Chapter 5: KinetidNi¥@EsHYRhH Pretoria etd — Bezuidenhout D | 2006

Kinetic Investigation
of Aminolysis
Reaction

5.1 Background

5.1.1 Overview

The carbene carbon of Fischer type carbene complexes is electrophilic in
nature!! and undergoes facile substitution of the alkoxy group with
nucleophiles such as OH", water, MeO~, amines, thiolate ions, carbanion and
otherst? 9,

The first extensive kinetic investigation of the aminolysis of alkoxycarbene
complexes was carried out by Werner and Fischer®. They studied the
reaction of [Cr(CO)s{C(OMe)Ph}] with the primary amines RNH, (R = n-C4Ho,
CsH11, CH2Ph), and followed the reaction by UV-visible spectrophotometry in
n-decane, dioxane, methanol and dioxane:methanol (1:1) solvent systems at
various temperatures. They found that the formation of the aminocarbene
complexes [Cr(CO)s{C(NHR)Ph}] follows the fourth-order rate law:

d[aminocarbene]
dt

= k4 [alkoxycarbene] [RNH5] [HX] [Y]
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where HX and Y represent proton-donating and accepting agents,

respectively. The specific species HX and Y within a given solvent system,
along with the postulated mechanism are shown in Scheme 5.1. The

activation of the amine by way of an external proton accepting agent Y was
assumed to be the cause of the negative entropy of activation.
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Scheme 5.1 The mechanism of the aminolysis of [Cr(CO)s{C(OMe)Ph}] in
polar and nonpolar solvents (n-decane, HX and Y = RNHy;

dioxane, HX = RNH,, Y = C4HsO> or RNH5; methanol, HX =
MeOH or RNH,, Y = RNH, or MeOH).
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More recent kinetic studies on aminolysis of alkoxycarbene complexes are
included in the work of Bernasconi and Ali®?°?2]. They found that the second-
order rate constant (ks, m's™) increases with amine concentration, giving a
linear dependence with a tendency towards levelling off at higher amine
concentration. They proposed that the reaction undergoes base catalysis, with
a mechanism very similar to those for ester reactions, involving a nucleophilic
addition of amine to the substrate to yield a zwitterionic tetrahedral
intermediate in the first step, followed by deprotonation. In the third step, the
intermediate is converted to product by water and/or conjugate acid of the

base.

5.1.2 Focus of this study

The aminolysis reaction of the ethoxycarbene complexes synthesized in
Chapter 2, with the amines ammonia and propylamine, was investigated.
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Figure 5.1 Reactions to be studied kinetically via UV-visible

spectrophotometry
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The aim was to elucidate the reaction mechanism of the nucleophilic
substitution of -OEt by -NHR in the reaction solvent diethyl ether, as well as to
identify intermediates formed, which could then possibly explain the axial-
equatorial isomerization observed during reaction with the very small amine
NHs.

5.2 Electronic Spectra

Three intense bands are present on the UV-spectrum of thiophene in the gas
phase at 240 nm, 207 nm and 188 nm. Two bands, at 215 nm and 231 nm,
are observed on the spectrum of thiophene in solution®®!. Substituents on the
ring have an influence on the position of these bands, depending on the ring
position of the substituent. Furan also exhibits two bands in solvent
dichloromethane (232 nm, 283 nm) and hexane (244 nm, 277 nm)***!, but only

one band is observed in ethanol (208 nm)?#°!,

The UV-visible spectra of the complexes 2, 3, 8 - 11 were recorded in diethyl
ether, the solvent employed in the aminolysis reaction. The electronic data of
these complexes are summarized in Table 5.1, and the electronic spectrum of

complex 3 is presented in Figure 5.2.

Table 5.1 UV-visible data of complexes 2, 3, 8 - 11 recorded in diethyl

ether
Complex Colour Ligand - m* Metal-ligand
transition (A, nm) | transition (A, nm)
2 orange-red 276, 350 414
3 orange-red 300, 350 396
8 yellow-orange 308, 346 436
9 yellow-orange 292, 346 442
10 yellow-orange 278, 354 436
11 yellow-orange 282, 354 442
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Figure 5.2 UV-spectrum of 3

All complexes exhibit strong ligand-based absorption bands between 242 -
253 nm. Two intense characteristic absorption bands with Anax in the range
276 - 354 nm are the thiophene/furan-based m-1* transitions. Coordination to
metal fragments shift these bands to higher wavelengths, indicating
interaction of the metal carbene -system with that of the heteroaryl
substituent®*?®. The energies of the T-T* transitions in the heteroarenes are

reduced.

The absorption band at lower energy is assigned to a d-p metal-to-ligand

211 The metal donates electrons to the

charge transfer (MLCT) transition!
empty p-orbital of the carbene carbon in the excited state whilst the
heteroatom bonded to the carbene carbon atom acts as a m-donor towards
the metal in the ground state (Figure 5.3). Since the colours of these
complexes are characteristic to the number of metal moieties coordinated to
the ligand the values of this transition are very similar for different
monocarbene complexes of Cr, W and Mo of an orange-red colour®*2®! with
absorption energy ranging from 460 - 493 nm in these complexes. In the case

of the dimanganese monocarbene complexes synthesized, these bands are
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slightly overlapped by the - m* transition bands, but can be distinguished as
distinct shoulders.
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Figure 5.3 Ground and excited states in Fischer carbene complexes

5.3 Kinetic Investigation

The aminolysis reaction of 2 converted into 8, 10 and 3 into 9, 11 can be
studied by spectroscopic techniques, as conversions are associated with
major spectral changes. In essence, no differences in the general kinetic
behaviour of 2 and 3 were observed. Since the same reaction occurs for both
complexes 2 and 3, our kinetic investigations focused on 3 and its converted
products. Aminolysis reactions of 3 were studied, employing two different
amines: ammonia, which yields equatorially substitued 9, and propylamine,

which yields 11, an axially substituted complex.

The UV-vis spectrum of 3 in diethyl ether display maxima at 300, 350 and 396
nm, and minima at 270, 318 and 384 nm. For 9 and 11, the maxima are 292,
346, 442 nm and 282, 354, 442 nm respectively, while the minima are 272,
318, 408 nm and 286, 320, 412 nm respectively. The nucleophilic substitution
of the ethoxy group by an amine group during the conversion of 3 into 9, 11 is
accompanied by characteristic changes in the spectra, as indicated by a
decrease in the intensity of the band at 350 nm, shift of the shoulder
maximum at 396 nm to 442 nm, and the shift of the maximum at 300 nm to
292 nm and 282 nm for 9 and 11, respectively.
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Figure 5.4 Repetitive scan spectra recorded for the conversion of 3 to 9 at
25°C, experimental conditions [3] = 5.70x10°M, tior = 10200 s
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Figure 5.5 Repetitive scan spectra recorded for the conversion of 3 to 11 at
25°C, experimental conditions [3] = 4.50x10°M, tioa = 14400 s
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The progress of the reaction was therefore monitored by the increase and
decrease of the -1* ligand transitions and MLCT bands over the range 220 -
600 nm. The repetitive scan spectra recorded for the conversion of 3 to 9 is

shown in Figure 5.4, and in Figure 5.5 for the propylamino-analogue 11.

The spectra exhibit two initial isosbestic points at 288 nm and 452 nm, and
286 nm and 458 nm for 3 converted to 9 and 11 respectively. No calculations
of the isosbestic points were done, due to the decomposition that occurred
after approximately 4000 s, causing a drift of the isosbestic points.

For both reactions studied, the concentration of the amine reagent was always
in great excess compared to that of the parent ethoxycarbene reagent, so that
the kinetic experiments were conducted under pseudo-first order conditions,
with the carbene complex as the minor component at 25°C. Typical substrate
concentrations were (3.0 - 6.0) x 10° mol.L™" while the amine concentrations
varied for [NHs] = (1.08 - 10.8) x 102 mol.L™ and [propylamine] = (3.04 -
12.20) x 102 mol.L". The pseudo-first-order rate constants (Kops, S') were
obtained by fitting the kinetic absorbance-time traces (measured at
wavelengths 348 nm for 9 and 354 nm for 11) with a suitable computer-fit

program (See Section 6.2.6 in Chapter 6).

Table 5.2 lists data obtained for the reaction of 3 converted to 9 in ether at
different concentrations of ammonia, and for the analogous conversion into 11
at different concentrations of propylamine. The values listed in Table 5.2 are
the average values obtained of at least four kinetic traces, but the
irreproducibility of these measurements, caused by the decomposition of the
complexes, rendered fitting of the kqps vs [amine] graphs difficult.

In both cases, the observed pseudo-first order rate constants, kqps, Showed a
non-linear dependence on amine concentration (Figure 5.6 and 5.7),
indicating a change in the order of the reaction from second- or mixed order to
first-order in amine concentration®®. When plotting the values of ks Obtained

for these reactions against [amine]?, a seemingly linear dependence was
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obtained (Figure 5.8, 5.9). This indicated that k.ps is the second-order rate
constant. In all graphs, a zero point was added for aiding the fitting of the

plotted data points.

Table 5.2 Kinetic data for the influence of the concentration of the amines

on the aminolysis reaction in diethyl ether at 25°C.

Conversion of 3t0 9 Conversion of 3 to 11
[3] = 5.70x10°M [3] = 4.50x10°M
[NH3] (mol.L'" Kobs (S™) [propylamine] (mol.L™) Kobs (S™)
1.08x102 3.26x10™ 3.04x1072 5.79x10™
2.16x1072 6.89x10™ 6.08x1072 2.35x10°
5.40x1072 2.09x10° 9.12x1072 5.98x10°
7.20x1072 6.92x10°° 1.22x10"" 1.18x1072
8.64x1072 1.00x1072 - -
1.08x10" 2.10x1072 - -
0,024
L
0,019
00141
_;‘3 0,009 - ¢
0,004 -
*
0001 £ ‘ | | |
0 0,02 0,04 0,06 0,08 0,1 0,12
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Plot of kops Vs [NH3] for the reaction between ammonia and 3 in
diethyl ether at 25°C

Figure 5.6
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Figure 5.7 Plot of keps vs [propylamine] for the reaction between

propylamine and 3 in diethyl ether at 25°C
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Figure 5.8 Plot of ks vs [NH3]? for the reaction between ammonia and 3 in
diethyl ether at 25°C
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Figure 5.9 Plot of kos Vs [propylamine]? for the reaction between

propylamine and 3 in diethyl ether at 25°C

5.4 Conclusions

These results would indicate a second-order reaction, involving at least two
amine molecules during the aminolysis reaction. It was not possible to study
the temperature or pressure dependence of these reactions, due to
experimental difficulties associated with diethyl ether as solvent. The low
boiling point and vapour pressure of ether, as well as its reaction with the
plastic chambers within the high-pressure stopped-flow spectrophotometer,
rendered the results obtained irreproducible. Another very important
contributing factor to the irreproducibility of the results is the competing
decomposition of the carbene complexes, as seen in Figure 5.4, 5.5. This
meant that neither the Arrhenius activation energy, nor the reaction activation

enthalpy or entropy could be calculated.
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No significant differences were observed for the reactions of 3 with ammonia,
compared with propylamine, except for the larger kops values determined for
the reaction with ammonia. Therefore, no absolute information could be
obtained about the axial-equatorial isomerisation. The two cases appear
similar, which could mean that the axial-to-equatorial conversion only occurs
later, to yield the thermodynamically favoured product, and not during the
initial aminolysis reaction. Another indication that this might be a possibility is
seen by the mixture of isomers seen in the NMR spectra of the manganese

aminocarbene complexes (Chapter 4).

A probable reaction route could be postulated, as illustrated in Scheme 5.2,
where at high concentrations of amine, kos = k[amine], and at low

concentrations of amine, kops = k.K[amine]?.

+
[ethoxycarbene] + NHyR [complex-NH5R]

NH,R l Kk

[aminocarbene] + NH,R + H' + EtO

Kovs = kK [NH,R]”
1+ K [NH,R]

Scheme 5.2 Postulated reaction mechanism

No further information about intermediates could be deduced, but the results
obtained can be explained by the mechanisms proposed by Werner, and
Bernasconi and Ali discussed in Section 5.1. The second-order rate constant
determined agrees with the findings of Ali®® but not with the results of
Werner®, where the aminolysis reaction of [Cr(CO)s{C(OMe)Ph}] follows the
fourth-order rate law.
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