analysis caled (%) for CigH;ssFecN;,045S42 CHCl; (4051.73):
C 53.95, H 4.68, N 4.15, S 4.75; found: C 54.65, H 5.27, N 4.05, S 4.43.

Compound 8: Yield 0.69 g, 51% (colourless microcrystals from acetone/
CHCl; 50:1, at 4°C); m.p. >240°C (decomp); 'HNMR (400.1 MHz,
CDCl;, 22°C): 6=8.00 (d, J=84Hz, 24H; aryl), 7.48 (d, /=84 Hz,
24H; aryl), 6.69 (d, J=2.1 Hz, 12H; aryl), 6.58 (t, /J=2.1 Hz, 6H; aryl),
5.13 (d, J=13.4 Hz, 12H; benzyl-O), 5.10 (d, /=13.6 Hz, 12H; benzyl-
0), 440 (d, J=13.6 Hz, 6H; benzyl-N), 4.03-4.23 (m, 12H; benzyl-N,
CH,—CH,-0), 3.89 (d, 6H; J=11.7 Hz, N-CH,), 3.85 (s, 36 H; O—CHs),
3.75-3.81 (m, 12H; CH,~CH,—0O), 3.59-3.66 (m, 6H; CH,—CH,~O),
3.28-3.30 (m, 6H; N—CH,), 2.53 (d, /=9.8 Hz, 6H; N—CH,), 2.01 ppm
(d, J=11.8 Hz, 6H; N-CH,); "CNMR (100.5 MHz, CDCl;, 23°C): 6=
166.7 (12C, C=0), 159.3 (12C, quat. aryl), 141.9 (12C, quat. aryl), 135.6
(6C, quat. aryl), 129.8 (24C, CH aryl), 129.7 (12C, quat. aryl), 127.4
(24C, CH aryl), 110.7 (12C, CH aryl), 102.4 (6C, CH aryl), 69.4 (12C,
benzyl-O), 62.5 (6C, benzyl-N), 61.8 (6C, CH,—CH,—0), 60.1 (6C,
CH,—CH,~0), 585 (6C, N-CH,), 559 (6C, N—CH,), 52.1 (12C,
O—CHj,); FAB-MS (3-NBA): m/z (%): 4053 (1) [IneCls(L*)+Na]*, 2201
(10) [In,Cl5(L»);]*, 2016 (10) [InyCly(L?),], 1529 (30) [InsCl(L%),]*, 1343
(25) [In,Cl(L?),]*, 1272 (100) [Iny(L%),]*; IR (KBr): ¥=2951, 2873, 1724,
1597, 1436, 1283, 1157, 757 cm™'; elemental analysis calcd (%) for
C17,H,46CleIngN¢O -3 CHCl; (4389.16): C 48.44, H 4.34, N 1.92; found: C
48.39, H 4.72, N 1.88.

Compound 9: Yield 1.07 g, 44 % (colourless microcrystals from acetone/
CHCl; 50:1, at 4°C); m.p. >240°C (decomp); 'HNMR (400.1 MHz,
CDCl;, 21°C): =793 (d, J=8.3 Hz, 48H; aryl), 7.38 (d, /=83 Hz,
48H; aryl), 6.64-6.66 (m, 36H; aryl), 6.53 (s, 6H; aryl), 6.47 (t, J=
2.1 Hz, 12H; aryl), 5.02 (s, 48H; benzyl-O), 4.97 (d, J=12.3 Hz, 12H;
benzyl-O), 4.94 (d, J=12.1 Hz, 12H; benzyl-0), 4.35 (d, /=12.1 Hz, 6H;
benzyl-N), 4.12-4.18 (m, 12H; benzyl-N, CH,—~CH,—0), 3.96-4.00 (m,
6H; N—CH,), 3.82 (s, 72H; O—CHs;), 3.64-3.78 (m, 12H; CH,~CH,—0),
3.52-3.58 (m, 6H; CH,~CH,—0), 3.19-3.26 (m, 6H; N—CH,), 2.48 (d,
6H; J=85Hz, N—CH,), 2.09ppm (d, 6H; J=11.1Hz, N-CH,);
“C NMR (100.5 MHz, CDCl,, 23°C): 6=166.7 (24C, C=0), 159.8 (24C,
quat. aryl), 159.4 (12C, quat. aryl), 141.8 (24C, quat. aryl), 139.4 (12C,
quat. aryl), 135.4 (6C, quat. aryl), 129.8 (48C, CH aryl), 129.6 (24C,
quat. aryl), 126.9 (48C, CH aryl), 110.6 (12C, CH aryl), 106.6 (24C, CH
aryl), 102.1 (6C, CH aryl), 101.5 (12C, CH aryl), 69.8 (12C, benzyl-O)
69.3 (24C, benzyl-0), 62.6 (6C, benzyl-N), 61.9 (6C, CH,~CH,—O), 60.1
(6C, CH,~CH,—0O), 58.6 (6C, N—CH,), 56.0 (6C, N—CH,), 52.1 ppm
(24C, O—CH,); FAB-MS (3-NBA): m/z (%): 7275 (1) [IneCly(L?)e]",
7241 (1) [IngCl5(L*)e]*, 3530 (82) [Ins(L*);]*, 2352 (100) [Iny(L),]*; IR
(KBr): #=2956, 2926, 2874, 1744, 1605, 1263 cm™'; elemental analysis
caled (%) for CieeHi5,CleIngN¢Oge-3 CHCl; (7632.56): C 58.07, H 4.72, N
1.10; found: C 58.38, H 4.91, N 1.02.

Computational methods: Calculations were performed using the Gaussi-
an 98! and Turbomole 5.6"7" program packages. We employed the
B3LYP!" hybrid density functional and the BP86!" functional, the latter
in connection with the resolution of the identity (RI) technique.!” In the
B3LYP calculations, we used the Los Alamos LANL2DZ!" ECP basis
set, as implemented in Gaussian 98, augmented with polarisation func-
tions on the heavy atoms.'! In the BP86/RI computations, we used Ahl-
richs’ split valence basis set’®” with polarisation functions on the heavy
atoms and the 46e MWB ECP, as implemented in Turbomole 5.6.
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