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Sequence of Steps to Determine Global Material Efficiency Green Metrics and Synthesis Efficiency Parameters for a Synthesis Plan 
(1) Obtain detailed experimental procedures for all reactions in the synthesis plan from literature references.

(2) Write out set of complete balanced chemical equations for each reaction in the plan showing structures, stoichiometric coefficients, and molecular weights of all reagents, target product, and byproducts.  Note which intermediates are isolated and assign individual reaction yield performances accordingly.  Note reaction steps that are telescoped, that is, those that involve sequential chemical transformations without isolation of intermediate products.  Note the number of branches involved in the synthesis plan.

(3) Draw structure of target product and correlate which atoms in the target structure correspond to which source atoms in the reagents used to construct it.  Group the subsets of atoms in the target structure accordingly.  Bold the bonds that join the subset groups.  For each bolded bond, assign its reaction step number indicating which reaction step that target bond was made.  Beginning with the highest reaction step number and working backwards label the atoms constituting the bond connectivities using letter labels.

(4) Construct a synthesis tree for the plan showing structures and molecular weights for all input materials, and molecular weights for all intermediates.  Input individual reaction yield performances for all steps in the plan.  Note the total number of reaction stages, reaction steps, number of branches, and total number of input materials.

INPUTS:

MW of each reagent

MW of all intermediates in all branches

MW of final target product

chemical structure of each reagent

OUTPUTS:

Number of reaction stages

Number of reaction steps

Number of input materials

Number of branches

(5) For each balanced chemical equation in the plan use the RADIAL PENTAGON spreadsheet to obtain its global RME performance as function of AE, reaction yield, excess reagent consumption (inverse of stoichiometric factor), and auxiliary material consumption (reaction solvents, work-up materials, and purification materials).  

Enter “1” in stoichiometric coefficent (SC) column for each blank reagent entry to preserve line numbers and to ensure that check calculation for SF works properly.  Also, delete formula entries under “moles of reagent” (column F) for each blank reagent entry.

Note the values of reaction yield, reaction scale, SF value, mass of excess reagents, mass of reaction solvents, mass of catalysts, ligands, and impurities, mass of work-up materials, and mass of purification materials.

INPUTS:

Reaction literature reference

Step number

Reaction classification

Chemical drawing of complete balanced reaction showing structures

MW of each reagent

Stoichiometric coefficient of each reagent

MW of target product

Masses, volumes, and densities of all materials used

Mass of target product collected

OUTPUTS:

Number of moles of all reagents, catalysts, and ligands used

Reaction yield with respect to limiting reagent

Reaction scale with respect to limiting reagent

Stoichiometric factor

Mass of excess reagents

Mass of reaction solvents

Mass of work-up materials

Mass of purification materials

Atom economy (AE)

Minimum reaction mass efficiency (RMEmin) when everything but the target product is destined for waste 

Maximum reaction mass efficiency (RMEmax or kernel RME) when only the reaction byproducts are destined for waste

(6) Use LINEAR or CONVERGENT spreadsheet to calculate overall material efficiency performance for plan.  Enter data beginning from the last step and working backwards towards the starting materials of each branch following the connectivity of the synthesis tree.

Entering and deleting rows in spreadsheet

LINEAR spreadsheet is defaulted to a 10-step plan.

CONVERGENT spreadsheet is defaulted to a plan having two 10-step branches.

Insert or delete rows as appropriate anywhere except at the top or bottom rows of each block to avoid cancellation of embedded cell formulas.

For the following columns, the fidelity of cell formulas is maintained upon inserting or deleting rows:

E(mw) for reaction (column E)

AE for reaction (column F)

Reaction scale in moles defined by synthesis tree (column K)

Kernel  RME (column L)

E-kernel (column M)

Kernel mass of reagents (g)  (column N)

Kernel mass of waste (g)  (column O)

% Kernel waste (column P)

Excess reagents contribution to mass of waste (g)  (column R)

Contribution to E-excess (column S)

Total mass of auxiliaries (g)  (column X)

Scaling correction factor (column Z)

Corrected auxiliary contribution to mass of waste (g) (column AA)

Contribution to E-auxiliaries (column AB)

Total mass of waste (g) (column AC)

Contribution to E-total (column AD)

% True waste (column AE)

Energy input directed to product based on kernel reaction RME (column AL)

For the following columns the cell formulas are locked with respect to the mole scale of the target product (cell C5):

Kernel mass of reagents (g) (column N)

Kernel mass of waste (g) (column O)

Excess reagents contribution to mass of waste (g) (column R)

Contribution to E-excess (column S)

Scale correction factor (column Z)

Contribution to E-auxiliaries (column AB)

Contribution to E-total (column AD)

For the following columns it is necessary to copy and paste the first cell in the column which contains an embedded formula onto the remaining cells in the column:

Cumulative yield (column J)

Cumulative kernel mass of waste (g) (column Q)

Cumulative true mass of waste (g) (column AF)

Columns to check balancing of chemical equations:  BV, BW, and BX

To insert extra branches beyond the two default branches in CONVERGENT spreadsheet, copy entire block of main branch from column headings to subtotals line.

For branches 2 and beyond, two adjustments are required.  The first is to adjust the entries in the cumulative yield boxes appearing at the top of each sub-branch block.  The cell formula will involve multiplying the reaction yield corresponding to the terminal step in the sub-branch by the appropriate mole scale in column J that links that sub-branch to the main branch.  For example, if from the synthesis tree diagram the sub-branch ends at stage X and links with the main branch in a convergent step at stage X + 1, then the mole scale in column J that should be used is the one that corresponds to stage X + 1 in the main branch.  The second change is to adjust cell formulas for overall E-kernel performance for each sub-branch in the subtotals line by dividing the mole scale of the final target product (C5) by the mole scale value found in column J that links that branch to the main branch.  This J value, which was determined from the first adjustment, corresponds identically to the one used in the cumulative yield box at the top of the block for that branch and represents the mole scale of the terminal node for the given sub-branch.  Both of these adjustments depend directly on the branch connectivities in the synthesis tree diagram and therefore cannot be pre-set ahead of time.

Calculation of overall material efficiency performance
INPUTS:

Target product name

Plan literature reference

Plan type (LINEAR or CONVERGENT)

Number of branches (1 for LINEAR, > 1 for CONVERGENT)

Target product scale (set to 1 mole by default)

Number of reaction stages

Number of reaction steps

Number of input materials

For each branch section:

MW of reaction intermediates (column C)

MW of target product (column C)

Sum of molecular weights of reagents for each step (column B)

Sum of molecular weights of byproducts for each step (column D)

Use check calculation to check correct balancing of chemical equation in each step.  Copy and paste columns B, C, and D into columns BS, BT, and BU.  Check to see that entries in column BX are all zero for correct balancing of each chemical equation.
From radial pentagon analysis for each step:

Mass of excess reagents (column G)

SF (column H)

Reaction yield (column I)

Mass of reaction solvents (g) (column T)

Mass of work-up materials (g) (column U)

Mass of purification materials (g) (column V)

Mass of catalysts and ligands (g) (column W)

Mole scale of limiting reagent (column Y)

For convergent plans, make sure that the values of the cumulative yield entries for secondary and other branches correctly link with the appropriate reaction steps of the main branch according to the connectivity of the synthesis tree.

OUTPUTS:

Overall AE

Overall yield along longest branch

Overall kernel RME

E-kernel

E-excess

E-auxiliaries

E-total

Overall true RME

Mass of waste due to byproducts and side products (kernel) (g)

Mass of waste due to excess reagents (g)

Mass of waste due to auxiliary materials (g)

Total mass of waste (g)

Calculation of MW first moment parameter
INPUTS:

MW of target product and all reaction intermediate in all branches

MW of starting materials at the beginning of each branch whose structures in whole or in part end up in the subsequent intermediate product.

OUTPUT:

MW first moment parameter

Copy and paste column C entries in branch blocks into column C block in MW First Moment Calculation section.  Also include MW of reagents at beginning of each branch that end up in whole or in part in the next intermediate product.

Check calculation:
INPUTS:

For each branch:

Sum of MW of intermediate products

Number of product nodes

Sum of MW of reagents at start of branch whose structures in whole or in part end up in the subsequent intermediate product

Number of starting material nodes

OUTPUT:

MW first moment parameter

Calculation of fraction of sacrificial reagents by MW
INPUTS:

Itemization of reagents ending up in target product according to grouping analysis in Part 3

MW of these reagents 

OUTPUT:

Fraction of sacrificial reagents by MW

Calculation of degree of asymmetry and degree of convergence

Follow connectivities as per synthesis tree.

INPUTS:

Number of input material dots for each reaction step beginning with the first step in the longest branch of plan.  For stage 2 and beyond the input materials for a given stage are the dark dots for reagents and the open dot for the intermediate product that was obtained in the preceding step.  Copy and paste embedded cells in column C as appropriate.  Adjust formulas in those cells for each stage according to ordinate values in synthesis tree for immediately preceding intermediate products and input reagent materials.

OUTPUTS:

Centroids of input material dots = ordinates of subsequent intermediate products

Ordinate of dot corresponding to final target product.

Degree of convergence

Degree of asymmetry

Ensure that final cell in column C in this section is linked to product ordinate cell in column A under heading title.

Calculation of kernel raw materials cost
For each reaction step enter list of reagents used, the cost per gram of each reagent, and the molecular weight of each reagent.  Check that entries in column E for the mole scale of each reagent corresponds to the mole scales given in column K.

Repeat the process for each branch block.

INPUTS:

Reagent name

Cost per gram 

MW of reagent

OUTPUTS:

Total kernel raw material cost to produce 1 mole of target product.

Calculation of hypsicity (oxidation level) index
From atoms identified in Part 3 involved in the target bond forming reactions, label them with the same letter symbols in each intermediate structure beginning with the final target product and working backwards all the way to the respective original input reagents.

INPUTS:

Oxidation states for each atom in the above set traced stage by stage from target product to corresponding input reagent.

OUTPUT:

Hypsicity index

Add extra columns as required for atoms tracked by oxidation state.  Copy and paste cells in “delta column” and “delta row” as appropriate.  All cell formulas are copied with complete fidelity.  Check that numerator in cell formula for hypsicity index refers to sum of “delta row” column.

For each column trace the oxidation state of that atom back to the structure of the source reagent.  If the source reagent happens to be introduced at a reaction stage later than the zeroth stage, copy and paste the value of the oxidation state for that atom in the final structure into all the remaining empty cells in that column back to the zeroth stage.  Blacken these cells to make it easy to recognize at what reaction stage that atom is first introduced in the synthesis.

Determination of target bond forming reaction profile
Obtained directly from set of bolded bonds in final target product structure found in Part 3.

