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DFT calculations were used to study the mechanism of all fluxional processes of cyclopentadienyl
ligands (Cp= CsHs) in a molybdenum bis(imido) complex, [Mg{-Cp)(#*-Cp)(NBu),]. Four dynamic
processes could be identified: (1) rotation®fCp in its plane, (2) rotation of*-Cp around the Me-C
bond, (3) metallotropic migration along the ring carbongbCp, and (4) interchange between the two
Cp ligandss*-Cp and#n®-Cp. The mechanism obtained for process 3 corresponds to a [1,2]-migration,
in agreement with experimental NMR studies. The mechanism of process 4 corresponds to a single-step
path, and the calculated activation energy (15 kcal W ahatches exactly the experimental value. No
1°-Cp intermediates could be found in any process.

Introduction catalytic system&:14 Indeed, cyclopentadienyl complexes are
often fluxional, and of special interest are mixed-hapticity
species with ong! and one;®>-Cp. In these cases, intramolecular

> ¢ = haptotropic rearrangements leading to the interchange of the
Cotton et all. proposed the term ;tgreochemlcally nonrigid” for o Cp ligands may occur, as well documented for a number
those speme’é.‘l’he_reason for this interest is understandable. ¢ oleculess25 In a recent report on bis(imido) complexes,
In fact, well-established covalent bonds in stable compounds [M(75-Cp)(72-Cp)(NR)] (M = Mo, R =Bu; or M= W, R=

are broken and formed in intramolecular rearrangements thattBu' Mes)26 no less than three different fluxional processes could
may occur easily at room temperature and, sometimes, cannol,q getected by NMR spectroscopy: rotation around theQyk,
be frozen in the temperature range practicable for most analytical, 4 of y1-Cp, migration of the metal along the ring carbons
techniques. The development of variable-temperature NMR ¢ this ligand, and interconversion betweghCp andz5-Cp.

spectroscopy transformed fluxionality in molecules into a  gqyivalent dynamic processes were observed previously in the
familiar phenomenon, but by no means diminished its interest. isolobal Nb complex, [NbE-Cp)(;1-Cp)(NBu)],2 but in both

Many dynamic processes can be viewed as “intramolecular ¢4ges the experimental data did not allow the establishment of
reactions” and, thus, represent excellent models for computa-
tional studies on reaction mechanisms. Their simplicity arises  (8) Marder, T. B.; Roe, D. C.; Milstein, DOrganometallics1988 7,
fro“_’ J_[he fact that all changes occur within a single r_nOIeCL“e’ (9) Borrini, A.; Diversi, P.; Ingrosso, G.; Lucherini, A.; Serra, & Mol.
avoiding problems often found in more complex reactions, e.g., Catal. 1985 30, 181.

solvation. (10) Bnnemann, HAngew. Chem., Int. Ed. Engl985 24, 248.

; ; i ; _ (11) Foo, T.; Bergman, R. GOrganometallics1992 11, 1801.
Haptotropm shlfts.ofn Ilg.ands in gengral, and of cyclopen (12) Schmid. M. A.; Alt. H. G.: Milius, W.J. Organomet, Chem.996
tadienyl (Cp= CsHs) in particular, are widely known processes 514 45.
that correspond to the adjustment of the number ef@/bonds (13) Llinas, G. H.; Day, R. O.; Rausch, M. D.; Chien, J. C. W.
to the metal electron couff. For example, electrochemical ~ Organometallics1993 12, 1283.

. . o ; ’ (14) Garrett, C. E.; Fu, G. Q. Org. Chem1998 63, 1370.
reduction or ligand adqhﬂon, increasing l?y two the number of  (75) caideron, J. L.; Cotton, F. A.; DeBoer, B. G.: Takats].JAm.
metal electrons, may induce the breaking of twoe-®(Cp) Chem. Soc197Q 92, 3801.

bondsl i_e_’ a shift fronﬂ]5-Cp to ;73-Cp_ These processes take (16) Calderon, J. L.; Cotton, F. A.; Takats,JJ.Am. Chem. Sod.971,

The existence of fluxional processes or dynamic behavior in
molecules attracted much interest since the early 1960shen

- : : : .93, 3587.
part in the mechanism of many important reactions such as in (17) Cotton, F. A.; Musco, A.; Yagupski, G. Am. Chem. Sod967
89, 6136.
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464 457. E-mail: veiros@ist.utl.pt. (19) Calderon, J. L.; Cotton, F. A.; Legzdins,?Am. Chem. So4969
T Instituto de Tecnologia Jmica e Biolaica, UNL. 91, 2528.
* Centro de Qimica Estrutural, Instituto Superior’ Eeico. (20) Cotton, F. A.; Rusholme, G. Al. Am. Chem. S0d.972 94, 402.
(1) Doering, W. E.; Roth, W. RTetrahedron1964 19, 751. (21) Kita, W. G.; Lloyd, M. K.; McCleverty, J. AJ. Chem. Soc., Chem.
(2) Doering, W. E.; Roth, W. RAngew. Chem., Int. Ed. Endl963 2, Commun.1971 420.
115. (22) Hunt, M. M.; Kita, W. G.; Mann, B. E.; McCleverty, J. A. Chem.
(3) Mutterties, E. L.Inorg. Chem.1965 4, 769. Soc., Dalton Trans1978 467.
(4) Bennett, M. J., Jr.; Cotton, F. A.; Davison, A.; Faller, J. W.; Lippard, (23) Werner, H.; Kraus, H.-JAngew. Chem., Int. Ed. Engl979 18,
S. J.; Morehouse, S. W. Am. Chem. S0d.966 88, 4371. 948.
(5) Sandstim, J.Dynamic NMR Spectroscoppcademic Press: New (24) Werner, H.; Kraus, H.-J.; Schubert, U.; Ackermann, K.; Hofmann,
York, 1982. P.J. Organomet. Cheni983 250 517.
(6) O’'Connor, J. M.; Casey, C. Ehem. Re. 1987, 87, 307. (25) Preuss, F.; Becker, H.; Hsler, H.-J.Z. Naturforsch 1987, 42B
(7) For a comprehensive list of references on Cp and indenyl shifts see, 881.
for example: Calhorda, M. J.; RémaC. C.; Veiros, L. FChem—Eur. J. (26) Radius, U.; Sundermeyer, J.; Peters, K.; von Schnering, H16.
2002 8, 868. J. Inorg. Chem2001, 1617.

10.1021/0m061190a CCC: $37.00 © 2007 American Chemical Society
Publication on Web 03/01/2007



1778 Organometallics, Vol. 26, No. 7, 2007 Romand Veiros

Chart 1 \_z— .
6-electron donor 4-electron donor \ '
b T oy A \"r:.-
T TS Tk
o= = o 0 pigt
! | AN
M 0

R.N./ RN// A A?

4-electron donor 6-electron donor e

I I @* ‘ﬁ‘ g :
a complete mechanism for Cp fluxionality. The existence of E P -

n3-Cp species as putative intermediates in the haptotropic shift
has been postulated, and the possibility that such species coulc
be common intermediates in the metallotropic migration has

1 1
also been discussé@Z’ 0= _B B o0
The Mo complex above, [Magf-Cp)@i-Cp)(NBu),], is Aﬁ% @ )’%& )g% o
formally an 18-electron Mo(VI) complex @ with #°-Cp Sl 2V i T XA
donating six electrong;!-Cp donating two, and the remaining Fiqure 2. Ener rofiles for the rotation of-Cp (ton) andyl-
10 being provided by the imido ligands @t*"). The 18- o ot EREEENSE Y s G T e e
electron count is reached with, on average, one imido donating yansition states were optimized (PBELPBE/b1), and the obtained
four and the other donating six electrosafdll in Chart 1, structures are presented with the moving Cp highlighted. The energy
respectively). These ligands are electronically versatile and canvalues (kcal mot?, italics) are referred to the most stable con-
establish two or three bonds to the metal. Such flexibility has former, A.
been repeatedly used to justify the existence of Cp dynamic
behavior in imido complexes, such as [M&Cp)@*-Cp)(N- complexes, the geometries are equivalent, with mean and
Bu)2]28 and [Nbg;>-Cp)(1-Cp)(N'Bu)].2” In these cases it has  maximum absolute deviations for the-\NK distances of 0.04
been argued that the stabilization of electron poorer metal centersand 0.10 A, respectively, showing that the method provides a
in intermediates or transition states could be achieved throughgood structural description of the system.
an increase of the Mimido bond order. The energy profiles calculated for the rotation of each Cp
This work reports a comprehensive D¥Tmechanistic ligand in [Mo(7®>-Cp)@#*-Cp)(N'Bu),] are represented in Figure
investigation of all Cp fluxional processes mentioned above, 2. Rotation of;>-Cp occurs very easily, with practically no
plus rotation ofy>-Cp in its plane, in the Mo complex [Mo-  activation energyH, ~ 0 kcal mol?),2° explaining why this
(75-Cp)(1-Cp)(N'Bu);]. Many other species could have been process could be neither frozen nor experimentally dete€ted.
selected for a representative case study, e.g.,)[NGO)(17%- In the corresponding transition stafEq1) the rotating;>-Cp
Cp)(NiBu)]. However, the Mo molecule, besides representing ligand presents an intermediate conformation, and the overall
a better choice in terms of computational cost, has also beengeometry around the metal is similar to the one existing in the
the subject of a recent stuffythat provided a reliable  minimum, with differences in the MX distances within 0.01
experimental value of activation energy for the Cp interchange A. The moving ligand is clearly®-coordinated, and the mean
process. M—C(Cp) distance (2.48 A) is maintained along the process.
A complete rotation ofy!-Cp follows a three-step mechanism
Results and Discussion (Figure 2, bottom). In the more stable conform&) ¢;1-Cp
) eclipses the®-Cp ligand in a geometry similar to the one
The comparison between the structure calculated for [Mo- determined in the X-ray structure of the W complex (Figure
(7°-Cp)(7*-Cp)(N'Bu)o] (Figure 1) and the X-ray structure of 1) Rotation ofy1-Cp around the Me-C bond, going through
the related W complex [W-Cp)(;-Cp)(NMes}]*® provides 752, generates a slightly less stable conform@) ith that
a test for_ the perf_ormance_ of the_theoretical method (see ligand in front of one of the imido ligands. A second step,
Computational Details). Despite the differences between the WO through TS3, brings B into an equivalent structure, but now
with #1-Cp eclipsing the other Bu ligand. The final step is
o By equivalent to the first one and regeneratesn each transition
state, TS2 andTS3, the conformation of the rotating ligand is
; intermediate between the corresponding minima, and the
structural changes of the molecule during the entire process are
minimal. The more relevant feature is a small elongation of the
M—Ciyso distance in the transition states (2.27 ATi$2 and
2.25 A inTS3), when compared to the minima (2.22 A). This
corresponds to a slight weakening of the Ma@*-Cp) bond, as
shown by the Me-C Wiberg indices (WI$°0.59 in the minima,
0.57 in TS2, and 0.58 inTS3. The negligible structural

Ts2

(27) Green, M. L. H.; Michaelidou, D. M.; Mountford, P.; Sea, A.
G.; Wong, L.-L.J. Chem. Soc., Dalton Tran$993 1593.
(28) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

; . . _ Molecules Oxford University Press: New York, 1989.
Figure 1. Optimized geometry (PBE1PBE/b1) for [MgtCp) (29) If free energy is considered, the barrier becomes 1 kcai’miétee

(7*-Cp)(N'Bu)]. The calculated M-X distances (A) are presented, energy was obtained at 298.15 K and 1 atm by conversion of the zero-
as well as the experimental values (italics) observed for the relatedpoint-corrected electronic energies with the thermal energy corrections based
[W(#5-Cp)(@*-Cp)(NMes)] complex. on the calculated structural and vibrational frequency data.
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Figure 3. Energy profile for the metallotropic migration aloné A A
Cp in [Mo(r7°-Cp)(#»*-Cp)(NBu);]. The minimum and the transition 0 0

state were optimized (PBE1PBE/bl), and the obtained structures
are presented withy!-Cp highlighted. The energy values (kcal
mol~?, italics) are referred té\.

Figure 4. Energy profile for the interchange between Cp ligands
in [Mo(75-Cp)(*-Cp)(NBu),] and C(Cp) labeling inTS5. The
minimum and the transition state were optimized (PBE1PBE/b1),
rearrangement suffered by the molecule along the process result@nd the obtained structures are presented with the Cp ligands
in a very easy rotation, with overall activation energy of 6 kcal highlighted. The energy values (kcal mélitalics) are referred
mol™1, justifying why this rotation could be detected only for to A.
the W complex, with the bulkier mesityl substituefs.

The energy profile calculated for migration of the metallic

fragment along the carbon atoms of tffecoordinated Cp ligand donor than ther-coordinated Cpft) existing in A. This is

is represented in Figure 3.The mechanism obtained corre- X ; .
sponds to a one-step path in which the metal hops between tWoconflrmed by the charge of the Cp ligand, obtained by a natural

adjacent carbons, in a [1,2]-shift with simultaneous breaking population analysis (NPAJ —0.34 inA and —0.42 in TS4.
of one M—C bond and formation of the other, as initially The Cp is more negative iS4, meaning that it donates less

proposed by Cotton et al. based on NMR evidénaad electron density to the metal. The increase in electron density

PP . ) :
confirmed later, on the same grounds, for systems such as [Mo-of 7°-Cp in TS4 could also derive from better back-donation

from the metal. However, the NPA charge at the metal is
5-Cp)@7*-Cp)(NBu);] %6 and [Nb¢;5-Cp)(171-Cp)(NBu)].>” The . . ’ ;
E)Zoceps)gstaﬂ)s( With)zt]at-bondf[ed gp ir?);(ncleag)l( mod)tl, inA, practically the same i& (1.06) andTS4 (1.07), showing that

evolving to a species with two weaker M& bonds, in what b metgl remains M.O(VI) along the process and indicating
may be viewed as a2-Cp, in the transition stateT64). Here, electronlp compensation from the otht_er Ilgands._ The electroni-
the Cp ligand remains planar, with a folding arfglef Q = cally erX|bIg |m|QO ligands are the qbwous candidates for such
179, and the Mo-C(Cp) dist:ances (2.50 and 2.52 A) and compensation since they can establish two or three formal bonds

Wiberg indices (0.26 and 0.28) are characteristic oflzonded to rthr? i'::ﬁtalirg(iﬁart 1) lrf‘ttireim,?lﬁ’ t?ndi pr%h?ptis rf?rTT\)lNhat
ligand. The N-Mo—N angle is pratically equal i\ (108) SUSF():S %% th cast(;o et cla Ot ?F;r? PE}[ on [Mo-
andTS4 (106°). The activation energy obtained (12 kcal migl (7>-Cp)r-Cp)(NBu),] the greater part of the electronic com-

: : : : . : ensation of the metal does not come from the imido ligands
is quite accessible, in accordance with a process occurring atP 5 L ’
room temperature. The possibility of a [1,3]-migration path but from>Cp. The NPA charge of the imido ligands 54

) : . . 5
occurring at higher temperatures and the existencgEp is only 0.01 higher (less negative) thanAq while thes>Cp

intermediates could not be discarded on experimental grainds. charge.vanes from-0.21 @) to _9'17 IS4 The net effect
However, several attempts to optimize the corresponding of the |ncreas<35d electron donation frogh-Cp in TS4_ IS a
transition state were unfruitful, suggesting that this mechanism ;trqnggr Mo-(7°-Cp) bond, as shown by the MdC Wiberg
is unlikely. When a [1,3]-mechanism is forced, tjfeCp ligand indices: 0.12:0.28 () and 0.14-0.35 (TS4).

. L The last fluxional process studied is the interconversion
starts to shift and the transition state fop'<Cp)/(;7°>-Cp) . X 1
exchange TS5 (see below), is obtained. This is an indication between the two cyclopentadieny! ligandg:Cp andy'-Cp,

of electronic saturation iA, since ay*-Cp to#3-Cp shift would in [Mo(7°-Cp)(7'-Cp)(NBu),]. The corresponding energy pro-

represent an increase of the metal electron count resulting in afIIe is represented in Figure 4. The mechanism follows a one-

- . . . tep path in which the Cp ligand originally coordinated in°a
species with more than 18 electrons. The system avoids this byS 1 X -
shifting thez®-Cp ligand. mode ends up-bonded 4%), while the reverse happens with

The evolution of the electronic structure of the molecule along ?.:_esgt?he; |\C|:_p M;nltﬁlgr’]? é?g:ggiﬁ;eghclEa:]eeérsvri];;tlroeg Sétgtt?o
the metallotropic shift is worth considering. Although the 9 9 P

A, and both Cp ligands present equivalent coordination modes
(30) (a) Wiberg, K. BTetrahedrorl968 24, 1083. (b) Wiberg indices  that are intermediate betweghandz®. In fact, TS5 has pseudo-

are electronic parameters related to the electron density between atoms:

They can be obtained from a natural population analysis and provide an  (33) (a) Carpenter, J. E.; Weinhold, ¥. Mol. Struct. (THEOCHEM)

indication of the bond strength. 1988 169 41. (b) Carpenter, J. E. Ph.D. Thesis, University of Wisconsin,
(31) An equivalent mechanisnie{ = 13 kcal moi'l) was obtained for Madison WI, 1987. (c) Foster, J. P.; Weinhold JFAm. Chem. S0498Q

the metallotropic shift in the less stable conform&r,The corresponding 102 7211. (d) Reed, A. E.;Weinhold, B. Chem. Phys1983 78, 4066.

shifting Cp remains formally a two-electron donor along the
process, a-bonded;?-Cp, as inTS4, is expected to be a poorer

profile is presented as Supporting Information (Figure S1). (e) Reed, A. E.; Weinhold, F. Chem. Physl1983 78, 1736. (f) Reed, A.

(32) (a) Faller, J. W.; Crabtree, R. H.; Habib @rganometallics1985 E.; Weinstock, R. B.; Weinhold, B. Chem. Phys1985 83, 735. (g) Reed,
4, 929. (b)Q can be defined as the angle between (1) the plane,ah@ A. E.; Curtiss, L. A.; Weinhold, FChem. Re. 1988 88, 899. (h) Weinhold,
the two G, atoms and (2) the mean plane of the twg ahd the two € F.; Carpenter, J. EThe Structure of Small Molecules and lpfsenum:

atoms (see Figure 4 fordg labeling). NY, 1988; p 227.
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C,, symmetry with the ligands equivalent, two by two. The
coordination geometry of Cp ifiS5 could be taken ag?, with

two very long Mo-C distances ¥3.4 A). However, a closer
look reveals a very strong MeC, bond (see Figure 4 for carbon
labeling) with a distance (2.23 A) and a Wiberg index (/I
0.48) characteristic of a bond, while the next bonds, MeC,,

are rather long (2.782.84 A) and weak (W= 0.07). In other
words, the coordination geometry of Cplis5is best described
asn! rather thany®. Accordingly, the coordinated Cp ligands
show a high degree of localization of thg=€C. double bonds

(d = 1.37-1.38 A, WI = 1.59-1.60), when compared with
Ca—Cp (d = 1.45-1.46 A, WI= 1.15) and G—C. (d = 1.44

A, WI = 1.24). In addition, the Cp ligands FS5are practically
planar € = 176°), indicating that the interchange between Cp
ligands in [Mog°-Cp)@;*-Cp)(NBu);] follows a ring slippage
mechanism, rather than ring folding, in good agreement with
what was found to be favored in [M§-Cp)Ls] complexes’*
Despite numerous attempts, ng-Cp complex could be
optimized and, thus, the possibility of an alternative mechanism
with such species as intermediate seems unlikely.

The variation of the charge distribution in the molecule, along
the Cp interconversion path, is also of interest. Going from one
n°-Cp and one;l-Cp, inA, to two5!-Cp, in TS5, represents a
significant loss of electron density in the metal that, in this case,
has to be balanced by the imido ligands. This is confirmed by
the reinforcement of the MeN bonds, which become shorter
(1.72 A) and stronger (Wi 1.87 and 1.88) ifTS5than inA
(d = 1.73 and 1.74 A, W= 1.79 and 1.84). However, this
compensation is considerably less efficient than the one
performed byn®-Cp in the transition state for metallotropic
migration (TS4). While in TS4 the metal NPA charge is only
0.01 higher than i, in the transition state for Cp interchange
(TS5) the metal center is considerably more positive, with a
charge (1.24) that is 0.18 higher than in the miniaThese
results suggest than the electronic flexibility of the imido ligands
and its role on the stabilization of the molecule along the

Roonand Veiros

is small and, thus, the role of the imido ligands and their
electronic flexibility seems to be less important than expected
and often invoked.

Computational Details

All calculations reported in the text were performed using the
Gaussian 03 software packdgand the PBE1PBE functional,
without symmetry constraints. That functional uses a hybrid
generalized gradient approximation (GGA), including a 25%
mixture of Hartree-Fock®® exchange with DF# exchange
correlation, given by the Perdew, Burke, and Ernzerhof functional
(PBE)?" The optimized geometries were obtained with the LanL2DZ
basis séf augmented with an f-polarization functi®rfor Mo and
a standard 6-31G(d,f) for the remaining elements (basis b1l).
Transition state optimizations were performed with the synchronous
transit-guided quasi-Newton method (STQN) developed by Schlegel
et al*! Frequency calculations were performed to confirm the nature
of the stationary points, yielding one imaginary frequency for the
transition states and none for the minima. Each transition state was
further confirmed by following its vibrational mode downhill on
both sides and obtaining the minima presented on the energy
profiles. A natural population analysis (NFA)xand the resulting
Wiberg indice® were used to study the electronic structure and
bonding of the optimized species. Basis set convergence, in size,
was tested through single-point energy calculations with a VTZP
basis set (basis b2): Stuttgart/Dresden ECP with valence triple-
(SDDY*2 and an added f-polarization functirior Mo and standard
6-311G(d,p) for the remaining elements. The activation energies
obtained at the PBE1PBE/b2//PBE1PBE/b1 level are within 1.5
kcal mol? of the values obtained with the smaller basis set
(PBE1PBE/bl), and thus, the latter are used in the text.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;

dynamic processes have been probably overestimated, at leasthida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
in this system. The electronic changes around the metal justify X-; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;

why this interconvertion process is the most difficult of the four

Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;

Cp fluxional processes. The corresponding activation energy salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,

(15 kcal mot) indicates a process that may occur around room
temperature and matches exactly the experimental value
determined by NMR spectroscop¥.

Conclusions

The fluxionality of cyclopentadienyl ligands in [Mg{-Cp)-
(7*-Cp)(NBu),] was investigated, and four different processes
were studied: (1) rotation of>-Cp, (2) rotation ofy*-Cp, (3)
metallotropic migration along the carbon atomsyéfCp, and
(4) Cp exchange between-Cp andr;®-Cp, in increasing order

A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
' Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(36) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory John Wiley & Sons: New York, 1986.

(37) (a) Perdew, J. P.; Burke, K.; Ernzerhof, Fhys. Re. Lett. 1997,
78, 1396. (b) Perdew, J. RRhys. Re. B 1986 33, 8822.

(38) (a) Dunning, T. H., Jr.; Hay, P. Modern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3, p 1. (b) Hay,
P. J.; Wadt, W. RJ. Chem. Physl985 82, 270. (c) Wadt, W. R.; Hay, P.

of activation energy. The first two are very facile processes that J. J. Chem. Phys1985 82, 284. (d) Hay, P. J.; Wadt, W. R.. Chem.

interconvert conformers of the molecule, while 3 and 4 are more

Phys.1985 82, 2299.
(39) Ehlers, A. W.; Boame, M.; Dapprich, S.; Gobbi, A.; Hievarth,

difficult, but still have associated energy barriers that are rather a_: jonas, V.; Kaler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.

accessible and indicative of room-temperature fluxionality.
The presence ofy3>-Cp intermediates in the metallotropic

Chem. Phys. Lettl993 208 111.
(40) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A.Chem. Physl971
54, 724. (b) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972

migration or in the Cp exchangg processes is not confirmed, assg 2257. (c) Hariharan, P. C.: Pople, J. Mol. Phys.1974 27, 209. (d)
such species could not be optimized. Instead, one-step mech-Gordon, M. SChem. Phys. Letf.98Q 76, 163. (e) Hariharan, P. C.; Pople,

anisms were obtained for these two dynamic processes.

addition, the results indicate that although some stabilization o,

of the molecule is achieved through the reinforcement of
Mo—NR bonds in order to balance the loss of MB(Cp) bonds
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in an inversion on the order of the two less favored processes. With
B3LYP, the haptotropic shift becomes slightly easier than metal-
lotropic migration E, = 12 kcal mot?). Interestingly, the stereo-
chemical influence of théBu groups as N-substituents seems to
be minimal with respect to the fluxional processes of Cp. Calcula-
tions performed with B3LYP on a model with methyl substituents,
[Mo(7%°5-Cp)@*-Cp)(NMe),], yielded activation energies within 1
kcal mol? of the values obtained for [Mgf-Cp)(@2-Cp)(NBu),].

The energy profiles for the various processes, obtained with
B3PW91 and with B3LYP (witHBu and Me as N-substituents),
are presented as Supporting Information.

Supporting Information Available: Table S1, with relevant
structural parameters for processes 3 and 4. Energy profiles for
the metallotropic shift irB (Figure S1) and for all Cp fluxional
processes in [Maf-Cp)@#*-Cp)(NR)] calculated with B3PW91
(Figure S2 with R= Bu) and calculated with B3LYP (Figure S3
with R = 'Bu and Figure S4 with R= Me). Tables of atomic
coordinates for all the optimized species. This material is available
free of charge via the Internet at http://pubs.acs.org.
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