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Abstract: The peri-, chemo-, stereo-, and regioselectivity of the addition of the transition-metal oxidgs OsO
and LReQ (L = O, H3PN, Me, Cp) to ketene were systematically investigated using density-functional
methods. While metal-oxide additions éthylenehave recently been reported to follow aH3] mechanism

only, the calculations reveal a strong influence of the

metal on the periselectivity kétieeaddition: OsQ

again prefers a [82] pathway across the=6C moiety whereas, for the rhenium oxides LRe@e [2+2]
barriers are lowest. Furthermore, a divergent chemoselectivity arising from the ligand L was foungt: ReO
and (HPN)ReQ add across the €0 bond while MeRe@and CpRe@favor the addition across the=C

moiety. The calculated energy profile for the MeRetdditions differs from the CpRe@nergy profile by up

to 45 kcal/mol due to the stereoelectronic flexibility of the Cp ligand adopgig?, and;! bonding modes.

The selectivity of the cycloadditions was rationalized by the analysis of dameptor interactions in the
transition states. In contrast, metal-oxide additiondiphenylketen@robably follow a different mechanism:

We give theoretical evidence for a zwitterionic intermediate that is formed by nucleophilic attack at the carbonyl
moiety and undergoes a subsequent cyclization yielding the thermodynamically favored product. This two-
step pathway is in agreement with the results of recent experimental work.

Introduction

The addition of osmium tetraoxide across the© double
bond of olefins yielding a metalla-2,5-dioxolane is the initial
step ofcis-dihydroxylation, one of the most elegant reactions
for a 1,2-functionalization of alkenég. The long-standing
controversy about the mechanism of the reaction of Qs@th

(Scheme 1¥.Elaborated kinetic investigatiohsn the Cp*Re-

O3 addition to olefins and the reverse reacti®were interpreted

in favor of the stepwise mechanism but recent density-functional
(4) (a) Pidun, U.; Boehme, C.; Frenking, &ngew. Chem1996 108

3008;Angew. Chem., Int. Ed. Endl996 35, 2817. (b) Dapprich, S.; Ujaque,

G.; Maseras, F.; LIed A.; Musaev, D. G.; Morokuma, KI. Am. Chem.

Soc.1996 118 11660. (c) Torrent, M.; Deng, L.; Duran, M.; Sola, M.;

olefins has recently been settled by four independent groupsZiegler, T.Organometallics1997 16, 13. (d) Del Monte, A. J.; Haller, J.;

with the help of quantum-chemical methddEhe reaction does
not proceed via an intermediate metalla-2-oxetdnemed in
a [2+2] cycloaddition but follows a concerted{2] pathway

T Theoretical Studies of Organometallic Compounds, 45. Part 44: Chen,
Y.; Hartmann, M.; Frenking, GZ. Anorg. Allg. Chem2001, 627, 985.
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Sarshar, SJ. Am. Chem. Sod.993 115, 3828. (f) Corey, E. J.; Noe, M.
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Norrby, P.-O.; Sharpless, K. Betrahedron Lett1994 35, 7315. (j) Corey,
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Scheme 1.Postulated Mechanisms for the Reaction of @sO
with Olefins
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studie$®12 again gave strong evidence for the concertetB
pathway for the addition of the metal oxides LRe@ = O,
Cl, Cp, and Cp*) to ethylene. For the MO addition to
ethylene, the [3-2] barrier was also predicted to be lowést.
A recent computational stuéf/supports the [22] addition of
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Figure 1. Suggested models for the topology of the transition state
for the [2+2] addition of ethylene to ketene.

[oTts+omta]

functional theory (DFT). We are going to rationalize the
selectivity of the metalla-analogous cycloadditi&nby the
analysis of donoracceptor interactions in the transition states.
Metal-oxide additions to diphenylketene have also been inves-
tigated experimentally®25the calculated results are discussed
with respect to experimental work.

The question whether a{22] addition may be energetically
favored over the [32] addition is not only of academic interest.
Cycloadditions of organic compounds to ketene are widely
applied in the chemical industff;the production capacity of
the heterocumulene is about 340 000 tons per $@avlecha-

SO; to olefins but an analogous reaction for a metal oxide has nistic investigations might open up new methods for an efficient

not yet been reporte.Hence, the objective of this work is to
scrutinize whether there any[2+2] addition of a metal oxide
across a €&C double bond.

One possible search direction is to consider activated double

bonds. Ketenes are predestined for thermaidRadditions of
organic compound® ethylené” and formaldehydé add across
the C=C double bond of the heterocumulene via the-22

activation of double bonds by readily accessible transition-metal
oxides, beyond the common methods &is-dihydroxylation
using osmium tetraoxide and permanganate.

Methods

The geometries of the molecules and transition states (TS) were
optimized at the gradient-corrected DFT level using the 3-parameter

pathway. A symmetry-allowed reaction with a supra-antarafacial fit of exchange and correlation potentials introduced by Becke

attack® is no longer sterically hindered (Figure 1, left). The

topology of the transition states (TS) has been controversially

discussed and the results of a recent frontier-orbital anatysis
are consistent with a [2+(27s+274)] topology?! involving the
C=0 moiety of ketene (Figure 1, right) rather than with the
classical [2rs+274 model?1:22

(B3LYP)?8 as implemented in Gaussian ¥8Relativistic small-core
ECPS° and a (441/2111/21) valence-basis set were employed for Os
and Re, while 6-31G(d) all-electron basis sets were utilized at the other
atoms3! This basis-set combination is denoteé\/ibrational frequen-

(22) Additional models for the transition state were proposed, which focus
on the predominant orbital interactions rather than on the topology of the
TS: (a) Ghosez, L.; O’'Donnell, M. J. IRericyclic ReactionsMarchand,

We present the first theoretical study on the addition of metal A. P, Lehr, R. E., Eds.; Academic Press: New York, 1977; Vol. 2. (b)
oxides to ketene. The peri-, chemo-, stereo-, and regioselectivityYamabe, S.; Minato, T.; Osamura, €hem. Communi993 450.

of the addition of Os@and LReQ (L = O, H3PN 23 Me, Cp)

to ketene were systematically investigated using density-

(10) Pietsch, M. A.; Russo, T. V.; Murphy, R. B.; Martin, R. L.; Rappe
A. K. Organometallics1998 17, 2716.

(11) Deubel, D. V.; Frenking, G. J. Am. Chem. S0d.999 121, 2021.

(12) The activation energies for thef2] addition of several metal oxides

(23) The phosphoraneiminato complexe$fRI)ReQ (R = Et, Ph) have
recently been characterized: Schlecht, S.; Deubel, D. V.; Frenking, G.;
Geiseler, G.; Harms, K.; Magull, J.; Dehnicke, K. Anorg. Allg. Chem.
1999 625, 887.

(24) For a review of metalla-analogous cycloadditions, se€:hdtrf)
H.-W. Chem. Re. 1997, 97, 523.

(25) (a) Herrmann, W. A.; Ksthardt, U.; Ziegler, M. L.; Zahn, TAngew.
Chem., Int. Ed. Engl1985 24, 860. (b) Kisthardt, U.; Herrmann, W. A;;

to ethylene were recently predicted from thermochemical data using Marcus Ziegler, M. L.; Zahn, T.; Nuber, BJ. Organomet. Cheni986 311, 163.

theory: Gisdakis, P.; Rech, N.J. Am. Chem. So2001, 123 697.

(13) (a) Houk, K. N.; Strassner, T. Org. Chem.1999 64, 800. (b)
Strassner, T.; Busold, Ml. Org. Chem2001, 66, 672.

(14) Haller, J.; Beno, B. R.; Houk, K. Nl. Am. Chem. S0d.998 120,
6468.

(26) (a) Herrmann, W. A.; Roesky, P. W.; Scherer, W.; Kleine, M.
Organometallics1994 13, 4536. (b) Herrmann, W. A.; Kathardt, U.;
Schder, A.; Herdtweck, EAngew. Chem., Int. Ed. Engl986 25, 817.

(27) (a) Wittcoff, H. A.; Reuben, B. Gndustrial Organic Chemicals
Wiley: New York, 1996. (b) Weissermel, K.; Arpe, H.4ddustrial Organic
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ethylene were also studied theoretically: Monteyne, K.; Ziegler, T.
Organometallics1998 17, 5901.

(16) (a) Staudinger, HDie Ketene Enke: Stuttgart, 1912. (b) Holder,
R. W. J. Chem. Educ1976 53, 81. (c) Tidwell, T. T.Acc. Chem. Res.
199Q 23, 273.
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A. J. Am. Chem. S0d.99Q 112, 2106 and references therein.
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cited therein.

(19) Woodward, R. B.; Hoffmann, RThe Conseration of Orbital
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139.
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M.; Replogle, E. S.; Pople, J. &aussian 98Revision A.6; Gaussian Inc.,
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1980 102 939. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem.
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cies and zero-point energies (ZPE) were also calculated at B3LYP/II.
All structures reported here are either minima (NIMAS 0) or
transition states (NIMAG= 1) on the potential-energy surfaces. The
ZPE contributions are unscaled. Starting with the TS geometries,
calculations of the Intrinsic Reaction Coordinate (IRGQyere carried

out to determine the respective reactants and products. Improved total
energies were calculated at the B3LYP level using the same ECP and
valence-basis set at the metals, but totally uncontracted and aug-
mented with one set of f-type polarization functichspgether with
6-31+G(d) basis sets at the other atofh3his is our basis set Ht.t
Unless otherwise mentioned, energies reported refer to the B3LYP/
I11+//B3LYP/II level including ZPE corrections at the B3LYP/II level
and optimized geometries refer to the B3LYP/II level. These methods
were proved to give results in good agreement with experimental
datal!®For the calculation of atomic partial charges, the NPA method
was employed. Donetracceptor interactions in the transition states were
examined using Charge Decomposition Analysis (CBAThe CDA
calculations were performed with the program CDA ?.Belected
molecules were optimized at the gradient-corrected DFT level using
the exchange functional of BecReand the correlation functional of
Perdew* (BP86). Relativistic effects were considered using the zero- Figure 2. Optimized geometries of the reactantgi; H,CCO, OsQ,
order regular approximation (ZORAj.Uncontracted Slater-type orbit-  ReQ™, (HsPN)ReQ, MeReQ, and CpRe@

als (STOs) were used as basis functions for the SCF calculdfions.

The basis functions at the metals have triplguality, augmented with 60
a set of 6p functions. The basis set at the other atoms has double- Erel / keal/mol .
quality, augmented with a set of d-type polarization functions. Thé (1s) 50 z .
core electrons of C, N, and O, the (1s2$2ppre electrons of P, and A .
the (1s2s2p3s3p3d4s4pad)nner shells of the metals were treated 40 . ®
within the frozen-core approximatidfi An auxiliary basis set of s, p, ° o R
d, f, and g STOs was utilized to fit the molecular densities and to 30 e
represent the Coulomb and exchange potentials in each SCF*tycle. Y .
This basis-set combination is denoted~llThe calculations at the 20
BP86/Ill~ level were carried out using the ADF 2000 program . s
package® 10
A
Results 0
el
Metal-Oxide Additions to Ethylene. The optimized geom- 0
etries of the reactants are shown in Figure 2. We briefly report o
32) Frenking, G.; Antes, |.; Bume, M.; Dapprich, S.; Ehlers, A. -20 R ]
W( Jc))nas, V.;gNeuhaus, A.; Otto, M,; Stegmpa{)nn, R.; Veldkamp, A.; ‘ 0s0, ReO;  (NPHJReO; MeReO,  CpReOs
Vyboishchikov, S. FReviews in Computational Chemistriipkowitz, K. -30
B., Boyd, D. B, Eds.; VCH: New York, 1996; Vol. 8, p 63. {.fém
(33) Fukui, K.Acc. Chem. Red.981, 14, 363. IaTS[242] |
(34) Ehlers, A. W.; Bame, M.; Dapprich, S.; Gobbi, A.; Hievarth, !0 [3+2] prod.
A.; Jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp A.; Frenking, G. | a [2+2] prod. |

Chem. Phys. Lettl993 208, 111. _ ) o _ _
(35) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. Figure 3. Calculated thermodynamic and kinetic reaction profile for

J. Comput. Cheml983 4, 294. the addition of LMQ to ethylene. If there are cis and trans isomers,

501(11316) Gisdakis, P.; Antonczak, S.;'Bth, N.Organometallics1999 18, only the most stable configuration is shown.

89537) Reed, A. E; Curtiss, L. A;; Weinhold, Ehem. Re. 198§ 88, new results for the [32] and [2+2] reactions of the metal
(38) Dapprich, S.; Frenking, Gl. Phys. Chem1995 99, 9352. oxides LReQ (L = H3PN, Me) with ethylene, which were not

~ (39)CDA 2.1 Dapprich, S.; Frenking, G., Marburg, 1994. The program ~ addressed in our previous stublyWe focus on the activation

is aXSIIaBbIekwaAftpbch\JEmlegnl—mallg%urgégels%%tgcda. and reaction energies only, which are reported in Table 1 and
2413 ngdg\;vy I h?hﬁ: RZ: B 1982 33 8822, visualizeq in Figu_re 3. As for QsDRle, and CpRe@!! a
(42) (a) Chang, C.; Pelissier, M.; Durand, Fhys. Scr1986 34, 394. [3+2] periselectivity of the addition of (§PN)ReQ to ethylene

(b) Heully, J.-L.; Lindgren, 1.; Lindroth, E.; Lundquist, S.; Martensson- was found, however, with a high barrier (37.9 kcal/mol) and

Pendrill, A. M. J. Phys. B1986 19, 2799. (c) Van Lenthe, E.; Baerends, : ot ;
E. J.. Shijders, J. GJ. Chem. Phys1993 99, 4597. (d) Van Lenthe, E.. reaction energy (23.9 kcal/mol). Although the activation energies

Baerends, E. J.; Snijders, J. &.Chem. Phys1996 105 6505. (e) Van for the MeReQ@ addition are also calculated to be large, the
Lenthe, E.; Van Leeuven, R.; Baerends, E. J.; Snijders, itGl. Quantum energy profile is very interesting: MeRe@ the first metal

Chem.1996 57, 281. (f) Van Lenthe, E.; Ehlers, A. E.; Baerends, E. J. i i ;
3 Chem, Physi999 110, 8943, oxide with a cqlculated 2] barrier (39:6 kcal/mol) lower than
(43) Snijders, J. G.; Baerends, E. J.; VernooijsAP Data Nucl. Tables the [3+2] barrier (43.8 kcal/mol), arising from the 33.3 kcal/

1982 26, 483. mol endothermic formation of the metalla-2,5-dioxolane{23

(44) Baerends, E. J.; Ellis, D. E.; Ros, @hem. Phys1973 2, 41. product). Note that the [82] addition of CpRe@is exothermic
(45) Krijn, J. G.; Baerends, E. Fit Functions in the HFS-Methqod by —3.9 kcal/moltl

Internal Report (in Dutch); Vrije Universiteit Amsterdam: The Netherlands, y ’ A o . -,

1984. Metal-Oxide Additions to Ketene. Metal-oxide additions
(46) (a) Fonseca Guerra, C.; Snijders, J. G.; Te Felde, G.; Baerends, E.to ketene might follow a variety of reaction paths. Besides

J. Theor. Chem. Accl998 99, 391. (b) Bickelhaupt, F. M.; Baerends, E. ; i i ;
3 Rev, Comput. Chem200Q 15, 1. (c) Te Velde, G.. Bickelhaupt, F, M. Periselectivity ([372] versus [2-2]) and stereoselectivity (cis
Baerends, E. J.: Fonseca Guerra, C.: Van Gisbergen, S. J. A.: Snijders, Jand trans isomers for the {22] transition states and products),

G.; Ziegler, T.J. Comput. ChenR001, 22, 931. there is also a chemoselectivity (addition across tkeCCor
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Table 1. Calculated Relative Energies (B3LYPAI/B3LYP/II) [kcal/mol] for the [3+2] and [2+2] Addition of LMO3; (M = Os, L= O;
M = Re, L= O, HgPN, CH;, Cp, Cp*) Across the &C Bond of Ethylene and Ketefie

LMOs + TS [3+2] TS [2+2] C=C [2+2] C=C product TS rearrangement

LMO3; CcC=C Cc=C [3+2] product cis trans cis trans cis trans
OsQy ethylené 0.0 (0.0) 11.8(13.7)—-19.1(—14.4) 47.9(49.2) b 12.7 (15.9) b 45.4(476) b
ReQ~ ethylené 0.0 (0.0) 44.8 (46.5) 30.8(34.7) 50.6 (51.6p 27.2(29.7) b 108.1(109.7) b
(HsPN)ReQ ethylene 0.0 (0.0) 35.9(37.9) 19.6(23.9) 41.7 (43.4) 44.5(46.0) 20.3(23.3) 9.2 (13.0) 66.6 (68.8) 64.8 (67.0)
CH;ReQy ethylene 0.0(0.0) 41.9(43.8) 29.6(33.3) 37.5(39.6) 47.7(49.3) 10.9(14.7) 10.1 (13.6) 66.9 (69.2) 62.7 (65.3)
CpReQ ethylené 0.0 (0.0) 20.7 (22.8) —8.7 (—3.9) 29.9 (31.6) 37.8(39.2) 4.7 (7.8) 0.9 (3.8) 58.3(60.2) 60.0(62.2)
Cp*ReG ethylené 0.0 (0.0) 23.0(25.1) 415 40.3
OsQy ketene  0.0(0.0) 18.1(19.5y31.7 (-26.9) 24.6 (26.4) b —2.5(0.8) b 26.5(28.6) b
ReQ~ ketene 0.0 (0.0) 28.4(30.5)—0.1 (4.4) 12.4(14.3) b —-8.3(—5.1) b 55,5(57.8) b

(HsPN)ReQ ketene 0.0 (0.0) 36.9(38.4) 2.0(6.6) 23.0(24.9) 21.1(22.9p.4 (2.8)  —10.9(—7.0) 45.7 (48.0) 43.2 (45.8)
CH:ReQ;  ketene 0.0 (0.0) 44.5(45.8) 16.3(20.3) 20.2(22.4) 23.6 (25:3p.3 (—2.3) —9.9(—6.1) 46.8(49.0) 42.6 (45.5)
CpReQ  ketene 0.0 (0.0) 24.8 (26.3Y29.2 (-24.0) 9.1(10.8) 11.8 (13.0y-14.0 (-10.8) —20.2 (-17.0) 35.4(38.0) 36.9 (39.7)
Cp*ReQ;  ketene 0.0 267 25.3 20.8

aRelative energies taken from the following: Deubel, D. V.; Frenking). @m. Chem. S0d.999 121, 2021.° No cis/ trans isomers.Starting
geometry taken from the analogous Cp system. Only internal Cp* coordinates and(8g*) distances were optimizedZPE (B3LYP/II)-
corrected relative energies are given in parentheses.

Scheme 2.Reaction Paths for the Addition of Metal Oxides on the differences between the reactions with the two substrates.

LMO3 to Ketene, Represented by Their Transition States In contrast to the metalla-2,5-dioxolanes, the metalla-2,5-
Lo L L o dioxolane-3-ones are planar. This is due to conjugation with
‘5 0,9\ L L\ /Oo o,,,/," & . /a0 the exocyclic €0 bond, which is also indicated by the short
M "N~ s M M C1-03 distances (Figure 4). The four-membered rings have a
VRN N AN s / planar geometry, too. However, the transition states for the
o’ 0 o~ > o7 > 0 0 additions across the =8C moiety are nonplanar since the

orientations'® The TS geometries for the 2] additions of

the rhenium oxides indicate strongly asynchronous reactions;

the bond to the central carbon of ketene is formed first. The
cis trans cis trans calculation of the Intrinsic Reaction Coordinate (IR®hows

TS [3+2] C=C TS[2+2]C=C TS [2+2] C=0 that the cycloadditions are concerted. Both the transition states

o and the products for the §22] additions across the=€0 moiety

5 Oo L are planar because the HOMO-%z-C=O orbital) and the

M /”AM/ LUMO of ketene are involved and both orbitals have the same

’ o nodal plane® Structural differences between the cis and trans

o~ /:o configurations of the [22] transition states and products,

/2 NS o] L0 o
/ / / / HOMO and LUMO of ketene are orbitals with perpendicular

N L respectively, can be understood with the thermodynamic and
/ kinetic trans influence. Considering thetf2]-C=C TSs for
(HsPN)ReQ, for instance, the ReC2 distance in the cis isomer

no TS [3+2] C=0 no regioisomeric TS [2+2] is longer than that in the trans isomer because, in the latter TS,

the HsPN ligand is situated trans to the bond being newly formed

C=0 moiety). The [3-2] addition across the €0 bond is and, in the former isomer, a stronger oxo ligand is in trans
expected to be unfavored because a metalla-2,3,5-trioxolaneposition to the new ReC2 bond.
containing an endocyclic ©0 bond would be formed. Indeed, The calculated activation and reaction energies are listed in
we could not localize a transition state for theH& addition Tables 1 and 3 and visualized in Figure 5. In general, the lowest
of LReO; (L = H3PN, Me) across the €0 moiety on the  activation barriers are between 10 and 20 kcal/mol and the
potential-energy surface and dropped considering this pathwayfavored reactions are exothermic, indicating that cycloadditions
(Scheme 2). Furthermore, a potential regioselectivity of the to ketene are experimentally accessible for each of the inves-
[2+2] pathways was not systematically taken into account tigated metal oxides. The theoretically predicted peri- and
because a transition state for the formation of a metalla-2- chemoselectivities are intriguing: For Og@he [3+2] pathway
oxetane-4-one instead of the 2-oxetane-3-one could also not bas thermodynamically and kinetically favored. In contrast, ReO
located on the potential-energy surface. The remaining pathways.and (HsPN)ReQ prefer [2+-2] pathways: The activation barrier
represented by their transition states, are shown in Scheme 2for the G=0 addition is lower than that for the=€C addition
the notations cis and trans refer to the position of the ligand L while the energies of the products are reverse. MeRa@rs
to the metat-carbon or metatoxygen bond, respectively, that  the [2+2] addition across the=€C moiety, both thermodynami-
is newly formed. The rearrangement of theHy C=C and cally and kinetically. For CpRef)the [2+-2] C=C activation
[2+2] C=C products was also studied. barrier is also calculated to be lowest but the-£3 product is

Figure 4 shows the theoretically predicted geometries of the @) Compl PrR— P ——— )
fre H omplexes wi phospnhoraneiminato figanas snow an anomeric
tr_a‘nSItlon St?tes and prOdUCt$ for the reaction ojP(IHI)ReQ effect, which has recently been discussed for molybdenum-oxo-peroxo
with ketene?’ The corresponding structures for the addition of compounds with 80 ligands: Deubel, D. V.; Sundermeyer, J.; Frenking,
the other metal oxides are very similar; the most important G.Inorg. Chem200Q 39, 2314. For example, the R€®©1 bond length in
geometrical parameters of the transition states are listed in TablefT':'glF:3 ’g‘aﬁegiéié“g;‘“y shorter than the other R© distances of the
2. A thorough discussion of the structures for the additions to " (48) Fieming, I.Frontier Orbitals and Organic Chemical Reactigns

ethylene was given in our previous stuthhere, we only focus ~ Wiley: New York, 1976.
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Figure 4. Optimized geometries of the transition states and products for the reactionRJReQ with ketene.
Table 2. Calculated Distances [A] in the Transition States for the Addition of Metal Oxides to Ketene (B3LYP/II)
TS [3+2] TS [2+2] C=Ccis TS [2+2] C=C trans TS [2+2] C=Ocis TS [2+2] C=O'trans
LMO; O-C(H) ©O—C(O) M—-C 0—-C(0) M—-C O—-C(0) M—O  O-C(CH) M-0O O—C(CHy)
OsQ 2.041 2.091 2.450 1.906 a a 2.879 1515 a a
ReQ~ 2.251 1.439 3.198 1.556 a a 2.869 1.579 a a
(HsPN)ReQ 2.318 1.625 2.491 1.839 2471 2.011 2.878 1.614 2.436 1.743
CHz;ReQy 2.349 1.525 2.444 1.972 2.502 1.906 2.428 1.795 b b
CpReQ 2.213 1.833 2.472 1.969 2.467 1.909 2.456 1.823 2.442 1.643

aNo cis/trans isomerg.Geometry optimization yielded the cis isomer only.

the most stable metallacycle. In general, the differences betweenquantitatively evaluated by a comparison of the energy profiles
the [2+2] barriers are small for all five metal oxides. for the two metal oxides since Me is an appropriate model for
The remarkable deviations of the calculated energy profile #1-Cp. In all [2+2] transition states and products of the CpReO
for the additions of MeRe©to ketene from the corresponding additions to ketene, the Cp ligand adoptgt@oordination. The
CpReQ profile (Figure 5) can be rationalized considering the calculated [2-2] reaction barriers and energies shown in Figure
Re—C(Cp) distances in the optimized structures (Table 4). The 5 indicate an activation of°>-CpReQ by ca. 10 kcal/mol. The
role of the Cp ligand as a stereoelectronic mediator adopting [342] product is stabilized by 44.3 kcal/mol due to tjiebond
n°, 1% andn! bond modes was already pointed out for the mode in conjunction with significantly shortened -R&(Cp)
CpReQ addition to ethylené! This unique property can be distances (Table 4).
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Table 3. Calculated Relative Energies (B3LYPHI/B3LYP/II)
[kcal/mol] for the [2+2] Addition of LMOs (M = Os, L= O;

M = Re, L= O, HsPN, CH;, Cp, Cp*) Across the EO Moiety
of Ketenéd

LMOs + TS [2+2] C=0 [2+2] C=O0 product
LMO3 ketene cis trans cis trans
OsQy 0.0(0.0) 32.7(33.6) a 9.4(126) a
ReQ~ 0.0(0.0) 9.6(11.2) a -23(08) a
(HsPN)-  0.0(0.0) 14.1(16.1) 26.6 (27.8) 5.9(9.1) 0.0 (3.6)

ReQ

CHsReQ; 0.0 (0.0) 23.3(24.6) b 0.5(4.3) b
CpReQ 0.0(0.0) 12.9 (13.8) 22.1 (22.6)-5.3 (—2.5) —8.9 (-5.9)
Cp*ReQ; 0.0 24.3 23.5

aNo cis/trans isomerd.Geometry optimization yielded the cis

Deubel et al.

Table 5. Frontier-Orbital Energies [au] and Atomic Partial
Chargeg [au] of the Metal Oxides LM@ Ethylene, and Ketene

molecule PG ¢ (HOMO) ¢ (LUMO) qg(M) q(O) g(Cl) g(C2)

OsQy T¢ t2 —0370e —-0.167 2.24 —0.56
Re~ T4 tn —0.108 e 0.131 2.18 —0.80
(HsPN)- Cs a'? —0.300 a' —0.082 2.13 —0.65
ReG;
CHsRe; C3, a —0.339e —0.121 2.04 -0.61
CpRe@ Cs a'? —0.300 &' —0.079 1.92 —0.58
ethylene Dan bsy —0.267 by 0.019 —0.43 —0.43
ketene Cp by —0.240 b, —0.036 —0.45 0.70 -0.79
b* —0.403

2 |nstead of HOMO, HOMO-2 was identified as the dominant orbital
of the donor-acceptor interactior’. HOMO-1.

isomer only.¢ Starting geometry taken from the analogous Cp system.

Only internal Cp* coordinates and R€(Cp*) distances were opti-
mized.9 ZPE (B3LYP/ll)-corrected relative energies are given in
parentheses.

50 _
E,e / kcal/mol ®
40 ®
|
30 ]
A : ®
20 °
A [ ]
10 = Ll A
O
o] O O
0 O
A A A ]
-10
-20
O
le]
-30
0OsO, ReO, (NPH3)ReO; MeReO; CpReO4
-40
0TS [3+2]

ATS[2+2]C=C
ETS [2+2] C=0
Q[3+2] prod.
A[2+2] C=C prod.
0O[2+2] C=0 prod.

Figure 5. Calculated thermodynamic and kinetic reaction profile for
the addition of LMQ to ketene. If there are cis and trans isomers,
only the most stable configuration is shown.

Table 4. Calculated Re-C(Cp) Distances [A] in the Reactant, in
the Transition States, and in the Products of the CpRdlition
to Ketene (B3LYP/Il) and Coordination Modg

molecule/TS ReC3 Re-C4 Re-C5 Re-C6 Re-C7 72
CpReQ 2473 2488 2481 2481 2488 5
TS [3+2] 2371 2425 2552 2562 2443 3
[3+2] prod. 2209 2294 2524 2522 2280 3
TS [2+2] C=C cis 2188 2891 3.727 3.798 3.024 1
TS [2+2] C=C trans 2172 2932 3724 3734 2951 1
[2+2] C=C cis prod. 2174 2890 3.786 3875 3.077 1
[2+2] C=C trans prod. 2.172 2.920 3.767 3.807 2998 1
TS rear. cis 2327 2389 2509 2599 2489 2
TS rear. trans 2306 2379 2564 2690 2539 2
TS [2+2] C=O cis 2.148 2767 3594 3715 299% 1
TS [2+2] C=0 trans 2121 2796 3500 2502 2801 1
[2+2] C=O0 cis prod. 2140 3.015 3.777 3674 2818 1
[2+2] C=O trans prod. 2.158 2942 3.809 3.837 3.001 1

a Criterion: All Cp-carbon atoms with a ReC distance smaller than
the shortest ReC distance+ 0.15 A were considered.

The predicted stereoselectivity of thetf2] additions is very
interesting: In all metalla-2-oxetane-3-onesi C=C prod-
ucts) and 3-methylene-metalla-2,4-dioxetanest+gp C=0

(a) (b) —_ (©)
— — b —
Y —_d 4 e
S+ -
4
A D A D A D
fast slow fast

Figure 6. Cycloadditions of organic molecules: Relation between
reactivity and the frontier-orbital interactions donatidrand back-
donationb between the fragments donor (D) and acceptor (A).

products), the trans configuration is considerably more stable
than the cis isomer. However, in most cases, the cis pathway is
kinetically favored (Tables 1 and 3).This puzzling result is
elucidated as follows. Calculated NPA partial chargé3) at

the oxygen atoms of the rhenium oxides LRelminate that

the donor strength of L increases is the orgeCp < Me ~
71-Cp < H3PN < O™ (Table 5). The stability of the [22] C=C
products with a comparably weak=£ O~ ligand in the trans
position to the CH{CO)~ moiety of the metallacycle indicates
that the CH(CO)~ moiety is more strongly bound to the metal
than the carboxylate moiety with its delocalized charge. In the
corresponding transition states, however, the carboxylate moiety
competes with the ReC2 bond, which is only partially formed
(Figure 4). Therefore, the stronger oxo ligand prefers the position
trans to the partial ReC2 bond in the transition states.

Discussion

Donor—Acceptor Interactions in the Transition States.The
relative activation barriers of cycloadditions, such as Diels
Alder reactions, can be understood using the concept of frontier-
orbital analysig8:59510ne reactant is arbitrarily denotednor,

D; the other reactant is denotedceptor A. Assume that the
acceptor is activated by electron-withdrawing substituents
decreasing the frontier-orbital levels of A. Then, electron
donationd from the D HOMO to the A LUMO will provide

the predominant orbital interaction and the reaction is expected
to be fast (Figure 6a). A rise of the orbital levels of A relative
to D leads to a weaker donation and a smaller reactivity (Figure
6b). However, a further relative increase of the frontier orbitals

(49) A mutual rearrangement of the cis and trans products was not
investigated in this study.

(50) Fukui, K. Theory of Orientation and StereoselectioBpringer:
Berlin, 1970.

(51) (a) Houk, K. N.J. Am. Chem. S0d973 95, 4092. (b) Houk, K. N.
Acc. Chem. Red4975 8, 361. (c) Houk, K. NTop. Curr. Chem. Sod 979
79, 1. (d) Sauer, J.; Schubert, Rngew. Chem., Int. EA98Q 19, 779.
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Table 6. CDA Results of the Transition States [DonatidrifXY —LMO3), Backdonatiorb (XY —LMOQO3), Ratiod/b, Repulsive Polarization
(XY<LMO3), and Rest Terni\]

TS LMOg3 XY cis/trans d b db r A
[3+2] OsQy ethylene 0.192 0.153 1.25 -0.360 0.000
ReQ~ 0.191 0.275 0.69 —0.636 0.057
(NPH;)ReG 0.213 0.256 0.83 —0.648 0.004
MeReQ 0.218 0.262 0.83 —0.669 0.006
CpReQ 0.207 0.216 0.96 —0.507 0.000
[2+2] OsQy ethylene 0.303 0.100 3.03 —0.319 0.134
ReQ~ 0.258 0.187 1.38 —0.441 0.132
(NPH;)ReQy cis 0.344 0.147 2.34 —0.405 0.111
(NPH;)ReG trans 0.322 0.126 2.56 —0.386 0.137
MeReQ cis 0.349 0.123 2.84 -0.370 0.110
MeReQ trans 0.308 0.098 3.14 —0.322 0.096
CpReQ cis 0.353 0.123 2.87 —0.374 0.107
CpReQ trans —0.200 0.054 —3.70 0.016 —0.204
[3+2] 0sQy ketene 0.191 0.160 1.19 —-0.361 0.001
ReQ 0.163 0.565 0.29 —0.682 0.026
(NPH;)ReG 0.165 0.343 0.48 —0.566 0.014
MeReQ 0.152 0.420 0.36 —0.605 0.022
CpReQ 0.178 0.247 0.72 —0.449 0.005
[2+2] C=C 0OsQ ketene 0.352 0.166 2.37 —0.428 0.063
ReQ~ 0.240 0.382 0.63 —0.564 0.045
(NPH;)ReG; cis 0.376 0.201 1.87 —0.478 0.048
(NPH;)ReG trans 0.360 0.163 2.21 —0.396 0.039
MeReQ cis 0.389 0.161 2.42 —0.430 0.041
MeReQ trans 0.350 0.180 1.94 —0.429 0.051
CpReQ cis 0.394 0.171 2.30 —0.432 0.038
CpReQ trans 0.362 0.179 2.02 —0.438 0.054
[2+2] C=0O OsQ ketene 0.147 0.345 0.43 —0.533 0.055
ReQ 0.156 0.329 0.47 —0.472 0.045
(NPH;)ReGs cis 0.363 0.474 0.77 —0.548 0.015
(NPH;)ReG trans 0.275 0.220 1.25 —0.400 0.042
MeReQ cis 0.299 0.213 1.40 —0.377 0.027
CpReQ cis 0.294 0.202 1.46 —0.364 0.025
CpReQ trans 0.283 0.250 1.13 —0.468 0.060

of A might reverse the orbital interactions and cause back- TS for the [2+-2] addition of (HPN)ReQ across the &C bond
donationb from the A HOMO to the D LUMO to be more  of ketene are visualized in Figure 7. Our discussion focuses on
important thard, which can result in a higher reactivity (Figure the plot of the activation energids, versus In@/b) given in
6c). Figure 8% The analysis reveals that the barriers for the 23

For cycloadditions involving transition-metal compounds, additions to ethylene well correlate with &) (1): The larger
however, an analysis solely based on HOMO and LUMO of d, the more reactive is the metal oxide. The-@ additions to
the reactants is incomplete since several frontier orbitals of the ketene can be rationalized in a similar manniéj. (There is
metal compound might contribute to the predominant orbital one exceptionl(l ): Despite the smalil/b value, the activation
interactions’* An improved concept is required. There is a barrier for perrhenate is comparably low. This result might be
method giving insight into the relative importance of donation explained by a reverse reactivity (Figure 6c).
and back-donation in the transition states for cycloadditions 0 high values of the rest terifor the [2+2] additions to
involving transm%n-metal compounds: Charge Decomposition ghyjene (Table 6) indicate that these reactions are symmetry-
Analysis (CDA):® The Kohn-Sham orbitals of the TS are ¢y piqgen. The CDA resultsl¥) have to be interpreted with
expressed as a linear combma’Flon .Of the o_rb|tals of th_e Tragmentscaution because the analysis yields an unphysical negdtive
donor_ gnd acceptor. Th_e orbital interactions are divided into value (CpRe@ trans, Table 6). in contrast, thef2] reactions
the_mlxmg of the occupied MQS of the anor and the vacant of LMO3 with ketene are symmetry-allowed and the rest terms
orbitals of the acceptor (donatiaf), the mixing of the vacant A are close to 0 (Table 6). All [22] additions of the five metal
MOs of the donor and the occupied orbitals of the acceptor oxides across the €C bo.nd of ketene have about the same
(back-donatiorb), and the mixing of the occupied MOs between d/b values and about the same activation enerdis ReQ-
both fragments (repulsive polarization A fourth contribution is again an exceptionV(): The smalld/b value indicates that

denoted rest termh gives the mixing among the unoccupied - . S
MOs of both fragments. Tha& term will be approximately zero a nucleophilic attack of pgrrhenatg dommates gt the beglnnlng
: of the concerted cycloaddition. This nucleophilic attack is also

if a discussion of the transition states in terms of deramceptor reflected by the short ©C(0) distance and the long MC

interactions is permissible and the reactions are symmetry- . . L

allowed. Very recently, CDA has successfully been utilized to Els:[tance_ljnb}heztransmon structure of the Re(addition to

clarify the electronic character of oxygen-transfer reactions with etene (Table 2).

coarctate transition staztes and as a tool for the design of catalysts (52) (@) Deubel, D. V.- Sundermeyer, J.: FrenkingJGAm. Chem. Soc

for olefin epoxidatior?: 200Q 122, 10101. (b) Deubel, D. V.; Frenking, G.. Senn, H. M.;
We analyzed the transition states for the metal-oxide additions SunderrJnexléer, fher& CoTnlwurQOOgh246296 ()(]cq)ll%eigb?(li,) % Vb; ISuEr)wd\e;r-
H . H H meyer, J.; Frenking, ur. J. Inorg. em . eupbel, D. V.

using CDA; the results are listed in Table 6. I_Ethylene and 3. Org. Chem2001. 66, 3790.

ketene, respectively, are defined as donor and khs@efined (53) We chose a plot oE, versus In@/b) instead ofd/b since the

as acceptor. The most important contributions smdb in the definition of the donor and the acceptor is arbitrary.
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- LUM

Figure 7. Predominant contributions to donatidrand back-donation
b in the transition state for the §22] addition of (HiPN)ReQ across
the C=C moiety of ketene, according to CDA.

HOMO-2

The [2+2] reactions across the=€D moiety have activation
barriers similar to the corresponding=C additions but smaller
d values YIl ). These smalled values arise from the fact that
the energy level of the C=0 orbital (HOMO-1) is lower than
that of ther C=C (HOMO) level (Table 5). Beside ReQ,
there are two additional exceptionglll ). According to the
partial chargesg(O) at the oxygen atoms of the free metal oxides
(Table 5), O is the strongest ligand L andsPN is the second
strongest ligand. While the trans TS of thesil)ReQ reaction
belongs to sectioVIl, the cis configuration belongs Il .

In the latter isomer, an early formation of the met&@l4 bond

is prevented by the strong oxo ligand in the trans position (Figure
4). Surprisingly, the [2-2] addition of OsQ across the &O
bond also belongs to secti®fill although osmium tetraoxide
has the smallest O-nucleophilicity of the five metal oxides (Table
5). Despite the high positive partial charge at the metal, Os(VIII)
is apparently less electrophilic than Re(VII).

Comparison to Experimental Studies Current experimental
work is focusing on the addition of (fPN)ReQ (R’ = Me) to
diphenylketene FCCO (R= Ph)>* Although we have intended
to elucidate metal-oxide additions to ketene rather than to
diphenylketene in this computational study, a comparison to
those experimental results is interestifgC NMR chemical
shifts indicate that the reaction of (M@N)ReQ with diphen-
ylketene gives the metalla-2-oxetane-3-one-#2 C=C prod-
uct)>* which is the metallacycle predicted to be most stable
(R = H, R = H). However, the calculated activation energy
for the C=0 addition is lower by 6.8 kcal/mol than the=C
barrier (R=H, R = H, Figure 5). We would like to point out
that RsPN (R = H) is a good computational model for R
Me; the calculated activation barriers fof R H and’' Me are
almost equa¥® The effects of the phenyl substituents and
solvation might therefore influence the chemoselectivity of the
[2+2] addition. In the pioneering experimental wafkihe

(54) Schlecht, S.; Dehnicke, K. Unpublished results.

(55) Test calculations using the improved model ligand®i¢ instead
of H3PN led to changes of the 3] and [2+2] activation barriers for the
cycloadditions less than 1 kcal/mol.

Deubel et al.

reaction of Cp*Re@with diphenylketene was reported, yielding
the metalla-2,5-dioxolane-3-one. The{3] product was char-
acterized by X-ray analysis, leaving no doubt on the experi-
mental resul2® Although we predict the [82] product to be
thermodynamically favored in the reaction of CpRewith
ketene, the calculated 2] C=C activation barrier is smaller
by 15.5 kcal/mol than the [82] activation energy (Figure 5).
An interconversion of the [82] and [2+2] C=C products can

be ruled out due to very high relative energies of the transition
states for rearrangement (Table 1). To reveal the difference
between Cp and Cp*, we have investigated theZBand [2+2]
transition states for the Cp*Re@ddition to ketene by partial
optimization (Tables 1 and 3). The activation energies for the
[2+2] additions of Cp*Re® are much higher than those for
CpReQ. The Cp* ligand apparently prefer and,® modes
rather thany® coordination. In contrast, the calculated{2]
barrier increases only slightly using the Cp* model. For all five
TS, the predicted activation barriers lie between 20.8 and 26.7
kcal/mol. The calculated [82] activation energy of 26.7 kcal/
mol does not agree with the fact that Cp*Rg®acts with di-
phenylketene at room temperatiépe.

How can we explain the puzzling deviation between the
selectivities found experimentally and predicted theoretically?
Consider the calculated transition-state geometries (Table 2,
Figure 4), some of which already reflect a nucleophilic attack
of the oxo functionality of the metal oxide at the carbonyl moiety
of ketene RCCO (R = H) in the beginning of the reaction.
Although the reactions are concerted witlFRH, a nucleophilic
attack on diphenylketene (R Ph) might yield a zwitterionic
intermediate stabilized by delocalization of the negative charge
within the whole diphenylenolate moiety (Schemé®&Jo prove
this hypothesis, we have tried to localize a zwitterionic
intermediate formed by an attack of CpRgih R,.CCO on the
potential-energy surfaces. The calculations reveal that the
intermediate does not exist for R H but for R = Ph® its
fully optimized geometry is shown in Figure®®The coordina-
tion mode of the Cp ligand ig® and the phenyl rings are twisted
by 12 and 53 degrees out of the enolate plane. The energy of
the zwitterionic intermediate is predicted to be only 7.9 kcal/
mol higher than that of the reactants; an additional stabilization

(56) The origin of the loss of concertedness in pericyclic reactions has
recently been elucidated: Vivanco, S.; Lecea, B.; Arrieta, A.; Prieto, P.;
Morao, |.; Linden, A.; Cossio, F. Rl. Am. Chem. So00Q 122 6078.

(57) The attempts to localize a zwitterionic intermediate for the reaction
of CpReQ with ketene on the potential-energy surface include optimizations
starting with a geometry taken from the intermediate for the reaction of
CpReQ with diphenylketene.

(58) The intermediate was calculated at the BP86/liével using the
ADF program, because the molecule is presently too large for geometry
optimizations at the B3LYP/Il level using Gaussian 98. All the stationary
points for the reaction of (NPHReQ; with ketene have been optimized at
both levels to demonstrate that similar results are obtained (compare Figure
S1 in the Supporting Information to Figure 4). A good agreement of the
calculated energies at B3LYPAH/B3LYP/Il and BP86/IIk has also been
obtained for most of the stationary points (see Table S1 in the Supporting
Information). The BP86 potential energy surface is systematically shifted
to lower energies relative to the reactants, which is a well-documented trend
in bimolecular reactions involving transition metal compounds ((a) Musaev,
D. G.; Froese, R. D.; Morokuma, KOrganometallics1998 17, 1850). A
larger difference of 9.5 kcal/mol between the energies at the two levels has
been predicted for the metalla-2,5-dioxolanet{P3 product). We have also
calculated the relative energies of theH products for Os@and found
a reasonable agreement with the CCSD(T#IIB3LYP/Il value; the
B3LYP/III+//B3LYP/Il values are lower and the BP86AIvalues slightly
higher than the CCSD(T)/Ht//B3LYP/Il energies (see Table S2 in the
Supporting Information). Note that there is a strong basis-set dependence
of the energies; the relative energies of the-23 products at B3LYP/II
are much smaller than those calculated using improved basis sets. For
additional examples for a comparison of the two functionals BP86 and
B3LYP, see: (b) Reference 38. (c) Deubel, D.VPhys. Chem. 2001,

105 4765.
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Figure 8. Plot of the activation energi€s, versus In@/b). If there are cis and trans isomers, the symbol for the trans configuration is shaded.

Scheme 3.Postulated Reaction Mechanism for the Addition
of Metal Oxides to Diphenylketene (R Ph)

R
LMO; + >:=O
R
nucleophilic
attack
LMO,
(o] R zwitterionic
intermediate
—
R &
-0 Figure 9. Optimized geometry (BP86/H) of the zwitterionic

intermediate formed by nucleophilic attack of CpRe®the carbonyl

/ l cyclizatior\ moiety of diphenylketene.

LMOz py.2%2These ligands increase the reactivity of the metal oxide
with respect to a nucleophilic attack of an oxo functionality at

7 o

o] R the carbonyl moiety of the heterocumulene.
% H Conclusions

o (i) A [3+2]-versus-[2-2] periselectivity of the addition of
metal oxides to ketene is originated by the metal. Os@ighly
electrophilic at the oxo moieties but scarcely electrophilic at
the metal; it prefers the [B2] pathway. In contrast, the rhenium
can be expected from solvation effects. The intermediate is oxides LRe@ (L = O~, H3PN, Me, Cp) are O-nucleophilic and
probably formed in the rate-determining step since it has not metal-electrophilic and favor [22] cycloadditions to ketene.
been isolatet®>*and the subsequent cyclization is supposed to (i) A C=C-versus-&0O chemoselectivity of the [22]
be fast, yielding the most stable metallacycle (Scheme 3). addition of LReQ to ketene arises from the ligand L. With
Unfortunately, the molecules are presently too large for sys- L = O~ and HPN, the calculated €0 barrier is lowest
tematic geometry optimizations of the transition states for metal- whereas the metal oxides with the softer ligands Me and Cp
oxide additions to diphenylketene and for a theoretical consid- favor the G=C additions to ketene. However, the differences
eration of solvation effects. However, the suggested two-step between the calculated 2] activation barriers are small.
mechanism is in accordance with the experimental results: In (i) The large deviations between the calculated energy
the reactions of both (BPN)ReQ>* and Cp*Re@® with profiles for the MeRe®@and CpRe@additions are due to the
diphenylketene, the thermodynamically favored products are role of the Cp ligand as a stereoelectronic mediator. In contrast,
obtained, respectively. Further support of the proposed mech-the ' mode of Cp* is destabilized.
anism via the zwitterionic intermediate is given by the factthat  (iv) Parameters of Charge Decomposition Analysis (CDA)

MeReQ reacts with diphenylketene only in the presence of enable the prediction of the activation energies oft-23
additional ligands, i.e., 1 equiv &fBu-bipy or 2 equiv oft-Bu- additions of metal oxides across=C double bonds. Further-

LMO, LMO

thermodynamically favored metallacycle
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more, CDA divides the [22] additions to ketene into three  Akademischer Austauschdienst for a NATO Fellowship, and
categories: synchronous additions across tkeCCmoiety, the Alexander-von-Humboldt Foundation for a Feodor-Lynen
synchronous additions across thesQ moiety, and asynchro-  Fellowship. This work has also been supported by the Deutsche
nous but concerted additions predominated by a nucleophilic Forschungsgemeinschaft. Excellent service has been provided
attack at the central carbon in the beginning of the reaction. by the computer center HRZ UNI Marburg.

(v) The reactions of metal oxides with diphenylketene
probably follow a different mechanism: A zwitterionic inter- Supporting Information Available: Geometries and ener-
mediate is formed by the nucleophilic attack of an oxo ligand gies for the stationary points of the reaction of (NJiReQ;
at the carbonyl moiety. The subsequent cyclization gives the yjth ketene calculated at the BP86#llevel, energies for the
thermodynamically favored metallacycle. This two-step pathway [3+2] addition of OsQto ethylene calculated at various levels
is supported by the calculated geometry and energy of the o theory, Cartesian coordinates of all stationary points, and
postulated intermediate and by the results of experimental work. jgt4) energies in hartrees at each level of theory (PDF). This
material is available free of charge via the Internet at
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