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The tri+-hydroxo-dirhodium complexes f(RhC,Me,j,(OH)J]X (X = Cl, PF,, 
BF,) react in isopropano1 to give the ~-~-hy~do-rhodium complexes 
~(RhC~Me~j~(H)~O]X (X = PF,, BF,, BPh,). A combination of X-ray crystal 
structure determination and ‘H and 13C NMR spectroscopy of [(RhC,Me,),- 
(Hj,O] [PF, J showed it to contain an equiIateraI triangle of rhodium, each 
$-bonded to a C,Me,, capped on one side by an oxygen and with each pair of 
rhodium5 bridged on the other side by a hydride (Rh-H mean 1.7(l) A). The 
molecule is quite rigid and the barrier to movement of the hydrides, AG’, is at 
least 21 kca.I mol-’ at +lOO”C. Reasons for this rigidity are considered. The 
knower tetrahydride complex ](RhC,Me,),(H),]2’ is obtained &om 
[(RhCSMe&fOH),]Cl in isopropanol using longer reaction times. Reaction of 
[(RhC,Me,),(OH),]PF, with primary alcohols fRCHzOH) gave mixtures of 
r~RhC~Me~~~H(O~CR~~ JPF6 and r(RhC~Me~~~~H~*~~~CR)]PF~, but only the 
latter could be easily isolated. A single crystal X-ray structure of [fRhCJvIe&- 
~H)~(O~CMe)]PF~ showed it to be dim&ear with the two rhodiums each 
$-bonded to &Me, and bridged by two hydrides (mean Rh-H, 1.72(10) A) 
and one acetate. 

The pentamethylcyclopentadienyl-rhodium and -iridium halide complexes 
give a variety of p-hydrido complexes when they are reacted with isopropanol 
(and other alcohols) in the presence of base [2,3]. For example, 1 + 2: 

* For Part XXVII, see ref. 1. 
** Tldsaxticleisdedicatedto thememory ofProfessorPaoIo Chini. 
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It was therefore of interest to discover what types of complexes would result 
from reactions of the p-hydroxo-complex (3a) [4] and its analog.les 3b and 3c 
[5] with alcohok. These experiments form the subject of the present paper; a 
part of this work was presented in a brief commgnication [S] . 

Results and discussion 

Fmmation of [(RhC,Me, j,(Ei),O]PF, 
When the tri-,+hydroxo hexafluorophosphate salt 3b was allowed to react 

with aqueous isopropanol(3 days/50”C) a solid was obtained, the ‘H NMR 
spectrum of which indicated the presence of two hydrido complexes. 

SCHEME 1 

[(RhC@eg)2 CL,1 + 

(1) 

Me2CHOH 
OH- 

- CrMecRh -) a 2 ,Cl,RhCgMe5 

Cl 

Me2CO 

[C M Rh<ItlRhC Ye JC~ 5'5 \ , 5'5' 
Me,CHOH 

> (4) 
M%CHOH 

> [(RhC5Me5)~(H!41 2f 

(3a) 
'OH' 

[C M RhdELRhC Me ]X 

' e5 \OH/ 5 5 

Me7CHOI-i 

- - 

(3b). X= PF5 

(3C). X=BF, 

X-H20 

(4a). X=PF6 

(4b). X=BF4 

(4~). X=BPh4 
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The minor component (ca. 25%) showed the hydride as a triplet at 6 -13.9 
ppm [J(Rh-H) = 30 Hz] ; this was associated with a &Me, singlet (6 2.10 
ppm). The relative intensities of the two resonances suggested that two ,+-hy- 
drides were present for each pair of RhC,Me, groups. This material has not yet 
been isolated pure but it is possible that it is the so far unknown di-p-hydrido- 
y-hydroxo complex, [(RhC,Me,),(OH)(H),]PF,. 

The hydrido complex present in greater amount could be isolated pure by 
using more dilute solutions. It was shown to be the tri-CL-hydrido trinuclear 
complex, [(RhC,Me,),(H),O]PF,-- H,O (4a) (Scheme 1) by an X-ray structure 
determination and by spectroscopic methods (Table 1). 

When the reaction was carried out in aqueous isopropanol a stoicheiometric 
amount of acetone was also formed; a similar reaction occurred in butan-2-01 
and in this case the organic product was butan-2-one, again formed stoicheio- 
metrically. 

Since the dim&ear hydride could not be detected when the reaction was run 
under more dilute conditions it is tempting to suggest that it is an intermediate 
in the formation of 4a. 

The X-ray structure determination of 4a showed the presence of an equi- 
lateral triangle of rhodiums (mean Rh-Rh 2.758 Ai) each $-bonded to a &Me, 
ligand, which is capped on one side by an oxygen (mean Rh-0 1.994 A). This 
oxygen is hydrogen-bonded to a water of crystallisation [O(i)---H---0(2), 
2.77 A.1 which is, in turn, hydrogen-bonded to one fluorine of the PF,- anion 
([0(2)---H---F(6), 2.96 & see Figs. 1 and 2 and Tables 2 and 3). The Rh, plane 
is at a mean angle of 84.3” to the &Me, planes. 

A difference Fourier synthesis at R = 0.043 showed residual electron density 
due to a hydride bridging two of the rhodium atoms, Rh(1) and Rh(3), on the 
other side of the capping oxygen. This was at a mean distance of 1.7 L% from 
Rh( 1) and Rh(3) and the angle Rh( l)-H-Rh(3) was 100”. Unfortunately the 
C,Me, ligand bonded to Rh(2) was found to be disordered (in the relative pro- 

(continued on p_ 318) 

Fig. 1. View of the cation of complex 4a showing disorder of ok CgMe5 ring (hydrogens omitted). 
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Fig. 2. View ofthe Rh3H30 core ofthecafionof4aandthe hydrogenbondiogto Hz0 andthento PFg. 

Probable positions ofhydridesindicated. 

TABLE2 

SELECTEDBONDDISTANCES(~)ANDBONDANGLES(o)FOR[(RhC~Me~)~(H)~01PF5-H~0 

(4a)<e.s.d.k IN PARENTHESES) 

Rh<l)-Rh<2) 2.7551<11) 
Rh<l)-RhO) 2_7674<10) 

Rh(2)-Rh(3) 2.7527<11) 
meanRh-Rh 2.7584(11) 

Rh(l)--O(l) l-988(6) 

Rb<2)_0(1) l-999(6) 

Rh(3)_0(1) l-995(6) 
meanRh-0 l-994(6) 

Rh(l)--C(21) 2.171(7) 

Rh(l)-C(22) 2.168<7) 

Rh<U-C<23) 2.164<7) 

Rh(l)_C(24) 2.166(7) 

Rh<l)--C(25) 2.170(6) 
mean Rh(l)--C 2.168(6) 

Rh-CgMe5o 1.809 

Rh(2k-fX31) 2.18X10) 

Rh(2)--C(32) 2.178<10) 

Rb(2)--C(33) 2.157(10) 

Rh(2)C<34) 2.150<10) 

RhW-C(35) 2.168(10) 
meanRh(2)-Cb 2.168(10) 
Rh-+Mes= 1.808 

Rh(2)--C(36) 2.213(23) 

Rh(2)--C(37) 2.238(22) 

RW2)+X38) 2.190(22) 

Rh(2)-fX39) 2.133(21) 

Rb(2)-C(40) 2.148(24) 
meanRh(2)-Cb 2.218<22) 
Rh-CSMeg= 1.826 

Rh<3W<26) 2.176(S) 

Rb(3)--C(27) 2.172<10) 

Rb<3)-W28) 2.174(S) 

Rh(3)--C(29) 2.179(9) 

Rh(3)-'X30) 2.180(S) 
meanRh--C 2.176<9) 
Rh-CgMeg" 1.818 
0(1).*.0[2) 2.770(13) 
0<2)---F(6) 2.961<19) 

Rh<l)-Rh<2)-Rh(3) 
Rh(l)-Rh(3tiRh(2) 
Rh<2)-Rh(l)-Rh(3) 

Rh(l)-O(l)-Rh(2) 
Rh(l)-O(l)-Rh(3) 
Rh(2)--O(l)-Rh(3) 

60.32(3) 
69.88(3) 
59.80(3) 

87.4(2) 
88-O(2) 
87-l(2) 

aPerpendiculardistance.b The QMegattachedto Rh(2)IsdIsorderedandhastwo orientations intheratio 
70% [C<31-<35)3 and3090 [C(36)-C(40)1. 
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portions O-7 : O-3) and, although the three C,Me,Rh groups were equivalent, 
this disorder prevented the detection of the residual electron density due to the 
hydrides bridging the other two pairs of rhodium atoms.. 

The mean Rh-Rh separation of 2.758 A is shorter than that in the y-hy- 
drido-pchloro dimer 2 (2.906 A) [7] and only slightly longer than in the 
di-p-hydrido-p-acetate Sa (2_681& see below)_ This indicates that the forces 
binding the metal atoms together in 4a are stronger than those in 2; in each 
case the metal atoms are formally in the +3 oxidation state. The oxygen in 4a is 
also very strongly bound and both the mean Rh-0 distance of l-994(6) R and 
the mean angle RhORh (87.5” ) are significantly less than the corresponding val- 
ues in [(RhC,Me,)(OH),]OH - 11 Hz0 [2.111(4) A, 89.6(2)“] [5]_ The mean 
Rh-C(C,Me,) distances (2.171 A) as well as the mean perpendicular Rh to 
C&Me, ring distances (1.812 .&) [ excluding those for the poorly resolved ring 
attached to Rh(2)] are rather longer than those typical for C&Me,-RhrrI com- 
plexes [8] and reflect some crowding in the cation. These distances are, how- 
ever, less than those in [(RhC,Me,),(H),]*+ [2.215(14) and 1.846 A, respec- 
tively [9]] and we conclude that the crowding is less in 4a. 

More evidence for the presence of three bridging hydrides came from the ‘H 
NIMR spectrum. This showed a multiplet at 6 -18.20 ppm and a singlet at 

TABLE3 

EQUATIONS OF IMPORTANT LEAST-SQUARES PLANES IN THE FORM: 

whereXYZare thecoordinates~Areferredtothe~esab*c'.Deviations(A)ofvariousatoms from 
these planesare Listedin parentheses. Anglesbetween the planesare at the footofthetable. 

1 m n . d 

Plane 1: C(2l)-C(22)--C(23)-C(24)-C(25) 
0.9'772 -0.0091 0.2120 

[Rh(l)-1.809 
c<ol)o.lo;c(o2) O.O4:C(O3) O.O5;C(O4) O.l3;C(O5) 0.151 

Plane 2: C(26)-C(27)-C(28)-C(29jC(30) 

0.6585 -0.2086 -0.7231 

[Rh(3)1.818 
C(06)~.14:C<07)~.10:C(08)~.11;C(09)~.14:C(10)~.043 

Phne 3: C(3l)-C(32)-C(33)-C(34)-C(35) 
0.2043 -i?.O920 0.9513 

CRh(2)1.808 
c(11)~.05:c(12)~.12;c(13)~.11;c(14)~.10;c(15~.03] 

Plane 4:C(36)-_C(37)-C(38)-C(39)-C(40) 
0.3152 -0.1309 0.9400 

CRh(3) 1.826 
C<16)~.11;C(17)~.08:C(18)0_00:C(19)~.02:C(20)~.051 

Plane 5: Rh(l)-Rh(P)-Rh(3) 

-0.1375 -0.9903 0.0221 

Angles: Plane 2 3 4 5 

1 60.5 60.7 59.4 96.9 
2 118.3 116.4 84.3 
3 2.6 85.9 
4 83.9 

4.8675 

4.7410 

-1.4907 

-1.6244 

-3.2184 

J 
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J 
(3b) 

:, 

Fig_ 3. a) 1H NMR spectrum of the hydride I~SO~IUXXS of [(RhCsMeg)g(N)gOlPFg - Hz0 (4~0 at 6 --‘18.29 
ppm. b). Computer simulation of the spectrum using lJ(Rh-Rh) = 10.3. lJ(Rh-H) = 26.6; 2J(Rh-H) = 

0.5 and *&H-H, = 4.5 Wt. 

6 2.03 ppm (C,Me,) with relative intensities 1 : 15. Eiowever, the high field hy- 
dride resonance was not a 1 : 3 : 3 : 1 quartet, as would be expected if the 
molecule were fluxional and the three hydrogens were equally coupled to all 
three (equivalent) ‘03Rb nuclei (100%; I = $)_ Instead the complex multipfet 
illustrated in Fig. 3a was observed, which was both field- and temperature- 
invariant (over the range -60 to 100°C!). Further evidence that it arose from 
three equivalent hydrides came from the observation that the multiplet col- 
Iapsed to a singlet on irradiation at the appropriate Io3Rh frequency (-136 
ppm at a frequency of 3.16 MHz) [lo]. 

The hydride multiplet was of the form [AX], (A = lo3Rh, X = “H) and could 
be accurakeiy simulated (Fig. 3b) given the observed geometry and assuming 



320 

SCHEME 2 

L2Rh 

(5a) (5b) 

t L= P(OMe) 3 I 

CP 

o/Rh I/\ 1 
PH\ 

CpRh\C~hc: 
1: 

(6a) 

LIZ 
Rh-Hb 

CP 

- 

6b) 

CP 

(6~) 

the coupling constants, lJ(Rh-Rh) 10.3, ‘J(Rh-H) 26.6, *J(Rh-H) 0.5, and 
‘J(H-H) 4.5 Hz [S,lO] . The multiplet clearly arises from a totally static situa- 
tion. Indeed, since we would have been able to see a 1 Hz broadening at lOO”C, 
we can say that the minimum AG* for coalescence is 21 kcal mol-’ * using the 
relationship k = n(h -ho) where h is the linewidth of the peak, h, is the line- 
width in the absence of exchange, and k is the rate constant for the exchange 
rni- 

Although the X-ray structure shows the Rh,O core in 4 to be very strongly 
bound, the extreme rigidity of the complex was quite surprising, particLdar~y 
since hydrides normally move easily, especially in cluster complexes, and have 
been termed “plastic” ligands 112 J . For example, the complex [Rh3(H)3- 
CWOMeM,l, 5, is highly fluxional down to -120°C and has AG’ less than 
8 kcal mol-l (Scheme 2) [ 131. Further, the trinuclear complex 6 which, like 4, 
has a formal electron count of 48 and a capping ligand (though this is CH rather 
than the 0 in 4a) is reported to have fluxional carbonyls [ 147. 

If the mechanism by which the hydrides in 5 equilibrate is as shown then the 
transition state 5b is one in which all three hydrides must be terminal and 
where the metal atoms must have a different state of hybridisation from that 

* The value of 26 ~cai mol-1 quoted e&ier [6] has now been revised. 
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which they have in the ground state 5a *. The molecular skeleton in 5 is pre- 
sumably flexible enough to allow this to occur easily but, because of the con- 
straints to movement and rehybridisation offered by the capping oxygen and 
the inter-meshed methyls of the &Me, ligands, this is severely hindered in 4. 

Again, an easy path to equilibration of the CO’s is available in 6 since one 
Rh-Rh bond has no CO bridge and therefore the carbonyls can move one at a 
time e.g. 6a =+ 6b =+ 6~. This is presumably a facile process and in any case the 
C,H, ligands would not interfere with any reorganisation (at the rhodium most 
involved in the transfer) to the same extent as would the C&Me, ligands. 

It is also possible that the reason for the lack of fluxionahty of 4 may lie in 
electronic effects. Thus while the rhodiums in 4 are formally in the +3 oxida- 
tion state, in 5 they are +l and in 6 +2& Certainly Chini et al. have suggested 
that in the larger carbonyl clusters the more fluxional ones have the higher 
ratio of negative charge to number of metal atoms [ 161. They see the higher 
charge leading to higher electron densities on particular metal centres which in 
turn helps the formation of CO bridges and hence facilitates carbonyl move- 
ments. 

At present we have no means of distinguishing between the electronic and 
the steric effects and it is likely that both are important. The main interest in 
this point is because a correlation may be expected between the ease of 
fluxionahty and the degree of kinetic lability towards, say, substitution reac- 
tions. Certainly 4 is singularly inert towards further reaction except in the pres- 
ence of chloride when breakdown of the cluster slowly takes place. 

The 13C NMR spectrum of 4a showed a singlet at 6 11.1 ppm (C&e,) and a 
multiplet at 6 98.5 ppm for the ring carbons (C,Me,). The multiplet corre- 
sponded to a rigid [A’X,] system (A’ = i3C, X = lo3Rh) and was again success- 
fully simulated using the parameters ‘J(Rh-C) = 7.0 and *J( Rh-C) = 0 Hz 
[lOI- 

The tetrafluoroborate salt [(RhC5Me5)3(H)30]BF4 - H20 (4b) was made 
analogously from [(RhC,Me,),(OH),]BF, (3~) in aqueous isopropanol; on reac- 
tion with Na[BPh,] it gave the tetraphenylborate [(RhC,Me,),(H),O]BPh, - 
H20 (4~). The NMR and IR spectra were identical to those of (4a) except for 
bands arising from the anions, and there was no detectable fluxionality with 
different anions. 

Formation of [(RhC,Me,),(H),]2’ (7) 
When the yellow tri+-hydroxo chloride complex 3a was reacted in aqueous 

isopropanol(l6 h/60”C) it gave a black precipitate and a red solution. On addi- 
tion of aqueous KPF, to the red solution, the salt 4a was again produced, in 
43% yield. However, if the reaction mixture was heated longer (80 h/60”C) the 
solution turned deep green, and a further black precipitate was formed_ Addi- 
tion of aqueous KPF, to the green solution gave the dark green [RhC,Me,),- 
(H)J [PF,], (7) in 31% yield. 

This tetranuclear complex had previously been prepared by reaction of an 
aqueous solution of 3a with hydrogen at 90°C [9]_ During that reaction the 

* As for example. in CRh3Cp3(C0)3] [15]. 
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colour also changed from yellow through red to dark green and we have now 
found that when KPF, is added to the filtered aqueous red solution at the 
appropriate point in the reaction, the trinuclear trihydride 4a is obtained. Thus 
both reactions appear to proceed via the same intermediate complex to the 
same final product, and the function of the isopropanol is simply as a source of 
hydrogen. However, a variety of attempts to convert the red trinuclear into the 
green tetranuclear complex were unsuccessful. 

Form&ion of [(RhC,Me,),(H),(O,CR)]‘(8) and [(RhC,Me,),H(O,CR),]’ (9) 
The tri-p-hydroxo complexes (3a-3c) all reacted analogously with primary 

alcohols but the reaction of the PF,- salt (3b) was the easiest to follow since 
the products could be isolated as the sparingly soluble PF,- salts. All the alco- 
hols (apart from methanol) gave both the di-p-hydrido mono-p-carboxylato- (8) 
and the mono-p-hydrido-di-fl-carboxylato complex (9)_ When the reactions 
were carried out in a large volume of solvent the less soluble dihyclrides (8a- 
8d) could readily be obtained pure. The overall reactions appeared to be: 

[ (RhCsMe5),(OH), I++ 
RCH20H h [~pe@~~‘-,--C5Me5~ + 2H,O 

O---_CR----_ 0 

[Ea. R = Me 

8b. R = Et 

EC. R = Pr” 

8d. R = Me&H 1 

C I++ C 

I 
(RhC,pe&H),(O,CR 1 RCH,OH - C5Me,Rh-H- + 

I 

34, 

_- ____ -___ 
O-CR-O 

(9) 

The tri-,u-hydroxo chloride complex 3a reacted similarly with ethanol to give 
8a and 8b. In this case small amounts (ca. 3 equivalents) of acetic acid were 
also detected in solution. The reaction proceeded in the same way and to the 
same extent under nitrogen and in degassed solvents, showing that air was not 
required. The source of oxygen was therefore the water and analysis of the gas 
phase showed that some hydrogen was produced. 

Both 8a and 9a had previously been made from the rhodium acetate com- 
plex [(RhC,Me,)(O,CMe), - n H,O] and were thus identified by comparison 
with the published data [ 23. The mono-iu-hydrides 9a-9d were only observed 
in solution (by NMR spectroscopy) but the di-p-hydrides 8a-8d were isolated_ 
The complexes Sb-8d were new and were identified by analysis and NMR and 
IR spectroscopy. 

Good crystals of the dihydrido-acetate complex 8a were obtained and an 
X-ray crystal structure determination on this material showed it to have the 
expected structuie (Fig. 4 and Tables 5 and 6). The molecule is composed of 
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TABLE 4 

ATOMIC FRACTIONAL COORDXNATES FOR Z(RhCg~ic5)j(H)303PFg - Hz0 <4a) X104 <X105 FOR 

THOSE MARKED f). ESTIMATED STANDARD DEVIATIONS ARE IN PARENTHESES 

'Rh(O1) 
*RhcOB) 
*RhC03) 
P 

F(O1) 
Fmz) 
F(O3) 
F<O4) 
F(05) 

FcO6) 

WOl) 
WO2) 
(x01) 
WO2) 

C(O3) 
C<O4) 

C(O5) 
CW6) 
C<O7) 
C<O8) 
(x09) 

(x10) 
Cal) 
C<l2) 
C(13) 
C(l4) 

C(15) 
C(l6) 

C<17) 
C(18) 
C(lS) 
C(20) 
C<21) 

a=) 
C<23) 

Cc29 
C(25) 
C(26) 
cK2-7) 
C<28) 
a291 
C(30) 
G(31) 
~(32) 
C(33) 
cK34) 
cx35) 
C(36) 

C(37) 
C<38) 
C(3S) 
C(40) 

12379(6) 
-5426(l) 

-13115(6) 
-4485(3) 
4367(12) 

4566(25) 
4600(11) 
4389(20) 
--5933(B) 
-3035<9) 
-450(5) 
-640(10) 

3898(12) 
2574(12) 

1710(12) 
2485(x!) 

3814(12) 
-4451<13) 

-1429(24) 
-3389<23) 
-1224(18) 
-3010(21) 
1674(20) 
-165(25) 

-2919(19) 

-3039(26) 
-160(3i) 

-3606i42) 

-1534(65) 
1219(51) 
683(55) 

-2106i80) 
3251(6) 

2703(7) 
2310(7) 
261X6) 
3196(6) 

-3389(7) 
-2935(10) 

-2044(9) 
-1949(7) 

+2780(g) 
202(7) 

-541(10) 

-1811(8) 
-1853(S) 
aos<ll) 
2175(15) 

-1360<21) 
-132<17) 
-l_88(18) 

-1451(22) 

20633(5) 
22328(6) 
23315<5) 
6942(3) 
6835(13) 
6028(12) 

6986(14) 
7850(10) 
7373<12) 
6551(12) 

3045(4) 
4914(7) 

1358<11) 
3576(g) 

3660(8) 
1529<10) 

144(8) 
3445(18) 

1007<18) 
1198<16) 
3067(25) 
4459(11) 
1609(23) 
414<13) 

1733(17) 
3917<14) 
3852<21) 
3494(37) 
4401<30) 
2752(45) 
744(36) 

X084(47) 
1751(5) 

2705(4) 
2752(3) 
lSi8(5) 
1209(3) 

2931(T) 
1987(6) 
189X5) 
2783(7) 

3422(5) 

2077(8) 
1499(5) 
2079(7) 
3015(6) 
3014(7) 
2780(18) 
3303<12) 

2767(17) 
1765(14) 
1830(15) 

24598(6) 
8445(6) 

32655(6) 
2711(3) 
1342(10) 

2610<22) 
4033(S) 
2668(23) 
2737(11) 
2741(12) 

2342(5) 
2702(12) 

447(11) 
1634<13) 

4426(12) 
5005(11) 

2537(14) 
3125(15) 
5353(26) 
3507(24) 
6166(14) 
467X21) 

-1624(17) 
-1354(16) 
-290(15) 

141(20) 
--668(23) 
314(45) 

-128(48) 
-1299(42) 
-1578(39) 
--fs37(67) 
1759(4) 

2274Ni) 
3509<6) 

3757(5) 
2675(6) 

3836(7) 
4020(8) 

4861(S) 
5197(6) 

4564(S) 
-1061(9) 
-941(9) 

-460(S) 
-283(S) 
-654(10) 
-200(21) 
-349(20) 
-881(19) 

-lOSO 
-639<22) 



Fig.4.View ofthecation of[(RhCgMe&(H)2(0Ac)J[PF61 (8a) (methylhydrogens omitted forclarity). 

TABLE 5 

SELECTEDBONDLENGTHS(&ANDANGLES<O)FOR [<RhCgMe5)2<H)20AclPFg<Sa).WITH 
ESTIMATEDSTANDARDDEVIATIONSINPARENTHESES 

Coordination sphere ofthe rhodiumatoms 

Rh(lt-O(2) 2.071<6) 

Rh(l)_H(U 1.73(10). 

Rh<l)-H(2) 1_65(10) 

Rh(l)-C<B) 2.162(S) 

Rh<l)--C(U 2.133(S) 

Rh(l)-C(S) 2.163(S) 

Rh(l)--C<G) 2.157(S) 

Rh(l)--C(7) 2.159(S) 

Rh<l)-centroid 1.779 

Rh(l&Rh(U 2.680(l) 

Rh(lFH(ljRh(2) 101<5) 
Rh(l)-H(2jRh(2) 104(5) 

Bridging acetate group 

C<IFWi) 1.248(10) 

C(l)--o(2) 1.261(10) 

C<l)--c(2) X.525(12) 

0(I)--c(1)--0(2) 124.8(7) 

O(l)-al~<2) 118.4<7) 

Ow--C(l)-a2) 1X6.9(7) 

Rh<2)--0<1) 2.070(5) 

RhCD--H(l) 1.73f.10) 

RhCU-H<W 1.75<10) 

Rh<2)-Ul3) 2.136(10) 

Rh<2k--C<l4) 2.141<9) 

Rh(2)--C(lW 2.141<9) 

RWQ-C(l6) 2.171(10) 

RW2)-C(I7) 2.138(11) 
Rh(2)--centroid 1.775 

Pentamethyk ,yclopentadienyZ ligands 

C<3)--c(4) l-434(12) 

C<4)--c(5) l-436(12) 

C<5b-C<6) 1.418<12) 

C(6)-'X7) l-454(11) 
CC7)--c<3~ 1.410(11) 

'X3%-4X3) l-522(13) 

c<*l-c<g> 1.51804) 

c<5)--c(10) l-508(13) 
C<W-CCll> 1.500(13) 

C%‘)--c<12) 1.513(13) 

1.408<14) 
l-428(13) 
1.420(13) 
1.400<13~ 
1.457(15) 
l-523(18) 
l-521(16) 

l-513(14) 
l-522(16) 
1.550(18) 

- - 



325 

TABLE6 

EQUATIONSOFIMPORTANTLEAST-SQUARESPLANESFOR[(RhC~Me~)~(H)~0Ac]PF6(8a)IN 
THEFORM: 

JX+tmY+nZ=d 

whereXY2 are coordinatesinA refemedtotheaxes obc*_ Deviations(A)ofvariousatoms from these 

planes arelistedinparentheses. AnKles between the planesare at the footofthetable. 

I In n d 

PJane 1: O(Ol)-C(O1)-0(02) 
0.1843 0.4338 0.8819 1.9051 

[C(O2)-O_OlO;Rh(Ol)0.092:Rh<02)0.0991 

Plane 2: Rh(Ol)-Rh<02)-H(01) 
0.1256 -0.9744 0.1865 -3.0935 

PJane3: Rh(Ol)-Rh<02)-H(02) 
0.1868 -0.8609 0.4732 -2.5344 

PJme4rC(03)-C(04)-C(O5)-C(06)-C(O7) 
-0.9345 0.3496 0.0676 3.9760 

[Rb<Ol)-1.779: 
C(08) 0.100:C(09)0.136:C(10)0.097:C(l1)-0.066:C(12) 0.0221 

PJnne5: C(13)--C(14)-C(15)--C!(16)-C(17) 
0.7624 0.5234 -0.3804 4.6121 

[Rh<02)-1.774: 
C<18)0.075:C(19)0.081:C(20)0.034;C(21)--0.020;C(22) 0.0461 

AngJes: PIane 2 3 4 5 

1 103.6 85.5 87.8 88.2 

2 18.1 116.4 119.0 

3 116.3 119.2 
4 123.7 

two rhodiums, each $-bonded to a &Me, ligand, and separated by 2.680 A. 
The rhodiums are bridged by one acetate (Rh-0 2.070,2.071(5) A) and by 
two hydrides (Rh-H (mean) 1.72(10) b, Rh-H-Rh 101(5), 104(5)“). As a 
consequence of the asymmetry of the coordination about the metal both the 
f&Me, rings are very distorted and asymmetricahy bonded. Similar effects have 
been noted before [17] but not in the same sense as are observed here; however 
the rather high e.s.d.3 on the C-C bond lengths must make any detailed analy- 
sis very tentative_ The differing sizes of the hydride and the acetate bridging 
groups also means that the two C,Me, rings are not parallel but are inclined to 
one another at an angle of 124”. The &Me, rings are also staggered with 
respect to each other so that the methyls on opposite sides mesh together in 
the stericahy most favourable positions. Four of the methyl carbons on each 
&Me, are bent out of the plane of the ring away from the metal, the remaining 
one being slightly distorted towards the rhodium. The out-of-plane distance of 
the methyl groups increases as the position becomes more stericahy crowded 
du to the inter-ring repulsions. However, since the absolute value of the 
deviations differs for the two rings (being 0.202 & for one and 0.101 for the 
other) this suggests that the distortions cannot wholly be attributed to steric 
effects of this type. 

Complex 8a is the first d&hydride in this series to have had its crystal struc- 
ture determined. It is noteworthy that the Rh-Rh distance of 2.680(l) J% falls 
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(as might be expected) between that of the mono+-hydrides, 2,906(l) in 
[(RhC,Me&HCI,] (2) [7] or 2.903(l) in [(Ir(C5Me&HC13] [18] and 2.455(l) 
in [(IrC,Me,),(H),]’ 1191. Clearly bridging hydrides have the effect of pulling 
the C,Me,M units closer together and in the dinuclear hydrides the magnitude 
of this effect seems to be directly proportional to the number of bridging hy- 
p2d2e!,Avith each successive y-hydride leading to a further shortening of ca. 

. 

Reaction of ethanol with ~(IrC,Ale,),(OH),]OH hydrate 
The reaction of [ (IrC,Me,),(OH),]OH hydrate [ 51 with aqueous ethanol 

gave only the known tri-p-hydride-complex [ C,Me,IrH,IrC,Me,] [PFJ [ 21 
after the addition of hexafluorophosphate. GC analysis of the solution showed 
the presence of acetic acid. However, in this case the acetate was clearly not a 
good enough nucleophile to coordinate to the metal by displacing hydride. 

Mechanism of reactions 
When the yellow tri-p-hydroxy rhodium complexes are dissolved in alcohols 

the initiahy paIe solutions darken within a few minutes to red-brown (primary 
alcohols) or red-purple (secondary alcohols). However, the intense colours belie 
the very small amounts of products formed and significant quantities are only 
formed quite slowly_ For example, on addition of NH,PF, to a freshly made up 
red-purple solution of [(RhC,Me,),(OH),]Cl in isopropanol an orange precipi- 
tate was obtained in high yield. This was shown to be the known tris-ammine 
complex [(RhC,Me,)(NH,)JPF, (10) [ 201 and therefore no significant 
amounts of hydride complexes had yet formed. 

It seems likely that, on dissolution of a tri-p-hydroxy complex 3 in an alco- 
hol, the tri-p-alkoxy complex 11 is formed in equilibrium with 3. On addition 
of protic acids the equilibrium is then shifted, in the case of NH,+,towards 10 

[(RhCLMe&(OH),]* + 3 ROH * [(RhCSMe5)2(OR),]’ + Hz0 

(3) (11) 

11 f 6 NH4PF6 + 2[(RhC,Me,) (NH&] [PF,], + 3 H’ + 2 PFB- + 3 ROH 

The formation of 11 may be compared to the facile formation of the tri-p- 
alkoxy complexes 13 from the tri-,u-hydroxy-diruthenium arene complexes 12 
WI 
[C,H&h(OH),RuC6H6]+ f 3 ROH --f [C6H,Ru(OR),RuC,H, J’ 

(12) (13) 

Similarly, using phenols (which cannot &eliminate hydrogen) we have been 
able to prepare tri-,u-phenoxorhodium complexes [22]. 

The chief difference between rhodium and ruthenium in these systems there- 
fore seems to lie in the greater ease with which the rhodium complexes P-elimi- 
nate hydrogen from alkoxy groups. 

The reactions of 3 with aqueous secondary alcohols to give the trim&ear tri- 
hydride 4 presumably proceeds via intermediates such as [(RhC,Me,)(OH)(H)- 
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(H@)], [(RhC,Me,)(H)(H,O),]’ and/or, [(RhC,MeS)z(H)z(OH)]‘, only the last 
of which could be detected. The organic product from the reactions in isopro- 
pan01 is acetone which does not appear to react further under these conditions 
(however, see ref. 23). 

An understanding of the reactions of 3 with primary alcohols is harder to 
achieve. The equation given above for the direct formation of the dihydrido- 
mono-carboxylato complexes Sa-8d looks persuasive but may hide a more 
complex situation. For example, it might reasonably be anticipated that the 
reaction alcohol to acid proceeds in two stages, via the aldehyde. However, if 
this happens here then the reaction may continue rather differently since 
separate studies have shown that aldehydes undergo the catalytic dispropor- 
tionation reaction [ 241: 

2 RCHO + H,O + RCO,H + RCHzOH 

in the presence of 3 and related complexes_ Indeed, both 8a and 9a are by- 
products of the reaction when 3b is reacted with aqueous acetaldehyde. 

In that case a series of reactions such as (i)-(v) may be occurring 

[M,(OH),]+ + RCHIOH -+ [M,(OH),H]+ + RCHO + Hz0 

[Mz(OH)zH]’ + RCH*OH + [M,(OH)(H)2]+ f RCHO + Hz0 

2 RCHO f I&O + RCH*OH + RCOzH 

[M,(OH),H]+ + 2 RCOzH + [M2(02CR)2H]+ + 2 H,O 

[M,(OH)(H),]+ f RCO,H --f [M2(02CR)(Hz]+’ + Hz0 

[M = RhGMe,; alkoxy can also replace OH] 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

Experimental 

Solvents were redistilled before use and reactions were generally carried out 
under nitrogen even though none of the complexes showed any appreciable 
sensitivity to air. NMR spectra were run on R-12B (60 MHz ‘H), R-34 (220 
MHz ‘H) or Jeol PFT-100 ( 13C) spectrometers_ Analyses are by the University 
of Sheffield Microanalytical Service. IR spectra were run as Nujol mulls. Ana- 
lytical and spectroscopic data are collected in Table 3. 

A solution of [(RhC,Me,),(OH),]Cl - 4 H,O (0.20 g, 0.32 mmol) dissolved in 
isopropa.nol/water (50 cm’, V/V) has heated (60°C/16 h). A black precipitate 
was filtered off and the deep red filtrate was divided into two equal portions. 
To one half was added ISPF, (0.05 g, 0.27 mmol) in water (5 cm3); a red solid 
was precipitated and was characterised as [(RhC,Me,),(H),O]PF, (4a) (0.040 g, 
43%). 

The other half of the filtrate was reheated (60°C/64 h). The black precipi- 
tate formed was then filtered off and KPF, (0.05 g, 0.27 mmol) in water 
(5 cm3) was added to the deep green solution to. precipitate a green solid. This 
was identified as f(RhC,Me,),(H),] [PF,], (7) (0.030 g, 31%) by comparison 
with an authentic sample. 
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A better preparation of complex 4a uses a solution of the hydroxy hexa- 
fluorophosphate complex 3b [ 51 (0.10 g, 0.14 mmol) in isopropanol/water (50 
cm3, 5% V/V). After 48 hours at 45°C the precipitate of dark red crystals of 
complex 4a were filtered off; further crystals were obtained on concentrating 
the mother liquor to 2 cm3_ The combined solids were recrystallised from ace- 
tone/diethyl ether (0.060 g, 70%). 

Crystals of 4a suitable for X-ray diffraction were prepared by leaving a solu- 
tion of complex 3b (0.10 g) in isopropanol/water (25 cm3, 60% V/V) at 25°C 
for 10 days. 

[(RhCSMe5)3(H),0]BF, - H,O (4b) and [(RhC,Me,),(H),O]BPh, - Hz0 (4~) 
A solution of AgBF, (0.08 g, O-4 mmol) in water (1 cm3) was added to a 

solution of complex 3a (0.25 g, 0.39 mmol) in water and the resulting mixture 
was stirred (1 hour/20” C). Precipitated AgCl was removed by filtration through 
a short column filled with powdered cellulose. Isopropanol(5 cm3) was added 
to this filtrate and the resultant solution was allowed to stand at 45°C for 48 
hours. The red solution was reduced in volume to 3 cm3 and the red crystalline 
product was filtered off and recrystallised from acetone and diethyl ether to 
y&d red crystals of [(RhC,Me,),(H),O JBF, - H,O (4b) (0.11 g, 50%). 

Addition of NaBPh, (0.05 g, 0.14 mmol) in water (2 cm3) to a solution of 4b 
(0.10 g, O-12 mmol) in water (30 cm3) gave a red precipitate of 4~. The suspen- 
sion was stirred for 1 hour at 20°C then the solid was filtered off and recrystal- 
Iised from acetone/diethyl ether to give red crystals of [(RhC,Me,),(H),O]- 
BPh, - H,O (4~) (0.05 g, 69%). 

Complex [(RhC,Me,),(OH),JPF, - 3 H,O (3b) (O-i5 g, 0.21 mmol) was dis- 
solved in ethanol/water (50 cm 3, 50% V/V) and allowed to stand at 45°C for 
7 days. The volume of the resulting violet solution was reduced to 5 cm3 and a 
solid was obtained which was crystallised from acetoneldiethyl ether to give 
dark red crystals of [(RhC,Me,),(H),(O,CMe)]PF, (8a) (0.10 g, 67%). Crystals 
suitable for X-ray diffraction were obttied from a solution of 3b in 10% V/V 
ethanol/water after 3 days at 45” C. 

Wnen the reaction in ethanol/water was repeated using higher concentrations 
of 3b, mixtures of the monohydride Sa and the dihydride 8a were obtained. 

KKh C, Me& (EU2 (0, CRHPF, (8b-gd) 
The reactions were carried out as described above for the preparation of 8a. 

Conditions used were: 0.25 g 3b in propan-1-al/water (100 cm3, 10% V/V), 
45”C/14 days, yield of 8b 0.06 g, 24%; 0.25 g 3b in butan-1-al/water (100 cm3, 
7% V/V), 45”C/14 days, yield of 8c, 0.04 g, 16%; 0.25 g 3b in 2-methylpropan- 
l-al/water (100 cm3, 7% V/V), 45”C/14 days, yield of 8d, 0.05 g, 18%. 

Reaction of [(RhC,Me,),(OH),]Cl with aqueous ethanol 
A solution of complex 3 [25 mg, 0.04 mmol] in ethanol/water (10% V/V, 

5 cm’) was heated (6O”C/16 h). Acetic acid was detected by GC (Poropak Q 
columns, FID detector) and estimated to be 0.12 mmol by comparison with a 
calibrated sample. A second determination after 40 h/60”C showed no change. 
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X-ray crystal structure determination of [(RhC,Me,),(H),O][PFJ - H,O (4n) 
Crystal data: [C,J&sORh,]PF6 - H,O, &I= 896.0, trichnic, a = 11.065( 12), 

b = 15.282(17), c = 11.230(28) A, o! = 96.80(3), 0 = S&31(3), y = 70.27(l)“, 
(The Delaunay cell is 11.065,17.520,11.231,119.09,94.69,106.54 - it was 
not used in the calculations but is quoted for reference), U = 1759.8 a3. 2 = 2, 
D obs = 1.63, Dcalc = 1.690 g cmb3, space group Pi, MO-K, X-radiation (graphite 
monochromator) h = 0.71069, ~(Mo-K,) = 14.7 cm-‘. The unit cell parameters 
were obtained from a least squares fit to the settiig angles of 50 reflections 
centred manually on a Stoe STADI-2 diffractometer. 

A dark red brick-shaped cry&t. of approximate dimensions 0.045 X 0.040 X 
0.017 cm, was used for data collection with a Syntex P3 four circle diffractom- 
eter_ Data in the range 3.5 < 26 < 50” were collected using an omega scan of 
1.90 degrees for each reflection with the detector arm fixed; the scan rate was 
varied between 1.01 and 14.65 deg min-‘, dependent on prescan intensity; 
“weak” reflections having this prescan intensity less than 100 counts were not 
measured. Background scatter was measured at each end of the scan such that 
the to+d background counting time was equal to the time spent scanning the 
reflection. 4365 independent reflections with intensity 1> 30 (lobs) and back- 
ground difference A < 4oB were corrected for Lorentz and polarisation effects. 

The structure was solved using Patterson and Fourier methods and refined 
using block diagonal matrix least-squares refinement. Individual atom refine- 
ment proceded satisfactorily using anisotropic thermal parameters for ah non- 
hydrogen atoms and R convergenced at 0.052. At this stage a distance-angle 
calculation showed on of the pentamethylcyclopentadienyl rings to be ilI- 
defined, a difference Fourier synthesis at this stage showed this ring also had 
randomIy arranged residual peaks associated with it. The ring carbon atoms of 
each of the pentamethylcyclopentadienyl rings were therefore treated as groups 
of fixed overah geometry in the structure factor calculation and allowed to 
refine both in translation and rotation; the methyl substituents were left as 
individual atoms in the calculation and refinement. A difference Fourier syn- 
thesis now showed an alternative position for the carbon atoms of the suspect 
pentamethylcyclopentadienyl ring, such that the alternative position is related 
by rotation about an axis approximately through the centre of the ring and per- 
pendicular to the plane of the five carbon atoms. The thermal parameters of 
the two rings were returned to isotropic values and their relative populations 
adjusted untiI they showed similar thermal parameters - at this stage the rela- 
tive populations were 70 : 30%. Finally methyl carbon substituents on the low 
population ring were included, and R converged at 0.043. A difference Fourier 
synthesis at this stage showed the maximum residual electron density to be 
0.78 e A-“; electron density between Rh(1) and Rh(3) was interpreted as due 
to a hydride but this was not included in the calculation. 

The overah geometry of the molecule is shown in Figs. 1 and 2, atomic coor- 
dinates are in Table 4, distance-angle values in Table 2, and equations of some 
important molecular planes in Table 3. Structure factors and anisotropic ther- 
mal parameters can be obtained from the authors. 

Atomic scattering factors for neutral Rh, C, 0, F, P were used with correc- 
tions for real and imaginary components of anomalous dispersion [ 251 :CaI- 
culations were computed on the University of Sheffield ICL 1906s computer, 
using programs from the Sheffield X-ray system. 
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X-ray crystal structure determination of [(RhC,Me&(H), (O,CMe)]PF, (Sa) 
Crystal data: [C22H3,02Rh,]PF,; M = 682.3; Monoclinic, a = 20.893(g), b = 

16.447(12), c = 15.752(12) A, p = 90_44(5)“, U = 5368,Z = 8, D, = 1.70 (flo- 
tation), D, = 1.688 g cmm3, F(OOO) = 2736. Systematic absences are consistent 
with spacegroups Cc(c”, , no. 9) and C~/C(C~,~, no. 15), MO-& X-radiation 
(graphite monochromator) X = 0.71069, ~(Mo-IT,) = 13.26 cm-‘. 

Single crystal X-ray data in the range 3.5 < 26 < 50 were collected on a Syn- 
tex P3 four circle diffractometer. For each reflection, omega was scanned with 
the detector arm in a fixed position, the scan rate being in the range 3.0 to 29.3 
deg min-l , dependent on prescan intensity. Weak reflections having prescan 
intensities below 38 counts were omitted. Background counts were accumu- 
lated at each end of the scan such that the total background counting time 
equalled the total time spent scanning the reflections. 2576 independent refIec- 
tions with intensity I > 3a(I) and background difference A < 4oI3 were cor- 

TABLE? 

ATOMICFRACTIONALCOORDINATES FOR [(RhC5Me5)2(H)20Ac]PF6(8a)X104(X105 FORTHOSE 
MARKED*).ESTIAIATEDSTANDARDDEVIATIONSAREINPARETNTHESES 

Atom fcfa r/b z/c 

*Rh(Ol) 
*Rh(02) 
P 

F(Ol> 
F(02) 

F(03) 

F(O4) 
F(O5) 
F<06) 

O(1) 
O(2) 

C(O1) 
wJ2) 
C(O3) 
C(O4) 
C(Q5) 
C(O6) 

C(O7) 

C(OW 
C(O9) 
C<lO) 
C<ll) 

C(l2) 
C<13) 
C(l4) 
C(l5) 
C<16) 
C(17) 
C(l8) 
C(lS) 

C(20) 
C(21) 
C(22) 

Hun) 
H(O2) 

-4623(3) 
7394<3) 

2072(l) 
2012(6) 
1346(4) 

2132(5) 
2799<4) 
2216(5) 
1915(5) 
845(3) 

-151(3) 

413(4) 
570(5) 

-1385(4) 
-1097<4) 
-1043(4) 
-1260(4) 

-1477(4) 

-1582(5) 
-981(5) 
-808(5) 

-1259(5) 

-1767(5)_ 
94x5) 

1175(5) 
1653(4) 
i722<4) 
1287(5) 
454(6( 

995(6) 
2045(5) 
2175(5) 
1208(7) 
42(50) 
250(48) 

19514(4) 
20804<4) 

4637(2) 
3732(5) 

4716(7) 

5568(5) 
4571(6) 
4630(S) 
4646(S) 
922(3) 
816(3) 

552(3) 
-284(5) 
2291(5) 
2968(5) 
2762(5) 
1941(5) 

1655<5) 

2270(7) 
3809<6) 
3312(6) 

1433(7) 
827(6) 

2961<7) 
3249<5) 
2694<5) 
2062(7) 
2207(7) 
3386(10) 

4037(6) 
2775(7) 
1338(7) 

1691(11) 
1875(63) 
2333<62) 

5838<4) 
1752(4) 

7654(2) 
7663(10) 

7345(6) 

7640(S) 
7974(6) 
6728(5) 
8550(5) 

688(4) 
1031(4) 

lOOS(5) 
1402(7) 
-108<5) 
371<5) 

1261<6) 
1327(5) 
464(5) 

-1072(6) 
24<8) 

1994<7) 

2118(6) 
242(7) 

-749(6) 

76(6) 
460(6) 

-135(6) 
-873<6) 

-1399(9) 
491(S) 

1334<6) 

32(s) 
-1704(7) 
-292(63) 

958(64) 
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rected for Lorentz and polarisation effects, no allowance was made for absorp- 
tion and extinction. 

The structure was solved using Patterson and Fourier methods, with the Pat- 
terson function indicating the centric space group. Block diagonal matrix least 
squares refinelment reduced R to 0.063 with all atoms having isotropic tempera- 
ture factors. Introduction of anisotropy on all atoms further reduced R to 

0.032. At this stage, a difference Fourier synthesis using the 750 reflections at 
iowest angle (sin 8/X < 0.34) clearly showed the presence of electron density in 
the position bridging the two rhodium atoms. The methyl hydrogen atom posi- 
tions were calculated at 10” intervals around a.~ annulus 0.95 A from the 
methyl carbon atom and making an angle of 109.5” with the carbon-carbon 
bond; the electron density was calculated at each of these points, but well 
defined positions for these hydrogen atoms could not be found. Structure fac- 
tors were calculated with the two bridging hydrogen atoms included but not 
allowed to refine, the final R-factor being 0.031. 

Atomic scattering factors were taken from ref. 25. Calculations were com- 
puted on the University of Sheffield ICL 1906s computer using programs from 
the Sheffield X-ray system. The final structural parameters with e.s.d,‘s are 
listed in Table 7, bond lengths and bond angles are listed in Table 5, important 
least squares planes in Table 6 and the structure is depicted in Figure 4. Struc- 
ture factors and anisotropic thermal parameters may be obtained from the 
authors. 
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