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A combination of the DFT method with the computational description of environmental effects by
solvent was applied to a theoretical study of the hydrogen transfer to imines by [2,3,4;53-G/COH)-
Ru(CO}H] (2) within a molecular model that closely mimics the authentic reaction conditions. A consistent
polarizable continuum solvent model (PCM) was instrumental and necessary in achieving stability of
the computational model. Environmental effects by solvent were also considered in an extended model
with an addition of explicit solvent molecules within the PCM. The study elucidates an inner-sphere
mechanism in detail. Intermediate complexes and transition states are characterized. Three distinct energy
barriers along the reaction coordinate are predicted when solvent effects are taken into account. The
imine coordinates to ruthenium via ring slippage with an energy barrier of about 15 kcal/mol. Close in
energy (12 kcal/mol) is the transition state of the hydride transfer, which giveg-ay¢lopentadienone)-
ruthenium amine intermediate. The presence of Ph groups on the Cp ring facilitates the ring slippage
that occurs on imine coordination. Thig*intermediate finally rearranges to the corresponding
(p*-cyclopentadienone)ruthenium amine complex via a transition state at 9 kcal/mol. The stable ruthenium
amine complex was verified against an X-ray structure of the corresponding complex. Inclusion of the
solvent (by PCM or explicit molecules) was required to stabilize low-hapticity intermediates and transition
state structures.

Introduction Scheme 1. Dimeric Precatalyst 1 in Equilibrium with

o Active Monomers 2 and A
Transition metal-catalyzed hydrogen transfer has attracted

considerable attention during the past-1i6 years-2 A variety h Ph

of new catalysts have been reported that are highly efficient % &\ Ph\ﬂ’o“)r Ph@o

for transferring hydrogen from a hydrogen donor (e.g., an Ph Ry Hom” h
alcohol) to a hydrogen acceptor (e.g., a ketone). Catalytic oc CO ocCO Coé "Sh oc” Y
hydrogen transfer reactions have been successfully applied to co
selective organic transformations including enantioselective 1 2 A
reactions'®3In 1985 Shvo reported on the dimeric catalgst

which breaks up into the monomesand A (Scheme 1}:5 1 has been shown to be an active catalyst in hydrogen transfer

The former monomer2) is able to hydrogenate a hydrogen reactions involving alcohols and ketones (aldehyd®s).*®
acceptor, whereas the latter monorn@)‘ Can dehydrogenate a Notably, the catalyst has shown hlgh Stabl'lty, and this has been

hydrogen donor. These processes intercorandA. Complex advantageous in aerobic oxidations of alcohols and also in the
_ — dynamic kinetic resolution of secondary alcohtfswe have
’T’go"elslpo??'?g G}U%hmh E'lma”i priti@kth.se. previously reported thdt can be successfully used as a catalyst

oyal Institute of Technology.
* Stockholm University.
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Scheme 2. Hydrogenation of Benzaldehydes by and
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Scheme 3. Proposed Inner-Sphere Mechanism for Imines
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racemization of amine¥, via hydrogen transfer. The latter OCOCH)V oc Cﬂ/k\Rz
reaction was recently successfully applied to the dynamic kinetic D 2) B (nt
resolution of amine¥? 4 )
There has been a recent interest in the mechanism of catalysf€ Ru~H bond (Scheme 3) and to determine factors that are
1 concerning its reaction with different substratés!316 On important for accurate calculation of activation energies associ-

the basis of kinetic deuterium isotope effects it has been &ted with rate-limiting steps. Recent theoretical stuéfies,
proposed that the mechanism involving alcohols and ketonesdemonstrating that intimate details of complex reaction mech-

(aldehydes) involves a concerted rate-determining hydrogen@niSms can be treated well with computational methods,
transferl®15 In this proposed mechanism the hydride and the encouraged us to theoretically study the hydrogen transfer from

acidic proton of2 (2) are transferred in a concerted manner to 2 {0 imines. _
the carbonyl outside the coordination sphere of the metal 1he coordination of a substrate to the metal, required by the
(Scheme 2}4 proposed inner-sphere reaction mechanism, is possible only if

On the other hand, the mechanism involving amines and (o = %0 OR300 R B B o e e
imines shows clear differences from that of ketones (alde- 9

hydes)!0013.16 While electron-deficient imines behave like to the bonding orbital in a metaligand pair. This strongly

5_» 37 i i
alcohols and ketones (aldehydes) in their reaction ®itind suggests thqt 2 7~ 1ng slip of the Cp Ilga}nd must oceur
proceed via a concerted rate-determining hydrogen transfer on coordination of the imine. Haptotropic shifts in organome-

electron-rich imines do nd&6 Furthermore, dehydrogenation tallic fragments, such as Ru(COand Mn(CO}, within one

famines by was shoun o occuria asepise et {17 S6r oS o 10050 8 ool e
Two different mechanisms have been proposed for the hydrogen

transfer of imines by2. One of the mechanisms involves an ;:aﬁ?r?agfg \ngv?lgr iav?i(;iatntirﬁgtr);?ég?;tzg ;’;e 3Eet2ieﬁi$e|§?:) 'S
outer-sphere pathway in which the imine is not coordinated to q : pticity q

rutheniumi#218In the other mechanism an inner-sphere pathway isolate, something that increases the value of computational

was proposed with coordination of the imine to ruthenium in modeling.

a7 termecite! Caseyhas previously proided xper: W ot chemityaccu i sotncompuatona!
mental support for the outer-sphere mechaninmcluding ™ Y :

some computational evaluation of that mechanism. Recently, g%lfdﬂggg:?n iﬁlecngonha“srgei’senléiv Eaa:gi?s tlggtstoarﬁ)sr;?)rsTract
we have obtained new experimental results that support the roups of molecule%hat?are n(;tdirectl reactin H,owever the
inner-sphere pathway® However, a comprehensive computa- group y 9-

tional investigation of an inner-sphere pathway has not yet beenlsr;:u?;'r?]zng“;%g'dg a?h;Tt%';%’ hi\?/en:W eg?;c(jjvﬁrretrggt?n m;\:\é
published. In the present article the density functional theory P 9 pp 9

(DFT) was applied to study the hydrogen transfer reaction from guantum-mechanical electronic structure of large molecular
active specie® of catalystl to imines via an inner-sphere systems surrounded by solvéAt.

reaction pathway. The objective of the present study is not to Results and Discussion
eliminate one mechanism from another solely on the basis of

computational data, but to describe an inner-sphere mechanism CG€ometry optimizations of all intermediate complexes and
within a framework of a realistic and accurate molecular model. transition states were carried out using the B3LYP functinal

Thus, the prime objective of this computational study has been  (17) (a) P. E. M.; Blomberg, M. R. AChem. Re. 200Q 100, 421—437.
to examine an inner-sphere reaction mode in which the imine (b) Noodelman, L.; Lovell, T.; Han, W.-G.; Li, J.; Himo, Ehem. Re.
coordinates to ruthenium followed by insertion of the imine into gggg ég“sggg (c) Friesner, R. A Guallar, \Annu. Re. Phys. Chem.
(18) (a) Paavola, S.; Zetterberg, K.; Privalov, T.;"@&sgh, |.; Moberg,
C.; Adv. Synth. Catal2004 346, 237. (b) Privalov, T.; Linde, C.; Zetterberg,
Z.; Moberg, C.Organometallic2004 24, 885. (c) Schultz, M.; Adler, R;
(12) Paetzold, J.; Bkvall, J.-E.J. Am. Chem. So2005 127, 17620. Zierkiewicz, W.; Privalov, T.; Sigman, MJ. Am. Chem. So2005 127,
(13) (a) Samec, J S. M.; Ell, A. H.; Bhvall, J.-E.Chem. Commun 8499. (d) Zierkiewicz, W.; Privalov, TOrganometallic2005 24, 6019-
2004 2748. (b) Samec, J. S M.; Ell, A H.; Aberg J. B.; Privalov. T.; 6028.
Eriksson, L. Bakvall, J.-E.J. Am. Chem. 80(2006 128 14293. (19) Veiros, L. F.Organometallics 200Q 19, 5549, and references
(14) (a) Casey, C. P.; Singer, S. W.; Powell, D. R.; Hayashi, R. K.; therein.
Kavana, M.J. Am. Chem. So@001, 123 1090. (b) Casey, C. P.; Johnson, (20) Reichardt, CSobents and Sekent Effects in Organic Chemistry
J. B.Can. J. Chem2005 83, 1339. 3rd ed.; Wiley: New York, 2003, ISBN 3-527-30618-8.
(15) Johnson, J. B.; B&vall, J.-E.J. Org. Chem2003 68, 7681. (21) Computational Chemistry: Ri&ws of Current Trendd.eszczynski,
(16) (a) Casey, C. P.; Johnson, JJBAm. Chem. So2005 127, 1883. J., Ed.; ISSN 1793-0979. A great deal of computational technical details
(b) Casey, C. P.; Bikzhanova, G. A.; Cui, Q.; Guzei, |.JA. Am. Chem. and background references could be found in a databank provided by
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with the lacvp*/6-31G(d) basis sét25All degrees of freedom
were optimized, while transition states were obtained by utilizing
a QST-guided search. Additionally, B3LYP energies were
evaluated for the optimized geometry using a larger triple-
basis, lacv3p*/6-311+G(d), with additional diffuse and po-
larization functions. The solvent, including geometry optimiza-
tion in the solvent reaction field, was modeled using the
polarized medium (PCM) with additional solvent molecules and/
or water molecules in the second coordination sphere of the
complexes studied. All explicit solvent conformations were
optimized within a standard and accurate geometry optimization
algorithm, as implemented in Jaguar 6.0, which also results in
an accurate description of solvergolvent interactions. Em-
ployment of the PCM together with explicit solvent typically
results in considerable increase of the accuracy by way of better
accounting for solventsolvent interaction and for boundary
effects in a molecular model of a limited size. See more in
Technical Details.

Solvent and Substituent EffectsPrevious gas phase calcula-
tions carried out for the hydrogenation of imines by the
tetrahydro analogue of favored a concerted outer-sphere a
mechanism (cfScheme 2}%° However, it has been experimen- Figure 1. B3LYP/lacvp*-optimizeds;5-Ru—H complex @) with
tally observed that there is a significant solvent effect in the the weakly bonded imine in the outer coordination sphere-®u
reductions by2.9214 For example, it was found that water distances are 2.402, 2.329, 2.312, 2.328, and 2.349 A with respect
improves the catalytic transfer hydrogenaffaf imines and to the C atoms on the Cp ring (clockwise, starting from the carbon
the stoichiometric hydrogenati&hof benzaldehyde by; the _of the COH group). OH bond length is 1.021 A. All distances are
results from the reactions performed under dry conditions were "
found to be unreliable and difficult to reproduce. We therefore . .
argued that the role of the solvent is of importance for the without continuum seknt, and eentually they collapse to the

ued . i : . inati 5 7

optimization of the energies of transition states and intermediates¢0rdinatielly saturated > Ru-Cp structure”” However,
along the reaction coordinate. The PCM within a combined S°!vent effects (PCM or/and an addition of a small amount of
hybrid model with a number of explicit solvent molecules may expll_qt splvent molecules)_ a_llow for reliable and reproducible
be considered, as it has previously been shown to be successfuptaPilization of lower hapticity RuCp structures. Gas phase
when studying other complex reaction systé#s. calculations for the hydrogenation of imines by a tetrahydro

One example of such an extended model, which has also beerf@logue o2 were carried out earlier in the framework of an
applied to all considered complexes, is shown in Figure S1 outer-sphere mechanism, solvent effects were estimated by
(Supporting Information), which demonstrates not only that the S'F‘g"?'po_'”.‘ calculations at E;e gas-phase-optimized geometries
1 ring-slipped Ru-Cp structure could well be stabilized by an Wit implicit solvent modef®> N
interaction with solvent molecules within the continuum solvent Ru—Imine Complexes (formation of a)..The starting point
model, but that it may also benefit from an interaction with the M Our computational study of the reaction mechanism is the
carbon atom on the neighboring phenyl ring. The Cp ring offers dduct of model imin® Me—N=C(Me), with 2 (a, Figure 1).

several possible coordination modes with several nonequivalent! N€'e areé several mechanistically important details about adduct
a. First, this adduct is formed via an GHN hydrogen bond,

positions for they? and#® coordinations. Therefore severgl A ) SR
and 52 ring-slipped Ru-Cp structures were computationally which is quite flexible and where the electronic binding energy
is —12 and —9.6 kcal/mol in the gas phase and solvent,

evaluatedThe common denominator of all computed structures . i -
respectively. Larger substrates, with electron-deficient groups,

is that lower hapticity complexes are unstable in the model X )
puctty P e.g., N-phenyl-(1-phenylethylidene)amine, have a somewhat
(22) The self-consistent reaction field (SCRF) method is explained in Smaller b|n_d|ng energy of abOU_{'G to =5 kcal/mol (the
the Supporting Information. The Jaguar 6.0 package treats solvated corresponding energy difference is comparable to the error of
molecular systems with the SCRF method, using its own Poisson an gccurate DFT method, which is about 2 to 5 kcal/mol).
Boltzmann solver, which makes it possible to compute solvation energies Second, the substrate competes against solvent molecules and

and minimum-energy solvated structures of solvated transition states. For ) - . S .
details see: (a) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; other species, i.e., water, for this binding site. Therefore, a

iitkog,hD.; Ng:h(cgllgsé 4Al Fén%QSI?dsa, (l\t/)l).; '&ocildardé Wk_A., I}I<I; Hémi?, E!.C correct description of the binding and an appropriate calculation
m. em. SO . arten, b.; Kim, K.; corts, C.; H ; H

Friesner, R. A.; Murphy, R. B.; Ringnalda, M. N.; Sitkoff, D.; Honig, B. .Of the blndlng energy re_qum_e the presence of SO.Iver.]t molecules
Phys. Chem1996 100, 11775. (c) Cramer, C. J.; Truhlar, D. Ghem. in the f|r_st gnd a}lso pa_mally in the sec_ond coordination spheres
Rev. 1999 99, 2161-2200. of the binding site. Third, the orientation of the RuH(GQhit

(23) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, i ; i i i
W, Parr. R, GPhys. Re. B 1988 37, 785. is not fixed with respect to the direction of the COH of the Cp

(24) Hay, P. J.. Wadt, W. RI. Chem. Phys985 82, 299. ring. There are several possible configuration® wfith rotated

(25) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl1972
56, 2257. (b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; (27) Computational evaluation of lower hapticity RGp structures is
Gordon, M. S.; Defrees, D. J.; Pople, J. A.Chem. Physl982 77, 3654. complicated due to the shallow potential in the direction of the movement
(c) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213. of the RuH(CO) group perpendicular to the-&C or C-C—C ring fragment.

(26) (a) Cimino, P.; Barone, VTHEOCHEM 2005 729 1-9. (b) Quasi-stable intermediates were often obtained for a quite large number of
Amouvilli, C.; Barone, V.; Commi, R.; Cances, E.; Cossi, M.; Mennucci, conventional energy minimization steps. These problems were essentially
B.; Pomelli, C. S.; Tomasi, JAdv. Quantum Chem1999 32, 227. See absent in the model with explicit solvent molecules.
also: Brancato, G.; Di Nola, A.; Barone, V.; Amadei, A.Chem. Phys. (28) A series of authentic imine substrates was used in the verification

2005 122 (15), 154109/+154109/9. study as well (see details in Supporting Information).
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Figure 2. Phenyl groups promote ring slippage.

RuH(CO) that have almost degenerate electronic energy.

Importantly, the description of the interaction between the imine

and the COH of the Cp ring is strongly dependent on the quality
of the basis set. It was found that small basis sets, i.e., lacvp,
favor protonation of the imine, which contradicts the structures

that were optimized with larger basis sets, including lacvp* and

larger basis sets.

Coordination via Ring Slippage (TS1).For the imine to
coordinate ta2 there must be a vacant coordination site at the
metal. It has previously been proven that the CO does not TS1
dissociate in the hydrogen transfer frdrto benzaldehydét
The only alternative to create a vacant coordination site at the

Figure 3. B3LYP/lacvp*-optimized;® Ru—Cp transition state with
an imine in a weak coordination position with respect to both Ru

metal is therefore a ring slippage. The stability of ffeRu— and OH. Three RuC bonds are marked green. RH distance is
Cp unit makes this search tricky. It appears that the phenyl 1,572 A. QST-guided search method was used. All bond distances
substituents play an important role in making the-Rp unit are in A.

more flexible. We have not found any ring slip TS in the o
simplified model without phenyl substituents, and this could €nergy by 8 kcal/mol to a reasonable activation energy of 15
partially explain why only a concerted outer-sphere mechanism Kcal/mol. Itis not surprising that the Cp ring slip requires more
was considered using a simplified tetrahydro analogua§# energy in the gas p_hase mode_l. In the presence of explicit solvent
Interestingly, the pheny! groups have been proven experimen-m°|eCU|eS and/or in the contlnuur_n solvent model to represent
tally to be very important for the related racemization catalyst 1€ bulk solvent, the energy difference between properly
3 (Figure 2)?° Since 3 does not have the ligand bifunctional optimized low- and high-hapticity complexes becomes smaller.
outer-sphere option of catalygt racemization of alcohols by The reason for _the failure of a s_|mple gas phase model is r_e_Iated
3 via -elimination requires the formation of a%-Cp—Ru to the increase in the Coulomb interaction between t_he positively
intermediate. The parent Cp analogd# is very slow in the charged metal, ie., Ru(ll.), and the somewhat nega}tlvely charged
racemization of §-1-phenylethanol. In contrast, the pentaphe- Cp ring when the ring-slipped structures are considered. Lower
nyl-substituted analogud-Ph is a very active complex and ~ hapficity complexes have a larger energy of the separated
completely racemized the same alcohol within 10 min using POSitive and negative parts, i.e., the Cp ring and the metal ion,
only 0.5 mol % catalyst® Also, Crabtree has reported that gno_l this interaction is not well described Wlthout solvent. This
substituting the Cp ring with one phenyl group on an IrH species !ndlcates that the effect of the solve_n_t environment pIay_s_ an
makes the catalyst behave similar to an indenyl ligand, which important role and that the lower hapticity complex or transition
is known to promote ring slippage in associative mechan®ms. state will “pick up” stabilization energy to a Igrger extent than
Whereas the TS search in the absence of the phenyl groupdhe reference;® complexa by interacting with the solvent
was unsuccessful, we were able to find a TS in the complete molecules Whlle the coordlnat_|on of the imine to _the ruthenium
model with phenyl groups (Figure 3). Frequency analysis of proceeds via t_hq3-T81, _the imine and the ruthenlu_m form the
TS1and relaxation of the geometry of this complex confirmed father stable intermediate, which may be described as an
that this is indeed a transition state structure with a shallow UnSymmetrical® or a;? complex (Figure 4). Intermediateis
saddle point. We have successfully performed a series of ONly 3 kcal higher in energy than addwcwhen solvent effects
optimizations ofy3-Cp—Ru transition states, similar t8S1, (PCM solvent stabilization energy fqir is 7 kcal/mol larger
with the lacvp* basis s&t within the automatic QST-guided than that fqra) are accour}ted.for, while at Fhe gas phase level
procedure, as implemented in the Jaguar 6.0 computationaIOf theory thl$ transformathn is endothermic by about 1Q kcal/
package. The set of representative structures is given in theMo!- Accordingly, accounting for extra solvent effects in the
Supporting Information. Botly? and? transition states were ~ comPplete hybrid model, the energy difference betweer-Ru
found. Importantly, the;>-type transition state was almost 11 imine complexc and precurson becomes rather small. The
kcal/mol more stable than thg one (this may be of no surprise ~ eaker Ru-Cp interaction inc is compensated by a stronger
since an-allyl complex is expected to be more stable than a Ru=N bond. o -
complex viaz?-coordination since the latter leads to formal _ !f the coordination is the rate-determining step, an electron-
charge separation or unpaired electrons). rlch imine that is a better nuqleophne would form .rL.Jthenlum
The electronic activation energy @1 is 23 kcal/mol in amine complexes more easily than electron-deficient ones.

the gas phase, while solvent effects within PCM reduce the EXperimentally, a correlation was indeed found between the
electronic property of the imine and the temperature at which

(29) (a) Csjernyik, G.; BogaK.; Backvall, J.-E Tetrahedron Lett2004 the amine generated from the imine and hyd@dgave a stable
45, 6799. (b) Martn-Matute, B.; Edin, M.; Boga K.; Kaynak, F. B.; Ru—amine compleX3b:16]t was found that electron-rich imines
Ba?%g;‘?_i ;bitlflJA' _A%nigeg- S(?%Oo?? éZKA QSé;btree R Graanome.  92ve Ru-amine complexes at lower temperatures than electron-
tallics 1989 8, 1225. B P deficient imines. Also in hydrogen transfer reactions involving

(31) Even a small basis set like lacvp performs rather well. imines and amines catalyzed Hya correlation between the
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It is interesting to note that when tight Ru—N bond is
formed between the ruthenium ion and the imine (e.gqd)in
the 2 metal coordination geometry is preferred over tffe
geometry in the computed structures with or without accounting
for solvent effects. TS1 does not have éight Ru—N bond,
and thusy3-geometry is more stable.) This is in agreement with
previous studies of intramolecular rearrangements with metal
Cp system$2 Environmental effects by solvent seem to amplify
this difference with a clear preference for the more flexiile
metal coordination geometry. Also, and importantly, the pres-
ence of a protic admixture in the solvent eliminates the
difference between Rtimine and protonated imireRu com-
plexes since the proton can easily be shuffled back and forth
between the N atom and OH group when bridged by solvent
and could also provide variable degrees of stabilization of the
charged parts of RuCp complexes.

Migratory Insertion (TS2). The search for transition states
that might be responsible for the hydride transfer from ruthenium

c to the carbon atom of the protonatee-N moiety revealed that
Figure 4. B3LYP/lacvp*-optimized Re-Cp complex (unsym-  only #?-Cp-like structures could be predicted regardless of both
metricals® or #2) with an imine coordinated to the ruthenium ion the initial configuration and the complexity of the environmental
of hydroxycyclopentadienyl ruthenium hydride without additional model. We have found that also the most simplistic model with
solvent molecules. All bond lengths are in A. no additional solvent molecules works well in terms of the
structure search, but fails completely in terms of predicting the
energy of TS2. On the basis of the gas phase optimizations only,
the gas phase transition state energy is 41 kcal/mol with respect
to the gas phase energy of the precudrhe high energy of
the gas phase transition state is due to (i) the energy cost for
the Cp-ring slip being vastly overestimated in the gas phase
and (i) the fact that on migratory insertion the prolongation of
the Ru-H bond increases the formal positive charge on the
ruthenium atom, which is unfavored in the gas phase.

In order to better describe the transition state energy for
migratory insertion, several refinements of the model were made.
First, the PCM was employed to calculate the transition state
in a polar environment utilizing the gas-phase-optimized
structure ofTS2 (so-called single-point evaluation of solvent
effect). Interestingly, the solvent effect at the gas-phase-

< optimized geometry reduces the energy of the transition state
by 15 kcal/mol € = 9.1). This is remarkable, when comparing
the energy reduction found for the coordination of the imine to
d 2 (15 kcal/mol versus 7 kcal/mol, respectivelydle supra The
Figure 5. B3LYP/lacvp*-optimized;?2 Ru—Cp complex with the second improvement was that the QST-guided search directly
protonated imine that shows a bidentate binding motif with respect within the continuum solvent environment (TS search in the
to Ru. All bonds lengths are in A. PCM) resulted in a structure with similar geometrical arrange-
ment to that of the gas-phase-optimizd®2 (Figure 6).
rate and the electronic property of the substrate was found. ThusHowever, the energy of the transition state was reduced by 20
in all three different catalytic reactions including transfer kcal/mol. This is consistent with previous single-point evaluation
hydrogenation, transfer dehydrogenation, and racemization viaof the transition state energy in the PCM. The high transition
hydrogen transfer, electron-rich substrates gave higher rates tharstate energy of about 20 to 25 kcal/mol f®62 does not
electron-deficient substrates. correlate well to either a reaction proceeding well at low
temperatures or the negligible isotope effects found in the
stoichiometric hydrogenation of certain imingd$

Furthermore, the energy of the TS structure is sensitive to
the protonation state of the imine (the structure with the
transfer followed by proton transfer. Our calculations suggest prqtonated imine has lower energy), which is agam the Ob\."Ol.JS

limitation of the solvent-free gas phase calculations. This is

that the protonation of the imine is likely to occur first and to . - o
. . - illustrated by a more complex transition state structure: bridging
be the fast reaction step. Environmental effects in the presence

of small amounts of a protic solvent tilt the energy balance water easily mediates the protonation of the Ru-bound amine
further to the side of thg? complexd (Figure 5), which is the in TS2w (Figure 6). Complex s refated tarS2wand complex

. S I d is related toTS2. To further optimize the structure, explicit
analogue of but with the protonated imine and thé-binding solvent molecules were added to the PCM. To preserve the
of the imines. The solvent molecule, i.e., water, is able to bridge

the N atom with the OH group on the Cp ring. Such a bridge (32) Payne, C. K.; Snee, P. T.: Yang, H.; Kotz, K. T.; Schafer, L. L.;
makes the proton transfer even more efficient. Tilley, T. D.; Harris, C. B.J. Am. Chem. SoQ001, 123, 7425.

Proton Transfer. After coordination the hydrogen transfer
occurs. There are three different possibilities for the hydrogen
transfer to occur: (i) a concerted proton and hydride transfer,
(ii) proton transfer followed by hydride transfer, or (iii) hydride
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Figure 7. B3LYP/lacvp*-optimizedy?like Ru—amine intermedi-
ate.

negligible isotope effects were observed in the stoichiometric
hydrogenation of electron-rich N-aryl imines Bywhich clearly
shows that the hydrogen transfer is not the rate-determining
step?318 This is in sharp contrast to the kinetic isotope effect
of 3.6 found in the hydrogenation of benzaldehyde@B§Casey

and co-workers have studied the hydrogenation of a very
electron-deficient aldimine by and found a kinetic isotope
effect close to those found for benzaldehygfl his is expected
where the weaker basicity of an electron-deficient imine would
not promote the crucial proton transfer and induce hydride
transfer. As a consequence, the energy of TS2 would increase
and exceed that of TS1. More importantly, the kinetic isotope
effects found in the reverse transfer dehydrogenatids-phen-

. o . yl-1-phenylethylamine to the corresponding imine are consistent
Figure 6. B3LYP/lacvp*-optimized »>TS with the common  yjth a stepwise rate-determining hydride transfer and a fast

hydride transfer motif with and without a bridging water molecule. 3 ; ;
S proton transfe#3 Thus, the combined isotope efféeiiny/keono
Yellow dashed line indicates the cleaved CH bond, black dashed _ 3.26 was equal to the individual isotope effégtin/Keons

line indicates a forming RuH bond, and RuC bond distance is shown _ L .
by a green-colored label. All distances are in A. QST-guided search — 3.24, and the other individual isotope effético/knoco was

method was used. very small, clearly ruling out the concerted hydrogen tran$fer.

essential part of the geometry of the transition state, the vicinity Rearrangements in Ru-Amine Complexes: Fromy® to
of the Ru ion was frozen, while the rest of the s,ystem was 7* (TS3) If the geometry offS2 from Figure 6 'S relaxed, a

. ’ L table {2-cyclopentadienone)ruthenium complex is formed that
relaxed. O_n the basis of th_e geometry of the gas-phase-optimize Iso involves a2 bonding to one of the phenyl groufss Figure
TS from Figure 6 we received a final energyl@2of 12 keall - 2y 1155 gtaple intermediate is 8 kcal/mol higher than the initial
mol with respect to the initial Rgimine precursoa (identical

vent models with let i imizati d Ru—imine precursoma in the gas phase and only 5 kcal/mol
Solvent models with complete geometry optimization were use higher thana in the hybrid solvent model or PCM.
for a and TS2, respectively). We have found that the change in hapticity in ruthenium
Within the accuracy of the method, one can find several well- 9 pacity

defined migratory insertion transition state structures that include amine complexes could be well controlled by the transition state
unsymmetrical;-like bonding of the Re-Cp ring unit with such asTS3 (Figure 8). The energy of this TS is about 10 to

three different CC bonds of the ring involved. This implies that 12 kcal/molin the gas phase and about 9 kcal/mol in the solvent

it is not one single TShat limits the rate, but rather that the m?rﬁls. rearrangement forms the stabjé-ruthenium amine
reaction has seeral equialent reaction pathwaywith almost 9

equal height of energy barriers to cross. As a result, the reactioncompl.eXb. (Figure 9) and is charactenz_ed, first, by the direct
will be 2 or 3 times faster than can be judged by just the coordination of the substrate to ruthenium, and second, by an

activation energy of the single transition state. Even with a interaction between NH and CO groups via a weak hydrogen

relatively high activation energy, the reaction will still be quite 2 Omr:ge W:)'Sh §§?ﬁgtgll¥inlocgzn:r};? ;”iﬁ‘gﬁ?g&;?:&%ﬁct
efficient due to the combined effect of several equivalent group pring. yapn

migratory insertion transition states. : - o
. . . . (33) In the reverse reaction (the dehydrogenationptieéimination step
The lower activation energy for the migratory insertigisg) precedes the decoordination, and therefore a kinetic isotope effect is expected
versus coordinationTS1) supports experimental data where and is also observed.

TS2w
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TS3

Figure 8. B3LYP/lacvp*-optimized 7> Ru—amine TS that is
responsible for the change in hapticity of RGp complexes.

Figure 9. B3LYP/lacvp*-optimized structure of thg*-Cp-Ru-
amine complex. The longest R bonds are 2.50 A (the two Ru
CO bonds), while the other RtC distances are 2.3 A (carbon atoms
on the side of the ring) and 2.6 A (€C bond opposite the carbonyl)
in a symmetrical arrangement.

b does not seem to offer considerable coordination flexibility.

The energy difference between the optimized-uine, a, and
Ru—amine complexedy, is —20 kcal/mol in the gas phase and
—16 kcal/mol in dichloromethane solvent (PCM) in favor of
the Ru-amine complex.

We have verified our DFT-optimized structure of larger-Ru

Paiov et al.

-N=2.954A
[2.879]

’.1 .250[1.255]

=

Figure 10. B3LYP/lacvp*-optimized structure of thieansisomer

of the Ru-amine complex. The corresponding X-ray structure
was reported in ref 13b (experimental distances are reported in
square brackets). RtC1 bond is green, remaining R distances

are 2.312 A (ReC2 and Ru-C5) and 2.255 A (R#C3 and
Ru—C4). Experimental data are as follows: RQ1 = 2.430 A;
Ru—C2 = 2.250 A; Ru-C3 = 2.211 A. The distance between N
and the carbonyl carbon atom is 2.954 A [2.879]. All distances are
in

Ph Ph
Ph\‘QO Ph\Q;o Phx@.o
Ph | ST N, , 'l &y Py
1 NEBn R\”\N “H
oc” CO oc’ co oc” co
NH, HN.

Bn

1 : 1
Figure 11. Proposed outer-sphere pathway where the formation
of free amine from reduction g-NH,—CsH;N=CHPh would give

a 1:1 mixture of amine complexes.

in two different positions (Scheme #1%2Experimentally, it

was found that starting from iminé there was a fast isomer-
ization to imine5. In light of the computational study this
would be explained by'S3 (ks) being higher in energy than
TS2 (kp). Casey and co-workers also found that certain sub-
strates underwent isomerization faster than ruthenium amine
complex formation in a stoichiometric hydrogenation by using
a deuterium analogue .16 They explained the isomeri-
zation by an outer-sphere mechanism, where the intermediate

amine complexes against the X-ray structure that has beenindicated in Scheme 4 (lower part) is a cage complex without
reported in ref 13b. Geometry optimization was performed at coordination of nitrogen to ruthenium. The inner-sphere mech-
the B3LYP/lacvp* level. Agreement between the computed anism via coordination of the nitrogen would also explain their
structure (Figure 10) and the X-ray structure is good. The Ru resultst3P

atom appears to be formally pentacoordinated with a bidentate The outer-sphere concerted mechanism was recently sup-

(n*-PhyC4CO) ligand, two CO, and diamine, respectively. An

ported by the observation that an imine having an internal trap

increase in the size of the basis set resulted in no appreciablegave exchang®? Thus, hydrogenation op-NH,—CgHsN=

improvement of the geometry.

Both complexe and TS3 are important for explaining the
results from the isomerization experimeéfit$2and exchange
studiest3a16b The relative energies of S2 and TS3 would
explain the isomerization of certain imines bearfgydrogens

CHPh by2' gave a 1:1 mixture of [2,5-BF8,4-Tob(i7*-C4CO)]-
(COXRUNH(CHPh)(GH4-p-NH2) and [2,5-Phk-3,4-Tob(1*
C4CO)](CORRUNH,CsH4-p-NHCH,Ph, which is expected if the
free diamine andA are formed in an outer-sphere process
(Figure 11).
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Scheme 4. Isomerization of Imines
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However, the nitrogens of the diamine in the latter study were *Bn Ph

connected by an aromatic system, and one cannot exclude the
possibility that the internal exchange could occur via the
m-system where ruthenium can slip over from one nitrogen to
the other in thesf?-cyclopentadienone)ruthenium amine inter- until the temperature was raised and the corresponding [2,3,4,5-
mediate (Scheme 5). This would be explained #3 is close Phy(17-C4CO)]RU(CO}NH(Bn)(CsH10-4-NHPh) was observed

in energy to the ruthenium slipping to thesystem of the phenyl ~ (Scheme 6).
ring 3 It is interesting to note that in thg{-cyclopentadienone)-

ruthenium intermediatee the empty coordination site on

ruthenium is filled out by coordination of a double bond in the

phenyl substituent of the Cp ring. In the*(cyclopentadienone)- To summarize the reaction thermodynamics, the mechanism
ruthenium complex in Scheme 5, a coordination of one of the for the hydrogenation of imines begins with the imine nitrogen
double bonds of the benzene ring of the diamine would lead to pinding to the OH of compleg (Figure 1). We will designate
a similar stabilization. this hydrogen-bonded intermediatethe energy O kcal/mol.
The hypothesis that there is an intramolecular exchange atCoordination of the imine to rutheniurnT§1, 15 kcal/mol), in
the 52 stage in the diamine complex (Scheme 5) was recently which the ruthenium slips from® to 78, gives intermediate.
supported by an experiment where a saturated cyclohexane ringA fast proton transfer is followed by the slower hydride transfer
was used instead of a benzene ring as a linker between the(TS2 or TS2w, 12 kcal/mol), formingn?-cyclopentadienone
nitrogens. In this case only the ruthenium amine complex was intermediatee. Intermediatee then rearranges to the finaj%
formed where the ruthenium binds to the amine originating from cyclopentadienone)ruthenium amine comgexa a transition
the imine!3 Thus, reaction of hydride compléwith 4-BnNH- state that is 9 kcal/mol abowe The electronic binding energy
CsHg=NPh afforded only [2,3,4,5-Rfy*-C4CO)]RU(COINH- of ais —12 and—9.6 kcal/mol in the gas phase and PCM,
(Ph)(GH1o-4-NHBnN) at low temperatures and did not rearrange respectively, which will easily compensate for the entropy
decrease in the Gibbs free energy, which is normally expected
(34) Results of computational modeling of the “internal trap” process {0 reduce the binding energy by about 10 kcal/mol. Considering
will be reported elsewhere upon completion. this, the reaction profiles (Figure 12) seem to speak in favor of

cis : trans
12:1

Summary
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e et Tsow Ts2 Technical Details

2 mine p | ? ? 9 . ) .

10 . N S The calculations of the intermediates were performed as
N3 = follows. First, geometry optimizations of all intermediate com-

plexes and transition states were carried out using the B3LYP
functionaf® with the lacvp*/6-31G(d) basis sét38 All degrees
of freedom were optimized, including those of explicit solvent

| molecules. Transition states were obtained by utilizing QST-
Ru-amine complex b, guided search and were characterized by the presence of exactly

one imaginary vibrational frequency along the appropriate normal

Figure 12. Relative energies of all reaction steps (in kcal/mol), mode.
effectively starting with the Raimine complex. All energies refer In the second step, B3LYP energies were evaluated for the
to the “hybrid solvent model” with a few explicit solvent and water optimized geometry using a larger triplebasis, lacv3p#/6-
molecules combined with the continuum solvent model, PCM. Gas 311+G(d), with additional diffuse and polarization functions. All
phase and pure PCM data are discussed where appropriate in thgomputations were performed with the Jaguar v4.0 and v.6.0 suite
text. Electronic binding energy @f is —12 and—9.6 kcal/mol in of ab initio quantum chemistry programs.Solvent (dichlo-
the gas phase and PCM, respectively. Energy difference between,omethane) was represented with the following parameters:
¢ andd is 1.6 kcal/mol in the gas phase & lower) and—1.2 9.1 and probe radius rp 2.33 A. Gas-phase-optimized structures
kcal/mol in PCM d is lower). Al stationary points were calculated o0 yseq in the solvation calculations within the self-consistent
with the same basis set (B3LYP/lacvp*, further refined with larger reaction field model as implemented in the Jaguar computational

basis; see Computational Details). package? Additionally, transition state structures were optimized

. . in the PCM as referenced in the text. All frequency analysis was
o 3
a fast reaction that would certainly run even-at0 °C.3°> The performed with Jaguar 6.0.

relative energies of the most important reaction complexes are’ he solvent was modeled using the self-consistent polarized

reaction coordinate

AE (kcal/mol)
o

summarized in Figure 12. mediun®? (SCRF/PCM) with additional solvent molecules and/or
water molecules in the second coordination sphere of the complexes
Conclusions studied. Solvent effects related to the coordination of the ®p

unit were double checked by explicit treatment of the coordination

Previous experimental studies on hydrogen transfer with sphere in an extended solvent supercluster at the same level of
catalyst 1 clearly show the difference between carbonyl accuracy, B3LYP/lacvp*, and BP86/lacvp as the reported geometry
compounds/alcohols and imines/amines as substrates. Twaoptimizations. The stability of the totally relaxed and optimized
mechanisms are currently considered for this type of reaction: explicit solvent environment was ensured by accurate geometry
an inner-sphere and an outer-sphere mechanism. The outereptimization within the PCM, which elevates considerably problems
sphere pathwd§°was previously elucidated by means of DFT typically associated with solventolvent interaction at boundaries
methods, while the inner-sphere pathway was left without due of a finite molecular model.
attention.
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