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Abstract: Quantum chemical calculations have unveiled the unexpected biradical character of 

titanium(IV) enolates from N-acyl oxazolidinones and thiazolidinethiones. The electronic 

structure of these species therefore involves a valence tautomerism consisting of an 

equilibrium between a closed shell (formally Ti(IV) enolates) and an open shell, biradical, 

singlet (formally Ti(III) enolates) electronic states, whose origin is to be basically found in 

changes of the Ti–O distance. Spectroscopic studies of the intermediate species lend support 

to such a model, which also turns out to be crucial for a better understanding of the overall 

reactivity of titanium(IV) enolates. In this context, a thorough computational analysis of the 
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 2

radical addition of titanium(IV) enolates from N-acyl oxazolidinones to TEMPO has 

permitted us to suggest an entire mechanism, which accounts for the experimental details and 

the diastereoselectivity of the process. All together, this evidence highlights the relevance of 

biradical intermediates from titanium(IV) enolates and may be a useful contribution to the 

foundations of a more insightful comprehension of the structure and reactivity of titanium(IV) 

enolates. 

 

INTRODUCTION 

Metal enolates play a crucial role in a wide range of carbon–carbon as well as carbon–

heteroatom bond forming reactions and are therefore among the most important nucleophilic 

species in organic synthesis.1–3 Alkylation or aldol reactions are well-known examples of the 

sort of transformations that hinge on the enolization of a parent carbonyl compound and the 

reactivity of the resultant enolate.3–5 Therefore, great effort has been dedicated to the 

development of increasingly more efficient enolization procedures that supply metal enolates 

capable of participating in highly selective reactions.6 As a result of such research, a handful 

of procedures have emerged as the most appropriate to obtain metal enolates with remarkable 

regio- and stereocontrol, which can subsequently react with a broad range of electrophiles 

under a variety of mild conditions.7 A proper understanding of these processes is thus 

fundamental to appreciate the prominent role of metal enolates as nucleophilic reagents in 

organic transformations that are governed by heterolytic mechanisms. 

In such a scenario, the metal counterpart is only required to provide oxygen-bound metal 

enolates with a defined geometry that interact with electrophiles through tight and ordered 

transition states. Therefore, the importance of the metal depends on its influence on both the 

structure and the reactivity of the organic part of the enolate. The alternative point of view 

Page 2 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

concerning the inverse effect of the organic part of the enolate on the metal has hardly been 

considered. Nevertheless, such a perspective could reveal new forms of reactivity that are 

complementary to the aforementioned nucleophilic pathway. 

The non-innocent ligand concept, expounded by Jørgensen in the 1960s,8 can be useful to 

address such a shift in the reacting paradigm. The concept applies to those ligands that can 

alter the oxidation state of the metal, which dramatically affects the reactivity of the overall 

organometallic species.9,10 Unfortunately, the theoretical background for such a phenomenon 

is often misunderstood since it can imply either a resonance case for a single minimum or a 

real equilibrium between two different species in a double minimum arrangement. The former 

corresponds to a hybrid valence bond electronic state of a given molecular structure, while the 

latter properly corresponds to a valence tautomery.11 Irrespective of the theoretical model that 

best fits this situation, the main consequence of this new approach is that the metal and the 

ligand can act in a synergistic manner thereby enabling new chemical transformations to 

occur. 

Within this framework, some years ago we reported the unexpected biradical character of 

titanium(IV) enolates derived from α-benzyloxy ketones12 and TiCl4-phenoxy complexes13 

that were assigned to coexisting Ti(III) species. Rather than being a simple expansion of the 

resonance model, this biradical character arises from a valence tautomery in which there is a 

nuclear configuration with two utterly unlike but almost degenerate electronic configurations. 

Indeed, the very nature of these electronic configurations is, to a large extent, distinct: one 

corresponds to a closed shell electronic state, whereas the other has a marked open shell, 

delocalized biradical, character, which requires an electron transfer from the organic ligand to 

the titanium metal. Therefore, the closed shell electronic configuration would be responsible 

for the classical nucleophilic reactivity observed for these titanium(IV) enolates14 whereas the 

open shell might be the origin of the aforementioned biradical character and the basis for a 
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 4

new reacting paradigm: titanium(IV) enolates can also participate in homolytic or radical 

additions (Scheme 1). 

 

Scheme 1. Valence tautomerism in titanium(IV) enolates12 

Hence, the reactivity of titanium(IV) enolates would follow different lines if their organic part 

acted as a non-innocent ligand and thus affected the oxidation state of the metal. The 

interaction of such a ligand with the metal might dramatically change the electronic 

distribution of the ligand itself and activate new and unexpected reactivity of it. 

Homocoupling of certain enolates derived from phenylacetic derivatives15,16 and other 

occasional pieces of evidence in the literature17 had already suggested the feasibility of such a 

new reaction mode. Interestingly, Zakarian recently proved that titanium(IV) enolates derived 

from chiral N-acyl oxazolidinones could indeed react stereoselectively with carbon- as well as 

oxygen-based radicals through a homolytic mechanism (Equation 1 and 2 in Scheme 2).18–20  
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 5

 

Scheme 2. Stereoselective reactions of titanium(IV) enolates with radicals18–21 

Furthermore, we also fully reported the aminoxylation reactions of titanium(IV) enolates from 

several chiral platforms with TEMPO that produce α-oxygenated adducts in a highly 

stereocontrolled manner compatible with a biradical intermediate (Equation 2 and 3 in 

Scheme 2).21 Thus, the valence tautomery in titanium(IV) enolates shown in Schemes 1 and 2 

is well established, which is also compatible with the observed nucleophilic-like reactivity.14  

However and despite the success of such transformations, the origin of the biradical character 

of the titanium(IV) enolates remained elusive. Thus, running parallel to our studies of the 

reactivity of titanium(IV) enolates from a wide range of N-acyl oxazolidinones and 

thiazolidinethiones, we carried out a comprehensive theoretical analysis of the valence 

tautomery equilibrium as well as the mechanism of their aminoxylation reaction with TEMPO. 

Herein, we report our findings concerning the origin of the valence tautomery in the 

titanium(IV) enolates from N-propanoyl oxazolidinone 1 and thiazolidinone 2 represented in 

Figure 1.22 

Our calculations on their electronic structure have established that the biradical character of 

these titanium(IV) enolates stems from changes in the geometry of both species. Therefore, 
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 6

nucleophilic titanium(IV) enolates are associated with biradical Ti(III) species through a 

valence tautomery equilibrium, which basically hinges on differences of Ti–O bond distance 

in the case of oxazolidinones, and a more complex distortion of the Ti–S bond in the case of 

thiazolidinethiones. Further studies have also revealed that a radical-like mechanism 

successfully accounts for the reaction of titanium(IV) enolates from 1 with TEMPO. 

Importantly, these calculations account for the diastereoselectivity observed in the 

aminoxylation reactions shown in Scheme 2. All together, these results strongly support the 

new reacting paradigm of titanium(IV) enolates. 
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 7

RESULTS AND DISCUSSION 

 

Analysis of the valence tautomerism in the titanium(IV) enolates 

 

With the aim of providing a theoretical account of the valence tautomerism associated with 

the titanium(IV) enolates described in Scheme 2, we initially studied the electronic and 

molecular structures of simple chiral models 1 and 2 in detail (Figure 1).  

 

 

Figure 1. Models used to investigate the valence tautomerism of the titanium(IV) enolates reported in this work. 

The molecular structure of titanium enolate 1 features an almost planar chelate with four 

chlorine atoms directly bound to the hexacoordinated titanium, which can be properly 

described by means of a closed shell electronic configuration. Nevertheless, a high 

polarization of the electron density of the TiCl4 moiety towards the chlorine atoms and the 

availability of empty d-orbitals for the metal facilitated open shell configurations. Indeed, our 

calculations identified low energy open shell singlet (OSS) and triplet (T) electronic states 

with a very strong biradical character in which one electron is mainly located over the 

titanium atom and the other one forms an allylic-like system [O–CR–CH2]•. Such a species 

might be classified as a titanium(III) enolate. Our results indicate that this is close in energy to 

the titanium(IV) enolate, and these two species are connected through a reaction path with a 

low energy barrier. Analysis of Ti–O bonds both in closed- and open-shell configurations also 
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 8

suggests that these interactions are dative in nature. The most relevant valence (natural) 

orbitals of this biradical, along with the corresponding occupation numbers are shown in 

Figure 2.  

 

 

Figure 2. Relevant CASSCF(8,7) natural orbitals of the electronic configurations of 1 and selected distances of 

optimized structures. Values in square brackets are the corresponding occupation numbers. 

The topology of these orbitals allows us to assign these orbitals to an allylic-like π-system (π1, 

π2, and π3 orbitals) combined with the Ti d orbital, Ti(d). Orbitals π1 and π3 involve the 

bonding and antibonding combinations of the allyl-like π-system. In turn, the non-bonding π2 

and Ti(d) orbitals can mix to produce orbitals π2+Ti(d) and π2–Ti(d) with occupations close to 

unity. These account for the biradical character. In addition, the positive overlap between π2 

and Ti(d) increases as the Ti–O distance diminishes when the biradical evolves towards the 

closed shell configuration through an intersystem crossing as expected for a valence 
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tautomerism process.12 We can understand both the structure and the reacting pattern of such 

species by means of the electronic profiles model proposed by Salem.23 It includes the three 

curves represented in Figure 3 to describe the main electronic configurations defining the 

lowest energy electronic states involved in the valence tautomerism: one curve describes the 

closed shell configuration (Ψcs) whereas the two other curves describe the open shell or 

biradical configurations (Ψos
sing, Ψos

trip), which are all low-lying electronic states of the 

system with very similar molecular geometries.  

 

 

Figure 3. Description of the electronic states involved in the valence tautomerism. 
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 10

The energies of the triplet and singlet biradical states, Ψos
trip and Ψos

sing respectively, are very 

similar and the states are found to have almost identical geometric and electronic features as 

can be deduced from the topology of their most significant orbitals shown in Figure 2. In turn, 

the intersection of the Ψcs with the Ψos
sing and Ψos

trip curves corresponds to an intersystem 

crossing (IC in Figure 3). In particular, the crossing of Ψcs with Ψos
sing corresponds to a 

seam,24 and determines the barrier for the interconversion closed shell/biradical species. 

Noticeably, this valence bond representation of the electronic states is valid in the regions 

near the corresponding minima and far from the intersection of states where quasidegeneracy 

induces a strong mixing of electronic states (Figure 3). 

The minimum energy structure corresponds to the OSS electronic state for 1 because the 

unfavourable electronic repulsion is compensated by the charge interaction with the titanium 

atom. In turn, the single occupied orbitals of the biradical structures correspond to a more 

stable electronic structure than a hypothetical closed shell, because the unfavourable electron–

repulsion of the two electrons is not compensated by the titanium charge. The metal is too far 

from the C–C–O moiety with respect to the closed shell and this is the reason why the 

unfavourable repulsion is compensated by shortening the Ti–O distance. Indeed, the dual 

electronic structure obtained by a small change in the Ti–O distance characterizes the valence 

tautomerism of the titanium(IV) enolates. 

Comprehensive analysis of such configurations of 1 revealed that their geometrical 

differences do not exceed 0.5 Å, at the most (see Figure 2). Nevertheless, the most stable 

geometry of the CSS configuration features a short Ti–O distance, without single and double 

bond alternation. Instead, the O–C distance becomes shorter and the C–C distance longer in 

the minimum energy structure for both the T and the OSS radical configurations, which 

display bond alternation. Most importantly, the energy gap between the closed and open shell 

configurations decreases as the Ti–O distance increases and at ≈ 1.9 Å the biradical 
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configurations become more stable than the closed configuration. However, it was not 

possible to locate the stationary point due to the planarity of the potential energy surface 

(PES) in this region and the fact that the Born-Oppenheimer approximation is questionable in 

its proximity due to strong electron-nuclei couplings, making questionable the application of 

standard optimization methods to explore the non-adiabatic PES. An estimation of the energy 

barrier for this interconversion at this distance gives a value of the order of 0.2 kcal·mol-1 (see 

Supporting Information). All together, these calculations indicate that the observed biradical 

Ti(III) species are originated by subtle changes of the Ti–O distance in a valence tautomery. 

Interestingly, this valence tautomeric equilibrium is reminiscent of the Peierls distortion 

observed for extended symmetric systems where competition between open and closed shell 

electronic states is stabilized by small structural distortions.23  

The parallel analysis of the sulfur-based model 2 revealed a similar but much more intricate 

situation, since the larger size of sulfur compared to oxygen modifies the bond distances in 

the rings that modify the shape of the chiral auxiliary. Thus, the biradical character depends 

on changes of the Ti–S distance as well as two dihedral angles that affect the whole geometry 

of the chiral auxiliary. Once again, the new electronic character arises from subtle variations 

of the geometry of the enolate. In this case, the differences of energy between the minima are 

lower than those observed in 1.  

 

EPR studies on titanium enolates 

 

The theoretically predicted low energy triplet electronic state, Ψos
trip, was experimentally 

identified by EPR studies of the the Ti(III) biradical species coexistent with titanium(IV) 

enolate derived from 4-benzyl-5,5-dimethyl-N-propanoyl-1,3-oxazolidin-2-one used in our 

synthetic studies (Scheme 2). The EPR spectrum of this enolate at low temperature (Figure 4) 
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showed a clear |∆ms = 1| signal with two superimposed bands centered at 3500 G and 3800 G 

and with a remarkable half field |∆ms = 2| fingerprint at ≈1580 G, which indicates the 

existence of an electronic triplet state. We assign this signal to the Ti(III) enolate intermediate 

T with open shell structure. These spectroscopic data are in close agreement with the 

computational calculations and all together the results lend a strong support to the coexistence 

of a biradical intermediate and a closed shell titanium complex that can interconvert through a 

low energy transition state.25 This result is in line with previous studies in similar Ti(IV) 

complexes in which the EPR signals have been unambiguously assigned based in the 

observed fine structure and temperature dependence of the spectra.12,13 

 

 

Figure 4. EPR of the Ti(III) biradical species coexistent with the titanium(IV) enolate derived from 4-benzyl-

5,5-dimethyl-N-propanoyl-1,3-oxazolidin-2-one at 5 K in CH2Cl2 solution.25 

 

The mechanism of the aminoxylation of titanium enolates with TEMPO 

 

Having revealed the electronic structure of the titanium(IV) enolates derived from N-acyl 

oxazolidinones, we next assessed the reaction of 1 with a stable radical species such as 

TEMPO,26 which might be a model for the mechanistic understanding of the titanium-
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mediated aminoxylation of N-acyl-4-benzyl-5,5-dimethyl-1,3-oxazolidin-2-ones developed by 

some of us.21 

 

 

Scheme 3. Reaction profile for the formation of the titanium enolate 1 and its valence tautomerism in vacuo 

using wave-function methods and 6-31G* basis set. 

First step: enolization  

The first step of the sequence was the enolization of the parent N-propanoyl oxazolidinone 3 

with TiCl4/Et3N.27 As anticipated, the interaction of 3 with TiCl4 produced a stable chelated 

intermediate 4 (–18.5 kcal mol–1, Scheme 3), which was subsequently deprotonated to give 

the titanium(IV) enolate 1. As shown in Scheme 3, the closed shell singlet configuration 

(CSS) of 1 turned out to be less stable that the open shell configurations, T and OSS, in about 

10 kcal mol–1, which highlights the importance of the biradical component to understand both 

the structure and the reactivity of titanium enolates. The solvent effects on the energy barriers 

in vacuo shown in Scheme 3 are expected to largely reduce the energy cost for the proton 

extraction step since the species involved change their net charge. Indeed, a model of this 

reaction in CH2Cl2 solution using the conductor-like polarizable continuum model (C-

PCM)38,39 shows that the energy cost for the proton extraction in the enolization step is largely 

Page 13 of 27

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 14

reduced and the CSS Ti(IV) species becomes more stable than 4 by ~20 kcal mol-1. However, 

the general qualitative shape is maintained, especially in the open shell region of the potential 

energy surface where the open shell structures are further stabilized (see Supporting 

Information for details). 

 

Second step: addition of a TEMPO molecule 

With a firmly based description of the structure of enolate 1 to hand, we next examined the 

second step. This involved the approach of a TEMPO molecule to 1 to form the C–O bond, 

which was the crucial step of the aminoxylation reaction. Our calculations revealed that the 

less sterically hindered π-face of the biradical configuration of the titanium(IV) enolate, 

which could be viewed as a formal titanium(III) radical complex, permitted an easy 

interaction with the TEMPO molecule and the C–O bond could be formed in a low barrier 

transformation that produced the titanium(III) chelate 5 (Scheme 4). If the TEMPO molecule 

approached the enolate from the more sterically hindered π-face the barrier would be 1–2 kcal 

mol–1 larger.28 

Unfortunately, the transition states of these additions are difficult to localize and characterize 

and the barriers difficult to evaluate due to the size of the molecules and the nature of the 

radical-radical addition that usually shows a small barrier dominated by steric repulsions. 

Thus, the differences of energy of the alternative transition states (∆E1), required to predict 

the diastereoselectivity (5S versus 5R in Scheme 4) of the reaction with TEMPO, were 

estimated from the relative stability of the products (∆E2) following a thermodynamic 

approach, which assumes that the differences in energy between transition states are 

proportional to those in the resultant products. Such an approach is reasonable since the 

structures of the transition states and the related reactants must be similar because these are 

~25 kcal mol-1 higher in energy than the products.  
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Scheme 4. Reaction profile for the second step at the 6-31G*/UB3LYP level of theory. 

 

Third step: oxidation of titanium(III) chelate 5  

Since the experimental development of the aminoxylation reaction had established the need 

for two equivalents of TEMPO, we next assessed the role of the second molecule of TEMPO. 

It was clear from the outset that it should be associated with the significant reducing character 

of the titanium(III) chelate. This was indeed the case, but the mechanistic description of the 

process turned out to be troublesome. In fact, the oxidation of the titanium(III) involved a 

multi-equilibrium process in which the hexacoordinated chelate 5S possessing two weak 

dative bonds was transformed into a pentacoordinated Ti(III) complex 6. This was the 

intermediate that was oxidized by the second TEMPO molecule thereby producing the 
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titanium(IV) complex 7, which finally delivered the adduct 8 after the acid work-up (Scheme 

5). The oxidized complex is 25–30 kcal mol–1 less stable than the Ti(III)-TEMPO anion 

radical adduct plus the additional TEMPO molecule as suggested by preliminary calculations 

using our model in vacuo. This energy difference is expected to be further reduced in a polar 

solvent that stabilizes large charged molecular species. Noticeably, the proposed mechanism 

requires much less energy than the direct oxidation of 5S, which makes necessary to take into 

account the formation of the non-chelated complex 6 and the subsequent ligand exchange.13 

 

 

Scheme 5. Third step: oxidation of 5S. 

 

Further analysis 

 

Regioselectivity in conjugate enolates 

The abovementioned mechanistic model was further applied to account for the 

regioselectivity of the aminoxylation of conjugated enolates. Close inspection of the 

electronic structure of 1 and model conjugated titanium enolates 9 and 10 indicated that the 
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coefficients of the SOMO orbitals at the α, γ, and ε positions were comparable, whereas those 

of the β and δ positions were negligible (Figure 5). 

 

 

Figure 5. SOMO orbitals of conjugated titanium(IV) enolates taken from monooccupied natural UB3LYP 

orbitals. 

In turn, experimental studies had established that the addition of TEMPO to the titanium(IV) 

enolates 12a-b derived from N-acyl oxazolidinones 11a-b shown in Scheme 6 took place 

exclusively at the γ position;21 adducts from the attack to the α or β positions were never 

observed. All together, these results show that the siteselectivity of conjugated enolates is 
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primarily based on orbital topology, but also relies on the poorer accessibility of the α 

position. Unfortunately, the attack of TEMPO to the γ position of 12b (R: Me) afforded a 1:1 

diastereomeric mixture of adduct 13b, which indicated that the lack of stereocontrol of the 

addition to the γ position was due to the large distance from the chiral centre and the 

ineffective induction by the chiral auxiliary. 

 

 

Scheme 6. Siteselective aminoxylation reactions of 12. 

Diastereoselectivity 

Finally, the diastereoselectivities of the TEMPO-aminoxylation of the titanium(IV) enolates 

derived from several N-propanoyl oxazolidinones and thiazolidinethiones 14–16 represented 

in Scheme 7 were examined using a simple 6-31G*/UB3LYP approach and the 

diastereomeric ratios were estimated using the formula PS/PR = exp(–∆E1/kBT) in which ∆E1 ≈ 

∆E2 (see Scheme 4). 
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Scheme 7. Diastereoselective TEMPO-aminoxylation of titanium(IV) enolates from N-acyl chiral auxiliaries. 

We found that the predicted diastereomeric ratios nicely matched the experimental trends. 

This definitely proves the accuracy of the mechanism we report and the validity of our 

theoretical analysis. Particularly, these calculations indicated that the excellent 

diastereoselectivity attained with the titanium(IV) enolate from chiral 4-benzyl-5,5-dimethyl-

N-propanoyl-1,3-oxazolidin-2-one 15, much better than that of the parent oxazolidinone 14, is 

due to a rigidity of the complex induced by steric repulsion of the geminal methyl groups with 

the benzyl group that provides a larger exposure of the π-faceopposite to the benzyl group. 

In turn, the distortion produced by the long carbon-sulfur bonds in the thiazolidinethione-

derived titanium enolate 16 also facilitates the approach of the electrophile to the opposite 

face to the isopropyl group and is thus the reason for the high stereocontrol achieved in this 

case.29 
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CONCLUSIONS 

In summary, quantum chemical calculations have established that the appropriate description 

of the electronic structure of the titanium(IV) enolates derived from oxazolidinones and 

thiazolidinethiones includes a valence tautomery equilibrium that involves a closed shell and 

two open shell configurations. As the energy gap between the closed and the open shell 

configurations is small, subtle changes to the Ti–O distance makes the OSS configuration the 

most stable with a thermally accessible triplet state T. This reveals the biradical character of 

these intermediates which are formally Ti(III) enolates. Such a biradical character has been 

measured in EPR studies and has been established as the source of radical-like reactivity, 

which is complementary to the most common nucleophilic profile. In this context, the 

mechanism of the aminoxylation reaction of titanium(IV) enolates from oxazolidinones with 

TEMPO has been satisfactorily explained on radical grounds. Importantly, the resulting 

model accounts for the regio- as well as the diastereoselectivity of such a transformation, 

which strongly supports the abovementioned calculations. Therefore, both the structure and 

the reactivity of titanium(IV) enolates, and potentially enolates of other metal, should be 

examined from this new point of view. Summarizing, the general guideline derived from this 

study is that titanium(IV) enolates undergo a valence tautomerism equilibrium leading to a 

coexisting Ti(III) biradical species at normal conditions that should be taken in consideration 

for a general understanding of their reactivity. Therefore, it should be expected that 

titanium(IV) enolates can behave either as classical electrophiles or as biradicals depending 

on the molecule faced by this reagent. One can take advantage of both types of reactivity by 

choosing an appropriate counterpart and controlling the reaction conditions. 
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EXPERIMENTAL SECTION 

Theoretical methods 

All our calculations on the valence tautomerism of titanium(IV) enolates and their reaction 

with TEMPO were carried out in vacuo employing the standard 6-31G* basis set and 

GAMESS 2012 package.30,31 The all electron basis set corresponds to that reported by Pople 

and collaborators: [4s/2s] for H and [10s4p1d/3s2p1d] for C, N, and O;32 [16s10p1d/4s3p1d] 

for Cl and S;33 and [22s16p4d1f/5s4p2d1f] for Ti.34  

Regarding the methods used to describe the electronic structure of the intermediates, for the 

enolization step and valence tautomey process we have used wave function methods (Hartree-

Fock (HF) for closed shell structures and Complete Active Space Self Consistent Field 

(CASSCF) methods for the multireferential states (CSS, OSS and T) whereas UB3LYP 

method has been used to describe the intermediate structures involved in the first and second 

TEMPO additions to understand their regio- and stereoselectivity. 

In our studies on the first step of the aminoxylation reaction the structure of the starting 

oxazolidinone 3 and the TiCl4-complex 4 were evaluated at RHF level, whereas the structures 

involved in the valence tautomerism of the titanium enolate were calculated at CASSCF(8,7) 

level due to the multireference nature of the electronic states involved. The selection of the 

CAS(m, n) was performed using the standard method35 based on occupation numbers of the 

UMP2 natural orbitals for the T state (those having 1.98 < n < 0.2) that provided a consistent 

orbital space for the T, OSS and CSS electronic states beyond the minimum CAS (4,4) space. 

However, for compound 2 it was not possible to define a consistent orbital space beyond 

CAS(4,4). Nevertheless, the description of these electronic states at CASSCF(4,4) provide 

molecular structures and energy profile similar to the one shown in Scheme 3.  
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Calculations on the chiral TEMPO adducts to obtain ∆E2 were performed using the UB3LYP 

approach as implemented in the GAMESS package. This DFT approach allows us to study 

much more complex systems than the method used in former studies. However, the 

application of DFT methods based on a single Kohn-Sham determinant to represent the 

electronic states of open shell systems is questionable,36,37 especially for multireference states 

such as CSS or OSS. Nevertheless, a close inspection of the wave functions of the T state and 

the doublet species such TEMPO or the TEMPO adducts can be approximately described by a 

single determinant with well localized open shell orbitals and, hence, this kind of 

approximation is justified. The fact that the relevant energy differences in the reaction profiles 

investigated are due to conformational differences of the organic part the B3LYP functional 

provides, in principle, a standard, simple and balanced description for a qualitative 

rationalization of the processes. 

Solvent effects on the enolization step of the proposed mechanism have been analyzed by 

means of the conductor-like polarizable continuum model (C-PCM)38,39 implemented in the 

GAMESS code,30,31 using CH2Cl2 as a solvent. In all cases, zero point energy corrections 

have been considered.  
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Supplementary Tables S1–S4 contain Cartesian coordinates of the optimized molecular 

structures described in the text, Supplementary Figure S1 describes some structure details of 

the species involved in the valence tautomerism of 1 and 2, Supplementary Figure S2 

describes the relevant CASSCF(4,4) natural orbitals of the electronic configurations of 2 and 

the final section Additional calculations describe the results of the calculations performed to 

investigate the solvent effects on the enolization process of compound 1 and an approximate 

structure of the transition structure between CSS and OSS/T in the IC region of the PES. 
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