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Kinetic Analysis and Solvent Effects in the Carbonylation of RuCg-3H,0
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The carbonylation of Ru@13H,0 in refluxing alcohol represents the entry point to ruthenium organometallic
chemistry. The overall carbonylation reaction is composed of three consecutive reactions, each step resulting
in a ruthenium carbonyl complex with different Ru/CO ratios. A kinetic analysis of the overall reaction reveals
the parameters that are involved in the rates of formation of each compound, and as a result, provides a
method for the control of product composition.

1. Introduction 2. Experimental Section

The carbonylation of Ru@i3H,0 represents the first step in One gram of RuGt3H;0 (purchased from Aldrich Chemicals
the formation of ruthenium precursors and an “entry” point to and used without recrystallization) was dissolved in 30 mL of
ruthenium organometallic synthedist has been observéd ethanol (purchased from Fluka and dried on a molecular sieve
that the carbonylation occurs as a stepwise process having threand redistilled before use). The solution was placed in a three-
distinct ruthenium carbonyl species as intermediates. The neck, 100 mL round-bottom flask equipped with a reflux setup
sequential steps of this carbonylation reaction have beenon one neck, a bubbler on another neck, and a rubber stopper
discussed in a previous publicatiband are shown below in on the third neck. The reflux column was connected to an outlet,
eq 1: which was connected in turn to a gas buret filled with dilute

CuSQ. This was used to monitor the rate of bubbling, by
k,,CO,EtOH observing the total volume displaced by the gas as a function
RUClL-3H,0 RUCL(CO)(EtOH), + EtCl of time. The reaction apparatus was first flushed with Ar, and
X k,CO,EtOH the reaction was conducted at 78 under CO bubbling. All
RUCL(CO)(EtOH) ———— RUCL(CO)L(EtOH), (1) infrared spectra were recorded on a Perkin-Elmer 467B grating
Y infrared spectrophotometer using a liquid demountable cell with
k3,CO,EtOH 0.01 cm spacers and Cakindows. The spectra were digitalized
RUCL(CO)(EtOH) using UN-SCAN-IT software. The decrease in the concentration
W of RuCk-3H,O was monitored with a Perkin-Elmer 552 bV
Vis spectrophotometer at the analytical bands of 359 and 493

The predominant presence of compoufds indicated by nm.
the “wine-red” color of the solution, while the predominant
presence of compound is characterized by the “lemon-yellow”
color of the solutiorf. When each of these intermediates is  3.1. Development of a Kinetic Model. The consecutive
isolated and used as the reactant in the same organometalliceactions can be modeled according to the kinetic rate expres-
substitution reactions, either different ruthenium complexes are sions given in eq 3:
formed? or the same complex is formed via different mecha-

RUCL(CO),(EtOH),
z

3. Results and Discussion

nisms® Since Ru(ll) is a six-coordinate® center, there are _dX_ k X[CO][EtOH]3=> k [CO][EtOH]3= K'
different numbers of alcohol molecules coordinated to the dt  *t ! !
carbonyl complex, depending on the number of available _dy_ —k! X + k,Y[CO] = k,[CO] = K.
coordination sites. The addition of CO ligands during the dt ! 2 2 2 3
carbonylation process involves the displacement of alcohol _dz_ —k, Y + k,Z[CO] = k[CO] = K-

molecules and the preferential coordination of the CO groups dt 2 s 3 3

in their place, according to the following general substitution aw _ —K.Z

scheme: dt 3

co All reactions are performed in excess ethanol or 2-methoxy-
RUCL(CO)(ROH),_, — RUCL(CO),,41(ROH),_ 11y (2) ethanol (initial dilute solutions of RugBH,0), and since the
rate of CO bubbling through the solution is maintained constant
The size of the alcohol molecules used as a solvent is expectedn each reaction trial, the individual rate coefficients can be
to have a significant effect on the rates of the consecutive redefined by assuming constant concentrations of alcohol solvent
reactions, and hence, on the relative concentrations of the variousand carbon monoxide. The changes in the concentrations of all
intermediates in the reaction mixtutel* Therefore, it is very four main species may be obtained experimentally via the
important to analyze the kinetics of this reaction and assesssignature UV-Vis and infrared absorption bands of the
qualitatively, and if possible, quantitatively, the appropriate ruthenium precursor and ruthenium carbonyl ligahblloreover,
conditions necessary for the preferential formation of any of since the observed kinetics is first order with respect to reactant
these intermediates. concentration, the intensity of the infrared carbonyl absorption
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bands (which are linearly proportional to the carbonyl ligand

concentration) can be used directly in the kinetic expressions.

Normalization of the variables to obtain dimensionless
coefficients uses the following definitions:
Ky K3 (Al
=Kty ="y, =0, a=—— 4)
1 2 kl 3 kl al [Ax’()]

Therefore, the concentrations of the four compounds are

calculated according to the following relationships in the set of
expressions summarized in eq 5:

’X=a1-e"
a

Y= —

(e"—e’%)

ay»
2= Dls— Dz — 72
(3= 1"+ (y,— e ]

2 (5)

[(ya—v)e " —

i

We then examined the behavior of the system of equations
under various conditions. We have chosen three sets of

conditions: (1) The rates of formation of both the “red” and
“yellow” solutions are similar, i.e.y> ~ y3; (2) The rate of
formation of the “red” solution is larger than that of the “yellow”

solution, and hence the predominant compound is the compound

Z, i.e., y2 > ys3; (3) The rate of formation of the “yellow”
solution is larger than that of the “red” solution, and hence the
predominant compound is the compouffdi.e.,y, < ys. Figure

1la shows the kinetic behavior of the four ruthenium components
for the case wherg; ~ y3. Under these conditions, the rate of
carbonylation of RuGt3H,O allows for the formation of
compoundy and subsequently, a noticeable amount of the “red”
solution. Only upon continuous bubbling of CO, does the
concentration of the “red” solution in the mixture decrease and
the final product, the “yellow” solution, becomes the dominant
component.

Figure 1b shows the kinetic behavior of the four ruthenium
components for the case where> y3. Under these conditions,
the rate of carbonylation of Rug&BH,0 allows for the formation
of compoundy for a short time, and subsequently, a noticeable
amount of the “red” solution. Despite continuous bubbling of
CO, the formation of compound/ is suppressed even at larger
values ofr, and the concentration of the “red” solution in the
mixture dominates for the time window used for experimenta-
tion. Eventually, afterr > 20, the “yellow” solution starts to
form. Indeed, if the experimental time is allowed to reach
oo, the “yellow” solution will dominate the mixture.

Figure 1c shows the kinetic behavior of the four ruthenium
components for the case where< y3. Under these conditions,
the rate of carbonylation of Rug&BH,0 allows for the formation
of compoundy for a short time, and subsequently, the formation
of the “yellow” solution with only a small amount of the “red”
solution. In this case the formation of compouhi completely
suppressed. It is interesting to note that compohdhe
intermediate ruthenium carbonyl compound, is always formed
at lowr, < 5, at constant maximal concentration. This is due
to the fact that we have explored the behavior of the system by
keepingy, constant and varyings, effectively changing the
ratio between the two, and hence, sifcis a function ofr and
y2T, its concentration will be identical in all three situations.

3.2. Analysis of Experimental Data.Figure 2 shows the
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Figure 1. (a) The kinetic behavior of the four ruthenium components
for the case where, ~ y3, i.e., specifically,y, = 2 andys; = 0.1. (b)

The kinetic behavior of the four ruthenium components for the case
wherey, > y3, i.e., specifically,y, = 2 andy; = 0.001. (c) The kinetic
behavior of the four ruthenium components for the case where

y3, i.e., specifically,y, = 2 andys; = 100.

bubbling CO through the ruthenium solution to maintain a
constant CO concentration in the solution. The infrared spectrum
of the initial carbonyl mixture, of which compound is the
dominant species, is characterized by absorption peaks at 1951,
1974, 1993, 2045, and 2068 cithat appear immediately upon
the start of the carbonylation process. With continuous CO
bubbling through the solution, the solution becomes red
(compoundZ), and the following changes in the spectrum
occur: the 1974 and 2045 cthbands disappear, while the 1993
and 2068 cm! bands increase in intensity and become the
dominant absorption bands of the spectd?#f. The main
conclusion for this step is that the 1974 and 2045 tivands
belong exclusively to compound, while the other bands
observed in the initial spectrum overlap with those of the
subsequent compound. The two infrared bands for this
compound indicate that the only CO group can assume two
different positions: the higher energy band is due to a ruthenium
compound with a higher symmetry, in which the CO group is
in the equatorial position with the two Cl atoms in the trans-
axial positions, and the lower energy band is due to a CO group
in the axial position, with one equatorial and one axial Cl atoms.

progression of the infrared spectra as a function of time while When CO is further bubbled through the “red solution”,
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Figure 2. Stacking of the infrared spectra of the carbonylation reaction
of RuCk-3H;0 in ethanol. The progression of the spectra is from top
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Figure 4. The calculated concentration profile for all the four
ruthenium species involved in these consecutive reactions using the
experimental values of the rate constapts— 3.69 andy; = 0.61,
obtained from the infrared spectra of the process.

TABLE 1: The Specific Experimental Rate Coefficients
Used for the Calculation of the Concentrations of the Four
Ruthenium Intermediates during the Carbonylation Reaction

T
1.07x 1074(s7 Y-t (s)

V2
3.69

V3
0.61

TABLE 2: Calculated Molar Extinction Coefficients of the
Three Ruthenium Carbonyl Complexes for the 2045, 2068,

to bottom. The spectra are shown in % transmission, but due to the and 2131 cnt1? Infrared Bands

stacking option, the actual values have been removed.
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Figure 3. Plot of the absorbances of the three analytical bands 2045,
2068, and 2131 cnt as a function of time, during constant bubbling
of CO through the ruthenium solution.

compoundZ, the 2045 cm* remaining shoulder disappears and
a new band at 2131 cmh appears. The resulting “yellow
solution”, compoundV, is characterized by the presence of the
1951, 1993, 2068, and 2131 chabsorption bands. Hence, a
complete disappearance of the 2045¢rband indicates the
pseudo-equilibrium formation of compouid and the appear-
ance of the 2131 cmt band indicates the formation of
compoundW. A plot of the relevant and analytically useful
2045, 2068, and 2131 crhabsorption bands as a function of
time is shown in Figure 8 Since it is clear that compoundis
characterized by the 1974 and 2045 @énbands, the initial
increase in the 2068 crh band is due mainly to the formation
of compoundzZ. Therefore, the initial increase in the intensity

analytical IR band €y €z ew
(cm™) (Lmol~tcm™) (Lmol~tcm™) (L moltcm™?)
2045 1380.64
2068 1466.65 56.37 718.25
2131 224.09

concentration of the ruthenium carbonyl species is shown in
actual concentration units and not as mole fractions.

The direct correlation between the infrared data and the
calculated concentration profiles of the various ruthenium
intermediates in the solution yielded a useful method for the
calculation of the molar absorption extinction coefficients of
the three main carbonyl species at different spectral frequencies.
The 2045 cm? band is specific to RugICO)(EtOH} (Y), and
the 2131 cm? band is specific to RUGICO)(EtOH) (W). At
t = 0, the 2068 cm! band may belong to both compounds
andZ, and at = « it belongs exclusively to RugiCO);(EtOH)

(W). At any time 0< t < oo, this analytical band is the result
of the mixture of all three carbonyl-containing ruthenium
complexes in solution. Therefore, it is possible to express the
intensities of this band at three different timég, A, andAy,,
extracted from the infrared data in Figure 3, as a function of
the corresponding concentrations of the three components,
extracted from the concentration calculations in Figure 4. By
solving this set of three equations, we were able to calculate
the individual molar extinction coefficients at 2068 chfor
each of the three ruthenium carbonyl componesis¢z, and

ew, as summarized in Table 2. The results indicate that the
intensity of the 2068 cmt band is dominated by the presence
of compoundsY and W, and compound contributes to the
intensity of this band only when it is present in relatively large

of these three bands may be used to estimate independently theamounts. Hence, at the onset of the reaction, when compound

initial rate coefficients for the formation of compoun¥s Z,
andW. From the rate coefficients it is possible to calculate the
values of 7, y2, and y3 shown in Table 1. Once these

Y begins to decrease and compoWdhas not yet been formed
(t = ~60 min), the initial increase in the 2068 cinband can
indeed be attributed to the increase in the concentration of

experimental values were obtained, they were introduced into compoundZ.

eqg 5, and solved simultaneously, to obtain the experimental
concentration profile for all the four species involved in these

3.3. Effect of the Size of the Solvent Moleculéhen the
carbonylation of RuG3H0 is conducted in 2-methoxyethanol

consecutive reactions, as shown in Figure 4. Note that theinstead of ethanol, only a “yellow” solution is formed, without
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Figure 5. Plot of the changes in the total energies of the ruthenium

complexes involved in the carbonylation reaction, in the presence of
both ethanol and 2-methoxyethanol, as a function of the number of
CO groups coordinated to the central Ru metal. The total energies were

calculated with Gaussian 98 software. TABLE 4: Experimental Values for the Various Rate

Constants of the Carbonylation Reaction in the Presence of
Ethanol or 2-Methoxyethanol

Figure 6. A comparison between the absorption of the 213X %tm
infrared band for the formation of RuLO)(ROH) for the ethanol
case and the 2-methoxyethanol case.

TABLE 3: Total Energies of the Various Ruthenium
Carbonyl Complexes Present during the Carbonylation

Reaction, in the Presence of Ethanol or 2-Methoxyethanol solvent ki(s™®) ko (s79) ks (s79) Y2 V3
total energy ethanol 1.0% 10* 3.94x 10“ 6.48x 10° 3.69 0.61
intermediate compounds (kcal/mol) 2-methoxy- 4.09x 10°° ~0 8.67x10° ~0 212
RUCK(CO)(ethanoh (Y) 237 ethanol
RuChL(CO)(2-methoxyethanal)Y") 35.2 .
RuChL(CO),(ethanol) (Z) 18.7 between the absorption of the 2131 cdniand for the ethanol
RuChL(CO),(2-methoxyethanof)(Z') 23.1 case and the 2-methoxyethanol case. As expected from the
Sugtgggiggthaﬁl)mth ) ig-g stability arguments presented earlier, the rate of formation of
u -methoxyethanol)W' . “ " PP B :
RUCK(CO): (theoretical complex Used as standard) 12.7 the “yellow” solution in the presence of 2-methoxyethanol is

at least 2-fold larger than that observed in the presence of
a “red” solution as intermediafe® The reactions in both  €thanol. The detailed rate analysis is shown in Table 4. The
solvents are compared in eq 6: molar extinction coefficients for the analytical infrared bands
of the complex that were previously calculated were used to
determine the concentration of the three different carbonyl
species in the mixture. The effective rate coefficient for the
formation of the di-carbonyl complex was found to be negligible,
and hencey, in this case was approximated to be equal to zero.
In this case, therefore, < y3 (as with the reaction conditions
shown in Figure 1c), and the reaction proceeded directly to form
the “yellow” solution.

ethanol reflux~ 4 h,~ 80°C

RuClL:3H,0 “red” solution

2-methoxyethanol
reflux ~ 6h,~ 125°C

RuCl-3H,0 “yellow” solution  (6)

In both cases, the first step in the reaction is the formation of
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