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Abstract: Ab initio molecular orbital calculations have been used to study the base-catalyzed hydrogenation
of carbonyl compounds. It is found that these hydrogenation reactions share many common features with
Sn2 reactions. Both types of reactions are described by double-well energy profiles, with deep wells and
a low or negative overall energy barrier in the gas phase, while the solution-phase profiles show very
shallow wells and much higher barriers. For the hydrogenation reactions, the assembly of the highly ordered
transition structure is found to be a major limiting factor to the rate of reaction. In the gas phase, the overall
barriers for reactions catalyzed by Group | methoxides increase steadily down the group, due to the
decreasing charge density on the metal. On the other hand, for Group Il and Group Il metals, the overall
barriers decrease down the group, which is attributed to the increasing ionic character of the metal—oxygen
bond. The reaction with B(OCHj3)3 has an exceptionally high barrier, which is attributed to sr-electron donation
from the oxygen lone pairs of the methoxy groups to the formally vacant p orbital on B, as well as to the
high covalent character of the B—O bonds. In solution, these reactivity trends are generally the opposite
of the corresponding gas-phase trends. While similar barriers are obtained for reactions catalyzed by
methoxides and by tert-butoxides, reactions with benzyloxides have somewhat higher barriers. Aromatic
ketones are found to be more reactive than purely aliphatic ketones. Moreover, comparison between catalytic
hydrogenation of 2,2,5,5-tetramethylcyclopentanone and pivalophenone shows that factors such as steric
effects may also be important in differentiating their reactivity. Solvation studies with a wide range of solvents
indicate a steady decrease in barrier with decreasing solvent dielectric constant, with nonpolar solvents
generally leading to considerably lower barriers than polar solvents. In practice, a good balance between
polarity and catalyst solubility is required in selecting the most suitable solvent for the base-catalyzed
hydrogenation reaction.

Introduction elegant paper by Berkessel et al. has revealed many mechanistic
L . . L _ details on this type of base-catalyzed hydrogenation reattion.
Hydrogenation is an important chemical reaction in industrial 5 six-membered-ring transition structure (Figure 1) that involves

processes and organig §ynthesis. Most hydrogenat@on reac:'[ic.)n§he ketone, 1, and the base catalyst (MOR) has been proposed
are catalyzed by transition-metal complexes, both in synthetic pa<aq on kinetics studies. It has been shown that there is

chemistry and in biological systemiFor instance, compounds o qiderable dependence of the reaction rate on the nature of
that contain platinum-group metals have been used extensively;, o Group | metal cation (M), the alkoxide base (OR, and

in the hydrogenation of fats in the food industrjn contrast e g pstrate (XYE0). Thus, in the series of Group | alkoxides

to transition-metal-catalyzed hydrogenations, catalytic hydro- yhe rate of the hydrogenation reaction decreases in the order Cs
genation without transition metals is much less prominent. . pp . k = Na> Li while aromatic ketones have been found
Among such studies, it has been found that benzophenoney, e more reactive than purely aliphatic substrates.
undergoes catalytic hydrogenation in the presence of potassium aq 5 continuation of previous studieswe have been
tert-butoxide at high temperatures and pessuré. A recent  jnerested in pursuing the fundamentals of transition-metal-free

hydrogenation. In the present paper, we employ ab initio
(1) For example, see: (a) Rylander, P Hy:drogenation oer Platinum Metals ; _ ;
Academic Press: New York, 1967. (b) Jacobsen, E. N., Pfaltz, A, molecular orbital the_ory to study base cataly_zed hydr_ogena_tlon,
Yamamoto, H., EdsComprehengie Asymmetric CatalysisSpringer: in the hope of gaining a better understanding of this subject,
Berlin, 1999, Vol. 1. (c) Nishimura, Stlandbook of Heterogeneous 5 1 rationalize the limitations of the catalytic reaction.

Catalytic Hydrogenation for Organic SynthesWiley: New York, 2001.
(d) Genet, J.-PAcc. Chem. Ref003 36, 908.

(2) For general reviews on hydrogenases, see: (a) Albracht, SBichim. (4) (a) Walling, C.; Bollyky, L.J. Am. Chem. S04961, 83, 2968. (b) Walling,
Biophys. Actal994 1188 167. (b) Ermler, U.; Grabarse, W.; Shima, S.; C.; Bollyky, L. J. Am. Chem. S0d.964 86, 3750.

Goubeaud, M. Thauer, R. KCurr. Opin. Struct. Biol. 1998 8, 749. (c) (5) Berkessel, A.; Schubert, T. J. S.;"Mar, T. N. J. Am. Chem. So2002
Evans, D. J.; Pickett, C. £hem. Soc. Re 2003 32, 268. 124, 8693.

(3) For example, see: (a) Baltes, J.; Cornils, B.; Frohning, CClzem. -Ing. (6) (a) Scott, A. P.; Golding, B. T.; Radom, New J. Chem1998 1171. (b)
-Tech.1975 47, 522. (b) Cecchi, G.; Ucciani, Riv. Ital. Sostanze Grasse Senger, S.; Radom, 3. Phys. Chem. R00Q 104, 7375. (c) Senger, S.;
1979 56, 235. (c) Plourde, M.; Belkacemi, K.; Arul, Ind. Eng. Chem. Radom, L.J. Am. Chem. So00Q 122, 2613. (d) Chan, B.; Radom, L.
Res.2004 43, 2382. Aust. J. Chem2004 57, 659.

10.1021/ja0450253 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 2443—2454 m 2443
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In specific cases involving larger systems, the ONIOM method
was employed for single-point energy calculations. We have chosen
(H CCSD(T)/G3MP2Large as our target level in these ONIOM calcula-
tions, as this is also the target level for G3(MP2)-RAD. It has been
O C- VX suggested that in ONIOM calculations, with CCSD(T) as the target
Y level, the best choice of low level is MP#9 We used either three
Figure 1. Six-membered-ring transition structure propdsfed the base- layers (CCSD(T)/GSMPZLarge:MP2/G3MP2Large:MP2/6-31G(d)) or
catalyzed hydrogenation of ketones. two layers (CCSD(T)/G3MP2Large:MP2/G3MP2Large) in our ONIOM
calculations. It has been found that &B bond is generally suitable
Computational Details for substitution of a &C bond!*9 Consequently, in all our ONIOM
calculations, hydrogen is used as the link atom whenever@ Gond
Standard ab initio molecular orbital theory and density func- is to be replaced.
tional theory calculatioriswere carried out with the GAUSSIAN 63 Unless otherwise noted, zero-point vibrational energies (ZPVEs) and
and MOLPRO 2002programs. Geometries were obtained at the B3- thermal energy corrections (to 483.15 K, 133.27 atm) derived from
LYP/6-31G(d) level of theory. The intrinsic reaction coordinate (IRC) B3-LYP/6-31G(d) frequencies were incorporated into the G3(MP2)-
method was employed to confirm that each transition structure is linked RAD or ONIOM energies. The temperature and pressure parameters
to the appropriate adjacent minima. Improved relative energies were used for the thermal energy corrections were chosen to reflect the
obtained with the high-level G3(MP2)-RAD procedure. Unless experimental reaction conditions (21GQ, 135 bar H) detailed in the
otherwise noted, geometrical parameters in the text refer to B3-LYP/ paper by BerkessélLiterature scaling factof$ were used in the
6-31G(d) values, while relative energies correspond to the G3(MP2)- evaluation of zero-point energies (0.9806), enthalpies (0.9989), and
RAD values. entropies (1.0015) from the B3-LYP/6-31G(d) harmonic vibrational
In preliminary calculations, carried out to evaluate the effect Teduencies. The rigid rotor harmonic oscillator approximéafioras

of diffuse and polarization functions on the optimized structures and used throughout. ) ) ]
the effect of the differences in geometry on the corresponding single- In correlation calculations (MP2, CCSD(T)) that involve potassium
point energies, the geometries and energy profile (0 K) of the reac- and calciumy* the correlation space was chosen to include the inner-
tion CH,O + H, + NaOCH; — CHsOH + NaOCH; obtained at the valence electrons (i.e., 3s and 3p) as well as the valence electrons. This
G3(MP2)-RAD//B3-LYP/6-31G(d) level were compared with those correlation space is denoted relaxed-inner-valenee.df In all other
obtained at the G3(MP2)-RAD//B3-LYP/6-31+G(d,p) level. We cases, orbitals corresponding to the largest noble gas core were frozen
find that the additional diffuse and polarization functions generally during post-HartreeFock calculations.
lead to minor changes in geometries and G3(MP2)-RAD relative  The necessity of including the 3s and 3p orbitals in the correlation
energies £0.02 A for bond lengths£1° for bond angles, and  SPace for Ca- and K-containing molecules has been demonstrated
42 kJ mof! for energies). Somewhat larger discrepancies are Previously:® For instance, heats of formation obtained with the G2
found for the transition structure=0.07 A for bond lengths:4° for method but without relaxation of the inner-valence electrons are in poor
bond angles, and:3 kJ mol! for energies). Calculations at the —2dreement with experimental results for KOH160 kJ mof*
G3(MP2)-RAD//B3-LYP/6-3++G(d) and G3(MP2)-RAD/B3- discrepancy) and Ca(OH}+86 kJ mof? discrepancy), respectively,
) T . ; N

LYP/6-31G(d,p) levels reveal that polarization functions on hy- thljligf(t\l]}) glvrelsgﬁu?Hsmflsllelr dlﬁcrepanuetsgrlld mc.)r. for ':OhH 3
drogen are responsible for the majority of these changes in geom- an - Mo 3(OH)). . n these cases, the mixing O.t €3S
etries. These calculations suggest that our use of B3-LYP/6-31G(d) and 3p orbitals of the '.“eta' with valencg Qrbltals on oxygen is the key
geometries will not lead to significant errors in our calculated energy reason that the exclusion of the former is inappropriate and can lead to
orofiles. poor results.

Solvent effects were evaluated at the B3-LYP/6-31G(d) level using
the integral equation formalism polarizable continuum model (IEF-

(;O -2

(7) For example, see: (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. P.; Pople,

J. A. Ab Initio Molecular Orbital Theory Wiley: New York, 1986. (b) PCMY* through calculations on the optimized gas-phase structures.
igggen, FIQtrorc]iU\C/;tllonHtolt(ﬁomputatINcrnéL (E:hﬁml_St:WllgwdCftuch\Dester, Unless noted otherwise, methanol was used as the solvent for the IEF-
. (o] 5 n . mist’ i (o} nsi . : . ;

Functiéﬁ)al Tf?ec’)ry2;1d gd_;a\,‘:,‘?l‘fay': New Yorf’ o0, e fo e Sy pPCM calculations. For comparison, solvation studies on selected
(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. systems were also conducted with the self-consistent isodensity

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;

Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; (11) (a) Maseras, F.; Morokuma, K. Comput. Chem1995 16, 1170. (b)

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, Humbel, S.; Sieber, S.; Morokuma, K. Chem. Phys1996 105 1959.

J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M; (c) Matsubara, T.; Sieber, S.; Morokuma, Ikt. J. Quantum Cheni.996

Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, 60, 1101. (d) Svensson, M.; Humbel, S.; Froese, R. D. J.; Matsubara, T.;

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R; Sieber, S.; Morokuma, Kl. Phys. Chenil996 100, 19357. (e) Svensson,

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; M.; Humbel, S.; Morokuma, KJ. Chem. Phys1996 105 3654. (f)

Salvador P Dannenberg J.J.; Zakrzewsk| V.G, Dapprlch S, Danlels Dapprich, S.; Korieomi, I.; Byun, K. S.; Morokuma, K.; Frisch, M. J.

A. D; Straln M. C.; Farkas, O.; Malick, D. K Rabuck, A D.; THEOCHEM 1999 462 1. (g) Vreven, T.; Morokuma, KJ. Comput.

Raghavacharl K.; Foresman J. B.; Ortiz, J. V.; CUI Q.; Baboul, A. G Chem.200Q 21, 1419.

Clifford, S.; Closlowskl J.; Stefanov B B,; L|u G.; Llashenko A.; Plskorz (12) Scott, A. P.; Radom, L. Phys. Chem1996 100, 16502.

P.; Komaromi, l.; Martin, R. L.; Fox, D. J.; Keith, T.; AI-Laham, M. A.; (13) Bloch S. Clintroduction to Classical and Quantum Harmonic Oscillators

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, Wiley: Canada, 1997.

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03 (14) The G3MP2Large basis set for potassium and calcium used in G3(MP2)-

revision B.03; Gaussian, Inc.: Pittsburgh, PA, 2003. RAD calculations can be downloaded from the website http://chemistry-
(9) MOLPRO, a package of ab initio programs designed by H.-J. Werner and .anl.gov/compmat/g3theory.htm.

P. J. Knowles, version 2002.1. R. D. Amos, A. Bernhardsson, A. Berning, (15) (a) Blaudeau, J.-P.; McGrath, M. P.; Curtiss, L. A.; Radom].LChem.

P. Celani, D. L. Cooper, M. J. O. Deegan, A. J. Dobbyn, F. Eckert, C. Phys.1997 107, 5016. (b) Schulz, A.; Smith, B. J.; Radom, L. Phys.

Hampel, G. Hetzer, P. J. Knowles, T. Korona, R. Lindh, A. W. Lloyd, S. Chem. A1999 103, 7522. (c) Curtiss, L. A.; Redfern, P. C.; Rassolov, V.;

J. McNicholas, F. R. Manby, W. Meyer, M. E. Mura, A. Nicklass, P. Kedziora, G.; Pople, J. Al. Chem. Phys2001, 114, 9287. (d) Sullivan,

Palmieri, R. Pitzer, G. Rauhut, M. Sdlau U. Schumann, H. Stoll, A. J. M. B.; Iron, M. A.; Redfern, P. C.; Martin, J. M. L.; Curtiss, L. A.; Radom,

Stone, R. Tarroni, T. Thorsteinsson, and H.-J. Werner. L. J. Phys. Chem. R003 107, 5617.

(10) (a) Henry, D. J.; Sullivan, M. B.; Radom, . Chem. Phys2001, 118 (16) (a) Cancs, M. T.; Mennucci, B.; Tomasi, J. Chem. Phys1997, 107,
4849. (b) Henry, D. J.; Parkinson, C. J.; Mayer, P. M.; Radond, Phys. 3032. (b) Mennucci B.; Tomasi, J. Chem. Phys1997 106, 5151. (c)
Chem. A2001, 105 6750. (c) Henry, D. J.; Sullivan, M. B.; Radom, L. Mennucci, B.; Cantg E., Tomasi, 1. Phys. Chem. B997 101, 10506.
Chem. Phys2003 118, 4849. (d) Tomasi, J.; Mennucci, B.; CaigeE. THEOCHEM1999 464, 211.
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b I
CHs o CHy %
NaOCH;  Na—0O 0----H, o L
T T . ';' N NaOCH3 Na’ H
+CHO —> | | *H,—Na H|—=Na_ - + CH.OH 0
0=Cernpy \‘0‘—‘0 ‘ o 3 o
+ H2 \H \l_’;H CH3 CH3
A B+H, c D E F

Figure 2. Hydrogenation of formaldehyde catalyzed by NaQCHnergy profile 80 K (kJ mol?) and selected optimized structures.

polarizable continuum model (SCI-PCM)We find that the two models  arrangement between the methoxy oxygen apdnith anJO—

give comparable solvation energies. H—H angle of 172.8, while the H-H—C linkage is highly

) ) angular with arflH—H—C angle of 118.6 Such a near-linear
Hydrr]ogednatlon of Formaldehyde Catalyzed by Sodium arrangement for the proton acceptor and angular arrangement
Methoxide

for the hydride acceptor in the heterolytic cleavage ghidve
been noted previousR:18 The transition structur€ lies 105

A. Epergy Profile at 0 K. We_have chpsen the sodium- kJ mol! above the NaOCkHCH,O adduct B) plus Hb.
methoxide-catalyzed hydrogenation reaction of formaldehyde . - .
However, the hydrogenation reaction has no overall barrier

as a simple model to assess the energy profile of general base-

L I . L
catalyzed hydrogenations. The calculated G3(MP2)-RAD profile (ABc-a 4 kJ mol). After traversing the transition

. . . ; . oo structure, a strong comple®] between the eventual products,
of the reaction &0 K (i.e., including zero-point vibrational

energy), together with optimized geometries of selected speciesSOd'um methoxide and methandi)( is formed. Once again,

long the reaction pathway. is shown in Fiqure 2 the sodium atom i is strongly associated with both oxygen
along the reaction pathway, 1S sho gure 2. atoms, with Na-O distances to the methanol and the methoxy

Sodium methoxide forms a strong adduct with formaldehyde oxygen atoms of 2.234 and 2.043 A, respectively. The sodium
(B), with a AH of —109 kJ mot*. The distance between the  atom  the two oxygen atoms, and the hydroxy proton of
methoxy oxygen and the formaldehyde carbon is 1.572 A, which methanol practically lie in the same plan@@—Na—O—H
is somewhat longer than the bond length of a typicaldCbond dihedral angle= 0.9°). The hydroxy proton is strongly
(e.g., 1.419 A in CH-OH). The JO—C—O bond angle of  hydrogen-bonded to the oxygen of the newly formed methoxide
109.#£ is almost identical to the tetrahedral angle (1095he (H...O =1.520 A) A transition Structurd:o Corresponding to
sodium atom is strongly associated with both oxygen atoms, the proton exchange between the two methoxy units, which lies
with Na—O bond lengths to the methoxy and the formaldehyde only 3 kJ mot?! above complexD, has also been located.
oxygen of 2.176 and 2.086 A, respectively, slighter longer than |solated product& lie 88 kJ mot higher in energy than the
that in sodium methoxide (1.931 A). In the transition structure complexD, and theAH of the overall reaction is-76 kJ mot 2.
(C), the sodium atom retains strong interactions with both Interestingly, this qualitative energy profile is similar to that
oxygen atoms. The NeOCH; and Na-OCH; distances are now  found for gas-phasexg reactiong? which are also described
2.044 and 2.171 A, respectively. There is an almost linear by two-well energy profiles.

(17) (a) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, M. Phys. Chem. (18) For example, see: (a) Orlova, G.; Scheiner, S.; Kag. Phys. Chem. A
1995 99, 7702. (b) Foresman, J. B.; Keith, T. A.; Wiberg, K. B.; Snoonian, 1999 103 514. (b) Yu, Z.; Wittbrodt, J. M.; Xia, A.; Heeg, M. J.; Schlegel,
J.; Frisch, M. JJ. Phys. Chem1996 100, 16098. H. B.; Winter, C. H.Organometallic2001, 20, 4301.

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2445
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A — - C (-65
o - Il
v 113 ,’_\ 86 123 KN
N e A A
5ah, 1®1 S F (123) w24 188 62
B+ H, l \, - B+H, v F(80) .— E
e (-96) P

Figure 3. Enthalpy profile AH, kJ mol?) for the NaOCH-catalyzed
hydrogenation of formaldehyde at 483.15 K under 133.27 atm.

Figure 4. Gibbs free energy profileAG, kJ mol?1) for the NaOCH-
catalyzed hydrogenation of formaldehyde at 483.15 K under 133.27 atm.

B. Enthalpy and Free Energy Profiles at 483.15 K.To

D (-76)

Figure 5. Gibbs free energy profile (kJ mio) for the NaOCH-catalyzed
hydrogenation of formaldehyde in methanol at 483.15 K under 133.27 atm.
Solvation energies (kJ nol) are given in parentheses.

bonding are not explicitly included. Hence, the results should
be interpreted largely in terms of qualitative trends rather than
as an exact quantitative treatment of solvent effects. The solution
free energy profile (including the solvation energies for all of
the species) is shown in Figure 5.

At all stages of the reaction, solvation leads to a large
stabilization. The value 0AGsgy, ranges from—65 kJ moi?
for transition structur€ to —137 kJ mot™ for productsE. The
wide range of solvation stabilization gives rise to a significantly

evaluate the effect of thermal energies and entropies on thegifferent free energy profile to that calculated for the gas phase

reaction, appropriate corrections were applied to the 0 K

(Figure 4). Noticeably, the adduBtis now only 24 kJ moi!

energies. A temperature of 483.15 K and a pressure of 133.27|ower in energy than the isolated components. The overall barrier

atm were employed, in keeping with the experimental condi-
tions> The enthalpy AH) and free energyAG) profiles are
shown in Figures 3 and 4, respectively. We note that at 0 K,
AE = AH = AG and so the energy profile in Figure 2
corresponds to any of these quantities at 0 K.

While the enthalpy profile at 483.15 K (Figure 3) is fairly
similar to the energy profile at 0 K, the free energy profile at
483.15 K (Figure 4) is substantially different. In particular, the
formation of adducB is now exothermic by only 51 kJ nol,
less than half of the binding energy at 0 K. Furthermore, the

hydrogenation reaction now has an overall free energy barrier

of 65 kJ moll. The complexD lies 155 kJ mol?! lower in
energy than the transition structure, while transition structure
F lies 1 kJ mof! above the basemethanol complex. The
overall AG for the reaction is—48 kJ mot?, which is 28 kJ
mol~? less than the exothermicity at 0 K.

Our calculated free energy profile (Figure 4) indicates that
entropy has a substantial effect on the hydrogenation reaction
In this case, for instance, the inclusion A% leads to aAG*
that is 77 kJ moi® more positive than the correspondingi®.

is 123 kJ mot?, while the barrier calculated fro® + H, is
147 kJ mot?, which is substantially higher than the corre-
sponding gas-phase value (116 kJ mipl The overall free
energy change for the reaction is62 kJ mof?, which is
somewhat larger than the gas-phase value.

The difference in gas-phase and solution-phase energy profiles
can be explained by the difference in solvation energy at
different points along the reaction coordinate. Thus, compared
with separated reactant&), the charge in the reactant complex
B is more delocalized. Consequently, the polar solvent interacts
with the complex less strongly than with the isolated species,
resulting in a lower solvation energy. In the transition structure
C, even more charge delocalization would be expected as a
result of the more compact structure, resulting in an even lower
solvation energy than that in the adduct. The energy profile of
Figure 5 again parallels the behavior found for solution-phase
Sn2 reactions, in which the two energy wells become much

‘shallower, or disappear completely, as compared with the gas-

phase profileg%20

It has been previously suggested that in the base-catalyzed D. Substitution of Hydrogen by Deuterium. We have

hydrogenation, the assembling of the highly ordered transition
structure (an entropic effect) is the limiting factor in the

reaction® The theoretical results presented here are consistent

with this hypothesis.

C. Free Energy Profile in Solution. The effect of solvent
on the reaction profile was evaluated through calculations of
the solvation energy, i.e., the difference between the solution-
phase free energy and the gas-phase free enA@yi; = Gsoin
— Ggag. It is important to note that the IEF-PCM method

employed here represents the solvent as a continuum of uniform

investigated the effect on the free energy barrier of replacing H
by D (Hy/HD/Dy) using appropriately modified vibrational
frequencies in the calculation of ZPVE and thermal corrections.
In the case of HD, scenarios where either H or D acts as the
hydride/deuteride were both investigated. Our results indicate
that substituting Ror HD for H, leads to only a slight increase

in barrier <+3 kJ mofl?!). This is consistent with the
experimental observation that base-catalyzed hydrogenation does
not show a significant kinetic isotopic gHHD) effect®> However,

the small effect on the barrier does not explain the experimental

dielectric constant. This only represents part of the effect of observation of a low rate of reaction for,Din addition, we

the solvent, in that specific interactions such as hydrogen

find that tunneling corrections are small at the elevated

(19) For recent reviews on gas-phasg $eactions, see: (a) Chabinyc, M. L.;
Craig, S. L.; Regan, C. K.; Brauman, JSciencel 998 279, 20. (b) Gronert,
S.Chem. Re. 2001, 101, 329. (c) Laerdahl, J. K.; Uggerud, Et. J. Mass
Spectrom2002 214, 277. See also: (d) Shaik, S. S.; Schlegel, H. B.; Wolfe,
S. Theoretical aspects of physical organic chemistry: th2 @echanism
Wiley: New York, 1992.

2446 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005

(20) For example, see: (a) Streitwieser,3abolytic Displacement Reactions
McGraw-Hill: New York, 1962. (b) Ingold, C. KStructure and Mechanism
in Organic Chemistry2nd ed.; Cornell University Press: New York, 1969.
(c) Olmstead, W. N.; Brauman, J.J. Am. Chem. S0d.977, 99, 4219. (d)
Tucker, S. C.; Truhlar, D. GChem. Phys. Letl989 157, 164. (e) Regan,
C. K.; Craig, S. L. Brauman, J. Bcience2002 295 2245.
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Table 1. Gibbs Free Energies (AG, kJ mol~1)2 for the MOCHjz-Catalyzed Hydrogenation of Formaldehyde

t
CHs CHs CHy
MOCH M—0" O----H O, MOCH
3 Il 11 ’ \ 7N 3
—_— 1 1 + H2 —_— M /H — M’ /H .
+CH,0 + H, o=¢.. . K o +CH;0H
v/H 02:C.y i
H \H CHs
A B+H, c D E
reaction M B +H, ct D E AG¥een ©
gas phase 1 Li —45 64 —82 —48 109
2 Na —51 65 -90 —48 116
3 K —47 69 —95 —48 116
solution phase 1 Li -20 131 —26 —62 151
2 Na —24 123 —43 —62 147
3 K —33 107 —63 —62 140

a Calculated relative to the reactats By definition, the relative energy &€, AGc-a, is also the overall barrier for the reactiohG*,y). © The central
barrier is the difference between the free energand that ofB + H..

temperatures used in the experimental work. So the reason for(M = Li, Na, and K). The optimized structures with Li and K

the unusual WD, difference remains unclear. are very similar to those with Na (Figure 2). The gas-phase
and solution-phase energy profiles of these Group-I-methoxide-
catalyzed hydrogenation reactions are summarized in Table 1.

The gas-phase catalytic activity for the Group | methoxides,

With this basic knowledge of the reaction profile established, although varying only very slightly with the metal, is in the
we now proceed to investigate the effect of the metal, the base,order Li > Na > K. This is in contrast to the experimental
the substrate, and the solvent on the energy profile. From thistrend, the catalytic activity in the hydrogenation of benzophe-
point on, the relative energies refer A6 values at 483.15 K none among Group | benzhydrolates increasing in the order Li
with a pressure of 133.27 atm. TiS" values are referred to < Na < K.5 However, after the inclusion of solvation energies,
in the text as barriers for simplicity. Both gas-phase as well as the experimental ordering is obtained (Table 1).
solution-phase relative energies will be discussed. For a reaction
with a double-well energy profile, the gas-phase reaction rate
depends on a number of factors, including temperature and
pressurél At the low-pressure limit with minimal deactivation

via collisions, the effective barrier normally corresponds to the ; ) )
energy relative to isolated reactants, i.e., the free enerdy of In the gas phase, it strongly withdraws electron density from

relative toA (overall barrier AG¥y,). At the high pressure limit, ~ formaldehyde and, hence, activates it toward attack by the
the effective barrier corresponds to the energy difference Nydride ion formed from heterolytic cleavage ob.HOn the
between the transition structure and the energy well that Other hand, the larger Khas a lower charge density, and it is
immediately precedes it on the reaction pathway, i.e., the free less effective in activating formaldehyde toward nucleophilic
energy ofC relative toB + H, (central barrier AG¥en). We attack. In solution, the smaller Lireceives considerably higher
will therefore discuss the central, as well as the overall, energy Stabilization from solvation than the largerKin addition, as
barriers for gas-phase reactions. In solution, the conditions arediscussed earlier, solvent stabilization is larger in the separated
virtually equivalent to the high-pressure limit with very effective speciesA than in the transition structur€. The net result is
collisional deactivation. Thus, the reaction rate is largely that the solvation-induced increase in the barrier is more
determined by the central barrier, i.e., the energy measured frompronounced for Li than for K. In this case, solvent effects
the adjacent energy well. In a small number of cases, the dominate the solution-phase reaction, and hence opposite trends
calculated free energy of the reactant complex is higher than are observed in the gas phase and in solution. Interestingly, these
that of the isolated reactants. In these cases, we have taken thepposite reactivity trends in gas and solution phases are
barriers to correspond to the energy difference between theanalogous to the trends in halide reactivity in2Sreactions.
transition structure and that of the isolated reactants A@ .. Thus, in the gas-phase s the strongest nucleophié22while
in a polar protic solvent the most nucleophilic ion is2f

B. Group Il and Il Metals: Be, Mg, Ca, B, and Al

A. Group | Metals: Li, Na, and K. To explore the effects  Hydrogenation reactions catalyzed by several Group Il and
of varying the metal ion (M), hydrogenation of formaldehyde Group 1Il methoxides have also been investigated. Selected

catalyzed by various main-group methoxides has been inves-gptimized structures in the Mg(OG)3-catalyzed reaction are
tigated. We begin with the reactions of Group | methoxides

Substituent and Solvent Effects: General
Considerations

The reversal of the trends found between gas-phase and
solution-phase reactivities can be rationalized in terms of the
charge density of Group | cations and their relative degree of
solvation. Thus, LT is a small cation with a high charge density.

Effect of Metal

(22) For example, see: (a) Brauman, J. |.; Olmstead, W. N.; Lieder, Q. A.

(21) For example, see: (a) Dean, A. Nl. Phys. Chem1985 89, 4600. (b) Am. Chem. Sod 974 96, 4030. (b) Tanaka, K.; Mackay, G. |.; Payzant,
Oref, I.J. Phys. Chen1l989 93, 3465. (c) Fahr, A.; Laufer, A. H.; Tardy, J. D.; Bohme, D. KCan. J. Chem1976 54, 1643.
D. C.J. Phys. Chem. A999 103 8433. (d) Golden, D. M.; Barker, J. R.; (23) For example, see: (a) McCleary, H. R.; Hammett, L1.FAm. Chem. Soc.
Lohr, L. L. J. Phys. Chem. R003 107, 11057. (e) de Persis, S.; Dollet, 1941 63, 2254. (b) Pearson, R. G.; Sobel, H.; Songstad, Am. Chem.
A.; Teyssandier, FJ. Chem. Educ2004 81, 832. Soc.1968 90, 319. (c) Parker, A. XChem. Re. 1969 69, 1.
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1.476 A
16?.4“@ 0.856 A
107.0°®
1.763 A

Figure 6. Selected optimized structures involved in the Group Il/lll methoxide-catalyzed hydrogenation of formaldebedd) (Mg; (8B—D) Al; and
(7B) B.

shown in Figure 6 as a representative example for reactionsdocumented? For instance, it has been used to explain the
with Group Il methoxides. Also included are selected optimized increases in Lewis acidities of boron trihalides down the group
structures for the reactions involving Group Ill methoxides. The BFs < BCls < BBrs,?* the opposite of what would be expected
Group Il structures are similar to their corresponding Group | from the electronegativities of the halogens.

counterparts. However, some of the Group IIl species have The energy profiles of the Group II- and Group-Ill-methox-
significantly different structures to both their Group | and Group de-catalyzed reactions are summarized in Table 2. The lower
Il analogues. Thus, in the transition structurey @ith a Group ~ °Verall gas-phase barriers for Mg and Ca than for the corre-
| or a Group Il metal, the dihedral angléM—O—C—H to the sponding Group | metals (Table 1) are consistent with their

. higher formal charge and, hence, stronger interaction with
formaldehy@e herogen 'S almo§t‘903n the other hand, t.h-e formaldehyde. On the other hand, the Be(Qtatalyzed
corresponding dihedral angle in the Group Il transition

fruct ) imately 45Th tals of th G " reaction has a higher barrier than that of LiO£Hhis can be
structures 1s approximately 2.oThe metals of Ihese Lroup attributed to the high covalency of the B® bonds in

methoxides might interact strongly with the lone pair of Be(OCHy),, which leads to a low partial charge on beryllium
formaldehyde, which in turn leads to the different directional ;nq4 hence. a relatively low catalytic activity. It is well

properties compared with the Group | and Group Il methoxides. gocumented that beryllium compounds are highly covaent.
Furthermore, several attempts at locating a complex betweenfor instance, beryllium chloride has a substantially lower
B(OCHg); and formaldehyde led to the structuréBj shown melting point of 399°C, as compared with 714C and 772°C

in Figure 6. Presumably, the-electron donation from the  for MgCl, and CaC}, respectively?®

oxygen lone pairs of the three methoxy groups practically fills

(24) For example, see: (a) Brown, H. C.; Holmes, R.JRAmM. Chem. Soc.

the vacant p orbital on the boron, thereby prohibiting the 1956 78, 2173. (b) Shriver, D. F.: Swanson, Biorg. Chem.1971 10,

i i _ i 1354. (c) Pearson, R. Gnorg. Chem.1988 27, 734. (d) Liebman, J. F.
formation of a fourth B-O bond. This type of back-bonding Struct. Chem199Q 1, 395. (e) Sreekanth, C. S.; Mok, L. Y.; Huang, H.
between boron and smatl-donor substituents has been well H.; Tan, K. L.J. Electron Spectrosc. Relat. Phenot892 58, 129.
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Table 2. Gibbs Free Energies (AG, kJ mol~1)? for the barriers within the Group-I-methoxide-catalyzed reactions in-
M(OCHs)-Catalyzed” Hydrogenation of Formaldehyde crease down the group for the gas-phase reactions but decrease
CHs ¥ down the group in solution (Table 1). On the other hand, the
M(OCHy), (CHgO)MMI—CI)/CHs ’,c'> ----- H, Group I cartalysts .give. rise to opppsite trends, both in the gas
SCHO +H, o=c +H, —— |(CH30h.M A phase and in solution; ie., the barriers decrease dOWﬂ the group
\;'H ‘o=c;.,H in the gas ph_ase but increase down the group in solution.
A B+ H, c H Furthermore, in the gas phase, the barriers for Group IlI
methoxides also decrease down the group (Table 2).
O.C"‘3 Unlike Group | metals, which form highly ionic compounds,
e oML M EA(SHC';? the covalency within Group Il and within Group Il compounds
0 ° varies widely. For Group Il metals, the ionic character increases
CHs down the group, and a larger charge on the metal cation would
D E be expected, resulting in a decrease in barrier down the group.
reaction M B+H, C° D E  AG? In a polar solvent, however, a more ionic Group Il cation would
gas phase 4 Be -28 101 -101 -48 129 be expected to experience larger solvation, leading to a more
5 Mg —-64 56 —108 —48 120 severely lowered catalytic activity. At the covalent extreme, the
6 Ca -73 51 -115 -48 124 gas-phase and solution-phase energy profiles of the BegDCH
; Z _gi igg _9116 :ig igf reactior1 are remarkably ;imilar, indicarting that solvation has a
solution phase 4 Be —34 96 —119 —-62 130 very minor effect. Solvation also has little effect on the energy
2 L\:/Ig —gi Eg —22 —gg igg profile of both of the Group Il methoxides, leading to the same
5 5 23 a8 6 b2 248 trends in the gas phase and in solution.
8 Al -38 94 -101 -62 132

Effect of the Anionic Base

a Calculated relative to the reactams® n = 2 for Be, Mg, and Can

=3 for B and Al.© By definition, the relative energy & (AGc_a) is also 'Ifo. elucidate the effer:t of the anionic trase on the catalytic
the overall barrier of the reactiom\G¥.,).  The central barrier is the  activity, the energy profiles for hydrogenation of formaldehyde
difference between the free energy®fand that ofB + H,. ¢ BecauseB it ; FP— ;

+ H lies higher in energy thaf, the central barrier is taken #s5c-a in Eatalylzed_dby lithium, SOdI.uma agdlpota(SjSItErt k.)Utg)(IdeS and f
this case. enzyloxides were examined. Selected optimized structures for

the reactions with Na as the counterion are presented in Figure
It is interesting to see that, despite the large variation in overall 7 as representative examples.
barriers, the central barriers fall into a small range. Presumably, While the optimized structures for thert-butoxide reactions
the metal methoxide/formaldehyde interactions are comparablegenerally resemble those of the corresponding methoxide
in the adduct and in the transition structure, leading to the small analogues, the structures for species involved in the benzyloxide
variation in the central barriers. This is again similar to the reactions show some interesting differences. For the catalysts
behavior in gas-phase\3 reactions, where the central barriers MOCH,Ph, the adduct8, and the complexeb, there is an

of identity exchange reactions of varigpara-substituted-benzyl ~ “open” form and a “closed” form, the latter having the metal in
chlorides with Ct lie in a narrow range, while their overall close proximity to the benzene ring. Several attempts at
barriers vary widely?/ optimizations of the transition structugzfrom different starting

Both Group Il methoxides lead to higher overall barriers geometries all led to the closed form. In addition, optimizing
than those of corresponding Group | methoxides (Table 1), the open form of the transition structure with the Onsager
especially in the case of B(OG), with a remarkably high value ~ solvation model also led to the closed form. Nevertheless, it is
of 255 kJ mot . Presumably, this can also be partly attributed possible that the open form can be located as a minimum by
to the covalency of Group Il compounds. However, the much the means of optimizing with a more sophisticated solvent model
higher barrier for the B(OCH)s reaction might also be indicating  (€.9., PCM) or by the inclusion of explicit solvent molecules.
the presence of other unfavorable factors. In particulalec- Metal cationfr-complex interaction similar to that in the closed
tron donation from the methoxy groups to the boron dramatically forms has been well document&dt has also been suggested
weakens its interaction with formaldehyde, leading to the much that, in the base-catalyzed hydrogenation of aromatic ketones,
higher barrier. In solution, the barriers for the reactions of Group 7-complexation to Group | cations might be important in the
Il and aluminum methoxides are comparable to those of Group catalysis> The reaction profiles for thdert-butoxide- and
| methoxides, while the barrier for the B(OGJ#catalyzed  benzyloxide-catalyzed hydrogenations are summarized in
reaction remains considerably higher. Table 3.

An interesting feature emerges when a comparison is made The trends in catalytic activity of thiert-butoxides parallel
between Group Il methoxides and Group | methoxides. The those of Group | methoxides (Table 1), both in the gas phase
and in solution. Moreover, these solution-phase barriers are
(25) (a) Everest, D. A. IlComprehensie Inorganic ChemistryBailar, J. C., comparable to those of Group I-methoxide-catalyzed reactions,

o o T3 VA ) Groomman N N s 0 indicating that the catalytic activity of the base is relatively
of the Elements2nd ed.; Butterworth: Boston, 1997. (c) Cotton, F. A;;  insensitive to the size of the alkoxide.

Wilkinson, G.; Murillo, C. A.; Bochmann, M.Advanced Inorganic
Chemistry 6th ed.; Wiley: New York, 1999.

(26) Aldrich Chemical CoAldrich Catalog/Handbook of Fine ChemicaZ000- (28) For example, see: (a) Ma, J. C.; Dougherty, DChem. Re. 1997, 97,
2001 ed.; Aldrich: Milwaukee, WI, 2000. 1303. (b) Fuji, T.Mass Spectrom. Re200Q 19, 11. (c) Rodgers, M. T;

(27) Wiladkowski, B. D.; Wilbur, J. L.; Brauman, J.J. Am. Chem. Sod.994 Armentrout, P. BMass Spectrom. Re200Q 19, 215. (d) Amunugama,
116, 2471. R.; Rodgers, M. TInt. J. Mass Spectron2003 222 431.
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G

NaOCH,Ph (closed)

1.406 A

170.7°(H) 0.886 A

119.5°(®
1.864 A

13D (closed)

Figure 7. Selected optimized structures involved in the hydrogenation of formaldehyde catalyzed-X#8u (10B,C), and Na-OCH,Ph NaOCH-Ph,
plus 13B—D).

For the Group-I-benzyloxide-catalyzed reactions, in the gas the closed and open forms are generally larger in solution than
phase, the open form is the more stable conformation for mostin the gas phase. Presumably, the metal cations in open
species. This is somewhat surprising, as it is well-known that conformers are more exposed and hence are better solvated than
Group | cations form stable-complexes with benzene deriva-  those in the closed forms. This would also decrease the extent
tives28 Presumably, the formation of the closed conformer also of interaction with ther-systems. The solution-phase barriers
introduces unfavorable factors which, in most cases, appear toare somewhat higher than values for the corresponding meth-
be large enough to offset the attractiweinteractions. The oxides (Table 1) andert-butoxides (Table 3). The difference
overall barriers for the benzyloxide reactions are somewhat in reactivity is most pronounced for Li and least for K. It has
higher than those for the corresponding methoxides, while the been proposed that, in tiert-butoxide-catalyzed hydrogenation
central barriers are comparable. of benzophenone, the reaction is initially catalyzed tbyt-

In solution, the open conformers &, B, D, andE are all butoxide, but subsequently by the less reactive benzhydrolate
lower in energy than the corresponding closed forms, but for that is formed. Our results are consistent with these observa-
the transition structur€, only a closed form is found in our tions, indicating that aromatic alkoxides are indeed likely to be
calculations, as noted above. The energy differences betweerless reactive than aliphatic alkoxides.

2450 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005



Base-Catalyzed Hydrogenation ARTICLES
Table 3. Gibbs Free Energies (AG, kJ mol~1) in MOR-Catalyzed Hydrogenation of Formaldehyde?
1
R - A
MOR M—0 ST \ BES MOR
— +H, — M H — o H
+CH,O +H, bzé""H . K o + CH;0OH
Y 0=C.., |
H \HH CH,
B+ H, (o] D E

reaction MOR A B +H, cb D E AGF o ©

gas phase 9 LiO—t-Bu 0 —26 77 —83 —48 103

10 NaO—t-Bu 0 -16 85 —-83 —48 101

11 KO—t-Bu 0 —15 92 -73 —48 107

solution phase 9 LiO—t-Bu 0 1 149 —24 —62 149

10 NaO—t-Bu 0 7 145 —40 —62 145

11 KO—t-Bu 0 -11 126 —54 —62 137

A B +H, D
reaction MOR closed open closed ch open closed E AGF o ©

gas phase 12 LIOCH2Ph 12 —27 —26 83 -71 =77 —48 110
13 NaOCHPh -1 —46 -39 76 -91 —-81 —48 122
14 KOCH,Ph -1 -35 -35 80 —-91 —-81 —48 115
solution phase 12 LIOCH2Ph 37 8 36 171 -6 7 —62 17¢
13 NaOCHPh 21 -12 14 153 —-37 -11 —62 165
14 KOCHzPh 14 —-11 —4 131 —41 —33 —62 142

a Calculated relative to the reactams(open form ofA for the benzyloxides)? By definition, AG¢-4 is also the overall barrier of the reactioNG*ov).
¢ The central barrier is the difference between the free enerd@y arfid that ofB + H,. 9 BecauseB + H lies higher in energy thaa, the central barrier

is taken asAG¢-4 in this case.

CHs
NaOCH3 + H2 Na—O
15 9 — > ! ' +H, _, [Na
* . .C 0=¢C..
HiC” “CH, \'CHs
CHs
CH
NaOCH; + H, N?_Q, s
16 g . (:)—é +H, . |Na
Ph” " CH, \'"CH,
Ph
NaO-Bu +H, Na—or Y
17 + 9 —_— , +H2 — » [Na
,EBu
NaO-£Bu + H, Na—O
18 Q — +H, —~ |Na
ATy O=CmeBu
Ph
A B+H,

Figure 8.

Effect of Substrate

oH G
O----H, 0. NaOCHj +
. IH e Na'\ /, e QH
S o) C.
O_C("CHs Y C’c::\CH HsC” [, "CH,
CHj 3 H 3
CH; 1* CH,
O-----H, 0. NaOCH +
AY /‘H _— Na/\ /,H _— QH
\\ // C\
0=C.. ' Ph”T"CHs
\/CH _C. H
Ph”7>CH
Ph | by “Hs
tBu Bk £Bu
O----H, 0. NaO-#Bu +
/‘H e Na'\' //H e QH
\‘o=c’./ i N
" CH w ]
1 “\<_7/,,
tBu T £Bu
O-----H JoX NaO-£Bu +
,‘H —_— Na/: ,' —_— (?H
N ’ 0 C
‘o=c’., ! Ph” 7 >#Bu
g _C
ol BY Ph” [ ~£Bu H
. H
c D E

Hydrogenation reactions for aceton&5( and acetophenonel®) catalyzed by NaOCk and hydrogenation reactions for 2,2,5,5-
tetramethylcyclopentanoné?) and pivalophenonel@) catalyzed by NaO-t-

Bu.
The ONIOM method was employed for single-point energy

It has been observed that aromatic ketones react more readilycalculations for all four reactions, while G3(MP2)-RAD energies

than aliphatic ketones in base-catalyzed hydrogenatitfe
have chosen the NaOGHatalyzed reactions of acetone and

were also obtained for the NaOGidatalyzed reactions as a
reference. The way we partition the species is illustrated in

of acetophenone as model systems for the investigation of Figure 9 for the transition structure€) of the pivalophenone

substrate effects. In addition, we have also examined NaO-

and 2,2,5,5-tetramethylcyclopentanone reactions.

Bu-catalyzed reactions of 2,2,5,5-tetramethylcyclopentanone and The real system is treated at the MP2/6-31G(d) level. At the
pivalophenone (Figure 8), which are closely related to the medium level (MP2/G3MP2Large) for reactid8, a methyl

reactions investigated by Berkesgel.

group is used in place of &rt-butyl group, while the phenyl
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(iv)

Figure 9. Partition of transition structures7C, 18C) in ONIOM calculations: (i) model system in both cases; (ii) medium systenl7@; (iii) real
system forl7C; (iv) medium system fod8C; and (v) real system fot8C.

Table 4. Gibbs Free Energies (AG, kJ mol~1) in NaOR-Catalyzed Hydrogenation Reactions?

reaction B +H, ct D E AGFeen ©

gas phase 154 —20 (—17) 80 (88) —51 (—46) —4(=3) 100 (105)

16 —24 (—-19) 75 (83) —68 (—61) —10(-9) 99 (102)

17 —19 107 —33 11 126

18 -9 91 =75 —26 100
solution phase 15 22 149 0 -19 149

16 24 146 3 —25 146

17 61 178 32 —6 178

18 70 162 -1 —42 162

a Calculated relative té\. ONIOM values unless otherwise specifi@By definition, AGc-a is also the overall barrier of the reactioNG*oy). ¢ The
central barrier is the difference between the free energ® ahd that ofB + H,. ¢ G3(MP2)-RAD energies in parentheses.

group is substituted by a vinyl group. 2,2,5,5-Tetramethylcy- is likely to give the same qualitative trends as with G3(MP2)-
clopentanone is treated in a similar way. The high-level layer RAD values.

(CCSD(T)/G3MP2large) for all four reactions comprises NaOH,

In the gas phase, the overall barrier for the acetophenone

CH0, and H. Other species are treated in the same way as in reaction (6) is 5 kJ mot! lower than that for acetonel),

these examples. Obviously, in constructing the energy profile while their central barriers are within 1 kJ mébof one another.
using the ONIOM method, only two layers are required for some The reactions of 2,2,5,5-tetramethylcyclopentanahid énd
species (e.g., NaOG)| while H; is calculated at the CCSD-

(T)/G3MP2Large level. The energy profiles for these four

reactions are shown in Table 4.

For the two NaOClHktcatalyzed reactions, the ONIOM relative
energies are within 8 kJ mol of the corresponding G3(MP2)-

RAD values. More importantly, the deviations from the G3-

pivalophenonel8) have somewhat higher overall barriers than
those of acetone and acetophenone. However, the aromatic
ketone again has a lower overall barrier. Significantly, the
difference in overall barriers is 16 kJ mé] while the central
barrier for the pivalophenone reaction is 26 kJ mdbwer than

that of 2,2,5,5-tetramethylcyclopentanone. The electron-with-

(MP2)-RAD energies are consistent for both reactions. For drawing phenyl substituett might have an activating effect
instance, the ONIOM method underestimates the transition on the adjacent €0 carbon toward nucleophilic attack.
structure energies by 8 kJ mélfor both reactions. Thus,
comparison between different reactions using ONIOM energies separated structure, which would be expected to interact with
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DD D O

Figure 10. Resonance stabilization associated with charge-separated structures in a phenone.

Lalgecﬁ (C:Bibbls FfdeiiEélefgieS (AG, ?JF mol’ll()j i?‘ de in Vari to the most rapid reaction. In practice, however, the metal cation

al 3- atayze Yy rogenatlon Ol Formalaenyde In Various ; H H ;

Solvents, Obtained Using the IEF-PCM Models is likely to be insoluble m such solvents. Nevertheless, a
carefully chosen solvent with a good balance between solvent

b c d . - . .

solvent ¢ BH C P E AGan polarity and catalyst solubility could potentially provide an
water s -29 118 -48 65 147 improvement in the observed reactivity. A polar solvent with a
methanol 33 -24 123  -43  -62 147 : . ’
ethanol 25 —25 123  —44  —62 148 small dielectric constant, such as diethyl ether, could be a
isoquinoline 10  —34 110 -55 —63 144 sensible choice.
quinoline 9 —32 112 53 —63 144 )
THF 8 —-30 113 52 -63 143 Concluding Remarks
aniline 7 —38 104 —61 —67 142 L . . .
ether 4 -33 106 -58 —61 139 Ab initio molecular orbital calculations have been applied to
toluene 2 —40 92 —-69  —59 132 the study of the base-catalyzed hydrogenation of carbonyl
CCly 2 -4 90 -71 -59 131 compounds. The results are qualitatively in accord with a recent
heptane 2 -4 88 =72 —56 129

experimental stud9.The following important points emerge
aCalculated relative ta\. ® Solvents arranged in descending order of from the present study:

dielectric constant: Dielectric constant of the solverftThe central barrier 1. Base-catalyzed hydrogenation reactions share many com-

is the difference between the free energyoand that of8 + Hp. mon features with @ reactions. Both types of reaction are

described by double-well energy profiles. At 0 K, the gas-phase

nggﬁ?éa%s)t more strongly than the neutral resonance StrUCtUIrereactions have deep wells and a low or negative overall energy

he fact that the diff . 0 | barriers b barrier. On the other hand, solution-phase profiles show very
The fact that the difference in overall/central barriers between gy 10\ wells and much higher barriers.

the 2,2,5,5-tetramethylcyclopentanone and pivalophenone reac- 2. There is a large entropic contribution to the barriers,

tions is larger than that between the acetone and acetophenonﬁmlicating that the assembly of the highly ordered transition
reactions indicates the presence of additional factors. Presum

ably, steric hindrance associated with the four methyl groups
might also be contributing to the high barrier for reactibn

In solution, the barriers for all four reactions increase by
approximately 70 kJ mol with respect to the overall gas-phase
barriers. This indicates that the effect of solvent on these
reactions is relatively uniform, i.e., it is relatively insensitive
to minor structural changes in the substrate.

‘structure is a major factor in limiting the rate of reaction.

3. In the gas phase, the overall barrier for the hydrogenation
of formaldehyde catalyzed by Group | to Group Il methoxides
varies widely with the metal. For Group | metals, the overall
barriers increase steadily down the group. We have attributed
this to the decreasing charge density as the size of the metal
increases. On the other hand, for Group Il and Group Il metals,
the overall barriers decrease down the group, which is attributed
Effects of Solvent to the increasing ionic character down the group. The reaction
with B(OCHg)s has an exceptionally high barrier, which is

The results presented above indicate that solvation by ayribyted to its high covalency and eelectron donation from
methanol leads to a higher barrier. To determine the variation . oxygen lone pairs of the methoxy groups to the formally

in this effect as the solvent is varied, the solution-phase energy, 5 cant p orbital on boron, which weakens interaction with the
profiles for the NaOCHktcatalyzed hydrogenation of formalde- ¢ pstrate.

hyde with numerous solvents and the IEF-PCM solvation model 4 ' sojution, the reactivity trends are generally the opposite
were e>§am|ned. The selection of solvent spans a wide range ofof the corresponding gas-phase trends. Thus, for this type of
dielectric constants. We note that some of these solvents m'ghtbase-catalyzed hydrogenation, the effect of solvation on the
have little practical relevance for base-catalyzed hydrogenations(:(,jl,[(,j'ys,[S is a dominating factor in the catalytic activity. This

due to poor solubility for the catalyst or chemical incompatibility observation is also similar to that pertaining to solution-phase

with strong base. Results for a representative selection of Su2 reactions, in which the degree of solvation of the nucleo-
solvents are summarized in Table 5, while the complete set Ofphile overrides the gas-phase reactivity
results is given in the Supportlng Informanon. ] 5. Substituting methoxides higrt-butoxides does not lead

It can be seen that the reaction barriers decrease with thet0 a large change in solution-phase barriers. However, when

dielectric constant of the solvent. In addition, the solvents can e,y joxides are used as catalysts, the barriers are predicted to
be grouped into two categories according to the barriers. With larger, both in the gas phase and in solution.

polar solvents, the central barriers lie in the £3918 kJ mot?
range, while, for nonpolar (or nearly nonpolar) solvents, the
central barriers lie in the 129132 kJ mof? range. Using a
nonpolar solvent such as heptane could theoretically give rise

6. Aromatic ketones are likely to be more reactive than purely
aliphatic ketones. Comparison between catalytic hydrogenation
of 2,2,5,5-tetramethylcyclopentanone and of pivalophenone
shows that factors such as steric effects may also be important
in differentiating their reactivity.

(29) For general information on inductive and resonance effects, see: (a) Swain,

C. G.; Lupton, E. C., JdJ. Am. Chem. Sod.968 90, 4328. (b) Exner, O. 7. Solvation studies with a wide range of solvents indicate a
J. Phys. Org. Cheni999 12, 265. (c) Smith, M. B.; March, JAdvanced B ; ; f ;

Organic Chemistry: Reactions. Mechanisms, and Structéth ed.: stegdy decrease in barrier with solvent dlelectng constant. In
Wiley: New York, 2001. particular, nonpolar solvents generally lead to considerably lower
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