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Abstract

A photocyclic cycloaddition reaction via an ylide intermediate has opened the way for the
synthesis and testing of numerous biologically active scaffolds. Research has demonstrated that
the incorporation of electron-rich systems, most significantly naphthyl systems, increases the
efficiency of the photocyclic reaction. In this project, new possibilities for electron-rich naphthyl
analogs have been explored, incorporating heteroatoms into the bicyclic aromatic system. These
new structures have been selected on the criteria of Lipinski’s rules and feasibility of synthesis.
A precursor to one of these structures was synthesized. Additionally, syntheses of other scaffold

components were carried out.
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I. Introduction

Recent work in the Dittami group has focused on the synthesis of novel biologically active (i.e.
protein-binding) molecular scaffolds using a specific [3+2] photocyclization cycloaddition
mechanism occurring via an ylide intermediate, shown in Figure 1. These reactions generally
yield scaffolds resembling those of the important drugs morphine and huperzine, well-known for
their activity as an analgesic and a memory-enhancing drug respectively.>? Typically, in drug
design, scaffolds with similar structures are more likely to exhibit similar activity.>* By varying
the substituents present on scaffold precursors, a variety of scaffolds can be realized. In order to
determine what scaffolds to pursue, the Dittami group has looked to a procedure pioneered by
the Shoichet research group at the University of California at San Francisco (UCSF). The
Stoichet group has devised a computational method, called the Similarity Ensemble Analysis
(SEA), that seeks to identify probable biologically active scaffolds based on their similarity to
ligands that bind to their protein targets. Two algorithms are used to predict ligand-target
associations. The Daylight algorithm is based on patterns of atom connectivity, while the
Extended Connectivity Fingerprint 4 (ECFP4) algorithm is based on atomic environments in
terms of concentric circular bond patterns within the molecule. Scaffolds are compared to known
ligand sets and assigned an expectation value (E-value) that predicts the probability that the
scaffold functions similarly to the ligand set. Lower E-values constitute a more strongly positive
prediction. Based on the Stoichet group’s predictions, five scaffolds, shown in Figure 2, have
been selected as top priorities for synthesis. Once synthesized, scaffolds will be submitted for

biological testing to validate these predictions.
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Figure 1: a) Photocyclization cycloaddition via an ylide intermediate.
b) Characteristic example of closure of the dipolarophile side chain.

Prior research has demonstrated that the [3+2] photocyclization cycloaddition reaction is
most efficient when precursors incorporate an electron-rich aromatic system. In particular,
naphthyl groups have been shown to favor formation of [3+2] products, perhaps due to the
ability of such systems to donate electron density to the ylide.” In order to broaden the utility of
this class of reactions, our group is exploring heteroaromatic naphthyl analogs as alternatives to
the naphthyl system. We anticipate that the incorporation of heteroaromatic groups in place of
naphthyl groups will significantly improve the efficiency of the photocyclization reaction due to
the increased electron-donating capability of aromatic heterocycles compared to naphthalene.
The inclusion of heteroatoms in the ring system may also yield new and interesting scaffold
properties. In this project, we sought to identify a small library of bicyclic aromatic heterocycles
that could be targeted for synthesis. Our selection of naphthyl analogs was based on two criteria:

feasibility of synthesis, and the compliance of the products incorporating those groups with



Lipinski’s rule of five, as described below.® Efforts to synthesize one of those compounds are
described later in this report.

Drug design is a multistep process that requires potential drug compounds to operate
effectively at a number of levels. At the first level, the compound needs to be synthetically
accessible. Next, it needs to be efficient in its absorption, distribution, metabolism, and excretion
(ADME) with regard to the host’s body.” In the case of an orally administered drug, effective
absorption consists in the passage of the drug from the intestine into the bloodstream.
Distribution entails the ability to effectively pass through barriers in the body, for instance, the
blood-brain barrier. Excretion is important in order to avoid undesirable effects from the buildup
of the drug in the body. Finally, the compound needs to function properly as a ligand for its
target protein. This project focused on designing synthetically feasible compounds that had a

high probability of good ADME according to Lipinski’s rules.

II. Background on method

The advent of High Throughput Screening (HTS) about 1989-1991 revolutionized the drug
design process.®® Previously, drug leads were arrived at after considerable investigation that
involved in vivo or in vitro screening. HTS has enabled researchers to screen vastly greater
volumes of compounds in vitro than had previously been feasible. In 1997, Christopher A.
Lipinski published a cornerstone paper in which some of the consequences of HTS with respect
to ADME-related parameters of screened compounds were examined.® These parameters were
heavily relied upon in our method. It should be noted that Lipinski’s rules predict ADME only,
and not drug-likeness or drugability.® Lipinski found that compounds screened via HTS followed

somewhat different trends from compounds screened in the pre-HTS era. By analyzing various



large databases of known drug compounds, Lipinski derived a “rule of five,” which could predict
whether a compound was likely to have good ADME using four simple parameters:

1. The compound has no more than 5 hydrogen-bond donors, counted as the number of
nitrogen and oxygen atoms.

2. The compound has no more than 10 hydrogen-bond acceptors, counted as the sum of
NH and OH groups.

Note that because donors contain hydrogen-bond-accepting atoms, they are necessarily
H-bond acceptors as well.

3. The Molecular weight must be no greater than 500 Daltons.

4. The lipophilicity, expressed as the logarithm of the partition coefficient of the
compound in 1-octanol and water (LogP), is no greater than 5. LogP may be estimated by
various methods. In this report, when LogP is referred to without qualification, it has been
determined by the commonly used Calculated LogP (CLogP). CLogP calculates LogP values
based on the molecular fragments of which the entire compound is composed. CLogP may fail to
provide a value, however, if unusual functional groups are present. In such cases, one may resort
to Moriguchi LogP (MLogP), an atomic-based method which, although less accurate, will
always provide a result. When MLogP is used, its value must not exceed 4.15 in Lipinski’s
rules.’

In 1999, a paper by Arup K. Ghose et al. modified some of Lipinski’s rules, making them
more precise.’® Ghose determined a qualifying range for certain parameters within which 80% of
compounds fell. Ghose’s qualifying range of LogP is between-0.4 and 5.6, and of molecular
weight, between 160 and 480.%° Although Ghose’s modifications to the Lipinski rules deserve a

brief mention, they have not been used in this report, because the number of drug compounds



that fall outside either Lipinski’s or Ghose’s ranges is great enough that the precision of Ghose’s

numbers cannot be deemed very significant.

II1. Method

We have researched a small library of compounds that will be suitable targets for synthesis. Our
proposed structures consist in modifications of the naphthyl portion of the Dittami group’s
current top five scaffolds for synthesis, as shown in Figure 2. These compounds were considered
“starting-point” structures for the selection of new naphthol analogs. The synthesis of each

scaffold involves forming a bond at the 1- position of the naphthyl system.
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Figure 2: Starting-point structures. The naphthyl/naphthol group is highlighted.



All of the proposed bicyclic systems incorporate a hydroxyl group at the 2- position. In
order to avoid interfering with the scaffold synthesis, placement of heteroatoms and substituent
groups was limited to the 5-, 6-, 7- and 8- positions. Because the starting-point scaffolds each
incorporate between two and four hydrogen-bond acceptors and between zero and three
hydrogen-bond donors, the number of hydrogen-bond donors and acceptors (not including the
hydroxyl group) in new naphthyl analogs is limited to at least six to eight and two to five,
respectively. Most potential substitutes easily meet these criteria. The molecular weights of the
starting-point compounds range from 292-364 Daltons. Given that the substitution of
heteroatoms does not greatly affect molecular weight, this criterion is also essentially
automatically fulfilled by all analogs.

Lipophilicity was calculated using the OSIRIS Property Explorer, produced by
Actelion,™ one of a number of web programs that calculates CLogP based on an input structure.
It was found that the substitution of our preferred heteroaromatic naphthyl equivalents into the
starting-point scaffolds reduced CLogP by no more than 1.9, while none of the starting-point
scaffolds had a CLogP lower than 2.57, confirming that the scaffolds will remain within
favorable LogP range with the substitution of the analogs.

Finally, we wished to limit our results to syntheses involving no more than two steps and

relatively inexpensive starting materials.

IV. Proposed structures

Here we present the top five structures that were found to have the greatest potential as naphthyl
analogs, as shown in Figure 3. The synthesis of 4-amino-3-nitrophenol, a precursor to structure
A, was carried out, as reported in the experimental section. Synthetic schemes are shown in

Figure 4, with procedures available in the papers referenced.
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Figure 3: a) Top 5 proposed heteroatomic naphthyl analogs. b) Summary of synthetic schemes for the five proposed
structures, with references. Two possibilities are given for the synthesis of D.
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V. Experimental

Synthesis of 4-amino-3-nitrophenol [NR-1-31] (Scheme 1).%3

Scheme 1.
NH, Ph,P NH,
Br,
»>
AgNO:;
HO HO NO,

To a round-bottomed flask was added triphenylphosphine (0.630 g, 2.4 mmol), 10 mL
acetonitrile, bromine (0.13 mL, 0.403 g, 2.4 mmol), AgNO3 (0.378 g, 2.4 mmol) and 4-
aminophenol (0.218 g, 2.0 mmol), with stirring. The originally clear, colorless solution turned to
a deep purple, then black, followed by precipitation. The mixture was filtered after about half an
hour to remove AgBr precipitate, then evaporated. The residue was redissolved in
dichloromethane and washed in 5% aqueous sodium bicarbonate (2x), water (2x), and brine. The

organic phase was removed and dried over MgSQy, then evaporated. Crude yield: 1.26 g.

VI. A related synthesis

During our research, we carried out the synthesis of a non-naphthyl-analogous structure, 1-(2,4-
dihydroxyphenyl)ethanone oxime. In the context of the final scaffold, the oxime product serves
the same purpose as the naphthol analogs. Similarly to a bicyclic aromatic system, the aromatic
oxime is expected to produce an efficient cycloaddition during scaffold synthesis due to its easily

delocalized electronic system.”

12



VII. Experimental

Synthesis of 1-(2,4-dihydroxyphenyl)ethanone oxime [NR-I-29] (Scheme 2).
OH

/

Scheme 2. 0] N

NH,OH-HCI + EtOH

»>
+ NaOAc-3H,0

HO OH HO OH
1-(2,4-dihydroxyphenyl)ethanone (5.00 g, 32.9 mmol), hydroxylamine hydrochloride (5.32 g,
153 mmol) and sodium acetate trihydrate (6.88 g, 55.5 mmol) were mixed together and 100 mL
ethanol was added to the reaction vessel. The mixture was refluxed for 2 hours, monitored by
TLC. Most of the solvent had to be evaporated off at this point to accelerate the reaction. Reflux
continued for 1 hour. Solvent was evaporated and the product was redissolved in ethyl acetate,
filtered, washed with water and brine, and dried over MgSQO,. Solvent was evaporated and an

NMR sample was taken. Crude yield: 4.19 g (76%).

VIII. Syntheses of other segments of the scaffold

During our research, we synthesized two compounds that serve as the complementary segment to
the naphthyl system in the scaffold—the scaffold’s “other half,” whose pendant chain functions
as the dipolarophile of the ylide reaction. An example of the role of these compounds in scaffold

synthesis is shown in Figure 4.

13
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Figure 4: Synthetic process by which 3-(3-butenyl)-2-cyclohexenone [NR-I-7] (in red) can be combined with
naphthol to produce the ONBE scaffold.

IX. Experimental

1. Synthesis of 3-(3-butenyl)-2-cyclohexenone [NR-I-7] (Scheme 3).

@)
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>
o 7

R = CH,CH,CH=CH,

Scheme 3.

OEt

Into a dry flask was added Magnesium turnings (133 mg, 5.47 mmol) and 1 mL dried THF. To
this initial mixture was added bromobutene (280 uL, 2.74 mmol) in 2 mL dried THF, followed
by 1,2-dibromoethane (50 uL) to initiate the reaction. The solution produced bubbles and was
exothermic to the touch. Upon auto-cooling to room temperature, 3-ethoxycyclohex-2-enone
(384 mg, 369 uL, 2.74 mmol) in 2 mL THF was added to the solution. The reaction mixture
again became warm to the touch, and was stirred at room temperature until it was judged
complete as confirmed by TLC. Saturated agueous ammonium chloride (1 mL) was added and
excess THF was evaporated in vacuo. The crude product was partitioned between
dichloromethane and saturated aqueous oxalic acid solution, dissolving the majority of the

remaining Magnesium turnings and precipitate salts. The aqueous phase was further extracted
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with 10 mL dichloromethane. The organic phases were combined and washed with 15 mL water
and 2x10 mL brine. The solution was dried over NO,SQOy, gravity filtered using a cotton filter

funnel, and rotoevaporated, yielding a brown oil.

2. Synthesis of 3-ethoxycyclohex-2-enone [NR-1-17, from VK-I-5] (Scheme 4).
Scheme 4.

O O

+EtOH ——>»
(0] O/\

Into a round-bottomed flask was added cyclohexenone-1,3-dione (30.00 g, 268 mmol), ethanol
(200 mL, 3425 mmol), p-toluenesulfonic acid monohydrate (2.843 g, 14.95 mmol) and toluene
(600 mL).The resulting mixture was refluxed for 4 hours using a Dean Stark trap to remove
water formed during the reaction. Reflux was stopped upon complete consumption of the starting
material as determined by TLC. The mixture was brought to room temperature and washed with
a 1% NaOH solution in brine, then water and brine, dried over Na,SO,4, and vacuum distilled.

The product was a colorless liquid Yield: 27.2 g (72.4%).
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3. Synthesis of 2-(2-bromoethyl)-2-methyl-1,3-dioxolane [NR-1-19] (Scheme 5).

Scheme 5.
= OH © Br  Br
o] O o]
1 eq. 4 eq. 90% conv. 10% conv.

To a flame-dried flask kept under an inert atmosphere was added ethylene glycol (11.2 mL)
followed by 3-butene-2-one (4.2 mL, 50 mmol), resulting in a clear yellow mixture. The mixture
was cooled in an ice bath. TMS Br (7.92 mL, 60 mmol) was added dropwise, resulting in a
biphasic mixture consisting of a clear colorless layer and an opaque yellow layer. The mixture
was stirred at room temperature for 2 hours, gradually becoming opaque red. The reaction
mixture was then poured onto 100 mL biphasic hexane and 50 mL 5% aqueous Na,CO3, washed
with 5% Na,S,03, water, and brine, and dried over anhydrous K,CO3. The organic mixture was

decanted and rotary evaporated. Yield 5.47 g (62%).
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