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Myoglobin-Catalyzed Olefination of Aldehydes
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Abstract: The olefination of aldehydes constitutes a most
valuable and widely adopted strategy for constructing carbon—
carbon double bonds in organic chemistry. While various
synthetic methods have been made available for this purpose,
no biocatalysts are known to mediate this transformation.
Reported herein is that engineered myoglobin variants can
catalyze the olefination of aldehydes in the presence of a-
diazoesters with high catalytic efficiency (up to 4,900 turn-
overs) and excellent E diastereoselectivity (92-99.9 % de). This
transformation could be applied to the olefination of a variety
of substituted benzaldehydes and heteroaromatic aldehydes,
also in combination with different alkyl o-diazoacetate
reagents. This work provides a first example of biocatalytic
aldehyde olefination and extends the spectrum of synthetically
valuable chemical transformations accessible using metallo-
protein-based catalysts.

The Wittig reaction'!! represents one of the most valuable
and broadly adopted routes for the construction of olefinic
bonds during the synthesis of organic molecules.”” Classically,
this method involves the reaction between carbonyl com-
pounds and phosphonium ylides, which are prepared by
deprotonation of the corresponding phosphonium salts."!
Because of the basic conditions required for the latter
process, there has been a significant interest toward develop-
ing alternative methods to enable the olefination of aldehydes
under milder, neutral reaction conditions. In this regard, the
transition metal catalyzed transformation of carbonyls in the
presence of diazo compounds and tertiary phosphines has
provided a particularly attractive strategy because of the
ready accessibility of these reagents.! Over recent years,
a number of organometallic catalysts including Mo,"*! Re,**~
Rh, " Ir,#1 Ry, e Cu M1 and Fel*! complexes, have proven
useful in this transformation, yielding E-configured olefins
with modest to good catalytic activity (typically, 50-300
turnovers) and moderate to high E selectivity (typically, 70—
98% de). In contrast to the important progress made in the
development of synthetic catalysts for aldehyde olefination,
no natural enzyme or artificial biocatalysts®! has been
reported to promote this valuable transformation. An alde-
hyde olefination biocatayst would thus represent a valuable
addition to the toolbox of currently available enzymes for
asymmetric synthesis!®).
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We and others have recently reported the ability of heme-
dependent metalloproteins such as cytochrome P450s” and
myoglobin® to engage diazo-containing reagents in carbene-
transfer reactions. In particular, we recently discovered that
engineered variants of myoglobin can provide particularly
efficient catalysts for olefin cyclopropanation,’®! carbene NH
insertion,®™ and carbene SH insertion reactions®®™ in the
presence of a-diazo ester reagents. Our mechanistic studies
supported the intermediacy of an electrophilic heme/carbene
complex[s"] which reacts with a nucleophilic olefin, amine, or
mercaptan to yield the carbene insertion adduct. These
studies also showed the possibility to generate a transient
sulfonium ylide intermediate upon attack of a thiol substrate
to the myoglobin-bound carbenoid species.*! Building upon
these findings and inspired by pioneering studies conducted
by Woo and co-workers with metalloporphyrins,® we
hypothesized that an analogous process could be exploited
in the presence of tertiary phosphine nucleophiles to yield
a myoglobin-bound phosphonium ylide. We further envi-
sioned the latter could react with an aldehyde to yield an
olefin through a Wittig reaction, with the active site of the
protein potentially furnishing an asymmetric environment to
influence the stereoselectivity of the reaction. Herein, we
report that engineered variants of myoglobin can mediate
aldehyde olefination reactions across a range of aldehydes
and o-diazoacetates with high catalytic activity and E selec-
tivity. This transformation proceeds in buffer and at room
temperature, thus providing an extremely mild biocatalytic
route for the olefination of aryl and benzylic aldehydes.

Guided by the hypothesis outlined above, we began our
studies by testing the ability of wild-type sperm whale
myoglobin to promote the conversion of benzaldehyde (1a)
and ethyl a-diazo acetate (EDA; 2a) to ethyl cinnamate (3a)
in the presence of triphenylphosphine (PPh;). To our delight,
we observed formation of the desired product 3a with good
diastereoselectivity (76 % de for E isomer), albeit with only
modest activity [31 turnovers (TON); Table 1, entry 3]. Both
reducing (Na,S,0,) and oxygen-free conditions were found to
be required for the observed Mb-dependent aldehyde olefi-
nation activity, indicating that the ferrous form of the
hemoprotein is involved in the activation of the diazo
compound. Additional experiments showed that hemin can
also promote this transformation, but with reduced catalytic
efficiency (22 TON) and lower diastereoselectivity (65 % de)
as compared to Mb (Table 1, entry 1). In addition, the hemin
reaction is much less chemoselective, yielding larger amounts
of the carbene dimerization byproducts, diethyl fumarate, and
diethyl maleate (TON(,/TON,: 0.4 vs. 2.8 with Mb,
Table 1). In an effort to improve the efficiency and selectivity
of the Mb-mediated olefination reaction, a variety of trialkyl
phosphines [e.g., PEt;, P(fBu);, P(nBu);] as well as heavier
congeners of PPh; (i.e., AsPh;, SbPhs, and BiPh;) were tested

Angew. Chem. Int. Ed. 2016, 55, 25122516


http://dx.doi.org/10.1002/ange.201508817
http://dx.doi.org/10.1002/anie.201508817
http://dx.doi.org/10.1002/anie.201508817
http://dx.doi.org/10.1002/anie.201508817

GDCh
~~

Table 1: Catalytic activity of hemin and wild-type sperm whale myoglobin
(Mb) in the olefination of benzaldehyde with ethyl a-diazoacetate
(EDA).[a]

Catalyst X
Hkoa .y & @/\,JLoEt
Na,S,04 3a
KPi (pH 8.0) (0]
RT, 12 h . Eto\m/\r,ﬂ\ ot
o 4a
Entry Catalyst Y TON®! de [%] TON g,/
(3a) (G TON )
1 Hemin PPh, 22 64 0.4
2 Hemin! AsPh, 4 91 0.1
3 WT Mb PPh, 31 76 2.8
4 WT Mb AsPh; 27 99.9 0.7
5 WT Mb SbPh, 5 99.9 0.4
6 WT Mb BiPh, 0 - -

[a] Reactions were carried out under anaerobic conditions with 10 mm
1a, 10 mm 2a, 20 um catalyst, 10 mm Na,S,0,, and 10 mm Y for 12 h at
room temperature. [b] TON = mmol olefin/mmol catalyst. Errors in
reported values are within =10%. [c] As determined by chiral-phase gas
chromatography. [d] With hemin at 60 um.

as a substitute for triphenylphosphine (Table 1, entries 4-6).
Interestingly, whereas neither BiPh; nor any of the trialkyl
phosphines led to the desired olefin product, the reaction in
the presence of AsPh; exhibited excellent diastereoselectivity,
leading to the formation of trans-3a as the only detectable
isomer (>99.9% de).

Encouraged by these results, we extended our investiga-
tions to a panel of Mb variants containing one or two
mutations at the level of the protein active site. In sperm
whale Mb, five amino acid residues (Leu29, Phe43, His 64,
Val 68, Ile 107) define the cavity located above the distal face
of the heme cofactor (see Figure S1 in the Supporting
Information).”) Previously, we found that mutagenesis of
these residues had a profound impact on the selectivity and
activity of Mb-catalyzed carbene-transfer reactions.”’!
Accordingly, Mb active-site variants were tested for their
relative activity and selectivity in the olefination of benzal-
dehyde with EDA in the presence of either PPh; or AsPh,.

As summarized in Table 2, the active-site mutations were
found to have noticeable effects on the catalytic efficiency
(TON), diastereoselectivity, and chemoselectivity of the
reaction. Among the Mb variants tested, the double mutant
Mb(F43V,V68F), used in combination with AsPh;, emerged
as the most promising catalyst for this reaction, exhibiting
threefold higher TONs compared to that of the wild-type Mb,
excellent diasteroselectivity (>99.9% de), and high chemo-
selectivity toward aldehyde olefination over carbene dimeri-
zation. At a catalyst loading of 0.01 mol %, Mb(F43V,V68F)
was determined to support over 1,100 catalytic turnovers for
the conversion of 1a into (E)-3a, and featured an initial rate
of 320 and 40 turnovers per minute over the first minute and
first 15 minutes, respectively (see Figure S2 in the Supporting
Information). Importantly, nearly absolute E selectivity as
well as high chemoselectivity (TON gjefin) TON gimer) > 4) are
maintained under these reaction conditions, the latter being
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Table 2: Catalytic activity and selectivity of myoglobin variants in
benzaldehyde olefination with EDA.!

Cl) i Mb variant it
saRNee o
N, Na,S,04, Y
KPi (pH 8.0
1a 2a RT(,p12 . ) (E)3a
Entry Catalyst Y TON de [%] TON 3,/
(E) TON 4,
WT Mb PPh, 31 76 2.8
AsPh, 27 99.9 0.7
2 Mb(L29A) PPh, 16 79 0.8
AsPh, 34 99.9 0.5
3 Mb (F43V) PPh, 20 69 1.2
AsPh, 35 99.9 1.1
4 Mb (F43W) PPh, 30 68 6.0
AsPh, 56 99.9 2.7
5 Mb (H64V) PPh, 37 69 1.7
AsPh, 35 99.9 0.5
6 Mb (V68A) PPh, 13 69 0.5
AsPh, 36 99.9 1.1
7 Mb (V68F)E! PPh, 28 64 0.7
AsPh, 82 94 1.9
8 Mb (L29A,H64V) PPh, 57 70 1.4
AsPh, 50 80 0.5
9 Mb(H64V,V68A) PPh, 7 73 0.8
AsPh, 16 57 0.2
10 Mb (F43V,V68F) PPh, 38 64 2.9
AsPh, 92 99.9 3.3
1 Mb(F43V,V68F)  AsPh; 1,170  99.9 4.2

[a] Reaction conditions are the same as in Table 1. [b] With 5 um catalyst
(0.05 mol%). [c] With 1 um catalyst (0.0T mol %).

achieved without the need for slow addition of the diazo
compound as typically required for metalloporphyrin cata-
lystst"441 to minimize carbene dimerization.

Across nearly all Mb variants, the AsPhs-supported
reactions consistently furnished higher degrees of diastereo-
selectivity as compared to those performed in the presence of
PPh; (Table 2). The only exception was Mb(H64V,V68A), for
which a reversal of this trend was observed (70 vs. 57 % de for
reaction with PPh; vs. AsPh;). Intriguing is also the differ-
ential effect of the active site mutations in the context of this
reaction as compared to the carbene-mediated transforma-
tions previously investigated by our group.™! For example,
while the double mutation in Mb(H64V,V68A) greatly
enhanced the reactivity and selectivity of Mb toward olefin
cyclopropanation,”® the same mutations led to a reduction in
TONS, as well as diastereo- and chemoselectivity for the
aldehyde olefination reaction (entry 9 versus 1). These differ-
ences highlight the peculiar active-site requirements for
favoring high reactivity and selectivity in the context of
these related yet mechanistically distinct reactions.

To investigate the scope of Mb(F43V,V68F) as an
aldehyde olefination catalyst, the reaction with benzaldehyde
1a was carried out in the presence of other a-diazo esters,
including fert-butyl (2b), benzyl (2¢), and cyclohexyl (2d) a-
diazo acetate as well as ethyl a-diazo-propanoate (2e).
Notably, despite their variable alkyl chain, all of the a-diazo
acetates (2b-d) could be readily processed by the biocatalyst
to yield the corresponding trans (3-aryl-a,p-unsaturated ester
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Table 3: Catalytic activity and selectivity of Mb(F43V,V68F) variants in
benzaldehyde olefination with different a-diazo esters.”!

0 -
! "L 71)\ R2 Mb(F43V,V68F) x 1 o R
Na,S,04 R
1a 2b-e P::;ia (‘;LA:ZT 3be
R'=HR*=1Bu(2b) RT 121rs R' = H; R? = tBu (3b)
R'=H; R=Bn (2c) R'=H; R =Bn (3c)
R' = H; R2 = CgHy, (2d) R' = H; R = CgHy; (3d)
= CHj; R? = Et (2e) R' = CH3; R = Et (3e)
Entry  Product Y TON  de[%] Conv.[%]"
1 2 PPh, 160 79 32
X
2 W 0J< AsPh, 40 999 8
3 3b AsPh, 175 99.9 1.7
3 it PPh, 185 83 37
4 @M 0/\© AsPh, 155 98 31
5l 3c AsPh; 4920 94 49
PPh 155 79 31

AsPh 205 99.9 41

s
719 3d AsPh; 4,230 999 42

[a] Reaction conditions as described in Table 1 using 20 um catalyst
(0.2 mol %). [b] GC conversion. [c] Using T um catalyst (0.01 mol %).

products, 3b-d, with good (79-83% de) to excellent (98-
99.9% de) selectivity in the presence of PPh; and AsPh;,
respectively  (Table3). In  combination with 2¢,
Mb(F43V,V68F) gave the highest TON value (4,920) and
conversion ratio (49%), whereas the wuse of the
Mb(F43V,V68F)/2d/AsPh; system provided an optimal com-
bination of high catalytic activity (4,230 TON) with excellent
stereocontrol (99.9% de). As such, the latter system was
maintained for further studies on the scope of this hemopro-
tein across different aldehydes (see below). Under these
optimized reaction conditions, the TONs supported by
Mb(F43V,V68F) in water and at room temperature are one
to two orders of magnitudes higher than those previously
reported for similar transformations catalyzed by organome-
tallic complexes in organic solvent and at elevated temper-
ature (50-300 TONM*mnl) The only exception is the [Fe-
(TPP)Cl]-catalyzed olefination of benzaldehyde with EDA
and PPh; in toluene at 80°C reported by Zhang and co-
workers, for which even higher TONs (8,900), but also lower
diastereoselectivity (84 % de) were measured.*" In contrast
to 2b—d, no olefination product was observed in the presence
of 2e, thus indicating that o-substitutions on the carbene
moiety are not tolerated by the Mb catalyst in the context of
this reaction.

Next, the scope of Mb(F43V,V68F)-catalyzed olefination
across different aldehyde substrates was investigated. As
summarized in Scheme 1, a variety of monosubstituted
benzyaldehyde derivatives (5a-13a) could be readily con-
verted into the corresponding cyclohexyl trans-cinnamate
esters Sb-13b with very good to excellent diastereoselectiv-
ities (99-99.9% de), with the Mb catalyst supporting from
1,110 (13b) to 3,400 turnovers (5b and 7b). Insights into the
impact of electronic factors on the efficiency of the reaction
could be gained from side-by-side comparison of the TONs
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o] 2 Mb(F43V,V68F) o
| + R 2
Al (o —_— A R
R H N, Na,S,04, AsPhs R )
KPi (pH 8.0)
2 —
5a-17a R? = Et (2a) RT 12 hrs 5b-17b
R? = CgHiy (2d)

P80 O
@A\* ° QM W
HsC HsCO
5b

(3,400 TON; 98% de) (2,450 TON 95% de)

10b
(3,330 TON; 99.9% de)

(3,400 TON 96% de)

(1,440 TON 97% de)

(1,620 TON 99 9% de)

(1,340 TON 99 9% de)

(2,480 TON 99% de)

CH3 \s

(1,490 TON 99% de) (735 TON 99% de) (1,940 TON 92% de)

(1,110 TON 99 9% de)

(1,140 TON 91% de)

Scheme 1. Substrate scope for Mb(H64V,V68A)-catalyzed aldehyde
olefination. Reaction conditions: 10 mm aryl aldehyde, 1 um

Mb (F43V,V68F), 10 mm cyclohexyl a-diazo-acetate (2d), 10 mm AsPh,
10 mm Na,S,0,.

for benzaldehyde derivatives carrying substituents of similar
size but with different electronic properties. In particular,
electron-deficient benzaldehydes were found to be consis-
tently less reactive than their isosteric, electron-richer coun-
terparts, as indicated by the lower TONs measured for 8b
versus 3d, for 11b versus 6b, and 9b versus 7b. This trend
contrasts with the higher reactivity of electron-poor alde-
hydes in transition metal catalyzed olefination reactions in
organic solvents*" and it can be rationalized on the basis of
the higher level of hydration expected for benzaldehydes
carrying electronwithdrawing groups in water.'” A higher
degree of hydration is expected to reduce the effective
concentration of aldehyde susceptible to nucleophilic attack
by the phoshonium ylide (see below), thus reducing the
overall efficiency of the reaction.

The successful conversion of 14a into 14b showed that
disubstituted benzyaldehydes could be also processed by the
Mb(F43V,V68F) catalyst, albeit with lower efficiency (1,140
versus 3,400 TON) and selectivity (91% versus 98% de)
compared to the monosubstituted counterpart Sb. Substrates
such as 2-naphthaldehyde (15a) and thiophene-2-carbalde-
hyde (16a) could also be converted into the corresponding
trans olefin products 15b and 16b, with excellent selectivity
(99% de), thus further supporting the broad substrate scope
of Mb(F43V,V68F) across structurally different aryl alde-
hydes. Finally, the successful olefination of phenylacetalde-
hyde (17a) to give 17b (1,940 TON; 92% de) demonstrated
the reactivity of the catalyst also toward benzylic aldehydes.

A proposed mechanism for the Mb-catalyzed aldehyde
olefination reaction is presented in Scheme 2. Starting from
the catalytically active ferrous form of the hemoprotein, the
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Scheme 2. Proposed mechanism and catalytic steps for the myoglobin-
catalyzed olefination of aryl aldehydes.

first step is envisioned to involve the formation of a heme-
bound carbenoid intermediate (II) upon reaction with the
diazo reagent. This intermediate can be formally described as
an iron(IV)-carbene complex or as a Fe"'«{:CHCO,R} com-
plex, the latter being predicted to be a more stable resonance
form at least in the context of synthetic iron-porphyrin
systems.["'! Regardless of its exact nature, our previous studies
showed that this species has electrophilic character®! and can
react with thiol nucleophiles to generate a transient sulfonium
ylide.’! Accordingly, attack of the nucleophilic PPh, (or
AsPh;) to the heme/carbene intermediate is envisioned to
ensue, thus giving rise to a phosphonium ylide (III). The latter
would then react with the aryl aldehyde to generate an
oxaphosphetane intermediate!'? (IV), whose rearrangement
yields the olefin product and phosphine oxide as the
byproduct.

In view of the mechanistic model of Scheme 2, a number
of considerations can be made in regard of the results
described earlier. The first one concerns the role of the
biocatalyst on influencing the stereoselectivity of the reaction.
Importantly, the Mb reaction with EDA and PPh; in the
absence of aldehyde was found to accumulate the phosphor-
ane intermediate (Ph;P = CHCO,Et) in solution, thus sup-
porting the occurrence of the steps I-II—III proposed in
Scheme 2. Insightfully, a reaction of premade phosphorane
with benzaldehyde yielded (E)-3a in 80% de both in the
presence and in the absence of the Mb catalyst. Such
diastereoselectivity differs from that observed in the olefina-
tion reactions with nearly all of the Mb variants starting from
benzaldehyde and EDA (64-76% de; Table 2). This result
together with the higher diastereoselectivity obtained with
Mb versus hemin (Table 1), and the effect of active site
mutations on the E:Z ratio of the olefin product (Table 2)
support the involvement of the protein environment in
affecting the stereochemical outcome of the reaction. Since
the stereoselectivity of the Wittig reaction is largely dictated
by the relative orientation of the ylide and aldehyde during
formation of the oxaphosphetane intermediate,?><2>1% the
asymmetric induction imposed by the hemoprotein scaffold
most likely occurs during the conversion of I into IV
(Scheme 2). Possibly, this effect is mediated by coordination
of the ylide to the heme iron and/or by interaction of the ylide
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with the distal cavity of the protein. While Mb has naturally
evolved to bind small ligands (i.e. O,), the steric feasibility of
the putative intermediate III is suggested by our previous
finding that the distal heme pocket in Mb can accommodate
rather bulky ligands and substrates.® This process can be
further facilitated by the ability of the distal histidine, His 64
(see Figure S2), to swing open upon ligand binding,!*! thereby
creating a larger cavity above the heme.

Another interesting point concerns the structure-reactiv-
ity data obtained with the different diazo compounds
(Table 3). These studies showed that while relatively large
and bulky groups within the ester group of the carbenoid
moiety are well tolerated by the Mb(F43V,V68F) catalyst, a-
substitutions are not. Since we previously established that
ethyl a-diazo propanoate (2e) is a viable carbene donor in
Mb-catalyzed olefin cyclopropanation,® it can be derived
that a-substitutions negatively affect catalytic steps down-
stream of the formation of the heme/carbene complex during
aldehyde olefination. Reasonably, the increased steric hin-
drance provided by the a-methyl group may disfavor attack of
the PPh; to the heme/carbene (II—III; Scheme 2), thus
preventing formation of the key phosphonium ylide inter-
mediate.

In spite of the high TON supported by Mb(F43V,V68SF),
the aldehyde-to-olefin conversion in this reaction was sur-
prisingly found to not exceed 50%. Increasing the a-diazo
ester:aldehyde ratio did not improve the yield and resulted in
a larger amount of the carbene dimerization product.
Through control experiments, catalyst inhibition by action
of the aldehyde, phosphine, or olefin product could be ruled
out as a possible cause for this phenomenon. A reduction in
TON was observed, however, upon addition of increasing
amounts of phosphine oxide to the Mb(F43V,V68F)-cata-
lyzed reaction (see Figure S3 in the Supporting Information).
Overcoming the inhibitory effect exerted by the phosphine/
arsine oxide could thus provide a way to further enhance the
efficiency of this Mb-mediated transformation in the future.

In summary, our results show that engineered myoglobins
can provide efficient and selective biocatalysts for the
olefination of aldehydes under mild and neutral reaction
conditions. To our knowledge, this report represents the first
example of a biocatalytic strategy for aldehyde olefination.
Using the most promising Mb-based catalyst identified in this
work, Mb(F43V,V68F), a variety of aryl aldehydes and alkyl
a-diazo acetates could be converted into the corresponding
olefin products with high catalytic efficiency (1,100-
4,900 TON) and very good to excellent E selectivity (94—
99.9% de). The Mb-catalyzed aldehyde olefination reported
here contributes to expand the growing number of syntheti-
cally valuable transformations accessible through catalysis
with engineered and artificial metalloproteins.> ' 131
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Supplementary Figure S1. Crystal structure of wild-type sperm whale myoglobin (pdb
1A6K). Residues targeted for mutagenesis (Figure 1) are highlighted in blue and

displayed as stick models. The heme cofactor is colored in yellow.
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Supplementary Figure S2: Time-course analysis of Mb(F43V,V68F)-catalyzed
formation of ethyl cinnamate (3a) from benzaldehyde (1) in the presence of
triphenylarsine and EDA (2a). Conversion was determined by gas chromatography
using calibration curves with isolated 3a. Reaction conditions: 1 uM Mb(F43V,V68F),
10mM benzaldehyde, 10 mM triphenylarsine, 10 mM EDA, 10 mM dithionite in oxygen-
free phosphate buffer (pH 8.0).
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Supplementary Figure S3: Product inhibition effects inMb(F43V,V68F)-catalyzed
conversion of benzaldehyde (1) to ethyl cinnamate (3a) in the presence of AsPhs and
EDA. The reaction mixtures (1 uM Mb(F43V,V68F), 10 mM benzaldehyde, 10 mM
AsPhs, 10 mM EDA, 10 mM dithionite in oxygen-free phosphate buffer at pH 8.0) were
added with increasing amounts ofethyl cinnamate or phosphine oxide (0-10 mM). TON
values were determined by GC and normalized to TON values in the absence of added

ethyl cinnamate or phosphine oxide.

120%
100% ¢ g
80% %

60%

Rel. activity

40% e added Ph3P=0

20% # ethyl cinnamate
0%

0 2 4 3] 8 10 12
[ethyl cinnamate] or [Ph;P=0] (mM)

S4



Experimental Procedures

Reagents and Analytical Methods. All the chemicals and reagents were purchased
from commercial suppliers (Sigma-Aldrich, Alfa Aesar) and used without any further
purification, unless otherwise stated. All dry reactions were carried out under argon
atmosphere in oven-dried glassware with magnetic stirring using standard gas-tight
syringes, cannulae and septa. 'H and '3C NMR spectra were measured on Bruker DPX-
400 (operating at 400 MHz for 'H and 100 MHz for '3C) or Bruker DPX-500 (operating
at 500 MHz for 'H and 125 MHz for '3C). Tetramethylsilane (TMS) served as the
internal standard (0 ppm) for '"H NMR and CDCIs was used as the internal standard
(77.0 ppm) for '3C NMR. Silica gel chromatography purifications were carried out using
AMD Silica Gel 60 230-400 mesh. Gas chromatography (GC) analyses were carried out
using a Shimadzu GC-2010 gas chromatograph equipped with a FID detector and
aChiral Cyclosil-B column (30 m x 0.25 mm x 0.25 um film). Separation methodfor
calculation of TON and TTN values: 1 pL injection, injector temp.: 200 °C, detector
temp: 300 °C. Gradient: column temperature set at 80 °C for 3 min, then to 160 °C at
2.80 °C/min, then to 165 °C at 1 °C/min, then to 245 °C at 25 °C/min. Total run time was

45.77 min.

Protein expression and purification. Wild-type Mb and the engineered Mb variants
were expressed in E. coli BL21(DE3) cells as described previously (M. Bordeaux, V.
Tyagi, R. Fasan, Angew. Chem. Int. Ed.2015, 54, 1744—1748).Briefly, cells were grown
in TB medium (ampicillin, 100 mg L™") at 37 °C (150 rpm) until ODeoo reached 0.6. Cells
were then induced with 0.25 mM B-D-1-thiogalactopyranoside (IPTG) and 0.3 mM o-

aminolevulinic acid (ALA). After induction, cultures were shaken at 150 rpm and 27 °C
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and harvested after 20 h by centrifugation at 4000 rom at 4 °C. After cell lysis by
sonication, the proteins were purified by Ni-affinity chromatography using the following
buffers: loading buffer (50 mM Kpi, 800 mM NaCl, pH 7.0), wash buffer 1 (50 mM Kbpi,
800 mM NaCl, pH 6.2), wash buffer 2 (50 mM Kpi, 800 mM NaCl, 250 mM glycine, pH
7.0) and elution buffer (50 mM Kpi, 800 mM NaCl, 300 mM L-histidine, pH 7.0). After
buffer exchange (50 mM Kpi, pH 7.0), the proteins were stored at +4 °C. Myoglobin

concentration was determined using an extinction coefficient 410 = 157 mM~" cm™.2

Aldehyde olefination reaction. Initial reactions (Table 1) were carried out at a 400 pL
scale using 20 yM myoglobin, 10 mM benzaldehyde, 10 mM EDA, 10 mM
triphenylphosphine (or trialkyl phosphines, AsPhs, SbPhs, BiPhs) and 10 mM sodium
dithionite. In a typical procedure, a solution containing sodium dithionate (100 mM stock
solution) in potassium phosphate buffer (50 mM, pH 8.0) was degassed by bubbling
argon into the mixture for 4 min in a sealed vial. A buffered solution containing
myoglobin was carefully degassed in a similar manner in a separate vial. The two
solutions were then mixed together via cannula. Reactions were initiated by addition of
10 pL of benzaldehyde (from a 04 M stock solution in DMSO), 10 pL
triphenylphosphine (from a 0.4 M stock solution in DMSO) of followed by the addition of
10uL of EDA (from a 0.4 M stock solution in DMSO) with a syringe, and the reaction
mixture was stirred for 12 h at room temperature, under positive argon pressure. For the
optimization of the benzaldehyde: triphenylarsine:EDA ratio, reactions were performed
according to the general procedure described above, using 20 uyM of protein, 10 mM of
benzaldehyde and variable amounts of triphenylarsine and EDA (5 mM EDA to 20mM

EDA). Optimization of the substrate loading was done in a similar manner, using 20 yM
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Mb, variable quantities of benzaldehyde (from 1 to 40mM final concentration), and
variable quantities of triphenylarsine and EDA (from 1 to 40 mM final concentration),
maintaining an benzaldehyde: triphenylarsine: EDA ratio of 1:1:1 at all times. Enzyme
concentration optimization was carried according to the general procedure along with
varying the enzyme concentration from 20 yM to 1 yM of Mb(F43V V68F)and 10 mM
benzaldehyde (10 pL of 0.4 M stock solution in DMSO), 10 mM triphenylarsine (10 pL of
0.4 M stock solution in DMSO) and 10 mM EDA (10 pL of 0.4 M stock solution in
DMSO). Reactions for TON determination were carried out according to the general
procedure described above using 1 yM Mb(F43V V68F), benzaldehyde (10 uL of 0.4 M
stock solution in DMSO), 10 mM triphenylarsine (10 yL of 0.4 M stock solution in

DMSO) and 10 mM EDA (10 yL of 0.4 M stock solution in DMSO).

Product analysis. The reactions were analyzed by adding 20 pL of internal standard
(benzodioxole, 50 mM in methanol) to the reaction mixture, followed by extraction with
400 pL of dichloromethane and separated organic layer was analyzed by GC-FID (see
Reagents and Analytical Methods section for details on GC analyses). Calibration
curves for quantification of the different aldehyde olefination products were constructed
using authentic standards prepared synthetically as described in Synthetic
Procedures. Benzyl cinnamate (3c) was purchased from Sigma-Aldrich. All
measurements were performed at least in duplicate. For each experiment, negative

control samples containing either no enzyme or no reductant were included.
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Synthetic Procedures:

Synthesis of authentic ethyl cinnamate and tert-butyl cinnamate products
(procedure 1):

To a flame dried round bottom flask under argon, equipped with a stir bar was added
aryl aldehydes (1 equiv.), triphenylphosphine (1.5 equiv.), and Fe(TPP)CI (1.5 mol%) in
toluene (4-5 mL). A solution of EDA or t-BDA (1.5 equiv) in 2-3 mL of toluene was
added dropwise over approximately 5 min. The resulting mixture was stirred at 80°C for
overnight. The solvent was removed under vacuum and the crude mixture was purified
by 9:1 hexanes to diethyl ether using flash chromatography to obtained aryl substituted
ethyl cinnamate or tert-butyl cinnamate products. The identity of the ethyl cinnamate or

tert-butyl cinnamate products was determined using GC-MS, 'H and *C NMR.

Synthesis of authentic standard for aryl substituted cyclohexyl cinnamate
products (procedure 2):

To a flame dried round bottom flask under argon, equipped with a stir bar was added
cinnamic acid (1 equiv.) and the cyclohexanol (1.2 equiv.) in THF (10 mL). After addition
of DCC (1.2 equiv.) and DMAP (catalytic amount), the resulting mixture was stirred at
room temperature until complete disappearance of the starting material. After
evaporation and column chromatography on silica gel in 9:1 hexanes to diethyl ether

using flash chromatography the desired product was obtained.
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Compound Characterization Data:

Ethyl cinnamate (3a)

©/\)k0/\

Following the standard procedure 1, 89% yield, GC-MS m/z (% relative intensity):
176(29.0), 148(15.9), 131(100), 103(48.3); "H NMR (CDCls, 500 MHz): 6 7.70 (d, J = 16
Hz, 1H), 7.51-7.50 (m, 2H), 7.37-7.36 (m, 3H), 6.45 (d, J = 16 Hz, 1H), 4.28 (9, J = 7.0
Hz, 2H), 1.34 (t, J = 7.0 Hz, 3H) ppm, *C NMR (CDClIs, 125 MHz): & 166.9, 144.5,
134.5, 130.2, 128.8, 128.0, 118.3, 60.4, 14.3 ppm.

Cyclohexyl cinnamate (3b)

©/\vokok

Following the standard procedure 1, 72% yield, GC-MS m/z (% relative intensity):
204(7.9), 147(100), 131(65.2), 103(31.8); '"H NMR (CDCls, 500 MHz): 5 7.61 (d, J =16
Hz, 1H), 7.50-7.49 (m, 2H), 7.36-7.35 (m, 3H), 6.39 (d, J = 16 Hz, 1H), 1.54 (s, 9H)
ppm, 3C NMR (CDCls, 125 MHz): & 166.3, 143.5, 134.7, 129.9, 128.8, 127.9, 120.2,
80.4, 28.2 ppm.

Cyclohexyl cinnamate (3d)

@A\ioﬁ)

Following the standard procedure 2, 86% yield, GC-MS m/z (% relative intensity):
230(3.6), 149(37.7), 131(100), 103(38.7); '"H NMR (CDCls, 400 MHz): 5 7.69 (d, J = 16.0
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Hz, 1H), 7.51-7.50 (m, 2H) 7.37-7.35 (m, 3H), 6.45 (d, J = 16 Hz, 1H), 4.92-4.87 (m,
1H), 1.92-1.91 (m, 2H), 1.78-1.75 (m, 2H), 1.58-1.27 (m, 6H) ppm, '*C NMR (CDCls,
100 MHz): & 166.1, 144.0, 134.3, 129.8, 128.6, 127.7, 118.7, 72.4, 31.5, 25.2, 23.6
ppm.

(E)-Cyclohexyl 3-(o-tolyl)acrylate (5b)

ot

Following the standard procedure 2, 68% yield, GC-MS m/z (% relative intensity):
244(5.7), 162(28.1), 145(100), 116(68.4); '"H NMR (CDCls, 400 MHz): 5 7.98 (d, J = 16
Hz 1H), 7.55 (d, J = 7.5 Hz, 1H), 7.26-7.17 (m, 3H), 6.37 (d, J = 16 Hz, 1H), 4.92-4.88
(m, 1H), 2.43 (s, 3H), 1.92-1.76 (m, 2H), 1.58-1.55 (m, 2H), 1.54-1.31 (m, 6H) ppm, '*C
NMR (CDCls, 100 MHz): & 166.5, 141.9, 137.5, 133.5, 130.7, 129.8, 126.4, 126.3,
119.9, 72.6, 31.7, 25.5, 23.8, 19.7 ppm.

(E)-Cyclohexyl 3-(4-methyl-phenyl)acrylate (6b)

)@N‘KQ

Following the standard procedure 2, 70% yield, GC-MS m/z (% relative intensity):
246(13.0), 164(100), 147(69.4), 120(18.4); '"H NMR (CDCls, 400 MHz): & 7.66 (d, J =
15.6 Hz, 1H), 7.42 (d, J = 6.0 Hz, 2H), 7.18 (d, J = 5.6 Hz, 2H), 6.40 (d, J = 15.6 Hz,
1H), 4.89-4.88 (m, 1H), 2.36 (s, 3H), 2.00 (m, 2H), 1.90 (m, 2H), 1.58-1.26 (m, 6H) ppm,
13C NMR (CDCls, 100 MHz): & 166.4, 144.0, 140.2, 131.6, 129.3, 127.7, 117.6, 72.4,
31.5,25.2, 23.6, 21.2 ppm.
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(E)-Cyclohexyl 3-(4-methoxy-phenyl)acrylate (7b)

8
/©/ka
MeO

Following the standard procedure 2, 71% yield, GC-MS m/z (% relative intensity):
260(25.4), 178(100), 161(74.8), 134(42.8); '"H NMR (CDClz, 400 MHz): 5 7.64 (d, J = 16
Hz, 1H), 7.48 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 6.32 (d, J = 16 Hz, 1H), 4.90-
4.84 (m, 1H), 3.82 (s, 3H), 1.91-1.90 (m, 2H), 1.78-1.75 (m, 2H), 1.58-1.27 (m, 6H)
ppm, *C NMR (CDCls, 100 MHz): & 166.5, 161.0, 143.6, 129.4, 127.1, 116.2, 114.0,
72.2,55.1, 31.5, 25.2, 23.6 ppm.

(E)-Cyclohexyl 3-(4-fluoro-phenyl)acrylate (8b)

@A\ioﬁ)

Following the standard procedure 2, 62% yield, GC-MS m/z (% relative intensity):
248(3.1), 166(61.9), 149(100), 28.8(121), 101(30.5); 'H NMR (CDCls, 400 MHz): & 7.64
(d, J =16 Hz, 1H), 7.51-7.48 (m, 2H), 7.08-7.04 (m, 2H), 6.37 (d, J = 16 Hz, 1H), 4.89-
4.86 (m, 1H), 1.91-1.89 (m, 2H), 1.76-1.75 (m, 2H), 1.57-1.25 (m, 6H) ppm, *C NMR
(CDCls, 100 MHz): & 166.0, 142.7, 130.6, 129.6, 129.5, 118.4, 115.8, 115.6, 72.5, 31.5,
25.2, 23.6 ppm.

(E)-Cyclohexyl 3-(4-chloro-phenyl)acrylate (9b)

@Nﬁoﬁ)

Following the standard procedure 2, 76% yield, GC-MS m/z (% relative intensity):
264(5.7), 182(86.8), 165(100), 137(33.1), 102(42.0); '"H NMR (CDCls, 400 MHz): & 7.62
(d, J =16 Hz, 1H), 7.46 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 7.6 Hz, 2H), 6.42 (d, J = 16 Hz,
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1H), 4.90-4.86 (m, 1H), 1.91-1.90 (m, 2H), 1.78-1.75 (m, 2H), 1.56-1.25 (m, 6H) ppm,
13C NMR (CDCls, 100 MHz): & 165.9, 142.5, 135.7, 132.8, 129.0, 128.9, 119.2, 72.7,
31.5, 25.2, 23.6 ppm.

(E)-Cyclohexyl 3-(4-bromo-phenyl)acrylate (10b)

woﬁ

Following the standard procedure 2, 82% yield, GC-MS m/z (% relative intensity):
308(4.1), 226(73.1), 209(59.5), 102(100); '"H NMR (CDCls, 400 MHz): 5 7.61(d, J = 16
Hz, 1H), 7.51 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 Hz, 2H), 6.43 (d, J = 16 Hz, 1H), 4.90-
4.85 (m, 1H), 1.91-1.90 (m, 2H), 1.78-1.75 (m, 2H), 1.60-1.25 (m, 6H) ppm, '*C NMR
(CDCls, 100 MHz): 6 165.9, 142.6, 133.2, 131.8, 129.1, 124.1, 119.4, 72.6, 31.5, 25.2,
23.5 ppm.

(E)-Cyclohexyl 3-(4-(trifluoromethyl)phenyl)acrylate (11b)

. )
/©/\)J\O
FsC

Following the standard procedure 2, 72% yield, GC-MS m/z (% relative
intensity):217(73.8), 199(100), 171(30.4), 151(45.7);"H NMR (CDCls, 400 MHz): & 7.69-
7.63 (m, 5H), 6.52 (d, J = 16 Hz, 1H), 4.90 (m, 1H), 1.91 (m, 2H), 1.76 (m, 2H), 1.58-
1.25 (m, 6H) ppm, ®C NMR (CDCIz, 100 MHz): & 165.6, 142.1, 137.7, 127.8, 125.5,
121.3,72.9, 31.5, 25.1, 23.5 ppm.
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(E)-Cyclohexyl 3-(4-nitro-phenyl)acrylate (12b)

e
WO
O,N

Following the standard procedure 2, 55% yield, GC-MS m/z (% relative intensity):
194(85.8), 176(100), 130(37.9), 102(44.1); '"H NMR (CDCls, 400 MHz): 5 8.24 (d, J=7.2
Hz, 2H), 7.70-7.65 (m, 3H), 6.57 (d, J = 16 Hz, 1H), 4.91-4.90 (m, 1H), 1.90 (m, 2H),
1.75 (m, 2H), 1.58-1.25 (m, 6H) ppm, *C NMR (CDCls, 100 MHz): & 165.2, 148.2
141.0, 140.5, 128.3, 123.9, 123.0, 73.1, 31.4, 25.1, 23.5 ppm.

(E)-Cyclohexyl 3-(4-(dimethylamino)-phenyl)acrylate (13b)

@(JLOQ

Following the standard procedure 2, 62% yield, GC-MS m/z (% relative
intensity):273(54.9), 191(100), 174(34.2), 147(49.9); "H NMR (CDCls, 400 MHz): 5 7.62
(d, J =15.6 Hz, 1H), 7.42 (d, J = 8.8 Hz, 2H), 6.66 (d, J = 8.4 Hz, 2H), 6.23 (d, J = 15.6
Hz, 1H), 4.89-4.84 (m, 1H), 2.99 (s, 6H), 1.92-1.91 (m, 2H), 1.78-1.76 (m, 2H), 1.58-
1.26 (m, 6H) ppm, *C NMR (CDClz, 100 MHz): & 167.1, 151.4, 144.6, 129.4, 122.1,
112.9, 111.5, 71.9, 39.9, 31.6, 25.2, 23.7 ppm.

(E)-Cyclohexyl 3-(2,5-dimethylphenyl)acrylate (14b)
2 0
o

Following the standard procedure 2, 60% yield, GC-MS m/z (% relative intensity):
258(17.6), 176(52.8), 159(100), 130(94.9), 115(44.6);'H NMR (CDCl3, 400 MHz): 5 7.96
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(d, J = 16 Hz, 1H), 7.35 (s, 1H), 7.05 (s, 2H), 6.37 (d, J = 15.6 Hz, 1H), 4.94-4.87 (m,
1H), 2.37 (s, 3H), 2.30 (s, 3H), 1.93-1.91 (m, 2H), 1.79-1.76 (m, 2H), 1.58-1.27 (m, 6H)
ppm, 3C NMR (CDCls, 100 MHz): & 166.2, 141.9, 141.8, 135.3, 134.3, 132.9, 130.5,
130.4, 126.6, 119.2, 72.3, 31.5, 25.3, 23.6 ppm.

(E)-Ethyl 3-(naphthalen-2-yl)acrylate (15b)

o

Following the standard procedure 2, 82% yield, GC-MS m/z (% relative intensity):
226(73.3), 198(14.7), 181(100), 152(92.5); '"H NMR (CDCl3, 500 MHz): & 7.85-7.75 (m,
4H), 7.61 (d, J = 8.5 Hz, 1H), 7.49-7.45 (m, 2H), 6.55 (d, J = 16 Hz, 1H),4.33 (q, J=7.0
Hz, 2H), 1.38 (t, J = 7.0 Hz, 3H) ppm, *C NMR (CDCl3, 125 MHz): d 167.0, 144.6,
134.2, 133.3, 131.9, 129.9, 128.6, 128.5, 127.8, 127.2, 126.7, 123.5, 118.4, 60.5, 14.4

ppm.

(E)-Ethyl 3-(thiophen-2-yl)acrylate (16b)

Following the standard procedure 2, 75% yield, GC-MS m/z (% relative intensity):
182(35.4), 154(11.5), 137(100), 109(40.1);"H NMR (CDCl3, 500 MHz): & 7.76 (d, J =
15.5 Hz, 1H), 7.32 (d, J = 4.5 Hz, 1H), 7.20 (d, J = 3.0 Hz, 1H), 7.01-6.99 (m, 1H), 6.22
(d, J = 15.5 Hz, 1H), 4.23 (q, J = 7.0 Hz, 2H), 1.30 (t, J = 7.5 Hz, 3H) ppm, *C NMR
(CDCls, 125 MHz): 6 166.7, 139.5, 136.9, 130.8, 128.3, 128.0, 117.0, 60.4, 14.3 ppm.
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(E)-Ethyl 4-phenylbut-2-enoate (17b)

QPP
NN O/\

Following the standard procedure, % yield (67), GC-MS m/z (% relative intensity):
190(40.8), 145(39.0), 127(18.7), 117(100);"H NMR (CDCls, 500 MHz): & 7.33(t, J = 7.0
Hz, 2H), 7.26(t, J =7.5 Hz, 1H), 7.19 (d, J = 7.5 Hz, 2H), 7.14-7.08 (m, 1H), 5.84 (d, J =
15.5 Hz, 1H), 4.21(q, J = 7.0Hz, 2H), 3.53 (d, J = 6.5 Hz, 2H), 1.29 (t, J = 7.0 Hz, 3H)
ppm, *C NMR (CDCls, 125 MHz): d 166.4, 147.3, 137.7, 128.8, 128.7, 126.6, 122.4,
60.2, 38.4, 14.3 ppm.
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H and 3C NMR spectra:
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