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Self-Aggregation Tendency of All Species Involved
in the Catalytic Cycle of Bifunctional Transfer

Hydrogenation

Gianluca Ciancaleoni,” Cristiano Zuccaccia,” Daniele Zuccaccia,”
Eric Clot,h* and Alceo Macchioni®”
*Dipartimento di Chimica, Universita di Perugia, via Elce di Sotto, 8, 06123 Perugia (Italy)

®Institut Charles Gerhardt (UMR 5253 CNRS-UM2-ENSCM-UM1), Equipe CTMM, Case Courrier

1501, Université de Montpellier 2, 34095 Montpellier Cedex 5 (France)

Abstract. The self-aggregation tendency of [RuX(N,N)(n6—p—cymene)] [N,N = amino amidate, X = CI
(1) and H (2)] and [Ru(N,N)(n6—p—cymene)] [N,N = amido amidate, 3] in various solvents was
investigated by diffusion NMR spectroscopy. The proper evaluation of the molecular hydrodynamic
volume of the 1-3 monomeric species allowed understanding that 1 and 2 are mainly present as
monomers in isopropanol-dsg at concentrations below the millimolar level. Dimers start to become
relevant at concentrations over ca. 10 mM [AGO(aggregation) = - 2.2 kcal mol']. The self-aggregation

tendency of 1-2 in CDCl; is marked [AGO(aggregation) = - 3.4 kcal mol™'] and much higher than that of
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3. In toluene-ds, 3 and 1 readily form dimers and higher aggregates, respectively, even at
millimolar concentrations. The structures and energetics of 1-1, 2-2, and 3-3 dimers were investigated
by ONIOM (B3PW91/HF) calculations. It was found that the main interaction at the origin of the
dimerization process is the establishment of an intermolecular H-bond between one N-H on one
monomer and the oxygen of the SO, moiety of the other. In 3, the amido group is less acidic and less

spatially available for H-bonding than in 1 and 2, which explains the reduced tendency to form dimers.

Introduction

Weak interactions occurring in the second coordination sphere of organometallic complexes may
profoundly alter their reactivity.! The formation of supramolecular adducts held together by non-
covalent intermolecular interactions in solution can be directly evaluated by detecting intermolecular
dipolar interactions between the constituting units in the NOE-based NMR experiments® or, indirectly,
by measuring the average hydrodynamic size of supramolecular adducts through diffusion NMR
spectroscopy.3 The selection of proper peripheral functional groups and solvents has allowed clear
evidence to be obtained regarding the formation of non-covalent aggregates higher than ion pairs and
dimers,” such as ion quadruples,’ cationic ion triples,® dications’ and extended aggregates, even of

nanometric dimension.®

Nevertheless, an experimentally-supported rationale of the effects of
intermolecular interactions on the chemical reactivity of organometallics, based on intermolecular
structural modifications, has rarely been found.’

Asymmetric transfer hydrogenation of ketones and imines is a key reaction in fine chemicals and
pharmaceutical synthesis and many studies have been carried out to design and develop chiral
catalysts.lo Noyori and coworkers led to a breakthrough in this field when they discovered some

ruthenium-based catalysts, bearing the BINAP'' and DPEN"? ligands, capable of reducing ketones via

transfer hydrogenation with very high enantioselectivity.
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The novelty of the Ru-DPEN system stems from its bifunctional catalytic mechanism
that, based on detailed investigaltions,13 14 occurs without direct substrate/metal interaction. The three
important species of the catalytic cycle are reported in Scheme 1. 1 is the precatalyst;12 2 is the hydride
complex that donates both H and H" to the substrate that is to be transfer-hydrogenated (bifunctional
mechanism); and 3 is the 16-electron bis-amido species that regenerates 2 upon reaction with a hydrogen
donor (usually isopropanol or HCOOH). Weak second-coordination-sphere interactions (hydrogen
bonds, CH/r interactions) are essential for controlling the relative catalyst/substrate orientation which
determines the efficiency and stereoselectivity of the transfer hydrogenation. It should be noted that, all
the species in Scheme 1 bear an electro-negative moiety (the sulfonyl group) and an electropositive one
(the protic NH moiety), that are suitable for establishing inter-molecular hydrogen bonds that can lead to
their self-aggregation in solution, analogously to what is observed for the Shvo’s catalyst."

In a preliminarily communication'® we reported the marked tendency of precatalyst 1 (Scheme 1)
to self-aggregate in many solvents. As a follow-up to that work, we report, in full, the self-aggregation
tendency of 1, of the hydride 2, in chloroform, isopropanol, and toluene, and of the 16-electron diamido

species 3, in chloroform, toluene and methylene chloride.

Ru
\""NH, / N\ “NH, / N\
cl
/N\)\Ph N e 1s—N  NH
TS Ph Ts Ph Pﬁ oh
1 2 3
Scheme 1

In order to disclose the level of self-aggregation under conditions as similar as possible to those used in
catalysis, the salt and temperature effects on the self-aggregation were investigated. Furthermore,
ONIOM(B3PWO1/HF) calculations were performed on the monomers (1, 2, and 3) and on the dimers

(1-1, 2-2, and 3-3), in an attempt to clarify the self-aggregation process.
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Results and Discussion

PGSE NMR Measurements. A systematic diffusional study was carried out for complexes 1, 2,
and 3 in order to evaluate their self-aggregation tendency. Experimental data are listed in Table 1. D,
values were evaluated by means of the PGSE (Pulsed-field Gradient Spin Echo) NMR technique and
related to molecular sizes through the modified Stokes-Einstein equation (Eq. 1)

kT

Dt B
fycmnry

o))

where k is the Boltzmann constant, T is the temperature, f; is the shape factor, ¢ is a numerical factor, 1
is the solution viscosity and ry is the hydrodynamic radius. V™" was calculated assuming a spherical
shape (f; = 1) for both the monomer and the aggregates (Table 1). Nygw is defined as the ratio
Vi'P/Vyaw, the latter being calculated from X-Ray data'®® of 1, 2, and 3 (459, 435 and 430 A’
respectively). Vi and Ny, were calculated assuming that the monomer and aggregates have spherical
and prolate ellipsoid (f; > 1, see below) shapes, respectively.
Table 1. Diffusion coefficient (1010Dt, mzs'l), average hydrodynamic volume
in the spherical (Vg™ A% and ellipsoidal (V4™, A?) approximations,
aggregation numbers (Nyaw, Npro) and concentration (C, mM), for compounds 1,

2 and 3 in different solvents.

Entry Solvent 10°D, V&™ Nuaw  V&™ N C

1
1 CDCl; 6.08 1087 24 1073 1.3 2.0°
2 CDCls 4.65 2242 4.9 1982 24 12°
3 CDCl; 3.61 4126 9.0 2890 35 29
4 toluene-ds 2.64 9634 21.0 4683 5.7 20
5 toluene-ds 3.02 6488 14.1 3747 4.5 4.0
6  2-propanol-dg 1.70 833 1.8 826 1.0 0.05*
7 2-propanol-dg ~ 1.69 842 1.8 834 1.0 0.2°
8 2-propanol-dg 1.60 988 2.2 966 1.2 1.0*
9 2-propanol-dg ~ 1.55 1051 23 1040 1.3 4.0°
10 2-propanol-ds  1.37 1264 2.8 1238 1.5 12°
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11 2-propanol-ds 1.15 1823 4.0 1651 2.0 42°

2
12 CDCls 6.72 1129 2.6 1092 1.4 24
13 CDClL 4.85 2369 54 1950 2.5 12.6
14 CDCls 4.77 2625 6.0 2106 2.7 15.6
15 CDClL 2.88 7458 17.1 3899 5.0 57.0

16  2-propanol-ds 1.90 873 2.0 858 1.1 0.47
17 2-propanol-ds 1.86 923 2.1 916 1.2 1.1
18  2-propanol-ds 1.79 1008 23 991 1.3 7.4

3
19 CDCl 7.59 755 1.8 747 1.3 1.1
20 CDCls 7.49 826 1.9 816 1.4 4.4
21 CDClL 6.66 909 2.1 878 L.5 52

22 toluene-dg 6.37 800 1.4 759 1.3 4.0

23 toluene-dg 4.73 1282 2.3 822 1.9 25

24 CD,Cl, 10.2 589 1.4 589 1.0 1.0

25 CD,Cl, 9.92 648 1.5 630 1.1 8.0
* From ref. 16.

It can be seen that for all the complexes, V'™ is always much higher than V4w, even at low
concentration values (Table 1). This does not necessarily mean that complex 1 is significantly present as
a dimer at the lowest investigated concentration;'® it could be due to the deviation of the hydrodynamic

5e,18

volume (VHO) of the single molecule from Vgw. For this reason, we decided to carefully evaluate

0
VH S.

Evaluation of Vy". The correct evaluation of the hydrodynamic volume of the aggregating units
(Vi) is essential for quantitatively investigating any associative process. Nevertheless, it is difficult to
predeict Vi’ because it can subtly deviate from van der Waals and crystallographic volumes.'” One way
to evaluate Vg’ is to perform diffusion NMR experiments under conditions where aggregation in
solution is negligible (extremely diluted conditions). Unfortunately, such experiments are very time-
consuming. A simple and rapid methodology for evaluating Vi of ionic species that takes advantage of
the complementarities of PGSE and conductometric NMR measurements has recently been proposed.18
In fact, the formation constant of ion-pairs (Kjp) can be easily measured by means of conductivity

studies, while the average volumes of cations and anions can be obtained from a single diffusional NMR
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measurement. If the latter is conducted under conditions where only free ions and ion pairs are

present in solution, Vi and Vi can be straightforwardly obtained.'® Furthermore, if the hydrodynamic

volume of the anion is known, it is even possible to obtain Vy™ and the dissociation degree from a

single PGSE measurement performed under the above-mentioned conditions.'® In order to apply such a

methodology for determining Vi, we selected an ionic compound that is as similar as possible to 1 and

2. The choice fell on complex 4BPh, (Scheme 2) since it can be prepared easily (Experimental Section)

. 0- - Se,l
and has a counterion whose Vi is known.”® 8

4BPh,

Scheme 2

PGSE measurements were carried out on 4BPhs in CD,Cl,, in order to measure VH+O(4+); the

experimental results are shown in Table 2. The V,qw(4") value, calculated from the X-Ray structure of

4C1,19 is 353 A3, The average VH+0 value of 630 10\3, was obtained from diffusion measurements

imposing VH'O = 461 A3.'® This value is about 1.8 times higher than that of V,qw. The small variations

observed for VH+O with respect to the concentration are within the experimental error, which is ca. 10-

15% on Vg.

Table 2. Diffusion coefficients (10'°D, m?’s™),

average hydrodynamic volumes (Vy, A3 ),

concentrations

(C, mM), calculated -cationic volume (VH+0, AS),

calculated dissociation degree (o) and the ratio

Vu'/Vyew® for 4BPhy in CD,Cl. Vi = 461 A’ was
imposed.'®
D D V.t v.. ¢ .10 Vi /Viaw
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880 9.04 89 830 0.2 621 041 1.76
838 848 1023 993 25 639 0.17 1.80

The high value of the Vi/Vyaw' ratio for 4% can probably be explained by looking at the

conformation N,N-ligand (Figure 1). There are two parallel phenyl substituents that generate an inlet

©CoO~NOUTA,WNPE

containing some “trapped volume”; this is not counted in V4w, but it could be relevant for VH+0.
13 Although 4" is not exactly isostructural to 1 and 2, they have the same ligand conformation, as can be
15 seen by comparing their X-Ray solid-state structures' 2> (Figure 1). 4* differs from 1 and 2 in that it
does not possess the tosylate moiety, but this is probably irrelevant since it does not create any inlet. As
20 a confirmation, ruthenium complexes bearing (Me,N-CH,CH,-NMe,) and [Ph-N=C(Me)C(Me)=N-Ph]
22 ligands have the same VH+ONvdW+ ratio, that i1s about 1.35."% So the VHONvdw ratio for 1 and 2 is
assumed to be 1.8. In contrast, the two phenyls of the N,N- ligand in 3 are so tightly twisted, that they do
27 not create any inlet. For this compound, VHO/Vvdw should assume the same value as those for other Ru-

29 cymene compounds. In agreement, at the lowest concentration Vy is just 1.4 times Vgw (entry 24, Table

32 1).

54 Figure 1. Schematic representation of the crystal structure of 1, 2, 3 (ref. 12b) and 4" (ref. 19).

57 Structure of higher aggregates. Having established Vi, the aggregation level can be

determined from the ratio Vi™/Vy’. The spherical approximation (sph) implies that all the aggregates
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(monomers, dimers, etc...) are sphere-like. While this approximation seems reasonable for the
monomer, it may not be reasonable for the dimer and higher aggregates. To quantitatively estimate the
importance of the shape factor (f;), the structure of the aggregates must be hypothesized. From the solid
state stuctures'” and theoretical calculations (see below) it can be concluded that self-aggregation is
driven by HBs between the aminic proton and the sulfonyl group, while the chlorine atom is not
involved. Since the interacting functionalities are on opposite sides of the molecule, linear aggregates
can be assumed. If a monomer binds to a dimer, it can interact through its oxygen atoms or its aminic
protons, but the shape of the resulting trimer will always be linear. The same happens for higher

12b

aggregates. Indeed linear aggregates (rows) held together by HBs are present in the solid state = (Figure

2). Furthermore, no specific interaction between rows seems to be present.

Figure 2. A linear non-covalent “tetramer” of 2 as found in the solid-state structure (Ref. 12b).

Linear aggregates can be treated as prolate ellipsoids.”® Eq. 1 is still valid, but ry is now defined as the

geometric mean of the two semiaxes of the ellipsoid, %/E (a is the minor axis, b is the major one for a
prolate ellipsoid).

In order to evaluate f; (see Experimental section) one axis must be known; we have assumed that

the minor axis is equal to the hydrodynamic radius of the monomer, rHO (5.82 A for 1,5.71 A for 2,5.20

A for 3). In fact the “height” of the aggregate remains constant and only its “length” varies with the

addition of monomers. In this way if all the factors in Eq. 1 are expressed as a function of a, b and

o™ the only unknown parameter is b. The resulting equation can be graphically solved

(Experimental Section). Ny, can now be defined as Vi™/Vy® or 2b/2ry’, that is, the length of the

polymer over the diameter of the monomer.
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The results are listed in Table 1 and the trends of N, as a function of the concentration are
reported in Figure 3. It is interesting to note that a drastic decrease in the aggregation numbers occurs
when the correct Vi;° and shape of the aggregates are taken into account (Npro << Nygw).

54 °

Npro 1

Figure 3. Dependence of hydrodynamic volume (Ny,,) on concentration for complexes 1 (®), 2 (e)

and 3 (#) in CDCls.

Not surprisingly, the N, values in CDCIl3 for complex 2 show the exact same trend as those of 1
(Figure 3), reaching a maximum value of 5.0 (C = 57 mM). On the contrary, 3 exhibits a very low
disposition to self-aggregation; in fact, Ny, = 1.6 when C = 52 mM (entry 20, Table 1). The tendency of
3 to form non-covalent dimers in CD,Cl,, which has a greater ¢, (8.89 instead of 4.81), is still smaller
and monomers are prevalently present in solution up to a concentration of 8mM (Table 1, entries 24-25).

Regarding 2-propanol-ds, a certain tendency to form aggregates is present for 1, but the higher &;
value (19.92) strongly depresses it: at C = 12 mM, Ny, is 2.4 in chloroform and 1.5 in 2-propanol. As in
CDCl; the self-aggregation of 2 is the same as that of 1 within the experimental error. Obviously, it was
not possible to study 3 in this solvent, because the compound reacts immediately with the alcohol to
give the hydride 2.

In toluene-dsg, 1 affords aggregates with an average hydrodynamic volume that is 4.5 times higher
than that of the monomer already when C =2 mM (Table 1, entry 5). Although to a lesser degree, 3 self-

aggregates in toluene-dg leading to a significant presence of dimers when C = 25 mM (Table 1, entry
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23). These results could be relevant since the amido complex 3 was successfully applied in the
asymmetric catalysis of the Micheal reaction®! carried out in toluene using a catalyst concentration of ca.
20 mM. Our results indicate that under such conditions, dimers and higher aggregates are surely present
in solution for complex 3 and for the Ru(DPEN)(cymene)malonate intermediate isolated by Ikariya and

. 21
co-workers, respectively.”

In the soli state, the latter, bearing the —-NH, moiety, exhibits non-covalent
rows of H-bonded Ru-units*' similar to those found for 1 and 2. Since the chlorine of 1 is not involved
in inter-molecular bonds, it is reasonable to believe that Ru-malonate complex has a self-aggregation
tendency similar to 1.

Transfer hydrogenation reactions are very often carried out at high temperature in the presence of
a base, using the chloride complex as precatallyst.22 Consequently, some PGSE measurements were
carried out for 1 at low concentration, higher temperaltures23 and adding KCI** in order to mimic
catalytic conditions. The results are listed in Table 3. The effect of increasing the temperature on the
self-aggregation is difficult to predict because it causes an increase in the thermal agitation, which tends
to destroy non-covalent aggregates, but also a reduction of the relative permittivity (g;) of the solvent,
which strengthens electrostatic interactions and enhances self—aggregation.25 The data reported in Table
3 clearly show that neither the presence of a salt nor an increased T caused significant variations in the
self-aggregation tendency.

Table 3. Temperature (T, K), diffusion coefficient (IOIODt, mzs'l), average

hydrodynamic radius (rg, 10\) average hydrodynamic volume (Vy, 10\3),

aggregation number (N), for compound 1 in 2-propanol-ds. [1] is always 1 mM.

Entry T Dy Iy Vu N
1 296 1.60 6.20 988 1.2°
2 307 4.11 6.25 927 1.1
3 321 6.18 6.30 1037 1.3
4 328 9.04 5.93 873 1.0
5 307 3.96 6.20 984 1.2°
6 321 6.42 5.90 843 1.0°
7 328 4.65 6.00 905 1.1°

* From ref. 16 ° In presence of an excess of KCI.
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Evaluation of the aggregation equilibrium constant. Since the formation of the non-covalent
polymer is driven by the same interaction at every step, the “Equal K (EK) model” can be used to treat

8b,26

the experimental data. EK model assumes that when a monomer is added to the pre-arranged

polymer the free energy and equilibrium constant, K, are identical to those corresponding to the addition
of previous monomers. Under this assumption, the values of N are related to K through Equation 2: *>!7
N(N-1)=KC 2)
where C is the formal concentration.
Figure 4 shows the trend of N,,o(Npo-1) versus the concentration of both 1 and 2 in CDCls. Since
the N versus C trends of 1 and 2 are the same, they are considered as a single data set. The fit is very
good (r* > 0.99) and the calculated K is 350 M™". The related variation of free energy AG® (-3.4 kcal mol

" is consistent with the energy of a hydrogen bond in chloroform.®*?’

20

15

Npro(Npro' 1 )

10

Figure 4. Dependence of Np,o(Npro-1) on the concentration for 1 and 2 in CDCls. The
Fit equation is Npo(Npro-1) = -0.7(2)+350(10)C, ’=0.995.
This result seems to indicate that the main NH OS interaction is only slightly strengthened by the
CH OS interaction. The same model was applied to the data in 2-propanol: the calculated K is 46 M
and the related variation of free energy AG" is -2.2 kcal mol”. This means that at the catalytic
concentration (0.05 mM), the room-temperature concentration of 1-1 and 2-2 dimers is negligible and is

equal to 0.2% of the monomer concentration.
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Computational studies. The experimental studies have shown that compounds 1-3 do self-
aggregate in various solvents and that the aggregation tendencies of 1 and 2 are similar and greater than
that of 3. To shed more light on this dimerization process and, in particular, on the structure and
energetics of the dimers, ONIOM(B3PW91/HF) calculations were performed on the monomers (1, 2,
and 3) and on the dimers (1-1, 2-2, and 3-3). Due to the size of the systems, a hybrid ONIOM strategy
was employed. The substituents of the cymene ring (Me and "Pr), the phenyl and tolyl groups of the N-N
ligand have been described at the HF/DZ level, while the rest of the molecule has been treated at the
B3PWO1/DZP level (see Computational Details).

Table 4 shows a comparison between the experimental and calculated values for a series of
selected geometrical parameters. There is an excellent agreement and the ONIOM(B3PWO91/HF)
methodology adopted allows for the description of these systems. In particular, the orientation of the
cymene ring, with respect to the N-N ligand, is faithfully reproduced (within 2° for 1 and 3, and within
8° for 2). The larger value (ca. 70°) observed for the 6 value in 3 is due to the absence of the “extra”
ligand in 1 (Cl) and 2 (H), thus alleviating steric repulsions. The substituents of the cymene ring now

occupy the empty space.

Table 4. Comparison of selected geometrical parameters (distances in A, angles in
degrees) for the compounds 1, 2, and 3. N, is the nitrogen atom bearing H atoms,
while N, is the nitrogen atom connected to SO;; C, is the carbon atom on the
cymene ring bearing the methyl substituent; D is the centroid of the six aromatic

carbon of the cymene ring; J is the torsional angle C,-D-Ru-Nj,.

1 2 3
Exp. Calc. Exp. Calc. Exp. Calc.

Ru-Cl 2.435 2.425

Ru-H 1.452 1.580

Ru-N, 2.116 2.119 2.108 2.120 1.897 1.905

Ru-Nj 2.145 2.139 2.139 2.151 2.065 2.078

Ru-D 1.669 1.666 1.677 1.708 1.673 1.660
N,-Ru-N, 79.5 78.6 78.3 77.8 78.9 79.5

37.0 37.7 33.6 25.6 71.7 69.2

(e7]
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43

There are obviously many different ways to bring two monomers together to form a dimer. However, a
full search of the configuration space would be extremely costly in terms of computational resources. In
the present case, the driving force for the dimerization is expected to be a H-bond developing between a
N-H bond on the N-N ligand of one monomer and an oxygen atom of the SO, group of the other
monomer. The piano stool geometry of the complex has been shown to give inverted geometries in the
higher order aggregates.28 Therefore, the guesses regarding the geometries for the optimization
procedure of the dimer were built introducing the two characteristics mentioned above: the NH O H-
bond, and an inverted geometry for the piano stool. Figure 5 shows the structures of the dimers obtained
at the ONIOM(B3PWO91/HF) level and Table 5 reports selected geometrical parameters and formation
energy, AgimE. The latter values were estimated through single point B3PW91/DZP calculations on the

ONIOM(B3PW91/HF) optimized geometries (see Computational Details).

3-3

Figure 5. ONIOM(B3PW91/HF) optimized geometries for the dimers 1-1, 2-2, and 3-3 of the three
systems studied. All of the hydrogen atoms except the ones involved in the H-bonding network and on

the nitrogen atom have been omitted for clarity.

Table 5. Selected geometrical parameters (distances in A) for the H-
bond network present in the dimers 1-1, 2-2, 3-3. J, is the torsional
angle (degrees, see Table 4 for definition) for the cymene ring that is
not involved in the H-bond network, while J, is the torsion angle for
the cymene ring involved in the H-bond network. Formation energy

(kcal mol'l) of the dimer, AginE.
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1-1 2-2 3.3
N-H...O 1.942 2.048 2.124
C-H...O 2.492 2.855 2.591
8a 40.6 20.8 73.7
S 88.2 453 116.7
AginE -10.3 9.2 8.4

The main interaction at the origin of the dimerization process is the creation of a H-bond
between one N-H bond on one monomer and an oxygen atom of the SO, group of the other. The
strength of this H-bond, as estimated from the value of the NH...O contact (Table 5), correlates with the
formation energy AgimE. The second oxygen atom of the SO, group is involved in a weaker H-bond with
a C-H bond ortho to the Me group on cymene. The length of the CH...O contact does not follow the
trends observed in Ag4inE. However, the creation of the H-bond is sufficiently stabilizing that it induces a
torsion of the cymene ring as indicated by the values of the torsional angles, d,, with respect to the o
values for the monomers (Tables 4 and 5). The cymene ring rotates by ca. 30-40° with respect to the
orientation in the monomer. For the other cymene ring, that is not involved in the H-bond network, the
0, value of the torsional angle in the dimer (Table 5) is very close to that of the o in the monomer (Table
4).

Experimentally the Gibbs free energy of the formation of the dimer depends on the nature of the
solvent; the values are ca. -2 to -3 kcal mol ! for 1-1 and 2-2, whereas no value could be obtained for 3-
3. It is not easy to calculate the entropy contributions in condensed phase and the calculations in gas
phase usually overestimate the translational component of the entropy contribution.”” The latter is
generally thought to contribute the majority of the 8 to 10 kcal mol™ loss in the Gibbs free energy upon
formation of an AB complex between two molecules of A and B.*

Qualitatively, the loss of Gibbs free energy in the dimerization process is estimated to be ca. 8 kcal mol

! This would lead to slightly negative values for AgnG° for 1 and 2, and thermoneutral value for 3

ACS Paragon Plus Environment
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(Table 5). These results are in qualitative agreement with the experimental observations. The
aggregation of the monomer is essentially driven by the creation of a H-bond between N-H on one
monomer and SO, on the other. Changing to a solvent that is more prone to be engaged in H-bonding
interactions could hamper the dimerization process as observed experimentally. As the NH, group of 1
and 2 have similar acidities, the aggregation tendencies for these two compounds are found to be
similar. For 3, the amido NH group is less acidic and less spatially available for H-bonding. The 16-
electron nature of 3 has modified the overall geometry at Ru and the NH bond is buried more deeply
within the complex. The H-bond is not strong enough to compensate for the loss of entropy in the

dimerization process.

Conclusions

A systematic 'H PGSE NMR study was carried out for all the species involved in the catalytic
cycle of bifunctional transfer hydrogenation. It was found that the precatalyst 1 and the hydride complex
2 have the same self-aggregation tendencies that are much higher than that of the 16-electron complex 3.
ONIOM calculations on dimer formations clearly showed that 3 has less tendency to self-aggregate due
to the lower acidity and less spatial availability of the amido NH group.

In 2-propanol-dg, 1 and 2 are prevalently present as monomers up to a concentration of ca. 10
mM. In contrast, complexes 1-3 readily form dimers and larger aggregates even at millimolar
concentrations in CDCl; and toluene-ds. Increasing the temperature and/or adding KCl has little effect
on the self aggregation tendency of 1 in 2-propanol-ds.

It can be concluded that from a thermodynamic point of view, dimers are not very relevant for
transfer hydrogenation carried out in 2-propanol, while they must be taken into consideration when

catalytic reactions are carried out in low polar solvents.
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Experimental Section

All reagents were purchased from Sigma-Aldrich or Ricci Chimica and used without any further
purification. Compounds 1-4 were synthesized according to the literature,'2° using the standard Schlenk
technique. Solvents, deuterated and not, were freshly distilled (n-hexane with Na, Et;O with
Na/benzophenone, 2-propanol with CaH,, methylene chloride and chloroform with P,Os) and degassed,
by many gas-pump-nitrogen cycles before use. All Van der Waals volumes was computed from the
crystal structures using the WebLab ViewerLite 4.0 software packages.

Synthesis of 4BPhy. A solution of (S,5)-1,2-diphenyl-ethylendiamine (60 mg, 0.283 mmol) and
[Ru(n6—p—cymene)C12]2 (86.6 mg, 0.142 mmol) in methylene chloride was stirred for 2 hours. Then,
NaBPhy (97 mg, 0.283 mmol) was added and, immediately, a white solid (NaCl) precipitated. The
solution was filtered off and n-hexane was added to obtain the desired product (181.6 mg, 80%), that
was washed with n-hexane, diethyl ether and dried under reduced pressure. The product was crystallized
from a methylene chloride/methanol/diethyl ether solution. '"H NMR (CD,Cl,, 298 K); 7.40 (br, 8H, o-
Ph, anion), 7.34 (m, 3H, Ph, cation), 7.31 (m, 3H, Ph, cation), 7.05 (m, 12H, Ph, cation and anion), 6.93
(t, 4H, Jgg = 6.9 Hz, p-Ph, anion), 5.27 (d, 1H, Jyg = 6.1 Hz, cymene), 5.23 (d, 1H, Jyg = 6.2 Hz,
cymene), 5.11 (d, 1H, Jyg = 6.1 Hz, cymene), 5.01 (d, 1H, Jyg = 6.2 Hz, cymene), 3.88 (m, 1H, CHPh),
3.66 (m, 1H, CHPh), 2.70 (sept, 1H, Jung = 7.1 Hz, CH(CHj3),), 2.11 (s, 3H, CHj3), 1.22 (m, 6H,
CH(CH53),). Anal. Calcd. for C4sH50BN;Ru: C, 75.18; H, 6.57; N, 3.65. Found: C, 74.95; H, 7.03; N,
3.50.

PGSE NMR Measurements.”! 'H NMR measurements were performed by using the standard
stimulated echo pulse sequence’ on a Bruker AVANCE DRX 400 spectrometer equipped with a
GREAT 1/10 gradient unit and a QNP probe with a Z-gradient coil, at 296 K without spinning. All the
measurements at high temperature were performed by using the double stimulated echo pulse sequence,
with LED implemented.32

The dependence of the resonance intensity (I) on a constant waiting time and on a varied gradient
strength (G) is described by Equation 3:
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I 2 § 2
in L= Dt(A— SJG 3)

0
where I = intensity of the observed spin echo, Iy = intensity of the spin echo without gradients, D, =
diffusion coefficient, A = delay between the midpoints of the gradients, 6 = length of the gradient pulse,
and y = magnetogyric ratio. The shape of the gradients was rectangular, their duration (8) was 4-5 ms,
and their strength (G) was varied during the experiments. All of the spectra were acquired using 32K
points, a spectral width of 5000 ('H) Hz, and processed with a line broadening of 1.0 (‘H) Hz. After
having checked that a change in total relaxation time (from 5 to 130 s) did not affect the measurement
results, standard experiments were carried out with a total recycle time of 5 s. The semilogarithmic plots
of In(I/Iy) versus G* were fitted using a standard linear regression algorithm; the R factor was always
higher than 0.99. Different values of A, “nt” (number of transients), and number of different gradient
strengths were used for different samples.

The self-diffusion coefficient Dy, that is directly proportional to the slope of the regression line
obtained by plotting log(I/Ip) vs. G? (equation 3), was estimated by measuring the proportionality

. . 17,33
constant as previously described. "

The uncertainty in the measurements was estimated by determining
the standard deviation of the slopes of the linear regression lines by performing experiments with
different A values. The standard propagation of error analysis gave a standard deviation of
approximately 3-4% in hydrodynamic radii and 10-15% in hydrodynamic volumes and aggregation
numbers N.

Treatment of D¢ data. D, were evaluated for compounds (sa) and TMSS (st, the internal

standard) as described before. From Eq. 4 the ratio of the D, values for TMSS and compounds, equal to

the ratio of the slopes (m) of the straight lines coming from plotting log(I/Ip) vs G, is

sa sa St st
m Dy CH st
= = =f(r, ryy,a,b 4
st pst sa_sa 3 21 \sa (Tsoly- T 3-P) X
m t f°c(Va'b)

The latter circumvents the dependence of the D, values on temperature, solution viscosity, and gradient

calibration. TMSS has the shape of a sphere, then f;" = 1 and a = b. While c*ry" is known from previous
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measurements,>>" £,%c( \j3 aZb )™ can be evaluated from Eq. 5, since the m*/m* ratio was

measured, and expressed as a function of ry, aand b as:

At
fssacsa(3 a2b)sa — b X 6 2234 X 3 a2b (5)
5 .
a

D 1+\/1—? 1+0.695| —solv
I xIn| —+—2 JaZb

a

b

Since a is fixed from chemical hypothesis, the only unknown parameter is b. The complicated Eq. 5 can
be solved graphically.

Computational Details. All the calculations have been performed with the Gaussian03
package.”* ONIOM(B3PW91/HF) calculations® were performed, where the methyl and isopropyl
groups on the cymene ligand, the phenyl and tolyl groups on the N-N ligand were treated at the HF level.
The rest of the systems was treated at the DFT level with the hybrid functional B3PW91.*° For the DFT
part of the calculations the ruthenium atom was represented by the relativistic effective core potential
(RECP) from the Stuttgart group and the associated basis set,”’ augmented by an f polarization
function.”® The Cl and S atoms were represented by RECP from the Stuttgart group and the associated
basis set,* augmented by a d polalrizaltion.40 The remaining atoms (C, H, N, O) were represented by a 6-
31G(d,p) basis set.*! For the lower level in the ONIOM calculations treated at the HF level, the Ru, CI,
and S atoms were treated with the Los Alamos RECP and the associated basis set,'* while the remaining
atoms were treated with a 4-31G basis set.*’ Full optimization of geometry without any constraint were
performed followed by analytical computation of the Hessian matrix to confirm the nature of the located
extrema as minima on the potential energy surface. The formation energies, AgimE, of the dimers were
evaluated by single point calculations at the B3PWO91 level with the basis set described above for both

the monomer and the dimer in the ONIOM optimized geometry.
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Self-Aggregation Tendency of All Species Involved in
the Catalytic Cycle of Bifunctional Transfer

Hydrogenation
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Abstract. The self-aggregation tendency of [RuX(N,N)(n6—p—cymene)] [N,N = amino amidate, X =
Cl (1) and H (2)] and [Ru(N,N)(n6—p—cymene)] [N,N = amido amidate, 3] in solution was investigated
by diffusion NMR spectroscopy; 2 and 3 are mainly present as monomers in 2-propanol-dg below
millimolar concentration levels. In CDCls and toluene-ds, 1-3 readily form dimers even at millimolar

concentrations.
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