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Abstract 

Density-functional and semiempirical calculations (M06, M06L, and PM6) on intermediates in the ring-
closing metathesis reactions in the synthesis of Taxol derivatives give results in excellent agreement with 
the results of previous experimental work. The results suggest that the degree of steric overloading 
plays a decisive role in determining the outcome (ene-ene or ene-yne-ene metathesis). Due to the 
rigidity of the Taxol skeleton being formed in the ene-yne-ene cascade reaction, the transition states in 
its final ene-ene metathesis reaction stage are particularly sensitive to steric effects. Thus, the reaction 
is predicted to be preferred for one diastereomer of the precursor in which the diol functionality is 
protected with a compact cyclic carbonate moiety, whereas the use of a bulkier benzoate protecting 
group results in activation barriers for Taxol formation that are prohibitive. The reason why one 
diastereomer of the carbonate-protected precursor undergoes formation of a tricycle via an ene-yne-
ene ring closing metathesis cascade, whereas the other diastereomer undergoes cyclooctene formation 
via an ene-ene RCM likely lies in the orientation of the pseudoaxial methyl group on the cyclohexene 
ring, which in the latter case would unfavourably point toward the reactive centre of the Ru-complex 
leading to Taxol formation.  

 

Introduction 

Taxol® (paclitaxel) is one of the most affordable and best-selling anticancer drugs; it was approved by 
the FDA in 1992 and is prescribed nowadays in generic form or as the albumin-bound Abraxane®, which 
generated more than 1 billion USD in sales in the year 2020 alone. [1] Taxol® (paclitaxel) and its 
analogues Taxotere® (docetaxel) and Jevtana® (cabazitaxel) are prescribed for the treatment of a broad 
range of malignancies (Figure 1).[2] Although Taxol is currently manufactured through plant cell 
fermentation and Taxotere and Jevtana produced by semisynthesis from 10-deacetylbaccatin III, there is 
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still a need for an efficient synthesis of taxoid derivatives. Seven total syntheses[3] and three formal 
syntheses[4] of Taxol have been reported, but they all feature at least 37 steps. 

 

Figure 1: Structure of Taxol and its analogues Taxotere and Jevtana. 

During our studies towards the synthesis of the ABC tricycle of Taxol,[5] we developed a cascade dienyne 
metathesis reaction that forms the A and B rings in one operation. The outcome of this metathesis 
reaction dramatically depends on the configuration of the C1 and C2 stereocenters and on the diol 
protecting group at these positions (Scheme 1).[6] Indeed, only substrate 1a', which possesses the 
required configuration for Taxol at C1 and C2 and a carbonate protecting group leads to the desired 
tricycle 3a'. The other substrates only undergo simple diene metathesis reactions, giving the undesired 
bicyclic systems. 
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Scheme 1: Diene and dienyne metathesis reactions for the synthesis of an intermediate of Taxol 
 

In order to better understand the Ru-catalyzed reactions of the Taxol precursors, we performed 
calculations (semiempirical, DFT single point energy based on semiempirical geometry, and different 
DFT methods, also including solvation by toluene) on the diene and dienyne cyclisation reactions of 
cyclic carbonates 1a and 1a’, benzoates 1b and 1b’, as well as the experimentally untested acetonides 1c 
and 1c’, catalyzed by the 2nd generation Grubbs catalyst. Previous computational work on Ru-catalyzed 
ene-ene[7] and ene-yne metathesis reactions[8] had involved a variety of DFT methods, including B3LYP, 
BP86 and M06 as well as M06L. We chose the latter, which had yielded good results in previous work.[9] 
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As the complexes involved in the catalytic cycles can assume many different conformations, in each 
case, Monte-Carlo – type conformational searches were used to identify all possible conformations of 
the Ru-alkene or Ru-alkyne complexes 2a-2c, 2a’-2c’, 3a-3c, and 3a’-3c’.  The conformers thus obtained 
were then all fully optimized using the semiempirical PM6 method. Further stationary points in the 
catalytic cycles were then derived from the starting Ru-alkene and Ru-alkyne complexes by calculating 
PM6 reaction profiles for ruthena–cyclobutane and –cyclobutene formation, and ring opening. In case of 
1a and 1a’, which were most thoroughly investigated, further DFT optimizations were performed at 
both the M06/SDD and M06L/SDD levels of theory.  

Results and Discussion 

Evaluation of method performance: 

The M06/SDD and M06L/SDD methods seem to perform equally well on the systems investigated, and 
only minor differences were noted. Figure 2 shows a plot of the M06L/SDD energies of all stationary 
points optimized for systems a and a’ (cyclic carbonates) vs. the corresponding M06/SDD energies. The 
correlation is excellent (R2 = 0.976), and the slope (b = 1.016) only very slightly deviates from the ideal 
value of b = 1.0.  
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Figure 2: Plot of electronic energies (M06L/SDD) vs. electronic energies (M06/SDD) for a series of 
conformers of stationary points optimized.  

If the PM6 energies are plotted against the M06 energies, the overall correlation is poorer, with a 
significant deviation from b = 1.0 (R2 = 0.74, b = 1.161) (Figure 3): 
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Figure 3: Plot of electronic energies (PM6) vs. electronic energies (M06/SDD) for a series of conformers 
of stationary points optimized.  

The conclusion from this evaluation is that, while M06/SDD and M06L/SDD give comparable results, the 
much more economical semiempirical PM6 method also tends to qualitatively reproduce the trends. The 
following discussion will thus be based on the PM6 as well as M06L energies.  

Finally, a plot of the M06/SDD(toluene) vs. the M06/SDD energies shows excellent linearity and a slope 
of unity (R2 = 0.996, b = 1.002) (Figure 4): 
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Figure 4: Plot of electronic energies (M06/SDD(scrf,toluene)) vs. electronic energies (M06/SDD) for a 
series of conformers of stationary points optimized.  

This indicates that solvation by toluene stabilizes transition states and minima to a similar degree, and 
that polar effects very likely do not play an important role. 

 

Calculations on the uncomplexed precursor and product molecules 

Initially, calculations were performed on uncomplexed precursors and products to investigate 
conformational preferences and thermodynamic stabilities. Using Monte-Carlo – type conformational 
searches at the MMFF force-field level of theory, we generated 100 conformers for each of the two 
diastereomers 1a and 1a’, and all conformers for products cis-2a, cis-2a’, trans-2a, trans-2a’, 3a, and 3a’. 
The geometries thus obtained were then all further optimized at the M06/6-31G(d) level of theory. 
From the energetically most favorable conformers of precursor 1a, exergonic reactions are predicted for 
formation of Taxol-derivative 3a (G = -12.3 kcal mol-1) and the lowest energy conformer of cyclooctene 
cis-2a, whereas the lowest-energy conformer of trans-cyclooctene trans-2a is predicted to be formed in 
an endergonic reaction (G = 13.6 kcal mol-1) (Scheme 2). Similarly, starting from diastereomer 1a', 
Taxol-derivative 3a' (G = -25.3 kcal mol-1) and cis-cyclooctene cis-2a' (G = -3.6 kcal mol-1) are formed 
in exergonic reactions, whereas trans-cyclooctene trans-2a' (G = 11.4 kcal mol-1) (Scheme 3) is again 
formed endergonically. As side product, isobutene is formed in all reactions. Hence, the calculations on 
the uncomplexed precursor and product molecules alone are consistent with the experimental 
observations, as the thermodynamic preference for Taxol formation in fact is predicted to be 
significantly higher in system 1a'. However, as the experimental observations clearly indicate that the 
catalytic cycle is not under thermodynamic control, calculations were also performed on the 
intermediates and transition states involved in the catalytic cycles.  
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Scheme 2: Free enthalpies of reaction for the formation of products from precursor 1a (M06/6-31G(d), 
relative to 1a = 0.0 kcal mol-1). 
 

 

Scheme 3: Free enthalpies of reaction for the formation of products from precursor 1a' (M06/6-31G(d), 
relative to 1a' = 0.0 kcal mol-1). 
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Calculations on the ruthenium-catalyzed reactions of cyclic carbonates (systems a and a') 

The following schemes 4-7 show the stationary points and transition structures investigated. 

 

Scheme 4: Structures of stationary points in diene metathesis reaction calculated for systems a (cyclic 
carbonate), b (mono-benzoate), and c (acetonide) 
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Scheme 5: Structures of stationary points calculated for diene metathesis reaction for systems a' (cyclic 
carbonate, other diastereomer), b' (mono-benzoate, other diastereomer), and c' (acetonide, other 
diastereomer) 

 

 

Scheme 6: Structures of stationary points in dienyne metathesis reaction calculated for systems a (cyclic 
carbonate), b (mono-benzoate), and c (acetonide). For the definition of OR and OR’, see Schemes 4, 5 or 
7. 
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Scheme 7: Structures of stationary points in dienyne metathesis reaction calculated for systems a' (cyclic 
carbonate, other diastereomer), b' (mono-benzoate, other diastereomer), and c' (acetonide, other 
diastereomer). 

In all calculations, the tricyclohexylphosphine ligand present in the original 2nd generation Grubbs 
catalyst was omitted, as it is not involved in stabilisation of any active species. For both systems a and a', 
we calculated the Ru-catalyzed diene ring-closing metathesis (RCM) reactions (Schemes 4 and 5) and the 
dienyne cascade reactions resulting in formation of Taxol derivatives (Schemes 6 and 7). In case of the 
diene RCM, the cyclooctene products 6a and 6a' can be formed as cis- or trans-isomers. In order to 
check for the stabilisation of the cis- or trans-cyclooctenes by coordination to ruthenium, we 
additionally calculated the alkyne complexes 7a/a' and the isomeric ruthenacyclobutenes 8a/a'. No 
attempt was made at localizing any stationary points connecting 6a/a' with 7a/a', as the conformational 
change would have involved too many degrees of freedom. For the same reason no attempts were 
made to computationally describe the conformational rearrangement linking the Ru-dienylidene 11a/a' 
and the Ru-alkene complex 12a/a' in case of the dienyne RCM cascade reaction (Schemes 6 and 7). 
When using PM6 theory, Ru-dienylidenes 11a/a' could not be localised as minimum structures, attempts 
at optimization resulted in the ruthenacyclobutenes instead. Also, the transition states linking 10a/a' 
and 11a/a' could not be localised with any method.  

The results of the calculations are summarized in Figures 5 – 7. It is noted that only some of the reactive 
species, namely the ruthenium-alkene and ruthenium-alkyne complexes 6, 7, and 14, can serve as exit 
points from the catalytic cycle, whereas loss of the ruthenium-containing fragment is not possible for 
any other reactive species calculated. To read Figures 5 -7, please start from the middle. The starting 
points are structures 4 and 9. To the right, the reaction coordinate for ene-ene metathesis is found, to 
the left, the reaction coordinate for ene-yne-ene metathesis. 

 

Figure 5: Calculated reaction coordinates for formation of 6a/8a and Taxol derivative 14a (black) as well 
as 6a’/8a’ and Taxol derivative 14a’ (magenta) (M06L/SDD). The structures shown represent the reactive 
core only, for full structures see Schemes 4 and 6. Structures shown in blue belong to the reaction 
coordinate for ene-ene metathesis (cyclooctene formation), structures shown in red belong to the 
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reaction coordinate for ene-yne-ene metathesis (formation of Taxol derivatives). The horizontal lines 
indicate the relative Gibbs free energies (T = 298 K) of the three lowest-energy conformers.[10] The 
numbers shown give the range of energies in kcal mol-1, relative to the lowest-energy conformer of 
4a/4a’. Ruthenacyclobutane 13a' is calculated to be higher in free energy than either TS 12a'/13a' or TS 
13a'/14a'. This is due to entropic contributions. In terms of enthalpy alone, the ruthenacyclobutane 13a' 
is a shallow minimum.  

 

Figure 6: Calculated reaction coordinates for formation of 6a/8a and Taxol derivative 14a. Data shown in 
black: M06L/SDD. Data shown in magenta: PM6. The structures shown represent the reactive core only, 
for full structures see Schemes 4 and 6. Structures shown in blue belong to the reaction coordinate 
leading to formation of 6a/7a, structures shown in red lead to Taxol derivative 14a. The horizontal lines 
indicate the relative Gibbs free energies (T = 298 K) of the three lowest-energy conformers.[10] The 
numbers shown give the range of energies in kcal mol-1, relative to the lowest-energy conformer of 4a. 
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Figure 7: Calculated reaction coordinates for formation of 6a'/8a' and Taxol derivative 14a'. Data shown 
in black: M06L/SDD. Data shown in magenta: PM6. The structures shown represent the reactive core 
only, for full structures see Schemes 4 and 6. Structures shown in blue belong to the reaction coordinate 
leading to formation of 6a’/7a’, structures shown in red lead to Taxol derivative 14a’. The horizontal 
lines indicate the relative Gibbs free energies (T = 298 K) of the three lowest-energy conformers.[10] The 
numbers shown give the range of energies in kcal mol-1, relative to the lowest-energy conformer of 4a’. 

 

A comparison of Figures 5-7 reveals that in each case, formation of the Taxol derivative 14 would be the 
outcome of a reaction under thermodynamic reaction control. The reaction product predicted to be 
formed under kinetic reaction control, however, differs between isomers a and a’. Using both the PM6 
and the M06L level of theory, isomer a is calculated to preferentially result in formation of the undesired 
product 6a/7a, whereas formation of Taxol derivative 14a' is both thermodynamically and kinetically 
favorable for isomer a' – in full agreement with the experimental findings, which also conclude that the 
reaction must occur under kinetic reaction control.[6a] The results obtained by DFT and PM6 differ in that 
PM6 appears to significantly underestimate the barriers involved in the diene metathesis reaction, and it 
overestimates the stability of the ruthenium-alkyne complexes, if the DFT calculations are taken as 
benchmark. Nevertheless, it is encouraging that the experimental findings are qualitatively reproduced 
even using the inexpensive PM6 method. 

Using equation (1), we can estimate rate constants for some of the reactions involved in the catalytic 
cycles. 

k = (kT / h)  exp (S‡ / R)  exp (-H‡ / RT)    (eq. 1) 
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At the reaction temperature used in the experimental work (refluxing toluene, T = 384 K), the activation 
enthalpy (M06L: Hǂ =  24.8 kcal mol-1) and activation entropy (M06L: Sǂ =  -12.3 cal mol-1 K-1) for the 
rate-determining step in the formation of 14a (12a  13a), in combination with the unfavorable 
equilibrium constant (K12a = 0.001) in the equilibrium 12 a / 11a  translate into a rate constant k = 1.8 × 
10-7 s-1, corresponding to a lifetime  ~ 1600 h for the reaction 11a  12a  13a. This analysis 
rationalises the failure in experimentally converting the unwanted isomer 2a into 3a, using the 2nd 
generation Grubbs catalyst under prolonged heating or use of higher temperatures.[6a] In case of the 
formation of 6a, the same analysis needs to be applied to the reaction 4a  5a, which is the rate 
determining step along this reaction coordinate.  Alkene complex 4a, however, is in a very unfavorable 
equilibrium with the global minimum Ru-dienylidene 11a (K4a = 4 × 10-8). The calculated activation 
parameters (M06L: Hǂ = 5.3 kcal mol-1, Sǂ = -7.2 cal mol-1 K-1) for this reaction thus translate into a 
rate constant k = 0.5 s-1 at T = 384 K. The short lifetime thus predicted for 4a in the presence of the 
active form of the 2nd generation Grubbs catalyst indicates that it is not the metathesis reaction itself 
that is the actual rate-determining step in the experiment, but rather loss of tricyclohexylphosphine 
from the catalyst, generating the catalytically active species, or loss of the active ruthenium center from 
either 6a or 7a. This would be in line with previous findings.[11]  

In case of isomer a', an analogous analysis allows for an estimation of the rate constants of the rate 
determining steps.  The rate determining step in the reaction coordinate of the formation of ruthenium 
complex 14a' is the conversion of 12a' into 13a', which is preceded by an equilibrium 11a'/12a', again 
favouring the dienylidene 11a'. The calculated activation parameters (M06L: Hǂ = 16.4 kcal mol-1, Sǂ =  
-5.3 cal mol-1 K-1) in combination with the equilibrium constant (K12b = 0.005) yield a rate constant k = 1.3 
s-1 at T = 384 K, which might indicate that it is again another process such as regeneration of active 
catalyst that is the actual rate determining step here. The same also applies in all likelihood to the 
formation of 6a'/7a', for which the rate determining step in the calculated reaction coordinate is 4a'  
5a'. As 4a' again is in an unfavorable equilibrium with the global minimum 11a', the very low equilibrium 
concentration of 4a' (K4a’ = 4 × 10-12) needs to be taken into account, turning the formation of 6a'/7a' 
into a relatively slow process (k = 3.0 × 10-4 s-1 at T = 384 K corresponding to  = 54 min), in spite of a 
small activation enthalpy and only moderately negative activation entropy for this step in the diene 
metathesis reaction (M06L: Hǂ = 4.3 kcal mol-1, Sǂ =  -11.8 cal mol-1 K-1).  

In order to elucidate the reasons for the predicted selectivities, we need to investigate structural aspects 
of the species present in the active cycles. Figure 8 shows optimized structures (M06L/SDD) of stationary 
points (lowest energy conformers of minima and transition structures) in the formation of 6a. 
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Figure 8: Optimized structures (M06L/SDD) of stationary points in the formation of 6a. Top left: 4a. Top 
middle: TS 4a/5a. Top right: 5a. Bottom left: TS 5a/6a. Bottom right: 6a. Bond lengths given are in Å. For 
the sake of clarity, the mesityl groups in the NHC ligand (although part of the geometry optimization) 
have been replaced by hydrogen atoms in this Figure. For the coordinates of the full structures, see the 
Supporting Information. 

As seen in Figure 8, the C=C bond of the alkene moiety bound to the Ru centre initially is oriented 
perpendicular to the Cl-Ru-Cl axis. After the ruthenacyclobutane is cleaved again, the C=C bond of the 
cis-cyclooctene 6a formed rotates to be parallel to the Cl-Ru-Cl axis, with significantly shorter bonds 
between the Ru and the carbon atoms of the C=C bond serving as ligand. Attaining this orientation, 
which has also been found to be favorable in previous computational work on Ru-catalysed alkene 
metathesis reactions,[9a] might serve to provide driving force for the reaction. The C-C distances in the 
transition structures are typical for Ru-catalyzed diene ring closing metathesis reactions, e.g., TS 4a/5a, 
the newly forming Ru-C bond is calculated as rRu-C = 2.14 Å, where previous work on the TS of the 
Hoveyda-Grubbs catalyst with 1-hexene gave rRu-C = 2.15 Å.[9a] 

The stationary points localized along the reaction coordinate leading to 6a'/7a' are similar to the 
stationary point shown in Figs. 8/8S, with one important difference: in this system, the lowest-energy 
conformer of the initial Ru-alkene complex 4a' is predicted to preferentially show an orientation that 
leads to formation of a Ru-cyclooctene complex 6a' exhibiting a trans double bond in the eight-
membered ring. Likewise, the lowest-energy conformers of the initial transition state TS 4a'/5a', the 
ruthenacyclobutane 5a' and the second transition state TS 5a'/6a' would all lead to a trans-cyclooctene. 
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Only at the stage of the final alkene complex 6a', the lowest energy isomer is a cis-cyclooctene. Hence, 
the diene metathesis reaction in system a' is not only disfavored because it is outcompeted by a facile 
dienyne metathesis sequence, it also, under full kinetic control, would yield an unfavourable strained 
trans-cyclooctene as product. Relatively low-lying conformers leading to a cis-cycloctene complex do 
exist, but are higher in energy than the most favorable conformers resulting in a trans-cyclooctene by 
ca. 1.5 kcal mol-1 (M06L/SDD), for 4a', TS 4a'/5a', 5a', and TS 5a'/6a'. At the stage of the final Ru-
cyclooctene complex 6a', the most stable conformer of the Ru-cis-cyclooctene complex cis-6a' is 
calculated (M06L/SDD) to be more stable than the lowest-energy conformer of trans-6a' by 10.1 kcal 
mol-1. As the energy difference (M06/6-31G(d): 11.4 kcal mol-1) calculated for the uncomplexed products 
is similar, this indicates that complexation to the ruthenium center does not stabilise the more reactive 
trans-cyclooctene over the cis-cyclooctene to a large degree. It is also noted that the most stable 
conformer of optimized cis-6a' has the alkene moiety coordinated to the ruthenium atom oriented 
perpendicular to the Cl-Ru-Cl axis. Figure 9 shows relevant stationary points (without mesityl groups for 
clarity). 

 

Figure 9: Optimized structures (M06L/SDD) of stationary points in the formation of 6a'. Top left: 4a'. Top 
middle: TS 4a'/5a'. Top right: 5a'. Bottom left: TS 5a'/6a'. Bottom middle: trans-6a' (formed kinetically). 
Bottom right: cis-6a'. Bond lengths given are in Å. For the sake of clarity, the mesityl groups in the NHC 
ligand (although part of the geometry optimization) have been replaced by hydrogen atoms in this 
Figure. Please note the different perspectives used for trans-6a' and cis-6a'. For the coordinates of the 
full structures, see the Supporting Information. 
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Figure 10: Optimized structures (M06L/SDD) of stationary points in the formation of 14a. Top left: 9a. 
Top middle: TS 9a/10a. Top right: 10a. Middle left: 11a. Middle middle: 12a. Middle right: TS 12a/13a. 
Bottom left: 13a. Bottom middle: TS 13a/14a. Bottom right: 14a. Bond lengths given are in Å, dihedral 
angles in °. For the sake of clarity, the mesityl groups in the NHC ligand (although part of the geometry 
optimization) have been replaced by hydrogen atoms in this Figure. For the coordinates of the full 
structures, see the Supporting Information. 

In case of the dienyne metathesis reaction of system a (Figure 10), the C≡C bond in the initial Ru-alkyne 
complex 9a is preferentially oriented parallel to the Cl-Ru-Cl axis. Hence, for formation of 
ruthenacyclobutene 10a, the C≡C ligand needs to rotate by 90°. Given the rigidity of the molecule, this 
likely is associated with significant energetic cost, and therefore it offers an explanation for the relatively 
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high barrier predicted for this reaction step. The lowest-energy species along the reaction coordinate is 
ruthena-dienylidene complex 11a, in which the C=C bond is rotated out of the Ru=C-C plane by 55.4°. No 
transition state could be localised for interconversion of 10a and 11a. Relaxed surface scans resulted in 
dependencies of energy vs. reaction coordinate that behaved in a non-continuous fashion, even if 
broken-symmetry wavefunctions were employed, and did not allow us to localise a well-defined 
maximum-energy geometry that could have been taken as starting guess for a transition state 
optimization. While this might be taken as evidence for a surface-crossing mechanism, we note that 
both 10a and 11a proved to be well-behaved closed-shell singlet states without triplet instability. In 
terms of Woodward-Hoffmann terminology, the reaction 10a  11a corresponds to a 4-electron 
electrocyclic ring opening reaction, which in a concerted mechanism would have to proceed in 
conrotational fashion. As the presence of the chloride ligands makes this concerted reaction pathway 
impossible (the RuCl2 moiety would have to rotate as a whole, which could not work for steric reasons), 
a biradical intermediate, possibly on the triplet surface, may therefore be involved. No attempts were 
made to explore high-spin potential energy surfaces in this system. 

For a continuation of the reaction along the reaction coordinate to 14a, the low-energy dienylidene 
complex 11a needs to convert endothermically into the Ru-alkene complex 12a, in which the Ru=C and 
C=C bonds of the ruthenadiene unit are decoupled, as evidenced by a Ru=C-C=C dihedral of -84.1°. 
Formation of the ruthenacyclobutane 13a is an unfavourable process. Apart from the large barrier 
calculated for this process, a clear indicator for this is the extraordinarily long C-C(CH3)2 bond found 
here. A calculated value of rC-C = 1.69 Å is outwith the normal range of C-C bond lengths,[12] and it is 
indicative of the significant amount of strain that needs to be built up in the formation of this four-
membered ring. The final Ru-alkene complex 14a shows very long Ru-C bonds, indicating that the Taxol 
derivative formed will only be loosely bound to the Ru atom, providing a good exit point for the 
sequence. Figure 10 shows relevant optimized geometries.  

The reaction coordinate yielding 14a' shows stationary points similar to those predicted for system a. 
Again, the initial Ru-alkyne complex 9a' preferentially has the C≡C bond of the alkyne ligand oriented 
parallel to the Cl-Ru-Cl axis, and again, the alkyne ligand therefore has to rotate by 90° for the 
metathesis reaction to occur. The Ru-dienylidene complex 11a' by far is the lowest energy species along 
the reaction coordinate, and again, no transition structure could be located connecting 
ruthenacyclobutane 10a' and ruthenadienylidene 11a'. In system a', the ruthenacyclobutane 13a' is only 
a minimum structure, if entropic contributions (at T = 384K) are ignored. Figure 11 shows the simplified 
optimized geometries. 
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Figure 11: Optimized structures (M06L/SDD) of stationary points in the formation of 14a'. Top left: 9a'. 
Top middle: TS 9a'/10a'. Top right: 10a'. Middle left: 11a'. Middle middle: 12a'. Middle right: TS 
12a'/13a'. Bottom left: 13a'. Bottom middle: TS 13a'/14a'. Bottom right: 14a'. Bond lengths given are in 
Å, dihedral angles in °. For the sake of clarity, the mesityl groups in the NHC ligand (although part of the 
geometry optimization) have been replaced by hydrogen atoms in this Figure. For the coordinates of the 
full structures, see the Supporting Information. 

The reason for the dienyne cascade reaction being favored for precursor 1a’, while 1a yields the 
undesired product of diene metathesis, likely rests in the varying degrees of stability of the final 
ruthenacyclobutane intermediates 13a and 13a’. The reactive center is sterically overloaded in both 
systems. The decisive structural difference between 13a and 13a’ probably lies in the orientation of the 
pseudoaxial methyl substituent present in the cyclohexene ring, which in 13a’ points away from the 
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reactive center, but in 13a points toward it, thus further constraining the space available. In order to 
test this hypothesis, we optimized (M06L/SDD) structures 11d, 11d’, 13d, and 13d’, corresponding to 
the lowest-energy conformers of 11a, 11a’, 13a, and 13a’, but with the pseudoaxial cyclohexene methyl 
group replaced by a hydrogen atom. The results show that for both systems d (G = 9 kcal mol-1) and d’ 
(G = 19 kcal mol-1), the energy difference favoring the ruthenadienylidene 11 over the 
ruthenacyclobutane 13 should be smaller than for a (G = 31 kcal mol-1) and a’ (G = 22 kcal mol-1). It 
does not come as a surprise that the effect of omitting the cyclohexene methyl group should be 
significantly larger for the system in which this methyl group points to the reactive center, as in a, as 
opposed to the system in which it is a remote methyl group (as in a’). 

Calculations on the ruthenium-catalyzed reactions of benzoates and acetonides (systems b, b', c, and 
c') 

The ruthenium-catalyzed reactions of benzoate systems b and b', which had experimentally been 
demonstrated to yield the cyclooctene products of a diene metathesis reaction,[6a] and the acetonide 
systems c and c' (experimentally untested) were also studied. In order to minimise CPU time 
requirements, these systems were investigated employing semiempirical PM6 theory, which, when 
applied to systems a and a', had yielded results in qualitative agreement with the results of more 
demanding DFT calculations. In case of the systems b and b’, a few selected stationary points were 
further optimized at the M06L/SDD level of theory. For the structures of the minima investigated, see 
Schemes 4-7. It is noted that a few stationary points could not be optimized at the M06L level of theory. 
In one case (TS 5b’/6b’), TS optimizations for several conformers consistently failed because of C-Me 
rotations in the mesityl groups showing imaginary frequencies of a similar magnitude to the reaction 
coordinate desired. Even using extremely fine integration grids, this obstacle could not be overcome. In 
other cases (6b’, 14b’), the alkene complexes were so sterically overloaded that minima could no longer 
be optimized. 

Figure 12 shows the results (M06L/SDD) obtained for the benzoate systems b and b'. Again, this Figure is 
read from the middle, with 4 and 9 as starting points for ene-ene metathesis (blue core structures) and 
ene-yne-ene metathesis (red core structures). 
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Figure 12: Calculated reaction coordinates for formation of 6b/8b and Taxol derivative 14b (PM6) (in 
black); (M06L/SDD) (in green) as well as for formation of 6b’/8b’ and Taxol derivative 14b’ (PM6) (in 
magenta); (M06L/SDD) (in red). The structures shown represent the reactive core only, for full 
structures see Schemes 4 and 6. Structures shown in blue belong to the reaction coordinate leading to 
formation of 6b/7b and 6b’/7b’, structures shown in red lead to Taxol derivative 14b/14b’. The 
horizontal lines indicate the relative Gibbs free energies (T = 298 K) of the lowest three conformers.[10] 
The numbers shown give the range of energies in kcal mol-1, relative to the lowest-energy conformer of 
4b/4b’. 

While there are significant differences between the DFT results and the results obtained PM6 theory 
(e.g., PM6 overestimating the stability of the ruthenacyclopropanes in the taxol forming branch), the 
methods agree on the essential finding. For both system b and b', the preferred reaction route, by a 
wide margin, is diene metathesis, yielding cyclooctenes 6b and 6b'. The alternative dienyne metathesis 
cascade reaction is predicted to be more favourable in the initial stages of the catalytic cycle, as the 
ruthenacyclobutenes 10b/b' and/or the ruthenadienylidenes 11b/b’ are calculated to be the lowest 
energy species in the entire system. (But again, the ruthenadienylidenes 11b/b' are not predicted to be 
minima at the semiempirical level of theory.) However, the follow-up ring-closing reactions to yield 
Taxol Ru-complexes 14b/b' are predicted to be thermodynamically very unfavorable, and also to suffer 
from prohibitively high barriers of in excess of 40 kcal mol-1 (PM6; M06L/SDD), from 10b/b'. We note 
that for both Ru-cyclooctene complex 6b and 6b', our M06L/SDD optimizations predict preferential cis-
stereochemistry at the cyclooctene C=C bond being formed, in agreement with experimental findings, 
whereas semiempirical PM6 theory predicts preferential formation of a trans-cyclooctene.  
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Given the larger size of a benzoate protective group, as opposed to a cyclic carbonate, the very high 
energy of the ruthenacyclobutane intermediates 13b and 13b’ crucial for generating 14b or 14b’ does 
not come as a surprise. The failure in experimentally converting either diastereomer of 1b into 14b thus 
most likely results from a steric overload of the reactive centre, destabilising 13b and 13b’ to a degree 
that 14b or 14b’ can only be formed by crossing very high energy transition states.  

Our results (PM6) for the acetonide systems c and c' are shown in the Supporting Information. They 
reveal that the acetonide systems c and c' should mirror the cyclic carbonates a and a', in that the 
diastereomer c is predicted to behave like a, with preferential diene ring closing metathesis occurring 
due to very high barriers in the final steps of the dienyne metathesis route. In case of system c', again 
the barriers in tricycle formation are smaller, and preferential formation of Taxol derivative complex 
14c' should occur. The cyclooctenes formed in the ene-ene metathesis reactions are predicted to be a 
cis-cyclooctene for system c. In case of system c’, again a trans-cyclooctene is predicted to be formed.  

Conclusion 

Calculations on the ene-ene and ene-yne-ene ring closing metathesis reactions in Taxol derivatives 
synthesis, employing both density functional theory (M06L) and a semiempirical method (PM6), yield 
results in agreement with the results of recent experimental work. As the reactive centres in the 
catalytic intermediates are sterically highly overloaded, even small differences in the size of peripheral 
protecting groups (cyclic carbonate vs. benzoate) play a decisive role in determining chemoselectivity. 
Compact cyclic diol protecting groups like cyclic carbonate or acetonide are predicted to favor the 
desired ene-yne-ene cascade reaction for one of the precursor diastereomers, whereas the more bulky 
monobenzoate protecting group is predicted to result in cyclooctene formation (ene-ene RCM) for both 
diastereomers. PM6 theory, while overestimating some barriers, is found to qualitatively reproduce the 
results obtained using DFT.  

Computational methodology 

Employing Spartan software version 14,[13] we initially generated libraries of a maximum of 100 
conformers each for 1a, 1a’, 2a, 2a’, 3a, and 3a’, using a Monte-Carlo – type conformational search 
routine with the MMFF[14] force field. All conformers of 1a, 1a’, 2a, 2a’, 3a, and 3a’ were subsequently 
further optimized at the M06/6-31G(d) level[15,16] of theory. For the stationary points involved in the 
catalytic cycles, libraries of conformers (up to 100) of 4(a-c), 4(a-c)’, 9(a-c), and 9(a-c)’ were similarly 
generated. In case of systems a and a’, all conformers were then further optimized, initially at the 
PM6,[17] then at the M06L/SDD,[18,19] and some also at the M06/SDD level of theory. The influence of 
solvation by toluene was evaluated for some stationary points by performing single point energy 
calculations (M06/SDD, polarisable continuum model (Gaussian key word scrf=pcm),[20] based on the 
M06/SDD gas phase geometries. All geometry optimizations were performed employing the Gaussian09 
suite of programs.[21] In case of systems b and b’, optimization of all conformers was first conducted at 
the PM6 level of theory, followed by optimization of the lowest energy conformers using M06L/SDD. For 
c, and c’, optimization was limited to PM6 theory. Further stationary points in the catalytic cycles were 
then obtained starting from all conformers of 4 or 9, by performing relaxed surface scans (PM6) along 
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the reaction coordinates desired, using the maximum energy geometries obtained in the relaxed surface 
scans to fully optimize (first PM6, then DFT (systems a and a’)) the transition structures required for all 
conformers. As the reaction coordinates could be clearly discerned from the imaginary frequency 
vibrational mode obtained, in all cases, no IRC calculations were performed. Similarly, starting 
geometries for optimization of subsequent minima (e.g, 5 or 10) were also obtained from the relaxed 
surface scans. Free energies given refer to a temperature of T = 298 K. In case of systems b and b’, the 
lowest energy conformers as obtained by PM6 theory were also further optimized at the M06L/SDD 
level of theory.  
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