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Abstract: Methyl cation affinities (MCAs) and proton affinities (PAs) of a variety of N- and P-based
organocatalysts have been calculated at the MP2(FC)/6-31+G(2d,p)//B98/6-31G(d) level of theory.
Correlations between MCA and PA values have been used to identify factors leading to the potentially
poor predictive value of PA data for organocatalytic activity. One of the relevant factors concerns steric
effects between organocatalysts and the reactant electrophiles, which are not well-modeled by reaction
with a proton. A second important factor concerns systematic differences in bond strengths between second-
and third-row elements. This latter point makes MCA values much better descriptors of the catalytic activity
of phosphanes than PA or pK, data.

Introduction Scheme 1
; ; ; PA
Organocgtalytlc trgnsformatlons have receptly developed into HL.Nuc* 0 + Nuc (1a)
a new, rapidly growing facet of stereoselective catalydike
catalysts used in these reactions are often directly taken from MCA
the chiral pool (such as amino acids or cinchona alkaloids) or CH3-Nue®  —— CH;* + Nuc (1b)

are simple nitrogen or phosphorus bases. Rationalization of the h - . her | K3 mot
selectivity and activity of these catalysts is made difficult due The MCA of pyridine (l.) Is rather low at 518'7. J mot but
to the mechanistic complexity of these transformations and a can be enhanced considerably by donor substituents at the C4-

dearth of appropriate quantitative studies. Most of these catalystspo_sn_ion as in 4-(dimethylamino)pyridine (4-DMARY), 4-pyr-
are nucleophilic in nature and questions of relative activity have rolidinopyridine (PPY,29), 4-(tetramethylguanidyl) pyridine

therefore been approached on the basis of relative proton affinity(_zs)' ane3||ated pyridine derivative2, and the 3,4-diaminopy-
(PA) or basicity data. However, most of the organocatalytic rldlr.1e33.. quargement oftha-systgm through benzoanellation
transformations involve nucleophilic attack at carbon and we as in .qu!nollne 4).also leads to higher MCA va[ues, as dO?S
are showing here that methyl cation affinity (MCA) values are substitution of4 with methyl and methoxy substltuentsl (gs in
much better descriptors of catalytic activity than either proton 1_0 gr_ld 16). The MCA value for10 of 542_'7 kJ moT IS
affinity (PA) or pK, values. MCA and PA data are defined in S|g_n|f|<_:antl)_/ smalle_r than t_hat for methyl (_:atlor_1 addltl_on to the
this context as the reaction enthalpies for the transformations quinoline nitrogen in the cinchona alkaloids cinchonidifig)(

shown in egs la and 1b. Using a theoretical procedure recentlya”d crl]ncht())nlnej(3)% o . b h hvl
identified to provide accurate methyl cation affinities even for In the absence of any specific interactions between the methy

large molecular systentswe provide here a set of computed group attached to the quinoline nitrogen and the chiral sub-
MCA values for a wide variety of N- and P-based organocata- stituent located at C4, this difference of around 10 kJ thol
lysts. Correlations between MCA and PA values have then beenreerCtS differences in the polarizability dD and12/13. The

used to identify factors leading to the potentially poor predictive verxl'simila}r values obtained fdr2 anq 13(552.1 vs 552.4 kJ
value of PA or |, data (Scheme 1). mol~?) indicate that the stereochemistry at the C8/C9 centers

has little influence on the stability of methyl cation adducts.

This observation can also be made for the MCA values for the
Figure 1 compiles the MCA values for nitrogen and phos- quinoline nitrogen atoms in quinidind) and quinine 22) at

phorus nucleophiles listed in Table 1 in a graphical manner. 561.8 and 563.9 kJ mot. The absolute values are now much

Results and Discussion

tLMU Munchen. larger than those fot2 and13 due to the methoxy substituent
*1ICT Hyderabad.
(1) For reviews see: (a) Basavaiah, D.; Rao, A. J.; Satyanaraya@hem. (3) The MCA differences between pyridin&s25, 27, 29, and32 are slightly
Rev. 2003 103 811-891. (b) France, S.; Guerin, D. J.; Miller, S. J.; Lectka, smaller than those found earlier for reaction with the acetyl cdtforhe
T. Chem. Re. 2003 103 2985-3012. (c) List, B.Acc. Chem. Re2004 MCA values forl, 27, and29 are much larger in absolute terms than the
37, 548-557. (d) Miller, S. J.Acc. Chem. Re2004 37, 601-610. (e) affinity of these pyridines toward the benzhydrylium catidnt the affinity
Method, J. L.; Roush, W. RAdv. Synth. Catal2004 346, 1035-1050. differences are rather comparable for both cations.
(f) Vedejs, E.; Jure, MAngew. Chem2005 117, 4040-4069; Angew. (4) Held, I1.; Villinger, A.; Zipse, H.Synthesi005 1425-1426.
Chem., Int. Ed. Engl2005 44, 3971-4001. (g) Seayad, J.; List, Brg. (5) Wei, Y.; Held, I.; Zipse, HOrg. Biomol. Chem2006 4, 4223-4230.
Biomol. Chem?2005 3, 719-724. (6) (a) Brotzel, F.; Kempf, B.; Singer, T.; Zipse, H.; Mayr, 8hem—Eur. J.
(2) Wei, Y.; Singer, T.; Mayr, H.; Sastry, G. N.; Zipse, 8. Comput. Chem. 2007, 13, 336-345. (b) Kempf, B.; Mayr, HChem—Eur. J. 2005 11,
2008 29, 291-297. 917-927.
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Figure 1. Structures of N- and P-centered organocatalysts ordered by their MCA values.

at C6 position of the quinoline ring. The MCAs of imidazoles
are intrinsically somewhat higher than those of pyridines.
Addition of alkyl substituents to the parent syste&ras in
N-methylimidazole {1) and in 1-methyl-5-ethylimidazole4)
enhance the methyl cation affinity quite significantly, leading
to a MCA of 569.1 kJ moi! for 24.1d The methyl cation
affinities of tertiary aliphatic amines are mainly guided by the
structure of the alkyl groups and their potential to stabilize
positive charge through inductive effects. The lowest MCA is
therefore obtained for trimethylamineQ)( the values for
triethylamine 20) and quinuclidine 26) being larger by 19.7
and 38.0 kJ mot', respectively. The MCA of Huenig bask4)

is actually lower than that fd20, due to steric repulsion between

the methyl cation and the isopropyl substituents. The cation-

surprisingly large influence on the methyl cation affinities of
the quinuclidine nitrogen atom in cinchona alkaloids. This
enhancement amounts to 8 kJ midh 1318 and to 10 kJ moi*
in 12/22. The quinuclidine nitrogen atom in quining3) thus
represents the center of highest MCA at 594.7 kJthinl the
cinchona alkaloid systems considered here. A similar observa-
tion has been made in binding affinity measurements of cinchona
alkaloids toward Os@’ The much higher MCA values of the
quinuclidine nitrogen atoms in cinchona alkaloids as compared
to the respective quinoline nitrogen atoms are, of course, in
agreement with the outcome of alkylation reactions, which
exclusively favor alkylation of the N($pnitrogen atom.

The largest MCA values calculated here are those for the
amidine bases such as DB36j and DBN @7), the sulfur-

stabilizing effects of alkyl substituents can be reduced through substituted derivativB0,2 and tertiary phosphanes. A very large

introduction of electron-withdrawing substituents as in DABCO
(19), 3-chloroquinuclidine 17), and 3-quinuclidinone?). The
MCA values for the quinuclidine nitrogen centers in the
cinchona alkaloid42 and 13 are both very similar to that of
quinuclidine @6) itself, again indicating little influence of the

difference in MCA values exists between phosphanes and
amines of identical substitution pattern, the difference between
trimethylamine ) and trimethylphosphan&4) amounting to

61.6 kJ mot®. The MCA of phosphanes can be enlarged further

stereochemistry at the C8 and C9 positions on adduct formation. (7) Kob, H. C.; Andersson, P. G.; Sharpless, K.J8Am. Chem. Sod994

Addition of a methoxy substituent to the quinoline ring has a

3474 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008
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(8) Birman, V. B.; Li, X.; Han, Z.Org. Lett.2007, 9, 37—40.
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Table 1. Methyl Cation Affinity (MCA)land Proton Affinity (PA) basel4, whose design implies its use as a sterically hindered,
Values of Organocatalysts (in kJ mol™) nonnucleophilic base. Compoun@8 and 36, however, are
system MCA (MP2?) PA (MP2?) MCA/PA (MP2?) frequently used in organocatalytic processes, and the steric
1 518.7 922.6 0.562 effects visible in Figure 2 may thus affect the rates.
2 (pyridyl N) 526.7 961.3 0.548 Most carbon electrophiles used in organocatalytic transforma-
3(N3) 531.7 935.8 0.568 . . :
2 5318 0417 0.565 tions are certainly larger than the methyl cation, and one must
5(N) 532.4 939.2 0.567 anticipate that steric effects will be even larger in synthetically
532.8 938.7 0.567 relevant transformations than calculated here. The second factor
g gggg gig'g 8'222 concerns electronic effects when comparing nitrogen and
9 542.6 948.0 0.572 phosphorus bases. The latter are located on a different correlation
10 542.7 954.2 0.569 line shifted to lower PA values by approximately 70 kJ
11(N3) 550.0 956.5 0.575 mol~1.1011 Thijs implies that tertiary phosphanes such assPPh
12(N(sp)) 5521 9e64.1 0.573 (39) or PEg (40) will have much higher affinities toward carbon
13(N(sp?) 552.4 964.8 0.573 X 9
14 553.8 994.1 0.557 electrophiles as compared to amine bases of comparable proton
15 554.6 959.9 0.578 basicity. The much higher affinity of tertiary phosphanes for
ig ggg; gg;-g 8-2;‘2‘ carbon electrophiles than for protons is also reflected in reaction
18(N(sp) 561.8 974.9 0.576 rates measure recently for the addition to benzhydrylium cations
19 562.2 962.1 0.584 in apolar solvent§.
20 562.3 979.2 0.574 In how far the MCA values shown in Figure 1 correlate with
3% E&‘g%’)’ N) ggg'g g;g'g 8'233 catalytic rate measurements involving nucleophilic organocata-
23 (isoindolyl N) 565.6 1006.0 0.562 lysts has subsequently been explored for all currently available
24 569.1 976.5 0.583 experimental dat&141819The nucleophile-induced addition
23 (pyrrolidyl N) 574.8 1009.7 0.569 i i 2
25 (quanidyl N) 2762 1000.9 0.576 of methanol to acrylamu_:le stuplled by Connon efakpresents _
26 580.6 980.8 0.592 one of the examples in which rate data cannot be readily
13 (N(sp?)) 580.8 995.0 0.584 correlated with aqueoud<p values of the involved nucleophiles
27 (pyridyl N) 581.2 994.1 0.585 (R2 = 0.39, Figure 3).
28 582.0 989.9 0.588
12 (N(spd) 584.8 993.0 0.589 o \ o
18(N(spd) 588.6 1002.3 0.587 uc
29 (pyridyl N) 590.1 1004.4 0.588 \)J\NHZ +  CHyOH \O/\)LNHZ
30(N(sp) 594.4 1010.9 0.588
22(N(sp)) 594.7 1001.8 0.594 Already using gas-phase PA data yields a much better
25 (pyridyl N) 5975 10135 0.590 correlation R? = 0.64) with experimental rate constants
31(C(sp) 599.2 1008.9 0.594 ) ; = P ) -
32 (pyridyl N) 602.4 1017.0 0.592 implying that the polarity of solvent-free or high-concentration
33 602.5 1014.5 0.594 reaction conditions may not be described well by aqueous phase
34 604.2 950.9 0.635 data. By far the best correlatio®{= 0.91) is obtained when
35 608.5 957.8 0.635 . hich is d h its f alkvl
36 (N(sP) 609.6 1044.8 0.583 using MCA data, which is due to the results for trialky
37(N(sp?) 611.3 1032.5 0.592 phosphanes and DABCO. The organocatalytic activity of both
gg gi;-j ggg-i 8-222 compounds correlates much better with their affinity toward
0 622 4 9729 0640 c_arbon than_ W|t_h their affinity toward proto_ns. _The transforma-
41 630.7 981.7 0.642 tion shown in Figure 3 has also been studied in the presence of
triethylamine 20) and Huenig baseld), but no rate acceleration
2MP2(FC)/6-31-G(2d,p)//B98/6-31G(d). has been observed for these two compounds. This likely implies

_ ) ) _ _ ~that for many substrates employed under organocatalytic condi-
through introduction of appropriate aromatic and aliphatic tjons steric effects will be larger than reflected in the MCA

substituents. How these motifs can be combined into the designyayes presented here. Similar observations have also been made
of chiral catalysts has recently been demonstrated with phos-

phane§8 and41.2 (10) For all nitrogen-based compounds (but excluding the sterically most
. congested systen® 14, 23, and36), the following correlation exists: PA
HOW do these MCA \_/alues compare to the respgctlv_e proton = 343.33+ 1.1175x MCA (kJ mol2). This is the solid correlation line
affinities? The correlation of MCA and PA values in Figure 2 shown in Figure 2. The regression line shifts upward by 13 kJ fnah
h h h . d litati lati f both consideration of all nitrogen-containing compounds: P&57.19+ 1.0989
shows that there Is a good qualitative correlation o ot x MCA (kJ mol-Y).
measures of electrophilic affinity. (11) For phosphane84, 35, 38, 39, 40, and 41, the following correlation

L . exists: PA= 264.64+ 1.1374x MCA (kJ mol?).
However, two factors appear to lead to deviations from this (12) Faltin, C.: Fleming, E. M.: Connon, S.I.. Org. Chem2004 69, 6496~

i i i 6499.
cor_relatlon. The first of theseT _factors concerns_stenc effects, (13) Agganwal, V. K.. Emme, E.: Fulford, S. YI. Org. Chem2003 68, 692
which are larger for the addition of methyl cations than for 700.

imdi i H (14) Aggarwal, V. K.; Mereu, AChem. Commuril999 2311-2312.
protons. As indicated in Figure 2 f@, 14, 23, and 36 these (15) Keck, G. E.: Welch. D. SOrg, Leit. 2002 4. 3687-3690.
effects lead to MCA values smaller than would be expected on (16) Luo, S.; Mi, X.; Xu, H.; Wang, P. G.; Cheng, J.-P.Org. Chem2004

the basis of their PA? This is hardly surprising for Huenig 17 %93&2;1912—%425: McCooey, S. H.. Connon, S.Chem. Commur2005

227-229.
(9) (a) Vedejs, E.; Daugulis, O.; Harper, L. A.; Mackay, J. A.; Powell, D. R.  (18) (a) Heinrich, M. R.; Klisa, H. S.; Mayr, H.; Steglich, W.; Zipse, Ahgew.
J. Org. Chem2003 68, 5020-5027. (b) Vedejs, E.; Daugulis, O.; Tuttle, Chem.2003 115 4975-4977; Angew. Chem., Int. EQ003 42, 4826—
N. J. Org. Chem2004 69, 1389-1392. (c) MacKay, J. A.; Vedejs, B. 4828. (b) Hdle, G.; Steglich, W.; Vorbfggen, H.Angew. Chem1978
Org. Chem2004 69, 6934-6937. (d) MacKay, J. A.; Vedejs, B. Org. 90, 602-615; Angew. Chem., Int. EAL978 17, 569-583.
Chem.2006 71, 498-503. (19) Held, I.; Xu, S.; Zipse, HSynthesi2007, 1185-1196.
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Figure 2. Correlation of MCA and PA values for the systems shown in Figure 1.
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Figure 3. Correlation of observed rate constakiss for the nucleophile-induced addition of methanol to acrylaffigéth the correspondingi, PA (kJ
mol~?), and MCA (kJ mot?) values. The PA and MCA values of RE#0) have been used for PBu

for the mechanistically more complex Baylislillman reaction. cases2141617The high basicity of DBU may also be at the
Comparing the activities of quinuclidine derivativésl7, 26, heart of its low activity as a catalyst in the acylation of alcohols
and DABCO (19) in the Baylis-Hillman reaction with acrylate ~ with anhydrides. The acidic side products generated in these
esters as substrates, Aggarwal et al. noted that DABCO is areactions will, even when neutralized with a large excess of an
much better catalyst than would be expected on the basis of itsauxiliary amine base, protonate (and thus deactivate) DBU in
aqueous K, valuel®14 This was ultimately traced back to a the course of the reaction. This together with the steric effects
reordering of K, values in apolar solvents, but we note that hindering the formation of a planar, resonance-stabilized
the observed catalytic efficiency is again fully in line with the acyliminium cation will limit the use of DBU as an organo-
relative MCA values of these compounds presented here (seecatalyst to some selected cases. No such problems can be
Supporting Information). That tertiary phosphanes such afMe expected from catalysts combining high MCA with compara-
(34) exceed the catalytic activity of 4-DMARY) (in agreement tively low PA values, and we may use the ratio MCA/PA as a
with the MCA values of these systems) has been shown for quantitative guideline in this respect. A survey of these ratios
intramolecular Baylis-Hillman reactions®> DBU (36) as the in Table 1 immediately shows that tertiary phosphanes fare much
nitrogen base with the highest MCA value in Table 1 has also better in this respect than all nitrogen-based compounds,
been tested in these reactions but appears to be basic enough tonderlining the promising prospects of this class of compounds
deprotonate the protic solvent (ethanol) to such a degree as tan organocatalysis. Reaction rates for the acylation of tertiary
favor addition of alkoxide anions instead. This phenomenon has alcohols with anhydrides in apolar solution catalyzed by
been observed in related reactions before, but it is very difficult pyridines 25, 27, 29, and 32 are in full agreement with the
indeed to find one mechanistic scheme fitting all published relative MCA values of these compounts?® Most interest-

3476 J. AM. CHEM. SOC. = VOL. 130, NO. 11, 2008
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ingly, BusP has been shown to be slightly more effective than Conclusion
4-DMAP (27) in acylation reactions of secondary alcoh®ls.
This observation is at variance with the proton affinities of
4-DMAP and, for example, BP (40) but readily accommodated
with respect to the MCA values of these two systems.

A wide range of results exist for the base-catalyzed hydrolysis
of carboxylic acid derivatives in watéf.For some catalysts
the mechanism has been clearly established to proceed throug
initial formation of acylammonium intermediatés2® The

The MCA values presented here can be used as a guideline
for the optimization of organocatalytic transformations. The
mechanistic complexity of many such reactions, the presence
of numerous side reactions, and the broad variety of solvents
used under experimental conditions make it unlikely that
guantitative predictions can be made for structurally different
%rganocatalysts with only one single parameter. However, if
the general limitation of a single parameter approach has been

rzeesactlczjnljritgzgetegrmmﬁd.for the.qumg(;]lldme d.envatg/,és?, accepted, it is clear that the currently known catalytic activities
; an | qf)fm”t eir reaction \.Nr']t hor_gaMn(lézAcarlonatss, of nitrogen and phosphorus bases are much more readily
or example, are in full agreement with their values. We o iatad with MCA than with PA or i, data.

should, however, not forget that aqueous solvation leads to a
dramatic reduction of nucleophilic reactivity in general and also, Methods
in part, a reordering of relative reactivities as compared 0 €S ¢ geometries of all systems have been optimized at the B98/6-
polar organic solvents. 31G(d) level of theory. The conformational space of flexible organo-
Aside from correlating catalytic efficiencies with the MCA  catalysts has first been searched using the MM3 force field and the
values of the corresponding catalysts and thus establishing asystematic search routine in the TINKER progr&nall stationary
Brgnsted-type correlation between reaction rates and ground-points located at force field level have then been reoptimized at B98/
state affinity data, the MCA values in Table 1 can also be used 6-31G(d) level as described before. Starting geometries for the cationic
in a more qualitative way to understand the basis of organo- 2dducts have been generated from the neutral structures through addition
catalytic processes. This can be exemplified using the proline- of a proton or methyl cation, foIIowgd by subs_equent reoptimization
catalyzed aldol reaction between acetone and aromatic aldetydes. at B98/6-31G(d) level. Thermochemical corrections to 298.15 K have

been calculated for all minima from unscaled vibrational frequencies

The uncatalyzed background reaction corresponds in this Caseobtained at this same level. The thermochemical corrections have been

to the nucleophilic addition of acetone (or, more likely, its enol) - ,mpined with single-point energies calculated at the MP2(FC)/6-
to the aromatic aldehyde. The hope for a catalytic process rests3;+(2d,p)/B98/6-31G(d) level to yield enthalpikises at 298.15 K.

on the assumption that the enamieformed by reaction of | conformationally flexible systems enthalpies have been calculated
acetone and proline is more reactive toward the electrophilic as Boltzmann-averaged values over all available conformers. This
aldehyde than the enol of acetone. The MCA value for enamine procedure has recently been found to reproduce G3 methyl cation
31 (599.2 kJ mot?) is much higher than that of acetone enol affinity values of selected small- and medium-sized organocatalysts
(459.0 kJ mot?) or that of proline §) itself (532.4 kJ mot?). within 4.0 kJ mof*.2 Thermochemical data obtained for some of the
Even when present in equal amounts in the reaction mixture catalysts_ described here at G3 Igvel has be_en included as Supporting
31 will react much faster with electrophiles than acetone enol In_formatlon._AII qu:\ntum mechanical calculations have been performed
or proline and thus enable a catalytic cycle. Under most with Gaussian 03

experimental conditions, however, the true side reaction to  Acknowledgment. This study was supported by the Deutsche
proline catalysis will most likely be that of unspecific base Forschungsgemeinschatftin the focus program “Organocatalysis”
catalysis?’ The acetone enolate involved in this process will under Grant DFG Zi 426/10-1.

be a much better nucleophile than either acetone enol or enamine
31 Adirect comparison of these ionic and neutral nucleophiles
through their MCA values will not be meaningful due to the
large role played by environmental factors (solvent, counterion)
in the reaction of anionic nucleophiles.
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