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Uttam K. Tambar, co-PI

Department of Biochemistry, UT Southwestern Medical Center

Introduction

Tambar’s synthetic organic chemistry group worked closely with the other groups to validate the

predictions made by the PREDICTOR platform through a series of laboratory experiments. For

the studies related to the Diels-Alder Reaction, representative dienes and dienophiles were

synthesized, and they were coupled to determine the major observed product for the various

[4+2] cycloadditions.

R
°

Organic chemists are tasked with converting simple molecules into more complex

and valuable molecules, but are limited by:

. The extensive time it takes to design and optimize a synthesis

Multi-step syntheses result in low yields of product

. Even lower yields of product with a desired stereochemistry are actually recovered in

the end

Computational chemistry has improved our understanding of aromaticity, reactivity,
and transition states, but our ability to reliably predict stereoselectivity and designing
effective synthetic routes to valuable molecules limits the rate of discovery and
production.

When considering synthetically powerful, regioselective, and stereoselective



reactions few are as impactful as the Diels-Alder reaction.
% Molecular orbital calculations support that stereoselectivity can be predicted using the
“endo rule,” which assumes the transition state is stabilized by intermolecular forces

caused by primary (red) and secondary (blue) n-orbital overlap, as shown in Figure 1.
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Figure 1. Diels-Alder reactions involve the cycloaddition between a diene and a dienophile

via a concerted pericyclic transition state.

% The endo rule was reported as having minor importance in predicting stereoselctivity
in a systematic study on reactions between cyclopentadiene and ethylene with varying
methyl derivatives,” which suggests that deviations from the endo rule with
synthetically relevant reactants could provide access to other valuable products.

% We have developed a systematic study of Diels-Alder reactions between butadienes
with varying synthetically relevant substituents and a dienophile to better determine if

stereochemically powerful reactions could deviate from theoretical predictions

(Figure 2).
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Figure 2. One reaction can form up to eight products based on the relative orientation of the

diene and dienophile and on the electronic and steric properties of substituents.'
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Figure 3. Synthesis of Gibberellic acid by Corey et al. (1978),> which is an important plant



growth regulator that is used commercially to increase plant growth and crop yields.
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Figure 4. These substituents were used to analyze the regioselectivity and stereoselectivity of

this reaction. Electron donating ability decreases from substituents 1-5.



Experimental Methods
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Figure 5. The presence of a benzyl ester group, which is UV active, on the dienophile allows for

the easy detection and separation of products by both silica gel flash chromatography and



preparative HPLC.
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Conclusions
% According to molecular orbital theory the primary and seconady orbital overlap

provided by the benzyl ester group on the dienophile should significantly favor the



endo product for each regioisomer. Frontier molecular orbital analysis of of electron
withdrawing groups would also support that the regioselectivity would also strongly
favor the ortho product over the meta product.

Free energy calculations and well known textbook examples would predict that this
reaction would favor the ortho over the meta product in ratios as high as 366 : 1 or in
some cases even “only ortho” and “only endo.”

The reaction between the phenyl substituted butadiene and the dineophile resulted in
a regioselectivity of 5.56 : 1 favoring the ortho product. The ortho product was
produced with a stereoselectivity of 4.76 : 1 favoring the endo product over the exo
product. The meta product was produced with a stereoselectivity of 1.17 : 1 favoring
the endo product over the exo product.

These results suggest that while the “endo rule” has illuminated how m-orbitals
govern the stereoselectivity of Diels-Alder reactions, the “endo rule” alone does not
provide an accurate way to predict the outcome between substituted dienes and
dienophiles.

Future work will focus on finishing this systematic study and use these results, along
with results from future systematic studies with other dienes and dienophiles, to test
the accuracy of computational predictions made by our collaborators.

The predictions will be made using PREDICTOR, a novel cyber-expert software that
employs quantum chemical reactivity modeling methods and a scalable high-
performance reaction database. Our short term goal is to expand the software’s
knowledge with computer simulations and experimental results from systematic

studies so that in the future the regioselectivity and stereoselectivity of any Diels-



Alder reaction be accurately predicted.
Literature cited
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Dean J. Tantillo, co-PI

Department of Chemistry, UC Davis

To determine the most appropriate level of theory for use in PREDICTOR, a variety of theoretical
methods were applied to a series of Diels-Alder cycloadditions (Figure below). The goal was to find a
level of theory that is accurate and fast. We set out to reproduce both the regioselectivity of the Diels-
Alder reactions (ortho/meta ratios; first table below) and its diastereoselectivity (endo/exo ratios; second
table below). We surveyed a variety of density functional theory (DFT) methods, as well as a coupled
cluster method. We modeled the reactions both in the gas phase and in solvent (using the SMD
continuum model). As shown below, none of the methods used provided a perfect match with
experimental results. On balance, we would recommend the B3LYP/6-311++G(2d.p) level of theory,

but additional theoretical methods should be surveyed.
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Goal: use PREDICTOR to predict out:

P

of Diels Alder reactions

L] oy e

¢ e

I & - I

CO,Me CO,Me
Ortho/Meta Ratios Me Ph CN OMe NMe,

Experimental Results 6.7:1 | 39:1 | onlyortho | onlyortho | only ortho
B3LYP/6-31G(d) 41:1 | 316:1 | 5:1 117:1 | 5.0x107:1
M06-2X/6-311++G(2d,p) 12:1 | 5:1 02:1 65:1 | 1.1x105:1
B3LYP/6-311++G(2d,p) 34:1 | 170:1 | 24:1 58:1 | 8.4x107:1
;’;‘Lsg“fggﬂfé{; g":"fn“G(Zd'pV / 40:1 | 366:1 | 28:1 979:1 | 2.1x10%:1
;’;"&%ﬁ’{fﬂ;{{:ﬁ;“ﬁ(2d'p’/ / 47:1 | 237:1 | 16:1 | 976:1 |4.1x10%:1
:ﬂhgg-(gnxjgg)ﬁﬂgss-(zzxéz)s 11+6(2d,p)// 13:1 30:1 5:1 296:1 7.0x10%:1
mg_‘gf/“g_);n‘fégg":)l1++G(2d'p)/ 7| 151 | 1801 | 301 281:1 | 4.8x10%:1
wB97-XD/6-311++G(2d,p) 37:1 | 32:1 | 06:1 223:1 | 3.1x107:1
PBE1PBE/6-311++G(2d,p) 27:1 | 25:1 | 12:1 35:1 | 3.0x106:1
CCSD/6-31+G(d)//B3LYP/6-311++G(2d,p) | 7.3:1 | 03:1 | 0006:1 | 38:1 |3.9x107:1
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Endo/Exo Ratios Me Ph CN OMe NMe,
B3LYP/6-31G(d) 04:1] 0.1: 0.2:1 06:1 04:1
MO06-2X/6-311++G(2d,p) 09:1| 0.2: 0.8:1 58:1 26.7 :1
B3LYP/6-311++G(2d,p) 05:1] 0.1: 0.3:1 05:1 0.5:1
SMD(MeCN)-B3LYP/6-311++G(2d,p)// . . . . .
B3LYP/6-311++G(2d,p) 19:1] 20: 3.6:1 1.0:1 05:1
SMD(DCM)-B3LYP/6-311++G(2d,p)// . . , . .
B3LYP/6-311++G(2d.p) 1.5:1 | 14: 24:1 09:1 0.5:1
SMD(MeCN)-M06-2X/6-311++G(2d,p)// . . . , .
MO0B-2X/6-311++G(2d,p) 57:1] 4.5: 10: 1 17.6:1 9.5:1
SMD(DCM)-M06-2X/6-311++G(2d,p)// i i , . .
MO0B-2X/6-311++G(2d,p) 45:1 | 34: 6.4:1 14.2:1 9.7 :1
wB97-XD/6-311++G(2d,p) 19:1 | 41: 09:1 4.7 :1 1.9:1
PBE1PBE/6-311++G(2d,p) 05:1| 0.2: 0.3:1 1.2:1 08:1
CCSD/6-31+G(d)//B3LYP/6-311++G(2d,p) [ 0.3:1 | 0.9: 04:1 1.7 :1 48:1

* Values in red correspond to the level of theory with best agreement for ortho/meta ratios
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Mu-Hyun Baik, co-PI

Department of Chemistry, Indiana University Bloomington

A key element of PREDICTOR is the automated acquisition and query-enabled storage of computer
simulation data in a relational database. Based on our prior experience with a legacy database system
called Varuna, which we developed some years ago, we have developed a new database avoiding some
of the shortcomings of the legacy system. The design features of the new database were:

(1) Scalability - anticipating that a realistic size of the PREDICTOR database will quickly exceed a few
million datasets, it must be designed to scale to this size without technical problems. (2) Automation -
both depositing and curating the dataset entry into the database must be done automatically or in such a

way requiring minimum human interaction.

Scalability and Expandability. To enable scalability, platform independence and make
PREDICTOR compatible to various chemistry databases and computational tools, we decided on
JAVA and SQLite as the platform of the package. SQLite has the advantage of being a scalable,
SQL-compatible database system, which does not require a DB-server and, thus, can be run as a
local database system. As it is fully compatible to the industry standard SQL, designing a server-
based system at a later time will be trivial. Producing a JAVA front-end to the database and
developing the required functions for managing computational molecular modeling jobs,
automatically registering them in the database and automatically connecting and managing
simulations jobs has proved to be tedious and laborious. But, during our short funding period, we

were able to produce a prototype software with fully functional key components.

14



The main splash-display, form which all functions can be access is shown below:

r“ Predictor .D‘éﬂ
Tool to manage the " ” alpha N Manage jobs in the
database for computations | ?redic tOT remote servers
_[ Calculations | | JobMonitor  p—
Enroll/Delete the projects |+ »] Enrol/Delete the servers
I— Project Manager | | Server Manager —I
Settings J L Utilities
Supports to control user’s I I . Provides useful utilities
custom settings for chemists

Figure 1. The general features of the PREDICTOR program.

Managing calculations and increasing scalability. The most important feature in
PREDICTOR is the ability to create input files, run computer simulations on the supercomputer
and process output files when simulations complete with little to no human interactions. In
addition, computer simulations must be organized, data extracted and entered into the SQL-
database automatically. Utilizing our legacy system, we were able to clearly identify which
metadata of the calculations and which results need to be stored in the database. Key to
maintaining high levels of operational efficiency while keeping enough data in the database that
allows for physically meaningful queries is finding a balance between the amount of details in
the metadata and computed results stored in the database vs. writing data-harvesting modules
that will acquire the needed data on the fly from machine-reading the output file. We have taken
advantage of the experience that we were able to gather using our legacy system VARUNA.
From that experience, we know that the underlying database schema deserves some attention.

After some experimentation, we have implemented the first set of core data structures, as

15



illustrated below.

tblJobLaunch
CalcID TEXT
Initial TEXT
NumCPU TEXT
ThothNow TEXT
Reroute TEXT
TargetThoth TEXT
AutoSP TEXT
AutoSPCPU  TEXT
AutoS TEXT
AutoSCPU  TEXT
AutoV TEXT
AutoVCPU  TEXT
Converged TEXT
Status TEXT
Program TEXT

tbiResults

ResuttlD  INTEGER
CalelD TEXT
Property  TEXT
Parameter TEXT
Value TEXT
Unit TEXT

FK1

Y

tbiMain

Ideally, the set of the metadata of each calculation should uniquely identify the calculations. In
addition to technical parameters, such as the Density Functional, basis set, simulation software
used for the calculations, there are also project-based metadata, such as project for which the
calculation was carried out, the file path where the output files can be found, etc. Of particular
interest is the datatable tblResults, where key results, such as HOMO/LUMO-energies, total

energies, etc. can be stored with a qualifier tag. This general storage solution allows for

FK1

CalclD TEXT
Date TEXT
CalcTitle TEXT
CalcType TEXT
Project TEXT
ComputerUsed TEXT
ProgramUsed TEXT
Converged TEXT
FilePath TEXT
Status TEXT
Calc Setting TEXT

tbiSetting
Setting TEXT
Initial TEXT

NumCPU TEXT
Chemcraft TEXT
\dewerPro TEXT
Database TEXT
UttraEdit  TEXT

tbiProject

FK1

tbiHistory

CalclD TEXT
History TEXT
Input  TEXT
Zmat  TEXT
Others TEXT

FK1

thISCF
CalcID TEXT
CalcType TEXT
GGA TEXT
MaxSCF TEXT
Charge TEXT
Spin TEXT
Unrestricted TEXT
BasisSethinCat TEXT
BasisSetSubCat TEXT
Solvent TEXT

1D TEXT
Directory TEXT
Imported TEXT

tblAutomode
CalelD TEXT
CalcPath TEXT
ComputerUsed TEXT
SP TEXT
Solv TEXT
Freq TEXT
tbiBasisMainCat

Basishlain TEXT

thiServer

tbhiBasisSubCat

BasisSub TEXT

Name TEXT
Address  TEXT
CalcPath TEXT
UserID TEXT
Password TEXT

tbiFunctional

Functional TEXT

thiSolvent

Solvent TEXT
Epsilon TEXT

Figure 2. Database schema diagram of the external database of PREDICTOR.

efficiently storing a variety of results that can be retrieved by a standard SQL-query.

16



Each calculation carries a Calculation-ID, which is used as a key to encode relations between
the different tables of the relational database. The referential integrity of the data is maintained
by the SQLite software in a professional way and the composite data is displayed in an unified
frontend. We designed an effective and highly responsive graphical user interface that allows for
quickly browsing through the data, as shown below.

(a)

(4 Cakulation Manager

File Input Resultsidnalysis Tools

0}
cxe,

Save Parameter | | Geometry Search out->xz | | GetResults | | RemovelF ExpotVid | j 7]
M sPsv | Generate | | Guess Hesslan =
[ CaicData [ inpet Seming | Resurs | Zauaw | >
CalculatonID | | HJ_test_job Functional | | BaLYP v @ -
el L 4
- »
ProjetiD | |HU_TPY3 = usnCat | |LAcw ¥ | suca i) CJ
Date | 0911422017, 10.05:52PM Max SCF 300 | Charge | |0 | SpinPol 0 4
3
Tive 190=2 I [
— ip102=10 4
Path || Open E'DataWU_TPYIHU_test_jod Ipwiet =20 @
= ip175=2 »
[ »
| OpenFile | out Chemcrat = 176 =2 =
—— Iopt326 = 1 4
at10= 10-6 s
ut20 = 106 ‘;‘

inital W scru Run oenen=0

&
- 39 () Sow () F B s G ol Taz
2750 g a0 Now Delete &nbo BNDIDX MULORB & v Go L w0 | Consese Chasce o Firssnes GotRosats | | Reso Tasie

Remon | Downioss u | Cremcat (%) | Open

Figure 3. (a) A screenshot image of the “Calculation Manager” of PREDICTOR. (b) A

screenshot image of the “Massive job controller”.

Once users creates a new calculation or a new series of calculations, the PREDICTOR
retrieves all technical parameters from previous calculations, unless specified otherwise by the
user. Input files for different quantum chemical engines, such as Jaguar, QChem, GAMESS,
MolPro, ADF, MolCAS are automatically generated and all calculations are registered in the
database. We have invested some time to program a generic SSH/SFTP-interface that allows
PREDICTOR to connect to supercomputers, file-transfer, send UNIX instructions and receive
the responses from the supercomputer directly. This allows for automatically launching and
monitoring the progress of computer simulations. Although some additional features such as

automatic error corrections remains to be further improved, much of the ‘“Auto-Mode”

17



functionality has been completed and PREDICTOR can already carry out entire series of
calculations consisting of several thousands of calculations without human interaction. A list of
calculations that are being monitored is displayed and manual intervention is conveniently

possible, as shown in a screen capture in Figure 3b.

' Y
|£| Result Table Lil_jﬂ—hj
Select Property | E(SCF) v Search
CalclD Property | Parameter | Value | Unit
HJ_SLB023SP E(SCF) Total -47877.652 eV
HJ_SLB024SP E(SCF) Total -47877.395 eV
HJ_SLB025SP E(SCF) Total -47877.344 eV
HJ_SLB035SP E(SCF) Total -35467.379 eV
HJ_SLB036SP E(SCF) Total -41756.238 eV
HJ_SLB037SP E(SCF) Total -54297.121 eV
HJ_SLB038SP E(SCF) Total -60585.926 eV
HJ_SLB040SP E(SCF) Total -35467.074 eV
HJ_SLB041SP E(SCF) Total -41755.906 eV
HJ_SLB042SP E(SCF) Total -54297.008 eV
HJ_SLB043SP E(SCF) Total -60585.859 eV
HJ_SLB049SP E(SCF) Total -41696.895 eV

Figure 4. A captured image of the result table - a massive calculation result management tool.

We have implemented several key functionalities in data retrieval and analysis that were
previously found to be essential in our modeling studies. The data retrieval model of
PREDICTOR distinguishes two different facilities: (a) A few selected key indicators, such as
HOMO/LUMO and electronic energies are imported and stored in the database and can be
searched using SQL-queries (b) More complex data points, such as partial charges, the
coefficients of molecular orbitals, bond distances in the molecules, are not stored in the database,
but are retrieved when needed by machine-reading the output files and gathering the data on
demand. As the location of the output files are stored in the database, this can be done

automatically. As the volume of the data grows, the ad hoc gathering of new data points will
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require some time and it will therefore be important to make this process as efficient as possible.
PREDICTOR can already read thousands of lines in an output file quickly and gather valuable
information much more efficiently than any manual extraction protocol could. Figure 4 shows
the result browsing capabilities - of course, the result browsing and exploration modules can be
developed to a much higher level of sophistication. During this funding period, we aimed to
establish the foundation first, upon which we will build many more sophisticated analysis tools
in the future.

Job control and automation. An important feature in PREDICTOR is that users can submit
the simulations jobs directly to a server/supercomputer without having to manually transfer input
files or manipulated job submission scripts. These trivial tasks typically consume a significant
amount of time during each work day of a computational modeller and it is straightforward to
implement an automatic workflow. PREDICTOR transfers all job files to the server, prepares the
necessary job launching scripts, runs and monitors jobs with little to no human supervision.
Instead of launching one job at a time using the UNIX terminal, PREDICTOR allows for one
user to launch and monitor thousands of jobs automatically. To enable maximum flexibility and
new features in the future, we implemented a generic SSH and SFTP communication channel,

where PREDICTOR can communicate with supercomputers directly.
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HJ_TPY4_081_10SP E:\Data\HJ_TPY4\HJ_TPY4_081_10SP saraswati SP-1 Solv-1-mc Freq-7
11SP E:\Data\HJ_TPY4\HJ_TPY4_081_11SP saraswati SP-1 Solv-1-mc Freg-7
HJ_TPY4_082_1SP E:\Data\HJ_TPY4\HJ_TPY4_082_1SP saraswati SP-1 Solv-1-mc Freq-7
HJ_TPY4_082_2SP E:\Data\HJ_TPY4\HJ_TPY4_082_2SP saraswati SP-1 Solv-1-mc Freq-7
HJ_TPY4_082_3SP E:\Data\HJ_TPY4\HJ_TPY4_082_3SP saraswati SP-1 Solv-1-mc Freq-7
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BJ_MB3b_002 E:\Data\BJ_MEBIb\BJ_MEE3b_002 saraswati SP-1 Solv-1-acZo Freg-1
BJ_MB3b_003 E:\Data\BJ_MEBIb\EJ_MEB3b_003 saraswati SP-1 Solv-1-acZo Freg-1

| calcip | calcType | Project | ComputerUsed | ProgramUsed | Status ‘ 5 MEB3b_004 £:\Data\BJ MEBIb\E] MBIb_004 saraswati $P-1 Solv-1-acZo Freg-1
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20170907_103957:
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20170507_104002:

BJ_MHEB3b_001 is finished

BJ_MHEB3b_001 is downloaded and deleted from saraswati

BJ_MHB3b_001SP is submitted

BJ_MEBIb_0018 is submitted
BJ_MEBIb_001V is submitted

HJ_TPY4_082... HJ_TPY4 saraswati jaguar Run-Running 20170907_104002: BJ MEB3b_002 is finished
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HJ_TPY4_082.. SP HJ_TPY4 saraswati jaguar Run-Running 20170907_104004: BJ_MES3b_0025P is submitved
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20170507_104008:
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20170507_104010:
20170907_104012:
20170507_104013:
20170507_104013:
20170907_104014:
20170907_104016:
20170907_104017:
20170907_104018:
20170907_104019:
20170907_104020:

BJ_MHEB3b_002V is submitted

BJ_MHB3b_003 is finished

BJ_MHEB3b_003 is downloaded and deleted from saraswati

BJ_MHB3b_003SP is submitted

BJ_MHB3b_0038 is submitted

BJ_MHB3b_003V is submitted

BI_MEB3b_004 is finished
BJ_MHEB3b_004 is downloaded and deleted from saraswati

BJ_MHEB3b_004SP is submitted

BJ_MHEB3b_0048 is submitted

BIMEBIb_004V is submivved

BJ_MEB3b_00S is finished
BJ_MB3b_005 is downloaded and deleted from saraswati
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Figure 5. (a) A captured image of the result table - a massive calculation result management

tool. (b) An image of the Auto-Mode logfile.

One important feature that we implemented already is “Auto-Mode”. When running a series
of calculations, the need often arises where follow-up calculations are necessary. For example,
successful geometry optimizations may required vibrational frequency calculations to be run, or
solvation calculations to be carried out. And there are also a handful of “standard cases” where a
calculation may have failed for a well-known reason. For PREDICTOR to become a virtual
expert, it must know how to react to these cases. And, thus, we have developed an “Auto-Mode”,
where PREDICTOR will carry out these follow-up calculations automatically. This tool is
tremendously helpful in its preliminary implementation already, as the user no longer has to
monitor and carry out these routine calculations manually. To keep the operational model
flexible, our current implementation allows the user to enable Auto-Mode for specific
calculations. That is, the user can currently choose which calculations will be monitored and

handled by PREDICTOR and which are not monitored. To the best of our knowledge,
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PREDICTOR is currently the only software capable of such a flexible and automated job
handling.

Substructure Searching. Although the implementation of the features mentioned above and
the design of the new database required significant effort, these features were available in the
legacy software VARUNA in some form and we had a clear vision on how to implement these
features. An entirely new and challenging feature that we desired is the capability of recognizing
and searching for substructures. For the envisioned development of an artificially intelligent
program that can make chemically meaningful decisions based on quantum chemical
simulations, it is of the utmost importance that PREDICTOR 1is aware of chemical structures and
functional groups. While the 3-dimensional structure is easily ascertained by analyzing the
Cartesian coordinates of the molecules, we need to be able to group molecules together based on
chemically meaningful similarities in structure and composition. And this must be done in a
computationally efficient manner.

Hence, we implemented a substructure searching functionality based on a structural
fingerprint of each molecule that is generated against a dictionary of substructures. In short, each
molecules is examined at the time when it is deposited into the database and a bit-string is
generated where the presence or absence of common functional groups is encoded. This is a
well-known method for structure-encoding and is used for example in the Cambridge Crystal
Structure Database for substructure searches. We have adopted the same protocol for our
purposes based on an open source libraries provided in the CDK (Chemistry Development Kit)
and Openbabel. There is still much left to do and we will need to experiment with different
algorithms to identify the best way of recognizing and manipulating molecular structures, but the

initial substructure searching capabilities have been implemented. Figure 6 summarized one
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simple substructure search that we have implemented using the above mentioned libraries. We
first derive molecular fingerprints based on SMARTS. The challenge lies in converting XYZ
coordinates to SMARTS - for simple structures, Openbabel is a good starting point. As our
quantum chemical database has very specific needs, such as deriving a similarity index based on
compatible electronic structures and computed chemical properties, we are likely going to

expand these algorithms - work in this direction is planned.
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Figure 6. Strategies for the substructure search using external libraries.
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