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Abstract: Computational investigations on the highly stereoselective allylation of butanone in the presence
of a chiral norpseudoephedrine-derived auxiliary have been performed. They suggest an Syl-type
mechanism via the attack of allyltrimethylsilane to an intermediately formed oxocarbenium ion. The
identification of preferred transition states (TSs) leads to a straightforward rationalization of the observed
selectivity which can be extended to analogues of the auxiliary. A screening process has been devised to
select 61 potentially relevant TSs from a total of almost 300 theoretically possible TSs. Final results were
obtained from gas-phase calculations employing the B3LYP/6-31+G(d) level of theory as well as in
dichloromethane solution using the B3LYP/6-311++G(2d,p)//B3LYP/6-31+G(d) level of theory in combina-
tion with polarizable continuum model and the UAKS set of radii. The agreement of theoretically predicted
and experimentally observed selectivities is very good in both cases. However, the relative energy differences
for several relevant TSs differ significantly when going from gas phase to solution, thus illustrating the
necessity of performing calculations in solution to draw correct conclusions.

1. Introduction Scheme 1. Stereoselective Allylation of 1 in the Presence of the
Norpseudoephedrine Derivative (S,S)-3

The enantioselective synthesis of tertiary homoallylic alcohols o Ph
by allylation of aliphatic ketones using allylic metal reagents is NHCOCF
a highly challenging task. Procedures which work well with )J\C;ZH5 * AT+ Tmso ’
aldehydes as well as aromatic amg-unsaturated ketones are 1 2 (5,5)-3
considerably less selective when applied to aliphatic ketbhes.
On the other hand we have recently developed an auxiliary- 0.2 eq. TIOH
mediated domino processvhich leads to the corresponding g:fz' —78°C.2h
homoallylic ether with excellent yields and selectivities using
a mixture of the carbonyl compound, allyltrimethylsilar®) ( Ph Ph
and the norpseudoephedrine derivative$)(3 or (RR)-3 in NHCOCF; /'\rNHCOCF3

E . . (e e
the presence of a catalysEor aldehydes, trimethylsilyl triflate, Q + /\/4
and for ketones, triflic acid (TfOH), are most suitable as 7T 47CHs 74 CoHs
catalysts. The ethers can easily be transformed into the corre- (4R)-4 (4514
90: 10

TInstitut fir Organische und Biomolekulare Chemie.

¥ Institut fur lT(hySiké_lliSChehChemie- o) Madetich sponding homoallylic alcohols with 99% enantiomeric excess
W@ I g Syrihesie Theory sod Aplacivaraiich, (b) Majetich. (ee) starting from aliphatic aldehydes and up to 98% ee using

Press, Greenwich, CT, 1989. aliphatic methyl ketones. The reaction of butanoheds the
@) 5?5\5’3\’75“’(%‘)“&52(,2"RYag“lgg“k?“f(H@;‘;fﬁ"&@ﬁgﬁ? e aeee - most difficult ketone substrate withand §9-3in the presence
Soc.2004 126, 8910-8911. (c) Huckins, J. R.; Rychnovsky, S.D.Org. of TfOH leads to the diastereomeric homoallylic ethe®®){4

Chem.2003 68, 10135-10145. (d) Waltz, K. M.; Gavenonis, J.; Walsh, A . F O/ \/i
P. J.Angew. Chem2002 114 3849-3852. Waltz, K. M.. Gavenonis. 3. and (4)-4 in 90:10 ratio in 95% yield (Scheme 1) Larger

Walsh, P. JAngew. Chem., Int. EQ002 41, 3697-3699. (e) Nakamura,

M.; Hirai, A.; Sogi, M.; Nakamura, EJ. Am. Chem. S0&998 120, 5846— (4) (a) Tietze, L. F.; Dbe, A.; Schiemann, KAngew. Chenml992 104, 1366~
5847. (f) Sames, D.; Liu, Y.; DeYoung, L.; Polt, B. Org. Chem1995 1367. Tietze, L. F.; Dlite, A.; Schiemann, KAngew. Chem., Int. Ed. Engl.
60, 2153-2159. (g) Mekhalfia, A.; Markpl. E. Tetrahedron Lett1991, 1992 31, 1372-1373. (b) Tietze, L. F.; Schiemann, K.; Wegner, L.
32, 4779-4782. (h) Soai, K.; Ishizaki, MJ. Org. Chem1986 51, 3290~ Am. Chem. Socl995 117, 5851-5852. (c) Tietze, L. F.; Wegner, C.;
3295. (i) Roder, H.; Helmchen, G.; Peters, E.; Peters, K.; von Schnering, Waulff, C. Synlett1996 471—-472. (d) Tietze, L. F.; Wegner, C.; Wulff, C.
H. Angew. Chem1984 96, 895-896. Roder, H.; Helmchen, G.; Peters, Eur. J. Org. Chem1998 1639-1644. (e) Tietze, L. F.; Weigand, B.;
E.; Peters, K.; von Schnering, Angew. Chem., Int. EA.984 23, 898~ Volkel, L.; Wulff, C.; Bittner, C. Chem—Eur. J. 2001, 7, 161-168. (f)
899. Tietze, L. F.; Vdkel, L.; Wulff, C.; Weigand, B.; Bittner, C.; McGrath,

(3) (a) Tietze, L. FChem. Re. 1996 96, 115-136. (b) Tietze, L. F.; Brasche, P.; Johnson, K.; Scffier, M. Chem—Eur. J.2001, 7, 1304-1308. (g) Tietze,
G.; Gericke, K.Domino Reactions in Organic Syntheslst ed.; Wiley L. F.; Hdsken, S.; Adrio, J.; Kinzel, T.; Wegner, Gynthesi2004 13,
VCH: Weinheim, Germany, 2006. 2236-2239.
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Scheme 2. Possible Reaction Paths for the Multicomponent
Allylation of Aliphatic Aldehydes and Methyl Ketones in the
Presence of the Chiral Norpseudoephedrine-Derived Auxiliary
(5,9-3
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homoallylic etherll as the final product may then be formed
by a direct {2 reaction at the acetal (path a), or via formal
elimination of TMSO and subsequent nucleophilic attack of
the silane2 to the oxocarbenium io® (path b), or via an
intermediate of type O (path c).

In aldehyde allylations with3, the oxazolidinel2a was
formed as a byproduct and became the main product when the
reaction temperature was raised. In $@ NMR experiments
showed the intermediate formation of diastereomerically pure
10a which was intercepted bg, allowing a straightforward
explanation for both the direction and the high magnitude of
the selectivity in the formation of1a®

In contrast to the aldehyde allylations, no corresponding
heterocyclic byproducl2b was found when aliphatic methyl
ketones were employed as substrates. In in &@ NMR
experiments, only the signals of the mixed acé&falcould be
detected. In addition, an opposite induced stereoselectivity is
found when going from aldehydes to ketones, assuming that
the methyl group and the hydrogen atom, respectively, are the
smallest substituent at the carbonyl moiety. Therefore, the
reaction path c via formation dfOb can be ruled out.

With a stereochemical experiment employing the chiral silyl
ether TMSG-*CHPhMe, it was shown that aldehyde allylations

methyl ketones where the ethyl group is replaced by an isopropyl do not proceed via path’azor ketone allylation, path a becomes

or antert-butyl group yield improved selectivities 6f24:1 and
10:1, respectively.

In the process of the development of simplified analogues of

3 for the allylation of ketone$S we have found that the methyl

group in3is not necessary for a selective allylation (Figure 1).
Thus, with §-5 in which the methyl group is replaced by a

hydrogen atom, almost the same selectivity as Wg8){3 is
found, while by inverting the stereochemistry at C-23&

even less likely since & reactions a8 with R = Me should
be less favored than those in the case bFRH.

Therefore, we propose that the allylation biwith (SS)-3
proceeds in an@-type fashion via path b. This assumption is
further substantiated by our earlier stldyhere it was shown
that the syn/anti diastereoselectivity in crotylation reactions of
ketones and aldehydes in the presence of methoxytrimethylsilane
could be rationalized by the addition of crotyltrimethylsilane

selectivity of 87:11 was observed. On the other hand, replacingto an O-methyl oxocarbenium ion.

the phenyl group in$-5 with a naphthalene group enhances

the selectivity.

The results of a number of experimental and computational
investigations on allylation reactions of Lewis-acid-activated

Determining the origin of stereoselectivity of any reaction aldehydes with allyl silanes draw a picture of the TS structures

comprises two parts: First, a sound mechanistic proposal mustinvolved. Conformational analysis of carboxenium ions and

be developed to give information on the intermediates and the investigations on attack trajectories have been performed by

elementary steps connecting them, and second, the transitiorHouk et al., but without determining TS geometrieExperi-

states (TSs) of the stereoselective step that lead to the productnental evidence comes from strained, intramolecular systéms,

isomers must be identified. while computational investigations have been performed only
Here we describe the computational elucidation of the origin for simplified systemd! One TS for the attack of allyl

of the stereoselectivity of the allylation dfin the presence of  trimethylsilane to protonated acetaldehyde has been identffied.

(S9-3. The results also lead to a rationalization of the divergent By a systematic study of all possible TSs for the addition of

selectivities when$)-5, (SR)-3, and §-6 are employed as chiral 2 to 13 to form an intermediate carbenium idd (Scheme 3),

auxiliaries. We realize that the differences in selectivity with we identified those which are responsible for the preferential

these auxiliaries are rather small; however, the fact that this formation of (R)-4.

rationalization is easily possible constitutes a verification of the 5 Tyansition-State Nomenclature

identified TS structures.

Fh Ph OO

In the following, a TS nomenclature is introduced which is
based on Newman projections such as those shown in Chart 1

)\/NHCOCF (5) Tietze, L. F.; Wulff, C.; Wegner, C.; Schuffenhauer, A.; Schiemann].K.
T™MSO™ ™ 3 J__NHcocF, Am. Chem. Sod 998 120, 4276-4280.
H T™MSO T™MSO NHCOCF; (6) Adrio, J. Diploma Thesis, Universit&ottingen, Germany, 2002.
(7) Manju, K.; Trehan, SChem. Commuri1999 1929-1930.
(8) Tietze, L. F.; Kinzel, T.; Schmatz, 3. Am. Chem. So2006 128 11483~
(S,R)-3 (S)-5 (S)-6 11495,
87:13 89: 11 93:7 (9) (a) Paddon-Row, M. N.; Rondan, N. G.; Houk, K. N.Am. Chem. Soc.

. . . . 1982 104, 7162-7166. (b) Broeker, J. L.; Hoffmann, R. W.; Houk, K. N.

Figure 1. Analogues of $9-3 and the induced selectivity in allylations J. Am. Chem. S0d.991, 113 5006-5017.

of 1 under reaction conditions identical to those displayed in Scheme 1. (10) (a) Denmark, S. E.; Weber, E. J. Am. Chem. Sod984 106, 7970~
7971. (b) Denmark, S. E.; Willson, T. M. Am. Chem. S0d.989 111,
3475-3476. (c) Denmark, S. E.; Aimstead, N. &.0rg. Chem1994 59,
5130-5132. (d) Denmark, S. E.; Hosoi, B. Org. Chem1994 59, 5133~
5135.

(11) Bottoni, A; Costa, A. L.; Di Tommaso, D.; Rossi, |.; Tagliavini, EAmM.
Chem. Soc1997, 119 1213%+-12135.

(12) Mayer, P. S.; Morton, T. HI. Am. Chem. So@002 124, 12928-12929.

Scheme 2 shows the possible mechanistic pathways for the
multicomponent allylation of aliphatic aldehydes and ketones
in the presence ofSS)-3: First, the reaction of silyl ethed
and carbonyl compound gives the mixed aceta8. The

J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008 4387
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Chart 1. 24 General Attack Trajectories for the Addition of 2 to 13 (R = CH(CH3)—NHCOCF3;, R* = CHPh—CH(CH3)—NHCOCF3)

a b c d e f
re = (4R)-4
® R ™S, . _ReLTMS 8,R . e R
th}/R N O, R ®q N ® R 9
™S
}[ ™S M M ™S & H
Ela
Et
13 are bre cre dre ere fre
Iz = (4R)-4 " -
. ~, 0@ R o® TMS T R\O@ ‘-\O@ R*. O&) R'\“Oe
H H H H
Ph“_gl(+ H H \“% TMS&H
&) F
o ™S N ! ™S L I
2= )l &
13 alz biz clz diz elz flz
le = (45)-4 R R o
. ~o® RG® #TMS TUSR 6 ~o RNg® R\ P
Ph—( H L H  h oo HSoH H ™S H
™S H M TMS H ™S \
=
2 Et
13 ale ble cle dle ele fle
1z = (45)-4 Re X
o R ™S @ R* o RAMS  @o o R ®oR
r-’h‘-:(R "o o %H/ ma% %TMS
H
) TMS H H ™S 4 H
) :'Et‘"“‘“ 2 arz brz crz drz erz frz
13

Scheme 3. Proposed Stereogenic Step and Subsequent the same direction as R*, while in trajectorigandd, it points
Double-Bond Regeneration to Form Homoallylic Ether 4 from away from it. Finally, ine andf trajectories the cis hydrogen

Oxocarbenium lon 13 and 2 . .
Ph lies between the methyl and ethyl groupsi@ Starting from
Ph

® NHCOCF, NHCOCF, attack trajectorya, counterclockwise rotation around the-@
\)J\ 9 . axis leads to trajectoriegsande, and in the same way trajectories

12 \<§v - m/ms b, d, andf are connected with each other.
T™S 1 ) Chart 1 shows the 24 general attack trajectories resulting from
2 Nu® these three conformational degrees of freedom.

In addition, three degrees of freedomli need to be taken
into account: First, the methyl moiety of the ethyl group may
point backward (away fron2), denoted byb, or downward,
denoted byd (Figure 2).

with the attacking silan@ in front and the attacked oxocarbe-
nium ion13in the back. The basis for these TS conformations
is the fact that allylsilanes attack carboxenium ions via open
TSsid

There are four classes of attack depending on the double-
bond geometry and the approached fac&dthat decide upon CH H
the configuration of the newly formed stereogenic center: In )K%Ha )\ﬁH
the chosen projection, the chiral unit R* either points to the / 4 CHs
right-hand side (denoted by or to the left-hand side (denoted 2 2 13

b d
by l). InI-TSs, 2 approached3 to the face where the phenyl Figure 2. Conformational degrees of freedom in TSs caused by different

group resides, while in-TSs, 2 attacks the opposite face. The g jentations of the ethyl group (R& CHPh-CH(CHs)—NHCOCF).
oxocarbenium double bond may be E- or Z-configured, denoted

by e and z, respectively. The combinationg® and Iz thus
describe nucleophilic attack to tH&i face of 13 to yield the
(4R)-configured product, while le andrz combinations give
(49-4 via attack to theReface.

Additionally, there are six orientations of the attacking silane
2 in relation to13, denoted bya—f. In trajectoriesa andb, the
double-bond hydrogen cis to the @HMS group in2 points to

R* ® R* 0®

Second, possible conformations in the auxiliary side chain
are shown in Chart 2 where there are three minima differing
in the torsional angle PhRC—C—N. Third, the hydrogen atoms
at the nitrogen and the adjacent carbon atom adopt either
synperiplanard) or antiperiplanar orientatiora.

The combinations of the 24 basic attack trajectories with the
three additional degrees of freedom lead to a total of 288 TS
(13) Denmark, S. E.; Weber, E. Blelv. Chim. Acta1983 159, 1655-1660. conformations (8t X 21| X 262 X 2pq X 31-3 X 245 = 288).

4388 J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008
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Chart 2. Auxiliary Side Chain Conformations in 13. Here, s and a single-point calculation with a large basis set is necessary for
Labels Are Given to Synperiplanar or Antiperiplanar Orientations the determination oAG* in order to reduce the BSSE.
of the Shaded Hydrogen Atoms, Respectively The induced diastereoselectivity for the addition of allyltri-
i methylsilane 2) to oxocarbenium iori3 has been determined
60’161‘5N‘000F3 compuf[ationally employing reaction rate coeff?cients calcul'ated
according to transition-state theory. The contribution of a single
13 TS to the overall rate of product formatians is given by eq
2
FsCOC AL Me prit
| Ph ) M N.
H-Nds H EtMeC=OﬁNa‘H Enacag Ty COCFs Glyi(M G fy(M
EtMeC=0"F H FsCOC™ "H @ H Crsj = €xXg — expg — x 100%
i RT je{ TSRUTSS
1a 2a 3a 2
H . Ph COCF, with T = 195 K. Gfel- denotes .the free energy difference
F.coc-NoopH iy Me M between thgth TS and the TS with lowest free energy. /TS
EtMeC=0"F H E"‘“e(":a,N\EOCF EtMeC=0"F"H hi and TS denote index sets of the respective classes of TSs. The
i i i i product ratio of (R)-4 is then obtained by adding tlegs values
5 S5 3

of all TSs that give thdr-configured product

In the following, TSs are denoted by a six-character code, e.g.,
are-b3aor flz-d2s using the nomenclature introduced above. PRRZ. Z%{) Crsj (©)
le

3. Computational Strategy
h According to eq 2, only TSs with a relative free-energy

All calculations reported in this work were performed wit
b y difference to the lowest-energy TS Gfe, < 6.0 kJ mot? (in

the Gaussian 03program packagé. The B3LYP® density . © > :
functional with the 6-33G(d) basis set was employed for Ts he following, termed “relevant TSs") may contribute more than
geometry optimizations and frequency calculations in the gas 270 10 the product ratio &F = 195 K in the limiting case of
phase (B3LYP-GP). In order to include effects exerted by the ONlY One lower-energy TS. However, both in gas phase and in
solvent dichloromethane, the same level of theory was used inSCution, more than two relevant TSs could be identified.
combination with the polarizable continuum model (P¢M) Consequently, higher-energy TSs can be neglected without loss
method and the UAKS set of radii (B3LYP-PCM). In all ©f accuracy.

calculations, the temperature was set to the experimental value RECently, several reports have shown that density functional
(T = 195 K). Obtained TS geometries were validated by theory (DFT) methods exhibit large errors in the prediction of
inspection of the Hessian matrices isomerization energies of constitutional isomers of hydrocarbons,

The B3LYP-PCM results were further refined by single-point and the authors discourage the use of such methods, especially
energy determination using the B3LYP/6-31-£G(2d,p)/PCM/ B3LYP' for' the §tudy of I{irge systerﬁlé'.l'h.e. use ,Of the B3LYP .
UAKS (B3LYP-PCM-large) level of theory. Here, the free- functional in this study is however justified since system_atl_c
energy value§ were obtained by adding the correction terms errors cal_nqel c_)ut each other fqr two reasons: First, the prediction
Grorn Obtained via B3LYP-PCM frequency calculations, to the of selectivity is based omelative energy differences of TSs

B3LYP-PCM-large single-point energy that comprises the which only differ in their conformation, but not in their
electronic potential and the solvation free enegy+ AGo constitution. Second, it is rather unlikely that the remaining error

1 accumulates when calculating the selectivity from more than
(eq 1). : -
two relevant TSs according to egs 2 and 3. In addition, we have
G = E,+AG,, + G (1) shown that the selectivities of a series of similar, albeit simpler
BILYP-PCM-large/B3LYP-PCM  B3LYP-PCM reactions could be explained with B3LYP-calculated ¥Ss.

. ) o Due to the large number of possible TSs, a screening process
It was found thaGy values obtained are almost identical has been developed to select potentially relevant TS before
when using either the B3LYP-PCM or the B3LYP-PCM-large//  performing time-consuming calculations with the B3LYP-GP
B3LYP-PCM method. This observation indicates that the basis oy B3LYP-PCM methods: First, 264 TS geometries were
set superposition error (BSSE) is a systematic error that vanishegocated employing the semiempirical AM1 method. (As impos-
when determiningelative energies. ) sible constraints are imposed by some combinations of the
The activation energyAG* for the stereogenic step was geometrical parameters of the conformational degrees of
of the ground states @and13in comparison with the lowest-  single-point calculations yielded a list of relative TS energies
energy TSs. In contrast to the determination of selectivity, the from which all TSs with a relative energsz,, < 15.0 kJ mot®

rel

were selected (37 TSs). Another 10 TSs wiEh,< 20 kJ

(14) Frisch, M. J. et. alGaussian O3revision B.04; Gaussian, Inc.: Wallingford,
CT, 2004

(15) (a) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098- (17) (a) Schreiner, P. RAngew. Chem2007, 119, 4295-4297. Schreiner, P.
3100. (b) Lee, C.; Yang, W.; Parr, R. Bhys. Re. B: Condens. Matter R.Angew. Chem., Int. EQ007, 46, 4217-4219. (b) Grimme, S.; Steinmetz,
Mater. Phys.1988 37, 785-789. (c) Becke, A. DJ. Chem. Phys1993 M.; Korth, M. J. Org. Chem2007, 72, 2118-2126. (c) Grimme, SAngew.
98, 5648-5652. Chem., Int. Ed2006 118 4571-4575. Grimme, SAngew. Chem., Int.

(16) (a) Mennuci, B.; Cammi, R.; Tomasi,Jl.Chem. Phys1999 110, 6858— Ed. 2006 45, 4460-4464. (d) Schreiner, P. R.; Fokin, A. A.; Pascal, R.
6870. (b) Cossi, M.; Scalmani, G.; Rega, N.; Barone JVChem. Phys. A., Jr.; de Meijere, AOrg. Lett. 2006 8, 3635-3638. (e) Wodrich, M.
2002 117, 43-54. D.; Corminboeuf, C.; Schleyer, FOrg. Lett.2006 8, 3631-3634.
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Figure 3. Selected TSs from B3LYP//AM1 single-point calculations.

mol~! were included in the TS set for additional verification £, 20 —&— 1.AM1
purposes. Similarly, B3LYP-PCM//AM1 calculations allowed [ mor]
us to select 48 TSs witk,, <12.5 kJ mot™. All final DFT o cle e
calculations were then performed with the combined set of 61
TSs (Figure 3). 0
The aim of the screening process was to select a subset of
TS geometries that contaia relevant TSs. Thus, the described 20 — g S
procedure is only applicable when three criteria are met: First,
every TS geometry identified with AM1 must unequivocally 10
correspond to one TS geometry at the DFT level. Second, since
the selection is based aslative energy differences, the errors 0
of the TS geometries that are introduced by the approximations
of the semiempirical method must baiformly systematic in 20 - —— b ggggzggmww
nature. Third, the threshold for selection must be chosen large '
enough not to miss any relevant TSs and to account for changes 10
in relative energy when comparing potential ene@&I in-
stead of free energ@fe,. To illustrate that the first criterion is 0
met, we have performed relaxed potential energy scans starting 00 -60 -30 0 30 60 90 120 150 180 210 240
from TS ele-b3awhere the torsional angle = (C=C---C=0) ) = L(C=CC=0) [

is fixed to multlples Of_ 3_0’ thus InCIU_dmg TSscIe-b3aand_ Figure 4. Relaxed potential energy surface scans by variation ef
ale-b3a Geometry optimizations to first-order saddle points [(c=c:--c=0). Every point represents a<C bond-forming TS with fixed
were then carried out on each of the resulting 12 points (Figure y value. Minima of the 1D profiles correspond to TSs (first-order saddle
4). points), and maxima represent second-order saddle points.

Curves 1, 2, and 4 represent the energy surface on which the
geometry optimization was carried out for each point at the is a measure for the difference in the TS geometry predicted
AM1, B3LYP-GP, and B3LYP-PCM levels of theory, respec- by AM1 and B3LYP, was found to be about-890 kJ mot.
tively. For comparison, curves 3 and 5 show the approximated Despite this large difference, the standard deviation of the energy
B3LYP energy surface obtained via B3LYP//AML1 single-point difference for the chosen set of 61 TSs is only 2.5 kJ thidr
calculations. For each curve, the point with lowest energy was both the B3LYP-GP and the B3LYP-PCM methods. Addition-
arbitrarily set to zero. While there are certainly differences in ally, we did not observe any dependence of this energy
the detail around the minima, the overall picture clearly shows difference onEy,, thus justifying the decision to exclude
that each AM1-TS corresponds to one TS with either B3LYP higher-energy TSs.
method. In addition, Figure 4 shows that B3LYP relative TS  Figure 5 compares the B3LYP//AM1 results with the final
energiesEX, are reasonably better reproduced by B3LYP// B3LYP results. The maximum negative deviation (meaning that
AML1 than by using AM1 directly. the final B3LYP relative free energy is lower than the relative

The second criterion was shown to be fulfilled by comparison energy obtained via B3LYP//AM1) betweﬁﬁeI from B3LYP-
of the B3LYP//AM1 single-point energy (includinggGs,yy for GP//AM1 andeel from B3LYP-GP is—4.2 kJ mofl. From
B3LYP-PCM) with the B3LYP potential energy obtained after the figure, it is obvious that the correlation between B3LYP-
B3LYP geometry optimization. This energy difference, which PCM and B3LYP-PCM//AM1 is less consistent than that for
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Figure 5. Comparison betweelﬁreI from B3LYP//AM1 single-point calculations W|tf3rel values obtained by B3LYP geometry optimization and frequency
calculation. The dotted lines show a hypothetical 1:1 correlation between the energy values.

Chart 3. Selected Important TSs As Calculated via B3LYP-GP?

o, {‘. aba,;f‘{‘. &zf {“

N

N f
J j’\‘

dre-b3a

fre-b3a
aHydrogen atoms are omitted for clarity.

Table 1. Important TSs Obtained from B3LYP-GP Calculations
G?el
TS? (kI mol—1) crs (%)°
fre-b3a(R) 0.0 69.1
dre-b3a(R) 2.8 12.0
are-b3a(R) 3.7 6.8
fre-d3a(R) 4.1 5.5 (4R)-4:
bre-b3a(R) 6.4 1.3 97%
ere-b3a(R) 7.1 0.8
are-d3a(R) 9.0 0.3
cre-b3a(R) 9.6 0.2
frz-d3a(9 6.6 1.2
frz-b3a(9 7.3 0.8 ”
arz-b3a(9 7.6 0.6 (4330;1'
drz-b3a(9 9.5 0.2 °
ale-b3a(S 9.9 0.2

aThe induced product stereochemistry at the C-4 position of homoallylic
ether4 is given in parenthese8crs = transition-state contribution, as
calculated according eq 2. For the calculatiorcgd, only the TSs in the
table were considered.

ol

are-b3a frz-b3a

the E-configured oxocarbenium idkt8. The minor isomer is
formed by attack to th&keface of the Zconfigured ion13.
Thus, the attack a2 to 13in important TSs always occurs from
the face opposite to the phenyl group of the auxiliary. The first
TS with attack to the face where the phenyl group is located,
TS ale-b3a has a value ofG,, = 9.9 kJ mot?, and its
contribution to product formation is negligibly small. Chart 3
shows TSdre-b3a dre-b33 are-b3a andfrz-b3a

The B3LYP-GP results explain the experimental observation
that larger methyl ketones give better selectivities, since the
energy difference between E- and Z-configured oxocarbenium
ions becomes larger. However, the selectivities with the auxiliary
analogues -5, (SR)-3, and §-6 cannot be explained: As-
suming that the position of the trifluoroacetamide moiety in side
chain conformatior3aremains the same, exchange of the methyl
group by a hydrogen atom (in the case §-5) would not
changeG},, values at all. Inverting the stereochemistry at this
center (for §R)-3) leads to conformations where the methyl

the gas-phase calculations, which is due to the fact that the AM1 9rOUP points toward the approaching allyl silane. While this
TS geometries were determined without inclusion of solvent €fféct might induce higher activation energies and a smaller

effects. However, the maximum negative deviation is still 'eaction rate, it does not change 5, values because it

limited to only —6.4 kJ mot™.
4. Results and Discussion

Gas-Phase ResultsFour TSs WlthGrel < 6.0 kJ mot?
were found which all lead to the formation of theR4
configured homoaIIyIic ethet. Table 1 lists all TSs up to 10.0
kJ mol, theGrel values of which predict a 97:3 ratio in favor
of (4R)-4, which is in reasonable agreement with the experi-
mental result (90:10).

The auxiliary side chain in all important TSs exclusively
adopts conformatioBa (Chart 2). The formation of the main
isomer can be traced back to the attack2db the Si face of

applies uniformly to all relevant TSs. Finally, B3LYP-GP results
predict the phenyl group to be large enough to absolutely prevent
attack to its face, so that replacement by the larger naphthalene
group (for §-6) should not lead to improved selectivity.

From this reasoning, we must conclude that although B3LYP-
GP delivers a good prediction of the isomer ratio, it does so
coincidentally without having identified the correct TSs.

Calculations Including Solvent Effects. Because of the
unexplicable experimental evidence and because of the over-
estimated magnitude of selectivity in gas-phase calculations, we
have decided to include the effects exerted by the solvent
dichloromethane in our calculations. Initially, calculations were
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Figure 6. Total contribution of the relevant attack trajectories to the product formation. In each case, the oxocarberii@rasrE configuration. The
contribution has been calculated according to the B3LYP-PCM-large//B3LYP-PCM results.

Chart 4. Selected Important TSs As Calculated via B3LYP-PCM?

fotf W} o} *is\r;?

J\J__gg jf- ; 3_5‘\; { r

are-b2s ale-b2s dre-b2a dle-b3a
aHydrogen atoms are omitted for clarity.

performed with the set of 37 TSs selected from the B3LYP- égﬁ@gjpgﬁlfgggﬂgiﬁf_ tsg&dcvﬁcﬁgﬁzss'PCM and

GP//AM1 approach. Interestingly, and in contrast to our earlier

- G G

study on related systenfsirrelevant TSs from B3LYP-GP 150 « moi,l)b s (06 « mol‘*l)f’ s (O9)
calculations became relevant TSs when performing B3LYP- dre-b3a(R) 00 337 00 341
PCM geometry optimizations and frequency calculations. This are-p3a(R) 0.4 268 02 301
was mainly the case for TSs with side chain conformat®ms  fre-b3a(R) 2.3 80 AR4: 24 78 AR
and2s For this reason, we went back one step and carried out 3{::253((';)) g:g 2% ( gé% g% g:g ( gé%
B3LYP-PCM//AM1 single-point calculations for all 264 TSs.  fre-d3a(R) 4.4 22 40 29
By applying a threshold of 12.5 kJ md| 14 additional TSs dre-b2s(R) 48 18 51 15

+ . are-b2a(R) 6.0 0.8 6.5 0.6
were selected whosE;,, values determined by B3LYP-GP// -2 20 c3 24 42
AM1 had been above the gas-phase threshold. For the sake O@Ig:mz@) 35 20 34 42
comparison, these additional TSs for B3LYP-PCM calculations dle-b2s(S) 4.0 29 (49-4 43 24 (49-4
were also included in the B3LYP-GP TS set and were found to g:g:g%g(ss)) ‘5‘}1 %g 17% gg i% 15%
remain irrelevant in gas phase. ale-b2a(s) 59 09 66 06

There are 14 TSs in the region between 0 and 6 kJ ol U . " ,
1 thi ber i to 30 TSs. Table 2 The induced product stereochemistry at the C-4 position of homoallylic
up to 10 kJ moat?, this number increases : ether4 is given in parenthese8B3LYP-PCM results€ crs = transition-
lists the relevant TSs obtained by B3LYP-PCM and B3LYP- state contribution, as calculated via eq 2. For the calculatiozygfonly
PCM-large//B3LYP-PCM calculations. Because of the expo- the 'II'Ss in the table were consider€@®3LYP-PCM-large//B3LYP-PCM
results.
nential weighting ol’GfeI via eq 2, the predicted selectivities of

83:17 and 85:15 in comparison to the experimental value of rglevant TSs. However, T$sz-b3a drz-b3a andfrz-b3ahave
90:10 indicate that the calculated TS energﬁé in solution very SimilarGfel values Compared to those of B3LYP_GP' but

~t : : . S
are much closer to the re@k,, values than those predicted in  pecause of the large number of relevant TSs, their contribution
gas phase, which yielded a selectivity of 97:3. to product formation is insignificant.

Chart 4 illustrates TSare-b2s ale-b2s dre-b23 anddle- Figure 6 illustrates the relevant attack trajectories which lead

b3aobtained from B3LYP-PCM calculations. The geometries to the predicted selectivity of 85:15. Limiting the analysis to
of TSsdre-b3a are-b33 andfre-b3a are almost identical to  trajectory re-3a for the formation of the main isomer and
those already shown in Chart 3. trajectoryle-2sfor the formation of the minor isomer results in
According to the B3LYP-PCM results and in line with the a correct description of the isomer ratio (89:11); however, such
B3LYP-GP results, the formation of -4 can be explained  a simplification neglects a number of TSs with a combined
by the attack of to the Siface of the E-configured oxocarbe- contribution of 16% and is therefore not suitable. Thus, the
nium ion 13. However, formation of the minor isomer is not selectivity of the reaction cannot be explained with a simple
predicted to proceed via attack of the corresponding Z- two-TS model.
configured ion, but via attack to the opposite face of E- In contrast to the B3LYP-GP results, the explanation for the
configured13. TSs with Z-configuredl3 are not among the  better selectivity with the naphthalene analogueSpgis now
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Table 3. Values of the Geometrical Parameters

B3LYP-GP B3LYP-PCM

TS G® did o (deg) v (deg) 0 (deg) G did o (deg) v (deg) 0 (deg)
fre-b3a(R) 0.0 2.25 105.0 —65.5 84.1 2.4 2.18 104.8 —69.3 84.3
dre-b3a(R) 2.8 2.18 98.6 —-177.1 96.7 0.0 2.16 98.4 —179.0 91.7
are-b3a(R) 3.7 2.19 98.3 —170.2 95.4 0.2 2.15 98.4 —173.6 91.9
fre-d3a(R) 4.1 2.29 103.7 —63.2 81.1 4.0 221 103.1 —68.6 83.0
bre-b3a(R) 6.4 2.25 106.0 66.3 79.9 7.9 2.19 106.2 67.1 80.6
frz-d3a(s) 6.6 2.24 103.7 —67.1 84.7 10.8 2.17 104.0 —67.4 85.6
ere-b3a(R) 7.1 2.23 107.6 50.9 83.9 6.7 2.17 107.3 55.6 86.4
frz-b3a(S) 7.3 2.23 103.8 —76.5 92.5 8.4 2.18 104.0 —76.7 93.5
arz-b3a(S) 7.6 2.19 98.6 —179.6 105.0 6.6 2.16 98.6 174.8 104.3
are-d3a(R) 9.0 2.22 98.0 —149.6 90.8 13.5 2.16 97.2 —173.6 90.1
drz-b3a(S) 9.5 2.18 98.9 179.5 104.8 6.7 2.16 98.7 177.1 103.7
cre-d3a(R) 9.6 2.20 108.9 —46.3 78.1 13.8 2.16 108.7 —48.9 78.8
ale-b3a(s) 9.9 2.14 98.7 —172.4 131.7 53 2.17 98.8 —179.2 1125
dre-b2a(R) 10.8 2.07 100.1 176.1 80.5 3.7 2.11 99.4 176.4 80.7
dle-b3a(s) 11.0 211 99.5 —179.8 113.2 3.4 2.16 99.0 —179.3 110.4
are-b2s(R) 11.2 2.17 99.6 179.6 77.9 3.2 2.14 99.4 177.4 78.5
dre-b2s(R) 12.5 2.15 100.0 —177.8 77.2 51 2.13 99.7 —178.2 7.7
are-b2a(R) 12.8 2.07 100.3 171.0 79.3 6.5 2.10 99.4 176.1 81.0
dle-b2s(9) 13.8 2.09 101.1 —178.1 92.6 4.3 2.13 100.7 —175.9 92.4
ale-b2s(S) 15.4 2.08 101.2 —172.9 93.4 3.4 2.12 100.7 —174.1 92.0
ele-b2(9 16.5 2.09 107.7 —65.3 90.7 4.5 2.13 107.4 —65.5 89.9
ale-b2a(s) 18.8 2.10 100.8 —173.6 80.5 6.6 2.15 100.6 —172.5 83.4

aThe induced product stereochemistry at the C-4 position of homoallylic étisegiven in parenthese&%.GfeI in kJ mol1. ¢ Gfe, obtained from B3LYP-
PCM-large//B3LYP-PCM calculations.

straightforward: Attack to the face where the aromatic ring ©

resides is more hindered when the larger naphthalene moiety is @S(R _I

used, thus resulting in less formation of the minor isomer and FH ‘;:2@;?2:,:04

therefore in an overall improved selectivity. :0\ [ 7= £C1=C2-C3=04
The reduced selectivity withS(R)-3 can now be explained )l)lf 9= £C3=04-C5-CE

by the same reasoning as before: Bfg values of TSs where 1 . ™S

the silane attacks via trajectomg-3a increase because the 2

methyl group points towar@d. On the other hand, the position  Figure 7. Selected geometrical parameters for the description of TS
of the methyl group is less relevant for the attack from the structures (R= CH(CHs)—NHCOCEF).

opposite face via trajectofg which leads to the minor product.
Therefore, the selectivity is slightly shifted toward the minor
product, leading to a lower selectivity of 87:13 (experimental
value).

o, the torsional angles that is a measure for the relative

orientation of the double bonds thand 13, and the torsional

angled that indicates the position of the chiral auxiliary. Table

. 3 lists the values for the chosen parameters for TS geometries
Replacing the methyl group by a hydrogen atom has a very found by B3LYP-GP and B3LYP-PCM geometry optimizations.

subtle effect on the selectivity which is slightly decreased from  potionalization of Gas-Phase Transition-State Energies.

90:10 to 89:11 in experiment. This can be explained by the The influence of steric and electronic effects can best be derived

somewhat diminished steric hindrance in attack trajectery from gas-phasefel values since energy differences in solution

3awhile in all other trajectories, the replacement has no effect. j,c|ude the free energy of solvatiohGsoy as an additional
Thus, the corresponding TSs have a low&, value which  contribution. Without solvent, it is obvious that auxiliary side
results in an overall slightly lower selectivity. chain conformatior8a is strongly favored over other conforma-
Finally, the higher selectivity with larger methyl ketones can tions. In this conformation, maximum distance between the
also be easily explained: In TSs with side chain conformations silane 2 and the trifluoroacetamide group as well as methyl
2aand2s there is a steric interaction between the ethyl group group of the auxiliary ensures minimum unfavorable steric
and the auxiliary’s trifluoracetamide group which increases when interactions and therefore lowes;, value, when2 ap-
the ethyl group is replaced by a larger residue. Therefore, TSsproaches via trajectorig® or rz. In contrast, attack from the
with conformation3a that lack this interaction will become  opposite face is very unfavorable, as can be seen frorfsit,]e
dominant and lead to less formation of the minor isomer. values of TSsale-b3aanddle-b3a In these TSs, the phenyl
The fact that the differences in selectivity of similar trans- group needs to tilt away from the approaching allyl silade=(
formations can be explained with the TS structures in Table 2 130° and 113, respectively), resulting in a loss of electronic
strongly indicates that these TSs constitute the correct TSs forStabilization of the ionic species.
the stereoselective allylation dfin the presence ofgS)-3. Almost identical parameters are found for Tiésb3a, fre-
Calculated Transition-State Structures.For the inspection ?hgz:"[’ gﬁgg%’ d?f?grf;-cbessabz\?vrgetr?I'[SrlgsbeS('al'rggt::c;nnvgglglo ngéuggce d
of steric interactions, we chose four geometrical parameters ofb Kt 9y i bet E- and Z-confi llésd d
the 22 TSs in Tables 1 and 2. The geometrical parameters, ack lo enérgy diiterences between E- and 2-config n

illustrated in Figure 7, comprise the distance between the bond_between the two poss!ble ethyl group conformatlo_ns. As
forming carbon atomsl, the Birgi—Dunitzi® angle of attack expected, E-configureti3is more stable than the Z-configured
' counterpart. Steric interactions are limited when the ethyl group

(18) Birgi, H.; Dunitz, J. D.; Shepter, El. Am. Chem. Sod.973 95, 5065- points away from the approaching silane unless this would
5067. introduce an increase in interaction between the ethyl group
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Figure 8. Number of TSs, grouped by side chain conformati@as2a,

2s and 3a, depending onte, range. The figure comprises all 61
preselected TSs.

Table 4. Free Energy of Solvation AGsqy, Grouped by Side Chain
Conformation

side chain no. of AGgop? AGgyy, el SDe¢

conformation TSs (k3 mol~Y) (kI mol—Y) (kI mol—?)
la 3 —145.0 —17.6 0.7
2a 12 —137.2 —-9.7 25
2s 21 —134.7 -7.2 2.5
3a 25 —127.5 0.0 3.1

a AGsoy mean value over all TSs with the given conformatibRelative
AGgoy mean value with\Gsol, rei (33) set to 0 kJ moil. ¢ Standard deviation
of AGson Over all TSs with the given conformation.

In relation to TSs with conformatioBa, those with confor-
mation2s become energetically more accessible by more than
7 kJ mofl?®; for conformations2a and 1a this value is even
larger. But as this gain of relevance is not sufficient to replace

and the phenyl group. This simple reasoning explains the order3a TSs as the most relevant TSs, the number of relevant TSs

of Gk, for TSs which does not differ in the remaining four
conformational degrees of freedom.

Finally, TSs withy ~ 180 (TSs starting witha or d) are
generally most favorable in terms of steric interaction2 wfith
the chiral auxiliary. On the other hand, théBi+Dunitz angle
o in these TSs is only about 10@s opposed to the idealized
value of 107 which, however, can be achieved in TSs wjth
~ +60° andy ~ —60° (TSs starting withb, c, e, andf).

To summarize, the gas-pha@éel values can be rationalized
by the following effects: (1) Side chain conformati®ais most
favorable because of minimum steric interactions; (2) attack
occurs preferentially to the face opposite the phenyl group
(trajectoriese andrz); (3) E-configuredl3 is more stable than
Z-configuredl3; (4) a stereoelectronic effect stabilizes confor-
mations withd ~ 90°; (5) the ethyl group should point away
from the approaching silane (conformations d); (6) a Bugi—
Dunitz anglea. of 107 is favored (TSs starting with, c, €,
andf); and (7) minimum steric interactions between the,CH
TMS group of the silane with the auxiliary side chain lead to
low-energy TSs (TSs starting withh and d).

Thus, TSfre-b3ais the lowest-energy TS since all criteria
but the last one are met. Following are Td&g-b3aandare-
b3awhere there is no interaction between the,;CMS group
of 2 and the auxiliary side chain but wheeeis only about
10C°. In consequence to the listed criteria, the minor isomer
(49-4 may only be formed by attack to the Z-configured ion
13

Rationalization of Transition-State Energies in Dichlo-
romethane Solution. Inspection of Table 3 reveals that TS

increases dramatically.

Two factors have a large impact on free energies of
solution: the solvent accessible surface and dipole moment of
the solute. The dipole moments lie between 9 and 10 D
(calculated with B3LYP-PCM-large//B3LYP-PCM) for TSs
with conformation®a, 2s,and3awithout significant differences
among the conformations. In contradf TSs have a dipole
moment of larger than 15 D which might explain the very large
AGso Value in comparison to the other conformations.

TSs with conformatior2sand2a are much more “compact”
than their3a counterparts. This fact is nicely observable by
inspection of Charts 24. This “compactness” adds steric
interactions within the TS, which is why such TSs play no role
in the gas phase. However, this effect is counterbalanced by
the strongly increased free energy of solvation in the noncoor-
dinating solvent dichloromethane.

Activation Energy. For the determination of the activation
energy of the stereogenic step in solution, the ground-state
geometries for oxocarbenium idi8 and silane were identified
with B3LYP-PCM. The difference of the free energy values of
TS dre-b3aand of the sum of the free energies2énd13, all
obtained from B3LYP-PCM-large//B3LYP-PCM calculations,
were interpreted as activation enery§* which was determined
to be 139.1 kJ mot.

5. Conclusion

The multicomponent domino reactions of aliphatic methyl
ketones, allyltrimethylsilane, and a chiral norpseudoephedrine-

geometries obtained in gas phase and in solution are almostderived silyl ether auxiliary lead to homoallylic ethers with

identical. The nevertheless large difference betwegpval-
ues from B3LYP-GP and B3LYP-PCM calculations must

excellent induced diastereoselectivity. In this study, we have
identified the relevant TSs of the stereogenic step of the

therefore be traced back to largely divergent free energies of multicomponent allylation ofl both in gas phase and in

solvation, AGsggp.

Figure 8 illustrates the change 6f,, of TSs with side chain
conformations other thaBa when going from gas phase to
dichloromethane solution. (TSs with conformatidisand 3s
were not selected for the set of 61 TSs.)

dichloromethane solution. The energy differences of the TSs
from calculations in solution predict a selectivity of 85:15 while
the experimental value is 90:10. In gas-phase calculations, a
selectivity of 97:3 was found. As the stereogenic step, the
addition of2 to an intermediate oxocarbenium ion frdoand

While the relative energies between TSs with the same sidethe silyl ether was assumed.

chain conformation remain approximately the same, the com-
plete subsets of TSs with conformatiolg, 2s, and 1a are
shifted to lower energies. To quantify this effect, we have
determinedAGsyy, Values for all TSs by comparison of single-
point B3LYP-GP//B3LYP-PCM energies with direct B3LYP-
PCM energies (Table 4).
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Because of the large number of possible TSs (almost 300), a
screening process was developed and validated which allowed
the selection of a subset that contains all important TSs. Thus,
61 TSs were subject to DFT calculations in the gas phase and
in dichloromethane solution. We found that relative energies
differ significantly when going from the gas phase to solution.
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The influence of steric and electronic effects on the relative gas-phase TSs) would have led to different conclusions about
energy was extracted from gas-phase results while the changeshe relevant TSs and the origin of the minor isomer.
when going from gas phase to solution could be traced back to  acknowledgment. This work has been supported by the
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