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ABSTRACT: Described is an efficient stereocontrolled route into
valuable, densely functionalized fluorinated phosphonates that
takes advantage of (i) a Clostridial enzyme to set the absolute
stereochemistry and (ii) a new [3,3]-sigmatropic rearrangement of
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acetobutylicum (CaADH), recently expressed by our group, reduces
a spectrum of y,0-unsaturated pf-keto-a,a-difluorophosphonate
esters (93—99% ee; 10 examples). The resultant f-hydroxy-a,a-difluorophosphonates possess the “L”-stereochemistry, opposite

to that previously observed for the CaADH-reduction of w-keto carboxylate esters (“D”), indicating an unusual active site
plasticity. For the thiono-Claisen rearrangement, a notable structure—reactivity relationship is observed. Measured rate constants
vary by over 3 orders of magnitude, depending upon thiono-ester structure. Temperature-dependent kinetics reveal an unusually
favorable entropy of activation (AS* = 14.5 + 0.6 e.u.). Most notably, a 400-fold rate enhancement is seen upon fluorination of
the distal arene ring, arising from favorable enthalpic (AAH* = —2.3 keal/mol) and entropic (AAS* = 4 e.u,, i.e. 1.2 kcal/mol at
rt) contributions. The unusual active site plasticity seen here is expected to drive structural biology studies on CaADH, while the
exceptionally facile sigmatropic rearrangement is expected to drive computational studies to elucidate its underlying entropic and

enthalpic basis.

B INTRODUCTION

In modern asymmetric synthesis and its translation into process
chemistry applications on scale, we have entered an age in
which the careful melding of sophisticated enzymatic chemistry
with sophisticated organic chemistry can present state-of-the-art
solutions. In thinking about this evolution, Turner has
suggested that we rethink how we analyze synthetic challenges
to include a dimension of “biocatalytic retrosynthesis.”’ In so
doing, it is important to move beyond the mindset that
enzymes are solely useful for the delivery of small molecule
building blocks, and to more frequently embrace the notion of
challenging enzymes with substrates of higher carbon count
and/or that are decorated with a more complex array of
functionality. One of the best examples of such a sophisticated
hybrid asymmetric synthesis is the current Merck process for
the synthesis of sitagliptin in which an engineered transaminase
sets the absolute stereochemistry in acting upon an advanced
16-carbon substrate bearing 12 heteroatoms.
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In developing the synthetically useful biocatalytic chemistry
that will form the basis of the retrosynthetic transform arrows’
that Turner’s commentary envisions, three broad approaches
may be pursued: (i) panning the biosphere for wild type
enzymes of utility in synthesis,* (i) engineering enzymes from
natural protein templates through directed evolution,> or (iii)
de novo design of active sites with the aid of modern
computational techniques.® Whichever approach is taken, the
optimal solution will lead to enzymes that not only are able to
set absolute stereochemistry in synthetically complex substrates
but also ideally will show significant substrate generality and, as
such, can be treated much as a “privileged” chiral organic or
organometallic catalyst would be.”

We describe herein such an approach that melds a new
stereoselective enzymatic transformation to set the absolute
stereochemistry for a C—O bond in a densely functionalized
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fluorinated phosphonate environment, with a new type of
hetero-Claisen rearrangement that parlays the established -C—
O bond stereochemistry into 6-C—S bond stereochemistry,
with stereochemical fidelity and remarkable facility, via formal
allylic transposition. The enzymatic transformation avails itself
of a Clostridial alcohol dehydrogenase (CaADH) recently
expressed and characterized by our group,® but identifies a
previously unexplored substrate class for this enzyme, or any
dehydrogenase for that matter, namely f-keto-a,a-difluoro-
phosphonates, thereby generating a retrosynthetic transform
arrow not previously available in the biocatalytic toolbox.
Perhaps most importantly, these studies reveal a sort of “active
site plasticity”® rarely seen, in which two distinct substrate
classes are each reduced with high enantioselectivity in the
same active site, but with opposite facial selectivity. Molecular
modeling is used to examine how these two substrate classes
bind with high facial bias for hydride transfer, but in quite
different three-dimensional arrangements in the CaADH active
site. The chemical step introduces a rearrangement (RR) of the
[3,3]-sigmatropic variety that rivals even the classic Evans—
Golob anion-accelerated oxy-Cope rearrangement in terms of
rate'® and that is worthy of note (i) for its unusually favorable
entropy of activation, (ii) for its stereoretentive nature, and (iii)
for the remarkable 400-fold gain in rate that is seen upon
fluorination of the flanking aromatic ring in the thionocar-
bonate system (vide infra).

As is illustrated in Figure 1, the melded process constitutes a
new retrosynthetic approach to the stereocontrolled synthesis
of -thio-a,a-difluorinated phosphonates that both possess an
intervening functionalizable alkene and that may be decorated
with additional functionality, as desired for chemical biological
purposes. In the case at hand, we provide proof of principle, by
utilizing this hybrid biocatalytic/pericyclic sequence to
construct a platform for potential zinc-aminopeptidase A (Zn-
APA) inhibitor development. Zn-APA converts angiotensin 1I
into angiotensin III in the brain and is an emerging target in
hypertension.'!

Phosphonates'” bearing varying degrees of a-fluorination are
of considerable value to medicinal chemistry'®> and chemical
biology.'"* To be sure, we'®'® and others'” have had a
longstanding interest in synthetic routes into this compound
class, datin% back to the early proposition by Blackburn'® and
McKenna," that a,a-difluoroalkyl phosphonates are “isopolar”
analogues of the corresponding phosphate esters. Importantly,
these “teflon phosphates” are inert to digestive phosphatase
enzymes and, therefore, serve as useful tools in chemical
biology. For example, we were the first to synthesize the CF,-
phosphonate analogues of phosphoserine and phosphothreo-
nine,'® and these have proven to be very useful chemical
mimics for the “constitutive phosphorylation” phenotype in
studying kinase regulation in the cell.*

The CaADH reduction/sigmatropic rearrangement sequence
here constitutes a new approach into densely functionalized,
a,a-difluorinated phosphonates, bearing f,y-unsaturation and o-
thio substitution. As is illustrated in Figure 1, this substitution
pattern maps onto thio-substituted peptide,”' f-lactam,** and
phospholipid** scaffolds of interest in chemical biology, as well
as thio-nucleic acid systems exploited by Piccirilli** and
Szostak.> In none of these systems are the corresponding
difluorinated phosphonates yet known, as all bear phosphate
esters or simple CH,—phosphonate functionalities § to the
sulfur.
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Figure 1. Stereocontrolled route into densely functionalized &-thio-
a,a-difluorophosphonates of interest to chemical biology. (Top)
CaADH is challenged with a new ketophosphonate substrate class to
set the absolute stereochemistry, and a new [3,3]-sigmatropic RR is
employed to parlay the enzymatically established f-C—O stereo-
chemistry into the 5-C—S center. (Bottom) Mapping the §-thio-a,a-
difluorophosphonate motif onto lipid, carbohydrate, and p-lactam
scaffolds of interest to chemical biology.

As alluded to above, to demonstrate proof of principle, the
focus here is on a platform related to the §-thio-phosphonate
embedded within a f-amino acid motif developed by Roques!
that serves as the key residue in tripeptide inhibitors of Zn-
aminopeptidase A (APA; potential new target for antihyper-
tensives; Figure 1). Note that the thiol here is critical for Zn**
coordination and that compound 3e, reported herein (vide
infra), represents a very useful platform upon which to build
APA inhibitor candidates, as it bears three of the four requisite
functional groups (phosphonate, thiol, and carboxylic acid) all
properly positioned, with a,a-difluorination. Thus, successful
synthetic entry into this platform sets the stage for future
studies directed at library generation, particularly through
functionalization of the intervening alkene.

To put the subsequent sigmatropic rearrangement step into
perspective, the Claisen rearrangement has been in the domain
of synthetic chemistry for over a century*® and is also in
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Nature’s repertoire of enzymatic transformations. Most notably,
the enzyme chorismate mutase catalyzes a Claisen rearrange-
ment as a key step in the biosynthesis of the aromatic amino
acids. Recently, the groups of Tanner’” and Schmidt*® have
discovered that Nature apparently exploits other [3,3]-
sigmatropic rearrangements, an aromatic Cope and Claisen
rearrangement, respectively, in formal biosynthetic prenylation
reactions, as well. In the domain of chemical biology as well,
great efforts have been expended to understand and mimic
chorismate mutase, including two of the earliest examples of
catalytic antibodies from Hilvert’?” and Schultz,>® and
contemporary studies of protein dynamics.**

The nonenzymatic reaction generally proceeds at elevated
temperature and requires an organized transition state,
prompting considerable effort at developing synthetic catalysts,
including a supramolecular, tetrahedral M,L assembly*> and an
elegant spiroligozyme system.>® The former promotes an aza-
Claisen rearrangement by preorganizing an otherwise entropi-
cally unfavorable reaction leadmg to a small entrop1c driver for
the catalyzed process (AS* e = —8 ew; AS*, = +2 ew.). The
latter achieves a 58-fold acceleration of an aromatic Claisen
rearrangement, presumably via H-bonding catalysis.

There are precedents for what are formally thermal and
metal-catalyzed [3,3]-sigmatropic rearrangements of the
thiono-Claisen variety (vide infra). However, these trans-
formations generally require elevated temperatures and
significant reaction times. For example, thionocarbonate
rearrangements reported bg Crich and co-workers required
reﬂuxmg in benzene for 4 h.** There are also early reports from
Nakai*® and Zaim®® about simple thionocarbonate and thiono
chloroformate-type rearrangements, respectively, though these
communications are accompanied by very limited experimental
detail. The former gives a measured kg, corresponding to a
half-life of over 10* min at 80 °C for a thionocarbamate
rearrangement and claims that the corresponding xanthate is
significantly faster (data not given; trend is opposite to the data
reported herein). The latter reports on very reactive
chloroformates, generated in situ from thiophosgene, that are
unfunctionalized, difficult to handle, and of limited synthetic
utility. Stereochemical control does not enter into these studies.
A single k, is reported, corresponding to a half-life of 60 min
at rt.

B RESULTS AND DISCUSSION

a,a-Difluoro-f-keto-phosphonate Synthesis and
Asymmetric CaADH Reduction. As is illustrated in Scheme
1, the requisite keto phosphonates were prepared by
condensation of LiCF,P(O)(OEt), with methyl cinnamate
and related f-aryl-a,f-unsaturated esters. A two-step procedure
proved to be more efficient for systems bearing aliphatic
substituents at the f-position. In such cases, the f-aryl-a,f-
unsaturated aldehyde was condensed with LiCF,P(O)(OEt),,
followed by oxidation with the Dess-Martin periodinane.

The Berkowitz laboratory has a longstanding interest in the
creative use of enzymes in asymmetric synthesis,g’37 and
recently we described an alcohol dehydrogenase from
Clostridium acetobutylicum (CaADH) that is particularly
effective for the stereoselective reduction of w-ketoesters.® In
seeking to expand the substrate repertoire for CaADH, we set
out to challenge this enzyme with a battery of f-
ketophosphonates as a new and highly value-added substrate
class. Indeed, we are delighted to report here that CaADH
enantioselectively reduces an expansive array of a,a-difluori-
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Scheme 1. Synthesis of fi-Ketophosphonate Substrates”
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“(a) Aldehyde addition/DMP oxidation route; yields reflect isolated
yield following two-step procedure. (b) Direct ester addition route; all
yields are for isolated pure compounds.

nated f-ketophosphonates bearing f3,y-unsaturation (Note: E/Z
ratio >20:1 in all cases) in good yield and with excellent
enantioselectivity. The results are displayed in Scheme 2. The
expensive nicotinamide cofactor was regenerated with glucose
dehydrogenase, allowing D-glucose to serve as the stoichio-
metric carbonyl reductant.

Scheme 2. Substrate Scope-CaADH-Mediated Reductions®
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“Yields (in black) represent isolated quantities of pure secondary
alcohols; enantiomeric excesses (in teal) determined by chiral phase-
HPLC; p-glucose employed as terminal reductant throughout, utilizing
NADP*-dependent D-glucose DH from Thermoplasma acidophilum.
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To our knowledge, these represent the first examples of a
dehydrogenase-based entry into valuable enantioenriched a,a-
difluorinated-f-hydroxyphosphonates. Stereoselective ap-
proaches to f-hydroxyphosphonates, particularly those bearing
a-fluorination, have been quite limited so far. A handful of
enzymatic approaches based upon kinetic resolution exist, but
have been limited to simple systems with limited function-
ality.*® Chemical routes include the asymmetric reduction of f-
keto phosphonates with pinene-derived chiral organoboron
reagents, a borohydride/chiral auxiliary combination, or via
Ru(1I)-BINAP-mediated hydrogenation.”® Of these, only the
latter asymmetric hydrogenation approach of Kitamura and
Noyori provides significant stereoinduction.>

CaADH Active Site Plasticity: High Enantioselectivity,
Yet Opposite Facial Selectivity for a-Difluorinated g-
Keto-phosphonate Substrates vs w-Keto-carboxylate
Substrates. In order to determine the absolute stereo-
chemistry of the CaADH-derived alcohols obtained here, the
Mosher ester method was initially applied, utilizing alcohols 2d
and 2f. According to the Kakisawa model, as is shown in Figure
2 for the case of 2f, the alcohol stereochemistry is predicted to
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Figure 2. Determination of the absolute stereochemistry of the
CaADH-derived products. (Top) Mosher ester analysis for 2f.
(Bottom) X-ray crystallographic structures for 2f and 2h.

be 1.* Pleasingly, X-ray crystallographic structural determi-
nation for alcohols 2f and 2h utilizing anomalous dispersion
served to confirm the L-stereochemistry (Figure 2, bottom).
Molecular Modeling: Exploring the Origins of CaADH
Active Site Plasticity. CaADH has proven to be an
exceptionally versatile enzyme from the point of view of
asymmetric synthesis, being able to process substrates that
range from (i) a broad variety of w-keto carboxylate esters® to
(ii) the significant spectrum of a,a-difluorinated p-keto
phosphonate esters examined here (Scheme 2). That said, the
facial selectivity observed for the CaADH reduction of S-keto-
phosphonate esters here is opposite to that previously observed
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for the reduction of f-keto-carboxylate esters® (Figures 2 and
3). To investigate this further, computational docking experi-
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Figure 3. CaADH: Substrate promiscuity with stereochemical fidelity.
(Top) p-Keto carboxylate ester reduced with p-stereochemistry as
evidenced by HPLC on Chiralcel OD vs racemic standard (90:10
hexane/i-PrOH; 1 mL/min). (Bottom) f-Keto-a,a-difluorophospho-
nate ester reduced with L-stereochemistry; also Chiralcel OD-HPLC
(95:5 hexane/i-PrOH).

ments were performed in the CaADH active site with a
representative f-keto ester substrate, ethyl benzoylacetate, and
with a typical a,a-difluoro-B-ketophosphonate 1f (Figure 4;
Alignment: Clustal W;*' Homology Modeling: MODELLER;*
Molecular Dynamics: GROMACS;* Docking: Autodock 4;**
Graphics/Rendering: VMD®; see Supporting Information for
details). The result suggests that both substrates occupy the
same binding pocket of the enzyme, even though the facial
preference for hydride transfer is reversed. Ethyl benzoylacetate
docks with its keto group coordinated to S140, a typical binding
motif for short-chain dehydrogenases.*® This orientation gives
rise to the D-stereoisomer. However, the keto-phosphonate 1f
docks with its keto group inverted, driven by a favorable H-
bonding interaction with K207. This difference in keto
orientation would give rise to the L-stereoisomer, as observed.
This type of substrate inversion contrasts with typical cases of
reversed enantioselectivity in enzyme active sites, which
normally arise from alteration of substituent size that, in turn,
transposes the occupants of medium and large active site
pockets.*”
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Figure 4. Active site plasticity: a view from molecular modeling. The
observed switch in facial selectivity as a function of substrate class with
preservation of high facial selectivity is evidence of unusual active site
plasticity in CaADH. Note: The coordinates of the NADPH-cofactor
(background) were imported from PDB-1XGS.

The model suggested by the experimental results and the
supporting docking studies here will drive future experimenta-
tion. Note that the docked, chain-extended conformer shown in
Figure 4 was selected by visual inspection as the most
reasonable member of a set of 19 conformers in the lowest
energy cluster identified by molecular docking with Autodock
4.** Factors that were considered in inspecting cluster members
were NADPH-C, -substrate carbonyl distance and positioning
with respect to hydride transfer, as well as consistency with the
known stereochemical outcome of hydride transfer. There is
some variation among docked conformers in the rotamer
distribution about the Ca—Cf bond, with some deviation from
the antiarrangement of the phosphonate and Cy when sighting
down this bond. This is perhaps to be expected given the
known tendency of a-fluorine substitution to elicit Thorpe—
Ingold-like effects in some systems.*® To shed light on the
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precise molecular details of enzyme—substrate recognition here,
going forward, there will be a serious effort to crystallize
CaADH, both as the holoenzyme and in ketone-bound states.
Ultimately, such structural biological studies will be invaluable
in further addressing the question of how CaADH catalyzes the
reduction of these two substrate classes. It should be noted that
there are really three structural changes seen in moving from
the D- to the L-selective substrates depicted in Figure 4. (i)
While perhaps the most notable change is the replacement of
the carboxylate ester with a phosphonate ester, (i) a-
fluorination is also introduced and (iii) a double bond is also
inserted (phenyl to styrenyl). Future studies will be directed at
mapping how the observed switch in enantioselectivity evolves
across this set of structural changes. All told, this is a notable
example of substrate promiscuity with stereochemical fidelity, but
with an interesting twist; namely, antipodal facial preference
based upon compound class (Figure 4).*” CaADH displays re-face
hydride delivery (D-product) to f-keto carboxylate esters, but
pseudo-si-face hydride delivery (i-product) to f-keto fluori-
nated phosphonate esters. That the CaADH apparently exhibits
complementary modes of binding two different substrate
classes, and yet processes each with high efficiency and
stereochemical fidelity, speaks to the unusual active site
plasticity of this enzyme.

Thiono-Claisen Rearrangements: Structure—Reactiv-
ity Studies. With the difluorinated-f-hydroxyphosphonates, in
hand, we next set out to investigate the desired [3,3]-
sigmatropic rearrangement. Toward this end, the cinnamyl
substrate, 2f, was chosen, and four distinct thiono-esters were
synthesized; namely (i) the xanthate; (ii) the phenyl carbonate;
(iii) the pentafluorophenyl thionocarbonate, and (iv) the N-
phenyl thionocarbamate (Figure 4). To study the rearrange-
ment of each, advantage was taken of the difluorinated
phosphonate moiety permitting the kinetics of rearrangement
to be conveniently followed by '"F NMR (Scheme 3). It
quickly became clear that the xanthate, though able to undergo
the targeted rearrangement at room temperature, did so at a
very slow rate, with the observed half-time being approximately
2.5 days. On the other hand, replacing the SMe group with the
more electronegative OPh, NHPh, and OC¢F; groups led to a
rather dramatic structure—reactivity relationship (SRR) with
the half-time decreasing significantly across this series.

Most notable is the pronounced effect of distal fluorination
upon rate, whereby the simple expedient of moving from an
allylic phenyl thionocarbonate to the corresponding pentafluoro-
phenyl thionocarbonate accelerates the sigmatropic rearrange-
ment by a factor of 400 [half-time goes from 20 h to 3 min
(0.05 h)]. Note that we use the term “distal” in consideration
that all substituent effects seen here are for substitution upon
an aromatic nucleus that is not in direct resonance with the six-
membered transition state, as would be the case for a
thionobenzoate system, for example. Rather, here an oxygen
atom serves as a bridge between the arene ring and the atoms of
the six-centered system for the sigmatropic rearrangement.
Moreover, given the electronically opposing inductive and
resonance effects of fluorine substitution, the significant rate
enhancement seen here by fluorination of this distal aromatic
nucleus is really quite notable and could not have been
anticipated prior to conducting these studies.

Indeed, a survey of the literature reveals that the rate
observed for this allylic pentafluorophenyl thionocarbonate
rearrangement (t;,, & 3 min @ rt) is among the fastest seen for
a neutral (hetero)Claisen rearrangement (see the Supporting
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Scheme 3. Structure—Reactivity Relationships across a
Family of Thiono-Claisen Rearrangements®
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“(a) Synthetic schemes and measured half-times for the four thiono-
Claisen rearrangements studied here. (b) "F NMR stack plot for the
rearrangement of the pentafluorophenyl thionocarbonate ester @ rt.
Note: The t = 0 point is arbitrarily labeled; this rearrangement

proceeds too fast to capture a true starting time point.

Information for comprehensive tables). Earlier studies* noted
that properly situated alkoxy groups could accelerate the parent
Claisen rearrangement by up to 2 orders of magnitude. The
most facile rearrangement seen in those studies has a half-time
of 45 min @ room temperature (alkoxy substitution;
cyclopentenyl ether). Similarly, the Ireland—Claisen rearrange-
ment (silyloxy substituent) proceeds with t,,, = 1—210 min @
42 °C.>° Probably the most well studied Claisen variant with an
additional heteroatom, the allylic imidate rearrangement,
proceeds with t,,, = 45 min at 140 °c.>!

Of course, charge-accelerated [3,3]-sigmatropic rearrange-
ments have drawn great attention in the synthetic and
mechanistic chemistry communities, as these are widely
regarded as among the most facile such rearrangements
known, with enormous rate enhancements reported for oxy-
anionic variants of the Cope and Claisen rearrangement, for
example.'”>> Probably the key finding here is that, in terms of
absolute rate, the title allylic pentafluorophenyl thionocarbon-
ate rearrangement (,,, = 3 min @ 23 °C) is on par with (i) the
anionic oxy-Cope rearrangement reported by Evans and Golob
(ti, = 8 min @ 0 °C; K* counterion, 18-Cr-6)'° and (ii) the
anionic oxy-Claisen rearrangement discovered by Koreeda a
decade later (t;, = 6 min @ —23 °C; K* counterion).>* In all
three cases, a sigmatropic rearrangement that normally occurs
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at elevated temperature is converted to a room temperature
reaction by judicious placement of an oxyanionic substituent in
the earlier cases, and by judicious introduction of fluorination
into an O-aryl substituent here.

Thiono-Claisen Rearrangement: Scope and Stereo-
chemical Course. To examine the scope and stereochemical
fidelity, the rearrangement of pentafluorophenyl allylic
thionocarbonates was next examined across the battery of
structurally diverse, enantiomerically enriched substrates
generated via CaADH-mediated f-keto-phosphonate reduction.
As is depicted in Scheme 4, the desired [3,3]-sigmatropic

Scheme 4. Substrate Scope for the New Allylic
Pentafluorophenyl Thionocarbonate Rearrangement”
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“Yields (in black) represent isolated quantities of pure secondary
alcohols; enantiomeric excesses (in green) determined by chiral phase-
HPLC. *This RR requires mild heating (50 °C); all others proceed
smoothly at rt.

rearrangement proceeds seamlessly across the series, with
essentially complete conservation of ee in transposing the f-
hydroxy stereocenters in the educts into a d-thio stereocenter in
the products. The enantiomeric excess was determined by
chiral phase HPLC analysis, and the absolute stereochemistry
of the rearrangement product was unambiguously established in
the case of product 3f via chemical correlation. Namely,
ozonolytic processing of 3f was followed by comparison of the
measured optical rotation obtained for the methyl (S)-
thiomandelate oxidation/esterification product thereby ob-
tained to the literature value (see Supporting Information for
details). Diverse functionality is tolerated, both in the active site
and in the subsequent rearrangement from aromatic hetero-
cycles and fluorinated phosphonates (all cases) to benzyl ether
and orthobicyclo[2.2.2]octyl (OBO) ester protecting groups.
Indeed, especially noteworthy is the ability to carry a bulky
OBO ester through both the enzymatic reduction and
sigmatropic rearrangement steps. The OBO ester neither
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perturbs the exquisite facial selectivity observed in the CaADH
active site nor blocks the rearrangement, although the sizable
orthoester is adjacent to the C—S bond-forming center. As
noted at the outset, the resultant product, 3e, presents an ideal
platform upon which to build a focused library of Zn-
aminopeptidase inhibitor candidates.*' The essentially com-
plete conservation of ee likely results from a pericyclic process
that proceeds through a chairlike transition state, with both the
a,a-difluorinated phosphonate ester and the R-group at the o-
position disposed pseudoequatorially. However, given the
precedent for boat-like transition states in certain Claisen-
type rearrangements,”> most notably of the Ireland variety, at
this stage one cannot rule out a boatlike transition state in
which the 6-R group is disposed in the bowsprit position, for
example.

Eyring Analysis and Solvent Dependence. While the
low activation barrier, functional group tolerance, and exquisite
stereocontrol observed constitute the practical advantages of
the title transformation, perhaps even more important from a
reaction design standpoint is the observation that one gains 2 to
3 orders of magnitude in rate enhancement via distal fluorine
substitution here, as discussed. This remarkable SRR prompted
us to investigate how fluorination leads to a more favorable free
energy of activation (AAG* ~ 3.6 kcal/mol) for this type of
sigmatropic rearrangement. Accordingly, Eyring analysis was
performed on three different classes of thiono-ester to obtain
the enthalpic and entropic contributions for each rearrange-
ment (Figure S). The results yield an observed enthalpy of

Comparative Eyring Plot
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Figure S. Eyring analysis yields compartitive enthalpies and entropies
of activation for several thiono-Claisen RR types.

activation (AHY) for rearrangement ranging from 24 to 27
kcal/mol for all three thiono-Claisen rearrangements. This is
consistent with values observed for other [3,3]-sigmatropic
rearrangements.SI’SA’55

However, the entropy of activation (AS*) was found to be
highly favorable for both thionocarbonates examined and for
the xanthate. This is quite unusual. As noted, for sigmatropic
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rearrangements in general, AS* is almost always negative,
presumably reflecting the need for a precisely organized
transition state. Indeed, studies of the Claisen and related
rearrangements reveal just this: (i) cyclopentenyl allyl ether
(=21 e.u);49 (i) (uncatalyzed) chorismate rearrangement (-13
e.);* (iv) allylic imidate rearrangement (—18 e.u.); (v) allylic
thionobenzoate rearrangement (—10 ew.).” Prior to these
findings, we are aware of only a couple of cases in which a
favorable entropy of activation has been observed for a neutral
[3,3]-sigmatropic rearrangement in the absence of a catalyst,
the most notable involving a system in which the terminal
alkene is masked as a cyclopropane,®® i.e. technically not a
bonafide example of a [3,3]-sigmatropic rearrangement.

To further understand the transition state, the rearrangement
of 2f was carried across a number of solvents. A rate
enhancement is observed as the solvent dielectric constant
increases as shown in Figure 6. This solvent dependence upon

B OAl T
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Figure 6. Rate dependence upon solvent-rearrangement kinetics of 2f.
The increase in k,, as a function of solvent dielectric is suggestive of a
polarized, partially dissociative transition state (lower right) as
opposed to a symmetrical, synchronous one (upper right).

rate trends similarly to, but appears to be somewhat more
pronounced than, that observed in the aforementioned
thionobenzoate system.”’ Interestingly then, by moving from
THE to acetonitrile, one accelerates the title rearrangement still
further, with t;,, &% 1.7 min @ rt in the latter solvent. This
solvent dependence, when combined with the stereochemical
course discussed above, suggests that the transition state for the
title rearrangement is significantly more polarized than the
ground state, i.e. partially dissociative as depicted in Figure 6,
yet still chairlike, as depicted in Scheme S.

B CONCLUSIONS

As was mentioned at the outset, we have entered an age in
which the state-of-the-art solution for complex synthesis,
chemical biology, or process chemistry may involve the careful
melding of sophisticated enzymatic chemistry with sophisti-
cated organic chemistry.>® This study describes the melding of a
dehydrogenase enzyme from Clostridium acetobutylicum
(CaADH) that exhibits remarkable active site plasticity with a
new allylic pentafluorophenyl thionocarbonate rearrangement
that is among the fastest sigmatropic rearrangements yet
reported (t,,, = 1.7 min at rt in MeCN). The combination of
(i) LiCF,P(O)(OR),/ester condensation, (i) highly stereo-
selective CaADH-mediated a,a-difluoro-$-keto-phosphonate
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Scheme 5. Transition State Geometry for the Stereospecific
[3,3]-Sigmatropic Rearrangement”
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bonates described herein. Note: All conformations shown are
consistent with the observed stereochemistry at the newly formed
C—S bond, but only the ““B and “C,, transition states also give the
correct alkene geometry.

reduction, and (iii) pentafluorophenyl thionocarbonate sigma-
tropic rearrangement provides a highly efficient, stereo-
controlled entry into densely functionalized fluorinated
phosphonate synthons of value to chemical biology. In
particular, a platform for the construction of a focused library
of zinc aminopeptidase A-directed inhibitor candidates is
constructed here. Importantly, this example also illustrates the
value in challenging enzymes with complex, advanced
substrates. In this case, the enzymatic substrate features 12
carbon atoms and an additional 10 heteroatoms and includes an
unusual bridged oxabicyclo[2.2.2]octyl ring system; yet, it is
processed efficiently by the CaADH enzyme (79% isolated
yield, 99% ee).

As for the enzymology, in the Introduction, it was pointed
out that, from the point of view of asymmetric synthesis, one
really seeks biocatalysts that show both high enantioselectivity
and broad substrate generality,>” 50 whether these enzymes be

“engineered” through Darwinian evolution in the biosphere,*
through “directed evolutlon in the laboratory,>*>®" or through
de novo design in silico.*®> Only then can one associate that
enzyme with a truly reliable “biocatalytic retrosynthetic'
transform arrow.” To put the observed “active site plasticity”
into perspective, it is well to compare the CaADH enzyme to
literature precedents for enzymes of value to synthesis. For
example, Kroutil and co-workers describe a dehydrogenase
from Ralstonia that also shows the ability to process distinct
carbonyl compound classes and does so with a switch in
stereofacial preference, suggestive of distinct binding modes,
one for aryl alkyl ketones, another for a- or f-keto esters.’® Yet,
with this plasticity, there is a drop-off in enantioselectivity in
going from enzymatic reduction of the former substrate class
(99% ee, six examples) to the latter (96%, 64%, 37% ee, three
examples). Thus, the fact that high stereoselectivity is seen in
both the binding mode for w-keto carboxylate esters (90—99%
ee), producing L-products, and also for f-keto-a,a-difluor-
ophosphonate esters (93—99% ee), producing D-products,
attests to a particularly fortuitous plasticity in this CaADH
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active site. Based upon molecular docking, a model is put forth
here to account for these complementary binding modes (i.e,,
switch of key catalytic residues for carbonyl protonation from
$140 to K207) and will drive structural biology studies to better
understand this very promising biocatalyst.

For the new sigmatropic rearrangement, Eyring analysis
indicates a favorable entropy of activation for the title
transformation (14 e.u.) that contrasts with values reported
for most [3,3]-sigmatropic rearrangements. The highly stereo-
retentive nature of the rearrangement points to an organized,
pericyclic transition state (Scheme 3), and the preference for
polar solvents suggests that this transition state is also polarized
and asynchronous (Figure 6). That said, the large positive
entropy of activation observed cannot be accounted for solely
by a polarized transition state that must remain organized to
seamlessly transmit stereochemistry from educt to product.
One could imagine that another source of entropy gain must be
at play here, such as release of a solvent molecule or relaxation
of solvent structure along the reaction coordinate as one
approaches the transition state. Clearly, the findings reported
here will drive future computational studies to better
understand the geometry and charge distribution in the
transition state for the title rearrangement.

Perhaps the most notable observation here is that this
exceptionally facile sigmatropic rearrangement displays a distal
fluorine effect that includes both a significant enthalpic
component (AAH* = —2.4 kcal/mol) and a significant entropic
component (AAS* = 4 eu; 12 kcal/mol @ rt). These
enthalpic and entropic effects arise exclusively from fluorination
of the distal heteroatom-bridged arene in the thionocarbonate
substrate. While one can imagine that such fluorination might
help to dissipate charge in the likely polarized transition state,
one cannot easily intuit how this would parse into enthalpic and
entropic components; computational interrogation will be
needed. That said, these observations speak to the power of
fluorine substitution to drive this particular thiono-Claisen
rearrangement and raise the possibility that such a strategy may
be able to drive a broader suite of pericyclic reactions in the
future.

B EXPERIMENTAL SECTION

Ester Addition Route into S-Keto-a,a-difluorophosphonates
(Aryl Systems). Aryl-linked a,a-difluoro-f-keto phosphonates were
efficiently synthesized by the addition of lithiated a,a-difluoro-
phosphonate to the a,f-unsaturated methyl esters. The methyl ester
substrates were synthesized via Horner—Wadsworth—Emmons
condensation chemistry. A typical procedure for the PCF,—C-bond
forming reaction, using 1j as an example, is as follows. To
diisopropylamine (297 pL, 2.12 mmol, 2 equiv) in THF at —78 °C
under a N, atmosphere was added n-BuLi (1.33 mL, 2.12 mmol, 2
equiv, 1.6 M in hexanes), dropwise via syringe. The resulting solution
was allowed to warm to 0 °C for 25 min and then cooled to —78 °C,
followed by dropwise addition of diethyl a,a-difluoromethylphos-
phonate (298 mg, 1.59 mmol, 1.5 equiv) dissolved in THF. After 30
min at =78 °C, the benzofuran-substituted a,f-unsaturated methyl
ester (215 mg, 1.06 mmol, 1 equiv) in THF was added slowly to the
reaction mixture via syringe down the wall of the flask. The reaction
mixture was left for 1-2 h at the same temperature and then quenched
with a few drops of conc. acetic acid. The reaction mixture was
gradually brought to room temperature, diluted with NH,ClI (aq), and
extracted with EtOAc. The combined organics were dried over sodium
sulfate, filtered, and concentrated. Purification by column chromatog-
raphy (typically eluent gradient 10—30% EtOAc in hexanes) yielded
the product 1j (365 mg, 96%).
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Aldehyde Addition/DMP Oxidation Route into f-Keto-a,a-
difluoro-phosphonates (Alkyl Systems). The general procedure
for the two-step synthesis of the f-keto-a,a-difluoro-phosphonate
substrates proceeded as follows (using lc as an example): To
diisopropylamine (2.80 mL, 20.0 mmol, 2 equiv) in THF at —78 °C
under a nitrogen atmosphere was added n-BuLi (12.5 mL, 20.0 mmol,
2 equiv, 1.6 M in hexanes), dropwise via syringe. The resulting
solution was allowed to warm to 0 °C for 25 min and then cooled to
—78 °C, followed by dropwise addition of diethyl a,a-difluoromethyl-
phosphonate (3.76 g, 20.0 mmol, 2 equiv) dissolved in THF. After 30
min at —78 °C, crotonaldehyde (700 mg, 9.98 mmol, 1 equiv) in THF
was added slowly to the reaction mixture via syringe down the wall of
the flask. The reaction mixture was left for 2 h at the same temperature
and then quenched with aqueous NH,CI solution and gradually
brought to room temperature. The reaction mixture was extracted with
EtOAc. The combined organics were dried over sodium sulfate,
filtered, and concentrated. If necessary, the a,a-difluoro-f-hydroxy-
phosphonate intermediate was purified by column chromatography.
The f-hydroxyphosphonate obtained (2.59 g, 9.98 mmol, 1 equiv) was
dissolved in dry dichloromethane under a nitrogen atmosphere and
was cooled to 0 °C, followed by the addition of Dess-Martin
periodinane (5.50 g, 12.97 mmol, 1.3 equiv) in one portion. The
reaction mixture was stirred at the same temperature for 15 min,
brought to room temperature, and stirred for an additional 2 h.
Progress of the reaction was monitored by TLC. The reaction mixture
was diluted with saturated sodium bicarbonate solution and extracted
with dichloromethane. The organic layer was dried with sodium
sulfate, filtered, and concentrated. In this case, purification by column
chromatography (typically eluent gradient 10—30% EtOAc in hexanes)
yielded f-keto-a,a-difluorophosphonate 1c in (2.25 g, 88%).

Enzyme Expression, Purification, and Standardization.
CaADH was expressed and purified as previously described. CaADH
was standardized by monitoring the reduction of benzaldehyde by
NADPH at 340 nm. One unit is defined as the amount of enzyme
needed to reduce 1 ymol of benzaldehyde to benzyl alcohol in 1 min.

Enzymatic f-Keto-a,a-Difluoro-phosphonate Reductions.
The general procedure for the enzymatic reductions (using 2f as an
example) is as follows. A solution of NADP* (17 mg, 0.02 mmol, 0.01
equiv), p-glucose (4.0 g, 22.3 mmol, 10 equiv), CaADH (10 units),
and glucose dehydrogenase (2 units)(Thermoplasma acidophilum) in
KPO, buffer (100 mM, pH 7.0) was shaken at 37 °C and 250 rpm.
Keto-phosphonate 1f (730 mg, 2.29 mmol, in DMSO) was added so
that the final DMSO concentration was 10% (v/v). Reaction progress
was monitored by TLC until conversion was complete. Product was
extracted with ethyl acetate and dried over sodium sulfate. Following
vacuum filtration and concentration, purification by column
chromatography (typically eluent gradiet 20—40% EtOAc in hexanes)
yielded product 2f (675 mg, 92%). Alcohol products were further
characterized by NMR and chiral HPLC (see Supporting Information
for details).

Thiono-Claisen Sigmatropic Rearrangement. A typical thiono-
Claisen RR is carried out as follows, using 2j as an example. To alcohol
2j (191 mg, 0.53 mmol, 1 equiv) in THF at —78 °C was added n-BuLi
(364 uL, 0.58 mmol, 1.1 equiv, 1.6 M in hexanes) under an inert
atmosphere (N,). After 15 min, pentafluorophenyl thionochloro-
formate (119 uL, 0.742 mmol, 1.4 equiv) was added dropwise, via
syringe, and the reaction was allowed to run for 30—60 min. The
reaction was quenched with an aqueous, saturated NH,CI solution.
The mixture was extracted with Et,O. The combined organics were
dried (Na,SOy,), filtered, concentrated, and left at room temperature, if
necessary, until the rearrangement was complete. The rearrangement
is easily followed by TLC, as one generally observes conversion of the
thionocarbonate intermediate to a more polar thiocarbonate product.
The product thiocarbonate was purified by column chromatography
(typically eluent gradient 10—30% EtOAc in hexanes) to yield
thiocarbonate 3j (292 mg, 94%).
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