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Evidence for Scattering Resonances in the
H + D, Reaction**

Félix Fernandez-Alonso, Brian D. Bean,
James D. Ayers, Andrew E. Pomerantz,
Richard N. Zare,* Luis Baiares, and F. J. Aoiz

The concept of scattering resonances in chemical reactions
was extensively discussed"? in the early 1970s to explain
oscillations in the reaction probability calculated for collinear
encounters of H with H,. Since then, the nature of resonance
behavior and its observation in this prototypical reaction
system have been a topic of intense and sometimes heated
interest. Scattering resonances were first introduced to
explain sharp features in the collision cross-section of
neutrons with heavy nuclei as a function of collision energy*!
and then in the elastic scattering of electrons in atoms.[* These
(Feshbach) resonances are associated with a quasibound
complex formed by the collision partners. Thus, it is common
to associate the width of the resonance with the lifetime of the
compound system, and the location of the resonance with the
energy of the quasibound state. This semiclassical picture was
the basis for the explanation that Levine and Wul?! gave to the
collinear H 4+ H, system. Subsequently, theory was extended
to three dimensionsP! and resonance features were shown to
persist, but to be less pronounced.

Experimental observation of resonance behavior in the
hydrogen exchange reaction has lagged behind theoretical
efforts. In the late 1980s, Nieh and Valentini® reported
scattering resonances in the integral cross-section (ICS) for
the H+ H, reaction. Subsequent theoretical”l and experi-
mental® work, however, showed that resonances are not
observable in the ICS, but should be detectable in the energy
dependence of the state-resolved differential cross-section
(DCS)® I for the H + H, and D + H, reactions. The past ten
years have witnessed considerable progress on the exper-
imental front with the first fully state-resolved DCS measure-
ments in the H+ D, reaction by Schnieder and co-work-
ersl'> 12l and by Zare and co-workers.'* Aided by the
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theoretical predictions of Wu and Kuppermann,['®) Wrede and
Schnieder!'”! attempted to observe resonances in the H+ D,
reaction by tuning the collision energy between 1.27 and
1.30eV, but their experimental data did not show any
resonance structure, which caused them to question the
theory. Recently, Shafer-Ray and co-workers['®l have found
experimental and theoretical evidence for resonance signa-
tures in the integral cross-section for H+ D, —HD(v' =0,/ =
7)+ D at 0.94 eV, while they are absent in its isotopic cousins
H+H, and D+ H,.

Herein we report signatures of resonances in the state-
resolved DCS for the H+ D, —=HD(v' =3,") + D reaction at a
center-of-mass (CM) collision energy of 1.64 £0.05 eV (158 +
5 kIJmol~!). We also complement these measurements with
simulations of the experimental results using the quasiclass-
ical trajectory (QCT) method. Experimentally we find sharp
forward scattering for the lowest j' rotational levels of the
HD(v =3) product, which we attribute to the formation of
short-lived reaction intermediates, the classical analogue of
quantum mechanical scattering resonances. To the best of our
knowledge resonances have not been previously reported in
the state-resolved differential cross-sections for any chemical
reaction system.

Figure 1 shows a comparison between the experimental
results and QCT calculations for the HD(v' =3,/ =0-7) ICS.
The error bars in both theory and experiment represent 1o
(67 %) confidence bands. The QCT calculations incorporate
an initial D, rotational distribution characterized by a
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Figure 1. Reactive cross-section ¢ as a function of the HD(v' =3) product
rotational state j'. The ordinate scale shown is for quasiclassical trajectory
calculations (QCT, shown in red). The experimental points (open circles)
have been normalized to the same total area as the QCT curve.

temperature of 300 K. The experimental technique employed
in this study is sensitive only to the relative populations in
different rotational levels. The experimental cross-sections
have been scaled such that they have the same cumulative
area from j=0 to 7 as the QCT calculations. No further
scaling of the ICS or DCSs has been performed in the
remainder of this work. Note the small reaction probabilities
leading to the HD(v' =3,j) product. The scale on this plot
(0.000—0.004 A2) should be compared with the total cross-
section of 1.253 +0.001 A2 for the reaction obtained from the
QCT calculations. The agreement between experiment and
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theory at this level of detail is excellent. Small discrepancies
might be removed when a full quantum mechanical scattering
calculation is completed.[*”]

Qualitatively, the shape of the rotational distribution is
quite similar to what has been found for HD(v' =1,) and
HD(v' =2,) at similar collision energies.?”! The highest
rotational quantum number produced in this reaction is
dictated by impact parameter constraints rather than energy
conservation. (The impact parameter is defined as the
distance of closest approach of the reagents in the absence
of the interaction potential.) In a simple-minded model for
this reaction the initial impact parameter for reaction is
channeled into rotational excitation of the product, that is,
glancing collisions are more likely to produce rotationally
excited products than head-on collisions.

Apart from the measurement of the product yield in a
particular quantum state, we have also measured the state-
resolved DCS in the CM frame. A DCS provides information
about the preferred direction of HD product scattering (vyp)
with respect to the velocity of the incoming hydrogen atom
(vy). Backward scattering corresponds to an angle of 180°
between vy and vy (the two vectors being antiparallel). The
opposite case (parallel velocity vectors) corresponds to
forward scattering. In Figure 2 we present polar plots of the
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Figure 2. Polar plots of the HD(v' =3,/ =0-3) CM differential cross-
sections from experiment (left) and QCT calculations (right). The H atom
reactant (vy) and HD product (vyp) CM velocities are indicated with
arrows (see text for details).
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experimental and QCT DCSs for HD(v'=3,/=0-3). In
these plots the chemical reaction takes place in the plane of
the figure, with the directions of vy and vy, defined as shown.
The height around each circle is proportional to the proba-
bility of scattering into an angle 0, where 0 is defined as the
angle between vy and vyp.

The polar plots generated from the experimental data are
shown on the left and have been obtained from a spline
representation of a total of twelve experimental points across
the whole angular range. The QCT DCSs shown on the right
have been convolved with the instrumental function to
provide the best simulation of the experimental results. In
both cases, the DCSs show a similar dependence on j'. In the
backward hemisphere (6 >90°) the DCSs move away from
complete backward scattering as j' increases. This finding is
also in qualitative agreement with previous findings for lower
vibrational levels.!': 1l The most striking feature in this figure
is the peak in the forward direction which is most prominent
for the rotationless state j=0. The experimental and QCT
polar plots in Figure 2 differ in regard to the ratio of forward
to backward scattering. This finding suggests that the observa-
tions cannot be described solely by quasiclassical me-
chanics.

Despite the disagreement in the magnitude of the forward
scattering peak between experiment and the QCT method,
the fact that the calculations do actually show the same
qualitative trends as the experiment caused us to examine the
QCT reactive trajectories more closely. Figure 3 shows some
of the attributes characterizing the reactive collisions that lead
to HD(v =3,/ =0-3). The left panel shows the state-resolved
reaction probabilities sorted in terms of those scattering in the
forward (6 <90°) and backward hemispheres (6 >90°). The
reaction cross-section is proportional to the integral of the
reaction probability (opacity function) P(b) x the impact
parameter b. Therefore, the larger the impact parameter the
larger the cross-section will be for a given value of P(b). For
backward scattering, the reaction probability shifts in b as the
amount of product rotation increases. This trend is consistent
with our previous interpretation of the shape and extent of the
ICS (Figure 1). In contrast, the forward-scattering reaction
probability peaks at 0.7-0.8 A. This value for the impact
parameter is close to the internuclear distance for molecular
hydrogen and its isotopomers. Moreover, its shape and
position seem not to depend strongly on the product rota-
tional quantum number. This figure helps to explain why
forward scattering has been observed primarily for low j’
states. It is seen that the j'=0 back-scattered reaction
probability peaks at lower b values than for j=1-3. Very
similar reaction probability distributions have been previously
observed in QCT trajectory calculations of the D+ H,
reaction between 0.30 and 1.25 eV by Aoiz and co-workers.P!]
The contribution of the high impact parameter to the DCS in
the D + H, reaction was associated with the “E-6 ridge” which
also appeared in the quantum mechanical calculations of
Miller and Zhang and was associated with resonance scatter-
ing."™ Prior to these studies, Muga and Levine had
proposed a classical mechanism for resonances in H+ H,
collisions that involved high impact parameters as well as
long collision times. As shown below, we also find that our
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positive time delay has decreased consider-
ably for the HD(v' =3,/ =1-3) states relative
to the backward (direct) contribution. More-
over, the forward-scattering time delay grad-
ually decreases in going from j/=0 to j=3.
This finding further corroborates the conclu-
sion that long-lived trajectories appear most
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prominently in the DCS for the HD(v' =3,
j =0) product state.

Itis possible to offer a tentative explanation
for the resonance behavior based on our
previous analysis of reactive trajectories and
on the features of the potential energy surface.
The top panel in Figure 4 shows two typical
trajectories corresponding to the indirect/for-
ward (left) and direct/backward (right) scat-

tering mechanisms. The numbered dots indi-

cate particular collision times for each trajec-
tory (1 = earliest, 4 =latest). The inset defines
the entrance-channel Jacobi coordinates R
and y used in this figure to plot the trajectories
and potential energy contours. Here R is the
distance between the H atom and the center
of mass of the D, molecule, and y is the angle

between R and the D, bond axis. The middle
and bottom panels show contours of the

A

e

BKMP2P4 potential energy surface with the
D, bond distance fixed at the equilibrium
distance of 0.74 A (middle) and at 1.21 A
(bottom). The trajectory dots corresponding
to the elongation of each diatom bond are
overlaid on these contours. The H atom
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Figure 3. QCT trajectory details for HD(v' =3, =0-3). The plots on the left show the reaction
probability P(b) as a function of impact parameter b for all, backward, and forward reactive
trajectories. The plots on the right show the reactive cross-sections o as a function of time delay ©

for all, backward, and forward trajectories (see text for further details).

forward-scattering peak is associated with long-lived trajec-
tories.

We also show the distribution of time delays (a measure of
the reaction time) corresponding to the forward- and back-
ward- scattering products that accompany the reaction
probabilities in Figure 3. The classical time delay 7 is defined
as the time difference for trajectories with and without the
potential present.?!'l We observe negative time delays
(typical for direct reactions) for the back-scattered classical
trajectories, whereas the forward-scattering ones appear at
more positive time delays. An approximate time difference of
26 fs between direct (backward) and indirect (forward)
trajectories is calculated for the HD(v' =3,/ =0) state (Fig-
ure 3). This time difference is considerably shorter than the
classical period for the first rotational state of the HD product
(120 fs) and HDD complex (480 fs). Therefore, the observed
forward —backward scattering does not arise from a complex
that lives for one or more rotational periods.

Distinct forward and backward contributions are most
prominent for the HD(v' = 3,j' = 0) product state. The peak at
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approaches the diatom almost collinearly
(y~180°) in the direct, back-scattered trajec-
tory. As a result, a minimum value of R is
reached (dot2 on the right) without the D,
molecule adjusting its internuclear distance.
Immediately after this “hard” knock, the D,
bond breaks giving rise to vibrationally excit-
ed HD product (dot 3 on the right). The initial geometry of
the three atoms for the indirect/forward trajectory tends to be
L-shaped (y =30-60°) and the angular variable y changes
rapidly as the H atom approaches the D, molecule. This
deflection is mainly caused by the large barrier to insertion
located at y = 90° (see bottom contour plot). During this time,
the D, molecule elongates its bond. By the time R approaches
its minimum value, the topology of the potential energy
surface displays two deep wells about the collinear config-
uration. The red dots 2 -4 in the bottom panel appear to rattle
around these minima for a few femtoseconds. Although this
picture is only qualitatively correct, namely, the width and
depth of the wells is continuously being modulated by the
changing diatomic bond length, it shows what features of the
underlying energy surface give rise to our observations. The
presence of relatively long-lived trajectories that correlate
with observed forward-scattering features is likely to give rise
to quasibound states in full quantum-mechanical calculations
for this reaction system, and will hopefully account for the
quantitative differences between experiments and QCT
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Figure 4. Top panel: R-y plots of typical indirect (red line on the left) and
direct (black line on the right) trajectories. Middle and bottom panels:
potential energy contours of the BKMP2 potential energy surface with the
D, bond length fixed at 0.74 A (middle plot) and 1.21 A (bottom). The
trajectory dots have been overlaid on the potential energy contours

corresponding to the instantaneous D, bond length. The color scale shown
applies to both the middle and bottom contour plots.

calculations. Clearly resonance features provide detailed
information on how this most elementary of chemical
reactions can be understood.

Experimental Section

State-resolved DCS measurements: A mixture of HBr:D, (1:9) held at a
stagnation pressure of 330 Torr was expanded into a high-vacuum chamber
with a pulsed solenoid valve. HBr is photolyzed by the fifth harmonic of a
Nd:YAG laser at 212.8 nm. Photolysis of this molecule generates two
single-speed populations of “hot” hydrogen atoms. Only those hydrogen
atoms corresponding to the fast photolysis channel contribute to our
measured reaction signal. The HD(»' =3,/ =0-7) reaction product is
subsequently ionized 15 ns later by 241 resonance-enhanced multiphoton
ionization (REMPI) through the EF'X;-X'X; electronic transition.
Photolysis and reaction take place inside a velocity-sensitive, Wiley—
McLaren time-of-flight apparatus. State-resolved CM DCSs can be directly
inferred from an analysis of the time-of-flight profiles. Zare and co-workers
have discussed in detail the experimental setup as well as the procedure to
invert the experimental data into CM DCSs.['¥

QCT calculations: A total of five million trajectories were run on the
BKMP2P4 potential energy surface at a relative translational energy of
1.64 eV. Each trajectory was initiated at a distance of 5 A and numerically
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integrated in increments of 5.0 x 107 s using Hamming’s fourth-order,
predictor-corrector method. A trajectory was considered complete once
the collision partners were also 5 A apart. Asymptotic product analysis was
performed at this final interparticle separation. Conservation of energy of 1
part in 10° and total angular momentum of 1 part in 10° in each trajectory
was enforced throughout the calculation. No reactive trajectories were
observed above 1.39 A. Product quantization was performed by equating
the internal energy of the HD product to the full Dunham expansion of
rotational-vibrational levels and rounding these real values to the nearest
integer.””! The experimental rotational distribution of D, (7T=300 K) was
simulated by weighted sampling of the first nine rotational levels of this
molecule. DCSs, reaction probabilities, and other reaction attributes were
fit to a series in Legendre polynomials to provide a convenient functional
representation of the computational results.1?> 2]
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New Chiral Auxiliaries for the Construction of
Quaternary Stereocenters by Copper-Catalyzed
Michael Reactions**

Jens Christoffers* and Alexander Mann

The enantioselective construction of quaternary stereo-
centers is still a challenging goal in synthetic organic
chemistry.l'l Herein we report a new copper(i)-catalyzed
and auxiliary-based Michael reaction which allows the con-
struction of quaternary carbon centers with ee values in excess
of 95 % at ambient temperature (see Scheme 1). The Michael
reaction is an established method for C—C bond formation
and is commonly catalyzed by a strong Brgnstedt base.”l In
order to avoid the disadvantages of basic reaction conditions,
a number of transition metal catalyzed procedures has been
published in recent years; this has resulted in improved
chemoselectivity due to the milder reaction conditions.!
Moreover, chiral ligands can be utilized here to achieve
asymmetric catalysis of the Michael reaction. In the recent
years a number of chiral catalysts has been reported for the
conversion of 1,3-dicarbonyl compounds with a,B-unsaturated
ketones.[ In particular, the introduction of the heterobime-
tallic lanthanum/sodium/[1,1’-binaphthyl]-2,2’-diol (LSB) cat-
alyst by Shibasaki and co-workers has to be mentioned here as
it defines the state of the art in this field.’! However, the
reaction conditions are also Brgnstedt basic, and the enantio-
selective construction of quaternary stereocenters requires
low temperatures.

Another strategy is the derivatization of the Michael donor
with a chiral amine as an auxiliary to give an imine or
enamine, which is subsequently converted with the Michael
acceptor.ll If enamines derived from f-oxoesters are applied
according to this method, further activation, by addition of a
stoichiometric amount of Lewis acid or by high pressure and
low temperature, is required in order to achieve reasonable
yields and selectivity. Recently we reported on the Ni-
catalyzed conversion of cyclic f-oxoesters in the presence of
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1,2-diaminocyclohexane.®l We were able to prepare the
Michael product 6a in 91 % ee at ambient temperature and
without exclusion of moisture. Similar results can only be
achieved with the LSB catalyst at —50°C (93 % ee).l”) Koga
and co-workers obtained ee values of 90 % by using a chiral
auxiliary and a stoichiometric amount of a Brgnstedt base at
—100°C.'" In this work we report on a new class of auxiliaries
for the transition metal catalyzed reaction of -oxoesters 1
with simple enones, such as methyl vinyl ketone (MVK, 4),
and the synthesis of the Michael product 6a (Scheme 1) with
up to 99% ee at ambient temperature and without inert
conditions, a reaction which is unprecedented in the literature.

(e}

CO,Et iPr. 0O
O 4
HN  NEt

1a 2a

O NEt,
X i
iPr”” NH 0 Q
\)LMe
COLEt 4
Me
_ > CO,Et
Cu(OAc), - H,0

3a 5a (2.5 Mol-%) (R)-6a
23°C 86%, 98% ee

Scheme 1. Synthesis of 3a and the copper(i)-catalyzed conversion with
MVK (4).

In the course of a combinatorial search,'! we have
investigated a number of chiral amines 2a—p derived from
a-amino acids which bear either a thioether, a tertiary amine,
or an amide group as an additional donor function.l'> 3 In an

iPr. o] R o] R O
HzN NRZ H2N ® HzN NMe2
2a, R = Et 2g, R=1tBu
2b, R = Me 2h, R=/Bu
2c, R=Allyl 2e, R=/Bu 2i, R =sBu
2d, R, =(CHy)s 2f, R=sBu 2j, R =PhCH,
R
I—COEt
H.N HoN X 2m,R=Bu, X=SEt
2n, R = PhCH,, X = SEt
2k, R = MeSCH, 20, R = jBu, X = NMe,

21, R = MeS(CH,), 2p, R = PhCH,, X = NMe,

acid-catalyzed reaction with the Michael donor 1a, these
amines yield the corresponding imines, which exist completely
as the tautomeric enamines 3a—p; these enamines are
isolable, after chromatography, in good to excellent yields
(85-95%).

In a primary screening the enaminoesters 3a—p were each
converted in the presence of catalytic amounts of 14 different
metal salts 5a—nl"*l with MVK (4) in CH,Cl,. If a positive
effect was observed relative to the noncatalyzed reaction, with
regard to the selectivity of the formation of Michael product
6a, we started to optimize the reaction parameters. At this
first stage of the screening, we did not pay attention to the
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