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DFT methods have been used to investigate the dependence of the geometry and energy order of the low energy
states of [d*#°-CpMo(CO).X] 16-electron complexes on X (X = halogen, CN, H and CHs). The calculations use
a double-C plus polarization valence basis set on all atoms and utilize relativistic ECPs on Mo and the heavier
halogens. In every case two singlet and two triplet electronic states have been considered and minimized at the
B3LYP level. For X = ClI, additional calculations were carried out at the BPW91, CCSD(T), and CASSCF levels.
In the Cs point group, the singlet states are from the (1a')3(1a’")? and (1a')3(2a’)? configurations of the valence d*
electrons of the metal, and are denoted *A’-a and *A’-h, respectively. The triplet species are for the lowest A" and
SA" states from the (1a')%(2a’)}(1a”)* and (1a”)*(1a’)}(2a’)t d* configurations. For all substituents, the geometry of
both the singlet and triplet states is found to distort substantially from the uniform 3-leg piano-stool structural motif,
a behavior that can be related to Jahn—Teller effects. When X is a halogen or a methyl, A’-b is predicted to be
lower than *A’-a, while the reverse order of these two singlet states is calculated for X = H and CN. For all
substituents *A’ is substantially higher than 2A"". In turn, the energy of A"’ is calculated to be comparable to the
lower singlet state of each complex. Attempts are made to rationalize some of these results using qualitative MO
theory.

Introduction class was developed by Malisch and co-workers using [CpM-
n5-Cyclpentadienyl complexes are among the important (€O2X] (M = Mo and W) in Wh'f? Xis an A¥ type ligand
and most characteristic compounds in transition metal SUCh s P(NMg, and As(t-Bu).**> Supported with crystal
chemistryt Among these, the 18-electron Cpitompounds structures, the authors classified these complexes as having
of group 5 and 6 metals are known to react via the a double bond between M and AMwhich would formally
dissociative mechanisa® Knowledge of the geometry and ~ Saturate the valence of the metal. The second class was
electronic structure of the 16-electron intermediate implicated designed by the Poli group, who employed more conven-
in this mechanism is fundamental to understanding the tional ligands in novel synthetic routes that allowed isolation
chemistry of these systems. There have been however onlyPf Several (Zfampless of [CpMeR], where P is a phosphine
two classes of unsaturatet@pMLz compounds that could ~and X= CI*"or OH.” Results from magnetic susceptibility
be characterized by conventional spectroscopic means. Ondnéasurements and variable-temperature NMR experiments
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were consistent with a triplet ground state in this class of CpMo(CO}X, but they have not been isolated or character-
complexes. Calculations by the Poli group correctly repro- ized. We first consider [CpMo(CGCI] to define the four
duce this observation, and place the energy of the singletelectronic states of interest and to describe their structural
state 5-10 kcal/mol higher, depending on the specific details. We then calculate the dependence of these states on

molecule and level of theord.

Recently, the mechanism of the photochemical reactions
of [CpM(CO),] complexes (M= V, Nb) in low temperature
matrices has been the subject of several investigatiths.
To aid the analysis of transient intermediates observed in

such experiments, Harris and co-workers used DFT methodsg_3q g pa

to calculate the energy and vibrational modes of the low
singlet and triplet states of [CpV(CE)! The results
predicted a triplet ground state for this molecule, and placed
the singlet state 3 kcal/mol higher. Remarkably, the geometry
of both the singlet and triplet states of [CpV(GP)as noted
to deviate substantially from the uniform pseudg-3-leg
piano stool motif. In addressing the origin of such distortions,
we have recently reported calculations gfbenzene-Nb-
(COX] ™" in which the symmetry properties of ti@, point
group could be utilized to demonstrate without ambiguity
that these distortions pertain to Jatireller effects origi-
nating in accessibléE' and °E' degenerate states in the
undistorted motif? More importantly, our study revealed
that in theC; point group two distinct closed shell singlet
and two distinct triplet states in [benzene-Nb(GJO)fall
within a range of 5 kcal/mol. The same result was found for
[CpNDb(CQO}]. Additional initial calculations on [CpMo-
(COXCI] were then briefly presented to illustrate that
changing the substituents in unsaturated Cpletin in fact
reverse the order of the two singlet states. In light of these
findings, Jensen and Poli have shown that in order to arrive
at a qualitatively correct description of the CO and N
addition reactions to [CpMaEl], it is necessary to include
more than one electronic state of each spin multipli€ity.
The factors that control the structure and energy of the
low states in @ CpML; remain largely unexplored. A
computational investigation by Poli of substituents in
[CpMoP:X] focused on identifying factors that may influence
the gap between the lower energy species of each spintate.
In the present work we use DFT methods to study the
[CpMo(CORX] system with X= halogen, CN, H, and Me
in greater details. A role for these compounds has been
proposed in the therntal and photochemic# reactions of
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the identity of X, and try to interpret some of the results
using qualitative MO theory.

Computational Details

All calculations were carried out using Gaussian'®8he

sis set was used on the lighter atdm$he heavier
atoms carried the Hay-Wadt ECPs, and the dodbleasis set
supplied with them (LANL2DZ}¢ along with a set of 10f
polarization functions on Mo with exponent0.4, and a set of 6d
functions on the halogens of exponents 0.75 (Cl), 0.39 (Br), and
0.27 (I)° The singlet and triplet states were calculated using the
restricted and unrestricted B3LYP methods, respectifBtation-

ary points were located in thes point group and characterized by
normal mode analysis. Two orientations of the Cp ring were
considered in imposing th@; constraint These were found to have
comparable energies, but one was a minimum and one a transition
state for Cp rotation. We report results only for the minima.
Complexes showing imaginary frequencies other than Cp rotation
are discussed in the text, and these were recalculat€gl iRor X

= CI, additional energies were calculated at the BP\A'XCSD-
(T),22 and CASSCRP levels of theory and the basis set specified
before.

Results and Discussion

The Low Energy States of §>-CpMo(CO).CI]. In the
Cs point group of [d-CpMo(COYX], Mo(ll) would have two
a and one & formally nonbonding d-type MOs. With the
single determinant method used in the present study it is
possible to use these MOs to calculate two singlet and two
triplet states by varying their“delectron occupancy. The
singlet states are obtained from the closed shel){{a')?
and (18?(2d)? d* configurations, which we denotd'-a and
IA’-b, respectively. The triplet states are differentiated by
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Figure 1. Geometry of the two closed shell singlet states of [CpMo- Figure 3. Geometry of the two triplet states of [CpMo(C£Q)] defined

(COXCI] defined by the specified“dconfigurations. by the specified Hiconfigurations.

a 2, state resulting from the (&p)? d* configuration in the
c2 (( c T iC;;”SZCZ symmetricalCs, geometry. The JT theorem predicts that such
N { ,a/ b ~c3 \bx P an electronically degenerate state would couple with a
degenerate vibrational mode, and the energy would be
deimze~" "~ C3 AL c1” A 3 lowered by distortion in either of two opposite directions,
-7 a* (12)42a)? one leading to a minimum and one to a transition state
A2 Tranisition State Aa connecting two equivalent mininfa. In [benzene-Nb-
d* ()X (12" d* (1ay’(1a"y? (CO)J*,*? 'A'-a is the minimum andA'-b is the transition
Minimnm Minimum state connecting twéA'-a geometries in a process having

an activation energy of 4.5 kcal/mol. Clearly, although
[CpMo(CO)CI] does not have degenerate electronic states

o L . orn L i i due to the presence of heterosubstituents (CO and Cl), the
the (1&)*(1d)¥(2d)" or (1d)*(1d’)(2d)" configurations,  gimilar geometries in Figures 2 and 3 show that JT-type

which yield’A" and®A'" states, respectively. The open shell oftects continue to dictate the structural details of the low
singlet states from the latter configurations are expected tosinglet states in [CpMo(CGEIl]. Unlike [benzene-Nb-
be higher in energy than the triplet states, and no attempt(COk]+’ however, botHA’-a and*A’-b in [CpMo(CO)CI]
has been made to evaluate them. are minima, andA'-a is 19 kcal/mol higher in energy than
The minimized structural parameters ‘éf'-a and*A’'-b IN'b.
are compared in Figure 1 for X CI.** The results show Structural differences related to those described above are
that in both species the geometry deviates significantly from 5i5q present in the two triplet states of [CpMo(GTI)
the idealized 3-leg piano-stool motif. This is most apparent (rigyre 3), although their magnitudes are not as large.
In the dihedral between the two carbonydizc), whichis — specifically, the dihedral between the two COs is wider than
15T in *A'-a and 87 in 'A’-b. Such values may be 15 in 3A” and is significantly narrower iRA" (deuzc =
understood as distortions taking place in opposite directions 1 47 and 109, respectively). Such differences are signatures
from 120" expected for a symmetrical arrangement of Cl of an underlying JT effect. As before, the nature of this effect
and the two COs. Variations in the other angular parameterscap pe clarified using [benzene-Nb(GP)where it can be
are also suggestive of opposite distortions relative 10 a gasjly demonstrated that a degenepétestate is accessible
reference point. IAA'-a for example the two COs are more j,, the Cs, geometry but this time from the @)! d*
bent than Clézwc = 125, azux = 114), whereas irtA'-b configuration. In [benzene-Nb(C€)J A" is a minimum and
the reverse is the casaic = 117, agwx = 137°). _S|m|1l_atly, 3A" is a transitions state, and the two have nearly identical
the angle between the FWP 'carbonyls IS OW'de W-a  energies. In [CpMo(CQEI] both triplet states are minima,
(acmc = 10%) but narrow in*A’-b (acmc = 76°). and3A'’ is calculated to be 19 kcal/mol higher in energy than
The distortions described in Figure 1 are similar to those sp
found for the low singlet states of [benzene-Nb(g]O) At the B3LYP level, 3A" in [CpMo(COXCI] is 1.3 kcal/
(Figure 2). In the latter molecule, structural distortions follow | higher in energy thadA'-b, and the latter is thus
from a first-order JahnTeller effect applicable to théE' predicted to be the ground state. A similar prediction is made
by other DFT and ab initio methods as summarized in Table
1. In comparison to other methods, the employed CASSCF

Figure 2. Dihedral angles in the two singlet states of [benzene-NbgZ0)
(from ref 12).

(24) The pointZ in the figure is defined by the intersection point between
the normal from the metal to the plane of the Cp ring. The Cp plane
was defined using the coordinates of the symmetry unique carbon atom
and the coordinates of the two carbons opposite to it.

(25) Bersuker, IChem. Re. 2001, 101, 1067.
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Table 1. Relative Energy of the Low Energy States of [CpMo(@Tl) a —__CO1 s
Calculated by Different Theoretical Methdds ~ / =97
. . ; ; co1 b NC— *M°\ a NC_,/~—__Cot
" " " ' q \J
A'-a A'-b A A " 0/ gwézg: — b\ ) o \ \M O/ dEMZC
B3LYP® 19.2 0.0 13 225 7 cos ouzx N =90
BPWOIF 20.0 0.0 4.1 25.1 cN /d
CCSD(TP 21.3 0.0 3.4 24.4 ey 'Ab
CASSCPd 25.4 0.0 7.6 26.3 N Transition State A
Minimum Minimum

aEnergies given in kcal/mol relative t&\'-b. ® Geometry minimized at
the B3LYP level.° Geometry minimized at the BPW91 levélEnergy Figure 4. Geometry of'A, the asymmetric isomer dfA’-a. Arrows on
calculated using an (8,7) active space composed of the 3 valence metal*A’-b are for the normal coordinate of the imaginary frequency leading to
d-orbitals and their 4 electrons, the 2 filled &brbitals and electrons, and two equivalentA.
two emptyzz* CO MOs having aand & symmetries.
CcO

Table 2. Relative Energy of the Four Low Energy States in a \/CO
[CpMo(COLX] Calculated at the B3LYP Level (in kcal/mél) " Mo | domze Q(H Mo J demze
_ =96
1IA'-a 1A'-b 3N 3p! dornce / =202 b \CO
2, n2 2, 2 2 1, 1 2, 1, 1
X (ay(1d)*  (1d)*(2d)  (1d)(1d’)H(24)t  (1a)(1d)(24) =79 o domzx
F 17.2 0.0 0.9 26.4 =132
Cl 19.2 0.0 1.3 225 L. 1 .-
Br 18.6 0.0 1.1 21.0 TA'-a: Minimum A'-b:Transition State
I 17.8 0.0 1.0 19.2 Figure 5. Geometry of!A’-a and!A’-b of [CpMo(CO}H]. The arrows
CN 6.6 (TSy 0.0 121 on 'A’-b are for the motion of the normal mode of vibration having an
0.0 (A)° imaginary frequency.
H 0.0 12.1(TSY 3.1 13.6 N )
CH; 6.3 3.7 (TSY 0.0 16.2 mol above!A’-b. In addition, the 12 kcal/mol separation
o oo ;47-3 T(éslgostIC) L8 01 (TS between the two triplet states in the cyano complex is
' 7 (TS) ' 1(TS) substantially smaller than in the halogens. Moreot&f;b
aFor each substituent, the lowest energy species minimiz€diggiven in the cyano complex is not a minimum, but is a transition

a value of zero. Values do not include ZPE and thermal terms. “TS” indicates - : : . :
that the geometry of the specified state is a transition structure. The detailss'[ate characterized by one imagnary frequem;yr( 10si

of such species are discussed in the tex# is the electronic state of the ~ CM ) for movement of CN toward one of the two carbonyls

asxémmeltoricdisomer ofA1-b (Figuge r‘]l)-c TSis descritéedhin Figure 4.TS as illustrated by the arrows in Figure 4. MinimizationGa
is described in Figure 8.TS and the geometry with the agostic\¢H ; 1 : - ' .

bond are described in Figure BResults for CpNb(CQ)are from ref 12. yields'A with a geo_metry similar to that df'A a, bljt with
The TSs are related to the one given in Figure 2. a carbonyl at a position trans to CN. Thti&,-a and'A are

two geometrical isomers of the same state, &db is a
level, which was carried out on the B3LYP geometries and transition state connecting twé geometries in a process
did not include dynamic electron correlation effects, appears having an activation energy of 3.0 kcal/mol. At the B3LYP
to exaggerate the stability dAA'-b relative to3A"’. There level, 1A and 3A" are calculated to have the same energy.
are currently no experimental data on the direction or We note that the geometry 8A" continues to be closely
magnitude of this gap. We note that, with all the methods related to that ofA" given in Figure 3 for X= CI.
tested, the unrestricted triplet states showed essentially no For the complex with X= H, *A’-a is calculated to be the
spin contamination, and the ab initio methods gave wave ground state, and has a geometry that exhibits an extreme
functions dominated by one single configuration. In the degree of distortion from the symmetrical CpMimotif
remaining part of the given study the dependence of the (demze = 202; Figure 5). A related structure has been
energy order of these four states is calculated at the B3LYPreported for [CpMo(Pk),H].** In [CpMo(CO)H] 'A’-b is
level. 12 kcal/mol aboveéA'-a and has one imaginary frequency

Substituent Effects. The energy of the four electronic (v = 501i cnm'?) for motion of the hydride in either one of
states of [CpMo(CQX] discussed above has been calculated the two directions leading to the asymmetric transMio—
for a series of systematically varied substituents. The resultsCO isomer ofA’-a (Figure 5). Attempts to locate this isomer
are collected in Table 2 in terms &, defined such that in C; always converged to the symmetfi’-a geometry.
the lowest energy electronic state for each substituent isFor this substituent, botPA’ and3A’" are minima, andA’
always assigned a value of zero. For the group of halogenis 10.5 kcal/mol abovéA'. The singlet-triplet gap between

complexes, the results reveal a remarkahtkpendencef IA’-a and®A"" is 3.1 kcal/mol in favor of a singlet ground
the energy order ofA" and the two singlet states from the state.
identity of the halogen, withA’-a ca. 19 kcal/mol above The last substituent we consider is the methyl group. In

1A'-b, and a constant singletriplet gap of 1.0 kcal/mol  this case!A'-b is lower than'A’-a, but by only 2.6 kcal/
throughout the groufE, of A’ on the other hand is lower  mol.!A’-b has an imaginary frequency; & 287i cn1?) for
in the heavier halogens. For exampig, = 26.4 kcal/mol CHs rotation whose value would be unusually large for a
for X = F, compared to 19.2 kcal/mol for > 1. transition state of a mere MCHj; conformational change.
The order of the given four electronic states is largely Indeed, lifting theCs constraint leads to an agostic bond
modified when the halogen is replaced by CN. Perhaps mostbetween a methyl hydrogen and the metal center (Figure 6)
important is that the energy of the two singlet states becomesand lowers the energy by 8.3 kcal/mol. In the final geometry
comparable in [CpMo(CQEN], with *A’-a only 3.6 kcal/ with the agostic bond, the angle between the two carbonyls

3694 Inorganic Chemistry, Vol. 43, No. 12, 2004
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'A'-a: Minimum 'A'-b: TS for Me rotation

demzx z "2 E n2
=103 0 (1) H" \ G2 qQ (1CO
co azmx azme O -5.6 | -5.6 Cl co

/} p =123 N =120 o " ]
HC - cuze ollCO (1a") -H— : "2 ——
2 \H"‘\‘/o\ o N\ F -6.0 % (za)

H
\C/," ) @wmc
4 SO =77 6.5
co H N co -0.
d N \ Sy illefe]
cMZX A % . co
=162 ¥ .' cl cO

1 . 1 . .
A: Minimum related to " A'-b with agostic bon
ated to b with agost d Figure 7. Correlation diagram and schematic sketches of the valence MOs

Figure 6. Stationary points for the singlet states of [CpMo(G@g]. The in 1A’-a and!'A'-b states of [CpMo(CQKI]. Orbital energies are given in
arrows on*A’-b are for the motion of the normal mode with an imaginary  electronvolts.
frequency.

) ) ) Jespersen, for example, invoked a rolesfegffects to explain

is 77 (acwc, Figure 6). Such a ,SmaH’_CMC angle is a  counterintuitive trends in the carbonyl stretching frequency
characteristic structural featu_re B'-b (Figures 1 and 2), 444 redox potentials in [I(PR(CO)X].28 Similarly, Caulton
and suggests that the electronic staté"6fb does not change  seq 7-arguments to rationalize unusual nucleophilicity
when the agostic Eo'r,wd is added. For the given methyl {1onqs20 Eisenstein and co-workers demonstrated that when
comp.lex, the_trlpletA ste_tte is 5.7 kcal/_mol higher than v is a z-donor the ground singlet state inf{t(PHz),XH]

the S|rslglet with the agostic bond, afd" is 16 kcal/mol g giferent from than when ¥= H.% In line with explana-
above’A”. No stationary point with agostic bond could be  5ns given in these studies, qualitative arguments based on
located on the triplet energyjurface. This is in accord with o pita] interactions involving the metal nonbonding d-orbitals
the study of CpMo(Pk)>(CHs)™* where an agostic bond had 4y he used to account for, at least in part, hoeffects
been reported only for the singlet state. may influence the energy order of the electronic states in

Given the collective data in Table 2, it becomes desirable CpMo(COYX]. For this purpose we utilize the energy level
to be able rationalize some of the calculated trends base iagram of the singlet states of [CpMo(GG)] given in

on general qualifiers commonly associated with the variable Figure 731
ligand. One important question for example is what deter-
mines whethetA'-a would be lower or higher thal'-b,

and a simple answer may be based on:hgroperties of

X. H and CN, as well as CO in the case of [CpNb(GID)
lack asr-electron donor capacity, and their complexes have
an?A’-a singlet ground state. The halogens on the other hand
are classified as-electron donor ligands and yield &4'-b
ground state. The methyl group would also have some
m-donor capacity, albeit a weak one becausestrabitals
have somes-CH bonding character. Consistently, when X
= CHs, *A’-b is lower than'A'-a. Thes-properties of X
seem also to have a large influence on the magnitude of the
gap between the two triplet states of [CpMo(GX]) The
halogens for example yield large triptetriplet gaps (18-

25 kcal/mol), whereas H and CN afford much smaller gaps
(less than 12 kcal/mol). An intermediate gap (16 kcal/mol)
is calculated for the complex with the weakdonor CH
group. In CpNb(CQOythe difference between the two triplet

states I.S less than 1 kcal/mol. . . . (28) (a) Abu-Hasanayn, F.; Krogh-Jespersen, K.; Goldman, An@&g.
The importance of ther-properties of ligands is known Chem.1993 32, 495, (b) Abu-Hasanayn, F.; Goldman, A. S.: Krogh-

in transition metal chemist#2” and has been used in some Jespersen, Kinorg. Chem.1994 33, 5122.

. . _(29) Caulton, K. GNew J. Chem1994 18, 25.
studies to interpret unusual trends. Goldman and Krogh (30) (a) Rachidi, I. E-1.; Eisenstein, O.; Jean, Wew J. Chem199Q 14,

671. (b) Riehl, J. F.; Jean, Y.; Eisenstein, O.; PelissierOvgano-

In absence ofr-effects, thes-MoX interactions in [CpMo-
(COXX] would formally impart antibonding character to'1a
and 2& This is expected to disfavdA'-b with the (18
(2d)? configuration. For a strong-donor such as H, the
preference forA’-a would be large, and this is consistent
with the 12 kcal/mol gap betweéA’-a and'A’-b in [CpMo-
(CO)XH]. When X is a halogen, on the other hand, it would
have two filledsz-orbitals of 4 and & symmetry. In'A’-a
with the (18)2(1d')? d* configuration, there would be two
7m-MoX repulsion terms. Altering the‘eelectron occupancy
into (1d)?(24)? replaces one of these by a favored bonding
interaction. The large decrease in energy calculated when
1A’-a is changed tdA’-b in the halogen complexes (ca. 20
kcal/mol) suggests therefore that the extent of metabi-
lization introduced when the orbital occupancy is altered
overweighs the accompanyingdestabilization. However,
the m-donor strength of the halogen is believed to decrease

(26) Huheey, J. E.; Keiter, E. A.; Keiter, R. L. Imorganic Chemistry, metallics1992 11, 729.
Principles of Structure and Reacity, 4th ed.; Harper Collins: New (31) We note that the orbital energies are obtained from DFT calculations
York, 1993, Chapter 11. which tend to give negative energies for unoccupied MO. Such values
(27) (a) Doherty, N. M.; Hoffman, N. WChem. Re. 1991, 91, 553. (b) are not necessarily physically meaningful. For a discussion see:
Fagnou, K.; Lautens, MAngew. Chem., Int. EQ002 41, 26. Stowasser, R.; Hoffmann, R. Am. Chem. S0d.999 121, 3414.
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down the groug®?®and based on the givenrargument alone  and two triplet states of the given system can have
one would expect greater preference for tAé-b state in comparable energies. The importance of this finding is
the lighter halogens. An expected increase in the halogenappreciated when it is realized that the energy order of the
o-donor strength down the group should also increase thegiven states is dependent on X, leading to different ground
preference of!A’-b over 'A’-a in the lighter halogens. states for different substituents. Because of spin and sym-
Accordingly, one should expect a decrease in the gap metry considerations, fragments with different electronic
between'A’-a and A’-b down the halogen group of ground states are likely to have different reactivities. The
complexes, but Table 2 shows that this is not the case.second contribution pertains to the structure of these four
Clearly, more subtle factors determine the quantitative details states, which is interpreted in terms of Jafireller distor-

of separation of the two singlet states. Similarly, given the tions in the idealized pseud®;, 3-leg piano stool skeletal
large variations in the electronic properties of the substituentsframe of CpMLs.

in Table 2, it would be difficult to come up with a simple
explanation that would account for the finding that the triplet
SA" is always similar in energy to the lowest singlet state,
which can be eithetA’-a or'A’-b.
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