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A series of ditopic ligands incorporating two 2,2":6',2"-terpyridine (tpy) metal-binding domains linked to a
central naphthalenediyl core by ethyleneoxy chains of various lengths have been prepared and their iron(ir)
complexes prepared. The major thermodynamic products of complexation are ferracycles of [1 + 1], [2 + 2]
or [3 + 3] stoichiometry. In the case of the [I + 1] complexes, the linker between the two tpy domains is
spatially restricted and the cations exhibit chirality associated with the conformation about the central
N-Fe-N bonds. The dynamic processes by which the enantiomeric forms interconvert are investigated in the
presence of chiral anions by NMR and circular dichroism spectroscopy making use of the Pfeiffer effect.

We have shown that ditopic bis(2,2":6’,2"-terpyridine) ligands give rise to conformationally restricted
complexes with iron(i) centres. The absolute configuration of the cations in the diastereomeric ion pairs
obtained through the Pfeiffer effect has been calculated using TDDFT methods.

Introduction */ 7\

Chirality has played an important role in inorganic chemistry 7\ N\ =

since the pioneering stereochemical investigations in coordina- " \ No—M~---N A

tion chemistry by Alfred Werner."! There is a number of / / \

common manifestations of chirality in coordination chemistry, =N N

the most common of which arise when chiral ligands or \ /

counter-ions are utilized or when bidentate ligands LL

are involved in complexes of the type [M(LL);]"" or

cis-[M(LL),X,]"* (X = monodentate ligand) as indicated in i
A

Scheme 1.2 The classic examples of chiral complexes involving
bidentate ligands utilize derivatives of 1,2-diaminoethane (en),
2,2'-bipyridine (bpy) or 1,10-phenanthroline (phen).> The
latter ligands are the parent members of a class of oligo-
pyridine ligands of which the next higher member is typified by
2,2":6/,2"-terpyridine (tpy).* Although both [M(bpy),]" " and
[M(tpy),]" " motifs present Ny donor sets to the metal, the
former with D3 symmetry exists as the pair of 4 and A
enantiomers, whilst the latter with D,q symmetry is achiral.
In the case of substituted bpy and tpy ligands other stereco-
chemical complexities arise. In particular, in the case of
asymmetric tpy ligands substituted on the terminal rings the
symmetry of [ML,]"" complexes is lowered to C, and a pair of
A and A enantiomers are formed.> We have recently been
interested in ditopic ligands 4’-tpy-S-tpy-4’ in which two
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Scheme 2 Structures of ligands 1-5 with ring labelling for NMR spectroscopic assignments.

4’-substituted tpy metal-binding domains are linked by a
variety of spacer groups S. These species can variously give
rise to metallopolymers or metallocycles and we have shown
that the thermodynamic products are, as expected, the metallo-
macrocycles.®'2 We have also shown that complexes of these
ligands are activated towards nucleophilic attack at the
4’-position with the eventual conversion of the ditopic ligand
into two “simple” tpy metal-binding domains.'® In the course
of this work we encountered a mononuclear metallocyclic
complex [Fe(4)]*" (see Scheme 2 for ligand 4) in which the
restricted rotation on the NMR time scale of the spacer
resulted in the formation of chiral complexes,” a phenomenon
that could be viewed as a form of atropisomerism.'* In this
paper we report further studies on this phenomenon and
present further examples demonstrating the role of the spacer.

Experimental
General

Infrared spectra were recorded on Shimadzu FTIR 8300 or
FTIR-8400S Fourier-transform spectrophotometers with
samples as solids using a Golden Gate ATR accessory. 'H
and '3C NMR spectra were recorded on Bruker DRX
500 MHz and ARX-500 spectrometers at room temperature;
the ring labelling used for the ligands is shown in Scheme 2;
chemical shifts are referenced with respect to residual solvent
peaks and TMS = 6 0 ppm. FAB and electrospray (ES) mass
spectra were recorded on Finnigan MAT95Q and MAT LCQ
instruments; FAB MS used 3-nitrobenzyl alcohol as support-
ing matrix. Electronic absorption spectra were recorded on a
Shimadzu UV-3101PC spectrophotometer. Circular dichroism
spectra were recorded on a JASCO J-715 polarimeter in a
1.0 cm quartz cell; A are given in nm. Reactions were carried

out under nitrogen. All solvents were dried and distilled before
use. 4’-Chloro-2,2’:6’,2”-terpyridine,15 ligands 1-4'? and the
chiral anions TRISPHAT (tris(tetrachlorobenzenediolato)-
phosphate(v)),'® BINPHAT (bis(tetrachlorobenzenediolato)-
mono([1,1']-binaphthalenyl-2,2’-diolato)phosphate(v))!” and
SUGARPHAT (bis(tetrachlorobenzenediolato)[(6S,7S,8 R)-6-
methoxy-2,2-dimethylhexahydropyrano[3,2-d][1,3]dioxine-7,8-
diolato]phosphate(v)'®!? were prepared as previously reported.

Syntheses

2,7-Di{2-|2-(2-hydroxyethoxy)ethoxy]ethoxy}naphthalene.
2,7-Dihydroxynaphthalene (1.6 g, 10 mmol), K,CO; (12 g,
90 mmol) were stirred in acetone (150 mL) for 2 h at 70 °C.
Then, 2-[2-(2-chloroethoxy)ethoxylethanol (5.06 g, 30 mmol)
was added dropwise to the reaction mixture and stirring was
continued for 3 days with the temperature maintained at
70 °C. A spot TLC indicated that the reaction was incomplete
and so additional 2-[2-(2-chloroethoxy)ethoxy]ethanol (1.68 g,
10 mmol) was added and heating (70 °C) was continued for
2 days. After cooling the mixture to room temperature, solvent
was removed under reduced pressure, and the residue
was partitioned between CH,Cl, and water (250 mL). The
organic layer was separated, dried (MgSQ,), and filtered.
2,7-Di{2-[2-(2-hydroxyethoxy)ethoxylethoxy}naphthalene
was isolated as a black oil (3.5 g, 8.2 mmol, 82%). '"H NMR
(500 MHz, CDCl3) &/ppm 2.76 (br, 2H, H°H), 3.60 (m, 4H,
H®), 3.71 (m, 12H, H*"0), 3.89 (m, 4H, H®), 4.22 (m, 4H, HY),
7.01 (m, 4H, H'®?), 7.62 (d, J 8.8 Hz, 2H, H*); '3*C NMR
(125 MHz, CDCl;) §/ppm 61.8 (C), 67.4 (C¥), 69.8 (C?), 70.4
(CY, 70.9 (C9), 72.6 (C%), 106.3 (CTY, 116.5 (C*), 124.6
(CY*y, 129.2 (C%), 135.8 (C®), 157.3 (C<?); FAB-MS m)/z
425 [M]"; IR (solid, cm™"') 3418br, 2916m, 2870m, 1628s,
1512m, 1458m, 1358w, 1258m, 1211s, 1119s, 1065s, 957w,
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887w, 833w. Anal. caled for C5,H3,04-1/3H,0: C, 61.37; H,
7.66. Found: C, 61.46; H, 7.57%.

2,7-[Bis(2,2’ : 6',2"-terpyridin-4'-yl)-1,4,7,10-tetraoxadecyl]-
naphthalene (5). 2,7-Di{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}-
naphthalene (0.70 g, 1.6 mmol) was added to a suspension of
finely powdered KOH (1.1 g, 20 mmol) in DMSO (15 mL). The
mixture was heated to 70 °C and was stirred at this temperature
for 1 h. Then Cltpy (1.3 g, 4.9 mmol) was added and the
reaction mixture was stirred at 70 °C for 5 days. After cooling to
room temperature, water (500 mL) was added and a white
precipitate formed. This was separated by filtration, washed
with plenty of water, and dried. The crude product was purified
by column chromatography (alumina, CH,Cl,-5% CH3;OH)
and was collected as the first fraction. Compound 5 was isolated
as a pale yellow oil (0.20 g, 0.23 mmol, 14%). '"H NMR
(500 MHz, CDCl;) d/ppm 3.78 (m, 8H, HY), 391 (t, J
4.8 Hz, 4H, H®), 3.93 (t, J 4.7 Hz, 4H, H°), 4.19 (t, J 4.9 Hz,
4H, HY), 4.39 (t, J 4.7 Hz, 4H, H"), 6.98 (m, 4H, H°"%), 7.31
(ddd J 7.5, 4.8, 1.2 Hz, 4H, H™), 7.58 (d, J 9.6 Hz, 2H, H?),
7.83 (dt J 1.8, 7.7 Hz, 4H, H**), 8.04 (s, 4H, H®), 8.59
(td, J 7.9, 1.0 Hz, 4H, H”%), 8.66 (ddd J 4.8, 1.8, 0.9 Hz, 4H,
HA%); 8/ppm 67.4 (C%), 67.9 (C), 69.6 (C°), 69.9 (C°), 71.0 (C°),
71.2 (CY), 106.3 (CY), 107.6 (C®3), 116.5 (C), 121.5 (C*?),
124.0 (C*d), 124.5 (C%), 129.1 (C®%), 135.8 (C*), 137.0
(C™%), 149.0 (C*%, 156.0 (C*?), 157.1 (CB?), 157.4 (C3),
167.1 (C®*; FAB-MS m/z 887 [M]", 250 [tpyOH]", 221
[tpy] "; IR (solid, cm™") 3055w, 2870w, 1628m, 1582s, 1558s,
1512m, 1466m, 1443s, 1404s, 1350m, 1257m, 1204s, 1126s,
1056s, 995w, 964w, 872w, 833w, 795m, 733m, 702w. Anal.
calcd for C5,HsoNgOg-H,O: C, 69.01; H, 5.79; N, 9.29. Found:
C, 69.15; H, 5.61; N, 9.28%.

[Fey(1),1[PFgl4. FeCl,-4H,O (40 mg, 0.20 mmol) was dis-
solved in CH3;0OH (20 mL) and the solution was added
dropwise to a solution of 1 (150 mg, 0.20 mmol) in CH;0H
(750 mL). The reaction mixture was stirred at room tempera-
ture for 4 days. The crude product was precipitated by
addition of aqueous [NH4][PF¢] and was purified by column
chromatography  (SiO,, = CH3;CN-saturated  aqueous
KNO3;-H,0 14 : 2 : 1). [Fey(1),][PF¢]s eluted as a purple
(major) fraction. Additional aqueous [NH4][PF¢] was added to
the fraction and [Fe(1)][PFg], was isolated as a purple powder
(62 mg, 0.029 mmol, 29%). 'H NMR (500 MHz, CD;CN)
S/ppm 4.05 (m, 8H, HP), 4.78 (s, 8H, H?), 4.81 (m, 8H, H°),
6.87 (ddd, J 1.3, 5.7, 7.4 Hz, 8H, H*%), 6.99 (ddd, J 0.7, 1.4, 5.6
Hz, 8H, H"®), 7.34 (1.3, 8.4 Hz, 4H, H®), 7.47 (d, J 8.3 Hz,
4H, HY), 7.71 (m, 8H, H"*), 7.72 (s, 4H, H®"), 8.29 (td,
J 0.9, 8.0 Hz, 8H, H*%), 8.47 (s, 8H, H®); ES MS m/z 578
[M — 3PF¢* ", 398 [M — 4PF4]*"; UV-Vis (CH;CN): Anay/nm
(Amax, dm® mol™' em™') 226 (145000), 241 (64 800), 270
(64300), 314 (38200), 552 (12200). Anal. caled for
C92H76F24F€2N1208P4'7H20: C, 48]4, H, 396, N, 7.32.
Found: C, 47.89; H, 3.63; N, 7.47%.

[Fe3(2)s]|PFgls. Preparation and purification were as for
[Feo(1),][PF¢l4 starting with FeCl,-4H,O (40 mg, 0.20 mmol)
and 2 (140 mg, 0.20 mmol) with a reaction time of 4 days. One
major band was observed on the chromatography column and
most material (intractable) remained on the base line.

[Fes(2);][PFg]s was isolated as a purple powder (81 mg, 0.026
mmol, 38%). '"H NMR (500 MHz, CD;CN) §/ppm 4.84
(m, 12H, HY), 5.06 (m, 12H, H%), 6.87 (t, J 6.5 Hz, 12H,
H*%), 7.12 (d, J 5.8 Hz, 12H, H"®), 7.46 (m, 6H, H®®), 7.59
(s, 6H, HY), 7.60 (m, 12H, H*%), 7.88 (m, 6H, H), 8.35
(d, J 8.0 Hz, 12H, H%), 8.54 (s, 12H, H®); ES MS m/z 911
[M — 3PF*", 648 [M — 4PFg*", 489 [M — 5PF’", 383
[M — 6PF¢°*; UV-Vis (CH3;CN): Jimax/DM (Aax, dm® mol ™' em ™)
230 (143 000), 270 (103 000), 315 (84 200), 560 (40400). Anal.
calcd for C132H102F36FC3N13012P6'2KPF6‘6H20: C, 4386, H,
3.18; N, 6.97. Found: C, 43.79; H, 3.41; N, 6.87%.

[Fex(3)2]|PFgly. Preparation and purification were as for
[Feo(1),][PF¢]4 starting with FeCl,-4H,O (40 mg, 0.20 mmol)
and 3 (160 mg, 0.20 mmol) with a reaction time of 4 days. One
major band eluted on the chromatography column and most
material remained as an intractable solid on the base line.
[Fe,(3),][PF¢]s was isolated as a purple powder (75 mg, 0.033
mmol, 33%). 'H NMR (500 MHz, CD;CN) d/ppm 4.14
(m, 8H, H®), 421 (m, 8H, H°), 442 (m, 8H, H), 4.79
(m, 8H, HY), 6.65 (m, 8H, H*%), 6.98 (dd, J 0.6, 5.6 Hz, 8H,
HA%), 7.29 (m, 4H, H®®), 7.33 (m, 8H, H"%),7.35 (s, 4H, H"),
7.67 (m, 4H, H®®), 8.19 (d, J 8.0 Hz, 8H, H*%), 8.41 (s, 8H,
H®%); ES MS m/z 618 [M — 3PF*", 427 [M — 4PFy*";
UV-Vis (CH5CN): Apax/DM (Amax, dm® mol™! em™!) 231
(111 000), 269 (57900), 314 (40 700), 553 (12000). Anal. calcd
for C96H84F24F62N|20|2P4'2KPF6'6H20: C, 4169, H, 351,
N, 6.08. Found: C, 41.55; H, 3.42; N, 6.14%.

[Fe(4)[PF¢l,. Preparation and purification were as for
[Fe(1)][PF¢], starting with FeCl,-4H,O (19 mg, 0.096 mmol)
and 4 (75 mg, 0.091 mmol) with a reaction time of 2 days. One
major band eluted on the chromatography column and most
material stayed as an intractable solid on the base line.
[Fe(4)][PFg], was isolated as a purple powder (40 mg,
0.035 mmol, 39%). '"H NMR (500 MHz, CD;CN) §/ppm
3.79 (m, 6H, H*"*252) 4,07 (m, 2H, H®'), 4.13 (m, 4H, H°"?),
4.66 (td, J 2.0, 13.9 Hz, 2H, H*?), 4.86 (d, J 2.4 Hz, 2H, HY),
5.38 (m, 2H, H%), 6.52 (ddd, J 1.3, 5.7, 7.5 Hz, 2H, H*%), 6.65
(ddd, J 0.7, 1.4, 5.6 Hz, 2H, H"®), 6.85 (dd, J 2.5, 8.9 Hz, 2H,
H®), 7.02 (ddd, J 1.3, 5.6, 7.5 Hz, 2H, HP), 7.31 (dt, J 1.5,
7.8 Hz, 2H, HA%), 7.35 (ddd, J 0.7, 1.4, 5.6 Hz, 2H, H®), 7.53
(d, J 9.0 Hz, 2H, H®". 7.84 (dt, J 1.5, 7.8 Hz, 2H, HP%, 8.18
(d, J 7.8 Hz, 2H, H*?), 8.37 (td, J 1.0, 8.0 Hz, 2H, HP?), 8.41
(d, J 2.2 Hz, 2H, H®%), 8.82 (d, J 2.2 Hz, 2H, H®?); '*C NMR
(125 MHz, CD5CN) 6/ppm 168.6 (CB*), 160.1 (C**P?), 160.0
(CP*A2), 158.0 (CP>B%), 157.9 (CB&B2), 157.1 (C“*/3%), 153.8
(CP%), 152.0 (C%), 138.5 (CP*), 138.1 (CA%), 134.8 (CC4/8y,
129.2 (C%), 126.9 (CP?), 126.4 (C*%), 124.2 (C?), 123.3 (CP?),
122.7 (CA%), 114.8 (CS3), 114.1 (CB), 111.0 (CB%), 105.4 (CY),
72.0 (C°), 69.4 (C°), 68.4 (CY%), 67.8 (C*); ES MS m/z 999
[M — PFg]"; UV-Vis (CH3CN): Amax/NM (Amax, dm* mol~"' ecm™")
233 (80000), 269 (40 700), 314 (31 300), 555 (9300). Anal. calcd for
C4gH4oF1oFeNgOgP5: C, 50.36; H, 3.71; N, 7.34. Found: C, 50.10;
H, 3.71; N, 7.51%.

[Fe(S)I[PF¢),. The methods of preparation and purification
were as for [Fe(1)][PFg], starting with FeCl,-4H,O (32 mg,
0.16 mmol) and 5 (140 mg, 0.16 mmol) with a reaction time of
3 days. One major band was observed on the chromatography
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column and most material (intractable) remained on the base
line. [Fe(5)][PF¢], was isolated as a purple powder (94 mg,
0.076 mmol, 48%). "H NMR (500 MHz, CD5CN) §/ppm 3.56
(t, J 4.7 Hz, 4H, H%), 3.76 (m, 4H, H®), 3.82 (m, 4H, H®), 3.86
(m, 4H, HY), 4.12 (m, 4H, H®), 4.84 (m, 4H, HY), 5.44 (d, J 2.4
Hz, 2H, HY), 6.87 (m, 6H, HA>3), 7.07 (ddd, J 0.7, 1.3, 5.6
Hz, 4H, H), 7.59 (d, J 9.0 Hz, 4H, H%), 7.60 (dt, J 1.5, 7.8
Hz, 4H, H*), 8.23 (td, J 0.9, 7.8 Hz, 4H, H), 8.51 (s, 4H,
H®%); 3C NMR (125 MHz, CD5CN) §/ppm 169.5 (C®%), 161.7
(CA2), 159.0 (CB?), 158.3 (CC*/82) 154.2 (CA%), 139.4 (CA%),
136.5 (C*/8)130.4 (C%), 128.1 (C*°), 125.3 (C?), 124.4
(€™, 116.8 (C), 113.0 (CB%), 105.9 (CY), 71.8 (CY), 71.7
(C%), 71.3 (Ch, 70.9 (C®), 70.3 (C), 68.5 (C*); ES MS m/z 1087
[M — PF¢]™, 471 [M — 2PF**; UV-Vis (CH;CN): Aax/nm
(Amax, dm® mol™' em™1) 232 (170000), 269 (87400), 313
(68900), 554 (20300). Anal. caled for Cs;HsoF,FeNOgPs:
C, 50.66; H, 4.09; N, 6.82. Found: C, 51.47; H, 4.24; N, 6.47%.

Crystal data for [Fe(5)][PF¢],-CH3CN

Data were collected on a Bruker-Nonius Kappa CCD instrument;
data reduction, solution and refinement used the programmes
COLLECT,®  SIR92*  DENZO/SCALEPACK*  and
CRYSTALS.*? ORTEP figures were drawn using Ortep-3 for
Windows.* Crystal data: CsyHs3F1,FeN;OgP,, M = 1273.83,
purple block, monoclinic, space group P2;/c, a = 18.2659(1), b =
14.8059(1), ¢ = 20.5792(2) A, B = 92.9257(5), U = 5558.25(7) A>,
Z =4,D, = 1522 Mg m >, y(Mo-K,) = 0430 mm ', T =
173 K. Number of reflections measured 54042 (unique 14324);
8366 observed reflections, 7 > 3a(/), were used for the determina-
tion (811 parameters); the refinement converged at R = 0.0690 (all
data), 0.0425 (observed I > 3a(I)), wR = 0.0660 (all data), 0.0574
(observed I > 3a(l)), min and max residual electron density 0.59
and —0.46 ¢ AfS; Rine = 0.048, gof = 1.12.

Preparation of diastereomeric ion pairs involving [Fe(4)]*". Ton
exchange metathesis

To a solution of salt [Fe(4)][PF¢], (1.0 equiv.) in CH,Cl,
(2.5 mL) were added solutions of [cinchonidinium][4-6],
[Me,NH,][A4-7] or [Me,NH,][4-8] (2.5 equiv.) in acetone
(2.5 mkL), respectively. The mixtures were stirred for
10 minutes, concentrated in vacuo to a volume of ca. 0.2 mL.
These solutions were adsorbed on small preparative chromato-
graphy plates (basic Al,O3, 10 x 10 cm, 0.25 mm), and the
elution was performed with CH,Cl,—-MeCN (3 : 1). One band
appeared, which was abraded from the glass surface and
suspended in CH,Cl,. The resulting suspensions were filtered
and concentrated in vacuo to afford the desired complexes
[Fe(4)][4-6],, [Fe(4)][A-7], or [Fe(4)][4-8], as the only eluted
salts. Of importance to the present study is the migration of a
single chromatographic band during the purification/isolation
procedure and the good solubility of the resulting complexes in
low polarity solvent.

Computational details

The absolute configuration of the salt [Fe(4)][4-8], was deter-
mined by comparison of the solution CD spectrum to predic-
tions from time-dependent density functional theory
(TDDFT). The energy minimum structure of cation

[Fe(4)?" was obtained using density functional theory
(DFT) with the gradient-corrected BP86 functional®>?® and
the resolution-of-the-identity approximation (RI-J).>” Basis
sets were triple-zeta plus polarization (TZVP)*® for iron and
split-valence plus polarization (SVP)? for all other elements,
along with corresponding auxiliary basis sets.>® Solvent
effects were described using conductor-like solvation model
(COSMO).*!

Results and discussion
Synthesis and characterization of ligands and complexes

Each of the homoditopic ligands 1-5 (Scheme 2) possesses a
central naphthalene unit bearing two 4’-substituted-tpy-
terminated bis(polyethyleneoxy) metal-binding domains. We
have previously reported ligands 1-4 and their reactions
to form ruthenamacrocyclic complexes of type [Ru,L,]*""
(n = 2 or 3).!2 For these ligands, the optimal method of
synthesis varied for each compound. The three strategies that
we explored were (i) treatment of 4’-chloro-2,2":6’,2"-terpyridine
(Cltpy) with bis(alcohol)-functionalized naphthalene, (ii) reac-
tion of 4/-hydroxy-2,2":6',2"-terpyridine (HOtpy) with a
naphthalene containing two electrophilic substituents or
(iii) treatment of alcohol-tailed 2,2":6',2"-terpyridines
with a bis(bromomethyl)-functionalized naphthalene. The
synthesis of ligand 5 was most efficiently carried out by
the first of these routes (Scheme 3). After chromatographic
workup, 5 was isolated as a yellow oil in 14% yield. The 'H
and >C NMR spectra of 5 were fully assigned by using
COSY, NOESY, HMQC and HMBC techniques. In the mass
spectrum of 5, the highest mass peak at m/z 887 was assigned
to [M]"; the base peak at m/z 250 arose from the fragment
[tpyOH] .

Each of ligands 1-5 was treated with iron(ir) chloride in a
1 : 1 molar ratio, under moderately high dilution conditions to
encourage the formation of discrete complexes in preference to
polymeric species. Each reaction gave a purple, iron(i)-
containing product that was isolated as a hexafluorophosphate
salt. In each case, only one major component could be
chromatographically separated from the reaction mixture.
All other products remained as intractable solids on the base-
line and were assumed to be metallopolymers. Since our main
interest in this work was in the metallocyclic complexes, all of
which were formed in reasonable yields, no attempt was
made to characterize products that were not separable by
conventional chromatographic methods.

The product from the reaction of iron(i) chloride with
ligand 1 was characterized as the [2 + 2] metallomacrocyclic
complex [Fey(1),]**. The highest mass peak in the ES mass
spectrum appeared at m/z 578, and had the correct isotope
distribution for [M — 3PF¢]> . The base peak at m/z 398 was
assigned to [M — 4PF¢*". A comparison of the 'H NMR
spectra of ligand 1 and that of the complex formed with
iron(i1) showed the expected shift of the signal for H*® to
lower frequency (Table 1). In addition, the signals for HA* and
HA® appear at lower frequency on going from 1 to the
complex, and this is evidence for the formation of a macro-
cyclic product. We have previously observed that the
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Scheme 3 Synthetic route to ligand 5: (i) K,COs, acetone, 70 °C, 2 h; (ii) CI(CH,CH,0),CH,CH,0H, 70 °C, 5 days; (iii) KOH, DMSO, 70 °C,
1 h; (iv) Cltpy, 70 °C, 5 days. The ring labelling in the intermediate is used for the NMR spectroscopic assignments (see also Scheme 2).

formation of [Run(1):]* " (the cyclic structure of which has been
crystallographically confirmed) is accompanied by diagnostic
shifts in the signals for H** and H*® to lower frequencies.'? The
formation of the [2 + 2] product with ligand 1 was expected on
the basis of modelling, which indicated that the spacer was too
short to allow the [1 + 1] product.

Ligands 2 and 3 possess tpy-terminated polyethylencoxy-
substituents in the 2 and 3-positions of the naphthalene spacer.
The 'H NMR spectrum of the purple product of the reaction
of 2 with iron(i) chloride showed a single tpy and a single
naphthalene environment, indicating the formation of a sym-
metrical species. A comparison of the '"H NMR spectra of 2
and its iron(11) complex confirmed the changes expected upon
coordination and upon the formation of a metallomacrocycle;
changes in the chemical shifts for protons HE*, HA®, HA* and
H”® (Table 1) were especially diagnostic as noted above.
Evidence for the formation of a [3 + 3] metallomacrocycle
came from the ES mass spectrum in which a peak at m/z = 383
was assigned to [M — 6PF]®"; the observed isotope pattern
matched that simulated. Complex [Fes(2);]°" was formed in
38% yield. Increasing the length of the polyethyleneoxy chain
on going from 2 to 3 resulted in the preferential formation of a
[2 + 2] metallomacrocyclic complex, [Fex(3),]* . Once again,
the signals for protons H®* and HA® (Table 1) were diagnostic
probes for coordination of the ligand, while those for H** and
H”? provided evidence for the formation of a metallomacrocycle
as opposed to a linear complex.'” In the electrospray mass

Table 1

spectrum, peaks at m/z = 618 and 427 were assigned to
[M — 3PF¢’" and [M — 4PF¢*", respectively. The preference
for the [2 + 2] ferracycle formation with ligand 3, but a [3 + 3]
ferracycle for ligand 2 arises from the lengthening of the spacer
and consequent relief of strain in the lower nuclearity species.
Interestingly, we have been able to isolate dinuclear ruthena-
cycles [Run(2):]* " and [Rus(3),]* ", although the former only in
1% yield."?

The coordination of iron(1) with ligand 4 or 5 led, in each
case, to the unexpected formation of a [1 + 1] macrocycle. This
composition was evident from the appearance in the ES mass
spectra of peaks arising from [M — PFg" (m/z 999 for
[Fe(4)][PFg]> and 1087 for [Fe(5)][PF¢l), and [M — 2PF**
(m/z 471 for [Fe(5)][PF¢l,). However, room temperature
(298 K) 500 MHz 'H NMR spectroscopic data indicated that
the solution properties (in CD3;CN) of the two complexes
differed significantly from one another. The 'H NMR spectrum
of [Fe(5)][PF¢]» exhibited only one set of tpy proton signals that
showed that the two terminal rings of each tpy ligand were
equivalent (Fig. 1). In contrast, the '"H NMR spectrum of
[Fe(4)][PF¢l, (Fig. 2) exhibited two sets of tpy signals in a
1 : 1 ratio. The desymmetrization of the spectrum could arise
from (i) the two tpy ligands being in chemically or magnetically
different environments or (ii) each ligand being desymmetrized
such that the A and D rings were no longer equivalent.

The key experiment in distinguishing these possibilities lies
in the observation of a COSY cross peak between the two

"H NMR chemical shifts for protons in the tpy and naphthalene units of free and coordinated ligands 1 to 5. All complexes were

characterized as [PFg]™ salts; measurements are at room temperature; solvents for ligands and complexes are CDCl; and CD3;CN respectively.
Ring labelling is given in Schemes 2 and 3

Ligand or cation HA? HA4 HA? HA® HB3 H¢! HE H H® HC®
1 8.61 7.84 7.32 8.68 8.07 7.81 7.49 7.81
2 8.57 7.83 7.30 8.64 8.06 7.28 7.70 7.35
3 8.56 7.80 7.28 8.64 8.02 7.14 7.63 7.28
4 8.60 7.84 7.31 8.67 8.05 7.02 7.02 7.60
5 8.59 7.83 7.31 8.66 8.04 6.98 6.98 7.58
[Fex(1),]** 8.29 7.71 6.87 6.99 8.47 7.72 7.34 7.47
[Fes(2)5°* 8.35 7.60 6.87 7.12 8.54 7.59 7.88 7.46
[Fex(3),]** 8.19 7.33 6.65 6.98 8.41 7.35 7.67 7.29
[Fe(d)*™" 8.18 HA? 7.31 HA 6.52 HA® 6.65 HA® 8.82 HP? 4.86 6.85 7.53
8.37 HP? 7.84 HP* 7.02 HP® 7.35 HP¢ 8.41 HP®
[Fe(5)*" 8.23 7.60 6.87 7.07 8.51 5.44 6.87 7.59
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Fig.1 The 'H NMR spectrum (500 MHz) of [Fe(5)][PF]> in CD;CN
solution at room temperature.
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Fig.2 The '"H NMR spectrum (500 MHz) of [Fe(4)][PF¢] in CD;CN
solution at room temperature. (* is residual CH,Cl,, the number next
to the signal is the relative integral, and the triangles and squares
indicate the two sets of tpy proton signals).
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Fig. 3 Part of the 'H-'H COSY spectrum (500 MHz) of
[{Fe(4)}][PFg], in CD;CN solution at room temperature showing the
coupling of the HB3 and HBS5 protons. Chemical shifts in é/ppm.

doublets observed for the H®* and H®® protons (J/ = 2.2 Hz,
Fig. 3) which can only result in the case of the desymmetrized
tpy. The spectrum also showed two sets of signals for
methylene groups, and of the three signals assigned to naph-
thalene protons, one was shifted to unusually low frequency
(6 4.86 ppm). The 'H and '3C NMR spectra of the complexes
were assigned by using COSY, NOESY, DEPT, HMQC and
HMBC techniques.

A preliminary report of the structure and conformationally
locked nature of the [Fe(d)]*" cation in [Fe(4)][PF¢], has
already been published.” The molecular structure of
[Fe(4)]*" is shown in Fig. 4 and selected bond distances and
angles are given in the caption. We have now determined the
single crystal structure of the related complex [Fe(5)][PF¢],-MeCN,
suitable crystals being grown from an acetonitrile solution of
[Fe(5)][PFglo. The structure of the [Fe(5)]" ion is shown in
Fig. 5. The crystallographic results confirm that both
complexes are [1 + 1] metallomacrocycles. In each complex,
the naphthalene spacer is positioned between the blades
of the two tpy ligands such that it is coplanar with one
(although there are no significant n-stacking interactions) and
perpendicular to the second (Fig. 4). The naphthalene protons
attached to atoms C(27) and C(29) in [Fe(d)]*" point directly
at the n-cloud of the pyridine ring containing atom N(4). The
distances between the atoms H(271) and H(291) and the least
squares plane of this ring are 3.23 and 3.63 A, respectively, and
between H(271) and H(291) and the ring-centroid are 3.69 and
3.71A, respectively. This observation is consistent with the low
frequency (6 4.86 ppm) of the 'H NMR signal assigned to these
protons (see above), which arises from them lying in the
anisotropic shielding region above the pyridine ring. Similarly,
in [Fe(5)]*", the naphthalene protons attached to atoms C(44)
and C(46) point towards the pyridine ring containing atom
N(6). However, in the solid state, only one hydrogen atom is
positioned directly over the ring; distances between atoms
H(441) and H(461) and the least squares plane of ring contain-
ing N(6) are 3.20 and 2.57 10\, respectively, and between H(441)
and H(461) and the ring-centroid are 3.40 and 4.33 A,
respectively. In the solid state, the arrangement of the poly-
ethyleneoxy chain with respect to the {Fe(tpy),} unit renders

o U~ - 2

D
v

€30 Y&
04>

X Q)
c26 XD~
Fig. 4 Structure of the [Fe(d)* " cation in [Fe(4)][PFg); hydrogen atoms
are omitted. Ellipsoids are drawn at 50% probability. Selected bond
distances and angles: Fe(1)-N(1) = 1.962(3), Fe(1)-N(2) = 1.876(3),
Fe(1)N@3) = 1.970(3), Fe(1)-N(4) = 1.970(3), Fe(1-N(5) = 1.874(3),
Fe(1)-N(6) = 1.961(3), O(1)-C(8) = 1.346(4), O(3)-C(20) = 1.366(5),
0(4)-C(26) = 1.361(5), O(6)-C(41) = 1.344(4) A; N(1)-Fe(1)-N(Q2) =
80.89(12), N(2)-Fe(1)-N(3) = 81.04(13), N(4)-Fe(1)-N(5) = 80.90(12),
N(S)-Fe(1)-N@©) = 81.01(13), C(8)-O(1)-C(16) 121.8(3),
C(19-0(3)-C(20) = 117.3(3), C(26)-O(4)-C(30) 117.4(3),
C(33)-0(6)-C(41) = 120.5(3)°.
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Fig. 5 Structure of the [Fe(5)?" cation in [Fe(5)][PF¢),-CH;CN.
Ellipsoids are drawn at 50% probability. Selected bond distances
and angles: Fe(1)-N(1) = 1.979(2), Fe(1)-N(2) = 1.881(2),
Fe(1)-N(3) = 1.971(2), Fe(l)-N(4) = 1.980(2), Fe(l)-N(5) =
1.898(2), Fe(1)-N(6) = 1.968(2), C(8)-O(1) = 1.343(3), C(31)-0O(1) =
1.447(3), C(23)-0(8) = 1.352(4), C(52)-0(8) = 1.437(4),
C(37)-0(4) = 1.368(4), C(36)-0(4) = 1.429(4), C(43)-0O(5) = 1.367(4),
C(47)-0(5) = 1.430(4) A; N(1)-Fe(1)-N(2) = 80.70(9), N(2)-Fe(1)-N(3)
= 81.15(9), N(4)-Fe(1)-N(5) = 80.71(10), N(5)-Fe(1)-N(6) = 80.54(10),

CGI-O(1)-CEB) = 118502), CG2-02)-C33) = 11550),
C(34)-03)-C(35 = 112.6(3), C(36)-0@)-C(37) = 11730),
CA7)-0()-C@3) = 11723), C@9)-0®6)-CAE8) = 110.90),

C(51)-O(T)-C(50) = 113.2(3), C(52)-0(8)-C(23) = 122.2(3)".

each cation chiral (Fig. 6), although each crystallizes as a
racemate. The solution data described above are consistent
with [Fe(4)]** retaining the structure that is present in the solid
state, i.e. the metallocycle is conformationally locked. In con-
trast, the polyethyleneoxy chain in [Fe(5)]* " is long enough to
allow a skipping rope type of motion around the {Fe(tpy),}

Fig. 6 Space filling diagrams of (a) [Fe(d)]*" and (b) [Fe(5)*"
illustrating the relative orientation of the naphthalene unit with respect
to one of the tpy ligands.

unit such that there is no distinction between “‘inner” and
“outer” pyridine rings on the 500 MHz '"H NMR time scale at
room temperature. The shielding of the H®' protons in
[Fe(5)][PF¢l (6 5.44) is evidence that the time-averaged struc-
ture involves these protons lying in the shielding region above
the pyridine at least some of the time.

A variable temperature proton NMR experiment (500 MHz,
180-298 K) on [Fe(5)][PF¢l, in CD,Cl, solution was made to
investigate possible locking of the naphthalene ring as in the
[Fe(@)][PF¢),. However, there is no evidence for splitting into two
sets of signals as in [Fe(5)][PF¢],, even when the temperature was
lowered to 180 K. However, the signals for HE" <8 HA3 and HA
started to coalesce at around 190 K but those for HN* N¢ and
H”® remained relatively sharp. This gives some information about
the movement of the naphthalene ring. It seems that when the
naphthalene ring is rotating around the [Fe(tpy),]”" unit, the
HNE N8 brotons remain close to the HA? and HA* protons.

An aside on the origin of chirality in [Fe(4)]2+ and [F e(S)]2+

The cartoon representation of the enantiomers of the chiral
cations presented at the top of Fig. 7 does not sufficiently
clarify the origin of the effect. At a global level, the pheno-
menon is an example of atropisomerism arising from the
restricted rotation of the linker on the NMR time scale, a
view confirmed by the lower barrier (see later) in the complex
with the longer chain [Fe(5)*". Two descriptions of the
chirality appear possible. A first possibility would be to
associate the stereochemistry with the metal centre and to
view the “locked” conformation as a special case of spiro
chirality with “asymmetric” tpy ligands. The asymmetry
would be defined by giving the highest priority to the rings
of the terpy ligands closer spatially to the linker. A second and
favored description is of axial chirality. As mentioned, the core
of complexes [Fe(d)]*" and [Fe(5)]>" possesses a framework
of D,q symmetry—a symmetry typically involved with
allenes, alkylidenecycloalkanes and biphenyls. With proper
non-symmetrical substitution at both ends, the long axis of
these frameworks becomes a chiral axis. It is the case
with complexes [Fe(d)]*" and [Fe(5)>" for which the
O4—Neentra-Fe~Neentra—O4 axis is chiral due to the non-
symmetrical positioning of the linker up/down or left/right
to the tpy ligands. The asymmetry is defined by the orientation
of the linker and the highest priority is given to the quadrants
that contain the linker. The aR and aS enantiomers are
displayed in Fig. 7 (bottom). Alternatively, molecules with
chiral axes may be viewed as helices and these enantiomers can
be viewed as molecules of M and P configuration, respectively.

Investigations into the solution behaviour of [Fe(4)]**

Chiral mononuclear divalent tris(diimine) or bis(triimine) com-
plexes of first row transition metals are notoriously known for
their high chemical but low configurational stability. The 4 and A
enantiomers can be sometimes isolated in good enantiomeric
purity through efficient resolution procedures.*>** However, once
dissolved, these derivatives racemize rapidly when no other source
of chiral information is present on the ligands***° or in
the reaction medium.””* The ease of synthesis of [Fe(d)]*"
and the rapidity of its formation led us to imagine a possibly
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Fig. 7 The two enantiomers of [Fe(4)] " and a schematic representa-
tion of their axial (helical) chirality.

high chemical stability for compound [Fe(4)][PF¢),. It was then
debatable whether it would also mean an increased configura-
tional stability; the aR and aS enantiomers being possibly,
although unlikely, inert and separable from each other.
Previously, hexacoordinated phosphorus anions TRISPHAT
6,'°*! SUGARPHAT 7''" and BINPHAT 8'7 have been
shown to be general NMR chiral solvating, resolving and
asymmetry-inducing reagents for chiral cationic species.*>*
When associated with configurationally stable cations, they
behave as general NMR chiral solvating and resolving
agents.** When associated with configurationally labile
cations, supramolecular diastereoselective interactions can
occur and one diastereomeric ion pair can become predominant
in solution; the occurrence of such behavior (Pfeiffer effect®®>%%%)
being a good probe for the lack of configurational stability of the
cation.? 3% For this reason, dication [Fe(d)]*" was studied in
the presence of hexacoordinated phosphorus anions TRISPHAT,
SUGARPHAT and BINPHAT. Salts [Fe(4)][4-6],, [Fe(4)][A-7],
and [Fe(4)][4-8], were prepared according to a literature

procedure,® and studied by "H NMR spectroscopy.
Cl Cl
Cl Cl Cl Cl
cl 0 cl cl (o} C=><O
cl 0., 0 A
“ty, ‘\\‘ ""'p;\\“
cl o/ \o o™ |\o - ©
Cl cl cl o] OMe
TRISPHAT ¢ cl cl GI SUGARPHAT
Cl Cl
Cl Cl
(O i
\ | /
BINPHAT

OO o/|\ . 48

Cl Cl
Cl

As expected, all anions 6, 7 and 8 behaved as NMR chiral
solvating agents in CD,Cl, for complex Fe(4). However, and

interestingly, a very different response in the NMR spectra was
obtained for the cation in the presence of the different anions
(Fig. 8, 6 9.0-7.9 ppm). For [Fe(4)][4-6],, the largest induced
separation of the NMR signals (Ad) was observed for the
proton in position C3 of the tpy ring (0.03 ppm), the
other protons being either unchanged or barely split
(H®3 A8 0.008 ppm). The ratio between the two diastereomeric
ion pairs was 1 : 1, as it could be expected for a racemic
mixture of cations [Fe(4)]**. For [Fe(4)][A-7],, the largest Ad
value was measured this time for H** and H3® of the tpy rings
(0.03 ppm); protons H® (and H®® again) remaining unsplit.
As for salt [Fe(4)][4-6],, a 1 : 1 ratio between the two
diastereomeric ion pairs was measured. Finally, salt
[Fe(4)][4-8], was analyzed. Due to overlap with the signals
of BINPHAT, most of the aromatic protons of [Fe(4)]*"
outside the 6 9.0-7.9 ppm window could not be monitored.
Nevertheless, even with the short NMR windows available, a
completely different and interesting situation was observed.
Proton H®, which so far had not been influenced by the chiral
counterions, was nicely separated into two doublet signals
(Ao 0.08 ppm). Overall, as it is most often the case with
organic cations, BINPHAT was more effective as a chiral
NMR solvating agent than TRISPHAT and SUGARPHAT.
Furthermore and in sharp contrast to the situation in the
other salts, integration of the separated signals indicated an
imbalance in the diastereomeric population and the predo-
minance of one atropisomeric cation over the other (diastereo-
meric ratio d.r. 1.5 : 1, diastereomeric excess d.e. 20%, Fig. 8§,
spectrum d).

Two hypotheses were then considered to explain the
above-described results: (i) a configurational stability for ion
Fe(4) and a partial resolution of its enantiomers during the ion
pair metathesis of the hexafluorophosphate to the BINPHAT
salts or (ii) a configurational lability and the occurrence
of a supramolecular stereocontrol from anion A-BINPHAT
over the geometry of cations Fe(4); one of the diastereo-
meric ion pairs, [(aS)-Fe(4)][4-8], or [(aR)-Fe(4)][4-8],,
being thermodynamically more stable and thus preferred in
solution.

B3 BS

c3 A3

(@)

(b)

b W
© _W'M‘ G ) ;

,(d) ‘ A Vﬂ I ,qln :

890 880 870 860 B850 840 830 820 810 800 &/ ppm

Fig. 8 The '"H NMR spectra (500 MHz, CD,Cl,, 293 K, 6 9.0-7.9 ppm)
of the salts of [Fe(4)]*". Counter ions: (a) [PF¢]™, (b) 4-6, (c) A-7 and
(d) 4-8; plain and dashed arrows indicating diastereomeric signals.
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To discriminate between these two hypotheses, a series of
studies was performed in solvent combinations of various
polarity. It is well known that stereoselective recognition
among chiral ions regularly is only achieved in low polarity
solvents.®!® In high polarity media, poor chiral discrimina-
tions occur as a result of weaker electrostatic interactions and
solvent compc::tition.63 Thus, with salts made of configura-
tionally labile cations, the maximum diastereoselectivity is
achieved in low polar solvents and varies with modifications
of the solvent polarity. If the cation is configurationally
stable, ratios between diastereomers are, on the contrary,
solvent-independent.

Chloroform (CDCls) solutions of [Fe(4)][4-8], were prepared
with some content of polar DMSO-ds (2%, 5%, 10% and
20%). The spectra are reported in Fig. 9. Clearly, the
BINPHAT anion behaves as an NMR chiral solvating agent
in all cases (i.e. for proton H®®) and different values are
obtained for the diastereomeric ratios in the different solvent
combinations (as shown by the various integration values). The
diastereoselectivity is best in 2% DMSO-CDCl; (d.e. 60%,
5 0.14 ppm for H®) and decreases gradually from 5%
(d.e. 50%, ¢ 0.14 ppm) to 10% (d.e. 42%, ¢ 0.09 ppm) and
then 20% (d.e. 17%, ¢ 0.03 ppm), that is going from the less
polar to the more polar solvent conditions.

The occurrence of the asymmetric ion pairing was then
ascertained by circular dichroism (CD) (~10~* M range). The
CD spectra of solutions of complex [Fe(4)][4-8], revealed positive
and negative Cotton effects around 611 and 561 nm, respectively
(see Fig. 10). The enantiomeric complex [Fe(4)][4-8], was then
prepared and displayed, as expected, negative and positive
Cotton effects around 611 and 561 nm, respectively.

Electronic excitation energies and rotatory strengths of
[Fe(d)]>* were computed from TDDFT linear response at

(a)

(d) ¥ | f\
A b
B.IFO ' 8.‘60 ' 8. 50 ‘ 8.‘40 ‘ 8.|30 I 8.I20 ' 8

10 800
8/ ppm

Fig. 9 'H NMR spectra (400 MHz, parts, 293 K) of [Fe(4)][4-8], in
different % of DMSO-ds in CDCIl; and subsequent diastereo-
selectivity: (a) 20% DMSO (d.e. 17%); (b) 10% DMSO (d.e. 42%);
(c) 5% DMSO (d.e. 50%) and (d) 2% DMSO (d.e. 60%); plain and
dashed arrows indicating signals of the major and minor diastereomers,
respectively.
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Fig. 10 Induced CD spectra of salts (a) [Fe(4)][4-8], and (b)
[Fe(4)][4-8], 1% DMSO in chloroform, 1.09 x 10~ M, 20 °C.
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A, nm

Fig. 11 Comparison of (a) experimental (10~* mol 17! in CHCl3) and
(b) computed CD spectra of [Fe(4)][4-8]s.

the same level of theory as described in the experimental
section.®*%° An experimental CD spectrum was simulated by
Gaussian line broadening using an empirical line width of
0.1 eV. All calculations were performed with the quantum
chemistry package Turbomole.®® The CD spectrum of
[Fe(d)]*" was simulated using TDDFT calculations and
experimental and computed CD spectra are shown in
Fig. 11. Very good agreement is found between the theory
and experiment, in particular, the positive and negative
Cotton effects at 611 nm and 561 nm, respectively, are well
reproduced. The agreement at lower wavelengths is less satis-
factory, which is expected due to a large number of electronic
transitions of opposite sign which partially cancel each other.
The TDDFT results are thus expected to be most reliable at
low excitation energies, viz. at the red edge of the CD
spectrum, in accord with our findings. However, even the
low-energy CD bands consist of several close-lying electronic
transitions. The positive Cotton band at 611 nm is mainly due
to metal-to-ligand excitations, whereas the negative Cotton
band at 561 nm involves excitations from the naphthalene
unit. The chiral induction due to the dissymmetric spacer
group is well described by TDDFT and allows an unequivocal
assignment of the aR absolute configuration to the [Fe(4)]**
cation in Fe(4)][4-8],. Accordingly, the red and blue spectra in
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Fig. 10 of complexes [Fe(4)][4-8], and [Fe(4)][4-8], are
assigned to the aR and aS absolute configurations of the
cations, respectively.

Conclusions

In conclusion, we have shown that ditopic bis(2,2:6’,2"-
terpyridine) ligands give rise to conformationally restricted
complexes with iron(i1) centres. The 1 : 1 cations are chiral
and diastereoisomeric enrichments may be achieved using the
Pfeiffer effect. The absolute configuration of the cations in the
diastereomeric ion pairs obtained through the Pfeiffer effect has
been calculated using TDDFT methods.
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