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PGSE and NOE NMR measurements were carried out for NMR investigation on the solvent role on the aggregation
complexes [Ru(z°-cymene)((2-R-CeHq)N=C(Me)—C(Me)=N(2-R- of [Ru(75-cymene)((2-R-GHs)N=C(Me)—C(Me}=N(2-R-
CeH4))CIIX (X = BF4 or BPhy) in both protic and aprotic solvents CeHa)CIIX (R = H, 1, Me, 2, Et, 3; i-Pr, 4, X = BF, or
with a relative permettivity (¢;) ranging from 2.27 (benzene-ds) to BPhy). They afforded (1) evidence for tendency to aggregate

46.45 (dimethyl sulfoxide-ds). PGSE and NOE results indicate that that, with constant relative permittivity, is unexpectedly
complexes have a tendency to aggregate even in medium-polarity higher in protic solvents and (2) a direct, and unprecedented,

solvents such as ethanol (¢, = 24.55) and methanol (€, = 32.66). proof of the presence of ion pairs in protic solvents, such as

2-propanolds, ethanolds, and methanoti,.
In addition, the aggregation process is favored by a decrease of prop ¢ ° *

€ and, unexpectedly, by protic solvents. NOE measurement L,
investigations, interpreted with the help of theoretical calculations Z 17
and confirmed by X-ray single crystal studies, suggest different €R>%5 ;@ 9
aggregation processes for the two counteranions: two cationic o u\ 5

moieties approach each other when X = BF, while the anion L st(\ . %y 10 N
bridges two cationic moieties when X = BPh,. J=ER e LR “

Anion—cation interactions increasingly affect the structure  1H and!°F PGSE NMR experimentsvere carried out for
and reactivity of ionic organometalliésThis is nowadays  3BF, anti and3BPh, anti in different solvents, with a relative
proved for low-polarity solvents where organometallics may permittivity (¢;) ranging from 2.27 (benzend) to 46.45
form intimate ion pairs, ion quadruples, and even higher (dimethyl sulfoxideds), using tetrakis(trimethylsilyl)silane
aggregates. On the other hand, it is usually thought that(TMSS) as internal standard. They allowed the determination
solvated organometallic ions are mainly present in medium- of the translational self-diffusion coefficient®g for both
and high-polarity solvents, and consequently, arication cationic O;") and anionic P,") moieties (Table 1). Accord-
interactions do not play a relevant role in such solvents. Hereing to the StokesEinstein equation, = kT/cyry), Dy is
we report the results of a combined PGSE (pulsed field inversely proportional to the hydrodynamic radiug)(of
gradient spir-echo¥ and NOE (nuclear Overhauser efféct)  the diffusing particles, but it also depends on the solution
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Table 1. 109D, (m? s~1 at 296 K),ry (A), andN Values for Table 2. Relative NOE Intensities Determined by Arbitrary Fixing at 1
Compounds3BF, anti and 3BPh anti as a Function of Solvent{at 25 the Intensity of the NOE(s) between the Anion Resonancés i the
°C) and ConcentrationQ; mM) Case of BPlr) and the Imine Methyls.

D D¢ it rym NT N C 8/8 CHxCH; CH)CHs; 11 213 717 5

3BF; anti 3BF; anti? 1 1.23 0.46 1.78 0.17 0.10 0.25

1 benzenaks (2.27) 553 554 6.1 6.0 19 18 341 3BF,4 anti® 1 1.50 0.75 3.12 0.65 0.17 0.40
2 chloroformd (4.81) 6.73 715 6.0 57 18 1.6 340 3BF, antid 1 1.50 0.76 168 051 0.16 0.8
3 CD.Cl»(8.93) 9.54 10.70 53 49 13 1.0 341 3BF, syr? 1 1.42 0.61 0.28 0.13 0.24
4  2-propanolg(19.92) 185 205 55 51 14 11 396 3BPhyantt 1 0.85 0.54 f 147 0.38 0.70
5 2-propanolg(19.92) 212 237 50 45 11 08 198 3BPhy syrf 1 1.33 0.72 160 040 111
6  2-propanoldg(19.92) 215 259 49 43 1.0 07 32 )
7 2-propanols(19.92) 2.23 2.93 48 39 09 05 0.2 2In mgthylene chloridel, at 286 K:t? In 2-propanoldsg at 296 K.
8  acetoneds(20.56) 1539 2546 4.9 3.4 1.0 0.3 34.1 ¢ Overestimated due to the superlmpo_snllon ofdrad 13_. d I_n benzeneds
9 ethanolds (24.55) 412 498 49 43 10 0.7 341 at 296 K.¢In chlorof_ormd at 296 K.f Difficult to quantitatively evaluate
10 methanol (32.66) 762 1354 54 35 13 0.4 34.0 due to the overlapping between'l#hdo-H resonances.
11 CDsNO, (35.94) 723 16.61 48 27 09 0.2 340

3BPh, anti a sort of aggregation number. Of course, a distribution of

12  benzenels (2.27) 556 569 68 6.7 19 18 04 ionic species is present in solution; consequeritly,and
13 chloroformd (4.8F) 525 520 7.7 76 27 27 324 N~ indicate which is the apparent average aggregation

14 CDCl,(8.93) 843 865 57 56 1.1 11 430 I o ;
15 acetonak (20.56) 116 136 53 46 09 06 3.8 Number of the ionic moieties. F_or exa_mple, |fthey are both
16 CDsNO, (35.94) 686 791 51 45 08 05 319 equaltolor2,this means thation pairs and ion quadruples,
17 DMSO+s (46.45) 195 246 53 45 09 05 317 je, “(Ru"X"),", are the predominant species in solution,
a¢ at 20°C. P Saturated solution. respectively. Solid state and theoretical structural data (SI)

indicate that free ions fo8BF,4 anti correspond tdN*™ and
viscosity and the numerical factar® The latter tends to 6 N~ equal to 0.92 and 0.09, respectively, and,3BPh; anti,
for diffusing species having, > 5 A, but it falls rapidly to  to 0.60 and 0.40, respectivel§If N* > 0.92 and 0.60, for
4 for a smaller molecule. The factorcan be predicted by  3BF, or 3BPh, anti, respectively, and/dl~ > 0.09 and 0.40,
using a semiempirical improvement (expression reported in then ion pairing and/or aggregation occurs.

a following equatiorf) of the formula deriving from the Only the anionic moiety of3BF, anti approaches the
microfriction theory proposed by Wirtz and co-workéis, situation of free ions in nitromethartk- In other solvents,
which c is expressed as a function of the solute-to-solvent a degree of aggregation is observed that increases not on|y
ratio of radii. by decreasing;, as usual, but also when protic solvents,

6 with ¢, comparable with that of aprotic solvents, are

Vo considered (entries 4 and 8, or 10 and 11). In additih,
[1 + 0_695(i'v) 1 is always larger thaiN™. The difference between the latter

H decreases when decreases and when the sample concentra-

tion increases (entries4/). Compound3BPh, anti is not
soluble in protic solvents and was, consequently, investigated
only in aprotic solvents. In all solvents, a certain degree of
aggregation is present that increases with decreasjrif
solutions with comparable concentrations are compared, and
again, N is always larger than N with the exception of

C—=

By introducing such an expression in the StokEinstein
equationyy values of the solute were derived (Table 1) from
the measured; values using the van der Waals radii for
the solveritand the solution viscosity corrected with the help
of TMSS self-diffusion coefficients (Supporting Information,
SI). T_he volumes of the .diffusing particles, assur_ned to be entries 13 and 14 where they are equal.
spherical, were then e§tlmat§d and compared W'tr_‘ the van The interionic structure of the complexes was investigated
der Waals volu_mes of ion pairs known from the solid state in solution by means ofH NOESY (X = BPhy) and the
or from cglcu_latlons._Th_e ratps petween the appare_nt voll_JmelgF’lH HOESY (X = BF;) NMR experimenté! using a
of+the CaEIOHIC or anionic moieties ar_1d that of the ion pairs, mixing time of 0.1 s and a relaxation delay s (initial
N*™andN~, respectively, are reported in Table 1 and represent 40 annroximation) A selected list of the detected interionic

(5) We thank a reviewer for having suggested us to take into account the Interactions are reported in Table 2. R&F, anti, interionic

importance of the parameter interactions were observed in all solvents, even in methanol-

(6) Chen, H.-C.; Chen, S.-H.. Phys. Chem1984 88, 5118. Espinosa, ; ; ; =1
P. 3. de Ia Torre. J. G Phys, Cheml987 91, 3612. ds, with the exception of nitromethards-(Figure 1). In all

o Wirté,. K. Z Nhaturfgrr]sch.ég«l96583 8, 532{1 ; o § the R group that points toward the chlorine atom and it shows
®) ?g;‘q lh/;'Jz'ei. ys. Chenl964 68, 441. Edward, J. . Chem. Educ. - e strongest contact with the "1froton. The observed
(9) Crystal data 08BPh; anti: RuGssHsgBCIN2+-0.5CHClz, M = 907.09
g mol~2, orthorombic space group2:/b2/c2:/n (No. 60),a = 19.726- (10) Theoretical volumes were calculated from X-ray data and/or theoretical
(5) A, b=16.920(5) A,c = 28.889(5) AV = 9642 (4) B, T =293 calculations and the van der Waals atomic radi(3t) = 423 A3,
(2) K, Z=8,D. = 1.274 g cm3, u = 0.473 mn1L, F(000) = 3864, V(BF47) = 49 A3, V(BPh ) = 284 A3, V(TMSS) = 263 A3, V(3BF,
crystal size= 0.25 x 0.15 x 0.15 mn3. Crystal data oPBF,; syn anti) = 496 A3, V(3BPh, ant) = 704 A3,
RuGsH34CIN2BF4, M = 621.90 g mot?, monoclinic space group2; (11) Macchioni, AEur. J. Inorg. Chem2003 195 and references therein.
lc (No. 14),a=17.250(5) Ab = 11.526(5) A, and = 17.310(5) A, Binotti, B.; Macchioni, A.; Zuccaccia, C.; Zuccaccia, Domments
B = 113.19(5}, andV = 3163.6(19) B T = 293 (2) K,Z = 4, D¢ Inorg. Chem.2002 23, 417 and references therein. For a review on
= 1.306 g cm3, u = 0.621 mnTl, F(000) = 1272, crystal size= intermolecular NOE investigations see: Mo, H.; Pochapsky, T. C.
0.20 x 0.15 x 0.15 mnd. Prog. Nucl. Magn. Reson. Spectro4€97, 30, 1.
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volume due to the observation of NOE anieration
interactions. The surprising finding that aggregation processes
'°BF; are favored by protic solvents could be explained by the
ppm minimization of solvent structure-breakifg.Results in
H 2-propanolds deserve a special comment because 2-propanol
-1 is very frequently used as solvent and, at the same time, as
proton donor in the transfer hydrogenation of ketolid¢som
entries 4-7 (Table 1), it appears that ion pairs are the most
b E3 abundant species in solution at high concentration values.
NOE investigations shed some light on the structure of
* c4 the aggregates. In particular, the independence of the
2233 5 interionic interactions on the concentration observe®iif,
— : = anti in 2-propanolds and on changing solvent suggests that
6 two cationic moieties have to approach each other, from the
side of cymene and CI ligands, in the formation of the
aggregates. For instance, quadrupoles B Ru*BF,~”
are likely to be predominant in benzedg-As for 3BPh,
: : anti, the two anion-cation orientations observed suggest that
-149 - -150 -15119 ppm in aggregates the anion bridges two cationic moieties.
F Consequently, quadruple ions should be *B&h,"Ru*-
Figure 1. 19, 'H HOESY NMR spectrum (376.65 MHz, 302 K, BPh~". Both the structures hypothesized for multiple ions
2-propanolels) ?f complex3BF, anti. The F1 trace (indirect dimension)  higher than ion pairs in solution find confirmation in the
reltive to hel B« resonance is reported on the right. Astersks denote. g state. The solid state structures3BPh, anti and2BF
synwere determined by X-ray single crystal diffraction. It
interionic interactions were interpreted with the help of DFT was found that the two catieranion orientations described
calculations (SI) by a single aniemation orientation in  for 3BPh, anti are present and pairs of cations really approach
which the anion lies on the plane containing C8, C9;,C8 each other from the side of Cl and cymene ligand<2¥F,
and C9and is shifted toward the less hindered N-arm having syn(see Sl). The latter finding agrees with the very recent
the R-group pointing toward the chlorine atom. From this results of Brunner and co-workers that show how similar
position, BR~ can still weakly interact with cymene arene ruthenium compounds may undergo a sort of tight-
protonst®F IH HOESY NMR spectra in different solvents inverted piano stool molecular recognitith.
and at different concentrations always show the same In conclusion, we have shown, for the first time, that the
interactions with comparable relative intensities. Also, for aggregation of some ionic organoruthenium compounds is
3BPh, anti the anion does not interact with protons belonging high and “counterintuitively” favored by protic solvents. This
to R group that points toward the chlorine atom, but an broadens the field in which aniercation interactions may
increased intensity obrtho-anion/cymene protons interac-  be relevant for the structure and reactivity of organometallics.
tions was observed (Table 2). The result is that the two Indeed, the compounds investigated are active catalysts for
orientations, one with the anion close to the N,N-ligand and the transfer hydrogenation of ketones in 2-propénehere
the other with the anion in the proximity of cymene, are we found the significant presence of ion pairs even at
almost equally probable. concentrations comparable with those used in catalysis.
The general picture that can be deduced from these results
is that both3BF, anti and 3BPh, anti have the tendency to
aggregate forming quadrupoles (entry 1) and even higher
aggregates (entry 13). In addition, comparison between
entries 2 and 13 indicates th&BPh, anti has a higher
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tendency to aggregate thaBF, anti in low-polarity solvents Supporting Information Available: Details of complex syn-
that can be reasonably explained considering that the ionthesis and characteriation, ONIOM calculations, X-ray data, PGSE
pair dipole moment i8BPh; antiis larger than that i8BF, and NOE NMR measurements. This material is available free of

anti. The observation that Nis always larger than Ncan ~ charge via the Internet at http://pubs.acs.org.

be easily justified considering the smaller volume of the 1C034549L
anions compared to that of the cation. Consequently, the

anion dissociation does not afford a significant change of (12) Reichardt, CSobents and Seknt Effect in Organic Chemistryviley-
VCH: Weinheim, 2003.

N, especially for B~ Furthermore, there is the possibility  (13) Noyori, R.; Yamakawa, M.; Hashiguchi, $. Org. Chem 2001, 66,
that some solvent molecules tightly bond to the resulting 7931 . . .
cation. On the other hand, solvation cannot be the only ¥ Eé‘_’gggg 4Hi’ ‘l’g‘;g_e“ M.; zabel, M.; Zwack, Rngew. Chem., Int.

responsible process for the increased apparent averagels) Manuscript in preparation.
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