Synthetic Planning and Library Optimization for Automated Cross Coupling Synthesis Platforms

Nathan Russell®", Andrea Palazzolo Ray?" Claire Simons?2, Martin D. Burke?, Jian Peng!

Department of Computer Science! & Department of Chemistry?, University of lllinois at Urbana-Champaign. T Equal Contribution.

Corresponding author: ntrusse2@lIllinois.edu Nathan Russell Andrea Palazzolo Ray Claire Simons

i Molecule Representation
Introduction P Natural Product Space

The Goal: Automatable Synthesis of Most Natural Product (NP) 1T Molecul , o
Chemical Space via Iterative Cross Coupling (ICC) . larget Violecule 2. Reduction to Free Tree 3.Canonicalization of Subgraphs

100

15 A - -~ (V)
% Ring Fraction % Coverage .
Our Contributions:
1. Algorithms for ICC compatible synthesis planning of large target .
libraries and building block library selection G °12
|
0.10
2. Impact prioritized list of building blocks which enable efficient o 1 ’ g 005 ]
synthesis of most link-cyclic NP chemical space A=B=C=D=E=F=F=H = g
HO ] | A - 0.06 1
. . . K
3. Characterization of cross coupling reactions and substrate 0,041
scopes ranked by impact to synthesis of NP chemical space <alidroside 002
The Approach: 000 10 20 30 40 50
N Breakable Bonds
1. Gather a representative set of 100k Link-cyclic Natural Products
2. Given the constraints of iterative cross coupling, generate h . I . B
synthetic plans, allowing all valid blocks and couplings Synt eSIS P a n Tree Expa nSIOn
3. Find the smallest block library which enables coverage of the R 3 3 : B B 7 °
most NP chemical space using the fewest reaction steps / G \ 1. Enumerating All Plans would have worst case cost 2N per target but
4. Given block set, identify an ”optimal” synthetic p|an per target, . by recognizing c_ondltlonal independence of .subtrees, a reFurs.lve
F subtree expansion procedure allows for maximum memorization | | k
. . o | |
and record the coupling reactions involved A=B=C=D=E=F=F=H | | | o Exal | |p e B OCKS
. 2. Alink/Cut Tree like data structure is used to maintain subtrees and
\_ K ) quickly re-root free trees for canonicalization OH OH s0000
Ho, L on  m __ wm o o . o Q@ HO__A_OH s e
3. Prioritization of Expansion order addressed by learnable policy over OH X X M/O/ M/@OH ©/ M/@o,m MJ\X U OH §m.m
edge features like: support(edge), support(neighboring block), X~ 0 Xt ho” "—g”"““
distance from leaves and high degree nodes, etc. In practice, hand 5025 17,539 24,131 4147 2773 4031 1995 4797 782 %m
designed e-greedy policy is best because time it takes to learn policy o £ 1o
H H OH QH (0] OH 2 10000
has too high an opportunity cost Me X Ho, OH MJ\O o_ X o o Me HO, i OH o
Predecessor Ay w OH HO" " “OH w0 x7oon wS ,(j’ | TR L
Successor Predecessor Successor X\“ (o) oH X fo) '/Me X o 0/ Number of Special Blocks
4 G ) e G N\ 4049 4719 726 639 2740 5321 3642 644 586 25000
A=B=C=D r =R=(C= 2 OH OH
X |.: A=B=C=D M F j\ OH o OH M X o, on /OLH oH 22500
| | < M——X ,' - )
M I.E =F=F=H XE=F=F=H M~ “OH X/() y o X/(IOH (j\o/""e (j o on X M XM G 20000
| =]
\_ K J \_ K ) Invalid Branching! 4615 3166 3228 863 2263 1313 4593 547 5530 5608 nE_ ::::
o OH OH O OH L OH OH o ® 512500
P _Me “= 10000
[ A-B X ] [M C-D X] [ A-B M] [X C-D M] X (o) OH HO (o) X X' So "’//OH N Ni-[ X (o) "///OH X o M ;
Automated Cross Coupling Synthesis Platform 6825 330 511 460 3512 376 399 1356 302 = o
=3
5 Can’t Expand Further P N oH b oH . . o . Z 5000
G [X F=F=H J G [M F=F=H ] o HO, A~ .OH Me o /©/ OH /@ “Me o~ \@ 2500 II
° ° l.: I.: XJ\O/ /(j\/OH M\/\Me X)J\O/Me M M O/Me e v O’Me Me)l\u’ o ™ m__
S th C t t L ] X7 "o X OH 0 2 3456 7 8 9101112 13 14 15 16 17 18 19 20
yn es I S O n S ra I n S XEM X E X 2019 344 2155 1826 455 914 686 8941 527 980 Number of Blocks in Optimal Synthesis Plan
n n
LA X ] L K

) . Termini: reactive group facilitates
Notation & Terminology

and is consumed during coupling, Symmetric Block : . o, o .
W WS W possibly protected Expanded Alreadyin Prioritized Cross Coupling Substrate Scopes
1NN B%Okoo 1NN \MM L™ Block: molecular fragment with s
Me e

preinstalled termini

o- x—< P X{ Ve x—/

. . . . \.7 9652 36934 MX
Iterative Cross coupling Coupling Reactions Allowed Opt| mization / BIOCk + Pla N SeleCthn Y -
MeN ) Cross Couplings:
B-protected 1 mp |
X—,_,—B:&O} haloboronic acid Suzuki-Mivuara M® X . H H H
= o™ Buchwald_gartwi'g Candidate Block Set Optimization Problem ()}M ) e
\ © Hiyama-Denmark, M [© 5861 I
‘ Coupling l Negishi, Sonigashira, HO Me o_P° Coverage Library Size Tractability va
: \ X Me o e Me Me P 14,746 M
Stille, etc. N+H X4 O\x 0 D\/\Me O\H\D = o >~"n o J_m o~ N K N . . }M < ' | j
0 MeN HG Me Me maxz z* minz x¥ maxz Z _ (yi—Dncf . . M
§—¢_1_8‘°“’2 07 5N Me o Me X i=1 x k=1 x i=14=y} € sp! g g 6023 Depih 2+ Ring Complation w4 o1
L1 oS0 Heteroatom 5 LO D\/\x O\I/\D D\/O D/\/O Me /gj H;;&e/\o O)J\)/\D | /;__/d X
Deprotection Acylations 1 oH OH OH S-.t- o | | }M y @ = . 13603
T A\ ‘ N z' < xjwj +My; VY jinSP' xk € (0,1) vk ' mx(
. o T Me
T Glycosylations ~_O.__X Sample Coverage | | y; €01 Vi 6342 N B
| mild base HO+ z P = SPl - 1 Vi
J\ﬁ;;;)]\o“ O/ HO, Me e o-° Me Me Me Me O Me v ESPiy] 5P g™ XJ<O 13,483
\/"K/\/\ (o) H / ’
e -~ ° i { is the number of couplings for synthetic plan i, j o487 A
H nc; Ls e numoer oj couplings jor syntnetic ptant,j M X
. . . : Me OH O Me OH O OH - M X _/
Prima ry SynthESIS Constraints R Grou PS Nﬁgﬁiﬂfj&ﬁ;ﬁgf 111 . eb e A . z' is the maximum covergae achivable for natural product i } { Lars
umper o eav toms: .
o Heavy Atoms Covered: 33 X is the vector of block decision variables for synthetic plan i, j }M = 12,786
1. OnIy Rotatable Bonds can be broken R OH  rSme R OH Ve vT/ji is the vector of heavy atom count constants for synthetic plani,j 6584
0 . —iTy Ty
2. Bonds to R Groups can NOT be broken NH _cH, HQ Me wh{ 0 M is a Constant = max(x;w; ) - min(xjw; ) V i,
R" "Me R " Me o N = : # of Natural Products, indexed by i
3. Blocks must have at least 2 heavy atoms ° T O\/\/\/\/Me = N X 18; y gBl kCl d.g . 3 3E N
-y H Me T N Mé Me ™ = : # of Block Candidates, indexed by
4. Blocks can have at most 3 Termini S NG N HG OH | SPi o gnbreakable, Got of candidate synthetic plans, plans indexed by . 181 232
5. An atom can have at most 2 termini . | 0 o Aome Covorad: 16 e e o 10"
6. Post Coupling Product, must have at R : o
least 1 of the following MP1, MP2, OH, H, Br N ®
: e L R R N
or equivalent for Purification turnover
unless terminal coupling in plan Algorithm: Bidirectional Lazy Greedy Subset Selection for Blocks Optimization Curve ot
NES |
. Sort blocks by descending marginal gain per block, maintain in a MaxHeap 100 - oz }
Example Synthetlc Plan While total_coverage < N% & g E".“
For f Forward Steps: . 80 -
OH max—galn = O E o T ’- ' I [ ] t .' . . l ' - gcn[uu 2:
”°~('j»°“ for block in sorted_block _heap: - i R E S i § coniua)
. . . ey . . = - . " COjNH2
xS0 Ot gain = conditional_marginal_gain(block , A) ﬁm"‘" " 7 LR § coom
fé max_gain = max(max_gain, gain) - E W+ a0 P con
X if max_gain >= UB_gain: E E 40 + e
0@ Add max_block, break = G 0+ o
N0 Add max_block & 20 4 -
© o 5 ol .
Mi X MJJ\OH o M/©:OH E ‘ T oMe
| For b Backward Steps: i A T T T T TR on | Acknowledgements
" o add block with min loss upon removal from A @ 200 400 Zili] BOO 1000 1200 1400 Numbor of Occuranses
X

NMumber of Blocks

Safghanoside E OH



	Slide 1

