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Abstract

The synthesis, structure and spectroscopic properties of several complexes of the type Re(RXCO),(a-diimine) (R = alkyl) are
reported. The structure of Re(MeXCO);(*Pr-DAB) has been determined by a single-crystal X-ray diffraction study. The molecule has a
distorted octahedral geometry, with the three carbonyls in a fac-geometry. The complexes possess strong absorption bands in the visible
region which are assigned to MLCT transitions with the aid of resonance Raman spectroscopy; the Raman spectra do not provide any
evidence for a o(Re — R) — 7 *(a-diimine) transition within this absorption band. The UV-vis spectrum of Re(BzXCO),(*Pr-DAB)
(Bz = benzyl) shows a distinct shoulder at the low-energy side of the visible band, which is attributed to the interaction between the
dm(Re)-orbitals and the 7-orbitals of the benzyl group. The UV—photoelectron spectrum of Re(MeXCO),(*Pr-DAB) shows that o (Re —
Me) has a higher ionization potential than the dm(Re)-orbitals, a result that is of importance for the interpretation of the photochemical

behaviour of this complex.
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1. Introduction

Metal-metal-bonded complexes of the type L, M —
Re(CO),( a-diimine) (L,M = (CO);Mn, (CO),Re,
(C0O),Co, Cp(CO),Fe, Ph,Sn, etc.) undergo efficient
homolysis of the M — Re bond upon irradiation into
their lowest-energy absorption band [1-5]. This was
rather unexpected, since visible excitation leads to occu-
pation of a non-reactive MLCT state. It has therefore
been assumed that this reaction does not proceed from
an MLCT state but from a close-lying reactive state [6].
In view of the high quantum yields, surface crossing to
this state has to be fast.

The reactive quenching of the MLCT states of these
complexes seems to be related to the behaviour of the
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chromophore-quencher (C-Q) complexes Re(D)(CO),-
(a-diimine)* (D = organic electron donor) [7-9], the
emission of which is quenched by intramolecular elec-
tron transfer from D to Re! in the >MLCT state. For the
metal-metal-bonded complexes, a similar intramolecu-
lar electron transfer in the "MLCT state might occur
from the metal-metal bonding orbital (o) to Re". The
complex then arrives in a ‘o7 * state.

For the complexes R, Zn( a-diimine) (R = alkyl), oc-
cupation of this o7 * state leads to homolysis of a
Zn-alkyl bond [10]. By analogy, the homolysis reac-
tions of the metal-metal-bonded complexes have been
explained in terms of a similar reaction from the o *
state of these complexes [6]. In contrast to the
R,Zn( a-diimine) complexes, the metal-metal-bonded
complexes do not possess an intense ¢ — 7 * transi-
tion and the reactive ‘o * state can only be occupied
by surface crossing from an MLCT state.
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Fig. 1. Schematic structures of the complexes Re(RXCO),(a-diim-
ine) and the ligands used.

For the metal-metal-bonded complexes, the quantum
yields of the homolysis appeared to be high and temper—
ature-independent, which means that the reactive o *
state is lower in energy than the MLCT states. This
conclusion was confirmed by the UV-photoelectron
spectra of these complexes which showed the o-orbitals
to have a lower ionization energy (IE) than the d7(Re)
orbitals [11].

In order to investigate whether the efficiency of the
homolysis reaction can be influenced by variation of the
relative IEs of the o- and dm-orbitals, we have synthe-
sized the two series of complexes Ru(X)}(RXCO),( a-di-
imine) (X = halide; R = alkyl) and Re(RXCO),( a-diim-
ine) (R = alkyl). The spectroscopic, photophysical and
photochemical properties of the first set of complexes
have been described elsewhere [12—14], while the syn-
thesis, structural and spectroscopic properties of the
second set are reported here. A preliminary account of
the photochemistry of these Re complexes has appeared
[15]). The general structure of the complexes is shown in
Fig. 1.

2. Experimental details
2.1. Materials

Re,(CO),, (Strem), Br,, MeMgCl, EtBr (Merck),
BzCl (EGA-Chemie) and Mel (Aldrich) were obtained
commercially and used without further purification. Sil-
ica gel for column chromatography (Kieselgel 60, 70—
230 mesh, Merck) was activated by heating overnight in
vacuo at 160°C.

Solvents for synthetic purposes were of reagent grade
and carefully dried over sodium wire (THF, n-hexane,
diethyl ether), CaCl,(CH,Cl,) or P,05; (CH,CN) and
freshly distilled under nitrogen prior to use. Solvents for
spectroscopy were of analytical grade, dried over sodium
and distilled under N, before use.

The ligands N,N'-diisopropyl-1,4-diaza-1,3-
butadiene (‘Pr-DAB), N,N’-di-t-butyl-1,4-diaza-1,3-
butadiene ('Bu-DAB), N,N’-di-p-anisyl-1,4-diaza-1,3-
butadiene ( pAn-DAB) and pyridine-2-carbaldehyde-N-
isopropylimine (‘Pr-pyCa) [16], and EtMgBr, were syn-
thesized by published procedures.

2.2. Preparation of the complexes

All complexes were prepared under nitrogen using
standard inert gas techniques. At all stages light was
excluded to prevent photochemical decomposition.
~ The complexes Re(R)(CO)3(R’ DAB) (R R = Me,
'Pr; Et, 'Pr; Bz, 'Pr; Me, 'Bu; Et, 'Bu; Bz, 'Bu; Me,
pAn) were all prepared by a modified procedure based
on that described by Garcia Alonso et al. [17]. To a
solution of 0.5 mmol Re(Br}(CO),(R-DAB) [18] in 50
ml of THF was added an excess of Na, ; K alloy. This
mixture was stirred until conversion to the reduced
complex was complete (ca. 2 h). Excess NaK was
filtered off. The solution was cooled in an
ice /salt /water bath to —20°C and 0.5 ml of the appro-
priate alkyl halide (Mel, EtBr or BzCl) was added. The
desired complex was formed at once as shown by the
immediate colour change. Evaporation of the solvent in
vacuo left the complex Re(R)CO),(R-DAB) which
was purified by column chromatography on silica using
n-hexane /THF. Yield, 30%—-50%.

For the complexes Re(RXCO),(*Pr-pyCa) (R = Me,
Et) a different route had to be used because of the
instability of the reduction product of Re(BrXCO),(*Pr-
pyCa). Thus, 0.5 mmol of Re(Br}(CO),(* Pr-pyCa), made
by stirring a THF solution of Re(BrX{CO),(CH,CN),
with a slight excess of 'Pr-pyCa for 1 h, was dissolved
in 15 ml of THF. To this solution, cooled in a Dry
Ice /ethanol bath to —80°C, was added an excess of the
relevant Grignard reagent (0.3 ml of 0.3 M MeMgCl in
THF or 0.8 ml of 0.1 M EtMgBr in diethyl ether). The
product was formed immediately. The cooled solution
was created with 0.1 ml of CH,Cl, to stop the reaction.
The magnesium salts were removed from the mixture
by flash column chromatography of the solution on a
short silica column. After evaporation of the solvent, the
complex was purified by column chromatography on
silica using gradient elution with n-hexane THF. Yield,
50%—-80%.

'Pr-DAB: 'H NMR (CDCl,)$: 7.92 2H, s, N=CH);
3.51 (2H, sept, J = 6.3 Hz, CH(CH ),); 1.21 (12H, d,
J=6.3 Hz, CH(CH) )ppm

‘Bu-DAB: 'H NMR (CDCl)é: 7.93 (H, s,
N=CH); 1.24 (18H S, C(CH))ppm

pAn-DAB: 'H NMR (CDCl,)8: 849 (2H, s,
N=CH); 7.39 (4H, d, J =89 Hz, arom-H, ou.);
6.97 (4H, d, J = 8.9 Hz, arom-H,, qu.)); 3.86 (6H, s,
OCH,) ppm.

‘Pr-pyCa: '"H NMR (CDCl,)8: 8.63 (1H, d, J=5
Hz, py-H,); 8.39 (1H, s, N=CH); 7.98 (1H, d, /=8
Hz, py-H,); 7.72 (1H, dd, J =8/7 Hz, py-H,); 7.29
(1H, dd, J =7/5 Hz, py-Hs); 3.63 (1H, sept, J = 6.3
Hz, CH(CH,),); 1.27 (6H, d, J = 6.3 Hz, CH(CH,),)

pm.

Re(Me)(CO),(‘Pr-DAB): IR v(CO) (THF}cm™'):
1995(vs); 1892 (s,br). UV—vis A, (& in mol 'cm™")
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(THF) (nm): 455(7150). 'H NMR (CDCl,)$é: 8.57 (2H,
s, N=CH); 4.30 (2H, sept, J = 6.5 Hz, CH(CH,),);
1.54/1.47 (6H/6H, d/d, J=6.5 Hz, CH(CH,),);
—-080 (3H, s, CH;) ppm. MS(FAB*): M(calc.),
425.511; Mexp.), 425.34.

Re(EtX(CO),(‘Pr-DAB): IR »(CO) (THF)Xcm™'):
1994(vs); 1889 (s,br). UV-vis Amax (e in
mol ™ 'cm ™ ') (THF)(nm): 460(7400). 'H NMR
(CDCl,)8: 856 (2H, s, N =CH); 435 (2H, sept.
J=65 Hz, CH(CH,),); 1.71(3H, t, J=7.8 Hz,
CH,CH,); 151/1.49 (6H/6H, d/d, J=6.5 Hz,
CH(CH,),); —026 (2H, q, J=17.8 Hz, CH,CH,)
ppm. MS (EI"): M(calc.), 439.540; M(exp.) 439.41.

Re(Benz)(CO),(‘Pr-DAB): IR »(CO) (THFXcm™!):
1998(vs); 1894 (s,br). UV-vis /\malx (¢ in mol lecm™1)
(THF) (nm): 432(4950); 488(sh). 'H NMR (CDCl,)3:
8.32(2H,s,N=CH); 7.02 (2H, t, J = 7.6 Hz, arom-H );
6.74 (1H, t, J = 7.3 Hz, arom-H); 6.45 2H, d, J=17.0
Hz, arom-H); 4.06 (2H, sept, J = 6.5 Hz, CH(CH,),);
1.77 (2H, s, CH, =Ph); 1.50/1.24 (6H/6H, d/d, J =
6.5 Hz, CH(CH,),) ppm. MS(EI*): M(calc.), 501.613;
M(exp.), 501.50.

Re(Me)(CO),(‘Bu-DAB): IR »(CO) (THF)(cm™'):
1994(vs); 1886 (s,br). UV-vis A, (& in mol 'em™1)
(THF)(nm): 450(5150). "H NMR (CDCl,)#8: 8.66 (2H,
s, N=CH); 1.60 (18H, s, C(CH,),); —0.83 (3H, s,
CH,) ppm. MS(FAB™): M(calc.), 453.569; M(exp.),
453.67.

Re(Et)(CO),('Bu-DAB): IR v»(CO) (THF)(cm™!):
1992(vs); 1884(s,br). UV—vis Ay, (& in mol 'ecm™")
(THF) (nm): 455(4800). 'H NMR (CDCl,)é: 8.64 (2H,
s, N=CH); 1.62 (3H, t, J=7.5 Hz, CH CH,); 1.61
(18H, s, C(CH,),); —0.32 (2H, q, CHZCH3) ppm.
MS(FAB™): M(calc.), 467.597; M(exp.) 468.51 '

Re(Bz)(CO),(‘Bu-DAB): IR »(CO) (THF)Xcm™!):
1998(vs); 1892 (s,br). UV-vis A_, (THFXnm): 434;
520(sh). '"H NMR (CDCl,): 8.65 (2H, s, N=CH);
7.08 (2H, t, J = 7.0 Hz, aromH) 683 (2H, d, J =174
Hz, arom—H); 6.76 (1H, t, J =7.2 Hz, arom-H); 1.63
(18H, S, C(CH,),); 1.63 (2H, s, CH,Ph) ppm.
MS(FAB™): M(calc.), 529.670; M(exp.), 530.6 .

Re(Me)(CO),( pAn-DAB): IR »(CO) (THF)(cm ™ '):
2000(vs); 1911(m); 1895(m). UV-vis A_,, (& 111 mol ™!
cm™') (THF)Xnm): 403(12700); 500(7000). 'H NMR
(CDCl,)é: 8.60 (2H, s, N=CH); 7.38 (4H, d, J = 8.7
Hz, arom-H, ou,)); 6.98 (4H, d, J=8.7 Hz, arom-

H, ome)); 3-88 (6H s, OCH,); —0.55 (3H, s, CH,)
ppm. MS(FD*): M(calc.), 553.600; M(exp.), 553.6.

Re(Me)(CO),(*Pr-pyCa): IR »(CO) (THF)cm™'):
1992(vs); 1882(br,s). UV—vis Amax (¢ inmol™! cm™)
(THF)Xnm): 323; 445 (3980). 'H NMR (CDCl,)$: 9.07
(1H, d, J =5 Hz, py-Hy); 8.82 (1H, s, N= CH) 7.88

! Mass of M~H", due to proton abstraction of the matrix solvent
in the mass spectrometer.

(2H, m, py-H, /H,); 7.36 (1H, dd, J = 5 /5 Hz, py-H,);
4.24 (1H, sept, J=6.5 Hz, CH(CH,),); 1.58/1.50
(2X3H, d, J=6.5 Hz, CH(CH,),); —0.94 (3H, s,
CH;) ppm. MS(FAB*): M(calc.), 433.488; M(exp.),
4342 1.

Re(EtX(CO),(‘Pr-pyCa): IR »(CO) (THFXcm™!):
1990 (vs); 1883 (br,s). UV-vis /\max (& in mol™!
cm™ ') (THF)(nm): 331; 457(4700). 'H NMR (CDCl,) 8:
9.06 (1H, d, J =6 Hz, py-H,); 8.84 (1H, s, N= CH)
7.86 (2H, m, py-H,/H,); 7.36 (1H, dd, J = 6.5 /6 Hz,
py-Hs); 426 (1H, sept, J=6.6 Hz, CH(CH,),);
1.58/1.51 (2 X 3H, d, J=6.6 Hz, CH(CH,),); 1.40
(3H, t, J=17.8 Hz, CH,CH,); 0.12 (1H, dq, J =
7.8/11.1 Hz, CHHCH,); —0.82(1H, dq, J = 7.8 /11.1
Hz, CHHCH,) ppm. MS(FAB*): M(calc.), 447.516;
M(exp.), 448.06 .

2.3. Spectroscopic measurements

Preparations of samples for spectroscopic studies
were carried out under purified N, by use of Schlenk
techniques. The solutions were carefully handled in the
dark before the experiments were performed.

Electronic absorption spectra were measured on a
Varian Cary 4E spectrophotometer and a Perkin-Elmer
Lambda 5 UV-vis spectrophotometer, provided with a
3600 Data Station. Infrared spectra were recorded on a
Biorad FTS-7 or FTS-60A FT-IR spectrometer equlpped
with a liquid nitrogen-cooled MCT detector. The 'H
NMR spectra were recorded on a Bruker AMX 300
spectrometer.

Fast atom bombardment (FAB), field desorption (FD)
and electron impact (EI) mass spectra were obtained
with a JEOL JMS SX /SX102A four-sector mass spec-
trometer, coupled to a JEOL MS-MP7000 data system.
For El, the samples were introduced via the direct
insertion probe into the ion source. For FAB, the sam-
ples were placed in a matrix solution (glycerol, thio-
glycerol, nitrobenzyl alcohol) onto a stainless probe and
bombarded with xenon atoms with an energy of 3 keV.
For FD, the sample was dissolved in methanol /water
and then placed on the emitters by the dipping tech-
nique. An emitter current of 15 mA was used to desorb
the sample. The ion source temperature was 363 K.

Resonance Raman measurements were performed on
a Dilor XY spectrometer, using an SP model 2016 Ar
ion laser as the excitation source. To avoid photode-
composition during the measurements, the KNO, pellet
containing the complex was kept spinning and the excit-
ing laser beam directed through a rotating prism. For
measurements in solution a concentration of ca. 4 X
10> M was used and samples were contained in a
spinning cell.

UV-photoelectron spectra were recorded on a
Perkin-Elmer PS-18 photoelectron spectrometer, pro-
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Table 1
Crystallographic data for Re(MeXCO),(Pr-DAB)

Chemical formula C,,H;y0;N,Re V(A?) 3045.4(7)
Formula weight ~ 425.5 D.,.(gecm™") 1.86
Lattice type tetragonal F(0,0,0) 1632
Space group 14, /a MCuKa)(A) 15418

Z 8 wW(CuKaXem™!) 150.66
a(A) 11.385(1) T(K) 293

b(A) 11.385(1) R 0.060
c(A) 23.495(3) R 0.095

w

vided with a Helectros Developments hollow cathode
He'/He" light source. The spectra were calibrated by
use of He, Ar and Xe lines as internal references.

2.4. Crystal structure determination of Re(Me)(CO);-
(‘Pr-DAB)

The crystals were grown by slow evaporation of a
THF solution. A crystal with approximate dimensions
of 0.20 X 0.07 X 0.80 mm was used for data collection
on an Enraf-Nonius CAD4 diffractometer with
graphite-monochromated Cu K« radiation and w-26
scan. A total of 1558 unique reflections was measured
within the range 0 < h <14, 0<k<14,0<1<29. Of
these, 1505 were above the significance level of
2. 50(1 ). The maximum value of (sin 6)/A was 0.63
A~'. Two reference reflections (220, 402) were mea-
sured hourly and showed no change during the 80 h
collection time. Unit cell parameters were refined by a
least-squares fitting procedure using 23 reflections with
80° < 26 < 87°. Corrections for Lorentz and polariza-
tion effects were applied. The structure was solved by
direct methods. The hydrogen atoms were placed in
calculated portions.

Full-matrix least-squares refinement on F was car-
ried out, anisotropic for the non-hydrogen atoms and
isotropic for the hydrogen atoms, with the latter con-
strained so that the distance to the carrier remained
constant at ca. 1.09 A, and with the temperature factor
of the hydrogen atoms fixed at U = 0.038 A2 and
converged to R =0.060, R, = 0.095,(4/0),,, = 0.21.

max

A weighing scheme w=(13.2+ F,,_+ 0.0037F3,) "
was used. An empirical absorption correction (DIFABS)
[19] was applied, with coefficients in the range of
0.77-2.14. The secondary isotropic extinction coeffi-
cient [20,21] refined to G = 0.10(2). A final difference
Fourier map revealed a r651dual electron density be-
tween —1.2 and 1.7 ¢ A~ in the vicinity of the Re
atom. Scattering factors were taken from Cromer and
Mann [22] and International Tables for X-ray Crystal-
lography [23]. The anomalous scattering of the Re atom
was taken into account. All calculations were performed
with xTAaL [23] unless stated otherwise.

The asymmetric unit contains half a molecule with
the Re atom in a special position, giving rise to disorder
in the molecule; half of the molecules in the crystal
have the methyl on one side and the other half have it
on the other side. So the atoms of the methyl group and
the opposite carbonyl were refined with a occupancy
factor of 0.5. Details of data collection, the unit cell and
refinement parameters are summarized in Table 1.

Tables of anisotropic thermal parameter and hydro-
gen atom coordinates have been depended at the Cam-
bridge Crystallographic Data Centre.

3. Results and discussion
3.1. Crystal structure of Re(Me)(CO),('Pr-DAB)

The molecular structure of Re(Me)(CO),('Pr-DAB)
is presented as an ORTEP drawing in Fig. 2. The bond
lengths and angles are listed in Table 2(a) and (b),
respectively. Table 2(c) gives the final positional pa-
rameters and equivalent isotropic thermal parameters for
the non-hydrogen atoms.

The structural data agree well with those for related
complexes such as Re(C1)(CO),(‘Pr-DAB) [24],
Re(CI)(CO), (phen-pyCa) [25] and Mn(Br)(CO),(c-hex-
DAB) [24]. The complex has a distorted octahedral
geometry with C; symmetry, the three carbonyls being
coordinated in a fac geometry. The 'Pr-DAB ligand has

Fig. 2. Molecular structure (ORTEP drawing) for Re(MeXCO);(*Pr-
DAB) with atom numbering.
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a bite angle of 75.4°, and the axial methyl and carbonyl
groups are bent slightly away from the 'Pr-DAB ligand.

The bond lengths given in Table 2(a) for Re—C(5)
and Re—C(7) are not very reliable. This is because the
molecule lies on a twofold crystallographic rotation axis
such that C(5) and C(7) atom sites almost exactly
overlap due to the symmetry and as a consequence,
their atom coordinates could not be refined indepen-
dently. A quantitative assessment of the trans-effect of
Me on the CO ligand was therefore not possible.

3.2. NMR spectroscopy

The 'H NMR spectra of the Re(RXCO),( a-diimine)
compounds all show resonances for the imine proton in
the 6 8.3-9.1 ppm region. These shifts indicate that the
a-diimine ligands are coordinated in a oN-oN’
chelating manner [26-28].

The resonances of the alkyl groups were all found at
low & values, which means that the Re atom has a
strong shielding effect. All the alkyl proton resonances
show normal coupling patterns. However, the reso-
nances of the oa-hydrogens of the Et group in
Re(Et)(CO),(‘Pr-pyCa) show an interesting feature (see
Fig. 3) in that two separate signals were found, 6 0.62
and —0.47 ppm, respectively, both as a doublet of
quartets. Thus, the two a-hydrogens are non-equivalent
and couple with each other (Jy, ;, =111 Hz). The
signals are split further by the B-hydrogens (J = 7.8
Hz).

This non-equivalence can be attributed to the asym-
metry of the a-diimine ligand. This induces di-

astereotopic character in the S-hydrogen atoms. Raising
the temperature did not change the coupling pattern for
the Et group, not even not at a temperature of 383 K in
toluene-dg, in agreement with this explanation. This
latter experiment also confirmed the high thermal stabil-
ity of this compound, since only a small amount of the
complex decomposed at this high temperature.

3.3. IR spectroscopy

The infrared spectra of all the Re(R}CO),( a-diim-
ine) complexes show two bands in the »(CO) frequency
region, the one at lower frequency being broad and
consisting of two, nearly coincident, vibrations. These
bands are assigned to the three IR-active CO stretching
modes (22’ + ') of this type of complex having C,
symmetry [18,29,30].

Although the effects are small, the IR bands shift to
lower frequency with a change in the a-diimine in the
order pAn-DAB > 'Pr-DAB > 'Bu-DAB > ' Pr-PyCa.
This trend is counted with the decrease in m-backbond-
ing ability of the w«-diimine. A similar effect was ob-
served when the electron-withdrawing benzyl group was
replaced by an electron-donating alkyl group such as
methyl or ethyl.

3.4. UV-vis spectroscopy

The complexes were orange to red owing to the
presence of an intense absorption band in the visible
region between 400-500 nm. The extinction coeffi-
cients of these bands varied from 3980 mol™' cm™'

.

e A e o e e AR T S S S M att oo me e et
0.0 -0.2 -0.4 -0.6
PPM

Fig. 3. The ReEt a-hydrogen region of the 'H NMR spectrum of Re(EtXCO),(‘Pr-pyCa) (benzene-d,, 300 MHz) (* denotes contaminant in the

solvent).
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Table 2

(2) Bond distances (A) in Re(MeXCO),(‘Pr-DAB)

Atoms Distance Atoms Distance
Re-C(5) 2.13(1) C(2)-C(3) 1.50(2)
Re~C(6) 1.91(1) C(2)-C(4) 1.54(2)
Re-C(6)* 1.91(1) C(2)-N(1) 1.47(1)
Re-C(7) 1.89(4) c(2)* -C(3)* 1.50(2)
Re-N(1) 2.177(8) @) -c@)* 1.54(2)
Re-N(1)* 2.177(8) Cc(2)* -N(1)* 1.47(1)
c)-c(n)* 1.41(2) c(5)-0(5) 1.09(2)
C(1)-N(1) 1.28(1) C(6)-0(6) 1.13(1)
c1)* -N(D)* 1.28(1) c(6)* -0(6)* 1.13(1)

(b) Bond angles (°) in Re(MeXCO),(*Pr-DAB) with standard devia-
tions in parentheses

Atoms Angle Atoms Angle
C(5)-Re—C(6) 86.9(9) C(1)-C(1)*-NQ)* 119.1(9)
C(5)-Re—C(6)" 87.49) C(3)-C(2)-C@) 112(1)
C(5)-Re—C(7) 173(1)  C(3)-C(2)-N(1) 111(1)
C(5)-Re-N(1) 94.1(9)  C(4)-C(2)-N(1) 109(1)
C(5)-Re-N(1)* 92.1(9) C(3)*-C()*-C4)" 112(1)
C(6)-Re—C(6)* 885(4) C(3)*-C()*-NOD* 111D
C(6)-Re-C(7) 91.18) C(4)*'-C(2)* -N(1)* 109(1)
C(6)-Re-N(1) 98.1(4)  Re-C(5)b10(5) 176(3)
C(6)-Re-N(1)* 173.3(4) Re—C(6)-0(6) 17%1)
C(6)* -Re-C(7)  86.3(8) Re-C(6)*-0(6)" 177(1)
C(6)* -Re-N(1)  173.3(4) Re-N(1)-C(1) 113.1(6)
C(6)" —Re-N(1)* 98.1(4) Re-N(1)-C(2) 128.3(7)
C(7)-Re-N(1) 92.3(8) C(1)-N(1)-C(2) 118.3(9)
C(7)-Re-N(1)" 90.5(8) Re-N(D* -Cc(* 113.1(6)
N(1)-Re-N(1)* 75.4(3) Re-N(1)'-C(2)" 128.3(7)
C)* -C(D-N(1) 119.1(9) C(1)-N(1)* -Cc(2)* 118.3(9)

(c) Fractional coordinates with standard deviations in parentheses and
the equivalent isotropic thermal parameters for Re(MeXCO),('Pr-
DAB)

Atoms x y z Ueq

Re 0.5(0) 0.75(0) 0.34758(2)  0.0307(5)
cD) 0.5178(9)  0.690(1) 0.2267(4) 0.049(5)
Cc(2) 0.568(1) 0.5136(9)  0.2735(6) 0.067(7)
c(3) 0.685(1) 0.500(1) 0.3012(8) 0.09(1)
c(4) 0.472(2) 0.4373(8)  0.3020(8) 0.09(1)
ai5) 0.318(1) 0.708(3) 0.354(1) 0.05(2)
c(6) 0.5253(9)  0.636(1) 0.4058(4) 0.052(6)
() 0.659(4) 0.796(2) 0.3501(9) 0.05(2)
NQ) 0.5293(6)  0.6368(6)  0.2743(3) 0.035(4)
o(s) 0.226(1) 0.683(2) 0.3593(8) 0.07(1)
o(6) 0.5417(9)  0.5720(9)  0.4420(4) 0.072(6)

[Re(Me)(CO),(*Pr-pyCa)] to 7400 mol™' cm™!
[Re(EY(CO),(‘Pr-DAB)]. The pAn-DAB compound
possessed an extra, strong, absorption band at 403 nm
(&= 12700), which arose from an intraligand 7 — 7~
transition of the a-diimine ligand.

The lowest energy absorption band showed negative
solvatochromism (see Table 3) which is characteristic
for metal-to-ligand charge-transfer (MLCT) transitions,
as has been shown for a series of a-diimine complexes
such as M(CO),( a-diimine) (M = Cr, Mo, W) [1]. The
solvatochromism decreased as the 7r-acceptor ability of
the ligand increased (‘Pr-PyCa > 'Bu-DAB > 'Pr-DAB

Table 3
Absorption maxima
(MeXCO),( a-diimine)

2 and their solvatochromism ® for Re-

a-Diimine CH,CN THF Toluene At
'Pr-pyCa 424 323,445 338,464 2033
'Bu-DAB 434 450 465 1536
‘Pr-DAB 442 455 464 1073
pAn-DAB 401,489 403,500 409,508 765
* A, in nM.

max
Difference in absorption maximum of the CT band in toluene and

acetonitrile (in cm 1)

> pAn-DAB). This can be attributed to an increased
mixing between one of the dsr-orbitals of the Re atom
and the 7 *-orbital of the a-diimine ligand when they
come close in energy. Through this increase in mixing
or m-backbonding, the transition between these orbitals
acquires more metal-ligand bonding to antibonding and
less charge-transfer character. As a result, the solva-
tochromism becomes less pronounced.

The shift of the lowest-energy absorption band to
lower energies on going from 'Pr-pyCa to pAn-DAB is
caused by the lowering of the " level of the a-diim-
ine ligand in this order.

Changing the alkyl group from Bz to Me to Et
caused the MLCT band to shift to lower energy. This is
due to an increase in energy of the dm(Re)-orbitals as
the alkyl group becomes more electron-releasing.

The UV-vis spectra of the Bz complexes were dif-
ferent from those of the Me and Et compounds (see Fig.
4). A distinct shoulder occurred on the low-energy side
of the first absorption band and the extinction coeffi-
cient at the absorption maximum was much smaller than
for the other complexes. Changing the solvent or lower-
ing the temperature to 77 K had a similar effect on the
shoulder and the band. Both features are therefore as-
signed to MLCT transitions. The dr-orbitals of Re are
probably considerably split by the interaction of the
d,- and/or d -orbitals with the m-orbitals of the
benzyl group. This proposal is supported by the electro-
chemical data for the complexes [31]. The first oxida-

8000

6000

4000

e M em™)

2000

400 600 800
wavelength (nm)

Fig. 4. Electronic absorption spectra of Re(RXCO);(‘Pr-DAB) (R =
Bz, Me, Et) in THF at room temperature.
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tion potential of Re(BzXCO),(‘Pr-DAB) is found at
+0.20 V (versus Fc/Fc* in "PrCN, RT), a much lower
value than that for the corresponding Me or Et complex
(+0.71 V for R=Me; +0.61 V for R =Et). This
indicates that the highest-filled dsr-orbital of the Bz
complex is at a much higher energy. The higher elec-
tron-withdrawing ability of the benzyl group cannot
account for this energy difference, since the maxima of
the CT bands of the corresponding Mn(RXCO),(R-
DAB) complexes shifted to higher energy by only ca.
10 nm when Me was replaced by Bz [32].

3.5. Resonance Raman spectroscopy

In order to gain more insight into the character of the
lowest-energy electronic transitions of the
Re(R)(CO),( a-diimine) complexes, resonance Raman
(rR) experiments were carried out. Resonance Raman
spectroscopy has proved to be very useful in character-
izing allowed electronic transitions [12,33], since only
those vibrations that are vibronically coupled to these
transitions will be resonance-enhanced.

During the rR study, the wavelength of the exciting
laser line was varied between 457.9 and 537.5 nm in
order to obtain a quantitative picture of the R effects in
a so-called ‘excitation profile’ (EP). The high photore-
activity of most of the complexes [15] caused difficul-
ties, and it was only possible to obtain reliable EPs for
the Re(Me)(CO),(R-DAB) complexes, using a double
spinning KNQO; pellet. Only for the least photo-active
complex, Re(Me)(CO),( pAn-DAB), an EP could be
obtained in benzene using a spinning cell.

Table 4 lists the most important Raman bands of the

Table 4
Resonance-enhanced Raman bands for the complexes Re(Me)
(CO),(R-DAB) (R ='Pr, 'Bu, pAn) (KNO, disk, RT)

Ligand Raman wavenumbers *

'Pr-DAB 1988, 1511, 1359, 1156, 732, 503, 488, 451

'‘Bu-DAB 1985, 1541, 1359, 1163, 1100, 768, 735, 649,
492, 484, 452

pAn-DAB 1985, 1600, 1477, 1365, 1301, 1220, 1175, 1163,
1058, 868, 513, 470, 450

Incm™.

complexes and Fig. 5 depicts the Raman spectra of
Re(Me)(CO),('Bu-DAB) at three different excitation
wavelengths.

The spectra can be considered in several sections and
the assignments are based on a comparison with the
spectra of, for example, Re(XXCO),(a-diimine) (X =
halide) [33] and Ph,SnMn(CO),(a-diimine) [30]: (i) in
the CO stretching frequency region there is one Raman
band belonging to a y(CO) vibration; (ii) in the fre-
quency region of the ligand-stretching vibrations, a very
strong Raman band shows up at ca. 1500 cm™!, which
is assigned to »(CN) of the R-DAB ligand [in addition,
the y(CC) band of the o-diimine skeleton (~ 1360
cm™!) and the y, (C=C) band of the phenyl groups of
pAn-DAB (1600 cm™!) appear in this region]; (iii) in
the low-frequency region (800-200 cm™') there are
many weak bands, some showing a weak 1R effect.
These bands cannot easily be assigned separately; they
belong to y(Re-N), 8(ReCO), y(Re—CO) [34] and
also to R-DAB deformation modes.

The observation of rR effects for both »(CN) and
y(CO) is in line with the MLCT character of these

T
2000 ISIOO

wavenumbers (cm-1)

Fig. 5. Resonance Raman spectra of Re(MeXCO),(‘Bu-DAB) in a KNO; disk at room temperature (a) A, = 457.9 nm, (b) A, = 514.5 nm and

(©) Ay =533.5 nm (* = KNO,).
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transitions. Depopulation of a metal dw-orbital de-
creases the metal-to-CO m-backbonding, and this in turn
affects the CO distances and gives rise to the rR effect
for (CO). Population of the lowest 7 *-orbital of
R-DAB results in a weakening of the C=N bonds and
this will give rise to the observed rR effect for v, (CN).
The change in relative intensities of the »(CO) and
v(CN) Raman bands throughout the absorption region
(Fig. 6) is due to the presence of a second MLCT
transition at higher energy. The maxima of these latter
transitions could not be reached because of the re-
stricted wavelength region of A (> 450 nm). Such
transitions have, however, been observed for other a-di-
imine complexes such as M(CO),(a-diimine) [1], and
they always give rise to a stronger 1R effect for v, (CO)
because of an increase in MLCT character with respect
to the lower-energy transition.

The EP of Re(Me)(CO),( pAn-DAB) showed a much
stronger R effect for »(CN) upon excitation into the
second, higher-energy band, which belongs to an IL
transition. This strong effect is due to the large influ-
ence of a # — = * (IL) transition on the CN bonds of
the ligand compared with those of dm— 7 * (MLCT)
transitions. The IL transition also invoked 1R effects for
extra ligand modes at 1604, 1346 and 1077 cm™!.
Similar behaviour was found for Re(CIXCO),( ptol-
DAB) [33].

The Raman spectra do not show a rR effect for »(Re
— Me), which is expected at ca. 450 cm™! [34]. This
means that the metal-methyl bond is not affected by the
MLCT transitions. It also implies that the o(Re —
Me) - 7~ (R-DAB) transition does not contribute to
the intensity of the first absorption band. This is not
surprising since there would be hardly any overlap
between o(Re — Me) and 7 *(R-DAB). As a result,
the photoreactions of these complexes, which will be
discussed in a forthcoming article, can only take place
from the om” state after surface crossing from a
MLCT state, and not by direct irradiation into an al-
lowed o(Re — Me) — 7 *(R-DAB) transition.

3.6. Ultraviolet—photoelectron spectra

In order to gain more information about the relative
energies of the reactive o * state and the non-reactive
dmm* (MLCT) states, a UV—photoelectron (UP) study
was undertaken. Such UP spectra give the IPs of the
various molecular orbitals by use of He!/He" excita-
tion of a complex in the gas phase. Unfortunately, only
in the case of the complex Re(Me)(CO),('Pr-DAB) was
the thermal stability high enough and the vapour pres-
sure sufficient to give reliable UP spectra. Andréa et al.
[35], who studied the UP spectra of a series of
M(XXCO);(R-DAB) (M = Mn, Re; X =Cl, Br) com-
plexes, likewise could only obtain the UP spectra for
one of these complexes, viz. Re(CIXCO),(‘Pr-DAB).
For Re(Me)XCO),(‘Pr-pyCa), a reliable UP spectrum
could only be obtained by He' excitation. The UP bands
of this complex were assigned by comparison with
those of Re(Me)XCO),(‘Pr-DAB).

The He' and He" UP spectra of Re(MeXCO),(‘Pr-
DAB) are shown in Fig. 7 and the IPs of the two
Re(MeXCO),( a-diimine) complexes are listed in Table
5 together with the data for related complexes.

The assignment of the UP bands is based on compar-
ison with the data for the corresponding complexes
M(CO),(‘Pr-DAB) (M = Cr, Mo, W) [35],
Re(CIX(CO),(*Pr-DAB) [35] and (CO);ReRe(CO),('Pr-
DAB) [11] and on the He'/He" intensity ratio differ-
ences [36-38]. In particular, for highly localized or-
bitals, qualitative arguments have proved to be very
useful, and the following rules can be used to assign the
spectra [39]: (i) metal d-type orbitals are characterized
by strong enhancement of intensity upon going from
He' to He! excitation; (ii) o-orbitals have low He!
intensities because of the participation of s-orbitals; (iii)
C and N 2p-type orbitals have comparable intensities in
He' and He" which means that they normally lose
intensity with respect to ionization from d-type orbitals
on going from He' to He" excitation.

The d-orbitals of Re(Me)(CO),(‘Pr-DAB) have IPs

400 450 500
wavelength (nm)

550 400 450
wavelength (nm)

1
500 550 400 450 500 550 600
wavelength (nm)

Fig. 6. Resonance Raman excitation profiles of 1,(C0) (-O-O-Q) and #,(CN) (--O--0--) of (a) Re(MeXCO),(*Pr-DAB) (b) Re(MeXCO),(‘Bu-
DAB) and (c) Re(MeXCO),( pAn-DAB); Intensities () relative to the 1050 cm ™! band of KNO, for (a) and (b). For (c) I, relative to the 993

cm ™! band of benzene.
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Table 5

Observed vertical ionization energies (eV) of Re(MeXCO),(‘Pr-DAB) and Re(MeXCO),(‘Pr-pyCa) together with literature data for

Re(CIXCO),('P-DAB) and (CO)sRe’Re(CO),(*Pr-DAB)

Re(MeXCO),(‘Pr-DAB)  Re(MeXCO);(‘Pr-pyCa)  Re(CIXCO),(‘Pr-DAB)*  (CO);Re'Re(CO),(‘Pr-DAB)®  Assignment
7.03 o(Re-Re')
7.23-7.79 7.10-7.62 7.76 7.54-8.00 d(Re)
8.50 8.26 o (Re—Me)
8.66-8.93 d(Re')
9.59 Cl lone pair (e)
9.77 9.5 n,(DAB)
10.36 Cl lone pair (a;)
11.06 10.99 n—m,(—XDAB)

? From Ref. [36].
® From Ref. [11].

of 7.23, 7.58 and 7.79 eV, so they are at higher energies
than those of Re(CIXCO),(‘Pr-DAB). This difference in
energy agrees with the shift of the MLCT band [456 nm
for Me versus 442 nm for Cl [18] (in CH,Cl,)] and is
caused by the stronger electron-donation by the alkyl
group.

The complex Re(Me)CO),(‘Pr-DAB) shows three
other ionizations at 8.50, 9.77 and 11.06 eV. The last
two are also present in the UP spectra of other 'Pr-DAB
complexes, such as M(CO),(‘Pr-DAB) (M = Cr, Mo,
W) [35] or (CO);ReRe(CO),(‘Pr-DAB) [11]. In the UP
spectrum of Re(CIXCO),(‘Pr-DAB) these IPs partly
overlap with Cl lone-pair ionizations. The IP at 9.77 eV
varies between 9 and 10 eV for the other 'Pr-DAB
complexes, and has been assigned to the n, lone-pair
orbital of 'Pr-DAB. The 11.06 eV band has been as-
signed to ionizations from the 7,- and n_ orbitals of
"Pr-DAB.

The ionization at 8.50 eV is exceptional since it is
not observed in the UP spectra of the above-mentioned

He()

Relative Counts

He()

Fig. 7. He' and He" photoelectron spectra of Re(MeXCO),(iPr-
DAB).

'Pr-DAB complexes. It is assigned to the o(Re —
Me)-orbital, and this assignment agrees with the small
cross-section of this ionization in the He spectra, which
also excludes the possibility of a d-type orbital. This
assignment is further supported by the ca. 1:3 intensity
ratio of this ionization with respect to those from the
d(Re)-orbitals.

The IPs of the o(Re — Me)- and d#(Re)-orbitals of
Re(Me)(CO),(*Pr-pyCa) are found at 8.26 and 7.10-
7.62 eV, respectively. The slightly higher energies of
the d(Re)-orbitals compared with those of the 'Pr-DAB
complex can be attributed to stronger electron-donation
by the 'Pr-pyCa ligand.

Comparing these results with the data obtained for
the corresponding complexes (CO);MM'(CO),(*Pr-
DAB) (M, M’ =Mn,Re) [11], which also possess a
reactive ‘o * state, we can conclude that the o(Re —
Me)- and o(M — M’)-orbitals are completely different
in energy from the metal dm-orbitals. In the metal-
metal-bonded complexes, the o-orbital is at higher en-
ergy, and in the metal-methyl complexes at a lower
energy, than the d-orbitals. As a result, the reactive
om* state of a metal-metal-bonded complex will be at
lower energy than the MLCT states, which explains
their high photoreactivity. The low photoreactivity of
the Re(MeXCO),(a-diimine) complexes is then in ac-
cordance with the "o * state being at higher energy
than the MLCT states. Variation of the alkyl group is
expected to influence the photoreactivity of these com-
?lexes owing to a change in relative energies of the
om” and MLCT states. We have studied this effect
and some preliminary results have been published [15].

4. Conclusion

The lowest-energy absorption bands of the com-
plexes Re(R)(CO),( a-diimine) are assigned to MLCT
transitions with the aid of resonance Raman spec-
troscopy. The UV—photoelectron spectra show that in
case of Re(MeXCO),(‘Pr-DAB) the o(Me — Re)-



162 B.D. Rossenaar et al. / Journal of Organometallic Chemistry 493 (1995) 153~162

orbital is lower in energy than the dw(Re)-orbitals,
which implies that the MLCT states are lower in energy
than the reactive ‘o * state. This observation is of
crucial importance for the interpretation of the photo-
chemical behaviour of these complexes.

5. Supplementary material available

Listings of the bond distances (Table S1), bond
angles (Table S2) and fractional coordinates, and
isotropic thermal parameters (Table S3) for the hydro-
gen atoms. Listing of the anisotropic thermal parameters
(Table S4). All available from the Cambridge Crystallo-
graphic Data Centre.
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