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A INTRODUCTION 

Substttutrons at coba!t(IlI), rhodrum(III) and urdmm(II1) centres m polar medra, lake 
water, are m genera! much slower than those for other oxtdatton states of the partrcular 

meta! Work m polar medra naturally mvolves complexes of tire more polar ltgands, such 
as ammoma or ammo acrds. It has been known for some time that consrderable rate en- 
hancements, often useful synthettcally, may be achieved through the addrtron of a redoa 
reagent, and the ovldatton states (for complexes contammg essentrally a-bonding hgands 
hke Cl- or NH3) most commonly mvoked to rattonahse tlus findmg are shown m Table 1 

The critical factor in catalysts by one electron reducmg agents at cobalt(II1) 1s the for- 

matron of a cobalt(I1) specres, followed by a (usually) rate-determmmg electron transfer 

from tlus or a derivative to a cobalt(II1) congener Srmrlar features underhe the catalysrs of 
reactions of chrommm(II1) by the relatively maccessrble chrommm(I1) 

The entirely drfferent relations between oxldatron states for rhodrum (or rrrdrum) as 
opposed to cobalt result m this one-electron reductive meclranism bemg non-catalytic* 
and rt 1s the purpose of tlus present note to comment on the alternative way m wluch 

substrtuttons at rhodtum(IiI) are catalysed 

B SYNTHETIC OBSERVATIONS 

Delepme’ found that alcohols contammg the moiety RCHR’OH (where R or R’, but 
not both, may be hydrogen) were very effective m promoting the formatton of rho- 

= Though a one-electron orrdatrve mechamsm for lrldmm(III) may be useful 
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TABLE 1 

0~1dat1on stata m\ohLd m n-do\ c.~talysis ot mct~I(lii) reaCtion\ 

CO Rh Ir 

More labdc o\ldlsed >tatL 
t --L 

\Iorc Inert >fdW 
J+c 

Zlore Iabdc reduad 5tJtL 

J +c 
\fore i.iblk rcdued k&m 

? IV 

III III III 

II 7 , 

I 1 

dmm( III) complexes from haiorhod1um(lII) species and hgdnds Exdmples of compleves 
1eddlly prepared fro1n rhodmm trlchlorlde and the 11gand using ethanol as catalyst are 

(a) rrans-[ RhLJ Cl2 I’, where L = pyr1dlne’ ,3-, 4- or 5-substituted pyndine, rsoqumo- 

hne. pynnudme. pyrazole. tluJzole or S-substituted N-methyhmrdazole3, 

(b) [RhLSCl] *+, where L = NH, or Af-metl~yln~~rdazole~, 

(c) [Rh(mal)s] 3- (ref 4), or 

(d) czs-[Rh(blpy),Cl,]f*(ref 5) 

T\vooelectron reductants other than alcohols have been effectwe In synthetic work on 

rhodtum(III) At vdrrous times hypophosphrte ion’ , hydrazmrum hydrochlorrde’ , boro- 

hydride 1011’ , dlhydrogen' , carbon monowde9, ethylene lo and a number of other reagents 
have been employed 

One problem in eluciddting such catalytic phenomena hds been the common use of so- 

called “soluble rho&urn trlchlonde” as the factor Tl& has properties wkuch Vdy with Its 

piovendnce” Jnd It IS therefore reassuring that catalysis 11~s been found m substltuttons 
dt rhodlum(I1I) centres of a much better defined ndture Some of these examples are 
hsted m Table 2 

Clearly such catalyses are a function of the formation of reduced species, and It 1s not 

therefore too surpnsmg to find that dloxygen (wiuch can serve as either a I- or 2-electron 

oxrdant) mhlbtts these ~eactrons For example 

(I) The reaction H,O 
tr~zs-[Rh(py),C12]+ +3 Br- - ruins- [ EUI(PY)~ Br2 1’ + 2 Cl- (l) 

IS very much slower m the presence of oxygen, showmg complex kmetrcs, wrth an mmbr- 

tron perrod” Some years ago we studied, m aqueous medra, the exchange of labelled 

&loride m 
[tYa”s-[~~(py),Clz]+ + 2 W- + halls-[Rh(py), s6cll]+ + 2 cl- (2) 

dnd obtamed rrreproducrble results”: we now dttrlbute this to the presence of oxygen 

* Prolonged rcfhwna of .m aqueour ethanohc solution of rhodmm trwhlorlde and blpy gives only LX- 
[Rh(blpy),CIz 1’. whcrca~ b] nllowmg a completely deou>senatcd aqwous Lthnnohc solution of rho- 
dium trlrhloride .md blpy to stand at room temperature tor 1 \$eck [ Rhtblpy), ] ‘+ IS formed’ Thts 
1s to bc contrasted u lth the prewously dcscrlbed preparation ot [ RMblpy), ] ‘+ a hlch mvolved’ heat- 
mg rhodtum trlchlorlde m molten blpy (~3 180”) 
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TABLE 2 
Substltutlons at rhodtum(Ii1) catallsed by 2-clcctron reductants 
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t’ 

C&l> st 

Trace BH4 
Trace BH4- 
Trace BH4 
Trace BH4 
H,POZ 
Ethanol 
Ethanol 
Lthanol 
N2H4 HCI 
N2H4 HCI 

I-actor 

rru~s-[ Rh(cn)_ Cl_ 1’ 
1 2,3,6-[RhtrlcnCIZ 1’ 
1,2,3,4-[RhtrtenCI, 1’ 
1,U-[Rh(py),Clo\] 
trans-[Rh(dnlg)lCl, 1- 
tram-[ Rh(p> )$?I, 1’ 
rrans-! RhL,CII ] + 
[ Rh(H,O)CI, I’- 
[RhphcnCl, J - 
us-[ Rh(AA)& 1’ 
(f)-LIS-[ Rh(phen)C12 1’ 

XJ ProduL t Rc! Notes 

Br- 
Bl= 
Bi 
Br or l- 

PY 
Bf 
Br- 
PY 
phen 
4A 
OH- 

trutzs-[ Rh(en), BrI 1’ 12 

1 2,3.6-[RhtrtcnBr_ ]+ 14 
1,2,3,4-[RhtrtcnBr, J’ 14 
I,‘$-[Rh(py),Xo\ ] 12 
trum-[ Rh(dmy), pyCI] 7 
rrurx-[Rh(py),Br_ I‘ 1.5 
fru~ls-[RhL,Br, I’ 3 
fi-uns-[ Rh(py), Cl, I’ 16 
crs-[ Rh(phen)$&] c 5 
[ Rh(AA), I ‘+ 5 
(*)-us-[ Rh(phcn) ,CI(OH) I’ 5 

b 
b 
b 

c 

d 
‘ 

a X IS the cntcnnp goup (usually h&de ion) 
b This reaLtlon IS fzot catdysed by ethanol, It IS &o mtcrestmg that substitution ait [Rh(NtI,),ClJ*’ 

IF not catdysed by borohjdrldc’3 
’ Whereas prtrnary or secondary alcohols >CHOH possesstng the “hydrtdts” groupmg (tn the context 

of 2-electron reduction of transitton metal Eons) are effecttve catalysts, f-butartol, with no such 
grouping, IS r10r’~ 

d L = thla7olc. this rcdctlon IS bomL 500 times td?tcr m 30% ethJno1 than m water” Qu.ihtJtlvel> 
thcrc IS also m&&d catalysts by ethanol of thx substltutlon when L = alkylpyndme, acetylpyndme, 
pynmldme, pyrazole or ~soqumohnc” 

e Presumably via catJlysls of some or all of the mdlvldull steps m the procesr, [ Rh(II,O)Cl,~ 2- 

[Rh(pq),Cl,J - - 1,2,6-[Rh(py),Cl,] - rrans-[Rh(py)4Clz]+ We know that at least the final reaction 
is c&alyscd’ However, such reJctlons arc not always CJtJiy\Ld SmCL It is po\slblc to recover 
1,2,6-[Rhpy,(N,), ] unchanged tram a boiling ~c~ucous cthdnohc p>ridmc solution” 

t AA = btpy or phcn Thts constitutes a slmplc prcpdration ot [ Rh(AA),] 3r wht~h has prL\lously onI1 
been obtamLd under much more forcmg condltlonsb 

s This reaction IS inhibtted by dto\ygcn Thus d solutton of (+)crs-1 Rh(phen)zCl2]+ at YO” (pH 13) for 
5 mm rctams 90% ,wtivit), ~herc.~ reaction of the same solutton, which hais been lirst ~~ToL~J~) 

dc~4ssed, occurs wlth complctc rdLenitsdtton under the T,unc condition\’ 

Stnuiarly, the substltutlon by bronude IS much slower m the presence of chlorite Ion 

(IIS A number of apparent catalyses of reaction (1) by such reductant gases as carbon 

monoxxde, ethylene and dthydrogen must be attnbuted, at least m part, to the removal of 

dloxygen by the gas stream. smce we have found smular effects with cyclopropane, dl- 

nitrogen and argon 

(111) The currently uncertam state of dloxygen effects on the catalytic redctlvlty of 

W~lkmson’s compound, [Rh(PPh3)3CI] , IS also related to this marked mterfcrence by dl- 

oxygen” 3” 

As would be expected from the confhctmg effects of ethanol and dloxygen described 

above, the sltuatlon m aerobic ethanohc systems IS comphcated’” 

Coord Cirem Rev, 8 (1972 
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T4BLF 3 
Varlntlon m propcrtlcs of the clectrochcnuc~ll~ rcduccd spcc~es, I, with pH 

pH 2 pH 7 pH 13 

00 
4H7 

4 18 \ 10-j 
‘XL‘ ’ 

~112 mm (25”) 
5 Hz 

Complete m 
5 mm 

Inamt (35”) 
m 

Very rapId 

3 Half-ltfe tor o\ypen uptake 
b \\idth at half hcghr for NZlR slznal due to Rh-H (730 6) 
’ Rate constant at 25O for the reactlon 

tlans-[ Rh(er&Br$ + 2 Cl- 
with I added, trans-[Rh(en)$&]+ I = 5 1 

C NATURL OI- TlfLl RI-DUCCD SPt-XILS AND hlCCIfANISM Or CATALYSIS 

Several observations provide a hnk between this efficiency of ?-electron reductants as 
catalysts and the likely catalytic species On treatment of several halo-rhodlum(III) com- 

plexes \wth borohydride, hydndorhodium(II1) complexes are formed “-” These show 
the usual Infrared absorption due to u(Rh-H) at ca.2100 cm-’ and m soiutlon show the 

Lharacter1stlc hgh field slgnal (~~30) which IS split into a doublet by ‘03Rh (100% abun- 

dance, / = Z) ‘J(I%h--H) ca.30 Hz 

From electrochcmlcal studies, It has recently emerged that (at least m water) the actual 

&electron reduced state IS an equilibrium between hydndo-rhodium(II1) complexes and 

the product of reduLtlve chmmation”6 Thus, electrochem~cally 

-1 ov 
traizs-[Rh(en),Ci2]+ + 2 e -----+ frany-[Rh(en)zH(OH)J+ t 2 Cl- 

PH 7 I 
(3) 

I can be obtamed as a solid by addition ofsodmm tetraphenylbordte, whereas wrth the 

more bdslc l&and tetmen. tr~~zs-[ Rh(tetmen),H(OH,)] *+ 1s obtained under the same con- 
drtlons” 

Tbc l-electron reduced species has also been detected m these studies13 It seems 

thdt the cssentlal mechamsm of its formation IS 

7’he drrhodrum(II,If) specres IS dlamagnetlc and presumably has a rhodium-rhodium 

bond, Jthough It was not possible to dcteLt u(lih-Rh) by Raman spectroscopy due to 

rapid decomposltlon upon irra&atlon by the excltmg source (He/Ne laser) The hgands 

tams to the rhodium-rhodmm bond are very lablle, although no dlssoclatlon of ethylene- 

dlamme was detected However, m some cases hgands LIS to the rhodium-rhodium bond 

can also be replaced. VIZ 
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H*/H$ --__ [(H20), RhzS,] (ref 24) 

KRCOO).JW& 1 ----\ 

(S = solvent) 
‘\ 

1.53 

--------+ Dmg/PPhs [( PPh$.lmgRh( RCOO)2- 

Rbdmg(PPhJ)] (ref 35) 

In water, slow drsmutatton occurs, VIL 

[(IW)(en)GhWen)2(H20)1 4+ + W(en)z GWWWI 2+ + IW~~M-WH,)l 2+ 

and rt seems unlkly (but not rmpossrble, m vrew of these rapid exchange reactrons) that 

rhodrum is mvolved m the reductive catalyses of rhodmzn(III) reactrons 

In solution, the 2-electron reduced species from trazzs-[Rh(en)2Cl,]+ shows propertres 

which vary wrth pH (Table 3). There are two possrble explanations, which are based on 

the equtlibrra 

tz-azzs- [ Ph(en),H(OHz)] ‘+ ?=’ H’ + rrozzs- [ Rh(en),H(OH)]’ 2 [ Rh(en),]’ + HZ0 (4) 
11 I III 

(1) That K2 = 0 and that tne reactlvltles of I and 11 differ by many orders of magnitude 

toward (a) droxygen [I reacts fast, II not at all’] ;(b) exchange with water [II slow, giving 

a doublet signal for Rh-H; I so fast that the srgnal 1s broadened completely], and (c) 

catalysts of the prototype halrde exchange 

(2) That K2 IS finite and that [Rh(en)* 1’ 1s the reactrve spectes 

The latter explanatzon seems very much more probable, and we have drrect evidence 

for rt m the case of the pyrldme complexes, viz 

crazes- [ Rh(py),CIZ 1’ 

rr~zzs-[ Rh(py),HCl]+ 

rWPYkl+ + XY + 

+ BH4- LroH l rrans-[EUr(py),HCl]+ + Cl- 

IV 
(5) 

+bclse -+ [Rh(py)J+ + base HCl 

V 

rrazzs-[Rh(py&rXY]’ (XY = CIZ, I,. HCl, HBr) 

VI 

(6) 

(7) 

[Rh(py)_,]+ -I- H OH + trQtZS-[ Rh(py),H(OH)]+ (8) 
V VII 

All the complexes IV-VII have been Isolated as soled salts and have been completely 

characterrsed Furthermore, we find that tr~zzs-[Rh(py),H(OH)]’ undergoes rdpzd ex- 

change wzth D20 m neutral conditrons, presumably via the reduced intermediate, 

]WPY)J+- 

traits-fBh(pyj,H(OI-I)]+ + D OD + nans-[Rh(py)4D(OD)]+ + H OH (9) 

Coord Cfzem Rev, 8 (1972) 
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We also find that [Rh(py)a]+ catalyses substrtutrons m both Pzzns-[Rh(py)&l,]+ and 

nans-]Rh(en)zCll]‘, whereas the dommant form m acrd solutron, trans-[Rh(py)4H(OHJ *+, 

does not 
Thus the control of the redctrons of rhodrum(II1) complexes, m the presence of re- 

ducmg agents stems from the redox equrhbrmm 

Rh’” + (2e) RED 2 Rh’ + OX (10) 

Rh’+HY Ki!. [HRh’=Y] (11) 

Rh’ + HYH’ K,, [HRh’“(YI-Q]+ (12) 

We mdy note that WC expect the oxrdismg power to mcredse from amon (e g OH-, 

NH,-) to neutral specres (OH*, NH3) to catron (H,O+, NH4+), r e Kr2 > K,r Thus rho- 
dmm(I1I) hydrides are the dommant species m highly protx solvents (aad) whereas rho- 

dmm(I) ~111 become mlportant in the absence of protons (neutral or alkAmc conditions) 

It IS thn latter specres wh~h 1s the effective catalyst and the mechamsm 1s srmrlar to the 

2-electron, (da--&) redox mechamsm found in Pttv chemistry by Basolo et al *’ The 

control m the catalytrc efflcrency of varrous reductants 1s dtie to eqmhbrmm 10, where, 

other tlungs being equal, the stronger the reductant the more rhodmm(I) ~11 be present 

Eqmhbrra (1 1) and (12) can be extended to other systems such as the well known 

hydndo-pentammmerhodium(II1) catron The reaction of [Rh(NH,),H] 2+ wrth water has 

been regarded as an example of the strong trairs-effect of the hydride hgand, viz 

[Rh(NH3),H] ‘+ + H30+ = r~zns-[Rh(NH~)~H(0H~)] ‘+ + NH4+ (13) 

However, the above reaction may be thought of as arrsm g from two redox equrhbna, VIZ 

[NH,)Rh(NH,),H J 2+ = [ Rh(NH,),]+ + NHd (14) 

and 

[ Rh(NH,),]+ + H30+ = tralzs-[(H,O)Rh(NH,),H] ‘+ (1% 

whrch mrght also better explam the reactlvlty of Rh(NH&H] *+ and [Rh(NH,),H(OH,)] *+ 
towards olefins22 Slmllar reasonmg also explams the reactlvlty of [Rh(CN)sH] a- and 
PLZ~~-[R~(CN),,H(OH~)]~- 

Further work wrll be necessary to eval urtr such possibrhtres but the general srtuatron m 

rhodlum(II1) chemistry IS now fairly clear There are still some problems which do not fit 
easily mto current schemes, these are 

(1) The mtunate mechamsm of addrtron to rhodrum(1) (and of course elmlmatlon from 

Rh”HX) of HX The addltlon of hydrogen to [Rh(py)a]+, rather unusually, gives trans- 

[Rh(p~)~H~l’ In the polar solvents considered here, products such as [Rh(py)aHX]’ and 
[Rh(en)2HX]+ (X = OH-, h a 1 e 1 d ) are tram Isomers, but, m vrew of the catalytrc trans- 

formatron by borohydrrde of cls-[RhtrrenCl,]+ to czs-[RhtrrenBr,]+ w~tizo~t stereo- 

chernrcal cizmzge this need not constitute a mechamstlc proof 
(n) How, when reduced solutions are treated wrth droxygen (or trroxygen) do we 

fimsh Urlth dimerrc superoxo conlp1exes’6VZ97 The reactlon of dlovygen with rhodmm(1) 

1s complementary 

X-+ pllIL4]“++o* = [XRh111L402](N--j)+ (+ H’) 

4 
[ XR@ L4 (OOH) ] trt (16) 
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(m) The intimate mechanism of electron transfer 1s strll uncertain We know that 
chlonne can serve as a brrdge for the net movement of 0 electrons (Ptn-Cl-Pttt), 1 elcc- 
tron (Cottl-CI-Crll, Crlu-Cl-CrI1) and for 2 electrons (PtN-Cl-I@, l@--Cl-&) 
What orbttals are mvolved? 

(iv) How does hydnde exert rts rrrurs-effect m these oLtahedra1 systems? The two ex- 
treme mechanisms may be represented by 

(a) a pseudo SNl mechamsm, VIZ 

H-M-X --+ (H-M)+ + X- (17) 

1 
Y- 

H-M-Y 

(b) a redox mechamsm VIZ 

pj” HcMtrcX + BH’ + M”-2 •r- X- (18) 

BH’i- Mtl-2 •t Y- -+ B: + HMY (19) 

Currently, our evrdence m rhodmm(III) chemrstry favours the latter srtuatron 
Our present knowledge of the reactrons of the reduced rhodrum compleves 1s sum- 

marrsed m Frg 1, to which the notes below refer 

CS6,Rh’“2e0,Rh1rx 
02 

f3,SJ - 
slow 

CS54Rh~‘Rhr1i3,SJ - 
“20 

trans-CRh%_,H~OH)~ + trans-CRh~~*Bq~H~O~~OHIJ 

(A=C) 

(“I HY 

XA4Rh111XRhxA, 

1 
Y 

X- + CRh’A,I + tran~-CRh*~~A 
\ 

4 XY3 

fig 1 Summary of rcactlonc ot reduced rhodum comple>es A = en 

H+/S fast 
” 

CRh*11C4(00H)S3 

(IV) 02 

I 

CRh% HYJ 4 

or py, B = en, C = py, 
X = halide, S = solvent Compounds m parentheses { ) are prewmed mtcrmcdmtes 

Coord. Chem Rev, 8 (1972) 
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NOTCS 

(I) Subsequent dlmerlsation IS not always fast, rhodmm(!i) monomeric species are 

known, e g. dtchlorotr~s(tr~u-methouyphenylphosp~ne)rl~od~um(II) (ref 30) 

(II) A number of exchanges at rhodmm(!) centres are known to be extremely rapid 

and proceed via a 5coordmate intermediate, VU eqns (30) (ref 3 1) and (2 1) (ref 32) 

*PI‘ 

[F&(PF,)(PPh,),C1-=5- 
---L [R!~(*PF3)(PPh3)2Cl] 

.T PW’F&*PPhMY 1 
cm 

FwPY)41C ?f=?+ PWD,-PY)~I+ (21) 

Rund ” found, m the pyndme system, an mhlbltlon by phen, which he attributed to its 

“‘scavengmg” the rhodium(!) 

(m) X1 = Cl*, Br2, I2 
(IV) The actual species wluc!~ reacts with dloxygen 1s not entirely clear, e g [M(en),]’ 

reacts rapidly with dloxygen. but the hydndo-complexes, ~FQKS-[R!I(~~)~HY]’ do not 

However, whale [Rh(py)$ reacts rapidly urlth dloxygen m ttus case, the hydrldo-com- 

plex, trans-[Rh(py)4HC!]’ also does so, zrz tire solzd stare, glvmg quantltatlvely 32 trans- 

[fi(~~)~C!(00H)1+ 
(v) I-W = H OH*+, HCl or HBr additions are carried out In ethanol 

(\n) We have some quahtative indlcatlons as to Much llgands X, can serve as brldgmg 

llgands for the Z-electron transfer Certamly hahdes can, whereas atlde (at least In 1,2,6- 

[R!l(py)3(N3h] ) and hydroxide (m trans-R!~(py)~Cl(oH)]+) cannot 

The nature of the find1 products under a pdrtlcular set of catalytic condltlons may be 

rationdhsed m terms of two processes the lablhty of rhodium(1) and the subsequent for- 

mdtlon of the X-bridged mtermedlate. [R!I~*~X!UI~] Calling the Rh-X-R!1 direction z. It 

seem5 that the llgands in tliex dndy planes In [R!inlXRhl] are much less lablle than those 

on the z axis However. It 1s Just these ligdnds (x _V axis) which m tlie rhodlurn(I) species 

are labile Clearly, the relevant competmg rates are those w!~~h Lontrol the fate of [R!I’] , 
ie 

[Rh’A, I 

k assoclatlon 
p 

[XA4R!+X!$A4] 

?’ *-A 
’ L k exchange (+ A’) 

‘+L 
[R!IIA,A’] etc 

Where FLdWL > ke_ch we have catalysis of nucleophllrc displacement of the group X, 
eg 

tFfZZZS-[Rh(py),~2]+ + OH- lItoH + rraizs-[Rh(py),Cl(OH)]+ + Cl- 

or BHZ 

(22) 

rraizs-[R!~(py),Cl,]* + X- EtoH ’ frarrs- [Rh(py),X2]’ ((X = BF or I-)] 

or BH; 

(23) 
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In cases where k,, < kcvch we have catalysis of substmtion In the .YJ’ plane, e g 
wzth cold aqueous BI&- 

mzs- [ WpyVS] + CNO- BH4-* ~ZS-[Rl~(py)~Cl(NcO)~] (24) 

rfans- [ Rh(py),Cl,]+ + ox 5 [Rh(py),Cl(ox)] (2% 

trmzs-[Rh(py),ClJ’ + N; !?%.+ 1 .2,6-[Rh(py)3(N3)3 (26) 
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