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Kirby, Thomas Price (Ph.D., Chemistry) 

Tripartite Prodrugs of the Anthracycline Anticancer Drug Candidate Doxazolidine: New 

Methods and Mechanisms Relevant to Their Synthesis 

Thesis directed by Professor Tad H. Koch 

 

This dissertation describes the development of a new method for the synthesis of tripartite 

prodrugs of the anticancer drug candidate doxazolidine, which utilizes, as the key 

transformation, the traceless Staudinger ligation (TSL) of an aryl azide.  The rationale for 

developing a new synthetic methodology is presented in juxtaposition to the limitations of the 

preexisting route for preparation of prodrugs containing the Katzenellebogan-spacer and this 

discussion focuses on improving the efficiency with which the chemical space surrounding such 

target molecules may be explored.  A critical limitation to the newly developed method, namely, 

the inability to stereoselectively esterify C-chiral peptides with 2-(diphenylphosphino)phenol, 

which ultimately affords a mixture of diastereomeric products and, thereby, complicates the 

structural characterization and biological evaluation of the prepared prodrugs, is also discussed 

along with possible solutions to the problem.  Mechanistic studies provide evidence that the TSL 

of an aryl azide proceeds via acyl-transfer to a phosphazide intermediate, as opposed to the 

iminophosphorane intermediate invoked in the putative mechanism of the TSL of an alkyl azide, 

in a reaction that depends on the concentration of water present in the reaction medium at the 

outset of the reaction.  A revised mechanism for the TSL of an aryl azide and phosphino phenyl 

ester is ultimately presented alongside kinetic analysis of the reaction run under consecutive 

pseudo-first-order conditions in the presence of an excess of azide and water.  
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Chapter 1 

Anthracycline Antibiotics 
 
 

1.1  Introduction 

The identification and clinical application of chemical compounds possessing anti-tumor 

activity has long been a major focus of the pharmaceutical industry (Table 1.1).1  While new and 

improved therapies are continually being developed, the anthracyclines have continued to find 

widespread application as anti-cancer chemotherapeutic agents more than fifty years after their 

initial discovery.2,3  Anthracyclines comprise a class of ~500 naturally occurring aromatic 

polyketides belonging to the Rhodomycin-group of antibiotics.3  The structures of four clinically 

approved anthracyclines: daunorubicin (Daunomycin) 1, doxorubicin (Adriamycin) 2, 

epidoxorubicin (Epirubicin) 3 and idarubicin (Idamycin) 4 are shown in Figure 1.1.  

 

 

 

Figure 1.1  Structures of the anthracyclines daunorubicin 1, doxorubicin 2, epidoxorubicin 3 
and idarubicin 4. 
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Table 1.1  Examples of FDA-approved anticancer chemotherapeutics developed over the last 
60 years.1 

 

	
	
	

 

Class of 
Chemotherapeutic 

Clinical  
Drugs 

Date of FDA Approval 
(mm / dd / yr) 

Chlorambucin 03 / 18 / 1957 

Cyclophosphamide 11 / 16 / 1959 

Melphalan 01 / 17 / 1964 

Cisplatin 12 / 19 / 1978 

Alkylating Agents 

Carboplatin 03 / 03 / 1989 

Methotrexate 12 / 07 / 1953 

5-fluorouracil 04 / 25 / 1962 

Floxuridine 12 / 18 / 1970 
Antimetabolites 

Gemcitabine 05 / 15 / 1996 

Vincristine 07 / 10 / 1963 

Pacelitaxel 12 / 29 / 1992 

Vinorelbine 12 / 23 / 1994 
Antimicrotubule Agents 

Docataxel 05 / 14 / 1996 

Doxorubicin 08 / 07 / 1974 

Daunorubicin 12 / 19 / 1979 

Mitoxantrone 12 / 23 / 1987 

Topotecan 05 / 28 / 1996 

Topoisomerase Inhibitors 

Irinotecan 06 / 14 / 1996 

Flutamide 01 / 27 / 1989 

Bicalutamide 10 / 04 / 1995 

Enzalutamide 08 / 31 / 2012 
Antiandrogens 

Apalutamide 02 / 14 / 2018 
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Key structural features common to the anthracyclines shown in Figure 1.1 include (1) the 

tetracyclic anthraquinone ring system, which constitutes the hydrophobic aglycone core of these 

molecules and is the chromophore responsible for their characteristic red color (λmax = 480 nm);3 

and (2) the daunosamine aminosugar, which is attached to ring D of the anthraquinone at the 7-

position and contains a vicinal amino alcohol in the 3’- and 4’-positions, respectively.  Ring D is 

further functionalized with a geminal tertiary hydroxyl group and ketone side-chain at the 9-

position, and the importance of these D-ring substituents is discussed below in the context of the 

biological activity of the anthracyclines.   

To summarize, the structures of daunorubicin 1 and doxorubicin 2 differ only at the 14-

position with 2 being the 14-hydroxy analogue of 1.  Epidoxorubicin 3, as the name implies, is a 

diastereomer of 2 with the 4’-hydroxyl group of the daunosamine sugar epimerized, while 

idarubicin 4 is simply the 4-des-methoxy analogue of 1.  Thus, the close structural similarity 

between the anthracyclines is readily apparent.  However, the seemingly minor alterations to 

molecular structure between analogues belies the substantial differences in biological activity 

such changes may impose, and the structure-activity relationships (SAR) observed with the 

anthracyclines underscores the value of this concept in medicinal chemistry (vide infra).    

 

1.2  Discovery and Biological Activity of the Anthracyclines 

Daunorubicin 1 was the first anthracycline to be reported following its isolation from a 

then-newly discovered soil microorganism, Streptomyces peucetius.2  S. peucetius was found to 

produce a red alkaloid that could be isolated as its hydrochloride salt and was subsequently 

identified as possessing antibacterial, antifungal and anticancer activity.3  Clinical trials of 

daunorubicin commenced in 1964 and these studies ultimately revealed that 1 was particularly 
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effective in the treatment of acute leukemia.4  However, the drug’s efficacy against a broader 

scope of cancer-types was quite limited. 

Encouraged by the anti-leukemic properties of the newly discovered natural product, 

interest in the creation of analogues of 1 with improved activity against a wider range of tumor 

types swiftly developed.  In 1969, an effort to obtain such derivatives undertaken by Arcamone 

et al., working in Milan, Italy, led to the generation of a novel strain of the anthracycline-

producing microbe using the known mutagen N-nitroso-N-methyl urethane (NMU).5  Exposure 

of the wild-type anthracycline-producing strain S. peucetius to NMU produced the mutant strain 

S. peucetius var. caesius, which produced an analogue of 1 that differed only by the addition of a 

hydroxyl group at the 14-position of the exocyclic ketone.  The new anthracycline was named 

doxorubicin (dox) 2 and the modest structural difference between 1 and 2 proved to have 

substantial biological implications of significant therapeutic import.   

Dox 2 displayed improved efficacy in murine tumor models relative to 16 and, 

importantly, had broad-spectrum activity against a panel of human cancers.7,8  This improvement 

provided a driving force for the drug’s rapid FDA approval in early-August of 1974, a mere 5 

years after 2 had first been isolated.9  While clinical application of 1, which too ultimately won 

FDA approval in 1979, has remained limited to the treatment of acute myelocytic and 

lymphocytic leukemias,10 the broad-spectrum activity of 2 has resulted in its application in the 

treatment of both Hodgkin’s and non-Hodgkin lymphomas, multiple myeloma, myelogenous and 

lymphoid leukemias, sarcomas, as well as, solid breast, ovarian, thyroid, liver and lung 

carcinomas.9,11  Similarly, epidoxorubicin 3 is a broad-spectrum drug that is widely used around 

the world; however, 3 has not yet been approved for use in the U.S.12  The 4-

demethoxydaunorubicin analogue 4 was first synthesized in 1976, by Arcamone, et al., but only 
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received its initial FDA approval in 1990.13  Nevertheless, 4 is an antileukemic agent with 

improved oral availability and reduced cardiotoxicity compared to that of the parent drug14,15  

and, as such, 4 continues to be used in combination therapies for the treatment of adult-onset 

acute myeloid leukemia.16 

 

1.3  The Multiple Mechanisms of Action for the Anthracyclines 

Despite their widespread clinical application, the mechanism of action (MoA) for the 

anthracyclines is not fully understood.17,18  It is known that anthracyclines enter cells by passive 

diffusion through the cellular membrane and then migrate into the nucleus.19,20  Once inside the 

nucleus, the anthracyclines efficiently target the chromosomes with >99% of the drug present 

associated with the nuclear DNA.19  Anthracyclines strongly intercalate between base pairs, 

particularly in GC-rich sequences of the genome, such that the aglycone core sits in the double 

helix with the A-ring protruding into the major grove and the daunosamine sugar inserted deep 

into the minor groove of B-form dsDNA.21  The 9-hydroxyl group on ring D is generally 

involved in two hydrogen (H)-bonding interactions with an adjacent base on one strand of 

dsDNA, which appears to be critical for the stability of the drug-DNA complex.   

Once intercalated into cellular DNA, anthracyclines are known to produce topoisomerase 

II (TopoII)-induced double-stranded breaks or “lesions” in a process widely believed to be the 

primary MoA responsible for the observed cytotoxicity.22,23  Topoisomerases are enzymes that 

catalyze the relaxation of supercoiled DNA by forming transient breaks in either one (type I 

enzymes) or both (type II enzymes) strands of duplex DNA.24,25  TopoII functions in a variety of 

cellular processes, including transcription26−28 and chromosomal manipulation during 

mitosis.29,30  In each case, the enzyme catalyzes the relaxation of positively supercoiled DNA by 

(1) creating a double-stranded break in one DNA duplex; (2) passing a second duplex through 
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the break; and (3) re-ligating the broken DNA strand.31,32   When intercalated into dsDNA, 

anthracyclines inhibit the re-ligation step of the mechanism, thereby stalling the process at a 

stage in which the DNA has been cleaved by the enzyme.22  The increased half-life (t1/2) of these 

ternary TopoII−DNA−drug ‘cleavable complexes’ results in various mutagenic events, such as 

chromosomal fragmentations, translocations, and ultimately, induction of the apoptotic 

pathway.23  The conclusion that a TopoII-dependent MoA is responsible for the in vivo toxicity 

of the anthracyclines is supported by the observation that clinical dosages of 2 result in the 

accumulation of double-stranded breaks in the nuclear DNA, which is consistent with the 

damage that would result from TopoII-poisoning.23,33  Additionally, altered or diminished TopoII 

activity is a common phenotype of dox-resistant cell lines.34,35  

Prior to the 1984 discovery of TopoII-dependent formation of DNA lesions and evidence 

supporting this as the primary MoA of the anthracyclines, an alternative mechanism had been 

proposed to explain the activity of these compounds and focused on the redox potential of the 

anthraquinone ring system.  “Bioreductive activation” of 2 via consecutive single electron 

reductions of the anthraquinone by a redox-active enzymatic system, such as cytochrome 

P450/NADPH, was believed to convert 2 into a high-energy, reactive intermediate capable of 

alkylating nuclear DNA and, thereby, triggering apoptosis.36−40  The observation by Scottish 

researchers, Bartoszek and Wolf, that pre-incubation of 2 with cytochrome P450 

reductase/NADPH prior to its use in the treatment of MCF-7 cells enhanced the drug’s activity 

was also cited as strong evidence in support of the “bioreductive activation” mechanism.41   

Koch et al. showed that, under anaerobic conditions, single electron transfer to the 

quinone of 2 afforded the semiquinone intermediate 5, which was subsequently reduced again to 

afford the corresponding hydroquinone intermediate 6 (Scheme 1.1).42−45  Spontaneous 
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Scheme 1.1  Mechanism of the consecutive single electron reductions of dox 2 and 
elimination of daunosamine 7 to afford quinone methide 8 and protonation of 8 to give the 
inactive 7-deoxyaglycon 9.31  

 

 
 

glycosidic bond cleavage of 6 resulted in elimination of the daunosamine aminosugar 7 with

concomitant formation of intermediate 8.  The highly reactive quinone methide 8 was initially 

proposed to be the putative DNA alkylating agent responsible for the cytotoxicity of 2.  

However, the experimentally determined t1/2 of 8 with respect to protonation in a buffered MeOH 

solution at 25 °C was a mere 53 s and chemical intuition suggested 8 would have a similarly 

short t1/2 in vivo.42  As such, the notion that significant amounts of 8 could reach the target DNA

more rapidly than the competitive protonation reaction would occur appeared highly implausible.  

A more reasonable axiom contends that the vast majority of 8 produced from “bioreductive 

activation” of 2 under anaerobic conditions is rapidly protonated at the 7-position on ring D to 

give the biologically inactive 7-deoxyaglycon 9.   

While the contribution to the therapeutic MoA from DNA alkylation by the quinone 
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nevertheless attributable to the redox activity of the anthraquinone ring system due to oxidative 

stress caused by the production of reactive oxygen species (ROS).46  In general, the 

anthracyclines are excellent chealators of iron and copper ions.  The dox−Fe(III) complex 10 

forms readily and is reduced to the dox−Fe(II) complex 11 in the presence of single electron 

reducing agents, such as the flavoenzymes cytochrome P450 reductase/NADPH and xanthine 

oxidase/NADH (Scheme 1.2).  When molecular oxygen is present, its reduction to superoxide may

Scheme 1.2  The putative biochemical mechanism of anthracycline-induced formation of 
ROS, which induces oxidative stress on cells and contributes both to cancer cell cytotoxicity 
and the dose-limiting cardiotoxicity associated with anthracycline chemotherapy.46−51
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cells and, thus, accounts for some of the observed anti-cancer activity,46−50 as well as, to the 

chronic cardiotoxicity associated with anthracycline chemotherapy.51−54 The resulting 

cardiotoxicity has been linked to potentially fatal cardiomyopathy and congestive heart failure, 

which may manifest years after cessation of anthracycline chemotherapy.55  This dose-limiting 

side effect is arguably the single greatest hindrance to anthracycline-containing chemotherapies 

used in the clinic for the treatment of cancer.  

More recently, evidence has mounted that 2 functions by yet another mechanism: 

formation of formaldehyde-dependent covalent drug-DNA adducts.  The earliest reports 

mentioning formation of covalent dox−DNA adducts appeared in the literature during the 

1980s.38−40  However, it was not until 1990 that Phillips et al., working in Victoria, Australia, 

used a technique known as transcriptional footprinting to identify specific sites along DNA at 

which these covalent drug-DNA adducts were formed.56  Subsequently, during the mid- to late-

1990s, Koch and Taatjes, working in Boulder, CO, discovered that the combination of Fe(III), 

O2, and a TRIS/DTT buffer system, conditions somewhat unwittingly used during the in vitro 

studies performed by Australians, would oxidize the amine of TRIS 12 to the corresponding 

nitroso or nitro compound 13, which then decomposed via a retro-Henry reaction to release 

copious quantities of formaldehyde (Scheme 1.3).57−59  Moreover, formaldehyde was shown to 

be essential for the formation of the covalent drug-DNA adducts reported by Phillips et al.60 

The structure of the dox−DNA covalent adducts was determined empirically using a 

combination of mass spectrometry, X-ray crystallographic and 2D-NMR data (Figure 1.2).57,61−63   

Analogous to the putative MoA for the anthracyclines involving TopoII poisoning, it was 

postulated that the anthraquinone ring system intercalated between the C and N bases of a 
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Scheme 1.3  Mechanism of the retro-Henry reaction for the decomposition of 1 equiv of 
tris(hydroxymethyl)nitromethane 13 to give 3 equiv of formaldehyde; the buffer component 
TRIS 12, is shown in the frame.58   
 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2  The structure of a dox−DNA covalent adduct, as determined empirically from a 
combination of MS, X-ray crystallographic and 2D-NMR data. For clarity, the bridging 
methylene is shown in blue, H-bonding interactions are shown as dotted lines in red and 
numbering of the anthracycline and guanine structures are provided in burgundy and green, 
respectively.57−63 
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5’-GCN-3’ sequence of dsDNA with the daunosamine sugar projected into the minor groove.64  

Once in this position, however, the 3’-amino group of daunosamine then covalently bonds to the 

exocyclic 2-amino group of the guanine base on one strand of the dsDNA via an aminal bond.  If 

the bridging methylene of the aminal was derived from formaldehyde, then the observed 

formaldehyde-dependency for formation of these adducts could be explained.57−63  

Indirect evidence in support for this hypothesis was obtained during in vitro studies 

designed to assess the differences in cellular response to the parent anthracycline drugs 1, 2 and 

3 vs. the corresponding formaldehyde−drug conjugates.60  Drug-sensitive MCF-7 breast 

cancer cells and drug-resistant MCF-7/ADR cells were used in these experiments and both cell 

lines showed substantially greater uptake of the formaldehyde-drug conjugates, as well as, a 

pronounced increase in the retention of the conjugates compared to that of the parent drugs.  

Fluorescent microscopy revealed that the formaldehyde-drug conjugates effectively targeted the 

nuclei of both cell lines and remained there long after the drug had been removed from the 

media.  Finally, increased levels of tritium [3H] were detected in DNA isolated from cells treated 

with isotopically-labeled drug-formaldehyde conjugates that had been prepared using 

[3H]formaldehyde, thus, implicating the formation of formaldehyde-mediated drug−DNA adduct 

formation in the MoA responsible for the observed cytotoxicity.  

Direct evidence in support of the dependency on formaldehyde in formation of covalent 

drug-DNA adducts was provided by a combination of X-ray crystallographic and 13C NMR data.  

A report published in 1991 by Wang et al. used X-ray diffraction analysis of an adduct formed 

when 1 was co-crystallized with a 5’-CGCGC-3’ DNA duplex to provide a crystal structure of 

the closely related covalent daunorubicin−DNA adduct (Figure 1.3).61  In this case, it was found 

that trace formaldehyde present as an impurity in the crystallization solvent was responsible for 
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forming the aminal linkage.62  The latter piece of evidence was published in 1998 by Crothers et 

al., working in New Haven, Ct., and used isotopically labeled 13C-formaldehyde to form 

drug−DNA adducts and confirmed that the labeled carbonyl carbon from 13C-formaldehyde was 

incorporated into the aminal bond of the adducts to provide the methylene bridge that covalently 

linked the drug to the DNA.63  Thus, any lingering doubt over the role of formaldehyde in adduct 

formation was unequivocally dismissed following publication of these experiments.   

 

 

 

 

 

 

 

 

 

Figure 1.3  X-ray crystal structure of a virtual cross-linked 5’-GC-3’ dsDNA sequence by 
the formaldehyde-daunorubicin drug adduct as elucidated by Wang et al.61 

 
 

Substantial evidence now exists supporting a mechanism in which formaldehyde reacts in 

vitro and in vivo with the 3’-amino and 4’-hydroxyl groups of daunosamine to form an 

oxazolidine ring, which is then attacked by the 2-amino group of a guanine base on one strand of 

dsDNA to form the aminal bond and covalently link the drug to one strand of the dsDNA.64,65 

Additional contributions to the overall stability of these adducts is also provided from non-

covalent, H-bonding interactions between the 9-hydroxyl group of the anthracycline to both the 
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3-amino and exocyclic 2-amino groups of a guanine base on the opposing strand of DNA.  As 

such, these adducts were proposed to form a ‘virtual cross-links’ to dsDNA,64 which are 

sufficiently robust to permit their detection in vitro by denaturation-based crosslinking       

assays.66−68  Initial studies suggested that the drug-DNA adducts had a t1/2 of somewhere between 

5−40 h under physiological conditions,68,69 but more sensitive accelerator mass spectrometry 

(AMS) experiments using clinically relevant concentrations of 2 indicated that the adducts 

persist in cells with an average t1/2 of 13 h at 37 °C.70  Curiously, some adducts were observed to 

persist for as long as 12 days in breast cancer cells, only deepening the mystery of how cells deal 

with the accumulation of formaldehyde-dependent, covalent anthracycline−DNA adducts.   

 
 

1.4  The New Semi-Synthetic Anthracyclines: Doxazolidine and Doxoform 

Clinical application of the anthracyclines is subject to dose-limiting cardiotoxicity (vide 

supra), as well as, the development of resistance in tumor populations.  As a result, sustained 

efforts have been made over the years towards developing new and improved anthracyclines 

capable of (1) minimizing the cardiotoxic side effects and (2) having efficacy against resistant 

tumors.  While more than 2,000 anthracycline analogues have been developed in this pursuit, 

dox 2 still remains the most widely used anthracycline worldwide today.16  A preformed dox-

formaldehyde conjugate, however, was viewed as having the potential to address both of these 

needs and overcome the limitations inherent to the existing anthracyclines.  Researchers in the 

Koch lab at the University of Colorado−Boulder aimed to capitalize on their discoveries related 

to formaldehyde-mediated dox-DNA adducts five years earlier and a summary of their efforts to 

develop and characterize a new semi-synthetic anthracycline-formaldehyde conjugate is given in 

this section.   
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When dox 2 was reacted with formaldehyde, the vicinal 3’-amino and 4’-hydroxyl groups 

were annulated, forming a 5-membered oxazolidine ring, to afford an isolable product that was 

named doxazolidine (doxaz) 16 (Scheme 1.4).64  Further reaction in situ of 2 equiv of 16 with 

another equiv of formaldehyde then formed the dimeric compound, doxoform (doxf) 17.  

 
Scheme 1.4  Reaction of dox 2 with formaldehyde affords doxazolidine 16 and a reaction of 
2 equiv of 16 with an additional equiv of formaldehyde gives doxoform 17; their respective 
hydrolyses are also indicated.64  

 

 

Gratifyingly, 16 and 17 were found to be exquisitely more cytotoxic than 2 in a variety of cancer 

cell lines, including some resistant cell lines, but not in cardiomyocytes, as a comparison of cell 

growth inhibition data shows (Table 1.2).71,72 
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Table 1.2  Comparison of cell growth inhibition data[a] for dox 2 and doxaz 16 in a variety of 
cancer cell lines.71,72 

 

[a] IC50 values are reported as log M. 

 

Over the decades since doxaz 16 were first prepared, it has become evident that the 16 

induces cell death through a mechanism distinct from that of 2.  First, 16 is >1.90 orders of 

magnitude more cytotoxic on average than 2 against a variety of cancer cell lines (Table 1.2).72  

Also, according to a National Cancer Institute (NCI) 67 human cancer cell line screen, the 

cytotoxicity of 16 correlates only modestly (0.68) with that of 2, and instead correlates better 

with that of DNA crosslinking agents (Figure 1.4).71,72  However, direct evidence that the MoA 

for 2 and that of 16 differ comes from a comparison of data showing the cell cycle distribution 

and induction of apoptosis in TopoII-positive vs. TopoII-deficient cells following treatment with 

2/16.  Through a well-documented TopoII-dependent mechanism, dox 2 induces G2/M arrest in 

HCT-116 colon cancer cells and HL-60 leukimia cells; whereas, doxaz 16 does not induce G2/M 

arrest, despite inducing apoptosis 4-fold better than 2, in the same cell lines.72  Additionally, 

Cell Line Cancer Type 2 16 
H2122 Non Small-Cell Lung -6.70 -8.40 
SHP-77 Small-Cell Lung      > -6.00 -8.70 
A375 Skin -6.70 -9.00 
PC-3 Prostate -6.70 -9.00 

DU-145 Prostate -7.15 -8.52 
MCF-7 Breast -6.52 -8.70 

ADR-RES Ovarian -5.00 -9.00 
MDA-MB-435 Breast -6.82 -7.96 

Hep G2 Liver -6.70 -7.96 
SK-HEP-1 Liver -7.00 -8.40 
MiaPaCa-2 Pancreas -6.52 -8.52 

BxPC3 Pancreas -6.52 -8.00 
HeLaS3 Cervix -7.46 -8.52 
Mean −      > -6.60 -8.51 

H9c2(2-1) Heart -7.52 -7.52 
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growth inhibition from 16 is largely unchanged in TopoII-deficient cells (e.g. HL-60/MX2), 

while that of 2 is significantly diminished (Table 1.3).72 

 
Figure 1.4  Best compare group for doxaz 16 using growth inhibition data in the National 
Cancer Institutes Developmental Therapeutics Program Database.∗ Correlation numbers are 
shown below each structure, NSC numbers are given in parentheses and generic names are 
provided when available.72 

 

 
 
∗Additional information on each compound can be found at the data search section of the NCIs 
DTP Web site, http://dtp.nci.nih.gov, using the NSC number. 
 
 
 

 
Table 1.3  Comparison of cell growth inhibition data[a] for dox 2 and doxaz 16 in the HL-60 
and HL-60/MX2 cell lines.72 

 
Cell Line Cancer Type TopoII 2 16 

HL-60 Leukimia + -6.96 -9.40 
HL-60/MX2 Leukemia - -6.07 -9.22 

[a] IC50 values are reported as log M. 
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The activity of 16 has additionally been shown to be independent of ROS-mediated cytotoxicity.  

As is evident from Table 1.4, growth inhibition of cells co-treated with either 2 or 16 and the 

clinically approved drug, dextrazoxane 19 (Scheme 1.5),73 which is capable of removing iron 

from iron/anthracycline complexes thereby reducing free radical formation via Fenton chemistry, 

is largely unaffected for doxaz 16 but is significantly diminished for dox 2.     

 

 
Table 1.4  Comparison of cell growth inhibition data[a] for dox 2 and doxaz 16 with and 
without dextrazoxane 19 in a variety of cell lines.72 

 
Cell Line Tissue 2 2+19 16 16+19 
MCF-7 Breast -6.52 -5.52 -8.52 -8.52 

SK-HEP-1 Liver -7.00 -5.98 -8.40 -8.30 
MiaPaCa-2 Pancreas -6.52 -5.00 -8.52 -8.40 

PC-3 Prostate -6.40 -5.41 -7.96 -7.96 
H9c2(2-1) Heart -7.52 -6.09 -7.52 -7.00 

[a] IC50 values are reported as log M. 
 
 

Scheme 1.5  Hydrolytic activation of dextrazoxane 19 (ICRF-187), a clinically approved 
drug for use in cancer patients to prevent anthracycline-mediated cardiotoxicity, to the iron-
chelator 22 (ICRF-198).73     
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As mentioned above, chemotherapies using 2 are limited by (1) drug resistance and (2) 

chronic cardiotoxicity.11   Doxaz 16 is believed to have the potential for overcoming these 

limitations by (1a) mediating cell death in a TopoII-independent fashion and (1b) by being 

neutrally charged at physiological pH and (2) by selectively increasing the drug’s toxicity 

towards cancer cells over cardiomyocytes.  First, the TopoII-independent MoA for doxaz 16 

renders changes in TopoII expression or activity by cancer cells an ineffective resistance 

mechanism.  Second, overexpression of the P-170 glycoprotein efflux pump protein is the 

primary mechanism by which resistant cell lines avoid the activity of drugs to which they are 

exposed.  The P-170 efflux pump recognizes positively charged xenobiotics and selectively 

removes them from inside of the cell.  Given that doxaz 16 is uncharged at physiological pH, 16 

is not a substrate for the efflux pump.  Finally, the equal toxicity of dox 2 and doxaz 16 towards 

cardiomyocytes (log IC50 = -7.52 in H9c2(2-1) heart cells), combined with the increased toxicity 

of 16 vs. 2 in tumor cells (Table 1.2), may therefore allow for a lower dose of 16 to be 

administered and, thus, provide a cardio-protective effect for patients. 

  However, systemic administration of unmodified 16 is not feasible.  Due to the short half-

life of the oxazolidine ring under physiological conditions (t1/2 ~3−3.5 min), the super-potent 

drug-formaldehyde conjugate cannot reach the tumor environment in vivo and exert its effects as 

intended prior to hydrolysis.  Additionally, despite encouraging in vitro data for 16, a study 

conducted through the Developmental Therapeutics Program of the NCI determined that the 

LD50 of 16/17 formulated in DMSO and injected i.v. in mice is only ~0.2 mg/kg of body weight.  

A prodrug strategy would therefore be required to realize the potential of doxaz 16 as a 

chemotherapeutic.	
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CHAPTER 2 

Prodrugs   
 
 

2.1  Introduction 

 The term prodrug was first introduced into the lexicon by Albert in 1958 to describe a 

molecule that is biologically inert in its current form, but after administration is metabolized in 

vivo to produce a pharmacologically active drug.1,2  Nature itself produces compounds that 

modern medicine has come to recognize as being prodrugs.  For example, salicin 1 is a β-D-

glucopyranoside of salicyl alcohol 2 that is traditionally obtained from hot water extractions of 

the ground bark from poplar (Populus) and willow (Salix) trees.3  Salicin was used as a mild 

analgesic, anti-inflammatory and antipyretic agent in traditional herbal medicine long before its 

chemical structure and metabolism were understood.  However, it is now recognized that salicin 

is a prodrug activated by hydrolysis of the glycosidic bond of 1 to give glucose and salicyl 

alcohol 2.  Subsequent oxidation of 2 gives salicylic acid 3, which is the active drug responsible 

for the therapeutic effects (Scheme 2.1).  Another prodrug of 3, acetyl-salicylic acid was first 

prepared by the German chemists Hoffmann and Eichengrün at Bayer labs in 1897 and 

Aspirin™, as  

Scheme 2.1  Salicin 1 is a naturally occurring prodrug of salicylic acid 3. 
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Aspirin™, as it is better known, is arguably the most widely used synthetic prodrug in the world 

today.4,5    

Prodrugs, in general, are designed to mask undesirable properties of a compound and 

optimize the absorption, distribution, metabolism, and excretion (ADME) of the drug.6  In 

principle, a prodrug strategy can be used to improve any aspect of a drug or drug candidate’s 

pharmacokinetic profile: (1) improved absorption may be realized through a modification, such 

as acylation of an amine or alcohol, that allows a drug to become orally active7-10 or to penetrate 

the blood-brain barrier;11 (2) distribution of an administered drug may be influenced through the 

use of targeting carrier groups, such as peptides12,13 and antibodies,12 that bind to receptors 

overexpressed on the surface of the diseased cell, thereby increasing the localized concentration 

of the attached drug in that tissue while simultaneously minimizing its concentration in healthy 

tissues; (3) metabolism may, for example, be slowed to provide a time-release dosage of the 

drug, as was done in the case of Vyvanse,14 a lysine dimesylate prodrug of d-amphetamine 

developed as a slow-release formulation for more efficacious treatment of pediatric ADHD; and 

(4) excretion may be modulated by increasing the size of the administered compound, by 

PEGylation for example, such that its removal from the body is delayed and a greater percentage 

of the drug circulates for a sufficiently long period of time to reach its intended target.15-17  The 

tremendous scope of issues that can be addressed through prodrug strategies to improve the 

performance of existing drugs and develop promising drug candidates has resulted in significant 

interest in the field over the last several decades with an estimated 10% of all clinical drugs in 

use around the world today classified as prodrugs.6  Numerous reviews on the various 

applications of prodrugs have been published and the reader is encouraged to explore the 

literature further for more exhaustive accounts on the subject.18-20 
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2.2  Prodrug Design in Anticancer Chemotherapy 
 

The general principle of anticancer chemotherapy involves the killiong of rapidly 

dividing cells by agents which act upon cellular processes involved in cell proliferation, such as 

DNA, RNA and protein biosynthesis.  However, as many types of normal cells also regenerate 

rapidly, such as the epithelia lining of the gut and hair folucles, they too are subject to the effects 

of drugs that disrupt these processes.  As such, cancer therapy is often limited by undesirable 

side-effects accompanying chemotherapy which often restrict the tolerable dosages and duration 

of treatment a patient can receive.  In order to improve upon the effectiveness of 

chemotherapeutics, prodrug strategies have been developed with the aim of selectively delivering 

drugs to neoplastic tissues so as to minimize the harmful side-effects encountered by systemic 

administration of the drugs, thereby affording patients a better quality of life.  

However, designing highly selective, tumor-targeting prodrugs remains a difficult 

challenge for medicinal chemists today due, in general, to the narrow therapeutic window of the 

active drugs.21  A priori prediction of the totality of effects a particular modification to a drug 

will have on the biological response to that molecule is simply not possible.  Numerous factors 

contribute to the elicited response, including the three dimensional structure, molecular weight, 

solubility, permeability and immunogenicity of a molecule.  Additionally, differences in enzyme 

expression, vascularization, and interstitial pressure may also affect the distribution of the 

prodrug in vivo and create variations in the amount of drug that is actually delivered.  Therefore, 

optimizing the properties of a prodrug to meet the specific demands inherent to its application is 

a critical aspect of prodrug design. 

 Consider the generic dipartite prodrug shown in Figure 2.1, which is comprised of two 

domains: a drug D and a trigger T.  The assembled D-T prodrug is biologically inert and can be 
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Figure 2.1  Activation of a generic dipartite prodrug.  

 
administered systemically without exposing normal cells in healthy tissues to the cytotoxic 

effects of D.  As D-T passes through the tumor environment, however, a tumor-associated 

enzyme (e.g. protease, glucuronidase or carboxylesterase) may cleave the D-T bond and release 

the active drug D.  For this strategy to be successful, however, the coupling of D to T must 

produce a sufficiently robust D-T conjugate that does not release D in an uncontrolled fashion 

throughout the body following administration, but which also does not prevent the release of D 

when the prodrug comes into contact with the tumor-associated enzyme.  For instance, sufficient 

serum stability is required for a prodrug administered i.v. to reach the tumor intact, but if the D-T 

bond is too robust and cannot be hydrolyzed in the tumor environment by the tumor-associated 

enzyme as intended, then the active drug will not be released and the prodrug will have no 

beneficial effect on the health of the recipient.    

Such was the case with early attempts to create a carbamate prodrug of doxazolidine 4 by 

acylation of the 3’-nitrogen with alkyl chloroformates (Scheme 2.2).22 The carbamate 5 

effectively stabilized the oxazolidine ring towards hydrolysis and prevented the loss of 

formaldehyde.  However, acylation also prevented formation of the covalent drug-DNA adduct 

responsible for the super-cytotoxicity of 4 and the carbamate bond of 5 was too hindered to be 

enzymatically hydrolyzed.  So, despite what is known about carboxylesterases and their ability to 
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hydrolyze seemingly similar bonds,23 the dipartite carbamate prodrugs 5 (R = alkyl) were devoid 

of activity and this approach had to be abandoned.  

 

Scheme 2.2  Acylation of doxazolidine 4 afforded the stable but inactive dipartite prodrugs 5, 
which could not be activated by carboxylesterases due to the stearic hindrance surrounding 
the carbamate.22 

 

 

Now consider the generic tripartite prodrug shown in Figure 2.2, which is comprised of 

three domains: a drug D coupled indirectly to the trigger T via a spacer S.  In this case, the 

ability of the prodrug to effectively localize at the tissue of interest is maintained through the 

action of T, but the release of the D from the prodrug at the targeted tissue may be greatly 

enhanced by the spatial separation between the bulky drug D and trigger T domains afforded by 

the spacer S.  Of course, separation of the D-S fragment afforded after liberation of T would still 

be required to release the active drug.  Thus, development of a self-immolative spacer that, upon 

enzymatic cleavage of the S-T bond of the intact D-S-T prodrug, would undergo a spontaneous 

elimination reaction to sever the remaining D-S linkage and release the active drug D was a 

critically important step in the evolution of prodrug design.   
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Figure 2.2  Activation of a generic tripartite prodrug. 
 

 
The Katzenellenbogen-spacer, a p-amidobenzyloxy carbonyl-moiety (PABC), introduced 

in 1981 by Katzenellenbogen et al. is a self-immolative spacer used in tripartite prodrugs (Figure 2.3).24   

 

 

Figure 2.3  Generic tripartite prodrug containing the PABC Katzenellenbogen-spacer.24  
 

 

After administration of the prodrug 6, enzymatic cleavage of the anilide bond between the 

triggering group and PABC-spacer results in rapid 1,6-elimination of the iminoquinone methide  

8 and, following spontaneous decarboxylation of the liberated carbamic acid, release of the 

active drug 9 (Scheme 2.3).24   

 
 
 
 
 
 
 
 
 

O

N
H

O

T

N
H

O
D

Katzenellenbogen
spacer

Tripartite Prodrug

T

enzymatic
activation

spontaneous
cleavage

S

D

drug          spacer

T

trigger

D

drug          spacer

SS D

drug

(inactive) (active)(inactive)



	 31	

Scheme 2.3  Activation mechanism of a prodrug 6 containing the Katzenellenbogen-spacer 
by 1,6-elimination of the iminoquinone methide 8 and, following spontaneous 
decarboxylation of the liberated carbamic acid,  release of the active drug 9.24 

 

Tripartite prodrug designs incorporating the Katzenellenbogen-spacer have become quite 

common. Most notably, the mAb-targeted monomethylauristatin E antimitotic, Brentuximab 

Vedotin 10, which began Phase-III clinical trials in 2010 and received accelerated FDA-approval 

in 2011 (Figure 2.4) for use in patients with Hodgkin’s lymphoma that are at high risk of relapse 

or progression following autologous stem-cell transplantation, contains the PABC-spacer.25  

While other spacer designs have been developed over the years,26-33 adoption of the PABC 

Katzenellenbogen-spacer into the design of our prodrugs was an early decision and the focus of 

this work will deal exclusively with aspects of this strategy.  

 

  

Figure 2.4  Structure of the mAb-targeted monomethylauristatin E antimitotic,  
Brentuximab Vedotin 6, which contains the PABC Katzenellenbogen-spacer.25 
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2.3  Enzyme Targets for Anticancer Prodrug Therapy    

The objective of anti-cancer prodrug therapy is the targeted delivery of an inert 

compound to cancer cells and the selective release of the active drug in or around the tumor 

environment. This avoids exposure of normal, healthy tissues to the cytotoxic drug whilst 

preserving an effective chemotherapy to combat the cancer.  Due to the changes in gene 

expression that occur in cancer cells, elevated levels of certain enzymes have been linked to 

particular types of cancer and this can be exploited for targeted prodrug activation.21  A summary 

of enzymes overexpressed in tumors and their substrate specificities is given in Table 2.1.   In 

this section, two classes of enzymes (carboxylesterases and proteases) capable of activating 

tripartite prodrugs of doxazolidine and whose expression levels correlate with cancer progression 

and prognosis in difficult to treat cancer types are reviewed with an emphasis on their respective 

substrate specificities and how this influenced the design of our prodrugs. 

 

Table 2.1  Summary of enzymes that are overexpressed in tumors.21 

Enzyme Function Substrate Examples Ref. 

Carboxylesterases 
(CES1; CES2) 

Hydrolysis or 
transesterificatio
n of xenobiotics 

Esters,  
Carbamates &  
Thioesters 

23, 
34-38 

Cathepsin B 
Cathepsin H 
Cathepsin L 

Lysosomal 
degradation of 
proteins 

Ala-Leu, Gly-Leu-Phe-Gly, Val-Cit 
Gly-Phe-Leu-Gly, Ala-Leu-Ala-Leu 
Arg-Arg-Leu 

39-48 

Cathepsin D Degradation of 
ECM 

Phe-Ala-Ala-Phe(NO2)-Phe-Val-Leu-OM4P, 
Bz-Arg-Gly-Phe-Phe-Pro-4MβNA 49 

Plasmin 
Fibrinolysis, 
degradation of 
plasma proteins 

D-Ala-Phe-Lys, D-Val-Leu-Lys, 
D-Ala-Trp-Lys 

24, 
50-58 

uPA[a] 

tPA[b] 
Activation of 
plasmin  

Gly-Gly-Gly-Arg-Arg 
Arg-Val 

59 
60 

PSA[c] Liquefaction of 
semen Mu[d]-His-Ser-Ser-Lys-Leu-Gln-Leu  61-69 

M.Metalloproteases Degradation of Ac-Pro-Leu-Gly-Leu, 70-74 
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MMP-2 
MMP-9 

ECM and 
collagen 

Ac-γE-Pro-Cit-Gly-Hof[e]-Tyr-Leu, 
Gly-Pro-Leu-Gly-Ile-Ala-Gly-Gln 

β-Glucuronidase 
Hydrolysis of 
protein 
glucuronides  

Glucuronosides 75-82 

[a] Urokinase-type plasminogen activator.    
[b] Tissue-type plasminogen activator. 
[c] Prostate-specific antigen. 
[d] Mu = morpholinocarbonyl.       
[e] Hof = homophenylalanine. 

Carboxylesterases 
 
 Carboxylesterases (CEs) are ubiquitous enzymes present in essentially all organisms, 

from E. coli to man, where they are believed to primarily play a protective role for the 

detoxification of xenobiotics.23  Circumstantial evidence in support of this assertion is provided 

by the observation that CEs are highly expressed in the tissues most likely to encounter 

xenobiotics, such as the liver, kidney and the epithelial linings of the lung and gut and are 

promiscuous serine hydrolases capable of hydrolyzing esters, carbamates and thioesters present 

in wide range of structurally distinct and complex substrates.34,35 

 Five potential CE genes have been indentified in humans through genome sequencing 

analyses.23  However, the biological activity of only three of these CEs (hCE1 [CES1], hiCE 

[CES2] and hBr3 [CES3]) has been evaluated to date and only hCE1 and hiCE have been 

exploited for prodrug activation.34-38  Both hCE1 and hiCE are ~60 kDa cytoplasmic proteins 

that require processing in the endoplasmic reticulum (ER) to properly function, but have 

different substrate specificities and different expression levels in various tissues.  Expression of 

hCE1 occurs primarily in the liver where it tends to hydrolyze esters consisting of small, planer 

alcohols and larger acid moieties, such as nitrophenylesters (NPEs), oseltamivir and heroin. 

Contrastingly, hiCE is primarily expressed in the gut and kidney and has variable expression in 

the liver.  The substrate specificity for hiCE is roughly the inverse of that for hCE-1 with activity 
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against esters consisting of larger alcohols and smaller acid moieties.  Despite their differences, 

both enzymes are capable of activating the anticancer prodrugs capecitabine 11 and irinotecan 12 

(Figure 2.5) and considerable overlap exists between the substrates each enzyme is capable of 

hydrolysing.23  A brief comparison of the two enzymes is summarized in Table 2.2 below.          

	

	
	

Figure 2.5  Structures of the clinically approved CE-activated anticancer prodrugs 
capecitabine 11 and irinotecan 12.23 

 
 

Table 2.2  Comparison of the properties of human carboxylesterases hCE-1 and hiCE.23 

 
 Enzyme 

Property hCE-1  hiCE  
Gene Name CES1 CES2 

Size 60 kDa 60 kDa 
Primary Sequence 567 a.a. 559 a.a. 

Tissue of Expression Liver, lung epithelia, 
monocytes 

Intestinal epithelia,  
liver, kidneys 

Cellular Location Microsomes Microsomes 
Stability Excellent[a] Poor[b] 

General Specificity Smaller alcohols, 
Larger acids 

Larger alcohols, 
Smaller acids 

Prodrug Substrates[c] Capecitabine Irinotecan 
Activity[d] 1 91 

[a] hCE-1 is stable for months at r.t. 
[b] hiCE rapidly loses activity under identical conditions. 
[c] Primary CE implicated in the activation of either 11 or 12. 
[d] Relative rates for the hydrolysis of 12. 
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A prodrug developed by Barthel et al.,22,81 pentyl-PABC-doxazolidine (PPD) 13 (Figure 

2.6), was modeled after the clinically approved drug capecitabine 11 for activation by hCE-1.  In 

vitro studies using MCF-7 human breast cancer cells, however, implicated hiCE as the enzymatic 

activator of PPD, highlighting the difficulty in de novo predictions of enzyme substrate 

specificity.81  Despite promising IC50 values for 13 in cells overexpressing hiCE,82 the drug 

underperformed in murine animal models.82  Serum esterase activity in rodents was identified as 

a likely cause for premature activation of the prodrug in the bloodstream and ultimately 

prompted the exploration of peptidase activated prodrugs of doxazolidine 4.    

 

 
 

Figure 2.6  Structure of the hiCE-activated, pentyl-PABC-doxazolidine (PPD) 13.22, 81-2  
 
 

Proteases 
 

 Proteolytic activity is a common and widespread biomarker of neoplastic tissues.  In 

addition to creating the physical space required for invasion and metastasis, tumor expressed 

proteases can assume a more active role in tumorigenic transformation and development.  This is 

primarily manifested through protease liberation and activation of extracellular matrix (ECM) 

associated growth factors and cytokines, which in turn affect carcinogenesis, angiogenesis and 
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tumor growth.83-87  Given the significance of proteolytic activity in tumor progression, metastasis 

and overall patient prognosis, combined with its tight regulation and essentially negligible 

functioning in healthy, static tissues, proteolytic activity makes an attractive target for tumor-

selective prodrug activation.  Furthermore, the substrate specificity of numerous proteases has 

been studied in detail and generally relies on the recognition of a small number of amino acids 

encompassing the scissile peptide bond.88  Thus, short peptides with established sequences can 

be prepared synthetically and tested in a peptide-targeted prodrug model against cancer cell lines 

having phenotypes with high protease activities.  The cathepsin and plasmin proteases, which 

have commonly been exploited in prodrug models, will briefly be reviewed here. 

Protease specificity is determined by the recognition of particular amino acid sequences 

as they are brought into close proximity to the enzyme active site.  The amino acid sequence 

surrounding a protease cleavage site is conventionally denoted:  

H2N-Pn…P3P2P1P1’P2’P3’…Pn-CO2H, 

with the scissile peptide bond located at the P1P1’ junction.107  Substrate specificity is largely 

governed by the amino acids located at the P3…P3’ positions, and we can further limit our 

considerations to the amino acids positioned at P3, P2 and P1 because, in the context of prodrug 

design, the PABC-spacer and drug portions of the molecule occupy prime-sites of the sequence, 

which cannot be manipulated.  Additionally, analysis of the amino acid preferences for each of 

these positions will be limited to those of Cathepsin B and plasmin (and uPA) as an exhaustive 

review of the other proteases is beyond the scope of this discussion and these proteases, which 

are overexpressed in several solid tumors,39 were the focus of our efforts to develop protease-

activated prodrugs of doxazolidine.   
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The Cathepsins 

Cathepsins are a group of enzymes belonging to the papain family of cysteine proteases 

with eleven different members in man.  Their primary role is considered to be their functioning 

in lysosomal protein degradation.88 However, evidence supporting their role in extralysosomal 

activity, including functioning at the plasma membrane89 and in the pericellular milieu90 also 

exist and they have been implicated in numerous pathological processes, as well.  Cathepsin B is 

a tumor promoter involved in carcinogenesis and metastasis.91-93  It is not found extracellularly 

expect in pathological conditions, such as metastatic tumors94 and in areas of tissue degradation 

in rheumatoid arthritis95  Cathepsin L is involved in epidermal96-98 and cardiac homeostasis99,100, 

prohormone processing101-102 and autophagy.103  A putative tumor suppressor in the K14-HPV16 

mouse model of epidermal carcinogenesis,96 Cathepsin L nevertheless contributes to cell 

proliferation and tumor growth in a mouse model of pancreatic islet β-cell carcinogenesis.93 

Cathepsin S also plays an important role in the same pancreatic islet cell cancer model, where it 

is involved in antigen presentation, tumorigenesis and angiogenesis.104-106      

 The strongest substrate specificity determinant for Cathepsin B occurs at P1 with high 

selectivity for substrates with a gly residue in this position having been observed.  Cathepsin B 

endoproteolysis of substrates with a P1 gly has been reported for several proteins, including 

aggrecan,113 osteocalcin,114 and thyroglobulin,115 and this preference is also reflected in the 

sequences of fluorescent peptide substrates,116 which were efficiently cleaved by Cathepsin B, as 

well as, in a series of irreversible inhibitors, all of which contained a P1 gly residue.117  In P2, Ala 

and Val are the preferred residues for Cathepsin B, but as is true for most cathepsins, either 

aromatic or aliphatic amino acids are also well tolerated.  In P3, a slight preference for aromatic 

and aliphatic residues has been reported,109-112 but these are minor specificity determinants and 
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substrates with all twenty naturally occurring amino acids in this position are known.88 

 Published reports on prodrugs designed to be activated by Cathepsin B have utilized the 

sequences Gly-Phe-Leu-Gly118 and Ala-Leu-Ala-Leu,119,120 which are lysosomally cleaved 

peptides.   However, despite the analysis presented above, reports from researchers at Bristol-

Myers Squibb on the use of a Val-Cit peptide motif, in which the unnatural amino acid citrulline 

is placed in the P1 position, caught our attention.120  In particular, incorporation of the Val-Cit 

dipeptide into the clinically used mAb-targeted antimitotic drug, Brentuximab Vedotin 625 (vide 

supra), prompted our exploration of some citrulline-containing sequences in potential Cathepsin 

B-activatable peptidyl prodrugs of doxazolidine, which are discussed in Chapter 5 of this thesis.  

Plasmin   

The plasmin system offers another attractive possibility for the tumor-selective activation 

of peptidyl prodrugs. In this system, the zymogen plasminogen is converted to the active serine 

protease plasmin at or near the cell surface by surface-bound urokinase-type plasminogen 

activator (uPA).122  Active plasmin degrades the ECM and basement membrane components 

directly or indirectly through activation of a variety of other proteolytic proenzymes, including 

the matrix metalloproteases (MMPs).123  Not surprisingly, high levels of plasmin pathway 

components often correlate with poor prognosis in a wide panel of tumor types,122 including 

difficult to treat cancers such as lung,124-126 liver,127,128  and pancreas.129-131 

The strongest substrate specificity determinant for plasmin occurs at the P1 position with 

high selectivity for the basic residues Lys and Arg, with a slight preference for Lys over Arg, due 

to the presence of Asp189 at the base of the S1 pocket of the enzyme active site.132-134  In P2, a 

strong preference for the aromatic amino acids Phe, Try and Tyr exists and this preference is 

believed to be conveyed by π-facial interactions between the amino group of Gln192 in the 
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enzyme active site and the aromatic ring of the substrate.134  Structural models suggest that the 

P3-side chain is directed away from the enzyme and into the bulk solvent and, thus, no significant 

interactions between the substrate and plasmin exists at this position.  The plasminogen activator, 

uPA, shares the preference for basic residues at the P1 position and prefers small amino acid 

residues in both the P3 and P2 positions (P3 = Gly, Ser or Thr; P2 = Gly, Ala, Ser or Thr).135-136  

In 1980, Carl et al. reported the dipartite prodrug 14 in which activation was achieved 

through the plasmin-mediate hydrolysis of the anilide bond connecting the drug to the tripeptide 

D-Val-Leu-Lys and released the phenylenediamine mustard 15 (Scheme 2.4).137  Compound 14 

was tested against the parent drug 15 in an in vitro assay using wild-type chicken embryo 

fibroblasts, which express low levels of uPA, and transformed cells, which expressed high levels 

of uPA.  The peptidyl prodrug 14 had a 7-fold increase in selective cytotoxicity for the 

transformed cells compared to 15 and, thus, served as a proof of concept for plasmin-activated 

peptidyl prodrugs. 

 

Scheme 2.4  Plasmin-activation of the peptidyl prodrug 14 released the phenylenediamine 
mustard 15.137 

 

 In 1999, de Groot et al. described a prodrug 16 in which activation was accomplished by 

plasmin cleavage of the tripeptide sequence D-Ala-Phe-Lys from the Katzenellenbogen-spacer 
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and released doxorubicin 17 (Scheme 2.5).55  In animal models, 16 exhibited antitumor efficacy 

with a significantly better toxicity profile than 17,56 and served as the basis for the design of 

similar prodrugs prepared in our laboratory for the protease-activated, tumor-selective delivery 

of doxazolidine 4, a significantly more active anthracycline than 17.  

 
Scheme 2.5  Plasmin-activation of the aFK-peptidyl prodrug 16 released doxorubicin 17.55 
 

 

The tripartite prodrug aFK-PABC-DOXAZ 18 was of considerable interest to our research 

group (Figure 2.7).83  However, difficulties in the synthesis of 18 significantly delayed its 

biological evaluation. The synthetic method being followed is shown in Scheme 2.6 and began 

Figure 2.7  Structure of aFK-PABC-DOXAZ 18, a tripeptidyl prodrug of doxazolidine 4.
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Scheme 2.6  Proposed synthesis of aFK-PABC-DOXAZ 18 (PSty = polystyrene bead).83    
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was accomplished with tetrakis(triphenylphosphine)Pd0 with subsequent acidification (Scheme 

2.6).  However, 1H NMR analysis of the crude reaction mixture obtained following the 

deprotection reaction indicated the presence of a side product representing approximately 15% of 

the total anthracycline composition.  Based on chemical shift analysis, this impurity was 

tentatively assigned to be the diastereomer of aFK-PABC-DOXAZ arising from epimerization of 

the α-methyl group of the N-terminal D-Ala residue.  All other peaks in the 1H NMR spectrum 

appeared as expected, and integration of the duplicated alanine α-methyl signals summed to 

equaled the integration of the 5′-methyl peak on the daunosamine sugar, which was consistent 

with the anticipated 1:1 molar ratio of the respective methyl groups.  A homonuclear gradient 

COSY experiment also confirmed coupling between the alanine α-proton and suspected L-

alanine methyl signals, consistent with our assignment of the impurity as the diastereomer 

resulting from D-Ala epimerization.  While RP-HPLC was able to distinguish the two 

diastereomers, poor chromatographic resolution prevented isolation of sufficient quantities of 

spectroscopically pure materials.   

We hypothesized that the epimerization was occurring as a result of the acidification 

procedure following the final alloc-deprotection reaction.  Additional attempts to salt-out the 

product by varying the temperature, time, and acidic reagent failed to yield satisfactory results. 

Moreover, no gains in purity were made during our exploration of various amino-protecting 

groups, including tBoc, Fmoc, and TFA.  Modification of the proposed synthesis was therefore 

required to reduce the abundance of the diastereomer in order to simplify biological 

characterization of 18.         
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2.4  Rationalization of New Methodology for Tripartite Prodrugs Synthesis 
 

The need for an alternative method to prepare aFK-PABC-DOXAZ 18 emerged in order 

to overcome difficulties encountered in its synthesis using the existing methodologies.  The 

primary issue that we faced involved epimerization of the D-Ala α-methyl group of 

(alloc)aFK(alloc)-PABC-DOXAZ 22 during the final deprotection step of the synthesis.  

However, upon further examination of the synthetic route being used, inefficiencies inherent to 

the reactivity of the functional groups being manipulated were identified at nearly every step of 

the synthesis. 

The SPPS of 20 began with the loading of Fmoc-PABA-OH onto 2-ClTrtl chloride resin.  

This resin has two major advantages, in general, over other available resins used in peptide 

synthesis in that (1) loading of the first amino acid onto the resin proceeds via an SN1 

substitution reaction and, thus, no racemizationn of the first residue occurs as it may when an 

amino acid active ester is used in an SN2 reaction with a nucleophilic resin and (2) following a 

completed synthesis, cleavage of protected peptides is possible due to the mild cleavage 

conditions (1% TFA in DCM) used to remove the peptide from the trityl resin and the availabilty 

of orthogonally protected amino acids.  However, loading Fmoc-PABA-OH, in which no 

racemization is possible, does not benefit from the SN1 mechanism and, in fact, the diminished 

reactivity of the alcohol relative to a carboxylate ion had in the past resulted in low loading 

efficiencies.  Additionally, the first peptide coupling reaction in which Fmoc-Lys(alloc)-OH was 

condensed with the resin-bound PABA required significantly longer coupling times than normal 

(16 h vs. 1 h) owing to the poor nucleophilicity of the aniline.  Next, when the mixed PNP 

carbonate 21 was being used to acylate doxazolidine, the poor nucleophilicity of the oxazolidine 

resulted in a sluggish reaction with a valuable advanced intermediate.  As a result, low yields and 
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long reaction times plagued this reaction as well and reaction with a valuable intermediate 

precluded use of 21 in excess to help drive the reaction forward.  Finally, the linear synthesis of 

every new prodrug we sought to explore posed more daunting of a task than perhaps necessary.  

If the peptide portion of the molecule, which is the only domain where we would like to 

introduce variations into the prodrug design, could be introduced in the penultimum step of the 

synthesis, then the efficiency with which we could explore the chemical space surrounding 

prodrugs of doxazolidine would be greatly enhanced. 

How one could effect the acylation of the aniline in a late-stage reaction was not 

immediately obvious, however.  The synthons 23 amd 24 requied for such a transformation are 

shown in Figure 2.8, but 24 has an unteneable relationship between the free amine and the para-

substited carbamate, which would ordinarily undergo 1,6-elimination were it to be made.  

However, we hypothesized that the p-azidobenzyloxy carbamate 25 might allow for late-stage 

N→C amidative-installation of the Katzenellenbogen spacer via a traceless Staudinger 

ligation,138 thereby offering a new synthetic route to these compounds capable of overcoming the 

inherent limitations within our system (Scheme 2.7). 

 

 

Figure 2.8  The synthons 23 and 24 required for late-stage N→C amidative-installation of 
the Katzenellenbogen spacer. 
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Scheme 2.7  Proposed traceless Staudinger ligation methodology for the synthesis of the 
tripartite prodrug 18. 
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Chapter 3 

Staudinger Chemistry 
 
 
3.1  The Staudinger Reaction 

The classical Staudinger reaction was first reported by Staudinger and Meyer1 in 1919 

and has since been the focus of detailed examinations to establish the mechanism of the reaction. 

Based on Leffler’s seminal studies,2,3 the Staudinger reaction can be described as a two-electron 

reduction of an azide 1 by a phosphine 2 (Figure 3.1).  Initial attack from the phosphorus lone 

pair on the terminal nitrogen of the azide reversibly produces a mixture of resonance-stabilized 

cis- and trans-phosphazide intermediates 3a and 3b, respectively. The cis-phosphazide 3a is then 

proposed to eliminate dinitrogen gas via a four-membered transition state to form 

iminophosphorane 4.  Hydrolysis of 4 affords the familiar products of the Staudinger reaction, 

amine 5 and phosphine oxide 6.  However, the reaction of 4 with various electrophiles, most 

commonly carbonyl compounds, provides a means for their conversion into a

 

 

 

 

 

 

Figure 3.1 Putative mechanism of the classical Staudinger reaction.2,3 
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variety of additional products, such as amides,4,5 amines,6 nitro alkanes,7 imines,5,8 isocyanates and 

isothiocyantes,9 carbamates,6 ketenimines,10 aziridines11,12 and carbodiimides,8,13 for example, 

thereby increasing the utility of iminophosphoranes as synthetic intermediates (Figure 3.2).   

 

 
 
Figure 3.2  Various reactions of iminophosphorane 4 provides access to a variety of 
synthetically useful products.4−13 
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Scheme 3.1  Illustrations of (a) Bertozzi’s Staudinger ligation14 (b) Bertozzi’s traceless 
Staudinger ligation15 & (c) Raines’ traceless Staudinger ligation16 of phosphines 7a-c and an 
alkyl azide; iminophosphoranes 8a-c were proposed as intermediates in all cases.16,17 

 

 

 

 

 

 

 

 

 

 

 

the acylating moiety, thereby providing reagents such as 7b and 7c that react with azides to 

afford amides 9b and 9c as products free from the phosphine oxide co-products 10b and 10c also 

formed during the reaction.15,16   The latter two examples shown in Schemes 3.1b and 3.1c have 

been termed the “traceless” Staudinger ligation (TSL) to reflect the fact that the desired products 

are formed without a trace of the phosphine oxide co-product being retained in the newly formed 

amides.  

Development of bioorthogonal amide bond-forming transformations, such as the 

Staudinger ligation, native chemical ligation and other acyl transfer methodologies, has heralded 

the opportunity for significant advances in the chemical and biological sciences.19-22 The 
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the synthetic organic chemisty timescale, introduced by Bertozzi in 2000, that was immediately 
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hailed for its bioorthogonality.  The azide and phosphine functional groups are essentially absent 

in nature allowing for highly selective reactions to be effected in extremely complex 

environments.  For example, the Staudinger ligation has found applications in the investigation 

of cellular metabolism,23,24 in vitro25 and in vivo26 imaging, protein engineering,27,28 

proteomics,29,30 and as a bioconjugation technique.31,32  Application of the Staudinger ligation in 

whole animals further underscores the high selectivity and remarkably mild nature of the 

reaction.19,25,26  Finally, reported application27 of the TSL in the presence of amines, such as Lys-

containing proteins and peptides, suggested to us the potential of using the reaction to introduce a 

fully-deprotected peptide in the final step of prodrug synthesis.  Such a transformation would 

greatly facilitate construction of our prodrugs by obviating the need for a final deprotection 

reaction to be carried out in the presence of the delicate anthracycline. 

 

3.3  Aryl Azides in the Staudinger Ligation 

At the outset of our investigation, use of aryl azides in the Staudinger ligation to prepare 

anilides was not well documented in the literature.33,34  Although both Schultz and Bertozzi had 

proposed their use, neither provided sufficient evidence to refute a 2003 report in which 

Restituyo et al. claimed that the Staudinger ligation between various aryl azides and 2-

(diphenylphosphino)benzoates 11 resulted in their conversion to isolable O-alkyl imidates 12 

(Scheme 3.2).36 Additional independent reports37,38 of both aryl- and allyl-azides giving rise to 

O-alkyl imidates via the Staudinger ligation were found to corroborated the claim.  Nevertheless, 

it was reasoned that in the case of the TSL of 2-(diphenylphosphino)phenyl esters, the phenol’s 

enhanced leaving group ability would provide additional driving force for amide formation.  

Still, successful implementation of a new tripartite prodrug synthetic methodology based on the 



	 62	

TSL remained predicated on the ability of a triarylphosphine to properly shuttle the p-

azidobenzyloxy carbamate along the desired ligation route and away from an unfruitful 

elimination pathway.  A model system was therefore needed to assess the TSL of a p-

azidobenzyloxy carbamate. 

 
Scheme 3.2  Literature precedent for O-alkyl imidate 12 formation from a Staudinger 
ligation of an aryl (and allyl) azides.36−38 
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CHAPTER 4 

Model Prodrug Synthesis via the Traceless Staudinger Ligation 
 
 

4.1  Synthesis of a Model Aryl Azide  

Conversion of p-aminobenzyl alcohol 1 to the corresponding azide 2 was accomplished 

in a two-step procedure of diazotization followed by displacement with azide (Scheme 4.1).1  

After conversion of 2 to the mixed p-nitrophenyl carbonate 3, a reaction with β-phenethylamine 

provided the model aryl azide 4 in 94% yield.  Note, the aryl azides 2-4 described here present 

little hazard at ambient temperature and appear stable indefinitely when protected from light and 

stored at -20 °C, allowing for large-scale laboratory syntheses (>10 grams) of these compounds.  

Furthermore, recrystallization of intermediates 2 and 3 provided a straightforward and readily 

scalable means of purification.   

 

Scheme 4.1 Synthesis of the model azide, p-azidobenzyloxy β-phenethylcarbamate 4; 
isolated %-yields are shown in parenthesis beneath the compound numbers.1 
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4.2  Syntheses of the Model Phosphino Phenyl Esters and Carbonates 

 Acylation of commercially available 2-(diphenylphosphino)phenol 5 afforded phosphino 

phenyl esters 6a-h in good to near quantitative yields (Scheme 4.2 & Table 4.1).  The majority of 

these compounds were prepared using the corresponding acid chloride or chloroformate with 

triethylamine in cold DCM (method A).  This is a most convenient method that affords high 

yields in short reaction times.  The limited solublity of protected amio acids and peptides in 

halogenated solvents and the need to use other coupling reagents prompted us to also explore a 

modified Steglich esterification, in which DCC and DMAP were combined with the carboxylic 

acid before adding 5 (method B).2  

 

Scheme 4.2  Synthesis of 2-(diphenylphosphino)phenyl esters 6a-h. 
 

 

 

 

 

 

 

Using either method, the isolated compounds obtained following flash column 

chromatography (FCC) were found to be stable towards air oxidation over a period of several 

weeks when stored neat under argon or in a thoroghly degassed solution.  However, the 

phosphines are not stable in the presence of either dissolved oxygen or (hydro)peroxides.  The 

former gave ~ 50% phosphine oxide after 24 h in undegassed d3-acetonitrile, while dissolution 

of a phosphino phenyl ester in THF capped after distillation under N2 and left to stand on the 
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bench for 1 h before use resulted in near quantitative oxidation to the corresponding phosphine 

oxide.  As a result, all solvents coming into contact with the prepared phosphino phenyl esters 

should be thoroughly degassed and ethereal solvents freshly distilled immediately prior to use. 

 

4.3  Results of the Model TSL for the Synthesis of Simple Anilides 

The traceless Staudinger ligation between the model p-azidobenzyloxy carbamate 4 and 

phosphines 6a-h in wet THF at ambient temperature gave the desired anilides 7a-h in all cases 

(Table 4.1).  Linear acyl groups transferred readily, affording excellent yields of the ligated 

products (entries 1, 2 and 8).  Entry 8 is particularly noteworthy as the Staudinger ligation here 

affords the carbamate 7h in high yield.  With increasing α-substitution, the yields were 

diminished (entries 3-7) and an isolable iminophosphorane 9 was obtained as the major product 

when pivalate 6d was examined (entry 4).  Evidently, in the latter case, ester hydrolysis was a 

more facile reaction than hydrolysis of the P=N bond of the iminophosphorane 8 as only the 

phenolic iminophosphorane 9 was obtained after silica gel chromatography (Scheme 4.3, Figure 

4.1).  Finally, 1H and 31P NMR indicated that the isolated products were uncontaminated with the 

putative O-aryl imidate product previously reported to be the product obtained from the TSL of 

an aryl azide.3  
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Table 4.1 The traceless Staudinger ligation between aryl azide 4 and phosphines 6a–h 
afforded anilides 7a–g and the aryl carbamate 7h in all cases. 

	

	

Entry R-group Phosphine 
(yield)[a] 

Anilide 
(yield)[a,b] 

1 
 6a  

(97%) 
7a  

(93%) 

2 
 6b  

(97%) 
7b  

(98%) 

3 
 6c  

(97%) 
7c  

(83%) 

4 
 6d  

(84%) 
7d  

(10%)[c] 

5 
 6e  

(86%) 
7e  

(81%) 

6 
 6f  

(94%) 
7f  

(62%) 

7 
 6g  

(87%) 
7g  

(50%) 

8 
 6h  

(93%) 
7h  

(94%) 
 

[a] Isolated yields after FCC purification. 
[b] Average yields of at least two experiments. 
[c]	Iminophosphorane	was	the	major	product	of	reaction.	
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Scheme 4.3  TSL of azide 4 and pivalate 6d afforded the iminophosphorane 8 as the major 
product following aqueous work-up of the reaction.  However, the phenolic iminophos-
phorane 9 was the isolated product after FCC over silica gel. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1  gCOSY and 31P NMR spectra of the isolated iminophosphorane 9.  
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4.4  Synthesis of a Model Double-PABC Spacer Containing Prodrug 

Encouraged by the successful ligation of azide 4 and carbonate 6h in preparation of 

carbamate 7h (Table 4.1, entry 8), we next sought to further exploit this transformation in order 

to overcome the deminished yield obtained in the preparation of pivalamide 7d (Table 4.1, entry 

4).  A one-pot, two-step sequential acylation of p-aminobenzyl alcohol (PABA) 1 was performed 

by initial treatment of 1 with pivaloyl chloride followed by a reaction with p-nitrophenyl 

chloroformate to afford 4-pivalamidobenzyl p-nitrophenyl carbonate 10 in 70% overall yield 

(Scheme 4.4).  Subsequent displacement of p-nitrophenol by 2-(diphenylphosphino)phenol 5 in 

the presence of a two-fold excess of TEA in DCM afforded the mixed carbonate 11, 2-

(diphenylphosphino)phenyl 4-pivalamidobenzyl carbonate, in 88% yield after FCC.  

 

Scheme 4.4  Synthesis of the mixed carbonate 11, for installation of an elongated PABC-
PABC double spacer in a subsequent TSL. 
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Scheme 4.5  Synthesis of an elongated PABC-PABC double spacer-containing model 
prodrug 12 via the TSL of azide 4 and phosphine 11. 
 

 
 

 

 

 

 

 

A traceless Staudinger ligation between azide 4 and phosphino phenyl carbonate 11 in 

wet THF afforded the elongated PABC-PABC double spacer-containing model prodrug 12, 4-

pivalamidobenzyl-PABC β-phenethylcarbamate, in 82% isolated yield (Scheme 4.5).  In this 

example, the TSL was used to synthesize a model prodrug containing the sterically demanding 

pivalanilide group with a 72% improvement in yield for the final step of the synthesis and >40%-

improved overall yield for the unoptimized 4-step sequence compared to the synthesis of 7d 

(10% yield for the TSL; 8.4% yield from 5), which relied on direct installation of the pivalanilide 

bond (Table 4.1, entry 4).     

 

4.5  Conclusion 

The above model studies demonstrated that a p-azidobenzyloxy carbamate will 

successfully undergo the TSL with either a phosphino phenyl ester or carbonate to afford the 

desired anilide or aryl carbamate in synthetically useful yields.  Decomposition of the reaction 

intermediates from 1,6-elimination of the iminoquinone methide was not a significant side 

reaction.  Additionally, the TSL of PABC carbonates such as 11, offers (1) a method for the 
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installation of the Katzenellenbogen spacer4 that is independent of the steric nature of the target 

anilide and (2) facile access to elongated prodrugs containing two Katzenellenbogen spacers.  

Elongated PABC-PABC double spacer-containing prodrugs are of interest because they 

have been shown to exhibit improved enzymatic activation kinetics (kact = 2− to 10−fold higher) 

compared to the analogous single-PABC spacer-containing prodrugs.5  Correspondingly, 

enhanced tumor-growth inhibition and decreased systemic toxicity were observed in vivo for a 

double-PABC spacer-containing prodrug of dox relative to the single-spacer containing 

analogue.  Presumably, the improved efficacy resulted from a more pronounced localization of 

drug-realease at the site of enzyme over-expression in and around the tumor.6 

 

4.6  Experimental 

General Methods.  Unless otherwise specified, all reactions were performed in oven- or 

flame-dried glassware, cooled to ambient temperature inside of a desiccator prior to use, under 

an inert atmosphere of nitrogen or argon.  Molecular sieves (3Å & 4Å) were activated in a 

vacuum drying oven at 180 °C and 10-2 Torr for 72 h and stored in a drying oven at 160 °C prior 

to use.  Anhydrous THF was distilled from Na benzophenone ketyl under nitrogen and used 

immediately.  MeCN was degassed by vacuum filtering through a 0.4 µm filter prior to use.  Wet 

solvent systems were prepared using either D2O or purified water obtained from a Milli-Q Direct 

water purification system from EMD Millipore (Burlington, MA).  Unless specifically indicated, 

all reagents were acquired from reputable commercial suppliers and used as received.  The p-

aminobenzyl alcohol (PABA) used was purchased from Atomax Chemical Company (Shanghai, 

China) and dried under high-vacuum (< 5 x 10-2 Torr) at ambient temperature for 48 h, purified 

by flash column chromatography (hexanes−EtOAc) and subsequently recrystallized from EtOAc 
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and petroleum ether (40−60 °C).  Flash column chromatography (FCC)7  was performed using 60 

Å silica gel (37−75 µm, 230−400 mesh) with hexanes−EtOAc or CHCl3−MeOH solvent systems 

as eluent.  EMD glass thin-layer chromatography (TLC) plates (silica gel 60 F254) were used for 

analytical TLC and the results visualized under 254 nm light or following exposure of the 

developed plate to an I2/silica gel slurry.  Retention factors (Rf) are reported along with other 

compound characterization data below. 1H NMR spectra were recorded at 400 or 500 MHz on 

Varian Unity INOVA spectrometers (Palo Alto, CA) or at 300 MHz on a Bruker-Avance III 

spectrometer (Billerica, MA).  Ambient temperature 13C{1H} and 31P{1H} NMR spectra were 

recorded at 75 MHz and 122 MHz, respectively, on a Bruker-Avance III spectrometer.  Chemical 

shifts are reported in δ values of ppm with internal referencing to the residual solvent peak, 

whose frequencies are given by Gottlieb et al.8  Coupling constants are reported as J-values in 

Hertz (Hz) with resonance multiplicities abbreviated as follows: s = singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, sept = septet, m = multiplet, br = broad.  NMR data processing 

and plotting, including x-referencing of 31P{1H} and 15N NMR spectra, was performed using 

MestReNova NMR software v12.0.1 (Mestrelab Research, Santiago de Compostela, Spain).  

UV−vis spectroscopy was performed on a Hewlett-Packard/Agilent 8452A diode array 

instrument.  Infrared (IR) spectra were recorded on a Thermo-Nicolet FT-IR spectrometer as thin 

films on NaCl plates.  High-resolution mass spectra (HRMS) were obtained with a Perkin-Elmer 

Sciex API III+ (Waltham, MA) or ABI Pulsar QqT high-resolution instrument (Foster City, CA), 

equipped with an ion-spray source at atmospheric pressure.  The purity of all characterized 

compounds was verified to be at least 95% from a combination of 1H and 13C NMR data.  
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Synthesis of compounds 2, 3 and 4.  The synthesis of compounds 2 and 3 followed a 

scaled procedure of Griffin et al.1  Assignments of the azide IR bands were taken from the 

published work of Lieber et al.9 

 

 

 
4-Azidobenzyl alcohol (2). A 1.8 M aqueous solution of sodium nitrite (21.0 g in 170 mL, 

304 mmol) was added via dropping funnel over 90 min to a well-stirred, ice-water bath cooled 

solution of p-aminobenzyl alcohol 1 (25.0 g, 203 mmol) in 5N HCl (380 mL).  Sodium azide 

(52.0 g, 800 mmol) was then added in small portions over 1 h maintaining vigorous N2 

evolution.  The reaction was stirred at 0 °C for an additional 1 h, combined with ice water (450 

mL) and basified to pH 8 with the cautious addition of solid NaHCO3.  Following extraction with 

EtOAc (5 x 50 mL), the combined organic layers were dried over anh. MgSO4, filtered and 

concentrated under reduced pressure.  The yellow oil obtained was triturated with petroleum 

ether (40−60 °C) and recrystallization of the resulting solid from warm EtOAc and petroleum 

ether (40−60 °C) afforded azide 2 (25.4 g, 84%) as cream colored crystals: mp 32–34 °C (dec.); 

lit. 31–33 °C.1  Rf  = 0.37 (95:5 CHCl3−MeOH). IR (cm−1): 3400 (O-H), 3151 (aromatic, C-H 

stretch), 2107 (azide, N3 asymmetric stretch).9  1H NMR (500 MHz, CDCl3) δ 7.36 (d, 2H, J = 

8.3 Hz, PABA-2,6), 7.02 (d, 2H, J = 8.3 Hz, PABA-3,5), 4.67 (d, 2H, J = 5.2 Hz, Bn), 1.82 ppm 

(t, 1H, J = 5.2 Hz, OH).  13C NMR (75 MHz, CDCl3) δ 139.6 (C-4), 137.8 (C-1), 128.7 (C-2,6), 

119.3 (C-3,5), 64.9 ppm (Bn).  

 

 

 

N3

OH

2



	 76	

 
4-Azidobenzyl 4'-nitrophenylcarbonate (3).  A solution of azido alcohol 2 (15.0 g, 100 

mmol) in THF (100 mL) was added over 1 h via dropping funnel to an ice-water bath cooled 

suspension of 4-nitrophenyl chloroformate (20.5 g, 100 mmol) and pyridine (17.5 mL, 210 

mmol) in THF (100 mL).  The reaction was allowed to reach ambient temperature overnight and 

stirring continued until TLC indicated that the starting alcohol had been consumed (36 h).  The 

reaction was filtered and the filtrate concentrated under reduced pressure at ambient temperature.  

The residual solid was dissolved in DCM (200 mL), washed with water (3 x 50 mL), brine (1 x 

50 mL), then dried over anh. Na2SO4 and concentrated under reduced pressure.  Recrystallization 

of the crude product from warm EtOAc and petroleum ether (40−60 °C) afforded the mixed 

carbonate 3 (22.5 g, 72% yield) as long white needles: mp 90−91 °C (dec.); lit. 101−102 °C.1  Rf  

= 0.79 (95:5 CHCl3−MeOH).  IR (cm−1): 2123 (azide, N3 asymmetric stretch), 1754 (carbonyl, 

C=O stretch), 1519 (nitro, N-O asymmetric stretch).9  1H NMR (300 MHz, CDCl3) δ 8.41 – 8.17 

(m, 2H, PNP), 7.51 – 7.42 (m, 2H, PABC-2,6), 7.42 – 7.34 (m, 2H, PNP), 7.14 – 7.02 (m, 2H, 

PABC-3,5), 5.27 ppm (s, 2H, Bn).  13C NMR (75 MHz, CDCl3) δ 155.7, 152.6, 147.4, 141.2, 

131.0, 130.7, 125.5, 122.0, 119.6, 70.6 ppm.  HRMS (ESI-TOF) m/z: [2M+Li]+ calcd for 

C28H20LiN8O10 635.1463; found 635.1467. 
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4-Azidobenzyl β-phenethylcarbamate (4). To a stirred solution of the mixed carbonate 3 

(3.1 g, 10 mmol, 1 equiv) in THF (50 mL) at 0 °C was added β-phenethylamine (1.9 mL, 15 

mmol, 1.5 mmol) as a neat liquid.  The ice bath was removed and the solution was stirred at 

ambient temperature for 1 h.  Following rotary evaporation, the residue was dissolved in EtOAc 

(50 mL) and washed with 0.1 M HCl (3 x 10 mL), 0.1 M NaOH (3 x 10 mL), water (1 x 10 mL) 

and brine (1 x 50 mL).  The organic phase was dried over anh. Na2SO4, and concentrated under 

reduced pressure.  Purification by FCC eluting with CHCl3−MeOH (98:2 v/v) afforded the 

desired carbamate 4 (2.80 g, 94%) as a white solid: mp 94−96 °C. Rf = 0.67 (95:5 

CHCl3−MeOH).  IR (cm−1): 3315 (carbamate, N-H stretch), 2117 (azide, N3 asymmetric stretch), 

1682 (carbonyl, C=O stretch).9  1H NMR (500 MHz, CDCl3) δ 7.34 (d, 2H, J = 8.4 Hz, PABC-

2,6), 7.31 (t, 2H J = 7.4 Hz, PEA-3,5), 7.26 – 7.22 (m, 1H, PEA-4), 7.19 (d, 2H, J = 7.4 Hz, 

PEA-2,6), 7.02 (d, 2H, J = 8.4 Hz, PABC-3,5), 5.06 (s, 2H, Bn), 4.78 (br. t, 1H, NH), 3.48 

(apparent q, 2H, J = 6.7 Hz, PEA-β-CH2), 2.83 ppm (t, 2H, J = 6.7 Hz, PEA-α-CH2).  13C NMR 

(75 MHz, CDCl3) δ 156.4 (carbamate C=O), 140.1, 138.8, 133.6, 130.0, 129.0, 128.9, 126.8, 

119.3, 66.2 (Bn), 42.4 (PEA-β), 36.3 ppm (PEA-α). 15N NMR (40 MHz, CDCl3) δ 242.6 (azide-

Nβ), 233.4 (azide-Nγ), 91.9 (azide-Nα), 81.6 ppm (carbamate-NH); assignments made using 15N 

-1H HSQC and HMBC, and are in excellent agreement with the reported shifts for 15N-enriched 

phenyl azide.1 HRMS (ESI-TOF) m/z: [2M+Na]+ calcd for C32H32N8NaO4, 615.2439; found 

615.2441. 
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General procedure for the acylation of 2-(diphenylphosphino)phenol (5).  Preparation 

of phosphino phenyl esters 6a-h.  Method A.  To a stirred 0.12 M solution of 2-

(diphenylphosphino)phenol 5 (1 equiv) and TEA (1.4 equiv) in DCM at 0 °C was added a 1 M 

solution of the acid chloride or chloroformate (1.4 equiv) by syringe.  The reaction was stirred in 

the cold until complete consumption of 5 was observed by TLC.  Silica gel was added and the 

reaction mixture was concentrated to dryness under reduced pressure.  Purification by FCC eluting 

with a gradient of hexane−EtOAc (1:0 to 4:1 v/v) afforded the desired alkanoic and aryloic acid 

esters or carbonates 6a-d and 6f-h.  Method B.2 To a stirred 0.25 M solution of N-acetyl glycine 

(1.0 equiv) and DMAP (0.1 equiv) in DMF at 0 °C was added a solution of DCC (1.0 equiv).  

After precipitated DCU was observed, the ice-water bath was removed and a 1 M solution of 2-

(diphenylphosphino) phenol 5 (1.2 equiv) was added.  The reaction was stirred under argon for 4 h, 

filtered and concentrated to dryness under reduced pressure.  The residual solid was dissolved in 

CHCl3 containing a small volume of MeOH and concentrated under reduced pressure onto silica 

gel.  Purification by FCC eluting with a gradient of CHCl3−MeOH (1:0 to 9:1 v/v) afforded the 

desired N-acetyl-glycinyl ester 6e.  Compounds 6a-h were obtained in > 95% purity with the 

corresponding phosphine oxides as the major impurity. 

 
 

 

2-(Diphenylphosphino)phenyl acetate (6a). 323 mg (97%) as a white solid: mp 86−88 °C.    

Rf  = 0.27 (9:1 hexanes−EtOAc).  1H NMR (500 MHz, CDCl3) δ 7.44 – 7.29 (m, 11H), 7.19 – 7.11 

(m, 2H), 6.87 – 6.84 (m, 1H), 1.99 ppm (s, 3H).  31P NMR (122 MHz, CDCl3) δ -15.9 ppm.  (Note: 

This material was analytically identical to that obtained from the reaction of 5 with Ac2O and cat. 

DMAP.) 

PPh2
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2-(Diphenylphosphino)phenyl butyrate (6b). 258 mg (96%) as a white solid:                     

mp 76−78 °C.  Rf  = 0.38 (9:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.43 – 7.29 (m, 

11H), 7.21 – 7.10 (m, 2H), 6.85 (dddd, 1H, J = 7.6, 4.3, 1.7, and 0.4 Hz), 2.23 (t, 2H, J = 7.3 

Hz), 1.56 (sextet, 2H, J = 7.3 Hz), 0.90 ppm (t, 3H, J = 7.3 Hz).  13C NMR (75 MHz, CDCl3) δ 

171.6, 153.0 (d, J = 17 Hz), 135.8 (d, J = 10 Hz), 134.2 (d, J = 20.5 Hz), 133.9 (d, J = 1.5 Hz), 

130.4 (d, J = 14.5 Hz), 130.0, 129.2, 128.8 (d, J = 7 Hz), 126.2, 122.8, 36.0, 18.2, 13.8 ppm.  31P 

NMR (122 MHz, CDCl3) δ -16.1 ppm.  HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H22O2P 

349.1357; found 349.1357. 

 
 

 

2-(Diphenylphosphino)phenyl isobutyrate (6c). 118 mg (97%) as a clear oil:                         

Rf  = 0.44 (9:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.47 – 7.28 (m, 11H), 7.22 – 

7.10 (m, 2H), 6.87 – 6.77 (m, 1H), 2.57 (hept, 1H, J = 7.0 Hz), 1.12 ppm (d, 6H, J = 7.0 Hz).  

13C NMR (75 MHz, CDCl3) δ 174.9, 153.1 (d, J = 17 Hz), 135.8 (d, J = 10 Hz), 134.1 (d, J = 20 

Hz), 133.8 (d, J = 1 Hz), 130.3 (d, J = 15 Hz), 130.0, 129.1, 128.7 (d, J = 7 Hz), 126.1 (d, J = 0.5 

Hz), 122.6 (d, J = 2 Hz), 34.3, 18.8 ppm.  31P NMR (122 MHz, CDCl3) δ -16.3 ppm.  HRMS 

(ESI-TOF) m/z: [M+H]+ calcd for C22H22O2P 349.1357; found 349.1357. 
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2-(Diphenylphosphino)phenyl pivalate (6d). 92 mg (84%) as a clear oil:                                

Rf  = 0.62 (4:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.42 − 7.28 (m, 11H), 7.17 − 

7.10 (m, 2H), 6.79 − 6.74 (m, 1H), 1.16 ppm (s, 9H).  13C NMR (75 MHz, CDCl3) δ 176.31, 

153.27 (d, J = 17.5 Hz), 135.85 (d, J = 10.5 Hz), 134.09 (d, J = 20.5 Hz), 133.68, 130.15 (d, J = 

15 Hz), 129.90, 129.00 (d, J = 0.5 Hz), 128.63 (d, J = 7 Hz), 125.98, 122.34 (d, J = 1.5 Hz), 

39.25, 27.02 ppm.  31P NMR (122 MHz, CDCl3) δ -16.2 ppm.  HRMS (ESI-TOF) m/z: [M+H]+ 

calcd for C23H24O2P 363.1514; found 363.1517. 

 
 

 

 
2-(Diphenylphosphino)phenyl 2-acetamidoacetate (6e). 140 mg (86%) as a clear oil:            

Rf  = 0.36 (95:5 CHCl3−MeOH).  1H NMR (300 MHz, CDCl3) δ 7.43 − 7.29 (m, 11H), 7.21 − 

7.15 (m, 2H), 6.88 − 6.84 (m, 1H), 5.77 (br. s, 1H), 3.99 (d, 2H, J = 5.2 Hz), 1.96 ppm (s, 3H).  

13C NMR (75 MHz, CDCl3) δ 170.3, 168.2, 152.4 (d, J = 17 Hz), 135.4 (d, J = 10 Hz), 134.1 (d, 

J = 20 Hz), 134.0 (d, J = 2 Hz), 132.2 (d, J = 10 Hz), 130.3 (d, J = 15 Hz), 130.3, 129.3, 128.9 

(d, J = 7 Hz), 126.8 (d, J = 1 Hz), 122.6 (d, J = 1.5 Hz), 41.4, 23.0 ppm.  31P NMR (122 MHz, 

CDCl3) δ -15.9 ppm.  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C22H20NNaO3P 400.1078; 

found 400.1071. 
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2-(Diphenylphosphino)phenyl benzoate (6f). 97 mg (94%) as an opaque oil:                       

Rf  = 0.51 (4:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.91 − 7.88 (m, 2H), 7.60 – 7.52 

(m, 1H), 7.50 – 7.42 (m, 1H), 7.42 – 7.29 (m, 13H), 7.25 – 7.16 (m, 1H), 6.90 ppm (ddd, 1H, J = 

7.6, 4.3, 1.6 Hz).  13C NMR (75 MHz, CDCl3) δ 164.4, 153.0 (d, J = 17 Hz), 135.6 (d, J = 10 

Hz), 134.3 (d, J = 20.5 Hz), 133.7 (d, J = 1.5 Hz), 133.5, 130.9 (d, J = 15 Hz), 130.3, 130.1, 

129.3, 129.2, 128.7 (d, J = 7.5 Hz), 128.4, 126.3, 122.8 ppm (d, J = 1.5 Hz). 31P NMR (122 

MHz, CDCl3) δ -15.5 ppm.  HRMS (ESI-TOF) m/z: [M+H]+ calcd for C25H20O2P 383.1201; 

found 383.1199. 

 
 

 

2-(Diphenylphosphino)phenyl 2-chlorobenzoate (6g). 130 mg (82%) as a yellow oil:              

Rf = 0.32 (9:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.72 − 7.67 (m, 1H), 7.52 − 7.30 

(m, 14H), 7.26 − 7.17 (m, 2H), 6.92 ppm (ddd, 1H, J = 7.6, 4.3, 1.6 Hz).  13C NMR (75 MHz, 

CDCl3) δ 162.9, 152.9 (d, J = 17.5 Hz), 135.6 (d, J = 10 Hz), 134.8, 134.2 (d, J = 20.5 Hz), 

133.2, 132.2 (d, J = 2 Hz), 131.3, 130.6 (d, J = 15 Hz), 130.2, 129.2, 128.8 (d, J = 7 Hz), 128.6, 

126.6 (d, J = 2 Hz), 122.8 ppm.  31P NMR (122 MHz, CDCl3) δ -16.3 ppm.  HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C25H19ClO2P 417.0811; found 417.0812. 
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2-(Diphenylphosphino)phenyl n-pentyl carbonate (6h).  147 mg (93%) as a clear oil: Rf  = 

0.28 (9:1 hexanes−EtOAc).  1H NMR (500 MHz, CDCl3) δ 7.43 − 7.35 (m, 11H), 7.24 (ddd, 1H, 

J = 8.1, 4.2, 1.1 Hz), 7.18 (td, 1H, J = 7.5, 1.1 Hz), 6.91 (ddd, 1H, J = 7.7, 4.2, 1.6 Hz), 4.05 (t, 

2H, J = 6.7 Hz), 1.67 − 1.57 (m, 2H), 1.42 − 1.27 (m, 4H), 0.95 ppm (t, 3H, J = 7.0 Hz).  13C 

NMR (75 MHz, CDCl3) δ 153.5, 153.3, 135.8 (d, J = 10.5 Hz), 134.2 (d, J = 20.5 Hz), 132.1 (d, 

J = 10 Hz), 130.9 (d, J = 16 Hz), 130.4, 129.2, 128.7 (d, J = 7 Hz), 126.6, 122.4 (d, J = 1.5 Hz), 

69.1, 28.3, 27.9, 22.5, 14.2 ppm.  31P NMR (122 MHz, CDCl3) δ -17.4 ppm.  HRMS (ESI-TOF) 

m/z: [M+Na]+ calcd for C24H25NaO3P 415.1439; found 415.1437. 

	

General procedure for the TSL.  Preparation of anilides 7a-h. To a 0.36 M solution of 

phosphine 6 (1.0 equiv) was added an equal volume of azide 4 (1.0 equiv) in 3:1 THF−H2O 

(v/v).  The reaction was stirred at ambient temperature and monitored by TLC.  The precipitated 

phosphine oxide was removed by filtration, the filtrate diluted with DCM and washed with sat. 

NaHCO3 and brine.  The organic phase was dried over anh. Na2SO4 and concentrated under 

reduced pressure onto silica gel.  Purification by FCC eluting with a gradient of CHCl3−MeOH 

(1:0 to 9:1 v/v) provided the desired anilide 7 as a white solid in > 95% purity.  Recrystallization 

from EtOAc and petroleum ether (40−60 °C) afforded the analytically pure compound. 
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4-Acetamidobenzyl phenethylcarbamate (7a). 50 mg (93%) as a white solid:                   

mp 145−146 °C.  Rf = 0.18 (98:2:1 CHCl3−MeOH−AcOH).  1H NMR (500 MHz, CDCl3) δ 7.49 

(d, 2H, J = 8.5 Hz), 7.44 (s, 1H), 7.35 − 7.27 (m, 4H), 7.26 − 7.20 (m, 1H), 7.18 (d, 2H, J = 7.3 

Hz), 5.04 (s, 2H), 4.81 (s, 1H), 3.46 (t, 2H, J = 6.9 Hz), 2.82 (t, 2H, J = 6.9 Hz), 2.17 ppm (s, 

3H).  13C NMR (75 MHz, CDCl3) δ 168.6, 156.5, 138.9, 138.0, 132.6, 129.2, 129.0, 128.8, 

126.7, 120.0, 66.4, 42.4, 36.3, 24.8 ppm.  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 

C18H20N2NaO3 335.1372; found 335.1373. 

 

 
4-Butyramidobenzyl phenethylcarbamate (7b). 59 mg (98%) as a white solid:                         

mp 146−147 °C. Rf  = 0.25 (98:2:1 CHCl3−MeOH−AcOH).  1H NMR (500 MHz, CDCl3) δ 7.60 

(s, 1H, PABC-NH), 7.51 (d, 2H, J = 8.4 Hz, PABC-3,5), 7.32 – 7.25 (m, 4H, PABC-2,6 and  

PEA-2,6), 7.25 – 7.20 (m, 1H, PEA-6), 7.18 (d, 2H,  J = 7.3 Hz, PEA-3,5), 5.03 (s, 2H, Bn), 4.88 

(br. s, 1H, NH), 3.45 (apparent q, 2H, J = 6.8 Hz, PEA-β-CH2), 2.81 (t, 2H, J = 6.8 Hz, PEA-α-

CH2), 2.33 (t, 2H, J = 7.5 Hz, Bu-α-CH2), 1.75 (sext, 2H, J = 7.4 Hz, Bu-β-CH2), 1.00 ppm (t, 

3H, J = 7.4 Hz, Bu-γ-CH3).  13C NMR (75 MHz, CDCl3) δ 171.6, 156.5, 138.9, 138.1, 132.4, 

129.2, 129.0, 128.8, 126.7, 120.0, 66.4, 42.4, 39.8, 36.3, 19.2, 14.0 ppm.  HRMS (ESI-TOF) m/z: 

[M+Na]+ C20H24N2NaO3 363.1685; found 363.1683.  
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4-Isobutyramidobenzyl phenethylcarbamate (7c). 53 mg (83%) as a white solid:               

mp 154−155 °C.  Rf  = 0.23 (98:2:1 CHCl3−MeOH−AcOH).  1H NMR (300 MHz, CDCl3) δ 7.52 

(d, 2H, J = 8.4 Hz), 7.47 (s, 1H), 7.38 − 7.28 (m, 3H), 7.26 − 7.19 (m, 2H), 7.17 (d, 2H, J = 7.0 

Hz), 5.04 (s, 2H), 4.85 (s, 1H), 3.45 (q, 2H, J = 6.8 Hz), 2.81 (t, 2H, J = 6.8 Hz), 2.52 (hept, 1H, 

J = 6.9 Hz), 1.25 ppm (d, 6H, J = 6.9 Hz).  13C NMR (75 MHz, CDCl3) δ 175.6, 156.5, 138.8, 

138.2, 132.4, 129.2, 129.0, 128.8, 126.7, 120.0, 66.4, 42.4, 36.8, 36.3, 19.8 ppm.  HRMS (ESI-

TOF) m/z: [M+Na]+ C20H24N2NaO3 363.1685; found 363.1685. 

 

 

4-Pivalamidobenzyl phenethylcarbamate (7d). 10 mg (10%) as a white solid:                  

mp 128−130 °C.  Rf = 0.11 (4:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.53 (d, 2H, J 

= 8.5 Hz), 7.48 (s, 1H), 7.34 – 7.21 (m, 5H), 7.17 (d, 2H, J = 8.5 Hz), 5.04 (s, 2H), 4.90 (br. s, 

1H), 3.45 (apparent q, 2H, J = 6.7 Hz), 2.81 (t, 2H, J = 6.9 Hz), 1.32 ppm (s, 9H). 13C NMR (75 

MHz, CDCl3) δ 176.75, 156.47, 138.16, 136.86, 132.54, 129.27, 128.99, 128.85, 126.74, 120.05, 

66.45, 42.42, 39.86, 36.31, 27.85 ppm. HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 

C21H26N2NaO3 377.1841; found 377.1842. 
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4-(2-Acetamidoacetamido)benzyl phenethylcarbamate (7e). 46 mg (81%) as a white solid: 

mp 202−204 °C.  Rf  = 0.40 (9:1 CHCl3−MeOH).  1H NMR (500 MHz, DMSO) δ 10.06 (s, 1H), 

8.25 (t, 1H, J = 5.5 Hz), 7.57 (d, 2H, J = 8.2 Hz), 7.32 (t, 1H, J = 5.3 Hz), 7.30 − 7.27 (m, 4H), 

7.26 − 7.18 (m, 3H), 4.93 (s, 2H), 3.86 (d, 2H, J = 5.5 Hz), 3.21 (dd, 2H, J = 7.3, 5.3 Hz), 2.71 (t, 

2H, J = 7.3 Hz), 1.88 ppm (s, 3H).  13C NMR (75 MHz, DMSO) δ 169.7, 167.9, 156.1, 139.3, 

138.5, 131.8, 128.6, 128.5, 128.3, 126.1, 118.9, 64.9, 42.7, 41.9, 35.4, 22.4 ppm.  HRMS (ESI-

TOF) m/z: [M+Na]+ calcd for C20H23N3NaO4 392.1586; found 392.1584. 

 

 

 

 
4-Benzamidobenzyl phenethylcarbamate (7f). 49 mg (62%) as a white solid:                    

mp 156−158 °C. Rf  = 0.10 (80:20:1 hexanes−EtOAc−AcOH). 1H NMR (300 MHz, CDCl3)        

δ 7.99 (s, 1H), 7.93 – 7.83 (m, 2H), 7.65 (d, 2H, J = 8.5 Hz), 7.60 – 7.43 (m, 3H), 7.40 – 7.28 

(m, 4H), 7.24 (dt, 1H, J = 5.5, 2.3 Hz), 7.21 – 7.09 (m, 2H), 5.07 (s, 2H), 4.82 (br. t, 1H, J = 6.3 

Hz), 3.46 (dd, 2H, J = 6.8, 6.3 Hz), 2.82 ppm (t, 2H, J = 6.8 Hz).  13C NMR (75 MHz, CDCl3) δ 

166.0, 156.5, 138.9, 138.1, 135.1, 132.9, 132.1, 129.3, 129.0, 128.8, 127.3, 126.7, 120.4, 66.4, 

42.4, 36.3 ppm.  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C23H22N2NaO3 397.1528; found 

397.1536. 
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4-(2-Chlorobenzamido)benzyl phenethylcarbamate (7g). 42 mg (50%) as a white solid: 

mp 133−134 °C.  Rf  = 0.64 (9:1:0.1 CHCl3−MeOH−AcOH).  1H NMR (300 MHz, CDCl3) δ 

7.94 (s, 1H), 7.81 − 7.72 (m, 1H), 7.65 (d, 2H, J = 8.5 Hz), 7.50 − 7.28 (m, 7H), 7.26 − 7.21 (m, 

1H), 7.19 (d, 2H, J = 7.0 Hz), 5.08 (s, 2H), 4.77 (br. t, 1H), 3.47 (apparent q, 2H, J = 6.8 Hz), 

2.83 ppm (t, 2H, J = 6.8 Hz).  13C NMR (75 MHz, CDCl3) δ 164.6, 156.4, 138.9, 137.6, 135.3, 

133.3, 132.0, 130.8, 130.6, 130.6, 129.4, 129.0, 128.8, 127.5, 126.7, 120.3, 66.4, 42.4, 36.3 ppm.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C23H21ClN2NaO3 431.1138; found 431.1139. 

 
 

 

 

n-Pentyl (4-(((phenethylcarbamoyl)oxy)methyl)phenyl)carbamate (7h). 53 mg (94%) as 

a white solid: mp 90−92 °C.  Rf  = 0.16 (80:20:1 hexanes−EtOAc−AcOH).  1H NMR (300 MHz, 

CDCl3) δ 7.39 (d, 2H, J = 8.4 Hz), 7.35 − 7.28 (m, 4H), 7.26 − 7.21 (m, 1H), 7.19 (d, 2H, J = 

Hz), 6.85 (s, 1H), 5.05 (s, 2H), 4.83 (br. t, 1H), 4.17 (t, 2H, J = 6.7 Hz), 3.47 (apparent q, 2H, J = 

6.7 Hz), 2.82 (t, 2H, J = 7.0 Hz), 1.75 − 1.61 (m, 2H), 1.43 − 1.31 (m, 4H), 0.98 − 0.89 ppm (m, 

3H).  13C NMR (75 MHz, CDCl3) δ 156.5, 153.9, 138.9, 138.2, 131.5, 129.4, 128.9, 128.8, 

126.7, 118.7, 66.5, 65.6, 42.4, 36.2, 28.8, 28.2, 22.5, 14.2 ppm.  HRMS (ESI-TOF) m/z: 

[M+Na]+ calcd for C22H28N2NaO4 407.1947; found 407.1947. 
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Iminophosphorane (9).  Isolation of iminophosphorane 9 occurred during the attempted 

purification of iminophosphorane 8, which was obtained as the major product from the TSL of 

azide 4 and phosphine 6d.  Purification of crude 8 by FCC eluting with a gradient of 

CHCl3−MeOH (1:0 to 9:1 v/v) resulted in ester hydrolysis while the material was on the column 

and instead afforded iminophosphorane 9 (30.6 mg, 56%) as a clear oil:  1H NMR (500 MHz, 

CDCl3) δ 7.78 (dd, 4H, J = 12.3, 7.5 Hz), 7.65 – 7.60 (m, 2H), 7.51 (td, 4H, J = 7.7, 2.9 Hz), 

7.38 (t, 1H, J = 7.8 Hz), 7.29 (t, 2H, J = 7.3 Hz), 7.21 (dd, 1H, J = 8.3, 6.4 Hz), 7.16 (d, 2H, J = 

7.3 Hz), 7.04 (d, 2H, J = 8.1 Hz), 6.97 (dd, 1H,  6.2, 5.4 Hz), 6.89 (dd, 1H, J = 15.4, 7.8 Hz), 

6.76 (d, 2H,  J = 8.2 Hz), 6.68 (td, 1H, J = 7.4, 3.17 Hz), 4.93 (s, 2H), 4.69 (br. s, 1H), 3.44 (q, 

2H,  J = 6.7 Hz), 2.79 ppm (t, 2H, J = 6.9 Hz).  13C NMR (75 MHz, CDCl3) δ 156.77, 156.56, 

134.93, 133.32, 133.19, 133.09, 132.19, 132.02, 131.73, 129.71, 129.43, 129.26, 128.98, 128.82, 

126.69, 121.121.83, 121.69, 117.33, 66.97, 42.35. 36.28, 29.93 ppm.  31P NMR (122 MHz, 

CDCl3) δ 24.0 ppm. 

 

4-Nitrophenyl 4’-pivalamidobenzyl carbonate (10). To a stirred solution of p-aminobenzyl 

alcohol 1 (1.23 g, 10 mmol) and DIEA (1.75 mL, 10 mmol) in DCM (30 mL) at 0 0C was added 

a 1 M solution of pivaloyl chloride (1.23 mL, 10 mmol) in DCM.  The reaction was stirred under 

argon until complete consumption of 1 was observed by TLC.  Pyridine (805 µL, 10 mmol) was 
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then added to the reaction flask followed by a 1 M solution of p-nitrophenyl chloroformate (2.02 

g, 10 mmol) in DCM.  The ice-water bath was removed and the reaction was stirred at ambient 

temperature until complete consumption of the benzyl alcohol was observed (72 h).  The reaction 

was filtered, the filtrate diluted with DCM (150 mL) and washed with sat. NaHCO3 (3 x 50 mL), 

water (3 x 50 mL), brine (1 x 50 mL) and dried over anh. Na2SO4.  The organic phase was 

concentrated under reduced pressure and purified by FCC over silica gel eluting with 

hexanes−EtOAc (4:1 v/v) to afford the desired mixed carbonate 11 (2.61 g, 70% from 1) as a 

white solid: mp 124−126 °C.  Rf  = 0.10 (4:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 

8.30 – 8.23 (m, 2H), 7.63 – 7.55 (m, 2H), 7.44 – 7.39 (m, 2H), 7.38 (s, 1H), 7.40 – 7.34 (m, 2H), 

5.25 (s, 2H), 1.33 ppm (s, 9H).  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C19H20N2NaO6 

395.1219; found 395.1217. 

 

2-(Diphenylphosphino)phenyl 4-pivalamidobenzyl carbonate (11). To a stirred 0.18 M 

solution of the mixed carbonate 10 (93 mg, 250 µmol, 1.0 equiv) and phenol 5 (70 mg, 250 

µmol, 1.0 equiv) in DCM (1.43 mL) was added neat TEA (70 µL, 500 µmol, 2.0 equiv) in one 

portion by syringe.  Addition of the base immediately caused the solution to turn slightly yellow 

and the intensity of the color steadily increased as the reaction progressed indicating p-

nitrophenol was being formed.  The reaction was stirred at ambient temperature, under argon, 

until complete consumption of 10 was observed by TLC and 31P NMR indicated that complete 

consumption of 5 had also occurred.  Silica gel was added to the flask and the reaction mixture 

was concentrated to dryness under reduced pressure.  Purification by FCC eluting with a gradient 
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of hexane−EtOAc (1:0 to 4:1 v/v) afforded the desired phosphino phenyl carbonate 11 (116.4 

mg, 91%) as a yellow oil: Rf  = 0.16 (4:1 hexanes−EtOAc).  1H NMR (300 MHz, CDCl3) δ 7.56 – 

7.52 (m, 2H), 7.42 – 7.30 (m, 12H), 7.29 – 7.23 (m, 2H), 7.22 – 7.13 (m, 2H), 6.91 – 6.83 (m, 

1H), 4.98 (s, 2H), 1.33 ppm (s, 9H).  13C NMR (75 MHz, CDCl3) δ 176.81, 153.46, 153.23, 

153.18, 138.51, 135.73, 135.60, 134.31, 134.07, 134.04, 132.10, 131.96, 130.98, 130.76, 130.67, 

130.39, 129.53, 129.45, 129.18, 128.78, 128.69, 128.59, 126.67, 122.33, 122.31, 120.06, 119.98, 

70.02, 39.87, 27.84 ppm.  31P NMR (122 MHz, CDCl3) δ -17.5 ppm.  HRMS (ESI-TOF) m/z: 

[M+H]+ calcd for C31H32NO4P 512.1986; found 512.1990. 

 

 

4-Pivalamido-PABC-PABC β-phenethylcarbamate (12).  Carbamate 12 (42 mg, 82%) 

was prepared according to the general procedure for the traceless Staudinger ligation described 

above and was isolated as a white solid: mp 162−163 °C. Rf = 0.16 (80:20:1 

hexanes−EtOAc−AcOH).  1H NMR (500 MHz, CDCl3) δ 7.59 – 7.52 (m, 2H, PABC1-3,5), 7.47 

– 7.36 (m, 4H, PABC1-2,6 & PABC2-3,5), 7.35 (s, 1H, PABC1-NH), 7.33 – 7.28 (m, 4H, 

PABC2-2,6 & PEA-3,5), 7.25 – 7.21 (m, 1H, PEA-4), 7.18 (d, 2H, J = 7.3 Hz, PEA-2,6), 6.69 (s, 

1H, PABC2-NH), 5.16 (s, 2H, PABC1-Bn), 5.04 (s, 2H, PABC2-Bn), 4.73 (br. t, 1H, J ~ 5.5 Hz, 

PEA-β-NH), 3.46 (apparent q, 2H, J = 6.7 Hz, PEA-β), 2.82 (t, 2H, J = 7.0 Hz, PEA-α), 1.33 

ppm (s, 9H, Piv-methyls).  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C29H33N3NaO5 526.2318; 

found 526.2319. 
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Chapter 5 

Peptide-Specifiers and Phosphinyl Phenyl Esters Thereof 
 
 
5.1  Introduction 

Our first design of a proteolytically-activated tripartite prodrug of doxazolidine was 

based upon previously published work on dox,1 but was limited in its development potential by 

persistent epimerization of the terminal, non-natural D-alanine residue during the final 

deprotection step of synthesis.2  The loss of the non-natural isomer at the N-terminus would be 

expected to increase the susceptibility of the prodrug to degradation by nonspecific 

aminopeptidase activity and, in turn, this may result in diminished plasma stability of the intact 

prodrug.  Perhaps more importantly, a mixture of peptidyl substrates could result in unknown 

catalytic hydrolysis rates from the targeted enzymes, which may change the profile of activating 

proteases and potentially introduce a host of side effects that may otherwise not be present in 

therapy which used a single diastereomer.  From the small amounts of optically pure aFK-

PABC-Doxaz that could be isolated, we were able to demonstrate that additional efforts to 

improve the design and synthesis of a protease-activated doxaz prodrug were warranted.  

Encouraged by the results of our model study, application of the traceless Staudinger ligation3 

for the late-stage installation of the Katzenellenbogen-spacer in the synthesis of peptidyl 

prodrugs of doxaz appeared poised to allow for rapid exploration of the surrounding chemical 

space.  As proposed, this methodology required that peptidyl esters of Bertozzi’s 2-

(diphenylphosphino)phenol be prepared.  This chapter deals with the synthesis of the selected 

peptide-specifiers and their subsequent conversion to phosphinyl phenyl esters. 
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5.2  Syntheses of Protected Peptides  

Five peptide sequences were selected based on the enzyme substrate specificities 

discussed in Ch. 2.3 of this thesis: N-Acetyl-Gly-D-Ala-L-Phe-L-Lys-OH (N-Ac-GaFK) 1,1,2 N-

Acetyl-Gly-L-Val-L-Cit-OH 2,4,5 N-Acetyl-L-Val-L-Cit-OH 3,4,5 N-Acetyl-Gly-L-Ala-OH 4,6 and 

N-Acetyl-L-Val-L-Ala-OH 5.6  The tetrapeptide N-Ac-GaFK 1 was designed to avoid the potential 

loss of defined stereogenicity of the D-alanine residue by incorporating an achiral, N-acetylated 

glycine residue at the N-terminus of the peptide.  Hence, only the lysine ε-amino group of 1 

required orthogonal protection during synthesis and two different protecting group strategies were 

selected for this purpose: Cbz7,8 (1a) and alloc8,9 (1b).  Based on the reported bioorthogonality of 

the TSL, we proposed using a deprotected peptidyl ester in the final synthetic step to obtain N-Ac-

GaFK-PABC-Doxaz.  Catalytic hydrogenation of a Cbz-protecting group was proposed to be a 

sufficiently mild deprotection reaction compatible with a phenyl ester substrate based on 

precedent from Williams, et al.10  However, given the general lability of phenyl esters, the success 

of the proposed Cbz-deprotection strategy was not certain.  As we wished to move forward 

quickly with preparation of the target prodrug and begin its biological characterization, a 

contingency plan was also proposed.  In the event that the Cbz strategy proved to be problematic, 

the TSL of a protected peptidyl ester would instead be used in the penultimate step of synthesis 

and the alloc-protecting group subsequently removed using η3-allylpalladium chemistry.9,11  Thus, 

a total of six peptides were selected and their respective syntheses by solid-phase peptide 

synthesis (SPPS) using an Nα-Fmoc strategy12,13 are shown in Scheme 5.1. 

Loading of the first amino acid onto 2-chlorotrityl chloride [Trt(2-Cl)-Cl] resin14 was 

performed by combining the desired C-terminal Nα-Fmoc amino acid and resin with DIEA and 

DCM in a pear-shaped flask equipped with a glass frit side-arm and PTFE stop cock, which was



	 93	

Scheme 5.1  SPPS[a] of peptides 1a N-Ac-Gly-D-Ala-L-Phe-L-Lys(Cbz)-OH,1,2 1b N-Ac-Gly-
D-Ala-L-Phe-L-Lys(alloc)-OH,1,2 2 N-Ac-Gly-L-Val-L-Cit-OH,4,5 3 N-Ac-L-Val-L-Cit-OH,4,5 
4 N-Ac-Gly-L-Ala-OH,6  and 5 N-Ac-L-Val-L-Ala-OH;6  (where Ac = acetyl). 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[a] Conditions: (i) 20% piperidine/DMF (v/v);15,16 (ii) AAn (4 equiv), 0.5 M DIEA/DMF,  
0.45 M HBTU/HOBt/NMP;15,16  (iii) Ac2O/HOBt/DIEA/NMP;15,16 (iv) 1% TFA/DCM (v/v).14 

 

 
 
 

Fmoc-AA1-O-Trt(2-Cl) resin PG-AA2-AA1-O-Trt(2-Cl) resin

AA1
1a  L-Lys(Cbz) 

1b  L-Lys(alloc)

  2  L-Cit  

  3  L-Cit   

  4  L-Ala

  5  L-Ala

PG-AA3-AA2-AA1-O-Trt(2-Cl) resin
AA3

1a  Fmoc-D-Ala                     

1b  Fmoc-D-Ala                      

  2  N-Ac-Gly            2

PG-AA4-AA3-AA2-AA1-O-Trt(2-Cl) resin

AA2
1a  Fmoc-L-Phea  

1b  Fmoc-L-Phe

  2  Fmoc-L-Val              

  3  Fmoc-L-Val                       3                

  4  N-Ac-Gly                          4

  5  Fmoc-L-Val                       5

iv

i, iii, iv

i, iii, iv

i, ii, iii

i, ii, iii

AA4

1a  N-Ac-Gly            1a

1b  N-Ac-Gly            1b

iv

v

v

i, ii, iii
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Figure 5.1  Custom-made 100 mL pear-shaped flask with glass frit side-arm and PTFE 
stopcock used in SPPS for resin loading and cleavage procedures. 

 
 
custom-made in the glass shop (Figure 5.1).  The mixture was periodically agitated by hand over 

2 h, filtered through the side-arm using positive N2-pressure and unreacted sites on the resin 

quenched with MeOH.  Following thorough washing of the resin and drying under reduced 

pressure, the resin loading was determined spectrophotometrically at 294 nm (ε = 8794 M-1 cm-1) 

using DBU 6 (Scheme 5.2b) according to the method of Gude et al.17   Calculated resin loading 

values typically ranged from 0.5−1.0 mmol of Fmoc amino acid per gram of resin, which is 

considered to be ideal as higher loadings may diminish the efficiency of reactions occurring near 

the surface of the bead and degrade the purity of the isolated peptide.18  

During SPPS, standard Fmoc-deprotection conditions of 20% piperidine 7 in DMF (v/v) 

were used.  Liberation of dibenzofulvene (DBF) 12 via an E1CB mechanism involving 

intermediate 10 has been proposed (Scheme 5.2).17,19  After decarboxylation of the liberated 

carbamic acid, DBF 12 is trapped by 7, which is present in large excess during deprotection 

cycles.  In situ activation of the incoming Nα-protected amino acid was accomplished by 

deprotonation with 2 M DIEA/NMP to generate carboxylate 14, followed by the addition of 0.45 

M HBTU/HOBt (15/16) in DMF to generate the active ester 20 (Scheme 5.3).20-22  A 4-fold 

excess of 20 was then added to the resin-bound free base 11 to effect peptide bond
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Scheme 5.2  E1CB mechanism of Fmoc-deprotection showing (a) the reversible formation of 
the piperidine-dibenzofulvene adduct 13 from piperidine 7 and (b) the structure of DBU 6, 
the base used for Fmoc-deprotection in resin loading determinations.17,19  

 

 
 

 
 
Scheme 5.3  In situ activation of carboxylate 14 with HBTU/HOBt 15/16 generated the 
active ester 20, which was then added to the resin 11 to effect peptide bond formation.20-22  
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formation, and afforded 21.  Coupling reactions were followed by treatment of the peptide resin 

with Ac2O/HOBt/DMF to cap unreacted amines that remained following the coupling reaction.  

Successive iterations of deprotection, coupling and capping reactions were used in this way until 

the synthesis of each peptide was complete.  

Following a completed synthesis, the peptidyl resin was thoroughly washed with DMF, 

DCM and MeOH, and then dried under reduced pressure.  The dried resin was transferred back 

to the side-arm flask shown in Figure 5.1 and suspended in 1% TFA in DCM (10 mL/g) to 

cleave the peptide from the solid support.  Formation of the trityl cation upon addition of the acid 

to the resin was apparent from the color change, in which the resin turned from yellow to dark 

red.23  The solution of protected peptide was filtered into a flask containing PhMe and the 

cleavage procedure repeated (2x).  The resin was then thoroughly washed with DCM and MeOH, 

which instantly turned the color of the resin back to yellow, and the combined filtrates 

concentrated to ~25% volume under reduced pressure.  Additional PhMe was added to the flask 

and the azeotropic removal of TFA−PhMe continued until again ~25% of the initial volume 

remained.  Additional PhMe was added and the process repeated (3x) before the solution was 

finally concentrated to dryness.  Trace residual TFA was nonetheless observed by 19F NMR, but 

its presence posed no problem to the stability of the peptides in our experience.  Following a 

final solvent exchange with CHCl3 to remove residual PhMe and drying under high vacuum      

(10-2 Torr), the desired peptides were obtained as white solids in near quantitative yields and 

used without further purification.  The 1H NMR spectra of the six peptides (1a, 1b, 2, 3, 4, and 5) 

are shown in Figures 5.2−5.7, respectively, as an indication of their purity.  
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Figure 5.2  1H NMR spectrum of peptide 1a in d6-DMSO at 300 MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.3  1H NMR spectrum of peptide 1b in d6-DMSO at 300 MHz. 
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Figure 5.4  1H spectrum of peptide 2 in d6-DMSO at 500 MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5  1H spectrum of peptide 3 in d6-DMSO at 500 MHz.  
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Figure 5.6  1H NMR spectrum of peptide 4 in d6-DMSO at 300 MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7  1H NMR spectrum of peptide 5 in d6-DMSO at 300 MHz. 
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5.3  Synthesis of Peptidyl Phosphinyl Phenyl Esters 

The Cbz-protected tetrapeptide 1a was the first selected to carry forward into the 

esterification reaction with 2-(diphenylphosphino)phenol 22. (Scheme 5.4).  However, unlike the 

vast majority of the previous esterification reactions conducted in the model studies, which used 

acid chlorides in DCM to acylate the phenol, the N-acetyl peptides were found to be poorly 

soluble in halogenated solvents, which placed restrictions on the methods available for their 

estification.  For instance, although acid chlorides are excellent acylating agents, they cannot be 

used in DMF− or DMSO−solutions, solvents in which the peptides would dissolve, due to their 

tendency to react violently with the solvent molecules; nor could a mixed anhydride be prepared 

from ethyl chloroformate.  Given the prior success in reacting N-acetyl-glycine with 2-

(diphenylphospino)phenol 22 using a modified Steglich-esterificaton,24 this was the method 

selected for the inaugural esterification of peptide 1a.   

 

Scheme 5.4  Proposed reaction of the protected tetrapeptide N-Ac-Gly-D-Ala-L-Phe-L-
Lys(Cbz)-OH 1a with 2-(diphenylphosphino)phenol 22 by a modified Steglich esterification 
to give the phosphino phenyl ester 23.24 

 

 

The modified Steiglich esterification of peptide 1a with phenol 22 appeared to proceed as 

expected by TLC and, after 4 h of stirring at ambient temperature, the reaction was concentrated 

1a

1) DCC, cat. DMAP
    DMF, 0 ℃ (5 min),

                        r.t, 4 h
HO

PPh222

N
H

H
N N

H

H
N O

O

O

O

O

O

H
NO

O

Ph

Ph

23a

PPh22)

(1.2 equiv)



	 101	

and the product isolated by FCC.  1H & 31P NMR spectra of the isolate were then recored in d6-

DMSO.  Immediately, however, it was recognized that there was doubling of the signals present 

in the 1H NMR spectrum (Figure 5.8).  Two sharpe signals of roughyl equal intensity were also 

observed in the 31P NMR spectrum (δ  -18.2 & -18.3 ppm) upfield of the starting phosphine 22 (δ 

-17.4 ppm), as the model phopshino phenyl esters had been.  RP-HPLC analysis similarly 

revealed the presence of two signals, albeit only partially resolved, with retention times of RT1 ~ 

16.1 min & RT2 ~ 16.3 min (Figure 5.9).  So, while the reaction had resulted in esterificiation of 

peptide 1a with phenol 22, a mixture of diasteromeric products had been obtained. 

 
 
 

 

 

 

 

 

 

 

 

Figure 5.8  1H & 31P NMR spectra of compound 23a in CD3CN at 300 MHz and 122 MHz, 
respectively.
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Figure 5.9  Analytical RP-HPLC chromatogram of compound 23a (220, 254 and 280 nm) 
showing two partially resolved peaks with RT1 ~16.1 min & RT2 ~16.3 min, respectively 
using HPLC method 1; see Section 5.7 under General Methods for a description of the method.  
 

 

Analagous results were also obtained in the esterification of peptide 1b (Figure 5.10); whereas, 

compound 24, the phosphinyl phenyl ester of dipeptide 4, which contained a single stereogenic 

residue, prodruced a 1H NMR spectrum indistinguishable from that of an optically pure 

compound (Figure 5.11).  Given these results, plans to prepare the corresponding phosphinyl 

esters of the remaining peptides 2, 3, and 5 were placed on hold until the issue over isolation of a 

diasteromeric mixture of products could be resolved.   

As 23a was the first chiral phosphinyl ester prepared in our lab, the question arose as to 

whether epimerization of the lysine residue had occurred during the esterification reaction or if, 

perhaps, a mixture of atropisomers had been obtained due to inhibition of the ring flipping 

mechanism of triarylphosphines.  Triaryl phosphines are known to adopt a propeller-like helical  
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Figure 5.10  1H NMR spectrum of compound 23b in d6-DMSO at 400 MHz. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11  1H NMR spectrum of compound 24 in CD3CN at 500 MHz.   
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conformation, resulting in a stereogenic center at the phosphorus atom.  Molecules with a single 

ortho-substituted phenyl ring may also differ in the orientation of this substituent with respect to 

a plane defined by the three ipso-carbon atoms.25  Four helical structures are therefore possible 

through the combination of conformers with the ester moiety pointed either up (exo) or down 

(endo) and the phenyl rings twisted in either a left- (sinister) or right-handed (dexter) orientation 

(Figure 5.12).  With a large chiral tetrapeptidyl ester inhibiting rotation of the rings, denoted χC, 

these conformers become diastereotopic in the absence of helix inversion, which may be slow on 

the NMR timescale.  Unlike nitrogen, which readily inverts at room temperature thereby 

interconverting the position of substituents bound to nitrogen and rendering the bonds 

achirotopic, the barrier to inversion for phosphines is substantially higher and does not occur 

readily at ambient temperature, as a comparison of the calculated energy barries for 

trimethylamine (~8 kcal⋅mol-1) and trimethylphosphine (~45 kcal⋅mol-1) at 25 °C indicates.26  

With such a high energy barrier to inversion, phosphines retain chirality at ambient temperature 

and, in the absence of ring flipping, the observation of a diasteromeric mixture of atropisomers 

would be expected.  

 
 

 

 

 

 

 

 
 
Figure 5.12  Structures of hypothetical atropisomeric o-(diphenylphosphino)phenyl esters 
bearing a large chiral ester substituent, χC. 
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Initial efforts to test the atropisomer hypothesis used VT-NMR in an attempt to determine 

if the two sets of peaks observed in the 1H and 31P NMR spectra of compound 23a would 

coalesce at elevated temperature.  If coalescence could be observed, this would support the 

hypothesis that atropisomerism was responsible for the isolation of a diastereomeric mixture of 

products.  Both 1H and 31P NMR spectra of compound 23a were acquired at elevated 

temperatures up to 70 °C, but only partial coalescence was observed (data not shown).  As this 

could not be distinguished from a coincidental temperature-dependent change in chemical shift, 

we next sought to address the question through a series of 31P NMR 2D-exchange experiments.  

The T1 relaxation time for the two phosphorus signals was estimated to be > 3.5 s and, thus, 

experiments with a range of mixing times (tmix = 100 ms to 2.5 s) and over a temperature range 

of 20 to 70 °C were conducted.  After exhaustive efforts, no evidence of phosphorus nuclear 

exchange could be detected (Figure 5.13) and we concluded that the esterification reaction had 

indeed racemized the stereogenic center at the C-terminus of the peptidyl esters.  

 
 

 
 
Figure 5.13  31P NMR NOESY spectrum of 23a at 70 °C and 122 MHz in d6-DMSO 
showing no nuclear exchange (off-diagonal signals) between the two diastereomers. 
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Poor stereoselectivity in the esterification of chiral C-terminal peptides is a well-known 

and long standing problem in organic synthesis.27-30  Thus, epimerization of the our peptides 

during the esterification reaction with phosphino phenol 22 could easily be rationalized.  

Activation of the carboxylic acid of the peptide gives the active ester intermediate 25 (Scheme 

5.5).  Attack from the oxygen of the carbonyl of the adjacent peptide bond on the carbonyl of the 

ester, followed by elimination of the leaving group from the tetrahedral intermediate 26, gives 

oxazolone 27.  Formation of 27 renders the α-stereogenic center vulnerable to racemization via 

the base-catalyzed mechanism shown.27  Substantial driving force exists for the deprotonation of 

28 due to the formation of an aromatic ring in compound 29.  Subsequent protonation of 29 is 

equally facile from either face of the planar ring system and racemization of the α-stereogenic 

center readily results. The oxazolonium ion intermediate 30 may then react with the phenol 22 

  

Scheme 5.5  Mechanism of racemization of active esters via oxazolone formation.27
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or, alternatively, an additive such as DMAP present in solution.  In either case, esterification 

ultimately proceeds to afford the peptidyl ester 31 as a mixture of diasteromers.   

If the rate of oxazolidone formation is substantially greater than that of attack on the active 

ester by the intended coupling partner, then epimerization will occur to a proportionatly substantial 

degree before the ester is formed and isolation of a mixture of diasteromers would be 

expected.27  Furthermore, the rate of esterification with a large, poorly nucleophilic phenol, such as 

22, is inherently slow and little can be done to overcome this issue, which highlights a fundamental 

limitation to the use of 2-(diphenylphosphino)phenol 22 in the traceless Staudinger ligation for the 

synthesis of chiral C-terminal peptide-derivatives and calls into question the literature precedent for 

its use in such applications.31  Nevertheless, a screen of coupling reagents and reaction conditions 

was undertaken in order to determine heuristically if greater stereoselectivity could be achieved 

during the esterification of our peptides with 22 and the results of those experiments are summarized 

in Table 5.1.   

Despite considerable efforts to minimize the epimerization of the C-terminal residues by 

lowering the temperature, changing the coupling reagent and varying the nature and amount of 

additive used in the reaction, only modest improvements to the stereoselectivity could be achieved.  

The best result was obtained using the oxonium coupling reagents HATU/HOAt32 at 0 °C with 5 

equiv of 22 (Table 5.1, entry 10).  The superior effectiveness of HATU over the related HBTU 

coupling reagent has been proposed to result from a neighboring group effect from the pyridine and 

the formation of a hydrogen-bonded 7-membered ring with the approaching nucleophile, which is 

thought to stabilize the developing positive charge on the attacking atom thereby lowering the energy 

of the associated transition state (Figure 5.14).33  However, the improvement in stereoselectivity 

obtain here was unremarkable and, as such, a revision to the proposed synthetic targets was made.
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Table 5.1  Comparison of the results obtained with various reaction conditions for the 
esterification of peptides 1a or 1b with 2-(diphenylphino)phenol 22. 
 

 [a] Reactions used ~10 mg of the indicated peptide (1 equiv) 
[b] Indicates the bath temperature maintained over the course of the reaction. 
[c] Determined from the ratio of signals in the 31P NMR spectrum. 
[d] Peptide was only partially soluble in the solvent. 
[e] See ref. 22 
[f] See ref. 34 and 35 
[g] Peptides were only partially soluble in the indicated solvent system. 
[h] 50% Propylphosphonic anhydride in EtOAc solution (wt/v); see slo ref. 36 
[i] See ref. 20 and 21 
[j] See ref. 32 and 33 
[k] See ref. 38 
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Figure 5.14  Proposed transition state of HATU-mediated acylation showing the neighboring 
group effect of pyridine.33 

 

 

5.4  Solution-Phase Synthesis of an Achiral C-Terminal Peptide & Phosphinyl Phenyl Ester 

 Preparation of a peptide containing an achiral glycine residue at the C-terminus was 

ultimately determined to be the most reasonable way of moving forward with the project.  Based 

on the Cathepsin B substrate specificity requirements reported in the literature,6 the Nα-protected 

dipeptide Cbz-L-valylglycine 33 was prepared by solution-phase chemistry according to the 

sequence of reactions outlined in Scheme 5.6.  Commercially available Cbz-L-Val-OH was first 

converted into the mixed anhydride using ethyl chloroformate and then coupled in situ to ethyl 2- 

 

 
Scheme 5.6  Solution-phase peptide synthesis of Cbz-L-Val-Gly-OH 33. 
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aminoacetate.  The 2-step, one-pot procedure afforded Cbz-L-Val-Gly-OEt 32 in a 90% crude 

yield following aqueous work-up, and recrystallization of that material from boiling EtOAc/ether 

gave cylindrical needles of pure 32 in 74% overall yield.  An analytical RP-HPLC chromatogram 

of 32 monitoring absorbance at 214, 220 and 254 nm is shown in Figure 5.14 and the 1H and 13C 

NMR spectra are shown in Figures 5.15 and 5.16, respectively, as an indication of purity.   

Saponification of the ethyl ester of 32 with 1M aq. NaOH was monitored by RP-HPLC and 

complete after 3 h (Figure 5.16).  Following extractive work-up, recrystallization of the crude 

product afforded the dipeptide acid 33 in 67% yield and high optical purity: [α]23
D −5.5° (c 1.0, 

EtOAc); lit. -6.0°.39  

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5.15  Analytical RP-HPLC chromatogram of 32 (RT ~36.2 min) monitoring 
absorbance at 214, 220 and 254 nm (top-to-bottom) using method 2; a description of HPLC 
method is provided in Section 5.7 Experimental under General Methods.  
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Figure 5.16  1H NMR spectra of Cbz-L-Val-Gly-OEt 32 in CDCl3 at 500 MHz. 
 

Figure 5.17  13C NMR spectra of Cbz-L-Val-Gly-OEt 32 in CDCl3 at 75 MHz. 
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(a)  

 

 

(b) 

 

 
Figure 5.18  Analytical RP-HPLC chromatograms (254 nm) monitoring the hydrolysis of 32 
(RT ~36.2 min) to 33 (RT ~23.9 min) at (a) t = 1 h and (b) t = 3 h; HPLC method 2. 

 

 
Esterification of 33 was accomplished using the mixed anhydride method previously 

applied to its own preparation in solution-phase peptide synthesis (Scheme 5.7).  The solubility 

properties of the Cbz-protected dipeptide were significantly improved relative to the N-acetyl 

derivatives previously under investigation and allowed for ready dissolution of 33 in chloroform.  

The mixed anhydride formed in situ from activation of 33 with ethyl chloroformate was reacted 

with phenol 22.  Carbon dioxide evolution was observed during the addition of 22 and 

  

Scheme 5.7  Esterification of dipeptide 33 with phosphino phenol 22 via mixed anhydride 
afforded the phosphinyl ester of Cbz-L-valylglycine 34. 
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oil in 76% yield.  Compound 34 was fully characterized by 1H, 13C and 31P NMR spectroscopy 

with unambiguous assignment of the observed non-aromatic resonances made using a 

combination of homonuclear and heteronuclear 2D-NMR.  The 1D-spectra are provided in 

Figures 5.19 and 5.20 as a measure of purity.  Note that seven doublets are observed in the 13C 

NMR spectrum of 34 due to carbon-phosphorus heteronuclear coupling and that the 31P NMR 

spectrum shown has a spectral window ranging from -50 to +150 ppm with a single observable 

resonance present.     

 

5.5  Conclusions  

 Preparation of the requisite phosphinyl phenyl esters of peptide-specifiers proposed as 

synthetic intermediates in tripartite prodrug synthesis via the traceless Staudinger ligation was 

accomplished.  However, for sequences containing a stereogenic C-terminal residue, the 

esterification with 2-(diphenylphosphino)phenol 22 resulted in epimerization of the α-stereo-

center in all cases.  Efforts to find conditions affording a stereoselective esterification reaction 

were unsuccessful.  Nonetheless, we were able to obtain a phosphinyl ester of Cbz-L-

valylglycine, compound 34, which contains the achiral glycine residue at the C-terminus, for the 

preparation of an optically pure peptidyl prodrug of doxaz via the traceless Staudinger ligation.  

The results obtained from application of this methodology for tripartite prodrug synthesis are 

discussed in the following chapter of this thesis.          
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Figure 5.19  1H & 31P  NMR spectrum of phosphanyl-phenyl ester 34 in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.20  13C NMR spectrum of phosphinyl-phenyl ester 34 in CDCl3. 
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5.6  Experimental 

 General Methods.  Unless otherwise specified, all reactions were performed in oven- or 

flame-dried glassware, cooled to ambient temperature inside of a desiccator prior to use, under 

an inert atmosphere of nitrogen or argon.  Molecular sieves (3Å & 4Å) were activated in a 

vacuum drying oven at 180 °C and 10-2 Torr for 72 h and stored in a drying oven at 160 °C prior 

to use.  Anhydrous THF was distilled from Na benzophenone ketyl under nitrogen and used 

immediately.  MeCN was degassed by vacuum filtering through a 0.4 µm filter prior to use.  Wet 

solvent systems were prepared using either D2O or purified water obtained from a Milli-Q Direct 

water purification system from EMD Millipore (Burlington, MA).  Unless specifically indicated, 

all reagents were acquired from reputable commercial suppliers and used as received.  The p-

aminobenzyl alcohol (PABA) used was purchased from Atomax Chemical Company (Shanghai, 

China) and dried under high-vacuum (< 5 x 10-2 Torr) at ambient temperature for 48 h, purified 

by flash column chromatography (hexanes−EtOAc) and subsequently recrystallized from EtOAc 

and petroleum ether (40−60 °C).  Flash column chromatography (FCC)40  was performed using 

60 Å silica gel (37−75 µm, 230−400 mesh) with hexanes−EtOAc or CHCl3−MeOH solvent 

systems as eluent.  EMD glass thin-layer chromatography (TLC) plates (silica gel 60 F254) were 

used for analytical TLC and the results visualized under 254 nm light or following exposure of 

the developed plate to an I2/silica gel slurry.  Retention factors (Rf) are reported along with other 

compound characterization data below. Analytical RP-HPLC was performed on Agilent 

1050/1100 hybrid instruments equipped with a 1050 series pump and autoinjector and a 1100 

series UV/visible diode array detector (Santa Clara, CA). Sample solutions (5 µL) were injected 

onto an Agilent Zorbax octadecylsilyl (C18) reverse phase column (4.6 mm i.d. × 150 mm, 5 

µm) at ambient temperature and eluted with an 15 mM PO4 (pH 4.5)−MeCN solvent system      
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(1 mL/min).  The gradient elution method was programmed in terms of %-aq. buffer as follows 

Method 1: 0 min (75%), 2.5 min (50%), 5 min (40%), 25 min (20%), 30 min (75%); Method 2: 

0−5 min (95%), 15 min (75%), 45 min (60%), 51 min (10%), 54 min (0%), 60 min (95%).  All 

RP-HPLC analyses monitored absorbance at 220, 254 and 280 nm. Retention times (RT) are 

reported along with other compound characterization data below.  1H NMR spectra were 

recorded at 400 or 500 MHz on Varian Unity INOVA spectrometers (Palo Alto, CA) or at 300 

MHz on a Bruker-Avance III spectrometer (Billerica, MA).  Ambient temperature 13C{1H} and 

31P{1H} NMR spectra were recorded at 75 MHz and 122 MHz, respectively, on a Bruker-

Avance III spectrometer.  31P{1H} VT-NMR spectra were acquired at 164 MHz on a Varian 

Unity INOVA spectrometer.  Chemical shifts are reported in δ values of ppm with internal 

referencing to the residual solvent peak, whose frequencies are given by Gottlieb et al.41  

Coupling constants are reported as J-values in Hertz (Hz) with resonance multiplicities 

abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, 

sept = septet,, h = heptet, m = multiplet, br = broadened.  NMR data processing and plotting, 

including x-referencing of 31P{1H} spectra, was performed using MestReNova NMR software 

v12.0.1 (Mestrelab Research, Santiago de Compostela, Spain).  UV−vis spectroscopy was 

performed on a Hewlett-Packard/Agilent 8452A diode array instrument.  Infrared (IR) spectra 

were recorded on a Thermo-Nicolet FT-IR spectrometer as thin films on NaCl plates.  High-

resolution mass spectra (HRMS) were obtained with a Perkin-Elmer Sciex API III+ (Waltham, 

MA) or ABI Pulsar QqT high-resolution instrument (Foster City, CA), equipped with an ion-

spray source at atmospheric pressure.  The purity of all characterized compounds was verified to 

be at least 95% from a combination of RP-HPLC and NMR data.  
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Solid-Phase Peptide Synthesis (SPPS).  Peptides 1a, 1b, 2, 3, 4 and 5 were prepared by 

SPPS using a standard Fmoc-strategy12,13 and the Nα-protected amino acids: Fmoc-L-Ala-OH, 

Fmoc-D-Ala-OH, Fmoc-L-Cit-OH, N-Acetyl-Gly-OH, Fmoc-L-Lys(PG)-OH (where PG = (a) 

Cbz and (b) alloc), Fmoc-L-Phe-OH and Fmoc-L-Val-OH.  The C-terminal Fmoc-amino acids 

were manually loaded onto 2-chlorotrityl chloride resin14 and the loading determined 

spectrophotometrically.17  The peptides were prepared on a 0.25 mmol scale by automated 

synthesis on an Applied Biosystems 433A peptide synthesizer using single amino acid couplings 

with a 4-fold excess of Fmoc-amino acid per coupling.  Fmoc groups were removed by 

sequential treatment with 20% piperidine in DMF (v/v) and the incoming amino acids were 

activated with a 0.45 M solution of HBTU/HOBt in NMP and 2 M DIEA in DMF.  Following a 

completed synthesis, the peptidyl resin was washed thoroughly with DMF, DCM and MeOH 

before being dried under reduced pressure.  Peptides were cleaved from the solid support by 

repeated exposure to 1% TFA in DCM v/v (5 x 10 mL/g of resin for 3 min intervals).  The 

filtrates were combined in a flask containing 100 mL of toluene and concentrated to 

approximately one-quarter volume.  Additional toluene (50 mL) was added to the flask and the 

process repeated (3x) before the suspension was concentrated to dryness under reduced pressure 

with gentle heating.  Peptides 1a, 1b, 2, 3, 4 and 5 were obtained in nearly quantitative yields 

and used without further purification.   

 



	 118	

 

N-Ac-Gly-D-Ala-L-Phe-L-Lys(Cbz)-OH (1a). 148 mg (99%) as a white solid:                        

Rf  = 0.10 (9:1 CHCl3−MeOH); mp 187−190 °C (dec); 1H NMR (300 MHz, d6-DMSO) δ 12.62 

(br. s, 1H, 1), 8.24 (d, 1H, J = 7.6 Hz, 4), 8.17 (d, 1H, J = 8.8 Hz, 15), 8.03 (t, 1H, J = 5.8 Hz, 

24), 7.90 (d, 1H, J = 7.5 Hz, 20), 7.47 – 7.04 (m, 11H, 12, 17 and 9), 5.02 (s, 2H, 11), 4.62 – 

4.52 (m, 1H, 16), 4.24 (p, 1H, J = 7.0 Hz, 19), 4.18 – 4.09 (m, 1H, 3), 3.74 – 3.54 (m, 2H, 23), 

3.07 (dd, 1H, J = 13.6, 3.6 Hz, 16), 2.99 (dd, 2H, J = 12.9, 6.4 Hz, 8), 2.71 (dd, 1H, J = 13.6, 

10.8 Hz, 16’), 1.83 (s, 3H, 26), 1.78 – 1.51 (m, 2H, 5), 1.49 – 1.37 (m, 2H, 7), 1.36 – 1.24 (m, 

2H, 6), 0.91 ppm (d, 3H, J = 7.0 Hz, 21) assignments made using homonuclear (1H, 1H) gCOSY 

spectrum; 13C NMR (75 MHz, d6-DMSO) δ 173.45 (2), 171.77 (18), 171.26 (13), 169.55, 25), 

168.46 (22), 156.09 (10), 137.27, 129.30, 128.90, 128.34, 128.20, 127.89, 127.72, 126.19, 65.12 

(11), 53.35 (14), 52.07 (3), 47.99 (19), 41.94 (22), 39.59 (8), 37.68 (16), 30.60 (5), 29.10 (7), 

22.85 (6), 22.42 (26), 18.45 ppm (21) assignments made using a combination of heteronuclear 

(1H, 13C) gHSQC and gHMBC spectra; HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 

C30H39N5NaO8 620.2697; found 620.2711. 
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N-Ac-Gly-D-Ala-L-Phe-L-Lys(alloc)-OH (1b). 134 mg (98%) as a white solid:                       

Rf  = 0.10 (95:5 CHCl3−MeOH); RT = 8.1 min (HPLC method 3); mp 168−172 °C (dec); 1H 

NMR (300 MHz, d6-DMSO) δ 12.57 (br. s, 1H, 1), 8.24 (d, 1H, J = 7.6 Hz, 4), 8.17 (d, 1H, J = 

8.8 Hz, 17), 8.03 (t, 1H, J = 5.7 Hz, 26), 7.90 (d, 1H, J = 7.5 Hz, 22), 7.33 – 7.07 (m, 6H, 19 & 

9), 6.03 – 5.74 (m, 1H, 12), 5.26 (dq, 1H, J = 17.2, 1.6 Hz, 14), 5.16 (dq, 1H, J = 10.5, 1.6 Hz, 

13), 4.65 – 4.52 (m, 1H, 16), 4.45 (d, 2H, J = 5.3 Hz, 11), 4.24 (apparent p, 1H, J = 6.7 Hz, 21), 

4.14 (m, 1H, 3), 3.73 – 3.56 (m, 2H, 25), 3.07 (dd, 1H, J = 13.7, 3.6 Hz, 18), 2.97 (apparent q, 

2H, J = 6.3 Hz, 8), 2.71 (dd, 1H, J = 13.7, 10.8 Hz, 18’), 1.83 (s, 3H, 28), 1.69 (m, 2H, 5), 1.50 – 

1.38 (m, 4H, 6 & 7), 0.91 ppm (d, 3H, J = 7.0 Hz, 23). HRMS (ESI-TOF) m/z: [M+Na]+ calcd 

for C26H37N5NaO8 570.2642; found 570.2646 

 

N-Ac-Gly-L-Val-L-Cit-OH (2). 92 mg (99%) as a white solid: Rf = 0.16 (9:1 

CHCl3−MeOH); mp 190−195 °C; 1H NMR (300 MHz, d6-DMSO) δ 8.28 (d, 1H, J = 7.3 Hz, 4), 

8.12 (t, 1H, J = 6.0 Hz, 11), 7.80 (d, 1H, J = 9.0 Hz, 13), 4.24 (dd, 1H, J = 7.0, 6.6 Hz, 12), 4.11 
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(td, 1H, J = 8.2, 5.1 Hz, 3), 3.73 (d, 2H, J = 5.7 Hz, 18), 2.97 (t, 2H, J = 6.9 Hz, 7), 1.95 (hept, 1H, 

J = 6.8 Hz, 14), 1.84 (s, 3H, 21), 1.68 (p, 1H, J = 6.8, 5.5 Hz, 5), 1.56 (dtd, 1H, J = 14.0, 9.3, 5.6 

Hz, 5’), 1.40 (tq, 2H, J = 13.5, 6.6 Hz, 6), 0.86 (d, 3H, J = 6.7 Hz, 16), 0.81 ppm (d, 3H, J = 6.8 

Hz, 15); 13C NMR (75 MHz, CD3OD) δ 175.10 (2), 174.11 (20), 173.80 (11), 171.79 (17), 162.40 

(9), 60.19 (12), 53.47 (3), 43.64 (18), 40.68 (7), 32.18 (14), 29.94 (5), 27.62 (6), 22.58 (21), 19.82 

(16), 18.81 ppm (15) *Relative assignments of the Val-methyl signals (15 & 16) were based on the 

ACD-lab predicted spectrum;  HRMS (ESI-TOF) m/z: [M+H]+ calcd for C15H28N5O6 374.2040; 

found 374.2038. 

 
 

 

 

 

 

 
N-Ac-L-Val-L-Cit-OH (3). 78 mg (99%) as a white solid: Rf  = 0.18 (9:1 CHCl3−MeOH); 1H 

NMR (500 MHz, d6-DMSO) δ 8.21 (d, 1H, J = 7.3 Hz, 4), 7.87 (d, 1H, J = 9.0 Hz, 13), 5.99 (s, 

1H, 8), 5.8 – 4.8 (br. s, 2H, 10), 4.24 – 4.17 (m, 1H, 12), 4.14 – 4.07 (m, 1H, 3), 2.94 (t, 2H, J = 6.2 

Hz, 7), 1.93 (dq, 1H, J = 8.0, 6.9 Hz, 14), 1.85 (s, 3H, 18), 1.74 –1.62 (m, 1H, 5a), 1.59 –1.47 (m, 

1H, 5b), 1.49 –1.28 (m, 2H, 6), 0.86 (d, 3H, J = 6.7 Hz, 16), 0.83 ppm (d, 3H, J = 6.7 Hz, 15) 

*Relative assignments of the Val-methyl signals (15 & 16) were based on the ACD-lab predicted 

spectrum; 13C NMR (75 MHz, d6-DMSO) δ 173.55 (2), 171.42 (11), 169.39 (17), 159.18 (9), 

57.44 (12), 51.93 (3), 39.06 (7), 30.73 (14), 28.32 (5), 26.63 (6), 22.55 (18), 19.24 (16), 18.28 ppm 

(15) *Relative assignments of the Val-methyl signals (15 & 16) were based on the ACD-lab 

predicted spectrum; HRMS (ESI-TOF) m/z: [M+H]+ calcd for C13H24N4NaO5 317.1825; found 

317.1822. 
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N-Ac-Gly-L-Ala-OH (4). 46 mg  (99%) as a white solid: Rf  = 0.21 (9:1:0.1 CHCl3−MeOH 

−AcOH); mp 132−134 °C; 1H NMR (500 MHz, d6-DMSO) δ 12.58 (br. s, 1H, 1), 8.17 (d, 1H, J 

= 7.3 Hz, 4), 8.07 (X of ABX, 1H, JAX = JBX = 5.7 Hz, 8), 4.20 (p, 1H, J = 7.3 Hz, 3), 3.75 − 3.64 

(m, 2H, 7), 1.84 (s, 3H, 10), 1.26 ppm (d, 3H,  J = 7.3 Hz, 5); 13C NMR (75 MHz, d6-DMSO) δ 

174.02 (2), 169.46 (6), 168.72 (9), 47.42 (7), 41.63 (3), 22.49 (10), 17.26 ppm (5); HRMS (ESI-

TOF) m/z: [M+H]+ calcd for C7H13N2O4 189.0875; found 189.0874 

 
 

 

N-Ac-L-Val-L-Ala-OH (5). 57 mg (99%) as a white solid: Rf  = 0.16 (95:5 CHCl3−MeOH);  

mp 134−135 °C; 1H NMR (500 MHz, d6-DMSO) δ 12.46 (br. s, 1H, 1), 8.27 (d, 1H, J = 8.3 Hz, 

4), 7.87 (d, 1H, J = 9.1 Hz, 9), 4.21 − 4.12 (m, 2H, 3+7), 1.92 (h, 1H, J = 8.3 Hz, 9), 1.85 (s, 3H, 

13), 1.26 (d, 3H, J = 8.3 Hz, 5), 0.87 (d, 3H, J = 6.8 Hz, 11), 0.83 ppm (d, 3H, J = 6.9 Hz, 10); 

13C NMR (75 MHz, d6-DMSO) δ 174.00 (2), 170.96 (6), 169.11 (12), 57.18 (7), 47.42 (3), 30.69 

(9), 22.48 (13), 19.12 (10), 18.19 (11), 16.98 ppm (5) *Relative assignments of the Val-methyl 

signals (10 & 11) were based on the ACD-lab predicted spectrum; HRMS (ESI-TOF) m/z: 

[M+H]+ calcd for C10H19N2O4 231.1345; found 231.1341 
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General Procedure for the Preparation of Peptide Phosphinyl Esters (23a, 23b and 

24).  C-terminal esterification of peptides 1a, 1b and 4 was carried out according to a modified 

Steglich procedure.24  To a stirred 0.25 M solution of the Nα-acetylated peptide (200 µmol, 1.0 

equiv) and DMAP (20 µmol, 0.1 equiv) in dry DMF (750 µL) at 0°C was added a 0.25 M 

solution of DCC (200 µmol, 1.0 equiv) in DMF (750 µL).  After precipitated DCU was 

observed, a 1M solution of 2-(diphenylphosphino)phenol 22 (240 µmol, 1.2 equiv) in DMF (240 

µL) was added via syringe.  The ice-water bath was removed and the mixture stirred under an 

Ar-atmosphere for 4 h, after which time AcOH (1 mL) was added to quench unreacted DCC.  

The slurry was filtered through a 0.2 µm PFTE syringe filter and concentrated by high-vacuum 

rotary evaporation (10-2 Torr).  The residual solid was dissolved in DCM containing a small 

volume of methanol, filtered, and concentrated under reduced pressure onto silica gel.  

Purification by FCC eluting with a gradient of CHCl3−MeOH (1:0 to 9:1 v/v) under N2-pressure 

afforded the desired peptide phosphinyl esters 23a, 23b, and 24; 23a and 23b were obtained as 

an inseparable mixture of diastereomers and 24 as a racemic mixture.  

 

o-(Diphenylphosphinyl)phenyl N-Ac-GaFK(Cbz) ester (23a). 117 mg (68%) as a clear oil: 

Rf  = 0.24 (9:1 CHCl3−MeOH). 1H NMR at 70 °C (400 MHz, CD3CN) δ 7.8 – 7.6 (m, 1H, 3), 7.6 

– 7.5 (m, 1H, 14), 7.5 – 7.4 (m, 1H, 23), 7.4 – 7.0 (m, 21H), 6.9 – 6.8 (m, 2H), 6.7 (br. s, 1H), 
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5.64 (br. s, 1H, 8), 5.0 − 4.9 (m, 2H, 10), 4.7 – 4.5 (m, 1H, 13), 4.4 – 4.3 (m, 1H, 2), 4.2 – 4.0 

(m, 1H, 18), 3.80 − 3.60 (m, 2H, 22), 3.25 – 3.15 (m, 1H, 15), 3.15 – 3.02 (m, 1H, 7), 3.0 – 2.9 

(m, 1H, 15’), 1.91 (s, 3H, 25), 1.87 – 1.67 (m, 2H, 5), 1.71 – 1.39 (m, 2H, 4), 1.42 – 1.18 (m, 2H, 

6), 1.1 − 1.0 ppm (d, 3H, 20). 13C NMR (75 MHz, CD3CN) δ 173.23, 173.21, 172.3, 172.2, 

172.1, 172.0, 171.3, 171.27, 170.8, 170.76, 157.5, 154.23, 154.2, 154.0, 153.9, 138.9, 138.8, 

136.6, 136.5, 135.6, 135.57, 134.9, 134.8, 134.7, 134.6, 134.5, 133.8, 133.7, 133.3, 133.2, 132.7, 

132.6, 131.4, 131.38, 131.2, 131.0, 130.3, 130.2, 130.0, 129.9, 129.8, 129.7, 129.4, 129.3, 129.2, 

128.8, 128.79, 128.7, 128.6, 127.5, 127.4, 123.52, 123.5, 120.4, 120.3, 119.0, 118.9, 118.7, 

118.69, 118.63, 118.6, 118.3, 118.0, 117.99, 117.97, 79.1, 66.7, 55.8, 55.5, 53.7, 50.5, 44.1, 44.0, 

41.2, 38.1, 37.7, 36.5, 34.5, 31.3, 31.2, 31.1, 31.0, 30.04, 30.0, 26.4, 25.8, 23.5, 23.0, 17.5, 17.4 

ppm; 31P NMR (122 MHz, CD3CN) δ -18.2, -18.4 ppm (diastereomers); HRMS (ESI-TOF) m/z: 

[M+Na]+ calcd for C48H52N5NaO8P 880.3553; found 880.3561. 

 

 

 

 
 

 

 

o-(Diphenylphosphino)phenyl N-Ac-GaFK(alloc) ester (23b). 123 mg (76%) as a clear oil: 

Rf = 0.27 (9:1 CHCl3−MeOH); 1H NMR (400 MHz, d6-DMSO) δ 8.6 – 8.5 (m, 1H, 3), 8.4 – 8.2 

(m, 1H, 16), 8.1 – 8.0 (m, 1H, 25), 7.95 – 7.8 (m, 1H, 21), 7.7 – 7.1 (m, 20H), 6.8 − 6.7 (m, 1H), 

6.0 − 5.8 (m, 1H, 11), 5.3 − 5.2 (m, 1H, 13), 5.18 – 5.1 (m, 1H, 12), 4.7 – 4.5 (m, 1H, 15), 4.46 – 

4.4 (m, 2H, 10), 4.3 − 4.2 (m, 2H, 2 and 20), 3.8 – 3.6 (m, 2H, 24), 3.1 – 2.9 (m, 3H, 7 and 17), 
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2.8 – 2.6 (m, 1H, 17’), 1.83 (s, 3H, 27), 1.82 – 1.6 (m, 1H, 4), 1.55 – 1.4 (m, 1H, 4’), 1.35 – 1.2 

(m, 4H, 5 and 6), 1.0 − 0.8 ppm (m, 3H, 22).  31P NMR (122 MHz, CD3CN) δ -18.9, -18.8 ppm 

(diastereomers); HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C44H50N5NaO8P 830.3295; found 

830.3302. 

 

o-(Diphenylphosphino)phenyl N-Ac-Gly-DL-Ala ester (24). 48 mg (53%) as a clear oil:     

Rf = 0.30 (9:1:0.1 CHCl3−MeOH−AcOH); 1H NMR (400 MHz, d6-DMSO) δ 7.44 (td, 1H, J = 

7.8, 1.5 Hz, 10 or 13), 7.42 − 7.38 (m, 5H), 7.38 − 7.35 (m, 1H), 7.30 − 7.23 (m, 4H), 7.21 (td, 

1H, J = 7.6, 0.9 Hz, 10 or 13), 7.13 (ddd, 1H, J = 8.1, 4.3, 0.9 Hz, 11 or 12), 6.88 (br. d, 1H, J = 

6.6 Hz, 3), 6.82 (ddd, 1H, J = 7.7, 4.1, 1.6 Hz, 11 or 12), 6.66 (br. s, 1H, 7), 4.39, (p, 1H, J = 7.2 

Hz, 2), 3.81 − 3.72 (m, 2H, 6), 1.92 (s, 3H, 9), 1.24 (d, 3H, J = 7.3 Hz, 4)  HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C25H26N2O4P 449.1630; found 449.1624. 

 

 

N-Cbz-L-Val-Gly-OEt (32). Cbz-L-Valine-OH (1.26 g, 5 mmol, 1 equiv) was dissolved in 

dry chloroform (9.3 mL) containing TEA (700 µL, 5 mmol, 1 equiv) and the mixture cooled to     

0 °C with an external ice-water bath.  Ethyl chloroformate (476 µL, 5 mmol, 1 equiv) was added 

neat dropwise via syringe and the mixture stirred at 0 °C for 15 min during which time a 
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precipitate formed.  To the heterogeneous mixture was added a suspension of glycine ethyl ester 

hydrochloride (698 mg, 5 mmol, 1 equiv) in dry chloroform (9.3 mL) containing TEA (700 µL, 5 

mmol, 1 equiv).  Carbon dioxide was observed to evolve as the solids went into solution.  After 

the reaction mixture became homogeneous, the ice-water bath was removed and the solution 

stirred at ambient temperature for 30 min, then warmed to 50 °C for 10 min, diluted with 

additional chloroform (70 mL) and transferred to a separatory funnel.  The organic phase was 

washed successively with water (30 mL), 1 M aq. HCl (30 mL), 0.5 M sodium bicarbonate (2 x 

20 mL) and again with water (30 mL).  The organic phase was dried over anh. Na2SO4 and 

concentrated under reduced pressure to afford crude Cbz-L-valylglycine ethyl ester (1.514 g, 

90%) as a white solid.  Recrystallization of the crude material from boiling EtOAc−ether gave 

analytically pure 32 (1.245 g, 74%) as cylindrical white needles: Rf  = 0.23 (98:2 CHCl3−MeOH); 

RP-HPLC, RT = 6.4 min (method 1) and 36.2 min (method 2); mp 134−135 °C;  1H NMR (500 

MHz, CDCl3) δ 7.36 – 7.31 (m, 5H, 13−17), 6.49 (br. t, 1H, J = 4.6 Hz, 3), 5.38 (apparent d, 1H, 

J = 8.4 Hz, 6), 5.13 and 5.10 (AB-pattern, 2H, J = 12.2 Hz, 11), 4.22 (q, 2H, J = 7.2 Hz, 18), 

4.16 − 3.95 (m, 3H, 2 and 5), 2.18 (sext, 1H, J = 6.6 Hz, 7), 1.28 (t, 3H, J = 6.9 Hz, 19), 1.00 (d, 

3H, J = 6.7 Hz, 9), 0.95 ppm (d, 3H, J = 6.7 Hz, 8) *Relative assignments of the Val-methyl 

signals (8 & 9) were based on the ACD-lab predicted spectrum; 13C NMR (75 MHz, d6-DMSO) 

δ 171.55 (4), 169.70 (1), 156.53 (10), 136.29 (12), 128.68 (3), 128.35 (15), 128.21 (13), 67.27 

(11), 61.74 (5), 60.45 (18), 41.42 (2), 31.15 (18), 19.33 (9), 17.82 (8), 14.27 ppm (19) *Relative 

assignments of the Val-methyl signals (8 & 9) were based on the ACD-lab predicted spectrum; 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C17H25N2O5 337.1763; found 337.1769. 
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N-Cbz-L-Val-Gly-OH (33). To a stirred 0.17 M solution of Cbz-L-Valylglycine-OEt 32 (337 

mg, 1.0 mmol, 1.0 equiv) in THF (6.0 mL) cooled to 0 °C with an external ice-water bath was 

added ice-cold 1 M aq. NaOH (1 mL, 1.0 mmol, 1.0 equiv).  The reaction mixture was stirred at 

0 °C until complete consumption of the starting ester was observed by RP-HPLC.  The solution 

was concentrated to ~20% of the initial volume under reduced pressure and then acidified by the 

addition of cold 1 M aq. HCl (5 mL).  The white precipitate that formed was isolated by vacuum 

filtration, washed with cold water, air-dried for 30 min and further dried under high-vacuum       

(10-2 Torr) overnight.  Recrystallization of the crude material from hot EtOAc and Et2O afforded 

the desired dipeptide acid, N-Cbz-L-valylglycine, 33 (206 mg, 67%) as a white solid: RP-HPLC, 

RT = 4.8 min (method 1) and 23.9 min (method 2); 1H NMR (300 MHz, d6-DMSO) δ 12.53 (br. 

s, 1H, 1), 8.25 (br. t, 1H, J = 5.2 Hz, 4), 7.5 − 7.1 (m, 6H, 7 and 14−18), 5.04 and 5.02 (AB-

pattern, 2H, J = 13.0 Hz, 11), 3.89 (t, 1H, J = 7.5 Hz, 6), 3.84 − 3.62 (m, 2H, 3), 1.97 (sext, 1H, J 

= 6.8 Hz, 8), 0.88 (d, 3H, J = 6.9 Hz, 9), 0.86 ppm (d, 3H, J = 6.8 Hz, 10) *Relative assignments 

of the Val-methyl signals (9 & 10) were based on the ACD-lab predicted spectrum. 
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o-(Diphenylphosphino)phenyl N-Cbz-L-Val-Gly ester (34). Cbz-L-Valylglycine-OH 33 

(100 mg, 324 µmol, 1 equiv) was dissolved in THF (2.0 mL) containing TEA (45.3 µL, 325 

µmol, 1 equiv) and the mixture cooled to 0 °C with an ice-water bath.  Neat ethyl chloroformate 

(30 µL, 315 µmol, 0.97 equiv) was added in 3 equal portions in via syringe.  The reaction was 

stirred at 0 °C for 15 min and then to the mixture was added a 0.25 M solution of o-

(diphenylphosphino)phenol 22 (112 mg, 400 µmol, 1.2 equiv) and TEA (86 µL, 618 µmol, 1.9 

equiv) in THF (1.2 mL). The reaction mixture was stirred at 0 °C for 15 min, the ice-water bath 

removed and the reaction stirred at ambient temperature for an additional 3.5 h.  The solution 

was then concentrated to dryness, DCM (35 mL) added to dissolve the solids, the solution 

transferred to a separatory funnel, and further diluted with hexanes (25 mL). The DCM−hexanes 

solution was washed successively with water (10 mL), 0.1 M aq. HCl (10 mL), 0.1 M NaHCO3 

(10 mL) and again with water (10 mL).  The organic phase was dried over anh. Na2SO4 and 

concentrated under reduced pressure to afford the crude ester, which was purified by FCC over 

silica gel eluting with a gradient of CHCl3−MeOH (1:0 to 9:1 v/v), to give compound 34 (140 

mg, 76%) as a colorless oil: Rf  = 0.28 (98:2 CHCl3−MeOH);  1H NMR (300 MHz, CDCl3) δ 

7.44 – 7.28 (m, 15H), 7.22 – 7.08 (m, 2H), 6.87 (ddd, 1H, J = 7.6, 4.7, 1.5 Hz), 6.34 (t, 2H, J = 

5.0 Hz, 3), 5.47 (d, 1H, J = 8.7 Hz, 6), 5.13 (s, 2H, 11), 4.12 – 4.02 (m, 1H, 5), 4.02 – 3.75 (m, 

2H, 2), 2.14 (dq, 1H, J = 13.3, 6.7 Hz, 7), 0.97 (d, 3H, J = 6.7 Hz, 9), 0.92 ppm (d, 3H, J = 6.7 

Hz, 8) *Relative assignments of the Val-methyl signals (8 & 9) were made using the ACD-lab 
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predicted spectrum; 13C NMR (75 MHz, CDCl3) δ 171.56 (4), 167.86 (1), 156.56 (10), 152.31 (d, 

J = 16.9 Hz), 136.33, 135.40 (d, J = 2.2 Hz), 135.27 (d, J = 2.2 Hz), 134.24 (d, J = 0.8 Hz), 

133.97 (d, J = 0.8 Hz), 130.43 (d, J = 15.3 Hz), 130.25, 129.36, 128.92 (d, J = 1.1 Hz), 128.82 

(d, J = 1.0 Hz), 128.70, 128.35, 128.23, 126.76 (d, J = 0.8 Hz), 122.59 (d, J = 1.5 Hz), 67.28 

(11), 60.31 (5), 41.12 (2), 31.21 (7), 19.34 (9), 17.81 ppm (8) *Relative assignments of the Val-

methyl signals (8 & 9) were made using the ACD-lab predicted spectrum; 31P NMR (122 MHz, 

CDCl3) δ -16.11; +28.05 ppm (oxide); HRMS (ESI-TOF) m/z: [M+H]+ calcd for 

C33H33N2NaO5P 591.2025; found 591.2020. 
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Chapter 6 

p-Azidobenzyl Anthracycline Carbamates and Derivatives Thereof 
 
 
6.1  Introduction 

 With the synthesis of the “peptide-specifying” phosphinyl phenyl esters complete, issues 

with stereoselectivity notwithstanding, implementation of the traceless Staudinger ligation (TSL)1 

in the synthesis of tripartite prodrugs of doxazolidine (doxaz)2 now depended on the preparation 

of the key “spacer-drug” intermediate, p-azidobenzyl doxazolidyl carbamate 1 (Figure 6.1).  With 

the azido precursors required for the preparation of 1 having been synthesized during the 

exploratory studies on aryl azides in the TSL (Chapter 4), the proposed route to 1 was a short 

three-step synthesis from the available starting materials.  The anticipated benefits from a 

head−to−head comparison of the corresponding peptidyl prodrugs of dox and doxaz during 

biological studies also prompted us to prepare the analogous dox “spacer-drug” intermediate, p-

azidobenzyl doxorubicyl carbamate 2 (Figure 6.1).  Chapter 6 describes the synthesis of 

compounds 1 and 2 and their subsequent derivatization into peptidyl prodrugs via the TSL. 

 

 

 

 

 

 

Figure 6.1  Structures of the key aryl azide “spacer-drug” intermediates p-azidobenzyl 
doxazolidyl carbamate 1 and p-azidobenzyl doxorubicyl carbamate 2. 
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6.2  Synthesis of p-Azidobenzyl Anthracyline Carbamates 

Clinical samples of doxorubicin hydrochloride 3 were dissolved in MeOH, neutralized 

with 100 mM phosphate buffer (pH 8.5) and the free-base extracted into DCM (Scheme 6.1).  

*Prilled paraformaldehyde was then used to annulate the vicinal amino alcohol of daunosamine 

to give doxaz 4.3,4  In the presence of excess formaldehyde, 2 equiv of 4 reacted to form the 

dimer, doxofom (doxf) 5, with an additional methylene derived from formaldehyde forming a 

bridging aminal bond between the two doxaz molecules.3  

 

Scheme 6.1  Synthesis of doxazolidine 4 from clinical samples of doxorubicin!HCl 3 and 
prilled paraformaldehyde, as well as, the condensation of 2 equiv of 4 with an additional 
equiv of CH2O to give doxoform 5.3,4 
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∗The term “prilled” is used in mining and manufacturing to describe a 

material that has been pelletized.  While the origin of its usage to denote a 

particular type of paraformaldehyde - a fine powder - is unclear, the 

importance of the term as applied to this reagent is in its indication of the bis-

hemiacetal functional groups terminating the polyformaldehyde oligomers 

[a.k.a. poly(oxy-methylene) or POM], a reagent having the chemical formula 

HO−(CH2O)n−H.  Other varieties of POM are end-capped with alkoxy 

groups and these reagents require “cracking” by either acid or heat in order to 

liberate monomeric formaldehyde.  The use of prilled POM in the synthesis 

of doxaz 4 offered a marked improvement over previous methods and this 

innovation coincided with the start of the author’s work in the Koch lab.  The 
1H NMR spectrum of prilled POM in d6-DMSO (Figure 6.2) shows coupling 

of the hydroxyl proton to the adjacent methylene, thereby demonstrating the 

hemiacetal structure and was the second NMR spectrum ever acquired by the 

author; the first being POM in CDCl3. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2  1H NMR spectrum of prilled POM in d6-DMSO at 500 MHz. 
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A mixture of doxaz 4 and doxf 5 was dissolved in wet NMP, which rapidly hydrolyzed 5 

to 2 equiv of 4, and an excess of the mixed p-nitrophenyl carbonate 65,6 was added (Scheme 6.2).   

 

Scheme 6.2  Synthesis of the key “spacer-drug” intermediate, p-azidobenzyl doxazolidyl 
carbamate 1, from a mixture of doxaz 4 and doxf 5 combined with mixed carbonate 6.5,6 

 

 

 

 

 

 

 

 
The reaction was stirred in the dark at 40 °C until complete consumption of 4 was observed by 

TLC (~18 h).  Following aqueous work-up of the reaction mixture, the crude product was passed 

over a short plug of silica gel, eluting with 95:5 CHCl3−MeOH (v/v), to afford the desired           

p-azidobenzyl doxazolidyl carbamate 1 as an oil in 85% overall yield from the clinical starting 

material.  Crystallization of the isolated material from MeCN at 4 °C then afforded carbamate 1 

as a red solid in 68% yield and excellent purity.  The 1H and gCOSY NMR spectra of 1 acquired 

at 400 MHz and 40 °C in CDCl3, as well as, an analytical RP-HPLC chromatogram of 1 are 

shown in Figures 6.3−6.5, respectively, as an indication of purity.  The elevated temperature at 

which the NMR spectra were acquired was used to overcome inhibition of the daunosamine ring 

flipping mechanism that occurs upon acylation of the oxazolidine, which at ambient temperature 

occurs at an intermediate rate on the NMR-timescale and may otherwise complicate 

interpretation of the data.  
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Figure 6.3  1H NMR spectrum of 1 in CDCl3 at 40 °C and 400 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4  gCOSY NMR spectrum (0−5.5 ppm) of 1 in CDCl3 at 40 °C and 400 MHz. 
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Figure 6.5  RP-HPLC chromatogram of 1 showing absorbance at 254, 280 and 480 nm using 
HPLC method 1; a description of the method is provided in section 6.5 under General Methods. 

 

 

The dox analogue 2 was prepared in similar fashion using material diverted from the 

synthesis of doxaz.7  However, in this case, the increased nucleophilicity of the 1° amine of dox 

relative to that of the oxazolidine 3 permitted reaction of dox free-base with 1 equiv of carbonate 6 

to reach completion after only 2 h of stirring at ambient temperature in THF, and recrystallization 

of the crude product from MeCN afforded 2 in 94% overall yield from the clinical starting material.  

The 1H and gCOSY NMR spectra acquired at 500 MHz in CDCl3, as well as, an analytical RP-

HPLC chromatogram of 2 are shown in Figures 6.6−6.8, respectively, as an indication of purity. 
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Figure 6.6  1H NMR spectrum of 2 in CDCl3 at 500 MHz. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7  gCOSY NMR spectrum of 2 in CDCl3 at 500 MHz. 
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Figure 6.8  RP-HPLC chromatogram of 2 (RT ~14.3 min) showing absorbance at 254, 280 
and 480 nm using HPLC method 1; a description of the method is provided in section 6.5 under 
General Methods. 

 

 

6.3  Prodrug Synthesis via the Traceless Staudinger Ligation  

Originally, we had proposed the use of phosphinyl phenyl ester 7 in the TSL for the final 

step of synthesis to prepare the peptidase-activated tripartite prodrug of doxazolidine 8, with 7 

being derived from phoshinyl phenyl ester 9a after deprotection of the Cbz-protected ε-amino 

group of lysine by catalytic transfer hydrogenolysis (Scheme 6.3).  However, in work done by a   

colleague in the lab, prodrug 8 was found to undergo an intramolecular condensation reaction 

when the ε-amino group of the lysine residue was unprotonated, as evident from LC-MS 

analysis.  Following isolation of 8 as the acetate salt and drying under reduced pressure, an 

intermediate was observed to form when the material was reconstituted in d6-DMSO for 

structural characterization.  The intermediate was fully resolved from 8 by RP-HPLC and had an 

identical m/z ratio by LC-MS analysis.  However, the intermediate then appeared to lose water as  
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Scheme 6.3  Initially proposed synthesis of the peptidase-activated tripartite prodrug of 
doxazolidine 8 starting from the Nε-Cbz protected phosphinyl phenyl ester 9a. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

evident in the Δm/z of -18 amu.  Presumably, attack on a carbonyl in the tetracyclic core of 8 by 

the ε-amino group of lysine had occured to first give the hemi-aminal intermediate 11 that then 

gave imine 12 after dehydration (Scheme 6.4).  As the TSL requires neutral or basic conditions 

in order to avoid protonation of the intermediate phosphazides, which would prevent further 

reaction in route to the anilide, and given the unanticipated formation of 12 via intramolecular 

condensation of 8 under these conditions, our proposed use of the deprotected peptidyl ester 7 in 

the final step of the synthesis was not pursued. 
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Scheme 6.4  Proposed formation of intermediate 11 and the dehydrated product 12 observed 
by LC-MS following dissolution of 8 as the free-base. 
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amino group of lysine protected as the allyloxycarbonyl derivative 9b (Scheme 6.5).  At 20 mM 

concentration, the combination of azide 1 (or 2) and phosphine 9b in 9:1 DMSO−H2O (v/v) at 

ambient temperature gave near quantitative conversion of the starting materials over 6 h and 

delivered the alloc-protected peptidyl prodrug of doxaz 13b (or dox 14b) as a mixture of 

diatereomers.  Analytical RP-HPLC chromatograms showing the conversion of azides 1 and 2 to 

anilides 13b and 14b are shown in Figures 6.9 and 6.10, respectively. 

 

Scheme 6.5  TSL of phosphine 9b, the alloc-protected GaFK peptidyl ester, and azides 1 (or 
2)  afforded the protected peptidyl prodrugs of doxaz 13b and dox 14b, respectively. 

 
 

 

 

 

 

 

 

 

While optically pure N-Ac-GaFK(alloc)-PABC-Doxaz has been deprotected using a 

Tsuji-Trost reaction8,9 with tetrakis(triphenylphosphine)Pd0, N-methylmorpholine and acetic acid 

to afford 8, the diasteromeric mixtures 13b and 14b were not taken forward.   Similar results 

were nevertheless obtained from the TSL of azide 1 (and 2) with 9a (Figure 6.11), which 

afforded the Cbz-protected peptidyl prodrug of doxaz 13a (and dox 14a) also as a mixture of 

diastereomers.  However, no viable deprotection strategy for removal of the Cbz-group at this 

stage is known to us and neither compound 13a nor 14a were not taken forward.   
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Figure 6.9  Analytical RP-HPLC chromatograms (480 nm) monitoring the conversion of azide 
1 (RT ~17.2 min) to anilde 13b (RT ~14.1 min) using method 1; a description of HPLC 
methods is provided in section 6.5 under General Methods. 

 

 

 

 

 

 
 
 
Figure 6.10  Analytical RP-HPLC chromatograms (480 nm) monitoring the conversion of 
azide 2 (RT ~14.3 min) to anilide 14b (RT ~11.9 min) using method 1; a description of HPLC 
methods is provided in section 6.5 under General Methods. 
 
 

 

 

 

 
 
 
 
 
 
Figure 6.11  Analytical RP-HPLC chromatogram (480 nm) showing the conversion of azide 
1 (RT ~17.2 min) to anilide 13a (RT ~13.5 min) using method 1; a description of HPLC 
methods is provided in section 6.5 under General Methods. 
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The 1H NMR spectra of compounds 13a, 13b, 14a and 14b are shown in Figures 

6.12−6.15, respectively.  As is evident from 1H NMR spectra these compounds, the products 

obtained following FCC were impure and all were contaminated with the phenolic phosphine 

oxide co-product of the TSL, which proved exceedingly difficult to remove from the desired 

materials in its entirty.  Radial chromatography failed to completely separate the phosphine oxide 

from the anthracycline products, and attempts to recrystallize the crude compounds were 

similarly unsuccesful.  Finally, the hydrophobicity of compounds 13 and 14 rendered them 

highly water-insoluble, which hindered semi-preparative RP-HPLC purification efforts. 
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Figure 6.12  1H NMR spectrum of 13a in CDCl3 at 55 °C and 400 MHz. 

 

 

 

 

 

 

 

 

 

 

Figure 6.13  1H NMR spectrum of 13b in CDCl3 at 55 °C and 400 MHz. 
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Figure 6.14  1H NMR spectrum of 14a in d6-DMSO at 500 MHz. 

 

 

 

 

 

 

 

 

 

Figure 6.15  1H NMR spectrum of 14b in CDCl3 at 500 MHz. 
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The TSL was also used to prepare N-Ac-Gly-DL-Ala-PABC-Doxaz 17 (Scheme 6.6).  

Combination of azide 1 and phosphine 16 afforded the dipeptidyl prodrug 17 as a mixture of 

diastereomers, thus confirming the racemic nature of the starting phosphine 16.  An analytical 

RP-HPLC chromatogram of 17 is shown in Figure 6.16, (the two diastereomers are unresolved), 

and the 1H NMR spectrum in d6-DMSO at 50 °C and 400 MHz is shown in Figure 6.17.  As is 

evident from these figures, purification of compound 17 too was incomplete.  

 

Scheme 6.6  Synthesis of the dipeptidyl prodrug 17 as a mixture of diastereomers via the 
TSL of azide 1 and racemic peptidyl phosphinyl phenyl ester 16. 
 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 6.16 Analytical RP-HPLC chromatogram (254 nm and 480 nm) of 17 (RT ~12.9 min) 
using method 1; a description of HPLC methods is provided in section 6.5 under General 
Methods. 
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Figure 6.17  1H NMR spectrum of 17 in d6-DMSO at 50 °C and 400 MHz. 

 

 
Finally, the TSL of azide 1 and phosphine 18 was used to prepare the dipeptidyl prodrug 

N-Cbz-L-Val-Gly-PABC-Doxaz 19 (Scheme 6.7).  The RP-HPLC chromatogram shown in 

Figure 6.18 and UV-vis spectrum of the peak eluting at 9.4 min shown in Figure 6.19 indicate 

the reaction cleanly afforded the desired anilide 19.  However, the 1H NMR spectrum of the 

isolated material acquired in CDCl3 at 400 MHz is shown in Figure 6.17 and indicates the 19 

obtained was also impure.  Once again, the phosphine oxide was present as a major contaminant 

in the isolated product and attempts to further purify the desired prodrug by preparative TLC 

were unsuccessful in its removal.  The difficulty in removing the phosphine oxide co-product of 

the TLS remains a substantial limitation to the application of this method for the synthesis of 

molecules of modest complexity, such as peptidyl prodrugs of the anthracyclines.  
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Scheme 6.7  Synthesis of the dipeptidyl prodrug 19 via the TSL of azide 1 and peptidyl 
phosphinyl phenyl ester 18. 
 

 

 

 

 

 

 

 

 

Figure 6.18 Analytical RP-HPLC chromatogram (480 nm) of 19 (RT ~9.4 min) using 
method 2; a description of HPLC methods is provided in section 6.5 under General Methods. 

 

 

 

 

 

 

 

Figure 6.19 UV-vis spectra of 19 (RT ~9.4 min) acquired at several closely spaced intervals 
during the above RP-HPLC analysis indicating the peak eluting at 9.4 min is a single 
compound.   
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Figure 6.20  1H NMR spectrum of 19 in CDCl3 at 400 MHz.  
 

 

6.4  Conclusion 

The key “spacer-drug” intermediates 1 and 2 were prepared in excellent purity and good to 

excellent yield.  The TSL of p-azidobenzyl anthracycline carbamates 1 and 2 afforded the desired 

peptidyl prodrugs in all cases, as well.  However, difficulties were encountered with the 

purification of the products, particularly with removal of the phosphine oxide co-product of the 

TSL, and this prevented isolation of pure materials.  Mixtures of diastereomers were obtained in 

most cases due to the starting phosphines used and this limited our ability to characterize the 

products both structurally and biochemically.   

In retrospect, given the successful application of the TSL methodology in preparation of a 

PABC-PABC double-spacer model prodrug during the exploratory studies detailed in Chapter 4 of 

this thesis, more fruitful efforts may have been realized if the cooresponding double-spacer 
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prodrugs of the anthracyclines would have been prepared.  Elongated PABC-PABC double 

spacer-containing prodrugs are of interest because they have been shown to exhibit improved 

enzymatic activation kinetics (kact = 2- to 10-fold higher) compared to the analogous single-

PABC spacer-containing prodrugs,10 which conveyed enhanced tumor-growth inhibition and 

decreased systemic toxicity in vivo for a double-PABC spacer-containing prodrug of dox relative 

to the single-spacer containing analogue.11  The TSL methodology developed by the author would 

permit relatively rapid preparation of a small library of optically pure, chiral C-terminal peptidyl 

prodrugs of doxaz and dox containing the elongated, PABC-PABC double-spacer motif, which 

would be interesting molecules to examine biochemically. 

 

6.5  Experimental  

General Methods.  All reactions were performed under an inert atmosphere of dry 

nitrogen or argon.  Clinical samples of doxorubicin hydrochloride formulated with lactose and 

mannose-excipient were received as a gift from FeRx, Inc. (Aurora, CO).  Deuterated NMR 

solvents were purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA).  Reagents 

were purchased from Sigma Aldrich (St. Louis, MO) and used without further purification unless 

otherwise noted. EMD glass thin layer chromatography plates (silica gel 60 F254) were used to 

monitor reactions.  Flash column chromatography (FCC)12 was performed using 60 Å silica gel 

(37−75 µm, 230−400 mesh) with a CHCl3−MeOH solvent system as eluent.  NMR spectra were 

recorded with either a Varian Inova 500 or 400 MHz spectrometer (Palo Alto, CA) or a Bruker 

Avance-III 300 MHz spectrometer (Billerica, MA).  Chemical shifts are reported in δ values of 

ppm with internal referencing to the residual solvent peak in 1H and 13C NMR spectra, whose 

frequencies are given by Gottlieb et al.13 and 31P{1H} spectra were x-referenced in accordance 
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with the IUPAC recommendation.14  Coupling constants are reported as J-values in Hertz (Hz) 

with resonance multiplicities abbreviated as follows: s = singlet, d = doublet, t = triplet, q = 

quartet, p = pentet, sext = sextet, sept = septet, h = heptet, m = multiplet, br = broadened.  NMR 

data processing and plotting was performed using MestReNova NMR software v12.0.1 

(Mestrelab Research, Santiago de Compostela, Spain).  Electrospray mass spectra were obtained 

with a Perkin-Elmer Sciex API III (Norwalk, CT), equipped with a positive ion-spray source, at 

atmospheric pressure.  IR spectra were obtained as thin-films on NaCl using a Nicolet Avatar 

320 spectrophotometer, DTGS detector and EZ OMNIC software.  UV-vis spectra were recorded 

with a Hewlett-Packard Agilent 8452A diode array spectrophotometer interfaced to an Agilent 

data system. Analytical RP-HPLC was performed on Agilent 1050/1100 hybrid instruments 

equipped with a 1050 series pump and autoinjector and a 1100 series UV-vis diode array 

detector (Santa Clara, CA).  Sample solutions (5 µL) were injected at ambient temperature onto 

(method 1) an Agilent Zorbax octadecylsilyl (C18) reverse phase column (4.6 mm i.d. x 150 

mm, 5 µm) eluted at 1 mL/min with an MeCN−20 mM sodium phosphate buffer (pH 4.6), 

containing 0.02% sodium azide, solvent system;  or, (method 2) an Agilent Poroshell 300SB-C18 

reverse phase column (2.1 mm i.d. x 75 mm, 5 µm) eluted at 0.75 mL/min with an MeCN−0.1% 

aq. TFA solvent system.  The gradient elution methods were programmed in terms of %-aq. 

buffer as follows: (method 1) 0 min (75%), 2.5 min (50%), 5 min (40%), 25 min (20%), 30 min 

(75%); and, (method 2) 0-2 min (75%), 4 min (50%), 8 min (50%), 10 min (75%).  RP-HPLC 

analyses monitored absorbance at 254, 280 and 480 nm.  Retention times (RT) are reported in 

min along with other compound characterization data below.  Yields of all anthracycline 

products were determined by optical density at 480 nm using a molar extinction coefficient of 

11,500 M−1 cm−1 in 3:1 DMSO−H2O (v/v).  
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Doxorubicin Free Base. Lyophilized pellets of expired clinical samples of doxorubicin 

hydrochloride (20−50 mg) containing 100−250 mg of lactose monohydrate (Bedford 

Laboratories, Bedford, OH) were dissolved in MeOH to a final concentration of 2 mg/mL and 

combined in a separatory funnel.  The MeOH solution was diluted with 100 mM sodium 

phosphate buffer (pH 8.5) for a final concentration of 0.4 mg/mL dox as a mixture of precipitated 

and solubilized material.  The free base of dox was extracted from the solution by two washes 

with equal volumes of DCM, leaving almost no red color in the aqueous fraction.  The organic 

phase was dried over anh. Na2SO4, decanted into a dry flask and concentrated under reduced 

pressure.  The residual solid was dried thoroughly under high vacuum (10−2 Torr) for at least 3 h 

to yield pure dox free base (98%) as a red solid.  

Doxazolidine (4).  Dox free base was dissolved to a final concentration of 5−10 mg/mL in 

CDCl3 and 1.1−2.0 equiv of prilled paraformaldehyde was added.  The heterogeneous mixture 

was stirred in the dark at ambient temperature and the reaction was monitored by 1H NMR.  

Complete consumption of dox occurred after 2−3 days as evidenced by the disappearance of the 

aromatic triplet pattern for the proton at the 2-position (δ 7.81 ppm). Formation of doxaz (and 

doxf) was evident by the appearance of a new aromatic triplet at δ 7.78 ppm (and δ 7.70 ppm).  

Additionally, the doxaz−methylene AX pattern appeared at δ 4.31 and 4.68 ppm and that of doxf 

appeared at δ 4.21 and 4.73 ppm.  As doxaz will react with an additional equiv of CH2O to form 

doxf, the reaction time and amount of paraformaldehyde added determines the doxaz/doxf ratio.  

Once complete, the reaction mixture was filtered through a fine glass frit and the filtrate 

concentrated under reduced pressure.  The doxaz/doxf mixture was used without further 

purification, since doxf readily hydrolyzes to produces 2 equiv of doxaz. 
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p-Azidobenzyl doxazolidyl carbamate (1).  To a 0.40 M NMP-solution of the mixed p-

nitrophenyl carbonate 18 (141 mg, 450 µmol, 5.0 equiv) was added a 0.18 M NMP-solution of 

doxazolidine (100 mg, 180 µmol, 1.0 equiv) via syringe.  The reaction was heated in the dark to 

40 °C using a water-bath and monitored by TLC and RP-HPLC.  After complete consumption of 

18 was observed (24-36 h), the reaction mixture was concentrated to dryness by high-vacuum 

centrifugation.  The resulting red solid was dissolved in DCM containing a small volume of 

methanol and washed with cold 20 mM sodium phosphate-buffer (pH 4.8) until the aqueous 

layer no longer appeared red, then cold sat. NaHCO3 until the aqueous layer no longer appeared 

yellow and then once with brine.  The organic phase was dried over anh. Na2SO4 and 

concentrated under reduced pressure at ambient temperature to afford the crude product. The 

crude material was dissolved in DCM and passed over a short plug of silica gel eluting with 

9:1:0.1 CHCl3−MeOH−AcOH (v/v/v).  The collected material was concentrated under reduced 

pressure and dissolved in a minimal volume of warm MeCN, which was stored at 4 °C until a red 

precipitate formed (~48 h), which was dissolved in a minimal volume of warm MeCN and stored 

at 4 °C until a red precipitate formed (~48 h).  Isolation of the precipitate by centrifugation 

afforded the desired azide 1 (44.6 mg, 68%) as a red solid: Rf = 0.28 (98:2:0.5 

CHCl3−MeOH−AcOH); RT (method 1) = 17.2 min  IR (cm−1): 3479, 2926, 2116.5, 1766 and 
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1708.  1H NMR at 40 °C (400 MHz, CDCl3) δ 13.97 (s, 1H, 6-OH or 11-OH), 13.26 (s, 1H, 6-

OH or 11-OH), 8.06 (d, 1H, J = 7.7 Hz, 1), 7.80 (t, 1H, J = 8.1 Hz, 2), 7.41 (d, 1H, J = 8.6 Hz, 

3), 7.37 (d, 2H, J = 8.4 Hz, PABC-2'',6''), 7.03 (d, 2H, J = 7.7 Hz, PABC-3'',5''), 5.47 (t, 1H, J 

= 5.4 Hz, 1'), 5.32 (br. s, 1H, 7), 5.14 (s, 2H, Bn), 5.03 (br. s, 1H, 3'-NCH2O-4'), 4.96 (br. s, 1H, 

3'-NCH2O-4'), 4.76 (d, 2H, J = 5.0 Hz, 14), 4.71 (s, 1H, 9-OH), 4.22 – 4.07 (m, 2H, 5' and 4'), 

4.10 (s, 3H, 4-OMe), 4.05 (dd, 1H, J = 6.7, 2.0 Hz, 3'), 3.30 (dd, 1H, J = 18.9, 1.6 Hz, 10a), 3.07 

(d, 1H, J = 18.9 Hz, 10b) 2.98 (t, 1H, J = 5.0 Hz, 14-OH), 2.46 (d, 1H, J = 14.7 Hz, 8a), 2.17 

(dd, 1H, J = 14.7, 3.9 Hz, 8b), 1.78 (dt, 2H, J = 14.8, 4.9 Hz, 2'), 1.37 ppm (d, 3H, J = 6.5 Hz, 

5'-Me); assignments made using homonuclear gCOSY spectrum. 13C NMR at 40 °C (75 MHz, 

CDCl3) δ 214.4 (13), 187.0 (12), 186.7 (5), 161.1 (4), 156.2 (11),155.5 (6), 153.2 (Bn-CO), 

140.7 (PABC-1''), 135.52 (2), 135.5 (12a), 133.57 (10a), 133.55 (6a), 133.1 (PABC-4''), 129.8 

(PABC-2'',6''), 120.5 (4a), 119.7 (3), 119.0 (PABC-3'',5''), 118.4 (1), 111.39 (11a), 111.38 

(5a), 99.9 (1'), 79.0 (3’-NCH2O-4’), 77.6 (4'), 73.3 (9), 69.2 (7), 66.6 (Bn), 65.6 (14), 65.3 (5'), 

56.6 (4-OMe), 50.3 (3'), 35.9 (8), 34.0 (10), 29.5 (2'), 16.2 ppm (5'-Me); assignments made 

using gHSQC and gHMBC spectra.  HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C36H34N4NaO13 

753.2020; found 753.2053.  
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p-Azidobenzyl doxorubicyl carbamate (2). To a 0.35 M THF-solution of the mixed p-

nitrophenyl carbonate 18 (108.4 mg, 345 µmol, 1.0 equiv) was added a 0.18 M THF-solution of 

doxorubicin free-base (191.7 mg, 345 µmol, 1.0 equiv) via syringe.  The reaction was stirred at 

ambient temperature in the dark and monitored by TLC and RP-HPLC.  After complete 

consumption of 18 was observed (~2 h), the reaction mixture was concentrated to dryness and 

dissolved in DCM.  The organic phase was washed with cold 20 mM sodium phosphate-buffer 

(pH 4.8) until the aqueous layer no longer appeared red, then cold sat. NaHCO3 until the aqueous 

layer no longer appeared yellow, then once with brine, dried over anh. Na2SO4 and concentrated 

under reduced pressure at ambient temperature to afford the crude product.  The crude material 

was dissolved in a minimal volume of warm MeCN, which was stored at 4 °C until a red 

precipitate formed (~48 h).  Isolation of the precipitate by centrifugation afforded the desired 

azide 2 (248 mg, 94%) as a red solid: Rf = 0.23 (98:2:0.5 CHCl3−MeOH−AcOH); RT (method 1) 

= 14.3 min; 1H NMR (500 MHz, CDCl3) δ 13.98 (s, 1H, 6-OH or 11-OH), 13.26 (s, 1H, 6-OH 

or 11-OH), 8.05 (d, 1H, J = 7.5 Hz, 1), 7.80 (t, 1H, J = 8.1 Hz, 2), 7.40 (d, 1H, J = 8.4 Hz, 3), 

7.30 (d, 2H, J = 8.1 Hz, PABC-2'',6''), 6.98 (d, 2H, J = 8.2 Hz, PABC-3'',5''), 5.51 (d, 1H, J = 

3.8 Hz, 1'), 5.29 (br. s, 1H, 7), 5.14 (d, 1H, 3'-NH), 5.01 and 4.98  (AB-pattern, 2H, J = 12.4 Hz, 

Bn), 4.77 (br. s, 2H, 14), 4.53 (s, 1H, 9-OH), 4.17 – 4.11 (m, 2H, 5' and 4'), 4.09 (s, 3H, 4-

OMe), 3.87 (br. s, 1H, 3'), 3.67 (br. s, 1H, 14-OH), 3.28 (dd, 1H, J = 18.8, 1.5 Hz, 10a), 3.02 
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(m, 2H, 10b and 14-OH), 2.34 (d, 1H, J = 14.7 Hz, 8a), 2.18 (dd, 1H, J = 14.7, 3.9 Hz, 8b), 1.89 

(dd, 1H, J = 13.6, 4.9 Hz, 2'a), 1.77 (td, 1H, J = 13.3, 4.1 Hz, 2'b), 1.30 ppm (d, 3H, J = 6.6 Hz, 

5'-Me); assignments made using homonuclear gCOSY spectrum. 13C NMR at 40 °C (75 MHz, 

CDCl3) δ 214.4 (13), 187.0 (12), 186.7 (5), 161.1 (4), 156.2 (11),155.5 (6), 153.2 (Bn-CO), 

140.7 (PABC-1''), 135.52 (2), 135.5 (12a), 133.57 (10a), 133.55 (6a), 133.1 (PABC-4''), 129.8 

(PABC-2'',6''), 120.5 (4a), 119.7 (3), 119.0 (PABC-3'',5''), 118.4 (1), 111.39 (11a), 111.38 

(5a), 99.9 (1'), 79.0 (3’-NCH2O-4’), 77.6 (4'), 73.3 (9), 69.2 (7), 66.6 (Bn), 65.6 (14), 65.3 (5'), 

56.6 (4-OMe), 50.3 (3'), 35.9 (8), 34.0 (10), 29.5 (2'), 16.2 ppm (5'-Me).  HRMS (ESI-TOF) 

m/z: [M+Na]+ calcd for C35H34N4NaO13 741.2020; found 741.2049.  

General Procedure for the Traceless Staudinger Ligation of Anthracycline Azides 1 

and 2.  Preparation of Compounds 13a, 13b, 14a, 14b, 17 and 19.  To a stirred 40 mM 

solution of phosphine (1.1 equiv) was added an equal volume of azide (1.0 equiv) in 9:1 

DMSO−H2O (v/v).  The reaction was stirred at ambient temperature and monitored by TLC and 

RP-HPLC.  After complete consumption of the azide starting material was observed, the reaction 

mixture was concentrated to dryness by high-vacuum centrifugation.  The resulting red solid was 

dissolved in methanolic CHCl3 and passed over a short plug of silica gel eluting with a gradient 

of CHCl3−MeOH (1:0 to 9:1 v/v) to afford the desired anilide as a thin red film in 50-80% yield. 
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N-Acetyl-Gly-D-Ala-L-Phe-DL-Lys(Cbz)-PABC-Doxaz (13a). 40.6 mg (52%) as a red 

solid: Rf = 0.16 (95:5:0.5 CHCl3−MeOH−AcOH v/v/v); RT = 13.5 min (method 1); 1H NMR at 

55 °C (400 MHz, CDCl3) δ 13.90 (s, 1H, 6-OH or 11-OH), 13.29 (s, 1H, 6-OH or 11-OH), 8.05 

(br. d, 1H, J = 8 Hz, 1), 7.80 (br. t, 1H, J = 8 Hz, 2), 7.77 − 7.63 (m, 2H, PABC-3,5), 7.45 − 7.36 

(m, 1H 3), 7.35 – 7.06 (m, 12H, Cbz-Ar, Phe-Ar, PABA-2,6),5.45 (br. s, 1H, 1ʹ), 5.31 (s, 1H, 

7), 5.22 − 5.11 (m, 2H, 3′-NCH2O-4′), 512 − 5.02 (m, 4H, PABC-Bn and Cbz-Bn), 5.01 − 4.86 

(m, 1H, Phe-α),  4.83 − 4.69 (m, 3H, 14 and ala-α), 4.54 (br. s, 1H, 9-OH), 4.29 − 3.90 (m, 6H, 

3ʹ, 4ʹ, 5ʹ and 4-OMe), 3.73 − 3.61 (m, 1H, Lys-α), 3.55 − 3.40 (m, 2H, Gly-α), 3.29 (d, 1H, J = 

18.5 Hz, 10a), 3.15 (br. s, 2H, Lys-ε), 3.05 (d, 1H, J = 18.5 Hz, 10b), 2.43 (d, 1H, J = 14.5 Hz, 

8a), 2.15 (d, 1H, J = 14.5 Hz, 8b), 1.96 −  1.91 (m, 2H, Lys-β), 1.90 (s, 3H, N-Ac), 1.96 − 1.85 

(m, 2H, Lys-δ), 1.75 − 1.66 (m, 2H, 2ʹ), 1.60 − 1.45 (m, 2H, Lys-γ), 1.41 − 1.23 (m, 3H, 5ʹ-Me), 

1.22 − 1.02 ppm (m, 3H, ala-Me); assignments made using homonuclear (1H, 1H) gCOSY 

spectrum. HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C66H73N7NaO20 1306.4808; found 

1306.4813.  
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N-Acetyl-Gly-D-Ala-L-Phe-DL-Lys(alloc)-PABC-Doxaz (13b). 44.5 mg (60%) as a red 

solid: Rf = 0.14 (95:5:0.5 CHCl3−MeOH−AcOH v/v/v); RT = 14.1 min (method 1); 1H NMR at 

55 °C (400 MHz, CDCl3) δ 13.99 (s, 1H, 6-OH or 11-OH), 13.27 (s, 1H, 6-OH or 11-OH), 7.99 

ppm (d, 1H, J = 8 Hz, 1), 7.74 (t, 1H, J = 8 Hz, 2), 7.56 (d, 2H, J = 8 Hz, 3″), 7.37 (d, 1H, J = 8 

Hz, 3), 7.26 (d, 2H, J = 8 Hz, 2″), 7.25 − 7.20 (m, 2H, Phe-m-Ph), 7.18  − 7.16 (m, 2H, Phe-o-

Ph), 7.15 − 7.10 (m, 1H, Phe-p-Ph), 5.85 (ddt, 1H J = 16, 10, 5 Hz, 2‴), 5.39 (t, 1H, J = 5 Hz, 

1′), 5.26 (br. s, 1H, 7), 5.23 (d, 1H, J = 18 Hz, 4‴), 5.14 (d, 1H, J = 10 Hz, 3‴), 5.06 and 5.8 (br. 

AB pattern, 2H, J = 11 Hz, Bn), 4.90 and 4.96 (br. AX pattern, 2H, J = 4 Hz, 3′-NCH2O-4′), 

4.70 (s, 2H, 14), 4.55 (dd, 1H, J = 9, 6 Hz, Phe- α), 4.49 (br. s, 2H, 1‴), 4.45 − 4.35 (m, 1H, 

Lys-α), 4.08 − 4.12 (m, 2H, 4′ and 5′), 4.10 − 4.05  (m, 1H, ala-α), 4.03 (s, 3H, 4-OMe), 3.98 − 

3.88 (m, 1H, 3′), 3.23 (d, 1H, J = 18 Hz, 10a), 3.23 − 3.15 (m, 1H, Phe-β), 3.09 − 3.00 (m, 2H, 

Lys-ε), 3.01 (d, 1H, J = 18 Hz, 10b), 2.98 − 2. 90 (m, 1H, J = 9, 5 Hz, Phe-β), 2.41 (d, 1H, J = 

14 Hz, 8b), 2.25 − 2.15 (m, 1H, 2′), 2.1 (d, 1H, J = 14 Hz, 8a), 1.88 (s, 3H, Ac), 1.87 − 1.80 (m,	

1H, Lys-β), 1.79 − 1.74 (m, 1H, 2′), 1.73 − 1.70 (m, 1H, Lys-β), 1.50 − 1.40 (m, 2H, Lys-δ), 

1.38 − 1.32 (m, 2H, Lys-γ), 1.31 −1.28 (m, 3H, 5′-Me), 1.20 − 1.15 ppm (d, 3H, ala-Me); 

assignments made using homonuclear (1H, 1H) gCOSY spectrum. HRMS (ESI-TOF) m/z: 

[M+Na]+ calcd for C62H71N7NaO20 1256.4652; found 1256.4659.  
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N-Acetyl-Gly-D-Ala-L-Phe-DL-Lys(Cbz)-PABC-Dox (14a). 40.2 mg (64%) as a red solid: 

Rf = 0.21 (92:8:0.5 CHCl3−MeOH−AcOH v/v/v); RT = 12.8 min (method 1); HRMS (ESI-TOF) 

m/z: [M+Na]+ calcd for C65H73N7NaO20 1294.4803; found 1294.4817.  

 
 

 

N-Acetyl-Gly-D-Ala-L-Phe-DL-Lys(alloc)-PABC-Dox (14b). 41.6 mg (68%) as a red solid: 

Rf = 0.18 (92:8:0.5 CHCl3−MeOH−AcOH v/v/v); RT = 11.9 min (method 1); 1H NMR (500 

MHz, CDCl3) δ  13.95 (s, 1H, 6-OH or 11-OH), 13.26 (s, 1H, 6-OH or 11-OH), 8.02 (br. d, 1H, 

J = 8 Hz, 1), 7.78 (br. t, 1H, J = 8 Hz, 2), 7.70 − 7.62 (m, 1H, Phe-NH), 7.58 (br. d, 2H, J = 8.5 

Hz, PABC), 7.56 − 7.52 (m, 1H, Lys-NαH), 7.51 − 7.45 (m, 1H, ala-NH),  7.38 (br. d, 2H, J = 8 

Hz, 3), 7.33 − 7.28 (m, 1H, Gly-NH), 7.26 − 7.12 (m, 8H, Phe-Ar, PABC, Lys-NεH), 5.98 − 
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5.76 (br. m, 1H, 3′′′), 5.48 (br. S, 1H, 1′), 5.39 − 5.28 (m, 1H, 7), 5.28 − 5.12 (m, 2H, 2′′′), 5.08 

− 4.95 (m, 2H, Bn), 4.86 − 4.76 (m, 2H,14), 4.74 − 4.69 (m, 2H, 1′′′), 4.63 − 4.54 (m, 1H, 

Phe−α), 4.51 − 4.10 (m, 1H, Lys-α  and ala-α), 4.16 − 4.07 (m, 2H, 5′ and 4′), 4.06 (s, 3H, 4-

OMe), 3.91 − 3.74 (m, 1H, 3′), 3.73 − 3.50 (m, 2H, Gly-α), 3.46 − 3.39 (m, 1H, 3′-NH), 3.26 

(br. d, 1H, J = 20 Hz, 10a), 3.19 − 3.11 (m, 2H, Lys-ε), 3.10 − 2.96 (m, 4H, 10b, 4′-OH and 

Phe-β), 2.36 − 2.28 (m, 1H, 8a), 2.16 − 2.06 (m, 1H, 8b), 1.87 (s, 3H, Ac), 1.65 − 1.46 (m, 4H, 

Lys-β ,δ), 1.44 − 1.32 (m, 4H, Lys-γ  and 2′), 1.27 − 1.25 (br. m, 3H, 5′-Me), 1.23 − 1.21 ppm 

(br. m, 3H, ala-Me); assignments made using homonuclear (1H, 1H) gCOSY spectrum. HRMS 

(ESI-TOF) m/z: [M+Na]+ calcd for C61H71N7NaO20 1244.4652; found 1244.4648.  

 

 

N-Ac-Gly-DL-Ala-PABC-Doxaz (17). 28.7 mg (70%) as a red solid: Rf = 0.11 (98:2:0.5 

CHCl3−MeOH−AcOH); RT = 12.9 min (method 1); LCMS (ESI) m/z: [M+H]+ calcd for 

C43H47N4O16 875.30; found 875.30. 
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N-Cbz-L-Val-Gly-PABC-Doxaz (19). 31.2 mg (81%) as a red solid: Rf = 0.12 (98:2:0.5 

CHCl3−MeOH−AcOH); RT = 9.4 min (method 2); LCMS (ESI) m/z: [M+H]+ calcd for 

C51H55N4O17 995.36; found 995.36.  
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Chapter 7 

Biochemical Characterization of PAD 

 
7.1  Introduction  

 The peptidyl prodrug N-Ac-GaFK-PABC-Doxaz (PAD) 1 (Figure 7.1) was designed for 

activation by the tumor-associated protease plasmin.1,2  Verification of the enzymatic activation 

of 1 was, therefore, a critically important step in the characterization of the prodrug.  

Additionally, the stability of 1 in human serum was considered an important indication of the 

therapeutic potential of the prodrug.  This chapter details the biological characterization of 1 

through experiments performed by the author while under the immediate supervision of Dr. Ben 

Barthel, the senior biochemist in the Koch group.   

 
 

 

 

 

 
 
 

 
 

Figure 7.1  Structure of N-Ac-GaFK-PABC-Doxaz (PAD) 1.1,2 

 

7.2  Enzyme-Activation Assays  

Activation of 1 was measured by RP-HPLC, monitoring formation of dox produced from 

hydrolysis of the doxaz liberated following enzyme-mediated cleavage of the anilide bond.  In a 
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time course of activation, 50 µM 1 was incubated at 37 °C with 1.2 µg/mL human plasmin in 

PBS.  Analogous to the results obtained during our characterization of the related aFK-PABC-

doxaz prodrug, combination of 1 and plasmin resulted in rapid prodrug activation and release of 

doxaz, as evidenced by the formation of dox, with near quantitative consumption of 1 observed 

after 2 h (Figure 7.2).  In separate reactions containing no enzyme, there 	was no observable 

increase in dox over the course of 24 h, showing that 1 is stable in the absence of enzyme. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2  RP-HPLC analysis of an enzymatic reaction between 50 µM 1 and 1.2 µg/mL 
human plasmin. The reaction was performed in PBS, pH 7.4, at 37 °C. Repeated 
measurements with slightly different reaction times are shown as either circles (run 1), circles 
with a center dot (run 2) or crosses (run 3). 

 
 
 
7.3  Human Plasma Stability  

The activity of proteases in the bloodstream is hindered by the presence of α2-

macroglobulin and α2-antiplasmins; therefore, 1 should show little to no products of hydrolysis 

when incubated with human plasma.  To demonstrate this, 50 µM 1 was incubated for 24 h at       

37 °C in plasma from healthy adult human donors.  Periodically, samples were removed and 
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analyzed for the appearance of dox and disappearance of 1 by RP-HPLC and absorbance at 480 

nm.  To prevent damage to the analytical reverse phase column, the proteins were first removed 

by precipitation with ethanol.  The results shown in Figure 7.3 indicate that levels of 1 in the 

supernatant do decrease with time, but a similar increase in dox is not observed, with dox 

accounting for only approximately 9% of the total absorbance at 480 nm after 48 h.  

Additionally, the loss of 480 nm absorbance from the prodrug was not distributed to other, 

unidentified red products either but instead was lost from the total absorbance of the sample.  

This suggests that 1 was incorporated into the pellet upon ethanol precipitation, likely through 

nonspecific binding to serum albumin, which is well-known as a drug carrier.3,4  The lack of dox 

production indicates that, in human plasma, 1 is very stable over 24 h and is unlikely to be 

prematurely activated. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.3  HPLC analysis of the stability of 1 in human plasma over 48 h.  1 (50 µM) was 
incubated with undiluted human plasma from healthy individuals, and the time points were 
analyzed for the presence of all 480 nm absorbing species after precipitation of the protein 
fraction with absolute ethanol. Only 1 (dark diamonds) and dox (light diamonds) were 
observed. The points represent the mean ± the standard deviation of three measurements, and 
percentages are relative to the 1 peak area present at the start of the experiment.   
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7.4  Growth Inhibition Assays.  

Initial growth inhibition tests with 1 were performed on the MCF-7 human cancer cell 

line.  The cells responded well to prodrug alone, with log IC50 values in the range of -6.6 to -6.7 

(data not shown).  When co-treated with 0.2 U plasmin, the potency of the treatments increased 

by approximately 10-fold, confirming that plasmin can mediate the release of doxaz from 1 

(Figure 7.4).  Co-treatment with bovine trypsin (0.2 U) reduced growth to a similar extent as 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 7.4  Plot of %-cell density vs. log [PAD] (nM) values for MCF−7 cells co-treated 
with 1 and plasmin. 

 

 
plasmin, demonstrating that other serine proteases can easily activate 1. This has potential to be 

very beneficial, as many cancers have been found to have high levels of trypsin or trypsin-like 

serine protease activity.5−8  When proteolytic activity is inhibited with either 5 µM aprotinin to 

inhibit serine proteases or Roche’s Complete protease inhibitor cocktail (made to 1x according to 

the manufacturer’s instructions), the reduction in cellular response to 1 is apparent but not 

significant (Figure 7.5). This may be due to constant secretion of active proteases by the cell, 
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Figure 7.5  Plot of %-Cell Density vs. log [PAD] (nM) values for MCF-7 cells treated with 
either 1 (red diamonds), 1 and aprotinin (green triangles) or 1 and Roche’s Complete 
protease inhibitor cocktail (blue squares). 

 
 

which effectively overwhelms the limited amount of added inhibitor, since the potency of the 

inhibitors was verified by their ability to prevent the increase in potency of a 1−plasmin co-

treatment over 1 treatment alone (data not shown). However, the inability of high concentrations 

of protease inhibitors to protect cells could also could indicate that there are alternative 

mechanisms of activation beyond those probed in this study.  

 

7.5  Experimental 

Enzyme-Activation Assays.  Assays to determine the activities of various enzymes 

toward protease-cleavable doxaz prodrugs were performed as a hydrolysis time course to assess 

the activity of each enzyme stock.  Time course experiments were conducted at 37 °C by 

incubating 50 µM prodrug with varying concentrations of either plasmin (EMD Biosciences, La 

Jolla, CA) or trypsin (Research Products International, Mt. Prospect, IL) in PBS.  At various 

times, 50 µL of the reaction mixture was added to an equal volume of absolute ethanol to quench 
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the reaction. The collected samples were stored at −20 °C for at least 2 h and then centrifuged at 

15000g for 5 min to precipitate the protein.  The supernatant was analyzed by RP-HPLC (method 

1), monitoring the loss of the starting material (elution at 8−9 min) and accumulation of dox 

(elution at 4−5 min).  

Human Plasma Stability.  To assay for the stability of the prodrug in blood plasma, 1 

was diluted with human plasma collected from healthy individuals (a gift from Somalogic, Inc., 

Boulder, CO) to a final drug concentration of 50 µM.  The reaction was incubated at 37 °C for 24 

h. Aliquots were taken at 0.25, 1, 3, 8, 12, and 24 h, quenched with an equal volume of EtOH, 

and incubated at −20 °C overnight to precipitate the proteins.  Precipitated protein was removed 

by centrifugation in a desktop centrifuge for 5 min at 15000g. The supernatant was analyzed by 

RP-HPLC (plasma method: acetonitrile from 20% to 40% over 5 min, to 70% at 10 min, to 80% 

at 13 min, isocratic for 2 min, then back to 20% by 17 min). The percent compositions of 1 

(eluting at 8−9 min) and dox (eluting at 6.5−7.0 min) were determined from their relative 

absorbances at 480 nm, taking into account all other unknown products that appeared during the 

reaction and absorbed at 480 nm. The experiment was repeated in triplicate.   

IC50 Experiments.  Initial characterization of 1 was performed in the MCF-7 human 

breast cancer cell line.  The cells were seeded into 96-well plates at a density of 1000 cells/well 

and allowed to adhere overnight.  The medium was replaced with 90 µL of serum-free medium 

containing one or more of plasmin (0.2 U/well), trypsin (0.2 U/well), aprotinin (5 µM, Research 

Products International, Mt. Prospect, IL), or Complete Mini protease inhibitors (1× according to 

package instructions, Roche Applied Science, Indianapolis, IN).  A DMSO-solution of 1 (10 µL) 

was added to the wells for a final concentrations between 2000 and 1 nM, and controls received 

only vehicle (either DMSO or saline with 10% PEG).  The cells were treated with 1 and 
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activator/inhibitor for 24 h, at which point the treatment medium was replaced with Complete 

medium and the cells were allowed to grow for 5 days or until the control wells reached 80% 

confluency, whichever was shorter.  The cells were then fixed with 5% formalin in PBS for 10 

min and stained with crystal violet (0.01% w/v in water) for 20−30 min.  The plates were rinsed 

and air-dried, and the stain was redissolved either in a 6:3:1 mixture of EtOH−water−MeOH 

(v/v/v) or in a 1:1 mixture of 2-propanol−water (v/v) with 2% sodium dodecylsulfate (SDS).  

Cell density was measured by absorbance at 582 nm.  Percent optical density, relative to control 

wells, was fit to a variable slope sigmoidal dose−response curve by nonlinear regression analysis 

in GraphPad Prism 5.0.  All experiments were performed in triplicate. 
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Chapter 8 

Evidence for a Revised Mechanism Governing the Traceless 
Staudinger Ligation of an Aryl Azide 

 
 
8.1  Putative Mechanism for the Staudinger Ligation  

Both the Bertozzi and Raines groups have published detailed studies on their variants of 

the Staudinger ligation and both proposed mechanisms which proceed through an 

iminophosphorane intermediate 2 in route to the amide 3 (Figure 8.1).1,2  However, these studies 

dealt almost exclusively with reactions involving alkyl azides.  Soellner et al. did not report the 

use of any aryl azides in their mechanistic investigation2 and, although Lin et al. did report 

products and kinetic data for three aryl azides in their mechanistic examination, product 

characterization in these cases was limited to 31P NMR spectroscopy.1   

 

 

Figure 8.1  Illustrations of (a) Bertozzi’s Staudinger ligation5 (b) Bertozzi’s traceless 
Staudinger ligation6 & (c) Raines’ traceless Staudinger ligation7 of phosphines 1a-c and an 
alkyl azide.  Iminophosphoranes 2a-c were proposed to be intermediates in each case.1,2 
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While several applications of aryl azides in the TSL have appeared in the literature since 

the outset of our work, curiously, the results described in these cases vary considerably from one 

account to another.3−5  Lin et al. indicated that aryl azides react with phosphines analogously to 

alkyl azides, albeit perhaps more slowly, to afford the expected anilide as the major product.1  

Similarly, Tsao et al. reported the conversion of aryl azides into anilides for the modification of 

proteins.3  However, in both of these cases, product characterization was quite limited.  In 

contrast, Restituyo et al. reported that the Staudinger ligation of an aryl azide does not afford the 

anilide at all, but rather affords an O-alkyl imidate 6 as the major product of the reaction (Figure 

8.2).5  Strengthening the credibility of the latter report, a series of such imidates were fully 

characterized after isolation by silica gel chromatography.  Additional independent reports of 

both aryl− and allyl−azides giving rise to O-alkyl imidates via the Staudinger ligation were also 

found to corroborated this claim.6,7  Still, no detailed mechanistic study on the TSL of an aryl 

azide has thus far appeared in the literature to aid in the explanation of these discrepancies.   

 

 

Figure 8.2  O-Alkyl imidate 6 formation from the Staudinger ligation of an aryl (or allyl) 
azide.5−7 

 
 

In this chapter, we report the results from an investigation into the mechanism of the TSL 

of an aryl azide and phosphinophenyl ester using a combination of HPLC & NMR reaction 
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revised mechanism governing the reaction.  Finally, a comparison of the various kinetic models 

consistent with the data is made and the most probable mechanism based on this analysis is 

identified.  

 

8.2  Occasionem Cognosce: A Chance Observation 

During our studies of the anthracycline anticancer drug candidate doxazolidine,8 aryl 

azide 7 was combined with phosphine 8 in DMSO from a freshly opened bottle, in an attempt to 

synthesize anilide 9 (Scheme 8.1).  It was assumed that the DMSO would contain a sufficient 

amount of water to permit the reaction to proceed as intended and, thus, no additional water was 

added to the reaction medium.  The course of the reaction was followed by RP-HPLC, 

monitoring the characteristic absorption of anthracyclines at 480 nm, and produced the 

chromatograms shown below (Figure 8.3).  At the earliest time point (t = 5 min; Fig. 8.3a), the 

starting azide 7 (RT ~ 14 min), as well as, three additional anthracycline-containing compounds 

were detected and are labeled P1, (RT ~ 13 min); I, (RT ~ 13.3 min); and P2, (RT ~ 16 min).  By 

the 3 h time point (Fig. 8.3b), only the two compounds eluting at ~13 min and ~16 min, 

respectively, were observed and the reaction was deemed complete.  Semi-preparative RP-HPLC 

permitted small quantities of the two products to be isolated and subsequent mass spectral 

analysis indicated that P1 (RT ~ 13 min; Fig. 8.3c) was the desired anilide 9 [HRMS (ESI-TOF) 

m/z: [M+Na]+ calcd for C66H73N7NaO200 1306.4808; found 1306.4813]; and P2 (RT ~ 16 min; 

Fig. 8.3d) was the iminophosphorane 10 [HRMS (ESI-TOF) m/z: [M+Na]+ calcd for 

C84H86N7NaO21P 1582.5512; found 1582.5521]. 
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Scheme 8.1  TSL of aryl azide 7 and phosphine 8 in DMSO from a freshly opened bottle 
with no additional H2O added prior to combining the reactants in solution afforded anilide 9 
and iminophosphorane 10. 
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Figure 8.3  Analytical HPLC chromatograms (480 nm, method 1) monitoring the TSL of 
azide 7 and phosphine 8 in “dry” DMSO after  (a) 5 min; (b) 3 h; (c) isolation of P1 = 9; and 
(d) isolation of P2 = 10; a description of HPLC methods is provided in section 8.5 under 
General Methods. 

 

Isolation of 10 was not surprising given that the HPLC aqueous phase used in its 

collection was acidic (pH 4.5).  Iminophosphoranes are basic compounds (pKa ~ 8.4 for Ph-

HN+=PPh3 in H2O at 25 oC)9 and numerous examples of stable iminophosphoranes appear in the 

literature.10  However, our inability to convert 10 to 9 did come as a surprise.  When the 

collected material 10 was dissolved in wet DMSO and stirred for several hours, no reaction was 

observed.  Triethylamine (TEA) was added (1 equiv) and stirring continued; again, no reaction 

was observed.  Over the course of several days of stirring, however, the reaction produced 

doxorubicin (dox), the product from hydrolysis of the oxazolidine ring and loss of formaldehyde 

from doxazolidine (doxaz).11  This observation suggested that dox was being produced via 1,6-

elimination of the iminoquinone methide and decarboxylation of the resulting carbamic acid in a 

mechanism resembling that of prodrug activation (Figure 8.4).12  Thus, slow hydrolysis of the 

P=N bond of iminophosphorane 10 resulted in the formation of dox, while the acyl-transfer
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Figure 8.4  Putative 1,6-elimination mechanism by which doxorubicin (DOX) is produced 
following the slow hydrolysis of the P=N bond of iminophosphorane 10.12 

 

 
necessary to convert 10 to 9 was not observed.  Interestingly, however, when the TSL was 

repeated using superstoichiometric quantity of water (9:1 DMSO−H2O), azide 7 and phosphine 8 

combined to give anilide 9 cleanly as the sole anthracycline-containing product (Figure 8.5).  

Based on these observations, a more in-depth investigation into the mechanism governing the 

TSL of an aryl azide and phosphinyl phenyl ester was undertaken. 

 
 

 
 

(a) 
 

 
 

 
(b) 

 
 
 
 
 

Figure 8.5  Analytical RP-HPLC chromatograms (480 nm) monitoring the conversion of azide 
1 (RT ~17.2 min) to anilde 9 (RT ~13.5 min) using method 2; a description of HPLC methods 
is provided in section 6.5 under General Methods. 
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8.3  The Effects of “Wet” vs.  “Dry” Initial Reaction Conditions 

Esterification of chiral C-terminal peptides with 2-(diphenylphosphino)phenol, in our 

hands, led inextricably to racimization of the terminal residue and afforded phosphinyl phenyl 

esters, such as 8, as a mixture of diastereomers.13  Accordingly, so too were obtained any 

products derived from 8, such as anilide 9 and iminophosphorane 10, as mixtures of 

diastereomers.  Thus, to avoid unnecessary complications with the characterization of the 

intermediates and products of the reaction during our mechanistic studies, the achiral model 

system prepared in Chapter 4 was used for subsequent studies on the mechanism of the TSL. 

The reaction between azide 11 and phosphine 12 was examined first by varying the 

amount of water added to the reaction solvent (Table 8.1).  When a large excess of water (350 

equiv) was used, the reaction afforded anilide 13 with no detectable formation of the 

iminophosphorane 14.  With decreasing concentrations of water, a mixture of 13 and 14 resulted.  

When 4Å mol. sieves were added to dry the reaction in situ, only the iminophosphorane 14 was 

obtained.  1H NMR of the crude reaction mixture indicated that the ester of 14 was intact 

following the reaction.  However, attempts to isolate this material by flash column 

chromatography over silica gel resulted in hydrolysis of the ester, allowing only the phenolic 

iminophosphorane 15 to be obtained (Figure 8.6).  
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Table 8.1  Results of the TSL between azide 11 and phosphine 12 with varying amounts of 
water present in solution. 
 

 
 

 

 

 
 

 
[a] Determined by 31P NMR. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 8.6  gCOSY and 31P NMR spectra in CDCl3 of the isolated iminophosphorane 15.  
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8.4  31P{1H} VT-NMR Reaction Monitoring Experiments.   

A series of proton-decoupled variable temperature (VT) 31P NMR experiments were next 

conducted.  Stock 0.05 M solutions of azide 11 and phosphine 12 were prepared in “dry” CD3CN 

(containing ~0.5 equiv of residual water) and placed in a bath (-20 °C) for several minutes prior 

to use.  An aliquot of each solution (300 µL) was then transferred via microsyringe to an NMR 

tube and placed into a Varian INOVA spectrometer at -20 °C.  31P NMR spectra were acquired 

over the course of 24 h to monitor the reaction and the results are shown in Figure 8.7.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.7  31P{1H} VT-NMR spectra monitoring the reaction of azide 11 and phosphine 12 
at 122 MHz in “dry” CD3CN (grey) and after the addition of excess D2O (white) showing 
that iminophosphorane 14 does not hydrolyze to the phosphine oxide 18. 
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The spectrum acquired at -20 °C showed only the starting phosphine 12 (δ -17.6 ppm) 

present in solution. The reaction was then warmed to 0 °C inside of the spectrometer and two 

additional spectra were acquired at 20 min intervals.  In the first such spectrum acquired at 0 °C, 

two signals appeared downfield from the starting material: a sharpe peak (δ -0.8 ppm) and a very 

low-intensity, broad signal just upfield of the first (δ -0.9 ppm). These signals were tentatively 

assigned as the cis- & trans-phosphazides 16a and 16b, respectively, (Scheme 8.2) as 

phosphazides are the first intermediates formed following combination of an azide and 

phosphine.14,15  While such compounds are generally unstable at ambient temperature and 

rapidly decompose by extrusion of dinitrogen gas to form an iminophosphorane, phosphazides 

are sufficiently stable to be detected when formed in a cold solution16 and the observation of 

intermediate I in the RP-HPLC reaction monitoring experiment (Fig. 8.3a) suggested that a 

phosphazide intermediate might also be observed by NMR.  After 40 min at 0 °C, nearly all of 

the starting phosphine 12 had been converted into 16a and 16b and no other signals appeared 

elsewhere in the spectrum.  Continued warming of the reaction mixture to 20 °C led to the 

presumed pair of phosphazides 16a and 16b  being consumed and the appearance of three 

additional signals further downfield in the spectrum.  These signals were readily assigned based 

on their chemical shifts to be (a) the phosphine oxide still bearing an intact ester 17 (δ 23.9 ppm), 

derived from oxidation of 12 and which was likely present at t0 of the reaction as a trace impurity 

in the phosphine starting material but is too insoluble in d3-acetonitrile at colder temperatures to 

have been observed in the earlier spectra;  (b) the iminophosphorane also bearing an intact ester 

14 (δ 24.1 ppm), derived from a reaction between 11 and 12 that proceeded to a stable PV-

intermediate without acyl-transfer having occured; and (c) (2-hydroxyphenyl)diphenylphosphine 

oxide 18 (δ 37.9 ppm), normally obtained as a stoichiometric by-product from the TSL of a 
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phosphinyl phenyl ester and produced in this experiment due to the ~0.5 equiv of water present 

in the d3-acetonitrile used as the NMR solvent.  

In order to show that the addition of water would not convert the iminophosphorane 14   

(δ 24.1 ppm) to the anilide 13 along with additional phosphine oxide 18 (δ 37.9 ppm), a 

superstoichiometric quantity of D2O (100 µL) was added after 3.5 h to the reaction still inside of 

the NMR tube and several additional spectra were acquired at 23 °C.  Although substantial 

changes in the chemical shifts for both 14 (δ 28.0 ppm; Δδ +3.9 ppm) and 18 (δ 34.4 ppm; Δδ -

3.5) were observed following the addition of D2O, this was attributed to changes in the medium 

and not a chemical reaction involving either component of the mixture.  Further, while there 

appeared to be a decrease in the ratio of 14/18 over time, this proved to be an optical illusion 

attributable to pronounced peak broadening observed with the signal from 14, which occurred 

following D2O-addition.  Integration of the AUC, using 17 as an internal reference, confirmed 

that no change in the ratio of 14/18 occurred after addition of D2O.  Thus, despite the addition of 

excess D2O, no hydrolysis of the P=N bond was detected during the course of this experiment 

and iminophosphorane 14 remained intact until the experiment was terminated (tf ~24 h) and 

these observations led us to tentatively propose the reaction sequence shown in Scheme 8.2   

 

Scheme 8.2  Proposed reaction sequence of the TSL of azide 11 and phosphine 12. 
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8.5  1H NMR Reaction Monitoring Experiments  

 1H NMR was also used to follow the reaction of azide 11 and phosphine 12 at ambient 

temperature.  Equal volumes of a 0.40 M solution of 11 and 0.025 M solution of 12 in 2:1 

CD3CN−D2O (v/v) were combined under pseudo-first-order conditions and the arrayed 1H NMR 

spectra acquired are shown in Figure 8.8 (note: only signals from alkyl protons on the acid side 

of the acyl-moiety are shown here for clarity).   

 
 
 

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8.8  Arrayed 1H NMR spectra monitoring the reaction of azide 11 (0.20 M) and 
phosphine 12 (0.012 M) in 2:1 CD3N−D2O (v/v) at ambient temperature.  Peak assignments 
are given in bold around the stack plot. 
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We observed initial formation of two intermediates with similar chemical shifts for each  

of the three sets of chemically non-equivalent protons on the acyl-chain (α-CH2, β-CH2, and γ-

CH3), followed by the rapid consumption of one intermediate, assigned as the trans-phosphazide 

16b, and the slower consumption of the second intermediate, cis-phosphazide 16a.  Concomitant 

with the disappearance of these signals was the appearance of signals for the product anilide 13.  

No other intermediate (i.e. iminophosphorane 14) was observed under these conditions.  Thus, 

under “wet” initial conditions, the combination of azide 11 and phosphine 12 afforded anilide 13 

cleanly without formation of iminophosphorane 14.  These results stand in contrast to the 

putative mechanisms proposed by Bertozzi1 and Raines2 for the TSL of alkyl azides. 

 

8.6  Kinetic Models Based on 1H NMR Reaction Monitoring Experiments  

Integration of the baseline-resolved signals observed in the 1H NMR spectra from the 

propyl chain of the acyl-moiety for the starting phosphine 12, anilide 13 and the two intermediates 

16a and 16b allowed for several kinetic models of the reaction mechanism to be generated17 and 

the results are displayed in Figures 8.9−8.13.  As Figure 8.9 shows, the mechanism we had initially 

proposed in which 12 reacts to give both 16a and 16b, which themselves are in equilibrium, does 

not provide an adequate fit for the consumption of the trans-phosphazide 16b.  A revised model 

shown in Figure 8.10 assumed that 12 reacts irreversibly to give 16a and reversibly to give 16b, 

16b then reacts irreversibly to give 16a, which gives 13.  Of course, if formation of 16b is 

reversible, then the reaction of 12 to give 16a may also be reversible, and the results of this 

assumption are shown in Figure 8.11.  Both of these models provide an improved fit for the 

consumption of 16b relative to the first model, but also show a disconcerting maximum for the 

appearance of the trans-phosphazide 16b (shown in red).  A model in which 12 reacts irreversibly 
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Figure 8.9  Plot of the concentrations of the phosphine 12 (blue), cis-phosphazide 16a (light 
blue), trans-phosphazide 16b (red) and anilide 13 (green) determined from integration of the 
AUC of the diagnostic alkyl peaks observed in the 1H NMR spectra recorded under pseudo-
first-order conditions (y-axis)  vs time (x-axis).  This model assumes that 12 reacts to give 
both 16a and 16b, which themselves are in equilibrium, and 16a reacts to give 13.17 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 8.10  Plot of the concentrations of the phosphine 12 (blue), cis-phosphazide 16a (light 
blue), trans-phosphazide 16b (red) and anilide 13 (green) determined from integration of the 
AUC of the diagnostic alkyl peaks observed in the 1H NMR spectra recorded under pseudo-
first-order conditions (y-axis)  vs time (x-axis).  This model assumes that 12 reacts reversibly 
to give 16b, 16b reacts to give 16a and 16a reacts to give 13.17 
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Figure 8.11  Plot of the concentrations of the phosphine 12 (blue), cis-phosphazide 16a (light 
blue), trans-phosphazide 16b (red) and anilide 13 (green) determined from integration of the 
AUC of the diagnostic alkyl peaks observed in the 1H NMR spectra recorded under pseudo-
first-order conditions (y-axis)  vs time (x-axis).  This model assumes that 12 reacts reversibly 
to give both 16a and 16b and that 16a reacts to give 13.17 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.12  Plot of the concentrations of the phosphine 12 (blue), cis-phosphazide 16a (light 
blue), trans-phosphazide 16b (red) and anilide 13 (green) determined from integration of the 
AUC of the diagnostic alkyl peaks observed in the 1H NMR spectra recorded under pseudo-
first-order conditions (y-axis) vs. time (x-axis).  This model assumes that 12 reacts 
irreversibly to give both 16a and 16b, 16b reacts irreversibly to give 16a, which gives 13.17 
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Figure 8.13  Plot of the concentrations of the phosphine 12 (blue), cis-phosphazide 16a (light 
blue), trans-phosphazide 16b (red) and anilide 13 (green) determined from integration of the 
AUC of the diagnostic alkyl peaks observed in the 1H NMR spectra recorded under pseudo-
first-order conditions (y-axis) vs. time (x-axis).  This model assumes that 12 reacts to give 
16a and reversibly to give 16b and 16a reacts to give 13.17 

 

 
 

to give both 16a and 16b, with 16b also reacting irreversibly to give 16a, which gives 13 is

shown in Figure 8.12.  This model gives a reasonable fit of the data, generally, but fails to 

accurately predict the maximum concentration of 16b observed experimentally.  The final kinetic 

model we considered assumed that 12 reacts irreversibly to give 16a and reversibly to give 16b, 

and 16a reacts to give 13.  This model is shown in Figure 8.13 and gives the best overall fit to 

the empirical data.  Based on this analysis, we propose the revised mechanism for the TSL of an 

aryl azide 11 and phosphinyl phenyl ester 12 shown in Scheme 8.3.  The indicated pseudo-first-

order rate constants, kn, and equilibrium constant, Keq, were determined by a collaborator, 

Professor David Brook of San Jose State University, San Jose, CA, from numerical integration of 

differential rate equations using MATLAB17 and represent our best approximation of the true 
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values.  However, limitations to the analytical method employed, namely the delay in time 

between the mixing of the reagents and the acquisition of the first data point, prevent a more 

precise calculation of these values.  The rate of formation of the trans-phosphazide, k2, is 

particularly dubious, as the error term readily indicates.  Nevertheless, a more accurate method 

for measuring the kinetics of this reaction that is capable of distinguishing between cis- and 

trans-phosphazides is not known to us.    

 

Scheme 8.3  Revised mechanism for the TSL of an aryl azide 11 and phosphinyl phenyl ester 
12 in 2:1 d3-acetonitrile−D2O (v/v). The pseudo-first-order rate constants, kn, and 
equilibrium constant, Keq, were determined from numerical integration of the differential rate 
equations using MATLAB.17 

 
 
 

 
 

 

 

 

 

 

 

8.7  Discussion 

Interpretation of our data with guidance from the existing literature suggests that initial 

combination of azide and phosphine commences with attack from the phosphorus lone pair on 

the terminal nitrogen of the azide and formation of a mixture of resonance stabilized s-cis- and  

s-trans-phosphazides.  Under aqueous conditions, we propose that water attacks the phosphorus 
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of the s-cis-phosphazide, thereby converting the tetrahedral phosphazide 19 into a trigonal 

bipyrimidal (tbp) intermediate 20 with the oxygen− and nitrogen−substituents occupying the two 

apical positions and the three phenyl rings equitorial to the phosphorus (Scheme 8.4).  The tbp 

geometry positions the carbonyl of the phenyl ester in closer proximity with the nucleophilic γ-

nitrogen atom than in the tetrahedral arrangement and this conformational change may greatly 

facilitate acyl-transfer.  However, additional electronic effects may also facilitate the reaction.  

Addition of water to the phosphazide creates a new P−O σ-bond, which weakens the existing 

P−N bond and shifts electron density onto the nitrogen.  The flow of electron density back into 

the conjugated nitrogen triad may facilitate the acyl-transfer reaction by increasing the 

nucleophilicity of the γ-nitrogen, but it is also noteworthy to recognize that subsequent lone-pair 

donation from the oxygen would result in the final P−N bond breaking towards the more 

electronegative nitrogen atom.  Water may also attack the initially formed trans-phosphazide 

 

Scheme 8.4  Mechanism for the conversion of the tetrahedral s-cis-phosphazide intermediate 
19 into the trigonal bipyrimidal (tbp) intermediate 20 upon reaction with water. 
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16b intermediate, but it may not if that reaction is slow and the reverse reaction back to starting 

materials occurs more readily.  In either case, absent an isomerization pathway, 16b must 

ultimately revert back into the two starting materials so that they may then recombine to give 16a 

along the productive pathway in order to account for the observed conversion of all of the 

starting material into product.   

Given the absence of any other signals in the NMR spectra recorded during the reaction 

monitoring experiements, we further conclude that the rate determining step for formation of 13 

is the reaction of 16a with water (or D2O).  An approximate second-order rate constant for 

formation of the amide 13 was calculated by dividing k3 by the concentration of D2O and was 

found to be 8.1 x 10-5 M-1 s-1.  This suggests the reaction of 16a with water is quite sluggish and 

that good yields of anilide 13 should require a high concentration water to be present in solution. 

Gratifyingly, this assertion is consistent with our previous observation that when only ~50 equiv 

of water were added, the reaction performed in DMSO gave a mixture of anilide and 

iminophosphorane (Section 8.3; Table 8.1). 

In the absence of water, however, we propose the cis-phosphazide 16a retains its 

tetrahedral geometry and combined with the absense of additional electronic effects that may 

also promote acyl-transfer, this reaction does not occur.  Competative extrusion of N2 occurs 

instead via a four-membered transition state and formation of iminophosphorane 14 results.  

What differentiates this system from reactions with alkyl azides, however, is that the aryl azide-

derived iminophosphorane 14 is a stable compound and does not undergo acyl-transfer to 

complete the TSL.  Even if water is subsequently added to the reaction mixture, 

iminophosphorane 14 is not converted to anilide 13.  This result stands in stark contrast to the 

reported case for the intermediate isolated following combination of an alkyl azide and a 
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phosphine under anhydrous conditions, which rapidly hydrolyzed to afford the amide and 

phosphine oxide upon addition of water.1      

 

8.8  Concluding Remarks 

A combination of empirical findings were presented as evidence for a revised mechanism 

governing the traceless Staudinger ligation (TSL) of an aryl azide and phosphinophenyl ester.  

Both the anilide and iminophosphorane were afforded as isolable products from the TSL and the 

ratio of these products was dependent upon the initial reaction conditions.  Unsurprisingly, wet 

solvent systems favored anilide formation, while dry reaction conditions favored formation of 

the iminophosphorane.  Surprisingly, however, the aryl azide-derived iminophosphoranes were 

not hydrolyzed to the corresponding anilides through a subsequent reaction with water.  Instead, 

addition of water to a solution of the iminophosphorane led only to the slow hydrolysis of the 

P=N bond without concomitant acyl-transfer from the adjacent ester ever being observed.  The 

inability to hydrolyze the iminophosphorane to the anilide conflicts with the putative mechanism 

of the TSL found in the literature and prompted our investigation into the conditions under which 

the two products were being formed as a function of the concentration of water added in solution 

prior to combing the reactants.  Formation of the anilide was concluded to proceed via a 

mechanism that does not have an iminophosphorane intermediate along its pathway.  A 1H NMR 

kinetic study under consecutive pseudo-first order conditions was used to construct several 

mechanistic models and a comparison of those models allowed for the selection of the most 

probable mechanism.   
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8.9  Experimental  

General Methods.  Unless otherwise specified, all reactions were performed under an 

inert atmosphere of nitrogen or argon.  Molecular sieves (3Å & 4Å) were activated in a vacuum 

drying oven at 180 °C and 10-2 Torr for 72 h and stored in a drying oven at 160 °C prior to use. 

Wet solvent systems were prepared using either D2O or purified water obtained from a Milli-Q 

Direct water purification system from EMD Millipore (Burlington, MA).  Analytical RP-HPLC 

was performed on Agilent 1050/1100 hybrid instruments equipped with a 1050 series pump and 

autoinjector and a 1100 series UV/visible diode array detector (Santa Clara, CA). Sample 

solutions (5 µL) were injected onto an Agilent Zorbax octadecylsilyl (C18) reverse phase column 

(4.6 mm i.d. × 150 mm, 5 µm) at ambient temperature and eluted with an 15 mM PO4 (pH 4-

5)−MeCN solvent system  (1 mL/min).  The gradient elution method was programmed as 

follows in terms of %-aq. buffer: 0-2 min (80%), 5 min (70%), 15 min (25%), 15-22 min (25%), 

25 min (5%) and 25-30 min (5%).  All RP-HPLC analyses monitored absorbance at 220, 254 and 

280 nm.  The presence of anthracycline-containing molecules was additionally monitored by 

absorbance at 480 nm.  Retention times (RT) are reported in the text.  1H NMR spectra were 

recorded at 400 or 500 MHz on Varian Unity INOVA spectrometers (Palo Alto, CA) or at 300 

MHz on a Bruker-Avance III spectrometer (Billerica, MA).  31P{1H} NMR spectra were 

acquired at 164 MHz on a Varian Unity INOVA spectrometer.  Chemical shifts are reported in δ 

values of ppm with internal referencing to the residual solvent peak, whose frequencies are given 

by Gottlieb et al.18  Coupling constants are reported as J-values in Hertz (Hz) with resonance 

multiplicities abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, 

sept = septet, m = multiplet, br = broad.  NMR data processing and plotting, including x-

referencing of 31P{1H}, was performed using MestReNova NMR software v12.0.1 (Mestrelab 
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Research, Santiago de Compostela, Spain).  The synthesis of all compounds depicted in this 

chapter has been described previously in this thesis.   

31P{1H} VT-NMR Study.  Stock 0.05 M solutions of phosphine 12 (10.45 mg, 30 µmol 

dissolved 600 µL of d3-acetonitrile) and azide 11 (24.6 mg, 83 µmol dissolved in 1.66 mL of d3-

acetonitrile) were cooled in an iso-propyl alcohol/CO2 bath for 10 min before being combined.  

Aliquots (300 µL) of each stock solution were transferred to a vented NMR tube, quickly 

vortexed and placed in the spectrometer pre-cooled to -20 °C.  31P{1H} NMR spectra were 

acquired at various temperatures (-20 °C, 0 °C, 20 °C and 23 °C) over the course of a 24 h 

period.  After 3.5 h, D2O (100 µL) was added, the sample vortexed and returned to the 

spectrometer at 23 °C.  Spectral acquisition was resumed by the 4 h mark and additional spectra 

were acquired at the 6, 8 and 24 h time points, after which the experiment was terminated. 

1H NMR Kinetic Study.  A 300 µL volume of a 0.025 M stock solution of phosphine 12 

(8.69 mg, 24.9 µmol dissolved in 1000 µL of 2:1 d3-acetonitrile−D2O (v/v)) was combined with 

300 µL of a 0.40 M stock solution of azide 11 (89.3 mg, 301 µmol dissolved in 750 µL of 2:1 

d3-acetonitrile−D2O (v/v)) in a vented NMR tube.  The reaction was quickly vortexed and then 

placed in the spectrometer.  1H NMR spectra were acquired over 15 h and the AUC of the 

baseline resolved alkyl peaks were plotted.  

Kinetic Modeling.  Kinetic data were modeled using MATLAB.17  Differential rate 

equations were integrated numerically using the built-in MATLAB function ‘ode45’ and the 

resulting solutions were optimized to fit the experimental data using the MATLAB optimization 

toolbox. 
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