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The hydrocyanation of imines (the Strecker reaction) has become Scheme 1. Asymmetric Strecker Reaction Catalyzed by 1

one of the most intensively studied reactions in the field of y Bu O Q

asymmetric catalysis over the past several yeéasparticularly thN\”/'\N)LN

intriguing system identified in the course of these investigations is H o H o Re

the structurally novel metal-free catalyst which displays high 1 HO

enantioselectivity with extraordinary substrate scope in the hydro- (0.1 - 2 mol%)

cyanation of_ aIdlml_nes and methylket_0|m|nes (Schemé_ In)a_ N RS By 0COBu HN RS

compelling illustration of the potential role of combinatorial , J ., +HCN

strategies for the development of new selective catalyst sysfiems, R TR Rz CN

was discovered and optimized by a parallel library synthesis and ~ R!=aryl or alkyl, R%=H or Me 85-99% vield
- . h B - R3 = aryl, alkyl, heteroatom o yié

screening approach without any direct understanding of how it 70-99% ee

> 50 examples

functions. At this stage, however, gleaning insight into the mode
of action of this catalyst becomes important both fundamentally
(given its remarkable effectiveness) and practically (since it is likely
that the full scope and utility of this class of catalysts cannot be
elucidated without a solid mechanistic foundation). We report here
structural and mechanistic studies that shed light on this issue and
lay the foundation for rational catalyst optimization.

Despite its relatively small size (fwr 621 g/mol), catalyst
was found to adopt a well-defined secondary structure in solution.
The ground state conformation was determined through ROESY
and NOE NMR experiments idg-THF andds-dioxane solutions
of 1 (Figure 1A and found to be in full accord with the calculated
energy-minimized geometyThe 3-D structure ofl in solution
was independent of the solvent used for the NMR sfudpd
investigation of the NMR solution structures of several related
analogues of revealed closely similar geometriés.

In an effort to ascertain the precise role bfin the Strecker
reaction, we carried out rate studies of the hydrocyanation of a
model substrateN-allyl-4-methoxybenzaldimine). The transforma-
tion was found to obey Michaelidvienten kinetics, with a first
order dependence on catalyst and HCN, and saturation kinetics with
respect to the imine substratéy = 0.214+ 0.009 M, keafKn =
3.8 x 1073 M~1 s7h). This result implicates reversible formation
T e o ey, e . (8 S s of a0 o of e

! . . complex generated upon binding ofZaimine, as determined by NMR
To identify the relevant proton(s), we prepared a series of analoguesanalysis (see text). The images were generated using MOLMOhe imine
of 1 and evaluated them as catalysts for activity and enantioselec-employed in the NMR studies waép-methoxybenzyl acetophenone imine
tivity in the Strecker reactioh.Remarkably, only the two urea (R= l}mtzt(;‘géy:ﬁgﬁy:)-;%f C';‘rf]iz'n:'i‘:e’i\‘s'z‘;%ﬁzuﬁnérs i:n”t‘)% r?éf;gqi;ti)zth
hydrogens_ofl werg found to l?e essential for ca_talyst act_|V|ty. L’srgglei?/grogens in a)g;rgemé)ﬁt with both experime%tal g:imd computational
Isotope shift experiments provided further unequivocal evidence gata (see text).
that the imine substrate interacts solely with the urea hydrogens.

The N-alkylimine substrates utilized byl exist as directly ~ derivative (\-p-methoxybenzyl acetophenone imirieZ = 20:1)
observable mixtures af- and E-stereoisomers that interconvert ~ With catalystl resulted in a downfield shift of th&-imine methyl
rapidly in solution'® To develop a useful understanding of the nature resonance exclusively. Furthermore, a cydiémine, 3,4-dihy-
of the interaction between imines ahdit was crucial to determine  droisoquinoline, was found to be a highly competent substrate for
which imine stereoisomer is involved in the substratatalyst the Strecker reaction, undergoing hydrocyanation in quantitative

complex. NMR titration of a solution of a representative ketoimine Yield and in 89% eé' The sense of absolute stereoinduction was
identical to that of all other Strecker adducts derived from acyclic

* Address correspondence to this author. E-mail: jacobsen@chemistry.harvard.edu.imines that exist predominantly &isomers. Taken together, these
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Table 1. Model-Driven Optimization of Catalyst 1

: R'=Bn, R%<H, R%-Me, X=0

: R'=Bn, R’=Me, R®-Me, X=0
: R'=Bn, R?<Bn, R%-Me, X=0

: R'=Me, R?=Me, R®=Me, X=0
: R'=Me, R?=Me, R®=Ph, X=0
: R'=Me, R?=Me, R®=Me, X=S

o0 s ON =

t-Bu OCOt-Bu
0]

. o N Ph 1.1 mol% catalyst -~
Figure 2. Calculated geometry (energy minimum) of a catahigiine HCN, toluene, -78°C F3C” "N” "Ph
complex (A) and a catalystproduct complex (B). All calculations were Me\(U\H Me oN
performed on a simplified relevant syster{,N-dimethylurea orN,N- M 2. TFAA M
dimethylthiourea, Z)-ethylidene methylamine, and 2-(methylamino)propi- e e
onitrile using Gaussian 98 (B3LYP, 6-31G(d,p) basis set. catalyst cer (%) catalyst ce (0)
data provide compelling evidence that Strecker reactions With 1 80.0 4 95.8
involve binding of the imine substrate as tAésomer. 2 93.5 5 96.6

3 93.1 6 97.0

With this insight into the general features of the imirzatalyst
interaction in hand, we sought to establish a detailed 3-D structure
of the substrate-bound complex. Multiple NOE interactions between
1 and a variety oZ-imines were observable, allowing determination Table 2. Comparison of Asymmetric Strecker Reactions of
of the orientation of these substrates relative to the catalyst, Selected Aldimines and Ketoimines Using Original Catalyst 1 and

) " Optimized Catalyst 6
Intramolecular cross-peaks due to catalyst in the bound and free
states were essentially invariant, indicating that no significant 1 mol% catalyst, HCN HNSRE

aDetermined by chiral GC analysis gaTA column.

change in conformation of results from binding of the imin& J\/\Ra o Ouene. T8C | A en
Depictions of the structure of the complex betwé&eand aZ-imine R'” R R?
substrate fully consistent with all of the NOE data are shown in
Figure 1B,C. The imine substrate is placed in a bridging mode substate ee? of roduct (%)
between the two urea hydrogens. This structural assignment is in__eny Rt R? RS catalyst 1 catalyst 6
line with the experimental dataand supported by high level 1 i-Pr H Ph 80 97
calculations (Gaussian 98, B3LYP level with the 6-31G(d,p) basis 2 n-Pent H Ph 79 96
set} on a simplified model of the bound complex. Energy i tF',E“ '\lcle Ph 0 86
AN o . e  p-BrCeHs 92 96
minimization revealed a significant preference for a bridged g t-Bu H Ph 96 99.3
structure, with imine hydrogen-bonded to both urea hydrogens 6 Ph H Ph 96 99.3

simultaneously (Figure 2AY% In contrast, analogous calculations
assign a singly hydrogen-bonded structure to the product amino- aDetermined by GC and HPLC analyses using commercial chiral
nitrile—catalyst complex (Figure 2B). This establishes a plausible columns.
explanation for the basis for catalyst turnover: the bridging
interaction in the catalystimine complex is stronger (8.5 kcal/
mol for urea; 10.0 kcal/mol for thiourea) than the classical hydrogen
bond in catalystproduct complex (5.0 and 6.3 kcal/mol, respec-
tively).15

The structure elucidated for the catalystibstrate complex sheds
substantial light on the basis for the scope and selectivity of - ’ - \ e
asymmetric Strecker reactions with (1) The large group on the crltl_cgl role identified fqr the urea in substrat_e blndlng_,_we
imine carbon is directed away from the catalyst and into solvent anticipated that the reaction outcome would be highly sensitive to
(Figure 1B); this serves to explain whycatalyzes hydrocyanation fine tun_lng of |t_s electronic properties. Indeed, rep!acement of th_e
of most aldimines with high ee, regardless of the steric and Urea with a thiourea group led to a measurable improvement in
electronic properties of the substrate. (2) The small group (H for enantioselectivity (comparevs 6). Thus, through this mechanism-
aldimines, Me for methylketoimines) is aimed directly into the driven optimization exercise, catalygtvas identified as the most
catalyst; ketoimines bearing larger substituents are poor substrate€nantioselective Strecker catalyst prepared to date.
for the reactior?lc presumably because they cannot be accom- The benefitS Of Catalyﬁ I‘elative tol eXtend over a W|de range
modated within the optimal geometry. (3) TNesubstituent is also of substrates. Imines that had represented limitations for this
directed away from the catalyst. However, its size is restricted as Strecker methodology now undergo hydrocyanation with syntheti-
a result of the requirement to access Zhisomer of the imine. (4)  cally useful ee’s (Table 2, entries-B). Substrates that performed
On the basis of the observed sense of stereoinduction, addition ofrélatively well with 1 can now be transformed with nearly perfect
HCN takes place over the diaminocyclohexane portion of the enantiocontrol (entries 5 and 6).
catalyst (i.e., from the right-hand side in Figure 1C) and away from A synthetically useful chiral catalyst that had been developed
the amino acid/amide portion. by a purely empirical approach has evolved into a system amenable

The last hypothesis leads to the prediction that increasing the to rational design and improved significantly on the basis of detailed
steric properties of the amino acid/amide portion of the catalyst mechanistic and structural insights. The very unusual basis for
should lead to higher enantioselectivity in the hydrocyanation substrate activation emerges as one of the most intriguing findings
reactions. To test this notion, we prepared a series of derivativesof this study. Further work will be directed toward elucidating the

2—6 and tested them as catalysts in the asymmetric Strecker reaction
of a substrate that performed relatively poorly with cataly§0%

ee, Table 1). Replacement of the secondary amidé wfith a
bulkier tertiary amide Z—4) led to significant improvements in
enantioselectivity. Likewise, increasing the steric bulk of the amino
acid side chain had a beneficial effect (compéres 5). Given the
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details of the HCN addition step and toward evaluating the potential
of this catalyst system for other enantioselective reactions of imines.
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