JIAICIS

ARTICLES

Published on Web 04/20/2004

Do Spin State Changes Matter in Organometallic Chemistry?
A Computational Study

José-Luis Carredbn-Macedo and Jeremy N. Harvey*

Contribution from the School of Chemistry and Centre for Computational Chemistry,
University of Bristol, Cantock’s Close, Bristol BS8 1TS, U.K.

Received February 5, 2004; E-mail: jeremy.harvey@bristol.ac.uk

Abstract: Spin changes occur often in organometallic chemistry, and their effect on kinetics is not well
understood. We report computations on the singlet and triplet potential energy surfaces of several processes
of this type and show that the topology of the individual surfaces, as well as of the crossing regions between
them, can be used to rationalize the observed reactivity in all cases. In particular, the slow addition of
dihydrogen to W[N(CH2CH2NSiMe3);]H (Schrock, R. R.; Shih, K. Y.; Dobbs, D. A.; Davis, W. M. J. Am.
Chem. Soc. 1995, 117, 6609) is shown to be a “spin-blocked” reaction with a high barrier due to the crossing
between reactant triplet and product singlet surfaces. In contrast, addition of CO to TpCo(CO) (Detrich, J.
L.; Reinaud, O. M.; Rheingold, A. L.; Theopold, K. H. J. Am. Chem. Soc. 1995, 117, 11745) is fast because
the triplet and singlet surfaces cross at low energy. Particular care is taken to use DFT methods which are
in adequate agreement with experimental and high-level computational energetics for these systems.

Introduction remove it. For these reasons, and perhaps also because of the
) » ) lack of firm experimental evidence, the discussion of spin-
. Many reactions of transmon _metal organometallic compoun_ds blocking was removed from later editions of the above-named
involve unsaturated intermediates, reactants, or products, i-e.yeyihook. There therefore remains considerable uncertainty in
species with a formal electron count lower than 18. In many e community concerning the effect on kinetics of spin changes,
cases, 16-electron complexes can exist as either singlet or t”pletespecially because it is often difficult to define what exactly is
species, and electronic states corresponding to these differen}neam by an “analogous” spin-allowed reaction, so that com-
SpIn pairngs often lie rather clo§e in energy. Therefore, it 'S parison can be difficult or impossible. Many reactions are known
fa|.rly. common to.have a rgactlon that occurs, at least in v, oooyr with a change in spin, but there is little definitive
principle, on multiple potential energy surfaces. The most g\igence concerning the effect that this has on kinetics.
common example of this m_organometalllc chemistry is w_hen In recent work? we have shown that the above discussion of
§|nglet rgactants lead to singlet products but t_hrough triplet how spin state changes may affect kinetics is too simplistic, as
TéerTe?'atef‘. I?qtually, trele:tetlj CZS?S alre kr&ovx;]n :In Wh:;:h ftableit only focuses on one of the two factors involved in establishing
: d-e Zc.ron hrlphelSreac ?g SI ea; odc olile t-s ed pro ;JCt S 9ihe kinetics of such nonadiabatic processes. Itis true that surface
indeed n whic - or L/-electron doublets ‘?‘n _quartets ar:e hopping between zeroth-order potential energy surfaces corre-
involved. .These reactions are referred t_o as “spin-forbidden sponding to different spin states does not always occur with
!oecaus_e n the_ absence of s—purrbl_t coupling and other SU(_:h_ unit efficiency, and that this can lead to observable dynamical
interactions which are not present in the zeroth-order description or kinetic effects, even for transition-metal containing systéfs.
of molecular electronic structure, changes in spin state do not For example W’e have used a nonadiabatic form of transition
oceur. ] ) __ state theory to compute the rate for addition of carbon monoxide
The possible effect of such spin state changes on the kineticsyg triplet iron tetracarbonyl to give closed shell Fe(G®Yhis
of organometallic reactions has long been a matter of debate.reaction has been found to occur in the gas phase at a rate which
In one well-known textbook in the field, it was suggesteat is roughly 500 times below that expected from collision theory.
spm-forbldde_n processes might be notlce_ably sI(_)wer than \we found that the minimum energy crossing point (MECP)
analogous spin-allowed ones, a so-called “spin-blocking” effect. petween the reactant triplet and product singlet is slightly (0.5

However, given the high atomic number of transition metals, ycal/mol) higher in energy than the reactant asymptote and that
especially the heavier second- and third-row elements, relativ-

istic effects, including spirorbit coupling, should be important  (2) Harvey, J. N.; Poli, R.; Smith, K. MCoord. Chem. Re 2003 238 347—

i H H H ; i 361. Poli, R.; Harvey, J. NChem. Soc. Re 2003 32, 1-8. Harvey, J. N.
for these :Sp(?CIGS: This _ShOU|d alleviate the_lmpaCt on kinetics In Computational Organometallic Chemisti@undari, T. R., Ed.; Marcel
of a reaction’s spin-forbidden character, or indeed completely Dekker: New York, Basel, 2001.

(3) Harvey, J. N.; Aschi, MFaraday Discuss2003 124, 129-143.
(4) Rue, C.; Armentrout, P. B.; Kretzschmar, |.; Schroder, D.; Harvey, J. N.;

(1) Collman, J. P.; Hegedus, L. ®Brinciples and Applications of Organo- Schwarz, HJ. Chem. Phys1999 110, 7858-7870.
transition Metal ChemistryUniversity Science Books: Mill Valley, CA, (5) Ryther, R. J.; Weitz, EJ. Phys. Chem1991, 95, 9841-9852. Seder, T.
1980. A.; Ouderkirk, A. J.; Weitz, EJ. Chem. Phys1986 85, 1977-1986.
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this accounts for part of the rate reduction. Surface hopping at Scheme 1

the MECP, mediated by the spiorbit coupling matrix element a)

of 66 cnT?, is predicted to occur on average only once out of ™S~ H s

20 seam-crossing events, and this also contributes significantly ™S N, Vl\,_N/ H,
to the low rate. N Telow

slow
However, this represents a somewhat special case, in which k/'L\}
the reaction is in absolute terms still extremely fast, because
the MECP is only just above the reactants’ energy level, so b T
that it makes only a modest contribution to the rate reduction. N/BW“!N
In cases where the spin-induced reaction barrier corresponding O‘
to the MECP is larger, the Boltzmann factor it will contribute N SN
to the reaction rate will tend to be have a far greater effect on ) \Co/ o
the rate than the nonadiabatic behavior. It is especially important HPr \co Pr
to recognize that even in the limit of strong spiorbit coupling,

and hence _fuIIy adiabatic motion through an avoideq crossing hydrotris(3-isopropyl-5-methylpyrazolyl)borato), see Scheme
corresponding to the MECP, a spin change can still have an 1,13 s aqdition reaction is very fast, almost diffusion
effect on reactivity, in cases where the avoided crossing between

h-ord il ” lead nifi controlled k= 3 x 10° mol~* L s71), despite its spin-forbidden
zeroth-or er potent!a energy surfaces leads to a signi IcaNt ature. The authors concluded that “Based on this observation
energy barrier. “Spin-blocking” of chemical reactions is not

W d i ed by th h of seiorbi i it is argued that the notion of ‘spin-blocking’ of organometallic
purely determined by the strength of spirbit coupling. reactions is inappropriate”. In other words, this ligand addition

‘We have already explored several orggnomeﬁuﬁﬂcand process is very similar, in kinetic terms, to other spin-allowed,
bioinorganié reactions involving a change in spin and shown parrier-free, reactions.

how the energy and geometry of the minimum energy crossing
points (MECPs) between the relevant potential energy Surfacescorresponding systems, to show that reactivity in these two high-
could be used in qualitative terms to account for reactivity and profile examples can be readily understood in terms of the
selectivity? Also, chergroups_, both beforg and in parallel \_/vith topology of the potential energy surfaces involved, and in
our work, have discussed spin changes in organometallic andyaticylar of the relative energetics of the reactants, products,
other reactions. In some cases, the position of surface crossing$,ermediates. and MECPs. We also use computation to explain
has k_)een discussed qual_itatively or based on the approximatey,q gitferent reactivity of various small ligands#R CHi, CoHa,
location of surface crossingswhile in others, MECPs have oy with triplet CpCoCO, which has been studied in the gas
been exp!lcnly located? In the present cont_nbutlon_, we extend phase and in solution. In particular, the nonreactivity with
our work in this area to address two reactions which have beenanes; which contrasts with the ready reactivity observed with
the focus of considerable interest and which have been usedi e heavier congeners CpRh(CO) and Cplr(CO), has been
respectively as examplles ih favor of and against the diSpUtedsuggested in a much-cited computational stddg be linked
concept of “spin-blocking” in organometallic chemistry. The (5 the spin-state change which must occur in the cobalt system.
first example (Scheme 1a) is oxidative addition of dihydrogen g third system is of further value because it is small enough
tf atungsten monohydr3|(_jeltlr|lszam|QO complexgifVH (NsN for us to be able to apply accurate computational techniques
= [(MesSINCH,CH,)sN]™),* 2 which has been put forward  4nq hence calibrate the density functional theory (DFT) methods

as a possible example of the phenomenon of spin-blocking. ,5eq for the other, much larger systems shown in Scheme 1.
Thus, unlike many exothermic, irreversible, dihydrogen addition This is particularly valuable for the system of Scheme 1b, as

reactions to an unsaturated metal, this reaction is slow, taking c,co(cO) is isoelectronic with TEP"MeCoCO. Our careful

1 day under pressure to pr.o.ceed to complgtlon. . calibration of our computations, as well as the use of the “real”
The other reaction is addition of CO to a triplet tris-pyrazolyl  systems of Scheme 1, means that computational uncertainties

cobalt monocarbonyl, (Tp”"MeCo(CO), where TpPrMe = linked to method accuracy or truncation of ligands to give

“model” systems are kept to a minimum.

Cco

fast

In this work, we report new DFT calculations on the

(6) Harvey, J. N.; Poli, RDalton Trans.2003 4100-4106.
(7) Green, J. C.; Harvey, J. N.; Poli, B. Chem. Soc., Dalton Tran2002 i H
1861-1866. Smith, K. M.; Poli, R.; Harvey, J. Nchem.-Eur. 2001, 7, Computational Details
%$z§&0.1690. Smith, K. M.; Poli, R.; Harvey, J. Wew J. Chem2000 24, The bulk of the DFT computations have been carried out using the
Esg Harvgy, J. NJ. Abm. Chem. Sclnzooq 122, 1|ﬁ401—12402.h Jaguar program packa¢fgpgether with the standard BP86 and B3LYP
9) Brandt, P.; Norrby, P. A.; Daly, A. M.; Gilheany, D. @hem.-Eur. J. : e : : ;
2002 8, 4999-4307. Linde, C.. Akermark. B.. Nofrby, P. O.; Svensson, functionals. Some additional calculations were c_arrled ou_t using the
M. J. Am. Chem. Sod999 121, 5083-5084. Engeser, M.; Schlangen, standard PW91, BPW91, and B3PW91 functionals. Finally, the
M.; Schrader, D.; Schwarz, H.; Yumura, T.; Yoshizawa, Grganometallics modified form of the B3PW91 functional, in which the proportion of

2003 22, 3933-3943. Shiota, Y.; Yoshizawa, KI. Chem. Phys2003 -
118 5872-5879. Zhang, G. B.; Li, S. H.; Jiang, Y. Qrgano%eta”ics exact HF exchange has been changed from 20 to 15% (whithefex

2003 22, 3820-3830. to as B3PW91*), has also been used for some calculations. Full

(10) Hess, J. S.; Leelasubcharoen, S.; Rheingold, A. L.; Doren, D. J.; Theopold, i At ; ; i

K. H. 3. Am. Chem. So@002 124 2454-2455. Jensen. V. R.. Poli, K. geometry optimization was carried out for gll species. For the tra_nsmon
Phys. Chem. 2003 107, 1424-1432. Le Grognec, E.; Poli, RChem.- state (TS) searches we used the quadratic synchronous transit (QST)
Eur. J.2001, 7, 4572-4583. Veige, A. S.; Slaughter, L. M.; Lobkovsky,  methods as implemented in the Jaguar program. The MECPs were
E. B.; Wolczanski, P. T.; Matsunaga, N.; Decker, S. A.; Cundari, T. R.
Inorg. Chem.2003 42, 6204-6224.

(11) Dobbs, D. A.; Schrock, R. R.; Davis, W. NMhorg. Chim. Actal997 263 (13) Detrich, J. L.; Reinaud, O. M.; Rheingold, A. L.; Theopold, K.-HAm.
171-180. Chem. Soc1995 117, 11745-11748.

(12) Schrock, R. R.; Shih, K. Y.; Dobbs, D. A.; Davis, W. Nl. Am. Chem. (14) Siegbahn, P. E. Ml. Am. Chem. S0d.996 118 1487-1496.
Soc.1995 117, 6609-6610. (15) Jaguar 4.0 Schradinger, Inc.: Portland, Oregon, 1998001.
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optimized using Jaguar, together with the code developed by one of 14.9

us1é17Basically, a set of shell scripts and Fortran programs is used to '[CpCoCO] +CO
generate Jaguar input, run jobs, extract energies and gradients for both e —

spin states, combine them to produce an effective gradient pointing [CpCoCOJ +CO ™ .

toward the MECP, update the geometry, and cycle until convergence
(energy difference lower than 0.1 mHartree, energy gradient within
the seam of crossing within the normal Jaguar convergence criteria).
This method is similar to that developed by other grotige.the DFT
computations, the metallic atoms were described using the effective
core potentials (ECPs) of Hay and Wadtwith the valence and 1[CpCo(CO),]
outermost core (38p° for Co, 585p° for W) electrons described

explicitly. This ECP is associated with a TZ basis set (LACV3P), as Figure 1. BP86 potential energy profile (in kcal/mol) for the addition of
implemented in Jaguar, with contractions of the form (5s5p5d)/[4s4p3d] CO to CpCoCO.

for Co and (5s5p3d)/[4s4p3d] for W. We used the standard 6-31G* 3 . .
basis set for B, C, N, O, Si, and H. For this last atom, in some cases served® to add very rapidly to this 16-electron fragment, to

indicated below, we added a p-type polarization function (6-31G** give saturated singlet species such as CpCofO@)contrast,
basis). Single-point DFT calculations with the larger basis sets discussedunlike the isoelectronic CpRh(CO) and Cplr(CO), CpCo(CO)
below gave energies very close to those obtained with the combinationdoes not react with alkanééand there have been suggestions
used here. For the large compounds of Scheme 1, vibrational frequencythat this difference may be due to the spin state change which
computation is prohibitively expensive, so we cannot include zero- would need to occur in this reaction for the cobalt systém.

point or thermal corrections. However, for the CpCo(CE)CO or Our computed potential energy surfaces enable these different
CH, systems, we have computed zero-point energies for most of the reactivities to be understood

stationary points and provide energetics derived both from pure In Figure 1, the surfaces for addition of CO are shown (see
electronic energies and zero-point energy corrected ones; the difference ’

gives a measure of the effect of the latter on energetics. also compqted data in Table 1). As in prevpus Stuéftes,

. . . ) CpCo(CO) is found to have®" ground state, with 8A’ state

Additional DFT and coupled cluster single-point calculations were . .

carried out using the MOLPRO 2002.3 packatat, the Jaguar/B3LYP- lying some _15 kcal/mol higher. In Contras_t, CpCo(B)ound .
optimized geometry. The CCSD and CCSD(T) computations for singlet 10 Nave @ singlet ground state, bound with respect to the triplet
states and the RCCSD and RCCSD(T) computations for triplet states, fragments by ca. 50 kcal/mol before correction for zero-point
had RHF and ROHF references, respectively. For most of these €nergy. As in the previous stud§ the triplet state of CpCo-
calculations, we used the standard cc-pVDZ basis set for C, N, O, and (CO), is found to be bound with respect to fragments, by as
H with, for the metallic atoms, flexible basis sets with multiple much as 25 kcal/mol. There is no barrier to addition of the
polarization functions. In particular, for cobalt, we developed for this  second CO fragment on the triplet surface, as shown by carrying
work two all-electron bases using the Ahlriéh§ZV (17s,10p,6d)/  out a set of constrained geometry optimizations at successively
[63,3p0,|3o:(] ba)‘f[is set acsj af St"’;”ing pom; T:e “BS1" basis is (f’f((las’ smaller Co-C distances. There is a crossing between the singlet
13p,6d,21,10)/[8s,7p,4d,2f, 1] size, and the "BS2" one is of (18s, 5nq triplet surfaces in the vicinity of the triplet minimum, with
13p,7d,3f,29,1h)/[8s,7p,5d,3f,2g,1h] size, and in both cases all otherthe MECP lying just 1.2 kcal/mol higher in energy than the

atoms are treated with cc-pVDZ. For some calculations we also used , . . ;
a third set, “BS3”, which is the same as BS2 for the cobalt atom but triplet. In fact, the geometries of the MECP and of triplet CpCo-

uses the larger cc-pVTZ standard basis on the other atoms. For tungsten(CO) are virtually superimposable, with an rms difference in
the Stuttgart/Kin group quasi-relativistic ECP was used, with the their Cartesian coordinates of only 0.077 A. These near-identical

5s, 5p, 5d, and 6s electrons described using either a [6s5p4d2f] or ageometries are reflected in the bond lengths and angles also;
[6s5p4d3flg] basis set. Full details of these Co and W basis sets arefor example,r(Co—CO) is 1.826 A for the triplet minimum,
provided in the Supporting Information. In all correlated calculations, versus 1.848 A at the MECP.
the core Co (up to 3s3p), W (up to 5s5p) and C, N and O (1s) orbitals  The fast addition reaction of CO to CpCo(CO) can be readily
were held frozen. rationalized by these potential energy surfaces: addition initially
proceeds to give the triplet species, which is strongly enough
bound and has a large enough density of rovibrational states,
We start by discussing our results obtained for the Spin_ to have a certain lifetime toward dissociation. During this
forbidden ligand addition reactions to the triplet CpCo(CO) lifetime, the system will cross the energetically very accessible

system. Carbon monoxide, phosphines, and alkenes are obs€am of crossing with the singlet surface many times. At each
crossing, there will be a certain probability for surface-hopping,

MECP -242

Results and Discussion

(16) Harvey, J. N.; Aschi, MPhys. Chem. Chem. Phyk099 1, 5555-5563. and the final result will be formation of the singlet. Loss of
(17) ggarggxb% N.; Aschi, M.; Schwarz, H.; Koch, Wheor. Chem. Acd.998 excess vibrational energy, ensuring that the adduct does not
(18) Koga, N.; Morokuma, KChem. Phys. Letl.985 119, 371—374. Yarkony, undergo the reverse of the initial step, loss of CO, can occur by

D. R.J. Phys. Chem1993 97, 4407-4412. Bearpark, M. J.; Robb, M. i i i i i
A Schiegel. H. B.Chem. Phys. Let1994 223 260574, collisional cooling with the background gas as discussed in the

(19) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310. experimental papé® in either the triplet or singlet dicarbonyl

(20) Amos, R. D.; Bernhardsson, A.; Berning, A.; Celani, P.; Cooper, D. L.; ini H _limiti ; PAit
Deegan, M. 3. O. Dobbyn A. J. Ecker. F.. Hampel. C.. Hetzer, G. Minima. In this process, the ratg limiting step is the initial
Knowles, P. J.; Korona, T.; Lindh, R.; Lloyd, A. W.; McNicholas, S. J.;  addition of the CO molecule, which should occur at a near-
Manby, P\ R.; Meyer, W.; Mura, M. £ Nicklass, A; Palmieri, P, Pitzer,  gas.-collisional rate, given the barrierless triplet potential energy
R.; Thorsteinsson, T.; Werner, H.-MIOLPRO, a package of ab initio

programs designed by H.-J. Werner and P. J. Knowlession 2002.1 (23) Wasserman, E. P.; Bergman, R. G.; Moore, C1.BAm. Chem. S04.988
University of Birmingham: UK, 2002. 110 6076-6084.
(21) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl1992 97, 2571-2577. (24) Bengali, A. A.; Bergman, R. G.; Moore, C. B. Am. Chem. Sod.995
(22) Andrae, D.; Haussermann, U.; Dolg, M.; Stoll, H.; PreussTtieor. Chim. 117, 3879-3880.
Acta199Q 77, 123-141. (25) Sztaray, B.; Szepes, L.; Baer,J.Phys. Chem. 2003 107, 9486-9490.
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Table 1. DFT and CCSD(T) Computed Potential Energies (kcal/mol) for the CpCo(CO) + L (L = CH4, CO) Systems. Numbers in

Parentheses Include a Correction for Zero-Point Energy

DFT ccsp(T)

B3LYP B3PW9I1 B3PW91* BP86 PW91 BS1 BS2 BS3
3CpCoCO]+ L 0.0 (0.0) 0.0 0.0 0.0 (0.0) 0.0 0.0 0.0 0.0
1[CpCoCO]+ L 25.7 (25.8) 25.6 22.0 14.9 (14.9) 14.8 18.1 15.4 15.1
CH; MECP 15.5 14.4 10.1 4.9 2.4
CPCOCOCH,] 15.4 (17.1) 14.1 8.9 1.6 (3.2) -1.5
CHsins. TS 27.2 (27.2) 233 16.7 6.8 (7.1) 3.8
[CpCOCO(CH)H] 18.8 (19.6) 16.6 10.1 —0.6 (0.5) —-3.1 3.4 1.4
3CpCo(COY] —-17.9(-16.7) -18.7 —20.9 —25.4 (-24.3) -27.8
CO MECP -17.3 -18.2 —20.9 —24.2 -26.9
CpCo(COY| ~31.6 (-28.4) -35.1 —42.1 —53.1 (-49.4) ~56.0 -38.8 —41.3 —41.0

Table 2. DFT Computed Potential Energies (kcal/mol) for the
CpCo(CO) + L (L = P(CHgz)3, CoHa4) System

B3LYP

BP86

complex and inserted species have also been located at the BP86
level for this system. The energetics for addition and insertion

to form CpCo(CO)(GH12) and CpCo(CO)(H)(6H11), respec-

3[CpCoCO]+ L 0.0 0.0 tively, are very similar to those found for methane addition:

"[CpCoCOJ+ L 25.7 14.9 +0.3 and—0.9 kcal/mol as compared t61.6 and—0.6 kcal/

3[CpCo(CO)P(CH)3] —14.4 —17.8 mol with methane. The MECP in the methane system between

g(cclﬁi(ag)cpéc%] :ig'g :‘1‘2'2 the singlet and triplet surfaces lies ca. 5 kcal/mol above the

ACpCo(CO)GH] o 110 level qf the _triplet reactants, i.e., just below the adiabatieH®

1[CpCO(CO)QH;‘] _166 _368 bond insertion TS.

CoHa MECP -5.1 -10.7 Why is no reaction observed between CpCo(CO) and alkanes?
The experimental studysuggests that the “solvate adduat” (
complex) is not formed, and the inserted species certainly is

14.9 ; not. Our calculations provide a ready explanation for these

'[CpCoCO] + CH, observations: it is likely that reactialoesoccur, at least under
/ certain conditions, but that it is reversible and that the products
/ are not stable and hence are not detected. Thus, the MECP does
\ o/ 6.8 not lie very high in energy, and the probability of crossing from
Pl \\ / the triplet to singlet surfaces at the MECP would have to be
oc H/"( MECP/ much smaller than the 5% found in the Fe(G®)CO systerd
A for reaction to be impossible. As in the Fe(GQ@pse, spir
H orbit coupling interactions between singlet and triplet CpCo-
(CO) are symmetry allowed, so the coupling matrix element,
e and hence the hopping probability, is likely to be of the same
oc .>'(H order of magnitude as that found there. Depending on the degree
H of spin-forbidden character, either the change of spin at the
Figure 2. BP86 potential energy profile (kcal/mol) for the insertion of MECP or the adiabatic insertion TS could represent the overall
CHa to CpCoCO. rate-limiting step for addition but in any case this is expected
surface. This is in agreement with the experiment. We have to be fairly fast. Instead, one can see thath adducts, which
found that the potential energy surfaces for addition gfiL have roughly the same potential energy as the reactants, are
and P(CH); have a similar topology, with bound triplet adducts, thereby simply not stable enough for addition to be favorable
stable singlet adducts, and very accessible MECPs between thén terms offree energy. In rough terms, formation of an adduct
singlet and triplet surfaces lying just above the triplet adduct from two molecules is disfavored by entropy by ca. 10 kcal/
minima (see Table 2). mol at room temperature due to the loss of translational degrees
The potential energy surfaces for addition of methane are of freedom. Even at the lower temperatures where the attempted
very different, as shown in Figure 2. First, there is no reaction was carried out, any addition is likely to be reversible
significantly bound minimum on the triplet surface (very weakly due to the near-thermoneutral character of the addition.
bound van der Waals-type complexes, with bond energies of The discussion above revolves around potential energy
less than 1 kcal/mol, were found at the DFT and CASPT2 levels surfaces computed at the BP86 level of theory. Previous
in ref 14). The second difference concerns the singlet surface.calculation* on the CO and Ckreactions, using DFT and
Here, there are two CHadducts: In the first, -complex”, other methods, reach the same conclusion as ours for the CO
there is a dative interaction between a doubly occupied orbital case, but a very different one for the €keaction. Thus, the
on methane and an empty orbital on Co, whereas in the secondPCI-80 parametrized correlation method (based on extrapolation
formal oxidative addition to give a Co(lll) methyl hydride has of correlation effects from a MCPF/DZP calculation) judged
occurred. In our calculations, these two states are very close into be most reliable in that study predicted the insertion product
energy and are separated by a modest energy barrier. To ruldo be as much as 22.9 kcal/mol more stable than the triplet
out different energetics for the cyclohexane reaction, which is reactants. In that context, of course, thermochemistry could not
the one that has been probed experimentally, the encounterexplain the nonobservation of products which was instead

/
/
/
/
S

00 S =
o AN

3[CpCoCO] + CH, | adduct
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suggested to be due to the spin state change: it was arguedhalanced active space which includes all zeroth order near
that the crossing between triplet and singlet states would lie at degeneracy effects for transition metal compounds other than
quite high energy (although no MECP was located). Which di- or triatomic radical® Also, there is little hard evidence
interpretation is correct? As mentioned in the previous study, that CCSD(T) does indeed give poor results. Indeed, for main-
different methods yield very different energetics in these group compounds displaying similar multireference character
systems, in particular for the singletriplet state splitting in to the Co compounds in Table 2 (as measured by tthe
CpCo(CO0), and there is at first sight no particular reason BP86 diagnostic, which gives values of 0.05 or lower here), very

results should be preferred. This type of problem is common in
studies of spin-forbidden reactions in organometallic chemistry
and will also affect the results obtained for theé FpMeCo(CO)

accurate results can be obtained with CCSG(T).
It should be mentioned that for the present system the PCI-
80 results mentioned earliémpredict that the inserted methyl

system discussed below. We therefore carried out extensivehydrido species is significantly more stable than the reactants

calibration work on CpCo(CO) and some of its reaction
products, which we discuss here.

and thus does not agree with CCSD(T). However, the perfor-
mance of the PCI-80 method for compounds of the first

The computed energetics for these species using varioustransition row is less reliable than for second- and third-row

different density functional methods are shown in Table 1. As
can be seen, very different singtdtiplet state splittings in
CpCo(CO), and energetics for addition of CO and sCkre
obtained using the different functionals. The state splitting
follows trends observed befof&%27 with hybrid functionals
including larger amounts of “exact” exchange leading to
relatively more stable triplets. Bond energies relative to the
triplet fragments are therefore also smaller with hybrid func-
tionals. In fact, with the latter, the methane insertion product is
predicted to be significanthpigher in energy than the triplet
reactants. Were this description of the CpCo(GOFH, system

correct, then the absence of reaction would be even less

systems’! because near-degeneracy and correlation effects are
stronger, and extrapolation can be hazardous. In this context,
we observe that in ref 14 the MCPF calculations themselves,
which form the basis for the PCI-80 extrapolation, predict CpCo-
(CO) and CpCo(CO)(H)(CH) to have almost exactly the same
energy, in agreement with our (higher level and larger basis
set) CCSD(T) calculations. The PCI-80 discrepancy arises solely
upon scaling the MCPF correlation contributions. Although
accurate ab initio correlated computations for first-row transition
compounds remain difficult, the coupled cluster calculations we
report do represent a useful and fairly accurate benchmark.

If we therefore assume that the CCSD(T)/BS3 results of Table

surprising than suggested by our preferred BP86 energetics, as. are close to being exact, then the BP86 functional can be

shown in Table 1 and Figure 2.

How can one decide which functional gives the better
description? As in previous wokwe have used accurate

seen to give the best overall performance, and it is for this reason
that we have used this functional to explore the surface-crossing
behavior, as discussed above. In particular, given that the

CCSD(T) computations using large basis sets to calibrate theSinglet-triplet splitting in CpCo(CO) appears to have a maxi-
DFT methods, and the results are also shown in Table 1. Asmum value of 15 kcal/mol, whereas all hybrid functionals,
can be seen by comparing the results obtained using differentincluding those with a reduced 15% exact exchange contribution,
basis sets, even the largest basis set on Co, roughly ofPredict much larger splittings, then it appears that “pure”

quadruple& quality, does not yield a totally converged result

functionals such as BP86 give the best description of spin state

(compare BS1 and BS2 results), but the lighter atom basis setsenergetics in this system. This is rather different to the situation
are nearer convergence (compare BS2 and BS3). As expectedfound for some spin-crossover Fe(ll) and Fe(lll) compounds,

correlation is more important in the singlet state, so that the
computed CpCo(CO) singlet/triplet splitting appears to be
converging from above, and the value of 15.1 kcal/mol derived
from our largest calculations is likely to be an upper bound.

for which the best agreement is found with 15% exact
exchangé® Some evidence has been provided to suggest that
this value of 15% is likely to be optimum also for other classes
of compoundg/-32 but unless our CCSD(T) calculations are

The accuracy of our calculations is supported by the fact that S€Verely wrong, this does not appear to be the case here. It is

the computed first CO bond energy for CpCo(GQ)1.0 kcal/
mol, 37.3 kcal/mol after applying the BP86 zero-point energy
correction) is in fair agreement with the recent experimental
value of 44+ 1 kcal/mol?® the remaining discrepancy with
our calculations may reflect the still quite limited basis set.

It is often claimed that the CCSD(T) method cannot give
accurate results in first-row transition metal compounds, due

to the near-degeneracy effects which occur in these systems, a

measured, for example, by thediagnostic?® Following this

argument, it is claimed that multireference methods such as . X ; X
qcomplex [N(CHCH:NSiMe3)3WH] and its reaction with mo-

CASPT2 should be used instead. However, the results obtaine
with CASPT2 are highly dependent on the active space used
and it is impossible, or at least very difficult, to use the sort of

(26) Reiher, M.; Salomon, O.; Hess, B. Aheor. Chem. Ac2001, 107, 48—
55.

(27) Salomon, O.; Reiher, M.; Hess, B. A. Chem. Phys2002 117, 4729~
4737

(28) Lee, T. J.; Taylor, P. Rnt. J. Quantum Chem., Quantum Chem. Symp.
1989 23, 199-207.

worth noting here that for nonmetallic systems B3LYP has been
shown to be far more accurate than BP86 (average errors on
atomization energies for the G2 dataset are respectively of 2.2
and 10.3 kcal/méF), and it also gives good performance for
many transition metal compounds. The results obtained for the
one particular case considered here certainly do not constitute
a valid reason for using BP86 systematically for transition metal

§ompounds.

We now turn to first of the two larger systems discussed in
the Introduction, namely, the triamidotungsten monohydride

ecular hydroge!12 The monohydride has been shown ex-
perimentally to be paramagnetic, and for symmetry reasons, only

(29) Siegbahn, P. E. MQ. Re. Biophys.2003 36, 91—145.

(30) Watts, J. D.; Urban, M.; Bartlett, R. Theor. Chim. Actd 995 90, 341—
355.

(31) Blomberg, M. R. A.; Siegbahn, P. E. M.; Svensson, MChem. Phys.
1996 104, 9546-9554.

(32) Reiher, M.Inorg. Chem.2002 41, 6928-6935.

(33) Bauschlicher, C. WChem. Phys. Lett1995 246, 40—44.
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two of the lone pairs on the amido nitrogens can interact with
the metal d orbitals, such that it is formally a 16-electron species,
which is best described as a triplet (although strong-spiit
coupling can be expected for such a heavy element, so that labels
of this type are not completely meaningful). Reaction with 1
atm of dihydrogen in benzene occurs slowly at room temper-
ature, over 24 h, to give a thermally stable, diamagnetic
trinydride in quantitative yield. The product trihydride is rather
stable at room temperature, for example, no H/D redistribution
is observed upon stirring the [HzPform of the trihydride for
2 weekst!

It is instructive to consider the hydrogen addition reaction in
the framework of transition state theotyA rough estimate of
the rate constant can be obtained by taking the concentration
of H, in benzene to be constant during the reaction (a large
excess was used in the experiniéntand for it to be equal to Figure 3. BP86 potential energy profile (in kcal/mol) for the insertion of
the gas-phase concentration corresponding to a pressure of {2 10 [NNJWH.
atm of H (0.04 mol/L). Solubility means that the dissolved Table 3. DFT Potential Energies Relative to Triplet Reactants
concentration will actually be somewhat lower, but this effect (kcal/mol) for the [NsN]JWH + H. Reaction

can safely be ignored for the present qualitative purposes. B3LYP BP86
Complete reaction (roughly 5 half-lives) in 24 h can then be INSNJWH + Ha 00 0.0
taken to correspond to a second-order rate constant of roughly INsNJWH + H. 18.9 17.6
1 —1 i i i 1[N3N]W(H)3 —12.2 —22.2
0.001 mot? L s In turn, this corresponds to an activation MECP 158 153
free energy of 21 kcal/mol. Assuming that the activation entropy intermediate 8.0 16
for the addition is ca.—29 cal mot! K 1—as calculated transition state 15.2 4.4

elsewhere for addition of $to a ruthenium amido complé&x-
this means that the addition must involve an activation enthalpy and this was remarked on by the authors, who wi$t&econd,
of ca. 13 kcal/mol. This estimate depends on many assumptionsit is surprising to us that some relatively simple reactions (e.g.
so the precise numerical value should not be taken too literally. the addition of dihydrogen to [#N]JWH) are so slow”. The
However, it is clear that the observation of slow (1 day) addition authors went on to ponder “the possibility that many simple
of dihydrogen to the monohydride implies the existence of a ‘2-e reactions’ are ‘spin-blocked’ as a consequence of very little
significant energy barrier to addition. of the metal being in the low spin state in which an empgy d
Oxidative addition of dihydrogen to unsaturated metal (or d,;) and a fully occupied @ (or d) orbital are available.”
complexes with an empty d orbital should be fast if it is also However, the full paper describing the reactibonontains no
exothermic. This is because the initial coordination step should such speculation on the origin of the slow nature of the addition,
be barrierless in such cases, and conversion ofatfend perhaps because of the intervening suggektidinat spin-
complex to the dihydride by insertion into the-i bond should blocking does not occur. Thus the origin of the slow nature of
also be facilé® (again, provided the dihydride is stable). There this reaction was unclear.
are many examples of this behavior. For example, CoRh(CO) The computation of singlet and triplet potential energy
readily adds Hin the gas phase at near collisional rateand surfaces for this system allows this question to be resolved. Our
computation has shown that there is no barrier to this reagtion. results are shown in Figure 3, and in Table 3. First of all, we
Another example is Ru(dmpg)which adds H with a rate note that our computed structure for the global minimum in
constant near the diffusion limi?. Here too, computation (on  this system, i.e., the trihydride, is in good agreement with the
Ru(PH),) shows that there is no barrier to additit®nVe note experimental crystal structufg(comparative bond lengths and
that H, addition to some 16-electron complexes does involve a angles are shown in the Supporting Information). The rest of
barrier, as in the case, e.g., of Vaska complexes IrX(CO)- our discussion will therefore focus mainly on energetics. To
(PRs)2.41 However, in these square-planar complexes, there is take the monohydride asymptote first, we find the triplet form
no low-lying empty metal orbital available for the initial addition to be the ground state, with a state-splitting to the singlet of
step. some 18 kcal mott. Unlike in the cobalt systems discussed
Hence the slow reaction in the present addition eftéla elsewhere in the paper, this splitting does not depend markedly
non-square-planar 16-electron species is somewhat anomalousyn the functional used (see Table 3). This is in line with the
(34) Laidler, K. J.Chemical Kinetics3rd ed.; Harper and Row: New York, ~ general observation that spin-state splittings are far less sensitive
1987 to the extent of exact exchange admixture for compounds of

(35) Abddr—Ras_hid, K.; Clapham, S. E.; Hadzovic, A.; Harvey, J. N.; Lough,

A. J.: Morris, R. H.J. Am. Chem. So@002 124, 15104-15118. the metals in the second and third transition rows than for those
(36) Maseras, F.; Lledos, A.; Clot, E.; Eisenstein, @hem. Re. 2000 100 in the first row’ We have also carried out calibration
(37) Wasserman, E. P.; Moore, C. B.; Bergman, RS@encel992 255 315- calculations at the CCSD(T) level using polarized basis sets on

318

(38) Musaev, D. G.; Morokuma, KI. Am. Chem. Sod.995 117, 799-805. the model W(NH)s(NH3)(H)n systemsif = 1, 3). The results,

(39) Hall, C.; Jones, W. D.; Mawby, R. J.; Osman, R.; Perutz, R. N.; Whittlesey, Shown in the Supporting Information, are in good agreement
M. K. J. Am. Chem. S0d.992 114, 7425-7435. ;

(40) Macgregor, S. A.; Eisenstein, O.; Whittlesey, M. K.; Perutz, R1.XChem. with the BP86 values shown here.
Soc.-Dalton Trans1998 291—300.

(41) Halpern, JAcc. Chem. Red.97Q 3, 386-&. (42) Harvey, J. NStruct. Bondingin press.
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214

I[Tpr-Pr_MeCOCO] +CO
0.0 e
3[TpPMeCoCO] + C(\)\‘\\

On the singlet surface, the interaction of dihydrogen with the
monohydride fragment is almost purely attractive, as shown by
a sequence of partial geometry optimizations we have carried
out in which the distance between the W atom and the midpoint
of the H—H bond is successively constrained to smaller and
smaller values. This procedure does predict a very slight barrier
(of 1.4 kcal/mol for B3LYP), but this may be an artifact as the
preferred orientation of the incoming dihydrogen toward the
[N3N] ligand, and the conformation of the latter, undergo
significant changes along the approach coordinate and the partial Bp al file (in keal/mof for addition of
optimizations are hard to converge. We were also not able to gg%ggé,MeCOg%?mem'a energy profile (in kealimol) for addition of CO
fully optimize a corresponding saddlepoint despite several

attempts, which may be either because there is no saddlepoinincoming dihydrogen molecule, at which point the triplet state
or because of numerical problems arising from a very small is gjready significantly destabilized. The reaction of dihydrogen
negative curvature along the reaction coordinate (which would ith triplet Fe(CO) has been studied in the gas phase and found
be associated with a low barrier). In any case, ti@imum 5 occur well below the gas collision rat&This is consistent
barrier to addition is very small, as observed in the other casesyyity the fact that there is a barrier toward addition induced by
of addition to unsaturated, low-spin fragments mentioned the fact that the MECP lies higher in energy than the reactants.
above?®40 This is clearly what is happening in the present case also:
Addition on the singlet surface does not lead directly to the addition of H to [NsN]WH is slow because there is a barrier
global minimum but to an isomeric trihydride in which the three to addition caused by the need to cross from the triplet to the
hydrides are aligned (HWHH dihedral angle close to°18ee singlet state. Once the system crosses to the singlet surface, it
Figure 3). This then undergoes rearrangement over a low barrierwill form the linear trihydride then rearrange to the observed
to yield the experimentally observed adduct. In summary, the adduct rapidly. The computed barrier height of 15.3 kcal/mol
reaction on the singlet surface involves at most a very small is in fair agreement with the estimated value of 13 kcal/mol
barrier and proceeds through an experimentally undetected linearobtained above based on the observed reactivity at room
isomer of the adduct, which rearranges over a low barrier to temperature.
give the products. This potential energy surface is not compatible However, the “experimental” barrier is obviously not very
with the experimental observation that the reaction is slow. This accurate, and the MECP relative energy is also only a first
is not surprising as the reactant is the triplet monohydride, not approximation to the activation barrier. First, of course, the
the singlet. dynamical theory for a spin-forbidden reaction is more com-
Approaching dihydrogen toward the tungsten center in triplet plicated than simple transition-state theory, and reactivity will
[N3sN]WH leads to an increase in energy at all distances. This depend to a certain extent on the probability of nonadiabatic
is similar to the behavior upon interaction between methane surface-hopping at the MECP. This effect, which may lead to
and triplet CpCo(CO), discussed above. As in that case, therean apparent barrier which differs from the energy barrier, has
must exist some weakly bonded van der Waals complex betweenbeen demonstrated in other cadé¢fowever, such effects are
the two fragments, but we have not located this species, as itquite small, and more important here is that there are consider-
will in any case not play a role in the kinetics of addition. able uncertainties concerning the accuracy of the DFT potential
Instead, the repulsive triplet surface undergoes a crossing withenergy surfaces. Even more critical is that this is an open-shell
the attractive singlet one, as shown in Figure 3, at a point lying System containing a very heavy third-row element and the
15.3 kcal/mol above the reactants, i.e., just below the energyimpact of spir-orbit coupling on the computed energetics may
of the singlet fragment. The geometry of the MECP, shown Well be quite large, at least of the order of a few kcal/mol (see,
schematically in Figure 3, is worthy of some comment. It €.9., ref 44). Near the MECP, for example, extensive mixing
resembles the intermediate isomer described above but has juseetween singlet and triplet states will occur such that one may
one hydride ligand, together with the incoming, slightly have a nearly adiabatic behavior, with the system crossing a
elongated ((H—H) = 0.794 A), dihydrogen fragment. The transition state of mixed singlet and triplet nature, lying several
forming tungster-hydrogen bonds have bond length{(sV— kcal/mol below the MECP. For all these reasons, the agreement
H) of 2.097 and 2.193 A, compared to 1.740 and 1.728 A, between experiment and theory can only be approximate.
respectively, in the trihydride intermediate. No MECP was found Nevertheless, the computed surfaces clearly show why addition
with a “triangular” geometry similar to that of the global o [NsN]WH is slow: itis, in one sense at least, “spin-blocked"!
minimum. If this is the case, why is the other reaction we discuss here,
We have elsewhefdocated MECPs for addition of dihy- ~ addition of CO to TprPrMeCo(CO),® so fast? This too can be
drogen to triplet 16-electron fragments Fe{l().s = (CO, readily explained by c9n3|_der|ng the computed po_tennal energy
(COX(PHs),, (COX(dpe), and (PH)). As in the present case, surfaces, shown here in Figure 4 and Table 4. As in the tungsten

ST PMeCo(COY] — N
[Tp 0(CO),] 129

'[TpPMCo(CO),] -23.8 —

the triplet surface was found to be repulsive in all cases, an

g case discussed above, our compusgdicturesare in good

the crossings were found to occur at energies rather similar to
those of the excited state iron fragment. The reason for this
behavior is the same in all these cases: the triplet surface is
repulsive even at quite long range, whereas the singlet surfac
becomes attractive only upon quite close approach of the

€

agreement with experiment (e.g., bond lengths within 0.05 A,

(43) Wang, W. H.; Weitz, EJ. Phys. Chem. A997 101, 2358-2363. Wang,

W. H.; Narducci, A. A.; House, P. G.; Weitz, H. Am. Chem. S0d.996

118 8654-8657.

(44) Pavlov, M.; Blomberg, M. R. A.; Siegbahn, P. E. M.; Wesendrup, R.;
Heinemann, C.; Schwarz, H. Phys. Chem. A997 101, 15671579.
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Table 4. DFT Poter}jingrIMEnergieS (kcal/mol) Relative to Reactants barrierless process. Next, the singlet and triplet surfaces of
for the Reaction [Tp™™"¢CoCQ] + CO Tp—PrMeCo(CO) cross very close in energy to the triplet
B3LYP BP86 dicarbonyl minimum. The geometry of this MECP is mostly
3[Tp!~PrMeCoCO]+ CO 0.0 0.0 unremarkable, as it corresponds to a slight shift of the triplet
{Tp!"Pr¥eCoCO] + CO 32.9 21.4 geometry toward the singlet one (e.gCo—C) = 1.832 A in
JTpr o Co(COY 65 ~129 the MECP vs 1.857 A in the triplet)
YTpi-PrMeCo(COY] 2.2 —23.8 Vs L. : piey. - _ .
MECP 0.6 —12.4 Fast addition of CO to TpP"MeCo(CO) is readily explained

in the context of these potential energy surfaces. Thus, barri-
erless and hence near-diffusion-controlled addition will occur
angles within 8). In this case, there are two crystallographical on the triplet surface. During its short lifetime on the triplet
structures to Compare with: one is for the diamagnetic dicar- potential energy Surface, the adduct will repeatedly pass the
bonyl adduct® Tp~""MeCo(CO}, and one is for a close  crossing seam with the singlet surface, and each passage will
analogue of the paramagnetic monocarbonyl\"Qo(CO);"® be accompanied by a significant probability for hopping to the
which has slightly different substituents on the pyrazolyl groups singlet, such that production of the latter, experimentally
of the Tp ligand. The comparison between our optimized observed, product will dominate over the competing loss of
structures and the experimental ones is detailed in the Supportingcarbonyl. Even if the triplet species becomes collisionally
Information, and we focus instead here on the computed cooled, its thermal motion will constantly lead it to the vicinity
energetics. MECP, so that it will relax rapidly to the singlet. It is therefore
As in the CpCo(CO) system, we find a high dependence of not surprising that the triplet adduct itself has not been observed.
the relative spin-state energies on the nature of the functional
used, with the hybrid B3LYP functional favoring the triplet

Tp'~PrMeCo(CO) far more over the singlet than does the “pure”  The theory of nonadiabatic processes is well understood in
BP86 functional. We are unable to calibrate these methods physical chemistry, in terms of zeroth-order potential energy
directly in the present case, as the system is too large. Howevergyrfaces and the couplings between them. In practice, the act
the good agreement between CCSD(T), BP86, and experimentof passing from one surface to another tends to be dominated
for the isoelectronic CpCo(CO) system suggest that BP86 shouldpy events occurring in regions where the two corresponding
perform well here also. There is one valuable element of potential energy surfaces approach each other closely. This
experimental data available for the TMeCo(CO) system,  account provides a useful framework for discussing the impact
namely, the enthalpy change associated with addition of the of spin state changes upon the rates of organometallic reactions.
second carbonyl, which was found to b42.9 kcal/mol (note  |n the preceding section, we presented new computational results
that the measured entropy change-#2 cal mof* K™t is in concerning a number of spin-forbidden reactions of CpCo(CO),
line with expectations for a bimolecular process of this type, and for H, and CO addition to [AN]JWH and Tg~P"MeCo(CO),
which indicates that the enthalpy is likely to be very accurate). respectively. We have located the MECPs between high spin
As in the CpCo(CO) case, BP86 is in qualitative agreement and low spin surfaces, and thereby are able to discuss the
with the experimental value, although, again as in that case, topology not only of the individual surfaces but also of the
the computed value of the second bond energy is somewhatregions where they cross and hence where spin changes must
too large. Part but not all of the error is due to our inability (for occur. In all cases, the relative energy of the MECPs, together
reasons of computational expense) to compute vibrational with the other computed features of the potential energy
frequencies and hence a zero-point energy correction to the bondsyrfaces, enable the observed experimental reactivity to be
energy in this large system. In any case, the BP86 results aregxplained.
of a satisfactory quality for the purposes of this work, and itis  Tq reach reliable conclusions in this study, one important
worth noting that they are in much better agreement with technical requirement has been the ability to locate surface
experiment than the B3LYP ones, which predict T*eCo(CO} crossings (MECPSY, which have not been considered before
to have driplet ground state, with a tiny bond energy for the = for any of these systems and certainly not for the rather large
singlet state. species in Scheme 1. Almost as important was to select a
Two important new features, with respect to what was known computational level cheap enough to carry out geometry
from experiment, are also shown in Figure 4 and Table 4. First, optimization, and in particular MECP optimization, yet accurate
as well as a stable singlet adduct, THM«Co(CO} has a triplet  enough compared to experimental benchmarks. In recent years,
state which is bound with respect to loss of carbonyl. Despite DFT has become very popular among inorganic and organo-
its high-spin, 18-electron nature, this state does not involve a metallic chemists because it is relatively affordable, yet yields
change in coordination of the other ligands, but many of the many accurate results, especially with the B3LYP functional
bonds are somewhat elongated with respect to the singletwhich has been applied successfully to a remarkably large
minimum (e.g.f(Co—C) = 1.857 vs 1.731 A, ant{Co—N) = number of systems and yields excellent energies for the G2
2.191, 2.169 and 2.076 A vs 2.121, 2.008 and 2.002 A) This is penchmark set of compoungs.At the same time, some
similar to what we found for the CpCo(C@$ystem, and as  theoretical chemists have become increasingly critical of DFT
there, we have confirmed by carrying out partial geometry due to the many shortcomings it displ&yand the perceived
optimizations at successively smaller values @o—C) that ad hoc character of the modifications which are being proposed
addition of the second carbonyl to triplet THM<Co(CO) isa  in order to make functionals more accurétdt is easy to

Conclusions

(45) Detrich, J. L.; Konecny, R.; Vetter, W. M.; Doren, D.; Rheingold, A. L.;  (46) Patchkovskii, S.; Ziegler, . Chem. Phys2002 116, 7806-7813.
Theopold, K. HJ. Am. Chem. Sod.996 118 1703-1712. (47) Gill, P. M. W. Aust. J. Chem2001, 54, 661-662.
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sympathize with this view, given the dramatically different contrasting behavior between strong and weak field ligands
computed energetics derived for the some of the systems hereduring addition to high-spin metal centers was first noted and
with two very common functionals, B3LYP and BP86 (see, e.g., rationalized in studies of dinitrogen and carbon monoxide
Tables 1 and 4). Nevertheless, the optimigedmetriesare in addition to an unsaturated molybdenum comples (Keogh, D.
much better agreement, and with careful attention to experi- W.; Poli, R.J. Am. Chem. S0d997, 119, 2516-2523).] As in

mental and computational benchmarks, it is possible to identify the methanet CpCo(CO) case, then, there is an energy barrier
functionals which perform adequately wédlr a given system to addition arising from the crossing between the repulsive triplet
although not necessarily for all othéefs. and attractive singlet potential energy surfaces. Fot-HN3N]-

The first system considered is triplet CpCo(CO); this under- WH, this barrier is substantial and accounts for the observed
goes rapid addition of species such as ethene, carbon monoxideslow reaction. There is a pleasing if fortuitous agreement
and trimethylphosphine. The reason for the fast reactivity is that between the computed barrier height and the one estimated from
these molecules are relatively strong-field ligands and are the experimental data.
thereby able to coordinate to high-spin CpCo(CO) in an  Finally, CO addition to TjyP"MeCo(CO) is predicted to be
exothermic way. The resulting CpCo(CO)(L) intermediate, while fast for the same reasons as discussed for ligand addition to
violating the 18-electron rule given its high-spin nature, is more CpCo(CO): the strong CO ligand can add in a barrier-free,
stable than the separated fragments because the new bonéxothermic way to the triplet metal species. There is then a low-
formed with the incoming ligand is strong enough to offset the lying MECP which mediates conversion to the observed singlet
partial loss of bonding to the existing ligands. In all three cases, product.
low-lying MECPs between the triplet and singlet surfaces are In overall conclusion, spin-blocking is indeed a legitimate
found in the vicinity of the triplet minimum, such that conversion concept, and some reactions, of which one noteworthy example
to the more stable singlet adduct should be easy. is discussed here, are significantly slower compared to analogous

Addition of alkanes to CpCo(CO) is not observed, although spin-allowed reactions because of spin blocking. However, the
they do add to CpRh(CO) and Cplr(CO). It has been suggestedimpact on reaction rates depends strongly on the details of the
in the literature that this difference is due to the triplet nature potential energy surfaces and of the topology associated with
of CpCo(CO)* However, our conclusion is that it is more likely  their crossing. Many spin-forbidden reactions proceed as fast
to be associated with the thermoneutral and hence endoergicas other, “normal” reactions. Although the qualitative model
nature of the addition reaction. Alkane solvates or products of used here to account for the attractive or repulsive shape of the
oxidative insertion into €H bonds may in fact form, based interaction between high-spin metallic fragments and incoming
on our calculations, as there is only a small spin-change inducedligands may enable one to predict roughly when spin-blocking
barrier (and, for the latter, a low-lying insertion TS) separating will occur and when it will not, it is clearly not possible to
them from the reactants. However, they are then likely to generalize to all spin-forbidden processes. &m spin state
undergo the reverse process under most conditions. change slow organometallic reactions? It depends...

The next example appears to be a genuine case of spin-  acknowledgment. J.N.H. acknowledges many helpful con-
blocking, although the origin of this rate reduction is not linked - yersations with Rinaldo Poli, and helpful comments from Klaus
to the strength of spinorbit coupling but to the topology of  Theopold, and support from the EPSRC in the form of an
the potential energy surfaces involved. Thus, dihydrogen agvanced Research Fellowship. J.L.C.M. acknowledges support

addition to [NsN]JWH is anomalously slow, and our calculations  from Mexico’s National Council for Science and Technology
suggest that this is due to the occurrence of a significant spin coNACYT).

change-induced barrier along the reaction coordinate for oxida-
tive addition. Unlike the CO, ethene, and phosphine molecules,
but like methane, His a very poor ligand and hence does not
bind exothermically to 16-electron triplet fragments. The small
gain in energy expected from forming an interaction with these
fragments would be more than offset by the destabilization
associated with the electronic reorganization, and loss of binding
to the other ligands, which would have to occur. [This

Supporting Information Available: Details of basis sets used
in correlated calculations on Co and W compounds. Selected
optimized geometric parameters, with comparison to experiment
in some cases, for CpCo(CO)(gkH), W[N3N]H3, and TpCo-
(COM (n=1, 2), results of calibration calculations on W(k
(NH3)(H)s, and Cartesian coordinates for stationary points
relating to the CpCo(CO), TpCo(CO), and WNIH reactions.
This material is available free of charge via the Internet at

(48) We do not claim that the BP86 functional, which is much less accurate http://pubs.acs.org.
than B3LYP for the G2 benchmark systems, should be used in preference
to it in other cases without careful calibration. JA049346Q
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