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Dehalogenation of halide precursors [(olefin)RhCI], [olefin =
ethylene, 1,5-cyclooctadiene (COD), norbornadiene (NBD),
2,3-dimethylbutadiene (DMB)] in water gave the respective
cis-diolefin aqua ions, characterized by NMR spectroscopy in
solution. Attempted isolation of the tosylate salt [(COD)Rh-
(H;0);]0Ts vielded crystals of (COD)Rh(H,0)(n!-OTs) cha-
racterized by X-ray structural analysis. [(NBD)Rh(H,0),{SbFs

in the presence of adventitious toluene decomposed into
[(NBD)Rh(né-toluene)]ShFg¢ and [(NBD),Rh]SbFg, both com-
plexes were isolated and structurally characterized. Ethylene
exchange in [(C,H4).Rh(H,0),]" is fast with k, of the order
of 10*-10° s7! - M~ 1. The rate constant for water exchange
in [CODRL(H,0),]* is estimated as 10? s™! (AGf,3 =~ 25 kJ/
mol) at 173 K.

The known coordination chemistry of Rh(I)!?! is confined
to complexes stabilized by m-acceptor ligands. No single
molecular compound where Rh(I) is coordinated solely to
o-donor ligands has been prepared to date. In general, at
least two of the four coordination sites of a square-planar
Rh(I) center must be occupied by n-acceptor ligands where
o-donor ligands frequently form the bridges in e.g. [(diole-
fin)RhX], or [(PR;);RhX],. A variety of anionic complexes
[L,RhX,]™ where X is halidel® or e.g. acetatel®], likewise
represent the donor/acceptor combination typical of a
broad class of Rh(I) complexes.

One example where delineation is somewhat arbitrary is
the anionic complex [RhCl(SnCl;),]3712; a chloro complex
of analogous composition has, however, apparently not
been prepared. Note also the non-existence of binary hal-
ides RhX. A step towards pure o-donor ligand stabilized
Rh(I) can be seen in a recently prepared anionic hydrido
complex Li;JRhH4, a solid featuring square-planar
[RhH,]*~ units which, however, does not appear to exist
in solution,

More closely related examples are methoxo- and
hydroxo-bridged dimers [[COD)Rh(u-OR)],, R = H, Mel®,
water-insoluble molecular compounds prepared from halide
complexes by exchange of halide for OH or OMe respect-
ively.

Monomeric diammine complexes [(COD, NBD)Rh-
(NH3),]" have recently been generated in solution and were
stabilized and structurally characterized as crown ether in-
clusion complexes®, Dehalogenation of Rh(PPh;),(CO)Cl
by various Ag™* salts in the presence of a trace amount of
water has led to isolation and structural characterization of
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the monoaqua ion [Rh(PPh;),(CO)(H,0)]* independently
in two laboratories!”®l,

The characterization of a variety of arene- and olefin-
water complexes!), in particular (arene)Ru(H,0)37[1%, Cp*
(Co,Rh,Ir)(H,0)3 71112, (diolefin)Ru(H,0)3 7131, and (ole-
fin)Ruaq? 4 in recent time has stimulated our interest in
possible organometallic Rh(I) aqua species. Since a Rh(I)
aqua ion is neither known nor can its existence be expected
the question arises: what is the minimal number and nature
of m acceptor ligands necessary to stabilize Rh(I) in aque-
ous solution? The simple and straightforward strategy to
answer this question is to perform dehalogenation of chloro
complexes, e.g. [(diolefin)RhClI],, in water or water solvent
mixtures and study the properties of the resulting solutions.
Scheme 1
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Dehalogenation of Olefin Chloro Complexes

Treatment of [(COD)RhCI], with AgOTs in water, water/
acetone, or water/ethanol gave almost instantaneously a
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precipitate of AgCl and a yellow solution which after evap-
oration of the solvent left a yellow solid. NMR spec-
troscopy ([Dglacetone) of the solid, apart from a water sig-
nal at & = 3.7 integrating as about 4 protons, showed the
presence of coordinated COD with one signal for the ole-
finic (6 = 4.07), a multiplet at 5 = 2.27 (4H) and an AB-
like pattern for aliphatic protons of the diolefin ligand,
showing the same symmetry as the starting chloride. Apart
from coordination shifts a coupling of the olefinic carbon
13C signal (6 = 77.5) to Rh (J = 15.4 Hz) is indicative of
coordinated COD.

The NMR spectrum of a sample obtained by precipitat-
ing the solid from acetone with ether and recorded in
CD,(l, showed a water signal at & = 2.50 which could be
eliminated by shaking with D,O and integrated as about
four protons or two molecules of water per COD and per
tosylate respectively. Appearance of the olefinic COD pro-
tons as a slightly broadened (by coupling) singlet at 8 = 4.2
further confirmed C,, symmetry of the complex. Though it
is difficult to definitively assess the exact water content of
the solution species due to fast water exchange (see below)
we believe that the primary species formed in water and
water/solvent mixtures is the diaqua ion 1. The tosylate salt
could be liberated from solvent in high vacuo and redis-
solved in water or acetone without changing its properties.

Similar results were obtained when the analogous NBD
complex was treated in the same manner. Spectra taken
after dehalogenation are in accordance with the bis-aqua
complex 2. In this case, however, the sample after having
crystallized from acetone/ether showed in [Dglacetone a sig-
nal intensity indicative of only one coordinated water mol-
ecule according to the composition (NBD)Rh(H,O)}OTs)
(3) (vide infra).

Scheme 2
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Besides to chelating diolefin complexes the dehalogen-
ation procedure has also been applied to bis-monoolefin
complexes. Treatment of a suspension of complexes [(cyclo-
octene),RhCl], and [(ethylene),RhClI], in acetone contain-
ing a trace of water (=1-2%) with AgBF,, AgOTs or AgTf
(Tf = CF3S0;) caused rapid dissolution of the solid to give
clear orange to yellow solutions after removal of AgCl by
filtration. 'H-NMR spectra showed the presence of coordi-
nated olefin with a signal at 8 = 2.67 for olefinic protons
of cyclooctene in 4 and about 3.0 ppm ([Dglacetone) for
ethylene in 5 respectively. Generated that way the complex
ion [(C,H4),Rh(H,0),] " is stable in solution for days at am-
bient temperature. However, when solutions were evapor-
ated to dryness they turned dark and only part of the
material redissolved to refurnish the original NMR spec-
trum, leaving some Rh metal. Obviously, partial loss of eth-
ylene occurs during evaporation which causes decompo-
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sition with disproportionation into Rh(III) and elemen-
tary Rh.

Analogous complexes could be obtained with the dienes
2-methylbutadiene (isoprene) and 2,3-dimethylbutadiene. A
solution of 5 in acetone/water treated with an excess of iso-
prene gave, according to NMR, the respective isoprene
complex [(isoprene)Rh(H,0),]* (6). If the mixture was
heated with an excess of isoprene under pressure to 60°C
for some hours a toluene soluble isoprene polymer could
be extracted leaving an aqueous solution of 6. The 2,3-di-
methylbutadiene (DMB) complex [(DMB)Rh(H,0),]* (7)
was prepared by dehalogenation of the respective chloro
complex [(DMB)RICI],.

Ethylene Exchange

The ethylene '"H-NMR signal in 5, dissolved in [DgJace-
tone, splits on cooling into a symmetrical AB pattern with
Ad = 0.84. From the coalescence temperature of 232 K at
500 MHz proton frequency a value of AG* = 43 kJ/mol
was calculated for the barrier to equilibration. An Arrhen-
ius plot in the temperature range 128—238 K yielded acti-
vation parameters AH™ = 20 kJ/mol and AST = —100 J/
mol - K. The splitting of ethylene protons into two signals
of equal intensity is only compatible with a cis-bis-olefin
complex in analogy to the complexes formed from chelat-
ing diolefins.

With ethylene being present in the amount as given by
the starting chloro complex the observed process can be
either an inner rotation or ethylene exchange depending on
which is faster. Applying an ethylene pressure of 2 bar,
which results in about one equivalent of excess ethylene as
shown by integration, we observe only one signal for free
and coordinated ethylene at 8 = 4 (intermediate between
coordinated and free ethylene at & = 5.3) at ambient and
low temperature, indicating rapid intermolecular exchange.
The ethylene '*C signal under these conditions was co-
alesced. If only a slight excess of ethylene was added to the
NMR sample of 5 coalescence could be still observed but
the coalescence temperature for proton equilibration
dropped by at least 40 K. This observation points to ethyl-
ene exchange as the process responsible for equilibration.
From line widths at 213 K first-order rate constants for
ethylene exchange could be estimated as 3.5 - 10° and 2 -
10?2 s™! for the two cases with and without excess ethylene
respectively. Evaluation of the second-order rate constant
requires the concentration of free ethylene. In experiments
where this concentration is in a range measurable by NMR
integration exchange is too fast to be monitored. An order
of magnitude for k, can be estimated as follows: since in
the experiment where a small amount of additional ethylene
was applied neither integration nor chemical shift changed
within the limits of accuracy, a maximum excess of <5%
ethylene is inferred. The concentration of the complex was
0.15 M, which means excess ethylene is =<0.0075 M which
leads to a second-order rate constant k, = 2.6 - 103 M ! 57!
(since the proportion of free ethylene is very small, the life-
time 1 derived from the NMR line width above the coales-
cence temperature when only one broadened line is present
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can still be equated to Teompr, 1.6 the lifetime of ethylene
within the complex). This conclusion implies that 5 dis-
sociates to a small extent in solution into a monoethylene
complex. Such dissociation is clearly obvious also from 'H-
NMR spectra of 4, where signals of coordinated olefinic
protons at & = 2.23 and 2.76 are broadened at ambient tem-
perature and become sharp on cooling to 213 K along with
the appearance of the signal set for about 10% of free ole-
fin. Proton equilibration in § could then occur either by
dissociation or alternatively by liberation of a small quan-
tity of ethylene that exchanges for coordinated ethylene in
a second-order process. Acceleration of ethylene exchange
by excess ethylene as well as a negative entropy of activation
strongly argue in favor of the latter mechanism.

Water Exchange

Applying the above procedure, we prepared a sample of
5 in [Dglacetone/H,O where the water signal integrated as
twice the amount of water required by the formula [(ethyl-
ene),Rh(H,0),]*. This water signal did not split down to
—95°C. Thus, water or water proton exchange between co-
ordinated and bulk water contained in the acetone is still
fast at this temperature.

Water exchange was further studied with 1. In an experi-
ment performed as above using 23% enriched H,!’O a rela-
tively sharp "0 signal (Av = 200 Hz) at 5= —11 ppm
(relative to acetone at & = 573) was observed at ambient
temperature. This water signal is shifted from the position
of water in acetone by not more than a few ppm. Com-
plexed 7O water of 1 as the BF; salt appears in THF at
d= —17 and in CD,Cl, at § = —15.7. Since the sample
in CD,(Cl, does not contain any extra water beyond the
coordinated one it is concluded that the water coordination
shift exerted by the (olefin)Rh(I) moiety at ambient tem-
perature is much less than observed for other comparable
aqua-ions!!”l,

On cooling the acetone solution, the water signal started
to broaden below —60°C and exhibited a line width of 9030
Hz at —100°C. However, coalescence or separation into
two lines could not be reached at the lowest possible tem-
perature (ca. —110°C). A similar experiment was per-
formed in THF containing 10 pl H,'70 in 0.5 ml solvent
with a molar ratio Rh:H,!70O as about 1:4. Broadening of
the water signal again started around —60°C reaching a
linewidth of 7090 Hz at —100°C. This linewidth is much
greater than the viscosity broadening of the same amount
of water in THF which is 1320 Hz at —90°C. Moreover, it
was noticed that at this temperature in the pure THF/water
mixture most of the water was frozen out, whereas the solu-
tion containing the Rh complex was clear down to —100°C.
From line broadening and solubility behavior it is con-
cluded that water is coordinated to the (olefin)Rh moiety
in acetone and THF respectively even at this low water con-
tent, at least at the lower temperatures. Line broadening at
lower temperatures, moreover, suggests that the shift differ-
ence between free and coordinated water must be much
greater at low temperature than at ambient temperature, in
particular greater than the line width of the signal at low
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temperature. Taking ca. 100 ppm (6770 Hz) as a mean value
for the shift difference between metal-coordinated and bulk
water in these types of aqua ions!!], we estimated a first
order rate constant for water exchange at this temperature
of k = 10* s™1 (AGf;; = 25 kJ/mol) from the line broaden-
ing at 173 K. More reliable values for water exchange rates
can possibly be obtained in future experiments using the
paramagnetic line broadening technique.

Internal Mobility in [(DMB)Rh(H,0),]*

The relatively high thermal stability of [(DMB)-
Rh(H,0),]* (7) in water allowed the exchange of binding
sites in this complex to be studied. The 'H-NMR spectrum
in D,O at 25°C is consistent with a symmetrical n* struc-
ture, showing a singlet for Me protons and signals at 6 =
—0.18 and 1.84 for syn and anti protons of the coordinated
diene respectively with chemical shifts comparable to e.g.
those of the chloro complex. On heating, these latter signals
broadened and coalesced at about 65°C. Above this tem-
perature, up to 95°C, a new pattern appeared consisting of
a virtually unchanged Me signal along with two broad sig-
nals at = 0.9 and 2.8 intermediate between shifts of the
syn and anti protons and the corresponding positions in the
free olefin (8 = 5.1 and 5.2). The high-temperature spec-
trum thus indicates the presence of a species with partly
decomplexed diene in a dynamic equilibrium as shown in
Scheme 3. From the observed chemical shifts at 363 K a
ratio of about 70% of n* to 30% of n’-form may be derived.
From the fact that the change in NMR spectra is fully re-
versible on lowering the temperature and that no sizeable
decomposition was noticed during the experiment we
stongly conclude that only one double bond can be decom-
plexed at the time, otherwise, rapid formation of metallic
Rh would be expected.

Scheme 3
———— OH
-— N s
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When 7(OTs) was recrystallized from acetone and the
NMR spectrum taken in CD,Cl, a pattern very similar to
the high-temperature spectrum in water was encountered.
Moreover, the water content by integration again corre-
sponds to the composition (DMB)Rh(H,0)(OTs). Obvi-
ously, also under these conditions an equilibrium featuring
a fraction of monodentate DMB, and possibly bidentate
OTs, is present in solution.

+

OH,
< OH,

7

Carbonylation

Attempted dehalogenation of the analogous chlorocar-
bonyl [(CO),RhCI], under the same conditions as used in
the above experiments led to spontaneous decomposition
with precipitation of metallic Rh. If, instead, a slight press-
ure (2—4 bar) of CO was applied to a solution of one of
the olefin-aqua complexes, it turned red and eventually a
red precipitate separated. Reaction of CO with solutions of
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7 was studied in more detail. When 2 bar CO were addmit-
ted to an orange solution of 7 in water/MeOH rapid decol-
orization to faint yellow was observed. An IR spectrum
taken from this solution showed a single CO band at 2049
cm™! indicating a monocarbonyl 8. After some time the
solution turned bright red as previously observed and two
new CO bands appeared at 2075 and 2000 cm™! at the ex-
pense of the former. The final IR spectrum was that of
Rhy4(CO);,. Note that in this instance no Rh(III) was
formed. Thus Rh(I) was obviously reduced to Rh(0) by CO
in a watergas shift-like reaction. Accordingly, the rate is
considerably reduced in acidic solution. At pH 1 intermedi-
ates of the reaction could be detected by NMR. The faint
yellow solution showed a new '3C signal as a doublet at
3 = 182 ppm (Jrn.c = 76.3 Hz) and a doubled signal set
for singly coordinated DMB confirming the presence of
monocarbonyl 8. The lack of Rh-C coupling in the 3C res-
onances of coordinated olefinic carbon is attributed to the
relatively slow exchange between coordinated and uncoor-
dinated sites in this system too. Concomitantly with the for-
mation of the red Rhy(CO);, solution signals of free DMB
were observed. The reaction course is depicted in Scheme
4. Formation of Rhy(CO);, has been observed previously
in a variety of reactions of Rh(I)carbonyl compounds, par-
ticularly under basic conditions, an example being the aque-
ous hydrolysis of the dimeric methoxocarbonyl [(CO),Rh(p-

OMe)], which likewise led to the formation of
Rhy(CO),,.
Scheme 4
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Crystal Structures

Atitempts to obtain the diaqua ions present in solution in
a crystalline form failed and led to the isolation of different
species. In contrast to monoaqua complexes RhL;(H,0)*
the diaqua complexes did not precipitate from the solution
with large anions such as PFg.

Scheme 5
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Crystallization of OTs salts from acetone/ether and in-
spection of the crystalline products by NMR indicated the
composition (diolefin)Rh(H,0)(OTs) in all cases but for the
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ethylene complex. Yellow crystals of [(COD)Rh(H,O)OTs]
(9) obtained from acetone/ether were found suitable for X-
ray analysis. Parameters for structure determination of 9
together with those for 10 and 11 are collected in Table 1.
The molecular model (Figure 1) shows the metal coordi-
nated to COD, one water molecule and one oxygen atom
of the OTs counterion in a square-planar arrangement. Two
such units are bridged via hydrogen bonds between this
water molecule and one non-coordinating SO3 oxygen atom
from an adjacent molecule to form dimers in the crystal.
The angle O3—Rh-04 is 92.4(1)°, ie. close to an ideal
square. Rh—O distances to water [2.106(3) A] and sulfonate
oxygen [2.102(3) A] are equal within the limits of error.
These distances may be compared with Rh—OH, distances
in trans-[Rh(PPh;),(CO)H,0)]* from two independent de-
terminations!”-®! where Rh—O s cited as 2.115(5)/2.130(6)!"}
in the complex {[Rh(PPh;3),(COYH,0)|BF, - 1/2 H,O - 1/4
C¢H;> and 2.316(12) in [Rh(PPh;),(CO)H,0)] O,SCF,®l.
Even though the error seems to be an order of magnitude
larger in the second example the difference is outside stan-
dard deviation and quite remarkable. A related example is
provided by the five-coordinate complex Rh(triphos)-
(CoH)(H,0)]BF, with a water ligand trans to phosphane
and a Ru—O distance of 2.215 A"/l The value found for 9
compares with the smaller distance of the [Rh-
(PPh3),(COYH,O)]* aqua ion. The variation within the
series is quite remarkable and suggests that Rh—O dis-
tances in these aqua ions are sensitive not only to the trans
counter ligand but also to the mode of hydrogen bonding
to anions present. Rh—Ccop distances in 9 on the other
hand averaging 2.075(4) A appear to be short in compari-
son with corresponding distances in known (COD)RhX,
structures, which typically amount to values 2.11-2.13 A
whatever the complex charge!®'8=21, It may be too early to
draw conclusions from the limited set of data available at
present but since from the above examples the thiolate-
bridged complex [CODRh(p-SR)], has Ru—C distances at
the long end (2.135 A)??l it may be expected that a shorter
trans olefinic bond is found along with the harder c-ligands
in these (COD)Rh complexes. A similar trend has recently
been observed for Ru—Cc, distances in dependency of the
o-counterligands in Cp*RuLg complexes?],

In a further attempt to obtain crystalline diaqua com-
plexes the chloro complex [(NBD)RhCI], was dehalogen-
ated with AgSbF¢ under the same conditions as above. In
the Ru series we observed that NBD in comparison to COD
decreases the solubility of olefin agua complexes. SbFg was
chosen as a large non-hydrolyzing and non-coordinating
anion. The reaction proceeded as above giving solutions of
[(NBD)Rh(H,0),]SbF¢ in aqueous acetone. From an ace-
tone solution obtained by evaporation of water in high va-
cuo and redissolution of the residue which was overlayered
with ether, after some time two different kinds of yellow
and red crystals respectively separated. The yellow com-
pound turned out to be [(NBD)Rh(n’-toluene)]SbF, (10)
and the red compound [(NBD),Rh]SbF¢ (11). The forma-
tion of 11 can be understood as a reaction of
[(NBD)Rh(H,0),]* with excess NBD present in the reac-
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tion medium or stemming from decomposition. The forma-
tion of the toluene complex 10 may be due to some adven-
titious toluene present in the ether.

Scheme 6

Both complexes are known compounds. In particular 11
is an important precursor of Rh(I) hydrogenation and
hydrosilylation catalysts but the crystal structure has not
been determined so far. Moreover, structural information
on complexes [(diene)Rh(arene)]* is limited. Since the com-
pounds were formed as suitable crystals we took the oppor-
tunity of determining the molecular structures.

Molecular models are depicted in Figures 2 and 3. The
salt 11 crystallizes in the space group C2/c with Rh located
on an inverson center and SbFg on a twofold axis. The
most interesting parameter in the structure of 11 and 10 are
Rh—C distances. In 11 these are on an average 2.205(8) A
and thus are longer by about 0.1 A in comparison with
complexes (NBD)RhX, and (COD)RhX,®24 (note that
Ru—C distances in analogous NBD and COD complexes
are equal'®). In 10 the average distance of Rh to the four
olefinic carbon atoms in two independent molecules is 2.12
A which is much closer to the normal value. Rh—Cietin
distances in 10 can be compared with those in two arene
benzobarrelene structures which are 2.14(1)?% and
2.12(1)28 A respectively and thus close to the value ob-
served with the simpler prototype complex 10. Rh—Cyrepe
distances average 2.28(2) A and seem to be located at the
short end of the scale of examples presently known
([Rh(durene)(benzobarrelene]™ 2.30(1)1*, [Rh(toluene)-
(P(OPh)3),]* 2.333(6)7), and (Rh(C,Hy),)2(n°-CeHs),BPh,
2.30(1)1281 A),

Discussion

Complexes of the composition [(olefin),Rh(H,0),}*
where the olefinic ligand can be a monoolefin, diolefin or
diene are generated in organic/aqueous solution by dehal-
ogenation of the respective chloro dimers. A symmetrical
pattern for the olefin part in the 'H-NMR spectrum is
taken as evidence for a symmetry plane as required by a cis
diaqua structure. Due to its high substitutional lability it is,
however, difficult to prove this solution structure unam-
biguously. In the solid state a cis combination of one tosyl-
ate and one water ligand seems to be the preferred coordi-
nation mode which implies ready loss of one water molecule
on evaporation of the solvent in conjunction with this
anion. If the complex cation is deprived of this kind of stab-
ilization in nonaqueous solution, additional n-ligands are
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Figure 1. ORTEP plot of (COD)Rh(H,O)}OTs) (9). Bond lengths

[A] and angles [°}: Rh—OH, 2.106(3), Rh—0'SO, 2.102(3),

2.075(#)av., C=Ccop 1.386(5); O—Rh—0O’ 92.4(1), midpoint
C=C-Ru—midpoint C=C 88.7

Figure 2. ORTEP plot of the cation of [(NBD)(to)Rh]SbF, (10).
Bond lengths [A]: Rh—Cygp 2.11(1)/2.12(1) av., Rh—Cyy, 2.28(1)/
2.28(2) av., C=Cyy 1.35(2)/1.38(2)av.

Figure 3. ORTERP plot of the cation of [(NBD),Rh]SbF, (11). Bond
length [A]: Rh—C 2.205(7)

easily complexed as is shown by the formation of 11 and
12. The stability of aqueous solutions, however, do not seem
to depend on the anion (PFg, SbF¢, BF;, CF,COO™).
Thus, in water, the anion appears not to contribute measur-
ably to coordination,

A most remarkable feature of these aqua complexes is
their high lability to undergo substitution reactions. Ready
exchange of ethylene in [(C,H;),RhCl] (Cramer’s complex)
has been noted from the beginning and has since been uti-
lized extensively for the preparation of analogs featuring
other olefinic ligands. Quantitative measurements of the
kinetics are thwarted by the relative insolubility of Cramer’s
complex. Ethylene exchange in [(C;H,),Rh(acac)] has re-
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cently been quantified by Akermark and coworkers?”). If
their activation data (AH¥ = 9.7 kJ/mol, AS*™ = —145 J/
mol - K) are extrapolated to 213 K, the temperature for
which the second-order rate constant of ethylene exchange
in 5 was estimated, about 40 kJ/mol for AG3,5 is calculated
and must be compared with AGH;; = 30 kJ/mol for ethylene
exchange in 5. (Note that the estimate for &, as given above
was an upper limit, more precise values would require the
use of enriched '3C,H,). Apart from the preliminary nature
of the kinetic data ethylene exchange in the aqua complex
is again more facile than in related molecular complexes.
On the other hand, 7O measurements have shown that also
water exchange with AG{5; = 28 kJ/mol is much faster than
any ligand exchange at square-planar Rh(I) known so far
which range from 10733 to 10* Mm~' - s !B, The low limit
refers to exchange of PPh; for hexene in Rh(COD)CI(PPhj)
where separate kinetics could be followed for the formation
of the five-coordinate intermediate and its decomposition
to the final product. The more rapid reactions pertain to
substitution of COD for P(OPh); in (COD)Rh(Racac). In
this latter study an increase in the substitution rate by three
orders of magnitude was noted if acac was successively re-
placed by higher fluorinated derivatives. Fluorination of the
acac makes the ligand harder which leads to faster substi-
tution. It is thus conceivable that a water complex will show
even faster substitution kinetics of the coligands. Focussing
on water exchange, an example has recently been found,
where it could be shown by using the 7O paramagnetic line
broadening technique that exchange of water trans to an
olefinic double bond as opposed to exchange of water trans
to another water ligand in the same molecule ([(COD)-
Ru(H,0),J**) was faster by five orders of magnitudel®2. A
similar frans effect may be operative in the square-planar
Rh(I) complexes leading to fast water exchange in these
compounds.

Second-order ethylene exchange in 5 in the absence of
excess ethylene requires dissociative formation of some
monoolefin complex. The analogous species shows up in
the static NMR spectrum of 4 and in the dynamic equilib-
rium of 7 at elevated temperature. This means that
monoolefinic triaqua complexes have a finite lifetime and
do not decompose instantaneously. Lowering the ethylene
concentration below the ratio required for a diolefin com-
plex by e.g. concentration of the solution, on the other
hand, leads to partial decomposition, indicating the limit
of stability of these species.

This work was supported by the Stiftung Volkswagenwerk, Han-
nover, and by the Fonds der Chemischen Industrie, Frankfurt!M. A
loan of RhClyaq from Johnson-Matthey, Reading, England, and a
sample of enriched "OH, from Prof. Peter Laur is gratefully
acknowledged.

Experimental

Experiments were conducted under nitrogen with deaerated sol-
vents. NMR spectra were recorded with Bruker WP 80 and Varian
Unity 500 instruments at 80 and 500 MHz proton {requency re-
spectively.
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[(COD}Rh(H,0)0Ts] (1): In 10 ml of water/ethanol were sus-
pended 197 mg (0.40 mmol) of [(COD)RKCI], and 223 mg (0.80
mmol) of silver p-toluenesulfonate and the suspension was ultra-
sonicated for 3 min. A precipitate of AgCl and an orange solution
formed. After filtration the solution was evaporated to dryness in
high vacuo leaving 307 mg (quantitative) of crude product. Slow
diffusion of ether into an acetone solution gave 195 mg (63%) of
yellow prisms. — '"H NMR ([Dglacetone): 8 = COD 4.07 (4H,
CH), 2.45 (4H, CH,), 1.695, 1.668 (ABq, Jog = 7.2 Hz, 4H, CH,);
OTs 7.66, 7.25 (ABq, 4H), 2.37 (CH3), H,0 3.83. — '3C NMR:
COD 77.5 (CH, Jy.rn 154 Hz), 30.9 (CH,); OTs 143.2, 141.1
(Cipso)s 129.5, 126.8 (Cyrene)> 21.2 (CH3). — CisH,,04R 1S (401.3):
caled. C 45.01, H 5.29; found C 44.90, H 5.35.

[(NBD)Rh(H,0)0Ts] (2): [(NBD)RhCI], was treated in the
same way as described for the COD complex and crystallized from
acetone/ether. — 'H NMR ([DgJacetone): & = 3.97 (m, 4H, CH, e,
3.89 (m, 2H, bridgehead), 3.13 (s, =2 H, H,0), 1.1 (1, 2H, bridge).

Solution of [(CsH,),Rh(H,0),0Ts ] (4): From [(CgH 4),RhCl],
treated as above with silver p-toluenesulfonate. — 'H NMR ([Dg]-
acetone, 213 K): 6 = 1.2, 1.33, 1.55 3 m, 12H, CH,), 2.18 (br. d,
2H, J = 10.7 Hz, CH,), 2.67 (br. 5, 2H, CH).

Solution of [(C,H,):Rh(H,0),0Ts] (5): [(C2HL),RhCI], was
treated as above with silver p-toluenesulfonate. — 'H NMR ([Dg)-
acetone): 6 = 2.91. — '*C NMR: & = 60.5.

Solution of [(isoprene)Rh( H,0},0Ts] (6): To a solution of 0.13
mmol of 5 in 10 ml of acetone and 1 ml of water was added 3 ml
of freshly distilled isoprene. The mixture was stirred at 60°C for 3
d in a pressure Schlenk. Polyisoprene was extracted with toluene
and the residual clear solution evaporated to dryness. — 'H NMR
([Dglacetone): § = 5.04 (ps. t, 1H, H3, 3.28 (br. m, 2H, syn-H),
2.1-1.5 (br. m, 2H, anti-H), 1.89 (s, 3H, Me).

[(DMB)Rh(H,0)OTs] (7): In a mixture of 20 ml of acetone
and 1 ml of water 85 mg (0.19 mmol) of [(DBM)RICI], was dis-
solved. Addition of 108 mg (0.38 mmol) of silver p-toluenesulfonate
and ultrasonication of the mixture led to precipitation of AgClL
Filtration and drying of the filtrate afforded 66 mg (90%) of spec-
troscopically pure material. — '"H NMR (CD;OD): § = DBM 1.84
(br. s, 8H, Me and syn-H), —0.18 (2H, anti-H). — 3C NMR: § =
27.6 (d, Jrn.c = 8.8 Hz, terminal C), 92.5 (d, Jg.c = 13 Hz, inner
Q). 17.6 Me).

Carbonylation of 7: As described above 280 mg (0.633 mmol) of
[(DBM)RICI], was dehalogenated in 15 ml of MeOH/water, 1:1.
After filtration the solution was subjected to 3 bar CO in a pres-
sure-resistant Schlenk vessel. Admission of CO effected a rapid
color change from orange to yellow and after some time a reddish
brown precipitate separated. This was extracted with pentane, the
solvent evaporated and the residue dried to yield 170 mg (72%) of
Rh4(CO);, identified by IR spectroscopy (veo, pentane, 2075, 2069,
2061, 2044, 1886 cm™1).

[(DMB)RR(H,0)(CO)]* (8): 147 mg (0.33 mmol) of
[(DMB)RhCI], was dehalogenated with 186 mg (0.667 mmol) sitver
p-toluenesulfonate in 3 mi D,O. After filtration of AgCl the pH of
the solution was adjusted to ! by the addition of one drop of
D,S0,4. Mey,NNO; was added as an NMR standard [3('H) = 3.18,
8(3C) = 54.3]. The solution was filtered into a pressure NMR tube
(Wilmad PV) and the filtrate subjected to 2 bar CO. — 'H NMR
(D,0, D,S0,): 3 = 1.64, 1.88 (two s, 6 H, Me), 2.16 (i, 2 H, coord.
anti, uncoord. syn), 3.18 (d, 2J = 0.6 Hz, 1 H, coord. syn), 3.22 (d,
2J = 1.8 Hz, 1H, uncoord. anti). — '*C NMR: &= 182.6 (d,
Jrhc = 76.3 Hz, CO), 117.1, 114.6 (C%?), 63.3, 64.3, (C'*), 20.0,
18.6 (Me).
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X-ray Structure Determination of 9, 10, and 11: For all com-
pounds geometry and intensity data were collected by means of
Enraf-Nonius CAD4 diffractometers equipped with graphite
monochromators. The structures were solved and refined with the
SDP package!®l. All non-hydrogen atoms were refined aniso-
tropically, all hydrogen atoms were treated as riding with idealized
geometry [C—H = 0.98 A, B(H) = 1.3 - B;;,(C)]. For 9 all hydrogen
atoms in interesting positions (coordinating water molecule, coordi-
nating double bonds of the COD ligand) were refined isotropically.
A statistical weighting scheme w™! = ¢2(F;) was used for all reflec-
tions. Further details of the crystal structure investigations are
available on request from the Fachinformationszentrum Karlsruhe,
Gesellschaft flir wissenschaftlich-technische Information mbH, D-
76344 Eggenstein-Leopoldshafen, on quoting the depository num-
bers CSD-401817 (9), CSD-401818 (10), CSD-401819 (11).

Table 1. Crystal data and parameters of structural refinement

9 10 1"
Formula CisH1ORNS C14H1sFsRhSD C1sH1sFsRASD
Formula weight 400.30 52293 522.93
Space group (No.} P1(2) P2,/n(14) C2/c(15)
a/A 11.800(3) 13.508(5) 16.947(3)
b 11.826(5) 11.087(3) 9.984(2)
c 8.340¢7) 22.38(2) 10.087(2)
al 79.60(5)
81.18(5) 108.23(3) 114,930(9)

v 65.58(3)

ViAY 775(1) 3217(5) 1548(1)

2 2 8 4
deaio/giem™ 1.715 2.159 2244
wem? 12.25 14.31 28.62
Temp. °C 25 25 -10
Radiation Mo-K, Ag -Ky Mo-K,
A 0.7107 0.5609 0.7107
Crygtm dimensions/ 0.2x0.2x0.4 0.4x0.4x08 0.3x0.4x0.4
mm
Measured refleclions 2549 11119 1833
Scan range FF<o<24° 0°<@x< 24° << 27°
Ewald sphere (h, &k, £ (h, k, £) (-h, k, )
Absorption correclion - none none emp. PSl-scans™!
{max./min. transmis- (99.66%/73.16%})
sion)
Sec. ext. coeff. not refined E =1.22x10° not refined
Observed indep. refl. 2196 3221 1042

> 2s(l) 1.50() 3o(l)
Parameters refined 214 398 102
Agreement fact. R 0.025 0.083 0.041
Ry 0.030 0.065 0.049
GOF 1.711 1.763 1.498

Res. el. density e 0.54 1.45 0.65
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