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Abstract

The A; symmetry v of the carbonyl complexes
[Mo(chel)(CO)4], [M(chel)(CO),] [PFs] (M = Rh,
Ir; chel = bipy, phen and substituted derivatives)
are used for determining the electron donor—acceptor
properties of the title ligands. The steric hindrance of
the methyl groups in positions 2 and 9 of the phenan-
throline favours the formation of Rh(l) and Ir(I)
pentacoordinated derivatives.

Introduction

Transition metal complexes with 1,10-phenanthro-
line (phen) and 2,2’-bipyridine (bipy) act as catalysts
in several reactions, and the interest in this field is
gradually increasing [1—11]. Nevertheless, the study
of this catalytic activity is often restricted to simple
bipy and phen derivatives, although some substi-
tuted derivatives of these ligands are commercially
available and the synthesis of many others can be
found in the literature.

On the other hand, we have reported that com-
plexes of the type [M(chel)}(L—L)][X] (I) are cata-
lyst precursors for hydrogen transfer reactions
[12—34] and that complexes of the type [M(chel)-
(CO),1[X] (I) promote the selective reduction
of nitroaromatics to amines using CO + H,0 as
hydrogen source [15] (M = Rh, Ir; L—L = 1,5-cyclo-
octadiene (COD), 1,5-hexadiene (HD); X~ = PF,™,
BPh,”; chel = bipy, 4,4'-Me,bipy, phen, 4,7-Me,-
phen, 4,7-Phyphen, 3,4,7,8-Meysphen (TMphen),
3,4,5,6,7,8-Mesphen (HMphen)). The last reaction
can be also accomplished using the Rhg(CO),6 + chel
[15] and the Ru3(CO),, + chel [16] systems as cata-
lyst precursors. The catalytic activity of these cata-
lysts depends strongly on the chel nature [12—16].

A correlation between the catalytic activity and
the pK, of the ligand has generally been found with
the unhindered methyl-substituted phenanthrolines,
but a correlation is not found, for instance, when the
4,7-Ph; phen or the hindered 2,9-Me, phen are used.

In order to rationalize the activity data as a func-
tion of the chel nature and to discriminate between
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their steric and electronic properties, we decided,
in agreement with Tolman’s work [17], to use the
A, carbonyl stretching frequency of the complexes
[M(chel)(CO),]* (M = Rh, Ir) and [Mo(chel)(CO)4]°
as a measure of the electron donor—acceptor proper-
ties of all the available chelating ligands. In partic-
ular, the Mo complexes, due to their geometry and
solubility in non-coordinating solvents, are well-
suited to this kind of analysis.

Experimental

Synthesis of Complexes

3,4,56,7,8-Megphen and 4,7-Cl,phen were prep-
ared by the literature methods [18, 19]. The com-
plexes [Mo(chel)(CO)4], (M(chel)(COD)]'X™ (M =
Rh, Ir; X~ = CI”, PF¢~, BPh, ") and [M(chel)(CO),]"
X~ (M = Rh, Ir; X~ =PF4~, BPh; ") have been synthe-
sized following procedures already reported
[20-22].

[M{(chel)(COD)CI] (M = Rh, Ir; chel = 2,9-Me, -

phen, 2,9-Me,4,7-Phyphen )

0.41 mmol of [M(COD)CIl], dissolved in deaerat-
ed CH,Cl, (10 ml) are treated with 0.87 mmol of
chel; the yellow product is precipitated by addition
of ether, filtered off and washed with ether.

[M{chel)(COD)(Mid)] [PF¢] (M = Rh, Ir; chel =

2.9-Me, phen, 2,9-Me,-4,7-Ph, phen}

To a deaerated solution of 87 mmol of [M(COD)-
(Mid), ] [PFs] [21] in 25 ml of ethanol, a stoichio-
metric amount of chel is added and the solution is
heated at reflux for S min. On cooling the complex
precipitates; it is filtered off and washed with
ethanol.

Measurements

The IR spectra were recorded on a Perkin-Elmer
983G spectrophotometer; the 'H NMR spectra were
obtained with a Bruker WP-80 spectrometer. Cata-
lytic activity data were obtained as previously des-
cribed [16].
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TABLE 1 Selected Analytical and NMR Data
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Compound Elemental analysis® '{{ NMRP
%C %H %N ®)
Mo(HMphen)}(CO)q4 55.80 387 590
(55.94) (4.27) (5.93)
[Rh(TMphen)(CO), | Pl 40 00 289 5.29
(40.02) (2.99) (5.19)
[Rh(TMphen)(CO), ] BPhy 69.30 5.04 3.91
(70.60) (5 08) (3.92)
[Rh(HMphen)(CO), | PF¢ 4200 322 506
(42 27) (355) 4 93)
[Ir(HMphen)(CO), ] PFg 36 80 3.02 4.16
(36 53) (307) (4.26)
[Rh(2,9-Me, phen)(COD)C1]€ 5790 529 618 2,9-Me,phen —CHz 3.99
(58 19) 5 32) (6 16) H>® 783
p 478 788,824
8 34,
COD =CH 361
[Rh(2,9-Me;-4,7-Phy phen)(COD)Cl] 6570 521 453
(67 27) (5.31) (4.62)
[Rh(2,9 Me, phen)(COD)(M1d)] PF6d 48 00 4.54 863 Mid —CHj 358
(48 31) (4 68) (8 67) n® 659
H® 703
H? 760
[11(2,9-Me, phen)(COD)CI] 48 00 399 487
(48 56) (4 45) (515)
[1r(2,9 Me,-4,7-Ph, phen)(COD)C1] 57170 457 402
(58 65) (4 63) (4 02)
Calculated values in parentheses, PValues 1n ppm downfield from TMS  °NMR solvent deuterochloroform INMR solvent
acetone-d®
Results phen

The [Mo(chel)(CO),] dervatives of all the avail-
able chelating ligands were obtained following prev-
1ously reported procedures [20].

The complexes [M(chel)(CO),]*X~ (M = Rh, Ir,
X~ = PFy~, BPh, ™, chel = phen, 4,7-Me,phen, 4,7-
Ph,phen, TMphen, HMphen) were synthesized as
shown inegn (1)

[M(chel)(COD)] +CI™ + X~ —

[M(chel)(COD)]"X™ + CI™

(1)
[M(chel)(COD)] "X~ +2C0O0 —

[M(chel)(CO),] "X~ + COD

With the sterically-hindered phenanthrolines 2,9-Me,-
phen and 2,9-Me,-4,7-Ph,phen, the dicarbonyl denva-
tives could not be obtained, due to the formation of
stable pentacoordinated COD chloroderivatives which
did not exchange the coordinated chloride with non-
coordinating anmons (eqn 2)

[M(phen)}(COD)]*CI™
[M(COD)CI]# (2)
[M(2.9-Me,phen)(COD)C1]°

2,3-Me,phen

Then we tried the synthesis of [M(2,9-Me,phen)-
(COD)] [PFs] dervatives following an alternative
route which did not require the use of the chloro-
dervatives (eqn 3) [21]

phen
——— [M(phen)(COD)|" -

[M(M1d)2(COD)]*PT ¢~ — PFg™ 3)

L= [M(2,9-Me, phen)-
2.9-Megphen  (COD)(Mid)]*PFg

The hindered phenanthrolines react with the cationic
square planar complexes and again form five-coordi-
nated species with one molecule of N-methyl irmda-
zole 1 the fifth coordination position; these com-
plexes exchange, with difficulty, with carbon mono-
xide to give the carbonyl derivatives only 1n poor yield
Selected analytical data for the previously un-
known complexes are rteported in Table I, the
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elemental analysis, the IR and 'H NMR spectra are
in agreement with the proposed structures. In partic-
ular, the 'H NMR spectrum of the [Rh(2,9-Me,-
phen)(COD)C1]® derivative shows a singlet at 3.99 &
ascribable to the two equivalent methyl groups, a
singlet at 7.83 § due to the 5,6-protons, and two
doublets centered at 8.29 § and 7.85 §, respec-
tively, assigned to the 4,7- and 3.8-protons of the
substituted phenanthroline. COD olefinic protons
show up as a singlet at higher field (3.61 §) than in
the free COD (4.3 §), and the aliphatic COD pro-
tons are present as two multiplets centered at 1.66
5 and 2.56 §. In the spectrum of the [Rh(2,9-Me,-
phen)(COD)Mid)] [PFs] complex, the 2,9-Me,-
phen and the COD signals show the same pattern
as that observed for the chloroderivative. Further-
more, the hydrogens and the methyl group of the
N-methyl imidazole are easily assigned (Table I);
the 2-hydrogen of the coordinated Mid is shifted
downfield in comparison with the free ligand. No
signal attributable to the free Mid can be detected,
confirming the stability of the pentacoordinated
species even in solution. The behaviour of 29-
substituted phenanthrolines is clearly different from
that showed for all the other phenanthrolines having
both lower and higher pK, values (see Table II). Such

TABLE II. Carbonyl Stretching Frequencies of [Mo(chel)-
(CO)4q] Complexes a

chel pK, vco (em™HP
4,7Cly phen 3.03 2017.5
5,6-Cl;phen 3.47 (2016)
phen 4.86 2016.7 (2014)
4,7-Phy phen 484 2015.5 (2013)
4,7-Me,phen 5.94 2015.4

TMphen 6.31 2015.0  (2012)
HMphen 7 2013.7

2,9-Me, phen 6.17 20175

2,9 Me,-4,7-Ph, phen 2016.5

bipy 4.44 2016.7

4.4'-Me, bipy 5.32 2015.3

4,4'-Ph, bipy 2015.0

43olvent CHCls;. bValues in parentheses, see ref. 27.

behaviour can be rationalized in terms of steric hind-
rance: the presence of the methyl groups in 2- and 9-
positions causes a distortion from the planar
geometry favouring the pentacoordination. These
distortions have been previously observed and quanti-
tatively determined in the case of Pd(II) derivatives
of the type [Pd(chel),]™" with chel = bipy [23, 24]
and phen [25}, respectively, where the steric hind-
rance occurs between the H? and H® protons of the
two ligands. Wernberg and Hazell suggest that these
steric interactions play an important role in the
affinity for pentacoordination and, in fact, penta-
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coordinated complexes of the type [Pt(phen),X]"
(X~ = CN, SH™; OH") have been obtained as stable
compounds [26] .

IR Spectra

In agreement with their symmetry, [Mo(chel)-
(CO)4] derivatives both in the solid state and
in CHCl; solution show the expected four v
bands (2A; + B; + B;). In Table Il we have collected
the highest veo frequencies (A; symmetry) for the
phen, bipy and their substituted derivatives; they are
arranged in order of wvgo decrease: that is, the
increase of the electron density on the metal atom.
We have also reported in parentheses some of the
vco values previously found by Angelici and Graham
[27]; in spite of the differences between their results
and ours, the same trend is observed.

The highest v¢o value is found with the 4,7-Cl,-
phen, the ligand with the lowest pK, value. As
the pK, increases, going along the series of the
unhindered phenanthrolines, a gradual vgo decrease
is observed until a minimum is reached when chel =
HMphen. The vgo vs. pK, correlation is not found
only with the 4,7-Ph,phen, giving a vco value almost
identical to that of the 4,7-Me,phen, although its
pK, value is slightly lower than that of phen. Even in
the case of hindered ligands the correlation between
pK, and vgg is not found. In fact, the 2,9-Me,phen,
having a pK, value comparable to that of the 4,7-
dimethyl isomer, shows a vgg value equal to that of
4,7-Cl;phen.

The vco lowering when a phenyl group is in
para position to the nitrogen atom seems to be a
general phenomenon, since it is also observed in
the hindered phenanthrolines and in the bipy series.
As expected, the voo decreases going from bipy
to 4,4'-Me,bipy; it is remarkable that the carbonyl
stretching frequencies of these two derivatives are
practically the same as those of phen and 4,7-Me,-
phen, respectively, in spite of the lower pK, value
of the flexible ligands compared to that of the rigid
ones.

The same trend of the vgo frequencies with the
chel nature has also been observed in the case of the
carbony] derivatives of the type [M(chel)(CO),]-
[PFg] (M = Rh, Ir) (Table III), although the study
has been restricted to the compounds with the
unhindered phenanthrolines. All these complexes
show, in CO saturated CH;CN solution, two vgqo
bands of comparable intensity, typical of the cis
arrangement of the two-coordinated carbonyl
groups. The IR spectra of the HMphen derivatives
in the solid state show two carbonyl bands, as was
seen in solution. In the case of the complexes with
the TMphen and the 4,7-Me,phen, these are split
into four bands, while a more complex pattern is
observed in the spectra of the phen derivatives. The
results reported suggest that the correlation between
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TABLE III. Carbonyl Stretching Frequencies of [M(chel)-
(C0O), ]PFg (M = Rh, Ir) Complexes 2

chel pK,  vgo (cm™ )
Rh Ir
phen 486  2102.4 20427 2091.0 2025.6

4,7-Ph, phen 484
4,7-Me, phen 5.94

2101.4 2042.5
2100.0 20397

2088.9 2024.5
2088.1 2022.4

TMphen 6.31  2099.5 2039.3 20875 2021.9
HMphen 7 2098.8 2038.4 2086.5 2020.9
#Solvent CH3CN.

vco and the electron donor--acceptor properties
of the ligands could be obtained whatever the nature
of the metal atom, at least for the carbonyl com-
plexes of the second and third transition row.

Comparison between Catalytic Activity and veg

As reported in the introduction, the correlation
between the catalytic activity and the pK, of the
ligands is not found in the case of 4,7-Ph,phen. On
the other hand, a good agreement between cata-
lytic activity and vgo can be observed using com-
plexes with unhindered phenanthrolines as catalyst
precursors. As an example, we report in Table IV

TABLE IV. Catalytic Reduction of Nitrobenzene to Aniline
with CO/H,0; Catalyst Precursors: (a) Ruz(CO)y, + chel;
(b) Rhg (CO) ¢ + chel 2

chel vco {em™ 1) % Conversion

a(l h) b (2 h)
phen 2016.7 73 7.5
4,7-Ph, phen 2015.5 65.5 12.5
4,7-Me, phen 20154 67.5 25
TMphen 20i5.0 46 53

3M] =1 x 10~* M; Sub/metal = 1000; chel/metal = 1; T =
180 °C; pco = 30 atm; EtOH 95% = 50 ml.

the trends observed in the reduction of nitrobenzene
with CO + H,0 using both the rhodium and ruthe-
nium carbonyl clusters in the presence of various
ligands as catalyst precursors; other examples with
iridium complexes can be found in the literature [12,
13].

The vco seems to be a better parameter than the
pK, of the ligand, allowing the evaluation of the rela-
tionship between catalytic activity and electron
density on the active site. The easy determination of
this parameter suggests the use of the v to estimate
the relative electron donor—acceptor ability of Schiff
bases obtained by condensation of pyridin-2-aldehyde
with primary amines. Rhodium and iridium com-

G. Clauti et al.

plexes of such ligands are, in fact, catalyst precursors
in asymmetric transfer hydrogenations [14] and
hydrosilylation reactions of ketones [28].
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