
 

 

 

DEVELOPING A BACTERIAL P450 AS A GENERAL AND REGIOSELECTIVE 

CATALYST FOR C–H BOND OXIDATION 

 

 

 

 

by 

Solymar Negretti  

 

 

A dissertation submitted in partial fulfillment  

of the requirements for the degree of  

Doctor of Philosophy  

(Medicinal Chemistry)  

University of Michigan 

2014 

 

 

 

 

 

 

 

Doctoral committee: 

Professor John Montgomery, chair 

Professor Scott D. Larsen 

Assistant Professor Pavel Nagorny 

Professor David H. Sherman 

 

 

 



ii 
 

 

 

 

DEDICATION 

This dissertation is dedicated to my parents Juan Carlos and Angelina. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

ACKNOWLEDGEMENTS 

I would like to thank my advisor Professor John Montgomery for his guidance and 

support throughout my doctoral studies.  Thank you for helping me develop as an independent 

scientist and thinker as well as for surrounding me with great co-workers that helped me learn 

the ropes of chemistry.  I am particularly thankful to Dr. Grant Sormunen, Dr. Aireal Jenkins and 

Dr. Benjamin Thompson who were great in helping me get settled in the Montgomery lab.  I 

would also like to thank Dr. Zachary Buchan, Dr. Allison Knauff, Dr. Katherine Partridge and 

Dr. Rafay Shareef for teaching me a lot of laboratory skills and for their guidance during my 

early years. As I progressed into seniority in my graduate studies, I had the great experience of 

working with younger students Michael Gilbert and Jessica Stachowski who in turn taught me a 

lot about how to be a good mentor. I would like to thank Professor David Sherman for being a 

like second advisor to me and allowing me to be part of this exciting collaborative project.  I am 

very thankful to current and former members of his laboratory whom I have had the chance of 

working with, Dr. Shengying Li, Dr. Karoline Chiou and particularly Dr. Alison Narayan. I 

would also like to thank collaborators Prof. Larissa Podust at UCSF and Prof. Ken Houk at 

UCLA for their great contributions to the project. I am grateful to dissertation committee 

members Prof. Scott Larsen and Asst. Prof. Pavel Nagorny for enlightening discussions during 

committee meetings.  I am grateful to Prof. Matthew Soellner for an enriching learning 

experience during my rotation in his laboratory which helped me to be successful in the 

laboratory of Prof. John Montgomery. I would like to acknowledge chemistry department staff 



iv 
 

Roy Wentz, Dr. Eugenio Alvarado, Dr. James Windak and Paul Lennon for support with 

equipment and instrumentation. 

Finally I would like to thank my family and friends for the support that has kept me going and 

allowed me to pursue my goals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



v 
 

TABLE OF CONTENTS 

 

Dedication  ...................................................................................................................................... ii 

Acknowledgements  ....................................................................................................................... iii 

List of schemes  ............................................................................................................................. ix 

List of figures  ................................................................................................................................ xi 

List of tables .................................................................................................................................. xii 

List of abbreviations  ................................................................................................................... xiii 

Abstract  ....................................................................................................................................... xvi 

Chapter I: Transition-Metal Based and Enzymatic C–H functionalization, Macrolide Natural 

Product Biosynthesis and the Cytochrome P450 PikC   ..................................................................1 

1.1 Introduction ....................................................................................................................1 

1.2 Transition metal based C–H functionalization strategies ..............................................1 

1.2.1 Directed C–H functionalization ......................................................................1 

1.2.2 Remote directed C–H functionalization..........................................................6 

1.2.3 Non-directed C–H functionalization ...............................................................8 

1.3 Enzymes in organic synthesis and C–H functionalization  ..........................................12 

1.4 Introduction to P450 Enzymes .....................................................................................15 

1.5 Biosynthesis of macrolide natural products, introduction to the pikromycin pathway 

and the cytochrome P450 PikC ..........................................................................................18 

1.5.1 Macrolide natural products  ..........................................................................18 

1.5.2 Pre-oxidation enzymatic tailoring of the pikromycin pathway natural 

products  .................................................................................................................19 



vi 
 

1.5.3 PikC mediated oxidation of pikromycin and YC-17 ....................................22 

1.5.4 Replication of PikC activity in vivo and in vitro ..........................................24 

1.6 Summary and outlook ..................................................................................................25 

Chapter II: Replacing desosamine with simplified removable anchoring groups for unnatural 

substrates ........................................................................................................................................27 

2.1 Introduction: PikC mediated oxidation of carbolides  .................................................27 

2.2 Replacing desosamine with simple ethers and esters with a terminal dimethylamino 

group  .................................................................................................................................30 

2.2.1 Synthetic attachment of unnatural anchors  ..................................................31 

2.2.2 Results from PikCD50N-RhFRED oxidation of cycloalkyl ether and alkyl 

ester derivatives .....................................................................................................32 

2.2.3 Characterization of PikCD50N-RhFRED reaction products  ..........................35 

2.2.4 Co-crystal structure of cycloalkyl derivative in the PikD50N active site ........38 

2.3 10-deoxymethynolide and narbonolide core substrates with unnatural anchoring 

groups .................................................................................................................................39 

2.3.1 Isolation of narbonolide and 10-deoxymethynolide  ....................................39 

2.3.2 Hydroxylation of unnatural YC-17 and pikromycin derivatives by PikC  ...40 

2.3.3 Crystallographic data of 10-dml derivatives  ................................................44 

2.3.4 Product characterization................................................................................46 

2.4 Conclusions and outlook ..............................................................................................48 

2.5 Collaborator acknowledgements  .................................................................................49 

Chapter III: Exploring the structural requirements for selectivity in 12-membered macrolide 

hydroxylation  ................................................................................................................................50 



vii 
 

3.1 Introduction ..................................................................................................................50 

3.2 Macrolactone 55...........................................................................................................50 

3.2.1 Rationale  ......................................................................................................50 

3.2.2 Synthesis .......................................................................................................52 

3.2.3 PikCD50N-RhFRED oxidation studies............................................................53 

3.3 Increasing substitution in  macrolactone analogues  ....................................................54 

3.3.1 Rationale .......................................................................................................54 

3.3.2 Synthesis of ethyl-substituted macrolactone  ................................................55 

3.3.3 Synthesis of enone-substituted macrolactones .............................................56 

3.4 Additional determination of bio-activity .....................................................................58 

3.5 Conclusions and outlook ..............................................................................................58 

3.6 Collaborator acknowledgements ..................................................................................59 

Chapter IV: Expanding the substrate scope of the PikC catalyzed hydroxylation to include small 

ring systems ...................................................................................................................................60 

4.1 Introduction  .................................................................................................................60 

4.2 Moderately regioselective hydroxylation of small bicyclic systems ...........................60 

4.3 PikC catalyzed hydroxylation of 6-membered ring systems .......................................62 

4.3.1 Menthol series ...............................................................................................62 

4.3.2 Additional 6-membered ring substrates to understand hydroxylation 

selectivity ...............................................................................................................66 

4.4 Conclusions and outlook ..............................................................................................68 

4.5 Collaborator acknowledgements ..................................................................................68 

Chapter V: Conclusions and Future Directions .............................................................................70 



viii 
 

 

Chapter VI: Experimental Supporting Information .......................................................................73 

6.1 General Protocols .........................................................................................................73 

6.2 Chapter II Experimental ...............................................................................................75 

6.2.1 General procedure for ester hydrolysis .........................................................75 

6.2.2 Experimental for PikC substrates and intermediates, hydroxylated standards  

and intermediates ...................................................................................................75 

6.2.3 Experimental data for PikC control substrates .............................................98 

6.3 Chapter 3 Experimental  ............................................................................................102 

6.3.1 Experimental data for the synthesis of macrolactone 55 and analogues  ...102 

6.3.2 Experimental data for the synthesis of macrolactone 63  ...........................109 

6.3.3 Experimental data for the synthesis of macrolactones 75 and 78 ...............113 

6.4 Chapter 4 Experimental .............................................................................................117 

6.4.1 Scaled-up PikC reaction general procedure  ...............................................117 

6.4.2 Bicycle substrate synthesis experimental....................................................118 

6.4.3 Six membered carbocycles experimental....................................................122 

References ....................................................................................................................................135 

 

 

  



ix 
 

LIST OF SCHEMES 

Scheme 1.1. Metal-catalyzed directed C–H oxygenation  ...............................................................2 

Scheme 1.2. Pd-catalyzed directed C–H oxygenation examples  ....................................................3 

Scheme 1.3. Rhodium catalyzed C–H amination by the Du Bois group. ........................................4 

Scheme 1.4. Ir-catalyzed C–H functionalization of primary bonds directed by an alcohol. ...........5 

Scheme 1.5. Summary of the substrate scope of the Ir-catalyzed directed oxidation of primary C–

H bonds. ...........................................................................................................................................5 

Scheme 1.6. Carboxylic acid directed remote C–H oxidation .........................................................6 

Scheme 1.7. Remote template-directed meta C–H functionalization ..............................................7 

Scheme 1.8. Oxaziridine-mediated oxidation by the DuBois group  ..............................................8 

Scheme 1.9. Substrates for Fe(S,S-PDP) aliphatic C–H oxidation .................................................9 

Scheme 1.10. Substrates for Fe(S,S-CF3-PDP) aliphatic C–H oxidation. .....................................10 

Scheme 1.11. Strain release in C–H functionalization. .................................................................12 

Scheme 1.12. Chemo-enzymatic C−H halogenation .....................................................................14 

Scheme 1.13. Examples of chemo-enzymatic functionalization employing P450BM3 by the 

Arnold group.  ................................................................................................................................15 

Scheme 1.14 Hydroxylated products of YC-17 and narbomycin upon PikC oxidation. ...............22 

Scheme 2.1. Major monohydroxylated products of the PikCD50N-RhFRED reaction with 

carbolide 6. .....................................................................................................................................29 

Scheme 2.2. Synthesis of desosamine from erythromycin A. .......................................................31 

Scheme 2.3. Forward syntheses of unnatural linker substrates  ....................................................32 



x 
 

Scheme 2.4. Forward synthesis for C6/C8 monohydroxylated products from PikCD50N-RhFRED 

oxidation of substrate 13. ...............................................................................................................36 

Scheme 2.5. Forward synthesis for C7 monohydroxylated products from PikCD50N-RhFRED 

oxidation o substrate 13. ................................................................................................................36 

Scheme 2.6. Hydroxylated aglycones obtained from hydrolysis of PikCD50N-RhFRED reaction 

mixtures..........................................................................................................................................47 

Scheme 3.1. Possible hydroxylated products of macrolactone and retrosynthesis of authentic 

hydroxylated samples.....................................................................................................................52 

Scheme 3.2. Forward synthesis of macrolactone substrate 55.......................................................53 

Scheme 3.3. Forward synthesis for macrolactone 63. ...................................................................56 

Scheme 3.4. Forward synthesis for macrolactones 75 and 78. ......................................................57 

Scheme 4.1. Cis-decalin derivatives with unnatural anchors evaluated against PikCD50N-RhFRED 

........................................................................................................................................................61 

Scheme 4.2. Characterization of hydroxylated products from PikCD50N-RhFRED oxidation of 

menthol derivatives ........................................................................................................................66 

  



xi 
 

LIST OF FIGURES 

 

Figure 1.1. P450 Oxidation general mechanism ............................................................................17 

 

Figure 1.2. Chemical structures of clinically employed macrolide antibiotics ..............................19 

 

Figure 1.3. Major final products of the Pikromycin pathway ........................................................19 

Figure 1.4. The Pik gene cluster  ...................................................................................................20 

Figure 1.5.  Pikromycin polyketide synthase .................................................................................21 

Figure 1.6. Co-crystal structures of YC-17 and narbomycin in the PikC active site .....................24 

Figure 1.7. A three-component PikC system B. One-component PikC system. ...........................25 

Figure 2.1. Carbolide substrates initially evaluated for PikCD50N-RhFRED oxidation. ................28 

Figure 2.2. LC-MS analysis of the PikCD50N-RhFRED reaction with carbolide substrate 6. ........29 

Figure 2.3. Structural determination of monohydroxylated products of PikCD50N-RhFRED 

reaction with substrate 13. .............................................................................................................37 

Figure 2.4. Co-crystal structure of ether 14 within the PikD50N active site.  ...............................38 

Figure 2.5. Co-crystal structures of 36-37 in the active site of PikCD50N/PikCWT .........................45 

Figure 2.6.
 1

H-NMR stacked plot of hydrolyzed reaction products from substrates 36-38.  .........47 

Figure 3.1. Initial target macrolactone structures and endogenous aglycone 10-dml ...................51 

Figure 3.2. Substrates containing the macrolactone core 25 .........................................................54 

Figure 3.3. Additional proposed macrolactone substrates. ............................................................55 

Figure 4.1. Results from the reaction of PikCD50N-RhFRED and additional 6-membered 

carbocycle substrates  ....................................................................................................................67 

  



xii 
 

 

 

 

 

LIST OF TABLES 

Table 2.1. Unnatural linker substrates evaluated against PikCD50N-RhFRED. ...........................34 

Table 2.2. Endogenous aglycone unnatural anchoring group derivatives evaluated against 

PikCD50N-RhFRED.  .......................................................................................................................43 

Table 4.1. (+)-Menthol and (-)-menthol substrates with different anchoring groups evaluated 

against PikCD50N-RhFRED.  ..........................................................................................................63 

 

 

 

 

  



xiii 
 

LIST OF ABBREVIATIONS 

 

Ac acetyl  

Ar aryl 

atm atmosphere 

aq aqueous 

BDE Bond dissociation energy 

Bn benzyl  

n-Bu butyl  

t-Bu tert-butyl  

°C temperature in degrees centigrade 

CAM Cerium Ammonium Molybdate 

cod 1,5-cyclooctadiene 

10-CSA 10- Camphorsulfonic acid 

CYP Cytochrome P450 

DAST Diethylaminosulfur trifluoride 

DCC dicyclohexylcarbodiimide 

DCM dichloromethane  

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DesF Desosamine fluoride 

DIPEA diisopropylethylamine 

DMAP 4-dimethylaminopyridine  

DMF N,N-dimethyl formamide 

10-dml 10-deoxymethynolide  

DMP Dess-Martin Periodinane 

DMSO dimethyl sulfoxide  

DP-IPr (rac)-(4S,5S)-1,3-bis(2,6-diisopropylphenyl)-4,5-diphenylimidazolidin-2-ylidene  

dr diastereomeric ratio  



xiv 
 

EDG Electron donating groups 

EWG Electron withdrawing groups 

Et ethyl  

equiv. equivalent  

FAD Flavin-adenine dinucleotide 

FMN Flavin mono-nucleotide 

FDR ferrodoxin reductase 

FDX ferrodoxin iron–sulfur-cluster 

FMN Flavine mononucleotide 

GCMS gas chromatography mass spectrometry 

h hour(s)  

HMDS Hexamethyldisilazide 

HRMS high resolution mass spectrometry  

IMes 1,3-bis-(1,3,5-trimethylphenyl)imidazol-2-ylidene  

IPr 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene 

kcal kilocalories 

Kd dissociation constant  

LC-MS liquid chromatography mass spectrometry  

LRMS low resolution mass spectrometry  

Me methyl  

Ms methanesulfonyl (mesyl)  

NADP
+
 Nicotinamide adenine dinucleotide phosphate 

NADPH Reduced form of NADP
+
 

nbe norborene 

NHC N-heterocyclic carbene  

Pd/C palladium on carbon  

Ph phenyl 

phen phenantroline 



xv 
 

PKS Polyketide Synthase 

PMA Phosphomolybdic acid  

PMB p-methoxy benzyl 

PPTS Pyridinium p-toluenesulfonate 

i-Pr isopropyl  

i-Pr-BAC 2,3‐bis(diisopropylamino)cycloprop‐2‐en‐1‐ylium  

pyr pyridine  

rac racemic 

rbf round-bottom flask 

RhFRED 

rsm recovered starting material 

rt room temperature 

sat’d saturated 

sm starting material 

soln solution 

TBAF tetrabutylammonium fluoride  

TBS tert-butyldimethylsilyl 

TE Thioesterase 

Tf trifluoromethanesulfonate  

TFDO Methyl(trifluoromethyl)dioxirane 

THF tetrahydrofuran  

TLC thin layer chromatography  

TTN Total turnover number 

  



xvi 
 

ABSTRACT 

 

The biosynthetic macrolide P450 monooxygenase PikCD50N-RhFRED has been employed 

as a biocatalyst for the stereo- and regioselective oxidation of C–H bonds.  Previous results from 

collaborative work between the Montgomery, Podust and Sherman groups reported employing 

PikCD50N-RhFRED for the moderately regioselective hydroxylation of several desosamine linked 

carbocyclic rings, proving PikC to be capable of oxidizing unnatural substrates.  The N,N-

dimethylamino group in desosamine anchors the substrates in the active site and enables 

hydroxylation. 

This thesis describes the expansion the substrate scope of the PikCD50N-RhFRED 

hydroxylation of unnatural substrates, by probing structural modifications in the aglycone and 

replacing desosamine with anchoring groups that are easier to synthesize and cleave from the 

substrates to develop this enzymatic reaction as a synthetic tool for the selective oxidation of C–

H bonds.  Through substrate engineering, optimized the regioselectivity and stereoselectivity of 

the oxidation and insights into the factors site-selectivity of PikC catalyzed hydroxylation were 

gained. A benzylic N,N-dimethylamino anchoring group effectively controlled the 

regioselectivity of the reaction of 10-deoxymethynolide derivatives while unnatural anchors had 

little effect on the regioselectivity of the enzymatic oxidation of simple carbocycles. 

The degree of structural complexity necessary for selective oxidation for 12-membered 

ring macrolides was probed by synthesis of variety of 12-membered macrolide analogues that 

more closely resemble the endogenous substrates from PikC. We found it is possible to modestly 
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control selectivity by the choice of anchor, in systems with moderate functionality. Finally, 

PikCD50N-RhFRED was employed as a bio-catalyst for the selective hydroxylation of small-

molecules by coupling of alcohols with larger linkers containing the dimethylamino anchor. 

 


