Pure & Appl. Chem., Vol. 61, No. 5, pp. 795-804, 1989.
Printed in Great Britain.
© 1988 IUPAC

Structure and reactivity of rhodium(ll) complexes

Florian P, Pruchnik

Institute of Chemistry, University of Wroctaw, 14 Joliot
Curie Street, 50-383 Wroctaw, Poland

Abstract - Complexes containing the Rh b+ core are extensive~
ly investigated both from the theoretical and practical points
of view. Propertles4 reacté¥|ty and glectronic structure of n
complexes W|th Rh , Rh and Rh : [Rh oX (OOCR)z(N -N) 51
and [Rh,{OOCR) n=1,0,%1) are diScussed. T%e calcOlations
confirméd the reasonable stability of [RhZ(OOCR)A] compounds.
The effect of axial and equatorial l|igands on electronic
structure of complexes and on stability of the Rh-Rh bond was
investigated. Assignment of the J(Rh-Rh) stretching frequen-
cy is discussed on the ground of the normal coordinate analy-
sis and potential energy distribution calculations. The redox
reactions of complexes under study were examined. Their cata-
lytic properties in reduction reactions of olefins and keto-
nes were investigated. The mechanism of formation of cataly-
tically active complexes is discussed.

INTRODUCTION

The chemistry of rhodium is among the most diverse of alil the transition me-
tals and is being vigorously investigated at the present time. The most com-
mon oxidation states of rhodium are +1 and +3. The monomeric rhodium(1t!) com-

pounds are unstable, contrary to the dimeric rhodium complexes containing

the rhodium-rhodium bond. Among them the most important are the ha(OOCR)4
carboxylates and their analogs. The studies of these compounds led"to the cre-
ation of chemistry of the new oxidation states of the other platinum metals,
that is, Ru(l), Os(l), Pt(I11l). The development of chemistry of the rhod-
jum(11) dimers observed recently, is due to the interest in the theory of the
electronic structure of clusters with the single metal-metal bond, their spec-
troscopic properties and reactivity as well as their possible practical appli-
cations (ref. 1-3). Binuclear rhodium(!!) complexes are effective catalysts

in reduction of olefins and ketones and in oxidation of alkenes and alkyl-aro-
matic hydrocarbons; they also catalyze the reactions of the diazo compounds
with RXH (X=0,S5,NH) and with olefins to produce cyclopropane derivatives.

They are the catalysts of silylation, of the photocatalytic decomposition of
water, etc. The rhodium(ll) carboxylates ha(OOCR)4 are also the most promi-
sing antitumor compounds.

The majority of the rhodium(11) complexes contalns bridge ligands, most fre-
quent |y the carboxylate ligands [Rh,(p-O0CR) , where LL is the LeW|s base
The compounds containing esther Iower number o% bridges, e.g.: [Rh,(OAc)
(py) ,ICFSO,, (ref. 4), [Rh,X,(OOCR),(chel) ] (X=Cl, Br, I,; R = H.fle . CHTOH)-
C6H5 che|—2 2-bipyridine %bpy 1, %O phenanthrollne (phen) and its deriva-
trves) (ref. 5-9), oz+not contalnlng bridge ligands, e.g. thz(dmg) 1
(ref. 1-3), ERh L (ref. 4,11) are also known. The Rh- Rh bond length de-
pends upon the numger and propertles of the bridge ligands. For complexes
with 4 br|dge Ilgands the value of bond length lies in the limits from 235.9
pm for Rh mhp (mhp = 2-oxy-6-methylpyridinate) to 249 pm for rRh (H PO )
?n the complexes with two RCOO bridges the Rh-Rh distance IS 555
26% pm ref 9,12,13); in the bridge-free compounds it changes from 262.5 pm
for ha(szsz 4)2 3C6H6 to 293.6 pm for [ha(dmg)A(PPhB)ZJ -C3H7OH HZO
The Rh-Rh bond in all rhodium(!l]l} dimers is now assumed to be single, al-
though the distance between the rhodium atoms was found to vary within very
broad limits. This was confirmed by the extended Hlickel (ref.14), SC% X¢ SW
(ref. 15) and ab initio {ref. 16,17) calculations, which gave the
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5*2ﬂ%5’62ﬂ462ﬂ*45*2 and @ 82qx 4 §x2q2 electronic configurations. The
results indicate that the electronic structure depends on the nature of not
only axial, but also of other Iigands. Somewhat doubtful is also the assign-
megﬁ of the Y(Rh,) stretching yﬁbration, which was estimated to be about 300
cm (ref.18) or“as 150-180 cm (ref.19,20).

THE STRUCTURE OF Rh,;X,(OOCR),(N-N), COMPLEXES

In order to gain some additional! information about the properties, structure
and reactivity of the Rh(ll) complexes, we have studied the Rh2X2(OOCR)2(N—N)

_dimers (1 : X = Cl, R=H, N-N=bpy; 2: Cl, H, phen; 3: Br, H, phénj 4y Cl Me, 2

bpy; 5: Br, Me, bpy; 6: I, Me, bpy; 7: Cl, Me, phen; 8: Br, Me, phen; 9: |,Me
phen; 10: Ci, CH(OH)Ph, bpy; 11: Br, CH{OH)Ph, bpy; 12: |, CH(OH)Ph, bpy;
13: CI, CH{OH)Ph, phen; 14: Br, CH(OH)Ph, phen; 15: T, CH(OH)Ph, phen) and

. Rh, (OOCR), (H,0) (167 R=H; 17: R=Me; 18:
R=&H(OH)Pé) %re%.5—10).The exchange of ligands,

both axial and equatorial ones, allows the eluci-

dation of the relation between the properties of

/////C\\\\\ R complexes and the nature of ligands and the compa-
0 /6’ rison of the properties of complexes under the
/////C\ study with those of Rh,(OOCR), complexes.The stru-
0 \\\O cture of complexes wit% two carboxylato ligands
/// /// is shown in Fig.1. The Rh-Rh distance for |[Rh CI2-
A " o (00CH), (phen) T (ref.5,9), [Rh,CI (OOCH)E(bpy?Z]-
Rh 4h,0 fret.9,21), JRn,C1,{0GCCA(0A)C ) 5 (bpy) 51
/ / 6H,O(ref.22), [Rh, (OAE) ?phen) {mid) ]?c?o )
N N (mid = N-methylimldazole)(ref.%3),[R%z(OAc "
K’ \\/ (3,4,7,8-Me,phen),(mid),](C10,), (reff 13) &nd
N N [Rh, (0Ac) 4 ¢ mg)z(gPh )2?-H20(see ref. 1-3) are
Fig.1. Structure of the equil to 257.6 Bm, 23728 ph, 257.0 pm, 255.6 pm
[Rh XZ(OOCR)Z(N—N)Z] 256.4 pm and 261.8 pm, respectively.

comp | éxes.

The Rh-0 distance are somewhat longer (up to 4 pm)
than in [ha(OOCR) ] complex§§, while the Rh-C! distance is by 7-9 pm shorter
than in the“[Rh (OéCMe) Clz] dimer. The Rh-Rh bond lengths in complexes
with two bridge§ exceed by“ca. 17 pm those in the appropriate [Rh (OOCR)AJ
tetracarboxylates. In order to elucidate the electronic structure of [RhZX -
(OOCR), (N-N},] (N-N=bpy, phen) complexes, and to compare it with the stric*
ture o% Rh (6OCR) compounds, we have performed the calculations of the elec-
tronic stricture of complexes 16, [gbzx (OOCH)2(HN=CH—CH=NH) ], (X =cl, Br,
1) and [Rh,(OOCH) , (HN=CH-CH=NH] L, ] (8 = H,0% NH,, PH,, As)gls) by the Fen-
ske-Hall méthod (Fef.23). For dlaquatetrafgrmﬁtogirhadiuw(lI) the following
molecular orbitals sequence was achieved:6° 7" 6% §%% T** (ref. 24), that

TABLE 1. Some upper valence energy levels (eV) and charge distributions.

Rh, (00CH) , (H,0), Rh,C1,(00CH) 5, (C,N,H, ) 5 Rh,Br, (00CH) 5 (C,N,H, )
DAh energy % charge C2v energy % charge CZV energy % charge
level 2Rh ligands | lével 2Rh ligands | level 2Rh | igands
Sa1 -11.25 77 23 13a -13.96 57 43 13a -13.04 64 36
g 19 ¢ g |
Be -10.73 81 19 T4a -12.84 54 46 1b4a -12.54 56 L
sTu a7 1 5T 1
2b2 - 9.96 91 9 11b -12.33 71 29 11b -12.00 75 25
5 <9 72 7T 2
2b1 - 7.80 75 25 13b -11.29 45 55 13b -10.86 63 37
5* u ﬁ-x- 1 Bid 1
5 - 7.76 90 1 -10. -10.
ﬁsg 0 1ga1 10.61 75 25 1§a1 10.43 76 24
432 - 2,39 82 18 15b1 - 9.33 68 32 'IOa2 -10.31 46 54
c*cH b* I
4b 0.36 68 32 11a2 - 9.16 50 50 '|5b,I - 9.10 62 38
¢ *RHO T I
5b 0.48 64 36 18a - 7.33 17 83 18a - 7.03 15 85
§*RRo J*NG v
16b - 6.51 24 76 16b - 6.29 24 76
v T*NG
'|7b1 - 2.85 63 37 17b - 2.97 60 40
& L 1
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complexeszwita gzo agd yH tEe sgquence ofpjhe molecular orbitals is the fol-~
lowing 7. 7T2 (1 Jﬁ* § }é* 5 *(NC) JU,*(NC) 6 *, Because of the increase
of the &-donbr properties Gf axial ligands Tn the order H O‘<NH3< PH ~<AsH3,
the mixing of the orbitals of axial I|igands and those of %,A—diaza-1,3—butadi—
ene with d_, orbitals is greater. This,6 |eads because of considerable destabili-
zation of fhe ¢ and 6* orbitals OfZREE

al cgre tozt ezipllowing orbital order
for complexes with PHy and AsHy s T05° JT,* §°T,* 6 & T, *(NC) JT,* (NC)O*. The-
se calculations supply the exp?anation o} the greater &h—Rh bond length in com-
plexes with phosphines and arsines as axial |igands, as compared with complexes
conégining the oxygen and nitrogen axial ligands. Calculations performed for
Rh comp lexes, namely, for [Rh,(OOCH), (H,0) and [Rh.X,{00CH) , (HN=CH-

] (
CHgNH) 7 suggest, that these compounds sh%ul% be ratherzs%able, dlthough they

should show very,stro reduction properties.,Elegtron,cogfigugatigns here gre
the following: 62 J* 52 W*g §+2°¢4" and céﬁ 27 252 *2 S9 JZZ*E 6*§ T *(Nc)er
T,*(NC) &*, respectively. The results of calculdtions were confirmed by the
eléctronic absorption spectra (ref. 6,8) (Table 2). Like in the case of the_ fet-
racarboxylato complexes, the spectra of RhZXZ(OOCR)Z(N—N) show at 18000 cm

a weak band (€ ~200 - 400) assigned to the“s*(Rh,)="6*(Rh=0) transition (ref.19);
according to our expectations, its energy exceeds that of the transition In
Rh,(OOCR), since the T*(Rh,) orbitals are stabilized becguse of interaction with
gra orbitals of the nitrogén figands. At about 22000 cm an intensive band is
observed, which could be assigned to the 6(Rh,)—~ *(N=C) transition, that is to
the MLCT transition, i.e. to the electron trafisfer from rhodium to the empty jr*
orbitals of the nitrogen ligands (bpy or phen). Again, as in [Rh (OOCR)AX ]
complexes (ref. 19}, the ligand to metal charge transfer bands G%Rh—X)*d* Rh
at 37000, 32000 and 25000 cm were discovered for the chloride, bromide and
iodide complexes, respectively (ref. 6,8).

5)

TABLE 2. Electronic spectra of [haxz(OOCR)z(N—N)ZJ complexes.

Comp | ex Bands pm | (£:1072, M Tem™ 1)
Solvent
1, H,0  1.79(2.20), 2.42(21), 2.86(35), 3.08(68), 3.30(181), 3.77(345),
2 3.92(366)
2, H,0  1.775(2.30), 2.50(26), 2.78(40), 3.74(367), 4.03(397), 4.48(428)
7' H20  1.76(2.60), 2.45(27.5), 2.76(45), 3.71(350), 3.97(466), 4.44(466)
13, EOH  1.80(4.00), 2.30(30), 2.65(53), 3.23(230), 3.66(394)
37, MeOH  1.80(3.30), 2.33(33), 2.60(55), 3.03(166), 3.24(219), 3.66(320)
72, MeOH  1.83(7.50), 2.21(67), 2.50(144), 2.79(134), 5.25(126, 3.58(2.30)
3.79(207), 3.86(198)
13, EtOH  1.80(3.70}, 2.30(32), 2.63(54), 3.29(188), 3.55(275), 3.68(319),
3.86(396).
14, MeOH  1.80(2.00), 2.31(25), 2.62(42), 3.15(117), 3.79(192), 3.89(265)
75, MeOH  1.81(4.20), 2.22(50), 2.55(92), 2.80(37), 3.31(102), 3.88(278)
REACTIVITY

Calcutations for [RhZXZ(OOCH) (HN=CH-CH=NH) ,1 and [Rh,{0Q0CH), (H 0)2] suggest
that during the reduction of %he former, thé unpaired electron sholild be loca-
ted on the T*(N=C) orbital of 1,4-diaza-1,3-butadiene, whereas in the latter on
the antibonding *(Rh,) orbital, with only minor contribution from @*(Rh-L).
The studies of reductfon of 1,2,10,16,17, and 18 comgéexes in polar solvents
(ch,0D, CD,COCD, and DCON(CD3) by radiolysis using Co g-rays (ref. 27) reve-
aleg, that“theiF reactions w:t% the reducing radicals formed at irradiation

at 77 K, produced the comp|exes (Rh, (OOCR) (H,0),_ (solv)_ 1 and [Rh Xo n
{(OOCR)} ,(N-N),{(solv) ! , becausé owing to“thé strong trans-influence of the
Rh-Rh gond, %he axial ligands are easily substituted by solvent molecules or

by ?Eh%5+ligands. Monomers [RR{OOCR),L 1 (R = H, CH{CH)Ph) and [thm(OOCR)—

L1 are also formed. In the caSe of rhodium(ll) acetate, at the liquid
nftrogen temperature only [Rh,(OAc),Iwas formed (ref. 27), in which an elec-
tron is located on the ¢* orbTtal and both rhodium atoms are equivalent.

Under annealing of the frozen solutions at first only several bridge bondings
are broken; next follows the formation of a dimer with an unpaired electron
localized on one of the rhodium atoms, and finally, the dissociation of the
compound to the Rh{!!} and Rh(!l) complexes.
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In the case of the Rh{Il) formate and mandalate the irradiation is followed
not only by the reduction of complexes to [RhZ(OOCR) ] but also their disso-
ciation, with formation of Rh(Il) monomers, b&cause df the break of the Rh-Rh
bonding.

77 K _
2[Rh2(OOCR)A] _— [RhZ(OOCR)Al + 2[Rh(OOCR)21

R=M g, =2.230, g,=2.00 g,=2.532, g,=2.064,

93 =2.00
R=CH(OH)Ph 3L=2.241, g, =2.00 g1=2.512, 92=2.046
93=2.OO
130 K 150 K (1)

[ha(p-OOCR)Z(OOCR) 17— f(RCOO)Rh(p-OOCR)Rh(OOCR)Zl_ —_—
R=H gx=2.304, gy=2.230

[Rh(OOCR),1  + [Rh(OOCR)Zl“

2

Paramagnetic Rh 3+ and mononuclear Rh(1]) compounds are stable only in frozen
solutions. The melting of solutions results in their immediate decomposition.
Electrochemical reduction of 18 in methanol is an irreversible process, as it
was demonstrated by cyclic voltammetry measurements (ref. 10). The formed
Rh{11)-Rh{l) complex most likely reacts immediately with the solvent. Electro
reduction gives two reduction peaks, while it does not show the coupled oxida
tion peaks on the backward sweep. |f the cathodic sweep direction is reversed
at any point beyond the first reduction peak, the current returns through the
cathodic (or inverted) peak at approximately the same potential as the for-
ward peak. A reasonable explanation for the inverted current of the reverse
cyclic sweep is that the adsorbed 18 complex is either desorbed or reoriented
at potentials beyond the reduction peak, and then readsorbed and reduced when
the potential is made more positive again. The inverted peak may also be at-
tributed to amalgam formation of the reduced complex with the mercury drop
electrode. The compound Rh(11)Rh{l)} is much more stable in the aprotic sol-
vent, DMF. The cyclic voltammetry studies revealed its quasi-reversible reduc
tion on the mercury drop electrode to 18 , the half-wave potential is -1.85

V vs .SCE (ref. 31). Quasi-reversible reduction points out to the probable
considerable structure changes_of the 18 complex. The magnetic moment of
electrochemically generated 18 <complex, determined by the Evans method, is
at 302 K equal to 1.72 B.M, The ESR spectrum of 18 in DMF consists of one
broad signal at g = 2.40. The 94 éalue for the 18 complex obtained after

radiolysis of 18 in DMF using Co #~rays at 77 K is equal to 2.247. The_
difference is most likely due to the different complex structure. In the 18
compound obtained at 77 K the electron is localized on both rhodium atoms. It

was suggested that annealing of 17 at higher temperatures (130 K) caused

splitting of acetato bridges and formation of [MeCOORh(p-00CMe)Rh(00CMe) 1"~
complex with g = 2.32 and g = 2.25 (ref. 27). In the DMF solution the i§
complex is more stable, but Yts structure is most |ikely similar to that pro-
posed for an acetate, i.e. with one or two mandalato bridges and with an elec

tron localized mainly on one of the rhodium aioms. The 18 complex in DMF solu
tion is reversibly oxidated at SMDE to the 18 compéax TE1 5 = 0.175 V wvs
SCE). Reduction of 1, 2 and 10 by radiolysis using Cod*—(ays in CDSOD and
DCON(CD,4), solutions at 77K_leads to the formation of axially symmet¥ic anio-
nic complexes 1 , 2 and 10 with g values 2.200, 2.200 and 2.185, respec-
tively. In these complexes the electron is located primarily in a combination
of d_. orbitals. This was confirmed by the presence of a poorly defined trip-
let fn 10 in DMF after annealing to ca. 100 K (A value is ca. 0.4 mT). Heat-
ing of samples in the range 77 - 140 K yields the new compounds with g, valu-
es 2.244, 2.244 and 2.230, respectively. They are, most likely, dinuclear
complexes with nonequivalent rhodium atoms. In the case of 1 the intensity
ratio of signals with g, = 2.200 and g, =2.244 declines linearly in the tempe
rature range 77 - 130 K. The content of the complex with the electron |ocated
on_both_rhodjum atoms decreased to zero at 140 K. The ESR spectra of 1, 2 ,
10, 16 , 18 (ref. 26) and 17 (ref. 27) only slightly depend on the nature
of the solvent. The g values for these complexes in CD,0D, DCON(CD,), are the
same. This is consistent with relatively low sensitivi?y of half-wavé poten-
tials for reduction of tetrakis(N,N'-di-p-tolyl|formamidato)dirhodium(ll) to
the Gutmann donor number of solvent (ref. 28). Continuous heating of a solu-
tion up to the room temperature allowed the observation of the paramagnetic
compounds with g = 2.00. We believe that it is a complex with the unpaired
electron located in the orbital of 2,2 -bipyridine ligand. The confirmation
of such supposition is the formation of the analogous compound under electro-
lytic reduction of 1 in DMF as a solvent. These results were next supported
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Iy which

by calculations of electronic structure of IRH XE(OOCH) (HN=CH—CH=NH)2
H

revealed that the LUMO orbital was thejT*(HN=C%— =NH) &rbital.

VIBRATIONAL SPECTRA

Rhodium{i1) complexes IRh,{OOCR)},L.| and RhZXZ(OOCR)Z(N-N) are typical exam-
ples of a strong metal—megal singlé bond. One"of the"most ?undamental indica-
tors of bond strength is the stretching frequency and derived force constant
of the M-M bond. Rhodium(11) complexes with two carboxylate bridges are attra
ctive objects for investigations, because the Rh-Rh distance here exceeds by
about 17 pm that in Rh,{O0OCR),, which should facilitate the interpretation of
the results and comparison be%ween these two groups of compounds. The normal
coordinate analysis (NCA) and potential energy distribution (PED) calculations
were performed for the Rh,O,N,Cl, dimeric molecular system of the C symmetry
which is common for compléxes under investigations (ref. 32). The ciYculations
show a high degree of coupling inside the Rh OAN4CI core. The strongest mix-
ing occurs between (Rh-Rh) and (Rh-X) moées of %he linear X-Rh-Rh-X skele
ton. In Table 3 the variations of the PED and frequencies as a function of

K hRh values for selected symmetry coordinates are given. These data revealed
tREE  the and (A)) frequencies are the result of the (Rh-Rh) and (Rh-Cl)
interaction. For %he strong Rh-Rh bonds (KRh_Rh=1.85mdyne A ') the contribu-
tion of the Rh-Rh stretch is.greater, while in the case of the Ky, _ values
lower than ca. 1.15 mdyne A the contribution of Rh-Cl stretch is prgqominant
The calculated and values change within the |imits 293 - 230 cm

A reverse situation is #ound for and frequencies. In the case of the
strong rhodium-rhodium bonds the contribuziog of Rh-Cl stretch is dominant

and for the low KRth values ( 1.35 mdyne A ') _the Rh-Rh stretch is predomi-
nant. These frequencies are equal to 180-150 cm . From these calculations it
follows, that in the dimeric rhodium(1il) complexes none of the observed fre-
quencies was the pure rhodium-rhodium stretch, whose contribution of the 3
and 4 and 6 and frequencies is different in dependence on the Rh-Rh dis-
tance, naturé of axial ligands, and, to some extend, of equatorial |igands.
All these factors determine the (Rh-Rh) energy. The (Rh-Rh) frequency in
the case of strong Rh-Rh bonds should be assigned to the band in the range

260 - 300 cm ', _wyhile in the case of weak Rh-Rh bonds to the band in the re-
gion 110-170 cm (Table 3).

TABLE 3. Variation of PED and wavenumbers with KRth for selected symmetry
coordinates.

-1
Vin cm -
PED in % KRth—1.85 1.55 1.25 0.95 0.65 0.35
Ya™ Y, (A) V3:293.38 278.68 264 .46 74:251.23 239.75 230.59
55 ytRRCI) 30.07 36.54  45.21 56.27  68.91 80.98
S, Y(RhRh) 62.40 55.98 47.71 37.52 26.25 15.74
Sa*+S4+S.,a*tS. j0ut-
o%-p?angobegging 7.39 7.38 7.03 6.19 4,84 3.26
Vg™ (A) V6:180.49 176 .44 170.42 162.20 150.54 ¢7:137.49
53 VZRh&I) 53.61 43,36 30.55 16.48 4,61 0.01
ST P(RhRh) 28.69 34.74 41,41 46,32 43.63 19.29
Sa+tSqtS.,4*S 16.82 21.00 27.16 36.40 51.15 79.79
8 Y9 Y10 “11
V8(A ) 122.29 121.92 121.34 120.25 117.71 109.55
53 VaRhCI) 14,44 14,84 15.71 17.14 19.13 14,32
S, P(RhRh) 3.42 4,65 6.97 12.30 28.83 77.19
Sa*+So*S,~*S 81.88 80.03 76.86 69.80 50.79 6.19
8 V9 Y10 11
925(8 ) 220.58 220.58 220.58 220.58 220.58 220.58
S28 YIRhCI) 94.51 94.51 94.51 94.51 94.51 94,51
The results of the NCA and PED calculations, as well as the band assignments

(Table 4) are consistent with the data reported recently by Miskowski et.al.

(ref, 18). The force constants for IRhZXZ(OOCR)z(N—N) I are consistent with a
new comprehensive relationship between“férce cofnstantS and bond distances

(ref. 18).



Structure and reactivity of rhodium(ll) complexes 801

TABLE 4. The comparison between the calculated and observed wavenumbers for
vibration of the X-Rh-Rh-X skeleton.

Force constgnts The lines observed near
Complex |in mdyne A The calculated wavenumbers| the calculated values

“RhRn  MRnCI|V3/4 (A1) Yes7(AY) Vas(B)| Vi Ve V25
a1 AHZO 1.62 0.65 281 176.5 220.6 | 281,282 166,180 214,232
2 1.69 0.65 284 177 220.6 278,286 166,179 202,235
7 ~2H20 1.68 0.65 283 178 220.6 276,288 168,180 210,225
jg*ZHZO 1.55 0.65 278.7 175 220.6 | 275,280 170,182 209,225
1§°4H20 1.60 0.65 279.5 176 220.6 | 276,284 168,180 220,237

APPLICATIONS

Rhodium(11) complexes of the Rh (OOCR)4 type exhibit high catalytic activity
in many reactions. One of the first recognized was the olefin hydrogenation
catalyzed by Rh,(OAc), in strongly polar solvent. A mechanism involving hete-
rolytic cleavagé of dlhydrogen has been proposed (ref. 33).

K
[Rh,(00CMe) ] + H, == [Rh,H(00CMe),] + H' + MeCOO (2)
k_, )
[Rh,H(00CMe) ;1 + olefin —Z [Rh ,H(00CMe) 5ol et in]
(3)
+ - LT
[Rh, (00CMe) 1 + paraffin ¢ 100 [Rh,(alky ) (00CMe) 4]

The complex 2 also catalyzed the olefin hydrogenation (ref. 5), although it
is a less powerful catalyst as compared with rhodium{|!) acetate. Rh (OOCMe)4
in ethano! slowly catalyzes the alkene hydrogenation. More active ca%alysts
were obtained in the basic ethano! solution (ref. 34). The highest hydrogena-
tion rate was achieved using LiH as a base. Olefin reduction rate increases
significantly after some induction time, when the rhodium acetate suffers de-
composition. This was evidenced by electronic spectra of the reaction solu-~
tions, which indicated a distinct,acceleration of the reduction at the moment
of decay of the band at 17000 e¢m ', that is at the moment of decomposition of
the rhodium(i!|) acetate. The reaction of a base with the rhodium(11) compound
is accompanied by the break of acetate bridges, which allows the disscciation
of a dimer to monomers and the reduction of rhodium(l!) to rhodium(l). In the
alkaline medium the hydrogenation is most likely catalyzed by the acetatoetha-
nolato rhodium{1) complexes, which activate both hydrogen and olefin. Our ESR
attempts to prove the presence of monomeric rhodium(!|) complexes and of
Rh{I1)Rh{!) dimers failed. The formation of the latter could have been expec-
ted, because RH,(OOCR), complexes, as it was evidenced above (ref. 26,31)
undergo the mondelectron electrochemical and radiolytical reduction. The hy-

drogen reduction_of Rh (OAc), would not proceed until substitution of acetate
ligands by C,H-O . The"measurements of electronic and ESR spectra revealed,
that the mon6méric rhodium(il) compliexes and Rh(I1!)Rh{Il) dimers, most likely

intermediates undergo very fast disproportionation or reduction. Rh,{OOCR)
carboxylates (R=H, Me, CH(OH)Ph) catalyze also the hydrogenation of“olefing

and ketones in basic a[coho\ sofutions {(in methano!, ethano! and isopropanol)
in the presence of 2,2 -bipyridine and 1,10-phenanthroline and its derivati-
ves as |igands. Measurements of ESR spectra of rhodium(||) acetate solution

in the presence of 2,2 -bipyridine revealed the formation of Rh{II)Rh(I) in-
termediate complexes. The g values of 2.‘]856 2.23 are similar to those for
complexes obtained by radiolysis of 1 with Co /ﬁrays. However in this case
very broad signal with_g=2.3 is also observed, suggesting that IRh,(OAc), -

(bpy) I~ similar to 18 in DMF solution is formed. During the hydrfgenation
reaction_ﬁppear intensive bands in electronic spectra in the range 9000 -
17000 cm , indicative for the formation of the polynuclear rhodium{(!) comple-

xes (Table 5). Hydrogenation of clefins and ketones begins at the moment of
the appearance of low energy bands in electronic spectra. This may suggest
that catalytically active are polynuclear rhodium(!) complexes. The mechanism
of formation of the catalytically active complexes could be written as fol-
lows (ref. 35).
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LRhZ(OAc)4L2] + 2 bpy —_— [RhZ(OAc)A(bpy)ZJ + 2L (4)
[Rh,(OAc), (bpy),] ——> [Rh,(0Ac),(bpy),(solv),12% + 2 OAc (5)

2 "4 2 H 2 2 2 2
[Rh,(0Ac), (bpy),] —2 5 [Rh,(0AC) (bpy),1~ (6)

2 4 2 2 H 4 2
[Rh, (OAc) ,{bpy),(solv) ]2+ N (Rh, (0Ac) , (bpy),(solv),1" (7)

2 2 2 2 H 2 2 2 2
[Rh, (0Ac) , (bpy),(solv),1" ——25  [Rh,(OAC) (bpy) 1 (8)

2 2 2 2 H 2 2 2
[Rh,, (OAc) , (bpy) 5] —2 5 2[Rn(0Ac) (bpy){solv)] + 2 OAc™ (9)
The catalyst formation rate depends upon the complex and ligand concentration
and upon the nature of the latter. For pyridylphosphines PPh _X(Z-C -H,N)
(x = 1-3) the reduction proceeds without induction. The reduffon rate of ocle-

fins and ketones depends on the nature of |igand and the ligand: Rh ratio.
Competitive hydrogenation of olefins and ketones revealed that depending on
L:Rh ratio either olefins or ketones could be reduced with high selectivity
(Table 7). Most active catalysts for hydrogenation of ketones are Rh CI2-
(OOCH},(bpy), and Rh,CI,{00CH) (phen)2 (Table 6)_, The presence of band§ in

(
electronic spectra i% t%e rangé 130007- 20000 cm indicates, that also in
this case the reduction could be catalyzed by polynuclear complexes (ref. 36)

TABLE 5. Electronic spectra of catalytic systems: 17 + 2bpy and 18 + 6bpy
in 0.3 M NaOH methanolic solution.

Catalyst Bands, um—1 (2'10_2, M_qcm_1)*

17 + 2bpy

after 30 min 0.95(2.45), 1.31(4.0), 1.71(8.6)

after 45 min 1.31(7.5), 1.80(14.7), 1.94(12.5)

after 60 min 0.84(6.3), 2.63(31)

18 + 6 bpy

after 60 min 1.33(52), 1.54(70), 1.82(362), 1.92(292), 2.70(186)
|compiex| = 5 10 *m

* The extintion coefficients were calculated assuming the formation of the

of dimeric complexes.

TABLE 6. Catalysis of the hydrogenation of ketones by rhodium complexes in
MeOH (0.3 M NaOH).

Maximum hydrogenation rate (mole H2(mo!e Rh)_1 h_q)

Catalyst f
MeZCO cyclohexanone MeCOPr ! MeCOE t

1 + bbpy 310 310 100 310
1 + 4phen 260 360 60
2 + Lbpy 130
16+ 4bpy 120
17+ 4bpy 80
a1 30
18+ L4Lbpy 130 160 100
18+ 6(2,9-di- 200
Mephen)
Volume of solution: 1Ocm3, 10_2 mole of ketone, 5~1O_6 mole of complexes,
T = 303 K.

Table 7. Competitive hydrogenation of cyclohexene and cyclohexanone.

Catalyst Products cyclohexanol ratio

cyclohexane

18 + 2bpy cyclohexane,cyclohexanol 5.29
18 + Bbpy cyclohexane,cyclohexanol 0.37
18 + 2(2,9-diMephen) cyclohexane 0
18 + 6(2,9-diMephen) cyclohexane 0

Solvent: 0.3 M NaOH_jin MeOH, T=303 K, 10_2mole of cyclohexene, 10_2 mo | e
cyclohexanone, 5+10 mole of complex.
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TABLE 8. Catalytic hydrogenation of ¢

yclohexene by rhodium complexes.

Max imum hydrogenation
Catalyst rate of cyclohexgqe_1
mole Hz(mole Rh) 'h

Max imum hydrogenation
Catalyst rate of cyclohexgqe_1
mo l e Hz(mole Rh) 'h

J7+2bpy 160
17+2phen 80
a7+20 140
a7+2L* 40
17+2P(py) 4 0
18+2bpy 50
18+2phen 70
18+2L 0

Solvent: 0.3 M NaOH in methanol, T =
mole of complex, L =
phenathroline, apy = 2-aminopyridine.

a8+2L* 350
18+2quinine 140
18+2apy 180
l§+2PPh3 800
18+2PPhipy 600
18+2PPh py)2 120
l§+2P(py)3 170

303 K, 10_2 mole of cyclohexene, 5"10_6

4,7-diphenyl-1,10-phenathroline, L* = 2,9-dimethyl-1,10-

The appearance of bands in the range
for many square rhodium{|) complexes

1 L 1 | L L |

10000 - 20000 cm | was well documented

with Rh-Rh bond (ref. 38-40). Mestroni
et.al. (ref. 13) have also assumed
that the polynuclear dipyridyl and
phenanthroline complexes acted as
catalysts in contrary to the iri-
dium catalysts, which are mononuc-
lear 11rX{(CgH, ) (N-N)1 (ref. 37).
The complexés Qh (OOCR)4 and Rh,-
Cl,(00CR),(bpy),“in the presencé of
bpy catalyze thé transfer hydroge-
nation of ketones using isopropanol
in basic medium as donor. The reac-
tion is rather fast; after 9 hrs
more than 90% acetophenone was re-
duced. None of the 1-phenylethanol
enantiomers was in excess for R =
(S)-CH(QH)Ph although the catalyst
activity depends on the nature of
the carboxylato |igand.
The rhodium acetate forms in reac-
tion with P(2-C HAN) (Rh:L = 1:1)
in water alcoho? sollUtions unusual-
ly active catalysts for the water

70 60 50 40 30 20 © ppm gas shift reaction. They catalyze
this reaction at low temperatures
Fig. 3 °TP NVR spectrum of catalyst &7?m§ié notoanigh ;ﬁ;eﬁwéTﬁ&;3S?ZLe

formed in the reaction Rh,{(OAc), +

tFfum (Fig. 3) indicated the cataly

P{2-CgH N)3 ‘n 79A EtOH (external tic activity of the square and tri-
referénce: PPh3 tn (CD3)2CO)' gonal bipyramidal rhodium(|) comple
xes with rhodium: phosphine ratio
equal to 1:17 and 1:2. Phosphine
is coordinated with rhodium as a monodentate ligand via phosphorus atom and
as a chelate ligand via P and N atoms. The following reaction mechanism was

postulated:

co

\
—P
e
/
Hzﬁ-h\]h

x \/

> 0

k”zo (10)

-
|
—
I,
I
>

Cop
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The cytostatic activity of the rhodium(11) carboxylate complexes was tested
against KB cel! line in vitro. The test was performed according to recommended
intermnational protocol for screen!ng of chem|cal agents agalnst tissue culture
The complexes [Rh OOCCH(OH)Ph phen OOCCH(OH Ph) [Rh (OOCCH(OH)-

Me), (H,0),1, [Rh,fOAC), (phen) SAC§ [Rh (0Ac) , (boyf ! (0Ac),
revealed cytostaglc activity %lg er or comparable with Rh Kc w%lch was
used as a standard compound.
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