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A INTRODUCTION

Substitutions at cobalt(I1I), rhodium(III) and iridium(Iil) centres in polar media, hke
water, are 1n general much slower than those for other oxidation states of the particular
metal Work 1n polar media naturally involves complexes of the more polar higands, such
as ammonia or amino acids. It has been known for some time that considerable rate en-
hancements, often useful synthetically, may be achieved through the addition of a redox
reagent, and the oxidation states (for complexes contaming essentially o-bonding hgands
like CI” or NH ;) most commonly invoked to rationalise tlus finding are shown 1n Table 1

The cntical factor 1n catalysis by one electron reducing agents at cobale(111) 1s the for-
mation of a cobalt(Il) species, followed by a (usually) rate-determining electron transfer
from thus or a derivative to a cobalt(Ill) congener Similar features underlie the catalysis of
reactions of chrommum(Iii) by the relatively inaccessible chrommum(If)

The enuirely different relations between oxidation states for rhodium (or iridium) as
opposed to cobalt result in this one-electron reductive mechanism being non-catalytic®
and 1t 1s the purpose of tlus present note to comment on the alternative way in which
substitutions at rhodium(IIl) are catalysed

B SYNTHETIC OBSERVATIONS

Delépine' found that alcohols containing the moiety RCHR'OH (where R or R, but
not both, may be hydrogen) were very effective in promoting the formation of rho-

= Though a one-clectron oxidative mechamsm for indium(iil) may be useful
Coord Chem Rev , 8 (1972)
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TABLE 1

Oxdation states mvobheed 1n redon catalysis ot metal( ) reactions

Co Rh Ir

More labile onidised state ? 1w
T —¢

\More nert state 11 i {1l
{+e

More labile reduced state 1 ? ?
3 +¢

VMore labile reduced state I 1

dium(Iil) complexes from halorhodium(111) species and ligands Examples of complexes
1eadily prepared from rhodium trichloride and the ligand using ethanol as catalyst are

(a) rrans-[RhL,Cl, |*, where L = pynidine?, 3-, 4- or 5-substituted pyndine, 1soquino-
line, pynnmudmne, pyrazole. thiazole or 5-substituted V-methylhimidazole?

(b) [RhL;sCl1]?*, where L = NH; or N-methylinudazole?,

(c) [Rh(mal);]? (ref 4),or

(d) ais-[Ru(bipy),Cl, 1" * (ref 5)

Two-electron reductants other than alcohols have been effective in synthetic work on
rhodium(II) At various times hypophosphite 10n? , hydrazintum hydrochloride’, boro-
hydnde 1on” , dihydrogen®, carbon monoxude®, ethylene'® and a number of other reagents
have been employed

One problem in elucidating such catalytic phenomena has been the common use of so-
called “‘soluble rhodium trichlonide™ as the factor Tlus has properties which vary with its
provenance'! and 1t 1s therefore reassuring that catalysis has been found n substitutions
at rhodium(II1) centres of a much better defined nature Some of these examples are
listed in Table 2

Clearly such catalyses are a function of the formation of reduced species, and 1t 1s not
therefore too surpnsing to find that dioxygen (which can serve as either a 1- or 2-electron
oxidant) inhibits these 1eactions For example

(1) The reaction _ H.O

trans-[Rh(py);Cl.1* +2 Bt —— nans-[Rh(py);Bra]" +2 CI” (N
1s very much slower 1n the presence of oxygen, showing complex kinetics, with an inhibi-
tion penod'S Some years ago we studied, 1n aqueous media, the exchange of labelled
chloride 1n

[trans-[Rh(py)s Cl. |* + 2 ®CI™ = nans-[Rh(py), *Cl. 1" +2 CI” )
and obtamed rreproducible results!”+ we now attribute this to the presence of oxygen

* Prolonged refluxing of an aqueous ethanolic solution of rhodium trichloride and bipy gives only ¢is-
[Rh(bipy).Cl, |*, whereas by allowing a completely deoxy genated aqueous cthanolic solution of rho-
dwm trichlonide and bipy to stand at room temperature tor 1 weck [Rhtbipy), | ** 1s formed® This
1s to be contrastud with the previously described preparation ot [Rh(bipy), ] * which involved® heat-
ing rthodwum trichlonde 1in molten bipy (ca 180°)
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TABLE 2
Substitutions at thodium(lLi) cataly sed by 2-electron reductants

Cataly st Iactor Xd Product Ret Notes
Trace BH;  trans-{Rh(en) _CI_]° Br trans-{Rh(en),Br, |* 12 b
Trace BHy 1 2,3,6-[RhtnenClL, |* Br 12.3,6-[RhtrienBr_1}"* 14 b
Trace BHy 1,2,3,4-[RhtrenCl, |* Br 1,2,3,4-[RhtricnBr, }* 14 b
Trace BHy  1,2,4-[Rh(py),Clon] Brorl” 1,2,4-[Rh(py), Xon | 12
H,PO, trans-{Rh(dmg).Cl, 1" py trans-{Rh(dmg), pyClI} 7
Ethanol trans-|Rh(py),Ct, |" Br trans-{Rh(py),Br_|~ 15 c
Ethanol trans-{ RhL Cl, ]* Br trans-{RhL Br, }* 3 d
Ethanol [Rh(H.O)CI_}?*" Py trans-{Rh(pyv),CL, |* 16 s
NyH4 HC1  {RhphenCl, |- phen cis-{Rh(phen),Cl, 1* 5
NoHg HCl  was-[Rh(AA)CL }* AA [Rh(AA),]** s t
(#)-cis-{|Rh(phen).Cl,|* OH~ (x)-cis-{Rh(phen) CHOH) |* N [

A X 15 the entenng group (usually halide 1on)
This reaction 1s /10t catalysed by ethanol, 1t 1s also mnteresting that substitution at [Rh(NH,),CI]**
1S not catalysed by borohydnde!?

€ Whereas primary or secondary alcohols > CHOH possessing the “hydrnidiz” groupmng (1n the context
of 2-electron reduction of transition metal 1ons) are effective catalysts, f-butanol, with no such
grouping, s rror'*®

dp = thiazole, this rcaction 1s some 500 times taster in 307 ethanol than in water’? Qualitatively
there 15 also marhked catalysis by ethanol of this substitution when L = alkylpyndine, acetylpyndine,
pynmdine, pyrazole or isoquinohne?

¢ Presumably via catalysis of some or all of the indwvidual steps i the process, [Rh(H,0)C1 | *-
[Rh(py).Cl,]™ — 1,2,6-[Rh(py),Cl;] — trans-[Rh(py)aCl2]* We know that at least the final reaction
1s catalysed® However, such reactions are not always catalysid since 1t 1s possible to recover
1,2,6-[Rhpy,(N,}, ] unchanged trom a boihing aqucous ¢ thanolic py ridine solution'?
tAA= bipy or phen This constitutes a ssmple preparation ot [Rh(AA),]*" which has previousty only
been obtained under much more forcing conditions®

£ This reaction 1s inhibited by dioxygen Thus a solution of (+)-cis-| Rh(phen),Cl,}* at 90° (pH 13) for
5 min retains 90% activity, w hereas reaction ot the same solution, which has buun tirst rigorowsih
degassed, occurs with complete racemisatton under the same conditions’

Similarly, the substitution by bromude 1s much slower n the presence of chlorite 10n

(1) A number of apparent catalyses of reaction (1) by such reductant gases as carbon
monoxide, ethylene and dithydrogen must be attnibuted, at least in part, to the removal of
dioxygen by the gas stream. since we have found simular effects with cyclopropane, di-
mtrogen and argon

(1) The currently uncertain state of dioxygen effects on the catalytic reactivity of
Wilkinson’s compound, [Rh(PPh3),Cl] ., s also related to this marked interference by di-
oxygen's ,19

As would be expected from the conflicting effects of ethanol and diosygen described
above, the situation 1n aerobic ethanolic systems is complicated'

Coord Chem Rev ,8 (1972
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TABLI 3
Variation m properties of the clectrochuniuically reduced species, I, with pH

pH 2 pH 7 pH 13
Ex/zi oo a2 min(25°) Instant (25°)
Wi, 4 Hz 5Hz oo
k€ 418+ 107° Complete m Very rapd
sec”t 5 mm

4 Half-hfe tor oxygen uptake
b W 1dth at half height for NMR signal duc to Rh—H (730 6)
¢ Rate constant at 25° for the reaction
trans-{Rh(en),Br,]* + 2 CI™
with I added, rrans-[Rh(en),ClJ* I1=5 1
C NATURL O’ THE R{DUCLED SPIZCILS AND MICTCHANISM O CATALYSIS

Several observations provide a link between this efficiency of 2-electron reductants as
catalysts and the hikely catalytic species On treatment of several halo-thodium(III) com-
plexes with borohydride, hydridorhodium(iI) complexes are formed 2°7?* These show
the usual infrared absorption due to vy(Rh—H) at ca.2100 cm™' and 1n solution show the
charactenstic high field signal (ca.730) which s split into a doublet by '°*Rh (100% abun-
dance, / = %) 2J(Rh—H) ca.30 Hz

From electrochenucal studies, it has recently emerged that (at least in water) the actual
2-electron reduced state 1s an equilibrnium between hydndo-rhodium(Il) complexes and
the product of reductive chimnation®® Thus, electrochemically

-10V
trans-[Rh(en),CL]" + 2 ¢ — trans-[Rh(en),H(OH)]* + 2 CI~ 3)
pH 7 I

I can be obtained as a solid by addition of sodium tetraphenylborate, whereas with the
more basic ligand tetmen, trans-[ Rh(tetmen),H(OH,)] ** 1s obtained under the same con-

ditions?®’
The 1-electron reduced species has also been detected in these studies23 [t seems

that the essential mechamsm of 1ts formation 1s

[Rhll] e [Rhu] tast %.[RhH] ,
The dirhodium(IL1I1) species 1s diamagnetic and presumably has a rhodium—rhodium
bond, although 1t was not possible to detect v(Rh—Rh) by Raman spectroscopy due to
raptd decomposition upon trradiation by the exciting source (He/Ne laser) The ligands
trans to the rhodium—rhodium bond are very labile, although no dissociation of ethylene-
diamune was detected However, 1n some cases ligands ¢is to the rhodium—rhodium bond
can also be replaced. viz
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H+/H2_0 [(H:O)g haSg] (ref 24)

[(RCO0):RH,S,} —
(8 = solvent) .

Dmg/PPhs [(PPh;3)dmgRh(RCOO),-
Rhdmg(PPh;)] (ref 25)

In water, slow dismutation occurs, viZ

[(H,0)(en),RhRh(en),(H,0)] ** — [Rh(en), (H,O0)}OH)]*" + [Rh(en),H(OH,

and 1t seems unlikely (but not impossible, 1n view of these rapid exchange reactions) that
rhodium(Tl) 1s involved 1n the reductive catalyses of rhodwurh(1iI) reactions
In solution, the 2-electron reduced species from zrans-[Rh(en),Cl,]" shows properties
which vary with pH (Table 3). There are two possible explanations, which are based on
the equdibria & A
trans-[Rh(en),H(OH,)] ** = H* + rrans-[Rh(en),H(OH)]* = [Rh(en).]’ + H.O  (4)
11 I Il

(1) That K> =0 and that tne reactivities of I and Il differ by many orders of magnitude
toward (a) dioxygen {I reacts fast, Il not at all'] ; (b) exchange with water {II slow, giving
a doublet signal for Rh—H; I so fast that the signal 1s broadened completely}, and (c)
catalysis of the prototype halide exchange

(2) That K 1s finite and that [Rh(en), ] 1s the reactive species

The latter explanation seems very much more probable, and we have direct evidence
for 1t 1n the case of the pyridine complexes, viz

trans-[Rh(py)sCl. I* + BH,” EOH 1rans-[Rh(py) HCI]* + CI7 5)
v
trans-[Rh(py) HCI]" + base = [Rh(py),]* + base HCI (6)
Vv
[Rh(py)a]l® + XY - rrans-[Rh(py)sXY]* (XY =Cl,, I,. HCI, HBr) @)
Vi
[Rh(py).]" + HOH = trans-[Rh(py).H(OH)]* )
\Y4 Vil

All the complexes IV —VII have been isolated as solid salts and have been completely
characterised Furthermore, we find that zrans-[ Rh(py),H(OH)1" undergoes rapid ex-
change with DO 1n neutral conditions, presumably via the reduced intermediate,

[Rh(py)sl*.
trans-[Rh(py)s H(GH)]* + D OD = trans-{Rh(py),D(OD)1* + H OH )

Coord Chem Rev , 8 (1972)
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We also find that [Rh(py)s]” catalyses substitutions w both rans-[Rh(py)sCl,]* and
trans-[Rh(en),Cl, 1%, whereas the dominant form m acid solution, zrans-{Rh(py).H(OH,]?",

does not
Thus the control of the reactions ot rhodium(II) complexes, in the presence of re-

ducing agents stems from the redox equihibrium

Rh! + (2¢) RED Ko, pri+ox (10)
K
Rh'+HY == [HRn'Y] an

K
Rh!+ HYH" == [HRh'™(YH)]* (12)

We may note that we expect the oxidising power to increase trom anion (e g OH",
NH,") to neutral species (OH,, NH;) to cation (H;0*, NH,*),1e K;» > K,; Thus rho-
dium(IH) hydrides are the dominant species 1n highly protic solvents (acid) whereas rho-
dium(I) will become important in the absence of protons (neutral or alkaline conditions)
It 1s this latter species winch 1s the effective catalyst and the mechanism 1s similar to the
2-electron, (d® ~d®) redox mechamsm tound in Pt!V chemistry by Basolo et al 2 The
control in the catalytic efficiency of various reductants is due to equilibrium 10, where,
other things being equal, the stronger the reductant the more rhodium(I) will be present

Equilibnia (1 1) and (12) can be extended to other systems such as the well known
hydndo-pentammnerhodium(II) cation The reaction of [Rh(NH3)sH}?* with water has
been regarded as an example of the strong rrans-effect of the hydride higand, viz

[Rh(NH;)sH] ** + H30" = rrans-[Rh(NH;);H(OH,)]*" + NH," (13)
However, the above reaction may be thought of as ansing from two redox equilibna, viz

[NH;)Rh(NH;);H]** = [Rh(NH;),]" + NHg* (14)
and

[Rh(NH;),]* + H;0" = trans-[(H,0)Rh(NH;),H]** (15)

which mught also better explain the reactivity of Rh(NH;)sH] ?* and [Rh(NH;3),H(OH,)]**
towards olefins?® Simuilar reasoning also explains the reactivity of [Rh(CN)sH]* and
trans-[Rh(CN),H(OH,)}*~

Further work will be necessary to evaluate such possibilities but the general situation in
rhodium(IIT) chemistry 1s now farrly clear There are still some problems which do not fit
casily into current schemes, these are

(1) The intimate mechanism of addition to rhodium(l) (and of course ehmination from
RhmHX) of HX The addition of hydrogen to [Rh(py).]*, rather unusually, gives trans-
[Rh(py)sH.1" In the polar solvents considered here, products such as [Rh(py)sHX]" and
[Rh(en); HX]* (X = OH", halide) are frans 1somers, but, in view of the catalytic trans-
formation by borohydride of cis-[RhtnienCl,]* to cis-[RhtrienBr, |* without stereo-
chemucal change this need not constitute a mechanistic proof

(1) How, when reduced solutions are treated with dioxygen (or trioxygen) do we
fimsh with dimeric superoxo complexes *****? The reaction of dioxygen with rhodium()
1s complementary

X + [Rlll[_,4]”+ + 02 - [XRh‘I[quzl("—l)+ (+ H+)

{
[XRhL, (OOH)} (16)
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(u1) The intimate mechanism of electron transfer 1s still uncertain We know that
chlorne can serve as a bridge for the net movement of O electrons (Pt —Cl—Pt!1}, 1 elec-
tron (Colll—C1—Crl!, Crilt—C1—Crlt) and for 2 electrons (PtIV—Ci—Ptll, RhI_Cl—Rh)
What orbaitals are involved?

(iv) How does hydnde exert its rrans-effect in these octahedral systems® The two ex-
treme mechanisms may be represented by

(a) a pseudo Syl mechanism, viz

H-M-X - (H-M)* + X~

a7
v-
H-M-Y
(b) a redox mechamism viz
B HOMLX > BH' + M2 + X° (18)
BH*+ M"-2+Y~ - B: + HMY (19)

Currently, our evidence in rhodium(II) chemistry favours the latter situation
Qur present knowledge of the reactions of the reduced rhodium complexes 1s sum-
marised in Fig 1, to which the notes below refer

2
Cse,rRMT*°0rnM e, 53 £sp,Rh!RNME, 5] ﬂ;’g trans-CRAITB,H(OH)T + trans-CRhIIB,(H,0)(OH)]

S fast

(1)
_ - Ix
{Rh“e‘,x} pme—— {RhUB4} + X CRhC, 3

1e‘(A:B) le (A(z,,c):/

Xp (111)
CRhIA, % 23 2e _ 2x-+CRAlA] 2w trans-CRnltA, X3

m‘{ m }
=G0z rulllc 0,

\ (vi) / i

(A=C) HYS fast *
- tralllc, (00H)S3
XA Rl xrpla,
Y (IV)rOZ
X~ + CRhIA,] + trans-crnllla xY2 trnlllc, nya
g 1 Summary of reactions ot reduced rhodium complexes A = en or py, B=en,C = py,

X = halide, S = solvent Compounds in parentheses are presumed mtermediates

Coord. Chem Rev , 8 (1972)
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NOTLS

(1) Subsequent dimerisation s not always fast, rhodium(ll) monomeric species are
known, e g. dichlorotns(tri-o-methoxyphenylphosphine)rhodium(Il) (ref 30)

(1) A number of exchanges at rhodium(I) centres are known to be extremely rapid
and proceed via a 5-coordinate intermediate, viz eqns (20) (ref 31) and (21) (ref 32)

*pI, .
[Rh(PF,)(PPhs),Cl<— [RRCPF)(PPh;).Cl] (20)
\W [RR(PF3)(*PPh3),Cl]
Dec—
[Rh(py)s]* ——>> [Rh(Ds—py)s]* @1

Rund '® found, in the pyndne system, an inhibition by phen, which he attnibuted to 1ts
“scavenging”” the rhodium(1)

(m) X, =Cl,, Br,, 1,

(wv) The actual species which reacts with dioxygen 1s not entirely clear,e g [Rh(en),]"
reacts rapidly with dioxygen. but the hydrido-complexes, frans-[Rhi(en), HY]" do not
However, while [Rh(py)s]” reacts rapidly with dioxygen 1n this case, the hydndo-com-
plex, trans-[Rh(py)sHC1]" also does so, in the solid state, giving quantitatively 3 trans-
[Rh(py).CI(OOH)]"

(v) HY = H OH,", HCl or HBr additions are carried out in ethanol

(v1) We have some qualitative indications as to which ligands X, can serve as bnidging
ligands for the 2-electron transfer Certainly halides can, whereas azde (at least in 1,2,6-
[Rh(py)s(N3)s] ) and hydroxide (in trans-Rh(py)sCI(OH)]*) cannot

The nature of the final products under a particular set of catalytic conditions may be
raticnalised in terms of two processes the lability of rhodium(I) and the subsequent for-
mation of the X-bridged mtermediate, [RhMTXRA!] Calling the Rh—X—Rh direction =, 1t
seems that the ligands 1n the x and y planes in [RRIMIXRK!] are much less labile than those
on the = axis However. 1t 1s just these ligands (x y axis) which in the rhodium(l) species
are labile Clearly, the relevant competing rates are those which control the fate of [Rh!],

1e
[RhIA, ]
/,f AN \\\
k assoclation - ™ ~_ k exchange (+ A")
x S ,

[XA;RhIIXRKIA,] [RhIA;A'] etc
Where A&, > k. we have catalysis of nucleophilic displacement of the group X,
eg

trans-[Rh(py);Cl.]* + OH ™ LOH 105 [Rh(py),CI(OH)]* + CI~ 22)

or BHz
trans-[Rh(py),Cl,]" + X~ EtOH trans-[Rh(py), X;}* ((x = Br or [M)}] (23)

or BH;
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In cases where k. < Kk, we have catalysis of substitution i the xy plane, e g
with cold aqueous BH,™

trans-[Rh(py)sCl,]* + CNO~ BHa . 1 [Rn(py)sCINCO),] (24)

trans-[Rh(py).Cl,]* + ox BHa  [Rh(py);Cl(ox)] (25)

trans-[Rh(py)sCl1* + N5 BHs 1 2 6.[Rh(py)s(Ns); (26)
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