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Abstract: Density functional results on the{3] cycloaddition of ethylene to various transition metal complexes
MOz and LMGsY (g = —1, 0, 1) with M= Mo, W, Mn, Tc, Re, and Os and various ligands=LCp, CH;,

Cl, and O show that the corresponding activation barrieE$ depend in quadratic fashion on the reaction
energie\E as predicted by Marcus theory. A thermoneutral reaction is characterized by the intrinsic reaction
barrier AE%, of 25.1 kcal/mol. Both ethylene {23] cycloaddition to an oxo complex and the corresponding
homolytic M—O bond dissociation are controlled by the reducibility of the transition metal center. Indeed,
from the easily calculated MO bond dissociation energy of the oxo complex one can predict the reaction
energyAEy and hence, by Marcus theory, the corresponding activation baEérThis allows a systematic
representation of more than 25 barriers of-B cycloaddition reactions that range from 5 to 70 kcal/mol.

1. Introduction by transition metal oxo compounds such as @5Qthe olefin
reacts directly with a &M=0 unit in a [2+3] manner to form

a dioxylat&? (see Scheme 1). The previously suggested2P
pathway®was ruled out, at least for Os(by density functional
(DF) calculations® partly combined with measurements of
kinetic isotope effecté Recently, both pathways were analyzed
for some compounds of the type LRe® 25 Pietsch et at*
compared the [22] and [2+3] pathways by focusing only on
the formation energy of the metallaoxetane and the metalla-
dioxolane intermediate; they contended that the donor

Dihydroxylation of olefins is an important class of oxygen
transfer reactions mediated by transition metal oxo compourds.
Recently, many experimental and theoretical investigations have
focused on mechanistic aspects of this type of reaction.
Theoretical studies of olefin dihydroxylation catalyzed by
complexes of the type LM@L (M = Os, Ru, Mn, Cr) revealed
significant mechanistic detaifs!? In epoxidation reactions, the
metal complex reacts first with an oxygen source to form a

peroxo (e.g., in the system methyltrioxorheniunt@)13-18 or

a hydroperoxo species (in case of titanium and molybdenum

complexes}?—21 which in turn transfers an oxygen atom to the

olefin. In the first step of the dihydroxylation reaction catalyzed
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strength of the ligands L is responsible for the reactivity
differences of this type of complexes. To corroborate these
selection arguments Deubel and FrenRradditionally deter-
mined the reaction barriers of both reactions as well as the
barrier of the rearrangement of the intermediate to the dioxylate.
From their results one notes that for all complexes LREO

= 0O, Cl, Cp) the [2-2] pathway features a higher barrier than
the corresponding [23] pathway; furthermore, barriers of the

' rearrangement reaction, which follows the2] cycloaddition

and leads to the dioxylate, were calculated higher yet. Deubel
and Frenking® rationalized the reactivity differences using a
charge-transfer model and a frontier orbital argument.

With the present DF study we intend to explore the
mechanism of the [23] cycloaddition for a wide variety of
transition metal oxo complexes (see Scheme 1). We will
compare reaction energies, activation barriers, and transition
state geometries with the aim of identifying molecular properties
that determine the reactivity of these complexes. We will
proceed in two steps. First, with the help of Marcus theéry,
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Scheme 1.[2+3] Cycloaddition
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Scheme 2.M = O Bond Dissociation Table 1. Characteristics of Various Transition Metal Oxo
L o L Complexesl LMOz% and MQ® (g = —1, 0, 1) with M= Mo, W,
AN // AN Mn, Tc, Re, and Os and & Cp, CH;, Cl, and O as Reactants of
M M + o) the [2+3] Cycloaddition of Ethylene: Reaction Energid&, of the
O// \\ //\§ Formation of the Metalladioxolan2 LMO(O,C;H,4), and
0o o o MO(O,C;H,), the Corresponding Activation Barrierse*, M—O
1 3 Bond Dissociation Energies BDE df(energies in kcal/mol), EO

Distancedd (in A) of the Transition States (f) and the Produgts

. . . . and Mulliken Chargesjv (in e) of the Metal Centers ¢ and of
we will obtain a compact presentation of the computational he Fragments, LMO,, and MG

results for about 25 systems that entails a relationship between

the reaction energies on one hand and the activation barriers as ABp AE' BDE & d2) @
well as the transition state structures on the other. Then we will €HMnG;  —34.3 89 100.1 2.087 1.430 094 0.82
demonstrate that the reaction energies of the systems studieo'(\:'Ino4 ~475 82 836 2083 1408 089 067
. . - . pTcG —389 55 848 2150 1.427 098 0.86
correlate very well with the MO bond dissociation energles CHsTcOs 0.7 23.7 131.3 1935 1.443 1.18 1.04
(BDE) of the reactants (see Scheme 2). ClITcO; —17.7 115 1183 2.033 1.441 1.18 1.06
TcOs~ 15 273 1230 1989 1418 1.11 0.82
2. Systems and Methods CpReQ? —-134 171 104.1 1970 1.415 1.05 091
a

We have carried out DF calculatidi®n the [2+3] cycloaddition g::gsé? igg ggg iggg iggg 1321 12(7) iig
of ethylene to various transition metal oxo compoundssDd LMOs ReQ @ 26.0 40.2 1331 1.801 1.424 121 0.92
(g = -1, 0, 1) with M= Mo, W, Mn, Tc, Re, and Os for different CpMoOs™ 66 34.2 133.0 1834 1.408 1.02 0.71
ligands L= Cp, CH;, CI, and O (see Table 1). The charge on the CH;Mo0O;~ 40.1 54.1 1645 1.740 1.417 0.95 0.59
complexes LMQ@ 1 was chosen such that the systems are isoelectronic CIMoOs;~ 30.2 451 1531 1.781 1421 103 0.71
to OsQ; the chargeg on the fragments M@ was varied to mimic the CpWGOs™ 240 470 1449 1774 1411 106 0.69
effect of various ligands L on the effective charge of that moiety. In  CHsWOs~ 63.2 69.6 1754 1667 1424 0.88 0.61
light of previous resul§ we refrained from studying the formation of ~ CIWOs~ 559 615 1624 1.689 1433 095 0.63
the diol from the metalladioxolan@ or the [2+2] pathway. As OsQ B —181 12.0 1085 2126 1446 149 161
motivation for our selection of systems, we briefly review the role of Mnoi 84 369 146.0 185 1411 051 012
such compounds in the oxidation chemistry of olefins. Tc0s 320 527 1730 1774 1406 058 015
The oxo complexes of group VII (Mn, Tc, and Re) are of great TCO3+ b :14'7 22.4 1461 1964 1429 108 088

. . . S ; . TcOs 74.9 105.5 1448 143 1.45
interest for their propensity toward epoxidation and dihydroxylation. ReQ, 685 725 185.1 1.692 1.423 053 0.22
MnQO, is commonly used as a dihydroxylating agémthile the system ReQ, 149 373 1575 1.851 1.454 111 0.89

CHsReQy/H,0; is known to be an efficient epoxidation catalystst® ReQ;" b —45.3 122.3 1487 1.48 1.48
With regard to these two oxidation types of reactions, Tc takes a place MoO;~ 336 56.0 165.8 1.757 1.413 061 0.10
in betweer?® Electronic and structural properties of MhTc, and MoOs —8.9 246 1438 1933 1436 1.11 0381
WO3 1.6 37.2 1368 1.849 1465 1.00 0.76
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single-point fashion with the metal basis set partly decontracted and

augmented by oneexponent. For related reactions, thermodynamic effects ) ) )

turned out to be of minor importance; since the present work aims at a R€*®*2 compounds have previously been analyzed in various DF

comparative analysis, we refrained from applying correction terms, e.g for studies. Differences in reactivity between analogous Tc and Re oxo

zero-point energies. o ) ) compounds have been attributed to relativistic effects on the Lewis
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Figure 1. Schematic representation of a reaction prof(g) along a
generalized reaction coordinatewith the reaction barrieAE* at the
transition statec.

(Scheme 1}7-4° In the present study, the complex @#hOs;, which
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Figure 2. Activation energiesAE* of ethylene [2-3] cycloaddition
to complexes LMQ@ (filled circles) and fragments M@ (q = —1, 0,
1) (empty circles) as a function of the reaction enetdis. Also shown
is the parabola according to Marcus theory (solid line) witl, =

has not been characterized experimentally, was included for comparison7 5 kcal/mol fitted to all data of Table 1 according to eq 1. All energies
with analogous Tc and Re compounds, although it had been predictedipy keal/mol.

to be unstable on the basis of Hartrdeock result$® With the DF
approach employed here, we found the Cp ligand to be bound to the
Mn center iny® and not iny® fashion; therefore, we excluded the
complex from the present systematic comparison.

Besides MTO/HO,, also molybdenum and tungsten peroxo com-
plexes are known to be oxygen transfer catalysts, i.e., they epoxidize
olefins2%2 To the best of our knowledge there are no experimental
studies available which investigate the capability of Mo and W oxo
compounds to undergo a 48] cycloaddition®* Nevertheless, to
broaden our study of [23] cycloaddition by oxo compounds, we also
included Mo and W complexes.

In the following, we will use the Marcus equation, originally derived
for electron-transfer reactiof&to relate the activation barrierse* of
ethylene [2-3] cycloaddition to a complex LM&xto the corresponding
reaction energyAE,. The Marcus approach has been successfully
applied to many chemical reactiot$3also in a generalized multidi-
mensional versioft; but failures have also been reporfé& Most
applications dealt with reactions of organic compounds, also with results
obtained from ab initio calculatior?8:>¢ Marcus theory starts from a
general schematic reaction profile (see Figure 1): two parabolas for
reactants and products along a formal reaction coordingtat ranges

3. Results and Discussion

In Table 1 we present pertinent calculated quantities that
characterize various transition metal oxo complekésviO31
and MO (q = —1, 0, 1) with M= Mo, W, Mn, Tc, Re, and
Os and L= Cp, CH;, CI, and O as reactants of the3]
cycloaddition of ethylene: the reaction energye, of the
formation of the metalladioxolang LMO(O,C;H,4), and MO-
(O2C2H,), the corresponding activation barriek&*, the M—O
bond dissociation energies BDE bfthe C-O distancesl of
the transition states (F) and of the produgtas well as Mulliken
chargesgw of the metal centers d? and of the fragments,
LMO,, and MQ. These data are in good agreement with
previously published resulfs?.2425

The activation barriers of the complexes of Mn, Tc, and Re
exhibit several interesting trends. For a given ligand type L,
the barrier height increases with the atomic number of the metal
center. For M@ (M = Mn, Tc, Re) the barrier heights are

from 0 to 1. Assuming the same parabola curvatures for reactants and8.2, 27.3, and 40.2 kcal/mol, respectively, and for;@®3 they

products, straightforward algebra leads to the desired result:

AE,\?
Eﬁ) @

1

16A
)
4AE}

The intrinsic reaction barrieAE*, the central parameter of Marcus
theory, represents the barrier of a thermoneutral reactidty & 0)

AEF = AE3+%AEO+ AE02=AE§;(1+

+
Es

1

2

T

@)

are 8.9, 23.7, and 38.4 kcal/mol; for CpM@he barriers are
5.5 and 17.1 kcal/mol for M= Tc and Re, respectively. For
each metal center, the barrier heights of the two complexes
MO,~ and CHMOg3; are quite close. For M= Tc and Re,
substitution of the methyl group of GMO3; by a Cp ligand
reduces the barrier significantly, by 18.2 and 21.3 kcal/mol,
respectively. For the complexes LMO(M = Mo and W) the
change of the barriers due to the corresponding (formal) ligand
replacement is similar in size, but all barriers are quite a bit
larger than their Tc and Re analogues. For @s@e find a

where the transition state is located midway between reactants andrather small barrier, in agreement with previous investigatiohs.

products, ak* = /,. According to the Marcus equation, endothermic
reactions AE, > 0) feature larger barrierd€* > AE¥) and exothermic
reactions feature smaller barrietsB* < AE%) (Figure 1).
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In Figure 2 we show for the complexes LMOand MQs?
studied how the activation energid&* of the [2+3] cycload-
dition of ethylene depend on the reaction enerdi€s. From
a least-squares fit of the data for the ligated complexes to eq 1,
one derives an intrinsic reaction barri®E*, of 25.1 kcal/mol
(Figure 2), with a mean absolute deviation of 3.2 kcal/mol. This
barrier value is close to the calculated barrier height os-CH
TcO;s, 23.7 kcal/mol, where the reaction energy is 0.7 kcal/mol
(Table 1). The overall success of the compact representation of
activation energies by the Marcus equation becomes quite
impressive if one takes into account that the barriers span the
wide range from about 5 to 70 kcal/mol. It is important to note
that the ligand-free fragments MO(q = —1, 0, 1) obey
essentially the same relationship as the ligated complexes; the
mean absolute deviation from the Marcus estimate based on
the ligated compounds is only 4.3 kcal/mol. A fit over all data
of Table 1 (ligated and fragment compounds) yiefdst, =
27.5 kcal/mol with a mean absolute deviation of 3.9 kcal/mol.
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Figure 3. Location x* of the transition state along the reaction
coordinatex = d(2)/d(C—0) as a function of the formal Marcus
reaction coordinatg* according to eq i(2) is the length of the newly
formed G-0O bond of the metalladioxolarandd(C—0) is the length
of that bond during the reaction.

Figure 4. Reaction energyAE, of ethylene [2-3] cycloaddition to
the precursor complexes LM@filled circles) and fragments M (q
=—1, 0, 1) (empty circles) as a function of the-ND bond dissociation
energy (BDE) of these precursats Energies in kcal/mol.

therefore, stronger donors L are expected to result in weaker

These findings strongly suggest that the ligand L affects the Re—0 ponds. By varying the charge of the fragment Re@
barrier of ethylene [23] addition to LMQ; essentially by a =1, 0, —1) we are able to model the effect of the ligand L on
modulation of the charge of active M@see below}® the charge of the Refnoiety, illustrating the effect. The ReD

The formal reaction coordinateof Marcus theory is noteasy  phonds elongate along the series, with 1.690, 1.712, and 1.737
to identify. Nevertheless, it is often useful to order the structures A for q=1, 0,—1, respectively. However, the R© BDEs of
of the various transition states. For this purpose, one may ReQg exhibit the opposite trend, 122.3, 157.5, and 185.1 kcal/
selected the ratiot of the C-O distancesd of the product2 mol, respectively (longer but stronger bonds, see Table 1).
and of any intermediate structures, = d(2)/d(C—O). This  Therefore, a second counteracting factor has to be at work,
definition of the reaction coordinate exhibits the proper asymp- namely the difference in electron affinities (EA) of the moieties
totic valuesx = 0 for the reactants and = 1 for the products. ReQ and Re@:3 the larger fragment Re@s able to stabilize
For this approximation of the reaction coordinate, it seems zqgitional charge better than the smaller moiety R¢BA:
natural to associate the parabola of the reactant section of there,* 10.8 eV, Re@" 9.2 eV, ReQ 3.6 eV, ReQ 2.4 eVv).
reaction profile (Figure 1) with the MO stretching mode, while  yjtimately, LReQ compounds with a higher electron density
the product section may be related to the@stretching mode  on the metal fragment Re@due to the bettes donor L) have
in the corresponding metalladioxolane. Given the success of sironger Re-O bonds.
Marcus theory for the present set of reactions (Figure 2), one  Both reactions, the addition of an olefin to a LM®oiety
may well wonder how closely the underlying assumption holds (Scheme 1) and the abstraction of an oxygen atom from the
that both parabolic sections of the reaction profile exhibit the | MO, moiety (Scheme 2), feature a formal two-electron
same curvature (see eq 1). As an example, we mention that thgeduction of the metal center. Therefore, one expects a similar
symmetric (861 cm') and asymmetric (980 cm) C—-O behavior of the corresponding reaction energi€s and M—O
stretching modes of the dioxylate complex derived fromsCH  pond dissociation energies BDE (see Figure 4). Both groups,
ReQ; are characterized by force constants of 8.2 and 9.1 mdyne/jigated complexes LM@ and ligand-free species M)
A, respectively. The average force constant, 8.7 mdyne/A, is separately exhibit linear trends: complexes with higher®
indeed quite close to the force constant values of theM  BDE show less exothermic or even endothermic reaction
stretching modes of CiReQ;, 8.9 mdyne/A, with frequencies  energies of the [23] cycloaddition. The reaction energiag,
of 993 cmt. Moreover, Figure 3 demonstrates that the location cover substantial ranges (Table 1), frerd7.5 | (MnQy™) to
of the transition states'* = d(2)/d*(C—0), varies linearly with  63.2 kcal/mol (CHWOs") for the ligated complexes LM$
the quantityx* as given by eq 2 and thus on the reaction energy and from —74.9 (TcQ*) to 68.5 kcal/mol (Re@) for the
AEy, just as the values' of the formal reaction coordinateof ligand-free fragments M@. The M—O dissociation energies
Marcus theory do. However, for a thermoneutral reactich,  exhibit similarly strong variations, between 83.6 and 175.4 kcal/
does not acquire the valdg of x*. For practical purposes, e.g.  mol for the ligated complexes and between 105.5 and 185.1
for estimating the location of transition structures} is a kcal/mol for the fragments (Table 1). For a specific ligand L,
convenient measure. the M—O BDE of LMOs increases with the atomic number of

Thus far, we have shown that Marcus theory provides a the metal center along the series Mn, Tc, Re (Table 1).
convenient compact representation of the energetics of theConcomitantly, the charge separation of the-® bond also
ethylene [2+3] cycloaddition to a large class of transition metal increases, rendering the bond increasingly more ionic. For
oxo complexes LM@. Now, we proceed to an analysis of this instance, the MO BDE values of CHMO3 are 100.1, 131.3,

relationship. and 148.4 kcal/mol for M= Mn, Tc, and Re, respectively, while
Previously we have fourf@ithat the Re-O bond strength in the corresponding MO charge differences are 1.14, 2.19, and

various complexes LRe(s affected by two factors: (i) the 2.63 e.

donor-acceptor interaction between moieties and Re@" The fragment Re@ has a lower M-O BDE than the more

as measured by the corresponding frontier orbital energy gapelectron rich fragments Re@nd Re@ . The same trend holds
and (ii) the difference of the capabilities of the reactants LiReO for the series Tcg), with the Tc-O dissociation energies shifted

1 and the products LReB (Scheme 2) to stabilize electron to lower energies by 1217 kcal/mol. This reflects the fact that
charge density on the metal center. Interestingly, the first factor the smaller fragments Te@feature lower electron affinities
alone fails to provide a rationalization of the ordering of BDEs than the corresponding species Re(EA: TcOs™ 10.6 eV,
among the various complex&sThe o accepting orbital of the ~ TcO,™ 8.9 eV; TcQ 3.2 eV, TcQ 2.0 eV; see above).
fragment Re@that interacts with the pertinentorbital of the To put the analogy of the two reduction reactions (Schemes
donor L is & antibonding with respect to the R® bond; 1 and 2) on a more quantitative footing, we compare the partial
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Figure 5. Correlation between the Mulliken charges (in e) of the metal
centers of the dioxofragment8, LMO,, and MQ¥4, and of the
metalladioxolane intermediat@s LMO(O,C;Hs), and MO(QC,H4)®.
Data for systems with and without a ligand L are indicated by filled
and empty circles, respectively.

charges of the metal centers of the products of both reactons
and3 (Table 1). Inspection of Figure 5 shows that the Mulliken
charges on the metal centers of LMQ@H,4) 2 and LMO, 3
exhibit a satisfactorily linear correlation, indicating a similarity
of the configurations of the metal centers of both product
complexe and3. Comparison of the metal charggg(2) of
LMO3% and MQ9 to gu(3) of LMO24 and MG shows that the
metal centers of the smaller fragments feature smaller positive
partial charges. Thus, MO bonds of the systems LM®are
more polarized, exhibiting an increased ionic contribution to
the metal-oxygen interaction.

4. Conclusion

The M—O dissociation energies of the metal oxo complexes
LMO3 1 are easily calculated. Via the approximate linear
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correlation (Figure 5) of these bond energies with the reaction
energies\Ey of the ethylene [2-3] cycloaddition at these metal
complexes (Scheme 1) we are not only able to predict this
reaction energy from the BDE of similar oxo complexes, but
we can also estimate the activation barriAis* of the [2+3]
cycloaddition via the Marcus equation (Figure 2). Complexes
LMO3% (q= —1, 0, 1) with a lower M-O BDE feature a more
exothermic cycloaddition reaction and thus a lower activation
barrier AE*. The relationships discussed hold to a very good
approximation over a broad range of systems L¥@ith M

= Mo, W, Mn, Tc, Re, Os and I= Cp, CH;, ClI, O, also for
different charges. The reason for the correlation betweer-4
BDE and AEp is based on the fact that both reactions are
controlled by the ability of the metal center to be reduced.

The intrinsic reaction barriehE*, of a thermoneutral olefin
[2+3] cycloaddition was found to be quite high: 25.1 kcal/
mol for the ligated complexes and 27.5 kcal/mol for all
compounds studied (i.e. including the ligand-free model sys-
tems). Thus, the experimentally known olefin dihydroxylation
reactions of the complexes OsGnd MnQ~ (with low
calculated barriersNE*) of 12.0 and 8.2 kcal/mol, respectively)
are feasible due to their large exothermicitiad=g) of —18.1
and —47.5 kcal/mol, respectively (Figure 1).
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