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Abstract

For the first time a complete set of tricarbonylhalidorhenium(I) complexes (Hal = F, Cl, Br, I) has been studied in a systematical
fashion by example of (abpy)Re(CO);(Hal), abpy = 2,2’-azobispyridine. Crystal structures of chloride, bromide and iodide ana-
logues are now available, showing increasing planarization of the abpy ligand in that order. Cyclic voltammetry, EPR, IR and
UV/Vis spectroelectrochemistry of the reduced forms [(abpy)Re(CO)s(Hal)]™ illustrate that the four halide complexes differ only
partially in their properties. The strongest deviations are observed for [(abpy)Re(CO);F]™ which is distinguished by the widest
electrochemical potential range but most pronounced chemical lability. In the EPR spectrum the fluoride exhibits the highest iso-
tropic g value (2.0085) and the lowest rhenium coupling constant, which is of the same magnitude (2 mT) as the detectable '°F

hyperfine splitting.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery that (bpy)Re(CO);Cl can act as
an efficient electrocatalyst for the reduction of CO,
[1,2] many complexes of the type (N"*N)Re(CO);(Hal)
with N”N = a-diimine or related chelate ligand have
been the subject of studies in the context of photo-
or electrocatalyzed CO, reduction [3-5]. The primary
activation mechanism involves the addition of an elec-
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tron to the m* orbital of the N*N ligand with the re-
sult of a labilization of the halide as essential step
[5-7].

Although complexes (N"N)Re(CO);(Hal) have thus
been well studied, a complete set with Hal = F, Cl, Br,
I, is known only for N”N = bpy = 2,2’-bipyridine [3,6—
8]. Even there the fluoride and iodide complexes were
not extensively characterized [7,8]. In any case, very
few complexes are known containing the Re(CO)sF
fragment [8]. In summary, no systematic study of the
influence of the halide on such a system has been carried
out yet. In this work, we describe the complete series
(abpy)Re(CO)s(Hal), Hal = F, Cl, Br, I; abpy =2,2'-
azobispyridine [9] (see Fig. 1).
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Fig. 1. The ligand abpy.

The complexes (abpy)Re(CO)s;(Hal) with Hal = Cl
and Br [6¢c,7] were reported earlier. The chloride deriva-
tive has been characterized structurally [6¢c]. The bro-
mide and iodide were described recently [10] as
precursors for heterodinuclear complexes of the poten-
tially bridging [9] abpy. The chloride and bromide com-
plexes undergo a two-step reduction [6¢,7]. The first step
consists of a reversible ligand-centered electron transfer.
The second step is an EC process, leading to the loss of
the halide which is accompanied by substitution with
solvent molecules and can lead to dimerization [7]. In
this report the fluoride and iodide analogues as well as
additional studies of (abpy)Re(CO);Br will be reported.
Results from NMR spectroscopy, structural characteri-
zation (Br, I species), electrochemistry, UV/Vis, IR and
EPR spectroscopy of reduced forms will be discussed.

2. Results and discussion
2.1. Syntheses and characterization

The complexes (abpy)Re(CO);(Hal) (Hal = F, Br, I)
were synthesized by the same route as (abpy)Re(CO);Cl
[6c] (Fig. 2) with increasing reaction times while going
from F to 1.

The precursors Re(CO)s(Hal) for the preparation of
the bromide and iodide complexes were either commer-
cially available (bromide) or easy to synthesize (iodide
[11]). The precursor Re(CO)sF has been reported earlier
[8]. However, it is difficult to isolate and oligomerizes to
[Re(CO);F]4 under heating. Its synthesis was therefore
adapted from the known procedure [8], and the addition
of the abpy ligand was carried out in situ according to
the following scheme:

CO//,

Hal

Fig. 2. Synthesis of (abpy)Re(CO);(Hal) (Hal =

) \\\\CO Q
co= | | *~Nco © O

Re(CO),l

+abpy/—2CO

= Re(CO)F e

loluene

+ 6Ag F (abpy)Re(CO),F

(1)

The "H NMR spectra show the expected pattern

[6¢,9]. The signals are shifted to lower field with respect

to the signals of the free ligand (Table 1). Variation of

the halogen atoms has little influence on the '"H NMR

chemical shifts, the results point to a similar configura-
tion for all complexes.

2.2. Crystal structures

The crystal structure of (abpy)Re(CO);Cl has been
reported earlier [6c]. Single crystals of the complexes
(abpy)Re(CO);Br and (abpy)Re(CO);I could be ob-
tained by slow evaporation of CH,Cl, solutions layered
with hexane. Crystallographic data are given in Table 2
and in the Section 3. Selected bond lengths and bond an-
gles are listed in Tables 3 and 4. The molecular structure
of the iodide compound is shown in Fig. 3. It was not
possible to crystallize the fluoride complex which
decomposes on prolonged storage in solution.

Only subtle changes are observed in the molecular
structures on going from the chloride to the iodide com-
plex. All three structures confirm the facial arrangement
of the three carbonyl groups at rhenium(I). The abpy
ligand adopts an s-cis/Els-trans conformation as already
observed for the related (abpy)Mo(CO), [12].

The bond lengths in the newly crystallized complexes
are in good agreement with those of previously reported
[6¢,12] structures (Table 3). The azo bond lengths (N1~
N3) are at ~1.28 A for all derivatives, confirming a sim-
ilar amount of © back donation from the rhenium(I) cen-
ter into the w*(abpy) orbital by comparison with the
value of the free ligand (1.246(2) A [9]). The rhenium
bond lengths to the better ¢ donating but weaker &
accepting pyridyl nitrogen (N2) and the better © accept-
ing but less basic azo nitrogen (N1) atoms are of a similar
magnitude for all analogues. As expected, the Re-Hal
bond distance increases from 2.475(4) A for the chloride
to 2.8045(11) A for the iodide analogue via 2.607(2) A for
the bromide. Accordingly, the Re-Cl and the C1-Ol1
bonds frans to the halide should be most affected by
the change of halogen. For the iodide a lengthening of
the Re—C1 bond is observed (2.04(2) A vs. 1.916(14)

toluene / CH,CI, (3/1)

—NCO
N=N", | OO
-2CO " Re..
! \N/ | e\co
Hal
F, Br, 1.
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Table 1
'"H NMR data?® of the complexes (abpy)Re(CO);(Hal) and of free abpy at 250 MHz
d/ppm
H6.6’ H5.5' H4‘4’ H3.3'

abpy® 8.76 7.48 7.94 7.86
(abpy)Re(CO);F® 9.12/8.82 7.68/7.61 8.24/7.94 8.66/8.12
(abpy)Re(CO);CI° 9.12/8.83 7.7217.66 8.29/8.05 8.71/8.15
(abpy)Re(CO);Br® 9.15/8.80 7.65/7.60 8.21/7.94 8.68/8.11
(abpy)Re(CO);I° 9.22/8.78 7.60/7.57 8.18/7.94 8.72/8.11

* H" indicates a proton in the uncoordinated part of the ligand. The coupling constants are standard for 2-pyridyl substituents.

® In CDCl;.

¢ In CD2C12
Table 2
Crystallographic data and refinement parameters

(abpy)Re(CO);Br (abpy)Re(CO);1

Empirical formula C3HgBrN4OsRe C3HgIN4OsRe
Formula weight (g mol™") 534.34 581.33
Crystal size (mm) 0.4x%x0.4x%x0.2 0.4x0.1x0.1
Crystal system Monoclinic Monoclinic
Space group Ce P2i/c
Unit cell dimensions

a (A) 13.6481(4) 14.0765(7)

b (A) 9.0644(2) 9.1370(5)

¢ (A) 12.3607(3) 12.3395(6)

Q) 98.663(1) 97.521(2)
Cell volume (A%) 1511.72(7) 1573.42(14)
Calculated density (g cm™>) 2.348 2.454
Absorption coefficient (mm™") 10.70 9.70
201max (°) 55.00 55.03

Index ranges
Formula units per cell (2)

—17<h<17, —11 <k<1l; -15<I< 16
4

—18<h<18, —11<k<1l; —-16<IL 15
4

Reflections collected 18,133 26,223
Unique reflections 3464 3598

Rin/R, 0.0708/0.0395 0.0651/0.0286
Goodness-of-fit, GOF (F?) 1.143 1.185
Data/restraints/parameters 3464/2/200 3598/0/200
Flack-X parameter —0.02(3)

R indices (for all data)
Extinction
Largest residual electron densities (¢ A~?)

0.0027(4)
5.90, —2.23

R, =0.0627; wR, = 0.1646

Ry =0.0683; wR, = 0.1574
0.0014(2)
2.35, —1.95

GOF = {3, (IFo> = |Fe[?)?/(n —m)}"/*> where n=number of data and m=number of variables; R= (3 ||Fo|—|Fcll)/SIFol;

WwR = (| Fol = | Fel')’)/ SIwFD .

and 1.888(15) A for the chloride and bromide deriva-
tives, respectively), coupled with a shortening of the
C1-Ol bond. The extremely short C1-Ol bond of
0.92(2) A for the iodide is a consequence of intermolecu-
lar interactions: The packing of the (abpy)Re(CO);(Hal)
molecules with their largely planar (abpy)Re(COcq),
units in the crystal differs. Whereas the molecules with
Hal = Br or Cl are packed with the Re-Hal bonds ori-
ented in only one direction, the iodide complex molecules
show an alternating behavior, leading to non-bonded
neighboring iodide atoms with d(I---I) = 5.080 A. This
different packing of (abpy)Re(CO);l causes contacts of
about 3.4-3.5 A between O1 and C or N atoms of neigh-

boring molecules. As a result, the vibrational ellipsoid
for O1 adopts a different shape (Fig. 3), the C1-O1 dis-
tance appears unusually short (Table 3), and the angle
Re-C1-01 decreases.

Fig. 3 and Table 4 illustrate that the alignment halide/
rhenium/trans-CO becomes generally somewhat less lin-
ear with the increasing size of the halide. Furthermore,
the dihedral angle @ between the planes of the uncoor-
dinated pyridine ring and the rest of the coordinated
abpy becomes distinctly smaller when going from the
chloride (16.1°) to the iodide (4.0°) compound, illustrat-
ing a tendency of the ligand to become completely
planar.
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Table 3
Selected bond lengths (A) for (abpy)Re(CO);(Hal)

abpy® Hal = CI° Hal = Br® Hal =T1°
NI1-N3 1.246(2) 1.272(9) 1.274(16) 1.288(15)
N1-Re - 2.143(5) 2.145(10) 2.125(10)
N2-Re - 2.145(6) 2.154(10) 2.143(10)
Re-Hal - 2.475(4) 2.607(2) 2.8045(11)
Re-Cl1 - 1.916(14) 1.888(15) 2.04(2)
Re-C2 - 1.918(8) 1.931(17) 1.895(17)
Re-C3 - 1.941(8) 1.944(14) 1.937(14)
C1-01 - 1.156(16) 1.17(2) 0.92(2)
C2-02 - 1.152(12) 1.14(3) 1.167(19)
C3-03 - 1.133(10) 1.130(18) 1.144(16)

& Refs. [9,13].
® Data collection at 173 K [6c].
¢ Data collection at 293 K.

Table 4
Selected angles (°) for (abpy)Re(CO);(Hal)

Hal = CI° Hal = Br° Hal = I°
o 16.1 13.4 4.0
Cl-Re-C2 90.0(4) 89.3(7) 89.6(7)
Cl-Re-C3 86.5(9) 86.7(6) 87.3(6)
O1-Cl-Re 177.9(9) 178.5(14) 172.5(17)
02-C2-Re 176.4(9) 178.2(18) 176.8(15)
03-C3-Re 178.4(8) 177.5(15) 177.2(13)
Cl-Re-Hal 177.0(3) 176.1(4) 175.2(4)
C2-Re-Hal 91.7(3) 91.3(6) 89.9(5)
C3-Re-Hal 91.1(3) 89.4(5) 87.9(4)
N1-Re-Hal 85.3(2) 85.5(3) 87.9(3)
N2-Re-Hal 84.9(2) 85.9(3) 86.3(3)
Cl-Re-Nl1 93.5(3) 94.7(5) 93.3(5)
Cl-Re-N2 97.3(3) 97.8(5) 98.4(5)

# Dihedral angle between the planes of the uncoordinated pyridine
ring and the rest of coordinated abpy.

® Data collection at 173 K [6¢].

¢ Data collection at 293 K.

Fig. 3. Molecular structure of (abpy)Re(CO);l in the crystal.

2.3. Cyclic voltammetry

The complexes (abpy)Re(CO);(Hal) with Hal = F
and I undergo electrochemical processes analogous to

those of the chloride [6¢] and bromide [7] species (Fig.
4). They display a reversible first reduction, assigned
to adding one electron to the n* orbital of the abpy lig-
and. The second reduction occurs in an irreversible step
with release of the halide ligand, the follow-up product
[(abpy)Re(CO);3]™ can be re-oxidized at a more positive
potential [6¢,7]. The data for the four analogues are
summarized in Table 5.

When going from the fluoride to the iodide complex
the first reduction potentials display relatively little var-
iation. However, the fluoride complex is easiest to re-
duce, reflecting the high electronegativity of F. For the
second (halide-dissociative) reduction, the peak poten-
tials E»,. become less negative with increasing Re-Hal
bond lengths (Table 5). As a result, the fluoride complex
thus shows the largest value |E,p. — E;| at 0.84 V, i.e.,
the widest potential range and thus the highest compro-
portionation  constant for the radical state
[(abpy)Re(CO);Hal)] ™.

0.0 -0.5 -1.0 -1.5 -2.0
E/Vvs FeCp20/+

Fig. 4. Cyclic voltammogram of (abpy)Re(CO);F in CH,Cl,/0.1 M
BU4NPF6.
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Table 5
Electrochemical potentials® from cyclic voltammetry®
Elc Ezpcd ‘E2pc - El|

(abpy)Re(CO);F°¢ —0.70 —1.54 0.84
(abpy)Re(CO);CI%" -0.78 —1.54 0.76
(abpy)Re(CO);Br® —0.78 —1.42 0.66
(abpy)Re(CO);Br® —0.80 -1.49 0.69
(abpy)Re(CO);I° -0.79 —1.33 0.54

InVvs. FeCng.

® At 100 mV/s scan rate.

¢ Half-wave potential corresponding to a reversible step.

4 Cathodic peak potential corresponding to an irreversible step.

¢ In CH,Cl,/0.1 M BuyNPFj at a glassy carbon electrode at 298 K.
f Ref. [6¢].

¢ In THF/0.1 M BuyNPF; at a platinum disk electrode at 298 K [7].

2.4. IR spectroelectrochemistry

IR spectroelectrochemical investigations were carried
out in CH,Cl,/0.1 M BuyNPF¢ solutions in an Optically
Transparent Thin Layer Electrochemical (OTTLE) cell
[14]. The measurements were performed to study the
reduction mechanism of the complexes. Through this
method the changes of the electronic structure can be
examined. The emergence of isosbestic points for the dif-
ferent reduction steps confirms the homogeneity of the
experiments (Figs. 5 and 6).

IR spectroelectrochemistry was performed in the car-
bonyl stretching region which allows to examine changes
of symmetry in the molecule.

The results of the experiments for the new and for the
previously investigated complexes (abpy)Re(CO)s(Hal)
are summarized in Table 6.

r T T T T T T T T T T T T 1
2100 2050 2000 1950 1900 1850 1800 1750
3/cm”
Fig. 5. IR Spectroelectrochemical reduction at E; of (abpy)-
Re(CO);F — [(abpy)Re(CO);F]™ in CH,Cl,/0.1 M BuyNPFg.

I T T T T T T T T T T T 1
2050 2000 1950 1900 1850 1800 1750
J/em™
Fig. 6. IR Spectroelectrochemical reduction at E,,. of [(abpy)-

Re(CO);F]™ — [(abpy)Re(CO);]” in CH,Cly/0.1 M BuyNPF; (the
band marked with * is assigned to a decomposition product).

The newly synthesized fluoride and iodide complexes
show a similar behavior as the chloride [6¢] and bromide
[7] analogues. The compounds exhibit the expected three
separated bands for non-symmetrically substituted fac-
(CO);Re moieties with one sharp band (A;) at high fre-
quency and two bands (split E) at lower energies (Fig.
5). The bands are at lower values by about 20 cm ™!
for (abpy)Re(CO);F, in agreement with the high electro-
negativity of F.

Upon one-electron reduction, the expected [6¢,7] shift
of all bands to lower energies is observed (Fig. 5).
Through uptake of an electron the © back bonding be-
tween metal and abpy is reduced which in turn enhances
M-CO © back-donation and weakening of the C-O
bond. The same trend is observed for both (abpy)Re
(CO);(Hal) and (bpy)Re(CO)s(Hal) complexes [6,7].
However, the shifts are more pronounced for the com-
plexes of the better m accepting ligand abpy.

After uptake of another electron the complexes ex-
hibit a four-band pattern, suggesting a chemical
change. The shifts between the one-electron and the
two-electron reduced species are smaller than the
shifts between the initial states and the one-electron
reduced forms. This points to a conservation of
charge between the first and the second reduction.
The similarity of band positions after the irreversible
second reduction of the fluoride and iodide complexes
points to formation of the same compound. Loss of
the halide was postulated earlier for the chloride and
bromide analogues [6¢,7], in analogy to results for
(bpy)Re(CO)3(Hal).

The proposed mechanism for the reduction of
(abpy)Re(CO)3(Hal) is summarized in (2).
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Table 6

IR vibrational data from spectroelectrochemistry of (abpy)Re(CO)s;(Hal) in 0.1 M n-BuysNPF¢ solutions

Complex Solvent vco (cm™!)

(abpy)Re(CO);F CH,Cl, 2018(vs) 1925(s) 1898(s)
[(abpy)Re(CO);F] CH,Cl, 1993(vs) 1878(s) 1846(s)
[(abpy)Re(CO)3] ™ CH,Cl, 1991(s)/1979(s) 1867(s) 1844(s)
(abpy)Re(CO);Cl [6c] DCE® 2030(vs) 1943(s) 1917(s)
[(abpy)Re(CO);CI]"~ [6¢] DCE® 2004(vs) 1898(s) 1866(s)
(abpy)Re(CO)3;Br CH,Cl, 2032(vs) 1947(s) 1922(s)
(abpy)Re(CO)3Br [7] THF 2028(s) 1943(s) 1917(s)
[(abpy)Re(CO);Br] ™ [7] THF 2004(s) 1900(s) 1871(s)
(abpy)Re(CO)s1 CH,Cl, 2029(vs) 1941(s) 1921(s)
[(abpy)Re(CO)5I]"~ CH,Cl, 2001(vs) 1893(s) 1861(s)
[(abpy)Re(CO);] ¢ CH,Cl, 1989(s)/1980(s) 1869(s) 1842(s)

% From two-electron reduction of fluoride complex.
° DCE = 1,2-dichloroethane.
¢ From two-electron reduction of iodide complex.

E;

+e
(abpy)Re(CO)y(Hal) === [(abpy)Re(CO)5(Hal)]™ )
-

+e l - Hal’ E2pc
[(abpy)Re(CO)s]

2.5. UVIVis spectroelectrochemistry

The results from the experiments with the (abpy)Re
(CO);(Hal) complexes are listed in Table 7.

The neutral complexes (abpy)Re(CO);(Hal) exhibit
metal(Re)-to-ligand(abpy) charge transfer (MLCT)
bands between 565 and 592 nm. Another band at about
350 nm is tentatively assigned to an intra-ligand
transition.

On  one-electron  reduction the complexes
[(abpy)Re(CO)3(Hal)]"~ exhibit the typical narrow in-

Table 7

tra-ligand bands of azoaromatic radical anions at about
400 nm (Table 7) with rather high intensity. The MLCT
bands are shifted to about 500 nm due to the diminished
n-acceptor ability of the abpy'™ ligand compared to neu-
tral abpy.

Upon the second, irreversible reduction the MLCT
bands vanish and a band at 440 nm appears (Table 7

[7D.
2.6. EPR spectroscopy

The one-electron reduced species are radical com-
plexes (S = 1/2) where an anion radical ligand is bound
to a diamagnetic transition metal fragment. In such
cases EPR gives three sources of information [16]:

The isotropic g value, with deviations from the free
electron value of 2.0023 attributed to the contribution
of excited states with non-zero angular momentum to
the radical ground state. Thus, the spin—orbit interaction
becomes essential, and the spin—orbit coupling constant

Absorption data obtained from UV/Vis spectroelectrochemistry of (abpy)Re(CO);(Hal) in 0.1 M n-BuyNPF¢ solutions

Compound Solvent Janax/nm (6/10° M~ em™!)

abpy [15] DMF 312(8.7), 470(0.9)

abpy'™ [15] DMF 286sh, 360sh, 408(26.5), 548(2.6)
abpy®~ [15] DMF 275sh, 342sh, 358(14.2), 380sh,450sh
(abpy)Re(CO);F CH,(Cl, 235sh, 290sh, 350(16.3), 570(6.0)
[(abpy)Re(CO);F]™ CH,(Cl, 290sh, 382(15.9), 496(5.4), 580sh
[(abpy)Re(CO)3 ™ CH,(Cl, 250(20.0), 376(9.2), 440(7.3)
(abpy)Re(CO);Cl [6c] DCE 320(5.8), 360(6.7), 565(2.7)
[(abpy)Re(CO);CI]"™ [6¢] DCE 392(10.1), 502(2.2)

[(abpy)Re(CO)s]~ [6¢]° DCE 295(8.0), 320(6.3), 440(3.2)
(abpy)Re(CO)3;Br CH,Cl, 260sh, 345(6.4), 570(2.4)
(abpy)Re(CO);Br [7] THF 345, 570

[(abpy)Re(CO);Br] ™ [7] THF 380, 500

(abpy)Re(CO);l CH,Cl, 230sh, 260sh, 352(9.4), 592(2.3)
[(abpy)Re(CO);I]~ CH,(Cl, 240sh, 285sh, 340sh, 383(9.9), 496(3.0), 560sh
[(abpy)Re(CO)3]~¢ CH,(Cl, 242(21.0), 291(8.9), 320(7.6), 440(4.0)

% From two-electron reduction of fluoride complex.
® From two-electron reduction of chloride complex.
¢ From two-electron reduction of iodide complex.
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increases considerably with the atomic number. Para-
magnetic species involving rhenium or the heavier halo-
gens should therefore exhibit strong effects if these
atoms are significantly involved in the spin distribution.

The g anisotropy (g;—g3;) from measurements of
powders or glassy frozen solutions is also dependent
on contributions from elements with high spin—orbit
coupling constants.

The hyperfine coupling between the unpaired electron
and the various nuclei of the radical species is a most
informative source of insight from EPR. However,
the intrinsic line-width may be too large for the resolu-
tion of the complete hyperfine structure, the dominant
metal hyperfine splitting can obscure the hyperfine
splitting from the spin-bearing ligand atoms, and the
low natural abundance and/or low nuclear magnetic
moment of isotopes can lead to undetectable hyperfine
coupling.

The electrochemically generated species [(abpy)
Re(CO)3(Hal)]™ show a dominant splitting arising from
the interaction of one rhenium center with one unpaired
electron (Fig. 7). Rhenium has two naturally occuring
istopes: '®°Re (37.4% abundance; I = 5/2; ay = 1253.60
mT) and '®"Re (62.6%; I=5/2; ay=1266 mT). These
are the largest isotropic hyperfine coupling constants
ap of all transition metal elements [17,18], and since
the total abundance is 100%, the coupling is clearly vis-
ible. The fluoride complex shows a more complicated
hyperfine pattern than the other three analogues. This
is attributed to the interaction of the electron spin with
both the rhenium and the fluorine (7 = 1/2 for '°F, 100%)
isotopes. Coupling from other nuclei (‘H, "N, other
halogen atoms) is not resolved due to broad lines and
less favorable properties of the other halogen nuclei (Ta-
ble 8). The presence of heavy atoms having sizeable nu-
clear quadrupole moments favors EPR line broadening
[17].

In agreement with previous reports [6] simple first-or-
der EPR hyperfine simulations as shown in Fig. 7 do not
perfectly reproduce the experimental spectra of rhe-
nium-containing radicals. Additional signals may also
arise after prolonged electrolysis which can be attributed
to partial decomposition.

The isotropic g values (Table 8) are rather close to the
values of the free electron (2.0023) and to the value of
abpy™ (2.0044 [9]) which confirms that the first reduc-
tion is a ligand-centered process. The highest g;;, value
and thus largest deviation was determined for the fluo-
ride complex despite the smallest spin—orbit coupling
constant of the F atom in the halogen series. The g val-
ues suggest the same orbital configuration for all com-
plexes. In frozen solutions at X-band frequency nearly
isotropic signals were detected. The chemical sensitivity
of these paramagnetic complexes precluded EPR meas-
urements at very high frequencies which usually require
ex situ radical generation [18].

A\/ﬁsm
T T T T T T

r T r
0.32 0.33 0.34 0.35 0.36
B/T

JW\/\/W
J\/\/W\/\ﬁ]
T T T T T T T T T T
0.32 0.33 0.34 0.35 0.36 0.37
B/T

Fig. 7. Experimental and simulated EPR spectra of [(abpy)-
Re(CO);(Hal)]™ with Hal = F (top, linewidth 2.1 mT, * signals arising
after prolonged electrolysis) and Br (bottom).

The isotropic rhenium hyperfine coupling constants
increase with the size of the halogen ligand, the values
for the bromide and iodide complexes are comparable.
This can be explained by the Re-Hal bond length in-
crease while going from F to I, so that the spin is less
delocalized for the heavier homologues (decrease of
the Fermi contact interaction). Accordingly, the
enhancement of the halide hyperfine coupling is note-
worthy. Fluorine has the largest isotropic hyperfine cou-
pling constant a, in the halogen series [17] which
contributes to the rather large coupling constant of
1.95 mT.

Summarizing, this first systematic study of a complete
halide series [(N“N)Re(CO)s(Hal)]”*~ showed many
similarities in structures and spectroscopic properties.
However, techniques very sensitive to the electronic
structure such as EPR show distinct differences, reflect-
ing subtle electronic effects such as atomic orbital over-
lap or spin—orbit coupling. As may have been
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Table 8

EPR data for complexes [(abpy)Re(CO)3;(Hal)] ™

X Halogen isotopes Natural abundance (%0) 1 ag® (mT) £ (em™) aged (mT) ax® (mT) gis(,f

F YF 100 12 1886.53 271 2.00 1.95 2.0085

Cl 3¢l 75.77 312 204.21 440 2.38 n.r. 2.0041
e 24.23 3R 169.98

Br Br 50.69 312 1144.34 1842 3.55 <0.65 2.0060
81Br 49.31 3R 1233.52

I 1271 100 52 1484.40 n.a. 3.50 <0.30 2.0055

% Experimental values obtained after electrolysis in 0.1 M BuyNPF¢/CH,CI, solutions at 298 K.

® 4y Isotropic hyperfine coupling constant of halogen [17].
¢ {: Spin-orbit coupling constant of halogen [19].

d
€
f

Ziso: Isotropic g value.

anticipated, the effects of halide variation are small but
most pronounced for the chemically least easily accessi-
ble fluoride derivative. The well known photophysical
activity of such rhenium(I) compounds [20] may also
show differences between analogous members of a halide
series; corresponding studies are planned for the future.

3. Experimental
3.1. Instrumentation

EPR spectra were recorded in the X band on a Bru-
ker System ESP 300 equipped with a Bruker ER035M
gaussmeter and a HP 5350B microwave counter. 'H
NMR spectra were taken on a Bruker AC 250 spectrom-
eter, infrared spectra were obtained using Philips PU
9800 and Perkin—Elmer 1760X FTIR instruments. UV/
Vis absorption spectra were recorded on Bruins Instru-
ments Omega 10 and HP 8453 spectrophotometers. Cyc-
lic voltammetry was carried out at 100 mV/s scan rate in
dichloromethane/0.1 M BuyNPF4 using a three-elec-
trode configuration (glassy carbon working electrode,
Pt counter electrode, Ag/AgCl reference) and a PAR
273 potentiostat and function generator. The ferro-
cene/ferrocenium couple served as internal reference.
Spectroelectrochemical measurements were performed
using an optically transparent thin-layer electrode (OT-
TLE) cell [14] for UV/Vis/IR spectra and a two-elec-
trode capillary for EPR studies [21].

3.2. Syntheses

3.2.1. (abpy)Re(CO);F

A mixture of 175 mg (0.38 mmol) Re(CO)sI [11] and
450 mg (3.57 mmol) AgF in 30 ml toluene was stirred in
the dark for 2 h. The precipitated Agl and the remaining
AgF were filtered off several times. A solution of 63 mg
(0.34 mmol) abpy in 5 ml toluene was added to the pale
yellow filtrate and a violet color was observed immedi-

are: "#187Re hyperfine coupling constant obtained from simulation.
ax: Halogen hyperfine coupling constant obtained from simulation.

ately. The mixture was allowed to stir for 1 h at 50
°C. The violet solution was then evaporated to half
the volume and 25 ml hexane were added. The solution
was kept at —25 °C overnight to form a precipitate
which was collected and dried under vacuum. Yield:
130 mg (0.28 mmol, 75%). Calc. for C;3HgFN4O;Re
(473.43 g/mol): C, 32.98; H, 1.70; N, 11.83. Found: C,
33.68; H, 1.82; N, 11.62%.

The synthesis of Cl, Br and I analogues has been re-
ported previously [6¢,10].

3.3. Crystallography

Deep violet plates of (abpy)Re(CO);Br and green
needles of (abpy)Re(CO);l for X-ray diffraction were
obtained by slow evaporation of solutions in dichloro-
methane layered with hexane.

Data were collected on a four-circle diffractometer
NONIUS Kappa-CCD with a Mo-Ka radiation of
0.71073 A (graphite-monochromatized) at 293 K. The
crystals were sealed in capillaries for the measurements.

The structures were solved via direct methods using
the programme sHELXS-97 [22]. Refinement was carried
out by the full matrix least-squares method employing
the programme sHELXL-97 [23]. All non-hydrogen
atoms were refined anisotropically, hydrogen atoms
were introduced at appropriate positions with coupled
isotropic factors using the riding model. Absorption cor-
rections were performed numerically using the pro-
gramme HABITUS [24]. The programme DIAMOND 2.le
[25] was used for structure drawing.

4. Supplementary material

Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre, CCDC-
233767 and CCDC-233768. Copies of the information
may be obtained free of charge from: The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
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ac.uk; www: http://www.ccdc.cam.ac.uk).
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