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A series of structurally related  f-amino alcohols only differing in the steric bulk of a remote alkoxy group exhibit striking differences in kinetic
behavior when used as ligands in the asymmetric diethylzinc addition to benzaldehyde (R = Trityl, much more active). A combination of NMR
titration studies and kinetic analysis allows the quantitative decomposition of the remote substituent effect into a lower dimerization constant

of the active species and a much faster ethyl addition step.

Modular ligands, when properly constructed, allow for the tion of new amino alcohol ligands The mechanism of the
fine-tuning of catalytic properties through the independent reaction has been studied in detail, both from the experi-
optimization of molecular fragments. While peptides and mental and the theoretical points of viéwnd, in addition

peptide-like structures are paradigmatic examples in this
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to its synthetic value, interesting kinetic phenomena such asundertake a systematic kinetic study of the effects of the

nonlinear effectsand autocatalysishave been disclosed for
this process.

Since the early mechanistic propos#igit was clear that
catalyst dimerization played a fundamental role in the
asymmetric amplification effects, but it was not until recently

remote substituent®n a family of ligandsla—d, containing

the optimal cis-2,6-dimethylpiperidino fragment (see the
Supporting Information}? using the diethylzinc addition to
benzaldehyde as a benchmark reaction (Scheme 1). Although

that product inhibition was established as an equally impor- _

tant equilibrium to be taken into account for an accurate

description of the operation of the catalytic system throughout

the whole reaction periot.

Scheme 1. Diethylzinc Addition to Benzaldehyde Using
Ligandsla—d®

According to the accepted mechanism for these reactions,

a modular amino alcohol lik& would lead, in the presence
of diethylzinc, to the catalytically active speci@s from
which the transition statg would be built through coordina-

tion of the reacting species onto the adjacent Lewis acid and

Lewis base sites (Figure 1).
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Figure 1. Ligand (1), active species (2), and transition state (3) in
the addition of diethylzinc to benzaldehyde.

We have introduced amino alcohdlsas highly efficient
ligands for this chemistry. Extensive empirical and com-
putational studies have led to the optimization of the!NR
fragment as ecis-2,6-dimethylpiperidino substituent. On
the other hand, it has been observed that bulkygRups

aConversion and ee were determined by GC using a chiral
B-DEX capillary column.

remote steric effects in asymmetric catalysts have been
known for years! no systematic studies have been devoted
to this topic.

When the final results of the reactions in Scheme 1 are
analyzed, the only apparent difference between ligdadsl
lies on the increase in enantioselectivity throughout the series
with the steric bulk of R However, the situation is quite
different with regard to reaction rate, since the process
promoted byld (R?> = CPhy) was completed in ca. 50 min,
in sharp contrast with those promoted 1g—c that required
the whole 5 h period.

To gain a quantitative insight on this behavior, the
reactions promoted b¥a—d were continuously monitored

lead to ligands that are both more active and more enan-Py FTIR, using an immersion ATR diamond probe to

tioselective?
While the mechanism by which thes-2,6-dimethylpip-

determine conversion vs time. The disappearance of the
benzaldehyde carbonyl band (1710 ¢jnwas monitored for

eridino moiety controls enantioselectivity appears to be that tiS PUrpose. Itis to be noted that this sensitive technique

of increasing the energy gap betwepro-S and pro-R
TS's o the origin of the effect by the remote? Rroup is
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affords large amounts of high quality data (a spectra every
few seconds) that can be then submitted to mathematical
analysis.

The results of this monitoring clearly confirmed that the
decrease with time of benzaldehyde concentration is much
faster forld than forla—c (see the Supporting Information).
This effect is even more evident if the reaction progress
kinetic analysis introduced by Blackmond is applfeahd a
rate vs [PhCHO] plot is constructed from the experimental
data (Figure 2). Clearly, the reaction is much faster at every
moment when R= CPh. The other three catalysts, in turn,
exhibit essentially identical kinetic behavior regardless of
the bulk of the O-protecting group.
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W.; Keay, B. A.Synlett1999, 605. (e) Moore, D.; Huang, W.-S.; Xu, M.-
H.; Pu, L. Tetrahedron Lett2002,43, 8831. (f) Zhang, Y.; O'Doherty, G.
A. Tetrahedron2005,61, 6337.
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Fortunately, the value of the dimerization constidptcan
be determined independently by NMR, and this can provide

0.02 4 . a clue on the relative weight of the two considered factors.
0.018 | . Therefore, the dimerization constants of the chelated ethyl-
0.016 - i zinc aminoalkoxide intermediat@s and2d, which represent
0,014 - z extreme situations in terms of steric bulk of, Rvere

- 0012 1 i % oTr determined experimentally B4 NMR through the titration
£ | * b2 of ligands1a and 1d with diethylzinc (Figure 3).
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Figure 2. Rate vs [PhCHOQ] plots for the diethylzinc addition to g 05
benzaldehyde catalyzed by 5 mol % bd (green),1b (red), 1c £ e .
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go
g 0.2 o
To investigate the exact role played by the remofe R o
substituent, the kinetic model derived from the mechanism o

shown in Scheme 2 was considered. This mechanism takes
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Scheme 2. Considered Mechanism for the Catalytic Addition
of Et,Zn to PhCHO (EfZn in Red}

Figure 3. NMR titration curves of ligand4d () andla(a) with
ZnEt, and fitted curves (lines) for dimerization processes with
constants,K = 6 M1 for 1d, and 66 M for ligand 1a.

The recorded variations in chemical shift for key protons
on the amino alcohol skeleton were fitted to a mathematical
model for dimerization by the use of an iterative least-squares
approach (see the Supporting Information). In this manner,
dimerization constants @i of 66 M~ for 2aand 6 M for
2d could be determined. Thus, the titration experiments
clearly show that dimerization of the active speckesés
importantly controlled by the bulk of R

Since saturation effects were observed in the kinetic
experiments for PhCHO, but not for Zn, a simplified
kinetic model was initially considered (see the Supporting
Information).**!3 In this model, described by eq 1, PhCHO
(but not E3Zn) is involved in a preequilibrium with the active
species:

_ (ky/k_pkj[cat J[PhCHO][ZnEg]
B 1+ (k/k_,)[PhCHO]

)
a A modified version (E&Zn in blue) includes the indication from
kinetic analysis that EZn is not involved in a preequilibrium (see

below). Next, kinetic data forla—d were fitted with Specfit* to

the kinetic model describing the modified mechanism in
into account all the important events associated to the cata-Scheme 2 (EZn in blue). The concentration of &Zn at
lytic cycle, such as dimerization of the active specigs)( every moment was calculated from its initial value and the
and product inhibition (K).° Within this scheme, the pro-  instant concentration of PhCHO, and the evolution with time
tecting group Rcould act on the reaction rate at two different  Of the concentrations of both species was independently but
levels: (i) by affecting the value d€p, since smaller values ~ Simultaneously fitted. Moreover, at least two experiments
of the dimerization constant represent higher concentrationswith different initial concentrations were used for each ligand,
of active species and, hence, higher number of active catalytic .
cycles for a given amount of added ligand, and (ii) by G.(Cl)f’é.'V'tht?ez‘gbssyi"bzgﬁ;”ath"aga”’ S.; Roberts, S. M.; Blackmond, D.
affecting the rate constant of the addition steg).(k (14) Specfit/32. Spectrum Software Associates, 192304,
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and the resulting constants averaged. It was assumed thatetrical trityl group. Thus, the unavoidably congested,

catalyst dimerization and benzaldehyde binding to the
catalyst were fast equilibria in comparison with that involved
in product inhibition. Data folKp arising from the NMR
titration studies, and foki/k_; and k, arising from the
simplified kinetic model were used as starting values. The
converged values fdfp, Kp, ki/k—1, andk, are summarized

in Table 1 with their standard deviatioffs.

Table 1. Average Values of the Equilibrium and Kinetic
Constants Fitted for the Modified Mechanism in Scheme 2

ligand Kp M)  ki/k-i (M) Kp(M) ks (M !min™!)
1a 60.0 +0.1 6.0 + 0.6 8.0+ 0.5 0.74 £ 0.08
1b 219+19 6.0+0.1 7.0+0.9 0.30 £ 0.02
1c 195+ 0.5 6.0+0.1 6.0+0.1 0.34 £ 0.09
1d 6.0+0.1 6.0+0.1 6.3+0.3 2.8+ 0.6

An initial analysis of these data shows that both the
dimerization of the active specigsd) and the addition step
(k) are affected by the nature of2Rwhile both the
association/dissociation of benzaldehyde to/from the active
species (Kk-;) and inhibition by the reaction produdt)
recorded in the reactions appear to be rather independen
from the considered structural parameter in ligabas d .6
Since both last processes mostly involve the participation
of the Lewis acid site in the active species (the zinc atom)
and occur in a very similar environment, far away from the
R? group?’ the results of the kinetic analysis fully agree with
chemical intuition.

The equilibrium constants for the catalyst dimerization
arising from kinetic analysis are in excellent agreement with
the experimental values determined by NMR titration.
Interestingly,Kp for ligandslb andl1cis very similar, and
has an intermediate value with respect to thoselfoand
1d. This is strongly indicative of a similar effective volume
of the benzyl and benzhydryl groups, likely related to their
ability to generate interaction-free conformers by simple
rotation. This is no longer possible with the 3-fold sym-

(15) Standard deviation in the fitting & andKpe with Specfit forla—d
is given in the Supporting Information.
(16) It is important to recall, however, thai/k-1 and Kp are highly

inactive dimer is destabilized fdd with respect to the active
monomert8

As for the rate-determining addition step, the converged
values fork; indicate a similar trend: It is substantially faster
with 1d, and shows very similar values fiab and1c. Earlier
observations and theoretical studies from our laboratories
suggest again that this behavior is related to the ability of
alkoxy groups bearing at least a hydrogen atoto oxygen
to avoid unfavorable steric interactions by simple rotation
around the O—¢ bond?®®

In summary, a combination of NMR and kinetic analysis
of the effect on reaction rate exerted by a remote substituent
has allowed the in depth interpretation of the strikingly
different behavior of almost identical ligands. If the two
limits of the studied seriesla and 1d, are compared, the
corresponding values for the dimerization constafs) (
indicate that, for a similar amount of ligand added to a
reaction mixture, the effective concentration of active species
is 2.85 times higher folld than forla. In parallel to that,
the differences between the rate constants for the addition
step (k) provoke that withld the catalytic cycles work ca.
3.8 times faster than witha.

The combined effect of these two factors is that reactions
mediated byld are 1 order of magnitude faster than those
nediated byla—c.

For ligand design, the important lesson is that attention
should not be exclusively paid to rate enhancement arising
from energy barrier lowering, since the increase in the
concentration of active species can be an equally important
mechanism for ligand accelerated cataly8ig\pparently
innocent, remote substituents can play an important role in
controlling both factors.
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