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Direct Measurements of
Conformer-Dependent Reactivity
of the Criegee Intermediate CH;CHOO

Craig A. Taatjes,** Oliver Welz,* Arkke J. Eskola,* John D. Savee,* Adam M. Scheer,*
Dudley E. Shallcross,”> Brandon Rotavera,> Edmond P. F. Lee,>* John M. Dyke,?
Daniel K. W. Mok,? David L. Osborn,* Carl ]. Percival®*

Although carbonyl oxides, “Criegee intermediates,” have long been implicated in tropospheric oxidation,
there have been few direct measurements of their kinetics, and only for the simplest compound in the
class, CH,00. Here, we report production and reaction kinetics of the next larger Criegee intermediate,
CH5CHOO. Moreover, we independently probed the two distinct CH;CHOO conformers, syn- and anti-,
both of which react readily with SO, and with NO,. We demonstrate that anti-CH;CHOO is substantially
more reactive toward water and SO, than is syn-CH;CHOO. Reaction with water may dominate tropospheric
removal of Criegee intermediates and determine their atmospheric concentration. An upper limit is obtained
for the reaction of syn-CH;CHOO with water, and the rate constant for reaction of anti-CH;CHOO with
water is measured as 1.0 x 1074 + 0.4 x 107 centimeter® second ™.

zonolysis of alkenes is generally under-
O stood to proceed via a 1,3-cycloaddition

of ozone across the olefinic bond to
produce a primary ozonide, the decomposition
of which forms a carbonyl moiety and a Criegee
intermediate (CI) (/). The fate of the CI deter-
mines the end products of the ozonolysis reaction
and can have a substantial impact on the atmo-
sphere (/—4). Recently, the simplest CI, CH,0O,
has been directly produced in the gas phase with
low internal energies from reaction of O, with
CH;SOCHj; (3, 6) or CH,I (4, 7, 8) and unambig-
uously detected by tunable synchrotron or laser
photoionization mass spectrometry. These tech-
niques allowed direct measurements of the re-
action kinetics of CH,OO with several important
tropospheric species, including SO, and NO,,
both of which react much faster with CH,OO
than models had assumed (4). Since those direct
measurements appeared, new high-level calcu-
lations (9), field measurements (/0), and ozonol-
ysis experiments (/(—12) continue to suggest that
Cl reactions are important in tropospheric sulfate
chemistry. However, substantial uncertainty re-
mains, partly because of the absence of direct
kinetic measurements of any larger CI and partly
because of uncertainty in the products of CI re-
actions. Moreover, the reactivity of larger CIs is
predicted to be affected by the nature and location
of the substituents (/3), with a particularly large
effect for the crucial reaction of CI with water
(13, 14). Because of the large amount of water in
Earth’s atmosphere, the rate of CI removal by
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water is a key determinant of the tropospheric
impact of all CI reactions. Determining the con-
former dependence of CI reactions is therefore
not only a vital aspect of understanding their fun-
damental reactivity, it is also a key component
for improving atmospheric chemistry models.

We have successfully extended our earlier tech-
nique of reacting o-iodoalkyl radicals with O, to
prepare Cls (4, 7, 15), and here we show that the
reaction of the 1-iodoethyl radical (CH;CHI) with
O, forms both conformers of the CI acetaldehyde
oxide (CH;CHOO) at 298 K and 4 torr. The con-
formers of acetaldehyde oxide, syn-CH;CHOO
and anti-CH;CHOQO, differ in the orientation of the
C-0O-O group (depicted in Fig. 1). By taking ad-
vantage of the difference in ionization energy of
the two conformers, we demonstrate a dramatic
conformer dependence of CH3;CHOO reactivity
toward SO, and H,O.

REPORTS

Kinetic measurements were carried out in the
Multiplexed Chemical Kinetics Reactor, which
has been described in detail elsewhere (4, 16, 17).
Reactions are initiated by pulsed laser photolysis
in a slow-flow reactor. The contents are contin-
uously sampled through a small orifice in the re-
actor and probed by photoionization time-of-flight
mass spectrometry. lonizing with tunable photon
energy, from the Chemical Dynamics Beamline
(9.0.2) of the Advanced Light Source, allows
isomers to be distinguished on the basis of their
photoionization spectra (/7—19). The reaction of
CH;CHI with O, shows similar behavior to the
reaction of CH,l with O,, with the most promi-
nent products being the stabilized CL. (CH;CHOO),
an [ atom, and secondary products 10 and HOL
(A time-resolved mass spectrum of the reaction
initiated by photolysis of CH3;CHI, in the presence
of oxygen is displayed in fig. S2.)

The mass/charge (m/z) = 60 signal is iden-
tified as the CI, acetaldehyde oxide, on the basis
of its exact mass and a comparison of its photo-
ionization spectrum with a predicted spectrum
derived from ab initio calculations (/9) of both
the adiabatic ionization energy (AIE) and Franck-
Condon factors for photoionization of both con-
formers of CH;CHOQ, as shown in Fig. 1. Detailed
results of these calculations are given in the sup-
plementary text.

Calculations place the syn conformer ~15 kJ
mol ! lower in energy than anti-CH3;CHOO (14).
Reflecting the zwitterionic character of the C-O
bond, the barrier to interconversion of these con-
formers is substantial (/4), ~160 kJ mol . There-
fore, syn- and anti-CH;CHOO act as distinct
chemical species at atmospheric temperatures.
The syn and anti conformers of CH;CHOO also
have different photoionization spectra. In the thresh-
old region, each conformer has ionization tran-
sitions to both A” and A’ cationic states, and the

Fig. 1. The photoionization
spectrum for the m/z = 60
product from photolysis of
CH3CHI; in the presence of 41—
0,. The best fit of the zero-water
trace to the calculated photo-
ionization spectra for syn- and
anti-CH;CHOO is also shown. The
fit allows the the energies for
the excited (A") cationic state of
each conformer to vary within a
range of ~50 meV about their
calculated values. The black dashed
line shows the calculated photo-
ionization spectrum of vinyl hy-
droperoxide. Addition of water
preferentially removes the anti
conformer, as seen in the de-
creased signal between 9.3 and
9.4 eV for the high-H,0 trace.

Relative integrated photoion signal

m/z = 60 product from CH;CHI + O,
—O— zero [H,0] —@— high [H,0]
—— Fit = = Vinyl hydroperoxide

Photon energy (eV)
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calculated four photoionization bands overlap
(fig. S4). Allowing a small adjustment to the com-
puted ionization energies for each conformer gives
a very close fit to the observed spectrum (Fig. 1).
The low-energy edge of the spectrum is dominated
by the anti conformer, which can be detected be-
low the ionization energy of the syn conformer.
Assuming that the electronic transition moments
for the two conformers are similar, the fit param-
eters suggest a far larger overall production (90%)
of the more stable syn conformer. The signals ob-
served at higher ionizing photon energies will be
dominated by photoionization of syn-CH;CHOO
(supplementary text). The two conformers are
independently detected, but their ratio is not varied
in these experiments.

Acetaldehyde oxide has several other iso-
mers (scheme S1), most of which have ionization
energies well above the threshold observed for
the m/z = 60 product of the reaction of CH;CHI
with O,, including acetic acid, the AIE of which is
10.70 eV, and methyl formate, with an AIE of
10.85 eV (20). Only vinyl hydroperoxide has a low
enough calculated AIE, 9.18 ¢V, to be consid-
ered as a carrier for the m/z = 60 product spectrum.
However, the predicted ionization onset and Franck-
Condon envelope of vinyl hydroperoxide (Fig. 1)
is not consistent with the observed spectrum.

Vinyl hydroperoxide is calculated to be the
dominant product of isomerization from syn-
CH;CHOO, with a calculated barrier to isomer-
ization of >80 kJ mol ™! (21). [Isomerization of
anti-CH;CHOO is more likely to lead to methyl
dioxirane (21), with a calculated AIE of 10.36 eV.]
The O-O bond in vinyl hydroperoxide is weak
(22), and fission of that bond is a pathway to for-
mation of OH in ozonolysis reactions (23). In fact,
recent multireference calculations predict extreme-
ly rapid dissociation of vinyl hydroperoxide after
isomerization from CH;CHOO (24).

The first-order decay rate of CH;CHOO in
the absence of additional reactants is the sum
of unimolecular and heterogeneous loss reac-
tions. The decay depends on the coating of the
reactor, suggesting that heterogeneous reaction
contributes substantially. The slowest decay ob-
served in this context, ~250 s, is an upper limit
to the thermal (298 K) rate coefficient for de-
composition of CH;CHOO, consistent with the
determination of 76 s ' by Fenske et al. (25).
Upon adding SO, or NO, as reagent, the decay of
the CH3;CHOO signal becomes more rapid (shown
in Fig. 2 for SO, reaction with CH;CHOO). A
linear fit of the decay constant versus reactant
concentration measured at photon energies where
photoionization of the syn conformer dominates
(Fig. 3 and fig. S5) returns as its slope &; gn, the
second-order rate coefficient for the reaction of syn-
CH3CHOO with SO, (uncertainty limits are 95%):

syn-CH;CHOO + SO, — products
kign=24x10"£03x10" em’s (1)

A similar plot measured with 9.37-eV photons,
where photoionization of the an#i-CH;CHOO

conformer dominates (open symbols in Fig. 3),
yields a rate coefficient more than twice as
large,

anti-CH;CHOO + SO, — products
Kiani=67x10"+10x10 " em’s!  (2)

Similar measurements on the overall reaction
of syn- and anti-CH;CHOO with NO, (described
in supplementary text) suffer from reduced
signal-to-noise ratio but show a rate coefficient
of 2x 1072+ 1 x 10 "2 em® 5!, with a slight
(statistically significant at 16 confidence interval)
conformer dependence. This rate coefficient is
substantially smaller than that for CH,OO re-
acting with NO,, 5(CH,00 + NO,) =7 x 102
em’ s (4).

The rapid reaction of CH;CHOO with SO,
supports predictions of barrierless addition of SO,

to CI (9, 26, 27) and indicates that the reactions
of CI with SO, should be generally facile. The
substantial difference in reactivity between syn-
and and anti-CH;CHOO may partly reflect in-
creased steric hindrance for formation of the
CI-SO, secondary ozonide in the syn confor-
mation or conformer-selective electron donating
effects from the methyl group, as theoretically
described, for example, in the CH;CHOO + H,O
reaction (/3). The rate coefficient for syn-
CH;CHOO reaction with SO, is slightly smaller
than that measured earlier for CH,OO reacting
with SO, [((CH,00 +S0,)=3.9x 1071 +0.7 x
107" em® s71] (4), but that for ansi-CH;CHOO
is larger. Both are orders of magnitude larger
than estimates typically used in tropospheric
models (28).

Measurements have also been carried out at
higher ionizing photon energies (13 eV), where

Fig. 2. Representative time-
dependent CH;CHOO signals.
The time behavior of the m/z =
60 signal (mainly from ioniza-
tion of syn-CH;CHOO) from pho-
tolysis of CH3CHI, in the presence
of SO, and [0,] =1.2 x 10% cm™3,
measured with Lyman-o. radia-
tion at 10.2 eV.

100 —

80

60

40

Relative photoion signal

20

—8— — [SO,]=0
4 - - [S0]=23x10"cm”®
O weee [0, = 4.7 x 10" om®

I

Fig. 3. Rate coefficients for 4000
reaction of CH;CHOO conform-
ers with SO,. Fitted pseudo—
first-order decay constants of
syn-CH3CHOO (solid circles) and
anti-CH3CHOO (open circles) are
shown as a function of SO, con-
centration. The lines are linear
fits to the data, weighted by the
statistical uncertainty in the ex-
ponential fit to the individual de-
cay traces (+1c error bars shown
in the figure). Each fit included
>20 points across the relevant de-
cay. (Inset) The decay of CH;CHOO
measured with 10.50 eV (solid
circles, predominantly syn) and
9.37 eV (open circles, predom-

3000 —

2000

Decay constant (s'1)
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inantly anti) in the presence of
[SO,] = 7.2 x 10" cm™.
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the SO; co-product [AIE of 12.81 eV (29)] can
be directly observed. To within the experimental
uncertainty, SO; is formed with a rise time that
correlates with the decay time of the CI (figs. S6
to S9), showing that SO; is a direct product of the
reactions of both CH,00 and CH3;CHOO with
SO,. Vereecken et al. (9), improving on earlier
calculations (26, 27), predicted that formation of
SO; and a carbonyl compound will be the prin-
cipal product channel for small Cls and at low
pressure but that stabilization of a CI-SO, sec-
ondary ozonide becomes dominant for larger
ClIs under atmospheric conditions. Under the con-
ditions of the present experiments, no stabilized
CI-SO, product is observed for either CH,OO or
CH;CHOO reaction with SO,. The eventual fate
of the CI-SO, secondary ozonide may determine
the relevance of CI reactions with SO, to tropo-
spheric sulfate chemistry and particulate formation,
and will affect the interpretation and intercom-
parison of laboratory ozonolysis experiments that
are sensitive to either CI consumption or H,SO4
formation (10-12).

Because reaction with water dominates
tropospheric CI removal (9), its rate constant is
critical to modeling the CI concentration. The re-
action of CH,OO with water is too slow to mea-
sure in the present apparatus (4), and only an
upper limit could be obtained, 4 x 10'° cm® s .
However, the reaction of water with CH;CHOO
is predicted to favor the anti conformer by five
orders of magnitude (/3), and indeed (Fig. 1) the
addition of H,O preferentially depletes the pho-
toionization spectrum at the low-energy edge,
where anti-CH;CHOO dominates. Measurements
of CH3CHOO with 10.5-eV photons in the pres-
ence of H,O concentrations of 2.4 x 10'® cm™
showed an identical decay to those with no added
water, suggesting similar upper limits for the
reaction of water with syn-CH;CHOO and with
CH,00: 4 x 107" cm® 57! (4). However, a sig-

nificant and systematic increase in the decay rate
with water addition was observed for measure-
ments with 9.37-eV photons (Fig. 4), permitting
direct measurement of the rate coefficient (un-
certainty limits are 95%)),

anti-CH;CHOO + H,O — products
Kyami= 1.0x 1074+ 04 x 104 em’ s (3)

This result is more than a factor of 10 below
the high-pressure limiting rate coefficient from
the transition state theory predictions of Anglada
etal. (13), ks ang=1.68 x 1072 cm® s ' but is a
factor of 35 above the prediction of Kuwata ez al.
(14), k3 ani = 2.87 107" cm® s7!. In any case, the
rate coefficient is substantially larger than that
calculated for other CI reactions with water and
tends to validate the theoretical prediction of a
dramatic lowering of the activation energy for
the anti conformer (13, 74). Because the reaction
is predicted to proceed by stabilization (supple-
mentary text), it is possible that the rate co-
efficient is pressure dependent. Master-equation
calculations, including accurate treatment of the
association kinetics, would give the most rig-
orous comparison for the present experiments.

We emphasize that the low-pressure rate co-
efficients measured here for reactions of the Cls
with SO,, NO,, and water are lower limits for the
total removal of CI by these species at the higher
pressures of the troposphere or laboratory ozon-
olysis experiments. Furthermore, even in cases
where the CI removal is independent of pressure,
the products may change substantially with pres-
sure (9). Interpretation of indirect measurement
of CI reactions often depends on product detec-
tion and on derived yields of stabilized CI in
ozonolysis that are in turn based on inferences
about CI scavenger reactions. Apparent discrep-
ancies among indirect determinations, for ex-
ample, for reactions of CI with SO, (10—12), may

Fig. 4. Rate coefficient for
reaction of anti-CH;CHOO with
H,O0. Fitted pseudo—first-order
decay constants of anti-CHsCHOO
are shown as a function of H,0
concentration. The dashed line
is a fit to the data, weighted by
the statistical uncertainty in the
exponential fits to the individu-
al decay traces (+1c error bars
shown in the figure). Each fit in-
cluded >20 points across the rel-
evant decay. (Inset) The decay of
CH5CHOO measured with 10.50 eV
(solid circles, predominantly syn)
and 9.37 eV (open circles, pre-
dominantly anti) in the presence
of [H,0] = 2.7 x 108 cm™
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be related to that web of inference. The present
measurements break the connection to ozonoly-

sis,

directly producing stabilized CIs in a nearly

thermoneutral reaction, characterizing the Criegee
reactant by its photoionization spectrum, and de-
termining absolute rate constants by pseudo—
first-order kinetics methods. Comparing indirect
measurements to the present direct kinetics deter-
minations may therefore provide a means to re-
fine the detailed modeling of ozonolysis.

Moreover, computed rate coefficients for sub-

stituted CI calculated by state-of-the-art quantum
chemistry and advanced theoretical kinetics (9, 30)
will be of increasing importance in the develop-
ment of chemical models for complex systems
such as atmospheric chemistry. The present re-
sults are a benchmark for such calculations and
will enable a more rigorous understanding of
CI chemistry and a more accurate description
of the role of CI in the troposphere.
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Enantioselective Synthesis of Pactamycin,
a Complex Antitumor Antibiotic

Justin T. Malinowski,* Robert ]. Sharpe,* Jeffrey S. Johnsont

Medicinal application of many complex natural products is precluded by the impracticality of their
chemical synthesis. Pactamycin, the most structurally intricate aminocyclopentitol antibiotic, displays
potent antiproliferative properties across multiple phylogenetic domains, but it is highly cytotoxic. A
limited number of analogs produced by genetic engineering technologies show reduced cytotoxicity
against mammalian cells, renewing promise for therapeutic applications. For decades, an efficient
synthesis of pactamycin amenable to analog derivatizations has eluded researchers. Here, we present
a short asymmetric total synthesis of pactamycin. An enantioselective Mannich reaction and
symmetry-breaking reduction sequence was designed to enable assembly of the entire carbon core skeleton
in under five steps and control critical three-dimensional (stereochemical) functional group relationships.
This modular route totals 15 steps and is immediately amenable for structural analog synthesis.

omplex organic molecules produced by
‘ bacteria have been used to treat numerous

disease types for nearly a century (/—4).
However, many naturally derived compounds
that exhibit interesting bioactivities are practical-
ly inaccessible via synthetic organic chemistry. A
natural product’s structural complexity can create
an insurmountable impediment to the preparation
of analogs that might exhibit improved character-
istics. An ongoing challenge in the field of syn-
thetic chemistry is the development of methods
that close the gap between the efficiency of bio-
synthetic machinery and laboratory synthesis. Be-
cause of the inherent flexibility of the latter,
success in this endeavor could provide access to
useful structural variants that might otherwise be
inaccessible.

Pactamycin (1; Fig. 1) was isolated from
Streptomyces pactum var. pactum in 1961 by
Argoudelis et al. (5). The bioactivity profile of
this natural product is especially notable, as it dis-
plays antitumor, antimicrobial, antiviral, and anti-
protozoal properties by acting as a universal inhibitor
of translocation (6-9). Within the ribosomal sub-
unit in which it interacts, pactamycin mimics an
RNA dinucleotide through interactions of its an-
iline and salicylate moieties with stem loops in
the 165 RNA (/0). Unfortunately, pactamycin’s
therapeutic benefits have yet to be realized, due
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to high cytotoxicity (median inhibitory concen-
tration of 95 nM against human diploid embryonic
cell line MRC-5) (/7). Pactamycin is a proto-
typical example of a promising bioactive natural
product whose complexity hampers the investi-
gation of structure-activity relationships (SARs)
that might lead to a serviceable therapeutic ap-
plication and/or a better understanding of intrin-
sic bioactivity.

Genetic engineering studies have reignited
promise for medicinal application, as 7-deoxy—
and 8"-hydroxy—derivatives were isolated and
displayed diminished cytotoxicity (//—14). In the
context of the work described herein, it is worth
noting that Lu ez al. contend that the structural
complexity of 1 renders these and related struc-
tural modifications “inaccessible by synthetic
organic chemistry” (/2). Conversely, we have pro-
ceeded from the hypothesis that the genetic en-
gineering approach to pactamycin analogs might
be inherently limited by the biosynthetic machin-
ery (15, 16). Though pactamycin is commercially
available, a chemical approach to its synthesis
could, in principle, provide far greater opportu-
nity and flexibility for discovering and advancing
useful compounds. However, this tactic will only
be feasible in the presence of an efficient synthe-
sis platform that rapidly develops the appropriate
level of structural complexity. In fact, synthetic
interest in pactamycin has recently flourished,
culminating in the landmark 32-step total synthe-
sis from Hanessian and co-workers (17, 18), as
well as numerous partial synthetic studies (/9-23).
Despite these creative, state-of-the-art approaches,

a compelling case can be made that a more prac-
tical synthesis solution is needed.

In this Report, we disclose a 15-step total
synthesis of pactamycin, which has, in the initial
pass, produced the natural product on a milligram
scale and a key branch-point intermediate on a
gram scale. We emphasized both modular con-
struction and introduction of functionality in the
final desired form of pactamycin, enabling an ap-
proach amenable to derivatization for analog syn-
thesis. Late-stage introduction of the aniline- and
salicylate-binding elements provides an opportu-
nity for future SAR studies.

The recognition of a hidden symmetry in the
northeast quadrant of pactamycin (1) was critical
to our synthetic plan. Depicted in Fig. 2A, the car-
bon chain connecting C-4 and C-8 can be extracted
to a symmetrical o-ureido-2,4-pentanedione 2.
We envisaged simplified formation of the fully
substituted C-1 center via a Mannich reaction.
Due to the symmetrical methyl ketone substitu-
ents at C-1, diastereoselectivity considerations are
obviated, allowing for a focus on the enantio-
selective C-2—amino incorporation during the
C-1-C-2 bond construction. The nascent C-2
stereocenter would then need to direct a site- and
diastereoselective diketone monoreduction, setting
the C-2/C-1/C-7 stereotriad (red dashed arrows in
Fig. 2B). This sequence would provide the entire
pactamycin carbon-core skeleton from which mod-
ular delivery of various functionality (Fig. 2C)
could provide 1 and/or its congeners in rapid
fashion.

The first challenge we faced was implementa-
tion of the Mannich reaction with an appropriately
configured imine electrophile. We were encour-
aged by results reported by Schaus and co-workers,
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Fig. 1. Structure of pactamycin (1). Me, methyl.
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