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Abstract 

The synthesis of complexes [Rhz(OAc)&lz- 
(chel),] (chel = l,lO-phenanthroline, 4,7-Me*-phen, 
3,4,7,8-Meg-phen) is reported. The complexes easily 
exchange the chlorine atoms with both neutral and 
anionic ligands. 

The crystal structure of the cationic derivatives 
[R.h&Ac)&hen)~(NMid)~l(Cl0& (I), [Rh,(O- 
Ac)2(4,7-Mez-phen)z(NMid)z](C104)2 (2) and 
[Rh2(OAc)2(3,4,7,8-Me4-phen)2(NMid)J(C10& 
(3) (NMid = N-methyl imidazole) have been deter- 
mined by three dimensional X-ray analyses. Crystal 
data are: a = 10.737(5), b = 14.265(3), c = 15.21 l(3) 
8, (Y = 7 1.66(2)“; p = 69.99(3)“, 7 = 74.15(3)“, tri- 
clinic, space group Pl, Z = 2 (1); a = 16.081(S), 
b = 14.040(2), c = 20.390(4) A, 0 = 98.91(3)“, 
monoclinic, space group P2Jc, Z = 4 (2); a = 
11.9274, b = 24.931(7), c = 16.495(13) 8, fl= 
92.58(5)“, monoclinic, space group PZ,/c, Z = 4 (3). 
Least-squares refinement based on 9067 (l), 7050 
(2) and 4300 (3) converged to R = 0.046 for I and 
0.074 for 2 and 3. All the phenanthroline derivatives 
are dinuclear with Rh-Rh distances of 2.5557(4), 
2.565(l) and 2.564(l) A in 1, 2 and 3, respectively. 
Structural features seem to emphasize the importance 
of the bridging ligands and van der Waals interactions 
in determining the Rh-Rh bond length. 

Introduction 

Transition metal complexes with 1, lo-phenan- 
throline (phen), 2,2’-bipyridine (bipy) and sub- 

stituted derivatives act as catalysts in several reac- 
tions [ 11. Regular trends of the activity as a function 
of the chelating system (chel) nature are generally 
observed, in particular with the unhindered methyl- 
substituted phenanthrolines [I]. 

Among the various reactions the transfer hydro- 
genations from alcohols, usually propan-2-01, to 
ketones promoted by Rh and Ir derivatives are of 
particular interest [2,3]. IQ) derivatives of the 
type [Ir(chel)(HD)X] (HD = 1,5-hexadiene, X = Cl, 
Br, I), for example, promote the reduction of the 
4-tertbutyl-cyclohexanone (4-TBCE) to the corre- 
sponding equatorial alcohol with high activity and 
selectivity (97% selectivity with chel = 3,4,7,8-Me4- 
phen) [3]; on the other hand rhodium derivatives 
of the type [Rh,(OAc)&(chel)z] or [Rh(HD)Cl], 
t chel promote the reduction of the same substrate 
to the corresponding axial alcohol (82% selectivity 
with chel = 4,7-Mez-phen) [2,4]. 

The activity and the selectivity, as a function of 
the nature of chel, observed in the case of the reduc- 
tion of 4-TBCE with propan-2-01, show a regular 
trend with the iridium complexes, and a mono- 
nuclear IQ) derivative has been suggested as active 
species [3]. Using the rhodium complexes, sur- 
prisingly, a dramatic change of both activity and 
selectivity has been observed on going from the 
4,7-Me,-phen to the 3,4,7,8-Mea-phen derivative, 
as can be clearly seen from the data reported in 
Table I. 

The differences experimentally observed with 
the two chelates cannot be easily explained in terms 

TABLE I. Reduction of 4-TBCE by Propan-2~1. Catalyst Precursor: [ Rh(l,S-hexadiene)Cl] 2 + chel 

chel PKa V(CO)a Cow. (%) OH ax. (%) 

phen 4.86 2016.7 17 77 
5,6-Me*-phen 5.60 26 77 
4,7-Phz-phen 4.84 2015.5 67 76.5 
4,7-Mez-phen 5.94 2015.4 93 82 
3,4,7,8-Me4phen 6.31 2015 8 30 

Reaction conditions: [Rh] = 2 X lo4 M; [4-TBCE]/[Rh] = 650; [chel]/[Rh] = 2; [KOH]/[Rh] = 18; (Hz01 = 0.1%; T= 83 ‘C; 
propan-2-01 = 50 ml. aA 1 symmetry v(C0) in [Mo(chel)(C0)4], see ref. 1. 
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of electronic and/or steric properties of the active 
site assuming mononuclear Rh(I) complexes as 
catalysts (see Scheme 1). 

Scheme 1. DH? = Hydrogen donor; A = Hydrogen acceptor. 

A possible explanation of the observed trend can 
be given assuming dinuclear clusters as active species, 
structurally related to the [Rhz(phen)Z(HCOO)l- 
CIZ] [5], with the phen molecules faced to each 
other and the propan-2-01 and ketone moieties 
coordinated to rhodium via their oxygen atoms. 

Going from the 4,7-Mez-phen to the 3,4,7,8-Me4- 
phen derivative the active species would decompose 
due to the excessive steric hindrance of the two 
faced 3,4,7,8-Me4-phen molecules; such a decompo- 
sition would favour the formation of a Rh(I) mono- 
nuclear species responsible for the equatorial alcohol 
synthesis. In agreement with this hypothesis, using 
the [Rhz(OAc)2(4,7-Mez-phen),Clz] complex as 
catalyst precursor instead of the Rh(I) system formed 
‘in situ’, a higher catalytic activity is obtained [4]. 
In contrast to rhodium, iridium does not appear to 
form dimeric carboxylate compounds [6]. 

Another possible explanation is based on the 
hypothesis of a nucleophilic attack of an iso- 
propoxo ion (favoured by the alkaline medium) 
at position 2 (or 9) of the N-chelate ligand, coor- 
dinated to rhodium, with formation of a mono- 
anionic chelate. Such an attack would be sterically 
unfavoured in the case of 2,9 and 3,8 substituted 
phenanthrolines (e.g. 2,9-Mez-phen and 3,4,7,8- 
Mea-phen) (see Scheme l), but possible for the other 
phenanthrolines. 

The hypothesis of nucleophilic attacks to co- 
ordinated bipy or phen ligands has been frequently 
proposed by Gillard [7] and other authors [8], 
in order to rationalize several anomalous kinetic 
and spectroscopic data observed for transition 
metal complexes containing such ligands. The in- 
creased steric hindrance of this catalyst could explain 
the preferred formation of the axial isomer, with 
respect to the equatorial one, in the reduction of 
4-TBCE. 

With the aim to verify the first above reported 
hypothesis about the nature of the active species, 
we report in this paper the synthesis and the struc- 
tures of three dirhodium(I1) compounds of the 
type [Rh,(OAc),(chel),(NMid)z](C104)2 (chel = 

phen, 4,7-Me*-phen, 3,4,7,8-Me4-phen; NMid = N- 
methylimidazole). The structural determination of 
such a series of complexes would allow the study 
of the Rh-Rh distance as a function of the steric 
hindrance between the faced chel ligands. 

Experimental 

Materials 
Rh(I1) acetate was purchased from Fluka AG. 

l,lO-Phenanthroline, 4,7-Mez-phen and 3,4,7,8-Me4- 
phen were purchased from Merck, ICN pharmaceut- 
icals and Janssen, respectively. All reagents were 
used as received. 

Synthesis of Complexes 

[Rhz(OAc)2C12(chel), / (chel = phen, 4, 7-Mez- 
phen, 3,4, 7P8-Mea-phen) 
To a methanolic solution of chel (1 mmol), 

0.257 g of [Rhz-(OAc)2]*4Hz0 (l/2 mmol) and 
1 mmol of HCl were added. The resulting solution 
was heated to reflux for 45 min and then cooled in 
ice. The brown solid formed was filtered off, washed 
with acetone and vacuum dried. 

lRWOAc)2 (@en)2 I& Oh/ 2’(PF~-)2 
The complex was obtained by addition of NH4- 

PF, to an aqueous solution of the chloro-derivative; 
on standing violet needles precipitated. 

lRh2lOAcl2(& (@en)21 
The complex was obtained as a microcrystalline 

red solid by addition of a stoichiometric amount 
of NaI to an aqueous solution of the chloro- 
derivative. 

[Rh2(OAc)2(chel)2(NMid)2 / 2+(C104-)2 fchel = 
phen, 4,7-Me2-phen, 3,4,7,8-Me,-phen) 
The chloro-derivatives were dissolved in CH30H- 

Hz0 (50%:50%) and treated with an excess of NMid; 
after addition of NaC104 orange microcrystalline 
solids precipitated from the solution. The elemental 
analyses (%) of all the synthesized compounds (C, 
H, N) were in good agreement with the calculated 
values. 

Crystal Data 
Crystals were grown by slow evaporation of an 

acetone-methanol-water solution. Space group and 
cell parameters were obtained by using Weissenberg 
and precession photographs. Unit cell parameters 
of all three compounds were refined and their inten- 
sity data collected on an Enraf-Nonius CAD4 
diffractometer using graphite-monochromated MO 
Ko radiation. Crystallographic data and other per- 
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TABLE II. Crystallographic Data for l-3 

1 2 3 

Formula ~db&@nC~zR”z C4&42bO1zChRb C44HsoWhC12Rh2 
Molecular weight 1047.4 1103.5 1159.6 
Crystal system triclinic monoclinic monoclinic 
Space group Pl p2 IlC p2 l/C 
a (4 10.737(5) 16.081(5) 11.927(4) 

b (A) 14.265(3) 14.040(2) 24.931(7) 

c (4 15.211(3) 20.390(4) 16.495(13) 
01 e, 71.66(2) 90 90 

P 0 69.99(3) 98.91(3) 92.58(5) 
Y (9 74.15(3) 90 90 

v (a31 2042(l) 4548(2) 4900(4) 
Z 2 4 4 
D,dc fig cmw3) 1.70 1.61 1.57 

A (A) 0.71069 (graphite-monochromated MO Kol) 
@(MO Ke) (cm-‘) 10.0 9.0 8.4 
Scan type w/28 w/2e w/28 
0 range c) 2.5-30 2.5-28 3-25 
Intensity monitorsa 3 3 3 
Unique data with I > 30(I) 9067 7050 4300 
Rb 0.046 0.074 0.074 
R WC 0.072 0.085 0.111 
Pd 0.02 -e 0.07 

-- 

aMeasured after each hour. 
F02]-‘. 

bR = ~:F,I - IF~II/ZIF,I. 
%=l. 

tinent information are summarized in Table II. 
Intensities were corrected for Lorentz-polarization 
factors and anomalous dispersion. An empirical 
absorption correction was also applied by using the 
scan data from close to axial reflections. 

Structure Determination and Refinement 
The structures of 1, 2 and 3 were solved by the 

heavy-atom method; the positions of the Rh atoms 
were determined from the Patterson map and were 
then used to phase Fourier maps which revealed all 
other non-hydrogen atoms. Hydrogen atoms of 1 
and non-methyl hydrogen atoms of 2 were included 
at calculated positions and held futed (B = 5.0 A’) 
during the final full-matrix least-squares refinement 
which converged to R = 0.046 for 1 and 0.074 for 
2 and 3. 

The electron density maps of 2 revealed that 
the oxygen atoms of the two crystallographically 
independent perchlorate ions were disordered or 
affected by a high thermal motion. Furthermore 
the N7-NMid group was found to be essentially 
oriented in two coplanar positions related by a rota- 
tion of 180’ around the Rh2-N7 bond. Thus N8, 
C34 and C33, C35 can be exchanged assuming 
half occupancy factors. Consequently C36 will 

CR, = [ zw(iF,l - IF,I)2/~wF02]“2. dw = [ 1 + 02(Fc,) + p- 

statistically occupy two positions, C36 and C36’. 
Different disorder models for the perchlorate 0 
atoms and the N7-NMid atoms did not refine satis- 
factorily. Eventually, these atoms were located in 
an average position and refined isotropically, allow- 
ing them to assume high thermal factors. Only C36 
was located in two positions (C36 and C36’) with 
half occupancy. The other structural parameters 
were not affected by the different disorder models. 

No disorder was found in the other two com- 
pounds, but, because of the small number of ob- 
served intensities in 3, anisotropic thermal factors 
were assigned only to Rh, Cl and 0, N coordination 
atoms. All non-hydrogen atoms of 1 were refined 
with anisotropic thermal parameters. 

Atomic scattering factors and anomalous dis- 
persion terms were taken from the literature [9]. 
All calculations were done by using computer pro- 
grams from the Enraf-Nonius SDP package [lo]. 
The final positional parameters for non-hydrogen 
atoms of 1, 2 and 3 are listed in Tables III, IV and V 
respectively. Selected bond lengths and angles are 
given in Tables VI and VII. Least-squares planes 
of interest are reported in Table VIII. See also 
‘Supplementary Material’. Figure 1 reports the 
numbering system used to define atoms in all three 
compounds. 
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TABLE III. Atomic Parametersa of [ Rhz(OAc)z(phen)z- 
(N-Mid)2](ClO& (1) with Estimated Standard Deviations 
in Parentheses 

Atom x Y z B (A’) 

Rhl 
Rh2 
Cl1 
Cl2 
01 
02 
03 
04 
05 
06 
01 
08 
09 
010 
011 
012 
Nl 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
Cl 
c2 
c3 
c4 
CS 
C6 
c7 
C8 
c9 
Cl0 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
Cl7 
Cl8 
Cl9 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
c29 
c30 
c31 
C32 
c33 

0.88181(3) 
0.84835(3) 
0.5582(l) 
0.7187(l) 
1.0262(3) 
0.9509(3) 
0.7325(3) 
0.6704(3) 
0.5505(6) 
0.4428(5) 
0.6329(7) 
0.6547(9) 
0.6618(6) 
0.8356(6) 
0.6239(S) 
0.756(l) 
1.0133(3) 
0.7503(3) 
0.9116(4) 
1.0029(S) 
1.0175(3) 
0.7699(4) 
0.7964(4) 
0.6596(6) 
1.0264(5) 
1.1280(6) 
0.6544(5) 
0.5299(7) 
1.1480(4) 
1.2256(S) 
1.1651(6) 
1.0244(5) 
0.9492(6) 
0.8158(6) 
0.741 l(5) 
0.6009(5) 
0.5420(5) 
0.6187(5) 
0.8 109(4) 
0.9535(4) 
0.8181(6) 
0.8732(7) 
1.0220(5) 
1.0991(9) 
1.1400(5) 
1.2476(5) 
1.2322(6) 
1.1016(5) 
1.0703(7) 
0.9429(7) 
0.8334(5) 
0.6972(6) 
0.6034(5) 
0.6396(4) 
0.8643(4) 
0.9990(4) 
0.8609(6) 

0.59151(2) 
0.77565(2) 
0.6294(l) 
1.1018(l) 
0.5699(2) 
0.7186(3) 
0.5825(2) 
0.7487(3) 
0.5721(6) 
0.6458(6) 
0.7032(6) 
0.5573(7) 
1.1969(S) 
1.1060(6) 
1.0649(5) 
1.0375(7) 
0.6007(3) 
0.6107(3) 
0.4276(3) 
0.2704(4) 
0.8067(3) 
0.8330(3) 
0.9200(3) 
1.0395(3) 
0.6332(4) 
0.6055(5) 
0.6605(4) 
0.6473(5) 
0.5877(4) 
0.5977(4) 
0.6200(4) 
0.6309(3) 
0.6509(4) 
0.6547(4) 
0.6398(3) 
0.6373(4) 
0.6223(4) 
0.6093(4) 
0.6246(3) 
0.6190(3) 
0.3682(4) 
0.2720(5) 
0.365 2(4) 
0.1815(6) 
0.7985(4) 
0.8221(4) 
0.8544(4) 
0.8670(4) 
0.9014(4) 
0.9140(4) 
0.8938(3) 
0.9084(4) 
0.8885(4) 
0.8506(4) 
0.8567(3) 
0.8423(3) 
0.9470(4) 

0.77412(2) 
0.77497(2) 
0.2861(l) 
1.1650(l) 
0.8409(2) 
0.8780(2) 
0.9021(2) 
0.8770(2) 
0.3802(4) 
0.2583(4) 
0.2464(7) 
0.2268(6) 
1.1873(5) 
1.0847(5) 
1.1485(5) 
1.2442(5) 
0.6425(2) 
0.6997(3) 
0.8070(3) 
0.8540(4) 
0.6703(3) 
0.6635(3) 
0.8156(3) 
0.8818(4) 
0.8823(3) 
0.9388(4) 
0.9232(3) 
1.0078(5) 
0.6180(3) 
0.5 216(4) 
0.4503(4) 

0.4740(3) 
0.4073(3) 
0.4347(3) 
0.5351(3) 
0.5721(4) 
0.6683(4) 
0.7318(4) 
0.6023(3) 
0.5717(3) 
0.8312(4) 
0.8576(6) 
0.8234(4) 
0.8829(7) 
0.6781(4) 
0.5966(S) 
0.506 l(5) 
0.4959(4) 
0.4055(4) 
0.4015(4) 
0.4883(3) 
0.4904(4) 
0.5772(4) 
0.6643(4) 
0.5764(3) 
0.5 796(3) 
0.8641(4) 

2.107(6) 
2.211(6) 
5.02(4) 
4.11(3) 
2.88(7) 
3.19(7) 
3.02(7) 
3.24(8) 
8.3(2) 
8.0(2) 

11.6(3) 
12.0(3) 
8.6(2) 

10.1(2) 
10.0(2) 
13.0(3) 
2.29(7) 
2.39(7) 
2.71(8) 
4.4(l) 
2.52(7) 
2.48(7) 
3.14(9) 
4.7(l) 
2.84(9) 
4.4(l) 
3.0(l) 
5.1(2) 
2.9(l) 
3.5(l) 
3.5(l) 
2.9(l) 
3.9(l) 
4.0(l) 
3.2(l) 
3.9(l) 
4.0(l) 
3.3(l) 
2.40(8) 
2.35(8) 
4.1(l) 
5.6(2) 
3.3(l) 
7.6(3) 
3.3(l) 
4.2(l) 
4.2(l) 
3.3(l) 
4.4(l) 
4.4(l) 
3.2(l) 
4.0(l) 
4.1(l) 
3.1(l) 
2.52(9) 
2.53(9) 
4.6(l) 

(continued) 
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TABLE III. (continued) 

Atom x Y z R (82) 

c34 0.7791(7) 1.0200(5) 0.9051(5) 5.5(2) 

c35 0.6755(6) 0.9773(4) 0.8271(4) 3.7(l) 

C36 0.540(l) 1.1129(6) 0.9115(6) 7.8(3) 

aAnisotropically refined atoms are given in the form of the 
isotropic equivalent thermal parameter defined as: (4/3)[a2- 
B(l,l) + h2B(2,2) + c2B(3,3) + ab(cos gamma)B(1,2) + 
ac(cos beta)B(1,3) + bc(cos alpha)B(2,3)]. 

TABLE IV. Atomic Parameter@ of (Rh2(OAc)2(4,7-Mez- 

phen)2(N-Mid)2l(C104)2 (2) with Estimated Standard Devia- 

tions in Parentheses 

Atom x Y z B (A’) 

Rhl 
Rh2 
Cl1 
Cl2 
01 
02 
03 
04 
05 
06 
07 
08 
09 
010 
011 
012 
Nl 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
Cl 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
Cl0 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
Cl7 
Cl8 

0.30543(4) 
0.17693(S) 
0.6060(3) 

-0.1421(3) 
0.2236(4) 
0.1258(4) 
0.3254(4) 
0.2340(5) 

0.685(2) 
0.575(l) 
0.578(l) 
0.6050(9) 

- 0.090(2) 
-0.112(2) 
-0.219(l) 
-0.150(l) 

0.2937(5) 
0.3861(5) 
0.4094(5) 
0.5352(6) 
0.1226(5) 
0.2220(5) 
0.0626(6) 

-0.0283(8) 
0.1568(6) 
0.1054(8) 
0.2905(6) 
0.3176(8) 
0.2483(6) 
0.2453(7) 
0.2892(6) 
0.3392(6) 
0.3914(7) 
0.4400(6) 
0.44 lO(6) 
0.4898(6) 
0.4873(6) 
0.4348(6) 
0.3908(5) 
0.3401(6) 
0.4097(7) 
0.4883(8) 

0.21665(5) 0.38343(4) 
0.26782(5) 0.43521(4) 
0.4568(3) 0.3953(2) 
0.1863(4) 0.2486(3) 
0.2215(5) 0.2956(3) 
0.3023(5) 0.3394(4) 
0.3602(4) 0.3765(3) 
0.3995(5) 0.4443(4) 

0.474(2) 0.393(l) 

0.439(l) 0.3279(8) 

0.538(2) 0.425(l) 

0.374(l) 0.4358(7) 

0.108(2) 0.261(l) 
0.245(2) 0.205(l) 

0.162(2) 0.217(l) 

0.226(2) 0.310(l) 

0.0758(S) 0.3979(4) 
0.2043(5) 0.4694(4) 

0.1892(5) 0.3256(4) 

0.1868(6) 0.2970(5) 
0.1386(6) 0.4310(4) 
0.2224(5) 0.5266(4) 

0.3303(7) 0.4688(5) 
0.391(l) 0.5 268(6) 
0.2676(8) 0.2909(5) 
0.285(l) 0.2215(6) 
0.4199(7) 0.4102(S) 
0.5237(7) 0.4084(7) 
0.0126(7) 0.3592(5) 

-0.0840(7) 0.3770(5) 
-0.1185(7) 0.4360(5) 
-0.05 14(6) 0.4769(5) 
-0.0763(7) 0.5386(S) 
-0.0097(7) 0.5761(5) 

0.0884(7) 0.5542(5) 
0.1605(8) 0.5908(5) 
0.2507(8) 0.5624(5) 
0.2708(7) 0.5011(5) 
0.1134(6) 0.4944(4) 
0.0435(6) 0.4560(4) 
0.1212(7) 0.2753(5) 
0.1190(8) 0.2570(6) 

2.67(l) 
3.1 l(1) 
7.9(l)* 
8.7(l)* 
3.9(l) 
4.2(2) 
3.6(l) 
4.2(2) 

21.1(g)* 
13.0(s)* 
17.2(7)* 
10.4(4)* 
20.3(8)* 
21.0(9)* 
19.7(8)* 
18.1(7)* 
2.7(l) 
2.9(l) 
3.1(2) 
4.2(2) 
3.1(2) 
3.2(2) 

5.0(2) 
7.2(3)* 
3.9(2) 
6.5(3) 
3.6(2) 
5.4(3) 
3.3(2) 
3.7(2) 
3.6(2) 
2.9(2) 
3.6(2) 
3.5(2) 
3.1(2) 
3.6(2) 
3.9(2) 
3.7(2) 
2.7(2) 
2.6(2) 
4.0(2) 
4.4(2) 

(cant inued) 
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TABLE VI. Selected Bond Distances (A) for 1, 2 and 3 TABLE VII. Selected Bond Angles (“) far 1, 2 and 3 

Atoms Compounds 

1 2 3 

Atoms Compounds 

1 2 3 

(a) Rh coordination 

Rhl-Rh2 
Rh-01 
Rh l-03 
Rh-Nl 
Rhl-N2 
Rhl-N3 
Rh2-02 
Rh2-04 
Rh2-N5 
Rh2-N6 
Rh2-N7 

(b) OAc groups 

Ol-Cl 
02-Cl 
03%c3 
W-C3 

(c) phen IigandP 

Nl -CS 
Nl-Cl6 
C5-C6 
C6-C7 
C7-C8 
C8-C9 
C8-Cl6 
c9-Cl0 
ClS-Cl6 
c7-c37 
C6 -C4 1 

(d) NMid ligandsa 

N3-Cl7 
N3-Cl9 
N4-Cl8 
N4-Cl9 
N4-C20 
C17-Cl8 

(e) Cl04 anion+ 

Cl-0 

2.5557(4) 
2.048(2) 
2.036(2) 
2.010(3) 
2.005(2) 
2.188(3) 
2.050(2) 
2.054(2) 
1.995(3) 
2.012(3) 
2.207(3) 

1.256(4) 
1.259(4) 
1.254(4) 
1.262(4) 

1.337(9) 
1.369(8) 
1.405(6) 
1.359(3) 
1.414(8) 
1.434(11) 
1.394(4) 
1.344(8) 
1.424(6) 

1.364(7) 
1.320(2) 
1.374(7) 
1.336(4) 
1.455(l) 
1.331(3) 

1.41(5) 

2.565(l) 
2.052(3) 
2.049(3) 
2.013(3) 
2.019(3) 
2.223(4) 
2.056(3) 
2.059(3) 
2.010(3) 
1.996(4) 
2.238(5) 

1.245(6) 
1.271(6) 
1.270(6) 
1.260(6) 

1.334(10) 
1.370(4) 
1.413(9) 
1.388(14) 
1.419(2) 
1.440(8) 
1.403(3) 
1.373(l) 
1.434(6) 
1.534(19) 

1.401(6)b 
1.321(5) 
1.396(7) 
1.363(6) 
1.500(6) 
1.374(7) 

1.38(4) 

2.564(l) 
2.032(8) 
2.058(g) 
1.99(l) 
2.00(l) 
2.18(l) 
2.066(8) 
2.070(9) 
2.03(l) 
2.01(l) 
2.23(l) 

1.25(l) 
1.25(l) 
1.27(2) 
1.24(2) 

1.328(15) 
1.361(25) 
1.408(7) 
1.378(28) 
1.399(25) 
1.434(5) 
1.384(28) 
1.334(23) 
1.482(18) 
1.515(12) 
1.538(25) 

1.401(l) 
1.294(22) 
1.376(l) 
1.348(37) 
1.490(23) 
1.355(31) 

1.39(7) 

aAverage values. The standard deviation of the mean is cal- 
culated by the ‘scatter formula’: [~l~f(di - J)2/(N - I)] 1’2. 
The sum is extended to all chemically equivalent parameters. 
bOnly values for the N3-NMid molecule are reported 
because of the disorder in the other molecule. 

chloro-derivatives dissociate in water at room tem- 
perature to give solutions of the dicationic aquo- 
derivatives with two axial water molecules; only the 
axial positions are labile and the coordinated water 
easily exchanges with monodentate ligands to give 
the corresponding derivatives. All the complexes 

(a) Rh coordination 

01-Rhl-Rh2 
Ol-Rhl-03 
01-Rhl-Nl 
03-Rhl-Rh2 
03-Rhl-N2 
03-Rhl-N3 
Nl --Rhl --Rh2 
Nl-Rhl-N2 
Nl-Rhl-N3 

N2-Rhl-Rh2 
N2-Rhl-N3 
02-Rh2-Rhl 
02-Rh2-04 
02-Rh2-N5 
02-Rh2-N7 
04-Rh2-Rhl 
04 -Rh2-N6 
04-Rh2-N7 
N5-Rh2-Rhl 
N5-Rh2-N6 
N5-Rh2-N7 
N6-Rh2-Rhl 
N6-Rh2-N7 

(b) OAc groupsa 

Rh-O-C 
o-c-o 
0-C-CH3 

(c) phen ligand? 

Rhl-Nl-C5 
Rhl-Nl-Cl6 
C5-Nl-Cl6 
Nl-C16-Cl5 

84.38(7) 
92.0(l) 
94.0(l) 
84.65(7) 
92.1(l) 
86.7(l) 
96.60(7) 
82.0(l) 
93.0(l) 
97.04(7) 
92.9(l) 
84.09(7) 
91.0(l) 
91.8(l) 
87.3(l) 
83.93(7) 
95.8(l) 
84.3(l) 
97.15(8) 
81.5(l) 
95.0(l) 
96.22(8) 
93.7(l) 

120.5(6) 
124.7(2) 
117.7(5) 

128.8(5) 
113.1(5) 
118.1(2) 
116.0(4) 

84.35(9) 
89.6(l) 
95.7(l) 
84.16(9) 
93.3(l) 
89.7(l) 
96.6(l) 
81.4(l) 
90.2(l) 

96.7(l) 
90.6(l) 
84.5(l) 
88.9(l) 
93.7(l) 
88.4(2) 
85.0(l) 
96.4(l) 
89.8(2) 
95.9(l) 
81.0(l) 
89.7(2) 
95.5(l) 
92.1(2) 

120.8(7) 
124.8(5) 
118(l) 

128.3(5) 
113.8(5) 
117.9(8) 
115.7(7) 

84.3(2) 
88.0(3) 
95.6(4) 
84.1(2) 
94.2(4) 
87.4(4) 
96.6(3) 
82.1(4) 
92.7(4) 

98.2(3) 
92.5(4) 
84.5(3) 
85.9(4) 
94.6(4) 
89.5(4) 
85.1(2) 
97.8(4) 
89.4(4) 
96.2(3) 
81.8(4) 
89.3(4) 
94.3(3) 
92.0(4) 

120.8(3) 
125.3(3) 
117(l) 

129(l) 
113.9(9) 
117.0(8) 
115.0(2) 

%ee footnote a of Table VI. 

air stable both in solution and in the solid state; 
however, the chloro-derivatives slowly react with 
an excess of chel. in alcoholic medium. to give deep 
green solutions very sensitive to dioxygen, probably 
of mononuclear Rh(II) complexes. 

Molecular Struchues 
The crystal structures consist of perchlorate anions 

and dirhodium cations in which the metal-metal 
bond is supported by two bridging acetate groups. 
The nitrogen atoms of the phenanthroline molecules 
coordinate to the rhodium atoms in tram positions 
with respect to the acetate oxygen atoms, so that 
they roughly face each other (Fig. 1). 

The NMid ligands complete the metal distorted 
octahedral geometry occupying axial positions, 
tram to rhodium atoms. The Rl-N (NMid) distances 



Dinuclear R h(II) Complexes 109 

TABLE VIII. Deviations (A) from Selected Least-squares Planes for 1, 2 and 3 

Plane Atoms and displacements 

Compound 1 

01,03, Nl, N2 
02,04, NS, N6 
01,02, Cl, c2 
03,04, c3, c4 
Nl, N2, C5-Cl6 

N5, N6, C21-C32 

Compound 2 

01,03, Nl, N2 
02,04, NS, N6 
01,02, Cl, c2 
03,04, c3, c4 
Nl, N2, C5-Cl6 

N5, N6, C21-C32 

Compound 3 

01,03, Nl, N2 
02,04, N5, N6 
01,02, Cl, c2 
03,04, c3, c4 
Nl, N2, C5-Cl6 

N5, N6, C21-C32 

01 -0.003; 03 0.003; Nl 0.004; N2 -0.004; Rhl 0.015 
02 0.011;04 -0.010; N5 -0.012; N6 0.011; Rh2 0.003 
01 0.004; 02 0.004; Cl -0.010; C2 0.003; Rhl -0.206; Rh2 0.493 
03 0.004; 04 0.004; C3 -O.O12;C4 0.003; Rhl 0.367; Rh2 -0.301 
Nl O.O57;N2 O.O68;C5 -O.O46;C6 -O.O87;C7 -O.O38;C8 O.O26;C9 0.04O;ClO 0.023; 

Cl1 O.O1O;C12 -O.O75;C13 -O.O83;C14 -0.007;Clj O.O59;C16 0.053;Rhl 0.148 
N5 0.064; N6 0.050; C21 -0.019; C22 -0.073; C23 -0.044; C24 0.001; C25 0.021; 

C260.029;C27O.Oll;C28 -O.O28;C29 -O.O72;C30 -O.O33;C31 0.041;C320.052; 
Rh2 0.183 

01 0.005; 03 -0.005; Nl -0.005; N2 0.005; Rhl -0.009 
02 0.009; 04 -0.009; NS -0.010; N6 0.010; Rh2 0.001 
01 -0.001; 02 -O.OOl;Cl 0.002; C2 0.000; Rhl 0.348; Rh2 -0.289 
03 0.002; 04 0.002; C3 -O.O06;C4 0.002; Rhl -0.236; Rh2 0.367 
Nl -0.032; N2 -0.042; C5 0.017; C6 O.O42;C7 0.010; C8 -0.016; C9 0.002; Cl0 0.000; 

Cl1 -O.O04;C12 -O.O08;C13 O.O44;C14 O.O31;C15 -O.O19;C16 -0.026; 
Rhl -O.l09;C37 -0.011; C38 -0.078 

N5 0.041; N6 0.041; C21 -0.027; C22 -0.065; C23 -0.005; C24 0.019; C25 0.002; 
C26 O.O03;C27 O.O12;C28 -0.018; C29 -O.O54;C30 -O.O23;C31 O.O37;C32 0.037; 
Rh2 O.l56;C39 0.060; C40 0.004 

01 0.018; 03 -0.018; Nl -0.019; N2 0.019; Rhl -0.022 
02 0.024; 04 -0.024; NS -0.026; N6 0.025; Rh2 -0.002 
01 -0.001;02 -O.OOl;Cl O.O03;C2 -O.OOl;Rhl 0.419;Rh2 u-O.183 
03 -0.004; 04 -0.004; C3 O.OlO;C4 -0.003; Rhl -0.082; Rh2 -0.576 
Nl -0.029; N2 -0.012; C5 0.053; C6 0.012; C7 -0.003; C8 -0.005; C9 -0.015; 

Cl0 0.015; Cl1 -0.010; Cl2 0.037; Cl3 O.O15;C14 0.000; Cl5 -O.O39;C16 -0.019; 
Rhl 0.007; C37 -O.O16;C38 0.034; C41 0.050; C42 0.032 

N5 0.121;N60.062;C21 -O.O05;C22 -O.l22;C23 -O.O95;C24 O.O2O;C25 0.016; 
C260.045;C27 O.O47;C28 -O.O25;C29 -O.l17;C30 -O.O76;C31 0.063;C320.065; 
Rh20.271;C39 -O.l73;C40 -O.O14;C43 -0.321;C44 -0.325 

chel; HCl 
Rhz(OAc)&W% _CH COOH * 

3 

r [Rh2(OAc)2(chel>2(L),1 2V’-_)2 
iL, Y-, 
-Cl_ 

[Rh2(OAc)2C12(chel)2 Jo 

[Rh2(oAc)2(X)2(chel)21 0 

Scheme 2. L = H20, NMid; Y- = ClO,, PF6; X- = I-. 

do not show any trend in going from 1 to 3 (average 
value, 2.21(2) A). 

The NMid molecules are differently oriented in 
the three compounds as well as in the same cation. 
This is clearly shown by the torsion angles around 
the Rhl- N3 and Rh2-N7 bonds, such as Nl-Rhl- 
N3-Cl9 and NLRh2-N7-C35: 70.7”, 132.0” 
(1); - 125.0”, 111.4” (2); - 124.7”, 88.3” (3). 
Furthermore they are tilted from perpendicularity 

to the relative coordination 02N2 planes as shown 
by the following dihedral angles: 78.2”, 76.5” for 
N3- and N7-NMid molecules respectively, in 1; 
84.8”, 87.5” in 2; 88.1”, 85.7” in 3. The Rh-Rh2- 
N7 and Rh2-Rhl-N3 bond angles are 165.30(8)’ 
and 167.02(7)” respectively, the Rh-N bonds being 
bent slightly away from the phen ligands. This 
indicates that the orientation of the axial ligands 
is essentially controlled by intermolecular contacts, 
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Fig. 1. ORTEP drawing of [ Rh2(0Ac)2(3,4,7,8-Meo-phen)2- 
(NMid)zl 2+ (3) showing atom numbering system (thermal 
ellipsoids at 50% probability). Carbon atoms are identified 
by their sequence number. 

just as found by Cotton and Felthouse for [Rh- 
(OAc)2(4-CNPY)~ 2, suggesting that also in this case 
the Rl-N bonding is purely of the u type [ 111. 

A comparison of some average dimensions in the 
Rhz(OAc)2 moieties shows that these are practically 
identical in all three compounds: Rh-0 2.047(8), 
2.054(4), 2.06(2) 8; C-O 1.258(4), 1.26(l), 1.25(l) 
8; Rl-Rh-0 84.3(3), 84.5(3), 84.5(3)“; Rh-O-C 
120.5(6), 120.8(7), 120.8(3)“; O-C-O 124.7(2), 
124.8(6), 125.5(7)” in 1, 2 and 3, respectively. 
These values are very similar to those found in 
Rh2(0Ac)4 complexes [6, 111, with the exception 
of the average Rh-Rh-0 bond angle which is nearly 
4’ narrower in the present complexes owing to the 
longer Rt-Rh distances (vi& infra). 

Bond lengths and angles of the phenanthroline 
molecules are comparable, within expedmental 
error, in all three compounds and conform with 
previously found values, both of the free [12,13] 
and coordinated molecules [ 12, 14, 151. 

The acetate groups are planar, but the Rh atoms 
are significantly out of these planes, on opposite 
sides (Table VIII). In 1, 2 and 3 they are inclined 
at each other by 87.5’, 83.8” and 72.5” respectively. 

In 1 the phen ligands are rotated about the 
Rh-Rh axis by ca. 20” from the eclipsed configura- 
tion (torsion angles: Nl-Rh-Rh2-NS, - 19.6”; 
N2-Rhl-Rh2-N6, -20.1’) in order to alleviate 

Fig. 2. ORTEP drawing of [ Rhz(OAc)2(4,7-Mez-phen)z- 
(NMid)212+ (2) (thermal ellipsoids at 50% probability) 
showing the staggering of the 4,7-Mez-phen ligands. For 
sake of clarity NMid molecules have been omitted. For the 
complete atom numbering see Fig. 1. 

repulsive interactions between the two ligands (see 
Fig. 2). The dihedral angle between the least-squares 
planes defined by each of the phen ligands is 9.4’, 
with the phen ligands approaching on the side of 
the nitrogen atoms (planes 2 and 4 of Fig. 3). On 
the other hand, the coordination planes defined by 
Nl, N2, 01, 03 and N5, N6, 02. 04 are inclined 
at 16.9” in order to draw closer the oxygen atoms 
and favour the bonding of the acetate bridges (planes 
1 and 3 in Fig. 3). 

In 2 and 3 the substituted phen ligands are twisted 
around the Rh-Rh axis by 17.8” and 16.0”, respec- 
tively. Torsion angles Nl-Rhl-Rh2-NS and 
N2-Rh-Rh2-N6 are - 17.5”, - 18.0” in 2 (Fig. 2) 
and - 15.6’, - 16.3” in 3. The coordination 0zN2 
planes are inclined at 15.7” and 15.8” in 2 and 3 
towards the OAc ligands, while the 4,7-Me2- and 
3,4,7,8-Me4-phen ligands form dihedral angles of 
9.0” and 10.4”, respectively. 

This shows that the overall arrangement of the 
phen ligands is determined by the constraints im- 
posed by the bridging OAc groups and van der Waals 
interactions, in which the attractive terms play an 
important role too. In fact the closest intramolecular 
contacts are scarcely greater than the sum of the 
van der Waals radii of the non-bonded atoms. 

This kind of ligand arrangement is similar to that 
found in [Rhz(OAc),(dmg),(PPh,)2], where the 
dimethylglyoximato (dmg) ligands are rotated around 
the Rh-Rh bond by 20” from an eclipsed configura- 
tion and form a dihedral angle of ca. 15” [16]. 
The Rh-Rh distance of 2.5557(4) ,& found in [Rhz- 
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Fig. 3. ORTEP drawing of [Rhz(OAc)z(phen)#JMid)?]‘+ (1) (thermal ellipsoids at 20% probability) emphasizing the tilting of 
various atom planes. 1 and 3 are the traces of the equatorial coordination planes through Rhl and Rh2, respectively; 2 and 4 are 
the traces of the mean planes through the two phen ligands. 

(OAc),(phen)z(NMid)z] 2+ (1) is only slighter shorter 
than that of 2.561 A found in the neutral complex 
[Rh2(OAc2(phen)2C12] [ 171. This could indicate 
that the Rh-Rh bonding is scarcely affected by the 
substitution of the Cl- ligands with neutral NMid 
molecules. Similar distances have been also reported 
for the Rh2 format0 complex: [Rh2(02CH)2(phen)2- 
Cl21 (2.577 A) [5]. 

Some information about the influence of the chel 
nature on the Rh-Rh distance can be obtained from 
the comparison of the structural parameters of 1 
with those of the strictly related 4,7-Mez-phen 2 
and 3,4,7,8-Me4-phen (3) derivatives. In 2 the Rh-Rh 
distance is increased from 2.5557(4) 8, of 1 to 
2.565(l) A. This can be explained in terms of the 
increased bulkiness of the methyl substituted phenan- 
throline and the increased negative charge density 
on the rhodium atoms [l]. On the contrary, no 
lengthening is observed on passing from 2 (2.565(l) 
A) to 3 (2.564(l) A), in spite of the increased 
bulkiness and basicity of the latter ligand. This 
suggests that the Rh-Rh bond distance is finally 
controlled by the ‘bite’ of the bridging acetate ligands 
which prevents further lengthening of the metal- 
metal distance. This hypothesis is supported by the 
deflections of the equatorial planes and the marked 
deviations from planarity of the Nl,N2 3,4,7,8- 

Me,-phen ligand (Table VII) forced to ‘face’ the 
other 3,4,7,8-Mea-phen molecule by the constraints 
of the acetate ligands. 

As a matter of fact, the Rl-Rh distance increases 
on passing from [Rh(OAc)?12 (range: 2.385(5)- 
2.4555(3) A) [6,9] or [Rh2(OAc)2(oxypyridine),l 
compounds (range: 2.365(l)-2.388( 1) a) [ 181 
to [Rh2(OAc)2(phen)2] derivatives (mean: 2.558(3) 
A) and [Rh2(OAc)2(dmg)2(PPh,)2] (2.6 18(5) A) 
[ 161, up to 2.936(2) 8, in [Rh2(dmg)4(PPh3)2] 
[ 191. It seems likely that this trend is essentially 
due to the steric hindrance of the chelate ligands 
and to the number of the bridging acetate groups. 

Conclusions 

From a general point of view it can be said that 
the stability of the Rh-Rh bond in these complexes 
is mainly due to the presence of the bridging acetate 
groups. The introduction of one bidentate chelating 
system (e.g. dmg or phen) in the coordination sphere 
of each Rh atom, discplaces two bridging acetate 
groups and weakens the Rh-Rh bond. As a con- 
sequence the metal-metal bond length increases, 
but such a lengthening is controlled by the ‘bite’ 
of the two remaining bridging ligands. 
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The introduction of a second molecule of chel 
displaces the two remaining acetate groups to give 
a planar arrangement of the two chelates around the 
rhodium atom in the case of dmg ligand and the 
Rh-Rh bond length reaches the maximum observed 
value. On the other hand, the introduction of a 
second molecule of phen, or of substituted deriv- 
atives, probably causes the cleavage of the Rh-Rh 
bond to give mononuclear paramagnetic Rh(II) 
derivatives. In fact, with these chelates the planar 
arrangement of two chel units is unstable, due to 
the strong steric interactions between the hydrogens 
in 2 and 9 positions. 

The structural data reported in this paper, and 
in particular the essential role played by the acetate 
‘bite’ in stabilizing the Rl-Rh bond, allow us to 
rule out the hypothesis of dinuclear species, struc- 
turally related to those here reported, as catalysts 
in hydrogen transfer reactions from alcohols to 
ketones. Work is in progress concerning the hypo- 
thesis of a nucleophilic attack to the coordinated 
chelate ligand. 

Supplementary Material 

Anisotropic thermal parameters, hydrogen atom 
coordinates and tables of observed and calculated 
structure factors are available on request. 
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