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A INTRODUCTION

Substitutions at cobalt{I1I}, rhodium{IIl) and mdium{1Il) centres in polar media, hike
water, are tn general much slower than those for other oxtdation states of the particular
metal Work tn polar media naturally mvolves complexes of the more polar igands, such
as ammonia or anuno acids. it has been known {ar some time that considerable rate en-
hancements, often useful synthetically, may be achieved through the addifion of a redox
reapent, and the owdation states (for comiplexes contamng essentially o-bonding higands
hke C1” or NH;) most commonly mvoked to rattonahse tlus finding are shown in Table

The critical factor in catalysis by one electron reducing agents at cobalt{1I1) 1s the for-
mation of a cobalt(I1) species, foliowed by a {(usually) rate-determmung electron transfer
from tlus or a denvative to a cobalt(11l) congener Simular features underlie the catalysis of
reactions of chrommum{IT)} by the relatively 1naccessible chronum(Ii)

The entirely different relations between oxrdation states for rhodium (o1 ridium} as
opposed to cobalt result in this one-electron reductive mechanism being non-catalytic®
and 1t 1s the purpose of this present note to coinment on the alternative way in which
substitutions at thodium(111) are catalysed

B SYNTHETIC OBSERVATIONS

Delépine’ found that alcahols contamnmg the motety RCHR'OH (where R or R', but
not both, may be hydrogen) were very effective 1n promoting the formation of rho-

= Though a onc-clectron ovidartre mechanism for mdium(Iil) may be usefut
Cvord Chem Rev 8 (1972)
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TABLLC 1

Osdation states invohoed 1in redos catalysis ot metal{l I} reactions

Co Rh Ir

More labre ovadised stan 2 v
T

More mert state 1 ¢ I
i+e

Aaore Labile reduced state It
1+

More lubile reduced state I H

? 3

diumI11} complexes from halorhodium{I1} species and ligands Examples of complexes
ieadily prepared fromn rhodium trichioride and the hgand using ethanol as catalyst are

(a) trans-{RhL;Cl, ]*, where L = pynidine® | 3-,4- or S-substituted pyndine, 1sogumno-
line, pyrinudme. pyrazele. tiuazole or 5-substituted N-methyhmidazole?

{b) [RhL;CI]**, where L= NH; or V-methylinndazole*,

{c) [Rh(mal};}*" (ref 4}, 0r

(d} crs-[Rhi{bipy),Cl. 1" * (ref $)

Two-electron reductants other than alcohoels have been effective 1n synthetic work on
rhodinm(i{l) At various ames hypophosphite 1on 7, hydrazimum hydrochloride? , boro-
hydnde 1on”, diftydrogen®, carbon monoxude®, ethylene'® and a number of other reagents
have heen employed

One probhlenyin elucidating such catalytic phenomenz has been the common use of so-
calted “*soluble rhodium trichienide™ as the factor Tlus has properties which vary with s
provenance'! and 1t 15 therefore reassuring that catalysis has been found m substitutions
at thodium{111) centres of a much better defined nature Some of these examples are
listed in Table 2

Cleariy such catalyses arc a function of the formation of reduced species, and 1t 18 not
therefore too surprising to find that dioxygen {which can serve as erther a 1- or 2-electron
oxidant} inhibits these 1eactions For example

{1) The reactson WO

trans-[Rhipy),Cl, 1" +2 Br —— nans-[Rh(py),Bra]* +2 CI (1)
15 very much slower in the presence of oxyzen, showing complex kinetics, with an inhibi-
fion penod’® Some years ago we studied, m aqueous media, the exchange of labelled
chloride 1in

[trans-[Rhi{py). Cl. [* + 2 ¥CI™ > nans-{Rhipy), #¥CL 1" +2 CI” )
and obtamed irreproducible results'’; we now attnbute this to the presence of oxygen

* Prolonged refluxing of an aqueous ethenolic solutton of rhodium trichlonde and bipy gives only cis-
[Rh(b1py}.Ci, }*, whercas by allowing 2 completely deoxy senated aqueous wthanolic solution of tho-
dwm trichlonde and bipy to stand 4t room temperature tor 1 weck [Rh¢bipy), [ ** 1s formed® This
15 10 be contrastud with the previously dusirnibed preparation ot [Ri{bipyd, | ** which mvolved® heat-
g thodum trichlonde in molten bipy {ca 180°)
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TARLE 2
Subsututions at rhodiumd{III} catatysed by 2-cleetron reductants

Cataly st Iactor X Product Ret  Notes
Trace BHy  srgns-{Rhien) Ct_|” Br trans-{Rh(en), Br, [ 12 b
Trace BHsy [ 2,3,6-[RhtrienCl, |* Br 12 3.6-[RhurenBr_§° 14 b
Trace BHq  1,2,3,4-[RhtreenCl ]” Br 1,2,3,4-[RhirenDr, [* 14 b
Trace BHs~  1,2,4-{Rh{py),Clor} Br or ! 1,2,4-{ Ri(py), Xox | 12
H, PO, trans- [ Rh{dmy) . C1. |- By trans-| Rhidmg).pyC1] 7
Ethanal trans-]Rh(py),CL, |” Br frans-[Rh{py},Br_|* 15 c
Ethanat rrgns-{RAL,CL, |* Br trans-|RhL, Br, [* 3 d
Ethanol IRR{H.0)CI_[* DY rans-[Ridpv).Cl. [” 16 L
NoHs HCl [RhphenCl, |- phen cis-[Rh(phen),Chy 1+ 5
N;Ha HCl  ens-[RR{AAYCL |* AA [Rh{AA),| 3 S t
(+}-cis-[ Rh(phen).Cl, [T OH" (£}crs-fRIv{phen),CI(OH) |~ 5 L

A X 15 the entenng group tusually halide 16m)
This reaction 15 201 catalysed by ethanol, 1t 15 also nzeresting that substitution at [RE(NH),CI]Z
15 not catalysed by borohydnde'?

€ Whereas primary or secondary alcohols > CHOH possessing the “hydndic™ grouping {in the context
of 2-electron reduction of trancrtion metal 1ons) are effective catalysts, f-butanol, with no such
grouping, 1s rort*
L = thiazole, this reaction 15 some 500 times taster in 30% ethanaol than in water'? Quahtativety
there 15 also marked catalysis by ethanol of this substritution when L = alkylpyndine, acetylpyndine,
pynmidine, pyrazoke or soquinohne?

£ Presumably via catalysis of some or all of the individual steps th the process, [Rh(L,0N1CE | -
{Ru(py 2, (L} — 1,2,6-[Rh(p¥);Cl,] — prans-[Rh{py}sCl>]* We know that at least the final reaction
1s catalysed® However, such resctions are not ahways catalvsed smee 1t 15 possible {0 rcoover
1,2,6-[Rhpy {N,), | unchanged trom a botling aqucous Lthanolic py ridine solution®*

UAA = bipy or phen This constrtutes a simple preparstion of [RI(AA),|* which has previously onh
been obtained under much more foremp conditions®

£ This reaction 18 mhibrted by diovyiren Thus a solunion of {+)}<15-| Rhiphen),Cl,1* at $0° (pH 13) for
5 mun retans 905 getivity , whereas reactton of the same solution, which has been tirst rrgorossds
degassed, oceurs with conplete racenusation under the same conditions?

Similarly, the substitution by bromude ts much slower in the presence ot chlonte 1on

{n A number of apparent catalyses of reaction (1) by such reductant gases as carbon
monoxide, ethylene and dithydrogen niust be attnbuted, at least in part, to the removat of
dioxygen by the gas stream. since we have found sinular effects with cyelopropane, d:-
ntrogen and argon

(i) The currently uncertain state of dioxygen effects on the catalytic reactmaty of
Wilkinson’s compound, [Rh{PPh,}5Cl] , 1s also related to this marked interfcrence by di-
oxygen '8t

As would be expected from the conflicting effects of ethanol and diowygen described
above, the situation in aerobic ethanolic systems 1s complicated '3

Conrd Chem Rev ,8{1972
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TABLI 3
Variwation in properues of the clectrochemically wduoced species, I, with pH

pH 2 pil 7 pH 13
EV‘EL o ca 2 mm (25%) Instant (25%)
Wag 4 H» 5 Hz e
k€ 418« I0°F Compiet o Very rapid
se”! 5 mm

4 Half-hfe tor oxyeen uptake
by idth at half height for NMR sipmaf duc to Rh—H (730 6)
© Rats constant at 25° for the reaction
trans-[Rh{en)aBra]" + 2 CI°
with I added, trans-[Rh(en);Cl,]* I=5 1

C NATURL OF THE RIDUCED SPECIES AND MICHANISM O CATALYSIS

Several observations provide a ink between this efficiency of 2-clectron reductants as
catalysts and the Itkely catalytic species On treatment of several halo-rhodium(IE) com-
plexes with borohydride, hydndorhodium(fH) complexes are formed **7** These show
thie usual mfrared absorpticn due to u(Rh—H) at ¢a.2100 cm™ ' and 1n solution show the
characteristic high field signal {ca.730) which 1s spitt :nto 2 doublet by *®*Rh (100% abun-
dance, £ = %) >HRh-H)ca.30 Hz

From electrochenucal studies, 1t has recently emerged that (at least in water) the actual
2-electron reduced state is an equilibrium between hydndo-rhodium(III} coinplexes and
the product of reductive chmination®® Thus, electrochenucaly

-1 0V
rmns—[Rh(en);CIz]" +2f fraus‘-[Rh(Eﬂ):H(OH)r +2C (3}
pH 7 [

i can be obtained as a sohid by additron of sodmm tetraphenylberate, whereas with the
more basic ligand tetmen, frass-[ Rh{tetmen),H{OH,}] ** 1s obtained under the same con-

ditions™’
The 1-electron reduced species has also been detected in tlese studies 23 [t seems

that the cssential mechanism of 1ts formation s
I tast

[Rhm] te IR.hH] Iast | '/E{R.hH] 3
The dirhodium{!t 11} species 1s diamagnetic and presumably has a rhodinzm--rhedium
bond, althcugh 1t was not possibie to detect vy(Rh—Rh) by Rarman spectroscopy due to
rapid decomposition upon irradiation by the exerting sotirece {He/Ne laser) The ligands
trans to the thodium—rhodiuni bond are very labile, although no dissociation of ethylene-
dianmune was detected However, i some cases ligands cis to the thodivm—rhodinm bond
can also be replaced. viz



CATALYTIC SYNTHFSES IN RHODIUM CHLMISTRY i53

HY/H;0  [(H.O)s Rh,Sa] (ref 24)

[(RCOO).RH,S,} ——
(S = solvent) .

Dmg/PPh,  [(PPh3}dmgRI(RCOO),"
Rhdmg(PPh.}] (ref 25)

In water, slow dismutation occurs, viz

[(H,0)(en), RhRh(en)o(H,0)} ** — [Rh(en), (HyOXOH)] > + [Rh(en);H(OH )} **

and 1t seems unhkely (but not tmpossible, in view of these rapid exchange reactions) that
thodium(II) 1s mvalved 1n the reductlive catalyses of rhodiumi(111) reactions
In solution, the 2-electron reduced species from mrans-[Rh(en);Cl; 1" shows properties
whuch vary with pH (Fable 3). There are two possible explanations, which are based on
the equilibna i L
trans-[Rh(en),H(OH,)] * = H' + rrans-[Rh(en),H(OH)]* = [Rh(en),]* + H.O0  (4)
11 I i

(£} That K, =0 and that tne reactivities of [ and Il differ by many orders of mapnrtude
toward (a) dioxygen [I reacts fast, [T not at all'] ; (b) exchange with water 11 slow, giving
a doublet signal for Rh~H; [ so fast that the signal 1s broadened completely], and (c}
catalysis of the prototype halide exchange

{2) That K, 1s fimite 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 pyndine complexes, viz

trans-[ Rh(py),Cl, |* + BHy™ H9Ho frans [Rh(py) HCI} + CIF (5)
v
rrans-[Rh(py)};HCI]" + base = [Rh(py)s]* + base HCI {6}
v
[Rh(py)a]” + XY - trans-[Rhipy).XY]" (XY = Cl., 1,. HCl, HBr) (N
Vi
[Rpy}s]* + HOH = rrans-[Rh(py),H(OH)}]" &)
Vv Vil

All the complexes IV —VII have been isolated as soltd salts and have been completely
charactenised Furthermore, we find that trans-[ Rh(py):H{OH)]* undergoes rapid ex-
change with D,O 1n neutral condittons, presumably via the reduced mntermediate,

[Rh(py}.]*-
rrans-[Rh{py) H(GH)]* + D OD = rrans-[Rh{py)sD(OD}* + H OH 9)

Caord Chem Rev R {1972}
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We atso {ind that [Rh(py)s]" catalyses substitutions m both rrans-{Rh(py).Cl,]* and
trans-{Rh{en),Cl, |*, whereas the dominant form n acid solution, frans-[Rh(py)sH(OH,} ",

does not
Thus the control of the reactrons of rhodrum{II) complexes, in the presence of re-

ducing agents stems from the redox equihibrium

K

Rhi + (26) RED —= Rh! + 0X (10)
K

Rl +HY == [HRh!TY] (1D

I's
Rul+ HYH® == [HRaU(YH)]* (12)

We may note that we expect the oxadising power to mcrease {ron anion fe g OH™,
NH.") to neutral spectes {OH,, NH;) to cation (H30%, NHs*),1e K, > K;; Thus tho-
dium{1iI} hydrnides are the dominant species in highly protic selvents (acid) whereas rho-
dium{1) wiil become 1mportant in the absence of protons {neutral or alkaline conditions)
It 15 this latter speetes winch s the effective catalyst and the mechamism 1s similar to the
2-electron, (J® ~d®) redox mechansm Found in PtV Chemustry by Basolo et al 2 The
conirol tn the catalytic efficiency of varrous reductants 1s due to equilibriun 10, where,
other things being equal, the stronger the reductant the more rhodrum(l) will be present

Equilibria (11) and {12) can be extended to other systems such as the well known
hydrido-pentammunerhodium(IH} catton The reaction of [Rh{NH;)sH] 2" wrth water has
been regarded as an example of the strong trans-effect of the hydnide ligand, 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 equihibna, viz

[NH3Rh{NH;),H]? = [Rh{NH;)]* + NH,;* (14)
and

[RE(NH;),]* + H;0" = rans-[(H,0)RR(NH;).H] ** (15)

which mught also better explain the reactivity of Rh{NH3)sH] ** and [Rh(NH3),H(OH,)1**
towards olefins** Similar reasoning also explains the reactsvity of [RR(CN);H]*" and
trans-| Rh(CN),H(OH, )] *~

Further wark will be necessary to evaluate such possibilities but the general situation in
rthodium{HI) chemistry 1s now fairly clear There are still some problems which do not fit
casily mto current schemes, these are

{t) The ntimate mechanisin of additron to rhodiem(I} (and of course elinunation [rom
RhmHX) of HX The addition of hydrogen to [Rh{py}s]", rather unusually, gives tfrans-
[Rh{py)sH,1" In the polar solvents considered here, products such as [Rh{py)sHX]" and
[Rh{en}, HX]* (X = OH", halide} are trans isomers, but, tn view of the catalytic trans-
formation by borohydrnde of cis-[RhtnenCl,]* to cis-[ RhtrienBr, 1" wirhout stereo-
chemucal change this need not constitute a mechanistic proof

{1} How, when reduced solutipns are treated with dioxygen (or trioxygen} do we
finish wath dimerte superoxo complexes ****? The reaction of dioxygen with rhodiumgf)
15 complementary

X + [R.llll.,q]’” +0, = IXRhlIiL402](r:—1)+ (+ H)

!
[XRhIHL (OOH)] ™ (16)
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{11} The intimate mechanism of electron transfer 1s still uncertain We know that
chlonne can serve as a bridge for the net movement of O electrons (Pt -Cl—PtI1} 1 elec-
tron (Colll 1, ¢l 1 —Cr1) and for 2 electrons (PtN—CI—-PtH, Rhm—CI—-RhI)
What orbitals are inpvolved?

(iv) How does hydrnide exert 1ts srans-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~

(17)
yv-
H-M-Y
(b} a redoxn mechamsm wz
hd N - -

EY HLMPLX - BH + M2+ X (18)

BH' + M"~2+Y™ — B: + HMY (19)
Currently, our evidence in rthodmm{I) chemstry favours the latter sttuation

Qur present knowledge of the reactions of the reduted rhodium complexes s sum-
mansed 1n Fig 1, to which the notes below refer

£se rn 1M “opnilp, 5] rse, AnERRIE,SS %25«- trans-LRMIBHOH)T + frans-CRANTIB,(HOMOH
1Y fast
{r) =
{nh“g‘,x}. e—— {nn"a.,} + X7 CRRTC, D

)
19,{;\:3) le (V

1 _ X (i1}
CRh AX23“_—"2X +ERhAJ — -

o/

trans-tRna X3

{Rhm c‘,oz}

HY'S fast )
1
ernfc, (00H)s]
xn fRnxrnta, 4
b4 {sv) 02
X~ + [Rh*A T + trans-ERnIMA x¥3 crne,hya

1z 1 Sutnmary of reactions ot reduced rhodmum complenes A=enorpy, B=en, C = py,

X = palide, § = sohvent Compounds in parentheses { are presumed intermediates

Coard. Chem Rev , 8 (1972}



156 RD GILLARD,BT HLATON
NOTLS

(1) Subsequent dimerisation 15 not always fast, rhodumi(1l) monomeric species are
known, e g. dichlorotris{tri-o-methoxyphenylphosphine)rhodmm(Il) (ref 30}

(1) A number ol exchanges at thoditm(I) centres arec known to be extremely raptd
and proceed via a 5-coordinate intermediate, viz eqns (20) (ref 31}and (21) (ref 32)

*pr°, .
[Rh(PF;)(PPh;).Cl—<"" [RB(TPE (PPh), (1] (20)
"~z — [RR(PFS)(*PPh,),Cl]
Ds—
[Rh(py)s]* — > [RR(Ds—py)al" 1

Rund '® found, 1in the pyndine system, an mhihition by phen, which he attrthuted 10 1ts
“scavenging” the rhodism(l)

{m) ¥, =Cl;, Bry, 1,

(v} The actual species which reacts with dioxyaen 1s not entrrely clear, e g [Rh{en),]*
reacts rapidly with dioxygen. but the hydndo-complexes, rrans-[Rh(en)sHY]" do not
However, while [RI{py),]” reacts rapidly wath dioxygen 1n this case, the hydrido-com-
plex, rrans-[Rh{py).HC1]" also does so, i the sohd state, prvmg quantrtatively 32 rrans-
[Rh{py).CI(OOH)]"

{v) HY = H OH,", HCI or HBr addit:ons are carried out 1n ethanol

{v1} We have some qualitative indications as to which ligands X, can serve as bridging
ligands for the 2-electron transfer Certainly halides can, whereas azide (at leastin 1,2,6-
[Rh(py);(Na)l) and hydroxide (in mrans-Rh(py}.CI{OH)]") cannat

The nature of the final products under a particular set of catalytic conditions may be
rattonalised m terms of two processes the lability of rhodium(l) and the subsequent for-
mation of the X-bridged mtermediate. [RhXRR] Calling the Rh—X—Rh direction =, 1
seems that the higands in the x and y planes in [RhMIXRA] are much less labtle than those
on the = axs However. 1t 15 just these ligands (x 3 axts) which n the rhodinm{I) species
are labile Clearly, the relevant competing rates are those which control the fate of [Rhi],
te

[Rh'A,]

of A
7 S

k assaciation ~ exchange {+ A’}
s
[XA,RhHIXRhIA,] [RhIALA’] etc
Where & > k. we have catalysis of nucleophilic displacement of the group X,
g

k
S

trans-[Rh(py);CL.)J* + OH ™ L0H . paps [Ri(py),CIHOH)]* + C1™ (22)
or BH3
trans-[Rh(py)sClyl* + X~ LOHL s [R(py)sX:]* [(X = B or I7)] (23)

or BH |
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In cases where k.. <€ k. we have catalysis of substitution m the x) plane, e g
with cold aqueous BH,™

rrans- [Rh(py)sClyl” + CNO™ BHa o R (py),CI(NCO), ] (24)

trans- [Rh(py )sCl,]* + ox BBs  [Rh(py);Ci{ox)] (3%)

trans-[Rh(py)sChy]* + N5 BHa | 1.2 6.[Rh(py);(Ny); (26)
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