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The technique of native chemical ligation enables the total chemical synthesis of 

proteins. In native chemical ligation, the thiolate of an N-terminal cysteine residue of one 

peptide attacks the C-terminal thioester of a second peptide. An amide linkage forms after 

rapid S--7N acyl transfer. This method is limited, however, by an absolute requirement 

for a cysteine residue at the ligation juncture. Here, this restriction is overcome with a 

new chemical ligation method, the Staudinger ligation. 

The Staudinger ligation can be used to couple a peptide with a C-terminal 

phosphinothioester to another with an N-terminal a-azido group to form a single peptide 

that contains no residual atoms. A phosphinobenzenethiol is used to link a thioester and 

azide in moderate yields. The product is an amide with no residual atoms. 

Diphenylphosphinomethanethiol thioesters are shown to give high isolated yields for this 

transformation. These findings provide precedent for a powerful and versatile new 

method for the total synthesis of proteins. 

The Staudinger ligation for amide bond formation is orthogonal and complementary to 

other ligation methods. Herein, is described the first use of the Staudinger ligation to 

couple peptides on a solid support. The fragment thus produced is used to assemble 
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functional ribonuclease A via native chemical ligation. The synthesis of a protein by this 

route expands the versatility of chemical approaches to protein production. 

A phosphinothiol reagent incorporating carboxyl-functionality in one of the side 

chains could expand the utility of the Staudinger ligation. A phosphinomethanethiol 

reagent that incorporates a carboxyl group as one of the phosphine substituents is 

synthesized. This functionalization imparts water solubility and provides a handle for the 

immobilization ofthe phosphinothiol to a solid support. 

Existing phosphinothiols do not mediate efficient Staudinger ligations at Xaa-Y aa 

sites in which neither Xaa or Yaa is glycine. Herein, a phosphinocresol reagent is 

synthesized and shown to give improved yields for couplings at an Ala-Ala ligation site. 

Its design is based on the promotion of steric crowding in the iminophosphorane 

intermediate, as revealed by molecular modeling. 
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Chapter 1 

CHEMICAL SYNTHESIS OF PROTEINS 

1.1 Introduction 

The human genome contains 30,000 or so genes (Lander et aI., 2001; Venter et aI., 

2001). Scientists from a broad range of disciplines are now working to reveal the 

structure and function of the proteins encoded by these genes. Their findings could lead 

to the solution of a multitude of problems in biology and medicine. In addition to 

structure-function analyses of extant proteins, chemical biologists are working to create 

new proteins with desirable properties, either by de novo design or by altering natural 

frameworks. 

The study of natural proteins and the creation of nonnatural ones requires the ability to 

access and manipulate proteins. The isolation of proteins from their natural source is 

often tedious, idiosyncratic, and impractical. In contrast, the production of proteins by 

using recombinant DNA (rDNA) technology, either in a heterologous host or in vitro, can 

provide access to large quantities of protein and allows for the exchange of one of the 20 

natural amino acid residues for another. Yet, aggregation often limits the yield of 

properly folded proteins produced by recombinant proteins. Moreover, the restrictions of 

the genetic code severely limit the possible modifications. 

The chemical synthesis and semisynthesis of proteins harbors the potential to 
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overcome many of the disadvantages of current protein production methods (Casi & 

Hilvert, 2003; Kent, 2003). Chemical synthesis using established solid-phase techniques 

could be rapid and easily automated, and facilitate purification. The development of 

methodology for the chemical synthesis of proteins is entering a phase of rapid growth. 

The application of existing and emerging chemical protein synthesis technologies is 

facilitating the study of important questions pertaining to the biological function of 

proteins (Borgia & Fields, 2000). In addition, the power of chemical synthesis enables the 

facile incorporation of nonnatural amino acids or modules into proteins. This nonnatural 

functionality can be tailored to answer specific questions that mere mutation of a given 

residue to another of the 20 common amino acids cannot begin to address. 

The chemical synthesis of proteins has long been identified as an important objective. 

On December 12, 1902, Emil Fischer delivered his Nobel Prize lecture in Stockholm, 

Sweden, saying in part (Fischer, 1902): 

Of the chemical aids in the living organism the ferments-mostly referred to 

nowadays as enzymes-are so pre-eminent that they may justifiably be claimed 

to be involved in most of the chemical transformations in the living cell. The 

examination of the synthetic glucosides has shown that the action of the 

enzymes depends to a large extent on the geometrical structure of the molecule 

to be attacked, that the two must match like lock and key. Consequently, with 

their aid, the organism is capable of performing highly specific chemical 

transformations which can never be accomplished with the customary agents. To 

equal Nature here, the same means have to be applied, and I therefore foresee 

the day when physiological chemistry will not only make extensive use of the 
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natural enzymes as agents, but when it will also prepare synthetic ferments for 

its purposes. 

3 

A century later, Fischer's vision is becoming reality. Enzymes and other proteins are not 

only accessible targets for synthetic chemistry, but are poised to become dominant targets 

of the 21 st century. Herein, we discuss current efforts toward preparing proteins 

synthetically, focusing on the development of powerful new methodologies for splicing 

together peptide fragments in a convergent strategy for the total chemical synthesis of 

proteins. 

1.2 Advances in Peptide Synthesis 

A discussion of the chemical synthesis of proteins must include mention of the 

prodigious advances in peptide synthesis over the last century. Emil Fischer's synthesis 

of glycyl glycine is the first reported synthesis of a dipeptide and is also the first instance 

of the use of the term "peptide" to refer to amino acid polymers (Fischer & Foumeau, 

1901). An important synthetic advance for efficient peptide synthesis was the use of 

reversible protection for the amine functionality (Bergmann & Zervas, 1932). With the 

emergence of protecting group strategies, it became possible to synthetically access small 

peptide hormones. For example, in 1953 Vincent du Vigneaud and coworkers reported a 

solution-phase synthesis of the octapeptide hormone oxytocin (Du Vigneaud et aI., 1953). 

Even though fifty years had passed since the synthesis of the first peptide by Fischer, 

these types of syntheses were still only accomplished with considerable effort 

(Merrifield, 1996). 

The advent of solid phase methods heralded a revolution for peptide synthesis 
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(Merrifield, 1986). In 1963, Bruce Merrifield published the first solid-phase synthesis of 

a peptide, a tetrapeptide (Merrifield, 1963). He attached an amino acid to an insoluble 

support via its carboxyl group and attached the next amino acid having a protected amine 

and an activated carboxyl group. The amine protection was removed and the next residue 

was coupled in like manner. Within a few years, Merrifield reported the development of 

an instrument for the automated synthesis of peptides (Merrifield et aI., 1966). In short 

order, he and Bernd Gutte applied this new method to achieve the total chemical 

synthesis of a protein, ribonuclease A (RNase A) (Gutte & Merrifield, 1969; Gutte & 

Merrifield, 1971). Concurrently, a group led by Ralph Hirschmann reported the chemical 

synthesis of RNase S by solution-phase segment condensations (Hirschmann et aI., 

1969). The Merrifield work was largely performed by a single individual, while the work 

by the Hirschmann team required eight scientists to complete. This distinction 

highlighted a major advantage of solid-phase peptide synthesis. 

Automated solid-phase peptide synthesis is commonplace today. Proteins and peptides 

of short to moderate length are routinely synthesized by the strategy shown in Scheme 

1.1. An amino acid with both amine and side-chain protection is immobilized to a resin. 

Several strategies for amine protection are used, namely the use of the acid sensitive tert­

butoxycarbonyl (Boc) protection or the base sensitive 9-fluorenylmethyloxycarbonyl 

(Fmoc) protection (Wellings & Atherton, 1997). These ~-amine protecting groups can 

be removed quickly and a protected amino acid utilizing enthalpic activation of the 

carboxyl group can then be coupled to the free resin-bound amine. The coupling reactions 

are forced to completion by the use of an excess of the activated soluble amino acid. The 

cycle of deprotection and coupling is repeated to complete the sequence, and the peptide 
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can be liberated from the resin and have its side-chain protection removed to yield the 

desired peptide (Guy & Fields, 1997; Stewart, 1997). 

H 0 

.N~ 

~ NI-Amine deprotection 

o 
H2N~ 

~ H ~ j Ad?ition?f activated 
., N '\7 - amino aCid 

I Repeat deprotection t and coupling cycles 

J 

1. Final Nil-amine deprotection 

2. Side-chain deprotection and 

cleavage from solid support 

o 
~N -I synthetic peptide j-ll-OH 

• Nil-Amine protecting group 

V Side-chain protecting groups 

(.;) Solid support 

• C"-Carboxy group activation 

Scheme 1.1 Solid-phase peptide synthesis. 

The efficiency of solid-phase peptide synthesis is consistently improving. The 

development of new solid supports has increased the length of accessible peptides 

(Meldal, 1997). New linkers between the support and the peptide have diversified the 

types of chemistry that can be used to liberate a synthetic peptide (Songster & Barany, 

1997). New side-chain protection strategies have minimized deleterious side reactions. 
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Improved coupling reagents have increased the speed and efficiency of amino acid 

couplings while reducing the risk of amino acid epimerization (Albericio & Carpino, 

1997; Miranda & Alewood, 1999). 

Solid-phase peptide synthesis has enabled the total chemical synthesis of proteins. 

Since the pioneering work of Merrifield, proteins that contain as many as 166 amino acid 

residues have been synthesized in this fashion (Merrifield, 1996). These syntheses have, 

in some cases, been critical to structure-function analyses of the target proteins. Notably, 

the chemical synthesis of HIV -1 protease enabled the determination of important crystal 

structures of the protease in complex with inhibitors (Miller et ai., 1989; Wlodawer et ai., 

1989; Swain et ai., 1990). In addition, an enantiomeric, all-D amino acid form of this 

protease was synthesized as a demonstration of its chiral specificity for an all-D substrate 

(deL. Milton et ai., 1992). Another notable example is a recent synthesis of a modified 

Bl domain of streptococcal G protein (Odaert et ai., 1999). This synthesis incorporated a 

completely nonnatural dibenzofuran-based fJ-turn mimic as a conformational probe. 

These studies highlight the true power and potential of the total chemical synthesis of 

proteins in enhancing our understanding of protein structure and function. 

Despite the significant gains made in advancing the technology of solid-phase peptide 

synthesis, there remain limitations. Modern peptide synthesis is typically limited to 

peptides of ::;40 residues (Bray, 2003). Peptides and proteins of greater length can be 

prepared, although not routinely. Hence, most proteins cannot by synthesized by the 

stepwise assembly of amino acid monomers. 

The convergent assembly of protected or partially protected peptide segments, both in 

solution and on solid-phase, is one approach used to access proteins greater than 40 
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amino acids in length (Lloyd-Williams et aI., 1992; Albericio et aI., 1997; Aimoto, 1999; 

Sato & Aimoto, 2003). In this approach, peptides are synthesized in a protected form and 

are then assembled. The 238 amino acid residue precursor molecule of the green 

fluorescent protein (GFP) was synthesized using this approach (Nishiuchi et aI., 1998). A 

total of 26 peptide fragments corresponding to parts of the GFP were synthesized and 

then assembled in solution followed by deprotection. The resulting protein exhibited a 

fluorescence profile identical to the native protein upon standing in solution. In addition 

to demonstrating the ability to synthesize this protein, this study also demonstrated that 

the formation ofthe GFP chromophore is not dependent on any external cofactors. 

1.3 Total Synthesis of Proteins by Chemoselective Ligation of Peptide Fragments 

The formation of an amide bond between protected peptide fragments by nucleophilic 

attack of a free amine on an enthalpically activated carboxyl group can be problematic 

when dealing with large peptides (Coitart, 2000). With large peptides coupling efficiency 

is reduced due to an entropic barrier. Namely, the reactivity between the free amine and 

the activated carboxyl group is not inherently high enough for acyl transfer to occur 

rapidly enough at the relatively dilute concentrations necessary to solubilize large 

peptides. 

In nature, amide bond formation occurs by transfer of a C-terminal acyl group of a 

nascent peptide chain to the lP' -amino group of an aminoacyl tRNA in the ribosome. The 

C-terminal acyl group is activated only as en ester by a tRNA and the transfer is aided, in 

part, by the two coupling partners being held in close proximity to one another in the 

proper conformation (Nissen et aI., 2000; Yin & Steitz, 2002). New peptide bond forming 
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strategies have emerged that take advantage of these principles for the intermolecular 

coupling of large peptide fragments in solution. 

These emerging methods are now referred to as peptide ligation methods (Scheme 

1.2). These ligation-based techniques have become practical and powerful methods for 

the assembly of synthetic peptides, often as unprotected peptide fragments in aqueous 

solution. These strategies utilize an initial capture step followed by an intramolecular acyl 

transfer. The capture step involves the preassociation of the coupling partners by a 

chemical reaction that is more efficient and rapid than intermolecular acyl transfer to an 

amine. The acyl transfer step is then rendered intramolecular and can thus occur far more 

readily (Page & Jencks, 1971; Menger, 1985). The final step of these strategies is the 

release of the association element following acyl transfer. In some cases, this occurs 

spontaneously, while in other instances it requires a separate chemical step. 

o capwre 
I peptide 1 r-tLx + Y-N-1 peptide 2 I ~ 

H 

O~ H 
peptide 1 ~~-1 peptide2 I 

o 
peptide 1 ~N-I peptide 2 I 

H 

release of association element ... 

t acyl transfer 

o 
peptide 1 ~~-I peptide 2 I 

y ..... XH 

Scheme 1.2 A general strategy for peptide ligation. 

Herein, we discuss the current peptide ligation strategies along with their relative 

advantages and disadvantages. Some important examples of the application of peptide 

ligation strategies will also be highlighted. Our focus is on ligation strategies that yield 
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native amide bonds. There are existing ligation approaches that yield non-native bonds 

between peptide fragments (Tam et aI., 1999; Tam et aI., 2001; Eom et aI., 2003). 

Although these approaches contribute to the synthesis of non-native proteins, they will 

not be discussed herein. 

1.4 Prior Thiol Capture 

The modern application of peptide ligation approaches for assembling synthetic 

peptide fragments traces its beginnings to Kemp's prior thiol capture strategy (Scheme 

1.3). In this approach, a 4,6-disubstituted benzofuran (4-hydroxy-6-

mercaptodibenzofuran) is used as the critical association element to bring the peptide 

coupling partners together (Kemp & Galakatos, 1986; Kemp et aI., 1986a). This strategy 

uses highly efficient thiol-disulfide exchange in a prior capture step preparatory to the 

acyl transfer step. 

Thiol capture 

Disulfide cleavage 

o 0 

~~ 
HS 

Scheme 1.3 Prior thiol capture approach to peptide assembly. 
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In the prior thiol capture approach the disubstituted furan is derivatized as a C­

terminal peptide 4-(acyloxy)-6-mercaptodibenzofuran. A second peptide possessing an 

N-terminal cysteine derivatized as the mixed methoxycarbonylsulfenyl (Scm) disulfide 

(Kemp & Carey, 1989) can undergo disulfide exchange with these benzofuran peptides in 

an initial thiol capture step that covalently brings the ligation partners into proximity 

(Kemp & Fotouhi, 1987; Fotouhi et aI., 1989). An intramolecular O--+N-acyl transfer 

then occurs to produce the desired amide bond. The N-terminal cysteine of peptide 2 

exists as a disulfide with the dibenzofuran association element. This acyl transfer step 

occurs with a halflife ranging from 0.1 to 50 h depending on the bulk of the side chain of 

the C-terminal acyloxy-derived amino acid (Kemp et aI., 1986b). Upon completion of the 

acyl transfer step, phosphine reduction of the mixed disulfide yields the native peptide. 

The amide-bond forming acyl transfer occurs without racemization of the coupled amino 

acids (McBride & Kemp, 1987). 

The utility of this approach was demonstrated by the synthesis of several peptide 

fragments. In one study, the C-terminal 29-residue fragment of BPTI was synthesized 

from four segments (amino acids 30-37, 38-50,51-54,55-56) (Fotouhi et aI., 1989). 

Each segment possessed an N-terminal cysteine and was derivatized as a C-terminal 

dibenzofuran. The synthesis commenced from the two fragments at the extreme C­

terminus and proceeded towards the N-terminus sequentially, one fragment at a time. The 

N-terminal cysteines were protected orthogonally until they were ready for coupling, at 

which time they were deprotected and derivatized as the mixed Scm-disulfides. In a 

separate study, a 39-residue peptide and a 25-residue peptide were synthesized in high 
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yield utilizing side-chain protection only at cysteine residues (Kemp & Carey, 1993). In 

this study it was shown that the ligation of fully protected peptides was 50-fold slower 

than ligation of peptides protected only at cysteine. 

Kemp's prior thiol capture strategy is an important contribution to the development of 

peptide splicing methodology. Although it has not seen widespread use for the synthesis 

of proteins via segment condensation, it represents the first significant effort that 

demonstrates the chemoselective ligation of unprotected peptide fragments. In addition, it 

represents the first effort toward the systematic application of the use of proximity effects 

to reduce acyl transfer between peptides to an efficient intramolecular reaction. 

1.5 Native Chemical Ligation 

1.5.1 Synthesis of Proteins by Native Chemical Ligation 

Currently, the most common ligation method is native chemical ligation (Scheme 1.4). 

This ligation method was initially reported by Wieland in 1953, when the reaction of 

ValSPh and CysOH in aqueous buffer was shown to yield the dipeptide: ValCysOH 

(Wieland et aI., 1953). This reaction was shown to proceed through the intermediacy of a 

thioester containing the sulfur of the cysteine residue. In the 1990's, this seminal 

discovery was developed into a practical method to ligate large peptide fragments 

(Dawson et aI., 1994; Dawson & Kent, 2000). In native chemical ligation, the thiolate of 

an N-terminal cysteine residue of one peptide attacks the C-terminal thioester of a second 

peptide to effect a transthioesterification. An amide linkage forms after rapid S~N acyl 

transfer. Expressed protein ligation is an extension of native chemical ligation in which 

the C-terminal thioester is produced by recombinant DNA (rDNA) technology rather than 
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o 
pePtid~SR 

HS:l 0 

_H...;;2_N ---.-,;p_e __ Pt_ide...,.~ peptideAS1 
Transthioesterification A 

H2N peptide 

o (SH 

---~. )l A S _N acyl shift peptide N peptide 
H 

Scheme 1.4 Native chemical ligation. 
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Native chemical ligation is a powerful approach for the total chemical synthesis of 

proteins. Ligations typically occur entirely in aqueous solution with unprotected peptides 

(Muir et aI., 1997). The rates of these ligations can be modulated through the addition of 

thiol additives that form more reactive thioester intermediates that can undergo 

transthioesterification more rapidly (Dawson et aI., 1997). Ligation can also occur 

between cysteine and any of the 20 amino acids, although ligation to hindered amino 

acids such as valine, isoleucine, and proline occur more slowly (Hackeng et aI., 1999). 

While native chemical ligation is normally carried out in aqueous solution, this method 

has also been applied to the ligation of unprotected peptide fragments on a solid support 

(Camarero et aI., 1998; Canne et aI., 1999; Brik et aI., 2000). 

Native chemical ligation has seen wide application to the assembly of an ever 

increasing number of totally synthetic proteins. Some recent examples of the preparation 

of native proteins include human matrix Gla protein (84 residues) (Hackeng et aI., 2001), 

the anticoagulant microprotein S (116 residues) (Hackeng et aI., 2000), and human 

neutrophil pro a-defensin-l (7 5 residues) (Wu et aI., 2003b). Proteins with post-

translational modifications such as glycosylation (MacMillan & Bertozzi, 2000) that 
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cannot be accessed in their native form using rDNA techniques have been successfully 

synthesized using native chemical ligation. These include the glycoproteins diptericin (58 

residues) (Shin et aI., 1999) and lymphotactin (93 residues) (Marcaurelle et aI., 2001). 

The prion protein has also been synthesized with appropriate mimics of the 

glycosylphosphatidyl inositol anchor (Ball et aI., 2001). 

The most powerful aspect of the total chemical synthesis of proteins is the ability to 

incorporate non-natural residues as probes of mechanism and function, or for therapeutic 

purposes. Native chemical ligation has yielded many important examples of modified 

synthetic proteins. The protooncogene H-Ras (166 residues) and its binding partner, the 

Ras-binding domain (RBD, 81 residues), have been synthesized with the specific 

incorporation of fluorescent tags to better understand the interactions between these two 

proteins (Becker et aI., 2001; Becker et aI., 2003). In a particularly noteworthy example, a 

synthetic polyethylene glycol-modified erythropoiesis protein (166 residues) has been 

designed and synthesized (Kochendoerfer et aI., 2003). This protein displays 

monodisperse polymers at specific points on its surface, which serve to prolong its potent 

biological activity. This work reveals the significant potential therapeutic applications of 

the total chemical synthesis of proteins. 

1.5.2 Solid-Phase Peptide Synthesis olC-Terminal Thioesters 

The synthesis of C-terminal peptide thioesters is an important consideration in the 

application of native chemical ligation to the total synthesis of proteins (Alsina & 

Albericio, 2003). Initial reports of native chemical ligation used Boc-solid phase peptide 

synthesis on specialized resins that yielded thioacids upon cleavage (Dawson et aI., 1994; 
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Canne et aI., 1995; Dawson et aI., 1997). These thioacid peptides were then treated with 

an electrophile to give thioesters (Scheme 1.5). 

L. = side chain protection 

HF 
~ 

H 0 

L.....,;"pe~p_tid_e -,~N 0SH 
R1 

Scheme 1.5 Thioester synthesis using Boc-based solid phase methods. 

There has been much recent effort focused on the development of Fmoc-based 

strategies for the synthesis of thioesters. The use of Fmoc strategies avoids the use of 

harsh HF cleavage conditions and is thus more easily accessible in a laboratory context. 

One strategy has been to load a presynthesized Fmoc-amino acid thioester onto a solid 

support and proceed with deprotection and coupling cycles (Scheme 1.6). A caveat of this 

technique is that nontraditional Fmoc deprotection cocktails must be used, since 

thioesters are particularly prone to aminolysis by piperidine (Li et aI., 1998). A number of 

deprotection cocktails have been reported, but the best is a mixture of DBU and HOBt in 

DMF according to thioester stability studies (Bu et aI., 2002b). Upon completion of the 

solid-phase synthesis, TF A cleavage and peptide deprotection can be affected normally, 

as thioesters are stable to these conditions. These conditions have been used successfully 

to assemble thioester peptides for subsequent enzymatic cyclization (Bu et aI., 2002a; Wu 
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et aI., 2003a) as well as for the preparation of thioesters of side chain N-glycosylated 

peptides (Hojo et aI., 2003). 

ORR 0 

FmocHN0s~OH 
R 

R = H or Me 

ORR 0 
Resin loading _ .Jl ''v'" II 
----I .. ~ FmocHN, -S~N-<) 

R H 

! 1. Fmoc deprotection 
2. Coupling 
3. Repeat 

TFA cleavage and L 0 0 
deprotection I I. ~ H _ .Jl R'v'R II 
.. peptide N I' -S~N-Q 

R H 

Scheme 1.6 Fmac-based strategy afpeptide thiaester synthesis. 

A second Fmoc strategy makes use of novel cleavage conditions from the solid 

support (Swinnen & Hilvert, 2000). An advantage of this method is that standard resins 

and peptide synthesis conditions are employed. Treatment the final peptide on solid 

support with an alkyl aluminum reagent and an alkyl thiol in methylene chloride cleaves 

the peptide as a thioester. A separate TF A treatment is required for deprotection of the 

side chain protecting groups. 

o .. CH;P12 then TFA ~ 
M6:!AICI,EtSH 

peptide O-~ .. 

o 
peptide f-li--SEt 

Scheme 1.7 Fmoc thioester cleavage conditions. 

Solution-phase synthesis of thioesters from protected peptides has also been reported 

(Scheme 1.8) (von Egglekraut-Gottanka et aI., 2003). Solid-phase peptide synthesis is 
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carried out using a chlorotrityl resin that is sensitive to acid in very low concentrations. 

The peptide can be cleaved from the resin in its protected form, after which thioester 

formation occurs using standard coupling procedures. The thioester thus formed can be 

deprotected efficiently using TF A conditions and purified prior to use. 

j: 0 acetic acidffFElDCM 
-1 I II ~ (1:1:8) 

Boc I peptide r-0-.... ~ 

acid sensitive resin 

j: 0 
Boc-l peptide f-lLOH 

1 
HS-o-NHC(O)CH3 

PyBOP, DIPEA 

o -0- TFA j: 0-0-
peptide f-lLs If _ ~ NHC(O)C~ -+- Boc-l peptide f-lLs If _ ~ NHC(O)CH3 

Scheme 1.8 Solution-phase peptide thioester synthesis. 

Specialized resins show particular promise as general methods for the synthesis of 

peptide thioesters. Several groups have used Kenner's sulfonamide safety-catch linker for 

the synthesis of these types of thioesters (Scheme 1. 9) (Backes & Ellman, 1999; Ingenito 

et aI., 1999). This strategy involves loading of the nascent peptide on a sulfonamide 

linker that is stable to acid and base. Solid-phase peptide synthesis is carried out using 

standard protocols. The linker is then activated by alkylating the sulfonamide nitrogen. 

Upon activation, the carbonyl of the sulfonamide becomes extremely electrophilic. The 

peptide can be liberated from the resin as a thioester by introducing a thiol, which serves 

as a nucleophile against the sulfonamide electrophile. The liberated peptide is then 

deprotected using standard TF A conditions. The use of chaotropic salts has been shown 

to improve thioester yields (Quaderer & Hilvert, 2001). 
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Scheme 1.9 Synthesis of peptide thioesters using sulfonamide safety-catch resins. 
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A second type of specialized linker utilizes trithioortho esters as masked thioesters 

(Scheme l.l 0) (Brask et ai., 2003). This strategy is useful only for the synthesis of 

peptide thioesters in which glycine is the C-terminal amino acid. Peptide synthesis occurs 

using standard Fmoc conditions on a novel backbone amide linker in which the thioester 

is masked as a trithioorthoester. Upon the completion of solid-phase peptide synthesis, 

the resin is treated with TF A, thus deprotecting the peptide and unmasking the thioester. 

(C(SEt~ 

HN 

HsCO ~O ~ .-Q 
17 I i--('~ 
:::,... 

OCH3 

Fmoc solid-phase 
peptide synthesis 

~ 

o 
peptide ~SEt 

Scheme 1.10 Synthesis of peptide thioester using masked trithioorthoesters. 
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1.5.3 Expressed Protein Ligation 

Expressed protein ligation is a powerful protein semisynthesis technique that combines 

the tools of chemistry and biology (Blaschke et aI., 2000; Goody et aI., 2002; Hofmann & 

Muir, 2002; Muir, 2003). In essence, expressed protein ligation uses the tools of 

recombinant DNA (rDNA) technology to access the thioester fragment for native 

chemical ligation. The inspiration for this method is intein-mediated, post-transcriptional 

protein splicing (Wallace, 1993). In Nature, an intein is a protein splicing element 

analogous to the intron in nucleic acids. It mediates its own excision from a peptide 

sequence through a series of acyl transfer reactions that ultimately result in the splicing of 

the flanking peptides (Scheme 1.11). 

HS 

r--N--Ext-ei-n --.~~ I~" 
o 

N-Exlein 

T ranslhioeslerificalion .... -

o 
N-Extein f-lL-N-4 GExtein 

H 

+ 

HH: '1---:---:---, 0 
2' ~ Inlein l II ,------,1,,::-,\ 

: NH 

'" o 

t 1. Succinimide formalion 
2. S -+ N acyl transfer 

N-Exlein "r-::0 
o~~ 

Inlein U '1 
~(~~ 
yNH2 

o 

Scheme 1.11 Mechanism of protein splicing. 

Expressed protein ligation utilizes a modified intein as part of a fusion protein in order 
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to access a target protein fragment as a C-terminal thioester. The fusion protein consists 

of the protein target fragment, a modified intein (the C-terminal asparagines is mutated to 

alanine), and a chitin-binding domain (CBD) (Scheme 1.12). The intein is modified by 

mutating the C-terminal asparagine to an alanine, thus making the intein unable to 

perform the final splicing step of succinimide formation followed by S~N acyl transfer. 

The fusion protein can be applied to a chitin column where the resultant thioester can be 

trapped using a solution of an exogenous thiol, thus eluting the target protein as a C-

terminal thioester and leaving the remainder of the fusion protein bound to the chitin 

column. 

HS 

'--p-ro-tei-n """yNH ~ '01," 

o 

Protein 

~~BD _ N 
: H 

Protein 

Scheme 1.12 Expressed protein ligation. 

hy~~ Peptide 

°HS""" 

t~N~ Peptide 

HS""" 

Protein ~SR 
o 

The semisynthesis of proteins using expressed protein ligation represents a powerful 

union of chemistry and biology. The use of rDNA to produce protein fragments increases 

the size of proteins that are accessible to native chemical ligation. The bulk of a protein 

can be accessed by biosynthesis, while a small peptide fragment can be prepared by 
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chemical synthesis and ligated to complete the protein. This technique is gammg 

widespread use as a potent tool for protein engineering. The power of this technique is 

illustrated in two recent examples of protein prosthesis. In these examples, RNase A was 

prepared via expressed protein ligation incorporating two nonnatural tum mimics, 

dimethylproline (Arnold et aI., 2003) and dinipecotic acid (Arnold et aI., 2002), at a 

critical ,B-turn (Figure 1.1). The incorporation of these tum mimics resulted in the 

stabilization of these engineered RNase A variants to thermal denaturation compared to 

the wild-type enzyme. 

do N -
A ~ 

Gly112 0' 'H'N 0 
I 
Tyr115 

or 
'i.N/ 

\)"( '1 
o 

dmP114 

ribonuclease A 

Figure 1.1 Protein prosthetics for engineered RNase A. 

Intein-mediated protein splicing has recently been reported to occur within living 

cells. Conditional protein trans-splicing is an elegant example of this work (Mootz & 

Muir, 2002; Mootz et aI., 2003). Trans-splicing strategies involve splitting an intein in 

two. When these fragments are noncovalently reconstituted, the activity of the intein is 

regained. Two fusion proteins are produced, each containing one half of a desired protein, 

one half of a functional intein, and a dimerization domain. The dimerization event can be 

initiated by the addition of a small molecule to the cells. Upon dimerization, association 
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of the split intein occurs, followed by splicing of the protein fragments. This approach 

has also been used to tag synthetic molecular probes to proteins within cells (Giriat & 

Muir, 2003). 

1.5.4 Native Chemical Ligation and Expressed Protein Ligation Followed by Chemical 
Modification 

The utility of the native chemical ligation approach has been expanded to include 

chemical modification. In these strategies an additional chemical modification step is 

utilized to allow ligation using cysteine or cysteine derivatives, yet giving a final protein 

product that does not contain cysteine at the ligation juncture. To date, these approaches 

are quite limited and have been used only in specific instances. 

One such example is native chemical ligation at cysteine followed by desulfurization 

(Yan & Dawson, 2001). This strategy employs standard native chemical ligation using a 

cysteine residue. Following the ligation step, a chemical desulfurization of the cysteine 

residue gives an alanine at the ligation site (Scheme 1.13). The desulfurization has been 

effected using a variety of metal reagents, including PdlAh03, Pd/carbon (10%) and 

PdIBaS04 in the presence of hydrogen gas. Three different proteins were synthesized 

using this technique: streptococcal protein G B1 domain (56 residues), a variant of the 

ribonuclease, barnase (110 residues), and the cyclic antibiotic microcin J25 (21 residues). 

This approach has seen limited use due to the fact that all cysteines in a protein target will 

be reduced by the desu1furization conditions. Disulfides, however, are stable to those 

conditions. One could envision a system in which a protein could be oxidatively refolded 

leaving only one free cysteine residue, which could then be reduced selectively. No 
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° peptide 1 r-n-SR + H:2N ~ peptide 2 
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° I peptide 1 j-1LN~ peptide 2 
H CH 
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H:2N ° )-1 peptide 2 I 
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o 
I peptide 1 j-1L~~ peptide2 

HS 

Scheme 1.13 Native chemical ligation followed by reductive desulJurization. 
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A second example yields methionine at the splice site by ligation with homocysteine 

followed by chemical methylation (Tam & Yu, 1998). This ligation proceeds initially in a 

nearly identical fashion to native chemical ligation. Homocysteine effects S-.N acyl 

transfer efficiently despite having an additional carbon in its side chain. Once acyl 

transfer is complete, sulfur methylation IS carried out using methyl p-

nitrobenzenesulfonate. An excess of the methylating reagent is used, but by limiting 

reaction times the methylation of lysine amines is avoided. This method has been used in 

the synthesis of parathyroid hormones, but its generality is limited, as only targets with 

one sulfur-containing residue can be synthesized. 

Alternative conditions for the application of this system have been explored in model 

systems (Scheme 1.15) (Pachamuthu & Schmidt, 2003). These conditions start from the 

disulfide homocystine that is reduced in situ with dithiothreitol (DTT) in the presence of 

a thioester amino acid. Native chemical ligation occurs efficiently as expected. Modified 

conditions are used to effect S-methylation. The homocysteine amide is treated with 
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methyl iodide and ammonia in methanol for several hours at 0 °C, followed by 30 min at 

room temperature. Although good yields are reported, these conditions could be rather 

impractical and unselective for the treatment of large unprotected proteins. 

peptide 1 

peptide 1 

o 
f-iLSR + "1"1 ,opt"" I capture ---.. 

SH 

o 
J-lL~1 peptide 2 .. 

S-methylation 
SMe 

peptide 1 

peptide 1 

:/J 1 peptide 2 

J-lLs 

t S,N-acyl transfer 

o 
rtL~1 peptide 2 

SH 

Scheme 1.14 A methionine ligation strategy. 

o 
H:2NyANHBn 

+ 

o 
BOCHN~ 

: SEt 

R 

Mel, NH3 in MeOH .. 

~ Rearrangement 

Scheme 1.15 Native chemical ligation resulting in methionine at the ligation site. 

1.5.5 Native Chemical Ligation Through Acyl-Initiated Capture 

Another original approach to native chemical ligation is the in situ generation of a 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

24 

cysteine thioester using an acyl-intiated capture strategy (Tam et aI., 1995). In this 

method (Scheme 1.16) a peptide containing a C-terminal thioacid is coupled to a second 

peptide possessing ,B-bromoalanine as its N-terminal amino acid. An intermediate 

thioester is generated by attack of the thioacid on the bromoalanine to give the 

intermediate thioester that then undergoes S---+N acyl transfer resulting in a native amide 

bond with cysteine at the ligation junction. An advantage of this method is that the 

ligation can proceed at more acidic pH levels (pH 5) than native chemical ligation (pH 

7.6). A disadvantage of this method is that bromo alanine is prone to undesired side 

reactions and can thus be impractical to work with. 

o capture 
I peptide 1 r-u-SH + H2N ~ peptide 2 I ~ 

Br 

o H2~ peptide 2 I 
peptide 1 r-u-S 

t S,N-acyl transfer 

o 
peptide 1 r-u-~~ peptide 2 I 

HS 

Scheme 1.16 Native chemical ligation by acyl-initiated capture. 

1.5.6 Native Chemical Ligation with Selenocysteine 

Native chemical ligation and expressed protein ligation have recently been expanded 

to include ligation at selenocysteine (Gieselman et aI., 2002). Selenocysteine (Sec, U) is 

incorporated translationally and has its own tRNA Sec and codon, UGA, which is also the 

opal stop codon. Decoding a UGA codon for selenocysteine requires a unique structure in 
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the 3' untranslated regIOn of the rnRNA called a selenocysteine insertion sequence 

(SECIS) element. The production of eukaryotic selenocysteine-containing proteins in 

prokaryotes is problematic because eukaryotic and prokaryotic cells use a different 

SECIS element (Arner et ai., 1999). 

The feasibility of using selenocysteine III native chemical ligation has been 

demonstrated through the use of a model thioester (Scheme 1.17) (Hondal et ai., 2001). 

In addition, pH-rate profiles have demonstrated the increased rate of selenocysteine 

ligations compared to cysteine ligations at lower pH, as expected from the lower pKa of 

selenols and the somewhat higher reactivity of selenolates. For example, the reaction with 

selenocysteine is 103
- fold faster than that with cysteine at pH 5. O. 

TCEP, H20 

Scheme 1.17 Native chemical ligation using selenocysteine. 

Selenocysteine has also been used in expressed protein ligation using ribonuclease A 

(RNase A; EC 3.1.27.5) as a model protein (Hondal et ai., 2001; Hondal & Raines, 2002). 

Recombinant DNA technology was used to prepare a fragment corresponding to residues 

1-109 of RNase A with a C-terminal thioester. Standard solid-phase methods were used 

to synthesize a peptide corresponding to residues 110-124, but with selenocysteine as 

residue 110. The thioester fragment and the peptide fragment were then ligated and the 

product was refolded and purified. The desired CllOU RNase A protein was verified by 
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mass spectrometry and found to have wild-type enzymatic activity. These data indicate 

that Cll OU RNase A is not only an intact protein, but a correctly folded enzyme with an 

Se-S bond between selenocysteine 110 and cysteine 56. The use of selenocysteine in the 

native chemical ligation of peptides has also been reported (Gieselman et aI., 2001; 

Quaderer et aI., 2001). 

A synthesis of a selenocysteine variant of the 128 amino acid protein azurin has also 

been carried out using expressed protein ligation (Berry et aI., 2002). Cysteine 112 was 

replaced with selenocysteine and fragment 112-128 was ligated to fragment 1-111. The 

variant azurin protein displayed interesting spectral properties and was used to assess the 

nature of the S-Cu interaction in the native protein. 

Isomorphous replacement of sulfur with selenium can be effected with expressed 

protein ligation. This could be advantageous in terms of stabilizing a protein. For 

example, proteins containing selenosulfide (Se-S) bonds should have greater 

conformational stability in a reducing environment than proteins with disulfide (S-S) 

bonds as the reduction potential of a selenosulfide bond is less than that of the 

corresponding disulfide bond (Besse et at, 1997). This use of selenocysteine to stabilize 

an enzyme represents another form of protein prosthesis. 

Selenomethionine incorporation has also been reported using a strategy similar to that 

used for the incorporation of methionine (Roelfes & Hilvert, 2003). Native chemical 

ligation of peptide fragments occurred using selenohomocysteine to yield the diselenide 

product. After reduction, the diselenide was methylated to give the selenomethionine 

analog. This method could be applied generally as the methylation of selenium should be 

chemoselective at acidic pH. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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1.6.1 Limitation of Native Chemical Ligation 
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A limitation of native chemical ligation is its intrinsic reliance on having a cysteine 

residue at the ligation juncture. Cysteine is uncommon, comprising only 1.7% of all 

residues in proteins (McCaldon & Argos, 1988a). Modem peptide synthesis is typically 

limited to peptides of :S40 residues (Bray, 2003), whereas most proteins contain hundreds 

of residues. Hence, most proteins cannot be prepared by any method that allows for 

peptides to be coupled only at cysteine residues. The removal of the cysteine limitation 

by applying a more general ligation technology would greatly expand the utility of total 

protein synthesis (Cotton & Muir, 1999). An ideal technique should efficiently and 

rapidly ligate between any two amino acid residues without detectable levels of 

racemization. 

1.6.2 Conformationally Assisted Ligation 

It is possible to ligate a C-terminal thioester fragment with a second peptide without 

cysteine at the N-terminus when there is a strong conformational preference for the 

association of the two fragments (Beligere & Dawson, 1999). Chymotrypsin inhibitor 2 

(CI2) can be subdivided into 2 fragments corresponding to residues 1-40 and 41-64. 

These fragments self-associate to form a stable protein. When fragment 1-40 was 

synthesized as a C-terminal thioester, complete ligation to fragment 41-64 (residue 41 is 

methionine) was complete in under 2 h. This synthesis of CI2 has recently been applied 

to the preparation of a fluorophore-linked analog of CI2 for studies of protein folding 
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(Deniz et ai., 2000). 

RNase S and the S-peptide is another set of protein fragments that self-associate 

strongly in solution, and has also been examined for conformationally assisted ligation 

(Beligere & Dawson, 1999). RNase A 1-20 was synthesized as a C-terminal thioester and 

incubated with RNase A 21-124 (residue 21 is serine). The ligation was complete in 10 

h. 

One limitation of conformationally assisted ligation is that Xaa-Yaa coupling is slow 

when Xaa is a ,B-branched residue (Beligere & Dawson, 1999). Another limitation of the 

technique is that it is necessarily limited to proteins·peptide fragments that have an 

inherent propensity for self association. 

1.6.3 The Use o/Removable Auxiliaries/or Peptide Ligation 

An emerging strategy has been the use of auxiliaries that act as cysteine surrogates to 

mediate the chemical ligation of peptide fragments (Scheme 1.18). These auxiliaries are 

synthetically appended to the N-terminus of a peptide. A second peptide is activated at 

the C-terminus in a manner that is specifically complementary to capture by the auxiliary. 

Upon capture, an acyl transfer event occurs. The final step is removal of the auxiliary to 

yield the native amide bond. Often, removal of the auxiliary involves chemical treatment 

of the assembled peptides. 
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Scheme 1.18 Auxiliary-mediated peptide ligation. 
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The first reported use of auxiliaries for peptide ligation at non-cysteine residues was 

the use of ~-ethanethiol and ~-oxyethanethiol (Scheme 1.19) (Canne et aI., 1996). 

Peptides containing these auxiliaries at the N-terminus (1.2a and 1.2b) were synthesized 

and coupled to peptides with C-terminal thioester under conditions similar to native 

chemical ligation (6 M guanidine, 0.1 M phosphate buffer, pH 7.5). Reaction 

temperatures ranged from 25 to 37°C, and reaction times ranged from 4 to 22 h. The 

most efficient couplings occurred when both the N-terminal and C-terminal amino acids 

were glycine (75-90% rearranged products 1.3a and 1.3b respectively). No unrearranged 

products were observed. Rearrangement yields were between 52% and 64% when one of 

the amino acids at the ligation juncture was phenylalanine and the other was glycine. No 

rearranged products could be detected between two nonglycyl residues. Thus, even 

though coupling could be carried out at a noncysteine residue, some sequence limitations 

were observed. After rearrangement, the auxiliary was removed by zinc reduction under 

acidic conditions to yield a native amide bond. Only the ~-oxyethanethiol auxiliary 

could be removed efficiently from the rearranged product. The AP'-oxyethanethiol 
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auxiliary has also been used in the cyclization of synthetic peptides (Shao et aI., 1998). 
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Scheme 1.19 Native chemical ligation using ethanethiol and oxyethanethiol auxiliaries. 

~-2-Mercaptobenzylamine-derived auxiliaries represent a second class of auxiliary-

assisted chemical ligation (Scheme 1.20). Three related forms of this class of auxiliary 

have been used in peptide ligations (compounds 1.6a-c). Pep tides incorporating these 

auxiliaries at the N-terminus react with C-terminal peptide thioesters in a manner similar 

to cysteine-containing peptides. Acyl transfer occurs through a six-membered transition 

state. The auxiliaries, with appropriate phenyl ring substitution, can be removed from the 

acyl transfer products under acidic conditions. 
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Scheme 1.20 Jf1' -2 -Mercaptobenzylamine-assisted chemical ligations. 
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Three auxiliaries of this class have been reported. Auxiliary 1.6a was the first 

auxiliary of this class to be used for chemical ligation (Offer & Dawson, 2000). This 

compound gives rearranged peptides of type 1.8a in the case of sequences in which 

glycine is at either the Cor N position of the ligation junction. An exception is if a ~ 

branched amino acid is at the ligation site of one of the coupling partners. Auxiliary 1.6a 

could not be removed by acid treatment of the rearranged peptides. Auxiliary 1.6b was 

subsequently reported, although its use was demonstrated only in a single peptide ligation 

where both the C and N ligation positions were glycine (Kawakami et aI., 2001). An 

advantage of this auxiliary over 1.6a is that treatment with a trifluoromethanesulfonic 

acid/thioanisole/trifluoroacetic acid cocktail removed the auxiliary completely from the 
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rearranged acyl-transfer product to give a native peptide bond. Auxiliary 1.6c is the most 

recent ligation agent of this class to be reported (Offer et aI., 2002). Several ligation 

attempts have been reported with various amino acids at the Nand C splice sites. Half­

lives for acyl transfer to the rearranged product were 0.2 h at Gly-Gly, 2.0 hours at Lys­

Gly, 5.0 hours at Gly-Ala. No rearrangement was observed between Ala-Ala. By 

increasing the electron density of the phenyl ring with tri-methoxy substitution, the 

auxiliary can be removed from the rearranged products using either TF A or HF. The 63 

residue SH3 domain of a-spectrin was prepared by chemical ligation between Lys27 and 

Gly28 using this auxiliary. This auxiliary is an efficient agent for coupling at glycyl 

residues. Although this method is not sequence independent, it does relax significantly 

the cysteine limitation. Glycine is among the most common amino acids in proteins 

(McCaldon & Argos, 1988a). 

~-(1-Phenyl-2-mercaptoethyl) auxiliaries represent a second class of auxiliary­

assisted chemical ligation (Scheme 1.21). These auxiliaries represent a similar strategy to 

the ~-2-mercaptobenzylamine agents described previously. They incorporate a thiol in 

their design in order to effect efficient transthioesterification as the capture step. With the 

aforementioned ~-2-mercaptobenzylamine auxiliaries, the acyl transfer rearrangement 

occurred through a six-membered transition state. With ~-(1-phenyl-2-mercaptoethyl) 

auxiliaries, this rearrangement occurs through a smaller, five-membered transition state. 

Substitution on the phenyl ring affects the acid lability of the auxiliary in the rearranged 

product. In addition, the nature of the substituent can allow for removal of the auxiliary 

under more mild conditions. For example, auxiliary 1.9d can be removed 
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photochemically when a-nitro substitution of the phenyl ring is employed. 
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Scheme 1.21 NX-(1-Phenyl-2-mercaptoethyl)-assisted chemical ligation. 
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Initial studies of the NX-(1-phenyl-2-mercaptoethyl) class of auxiliaries were 

undertaken using compounds with no substitution on the phenyl ring (compound 1.9a) 

(Marinzi et aI., 2001). Ligations between several amino acids were explored in order to 

examine the sequence requirements for rearrangement to occur. It was found that the 

half-lives for model peptide rearrangements were 30-40 minutes at Gly-Gly, 120-140 

minutes for Ala-Gly, with no rearrangement observed at Gly-Ala or Ala-Ala. The 

transthioesterification capture step occurred efficiently regardless of sequence, thus it was 

ascertained that the acyl transfer rearrangement step was rate-limiting. No removal of the 
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~-(I-phenyl-2-mercaptoethyl) auxiliary from rearranged products has been reported to 

date. 

Two ring-substituted forms of the same auxiliary were reported concurrently 

(compounds 1.9b and 1.9c). The ~-(1-(4-methoxyphenyl)-2-mercaptoethyl) auxiliary 

(1.9b) and the ~-(1-(2,4-dimethoxyphenyl)-2-mercaptoethyl) auxiliary (1.9c) were both 

shown to ligate efficiently at Xaa-Gly sites where Xaa was Gly, His, Ala, or Lys. 

Rearrangement yields ranged from 76 to 98% with the typical rearrangement complete in 

16 hours. Ligations using 1.9c at Xaa-Gly sites where Xaa was not Gly required longer 

reaction times (40 h). The auxiliaries could be removed from rearranged products using 

HF (1.9b) or TF A (1.9c). These auxiliaries have been applied to the total chemical 

synthesis of cytochrome b562 (106 residues) (Low et aI., 2001) and for the cyclization of 

11 residue cyclic peptides (Cardona et aI., 2003). 

The ~ -(1-(2-nitrophenyl)-2-mercaptoethyl) (1.9d) auxiliary represents a photo labile 

derivative of this class of ligation reagents. Capture and rearrangement was demonstrated 

by the ligation of two 10 residue peptides at a Gly-Gly site. Rearrangement was complete 

after 24 h. The auxiliary was removed efficiently by photochemical irradiation at 365 nm 

for 6 h in phosphate buffer, pH 7.4. Although the use of the ~-(1-(2-nitrophenyl)-2-

mercaptoethyl) auxiliary is still subject to the glycine limitation, it can be removed under 

far milder conditions than many of its analogs. 

1.6.4 Staudinger Ligation as a Peptide Ligation Strategy 

The Staudinger reaction provides another alternative to native chemical ligation with 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

35 

the promise of removing the cysteine limitation. In the Staudinger reaction, a phosphine 

is used to reduce an azide to an amine: PR3 + N~ + H20 ~ O=PR3 + H2NR' + N2 (g) 

(Staudinger & Meyer, 1919; Gololobov & Kasukhin, 1992). This reaction occurs via a stable 

intermediate, an iminophosphorane (R3P+ - ""NR'). (This iminophosphorane is sometimes 

referred to by the less precise term, "aza-ylid".) Vilarrassa and others have shown that the 

nitrogen of the iminophosphorane can be acylated, both in intermolecular and 

intramolecular reactions (Garcia et aI., 1984; Garcia et aI., 1986; Bosch et aI., 1995; 

Mizuno et aI., 1999b; Velasco et aI., 2000). Hydrolysis of the resulting 

amidophosphonium salt gives an amide and phosphine oxide. Bertozzi has shown that the 

phosphine can itself serve as the acyl donor in a strategy used to tag azido sugars 

(Scheme 1.22) (Saxon & Bertozzi, 2000b; Saxon et aI., 2002; Vocadlo et aI., 2003). A 

drawback of the initial Bertozzi method for "Staudinger ligation" is that the phosphine 

oxide becomes incorporated into the final amide product. 

o 

~OCH3 + 

R'~PPh 2 

o 
~NHR 

R'~,PP~ 
o 

o 

-N2 £COCH 
~ I 3 

R' b P-N-
Ph R 

2 

Scheme 1.22 Staudinger ligation for sugar labeling. 

To apply the Staudinger reaction to peptide synthesis, a phosphinothiol has been used 
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to unite a thioester and azide in a traceless fashion. A putative mechanism for this version 

of the Staudinger ligation (Nilsson et aI., 2000; Nilsson et aI., 2001) is shown in Scheme 

1.23. The ligation begins by transthiolesterification with the phosphinothioI. Coupling of 

the resulting phosphinothioester with a peptide azide leads to the formation of the 

reactive iminophosphorane in the capture step. Iminophosphorane nitrogen attack on the 

thioester constitutes the acyl transfer step and leads to an amidophosphonium salt. 

Hydrolysis of the amidophosphonium salt produces the desired amide and a phosphine 

oxide. Significantly, no atoms from the phosphinothiol remain in the amide product. 

o 
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pePtid~S,X'PR2 

~ peptide 
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H 
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N3 

~ 

peptide 

ot:;~R2 
peptide{s'X 
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o 
~ ,peptide 

peptide ~ 

+~R2 

-S,X 

Scheme 1.23 Traceless Staudinger ligation employing phosphinothiols. 

Several phosphinothiol compounds have been analyzed for their ability to mediate the 

Staudinger ligation (Figure 1.2). Compound 1.12 was the first phosphinothiol screened 

(Nilsson et aI., 2000). It was coupled to several N-acetyl amino acids (glycine and 

phenylalanine) as a thioester and incubated with N3GlyNHBn to determine whether 

dipeptide was formed. The desired dipeptides were formed, albeit in low yields (::;35%). 

Phosphinothiol 1.12 thus provided proof of principle for the efficacy of a traceless 
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Staudinger ligation. The development of 1.12 as a reagent for effecting the Staudinger 

ligation is discussed in detail in Chapter 2 of this thesis and the synthesis of a water 

soluble derivative of this molecule is described in Chapter 5. 

1.12 1.13 

Figure 1.2 Phosphinothiols used in the traceless Staudinger ligation. 

Phosphinothiol 1.13 was a second generation phosphinothiol (Nilsson et aI., 2001; 

Soellner et aI., 2003). The development of this compound is discussed in Chapter 3. 

Staudinger ligation with phosphinothiol1.12 occurs through an intermediate with a six-

membered ring. It was reasoned that reducing the size of this ring would bring the 

nucleophilic imide nitrogen more proximal to the electrophilic thioester carbon and 

improve the yields for the Staudinger ligation products. To access a transition state with a 

smaller ring, the o-phenyl group of phosphinothiol 1.12 was replaced with a single 

methylene group. Thioesters of 1.13 derived from AcOH, AcGlyOH, and AcPheOH were 

prepared either by transthioesterification or by coupling with dicyclohexy1carbodiimide. 

These amino acid thioesters incorporating compound 1.13 formed dipeptides with 

N3GlyNHBn in >90% yields. Additionally, AcGlySCH2PPh2 was coupled with both the 

D- and L-forms of N3Ser(Bn)NHBn, N3PheNHBn, and N3Asp(OBn)NHBn (Soellner et 

aI., 2002). Each of these dipeptide ligations proceeded in >90% yield. These ligations 

also confirmed that the Staudinger ligation proceeds with retention of stereochemistry at 

the a-carbon of the azido acid. As with the auxiliary-assisted ligations discussed 
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previously, the Staudinger ligation with compounds 1.12 and 1.13 is less efficient when 

glycine does not comprise at least one of the coupling partners (Nilsson et aI.). 

Having demonstrated the efficient use of HSCH2PPh2 (1.12) in mediating the 

Staudinger ligation, this new synthetic methodology was exploited by using it as one of 

four amide bond-forming methods in the orthogonal assembly of a protein (Nilsson et aI., 

2003). These efforts are described in Chapter 4. RNase A was used as a model system for 

semisynthesis to demonstrate the potential advantage of the orthogonality of the 

Staudinger ligation to other amide-bond forming techniques. The amide bond-forming 

techniques used included mRNA translation by the ribosome, expressed protein ligation, 

solid-phase peptide synthesis, and the Staudinger ligation. A judicious combination of 

these tools holds great promise for the expansion of our ability to access proteins by 

semisynthesis. 

Table 1.1 summarizes how the various amide bonds in this semisynthetic RNase A 

were formed. Fragment 1-109 was prepared as a C-terminal thioester by rDNA 

techniques. The amide bonds in this segment were formed by mRNA translation by the 

ribosome. Fragment 110-124 was prepared by a several methods. The amide bonds 

between residues 11 0-111 and 113-124 were formed by standard solid-phase peptide 

synthesis utilizing HA TV activation. The protected fragment 110-111 was elaborated as 

a phosphinothioester of HSCH2PPh2 (1.12). The protected fragment 113-124 was 

elaborated as an N-terminal azide while immobilized to resin. The phosphinothioester of 

110-111 was coupled with this 113-124 fragment on the solid phase using the Staudinger 

ligation. Finally, fragment 110-124 was liberated from resin and deprotected. Residue 

110 is cysteine. This enabled coupling of fragment 110-124 to 1-109 via expressed 
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protein ligation to give semisynthetic RNase A. The kcatlKm of this semisynthetic RNase 

A was 9.4 x 106 M-1s-t, compared to 1.1 x 107 M-1s-1 for biosynthetic RNase A. The 

identity of the semisynthetic enzyme was further characterized by mass spectrometry. It 

is also noteworthy that this protein incorporated a single carbon-13 NMR label at position 

114. 

Bond 

1-109 

109-110 

110-111 

111-112 

112-124 

Coupling Method 

mRNA Translation by Ribosome (sequential) 

Expressed Protein Ligation (convergent) 

Solid-Phase Peptide Synthesis (sequential) 

Staudinger Ligation (convergent) 

Solid-Phase Peptide Synthesis (sequential) 

Table 1.1 Amide bond-forming methods used in an orthogonal assembly of RNase A. 

Other phosphines have also been explored as reagents for carrying out traceless forms 

of the Staudinger ligation (Figure 1.3) (Saxon et aI., 2000). In the initial report for these 

compounds, an acyl transfer between an acetyl ester (or amide in the case of compound 

1.16) derivative of the respective phosphine and a 51-azido nucleoside was used to test the 

efficacy of these compound for use in the Staudinger ligation. Only compounds 1.14 and 

1.16 were shown to promote efficient ligation, while no ligated product was observed 

when compound 1.15 was used. No attempts were initially made to ligate two amino 

acids together. A second study has shown that phosphine 1.14 can promote Staudinger 

ligation between two non-glycyl amino acids (Merkx et aI., 2003). Under specialized 
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reaction conditions (anhydrous THF, 47°C, followed by addition of water) Gly-Phe and 

Ala-Phe couplings occurred in 32-36% yields. These results represent the first successful 

nonglycyl couplings via the Staudinger ligation. The reaction conditions are not, 

however, readily adapted to unprotected peptides in aqueous solution. These results do 

represent an important step in outlining some of the important chemical factors in 

improving the Staudinger ligation as a sequence independent coupling method. Chapter 6 

of this thesis describes the use of molecular modeling calculations in the development of 

an analog of compound 1.14 that gives improved yields in a model Staudinger ligation. 

OH 

~PPh2 

V 
1.14 

OH 

l..PPh 

1.15 

2 

Figure 1.3 Non-thiol-containing ph osphines used for the traceless Staudinger ligation. 

1.6.5 Peptide Bond Formation using a Formyl-substituted Nitrophenylthioester 

There has been a recent report detailing the use of formyl-substituted 

nitrophenylthioesters as peptide ligation agents (Scheme 1.24) (Ishiwata et aI., 2003). The 

capture step is attack of an amine on the aldehyde group to give the intermediate 

hemiaminai. This hemiaminal intermediate can rearrange in an acyl transfer step. The 

rearranged product then decomposes to give the native peptide. This method has been 

demonstrated with model dipeptides. Couplings at AcGly-ValOtBu and AcVal-ValOtBu 

proceed in >90% yield in 2.5 h. Although this is an efficient coupling between two f3-

branched amino acids, the highly activated p-nitrophenylthioester is not generalizable to 
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unprotected peptides because the formyl group has no inherent selectivity to a particular 

type of amine. 

o ~N02 0 II I HN II amine capture 
FmocHNY""-s ~ + z: y"'OtBu .-

: ~R' R ;";0 
t.; 

a R' 

FmocHN0~J-.C02tBU + 

R 

o ~N02 FmocHN~_ ~ I 
R ~ OH 

HN 0 

R··H OtBu ! acyl transfer 

Scheme 1.24 Peptide formation usingformyl-nitrophenylthioesters. 

1. 7 Conclusion 

The total chemical synthesis of proteins represents a powerful method to probe the 

structure and function of proteins in ways that are difficult or impossible with standard 

expression using recombinant DNA methods. Indeed, it is becoming possible not only to 

synthesize a protein, but to endow natural protein scaffolds with desirable properties. The 

key advances in peptide synthesis of the last century are a strong foundation for forays 

into the total synthesis of proteins. Emerging technology for the chemoselective ligation 

of synthetic peptide fragments is building upon this foundation and making the total 

chemical synthesis of proteins an increasingly accessible endeavor. 

The development and refinement of ligation methods for protein assembly has entered 

an explosive phase of growth. There are currently multiple research groups striving to 
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achieve the goal of a ligation technology that will practically and efficiently ligate 

between any two amino acids in a protein sequence. Technology such as auxiliary­

assisted chemical ligation and the Staudinger ligation represent a promising start. There 

are without question other imaginative and innovative approaches that will soon be 

developed that will make the total chemical synthesis of proteins, not only possible and 

practical, but routine. The marriage of chemical synthesis and biology in the realm of 

protein structure and function will be among the most dynamic fields of discovery for the 

next century. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

43 

Chapter 2 * 

STAUDINGER LIGATION: A PEPTIDE FROM A THIOESTER AND AN AZIDE 

New methods are facilitating the total chemical synthesis of proteins (Merrifield, 1986; 

Kent, 1988; Kaiser, 1989). In particular, Kent and others have developed an elegant 

means to stitch together two unprotected peptides in aqueous solution (Wieland et aI., 

1953; Dawson et aI., 1994; Muir et aI., 1997; Wilken & Kent, 1998; Kochendoerfer & 

Kent, 1999). In this method, which is called 'native chemical ligation' , the thiolate of an 

N-terminal cysteine residue in one peptide attacks the carbon of a C-terminal thioester in 

another peptide to produce, ultimately, an amide bond between the two peptides (Scheme 

2.1). Recently, Muir and others have expanded the utility of native chemical ligation by 

demonstrating that the thioester fragment can be produced readily with recombinant 

DNA (rDNA) techniques (Evans et aI., 1998; Holford & Muir, 1998; Muir et aI., 1998; 

Cotton & Muir, 1999; Ayers et aI., 2000). 

* This chapter has been published previously under the same title. Reference: Nilsson, 
B. L.; Kiessling, L. L.; Raines, R. T. Org. Lett. 2000,2, 1939-1941. 
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Scheme 2.1 Native chemical ligation. 

Though powerful, native chemical ligation has a serious limitation. The method has an 

absolute reliance on the formation of a peptide bond to a cysteine residue (Homandberg 

& Laskowski, 1979; Wuttke et aI., 1993; Vogel & Chmielewski, 1994; Beligere & 

Dawson, 1999). Creating a linkage at a natural Xaa-Cys bond is not always possible, as 

cysteine comprises only 1.7% of the residues in globular proteins (McCaldon & Argos, 

1988b). Installing an extra cysteine residue is often undesirable. Cysteine is by far the 

most reactive residue towards disulfide bonds, 02(g), and other electrophiles (Raines, 

1997). In addition, the sulfuydryl group of cysteine can suffer ~-elimination to form 

dehydroalanine, which can undergo further reaction (Friedman, 1999). Thus, the impact 

of native chemical ligation would be even greater were it not limited to creating an Xaa-

Cys bond. 

Offer and Dawson have described a means to remove the limitation inherent in native 

chemical ligation (Offer & Dawson, 2000). In their method, a peptide bond is formed 

from a thioester and an o-mercaptobenzylamine. Though effective, this method is 

engrammic, leaving o-mercaptobenzylamine in the ligation product. 
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Here, we describe a method for peptide ligation that eliminates the need for a cysteine 

residue and leaves no residual atoms in the peptide product. Our method is inspired by 

the Staudinger reaction (Staudinger & Meyer, 1919; Gololobov et aI., 1981; Gololobov & 

Kasukhin, 1992). In the Staudinger reaction, a phosphine is used to reduce an azide to an 

amine: PR3 + N3R' + H20 ~ O=PR3 + H2NR' + N2(g). The intermediate in the reaction is 

an iminophosphorane (R3P+ - -NR') , which has a nucleophilic nitrogen. Vilarrasa and 

others have shown that this nitrogen can attack an acyl donor in an intermolecular or 

intramolecular reaction (Bosch et aI., 1993; Bosch et aI., 1995; Bosch et aI., 1996; Sha1ev 

et aI., 1996; Ariza et aI., 1998; Tang & Pelletier, 1998). The final product, after 

hydrolysis of the amidophosphonium salt, is an amide. Saxon and Bertozzi have shown 

that the acyl group can originate from the phosphine itself and be transferred to the 

iminophosphorane nitrogen in an intramolecular reaction in water (Saxon & Bertozzi, 

2000a). Their product is an amide containing a phosphine oxide. 

o 
)l PRz 

peptide s~ 

V 

Scheme 2.2 A traceless Staudinger ligation. 
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To apply the Staudinger reaction to peptide synthesis, we use a phosphinothiol to unite 

a thioester and azide. A putative mechanism for this version of the 'Staudinger ligation' 

(Saxon & Bertozzi, 2000a) is shown in Scheme 2.2. The ligation begins by 

transthioesterification with the phosphinothiol. Coupling of the resulting 

phosphinothioester with a peptide azide leads to the formation of the reactive 

iminophosphorane. Attack of the iminophosphorane nitrogen on the thioester leads to an 

amidophosphonium salt. Hydrolysis of the amidophosphonium salt produces the desired 

amide and a phosphine oxide. Significantly, no atoms from the phosphinothiol remain in 

the amide product. 

A critical aspect in effecting the Staudinger ligation of a thioester and azide is 

selecting an appropriate phosphinothiol. We chose an o-phosphinobenzenethiol 

(R2PC6H4-o-SH) because it allows a six-membered ring to form in the transition state for 

acyl transfer. Moreover, R2PC6H4-0-SH does not allow for the formation of an episulfide 

and a stable amidophosphine (R2PNR'C(O)R'') by C-P bond cleavage in the 

amidophosphonium salt, as would simple alkyl thiols such as R2PCH2CH2SH. Further, 

thiophenol itself is known to effect the transthioesterification of thioesters during native 

chemical ligation (Dawson et aI., 1997). 
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Scheme 2.3 Demonstration of traceless Staudinger ligation. 
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We demonstrated the efficacy of the Staudinger ligation by effecting the 

transformations shown in Scheme 2.3 (R = H, Bn). In these transformations, the peptides 

AcGlyGlyNHBn (2.7) and AcPheGlyNHBn (2.8) were synthesized from a glycyl (2.1) 

and phenylalanyl (2.2) thioesters and a glycyl azide (6) by the action of 

0-( diphenylphosphino )benzenethiol (2.3) (Block et aI., 1989). Thioesters 2.4 and 2.5 were 

prepared in quantitative yield by the transthioesterification of thioesters 2.1 and 2.2 with 

an excess of phosphinobenzenethiol 2.3 in DMF containing diisopropylethylamine 

(DIEA) (Vedejs & Diver, 1993). Excess thiol was removed by covalent immobilization to 

a Merrifield resin (chloromethylpolystyrene-divinylbenzene). Azide 2.6 (1 equivalent) 

was added to a solution of thioester 2.4 or 2.5 in unbuffered THF:H20 (3:1), and the 

resulting solution was stirred at room temperature for 12 h. The reaction was then 

acidified by the addition of 2 N Hel, and solvents were removed under reduced pressure. 
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Chromatography on silica gel gives purified amide 2.7 in 15% yield and amide 2.S in 

35% yield. The other major product was GlyNHBn, which can derive from the 

Staudinger reaction. The effect of alternative solvent conditions on the coupling 

efficiency of thioester 3 and azide 4 was explored. The reaction was performed in 

THF:H20 (3:1) buffered at pH 2, 4, 8, and 13.5. The reaction was also performed in 

methylene chloride or dimethyl formamide, followed by an acidic aqueous workup. None 

of these conditions improved the yield of product compared to that obtained in 

unbuffered THF:H20 (3:1). 

Amides 2.7 and 2.S could be formed by a mechanism other than that in Scheme 2.2. 

Specifically, the amide product of the Staudinger ligation could, in theory, arise from the 

reduction of the azide followed by acyl transfer to the resulting amine. To test for this 

occurrence, we mixed thioester 2.5 and authentic GlyNHBn under conditions (reactant 

concentrations, solvent, temperature, and time) identical to those used to effect the 

ligation of thioester 2.5 and glycyl azide 2.6. We saw no evidence for the formation of 

amide 2.S. This result argues against the alternative mechanism. 

Phosphinothiol 2.3 has the attributes necessary to effect the Staudinger ligation. Still, 

phosphinothiol 2.3 has low aqueous solubility and bestows a yield that may be too low 

for some applications. We anticipate, however, that these limitations can be overcome by 

structural optimization. 

We note that an optimized version of the Staudinger ligation would expand the scope 

of protein synthesis. Staudinger ligation of a thioester fragment (Ingenito et aI., 1999) and 

an azide fragment (Zaloom & Roberts, 1981) would be orthogonal to native chemical 
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ligation as well as other strategies (Tam et aI., 1995; Tam et aI., 1999) for the coupling of 

unprotected peptides. Scheme 2.4 depicts the simplest proteins that would be accessible 

by native chemical ligation alone, the Staudinger ligation alone, and a sequential 

combination of the two methods. The use of thiol- or azide-protecting groups would 

extend the versatility of these methods even further. 

synthesis 
or 

rONA 

synthesis 
or 

rONA 

synthesis 
or 

,---------ty ~ t'--------' 
o Cys 

rONA _ JIIIIlIiI 
L....-__ ty~l_ 

o any 

Staudinger Ligation Native Chemical Ligation 

synthesis synthesis 
or or 

rONA . ~. rONA 

I ty~l-y~t I 
o any 0 cys 

Native Chemical Ligation + Staudinger Ligation 

Scheme 2.4 Expanded scope of protein synthesis. 

Finally, we suggest that the Staudinger ligation could also be used with natural 

thioesters. For example, both the biosynthesis of polyketides and the nonribosomal 

biosynthesis of peptides proceed via the elaboration of thioester intermediates (Katz, 

1997; Marahiel et aI., 1997; vonDohren et aI., 1997; Cane et aI., 1998; Keating & Walsh, 

1999). Interception of these intermediates with a phosphinothiol would allow for 

Staudinger ligation to an azide. Most significantly, ligation of a biosynthetic library of 

thioesters with a chemical library of azides could be a facile means to increase molecular 
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Chemicals and solvents were from Aldrich®, with the exception of 

N-methylmercaptoacetamide (Fluka®), bromoacetyl bromide (Acros®), and Merrifield 

resins (N ovabiochem ®). Merrifield resins ( chlorometh ylpo I ystyrene-divin ylbenzene) 

were 200--400 mesh (substitution 0.63 mmol/g) and 70-90 mesh (1.26 mmol/g). The 

progress of reactions was monitored by thin-layer chromatography using Whatman® TLC 

plates (AL SIL G/UV) with visualization by illumination with ultraviolet light or staining 

with 12. NMR spectra were obtained with Bruker AC-300 and Varian UNITY-500 

spectrometers. Phosphorus-31 NMR spectra were proton-decoupled and referenced 

against an external standard of deuterated phosphoric acid. Mass spectra were obtained 

using electrospray ionization (ESI) techniques at the University of Wisconsin 

Biotechnology Center. 

Thioesters 2.1 and 2.2 

An N-acetyl amino acid (N-acetyl glycine or N-acetyl phenylalanine) and one 

equivalent of N-methylmercaptoacetamide (NMA) were charged to a flame-dried 

reaction vessel under an argon atmosphere and dissolved in dry DMF to a final 

concentration of 0.5-0.7 M. 1,3-Dicyclohexylcarbodiimide (DCC; 1.1 equivalents) was 

added, and the resulting mixture was stirred at room temperature for 10-12 h. The 

1,3-dicyclohexylurea (DCU) by-product was removed by filtration, and solvent was 
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removed under reduced pressure. Products were recrystallized from CH2Ch and hexanes. 

Thioester 2.1 was obtained in a 90% yield, and thioester 2.2 was obtained in a 92% yield. 

DCC 
~ 
DMF 

H 0 

yN0s~NHMe 
ORO 

2.1 R = H 
2.2 R = Bn 

Scheme 2.5 Synthesis of NMA thioesters. 

Thioester 2.1. IH NMR (DMSO-d6, 300 MHz) 08.62 (t, J = 6 Hz, 1 H), 8.05 (bs, 1 

H), 4.00 (d, J= 6 Hz, 2 H), 3.56 (s, 2 H), 2.59 (d, J= 4.5 Hz, 3 H), 1.93 (s, 3 H) ppm; l3C 

NMR (DMSO-d6, 75 MHz) 0 197.95,170.07,167.13,48.54,31.81,25.84,22.26 ppm; 

MS (ESI) mlz 204.25 (M+ = 204.9, fragments at 105.9, 100.0, 72.0). 

Thioester 2.2. IH NMR (CDCb:CD30D, 1:1, 500 MHz) 07.30-7.27 (m, 2 H), 7.24-

7.19 (m, 3 H), 4.79 (dd, J= 10,5 Hz, 1 H), 3.57 (apparent q, J= 15 Hz, 2 H), 3.24 (ABX, 

J= 14, 5 Hz, 1 H), 2.91 (ABX, J= 14, 10 Hz, 1 H), 2.76 (s, 3 H), 1.95 (s, 3 H) ppm; l3C 

NMR (CDCb:CD30D, 1:1, 125 MHz) p200.26, 172.83, 169.92, 136.93, 129.47, 128.98, 

127.40, 61.24, 37.73, 32.72, 26.72, 22.40 ppm; MS (ESI) mlz 294.37 (MH+ = 295.0 

fragments at 190.0, 162.2, 120.2). 

Phosphinothiol 2.3 

Phosphinothiol 2.3 was prepared by the method of Block and coworkers, and NMR 

data eH and 31p) correlated with their published data (Block et aI., 1989). 
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Additional spectral data. l3C NMR (CDCh, 125 MHz) 0137.71 (d, J= 30 Hz), 135.93 

(d, J= 8.75 Hz), 135.35 (d, J= 9.75 Hz), 133.98, 133.83, 130.45, 129.25, 129.00, 128.67 

(d, J= 6.75 Hz), 125.92 ppm; MS (ESI) mlz 294.35 (MH+ = 295.0). 

Thioesters 2.4 and 2.5 

Method A (transthioesterification). Thioester 2.1 or 2.2 (1 equivalent) and 

phosphinothio12.3 (10 equivalents) were charged to a flame-dried reaction vessel under 

an argon atmosphere and dissolved in dry DMF (0.25 M). Dry argon was bubbled 

through the mixture, and diisopropylethylamine (DIEA, 5 equivalents) was added. The 

resulting mixture was stirred for 12 h, after which additional DIEA (5 equivalents) was 

added. Merrifield resin (either high or low loading capacity) having a loading capacity at 

least equivalent to the molar amount of phosphinothiol 2.3 was added to the mixture to 

remove excess phosphinothiol 2.3 and NMA. The resulting slurry was stirred for an 

additional 12 h under argon, and the resin was removed by filtration. Solvent was 

removed under reduced pressure, the residue was taken up in CH2Ch, and the insoluble 

DIEA salts were removed by filtration. Solvent was again removed, and the residue was 

used in the subsequent coupling reaction without further purification. The reaction 

appeared to proceed in quantitative yield, as judged by TLC. 
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Scheme 2.7 Transthioesterification using phosphinothioI2.3. 
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Method B (DCC coupling). Thioester 2.1 or 2.2 (1 equivalent) and phosphinothiol 

2.3 (1 equivalent) were added to a flame-dried reaction vessel under an argon 

atmosphere. DCC (1.1 equivalents) was added, and the mixture was stirred for 12 h. The 

DCU by-product was removed by filtration, and solvent was removed under reduced 

pressure. Thioesters 2.4 and 2.5 were purified by flash chromatography (silica gel, ethyl 

acetate:hexanes 1: 1 followed by 100% ethyl acetate). Thioester 2.4 was obtained in 61 % 

yield, and thioester 2.5 was obtained in 52% yield. 

H 0 

y N00H + 

o R 
R=H 
R = Bn 

SH 

~PPh2 
V 

2.3 

DCC 
~ 

2.4 R = H 
2.5 R = Bn 

Scheme 2.8 Dee coupling of phosphinothiol 2.3 to amino acids. 

Thioester 2.4. IH NMR (CDCh, 500 MHz) 07.48 (ddd, J= 5.5,4, 1.5 Hz, 1 H), 7.41 

(td, J= 7.5,1.5 Hz, 1 H), 7.37-7.32 (m, 7 H), 7.28-7.24 (m, 4 H), 6.92 (ddd, J= 7.5,3, 

1.5 Hz, 1 H), 5.86 (bs, 1 H), 4.07 (d, J = 6 Hz, 2 H), 2.02 (s, 3 H) ppm; 13C NMR 
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(CDCh, 125 MHz) 8194.83, 170.63, 144.04, 138.00, 136.68 (d, J = 10.75 Hz), 134.84, 

134.69, 130.95, 130.30, 129.68, 129.34 (d, J = 6.88 Hz), 49.78, 23.69 ppm; 31 p NMR 

(CDCh, 202 MHz) 8-9.91 ppm; MS (ESI) mlz 393.44 (MH+ = 394.2, fragments at 

295.2,225.2). 

Thioester 2.5. IH NMR (CDCh, 500 MHz) £5'7.44 (ddd, J = 7.5, 4, 1.5 Hz, 1 H), 7.40 

(td, J = 7.5, 1.5 Hz, 1 H), 7.36-7.31 (m, 7 H), 7.28-7.21 (m, 7 H), 7.12-7.10 (m, 2 H), 

6.89 (ddd, J= 8, 3, 1 Hz, 1 H), 5.63 (d, J= 13.5 Hz, 1 H), 4.92 (m, 1 H), 2.95 (ABX, J= 

14.5,5.5 Hz, 1 H), 2.64 (ABX, J= 14, 8 Hz, 1 H), 1.91 (s, 3 H) ppm; BC NMR (CDCh, 

125 MHz) P 197.47, 170.43, 137.94, 136.40, 134.83, 134.75, 134.67, 134.58, 130.79, 

130.30, 129.94, 129.64 (d, J = 5.9 Hz), 129.33, 127.77, 60.29, 38.24, 23.79 ppm; 31p 

NMR (CDCh, 202 MHz) 8-10.33 ppm; MS (ESI) mlz 483.56 (MH+ = 484.2, fragment 

at 295.2). 

Azide 2.6 

Benzyl amine (20.4 mL, 186 mmol) and methylene chloride (186 mL) were added to 

a flame-dried reaction vessel under an argon atmosphere and the solution was cooled to 0 

°C in an ice bath. Bromoacetyl bromide (8.1 mL, 93 mmol) was added dropwise to the 

solution. A precipitate, presumably the HBr salt of benzyl amine, formed almost 

immediately. The reaction mixture was warmed to room temperature and stirred for 1 h. 

The precipitate was removed by filtration, and the organic phase was washed with 2 N 

HCI (2 x 75 mL). The organic layer was dried over anhydrous magnesium sulfate and 

filtered, and solvent was removed under reduced pressure. The resulting white solid was 
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dissolved in THF (200 mL) and water (50 mL). Sodium azide (30.3 g, 466 mmol) was 

added, and the resulting mixture was stirred vigorously at reflux for 17 h. The organic 

layer was then separated from the aqueous layer, washed with a solution of saturated 

brine (2 x 75 mL), dried over anhydrous magnesium sulfate, and filtered. Solvent was 

removed under reduced pressure. Azide 2.6 was isolated in 98% yield, and was used 

without further purification. 

Scheme 2.9 Synthesis of azide 2.6. 

Spectral data. IH NMR (CDCh, 300 MHz) 87.39-7.27 (m, 5 H), 6.71 (bs, 1 H), 

4.47 (d, J = 5.7 Hz), 4.00 (s, 2 H) ppm; BC NMR (CDCh, 125 MHz) 8166.66, 137.39, 

128.43, 127.45, 127.35,52.06,43.08 ppm; MS (ESI) mlz 190.20 (MH+ = 191.0, fragment 

at 91.2). 

Amides 2.7 and 2.8 

Thioester 2.4 or 2.5 (1 equivalent) and azide 2.6 (1 equivalent) were dissolved in 

THF:H20 (3:1) to a concentration of 0.2 M. A yellow color, presumably from liberated 

thiolate, formed quickly. The mixture was stirred at room temperature for 12-16 h, and 

then acidified with 2 N HCI until the yellow color became clear. Solvent was removed 

under reduced pressure, and the amide products were separated from the phosphine oxide 
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by-products (which was characterized spectrally; data not shown) by flash 

chromatography (silica gel, 2.5-10% methanol in methylene chloride). Yields for amide 

2.7 and amide 2.8 ranged from 15 to 35%. 

2.4R~H 

2.5R=Bn 
2.6 

H 0 H r?) 
TrN-!,NrrN~ 
o RHO 

2.7 R = H 
2.8 R = Bn 

Scheme 2.10 Staudinger ligation ofphosphinothioesters and azides. 

Amide 2.7. IH NMR (CDCh:CD30D, 1:1,500 MHz) 87.33-7.22 (m, 5 H), 4.41 (s,2 

H), 3.92 (s, 2 H), 3.86 (s, 2 H), 2.01 (s, 3 H) ppm; l3C NMR (CDCh:CD30D, 1:1, 125 

MHz) 8173.56, 171.52, 170.67, 138.83, 129.04, 218.02, 127.78, 43.70, 43.62, 43.16, 

22.45 ppm; MS (BSI) mlz 263.29 (MH+ = 264.0). 

Amide 2.8. IH NMR (CDCh:CD30D, 1:1,500 MHz) 87.32-7.19 (m, 10 H), 4.48 

(apparent t, J= 7.5 Hz, 1 H), 4.44 (d, J= 15 Hz, 1 H), 4.34 (d, J= 14.5 Hz, 1 H), 3.95 (d, 

J= 16.5 Hz, 1 H), 3.71 (d,J= 16.5 Hz, 1 H), 3.11 (dd,J= 13.5,7 Hz, 1 H), 2.94 (dd,J= 

14,8 Hz, 1 H), 1.88 (s, 3 H) ppm; BC NMR (CDCh:CD30D, 1:1, 125 MHz) 8173.42, 

172.81,170.34,138.61,137.18,129.55,129.01,128.93, 127.86, 127.68, 127.40,56.12, 

43.53, 43.18, 37.76, 22.36 ppm; MS (BSI) mlz 353.42 (MNa+ = 376.2, MH+ = 354.2 

fragments at 165.2, 120.2,91.2). 
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Chapter 3t 

HIGH-YIELDING STAUDINGER LIGATION OF A PHOPHINOTHIOESTER AND 
AZIDE TO FORM A PEPTIDE 

The ligation of synthetic peptides provides a convergent route for the total chemical 

synthesis of proteins. Currently, the most common ligation method is "native chemical 

ligation". This ligation method was discovered in 1953, when the reaction of Va IS Ph and 

CysOH in aqueous buffer was shown to yield the dipeptide: ValCysOH (Wieland et aI., 

1953). In the 1990's, this seminal discovery was developed into a practical method to 

ligate large peptide fragments (Dawson et aI., 1994; Tam et aI., 1999; Borgia & Fields, 

2000; Dawson & Kent, 2000). In native chemical ligation, the thiolate of an N-terminal 

cysteine residue of one peptide attacks the C-terminal thioester of a second peptide. An 

amide linkage forms after rapid S~N acyl transfer (Scheme 3.1). "Expressed protein 

ligation" is an extension of native chemical ligation in which the C-terminal thioester is 

produced by recombinant DNA (rDNA) technology rather than chemical synthesis 

(Holford & Muir, 1998; Muir et aI., 1998; Cotton & Muir, 1999). 

A limitation of native chemical ligation is its intrinsic reliance on having a cysteine 

t This chapter has been published previously under the same title. Reference: Nilsson, 
B. L.; Kiessling, L. L.; Raines, R. T. Org. Lett. 2001,3,9-12. The information contained 
in Scheme 3.4 has been published previously in: Soellner, M. B.; Nilsson, B. L.; Raines, 
R. T. J. Org. Chern. 2002, 67, 4993-4996. 
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residue at the ligation juncture. Cysteine is uncommon, comprising only 1.7% of all 

residues in proteins (McCaldon & Argos, 1988b). Modem peptide synthesis is typically 

limited to peptides of :S50 residues (Tam et aI., 1999; Borgia & Fields, 2000; Dawson & 

Kent, 2000). Hence, most proteins cannot be prepared by any method that allows for 

peptides to be coupled only at cysteine residues. 

SH 

pePtide~ Nfpeptide 
H 

Scheme 3.1 Native chemica/ligation. 

The removal of the cysteine limitation by applying a more general ligation technology 

would greatly expand the utility of total protein synthesis. The Staudinger reaction 

provides such an alternative. In the Staudinger reaction, a phosphine is used to reduce an 

azide to an amine: PR3 + N~ + H20 ~ O=PR3 + H2NR' + N2(g) (Staudinger & Meyer, 1919; 

Gololobov & Kasukhin, 1992). This reaction occurs via a stable intermediate, an 

iminophosphorane (R3P+--NR'), which has a nucleophilic nitrogen. Vilarrassa and others 

have shown that this nitrogen can be acylated, both in intermolecular and intramolecular 

reactions (Garcia et aI., 1984; Garcia et aI., 1986; Urpi & Vilarrasa, 1986; Inazu & 
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Kobayashi, 1993; Molina & Vilaplana, 1994; Bosch et aI., 1996; Shalev et aI., 1996; 

Maunier et aI., 1997; Afonso, 1998; Ariza et aI., 1998; Mizuno et aI., 1999a; Malkinson 

et aI., 2000; Velasco et aI., 2000). Hydrolysis of the resulting amidophosphonium salt 

gives an amide and phosphine oxide. Saxon and Bertozzi have shown that the phosphine 

can itself serve as the acyl donor (Saxon & Bertozzi, 2000a). 

Recently, we reported the use of the "Staudinger ligation" to form a peptide (Nilsson 

et aI., 2000). In this initial work, an amide bond was formed between a thioester of 

phosphinothiol 3.1 and an azide. The reaction likely proceeds by the intramolecular 

rearrangement of an iminophosphorane intermediate to give an amidophosphonium salt, 

as shown in Scheme 3.2. This salt hydrolyzes to leave an amide and 

0-( diphenyiphosphinyl)benzenethioi. It is noteworthy that the Staudinger ligation has no 

reliance upon a cysteine or any other specific residue at the N-terminus of the peptide 

fragment. In addition, the method is traceless-no residual atoms from the 

phosphinothiol remain in the peptide product. 

3.1 3.2 

The model amides synthesized with this original phosphinothiol are listed in Table 1 

(Nilsson et aI., 2000). Although phosphinothiol 3.2 does enable amide bond formation, 

the isolated yields for these Staudinger ligations are too low for some applications. 
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Scheme 3.2 Traceless Staudinger ligation to form a native amide bond. 
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Staudinger ligation with phosphinothiol 3.1 occurs through a transition state with a 

six-membered ring. We reasoned that reducing the size of this ring would bring the 

nucleophilic imide nitrogen more proximal to the electrophilic thioester carbon and 

improve the yields for the Staudinger ligation products. To access a transition state with a 

smaller ring, we replaced the a-phenyl group of phosphinothiol 3.1 with a single 

methylene group. We retained the other two electron-withdrawing phenyl groups, which 

make the phosphorus less nucleophilic and thereby minimize the susceptibility of the 

phosphine to deleterious oxidation by 02(g). 

The synthesis of the previously unknown phosphinothiol, 3.2, is shown in Scheme 

3.3. Phenylmagnesium bromide was added to chloromethylphosphonic dichloride (3.3), 

and the resulting Grignard reaction refluxed for 12 h to give phosphine oxide 3.4. A 

mixture of 3.4 with thioaeetie acid and triethylamine in dry THF was heated at reflux for 

12 h (Lamoureux & Whitesides, 1993; Woycechowsky et aI., 1999). After purification by 

flash chromatography and treatment with decolorizing charcoal, thiophosphine oxide 3.5 

was isolated in a 54% combined yield for the two steps. An excess of trichlorosilane in 
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chloroform for 72 h was used to reduce 3.5 to phosphinothioester 3.6 (Charrier & 

Mathey, 1978), which was isolated by flash chromatography in nearly quantitative yield. 

Hydrolysis of the phosphinothioester 3.6 with sodium hydroxide in methanol for 2 h gave 

phosphinothiol 3.2. During this reaction, Ar(g) was bubbled through the reaction mixture 

to prevent oxidation of the resultant thiol. Hydrolysis under acidic conditions was 

unsuccessful. Phosphinothiol 3.2 was purified by chromatography over alumina and 

isolated in 74% yield. The overall yield for the process in Scheme 3.3 was 39%. 

PhMgBr \1 
----l.~ Ph P CI 
THF, reflux Z '-../ 

3.3 3.4 

3.2 

NEt3, CH2CIz 
54% (2 Steps) 

74% 

~
SiHCI3 
CHel3 
98% 

3.6 

Scheme 3.3 Synthesis of phosphinothioI3.2. 

The previously described synthesis of phosphinothiol 3.1 required four steps, two of 

which were problematic, with an overall yield of only 39%. We have developed an 

improved synthesis that uses air-stable borane protection of the phosphine (Scheme 3.4) 

(BruneI et aI., 1998; Carboni & Monnier, 1999). The synthesis is based on the easily 

prepared alkylating agent 3.7 (Farrington et aI., 1989) and the commercially available 

borane-diphenylphosphine complex 3.8. Compound 3.8 is deprotonated by sodium 

hydride in DMF followed by addition of 3.7 to give borane-complex 3.9 (86% yield) 
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(Imamoto et aI., 1990). Complex 3.9 is stable to air and moisture, and can be stored on 

the shelf at room temperature for months without any sign of oxidation or decomposition. 

The borane complex is disrupted by mild heating with DABCO in toluene for 4 h (95% 

yield) (Brisset et aI., 1993). The protecting group of the resulting acyl phosphinothiol 3.6 

is removed as described previously except we used only one equivalent of sodium 

hydroxide. Phosphinothiol 3.2 was obtained in an improved 94% yield. The overall yield 

for this three-step synthesis is 74%. 

Brj -SH 
+ I 3 sy HfPhz 

0 
3.7 3.8 

3.2 

NaH 
DMF --.-
86% 

NaOH 
MeOH 
~ 

94% 

Scheme 3.4 Improved synthesis of phosphinothioI3.2. 

Next, we determined the efficacy of phosphinothiol 3.2 in effecting the Staudinger 

ligation (Scheme 3.4). Thioesters of 3.2 derived from AcOH, AcGlyOH, and AcPheOH 

were prepared by either transthioesterification or coupling with 

dicyclohexylcarbodiimide. After these reactions were complete by TLC analysis, 

Merrifield resin was used to immobilize unreacted 3.2. After workup and 

chromatography, the purified thioesters were isolated in >90% yields. To effect the 

Staudinger ligation, each thioester was stirred with N3CH2C(O)NHBn (Nilsson et aI., 

2000) (1 equiv) in THF/H20 (3:1) at room temperature for 12 h. Solvents were removed 
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under reduced pressure, and the product amides were purified by chromatography. After 

the ligation reactions, phosphinothiol 3.2 was regenerated from its phosphine oxide by 

reduction with an excess of trichlorosilane in chloroform. 

The yields of amide product using phosphinothiol 3.2 are far greater than those using 

phosphinothiol 3.1 (Table 1). AcGlyNHBn was obtained in 91 % isolated yield with 3.2, 

compared to a trace yield with 3.1. AcGlyGlyNHBn was obtained in 80% yield using 2, 

compared to 15% using 3.1. AcPheGlyNHBn was obtained in 92% yield with 3.2, 

compared to 35% with 3.1. These dramatic improvements indicate that phosphinothiol 

3.2 is a superior reagent for effecting the Staudinger ligation of a thioester and azide to 

form an amide. Bertozzi and coworkers have assessed the ability of the oxo analogs of 

phosphinothiols 1 and 2 to effect a Staudinger ligation (Saxon et ai., 2000). Surprisingly, 

they found that Ph2PC6H4-o-OH gives a higher yield than does Ph2PCH20H. The basis 

for the antipodal reactivity of thioesters and esters is unclear. 

What is the basis for the high yields obtained with phosphinothiol 3.2? One 

contributing factor could be the proximity of the nucleophile and electrophile. The key 

intermediate in the Staudinger ligation is the iminophosphorane (Scheme 3.2). The 

transition state leading from the iminophosphorane of 3.2 to the amidophosphonium salt 

contains a 5-membered ring. Both the C-S and P-N bonds in this ring have significant 

double-bond character. Thus, the iminophosphorane can adopt relatively few 

conformations. In contrast, reaction of N3(CH2)lOC(O)SPy and PBU3 to form a lactam 

proceeds via a transition state with a 12-membered ring. The yield of this reaction is only 

28% (Bosch et ai., 1993). 
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Isolated 
Phosphinothioester Azide Peptide Yield (%) 

J? H 
N3~N'-./Ph AcGlyNHBn <10 

AcS 0 
0 

PPhz 
H 

/'--... 
AcS PPh2 

N3~N'-./Ph AcGlyNHBn 91 

0 

J? H 
N3~N'-./Ph AcGlyGlyNHBn 15 

AcGlyS 0 

PPhz 
0 

H 

AcGlyS/'--... PPh2 N3~N'-./Ph AcGlyGlyN H Bn 80 8 

0 

J? H 

AcPheS 0 
N3~N'-./Ph AcPheGlyNHBn 35 

PPh2 
0 

H 

AcPheS /"'--. PPh2 N3~N'-./Ph AcPheGlyNHBn 92 
0 

a Isolated by recrystallization. Other ligation products were isolated by silica-gel chromatography. 

Table 3.1 Yields for Staudinger ligation with phosphinothiols 3.1 and 3.2. 

Another factor that could contribute to the high yields obtained with phosphinothiol 3.2 

is a stable conformation that facilitates amide formation. Molecular mechanics 

calculations indicate that the iminophosphorane intermediate can adopt a ~-tum-like 

conformation (Figure 3.1). A ~-tum is stabilized by an O"'HN hydrogen bond that 

defines a lO-membered ring. The thioester, imide, and amide groups of the 

iminophosphorane are situated in positions that correspond to the three amide groups of a 

~-tum. In this conformation, the nucleophilic imide nitrogen is within 3.0 A of the 
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electrophilic thioester carbon. Moreover, the O···HN hydrogen bond would polarize the 

thioester, making its carbon even more electrophilic. Finally, the bulk of the two phenyl 

groups could accelerate acyl transfer by increasing the fraction of iminophosphorane in 

the p-tum-like conformation (Bruice & Pandit, 1960; Jung & Gervay, 1991). The 

favorable conformation depicted in Figure 3.1 would be inaccessible during a Staudinger 

ligation with 1, as well as in the ligation of a thioester with a non-peptidyl azide. 

Phosphinothiol 3.2 has an additional intrinsic advantage over phosphinothiol 3.1. In 

general, aliphatic thiols (such as 3.2) have higher pKa values than do aromatic thiols 

(such as 3.1). Because thioester hydrolysis rates correlate inversely with their thiol pKa 

values (Janssen, 1969), aliphatic thioesters have a longer half-life in aqueous solution. 

This long half-life is important, as the hydrolysis of the thioester, either before or after 

iminophosphorane formation, is likely to be a competing side reaction for the Staudinger 

ligation. 

Staudinger ligation with phosphinothiol 3.2 could enable facile protein synthesis. 

Peptides with a C-terminal thioester can be produced by Fmoc-based solid-phase 

synthesis (Ingenito et aI., 1999; Shin et aI., 1999; Swinnen & Hilvert, 2000) or rDNA 

technology (Holford & Muir, 1998; Muir et aI., 1998; Cotton & Muir, 1999). Azido acids 

are readily accessible (Zaloom & Roberts, 1981) and can be used in solid-phase synthesis 

(Meldal et aI., 1997; Tang & Pelletier, 1998). A process based on the Staudinger ligation 

of thioesters and azides could be a viable source of proteins for both basic research and 

drug discovery. 
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A 

B 

""""'" ~_r 

Figure 3.1 (A) Structure of the iminophosphorane formed during a Staudinger ligation 
(AcSCH2PPh2 + N3CH2C(O)Me) with phosphinothiol3.2 (YN .. ·c: 3.0 A; LN"'C=O: 65~. 
(B) Structure of an analogous ,B-tum (AcGlyGlyNMe). Each molecule is depicted in a 
conformation of minimal energy according to the MMFF94 force field in MacSpartan Pro 
vl.3.5 (Wavefunction, Irvine, CA) 
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Chemicals and solvents were purchased from Aldrich® with the exception of 

Merrifield resins (Novabiochem®). Merrifield resins used were 200-400 mesh 

(substitution 0.63 mmollg) and 70-90 mesh (1.26 mmol/g). Reactions were monitored by 

thin layer chromatography using Whatman® TLC plates (AL SIL G/UV) and visualized 

by UV or Iz. NMR spectra were obtained using Bruker AC-300 or Varian UNITY-500 

spectrometers. Phosphorus-31 NMR spectra were proton-decoupled and referenced 

against an external standard of deuterated phosphoric acid. Mass spectra were obtained 

using electro spray ionization (ESI) techniques by the University of Wisconsin 

Biotechnology Center at the University of Wisconsin-Madison. 

Diphenyl-phosphinoylmethyl chloride (3.4) 

Chloromethylphosphonic dichloride (20 g, 120 mmol) was dissolved in freshly 

distilled THF (240 mL). AIM solution of phenylmagnesium bromide in THF (240 mL, 

240 mmol) was added dropwise over 1 h. The resultant mixture was stirred at reflux for 

24 h. The reaction was then quenched by the addition of 20 mL of water and solvent was 

removed under reduced pressure. The residue was taken up in CH2Ch and washed once 

with water (50 mL) and once with brine (50 mL). The organic layer was dried over 

anhydrous MgS04, filtered, and solvent removed under reduced pressure. The residue 

was purified by chromatography (silica gel, 3% methanol in methylene chloride). 

Compound 3.4 was isolated as a white solid in 63% yield. Spectral data. IH NMR 

(CDCh, 500 MHz) 87.84-7.79 (m, 4 H), 7.62-7.58 (m, 2 H), 7.54-7.50 (m, 4 H), 4.05 (d, 
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J = 7 Hz, 2 H) ppm; l3C NMR (CDCh, 125 MHz) P 132.60, 131.51 (d, J = 9.6 Hz), 

129.64 (d, J= 103.9 Hz), 128.72 (d, J= 11.6 Hz), 37.64 (d, J= 71.9 Hz) ppm; 31p NMR 

(CDCh, 202 Hz) 828.46 ppm; MS (ESI) mlz 250.03 (MH+ = 251.0, M2H+ = 501.2 

fragments at 173.0, 143.0,91.0). 

Thioacetic acid S-( diphenyl-phosphinoylmethyl) ester (3.5) 

Compound 3.4 (18.94 g, 75.6 mmol) was dissolved in 450 mL THF. Thiolacetic acid 

(34.3 mL, 480 mmol) was added and the solution was cooled in an ice bath and argon 

was bubbled through the reaction mixture for 1 h. Diisopropylethyl amine (83.6 mL, 480 

mmol) was added dropwise and the mixture was refluxed for 24 h. Another aliquot of 

thiolacetic acid (35.2 mL, 492 mmol) was then added followed by triethyl amine (69.0 

mL, 492 mmol). The reaction was refluxed for another 24 h after which solvent was 

removed under reduced pressure in a well-ventilated hood (stench!). The resultant black 

oil was taken up in methylene chloride and washed once each with 2 N HCI, saturated 

sodium bicarbonate solution, and brine. The organic layer was dried over anhydrous 

MgS04 and filtered. Activated charcoal was added to this solution and it was heated at 

reflux for 30 minutes and filtered. The solvent was evaporated and the residue was 

purified by chromatography (silica gel, 70% ethyl acetate in hexanes). The pooled 

fractions were taken up in methylene chloride and treatment with activated charcoal was 

repeated. Upon evaporation of solvent compound 3.5 was obtained as an orange oil that 

solidified upon standing at room temperature. The yield for this reaction was 85%. 

Spectral data. IH NMR (CDCh, 500 MHz) 87.80-7.75 (m,4 H), 7.56-7.52 (m, 2 H), 
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7.49-7.46 (m, 4 H), 3.77 (d, J = 8 Hz, 2 H), 2.25 (s, 3 H) ppm; l3C NMR (CDCh, 125 

MHz) 8 192.82, 132.11, 131.05 (d, J = lO2 Hz), 130.86 (d, J = 9.75 Hz), 128.46 (d, J = 

12.63 Hz), 29.83, 27.12 (d, J = 69.88 Hz) ppm; 31 p NMR (CDCh, 202 MHz) 829.14 

ppm; MS (ESI) mlz 290.05 (MH+ = 291.0, M2H+ = 581.2, fragments at 249.2, 171.0, 

125.0). 

Tbioacetic acid S-[(dipbenylpbospbanyl)-metbyl] ester (3.6). 

Compound 3.5 (18.65 g, 64.2 mmol) was dissolved in anhydrous chloroform (160 

mL). To this solution was added trichlorosilane (97 mL, 963 mmol) and the mixture was 

stirred under argon for 72 h. Solvent was removed under reduced pressure (NOTE: 

excess trichlorosilane in removed solvent was quenched by slow addition of saturated 

sodium bicarbonate solution in a well ventilated hood) and the residue was purified by 

chromatography (silica gel, 3% methanol in methylene chloride). Compound 3.6 was 

obtained in 98% yield. Spectral data. IH NMR (CDCh, 500 MHz) 87.43-7.40 (m, 4 H), 

7.33-7.30 (m, 6 H), 3.50 (d, J= 4 Hz, 2 H), 2.23 (s, 3 H) ppm; l3C NMR (CDCh, 125 

MHz) 8194.01, 136.42 (d, J= 13.6 Hz), 132.28 (d, J= 19.4 Hz), 128.69, 128.11 (d, J= 

6.8 Hz), 29.83, 25.41 (d, J = 23.4 Hz) ppm; 31p NMR (CDCh, 202 MHz) 8-15.11 ppm; 

MS (ESI) mlz 274.06 (MH+ = 275.0, fragments at 233.0, 199.2, 121.2). 

(Dipbenylpbospbino )metbanetbiol (3.2) 

Compound 3.6 (17.27 g, 63.0 mmol) was dissolved in anhydrous methanol and argon 

was bubbled through the solution for 1 h. Sodium hydroxide (5.04 g, 126 mmol) was then 
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added and the reaction was stirred under argon for 2 h. Solvent was then removed under 

reduced pressure and the residue was taken up in methylene chloride and washed twice 

with 2 N HCI and once with brine. The organic layer was dried over MgS04' filtered, and 

solvent was evaporated. The residue was purified by chromatography (alumina, 25% 

ethyl acetate in hexanes) to afford 3.2 as a clear oil in 74% yield. Spectral data. IH NMR 

(CDCh, 300 MHz) 87.41-7.38 (m, 4 H), 7.33-7.26 (m, 6 H), 3.02 (d, J = 7.8 Hz, 2 H), 

1.38 (t, J= 7.5 Hz, 1 H) ppm; I3C NMR (CDCh, 75 MHz) 8132.54 (d, J= 17.1 Hz), 

128.86, 128.36, 128.14,20.60 (d, J= 21.7 Hz) ppm; 31p NMR (CDCh, 121 MHz) 8-7.94 

ppm; MS (ESI) mlz 232.05 (MH+ = 233.0, fragments at 183.0, 155.0, 139.0,91.2). 

Borane-tbioacetic acid S-[(dipbenylpbospbanyl)-metbyIJ ester complex (3.9). 

Borane-diphenylphosphine complex 3.8 (10.33 g, 51.6 mmol) was dissolved in dry 

DMF under Ar(g) and cooled to 0 0c. NaH (1.24 g, 51.6 mmol) was added slowly, and 

the mixture was stirred at 0 °C until bubbling ceased. Alkylating agent 7 (8.73 g, 51.6 

mmol) was then added, and the mixture was allowed to warm to room temperature and 

stirred for 12 h. Solvent was removed under reduced pressure, and the residue was 

purified by flash chromatography (silica gel, 10% v/v EtOAc in hexanes). Compound 3.9 

was isolated as a colorless oil in 86% yield. Spectral data. IH NMR (300 MHz, CDCh) 

87.74-7.67 (m, 4 H), 7.54-7.41 (m, 6 H), 3.72 (d, J= 6 Hz, 2 H), 2.23 (s, 3 H), 1.51-0.53 

(broad m, 3 H) ppm; I3C NMR (75 MHz, CDCh) 8192.94, 132.26 (d, J = 9.2 Hz), 

131.61 (d, J= 2.3 Hz), 128.71 (d, J= 10.2 Hz), 127.43 (d, J= 55.4 Hz), 29.87, 23.59 (d, 

J= 35.5 Hz) ppm; 31p NMR (121 MHz, CDCh) 819.40 (d, J= 59.3 Hz) ppm; MS (ESI) 
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mlz 311.0806 (MNa+ [C1sH18BOPSNa] = 311.0807). 

Thioacetic acid S-[(diphenylphosphanyl)-methyl] ester (3.6). 

Compound 3.9 (4.00 g, 13.9 mmol) was dissolved in toluene (0.14 L) under Ar(g). 

DABCO (1.56 g, 13.9 mmol) was added, and the mixture was heated at 40°C for 4 h. 

Solvent was removed under reduced pressure, and the residue was dissolved in CH2Ch 

and washed with both 1 N HCI and saturated brine. The organic layer was dried over 

MgS04(s), and the solvent was removed under reduced pressure. Compound 3.6 was 

isolated in 95% yield, and was used without further purification. Spectral Data. As 

reported previously. 

Thioester 3.7 (entry 6 of Table 1) 

Method A. Compound 3.2 (500 mg, 2.15 mmol) and N-acetylphenylalanine (446 mg, 

2.15 mmol) were dissolved in 15 mL DMF under argon. DCC (489 mg, 2.37 mmol) was 

then added and the reaction was stirred for 12 h at room temperature. The DCU by­

product was filtered off, the solvent was evaporated, and the residue was purified by 

chromatography (50% ethyl acetate in hexanes). Thioester 3.7 was isolated in 84% yield. 

Method B. Phosphinothiol 3.2 (500 mg, 2.2 mmol) was dissolved in 5 mL of dry THF. 

The solution was deoxygenated by bubbling argon for 0.5 h. To this solution was added 

NaH (51.6 mg, 2.2 mmol). The mixture forms a slurry to which is added 2 mL ofDMF to 

dissolve any precipitate. The N-methylmercapoacetamide (NMA) thioester of N­

acetylphenylalanine (63 mg, 0.22 mmol) was added and the reaction stirred for 8 h. 
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Excess thiolate of 3.2 was removed by addition of Merrifield resin (1.5 g, 1.26 mmol/g) 

and stirring for 6 h. Resin was filtered off and the residue was purified by 

chromatography as in method A. Product 3.7 was isolated in 92% yield. Spectral data. 

IH NMR (CDCh, 300 MHz) 87.44-7.39 (m, 4 H), 7.35-7.33 (m, 6 H), 7.26-7.21 (m, 3 

H), 7.11-7.09 (m, 2 H), 6.29 (d, J= 8.4 Hz, I H), 4.98-4.91 (m, 1 H), 3.57-3.44 (m, 2 H), 

3.09 (dd, J = 14.1, 5.4 Hz, 1 H), 2.93 (dd, J = 14.1, 7.5 Hz, 1 H) 1.88 (s, 3 H) ppm; !3C 

NMR (CDCh, 125 MHz) 8198.91, 169.86, 135.50, 132.62 (d, J= 19.4 Hz), 129.11 (d, J 

= 9.8 Hz) 128.79 (d, J = 35.9 Hz), 128.50, 128.45, 126.99, 59.56, 37.99, 25.61 (d, J = 

24.4 Hz), 22.88 ppm; 31p NMR (CDCh, 121 MHz) 8-14.66 ppm. 

Thioester 3.8 (entry 4 of Table 1) 

Phosphinothiol 3.2 (100 mg, 0.43 mmol) and N-acetylglycine (55 mg, 0.47 mmol) 

were dissolved in 3 mL of DMF under argon. DCC (98 mg, 0.47 mmol) was added and 

the reaction was stirred for 12 h at room temperature. The DCU by-product was filtered 

off, the solvent was evaporated, and the residue was purified by chromatography (50% 

ethyl acetate in hexanes). Thioester 3.8 was isolated in 67% yield. Method B. 

Phosphinothiol 3.2 (500 mg, 2.2 mmol) was dissolved in 5 mL of dry THF. The solution 

was deoxygenated by bubbling argon for 0.5 h. To this solution was added NaH (51.6 

mg, 2.2 mmol). The mixture forms a slurry to which is added 2 mL of DMF to dissolve 

any precipitate. The N-methylmercapoacetamide (NMA) thioester ofN-acetylglycine (44 

mg, 0.22 mmol) was added and the reaction stirred for 8 h. Excess thiolate of 3.2 was 

removed by addition of Merrifield resin (1.5 g, 1.26 mmollg) and stirring for 6 h. Resin 
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was filtered off and the residue was purified by chromatography as in method A. Product 

3.8 was isolated in 91 % yield. Spectral data. IH NMR (CDCh, 300 MHz) 07.46-7.39 

(m, 4 H), 7.38-7.36 (m, 6 H), 6.44 (bs, 1 H), 4.15 (d, J = 5.7 Hz, 2 H), 3.53 (d, J = 3.6 

Hz, 2 H), 2.02 (s, 3 H) ppm; BC NMR (CDCh, 75 MHz) 8196.13, 170.29, 136.45 (d, J 

= 13.6 Hz), 132.62 (d, J= 19.1 Hz), 129.17, 128.54 (d, J= 6.7 Hz), 48.98, 25.29 (d, J= 

24.2 Hz), 22.84 ppm; 31p NMR (CDCh, 121 MHz) 8-15.20 ppm; MS (ESI) mlz 331.08 

(MH+ = 332.2, MK+ = 370.0). 

Amide 3.10 (AcGlyNHBn) 

Compound 3.5 (271 mg, 0.99 mmol) and azide N3GlyNHBn (187 mg, 0.99 mmol) 

were dissolved in 9.4 mL ofTHF:H20 (3:1) and stirred at room temperature for 12 h. The 

solvent was evaporated and the residue was purified by chromatography (5% methanol in 

methylene chloride). Amide 3.10 was obtained in 91 % yield. Spectral data. IH NMR 

(CDCh:CD30D, 1:1,300 MHz) 87.32-7.24 (m, 5 H), 4.40 (s, 2 H), 3.88 (s, 2 H), 2.65 (s, 

3 H) ppm; l3C NMR (CDCh:CD30D, 1 :1, 125 MHz) 0171.76, 169.37, 137.49, 127.83, 

126.77, 126.59,42.50,42.09,21.32 ppm; MS (ESI) mlz 206.11 (MH+ = 207.0). 

Others 

Experimental and spectral information for the other amide products and for the NMA 

thioesters mentioned above can be found in the Supporting Information of Nilsson, B. L.; 

Kiessling, L. L.; Raines, R. T. Org. Lett. 2000,2, 1939-1941. 
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Chapter 4+ 

PROTEIN ASSEMBLY BY ORTHOGONAL CHEMICAL LIGATION METHODS 

Chemical synthesis harbors the potential to provide ready access to natural proteins as 

well as to create nonnatural ones. Indeed, numerous proteins have already been 

assembled from synthetic peptides (Dawson & Kent, 2000; Kent, 2003). "Native 

chemicalligation"-the coupling of a peptide (Wieland et aI., 1953; Dawson et aI., 1994) 

(or protein (Muir et aI., 1998; Severinov & Muir, 1998; Muir, 2003)) containing a C-

terminal thioester with another peptide containing an N-terminal cysteine residue-has 

been especially efficacious (Dawson & Kent, 2000). Emerging strategies for protein 

assembly avoid the need for a cysteine residue at the ligation junction. The Staudinger 

ligation is one such strategy (Bosch et aI., 1993; Nilsson et aI., 2000; Saxon et aI., 2000; 

Saxon & Bertozzi, 2000a; Nilsson et aI., 2001; Soellner et aI., 2002). 

t This chapter has been published previously under the same title. Reference: Nilsson, 
B. L.; Hondal, R. H.; Soellner, M. B.; Raines, R. T. J. Am. Chern. Soc. 2003, 125, 5268-
5269. 
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Scheme 4.1 Staudinger ligation. 

In our version of the Staudinger ligation, a peptide containing a C-terminal 

phosphinothioester reacts with a peptide containing an N-terminal azide to give an amide 

with no residual atoms, as in Scheme 4.1 (Nilsson et aI., 2001; Soellner et aI., 2002). The 

initial intermediate is an iminophosphorane, which rearranges to an amidophosphonium 

salt. Hydrolysis yields the amide and a phosphine oxide. Previously, we showed that this 

reaction can be used to form dipeptides in high isolated yield (>90%) and with the 

retention of a-carbon stereochemistry (Nilsson et aI., 2001; Soellner et aI., 2002). Herein, 

we describe the first use of the Staudinger ligation to couple peptides on a solid support. 

We use the fragment thus produced to assemble a protein via native chemical ligation. 

The synthesis of a protein by this route expands the versatility of chemical approaches to 

protein production. 

As a model protein, we chose ribonuclease A (RNase A (Raines, 1998); 124 amino 

acid residues), which was the first protein to succumb to total synthesis (Gutte & 

Merrifield, 1969; Hirschmann et aI., 1969). Herein, RNase A was successfully assembled 
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from three fragments, which comprised residues 1-109, 110--111, and 112-124. Four 

distinct amide-bond forming methods were used (Table 4.1). The route is shown in 

Scheme 4.2. 

Four Distinct Methods to Form an Amide Bond 

Bond Method 

1-109 

109-110 

110-111 

111-112 

112-124 

mRNA Translation by Ribosome 

Expressed Protein Ligation 

Solid-Phase Peptide Synthesis 

Staudinger Ligation 

Solid-Phase Peptide Synthesis 

Table 4.1 Methods of amide bondformation in RNase A assembly. 
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Protein 
Ligation 

ribonuclease A 

Scheme 4.2 Strategy for the orthogonal assembly of RNase A. 
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The initial effort to effect the Staudinger ligation on the solid phase was attempted 

with fragment 110-112 (FmocCys(Trt)Glu(OtBu)GlySCH2PPh2) to fragment N3-113-

124 on resin. Four equivalents of 110-112 were used in THF:H20 (10:1) or DMF:H20 

(10:1) over 12 h. In both cases only traces of the ligated product (110-124) were isolated 

upon cleavage from resin and side group deprotection of the product peptide. The major 

isolated peptide as characterized by MALDI mass spectrometry following HPLC 

purification was fragment 113-124 with the N-terminus reduced to the amine. A 

subsequent attempt to couple at this ligation site utilized AcGlySCH2PPh2 as a coupling 

partner for the resin bound N3-113-124 under the same conditions described above 

(THF:H20 solvent). This ligation was successful, yielding the desired ligation product 

(Ac-112-124) exclusively. A final ligation experiment was attempted in solution. 
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Fragment 110-112 (FmocCys(Trt)Glu(OtBu)GlySCH2PPh2) and the benzamide of azido 

asparagine (N3-Asn-Bn) were mixed in equimolar amounts in THF:H20 (3:1). After silica 

gel chromatography the desired ligation product was isolated in 25% yield with the major 

products being the reduced Asn-Bn and the oxidized phosphinothioester of fragment 

110-112. These results suggested to us some potential sequence specificity to the ligation 

of bulkier phosphinothioesters. 

We then explored a frameshift for the ligation to fragment 110-111 

(FmocCys(Trt)Glu(OtBu)SCH2PPh2) and fragment N3-112-124. We reasoned that 

ligation of a bulky phosphinothioester to a glycyl azide may be less encumbered. We 

initially attempted a model coupling in solution using fragment 110-111 and N3-Gly-Bn. 

The desired ligation product was isolated in 80% yield after chromatographic 

purification. With this result in hand we incubated four equivalents of fragment 110-111 

with resin bound N3-112-124 in either THF:H20 (10:1) or DMF:H20 (10:1). In THF the 

ligation was unsuccessful. We were surprised to discover that the major product was N3-

112-124. Perhaps the azide remains intact due to resin collapse under the reaction 

conditions. We were gratified to find, however, that in DMF the ligation proceeds 

efficiently with the desired ligation product (RNase A 110-124) isolated in 61% yield 

upon cleavage from resin, side group deprotection, and HPLC purification. RNase A 

fragment 110-124 was then synthesized once again under these conditions incorporating 

a proline containing two carbon-13s (ex. and carbonyl) and one nitrogen-15 at position 117 

and a proline with a single carbon-13 (carbonyl) at position 114 as specific NMR tags. 

RNase A(110-111) was synthesized as a C-terminal phosphinothioester using a 

sulfonamide-linker ("safety-catch") resin (Kenner et aI., 1971; Backes & Ellman, 1999). 
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The fully loaded resin was activated with iodoacetonitrile (Backes & Ellman, 1999). 

Treatment with an excess of diphenylphosphinomethanethiol (Nilsson et ai., 2001; 

Soellner et ai., 2002) in DMF for 18 h liberated FmocCys(Trt)Glu(OtBu)SCH2PPh2' 

which was isolated in 64% yield. 

RNase A(112-124) was synthesized as an N-terminal azide. The n - 1 peptide was 

synthesized by using standard Fmoc-protection and HATU activation on a 

hydroxyethylpolystyrene (PEG A) resin, which has diverse solvent compatibility. 

a-Azido glycine (Nilsson et ai., 2000; Nilsson et ai., 2001) (residue 112) was used to cap 

the n - 1 peptide by its activation with PyBOP, HOBt, and DIPEA in DMF. The identity 

ofN3CH2C(O)Asn(Trt)ProTyr(tBu)VaIProVaIHis(Trt)PheAsp(OtBu)AlaSer(tBu)Val was 

confirmed by cleaving a small amount of the a-azido peptide from the resin with TF A 

and analyzing by MALDI mass spectrometry. 

RNase A(110--111) and RNase A(112-124) were coupled by Staudinger ligation 

directly on the PEG A resin. As described above, four equivalents of RNase A(110-111) 

in DMF/H20 (10:1) were incubated with the resin over 12 h. After cleavage from the 

resin, side-chain deprotection, and HPLC purification, RNase A(11O-124) was isolated in 

61 % yield. 

RNase A(11O-124) was synthesized again by this route, now incorporating an NMR 

probe of protein structure. Specifically, [13C',13C<l,15N]proline (a gift from the National 

Stable Isotope Resource at Los Alamos) was inserted at position 114. The Asn113-

Pro114 peptide bond resides in the cis (E) conformation in the properly folded protein, 

but a mixture of cis and trans conformations in peptide fragments (An et ai., 1999). 
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RNase A(1-109) was produced by biosynthesis as a C-terminal thioester with 

N-methylmercaptoacetamide, as described previously (Evans et ai., 1998; Hondal et ai., 

2001; Arnold et ai., 2002). Both unlabeled and labeled RNase A(110-124) contained an 

N-termina1 cysteine residue. Ligation of RNase A(1-109) and RNase A(110-124) in 

aqueous buffer, folding, and purification yielded intact RNase A. Its molecular mass was 

verified by MALDI mass spectrometry. 

The ability to incorporate labeled amino acids at specific sites is a distinct advantage 

of producing proteins by chemical synthesis (Borgia & Fields, 2000; Dawson & Kent, 

2000; Miranda & Alewood, 2000; Tam et ai., 2001). The route in Scheme 2 was used to 

incorporate [13C',13C<X,15N]Pro114 into RNase A, and a 1D HSQC NMR experiment was 

used to probe for proper folding of the resulting protein. In Fmoc[ I3C', I3c<",15N]ProOH, 

the carbamyl C-N bond was a mixture of cis and trans isomers (Figure 1). In contrast, the 

Asn113-[ I3C',BC<x/5N]Pro114 peptide bond in labeled RNase A was a single species, 

consistent with this C-N bond being only in the cis conformation. Moreover, the 

chemical shift of the a.-proton of [I3C', I3C<X, 15N]Pro 114 in the synthetic RNase A was 

identical to that of unlabeled Pro 1 14 in natural RNase A (Rico et ai., 1989). 
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4.8 4.6 4.4 4.2 4.0 3.8 3.6 

ppm C HU HSQC) 

Figure 4.1 Observation of the a-proton of [13C', 13C\15N]proline by 1D 15N-CT-HSQC 
NMR spectroscopy. Top: [13C', 13C\ 15N]Pro 114 RNase A in D20 (04.66 ppm). Bottom: 
Fmoc[13C',13Ca.,15N]ProOH in D20/CD30D (1:1), assigned by 2D HMBC NMR 
spectroscopy. 

Enzymatic activity provides an extremely sensitive measure of protein structure 

(Knowles, 1987). The enzymatic activity of the RNase A synthesized as in Scheme 2 

(kcatlKM = 0.94 x 107 M-1s-1) was nearly equal to that of the wild-type enzyme produced 

by recombinant DNA technology (kcatlKM = 1.1 x 107 M-1s-1) (Kelemen et aI., 1999; 

Honda! et aI., 2001; Arnold et aI., 2002). 

Thus, the solid-phase assembly of peptides with the Staudinger ligation has not only 

been realized, but used to assemble a functional enzyme. This method for amide bond 

formation is orthogonal and complementary to other ligation methods (Staudinger & 
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Meyer, 1919; Bosch et aI., 1993; Nilsson et aI., 2000; Saxon et aI., 2000; Saxon & 

Bertozzi, 2000a; Nilsson et aI., 2001; Soellner et aI., 2003). The enzyme created herein is 

remarkable in that its peptide bonds were synthesized in four distinct processes: mRNA 

translation by a ribosome, solid-phase peptide synthesis, native chemical ligation, and 

solid-phase Staudinger ligation (Scheme 2). We anticipate that the two solid-phase 

processes alone could be the basis for an automated means to assemble proteins, making 

enzymes and other proteins more accessible targets for synthetic chemistry. 
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Experimental Section 

General Experimental. Chemicals and solvents were from Aldrich® with the 

exception of Fmoc-protected amino acids and alkanesulfonamide safety-catch resins 

(Novabiochem®). Reactions were monitored by thin-layer chromatography and visualized 

by UV light or staining with h. Peptide synthesis was performed by using standard 

Fmoc-protection strategies on an Applied Biosystems Pioneer automated synthesizer with 

HA TU activation. HPLC was performed on a CI8 reverse-phase column. NMR spectra 

were obtained with a Bruker AC-300, Bruker DMX-400, Varian UNITY-500, or Varian 
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Inova-600 spectrometer. Phosphorus-31 NMR spectra were proton-decoupled and 

referenced against an external standard of deuterated phosphoric acid. Mass spectra were 

obtained using electrospray ionization (ESI) or matrix assisted laser desorption ionization 

(MALDI) techniques. 

NMR spectral assignments of FmocProOH cis/trans isomers. The cis/trans 

assignments for the IHa resonances of FmocProOH (Figure 1, lower spectrum) were 

made by correlating the resonances of the a-proton to those of the p- and ,,{-carbons using 

a 2D HMBC experiment. The p- and "{-carbons of proline amides each have two distinct 

BC resonances due to cis/trans amide bond isomerization. The BC chemical shifts for the 

cis and trans isomers are constant among different proline derivatives (Dorman & Bovey, 

1973; Wuthrich, 1976). The 13C shifts in FmocProOH were correlated to the two IWX 

resonances of FmocProOH, and the peak at 4.18 ppm was thereby assigned to arise from 

the trans isomer and the peak at 4.08 ppm to arise from the cis isomer. 

Synthesis of FmocCys(Trt)Glu(OtBu)GlySCH2PPh2. Fmoc-Gly-OH was loaded 

onto 4-sulfamylbutyryl resin according to the method of Backes and Ellman. The 

protocol was repeated twice to give optimal loading. Fmoc-deprotection was performed 

using 30% piperidine in DMF. Couplings were performed by premixing amino acid (3 

eq.), PyBOP (3 eq.), HOBt (3 eq.), and DIPEA (6 eq.) in DMF and adding the mixture to 

the preswollen resin for 90 minutes. The resin containing the synthetic peptide was 

activated with iodoacetonitrile by the method of Backes and Ellman. The final 
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phosphinothioester was liberated from the activated resin by incubating the resin (1.15 g, 

0.48 mmol peptide loading) with Ph2PCH2SH (882 mg, 3.8 mmol) in DMF (20 mL) for 

18 h. The resin was then filtered and washed (5X 10 mL DMF, 5X 10 mL CH2Ch) and 

the organic solvents were removed under reduced pressure. The residue was purified by 

chromatography (silica gel, 30% EtOAc in hexanes). The desired peptide 

phosphinothioester was isolated in 57% yield. 

o 0 0 Solid phase 
~S;'"'.l1~. peptide synthesis 

H:!N M ..... N I '-':: • 
H n ~ 

, 

IICH CN 
tDIP~A'NMA 

Scheme 4.3 Safety-catch synthesis of RNase A 110-112 phosphinothioester. 

Spectral data. IH NMR (300 MHz, CDCh) J7.77-7.73 (m, 2 H), 7.60-7.56 (m, 2 H), 

7.41-7.18 (m, 29 H), 5.16 (d, 1 H, J= 6.0 Hz), 4.46-4.31 (m,3 H), 4.19 (t, 1 H, J= 6.0 

Hz), 4.13-4.05 (m, 1 H), 3.83-3.76 (m, 2 H), 3.49-3.39 (m, 1 H), 2.77-2.61 (m, 2 H), 

2.49-2.26 (m, 2 H), 2.13-1.90 (m, 2 H), 1.41 (s,9 H) ppm; l3C NMR (63 MHz, CDCh) J 

195.45, 173.02, 170.88, 170.06, 155.78, 143.91, 143.44 (d, J= 12.5 Hz), 140.99, 136.46 

(d, J= 14.0 Hz), 132.44 (d, J= 17.6 Hz), 129.21, 128.89, 128.31 (d, J= 6.6 Hz), 127.94, 

127.52, 126.83 (d, J= 2.3 Hz), 124.84, 119.74,80.72,67.06,66.92,53.90,52.65,48.48, 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

128 

46.80,33.69 (d, J= 7.2 Hz), 31.41,27.80,26.51,25.33,24.95,24.73 ppm; 31p NMR (121 

MHz, CDCb) g -15.58 ppm; MS (ESI) mlz 1064.3486 (MNa+ [C61H60N307PS2Na] = 

1064.3508). 

Synthesis of FmocCys(Trt)Glu(OtBu)SCH2PPh2o Method A. FmocGlu(OtBu)OH 

was loaded onto 4-sulfamylbutyryl resin according to the method of Backes and Ellman 

(Kenner et aI., 1971; Backes & Ellman, 1994; Backes et aI., 1996; Backes & Ellman, 

1999; Ingenito et aI., 1999; Shin et aI., 1999). The protocol was repeated twice to give 

optimal loading. Fmoc-deprotection was performed using 30% (v/v) piperidine in DMF. 

Coupling was performed by premixing the protected amino acid (3 eq), PyBOP (3 eq), 

HOBt (3 eq), and DIPEA (6 eq) in DMF, and adding the mixture to the pre-swollen resin 

for 90 min. The resin containing the synthetic peptide was activated with iodoacetonitrile 

according to the method of Backes and Ellman. The final phosphinothioester was 

liberated by incubating the resin (1.0 g, 1.12 mmol peptide loading) with Ph2PCH2SH 

(2.1 g, 9.0 mmol) in DMF (15 mL) for 18 h. The resin was then filtered and washed (5 x 

10 mL DMF, 5 x 10 mL CH2Ch), and solvents were removed under reduced pressure. 

The residue was purified by chromatography (silica gel, 30% EtOAc in hexanes) to yield 

706 mg (0.72 mmol, 64% yield based on a 1. 12-mmol resin loading) of 

FmocCys(Trt)Glu( OtBu )SCH2PPh2• 
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Method B. The pentafluorophenolic ester of Fmoc-Cys(Trt)-OH (4.68 g, 6.2 mmol) and 

HOBt (0.84 g, 6.2 mmol) were dissolved in dry DMF (25 mL) in a flame-dried reaction 

flask under argon. To this mixture was added H-Glu(OtBu)-OH (1.26 g, 6.2 mmol). The 

reagents were stirred under argon for 12 h and the solvent was removed under reduced 

pressure. The residue was purified by chromatography (silica gel, 4% MeOH in CH2Ch). 

FmocCys(Trt)Glu(OtBu)OH was isolated in 98% yield. FmocCys(Trt)Glu(OtBu)OH 

(2.00 g, 2.6 mmol) was charged to a flame-dried reaction flask under argon and dissolved 

in dry CH2Ch (25 mL). To this solution was added HOBt (0.35 g, 2.6 mmol) followed by 

DCC (0.54 g, 2.6 mmol). Upon formation of DCU by-product Ph2PCH2SH (0.66 g, 2.9 

mmol) was added and the mixture was stirred for 4 h, DCU was filtered, and solvent was 

removed under reduced pressure. The residue was purified by chromatography (silica gel, 

35% EtOAc in hexanes). FmocCys(Trt)Glu(OtBu)SCH2PPh2 was isolated in 85% yield. 
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Spectral data. IH NMR (300 MHz, CDCh) 87.75-7.70 (m, 2H), 7.57-7.55 (m, 2H), 

7.42-7.14 (m, 29H), 6.68 (d, J = 6.6 Hz, 1H), 5.13 (d, J = 8.1 Hz, 1H), 4.56-4.50 (m, 

1H), 4.36-4.34 (m, 2H), 4.19-4.17 (m, 1H), 3.81-3.80 (m, 1H), 3.44-3.38 (m, 2H), 2.78-

2.68 (m, 1H), 2.61-2.57 (m, 1H), 2.27-2.23 (m, 2H), 2.11-1.95 (m, 1H), 1.83-1.70 (m, 

1H), 1.37 (s, 9H) ppm; l3C NMR (75 MHz, CDCh) 8198.14, 171.89, 170.19, 155.81, 

144.17,143.59,143.46,141.10,136.49 (d, J= 14.0 Hz), 132.69 (d, J= 4.2 Hz), 132.44 

(d, J = 4.1 Hz), 129.41, 128.98, 128.38 (d, J = 6.6 Hz), 127.93, 127.59, 126.94, 126.74, 

124.93, 119.80,80.74,67.21,67.00,58.50,53.83,46.89,31.00, 27.85, 27.23, 25.45 (d, J 

= 24.8 Hz) ppm; 31 p NMR (121 MHz, CDCh) 8-14.51 ppm; MS (ESI) mlz 1007.3340 

Synthesis of FmocCys(Trt)Glu(OtBu)GlyAsn(Trt)Bn by coupling 
FmocCys(Trt)Glu(OtBu)GlySCH2PPh2 and N3-Asn-Bn 

FmocCys(Trt)Glu(OtBu)GlySCH2PPh2 (0.25 g, 0.23 mmol) and N3-Asn-Bn (0.56 g, 
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0.23 mmol) were dissolved in THF:H20 (3:1, 3.8 mL) and stirred for 12 h. The solvent 

was removed under reduced pressure and the products were purified by chromatography 

(silica gel, 5% MeOH in CH2Clz). FmocCys(Trt)Glu(OtBu)GlyAsn(Trt)Bn was isolated 

in 25% yield. 

Scheme 4.6 Staudinger ligation o/RNase A 110-112 thioester to N3-Asn-Bn. 

Spectral data. IH NMR (300 MHz, CDCi}:CD30D (1:1» 87.80-7.76 (m, 2 H), 7.65-

7.61 (m,2 H), 7.46-7.26 (m, 24 H), 4.78 (t, 1 H, J = 5.4 Hz), 4.28-4.22 (m, 2 H), 3.99-

3.96 (m, J= 1 Hz), 3.84-3.54 (m, 2 H), 2.81-2.74 (m, 2 H), 2.68-2.58 (m, 2 H), 2.30 (t, J 

= 6.9 Hz), 2.16-2.08 (m, 1 H), 1.88-1.81 (m, 1 H), 1.41 (s,9 H), 1.28 (8, 2 H), 0.92-0.88 

(m, 1 H) ppm; l3C NMR (125 MHz, CDCh:CD30D (1:1» 8173.31, 172.51, 172.19, 

171.12,170.69,169.35,156.37,143.84,143.39,143.21, 140.92, 137.56, 129.07, 128.06, 

127.73, 127.41, 126.92, 126.74, 124.61, 119.59,80.71,66.85,53.81,52.80,49.92,46.65, 

42.93, 42.62, 36.14, 33.35, 31.27, 29.25, 27.45, 25.70 ppm; MS (ESI) mlz 1053.4166 

(MNa+ [Cs9H62N609SNa] = 1053.4197). 
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FmocCys(Trt)Glu(OtBu)SCH2PPh2 and N3-Gly-Bn were treated as described above. 

The residue was purified by chromatography (silica gel, 3% MeOH in CH2Ch) and 

FmocCys(Trt)Glu(OtBu)GlyBn was isolated in 80% yield. 

Scheme 4.7 Staudinger ligation a/RNase A 110-111 to N3-Gly-Bn. 

Spectral data. IH NMR (300 MHz, CDCh:CD30D (1:1)) 57.81-7.76 (m, 2 H), 7.63-

7.61 (m, 2 H), 7.43-7.19 (m, 24 H), 4.45-4.32 (m, 4 H), 4.29-4.18 (m, 2 H), 3.92 (t, 1 H, J 

= 6 Hz), 3.89-3.71 (m, 2 H), 2.66-2.54 (m, 2 H), 2.35-2.30 (m, 2 H), 2.20-2.06 (m, 1 H), 

1.98-1.85 (m, 1 H), 1.41 (s, 9 H) ppm; l3C NMR (300 MHz, CDCh:CD30D (1:1)) 5 

143.80, 143.33, 143.15, 140.87, 137.53, 128.99, 127.98, 127.62, 127.33, 127.10, 126.78, 

126.66, 126.64, 126.54, 124.51, 119.51,80.67,66.75,66.63, 53.67, 53.01,46.61,42.73, 

42.01, 33.21, 31.18, 33.21, 31.18, 27.33, 25.74 ppm; MS (ESI) mlz 939.3733 (MNa+ 

Solid Phase Staudinger Ligation. Asn(Trt)ProTyr(tBu)VaIProVaIHis(Trt)Phe-

Asp(OtBu)AlaSer(tBu)Val was synthesized on a polystyrene resin with PEG linkers by 

using standard methods. a-Azido glycine (Nilsson et aI., 2000; Nilsson et aI., 2001) was 

coupled using PyBOP/HOBt/DIPEA preactivation of the azido acid in DMF prior to its 
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addition to the resin. The coupling reaction was allowed to proceed for 2 h at room 

temperature. Four equivalents of FmocCys(Trt)Glu(OtBu)SCH2PPh2 were added to the 

resin-linked peptide in DMF/H20 (10:1). Approximately 1.5 mL of solvent were used per 

180 mg of resin (25-pmolloading). The mixture was agitated gently for 12 h, after which 

the solvent was removed by filtration and the resin was rinsed with DMF (5 x 10 mL) 

and CH2Ch (5 x 10 mL). The resin was dried under vacuum and then treated with a 

cleavage cocktail (95% TF A, 2.5% H20, 2.5% ethanedithiol) for 2 h. The cleavage 

cocktail was separated from the resin by filtration and added to ice-cold diethyl ether to 

precipitate the deprotected peptide product. The peptide product was purified by reverse-

phase HPLC and analyzed by MALDI mass spectrometry. Other ligations were 

performed under identical conditions. The results are listed in Table 4.2. 

Peptide 
MALDI-MS 

Phosphinothioester 
peptide Azido peptide product expected found 

Fmoc-110-112-R N3-113-124-R' NH2-113-124 1344.9 1344.7 

Ac-Gly-R N3-113-124-R' Ac-112-124 1443.7 1443.9 

Fmoc-110-111-R N3-112-124-R' NH2-110-124 1633.7 1633.4 

Fmoc-110-111-R N3-112-124-R' NH2-110-124 1637.7 1637.6 

(3X13C, 1 X15N) (3X13C, 1X15N) 

R = SCH2PPh2, R' = reSin, all peptide starting materials are side-chain protected 

Table 4.2 Selected mass spectrometry data for solid-phase peptide ligation products. 

Expressed protein ligation. Expressed protein ligation of RNase A(1-109) thioester, 

which also has an N-terminal methionine residue [Met(-I)], to RNase A(1l0-124) was 

performed as described previously (Hondal et aI., 2001; Arnold et aI., 2002; Hondal & 
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Raines, 2002). MALDI mlz 13,832; expected, 13,819. 



R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 o
f t

he
 c

op
yr

ig
ht

 o
w

ne
r.

  F
ur

th
er

 r
ep

ro
du

ct
io

n 
pr

oh
ib

ite
d 

w
ith

ou
t p

er
m

is
si

on
.

tr) 

M -
o \tBU H 0 

FmOCHN~~~N0S/'..PPh2 
: H 0 
'STrt 

N 
:I: 
:;E 
o o 
M 

0: 
:;E 
Z 
C M 
0-..... u 
°0 o:u 

30.14 

2.2 

9.00 

0.97 
3.01 2.14 1.97 1.80 2.02 2.12 2.47 

j 

I I I~~----'~~~·T~·-'··~~~T--~··~~·~-----'--------'---~-·T~--· 

8 6 4 2 0 PPM 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Carbon-13 NMR, 75 MHz 
CDCI3 . 
~ 

~ 

,. 

I 

I 
1 

i 

~ 

.... 
8 •• 

j 
1 

~- ~ 0'1 o 

; 

---
I· 

o )-

" 3 
0 
(') 

I 
z 

1"">= IJ) 0 
-l 

(") 

o ~oyN 
ZI 

>=0 
Vl 

> 
iJ 
iJ 
:::r 

N 

136 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

o 

Phosphorus-31 NMR, 121 MHz 
CDCI3 

'"Tl 

3 
o 
(') 

I 
Z 

/""~ 
(f) 0 
-I 

~ IZ~N§ 
o=<. g' 

ZI 

~O 
(f) 

) 
lJ 
lJ 
::r 

N 

VI 
l.n 
00 
"0 
"0 
3 

o 
w 

"'t) 

~O 
VI or 
:::I 
C­
Ol a. 

137 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

o 

Proton NMR, 300 MHz 
CDCI3 

\ 
\ ;-' 
'N 

N 

\;-' 
• <xl 

'" 

"T1 
3 o 
("') 

I 
:z 

/""~ 
(JJ 0 
-i 

~ I:Z~~ 

o={ ~ 
(JJ 

< 
1J 
1J 
::T 

N 

138 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

139 

Carbon-13 NMR, 75 MHz ." 
3 

CDCl3 
0 

:-i n 

---- I 
z 

~ 

I""S= (j) 0 
-i 

~yN§ 
o ~ 

(j) 

< 
~ 

\J 
\J 
::T 

i-
N 

1-
1 

• 
1 

-' 

:5 i-

J 

.. 
~ 

,-

~ 

~ 

~ 

::. 
-

,- J-I 
o 

Jt 
~ .. 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

o 

&0 
0 

Phosphorus-31 NMR, 121 MHz 
CDCI3 

I 
-' 
~ 
t.n .... 

"C 
"'0 
3 

'T1 
3 o 
(") 

:::c 
z 

/,,,.~ 
IJl 0 
-l 

~ IZ~N§ 

o=< g' 
IJl 

< -a 
-a 
::s 

N 

140 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

o 

"0 
"0 
s:: 

Proton NMR,300 MHz 
CDCI3:CD30D (1:1) 

\ ;; 
o 

~!\ 
i ~ 

\ 6 .c» 

\:--" 
o o 

'" w 
'" 

o 

'T1 
:3 
o 
("') 

I 
Z 

1"">= (f) 0 
-l ;::::'YIO 

NO 

o g? 
ZI 

>=0 
IZ 

0~S2 
ZIO 

~~ 

141 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Carbon-13 NMR, 75 MHz 
CDCl3:CD30D (1:1) 

"Tl 
3 o 
(') 

I 
Z 

1"">= (j) 0 
-; 

;:::.~ I(") f',p 
o g:, 

ZI 

>=0 
IZ 

0=<'9 
ZIO 

~~ 

142 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

..... 
o 

o 

Proton NMR, 300 MHz 
CDCI3 

" :3 o 
("l 

I 
Z 

1''''>= (j) 0 
~ 

~IZ~~ 

o=< ~ 
ZI 

>=0 
IZ 

d 

143 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

.... 
til o 

o 

Carbon-13 NMR, 75 MHz 
CDCI3 

~ 
~ 

~ 

-

11r-

. ...., ... 

-

J--

., 

1 
~ 

'~ 
-

.... 

-= 

1 

-

144 

" 3 
0 
(") 

I 
Z 

/1111>= 
V> 0 
-l ;:\oYN (") o 

gJ 
ZI 

>=0 
IZ 

d 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

145 

Chapter 5 

PREPARATION OF A CARBOXYL-FUNTIONALIZED STAUDINGER LIGATION 
REAGENT 

Total chemical synthesis is beginning to provide ready access to natural proteins as 

well as enable the creation of nonnatural ones. Many proteins have already been 

assembled from synthetic peptides. "Native chemicalligation"-the coupling of a peptide 

(or protein) containing a C-terminal thioester with another peptide containing an N-

terminal cysteine residue-has been especially powerful (Dawson & Kent, 2000; Kent, 

2003). "Expressed protein ligation" is a method by which C-terminal thioesters for native 

chemical ligation can be accessed using recombinant DNA techniques (Muir, 2003). The 

thioester fragment is expressed in a heterologous host as part of a fusion protein 

consisting of the target fragment, a modified intein splicing element, and a chitin binding 

domain. The target fragment can then be cleaved as a thioester from a chitin stationary 

phase by elution with a thiol buffer. This innovative method for protein thioester 

generation has greatly expanded the utility of native chemical ligation for protein 

semisynthesis. 

Emerging strategies for protein assembly avoid the need for a cysteine residue at the 

ligation junction. The Staudinger ligation is one such strategy (Scheme 5.1). In one form 

of the Staudinger ligation, a peptide with a C-terminal phosphinothioester is coupled with 

a second peptide having an N-terminal azido acid through the intermediacy of an 
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iminophosphosphorane. The iminophosphorane can rearrange to gIve an 

amidophosphonium salt as an acyl transfer product that is hydrolyzed in the presence of 

water. The final ligation product contains a native amide bond without any residual atoms 

(Nilsson et aI., 2000; Nilsson et aI., 2001; Nilsson et aI., 2003). This technique occurs 

without racemization (Soellner et aI., 2002). The Staudinger ligation has been used in the 

orthogonal assembly of a protein (RNase A) (Nilsson et aI., 2003) and for the site-

specific immobilization of pep tides to a surface (Soellner et aI., 2003). Different reagents 

and methods have also been explored in applying the Staudinger ligation to peptide 

synthesis and in vivo labeling experiments (Saxon et aI., 2000; Saxon & Bertozzi, 2000a; 

Saxon et aI., 2002; Vocadlo et aI., 2003) 

o 
peptide)l.s"'-""PPh2 

+ 

o 
'd )l.N,peptide peptl e 

H 

o 
-N2{g) )(~ 
- peptide" -S"'-"" ~Ph2 

-

'--="N ..... peptide 

iminophosphorane 

! 
o 

'd)l. , peptide 
peptl e N .... 

+1-' 
(PPh2 

s-~ 
H20 

amidophosphonium salt 

Scheme 5.1 Staudinger ligation. 

We have envisioned that a phosphinothiol reagent incorporating carboxyl-

functionality in at least one of the side chains would expand the utility of the Staudinger 

ligation. Such a funtionalization of a phosphinothiol should impart water solubility and 
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allow the use of the resulting phosphinothiol for the generation of protein fragment 

phosphinothioesters in expressed protein ligation systems. In addition, a carboxyl group 

could be used as a handle for immobilization of phosphinothiols to solid support for the 

solid-phase synthesis of peptide thioesters. Such a phosphinothiol-functionalized solid 

support could represent a new form a "safety-catch" resin in which cleavage from the 

resin occurs upon addition of azide via a Staudinger ligation. 

We have considered several different carboxyl-functionalized phosphinothiols as 

targets (Figure 5.1). Compound 5.1 represents a monocarboxyl reagent that could be used 

ideally for immobilization to a solid support without orthogonal protection of a separate 

carboxyl group. This compound is the only member of the series possessing chirality at 

phosphorus. When coupled with a chiral amino acid, it should be possible to separate the 

resulting diastereomers and it may be interesting to evaluate how chirality at phosphorus 

affects the outcome of the Staudinger ligation, particularly at difficult couplings. 

Compounds 5.2-4 are symmetrical reagents that vary in substitution about the phosphorus 

with groups that affect the electron density of the phosphorus atom. 

(SH 

V
P

\ C02H 
5.1 5.2 para-substitution 

5.3 meta-substitution 

Figure 5.1 Target carboxyl-functionalized phosphinothiol reagents. 

Compound 5.1 was chosen as the first target for synthesis (Scheme 5.2). The borane 

protected bisphosphines 5.8 and 5.9 were synthesized by the addition of phenyl 
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phosphine to methyl acrylate and tert-butyl acrylate repectively (Rampal et aI., 1981). 

The resultant bisphosphines were not isolated due to their reactive nature, but were 

diluted in THF and treated with borane to give the desired stable borane-bisphosphine 

adducts. Compounds 5.8 and 5.9 were isolated in 32% and 40% yields following 

purification by silica gel chromatography. Our original form of this phosphinothiol 

(Nilsson et aI., 2001) was synthesized by addition of diphenylphosphine-borane to the 

alkylating agent BrCH2SAc to directly give a protected form of the desired reagent. 

Treatment of phosphines 5.8 or 5.9 with the aforementioned alkylating agent failed to 

give desired product (compound 5.13 or the methyl ester form). Instead, a more indirect 

route to the protected intermediate was taken. 

PhPH2 + 

5.5 

o 
~OR 
5.6 R = Me 
5.7 R = lBu 

~~H3 
Ph-P, i SAc 

tBuO a 
5.13 

AcSH ... 

KOH (10 N) ... 

~~H3 
Ph-P, i OMs 

tBuO a 
5.12 

-BH 
+ I 3 

BH3eTHF Ph-P-H 

THF" { 

MsCI .. 
DIPEA, CH2CI2 

OOCto 25°C 
88% 

RO 0 

5.8 R = Me (32% yield) 
5.9 R = lBu (40% yield) 

! 0 

HJlH 
KOHITHF 

5.10 R = Me (no product) 
5.11 R = lBu (84% yield) 

Scheme 5.2 Synthesis of a protected/orm 0/phosphinothioI5.13. 

The protected intermediate 5.13 was synthesized through the intermediacy of an 

alcohol, which was converted to a leaving group and displaced with thioacetic acid (He et 
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al.). Compounds 5.8 and 5.9 were added to a solution of aqueous formaldehyde, 

potassium hydroxide, and THF. Phosphine 5.9 successfully added to formaldehyde to 

give the phosphine alcohol 5.11 in 84% yield. The methyl ester of phosphine 5.8 did not 

survive the basic conditions of this reaction, and no product 5.10 was obtained. The 

alcohol of compound 5.11 was converted to the mesylate in 88% using standard 

conditions. Addition of the cesium salt of thioacetic acid to mesylate 5.12 gave the 

desired protected phosphine 5.13 in 93% yield. This protected form of the desired 

phosphine is stable to storage for several weeks without decomposition. 

We next examined conditions for the deprotection of phosphine 5.13 (Scheme 5.3). 

Ideally, we hoped to be able to find conditions to orthogonally remove the protecting 

groups individually. Treatment of phosphine 5.13 with 4 N HCI in dioxane at 50°C for 2 

h gave a mixture of compounds 5.15 and 5.16. The two compounds could not be 

separated chromatographically. Treatment of this mixture of compounds with mCPBA 

oxidized the unprotected phosphine 5.16 and allowed for clean chromatographic 

separation from compound 5.15. Using these conditions, compound 5.15 was obtained in 

67% yield. Treatment of 5.13 with TF A in methylene chloride using triisopropylsilane as 

a cation scavenger resulted in the clean deprotection of both the tert-butyl ester and the 

borane complex of the phosphine to give compound 5.16 in 76% yield. The acetate could 

be removed quantitatively using sodium methoxide in methanol to give compound 5.14. 

Treatment of 5.14 with TFA and triisopropylsilane in methylene chloride again removed 

the tert-butyl ester and the borane to give the completely deprotected carboxyl­

functionalized phosphinothioI5.t7. The yield of the final deprotection step was 82%. 
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-BH 
+ I 3 

-BH 
+ I 3 

-BH 
+ I 3 

Ph-P\ 
4NHCI 

Ph-P\ 
NaOMe 2~H ;: SAc ... i SAc -dioxane MeOH 

HO 0 40°C /BuO 0 100% tBuO 0 
5.15 67% 5.13 5.14 

! TFA. TIS I TFA. TIS CH2CI2 CH2CI2 
76% 82% 

Ph-P\ 2'sH ;: SAc 

HO 0 HO 0 
5.16 5.17 

Scheme 5.3 Deprotection ofphosphinothioI5.13. 

We next determined the water solubility of the completely deprotected phosphinothiol 

5.17. Compound 5.17 was added to 100 mM potassium phosphate buffer, pH 7.6. These 

are the buffer conditions for the liberation of C-terminal thioesters from fusion proteins 

on a chitin stationary phase during a standard expressed protein ligation protocol (Muir et 

aI., 1998). A saturated solution of 5.17 was made in buffer as evidenced by the formation 

of a small amount of white precipitate. This precipitate was removed by centrifugation 

and the concentration of 5.17 in solution was determined by assaytng 

spectrophotometrically with Ellman's reagent (5,5'-dithiobis(2-nitrobenzoic acid) or 

DTNB), which reacts with both the phophine and thiol groups. The concentration of 

phosphinothiol 5.17 was determined to be 40 mM in these buffer conditions. During 

expressed protein ligation, thiol concentrations of 30-50 mM are usually used. Thus, 

compound 5.17 should be applicable to the creation of C-terminal phosphinothioesters 

using expressed protein ligation protocols. 

A second application that we intend to explore for compound 5.17 is its use in solid-
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phase peptide synthesis (Scheme 5.4). The carboxyl group should be an efficient handle 

for immobilization to resins or other solid supports. It should be possible to use existing 

conditions to synthesize phosphinothioesters on the solid phase with resin bearing this 

compound (Bu et aI., 2002a; Bu et at., 2002b). In addition, it should be possible to cleave 

peptides synthesized on these types of resins by the addition of organic azides. These 

types of resins would effectively be "safety-catch" resins (Kenner et aI., 1971). 

o 
HS .---!Lx~ 

'--p--.I 
I X= NH orO 
Ph 

1 
Fmoc solid phase 
peptide synthesis 

1. Deprotection cycles 
using DBU/HOBtlDMF 

2. Coupling cycles using 
HATU activation 

if 0 0 
peptide ~S .---!Lx~ 

'--p--.I 
I 
Ph 

6. = side chain protection 

Staudinger ligation I 
safety-catch cleavage, N3-R 

TFA --..1 

standard peptide 
Cleavage and 
deprotection 

o 0 
peptide ~S .---!Lx 

'--p--.I 
I 

Ph 

X = Nl-I:!orOH 

if 0H 
---I~'" 1 peptide !--1LN-R 

Scheme 5.4 Solid-phase peptide synthesis applications for carboxyl-fonctionalized 
phosphinothiol. 

We have also explored the synthesis of compounds 5.2-4. A number of different 

strategies have been employed, but none have been successful to date. Efforts continue 

toward the synthesis of these additional bis-carboxyl-functionalized phosphinothiols. 
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Chemicals and solvents were purchased from Aldrich® with the exception of dry THF, 

CH2Ch, and DMF which were purchased from VWR®. Reactions were monitored by thin 

layer chromatography using Whatman® TLC plates (AL SIL G/UV) and visualized by 

UV or h NMR spectra were obtained using Bruker AC-300 or Varian UNITY-500 

spectrometers. Phosphorus-31 NMR spectra were proton-coupled and referenced against 

an external standard of deuterated phosphoric acid unless otherwise stated. Mass spectra 

were obtained using electro spray ionization (ESI) techniques. 

3-Phenylphosphanyl-propionic acid methyl ester-borane complex (5.8). 

Phenylphosphine (5.5, 10 g, 0.09 mol) was charged to a flame-dried round bottom flask 

under an argon atmosphere and dissolved in acetonitrile (10 mL) that had been degassed 

under vacuum and then bubbled with argon. KOH (ION, 1 mL) was added, and the 

resulting solution was cooled to 0 °C in an ice bath. Methyl acrylate (5.6, 0.09 mol, 8.1 

mL) was then added at a rate that kept the internal reaction temperature below 35°C. 

Upon complete addition of the methyl acrylate, the solution was stirred at 0 °C for 30 min 

and then heated at 50°C for 8 h. After 8 h, the solution was diluted with dry THF (150 

mL), and the resulting solution was cooled to 0 0C. Borane-THF (1.0 M in THF, 91 

mmol, 91 mL) was added dropwise over 10 min. The reaction was allowed to warm to 

room temperature and then stirred for 10 h. The solvent was then removed under reduced 

pressure, and the residue was purified by chromatography (silica gel, 35% vlv ethyl 

acetate in hexanes) to give compound 5.8 as a colorless oil in 32% yield (6.00 g, 28.6 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

153 

nunol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.74-7.67 (m, 2 H), 7.55-7.44 (m, 3 H), 5.6 

(dm, JHP = 376.9 Hz, 1 H), 3.66 (s, 3 H), 2.72-2.45 (m, 2 H), 2.40-2.10 (m, 2 H), 1.25-

0.33 (m, 3 H) ppm; l3C NMR (75 MHz, CDCh) 8173.84 (d, J = 12.4 Hz), 132.57 (d,J= 

8.4 Hz), 131.68 (d, J= 2.2 Hz), 128.86 (d, J= 10.8 Hz), 124.44 (d, J = 56.2 Hz), 51.78, 

28.09, 18.58 (d, J= 36.6 Hz) ppm; 31p NMR (121 MHz, CDCh) 8-4.08 (d, J= 383.7 Hz) 

ppm; MS (ESI) mlz 233.0885 (MNa+ [CIOHI6B02PNa] = 233.0879). 

3-Pbenylpbospbanyl-propionic acid tert-butyl ester-borane complex (5.9). 

Phenylphosphine (5.5, 109, 0.09 mol) was charged to a flame-dried round bottom flask 

under an argon atmosphere and dissolved in acetonitrile (10 mL) that had been degassed 

under vacuum and then bubbled with argon. KOH (10 N, 1 mL) was then added, and the 

resulting solution was cooled to 0 °C in an ice bath. tert-Butylacrylate (5.7, 0.09 mol, 

13.3 mL) was added at a rate that kept the reaction temperature below 35°C. Upon 

complete addition of the tert-butylacrylate, the solution was stirred at 0 °C for 30 min and 

then heated at 50°C for 8 h. The solution was then diluted with dry THF (150 mL), and 

the resulting solution was cooled to 0 dc. Borane-THF (1.0 M in THF, 91 nunol, 91 mL) 

was added drop wise over 10 min. The reaction was allowed to warm to room 

temperature, and was then stirred for 10 h. The organic solvent was removed under 

reduced pressure, and the residue was purified by chromatography (silica gel, linear 

gradient of 0-20% v/v ethyl acetate in hexanes) to give compound 5.9 as a colorless oil in 

40% yield (9.09 g, 36 mmol). 
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Spectral data. IH NMR (300 MHz, CDCh) 87.74-7.67 (m, 2 H), 7.54-7.44 (m, 3 H), 

5.59 (dm, JHP = 375.3 Hz), 2.64-2.40 (m, 2 H), 2.38-2.04 (m, 2 H), 1.44 (s, 9 H), 1.21-

0.35 (m, 3 H) ppm; 13C NMR (75 MHz, CDCh) 8170.70 (d, J = 11.4 Hz), 132.61 (d, J= 

9 Hz), 131.63 (d, J = 2.8 Hz), 128.86 (d, J = 9.6 Hz), 124.72 (d, J = 55.6 Hz), 81.00, 

29.41,27.76, 18.67 (d, J = 37.9 Hz) ppm; 3lp NMR (121 MHz, CDC h) 8 -5.47 (d, J = 

365.3 Hz) ppm; MS (ESI) mlz 275.1354 (MNa+ [C13H22B02PNa] = 275.1348). 

3-(Hydroxymetbyl-pbenyl-pbospbanyl)-propionic acid tert-butyl ester-borane 

complex (5.11). Bisphosphine borane 5.9 (7.28 g, 29 mmol) was charged to a flame-dried 

round bottom flask equipped with a stir bar under an argon environment, and dissolved in 

THF (23 mL). Formaldahyde (37% in water, 16.4 mL, 202 mmol) was then added 

followed by potassium hydroxide (1.62 g, 29 mmol). The reaction mixture was stirred at 

room temperature under argon for 4 h. The organic solvent was then concentrated under 

reduced pressure. The residual water was diluted with H20 (75 mL) and washed 3 times 

with 80 mL of ethyl acetate. The combined organic layers were washed with 2 N HCI (2 

x 25 mL) and once with brine (25 mL). The organic layer was dried over anhydrous 

magnesium sulfate, which was then removed by filtration. The ethyl acetate was removed 

under reduced pressure, and the residue was purified by flash chromatography (silica gel, 

20% v/v ethyl acetate in hexanes). Compound 5.11 (6.85 g, 24.3 mmol) was isolated as a 

colorless oil in 84% yield (6.85g, 24.3 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.85-7.79 (m, 2 H), 7.56-7.44 (m, 3 H), 

4.10 (s, 2 H), 3.41 (bs, 1 H), 2.76-2.61 (m, 1 H), 2.54-2.35 (m, 2 H), 2.17-2.02 (m, 1 H), 
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1.45 (s, 9 H), 0.99-0.13 (bm, 3 H) ppm; 13C NMR (75 MHz, CDCb) 8172.45 (d, J= 11.4 

Hz), 132.21 (d, J= 8.3 Hz), 131.67 (d, J= 2.6 Hz), 126.49 (d, J= 54 Hz), 81.58, 59.52 

(d, J= 39.5 Hz), 28.57, 27.81, 16.48 (d, J= 37.3 Hz) ppm; 31p NMR (121 MHz, CDC b) 

816.25 ppm; MS (ESI) mlz 305.1451 (MNa+ [C14H24B03PNa] = 305.1454). 

3-(Metbanesulfonyloxymetbyl-pbenyl-pbospbanyl)-propionic acid tert-butyl 

ester-borane complex (5.12). Compound 5.11 (6.85 g, 24.3 mmol) was charged to a 

flame dried round bottom flask under argon and is dissolved in dry methylene chloride 

(65 mL). This solution was cooled to 0 0c, Diisopropylethyl amine (6.34 mL, 36.4 mmol) 

was then added, followed slowly by methane sulfonyl chloride (2.64 mL, 34.0 mmol). 

The reaction was allowed to warm slowly to room temperature after which it was stirred 

for 12 hours at ambient temperature. The reaction mixture was then washed twice with 

water (2 X 10 mL), 2 N HCI (2 x 10 mL), and again water (10 mL). The organic layer 

was dried over anhydrous magnesium sulfate, filtered, and concentrated en vacuo. The 

crude residue was purified by flash chromatography (silica gel, 35% v/v ethyl acetate in 

hexanes) to give the desired compound 5.12 (7.72 g, 21.4 mmol) as a yellow oil in 88% 

yield (7.72 g, 21.4 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.85-7.79 (m, 2 H), 7.64-7.51 (m, 3 H), 

4.71-4.55 (m, 2 H), 3.01 (s, 3 H), 2.66-2.55 (m, 1 H), 2.46-2.31 (m, 3 H), 1.44 (s, 9 H), 

1.04-0.25 (m, 3 H) ppm; 13C NMR (75 MHz, CDCb) 8170.86 (d, J = 15.9 Hz), 132.61, 

132.54 (d, J= 8.5 Hz), 129.09 (d, J= 9.8 Hz), 123.97 (d, J= 53.5 Hz), 81.36,64.52 (d, J 

= 36.2 Hz), 37.19, 28.27, 27.90, 16.7 (d, J= 38.7 Hz) ppm; 31p NMR (121 MHz, CDCb) 
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£516.63 ppm; MS (ESI) mlz 383.1244 (MNa+ [ClsH26BOsPSNa] = 383.1229). 

3-(Acetylsulfanylmethyl-phenyl-phosphanyl)-propionic acid tert-butyl ester -

borane complex (5.13). Compound 5.12 (7.72 g, 21.4 mmol) was charged to a flame 

dried round bottom flask equipped with a stir bar under an argon environment and 

dissolved in dry DMF (50 mL). This solution was cooled to 0 0c. Thiolacetic acid (1.74 

mL, 24.4 mmol) was then added. Cesium carbonate (6.98 g, 21.4 mmol) was added, and 

the reaction mixture, a slurry, was stirred at 0 °C for 15 min and then allowed to warm 

slowly to room temperature. The reaction mixture was stirred for 12 h at room 

temperature and then filtered to remove the solid, and the organic layer was concentrated 

under reduced pressure. The crude residue was purified by flash chromatography (silica 

gel, 20% v/v ethyl acetate in hexanes). Compound 5.13 was isolated as a pale yellow oil 

in 93% yield (6.76 g, 19.9 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) £57.81-7.75 (m,2 H), 7.59-7.47 (m, 3 H), 

3.41 (d, J= 6.1 Hz, 2 H), 2.61-2.46 (m, 1 H), 2.33 (s, 3 H), 2.36-2.22 (m, 3 H), 1.43 (s, 9 

H), 1.14-0.30 (m, 3 H)192.86, 170.94 (d, J = 17.3 Hz), 132.06 (d, J= 11.1 Hz), 128.72 

(d, J = 10.1 Hz), 125.88 (d, J = 52.5 Hz), 80.98, 29.91, 28.46 (d, J = 2.2 Hz), 27.81, 

23.65 (d, J = 32.2 Hz), 18.89 (d, J = 36.7 Hz) ppm; 13C NMR (75 MHz, CDC h) 

£5 192.84, 170.94 (d, J= 16.6 Hz), 132.08 (d, J= 8.7 Hz), 132.01, 128.73 (d, J= 9.9 Hz), 

125.87 (d, J = 53.4 Hz), 80.97, 29.92, 28.46 (d, J = 2.3 Hz), 27.81, 23.66 (d, J = 32.3 

Hz), 18.87 (d, J = 37.4 Hz) ppm; 31p NMR (121 MHz, CDCh) £5 18.11 ppm; MS (ESI) 

mlz 363.1344 (MNa+ [C16H26B03PSNa] = 363.1331). 
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3-(Mercaptometbyl-pbenyl-pbospbanyl)-propionic acid tert-butyl ester - borane 

complex (5.14). Compound 5.13 (500 mg, 1.47 mmol) was dissolved in methanol (13 

mL) that had been deoxygenated (first by vacuum, then by bubbling with argon) under an 

argon atmosphere. Sodium methoxide (80 mg, 1.47 mmol) was added, and the reaction 

mixture was stirred under argon at room temperature and the reaction progress was 

monitored by TLC. After 30 min, approximately half of the starting material was 

consumed. Another equivalent of sodium methoxide was then added (80 mg, 1.47 mmol), 

and the reaction was complete after and 30 min. The reaction mixture was quenched by 

the addition of potassium phosphate buffer (0.25 M, pH 6.2, 10 mL). The reaction 

solution was then extracted with ethyl acetate (3 x 10 mL). The combined organic layers 

were dried over anhydrous magnesium sulfate, filtered, and concentrated under reduced 

pressure. The desired free thiol compound 5.14 was isolated in quantitative yield and 

good purity without any additional purification. 

Spectral data. lH NMR (300 MHz, CDCh) 87.81-7.74 (m, 2 H), 7.57-7.47 (m, 3 H), 

2.92-2.87 (m, 2 H), 2.64-2.52 (m, 1 H), 2.41-2.24 (m, 3 H), 1.82-1.74 (m, 1 H), 1.43 (s, 9 

H), 1.14-0.27 (m, 3 H) ppm; l3C NMR (75 MHz, CDC h) 8171.07 (d, J = 15.4 Hz), 

132.09 (d, J = 8.8 Hz), 131.90 (d, J = 4.2 Hz), 128.82 (d, J = 10.2 Hz), 125.95 (d, J = 

53.2 Hz), 81.00, 28.57, 19.55 (d, J = 31.1 Hz), 18.34 (d, J = 38.1 Hz) ppm; 31p NMR 

(121 MHz, CDCh) 820.83 ppm; MS (BSI) mlz 321.1240 (MNa+ [CI4H24B02PSNa] = 

321.1225). 
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3-(Acetylsulfanylmethyl-phenyl-phosphanyl)-propionic acid - borane complex 

(5.15). Compound 5.13 (500 mg, 1.47 mmol) was charged to a flame-dried round bottom 

flask in an argon atmosphere. A solution of 4 N HCI in dioxane (3 mL) was added, and 

the reaction mixture was stirred at room temperature for 3 h. After 3 h, TLC analysis 

indicated a significant amount of starting material remained. Additional 4 N HCI in 

dioxane (6 mL) was added, and the resulting solution was heated at 60°C for an 

additional 1 h. At this point all the starting material was consumed by TLC. The solvent 

was removed under reduced pressure, and the residue was purified by flash 

chromatography (silica gel, 5% v/v methanol in methylene chloride). NMR analysis of 

the isolated material indicated a mixture of the desired compound 5.15 and the borane 

deprotected compound 5.16. No solvent conditions were found that could efficiently 

separate the compounds by chromatography. The mixture was dissolved in methylene 

chloride (5 mL) and mCPBA (77%, 67 mg, 0.3 mmol) to oxidize the free phosphine, 

resulting in a mixture that could be purified by chromatography (silica gel, 5% v/v 

methanol in methylene chloride). Compound 5.15 was isolated as a colorless oil in 67% 

yield (280 mg, 0.98 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) 010.94 (bs, 1 H), 7.79-7.23 (m, 2 H), 7.56-

7.46 (m, 3 H), 3.39 (d, J= 6 Hz, 2 H), 2.74-2.61 (m, 1 H), 2.49-2.37 (m, 1 H),2.35-2.23 

(m, 2 H), 2.32 (s, 3 H), 1.06-0.27 (m, 3 H) ppm; l3C NMR (75 MHz, CDCh) 0193.27, 

177.90 (d, J= 16.5 Hz), 132.19, 132.13 (d, J= 9.9 Hz), 128.92 (d, J= 9.9 Hz), 125.67 (d, 

J= 53.8 Hz), 30.03,27.49,23.74 (d, J= 33.3 Hz), 18.75 (d, J= 38.8 Hz) ppm; 31p NMR 

(121 MHz, CDCh) 018.22 ppm; MS (ESI) mlz 283.0733 (M - H- [C12H17B03PS-] = 

283.0729). 
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3-(Acetylsulfanylmethyl-phenyl-phosphanyl)-propionic acid (5.16). Compound 

5.13 (500 mg, 1.47 mmol) was charged to a flame-dried round bottom flask under argon 

and dissolved in dry methylene chloride (3 mL). Triisopropyl silane (0.753 mL, 3.67 

mmol) was added, followed by trifluoroacetic acid (1.47 mL, 19.1 mmol). This reaction 

mixture was stirred at room temperature for 1 h. The solvent was then removed under 

reduced pressure. The residue was dissolved in ethyl acetate and purified by flash 

chromatography (silica gel, 40% v/v ethyl acetate in hexanes). Compound 5.16 was 

isolated as a colorless oil in 76% yield (300 mg, 1.11 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) b"10.79 (bs, 1 H), 7.54-7.48 (m, 2 H), 7.39-

7.36 (m, 3 H), 3.24 (d, J= 4.2 Hz), 2.53-2.39 (m, 2 H), 2.30 (s, 3 H), 2.14-2.09 (m, 2 H) 

ppm; BC NMR (75 MHz, CDCh) b"194.95, 178.57 (d, J = 13.3 Hz), 132.12 (d, J = 10 

Hz), 129.61, 128.53 (d, J= 7.4 Hz), 30.17 (d, J= 18.9 Hz), 30.14,25.39 (d, J= 26.1 Hz), 

21.13 (d, J = 11.9 Hz) ppm; 31 p NMR (121 MHz, CDCh) b" -23.46 ppm; MS (ESI) mlz 

269.0399 (M - H- [C12H1403PS-] = 269.0401). 

3-(Mercaptomethyl-phenyl-phosphanyl)-propionic acid (5.17). Compound 5.14 

(886 mg, 2.97 mmol) was charged to a flame-dried round bottom flask under argon and 

dissolved in dry methylene chloride (6 mL). Triisopropyl silane (1.21 mL, 5.94 mmol) 

was added, followed by the addition of trifluoracetic acid (2.98 mL, 38.6 mmol). The 

reaction was stirred at room temperature for 30 min after which solvent was removed 

under reduced pressure. The residue was purified by flash chromatography. Two columns 

were necessary to get pure product (silica gel, once in 35% v/v ethyl acetate in hexanes, 
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once in 5% v/v methanol in methylene chloride). Compound 5.17 was isolated as a clear 

oil in 82% yield (556 mg, 2.4 mmol). 

Spectral data. IH NMR (300 MHz, CDC h) £5 11.42 (bs, 1 H), 7.53-7.46 (m, 2 H), 7.39-

7.36 (m, 3 H), 2.75 (s, 2 H), 2.51-2.36 (m,2 H), 2.22-2.07 (m, 2 H), 1.30 (s, 1 H) ppm; 

BC NMR (75 MHz, CDCh) £5179.27 (d, J= 12.9 Hz), 135.23 (d, J = 14.6 Hz), 132.16 (d, 

J= 19.5 Hz), 129.46, 128.52 (d, J= 6.1 Hz), 30.15 (d, J= 19.7 Hz), 20.82, 20.73 (d, J= 

39.4 Hz) ppm; 31p NMR (121 MHz, CDCh) £5-16.91 ppm; MS (ESI) mlz 227.0305 (M­

H- [CIOH1202PS-] = 227.0296). 

Determination of the water solubility of compound 5.17. A saturated solution of 

5.17 in water (100 mM potassium phosphate buffer, pH 7.6) was prepared. Saturation 

was determined by the appearance of white precipitate, which was pelleted by 

centrifugation. The aqueous layer was then decanted and assumed to be saturated. The 

concentration of compound 5.17 in this solution was determined by using a DTNB (5,5'­

dithiobis(2-nitrobenzoic acid) assay (Woycechowsky et aI., 2003; Woycechowsky & 

Raines, 2003). DTNB is a disulfide that can be reduced by thiols and phosphines in 

aqueous solution. The formation of thionitrobenzoic acid (thiolate) can be monitored by 

UV spectroscopy at a wavelength of 412 nm (€ = 14150 M-1cm-1 at pH 7.6 (Han & Han, 

1994). One equivalent of thiolate is formed for every equivalent of thiol in solution and 

two equivalents of thiolate are formed for every equivalent of phosphine in solution (Han 

& Han, 1994). The assay was performed by mixing 589 J.lL of 100 mM potassium 

phosphate, pH 7.6 with 10 J.lL ofDTNB (5 mg/mL in the same buffer) in a cuvette. This 

solution was used to blank the spectrometer at 412 nm. Then, 1 J.lL of a 1: 10 dilution of 
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the buffer solution of 5.17 was added to the cuvette, and the resulting solution was mixed 

by inversion. The absorbance at 412 nm (A412) was observed until reaction was complete 

(approximately 5 minutes). The concentration of 5.17 was determined by the following 

equation [5.17] (mM) = [(A412/14150 M-1cm-1) x 600 x 1000 x 10]/3. The average of 

three determinations gave a concentration of 39 mM. 
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Chapter 6 

IMPROVED PHOSPHINES FOR STAUDINGER LlGA nON AT NON-GLYCINE 
RESIDUES PREDICTED USING MOLECULAR MODELING 

The advent of methodology for the chemose1ective ligation of peptide fragments has 

made proteins accessible targets for total chemical synthesis. Many proteins have already 

been assembled from synthetic peptides using prior capture strategies. ''Native chemical 

ligation"-the coupling of a peptide (or protein) containing a C-terminal thioester with 

another peptide containing an N-terminal cysteine residue-has become the most widely 

applied capture strategy for the total chemical synthesis of proteins (Dawson & Kent, 

2000; Kent, 2003). "Expressed protein ligation" is an application of native chemical 

ligation in which C-terminal thioesters for native chemical ligation are accessed using 

recombinant DNA techniques (Muir, 2003). These powerful methods are limited by the 

requirement for a cysteine residue at the ligation junction. 

Emerging strategies for protein assembly avoid the need for a cysteine residue at the 

ligation junction. The Staudinger ligation is one such strategy (Scheme 6.1). In one form 

of the Staudinger ligation, a peptide with a C-terminal phosphinothioester is coupled with 

a second peptide having an N-terminal azido acid through the intermediacy of an 

iminophosphosphorane. The iminophosphorane can rearrange to gIve an 

amidophosphonium salt as an acyl transfer product that is hydrolyzed in the presence of 
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water. The final ligation product contains a native amide bond without any residual atoms 

(Nilsson et aI., 2000; Nilsson et aI., 2001; Nilsson et aI., 2003). The overall reaction 

occurs without racemization (Soellner et aI., 2002). The Staudinger ligation has been 

used in the orthogonal assembly of a protein (RNase A) (Nilsson et aI., 2003) and for the 

site-specific immobilization of peptides and small molecules to a surface (Kohn et aI., 

2003; Soellner et aI., 2003). Different reagents and methods have also been explored in 

applying the Staudinger ligation to other problems, including in vivo labeling experiments 

(Saxon et aI., 2000; Saxon & Bertozzi, 2000a; Saxon et aI., 2002; Vocadlo et aI., 2003) 

o 

pePtid~Y' X 'PPh2 

o 
. )l. .. peptide 

peptide N 
H 

peptide 

N{ .. peptide O-N;p, Ph
2 -'---I.~ Jl. 

peptide y,X 

iminophosphorane 

o 
)l. /" peptide 

peptide ~ 

+~Ph2 

-Y'X 

amidophosphonium salt 

Scheme 6.1 Staudinger ligation. 

Three separate reagents have been studied specifically for applications to peptide 

synthesis (Figure 6.1). Compound 6.1 was able to provide dipeptides from 

phosphinothioesters and azido acids, albeit in moderate to poor yields of :::;35% (Nilsson 

et aI., 2000). Compound 6.2 represents a second generation reagent that successfully 

affects the Staudinger ligation in high yield for model couplings (>90%) (Nilsson et aI., 

2001). These successful couplings are performed in mixed THF/water or DMF/water 
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solvents with a stoichiometric ratio of reagents. We have found, however, that for 

couplings at Xaa-Yaa sites, either Xaa or Yaa must be glycine for efficient ligation to 

occur. Reagent 6.2 ligates inefficiently when both Xaa and Yaa are non-glycine residues. 

In a recent paper, the Liskamp group has reported that amino acid phophinooxyesters of 

reagent 6.3, previously reported for use in non-amino acid Staudinger ligations (Saxon et 

aI., 2000), can mediate the Staudinger ligation between non-glycyl residues in moderate 

yields (36% for Ala-Phe) under certain conditions (Merkx et aI., 2003). The coupling 

partners were heated at 47°C in anhydrous THF, followed by the addition of water at a 

later stage. Presumably, hydrolysis of the iminophosphorane intermediate does not 

compete with the acyl transfer step under these conditions. 

SH 

~PPh2 

U 
6.1 6.2 

OH 

~PPh2 

U 
6.3 

Figure 6.1 Reagents used to form peptides via the Staudinger ligation. 

These results prompted us to analyze the iminophosphorane intermediates with 

molecular modeling. Specifically, we performed conformational searches on the 

iminophosphorane intermediates formed by phophinothio- or oxyesters of reagents 6.1-3 

and non-glycyl azido acids to reveal potential structures of these intermediates. We were 

curious about the distance between the nucleophilic nitrogen of the iminophosphorane 

and the carbon of the electrophilic carbon of the thio- or oxyester. Although the results 

are not entirely conclusive in explaining why some ligations succeed while others fail, 
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they did show some interesting trends, particularly when comparing thioesters of 6.1 to 

oxyesters of 6.3. 

Conformational searching of the iminophosphorane intermediates of 

phosphinothioesters of compound 6.2 gave surprisingly uniform results, even when 

comparing ligations that are known to succeed experimentally and ligations that are 

known to fail. The interatomic distance between the iminophosphorane nitrogen and the 

thioester carbonyl carbon was consistently on the order of 5.60 A (Figure 6.2). This 

distance is not conducive to reaction between these activated atoms. We then performed 

conformational searches on examples where this distance is constrained to a reactive 

distance of 3.0 A. Our assumption upon viewing these results is that steric interactions 

between amino acid functionality in Xaa-Yaa couplings in which neither residue is a 

glycine could preclude the proper approach of the activated atoms to each other. 

Figure 6.2 Nitrogen-carbon distance of AcGly-AlaBn iminophosphorane with 
compound 6.2. 
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Next, we modeled iminophosphoranes of the phosphinothio- or oxy-esters of 

compounds 6.1 or 6.3 respectively. We chose leucine as the azido acid component since 

leucine is the most common of the amino acids in proteins (McCaldon & Argos, 1988a). 

We arbitrarily chose phenylalanine as the ester component, which would represent a 

reasonably challenging Xaa-Y aa target ligation sequence with a leucine azide. The 

interatomic distance for the iminophosphorane of phosphinothiol 6.1 is >5.10 A (Figure 

6.3). For phosphinophenol 6.3 the interatomic distance is 4.15 A (Figure 6.4). This 

distance is closer by nearly 1 A, due largely to the smaller atomic radius of oxygen versus 

sulfur. This shorter N-C distance could explain, in part, why Staudinger ligation to form 

Xaa-Yaa peptides occurs more efficiently using compound 6.3. The reactive atoms in the 

iminophosphorane intermediate approach each other more closely, and this closer 

approach increases the chance for a successful acyl transfer event. In addition, the 

decreased ring size is likely to allow more favorable geometry for the approach of the 

nucleophile to the electrophile. 
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Figure 6.3 Nitrogen-carbon distance of AcPhe-LeuBn iminophosphorane with 
compound 6.1. 

Figure 6.4 Nitrogen-carbon distance of AcPhe-LeuBn iminophosphorane with 
compound 6.3. 
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In considering these results, we wondered if it might be possible to design elements 

into a phosphine reagent that could make the distance between the iminophosphorane 

nitrogen and the ester carbon even less. We hypothesized that placing a second 

substituent ortho to the phenol oxygen (or thiophenol sulfur) in the aromatic ring could 
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force the ester carbon of the iminophosphorane intermediate to be even closer to the 

iminophosphorane nitrogen. Such steric crowding in the iminophosphorane intermediate 

could result in improved yields of Staudinger ligation product. 

OH 

,)yPPh2 

U 
6.3 

OH 

H3C~PPh2 

U 
6.4 

OH 

NvPPh2 

~ 
6.5 

Figure 6.5 Designed phosphines incorporating crowding elements. 

Phosphines 6.4 and 6.5 represent possibilities for such improved reagents (Figure 

6.5). We applied the tools of molecular modeling to each of these phosphines in addition 

to modeling an o-methyl derivative of our phosphinothiophenol 6.1, which is analogous 

to phosphinophenol 6.4. The results of these conformational searches were encouraging. 

By placing a methyl-substituent ortho to the sulfur in compound 6.1, the reactive atoms 

in the iminophosphorane intermediate came to within 3.92 A of one another (Figure 6.6). 

This is distance is nearly 1.2 A closer than that without the methyl group (Figure 6.3). 

The modeling for compound 6.4 yielded an N-C distance of 3.26 A (Figure 6.7). This 

distance is near or at a distance where acyl transfer should occur readily. The modeling 

for the naphthol-phosphine 6.5 yielded an N-C distance of 3.24 A, which is nearly 

identical to that for compound 6.4 (Figure 6.8). 
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Figure 6.6 Nitrogen-carbon distance of AcPhe-LeuBn iminophosphorane with 
the ortho-methyl derivative of compound 6.1. 

Figure 6.7 Nitrogen-carbon distance of AcPhe-LeuBn iminophosphorane with 
compound 6.4. 
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Figure 6.8 Nitrogen-carbon distance of AcPhe-LeuBn iminophosphorane with 
compound 6.5. 

197 

We decided to synthesize phosphines 6.3, 6.4, and 6.5 in order to compare the 

efficiency with which each mediates the Staudinger ligation. In addition, we were 

interested to test the efficacy of our molecular modeling in predicting improved reagents 

for amide bond formation. Compounds 6.3 (Herd et aI., 1998; Saxon et aI., 2000) and 6.5 

(Blume et aI., 2002) have been reported previously, and we prepared them by the 

published protocols. Phosphine 6.4 was synthesized as shown in Scheme 6.2. The 

phenolic oxygen of o-cresol was protected as the tetrahydropyran derivative (6.7) in 

nearly quantitative yield. The oxygens of the THP-protected phenol served as ortho-

directors for the lithiation of the phenyl ring. Chlorodiphenyl phosphine was added to the 

lithiated species to give protected phosphine 6.S in 64% yield. Deprotection of the 

phenolic oxygen under acidic conditions gave phosphine 6.4, again in 64% yield. 
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OH OTHP 1. nBuLi OTHP OH 

H3C'6 DHP H3C'6 THF H3C,&PPhZ p-TsOH H3C,&PPhZ 

~I -----.. ~I ~ ~I ~ ~I PPTS 2. PhzPCI MeOH 

6.6 CHzCI2 6.7 64% 6.8 64% 6.4 
97% 

Scheme 6.2 Synthesis a/phosphine 6.4. 

The three phosphinophenols were then coupled to AcAlaOH prior to carrying out test 

ligations. The oxyesters were formed by PyBOP-mediated coupling to the phenolic 

phosphines (Scheme 6.3). The desired phosphinophinooxyesters, compounds 6.10, 6.11, 

and 6.12, were obtained in 64%, 66%, and 55% yields, respectively. These reactions were 

complete in 6 h when PyBOP is used as the condensation agent. When 

dicyc1ohexylcarbodiimide (DCC) couplings were attempted, the isolated yields were 

similar, but the reactions took from 12-16 hours to go to completion. 

0 OH 0 

ACHN00H R,&PPh2 PyBOP ACHN~ PPh2 
+ ~I ~ : °D DIPEA : I 

6.9 6.3 R=H 
DMF R ~ 

6.4 R= CH3 
6.10 R = H. 64% yield 
6.11 R = CH3• 66% yield 

0 OH DB ACHN00H roPPh2 PyBOP ACHN~O I ~ I + ~ ~ I -----.. 
DIPEA 

6.9 6.5 DMF Ph P ~ 2 
6.12 

55% yield 

Scheme 6.3 Synthesis of alanyl phosphinooxyesters for Staudinger ligation. 

With these compounds in hand, model Staudinger ligation reactions were performed 

using N3AlaNHBn as the azide. We used the Liskamp conditions to carry out these 
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couplings (Merkx et aI., 2003). The reactions were carried out using 1: 1 stoichiometry of 

phosphinooxyester to azide. The phosphinooxyester was dissolved in dry THF and heated 

to 47°C. The azide was then added and the reaction mixtures were stirred for 12 h, 

followed by the addition of water and heating for another 1 h. Solvent was then removed 

under reduced pressure and the residue was purified by chromatography in order to 

isolate the desired dipeptide, AcAlaAlaNHBn and ascertain its yield. The results of these 

experiments are summarized in Table 6.1. 

The un substituted phosphinophenol gave lower yields of ligated product than did the 

ortho-substituted derivative. The desired AcAlaAlaNHBn dipeptide was isolated in 22% 

yield using phosphinophenol 6.3. The dipeptide yield was better when the cresol-derived 

phosphine 6.4 was used. In this case AcAlaAlaNHBn was isolated in 37% yield. When 

this coupling was carried out in DMF as a solvent, the isolated yield was 38%. These two 

reagents were also used in an NMR experiment using alanyl azide incorporating carbon-

13 label at the a-carbon. The yields could be determined through integration of the a­

carbon peaks. The NMR yields were 45% dipeptide using reagent 6.11 versus 35% 

dipeptide using compound 6.10. Couplings between naphthol-derived compound 6.12 

and the alanyl azide (Table 1, entry 3) afforded dipeptide in a disappointing 21 % yield. 

This low yield may be due to problems with purification of the dipeptide since the 

dipeptide and one of the by-products were difficult to separate using chromatography. 

The low yield may also be due to some electronic effect brought about by the aromatic 

substitution para to the phosphine in these naphthol-derived phosphines. 
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Phosphinoester 

A<HN!O_I{) 
Ph2PU 

6.12 

Azidoacid 

6.13 

6.13 

6.13 

Product 

AcHN ~~0NHBn 
o : 
6.14 

AcHN ~~0NHBn 
o : 
6.14 

ACHN~~0NHBn 
o : 
6.14 

Yield 

22% 

37% 

21% 

Table 6.1 Yields for Staudinger ligations mediated by phosphines 6.3-5. 
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As predicted by molecular modeling, the yields of the Staudinger ligation using 

phenol-derived phosphines improved when ortho-substitution of the phenolic ring was 

employed. Presumably, the reactive atoms are being sterically forced together in such a 

manner as to make rearrangement more favorable. This work shows the utility of 

computational chemistry in directing design of improved chemical systems. In addition, it 

also begins to elucidate some important factors for designing efficient reagents for 

carrying out the Staudinger ligation at non-glycyl ligation sites. Although the 

phosphinophenols analyzed in this work do not likely represent the end-game for 

phosphine design for this reaction, they do highlight the importance of bringing the 

reactive groups near one another for efficient rearrangement to occur. The Staudinger 

ligation competes with simple hydrolysis as a side reaction, and steric effects like those 

described herein may represent a favorable method for tipping this balance away from 
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hydrolysis and towards ligation. Future efforts should focus on other potential factors, 

including how the electronic nature of the phosphine may affect the activation of the 

iminophosphorane nitrogen, and how varying the activation of the (thio)ester may 

improve ligation rates. 

Experimental Section 

General Experimental 

Chemicals and solvents were from Aldrich® with the exception of dry THF, CH2Ch, 

and DMF, which were from VWR®. Reactions were monitored by thin layer­

chromatography using Whatman® TLC plates (AL SIL G/UV) and visualized by UV 

illumination or 12 staining. NMR spectra were obtained using Bruker AC-300 or Varian 

UNITY-500 spectrometers. Phosphorus-31 NMR spectra were proton-coupled and 

referenced against an external standard of deuterated phosphoric acid unless stated 

otherwise. Mass spectra were obtained using electro spray ionization (ESI) techniques. 

Molecular Modeling 

Molecular modeling was carried out usmg the Monte-Carlo Multi-Minimum 

(MCMM) algorithm (Chang et aI., 1989; Guida et aI., 1992) in the program Macromodel 

(Mohamadi et aI., 1990). Calculations were performed using the OPLS-AA force field 

(Jorgensen et aI., 1996) on molecules en vacuo utilizing a dielectric constant of 11.4, 

which approximates the dielelectric constant of THF Iwater (3: 1) (Kinart & Kinart, 1994). 

2-o-Tolyloxy-tetrahydro-pyran (6.7). o-Cresol (6.6, 5.0 g, 46.2 mmol) was charged 
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to a flame-dried round bottom flask under argon. 3,4-2H-Dihydropyran (12.6 mL, 139 

mmol) and pyridiniump-toluenesulfonate (1.16 g, 4.62 mmol) were also added, and the 

resulting mixture was dissolved in dry methylene chloride (100 mL) and stirred for 18 h 

at room temperature. The mixture was then washed with half-saturated brine, and the 

aqueous phase was extracted with ethyl acetate (3 x 50 mL) and the combined organic 

phase was dried over anhydrous magnesium sulfate, filtered, and concentrated under 

reduced pressure. The residue was purified by flash chromatography (silica gel, 10% v/v 

ethyl acetate in hexanes). The desired THP-protected cresol was obtained as a clear liquid 

in 97% yield (8.57 g, 44.6 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.13-7.04 (m, 3 H), 6.86 (td, J= 7.2 Hz, J 

= 1.6 Hz, 1 H), 5.39 (t, J= 3.3 Hz, 1 H), 3.91-3.83 (m, 1 H), 3.59-3.53 (m, 1 H), 2.26 (s, 

2 H), 2.06-1.95 (m, 1 H), 1.87-1.81 (m, 2 H), 1.68-1.53 (m, 3 H) ppm; 13C NMR (75 

MHz, CDCh) 0154.95, 130.44, 126.97, 126.58, 121.01, 113.87, 95.86, 61.70, 30.43, 

'+ 
25.15, 18.78, 16.07 ppm; MS (EI) mlz 192.1150 (M [C12H1602] = 192.1150). 

[3-Methyl-2-( tetrahydro-pyran-2-yloxy)-phenyl]-diphenyl-phosphane (6.8). 

Compound 6.7 (1.0 g, 5.2 mmol) was charged to a flame-dried round bottom flask under 

an argon atmosphere and dissolved in dry THF (20 mL). This solution was cooled to -78 

°C and n-butyllithium (1.6 M in hexanes, 3.9 mL, 6.2 mmol) was added dropwise over 10 

min. The solution was stirred at -78°C for 15 min, and then stirred at room temperature 

for 1 h. The solution was again cooled to -78°C and chlorodiphenylphosphine (1.2 mL, 
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6.2 rnmol) was added dropwise. The reaction was allowed to warm slowly to room 

temperature and stirred for 4 h. After 4 h the reaction was quenched by the addition of a 

solution of saturated sodium bicarbonate (15 mL). The organic layer was separated, and 

the water phase was extracted with ethyl acetate (3 x 15 mL). The combined organic 

phase was dried over anhydrous magnesium sulfate, filtered, and concentrated. The 

residue was purified by silica gel chromatography (10% v/v ethyl acetate in hexanes) to 

give phosphine 6.8 as a white solid in 64% yield (1.26 g, 3.35 rnmol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.32-7.28 (m, 10 H), 7.18 (d, J= 7.5 Hz, 1 

H), 6.92 (t, J= 7.9 Hz), 6.67-6.63 (m, 1 H), 5.12-5.08 (m, 1 H), 4.04-3.97 (m, 1 H), 3.37-

3.30 (m, 1 H), 2.38 (s, 3 H), 1.95-1.81 (m,3 H), 1.51-1.42 (m, 3 H) ppm; l3C NMR (75 

MHz, CDCh) 8159.12 (d, J= 18.2 Hz), 137.24 (d, J= 11.5 Hz), 137.03 (d, J= 11.5 Hz), 

134.47 (d, J= 20 Hz), 133.06 (d, J= 20 Hz), 132.31 (d, J= 12 Hz), 130.64 (d, J= 14.3 

Hz), 128.53, 128.44, 128.34, 128.31, 128.26, 128.17, 124.24,64.37,30.83,25.04,20.31, 

17.83 ppm; 31p NMR (121 MHz, CDCh) 8 -16.44 ppm; MS (EI) mlz 376.1592 (M'+ 

[C24H2s02P] = 376.1577). 

2-Diphenylphosphanyl-6-methyl-phenol (6.4). Phosphine 6.8 (1.2 g, 3.2 mmol) was 

dissolved in deoxygenated methanol (23 mL) under argon. p-Toluenesulfonic acid (910 

mg, 4.8 mmo!) was then added. The reaction mixture was stirred under argon at room 

temperature for 2 h and then quenched by the addition of brine (23 mL). The organic 

layer was washed with 2 N HCl (15 mL) and brine (15 mL), dried over anhydrous 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 
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purified by flash chromatography (silica gel, 10% v/v ethyl acetate in hexanes) to give 

the substituted phosphinophenol6.4 as a white solid in 64% yield (596 mg, 2.04 mmol). 

Spectral data. IH NMR (300 MHz, CDC h) 07.33-7.28 (m, 10 H), 7.14-7.11 (m, 1 H), 

6.86-6.81 (m, 1 H), 6.77 (t, J= 7.1 Hz, 1 H), 6.43 (d, J= 7.9 Hz, 1 H), 2.42 (s, 3 H) ppm; 

l3C NMR (75 MHz, CDCh) 8157.50 (d, J= 16.8 Hz), 135.07 (d, J= 4.3 Hz), 133.30 (d, 

J = 18.8 Hz), 132.79, 132.22 (d, J = 3.6 Hz), 128.85, 128.58 (d, J = 7.9 Hz), 124.42, 

120.62 (d, J= 2.5 Hz), 120.01 (d, J= 3.5 Hz), 16.17 (d, J= 2.1 Hz) ppm; 31 p NMR (121 

MHz, CDCh) 0-29.65 ppm; MS (ESI) mlz 291.0950 (M - H- [CI9H170P] = 291.0939). 

N-Acetylalanine 2-diphenylphosphanyl-phenyl ester (6.10). N-Acetylalanine (500 

mg, 3.8 mmol), phosphine 6.3 (1.06 g, 3.8 mmol), and PyBOP (1.98 g, 3.8 mmol) were 

charged to a flame-dried round bottom flask under argon. These reagents were dissolved 

in dry DMF (16 mL), after which diisopropylethyl amine was added (1.33 mL, 7.6 

mmol). This solution was stirred at room temperature for 10 h. The solvent was removed 

under reduced pressure, and the residue was taken up in ethyl acetate. This organic 

solution was washed with 2 N HCI (2 x 25 mL), saturated sodium bicarbonate (2 x 25 

mL), and brine (25 mL). The organic layer was dried over magnesium sulfate, filtered, 

and concentrated en vacuo. The residue was then purified by flash chromatography (silica 

gel, 70% v/v ethyl acetate in hexanes) to give the alanyl ester 6.10 as a white solid in 

66% yield (983 mg, 2.5 mmol). 

Spectral data. IH NMR (300 MHz, CDCh) 87.58 (d, J= 7.1 Hz), 7.40-7.25 (m, 10 H), 

7.21-7.17 (m, 1 H), 7.11 (t, J= 7.6 Hz, I H), 6.81-6.77 (m, 1 H), 4.57-4.48 (m, 1 H), 1.94 
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(s,3 H), 1.29 (d, J= 8.7 Hz) ppm; l3C NMR (75 MHz, CDCh) 8170.95, 170.69, 152.29 

(d,J= 17 Hz), 134.91 (d,J= 5.6 Hz), 134.79 (d,J= 5.6 Hz), 133.35 (d,J= 19.7 Hz), 

133.32, 129.69, 129.35 (d, J = 15 Hz), 128.63 (d, J = 2.8 Hz), 128.17 (d, J = 6.5 Hz), 

126.02, 121.80, 48.13, 21.61, 16.27 ppm; 31p NMR (121 MHz, CDCh) 8 -17.09 ppm; 

MS (ESI) mlz 414.1215 (MNa+ [C23H22N03PNa] = 414.1235). 

N-Acetylalanine 2-diphenylphosphanyl-6-methyl-phenyl ester (6.11). N­

Acetylalanine (267 mg, 2.04 mmol), phosphine 6.4 (596 mg, 2.04 mmol) , and PyBOP 

(1.06 g, 2.04 mmol) were charged to a flame-dried round bottom flask under argon. The 

reagents were dissolved in dry DMF (8.5 mL), after which diisopropylethyl amine was 

added (0.71 mL, 4.08 mmol). This solution was stirred at room temperature for 12 h. The 

solvent was removed under reduced pressure, and the residue was dissolved in ethyl 

acetate. This organic solution was washed with 2 N HCI (2 x 25 mL), saturated sodium 

bicarbonate (2 x 25 mL), and brine (25 mL). The organic layer was dried over 

magnesium sulfate, filtered, and concentrated en vacuo. The residue was then purified by 

flash chromatography (silica gel, 70% v/v ethyl acetate in hexanes) to give the alanyl 

ester 6.11 as a white solid in 64% yield (528 mg, 1.30 mmol). 

Spectral data. IH NMR (300 MHz, CDCh:CD30D (1:1» 87.55 (bs, 1 H), 7.33-7.27 (m, 

6 H), 7.27-7.22 (m, 5 H), 7.05 (t, J = 8.3 Hz, 1 H), 6.65-6.61 (m, 1 H), 4.69-4.60 (m, 1 

H), 2.18 (s, 3 H), 1.94 (s, 3 H), 1.42 (d, J = 7.4 Hz, 3 H) ppm; l3C NMR (75 MHz, 

CDCh:CD30D (1 :1» 8170.86, 170.28, 151.18 (d, J = 19.1 Hz), 135.20 (d, J = 9.7 Hz), 

135.09 (d, J= 9.7 Hz), 133.49 (d, J= 9.7 Hz), 133.20 (d, J= 10.7 Hz), 131.80, 131.26, 
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130.49, 129.64 (d, J = 14 Hz), 128.52, 128.10 (d, J = 7.5 Hz), 126.13, 47.86, 21.66, 

16.61,15.71 ppm; 3lp NMR (121 MHz, CDCh:CD30D (1:1» 0-17.71 ppm; MS (ESI) 

mlz 428.1404 (MNa+ [C24H24N03PNa] = 428.1392). 

N-Acetylalanine 2-dipbenylpbospbanyl-napbtbalen-l-yl ester (6.12). N­

Acetylalanine (315 mg, 2.40 mmol), phosphine 6.4 (788 mg, 2.40 mmol), and PyBOP 

(1.25 g, 2.40 mmol) were charged to a flame-dried round bottom flask under argon. The 

reagents were dissolved in dry DMF (10 mL), after which diisopropylethyl amine was 

added (0.84 mL, 4.80 mmol). This solution was stirred at room temperature for 12 h. The 

solvent was removed under reduced pressure and the residue was dissolved in ethyl 

acetate. This organic solution was washed with 2 N HCI (2 x 25 mL), saturated sodium 

bicarbonate (2 x 25 mL), and brine (25 mL). The organic layer was dried over 

magnesium sulfate, filtered, and concentrated en vacuo. The residue was then purified by 

flash chromatography (silica gel, 75% v/v ethyl acetate in hexanes) to give the alanyl 

ester 6.12 as a white solid in 55% yield (591 mg, 1.34 mmol). 

Spectral data. IH NMR (300 MHz, CDCh:CD30D) 08.05 (d, J= 6.3 Hz, 1 H), 7.70-

7.67 (m, 1 H), 7.51 (d, J = 8.3 Hz, 2 H), 7.39-7.35 (m, 3 H), 7.20-7.14 (m, 9 H), 6.86-

6.82 (m, 1 H), 4.65-4.56 (m, 1 H), 1.76 (s, 3 H), 1.40 (d, J= 7.4 Hz) ppm; l3C NMR (75 

MHz, THF-d6) 0172.25, 170.32, 152.36 (d, J= 21 Hz), 137.68 (d, J= 4.6 Hz), 137.53 (d, 

J = 4.6 Hz), 136.26, 134.72 (d, J = 9.1 Hz), 134.45 (d, J = 9.1 Hz), 130.26, 129.72, 

129.62,129.58,129.51, 129.49, 129.43, 128.38 (d, J= 3.6 Hz), 128.35 (d, J= 21.1 Hz), 

127.89, 127.20, 126.75 (d, J= 14.8 Hz), 124.07,49.53,22.52, 17.72 ppm; 3lp NMR (121 
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MHz, CDCh:CD30D) 0 -18.78 ppm; MS (ESI) mlz 442.1568 (MH+ [C27H25N03P] = 

442.1572). 

N-Azidoalanine benzamide (6.13). Azido alanine (Lundquist & Pelletier, 2001) and 

the benzamide (Nilsson et aI., 2001; Soellner et aI., 2002) thereof were synthesized using 

the protocols described previously. 

Spectral data. IH NMR (300 MHz, CDCh) 0 7.34-7.21 (m,5 H), 6.99 (bs, 1 H), 4.38 (d, 

J= 6 Hz, 2 H), 3.99 (q, J= 6.9 Hz, 1 H), 1.49 (d, J= 6.9 Hz, 3 H) ppm; 13C NMR (75 

MHz, CDCh) 0169.72, 137.52, 128.45, 127.37, 127.32, 58.76, 43.17, 16.84 ppm; MS 

(ESI) mlz 205.1079 (MH+ [CIOH13N40] = 205.1089). 

Staudinger ligations. The Staudinger ligation trials were carried out by dissolving the 

respective phosphine-ester (6.10-12, 0.5 mmol) in dry THF or DMF (5 mL) and heating 

to 47°C. One equivalent of N3AlaNHBn (100 mg, 0.5 mmol) was then added and the 

resulting solution was heated for 10 h. Water (1 mL) was then added and heating was 

allowed to proceed for an additional 1 h. A small amount of 2 N HCI (0.1 mL) was then 

added, and the solvents were removed under reduced pressure. The residue was dissolved 

in methylene chloride and purified by flash chromatography (silica gel, 5-10% v/v 

methanol in methylene chloride) to give AcAlaAlaNHBn in various yields. 

Spectral data. IH NMR (300 MHz, CDCh:CD30D (1:1» 07.32-7.35 (m, 5 H), 4.51-

4.22 (m, 4 H), 1.98 (1.87) (s, 3 H), 1.41 (d, J= 7.5 Hz, 3 H), 1.34 (d, J= 6.9 Hz, 3 H) 
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ppm; 13C NMR (75 MHz, CDCh:CD30D (1: 1), numbers in parentheses indicate doubling 

due to rotational isomerism) 8173.27 (172.78), 172.67 (172.54), 171.44, 137.59 

(137.51), 127.39 (127.49), 126.28 (126.36), 126.02 (126.17), 48.92 (48.70), 48.59 

(48.34),41.99 (42.06), 20.50 (20.76), 15.99 (16.23), 15.45 ppm; MS (ESI) mlz 314.1481 

(MNa+ [CJsH21N303Na] = 314.1482). 
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