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Abstract: The mechanism of titanocene-mediated epoxide opening was studied by a combination of
voltammetric, kinetic, computational, and synthetic methods. With the aid of electrochemical investigations
the nature of a number of Ti(lll) complexes in solution was established. In particular, the distribution of
monomeric and dimeric Ti(lll) species was found to be strongly affected by the exact steric conditions. The
overall rate constants of the reductive epoxide opening were determined for the first time. These data
were employed as the basis for computational studies of the structure and energies of the epoxide—
titanocene complexes, the transition states of epoxide opening, and the fj-titanoxy radicals formed. The
results obtained provide a structural basis for the understanding of the factors determining the regioselectivity
of ring opening and match the experimentally determined values. By employing substituted titanocenes
even more selective epoxide openings could be realized. Moreover, by properly adjusting the steric demands
of the catalysts and the substrates the first examples of reversible epoxide openings were designed.

have recently attracted considerable intefelshportant ex-
amples of rare reactions such as enantioselective radical
generatloF’ld or 3-exo- and 4-exo-cyclizatiofis’ controlled by
polarity matching of radical reduction have been developed. A
number of pertinent applications in the synthesis of complex
‘molecules have emerged, e.g., titanocene-catalyzed epoxypoly-

Introduction

Over the last decades radical chemistry has been increasingly
used in the synthesis of complex molecules. This is mainly due
to the mildness of radical generation, the excellent tolerance of
these reactive intermediates toward numerous functional groups
and the high predictability of a number of key radical reactibns.
In the field of metal-induced radical chemistry titanocene-
mediated and titanocene-catalyzédpoxide opening reactions
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ene cyclizationg!>9Moreover, the titanocene-mediated epoxide Scheme 1. Reactions Featuring Homolytic Substitution Reactions
opening has been used with excellent success for the initiation*t" Metal Oxygen Bonds (porph = Porphyrin)

of the polymerization of styrerfe.Titanocene-mediated or
titanocene-catalyzed pinacol couplings have attracted less at-
tention due to their restricted substrate scope, even though the
first example of an enantioselective coupling has been repbrted.

An attractive feature of titanocene catalysis is that the
regioselectivity of ring cleavage is opposite tg23eactions,
such as Jacobsen’s outstanding catalytic epoxide opeffirys.
Therefore, the preparative usefulness of epoxfdasprganic
synthesis is increased even further. Despite this conceptual and
preparative usefulness of the titanocene-mediated or titanocene-
catalyzed transformations, to the best of our knowledge nothing results and Discussion
is known about the exact mechanism of the titanocene-mediated
epoxide opening. Here, we present a full account of the first
study elucidating this mechanism by a combination of electro-
chemical, kinetic, computational, and synthetic metHbilke
results are of fundamental interest due to the insights in the
molecular details of the reaction and lead the way for the

L ]
TiCp,Cl
o]
/N

(salen)M?—O/\“‘\.

CICp,Ti—O

. o)
Mn(salen) + A

OH .
E— Ar)\ + Fe(porph)

_H
RS

Ar” > Fe(porph)

We selected four alkyl-substituted titanocene dichlorides,
(RCp)TIiCl,, with the aim of identifying the principal species
formed in Zn-reduced solutions and their reactivity toward
epoxides. The substituent at the cyclopentadienyl ring ranges
from the relatively small Me ovetert-butyl to the bulky
menthyl group along with an ethylene-bridged tetrahydroin-

development of even more selective catalysts or processes.

denyl moiety (Chart 1}* These substituents are interesting not

Moreover, our investigation provides a unique link between oy with respect to their steric and electronic effects, in general,

the mechanism of reductive opening of epoxides, where®C

but also because of their potential synthetic applications in

bond.is cleaved through a homolytic substitution reaction, gnd stereoselective epoxide openings.
reactions where €0 bonds are formed through homolytic
substitutions featuring metal oxygen bonds as radical traps. Chart 1. Structures of the Substituted Titanocenes Used in This
Examples for the latter transformations are alkoxylation reac- Study

@-ﬁnmz &Timz
1 2

tions such as epoxidations yametaloxy radical$® hydroxy-
lations of hydrocarbons via-€H bond activation by organo-
metallic complexe$! and our titanocene-catalyzed THF

synthesi$k™ Even the oxygen rebound step, that is intensely
debated for the P450 enzymes, may be regarded as another case

of this type of reactiod? These reactions are highlighted in
Scheme 1.
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For comparative purposes unsubstituted titanocene dichloride,
Cp.TiCl,, was included in the study. In previous work we have
succeeded in elucidating the composition of the electrochemi-
cally and metal-induced reductions of ZgCl, in THF by
means of cyclic voltammetric and kinetic measureménte
were able to demonstrate that the principal constituents of such
solutions are monomeric and dimeric Ti(lll) species. Trinuclear
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Chart 2. Proposed Structures of Solvated Cp.TiCl (5a) and this reaction is of much less importance for substituted ti-
(Cp2TiCl)2 (5b) tanocene dichlorides as the analysis of the chemically reduced
Cp,e THF Cp JHF (‘J.I‘\\Cp solutions will reveal.
oo’ “ai Cp«T.'\ch,'»Cp Cyclic voltammograms recorded of the various solutions of
(RCpXTICl; are collected in Figure 1. In consistency with the
5a"THF 5b*THF detailed analysis provided elsewh®kdor Cp,TiCl, the most

complexes or ionic clusters were not present, despite theirprOfound feature is the appearance of the redox wave around

isolation and characterization in solid state —1.4 V vs Fc/Fc (abbreviation for ferrocenium/ferrocene)

In Chart 2 the proposed structures of the two principal Ti- Pertaining to the (RCpJICl2/(RCpRTICl2™ couple. The peak
(Ill) species CpTIiCl (5a) and (CpTiCl), (5b) are depicted separation increases nonllngarly as a function of sweep rate as
assuming that any free coordination site would be occupied by expected for a quasi-reversible charge-transfer process. At the
solvent molecules, i.e., THF. An analysis of the solid-state S2Me time a small wave positioned at less negative potentials
structure of the dimeric species pointed to a symmetric arrange-°"19inating from the oxidation process of (RGPCI tends to
ment!7 However, since kinetic measurements involving electron 2PP€ar on the oxidative sweep, i.e., at high sweep rates the lower

acceptors such as benzyl chloride, benzaldehyde, and epoxide8a't Of the square scheme comes into play. Upon addition of
revealed that the dimer had a surprisingly high reactivity in (cr@butylammonium chloride as a chloride source to the

solution, we suggested that the half-open arrangement shownsomtion_' enhancement of the rate of_the reaction_ _be_tween
in Chart 2 with an accessible coordination site actually might (RCpRTICl and CI" induces a further shift of the equilibrium

be the active reagent in solutié%.d This interpretation was  'eaction toward (RCpJICl,™ to favor once again the upper

recently supported by computational stucies. particular ~ Part of the square scheme.

interesting aspect to consider herein is therefore the extent by In our previous work the dissociation equilibrium constant
which the presence of various substituents at the cyclopenta-for CpTiClz~ was estimated on the basis of such experiments
dienyl ring may influence the monomer/dimer distribution. To @nd extensive simulations to a value of 1M.'*" Because
obtain a picture as comprehensive as possible the present studgssentially the same or a slightly larger amount of tetrabutyl-
was carried out employing a combination of cyclic voltammetric, @mmonium chloride is required-@00 mol %) to deplete the

kinetiC, ComputationaL and Synthetic methods. small (RCp)TlCl wave in the case 01_4, this Study reveals
Electrochemical Reduction of (RCp)TiCl ». First our focus that the equilibrium constant is essentially of the same magnitude
will be on the electrochemical reduction of (RGPICI, with for the substituted titanocene dichlorides. Thus, the overall effect

the expectation that the mechanistic scheme can be describe@®f the bulkiness of the cyclopentadienyl ligands on this particular
in terms of the square scheme already elucidated in the case ofeaction is relatively small. In contrast, the substituent effect

CpeTiCl (Scheme 235 on the redox properties of the (RGPICI/(RCp)TiCl,™ system
is clearly detectable. While the standard potential was deter-
Scheme 2. Square Scheme Describing the Electrochemical mined to be-1.27 V vs E¢/Ec for CpTiCl, 15bwe find values
Reduction of (RCp)TiCl ' ’
eduction of (REpRTICL _ of —1.40,~1.34,~1.37, and-1.48 V vs F¢/Fc for 1, 2, 3,
(RCp),TiCly ~=——=—= (RCp)TiCh and4, respectively. A discussion of these data along with others

& obtained will be given below.

Chemical Reduction of (RCp)TiCl,. The second part of
(RCp);TiCI* + CF the voltammetric analysis is concerned with the study of Zn-
Es reduced solutions of (RCgIiCl,, denoted Zna-(RCp)TiCls.

) ] ] ~ Such an investigation of Ti(lll)-containing solutions is not only
The essential feature of this scheme is that the electrochemlcalimportam because it complements the above study focusing on

reduction of (RCPJTICl2 to (RCpTICl2™ on the reductive  Tj(y) as starting material but also because it may provide
sweep in cyclic voltammetry is followed by a reversible  aqgitional information pertinent to the many important synthetic
fragmentation reaction, in which the e!ectroactlve (I%_lep’.)_l applications using Za(RCp)TiCl,. The present analysis is

and CI" are generated. On the oxidative sweep, oxidation of paqed on the reasonable assumption that the mechanistic scheme

(RCp)TIiCl,~ and/or (RCpTiCl results in the direct or indirect already resolved for ZrCp,TiCl, can be applied for the four
regeneration of the parent (RGP)Cl> compound. In the case ¢ pstituted casek—4 as welll5¢

of (RCp)TiCl the conversion goes through the (RERHLI™
intermediate that is involved in a fast equilibrium reaction with
Cl~. Eventually, (RCpTiCl may dimerize to afford the
electroactive dimer, [(RCpJiCl],, although the inclusion of

(RCp),TiCl + CI

The general conclusion from our previous wofke is that
the principal species formed in THF solutions of-Z@p,TiX
(X = ClI, Br, and I) are a mixture of GpiX, (CpzTiX),, and
Cp.Ti*, the distribution of which is dependent on the halogen

(15) (a) Enemaerke, R. J.; Hjgllund, G. H.; Daasbjerg, K.; Skrydstruf,. R. considered™ For example, CJTi* is present in quite substantial

Acad. Sci2001, 4, 435-438. (b) Enemeerke, R. J; Larsen, J.; Skrydstrup,  amounts only for X= Br and |, whereas it is completely absent
T.; Daasbjerg, KOrganometallics2004 23, 1866-1874. (c) Enemeerke, _ K .
R. J.; Larsen, J.; Skryds[rup’ T, Daasbjerg'\]KAm. Chem. So@004 fOI‘ X - Cl |I’I a” thl‘ee SO|utI0nS the amounts Of g@( and

126, 7853-7864. (d) Enemeerke, R. J.; Larsen, J.; Hjgllund, G. H.; i i i i i i
Skrydstrup, T.; Daasbjerg, KOrganometallic2005 24, 1252-1262. (e) (CpeTiX) are appreciable being formed in a mixture having a

Larsen, J.; Enemeerke, R. J.; Skrydstrup, T.; Daasbjer@rgfanometallics dimerization equilibrium constant of {13) x 10®* M~L. The

(16) %g)ogezkitg\?éﬁzgég-.; Stucky, G. Morg, Chem 1975 14, 2192-2109, anion CpTiCl~ is of no importance, unless the reduction of
(b) Sekutowski, D.; Jungst, R.; Stucky, G. lBorg. Chem1978 17, 1848~ Cp.TiCl, is carried out electrochemically. This is due to the

a7 %:805u5&5‘ R.S. P.. Wailes, P. C.. Martin, R..L.Organomet, Cheml973 fact that the zinc chlorides present in the Zn-reduced solutions
47, 375-382. will be able to take up additional chlorides.
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Figure 1. Cyclic voltammograms of 2 mM solutions @f(A), 2 (B), 3 (C), and4 (D) recorded at sweep rates of 0.1 (black), 0.5 (red), 1 (green), 5 (blue),
and 10 V st (magenta) in 0.2 M BiNPR/THF. Currents are normalized with respect to sweep rate.

0.8 4

06 4

0.4 4
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EN vs Fc*lFc EIV vs Fc'/Fc

Figure 2. Cyclic voltammograms of solutions containing Zh in Figure 3. Cyclic voltammograms of solutions containing Z4 in
concentrations of 0.7 (black), 1.1 (red), and 1.8 mM (green) recorded at a concentrations of 0.7 (black) and 1.5 mM (red) recorded at a sweep rate of
sweep rate of 0.1 V& in 0.2 M BuWNPR/THF. Currents are normalized 1V stin 0.2 M BwNPR/THF. Currents are normalized with respect to
with respect to concentration. concentration.

The earlier cyclic voltammetric studies also gave immediate father-son reaction between @ACI and CpTiCl™, a direct
access to a characterization of the oxidation processes pertainingragmentation of the dimer cation (€fCl),*, and chloride
to the electroactive species £iCl,~, (Cp:TiCl),, Cp.TiCl, and transfer reactions between various titanium-based species and
Cp.Ti™. Although all of these four species are not present the zinc chlorides.
initially in the solution, they may be generated in followup One of the essential questions raised by the present study is
reactions taking place at the electrode surface during the sweephow the substituent on the cyclopentadienyl ring will affect the
in cyclic voltammetry. Such followup reactions include a parameters associated with the reaction scheme. While the first

1362 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007
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Scheme 3. Proposed Mechanistic Scheme for the Electrochemical Oxidation of Zn—(RCp).TiCl; (R = H, Me)
-

(RCp)2TiCly = (RCp)2TiClz
E?
"cleavage"
(RCp),Ti* + (RCp),TiCl; Zinc
paN chlorides

I

[(RCp)TiCl, ~—————= [(RCp)TiCl};"
Es
(RCp),TiC
(RCp),TiCl
.
(RCp)eTiCl = (RCp)zTiCI*
ES
Zi Zinc
chlcl)r:%as chlorides
-e
(RCp),Ti* = (RCp),Ti**
EJ

part of our study has revealed already a substituent effect onAt first sight the overall appearance with the presence of two
the redox properties of the (RGP)Cl/(RCp)TiCl,~ couple, characteristic oxidation waves is the same as for Zp,TiCl,
it is yet to be elucidated if this will apply also to the and Zn-1, but there is a distinct difference in the sense that
[(RCpXTiCI] ;" /[(RCp)TICl] 2, Cp:TiCI*/Cp,TiCl, and CpTiz"/ there is no splitting of the first wave. The same lack of a splitting
Cp.Ti™ redox couples, not to mention the possible effect the is also seen for the Zn-reduced solution® @ind3 (Supporting
substituent may exert on the chemical reactions. Information). This lends support to the hypothesis that the
In Figure 2 we have collected cyclic voltammograms recorded dimerization reaction for the more highly substituted titanocene
at three different concentrations of Za. The oxidation wave chlorides is less favorable. In these cases the mechanism thus
appearing at—0.8 V vs Fc¢/Fc actually consists of two  becomes somewhat simplified since the blue part involving the
processes, with the first one becoming more dominant as thedimer in Scheme 3 can be omitted.
concentration increases. The two-component nature of the wave Discussion of Cyclic Voltammetric Data.In the further
is particularly pronounced for the intermediate concentration. analysis of the cyclic voltammograms the goal was to obtain
Thus, the first process is attributed to the oxidation of the quantitative information about the composition of the solutions.
[(MeCp)TiCl], dimer and the second one to the oxidation of In general, all relevant potentials, heterogeneous and homoge-
the (MeCp)TiCl monomer. The oxidation peak at0.2 vs F¢/ neous rate constants as well as equilibrium constants were
Fc originates from the oxidation of (MeG)" generated in extracted by digital simulations (using the program DigiSim
the chemical reactions occurring during the cyclic voltammetric 3.03)° of the experimentally obtained voltammograms recorded
sweep. Surprisingly, the peak potential of the (MeQp) wave at different sweep rates and concentrations. A detailed descrip-
varies appreciably as a function of concentration, but this may tion of the exact model parameters used as well as relevant fits
be related to the strong adsorption tendency of this species asan be found in the Supporting Information. Below the focus
revealed by the rather broad and almost bell-shaped feature ofwill be on the most important parameters extracted, i.e., the
the wave. In any case this will introduce some additional standard potentials and the dimerization equilibrium constant.
uncertainty in the determination of the standard potential of the The standard potentials are summarized in Table 1.
(MeCp)Ti?*/(MeCp)Ti* redox couple. As seen in Scheme 3 |n general, for a given substituent the standard potentials
the generation of (MeCpJ)i™ is accompanied by the formation  determined for the redox couples (RGRLCIZ/(RCp)TICl,,
of (MeCp)TiCly, the presence of which is substantiated by the [(RCp),TiCl],*/[(RCp)TiCl]., (RCp)TiCI*/(RCp)TiCl, and
reduction wave that is about to appear at€4.5 V vs F¢'/Fc (RCp)Ti2t/(RCp)Tit increase (i.e., becomes less negative) in
on the reverse sweep (compare with Figuré®IAt this point the order listed. This is in line with the results already obtained
we may therefore state that introducing a methyl group at the and discussed in the case of {TjC1,.25-¢ From a thermody-
cyclopentadienyl ring does not change the overall mechanistic hamic point of view the electron-donating ability of the Ti(lll)
scheme, although the exact values of the associated parameterspecies is thus RGPiCl,~ > (RCpTiCl), > RCpTIiCl >
of course may differ (see below). RCpsTit. However, asalready shown by our earlierinvestigatfres
With respect to the solution of Zm, voltammograms  this order does not hold from a kinetic point of view (see below).
recorded at two different concentrations are shown in Figure 3. A particularly interesting issue to discuss in this context is
(18) In general, application of potentials belowi.4 V vs Fc/Fc had to be the Inﬂue,nce O,f the substituent on the pqtentlals. Considering
avoided because reduction of the zinc ions present could cause deleteriousOnly the inductive effect of electron-donating alkyl groups one

adsorption of metal on the electrode surface. ; ; ;
(19) Rudolph, M.; Feldberg, S. VRigiSim version 3.03 Bioanalytical Systems, WO_UId predict th_at the potentials should become more negatlve
Inc.: West Lafayette, IN. going from CpTiCl, to 1, 2, or 3, and further ta4. Indeed this
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Table 1. Relevant Data Extracted from Cyclic Voltammograms Recorded on Zn-Reduced Solutions of 1—4

Zn—Cp,TiCl, Zn-1 Zn-2 Zn-3 Zn—4
E1°/V vs FcH/F& —1.274+0.04 —1.40+ 0.03 —1.34+ 0.0% —-1.37+0.0% —1.48+ 0.0F
Ex°/V vs FcH/F& —0.81+ 0.03 —0.914+0.03
Ez°/V vs Fct/F& —0.75+0.03 —0.81+0.03 —0.81+0.03 —0.84+0.03 —0.94+ 0.03
E4°/V vs FcH/F& —0.43+0.03 —0.354+0.08 —0.55+ 0.03 —0.544+ 0.03 —0.62+ 0.03

a Potentials can be converted to SCE by adding 0.52&om ref 15b.¢ Obtained from cyclic voltammograms recorded on solutionk-of (see above).
dFrom ref 15c.

Scheme 4. Mechanistic Scheme for the Reaction between Zn-Reduced Titanocene Dichlorides and 6

o OTIRCP),Cl 405 @ OTI(RCp),Cl
L]
i k /\)/\ /\/L
(RCp),TiCl + phAX —f— . — )
6 -05 @ 6a

expectation is met for the three series involving [(RTIZI] 2, Ti™ are present in any appreciable amount (although they may
(RCpXTICI, and (RCp)Ti*. The only outlier pertains to the  be generated at the electrode surface during the cyclic volta-
cation system for R= Me, but presumably this should be mmetric sweep), independent of the substituent, the exact
attributed to the adsorption problems encountered for this distribution of the monomer (RCg)iCl and the dimer
particular system. In contrast, unexpected results are obtained(RCp)TiCl], is strongly affected. As previously determined
for the (RCp)TIiCl, series, in that theert-butyl- (2) and for the solution derived from ZaCp,TiCl, the two species are
menthyl-substituted titanocene dichloride8) (have redox in rapid equilibrium with an equilibrium constant of 3 10°
potentials being intermediate to those oL, Ol and (MeCpy- M~115b-d For 1 the dimer still remains an important constituent
TiCl,. The bridged ansa-compound) (vith its fixed geometry having an equilibrium constant of 401, but already to a
gives rise to the most negative value as also seen for the othelesser extentFurthermore, bulkier ligands as #3-4 make the
series. monomer the only detectable species in cyclic voltammetry; a
The unusual order of potentials emphasizes the importancedimerization equilibrium constant of 100 Mcan be set as a
of effects other than purely inductive. The influence of substit- limiting value as deduced from digital simulationsrio2 mM
uents on the electrochemical reduction of titanocene dichlorides Zn-reduced solution of either GRICl,, 1, or 2—4, this will
has been addressed already in other stifiés.general, a imply that the dimer/monomer ratio will be 1.5, 0.8, an@.15,
correlation is expected between the reduction potentials and therespectively.
Hammett substituent coefficients, i.e., systems having electron-  These results are reasonably in line with EPR studies on the
donating substituents are more difficult to reddea-However, series of (GHs—Mep),TiX (n = 0-5), in which it was found
in the series of methyl-substituted titanocene dichlorides excep-that compounds with = 3—5 were monomeric, whereas those
tions pertaining to the sterically encumbered tetra- and pen- with n = 0—2 were dimers, at least in toluene. In 2-methyltet-
tamethylcyclopentadienyl ligands exist. In the latter case a rahydrofuran, on the other hand, the latter compounds dissoci-
positive shift in the reduction potential is even encountéfed.  ated due to a solvent molecule coordinaffdrt this point we
It has been suggested that such a behavior can be brought abouto not know to which extent the less favorable dissociation
by steric strain between the cyclopentadienyl ligands which will process we seem to observe for the Zn-reduced solutions of
not only induce additional hindrance to rotation but also lower Cp,TiCl, and1 in THF should be attributed to the concentration
the dihedral angle between the cyclopentadienyl ring pléifes. ranges considered, the presence of supporting electrolyte in
Our results corroborate this interpretation in the sense that thecyclic voltammetry, or other factors.
potentials for the sterically encumber2dnd3 are less negative Kinetic Studies. Kinetic analysis of the epoxide opening with
than that ofl. The steric effects on the potentials are smaller zn-reduced solutions d@—4 was carried out with the aim of
for the series involving [(RCRYICl]2, (RCp)TiCl, and characterizing in further details the reactive Ti(lll) species. As
(RCpYTi*, in which one or both chloride ligands are absent. model compound for the epoxide we selected 2-methyl-2-
The issue of solvent (i.e., THF) coordination and the possible phenethyl-oxiranef), because under the reaction conditions
lack of such a coordination for the sterically most hindered chosen, 1,1-disubstituted epoxides are converted into titanocene
compounds seem to have only a minor effect on the standardalkoxides, such a$a, in high yield. The kinetic analysis is
potentialsioe2t therefore not complicated by interfering pathways. EpoXide
The substituents on the cyclopentadienyl ring also exert a was also used in our previous kinetic analysis of Zn-reduced
strong effect on the equilibrium distribution of the Ti(lll) species  solutions of CpTiCl, and1.° The relevant rate constatt,was
in the Zn-reduced solutions. While the simulations of the cyclic extracted by monitoring the disappearance of the Ti(lll) species
voltammograms reveal that neither (RERELI>™ nor (RCp)- using absorption spectroscopy (Scheme 4).
(20) (a) Mugnier, Y.; Fakhr, A.; Fauconet, M.; Moise, C.; Laviron, Atta Wh"e the kinetic analysis of Fhe solutions inVOIVing Zn
Chem. Scand1983 B37, 423-427. (b) Johnston, R. F.; Borjas, R. E.; CpTiCl, and Zn-1 was complicated by the fact that an

Furilla, J. L. Electrochim. Actal995 40, 473-477. (c) Langmaier, J.; ilibri i i H

Samec, 7. Varga, V.- Hotak M. Mach. K.J. Organoret. Cher099 gqU|I|brlum1m|xtur§ of t.)oth. the reactive monomer' and dimer

579, 348-355. is preseng;'°cthe situation in the case of Z21(2—4) is much
(21) (a) Mach, K.; Raynor, J. Bl. Chem. Soc., Dalton Tran$992 683-688. B ;

(b) Mach, K. Varga, V.. Scbmid, G.: Hiller, J.: Thewalt, Qollect. Czech,  SImPler because of the absence of the dimer. Employme#it of

Chem. Commuri996 61, 1285-1294. in an excess will confine the kinetics to simple pseudo-first-
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Table 2. Rate Data Obtained in the Epoxide Opening of 6 with Zn-Reduced Solutions of Cp,TiCl, and 1—-4

Zn-1
monomer

Zn—Cp,TiCl,
monomer

Zn—Cp,TiCl,

Ti(lll) reagent dimer

Zn-1
dimer

Zn-2
monomer

Zn-3
monomer

Zn—4
monomer

kM-1s7t 0.5 1.4 1.3

3.9 0.10 0.74 4.8

aFrom ref 9.

2 4

Zn-4 (monomer)
® 5 Zn1(dimen)
Zn-Cp,TiCl, (dimer)

Zn-1 (monomer)

log k

Zn-3 (monomer) ® Zn-Cp,TiCl, (monomer)

[ ]
Zn-2 (monomer)

2 , . . )
09 08 07
E°/V vs Fc'IFc

Figure 4. Logarithm of the observed rate constakt,for the Ti(lll)-
mediated opening @ vs the standard potenti&P for the relevant Ti(IV)/
Ti(lll) system.

order conditions. As in the synthetic work, 1,4-cyclohexadiene
(CHD) was added to chemically reduce the tertiary radical
intermediate formed upon the stereoselective electron-transfer
mediated epoxide openigthus precluding efficiently side
reactions involving the radical and the Ti(lll) species. This is
in keeping with the 1:1 reaction stoichiometry observed for the
Ti(lll) and epoxide reagents. Note that the alternative formation
of the primary radical intermediate is less favorable. The kinetics
followed a simple exponential decay that was unaffected by
the exact concentration of CHD employed. Thus, electron
transfer constitutes the rate-controlling step of the overall
reduction. This renders any mechanism with a quick and
reversible epoxide opening before radical trapping unlikely.
We also note that in the previous synthetic withe yield
of the product 2-methyl-4-phenylbutan-1-ol was determined to
be larger than or equal to 55% for all the systems studied herein,
the exception being Zn4 with a disappointing 21% yield.
Those reactions were carried out under catalytic conditions using
collidine hydrochloride as proton source to liberate the Ti(IV)
species from the alkoxides formed. Thus, it seems that fer4Zn
another step in the catalytic cycle is too inefficient for a satis-
fying performance of the reaction. Most likely, this is the pro-
tonation with collidine hydrochloride for catalyst regeneration.
In Table 2 we have collected all relevant rate data obtained
in the present and previous wotkn Figure 4 the data are
plotted against the relevant standard potentials. The genera
expectation on thermodynamic grounds that the rate should
diminish as the driving force of the reaction (expressed@E®)
is decreased is by and large fulfilled. For instance, the fact that
Zn—1 constitutes a better electron-transfer agent thanQ-
TiCl, can be attributed to its higher reducing ability and that
the steric demands of theld@,CHsz and GHs ligands are similar.
The low reactivity of the ZrR-2 monomer along with the high
reactivity of the two dimeric systems of Z2Cp,TiCl, and Zn-1

(22) Gansaer, A.; Barchuk, A.; Fielenbach, Bynthesi®004 15, 2567-2573.

are interesting features. In the former case this may be attributed
to the presence of the sterically demandteg-butyl groups
which apparently-and even to a larger extent than the menthyl
groups in Zr-3—are able to prevent a close pairing up of the
Ti(lll) reagent with the epoxidé. The high reactivity of the
Zn—Cp,TiCl, and Zn-1 dimers is surprising in the sense that
an analysis of the solid-state structure has pointed to a symmetric
structural arrangement with no vacant coordination <it&/e
therefore suggest that the actual solution structure is of the half-
open typesb depicted in Chart 215¢d|n fact, the availability
of a coordination site would be a prerequisite for having a fast
inner-sphere electron-transfer reaction. In this sense the dimer
can be considered as a highly Lewis acidic intermediate formed
from the monomeba (Chart 2) according to the principle of
activation of electrophiles through dimeric associafion.

It is also noteworthy that previous investigations o 0PI~
have suggestéePcthat its lack of reactivity as an electron donor
can be attributed to the fact that the coordination around the Ti
core is that of a distorted tetrahedrfrBecause a pentavalent
arrangement in the transition state would appear highly unlikely,
this would leave the outer-sphere electron-transfer reaction as

the only viable pathway for this species. In keeping with this
interpretation is the finding that the cation Ip" with its easily
accessible coordination site is a rather potent electron donor in
spite of its relatively high oxidation potential (see Table3Fy

Computational Studies.On the basis of the above experi-
mental results, we turned our attention toward insights into the
reaction mechanism on a molecular level. We studied the
complexation of a number of epoxides byl (5a) and its
dimer 6Bb), the activation and reaction energies of ring opening,
and the structures of all pertinent intermediates, transition states,
and products by density functional theory (DFT) calculations
with the BP functional and a TZVP basis $&T his pure density
functional is suited for the description of reactions of transition
metal compounds and has been successfully used in the literature
for chemically similar system®.0One must be aware, however,
that the absolute barriers of radical reactions predicted by this
method are usually too lo#. Since we are mainly interested
in the comparison of reactivities of various epoxides, this
systematic error seems acceptable and does not affect the
conclusions of our work.

(23) Negishi, E.-i.Chem. Eur. J1999 5, 411—420.

(24) Clearfield, A.; Warner, D. K.; Saldarriaga-Molina, C. H.; Ropal G&n.

| J. Chem.1975 53, 1622-1629.

(25) Technical details of computation: All DFT calculations were performed
with the TURBOMOLE program package (see 25a). The geometries and
energies were obtained with the BP functional (see 25b,c) and a polarized
valence tripleg basis set (TZVP) (see 25d) using unrestricted wavefunctions.
Spin densities for the TS were calculated using the Mulliken population
analysis scheme. (AJURBOMOLE 5.6 Ahlrichs, R.; et al. Universita
Karlsruhe, 2003. For the complete citation, see the Supporting Information.
(b) Becke, A. D.Phys. Re. B 1988 38, 3098-3100. (c) Perdew, J. P.
Phys. Re. B 1986 33, 8822-8824. (d) Schier, A.; Huber, C.; Ahlrichs,

R. J. Chem. Phys1994 100, 5829-5835.

(26) (a) Abashkin, Y. G.; Collins, J. R.; Burt, S. Knorg. Chem.2001, 40,
4040-4048. (b) Jacobsen, H.; Cavallo,Qrganometallic2006 25, 177—

183.

(27) For an example see: Hemelsoet, K.; Moran, D.; Van Speybroeck, V.;
Waroquier, M.; Radom, LJ. Phys. Chem. 2006 110, 8942-8951.
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Binding of the Epoxides by Titanocene(lll) Complexes.
Binding of the epoxideg¥—11, that serve as simplified sur-
rogates for the preparatively employed substrategatovas
studied first. These complexes are relatively easy to describe
computationally, they are involved in epoxide opening, and they
provide a valuable model for higher substituted titanocenes. The
binding enthalpies o7—11 relative to those of th&a*THF
complex are summarized in Scheme 5.

Scheme 5. Epoxides Investigated Computationally and Their
Complexation Energies by Cp,TiCl (5a) Relative to Those of THF

0] 0] o]
AN A\ /u\
7 8 9
2.1 -2.2 2.3
0 o)

A A

10 11
+2.2 +0.4 0.0

Replacement of THF frorba by 7—9 is thermodynamically
favorable. This is in line with the experimental observation that
mono and cis-1,2-disubstituted epoxides react swiftly with
titanocene complexes in THF. However, this situation changes
markedly for10 and 11. In both cases THF replacement is
thermodynamically disfavored. These epoxides are nevertheles
rapidly opened bya, and hence both epoxide and THF binding
must be considered reversible and fast. The 1,1-disubstitution
pattern of10 and 11 constitutes the reason for this difference
as can be inferred from the structures of theig 0@l complexes
that are shown in Figure 5.

The hydrogen atom at the substituted carbon of the epoxide
in 8 cannot be replaced with a methyl group without causing
geometrical changes in the binding of the epoxide. A rotation
by 9C° is necessary to enable the less favorable binding.

Figure 5. Structure (BP86/TZVP) of thBa complexes oB (top) and10
(bottom). Distances in angstrom.
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Table 3. Activation and Reaction Energies of the Epoxide
Complexes 5a*7—5a*11 in kcal mol~1

Product AE AE' Substrate AE' AE Product
CICp.TiO
-4.1 8.7 5a*7 - - -
7a
cicp,Tio, OTiCp,Cl
\_\ -40 8.2 5a*8 94 -1.8
8a 8b
cicp, T,
)\ 18 88 s - - -
9a
CiCp,TiO OTiCp,Cl
M. 85 70 Sa*10 90 -13
10a 10b
CICp,TiQ OTiCp,Cl
-49 87 Sa*11 103 +0.7

11b

Interestingly, however, the FO bond is slightly longer iba*8
than in5a*10.

These differences in the geometry and energy of substrate
binding are general. As foba, binding of 10 by Zn—3 is
energetically disfavored compared to that -8 or (S-8. At
the same timé&Ois rotated by 99compared to both enantiomers
of 8. These complexation studies provide important quantitative
and qualitative insights into the initiation of epoxide opening
mediated by C#TiCl or substituted titanocenes. The properties
of the other predominant species in solution{T¢I), are even
more relevant to most synthetic applications.

As expected, the calculations with the closed structure of(Cp
TiCl),, that possesses no vacant coordination site, did not
provide a stable complex witt8. However, the already
mentioned half-open structuB was found to readily form a
complex with8. In this complex, the second €RCI unit is
pointing away from the other titanocene and the chlorine atom
of the second GTiCl unit has no contact with the first Ti center.
Thus, the complexes oba and 5b with 8 are structurally
surprisingly similar in the vicinity of8. This is also the case
for the complex ofL0 with 5b. The epoxide is rotated by 90
exactly as in the complex witBa.

Discussion of the Energies of Activation and the Transition
Structures. We turned our attention to studying the key step
of the overall reaction, the epoxide opening through the
homolytic substitution reaction, next. For the same reasons as
above, the reactions of the &pCl complexes of7—11 were
studied first. The activation energies of ring opening;*, are
summarized in Table 3. They are in the range of-7.0.3 kcal
mol~! and indicate that radical generation should be facile at
room temperature, in agreement with the experimental results.
Formation of the higher substituted radicals is kinetically
favored.

In the transition structures the spin density on the evolving
radical center is typically lower (approximately 0.3) than on
titanium (approximately 0.7). Thus, radical stability is most
likely not the only contribution to the control of regioselectivity
of epoxide opening. As the other important factor, we suggest
steric interactions between the epoxide and the cyclopentadienyl
ligands. This will be especially relevant when two radicals with
the same substitution pattern or radicals with relatively low
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TS11a TS11b
Figure 6. Transition structures of the opening &@and11.

Scheme 6. Transition Structures, Activation, and Reaction
> ¢ : - >~ Energies of the Opening of 8 by 5b
secondary and tertiary radicals, are formed during ring opening. .

stability differences, such as primary and secondary radicals or

Inspection of the transition structures of the openingafs, ~TiCpCl G T',_CflTiszo' _ TiCpCl

TS8aand TS8b, that are shown in Figure 6 as representative cey—c P2 Crfj—C
. o} . . o}

examples, and of the opening 6&8*11, TS1laand TS11lb ¥’\ i ﬁ\ o1 ’ﬁ
provides substantiation for this hypothesis.Ti&8a relatively 12a 5b*8 12b
close contacts between the cyclopentadienyl ligandBamere AE = 6.4 keal mol AE =46 keal mol!
observed. Both kk and Hiansare placed at a distance of 2.39 AE*= 6 3 keal mol! AE* = 7.5 keal mol”!
A (and the CH group at more than 2.9 A) from the cyclopen-
tadiene. INTS8b H¢is is placed at 2.40 A from the ligand and
the CH; group at only 2.30 A. Thus, in addition to the stability
difference of the forming radicals, the larger €group gets The activation energies for the opening Bb*8 were
into closer contact with the ligand during the less favored .giculated to be 6.3 kcal nidl for the formation of12a and
opening to the primary radical. 7.5 kcal mot™ for the formation ofl2b. Both values are about

A similar situation arises in the opening bf. In TS11laonly 2 kcal mof* lower than for the corresponding compléa*8.

the hydrogen atom and the methyl group attached to the Even though the calculations do not include solvent effects, they
secondary carbon are positioned at a close distance to the ligandpredict a substantially higher reactivity of tab-derived epoxide
(2.23 and 2.35 A), whereas iiS11ball three methyl groups  complexes exactly as observed experimentally. This can be
are in close contact to the cyclopentadienyl ligands. As in the explained by a larger stabilization of the strongly Lewis acidic
case ofTS8a TS1lais therefore electronically and sterically  half-open dimer through the developing charge in the transition
favored. The stability difference of the transition structures due structure. InTS12aand TS12bthe Cl of the second GpiCl

to the steric differentiation should be increased even further, group is pointing away from the epoxide that is being opened
when the cyclopentadienyl ligands contain properly positioned as shown in Figure 7. As a consequence the geometries of the
bulky alkyl substituents. Support for this hypothesis and its transition structures’ half-open epoxide complexes are very
applications in stereoselective catalysis is presented in thesimilar to TS8aand TS8h.

context of the experimental results. This is also reflected in identical stability differences between
These findings are highly pertinent for the discussion of the TS12aand TS12b and TS8a and TS8b, respectively. In the
reactions of substituted titanocenes. Howeverlfand the Cp- case of an irreversible epoxide opening identical regioselec-

TiCl-derived catalysts, that are most frequently used in synthetic tivities are expected foba and 5b. Therefore, the CFiCl-
applications reactions of epoxide, complexes of the highly Lewis derived transition structures, that are much easier to calculate,
acidic dimers may constitute the prevalent (depending on the can be used as excellent models for the computationally more
exact concentrations employed) and more reactive species indemanding (CgriCl),-derived structures.

solution. Our calculations for the compl&k*8 are summarized The reliability of the computational results can be qualitatively
in Scheme 6. estimated by comparing predicted and experimentally deter-
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TS12a TS12b

Figure 7. Transition structures (BP86/TZVP) of the openingofith 5b. Distances in angstrom. (FiCl distances in angstrom are the followinigS12a
Til—CI1 2.558, Ti2-CI1 2.699, Ti2-ClI2 2.454, Tit-CI2 4.313.TS12h Til—CI1 2.553, Ti2-Cl1 2.687, Ti2-CI2 2.454, Tit-CI2 4.317.)

Scheme 7. Computed and Observed Regioselectivity of an Irreversible Opening of Various Epoxides

Computed Found
*
TiCreCl CICp,Ti OTICp,Cl
8 . P2 'R_’\ + 0_< P2 88: 12, see Scheme 9
5a*8 8a 8b
. 88 : 12
iCp,Cl
CT, ciCp,TiO, . TiCp,Cl /\5@
AL TR .
5a*1 10a 10b
. 97 : 3 > 97 : <3, Refs. 2d, 3b
iCp,Cl
(T) 2 cicp,Tio, . OTiCoCl 0
— A
éﬁ? 11a 11b
95 : 5 > 97 <3, Refs. 2d, 3b

mined relative values of the regioselectivity of epoxide opening. of the looser structure ol0Oa releases some of the energy
For an irreversible ring opening reaction the calculations predict associated with the less favorable complexation5at10.
ratios of 88:12 for8a and8b, 97:3 for 10aand 10b, and 95:5 Another strong indication of the pertinence of steric effects is
for 11aand11bat 25°C as shown in Scheme 7. In the case of obtained from the energy of ring opening @fEven though a
a swift radical trapping the same ratios are expected in the final secondary radical is formed as in the case&,athe energy of
products, also. ring opening is higher by about 2 kcal mél This is due to
Discussion of the Reaction Energies of Ring Openingven relatively strong interactions of the additional methyl group with
though the kinetic measurements suggest that epoxide openinghe cyclopentadienyl ligands.
is kinetically controlled, analysis of the reaction energies of ring ~ For the dimer5b the opening 0B was investigated compu-
opening provides additional and essential insight into important tationally (Scheme 6). The reaction energies of ring opening to
features of this process. Epoxide opening is exothermic, and12aand12b are —6.4 and—4.6 kcal mot?, respectively, and
the formation of the higher substituted radicals is thermody- thus about 3 kcal mof more favorable than foa*8. This
namically favored in all cases investigated as summarized abovecan be explained by a higher stabilization of the more Lewis
in Table 3. acidic dimer through the negatively charged oxygen. The
Quite surprisingly, the differences in the reaction energies Stability differences betweetPaand12bare only slightly lower
of a number ofg-titanoxy radicals do not correlate with the than for8aand8b.
stability differences of related free alkyl radicals based on bond ~An important mechanistic perspective arises from the low
dissociation energies (BDE§.For example,7a and 8a are energy of activation and low energy of formation of the primary
formed with about the same reaction energ¥(~ —4.0 kcal radicals8b and10b and the secondary radicdlg, 9a, and11b.
mol~1) from their CpTiCl complexes, even though secondary The ring closure of thesg-metaloxy radicals to the initial
radicals are more stable than primary radicals by approximately titanocene epoxide complexes should become possible in the
3 kcal mol based on their BDE. This must be caused by steric -
(28) See for example: (a) McMillen, D. F.; Golden, D. Mnnu. Re. Phys.

interactions with the cyclopentadienyl ligandde, which fully Chem.1982 32, 493 532. (b) Richardt. C.; Beckhaus, H.-Diop. Curr.

counterbalances the radical’s increased stability. A similar trend gheTélg%SgalS& 3:52127. ((cg)Bé)rd\AI/(ell,JF.JG.;B Zhsrr:g, X'hMADCC'BChim"th
T . . . es. 2 . rocks, J. J.; beckhaus, H.-D.; Beckwitn,
of product stability is observed in the generation of the radicals A. L. J.; Richardt, CJ. Org. Chem1998 63, 1935-1943. (e) Blanksby,

10b and11b. S. J.; Ellison, G. BAcc. Chem. Re2003 36, 255-263. (f) Zipse, H.
. . Top. Curr. Chem2006 263 163-189 and references therein. For an
The formation ofl0ais more favorable by 4.5 kcal niol interesting discussion concerning radical stabilization, see: (g) Coote, M.
compared tBa. This is even higher than the typical stability L.; Pross, A.; Radom, LOrg, Lett. 2003 5, 4689-4692. (h) Gronert, S.

. X i . J. Org. Chem2006 71, 1209-1219. (i) Gronert, SJ. Org. Chem2006
difference between a tertiary and a secondary radical. Generation 71, 7045-7048.
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absence of efficient radical traps. As demonstrated below, we Scheme 9. Selectivities in the Opening of 13 with the Catalysts
have indeed been able to obtain the very first experimental €P2T/Cl2 and 1-2

evidence for this hypothesis of a reversible epoxide opening. nc10H21/\/OH

In general, the reaction energies of ring opening are surpris- 10 mol% cat. 14a
ingly low when considering the release of the oxirane’s ring nCioHz1 nyjvtefoi'::ni'x OH
strain and the formation of the strong titanittoxygen bond. 13 P
We suggest that the difference in stability between the titanium- MC1oHzi 1ab
centered and carbon-centered radical is responsible for these .
low values. Apparently, the high stability of the metal-centered cat. = Op2TiCl, 525 82162 :b'“;)
radical almost compensates the loss of ring strain and the cat. =2 11% (95: 5, ab)
favorable formation of the titaniumoxygen bond.

This suggests that cleavage of aziridines or even oxetanes, CO,tBu
that are less strained than epoxides, with, 0@l will be OH
difficult, if not impossible. Moreover, it should be feasible to nC1oHzi 15

. ) : . . 0 o a
prepare relatively unstrained rings through a homolytic substitu- nC10H21/<I —jRmolt cat..
tion reaction of titanium-oxygen bonds by radicals. This has 13 tertbutyl acrylate QH
indeed been observed by us for tetrahydrofuf4fisas shown nCyoHy 1/'\/\/002“3”
in Scheme 8, and later by others, a#8° The energy of 15b
formation of thecis-bicyclo[3.3.0] system was calculated to be cat. = Cp,TiCh  73% (9010, a:b)
exothermic by about 12 kcal mdi. cat. =1 87% (93:7, a:b)

cat. =2 56% (88:12, a:b)

Scheme 8. Tetrahydrofuran Formation via Homolytic Substitution

o TicpL! R obtained from the reactions involvingrt-butyl acrylate suggests
- C;\a + CppTiCl AE=-12.2 keal mol! that even under the catalytic conditions epoxide opening
. constitutes the slowest step of the overall reaction. Thus,
reductive trapping of the enoyl radical generated through
This ring closure is mechanistically related to the alkoxylation addition to the acrylate, that is favored by polar effects, seems
of Mn—0 and CrO bonds via radicals that is discussed as to be substantially faster than the disfavored polymerization of
one of the key steps of the Mn(salen) and Cr(salen)-catalyzedthe acrylate€®3" Note that collidine hydrochloride serves as
epoxidationd? It is even reminiscent of the postulated oxygen proton donor to liberate the Ti(IV) species from the ionic
rebound step of the P450 enzymes for the hydroxylation of products formed.
radicals!? The substituted catalystresulted in a slightly but noticeably
The titanocene-catalyzed reductive epoxide opening consti- higher selectivity of ring opening as expected if selectivity is
tutes the microscopic reversal of the ring-forming step of the influenced by steric factors in the transition states. However,
epoxidations. Thus, in homolytic substitution reactions involving in the y-terpinene case, the isolated yields are too low to be
metat-oxygen bonds a subtle interplay between the stability synthetically useful. Catalys? performs distinctly worse as

of the metal- and carbon-centered radicals, the meteygen already suggested by the kinetic experiments. Clearly, tertiary
bond strength, and the size of the rings formed or broken is alkyl substitution is not suitable for an improved performance
operating. of the catalytic reaction.

Synthetic Studies.The electrochemical, kinetic, and com- A more powerful approach to the understanding of the

putational investigations have provided a wealth of useful importance of steric effects in the ring opening of epoxides is
mechanistic information and predictions about the outcome of constituted by the reaction of enantiomerically pure substrates
epoxide opening. In the following sections we describe our and catalysts. In these cases, diastereomeric epoxide titanocene
efforts aimed at verifying these predictions, at understanding complexes are formed that may display differing reactivity
and designing stereoselective reactions of enantiomerically pureprofiles. In this respect, ring opening oR)13 with both
catalysts with enantiomerically pure substrates, and at the enantiomers of Zn3 in the presence of-terpinene ortert-
development of the first reversible epoxide openings. To confirm pytyl acrylate leads to instructive results. Matched and mis-
the predicted regioselectivities, the reactiond§fa nonvolatile matched cases of regioselectivity were observed as expected

substitute oB, were carried out with GFiCl>, 1, and2, using for an irreversible course of the reactions as shown in Scheme
the hydrogen atom dongrterpinene as reducing agenttert- 10. Gratifyingly, in the matched cases complete selectivity of
butyl acrylate as radical trap as shown in Scheme 9. epoxide opening was combined with higher vyields of the

The regioselectivities observed with £iClI are in excellent products.

agreement with the predicted values and independent of the ap, interesting outcome was observed for the mismatched
reducing/trapping agent. Thus, our mechanistic proposal of an cases. The ratio of primary to secondary alcohols in the products
irreversible ring opening obtained from the kinetic studies is depended noticeably and reproducibly on the radical trap
strongly supported for the GPiClo-derived catalysts. The  employed. We suggest that a closure of the intermediate primary
observation that no substantial amounts of polymers were ragical is faster than its trapping, and thus epoxide opening of
(29) (@) Trost, B. M.; Shen, H. C.. Surivet, J&ngew. Chem., Int, €003 13to .the primary radical begomes revgrsible. The approaph of
42,3943-3947. (b) Trost, B. M.; Shen, H. C.; Surivet, J.J2 Am. Chem. trapping agents such asterpinene is hindered as the radical
Soc. 2004 126 12565-12579. (¢) Leca, D.; Song, K. Albert, M. center js positioned in the sterically blocked environment of

Goanalves, M. G.; Fensterbank, L.; Laep E.; Malacria, M.Synthesis ; 8 ) ) N
2005 1405-1420. the catalyst’'s pocket. Considering that the ring opening of
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Scheme 10. Matched and Mismatched Selectivity in the Opening
of (R)-13 by 3 and ent-3

OH
NCigHa” >~

10 mol% cat. 14a

Zn, Coll*HCl,
y-terpinene

<

(R)13

nCqoHz1 OH

nCqoHas
14b

cat. =3
cat. = ent-3

57% (99: 1, a:b)
29% (47:53, a:b)
10 mol% cat.

/Ccoztsu
OH
nCqoHaq

/<(‘) 15a
AC10Ha21 Mn, Coll*HClI,

OH
R)-13 tert-butyl acrylate
Ry N ~_coytau
nCygHaq
15b

cat. =3
cat. = ent-3

61% (99:1, ab)
27% (67:33, a:b)
10 mol% cat.,

/CCONMeZ
OH
nCqoHaq

16a
Mn, Coll*HCI,

P ; OH
N,N-dimethyl acrylamide
CONMe:
nC10H21/'\/\/ 2
6b

O

nCqoHzq
R-13
1

cat. =3
cat. = ent-3

46% (99:1, a:b)
25% (77:23, a:b)

monosubstituted epoxides to primary radicals is only just
thermodynamically favorable and the activation energies of ring
opening are low (Table 3), this ring closure should not constitute
a problem thermodynamically or kinetically.

While these mismatched cases of ring opening provide the

Scheme 11. Enantioselective Opening of meso-Epoxide 17 with 3
and Structure of Zn—3*17
10 mol% 3, OH
Zn, Coll*HCI,
EtO OEt 76%
17 19
(S):(R)=97:3

Zn-3*17

group and the ligand during the preferred formation®f19.
Thus, the experimentally observed formation®Ff19is readily
explained by our simple model of minimizing steric interactions.
Finally, we investigated the cis-1,2-disubstituted epoxifie
with two substituents displaying distinctly differing steric bulk.
This was done primarily with the goal of understanding the
interactions of the sterically demanding cyclohexyl group with

first reliable hints for a reversible epoxide opening, the analysis the ligands of Zr-3. An additional point of interest, that is also

of the results is somewhat complicated by the presence of both
electronic and steric effects on the regioselectivity of the overall
transformation. To exclude the influence of electronic contribu-
tions on the regioselectivity and reversibility of ring opening,
we investigated the reactions of two cis-1,2-disubstituted
epoxides, denoted meso-epoxidéand18, featuring a smaller
and a large substituent.

Meso-epoxides constitute the easiest starting point for a study
of the steric control of ring opening. Both substituents of the
epoxide are identical, and the reactions are not complicated by
kinetic resolutions. An example of our highly enantioselective
opening of meso-epoxidé7 is shown in Scheme 11 together
with the epoxide catalyst complex Z8*17.3di

The highly enantioselective preparation I amply dem-
onstrates the validity of our concept of steric control in the
absence of an electronic preference for ring opening. A
qualitative explanation for the high selectivity can be derived
by a correlation between the substrate titanocene complex Zn
3*17 and the transition structures as already carried out above
for TS8a and TS8h. Breaking of the left-hand €0 bond in
Zn—3*17 results in an increased and energetically unfavorable
interaction of the right-hand C®CH,CHs; group with the
ligand compared to the complex. In this manrigr-19 will be
formed after reduction and protonation.

Breaking of the right-hand €0 results in a diminishing of
the steric interactions between the right-hand,OBH,CH3

1370 J. AM. CHEM. SOC. = VOL. 129, NO. 5, 2007

shown in Scheme 12, arises from the bulky substituerit8of
Due to this shielding reactions of the radical with sterically
demanding radical traps may become particularly slow. There-

fore epoxide opening could become reversible.

Scheme 12. Issues of Reactivity in the Opening of 18 ([Ti] =
Cp2TiCl or Zn—3)

o]

OO

18

[T

attack unhindered

N

attack hindered

s

miq i

18a 18b

The results of our investigations with ¢€pCl, and 3 as
catalysts and CHD and the commercially availapierpinene
as hydrogen atom donors are summarized in Scheme 13. With

the combination of C4TiCl, and CHD the observed regiose-

lectivity (4.7:1 in favor o0f20) is in line with a minimization of

the interactions of the cyclopentadienyl ligand with the cyclo-

hexyl group. However, matters are more complicated as the
regioselectivity markedly depends on the hydrogen atom donor
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Scheme 13.  Opening of 18 by Cp.TiCl and 3 to be strongly affected by the exact steric conditions. The kinetic
o) HO OH measurements strongly suggest an irreversible epoxide opening
10 mol% cat in the presence of efficient radical traps. These results were used
conditions as the experimental basis for the calculation of the structure
and energy of the titanocene(Hgpoxide complexes, the
18 20 21 . ; ;
transition states of ring opening, and the prodgditanoxy

s U 4 10 radicals. For steric reasons 1,1-di- and higher substituted
CHD epoxides bind differently than mono- and 1,2-disubstituted
cat= CpgTiCly epoxides. The transition structures and activation energies
zn, 1.5 Coll*HC|, 37 23 suggest that both the stability differences of the forming radicals
Tterpinene and steric interactions between the catalysts’ ligands and the
substrate are essential in controlling the regioselectivity of ring
gat=3, opening. The rel fth tational study is highlighted
Zn, 15 Coll*HCl, 82 “ pening. The relevance of the computational study is highlighted
Y-terpinene ee<10 by the excellent agreement between the predicted and experi-
i ) ) . mentally observed regioselectivities.
employed. With the sterically more demandipgerpinené? The use of Kagan's cataly8t3in the opening of monosub-

the ratio of20to 21 was reduced to 1.6:1. The sterically hindered  gjjtyted and cis-1,2-disubstituted epoxides has led to highly

radical 18ais reduced slower thah8b by the latter H atom  sgjective and preparatively useful epoxide openings on several
donor. These findings exclude an irreversible ring opening in gccasions that can be readily rationalized with our steric model
this s.pecific situation and strongly support a reversible epoxide ¢ controlling the regioselectivity of ring opening. In the
opening. o . mismatched cases the first examples of reversible epoxide
However, thl_S_ situation changes completely with cataByst openings were observed. With cis-1,2-disubstituted epoxides
Under all condition20 was obtained as the sole product of an - containing one bulky and one small substituent the course of
irrever_sible epoxide opening. Alcoh®0 was obtained in_ almost  the epoxide opening depends on the catalyst employed. Our
racemic form (e.r.< 60:40). Thus3 does not constitute an  regyits provide a unique link between the mechanism of the
efficient catalyst for the resolution of cis-1,2-disubstituted tjtanocene-mediated epoxide opening and that of epoxidation
epoxides. Moreover, the steric interactions of either enantiomer (g actions featuring-metal oxy radical3® and of hydroxylation

of the bulky catalyst with the cyclohexyl group are by far more - reactions featuring €H activation steps by organometallic
important than any other factor including the slow reduction of eagentd or the P450 enzymé2.

the sterically hindered radicéBa Epoxide opening appears to

be irreversible. Thus, it is in principle possible to switch between  Acknowledgment. We are indebted to the Danish Natural
an irreversible and reversible epoxide opening by properly Science Research Council, the Deutsche Forschungsgemein-
adjusting the steric demand of the catalyst, the radical's schaft, and the Fonds der Chemischen Industrie for continuing

substituents, and the trapping reagent. and generous financial support.

Conclusion Supporting Information Available: Details of the cyclic
voltammetric studies, atomic coordinates of all structures, and
experimental procedures. This material is available free of
charge via the Internet at http://pubs.acs.org.

In summary this study has established the structure of a
number of Ti(lll) catalysts in solution and the kinetics of the
titanocene-mediated epoxide reduction. In particular, the dis-
tribution of monomeric and dimeric Ti(lll) species was found JA067054E
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