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3 Implementation

Table 1 below describes the levels of implementation for the system from the bottom-up.  The bottom level (SMIRKS) is simple language used to describe chemical structure transformations, as in reactions [6].  The processing of this language is the only level currently dependent on an external license (OEChem module available under academic license from OpenEye software [7]).  All others have been custom constructed here.

	System Level
	Features Provided

	SMIRKS
	Reaction transformation rule

	Reaction Profile
	Rule precedence, pre / post conditions

	Reagent Model
	Ordered collection of reaction profiles

	Synthesis Generator
	Randomly applies reagent models to reactant structures to produce conceivable synthesis products and pathways

	Web Interface
	Allows student to view products of the Synthesis Generator allowing them to test their ability to reconstruct the pathway used.  

Allows student to interactively apply Reagent Models to reactant structures in any order or combination of their choosing to reconstruct the pathways or explore their own possibilities.


Table 1 - Layered architechture of system implementation.
3.1 SMIRKS Reaction Profile

SMIRKS is an extension of the SMILES (molecule) and SMARTS (chemical pattern matching) languages, used to describe simple transformation rules for molecules [6].  Depicted in Figure 2, is a typical step-wise mechanistic diagram for hydrobromination of an alkene.  Each individual step can be mapped to a SMIRKS string transformation rule such as the examples listed in Table 2.
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	SMIRKS
	Description

	[C:1]=[C:2].[!#6;+:3]>>

[+0:3][C:1][C+:2]
	Alkene, Cation Addition

	[C+:1].[-:2]>>

[C+0:1][+0:2]
	Carbocation, Anion Addition


Table 2 - SMIRKS strings for basic alkene hydrobromination transformation rules

3.2 Reagent Model

When students typically depict reagent usage on paper, such as our hydrobromination example, they simply write "HBr" over a reaction arrow.  To model what is represented there, we can use collections of the SMIRKS transformation rules described.  Additionally however, a robust model requires knowledge of other factors such as inherent reactants and products and relative transformation priorities.  

Inherent reactants and products expected for the reagent should be noted to properly balance reaction equations and present only the "interesting" results to the user.  For example, the hydrobromination reagent should be aware of inherent "HBr" reactants, while condensation reactions should be aware of inherent "H2O" products.

A collection of SMIRKS rules as described thus far is actually insufficient to provide a good, robust reagent model.  If the hydrobromination reagent included only the two SMIRKS rules from Table 2 and applied them arbitrarily to reactant molecules, it could make several mistakes.  These include the examples illustrated below in Figure 3: 
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To develop a more robust reagent model that addresses the issues above, we must add many more case-specific rules and, more importantly, we must prioritize the list of rules by an appropriate precedence order.  Table 3 includes a subset of the complete hydrobromination reagent model's ordered reaction profile list.  Included is not only each transformation description and SMIRKS rule, but a relative priority value to indicate to the engine which rules should be attempted first before descending down the precedence scale.  Note that the absolute value and scaling of the priorities is arbitrary, only the relative ordering matters.  Patterns to note that address the previously mentioned issues include:

1. "Carbocation, Anion Addition" is ranked higher than any "Alkene, Cation Addition" to prevent production of a doubly-positive charged species.

2. Several "Alkene, Cation Addition" rules exist, differentiated by what kind of carbocation each would yield.  These are ranked to ensure the more stable carbocations will be formed first before any others are attempted.

3. Carbocation rearrangement rules are added with high priority, and again note that several exist to account for the different possibilities, ranked respectively.

Though students may not even realize it as they learn to solve reaction problems, essentially what they are doing is developing these very rule-sets mentally.  The subtler challenge to mastery is properly ordering the relative rule priorities.

Currently over 20 such robust reagent models have been developed for the system based on over 150 SMIRKS transformation rules and over 300 prioritized reaction profiles.

3.3 Relational Data Design

Execution of the rule system described is accomplished with a code engine developed in Python [8], using the OEChem module from OpenEye software for the specific SMIRKS processing.  With this engine in place, the actual reaction rule content is entered and read through a simple relational database design, whose core schema is depicted in Figure 4.

	SMIRKS
	Description
	Priority

	[H:10][C:1]([!#1:11])([!#1:12])[C+:2][H:20]>>

[C+:1]([!#1:11])([!#1:12])[C+0:2]([H:20])[H:10]
	Carbocation, Hydride Shift from Tertiary
	1000

	[C:10][C:1]([!#1:11])([!#1:12])[C+:2][H:20]>>

[C+:1]([!#1:11])([!#1:12])[C+0:2]([H:20])[C:10]
	Carbocation, Methyl Shift from Tertiary
	900

	[H:10][C:1]([!#1:11])[C+:2]([H:21])[H:20]>>

[C+:1]([!#1:11])[C+0:2]([H:20])([H:21])[H:10]
	Carbocation, Hydride Shift from Secondary
	800

	[C+:1].[-:2]>>

[C+0:1][+0:2]
	Carbocation, Anion Addition
	700

	[C:1]=[C:2]([!#1:11])[!#1:10].[!#6;+:3]>>

[+0:3][C:1][C+1:2]([!#1:10])[!#1:11]
	Alkene, Cation Addition, Tertiary
	170

	[C:1]=[C:2][O:10][C:11].[!#6;+:3]>>

[+0:3][C:1][C+1:2][O:10][C:11]
	Alkene, Cation Addition, Alkoxy
	160

	[C:1]=[C:2][c:10].[!#6;+:3]>>

[+0:3][C:1][C+:2][c:10]
	Alkene, Cation Addition, Benzyl
	150

	[C:1]=[C:2][*:10]=[*:11].[!#6;+:3]>>

[+0:3][C:1][C+:2][*:10]=[*:11]
	Alkene, Cation Addition, Allyl
	75

	[C:1]=[C:2][!#1:10].[!#6;+:3]>>

[+0:3][C:1][C+1:2][!#1:10]
	Alkene, Cation Addition, Secondary
	50

	[C:1]=[C:2].[!#6;+:3]>>

[+0:3][C:1][C+:2]
	Alkene, Cation Addition
	0


Table 3 - Subset of prioritized SMIRKS rules for robust alkene hydrobromination reagent model.
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Figure � SEQ Figure \* ARABIC �2� - Example reaction mechanism for alkene hydrobromination.
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Figure 3c - Ignoring the possibility of carbocation rearrangements.  In example, the secondary carbocation would not have the anion (Br-) add to it.  Instead, because it is adjacent to a tertiary center, a hydride shift will occur, altering the site of the carbocation.





Figure 3b - Ignoring regioselective preference for carbocations on more substituted carbons.  In example, protonation that yields a secondary carbocation would be highly unlikely when the protonation could occur on the other end of the double bond, yielding a tertiary carbocation of much greater stability.





Figure � SEQ Figure \* ARABIC �2�a - Adding another equivalent of cation (H+) to a carbocation intermediate, yielding an unlikely doubly-positive charged species.  In example, the second double bond could be protonated, but it would be after the first carbocation was terminated with an anion (Br-).
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Figure 4 – Core database schema for reagent models and organization by reaction categories (chapters).  Note that SMILES is just a string based representation for chemical structures.
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