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Enzymes 101:

“Enzymes are proteins (usually) that catalyze
chemical reactions

=Cells need enzymes in order to perform PROTEIN STRUCTURE
necessary metabolic reactions at rates fast Stafividiio stbporend
enough for life to be maintained position active site

=Reactions occur at the active site, where amino
acid residues can bind the substrate and catalysis
can occur

= In some cases, the enzyme instead will bind a ACTIVE SITE
cofactor that serves as the actual catalyst

=Reactions and substrates are generally very
specific
= Due to steric and electronic factors in the active site

http://en.wikipedia.org/wiki/Enzyme



Lock and Key Model

*"Most basic model of specificity posited by Emil Fisher in 1894
Substrate

Enzyme-substrate complex



Induced Fit Model

“Enzyme is flexible and substrate helps determine the actual shape
Substrate

Enzyme-substrate complex



What Can Enzymes Do For Us?

*Do the work for us!

=Get highly chemo-, regio-, diastereo-, and enantioselective reactions
=Very mild conditions (neutral, aqueous) and protecting group, chiral auxillary, etc free!

*Non-enzymatic methods can be costly, tedious, or may still be underdeveloped
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Wu, Y. Angew. Chem., Int. Ed. ASAP.



How To Control Enzymes?

"Enzymes in nature generally have one set of substrates and one set of product(s)

*How can we harness them for general reactivity for synthetic purposes?
= Screen substrates for promiscuous activity in the enzyme ( Maybe unnatural ones can fit)

= Donor specific

= Acceptor specific
= Mutate enzyme (Change amino acids to allow for your substrate)

= Directed evolution




Lyases

=A subclass of enzyme that catalyze bond construction or cleavage through mechanisms other
than hydrolysis or redox reactions

“C-C, C-N, C-O or C-S bonds may be cleaved, but we will focus on C-C bonds

=“Unique from other enzymes in that they require one substrate for the reaction in the forward
direction, but two for the reverse reaction

OH O 0
. P< deoxyribose-phosphate aldolase PN _P
OH OH
2-deoxy-D-ribose 5-phosphate acetaldehyde D-glyceraldehyde 3-phosphate



Enzymatic Aldol Reactions

=Critical reaction not just for organic synthesis, but from a metabolic standpoint
= The most important biochemical process for the production of naturally occurring carbohydrates

= Also found naturally in the biosynthetic pathways of keto acids and amino acids

=QOver 40 naturally occurring aldolases known
= Most catalyze the stereoselective aldol addition of a ketone to an aldehyde
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fructose 1,6-bisphosphate 3-phosphate (GAP)  phosphate (DHAP) Seoane, G. A. Chem. Rev. 2011,

111, 4346-4403.



Type | Aldolase Mechanism

=Key Feature: Schiff-base Intermediate

b4
Enz Enz " _,EI'I.Z
R X — X
He Hs N Rjﬁ R R
Hz0 Hr Rs Hr R “OH
Donor Enz-B:
X =H, OH, NH,

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Type |l Aldolase Mechanism

=Key Feature: Has a Zn?* cofactor in the active site

Enz-COOH X
Enz-CDD R: /4 ’E?e .
\\._.,HRI' L= His E—— c%\ Hs ,Z‘ - HIS
H D-"' ll-l-\-.._L )
H I'-I|3 His —&7 r ¥ |!| ':“5 e
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Donor H HIE l
X = H, OH, OPO;* X
R'>_§:q
* .- His
HO O ﬂz:n‘“ His
H His

Seoane, G. A. Chem. Rev. 2011, 111,
4346-4403.



4 Functional Main Groups of Aldolases

=Based on donor (Acceptor is generic aldehyde)

Donor Acceptor Product
0 0 OH O
mm) o A_or Y A or,
DHA(P) OH

O OPO,*

0
)J\CDEH > /’\GDEH RJ\H RM{IDEH

Pyruvate or phosphoenolpyruvate
[e)

j\ OH O
)J\H R "H FE/I*\/U\H

acetaldehyde

o] OH O
HAN_COOH Ji b
alvcine R” “H R OH
NH,

R;:PO;~ or H *: new chiral carbon atom Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403,



DHAP Dependent Aldolases

Natural acceptor

Enzyme

Product

O  OH
" - i
OPOS? Fructose 1,6-biphosphate (FBP) EOEFDJ\/Y\OPﬂgg'
CH aldolase (FruA, EC 4.1.2.13) OH OH
o-glyceraldehyde 3-phosphate (G3F) D-fructose 1,6-biphosphate (FBP)
0 O OH
HJK_/ L-Fuculose I-phosphate (Fuc 1-P) E'DSPD\)H/’\/
OH aldolase (FucA, EC 4.1.2.17) OH OH
(S)-lactaldehyde L-fuculose 1-phosphate (Fuc 1-P)
o O OH
N L-Rhamnulose 1-phosphate (Rha E'DJPOJ\])\/
OH I-P) aldolase (RhuA, EC 4.1.2.19) OH OH
(S)-lactaldenyde L-rhamnulose 1-phosphate (Rha 1-P)
O  OH

8]
H)‘\(\DF'DE.E'
CH

o-glyceraldehyde 3-phosphate (G3P)

Tagatose 1.6-diphosphate (TDP)
aldolase (TagA., EC 4.1.2.40)

2-0,P0

Bk

OPO5%
OH OH

D-tagatose 1,6-diphosphate (TDP)

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



DHAP-Dependent Aldolase
Stereochemical Complementarity

O OH

204p0. M3 5 Q OH
3 2 2-
R QPO Noros
o) OH OH
tagat: 1,6-diph t
p-fructose 1,6-diphosphate «°Qv' PERGHIDeE 1,6 diphosghets
38, 4R 38,48
Ry “
7 ) J
T 3R, 4R G OH
O OH 3R, 48 : 20,P0 3
2-03PO 3 OH 3 4 2
472 (S)-lactaldehyde & b1
OH OH

L-fuculose 1-phosphate
L-rhamnulose 1-phosphate Phosph

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Origin of Stereospecificity
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111, 4346-4403.

X = negatively charged group
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DHAP is the Worst
H'i7E Z][GH 4"”3 Etojlioj[ ;:Da- Haz:s °c

_ o
Dihydroxyacetone dimer
o 5 steps !
OH
of T ?
Ho— © MeQ_ OMe H* H,0 Ho._J_oros*
HD\X/DPUE,E' - DHAP
OH 13 - 48% 73-95%

3-Chloro-1,2-propanediol

/ OBn 2 steps O
Hs: Pd/C
eno._J__opPo(oBn), 2

(0] quantitative
Benzylglycidol 74% Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.




DHAP is the Worst

0 kinases + ATP
or Acid phosphatase + PP,
Ho. _JL_oH
DHA l
. ' | o
Glycerol kinase + ATP HO OPOs%  Glvcerol phosphate oxida
HG\A/DH ¥ I ycerol phosphate oxi S'E-_ HD\/l‘k/DPOaz'
Glycerol L-Glycerol 3-phosphate o i
'6%,9&@ 112 0, Ha05
Pk~ Po ->@“ﬁ“/

H,0

H
Glycerol phosphate oxidase
Ha\i,opof- pH 7

OH
MNasHPO
\ & — rac-Glycerol 3-phosphate N\

o] 1/2 Dz HZDE

Glycidol }&ﬂi@/

Hp0

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Specificity of Donor

*Only a few analogs of DHAP are substrates and activity drops to ~10% of DHAP
o}

(o]

Ho\‘)\rX\POQ.Z_ HO\)K/ “P032_
CHa

X=08 Y=NH, S

0
Ho._l__opPo,>
DHAP
0 OH 0
no Lo Ho A ~poy?

*Changing the counterion can be tolerated in some cases, however

0 0
Ho._J_ oH 7—~ Ho Jl_ox  x=Aso;
DHA b

VOE
aldolase
ketose L ketose ester:

B(OH)4
aldehyde (OF)s
H,0 arsenate, vanadate or borate

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Fructose 6-Phosphate Aldolase (FSA)

= New aldolase isolated from E. coli that directly uses DHA as the donor substrate

o 0 O OH
FSA '
HD\)'K/GH + HJ\I/\GP{}gE' S HD\_)\E/\I/\DPGE_
OH OH OH
DHA D-G3P p-F6P

=Can also use monohydroxy acetone and 1-hydroxyl-2-butanone as donors with no loss in

activity
O O
HO\)J\ HO\)J\/
monohydroxyacetone 1-hydroxy-2-butanone

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



4 Functional Main Groups of Aldolases

=Based on donor (Acceptor is generic aldehyde)

Donor Acceptor Product
0 j’\ OH O
R *
DHA(P) OH
0O OPO, ] OH O
or
‘ )J\CDEH /’\GDEH RJ\H RM{IDEH
Pyruvate or phosphoenolpyruvate
O j}\ OH O
) o oy
acetaldehyde
HoN._ _COOH i Y
2N~ - *
NH-
Ry:PO;" or H ™ new chiral carbon atom Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Pyruvate-Dependent Aldolases

Natural acceptor Enzyme Product
O OH OH O  OH OH OH
TN ~-CH N-Acetylneuramicic (NeuAc) .00C ~ ~-OH
AcHN  OH aldolase (NeuA, EC 4.1.3.3) AcHN  OH
N-acetyl mannosamine N-Acetyl neuraminic acid (NeuAc)
O OH O OH OH
: 3-Deoxy-D-manno- T I
HT OH -00C : OH
G A octulosonate (KDO) aldolase G &
p-arabinose (EC 4.1 223) 3—Deow—n—mgnnngatuluscnate (KDO)
JDY\ 2-Keto-3-deoxy-6- : )
N ) :
A phosphogluconate (KDPG) ooc 5 OF0s

o-glyceraldehyde 3-phosphate (G3F)

aldolase (EC 4.1.2.14)

o]

H JY\DPD]Z-

OH

o-glyceraldehyde 3-phosphate (G3P)

phosphogalactonate (KDPGal)

2-Ketﬂ-}dwxybﬁnphosphuglumnate (KDPG)
H
2-Keto-3-deoxy-6-
-00C OPO,*
OH
2-Keto-3-deoxy-6-phosphogalactonate (KDPGal)

aldolase (EC 4.1.2.21)

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Acetaldehyde-Dependent Aldolases

=2-deoxyribose-5-phosphate aldolase (DERA) is the only one that is known

=Rare, because both donor and acceptor are aldehydes- can thus do sequential aldols

OPOz* 0 20,P0 OH
DERA 3 OH O
L_cHO N, ——— \\/l\)l\H — HD@F
= = D

OH OH

D-G3P p-2-deoxyribose-5-phosphate

8] @] O DERA OH OH ©O QO
Ao X A= R, =\
OH

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Glycine-Dependent Aldolases

Natural acceptor Enzyme Product
o)
0 Serine J o~
H’lL‘H hydroxymethyltransferase HO SH on
2
formaldehyde (SHMT) (EC 2.1.2.1) Serine
O OH
/J?\ L-Threonine (Thr) aldolase HO 5 ;-q
scetaldenyde (ThrA, EC 4.1.2.5) NH,
L-Threonine
O OH
j\ D-Threonine (Thr) aldolase Ho &3
scetaldenyde (ThrA, EC 4.1.2.42) NH;
D-Threonine
5 O OH
A L-allo-Threonine (Thr) HDJ\&:/!S\
acetaldehyde aldolase (ThrA, EC 4.1.2.6) NH;
- L_a”ﬂ_DThrEglll-lnE
P D-allo-Threonine (Thr) Ho B2
mmm;?de aldolase (ThrA) NH;

D-allo-Threoning

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Monosaccharide Synthesis

o H G/YCHD
B(OH)4 OH

—_— o
OH OH OH oéé,o-
OH

—-—

RhuA

OH OH

0. #—OH o oH
S OH M~ oef

HO OH HO 0—B-OH
92%, gram scale | OH _

RCHz.__CHO 1. FruA, DHAP

OH 2. Phosphatase
R=H, F, N5

R
ﬁDH Glucose o ﬂ«
OH HO OH
isomerase OH

D-glucose derivative

RYCHG 1. FucA, DHAP
OH 2. Phosphatase\
(D.L)- D-isomer

R= Me, ethyl, vinyl, ethinyl

S isomerase
HO OH

R“‘(Dj:_DH L-Fucose RMDH
OH =~ OH
: DUH

L-fucose derivative

CHO 1. RhuA, DHAP

OH 2. F'hcsphatase\\

(O.L)-

D-isomer
i, O OH | _Rhamnose 0 OH
\ o = HO
isomerase OH OH

HO OH L-rhamnose derivative

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Deoxysugar Synthesis

dSPOH ﬁclg{fSCHgPh DHME
0 0.
DH Hl\ cHo "SA on

o 1—dec~x}.r D-xylulose OH OH HO  OH

HJ\/DH oH

0 HO__ J
OH FSA
LR e o o)
4 OH
nmrec?s: sa% 11O 6 on
0 D’j
| AN cen O OH
CHO _CHO
1) NaBH, Y i =/
0O OH O 2)H0" o\ O OH  OH HO  YoH
204pS H Hma L-lactaldehyde 99%
- 07 3)Hy/Ni 5 OH
OH 4) HCI p-olivose

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Deoxysugar Synthesis

N 0
DERA 3 H., Pd/C
CHO O DERA oH Haz
eI X)’ S o

OH d
N3 0
o  DERA
N MO - g p~OH
: H
OH HO CHs
SRS WS NN § J JEN
H H H — A e - OH

OH 7

O OH O 0 HO OH
DERA DERA H OH O
\)LH \/s',\/u\H o O H © -

)DLH )LH >99,9% ee BE__CI

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Iminosugar Synthesis

H H OH Glucose OH
HD/\E/CHD 1. Fuch, DH‘“'? o N OH N \/g\ 1. RAMA, DHAP OH OH OH  merase 3
N 3 CHO - KI\/Y WOH
3 2. Phosphatase :
2. Phosphatase
48% 24% overall N3 H
OH 1. FruA, DHAP 1. RhuA, DHAP HO
NH 2. Phosphatase 2. Phosphatase HN
HO QH
HO :-_'-. H,, Pd/C 3. Hy, Pd/IC N oH
HO . HO
13, 1-deoxynojirimycin ent-13
1.RhuA, DHAP | CHO 1. FruA, DHAP
HS'D 2. Phosphatase OH 2. Phosphatase ?'g
(S)-12 CHO 14, 1-d |
ent-14 1 , 1-deoxymanngjirimycin
1. FucA, DHAP HO 1. FucA, DHAP

HO _.OH 2. Phosphatase N3 2. Phosphatase HO _OH

g ;N H 3. Hy, Pd/C (R)-12 3. Hy, PA/C &HDI

HO -
HO

1-deoxygalactonojirimycin Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Iminosugar Synthesis

1. RhuA, borate
HO \)J\/QH + aldehyde = Iminocyclitol
2. Hy, PdiC
N
ey
HO !
CHO Lj
N o
Y HO ‘OH
OH
DH
L- deoxymannojlnmycln
NavGHD

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.

., N
HO™ j 7

H
..a-'""'a.
“OH

DH
1, wp

H
HO™ E 1™ “NHAC
Ho oH

2

H H, OH
C%CHD 1. RhuA, DHAP :
N‘*Cbz 2. Phosphatase N
3. Hy, Pd/IC —DH
e (S)-16, 80 (hyacinthacine Ay) :
(Ry-16 (R)-16, 45 - 55
OH OH O
NN OH
OH © OHCHN  OH
A 1 Frua DHAP 04
OHCHN 2. Phosphatase OH
2 OH
OH
NHCHO
HQ OH
NaCNBH; /7
|||DH
OH
one 0 or ] 17, australine OH
OH HO . OH
OH > H
OHCHN Hy, PdIC C@
— = N |||OH

J-epiaustraline

-

—OH



Iminosugar Synthesis

H
1. FSA N .
0 1. FSA Ny _CHO + - . "R
aldehyde + HD\)J\/DH iminocyclitol I HG\)J\/ 2. Hy POXOHIC A
2. Hy; PdIC 2, ¥ HO  ©OH
H R = OH, 73% overall
o H, 72% overall
CbzHN._-CHO H ( OH Me, 83% overall
HO  OH
dideoxy-imino-n-arabinitol CHO cno FSA HO, OH
Cbz-HN™ ' — - HO \
N o OH E':,_, H& N-Cbz
szN’ﬂ““"'GHD l/\l\
H H
18, fagomine OH H N
DH 2, ’J/\l
) Pd/C HO™ ™~ “OH
CHO B
ooz ,E/\L L/\L OH
OH
DH OH
49% OH OH  OH
1-deoxynojirimycin A {(,‘L:IH }I%LII-? ?“i ito HD/%I&M m' o
22 9 HO OH O CbzHN COzH HO N~
PN HO OH : _OH
1 COOH  67% 3-(hydroxymethyl)-6-epicastanospermine
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403. ydroxy y P P



Higher Carbon Sugars and Analogs

OH
HO DHO 3 enzymes MO OMe
HD&Q;@fDME — HO. OH 1.0g
OH H : 2. DHAP, FruA
OPO;= OH 28 -
OH N L\._h 3. Phosphatase
~Ho. =
OH 1. DHAP, FruA HO ~on
2 Phosphatase o O H Y OH
OH oM I I
R,
"o 1.0 O._-CHO
EI DlE:lAF' FruA HO DACHD 1, 30a
HDI”Q—DH I ' - | I 1. DHAP, RAFI.!:A
3. Phosphatase
(R.S) i oo | osphatase oL_cHO
meso-29 I I

HO OH 1.0 OH

3 2. DHAP, FruA ,&
S HO R

1
3. Phosphatase OH R »
H Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.

(R.S)

OH




Higher Carbon Sugars and Analogs

“Prepared using DHAP aldolases

OH
OH OPOL
Fﬂcamj o Ve 075
DI—PH 24 GI—PH

1'_::}I_| 23
Me OH OH /=N
Me 8] el NH
OPO4% OH OH HM N, | ’
OH OH Me OH 2N
24 25 26 OH 27

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Carbocycle Synthesis

O CHO [ o C OH OPO,” RO OH
(EtO),P - (EtO),P - —
cN o AR CN OH O NC “OH
44 45 Phosphatase (.. R=POs
46 R=H
+—OH
N02 H H-::L, NH,

HO\E\ NO, 1. RAMA, DHAP

CHO 2. Phosphatase
pH 3.9

.!, Ptoz "'i

- - 50% 5%

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Amino Alcohol/Acid Synthesis
JOME— /©’\’ ¥ /@r\’

1
O
ent-thiamphenicol

CO,H HO, OH
D/v\]/ . b‘

0 -
LA )Y 2 ae N OO

3 |'|3II'IE
/\VD gly /\/I\rCDzH HO.  OH
L= .
N TCOH = = OH .

l : NCbz 1. EtsSiH NH

jﬁ/cm} L TheA MCDEH_.ACD’% _..HGI%
[ +
Q 2.H OH

o

O  NHy
50 N
ci o)
)YD glycine ,BYD NH. OAc  OH
protected iminodigitoxose imino-deoxydigitoxos:
OH o

OH
K\/GHD L-ThrA HEN\?\/\/DBH HEN\S('\/\#\/U\_/
— HOH,C
OH2C COH mycestericin D

glycine CO,H

OBn
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403. 15 min, 18% syn.anti, 9.1




DHAP-Dependent Aldolases in Natural
Product Synthesis

OH O D'_"';,, OH
(\GHD 1. FruA, DHAP 0 ’!‘/\‘/\j“‘UH
o p— ' {—— e __ .

OBn 2. Phosphatase OH OH BnO AcO "OPG C;DT(S:& “OH
(1997) OBn 10% overall Me O

MeQ  OBn

(+)-aspicillin
OH OH OH OH OH OH

’fr/\/\/I\GEH-I :
! O D

MeO  OBn

1. FruA, DHAP  HO,,

OH _--

OHC™ "OMe Phosphatase |, 0 = R
(1993) HO S Me

OH Me pentamycin OH

OH O
CHO = 9] 0]
FmA, DHAP DPDS 1. FhﬂEphﬂtﬂSE Me ljkl Me u
OH o 0
2. H* HO -
O 0 62 (+)-exo-brevicomin
(1990) Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



DHAP-Dependent Aldolases in Natural
Product Synthesis

OH ©
Q _Me(CHy)gr:
1. FruA, DHAP HO,,, OH H 0
PGO™ ™ CHO . ,il/\’ — s
2. Phosphatase OPG : 0
(2000) o HUN
synngullclez
rn':.Hcar 1. RAMA, DHAP ;\Hl/?l\,OH ) Protection iDEC
|
Cc 2. Phosphatase ol OH 2) Allylation F—‘ \
(1993) H TBES Sphyd rofuran
OH :
0 CHO, rhua, DHAP O
C OH (
0 CHO 2. Phosphatase O
(2003)
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403. pancratistatin analogs



Pyruvate-Dependent Aldolases in Natural
Product Synthesis

OH
OH )
W ‘s, {:]W\l/\/'\l/\l,‘“ OH I;.DH
NHAC \
——. H H OH H OH’ O,
0 , @ OH O O DFI, O, COH
RN N P P P
§
amphotericin B O-sugar
0,C__0O NH3 0,C.. .NH = O! COzH
N pyruvate = e z | P . o. Base
I = o I 3 1\‘ " | 3 N = :r-N
N~ ~cHO KDPG NT PheDH, NS OH NH» H
aldolase OH NAD cycling OH HO S
> 99.7% ee 37 Nikkomycins K H

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



DERA Catalysis in Natural Product
Synthesis

o OH _0._0
= (77 L
HO/\‘)L MeCHO o x

48% ssUH 53% | OH

epothilone A O OH O ﬂ
| S
HO O, ot
\)LH DERA “‘(_z —_— . " ,}—_
= MeCHO
HO 40, 66 OF 429 OAc

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.




DERA Catalysis in the Pharmaceutical
Industry

OH OH O HO OH

8 " H -
> 999% ee z
)J\H )LH o —c| 8
Bro, HQO
pH 5
HO O
a} DERA 5238D HO, 8]
oo : 10
= 9]
b) Bra, BaCO4 N3~ 68 NaCMN :
35% ’ DMF—H;_"CV —Cl
l p-TsOH
COH OH © O
R [ OH O
69 0 :“CI
R-H,
base cat.

R o
194

atorvastatin compactin

. 71 —cCl
R-H=C-, S and
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403. N-nucleophiles



Acyloin Condensation

*Traditional acyloin condensation

j\ 4Na NaO R HO O R
5 - - > (
R* OMe R ONa R OH

Q Q BAL Q
ﬁl‘)l\rAr + )LH — A
OH OH
BAL ‘ BAL
0 O 0
2
ﬁr)LH T )I\H

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



ThDP-Dependent Lyase Mechanism

Ra
\N@ \L
ol

j’\ ThDP (Ylide form)

RI H \
R2
Donor aldehyde G /”\r
'/"'\ HeA H=A -""\1 1

R3 ®
st Hwi
I:"‘1>\T-I“LS a
A / l H-A J|L
Acceptur aldehyde

F@N@
HO, == HO
=
Ry
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.




PDC Catalysis Mechanism

o ]
Hs;C 0 H HiC
3 ) N (6 \' 'Rl
Ri OH
co,
HsC H,C

> SR
H’J\\o R_%:IT
ST e
H
5 R OH
R‘%\{T OH = R,
S R, —™ 2
ré 2 (o]
Ry O

(R)-PAC: Ry = Me, R, = Ph
Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Chiral Acyloin Applications

* o Rz NHz
R, RO
R D> OH Ry
/ OH
Re NH; )
R+ 2
OH

MNH2
« R
NH-
« R
R1 * 2
NH,

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.

First performed in the 1920’s!
o Pyruvate decarboxylase

CHO 2+
TPP, Mg
(o N
OH

OH MeNH,
R z
[::]fljgf' HalPt [::]”1“;;;9

CO,

(R)-PAC (-)-ephedrine
O OH "
- #ji‘ PDC .2
H —_—
b T
D
CHO o HO
X 0 PDC from X
* -
Y OH S. cerevisiae v
< z
Aromatic aldehyde L-Arylacety| carbinol



Kinetic Resolution with Benzaldehyde
Lyase

0
0 BAL, buffer / DMSO 0 0 o
g CH3CHO @JY H/”\H
) Y OH
G OH Conversion > 95% OH EiEE—tgfL_ %o ©)‘\/
R

(R)-benzoin (R)-2-HPP
ee > 99%

R =H. p-Me, o, m, p-MeQ, m-Br,
o, p-Cl, p-OH, o-furanyl

O

o 0 @kﬁ'“
A a3
OH BAL

0 BAL, buffer / DMSO
CHZCHO
OH

C Conversion > 49% * E

rac-benzoin @)\I/ R
2 HP: " 38-42%, 93-98% ee
{eRe}_ > -99% R =H, p-Cl, 0, p-MeO, p-Me, o-furanyl

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Cyanohydrin Formation

*Hydroxynitrile lyases (HNLs) cleave cyanohydrins in vivo but can be used in synthesis due to their
reversible nature

=Reversibility allows for enantioselective condensation of HCN with aldehydes or ketones to give
(R) or (S)-a-hydroxyl nitriles

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Uses of Cyanohydrins in Nature

CHEDH CN HQOH HO H
|.|.'l'IH CN
OH

OH (R)-mandelonitrile

HNL or spontaneous

f-cyanoalanine

CN synthetase O
- +
-cyanoalanine /[ H
hydrolase COOH
f-cyanoalanine
,[CONHz HEN/[CDDH
H,N~ ~COOH L-cysteine PLANT
L-asparagine DEFENSE

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Hb-HNL Catalysis Directed for
Cyanohydrin Cleavage

) His
Pao7 b""‘H"'—-N\-‘_M__ H’.__‘ 3 qz H|5235 Ser Thr
= - i = Pt 11
— ' Asp; o =
O 07 N O
H - ---H—N @ s 0O
( l|IL P -H Thr1 1 BNQH(;' \\H\ _,Hf
: 0’
o Nl g cl AN
L}fﬁggawﬁwHa ) o P I N .--IEI
Y823~ NH.
3
HCN
=C
ot |
H S |52 S Th
15235 er er r
% (7 ASPED?’{(‘? = v b
I e D D_ — _H —_— N R D
AP NN ! =N He W
=N . H T
H Ho {5 iD
® .*”{5\ ? Q LyS 236N, T /I\
L_'VﬁggﬁvﬂNH H Thr‘l 1 )l\ 3

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Do We Need to Use HCN?

=Reaction parameters must be considered

* HNL (crude, absorbed, overexpressed)

* donor of nitrile (HCN, KCN, transhydrocyanation) OH
0 * Buffer pH range (4-6) |
)’L " R'r}c“‘cm
Ry H  *water/organic solvent (AcOEt, DIPEA, MTBE) H
*T=0°C-R.T.

*Transhydrocyanation is possible

HG\E fCN
—
o HO, CN 0
+
RN R|><R2 PN
i 5
HNL

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Synthetic Applications

?H
~C RS
OH Re7" N
| Ri 0o
—C H
R
é{ \ﬂ/ o-hydroxyketone
(0]
o-hydroxyaldehyde \ /
F
- o
2™
Ry N R~/ ~cN
Ri
o-fluoronitrile
Chiral cyanohydrin
R30,S0 /
R " C~en

[

Ci Rz—c\|

R.,—
/!
azidonitrile R4 CN

- sulfonyloxynltrlle

azmdme

=First activity detected in almonds by Friedrich Wohler in 1837

R3=H, wo-hydroxyacid
. w-hydroxyester

OH
Ry~ NHRg
Ry

Ra=H, alkyl
[-hydroxyamine

rlslHRg,

2 .l’r

Rs=H, alkyl
c-aminonitrile

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.




Synthetic Applications

x CH3  Lu-HNL, Me-HNL, Pa-HNL N
| n - = S CHs
P
R/ ° TMSCM, DIPE, Rf = OH
buffer pH= 4.5, 5°C
n=0, R=H

n=1, R= X (2,3 4-position); 3-CH4 ;CH40 (3 4-position)

n=2 R=H; 4-0H : 4-CH;0

0 (S)-Hb-HNL / HCN OH
M TN
R™ CH, H,0 / MTBE, Hae! CN

buffer pH=4, 0- 5°C

R= Pr (99%, 74%ee); iPr (99%,98%ee); iBu (86%, 99%ee),
Bu (58%, 99%ee); Ph (40%, 98%ee)

o) OH
HEGJK CH,CHy (S)-Hb-HNL / HCN HsﬁHzC““‘/'l\CN
HgC
100%, 54%ee
HML { HCN OH
DIPEA
HaC"/
HaCH,C  CN

(R)-Lu-HNL , 87%ee
(R)-Pa-HNL ,85%, 76%ee

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Synthetic Applications

CN

R
ZX?\DH 0 L:‘f\
(R)-Pa-HNL (S)-Me-HNL
* oM HCN, iPr,0 MR HCN, r-F'rED
buffer pH=3, rt buffer pH=3
R= Me, Et, Pr, iPr, CH,CH=CH,,
Bu, +-Bu
CN
(R)-Pa-HNL O (S)-Me-HNL
" OH HCN, iPr,0 HCN, i-Pr,0
buffer pH=3, rt R buffer pH=3, rt
[T
- R= Me, CF; OMe
CN (R)-Pa-HNL O (S)}-Me-HNL
:%\ - R._{::? f:?“‘cn - -
OH HCN, iPr,0O R= Me, Et, Pr, iPr, CH=C(Me).,
Seoane, G. A. Chem. Rev. R buffer F,|.|=:":r3r rt bl:f?eh: p!;_IPrZD t-Bu, Ph

2011, 111, 4346-4403.



What About Other Nucleophiles?

“Purkarthofer and coworkers discovered HNL's can also catalyze the Henry reaction

R—CHO + CH3NO (S)-Hib-HNL o
- 32 - - NO
H,0/MTBE, rt. R~ 7 2
aq. buffer

R= Ph, 3-OH-Ph, 4-NO,-Ph, yield  25-70%

n-hexyl, 2-furyl ee 60-90%
R oH
\ Hb-HNL A
Ph—CHO +  CHNO, (5)- - Ph/\é
R, Ho0 / MTBE, rt NO,
aq. buffer
Ri=H, Me
R;= H Me yield 10-67%
ee  80-95%

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Natural Product Synthesis

*Thiamphenicol synthesized with enantioselective hydrocyanation reaction catalyzed by (R)-HNL
from Badamu

O
OH D—< HO o]
W NBR
MeO,S NHCOCHCI, MeO,S CO4Et MeO,S MeQ,S

=Various tetronic acids synthesized enantioselectively through hydrocyanation via MeHNL

H,C 0
Ri'l""" (8] D)'I\R OH )J\
| — I — . —
/0O ) R /k"CN R; CH,
HO R\ “CO,Et T CH,
R ' CH,
2

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



One Last Example

“Interestingly, HbHNL was found to catalyze hydrocyanation of ferrocenes

OR OR
m-cm <o CHO @J@C“ <= CHO
I H 1 | H I
Fe Fe ——> Fe
Fe — @ H CN @\
@ ' CHO
OR

=Resulting ferrocenyl-oxazolidinones used chiral auxiliaries for asymmetric alkylations and aldol
reactions

Seoane, G. A. Chem. Rev. 2011, 111, 4346-4403.



Biocatalytic Friedel-Craft’s

*Methylation of aromatic rings in nature can be performed by methyltransferases (Mtases), with
the help of the cofactor S-adenosyl-L-methionine (SAM)

.| + SAM and analogues

R' = methyl, allyl, crotyl,

X=CR, O, NH propargyl, but-2-ynyl, benzyl

Gruber-Khadjawi, M. Angew. Chem., Int. Ed.
2009, 48, 9456.



Biocatalytic Friedel-Craft’s

*Methylation of aromatic rings in nature can be performed by methyltransferases (Mtases), with
the help of the cofactor S-adenosyl-L-methionine (SAM)

Cytasing (’_".E

':J'_ET.H KH el

-~ S
( 0 N N,
& e
L ¥ HO.  owen, Hﬁlﬂ'ﬂ» OH
MM .-(F-:L\_":' /lz:r_,l_ 0
M HzN
N To N ST H.J‘Qw*vﬂr*
S-adencsyl meshionine HHy MH.,
E-aclonciyl Romocyaisng

) Gruber-Khadjawi, M. Angew. Chem., Int. Ed.
B-Mnlylcymeing 2009, 48, 9456.



Unnatural Cofactors

=Switching from SAM to SAR’s can allow for alkylation with other R groups

HoOC _aNH: NH, HOOC.-_aNH: N NH;
N o, T
N N
T\ <;,J@ 1 éﬂﬁ
S N s N
0 o]

AgOTf
v aim I HoooH R ®
R'Br
1 RT
OH CH OH OH
SAH 2
Alkyl halide R Product
la CH, 2a
1b CH,=CHCH, 2b
Tc CH,CH=CHCH, 2¢
1d CH=CCH, 2d
Te CH;=CCH, 2e
1f C,H:CH, 2f

Gruber-Khadjawi, M. Angew. Chem.,
Int. Ed. 2009, 48, 9456.




Unnatural Cofactors

=Switching from SAM to SAR’s can allow for alkylation with other R groups

R L
+ B — . OH
Ao A selliee
4
3 R HO HO OH HO

Substrate Product CH; OH CHj
X R’ R? R'=CH, 15% 45% 21%
2L Y
3a 0 HNC > OH 4a Other napthyl substrates could also be
H
tolerated by Mtase and SAM
3b 0] HNC@ OH 4b
3c 0 HNG—@— OH dc
3d Q @ OH 4d
3e 0 CH>COOH CHs de
3f NH H CHs 4f

Gruber-Khadjawi, M. Angew. Chem., Int. Ed. 2009, 48, 9456.




The Legendary “Diels-Alderase”

=Scientists have investigated whether an
enzyme could catalyze a [4+2] cycloaddition
for many years, due to cyclohexene ring
existence in natural products

*How might this work?

= 1) Not involved in actual catalysis-just a chiral
template
= 2) Enzyme lowers AG
= Entropy
= Enthalpy
= Both

oﬁ)l

AN
2

H

\

?

O

s

O

COOH

3R =OH COR
4 R = NHCH,CH,0P0,%

Liu, H-W. Curr. Opinion Chem. Bio. 2012, 16, 124.



The Legendary “Diels-Alderase”

*Though much research has been done, no natural examples have been proven yet

SpnF
—
.-I-"-GH ..\DH
[4+2]
cycloaddition Et
OH OH E Ll
o MeO 1o
Sol5 o Solﬁ 5 Me 0 OMe
°__ 5 > OMe
Me R s
oxidation k[}a dJ e
cyc ition T
| Et : -
prosolanapyrone Il prosolanapyrone Il :H H 4 H
solanapyrone A spinosyn A

Liu, H-W. Curr. Opinion Chem. Bio. 2012, 16, 124.



The Legendary “Diels-Alderase”

“A non-natural example, through computational analysis, has been created

=
H’NYO AN
0] —_—
2
CO;”

Stoddard, B.L., Houk, K.N., Michael, F.E., Baker, D. Science 2010, 329, 309.



The Legendary “Diels-Alderase”

“A non-natural example, through computational analysis, has been created

Transition States

prodcts Q Q Q @

FI

35,4S 3F1’4Ft' 354R 3R4S

1

Background /\ /\
M ~

DA_20_10

Stoddard, B.L., Houk, K.N., Michael, F.E., Baker, D.

— Science 2010, 329, 309.



Conclusions and Future Directions

“Enzymes are slowly growing in popularity as more is known about their mechanisms

*They are attractive to use due to ‘greenness’ of conditions, PG-free, and high degrees of
stereoselectivity.

“In the future, if limitations can be overcome, enzymes will most likely be used more and more in
organic synthesis and industry

Atorvastatin (Lipitor)




Thanks! Questions/Comments?




Question 1:

“Predict the products:

= A
) ~BE.CHO pyruvate 9 Hy0" oH
O : - " — 0
0 KDGaldolase  Q ¥'8 ™ COM @\71\ COH
> 92% de HO 38
] B)
0 BAL, buffer / DMSO
CH3CHO
C OH Conversion > 49%
rac-benzoin

(R)-2-HPP
ee > 99%



Question 1:

“Predict the products:

1) (S)-Hb-HNL, HCN,

" C) j\/\ buffer pH= 4.5 OMOM
H CO;Me
? NC CO,Me
2) MeOCH,OMe,
P-0s, CH5Cls 93%ee

3) H,, Pd/C, MeOH,
"\\:_,f’
HZNWNHQ . 2HCI

M(}M(}m MDMDH
\‘(J 86% (64:36) \‘e_J



Question 2:

"Propose a mechanism for carboligation reaction

G OH H /‘ 0
(R)-benzoin )LH

\\"“_"i// acceptor aldehyde

R.a@
l@g \ r] H* H*’L.i 0

S - @)‘Y
ThDP (ylide form) OH




Question 3:

*Show non-Diels-Alder mechanism for formation of macrophomic acid from oxaloacetate and 2-

pyrone
_ s 4
Diels-Alder 80?,,&0
macrophomate reaction )
synthase Ot OMe j
0% | gﬂ"-— L__0 - H.O
co 4 Ho._CO: €O, “,c 2
Q. o 2 0® 0 oMe L Me mMe . OMe “oc OMe
; S = o OMe ;‘ HO
’ - ﬁ“ b o WA, 2> o o> 0
~ 4 .
0°® —— "Me Me 3 Me Me enaymatic Me Me
pyruvate 2-pyrone Me Me
oxaloacetate macrophomate

aldol
addition




The Legendary “Diels-Alderase”

*Though much research has been done, no natural examples have been proven yet

Q 0 o] — Q -t
. . PN S—NH P—NH NH
riboflavin \[\1 o) HN 0O HN ol HN o]
synthase ={ == )= D:e.-'s-ﬁ.-'der —
R—N R-N  NH | feaclion |g-N  NH
} ( — —( \_{
( Me  Me Me™ ™ Me
Vo fe) Me Me
Ye={ NH
Cannizzaro-type w N N-R H,.?_ o
o N-«l N-R d.fsprcponmnanon N N-R ) __
X H® 9 3 o= ° R-N  NH N, N-R
) <Me 0 n HN Me Me >
/ HN—{ “&O o=
o - - HN

j‘_( — 8]
0 N N=R —%,
o N o =2‘_\§ riboflavin

HN‘< HN— 0 o o o N
\. 0 Ne HN— HN HN—4 HN—( O\}_NH

67-dimethyl-8- e
ribitylumazine 1 N ;}Fl Ow o H Oﬂ=<NH t (7 HN 0
| IC =
d - SN: N-R intermetiate H,

"y —
+X° " >—< Nﬁ_ N=R N\} R : R=NH
(nucleophile) e ’j H 5~ . .
Me H A\ SN 5-amino-6-ribi
—_— Me H—" Me — e -amine-6B-ribitylamina-

s Iy 2, 4(1H,3H)-pyrimidinedione
Me X % Me Me
H R—-N:—" NH R-N MNH

|

riboflavin X ) \(“w. Fl—N N

synthase RN _ _ _ Frill
>_S= HN 0 HN 0 HN 0

© Liu, H-W. Curr. Opinion Chem. Bio. 2012, 16, 124.



