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The Synthesis of Boronated Porphyrins as Inhibitors of HIV-1
Protease.

John J. Schaeck.

Abstract: Starting with a small SAR for boronated and nonboronated porphyrin

inhibitors of HIV-1 protease (DeCamp, D. L.; Babé, L. M.; Salto, R.; Lucich, J. L.; Koo,

M.-S.; Kahl, S. B.; Craik, C. S. J. Med. Chem. 1992, 35,3426-3428) a series of working

hypotheses as to the important binding motifs were postulated and investigated. Efforts

were made to obtain crystal structures of the lead compound BOPP 1 (IC50 = 50 nM)

bound to the protease. Extensive effort was expended on the synthesis of additional

porphyrins and small molecule carboranes. These efforts resulted in improved synthesis

methods and higher yields for several principle porphyrins including 2,4-

diformyldeuteroporphyrin 3, deuteroporphyrin-2,4-diacetaldehyde 4, and isohemato

porphyrin 5. The large quantities of 3 and 4 available permitted the further investigation

of their reactions with Wittig reagents, sulfur ylides, and diazomethane (Kahl, S. B.;

Schaeck, J. J.; Koo, M.-S. J. Org. Chem. 1997, 62, 1875-1880). In the course of this

work the factors governing the outcome and yield of the Heck reaction and metal

mediated cross-coupling reactions of mercurated and halogenated porphyrins to alkenes

and stannanes were closely and exhaustively examined. The synthesis of a number of

previously unreported porphyrins including 2,4-bis(2-aminoethyl)cieuteroporphyrin 134

and several protoporphyrin 6,7-carbamates (via a Curtius rearrangement of the 6,7-

propionic acid groups) was also accomplished. It was found that the presence of the

carborane cage moiety is necessary of submicromolar inhibition of HIV-1 protease, and

that these cage groups must be in the degraded, open faced, negatively charged "nido"

form. Additionally, it was shown that conversion of certain closo-carborane cages to

iv



nido-carborane cages occurs in wet polar solvents and that under the protease assay

conditions the lead compound BOPP 1 is in fact in this nido form.

ºf Kº
Stephen B Kahl,

Graduate Advisor and Thesis Committee Chair.
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Chapter 1: Introduction

The human immunodeficiency virus one (HIV-1) is the causative agent of AIDS in

humans. Since its identification in the early 1980's, extensive study has elucidated a

number of key steps in the viral life cycle which could serve as targets for therapeutic

intervention." One of these targets is a virally encoded aspartyl protease consisting of two

identical 99 amino acid subunits and a single active site. When the virus replicates in a cell,

many of the proteins destined for incorporation into new viral particles are first synthesized

as polyprotein chains which must be processed into the individual proteins by HIV-1

protease.” In 1990 Ashorn et al.” showed that inhibition of human and simian

immunodeficiency virus proteases blocked maturation and spread of infection in vitro, thus

encouraging further work toward development of HIV-1 protease inhibitors as therapeutic

agents against HIV-1 infection in humans.

Such efforts have culminated in recent FDA approval of several drugs targeted

toward the protease which have been shown to be highly effective in reducing viral levels

in patients to nearly undetectable levels. In 1992 DeCamp et al" showed that a series of

boronated and nonboronated porphyrins

and metalloporphyrins were potent

inhibitors of HIV-1 and HIV-2 proteases in

a purified enzyme assay, having IC50

values in the low and submicromolar range.

Figure 1.0 shows the structure of the lead

compound BOPP 1 (B O ronated

ProtoPorphyrin) having IC50 values vs.

HIV-1 protease of 0.185 and 0.05 puM in
o’ OH of SoH

1

Figure 1.0: Structure of BOPP 1. the presence and absence of 5% DMSO,



respectively. The less photosensitive manganese and copper metalloporphyrin analogs of 1

were used to demonstrate competitive inhibition of HIV-1 protease by this class of

inhibitor.

This project sought to study the factors governing the binding affinity of boronated

porphyrin compounds to HIV-1 protease (hereafter referred to simply as the protease)

beginning with a small SAR of 13 compounds (Table 4.1). There were four generalized

methods considered:

1. Molecular modeling of the interaction between the protease and the

lead porphyrin compounds.

2. Protein/inhibitor complex crystallization followed by x-ray

diffraction studies.

3. Synthesis of nonreactive inhibitory analogs in a more traditional

SAR approach.

4. Synthesis of reactive analogs to covalently label the protease

followed by analysis of the site of modification.

The syntheses undertaken in this thesis work mostly involve porphyrins along with a

few transformations of small carborane cages compounds. Carborane, molecular formula

B10C2H12, (Figure 1.1) is a dodecahedron of two carbon atoms (solid circles) and ten

boron atoms (open circles) each of which is substituted with a hydrogen atom (not shown).

There are three isomers of carborane: ortho, meta, and para which differ in the relative

Otho meta para

pKa of 1-carboxylic acid: 2.48 3.20 3.64

Figure 1.1: Isomers of carborane.



arrangement of the two carbon atoms. The volume of a carborane is very close to that

swept out by a rotating phenyl ring. The cage system is electron withdrawing particularly

for the ortho isomer as demonstrated by the pKas’ of the 1-carboxylic acids as shown in

Figure 1.1.

Carboranes have very good chemical Stability to strong acids, oxidizing agents, and

reducing agents. The ortho and, to a lesser extent, the meta isomers are unstable to

hydroxide and alkoxide ions and to alkyl amines. Under influence of base, one of the two

boron atoms adjacent to both carbon atoms (boron 3 or boron 6) is removed from the cage

system leaving a charged, open faced nido-carborane, molecular formula [B9C2H12]-1, as

shown for ortho-carborane in Scheme 1.0. The conjugate acid of the carborane shown is a

fairly strong acid having a pKa of 2.95." The hydrogen originally bonded to the missing

boron atom remains to bridge the open face (not shown). The fully protonated acid,

molecular formula B10C2H13, has two hydrogens in the open face. As will be discussed in

detail in Chapter 4, it was found in this project that the reaction shown in Scheme 1.0 will

occur under certain conditions and with particular carboranes in wet polar solvents in the

absence of added base.

3 G)
base

nido-carborane
pKa = 2.95

Scheme 1.0: Formation of a nido-carborane.

All the porphyrin syntheses are based upon the manipulation of the side chains of

naturally occurring commercially available hemin chloride shown in Figure 1.2 along with

a second representation where the so-called meso hydrogens at the O.,3,Y,ö-positions are



not shown and the 6,7-propionic acid side chains are given a shorthand designation. No

porphyrins were synthesized from smaller tetrapyrrole precursors. Manipulations to the

side chains were generally performed in tandem at the 2- and 4-positions or the 6- and 7

positions.

POR POR

hemin: M = FeCl, R = H
2: M = 2H, R = Me
2a: M = Zn, R = Me
2b: M = 2H, R = H

Figure 1.2: Hemin chloride and 6,7-shorthand.

A number of the intermediate porphyrins derived from hemin and its principle

demetallated form protoporphyrin IX dimethylester 2 are known and significant

improvements in the synthetic yield for several of them are reported here. The increased

yields of 2,4-diformyldeuteroporphyrin 3 and deuteroporphyrin-2,4-diacetaldehyde 4

(Figure 1.3) permitted the investigation of their reaction with Wittig reagents and of their

previously unreported reaction with diazomethane and sulfur ylides. Efficient reduction of

4 gave ample quantities of isohematoporphyrin 5 (Figure 1.3) for use in further

transformations. Earlier, less successful work to obtain 5 via hydroboration of

protoporphyrin 2 led to useful hydroboration conditions for other porphyrins.

There are also a number of previously known compounds for which the yields

obtained in the present research project were much less than the published yields or the

reaction products were qualitatively different from previous reports. Such reactions include

the palladium catalyzed Heck-type couplings of 2,4-dimercurated porphyrins with alkenes



and the synthesis of 2,4-dihaloporphyrins. These differences led to more detailed and

extensive investigations of the factors responsible for the observed inconsistencies.

Dissatisfaction with the best obtainable results with Heck-type couplings of 2,4-

dimercurated porphyrins led to the investigation of related alternatives using 2,4-

dihaloporphyrins in modified Heck-type couplings and palladium catalyzed couplings with

tin compounds.

Schemes 1.1, 1.2, and 1.3 show overview outlines of the multiple methods

employed in the synthesis of three principle target porphyrins which are highlighted in the

shaded boxes. In these schemes a shorthand representation is used where the porphyrin

macrocyclic ring is depicted as a square box from which the side chains protrude. The

dashed arrows represent reactions which were proposed but which were not attempted and

the solid arrows covered by an “X” are reactions which were attempted but which were

unsuccessful. The target in Scheme 1.1 is 2,4-bis(2,3-dihydroxypropyl)deuteroporphyrin

8, which upon acylation with carboranyl acid chloride yields the homolog of 1 where the

bisglycol unit bearing two carborane cages is separated from the porphyrin ring by one

methylene unit. The techniques depicted include Heck-type couplings, tin couplings,

phosphorous and sulfur ylides reactions, reaction with diazomethane, and oxidation with

OH

O

O

H OH

POMe POMe POMe POMe POMe POMe

3: M = 2H 4: M = 2H 5: M = 2H
3a: M = Zn 4a: M = Zn 5a: M = Zn

Figure 1.3: 2,4-diformyldeuteroporphyrin 3, deuteroporphyrin-2,4-di-acetaldehyde 4,
and isohematoporphyrin 5.



osmium tetroxide.

The target in Scheme 1.2 is 2,4-bis(3-hydroxypropyl)deuteroporphyrin 7 the one

carbon homolog of isohematoporphyrin 5. Also depicted here are Heck-type couplings, a

tin coupling, a Wittig reaction, as well as the successful hydroboration of 2,4-

diallyldeuteroporphyrin 6, the attempted reduction of an acrylate side chain by numerous

methods, and the unsuccessful hydroformylation of a porphyrinborane intermediate.

Scheme 1.3 shows an outline of those methods used to synthesize 2,4-bis(4-carboran

ylacetoxybutyl)cieuteroporphyrin 9.

| - ----, -
-i zn TI —X—- T 2H -— "Ti Zn FT

TI TI T
MeOP POMe MeOP POMe MeOP POMe

40a B 6 40ar Ph3P=CH—” OsO4 3 2

PC
HO

HO

T Zn [. | X— T 2H
TI T] 2H [. | |worrow TI MeOP POMe

MeOP POMe 4
8

| Or
; L14 Q* : H*, H2O (CH3)2S=CH2| O

T] Zn L^
TI

MeOP POMe
108

Scheme 1.1: Outline of the syntheses of homobisglycol 8.
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Figure 1.4 gives an abbreviated summary of previously unreported compounds made

in this project. Many are the final compounds of multistep syntheses which were evaluated

in the HIV-1 protease activity assay. The graphical outlines in Schemes 1.1–1.3 give a

broad overview of many of the methods employed in this project and Figure 1.4 gives an

idea of the variety of compounds obtained.

This thesis begins with a short discussion on molecular modeling and protein

crystallization experiments (Chapter 2). This is followed by the bulk of the thesis which



describes efforts aimed at achieving the third goal, that is the synthesis of new compounds

and their in vitro bioevaluation. Included are efforts which focused on a secondary goal of

developing synthetic methods which would be more general in scope and of interest to a

wider range of researchers. A large percentage of time and effort was expended toward the

achievement of this “secondary” goal. Much of the discussion centers on experiments

which were not particularly successful. The purpose in presenting such a discussion is to

advise (and perhaps discourage) any other researcher who might consider utilizing the

methods employed as they apply to these or similar porphyrins. On the other hand, a

future researcher might have additional insights into ways to improve on the reactions

described.

In Chapter 3 these syntheses will be described in detail by reaction type rather than by

a strictly sequential order. The Heck-type coupling of mercurated porphyrins was the first

class of reaction attempted in this project and is discussed first in Section 3.0. The

discussion then turns to the variations using halogenated porphyrins with alkenes (Section

3.1) and tin compounds (Section 3.2) which are related to the Heck reaction. Discussion

then proceeds to hydroborations of porphyrins (Section 3.4) and improvements in the

synthesis of isohematoporphyrin 5 and aldehyde 4 (Section 3.4.2) and diformyl 3 (Section

3.5). Next is discussed the reactions between the porphyrin aldehydes 3 and 4 and Wittig

reagents, sulfur ylides, and diazomethane (Section 3.6). Then follows a discussion of the

Curtius rearrangement of the 6,7-propionic acid side chains (Section 3.7), the synthesis of

2,4-aminoethyldeuteroporphyrin 134 (Section 3.8), LiAlH4 reductions of the 6,7-

propionic acid side chains (Section 3.9), and the synthesis of various analogs based upon

isohematoporphyrin 5 (Section 3.10). The synthesis chapter then concludes with a short

section on small carboranes (Section 3.11).

Chapter 4 addresses the two protease assays used in this study and the differences

between them. This is followed by a more or less chronological discussion of the

evolution of the SAR and the working hypotheses which were based upon it and the exper

9
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Figure 1.4: continued.

iments and observations which led to the conclusion that nido-carborane cages are

necessary for submicromolar inhibition. Chapter 4 concludes with some thoughts on the

interpretation of the SAR data. Finally in Chapter 5, a discussion is presented on the pros

and cons of the synthesis of covalent labels, the results of some preliminary experiments,

and the feasibility of proposed synthetic schemes. This is followed by a short chapter of

summary and conclusions.
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Chapter 2: Molecular Modeling and Protein
Crystallization Experiments.

2.1 Molecular Modeling.

The protease is a virally encoded aspartyl protease consisting of two identical 99

amino acid subunits and a single active site. Figures 2.0 shows a representation of the

protease conformation with and without a peptide inhibitor bound (inhibitor not shown) for

a synthetic enzyme in which cysteins 67 and 95 are replaced with isosteric O-amino-n-

Figure 2.0: MIDAS representation of the crystal structure of HIV-1 protease native
enzyme (top) and upon inhibitor binding (bottom, inhibitor not shown).
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butyric acid (Aba) residues for ease of synthesis.” In order for MIDAS to properly draw

the structures, I changed the atom designations of the Aba residues back to Cys, which

should have no effect on the primary structure but which may have a minor effect of the

secondary structure depicted (3-sheets and helices). A later crystal structure using a wild

type isolate BRU was essentially identical, supporting the validity of the earlier structures.”

The active site can be described as a deep cleft on the floor of which are the two catalytic

aspartate residues shown in red. A pair of 3-strands form flaps which cover a portion of

the cleft but which leave the ends of the cleft open. In crystal structures of the native

protease unbound to inhibitors, the flaps have a very open conformation. With inhibitors

bound the flaps close down over the cleft moving as much as 7 Å. The active site cleft has
a strongly hydrophobic character where 22 of 30 unique residues are hydrophobic. The

other eight residues, including the catalytic aspartates, are charged. The exposed surface of

the protein contains many polar and charged residues and has a pl of about 9.5. X-ray

crystal structure-based molecular models of the protease are available on the UCSF

molecular modeling systems.

No crystal structure of the boronated porphyrin 1 has yet been determined. Prior to

my involvement on this project, a molecular model of 1 was constructed based on an x-ray

crystal structure of a porphyrin core to which was added a representation of the carborane

containing side chains (Figure 2.1). In this representation, it was theorized that the

sterically bulky carborane cages (orange) on the O.,3-dihydroxyethyl side chains would

orientate themselves out of the plane of the porphyrin ring (yellow). Additionally, it was

assumed for steric reasons that the cages O. to the porphyrin ring would orientate on the

opposite side of the ring plane than the cages 3 to the ring. This engineered structure for 1

was then interacted with protease models. Extensive manipulations failed to demonstrate

how 1, though a competitive inhibitor, could fit within the active site of the protease, either

with the flaps open or closed.

14



Figure 2.1: MIDAS representation of BOPP 1.

There are two possible interpretations of the modeling result. The first is that BOPP

does bind inside the active site but that existing crystal structures do not demonstrate the

full range of possible protein motions that would allow the active site to accommodate the

porphyrin. The second is that BOPP binds outside the active site and either exerts its

inhibitory action through an allosteric mechanism, direct physical blockage of flap

opening/closing, blockage of the ends of the active site, or by interfering with protein

dimerization. The observation of competitive inhibition by manganese and copper BOPP

analogs would seem to weaken the case for binding outside the active site. Resolution of

this question may only come with the analysis of an x-ray crystal structure.

2.2 Protein Crystallization.

Prior to my starting work on this project a number of people in the Charles S. Craik

laboratory, including Dianne DeCamp and Rafael Salto, had attempted to crystallize copper

15



and manganese BOPP with wild type HIV-1 protease without success. They had observed

the rapid precipitation of the protein/inhibitor complex following mixing at pH 5.4 and

volume reduction using Centricon filters. I reasoned that since the propionic acid side

chains of BOPP had pKa’s close to 5.4 that maybe a higher buffer pH would result in

better solubility. Therefore, I performed the crystallization experiments at pH 5.4, 6.4, and

7.4 using unmetallated BOPP potassium salt and the more stable mutant enzyme Q7K. In

the Q7K mutant the glutamine 7 residue is mutated to a lysine which removes a site of auto

proteolysis but leaves the binding/activity and kinetics essentially unchanged. Again

precipitation was observed at each pH. Others have since tried crystallization experiments

using SIV-1 protease with similar results.
It is perhaps not surprising that crystallization conditions which are successful with

other compounds would fail with the BOPP class. Because of BOPP's large size,

disruptions to protein-protein crystal packing interactions might be expected. Thus

conditions that lead to crystallization with smaller inhibitors may not give the same result in

the presence of BOPP. Further crystallization experiments have not been attempted.
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Chapter 3: Synthesis

3.0 Heck Reaction.

In 1968 R. F. Heck"" in a series of papers described the coupling of aryl, methyl,

and carboxyalkyl derivatives of group VIII metal salts, particularly palladium, rhodium,

and ruthenium with alkenes to produce aryl-, methyl-, and carboxyalkyl-substituted

olefins. The group VIII organometallic derivatives were obtained from organomercury,

tin, and lead compounds. Since that time, the reaction has most often been utilized for the

coupling of arylmercurials with alkenes using palladium as the group VIII metal an example

of which is shown in Scheme 3.0:

CH3CN

KX-Rºose + Pa(OAc)2 Hg(OAc)2 +
KTX-Faoa,

r.t.

O/~~
O OACOPC

84%

Scheme 3.0: Representative Heck reaction.

The reaction as originally reported by Heck was run at room temperature in polar

solvents such as methanol, acetonitrile, or acetic acid. The anion of the palladium salt or

arylmercuric salt used appeared to have little influence on the reaction, provided the salt

was soluble in the solvent used. Substitution on the olefin generally occurred on the least

crowded position especially when an electron-withdrawing group was at or near the double

bond. Strong electron-donating groups in the arylmercurial decreased yields and tended to

increase addition to the 2-position of terminal alkenes.

Prior to the early 1980s, methods to modify the 2,4-positions of preformed

porphyrins were limited to manipulation of the vinyl groups of protoporphyrin 2 or

-|*
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º
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t
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electrophilic substitutions of deuteroporphyrin 10 with acid chlorides to give side chains

bearing a carbonyl group O. to the porphyrin ring (10 could be obtained by removal of the

vinyl groups of hemin in a resorcinol melt followed by iron removal and esterification of

the 6,7-propionic acid side chains). Then a number of papers from Kevin M. Smith's

laboratory” ” described the use of the Heck reaction to couple olefins to 2,4-mercurated

porphyrins to yield a wide variety of 2,4-alkenyl side chains. The yields varied with olefin

and ranged from 3 5% for ethylene to ~35% for acrylates to >60% for styrenes. The

conversion of zinc deuteroporphyrin 10a into 2,4-didehydrocoproporphyrin tetramethyl

ester 12 via reaction of 11a with methylacrylate is shown in Scheme 3.1. The only

identified side products were due to overmercuration of 10a to 2,4,5-trimercuroporphyrin

13 (and the 2,4,0-isomer) followed by subsequent cyclization of the coupled olefin to 14

and its isomer. THF/DMSO was reportedly chosen as the solvent for the alkene coupling

O2CH3

HgCl /

HgCl
C \

-> CO2CH3

H a,b

H POMe POMe POMe POMe
11a 12

CO2CH3

HgCl /
POMe POMe

10: M = 2H * HgCl C (
10a: M = Zn HgCl

CO2CH3

POMe POMe POMe POMe

a) Hg(OAc)3. THF/MeoH, A. ** 14
b) aqueous NaCl.
c) Li2PdCl4, methylacrylate, Et3N, THF/DMSO/CH3CN, 60 °C, 37% yield.

Scheme 3.1: Porphyrins via the Heck reaction.
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step because of the limited solubility of 11a. No details were reported on the reasons for

the choice of the other reaction conditions such as the porphyrin-mercuric salt, the type of

catalyst, the presence of triethylamine, and the temperature. Of particular note is the use of

a 10-fold molar excess of palladium (fivefold per mercurated position) in the most recent

publications. Also of note was the reaction shown in Scheme 3.2 where copper(II) 2

acetyldeuteroporphyrin 15 was mercurated and treated with methyl acrylate to yield 16 in a

78% yield.”
O O

H \

scheme 3.1

POMe POMe POMe POMe

15 16

Scheme 3.2: Reaction of copper (II) 2-acetyldeuteroporphyrin 15.

3.0.1 Heck Reaction Conditions: Concerns.

Consideration of the published reaction conditions brought out a number of questions
and concerns. One concern was the use of added base in the reaction mix. Added base is

not a general requirement of the Heck reaction. Also the 50 °C reaction temperature was

atypical of Heck reactions which are normally performed at room temperature. Both the

added base and higher temperature were of concern because of the intent to use base

sensitive carboranylalkenes as olefins in a Heck reaction with porphyrins, a base sensitivity

that would be exacerbated by the higher temperature. A second concern was for the large

excess (fivefold per reaction site) of palladium used in the reaction. Again, typically one

would only use one equivalent of Pd. The Heck reaction can even be run under conditions

where a catalyst re-oxidant is present such as mercuric acetate, cupric chloride, or ferric

salts which then only requires a truly catalytic amount of palladium (0.1 equiv)." Bigge

E
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found, for instance, that use of cupric chloride as reoxidant and 0.1 equiv of palladium

catalyst resulted in only a small decrease in yield in reactions involving mercurated
nucleosides.”

Another question concerns the choice of the chloride salt rather than the initially

generated acetate salt for the arylmercurial, and Li2PdCl4 as the catalyst rather than say

Pd(OAc)2. It is true that in Heck's papers the mercury counterion used was always the

same as the palladium salt (e.g. an arylmercuric acetate with Pd(OAc)2 and an arylmercuric

chloride with Li2PdCl4 or LiPdCl3) and although a few reactions used an arylmercuric

acetate with Pd(OAc)2 most examples used an arylmercuric chloride with Li2PdCl4 or

LiPdCl3.” It was thought likely that researchers in the Smith laboratory had simply started

with the porphyrinmercuric chloride and Li2PdCl4 catalyst and that the acetate/Pd(OAc)2

conditions were probably not investigated. The possibility seemed more likely when it was

found that the porphyrinmercuric acetates had a significantly better range of solubilities than

the porphyrinmercuric chlorides, especially at room temperature. Another reason to

investigate the use of the mercuric acetate salt was the observation in the case of the

mercurated nucleosides that use of the acetate salts gave higher yields than chloride salts,

albeit with a Li2PdCl4 catalyst in both cases.

With the exception of the reaction already shown in Scheme 3.2, yields were

generally low for the reactions in the Smith papers. A comparison of the 37% yield for 12

and the 78% yield of 16 prompted the question of why such a large difference in yield even

after accounting for the presence of two alkylation sites in 12 vs. one in 16? Could the

higher yield of 16 be due to the use of copper(II) instead of zinc{II) as the central metal

ion? As already mentioned, the Heck reaction is favored by electron-withdrawing groups

on the arylmercurial. The central metal ion in porphyrins strongly influences the electron

density at the peripheral positions and zinc.(II) and manganese(III) donate the most electron

density of any metal ion to the periphery.” Conversely, any other metal ion would

º
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decrease electron density in the periphery and presumably increase the yield of the Heck

reaction.

Since the mercuration step is an electrophilic aromatic substitution reaction, electron

withdrawing central metal ions could deactivate the porphyrin ring towards excessive

mercuration and avoid generation of the side product 13 and its isomer. One could also

address the overmercuration problem by reducing the amount of meso substitution by steric

means. In the Vilsmeier formylation of copper(II) deuteroporphyrin 10b shown in

Scheme 3.3, Smith and Langry” showed that if one used the sterically hindered N,N-

H

phosphoryl N Y Y OÖ + chloride + H Or N-ºu
POMe POMe X—

10b

25% 56%

20% 18%

Scheme 3.3; Vilsmeier formylation of copper(II) deuteroporphyrin 10b.
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diisobutylformamide rather than N,N-dimethylformamide one could increase the yield of

the desired 2- or 4-formyldeuteroporphyrins 18a and 18b over the unwanted o- or 3

meso formyl porphyrins 19a and 19b. It was thought that if a bulkier, hindered

mercuration reagent was used instead of mercuric acetate that the amount of meso

mercuration could be reduced in a similar manner.

3.0.2 Planned Investigation of the Heck Reaction.

It was decided that an effort would be made to explore the factors influencing the

yields and side products obtained in the Heck reaction as it related to porphyrins. The

investigation examined the use of a hindered mercuration reagent on the mercuration step

and the influence of the central metal ion on both the mercuration step and the subsequent

alkene coupling step. The effect of the counter ion to the arylmercurial was also examined.

The greater solubility of the acetate salt allowed the influence of solvent to be explored as

well as catalyst type and stoichiometry, temperature, and effect of added base.

Modifications to the published workup procedure were also utilized.

3.0.3 Investigation of the Mercuration Step.

Three metals were investigated for insertion into the porphyrins and were chosen

based on electronic factors and ease of removal; zinc.(II), copper(II), and thallium(III).

Zinc was used in almost all of the published mercuration reactions, serving as a baseline for

comparison, and was very easy to remove with brief TFA treatment. Copper was chosen

based upon the higher yields in the example previously discussed. Its removal was

somewhat more difficult requiring TFA and concentrated sulfuric acid for 1 h. Lastly

thallium was chosen based upon the statement by Kenner et al. that in the thallium(III)

nitrate oxidation of the vinyl groups of protoporphyrin that three equivalents were used

because “The first equivalent of the thallium reagent was consumed in formation of the

thallium(III) complex which facilitated reaction of the other 2 equiv at the 2- and 4-vinyl

º
>T
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groups; chelation of the porphyrin with thallium(III) imparts a high oxidation potential to

the macrocyclic nucleus and thereby prevents reaction at the normally more reactive meso

positions".” Thallium is also easily removed by sulfur dioxide reduction of Tl(III) to Tl(I)

followed by addition of concq HCl which precipitates Tl(I) as an insoluble thallium(I)

chloride salt.

Smith and Langry" performed the mercuration reaction with 10a and four equiv of

mercuric acetate in MeOH/THF at 60 °C for 5 h followed by stirring with saturated NaCl

while the solution cooled. It was decided to first examine this reaction at room temperature

and with substoichiometric to stoichiometric amounts of mercuric acetate 22a as shown in

Scheme 3.4. It was found that 10b was not soluble at room temperature in THF/MeOH

but was soluble in CHCl3/MeOH and therefore room temperature reactions were performed

in CHCl3/MeOH. If an aliquot of the porphyrin acetate salt 21a-21b was converted to the

corresponding chloride salt with NaCl, monomercurated product could be distinguished

from dimercurated product by TLC for the zinc and copper but not the thallium reaction.

TLC monitoring demonstrated that for 10a–10c the first mercury addition occurred at

room temperature, rapidly for 10a but much more slowly for 10b and 10c. Room

temperature progression to disubstituted (or higher) species occurred for 10a but not at all

for 10b. Progression to dimercurated product 21c from 10c could not be determined by

TLC but appears unlikely.

H HgCAc

HgCAc
Hg(OAc)2 (22a)

CHCl3/MeOH

POMe POMe POMe POMe

10a: M = Zn 21a: M = Zn
10b: M = Cu 21b: M = Cu
10C: M = TI 21C: M = TI

Scheme 3.4: Mercuration of metallodeuteroporphyrins.
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The use of the sterically more demanding mercuric trimethylacetate 22b was also -->
*1.

examined, the synthesis of which is shown in Scheme 3.5. Mercuration with 22b did not d
appear to be significantly slower than with 22a as judged by TLC. -- ?

O -"
MeOH/H2O O

HgC) + cº-
A H

*x-
2

22b

Scheme 3.5: Synthesis of mercuric trimethylacetate 22b.

3.0.3.1 Analysis of the Mercurated Sites.

Two methods to determine the extent and site of mercuration were previously

described.” The first used NaBD4 in CH3OD/DMSO to replace the porphyrin-mercury

bonds with deuterium by an apparent radical mechanism. However, the procedure as

outlined in the literature is unclear and contradictory as to whether the NaBD4 is added to

the porphyrin or vice versa and as to the use of room temperature vs. 0 °C conditions. The

resulting deuterated porphyrins (Scheme 3.6) were demetallated, chromatographed, and

Hgx

Hgx

POMe POMe

| º,
D D P D

-

*~
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*

Scheme 3.6: Replacement of Hg by deuterium.
-
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then examined by "H NMR. The second method used DCI in D2O to effect the same result

by an electrophilic mechanism. It required the additional step of re-esterification of the

propionic acid side chains. Both methods were reported to yield identical results with

“almost quantitative isotopic labeling at the 2,4-positions” and substantial labeling of the

o,3-meso-positions. 16 The NaBD4 method was chosen for use in this investigation since

it was simpler and quicker.

It was found that using this method with 21b resulted in a mixture of very poorly

soluble porphyrins since the initially obtained deuterated copper(II)deuteroporphyrin was

insoluble in CH3OD/DMSO. It was feared that some mercurated porphyrin material

remained in the mixture and that the strong acid required for copper(II) removal would

likely result in acid catalyzed hydrogenolysis of any residual porphyrin-mercury bonds and

give a false deuterium incorporation percentage. Therefore 21b was not initially subjected

to this type of analysis. The method was applied to the products of reaction of 10a and

10c with both 22a and 22b followed by either retention of the corresponding anion

(acetate or trimethylacetate respectively) or conversion to the chloride. In no case was the

amount of observed deuteration at the 2,4-positions complete, and ranged from a low of

8% 2FI to a high of 77% 2FI for the 2,4-positions combined. Particularly poor deuterium

incorporation was seen when trimethylacetate was the counter ion. The 1H NMR

integrations indicated a much lower amount of mercuration than TLC showed and

suggested that the deuterolysis reaction did not proceed as intended. When 11a was

synthesized by the literature method and then subjected to the NaBD4 reduction, 52% of the

2,4-hydrogen remained. However, when this exact same batch of 11a was instead

subjected to the more laborious D2O/DCI procedure, only 6% of the original 2,4-hydrogen

was retained, a significant improvement which again suggested that the results from the

NaBD4 experiments were inaccurate.

It was decided to repeat the deuterolysis experiments using the D2O/DCI procedure,

use of which would also permit the examination of the products arising from 10b. Table

* R
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3.0 shows the results of these experiments. The metallodeuteroporphyrin is heated at 60°C

for either 5 or 10 h with a fourfold excess of either 22a or 22b followed by treatment with

NaCl. The products were then treated with 20% DC1 in D2O and anhydrous THF for 20 h

followed by reesterification, demetallation as necessary, chromatography, and then 1H

NMR analysis. The values shown are the proton integrals for the four meso-positions, the

average integral for all four meso-positions, and the integral for the combined 2,4-

positions. The integrals are normalized so that the 6-meso-position has an integral of one.

Then the values are further normalized relative to the "H NMR of deuteroporphyrin 10

which had not been subjected to mercuration followed by deuterolysis (for instance the 2,4-

positions of undeuterated deuteroporphyrin only integrate to 1.76 relative to the 6-meso

position rather than the predicted 2.00).

Table 3.0: Sites of mercuration of deuteroporphyrins by 22a and 22b.

relative 'H integration

central mercuration | time averge 2,4
metal reagent (hrs.) | 6-meso Y-meso |O-meso■ B-meso mes, pyrrole

Zn 22a 5 1.00 1.00 0.76 0.78 0.89 0.05

Zn 22b 5 1.00 1.02 0.84 0.92 0.96 0.02

Zn 22a 10 1.00 1.04 0.75 0.66 0.86 0.03

Zn 22b 10 | 1.00 | 1.00 || 0.82 1.09 0.98 || 0.09

Tl 22a 5 1.00 | 1.04 || 0.91 0.94 0.97 || 0.09

Tl 22b 5 1.00 | 1.11 0.87 0.91 0.97 || 0.07

Tl 22a 10 1.00 1.11 1.02 0.97 1.03 0.09

Tl 22b 10 1.00 1.15 0.75 0.85 0.94 0.05

Cu 22a 5 1.00 1.36 0.75 0.94 1.01 0.32

Cu 22b 5 1.00 1.17 0.92 0.92 1.00 0.52
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An examination of these data fails to clearly demonstrate any differences between the

two mercuration reagents when zinc.(II) or thallium(III) are the central metal ions.

Mercuration of the 2,4-positions is essentially complete at 5 h with no further change at 10

h. However, with the copper(II) porphyrins there is a clear difference in reaction extent at

the 2,4-positions for the two mercuration reagents with 63% more deuterium incorporation

with 22a than with 22b. Unfortunately, the 10 h experiments for 10b resulted, for

unknown reasons, in an unusual mixture of porphyrins for which good |H NMR data

could not be obtained. Repetition of the 10 h experiment was not performed because, for

reasons that will be discussed, compounds such as 21b were not desirable for Heck-type

couplings. One last conclusion that could be made (albeit only weakly) by examination of

the average meso integration figures is that there is, on average, slightly more incorporation

of deuterium (via mercuration) into the meso-positions of the zinc(II) porphyrins than in the

copper(II) or thallium(III) porphyrins which agrees with the prediction previously made.

In summary: no major differences or improvements were found in the mercuration step

except for copper(II) deuteroporphyrin 10b.

3.0.4 Investigation of the Alkene-Coupling Step.

Concurrent to the work on porphyrin mercuration, investigations were also

conducted on the alkene coupling step. Table A-1 in Appendix A summarizes these

experiments with some of the alkenes shown in Figure 3.0. The earliest experiments were

conducted using alkenes 23, 24, and 25 which had not previously been used in a Heck

type reaction with porphyrins. Several of these alkenes contained potentially unstable

carborane cages so the reactions were performed at room temperature in the absence of

base. Because of limited experience and unfamiliarity with porphyrins and their predicted

chromatographic behavior, it was not immediately recognized that the desired dialkenyl

substituted porphyrins were not the major products of these early reactions.
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Figure 3.0: Alkenes used in couplings to porphyrins.

Previously reported cyclic side products like 14 were not being obtained either, and

the true products of these reactions were not immediately recognized or identified. The

major side products seen were those due to hydrogenolysis of the porphyrin-mercury bond

instead of alkene insertion as shown for methyl acrylate 33 in Scheme 3.7. Depending on

the reaction conditions, the major product obtained could range from the monosubstituted .

isomers 35a and 35b to the unsubstituted deuteroporphyrin 10a rather than the desired

disubstituted product 12. In fact, the earliest reactions performed were yielding

predominately the corresponding metallo deuteroporphyrins 10a-10c rather than the

desired disubstituted products.

These experiments eventually demonstrated the critical importance of several factors

on the reaction outcome. Probably the most important reaction condition is the

temperature. Reactions performed at elevated temperature gave significantly less of the

HgCl H R!

HgCl H R2
a

+ + 12

POMe POMe POMe POMe POMe POMe

11a 10a 35a: R* = H, R* = acrylate
a) methyl acrylate, palladium catalyst 35b: R* = acrylate, Rº-H

Scheme 3.7: Observed porphyrin side product in the Heck reaction.
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hydrogenolysis side products than reactions performed at room temperature. One potential

disadvantage of the higher temperature, which may explain why yields are so poor, is that

coupling of the porphyrin mercurial to palladium liberates a mercuric salt, which could then

react further with the starting materials or products, either through aromatic mercury

Substitution or Solvo-mercuration reactions.

Another important variable is the counter ion of the mercuric salt and the palladium

catalyst. Despite the statement by Heck" that the counter ion had no influence on the

reaction outcome, with porphyrins significantly better results were obtained when the

counter ion was chloride rather than acetate. This is probably due to differing coordinating

properties of chloride vs. acetate as ligands to the palladium atom. These ligands must be

displaced to allow for the binding of the porphyrin and olefin groups necessary for

coupling. It seems likely that the reactivity of the individual alkene, due to both electronic

and steric factors, also influences the amount of the side reaction observed. After coupling,

the hydrogen of the palladium hydride species must be lost as either hydrogen chloride or

acetic acid which then react with any trialkylamine base present to form the

trialkylammonium chloride or trialkylammonium acetate salt respectively.

The presence of an amine base was also found to promote the desired alkene coupling

over hydrogenolysis. However, it was later found that Miura et al.” used slightly

modified reaction conditions lacking any added

amine base to obtain 2,4-bis(vinylcarboranyl)-

deuteroporphyrin (VCDP) 36 (Figure 3.1) from

vinyl carborane 29 in a reported 42% yield (rxn#

4-60, Table A-1). They also reported the

presence of monosubstituted porphyrins in their

reactions. Use of the Miura conditions in this
POMe POMe

36 project failed to achieve the reported yield of

Figure 3.1: VCDP 36. VCDP.
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Modifications to the method of workup of the Heck reactions were also investigated.

In the typical workup the reaction mixture was cooled, filtered through a Celite pad to

remove precipitated Pd(0) and HgCO), washed by aqueous extraction, and then

chromatographed. It was found that if chromatography was delayed yields were severely

affected, presumably due to reactions catalyzed by residual metals. In addition, it was

observed that during the extractive wash that a metallic film would form on the glassware,

again suggesting that not all metals were removed by filtration through Celite. Two

treatments designed to remove more of the metals as a first step were reaction with NaBH4

to reduce Hg(II) to Hg(0) or treatment with H2S to precipitate the metals as the insoluble

sulfides. Both methods were later found to have been used in the workup of the Heck-type

couplings of mercurated nucleosides with alkenes.” NaBH4 treatment did not appear to

greatly change the ultimate yields and was incompatible with the products of some

reactions, i.e. alkene 26. H2S treatment may have improved yields somewhat.

The best combination of conditions found for the Heck-type coupling of alkenes to

mercurated porphyrins turned out in fact to be the published conditions, i.e. use the

porphyrinmercuric chloride salt, Li2PdCl4 in excess as catalyst, ~50 °C temperature,

CH3CN/DMF or CH3CN/THF/DMSO as solvent, and addition of an amine base when

possible. However, as stated earlier, the results using these conditions were disappointing.

The reaction with 3-butene-1-ol 23 (rxn+ 3-76, Table A-1) still failed to give a clean

reaction where the desired product could easily be identified and isolated. The desired

disubstituted product was obtained using the modified Heck reaction with haloporphyrins

as discussed in Section 3.1.

3.0.4.1 Reaction with Allylcarborane 34.

Reaction with allylcarborane 34 (Scheme 3.8) was attempted using Miura's

conditions (rxn# 8-11, Table A-1). After demetallation and flash chromatography a 51%

yield was obtained of disubstituted product which appeared by "H NMR (Figure B-1a and
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B-1c, Appendix B) to be a complex mixture of cis and trans and possibly positional

isomers. Also obtained was some mixed material which appeared to contain

monosubstituted product. The isomeric mixture of disubstituted material was subjected to

reduction by 10% Pd on activated carbon in 96% formic acid which yielded a material

which showed as two spots by TLC. Examination by 1H NMR (Figure B-1b and B-1d,

Appendix B) showed no alkene resonances or 2 or 4-hydrogens. The carborane B-Hs and

water in the solvent obscured the region from 0.5 ppm to 3.0 ppm, so it could not clearly

be determined whether any of 37b and its isomer were present in addition to the desired

37a. Preparative TLC purification of the reduced porphyrin was unable to achieve

separation of the two components. Reaction with the related one carbon homolog of 34, 3

butenyl carborane 25 was used in earlier room temperature reactions (and via

haloporphyrins, Section 3.1), but has not yet been attempted using Miura's conditions.

1) Heck rºn
2) TFA

11a + 34 —-
3) [H]

jº
c \/ c

POMe POMe POMe POMe

37a 37b
(+other isomer)

Scheme 3.8: 2,4-bis(3-carboranylpropyl)deuteroporphyrin 37a.

3.0.4.2 Reaction with Acrolein 26.

Reaction with acrolein 26 to produce 2,4-bis(3-oxopropenyl)cieuteroporphyrin 38 as

shown in Scheme 3.9 was reported to proceed in 35% yield on a 94 pumole scale.” When

this reaction was performed at a 13-fold scale-up of the published reaction (rxn}# 3-44,
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Table A-1), a complex mixture of porphyrins was obtained which could not be

satisfactorily purified by chromatography. Efforts at reduction of unsaturated aldehyde 38

to the important intermediate alcohol 7 by a variety of reducing agents (discussed in Section

3.3) were largely unsuccessful. The poor yield of 38 and the poor results in the

subsequent reduction step to 7 prompted the search for alternate means of obtaining 38

(via a haloporphyrin, Section 3.1; or via a phosphorous ylide, Section 3.6.1), or of

obtaining a protected form of 38 which could be reduced more cleanly to 7 (via acrolein

diethylacetal and a haloporphyrin, Section 3.1; or via an acrolein diethylacetal substituted

tributyl tin compound in a metal-mediated cross-coupling reaction, Section 3.2), or of

obtaining an intermediate 3-oxopropane which lacks the unsaturated bond and might result

in cleaner reduction to 7 (formylation of a borane intermediate, Section 3.4.3), or of

obtaining 7 by a method which completely avoids an aldehyde (hydroboration of 2,4-

diallyldeuteroporphyrin 6 followed by oxidation, Section 3.4.1.1, the most successful

method used). A more recent attempt at the synthesis of 38 via a Heck-type reaction at a

10-fold scale-up (rxn}# 7-40, Table A-1) was more successful, yielding close to 16% of

38, though perhaps contaminated with monosubstituted material.

O. H HO

N

1) Heck rºn O2) TFA
11 + 26 —- \ ^ H.

H OH

POMe POMe

7

POMe POMe

38: M = 2H
38a: M = Zn

Scheme 3.9: Synthesis of 2,4-bis(3-oxopropenyl)cieuteroporphyrin 38.
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3.0.4.3 Reaction with Allylhalides 27 and 28.

The use of allylchloride 27 with mercurated porphyrin 11a on a 94 plmole scale was

reported to give the zinc.(II) complex of 2,4-diallyldeuteroporphyrin 6 (Scheme 1.1) in

59% yield.” However, following the published conditions exactly, in this project only a

38% yield could be obtained. When the reaction was performed with the higher boiling

allylbromide 28 on the same scale a 45% yield could be obtained. Unfortunately, upon 10

fold scale-up the yield dropped to 32%. It was also found that, despite claims to the

contrary,” the zinc complex of 6 was stable to TFA demetallation, at least when performed

after purification of the porphyrin. Again alternate routes to 6 were explored (briefly via a

haloporphyrin, Section 3.1; via a Wittig reaction on the bisacetal 4, Section 3.6.1; and

most successfully via allyl tin compounds and haloporphyrins, Section 3.2).

3.1 Heck Reaction Using Aryl Halides.

Because of the low yields and many side products an alternative to the original Heck

reaction which utilizes aryl halides rather than aryl mercurials was investigated. It was

hoped that by eliminating mercury from the reaction mixture some of the side products seen

with the original Heck reaction would be avoided. It was also hoped that the change in aryl

reagent from a porphyrin mercurial to a porphyrin halide would shift the balance in the

competition between hydrogenolysis and alkene coupling more in favor of the alkene

coupling.

A generalized coupling is shown in Scheme 3.10 for halobenzene. The aryl halide

can be iodide or bromide but not chloride, though bromide often requires the presence of an

added triarylphosphine. The palladium catalyst used is often Pd(OAc)2, but since the active

catalyst is thought to be a Pd(0) species, reduction from Pd(II) to Pd(0) must occur in situ

by oxidation of solvent or other reaction component. Alternately, a Pd(0) catalyst such as

Pd(PPh3)4 could be used as well. The reaction can be run in a variety of organic solvents,

requires elevated temperatures, and an added base. It can utilize a wide range of alkenes,
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though acrolein and its products were reported to polymerize under these conditions and

allyl halides were also reported to fail as olefins.

O polar OKT)—x + PCL2X2 + base + –" solvent 2%=/ YOCH3 Tº OCH3
100 °C

X = Br or |

Scheme 3.10: Palladium catalyzed reaction of aryl halides with alkenes.

3.1.1 Halogenated Porphyrins.

Use of the proposed alternate Heck reaction with porphyrins would of course require

the 2,4-dihalodeuteroporphyrins. As shown in Scheme 3.11, Minnetian et al. reported the

synthesis of both 2,4-dibromo- and 2,4-diiododeuteroporphyrin 39a and 39b via the

mercurated porphyrins 11a-11d for use in palladium catalyzed tin couplings (see Section

3.2).[8 They reported the mercuration of 10a and its conversion to the various halide salts:

chloride 11a, fluoride 11b, bromide 11c, and iodide 11d via the corresponding saturated

solution of sodium halide. It was reported that, irrespective of the mercuric halide salt

H Hgx Y

H Hgx Y

a, b c, d

POMe POMe POMe POMe POMe POMe

10a 11a: X = Cl 39a: Y = Br, M = Zn
11b: X = F 39b: Y = Br, M = 2H
11c: X = Br 40a: Y = I, M = Zn
11d; X = I 40b: Y = I, M = 2H
21a: X = OAc 40c: Y = I, M = Cu

a) Hg(OAc)3, acetic anhydride, THF/MeOH, A.
b) aqueous Nax.
c) Brz, THF/CH2Cl2 or I2, THF/CHCl3
d) TFA

Scheme 3.11: Synthesis of 2,4-dihalodeuteroporphyrins.
f
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chosen 11a–11d, when treated with Br2 or I2 only the respective bromine or iodine is

incorporated into the porphyrin, and that none of the halide from the mercury counter ion is

incorporated. Treatment of 11c with Br2 followed by demetallation yielded 72% of 39b.

I2 treatment of 11c and 11d reportedly gave 40b in 96% and 93% yield respectively after

demetallation. 40a was chosen as the porphyrin halide utilized initially in this project since

it had the highest reported combined two step yield from 10a via 11c.

As will be discussed in Section 3.1.2, it was found that neither the zinc (II)

bromoporphyrin 39a nor its unmetallated complex 39b react well or at all with alkenes in a

palladium catalyzed Heck reaction, under most conditions. Greater reactivity is seen in the

reaction of 39a and 39b in the palladium catalyzed coupling with tin compounds (Section

3.2). Most alkene coupling experiments were performed using the most active zinc.(II)

diiododeuteroporphyrin 40a under a variety of reaction conditions with several different

alkenes. Most of these experiments relied on analytical TLC to judge the extent of reaction

rather than isolation of the reaction products. No conditions were found that gave fewer

than two products which were presumed to be disubstituted and monosubstituted

porphyrins due to continuing hydrogenolysis side reactions like those seen with the

mercurated porphyrins. However, the amount of 2,4-hydrogen seen in samples examined

by 1H NMR was less than what would be expected based on relative product ratios as

judged by TLC. Eventually, it was found that 40a was contaminated with 2-bromo-4-

Br Br

I palladium catalyst, N ?
base, methyl acrylate OCH3

A

POMe POMe POMe POMe

41a + other 42a+ other
isomer 41b isomer 42b

Scheme 3.12: Reaction with mixed haloporphyrins 41a and 41b.
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iodo- and 2-iodo-4-bromodeuteroporphyrins 41a and 41b, which essentially do not react

at the brominated position (Scheme 3.12). 41a and 41b could not be distinguished from

40a by TLC, UV-vis, or "H NMR (Figure B-2a, Appendix B). It was not until

compounds like 42a and 42b were noted and assigned in the mass spectrum that some of

the observed incomplete conversions were finally explained.

When the chromatographed reaction product of 11c with I2, which by NMR

appeared to be a single compound, was subjected to elemental analysis it was found to

assay for bromine as well as iodine: Anal. calcd for C32H3OI2N4O42n: C, 45.01; H, 3.55;

N, 6.56; I, 29.73. Found: C, 44.90; H, 3.55; N, 6.27; I, 25.97; Br, 1.64. The mole

fraction “X” of bromine is calculated (assuming that the only bromine containing

contaminant is 41a/b) as in Scheme 3.13.

This result must be taken with a grain of salt, since, if the values for the percentages

of 41a/b and 40a derived from the bromine calculation are used to calculate the percent of

iodine, one gets a predicted value of 27.40% iodine which is 1.43% higher than that

observed. The percentages of bromine and iodine cannot both be made to agree with the

observed values within +0.4% error. Whatever the actual percentages are, it is clear that

bromine is present in the sample. It is interesting to note that the analyses of C, H, and N

(mole fraction 41a/b)(molecular weight Br)
= observed 9% by weight Br

(mole fraction 41a/b)(molecular weight 41a/b)
+

(mole fraction 40a)(molecular weight 40a)

X)(79.909
(X)( ) = 0.0164

(X)(806.80)+(1-X)(853.80)

79.909X = -0.77X + 14.002 E} X = 0.174

... 41a/b comprises 17.4% of the porphyrin present and 40a comprises 82.6%.

Scheme 3.13: Calculation of Br contamination of zinc.(II) 2,4-
diiododeuteroporphyrin.
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do match within +0.4% for 40a and that in the published synthesis for 40a only C, H, and

N were assayed but not Br or I. Thus Minnetian et al. would not have been able to detect

any brominated impurities by elemental analysis.”
An alternative method which did not produce monobromoporphyrins 41a/b was

needed. Synthesis of 40a from the porphyrin mercuric iodide 11d rather than the bromide

11c would eliminate a source of bromine and hence 41a/b could not be obtained.

However, when the porphyrin mercuric acetate 21a was treated with saturated NaI, TLC

monitoring showed that the initially baseline associated 21a was largely converted to a

much faster running porphyrin. After demetallation, TLC cospotting and |H NMR (Figure

B-2b, Appendix B) both indicated that this porphyrin was deuteroporphyrin 10 and not a

product of halogenation. Thus NaI treatment was causing hydrogenolysis of the

porphyrin-mercury bond. When the reaction was repeated making sure that the porphyrin

solution had cooled to room temperature before addition of NaI, similar results were

obtained. These puzzling results prompted a search for alternative methods of obtaining

pure 40a.

Since it was conversion to the iodide salt that was causing the hydrogenolysis it was

decided to try performing the iodination with I2 and acetate salt 21a, skipping the mercuric

salt conversion step. These reaction conditions were clearly inferior, leading to multiple

products with very different mobility than 40a by TLC. Yet another reaction that was

explored was based on the published method by Bonnett et al. which heated

deuteroporphyrin 10 with I2 in o-dichlorobenzene at 180 °C for 10 min, followed by

column chromatography during which “the porphyrin fraction” was eluted and then

crystallized to give 40b in 63% yield.” However, when this procedure was followed “the

porphyrin fraction” was found to be a complex mixture of porphyrins which clearly

showed the presence of significant amounts of residual 2,4-hydrogens and a very complex

pattern of meso resonances by "H NMR (Figure B-2c, Appendix B). Neither the use of

high purity I2 and o-dichlorobenzene, nor longer reaction times, nor the retreating of the
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chromatographed material resulted in any improvement in the outcome. It seems likely

that, in addition to 2,4-diiodination, iodination is occurring at the meso positions to give

compounds like 43a-c (Figure 3.2), which can't be further iodinated at the 2,4-positions

due to steric crowding.

H I I H I

POMe POMe POMe POMe POMe POMe

43a 43b 43c

Figure 3.2: Side products of iodination in o-dichlorobenzene.

The failure of these alternative reactions forced a reconsideration of the reaction

between 21a and NaI solution. It was decided to ignore the fact that this step produced

10a and instead to proceed with the next step by treating with I2. It was found that the

desired product 40a, contaminated with small amounts of other porphyrins, was obtained

in 84% yield after chromatography (1H NMR Figure B-2d, Appendix B). Since the bulk

of the starting material in the final iodination step was 10a, the iodination must have been

occurring via mercuration by mercury salt contaminates in situ, followed by iodination of

the intermediate mercurial. Indeed, Larock” reported that iodination of arenes can be

accomplished by mixing the arene, mercuric acetate, iodine, and a catalytic amount of

perchloric acid. It has already been shown in this project that mercuration of 10a at one

site occurs readily at room temperature and thus needs no acid catalyst. Therefore the idea

of effecting the transformation of 10a into 40a as a one pot synthesis was investigated.

The first experiments were performed on unmetallated 10 with 2.2 equiv I2 and 0.2

equiv per porphyrin ring of Hg(OAc)2 and showed significant amounts of 2,4-hydrogens

in the 1H NMR (Figure B-2e, Appendix B). It was thought that Hg(II) was being inserted
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into the free base porphyrin and thus was being removed from solution leading to

incomplete mercuration and iodination. However, when the Hg(OAc)2 concentration was

increased to 1.2 equiv per porphyrin the reaction became significantly less selective leading

to multiple products (1H NMR Figure B-2f, Appendix B). The TLC of this reaction

looked similar to that seen when 21a was treated with I2 and suggested that the acetate ion

was interfering. It seemed likely that in the multistep method of iodination that treatment

with saturated NaI converts the Hg(OAc)2 present to HgI2 and that HgI2 is the mercury salt

which contaminates the porphyrin and acts in the iodination step. Therefore, subsequent

experiments utilized HgI2.

Treatment of 10 with 2.2 equiv I2 and 1.2 equiv of HgI2 per porphyrin ring gave a

single spot on TLC but had a complex H NMR spectrum after preparative TLC (Figure B

2g, Appendix B). Some of the "H NMR resonances look like a metalloporphyrin pattern,

but because Hg(II) is only weakly bound to porphyrins it should be easily lost during

preparative TLC. TFA treatment failed to affect the "H NMR spectrum. This leaves the

conclusion that significant meso iodination is occurring giving rise to a mixture of

porphyrins and the observed complex H NMR spectrum. It is possible that during the

mercuration and iodination reaction Hg(II) becomes inserted in situ and that the central

Hg(II) ion influences the substitution pattern. Because of its large size Hg(II) may induce

nonplanarity into the porphyrin ring which may make the meso-positions more susceptible

to mercuration and iodination. Or it may be that unmetallated deuteroporphyrin possesses

free hydrogens on the pyrrole nitrogens, which may facilitate meso-mercuration in a

mechanism similar to that suggested by Grigg et al. for the acid deuteration of

deuteroporphyrin, where meso-deuteration is slower for the nickel(II) and palladium(II)

complexes than for the free base porphyrin.” Whatever the reason for the poor results

with unmetallated deuteroporphyrn 10, the experiments were continued using the zinc.(II)

complex 10a instead.
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Treatment of the zinc.(II) complex 10a with HgI2 and I2 gave much better results. It

was found that the excess of HgI2 had an influence on the reaction outcome with 2.1 equiv

better than 0.3 equiv ('H NMRs shown in Figures B-2h and B-2i respectively, Appendix

B). However, the product obtained was still not a single porphyrin and still showed some

2,4-hydrogens. In an effort to show that the other products were due to iodine substitution

at the meso-positions, the porphyrin mixture was subjected to APT and 13C NMR

spectroscopy (Figure B-3a and b, Appendix B). No previously published values for meso

halo 13C chemical shifts could be found for comparison. The 13C resonances for hydrogen

substituted meso-positions are quite distinct and well resolved from other carbon

resonances. It was hoped that the APT experiment would clearly show the presence of

quaternary meso C-I as distinct from the meso C-H resonances. However, though the

meso C-H resonances were sharp, no resonances attributable to meso C-I could be seen.

This could either mean that there are no meso-iodines or that the relaxation time is too long

(like those of all of the other porphyrin ring quats, 2,4-C-H, and 2,4-C-I resonances which

are quite broad or completely absent).

A one-pot two-step method was also tried where zinc.(II) deuteroporphyrin 10a and

HgI2 were incubated at 60 °C in the absence of I2 to generate 11d first. However, TLC

monitoring failed to show any reaction occurring! A small amount of perchloric acid was

added to help catalyze the reaction but no change was noted. Upon addition of I2

iodination commenced. Is 11d unstable, existing only transiently? In any case, the

iodinated product again was not one porphyrin. Comparison of the "H NMR spectrum of

40a obtained in the two step method of Minnetian (Figure B-2d, Appendix B) vs. the one

pot method (Figure B-2h, Appendix B) led to the conclusion that, for whatever reason, the

two-step method gave somewhat better results. Therefore the two-step method was used to

produce 40a, but the product obtained contained varying amounts of 2,4-hydrogen

substituted material.

40



Since the iodination reaction via HgI2/I2 or HgCOAc)2/NaI/I2 was not entirely

satisfactory one last consideration of the iodination via the mercuric bromide 11c was

made. The proposed mechanism of this reaction is shown in Scheme 3.14 for a simple

benzylmercuric bromide. The reaction is initiated by I2 scission into two iodine radicals as

in equation 1. The propagation steps are shown in equation 2 through 4. The reaction in

equation 4 is undesirable and leads to the unwanted bromide. The amount of aryl bromide

can be limited by increasing the amount of I2 present so that the aryl radical encounters

iodine more often than it encounters bromine. Using this reasoning with 11c, the method

of Minnetian was followed using a greater excess of iodine and a fast addition of the iodine

solution to the porphyrin solution. The porphyrin product showed virtually no 2,4-

hydrogens as previously found, but the amount of 2,4-bromine substitution was not

directly assessed. Both the material derived from this modification of Minnetian's

conditions and that via HgI2/I2 or HgCOAc)2/NaI/I2 were used in subsequent couplings. It

was difficult to say which, if any, gave better coupling results with alkenes.

I2 —- 2I. (1)

KTX-Hoe + I" —- KI): + IHgBr (2)

KT). . . – KTX-1 o
KX. + IHgBr —- KT)—e. + IHg - (4)

Scheme 3.14: Radical mechanism of iodination of arylmercurials.

3.1.2 Couplings of Alkenes with Halogenated Porphyrins.

The ideal coupling of a halogenated porphyrin to an alkene would proceed

stoichiometrically and cleanly to disubstituted porphyrin product in high yield, give specific

addition of porphyrin to the 1-position of the olefin, give only the trans or cis-isomer

*

*
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Selectively, and require only a truly catalytic amount of palladium. The reactions performed

in this project do not even approach this ideal. It has become obvious only in the most

recent experiments performed that the results obtained are highly alkene dependent, with

the best conditions for one alkene giving very poor results for another and vice versa. The

differences observed range from a complete lack of reactivity in some cases, to complete

conversion of starting material to an unstable initial product followed by degradation, to

realization of a relatively high yield of the desired product. A slight change in reaction

conditions can lead to very different results.

Positional and stereochemical isomers may or may not be a complicating factor.

Some olefins, notably methylacrylate 33 or acrolein 26, add the porphyrin exclusively to

the 1-position of the alkene in a trans manner. Others like 3-buten-1-ol 23 or 3

butenylcarborane 25 give regioisomers, adding to both the 1 and 2-positions and giving

mixtures of cis, trans, and nonconjugated isomers. Since often the alkene addition product

is to be reduced to the alkane, the position and stereochemistry of the double bond is

ultimately not important to this project. However, regioisomers are of concern but may be

unavoidable.

Hydrogenolysis remains a problem but has precedence in the literature. Chalk and

Magennis” "found that reaction of p-iodophenol with 1-buten-3-ol produced phenol via

hydrogenolysis in 44% yield when triethylamine was used as base but in only 2% yield

when the base was sodium bicarbonate. Though the base employed clearly had a effect,

they thought the alkene was the principle hydrogen source since 1-buten-3-one was also a

product of the reaction. It has been shown that aryl triflates (the trifluoromethane sulfonate

esters of phenols) are useful alternatives to aryl halides in palladium catalyzed couplings,

though the exact mechanism and required reaction conditions are somewhat different than

for aryl halides.** Cabri et al.” found hydrogenolysis occurring in an anthraquinone

triflate system which was dependent upon solvent, added base, and phosphine ligand used.
136Saá et al.” intentionally deoxygenated several hindered aryl triflates in high yield by using
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an alkene-free system of (PPh3)2PdCl2, 1,3-bis(diphenylphosphino)propane (DPPP),

Bugn, and DMF at 100 °C for 11 h, conditions very similar to those employed in Heck

type coupling reactions. Deuterium labeling experiments indicated more than one source

for the incorporated hydrogen atom. Though any comparison between reactions of aryl

halides and aryl triflates is suspect, the parallels to the present hydrogenolysis reaction in

porphyrin halides are worth noting.

An additional problem observed in the palladium catalyzed reactions performed in this

project is that the palladium catalyst is quite prone to precipitation. Precipitation of the

catalyst is probably one reason that earlier researchers” used such large excesses (10

fold) of palladium in the Heck-type couplings with mercurated porphyrins. As the

reactions progress black films of precipitated Pd(0) sometimes become visible in the

reaction vessel. It is unclear why, in the presence of porphyrins, palladium precipitation

occurs within a few hours. There are many examples of palladium catalyzed couplings

between nonporphyrin aryl halides and alkenes which are incubated with only 1 mole %

palladium for up to and exceeding 24 h.”* Methods to decrease the rate of this

precipitation and/or increase the rate of alkene coupling will lead to higher yields of

products.

The factors examined to increase coupling rate and catalyst lifetime, reduce

hydrogenolysis and other side products, and influence regioselectivity included the type of

haloporphyrin, solvent, added base, and catalyst used; the presence or absence of

phosphines or cocatalysts; temperature; alkene excess; and overall porphyrin molar

concentration. Table A-2 in Appendix A summarizes the experiments on alkene couplings

to halogenated porphyrins and gives details of reactants added, their equivalents relative to

porphyrin, a short comment, and percent yield of product if isolated. There is one caveat to

the results shown: due to variation in the purity of the haloporphyrin (bromo vs. iodo) by

individual batch or method of synthesis it is difficult to definitively compare experiments

which were run at different times. For instance, in retrospect, there are noticeably more
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monosubstituted products seen in reactions 5-137 (Table A-2) and later than in earlier

experiments. This particular change corresponds to the use of a new batch of

diiodoporphyrin 40a.

Despite the large number of experiments performed there are only a few

generalizations that can be made that would likely apply to all alkenes utilized. As has been

repeatedly noted, the best results are obtained with zinc.(II) 2,4-diiododeuteroporphyrin

40a rather than zinc.(II) 2,4-dibromodeuteroporphyrin 39a or copper(II) 2,4-

diiododeuteroporphyrin 40c (which suffers from solubility problems). A second

generalization relates to temperature: room temperature reactions fail under all conditions,

reactions at =50 °C only occur in the presence of a BuäN salt under conditions specific for a

particular alkene, reactions at 95 °C occur with less restrictions for those alkenes with

sufficiently high stability and boiling point, and reactions at 120 °C or above go no better

than at 95 °C for those few alkenes examined. Beyond these general points it has become

apparent that if a particular set of conditions and reagents was not tested on a particular

alkene then no prediction can be made based on the experience with a different alkene under

identical conditions. Most of the experiments performed were driven in an evolutionary

manner by the results using first acrolein diethylacetal 30 and then methylacrylate 33.

Unfortunately, the resulting conditions are not necessarily best for other alkenes (or each

other), a fact only recently appreciated.

3.1.2.1 Reactions with Acrolein Diethylacetal 30.

Much of the earliest work used acrolein diethylacetal 30 as a substitute for acrolein.

It was hoped that the product of reaction of 30 with 40a would give the porphyrin acetal

44a as shown in Scheme 3.15. 44a would hopefully undergo clean reduction to

unsaturated acetal 44b followed by acetal hydrolysis to the aldehyde 44c which could be

reduced to the desired alcohol 7. Aldehyde 44c could also serve as a useful synthon in

possible ylide reactions as well.
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EtOS OEt EtOS, OEt

/

OEt OEtN
...[H].

40a + 30 —- OEt OEt

POMe POMe POMe POMe

44a 44b

. H2O, H°
W
O

CH2OH
H

NaBH4
CH2OHTT

POMe POMe POM6 POMe

7 44c

Scheme 3.15: Proposed synthesis and reactions of 2,4-bis(3,3-diethoxypropyl)deutero
porphyrin 44a.

Zebovitz and Heck” reported on the reaction of aryl bromides and iodides with

acrolein dimethylacetal, Pd(OAc)2, and (o-tolyl)3P in Et3N at 100 °C with no additional

solvent. The yields were good but produced a mixture of the desired 3-arylpropenal acetal

45a and 3-arylpropenoate ester 45b the latter of which arises presumably through the

ketene acetal as shown in Scheme 3.16. The porphyrin work would require a solvent so

the first experiments looked at three solvents: DMF, CHCl3, and CH3CN at 95-100 °C

(rxn■■ 5-36a-c, Table A-2). In CH3CN no reaction was apparent due to poor solubility of

40a. Both DMF and CHCl3 showed reaction but DMF was clearly superior and was used

in most of the subsequent experiments. Later, hexamethylphosphoramide (HMPA), N

methyl-2-pyrrolidinone (NMP), and DMSO were also examined. HMPA and NMP
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seemed to be similar to DMF under the limited conditions examined (rxn#5-94a,b and 5

101c,d, Table A-2) but DMSO was clearly inferior at least for alkene 33 (rxn# 5-101b,

Table A-2). Toluene as solvent with Pd(PPh3)4 as catalyst was also examined and was

found to be a fairly good alternative. The best results were obtained using the smallest

solvent volume in which the haloporphyrin, was soluble. For DMF this gave a reaction

which was 60 mM in haloporphyrin.

B _* PC(OAc)2/(o-tolyl)3P +* — +
r OMe H S.

Et3N, 100°C i>
y^

MeO OMe MeO OMe

OMe 2 _/ 56%Br

CH3Br + ()—Or 45aO
39%

45b

Scheme 3.16: Bromobenzene reaction with acrolein dimethylacetal 30.

A number of literature references detailed the use of cocatalysts to increase the

reaction rate and yield of particular product isomers. In 1984 Jeffery” reported that the

phase transfer catalyst BuáNCI could dramatically speed the reaction rate between aryl

halides and alkenes allowing reactions to be carried out at room temperature. The reaction

was reported to not proceed as readily with BuáNBr or BuáNSO4. More recent reports

showed this difference to be due to the presence of water in the Bu4NCl hydrate used as

opposed to the anhydrous forms of the bromo and sulfate salts.49.4| Subsequent papers

reported on the extension of the method to vinylic halides.”
A second modification of the standard reaction conditions which results in faster rates

and/or fewer side products uses silver(I) salts, and more recently thallium(I) salts as

cocatalysts in couplings involving aryl halides 33,43-46, aryl triflates”, and vinyl

halides”. One important effect of the added salts is to suppress isomerization of the
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double bond in the arylalkene product, particularly when the alkene is cyclic” or in

intramolecular reactions which result in cyclization***. It is thought that the acetate or

carbonate salts of Ag(I) or Tl(I) react with the halide formed upon oxidative insertion of

L2Pd(0) into the aryl-halogen bond by precipitating Ag(I) or Tl(I) halide, thus leaving a

cationic [ArL2Pd(II)]* complex. This cationic Pd(II) complex is generally more reactive

than the neutral ArLPd(II) X species. Cabri and Candiani” published a very recent

minireview of the Heck reaction with a discussion of the reaction mechanism and outcomes

via the neutral and cationic Pd(II) complexes, the mechanism favored with aryl triflates vs.

halides, the regio and stereochemical consequences of the two pathways, and the reaction

conditions which should favor one over the other.

-

Based upon the references found in the initial literature search, conditions employing

haloporphyrin, alkene, base, and palladium catalyst with no added salt or phase transfer

catalyst were investigated and compared to reactions in which Ag(I) salts or BuAN salts

were added. These experiments, employing alkene 30, were first compared at 95 °C using

no additives, AgNO3, Ag2CO3, or BuANBr (Bu.4NBr was used initially because it was on

hand but Bu4NCl was not). There were obvious differences with additive employed and

complex mixtures were obtained which by TLC appeared as 3-5 red or green spots. The

color of the spots is significant in that it gives qualitative information on the identity of the

products and the conjugation or lack thereof between the porphyrin and the added side

chain. Porphyrins attached directly to a carbonyl group as in 2,4-diformyldeutero

porphyrin 3 or conjugated to an O.,3-unsaturated carbonyl system like methylacrylate

(porphyrin 12) or acrolein (porphyrin 38) are green in color. Porphyrins attached to

saturated side chains like isohematoporphyrin 5 or to unsaturated side chains not

conjugated to a carbonyl, such as VCDP 36 or protoporphyrin 2 tend to be red or

brownish-red. These colors are maintained in the corresponding metalloporphyrin, though

red compounds tend to become bright red or pink upon complexation of the metal. In the

case of the product of reaction between alkene 30 and a haloporphyrin, one would predict
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that acetal hydrolysis would result in a green colored porphyrin. If the side reaction seen

by Zebovitz and Heck” occurs to produce a propionate ester, one would predict a red color

because of the saturation between the ester and the porphyrin ring. It is less clear what

color the desired unsaturated acetal 44a would have. It is an unsaturated system but it is

not conjugated to a carbonyl. When the experiments were performed in the absence of any

additives the reaction was slow, went only part way, and produced only red compounds.

When BuAN bromide was added all starting material was consumed and a mixture of red

and green products was produced. The best results were found with Ag2CO3 which gave

the greatest reaction extent and fewest products, all of which were green. AgNO3 gave less

satisfactory results which was in agreement with observations made with vinylic halides.”

It is reasonable to assume that since silver salts are known to suppress isomerization of

product double bonds.” that what is being observed is suppression of isomerization

to an intermediate ketene acetal by the silver salt. Since Ag(I) precipitates the nucleophilic

halide ion, halide attack on any ketene acetal that does form is also prevented. The question

remains as to whether the side chain in the product is still blocked as the acetal is the

unsaturated aldehyde. A “quick-and-dirty” experiment was performed where the crude

mixture obtained after workup was treated with NaBH4. TLC examination showed the

disappearance of several of the green spots and formation of several new slower moving

red spots due presumably to reduction of a carbonyl group. Additionally, LSIMS mass

spectroscopy of the crude mixture before reduction showed a mass which corresponded to

a porphyrin monosubstituted with an acrolein side chain at one position and a hydrogen at

the other position. These two observations taken together suggest that acetal hydrolysis is

occurring under the reaction conditions.

A series of experiments were conducted at room temperature using Ag2CO3,

BuáNBr, or BuANCl and several different bases to see if the reaction would proceed at

lower temperature, and if lower temperature would reduce the amount of acetal hydrolysis

and give fewer side products. However, no consumption of starting material could be
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demonstrated in room temperature reactions and efforts were again directed at 95 °C for a

few additional experiments before attention switched to the use of methyl acrylate 33 as

alkene. Experiments with BuáN salts also shifted at this point to the use of the BuáNCl salt

rather than BuANBr.

Very recently performed experiments (rxn+8-49a-h, Table A-2) sought to extend

experimental observations to Tl(I) salts by comparing Ag2CO3 to Tl2CO3, TIOAc, and salt

free conditions using either Pd(OAc)2 and (o-tolyl)3P or [1,1'-bis(diphenylphosphino)-

ferrocene]Pd(II)Cl2 1:1 complex with CH2Cl2 (hereafter referred to as DPPFPdCl2) as

catalyst. DPPFPdCl2 was shown by DiMagno et al. to be a superior catalyst in the related

palladium catalyzed coupling of 5, 15-meso-dibromo-10,20-meso-diphenylporphyrin or 2

bromo-5,10,15,20-meso-tetraphenylporphyrin with tin compounds (see Section 3.2).505 1

For porphyrin 40a the starting material was consumed in all cases but that each reaction

had a different outcome. None of the DPPFPdCl2 catalyzed reactions gave any products

which, as judged by rf on TLC, resembled desired product(s). Reactions with Pd(OAc)2

and (o-tolyl)3P gave varying product distributions, none of which were encouraging.

Recently the use of BuáNCl cocatalyzed conditions was reexamined (as discussed

later in this section in more detail). Here reactions (rxn■■ 8-66a-i, Table A-2) were

performed at the intermediate temperature of 50 °C using several different non-amine bases:

K2CO3, KHCO3, KOAc and several different phosphines: (o-tolyl)3P, 1,1'-bis(diphenyl

phosphino)ferrocene (DPPF), and 1,3-bis(diphenylphosphino)propane (DPPP). The

striking observation in these experiments is that zinc.(II) diiododeuteroporphyrin 40a was

not consumed at all in the presence of (o-tolyl)3P (rxn+ 8-66c, 8-66f, 8-66i, Table A-2).

The extent of reaction with the other two phosphines varied with base used (completely:

rxn# 8-66a, 8-66b, 8-66e, 8-66h; or almost completely: rzná 8-66d, 8-66g, Table A-2).

Three or four green colored products were formed in each of the reactions in which

products were apparent. The exact nature of these products was not determined.
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The strong dependence of the reaction outcome on the particular phosphine used in

the BuANCI cocatalyzed reaction prompted a reexamination of the 95 °C Ag2CO3 reaction

with added (o-tolyl)3P (rxn+ 8-74a-d, Table A-2) and without added phosphine (rxn# 8

74e-h, Table A-2) each without any additional base such as Et3N. The excess of Ag2CO3

(1.5x and 4x) and acrolein diethylacetal 30 (5.2x and 20x) were also varied. It was clear

that reactions in the presence of (o-tolyl)3P were much slower than in its absence. Work

up and |H NMR examination of the crude phosphine-free derived reactions showed very

similar results for the two Ag2CO3 concentrations. The "H NMR were quite complex

(Figure B-4, Appendix B), particularly in the spectral region where the meso, acrolein O.

and 3-alkene, and acrolein aldehyde protons appear. There also appeared to be resonances

attributable to hydroxyethyl groups presumably from the acetal. There were clearly alkene
resonances (=6.8 ppm and =7.9-8.3 ppm) distinct from those that would arise from an

acrolein side chain (all >8.5 ppm, Figure B-5 unmetallated 38, Figure B-6 zinc.(II)

complex 38a, Appendix B) and which were consistent with the expected acrolein

diethylacetal side chain, since they possessed the typical down-field shift imparted by the

porphyrin macrocycle and were distinct from starting alkene 30 (all 36 ppm). Besides,

excess starting alkene 30 (b.p. 125°C) should have been removed during workup and in

the final hexane precipitation step. *

When a portion of the crude mixture was treated with NaBH4 in MeOH/CH2Cl2 a

vigorous, rapid reaction occurred. The green solution became red and by TLC new,

slower running red spots appeared. The major spot by TLC comigrated with the product of

reaction between NaBH4 in MeOH/CH2Cl2 and the zinc(II) complex 38a obtained via

mercurated 11a and acrolein, the r■ or which was typical of porphyrin alcohols. The "H

NMR (Figure B-7, Appendix B) was again complex, showing a new peak (4.8 ppm)

which could be reasonably assigned as the new hydroxymethylene unit 0 to the vinyl

group of the putative 3-hydroxy-1-propene side chain. There still may have been
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hydroxyethyl groups visible, but their amount is much less than prior to reduction and

could possibly be due to small amounts of ethyl ester product.

In an attempt hydrolyze all acetals to the aldehydes, a portion of the crude material

from the alkene coupling reaction was dissolved in 88% formic acid for 2.5 h. These

conditions are sufficient to hydrolyze the dimethyl acetal of deuteroporphyrin 2,4-

diacetaldehyde 70 (Section 3.4.2.1). After an aqueous workup, the now demetallated

porphyrin was examined by "H NMR (Figure B-8, Appendix B) which still showed alkene

resonances (6.7 & 8.2 ppm) but now showed two sharp apparent doublets or overlapping

singlets at 7.6 and 7.8 ppm and also showed new complexity from 0.5 to 3 ppm, a region

where there should be no resonances. The meso region (9.0-10 ppm) was also very

complex making it difficult to ascertain the presence or absence of aldehyde protons. Even

though this was a crude mixture, the observed changes are difficult to explain. The

acrolein diethylacetal product from palladium catalyzed coupling of an aryl halide and 1

(tributylstannyl)-acrolein diethylacetal was reported to hydrolyze easily upon silica gel

chromatography.” Hydrolysis of acetals by wet silica gel was reported as a general

phenomenon.” * The crude acetal mixture was stirred with wet silica gel in MeOH/CH2Cl2

overnight, but no change could be seen by TLC.

The only clear conclusion from the experiments with acrolein acetal 30 is that the

reactions and chemistry are quite complex and that utilization of this alkene is unlikely to

provide satisfactory results under any conditions. Efforts to synthesize unsaturated acetal

44a via an alkenyl tin reagent are discussed in Section 3.2 and were no more successful.

3.1.2.2 Reactions with Methyl Acrylate 33.

Because reaction with acrolein diethylacetal 30 was never entirely satisfactory,

attention early on was focused instead on methyl acrylate 33, which could serve as a model

alkene lacking the instability problems of the acetal 30. Reactions with acrylate 33

generally gave only mono and dimethyl acrylate substituted porphyrins as well as varying
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amounts of unreacted 40a. A quick comparison between BuáNCl and Ag2CO3 at 95 °C

showed Ag2CO3 to be slightly better in terms of reaction extent observed. Subsequent

experiments therefore used Ag2CO3 and concentrated on examination of the effect of

Ag2CO3 excess, alkene excess, catalyst excess and multiple catalyst additions, solvent,

absence or addition of an amine base and its excess, temperature (95 °C, 65 °C and 125 °C),

and effect of added phosphine. Clearly detrimental conditions were the use of a lower

temperature, use of significantly less catalyst, or use of DMSO as solvent. Changes in

most other conditions resulted in only incremental changes in the outcome. It appeared that

the use of Pd(PPh3)4 in toluene without a Ag(I) salt, a combination suggested by palladium

catalyzed coupling experiments of 5,15-meso-dibromo-10,20-meso-diphenylporphyrin and

2 bromo 5.10.15.20 mesoterºphenylporphyrin with tin compounds by DiMagno et

al.” (see Section 3.2), gave comparable results. When the reaction was performed

using one equiv Ag2CO3, 0.6 equiv Pd(OAc)2, 44 equiv alkene 33, and 24 equiv Et3N at

95 °C with an additional 0.4 equiv Pd(OAc)2 added at 3 h (rxn#5-149, Table A-2), 65% of

disubstituted 12 and 27% of monosubstituted material were obtained after demetallation

and flash chromatography. This compares quite favorably to the 35% yield of 12 reported

by Morris et al. 19 using the mercurated porphyrin methodology, but is much less than the

yield of 12 which could be obtained using the phosphorous Wittig methodology (discussed

in Section 3.6.1) Further experiments indicated that the initial excesses of alkene,

Ag2CO3, and Et3N could be reduced. It was also found that the addition of (o-tolyl)3P

improved the reaction extent, probably through extension of catalyst lifetime, and allowed

for even smaller excesses of alkene to be used. The conditions incorporating (o-tolyl)3P

were then applied in the use of alkene 23.

3.1.2.3 Reactions with Acrolein 26.

Until very recently all efforts to utilize acrolein 26 failed. The room temperature

reaction using BuáNCI only proceeded slightly because of the inherent inertness of 40a to
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reaction at that temperature. A number of reactions at =95 °C with Ag2CO3 also failed,

probably due in part to the instability of acrolein 26 and its unsaturated aldehyde product

38a to high temperature, but probably more because of the low boiling point of 26. Even

in closed vials, the bp of 53 °C for 26 may have caused the alkene to boil into the gas space

of the vial at the reaction temperature of 95 °C. As with other alkenes, lowering the

reaction temperature to 60°C when using Ag2CO3 failed to produce significant reaction.

In preparing this thesis it was realized that a gap existed in the experimental

conditions examined for acrolein 26. There were no experiments at a temperature near the

boiling point of acrolein using BuANCI cocatalysis. Thus this reaction was examined using

several different bases with the addition of (o-tolyl)3P at 49°C and Pd(OAc)2 as catalyst. It

was found that very little reaction occurred with Et3N as base, but extensive reaction

occurred with NaHCO3 or K2CO3. The use of K2CO3 as base was investigated further

while other components were varied. Chalk and Magennis” reported that the addition of

small amounts of a tertiary amine to a carbonate base-containing reaction could increase

reaction rate as compared to carbonate base alone, although this observation was in a

reaction which did not use a BuáN salt as phase transfer catalyst. Addition of Et3N to a

K2CO3 containing reaction caused a severe retardation in reaction rate. Efforts to combine

the cocatalysis effects of both Ag2CO3 and BuáNCl by using both of these reagents also

resulted in a severe retardation of reaction. Larger alkene excess was also found to slightly

decrease reaction rate, perhaps by extensively ligating the catalyst and preventing the

binding of the porphyrin.

Jeffery* reported that the presence or absence of water in the reaction system

determined the effectiveness of several BuAN salts. When water was added the chloride,

chloride hydrate, bromide, and hydrogensulfonate salts were all equally effective, but

under anhydrous conditions only the chloride hydrate salt had an accelerating effect. The

Bu4NCl hydrate is quite hygroscopic and difficult to weigh out accurately and quickly. In

order to try to standardize the water concentration and maintain a minimal amount of water
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in the system, water was added (20 pull H2O in 250 pull DMF) which resulted in no reaction

at all. However, this appeared to be because starting porphyrin 40a would not dissolve in

the modified solvent. Addition of smaller amounts of added water (2 puL H2O in 250 pull

DNMF) allowed dissolution and reaction of 40a. The added water had little effect with

acrolein 30, which contains up to 10% water anyway, but did seem to improve reactions

with other alkenes.

It was found with alkene 26 that the results using Bua NCl depended strongly on the

inorganic base used and type of added phosphine. When the bases K2CO3, KHCO3, and

KOAc were combined with the phosphines (o-tolyl)3P, DPPF, and DPPP using Pd(OAc)2

at 5 O %C (rxn+ 8-62a-i, Table A-2) strikingly different results were obtained from those

with the closely related methylacrylate 33. The best results for acrolein 26 came with (o-

tolyl)3P/K2CO3 which gave the poorest results with 33. For 26 DPPF/K2CO3 and

DPPP/K2CO3 both completely consumed starting porphyrin 40a but gave none of the

expected product. The other combinations gave partial conversions for alkene 26.

However, a 10-fold scale-up of the reaction using 26 and BuáNCl/Pd(Ac)2/(o-

tolyl)3P/K2CO3/DMF/H2O at 50 °C twice failed to produce any significant amounts of

disubstituted product 38. It is unclear why the scaled-up reaction went so much poorer

*nd further experiments with this alkene were not performed.

°-1-2.4 Reactions with 3-Buten-1-ol 23.

Treatment of 40a with butenol 23 using Ag2CO3, Et3N, and (o-tolyl)3P at 95 °C

(rxn+7-10 or 7-21, Table A-2) yields after preparative TLC or flash chromatography 44%

of disubstituted porphyrin 46. Actually, a mixture of isomers is obtained (side chains a-d,

Scheme 3.17) as will be discussed in more detail shortly. The reaction using 40a goes

*uch cleaner than when using the mercurated porphyrin 11a. Since the two

monosubstituted isomers were the only other major products, it was easy to see that the

alcohols were unstable to acid, a fact not easily recognized in the reactions via 11a.
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Y H H
40a + 23 –- R" & Rº - a C
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-
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POMe POMe b H d

46

Scheme 3.17: Isomers of zinc.(II) 2,4-bis(4-hydroxybutenyl)deuteroporphyrin 46.

Attempts at demetallation with TFA or at catalytic reduction with Pd on activated carbon in

formic acid caused disappearance of the alcohol products and formation of new products

which were more mobile on TLC. It was at first thought that the hydroxyl group in 46

was undergoing acid catalyzed elimination to give a conjugated diene. The isomeric mix of

the purified disubstituted alcohol fraction 46 was treated with formic acid to effect

quantitative formation of a new faster running “spot” on TLC. New proton resonances at

=8 ppm, similar to those seen for the formyl group of formic acid or dimethylformamide

appeared in the "H NMR of the crude porphyrin even after thorough aqueous washing. No

resonances attributable to a butadiene side chain were noted. The major peak in the MS

was at 735.3 which matches the mass predicted for a porphyrin in which the hydroxyl

groups of 46 are acylated with formyl groups. It is possible that butadiene side chains

form but that then formic acid adds to the diene. However, it was reported that hydroxyl

groups can be protected as the formyl group simply by treatment with formic acid, albeit

usually with heating.” And at least one similar case was noted using TFA to block a

hydroxyl as the trifluoroacetate.” a reaction which could be occurring during the TFA

demetallation step. Also this acid sensitivity remains even after reduction of the double

bond to 47, an observation which speaks against the butadiene-to-formate sequence. The

exact nature of this product or its mechanism of formation was not determined.
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This acid sensitivity required that catalytic reduction be conducted under neutral or

basic conditions. Table 3.1 summarizes the solvents and catalyst examined. Pd on

activated carbon in 10% Et3N/EtAc seemed to be satisfactory. Using these conditions it

was found that the reduction was dependent on the purity of the alkene mixture. The best

reduction outcome was seen for material which was previously subjected to flash

chromatography and collected as the mixed isomers of the disubstituted fraction. This is

probably because residual phosphine dramatically slows reduction by ligating the palladium

catalyst. An alternative workup procedure which avoids an early yield-lowering

chromatography step used repeated hexane precipitations from CH2Cl2/MeOH to remove

the phosphine. After reduction the porphyrin was then subjected to silica gel flash

chromatography which could separate the saturated disubstituted alcohol 47 (28% yield,

Scheme 3.18) from a slightly faster moving contaminant. Since all of the alkenes (acrolein

26, methylacrylate 33, allyl halide 27/28, vinyl carborane 29, and possibly acrolein

diethylacetal 30) previously used in coupling reactions either with mercurated porphyrins

or with halogenated porphyrins reacted exclusively, or nearly so, at the 1-position of the

alkene, it was not immediately appreciated that alkene 23 would react any differently. But

in retrospect it is obvious that unreduced 47a and its isomer are the major components of

the faster moving fraction, an identification supported by both H and 13C-APT NMR,

Table 3.1: Catalytic reductions of the isomers of porphyrin 46.

Solvent- formic acid pyridine ethyl acetate ethyl acetate | 10% MeOH/
+Et3N CH2Cl2

decomposed very slow | Some looks good || not as good
rxn■■ 7-17a rxn# 7-17b hydrogenolysis. ||rxn+7-23a as EtAc/Et3N

-
rxn■■ 7-20 rxn■■ 7-28a

5% Rh onll n/a n/a SOI■ le OK. n/a
Al2O3 hydrogenolysis rxn 7-28b

rxn # 7-23b
10% Pol Onll n/a n/a OK. n/a n/a
CaCO3 rxn# 7-25a

PtC) n/a n/a n/a OK. n/a

rxn:# 7-25b
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though this fraction may also contain some of the fully reduced form of 47a. Apparently,

the 2,2-disubstituted alkene side chain has significantly more steric hindrance than the other

isomers and is therefore reduced more slowly.

OH

[H]
46a-d

POMe POMe

47

OH

OH

POMe POM6

47a

Scheme 3.18: Reduction of the isomers of porphyrin 46.

As in the case with alkenes 30, 33, and 26, further experiments were performed

comparing Tl(I) and Ag(I) salts and BuANCI cocatalyzed reaction. The experiments

compared no added salt to AgzCO3, Tl2CO3, and TIOAc using the two different catalyst

systems of Pd(OAc)2/(o-tolyl)3P and DPPFPdCl2 at 95 °C (rxn#8-43a-h, Table A-2). All

appeared to give similar conversions to disubstituted products, though the isomeric mix of

Hb Ha -8 ppm, HB 6.8 ppm
a

Ha Hb&=Q 9" H,-8 ppm, H, 6.5 ppm
b

Hb

x-rºOH Ha =6.45 ppm, Ho 6.0 ppm
Ha

C

sº º Ha or Hb 6.18 and 5.8 ppm

H d

Figure 3.3: 46a-d 1H NMR resonances.

this fraction was unknown. Each reaction

was worked up and subjected to silica gel

preparative TLC and then the disubstituted

fractions examined by 1H NMR (Figure

B-9, Appendix B). Most of the alkene

resonances of the isomers in 46a-d were

well-resolved and could tentatively be

assigned and quantitated as in Figure 3.3.

The alkene resonances for the 46d side

chain fall as virtual singlets at 5.85 and
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6.19 ppm. The integration of the two peaks at 6.45 and 6.0 ppm increase and decrease

together and are less down field than the remaining resonances (i.e. less deshielded than the

resonances expected for 46a or 46b) and hence are assigned to 46c. The remaining

assignments are based on the expectation that the trans-isomer would be produced in

greater amount than the cis-isomer rather than by comparison of coupling constants which

are difficult to derive from the complex spectra. The Ha resonances for 46a and 46b are

not well resolved.

Table 3.2 summarizes a number of experiments which examined the isomer

distribution. The column headed “% 46d” is a measure of the amount of 46d formed as a

percent of the total alkene product. It is calculated by summing the integrated area of the

resonances due to 46d and dividing by the integrated area of all the alkene resonances.

The column headed “ratio 46c-46a” compares the ratio of the non-conjugated 46c to the

conjugated trans-isomer 46a. It is calculated by dividing the integrated area of Ha for 46c

by the integrated area of Hb for 46a. Finally, the column headed “ratio 46c--(46a+46b)”

compares the ratio of nonconjugated 46c to the total conjugated isomer 46a and 46b. It is

Table 3.2: Somer distribution of 46a-d.
Added Saltl Base tº: Added temp. % ratio ratio 46c +

hosphine 46d |46c--46a || (46a+46b)

Bu4NCl K2CO3 || DPPFPdCl2 | none 50°C 20 1.04 1.11

In One Et3N DPPFPdCl2 | none 95 °C 21 0.59 0.41

Ag2CO3 |Et3N | DPPFPdCl2 || none 95 °C 24 1.80 1.07

Tl2CO3 Et3N | DPPFPdCl2 |none 95 °C 22 0.74 0.39

TIOAC Et3N | DPPFPdCl2 none 95 °C 20 0.59 0.37

In One Et3N | Pd(OAc)2 ||(o-tolyl)3P |95 °C || 23 0.29 0.32

AgºCO3_|Et3N_|Pd(OAc)2_|_(o-tolyl)3P |95 °C | 17 1.05 0.76

Tl2CO3 Et3N | Pd(OAc)2 ||(o-tolyl)3P 195°C 23 0.28 0.28

TIOAC Et3N_| Pd(OAc)2_|_(o-tolyl)3P |95 °C | 15 0.58 0.51

TIOAC Et3N_|Pd(OAc)2 ||(o-tolyl)3P | 125°C | 19 0.57 0.47

TIOAC *—lº-lºt-lès-l-lt 0.35 0.29

º

:
.º

º
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calculated by dividing the integrated area of Ha for 46c by the integrated area of Ha for 46a

and 46b.

Table 3.2 shows that there is not much variation in the amount of 2-arylated alkene

46d produced under a number of different reaction conditions. The percentage ranges

from a low of 14% to a high of 24% which is not all that significant since these data come

from a single experiment which is subject to the typical variation in NMR integration

calculations. These numbers are consistent with the values of 20–25% given by Cabri and

Candiani” for 3-buten-1-ol insertion into aryl halides via a neutral Pd(II) complex.

However, the use of Ag(I) and Tl(I) salts is supposed to favor reaction via the cationic

Pd(II) complex which is reported to give =90% 2-addition. This implies that reaction is not

occurring through a cationic complex though it may be that the steric requirements of the

large haloporphyrin dictate the regioselectivity regardless of the Pd complex involved.

Unlike the amount of the 2-addition product, the relative amounts of cis and trans-1-

addition products does vary widely, but no clear pattern is evident from the data. Since

double bond reduction gives the same product for all three isomers 46a, 46b, and 46c,

the variation, though interesting, is not of great concern.

The alcohol 47 obtained from reduction of 46 was next acylated with carborane

carboxylic acid chloride 48 in CH2Cl2 using DMAP as base to give carboranyl ester 9 after

G)
Os Cl O O

48
47 —- ->

O O
G)

POMe POMe POMe POM6

9 49

Scheme 3.19. Acylation of 47 by carborane carboxylic acid chloride 48.
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demetallation with TFA (Scheme 3.19). The closo-carborane cages of 9 were opened to

nido-carborane cages with 50/50 piperidine/pyridine. The resulting porphyrin 49 was

isolated as the free acid by CH2Cl2 extraction from 5% citric acid and the tested in the HIV

1 protease assay.

3.1.2.5 Reactions with 3-Butenylcarborane 25 and Allylcarborane 34.

Both of these alkenes react rather poorly in the palladium catalyzed reactions with

haloporphyrins. Their alkene bond is less reactive than some of the other alkenes used,

they are more sterically hindered, they are unstable to base, and as with 3-butene-1-ol 23,

they give porphyrin addition to the 2-position as well as the 1-position. In addition, the

mono and disubstituted products have very similar chromatographic mobilities to each other

and to the unsubstituted porphyrins 40a, 40b, 10, or 10a, thus making it difficult to

separate the products cleanly. Both methods employing Ag2CO3 and BuáNCI have been

investigated. For 25 and BuáNCl a number of inorganic bases and several phosphines

have been examined. As with some of the other alkenes, the extent of reaction varies with

the exact reaction conditions. Additionally, in those reactions in which starting 40a is

consumed and putative desired product generated, there is also seen by TLC a slower

moving side product. A logical identity for this side product would be a nido-carboranyl

porphyrin. However, the TLC mobility is faster than would be expected for such a species

and the amount of this side product seems to be base and time independent. A slightly

scaled-up reaction between 25 and 40a using Pd(OAc)2, BuANCl, DPPP, K2CO3 in DMF

at 52 °C was carried out. The crude mixture was given a preliminary purification by flash

chromatography to remove excess phosphine and catalyst and isolate the fast running

mixed porphyrin fraction which included the desired disubstituted product 50. This partly

purified porphyrin was then subjected to catalytic reduction with Pd on carbon in formic

acid for 3 h. However, because work up followed by 1H NMR showed that reduction to

51 was not complete, the reduction was repeated for a further 6 h. Again, after work up,
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reduction was shown to be incomplete. It is not clear why the porphyrin mixture 50 is so
resistant to reduction.

PC/C/H2
25 formic acid40a

50

Scheme 3.20. Reaction of 3-butenylcarborane 25.

3.1.2.6 Reactions with Miscellaneous Alkenes.

Several other alkenes were investigated. Allyl bromide 28 is reported not to function

well in palladium catalyzed reactions with aryl halides, a result which was also seen in the

present study. Acrylonitrile 32 was only briefly examined and not much can be said for its

utility. Allyl alcohol 31 was examined more extensively. 31 was reported to react with

aryl halides to give mixtures of alcohol and aldehyde products as in Scheme 3.21.30.55.56

The relative amounts of each of the products could be controlled by manipulation of the

reaction conditions. Most conditions employed for the reaction of 40a with 31 gave very

poor results. The most promising conditions were with DPPFPdCl2/Bu4NCl/K2CO3 at

49°C. The products appeared mostly to be the aldehydes. However, NaBH4 did not give a

clean conversion to the alcohol. Time constraints did not permit further work with this

alkene. A recently found paper claims the use of Pd(OAc)2/BuANCl/LiOAc--Licl in DMF

increases the reaction rate and greatly favors the yield of aldehyde products for a variety of

unsaturated alcohols.”
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2-oh
Arx

O OH

2 * 2– º O º, 2H + + +

Ar Ar Ar H Ar

Scheme 3.21: Reactions of aryl halides with allyl alcohol 31.

3.2 Reactions of Alkyl and Alkenyl Tin Compounds.

Alternative methods for substitution of the 2 and 4-positions of deuteroporphyrin

were explored in parallel to the work on the palladium catalyzed coupling of alkenes with

mercuro and halo porphyrins. One method of forming carbon-carbon bonds was

developed by Stille”
60

and co-workers utilizing organotin compounds and aryl halides”

or aryl triflates” and a palladium catalyst. The reaction proceeds under neutral conditions,

is not particularly sensitive to the presence of water or oxygen, and is specific in the stereo

and regiochemistry of alkyl transfer for tin-alkene bonds, i.e. if a trans-1-stannylalkene is

coupled to an aryl halide the product will be a trans-1-arylalkene. The organic groups on

the tin compound also a have a migration priority which usually permits selective transfer

of one group vs. another: RC=C > RCH=CH > aryl - RCH=CH-CH2 = ArCH2 >

H3COCH2 > alkyl.”
The use of this so-called Stille methodology has already been applied to porphyrins.

Minnetian's original purpose in synthesizing the 2,4-dihalodeuteroporphyrins was to

produce protoporphyrin from 39b and tributylvinyltin 52 (stannanes as listed in Figure

Br Ž

Br Pd(PPh3)4, BHT N
2% toluene, reflux

BusS + -- + BusSnBr
53

POMe POMe POMe POMe

39b protoporphyrin
85%

Scheme 3.22. Protoporphyrin via 39b and tributylvinyltin.

-->

º
f

g/
2–
n º

º
*s
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3.4) in 85% yield as shown in Scheme 3.22. 18 The paper also reported that the reaction of

39b with ethynyltributylstannane 53 failed to give any characterizable products. Other

than this single report, there have been no other reports of the use of stannanes with 2,4-

dihalodeuteroporphyrins.

Bussn—'T \ 2. EtO OEt
5 - OEt BusSn OEt

2 ■ n B ... /~<OEt / 2–
/ ~■ X-R ugS BusS OEtBussn—% 2 54 \ 55a

O

55b 55C

53

( ~ J|J- OH O
Sr. BusSn-C=CH --~~ *-Tº

~! -)
56 5957 58

Figure 3.4: Stannanes used in the Stille couplings.

There are, however, several reports by DiMagno and co-workers” on palladium

catalyzed couplings of a meso brominated porphyrin with stannanes (Scheme 3.23) and a

3-bromo-tetraphenylporphyrin with organozinc compounds (Scheme 3.24). These

reactions were performed in THF at 60°C with either Pd(PPh3)4 or DPPFPdCl2 as catalyst.

The latter palladium complex was reported to dramatically speed reaction rate.

3.2.1 Reactions with Allylstannanes.

Table A-3 in Appendix A summarizes the reactions performed with stannanes and

halogenated porphyrins. The first synthetic target in this project which utilized an

organotin compound was 2,4-diallyldeuteroporphyrin 6 using stannane 52. The initial

conditions chosen were those of Minnetian: Pd(PPh3)4 as catalyst, ~4 equivalents of

stannane, addition of butylated hydroxytoluene (BHT) as antioxidant, in toluene at reflux,

but with porphyrin 40a rather than 39b. 40a was chosen for these reactions for the same

j
J

l
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2–
—■

->
reasons as for the Heck type-reaction and because it was already on hand. The initial º

*1,

results obtained were not very satisfactory with formation of multiple products seen by J
TLC. Similar results were later seen when 39a was synthesized and tested in the reaction. 2 ”

-"

Echavarren and Stille" reported that reaction of p-acetylphenyl triflate with stannane 52

gave lower overall yields of product than with other stannanes and, in addition to the

expected allyl product, gave significant amounts of the methylvinyl isomer. Methylvinyl

products were never definitively identified in the reactions with porphyrins. In an effort to

determine if the problems encountered were due to poor experimental technique or were

unique to stannane 52, Minnetian's exact experiment between 39a and

tributylvinylstannane 53 was performed and found to give very good results, indicating

that the problem was specific to stannane 52.

C

O

Scheme 3.23. Reactions of a meso-bromoporphyrin with stannanes.
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Scheme 3.24: Reaction of 3-bromotetraphenylporphyrin with organozinc compounds.

It was thought that some of the problems observed might stem from poor selectivity

of allyl vs. butenyl migration from tin and/or low reactivity of the allyl group. The use of

tetra-allyltin 54 in which all four groups on tin are allyl would eliminate the possibility of

butenyl transfer and increase the number of allyl groups available for transfer. 54 was

synthesized from SnCl4 and allylmagnesium bromide by the method of Fishwicket al,61,62

The use of 54 gave much better results than with 52 and efforts were focused on

improving the conversion to 6 by looking at tin excess and addition of extra phosphine.

Two other catalysts, DPPFPdCl2 and (PPh3)3RhCl (Wilkinson catalyst), were also

examined. Wilkinson catalyst failed to effect any reaction and DPPFPdCl2 gave poorer

results, especially at longer reaction times. Finally, a switch in solvent from toluene to

DMF and a slightly lower temperature were tried and found to be very good with virtually

no side products apparent by TLC. It was found that added phosphine was beneficial and

that no BHT was needed to drive the reaction to completion. A quick examination of

allyltributylstannane 52 under these conditions was promising, though tetraallyl tin 54 was

still clearly superior.
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Despite the clean appearance by TLC, "H NMR showed small amounts of 2,4-

hydrogens, indicating that hydrogenolysis was occurring even in this reaction. Since a

trialkyltin halide is the other product of this reaction and no hydride is formally produced in

the mechanism, this hydrogen atom must come from some other competing process,

possibly involving the solvent. Efforts to reduce this side product by adding an amine base

failed to make any difference. The only successful change was to increase the excess of 54

which decreased the amount of 2,4-hydrogen incorporation. Yet transformations of 6 by

hydroboration/oxidation (Section 3.4.1.1) to the primary alcohol 7 or by OsO4 oxidation to

homobisglycol 8 gave amounts of monosubstituted products which were greater than "H

| NMR of 6 via 54 would indicate. These
observations and others led to the realization

Br already discussed in Section 3.1.1 of the

presence of less reactive bromo-porphyrins

which result in the production of 60a and

POMe POMe 60b (Figure 3.5). A sample of 6 (rxn+ 7
60a M = Zn

-

60b M = 2H 56, Table A-3) was subjected to elemental
+ other isomer

analysis including bromine and, in a
Figure 3.5: Brominated impurity.

calculation similar to that performed for 40a

in Section 3.1.1, Scheme 3.13, it was found that 60b comprised -12% mole fraction of

the sample.

It is true that 39b did couple readily with vinylstannane 53, but this was thought to

be due to the exceptional reactivity of a vinylstannane. It was clear that an allylstannane is

much less reactive, and, it was assumed, did not couple with brominated porphyrins.

However, tetraallyl tin 54 recently was reacted for 3.25 hr with brominated 39a using

Pd(PPh3)4 as catalyst (rxn#8-48c, Table A-3) and was shown to produce diallyl product

6, although reaction was much slower than with 40a under identical conditions (rxn}# 8

48b, Table A-3). A similar reaction using DPPFPdCl2 as catalyst with iodoporphyrin 40a

*

-
º
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and bromoporphyrin 39a (rxn#8-48d, 8-48e, Table A-3) showed significant amounts of

2,4-hydrogen by "H NMR, especially with 39a. The reaction extent with 39a and

DPPFPdCl2 went farther/faster than with Pd(PPh3)4 but was not as clean, indicating that

the amount of hydrogenolysis is catalyst-dependent and that desired coupling to stannane is

slower for bromoporphyrins vs. iodoporphyrins. These results suggest that an increase in

reaction time beyond the 5 hours used previously for reaction with 40a might increase the

conversion to diallyl 6. However, when this reaction was performed for 6.5 hrs, worked

up, purified, and then subjected to hydroboration/oxidation, the yield of diol product 7 was

not any higher than had previously been obtained. The yields of 6 via 54 ranged from

62%-83% after flash chromatography. However, impurities due to 2,4-hydrogen or 2,4-

bromo substitution could not be separated, so that this material was not in fact pure. It was

not until after conversion to the alcohols that monosubstituted material could be separated

from the disubstituted products.

3.2.1.1 Oxidation of 2,4-Diallyldeuteroporphyrin 6 by OsO4.

Scheme 3.25 shows the oxidation of 6 by osmium tetroxide to the homobisglycol 8.

The reaction could also be performed on the zinc(II) complex of 6 but the product, the

zinc.(II) complex of 8, would probably be unstable to the necessary demetallation

OH

OH HO OH

1) OsO4
2) Na2SO3

31%

POMe POMe POMe POMe

6 8

Scheme 3.25: OsO4 oxidation of 2,4-diallyldeuteroporphyrin 6.

67



conditions. The conditions employed were those previously used in this laboratory for the

high yield oxidation of protoporphyrin to the bisglycol 86 precursor of BOPP.63

However, the yield obtained in the present case was significantly lower due to several

possible reasons. Since 6 was actually a mixture with 2-hydro-4-allyldeuteroporphyrin

and/or 2-bromo-4-allyldeuteroporphyrin 60b (and their isomers) oxidation would produce

the corresponding mono-glycols in addition to 8. Because a mixture with a significant

amount of monosubstituted product was produced it was necessary to perform

chromatography on the highly polar crude 8, which also lowered the yield. Additionally,

this oxidation was only performed preparatively twice and is thus not optimized. Because

8 contains two chiral centers at the secondary alcohol position it is actually a mixture of two

diastereomers and the four possible enantiomers. These four compounds could not be

separated and there was no obvious evidence of diastereomers in the "H or the 13C NMR.

The homobisglycol 8 was acylated with carborane acid chloride 48 to give homo

BOPP 61 in 87% yield followed by base treatment to give nido-homo-BOPP 62 as shown

in Scheme 3.26. Again, both of these compounds were mixtures of

diastereomers/enantiomers but, unlike homobisglycol 8, there was evidence of mixtures in

the complex H and 13C NMR observed. The highly polar tetra-acid nido-porphyrin 62

POMe POMe POMe POMe
61 62

Scheme 3.26: Carboranyl acylation of homobisglycol 8.
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was obtained in >100% yield but efforts to purify it by chromatography were unsuccessful.

62 would not precipitate/crystallize from either organic or aqueous miscible solvents, as

was found with other nido-carboranylporphyrins. It is likely that the porphyrin is

complexed with extra solvent, particularly water. 62 was assayed against the protease

(Section 4) without further purification.

3.2.2. Reactions with Tributylstannylacrolein Diethylacetal 55.

Parrain et al.*** reported on the synthesis of stannanes 55a-c from 3,3-

diethoxypropyne and BušSnH. The mixture comprised 86-90% 55a and 55b in a ratio of

85/15 and 14-10% 55c. When the mixture was subjected to palladium catalyzed coupling

with various aryl halides coupling to 55c was not seen due to its much slower reaction rate

than 55a or 55b. It was reported that hydrolysis of the cis/trans acetal substituted

products during silica gel chromatography led exclusively to trans propenal substituted

products as shown for bromobenzene in Scheme 3.27.

EtO OEt

A OEt silica gel O

55a-C + PhBr —- ºn Zºos
+ Ph 2% ºn ZTº

90%

Scheme 3.27: Reactions of bromobenzene with 55a-c.

The stannane 55 mixture was synthesized by the method of Parrain” and was used

in reactions with porphyrins 40a and 39a. In all cases the reaction resulted in a mixture of

products which appeared by TLC to be very similar to the mixtures obtained in the

reactions of acrolein diethylacetal 30 with porphyrin 40a (Section 3.1.2.1). In those

reactions catalyzed by DPPFPdCl2, TLC monitoring also showed that over time the initial

mixture of products were further transformed into other more polar products. As with the

reactions between acrolein diethylacetal 30 and 40a, reactions with stannane 55 were

eventually abandoned.

:
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3.2.3. Reactions with tetra-(3-Butenyl)stannane 56 and Ethynyltributyl

stannane 57.

Reaction between 40a and stannane 56 (synthesized from SnCl4 and 1-bromo-3-

butene via the method of Dooley and Testa”) to produce 63 (Scheme 3.28) was an

apparent failure, producing many products as judged by TLC. It is likely that transfer of

the alkyl group from tin is very slow and that reaction through the distal alkene group via a

Heck type coupling is a competitive process. If synthesized, 63 could be further

transformed by oxidation into 64, the one carbon homolog of 8, or via hydroboration into

2,4-bis(4-hydroxybutyl)deuteroporphyrin the free base of porphyrin 47.

/ OH

OH

56 + 40a OH

OH

POMe POMe POMe POMe

63 64

Scheme 3.28: Proposed reactions with (3-butenyl)4tin 56.

As previously noted, the reaction of ethynyltributylstannane 57 with 39b using

Pd(PPh3)4 in toluene was reported to fail.” It was hoped that this failure was due to the

specific porphyrin utilized and/or the specific reaction conditions chosen. Thus 57 was

reacted with 40a in DMF with either Pd(PPh3)4 or DPPFPdCl2 at ~100°C, conditions

which are best for tetraallyl tin 54. With either catalyst the starting porphyrin 40a was

rapidly consumed within 45 minutes, but by TLC the product(s) was highly polar, green,

and streaky. The identity of this product was not ascertained and no further experiments

with stannane 57 were performed.
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3.2.4 Reactions with 1-(Tributylstannyl)-4-hydroxybut-1-ene 58 and Its

Benzylcarbonate 59.

The use of stannane 58 in a Stille coupling was examined as an alternative method to

obtain porphyrin 46a as a single isomer. 58 was synthesized via the method of Nozaki et

al,66 using 4-hydroxy-1-propyne, Bus Snh, and Et3B catalysis. The tin couples

exclusively at the 1-position giving a reported 69:31 cis:trans mixture in 40% yield after 2

hours of reaction. When this synthesis was performed for this project very little reaction

was observed over two hours and hence the reaction was continued for several days. It

appeared that over the course of reaction that, besides an increase in overall reaction extent,

the relative amounts of the two isomers changed from an initial predominance of the cis

isomer to a predominance of the trans isomer. The two isomers could be partially separated

by flash chromatography in an 80% overall yield and were clearly identified by "H NMR

coupling constants.

Unfortunately, when stannane 58 was used in the Stille coupling with 40a under

several different conditions only a complex mixture of products was obtained. The reaction

was clearly inferior to the Heck type coupling using alkene 23 and porphyrin 40a.

It was thought that perhaps the free hydroxyl group was interfering with the desired

reaction so the stannane 59, in which the hydroxyl group is blocked as the benzylcarbonate

group, was synthesized. The benzylcarbonate groups of the expected product porphyrin

O
o—&

OBZ OB OHZ

/ O
O

N [H]
59 + 40a . . . . . . -> V, ai i v ) - - - - - - - - - ->

OH

POMe POMe POMe POMe

65 47

Scheme 3.29: Proposed reaction with stannane 59 followed by reduction to 47.
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65 could be removed during the hydrogenation step in which the side chain double bonds

are reduced (as in Scheme 3.29) to give porphyrin 47. On a small scale it appeared that

porphyrin 65 was obtained with DPPFPdCl2 as catalyst in toluene, but not in DMF or with

Pd(PPh3)4 as catalyst where complex mixtures of product were seen by TLC. However,

when the DPPFPdCl2/toluene conditions were scaled-up, no reaction occurred at all. The

reason for this is unclear.

3.2.5. Conclusions About Stille Couplings With Porphyrins.

The work in this project has extended the application of the Stille methodology with

2,4-dihalodeuteroporphyrins beyond the single example of incorporation of a vinyl group.

Conditions were optimized to allow the addition of an allyl group in high yield as well.

However, several other stannanes did not give good results. For some this could be

attributed to the individual tin compound i.e. instability (55), low reactivity (56), or other

unknown mechanism (57). But others were expected to perform better (58, 59) in part

based upon their success as alkenes in the Heck reaction. It appears that only reactive

alkenyl tin compounds will react well with a 2,4-dihalodeuteroporphyrin.

3.3 Reductions of 2,4-Bis(3-oxopropenyl)cleuteroporphyrin 38.

There have been several discussions so far on the efforts to obtain 2,4-bis(3-

oxopropenyl)deuteroporphyrin 38 via mercurated porphyrin 11a and acrolein 26 (Section

3.0.4.2), via halogenated porphyrin 40a and acrolein diethylacetal 30 (Section 3.1.2.1),

40a and acrolein 26 (Section 3.1.2.3), and 40a and stannane 55 (Section 3.2.2). There

were several experiments performed on the small amounts on hand of 38 and its zinc.(II)

(38a) and thallium(III) (38b) chelates aimed at achieving reduction of the acrolein side

chains to saturated propanal (44c, 44d, 44e) or n-propanol (7,7a, 7b) side chains

(Scheme 3.30). It was the poor outcome of these reduction experiments coupled with the
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low yields in the synthesis of 38 which prompted much of the search for alternative routes

to 7. The reduction experiments performed are briefly described here.

Os. H HO

O

H OH

`s 38, M =2H
POMe POMe 38a, M = Zn 2. POMe POMe

67, M =2H 38b, M = TI 7, M =2H
67a, M = Zn HO 7a, M = Zn
67b, M = TI 7b, M = Tl

N

N OH

POMe POMe

66, M=2H
66a, M = Zn
66b, M = Tl

Scheme 3.30: Reductions of 2,4-bis(3-oxopropenyl)deuteroporphyrin 38.

Jackson and Zurqiyah” reported on the NaBH4 reduction of a number of 0,3-

unsaturated ketones in isopropanol, diglyme, triglyme, and pyridine. They found that the

amount of unsaturated alcohol (1,2-reduction) vs. saturated alcohol (1,4-reduction) was

solvent dependent and that pyridine gave essentially 100% saturated alcohol. Though these

experiments were with 0,3-unsaturated ketones rather than 0,3-unsaturated aldehydes, it

was thought that these conditions were worth investigating. Thus the earliest experiments

used NaBH4 in pyridine and were conducted on crude mixtures of the Tl(III) porphyrin

38b obtained via 11a and later on purified 38 and 38a. In all cases reaction was rapid but
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only produced highly polar material which by TLC was baseline associated and did not

comigrate with authentic 7. NaBH4 is reported to reduce esters in MeOH" but the

prevalence of such reactions in pyridine is unclear. If the 6,7-propionic ester side chains

were also being reduced the resulting 2,4,6,7-tetra-ol 68 (Figure 3.6) would be highly

polar. However, the homolog of 68, the tetra-ol porphyrin 69 (Section 3.9), has an r■ on

TLC that is very different from the product of NaBH4/pyridine reduction of 38a,

suggesting that simple ester reduction is not a sufficient explanation for the observed

degradation. NaBH4 reduction in DMF and NaCNBH3 in THF/acetate buffers also failed

to give clean reductions. It was later found that the reduction of 38 to the unsaturated

alcohol 66 using NaBH4 in 1:1 MeOH/CHCl3 had been previously reported to proceed in

73% yield by Nichol.” The use of CHCl3 (in which NaBH4 is insoluble) as cosolvent

seems counter intuitive. Nonetheless, it does provide the cleanest reduction observed with

38, though the product 66 would still need to be reduced to 7 in yet another reduction

step.

HO OH

OH
OH

HO HO
68 OH 69 OH

Figure 3.6: Tetraol reduction products.

Catalytic reduction by noble metals and H2 was also investigated. The major product

predicted with these reagents is the saturated aldehyde 44c. Among the catalysts examined

with 1 atm H2 were Pd/C, Pd/Baso.4, and PtC) all in formic acid as solvent, and Pd/CaCO3

in THF. Each of these gave multiple products. Rh on alumina in formic acid initially gave

:
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no reaction but after addition of more catalyst a mixture of products was obtained. Ucciani

and Tanguy” reported that reduction of O,3-unsaturated aldehydes to saturated aldehydes

by Rh on alumina only occurred at high temperatures and hydrogen pressures (0,3-

unsaturated ketones did not require such extreme conditions). In retrospect, considering

the problems encountered with porphyrin alcohols and formic acid it might be worthwhile

to re-examine these reactions in another solvent.

The use of the homogeneous catalyst (PPh3)3RhCl (Wilkinson's catalyst) in the

reduction of O,3-unsaturated aldehydes to saturated aldehydes was previously reported in

benzene or ethanol.” The major side product seen was due to loss of C=O to give the

saturated alkane, the amount of which increased with increasing hydrogen pressure.

Wilkinson's catalyst was examined with 38 in CH2Cl2 or benzene at room temperature and

atmospheric pressure, in benzene at reflux at 1 atm, and in benzene at 41 psi and room

temperature. No reduction was observed under any of these conditions.

Keinan and Greenspoon” reported on the conjugate reduction of 0,3-unsaturated

aldehydes to saturated aldehydes by the use of Ph2SiH2, Pd(Ph3)4, and the Lewis acid

ZnCl2 as cocatalyst in high yields. This reaction was twice performed on 38b, once in

CHCl3 and once in CH2Cl2. Each time a dark precipitate formed which was probably

composed mostly of porphyrin since the volume of precipitate exceeded the volume of

added palladium catalyst. The porphyrin which remained in solution appeared to be mostly

unreacted 38a with some of what might have been the desired product 44d (based on only

minor changes in r■ by TLC and a green-to-orange color change) or its partially reduced set

of isomers. One caveat in interpreting these results concerns the quality of the ZnCl2 used.

Keinan and Greenspoon reported that some water in the reaction slowed the reaction rate

but the quality of the cocatalyst was not critical. However, the ZnCl2 used here was very

old and very wet and a significant portion of the material in the container was in a liquid

state. It is possible that if a higher quality of ZnCl2 was employed a better result might be
obtained.
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Other reduction methods that were not tried but which might prove useful include

Bu?SnH/Pd(PPh3)4 or NaHFe2(CO)8 for the transformation from 38 to 44c. Still other

methods are suggested by Larock.”

3.4 Hydroboration and Oxidation of Porphyrin Alkenes.

Because many of the early synthetic targets of this project used isohematoporphyrin 5

as an intermediate it was important to obtain large quantities of 5 in high yield. The

synthesis of 5 was previously reported by Kenner et al,” in 60% yield from

protoporphyrin by the use of thallium nitrate oxidation, demetallation, acetal hydrolysis,

aldehyde reduction, and re-esterification as shown in Scheme 3.31. Several of the

postdoctoral fellows in this laboratory attempted to obtain 5 via this procedure but got very

poor yields, prompting a search for an alternative procedure. Eventually a modification of

MeO OMe
N

1) TI(NO3)3·3H2O, MeOH, CH2Cl2, A
\ 2) SO2/conc. HC OMe

OMe

92%

POMe POMe POM6 POMe

protoporphyrin 70

+

OH HºtHFH.O.A— O

H

1) NaBH4/MeOH/CH2Cl2 H
2) MeOH/H2SO4

OH O
77%

POH POH

4b
POMe POMe

5

Scheme 3.31: Protoporphyrin 2 to isohematoporphyrin 5 via thallium nitrate.

-
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the thallium nitrate method was developed as discussed in Section 3.4.2.

An obvious alternative to the transformation of protoporphyrin into 5 was via

hydroboration followed by oxidation. Only one literature reference (to a dissertation by R.

Thomas, Braunschweig 1966) to hydroboration of porphyrins could be found. It claimed

that the vinyl groups of protoporphyrin could be hydroborated by diborane in unspecified

yield to the saturated ethyl side chains (mesoporphyrin) or to 5 after oxidation of the borane

intermediate but gave no other details.75a

9-borabicyclo[3.3.1]nonane (9-BBN) is reported to hydroborate alkenes in very high

regiospecificity (97%+ at the primary position of 1-alkenes) and was the first borane

examined for reduction of protoporphyrin 2. After treatment with alkaline hydrogen

peroxide a primary alcohol is obtained as in Scheme 3.32.” An alternative to the use of

the alkaline hydrogen peroxide (which might hydrolyze the 6,7-propionate esters of the

porphyrins) is the use of the milder reagent sodium perborate NaBO3. Since any

hydroboration reagent might be expected to react with the pyrrole nitrogens of free base

protoporphyrin 2 the zinc.(II) complex 2a was used in these experiments.

R
H /—º OH

B B HOOH, Ho º"S- + -> * +
OH

HO9-BBN

Scheme 3.32: Reaction of 9–BBN.

3.4.1 9-BBN Reductions and Subsequent Oxidations.

The use of 9-BBN with zinc.(II) protoporphyrin was examined at in both THF and

CH2Cl2. Better results were obtained in CH2Cl2 because it was much easier to exclude

moisture from that solvent than from THF. In any case large excesses of 9-BBN appeared

to be necessary for full reaction at the vinyl groups at room temperature. It was necessary

to remove the CH2Cl2 before the oxidation step and redissolve the porphyrin-borane in

:
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THF/water. Both NaBO3 and H2O2/Na2CO3 at room temperature were tested as oxidants

and were found to give similar yields, although NaBO3 was preferred. The yields obtained

were somewhat disappointing and ranged from 40-44% after chromatography. If long

reaction times (24 hrs) at room temperature or shorter times at higher temperature (THF at

reflux) were used, slower moving products were observed by TLC. These included a pair

of closely spaced spots and another single, still slower spot. MS analysis of the three

slower products isolated by prep TLC showed them to be due to ester reduction, which is

known to occur with 9-BBN, albeit at a much slower rate than alkene reduction. The

faster of the two closely spaced compounds was probably the mixed isomers of the tri-ol

72 (Figure 3.7) which showed as a MW of 660 in the MS, while the slowest was probably

the terro 69 which showed as a MW of 632 in the MS. In the 24 hr room temperature

reaction of zinc.(II) protoporphyrin 2a with 9-BBN, isohematoporphyrin 5 and tri-ol 72

composed 40% and 15% respectively of the isolated product. Compounds with secondary

hydroxyl groups as in 71 (Figure 3.7), due to hydroboration in the opposite orientation,

did not appeared to be significant products. As with other porphyrin alcohols, the

isohematoporphyrin zinc.(II) complex 5a was found to be unstable to TFA demetallation,

though short reaction times minimized the degradation. In order to avoid the necessity of

the demetallation step, free base protoporphyrin 2 was subject to 9-BBN

reduction/oxidation and isohematoporphyrin 5 was obtained in 30% yield after
OH OH

OH

OH

POMe POMe POMe

71, +Other 72, +other
isomer isomer

OH

Figure 3.7: Possible side products of 9-BBN reduction.
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chromatography.

Several other hydroboration reagents were also examined to see if the relatively low

yield could be increased (Figure 3.8). Dilongifolylborane 73 and disiamylborane 74 are

both known for their high regioselectivity, although because of instability 74 has the

disadvantage of requiring in situ generation. Catecholborane 75 generally requires higher

temperatures to react with alkene but can be catalyzed by Wilkinson's catalyst which

permits reaction at room temperature but also can alter selectivity.” None of these reagents

or conditions were found to have an advantage over 9-BBN.

O

HB C an
2 O

dilongifolylborane disiamylborane Catecholborane
73 74 75

HB TV >4-7 2

Figure 3.8. Other hydroboration reagents.

3.4.1.1 Hydroboration/Oxidation of 2,4-Diallyldeuteroporphyrin 6 to

Alcohol 7.

The above discussed reduction/oxidation conditions using 9-BBN on an

alkylporphyrin were applied to 2,4-diallyldeuteroporphyrin 6 to produce 2,4-bis(3-

hydroxypropyl)deuteroporphyrin 7 in 40% yield after chromatography. Three different

syntheses had a very similar yield, with the other major chromatographic fraction appearing

to be due to monohydroxyl-type compounds. Section 3.4.2 discusses the modification of

the thallium nitrate protocol to give very high yields of isohematoporphyrin 5 from

protoporphyrin. The use of the thallium nitrate protocol to obtain alcohol 7 from allyl 6

was not attempted because, in order to obtain a dimethylacetal as in 70, an O-substituted

group must migrate as shown in the top part of Scheme 3.33. Carbon migration is favored

for aryl groups and in certain cyclic alkenes. The competing mechanism shown in the
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lower part of Scheme 3.33 results in 1,2-dimethoxy compounds and is a major contributor

with nonaromatic and acyclic alkenes.” Allyl compound 6 lacks the O-aryl group and thus

a mixture of products would be expected, though actual experimentation would provide a

more definitive answer.

H3C

Ar A -ºš
,-\ °)—N= TNO3)3 + CH3OH − Hac-osh'o'Tºrp., -- of Na,

I |

CH3 CH3
H3C-Q-H *g* ,

2-A Ar sº

Q TIX2 —- 8 Yo º
CH3 CH3 CH3 -

Scheme 3.33: Mechanism of TI(NO3)3 oxidation of aromatic vinyl groups in MeOH. -

3.4.1.2 Acylation of Alcohol 7 with o-Carborane Acid Chloride 48. *-

The porphyrin alcohol 7 was acylated with ortho-carborane acid chloride 48 to give º

76 in 75% yield after flash chromatography (Scheme 3.34). The closo-carborane cages of º

76 were opened to the nido-carborane cages with piperidine/pyridine to give 77, which º

was tested in the protease assay. An interesting note about 77 and related nido-carborane -

substituted porphyrins is that the UV-Vis spectra look odd. The spectra do not look like

G)

O
O O

, * 9 pip/py P 6

74% O 65%
º

POMe POMe POMe POMe
76 77

Scheme 3.34: Acylation of alcohol 7 with carborane acid chloride 48.
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either free base porphyrins or metalloporphyrins but tend to resemble the spectra of free

base porphyrins in acid or a mixture protonated and unprotonated states. It may be that the

strongly acidic nido-carborane cages are partly protonating the pyrrole ring nitrogens, either

intra- or intermolecularly. Sometimes in the "H NMR of these nido-carboranyl porphyrins

there are two NH peaks at 6 between -2 and -4 ppm which is not seen with closo

carboranyl or any other free base porphyrins.

3.4.2 Modification of the Thallium Nitrate Protocol.

The still disappointing yields of 5 obtained through hydroboration and the desire to

obtain quantities of the aldehyde 4 for experiments with ylides prompted a closer

examination of the thallium nitrate procedure. It was found that other researchers in this

laboratory had modified the published procedure, using a strong aqueous acid demetallation

step instead of the milder SO2/conc. HCl method. SO2 reduces the Tl(III) metal ion

chelated by the porphyrin into Tl(I) which is then released from the porphyrin and

precipitated as TICl by the conc. HCl. SO2 was obtained and it was found that good yields

of 70 could be obtained using this reagent. Attention then turned to the acetal hydrolysis

step and the search for mild non-aqueous conditions which would give the aldehyde 4 in

clean, high yield while preserving the 6,7-propionic esters intact and thus preventing the

formation of 4b.

3.4.2.1 Acetal Hydrolysis.

As an alternative to the aqueous strong acid hydrolysis originally utilized, Snow and

Smith.” reported that acetal hydrolysis could be accomplished by a transacetalization

reaction with anhydrous acetone and p-toluenesulphonic acid in unspecified yield.

However, several attempts at this procedure failed to produce any observable acetal

hydrolysis possibly due to the presence of water in the reaction mixture. Ellison et al,81

used a 2:1 mixture of CDCl3 and 50% aqueous TFA at 0°C for 90 minutes to hydrolyze a
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dimethylacetal in the presence of an ethylene acetal. The use of similar conditions (2:1

CH2Cl2 and 50% aqueous TFA, 1.75 hr at room temperature) with acetal 70 did not result

in a clean conversion to aldehyde 4 or, after NaBH4 reduction, to isohematoporphyrin 5.

Concurrently, the use of trimethylsilyl iodide (TMS-I) for acetal hydrolysis was also

investigated and was found to be a more promising method.

TMS-I and TMS-Br are reported to function in a variety of reactions including ether,

ester, and carbamate cleavages” and acetal/ketal hydrolysis.” Use of TMS-I with

acetal 70 gave mostly one product by TLC which was judged to be aldehyde 4 and which

when reduced by NaBH4 gave alcohol 5 in 83% isolated yield from acetal 70. The 6,7-

propionate esters were apparently stable to these conditions since the carboxylic acid 4b.

was not observed. Aldehyde 4 and its zinc complex 4a were pure enough to be used in

ylide experiments (Section 3.6). TMS-I is unstable and reacts with moisture to generate HI

which can cause side reactions if not scavenged by added propene. TMS-I fresh from

ampoules was utilized as was material generated in situ using TMS-Cl/N aI* or

(CH3)3SiSi(CH3)3/12/A.” It was later found that the TMS-I/propene method had already

been applied to the acetal of porphyrin 78 to obtain the alcohol 79 as in Scheme 3.35 (M.

Isaac, unpublished dissertation”).
OCH3

OCH3 OH

H
1) TMS-1, propene, CHCl3

2) NaBH4, CH2Cl2/MeOH
63%

POMe POMe POMe POMe.
78 79

Scheme 3.35: Previous use of TMS-I for acetal hydrolysis.
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TMS-I seemed to be a method that was “good enough” for the purposes of

converting acetal 70 to 4 and/or 5 but which proved to be very unsatisfactory when applied

to porphyrin 80, Scheme 3.36. Porphyrin 80, bearing a 6,7-methylcarbamate group

derived via a Curtius rearrangement (Section 3.7.3), when treated with TMS-I gave none

of the expected di-aldehyde product. Though the ester groups of 70 are stable to this

reagent, it may be that the methylcarbamate groups of 80 are not. A methylcarbamate was

187hydrolyzed in the presence of a methyl ester by TMS-I°', indicating that carbamates are

less stable than the esters to this reagent.

OCH3
OCH3 OH

OCH3

OCH3 OH

OCH3 OCH3

ºccº in-Q HNJOCH3 HN O
O O

80 81

Scheme 3.36: Hydrolysis of the acetals of porphyrin 80.

Barbot and Miginiac" reported that a series of 3-alkenal acetals could be hydrolyzed

to the corresponding 3-alkenals with a two phase mixture of formic acid and pentane at

room temperature in one hour in high yield. Porphyrins have very good solubility in

formic acid (but not pentane) so acetal 70 was dissolved in 88% formic acid for 2 hours

followed by removal of the solvent to obtain aldehyde 4 in near quantitative yield. No side

products could be seen, and after an aqueous washing step, 4 could be reduced to

isohematoporphyrin 5 in 93% yield from protoporphyrin 2 without any chromatography

steps. This same procedure when applied to 80 gave 81 also in high yield (76% from

:
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120, the 2,4-divinyl-6,7-carbamate precursor to 80). The use of formic acid became the

method of choice for the acetal hydrolysis step.

3.4.3 Homolgation Reactions of Porphyrin Boranes.

Other functionalities besides hydroxyl can be added to alkenes via hydroboration.

Hydroboration followed by treatment with carbon monoxide (CO) in the presence of a

hydride reducing agent produces insertion of CO into one of the alkyl-boron bonds.89.90

When hydroboration is carried out using 9-BBN, insertion occurs selectively into the BR

bond not part of the bicyclic system. This intermediate can then be oxidized at neutral pH

to give a homolgated aldehyde or can be base hydrolyzed to give a homolgated alcohol as

shown in Scheme 3.37. The original hydrides employed were NaBH4 and LibH4 which

required heating to effect the reduction.” Li(CH3O)3AlH was found to effect the

transformation at much lower temperatures but also can reduce other functional groups

such as esters.” Later Li(t-BuO)3AIH” was used because it was less prone to engage in

ester reduction though it is more sterically demanding.

R HO(CH2)3R
R MO

H /—" º'
R. ' B B BCO
N= + ->wº vº Tº vº ºr *s-cºcºa

9-BBN H

Scheme 3.37: Homolgation with 9-BBN.

The application of this methodology to the borane intermediate 82 derived from

zinc.(II) protoporphyrin 2a and 9-BBN would be expected to yield 83 (Scheme 3.38).

Oxidation of 83 with H2O2 at pH 7.0 would yield the homolgated aldehyde 44d (from

Scheme 3.30), which could be used for further transformations or reduced into the zinc.(II)

porphyrin alcohol 7a. This reaction was attempted using several different hydride reducing

agents: Li(t-BuO)3AlH at room temperature, Li(CH3O)3AlH at -26°C, and NaBH4 at 47°C.

:
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The desired product, aldehyde 44d would be expected to have a similar appearance and

behavior on TLC as aldehyde 4a, but none of the reagents gave such a product in

significant amounts. After treatment with H2O2 in a pH 7.0 phosphate buffer, Li(t-

BuO)3AlH gave several polar products which appeared as steaks by TLC but which did not

appear to be aldehyde 44d.

POMe POMe POMe POMe
82 83

Scheme 3.38: Aldehyde 44d via hydroboration and carbonylation.

Similar buffered H2O2 treatment of the products from a reaction using

Li(CH3O)3AlH at -26°C followed by NaBH4 reduction (to convert any resulting aldehydes

to the corresponding alcohols), gave as the major product an apparent tetrahydroxy

porphyrin. The "H NMR suggested that this was the homolgated tetra-ol 68 from

successful homolgation, coupled with unwanted hydride induced ester reduction. But the

mass spectrum showed a mass corresponding to un-homolgated tetra-ol 69, which could

have arisen from failure of the homolgation step, coupled with unwanted Li(CH3O)3AlH

reduction of the esters to alcohols. Repetition of this reaction with more careful

temperature control and a shorter reaction time gave several products, the most mobile of

which was judged by TLC to be isohematoporphyrin 5, the product of failed homolgation

without concomitant ester reduction. The less mobile bands were likely due to varying

amounts of ester reduction. Reaction in diglyme with NaBH4 at 47°C, followed by

:
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buffered H2O2 treatment, resulted in a mixture which looked almost identical to that from

Li(CH3O)3AlH.

There are several possible reasons for the failure of this reaction. The large excess of

9-BBN used in the hydroboration step may interfere in the carbonylation step. Li(t-

BuO)3AlH is sterically hindered and might be expected to have problems where the borane

is also sterically hindered. In fact Li(t-BuO)3AlH fails to function in the carbonylation of

simple trialkyl boranes other than the special case of R-9-BBN systems.” Both

Li(CH3O)3AlH and NaBH4 are expected to show competing reduction of the propionic

esters, the former reagent more so than the later. Of future interest might be a more

recently reported reagent which can be used over a range of temperatures and which

probably would not reduce esters: potassium triisopropoxyborohydride K(i-Pro)3BH.”
Perhaps the possibility which best explains the observed problems is that the

porphyrin-boron bond is not the preferred site of carbonylation and instead CO inserts into

the bicyclic system as shown in Scheme 3.39. CO insertion into the bicyclic system may

not be preferred, but it is reversible until hydride reduction of the intermediate carbonyl

82a and 82b occurs. Steric constraints on the reduction step may force a kinetic rather

B 2. 82a 83 OH

SS

R = porphyrin ring O HO

Scheme 3.39: Possible side reaction in the hydroboration and carbonylation of
porphyrins.
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than a thermodynamic resolution toward 84 rather than 83. Buffered H2O2 treatment of

84 would initially give a compound like 85 which might not run well on TLC. Oxidation

of the un-homolgated B-R bonds is slower than oxidation of the homolgated B-R-OH

bonds especially at pH 7.0, but eventually the un-homolgated isohematoporphyrin 5 is

freed from 85. Competition between the various mechanisms and the presence of two

hydroboration sites on each porphyrin would lead to a very complex mixture of products.

3.4.3.1 Related Reactions of Organoboranes.

The are several other methods of adding functionality to an alkene via an

* nitriles,organoborane. The base catalyzed coupling of 0-halo esters,” ketones,
sulfonate esters, and sulfonamides to alkylboranes leads the corresponding ot-alkyl esters,

ketones, nitriles, sulfonate esters, and sulfonamides. Reaction of R-9–BBN with the

dianion of phenoxy acetic acid leads to RCH2CO2H.” Use of these methods with

porphyrin-borane 82 might lead to compounds like those shown in Scheme 3.40.

Unfortunately, limits of time prevented the exploration of these reactions.

R
2O

R O O’ OR
OH

82 —- R = >~~ ×S-S 9
O O' NR2

R×ºr ×S-Ss?
POMe POMe O O’’R

Scheme 3.40. Other reactions of porphyrinboranes.

3.5 Oxidation of Bisglycolporphyrin 86 to Diformylporphyrin 3.

2,4-diformyldeuteroporphyrin 3 was required for use in ylide experiments and for

reduction to the hydroxymethyl derivative 87, the one carbon shorter homolog of
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isohematoporphyrin 5. Diformyl 3 was synthesized in 30% yield via sodium periodate

(NaIO4) oxidation of bisglycol 86 in dioxane/water”, in 60% yield by low temperature
ozonolysis of protoporphyrin 2”, in 17-22% yield by permanganate oxidation of

protoporphyrin 2”, and in unspecified yield by picryl azide treatment of protoporphyrin

2.99. Since bisglycol 86 has been obtained in this laboratory in very high yield from

protoporphyrin 2, it was decided to try and improve on the periodate oxidation to diformyl

3.

Gupta et al. reported on the use of NaIO4 supported on silica gel (NaIO4/SiO2) for

the oxidation of hydroquinones, sulfides, and 1,2-diols in CH2Cl2 or benzene." No

reaction was observed if powdered NaIO4 and powdered silica gel were used instead.

NaIO4/SiO2 was stirred with bisglycol 86 in a variety of solvents both at room temperature

and above. Two major problems appeared to be the insolubility of 86 in many solvents

and, because of its highly polar structure, its tendency to adsorb onto the silica gel and

become unreactive. Addition of MeOH to the reaction mixture could alleviate both

problems. Multiple additions of NaIO4/SiO2 and long reaction times were still required and

it may have been that the MeOH was dissolving the silica gel and deactivating the reagent.

The best yield obtained was 56% using a fourfold excess of NaIO4/SiO2 in 15%

MeOH/benzene at 60°C over two days. A further improvement in yield and method was

sought.

OH

HO ON ..H HO

OH H

POMe POMe POMe POMe POMe POMe

86 3 87

Scheme 3.41: Conversion of bisglycol 86 to 2,4-diformyldeuteroporphyrin 3.

l/4.
-->-
º *
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An examination of the original reaction of bisglycol 86 with NaIO4 in dioxane/water

gave insight into the reasons for the low yields obtained using this method. The major side

products using these conditions are the mixed mono-formyl/mono-glycol isomers from

partial reaction and recovered, unreacted bisglycol 86. 86 is soluble in dioxane/water, but

as the reaction progresses the products are less soluble and begin to precipitate, creating a

heterogeneous reaction system. It was thought that a solvent system in which both

reactants and products are soluble would greatly improve the yield. However, no solvent

system could be found in which both bisglycol 86 and diformyl 3 are soluble. 3 appeared

to have the greatest solubility in THF, a solvent in which 86 is only modestly soluble.

Additionally, NaIO4 is only soluble in mixed aqueous systems. However, an alternative to

NaIO4 is the commercially available periodic acid (HIO4) which would be expected to

require less water for solubility. This was the answer. HIO4 dissolved in a minimum

amount of water was added to a suspension of 86 in THF. As the reaction progressed the

THF soluble products dissolved and the system became homogeneous. Eventually, some

of the product would begin to precipitate but by then the reaction was complete. Diformyl 3

was obtained in a high of 94% from bisglycol 86, but yields of 80% are more typical,

either yield a great improvement over previous methods.

3.5.1 2,4-Bis(hydroxymethyl)porphyrin 87 from Diformylporphyrin 3.

Diformyl 3 was treated with NaBH4 in a variety of solvents. MeOH/CH2Cl2 was

clearly superior, yielding 77% of alcohol 87. Acylation of alcohol 87 with carborane acid

chloride 48 may have given the desired carboranyl ester, porphyrin 89 (Scheme 3.42), but

the product appeared to be particularly unstable. In an effort to determine if this instability

is inherent to the hydroxymethyl group, t-butyl ester 88 was synthesized from alcohol 87

and trimethylacetyl chloride in good yield. The t-butyl ester 88 was found to be stable to

silica gel chromatography indicating that the instability of the carboranyl ester 89 is related

to the carborane cages.
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ºr fºes,
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POMe POMe POMe POMe
88 89

Scheme 3.42: Acylation of 2,4-bis(hydroxymethyl)cieuteroporphyrin 87.

3.6 Reactions of Porphyrin Aldehydes.

The improved methods of synthesis and greater availability of the porphyrin

aldehydes 3 and 4 allowed for their use as starting materials in further transformations.

Among the reactions investigated were reactions with Wittig reagents, sulfur ylides, and

diazomethane. Previous reactions with 4 appear to be limited to one example of treatment

with the fluorinating reagent (diethylamido)sulfur trifluoride (DAST) to give 2,4-bis(2,2-

difluoroethyl)cieuteroporphyrin 91 (Scheme 3.43).” Reactions between Wittig reagents

and formyl substituted porphyrins have been previously reported, but are surprisingly rare.

These transformations were limited to simple fluoromethylene” or 13C enriched

methylene couplings” to diformyl 3 to give the tetrafluoro- and 13C enriched vinyl

porphyrins 92 and 93 respectively, or with spirographis/isospirographis porphyrins

90a/90b to give fluoroporphyrins 94a/94b or 13C enriched protoporphyrins 95a/95b.

Reports of the reaction of CH2N2 with porphyrins appears to be limited to a brief personal

communication observing that diformyl 3 reacts with CH2N2 in ether to form an epoxide

(110b Scheme 3.49) which could be hydrolyzed to bisglycol 86.7%b No reports on the

reaction of porphyrins with sulfur ylides appear to exist.
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R1 R!

R2 R2

POMe POMe POMe POMe

4: R* = R3 = * 91: R' = R* = 3-CH2CHF2
O S., F
O 92; R = R* = K–6.

3: R* = R3 = -3-4 1 p2 Y_r = F

H O 93: R' = R* = *=éH.
^ N. N. F90a: R = }{=ch, Rº = -84. 94a: R'= }{=cH, R* = X=x

H F F
O 94b; R' = }{={ R* = X

90b: R! -
-3-4 R2 -

*=CH, F *=CH,
H - 1 2 NA e

95a: R ' = *=CH, R* = *=éH.
■ = carbon-13 enriched 95b: R' = *=éH. R* = *=CH.

Scheme 3.43: Previous reactions of porphyrin aldehydes 3, 4, and others.

3.6.1 Reaction with Wittig Reagents.

The first reaction using a Wittig reagent sought another alternative route to 2,4-

diallyldeuteroporphyrin 6 from aldehyde 4a and phosphorane 96 generated from

methyl(triphenyl)phosphonium bromide and base. The initial conditions chosen were those

of Smith et al.” using n-butyllithium in the presence of diisopropylamine in THF at room

temperature. Only uncharacterized degradation products were observed. Low temperature

(-70°C) reactions using n-butyllithium or LDA similarly failed. Fitjer and Quabeck”
reported that in reactions of phosphorane 96 with sterically hindered ketones the use of

potassium tert-butoxide greatly improved the yields over those with other hydride type

bases. Bettach et al.” reported on the use of phosphorane 96 in a solid/liquid two phase

Ph3P=CH2 Ph3P=CHCO2CH3 Ph3P=CHCO2tBu Ph3P=CHCOH
96 97 98 99

Figure 3.9. Wittig reagents used.
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R G)

G)_H
Ph3P= CH2 O

-
O

+ —- H Q —- H
4a Ph3P-CH3

POMe POMe POMe POM6

Scheme 3.44: Side reactions of 4a with base.

system using solid K2CO3 in an organic solvent. Use of either of these methods with

aldehyde 4a met with similar failure. Indeed potassium tert-butoxide caused rapid

porphyrin degradation in the absence of the phosphonium salt. It seems likely that the

methylene proton O. to the carbonyl group is very acidic and that deprotonation leads to

rapid degradation (Scheme 3.44). Phosphorane 96, potassium-tert-butoxide, or even solid

K2CO3 over time are all sufficiently basic to cause this reaction.

It was reasoned that the use of a Wittig reagent with lower basicity might give

successful coupling. Unlike the unstable phosphorane 96, which is derived by base

treatment of the phosphonium salt in situ, the phosphorous reagents 97,98, and 99 are

stable enough to be bottled and stored as the phosphoranes rather than the phosphonium

salts. It was predicted that these reagents might be sufficiently weak bases to allow their

use with aldehyde 4. When 4 was treated with phosphorane 97, a smooth rapid reaction

occurred to yield an isomeric alkene mixture of 100a, 100b, 100c, 100d (Scheme 3.45).

Flash chromatographic separation of this mixture yielded a trace of the cis/cis isomer 100a,

17% mixture of cis/trans isomers 100b and 100c, 61% percent trans/trans isomer 100d,

and 5% of an unseparated mixture of 100b, 100c, and 100d. Total isolated yield of all

isomers was 84%. Upon reduction this mixture would yield a homolog of coproporphyrin

100e. When aldehyde 4 was treated with 99 on a small scale in CH2Cl2 at room

temperature, TLC monitoring showed that reaction occurred at a very slow rate. These

reactions demonstrate that it is possible to elaborate aldehyde 4 with certain stabilized

phosphoranes if they are sufficiently nonbasic.

92



H2 CO2CH3
R1 100a R' = R3 = -H

R2 H2 CO2CH3 H CO2CH3
100b R1 = *>=& ; R2 = X=K

H H H2C H

100c R1 = X=< ; R2 = *>=&
H2C H H H

POMe H CO2CH3
POMe 100d R1 = R2 = X={

H2C H

100e R' = R* = -4CH2CH2CH2CO2CH3

Scheme 3.45: Product of reaction of 4 with phosphorane 97.

Coproporphyrin, in the form of its tetramethyl ester 102 or as its mixed 6,7-di

methyl ester-2,4-diacid 103 (Scheme 3.46), was a desirable target that potentially could be

obtained via diformyl 3 and Wittig reagents 97 and 98 in higher yield and fewer steps than

previously reported. The tetramethyl ester 102 was obtained from protoporphyrin 2 in

37% yield", in 40% yield'97, and in 36% yield following reduction of
dehydrocoproporphyrin 12.16 Dehydrocoproporphyrin 12 has previously been obtained

via the Heck reaction sequence (Sections 3.1 and 3.2).

O OR O OR

/

O O
N [H]

3 —- OR OR

POMe. POMe POMe POMe

12, R = CH3 102, R = CH3
101, R = t-Bu 103, R = H

Scheme 3.46: Reaction of diformyl 3 with Wittig reagents.

12 was obtained by reaction of diformyl 3 with phosphorane 97 in refluxing

CH2Cl2 in 89% yield, 68% yield overall from protoporphyrin. The reduction of the double
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bond of 12 to give 102 is reported to proceed in 96% isolated yield. However, at no time

could this reduction be reproduced in more than 63% isolated yield. Modification of the

reduction conditions allowed the isolation of an 80% yield, cutting the overall yield of

coproporphyrin 102 to 54% from protoporphyrin 2. Similarly the t-butyl ester 101 was

obtained in 85% yield from diformyl 3 and phosphorane 98, then subsequently reduced

and hydrolyzed to 103 in 78% yield, 50% overall from protoporphyrin 2. 103 was to be

selectively modified at the 2,4 positions to give the bisacid chloride 104 which could be

coupled with various carborane nucleophiles as shown in Scheme 3.47. Limited time did

not permit these reactions to be carried out. Despite the successful use of phosphoranes 97

and 98, reaction of the phosphorane 99 with 3 to give the diacrolein porphyrin 38 failed

entirely in CH2Cl2 or THF at reflux or in DMF at 95 °C.

O O

103 - - - - - -- Cl ---- --> X

POMe POMe POMe POMe
104

H R 2"**** * * ******
BSH

Scheme 3.47: Proposed reactions with coproporphyrin half acid 103.

3.6.2 Reactions with Sulfur Ylides.

Both dimethylsulfonium methylide 105 and dimethyloxosulfonium methylide 106

(Figure 3.10) are known to react with aldehydes to give epoxides in good yields.” Ylide
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105 is unstable requiring in situ generation at low temperatures, while ylide 106 is stable

at room temperature for several days. It was proposed to react zinc.(II) aldehyde 4a with

sulfur methylides 105 or 106 to give the epoxide 108 which could be further elaborated

via acid hydrolysis to the homobisglycol 8 or via nucleophilic substitution to the amino

alcohols 109a/109b (Scheme 3.48). However, as was the case with the phosphorous

(CH3)2S= CH2 (CH3)2S(O)= CH2 TsNHS(CH3)(O)= CH2
105 106 107

Figure 3.10: Sulfur ylides used.

ylides, base catalyzed degradation was the major outcome. When NaH was used to

generate the reactive intermediate, either directly or via dimsyl sodium, only rapid

degradation of the porphyrin occurred with the formation of almost no desired product as

judged by TLC. However, when ylide 106 was generated with potassium tert-butoxide, a

small amount of the diepoxide 108 was obtained in 9% isolated yield. The sulfur ylide

107 is reported to effect epoxidation of aldehydes and ketones and is even more stable than

106.” Because of extensive resonance stabilization, ylide 107 would be expected to be

a much weaker base than ylide 106 and hence, as was the case with stabilized Wittig

reagents, would be expected to give less base catalyzed side products. However, the use

O 1X X2

X1
4a –- 9 :-------- ->

X2

POMe POMe POMe POMe

108 8: M = 2H, x'=X* = OH
109a: X* = OH, X* = NH2
109b: x'= NH2, X* = OH

Scheme 3.48: Reaction of zinc.(II) aldehyde 4a with sulfur ylides.
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of ylide 107 with aldehyde 4a did not give any characterizable products. Due to the poor

yield of epoxide 108 further transformations were not investigated.

When zinc.(II) diformyl 3a, which lacks an acidic o proton, was reacted with ylide

106 reaction occurred at a much slower rate than with aldehyde 4a and the reaction

required a larger excess of ylide for complete consumption of the porphyrin as judged by

TLC. It was expected that the desired epoxide product 110a (Scheme 3.49) would have

similar TLC mobility to epoxide 108 since the aldehydes 3 and 4 as well as their zinc(II)

complexes 3a and 4a behaveO

similarly on TLC. However, the

O crude product mixture gave only

3a –38—- nondiscrete streaks on TLC. It is

possible that the desired epoxide

POMe POMe product did form but was unstable
110a: M = Zn

- - - - - -

110b: M = 2H either in solution or on silica gel. No

Scheme 3.49: Sulfur ylides with diformyl 3a. further characterization of the

products was attempted. Epoxides can also be formed from 1,2-diols in the presence of a

mixture of PPh3 and diethyl azodicarboxylate in a Mitsunobu reaction. 110 Attempts to use

this method to obtain epoxide 110b via the bisglycol 86 also failed, as did the treatment of

protoporphyrin 2 with m-chloroperbenzoic acid. It may be that the epoxide is formed in

some of these reactions but that it is very unstable.

3.6.3 Reactions with Diazomethane.

Treatment of aldehydes with diazomethane (CH2N2) can take a number of reaction

courses to yield epoxide, homolgated ketone, or homolgated aldehyde products depending

on which group migrates to eliminate nitrogen.' 11 Reports of the reaction of CH2N2 with

porphyrins appears to be limited to a brief personal communication observing that diformyl
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porphyrin 3 reacts with CH2N2 in ether to form epoxide 110b which could be hydrolyzed

to the bisglycol porphyrin.”
Because of poor solubility in ether, 3 was dissolved in either CH2Cl2 or 20%

MeOH/CH2Cl2 and was treated with ethereal CH2N2. No reaction occurred in the absence

of MeOH. In the presence of MeOH, complete consumption of 3 required 3–4 days and

repeated additions of CH2N2. MeOH is known to increase the rate of reaction of CH2N2

with aldehydes, to increase epoxide formation relative to ketone formation, and to promote

aryl migration (undesirable here). 1 11 TLC monitoring of the reaction showed the presence

of multiple products which generally appeared as discrete spots. When an aliquot of the

crude material was treated with NaBH4 and compared by TLC to an untreated aliquot, it

was noted that almost all of the spots shifted to lower r■ indicating that many of the

products contained at least one reducible group (ketone and/or aldehyde) and that epoxide

formation was not occurring in high yield. Further characterization was not attempted

because of the multiplicity of products.

Because electron withdrawing groups O. to an aldehyde tend to increase the reactivity

toward diazo compounds, the more electron-deficient zinc.(II) complex 3a was treated with

CH2N2 under similar conditions. In this case the overall reaction rate was greater, with

reaction occurring even in the absence of MeOH. However, as in the reaction of

unmetallated 3, many products were formed. Again no isolation or characterization of

these products was attempted and efforts in this area were discontinued.

Better results were obtained when either aldehyde 4 or its zinc.(II) complex 4a was

treated with ethereal CH2N2. Because of the wider range of solvent solubility possessed

by 4 and 4a, a number of solvents were examined including: THF, THF/MeOH, CH2Cl2,

10% MeOH/CH2Cl2, 50% MeOH/CH2Cl2, pyridine, dioxane/MeCH, and acetonitrile. As

judged by TLC, the rate of reaction of CH2N2 with 4 and 4a was significantly faster than

in the reaction with aldehydes 3 or 3a but there was very little qualitative difference among
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the various solvents tried or between the two porphyrins. Again, MeOH/CH2Cl2 mixtures

seemed satisfactory.

In the crude product mixture from the reaction of CH2N2 with aldehyde 4 two main

and one minor closely spaced spots were observed by TLC. Attempts to completely

separate the products by chromatography were unsuccessful. However, NMR analysis of

the partially separated mixture allowed the structural determination of the products as di

homolgated ketone 111d, monoepoxide/monoketone mixed isomers 111b and 111c, and

a very small amount of diepoxide 111a (111a is identical to demetallated epoxide 108) as

shown in Figure 3.11.

R!

POMe POMe

O
111a R1 = R2 = CH2CH-CH2

O
111b R1 = CH2CH-CH2 : R* = CH3COCHsR1 -

O
111c R1 = CH2COCH3 ; R* = CH2CH-CH2

111d R1 = R2 =CH2COCH3
O

112b R1 CH2CH-CH2 : R* = CH3CH(OH)CH,

112c R1
O

CH2CH(OH)CH3 : R* = CH2CH-CH2
112d R1 = R2 = CH2CH(OH)CH3

Figure 3.11: Products of reaction of CH2N2 with aldehyde 4.

When the reaction was repeated and the product mixture subjected to NaBH4

reduction and preparative TLC purification, two major products were obtained. The more

mobile product obtained in 18% yield was a mixture of monoepoxide/monoalcohol isomers

i
=
º

p”
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112b and 112c. The less mobile product obtained in 64% yield was identified as the

bispropan-2-ol substituted porphyrin 112d. These two products differ by only two mass

units which can be clearly seen in the mass spectrum. Only a trace of the diepoxide was

present and was not isolated.

The Wittig reaction holds potential for the synthesis of more highly functionalized

porphyrins. Since neither the sulfur ylides nor the diazomethane reaction yielded significant

amounts of epoxides, and the ketone products that were obtained were not of great

immediate interest, further work in these methods has been discontinued.

3.7 Curtius Reaction of the 6,7-Propionic Acid Side Chains.

As will be discussed in more detail in Chapter 4, it was of interest to make

compounds in which the negatively charged (at the pH of the protease assay) 6,7-propionic

acid side chains were replaced with positive or uncharged groups. The methyl ester is an

example of a readily available uncharged group. A positively charged amine group could

be obtained via a Curtius reaction as diagrammed in Scheme 3.50. A carboxylic acid is

converted via the thermal rearrangement of an acyl azide to an isocyanate. The isocyanate

can be hydrolyzed directly to the amine or can be reacted with an alcohol to give the

carbamate. After hydrolysis the carbamate can also be hydrolyzed to the amine. Like the

ester group, a carbamate intermediate would provide a stable uncharged side chain. The

initial transformation from a carboxylic acid to an acyl azide is often accomplished via the

acid halide and azide ion.''” A more recent method treats the acid with

diphenylphosphorylazide (PhO)2P(O)N3 and Et3N, avoiding the acid chloride

j.
->

j. A recº H2O, H° a-NH2
R^ TOH R’ N3 R’ ºs

R‘OH R ^e H*a Nºon
O

Scheme 3.50. Curtius Rearrangement.
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entirely." 13,114

3.7.1 Curtius Reaction with BOPP Diacid 1.

The first experiments were designed to be “quick-and-dirty”, in that they were

supposed to provide an assayable compound in a minimum number of synthetic steps.

Thus the lead compound BOPP diacid 1 was treated with oxalyl chloride, thionyl chloride,

or PCl5 in benzene followed by a saturated aqueous solution of NaN3. This produced a

black goo but no identifiable acyl azide. It was unclear at the time which of the two steps

might be the problem. The secondary acyl group on 1 might be unstable to the strong acid

conditions. Also the carborane cages might be unstable to the NaN3. When the model

carboranyl ester 113 was dissolved in benzene and stirred with saturated aqueous NaN3 no

reaction was observed. However, when the solvent was changed to the more miscible

conditions of THF and saturated aqueous NaN3, 113 was degraded. This observed

degradation was thought at the time to be due to the NaN3. But recent experiments have

shown that o-carborane cages directly attached to a carbonyl group are opened to nido

carborane cages in wet water miscible solvents and thus NaN3 may not have been the

culprit.

O OCH3 An attempt was made to avoid an acid chloride

NaN3 7 by using (PhO)2P(O)N3. Since the carborane cages

-
clearly would not be stable to the Et3N normally

113
used with this reagent pyridine was used instead.

Scheme 3.51: NaN3 on 113.
- - - -The porphyrin precipitated when the reaction was

performed in benzene and no reaction was observed at all in THF. It may be that pyridine

is not a good base for this reaction. The use of (CH3)3SiN3 in CH2Cl2 was also

investigated with similar results. It was then decided to take one step back and look at

these reactions on a porphyrin which lacked the complications induced by the carborane

cages.

3
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3.7.2 Curtius Reaction with Bisglycol Porphyrin 86.

The bisglycol dimethyl ester 86 was protected as the acetonide 114 using

dimethoxypropane in DMF with p-toluenesulfonic acid as catalyst. The methyl esters of

114 were base hydrolyzed to give the free acid 115 after acidification. Because of the acid

lability of the acetonide blocking group methods employing an acid chloride intermediary to

the acyl azide could not be used. 115 was treated with (PhO)2P(O)N3 in CH2Cl2 with

Et3N as base. Very little reaction was noted so the solvent was removed and benzene

added and the reaction refluxed. At this point any acyl azide should have rearranged to the

isocyanate so methanol was added to produce the methylcarbamate. This resulted in a

mixture of porphyrins so it was decided to take another step back to the precursor of 86,

protoporphyrin free acid 2b.

>40 >40

*/ 8-|- 2-(–
bis-glycol KOHMH2O

TSOH

POMe POMe POH POH
114 115

Scheme 3.52: Conversion of bisglycol 86 to the acetonide 114.

3.7.3 Curtius Reaction with Protoporphyrin Free Acid 2b.

Protoporphyrin free acid 2b was subjected to either (CH3)3SiN3 in CH2Cl2 or

(PhO)2P(O)N3/Et3N in THF. Neither of these reactions was satisfactory with solubility of

2b a major problem. DiNello and Dolphin made protoporphyrin di-t-butyl ester via

t-BuOH and the diacid chloride 117 generated with oxalyl chloride in 70% yield.”
Generation of the acid chloride with oxalyl chloride followed by treatment with

tetramethylguanidinium azide (TMGA, which is freely soluble in CH2Cl2) was expected to
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give the bisacyl azide 118. After washing the solution the solvent was removed. It

appeared that the mild heating experienced during solvent removal under vacuum was

sufficient to cause the partial rearrangement of the acyl azide intermediate to the

monoazide/monoisocyanate and bisisocyanate 119, thus demonstrating the instability of

the acyl azide. This instability of the acyl azide explains in part the poor results seen in

earlier synthetic attempts on BOPP 1 and the acetonide 115 using other methods. Acyl

azides and isocyanates have very distinct IR absorptions which can be used to monitor the

presence or absence of the various functional groups. Unfortunately at the time of these

experiments the departmental IR spectrophotometer was unavailable, thus limiting analysis

capabilities. It appeared that several hours at reflux in CH2Cl2 was sufficient to insure

conversion of all the acyl azide to isocyanate.

However, the resulting porphyrin material was very poorly soluble in organic

solvents except for mixtures containing methanol. When refluxed on a small scale in

MeOH/CH2Cl2 it smoothly progressed to mainly the bismethyl carbamate 120 with small

amounts of what looked like the mixed monoester/monocarbamate 117b. But a methyl

carbamate is very difficult to hydrolyze to the amine and thus a more labile carbamate was

needed such as t-butyl or benzyl. Synthesis of these carbamates proved to be much more

challenging in part because of the insolubility of 119 in t-BuOH or benzyl alcohol or

mixtures with other organic solvents. Most of the experiments involving conversion to the

t-butyl or benzyl carbamate, or direct hydrolyis of the isocyanate 119 to the amine, were

performed on the porphyrin material from the very first Curtius reaction. Subsequent

repetition of the Curtius reaction with protoporphyrin 2b pointed out problems in the

methodology. So before discussing the specific conversions of bisisocyanate 119 to t

butyl or benzyl carbamates first is a discussion on the synthesis of 119.
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121: R = t-butyl
122: R = -CH2Ph OCN NCO H2N NCO

Scheme 3.53: Reactions of protoporphyrin acid chlorides 116 and 117.
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3.7.3.1 Synthesis of Bisisocyanate 119.

Scheme 3.53 shows a complicated outline of the reactions and side reactions of the

diacid chloride 117 and its half acid/half acid chloride precursor 116. The preferred

reaction course starts in the center with 117 which, progressing down, goes to the bisacyl

azide 118 when treated with azide ion. 118 then thermally rearranges to the bisisocyanate

119 which can react with alcohols such as methanol to give carbamates like 120. This

idealized scheme can go wrong if the half acid/half acid chloride precursor 116, due to

insufficient oxalyl chloride, cyclizes to the anhydride 116a. 116a when treated with azide

ion can only give the half acid/half azide 116b, which leads to further side products 116c

and 116d and lowers the ultimate yield of biscarbamate 120.

The realization that such a side path was operative came when the Curtius reaction

was repeated. The first reaction, following DiNello and Dolphin's method, used neat

oxalyl chloride but in a subsequent reaction oxalyl chloride as a 1M solution in CH2Cl2

was used instead. This change resulted in very poor results. The factors governing this

side path were then studied by quenching of the acid chloride with methanol to give

protoporphyrin dimethyl ester 2 and/or 116e. It was found that the amount of 116e could

be minimized by the use of a minimal amount of CH2Cl2 preheated to reflux with the

addition of a large excess of neat oxalyl chloride added as rapidly as possible.

Applying these conditions followed by TMGA addition, however, still resulted in

overall low yield of 120 or other carbamates. Further study showed that adding

stoichiometric amounts of TMGA was insufficient to react with all of the porphyrin acid

chloride sites, leading to compounds like 117a and 177b. The problem here is that some

excess oxalyl chloride contaminates the porphyrin and reacts with the TMGA. Excess

oxalyl chloride is removed by removal of the CH2Cl2 solvent on the rotovap, adding more

anhydrous CH2Cl2, and removing again. The process can be repeated. But at some point

the process becomes counterproductive because moisture gets introduced at each step and

water vapor is present when using a water aspirator for the vacuum source on the rotovap.
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The use of a vacuum pump is not recommended for either CH2Cl2 or oxalyl chloride and

its use alone was found to be ineffective without CH2Cl2 washes. Introduced water leads

ultimately to 119b or 116d. Adding larger excesses of TMGA seems to eliminate the

formation of 117a and 117b but appears to lead to other problems. One experiment tried

using solid NaN3 as the azide source. Such a method sometimes works with very active

acid chlorides but no reaction was observed in the present case. 112

The method utilizes an aqueous water wash after the TMGA addition step to remove

the tetramethylguanidinium chloride (TMG-Cl) coproduct and any unreacted TMGA. This

washing step may be responsible for the production of completely insoluble porphyrin

material which never redissolves even in MeOH/CH2Cl2 and leads to large reductions in

yield. The presence of TMG-Cl in any subsequent steps may or may not be benign.

However, excess azide ion from TMGA could react with the isocyanate groups to form

carbamoyl azides (Scheme 3.54). This side reaction might be minimized by addition of a

large excess of the alcohol before heating and rearrangement of the acyl azide. It remains to

be seen if elimination of the washing step is beneficial.

O
-

A

R-NCO – Nº Renº, -º- *N-Nco
H

Scheme 3.54: Isocyanurates.

Even with all these refinements to the method significant amounts of very polar,

poorly TLC mobile, side products remained. It may be that an unanticipated side reaction

is occurring and/or this reaction just cannot be improved further. The best yield of 120

that was obtained was 35%. One other alternative in which a methyl ester is treated with

hydrazine to give the hydrazide, which is then converted to the acyl azide with sodium

nitrite was examined. In the early 1930’s Fischer et al. used this method on several

porphyrins including coproporphyrin tetramethyl ester and mesoporphyrin dimethyl ester

(mesoporphyrin = 2,4-diethyldeuteroporphyrin).' 16-118 Interestingly they reported that the
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azide “underwent spontaneous decomposition to the isocyanate".” The difficulty in

applying this method to protoporphyrin is that hydrazine has been used to reduce the vinyl

groups of protoporphyrin to ethyl groups (mesoporphyrin) and they might not survive the

first step.

R R

R R
NH2NH2 Sodium nitrite

2
A

NHNH2 N3
O NHNH26 oºn,

122a: R = vinyl 118: R = vinyl
122b: R = ethyl 123; R = ethyl

Scheme 3.55: Treatment of protoporphyrin dimethyl ester 2 with hydrazine.

Protoporphyrin dimethyl ester 2 was treated with hydrazine to produce what by TLC

looked like a single product. It was not known if this product was 122a or 122b. The

hydrazide 122a/122b was dissolved in 1N HCl and then treated with sodium nitrite, at

which point the aqueous acid soluble hydrazide was converted to the insoluble azide which

precipitated. The precipitate was collected and dried over P2O5. However, when this

putative acyl azide (118 or 123?) was refluxed in MeOH/CH2Cl2 the product did not

appear to be either the desired 120 or the mesoporphyrin carbamate. This reaction was not

repeated.

3.7.3.2 Reactions of Bisisocyanate 119 with t-BuOH and Benzyl Alcohol.

The t-butyl and benzyl carbamates were also considered. A t-Butyl carbamate can be

hydrolyzed under relatively weak acid conditions and a benzyl carbamate can be removed

using catalytic hydrogenation. However, reaction of isocyanates with t-BuOH and benzyl

.
-º

106



alcohol is slower than for methanol and in the present case isocyanate 119 has the added

complication of poor solubility. Simply refluxing t-BuOH or benzyl alcohol with 119

failed to give the expected products 121 and 122 respectively. Duggan and Imagire

reported on the use of Cu(I)Cl to catalyze the addition of alcohols to isocyanates." 19 Use

of this reagent in DMF was reported to give carbamates in 10–45 min at room temperature

even with t-BuOH. When CuCl was added to reactions between 119 and t-BuOH the

expected porphyrin 121 was not formed, but instead all the porphyrin material became

origin associated on TLC. CuCl catalysis was not attempted with benzyl alcohol.

Benalil et al. reported that the reaction of alkylcarbamates with alcohols can be

catalyzed by HCl giving products in 5 hr at room temperature.” Porphyrin isocyanate

119 was stirred with benzyl alcohol and trimethylsilyl chloride (TMS-Cl) in CH2Cl2 at

room temperature for several days. The TMS-Cl reacts with the alcohol to liberate HCl for

the catalysis. Unfortunately it was difficult to tell that the reaction was not complete at

workup. During workup the porphyrin was exposed to MeOH which added to unreacted

isocyanate groups to give a porphyrin possessing monomethyl/monobenzyl carbamate side

chains. This side product was separated from the desired dibenzyl carbamate 122 which

was transformed further (next Section).

Experiments with t-BuOH were less successful. The use of TMS-Cl was explored

and did appear to give the desired carbamate 121 but the reaction did not look very clean.

Ž

JJ's
ConC. HC/H2O N +o O o-K

119

H2N NH2
124

Scheme 3.56: Amine 124.

|alº.
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121 was obtained in 35% yield via di-tert-butyldicarbonate treatment of the free amine 124

derived from acid hydrolysis of isocyanate 119 (Scheme 3.56). However, further work

with 121 was not pursued because it was eventually found that the carborane cages

attached to a porphyrin were unstable to the deblocked free amine, thus making the highly

labile t-BOC groups undesirable.

3.7.3 Further Reactions of Protoporphyrin Carbamates.

The initial carbamate bearing target for use in the protease assay was the 6,7-free

amine analog of BOPP 127 (Scheme 3.57). The vinyl groups of benzyl carbamate 122

were oxidized by OsO4 to obtain the bisglycol analog 125 in 85% yield. 125 was then

acylated with carborane acid chloride 48 to give the BOPP analog 126 in 52% yield.

However, hydrolysis of 126 to the amine 127 or its acid salt met with difficulty. Two

methods were tried: TMS-I hydrolysis and catalytic hydrogenation with H2 and palladium

on activated carbon in formic acid.

Catalytic hydrogenation should be a facile process particularly under acid conditions

but formation of the amine salt was not seen. The reaction was monitored by TLC where

the disappearance of the fast starting material spot was expected, followed by the formation

ºf hº O

OH O

OsO4 48

122 --> OH O
§

O

O O
■ –NH HN-4 RHN NHR

BzC) 125 OBz 126; R = CO2Bz
127: R = H

Scheme 3.57. Further reactions of benzylcarbamate 122.
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of an origin associated amine salt spot which was not observed. In retrospect, it is possible

that, like in the reactions with porphyrin alcohols, the amine was acylated by formic acid to

give the formamide which would probably have a TLC mobility similar to 126 In the

absence of cospotting of starting material this formamide product would have appeared to

be unreacted starting material.

Reaction with TMS-I clearly did cause the disappearance of the starting material spot

to give a much slower product spot. However, it soon became obvious that 127 was

unstable and that the amine functionality, even as the acid salt, could catalyze the opening

of the closo-carborane cages to nido-carborane cages. Opening of the cages would result in

four negatively charged carborane acids and two positively charged amino groups and a

highly polar zwiterionic molecule. Such a compound would be extremely difficult to

handle, purify, and characterize and thus the idea of pursuing compounds with an amine in

the 6,7-positions on a carborane cage bearing porphyrin was abandoned. Benzylcarbamate

126 was instead converted into the tetra-nido porphyrin 126a and tested in the protease

assay in that form.

The synthesis outlined in Scheme 3.58 which would yield an uncharged group

different than an ester seemed straightforward and was pursued. The vinyl groups of 120

OH O

48 nido
120 —- OH ON_O Tº porphyrin

130

O O O O
}–NH HN–4 }–NH HN–4

Scheme 3.58: Further transformations of protoporphyrin methylcarbamate 120.
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were subjected to the TI(NO3)3/formic acid/NaBH4 series of reactions to give 81 an analog

of isohematoporphyrin. 81 was acylated with carborane acid chloride 48 to give the

carboranyl porphyrin 129. And finally 129 was treated with piperidine/pyridine to give

the nido-carboranyl porphyrin 130 which was tested in the protease assay.

3.8 2,4-Bis(2-aminoethyl)cleuteroporphyrin 134.

It was of interest to see the effect upon protease inhibition of changing the ester

function of the lead compound analog carboranyl isohematoporphyrin 131 to an amide

function as in carboranyl amidoethyldeuteroporphyrin 132 (Figure 3.12). The amide bond

would have the ability to be a hydrogen bond donor to the protease, an interaction not

available to the ester, which could provide an increase in binding affinity. The synthesis of

132 first required the synthesis of the previously unreported 3-aminoethyldeutero

porphyrin 134.

O O

sº º
O FX NH

O O

POMe POMe POMe POMe
131 132

Figure 3.12: Carboranylisohematoporphyrin 131 and its amide analog 132.

The best way to the amine 134 appeared to be via the azide 133 obtained ultimately

from the alcohol 5. The alternative sequence via the direct displacement of a leaving group

by ammonia is known but suffers from side products such as over alkylation of the primary

amine product to secondary and tertiary amines. Additionally, the stability of the methyl
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ester to ammonia was also of concern. On the other hand there are many known mild

methods to effect the reduction of an azide to an amine and several possible routes to the
azide.

N3 NH2

[H] NH2

POMe POMe POMe POM6
133 134

Scheme 3.59: Conversion of isohematoporphyrin 5 to amine 134.

3.8.1 Synthesis of 2,4-Bis(2-azidoethyl)cleuteroporphyrin 133.

The first reaction examined used the tosylate 135 synthesized from

isohematoporphyrin 5 and p-toluene sulfonyl chloride. Reaction with NaN3 in a

benzene/water mixture failed to show any reaction but reaction with TMGA in DMSO at

70 °C gave diazide 133 in 42% yield. Reaction between TMGA and bromide 136,

obtained from alcohol 5 and thionyl bromide, was briefly examined. However bromide

136 and azide 133 comigrated on TLC, so it was very difficult to judge the extent of

reaction. Therefore the use of 136 was not pursued.

Lal et al. reported on a one step method from alcohol to azide using

diphenylphosphoryl azide, PPh3, and diethyl azodicarboxylate at room temperature.”
These conditions were used with isohematoporphyrin 5 in THF which produced the

diazide 133 but in variable yield. The yields of 133 obtained using this method ranged

from 42% to 64%. A conceivable complication in this reaction arises from the presence of

PPh3 which can reduce the product azide to the amine 134. Reduction of 133 to 134 by
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PPh3 is quite rapid (next Section). This variability in yield prompted a return to a two step

method.

%, Ph *...CH,
o-8. B o-8.

O r O

Q Br Q
O=s=0 O=$=o

Ph CH3

POMe POMe POMe POMe POMe POMe
135 136 137

Figure 3.13: Precursors to diazide 133.

It was thought that the less sterically demanding mesylate 137 obtained from alcohol

5 and methane sulfonyl chloride in 90% yield might perform better than the tosylate 135.

When mesylate 137 was reacted with TMGA in DMF at 80 °C, diazide 133 was obtained

in 94% yield. This two step procedure alcohol—ºmesylate—azide appears to be the method
of choice.

3.8.2 Reduction of 2,4-Bis(2-azidoethyl)deuteroporphyrin 133 to 2,4-Bis

(aminoethyl)cleuteroporphyrin 134.
The reduction of the diazide 133 to the amine 134 turned out to be more difficult

than it seemed. In virtually every reduction method examined several side products were

observed, some of which were thought to be due to complete loss of the amine group due

to a hydrogenolysis reaction. On TLC (15% MeOH/CH2Cl2) the desired amine product

would not move off the origin but varying amounts of less polar non-origin associated

porphyrin products were visible. Additionally, the desired product 134 itself was difficult

to handle and could not be readily characterized beyond crude proton NMR.

i
3
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Standard catalytic reduction using H2 and palladium on activated carbon or barium

sulfate gave the poorest results. Hydrogenation using palladium on calcium carbonate

poisoned with Pb (Lindlar catalyst) is a mild method of reducing azides to amines.”.”

The hydrogenation of 133 using Lindlar catalyst went best in DMF or pyridine but still

gave some hydrogenolysis. The method’s biggest advantage was in the simple workup

which merely required filtering to remove the catalyst from the product followed by

removal of the Solvent.

Another reported method for the reduction of azides to amines, which does not use

noble metal catalysis or hydrogen, utilizes PPh3,122,124,125 The initial iminophosphorane

produced is hydrolyzed to the amine with 2N NaOH or NH4OH. In the earliest use of

PPh3 with azide 133 in THF no reaction was observed. It was discovered that the PPh3

was being converted to OPPh3 by water in the solvent faster than reaction with the azide.

When anhydrous THF and/or excess of PPh3 was used then rapid reaction with the azide

was observed. The product, like that from catalytic reduction with Lindlar catalyst, was

mostly baseline associated by TLC suggesting that hydrolysis of the intermediate

iminophosphorane was rapid either during workup or on TLC. But like the previous

methods hydrogenolysis was still seen.

The most promising method explored used gaseous H2S in pyridine as reported for

nucleoside azides.” This method appeared to give the least amount of visible side

products. It is interesting that no reaction was observed in CH2Cl2 or THF. Precipitation

of the porphyrin could concentrate the desired porphyrin away from the less polar side

products to give 133 in an apparent 86% yield. However, this material may have been

contaminated with the elemental sulfur from H2S reduction of the azide and also smells of

excess H2S. Of course the human nose is incredibly sensitive to the odor of H2S making it

difficult to speculate on the amount present. A related method which was not tried but

might give similar good results uses 1,3-propanedithiol/Et3N in polar solvents.” The

amount of excess thiol is easy to control in this case.

3
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3.8.3 Acylation of 2,4-Bis(2-aminoethyl)cleuteroporphyrin 134.

Because of the very polar nature of the amine 133 it was difficult to directly asses the

success of the reduction step. Acylation of a product aliquot to give the acetamide 138 or

the t-BOC carbamate 139 was used to provide a qualitative and sometimes quantitative

measure of amine purity. The t-BOC carbamate 139 would have the advantage of easy

removal of the blocking group back to the amine, but treatment of amine 133 with di-t-

butyldicarbonate consistently gave a mixture as judged by TLC, whereas treatments with

acetyl chloride or acetic anhydride generally gave a single faster product. Reduction of

133 using Lindlar catalyst in pyridine followed by treatment with acetic anhydride gave the

acetamide 138 in 59% yield from the azide.

.* .**

NH NH

oº o's
POMe POMe POMe -NPOMe

138 139

Figure 3.14: Acetamide 138 and t-BOC blocked amine 139.

Acylation of amine obtained via PPh3 reduction gave less definitive results. Material

which had been subjected to an NH4OH hydrolysis step followed by treatment with acetic

anhydride did not give clean yields of 138, possibly due to ester hydrolysis to the acid

under the earlier alkaline conditions. When material from this type of reduction (which had

not been subjected to a specific iminophosphorane hydrolysis step) was treated with

carborane acid chloride 48 carboranyl amidoethyldeuteroporphyrin 132 was obtained in

41% yield after preparative TLC. TLC showed that this material was not entirely pure,

though H NMR failed to give a definitive indication of what the contaminants might be.

i
3
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The major peak in the +LSIMS mass spectrum showed the expected mass along with other

minor masses both higher and lower. Further complicating the picture is the observation

that when 132 was converted to the nido-carboranyl porphyrin 140 a mixture of

porphyrins was obtained, visible as 2-3 highly retentive spots on TLC. Two of the spots

appeared to be of about equal mass, a proportion not explained by the appearance of 132,

impure though it may have been. The major peak in the +LSIMS mass spectrum of the

nido-carboranyl porphyrin showed the expected mass along with other masses which

appeared to arise from flight with sodium ions.

O O G)º º
NH NH

-> + 2

O
º

POMe POMe POMe POMe
132 140

Scheme 3.60: nido-Carboranylamide porphyrin 140.

The reaction shown in Scheme 3.61 was also attempted on amine 134 obtained from

PPh3 reduction. Here carboranyl acid chloride 48 is converted via a Curtius reaction into

the isocyanate 141 which was treated in situ with porphyrin amine 134 to give the

carboranyl urea 142. This reaction gave predominantly one product in an apparent 57%

yield. But TLC, H NMR, and MS all indicated that the amide 132 rather than the urea

142 was the product obtained. Even treatment with piperidine/pyridine gave the same 2-3

component mixture as 132. Apparently 134 couples with either unreacted acid chloride

48 or unrearranged acyl azide. However, an identical scheme in which the carborane

isocyanate 141 is reacted with the porphyrin alcohol 5 to give the carboranyl carbamate

3
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went as expected in 66% yield, though there were some amounts of the ester-type products

as well (Section 3.10).

Reaction of amine 134 derived from H2S reduction with acetic anhydride produced

acetamide 138 in a somewhat disappointing 40% yield. This yield might be lowered

somewhat by the presence of elemental sulfur which lowers the amount of starting amine as

a percentage of a weighed sample. This same batch of amine was reacted with carborane

acid chloride 48 and diisopropylethyl amine (DIEA) as base to give the carboranyl amide

132 in 26% yield after flash. This material was much cleaner looking than that previously

obtained. The much lower yield in the reaction with 48 is not surprising since the free

aminoethyl groups and/or DIEA would be expected to degrade the closo-carborane cages to

nidocarbonne cages to some extent during coupling. Preliminary conversion of purified

132 from this synthesis gave a single nido-carboranyl porphyrin unlike that seen

previously. The H2S reduction seems to be the most promising method, but it needs

further investigation in terms of workup improvements particularly to remove elemental

sulfur and/or residual H2S.

3.9 LiAlH4 Reductions of the 6,7-Propionate Esters to Alcohols.

The LiAlH4 reduction of the 6,7-propionate esters of protoporphyrin 2 to the diol

..., &
N3

O NCO

/ N A A 134 NHi-IN3 —- -> -->

+ -SK 2.
OTNH

141

POMe POMe

142

Scheme 3.61: Attempted synthesis of the carboranyl urea 142.

Os Cl
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143 in 95% yield was previously reported.” Acylation of this 6,7-diol with carborane

acid chloride 48 would give a porphyrin in which the two carborane cages are in relatively

closer proximity to each other than in the 2,4-diols synthesized previously. The solubility

of the diol 143 was poor but past experience predicted that the ester product 144 would

have much better solubility properties. Such was not the case. The expected ester product

144 appeared to be forming, at least to some extent, but was highly insoluble in virtually

every organic solvent examined and could not be purified or characterized. Conversion to

the nido-carboranyl porphyrin gave a material hardly any less intractable, so efforts at

obtaining this porphyrin were discontinued.

Ž Ž

\ N
LiAlH4 48

-- ester
144

HO OH
143

H3CO So oºoch,
2

Scheme 3.62: LiAlH4 reduction of protoporphyrin 2.

The synthesis outlined in Scheme 3.63 was more successful. The intermediates in

this series of reactions did not possess any particularly difficult solubility properties. The

bisdimethylacetal precursor 70 to isohematoporphyrin 5 was treated with LiAlH4 to reduce

the esters to the alcohols to give the porphyrin 145. The acetals of 145 were hydrolyzed

with formic acid and then the resulting aldehydes reduced with NaBH4 to the tetraol 69.

69 was acylated by carborane acid chloride 48 to give the tetracarboranyl porphyrin 147

which was then converted to the nido-carboranyl porphyrin 148 and tested in the protease

aSSay.
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OCH3 OCH3 OH

OCH3 OCH3 OCH3 OCH3
OCH3 OCH3

70 145 69

Scheme 3.63: Synthesis of 2,4,6,7-tetra-(nido-carboranyl) porphyrin 148.

3.10 Acylation Reactions of Isohematoporphyrin 5 and Bisglycol 86.

ortho-Carborane cage bearing BOPP 1 and meta-carborane cage bearing m-BOPP

151 were part of the initial SAR. Because of the large difference in IC50 between 1 and

151 it was of interest to synthesize the para isomer as well for comparison. The para

carboranyl acid chloride 150 was synthesized from the para-carboranyl carboxylic acid and

PC15 in 80% yield. The acid chloride 150 was reacted with bisglycol 86 to give the tetra

(p-carboranyl) porphyrin dimethyl ester 152 in 83% yield and then the methyl esters were

hydrolyzed to the free acid 153 which was assayed against the protease.
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Scheme 3.64: Synthesis of para-BOPP ester 152 and acid 153.

/
:

Table 3.3 summarizes in graphical form the compounds made by acylation of

isohematoporphyrin 5. The first column shows the acylation reagent used to generate the

acylated dimethyl esters shown in the second column. The carborane cage containing

compounds were converted to the nido-cage compounds shown. For many of the

compounds the dimethyl esters were hydrolyzed under acid conditions to the free acids

shown in the third column. Usually the 6,7-methyl esters could be selectively hydrolyzed

in preference to the 2,4-acyl groups. Most of the syntheses were rather straightforward

with a few exceptions as noted below.

Acid chloride 162 was synthesized from the corresponding carborane acid and PCl5.

Hydrolysis of the methyl ester of 163 occurred at a rate comparable to the rate of

hydrolysis of the carboranyl ester. LiI in a polar solvent such as pyridine or DMF can be

Scheme 3.65: Lil attack on esters.
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used to cleave esters in a nucleophilic mechanism as shown in Scheme 3.65.” The attack

on a methyl ester is faster than on other types of esters which have more steric hindrance. A

OR

POR' POR'

OR

Readent + 5 Ester, R = CH3, R =

& —- nido cage
162 163 164 165

C| z z©– ©– —- nido cage @–3. —- nido cageO O O

149 166 167 168 169

§– NCO Nº-nocide
141 170 O 171

II

SO3°pyridine HO-5 3
172

Table 3.3: Acylated analogs of isohematoporphyrin 5.
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methyl ester can be selectively hydrolyzed in the presence of an ethyl ester.”

However, use of LiI in either pyridine or DMF was unsatisfactory with porphyrin 163. In

the end a brute force approach was used in which aqueous acid was utilized to obtain the

desired product 164 after separation from products of over hydrolysis.

The porphyrin sulfate 172 is a special case. It was designed to mimic the negative

charge of a nido-carborane cage. Alcohols can be sulfated by reaction with

SO3-pyridine” ' and reaction of isohematoporphyrin 5 with SO3°pyridine in DMF was

rapid, giving a highly polar product which was baseline associated on TLC. The "H NMR

was consistent with 172 and in the MS a mass corresponding to 172 was also visible.
However, also visible in the MS was a mass corresponding to the loss of one SO3H group

to leave a porphyrin alcohol. It is not clear if this reaction occurs in the mass spectrometer

or if that porphyrin is present beforehand. Masses corresponding to additional loss of the

esters—acids are also visible. This poorly characterized porphyrin was tested in the assay

and found to interfere with the method at higher concentrations and have no inhibitory

activity at lower concentrations. Extrapolation of the values obtained at lower concentration

gave an IC50 of a& mM. Even if 172 comprised only 10% of the porphyrin material added

to the assay this value implies a true IC50 of 280 puM, which is too high to be of interest or

to dictate any further effort with this porphyrin.

Scheme 3.66 outlines the attempted synthesis of the thioporphyrin 174 which was of

interest as an intermediate for further transformations such as acylation with carborane acid

chloride 48 or oxidation to the sulfonic acid. 137, the dimethanesulfonate ester of

isohematoporphyrin, was treated with potassium thioacetate to give the porphyrin

thioacetate 173 in 30–33% yield. A brief attempt to obtain 173 from protoporphyrin 2 and

thioacetic acid did not appear promising. Unfortunately several attempts to selectively

remove the acetate group without hydrolyzing the methyl esters were disappointing, either

under acidic or basic conditions. Limits of time did not permit the further pursuit of this

reaction sequence.

3
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POMe POMe POMe
173

Scheme 3.66: Synthesis of thioacetate 173.

It was of interest to investigate the effect upon protease inhibition of a single

carborane cage rather than the two or four cages found in most of the other inhibitors so the

monoacetyl/mono-nido-carboranyl porphyrin isomers 177 were synthesized (Scheme

3.67). Isohematoporphyrin 5 was acylated with a deficiency of acetyl chloride and the

resulting mixed monoacetate/monoalcohol isomers 175 were separated from unreacted 5

and diacetylated material. 175 was treated with carborane acid chloride 48 to give the

mixed isomers 176 which were converted to the nido-carboranyl porphyrins 177 and

tested in the protease assay.

-->
oH_*- O —- nido

5 porphyrin
O

177

POMe POMe POMe POMe

+ Other isomer + other isomer
175 176

Scheme 3.67: Monocarboranyl porphyrins 176 and 177.
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3.11 Small Carboranes.

There were several small molecule carboranes which were synthesized and assayed

against the protease. The original SAR data set contained a number of porphyrins which

did not contain carborane cages all of which had IC50s in the micro molar range or higher.

It was of interest to see if carborane cage compounds not attached to a porphyrin

macrocycle had any significant inhibition.

Two of the simplest carboranes are the 1-carboxylic acid 178 and its methyl ester

113 (Scheme 3.68). The acid was expected to have some solubility under the assay

conditions but the ester 113 would have no aqueous solubility. Therefore the closo-ester

113 was converted to the more water Soluble nido-ester 179. Conversion of 113 to 179

was shown to occur when 113, dissolved in acetone/water, was passed through an ion

exchange column. This transformation was found to be quite rapid. As will be discussed

in more detail in Chapter 4 it was eventually suspected that a nido-carborane cage is

required for inhibition. Both 178 and 179 were tested in the protease assay.

O O O & Q
G)º

->

&’s
-->

º'-&^*
178 48 113 179

Scheme 3.68: Carborane methyl ester 113.

The O-carboranyl-N-t-BOC-ethanolamine 180 was synthesized as shown in Scheme

3.69. It was intended that the amino group would provide aqueous solubility upon

hydrolysis of the t-BOC group. However, it appeared that the closo-carborane cage was

opened to the nido-cage either during the THF/aqueous acid hydrolysis step or later via

internal attack by the amine to give compound 181 which was assayed against the

protease. More recently compound 180a, from cage opening in situ in wet DMSO, was

also assayed against the protease.
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Scheme 3.69: Carboranyl ethanolamine 181.

The carboranyl substituted indole 182, designed to approximate a portion of the

porphyrin macrocycle, was synthesized as shown in Scheme 3.70. The conversion to the

nido-analog 183 proved to be problematic. When treated with piperidine/pyridine two

highly polar products of similar mobility on TLC were formed. One of these products

appeared to be the desired compound 183 but the identity of the other was unclear. The

mass spectrum showed a mass which appeared to correspond to some type of dimer. It is

possible that this substituted indole is inherently unstable to base. Ultimately 183 was

obtained in situ by dissolving 182 in wet DMSO (discussed in more detail in Chapter 4)

which avoided exposure to base and appeared to generate only one compound.

H H O H O
N N N

G)
182 183

Scheme 3.70: Carboranyl indole 183.

Scheme 3.71 shows the synthesis of the racemic analog 184 which is designed to

mimic the carboranyl bisglycol moiety of the lead compound BOPP. 184 was converted to

the nido-carboranyl compound 185 in situ in DMSO and then assayed against the protease.

After finding low micromolar inhibition for compound 185 the individual (S) and (R)

isomers 185a and 185b were also synthesized from the corresponding (S) and (R) diols

and then tested in the assay. (Though not immediately obvious, there are additional

;:
:
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isomers in all the mono substituted nido-carborane cage compounds depending on whether

the 3 or 6-boron atom is removed from the cage, an issue which has been generally

ignored.)

O Q G)

OH O
§ ..}_º

cº- cº-
O OJ O

48 + -> --> G)

184
&

185
sº

Q G) Q G)

H.9 & H.9 &
> -os 20 *S-o- 20e C■ ” re

185a (S) isomer 185b (R) isomer

Scheme 3.71: Bisglycol analogs 185, 185a, and 185b.

Again, because of the unexpected activity of 183 and 185, compound 186 was

quickly synthesized and after in situ conversion to the nido compound 186a tested in the

assay.

O Q G)..}_{º} ..}_º
cº- Crº Cr'48 + --> ->

186 186a

Scheme 3.72: Carboranyl ester of 2-phenylethanol 186.
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Chapter 4: The Assay and SAR Results

4.0 The Protease Assay.

There are two protease assays both developed in the Charles S. Craik laboratories: an

HPLC single time point assay and a real time fluorescence plate reader assay each of which

uses a different substrate. The fluorescence assay measures in real time the increase in

fluorescence of a 6-mer substrate (o-aminobenzoyl-Thr-Ile-NleTPhe(p-NO2)-Gln-Arg
NH2) as it is cleaved by the enzyme. Cleavage (up arrow) increases the distance between

the fluorescent p-nitrophenyl group on one fragment from the o-aminobenzoyl fluorescence

quencher residue on the other resulting in an increase in fluorescence. An added inhibitor

compound slows the rate of cleavage and hence the rate of increase of fluorescence vs.

control.

The HPLC assay is a more time consuming and labor intensive assay. The inhibitor

compound and substrate (10-mer Ala-Thr-Leu-Asn-Phef Pro-Ile-Ser-Pro-Trp) are
incubated with protease for 30–45 minutes at 37 °C keeping the extent of substrate cleaved

below 20%. Protease activity in all the samples is stopped by precipitation of the protein

with CH3CN containing TFA. After pelleting the protein by centrifugation the supernatant

is then injected onto an HPLC column and the amount of the substrate cleavage product

detected by UV is compared to a control.

For either assay the inhibitor compound can be dissolved in assay buffer if readily

aqueous soluble or can be dissolved in DMSO if not readily soluble in buffer. However,

the enzyme is much slower in the presence of DMSO and the maximum useful

concentration of DMSO is 5%. As was previously noted the IC50 for BOPP 1 varies

somewhat in the presence (185 nM) or absence (50 nM) of DMSO. In the present study all

compounds were assayed in the presence of 5% DMSO to insure consistency of assay

conditions and maximum compound solubility.

:º
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The HPLC assay was used to generate the IC50 values of the original SAR data set

(Table 4.1). When the first new compounds synthesized in this project were tested against

the protease, similar IC50 values were obtained with both the HPLC and fluorescence

assays. Both BOPP 1 and carboranyl isohematoporphyrin 131 were run as controls in the

two assays where they were found to give very different numbers as shown in Table 4.0.

The IC50s were 20 to 30-fold higher in the fluorescence assay than in the HPLC assay.

Such large differences in IC50 were only observed for those porphyrin compounds bearing

carboranyl groups and as far as is known were not observed for any other compounds

tested in both assays.

Table 4.0: Differences in IC50 with assay used.

Sºlº IC50 HPLC ë. IC50 Fluorescence ë.
BOPP potassium salt 1 0.185 puM 3.8 puM
Carboranyl isohematoporphyrin 131 0.275 puM 10 puM

The reason for this difference is rationalized as being due in part to the use of two

different substrates in the two assays. As discussed earlier, modeling studies indicated that

BOPP 1 was too large to fit into the active site yet was a competitive inhibitor as

determined in the HPLC assay. BOPP may be exerting its effect by binding just outside of

the active site by blocking the ends of the active site cleft. The 10-mer substrate for the

HPLC assay is longer than the 6-mer substrate for the fluorescence assay and actually

extends out of the cleft. Therefore the binding sites of the 10-mer and BOPP may overlap

more than the 6-mer and BOPP, giving the observed difference in apparent IC50s. The

natural substrate for HIV-1 protease is not a 6-mer or a 10-mer but a long polypeptide

chain, a situation more closely approximated by the HPLC assay than the fluorescence

assay.

An alternative explanation for the observed differences is related more directly to the

assay conditions. The fluorescence assay buffer contains 20% glycerol ostensibly to
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prevent binding of the assay components to the sides of the 96 well microtiter plates. The

protease is only functional as the dimer and BOPP may act be interfering with this

dimerization. The glycerol in the fluorescence assay may stabilize the dimer requiring

higher concentrations of BOPP to exert an effect. The different peptide substrates

themselves might also influence the relative stability of the dimers in each assay. Because

glycerol is not present in vivo, the HPLC assay probably more closely approximates the

actual clinical situation. Despite its more labor intensive nature, the HPLC assay was used

throughout this study.

4.1 The SAR.

Table 4.1 shows the initial SAR database where BOPP 1 and carboranyl

isohematoporphyrin 131 are the most potent compounds. Insertion of a metal into BOPP

as in compounds 187 [Mn(III)], 189 [Cu(II)], and 190 [Co(II)] lowers activity. This

may be because the metal ion coordinates solvent above the plane of the porphyrin ring

which may interfere with a porphyrin/protease interaction. Because incorporation of a

metal appeared to be detrimental, further investigation of the influence of other metals was

not pursued. Substitution of the 2-hydrogen of the carborane cage with an alkyl group as

in 188 also appeared to lower activity possibly for steric reasons. Further investigation of

this effect was not pursued. The most significant difference seen in this set of compounds

is between those porphyrins bearing carborane cages vs. other types of acyl groups vs.

unacylated porphyrin 86. But the real standout is the comparison of meta-carboranyl

BOPP 193 to ortho-carboranyl BOPP 1 which differ by 65 fold in activity.

As was discussed in Chapter 1, the ortho and meta isomers are virtually identical

sterically, only differing in their electronic properties, with ortho cages being more electron

withdrawing than meta cages. It was thought that perhaps the carbonyl groups were

involved in a critical hydrogen bonding interactions to the protein and that the difference in

.
:
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Ri

R2

POH POH M IC=n. u■ /*
= 50-9.

1 R1 = R2 @–º 2H 0.185O

131 R1 = ©–º R2 = H 2H 0.275

-

O

187 R1 = R2 §–5. Mn (III) 0.40

-

CH3
188 R1 = R2 / O 2H 0.70

-

O

189 R1 = R2 ©–º Cu(II) 0.975

-

O

190 R1 = R2 &–5. Co (II) 2.25
O

191 R1 = R2 <>. 2H 5

O192 R = R, N-K)—. 2H 7
isz, O

193 R1 = R2 @–. 2H 12

Ois, R-R, KX-. 2H 14

O

195 R1 = R2 CO−. 2H 14

86 R1 = R2 = OH 2H 280

2b protoporphryin IX 2H 300

*in the presence of 5% DMSO

Table 4.1: The initial SAR.
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activity between 1 and 193 was due to a difference in an inductive effect by the ortho or

meta cages upon the carbonyl polarization. To complete the dataset for the carborane

isomer series, para-carboranyl BOPP free acid 153 in which all four cages are para

carboranes, was synthesized (Scheme 3.64). It was expected that 153, having even

weaker electron withdrawing carborane cages, would have a higher IC50 than either 1 or

193. The value of 3 puM falls in between the IC50s of 1 and 193 but is much closer to the

value for the meta isomer than the ortho isomer.

To explore the importance of the carbonyl group it was decided to change the

carbonyl group from an ester to an amide, carbonate, carbamate, or sulfonate. It was also

decided that rather than synthesize the carborane versions of these linkages, which would

require the synthesis of unique carborane acylating groups such as 198, 199, and 200,

that model compounds using a phenyl group would be made instead (Scheme 4.0).

Additionally it was decided to use isohematoporphyrin 5 as the porphyrin template since it

was somewhat easier to handle than bisglycol 86. The inhibitory activity of the model

benzyl carbamate 155, benzyl carbonate 157, or benzene sulfonate 161 would be

N. c. N. of
R H i■ 5. Sir 5 u■ /sº 5 N. OR O O |l& 6 —- & | 155

198 ove 5 or on
ove 5 OJ OR 6 —- O 4 puM& 6 —- & | 157199 o o

OS 9 OS 9 C| 5 OR
S. S. -> 5 HM

C| 5
&

OR 159OS 9 Os_9
200 Xs. S.

C■ Cl 5 - C■ OR | 12pm161

Scheme 4.0: Model compounds.
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compared to the benzyl ester 159. If a compound had a significantly better inhibition than

the benzyl ester 159 then the effort to synthesize the corresponding carboranyl compound

would be made. Conversely, if a compound had much worse inhibition than the

corresponding carborane it would probably not be worth spending the time and effort to

synthesize the carborane version. As can be seen from the IC50 values in Scheme 4.0,

there was very little difference in inhibition among the four compounds, giving no clear

guidance to the next synthetic step. As it happens this working hypothesis was soon

shown to be based on an incorrect SAR dataset.

Also synthesized and tested at an early stage were the small carboranes shown in

Figure 4.1. The data for several of the carboxylic acids (202, 203) suggested a solubility

problem at higher concentration and thus the numbers given are a solubility limit rather than

a true IC50. The IC50 values for these compounds were quite high and suggested that

pursuit of small carborane inhibitors lacking a porphyrin ring would not be promising.

Therefore not much effort was put into the synthesis of such compounds. Eventually a

couple of other small carboranes were synthesized and tested as discussed later in this

chapter.

G)
O HaNTN

O O
OH OH G) G)

O OCH3 O
o’ OH

201 202 203 179 181

IC50 = >500 pum >50 pum >50 pum >50 pum ~500 pum

Figure 4.1: Small carborane SAR.

4.1.1 Involvement of nido-Carboranes.

As time passed and more experience was gained in the behavior of carboranes and

porphyrins, it became more apparent that the potassium salt of BOPP 1 did not behave as

expected. In particular, it is a given that the basic salt of an acid can be converted through
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standard acid/base chemistry back to the free acid at which point it will behave as the

original acid did. In this case the free acid of BOPP 1 had been converted to the potassium

salt on an ion exchange column. But when the potassium salt was treated with acid or run

on TLC in the presence of acid it could not be made to run like the original free acid,

indicating that the potassium salt was not the compound it was supposed to be.

Conventional theory in both carborane and porphyrin chemistry was that the ion exchange

step was benign, would not change the compound, and hence no further characterization

had been carried out.

However, further characterization of the ion exchange resin treated BOPP 1 found

significant differences from the corresponding acids. Perhaps the most significant changes

were seen in the IR for the B-H and C=O stretches as shown for several compounds in

Table 4.2. When compared to BOPP diacid both the material from treatment with ion

exchange resin (to obtain the potassium or sodium salts) and the material which had been

specifically converted to the nido-carborane with piperidine/pyridine showed shifts in both

the B-H and C=O stretches to shorter wavenumber. This shift is consistent with the

formation of a nido-carborane cage which is significantly less electron withdrawing than

Table 4.2: IR data for BOPP and its salts.

Compound º º
BOPP diacid 2606/2586 1752/1709

BOPP dipotassium salt 2533 1702/1649

BOPP disodium Salt 2535 1702/1655

BOPP dimethyl ester 2605/2582 1753/1638

BOPP dimethyl ester treated with ion exchange resin. |2539 1713/1652

BOPP dimethyl ester treated with piperidine/pyridine. 2532 1707/1625

m-BOPP diacid 2608 1751/1719

m-BOPP dipotassium salt 2608 1752/1719

methyl ester of o-carborane carboxylic acid 113 2592 1752

113 treated with ion exchange resin. 2539 1702
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the closo-carborane cage.*** Interestingly no such shift was apparent when m-BOPP

diacid was converted to its potassium salt, because m-carborane is more resistant to cage

degradation” * and is not converted to a nido-cage compound under these conditions.

Experiments were then performed on the o-carborane carboxylic acid methyl ester

113 as a simple model compound. 113 was dissolved in acetone/water and stirred with

the Dowek resin in its potassium form. Monitoring by TLC showed a rapid disappearance

of the starting ester and formation of a highly polar product 179. Here too the IR shifts to

short wavenumber are very clear (Table 4.2). In the 1H NMR the carborane C-H

resonance is seen to shift upfield from 3.82 to 2.80 ppm which is similar to that seen when

the nido-cage is generated by piperidine/pyridine. The expected mass for 179 is seen in

the electrospray (negative ion mode) mass spectrum. TLC monitoring of the treatment of
R’

R’

POR" º

Closo POR Nido

~s
O O/- G)l■ º 4. YTN

H | 7.5 puM 042 um | CH3 |ts, C■

'168 169

O G)

0.54 HM I CH3 4. * &I O
167

Table 4.3: IC50 values for some closo and nido-porphyrins.
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carborane carboxylic acid with the resin shows it to be a slower reaction as might be

expected in the presence of the negatively charged carboxyl. Resin treatment of o

carboranyl acetic acid, in which the carboxyl group is separated from the carborane by a

methylene unit, showed a very much slower reaction.

Thus it seemed clear that the BOPP dipotassium salt used in the assay was the nido

carboranyl compound rather than the closo. Table 4.3 shows several compounds which

were tested first as the closo-porphyrin and then as the corresponding nido-porphyrin. The

decrease in IC50 is clear and dramatic, ranging from 10 to 61 fold, and clearly demonstrates

the need for a nido-cage compound to achieve submicromolar inhibition. All subsequently

synthesized and tested compounds contained a nido-carborane cage. Additionally, most of

the compounds with 6,7-propionic acid groups were tested and compared as the esters,

since the esters were easier to handle chemically and required one less synthetic step.

When BOPP diacid 1 or carboranyl isohematoporphyrin free acid 131 were tested in

the protease assay they gave the same low IC50s as the corresponding potassium salts.

This equivalency of inhibition between the free acids and the potassium salts for 1 and 131

was very perplexing and counter to the results seen for the compounds in Table 4.3. The

protease contains a number of basic residues with which the acidic nido-groups might be

forming hydrogen bonds or salt bridges. Arginines 8 and 108 are just on the lip of the

active site cleft, one at either end. Additional arginines and lysines are also nearby outside

the active site. Interaction with the n-terminal amino group or several imidazoles is unlikely

since they are on the opposite side of the protein from the active site.

It was wondered if the inherent weak binding of the porphyrin macrocycle to the

protease could bring the carborane cages of 1 or 131 into close proximity to an amino

group which could catalyze the conversion to the nido cages in situ and generate a more

inhibitory compound. Cage opening is an unusual reaction which seems to depend both on

the nucleophilicity and basicity of the attacking species, usually an aliphatic amine or

alkoxide base. It is unclear if the side chain amidine group of arginine or the e-amino

;
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group of lysine could effect the ring opening reaction under the buffered pH conditions of

the assay. On the other hand, the nucleophilicity of protein side chains can be altered and

enhanced beyond the typical range by the specific environment created by neighboring

groups. For example, the nucleophilicity of the active site serine in the serine proteases is

greatly increased by general base catalysis by the neighboring histidine and aspartate

residues, which together with the serine comprise the catalytic triad.”

There was some consideration of experiments which could be performed to support

this theory. An attempt was made to try and follow by IR the closo to nido shift in BOPP

diacid 1 in the presence of the protease in an IR solution cell over time. Unfortunately the

B-H signal was swamped by the signal from water in the aqueous buffer and no B-H

stretch could be seen. "B NMR was also considered but did not seem practical in terms of

the amount of BOPP diacid and protease needed for detection. Protein mutagenesis of

basic residues near the active site was also considered but was rejected as having little

chance of giving a definitive result, particularly considering the amount of labor involved.

As it turns out, the invocation of an in situ conversion of closo-porphyrins to nido

porphyrins by the protease is unnecessary, as was very recently and serendipitously

demonstrated.

4.1.2 nido-Carboranes and Wet Polar Solvents.

In the process of characterizing homo-BOPP 61 a 13C NMR and APT were run in

CDCl3 where one of the expected carbon resonances could not be found (it is under the

CDC13 peak). When the sample was run again in DMSO-dé all the expected 13C

resonances were visible. But when an attempt was made to recover the sample from the

DMSO-dé by extraction into methylene chloride, followed by an aqueous wash, the

chemical and extractive behavior of the sample had changed. A closer look at the 13C

NMR in DMSO-dé showed that the chemical shift of several peaks had changed

substantially from the spectrum in CDCl3. The DMSO-dé spectrum looked remarkably like

.
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the acetone-d6 spectrum of nido-homo-BOPP 62 synthesized by piperidine/pyridine

treatment of 61. Among the three spectra the chemical shifts of those carbons not directly

attached to a carborane cage are very similar, indicating a very minor solvent effect (Table

4.4). However, the two carborane carbons of 61 shift substantially in going from CDCl3

to DMSO-dé and the values for 61 in DMSO-dé are very close to those of 62 in acetone-d6

indicating that the cages of 61 have opened to the nido form.

RO H OR
X^CH

H2C 2

CH2 O H
X-o

"CH3,
H3CO

61 OCH3 *C Chemical Shift in ppm
O

O closo 61 "closo 61" nido 62
CDC1 DMSO dz-acetone

1, 3, 5, 8-methyls 11.85–11.93 11.91-12.07 12.53

6,7-CH2CH2CO2CH3 21.8 21.2 22.0

6,7-CH2CH2CO2CH3 27.0 27.1 under solvent

2,4-CH2CH(OCOR)CH2(OCOR) 36.8 35.6 35.8

6,7-CH2CH2CO2CH3 51.8 51.4 51.63
R

H&«S
56.9 42.5 42.9

R
S3&"

66.9 54.6–55.2 55.3-56.0

2,4-CH2CH(OCOR)CH2(OCOR) 68.3 64.3 65.0

2,4-CH2CH(OCOR)CH2(OCOR) under solvent 72.6 73.5

Table 4.4: 13C NMR of homo-BOPP 61 and nido-homo-BOPP 62.
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Again turning to the small carborane ester 113 as a model this reaction was

investigated further. 113 was dissolved in DMSO-dé and its "H NMR monitored over

time. There was an initial formation of what looked to be the nido-carborane 179 but there

was only a small percentage conversion. As it happens the DMSO-dé used with porphyrin

61 was the last of a bottle which had been opened and reopened over many months and

was certainly wet. The DMSO-dé used with 113 was from a freshly opened vial and thus

quite dry. When a drop of D2O was added to the tube of 113 dissolved in DMSO-dé a

rapid disappearance of 113 and formation of 179 was observed by NMR and TLC.

Further TLC monitoring showed that this reaction occurred rapidly in wet DMF, pyridine,

HMPA, and NMP. The reaction occurred less rapidly in acetone or THF. No such

reaction was seen with the simple alkyl substituted 3-butenyl-carborane or with the

alkylcarboranyl porphyrin VCDP (shown in Table 4.3).

This then explains the mystery of why BOPP diacid 1 appears to be such a good

inhibitor of the protease. In the assay all the samples were dissolved in DMSO and then

added to the protease in buffer. Those compounds which contained an ortho-carborane

cage linked directly to a carboxyl group were converted in situ into nido-carborane

compounds by the aqueous polar solvent system. Those compounds which contained a

meta-carborane cage or an ortho-carborane cage linked by an alkyl group or separated from

a carboxyl by at least one methylene unit were resistant to this process and were not

converted to the nido-compound. Such a process does not require any participation by

protein amino groups.

This in situ method was actually employed in the testing of several of the most recent

compounds by dissolving the closo-cage bearing porphyrins in 95/5 DMSO/water without

first formally generating the nido-compounds with piperidine/pyridine. This was

particularly useful for the indole 182 which appeared to be base sensitive.
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4.1.3 The Remaining SAR.

The remaining porphyrin SAR is shown in Table 4.5 where some of the compounds

shown in previous tables are included again for easier side-by-side comparison. The major

conclusion from the SAR has already been discussed, that is the need for a nido-carborane

cage. Because of the relatively small difference in the numbers for most of the remaining

nido-cage containing compounds it is difficult to draw definitive conclusions as to trends.

The porphyrins tested can be split into two general groups: BOPP-like having

activities < 0.2 plM, and isohematoporphyrin-like having activities in the 0.3 to 0.5 puM

range. The type of alkyl group on the 6,7-positions seems to have little influence on the

activity in either group. In the BOPP-like series very similar numbers are obtained for the

methyl ester 1a, the benzylcarbamate 126a, and the free acid/acid salt 1. A similar

insensitivity is seen for the isohematoporphyrin-like acid 131, methyl ester 131a, and

methyl carbamate 130.

The influence of the distance between the nido-cages and the porphyrin ring is not

clearly demonstrated either. There is a weak trend toward increasing IC50 with increasing

tether length, but again the differences are not great.

It is clear that the more nido-carborane cages a porphyrin has the better the inhibition.

There is an approximate twofold decrease in IC50 with each doubling of the number of

cages from one cage (177, 0.78 puM) to two cages (131a, 0.39 puM) to four cages (1a,

0.14 puM). Compound 148 with four single cages substituted at the four 2,4,6,7-positions

has activity comparable to 1. But is it merely the number of cages that are important or

their relative arrangement to one another? It was thought that perhaps it is the closer

arrangement of the 6,7-alkyl groups as compared to the 2,4-alkyl groups in 148 which are

responsible for the better inhibition rather than the sheer number of cages present. In other

words, because of the symmetry of the porphyrin system a simple rotation of the molecule

may bring the 6,7-nido-carborane cages into the specific binding region normally occupied

by one of the 2,4-nido-carborane alkyl groups. Furthermore, perhaps in the compounds
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like BOPP, where the carborane cages are on a 1,2-diol scaffold, two cages chelate a single

amine group or two adjacent groups. Single nido-carborane cages appended to the 2,4-

positions might not be able to assume this configuration but single nido-carborane cages

appended to the closer 6,7-positions can and thus are more active. It is unfortunate that

porphyrin 144, which has the 6,7-carboranyl side chains as in 148 but has vinyl groups

rather than carborane cages at the 2,4-positions was not successfully synthesized. 144

might have shed a little more light on whether the 2,4-positions of 148 are important.

This idea of a nido-carborane chelate displayed on a 1,2-diol scaffold suggested the

very recent synthesis of the small carborane 184 (Scheme 3.71). Despite the poor

inhibition of other small carboranes it was thought that a molecule with two cages might

have better inhibition. Closo-carborane 184 was converted to the nido-carborane 185 by

the wet DMSO method and assayed against the protease. Happily, it was found to have an

IC50 of 1.6 puM (Table 4.6), significantly better than any of the previously tested small

carboranes. This result prompted the quick synthesis and testing of the individual (S) and

(R) isomers, 185a and 185b respectively, which turned out to have essentially the same

IC50. Also quickly synthesize was the monocarborane substituted phenylethanol 186,

which is about 10-fold less active than 185. This again points out the importance of two

cages in a 1,2-arrangement, though the effect is much more dramatic than with the

porphyrins. With an IC50 of 1.6 puM 185 is a good candidate for future protein

crystallization experiments and could serve as a jumping off point for future SAR work.

However, because of its simplicity there are really no guiding points as to what the

subsequently synthesized compounds should be.

Also tested was the indole 183 (Scheme 3.70) which was found to have an IC50 of

14 puM. Because of the problems in converting the closo-carborane 182 into the nido

carborane 183 using basic conditions and the previous poor showing of small carboranes

in the assay, a low priority was placed on the testing of 183 until the encouraging results

with 185 were obtained. The advent of the wet DMSO method for clean conversion of
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Table 4.5: The main SAR.
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o-> * o-3-

VCDP R' = ©-w R = };2–3. 0.25

131 R' = Çº. v. R = };2–3. 0.275

131a R' = & R" =
~.

0.39

130 R' =
© . .

R" =
^+.

0.40

77 R’ =
© . #- R = };~.

0.29

49 R' =
&= - R = };~.

0.42
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Table 4.5 continued.

t G) 20 O

169 R' = éº-
R" = ~ 0.49o-ºº: × -º

G) /O O
167 R' = R" = < 0.54© . . *Tºcº,

ŽSº G) O O

164 R' =
(ºr S-> * R" = Sº-3 0.42–2 OCH3

H
G) N Oslº O171 R' = ~i■

* R" = < 0.41© Q >*Tºcº,
Çº 9 O

140 R' = R" = < 0.47

G) 20 O O

177 R’ = Çº- H3C—& R" = < 0.78O-º- o-> * ºf*Tºcº,
Os 20

-
O

172 R' = , T ~ - R" = < >5
Ho o-º: >{*Tºcº, ~8000

182 to 183 finally permitted testing. 183 could also be used in renewed attempts at

protein/inhibitor crystallization.

Also shown in Table 4.6 is compound 180a, the nido-carborane derived from the

closo-carboranyl-t-BOC-ethanolamine 180, the precursor to the O(-nido-carboranyl)-

ethanolamine 181. Again, the wet DMSO method permitted the ready generation and

testing of 180a. It may be recalled that amine 181 had an IC50 of >500 puM which

compares quite poorly to the 130 puM IC50 of 180a. This difference suggests that a

positively charge amine group so close to the nido-carborane cage is unfavorable and

should be avoided in future analogs.

:
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Table 4.6: SAR for new small carboranes.

O

G)

° tº
185 O 1.6 pum

O
G)

* * *185a (S) isomer O 2.3 puM

O
G)

** tº185b (R) isomer o 2.1 HM

wºO

183 14 umCI■
O |lN

H

O
G)

186a Kº–º 28 pum

O

180a O 130 HM
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Chapter 5: Affinity Labels

5.0 Introduction.

Synthesis and reaction of an affinity label with the protease was considered early in

this research project. However, because the number of compounds in the SAR data base

was limited and the understanding of the SAR was minimal, it was thought that simple

syntheses resulting in an expanded number of compounds to assay should take precedence

over multi-step or potentially difficult syntheses of affinity labels. An expanded SAR data

base would hopefully give more information on what the best affinity label synthetic target

should be. Experiments by other UCSF researchers using affinity labels based upon

haloperidol were in progress but many of the methods of protein/inhibitor analysis were

still being devised and no research methods had been published. Nevertheless, thought

was given to the structural requirements and design of an affinity label and some

preliminary experiments were performed to test the feasibility of several potentially

straightforward syntheses. Further experiments are also suggested based in part on some

more recent experimental results.

There are a number of points to consider for any successful affinity labeling strategy:

• Determine which molecular substructures in the lead compound are

important for enzyme binding and try to incorporate and retain these

elements in the design of potential affinity labels.

• Decide what information is to be gained from the affinity labeling

experiment. Plan and execute methods for analysis of any covalent

intermediate(s) formed.

• Investigate and design a strategy to chemically synthesize the

potential affinity labels.

Each point can be considered individually, but they are also mutually dependent to

some degree. The synthetic target chosen must balance the compatibility of certain
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molecular substructures with the inherently reactive groups of affinity labels without

causing loss of binding specificity to the enzyme. Likewise any covalent intermediate must

be stable to the methods chosen to analyze such a linkage. And overall the level of

difficulty and labor expended vs. the information gained must be weighed as well.

5.1 Why an Affinity Label?

Often the reason for using an affinity label is to gain insight into the nature of the

O active site or the mechanism of action when no x-ray

(>~o –K)—No. crystal structure exists.” In an early study by Meek

Figure 5.0: EPNP. et al.”HIV-1 protease was treated with a number of
affinity labels specific for serine, metallo, cysteine, and aspartyl proteases. The serine and

metalloprotease inhibitors had no significant effect upon activity. Sulfhydryl directed

reagents did cause loss of activity, indicating the importance of a cystein residue to catalytic

activity or structure. The aspartyl-protease-specific epoxide affinity label, 1,2-epoxy-3-(4-

nitrophenoxy)propane (EPNP, Figure 5.0), was also shown to inactivate the protease.

This and other chemical evidence led to the correct conclusion that HIV-1 protease is an

aspartyl protease. Since the work by Meek et al. a number of x-ray crystal structures of

HIV-1 protease have been solved and its structure and mechanism are well known.

Considering the availability of such knowledge the value of a porphyrin or carborane based

affinity label as structural probe to enzyme tertiary structure is debatable.

5.1.1 Haloperidol Derivatives.

Recent work by UCSF researchers” has sought to improve the inhibition of a

lead compound by incorporating reactive groups targeted at the active site aspartates. The

lead compound haloperidol (IC50 = 125 puM) was altered by incorporation of alkylating

epoxide, ynone, and O,3-unsaturated ketone functionalities which then irreversibly alkylate

the protease. Several of these compounds are shown in Figure 5.1.
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Figure 5.1: Haloperidol derivatives.

Analysis has demonstrated that alkylation can occur at cysteines 67 and 95, the N

terminal O-amino group, as well as the catalytic aspartates. The preferred alkylation site

varies with inhibitor. Only alkylation of cysteine 95 and the catalytic aspartates have been

shown to cause loss of enzymatic activity.

5.1.2 Carborane Substituted Porphyrins as Affinity Labels.

An affinity label based on a carborane substituted porphyrin could serve two possible

functions. The first is to give information on mode and location of binding. Modeling

work suggests a mode of action peripheral to the active site. The SAR data suggest the

involvement of a basic residue but not an acidic residue such as an aspartate. There are six

lysines, four arginines, one histidine, and the N-terminal amino group in the wild type

enzyme which could be involved in binding to BOPP-type compounds. An affinity label

could help pinpoint the binding site.

A second use for a carborane substituted porphyrin affinity label is, as with the

haloperidol analogs, to increase binding affinities through irreversible alkylating or

acylating reactions. A potential problem with any chemically reactive compound from a

therapeutic standpoint is an increased incidence of side effects due to non specific alkylation

of other biologically important molecules. Such a possibility may be more likely in this

case since the inactivation of the protease by a carborane substituted porphyrin-derived
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irreversible inhibitor would probably not be mechanism based and therefore uncatalyzed.

In any case, considerations of therapeutic applications are beyond the scope of the present

project.

5.2 Analysis Methods.

* several ofThere are a number of standard ways to analyze affinity labeled proteins'
which were employed in the haloperidol studies. Alkylating stoichiometry of HIV-2

protease was determined by incubation of a radioactively labeled 0-epoxyalkyne with the

protein, precipitation of the labeled protein, and then scintillation counting of the

coprecipitated radiolabel.” This experiment yielded a value of 1.1 moles of inhibitor per

mole of protein dimer. In another experiment to determine labeling stoichiometry using

nonradiolabeled inhibitors, modified forms of protease monomer were separated from

unmodified protease monomer by HPLC. Electrospray mass spectrometry of the purified

modified protein monomers showed that the molecular weight had been increased by

masses corresponding to one, two, or three inhibitor molecules.” Also performed

were a series of experiments with wild type and mutant enzymes where tight binding

substrates protected against some or all of the alkylation. These data pointed to some

reaction occurring outside the active site for HIV-1 but not HIV-2 protease. Similar

experiments could be performed with a carborane substituted porphyrin-derived irreversible

inhibitor. It would be preferable to use a method that did not require the incorporation of a

radioactive atom into the inhibitor since such incorporation could complicate synthesis and

would require facilities dedicated to “hot” procedures both for synthesis and biological

evaluation.

Experiments to determine the actual residue(s) of attachment to proteins are more

involved. Often the labeled protein is cleaved into smaller more manageable pieces and

then the modified pieces are identified, separated, and analyzed further. Cleavage can be

chemical or enzymatic. Separation can be by gel electrophoresis, column chromatography,
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HPLC, precipitation, or other means. Two major ways to analyze the purified altered

peptide are sequencing using Edman degradation or collision-induced mass spectral

analysis. Researchers studying the haloperidol analogs used a combination of HPLC

purification, pepsin enzymatic digests, and collision-induced mass spectral analysis to

sequence and identify the residues labeled by various irreversible inhibitors.” The

methods employed were mild enough to allow a range of affinity labels to be utilized and

probably could be adapted to carborane substituted porphyrin derived irreversible

inhibitors. The strong UV absorption at A = 400 for porphyrins would probably make

identification of labeled peptides separated by HPLC easier.

5.3 Structural Requirements of an Irreversible Inhibitor.

It was apparent from early SAR data that the presence of an otho-carborane cage on a

porphyrin macrocycle was necessary to confer submicromolar inhibition. Table 5.0

compares the IC50 values for several early compounds. The difference in binding in going

from 1 (where BOPP is now shown as being a nido-carborane compound) to the analog

194 where the nido-carborane esters are replaced with phenyl esters is a factor of 76.

Inhibition is lowered by another factor of 20 when the 2,4-bisglycol hydroxyls are

unacylated as in 86. The early data with small carborane cage compounds 179, 181,

201, 202, and 203, which gave IC50s generally >50 puM, led to the conclusion that an

affinity label which incorporated a carborane cage, but not a porphyrin ring, would be less

desirable because the lower binding interaction would probably result in more nonspecific

labeling events.

One could envision a compound like 194 but where the aromatic ring is substituted

with reactive groups. Such a compound would probably be relatively easy to synthesize

and excluding any covalent interactions might start with an IC50 of 5-20 puM. However,

there is the possibility that compounds like 194, which lack the negatively charged nido

carborane, do not bind in the same region as compound 1 and, even though perhaps
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Table 5.0: IC50 values for select compounds.

Compound IC50 (uM)

O
G)

* 0.185
1 R =

OR

OR

OR O

194 R = º: 14

OR

N O
- 7

POH POH

86 R = H 280

O

G) OCH3
179 G) >50K

O OH

201
&

>500

OH

202
& >50 (solubility limit)

O

203
gº

OH >50

O G)
*…*o-º

181 ~500

relatively easy to synthesize, would still require extensive work to characterize any

protein/porphyrin covalent intermediate. Therefore the order of choice for an affinity label
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was likely be one which incorporated both a porphyrin ring and nido-carborane cage(s),

followed by porphyrins without carborane cages, and lastly by small carboranes lacking the

porphyrin macrocycle. The very recent finding that the small molecule carborane 185 has

an IC50 of 1.6 [1M actually upends this argument and makes derivatives based on small

carboranes more appealing than previously thought.

5.4 Porphyrins as Affinity Labels.

In an on-line search of Medline and Chemical Abstracts back to 1966 and 1967,

respectively, no cross reference between “porphyrin’ and “affinity label' or “porphyrin' and

“irreversible inhibitor' could be found in which the porphyrin itself served as the affinity

label or irreversible inhibitor. A similar manual search of Chemical Abstracts back to the

1930s was also negative. This could either indicate that no attempts have been made to

synthesize and apply such inhibitors or that such attempts have failed. There is no obvious

reason why porphyrins bearing the type of reactive functionalities used in the haloperidol

studies should be inherently unstable because the porphyrin macrocycle is subject to

electrophilic substitution only under strong acid/Lewis acid catalysis. In addition to the

chemically reactive class of affinity labels as utilized in the haloperidol analogs, there are

also photoaffinity reagents in which the chemically reactive species (usually a nitrene or

carbene) is generated by light. Before discussion of photoaffinity reagents in general, it is

worth considering their potential use with porphyrins.

5.4.1 Porphyrin Photo and Chemical Stability.

A significant complication to the idea of using a porphyrin derived photoaffinity label

is the stability of the porphyrin ring itself both to the photolysis event and the generated

carbene or nitrene. The photochemistry of porphyrins is quite complex.” Irradiation of

porphyrins with light promotes electrons into short lived excited singlet states. Electrons in

this excited singlet state are then subject to several different processes. The first is direct

|
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decay back to the ground state by emiting light via fluorescence or non radiatively through

the generation of heat. In a second mechanism the singlet state decays to a triplet state

which can then decay further in two ways. In one, an electron transfer process generates

porphyrin free radicals which can initiate damaging free radical chain reactions. In the

Second, the triplet state energy is directly transfered to molecular oxygen to generate singlet

oxygen which is again damaging to biological systems. Photodynamic therapy for cancer

utilizes porphyrins as photosensitizers to generate free radicals and singlet oxygen to

destroy irradiated cancer cells.'" Photooxidative damage to amino acids, especially

methionine, histidine, tryptophan and tyrosine in the vicinity of heme groups, has been

shown to occur. In the presence of reducing agents or oxidants the porphyrin macrocycle

itself can be photoreduced or oxidized respectively. The course and extent of such

reactions is influenced by porphyrin substituents and any central metal ion.

Porphyrins are also subject to reaction with carbenes and nitrenes as shown in

Scheme 5.0.” When reacted with the thermally generated carbene of ethyl diazoacetate,
O Et Et Et Et

*oe Et Et
copper N2 Et Et
ocatethyl- +

porphyrin A OEt
Et Et Et EtO
H DS

EtO Et Et Et Et
O major IIllnor

O

O

Et Et

Et3N
Et Et

Et Et

Scheme 5.0: Porphyrins treated with carbenes and nitrenes.

}
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copper octaethyl porphyrin gives a mixture of coupled products. Likewise, a base

generated nitrene gave products arising from insertion into the porphyrin ring at a meso

position. * Neither of these reactions involved photoactivation.

The challenges to the use of porphyrins substituted with photoactive groups is

significant. The first challenge is to determine a window in the UV-vis spectrum in which

only the photolizable group absorbs and is converted to a reactive form. Since proteins can

be damaged by UV lights 280 nm, photolysis is generally performed at A > 300 nm.14%

Porphyrins also have an absorption at 280 nm and have a major \max at 400 nm called the

Soret band. The Soret band typically has an extinction coefficient of > 140,000 and is

accompanied by additional strong absorption bands extending into the visible region up to

620 nm. Thus only a narrow window from about 300 nm to 380 nm is open for possible

irradiation of photoactive groups of sufficiently high extinction coefficient and quantum

yield with an appropriately filtered light source. Again such experiments do not appear in

the literature.

5.5 Photoaffinity labels.

Photoaffinity labels have several advantages over other types of affinity labels.

Initiation of reaction can be more tightly controlled and they can hit a greater variety of

R

2% O */
s! *sº

S.

N NG) NTSR"
3 NO 'N

|w |w |w
R R

2 Y. O º */s! Rºw
+ S.

© MI o e - R" Y e:N:
e R"

Scheme 5.1: Common types of photoaffinity reagents.

151



residues. In general they are chemically inert in the absence of photolysis and therefore are

compatible with a wider range of synthesis conditions giving greater freedom in the design

of synthetic Strategies. The most commonly used reagents generate carbenes and nitrenes

which are highly reactive and do not need the presence of nucleophilic groups since they

can even insert into C-H bonds.” Scheme 5.1 shows three common types of

photoaffinity reagents and their reactive intermediates: aromatic azides, diazocarbonyl

compounds, and diazirines.

The carbene-yielding diazocarbonyl compounds suffer from several drawbacks

including difficulty of synthesis, chemical reactivity in the dark, and tendency to rearrange

to ketenes upon photolysis. More importantly for the purposes of this project, they have

very low extinction coefficients (<50) at around 340 nm. However, their small size and the

lack of a need for an aromatic group would make them good targets for incorporation onto

a carborane cage if such a synthesis could be accomplished.

A better choice might be diazirines which are efficiently photolyzed to carbenes and

have absorptions between 350 to 380 nm and modest extinction coefficients of around 300.

They have good chemical and thermal stability but are difficult to synthesize. Simple alkyl

diazirines rearrange to alkenes upon irradiation and therefore use is limited to aryl

substituted compounds.

Probably the best choice and the most readily synthesized are the aryl azides. They

have good extinction coefficients and Amax can be manipulated by varying the substitution

on the aryl ring. Esters of p-azidobenzoic acid absorb - 280 nm but N-(5-azido-2-

nitrobenzoyl)succinimide (Figure 5.2), a useful reagent for coupling of the aryl group to

alcohols and amines has a Amax
N3

O of 312 nm.

º Since there is no apparentO2N (, O precedent to the use of porphyr

Figure 5.2: N-(5-azido-2-nitrobenzoyl)succinimide. ins in any photolabeling experi
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ment, the success of any of these approaches must be determined through actual synthesis

and experimentation. In the early stages of this project it was thought that the potential

obstacles to the use of photoaffinity labels precluded their immediate consideration.

However, in consideration of the results both positive and negative obtained since then, it

may be that the next stage of the project should focus efforts in this area.

5.6 Other Affinity Labels.

A number of reactive nonphotolabile groups have been used as affinity labels

including epoxides, O-halo ketones, esters, and amides, 0,3-unsaturated ketones, and

ynones. As was noted earlier, a number of these functionalities were incorporated into

haloperidol analogs which resulted in the labeling of cysteines 67 and 95, the N-terminal O

amino group, as well as the catalytic aspartates, although labeling site varied with inhibitor.

Several of these might be candidates for incorporation into carborane substituted

porphyrins. All are unstable chemically which would severely limit the type and number of

synthetic steps after incorporation. Early synthesis work for this project dealt with several

of these types of reactive groups.

5.7 Synthesis of Affinity Labels.

It was decided early that any affinity label would have to incorporate both carborane

cages and the porphyrin macrocycle. Therefore reactive labeling groups must either be

added after coupling of the carborane cages to the porphyrin or if present earlier would

have to survive the coupling. The two principal types of coupling reactions considered at

the time were a Heck type coupling of an alkyl carborane to a mercurated porphyrin as

shown in Scheme 5.2 or the acylation of a porphyrin alcohol or amine by a carboranyl acid

chloride as shown in Scheme 5.3.
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HgCl &
HgCl 1) LiPdCl3, Et3N, 50 °C,

CH3CN/DMF

2) TFA

POMe POMe POMe POMe
11a VCDP

Scheme 5.2: Heck coupling to yield VCDP.

As was discussed in Section 3.0 the Heck type coupling must be performed at 50 °C

or higher in a polar solvent in the presence of base, reactive metals, and potential

nucleophiles. * For a carborane carboxylated directly on the cage the acyl coupling must

be performed with the acid halide since steric hindrance prevents coupling by other means

such as carbodiimides. Generation of the carborane acid halide has only been achieved

with PCl5 followed by distillation. None of these conditions are particularly hospitable to

most affinity groups. Therefore addition of the affinity labeling group after

carborane/porphyrin coupling would appear to be necessary.

Cl
O O

48 DMAP
X x 29

POMe POMe POMe. POMe.

5: X = OH 205: X= O
134:X = NH, 132: X = NH

Scheme 5.3: Acylation of porphyrin nucleophiles.
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The first type of affinity labels considered were epoxides to be synthesized according
to Scheme 5.4.

O’ SO Cl O

º
R

1) & CO3HC), 29 C■ s 29
5 —- sº

2) ester R R’

hydrolysi &
POH POH POH POH

O

R = y^% /~/T R = 2^4% 2 /*
Scheme 5.4; Porphryin carboranyl epoxides.

The key to this scheme is that the epoxidation step occurs after the acylation and

methyl ester hydrolysis steps. But what is the relative susceptibility to oxidation of the

alkene groups vs. the porphyrin ring? It has been reported that 1-vinyl carborane 29 fails

to react with hydrogen peroxide or peracetic acid.” However, isopropenyl carborane

206 could be epoxidated with trifluoroperacetic acid (CF3CO3H) over 21 hours at room

temperature to give the epoxide 207 (Scheme 5.5).” The reaction of CF3CO3H with
allyl carborane 34 under basic conditions in refluxing CH2Cl2 for 1 hour gave a stable

epoxide 208. Hydrolysis of this epoxide to the diol 210 required 16 hours at reflux in 5%

H2SO4. An alternative reaction between allylcarborane 34 and H2O2 in formic acid at 55

60° over 20 hrs did not yield the epoxide 208 but rather a hydroxyformyl derivative 209,

hydrolysis of which led to the diol 210.4% The hydroxyformyl derivative presumably

resulted from attack of formic acid on an epoxide intermediate. The long hydrolysis time

observed in aqueous H2SO4 may be due to low solubility of the carborane epoxide in water
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rather than an inherent lack of reactivity. Similarly (3-butenyl)carborane 25 gave the

epoxide 212 with CF3CO3H under basic conditions but a hydroxytrifluoroacetyl derivative
211 under acid conditions.”

F OCF3CO3H affinity-8

206 2O7

/ oCF3CO3H 5% H2SO4
O OH

Na2HPO4 A OH
34 A 208 210

-

ºs
HCO2H NaOH

O OH
O

209 =. O

cºcº,
` CFACO3H

OH
A

25 211

O
CF3CO3H
Na2CO3

212

Scheme 5.5: Epoxidation of alkenyl carboranes.

The use of CF3CO3H was problematic in that it required the reaction of highly

concentrated solutions (98%) of H2O2 and trifluoroacetic anhydride and in an attempt to

avoid such conditions, m-chloroperbenzoic acid (MCPBA) was used instead. As model

reactions allylcarborane 34 and butenylcarborane 25 were subjected to MCPBA in CH2Cl2

at room temperature. TLC monitoring of the overnight reaction showed no reaction for the

allyl 34 but some reaction with the butenyl 25. Each reaction sat for 14 days at which time

the allyl reaction was still not complete. Work-up of the butenyl reaction and flash
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chromatography yielded 69% of material which appeared by 1H and 13C NMR and MS to

be epoxide product 212.

In contrast, when protoporphyrin dimethyl ester 2 was subjected to similar

conditions reaction was much more rapid though it was not clear what products were

forming (Scheme 5.6). The addition of 2.0-2.3 equivalents MCPBA only resulted in

partial loss of starting material with formation of new slower moving colored (i.e.

porphyrinic) spots on TLC. As more MCPBA was added the solution became increasingly

bleached/colorless indicating the oxidation and breaking of the porphyrin aromatic ring.

There is no evidence one way or the other that the epoxide was formed.

O

º & O
N MCPA

+ 2

POMe POMe POMe POMe
2 110b

Scheme 5.6: Epoxidation of protoporphyrin 2.

The most similar reaction previously reported was that of octaethylporphyrin with

benzoylperoxide in a radical reaction with caused insertion of the benzyloxy group into the

meso position in 30% yield shown in Scheme 5.7.148. In retrospect protoporphyrin was

Et Et Et Et

Et Et Et Et

(PhCOO)2

A

E Et Et S Et

Et Et Et O Et

..He
Scheme 5.7; Octaethylporphyrin reaction with benzoylperoxide.
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probably not the best choice of a model
N O

compound. But the fast rate at which it was
CH2Br

degraded vs. the slow rate of reaction of the

213 carboranyl alkenes led to the decision not to

Figure 5.3: 0-haloketone 213. pursue this synthetic scheme further.

A second experiment sought to synthesize the O.-haloketone 213 substituted

carborane as shown in Figure 5.3 which might as an olefin in a Heck type coupling with

mercurated porphyrin 11a.

Scheme 5.8 shows one known method of generating an 0-haloketone substituted

carborane.” Lithiated o-carborane 214 reacts with acetyl chloride to give the ketone 215

in good yield. Since a ketone is easily cleaved from the carborane cage under basic

conditions any further reactions must be in neutral or acid media. The methyl ketone 215

fails to react with Br2 in boiling CC14 but does react in boiling acetic acid to give the o

bromoketone 216.

O O O
Li Br2, 115 °C

& J. C| CH3CO2H CH2Br
214 215 216

Scheme 5.8: (2-bromoacetyl)carborane 216.

However, a similar series of reactions with lithiated vinyl carborane 29a would not

yield the desired product 213, because the vinyl group of intermediate 217 is easily

brominated to 218 and thus would not survive the bromination conditions (Scheme 5.9).

Br
Br

S O N O O
Li Br2, 115 °C2. Cl CH3CO2H_ CH2Br

29a 217 218

Scheme 5.9: Bromination of vinyl carborane 29.
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As a model ,the reaction shown in Scheme 5.10 was attempted a number of times.

Each time only starting carborane was recovered. However, by NMR the reaction mixture

was found to contain an alkane more complex than that merely from hydrolysis of the acid

bromide to bromoacetic acid. Use of the same reaction conditions without acid chloride but

with addition of CO2 as the electrophile resulted in a good yield of the 1

vinylcarborane-2-carboxylic acid 219 demonstrating that the problem was with the

particular electrophile used. The exact nature of the reaction course between 29a and

bromoacetyl bromide was not determined and further work was discontinued.

S i. N OLi
| Brº CCH2Br CH2Br

29a s o 213
CO2

OH

219

Scheme 5.10: Acylation of vinylcarborane 29.

An additional complication not even addressed at the time of these experiments is the

need for an open nido type cage for best inhibition. The standard way a closo cage is

converted to a nido cage is by treatment with an amine base followed by isolation of the

free acid. The standard method of opening a closo cage is with 50/50 piperidine/pyridine

followed by solvent removal and a 5% aqueous citric acid wash which is probably not

compatible with most electrophilic affinity labeling groups. The very recent observation

that ot-carboxy substituted o-carboranes can be converted to the nido-carboranes in wet

DMSO and other polar solvents may provide an alternative route to the open cage

compounds for some carboranes. Assuming conversion to a nido cage was successful then

another question arises: what is the effect of the presence of the strongly acidic (pH~2)

nido-carborane cage in close proximity to a reactive electrophilic epoxide or 0-halocarbonyl
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compound? There is no evidence that the cage itself can act as a nucleophile but it could act

as an acid/base catalyst to the attack of water and hence lead to rapid hydrolysis. Only

experimentation can answer these questions but the number of “ifs” is quite large and

daunting.

5.8 New Ideas.

The writing of this chapter required the revisiting of the subject of affinity labels and

prompted further consideration of target labeling compounds which take into account new

knowledge gained since those early efforts. Scheme 5.11 shows the outline of the

synthesis of compound 177 where isohematoporphyrin is acylated by a nido-carborane

group at one position and an acetate group at the other. Compound 177 is a mixture of

two isomers and has an IC50 of 780 nM as compared to 650 nM for compound 205

containing two nido carborane cages. One nido-carborane cage provides sufficient aqueous

solubility under assay conditions at concentrations lower than 50 plm■ .

tº
G)

OH OH O YO

OH
->

? — O~$o ~$o
POM6 POMe POMe POMe POMe POMe

5 175 177
+ Other isomer + other isomer

Scheme 5.11: Synthesis of compound 177.

It would probably be straightforward to substitute bromoacetyl bromide for acetyl

chloride to synthesize the potential affinity label 220 (Figure 5.4) which would probably
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O

CH2Br

POM
e 220 POMe

+ Other isomer

Figure 5.4: Bromoacetylated isohematoporphyrin 220.

have a similar IC50 value.

Opening of the cage might be

accomplished using wet

DMSO rather than

piperidine/pyridine.

Because of the

presence of the nido cage this

compound is more likely to

be binding in the region

where compounds bearing

two nido cages bind. It would be preferable to separate the two isomers, although in the

synthesis of 177 none of the synthetic intermediates showed sufficient separation of

isomers by TLC or column chromatography. If 220 were shown to be an active affinity

label attempts could be made to achieve isomer separation by HPLC.

The above example also suggests a target compound bearing an aromatic azide

incorporated using the same synthetic strategy as shown in Figure 5.5.

º
G)

POMe 221 POMe
+ other isomer

NO;

Figure 5.5: Aromatic azide substituted isohematoporphyrin 221.
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The inhibitor/enzyme binding interaction is relatively insensitive to changes in the 6,7

propionic acid side chains as shown in Figure 5.6.

G) G) G)s
G)

s
G)

g
G)

O’ SO O’ SO O’ SO

O O’ o O’ o

-
O HN

OH HO 9 o O HaC|-992. H
131 205 \ 3 130 OCH3

IC50= 275 nM 650 nM 400 nM

Figure 5.6: Comparison of 6,7-side chains.

This suggests then another part of the molecule to which a reactive functionality could

be attached. Scheme 5.12 shows a potential synthetic sequence starting with compound

145, the synthesis of which is discussed in Section 3.9. This sequence would lead to the

photoaffinity label compound 225.

Scheme 5.13 shows the somewhat more questionable reaction series necessary for

incorporation of an O-haloester function. Hopefully the o-haloester 227 would be stable

to NaBH4 reduction and subsequent acylation steps. Yet another alternative is suggested in

Scheme 5.14. This Scheme has fewer questionable steps but because there are now three

carborane cages and a good degree of symmetry in the molecule the chances of binding in

multiple orientations increases. This may result in multiple labeling sites on the protein and

thus confuse the interpretation of the interactions.
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HOH2C 14s CH2OH HOH2C 222
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OH 1) formic acid OCH3
2) NaBH4
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O O
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-
O

1) carboranyl acid G)
chloride 48 O
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O

O º's
-

225
NO2 O + other isomer

Scheme 5.12: Proposed photoaffinity label 225.
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QCH3 O
OCH3

OCH3

OCH3 formic acid

HOH2C j
+ other isomer + Other isomer

ji
CH2Br

OH
-

O Br

OH NaBH4

227 O*2S-O 22e N-o ecºlo
+ other isomer

O + other isomer O

1) carboranyl acid
chloride 48

2) H2O/DMSO

BrCH2 j
Siro 229 O

O + Other isomer

Scheme 5.13: Proposed o-haloketone bearing porphyrin 229.
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O
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234 O
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Scheme 5.14: Another proposed o-haloketone bearing porphyrin 234.
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Of course none of these compounds puts the affinity group in close proximity to the

nido-carborane cage. Others in the Kahl group have been working on the synthesis of

carborane amino acids where the carboxyl and amino groups are attached directly to the

carborane cage both to carbon and boron.” The simple 3-aminocarborane 235 could

serve as a model compound to investigate the stability of 0-haloamides like 235 and 236

(Scheme 5.15). If shown to be reasonably stable then the O-bromoacetylbromide could be

coupled to a carboranyl amino acid attached to a porphyrin as a last or second to last step.

j. j.
NH HNTCH2Br º CH2Br

2
| BrCH2COBr |

G) §
235 236 237

Scheme 5.15: Carborane O-haloamides 236 and 237.
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Chapter 6: Summary and Conclusions

6.0 Summary.

This project sought to better understand the factors responsible for the micromolar

and nanomolar IC50s of a series of boronated and nonboronated porphyrins and small

carboranes toward HIV-1 protease. Experiments were performed which attempted to

obtain protein crystal structures of the protease bound to a boronated porphyrin inhibitor,

but most of the work involved the synthesis of analogs. A large portion of the synthesis

work sought to investigate the factors governing the outcome of reactions which altered the

porphyrin periphery, in an effort to produce results of more general applicability to other

researchers, particularly in the porphyrin field. In the process improved methods for the

synthesis of isohematoporphyrin 5, 2,4-diformyldeuteroporphyrin 3, deuteroporphyrin

2,4-diacetaldehyde 4, and 2,4-diallyldeuteroporphyrin 6 were developed. It was shown

that aldehydes 3 and 4 could be successfully reacted with more complex Wittig reagents

than previously demonstrated. The factors governing the outcome of the Heck reaction and

its variants as well as Stille type couplings were also thoroughly explored. Several other

types of transformations were also accomplished.

As the SAR was expanded it was clearly shown that a nido-carboranyl cage system

was necessary for submicromolar inhibition. Also examined were general trends in the

importance of the type of linkage between the carborane cages and porphyrin, of the tether

chain length between the cages and the porphyrin ring, of the number of carborane cages

on the porphyrin, and of the presence of an acid vs. ester vs. carbamate at the 6,7-

positions. And in what might turn out to be a very significant finding, the small carborane

185 was shown to be a 1.6 puM inhibitor. And finally, it was also demonstrated that nido

ortho-carborane cages could be generated from closo-ortho-carborane cages O. to a carbonyl

group in wet polar solvents, a reaction not previously reported.
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6.1 The Next Step.

The next direction for this project appears to be a further investigation of compound

185. The IC50 of 1.6 puM and small size make 185 a good candidate for further protein

crystallization studies. The simplicity of this molecule opens a whole new area of potential

analog synthesis, although the lack of any other information on good or bad changes in

structure does not provide a guide as to what these analogs should be. An aryl azide analog

of 185 might prove useful as an affinity label as well. In addition, work with the

carboranyl porphyrins could also continue with efforts put into the synthesis of some of the

affinity labels detailed in Chapter 5. It may also be of interest to test BOPP 1 or 185 in an

in vitro assay of HIV-1 strains which have begun to show resistance to the protease

inhibitors now on the market.
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Chapter 7: Experimental.

General Experimental.

Hemin and protoporphyrin IX 2b were purchased from Porphyrin Products (Logan,
Utah). Protoporphyrin 2b was converted to its dimethyl ester 2 by the method of
Smith.” Hemin was converted to deuteroporphyrin 10 by the method of Caughey et
al” and was then metallated by standard methods.” Osmium tetroxide was purchased
from Stevens Metallurgical Corp. (New York, NY). Butenylcarborane 25, vinylcarborane
29, and allylcarborane 34 were purchased from Dexsil Corp. (Hamden, CT). All other
reagents including the anhydrous solvents DMSO, DMF, pyridine, and dioxane were
purchased from Aldrich Chemical Co.(Milwaukee, Wisconsin) and used without further
purification. CH2Cl2 was dried over Cah. THF was dried over sodium metal. Removal
of solvents was performed under reduced pressure. Flash chromatography was performed
on EM Science silica gel 60 230-240 mesh. Preparative TLC was performed either on E.
Merk silica gel 60 F254, 1 or 2 mm thickness or on E. Merk aluminium oxide 60 F254, 1.5
mm thickness. High resolution mass spectral data is precise within +5 ppm, as determined
by routine standards evaluation. "H NMR spectra were recorded at 300 MHz and used
TMS as internal standard. 13C NMR spectra were recorded at 75.5 MHz and used solvent
as internal standard. Ultraviolet-visible spectra were obtained using a diode array
spectrophtometer in the indicated solvent at 10-12 puM. Melting points were obtained using
a hot stage apparatus and are uncorrected.

Protein Crystallization Experiments.

A 3.6 gm bacterial cell pellet from cell culture of bacterial strain X-90 transformed
with mutant HIV-1 protease Q7K was obtained from Jason Rosé. Working in the 4 °C
cold room the pellet was resuspended in 30 mL PCB buffer (100 mM Tris, pH 8.0, 1 mM
EDTA, 1 mM DTT) containing 150 pull PMSF (phenylmethylsulfonylfluoride, 200 mM
stock in isopropanol) a serine protease inhibitor. The ice bath cooled cell suspension was
sonicated using a large probe and high power setting of 110 for 3 min followed by 10 min
cooling. The cycle was repeated twice more. Solution became brown and less viscous.
Cells were spun in a sorvall SS-34 rotor for 30 min at 12,500 rpm. The HIV-1 protease
activity of the supernatant was checked by a UV-cell assay using 985 ul buffer (50 mM
NaAc, pH 5.5, 1 M NaCl, 1 mM EDTA, 5 mM DTT), 5 pull Craik 5 substrate, and 10 pull
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Supernatant. Substrate absorption decreased at a rate of 40.69 AU/min. which was
considered a good level of activity. The supernatant was carefully pipetted into 20 mL of
phosphocellulose previously equilibrated in PCB buffer. The mixture was gently rotated in
a 50 mL falcon conical tube 30 min and then spun down in a table-top centrifuge 5 min at
3,400 rpm. The Supernatant was again checked for protease activity which was found to
be negligible. The resin material was poured into a column and then the resin bed was
washed with about 200 mL PCB buffer. A flow rate of about 1.5 mL/min. was desired

though only 1 mL/min. could be achieved. The OD was monitored at A= 280 nm until it
fell below 0.01. The elution began with a gradient from PCB to PCB containing 1 M
NaCl. The activity of the collected fractions were tested again by the UV assay using 2.5
to 10 pull of each fraction. The six most active fractions were pooled and kept overnight a 4
°C. Meanwhile pepstatin A agarose was prepared by mixing 10 mL of the resin in a 50 mL
falcon tube and filing with PAAW-1 buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM
DTT, 0.4 M ammonium sulfate). The resin and buffer were mixed, spun down, the buffer
decanted off, more buffer added, mixed and then spun down again. After sitting overnight
the buffer was again decanted off and then the protease containing buffer solution from the
phosphocellulose column was added and mixed with gentle rotation for 20 min. The resin
was loaded onto a column and then washed with 20 mL of PAAW-1. The protease was
eluted with PAA-EL buffer (100 mM aminocaproic acid, pH 10.5, 50 mM NaCl, 5%
glycerol, 5% ethylene glycol, 1 mM EDTA, 1 mM DTT) and collected in 2 mL fractions.
After every fifth fraction, collection was stopped and 85 pull of 2 M HEPES buffer was
added to each and then the buffer was mixed by gently moving the solution into and out of
a pipette a couple of times. Fractions were then kept on ice and again tested by UV activity
assay. Combined the most active fractions and began concentrating in 3 Centricon filters to
a small volume. After an additional night of storage at 4 °C the concentration was
completed and then 6 mL (in three 2 mL portions) of each of the three crystallization
buffers was added to each tube and concentration was begun again to effect buffer
exchange. The crystallization buffers were:

50 mM NaH2PO4, pH 7.43

50 mM. NaCl

1 mM EDTA

1 mM DTT
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Made by using 0.55gm anhydrous Na2HPO4, 0.16 gm NaH2PO4·H2O, 1 mL 5 N NaCl,
200 pil 0.5 M EDTA pH 8.0, to 100 mL with water. The pH was measured and then
0.015 gm DTT was added. The solution was then sterile filtered.

50 mM cacodylic acid (CH3)2AsO)OH, pH 6.40

50 mM. NaCl

1 mM EDTA

1 mM DTT

Made by using 0.80 gm (CH3)2AsO)ONa, 1 mL 5 N NaCl, 200 pull 0.5 M EDTA pH 8.0,
to 100 mL with water. The pH was adjusted to 6.40 with aqueous HCl and then 0.015 gm
DTT was added. The Solution was then Sterile filtered.

50 mM NaAc, pH 5.40

50 mM NaCl

1 mM EDTA

1 mM DTT

Made by using 0.68 gm sodium acetate, 1 mL 5 N NaCl, 200 pull 0.5 M EDTA pH 8.0, to
100 mL with water. The pH was adjusted to 5.40 with 1 M AcOH and then 0.015 gm
DTT was added. The Solution was then Sterile filtered.

The protein containing solutions were concentrated to a volume of 150-200 pil. It
was judged that activity was only 40-60% of the original amount and that the concentration
was roughly 6 mg/mL or 0.6 mg/tube. Using the relation that 1 mg of protease = 4.63 X
10-8 mole (MW = 21,582) it was calculated that each tube held ~2.8 X 10-8 mole protein.
The final protein solutions were spun out of the centricons into the recovery cups and then
3.8 pull (1.0 equiv) of BOPP potassium salt dissolved in the appropriate buffer was added.
The tubes were spun down in a microcentrifuge at the maximum speed for 15 min. It was
found for all three buffers that most of the protein had precipitated at this point and that the
colored BOPP compound could be seen in the precipitate as well. The material was at this
point discarded.
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Chemical Synthesis Experiments.

2,4-Bis(formyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethyl
porphyrin 3. Bisglycol 86 (101 mg; 0.153 mmole) was suspended in THF (100 mL).
HIO4 (205 mg, 5.8 equivalents) dissolved in water (4 mL) was then added. Within a few
min the solution became homogenous. At 1 h the once again heterogenous solution was
reduced in volume under vacuum. The solution was diluted with CHCl3 and washed three
times w/water. The solvent was removed under vacuum and the crude prophyrin was
dissolved in hot CHCl3 and precipitated w/hexane to obtain 72 mg, 80% of 3: mp 283-286
°C (lit.” 284-286 °C). The IH NMR matched the published values.” The MS
+LSIMS, for C34H34N4O6: [M+2H]* = 596, was also consistent with 3.

2,4-Bis(formylmethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 4. Protoporphyrin dimethyl ester 2 (250 mg; 423 plmole) was
brought to reflux in a mixute of CH2Cl2 (60 mL) and MeOH (10 mL). Thallium(III) nitrate
trihydrate (670 mg, 1.5 mmole) was dissolved in MeOH (22 mL) and added rapidly to the
porphyrin. The solution was refluxed 10 min and then cooled. SO2 was bubbled through
and concq HCl (1.3 mL) was added. The white Tl(I) salts were filtered off, the solution
diluted with CH2Cl2 (50 mL) and washed 3 times w/water. The solvent was removed, the
residue redissolved in CH2Cl2, and the solvent removed again. The solid was dissolved in
88% formic acid (20 mL). After 2 h the solvent was removed and the residue redissolved
in CH2Cl2, washed three times w/water, and then solvent was removed under vacuum.
The crude porphyrin was crystallized from CH2Cl2/hexane. Obtained 240 mg, 91% of 4.
No satisfactory melting point could be obtained for this compound. The "H NMR matched
published values.” The MS +LSIMS, for C36H33N4O6: [MHI* = 623.3, was also
consistent with 4. Anal. calcd for C36H38N4O6: C, 69.44; H, 6.15; N, 9.00. Found: C,
69.16; H, 6.33; N, 8.75.

Isohematoporphyrin 5 via ZincGII) Protoporphyrin 2a and 9-BBN. Zinc (II)
isohematoporphyrin 5a (100 mg; 153 plmole) was suspended in dry CH2Cl2 (30 mL) to
which was then added 9–BBN (2.5 mL of a 0.5 M solution in THF; 1.25 mmole). After
18 h the solvent was removed, the residue redissolved in THF (40 mL), the porphyrin
solution added to NaBO3°4H2O (0.6 gm; 3.92 mmole) in water (40 mL), and the mixture
vigorously stirred overnight. The solution was diluted with CH2Cl2, washed 3 times
w/water, and the solvent removed. The residue was dissolved in TFA and after 10 min

diluted w/CH2Cl2, washed 3 times w/water, and the solvent removed. The solid was
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chromatographed on preparative silica gel TLC using 10% MeOH/CHCl3. The main band
was recovered from the plate to obtain 42 mg, 44% of 5. The IH NMR of this material
was identical to published values.”480

Isohematoporphyrin 5 via Protoporphyrin 2 and Thallium(III) Nitrate.
Starting with protoporphyrin 2 (200 mg; 339 pumole) the procedure for the synthesis of 4
was followed up to the final aqueous wash. After solvent removal the residue was
dissolved in 50% MeOH/CH2Cl2 and treated with NaBH4. After 10 min, the reaction was
quenched with glacial acetic acid, the porphyrin washed 3 times w/water, and the solvent
removed. The crude porphyrin was recrystallized from MeOH/CH2Cl2/hexane and dried
under high vacuum to obtain 197 mg, 93% of 5 mp 224-226 °C (lit.” mp 222-226 °C);
|H NMR matched published values.” The MS+LSIMS, for C36H42N4O6: [M-2H]+ =
624 was also consistent with 5.

2,4-Diallyl-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyr
in 6 via Zinc (II) Diiododeuteroporphyrin 40a and Tetraallyltin 54. zinc.(II)
2,4-Diiododeuteroporphyrin 40a (400 mg; 468 pumole), Pd(PPh3)4 (450 mg; 390 plmole),
(o-tolyl)3P (600 mg, 1.97 mmole), tetraallyltin 54 (1 mL; 4.17 mmole), and anhydrous
DMF (8 mL) were heated in a sealed 20 mL scintilation vial at 95 °C for 6.5 h. The
solution was cooled, diluted w/CH2Cl2, washed twice w/water, filtered through a glass
fiber filter, washed again w/water, and the solvent removed. The crude porphyrin was
dissolved in TFA and after 10-15 min diluted w/CH2Cl2, washed three times w/water, and
the solvent removed. The crude porphyrin was dissolved in CH2Cl2 and loaded onto a
silica gel flash column and eluted in a step gradient of 0, 0.1, 0.6% MeOH/CH2Cl2.
Obtained 180 mg, 62% of 6: I H NMR (CDCl3) identical to lit.” with small amounts of
extra meso protons and 2,4-hydrogens visible.

2,4-Bis(3-hydroxypropyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 7. To 2,4-Diallyldeuteroporphyrin 6 (100 mg; 162 plmole)
dissolved in dry CH2Cl2 (5 mL) was added 9-BBN (2 mL of a 0.5 M solution in THF; 1
mmole). After 3.5 h the solution was diluted with THF (50 mL) and added to a solution of
NaBO3°4H2O (462 mg; 3.0 mmole) dissolved in water (50 mL) and the mixture stirred
2.25 h. The solution was then diluted w/CH2Cl2, washed 3 times w/water, and the solvent
removed. The oily residue was dissolved in a minimum volume of CH2Cl2 and
precipitated with hexane. The solid was collected, redissolved in CH2Cl2, and then
subjected to silica gel flash chromatography in a step gradient from 0, 1, 1.2, to 1.4%
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MeOH/CH2Cl2 to obtain 42 mg, 40% of 7: mp 241-242 °C; 1H NMR (CDCl3+CD3OD):
ð (pyrrole NH not visible), 2.52 (m, 4H, 2x -CH2CH2CH2OH), 3.29 (m, 4H, 2x
propionate -CH2CO2-), 3.62-3.79 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 3.93
(m, 4H, 2x -CH2-), 4.14 (m, 4H, 2x -CH2-), 4.41 (m, 4H, 2x -CH2-), 10.07, 10.09,
10.13 (s, 4H, meso); 13C NMR (CDCl3+CD3OD): 8 11.33, 21.63, 22.35, 35.19, 36.77,
51.57, 61.59, 96.03-97.50, 135-150, 173.8; UV-vis (CH2Cl2): Amax (e) 398 (145 000),
498 (11 600), 532 (7970), 568 (5.250), 622 (3.450); HRMS (EI): obsd mass 654.3426,

calc mass for C38H46N4O6: 654.3417; Analysis was low for carbon. Anal. calcd for
C38H46N4O6: C, 69.70; H, 7.08; N, 8.56. Found: C, 68.61 (A -1.09); H, 7.08; N, 8.32.

2,4-Bis(2,3-dihydroxypropyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 8. A 3-neck flask containing 2,4-diallyldeuteroporphyrin 6 (420
mg; 680 pumole), dioxane (250 mL), and pyridine (650 pul) was evacuated and then filled
with argon several times to remove oxygen. OsO4 (536 mg, 2.11 mmole) was dissolved in
previously degassed Et2O (50 mL) and then cannulated into the porphyrin solution over 5
min. After 2.5 h a degassed solution of Na2SO3 (9 gm; should have been closer to 1.2
gm) dissolved in water (90 mL) was added by cannula over 15 min. When addition was
complete the solution was put into a room temperature water bath and then heating began
and continued for 2 h. The solution was cooled slightly and then filtered through a glass
fiber filter which was washed with dioxane. The solution volume was reduced, a small

amount of water was added until the solution became homogeneous, and then further water
was added to precipitate the porphyrin. A significant amount of color remained in the
aqueous solution indicating the presence of a water soluble porphyrin species. The
collected solid was dissolved in hot dioxane/water and filtered again. The volume was
again concentrated and the solution loaded onto a silica gel flash column packed in CH2Cl2.
The porphyrin was eluted with a step gradient from 0, 4, to 6% MeOH/CH2Cl2. Obtained
147 mg, 31% of 8: mp 222-223 °C; l'H NMR (CDCl3+CD3OD): 6 (pyrrole NH not
visible), 3.25 (m, 4H, 2x propionate -CH2CO2-), 3.52-3.65 (overlaping s, 18H, 4x ring
-CH3 and 2x -OCH3), 3.80 (m, 4H, 2x -CH2-), 4.11 (m, 4H, 2x -CH2-), 4.33 (m, 4H,
2x -CH2-), 4.54 (m, 2H, 2x -CH-), 9.96, 9.97, 10.04 (s, 4H, meso); 13C NMR
(CDCl3+CD3OD): 8 11.31, 11.67, 21.23, 30.86, 36.48, 51.39, 65.52, 73.99, 96.53
97.59, 135-150, 173.0; UV-vis (dioxane): Amax (e) 398 (153 000), 498 (10.400), 530 (10
100), 568 (6.400), 622 (5400); MS +LSIMS, for C38H46N4O8: [MH]* = 687.4; Analysis
was low for carbon. Anal. calcd for C38H46N4O8: C, 66.46; H, 6.75; N, 8.16. Found: C,
65.32 (A = -1.14); H, 6.65; N, 7.90.
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2,4-Bis■ é-(carboranylcarbonyloxy)butyl]-6,7-bis(2-(methoxycarbonyl)eth
yl]-1,3,5,8-tetramethylporphyrin 9. ZincQII) 2,4-bis(4-hydroxybutyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 47 (80 mg; 107 plmole) was
suspended in CH2Cl2 (20 mL). Carboranecarboxylic acid chloride 48 (140 mg; 677
plmole) was dissolved in CH2Cl2 (10 mL) and added to a dropping addition funnel.
DMAP (8.3 mg; 677 pumole) was also dissoved in CH2Cl2 (10 mL) and added to a second
dropping addition funnel. The two solutions of acid chloride 48 and DMAP were added
slowly dropwise at an equal rate to the solution of porphyrin 47 over 20–30 min. The
initially heterogeneous solution became homogeneous. The reaction was quenched at 1 h
with 5% citric acid solution, diluted w/CH2Cl2, washed once w/5% citric acid solution,
twice w/water, and solvent removed. The crude mixture was subject to silica gel flash
chromatography in a step gradient from 0 to 0.2% MeOH/CH2Cl2. After solvent removal
the porphyrin was treated with TFA for 5 min, diluted w/CH2Cl2, washed 3 times
w/water, and solvent removed. Obtained 55 mg, 50% of 9: mp 80-87 °C; H NMR
(CDCl3): 8 -3.8 (s, 2H, pyrrole NH), 1-3 (m, 20H, 20x carborane BH), 2.05 (m, 4H, 2x
-CH2-), 2.36 (m, 4H, 2x -CH2-), 3.28 (m, 4H, 2x propionate -CH2CO2-), 3.61-3.66
(overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 3.93 (s, 2H, 2x carborane CH), 4.10
(m, 4H, 2x -CH2-), 4.27 (m, 4H, 2x -CH2-), 4.42 (m, 4H, 2x -CH2-), 9.99, 10.01,
10.08, 10.10 (each s, 4H, meso); 13C NMR (CDCl3): 8 11.74, 21.83, 25.72, 28.36,
28.78, 36.91, 51.73, 56.81, 68.61, 68.90, 96.29–96.74, 130-150, 161.0, 173.5 ; IR
(KBr, cm−1): B-H 2606.3, 2579.3, C=O 1743.7, 1741.2, 1735.7; UV-vis (CHC13): Amax
(e) 400 (141 000), 500 (11 500), 534 (9.050), 568 (6.460), 622 (4070); MS +LSIMS, for
C46H70B20N4O8: [M]* = 1023.9; Anal. calcd for C46H70B20N4O8: C, 53.99; H, 6.89; N,
5.48. Found: C, 53.72; H, 7.03; N, 5.31.

Mercuration of Metallodeuteroporphyrins 10a–10c and Subsequent Acid
Deuterolysis. Metallated deuterophorphyrin dimethyl ester zinc.(II) deuteroporphyrin
10a (25 mg; 41 plmole), or copper(II) deuteroporphyrin 10b (25 mg; 41 plmole), or
thallium(III) deuteroporphyrin 10c (33 mg; 41 plmole) was heated with THF (3 mL) to
60 °C. Either mercuric acetate 22a (53 mg; 164 pumole) or mercuric trimethylacetate 22b
(67 mg; 164 plmole) was dissolved in MeOH (700 pul), added to the porphyrin solution,
and heating continued for either 5 or 10 h. 10b was initial only partly soluble but became
soluble after 45 min post mercurial addition. At the end of the designated time the heating
bath was removed and saturated NaCl (3 mL) was added. After 20 min of stirring the
reaction was diluted with CH2Cl2 and washed 2-3 times w/H2O and the solvent removed.
The mercurated porphyrins were dissovled in THF (10 mL) and 20% DC1/D2O (1 mL) and
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stirred. After 20 h the solutions were diluted w/CH2Cl2 and washed 3 times w/H2O and
then solvent was removed. The copper(II) porphyrins were demetallated by dissolution in
10/1 TFA/H2SO4 (3-4 mL) for 1.5 h and then diluted into CH2Cl2 and washed 3 times
w/water and the solvent removed. Each porphyrin was then dissolved in 5% v/v
H2SO4/MeOH (5ml) and after 6 h diluted into CH2Cl2 and washed 3 times w/H2O. SO2
was bubbled into the thallium(III) porphyrins, concq HCl (1 mL) was added, and then the
solution was washed 3 times w/H2O and the solvent removed. All porphyrins were
purified by preparative TLC and subjected to NMR analysis in CDCl3/CD3OD.

Typical Small Scale Reaction Between a Halogenated Porphyrin and Alkene
Catalyzed by Palladium. Many reactions were performed on a 15 plmole scale in
porphyrin. Reactions were typically performed in 1 dram screw-cap vials in which catalyst
and solvent were mixed and heated to dissolve. After cooling any other liquid reagents
were added followed by the solid reagents. The vials were capped and then stirred at the
indicated temperature. Aliquots were removed at various times, diluted w/CHCl3, washed
twice w/water, and examined by TLC. Typical TLC conditions used 1% MeOH/CHCl3 for
starting haloporphyrin, alkyl, alkylcarboranyl, and acrylates. Alcohol side-chain
containing porphyrins would be developed in 7.5% MeOH/CHCl3. A later modification
was employed when a larger number of reactions were run at the same time which provided
for a more consistent measure of catalyst and phase transfer reagent. If, for instance, nine
reactions were to be compared at once and each reaction was to use 2 mg of Pd(OAc)2, 10
mg BuANCl hydrate, 2 pil water, and 250 pil DMF then 20 mg of Pd(OAc)2, 100 mg
BuANCI hydrate, and 2.5 mL DMF would be combined, heated to dissolve, cooled, then
20 pul water added. Then 250 pil of this solution would be aliquoted into each vial
containing all other ingredients and incubated as usual.

2,4-Bis■ 2-(methoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 12 via Zinc (II) 2,4-Diiododeuteroporphyrin
40a and Ag2CO3 as Basic Salt (Rxn■■ 5-149). Pd(OAc)2 (30 mg; 133 pumole) was
dissolved in DMF (4 mL) with heating and then cooled. Freshly prepared Ag2CO3 (60 mg;
218 plmole), Et3N (0.75 mL; 5.38 mmole), methyl acrylate (0.89 mL; 9.88 mmole), and
zinc.(II) 2,4-diiododeuteroporphyrin 40a (195 mg; 229 pumole) were added to the catalyst
solution and heated at 95 °C for 3 hat which time Pd(OAc)2 (19 mg; 85 pmole) dissolved
in DMF (1 mL) was added and heating continued for 2 days. TLC comparison of the 3 h
aliquot with a 2 day aliquot showed little difference. The solution was cooled, diluted
w/CH2Cl2, and washed 3 times w/H2O. The solvent was removed and the residue
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dissolved in TFA. After 15 min the solution was diluted w/CH2Cl2, washed 3 times
w/H2O, and then the solvent was removed. Silica gel flash chromatography was
performed using a step gradient from 0, 0.3, 0.4, 0.5, 0.6, to 0.7% MeOH/CH2Cl2.
Eluting first was 38 mg, 27% of what appeared by NMR to be a mixture of 2-hydro-4-[2-
(methoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphy
rin and 4-hydro-2-[2-(methoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin. Next was obtained 106 mg, 65% 12 as judged by 1H NMR
which matched lit.”

2,4-Bis■ 2-(methoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 12 via Zinc (II) 2,4-Diiododeuteroporphyrin
40a and BuáNCl Hydrate as Phase Transfer Catalyst (Rxn+ 8-69). Pd(OAc)2
(20 mg; 89.3 plmole) and Bua NCl hydrate (100 mg; 339 pumole) were dissolved in DMF
(2.5 mL) with heating and then cooled at which point H2O (2 pil; 111plmole) was added.
DPPP (60 mg, 145 pmole), K2CO3 (210 mg, 1.52 mmole), methyl acrylate (70 pul; 777
plmole), and zinc.(II) 2,4-diiododeuteroporphyrin 40a (130 mg; 152 pmole) were added to
the catalyst solution and heated at 56 °C for 5 h. The solution was cooled, diluted
w/CH2Cl2, and washed 3 times w/H2O. The solvent was removed and the residue
dissolved in TFA. After 15 min the solution was diluted w/CH2Cl2, washed 3 times
w/H2O, and then the solvent was removed. Silica gel flash chromatography was
performed using a step gradient from 0, 0.1, 0.2,0.3, 0.4,0.5, to 0.6% MeOH/CH2Cl2.
The early eluting fractions were discarded and may have contained some of the desired
product. Next obtained 52 mg, 48% 12 as judged by 1H NMR which matched lit. 16

2,4-Bis■ 2-(methoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 12 via 2,4-Diformyldeuteroporphyrin 3 and
Phosphorane 97. To 2,4-diformyldeuteroporphyrin 3 (282 mg; 474 pmole) and methyl
(triphenylphosphoranylidene)acetate 97 (637 mg; 1.90 mmole) was added dry CH2Cl2
(125 mL). The solution was refluxed for 42 h, cooled, the solvent volume was reduced
under vacuum, and then hexanes were added to precipitate the porphyrin. The collected
porphyrin was recrystallized from CH2Cl2/hexanes a second time. Obtained 321 mg, 96%
of 12: mp 253-255 °C (lit. 16 mp 259-261 °C); H NMR matched published data; MS
+LSIMS, for C40H42N4O8: [MH]* = 707; Anal. calcd for C40H42N4O8: C, 67.97; H,
5.99; N, 7.93. Found: C, 67.83; H, 6.17; N, 7.69.
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Mercuric Trimethylacetate 22b. Trimethylacetic acid was melted, weighed out (7.74
gm; 75.8 mmole), added to water (20 mL), and the two phase solution heated on a hot
plate. Yellow mercuric oxide (7.57 gm; 34.9 mmole) was added and more water (180 mL)
and MeOH (200 mL) were added until most HgC) dissolved. The solution was filtered and
then the MeOH was removed under vacuum causing precipitation of a white solid. The
resulting white solid which smelled faintly like trimethylacetic acid was collected, washed
with water and dried under vacuum. Obtained 8.9 gm, 63% of 22b: mp 227-229 °C (dec);
Anal. (run 2 1/2 years later) was off. Anal. calcd for C10H18HgC4: C, 29.79; H, 4.50; N,
0.00; Hg, 49.8. Found: C, 27.54; H, 4.25; N, 2.19; Hg, 41.4; +LSIMS MS also failed to
show desired mass. The unreacted MgO filtered off before solvent volume reduction was
again subjected to a similar procedure with addition of more trimethylacetic acid to obtain
an additional 2.5gm product.

1-Carboranylcarbonyloxybut-3-ene 24. 1-Hydroxybut-3-ene 23 (0.5 mL; 5.8
mmole) and DMAP (0.7gm; 5.8 mmole) were dissolved in CH2Cl2. Carboranecarboxylic
acid chloride 48 (1.25 gm; 6.1 mmole) was dissolved in CH2Cl2 and then added by
syringe quickly to the stirring alcohol solution. (This prep as performed was not ideal. A
better method adds two seperate CH2Cl2 solutions of the acid chloride and DMAP
dropwise to the solution of the alcohol or the DMAP solution should be added dropwise to
the solution of acid chloride + alcohol.) After 1 h the solvent was removed and the residue
was redissolved in Et2O. The organic phase was washed 3 times with 0.1 NHCl, twice
w/sat. NaHCO3, once w/sat. NaCl, and then dried over MgSO4. The solvent was filtered
and removed and the sample pumped 4 h under high vac. Obtained 1.4 gm, 97% of 24 as
a colorless oil. "H NMR (CDCl3) showed the presence of Et2O and small amounts of
other compounds: 6 1.5-3.5 (broad, 10H, B-H), 2.4 (m, 2H, ROCH2CH2-), 4.1 (s, 1H,
carborane CH), 4.3 (t, 2H, ROCH2CH2-), 5.15 (d of d, 2H, alkene CH2), 5.75 (m, 1H,
alkene CH); 13C NMR (CDCl3): 8 32.64, 56.85, 67.36, 68.85, 118.37, 132.39, 160.88.
Material was used as is for coupling experiments.

2,4-Bis(3-carboranylpropyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 37a. Palladium(II) chloride (43 mg; 240 pumole) and lithium
chloride (21 mg; 480 plmole) were reflux for 1 h and 10 min in CH3CN (3 mL; distilled
from Cah). Porphyrin 11a (100 mg, 93 pumole) and allylcarborane 34 (0.78 mL, 4.8
mmole) were dissolved in anhydrous DMSO (6mL) and dry THF (5.5 mL) and heated in a
50 °C bath. The catalyst solution was cannulated into a dropping addition funnel and then
added dropwise rapidly to the porphyrin solution. After 1.5 h the solution was cooled,
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filtered through a celite pad, washed through w/CH2Cl2, diluted w/CH2Cl2, and washed 3
times w/water. The solvent was removed and then the residue was dissolved in TFA.

After 15 min the solution was diluted w/CH2Cl2, washed 3 times w/water, and then the
solvent removed. The material was dissolved in CH2Cl2 and loaded onto a silica gel flash
column. A step gradient from 0, 0.025, to 0.25% MeOH/CH2Cl2 was used to elute the
porphyrins. Four fractions were collected and examined by 1H NMR. The fastest three
fractions (43 mg), which did not show any 2,4-hydrogens, were recombined and then
dissolved in 96% formic acid (3 mL) along w/10% Pd on activated carbon (60 mg) and put
under a hydrogen balloon. UV-vis comparison of an aliquot of the reaction at 30 min with
starting material showed a shift from 630 nm to 622 nm for the visible band (IV) and a shift
from 406 nm to 402 nm in the Soret band. At 50 min the reaction was filtered, diluted

w/CH2Cl2, and washed 3 times w/water. H NMR examination showed that reduction
was not complete so the reduction step was repeated again for 3 h and 45 min and worked
up as before. IH NMR showed the reaction to be complete and showed no 2,4-hydrogens.
However, the material ran as two spots on TLC. The material was loaded onto a silica gel
preparative TLC plate and developed with 2% MeOH/CHCl3. Resolution of the two
products was not accomplished.

Zinc (II) 2,4-Dibromo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 39a. This porphyrin was synthesize via the method of Minnetian et
al. 18 using Br2 and zinc(II) deuteroporphyrin-2,4-bismercuric bromide 11c in 63% yield
after flash chromatography. (Some material was lost when a flask containing a solution of
39a broke.)

2,4-Dibromo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylpor
phyrin 39b. This porphyrin was synthesize via the method of Minnetian et al. 18 using
Br2 and zinc.(II) deuteroporphyrin-2,4-bismercuric bromide 11c, followed by TFA
demetallation, in 77% yield after flash chromatography.

Zinc (II) 2,4-Diiodo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetrameth
ylporphyrin 40a via Zinc(II) Deuteroporphyrin 10a in a Two-Step
Proceedure. The method of Minnetian et al.” was followed as closely as possible. 10a
(1.00 gm; 1.67 mmole) was heated to 60°C in THF (150 mL). Mercuric acetate 22a (2.80
gm, 8.78 mmole) dissolved in MeOH (25 mL) and acetic anhydride (10 mL) was added to
the porphyrin and heating continued 5 h. The reaction was cooled to room temperature and
saturated NaI (125 mL) was added and the two phase mixture stirred vigorously 20 min.
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The colorless aqueous layer was removed and then the organic layer was diluted w/CHCl3
and washed twice w/water, and the solvent removed. A small amount of EtOH was added

and heated in the flask until the porphyrin was loosened from the flask walls, then cooled,
filtered, and pumped under high vacuum 2-3 h. Obtained 1.1 gm; 50% theoretical for
bismercuric iodide. Appeared by TLC in 1% MeOH/CHCl3 to be mostly 10a. All of the
porphyrin was suspended in THF (100 mL) and CHCl3 (250 mL) with stirring. Iodine
(1.1 gm; 4.33 mmol) was dissolved in CHCl3 (550 mL) and added to a dropping addition
funnel. The entire reaction system was evacuated and filled w/Argon several times. The
iodine solution was added rapidly dropwise over 5 min and then stirring was continued for
a total of 30 min. The solvent, which azeotroped with iodine, was removed under vacuum,
the residue redissolved in CH2Cl2, washed 3 times w/water, and the solvent removed
again. The residue was treated with TFA which failed to dissolved all the material. It may
be that excess iodine is not soluble in TFA. After 10-15 min the solution was diluted

w/CH2Cl2 and washed 3 times w/water, and the solvent removed. The material was
redissolved in CH2Cl2 and loaded onto a silica gel flash chromatography column and eluted
in a step gradient from 0, 0.3, to 0.6% MeOH/CH2Cl2. Obtained 1.1 gm; 83% of 40a.
However, "H NMR showed that the material was not a single porphyrin.

Zinc (II) 2,4-Diiodo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetrameth
ylporphyrin 40a via Zinc (II) Deuteroporphyrin 10a in a One Pot
Proceedure. Mercuric iodide (18 mg; 39.6 pumole) and 10a (11 mg; 18.6 plmole) were
dissolved in THF (1 mL) and CHCl3 (2.5 mL). Iodine (11 mg; 43.3 plmole) was
dissolved in CHCl3 (5 mL) and added to the stirring poprhyrin solution. After 1 h the
reaction was diluted w/CH2Cl2 and wash 3 times w/water. The porphyrin was subjected to
silica gel preparative TLC using 1.2% MeOH/CHCl3. Obtained two bands. The faster,
minor recovered band was clearly shown by UV-vis to be a mixture of metallated and
unmetallated porphyrins. "H NMR of the slower, major band is shown in Figure B-2h.

Zinc (II) 2,4-Diiodo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetrameth
ylporphyrin 40a via Zinc (II) Deuteroporphyrin-2,4-bismercuric Bromide
11c in a Two-Step Proceedure. The method of Minnetian et al,” was followed as
closely as possible. 10a (2.20 gm; 3.67 mmole) was heated to 60°C in THF (300 mL).
Mercuric acetate 22a (5.74 gm, 18.0 mmole) dissolved in MeOH (50 mL) and acetic
anhydride (20 mL) was added to the porphyrin and heating continued 5 h. The reaction
was cooled to room temperature and saturated NaBr (250 mL) was added and the two
phase mixture stirred vigorously 20 min. The colorless aqueous layer was removed and
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then the organic layer was diluted w/CHCl3, washed three times w/water, and the solvent
removed. A small amount of EtOH was added and heated in the flask until the porphyrin
was loosened from the flask walls, then cooled, filtered, and pumped under high vacuum
overnight. Obtained 3.8 gm; 89% of 11c based on theoretical yield from the bismercuric
bromide. Suspended finely ground 11c (1.53 gm; 1.32 mmole) in THF (150 mL) and
CHCl3 (375 mL) with stirring. Iodine (1.3 gm; 5.12 mmol) was dissolved in CHCl3 (1 L)
and added to two dropping addition funnels. The entire reaction system was evacuated and
filled w/Argon several times. The iodine solution was added as fast as possible and then
stirring was continued for a total of 20 min. More CHCl3 was added, the solution washed
3 times w/water, and the solvent removed. The material was redissolved in CH2Cl2 and
loaded onto a silica gel flash chromatography column and eluted in a step gradient from 0,
0.1, to 0.6% MeOH/CH2Cl2. Obtained 1.3 gm; 106% of 40a. Appeared by 1H NMR to
be at least 95% pure.

2,4-Diiodo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyr
in 40b. This porphyrin was obtained by TFA demetallation of zinc(II) 2,4-diiodo
deuteroporphyrin 40a which was synthesized via zinc.(II) deuteroporphyrin-2,4-
bismercuric bromide 11c.

Copper(II) 2,4-Diiodo-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 40c. This porphyrin was obtained by insertion of copper(II) into
40a (synthesized via zinc.(II) deuteroporphyrin-2,4-bismercuric bromide 11c) which was
dissolved in refluxing CHCl3 to which was added Cu(OAc)2·H2O dissolved in MeOH.
After 10 min of reflux the solution was washed with water and solvent removed. 78%

yield from 11c.

Zinc (II) 2,4-Bis(4-hydroxybutyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,
5,8-tetramethylporphyrin 47. Pd(OAc)2 (75 mg; 334 plmole) was dissolved with
heating in DMF (10 mL) and then cooled. 3-butene-1-ol 23 (500 pul; 5.81 mmole), Et3N
(1.9 mL, 13.6 mmole), Ag2CO3 (300 mg, 1.09 mmole), (o-tolyl)3P (230 mg, 757 plmole),
and zinc(II) 2,4-diiododeuteroporphyrin 40a (500 mg, 586 pumole) were added and heated
in a closed vial at 95 °C oil bath for 3 h. After cooling the solution was diluted w/CH2Cl2,
washed 3 times with water, filtered through a glass fiber filter, and the solvent removed.
The solid was redissolved in CH2Cl2/MeOH and then precipitated w/hexane 3 times. The
solid was redissolved in CH2Cl2/MeOH and then diluted with Etac. The CH2Cl2/MeOH
was removed under vacuum and more EtAc was added. Et3N (10 mL) was added and then
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the vessel was evacuated and filled several times with argon. 10% Pd on activated carbon
(700 mg) was added and the reaction vessel put under a H2 balloon. Filtered at 3.5 h and
removed solvent. Dissolved in CH2Cl2, loaded onto a silica gel flash column, and eluted
in a step gradient from 0, 0.6,0.8, 0.9, 1.1, 1.3, 1.6, to 1.8% MeOH/CH2Cl2. Obtained
54 mg of a putative monosubstituted fraction. Next obtained 40 mg, ~9%, of the fraction
containing the mixed isomers of 47a: !H NMR (CDCl3); similar to 47 except for two
additional methylene resonances obscured by other peaks and resonances at 65.85 (s, 1H,
C=CHH) and 6.19 (s, 1H, C=CHH); 13C APT NMR (CDCl3+CD3OD): 8 11.47 (CH3),
12.07 (CH3), 21.82 (-CH2-), 26.04 (-CH2-), 29.16 (-CH2-), 32.53 (-CH2-), 37.13 (-
CH2-), 42.83 (-CH2-), 51.59 (OCH3), 61.02 (-CH2OH), 62.21 (-CH2OH), 96.11,
96.72, 97.23, 98.48 (meso CH), 119.89 (C=CH2), 135-150 (ring quats), -142 (C=CH2),
174.1 (carbonyl).

Finally, obtained 121 mg, 28% of 47: mp 215-217 °C; l'H NMR (CDCl3): 8 1.90
(m, 4H), 2.23 (m, 4H), 3.09 (m, 4H), 3.39 (s, 6H), 3.44 (s, 6H), 3.63 (s, 3H), 3.65 (s,
3H), 3.70 (m, 4H), 3.87 (n, 4H), 4.13 (m, 4H), 9.40, 9.53, 9.58, 9.58 (each s, 4H);
UV-vis (CHCl3) Amax (e) 404 (215 000), 534 (14 300), 570 (18 600); MS +LSIMS, for
C40H48N4O6Zn: [M]* = 744.3.

2,4-Bis■ a-(nido-carboranylcarbonyloxy)butyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 49. 2,4-Bis■ 4-(carboranylcarbonyloxy)-
butyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 9 (34 mg; 33
plmole) was dissolved in 50/50 piperidine/pyridine (10 mL). After 3.5 h the solvent was
removed, the solid redissolved in acetone, diluted w/CH2Cl2, washed twice w/5% citric
acid solution, twice w/water, and the solvent removed. The crude mixture was subject to
silica gel preparative TLC with 20% MeOH/1% formic acid/CHCl3. The porphyrin was
removed from the silica with acetone/formic acid, diluted w/CH2Cl2, washed twice
w/water, and solvent removed. Obtained 20 mg, 60% of 49: mp dec. -200 °C; l'H NMR
(acetone-d6): 8 -3.87 & -3.0 (s, 2H, pyrrole NH), 0.5-3 (m, 22H, carborane BH), 1.81
(m, 4H, 2x -CH2-), 2.13 (m, 4H, 2x -CH2-), 3.27 (m, 4H, 2x propionate -CH2CO2-),
3.52-3.88 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 3.40 (m, 4H, 2x -CH2-),
4.42 (m, 4H, 2x -CH2-), 4.65 (m, 4H, 2x -CH2-), 11.33, 11.38, 11.57 (each s, 4H,
meso); 13C NMR (acetone-d6): 8 12.31, 12.54, 12.63, 22.29, 26.42, two peaks under
solvent, 36.06, 36.17, 43.15, 51.92, 54.38, 63.59, 100.85, 130-150, 172.7, 173.3; MS

calcd for C46H72B 18N4O8: +LSIMS: [M-2H]+ = 1001.7, -LSIMS: [M-H]- = 1002.6;
Anal. calcd for C46H72B18N4O8: C, 55.05; H, 7.23; N, 5.58. Found: C, 55.10; H, 7.60;
N, 5.05.
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1-(Tributylstannyl)-4-hydroxybut-trans-1-ene 58. Bus Snh (4.0 mL, 14.9
mmole), 4-hydroxybut-1-yne (0.94 mL; 12.4 mmole), Et3B (1.5 mL of a 1 M solution in
Hexanes; 1.5 mmole) and toluene (100 mL) were stirred under argon 22 h at which time
additional Et3B (1.5 mL of a 1 M solution in Hexanes; 1.5 mmole) was added. After an
additional 4.5 h additional BujSnH (1.0 mL; 3.7 mmole) was added. After 20 more hours
the contents of another reaction comprising the same components (0.8 mmole alkyne, 1.2
equivalents Et3B, overnight) were added and the solvent removed. A silica gel flash
column was run starting in 50% hexane/CH2Cl2 in which side products and biproducts
eluted in the front. With 33% hexane/CH2Cl2 the elution quickly began of the desired
products which were collected in fractions. Obtained 2.22 gm, 46.5% of the fastest
fraction which was a 69/31 mixture of 1-(tributylstannyl)-4-hydroxybut-trans-1-ene 58 and
the 1-(tributylstannyl)-4-hydroxybut-cis-1-en. The next two fractions 1.29 gm and 0.29
gm, 33.1% were essentially all trans isomer 58: "H NMR (CDCl3) cis isomer: 60.9 (m,
15H, 3x butyl -CH3, 3x SnCH2-), 1.3 (m, 6H, 3x butyl-CH2-), 1.5 (m, 6H, 3x butyl
-CH2-), 2.33 (m, 2H, CH=CHCH2-CH2OH), 3.7 (m, 2H, CH=CHCH2CH2OH), 6.01
(d. 1H, CH=CHCH2CH2OH, J = 12.6 Hz), 6.51 (m, 1H, CH=CHCH2CH2OH, J = 12.6
Hz); H NMR (CDCl3) trans isomer: 60.9 (m, 15H, 3x butyl-CH3, SnCH2-), 1.3 (m,
6H, 3x butyl-CH2-), 1.5 (m, 6H, 3x butyl-CH2-), 2.42 (m, 2H, CH=CHCH2CH2OH),
3.7 (m, 2H, CH=CHCH2-CH2OH), 5.92 (m, 1H, CH=CHCH2CH2OH, J = 18.9 Hz),
6.07 (d. 1H, CH=CHCH2CH2OH, J = 18.9 Hz).

1-(Tributylstannyl)-4-(benzyloxycarbonyloxy)but-trans-1-ene 59. 1-(Tribut
ylstannyl)-4-hydroxybut-trans-1-ene 58 (917 mg, 2.54 mmole) and DMAP (929 mg; 7.61
mmole) were dissolved in CH2Cl2 (10 mL) and then benzylchloroformate (1.1 mL; 7.71
mmole) was added with much bubbling. After 3.5 days the heterogeneous solution was
diluted w/CH2Cl2, washed once w/5% citric acid, twice w/water, and then solvent
removed. Silica gel flash chromatography was performed using 25% CH2Cl2/hexane.
Obtained 1.22 gm, 97% of 59: IH NMR (CDCl3): 8 0.87 (n, 15H, 3x butyl-CH3, 3x
SnCH2-), 1.28 (m, 6H, 3x butyl -CH2-), 1.5 (m, 6H, 3x butyl-CH2-), 2.50 (m, 2H,
CH=CHCH2CH2O-), 4.20 (t, 2H, CH=CHCH2CH2O-), 5.15 (s, 2H, -OCH2Ph), 5.92
(m, 1H, CH=CHCH2CH2O-), 6.07 (d. 1H, CH=CHCH2CH2O-), 7.35 (m, 5H, phenyl
CH); 13C/APT NMR (CDCl3): 8 9.33, 13.63, 27.19, 29.00, 36.81, 67.21, 69.39,
128.21, 128.39, 128.46, 131.82, 135.26, 143.10, 155.09.
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2,4-Bis■ 2,3-di(carboranylcarbonyloxy)propyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 61. 2,4-Bis(2,3-dihydroxypropyl)-6,7-
bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 8 (65 mg; 95 pumole) was
suspended in CH2Cl2 (25 mL) to which was added dropwise two separate solutions of
carboranecarboxylic acid chloride 48 (199 mg; 963 plmole) dissolved in CH2Cl2 (7 mL)
and DMAP (117 mg; 963 plmole) dissoved in CH2Cl2 (7 mL) over 1 h. After an additional
35 min the solution was washed once w/5% citric acid solution, once w/H2O, and the
sovent removed. The sample was redissolved in CH2Cl2 and loaded onto a silica gel flash
column and eluted in a step gradient from 0 to 0.1% MeOH/CH2Cl2. The recovered
porphyrin was precipitated twice from CH2Cl2/hexane. The compound should be a
mixture of diastereomers which could not be separated but which showed extra complexity
in the NMR. Obtained 107 mg, 87% of 61: mp dec >165 °C; 1 H NMR (CDCl3): 6-3.91
(s, 2H, pyrrole NH), 1-3 (m, 40H, carborane BH), 3.28 (m, 4H, 2x propionate
-CH2CO2-), 3.49-3.66 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 3.70-4.70
(complex overlapping m, 16H, 6x -CH2- and 4x carborane CH), 5.99 (m, 2H, 2x -CH-),
9.82-10.12 (s, 4H, meso); 13C NMR (CDCl3): 8 11.91, 12.07, 21.16, 27.01, 27.25,
35.58, 42.50, 42.59, 51.43, 54.58-55.15, 64.31-64.49, 72.56-72.61, one resonance

obscured by solvent ~77 ppm, 99.45-99.81, 137-142, 170.81, 171.11, 172.54; UV-vis
(CHCl3) Amax (e) 404 (157 000), 500 (13 500), 534 (9370), 570 (7 120), 624 (4780);
MS +LSIMS for C50H86B40N4O12: [M]* = 1368.2; Analysis was off in the carbon, Anal.
calcd for C50H86B40N4O12: C, 43.91; H, 6.34; N, 4.10. Found: C, 43.07 (A = -0.84); H,
6.39; N, 3.95.

2,4-Bis■ 2,3-di■ nido-carboranylcarbonyloxy)propyl]-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 62. 2,4-Bis■ 2,3-di(carboranyl
carbonyloxy)propyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 61
(45 mg; 35 plmole) was dissolved in 50/50 piperidine/pyridine (20 mL) plus 2 drops water.
After 20 h the solvent was removed, the solid redissolved in acetone, diluted w/CH2Cl2,
washed twice w/5% citric acid solution, twice w/water, and solvent removed. The product
was too polar for chromatography. Obtained 48 mg, 104% of the tetrahydrate of 62. This
material was not fully characterized because 62 was instead generated in situ with wet
DMSO for testing in the protease assay. 13C NMR (acetone-d6): 8 12.54, 21.965, one
peak under solvent ~27, 35.80, 42.91, 51.63, (55.30, 56.00), 64.97, (73.49, 73.78),
(100.52, 100.78), 138-144, 171.70, 172.36, 172.43, 172.98.
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2,4-Bis(2-hydroxyethyl)-6,7-bis(3-hydroxypropyl]-1,3,5,8-tetramethylpor
phyrin 69. 2,4-Bis(2,2-dimethoxyethyl)-6,7-bis(3-hydroxypropyl]-1,3,5,8-tetramethyl
porphyrin 145 (325 mg, 493 pumole) was dissolved in 88% formic (25 mL) acid. After 3
hr the solvent was removed, the residue dissolved in CH2Cl2, and washed twice w/water.
MeOH was added to the organic layer followed by NaBH4. When reaction was complete
(as judged by TLC) glacial AcOH was added to quench. Water was added and the organic
solvent removed to yield a suspended purple solid which was filtered from the aqueous
phase and dried over P2O5 and high vacuum. Obtain 255 mg, 90% of 69: IH NMR
(DMSO-dé): 8 -4.00 (s, 2H, 2x pyrrole NH), 2.40 (m, 4H, 2x -CH2-), 3.64 (s, 12H, 4x
ring -CH3), 3.78 (m, 4H, 2x -CH2-), 4.14 (m, 4H, 2x -CH2-), 4.25 (m, 8H, 4x -CH2-),
4.84 (m, 2H, 2x -OH), 5.17 (m, 2H, 2x -OH), 10.19-10.27 (s, 4H, 4x meso); 13C NMR
(DMSO-dé): 6 11.27, 11.34, 11.40, 22.03, 30.05, 35.74, 60.29, 62.98, 96.56, -135-150
(broad); HRMS EI+: calcd for C34H42N4O4: 570.3206, found: 570.3207; Analysis was
off. Calcd for C34H42N4O4: C, 71.55; H, 7.42; N, 9.82. Found: C, 70.37 (A = -1.18);
H, 7.44; N, 10.05.

2,4-Bis(2,2-dimethoxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 70. Protoporphyrin dimethyl ester 2 (1.1 gm; 1.86 mmole) was
heated to reflux in CH2Cl2 (250 mL) and MeOH (45 mL). Tl(III) nitrate trihydrate (2.9
gm; 6.49 mmole) dissolved in MeOH (100 mL) was added and reflux continued for 10-15
min. The solution was cooled, SO2 was bubbled in, concq HCl (6 mL) was added, the
white precipitate filtered, and the solution washed 3 times w/water. The solvent volume
was reduced and hexane added to precipitate the porphyrin. Obtained 1.17 gm, 88% of
70: mp 192-195 °C; l'H NMR (CDCl3): 8 -3.81 (s, 2H, pyrrole NH), 3.28 (m, 4H, 2x
propionate -CH2CO2-), 3.45 (s, 6H, 2x OCH3), 3.47 (s, 6H, 2x OCH3), 3.62-3.66
(overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 4.32 (m, 4H, 2x -CH2-), 4.40 (m, 4H,
2x -CH2-), 5.14 (m, 2H, 2x -CH-), 10.05-10.12 (s, 4H, meso); 13C NMR (CDCl3): 6
11.73, 11.99, 21.87, 31.81, 36.97, 51.74, 54.74, 96.17-97.44, 107.07, 135-150,
173.60; UV-vis (CH2Cl2) Amax (e) 400 (164 000), 498 (13.900), 532 (9 330), 568 (6
160), 622 (4010); HRMS (EI): obsd mass 714.3640, calcd mass for C40H50N4O8:
714.3629, fragment: obsd mass 640.3243, fragment calcd mass for C37H44N4O6:
640.3261; Anal. calcd for C40H50N4O8: C, 67.21; H, 7.05; N, 7.84. Found: C, 67.38; H,
7.19; N, 7.99.

2,4-Bis■ 3-(carboranylcarbonyloxy)propyl]-6,7-bis(2-(methoxycarbonyl)-
ethyl]-1,3,5,8-tetramethylporphyrin 76. 2,4-Bis(3-hydroxypropyl)-6,7-bis(2-
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(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 7 (80 mg, 122 plmole) was
suspended in CH2Cl2 (20 mL) to which was added dropwise two separate solutions of
carboranecarboxylic acid chloride 48 (115 mg, 556 pumole) dissolved in CH2Cl2 (10 mL)
and DMAP (68 mg; 557 plmole) dissoved in CH2Cl2 (10 mL) over 0.5 h After an
additional 30 min the solution was washed once w/5% citric acid solution, once w/H2O,
and the sovent removed. The sample was redissolved in CH2Cl2 and loaded onto a silica
gel flash column and eluted in a step gradient of 0, 0.2, 0.25, 0.3% MeOH/CH2Cl2.
Obtained 89 mg, 74% of 76: mp 92-95 °C; 1H NMR (CDCl3): 8 -3.80 (s, 2H, pyrrole
NH), 1-3 (m, 20H, carborane BH), 2.64 (m, 4H, 2x -CH2CH2CH2O-), 3.28 (m, 4H, 2x
propionate -CH2CO2-), 3.58-3.65 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 3.97
(s, 2H, 2x carborane CH), 4.12 (m, 4H, 2x -CH2-), 4.41 (m, 4H, 2x -CH2-), 4.55 (m,
4H, 2x -CH2-), 9.92-10.09 (s, 4H, meso); 13C NMR (CDCl3): 8 11.73, 11.84, 21.85,
22.64, 31.44, 36.92, 51.75, 56.92, 68.41, 69.01, 96.14-96.98, 130-150, 161.34,
173.52; UV-vis (CHCl3) Amax (e) 400 (151 000), 500 (13 300), 534 (9,800), 568 (6 950),
622 (4.930); IR (KBr, cm−1): B-H 2606.5, 2582.4, C=O 1743.9, 1740.3, 1734.4; MS
+LSIMS, for C44H66B20N4O8: [M]* =995.7; Anal. calcd for C44H66B20N4O8: C, 53.10;
H, 6.68; N, 5.63. Found: C, 52.84; H, 6.84; N, 5.53.

2,4-Bis■ 3-(nido-carboranylcarbonyloxy)propyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 77. 2,4-Bis■ (3-carboranylcarbonyloxy)-
propyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 76 (100 mg; 100
pumole) was dissolved in 50/50 piperidine/pyridine (10 mL). After 1.5 h the solvent was
removed, the solid redissolved in MeOH, diluted w/CH2Cl2, washed twice w/5% citric
acid solution, once w/water, and solvent removed. The product was subjected to silica gel
flash chromatography eluting with 10% MeOH/0.1% formic acid/CH2Cl2 (too polar
actually). The solvent was removed and then the porphyrin was redissolved in CH2Cl2
and was washed w/water. Obtained 64 mg, 65% of the dihydrate of 77: mp dec. --210
°C; l'H NMR (acetone-dé): 6-2.50 (s, 2H, pyrrole NH), 1-3 (m, 22H, 22x carborane BH),
2.33 (m, 4H, 2x -CH2CH2CH2O-), 2.50 (s, 2H, 2x carborane CH), 3.22 (m, 4H, 2x
propionate -CH2CO2-), 3.49-3.74 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 4.18
(m, 8H, 4x -CH2-), 4.45 (m, 4H, 2x -CH2-), 9.91-10.20 (s, 4H, meso); 13C NMR
(acetone-dé): 8 12.18-12.61, 22.16, 23.43, 32.14-32.29, 36.39, 43.23, 51.87, 56.47,
63.87, 99.13-100.2, 140-143, 172.93, 173.38; UV-vis (10% MeOH/CH2Cl2) Amax (e)
406 (259 000), 436 (1300), 552 (12 500), 592 (3600), 602 (2000); MS -LSIMS, for
C44H68B 18N4O8: [M-H] = 974.6; Anal. calcd for C44H68B18N4O8°2H2O: C, 52.24; H,
7.17; N, 5.54. Found: C, 52.26; H, 7.18; N, 5.37.
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2,4-Bis(2-hydroxyethyl)-6,7-bis(2-(methoxycarbonylamino)ethyl]-1,3,5,8-
tetramethylporphyrin 81. 2,4-Bisvinyl-6,7-bis(2-(methoxycarbonylamino)ethyl]-1,
3,5,8-tetramethylporphyrin 120 (377 mg; 0.61 mmole) was subjected to the thallium
nitrate protocol as for the conversion of protoporphyrin 2 to isohematoporphyrin 5.
Obtained 207 mg, 52% of 81; H NMR (CDCl3 + CD3OD): 6 (pyrrole NH not visible),
3.64-3.73 (s, 12H, 4x -CH3), 3.79 (s, 6H, 2x -OCH3), 4.00 (s, 4H, 2x -CH2-), 4.30
4.41 (m, 12H, 6x -CH2-), 6.55 (s, 2H, 2x NH), 10.10-10.12 (s, 4H, meso); MS
+LSIMS, for C36H44N6O6: [MH]* = 657.4

2,4-Bis(hydroxymethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 87. To NaBH4 (82 mg, 2.2 mmole) dissolved in MeOH (65 mL) was
added CH2Cl2 (65 mL) and then 2,4-diformyldeuteroporphyrin 3 (77 mg; 129 plmole).
After 45 min more NaBH4 (56 mg; 1.52 mmole) was added along with more CH2Cl2.
After TLC showed that reaction was complete the solution was diluted w/CH2Cl2, washed
twice w/water, and the solvent removed. After pumping under high vaccuum obtained 64
mg, 77% of 87: "H NMR (CDCl3/CD3OD): 6 (pyrrole NH not visible), 3.31 (m, 4H, 2x
propionate -CH2CO2-), 3.49-3.71 (overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 4.41
(m, 4H, 2x -CH2-), 6.05 (s, 4H, 2x -CH2OH), 10.09, 10.13, 10.27, 10.31 (s, 1H each,
meso).

2,4-Bis■ (trimethylacetoxy)methyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5, 8-tetramethylporphyrin 88. To 2,4-bis(hydroxymethyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 87 dissolved in pyridine was added
trimethylacetyl chloride and DMAP. When TLC showed the reaction was complete, water
was added and then solvent removed. The residue was subjected to silica gel preparative
TLC using 2% MeOH/CHCl3 to obtain 88: 1 H NMR (CDCl3): 8 -3.72 (s, 2H, pyrrole
NH), 1.25 (s, 18H, 6x t-Bu CH3), 3.28 (m, 4H, 2x propionate -CH2CO2-), 3.62-3.71
(overlaping s, 18H, 4x ring -CH3 and 2x -OCH3), 4.40 (m, 4H, 2x -CH2-), 6.53, 6.55
(s, 2H each, 2x -CH2OR), 10.07, 10.10, 10.15, 10.20 (s, 1H each, meso); MS +LSIMS,
for C44H54N4O8: [MH]* = 767.5.

2,4-Bis■ 3-(methoxycarbonyl)prop-2-enyl]-6,7-bis(2-(methoxycarbonyl)-
ethyl]-1,3,5,8-tetramethylporphyrin Isomers 100a-100d. To 2,4-
bis(formylmethyl)cieuteroporphyrin 4 (100 mg; 161 plmole) and methyl (triphenyl
phosphoranylidene)acetate 97 (215 mg; 643 pumole) was added dry CH2Cl2 (10 mL).
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After 4 h stirring at room temperature the volume was reduced under vacuum and hexane
added to precipitate the porphyrin. After a second recrystallization the crude mixture was
purified by Silica gel flash chromatography using a step gradient from 0,0.2,0.3, to 0.4%
MeOH/CH2Cl2. Obtained a trace (<1 mg) of putative cic/cis isomer 100a: mp 182-184 °C;
|H NMR (CDCl3): 8 -3.75 (s, 2H), 3.29 (m, 4H), 3.62-3.66 (overlaping s, 18H), 4.04
(s, 6H), 4.42 (m, 4H), 5.52 (d, 4H), 6.06 (d, 2H, J-11.3 Hz), 6.85 (m, 2H, J–11.3
Hz), 10.09, 10.10, 10.21, 10.22 (each s, 4H); insuficient material was available to
measure UV-vis extinction coeficients accurately or to perform elemental analysis. MS
+LSIMS, for C42H46N4O8: [MH]* = 735.

Next was obtained 20 mg of the putative mixed mono cis/mono trans isomers 100b
and 100c, 17%: mp 161-166 °C; l'H NMR (CDCl3): 8 -3.74 (s, 2H), 3.28 (m, 4H), 3.56
3.65 (overlaping s, 18H), 4.04 (s, 6H), 4.42 (m, 4H), 4.95 (d, 2H), 5.53 (d, 2H), 5.95
(d, 1H, J–15.7 Hz), 6.07 (d. 1H, J–11.3 Hz), 6.84 (m, 1H, J–11.3 Hz), 7.74 (m, 1H,
J= 15.7 Hz), 9.95, 10.10, 10.21, 10.24 (s, 4H); UV-vis (CH2Cl2) Amax (e) 400 nm (159
000), 498 (15300), 532 (10 800), 568 (6300), 572 (6.500), 622 (6300); MS +LSIMS,
for C42H46N4O8: [MH]* = 735; Anal. calcd for C42H46N4O8: C, 68.65; H, 6.31; N,
7.62. Found: C, 68.61; H, 6.38; N, 7.50.

After the elution of an impure fraction composed of mixed mono cis/mono trans
isomers and trans/trans isomer 100b, 100c, and 100d (6 mg, 5%) was obtained pure
putative trans/trans isomer 100d 73 mg, 61%: mp 190-192 °C; lh NMR (CDCl3): 6-3.87
(s, 2H), 3.25 (t, 4H), 3.39, 3.40 (each s, 6H), 3.52-3.58 (singlets, 12H), 3.64 (s, 6H),
4.33 (m, 4H), 4.70 (m, 4H), 5.87 (overlapping d, 2 H, J-15.7 Hz), 7.64 (m, 2H, J–15.7
Hz), 9.40-10.10 (singlets, 4H); UV-vis (CH2Cl2) Amax (e) 400 nm (178 000), 498 (17
500), 532 (12 300), 572 (7400), 622 (6600); MS +LSIMS, for C42H46N4O8: [MH]+ =
735; Anal. calcd for C42H46N4O8: C, 68.65; H, 6.31; N, 7.62. Found: C, 68.64; H,
6.45; N, 7.42.

2,4-Bis■ 2-(t-butoxycarbonyl)ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 101. 2,4-Diformyldeuteroporphyrin 3 (300 mg, 504
plmole) and (tert-butoxycarbonylmethylene)triphenylphosphorane 98 (760 mg, 2.02
mmole) were refluxed in dry CH2Cl2 (125 mL) for 42 h. The reaction was cooled and the
solvent volume reduced under vacuum. Hexane was added and the precipitate collected.
The solid was twice more precipitated from CH2Cl2 with hexane and dried. Obtained 339
mg, 85% of 101: mp 226-228 °C; l'H NMR (CDCl3): 6-4.14 ppm (s, 2H), 1.79 (s, 18H),
3.24 (m, 4H), 3.56-3.67 (overlapping s, 18H), 4.34 (m, 4H), 6.99 (d, 2H, J-16 Hz),
9.17 (d, 2H, J–16 Hz), 9.87 (s, 4H); UV-vis (CH2Cl2) Amax (e) 424 nm (148 000), 516
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(17800), 552 (17 200), 584 (10 000), 638 (8 500); MS +LSIMS, for C46H54N4O8:
[MH]* = 791; Anal. calcd for C46H54N4O8: C, 69.85; H, 6.88; N, 7.08. Found: C,
69.88; H, 7.06; N, 6.86.

Coproporphyrin III Tetramethyl Ester 102. 2,4-Bis■ 2-(methoxycarbonyl)-
ethenyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 12 (100 mg;
141 plmole) and 10% Pd on activated carbon (100 mg) were added to a 100 mL flask under
argon. 96% formic acid (70mL) was added and the flask placed under a H2 balloon. At
14 h the solution was filtered and most of the solvent removed. The remaining solution
was diluted w/CH2Cl2, washed once w/water, and then MeOH was added to the organic
phase. The solution was briefly treated w/ethereal CH2N2, the reaction quenched w/acetic
acid, and then washed twice w/water. The solvent was removed and the porphyrin was
purified by preparative TLC on silica gel with 4% MeOH/CH2Cl2. Obtained 80 mg, 80%
of 103 (77% from diformyl): mp 173-175 °C (lit. 106 mp 175-176 °C); H NMR matched
published; MS +LSIMS, for C40H46N4O8: [MH]* = 711; Anal. calcd for C40H46N4O8: C,
67.59; H, 6.52; N, 7.88. Found: C, 67.57; H, 6.72; N, 7.59.

2,4-Bis(2-carboxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 103. To 2,4-bis(2-(t-butoxycarbonyl)ethenyl]-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 101 (100 mg; 126 pumole) and 10% Pd on
activated carbon (100 mg) under argon was added 96% formic acid (60 mL). The reaction
was stirred 15 under a H2 balloon. The mixture was filtered, the catalyst was washed with
10% MeOH/CH2Cl2, and the solvent was removed. The solid was dissolved in CH2Cl2,
washed twice w/water, and the solvent removed. The crude mixture was purified by flash
chromatography using a step gradient from 5, 8, to 10% MeOH/CH2Cl2 followed by
elution with 10% MeOH/CH2Cl2/0.2% glacial acetic acid. The eluted fraction was washed
once with water and the solvent removed. Obtained 67 mg, 78% of 101: mp 250-254 °C
(dec); H NMR (CDCl3): 63.27 (m, 8H), 3.66 (s, 18H), 4.43 (broad singlet, 8H), 10.12,
10.14, 10.15, 10.16 (each s, 4H); UV-vis (CH2Cl2) Amax (e) 398 nm (136 000), 498 (14
800), 532 (11 000), 568 (7400), 622 (6.400); MS +LSIMS, for C38H42N4O8: [MH]+ =
683; Anal. calcd for C38H42N4O8: C, 66.85; H, 6.20; N, 8.21. Found: C, 66.82; H,
6.37; N, 8.02.

Dimethyloxosulfonium Methylide 106. To trimethyloxosulfonium iodide (353 mg;
1.60 mmole) and potassium tert-butoxide (180 mg, 1.60 mmole) was added dry DMSO (10
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mL). After 0.5 h stirring the initially heterogeneous solution became mostly clear and could
be used at this time. Obtained an approximately 0.160 Molar solution.

Zinc (II) 2,4-Bis(oxiranylmethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,
5,8-tetramethylporphyrin 108. To zinc.(II) 2,4-bis(formylmethyl)cieuteroporphyrin
4a (100 mg; 147 plmole) in dry DMSO (10 mL) was added a solution of
dimethyloxosulfonium methylide 106 (1.9 mL of an ~0.160 M solution in DMSO, -304
plmole). After 45 min the solution was diluted w/CH2Cl2, washed three times w/water,
and the solvent removed. The crude mixture was purified by flash chromatography using a
step gradient of 0, 0.5,0.6,0.8% MeOH/CH2Cl2. The compound was unstable to TFA
demetallation conditions and was characterized as the zinc.(II) complex. Obtained 9 mg,
8.6% of 108: mp 223-225 °C; l'H NMR (CDCl3): 8 2.51-2.67 (m, 4H), 3.17 (m, 4H),
3.24-3.32 (overlaping s and m, 8H), 3.47 (s, 6H), 3.67 (s, 6H), 3.87-3.99 (m, 4H), 4.27
(m, 4H), 9.32, 9.47, 9.54, 9.62 (each s, 4H); 13C NMR (CDCl3): 8 11.33, 11.47, 21.27,
29.07, 36.97, 47.33, 51.69, 52.90, 96.13-96.76, 134.1-147.2, 173.6; UV-vis (CH2Cl2)
Xmax (e) 398 (140 000), 532 (13.900), 568 (18 700); MS +LSIMS, for C38H40N4O6Zn:
[M]+ = 712; Anal. calcd for C38H40N4O6Zn: C, 63.91; H, 5.65; N, 7.85. Found: C,
63.53; H, 5.75; N, 7.55.

Treatment of 2,4-Bis(formylmethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 4 With Diazomethane to Give 111a-111d. To
2,4-bis(formylmethyl)cieuteroporphyrin 4 (100 mg; 161 plmole) dissolved in 20%
MeOH/CH2Cl2 (25 mL) was added 5 mL of an ethereal solution of CH2N2. Glacial acetic
acid (2 drops) was added at 1 h and after another 5 min the solution was diluted w/CH2Cl2
and washed three times w/water. Solvent was removed and then silica gel flash
chromatography was performed using a step gradient of 0,0.2,0.3, 0.4% MeOH/CH2Cl2.
Five fractions were obtained all of which contained more than one component. The most
mobile fraction was mainly composed of a very small amount of diepoxide 111a while the
least mobile fraction was composed mostly of diketone 111d. Intermediate fractions
contained 111b and 111c as well. Comparison of the 1H NMR of the first and last
fractions allowed tentative assignments for the resonances of the ketone and epoxide side
chains. For the epoxide side chain IH NMR (CDCl3): 62.95 (d, oxiranyl CH2), 3.77 (m,
oxiranyl CH), 4.31-4.45 (m, overlapping with propionate CH2, CH2CHOCH2). For the
ketone side chain l'H NMR (CDCl3): 6 2.28 (s, COCH3), 5.02 (2 s, CH2COCH3).
Melting points, MS, UV-vis spectra, and elemental analysis were not determined for these
In 1XtureS.

190



Treatment of 2,4-Bis(formylmethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 4 With Diazomethane Followed by NaBH4
Reduction to Give 112b-112d. 2,4-Bis(formylmethyl)cieuteroporphyrin 4 (113 mg,
180 plmole) was treated in a manner as for 111. After work up the solid was redissolved
in 20-30% MeOH/CH2Cl2 and treated with NaBH4. After 10 min the reaction was
quenched w/glacial acetic acid and then washed three times w/water. Preparative TLC was
performed using 10% MeOH/CH2Cl2. Two major fractions were isolated from the plate.
The more mobile band yielded a mixture of mono epoxide/mono alcohols 112b and 112c,
21 mg, 18%: mp 203-205 °C; l'H NMR (CDCl3): 8 -3.74 (s, 2H), 1.61 (m, 3H), 2.95 (t,
2H), 3.30 (t, 4H), 3.66 (overlaping s, 18H), 3.77 (m, 1H), 4.24 (m, 2H), 4.32 (m, 2H),
4.43 (m, 4H), 4.77 (m, 1H), 10.11-10.13 (each s, 4H); 13C NMR (CDCl3): 8 11.62,
11.82, 21.74, 23.34, 29.33, 36.22, 36.89, 47.56, 51.74, 53.05, 69.78, 96.14, 96.27,
96.79, 135-145, 173.55; UV-vis (CH2Cl2) Amax (e) 398 (149 000), 498 (14 600), 532
(10 100), 568 (6100), 622 (5300); HRMS (EI): obsd mass 652.3287, calcd mass for

C38H44N4O6: 652.3261; fragment obsd mass 607.2922, fragment calcd mass for
C36H39N4O5: 607.2920.

Obtained 76 mg of the less mobile band, 64% of the diol 112d: mp 205-208 °C;
1H NMR (CDCl3): 8 -3.80 (s, 2H), 1.58 (s, 6H), 3.27 (t, 4H), 3.61-3.66 (overlaping s,
18H), 4.16 (m, 4H), 4.38 (m, 4H), 4.73 (m, 2H), 10.04-10.07 (each s, 4H); 13C NMR
(CDCl3): 8 11.22, 11.53, 21.50, 22.73, 36.03, 36.67, 51.74, 51.53, 69.46, 95.91,
96.49, 96.79, 96.92, 135-145, 173.72; UV-vis (CH2Cl2) Amax (e) 398 (182 000), 498
(19 100), 532 (13 500), 568 (8 700), 622 (7 000); HRMS (EI): obsd mass 654.3433,
calcd mass for C38H46N4O6: 654.3417; fragment obsd mass 609.3037, fragment calcd
mass for C36H41N4O5: 609.3077.

1-(Methoxycarbonyl)carborane 113. Carboranecarboxylic acid chloride 48 in
CH2Cl2 was treated with anhydrous methanol. The solution was washed with water and
the solvent removed. The product was purified by flash chromatography eluting with
CH2Cl2. IH NMR (CDCl3): 8 0.5-3.5 (broad, 10H, 10x carborane BH), 3.85 (s, 3H,
-OCH3), 4.1 (s, 1H, carborane CH); 13C NMR (CDCl3): 8 55.18, 56.98, 68.94, 161.47;
IR (KBr, cm−1): BH stretch Q2592, C=O stretch Q 1752.

2,4-Bis(1,2-dihydroxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin Blocked as the Acetonide 114. Bisgylcol 86 (75 mg, 114
plmole) and p-toluene sulphonic acid hydrate (7 mg, 37 pmole) were dissolved in DMF (10
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mL). Dimethoxypropane (2 mL, 1.62 mmole) was added and the mixture stirred
overnight. The mixture was diluted w/CH2Cl2, washed 3 times w/water, and solvent
removed. Obtained 85 mg, 100% of 114: !H NMR (CDCl3): 8 -3.69 (s, 2H, pyrrole
NH), 1.89 (s, 6H, 2x -CH3), 2.17 (s, 6H, 2x -CH3), 3.28 (m, 4H, 2x -CH2-) 3.63-3.74
(s, 18H, 6x -CH3), 4.40 (m, 4H, 2x -CH2-), 4.71 (m, 2H, 2x -OCHH-), 4.87 (n, 2H,
2x -OCHH-), 6.70 (t, 2H, 2x -OCH-), 10.05, 10.08, 10.55, 10.60 (s, 4H, meso); MS
+LSIMS, for C42H5ON4O8: [MH]* = 739.2.

2,4-Bis(1,2-dihydroxyethyl)-6,7-bis(2-carboxyethyl]-1,3,5,8-tetramethyl
porphyrin Blocked as the Acetonide 115. The ester 114 (79 mg, 107 pumole) was
dissolved in THF (20 mL) and added to 2N NaOH (20 mL) and stirred overnight. CH2Cl2
was added and then brought to acid pH with 1N HCl to extract the free acid into the organic
phase. The organic phase was washed 3 times w/water and the solvent removed. Obtained
48 mg, 63% of 115: !H NMR (CDCl3/CD3OD) was much more complex than with the
dimethyl ester and had many peaks doubled due to the presence of diastereomers: "H NMR
(CDCl3/CD3OD): 6-4.5 (s, 2H, pyrrole NH), 1.83 (s, 3H, -CH3), 1.91 (s, 3H, -CH3),
2.04 (s, 3H, -CH3), 2.17 (s, 3H, -CH3), 3.11 (m, 4H, 2x -CH2-) 3.3-3.7 (s, 12H, 4x
-CH3), 3.70 (m, 4H, 2x -CH2-), 4.04 (m, 4H, 2x -CH2-), 4.30 (m, 2H, -CH2-), 4.55
(m, 4H, 2x -CH2-), 4.72 (m, 2H, -CH2-), 6.20 (m, 1H, -OCH-), 6.53 (m, 1H, -OCH-),
9.29 (s, 1H, meso), 9.51 (s, 1H, meso), (9.98, 10.05) (d, H, meso), 10.31 (s, 1H,
meso); MS +LSIMS, for C40H46N4O8: [MH]* = 711.2.

2,4-Bisvinyl-6,7-bis(2-(isocyano)ethyl]-1,3,5,8-tetramethylporphyrin 119.
Protoporphyrin free acid 2a (1.00 gm; 1.78 mmole) was brought to reflux in CH2Cl2 (200
mL). Oxalyl chloride (9 mL) was added all at once and reflux continued for 10 min. The
solution was cooled and the solvent removed with extended pumping under vaccuum.
More dry CH2Cl2 was added, removed, added, and then removed again. The solid was
dissolved in CH2Cl2 (200 mL), and then TMGA (570 mg; 2.56 mmole) dissolved in
CH2Cl2 (25 mL) was added. Eventually more TMGA (255 mg; 1.61 mmole) in CH2Cl2
(25 mL) was added, and then still more TMGA (190 mg, 1.20 mmole, 5.37 mmole total).
The reaction was further diluted w/CH2Cl2 and then washed once w/water. The organic
phase was briefly dried over Na2SO4, filtered, diluted w/hexane, and concentrated. The
precipitate was collected, redissolved in CH2Cl2 and then refluxed for 2 h. The product
was precipitated w/hexane and collected. Obtained 1.0 gm, 100%.
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2,4-Bisvinyl-6,7-bis(2-(methoxycarbonylamino)ethyl]-1,3,5,8-tetramethyl
porphyrin 120. Isocyanate 119 (250 mg; 449 plmole) was suspended in dry CH2Cl2
(30 mL) and anhydrous MeOH (20 mL) and refluxed overnight. The cooled reaction was
filtered and the supernatent diluted w/CH2Cl2, washed once w/5% citric acid, once
w/water, and the solvent removed. The solid was mostly dissolved in CH2Cl2 and loaded
onto a silica gel flash column. CH2Cl2 was run into the column until all the porphyrin
dissolved onto the column and then elution was effected using a step gradient from 0.5,
0.75, 1.0, to 2.25% MeOH/CH2Cl2. Obtained 94 mg, 34% 120: mp dec >245 °C; 1H
NMR (CDCl3/CD3OD): 8 (pyrrole NH not visible), 3.62 (s, 6H, 2x -CH3), 3.71 (s, 6H,
2x -CH3), 3.80 (s, 6H, 2x -CH3), 4.01 (m, 4H, 2x -CH2-), 4.26 (m, 4H, 2x -CH2-),
6.20 (d, 2H, 2x -HC=CHH), 6.38 (d, 2H, 2x -HC=CHH), 6.46 (s, 2H, 2x NH), 8.29 (d
of d, 2H, 2x -HC=CH2), 10.08-10.28 (s, 4H, meso); IR (KBr), C=O stretch Q 1712.0,
1719.7 (cm−1); UV-vis (CHCl3) Amax (e) 408 (150 000), 506 (10900), 542 (8.900), 576
(4400), 630 (3 000); HRMS (EI): obsd mass 620.3091, calcd mass for C36H40N6O4:
620.3111; Anal. calcd for C36H40N6O4: C, 69.66; H, 6.49; N, 13.54. Found: C, 69.27;
H, 6.65; N, 13.60.

2,4-Bisvinyl-6,7-bis(2-(t-butyloxycarbonylamino)ethyl]-1,3,5,8-tetrameth
ylporphyrin 121. Isocyanate 119 (100 mg; 180 pumole) was dissolved in aqueous HCl
(60/40 mix of conc HCl/H2O). Insoluble material was filtered off (~10 mg), the solution
diluted w/CH2Cl2, brought to alkaline pH with 10N NaOH, and the phases separated as
much as possible. Di-t-butyldicarbonate was added and the solution let sit overnight.
Material was found to float between phases. The solvent volume was reduced and more di
t-butyldicarbonate was added and the reaction left overnight again. The material was
diluted w/CH2Cl2, washed twice w/water, and the solvent removed. The residue was
subjected to silica gel flash chromatography eluting with 0.5% MeOH/CH2Cl2. Obtained
45 mg, 35% 121: "H NMR (CDCl3): 8 -3.63 (s, 2H, pyrrole NH), 1.46 (s, 18H, 6x
-CH3), 3.63, 3.65 (s, 6H, 2x -CH3), 3.73 (s, 6H, 2x -CH3), 4.00 (m, 4H, 2x -CH2-),
4.28 (m, 4H, 2x -CH2-), 5.66 (s, 2H, 2x NH), 6.19 (d, 2H, 2x -HC=CHH), 6.39 (d,
2H, 2x -HC=CHH), 8.30 (d of d, 2H, 2x -HC=CH2), 10.10-10.33 (s, 4H, meso); MS
+LSIMS, for C42H52N6O4: [MH]+ = 705.3.

2,4-Bisvinyl-6,7-bis(2-(benzyloxycarbonylamino)ethyl]-1,3,5,8-tetrameth
ylporphyrin 122. Isocyanate 119 (500 mg; 898 plmole) was suspended in dry CH2Cl2
(400 mL) and anhydrous benzyl alcohol (200 pull; 1.94 mmole) and TMS-Cl (12 mL; 95
|Imole) were added and the reaction stirred overnight. The next day more benzyl alcohol
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(100 pul; 970 pmole) and TMS-Cl (112 pul; 882 pumole) were added and stirring continued.
The following day yet more benzyl alcohol (400 pul; 3.88 mmole, 6.8 mmole total) and
TMS-Cl (100 pul; 788 pumole, 1.8 mmole total) were added and stirring continued. On the
third day the reaction was diluted w/CH2Cl2 and washed twice w/water. MeOH was added
to the heterogenous solution and TLC showed the formation of mixed benzyl/methyl
carbamates. In order to insure that all the isocyanate groups were consumed the porphyrin
was briefly refluxed in MeOH/CH2Cl2. The porphyrin was again subjected to an aqueous
workup and then silica gel was added to the CH2Cl2/porphyrin solution and the solvent
removed. The porphyrin on silica gel was added to the top of a dry silica gel column and
CH2Cl2 was added. Most of the porphyrin eluted in one fraction appearantly due to MeOH
or water in the absorbed silica. The porphyrin was rechromatographed on a second silica
gel flash column using a step gradient from 0 to 0.5% MeOH/CH2Cl2. This column failed
to separate the mixed carbamate fraction and the porphyrin material was split into two
portions and run on two additional columns eluting with 0.2% MeOH/CH2Cl2. Obtained
116 mg, 17% 122: 1 H NMR (CDCl3): 8 -3.63 (s, 2H, pyrrole NH), 3.58, 3.60 (s, 6H,
2x -CH3), 3.69, 3.70 (s, 6H, 2x -CH3), 4.00 (m, 4H, 2x -CH2-), 4.23 (m, 4H, 2x
-CH2-), 5.16 (s, 4H, 2x -OCH2Ph), 6.16 (m, 4H, 2x -HC=CHH and 2x NH), 6.34 (d,
2H, 2x -HC=CHH), 7.25 (s, 10H, 2x ArH), 8.28 (d of d, 2H, 2x -HC=CHH), 10.03
10.30 (s, 4H, meso); MS +LSIMS, for C48}{48N604: [MH]* = 773.2

2,4-Bis(1,2-dihydroxyethyl)-6,7-bis(2-(benzyloxycarbonylamino)ethyl]-
1,3,5,8-tetramethylporphyrin 125. To 2,4-bisvinyl-6,7-bis(2-(benzyloxycarbonyl
amino)ethyl]-1,3,5,8-tetramethylporphyrin 122 (100 mg; 125 plmole) dissolved dry
dioxane (25 mL) and anhydrous pyridine (150 pul) previously degassed with argon, was
added by cannula OsO4 (102 mg; 402 pumole) dissolved in anhydrous, degassed Et2O (10
mL). After 5.25 h Na2SO3 (1 gm in 10 mL degassed H2O) was added. After 30 min the
solution was heated in a water bath starting from room temperature. At 5 h the solution
was cooled slightly and filtered, the filter washed through with dioxane, the volume of
solvent reduced, and water added to precipitate the porphyrin. The porpyrin was
recrystallized twice from hot dioxane/hexane. After drying obtained 89 mg, 85% of 125
but residual dioxane was visible by 1H NMR (CDCl3/CD3OD): 6 (pyrrole NH not visible),
3.5–3.8 (s, 12H, 4x -CH3), 4.0-4.5 (m, 8H, 4x -CH2-), 4.67 (m, 4H, 2x -CH2-), 5.11
(s, 4H, 2x -OCH2Ph), 6.46 (m, 2H, 2x -OCHC), 7.21 (s, 12H, 2x ArH and 2x NH7),
10.14, 10.40, 10.53, 10.61 (s, 4H, meso); MS +LSIMS, for C48 H52N6O8: [MH]+ =
841.5
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2,4-Bis■ 1,2-bis(carboranylcarbonyloxy)ethyl]-6,7-bis(2-(benzyloxycarbon
ylamino)ethyl]-1,3,5,8-tetramethylporphyrin 126. 2,4-Bis(1,2-dihydroxyeth
yl)-6,7-bis(2-(benzyloxycarbonylamino)ethyl]-1,3,5,8-tetramethylporphyrin 125 (60 mg;
71 pumole) was suspended in CH2Cl2 (25 mL) to which was added dropwise two separate
solutions of carboranecarboxylic acid chloride 48 (71 mg; 343 pumole) dissolved in
CH2Cl2 (5 mL) and DMAP (42 mg; 343 pumole) dissoved in CH2Cl2 (5 mL) over 0.5 h.
After overnight stirring the solution was washed once w/0.1N HCl, once w/H2O, and the
sovent removed. The sample was redissolved in CH2Cl2 and loaded onto a silica gel flash
column and eluted in a step gradient from 0,0.2,0.25, to 0.3% MeOH/CH2Cl2. Obtained
57 mg, 52% of 126: IH NMR (CDCl3): 8 -3.6 (s, 2H, pyrrole NH), 1-3.5 (broad, 20H,
B-H), 3.66-3.84 (s, 12H, 4x -CH3), 4.0–4.4 (m, 12H, 4x -CH2- and 4x carborane CH),
5.0 (m, 2H, 1x -CH2-), 5.06 (s, 2H, -OCH2Ph), 5.15 (s, 2H, -OCH2Ph), 5.68 (m, 2H,
1x -CH2-), 6.15 (s, 1H, NH), 6.39 (s, 1H, NH), 7.16-7.25 (m, 10H, 2x ArH), 7.67 (m,
2H, 2x -OCHC), 10.17 (s, 1H, meso), 10.22 (s, 1H, meso), 10.29 (d, 1H, meso), 10.52
(s, 1H, meso); MS +LSIMS, for C60H92B40N6O12: [M]* = 1522.1

2,4-Bis(2-carboranylcarbonyloxyethyl)-6,7-bis(2-(methoxycarbonylamino)-
ethyl]-1,3,5,8-tetramethylporphyrin 129. 2,4-Bis(2-hydroxyethyl)-6,7-bis(2-
(methoxycarbonylamino)ethyl]-1,3,5,8-tetramethylporphyrin 81 (200 mg; 300 pumole) and
carborane acid chloride 48 (178 mg; 860 pumole) were suspended in CH2Cl2 (25 mL) to
which was added dropwise a solution of DMAP (103 mg; 840 plmole) in CH2Cl2 (10 mL).
At 1 hr additional acid chloride (76 mg; 370 pmole) and DMAP (43 mg; 350 pmole) were
added. After an additional 3 hr, water was added and the solution stirred for 15 min, at

which point it was diluted w/CH2Cl2 and washed three times w/water. Chromatography
was not immediately performed which lowered the subsequent yield somewhat. Subjected
to silica gel flash chromatography in a step gradient from 0, 0.3, to 0.6% MeOH/CH2Cl2.
Obtained 86 mg, 28% of 129: "H NMR (CDCl3): 6 (pyrrole NH not visible), 1-3.5
(broad, 20H, B-H), 3.65 (s, 12H, 4x -CH3), 3.8 (m, 8H, 2x -OCH3 and 2x carborane
CH), 4.1 (m, 4H, 2x -CH2-), 4.3 (m, 4H, 2x -CH2-), 4.4 (m, 4H, 2x -CH2-), 6.1 (d,
2H, 2x NH), 9.9, 10.1, 10.4 (s, 4H, 4x meso); MS +LSIMS, for C42H64B20N6O8: [M]+
= 997.9.

2,4-Bis(2-nido-carboranylcarbonyloxyethyl)-6,7-bis(2-(methoxycarbonyl
amino)ethyl]-1,3,5,8-tetramethylporphyrin 130. 2,4-Bis(2-carboranylcarbonyl
oxyethyl)-6,7-bis(2-(methoxycarbonylamino)ethyl]-1,3,5,8-tetramethylporphyrin 129 (30
mg; 30 plmole) was dissolved in 50/50 piperidine/pyridine (10 mL). At 45 min the solvent
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was removed, the residue redissolved in MeOH/CH2Cl2, washed twice w/5% citric acid,
once w/water, and the solvent removed. The porphyrin was purified on silica gel
preparative TLC eluting with 0.5% formic acid/15% MeOH/CH2Cl2. Obtained 18 mg,
62% of 130: 1 H NMR (acetone-dé): 8 -2.9 (broad s, 2H, pyrrole NH), 1-3.5 (broad,
24H, 22x BH and 2x carborane CH), 3.6–3.8 (s, 18H, 4x ring -CH3 and 2x -OCH3), 3.88
(m, 4H, 2x -CH2-), 4.21 (m, 4H, 2x -CH2-), 4.47 (m, 4H, 2x -CH2-), 4.79 (m, 4H, 2x
-CH2-), 7.00 (s, 2H, 2x carbamate NH), 10.29 (s, 2H, 2x meso), 10.45 (s, 1H, meso),
10.52 (d, 1H, meso); MS +LSIMS, for C42H66B18N6O8: [M-2H]* = 975.5.

2,4-Bis■ 2-(carboranylcarbonylamino)ethyl]-6,7-bis(2-(methoxycarbonyl)-
ethyl]-1,3,5,8-tetramethylporphyrin 132 From Acylation of Diamine 134
Derived From H2S Reduction of Diazide 133. To diamine 134 (100 mg; 160
plmole) and carboranylcarboxylic acid chloride 48 (107 mg, 518 plmole) in CH2Cl2 (60
mL) was added dropwise over 10 min a solution of Et3N (72 pul; 516 pumole) in CH2Cl2 (5
mL). At 1 hr MeOH was added, the solution diluted w/CH2Cl2, washed w/5% citric acid,
washed w/water, and the solvent removed. The porphyrin was purfied on silica gel flash
chromatography using a step gradient from 0, 0.1, 0.15, 0.2, 0.25% MeOH/CH2Cl2.
Obtained 40 mg, 26% of 132: "H NMR (CDCl3+CD3OD): 6 (pyrrole NH not visible),
0.5-3 (broad, 20H, 20x BH), 3.27 (m, 4H, -CH2-), 3.58-3.65 (s, 18H, 4x ring -CH3 and
2x -OCH3), 4.10-4.41 (m, 14H, 6x -CH2- and 2x carborane CH), 6.65 (s, 2H, 2x amide
NH), 9.95, 9.97, 10.05, 10.09 (s, 4H, 4x meso); 13C NMR (CDCl3+CD3OD): 8 11.80–
11.90, 21.76, 25.92, 36.81, 43.41, 51.76, 56.89, 71.69, 96.38-97.12, 133-150, 159.97,

173.59; MS +LSIMS, for C42H64B 20 N 606: [M]* = 965.7; Anal. calcd for
C42H64B2ON6O6: C, 52.26; H, 6.68; N, 8.71. Found: C, 51.98; H, 6.45; N, 8.33.

2,4-Bis(2-azidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 133 via Mesylate 137 and TMGA. 2,4-Bis(O-methansulfonyl
2-hydroxyethyl)-6,7-bis(2-(methoxycarbonyl)-ethyl]-1,3,5,8-tetramethylporphyrin 137
(714 mg; 913 plmole) and tetramethylguanidinium azide (318 mg, 2.01 mmole) were stirred
in DMF (25 mL) at 60 °C overnight. The solvent was removed and then the residue
redissolved in CH2Cl2, washed twice w/water, reduced in volume under vacuum, and
hexane added to precipitate the porphyrin. Obtained 581 mg, 94% of 133: mp 166-169
°C; H NMR (CDCl3): 8 -3.85 (s, 2H, 2x pyrrole N-H), 3.27 (t, 4H, 2x -CH2-), 3.58
3.66 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.08 (t, 4H, 2x -CH2-), 4.25 (m, 4H, 2x
-CH2-), 4.38 (m, 4H, 2x -CH2-), 9.92, 9.94, 10.02, 10.05 (s, 4H, 4x meso-CH); 13C
NMR (CDCl3+CD3OD): 8 11.47, 21.63, 26.15, 36.77, 51.66, 53.08, 96.07-96.89,
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~135-150 (broad), 173.71; UV-vis (CH2Cl2) Amax (e) 398 (154 000), 498 (14.600), 532
(10 000), 568 (6 820), 622 (4.890); HRMS (EI+): obsd mass 676.3215, calcd mass for

C36H4ON 10O4: 676.3234; Anal. is slightly off in the nitrogen, Anal. calcd for
C36H4ON 1004: C, 63.89; H, 5.96; N, 20.70. Found: C, 63.49; H, 5.91; N, 20.23 (A =
-0.47).

2,4-Bis(2-azidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetra
methylporphyrin 133 via Isohematoporphyrin 5 Using Diphenyl
phosphorylazide. Isohematoporphyrin 5 (100 mg; 159 pmole), PPh3 (231 mg; 881
pumole), and diethylazidodicarboxylate (140 pul; 889 pmole) were stirred in dry THF (25
mL). After 5 min diphenylphosphorylazide (190 pul; 882 plmole) was added and stirring
continued for 1.5 hr. The solvent was removed under vacuum while avoiding heat.
Redissolved in CH2Cl2 and subjected to silica gel flash chromatography eluting with a step
gradient from 0, 0.1, to 0.2% MeOH/CH2Cl2. Obtained 58 mg, 54% of 133: analytical
data as detailed in previous synthesis above.

Reduction of 2,4-Bis(2-azidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,
5,8-tetramethylporphyrin 133 to 2,4-Bis(2-aminoethyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 134 Using Lindlar
Catalyst. Diazide 133 (30 mg; 44 plmole) and Lindlar catalyst (61 mg) were stirred in
DMF (10 mL) under a hydrogen balloon for 4 hr. The solution was filtered, diluted
w/CH2Cl2, washed three times w/water, and the solvent removed. Obtained 20 mg,
nominally 71% of 134.

Reduction of 2,4-Bis(2-azidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,
5,8-tetramethylporphyrin 133 to 2,4-Bis(2-aminoethyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 134 Using PPh3.
Diazide 133 (156 mg; 230 pmole) and PPh3 (180 mg; 686 pumole) were stirred in dry THF
(7 ml) for 24 hr. Water was added and then the solution was diluted w/CH2Cl2, washed
three times w/water, and then hexane added to precipitate the porphyrin. Obtained 124 mg,
nominally 86% of 134.

Reduction of 2,4-Bis(2-azidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,
5,8-tetramethylporphyrin 133 to 2,4-Bis(2-aminoethyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 134 Using H2S in
Pyridine. To diazide 133 (300 mg; 443 plmole) dissolved in pyridine (35 mL) was
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bubbled H2S. After stirring overnight a precipitate was observed which was filtered off.
Hexane was added to the remaining solution and the resulting precipitate was filtered off
and combined with the first precipitate. The porphyrin from these two fractions was
entirely origin associated on TLC (15% MeOH/CHCl3). A third fraction obtained from
complete solvent removal did show faster running material. Obtained 238 mg, nominally
86% of 134 in combined first and second fractions. Obtained another 117 mg in third
fraction.

2,4-Bis■ 2-(phenylsulfonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,
3,5,8-tetramethylporphyrin 135. Isohematoporphyrin 5 (125 mg; 199 plmole),
benzenesulfonylchloride (150 pul; 1.23 mmole), and DMAP (150 mg; 1.23 mmole) were
stirred 3.5 hr in CH2Cl2 (50 mL). Water was added, the solution diluted w/CH2Cl2,
washed once w/5% citric acid, once w/sat. NaHCO3, and once w/water. The solvent was
removed and then the porphyrin was purified using silica gel flash chromatography eluting
with 0.2% MeOH/CH2Cl2. Obtained 69 mg, 38% of 135: mp 143-147 °C; 1 H NMR
(CDCl3): 8 -3.89 (s, 2H, 2x pyrrole N-H), 3.31 (m, 4H, 2x -CH2-), 3.47-3.68 (s, 18H,
4x ring -CH3 and 2x -OCH3), 4.42 (t, 8H, 4x -CH2-), 4.84 (m, 4H, 2x -CH2-), 6.64 (m,
4H, 4x aromatic -CH), 6.75 (m, 2H, 2x aromatic -CH), 7.42 (m, 4H, 4x aromatic -CH),
9.84, 9.92, 10.02, 10.11 (s, 4H, 4x meso-CH); 13C NMR (CDCl3+CD3OD): § 11.47,
21.67, 26.28, 36.80, 51.71, 70.89, 96.25-96.92, 127.00, 128.38, 132.94, 135.25,
~135-150 (broad), 173.66; UV-vis (CHCl3) Amax (e) 402 (167 000), 500 (14 300), 534
(11 000), 570 (8 550), 624 (5 670); MS +LSIMS, for C48H50N4O10S2: [MH]+ = 907.3;
Anal. calcd for C48H50N4O10S2: C, 63.56; H, 5.56; N, 7.18; S, 7.07. Found: C, 63.34;
H, 5.62; N, 6.27; S, 7.05.

2,4-Bis■ 2-(methylsulfonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,
3,5,8-tetramethylporphyrin 137. To isohematoporphyrin 5 (500 mg, 798 plmole)
and DMAP (390 mg; 3.19 mmole) in CH2Cl2 (25 mL) was added dropwise
methanesulfonylchloride (250 pul; 3.19 mmole) in CH2Cl2 (5 mL). Within a few minutes
the initially heterogeneous solution became homogeneous. At 80 min water was added, the
solution diluted w/CH2Cl2, washed once w/5% citric acid, once w/sat. NaHCO3, and once
w/water. The solvent was removed and then the porphyrin was precipitated twice from
CH2Cl2/MeOH/Hexane. Obtained 458 mg, 73% main crop of 137 and an additional 134
mg material which required further purification: mp 166-169 °C; l'H NMR (CDCl3): 6
-3.83 (s, 2H, 2x pyrrole N-H), 2.59 (s, 3H, -SCH3), 2.65 (s, 3H, -SCH3), 3.28 (t, 4H,
2x -CH2-), 3.63-3.66 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.41 (t, 4H, 2x -CH2-),
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4.50 (m, 4H, 2x -CH2-), 5.00 (m, 4H, 2x -CH2-), 10.03-10.11 (s, 4H, 4x meso -CH);
13C NMR (CDCl3+CD3OD): 8 11.50, 21.65, 26.64, 36.76, 37,08, 51.68, 70.42, 96.32
97.03, -135-150 (broad), 173.65; UV-vis (CH2Cl2) Amax (e) 400 (160 000), 498 (12
800), 532 (7.930), 568 (4510), 622 (2.910); MS +LSIMS, for C38H46N4O10S2: [MH]+
= 783.3; Anal. calcd for C38H46N4O10S2: C, 58.30; H, 5.92; N, 7.16. Found: C, 58.18;
H, 6.07; N, 7.06.

2,4-Bis(2-acetamidoethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 138 From Acylation of Diamine 134 Derived From
Lindlar Catalyst Reduction of Diazide 133. To the crude reduction product of
diamine 134 (12 mg; 19 plmole), Lindlars catalyst (23 mg), and hydrogen dissolved in
pyridine (1 mL) was added Et3N (54 pul; 387 pmole) and acetic anhydride (36 pul; 382
plmole). After 3 hr additional identical amounts of Et3N and acetic anhydride were added.
After overnight stirring the reaction was filtered and the solvent removed. The porphyrin
was purified by preparative TLC developing with 8% MeOH/CH2Cl2. Obtained 8 mg,
59% of 138: H NMR (CDCl3): 8 -3.8 (s, 2H, 2x pyrrole N-H), 1.87 (s, 6H, 2x -CH3),
3.28 (t, 4H, 2x -CH2-), 3.63-3.65 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.09 (m, 4H,
2x -CH2-), 4.28 (m, 4H, 2x -CH2-), 4.41 (m, 4H, 2x -CH2-), 5.63 (m, 2H, 2x amide
NH), 10.10 (s, 4H, 4x meso-CH); MS +LSIMS, for C40H48N6O6: [MH]* = 709.3.

2,4-Bis■ 2-(nido-carboranylcarbonylamino)ethyl]-6,7-bis(2-(methoxycar
bonyl)ethyl]-1,3,5,8-tetramethylporphyrin 140. This porphyrin was generated
in situ from 2,4-bis(2-(carboranylcarbonylamino)ethyl]-6,7-bis(2-(methoxycarbonyl)-
ethyl]-1,3,5,8-tetramethylporphyrin 132 using the wet DMSO method and was not directly
isolated or characterized.

2,4-Bis(2,2-dimethoxyethyl)-6,7-bis((3-hydroxy)propyl]-1,3,5,8-tetra
methylporphyrin 145. To 2,4-bis(2,2-dimethoxyethyl)-6,7-bis(2-(methoxycarbonyl)-
ethyl]-1,3,5,8-tetramethylporphyrin 70 (500 mg, 699 pumole) in THF (75 mL) at 0 °C was
added LiAlH4 (1.9 mL, 1 M in THF) dropwise over 5-10 min. After 1 hr MeOH was
added and the solution was diluted with CH2Cl2 and washed three times with water. After
removal of the solvent the crude material was purified by silica gel flash chromatography
using a step gradient of 0 to 2% MeOH/CH2Cl2. Obtained 367 mg, 80% of 145: mp 238
240 °C; 1H NMR (CDCl3+CD3OD): 8 -3.77 (s, 2H, 2x pyrrole NH), 2.46 (m, 4H, 2x
-CH2-), 3.46 (s, 6H, 2x -OCH3), 3.47 (s, 6H, 2x -OCH3), 3.59-3.66 (s, 12H, 4x ring
-CH3), 3.95 (m, 4H, 2x -CH2-), 4.14 (m, 4H, 2x -CH2-), 4.35 (m, 4H, 2x -CH2-), 5.16
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(m, 2H, 2x -CH-), 10.07-10.23 (s, 4H, 4x meso); 13C NMR (CDCl3+CD3OD): 8 11.52,
11.88, 22.40, 31.71, 35.42, 54.70, 61.70, 96.60–96.86, 107.09, -135-150 (broad); UV
vis (CH2Cl2) Amax (e) 398 (148 000), 498 (12.400), 532 (8 510), 568 (5920), 620 (3
520); HRMS (EI+): obsd mass 658.3731, calcd for C38H50N4O6: 658.3730; fragment
obsd mass 584.3347, calcd for C35H44N4O4: 584.3362; Anal. calcd for C38H50N4O6: C,
69.28; H, 7.65; N, 8.50. Found: C, 68.91; H, 7.87; N, 8.63.

2,4-Bis(2-(nido-carboranylcarbonyloxy)ethyl]-6,7-bis(3-(nido-carboranyl
carbonyloxy)propyl]-1,3,5,8-tetramethylporphyrin 148. 2,4-Bis(2-hydroxy
ethyl)-6,7-bis(3-hydroxypropyl]-1,3,5,8-tetramethylporphyrin 69 (75 mg, 131 pmole)
was suspended in dry CH2Cl2 (25 mL) in a 3-neck flask equiped with two dropping
addition funnels. In one funnel was placed carboranylcarboxylic acid chloride 48 (167
mg, 812 pumole) dissolved in dry CH2Cl2 (10 mL) and in the other DMAP (99 mg, 812
pumole) dissolved in CH2Cl2 (10 mL). The two solutions were added dropwise over the
course of 1 hr while keeping the amounts of each solution added as equal as possible.
Examination by TLC at 1.5 hr showed reaction to be complete with only one porphyrin
product. CH2Cl2 and a solution of 5% citric acid were added and the organic phase was
washed w/5% citric acid and then by water. The solution was evaporated and then the
residue was treated w/50/50 piperidine/pyridine (20 mL) overnight. The solvent was
removed, the residue dissolved in acetone, diluted w/CH2Cl2, washed twice w/5% citric
acid, once w/water, and then brought to dryness. Obtained 215 mg, crude yield of 148.
50 mg of material was purified by silica gel preparative TLC developing with 75%
acetone/CHCl3. The porphyrin was immediately eluted from the silica with acetone, and
then dried. Some metallation of the prophyrin on the prep plate was observed presumably
by metal ion contaminants in the silica gel and binder. Obtained 38 mg: mp slow
decompostion >200 °C; l'H NMR (acetone-dé): 8 -3.70 and -2.6 (s, 2H, 2x pyrrole NH),
1-3 (broad, 44H, 44x carborane BH), 2.59 (m, 4H, 2x -CH2-), 2.98 (s, 4H, 4x carborane
CH), 3.71-3.76 (s, 12H, 4x ring -CH3), 4.27-4.45 (m, 12H, 6x -CH2-), 4.82 (m, 4H, 2x
-CH2-), 10.25-10.40 (s, 4H, 4x meso); 13C NMR (acetone-dé): 6 11.94, 23.21, 26.80,
33.19, 43.75, 56.51, 64.36, 66.52, 97.82-98.06, -135-150 (broad), 173.40; UV-vis
(10% MeOH/CH2Cl2) Amax (e) 406 (150 000), 534 (5.910), 556 (9690), 600 (2 680),
658 (717); Does not fly well in the MS; Anal. calcd for C46H86B36N4O8°6H2O: C, 41.84;
H, 7.48; N, 4.24. Found: C, 41.68; H, 7.10; N, 4.04.

p-Carboranylcarboxylic Acid Chloride 150. p-Carboranylcarboxylic acid (727
mg; 3.86 mmole) in dry toluene (10 mL) was cooled in an ice bath. PC15 (806 mg; 3.87
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mmole) was added and stirred 0.5 hr. The ice bath was removed and heating began to
distill off the solvent. When all the toluene was gone the reaction was cooled to room
temperature and and pumped under high vacuum for about 2 hr. The crude material was
heated under vacuum to distill over the desired product. Obtained 638 mg, 80% of 150.
No direct characterization of this low melting point material was attempted.

2,4-Bis■ 1,2-bis(p-carboranylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycar
bonyl)ethyl]-1,3,5,8-tetramethylporphyrin 152, para-BOPP dimethyl ester.
To bisglycol 86 (100 mg; 152 pmole) and p-carboranylcarboxylic acid chloride 150 (188
mg; 909 plmole) dissolved in CH2Cl2 (23 mL) was added dropwise a solution of DMAP
(111 mg; 910 amole) in CH2Cl2 (7 mL). After 30 min TLC showed the reaction to be
complete and 5% citric acid was added followed by dilution w/CH2Cl2. The solution was
washed once w/5% citric acid solution, twice w/water, and the solvent removed. The

crude prophyrin was subjected to silica gel flash chromatography eluting in a step gradient
from 0 to 0.2% MeOH/CH2Cl2. The flash column yielded several fractions some of which
were pooled and chromatographed again, but eluting instead with 0.1% MeOH/CH2Cl2.
Total obtained was 170 mg, 83% of 152: mp 170-172 °C; 1H NMR (CDCl3): 8 -3.76 (s,
2H, 2x pyrrole NH), 1-3.5 (broad, 40H, carborane BH), 2.82 (s, 4H, 4x carborane CH),
3.28 (m, 4H, 2x -CH2-), 3.57-3.80 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.36 (m, 4H,
2x -CH2-), 4.65 (m, 2H, -CH2-), 5.36 (m, 2H, -CH2-), 7.30 (m, 2H, 2x -CH), 10.04
10.20 (s, 4H, 4x meso); 13C NMR (CDCl3): § 11.64, 21.73, 36.76, 51.76, 62.61, 68.19,
71.64, 79.01, 79.28, 96.74-97.92, 130-150, 161.54, 162.12, 173.43; UV-vis (CHCl3)
Xmax (e) 406 (188 000), 502 (22 000), 536 (15 100), 570 (12 500), 624 (9370); IR (cm−1,
KBr) BH stretch G 2615.5, C-O stretch Q 1748.7; Anal. calcd for C48H82B40N4O12: C,
43.04; H, 6.17; N, 4.18. Found: C, 43.29; H, 6.35; N, 4.02.

2,4-Bis■ 1,2-bis(p-carboranylcarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-
1,3,5,8-tetramethylporphyrin 153, para-BOPP free acid. 2,4-Bis(1,2-bis(p-
carboranylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylpor
phyrin 152 (50 mg; 37 pmole) was suspended in diethyl ether (25 mL) and 60/40 v/v conc
HCl/H2O (25 mL) and stirred 32 hr. The solution was diluted w/CH2Cl2, the pH brought
to a 2-3 with sat. Na2CO3, and the organic phase then washed three times w/water. The
porphyrin was loaded onto an alumina preparative TLC plate and developed w/15%
MeOH/CHCl3. Formic acid was required to elute the porphyrin from the adsorbant. The
chromatography step was repeated developing w/20% MeOH/1% formic acid/CHCl3. (I
think silica gel would be better.) Obtained 19 mg, 39% of 153: 1H NMR

201



(CDCl3+CD3OD): 8 -3.8 (s, 2H, 2x pyrrole NH), 1-3.5 (broad, 44H, 40x carborane BH
and 4x carborane CH), 3.27 (m, 4H, 2x -CH2-), 3.52-3.79 (s, 12H, 4x ring -CH3), 4.39
(m, 4H, 2x -CH2-), 4.66 (m, 2H, -CH2-), 5.36 (m, 2H, -CH2-), 7.30 (m, 2H, 2x -CH),
10.13-10.21 (s, 6H, 4x meso CH and 2x -CO2H); 13C NMR (CDCl3+CD3OD): 8 11.48,
21.63, 36.71, 62.55, 67.93, 71.49, 78.79, 97.86, 130-150, 161.54, 162.08, 175.60; MS
+LSIMS, for C46H78B40N4O12: [M]* = 1311.9.

2,4-Bis■ 2-(N-phenylaminocarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 154. Isohematoporphyrin 5 (75 mg; 120
pumole), DMAP (15 mg; 123 plmole), and phenylisocyanate (65 pul; 599 pumole) were
refluxed in CH2Cl2 (30 mL) for 4.75 hr. The reaction was diluted further w/CH2Cl2,
washed twice w/water, and the solvent removed. The porphyrin was purified on
preparative alumina TLC developing in CHCl3 twice. Obtained 81 mg, 78% of 154: mp
223-225 °C; 1 H NMR (CDCl3): 8 -3.87 (s, 2H, 2x pyrrole N-H), 3.26 (m, 4H, 2x
-CH2-), 3.53-3.65 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.35 (m, 8H, 4x -CH2-), 4.91
(m, 4H, 2x -CH2-), 6.51 (s, 2H, 2x carbamate NH), 7.06 (m, 2H, 2x aromatic CH), 7.27
(m, 8H, 8x aromatic CH), 10.00, 10.04, 10.07 (s, 4H, 4x meso -CH); 13C NMR
(CDC13+CD3OD): 8 11.09, 21.52, 25.99, 36.71, 51.62, 65.57, 95.88-96.41, 118.67,
123.13, 128.72, 137.91, -130-150 (broad), 154.04, 173.73; UV-vis (CHCl3) Amax (e)
400 (147 000), 498 (11900), 532 (9 000), 568 (6 200), 622 (4100); MS +LSIMS, for
C50H52N6O8: [MH]* = 865.3; Analysis is off in the carbon. Calcd for C50H52N608: C,
69.43; H, 6.06; N, 9.72. Found: C, 68.38 (A = -1.05); H, 6.04; N, 9.54.

2,4-Bis■ 2-(N-phenylaminocarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,3,
5,8-tetramethylporphyrin 155. 2,4-Bis(2-(N-phenylaminocarbonyloxy)ethyl]-6,7-
bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 154 (40 mg; 46 pumole) was
dissolved in diethyl ether (20 mL) and 60/40 (v/v) conc HCl/water and stirred overnight.
The porphyrin was worked up as for 153 but no chromatography was performed.
Obtained 29 mg, 74% of 155: mp 218-220 °C; 1H NMR (DMSO-dé): 8 -3.94 (s, 2H, 2x
pyrrole N-H), 3.20 (t, 4H, 2x -CH2-), 3.60–3.69 (s, 12H, 4x ring -CH3), 4.35 (t, 4H, 2x
-CH2-), 4.49 (m, 4H, 2x -CH2-), 4.94 (m, 4H, 2x -CH2-), 7.00 (m, 2H, 2x phenyl CH),
7.26 (m, 4H, 4x phenyl CH), 7.46 (m, 4H, 4x phenyl CH), 9.66 (d, 2H, 2x carbamate
NH), 10.27-10.34 (s, 4H, 4x meso-CH), 12.25 (s, 2H, -CO2H); 13C NMR (DMSO-dé):
8 11.27, 21.32, 25.99, 36.79, 65.51, 96.81-97.07, 118.36, 122.43, 128.70, 139.14,
135-150, 153.85, 174.02; UV-vis (20% MeOH/CHCl3) Amax (e) 398 (157 000), 500 (11
000), 534 (10 300), 564 (6990), 620 (4310); MS +LSIMS, for C48H48N608: [MH]+ =
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837.4; Analysis is off in the carbon. Calcd for C48H48N608: C, 68.89; H, 5.78; N,
10.04. Found: C, 67.60 (A = -1.29); H, 6.18; N, 9.43.

2,4-Bis■ 2-(phenoxycarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3, 5,8-tetramethylporphyrin 156. Isohematoporphyrin 5 (125 mg; 199 plmole),
DMAP (146 mg, 1.20 mmole), and phenylchloroformate (150 pil; 1.20 mmole) were
stirred in CH2Cl2 (50 mL) for 1 hr. Water was added, the reaction stirred a further 15 min,
the reaction was diluted w/CH2Cl2, washed once w/5% citric acid, once w/sat. Na2CO3,
once w/water, and the sovent removed. The porphyrin was subjected to silica gel flash
chromatography eluting in a step gradient from 0, 0.1, 0.15, 0.20, to 0.25%
MeOH/CH2Cl2. Obtained 138 mg, 80% of 156: mp 160-162 °C; 1 H NMR (CDCl3): 6
-3.77 (s, 2H, 2x pyrrole N-H), 3.28 (t, 4H, 2x -CH2-), 3.64 (s, 18H, 4x ring -CH3 and
2x -OCH3), 4.41 (t, 4H, 2x -CH2-), 4.50 (m, 4H, 2x -CH2-), 5.01 (m, 4H, 2x -CH2-),
7.06 (m, 4H, 4x phenyl CH), 7.15 (m, 2H, 2x phenyl CH), 7.27 (m, 4H, 4x phenyl CH),
10.09-10.12 (s, 4H, 4x meso-CH); 13C NMR (CDCl3+CD3OD): 8 11.59, 21.75, 25.95,
36.85, 51.69, 69.20, 96.33-96.93, 120.88, 125.92, 129.33, 130-150, 150.94, 153.88,
173.70; UV-vis (CHCl3) Amax (e) 400 (162 000), 498 (12600), 532 (9040), 568 (6 630),
622 (4 290); MS +LSIMS, for C50H50N4O 10: [MH]* = 867.4; Anal. calcd for
C50H50N4O10: C, 69.27; H, 5.81; N, 6.46. Found: C, 69.01; H, 5.92; N, 6.47.

2,4-Bis(2-(phenoxycarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,3,5,8-
tetramethylporphyrin 157. 2,4-Bis(2-(phenoxycarbonyloxy)ethyl]-6,7-bis(2-(meth
oxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 156 (40 mg; 46 pumole) was treated as
for 155. Obtained 34 mg; 88% of 157; mp dec >220 °C; l'H NMR (DMSO-dé): 8 -4.09
(s, 2H, 2x pyrrole N-H), 3.20 (m, 4H, 2x -CH2-), 3.35, 3.62 (s, 12H, 4x ring -CH3),
4.34 (m, 4H, 2x -CH2-), 4.50 (m, 4H, 2x -CH2-), 5.01 (m, 4H, 2x -CH2-), 6.99 (m,
4H, 4x phenyl CH), 7.19 (m, 2H, 2x phenyl CH), 7.24 (m, 4H, 4x phenyl CH), 10.17,
10.23, 10.27 (s, 4H, 4x meso-CH), 12.29 (s, 2H, -CO2H); 13C NMR (DMSO-dé): 8
11.35, 21.31, 25.23, 36.80, 69.52, 96.87–97.08, 121.05, 126.01, 129.42, 135-150,
150.59, 153.24, 174.02; UV-vis (10% MeOH/CHCl3) Amax (e) 400 (158 000), 500 (16
300), 534 (12.400), 568 (9600), 620 (7.350); MS +LSIMS, for C48H46N4O10: [MH]+ =
839.3; Anal. calcd for C48H46N4O10: C, 68.72; H, 5.53; N, 6.68. Found: C, 68.33; H,
5.81; N, 6.49.

2,4-Bis■ 2-(phenylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 158. Isohematoporphyrin 5 (75 mg, 120 plmole),

*7A: C1
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DMAP (60 mg; 492 plmole), and benzoyl chloride (56 pul; 482 plmole) were stirred in
CH2Cl2 (30 mL) for 0.5 hr. Water was added, the reaction stirred a further 5 min, the
reaction was diluted w/CH2Cl2, washed once w/5% citric acid, once w/sat. NaHCO3, once
w/water, and the sovent removed. Precipitated once from CH2Cl2/hexane. Obtained 92
mg, 92% of 158; mp 199-202 °C; l'H NMR (CDCl3): 8 -3.92 (s, 2H, 2x pyrrole N-H),
3.25 (m, 4H, 2x -CH2-), 3.50-3.56 (s, 12H, 4x ring -CH3), 3.65 (s, 6H, 2x -OCH3),
4.36 (m, 8H, 4x -CH2-), 5.03 (m, 4H, 2x -CH2-), 7.23 (m, 4H, 4x phenyl CH), 7.43
(m, 2H, 2x phenyl CH), 7.92 (m, 4H, 4x phenyl CH), 9.94, 10.00, 10.02, 10.06 (s, 4H,
4x meso-CH); 13C NMR (CDCl3): 8 11.63, 21.83, 26.10, 36.92, 51.73, 65.87, 96.25
96.81, 128.20, 129.59, 130.17, 132.86, 135-145, 166.81, 173.55; UV-vis (CHC13)
Xmax (e) 402 (152 000), 500 (10 100), 532 (6 000), 568 (3 500), 622 (1 700); MS
+LSIMS, for C50H50N4O8: [MH]* = 835.3; Anal. calcd for C50H50N4O8: C, 71.92; H,
6.04; N, 6.71. Found: C, 71.68; H, 6.16; N, 6.94.

2,4-Bis■ 2-(phenylcarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,3,5,8-te
tramethylporphyrin 159. 2,4-Bis■ 2-(phenylcarbonyloxy)ethyl]-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 158 (25 mg; 25 pmole) was treated as for
155. Obtained 22 mg; 92% of 159: mp dec >230 °C; IPH NMR (DMSO-dé): 8 -4.15 (s,
2H, 2x pyrrole N-H), 3.20 (m, 4H, 2x -CH2-), 3.56 (s, 12H, 4x ring -CH3), 4.32 (m,
4H, 2x -CH2-), 4.43 (m, 4H, 2x -CH2-), 5.04 (m, 4H, 2x -CH2-), 7.28 (m, 4H, 4x
phenyl CH), 7.50 (m, 2H, 2x phenyl CH), 7.82 (m, 4H, 4x phenyl CH), 10.10, 10.19,
10.24, 10.25 (s, 4H, 4x meso-CH), 12.27 (s, 2H, -CO2H); 13C NMR (DMSO-dé): 6
11.28, 21.29, 25.25, 36.78, 65.97, 96.98-97.21, 128.45, 128.97, 129.59, 133.17, 135
145, 165.88, 174.00; UV-vis (20% MeOH/CHCl3) Amax (e) 400 (160 000), 500 (12 800),
534 (10 300), 568 (8.410), 620 (4 660); MS +LSIMS, for C48H46N4O8: [MH]+ = 807.4;
Analysis is off in the carbon. Calcd for C48H46N4O8: C, 71.45; H, 5.75; N, 6.94. Found:
C, 70.22 (A = -1.23); H, 6.00; N, 6.81.

2,4-Bis■ 2-(phenylsulfonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,3,5,8-te
tramethylporphyrin 161. 2,4-Bis■ 2-(phenylsulfonyloxy)ethyl]-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 135 (34 mg; 38 pmole) was treated as for
155. Obtained 26 mg, 79% of 161: mp dec >150 °C; l'H NMR (CDCl3+CD3OD): 6
-4.15 (s, 2H, 2x pyrrole N-H), 3.26 (m, 4H, 2x -CH2-), 3.35-3.58 (s, 12H, 4x ring
-CH3), 4.25-4.31 (m, 8H, 4x -CH2-), 4.76 (m, 4H, 2x -CH2-), 6.58 (m, 6H, 6x phenyl
CH), 7.34 (m, 4H, 4x phenyl CH), 9.63, 9.78, 9.88, 10.09 (s, 4H, 4x meso-CH); 13C
NMR (CDCl3+CD3OD): 8 11.31, 21.57, 26.13, 36.79, 70.88, 96.09–96.77, 128.45,
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126.28, 128.29, 132.89, 134.8, 135-145, 175.62; UV-vis (20% MeOH/CHCl3) Amax (e)
400 (169 000), 500 (14.600), 534 (11 500), 570 (9 780), 622 (5900); MS +LSIMS, for
C46H46N4O 10S 2: [MH]* = 879.4; Analysis is off in the carbon. Calcd for
C46H46N4O10S2: C, 62.86; H, 5.27; N, 6.37. Found: C, 61.65 (A = -1.21); H, 5.54; N,
6.40.

2-(Carboranyl)acetyl Chloride 162. 2-(Carboranyl)acetic acid (2.3 gm; 15.8
mmole) and PC15 (3.48 gm; 16.6 mmole) were treated as for p-carboranylcarboxylic acid
chloride 150. Obtained 2.84 gm, 81% of 162. No direct characterization of this low
melting point material was attempted.

2,4-Bis(2-(carboranylmethylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 163. Isohematoporphyrin 5 (200 mg; 319
plmole) and 2-(carboranyl)acetyl chloride 162 (174 mg; 788 plmole) were stirred in
CH2Cl2 (25 mL) to which was added dropwise DMAP (96 mg; 787 pmole) in CH2Cl2 (5
mL). After 1.5 hr water was added, the reaction stirred a further 5 min, the reaction was
diluted w/CH2Cl2, washed once w/5% citric acid, once w/sat. NaHCO3, once w/water,
and the sovent removed. The crude porphyrin was subjected to silica gel flash
chromatography using a step gradient from 0 to 0.5% MeOH/CH2Cl2. Obtained 267 mg,
84% of 163: mp 96-99 °C; 1H NMR (CDCl3): 8 -3.95 (s, 2H, 2x pyrrole N-H), 3.06 (s,
4H, 2x carborane CH2), 1-3 (broad, 20H, 20x carborane BH), 3.28 (m, 4H, 2x -CH2-),
3.55-3.65 (s, 18H, 4x ring -CH3 and 2x -OCH3), 3.91 (s, 1H, 1x carborane CH), 4.01
(s, 1H, 1x carborane CH), 4.25-4.42 (m, 8H, 4x -CH2-), 4.83 (m, 4H, 2x -CH2-), 9.91,
9.95, 9.99, 10.06 (s, 4H, 4x meso-CH); 13C NMR (CDCl3). § 11.72, 21.81, 25.72,
36.87, 41.51, 51.75, 58.48, 66.59, 67.79, 96.28-97.13, 135-145, 167.37, 173.48; IR
(KBr, cm−1): BH stretch G. 2588.6, 2580.7, C=O stretch Q 1736.5; UV-vis (CHC13)
X max (e) 402 (219 000), 500 (19 500), 532 (13 300), 568 (9610), 622 (6 700); MS
+LSIMS, for C44H66B20N4O8: [M]* = 995.9; Anal. calcd for C44H66B20N4O8: C, 53.10;
H, 6.68; N, 5.63. Found: C, 52.91; H, 6.97; N, 5.65.

2,4-Bis■ 2-(nido-carboranylmethylcarbonyloxy)ethyl]-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 164. 2,4-Bis(2-(carboranylmeth
ylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin
163 (40 mg; 40 pmole) was dissolved in 50/50 pyridine/piperidine (2 mL). After 40 min
the solvent was removed, the residue redissolved in CH2Cl2, washed w/5% citric acid,
twice w/water, and the solvent removed. The crude porphyrin was subjected to silica gel
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preparative TLC developing w/15% MeOH/0.5% formic acid/CH2Cl2. Obtained 25 mg,
64% of 164: "H NMR (acetone-dé): 8 -2.3 (s, 2H, 2x pyrrole N-H), 0.5-3 (broad, 28H,
22x carborane BH and 2x carborane CH and 2x -CH2-), 3.31 (m, 4H, 2x -CH2-), 3.59
3.73 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.45 (m, 8H, 4x -CH2-), 4.86 (m, 4H, 2x
-CH2-), 10.18, 10.24, 10.27, 10.33 (s, 4H, 4x meso-CH); IR (KBr, cm−1): BH stretch
@ 2519, C=O stretch Q 1718; MS +LSIMS, for C44H68B18N4O8: [M-2H]+ =973.7 and
[M-2H+Na]+ = 996.7.

2,4-Bis■ 2-(carboranylmethylcarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,
3,5,8-tetramethylporphyrin 165. 2,4-Bis■ 2-(carboranylmethylcarbonyloxy)ethyl]-
6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 163 was hydrolyzed in
THF and 60/40 v/v conc HCl/water for 5 hr. Purified by preparative TLC developing with
16% MeOH/CHC13. IH NMR (CDCl3+CD3OD): 8 (pyrrole N-H not visible), 0.5-3
(broad, 20H, 20x carborane BH), 3.17 (d, 4H, 2x -CH2-), 3.28 (m, 4H, 2x -CH2-), 3.68
(s, 12H, 4x ring -CH3), 4.15 (2 s, 2H, 2x carborane CH), 4.43 (m, 8H, 4x -CH2-), 4.94
(m, 4H, 2x -CH2-), 10.10, 10.14, 10.26 (s, 4H, 4x meso-CH); IR (KBr, cm−1): BH
stretch G) 2590, C-O stretch G 1740, 1736; MS +LSIMS, for C42H62B20N4O8: [M]* =
967.9

2,4-Bis■ 2-(meta-carboranylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbon
yl)ethyl]-1,3,5,8-tetramethylporphyrin 166. To isohematoporphyrin 5 (388 mg;
619 plmole) suspended CH2Cl2 (100 mL) was added simultaneously dropwise a solution
of m-carboranylcarboxylic acid chloride 149 (750 mg; 3.63 mmole) in CH2Cl2 (25 mL)
and a solution of DMAP (444 mg; 3.63 mmole) in CH2Cl2 (25 mL). After 1.5 hr water
was added, the reaction stirred a further 10 min, the reaction was diluted w/CH2Cl2,
washed once w/5% citric acid, once w/sat. NaHCO3, once w/water, and the sovent
removed. The crude porphyrin was subjected to silica gel flash chromatography using a
step gradient from 0, 0.10, to 0.15% MeOH/CH2Cl2. Obtained 515 mg, 86% of 166: mp
260-262 °C; l'H NMR (CDCl3): 8 -3.91 (s, 2H, 2x pyrrole N-H), 1-3 (broad, 20H, 20x
carborane BH), 2.81 (s, 4H, 2x carborane CH), 3.27 (m, 4H, 2x -CH2-), 3.54-3.65 (s,
18H, 4x ring -CH3 and 2x -OCH3), 4.28 (m, 4H, 2x -CH2-), 4.38 (m, 4H, 2x -CH2-),
4.86 (m, 4H, 2x -CH2-), 9.92, 9.97, 9.98, 10.05 (s, 4H, 4x meso -CH); 13C NMR
(CDCl3): 6 11.73, 21.84, 25.55, 36.90, 51.74, 54.63, 68.40, 72.26, 96.53-96.98, 133
145, 162,07, 173.52; UV-vis (CHCl3) Amax (e) 402 (156 000), 500 (12 900), 534 (9
120), 568 (7090), 622 (4690); MS +LSIMS, for C42H62B20N4O8: [M]+ = 967.7; Anal.

206



calcd for C42H62B20N4O8: C, 52.16; H, 6.46; N, 5.79. Found: C, 51.84; H, 6.57; N,
5.87.

2,4-Bis■ 2-(nido-meta-carboranylcarbonyloxy)ethyl]-6,7-bis(2-(methoxycar
bonyl)ethyl]-1,3,5,8-tetramethylporphyrin 167. 2,4-Bis(2-(meta-carboranylcar
bonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 166 (50
mg, 52 plmole) was converted to the nido porphyrin using piperidine/pyridine overnight.
Virtually quantitative yield of 167: mp dec-200 °C; ■ h NMR (acetone-d6): 8-2.6, -3.7 (s,
2H, 2x pyrrole N-H), 0.2-3 (broad, 24H, 22x carborane BH and 2x carborane CH), 3.29
(m, 4H, 2x -CH2-), 3.54-3.86 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.48 (m, 4H, 2x
-CH2-), 4.61 (m, 8H, 4x -CH2-), 11.30-11.50 (s, 4H, 4x meso -CH); 13C NMR
(acetone-dé): 8 12.26-12.67, 22.25, 25.26, 32.80, 36.12, 49.58, 51.96, 65.33-65.69,
100.68-101.30, 140-145, 173.36, 174.57; UV-vis (10% MeOH/CHCl3) Amax (e) 400
(215 000), 552 (12 600), 598 (4.320); MS -LSIMS, for C42H64B 18N4O8: [M-H] =
946.6; Anal. calcd for C42H64B18N4O8°2H2O: C, 51.29; H, 6.97; N, 5.70. Found: C,
51.33; H, 7.15; N, 5.52.

2,4-Bis(2-(meta-carboranylcarbonyloxy)ethyl]-6,7-bis(2-carboxyethyl]-1,
3,5,8-tetramethylporphyrin 168. 2,4-Bis■ 2-(meta-carboranylcarbonyloxy)ethyl]-
6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 166 (40 mg; 41 plmole)
was treated as for 155. Obtained 33 mg; 85% of 168: mp dec >295 °C; l'H NMR
(DMSO-dé): 8 -4.18 (s, 2H, 2x pyrrole N-H), 0.8-3 (broad, 20H, 20x carborane BH),
3.19 (m, 4H, 2x -CH2-), 3.52-3.63 (s, 12H, 4x ring -CH3), 3.96 (s, 4H, 2x carborane
CH), 4.34 (m, 8H, 4x -CH2-), 4.93 (m, 4H, 2x -CH2-), 10.06, 10.08, 10.11, 10.25 (s,
4H, 4x meso-CH), 12.3 (s, 2H, -OH); UV-vis (10% MeOH/CHCl3) Amax (e) 400 (172
000), 500 (9 900), 534 (5 300), 568 (2 070), 620 (640); MS +LSIMS, for
C40H58B20N4O8: [M]* = 939.6; Anal. calcd for C40H58B20N4O8: C, 51.16; H, 6.22; N,
5.97. Found: C, 50.82; H, 6.33; N, 5.87.

2,4-Bis(2-(nido-meta-carboranylcarbonyloxy)ethyl]-6,7-bis(2-carboxyeth
yl]-1,3,5,8-tetramethylporphyrin 169. 2,4-Bis■ 2-(meta-carboranylcarbonyl
oxy)ethyl]-6,7-bis(2-carboxyethyl]-1,3,5,8-tetramethylporphyrin 168 (26 mg; 28 pmole)
was treated with piperidine/pyridine overnight. Solvent was removed and the residue
redissolved in ethyl acetate, washed twice w/5% citric acid, twice w/water, and the solvent
removed. The porphyrin was subjected to silica gel preparative TLC developing w/15%
MeOH/0.5% formic acid/CH2Cl2. Obtained 7 mg, 27% of 169: I H NMR
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(CDCl3+CD3OD): 8 -2.75 (s, 2H, 2x pyrrole N-H), 0.8-2.5 (broad, 24H, 22x carborane
BH and 2x carborane CH), 3.27 (m, 4H, 2x -CH2-), 3.78-3.84 (s, 12H, 4x ring -CH3),
4.45-4.56 (m, 12H, 6x -CH2-), 10.81 (s, 4H, 4x meso -CH), 11.4 (s, 2H, -OH); IR
(KBr, cm−1): BH stretch @ 2542, C=O stretch Q 1686, 1655, + others.

2,4-Bis■ 2-(N-carboranylaminocarbonyloxy)ethyl]-6,7-bis(2-(methoxycar
bonyl)ethyl]-1,3,5,8-tetramethylporphyrin 170. Carboranylcarboxylic acid
chloride 48 (255 mg; 1.23 mmole), trimethylsilyl azide (250 pull; 1.88 mmole) and dry
toluene (20 mL) were refluxed for 5 hr at which time more trimethylsilyl azide (250 pul;
1.88 mmole) was added and reflux continued for another 1 hr. Isohematoporphyrin 5 (145
mg, 231 pumole) was added and reflux was continued 20 hr. The solvent was removed, the
residue redissolved in CH2Cl2, washed once w/sat NaHCO3, once w/water, and the
solvent removed. The porphyrin was purified on silica gel flash chromatography in a step
gradient from 0, 0.1, 0.15, to 0.2% MeOH/CH2Cl2. Obtained 151 mg, 66% of 170:1 H
NMR (CDCl3+CD3OD): 6 (pyrrole N-H not visible), 0.5-3 (broad, 20H, 20x carborane
BH) 2.42 (s, 2H, 2x carborane CH), 3.25 (m, 4H, 2x -CH2-), 3.35-3.64 (s, 18H, 4x ring
-CH3 and 2x -OCH3), 4.08 (m, 4H, 2x -CH2-), 4.29 (m, 4H, 2x -CH2-), 4.69 (m, 4H,
2x -CH2-), 7.25 and 7.4 (s, 2H, carbamate NH), 9.65, 9.76, 9.78, 9.91 (s, 4H, 4x meso
-CH); IR (KBr, cm-1): BH stretch @ 2582; 13C NMR (CDCl3+CD3OD): 8 11.34, 21.58,
25.86, 36.72, 51.73, 61.62, 65.86, 79.16, 96.26–96.75, 135-145, 153.03, 153.17,
173.68; MS +LSIMS, for C42H64B 20 NGO 8: [MH]* = 998.9; Anal. calcd for
C42H64B20N6O8: C, 50.59; H, 6.47; N, 8.43. Found: C, 50.50; H, 6.85; N, 8.04.

2,4-Bis■ 2-(N-nido-carboranylaminocarbonyloxy)ethyl]-6,7-bis(2-(meth
oxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 171. 2,4-Bis(2-(N-carbor
anylaminocarbonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylpor
phyrin 170 (25 mg; 25 plmole) was treated with piperidine/pyridine 80 min and then
worked up as usual. Subjected to silica gel preparative TLC developing w/20%
MeOH/0.5% formic acid/CHC13. Obtained 23 mg, 94% of 171: 1 H NMR
(CDCl3+CD3OD): 6-2.4 (s, 2H, 2x pyrrole N-H), 0.5-3 (broad, 24H, 22x carborane BH
and 2x carborane CH), 3.27 (m, 4H, 2x -CH2-), 3.38-3.63 (s, 18H, 4x ring -CH3 and 2x
-OCH3), 4.30-4.7 (m, 14H, 6x -CH2- and 2x carbamate NH), 10.0-10.14 (s, 4H, 4x
meso-CH); MS-LSIMS, for C42H66B 18N6O8: [M-H] = 977.0 and doubly charged [M-
2H]-2 = 488.0.
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2,4-Bis■ 2-(hydroxysulfonyloxy)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin 172. Isohematoporphyrin 5 (50 mg, 72 plmole) and
SO3°pyridine (202 mg, 1.27 mmole) were stirred together in dry DMF (5 mL) for 25 min at
which time water was added. Solvent was removed and the crude mixture subjected to
flash column chromatography on a C-18 support (Baker) using 20% CH3CN/0.5%
TFA/water. The front running fraction was discarded. The main band was collected and
lyophylized to give 21 mg, 37% of 172: "H NMR (DMSO-dé) showed no pyridine peaks.
However, a better spectrum was obtained in (pyridine-ds): 8 (pyrrole NH not visible), 3.49
(m, 4H, 2x -CH2-), 3.60–3.68 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.59 (m, 12H, 6x
-CH2-), 10.28-10.74 (s, 4H, 4x meso-CH); MS-LSIMS, for C36H42N4O12S2: [M-H] =
785.2 and [M-2H4-Na] = 807.2, also see [M-SO3H] = 705.2.

2,4-Bis■ 2-(acetylmercapto)ethyl]-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,
8-tetramethylporphyrin 173. 2,4-Bis■ (2-methylsulfonyloxy)ethyl]-6,7-bis(2-(meth
oxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 137 (80 mg; 102 pmole) and potassium
thioacetate (25 mg; 219 pumole) were dissolved in DMF and stirred overnight. The solution
was diluted w/CH2Cl2, washed twice w/water, and the solvent removed. The crude
mixture was subjected to silica gel flash chromatography eluting with 0.25%
MeOH/CH2Cl2. Obtained 23 mg, 30% of 173: "H NMR (CDCl3): 8 -3.85 (s, 2H, 2x
pyrrole N-H), 2.50 (s, 6H, 2x -CH3), 3.27 (m, 4H, 2x -CH2-), 3.59-3.69 (s, 22H, 4x
ring -CH3 and 2x -OCH3 and 2x -CH2S-), 4.24 (m, 4H, 2x -CH2-), 4.41 (m, 4H, 2x
-CH2-), 10.01, 10.04, 10.21, 10.24 (s, 4H, 4x meso -CH); MS +LSIMS, for
C40H46N4O6S2: [MH]* = 743.3.

2-(2-Acetoxyethyl)-4-(2-hydroxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-
1,3,5,8-tetramethylporphyrin and 2-(2-Hydroxyethyl)-4-(2-acetoxyethyl)-
6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 175.
Isohematoporphyrin 5 (200 mg; 319 pmole) and a small amount of DMAP were heated in
dry DMF (25 mL) until all the porphyrin was dissolved. The solution was cooled and
pyridine (100 pull; 1.24 mmole) and acetyl chloride (23 mL; 323 plmole) were added. At 2
hr 20 min added more acetyl chloride (23 mL; 323 plmole). Repeated addition after another
1.5 hr. After another 1.5 hr added more pyridine (150 pul; 1.86 mmole) and freshly
distilled acetyl chloride (23 mL; 323 plmole) and continued stirring overnight. Water was
added, the solvent removed, the reaction diluted w/CH2Cl2, washed twice w/water, and the
sovent removed. The crude porphyrin was subjected to silica gel flash chromatography
eluting with MeOH/CH2Cl2. Obtained 79 mg, 37% of the monosubstituted isomers 175:
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1H NMR (CDCl3): 8 -3.85 (s, 2H, 2x pyrrole N-H), 2.1 (s, 3H, 1x -CH3), 3.27 (m, 4H,
2x -CH2-), 3.6–3.7 (s, 18H, 4x ring -CH3 and 2x -OCH3), 4.4 (m, 10H, 5x -CH2-), 4.9
(m, 2H, 1x -CH2-), 10.1-10.2 (s, 4H, 4x meso -CH); MS +LSIMS, for C38H44N4O7:
[MH]+ = 6694.

2-(2-Acetoxyethyl)-4-(2-carboranylcarbonyloxyethyl)-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin and 2-(2-Carboranylcarbon
yloxyethyl)-4-(2-acetoxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-
tetramethylporphyrin 176. To the mixed isomers of 2-(2-acetoxyethyl)-4-(2-
hydroxyethyl)-6,7-bis(2-(methoxycarbonylethyl]-1,3,5,8-tetramethylporphyrin and 2-(2-
hydroxyethyl)-4-(2-acetoxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethyl
porphyrin 175 (70 mg; 105 pmole) and DMAP (21 mg; 172 pmole) suspended in CH2Cl2
(15 mL) was added dropwise a solution of carboranecarboxylic acid chloride 48 (37 mg;
179 pumole). [Addition order should have been reversed for best results). After 15 min the
crude mixture was loaded directly onto a silica gel flash chrom. column eluting with
CH2Cl2. Obtained 84 mg, 95% of 176: "H NMR (CDCl3): 8 -3.79 (s, 2H, 2x pyrrole
NH), 0.5-3 (broad, 10H, 10x carborane BH), 2.07 (s, 3H, 1x -CH3), 3.29 (m, 4H, 2x
-CH2-), 3.62-3.66 (s, 18H, 4x ring -CH3 and 2x -OCH3), 3.89 (s, 1H, 1x carborane
CH), 4.40 (m, 8H, 4x -CH2-), 4.88 (m, 2H, 1x -CH2-), 5.01 (m, 2H, 1x -CH2-), 10.01
10.2 (s, 4H, 4x meso-CH); MS +LSIMS, for C41H54B10N4O8: [M]* = 839.4.

2-(2-Acetoxyethyl)-4-(2-nido-carboranylcarbonyloxyethyl)-6,7-bis(2-
(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylporphyrin and 2-(2-nido
Carboranylcarbonyloxyethyl)-4-(2-acetoxyethyl)-6,7-bis(2-(methoxycar
bonyl)ethyl]-1,3,5,8-tetramethylporphyrin 177. 2-(2-Acetoxyethyl)-4-(2-
carboranylcarbonyloxyethyl)-6,7-bis(2-(methoxycarbonyl)ethyl]-1,3,5,8-tetramethylpor
phyrin and 2-(2-carboranylcarbonyloxyethyl)-4-(2-acetoxyethyl)-6,7-bis(2-(methoxy
carbonyl)ethyl]-1,3,5,8-tetramethylporphyrin 176 (25 mg; 30 pmole) were treated with
piperidine/pyridine 0.5 hr and worked up as usual. Obtained 21 mg, 85% of mixed
isomers 177: "H NMR (CDCl3): 8 -4.3 and 3.6 (s, 2H, 2x pyrrole N-H), 0.5-3 (broad,
12H, 1 1x carborane BH and 1x carborane CH), 1.75 (s, 3H, 1x -CH3), 3.12 (m, 4H, 2x
-CH2-), 3.41-3.58 (s, 18H, 4x ring -CH3 and 2x -OCH3), 3.8 (m, 4H, 2x -CH2-), 4.27
(m, 6H, 3x -CH2-), 4.56 (m, 2H, 1x -CH2-), 10.02, 10.08, 10.16, 10.27, 10.35, 10.50
(s, 4H, 4x meso-CH); IR (KBr, cm−1): BH stretch Q 2525, C=O stretch Q 1736, 1702,
1686; MS +LSIMS, for C41H55B9N4O8: [M-H]+ = 828.4.
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1-(Methoxycarbonyl)-nido-carborane potassium salt 179. 1-(Methoxycar
bonyl)carborane 113 was dissolved in 50/50 acetone/water and stirred overnight with
Dowez cation exchange resin in the potassium form. The resin was filtered, washed
through with 50/50 acetone/water, the filtrate volume reduced and then lyophylized.
Obtained 180: "H NMR (CDCl3): 60.5-3.5 (broad, 10H, 10x carborane BH), 2.8 (s, 1H,
carborane CH), 3.85 (s, 3H, -OCH3); IR (KBr, cm-1): BH stretch G. 2539, C=O stretch
@ 1702; MS -electrospray, for C4H14B9KO2: [M-K] = 191.3.

O-carboranylcarbonyl-N-(t-butyloxycarbonyl)ethanolamine 180. Carbor
anecarboxylic acid chloride 48 (186 mg; 900 pmole) dissolved in CH2Cl2 (5 mL) and
DMAP (110 mg; 900 pmole) in CH2Cl2 (5 mL) were added dropwise to a solution of N-(t-
butyloxycarbonyl)ethanolamine (~113-130 mg). After 2.25 hr water was added, the
solution diluted w/CH2Cl2, washed once w/5% citric acid, once w/water, and the solvent
removed. The organic layer was dried over MgSO4, filtered, and the solvent removed.
The crude material was subjected to silica gel flash chromatography eluting with CH2Cl2.
Obtained 250 mg, 84% of 181 based on acid chloride as a colorless oil: "H NMR (CDCl3):
6 1-3.5 (broad, 10H, 10x carborane BH), 1.45 (s, 9H, 3x -CH3), 3.43 (m, 2H, -CH2-),
4.18 (s, 1H, carborane CH), 4.26 (m, 2H, -CH2-), 4.74 (s, 1H, carbamate NH); 13C
NMR (CDCl3): 8 28.30, 39.00, 57.13, 67.68, 68.64, 80.05, 155.73, 160.90.

O-nido-carboranylcarbonyl-N-(t-butyloxycarbonyl)ethanolamine 180a. O
carboranylcarbonyl-N-(t-butyloxycarbonyl)ethanolamine 180 was subjected to in situ
conversion to 180a using wet DMSO and then assayed against the protease. This
compound was not directly characterized.

O-(nido-carboranylcarbonyl)ethanolamine 181. Some O-carboranylcarbonyl-N-(t-
butyloxycarbonyl)ethanolamine 180 was dissolved in MeOH and 0.1N HCl was added.
After 1.5 hr TLC showed very little change so several drops of conc HCl were added and
stirring continued overnight. The material was lyophylized to obtain 182: "H NMR
(CD3OD): 60.5-3 (broad, 10H, 11x carborane BH), 2.43 (s, 1H, carborane CH), 3.24
(m, 2H, -CH2-), 4.23 (m, 2H, -CH2-); 13C NMR (CD3OD) several resonances obscured
by solvent: 639.61, 62.41, 174.36.

2-[2-(Carboranylcarbonyloxy)ethyl]indole 182. To tryptophol (50 mg; 310
pumole) in CH2Cl2 (15 mL) was added simultaneously dropwise a solution of
carboranylcarboxylic acid chloride 48 (80 mg; 387 plmole) in CH2Cl2 (5 mL) and a
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solution of DMAP (46 mg; 377 plmole) in CH2Cl2 (5 mL). After 2 hr water was added,
the solution diluted w/CH2Cl2, washed twice w/water, and the solvent removed. The
crude material was subjected to silica gel preparative TLC developing w/60%
CH2Cl2/hexane. Obtained 79 mg, 77% of 183: "H NMR (CDCl3): 61-3.5 (broad, 10H,
10x carborane BH), 3.11 (t, 2H, -CH2-), 3.96 (s, 1H, carborane CH), 4.46 (t, 2H, -CH2
), 6.99 (s, 1H, aromatic CH), 7.20 (m, 2H, 2x aromatic CH), 7.34 (d, 1H, aromatic CH),
7.56 (d, 1H, aromatic CH), 7.98 (s, 1H, aromatic NH); 13C NMR (CDCl3): 8 24.31,
56.98, 68.50, 68.95, 110.53, 111.31, 1 18.33, 119.65, 122.35, 122.40, 127.04, 136.12,
160.95; IR (KBr, cm−1): BH stretch G. 2623, 2614, 2579, C-O stretch Q 1732; HRMS
(EI): obsd mass 331.2576, calcd mass for C13H2110B211B3NO2: 331.2575, fragment
obsd mass 143.0721, calc fragment mass for C10H9N: 143.0735.

2-[2-nido-(Carboranylcarbonyloxy)ethyl]indole 183. Piperidine/pyridine
treatment of 2-[2-(carboranylcarbonyloxy)ethyl]indole 182 failed to yield a single
compound. Instead, 183 was generated in situ by dissolving the closo-carborane 183 in
wet DMSO followed by testing in the protease assay. This appeared to generate a single
compound as judged by TLC which was not further characterized.

Racemic [1,2-Bis(carboranylcarbonyloxy)ethyl]benzene 184. To (1,2-
dihydroxyethyl)benzene (60 mg; 434 plmole) in CH2Cl2 (15 mL) was added
simultaneously dropwise a solution of carboranecarboxylic acid chloride 48 (221 mg, 1.07
mmole) in CH2Cl2 (6 mL) and a solution of DMAP (130 mg, 1.07 mmole) in CH2Cl2 (6
mL). After 2.25 hr water was added, the solution diluted w/CH2Cl2, washed w/5% citric
acid, twice w/water, and the solvent removed. The crude material was subjected to silica
gel flash chromatography eluting with 50/50 CH2Cl2/hexane. Obtained 68 mg, 33% of
185: !H NMR (CDCl3): 61-3.5 (broad, 20H, 20x carborane BH), 4.04 (s, 2H, 2x
carborane CH), 4.47 (d of d, 2H, -CH2-), 6.02 (t, 1H, -CH), 7.31 (m, 2H, 2x aromatic
CH), 7.41 (m, 3H, 3x aromatic CH); 13C NMR (CDCl3): 656.92, 68.11, 68.35, 68.70,
76.94, 126.20, 129.25, 129.91, 133.02, 160.32, 160.84; HRMS (EI): Molecular ion too
week for exact data. Obsd fragment mass 290.2307, calcd mass for C11H1810B2"B8O2:
290.2310; Anal. calcd for C14H30B2004: C, 35.14; H, 6.32; N, 0.00. Found: C, 34.79;
H, 6.45; N, <0.2.

(S)-[1,2-Bis(carboranylcarbonyloxy)ethyl]benzene 184a. (S)-(1,2-dihydroxy
ethyl)benzene was treated as for 184. Obtained 195 mg, 94% of 184a: "H NMR
(CDCl3): 61-3.5 (broad, 20H, 20x carborane BH), 4.04 (s, 2H, 2x carborane CH), 4.48
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(d of d, 2H, -CH2-), 6.02 (t, 1H, -CH), 7.29 (m, 2H, 2x aromatic CH), 7.41 (m, 3H, 3x
aromatic CH); 13C NMR (CDCl3): 656.98, 68.17, 68.41, 68.75, 77.00, 126.26, 129.31,
129.96, 133.09, 160.38, 160.90.

(R)-[1,2-Bis(carboranylcarbonyloxy)ethyl]benzene 184b. To (R)-(1,2-
dihydroxyethyl)benzene was treated as for 184. Obtained 201 mg, 97% of 184b: "H
NMR (CDCl3): 61-3.5 (broad, 20H, 20x carborane BH), 4.04 (s, 2H, 2x carborane CH),
4.47 (d of d, 2H, -CH2-), 6.02 (t, 1H, -CH), 7.30 (m, 2H, 2x aromatic CH), 7.41 (m,
3H, 3x aromatic CH); 13C NMR (CDCl3): 8 56.98, 68.17, 68.41, 68.75, 77.00, 126.26,
129.30, 129.96, 133.10, 160.39, 160.90.

Racemic [1,2-Bis(nido-carboranylcarbonyloxy)ethyl]benzene 185. This
compound was generated in situ by dissolving 184 in wet DMSO and then testing in the
assay. The compound was not directly characterized.

(S)-[1,2-Bis(nido-carboranylcarbonyloxy)ethyl]benzene 185a. This

compound was generated in situ by dissolving 184a in wet DMSO and then testing in the
assay. The compound was not directly characterized.

(R)-[1,2-Bis(nido-carboranylcarbonyloxy)ethyl]benzene 185b. This

compound was generated in situ by dissolving 184b in wet DMSO and then testing in the
assay. The compound was not directly characterized.

1-Phenyl-2-(carboranylcarbonyloxy)ethane 186. To 1-phenyl-2-hydroxyethane
75 pul; 628 pumole) in CH2Cl2 (15 mL) was added simultaneously dropwise a solution of
carboranylcarboxylic acid chloride 48 (169 mg; 818 plmole) in CH2Cl2 (5 mL) and a
solution of DMAP (100 mg; 820 plmole) in CH2Cl2 (5 mL). After 2.5 hr water was
added, the solution diluted w/CH2Cl2, washed w/5% citric acid, twice w/water, and the
solvent removed. The crude material was subjected to silica gel flash chromatography
eluting with CH2Cl2. Obtained 185 mg, 100% of 186: I H NMR (CDCl3): 61-3.5
(broad, 10H, 10x carborane BH), 2.97 (t, 2H, -CH2-), 3.98 (s, 1H, carborane CH), 4.43
(t, 2H, -CH2-), 7.19 (m, 2H, 2x aromatic CH), 7.30 (m, 3H, 3x aromatic CH); 13C NMR
two resonances not resolved (CDCl3): 634.66, 56.88, 68.89, 127.03, 128.70, 129.96,
136.31, 160.91.
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1-Phenyl-2-(nido-carboranylcarbonyloxy)ethane 186a. This compound was
generated in situ by dissolving 186 in wet DMSO and then testing in the assay. The
compound was not directly characterized.

4-Carboranyl-3-butenoxide 212. 4-Carboranyl-3-butene 25 (95 mg; 450 plmole)
and m-chloroperbenzoic acid (80-90% technical grade, 114 mg; 540-580 pumole) were
dissolved in CH2Cl2 and stirred four days. Solvent was removed and the residue was
redissolved in Et2O and washed once w/10% sodium sulfite, once w/H2O, twice w/sat.
Na2CO3, once w/H2O, once w/sat. NaCl, and then dried brifly over MgSO4. The solvent
was filtered and removed and the residue subjected to silica gel flash chromatography in a
step gradient from 0, 20, to 50% CH2Cl2/hexane. Obtained 71 mg, 69% of 212: "H
NMR (CDCl3): 6 1.5-3.5 (broad, 10H, carborane BH), 1.53 (m, 2H, CH2), 1.93 (m, 2H,
CH2), 2.3–2.6 (m, 2H, oxiranyl CH2), 2.7–2.9 (m, 1H, oxiranyl CH), 3.63 (s, 1H,
carborane CH); 13C NMR APT (CDCl3): 631.94 (methylene), 34.48 (methylene), 46.87
(oxiranyl CH2), 50.58 (oxiranyl CH), 61.40 (carborane CH), 74.21 (carborane quat.);
HRMS (EI): obsd mass 213.2281, calcd mass for C6H1810B211B3O: 213.2283. T
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Appendix A: Tables of Reactions.

Table A-1: Reactions of Mercurated Porphyrins with Alkenes.

Table A-2: Reactions of Halogenated Porphyrins with Alkenes.

Table A-3: Reactions of Halogenated Porphyrins with Stannanes.
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TableA-1:Reactions
of
mercuratedporphyrinswithalkenes.

scale

Rxn}||M2
|

Hgx3(umole)alkene"catalystsolventtemp.base*workup”yieldandcomment 1-30
||
Zn
|

OAC18025,10xP■ (OAc)2,2.5xacetone/DMSO
r.t.noneon6a,e,f0%.Mostly10a. 1-36

|
Cu
|*875*,7.7x*,1.1.xAcOH/CHCl3

ararzza,e,gzzarar 1–39az
I
ºr230
||
24,3.5xº”

AcOH/CHCl3/
zzarzza,e,farzzzz

MeOH

1-42zziºz875*,2.7xzz”

acetone/CHCl3
zzzzara,e,fararar 1-47ºriºr94*,3.4xºzz

acetone■ cH.C.
zz
Et3N,2.5x
|*efzzzzzz 1-48aniºr96

||
23,20x*,2.7x
|

CH2Cl2
zzanºrarb,e,gºzzar 1-49Znar100anºrzzzzzzzzºrºrºr

b,e,b,gn.d."Acidsensitive. 1-62Cu
|*875zzºrarzzarzzºraarb,e0%.Acidsensitive. 1-99TIITMA7140

||
26,18x//”

CH2Cl2/CHC13
r.t.&|nonezzb,e,f13%.

reflux

1-123
ºfIC1via410*,100xLi2PdCl4,10x

DMF/CH3CN
50°Et3N,9x2hrb,e,b,c,
g
4%.Delayedchroma

22btographytoolong.

1-126zzzz410zzararararararar1hrb,i,e,f18%. 3-44Zn
|
Cl1200*,75x*,8xzz529,,,5.7x
|*
b,c,b,f<2%. 3–52*|OAC32*,23xPd(OAc)2,4.2x

|

CHCl3rt&Inone0.nb,cn.d.Examined
byTLC.

58°Much10a.

3–53aniºr9||
nonear”

CHCl3/EtOH
50°Et3NºN/An/aExamined
byTLC.

Productswhennoalkene?

3-54ar//926,167Xra*I
acetoner.t.Et3N,
5hrb,cn.d.Examined
byTLC.

fewdropsMuch10a.

3-55ºriºz9zzºr
Li2PdCl4,
5x
DMF/CH3CN
50°zz0.5hr|N/An.d.Examined
byTLC.

Muchless10a.

3-76*|Cl470
||
23,54xarzzzz56°Et3N,7.7x
1hr
b,c,c,b,fn.d.Manyproducts. 3–121

ºriºr94
||
27,99x*,11xzz
54-44°
ºrºr3hra,e,f38%.
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TableA-1continued:Reactions
of
mercuratedporphyrinswithalkenes.

al

Rxn#|
||
M2
|

Hgx3ºalkene"catalystsolventtemp.base■ ºworkup”yieldandcomment 3-124|Zn
|
Cl910|27,53xLi2PdCl4,11x
DMF/CH3CN
42°Et3N,7.7x
1hra,e,f0%.Unreacteds.m.seen. 3-137

ºrIºr93||28,116xzzzzar60°ºrºr1hrd,b,e,f45%. 3-138
ºfºf930awºararº
60-40°
zzºr2hrd,b,e,f32%.Bathcooled
alot. 4-42zziºz190

||
29,40xarzzzz58°awº1hrd,b,e,f18%. 4–54zziza930zz//ararzzr.tnoneO.In

c,d,b,c,h,fn.d.Purifiedwithrzn4–60. 4–60
|*|*8757-7,ar,

2.6x|THF/DMSO/
60°zz1hrd,b,e,f,j16%.Totaloftwo

CH3CNreactions.

4-105
|*|*87528,106xar*|

THF/DMF/
ar
Et3N,8.2x50minca,e0%.Delayedchroma

CH3CNtographytoolong.

4-109
|*|*930
||
26,116x//,11x
DMF/CH3CN
º*,
100x
|1hrda,e,fn.d. 5-126

|*|*93of,99xz—z
r/zz*,7.7x
|
70min|d,a,e,f,h21%.Addcatalystslower. 5-132

|*|*93ana
Pd(OAc)2,4.5xDMFarzz//1.5hr1a,e,f0%.Problemswithflash. 5-135

|*|*93zz//zzarararawº55min
|

d,a,e,f38%.Somedemetallation. 7-40
|*|*930*,80xLi2PdCl4,11x
DMF/CH3CN
50°awº1hra,e,f34%.Problemswithflash. 8-11zz

i
za9334,51xar,

2.6x|THF/DMSO/
arnone1.5hr1a,e,fn.d.[H]gavetwoproducts.

CH3CNNotfullycharacterized.

1)Refersto
notebookvolumeandpagenumber.

2)Centralmetalion. 3)
Mercurycounterion. 4)

Alkenes
as
numbered
infigure3.0andexcessused. 5)a=filterthroughcelitepad;b=filterthroughglassfiberfilter;

c=treatwithNaBH4;
d=treatwithH2S;
e=
extractivewash;
f=flashchromatography;
g=

prep.TLC;
h=

demetallationstep;
i=flowthroughsilicagelplug;j-
chromatatron.

6)on.=
overnight.

7)TMA=

trimethylacetate.
8)n.d.=notdetermined.
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TableA-2:Reactions
of
halogenatedporphyrinswithalkenes:
|

scalealkene.*katalystbasetxnco-catalysthosphine"
-

12v3
-y6-yst,pnosphine’,

8-Rxn+1
||
M4IX(Hmole)
|

excess
I

excesssolvent"
|

temp.excesstimeexcessexcessworkup”yieldandcomment -
-
- - 5–36a
||
ZnI29
||
30,45xADMF,100°Et3N
3hrInone

InOnen/aAlls.m.gone.Twomajor

100mM2.5xon.”products.

5–36barzzwararwº
CHCl3100°arzzraararOnlypartialtxn.

100mM

5–36c
|*|*aizazaºr
CH3CN
|
100°ararzzarar
Almostnorzn.S.m.has

100mMpoorsolubility.

5–38*|*|120ºf,11xA,0.3xDMF,100°ºf2hrmorecatalyst
zzarOnlypartialrzn.Much

240mM5.2x9dht2.5hrssolid.

5-47a
Iºfºf29*,45xA,0.6xDMF,95°KOAc
1hr
º2xara,b,c5-47a-d.Acetalhydrolysis

60mM3.1xO.m.to
aldehyde:TLC&MS.

5–47b
|*|*an
i
zazaarararzzzz

PunB.2xITPP,0.8xarSeeabove. 5-47c
|*|*zyizazaararar
K2CO3
|"
º2xinonezzSeeabove.

3x

5–47d
Iºfºfzy
izazaarararaar

|BuanBr,2xTPP,0.8xarSeeabove. 5-49a
|*|*zzanºrzzararnonear
Ag2CO3,4x*,1.2xad3fractionsexamined
byMS 5–49b

ararzzarzzarzzzzEt3Narºººn/aDiscarded.

2.2x

5–50a
|*|**28,80xzzarzznoneO.InarzzzzarNoproductbyTLC. 5–50b

|*|*aizazazzarar
KOAc
zz

|BuanBr,2x*,0.8xa,e,dMostly10a

4x

5–50c
Iºfºr*29,45xarararnonezz
Ag2CO3,4x*,1.6xn/aVerylittledesiredproduct

visiblebyTLC.

5–500
|*|*aniºzºrarzzzz
KOAc
ar
uáNBr,2x*,0.8xzzVerylittledesiredproduct

4xvisiblebyTLC.

5–52a
|*|**||30,11xzzzzr.t.NaHCO3
|".
º2x*,1.4xarOnlyslightreaction.

4.9x

5–52b
|*|*aizazazzarzzzzar

BugnBr,2xnonezzOnlyslightreaction. 5–52c
ºrIºf*||31,25xzzarzzararzzzzzzOnlyslightreaction.

22.5



TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

45.*---

l2Iv3scalealkene,atalyst
6

base,Txnco-catalyst,phosphine',
8- -

Rxn}}
||
M4IX|Imole)
|

excessexcesssolvent"
|

temp.excess
|
timeexcessexcessworkup”yieldandcomment 5–58a

|*|**|*,
100xzzarzzzz2.5hrBuaNCI,2.2x
|*zzOnlyslightreaction.

O.n

5-58b
ºfºf*||30,45xararzzarzzzzzzzzOnlyslightreaction. 5-61ºriºr*|*,3xA,0.2x

|*ar745minararar
Carefulw/additionorder.

O.m.Onlyslightreaction

5–70a
|*|*14ºf,3.3xA,0.6x
|*zznone
1hr
Ag2CO3,
4x[TTP,1.6xarOnlyslightreaction.

O.m.

5–70b
|*|**||31,7.3xzzarzz

NaHCO3
|"
u4NCl,2.1.xnonearOnlyslightreaction.

10x

5–73aarzzzzzzararzzararzzzzzzarOnlyslightreaction.

7.6x

5–73b
ºrºraniºzºrararzznonezz

Ag2CO3,4xarraOnlyslightreaction. 5–77a
ºrIºf*25,3.6xzzzzar
NaHCO3
|"|BuaNCI,2.3x
|*zzOnlyslightreaction.

7.6x

5–77b
ºrºr*|26,4.3xzzzzzzarzzararzzOnlyslightreaction. 5–77c

ºrIºr*|32,4.3x7zzzzarzzarzzzzOnlyslightreaction. 5–79a
|*|*29
||
30,45xararzznonear

Ag2CO3,4x[TPP,1.2xzz
Norzn. 5–79b

|*zzzzzzzzzzzz95°arararzzzzzz
Repeatof5-49. 5–83aºr*|**A,0.1xºrzzarar

Ag2CO3,3.8xºr,
0.2xzz
Addedporphyrinlast.Not

asgoodasw/morecatalyst.

5–86a
|*|**|**A,0.6x
|*zz
NaHCO3
|"
u4NCl,1.2x
Iºf,1.7xarOnlypartialrzn.

3.7x

5-86b
|*|*zziºzºrzzzzzznonear

Ag2CO3,4xnonezzOnlypartialrzn. 5–86C
Iºfºf*|**B,0.6xarzz
NaHCO3
|*
Fºci1.4xITPP,1.7xzzOnlypartialrzn.

3.7x

5–8632H
|*arararA,0.6xzzzzºzzzzararzzOnlypartialrxn. 5–88

||
Zn
|*27
|**zzzzzzEt3Nzz
Ag2CO3,4xnonezzOnlypartialrzn.

27x

5-92ºfºr29
|**arar120°
º0.5hrzzzzarNotbetterthan95°.
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TableA-2continued:Reactions
of
halogenatedporphyrinswithalkenes.

scale
45.base,Txin

- -
-

-

Rxn+1
|
M2|x3(|Imole)".ºsolventººlexcess
l

timeºº
-

workup”yieldandcomment 5-93a
Iºfºf

z-Tº-
zzar

95TTmone
4hrzzzzzz
Looksprettygood

O.m.

5-93b
|*|*aniºzºrzzzzzz

NaHCO3
|*|BuaNCl,1.4x
|*ar
Perhapswenttoolong.

4.1.xLooksOKthough.

5-94a
|*|**||30,,ar

HMPA
|
100°
|
none70minAg2CO3,
4xararNotbetterthanDMF.

60mM.3hr

5-94b
|*|*zzaºrzzNMParnoneararzzNotbetterthanDMF.

60mML

5-94c
Iºf//ar33,ºrarDMF
zºEt3Narzzzza,d,eLooksbetterthanw/out

-

60mM25xEt3N.

5-97a
ºfºf*|**A,1.2xzz95°zzarzzazzNotbetter.Mix5-97a-c. 5-97b

arararzzarA,0.6xzzzzEt3NzzzzzzarSeeabove.

50x

5-97cwºarararararararEt3NzzzzºzzSeeabove.

25x

5-100b
|
2H
|*arºraarzzarzz90minararn/a

Unmetallated
ismuch

2.5hrWorse.

5-100C
Iºfºf*|33,135xarDMFzzEt3Narzzzzzz

Higherdilution
is

20mM75xsomewhatworse.

5-1000
|*|**|33,45xC,0.6xDMFarEt3Nzzzzarzz

Change
in
catalyst

60mM25xsomewhatworse.

5-101a
|*|**|**A,0.6xzzzzzz70mininonearar

Looksaboutthesameas

3hrwithAgºCO3.

5-101b
|*|*aiºzºrzz

DMSO
|*arzz

Ag2CO3,4xararMuchworsethanDMF.

60mM

5–101c
|*|*zzizazaº

HMPA
|*ararzzzzarNotbetterthanDMF.

60mM

5–1010
|*|*ºriºzºrzzNMPzzarzzzzararNotbetterthanDMF.

60mM

5-110
|*|*176zzºrzzDMFzzar3.5hrszzar

a,e,f,b,a,53%of
coproporphyrin.

60mMd

5-137a
zzar15zzzzararzzar1&zzzzn/aGoesOK.

2hr
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

45.blin-7

||

\,2|v3scale
||

alkene,"katalyst
6aSc,rxnco-catalyst,phosphine',
8
.
...;

Rxn+1
||
M4IX(Hmole)
|

excessexcesssolvent"
|
temp.excess
|
timeexcessexcessworkup”yieldandcomment ---

---
5-137b
zzzzarzzzzzzarzzarzznonearºr

W/outAgnotasgood. 5-137c
|*|*zziºzºrzzz—65°zzzz

Ag2CO3,4xarar
Muchworsethanat95°C. 5-137d

IºrIºfºr
iºzºrzzarzzaarnonearar

Muchworsethanat95°C. 5-137e
|*|Brºriºzºrzzzz95°arzz

Ag2CO3,4xzzzzOnlyslightrzn. 5-137f.
IºfI*|**C,0.6x
I

toluene
|*zzarnonezzzz

LooksOK.

60mM

5-143a
|*|**|**A,0.6xDMFzzzzar

Ag2CO3,4xzzº
Comparew/5-143b
&143c.

60mM

5-143b
ararzzzzarzzzzararzz

Ag2CO3,2xarzzLessAgOK 5-143c
|*arzzarzzzzzzzzarzz

Ag2CO3,
1xzzzzEvenlessAgOK 5–143d

Iºf|**|**C,0.6xtoluene,95°zzarnonearar
LooksOK

60mM

5–143e
arBrarararzzzzararzzzzººNoapparentTxn. 5-149

|*|I229awºA,0.6xDMF
zzzz3hr
Ag2CO3,
1xara,e,a,
gAdd0.4xmorecatalyst
at3

60mM2dayshr.65%di-sub,27%mono

subst.,3%mixed.

5-150
|*|*176zzºrzzzzarar3.5hr

Ag2CO3,4xzz
a,b,c,gFlashwasbad. 6–25a
|*|*1525,ºrzzarzzzz5hr

Ag2CO3,
1xzzn/aOnlypartialrzn. 6–25b

|*arzz26,ºrarzzzzzzzzzzzzzzOnlypartialTxn. 6–25c
|*arar32,ºrzzºzzzzarararzzOnlypartialrzn. 6–25dzzzzzz31,ºrzzarzzzzzzzzzzzz

Multipleproducts. 6–50a
|*|**|26,50xA,0.9x
|

DMF919zz1.5&
AgzCO3,
zzzzOnlypartialrzn.

30mM2.5hr2.5.x

6-50b
|*|*aizazazzzzzzzz1.6hr

Ag2CO3,
4xarzzOnlypartialrzn. 6–50c

ºfºfºrIºrºrarar60°zz1.25hrararzz
Lowertemperaturebad. 6–62a

|*|*ºriºzºrarzz95°zz1.6hrzzzzzzNewAg,onlypartialrzn. 6–62b
|*|*ar33,37xzzarzzarzzzzarzzNotasgoodasseenbefore.
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

4-: *----:

6-104a
|

Culº
*||33,45xA,0.6xDMFzzar1&

Ag2CO3,2xzzzzOnlypartialrzn.Solubility

60mM2hrofcoppercomplex
ispoor.

6-104b
|
Zn
||
Br48||**arararzzar

Ag2CO3,6xara,e,gNorxn,recovered39a. 6-104c
|*|I1526,50xA,0.6x
I

toluene
|*zzarnonezzn/aOnlypartialrzn.

60mM

6-105a
|
Cu
|**|33,147xA,0.9xDMFarEt3N
3hrsAgºCO3,
4xarzz0.9xmorecatalyst
at2hrs.

2mM48xGoesmostoftheway.

6-105b
|*ararzzzzC,0.6x
I

toluene,
"ararnoneºzz0.4xmorecatalyst
at2.5

1
mMhrs.Onlypartialrzn.

6-105cZnBrar*,44xA,0.6x
|

DMFarEt3Nzz
Ag2CO3,2xzzºrNorxn.

17mm24x

6-105d
|*|**|*,
147xC,0.6x
I

toluene,
"Et3NarnonezzzzNorzn.

2mM48x

6-108
||7||Iaizaza.ar
toluene,
|*zz1&zzarra0.6xmorecatalyst
at3hr.

4mM2hrGoesmostoftheway.

6–112a
|*|*14ºf,40xA,0.6xDMFarEt3N
2hr
Ag2CO3,4xzzzz0.6xmorecatalyst
at70

30mM24xmin.OK

6-112b
|*|*anizaz/zzºfºarzzInOnezzzz0.6xmorecatalyst
at1hr.

Slightlyworsew/outAg.

6-115a
|*|*15ºf,147xC,0.6x
I

toluene,I’Et3N
1&zzTTP,1.3xzzNotcomplete.

4mm48x3hr

6–115b
|*|**|*,7.4xA,0.6x
|

DMFzzEt3Nar
Ag2CO32xnonear
Looksbetterthan6-115a.

30mM24x

6–115c
|*|**|*,44xzzDMFzzar1&ararar0.6xmorecatalyst
at0.5

60mM3.8hrhr.Lookstypical.

6–115d
Iºfºf*|26,200xzzzzzzar1&zzzzzz0.6xmorecatalyst
at0.5

3.5hrhr.Notasgoodasbefore.

6-121a
|*|**||33,22xzzDMFzzzz1&arzzzz

LooksOK.

30mM2hr

6-121b
|*|**|26,50xzzzzzzararºrzzzzDoesnotgowell. 6-121c

|*|*zz33,22xA.2xarzzarO.Inzzarzz
LooksOK
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TableA-2continued:Reactions
of
halogenatedporphyrinswithalkenes.

---

scale
I

alkene.*katalystbase,tºxinco-catalysthosphine?
1|
M2liv3
-

yst-1.
6 -

yst,phosphine’,
8
livialaanda

Rxn}}
1||
M4IX(Hmole)
|

excessexcesssolvent"
|

temp.excesstimecxcessexcessworkup”yieldandcomment 6-123
ºfºf*|**A,0.6xDMFzzar1&7–TTP,1.8xarOKbut

precipitation.

60mM18hr

6-140a
|*|**|*,44xarararar2hr
Ag2CO32xnonearOKbut
precipitation. 6-140b

|*|*/*|**ID,0.6x
|*arzzzzararzzOKbut

precipitation. 6-140C
|*|**|**C,0.6xtoluene
|*zzarInOnearzzNotasgoodas140a&b.

4mM

6-142a
|*|**|*,22xA,0.6x
|

DMFarara
Ag2CO32x[TTP,1.3xar
Looksgood.

60mM

6-142bararzz*,11xarzzararzzar//zzzz
Looksgood. 6-142c

|*|*ar*,5xzºarar//arararaniºz
Looksgood. 6-142d

ararar*,22xzzazarnoneararzzzzzzEt3Nnecessary. 6-142e
Iºf|*zzizaza//zzarEt3Nar
u4NCI,0.7x
|*zziºz
Looksgood.

24x

6-145a
|*|**||30,5xaarºarzz
Ag2CO3,2xarºriºz.Notgreat. 6-145b

ararzz23,zzzzarzzararararºzz
LooksOK. 6-145c

|*|*zaizazazzºzzzyar|BuaNCI,1xarºriºzNotascleanas145b. 6-145d
|*arar31,ºrarararararaarzzar
Terrible. 6–149a

|*|*ar26,50xzzararar1hr
Ag2CO3,2xaraniºr
Messy. 6–149barararararararar

DIEA*
ararararar
Messy

-

24x

6-149carzzarzzarararzz
NaHCO3
ararzzzzzz
Messy

-

16x

6-151a
|*|**||30,44xzzararEt3N
3hrºaraniºz
Multipleproducts.Trtd.w/

24xformicacid.Notgood.

6-151braaarzzararzzar
DIEA
zzzzarzzarMessy.

24x

6-151CzzzzzzaaraarzzN
aHCO3
arzzarararMessy

-

16x
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

45. --in27

||

\,2|v3scale
||

alkene,"katalyst
6

base,rxnco-catalyst,phosphine■ ,
8l;

Rxn}
1||
M4IX(Hmole)
|

excessexcesssolvent"
|

temp.excesstimeexcessexcessworkup”yieldandcomment 7-10zziºz11723,5xzzarzzEt3Narzzar”
a,h,b,c,TT1:.disubstituted.Unstable

-
24xtoTFA.

7-18A
Iºf|*1525,ºra/arzzra1.5hrarzz*In/aStillseesomes.m. 7-18b

zzar//zzararzzarDIEAararºararStillsccSOIncS.in.

24x

7-18Czzarzzzzararzzar
NaHCO3
arzzarararStillSeesonneS.in.

16x

7-18d
ºfºf*|34,ºrzzzzarEt3Narzzarºriºz.Lotsofs.m.left.

-24x

7–21*|*|117
||
23,,razzzzzz3hrarar”

a,h,b,g44%disubstituted. 7-27zzzzzzar//arzzarzzzzarzzar
,b,f,b,g[H]beforeflash. 7-48a

|*|*29Tº7A,II,T7arar3.5hr
Ag3CO3,
2xar,26xa,b,h,fb|Phosphineinterferesw/[H]. 7–48b

ararararraarzzzzarzz
Ag2CO3,4xzzzzra

Combinew/7-48a. 7-55ºriºzar23,ºr//ararzz3hr
Ag2CO3,2xnone|a,f,b[H]goesbutmoremono

substitutedproduct.

7–84a
|*|*15ºr,5.4xA,0.6x
|*arzzarºarn/aUsed40aviaHgIsalt.

Needsphosphine.

7–84b
ararar33,5.2xarzzzzzzarzzzzzzzz 7–84carzzzz30,arzzarzzzzzzararzzzz 7–86a

|*|**||23,5.4xzzararzz5hrzzTTP,1.3.xzzGoesOK. 7-86b
|*arar*,27xarzzararzzzznonear

NeedsphosphineMore

alkenealonenotsufficient.

7-99a
|*|**|*,5.4xzzºzzar2hrzzTTP,1.3xarGoesOK. 7-99b

|*|**|33,5.2xarararararararar.Iºr
Goesmostoftheway. 7–99c

IºrIºf*||30,,zzarzzzz3hrzzarazIºr
Multipleproducts. 7–990zzarar23,5.4xzzzzarar2hrnonearzzzzGoesOK. 7-102a

|*|**|34,5.0xarzzarDIEAzz
Ag2CO3,2xzz*a,d,fOverreduction?

19xf

23
1



TableA-2continued:Reactions
of
halogenatedporphyrinswithalkenes:

4-: -
-:

1|,42|v3scale
||

alkene,"catalyst
6

base,rxnco-catalyst,phosphine",
8l;Rxn}!
I
M4IX(Hmole)
|

excessexcesssolvent"
|
temp.excess
|
time_excessexcessworkup”yieldandcomment 7-102b

|*|*|*||25,,zzar
7–T-7

arzzzz”a.d.fOverreduction? 7-147
|*|*|117||34,1.3.xararzzEt3N
3hrzzzz*In/aNotenoughalkene.

-
24x

7-149
|*|*|590
||
23,10xararzzarararzz”a,b,h,f,g28%disubstitutedafter[H]. 7-151

|*|*|117
||
34,,zzarra
DIEA
ararar*In/aMuchmonosubstituted

-19xseen.

8–34aiºz15||33,5.2xzzzzzzEt3N2.6hrzzar-I-
Tested40aviaHgBr,OK.

24x

8-36ararzzarararararzzhrararzzzz
Tested40aviaHgbr.OK. 8-37a

Iºfrazz26,9.0xzzzz49°zz7.5&
Buncl.2.4x
Iºfzziºr
Verylittlereaction.

23hr

8-37b
|*|*ºrizazaarzzar

NaHCO3
|".zzzzzziºr
Morereactionthan8-37a.

10x

8-37Czzzzºzzzzºararºararºarzz
Mostlygoes. 8–370ararzzzzzzararzzEt3Narzzºzzzz

Worsew/addedAg.

24xAg2CO3,2x

8-37e
ºfºf*||33,17xzzarzzzzar

BuáNCI,24x
|*aniºr
Verylittlereaction. 8–39a

|*|**|26,9.0xzzarar
K2CO3
(1hrzzzzºriºr
Mostlygoes.

10x

8–39b
|*zzzzzzzzararzzºr&arzzzzzzar

AddingEt3Nbad.

Et3N,5x

8–39c
|*zzarzzararzzararzzzzarºriºz

AddingAgoCO3bad.

Ag2CO3,2×

8–39q
Iºfºfaraºrzzarzzzzar

BuáNCl,2.4x
Iºf,2.6x
|*
Mostlygoes. 8–39e

|*|*zz*,18xarzzarararzzar,1.3.x
Iºr
Morealkene,lessreaction. 8–39f

Iºfºfzz*,9.0xA,1.2xarararzzzzzz,2.6x
|*Nochange. 8-40azzzzarararA,0.6xzzzzar7.5hrzzzz-

1.3.xar
Mostlygoes.
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

scalealkene.*katalºbase,Txinco-catalysthosphine"
12|y|3

-y6yst,pnospnine’,
8-Rxn}|
||
M4IX(Hmole)
|

excessexcesssolvent"
|

temp.excesstimeexcessexcessworkup”yieldandcommen 8-40bzzzzarararzzar49°ar- arararzzzzNorxn,toomuchwater

H2O,20pul
precipitatess.m.

8–40c
ºfºf*|*,4.5xararzzarºr
Buncl.2.4x
Iºfºriºr
Mostlygoes. 8–400

|*|**|*,9.0xzzzzarzzzzBuaNCI,24xnonear
Muchpoorer. 8–41a

|*|*—z25,6.4xzzarzzar7hrzzP,1.3xarFairlycomplete. 8–41b
|*|**||31,5.4xzzzzzzar7.5hrarzzºriºz

Slow,Added
2pilwater

-
o.n.thenovernight.Goesmore.

8-41c
|*|**||23,5.4xararzzzzzzararºriºr

Slow,Added
2pilwater

thenovernight.Goesmore.

8-410
|*|**||33,5.2xarararzzzzarººriºr

Verylittlerzn.Added
2pul

water,thenovernight.

8–41e
|*|**|*ºrID,0.9x
Iºrzzzzzz|BuaNCl,2.4nonear

Mostlygoes.Added
2pil

water,thenovernight.

8–41
farBrzzzzzzzzzzarzzarzzarar

Norxn.Added
2|llwater

thenovernight.

8-41g
|*|**|**A,0.6xºzzazzzzTTP,1.3xzz

Norzn.Added
2pilwater

thenovernight.

8-42a
|*|I*||25,6.4xID,0.9x
|*ararzz
BugnCl,2.4inoneka,e,dNMRshowsmuch2,4-H,

&H2O7.4xmostly1-alkene.

8-42b
|*|**||31,5.4xararzzzzarzzzzHugeComplexproduct. 8-42c

|*|**||23,5.4xzzarzzzzararzz
|agedNMRshowsisomers. 8-42d

Iºf|*zz33,5.2xaraarºzzzzarn/aGoesverymuch. 8-42e
IºfBr*|**A,0.6x
|*zzzzzz|BuaNCI,24xITTP,1.3xzz

Norzn. 8–43a
IºfI*23,5.4xzzzz95°Et3N
4hr
Ag2CO3,2.2x
|**a.dPrepTLCbad.

24x

8–43b
|*|**|**ID,0.9x
|*ararzz

Ag2CO3,2.2xnonezzPrepTLCandNMR. 8-43c
|*|**|**A,0.6x
|*arzzzz
Tl2CO3,2.2x[TTP,1.3xarPrepTLCandNMR. 8–43d

IºfºfºriºzºrD.0.9x
|*zzarar

Tl2CO3,2.2xnonearPrepTLCandNMR.
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes:TTTTTTTTTTTTTTTT H=Hz==Hº-Hº
PrepTLCandNMR. 8–43f

IºfºfarzzºrD,0.9xzzararar
TIOAc,4.4xnonearPrepTLCandNMR. 8-43g
|*|**|**A,0.6x
|*arzẑnoneTTP,1.3xarPrepTLCandNMR. 8-43h

Iºf|*zzizaza,0.9x
|*zzarzzzznonearPrepTLCandNMR. 8-47a

Iºfºf*|**A,0.6x
|*125°ºr3hrTIOAc,4.4x.ITTP,1.3.xarPrepTLCandNMR. 8–47b

arararzzarzzzzar
KOAc
zzzzzzar-PrepTLCandNMR. 8–47c

ºfºf*||33,7.4xarzzzz#24x
|*nonezz*In/aGoesOK. 8–49a

|*|**30,5.2xzzzz95°zz4hr
Ag2CO3,2.2x
|*ºriºr
Mess. 8-49b

|*|**|**ID,0.9x
Iºrarzzar
Ag2CO3,2.2xnonezz
Mess. 8-49c

|*|**|**A,0.6x
|*ararzz
Tl2CO3,2.2x[TTP,1.3xar
Mess. 8-490

|*|**|**ID,0.9x
I/zzzzzz
Tl2CO3,2.2xnonear
Mess. 8–49e

|*|**|**A,0.6x
|*zzarar
TIOAc,4.4x.ITTP,1.3.xar
Mess. 8–49f

IºfºfzzzzºrD,0.9xzzzzzzzz
TIOAc,4.4xnonear
Mess. 8-49g|*
|**|**A,0.6x
|*zzzzzznoneTTP,1.3xar
Mess. 8–49h

arararraarD,0.9xzzarararzznonezz
Mess. 8–49i

Iºfºf*||235.4xA,0.6x
|*zzzzzz
Ag2CO3,2.2xITTP,1.3x|adPrepTLCandNMR. 8–53a

Iºfºfar25,6.4xzzzz50°K2CO3H,&
BuáNCI,24xDPPF,1.6xn/aGoes.

10x12hr&H2O7.4x

8–53b
ºfºrºrizaz/arararzzarzzPPP,1.6x
Iºr
Goesbetter. 8–53c

Iºfºfºriºzºrºarar
KHCO3
|*zz

DPPF,1.6xIz,Goesbetter. 8–53darararararzzararº:zzzz
DPPP,1.6xzzDoesnotgo. 8–53e

ºfºf*|26,18xararar
K2CO3
zzar
DPPF,1.6x
|*
Goessome. 8–53f

ºfºfaniºzºrzzarzz19.arzz
DPPP,1.6xarS.m.gonebutnoproduct.
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

H-T-TTF
base,
I
ran
I

co-catalyst,
I

phosphine"
-

1|
A42Iv3

-y6y
pnosp

-8-Rxn+1
||
M4IXumole)
|

excessexcesssolvent"
|
temp.excess
|
timeexcesscxcessworkup"yieldandcomment 8–53g

|*|**|33,5.2x
|*ararzzarº

DFFFTE-TA-TE
8–53hararararzzarzzzzararzz

DPPP,1.6xzz
Goes. 8-57aarararararararzzar3-5&arzzzzzzGoes

-

8hr

8-57bzzzzzz25 -6 -4XzzzzzzararzzarararGoes
-

8–57cararararzzarzzzzzzarra
DPPF,1.6xzzGoes. 8–57d//arararzzarzzzzzzzzzzTTP,1.3XarGoes. 8–57e

ºfºfrazzºrzzzzzz
KHCO3
arº
DPPP,1.6xzz
Doesn’tgo.

10x

8–57fzzzzzzarzzzzzzzzarzzar
DPPF,1.6xarGoes. 8-57garzzarararararzzzzarzzTTP,1.3.xra

Doesn'tgo. 8-60a
|*|*/aizazaarraar

NaHCO36.75hrzz
DPPP,1.6x
|*
Doesn'tgo.

20x

8-60b
zzzzzzzzarzzzzarzzzzzzPPF,1.6xarGoessomewhat. 8-60czzarzzarrazzararzzzzzzTTP,

1
.3xar
Doesn'tgo. 8-60.d

Iºf|*zziºzºrraarar
NaOAC-3
|*zz
|DPPP,1.6x
|*
Doesn'tgo.

H2O, 20x

8-60eararzzararararzzarzzar
|DPPF,1.6xzzGoessomewhat. 8–60fzzararzzarararzzarararTTP,1.3.xzz

Doesn'tgo. 8-60garzzarararzzarzz
KOAc
zzzz
DPPP,1.6xzzGoes.

20x

8–60hzzzzºzzzzzzzzzzzzzzzz
DPPF,1.6xzzGoes. 8–60izzarzzzzzzararzzzzarzzTTP,1.3xzz

Goes. 8–62a
|*|**|26,18xzzzzzz

K2CO3
(5hrzzPPP,1.6x
|*S.m.gone,butnodesired

10xproduct.

8-62b
arararzzzzararzzarzzzz
DPPF1.6xzzzz
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TableA-2continued:Reactions
of
halogenatedporphyrinswithalkenes.

4l.5.b-catalin27

l

2|y|3|scale
||

alkene,"catalyst
6aSc,rxnco-catalyst,phosphine’,
8
.

...;-

Rxn;
I
M4IX|imole)
|

excess
I

excesssolvent"
|

temp.excesstimeexcessexcessworkup”yieldandcomment 8–62carrazzzzarzzarararzzºTTP,1.3xzz
Goes. 8–62d

Iºfºfaizazaararzz
KHCO3
|".ar
DPPP,1.6x
|*
Mostlygoes.

10x

8–62ezzararzzzzzzzzarzzzzar
DPPF,1.6xzz
Mostlygoes. 8–62farzzzzzzarºzzzz

-
zzararTTP,1.3.xº
Mostlygoes. 8-62g
|*|*aizaza.ararar
KOAc
zzar
DPPP,1.6x
|*
Mostlygoes.

20x

8–62harararararzzararararzz
DPPF,1.6xar
Mostlygoes. 8-62iarar//ar//arraa/ararºTTP,1.3.xzz

Mostlygoes. 8–64a
|*|**|33,5.2xarzzº

K2CO3(Thrzz
DPPP,1.6x
|*
Goes.

10x

8-64b
z/zzarazzararzzzzzzar
DPPF,1.6xra
Goes. 8-64c-arararararzzararararTTP,1.3.xar

Doesn’tgo. 8-64d
IºfIºfºriºzºrararzz
KHCO3
|*zz
DPPP,1.6x
|*
Mostlygoes.

10x

8-64ezzararararzzararzzzzzz
DPPF,1.6xzz
Goes. 8-64fzzzzzzzzarzzzzzzarzzzzTTP,1.3xzz

Doesn’tgo. 8-64garararzzarzzzzar
KOAc
arzz
DPPP,1.6xar
Mostlygoes.

20x

8-64harararararararzzararzz
|DPPF,1.6xar
Mostlygoes. 8-64iºarararararararzzarzzITTP,1.3.xzz

Doesn'tgo. 8-65a
|*|**||23,5.4xC,0.9x
|*95°Et3N7.75hrarzz,4.8x
|*
Goes.

24x

8-65b
|*BrzzarzzzzararzzzzzzzzzzarGoes“cleaner”than8-65a,

butnotasfar.

8-66a
|*|I*
|30,5.2xA,0.6x
|*50°K2CO3(5.5hr
BuáNCI,24xDPPP,1.6x
|*
Goes,severalproducts.

10x&H2O7.4x

8-66bararararzzzzzzzzarzzzz
DPPF1.6xarzz
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TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes. TTTTTTTTTTTTTTT
8-66C
|*|*ºriºzºrzzzzararararTTP,1.3.xzz

TDoesn'tgo.- 8-660
|*|*/aizazazzzzar
KHCO3
|*zz
|DPPP,1.6x
|*
Severalproducts. 8-66e

Iºf|*aizazaarararl■ ºzzar
DPPF,1.6x
|*zz 8-66f

|*|*aIºr//ararararrazzTTP,1.3xar
Doesn'tgo. 8-66g
|*|*zzizaza7arar
KOAc
arar
DPPP,1.6xzz
Severalproducts. grº■■

Tzi-Tº-T-Z-Tz-z
arar

z—Hº
arar
DPPF,1.6xºrz/ 8-66i

Iºfºfzaizaza.zz—zarzzararTTP,1.3.xzzOnlypartialreaction. 8-67a
|*|**|33,5.2xC,0.9x
|*95°Et3N7.75hrarzz,4.8x
|*
Goes.

-

24x

8-67b
|*|Braniºzºrararzzararararºriºr

Goes. 8-68a
|*|I”23,5.4xA,0.6x
|*50°K2CO3(5.75hrBuaNCI,24xDPPP,1.6x
|*
Goes.

10xO.m.&H2O7.4x

8-68b
|*|*zaizaz/zzzzarzzzzzz

DPPF,1.6x
|*
Goes. 8-68c

|*|*/aa//ararzzararaTTP,1.3xa
Doesn’tgo. 8-680

|*|*aizazazzarar
KHCO3
|*zz
DPPP,1.6xzz
Mostlygoes. 8–68e

Iºf|*zzizazar/arral;zzzz
DPPF,1.6x
|*zz 8-68f

ºfºfzzizazaararzzararzzTTP,1.3xar
Doesn'tgo. 8-68g
|*|*zzizazaararar
KOAc
aar
DPPP,1.6xº
Mostlygoes. 8-68h

|*|*aizazaararzz29:arº
DPPF,1.6x
|*ar 8-68i

|*|*/aniºzºrararzzzzarzzTTP,1.3xar
Doesn'tgo. 8–69*|*|150

||
33,5.2xarzzar
K2CO3
(5hrar
Prºr1.6xa,b,c,a,g
||
48%disubstituted. 8–70aniºr”25,6.4xarar52919:7hrzzzz*I

a,b,g,f[H]veryslow. 8–74a
|*|*1530,5.2xar//95°
l
none4.5hr
AgºCO3,1.5x[TTP,1.3xn/aDoesn’tgowell.
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2.38

TableA-2continued:Reactions
of
halogenated

orphyrinswithalkenes.

45b-
lysthosphi
7

1

2|v3scalealkene,º
6aSe,Txnco-catalyst,phosphine",
8
.
.,,

Rxn;
I
M4IX|imole)
|

excessexcesssolvent"
|

temp.excesstimecxcesscxcessworkup”yieldandcomment 8–74b
|*|*15||30,20xzzar95°Inone4.5hrarºriºzºrzz
Doesn'tgowell. 8-74cararar*,5.2xararzzzzzz ar>4.0xararzz

Doesn’tgowell. 8-74dararar*,20xarararrzzzarzzzzarar
Doesn'tgowell. 8-74e

Iºfºf*|*,5.2xzzzzarzzzz,,1.5xnonea,b,hGoeswell. 8-74f
ºfzzzz*,20xzzarzzzzzzarzzararGoeswell. 8-74gzzzzzz*,5.2xzzzzzzzzzz ar>4.0xzzarGoeswell. 8-74hararzz*,20xzzarzzzzarºzzzzºGoeswell. 8-81*|*|150

||
26,18xzzzz50°K2CO3
■ ºhruáNCI,24x[TTP,1.3xn/aGoesto10a.

10x&H2O7.4x

8-82zzzzar*,36xarar45°zzºararararn/aGoesto10a.

&H2O3.7x

1)Refersto
notebookvolumeandpagenumber.

2)Centralmetalion. 3)Arylhalogen.
4)
Alkenes
as
numbered
infigure3.0andexcessused. 5)

Catalystsused:A=
Pd(OAc)2;
B=
Li2PdCl4;
C=
Pá(PPh3)4;
D=

[1,1'-Bis(diphenylphosphino)-ferrocene]PdCl2-CH2Cl2.
6)Solventandconcentration
of
porphyrinstartingmaterial.

7)TPP=PPh3;TTP=

tri-o-tolylphosphine;DPPF
=

1,1'-Bis(diphenylphosphino)-ferrocene;
DPPP
=

1,3-Bis(diphenylphosphino)-propane
8)a
=extractivewash;
b=filterthroughglassfiberfilter;
c=treatwithNaBH4;
d=prep.TLC;
e=

demetallationstep;facatalyticPd/carbon reduction;
g=flashchromatography;
h=

precipitation.
9)on.=
overnight.



TableA-3:Reactions
of
halogenated

orphyrinswithstannanes.
45

1

2|y
3||
scale
|

Stannane,"
|

catalyst
6Txn“...as
78-

|*"M4
||X

(Hmole)
|

excessexcesssolvent
-

temp.timeotheradditivesworkupyieldandcomment 5-62Zn
|I19||52,3.8xA,0.6xtoluene,T.T.T.T.T.
n/aAlls.m.gone.Multipleproducts.

-
2.3mM

5–74ºriºzºriºzºrB,ºrzz*||2hr.BHT
e

Veryslow.Messy 5–76a1azaizaza,ºrar*|2.5hrºeAlls.m.gone.Multipleproducts. 5–902H
|
Brar.Iºrz/zzºrºr*||3hrBHT;0.9xmoretinatIn/aAddedmorecatalyst
at24hr.Major

2hr.productnotdesireddi-allyl.

5-95Zn
|Iºriºzºrzzºrzz*|2.5hr
|

BHTi.a,e,aMessy. 5-98aºr*|noneºrºrzz*||1hrarn/aRxnw/outstannane. 5-102
ºriºz*|52,19xzzºr*,*|1.5hrzzdeLesssolvent.Somediallylobtained.

4.7mm

5-103
ºriºr//1//arzzºrzz*|2.5hr|BHT;TPP,1.8xn/aAddedphosphinebetter. 5-108zziºr//1//zzzzºrºarzzBHTi.a,Newcatalyst.Notbetter 5-131

||
2H
|Br*|53,3.8x
|***,arzzari,a,a67%protoporphyrin.Cleanrxnby

2.3mMTLC.

6-31aniºz*|54,3.8x
|**ar*|on10|*n/aVery,veryslowrzn. 6–35Zn

|I*|*,44xºrºr*,”dayszzzzRxnstopspartway.

1.8mm

6–42zziºraizaºrzzºrar”daysBHT,TTP,1.8xzz40awasimpure. 6–45zziºzaizazaºrºrzz*||9hrzzºrºrzzUsedcleaner40a.Neededsecond

catalystaddition.

6-49aniºranizaza.B,0.6x,ar*I5hrBHTzz
Worseatlongertime. 6-54zziºzaºrºrA,0.9x*,*||1hrBHT;TTP,2.6xarVerygoodbyTLC.

3.6mm

6-55ºriºr15
Iºf,22xzzºr*,arzzzzzazazzLesstinalsoverygood.

3.1mM

6-56ºriºz186
Iºrºfzzºr*,*|1.5hr//ºrºf

h,a,g39%.Lossin
precipitationstep.
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TableA-3continued:Reactions
of
halogenatedporphyrins

withStannanes.

al4|..5 -

Rxn■ lM2
|
X3mºsºº:ºsolvent"
|
temp.*Otheradditives'workup”yieldandcomment

—T-T-
-

6-61aniºz.19ºf,11xara*,*||3hrzzºrºrn/aMoresolvent,lesstin.Notgood.

1.8mM

6–63ºriºz*|*,22xr/ºrzz*||1hr.zzºrºrarMoretin.Stillnotthebest. 6-100
zzzz186arzzzzarzz -zz1.6hrararar1,a,g

43%.

3.6mM

6-109
|
Cu
I15ºrºfºrºr*,*||2hr.zz//ºrn/aSimilar

to
reactionwithZn.

0.9mM

6–110
||
ZnI19of,11xa//*,*I2hr.zzºrazz

LooksOK.

3.6mM

6-1.11a
|*|**|*,,5.5xzz//zz*I2hr.zz//ºrraNotentirelyclean. 6-1.11b

|*|*aniºzºrzzºrzz*||3hrorºf,3.5xar
Catalystbatchgoingbad?6–113

ºfºfºriºzºr*,1.2xzz*||2hr.**,2.6xar
Catalystbatchgoingbad?Catalystand

tinaddedin
portions.

6-114
zz
iºr7ºr,15xC,0.8x*,*|5.8hr1nonezzNoreaction.

2.8mM

6–118
|*|*186ºr,5.5xA,1.1.x*,”3.5hrBHT,TTP,2.6.x.Adda,b,gFoundtobean

incompletelyconverted

3.6mMcatalyst
in2
portions.mixture.

6-124a
|*|*15ºrºfºr0.9xDMF95°
||2hranºrºrn/a“New”catalyst.LooksgoodinDMF.

60mM

6-124b
|*|*aizazaawº

Toluene
rxarzzºrºrar
“New”catalyst.Notasgoodasin

3.8mMDMF.

6-129a
|*|*raizazaºrz/

DMF95°zzTTP,2.6xzzNoBHT,looksgoodbyTLC.

60mM

6-129b
|*|*ºriºzºra//arzzarBHTzzNophosphine,looksgoodbyTLC.6-129c

|*|*ºrIºrz/*0.5xar*Ion.BHT,TTP,1.5xzz
Slower,butgoeseventually.6-131a
|*|**|52,5.6xºr0.9xzz*I3hrBHT,TTP,2.6xarNotasgoodaswith54.
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TableA-3continued:Reactions
of
halogenatedporphyrinswithStannanes.

4*5

||

\,2|vascale
|

Stannane,"
|

catalyst
6Txin“…c7
8- -

Rxn;
1||
M4|X(Hmole)
|

excessexcesssolvent"
|
temp.timeOtheradditivesworkupyieldandcomment 6-131b

|*|**|54,5.5x
|**arzzarnonezzNoBHTor

phosphine,looksgoodby

TLC.

6-131c
ºfºfzzizaza*0.4xzzzzarararNoBHTor

phosphineandlesscatalyst.

Notto
completion.

6-133a
ºfºf*|*,2.7x*0.9xarzzºararNoBHTor

phosphineandlesstin.

LooksgoodbyTLC.

6-133b
|*|**|*,5.5xor0.3xararzzTTP,0.9xzzNoBHT,lesscatalystandphosphine.

Notcomplete.

6-135
|*|*152ºf,
2.7xor0.9xar*|3.5hr
1

nonea,g69%byflash.NMRalsolooksgood.

Perhapsdemetallation.

7–24ºriºr1555,2.7xaºrzz*||2hr.ara

Complicated
byTLC. 7–26zziz/*|*,3.4xzzºrar*5.5hr1ºrn/a

Complicated
byTLC. 7-30ºriºz152

||
54,2.7xzzºrar*||3.5hr
1

TTP,2.5.xa,381%byflash.NMRshowssome

minorotherstuff.

7-33ºriºz117
||
55,3.1xzzºrzz*5.5hr
1ºrzza,C,CComplicatedTLC.TEAhydrolysis,also

NaBH4treatment.

7-37aiz/912
||
54,2.7xzzºrar*||4hrarara,h,g84%byflash.NMRshowssignificant

otherstuff.

7–47aniºz29
|**zzºrar*||5hr**:Et3N,6xa,e,bAddedEt3N,stillseemono. 7-50a

ºriºzzzizaz/zzºrararzz*,;
Et3N,24xa,e,a,hAddedmoreEt3N,stillseemono~7%. 7-50b

|*|**|*,4xºrºrzzzzar*ºr;
Et3N,6x|a,e,a,hAddedEt3Nandmoretin,stillseemono

~3.6%.

7–54azziºr15ºr,5.5xºrºrzzarzzºrºf;
Et3N,6x|a,e,a,bWentwrong. 7–54b

zziºrºriºzºrzzºrzzzzzz*,1.6x;Et3N,6xa,e,a,bLooksOK-5%mono. 7-56azIºr912ºrºrºrºrzzarzz*,1.3x;Et3N,6x|a,e,a,
g
79%byflash.NMRshows-6%mono.

AssayforBrshowsabout12%.

7-83a
Iºfºf1556,5.4xºr*zz*I4hr*,2.4xn/aVerycomplicated

byTLC. 7-83b
|*|**|noneºrºrzzzzarzzºrn/aSeveralproducts,butlessthanwith

alkene56.
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TableA-3continued:Reactions
of
halogenatedporphyrinswithStannanes.

ale4-5
-

Rxn■ l
|
M2
|
X3ºsººsolventºtemp.*Otheradditives'workup”yieldandcomment |--

-
- 7-96aºr468
||
54,2.7xºrºrar*|2.3hr
1ºr,
2.5.xa,e,a.g83%byflash.NMRshows-18%

mono.Used40avia10a&HgI.

7–98a
Iºfºf29ºf,4xºrºrarzzarzzºr

a,e,a,aMono~16%.Notlongenough. 7-98b
|*|**|*,5.3xzz//zzararzzºr

a,e,a,aMono~8.5%.Notlongenough. 7-101a
|*|*1556,5.4xºrºrzz*|17hrºrºrn/aManyproducts. 7-101b.

ararar*,21xzzararzzºrzzarn/aManyproducts. 7-138
*|*|
129054,10xa//zz*2.8hr
1ºrºf

a,e,a,
g

~14%mono. 8–44a
|*|*1557,5xzzºrzz102°45min
|**n/aAll40agone.Nodiscreteproduct. 8-44b

|*|*ºriºzºrB,0.9xarzzzznonearAll40agone.Nodiscreteproduct. 8–45a
|*|*”
|55,5.5xA,0.9xar*I6hrTTP,5xarGoesto

multipleproducts. 8–45barBrararzzarzzzzarzzzzzzzzGoesto
multipleproducts. 8-45c

|*|IºriºzºrB,0.9xzzzzzznonezzGoesto
multipleproducts.Worseat

lattertime.

8–45d
*|BraniºzºraºrzzararararGoesto

multipleproducts.Worseat

lattertime.

8–48a
|*|I*|54,11xA,0.9xar98°3.3hrTTP,5xa,e,a,a54fromAldrich.CleanbyNMR. 8–48barararzzzzzzzzzzzzzzarzz

a,e,a,aCleanbyNMR. 8-48c
|*|Brºriºzºranºrararzzzzºr

a,e,a,aIncomplete
byNMR. 8–48darIzziºzºrB,0.9xzzzzzznonea,e,a,a2,4-HvisibleinNMR. 8–48e*|Brºriºzºrºrºrºrzzzzar

a,e,a,aMuch2,4-HvisibleinNMR. 8–50*II468ºf,9xA,0.9xar*|6.5hr1TTP,4xa,b,c,g,h62%.Some2,4-HbyNMR. 8–56zziºz1558,10xzzºrzz50°
|8hr*,5xn/aMessy.

then 100°

8–59a
ºzzararzzzzarar100°7.3hrararn/aMessy. 8–59bzz

i
zaºriºzºrB,0.9xzzzzzz
DPPF,lxn/aMessy.
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TableA-3continued:Reactions
of
halogenatedporphyrinswithStannanes.

scale
|

Stannane.*lcatalyst”Txin
---

1|
M2liv3
-y678

Rxn}}M.X
(umole)
|

excessexcesssolvent"
|

temp.timeOtheradditivesworkupyieldandcomment 8-61a
|*|*ºrIºrºrA,0.9xtoluene97°6.3hrTTP,5xn/aMessybutbetterthaninDMF.

-
1.9mM

8-61b
|*|*aizazaB,0.9xzzar//
DPPF,1xn/aMessybutbetterthaninDMF. 8–71a

|*|**|59,8xA,0.9xar93°o.n.TTP,5xn/a40aconsumed.Noobviousproduct
-though.

8–71b
aizazzizazºB,0.9xzzarar
DPPF,lxb,e,d,fLookslikesomeproductbyNMR.[H]

doneinacid,bad.

8-72aaniºzanizazaA,0.9xDMF96°
||5hrTTP,5xn/aNodiscreteproductsbyTLC.

60mM

8–72b
|*|*an
iºzºrB,0.9xararzz
DPPF,1xn/aNodiscreteproductsbyTLC. 8–76zyiºz234ºf,4xzzºr

toluene95°2days
|

DPPF,1xb,gNodesiredproduct.

1.9mM

8–77azz
i
za1555,5.5xA,0.9xar*|24hrTTP,5xn/aGoesto
multipleproducts. 8–77b

ºrºrzz
izaz/B,0.9xzzarzz
DPPF,1xn/aGoesto
multipleproducts.

1)Refersto
notebookvolumeandpagenumber.

2)Centralmetalion. 3)Arylhalogen.
4)
Stannanes
as
numbered
infigure3.3andexcessused. 5)

Catalystsused:A=
Pd(PPh3)4;
B=

[1,1'-Bis(diphenylphosphino)-ferrocene]PdCl2-CH2Cl2;
C

=(PPh3)3RhCl,Wilkinsoncatalyst.
6)Solventand
concentration
of
porphyrinstartingmaterial.

7)BHT=
butylatedhydroxytoluene;TPP=PPh3;TTP=

tri-o-tolylphosphine;DPPF
=

1,1'-Bis(diphenylphosphino)-ferrocene;
8)a=
extractivewash;
b=filterthroughglassfiberfilter;
c=treatwithNaBH4;
d=prep.TLC;
e=

demetallationstep;
f=
catalyticPd/carbon reduction;

g=flashchromatography;
h=

precipitation;
i=
treatment
byHFin
pyridine/THF.

9)rz=reflux. 10)on.=
overnight.
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2.45

a)Crudeproductofreactionof11cwithallylcarborane
inHeckreaction,beforecatalyticreduction. 2-0.--~~~

|-—º-

b)Crudeproductofreactionof11cwithallylcarborane
inHeckreaction,aftercatalyticreduction. ||

lºw
k-A.

HTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT
1110987O543210-1-2–3-4 ppm FigureB-1

:
TheproductoftheHeckreactionof
allylcarborane
34with11a.
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c)Crudeproductofreactionof11cwithallylcarborane
inHeckreaction,beforecatalyticreduction.Zoom V1&W. d)Crudeproductofreactionof11cwithallylcarborane

inHeckreaction,aftercatalyticreduction.Zoomview.

ppm FigureB-1continued.



2.47

a)

2,4-Diiododeuteroporphyrin
40bvia
11c andiodine.

§Zinc(II)
deuteroporphyrin
10avia21aand al.

<!—2,4-hydrogens
c)

..º.º.
40bvia

deuteroporphyrin
10andiodineat180°C.

|ii|i|

H-
|

TF
i|T 10.210.09.89.69.59.39.18.98.7 ppm

FigureB-2:Productsof
2,4-halogenation
of

deuteroporphyrins.

d)

2,4-Diiododeuteroporphyrin
40bvia 21aandsodiumiodidefollowedby iodineandthendemetallation.

e)

2,4-Diiododeuteroporphyrin
40bvia 10,0.2equivmercuricacetate,and iodine.

f)

2,4-Diiododeutero porphyrin40bvia10, 1.2equivmercuric acetate,andiodine.

I-
T

H-H-I-T-
bi

10.210.09.89.69.59.3.18.98.7 ppm
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g)

2,4-Diiododeuteroporphyrin
40bvia 10,1.2equivmercuriciodide,and iodine. h)

2,4-Diiododeuteroporphyrin
40bvia 10a,2.1equivmercuriciodide,and iodine. i)

2,4-Diiododeuteroporphyrin
40bvia 10a,0.3equivmercuriciodide,and iodine.

I-I-I-
|-|--|--|--|--|--|-

10.210.09.89.69.59.39.18.98.7 ppm FigureB-2continued.



2.49

a)APTexperiment
oncrude
2,4-diiododeuteroporphyrin
40avia10a, mercuricacetate,NaI,andthenidodine.

chloroform

b)13Cexperiment
oncrude
2,4-diiododeuteroporphyrin
40avia10a,A■methanol mercuricacetate,NaI,andthenidodine.Deuterochloroform

+

methanol-d6.

mesoC-H

aromaticquats
|

!

I|

T-I-T-I
I

TTI
I

I-T-I-T-I-I
II

TTII-I-T-IT-IT-T
|i

I-T-I
|

H-H
|

H-T-I
|

F-I-I
I|I

220200180160140120100806040200 ppm FigureB-3:APTand13Cofcrude40a.Lookingforiodineonmesopositions.
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*.ºStJ–ºº,º:

\l-

—k^-)-4-wº-ma-—alºa

T H+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
11109876543210-1–2-3-4 ppm

---

FigureB-4:Putativezinc(II)

2,4-bis(3-oxopropenyl)cieuteroporphyrin
44cfromreactionof

diiododeuteroporphyrin
40awithacrolein diethylacetal

30intheabsenceofaddedphosphine.
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1

—ll-
MLAAA
|

"——-

HT-HTHTH+++++++++++++++++++++++++++++TIHTIT-HT'■
7654s21O-1-2-3-4

ITTTTTTTTTTTTTT
111098 ppm FigureB-5:

2,4-Bis(3-oxopropenyl)deuteroporphyrin
38.



*—-*-
|

_A2". **_

H++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
11109876543210-1–2-3-4 ppm FigureB-6.Zinc(II)

2,4-bis(3-oxopropenyl)deuteroporphyrin
38a.
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~~~~N.M

H++++++++++++++++++++++++++++++++++++++++++++++++++++
11109876543210-1-2-3-4 ppm FigureB-8:Putative44atreatedwithformicacid(demetallated).
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;

i

º

■
§

*—;
*

;

ppm
-h.A*-

H+++++++++++++++++TH+++++++++++++++++++++++++++++++++++++++++++++++++++++++.
1110987654321O-1–2-3-4 ppm FigureB-9:Isomersof

2,4-bis(4-hydroxybutenyl)deuteroporphyrin
46.
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