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Intermolecular H---H Bonding and Proton Transfer in Semisandwich Re and Ru Complexes
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The reactions of transition metal (TM) hydrides (Cp)Re(H)(NO)(CO), (Cp)Ru(H)(CQ)(Rtid (Cp)Re-
(H)(NO)(PHs) with poor, moderate, and strong proton donors HRQHHOCFK, and HO™) are studied
using DFT B3PW91. The reaction pathway depends on the relative proton-attracting powers of the TM and
hydride H atoms, as well as on the proton donor ability of HR. In the case where these two atoms have
comparable basicity, (Cp)Re(H)(NO)(CO) forms an intermolecutarHibonding intermediate upon reaction
with both poor and strong proton donors®and HO™. This is followed by rearrangement ig-H, by
proton transfer over a very small barrier. The reaction of (Cp)Ru(H)(CQ)(Rith its highly nucleophilic
hydride yields H:-H bonding complexes with moderate proton donor H@G#hereas the strong donor
H3O" produces only th&?-H, structure. Rapid rearrangementigfH, to cis-dihydride is possible although

the trans-dihydride is more stable. For both types of hydride, a reaction pathway througtiebbhding
complex is preferred over direct interaction of HR with the TM atom, forming the corresponding dihydride.
The latter pathway is favored for (Cp)Re(H)(NO)@Hvhere the TM atom is the more basic. In this case
cis- and trans-dihydride complexes form upon reaction wig@Hwithout any H--H and#,-H, intermediates.
Although the trans-structure is more stable than the cis-, gliBéhd favors the cis-direction of §0* attack

by recoordination of KD from the hydride atom to a hydrogen of the fifoup.

Introduction theoretical results highlight the possibility of three distinct types
of complexes and the interconversion between thers:-Hi
bonded, molecularn?-H,, and classical dihydride. We con-
cluded in our earlier wofkthat the H--H bonded complex may

be considered as a sort of intermediate on the pathway of
formation of the molecularm?-H, and classical dihydride
complexes. This idea has been supported by recent NMR study
of proton-transfer equilibrium between a hydride and coordi-
nated dihydrogen in the [(dppatjRu(H)]-phenol system by
Ayllon et al.# where the H--H bonded form was thought to be
an intermediate. IR spectroscopic evidence ofH — 7%-H,
interconversion in semisandwich complexes of Re and Ru has
been reported by Epsteln.

The present work focuses on the specific role of the
bonded complexes in reactions of TM hydrides with proton
donors. Of particular interest here is the dependence of the
behavior of the system, depending on the relative stability of

Transition metal (TM) hydride complexes involving inter-
molecular MH--HR bonding (where M is a TM and HR is a
proton donor) have been the focus of recent intensive
experimentdi# and theoretical® investigation. Such an in-
termolecular H--H bond has been found by Crabtree et al.
the ReH(PPh)s-indole CsHg system in the solid state and by
Epstein and Berke in such systems as WH(5R®)L,-acidic
alcoholshexane (L= PMe;, PE&, P(OPr);, P(Ph})2 and ReH-
(CO)(NO)Ly-perfluorotert-butyl alcohothexane (L= PMe;,

PE&, PiPg)3 in solution. In these compounds;+H bonding

is preferred over other possible types of H-bonds. The discovery
of H---H bonding has opened a new field of investigation of
TM complexes and warrants a reconsideration of certain reaction
mechanisms, such as formation of dihydrogénd, complexes
and base-promoted heterolytic splitting of dihydrogen in reac-

tions of TM hydrides with proton donors. the 2-H, and dihydride forms and on the proton donor ability

In our recent workintermolecular H-H pqnding was stud.ied of HR. Specific TM systems examined by the DFT method
by DFT methods for systems containing hexacoordinated include (Cp)Re(CO)(NOYH-HR (R = OH, H,0"), (Cp)Ru-

monohydride Mo and W and proton donors HR (HRCH _ + _
HsO™). According to our results, the stability of-HH bonded EZB‘S)),E'(?,(?&HOﬁR (R = OCR, H07), and (Cp)Re(Ph
complexes depends upon the proton donor ability of HR and o

the_ nature of cis- and trans-ligands:-HH bonded complexes  nethod of Calculation

exist in the case of poor and moderate proton donor HR, strong ) ) )
trans-acceptor, and strong-donor cis-ligands. The change All calculations were carried out at the DETevel, using

of n—_acceptor trans_ligand into a_"gand transforms H-H nonlocal correction B3F’ngﬂ‘0 within the context of the
bonded complex to a dihydride structure. On the other hand, GAUZSS!AN 94 packagé! The basis set was of pseudopotential
the interaction of MoH(NO)(CQIPHs), with the strongr-ac-  YP€ with a standard LANL2DZ contractiot. As demon-
ceptor NO in trans-position and strong acid hydronium leads Strated in our earlier pap&this scheme of calculation provides
to aquay?H, ion-molecular complex; the ++H bonded a good compromise between accuracy and computational

complex was not identified on that reaction pathway. These efficiency for the pertinent TM complexes. We found previ-
ously that DFT correctly reflects the trends for these types of
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University, Rostov on Don, Russia 344090. to the tendency of DFT potential energy surfaces (PES) to be
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extraordinarily flat. In particular, DFT underestimates the values

of barriers and energy differences between minima and over-
estimates the bonding energies. Owing to the inordinate flatness
of the DFT surface, it was impossible sometimes to unambigu-

ously identify a structure as a true minimum. In such cases,

the optimization procedure was interrupted when the energy was
stable to within 106 hartree.

Energies of all types of intermolecular interactions were
calculated as the difference between the total energy of the
complex and the sum of total energies of the interacting subunits.
No attempts were made to correct basis set superposition error.

<

Results and Discussion

1. Conceptual Framework. The H--H bonding complexes
are observed in certain cases ofl§M hydrides may afford
n?-H, or dihydride forms upon reactions with HR without any
H---H intermediates. Itis hence important to attempt to identify
the conditions that lead to formation of-+H bonded inter-
mediates. We begin by supposing that the result of the :
interaction between a proton donor and a TM hydride depends ;" ‘
to some degree on the relative proton-attracting power of the
TM atom itself and the hydride hydrogen. Three different
possibilities were hence considered. Complexes that may
ultimately form both ?-H, and dihydride complexes are
designated as the first type. Those that form agfhH, complex Figure 1.
are referred to as the second type, and the third type consists of
those complexes that yield only the dihydride form. second and third types, respectively. To simplify our calcula-

Our choice of systems to consider is guided by previous work fions, we replace the Peigroup by PH.
by Hay!3 and by JeaA? who showed that mixtures af-donor 2. Complexes of the First Type. Coexistence of ++H
and strongr-acceptor coligands are optimal for formation of Bonding, #2-Hz, and Dihydride Complexes in (Cp)Re(CO)-
the 2-H, form, whereas a more basic transition metal strength- (NO)H-HR Systems. As a first step, the basicity of the
ens the stability of the dihydride form. Indeed the MP2 and transition metal atom, the hydride hydrogen, and other possible
CCSD(T) study of ligand effects in transition metal dihydrogen proton—acceptor ligands are compared in the reaction of the
complexes by Dapprich and Frenkiffyand our own DFT poor proton donor KD with complexes expected to belong to
results? are in good agreement with this set of ideas. In general, the first category, (Cp)Re(CO)(NO)H, The H atom of HO
the stability of they?-H, complex is favored by high nucleo- was allowed to interact with likely nucleophilic centers Ipf
philicity of the hydride hydrogen, while the dihydride structures thereby forming interactions ReHHO, NO---HO, CO+-HO,
are dependent upon the electron donor ability of the TM atom. and Re--HO (cis- and trans-) in the complexes represented by
In this sort of language, the nucleophilicity or “hydridicity” of 2, 3, 4, 5, 5a, respectively.

H would be expected to be greatest in hydrides of the second Some details of the B3PW91 geometries bf5a are
type while the third type is favored by greater nucleophilicity illustrated in Figure 1, along with their relative energetics. Most
of the TM atom. The first type might thus be expected in cases stable, with a binding energy of 10.9 kcal/mol (and equal in
of competitive nucleophilicity of the hydride hydrogen and energy with one another), are complex2and5, containing

2.337

transition metal atom. Thg?-H, complex is likely formed by
prior formation of a H:*H bonded intermediate, followed by
rearrangement, whereas the dihydride is not liketly to arise from
a H---H bonded complex.

As has been shown by Chinn et al. by NMRhe protonation
(HBF4-Et,0) of the neutral hydride (Cp)Re(CO)(NO)H yields

H-:-H and Re--H interactions. The trans-version bf 5a, is
some 0.3 kcal/mol less stable. Complgxies 0.2 kcal/mol
higher still in energy, with its NG-HO interaction. We were
unable to identify a complex with a pure GEHO interaction:

the closest minimum on the surface correspondéitoFigure

1. Note that the distance between the pertinent O and H atoms

a mixture of two species that are identified as [(Cp)Re(CO)- is 2.48 A, and the €0-+-H angle is quite bent at 90 A
(NO)(%-H2)]"BF4~ and [(Cp)Re(CO)(NO)(H]™BF;~. The stronger contact is present between the water oxygen and one
latter dihydride complex adopts a pseudo-square-pyramidal of the H atoms of the cyclopentadiene ring, with ar-&
geometry with the hydride ligands in transoid positions (although distance of 2.26 A° These DFT results agree with experimental

IH NMR data do not rule out the possibility of a highly fluxional
cis-geometry). The interconversion rate betwegrH, and
trans-dihydride forms was estimated approximately by spin
saturation transfer experiments, yielding a preferenceyfor

H, by 1.0 kcal/mol, with an interconversion barrier of about 10
kcal/mol. Therefore, the (Cp)Re(CO)(NO)H hydride appears
to be a complex of the first type. According to experimental
work,17 the protonation of (Cp)Ru(PRICO)H leads to they?-

H, structure while the interaction between HR and (Cp)Re-
(PPR)(NO)H affords only cationic dihydride complé&. There-
fore, these hydrides were identified as likely candidates for the

work?® that found evidence of the ReHHR and ReN@-HR
complexes, along with a slight preference for the:-H
interaction; the CO ligand was not identified as a site of
coordination.

The degree of elongation of the internal OH bond of the water
molecule provides a good measure of the strength of any H-bond
interaction. This stretching, relative to the isolated water
molecule, is equal to 0.006 and 0.005 A for compleSemnd
2, respectively, the two most strongly bound. Even though
slightly less stable, a stretch of 0.006 appeatsdans-5a. The
O—H bond is stretched by only 0.003 A B) and not at all in
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4 where there is some question as to whether this H atom
participates in a H-bond at all. According to our DFT results
for hexacoordinated TM hydridésH—R bond stretching
appears to be characteristic of-HH bonding complexes in
general. In summary, the calculated results support the equal
ability of the hydride H and Re atoms into attract the proton
of the weak acid, as well as the preference of thei and
the Re--H interactions over other possibilities.

In order to study reactions with stronger proton donors, the _
interaction of HO™ with the H and Re atoms of the hydride ~ F9ure 2.
was computed. One may suppose that two pathways predomi- AE;, kealimol
nate. The hydronium ion can attack the hydrogen, forming
intermediate6 with a H---H bond, which may then transform
by proton transfer and loss of water int&H, complex8, which
in turn interconverts to dihydride for@ (path 1 in Scheme 1). - T
In a second reaction path, the hydronium attacks either hydride 06 /
H or Re atoms with approximately equal likelihood, forming - p 0.3 keal/mol
H---H and Re--H intermediate complexesand?, respectively. 0.4_] —
These steps are followed by transformation 7t6H, and _ cis-dihydride
dihydride complexe8 and9, respectively (path 2 in Scheme 02| [~ nH, 9
1). Both paths have some experimental support. For example, j/ 8

(0.245) y
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in the protonation of the chelating phosphine hydrides (Cp)- h
Ru(PPR(CHy),PPR)H (n = 1-3) Simpson and Controy- ; T T T T
Lewis?® proposed that thg2-H, and dihydride complexes arise 1.0 12 1.4
by two different protonation pathways, consistent with path 2.
In contrast, kinetic and thermodynamic consideration of equi- Figure 3.
librium between dihydride angf-H; forms of related complexes
of Re®! demonstrated that the ;Htomplexes are the kinetic Examination of Mulliken charges reveals that a large portion
products of protonation of the neutral hydride precursors. The of the positive charge in th& 9, and9a cations is localized on
initially formed molecular H complexes then undergo isomer- the Cp ring (0.761, 0.816, and 0.842, respectively). The Cp
ization by an intramolecular rearrangement to yield equilibrium ring charge is quite a bit smaller ih(0.28), so it is logical to
mixtures of the dihydride ang-H, complexes. Accordingto infer that the interaction of hydridé with a proton donor is
these authors, the trans-structure of the dihydride is preferred,accompanied by electron density transfer from the Cp ring to
although the possibility of the cis- form was not excluded. These the metal atom. Analogous electron transfer from Cp to a metal
results are in general support of path 1. atom upon formation of M-H bonding has been reported by
An important issue concerns the relative stability of the trans- McKee?? for protonated ferrocene and in our recent pépier
and cis-forms of the dihydride. The energies and geometriesthe system (CpPsH:0.

of model cation complexeg?®-H, 8, cis-dihydride9, and trans- As has been shown by extendeddial (EH) calculations
dihydride 9a, formed by protonation of hydrid&, were all of #2-H, complexes? H--H bond cleavage leading to dihydride
computed and the results are illustrated in Figure 2. 7%, structure is allowed by symmetry, so the reaction barrier may
cation8 is 0.4 kcal/mol more stable than cis-dihydrifiebut not be very high. The barrier for this interconversion was

less stable than the trans-for@a by 1.8 kcal/mol. The estimated by moving along the reaction coordinate fBm9.
geometries of;?>-H, and the cis-dihydride are quite differentin  The H--H distance was chosen as reaction coordinate and was
some respects. The H--H distance8iis 0.920 A, only 0.176 increased in steps of 0.1 A, optimizing all other geometrical
A longer than the distance computed by the same method forparameters at each step. The B3PW91 potential energy profile
the free H molecule. The interhydrogen distance $is is depicted in Figure 3. A relatively smooth profile was obtained
significantly longer: 1.467 A. for the H--H cleavage, with a low barrier of only 0.3 kcal/mol.
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Figure 4.

Such a small value supports the possibility of rapgfeH, <~

cis-dihydride rearrangement. Indeed, this theoretical result may

help explain why it has proven so difficult to experimentally
determine the H-H distance iny2-H, complexeg* This
difficulty may be due to the rapid rearrangements that occur
between the flexible structures corresponding to shallow minima.
The next step involved examination of the direct interaction
between HO™ and hydridel. Four minima were located:
ReH:-H—OH, complex 6, 72-H, complex 6a, and cis- and
transRe--H—OH, complexes and7a. As indicated in Figure
4, the hydronium attacks the metal center forming a sort of three-
centered Re-Hy,o'-H bond with bond lengths of 2.197 and
1.529 A, respectively, irY. Structures? and 7a could easily
be precursors teis-9 and trans-9a dihydrides, respectively;
however, complexe§ and 7a are clearly less stable thah

Our computed result of 1.1 kcal/mol as the energetic preference ¢,

of structure 6a vs 7a agrees nicely with an experimental
estimaté® of 1.0 kcal/mol. As judged by the stretching of the
H—O bond in hydronium, the interaction is stronger 6n
consistent with its greater stability. In summary, the energetic
preference fol6 over 7 would tend to favor path 1.

The transfer of a proton in ++H complex6 from the water
molecule to the hydride atoms leads7t&H, form 6a, which
is 0.6 kcal/mol less stable th& The equilibrium geometry
of 6ais shown in Figure 4. The ++OH, distance elongates
by 0.463 A and the H-H distance shortens by 0.252 A upon
proton transfer. In generaBa may be considered as an ion-
molecular aqua-complex. The H--H distance in aqua-com-
plex 6a is only 0.031 A longer than in “pure}2H, com-
plex8. The change in ReH bond lengths is more significant:
the Re-Hy,o distance elongates by 0.161 A, while the other
Re—H length shortens by 0.028 A upon complexation with the
water.

The Re-Hu,0 distance was chosen as reaction coordinate for
calculating an estimate of the potential energy profile of proton
transfer6 — 64, illustrated in Figure 5. The B3PW91 barrier
to proton transfer is very small (about 0.1 kcal/mol), not
surprising for cationic systen?$2> When comparing the
geometries 06 and 6a, one may suppose that the barrier to
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to 72-H, of about 40 kcal/mol. Such a high barrier is consistent
with experimental observatiohi half-sandwich complexes of
Re and Ru with alcohols that are poor acis. Previous B3PW91
calculations of (dppmHRuH:-+-H,0 indicate that they>-H, form
is 10.7 kcal/mol more stable than the-HH congener. This
value agrees with an experimental value for the complex with
the more acid proton donor (dppsf)RuH:--HOPh of 17+ 3
kcal/mol? In summary, in the case of weak and moderate
proton donors, this barrier can reach high values as in experi-
meng and may disappear in case of very strong proton donors
like H3O". Of course, as the barrier drops, the presence of two
distinct minima becomes similarly questionable.

3. Complexes of the Second Type. (Cp)Ru(PHCO)H-
HR Systems. According to experiment, (Cp)Ru(BRHCO)H
yields only the?-H, cation upon reaction with HR. This might
suggest that the proton-attracting power of the hydride hydrogen
is higher than that of the Ru atom. Indeed, the calculated results
presented in Figure 6 indicate that the cis-dihydride form does

proton transfer for the most part depends upon the energy neededhot exist. Attempts to locate such a minimum were unsuccessful

to cleave the HR bond. Indeed, our preliminary B3PW91
calculations of Ru and Re hydride complexes with the weak
proton donor HO yielded a barrier converting the-+H species

as it transformed intey2-H, structure10 during optimization.
Trans-isomerOais 3.5 kcal/mol less stable thd®. Kinetic
studied! are consistent with the preponderance ofithél, form
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as [CpRu(dmdppe)-H,)][BF4] is preferred over the corre-
sponding trans-dihydride, with an intervening barrier of 20 kcal/
mol.

When subjected to interaction by a hydronium ion, complex
11 is formed with no intermediates. This structure may be
categorized as a loose ion-molecular agédd, complex,

subsequent to proton transfer to the metal. A proton donor more

moderate than the ionic hydronium, €¥ (13), does not
transfer its proton. Instead, the interaction with hydride
yields the neutral H-H complex12. The binding energy of
12 is 9.8 kcal/mol, and the two interacting hydrogens are

separated by 1.485 A. In comparison, the still poorer proton

donor KO results in H:-H distances with TM hydrides of 1-7

1.8 A (see Figure 1 and refs 2 and 7). On the basis of these
results, one may conclude that in the case of the second type o

hydride, the strength of the-HH complex (and, probably, the
height of the barrier for proton transfer to form thé-H,
structure) is largely determined by the proton donor ability of
HR.

4. Complexes of the Third Type. (Cp)Re(PH)(NO)H-
H3;O™ Systems. The products of interaction of the strong proton
donor O™ with a hydride of the third type (Cp)Re(BHINO)H
are described in Figure 7. The substitution of the CO ligand
of 1 by PH; makes the TM center a stronger proton acceptor.
Consequently, interaction of HR with hydridk6 yields the
dihydride structure only. Indeed, our DFT calculations indicate
that then?-H, structure is not a minimum on the surface; it
transforms during optimization into cis-dihydride structafe
Trans-dihydridel5ais 4.3 kcal/mol more stable than cis-. Since

J. Phys. Chem. A, Vol. 102, No. 25, 1998317

transition metal, Okl recoordinatesa a H atom of the PH
group. Complexi8is 3.8 kcal/mol more stable than 1.7. If
16 is attacked by BO™ in the trans-position, complek7a is
obtained, 0.7 kcal/mol higher in energy tha8 This result
emphasizes the multifaceted role that coligands may play in
the entire process. Although trans-isoni&ais more stable
than cisi5, attack in the cis-position (from the side of the £H
ligand) is preferred in terms of the subsequent rearrangement
to 18. Phosphine groups had earlier been considereddzsor
ligands only. Our computed results indicate phosphine coli-
gands can act as a carrier of R upon interaction of a transition
metal hydride with HR. Structures containing-HH bonding
were not observed on this pathway.

Conclusions

The pathway of reaction of the TM hydride and proton donor
HR is apparently controlled to a large degree by the relative
proton-attracting power of the hydride hydrogen vs the TM
atom. If the hydride is the stronger base of the two, HR attacks
that atom. However, the formation of the-HH bonding com-
plex depends also upon the proton donor ability of HR. In the
case of a poor or moderate proton donor, a complex -eftHH
bonding type forms and there is likely a proton-transfer barrier
of significant height for the subsequent MHHR — M (5%
H,)*R~ reaction. This barrier may in fact disappear in the case
of a strong proton donor such ag®". When the TM atom is
a stronger proton attractor, HR attacks this metal atom, forming
dihydride (cis- or trans-) structures. Trans dihydride structures
are more stable than cis- in all cases considered. Coligands
like PH; may play an important role as “carrier” of R and favor
HR attack in the cis-direction.

In the case that the hydride and TM atoms are of approximate
equal basicity, the intermolecular+H bonding complex forms
in the first reaction step, followed by rearrangement via proton
transfer to molecular M-Hz) "R~ complex and then, probably,
to trans-dihydride (HM—H)*R~. A rapid rearrangement
M(77>—Hz) TR~ = cis-dihydride is possible as well. A-HH
bonding complex is observed even in cases of very strong proton
donors such as 0.

Acknowledgment. We thank Prof. L. Epstein and Dr. E.

1LShubina for useful discussions. We are grateful to the CAST

program of NRC for support of this research.

References and Notes

(1) Wessel, J.; Lee, J. C.; Peris, E.; Yap, G. P. A,; Fortin, J. B.; Ricci,
J. S.; Sini, G.; Albinati, A.; Koetzle, T. F.; Eisenstein, O.; Rheingold, A.
L.; Crabtree, R. HAngew. Chem., Int. Ed. Engl995 34, 2507.

(2) Shubina, E. S.; Belkova, N. V.; Krylov, A. N.; Vorontsov, E. V.;
Epstein, L.; Gusev, D. G.; Neidermann, M.; Berke, - HAm. Chem. Soc.
1996 118 1105.

(3) Belkova, N. V.; Shubina, E. S.; lonidis, A. V.; Epstein, L. M.;
Jacobsen, H.; Messmer, A.; Berke, IHorg. Chem.1997, 36, 1522.

(4) Ayllon, J. A.; Gervaux, C.; Sabo-Etienne, S.; Chaudret, B.
Organometallics1997, 16, 2000.

(5) Liu, Q.; Hoffmann, RJ. Am. Chem. Sod.995 117, 10108.

(6) Orlova, G.; Scheiner, S. Phys. Chem. A998 102, 260.

(7) Epstein, L.; Subina, L. Presentation at International Discussion
Meeting on Hydrogen Transfer: Experiment and Theory, Berlin, Germany,

Re is a stronger nucleophilic center than the hydride hydrogen September, 1997.

of 16, hydronium attacks the metal center forming three aqua-

dihydrogen complexe$7, 18, and19. Structurel? is charac-
terized by the attack of the hydronium upon the Re atom from

the side of the NO ligand. This attack leaves the water molecule
coordinated with one of the hydride hydrogens; the interaction

energy is 16 kcal/mol. Hydronium attacks Re from the side of
the PH coligand in18. While transferring a proton to the

(8) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University: New York, 1989.Density Functional
Methods in ChemistryLabanowski, J. K., Andzelm, J., Eds.; Springer-
Verlag: New York, 1991.

(9) Becke, A. D.J. Chem. Phys1993 98, 5648.

(10) Perdew, J. P.; Wang, Yhys. Re. B. 1992 45, 13244,

(11) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,



4818 J. Phys. Chem. A, Vol. 102, No. 25, 1998 Orlova and Scheiner

V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen, W; (17) Heinekey, D. M.; Chinn, M. S1. Am. Chem. So04987, 109, 5865.
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; (18) Fernandez, J. M.; Gladysz, J. @rganometallics1989 8, 207.

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- (19) The potential energy surface surrounding comglés very flat;
Gordon, M.; Gonzalez, C.; Pople, J.@aussianGaussian Inc.: Pittsburgh, consequently, the search for minima is problematic. In this case, the

PA, 1995. geometry of4 cannot be categorically defined as a minimum on the surface,
(12) Hay, P. J.; Wadt, W. Rl. Chem. Physl985 82, 270, 299. Wadt, but would certainly be close to one.
W. R.; Hay, P. JJ. Chem. Physl985 82, 284. Dunning, T. H.; Hay, P. (20) Conroy-Lewis, F. M.; Simpson, S.J.Chem. Soc., Chem. Commun.
J. InModern Theoretical Chemistrgchaefer, H. F., lll, Ed.; Plenum: New 1987, 1675.
York, 1976; pp +28. (21) Chinn, M. S.; Heinekey, D. Ml. Am. Chem. S0499Q 112 5166.
(13) Hay, P. JJ. Am. Chem. Sod.987, 109 705. (22) McKee, M. L.J. Am. Chem. S0d.993 115, 2818.
(14) Jean, Y.; Eisenstein, O.; Volarton, F.; Maouche, B.; Seftal. F. (23) Orlova, G.; Scheiner, S. Phys. Chem1998 submitted.
Am. Chem. Socd986 108 6587. (24) Craw, J. S.; Bacskay, G. B.; Hush, N.3S3Am. Chem. S0d.994
(15) Dapprich, S.; Frenking, GDrganometallics1996 15, 4547. 116, 5937.
(16) Chinn, M. S.; Heinekey, D. M.; Payne, N. G.; Sofield, C. D. (25) Scheiner, SHydrogen Bonding. A Theoretical PerspeetiOxford

Organometallics1989 8, 1824. University Press: New York 1997.



