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Outline

> Two perspectives on chemical processes:
1. Reactions: predictive model of global chemical change
2. Disconnection rules: hypothetical breaking of local bonds
» We define the following categories, which share the same
objects (chemical graphs):
1. React — partial bijections that encode any physically feasible
reactions (atoms and charge are preserved),
2. Disc — local graph rewrites of chemical bonds
» There is a functor R : Disc — React which is faithful, and
full up to an isomorphism

2/17



Chemical graphs

Molecular entities are represented by labelled graphs:

A » B zQ— C

—r0 \UC:VO UNat - VvCl™
/

o wO—
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Reactions: Example

Formation of benzyl benzoate from benzoyl chloride and benzyl alcohol
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Composition in React
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Composition in React

1H_2H
e

a—30—a
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Disconnection rules

Motto: Chemical processes are movements of electrons

X € At\ {a}
n<0 e’
EY /
uxn —ab> “Xn"L1
ba’

Electron detachment (negative charge)

n#0
an uxn
: [

vY:—n vY—n

lonic bond breaking

X € At\ {a}
n>0
uxn Euv uxn+1
\
Vo Vo~

Electron detachment (nonnegative charge)

X, Y e At {a}
0 3 a
n¢ {01} L _a
Cap
n —a n—1
Y "Y\b
«

Covalent bond breaking
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Disconnection category: Terms

We define the set of terms with types:
> id: A— A
> ifuec Vy let SY: A— A,
» if uc a(A) and v & Va\ {u}, let R*7Y 1 A— Alv/u],
> du s A di(A) and 34 4 (A) — A,
» ft:A—Bands:B— C,thent;s: A— C.
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Disconnection category: Equations

R"HZ;RZ'_"” 5 Ru—w (1)
Rqu;Rw—)w ~ Rv»—)w; Ru>—>z (2) Su; SY ~ Sv; Su (18)
Ru—u 5 Su (3) S 5%~ S¥ (19)
Rb»—)z;Rar—)b ~ SI);R“HZ (4) S";d% 5 d%;S“ (20)

UV, QU A, QW. RUFV
R’ ,s’ NS’ iR ’ - (5) &, 50 = gUP (21)
Rm—?ﬂ; Sn ~ S“;RuHH ~ Ru v (6) b ~ Cb (22)
R*idp mdp R (7) d%:dY, ~ ddY, 23
RU72U B o BV RV (8 v, pwz o

U U U ( ) Cab I 2
dpp; B = dpy, il 9) EY 1V S IV EY, 25

dY WY Ri2e Ri24 < Ry (10)

Ew, qwz < oz pu
iy 1% S 1% B,

d cd ~ SU Rc»—)a Rd»—»b
da,,,dd, ~S Z RZ”‘; Bl OO ~ ClUfs B
dY:dV, ~ SU; R* B omE < o g (31

(
(
(
EY IV < IW* EYY (26
(
(
() Cl I S 10l
: |
a5y, < 5 (14) B0~ Ol B (32
(15)
(16)
(7)

cd
dp;dp < SV; 9P

E™; BY < BY; B™ (33
v, Eub S R”HZ;R}"—W; R# Ew, E® o~ B JEw (34
A% 40 o 407
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From disconnections to reactions

Define the translation R : Disc — React by
> R(ida) = (2, 9),

> R(5Y) = ({u},{u}),
> R(R"7Y) = ({u},{v}),
> R(dS) = (U,UUD)

> R(dy) =R (d%)

> R(t;s) = R(t); R(s)
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From disconnections to reactions: Example

0 - 0
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, B ab
" Lo A=Wy by —uC
SN /N YN
*Ph YO zCj sPh *Ph 26} zC|—2¢q 5Ph
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ‘o
cy?
Cpy
"""""" ra T r
wWH—zCl O
’ S ‘ wH—2(|
ucC — ucC
N VA N
*Ph vO  i5Ph *Ph vO Ph
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Soundness, completeness, universality

Proposition (Soundness)
R : Disc — React is a dagger functor.
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Soundness, completeness, universality

Proposition (Soundness)
R : Disc — React is a dagger functor.

Theorem (Completeness)

R : Disc — React is faithful: for any terms t,s we have
R(t) = R(s) in React if and only if t = s in Disc.
Theorem (Universality)

Given a reaction r : A — C in React, thereisatermt: A — B in
Disc and an isomorphism v : B = C in React such that
R(t);c=r.
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Example

The reaction we saw (formation of benzyl benzoate from benzoyl
chloride and benzyl alcohol) decomposes into:
azg; é/dvv’ Ciju; cr. EVC; EWd; Eza; EUb; Eri; Euj; Ern; Eum;

nm?

Evc; Ewd; Eza; Eub; Er/; ELIj; Ern; Eum; C-’_;u; Cgl[{n' Ccl;gz; C;,J:,
SZ;SU; Sv; SW; Sr,
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Example

The reaction we saw (formation of benzyl benzoate from benzoyl
chloride and benzyl alcohol) decomposes into:

azg' Cru C’l;t,;q;Evc Ewd Eza Eub EI’I Euj Ern Eum

Evc Ewd Eza Eub Eri Euj Ern Eum Cru C,:l,{nu Cda : Cbcv
SZ,SU, va SW, Sr,

which is equal to:

2, o Tz, T, s
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Future work

Chemical questions:
» Incorporate stereochemistry?
» Can we talk about dynamics/energy?

» Is the notion of composition appropriate?

Computational questions:

» Implement the algorithm that turns an arbitrary reaction into
a sequence of disconnection rules

» Implement the normalisation procedure

Mathematical questions:
» What is the categorical structure of React and Disc?

» Monoidal structure?
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Reactions

The category React is defined as:

>
>

objects: chemical graphs

morphisms A — B: tuples (Ua, Ug, b, i), where
» Ujs C Vu and Ug C Vi with Net (UA) = Net (UB)
» b:Chem(Us) — Chem(Ug) is a bijection preserving the atoms
» j:Va\ Ua— Vg )\ Ug is an isomorphism

such that for all u € Chem(Ua) and a € V4 \ Ua we have
ma(u,a) = mg(bu, ia)

the composition of (Ua, Ug, b,i) : A— B and
(Wg, We,c,j): B— Cis

(Za, Zc,(c+j)(b+1i),ji) : A= C

where Za = UqaU i~} (Wp \ Ug) and Z¢ := W U j(Ug\ Wp)
the identity on A: (2,2, !,ida)
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Proof ideas

Completeness

1. Show that every term is equal to the form
I;CE<0EZ0, 20, E<0,C; I;R; S

2. Under certain conditions, such normal form is unique

3. Show that if R(t) = R(s), then t and s have the same
normal form

Universality
1. Every reaction r : A — B factorises as
(9,2,!,1) 0 (A, B,id,id)
2. Keep applying disconnections to A until there is nothing to
disconnect

3. Apply connections to obtain B: preservation of atoms and
charge guarantees that this can always be done
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Retrosynthetic analysis

(1) Start with the target molecule(s)
(2) Cut the target along some bond, creating synthons
(3) Search for synthetic equivalents

(4) Search for a reaction whose reactants contain the synthetic
equivalents, and whose products contain the target

(5) Check whether the synthetic equivalents are known molecules:
if yes, terminate, if no, return to (1) taking them as the target

C-a® + 030 -H2 —F—= a?-0-a® + H2-CI*
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