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The amplifying asymmetric autocatalysis of alkylzinc addition
to aldehydes discovered by Soai and co-workers in 1995
remains the only effective example of this genre,[1, 2] despite
widespread continuing interest in asymmetric amplification,
primarily in the context of studies probing the origin of
biological homochirality.[3] The autocatalytic process is highly
circumscribed, being effective only within a narrowly defined
regime: only 2-substituted pyrimidin-5-als such as 1 function
as reactant[4] and only di-isopropylzinc 2 functions as reagent.
The active catalyst is thought to be a higher-order alkoxide
species derived from alkoxide 3 and is normally generated
in situ from the alcohol 4. Significant advances in the period
since the initial discovery include absolute asymmetric syn-
thesis,[5,6] amplification from extremely low to high levels of
enantiomer excess,[7] and initiation by diverse chiral entities
or by isotopically chiral promoters.[8,9] Kinetic and spectro-
scopic studies have provided much information about the
nature of the autocatalytic process, and kinetic and computa-
tional modeling have contributed to our understanding. To
date, however, neither experimental observations of inter-
mediate species, nor evidence of the nature of the catalytic
entity, have been reported. Hence the molecular mechanisms
by which amplifying autocatalysis occur are not yet properly
understood.

We report the direct observation of active species during
catalytic turnover in the Soai autocatalytic Zn alkylation by
1H NMR spectroscopy. This work confirms the surprising
dependence on reaction temperature reported previously and
reveals the first temporal observation of an intermediate
species present during the reaction, which is transient at 0 8C
but stable below �20 8C. The species is observed from the
onset of the accelerating phase of autocatalytic turnover. Our
earlier kinetic work indicated an equilibrating reaction

product, formed without selectivity between homo- and
heterochiral dimers, for which only the homochiral form
was catalytically active.[10] Further studies demonstrated that
the reaction was first-order in catalyst, close to second-order
in aldehyde, but zero-order in the zinc alkyl reagent.[11] NMR
analysis showed that the preferred dimer 3a2 (Scheme 1) is

based on a [Zn�O]2 square core and that the association of
monomers is not stereoselective; the square dimer is also the
one energetically preferred by DFT.[12] A mechanism based
on an alternative macrocyclic form of the dimer 3 b2 as
autocatalyst that binds two aldehydes and two alkylzincs prior
to reaction has been successfully modeled by DFT calcula-
tions.[13] More recently, kinetic and NMR structural studies
with aldehyde 1[14] gave important new insights. Autocatalysis
shows a strong negative Arrhenius effect in the temperature
range �10 8C to 25 8C, with a rapid burst region following an
induction period.[15] Concurrent NMR studies indicated
a tetrameric alkoxide aggregate 34, with a postulated structure
in line with prior DFT calculations.[16]

Scheme 1. Autocatalytic cycle for enantiomerically pure aldehyde 1,
and structures for product 3 and catalyst precursor 4.
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We first defined overall features of autocatalytic turnover
by 1H NMR spectroscopy at 0 8C, under conditions close to
those employed in our recent work (Figure 1).[15] After rapid
disappearance of the alcohol 4 with concurrent propane
formation, an extended induction period with some loss of
aldehyde signal is observed, followed by a rapid burst in
reactivity that slows appreciably towards the end of the
reaction, in agreement with our previous report.[15] The
solution remains homogeneous throughout. The 8–10 ppm
region is convenient for monitoring both aldehyde loss and
product formation (Figure 1). Under these conditions the
dynamically broadened pyrimidine H4,6 signal of product
possesses w1/2� 140 Hz at 700 MHz, unchanged over a con-
centration range of 0.013–0.025m. This signal at 8.7 ppm is
unsymmetrical and tails to beyond 9.5 ppm, independent of
concentration. Initial analysis indicated smooth progression
from reactant to product; on addition of Zn reagent 2 to
aldehyde 1 the formyl and pyrimidyl protons broaden and
shift upfield by up to 0.05 and 0.09 ppm, respectively. As
reaction proceeds, the H4,6 and H1’ peaks of the reactant, and
both CH and CH3 peaks of 2 become increasingly deshielded
(up to 0.04 ppm). In one run where excess 2 was removed by
addition of further aldehyde 1, the signals of the final product
1H NMR spectrum were sharper at 25 8C than comparison
samples containing residual 2. This demonstrates rapid and
reversible binding of the Zn reagent 2 to product 3. Closer
analysis of individual spectra in the 0 8C runs shows weak
transient peaks at 9.7 and 6.1 ppm in 2:1 integral ratio that are
not detectable before product is visible in the 8.7 ppm region.
A shoulder at 8.6 ppm is also seen whilst the transient is
visible. The proportion of the transient increases with
increasing initial [1] but it never accounts for more than 1–
2% of the total signal. The concentration rises rapidly to
a maximum in the region of maximum rate and then decays
with a half-life of ca. 300 s (see Supporting Information).

At�20 8C, reactant signals broaden substantially and shift
downfield before significant product 3 is formed. During

turnover, the spectrum looks strikingly distinct from the final
state with additional sharp peaks at 8.95 (2H) and 8.65 ppm
(2H), and broader peaks at 9.75 (2 H) and 6.15 (1H) ppm.
The latter two correspond to the transient peaks seen in the
0 8C runs. The four transient peaks grow together in direct
relation to decay of aldehyde 1 and are stable for 1 h after
complete consumption of 1, in contrast to their rapid decay at
0 8C. (Figure 2). After warming to room temperature for

several minutes and recooling to �20 8C, the spectrum shows
complete loss of the transients and the equilibrium spectrum
of 3 is restored. By FID subtraction of the 1H NMR spectra
taken at �20 8C directly before and after warming, the
resulting difference spectrum clearly reveals the aforemen-
tioned four peaks in the 6–10 ppm region associated with the
transient species, and liberation of aldehyde 1 (Figure 3).

In order to characterize this novel intermediate further by
NMR spectroscopy, a reaction was conducted between �50
and �40 8C, again with relatively high catalyst concentration
(0.04m 1, 0.013m 3, 0.068m 2, C7D8). When the reactant had
been consumed (ca. 20 min) the HSQC spectrum was
recorded. This linked the 1H signal H1B’ of the transient at
6.1 ppm with a 13C resonance at 93 ppm, characteristic of an
acetal (Scheme 2, and Supporting Information).[17] The obser-
vation is consistent with direct addition of a dimeric unit of Zn
alkoxide 3 to aldehyde 1, a process that is reversed on
warming to room temperature as shown by the loss of the
characteristic 1H signals and the regeneration of 1. The
difference spectrum shown in Figure 3, together with analysis
of the contributing spectra, reveals that the core fragment of
the acetal incorporates two alkoxides and one aldehyde;
however, one of the pyrimidine resonances at 8.95 ppm does
not show cross-peaks to the other two subunits. From the Tr-

Figure 1. 1H NMR spectrum of the reaction of 1 (0.022m) with 2
(0.044m); 0.5 mol% (S)-4, C7D8, 273 K, ca. 50% completion. Product
(S)-3 is at 8.6 ppm (H4,6) and 4.5 ppm (H1’). The transient is inset
above (� 65).

Figure 2. Above: The decay of aldehyde 1 (*), and the concurrent
formation of transient species (&): a) at �20 8C and b) at 0 8C
monitored by changes in the 6.1 ppm region. The transient signal is
scaled up 20-fold for (a) and 50-fold for (b).
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ROESY spectrum, the acetal proton at 6.12 ppm is linked to
a single alkoxide proton at 5.02 ppm and both these have
NOE�s to the pyrimidine proton A at 8.68 ppm, thereby
locating the formal acetal fragment as A,B. The 8.95 ppm
pyrimidine peak, assigned as C, is linked in the Tr-ROESY to
an alkoxide peak at 4.80 ppm but not directly to the acetal
C�H. The 9.75 ppm peak is broad (possibly due to ring
rotational dynamics) at �40 8C and consequently does not
show any Tr-ROESY cross-peaks, and is thus designated to
the pyrimidine C�H of the acetal B. Taking this evidence
together permits assignment of the partial structure elements
shown in Scheme 2. On completion of the analysis at �40 8C
the sample was gradually warmed from �40 8C to 5 8C (58
steps, 8 min intervals). Rapid disappearance of the transient
signals, with the formation of aldehyde 1 is observed as in the
�20 8C experiment, but only at or above 0 8C.

The extent of formation of acetal 5 increases with initial
concentration of aldehyde 1, and increases even more
dramatically with decreasing temperature. It is present in all
runs with 1 at 0 8C and below, although the concentration
remains very low in the 0.013m run at 0 8C. The formal
structure involves three distinct pyrimidine residues; on this
basis estimates of maximum concentration during turnover
are: 5% at 0 8C, declining over time, 15% at �20 8C, stable

over time, for initial [A] = 0.025m. At �40 8C � 25% of the
new signal is associated with the acetal species 5. Diffusion-
ordered spectroscopy demonstrates that the relative mobi-
lities of acetal 5 and product 3 at �40 8C are broadly similar
(see Supporting Information).

The only previous recorded examples of acetal formation
in Zn alkylations are intramolecular, involving ZnEt2 and o-
phthalaldehyde. Reaction in that case may be terminated
after the first alkyl addition step by cyclization through
a favorable 5-ring transition state, and the resulting hemi-
acetal may either be isolated or reacted further.[18] The
observation of metalated hemiacetals in organometallic
reactions is otherwise rare,[19] with a single X-ray character-
ization.[20] Hemiacetal intermediates have been implicated in
catalysis, particularly in the Baylis–Hillman reaction.[21]

The structure of 5 is not revealed by NMR spectroscopy
but the 2:1 ratio of alkoxide to aldehyde provides limitations.
Preliminary DFT exploration of models arising from either
the (Zn�O)2 square form 3a2 or the macrocyclic form 3b2

produced feasible species 5a and 5b; the former requires
rearrangement of an initial adduct to restore the [Zn�O]2

core (Scheme 3). Without including additional ZniPr2 bind-

ing, structures 5a and 5b are respectively less and more stable
than 6, the Zn�O association complex between 1 and 3a2 (see
Supporting Information for details).

Experimental Section
Representative procedure: Stock solutions of (S)-4 (1.1 mm, ee>
99%) and freshly distilled ZniPr2 (ca. 1m, titrated vs. I2/LiCl)[24, 25]

were prepared in [D8]toluene. [1] = 0.013m, 2.0 equiv ZniPr2, 0 8C: An

Figure 3. Difference spectrum from FID subtraction; completed reac-
tion before and after warming from �20 8C to RT for 12 min. The
acetal is seen as four inverted peaks *; regenerated 1 is shown as *.

Scheme 2. Observations arising from 2D-NMR spectra of the acetal
intermediate 5 at 233 K; the sharp peak at 8.95 ppm does not show
relevant cross-peaks but always appears and disappears in concert, as
does the broad signal at 9.75 ppm.

Scheme 3. Models for the structure of acetal 5 and adduct 6 arising
from preliminary DFT calculations (B3-LYP; 6-31G(d,p); Zn/SDD,
polarized continuum model (PCM) for toluene [bold]; or M06-2X; 6-
31G(d,p); PCM for toluene [italics]); corrected for zero-point energy
(ZPE). Energies are quoted in kcalmol�1 relative to adduct 6.[22, 23]
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oven-dried NMR tube was charged under N2 with aldehyde 1 (2.1 mg,
7.9 mmol), [D8]toluene (0.60 mL, dry, degassed), and the stock
solution of (S)-4 (4.0 mL, 0.040 mmol). An initial NMR spectrum
was recorded in order to pre-optimize shimming parameters. The
NMR tube was then cooled to 0 8C and ZniPr2 (13.0 mL, 1.24m,
16 mmol) was added. The time was noted and the NMR tube was
capped, shaken, transported in the ice bath and loaded into the NMR
machine (Bruker AV 700). The first NMR spectrum was recorded 4–
6 min after ZniPr2 addition, and subsequently through an automated
pulse sequence (16 scans per record, 78 s interval between records).
On completion of reaction the product ee was analyzed by HPLC
(hexane/iPrOH gradient elution): at 0 8C, 0.013m 1 91% ee, 0.017m 1,
94% ee, 0.022m 1, 97% ee, 0.025m 1, 94% ee ; at �20 8C, 0.025m 1,
94% ee ; at �40 8C, 0.047m 1, 94% ee ; at 0 8C, rac- catalyst, 0.017m 1,
4.5% ee.
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