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The Baeyer-Villiger Reaction

Baeyer and Villiger, 1899
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Baeyer, A.; Villiger, V. Berichte der deutschen chemischen Gesellschaft 1899, 32, 3625. 3




The Baeyer-Villiger Reaction:
Applications

X = GH=CH, CH,-CH, H

{-}-antirhine

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711.




The Baeyer-Villiger Reaction:
Applications

Z

caudoxirene
(0]

clercdin

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711. >




The Baeyer-Villiger Reaction

Baeyer and Villiger, 1900
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Baeyer, A.; Villiger, V. Berichte der deutschen chemischen Gesellschaft 1900, 33, 1569-1589 6




The BV Reaction: Mechanism

Doering and Dorfman, 1953
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Doering, W. v. E.; Dorfman, E. J. Am. Chem. Soc. 1953, 75, 5595.




The BV Reaction: Mechanism
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Step one can be catalyzed by acid or base. Base is typically not used as it can
lead to racemization.

Step two is typically the rate determining step. Step one can become the rate
determining step if the ketone is significantly electron deficient or if there is steric
bulk around the carbonyl.




The BV Reaction: Retention Of
Stereochemistry

O O
H, Pd PBA '
r = o
CHCls, 7d O

Mislow and Brenner, 1953

Turner, 1950
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0 KOH OH
YLOH 3 chF:)EA43hi X Y
Ph H Ph H ’ Ph H O Ph H
98:2 er 79:21 er 78:22 er 78.5:21.5er

Benner, 1983

R. Turner. J. Am.Chem. Soc. 1950,72, 878.; K. Mislow;J.Brenner, J. Am.Chem. Soc. 1953, 75, 2318 9
J. Rozzell; S. Benner. J. Org. Chem. 1983,48,1190.




The BV Reaction: Migratory
Aptitude

« General scale:

tertiary alkyl> cyclohexyl> secondary alkyl> benzyl> phenyl> primary alkyl> cyclopentyl ~ cyclopropyl> methyl

* Groups that are better able to stabilize positive
charge are more apt to migrate.

— a-ethers and a-acetate groups directs migration.
Restriction of a substrate’s conformation can prevent the proper

antiperiplanar orientation for required migration.
The Organic Reactions chapter on the Baeyer-Villiger Oxidation
provides 1000’s of examples. (Volume 43 in our library)




The BV Reaction: Stereoeletronic
Requirements
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Primary Stereoeletronic
Reqguirements

Chandrasekhar and Roy, 1994
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Chandrasekhar, S.; Roy, C. D. J. Chem. Soc., Perkin Trans. 2 1994, 0, 2141. 12
Crudden, C. M.; et. al. Angew. Chem. Int. Ed. 2000, 39, 2851. Crudden (Schemes 2 and 3)




The BV Reaction: Chemoselectivity

« Baeyer-Villiger type oxidations can occur in the presence
of amino acids, amines, pyridines, or anilines.

« Chemoselectivity in the presence of olefins depends
upon structure and oxidizing agent.

— Olefin oxidation of non-conjugated acyclic enones with peracids
IS generally faster than the Baeyer-Villiger Reaction

— Electron poor olefins typically under go BV Oxidation.

O
50% H,0,,
KHCO- Z PAA, CHCl; 0
PhCN, MeOH

54%

Payne, G. B. Tetrahedron 1962, 18, 763.




Asymmetric Synthesis v. Kinetic
Resolution

Asymmetric Synthesis
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First Catalytic Enantioselective BV
Reaction via Kinetic Resolution

Strukul, December 1993
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As High as: Not Determined B O
25% 2 OMe

72.5:27.5er

Bolm, April 1994

0 O 9
Al 1o Cat, 0,, 'BUCHO ~ 0 AT
Wet Benzene, 5-6d Ar +

O,N
As High as: As High as:
47%, 75%,
84.5:15.5 er 65:35 er

| Gusso, A.; et. al. Organometallics 1994, 13, 3442.
Bolm, C.; Schlingloff, G.; Weickhardt, K. Angew. Chem. Int. Ed. 1994, 33, 1848.




Cyclobutanones with Bolm’s
Methodology

Bolm, 1997
0
0]
0] 8]
'normal’ ‘abnormal'
lactone a lactone b
Yield (%)
Ketone ee. of a (%) e.e. of b (%) {a:b)
O
4 C[:/r 67 92 61 (3:1)
[0}
5 O__/[/ 61 04 74 (2:1)
6 4&0 76 95 32(3:2)
O
7 59 93 59 (1:1.3)

2 Ratio after work-up and product isolation.

Bolm, C.; Schlingloff, G. J. Chem. Soc., Chem. Commun. 1995, 0, 1247. 17




First Catalytic Enantioselective BV
Reaction Using Achiral Substrates

Bolm, 1997

\\tBU tBU

Q N,
1% Cat Oy ‘BUCHO OO
Benzene, 3d x O,N N_
R

R By 1B

Table. Asymmetric Baeyer-Villiger-type oxidation of cyclobutanones
with dioxygen and pivaldehyde catalyzed by 1 mol% of

* 4-substituted cyclohexanones did

not work using Bolm’s methology. By K Yield Ee
3-substituted where chosen as 1 octyl 77 31 65.5:34.5
they are more reactive in Bayer- 2 Bu 85 47 73.5:26.5
Villiger reactions. 3 Ph 88 a4 72:28
* There was one example of 95.5: 4 Bn 90 29 64.5:35.5
4.5 er with a bulky tricyclic ketone. s COyBu 92 36 68: 32
6 CO,Bn 82 26 63: 37 _,
7 CH,0Bn 80 23 61.5:38.5

Bolm, C.; Khanh Luong, T. K.; Schlingloff, G. Synlett 1997, 1997, 1151.




Strukul’s Enantioselective BV
Reaction Using Achiral Substrates

Strukul, 1999

/ \
P-Pt-P bond angle increases
depending on the ring size
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Paneghetti, C.; Gavagnin, R.; Pinna, F.; Strukul, G. Organometallics 1999, 18, 5057. 19



Bolm’s Aluminum Enantioselective
BV Reaction

Bolm, 2001-2006

o MeAICI, VANOL (1) Q
j {20 mel% each) r}L o
CHP (1.2 equiv), -
R toluene, =30 *C F'./
6 7
Entry R Substrate  Yield (%) ee (%)
of 7* of 7t
1 Y 6a 92 84
Cl N
o 2 = #-a(.s,{ &b 54 41
) LT
MezAIC, ligand 2‘1\0 3 - 6 9 24
CHP, toluene, =15 °C / ki

W =\ MeQ™ ~F
. 4 6d 93 37

SON

Catalyst (mol%) Conversion (%)° e (%)°

5 n-octyl 6e 86 69
50 100¢ 84
* As determined by NMR spectroscopy.
20 1o0# 83
10 83 43
5 43 14

20




Bolm’s Aluminum Enantioselective
BV Reaction

Bolm, 2001-2006

rx, /P Me,AICI + (S}-BINOL (1 - 1) [‘\‘?
~ 1.5 eq. PhC(CH3),O0H vf““- L J
1 foluene, —25°C =i
rac- (+)-(1R,6R)-2a (+)-(1R,6S)-2b

Table 1. Asymmetric Baeyer-Villiger reaction of various cyclobutanone derivatives medi-
ated by the (5)-BINOL-Al system (50 mol%).

Entry Ketone Product(s) ee (%) of Ratio of
product(s) lactones a:b®
1 rac-1 (+)-(1R,6R)-2a 34 (2a) o7
(+)-(1R,65)-2b 96 (2b) ’
O 10
5 b
@:/r @’\): <\ d 79 (4a) 0s
74 (4b)
rac-3 (+)-(1R55)-4a (+) [1551':1']‘4b
& g -
68 (6b)
rac-5

21




Bolm’s Aluminum Enantioselective
BV Reaction

Bolm, 2001-2006

22



Lopp’s Use of Sharpless’
Epoxidation Conditions

Lopp, 1996, 1998: Use of TADDOL

o H
+ Ti(O-iPr), OEt 4 Ti(O-iPr)y
1-BuOOH . Et -BuOOH
HO"
Ph Ph 0
catalyst A catalyst B
catalyst

rac AorB

H1 rhz H1 HE
R, R, cat. A ee yield cat B. ee yield
OH Br 41 33 75 40
OH Ph 39 20 59 31
Ph OH 31 35 - -

Lopp, M.; Paju, A.; Kanger, T.; Pehk, T. Tetrahedron Lett.1996, 37, 7583.
Kanger, T.; Kriis, K.; Paju, A.; Pehk, T.; Lopp, M. Tetrahedron: Asymmetry 1998, 9, 4475.

23




Salen Ligand by Katsuki

Katsuki, 2001: Co

Uchida, T.: Katsuki, T. Tetrahedron Letters 2001, 42, 6911.

R R H (Criegee adduct)
7" oor o Q
+ R!
(8] N 0 o o-0 |
] —m~ 0-0 —m” R low enantioselectivity
| R |
8]
H’ [nucleophilic attack] (R'=H) ‘“ [migration] Hq
R R R
ﬂ’ ﬁ high enantiselectivity
o~ | o .
-~ | .’\II {IJ/ €
?"T“‘D‘q . ?’T“U‘q . (R'=H) —M2g
R R 7| "Rt (chelated Criegee adduct)
Watanabe, A.; Uchida, T.; Ito, K.; Katsuki, T. Tetrahedron Lett. 2002, 43, 4481. 24




Salen Ligand by Katsuki

Katsuki, 2001: Co

Katsuki, 2002: Zr

(5 mol%), UHP O R=pCICsH,: 82% ee (R),'* 63%

R—<>:D - /C«U R= p-MeOCsHy: 84% ee, 43%
CHyClp, rt. R™, R=n-CgH¢7: 81% ee, 63%

o R7Ph87%ee68%
H T (5 mol%), UHP TRLART
< - 13 e T 94% ee (1S4R, TR, 105),13¢ 99%
“ CH,Cly. Tt Y
H H 4
Watanabe, A.; Uchida, T.; Ito, K.; Katsuki, T. Tetrahedron Lett. 2002, 43, 4481. 25

Uchida, T.: Katsuki, T. Tetrahedron Letters 2001, 42, 6911.



Salen Ligand by Katsuki

_ _ - o _
0 0
7
+ 0]
fast-isomer (8 mol%), UHP A B (trace)
- (0]
w0 CgHsCl, Tt , 0
('t (O - | (e
- ‘ (1:5.1) "
| slow-isomer | ent-A ent-B
(racemate) major minor
Run Ketone A B
Conv. (%)? %, eeb ko Yield (%) %, ee® Yield (%a)* %, ee?
1 76 86 4.2 54 82 22 =09
2 83 02 3 51 82 24 =00
3 76 82 3.5 53 23 21 =09
4 71 77 4.1 48 25 20 =00
5 83 04 4.1 55 20 25 =09
Watanabe, A.; Uchida, T.; Ito, K.; Katsuki, T. Tetrahedron Lett. 2002, 43, 4481. 26

Uchida, T.: Katsuki, T. Tetrahedron Letters 2001, 42, 6911.



Salen Ligand by Katsuki

0
0 8 (8 mol%), UHP 0

- 0 + 0]
CEHECL rt

fast-isomer A B (trace)

The reaction of the fast isomer gave normal product A almost exclusively

9]
v, 0 8 (8 mol%), UHP w, 0
. - (O~ - (&
o CgHsCl, rt ! o

slow-isomer ent-A ent-B

1 : 6.6

Watanabe, A.; Uchida, T.: Ito, K.; Katsuki, T. Tetrahedron Lett. 2002, 43, 4481. 27
Uchida, T.: Katsuki, T. Tetrahedron Letters 2001, 42, 6911.




Chiral Bransted Acid Catalyzed
Asymmetric BV

Ding, 2008

R! 1r (10 mol%) O=0

R><>= O T MO Tohenacc” g

R R
2a-j 3a-j

Entry R R™ t[h] Yield [%]® ee [%](Conf.)d
1 CgHs (a) H 18 99 88(R)
2 4-MeCH, (b) H 18 99 93(R)
3 4-MeOCH, (c) H 18 99 85(R)
4 4-BrCgH, (d) H 18 99 83(R)
5 4-CICeH, (e) H 18 99 82(R)
6 4-FCeH, (f) H 18 99 84(R)
7 2-naphthyl (g) H 18 91 86(R)
8 4.MeC¢H, (b) H 80 95 93(R)
9 C¢HsCH, (h) H 18 99 58(S)
10 4-MeOCgH,CH, (i) H 18 99 57(S)
11 3,4(MeO),CH;CH, () H 36 99 55(S)
12 CgHs (k) CH; 24 99 (+)-61 (n.d.)M

Xu, S.; Wang, Z.; Zhang, X.; Zhang, X.; Ding, K. Angew. Chem. Int. Ed. 2008, 47, 2840. 28




Bransted Acid Catalyzed Asymmetric
BV Proposed Mechanism

Ding, 2010

oa -H;- Oa ‘O O {,}Q‘é""'ghqe O o} 0;-Hy
P, X 7 p” A &’W
g \\ /N ! — ;0 A
O Ospy g o % o
Hh-—-.D HE |E ' ¢
Od H5---0,

H
TS1
(o oivig GO SN
. P/ >/7 S o
\ o ci' %,  Q
;... O
H {T‘)d Hbod
H
TS2 P

Xu, S.; Wang, Z.; Li, Y.; Zhang, X.; Wang, H.; Ding, K. Chemistry — A European Journal 2010, 16, 3021.
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Bransted Acid Catalyzed Asymmetric
BV Proposed Mechanism

Ding, 2010

R-syn-anti 0.0 R-anti-anti 1.0 R-syn-syn 1.2 S-anti-syn 1.3

S-anti-anti

S-syn-syn 1.4 R-anti-syn 1.4

26 S-syn-anti 3.2

Xu, S.; Wang, Z.; Li, Y.; Zhang, X.; Wang, H.; Ding, K. Chemistry — A European Journal 2010, 16, 3021. 30




Summary of Asymmetric Reactions

Svstem B Prochiral | Prochiral Racemate | Racemate Cat
’ ’ yeilds er yields* er* Loading

Copper Bolm 92% 73.5:26.5 76% 88: 12 1 mol %
Platinum  Strukul 10% 84:16 25% 79: 21 1%
Aluminum Bolm Quant. 92: 8 Quant. 89: 11 20%
Titanium  Lopp ! Nl 40%  875:125 150 %
examined examined
Zirconium Katsuki 68% 93.5: 6.5 53% 92.5:75 5-8 %
Elnlze Ding Quant.  96.5:3.5 Quant. 69:31 10%

Acid




Group Problem

HT& ?E- H?B
R H" Ft1
10a-d I1a-d
Substrate _ i Oxidation Yield Product distribution

R! R* R™ R [7e] 11/12
10a H H H H CF;CO;H, Na,HPO,; 100 100:0
10b Me H H H 407 PAA, bufter 42 100:0
10¢ Me H Me Me 407 PAA in 40:60 H,SO,/HOAc 30 0:100
10d Me Me Me Me 40% PAA, NaOAc 94 0:100

32




Group Proble

RTS

R7 =Y

R*
10a-d
endo aty exo attack
7s 75
R 7a R R ’ R 7 R

m

R1 bh

OI;,I ~0-Q
b m R

H4 mO‘O R R4 OH (o)
; migration migration migration ; Mgration

R?a v R713 R7 ‘ H?S

R A o

R4 78 RTS 7 HTS R4

boat1la-d R R R R boat-12a-d
o}
4 4 N
R R o

chair-12a-d chair-11a-d




Enzyme Catalyzed BV Reaction
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Whole Cell Vs. Isolated Protein

Whole Cell

Has a built in method to
recycle NADP+.

No Purification.
Regrowable source.

Other enzymes can

perform undesired

reactions.

— Mitigated with over-
expression

More “resilient” to

reaction conditions.

Isolated Protein

Regeneration cycled
must be established.

Required Purification.
Can only be used a few
times (<4).

Eliminates side reactions

May loose activity based
on reaction conditions.

Roberts, S. M.; Wan, P. W. H. J. Mol. Catal. B: Enzym. 1998, 4, 111.




Cofactor Recycling

HO Thermoanaerobium
CHMO from brockii
Acinetobacter calcoaceticus dehydrogenase
IMB 9871
KETONE ——¢ ~ LACTONE Y
02/ \HZO 0
NADPH NADP" NADP*+ NADPH

N i
6-phospho-  _ o k /

glucose-6-phosphate
gluconolactone  gjycose-6-phosphate -
dehydrogenase CHMO

Roberts, S. M.; Wan, P. W. H. J. Mol. Catal. B: Enzym. 1998, 4, 111. (Scheme 14) 36
Mihovilovic, Marko D.; Miller, B.; Stanetty, P. Eur. J. Org. Chem. 2002, 2002, 3711. (Scheme 5)




Enzymatic Baeyer-Villiger:
Mechanism

R R R
N_N_0O N N0 NN
e el o4 ¢ AN OH
N N_.O N N N
#" ¢~ +NADPH: OH Ho ofHo +0, o yH9%o
N’ NH —m H-N _— ——
2 |N| szj\m sz’u\fﬁ
+ :
E-FAD R IF;J g+
E-FAD-NADPH EFADH-NADP*  E-FADH-NADP*O,
R

‘|~Nf3\DP’r
N_ N
O NG
N
OO -

)@[ Iﬁ\fﬁ -Lactone D: :r\":f?
H 0
szkh .
HQN% HZN% /Lq [N+; ,. 0,\ Hzr\lj\m <
Nt | '
N/
E-FADHOH-NADP*.Lactone

N*
R R
E:-FAD-NADP™* E-FAD-NADP*-Lactone

Yachnin, B. J., et. al. JACS 2012, 134, 7788. (Figure 5) 37
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N_N._O NN
O:D D: L(TH pau Ko H
N H>N
; N NN

=

N
EFAD R R R
E:FAD-NADPH E-FADH-NADP"  E-FADH NADP'O,
-NADP*

R
R R )@N ’N\fO
N._N._.0 N_N_O
*F _Lactone Y 'H\OIH N NH
2 NH ——— N? NH «© I(I)O -—
o H 0 0 H 0 HN% | 0O H o O
2
NN WY o W 79w S
N* N* R
R

R R
E-FAD-NADP* E-FAD-NADP*-Lactone E-FADHOH-NADP*-Lactone Criegee Intermediate

= 2L R il

Yachnin, B. J., et. al. JACS 2012, 134, 7788. (Figure 5). 38
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Rebehmed, J.; Alphand, V.; de Berardinis, V.; de Brevern, A. G. Biochimie 2013, 95, 1394.(Figure 7)




Achiral Oxidation via Enzyme

O

O
- O
R* R =
R R
R R’ R’ Yield ee
H  Me H 61% = 98Y%
Me  Me Me 61% na. b
g Et H 91% 97%
Et Me 91% T5%
Pr Et Et 60%o n.a.
Bu  ¢yelo-CH,CH, 74% n.a.
Pr - cpelo-OCH,CH,O 40% na. )
tBu - ... . T 2
allyl 62%,195% ee (yeast)
Ph 14%0/95% ee (EtOH)
807%6/60% ee (glycol)
OMe 76%/75% ee 84%u/78% ee (E.coli)
Br 63%/97% ee (E.coli)
| 60%/97% ee (E.coli)

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711. 40




Racemic Oxidation via Enzyme

@) O
R _ - \R
.

R [sol. enzyme Native cells Recombinant cells
Me n.r./n.r. 35%/61% ee 50%/49% ee (yeast)
n.r./ca. 30% ee 5294135% ee
Et 60%/38%) ee 79%,/95% ee (yeast)
10%l> 98% ee 69%41=>98%; ee
Pr 549197, ee (yeast)
6624192 ee
iPr 41%/> 98% ee (veast)
46%4196% ee
allyl 39%u/> 98% ee (yeast)
58%> 98% ee
Bu 6%ul=> 98% ee 39%/=> 98% ee (yeast)
37%/10% ee 64%198% ee
C‘6H]3 23%/98% ee
25%4135% ee
GoHyo 26%185% ee
3204/42% ee
Ph 40%/= 98%, ee
48%:186% ee
Bn 22%/= 96% ee

28%78% ee

CH,COOEt 39%/= 99% ee
6020164 ee
CH,CH,0Ac 34%/= 99% ee

66%6l76% ee

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711. 41




Racemic Oxidation via Enzyme

o O
V/4
S O
R R R

Bu 68%/17% ee
Bu 56%/84% ee
Ph 65%/98% ee

4-FCgHy 80%/> 98% ee
4-CICeH4 30%/> 98% ee
4-MeCgH4 73%/91% ee
Bn 57%/82% ee
3-MeOCeH4CH,  83%/96% ee

O e
{ :©/ 839%/95% ee
0

PhCH,OCH, 74%/98% ee
tBuOCH, 25%/> 98% ee

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711. 42




Fused Cyclobutanone Oxidation via
Enzyme

“Abnormal” lactone

Substrate ketone  “Normal” lactone

[o]
Gj// 44%/> 95% ee 42%/> 95% ee
[}
C[:f 36%/> 95% ee 31%/> 95% ee
QO
Qj 43%/> 95% ee 37%/> 95% ee
QO
@—_—f A1%/86% ce 36%/> 95% ee
o]
C[j/ 52%/60% ee 28%/> 95% ee
0 Q
d 35%/90% ee 32%/> 98% ee
[#]
0(:]:/[/ 35%/97% ee 35%/> 98% ee
e}
(t[j// 33%/> 98% ee 41%/> 98% ee
(o]
o 9]
[jj 33%/70% ee 33%/> 98% ce
4]
60%/33% ee 18%/> 98% ee

o

Mihovilovic, Marko D.; Miiller, B.; Stanetty, P. European Journal of Organic Chemistry 2002, 2002, 3711.




Step-By-Step Instructions

o £
In 2 mL E1OH
—_—
0
o

Cells suspended in a standard phosphate buffer
pH=7 (200 mL)

O

O Extracted 3 times with 30 mL

EtOAC

83%
97.2:25er

Furstoss, R.; et. al. J. Chem. Soc., Perkin Trans. 1, 1995, 2527-2528 44




Conclusions

The enzymatic BV oxidation is superior to current
chemical methods.

The enzymatic BV is becoming more available to the
organic chemist and is increasing in versatility.
There is still room for development using traditional

chemical synthesis.
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